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Abstract

The aim of this study was to compare the roasting dynamics of two Guatemalan specialty Coffees (Caturra
varietal) processed using the natural and washed methods. All samples were roasted under identical
conditions using a Roest L100 Plus sample roaster with three profiles: Regular (73% power), Fast (88%
power) and Slow (66% power). Key physicochemical parameters were monitored: bean temperature, time
to yellow phase (175°C), rate of temperature increase (RoR), number of cracks, mass loss, moisture, water
activity (aw) and final roast color lightness. Washed beans (higher density, lower initial moisture and water
activity) reached yellow phase faster and showed higher initial RoR. Naturally processed beans absorbed
heat slower but underwent more intensive Maillard reactions, resulting in greater mass loss and darker
color. Fast profile intensified cracking in natural coffees, while in washed ones it gave lighter roast. The
Slow profile promoted sustainable development, especially for washed beans. The post-harvest processing
method significantly affects the roasting dynamics, so adapting the roasting profiles to the processing
method can optimize the final quality of the coffee.

Key words: coffee roasting, specialty coffee, roast profile, physicochemical parameters.

Introduction

Coffee roasting is a complex thermal transformation process involving simultaneous
heat and mass transfer that fundamentally alter the physicochemical properties of green
coffee beans [Bustos-Vanegas et al. 2025]. It also determines the sensory and
commercial value of the final product [Mehaya and Mohammad 2020]. During this key
processing step, numerous reactions occur, including moisture evaporation, Maillard
browning, caramelization, and pyrolytic decomposition, each of which is governed by
specific kinetic parameters and activation energies that respond differently to
temperature-time profiles [Varady et al. 2022]. Scientific understanding of these
transformation is becoming very important as the global Specialty coffee market

continues to grow [Duarte et al. 2024]. For this study, we selected coffees sourced
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directly from producers in Guatemala. The Huehuetenango region exemplifies the
combination of exceptional terroir and precise coffee cherry processing techniques,
achieving high quality on the global coffee market. Located at an altitude of 1350 to
2000 meters above sea level, the region benefits from volcanic soils and distinctive
microclimates that contribute to the creation of complex flavor profiles [Rusinek et al.
2022]. The roasting process begins with the evaporation of water content, followed by
subsequent phases, including Maillard reactions, caramelization, and pyrolysis, with
each step contributing to the development of characteristic color, aroma, and flavor
compounds [Bustos-Vanegas et al. 2025; Tarigan et al. 2022]. Significant changes in
physiochemical properties occur after the first crack, which is defined as the popping
sound of the beans during roasting [Herawati et al. 2019]. It occurs when the
accumulated steam pressure causes the beans to crack [Miinchow et al. 2020].
Importantly, the post-harvest processing method significantly affects the composition of
coffee metabolites, including chlorogenic acids and trigonelline contents, which directly
influence roasting behavior and the final sensory quality [Worku Wondimkun et al.
2022]. The roasting profile, defined as the relationship between temperature and time,
strongly influences the dynamics of chemical changes [Varady et al. 2022; Obando et
al. 2024]. Understanding these mechanistic relationships is crucial to optimizing
roasting protocols [Mutovkina and Bredikhin 2023]. The aim of this study is to further
explain these dynamics by comparing two specialty, caturra variety coffees from the

Huehuetenango region in Guatemala.

2. Materials and methods

2.1. Coffee samples

Two specialty Arabica Caturra coffees from Huehuetenango, Guatemala, representing
natural and washed post-harvest processing methods were used. Bulk density of green
beans was measured using a coffee moisture analyzer BeanPro 6070 (Sinar Technology,

UK), obtaining 715 g/l for natural and 725 g/l for washed samples. Initial moisture
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content was assessed using the same instrument, recording 10.3% for natural and 9.3%
for washed beans. Water activity was assessed at 19°C using a calibrated Rotronic
HP23-AW-A (Process Sensing Technologies PST SAS, France) water activity meter,
obtaining values of 0.497 for natural and 0.423 for washed samples (table 1). The setup

of conducted research is presented in figure 1.

Table 1. Characteristic of green coffee beans used in research.

Green coffee
Parameter
Washed Natural
Bulk density [g/1] 725+2.867 715+£2.055
Moisture [%] 9.3+0.037 10.3+0.025
Water activity 0.423+0.003 0.497+0.007

2.2. Roasting procedure

Roasting was performed in a Roest L100 Plus (Roest Coffee, Norway) drum sample
roaster in batches of 100 g. The starting temperature was 180°C (measured with a PT-
100 resistive temperature detector), air flow 75% (PWM controlled fan) and drum stirrer
speed 63 rpm. An example of a roasting curve and settings is presented in the figure 2.
Three power profiles (fast: 88%, regular: 73%, slow: 66%) and three development times
after the first crack (1 s, 75 s, 180 s) were applied. The first crack was detected by the
built-in microphone VM3000 (Vesper Technologies Inc., USA) with a frequency range
20 Hz — 8 kHz, and its onset was normalized to five distinct cracks; a 5% power drop

was applied immediately after the first crack.
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Figure 1. Methodology of conducted research — setup.

2.3. Physicochemical analyses of roasted coffee
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The temperature of the beans was recorded every second using a K-type thermocouple

embedded in the mass of beans, based on which the rate of temperature increase (RoR),

time to yellowing (175°C) and to first crack were automatically calculated by the built-

in sample roaster software. Weight loss was determined gravimetrically using a certified

precision scale WTC 2000 (Radwag, Poland) with an accuracy of 0.01 g. Moisture

content after roasting was re-evaluated using a coffee moisture analyzer BeanPro 6070

(Sinar Technology, UK). Water activity of roasted samples was measured using a

Rotronic HP23-AW-A (Process Sensing Technologies PST SAS, France) water activity

meter. The lightness of roasted coffee was assessed on ground samples using a

colorimeter 3NH NH310 (Shenzhen Threenh Technology Co., Ltd.). All measurements

were performed three times, and the results were averaged.
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Figure 2. Example of a roasting profile.

3. Results

3.1. Initial physicochemical properties of green coffee beans

Natural beans had lower density, higher initial moisture content and higher water

activity (table 1). These differences may directly affect thermophysical properties
during roasting. Higher initial moisture requires more energy input to the endothermic
drying phase and modulates the kinetics of the Maillard reaction [Geiger et al. 2005].

The lower density in natural beans may also change the conductive heat flux [Mudjijana

et al. 2025].

10
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3.2. Effect of development time using regular roasting profile (73% power)

Using regular power setting, the development time (DT) after the first crack was varied
(1s, 75 s, 180 s) to evaluate its effect on thermophysical parameters and structural

transformations. Results are presented in table 2.

Table 2. Parameters of coffee grains after roasting process (regular profile, 73% power).

Development time (DT), s
1 75 180
Parameter
Washed Natural Washed Natural Washed Natural
coffee coffee coffee coffee coffee coffee
Bean
temperature 207.00+£0.00 | 204.00+£0.71 | 208.75+0.78 | 211.30+1.27 220.8+1.27 226.60+0.49
[C]
Weight loss
4] 8.60+0.28 10.30+0.28 12.00+0.14 13.65+0.21 14.80+0.14 17.40+0.14
0
Moisture [%] 2.40+0.00 2.35+0.0007 1.95+0.0007 1.95+0.0007 1.75+0.0007 1.75+0.0007
Water activity 0.136+0.001 | 0.119+0.005 | 0.132+0.005 | 0.115+0.001 | 0.118+0.002 | 0.073+0.005
Lightness L* 40.45+0.015 | 38.28+0.011 35.21+0.010 | 34.43+£0.015 | 33.46+0.005 | 31.44+0.015
Number of
‘ 3.50+2.12 5.00+0.00 21.00+4.24 30.00+5.66 30.5+£9.19 72.00+£7.07
cracks

Roasting time and final grain temperature: Higher DT increased the total roasting
time and final grain temperature, respectively. For naturally treated grains, the roasting
time increased from 341 s (final temperature 205.5°C) at 1 s DT to 500 s (227.0°C) at
180 s DT. Washed coffee beans showed a similar trend (339 s at 207.0°C to 518 s at
219.9°C), reflecting the continuous energy input causing further changes.

Weight loss (WL): WL strongly correlates with DT, indicating increased water
evaporation and loss of volatiles. WL of naturally processed beans increased from 10.3%
(1 s DT) to 17.4% (180 s DT); WL of washed beans increased from 8.6% to 14.8%.
Natural coffee consistently showed higher WL (e.g. ~13.65% vs. 12.0% at 75 s DT),
which can be attributed to higher initial moisture content and greater release of volatiles

during the roasting process.

11



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

Final moisture content (MC) and water activity (a,): Final MC and aw decreased
with extended DT, reflecting continued diffusion-driven drying. The MC content of
naturally processed coffee decreased from 2.35% (aw 0.119) at 1 s DT to 1.75% (aw
0.073) at 180 s DT. The MC content of washed beans decreased from 2.4% (aw 0.136)
to 1.75% (aw 0.118). The more significant reduction in MC content in natural beans
suggests effective internal water migration, probably through the developing porous
structure.

Color development (Lightness value): Bean lightness decreased with increasing DT,
indicating an increase in Maillard and caramelization reactions. Naturally processed
beans consistently achieved lower lightness values (darker) than washed beans at
equivalent DT (e.g. L* 34.43 vs. 35.21 at 75 s DT), suggesting more intense reactions
driven by their initial composition.

Structural changes (number of cracks): Audible crack emissions, demonstrating
thermal stress-induced cracking when internal pressure exceeds structural integrity,
increased with DT for natural coffee (5 at 1 s DT to 72 at 180 s DT). Crack counts for
washed coffee increased from 3,55 to 30,5 and then plateaued. The higher number of
cracks in natural beans suggests greater internal gas generation and potentially increased

brittleness due to polysaccharide degradation.

3.3. Influence of Roast Profile (Heat Application Rate) at Fixed
Development Time (75 s)

With DT fixed at 75 s, varying heat input rates: Fast (88% power), Regular (73% power),
and Slow (66% power), were studied. Results are presented in table 3.

Roast time and final bean temperature: The fast profile resulted in the shortest roast
times and highest final temperatures (natural: 307 s, 216.8°C; washed: 274 s, 212.0°C).
In contrast, the slow profile resulted in the longest durations and lowest final
temperatures (natural: 583 s, 203.3°C, washed: 670 s, 201.7°C), which directly reflects

how the rate of energy input dictates the thermal trajectory.

12
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power).
Roast profile
Parameter Fast Slow
Washed coffee Natural coffee Washed coffee Natural coffee

Bean temperature ['C] 211.08+0.20 217.45+0.65 201.45+0.25 202.00£1.30
Weight loss [%] 11.2040.00 14.05+0.25 12.35+0.00 13.60+0.10

Moisture [%] 2.10+0.00 1.90+0.00 1.90+0.00 1.95+0.00
Water activity 0.134+0.005 0.080+0.001 0.102+0.005 0.075+0.005
Lightness L* 36.85+0.015 33.05+0.005 34.12+0.025 33.48+0.005

Number of cracks 30.50£2.50 66.00£3.00 3.50+0.50 10.00+£1.00

Weight loss (WL): For naturally processed coffee, WL was relatively constant across
all profiles (~13.5-13.8%). The WL of washed beans increased with the slower profiles
(11.2% Fast to 12.4% Slow), suggesting that the extended exposure of slow roasts
facilitated greater moisture/volatile diffusion, potentially limited by shorter exposure or
a tight surface in the case of fast roasts.

Final Moisture Content (MC) and Water Activity (aw): Washed beans had the highest
final MC (2.1%) and ay (0.134) after fast roasting, likely due to steeper thermal gradients
resulting in less even moisture removal. Naturally treated beans consistently achieved
lower a, than washed beans (0.08 Fast, 0.075 Slow).

Color Development (Lightness value): The effect of profile on color varied
significantly. For natural beans, the fast profile produced the darkest roast (L* 33.05).
For washed beans, the slow profile was the darkest (L* 34.12), while the fast profile
produced the lightest (L* 36.85). This highlights the different reaction kinetics; rapid
heating of washed beans may not provide enough time for the full Maillard reaction and
caramelization process [ Yulianti et al. 2023].

Structural changes (number of cracks): Crack frequency scaled by thermal intensity.
The fast profile, inducing steeper thermal gradients and rapid internal evaporation,
generated the most cracks (natural: 63; washed: 29). The slow profiles produced the
fewest. Naturally treated beans consistently cracked more intensely, indicating a greater

susceptibility to mechanical stress.

13
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Based on the results of the determined physicochemical parameters, statistical

comparative analysis (Fisher's test) was performed at the level of significance (table 4).

Table 4. Results of statistical comparative analysis.

Parameters Washed coffee Natural coffee

F P F p
Bean temperature ['C] 209.52 0.00060 62.11 0.00362
Weight loss [%] 83.40 0.00235 1.92 0.29033
Moisture [%)] 36.31 0.00790 0.50 0.64952
Water activity 13.00 0.03327 58.06 0.00399
Lightness L* 1241.33 0.00004 5439.64 0.00000
Number of cracks 5920.45 0.00000 92.92 0.00200

The results of the comparative analysis show statistically significant differences in all
quality parameters of washed coffee beans roasted with varying heat input rates. In the
case of grains after natural processing, statistically significant differences were obtained
for the parameters: bean temperature, water activity, lightness and number of cracks

(table 4).
3.4. Summary of Thermomechanical Behavior

Naturally processed coffee beans with higher initial moisture content and lower density
exhibited greater thermal reactivity and mechanical instability, as evidenced by greater
mass loss, darker color, and more cracks. This is consistent with their properties
requiring more energy to dry and drive more extensive exothermic reactions. The denser,
initially drier, wet-processed grains exhibited different heat transfer characteristics,
which may facilitate faster internal temperature increases but require specific time and
temperature combinations for full chemical development.

These findings emphasize that the initial thermophysical properties of grains
significantly determine roasting reactions. Matching roasting to these internal properties

is essential to control heat/mass transfer, structural changes, and final product quality,

14
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consistent with the principles of thermal processing in porous media, where moisture,

structure, and heat flux govern the kinetics of transformation.

4. Discussion

The different roasting dynamics of naturally and washed beans underscores the
important influence of initial physicochemical properties on thermomechanical
behavior. Higher initial moisture and water activity in naturally treated beans required
more energy to reduce water content during early drying, which affected the rate of rise
(RoR) before exothermic reactions became dominant. When water activity dropped
below critical thresholds, naturally treated beans, with potentially higher residual sugars,
showed intense chemical activity, as evidenced by rapid mass loss and development of
darker color [Tarigan et al. 2022].

The consistently higher mass loss in natural processed beans suggests more extensive
water evaporation and release of volatiles during the pyrolysis process [Geiger et al.
2005]. This, combined with a more significant chemical transformation, likely
contributed to their darker color. The Fast profile (88% power) increased browning in
naturally treated beans (L* 33.05) but resulted in lighter washed beans (L* 36.86). This
discrepancy highlights how the reaction kinetics are related to heat transfer and bean
composition; rapid heating of washed beans may not provide sufficient time for the full
Maillard/caramelization reaction due to kinetic or precursor constraints [Hofmann
1998]. The differences in roasting profile responses illustrate the interplay between heat
input and bean structure. Rapid roasting, with rapid heat input, rapidly generated high
internal pressures, leading to more severe structural damage (cracks). Natural beans
cracked more extensively (63 cracks) than washed beans (29 cracks). Slow roasting,
with gentler thermal gradients, allowed for a more gradual pressure release, minimizing
cracks in washed beans (2 cracks). This indicates that the mechanical integrity of the
beans and their response to internal vapor pressure are significantly modulated by the
heating rate and intrinsic properties. These results are consistent with roasting science,

where aw is key in modulating reaction rates [Tarigan et al. 2022]. From a process

15
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engineering perspective, this requires tailored roasting strategies. Understanding these
thermomechanical reactions is key to optimizing roasting profiles for specific bean
types, ensuring consistent quality by managing heat and mass transfer, structural

changes and reaction kinetics.

5. Conclusions

This study shows that the initial physicochemical properties of coffee beans, including
moisture content, water activity, and bulk density, significantly affect their
thermomechanical behavior during the roasting process. Naturally processed beans,
which in this study had higher moisture content and lower density, required greater
thermal input to initiate and maintain the roasting process, resulting in slower initial
heating rates but more pronounced mass loss, darker final color, and ultimately a higher
incidence of structural cracks. Washed beans, on the other hand, showed faster early
heating and reached the yellow phase more quickly, but required longer exposure or
milder profiles to achieve uniform levels of.

A comparison of three roasting profiles (fast, regular development, and slow) under
controlled conditions showed that roasting dynamics are not linearly transferred between
bean types. Fast roasting increased thermal gradients and internal pressure, leading to
increased crack formation and uneven color development—particularly in natural beans.
Slow profiles allowed for more even moisture diffusion and reduced mechanical
stresses, which was particularly beneficial for denser washed beans, facilitating more
controlled browning.

These findings confirm the need for differentiated roasting strategies tailored to the
beans’ internal thermophysical parameters. The selection of appropriate energy, airflow,
and development time should be based on the bean origin and post-harvest treatment
method to optimize heat and mass transfer, control structural transformation, and

ultimately ensure consistent quality in specialty coffee production.

16
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Abstract

The aim of this study is to investigate the potential of spent coffee grounds as a raw material for
various industrial applications. This study explores the potential use of spent coffee grounds in the
cosmetic industry. Spent coffee grounds still contain a rich matrix of ingredients with properties de-
sirable for the proper functioning of the skin. Food grounds can be used in cosmetic products not only
as carriers of active ingredients, but also as abrasives in various scrubs. In the study, an extraction
process was used to extract active substances from spent coffee grounds. The drying was optimized
and carried out at 70 °C, for 10-12 hours, under atmospheric pressure, until a moisture content of
about 5% was reached. Coffee oil was extracted using methylene chloride as a solvent for 30min, at
room temperature using ultrasound. A study of the composition of the spent coffee grounds compared
to ground coffee shows that the amount of coffee oil obtained by extraction in the Soxhleth apparatus
using methylene chloride is comparable in both cases. This therefore indicates that the spent coffee
grounds have a composition comparable to ground coffee. The solvent mixture that allows the biggest
amount of caffeine and chlorogenic acid to leach out is a mixture of 50% ethanol: 50% water. The
appropriate extraction method, the time and temperature of this process, as well as the type of solvent,
significantly affect the matrix of components of the extracted coffee oil, its quality and the efficiency
of the process. Caffeine is the compound that leaches out of the grounds to the greatest extent. In
addition, chlorogenic acid and trigonelline can be isolated, as well as phenolic compounds and flavo-
noids

Keywords: Spent coffee grounds, upcycling, extraction, coffee, cosmetic raw material

1. Introduction

Coffea arabica is a perennial shrub characterized by opposite leaves and small, fragrant
white flowers. This species thrives in the tropical regions known as the "coffee belt,"
situated between the Tropic of Cancer and the Tropic of Capricorn. Typically, C. ara-
bica begins to bear fruit between three and five years after planting. The mature coffee

cherry contains green seeds, which, after harvesting and processing, are used to produce
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coffee extract [Hoffmann, J. 2018]. Recent literature indicates that brewing roasted cof-
fee, whether through cold brew (CB) methods at room temperature or batch brew (BB)
techniques at temperatures ranging from 80 to 96 °C, leaves significant amounts of bi-
oactive compounds in the spent grounds [Anh-Dao et al. 2024]. A study of the compo-
sition of grounds needs to be carried out, however, caffeine, trigonelline and chlorogenic
acid are the main active ingredients, which also have a beneficial effect on improving
skin condition [Pujol, D., et al. 2013, Carvalho Neto et al. 2021]. Trigonelline has a
protective effect against oxidative DNA damage and shields cells from photodamage
caused by UVB radiation. It may act as a potentially powerful cosmetic agent in this
regard [Malik et al. 2023]. Caffeine can increase apoptosis (programmed death) of dam-
aged skin cells, which may prevent cancer [Lu, Y. et al. 2002]. Chlorogenic acid reduces
the production of reactive oxygen species (ROS) and levels of pro-inflammatory cyto-
kines, which protects skin fibroblasts from UV damage and slows down the skin aging
process [Girsang et al. 2021]. Selecting the appropriate oil extraction method from the
grounds and the physicochemical parameters of the process significantly influences the
quantitative chemical composition of the obtained raw material. Proper optimization of
these parameters enables the production of a cosmetic raw material with the desired
composition [Krinski et al. 2025]. Once extracted and dried, the grounds - due to their
moisture-retaining capacity - can be used as an abrasive agent in various types of cos-
metic scrubs. The development of a cosmetic product formulation is a complex process
that involves selecting appropriate raw material quantities, defining technological pa-
rameters, and determining the optimal time and temperature for each processing stage
[Nowak et al. 2022]. This formulation process will be discussed in a separate work.
Defining composition parameters is crucial for optimizing the production process of the
raw material, which will subsequently be used in the formulation of the cosmetic prod-
uct as an active ingredient. The brewing process determines the moisture content of the
waste coffee grounds, which can range from 50-85% [Al -Hamamre, Z., et al. (2012),
Gomez-de la Cruz et al. 2015]. It is possible to purchase raw material that is consistent

in terms of particle size, moisture content and bulk density - dried coffee grounds are
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available on the market [Ecobean (2025)]. When comparing moisture levels in grounds,
retail coffee shop grounds have lower levels than waste grounds from instant coffee
production [Al -Hamamre, Z., et al. (2012), Gémez-de la Cruz et al. 2015]. Most of the
methods for extracting substances from grounds described in the literature cite a dry raw
material as a necessity, so the aforementioned moisture content is a hindrance to the use
of grounds both as a raw material but also for extracting coffee oil (the lipid fraction)
[Del Catillo M. D et al. 2013; Zarebska et al. 2022]. Different drying methods are used
in laboratories, which show their advantages as well as disadvantages of use: convec-

tion, microwave, infrared or contact drying.

2. Materials and Methods

The study used methods commonly recognised and practised in analytical laboratories.

2.1. Raw materials and solvents

Raw material: The coffee used in the study was Coffeea Arabica segment Specialty
coffee sourced from the coffee roaster Hard Beans from Opole, which carries out coffee
research [Stanek et al. 2021]. The coffee, although of the same botanical variety came
from different sources and the samples were labelled Ethiopia Kello, Brazil Guariroba,

Costa Rica El Higueron.

Extraction: Ethanol, 96%, pure for analysis, P.P.H. ,,Stanlab”, CAS: 64-17-5

Liquid chromatography: In the study the following materials were used: Chlorogenic
acid, 3-CQA, Sigma Aldrich, 99%, CAS: 327-97-9, Neochlorogenic acid, 5-CQA,
Sigma Aldrich, 99.5%, CAS: 906-33-2, Caffeine, Fluka, 99%, CAS: 58-08-2, Trigonel-
line, 99.8%, ChromaDex, CAS: 535-83-1 Water, Ultrapure Direct-Q, CAS: 7732-18-5,
Methanol, POCH, HPLC purity, CAS: 67-56-1, Formic acid, Fisher Scientific, LC/MS
purity, CAS: 64-18-6.
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2.2. Preliminary studies

The composition of the grounds was compared to ground coffee using infrared spec-
troscopy and liquid chromatography as preliminary tests. The grounds were left over-
night in a fume cupboard, after being drained on laboratory blotting paper and spread
on porcelain cuvettes. The resulting free-flowing powder was placed in an oven at 70°C
for 10-12h so that the moisture content was approximately 5%, which was checked on
a moisture analyzer. The grounds prepared in this way were subjected to solvent extrac-
tion. The extraction of dried grounds and ground coffee in a Soxhlet apparatus using
methylene chloride as extractant was also compared. The extraction was carried out
until the colour of the solvent disappeared. Subsequently, evaporation of the solvent
from the extracts was carried out on a vacuum evaporator. The quantities of “coffee oil”
obtained from the dry grounds were about 12% and from the ground coffee about 12%.
The spectra of the oils obtained are shown in Figure 1. In addition, the dry grounds were
also extracted with water in a Soxhlet apparatus and 2.8 % “coffee o0il” was thus ob-

tained.
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Figure 1. Comparison of FTIR spectra from extracts of dried grounds and ground coffee. Source: own

elaboration.

For comparison, hot water extraction of ground coffee and dried grounds was carried

out. The results obtained are shown in Table 1. The conclusion of the process is that
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grounds are a rich source of caffeine and, relative to brewed coffee, this accounts for

about 11%. The other determined compounds represent ca. 3-4%.

Table 1. Comparison of chlorogenic acid, caffeine and trigonelline content of coffee and grounds ob-

tained from this coffee.

Content [mg / 100g]
5-CQA 3-CQA 4-CQA caffeine trigonelline
Ground coffee 596 1824 726 1313 1445
Dried grounds 18 53 27 138 44
% 3% 3% 4% 11% 3%

The dried grounds were mixed with the eluent in a proportion determined by the system
being implemented and shaken or assisted by ultrasound. Such a system was then fil-
tered and the eluent evaporated on a rotary evaporator. Time variants of 10, 30 and 60
minutes and a 50/50 ethanol/water system were adopted as the extraction systems. Wa-
ter and ethanol in 100% systems with shaking applied were taken as reference. Samples
of extracts were analyzed by HPLC in triplicate, in reversed-phase, using a DAD detec-
tor (HPLC-DAD). Qualitative as well as quantitative analysis of chlorogenic acid in the
form of three isomers: 3-CQA, 4-CQA and 5-CQA were performed based on a modified
method proposed by Meinhart A.D., et al. [14 Identification of individual compounds
was carried out based on retention times. Analyte contents were determined by the ex-
ternal standard method on a Kinetex XB C-18, 100x4.6 mm, 3.5-um column at 30°C.
0.1% formic acid, pH 2.4, and methanol were used as eluents. The flow rate was 1.0
ml/min.A DAD detector was used, which at 325 nm allowed the determination of 3-

CQA, 4-CQA and 5-CQA, while at 272 nm trigonelline and caffeine were determined.

3. Results

Table 2 shows the results of the determination of chlorogenic acid isomers, caffeine and
trigonelline by HPLC in the tested systems leaching active substances from coffee

grounds.
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Figure 2 illustrates the solution separation of an example extract of a sample of grounds
obtained on a chromatography column of the C-18 type. Part A is the chromatogram
obtained at 325 nm, which shows the peaks of chlorogenic acids in the order: peak 1 -
5-CQA, peak 2 - 3- CQA and peak 3 - 4-CQA. A chromatogram collected at 272 nm is
described as B, which shows peaks from trigonelline - peak 4 and from caffeine - peak
5. Caffeine was the compound that eluted from the grounds in the highest amount 23.88
- 201.6 mg/100g. Next were 3-CQA acid and trigonelline, of which the amounts were
close to each other. The lowest concentrations were recorded for 5-CQA and 4-CQA.

The best extraction efficiency was observed using the ethanol-water solvent system. In
Figure 3, the amounts determined in the ethanol-water extracts of leached compounds
are trending: caffeine > 3-CQA > trigonelline and 4-CQA > 5-CQA. Comparing the
times of running the process, it can be concluded that the differences in the amounts of
leached compounds between extraction carried out for 30min and 60min are so small
that from an economic point of view it is better to carry out a shorter extraction with

similar efficiency.

Table 2. Results of HPLC determinations.

Content [mg/100g]
Solvent | Time 5- . Trigo-
system [MIN] CQA +SD | 3-CQA | £SD | 4-CQA | £SD | caffeine +SD nelline +SD
W100% | 10 17,7 | 0,48 | 51,63 0,75 | 22,34 0,64 148,65 0,97 | 46,71 0,13
0,
W30% 10 12,0 | 3,41 61,06 0,8 45,66 0,21 187,26 2,84 | 58,03 0,14
E50%
E 100% | 10 0 0 2,92 0,29 1,58 0,01 23,88 0,23 0,16 0,33
W100% | 30 18,6 | 0,56 | 54,28 2,07 | 23,49 122 | 0 0,23 | 47,22 0,19
0,
W30% 30 9,3 0,05 71,83 0,73 | 49,66 1,47 196,2 1,21 51,38 0,79
E50%
E 100% | 30 0,3 0,03 3,12 0,11 2,53 0,04 | 25,88 7,05 3,48 0,46
W100% | 60 19,3 1,28 | 55,49 1,5 24,24 1,36 164,61 1,23 | 46,12 3,02
0,
W30% 60 150 | 0,78 | 68,54 0,92 | 50,12 0,31 201,6 8,71 60,52 0,57
E50%
E 100% | 60 0,19 [0 3,33 0,27 | 5,05 1,5 28,79 5,5 2,66 1,6
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Figure 2. Chromatographic separation of a solution of an example extract of a sample of grounds obtained

on a C-18 type chromatographic column. Source: own elaboration.
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Figure 3. Extraction results in the analyzed systems. Source: own elaboration.
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3.1. Qualitative analysis of the obtained oil

Laboratory-scale coffee oil was created using ultrasound-assisted extraction of coffee
grounds at room temperature for 30min using methylene chloride. The extract was then
drained and washed with solvent. Finally, the solvent was evaporated on a vacuum evap-
orator at a solvent boiling point of 35°C, at a pressure of about 240 mbar. The resulting
oil was left in an open vessel under a fume cupboard at room temperature for a period

of several hours. The Figure 4 shows the FTIR spectrum of the obtained coffee oil.
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Figure 4. FTIR spectrum of the obtained coffee oil. Source: own elaboration.

Main bands in coffee oils: around 3500 cm™ — overtone in glycerides C=0, 3009 cm™!
— C-H of HC=CH groups in cis-olefins, 2955 cm™ — C-H of CHs groups in aliphatic
chains, 2923, 2853 cm™ — C-H of CH2 groups in aliphatic chains, 1744 cm™ — C=0 in
0-C=0 of triglycerides, 1654 cm™' — C=C in cis RHC=CHR, cis-olefins, 1465 and 1377
cm™' — C-H of -CHs and -CHa- groups in alkanes, 1237 and 1161 cm™ — C-O in ester
groups, 1118 and 1099 cm™ — C-O in ester groups, 720 cm™! — out-of-plane vibrations
in cis-olefins and C-H of (CH2)n >4 groups.

25



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

3.2. Physicochemical analyses of raw materials

To obtain and use the grounds and extract as a cosmetic raw material, the resulting ex-
tract was concentrated on a rotary evaporator adjusting the temperature to completely
remove the solvent from the extract. Determination of the physicochemical parameters
of the post-extraction grounds made it possible to make a cosmetic raw material for skin
exfoliating products. Tables 3 and 4 show the characteristics of the obtained fractions -

spent coffee grounds and coffee oil.

Table 3. Characteristics of the cosmetic raw material - spent coffee grounds.

Specification Result
State of matter Solid, powder
Color Brown
Odor Characteristic
Moisture content < 5%
pH (aqueous extract, concentration 1 g/100 ml, 5.4
20°C)
Solubility Partially soluble in water

Table 4. Characteristics of the cosmetic raw material - coffee oil.

Specification Result
State of matter Liquid, possible sediment
Color: Brown to dark brown
Odor: Characteristic of roasted coffee
Density (20°C): 0,95 g/cm®
pH (direct measurement at 20°C): 43
Kinematic viscosity (20°C): 83 mm?/s
Refractive index: 1,4777
Solubility: Non-soluble in water
Flash-point 77 (£5) °C (closed crucible)
Acid number 3,55 mg KOH/g
Peroxide value <1 meq Oy/kg
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4. Discussion

After the study, the process parameters for drying coffee grounds and extracting coffee
oil from coffee grounds were optimized. Drying was carried out at 70°C, for 10-12h, at
atmospheric pressure until a moisture content of about 5% was reached. Coffee oil was
extracted using methylene chloride as a solvent for 30min, at room temperature using
ultrasound. A study of the composition of the spent coffee grounds compared to ground
coffee shows that the amount of coffee oil obtained by extraction in the Soxleth appa-
ratus using methylene chloride is comparable in both cases. This therefore indicates that
the spent coffee grounds have a composition comparable to ground coffee. The solvent
mixture that allows the biggest amount of caffeine and chlorogenic acid to leach out is
a mixture of 50% ethanol: 50% water, while for trigonelline it is a combination of 25%
glycerin: 75% water. An increase in temperature and the length of the extraction run
resulted in an increase in the amount of compounds leached, but there are no such ob-
servations with ultrasound. Similarly, as for phenolic compounds and flavonoids, the
solvent system 50% ethanol: 50% water allowed the greatest amount of these substances
to leach out, and the obtained also had the highest antioxidant activity values. In the
study carried out by Al-Hamamre et al., the best coffee oil extraction yield from coffee
grounds was obtained using a non-polar solvent, hexane (15.28%), with an extraction
time of 30 minutes[ Al -Hamamre, Z., et al. 2012]. However, it is desirable to move
away from toxic solvents, replacing them with more environmentally friendly solvents
that can be recovered. Modification of the temperature, solvent and process time can
affect the extraction efficiency, as shown by the results obtained by Krinski et al., who,
when carrying out the extraction process using ethanol as a solvent, obtained an effi-
ciency of 14.57% at 60°C [Krinski et al. 2025]. The efficiency results obtained indicate
a slight difference between processes with different parameters and solvents used. How-
ever, ethanol is definitely less toxic than hexane. Confirmation that ethanol is a safe, yet
inexpensive and repeatable solvent extraction method is provided by studies conducted
by Meinhart et al. [Meinhart, A.D., et al. 2017]. The research carried out by Krinski

confirms that ethanol is a safe, inexpensive and repeatable solvent extraction method.
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Based on Krinski's research, the efficiency of the process can also be increased by re-
ducing the size of the coffee grounds particles [Krinski et al. 2025]. During our research,
we also noticed that grinding the grounds did not affect the composition of the oils ex-
tracted from them. This research allowed us to develop two cosmetic raw materials from
coffee waste: coffee grounds as an abrasive material for cosmetic scrubs, and recycled
coffee oil. Below, in Figure 5, there are cosmetic products made from raw materials

obtained from coffee grounds.

Figure 5. Coffee grounds scrub, Coffee grounds oil, Eye butter with coffee oil - Cosmetic products made

in up-cycle trend.

5. Conclusions

This study shows that choosing the right parameters such as time, temperature and pres-
sure for drying grounds significantly affects their final moisture content and the speed
of the process. The drying process itself affects the content of active substances in spent
coffee grounds. The appropriate extraction method, the time and temperature of this
process, as well as the type of solvent, significantly affect the matrix of components of
the extracted coffee oil, its quality and the efficiency of the process. Caffeine is the
compound that leaches out of the grounds to the greatest extent. In addition, chlorogenic
acid and trigonelline can be isolated, as well as phenolic compounds and flavonoids.
The active ingredients present in the extracted cosmetic raw materials have properties

that significantly improve the condition of the skin.
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Abstract

Pregnancy is a period of particular sensitivity, in which a woman's eating habits, lifestyle and level of health
knowledge have a significant impact on the mother's health and proper development of the fetus. This work
discusses key nutrients that have a significant impact on fetal development, as well as the issue of nutritional
programming. The proper course of pregnancy and the health of the child after birth and in the future are
also influenced by the woman's lifestyle, including the use of substances with toxic effects (such as alcohol
consumption or smoking). The aim of this article was to analyze the relationship between the level of
nutritional knowledge, lifestyle and dietary practices of pregnant women. The study included a group of
women of different ages, in different trimesters of pregnancy, who completed a questionnaire regarding
eating habits and supplementation used, their lifestyle and their knowledge about nutrition during
pregnancy. Most women declare that they are aware of the importance of proper nutrition during pregnancy,
but there are clear discrepancies between the declared knowledge and actual behaviors. Women most often
drew their knowledge from the Internet, less often from doctors or dietitians. The conclusions emphasize
the need to intensify educational activities, both at the individual and systemic level. Regular consultations
with medical personnel and easy access to reliable sources of knowledge can significantly improve the
lifestyle and health of pregnant women and their children.

Keywords: knowledge, pregnant women, diet, healthy eating, nutrition awareness

1. Introduction

Pregnancy is considered a special period in a woman's life. The physiological changes
that occur in a woman's body at that time are associated with a change in the way she
eats during this period. Normal body weight values during the procreative period
support the proper functioning of the reproductive system and maintain metabolic and
hormonal balance. Normalizing body weight before a planned pregnancy is important
because both underweight and overweight, including obesity, can negatively affect
fertility, the course of pregnancy and the child's health. Therefore, women planning a
pregnancy should take care of proper nutrition and lifestyle changes (including giving
up stimulants or introducing regular physical activity). The mother's diet determines the

health of the developing child, affects the general course of pregnancy, and after
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delivery, the course of lactation [Jensen 2022; Marsshall et al. 2022]. During pregnancy,
the demand for energy, basic nutrients, vitamins and minerals increases. And the reason
for this condition is the development of the fetus, placenta, as well as the mother's
tissues. A pregnant woman should eat meals regularly 4-5 times a day and compose
them using all product groups, especially vegetables and fruits rich in vitamin C
(including kiwi, berries, citrus fruits), products containing full-value protein (fish, veal,
lean poultry), cereal products, dairy products, eggs, vegetable fat, nuts and legumes
[Marshall et al. 2022]. It is important to balance the diet, determine the energy demand
appropriate for a given period of pregnancy and the amount of macronutrients (proteins,
fats, carbohydrates) and ingredients of particular importance such as: iodine, omega-3
acids, iron, vitamin D and folic acid, the supplementation of which is recommended for
every woman of reproductive age. Nutritional deficiencies can lead to premature birth,
placental insufficiency, and developmental defects in the fetus. Underweight during
pregnancy increases the risk of anemia. Osteoporosis, hypertension, and postpartum
depression are more common in underweight women, as well as problems with lactation
[Weker 2021]. Insufficient weight gain during pregnancy is associated with an increased
risk of fetal growth restriction and hypotrophy, and with a higher rate of perinatal
morbidity and mortality [Sossa et al. 2023]. Nutritional programming emphasizes the
importance of adequate nutrition in the prenatal period and early childhood for health
in later life. Changes in metabolism, programmed in response to nutritional deficiencies,
can lead to the development of metabolic diseases and other health problems in
adulthood. Children with low birth weight, often the result of maternal malnutrition
during pregnancy, are more likely to develop metabolic diseases in adulthood
(cardiovascular diseases, type 2 diabetes, osteoporosis, and even cancer)
[Apostolopoulou et al. 2024].

Obesity and inappropriate weight gain during pregnancy can cause various problems
for both the mother and the child. Obese women are at increased risk of developing
gestational diabetes, hypertension, and miscarriage. These women are also more

susceptible to venous diseases such as thrombosis. In turn, the fetus may experience

32



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

growth problems and even intrauterine death [Cochrane et al. 2024]. Excess body
weight may be associated with macrosomia (birth weight > 4000 g), which affects about
12% of newborns of healthy mothers, and in women with gestational diabetes, this
percentage is up to 45% of newborns. This increased risk of macrosomia in children is
mainly due to increased insulin resistance in the mother, due to the greater amount of
glucose in the blood, which passes through the placenta into the fetal circulation and is
stored as adipose tissue [Kc et al. 2015; Wanaditya et al. 2023].

During pregnancy, it is important to eliminate ingredients that pose a risk to the health
and life of the child, and these are: unpasteurized dairy products, blue cheeses that pose
a risk of infection with the Listeria monocytogenes bacteria, raw meat, fish, seafood -
parasites, Toxoplasma gondii, Salmonella, Capylobacter) and eggs - Salmonella), liver,
due to the high content of vitamin A, which in excess can be teratogenic [Mandryk and
Wegrzyn 2023; Weker 2021]. A healthy lifestyle for a pregnant woman also involves
undertaking moderate physical activity, if there are no contraindications [Sass and
Maczka, 2017]. Women in this special period should stop drinking alcohol and coffee
[Wojtyta and Wojtyta 2017; Surma et al. 2022].

Alcohol consumption by pregnant women contributes to the development of fetal
alcohol syndrome (FAS) in children, which is characterized by improper functioning of
the nervous, cardiovascular and genitourinary systems, as well as skeletal defects [Hur
et al. 2022]. Excessive caffeine consumption during pregnancy or while breastfeeding
may be associated with negative effects on the health of the fetus or infant. Pregnant
women metabolize caffeine much slower [Qian et al. 2020]. According to scientists,
caffeine increases the concentration of catecholamines in the blood, which in turn
disrupts blood flow through the placenta and causes the fetus to receive fewer nutrients
[Surma et al. 2022]. Thus, excessive coffee consumption may cause low birth weight,
miscarriage or premature birth [Qian et al. 2020]. According to the EFSA position (and
many other expert groups), it is worth limiting caffeine consumption to 200 mg per day
during pregnancy [EFSA 2015]. However, a 2020 literature review shows that a safe

dose of caffeine during pregnancy cannot be determined [James 2020].
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Trans fats in a pregnant woman's diet are harmful and should be avoided. Their
consumption during pregnancy can lead to health problems in the mother, such as
pregnancy-induced hypertension, preeclampsia, gestational diabetes, and can also
negatively affect the child's development, including its birth weight and nervous system.
They can also interfere with lactation in breastfeeding women. During pregnancy,
highly processed products containing trans fats should be avoided, e.g. crackers, chips,
wafers, deep-fried products, or fast food [Cohen et al. 2011; Marshall et al. 2022].

The aim of the study was to assess the level of knowledge among pregnant women
regarding the role of selected nutrients that are crucial for the health of both mother and

child, as well as the influence of lifestyle and dietary behaviors on pregnancy course.

2. Materials and Methods

The research method was a survey, and the research instrument was a survey
questionnaire that was made available on social media, mainly in groups for pregnant
women. The study lasted 3 months, from November 2024 to January 2025, and
completion of the survey was voluntary and anonymous. The sample was selected using
the purposive sampling method due to the specificity of the group, the main qualifying
criterion was female gender and pregnancy or postpartum status (immediately after the
birth of a child).

The author's survey questionnaire consisted of a personal data sheet containing basic
information: age, place of residence, education, height and weight, as well as sections
on eating habits and supplementation used, lifestyle, and women's knowledge about
nutrition during pregnancy. The questionnaire contained single- and multiple-choice
closed-ended questions.

204 correctly completed surveys were obtained. The survey results were processed
using Microsoft Excel Office 365 and StatSoft Statstica 13. The Pearson chi-square test

was used to test the statistical significance between the analyzed variables.
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3. Results and discussion

The age of the surveyed women varied, from 19 to 41 years, with the majority of
participants being in the 24-27 age group (33%). The surveyed women were primarily
residents of cities with more than 50,000 inhabitants, who assessed their financial

situation as good. More than half of the women declared higher education (Table 1).

Table 1. Characteristics of the study group.

Age (years
Number of women Participation %
19-23 years 34 16,7%
24-27 years 73 35,8%
28-30 years 50 24,5%
>30 years 47 23%
Place of living
Rural area 101 25%
City up to 50 thousand inhabitants 100 24%
City with more than 50 thousand inhabitants 206 51%
Education
higher 131 64%
secondary 56 27%
vocational 14 7%
primary 3 22%
Financial situation
Very good 29 14,3%
Good 122 59,1%
Average 51 25,6%
Bad 2 1%

The vast majority of the surveyed women (98%) were pregnant at the time of the survey,
the remaining women had recently given birth. For almost 62% of the surveyed women,
the current pregnancy was their first in their lives, and for 93 pregnant women, it was
their second pregnancy. 30 respondents declared having 2 or more children.

In pregnant women, weight gain is a very important aspect to ensure proper
development of the fetus, it also determines the woman's health (Table 2). Based on the
body weight of the respondents before pregnancy and their height, the BMI was

calculated. More than half of the respondents had normal BMI values, overweight was
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found in 34, obesity in 24 women, and underweight in 5% (Fig. 1). Also in the study
conducted by Kobus-Cisowska et al. [2016] irregularities in body weight were found.
Out of 233 patients examined by Lautenbach et al. [2017b], 74 women had abnormal
body weight before pregnancy, overweight was found in 34 of them and obesity in 21.
In pregnant women with excess body weight, a higher percentage of maternal
complications was found, in the form of gestational diabetes and pregnancy-induced
hypertension, than in women with normal body weight. In contrast, patients with a lower
BMI were at greater risk of preterm birth. In the study by Machado et al. [2019]
assessing the effect of pre-pregnancy BMI on the course of pregnancy in women with
gestational diabetes (GDM) in Portugal, out of 3103 women, 29.6% were overweight
and 27.3% were obese. Compared to normal weight, overweight and obese mothers had
a higher rate of gestational hypertension, cesarean section, macrosomia and large for
gestational age (LGA) newborns. This shows that in pregnant women with GDM,

pregnancy complications increase with pre-pregnancy BMI.

Table 2. BMI characteristics and recommended weight gain during pregnancy [IOM 2009].

2 Total weight gain during Weight gain in the second and
Category BMI [kg/m’] pregnancy [kg] third trimester [kg/tydziefi]
Underweight <18,5 12,5-18 0,5-0,6
Normal body weight 18,5-249 11,5-16 0,4-0,5
Overweight 25,0-29,9 7,0-11,5 0,2-0,3
Obesity >30 5,0-9,0 0,2-03
140 129
120
5 100
g
9]
= 80
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g 60
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2 40
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Figure 1. Pre-pregnancy BMI.

BMI
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The weight gains in the individual groups of women are presented in Table 3 and ranged
on average from 6.9 to 9.7. The respondents did not indicate the exact week of
pregnancy, so it is impossible to assess the correctness of these gains, although they
may be too small - in the case of underweight women or too large in pregnant obese
women. The results were compared with the work of Berner-Trabska [2009], where the
average body weight before pregnancy of patients from the group with a normal BMI
was 61.6 kg. At the end of the last trimester, the women weighed 15.5 kg more, which
is within the norm. The average body weights of overweight and obese pregnant women
were 76.5 kg and 88.3 kg, respectively, and the achieved gains were too large - 14.4 kg
and 10.2 kg. In the survey conducted by Lautenbach et al. [2017a] among patients of
the maternity ward of the Medical University of Gdansk, only 47% of respondents
achieved weight gain in line with the currently applicable recommendations. An
alarmingly high percentage of women were those whose weight gain was too high
(34%), because regardless of the initial BMI, it is a factor increasing the risk of
complications. Respondents with a pre-pregnancy BMI above the norm most often
manifested excessive weight gain during pregnancy, which may indicate a lack of
improvement in the way of nutrition during pregnancy. Proper nutrition of a woman in
the period preceding pregnancy and during it is of great importance for the optimal
development of the child, the course of pregnancy and for maintaining the health of the

mother.

Table 3. Average body mass values in individual BMI categories before pregnancy and in the third
trimester.

Kategoria BMI Pre-pregnancy bod; Pre-pregnanc Body weight in the . .
[lg<g/m2] I\))Veigght [k};g] Y BMpI [l?g/mz]y thirdytrimegster [kg] Weight gain [kg]
17-184 49,4 17,8 58,7 9,3

18,5-249 61,7 21,7 714 9,7
25-299 73,3 27,1 80,6 73
30-349 90,9 32,1 97,8 6.9
35-399 104,7 37,6 112,0 73

For most of the respondents, the primary source of knowledge in this area is the

media, such as the Internet or television, and nearly half of the women also used
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information obtained from a doctor supervising the pregnancy or a midwife. Next,
women mentioned members of their family and friends, and finally dietitians. It is
disturbing that in the group of women surveyed there were some who were not interested
in the topic of nutrition during pregnancy at all, which may affect their dietary choices
and, consequently, the course of pregnancy and the child's health (Fig. 2). Similar
observations were noted in the work of Lemska et al. [2019]), where the Internet was
used as a source of knowledge about pregnancy, childbirth, postpartum period and child
care by almost 90% of the respondents. In the study by Kobus-Cisowska et al. [2016],
on the other hand, magazines came first (58%), and 45% of women indicated the
Internet. More pregnant women chose a doctor and/or dietician and specialist literature
as a source of knowledge. Comparing the cited study results, it can be stated that women
often used the Internet, but medical consultations and specialist literature were equally
popular. According to the authors of the cited works, women do not have sufficient
knowledge about the proper course and nutrition during pregnancy. Borkowska and
Ostrowska [2019] also showed that the knowledge of the surveyed young women about
proper eating habits during pregnancy is insufficient. Large discrepancies were found
in the answers given regarding the possibility of consuming selected food products

during pregnancy.

A pregnant woman should take care of a healthy, varied diet, providing the right amount
of calories and nutrients. It is important to eat meals regularly, which helps maintain
energy and supports the development of the child. Such a diet should be rich in
vegetables, fruits, whole grains, protein and healthy fats [Weker 2021; Marshall et al.
2021]. 36% of surveyed women declared that they eat 5 or more meals, and 43% - 4
meals, 7 pregnant women only had 2 meals a day. Many studies on the nutritional
behavior of pregnant Polish women show similar results [Kobus-Cisowska et al. 2016,
Deren et al., 2017, Misan et al. 2019]. But Sossa et al. [2023] also showed in their study
that the majority of pregnant women (88%) were not aware of their nutritional needs
during pregnancy. Only 49.6% of them ate at least three meals and two snacks a day.

The National Institute of Public Health recommends eating smaller portions, but more
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often throughout the day. Eating just one or two meals can lead to consuming a large
amount of calories in a short period of time, because it is easier to reach for a quick

satisfaction of hunger.

H Internet, television, press

MW doctor, midwife

u friends/family
specialized literature

source of knowledge

dietician
M lack of interest in the topic
M other
0% 20% 40% 60% 80% 100%

% women

Figure 2. Sources of knowledge in the field of nutrition.

In addition, such a way of eating can increase the appetite for sweet snacks. Therefore,
it is worth trying to eat regularly, in smaller portions, to better control appetite and take
care of health.

The majority of respondents admitted to snacking between meals, including sweets. The
respondents reached for these products too often, as many as 139 of them declared
eating them once a day or 2-4 times a week. Sweets not only provide simple sugars,
which quickly raise blood glucose levels, and their excess can lead to obesity, insulin
resistance and type 1 diabetes, but also contain saturated fatty acids and trans fats. The
latter are often found in processed sweets and can increase the risk of heart disease, raise

the level of bad cholesterol and have a negative impact on the circulatory system.
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Saturated fatty acids can also contribute to increased cholesterol and increase the risk
of cardiovascular diseases. In expectant mothers, excessive consumption of these fats
can have a negative impact on their health, as well as on the course of pregnancy,
increasing the risk of complications and affecting the child's development [Pieczynska
et al. 2017].

During pregnancy, the demand for many important vitamins and minerals increases
significantly, and diet is not enough to cover these needs. Therefore, the use of vitamin
and mineral supplements is very important - it helps maintain a healthy pregnancy and
can prevent many complications [Makowska-Donajska and Hirnle 2017; Wiesner and
Pasko 2021]. As many as 62% of respondents received recommendations for
supplementation from their doctor, but 16 women did not take any supplements. The
research shows that pregnant women are quite aware of the importance of
supplementation during pregnancy. In the works of Grzelak et al. [2016], Charkiewicz
er al. [2016], a similar number of pregnant women supplemented their diet with
vitamins, minerals, or other essential food ingredients. Women know how important it
is to take the right vitamins and minerals to ensure healthy development for themselves
and their child. This awareness translates into their decisions regarding the use of
supplements, which is a very positive signal.

The most popular were multi-component dietary supplements for pregnant women
(77%), which is also confirmed by other authors [Charkiewicz et al. 2016; Makowska
—Donajska et al. 2017]. About 40% of respondents also used preparations with folic acid
and vitamin D (Fig. 3). The choice of folic acid as the most important supplement was
noted in the study by Grzelak et al. [2016]. Folic acid plays a key role in pregnancy. It
is essential for the proper development of the child's nervous system, especially in the
first weeks, when the brain and spinal cord are formed. Taking appropriate doses of
folic acid helps prevent neural tube defects, such as spina bifida or anencephaly.
Therefore, it is recommended that women planning a pregnancy and during it regularly
supplement folic acid, which significantly increases the chances of healthy development

of the child and minimizes the risk of complications [Wiesner and Pasko 2021]. Folic
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acid before pregnancy was supplemented by 42% of the respondents. In pregnancy, the
number almost doubled, but most women did not start the supplementation until 5-6
weeks of gestation. Before pregnancy, almost all subjects used single folic acid
preparations, whereas during pregnancy they used vitaminmineral preparations for
expectant women [Wierzejska and Wojda 2020].

The need for vitamins and minerals is an individual feature of each pregnant woman,
depending on her diet, health condition and lifestyle, which is why starting
supplementation should be consulted with a specialist. It is worth remembering that
supplementation is only a supplement to the diet. In the results of the research conducted
by Makowska-Donajska and Hirnle [2017], multi-ingredient preparations were the most
popular among pregnant women, but almost 22% of women took several different multi-
ingredient supplements at the same time, without consulting a specialist. The effects of
such behavior have not been studied, however, the lack of control over the dietary
supplements consumed during pregnancy may affect the effects of other medications

and supplements taken.
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Figure 3. Types of supplements chosen by pregnant women.
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For many years, it was believed that there was a “safe” dose of caffeine during
pregnancy, but recently several studies have been published that suggest that there is no
such thing [James 2020; Kukkonen et al. 2024]. Excessive caffeine consumption by the
mother can have a negative impact on the health of the child, increasing the risk of
various complications. Therefore, it is currently recommended that pregnant women
limit or completely stop drinking caffeine to provide the child with the best possible
conditions for development. Alcohol has a teratogenic effect on the child, which means
that it can cause serious damage and malformations during pregnancy. When a woman
consumes alcohol during pregnancy, these substances cross the placenta and end up in
the body of the developing child. Alcohol can interfere with the normal development of
the brain and other organs, which has long-term effects on the health and functioning of
the child. Therefore, the safest and most recommended option is to completely avoid
alcohol during pregnancy to ensure a healthy start in life for the child [Sbrana et al.

2016].

0,5%
Cofee 6,4% Alcohol 6,4% | 3,4%

/

7,4%

\. 15,6%

= several timesaday = once aday )
» 2-4 times a week once a week = several timesa day = once aday

= never = 2-4 times a week once a week

Figure 4. Frequency of coffee and alcohol consumption.

The results obtained show that the surveyed women do not give up consuming products
that are considered harmful during pregnancy (Fig. 3). Only 37% of the surveyed
women avoid consuming coffee. 6% of the surveyed women drink more than 1 coffee

a day, the rest of the respondents drink it less often. In total, as many as 130 women
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declared coffee consumption during this special period. Other studies analyzing the
dietary habits of pregnant women also show that women do not give up consuming this
beverage during pregnancy, although sometimes they reduce the frequency of its supply
[Wyka et al. 2015, Charkiewicz et al. 2016]. In the study by Vitti et al. [2018], 4908
(64.5%) mothers consumed caffeine, of which 143 (2.9%) reported high consumption,
which in turn was significantly associated with lower education, as well as alcohol
consumption and cigarette smoking. Kukkonen et al. [2024] showed that in the first
trimester of pregnancy as many as 67.9% of women drank coffee, while in the third
trimester this rate was almost unchanged (67.4%). In addition, the authors found that
caffeine intake was exceeded in one third of all women participating in the study and
almost half of coffee drinkers in early pregnancy, which was associated with a higher
risk of giving birth to a SGA baby (too small for gestational age).

In the case of alcohol, the results are different, with 82% of respondents declaring they
had stopped drinking alcohol, while the data on its consumption several times a day,
which was recorded in 13 pregnant women, are worrying (Fig. 3). The results of studies
by other authors show that pregnancy is not a time of complete abstinence for many
women, although the frequency and type of alcohol consumption change significantly.
Of the women surveyed by Wojtyla and Wojtyta [2017], 54.7% declared that they had
consumed alcohol during pregnancy, while 45.3% declared abstinence. Over 35% of
women consuming alcohol during pregnancy consumed it once a month or less often,
and almost 6% at least twice a month during pregnancy. In the study conducted by
McDonald and Watson [2020], 19% of mothers were abstinent, over half stopped when
they found out they were pregnant, and nearly 30% continued to consume alcohol. Daily
consumption was associated with increased obesity in mothers. Sbrana et al. [2016]
showed that 23% of women consumed alcohol during pregnancy. Consumption
occurred mainly in the first trimester (14.8%) and decreased as pregnancy progressed.
The knowledge of the surveyed women was also checked in questions about the dietary
sources of nutrients important during pregnancy. The results presented in Table 4 show

that education had an impact on greater awareness of the sources of vitamin D, iron,
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calcium, folic acid, omega-3, iodine, p<0.05), such a relationship was not obtained in
the case of magnesium (p=029451). People with higher education more often correctly
indicated the sources of vitamin D in food (oily fish) - 49%. Only 19% of people with
secondary education indicated the correct source of this vitamin. In general, 149 women
indicated the correct answer. It was similar in the case of iron, calcium, folic acid,
omega-3 acids, iodine and magnesium. The best knowledge was demonstrated by
women with higher education and they were the ones who most often indicated the
correct sources of individual nutrients. In the case of calcium, the correct answer was
indicated by 170 of all women (58% with higher education). About half of all
respondents were able to indicate the best sources of omega-3 acids, iron and
magnesium, while in the case of iodine and folic acid, this was a group of almost 70%
of women. The obtained results confirm the work of other authors, in which education
was a key factor determining the knowledge of pregnant women [Kobus-Cisowska et
al. 2016]. Women's knowledge and awareness of proper nutrition during pregnancy are
still too low [Sossa et al. 2023] and are not always determined by education [Ksigzek et
al. 2014]. This phenomenon is particularly noticeable among women living in rural
areas [Momora and Krupa 2019].

In the survey, women were asked whether they believed that the mother's diet had an
impact on the course of pregnancy and the health of the unborn child. The majority,
about 83%, answered that it was very important, which shows that many women are
aware of the importance of proper nutrition during this special period. However, other
pregnant women do not see such a relationship. This may be due to a lack of knowledge,
insufficient education about the impact of diet on health during pregnancy, or the belief
that genetic factors or other aspects are more important. It is important to educate
expectant mothers, because conscious dietary choices can significantly affect the health
of their child and the course of pregnancy. Insufficient knowledge was also reflected in
the answers to the question about the increase in energy demand in the second and third
trimesters of pregnancy. The latest nutritional standards from December 2024 include

changes in the recommended calorie requirements for pregnant and breastfeeding
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women. In the first trimester, the value dropped from 85 kcal to 70 kcal, in the second
trimester from 285 kcal to 260 kcal, and in the third trimester it increased from 475 kcal
to 500 kcal. For breastfeeding women, the change was from 505 kcal to 500 kcal
[Rychlik et al. 2024]. It is worth noting that the survey was prepared a little earlier, and
at the time it was made available, new standards for calorie requirements in pregnancy
appeared. Therefore, the question included older values that did not reflect the latest

guidelines. Despite this, only 59 women gave the correct answer regarding the increase

23-24 September 2025, Lublin

in calorie requirements in the second and third trimesters of pregnancy.

Table 4. Education and knowledge about the nutritional sources of selected food ingredients.

Test performed Chi-square P

Education and knowledge about sources of vitamin D

Pearson Chi*2 70,49216 0,00000

Chi"? NW 19,16941 0,00389

Spearman's R rank 0,1617238 0,02084

Education and knowledge about iron sources

Pearson Chi"2 34,75239 0,00000

Chi"? NW 29,46309 0,00005

Spearman's R rank 0,1193931 0,08896

Education and knowledge about calcium sources

Pearson Chi*2 33,54451 0,00001

Chi™? NW 27,41157 0,00012

Spearman's R rank 0,3106794 0,00001
Education and knowledge about sources of folic acid

Pearson Chi"2 19,35210 0,00361

Chi"? NW 15,69022 0,01552

Spearman's R rank -0,063920 0,36373

Education and knowledge about omega-3 sources

Pearson Chi*2 32,72217 0,00001

Chi™? NW 17,53497 0,00751

Spearman's R rank -0,013477 0,84827

Education and knowledge about iodine sources

Pearson Chi"2 19,66992 0,00317

Chi®> NW 18,22567 0,00569

Spearman's R rank 0,1791607 0,01035
Education and knowledge about magnesium sources

Pearson Chi*2 7,294024 0,29451

Chi™? NW 6,917870 0,032851

Spearman's R rank

0,1791607

0,01035
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Also in the study by Borkowska and Ostrowska [2019], a significant proportion of the
young women surveyed declared that they had no knowledge about changes in energy
requirements during pregnancy or claimed that it increased at the beginning of
pregnancy and remained at a constant level until delivery. This means that many women
are fully aware of the increased energy needs during these stages of pregnancy. Failure
to follow these recommendations can lead to nutrient deficiencies, which in turn can
have serious consequences for the health of the mother and the developing child. Calorie
deficiencies can result in lower birth weight, a weakened immune system, and delayed
fetal development.

The last question in the survey concerned the subjective assessment of one's own diet
during pregnancy, assessed on a five-point numerical scale. The majority of respondents
(over half) assessed their diet at level 4, i.e. as good. Only 19 women considered their
eating habits as very good. For 36% of pregnant women, the diet was correct, the
remaining women assessed their diet during pregnancy as bad or very bad. The
respondents' financial status had a significant impact on the assessment of their diet.
The chi-square statistical test was used to check whether the assessment of the diet of
pregnant women was influenced by their financial status (chi-square test ¥*=31.38,
p=0.001). Women with good and very good financial conditions more often declared
that their diet during pregnancy was good. Additionally, it was checked whether the
subjective assessment of the women's diet translated into the frequency of eating sweets
(¥*=34.964, p=0.004). Respondents who consumed sweets every day or several times a

week most often assessed their diet as good or correct.

5. Conclusions

1. The main source of knowledge of pregnant women about nutrition during preg-
nancy was the Internet.
2. Higher education of women was a factor determining the correct choice of products

that were the best source of ingredients important in the course of pregnancy.
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Women's awareness of nutritional behavior during pregnancy is increasing, but it is
still insufficient - many women consume alcohol and coffee during pregnancy.
Every fourth woman had an increased BMI before getting pregnant, indicating over-
weight, which could have influenced the nutritional choices made during preg-
nancy.

Most women used supplements during pregnancy, most often choosing multi-ingre-
dient preparations.

Despite assessing their own way of eating during pregnancy as good, sweets were
relatively often present in the diet of the respondents.

Women declaring good and very good financial status more often assessed their diet
during pregnancy as good.

There is a need to intensify educational activities, both at the individual and sys-
temic level. Regular consultations with medical personnel and easy access to relia-
ble sources of knowledge can significantly improve the lifestyle and health of preg-

nant women and their children.

6. References

Apostolopoulou A., Tranidou A., Tsakiridis 1., Magriplis E., Dagklis T., Chourdakis M.: Effects of
nutrition on maternal health, fetal development, and perinatal outcomes. Nutrients, 2024, 16, 375.
Berner-Trabska M., Kowalska-Koprek U., Karowicz-Bilinska A., Brzozowska M., Estemberg D., Or-
towska K., Ku$ E.: Wplyw nadwagi lub otylo$ci u ciezarnych na przebieg ciazy i okresu okotoporo-
dowego z uwzglednieniem stanu urodzeniowego noworodka w oparciu o materiat kliniczny. Ginekol.
Pol., 2009, 80, 845-850.

Borkowska U., Ostrowska L.: Ocena wiedzy mlodych kobiet na temat wybranych aspektow prawi-
dlowego zywienia w okresie cigzy. Med. Ogolna Nauki o Zdrowiu, 2019, 25(4), 245-250.
Charkiewicz A.E., Omeljaniuk W.J., Piotrowska [.K.: Determinanty zdrowia kobiet w ciazy w Bia-
tymstoku. Bromatol. Chem. Toksykol., 2016, 49(1), 42-51.

Cochrane A.L.K., Murphy M.P., Ozanne S.E., Giussani D.A.: Pregnancy in obese women and mech-
anisms of increased cardiovascular risk in offspring. Eur. Heart J., 2024, 45(48), 5127-5145.

Cohen J.F., Rifas-Shiman S.L., Rimm E.B., Oken E., Gillman M.W.: Maternal trans fatty acid intake
and fetal growth. Am. J. Clin. Nutr., 2011, 94(5), 1241-1247.

Deren K., Gawel M., Luszczki E., Jarmakiewicz S., Sokal A., Polak E., Wyszynska L.J.: Nutritional
behavior of pregnant women from the Podkarpacie province. Eur. J. Clin. Exp. Med., 2017, 15(4),
322-329.

EFSA: Scientific opinion on the safety of caffeine. EFSA J., 2015, 13(5), 4102.

Grzelak T., Suliga K., Sperling M., Pelczynska M., Czyzewska K.: Ocena stosowania suplementéw
diety wsrod kobiet cigzarnych lub planujacych cigze. Via Medica, 2016, 7(1), 8-15.

47



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

[10] Hur Y.M,, Choi J., Park S., Oh S.S., Kim Y.J.: Prenatal maternal alcohol exposure: diagnosis and
prevention of fetal alcohol syndrome. Obstet. Gynecol. Sci., 2022, 65(5), 385-394.

[11] Institute of Medicine (IOM) Food and Nutrition Board. Weight gain during pregnancy: reexamining
the guidelines. Washington: DC National Academy Press; 2009.

[12] James J.: Maternal caffeine consumption and pregnancy outcomes: a narrative review with implica-
tions for advice to mothers and mothers-to-be. BMJ Evid. Based Med., 2020.

[13] Jensen M.E.: The guidelines for balanced diet and healthy lifestyles during pregnancy: the manage-
ment of health and morbidity in pregnancy. 2022. ISBN 978-3-0365-5502-7 (PDF).

[14] Kobus-Cisowska J., Kmiecik D., Przeor M., Jedrusek-Golinska A., Waszkowiak K., Zotna H.: Ocena
poziomu wiedzy zywieniowej i sposobu zywienia kobiet w okresie cigzy. Bromatol. Chem. Toksy-
kol., 2016, 49(3), 531-535.

[15] Kc K, Shakya S, Zhang H. Gestational diabetes mellitus and macrosomia: a literature review. Ann
Nutr Metab. 2015, 66 Suppl 2, 14-20.

[16] Ksiazek P., Koztowiec J., Koztowiec M.: The nutritional knowledge of pregnant women. Pol. J. Public
Health, 2014, 124(4), 191-194.

[17] Kukkonen A., Hantunen S., Voutilainen A., Ruusunen A., Backman K., Kirjavainen P.V., Ylilauri
M., Voutilainen R., Pasanen M., Keski-Nisula L.: Maternal caffeine intake during pregnancy and the
risk of delivering a small for gestational age baby: Kuopio Birth Cohort. Arch. Gynecol. Obstet., 2024,
310(1), 359-368.

[18] Lautenbach D., Kardasz K., Rolnik A., Kazmierczak A., Malczewska B., Preis K.: Ocena wptywu
nieprawidlowej masy ciata przed zajsciem w cigz¢ na mas¢ urodzeniowg noworodkow oraz wystepo-
wanie powiktan matczynych. In: Zagrozenie zycia i zdrowia cztowieka. Eds. Tatarczuk J., Zboina B.,
Dabrowski P. Wydawnictwo Naukowe NeuroCentrum, Lublin, 2017, 203-216.

[19] Lautenbach D., Rolnik A., Kazmierczak A., Kardasz K., Krzysztof Preis K.: Zalezno$¢ migdzy przy-
rostem masy ciala w cigzy a wystegpowaniem nieprawidtowej masy urodzeniowej noworodkow oraz
powiktan matczynych. In: Zagrozenie zycia i zdrowia cztowieka. Eds. Tatarczuk J., Zboina B., Da-
browski P. Wydawnictwo Naukowe NeuroCentrum, Lublin, 2017, 185-202.

[20] Lemska M., Kietbratowska B.G, Sioma-Markowska U., Nowak A.: Sposoby pozyskiwania informacji
przez kobiety na temat ciazy i macierzynstwa. Gin. Pol Med. Project, 2019, 3 (53), 053-057.

[21] Machado C., Monteiro S., Oliveira M.J.: Impact of overweight and obesity on pregnancy outcomes
in women with gestational diabetes — results from a retrospective multicenter study. Arch. Endocrinol.
Metab., 2020, 64(1), 45-51.

[22] Makowska-Donajska M., Hirnle L.: Suplementacja witamin i sktadnikow mineralnych podczas cigzy.
Ginekol. Perinatol. Prakt., 2017, 2(4), 166—172.

[23] Mandryk 1., Wegrzyn 1.: Awareness of pregnant women about proper nutrition habits and rational
diet. J. Educ. Health Sport, 2023, 16(1), 49-61.

[24] Marshall N.E., Abrams B., Barbour L.A., Catalano P., Christian P., Friedman J.E., Hay W.W. Jr,
Hernandez T.L., Krebs N.F., Oken E., Purnell J.Q., Roberts J.M., Soltani H., Wallace J., Thornburg
K.L.: The importance of nutrition in pregnancy and lactation: lifelong consequences. Am. J. Obstet.
Gynecol., 2022, 226(5), 607-632.

[25] McDonald B.W., Watson P.E.: Maternal alcohol intakes before and during pregnancy: Impact on the
mother and infant outcome to 18 months. Nord. Stud. Alcohol Drugs, 2020, 37(2), 153—171.

[26] Misan N., Paczkowska K., Szmyt M., Kapska K., Tomczak L., Breborowicz G., Ropacka-Lesiak M.:
Nutritional behavior in pregnancy. Ginekol. Pol., 2019, 90(9), 527-533.

[27] Momora A., Krupa J.: Zwyczaje zywieniowe kobiet ci¢zarnych zamieszkatych na obszarach wiej-
skich. Pediatr. Med. Rodz., 2019, 15(2), 164—170.

[28] Pieczynskal., Sozanski R., Ktosek A., Grajeta H.: Wplyw zaawansowania cigzy na strukture spozycia
kwasow thuszczowych z dietg przez kobiety cigzarne. Probl. Hig. Epidemiol., 2017, 98(1): 73-80.

[29] QianJ., Chen Q., Ward S.M., Duan E., Zhang Y.: Impacts of caffeine during pregnancy. Trends En-
docrinol. Metab., 2020, 31(3), 218-227.

[30] Rychlik E., Sto$ K., Wozniak A., Mojska H.: Normy zywienia dla populacji Polski. Narodowy Insty-
tut Zdrowia Publicznego PZH — Panstwowy Instytut Badawczy, 2024.

48



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

[31] Sass A., Maczka M.: Physical activity of pregnant women in the light of scientific research — a review
of the literature. J. Educ. Health Sport, 2017, 7(8), 550-565.

[32] Sbrana M., Grandi C., Brazan M., Junquera N., Nascimento M.S., Barbieri M.A., Bettiol H., Cardoso
V.C.: Alcohol consumption during pregnancy and perinatal results: a cohort study. Sao Paulo Med.
J.,2016, 134(2), 146-152. DOL: 10.1590/1516-3180.2015.02040211.

[33] Sossa C.J., Salami L., Metonnou C.G., Tozoukan E., Azandjeme C., Mongbo V., Paraiso M.N.:
Knowledge, attitudes, and practices relating to food and nutrition among pregnant women attending
antenatal clinics at Menontin Hospital (Benin). Health, 2023, 15, 1202-1217.

[34] Surma S., Witek A.: Coffee consumption during pregnancy — what the gynecologist should know?
Review of the literature and clinical studies. Ginekol. Pol., 2022, 93(7), 591-600.

[35] Vitti F.P., Grandi C., Cavalli R.C., Simdes V.M.F., Batista R.F.L., Cardoso V.C.: Association be-
tween caffeine consumption in pregnancy and low birth weight and preterm birth in the birth cohort
of Ribeirdo Preto. Rev. Bras. Ginecol. Obstet., 2018, 40(12), 749-756.

[36] Wanaditya G.S., Putra W.A., Dwi Aryana M.B., Mulyana R.S.: Obesity in pregnant women and its
impact on maternal and neonatal morbidity. EIMED, 2023, 5(3), 17-21.

[37] Weker M.: Zywienie kobiet w okresie cigzy — teoria i praktyka. Wydawnictwo Lekarskie PZWL,
Warszawa, 2021.

[38] Wierzejska R., Wojda B.: Folic acid supplementation in pregnancy and prevention of fetal neural tube
defects. Przegl. Epidemiol., 2020, 74(2), 362-369.

[39] Wiesner A., Pasko P.: Stosowanie suplementéw u kobiet cigzarnych w $wietle najnowszych reko-
mendacji Polskiego Towarzystwa Ginekologow i Potoznikow. Farm. Pol., 2021, 77(1), 40-47.

[40] Wojtyta C., Wojtyta A.: Alcohol consumption by pregnant women in Poland. J. Health Inequal., 2017,
3(1), 51-57.

[41] Wyka J., Misiarz M., Malczyk E., Zototenka-Synowiec M., Catyniuk B., Smoétka B., Mazurek D.:
Ocena spozycia alkoholu, kawy i palenia papieroséw wsrdd kobiet w cigzy. Bromatol. Chem. Toksy-
kol., 2015, 48(3), 578-582.

49



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

Bioactive and sensory peptides from microalgae proteins:
an in silico profile and hydrolysis perspective

Lukasz Byczyfiski®

Department of Biotechnology and General
Food Technology,
Faculty of Food Technology,
University of Agriculture in Krakow,
Al Mickiewicza 21, 31-120 Krakow
‘corresponding author: lukasz.byczynski@urk.edu.pl

Abstract

This study focuses on the in silico analysis of the potential of selected proteins derived from Spirulina
(Arthrospira platensis) and Chlorella (Chlorella pyrenoidosa) microalgae to generate bioactive and
flavour peptides through simulated enzymatic hydrolysis. We utilized bioinformatic methods to
predict the fragmentation of microalgal proteins (including dominant proteins such as phycocyanin
from Spirulina and photosynthetic and structural proteins from Chlorella) under the action of
proteolytic enzymes typical of digestive and industrial processes. Based on protein sequences
obtained from the UniProt database (www.uniprot.org), profiles of potential biological activity were
generated using the Analysis BIOPEP-UWM module. Subsequently, simulated hydrolyses were
performed using the Enzyme(s) action module (BIOPEP-UWM), and the resulting peptide sequences
were analysed for their known bioactive properties (e.g., antioxidant, hypotensive — ACE-inhibitory,
immunomodulatory, antidiabetic activity) and sensory profile (especially umami and bitter taste). The
obtained results confirm that both Arthrospira and Chlorella constitute a valuable source of potential
bioactive peptides. We also identified peptides that may contribute to improving the flavour profile
of products, particularly in terms of umami taste, making protein hydrolysates from these microalgae
attractive natural flavour enhancers. On the other hand, the presence of bitter-tasting peptides may
pose a challenge, indicating the need for process optimization during hydrolysis. This in silico
analysis provides a foundation for further experimental studies (in vitro and in vivo) to verify the
predicted peptide properties.

Keywords: bioactive peptides,sensory peptides, microalgae, in silico

1. Introduction

Consumer demand for microalgae-derived food products is growing, primarily due to
their perceived health benefits. While there are over 30,000 species of microalgae, only
a few are approved for sale in the European Union with authorization from the European
Food Safety Authority (EFSA). Among the microalgae classified as 'Not Novel Food'

are Arthrospira platensis (Spirulina) and several Chlorella species (vulgaris,
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pyrenoidosa, luteoviridis). These selected microalgae are characterized by a very high
protein content (65-77% of dry mass), which significantly surpasses the protein content
found in soy flour (37%), skimmed milk (36%), or fish (24%) [Bleakley 2021].

Until now, microalgae have primarily been used as dietary supplements or as additives
aimed at improving the functional properties of finished products. Utilizing microalgae
directly as a food additive has its advantages, such as a lower material processing cost,
and such an additive is comprehensive in nature — containing not only protein but also
minerals (iron, iodine), vitamins (B, E, C), and dietary fiber (peptidoglycan,
cellulose)[Andrade et. al. 2018]. However, various studies have shown that such an
addition can lead to disadvantages in the form of changes in product color, odor, and
texture, which may be unacceptable to consumers [Byczynski et. al. 2025]. Currently,
there is a trend focusing on the selective isolation of specific components from
microalgae and seeking their applications in food, cosmetology, and pharmacology.
Besides the isolation of fiber and lipid fractions (which contain pigments), a promising
direction is the isolation and processing of protein derived from microalgae. Preliminary
studies indicate that even direct protein isolates can exhibit bioactive properties, such
as inhibiting angiotensin-converting enzyme-I (ACE-I) activity or possessing
antioxidant properties [Ryan et. al. 2011]. Isolated microalgal proteins can be subjected
to hydrolysis using digestive enzymes or industrial proteases (e.g., papain, bromelain,
subtilisin A) to obtain peptides with diverse activities and sensory characteristics.
Bioactive peptides can also be released from proteins during technological processes
(acidification, heating) and during fermentation. The released peptides may exhibit
antimicrobial, antiamnesic, antioxidant, opioid activities, as well as impart taste (salty,
sweet, bitter, or umami) [Iwaniak et. al. 2016].

The biological function of peptides obtained through protein hydrolysis can also include
inhibiting enzymatic activity, e.g., amylase (EC 3.2.1.1), lipase (EC 3.1.1.3), or
angiotensin-converting enzyme [ (ACE; EC 3.4.15.1). Hence, it is believed that these
peptides can act as regulators of the digestive, circulatory, or nervous systems [ Awosika

and Aluko, 2019]. Lipase and glucanase inhibitors are becoming helpful in the fight
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against obesity, while ACE inhibitors can contribute to lowering blood pressure in
humans and animals [Iwaniak et. al. 2014; Iwaniak et. al. 2018].

The aim of this study is to analyze the sequences of selected, most frequently occurring
proteins from Arthrospira platensis (Spirulina) and Chlorella microalgae to determine
their potential biological activity profiles and sensory peptide profiles. An additional
objective was to assess the possibility of releasing bioactive and sensory peptides from
the analyzed microalgal proteins through the hydrolysis of these proteins using various
proteases and a set of digestive enzymes, whose action was simulated using
bioinformatics tools from the BIOPEP database.

Due to their broad biological activity, particularly useful in the prevention of diet-related
diseases, active biopeptides obtained through hydrolysis may find future application as
ingredients in functional foods, supplements, and pharmaceuticals [Grija 2018; Iwaniak

et. al. 2018].

2. Materials and Methods

Protein sequences were collected from the UniProt database [UniProt Consortium 2025]
(https://www.uniprot.org/; access 2025.06.01) [Bateman et. al. 2022] and they were
processed in a manner similar to that described by Minkiewicz et al. [2023]. Protein
UniProt accession numbers, name, length, mass and sequnence are provided in the table
1 and 2. Their sequences were submitted to analysis via the BIOPEP-UWM database
[Iwaniak et. al. 2024] of bioactive and sensory peptides (provider: University of Warmia
and Mazury in Olsztyn, Poland; accessed 2025.06.14). The database generate list of
specific activity and location of bioactive fragments, frequency of bioactive fragments,

and activities of fragments obtained by proteolysis.
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Table 1. List of selected Spirulina protein used for bioactive peptide analysis

Protein name

Access. no in UniProt

Length (aa)

Mass (Da)

Allophycocyanin alpha chain

P72504 (PHAA_ARTPT)

161

17392

Sequence: MSIVTKSIVNADAEARYLSPGELDRIKSFVTSGERRVRIAETMTGARERIIKEAGNQLFQKRPDV
VSPGGNAYGEEMTATCLRDLDYYLRLITYGIVAGDVTPIEEIGVVGVREMYKSLGTPIEAVAEGVRAMKS
VATSLLSGEDAAEAGAYFDYLIGAMS

C-phycocyanin beta subunit P72508 (PHCB_ARTPT) 172 I 18094

Sequence: MFDAFTKVVSQADTRGEMLSTAQIDALSQMVAESNKRLDAVNRITSNASTIVSNAARSLFAEQ
PQLIAPGGNAYTSRRMAACLRDMEIILRYVTYAVFAGDASVLEDRCLNGLRETYLALGTPGSSVAVGVGK
MKEAALAIVNDPAGITPGDCSALASEIASYFDRACAAVS

Ferredoxin P00246 (FER_ARTPT) 99 10634

Sequence: MATYKVTLINEAEGINETIDCDDDTYILDAAEEAGLDLPYSCRAGACSTCAGTITSGTIDQSDQS
FLDDDQIEAGYVLTCVAYPTSDCTIKTHQEEGLY

Table 2. List of selected Chlorella protein used for bioactive peptide analysis

Protein name Access. no in UniProt Length (aa) Mass (Da)

Photosystem II protein D1 P56318 (PSBA_CHLVU) 353 38986

Sequence: MTAILERRESASLWARFCEWVTSTENRLYIGWFGVLMIPTLLTATSVFIIAFIAAPPVDIDGIREP

VSGSLLYGNNIISGAIIPTSNAIGLHFYPIWEAASLDEWLYNGGPYQLIVCHFFLGICSYMGREWELSFRLG

MRPWIAVAYSAPVAAATAVFITYPIGQGSFSDGMPLGISGTFNFMIVFQAEHNILMHPFHMLGVAGVFGGS

LFSAMHGSLVTSSLIRETTENESANEGYKFGQEEETYNIVAAHGYFGRLIFQYASFNNSRSLHFFLAAWPV

VGIWFTALGISTMAFNLNGFNFNQSVVDSQGRVINTWADIINRANLGMEVMHERNAHNFPLDLAVVEAP
AVNG

Photosystem II CP43 reaction center
P56308 (PSBC_CHLVU) 473 52048
protein

Sequence: MKNLYSLRRFYHVETLFNGSLVVGGRDQESTGFAWWAGNARLINLSGKLLGAHVAHAGLIVF
WAGAMNLFEVAHFVPEKPMYEQGLILLPHLATLGYGVGPGGEVIDTYPYFVSGVLHLISSAVLGFGGVYH
SLVGPETLEESFPFFGYVWKDKNKMTTILGIHLIVLGFGAWLLVWKAMYFGGIYDTWAPGGGDVRIISNPT
VSPGVIFSYILKSPFGGDGWIVSVDNMEDVIGGHIWIGTLCIFGGIWHILTKPWAWARRAFVWSGEAYLSY
SLGAIALMGFTACCMSWFNTTAYPSEFYGPTGPEASQSQTFTFLVRDQRLGANVASAQGPTGLGKYLMRS
PTGEIFGGETMRFWDFRGPWLEPLRGPNGLDLNKLKNDIQPWQERRAAEYMTHAPLGSLNSVGGVATEI
NAVNYVSPRSWLATSHFCLGFFFFVGHLWHAGRARAAAAGFEKGIDRDNEPVLSMRPLD

Tubulin alpha chain Q9ZRJ4 (TBA_CHLVU) 451 49712

Sequence:_MREVISIHIGQAGIQVGNACWELYCLEHGIQPDGQMPSDKTIGGGDDAFNTFFSETGAGKHVPRCVFLDLEPTVIDE

VRTGTYRQLFHPEQLISGKEDAANNFARGHYTIGKEIVDLCLDRIRKLADNCTGLQGFLVFNAVGGGTGSGLGSLLLERLSVDYGKKS

KLGFTVYPSPQVSTAVVEPYNSVLSTHSLLEHTDVSVMLDNEAVYDICRRSLDIERPTYTNLNRLIAQVISSLTASLRFDGALNVDVTE

FQTNLVPYPRIHFMLSSYSPVISAEKAYHEQLSVAEITNSAFEPASMMAKCDPRHGKYMACCLMYRGDVVPKDVNAAVATIKTKRT

IQFVDWCPTGFKCGINYQPPTVVPGGDLAKVQRAVCMISNSTAIAEVFSRLDHKFDLMYAKRAFVHWYVGEGMEEGEFSEARED
LAALEKDYEEVGAESAEADGEDEGEEY
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All sequences of proteins were analyzed using the following procedure: Proteins tab —
Analysis — Calculations — For your sequence — paste the protein sequence — Report.
This procedure enabled the calculation of the parameter A, which indicates the potential
of the protein as a source of bioactive peptides. A full detailed list of the protein
sequences and frequency of all bioactive and sensory fragments, in the analyzed
sequences is available in the BIOEP-UWM database of proteins
(https://biochemia.uwm.edu.pl/en/biopep-uwm-2/; access 2025.06.01). The results
generated by the analysis module BIOPEP-UWM included the location of bioactive
fragments in protein chains and their predicted activity [Minkiewicz et. al., 2019]. The
frequencies of bioactive fragments in the protein sequence (A) were calculated
according to equation (1):
A=a/N(1)

where: “a” is the number of fragments with a given activity in the analyzed protein
sequence, and “N” is the number of amino acid residues in the chain of this protein
[Dziuba et. al. 2003]. The predicted frequency of release of bioactive fragments using
proteolytic enzymes (Ag) was calculated according to equation (2):

Ag=d/N (2)
where “d” is the number of peptides with a given activity (e.g. antioxidants) released as
a result of the action of a specific enzyme or enzymes, and “N” is the number of amino
acid residues in the tested protein [Minkiewicz et. al. 2011]. The relative frequency of
release of fragments with given activity by selected enzymes was calculated according
to equation (3):

W=Ar/A (3)
where: Ag is the frequency of release of fragments with given activity by selected
enzymes and “A” is previously counted A the frequency of bioactive fragments
occurrence in protein sequence. Theoretical degree of hydrolysis (DHt) was calculated
according to equation (4):

DHt = d/D -100% (4)

54



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

where: “d” is a number of hydrolyzed peptide bonds and “D” is the total number of
peptide bonds in a protein chain.

Proteolysis simulations of the studied proteins and calculations of quantitative
parameters were performed using calculation modules included in the BIOPEP-UWM
database. Protein proteolysis was simulated by the action of coupled action of digestive
enzymes: pepsin at pH > 2 (EC 3.4.23.1, BIOPEP-UWM ID 39), trypsin (EC 3.4.21.4,
BIOPEP-UWM ID 12) and chymotrypsin A (EC 3.4.21.1, BIOPEP-UWM ID 11),
according to the INFOGEST experimental protocol [Brodkorb 2019]. Among the
predicted proteolysis products, bioactive fragments and sensory consistent with the data

contained in the BIOPEP-UWM database were searched for [Minkiewicz et. al. 2019].

3. Results

Potential of biological activity

Sequence analysis of the tested proteins for potential biological activity indicates that
all tested proteins, both from Spirulina (P72504 PHAA, P72508 PHCB, P00246 FER)
and Chlorella (P56318 PSBA, P56308 PSBC, Q9ZRJ4 TBA), exhibit various potential
biological activities (Table 3 and 4). The total sum of potential biological activities (X)
is highest for Chlorella proteins, especially for P56308 PSBC (1122) and Q9ZRJ4 TBA
(811), compared to Spirulina proteins, where the highest sum is for P72504 PHAA
(348). Detailed data on the activity attributed to a given peptide are available in the
BIOPEP database of bioactive and sensory sequences [Minkiewicz et. al. 2019].

The highest frequency of occurrence (parameter A) in the tested proteins was
characterized by the activity of dipeptidyl-peptidase IV inhibitor. This activity was very
often observed in all analyzed proteins, with a particularly high frequency (A) in
Chlorella proteins: P56308 PSBC (0.7209), P56318 PSBA (0.6799), Q9ZRJ4 TBA
(0.6231). In Spirulina proteins, this is also the dominant activity, with the highest
frequency in the P72508 PHCB protein (0.6453), slightly lower in the P72504 PHAA
protein (0.6087), and the lowest, but still high, frequency in the P00246 FER protein
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(0.5859). Another activity that frequently appears in the analyzed microalgae protein
sequences is ACE inhibitor activity. It is particularly visible in the Chlorella proteins:
P56308 PSBC (0.6025) and P56318 PSBA (0.5467), and the Spirulina protein P72504
PHAA (0.5404).

Among other high-frequency activities in individual proteins, antioxidant activities,
dipeptidyl-peptidase Il inhibitor, and neprilysin inhibitor are also notable. For example,
the P56308 PSBC protein from Chlorella shows a high frequency (0.1607) for
antioxidant activity, and among Spirulina proteins, the P72504 PHAA protein stands
out, for which the A parameter for this activity is 0.1056. In turn, the P56308 PSBC
(Chlorella) and P72504 PHAA (Spirulina) proteins show a significant frequency
(0.1142 and 0.1118, respectively) for dipeptidyl-peptidase III inhibitor activity. In
contrast, the P72504 PHAA (0.1304) protein from Spirulina and P56308 PSBC
(0.0951) from Chlorella exhibit neprilysin inhibitor activity with high frequency.
Some activities, such as ACE 2 activator, AChE inhibitor, alpha-amylase inhibitor, or
immunomodulatory activities, are rare or absent in some of the tested proteins. For
example, ACE 2 activator was detected only in the P56318 PSBA sequence from
Chlorella (frequency 0.0028).

It is worth noting that activities with potentially adverse effects, e.g., embryotoxic or
toxic, are very rare or occur with very low frequency. Chlorella proteins (P56318 PSBA,
P56308 PSBC, Q9ZRJ4 TBA) seem to have a wider range and higher frequency of some
biological activities, especially those related to dipeptidyl peptidase IV and ACE
inhibition. In turn, the P72504 PHAA protein from Spirulina is distinguished by a
relatively high frequency of neprilysin inhibitor (0.1304) and dipeptidyl peptidase III
inhibitor (0.1118) activity.
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Table. 3. Profile of potential biological activity of selected Spirulina proteins.

Type of protein
Type of potential biological activity P72504 ‘ PHAA P7250.8 ‘ .PHCB POOZ‘.‘G i FER
(Spirulina) (Spirulina) (Spirulina)
a A a A a A
ACE inhibitor 87 0.5404 81 0.4709 36 0.3636
activating ubiquitin-mediated proteolysis 1 0.0062 4 0.0233 1 0.0101
alanine carboxypeptidase inhibitor 3 0.0186 3 0.0174 1 0.0101
alpha-glucosidase inhibitor 7 0.0435 5 0.0291 4 0.0404
anti-inflammatory 0 0.0000 0 0.0000 1 0.0101
antiamnestic 2 0.0124 3 0.0174 0 0.0000
antibacterial 2 0.0124 5 0.0291 2 0.0202
anticancer 1 0.0062 0 0.0000 1 0.0101
antioxidative 17 0.1056 9 0.0523 9 0.0909
antithrombotic 2 0.0124 3 0.0174 0 0.0000
antiviral 1 0.0062 1 0.0058 0 0.0000
binding 2 0.0124 0 0.0000 2 0.0202
calpain 1 inhibitor 0 0.0000 1 0.0058 0 0.0000
CaMPDE inhibitor 1 0.0062 0 0.0000 1 0.0101
citrate lyase deacetylase inhibitor 2 0.0124 0 0.0000 2 0.0202
D-Ala-D-Ala dipeptidase inhibitor 1 0.0062 4 0.0233 1 0.0101
dipeptidyl peptidase III inhibitor 18 0.1118 14 0.0814 4 0.0404
dipeptidyl peptidase IV inhibitor 98 0.6087 111 0.6453 58 0.5859
glutamate carboxypeptidase II inhibitor 12 0.0745 7 0.0407 9 0.0909
glutamate carboxypeptidase inhibitor 8 0.0497 1 0.0058 3 0.0303
haemolytic 1 0.0062 1 0.0058 0 0.0000
hypotensive 5 0.0311 4 0.0233 1 0.0101
hypouricemic 4 0.0248 5 0.0291 3 0.0303
immunomodulating 1 0.0062 0 0.0000 0 0.0000
immunostimulating 2 0.0124 0 0.0000 1 0.0101
inhibitor of cytosol alanyl aminopeptidase 2 0.0124 4 0.0233 1 0.0101
inhibitor of tripeptidyl peptidase II 7 0.0435 10 0.0581 3 0.0303
lactocepin inhibitor 1 0.0062 0 0.0000 1 0.0101
Leucyltransferase inhibitor 1 0.0062 2 0.0116 0 0.0000
neprilysin 2 inhibitor 0 0.0000 1 0.0058 0 0.0000
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neprilysin inhibitor 21 0.1304 10 0.0581 5 0.0505
neurolysin inhibitor 1 0.0062 0 0.0000 0 0.0000
neuropeptide 6 0.0373 3 0.0174 4 0.0404
neuroprotective 2 0.0124 3 0.0174 0 0.0000
PAM inhibitor 2 0.0124 3 0.0174 0 0.0000
pancreatic lipase inhibitor 1 0.0062 0 0.0000 1 0.0101
peptidylprolyl isomerase isnhibitor 0 0.0000 1 0.0058 0 0.0000
phospholipase A2 inhibitor 0 0.0000 0 0.0000 1 0.0101
regulating 6 0.0373 4 0.0233 1 0.0101
renin inhibitor 3 0.0186 6 0.0349 2 0.0202
stimulating 9 0.0559 7 0.0407 5 0.0505
thymidylate synthase inhibitor 2 0.0124 0 0.0000 2 0.0202
toxic 1 0.0062 0 0.0000 1 0.0101
tubulin-tyrosine ligase inhibitor 5 0.0311 2 0.0116 1 0.0101
) 348 318 168
N 161 172 99

¥ — sum of potential biological activities for a given protein (some peptides show several activities);
N - number of amino acid in the chain of protein
A - frequency of occurrence of a given type of biological activity in a protein sequence
a - number of fragments with a given activity in the analyzed protein sequence

Table. 4. Profile of potential biological activity of selected Chlorella proteins.

Type of protein

Type of potential biological activity Psgéﬁfo;:l)l?)g[\ PS(%}?E) ;ell)lil)ac Qiéﬁljjrélg;/\

a A a A a A
ACE 2 activator 1 0.0028 0 0.0000 0 0.0000
ACE inhibitor 193 0.5467 285 0.6025 218 0.4834
ACE2 inhibitor 1 0.0028 2 0.0042 0 0.0000
ACHE inhibitor 0 0.0000 1 0.0021 0 0.0000
activating ubiquitin-mediated proteolysis 5 0.0142 11 0.0233 5 0.0111
acylaminoacyl peptidase inhibitor 1 0.0028 6 0.0127 3 0.0067
alanine carboxypeptidase inhibitor 2 0.0057 9 0.0190 5 0.0111
alkaline phosphatase inhibitor 1 0.0028 5 0.0106 0 0.0000
alpha-amylase inhibitor 1 0.0028 2 0.0042 0 0.0000
alpha-glucosidase inhibitor 8 0.0227 19 0.0402 12 0.0266
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anti-inflammatory 1 0.0028 1 0.0021 3 0.0067
antiamnestic 1 0.0028 11 0.0233 1 0.0022
antibacterial 7 0.0198 7 0.0148 4 0.0089

anticancer 1 0.0028 0 0.0000 1 0.0022
antidiabetic 2 0.0057 0 0.0000 0 0.0000
antioxidative 37 0.1048 76 0.1607 30 0.0665
antithrombotic 1 0.0028 11 0.0233 2 0.0044

antiviral 1 0.0028 4 0.0085 1 0.0022

bacterial permease ligand 0 0.0000 0 0.0000 1 0.0022
BChE inhibitor 0 0.0000 1 0.0021 0 0.0000

binding 2 0.0057 1 0.0021 3 0.0067

calpain 1 inhibitor 4 0.0113 1 0.0021 3 0.0067
CaMPDE inhibitor 3 0.0085 2 0.0042 4 0.0089
chymotrypsin inhibitor 0 0.0000 1 0.0021 0 0.0000
citrate lyase deacetylase inhibitor 2 0.0057 1 0.0021 3 0.0067
D-Ala-D-Ala dipeptidase inhibitor 6 0.0170 4 0.0085 3 0.0067
dipeptidyl peptidase III inhibitor 21 0.0595 54 0.1142 39 0.0865
dipeptidyl peptidase IV inhibitor 240 0.6799 341 0.7209 281 0.6231
embryotoxic 0 0.0000 0 0.0000 1 0.0022

glutamate carboxypeptidase II inhibitor 5 0.0142 10 0.0211 18 0.0399
glutamate carboxypeptidase inhibitor 3 0.0085 8 0.0169 11 0.0244
haemolytic 1 0.0028 3 0.0063 1 0.0022
HMG-CoA reductase inhibitor 1 0.0028 2 0.0042 1 0.0022
hypolipidemic 0 0.0000 1 0.0021 2 0.0044
hypotensive 12 0.0340 20 0.0423 7 0.0155
hypouricemic 8 0.0227 24 0.0507 9 0.0200
immunostimulating 2 0.0057 3 0.0063 2 0.0044
inhibitor of cytosol alanyl aminopeptidase 9 0.0255 10 0.0211 7 0.0155
inhibitor of tripeptidyl peptidase 11 30 0.0850 27 0.0571 23 0.0510
lactocepin inhibitor 4 0.0113 7 0.0148 3 0.0067
Leucyltransferase inhibitor 2 0.0057 7 0.0148 4 0.0089
neprilysin 2 inhibitor 4 0.0113 1 0.0021 3 0.0067
neprilysin inhibitor 18 0.0510 45 0.0951 35 0.0776
neurolysin inhibitor 1 0.0028 1 0.0021 1 0.0022
neuropeptide 10 0.0283 11 0.0233 11 0.0244

59




International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

neuroprotective 0 0.0000 2 0.0042 1 0.0022
opioid 1 0.0028 1 0.0021 0 0.0000
PAM inhibitor 0 0.0000 3 0.0063 1 0.0022
pancreatic lipase inhibitor 5 0.0142 4 0.0085 1 0.0022
peptidylprolyl isomerase isnhibitor 3 0.0085 2 0.0042 0 0.0000
phospholipase A2 inhibitor 1 0.0028 1 0.0021 2 0.0044
pseudolysin inhibitor 2 0.0057 4 0.0085 1 0.0022
regulating 8 0.0227 19 0.0402 9 0.0200
renin inhibitor 15 0.0425 13 0.0275 12 0.0266
stimulating 20 0.0567 27 0.0571 15 0.0333
thymidylate synthase inhibitor 2 0.0057 1 0.0021 3 0.0067
toxic 1 0.0028 0 0.0000 0 0.0000
tubulin-tyrosine ligase inhibitor 3 0.0085 6 0.0127 5 0.0111
xaa-pro inhibitor 2 0.0057 3 0.0063 0 0.0000

z 715 1122 811

N 353 473 451

¥ — sum of potential biological activities for a given protein (some peptides show several activities);
N - number of amino acid in the chain of protein
A - frequency of occurrence of a given type of biological activity in a protein sequence
a - number of fragments with a given activity in the analyzed protein sequence

Potential of sensory activity

The analysis of the potential for releasing sensory peptides from the tested microalgal
proteins is presented in Tables 5 and 6. All analyzed proteins, from both Spirulina and
Chlorella, demonstrate the potential to release peptides with diverse sensory activities.
The total sum of potential sensory activities () is significantly higher for Chlorella
proteins than for Spirulina. For Chlorella, ¥ ranges from 499 (P56318 - PSBA) to 723
(P56308 - PSBC), whereas for Spirulina, it ranges from 167 (P00246 - FER) to 309
(P72504 - PHAA). The N parameter (number of amino acids in the protein chain) is
generally higher for Chlorella proteins, which may explain the greater sum of sensory
activities. Bitter-tasting peptides are the dominant sensory activity in all tested proteins,
both in terms of the number of fragments (a) and their frequency of occurrence (A). In

Spirulina proteins, the frequency A for bitter taste ranges from 0.4747 (P00246 - FER)
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to 0.7267 (P72504 - PHAA). In Chlorella proteins, the frequency A for bitter taste is
even higher, reaching from 0.6807 (Q9ZRJ4 - TBA) to 0.8372 (P56308 - PSBC).

The second most frequently occurring activity is sweet taste. In Spirulina, the frequency
A for sweet taste ranges from 0.2626 (P00246 - FER) to 0.3895 (P72508 - PHCB). In
Chlorella, the frequency A for sweet taste is also high, ranging from 0.3229 (P56318 -
PSBA) to 0.3784 (P56308 - PSBC). Third in line is umami taste. In Spirulina, the
frequency A for umami ranges from 0.1860 (P72508 - PHCB) to 0.3737 (P00246 -
FER). In Chlorella, the frequency A for umami ranges from 0.1522 (P56308 - PSBC)
to 0.2594 (Q9ZRJ4 - TBA).

Table 5. Profile of potential sensory activity of selected Spirulina proteins.

P72504 - PHAA P72508 - PHCB P00246 - FER
Type of sensory activity
a A a A a A
astringent 6 0,0373 4 0,0233 2 0,0202
bitter 117 0,7267 98 0,5698 47 0,4747
bitterness suppressing 21 0,1304 17 0,0988 5 0,0505
salt enhancer 8 0,0497 5 0,0291 1 0,0101
salty 11 0,0683 11 0,0640 20 0,2020
sour 35 0,2174 25 0,1453 27 0,2727
sweet 62 0,3851 67 0,3895 26 0,2626
sweetness suppressing 3 0,0186 1 0,0058 2 0,0202
umami 46 0,2857 32 0,1860 37 0,3737
umami enhancing 0 0 0 0 0 0
5 309 260 167
N 161 172 99
¥ — sum of potential biological activities for a given protein (some peptides show several activities);
N - number of amino acid in the chain of protein
A - frequency of occurrence of a given type of biological activity in a protein sequence
a - number of fragments with a given activity in the analyzed protein sequence

Chlorella proteins, especially P56308 - PSBC and Q9ZRJ4 - TBA, exhibit a higher
total sum of peptides with sensory activity () and frequency (A) across most taste

categories compared to Spirulina proteins. P00246 - FER from Spirulina has a
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relatively high frequency of salty taste occurrence (A=0.2020) compared to other
Spirulina proteins and most Chlorella proteins. In the Chlorella protein Q9ZRJ4 -
TBA, the highest frequency for this taste is A=0.0843. Furthermore, the protein P00246
- FER from Spirulina showed the greatest potential for releasing sour taste (A=0.2727),
while for Chlorella, it was Q9ZRJ4 - TBA (A=0.2395) and P56308 - PSBC
(A=0.1311). The most bitterness-suppressing peptides can potentially be obtained from
Chlorella proteins Q9ZRJ4 - TBA (A=0.1042) and P56308 - PSBC (A=0.0782)
compared to the analyzed Spirulina proteins. Umami-enhancing activity is rare and
does not occur in any of the Spirulina proteins, whereas in Chlorella proteins, it
appears in P56308 - PSBC (a=3, A=0.0063) and Q9ZRJ4 - TBA (a=1, A=0.0022).
Astringent peptides, on the other hand, are present in Spirulina proteins, but in smaller
quantities and with a low frequency of occurrence (A) compared to Chlorella proteins

(with the exception of P56318 - PSBA = 1 peptide).

Table 6. Profile of potential sensory activity of selected Chlorella proteins.

P56318 - PSBA P56308 - PSBC Q9ZRJ4 - TBA
Type of sensory activity
a A a A a A
astringent 1 0,0028 13 0,0275 19 0,0421
bitter 255 0,7224 396 0,8372 307 0,6807
bitterness suppressing 19 0,0538 37 0,0782 47 0,1042
salt enhancer 5 0,0142 14 0,0296 9 0,0200
salty 11 0,0312 17 0,0359 38 0,0843
sour 36 0,1020 62 0,1311 108 0,2395
sweet 114 0,3229 179 0,3784 156 0,3459
sweetness suppressing 2 0,0057 2 0,0042 6 0,0133
umami 56 0,1586 72 0,1522 117 0,2594
umami enhancing 0 0 3 0,0063 1 0,0022
2 499 723 691
N 353 473 451

¥ — sum of potential biological activities for a given protein (some peptides show several activities);
N - number of amino acid in the chain of protein

A - frequency of occurrence of a given type of biological activity in a protein sequence

a - number of fragments with a given activity in the analyzed protein sequence
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Chlorella proteins, especially P56308 - PSBC and Q9ZRJ4 - TBA, exhibit a higher total
sum of peptides with sensory activity () and frequency (A) across most taste categories
compared to Spirulina proteins. P00246 - FER from Spirulina has a relatively high
frequency of salty taste occurrence (A=0.2020) compared to other Spirulina proteins
and most Chlorella proteins. In the Chlorella protein Q9ZRJ4 - TBA, the highest
frequency for this taste is A=0.0843. Furthermore, the protein P00246 - FER from
Spirulina showed the greatest potential for releasing sour taste (A=0.2727), while for
Chlorella, it was Q9ZRJ4 - TBA (A=0.2395) and P56308 - PSBC (A=0.1311). The
most bitterness-suppressing peptides can potentially be obtained from Chlorella
proteins Q9ZRJ4 - TBA (A=0.1042) and P56308 - PSBC (A=0.0782) compared to the
analyzed Spirulina proteins. Umami-enhancing activity is rare and does not occur in
any of the Spirulina proteins, whereas in Chlorella proteins, it appears in P56308 -
PSBC (a=3, A=0.0063) and Q9ZRJ4 - TBA (a=1, A=0.0022). Astringent peptides, on
the other hand, are present in Spirulina proteins, but in smaller quantities and with a low
frequency of occurrence (A) compared to Chlorella proteins (with the exception of

P56318 - PSBA = 1 peptide).

In silico hydrolysis — bioactive peptides

The proteins selected for analysis, both from Spirulina (allophycocyanin alpha chain,
C-phycocyanin beta subunit, ferredoxin) and Chlorella (Photosystem II protein DI,
Photosystem II CP43 reaction center protein, tubulin alpha chain), when subjected to in
silico digestion, released diverse sets of bioactive peptides (Tables 7 and 8). The degree
of hydrolysis (DHt values) for each protein was high, ranging from 75.5% for Spirulina
ferredoxin to 80.6% for Spirulina allophycocyanin alpha chain. For Chlorella, the DHt
values ranged from 76.4% (Tubulin alpha chain) to 77.6% (Photosystem II protein D1)
and 78.2% (Photosystem II CP43 reaction center protein).
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Table 7. The result of in silico proteolysis of selected Spirulina proteins for the release of bioactive
peptides.

Spirulina protein | DHt . L Amount of
name [%] Type of peptide bioactivity peptides Ae w
dipeptidyl peptidase IV inhibitor 15 0,0932 0,1531
inhibitor of tripeptidyl peptidase 11 3 0,0186 0,4276
Allophycocyanin ACE inhibitor 12 0,0745 0,1379
alpha chain 80,6
(P72504) renin inhibitor 1 0,0062 0,3333
regulating 2 0,0124 0,3324
glutamate carboxypeptidase inhibitor 2 0,0124 0,2495
regulating 4 0,0233 1
dipeptidyl peptidase IV inhibitor 20 0,1163 0,1802
inhibitor of tripeptidyl peptidase II 3 0,0174 0,2995
calpain 1 inhibitor 1 0,0058 1
. antithrombotic 3 0,0174 1
C-phycocyanin
beta subunit 76,6 ACE inhibitor 14 0,0814 0,1729
(P72508) . .
antiamnestic 3 0,0174 1
stimulating 3 0,0174 0,4275
neprilysin 2 inhibitor 1 0,0058 1
neuropeptide 1 0,0058 0,3333
PAM inhibitor 3 0,0174 1
dipeptidyl peptidase IV inhibitor 9 0,0909 0,1551
inhibitor of tripeptidyl peptidase I1 1 0,0101 0,3333
ACE inhibitor 5 0,0505 0,1389
stimulating 2 0,0202 0,4
phospholipase A2 inhibitor 1 0,0101 1
Ferredoxin .
(P00246) 75,5 renin inhibitor 1 0,0101 0,5
neuropeptide 2 0,0202 0,5
anti inflammatory 1 0,0101 1
glutamate carboxypeptidase inhibitor 1 0,0101 0,3333
hypouricemic 1 0,0101 0,3333
antioxidative 1 0,0101 0,1111
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Table 8. The result of in silico proteolysis of selected Chlorella proteins for the release of bioactive

peptides
Chlorella protein name | DHt [%)] Typ © ofp eptlde Amoqnt of Ae w
bioactivity peptides
. dipeptidyl
Photosystem Il protein D1 | = ¢ peptidase IV 44 0,1246 0,181
(P56318) A
inhibitor
inhibitor of
tripeptidyl 9 0,0255 0,3
peptidase 11
calpain 1
inhibitor 4 0,013 !
ACE inhibitor 29 0,0822 0,1473
antioxidative 6 0,017 0,1622
renin inhibitor 5 0,0142 0,3341
CaMPDE 2 0.0057 0.6706
inhibitor
stimulating 3 0,0085 0,1499
phospholipase
A2 inhibitor ! 0,0028 !
dipeptidyl
peptidase 111 1 0,0028 0,0449
inhibitor
neuropeptide 3 0,0085 0,2724
alpha-
glucosidase 2 0,0057 0,2511
inhibitor
_anti 1 0,0028 1
inflammatory
regulating 6 0,017 0,7489
neprilysin 2
inhibitor 4 0,013 !
ACE2 inhibitor 1 0,0028 1
xaa-pro inhibitor 2 0,0057 1
lactocepin 2 0.0057 0.5044
inhibitor
neprilysin 1 0,0028 0,0549
inhibitor
Photosystem I CP43
reaction center protein 78,2 regulating 7 0,0148 0,3682
(P56308)
dipeptidyl
peptidase IV 62 0,1311 0,1819
inhibitor
inhibitor of
tripeptidyl 6 0,0127 0,2224
peptidase 11
calpain 1
inhibitor ! 0,0021 !
antithrombotic 2 0,0042 0,1803
ACE inhibitor 42 0,0888 0,1474
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antiamnestic 2 0,0042 0,1803
antioxidative 11 0,0233 0,145
stimulating 8 0,0169 0,296
phospholipase
A2 inhibitor ! 0,0021 !
alpha-
glucosidase 6 0,0127 0,3159
inhibitor
renin inhibitor 1 0,0021 0,0764
dipeptidyl
peptidase 11T 6 0,0127 0,1112
inhibitor
neuropeptide 5 0,0106 0,4549
__anti 1 0,0021 |
inflammatory
neprilysin 2
inhibitor ! 0,0021 !
pancreatic lipase 2 0,0042 0,4941
inhibitor
ACE2 inhibitor 1 0,0021 0,5
PAM inhibitor 2 0,0042 0,6667
xaa-pro inhibitor 3 0,0063 1
lactocepin
inhibitor 3 0,0063 0,4257
hypouricemic 6 0,0127 0,2505
neprilysin
inhibitor 1 0,0021 0,0221
. . dipeptidyl
T“b“(lg‘;‘zlfl’{}}j)cham 76,4 peptidase IV 43 0,0953 0,1529
inhibitor
inhibitor of
tripeptidyl 8 0,0177 0,3471
peptidase 11
calpain 1
inhibitor 3 0,0067 !
ACE inhibitor 28 0,0621 0,1285
antioxidative 6 0,0133 0,2
renin inhibitor 1 0,0022 0,0827
CaMPDE 1 0,0022 02472
inhibitor
stimulating 3 0,0067 0,2012
phospholipase
A2 inhibitor ! 0,0022 0,5
dipeptidyl
peptidase 11T 8 0,0177 0,2046
inhibitor
neuropeptide 1 0,0022 0,0902
alpha-
glucosidase 2 0,0044 0,1654
inhibitor
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anti

. 1 0,0022 0,3284
inflammatory
regulating 4 0,0089 0,445
neprilysin 2
inhibitor 3 0,0067 !
anticancer 1 0,0022 1
glutamate
carboxypeptidase 1 0,0022 0,0902
inhibitor
hypouricemic 2 0,0044 0,22
neprilysin
inhibitor 1 0,0022 0,0284

The dominant activities in all analyzed proteins were dipeptidyl peptidase IV (DPP-1V)
inhibitors and ACE inhibitors, both in terms of the number of released peptides and their
effective activity (Ae). For Spirulina proteins, the DPP-IV inhibitor amounts were: 15
peptides (Ae: 0.0932) for allophycocyanin, 20 peptides (Ae: 0.1163) for C-phycocyanin
beta, and 9 peptides (Ae: 0.0909) for ferredoxin. For Chlorella proteins, these values
were even higher: 44 peptides (Ae: 0.1246) for Photosystem II protein D1, 62 peptides
(Ae: 0.1311) for Photosystem II CP43 reaction center protein, and 43 peptides (Ae:
0.0953) for tubulin alpha chain. In contrast, for Spirulina, the ACE inhibitor amounts
were: 12 peptides (Ae: 0.0745) for allophycocyanin, 14 peptides (Ae: 0.0814) for C-
phycocyanin beta, and 5 peptides (Ae: 0.0505) for ferredoxin. For Chlorella proteins,
the values were significantly higher: 29 peptides (Ae: 0.0822) for Photosystem II protein
D1, 42 peptides (Ae: 0.0888) for Photosystem II CP43 reaction center protein, and 28
peptides (Ae: 0.0621) for tubulin alpha chain. Among the other activities, tripeptidyl
peptidase II inhibitor can also be distinguished, which is frequently released from all
tested proteins.

Chlorella proteins, particularly Photosystem II protein D1 and Photosystem II CP43
reaction center protein, appear to release a greater quantity and broader spectrum of
bioactive peptides compared to Spirulina proteins. For instance, activities such as alpha-
glucosidase inhibitor, neprilysin 2 inhibitor, and xaa-pro inhibitor were detected, which
are absent or rarer in Spirulina protein hydrolysates. Peptides with antioxidant activity

are primarily released from Chlorella proteins (e.g., 6 peptides from D1, 11 peptides

67



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

from CP43, 6 peptides from alpha tubulin) and from Spirulina ferredoxin — 1 peptide.
Regulating activity is present in all proteins, but its quantity and effectiveness (Ae) vary.
In Chlorella, Photosystem II protein D1 releases 6 regulating peptides, while
Photosystem II CP43 reaction center protein releases 7 peptides. Peptides with calpain
inhibitor activity are released from Chlorella proteins (4 from D1, 1 from CP43, 3 from
alpha tubulin) and from Spirulina C-phycocyanin beta subunit (1 peptide). Peptides with
anti-inflammatory effects are released from all Chlorella proteins and from Spirulina
ferredoxin. However, anticancer activity was detected only in Chlorella's tubulin alpha
chain (1 peptide).

The W index indicates what proportion of the potential activity was released as a result
of enzyme action. A value of 1 signifies 100% effectiveness. Many activities, especially
those released in smaller quantities, exhibit high W values (e.g., calpain 1 inhibitor,
antithrombotic, antiamnestic, neprilysin 2 inhibitor, PAM inhibitor, phospholipase A2
inhibitor, anti-inflammatory, renin inhibitor, anticancer, xaa-pro inhibitor,
hypouricemic). This suggests that, despite their smaller quantity, these peptides can

influence the potential bioactive effect.

In silico hydrolysis — sensory peptides

Tables 9 and 10 present the results of in silico digestion of the analyzed Spirulina and
Chlorella proteins regarding the release of sensory peptides. All tested proteins released
peptides with diverse sensory activity as a result of in silico hydrolysis. The most
dominant sensory activity, in terms of both the number of released peptides (Amount of
peptides) and effective activity (Ae), across all analyzed proteins was bitter taste.
Notably, Chlorella proteins showed a higher quantity and frequency of release (Ae) for
these peptides. The W values (relative frequency of release) for bitter taste are moderate
(approx. 0.3-0.4).

Regarding sweet taste, higher release frequencies were observed for Spirulina proteins:
Allophycocyanin alpha chain (31 peptides, Ae=0.1925), C-phycocyanin beta subunit
(33 peptides, Ae=0.1919), and Chlorella's Photosystem II CP43 reaction center protein
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(97 peptides, Ae=0.2051). Chlorella's Ferredoxin, Photosystem II protein D1, and
Tubulin alpha chain had lower Ae parameters (0.1515, 0.1643, and 0.1707,

respectively). The W values for sweet taste are also moderate (approx. 0.49-0.57), but
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higher than those for bitter taste.

Table 9. The result of in silico proteolysis of selected Spirulina proteins for the release of sensory

peptides.
Spirulina protein name DHt [%] Type of sensory peptide Amoqnt of Ae w
peptides
bitter 38 0,2360 0,3248
sour 23 0,1491 0,6858
umami 21 0,1304 0,4564
Allophycocyanin alpha chain 80.6 salty 7 0,0435 0,6369
(P72504 - PHAA_ARTPT) ’ sweet 31 0,1925 | 04999
astringent 4 0,0248 0,6649
bitterness suppressing 13 0,0807 0,6189
salt enhancer 3 0,0186 0,3742
bitter 43 0,25 0,4388
sour 20 0,1163 0,8004
umami 18 0,1047 0,5629
%};}g%‘gc_y;‘ﬁ“cgej“\ﬁ;;‘)t 76,6 salty 9 00523 | 08172
sweet 33 0,1919 0,4927
astringent 4 0,0233 1

bitterness suppressing 14 0,0814 0,8239
bitter 15 0,1515 0,3191
sour 15 0,1515 0,5556
umami 14 0,1414 0,3784

Fer?ggfgg}?%% ’ 75,5 salty 7 0,0707 0,35
sweet 15 0,1515 0,5769

astringent 1 0,0101 0,5

bitterness suppressing 1 0,0101 0,2
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Table 10. The result of in silico proteolysis of selected Chlorella proteins for the release of sensory
peptides.

Chlorella protein name DHt [%] | Type of sensory peptide A;Zggg;sf Ae w
bitter 102 0,2890 0,4001
sour 25 0,0708 0,6941
umami 26 0,0737 0,4647
(l;};%?fgsf;“,;&’_rgﬁi‘\%) 77,6 salty 3 0,0085 0,2724
sweet 58 0,1643 0,5088

astringent 1 0,0028 1

bitterness suppressing 12 0,034 0,632
bitter 144 0,3044 0,3636
umami 37 0,0782 0,5138
sour 43 0,0909 0,6934
salty 12 0,0254 0,7075

Photosystem II CP43 reaction
center protein (P56308 - 78,2 sweet 97 0,2051 0,542
PSBC_CHLVU)

astringent 13 0,0275 1
bitterness suppressing 30 0,0634 0,8107
umami enhancing 2 0,0042 0,6667
salt enhancer 2 0,0042 0,1419
bitter 118 0,2616 0,3843
sour 71 0,1574 0,6572
umami 60 0,133 0,5127
salty 20 0,0443 0,5255
(QgTZ“}E}‘fT‘;g’iig;‘ﬁ“VU) 76,4 sweet 77 0,1707 0,4935
astringent 16 0,0355 0,8432
bitterness suppressing 30 0,0665 0,6382
umami enhancing 1 0,0022 1
salt enhancer 1 0,0022 0,11

Umami peptides generally exhibited higher Ae parameters for Spirulina (ranging from
0.1047 to 0.1414), with the exception of the tubulin alpha chain protein (0.1330). W
values for umami are generally higher than for bitter taste (0.37-0.56). Similarly, for
sour taste, W values are often very high (above 0.5, and even close to 0.8 in some cases),

meaning that a large proportion of potentially sour fragments are efficiently released.
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Salty peptides occur in sequences in smaller quantities but are often released with high
relative frequency (W). For example, Spirulina's C-phycocyanin beta subunit
(W=0.8172) and Chlorella's Photosystem 1l CP43 reaction center protein (W=0.7075)
show particularly high efficiency in releasing salty peptides. Similarly, for bitterness-
suppressing peptides, which are quantitatively fewer but are released by proteins from
both microalgae with high efficiency (high W values, often above 0.6, and even 0.8 in
some cases), which is beneficial given the dominance of bitter taste.

Both Spirulina and Chlorella proteins contain fragments with potential astringent
activity that can be released during enzymatic hydrolysis. The analyzed Chlorella
proteins exhibit a larger quantity of this type of peptide, and the relative release
frequency is 100% or close to it (Tubulin alpha chain W = 0.8432). Only Chlorella
proteins (Photosystem II CP43 reaction center protein, Tubulin alpha chain) release
umami-enhancing and salt-enhancing peptides, which is not observed for Spirulina.
Overall, Chlorella proteins (e.g., Photosystem II CP43 reaction center protein) generally
release a higher number of peptides with sensory activity (e.g., 144 bitter peptides, 97
sweet peptides) compared to Spirulina proteins (e.g., C-phycocyanin beta subunit: 43

bitter peptides, 33 sweet peptides).

4. Discussion

Currently, due to their chemical composition, microalgae play a key role in aquaculture,
as a component of feed. Fish fed with microalgae show faster growth and are
characterized by an increased content of valuable nutrients in their meat [Dohaish et. al.
2018]. These beneficial features of microalgae have not yet found their full application,
and they can be relatively easily used as a valuable food additive as a source of colorant,
vitamins, minerals and protein [Gouveia et. al. 2010; Pehlivanov et. al. 2024]. As food
additives, Chlorella and Spirulina can impart an intense odor and alter the natural color
and texture of the product. [Byczynski et. al. 2025; Celekli et. al. 2024]. These changes
are usually undesirable. Therefore, applications for microalgae-derived isolates

(proteins, oils, cell wall polysaccharides) are currently being explored. Specially
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microalge are promising as source of protein, aminoacids and active peptide because of
high (60-75%) protein content [Andrade et. al. 2018]. The introduction to the use of
algal proteins may be in silico analyses, which may provide an answer to the bioactivity
potential of peptides generated from microalgal proteins.

It should be noted at the outset that in silico analysis provides a cost-effective and rapid
tool for preliminary screening to identify the potential of specific proteins from a given
matrix. Such methods are used to predict peptide profiles from specific protein
sequences and under specific hydrolysis conditions. However, it should be noted that
these models generate predictions and do not confirm actual biological activity,
bioavailability, stability in complex food matrices, or in vivo efficacy. The hydrolysis
process and product activity are influenced by additional factors, such as absorption,
metabolism, and potential interactions with other food components—these aspects are
typically not considered in simple in silico models. Nevertheless, such methods can be
valuable in the search for new sources of bioactive and sensory peptides.

The proteins used in the analysis were characterized by a high potential content of
bioactive fragments (over 300 for two Spirulina proteins and over 700 for Chlorella
proteins) and frequency of occurrence in the sequence (maximum 0.64 for Spirulina and
0.72 for Chlorella). For comparison, in a study on rainbow trout proteins [Borawska et
al. 2015], only collagen achieved high parameters (number of sequences 1999, A=0.73),
while proteins such as myosin, actin, and creatine kinase had parameters similar to or
lower than those of algal proteins (number of sequences: 475, 227, 218; parameter A:
0.34,0.41, 0.37, respectively).

The observed higher amount of potential bioactivities and sensory peptides in Chlorella
proteins than in Spirulina proteins is mainly related to the number of amino acids in the
protein chain (N). Chlorella proteins usually have longer chains than those from
Spirulina, which may lead to a greater number of potential activities. The described
result is consistent with the findings of Dziuba and Darewicz (2007), who observed that

the longer the protein sequence, the higher the probability of detecting a bioactive
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fragment. All proteins have high DHt parameters, such a high degree of hydrolysis
indicates the efficient release of peptides from the proteins discussed.

The most promising activities, in terms of both the number of released peptides
(Amount of peptides) and effective activity (Ae), are dipeptidyl peptidase IV (DPP-1V)
inhibitors and ACE inhibitors. These activities are dominant in all analyzed proteins
from both Spirulina and Chlorella. Furthermore, Chlorella proteins exhibited even
higher values for DPP-1V and ACE inhibitors compared to Spirulina proteins, indicating
their greater potential. The high presence and effectiveness of DPP-IV and ACE
inhibitors in the hydrolysates suggest their potential in treating type 2 diabetes (DPP-
IV) and hypertension (ACE).

Both Spirulina and Chlorella, after hydrolysis, can provide peptides with taste-
modifying effects. The dominant bitter profile in both types of microalgae suggests that
protein hydrolysates may require additional processing to reduce undesirable bitterness,
unless it is a desired product characteristic. The moderate W parameter values for bitter-
tasting peptides indicate that although they are abundantly released, not all potentially
bitter fragments in the original protein are efficiently liberated. The high relative
efficiency of releasing bitterness-suppressing peptides is also interesting, which is
beneficial given the dominance of bitter taste.

The coincidence of a high frequency of dipeptidyl peptidase [V (DPP-IV) inhibitors and
ACE inhibitors with a high content of bitter-tasting peptides seems interesting. It turns
out that these are often the same peptides [Iwaniak et al. 2014]. This situation raises
dilemmas such as: "should food taste good or have health-promoting properties?

The presence of bitterness-suppressing and umami-enhancing peptides is promising, as
they can contribute to improving the overall flavor profile of products. Higher W values
for sweet, umami, and sour tastes compared to bitter suggest that significant proportions

of potential fragments with these tastes are released relative to their full potential.

The release of a greater number of peptides with sensory activity from Chlorella

proteins (e.g., 144 bitter peptides, 97 sweet peptides from Photosystem II CP43)
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compared to Spirulina proteins (e.g., C-phycocyanin beta subunit: 43 bitter peptides, 33
sweet peptides) is again linked to the larger number of amino acids in Chlorella's protein
chains. Furthermore, the fact that umami and salt enhancers are released only from
Chlorella proteins could be a key feature for food applications.

Despite the relatively low frequency of occurrence of astringent fragments in the
original protein sequence (parameter A), the in silico digestion process appears to be
very effective in releasing them. High W values (often equal to 1 or close to 1) for
astringent peptides indicate that a significant, and in many cases complete, portion of
potential astringent fragments is released. Chlorella proteins, particularly Photosystem
IT CP43 reaction center protein and Tubulin alpha chain, appear to release a larger
number of astringent peptides (13 and 16 respectively) compared to Spirulina proteins
(maximum 4 peptides). This means that Chlorella hydrolysates may have stronger
astringent properties. The presence of astringent peptides can affect mouthfeel, causing
a dry or puckering sensation. This is an important factor to consider in the context of

food applications for these hydrolysates.

5. Conclusions

The in silico analysis results confirm that both Spirulina and Chlorella are rich sources
of proteins that, after enzymatic digestion, can release peptides with a broad spectrum
of potential biological activities. The most promising activities, due to the number and
effectiveness of released peptides, are DPP-IV and ACE inhibitors. This suggests the
potential of these hydrolysates in treating type 2 diabetes (DPP-IV) and hypertension
(ACE). Chlorella proteins appear to be characterized by a greater diversity and number
of released peptides, indicating their broader therapeutic potential compared to the
analyzed Spirulina proteins.

Chlorella proteins seem to offer a greater overall number and diversity of sensory
peptides, additionally including unique activities such as umami and salt enhancers, and
a larger number of astringent peptides, which makes Chlorella potentially a more

versatile source for applications in functional food.
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Bitter taste is dominant among the released peptides, regardless of the microalga type,
which may necessitate further processing steps to minimize undesirable bitterness.

The presence of sweet, umami, salty, sour peptides, and importantly, bitterness-
suppressing and umami-enhancing peptides, creates potential for utilizing microalgal
hydrolysates as functional ingredients influencing the flavor profile of food.

The analyses presented in this work provide a solid basis for further in vitro and in vivo
experimental studies to confirm the biological and sensory activity of these peptides and
to assess their potential application in the food, pharmaceutical, or nutraceutical

industries.
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Abstract

Crohn's disease (CD) is a type of inflammatory bowel disease (IBD). The inflammatory lesions, typically
granulomatous, can affect any segment of the gastrointestinal tract. It is a chronic disease with exacerbations
and remissions. The development of the disease is most likely due to an excessive pathological immune
response to intestinal bacteria in individuals with a genetic predisposition. Symptoms depend on which
section of the gastrointestinal tract is affected, and may include weakness, abdominal pain, diarrhoea, fever,
anaemia and weight loss. Treatment includes lifestyle modification, diet, pharmacological and surgical
treatment. CD may lead to a range of complications, such as fistulas, interloop abscesses, intestinal
strictures and, rarely, colorectal cancer. There is no specific diet designated for Crohn's disease. The diet
differs between flare-ups and remission phases. During exacerbations, a low-residue, easily digestible diet
is required, involving multiple food eliminations and limiting cooking techniques to boiling and steaming.
During remission, the diet should be more varied, although individual triggers should be avoided. The
nutritional goal is to correct numerous deficiencies (iron, folic acid, vitamin B12) and improve the patient's
overall nutritional status. Appropriate dietary prophylaxis based on the principles of the Mediterranean diet

is important.
Keywords: Crohn's disease, Mediterranean diet, enteral nutrition, Crohn's disease exclusion diet.

1. Introduction

Elements of the Western lifestyle, such as a diet high in saturated fats, simple sugars,
highly processed foods and red meat, while low in fibre, vegetables and fruit, promote
increased inflammatory processes and increase the risk of autoimmune diseases. The
intestinal microbiota, which is a complex and dense population of microorganisms,
plays a key role in food digestion, nutrient production and immune substances such as
sodium butyrate, which promotes regeneration of the intestinal mucosa. An imbalance
between beneficial and pathogenic bacteria, known as intestinal dysbiosis, can lead to a
dysregulation of the immune system and contribute to the development of various

conditions, including inflammatory bowel disease (IBD) [Corsello et al. 2020]. IBD
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patients, including Crohn's disease (CD), face a number of problems in their
professional and personal lives due to pain and other symptoms of the disease. In
addition, decreased appetite, insufficient intake in relation to increased needs, impaired
absorption (i.e. the effects of active inflammatory disease) can lead to malnutrition.
these dimensions.

Crohne disease can develop at any age, with a peak incidence between 20 and 35 years
of age. However, the disease is affecting increasingly younger children and carries a
number of risks. Children are at risk of stunted growth, impaired bone metabolism,
delayed puberty, malnutrition and micronutrient and vitamin deficiencies are often
associated with pediatric inflammatory bowel disease.

The aim of this paper was to describe selected nutritional strategies for people suffering
from Crohn's disease, taking into account the diverse needs during periods of

exacerbation and remission of the disease.

2. Characteristics of inflammatory bowel diseases

Inflammatory bowel disease (IBD) is a complex chronic condition that includes:
ulcerative colitis (CU) and Crohn Disease (CD). They are diseases with an incompletely
known aetiology, associated with multiple gastrointestinal and systemic complications.
Both are chronic and progressive diseases, meaning that they can last a lifetime, often
with non-specific symptoms making diagnosis difficult. The course of IBD is
characterised by cyclic recurrent gastrointestinal inflammation with alternating phases
of exacerbation and remission.

In ulcerative colitis, inflammation is most often localised to the rectum and sigmoid
colon, although it may involve the entire colon. The onset is limited to the mucosa and
superficial layers of the submucosa. Some patients develop ulcerations. The typical
symptom of this disease is diarrhoea with an admixture of blood and mucus, which may
be accompanied by abdominal pain and fever [Wils et al. 2022].

In Crohn's disease, inflammatory lesions are segmental and can affect the entire

gastrointestinal tract, from the oral cavity to the perianal area. In about 30 % of patients,
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the lesions are granulomatous and transmural. In about half of the patients, within 20
years of diagnosis, alternating inflammation and scarring leads to complications such as
fistulas, strictures and abscesses. In the classic disease phenotype, with involvement of
the terminal ileum, intestinal symptoms include acute abdominal pain, diarrhoea
occasionally with an admixture of blood and mucus and a palpable lump in the right
iliac fossa. Symptoms of CD also include fever, weakness and weight loss. CD
sometimes presents with a range of extra-intestinal symptoms that can be diagnosed
even before the diagnosis of IBD. These can include ophthalmic complications
(scleritis, choroiditis, uveitis), recurrent aphthae, stomatitis, skin lesions (especially
erythema nodosum), gangrenous dermatitis and complications such as anaemia,
sarcopenia, osteoporosis and malnutrition. People with CD also have about twice the
incidence of the life-threatening complication venous thromboembolism compared to
the general population [Ranasinghe et al. 2024, Malik and Aurelio 2024].

The mechanism of the disease is not fully understood. According to the current
aetiopathogenetic concept, the development of the disease occurs as a result of an
excessive pathological immune response to intestinal bacteria - which constitute the
intestinal flora - in individuals with a genetic predisposition. The response directed
against bacteria, which in this case are commensals, is determined, among other things,
by mutations in the NOD2, ATG16L1 and IRGM genes responsible for innate immunity
and autophagy. The dysfunction of these genes hinders the elimination of bacteria with
the subsequent development of chronic inflammation in the intestinal wall. In addition,
environmental factors, poor diet and lack of hygiene in life play an important role. All
this leads to chronic inflammation, which impairs intestinal function and nutrient
absorption. This results in malnutrition and deterioration of the patient's health.
Inflammatory bowel disease is also associated with an increased risk of developing
colorectal cancer, with the most important predisposing factor being the duration of the
disease [McDowell et al. 2023].

Initially occurring as sporadic cases in the UK and northern Europe, inflammatory

bowel disease has gradually increased in number and geographical spread. So has the
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adaptation of the modern, so-called western, model of life by industrialisation,
globalisation and technological advances linked to changes in agriculture, production
and dietary patterns [Kirsner 2001, Kaplan 2015].

Research confirms a systematic and marked increase in disease rates during the 20th
century. Shivashankar et al. [2017] conducted an analysis of the number of Olmsted
County residents with Crohn's disease or ulcerative colitis between 1970 and 2010,
confirming this trend. Currently, IBD affects nearly 2.5 million people in the United
States. Of course, the higher number of diagnosed cases may be due not only to potential
changes in environmental factors such as diet, lifestyle and the gut microbiome, but also
to better diagnosis and increased awareness of the disease among physicians and
patients [Ananthakrishnan et al. 2024].

In developed regions, inflammatory bowel diseases have reached a phase of stability in
the number of infections, passing through all stages of epidemiological evolution. In
contrast, developing countries have seen a continuous increase in the burden of these
diseases, which may reflect changes in lifestyle and processes associated with
increasing industrialisation. The increase in cases among ethnic groups and populations
where these diseases were previously rare, in regions such as South America, Eastern
Europe, Asia and Africa, provides new data on the pathogenesis and impact of
environmental factors in different parts of the world. The observed epidemiological
changes, especially noticeable in newly industrialised countries and among Asian
immigrants in Western countries, are reminiscent of trends observed in Western
countries more than half a century ago, when they were accompanied by rapid socio-
economic development [Kaplan 2015, Siew et al. 2017].

According to the analysis by Zagoérowicz et al. [2022], in Poland, the problem affects
approximately 100 000 people, which is 0.25% of the total population and means that 1
in 400 people suffer from IBD. The authors confirmed a count in 2020 of 23,574 patients
with Crohn's disease and 73,235 with ulcerative colitis. Over the period 2012-2018, the
largest increase in the number of patients with CD was recorded among the 20-29 and

30-39 age groups, while with UC among patients in the 60-69 and 70+ age groups.
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3. Dietary therapy in inflammatory bowel disease

Lack of appetite occurring during disease exacerbations can exacerbate nausea,
vomiting, abdominal pain and diarrhoea, leading to reduced food intake, fluid and
electrolyte loss. The consequence is often patient malnutrition. Macro- and
micronutrient deficiencies that occur can also be a side effect of the drug treatment used.
A common problem for patients with IBD is a fear of eating due to the fear of abdominal
pain and increased diarrhoea. In addition, the patient's personal dietary beliefs and
restrictions on food choices may influence nutritional status [Razack and Seinder 2007].
In people with Crohn's disease, malabsorption syndrome is very common. If the disease
involves the small intestine, it interferes with the absorption of nutrients. Changes in the
intestinal mucosa, such as loss of epithelial integrity and disruption of its transport
function, can lead to problems with fluid and electrolyte movement. In addition, the
chronic inflammation caused by the disease contributes to constant blood loss, which
exacerbates the symptoms of malnutrition. Patients with inflammatory bowel disease
often experience difficulties due to a lack of knowledge about appropriate nutrition to
support treatment. As a result, they make dietary decisions on a trial-and-error basis,
tailoring their diet to their current mood, often without consulting their doctor or
dietician. This approach encourages the formation of erroneous eating habits [Balestrieri
et al. 2020]. People who significantly restrict or completely exclude certain foods
without consulting their doctor and nutritionist are at particular risk of developing
nutrient deficiencies [Kaliora 2023].

The mechanisms leading to inflammatory reactions in the gut are not limited to the
effects of the food itself, but also include additives, such as emulsifiers, which can
induce inflammation. Although research on the effects of emulsifiers on the microbiome
is in its early stages, there is evidence to suggest their potential effects on the mucus
layer in the gut [Besedin et al. 2024].

Deficiencies due to malabsorption syndrome in CD include iron deficiencies. Diagnosis

should include assessment of iron, transferrin and ferritin levels to distinguish iron
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deficiency from anaemia associated with chronic disease. Sources of this element are
found in many foods, such as beef, liver, fish, poultry, eggs and legumes. Many experts
prefer intravenous iron administration, fearing an exacerbation of IBD after oral iron
administration. Recent studies confirm the efficacy and safety of modern oral
preparations. Intravenous iron administration should therefore be used mainly in
patients who cannot tolerate or do not respond to oral supplementation [Bertani et al.
2021]. Malabsorption and chronic diarrhoea in CD, as well as an insufficient supply of
selected foods, can result in deficiencies of vitamin B12, folic acid, calcium,

magnesium, zinc, sodium and potassium [Rudzki et al. 2020].

4. Nutritional management in disease exacerbation

The assessment of nutritional status in patients with inflammatory bowel disease should
be comprehensive and multifaceted, involving several key elements. A detailed dietary
analysis that takes into account the patient's daily calorie intake and level of energy
expenditure is an essential step. Body composition and overall nutritional status should
be accurately assessed. A bioelectrical impedance analysis (BIA) or a densitometric
examination should be used for this purpose. An additional element should be the
assessment of biochemical parameters, which makes it possible to accurately determine
the need for individual nutrients and to better tailor dietary interventions to the patient's
individual needs.

A theoretical monograph should be a synthetic, original, and creative overview of
knowledge on a given topic.

It is important to stress that in the case of CD, there is no one-size-fits-all diet that can
be universally recommended to induce remission in the active phase of the disease. An
individualised approach that takes into account the specific needs of the patient, his or
her medical condition and possible nutritional deficiencies is crucial. The diet should be
tailored to prevent nutritional deficiencies, support the patient's overall health and

improve their quality of life. This holistic approach enables optimisation of dietary
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therapy and effective support in the management of inflammatory bowel disease

[Bischoff et al. 2023].

5. Nutritional management in disease exacerbation

The main aim of diet therapy in the treatment of CD, is to reduce the intestinal load by
using a balanced semi-liquid or liquid diet. In the severely exacerbated moment of the
disease, the first choice is to include exclusive enteral nutrition, (EEN). This involves
the use of specialised nutritional formulas with a specific quantitative and qualitative
composition and good bioavailability of ingredients. Enteral nutrition is the only source
of nutrition, to the total exclusion of the normal diet, for a period of six to eight weeks,
depending on the patient's condition. It provides 100% of caloric requirements in liquid
form. During disease severity, resting energy expenditure is approximately 25-30
kcal/’kg body weight. The preparations used contain protein hydrolysates and fats
containing medium-chain fatty acids (MCTs), and do not contain fibre. In the treatment
of Crohn's disease in children, EEN has fully proven dietary efficacy comparable to
corticosteroid therapy. Clinical remission and endoscopically confirmed healing
occurred in 50-70% of cases. The use of this dietary regimen modifies the microbiome
and has an impact on intestinal permeability and the immune system [Miele et al. 2018].
At the start of management, the patient's growth age, physical activity and protein-
energy requirements related to the existing inflammation should be assessed. Enteral
nutrition should be introduced within a few days, gradually increasing the supply of
industrial diets until the optimal volume is reached, covering the energy requirements.
In addition, polymeric diets are recommended to keep the gastrointestinal tract
continuously working (monomeric diets should be used for strict indications, such as
severe food allergy) [Rudzki et al. 2020].

The restrictiveness, limited acceptability and duration of use of EEN have contributed
to the search for other dietary solutions effective in affecting remission in CD. The
Crohn's disease exclusion diet (CDED), used in the active phase of CD in combination

with 50% partial bowel feeding, has the best documented efficacy. CDED is a long-
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term strategy and consists of several consecutive 6-week phases. The strategy involves
excluding certain ingredients from the diet that may negatively affect intestinal
homeostasis, while specific whole foods are included [Levine et al. 2019]. CDED
involves the introduction of high amounts of high-quality protein, a reduction in dietary
fat and the inclusion of foods rich in complex carbohydrates supplemented with varying
amounts of polymeric formula, in proportions dependent on the CDED phase. The diet
ensures that the energy requirements and additional supply of protein, calcium and
vitamin D are achieved, in addition to beneficial fibre and the substrates necessary for
SCFA synthesis. An inventory of obligatory, allowed and contraindicated foods is
developed, appropriate for each stage of CDED. Foods such as chicken, eggs, potatoes,
rice, fruit and vegetables are included in the diet. The composition of the diet, as well
as the quantity in variable amounts depending on the specific phase of treatment
[Herrador-Lopez et al. 2020].

Researchers also studied the CD treatment-with-eating diet (CD-TREAT). An oral diet
was developed that mapped the composition of the most popular European industrial
mix used in EEN (Module IBD, Nestle Vevey, Switzerland). This was achieved by
excluding certain ingredients from the diet (e.g. gluten, lactose, alcohol) and matching
others from ordinary foods as closely as possible. Maltodextrin, which is absent in
natural foods, was replaced by starch-rich and fibre-poor foods, with a lower proportion
of carbohydrates and a higher proportion of protein in the daily supply, which did not
differ from the composition of other mixtures used in EEN. Multivitamin
supplementation was introduced ensuring an adequate supply of micronutrients.
Positive results on the feasibility of CD-TREAT were obtained by studying healthy
subjects, analysing an animal model and results in several children with active CD
[Svolos et al. 2019].

Fluid supplementation to compensate for water and electrolyte losses due to diarrhoea
is important. If oral rehydration proves insufficient, intravenous fluids may be
necessary. It is advisable to avoid substances that can aggravate intestinal spasms, such

as caffeine, and products containing fermentable sugars, such as fruit juices.
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Due to possible damage to the intestinal mucosa during an exacerbation, lactose
intolerance is common. Therefore, dairy products should be kept to a minimum, as
lactose fermented by intestinal bacteria is converted into lactic acid, which can further
stimulate intestinal peristalsis and exacerbate symptoms [Baczewska-Mazurkiewicz
and Rydzewska 2011]. To meet calcium requirements, the dairy industry has introduced
lactose-free products, which are made by adding exogenous lactase (-galactosidase)
that pre-degrades the lactose contained in milk. In addition, products containing only
trace amounts of lactose, such as hard cheeses, yoghurts, as well as plant-based products
such as rice, soya, oats, almonds, cashew nuts or other nuts, can be reached [Facioni et
al. 2020].

Adequate water supply plays a key role, especially due to the risk of dehydration
resulting from chronic diarrhoea and electrolyte loss. During periods of disease
exacerbation, it is important to adapt fluid intake to the individual patient's needs, taking
into account age, physical activity, disease severity and the presence of complications
such as fistulas or bowel resections. Regular drinking of water, mild vegetable juices,
broths and rehydration solutions is recommended. Alcohol, sweetened fizzy drinks and
caffeinated products should be eliminated, as they can exacerbate the symptoms of
diarrhoea or have a dehydrating effect. For severe diarrhoea, oral rehydration solutions
or even intravenous fluid supplementation is necessary. It is important to drink fluids
slowly and avoid using straws, which can introduce air into the digestive tract, causing
bloating and discomfort. Excessive intake of hypotonic fluids, such as water alone, can
lead to hyponatraemia (sodium deficiency), so it is advisable to choose electrolyte-

enriched drinks [Miiller-Nothmann 2007].

6. Nutritional management in disease remission

During remission, the aim of diet is to achieve and maintain adequate nutrition. A well-
balanced diet plays a key role in therapy, influencing the length of remission and the
rate of recovery from exacerbations. During this period, nutrition should be healthy and

balanced, providing all necessary nutrients. It is important to provide adequate amounts
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of protein, vitamins and micronutrients, as well as omega-3 fatty acids. There is no
universal diet, and recommendations must be individual, with elimination only of those
products that the patient tolerates poorly. Nevertheless, there are attempts to develop
dietary indications to maintain the remission period as long as possible and to improve
the nutritional status and comfort of the patient. Numerous dietary nutrients such as
vitamins, amino acids, polyphenols, fibre and fatty acids have been shown to play an
important role in regulating the immune response in the gastrointestinal mucosa.
Depending on the stage and phase of the disease or induction, the requirements for the
nutrients in question change [Lee et al. 2015].

Among the most favourable dietary options often recommended during disease
remission is the Mediterranean diet (MD). This predominantly plant-based diet is based
on whole grains, fruit and vegetables including weekly portions of legumes and nuts;
protein sources in the form of fish, poultry, eggs or plant-based alternatives with a
limitation of red, processed meat; fat consumption in the form of olive oil and a
limitation of sweetened drinks and alcohol. As research shows, not only is a health-
promoting diet associated with a lower risk of CD, but it also has positive effects after
the onset of the disease. The Mediterranean eating style is distinguished by its
abundance of vitamins, minerals and antioxidants. Studies suggest that serum levels of
these nutrients are significantly reduced in patients with active forms of IBD. Vitamins
A, D, E, K and C are crucial for supporting immune responses in the context of IBD.
Adherence to a Mediterranean diet has a beneficial effect on the profile of the gut
microbiota, promoting the production of short-chain fatty acids, which play a key role
in preventing the development of inflammatory bowel disease [Celik et al. 2023].
Dietary fibre, present in fruit and vegetables, plays a key role in the normal functioning
of the intestines. This is because it is an important substrate for the production of
butyrate and other short-chain fatty acids, which exhibit strong anti-inflammatory
properties by inhibiting cytokine transcription. Dietary fibre deficiency can lead to
degradation of the intestinal mucosal layer, resulting in increased permeability of the

mucosal barrier. As aresult, there is an increased risk of gut bacteria coming into contact
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with the epithelium, which can induce inflammation and tissue damage [Parada et al.
2019]. Organisations such as the Academy of Nutrition and Dietetics, the American
Crohn's Disease and Inflammatory Bowel Disease Foundation and the World
Organisation of Gastroenterology all agree that patients with inflammatory bowel
disease in remission should not restrict fibre intake, provided there is no intestinal
stenosis. However, fibre restriction is recommended for exacerbations [Lewis and
Abreu 2016].

Strong anti-inflammatory effects are demonstrated by omega-3 fatty acids, including
plant-derived a-linolenic acid and eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acids from fish. Mechanisms of action of n-3 PUFAs include improved intestinal barrier
function, reduced expression of pro-inflammatory cytokines and modulation of the
intestinal microbiome towards beneficial bacteria. Monounsaturated fatty acids,
contained for example in olive oil, have also been shown to have a protective effect in
CD diet therapy [Lewis and Abreu 2016]. A substance that is recognised as a potential
dietary ingredient for the treatment of inflammatory bowel disease is curcumin, present
in turmeric. Due to its anti-inflammatory and immunomodulatory properties, it may
inhibit key inflammatory processes [Holt 2016].

A study by Celik et al. further confirms that the use of MD by patients can improve the
balance of the gut microbiome and also significantly increase their quality of life [Celik
et al. 2023]. A health-promoting lifestyle based on the Mediterranean diet implies
practising well-chosen physical activity. A study was conducted on patients with
inflammatory bowel disease in remission or with mildly active disease. The essence of
the study was a change in dietary habits based on a patient-personalised Mediterranean
diet and moderate physical activity. Differences in participants' lifestyles and fitness
levels were taken into account. Dieticians and physiotherapists set the goal of
therapeutic management, provided feedback and knowledge to achieve a sustainable
change in habits. The physical activity introduced did not worsen the wellbeing of the
subjects; on the contrary, the majority of participants evaluated the intervention very

positively. Additionally, the improvement in diet quality had a noticeable impact on
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daily functioning, reducing the negative impact of the disease and fatigue levels,
highlighting the effectiveness of the holistic lifestyle approach [Lamers et al. 2022].

Attempts have been made to use the Specific Carbohydrates Diet (SCD) in patients with
mild to moderate CD. SCD was originally developed for patients with coeliac disease.
It is an elimination diet and involves the exclusion of poly- and disaccharides from the
diet, which can lead to intestinal bacterial overgrowth. Elimination includes all cereals
and starchy vegetables (potatoes, yams), dairy, sucrose and processed foods. Foods
containing easily absorbed: simple sugars are allowed: fruit, some vegetables and
honey. In a randomised trial comparing the effects of the above two diets in patients
with CD, no better results were obtained for SCD compared to MD. The Mediterranean
diet was superior to SCD in terms of ease of use and numerous additional health benefits

and should be recommended [Lewis et al. 2021].

7. Summary

In the development of Crohn's disease, it is important to link the onset of the disease to
specific dietary patterns. Certain dietary components may influence inflammatory
bowel activity, hence the importance of promoting a healthy diet such as the
Mediterranean diet.

Crohn's disease, through the discomfort experienced and possible complications, greatly
affects the working activity of sufferers. Social activity is also often problematic due to
the numerous dietary restrictions. There is a high risk of deficiencies in patients, both
for organic reasons and the use of elimination diets without consultation with a doctor
and dietician can be fraught with a high risk of deficiencies, consequently exacerbating
the inflammation and worsening the condition. Dietary intervention is therefore

important, both in terms of improving clinical outcomes and life comfort.
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Abstract

Contemporary youth are growing up in an environment characterized by intense stimulation, a fast-
paced lifestyle, and widespread access to products that affect the nervous system, including energy
drinks. The popularity of these beverages has been steadily increasing, particularly among young
adults and adolescents, who often consume them to enhance alertness, improve concentration, or
combat fatigue.The aim of the study was to assess health awareness and consumption behaviors re-
lated to energy drink intake among university students. The research was conducted using a diagnostic
survey method with a proprietary questionnaire, which included questions on the frequency of con-
sumption, motives for using energy drinks, awareness of their ingredients, and adverse effects asso-
ciated with their intake. The analysis encompassed responses from 262 university students. The re-
sults showed that 28% of respondents consume energy drinks regularly, at least once a week. The
primary reasons for consumption were the need to increase energy levels (74.7%) and to improve
concentration (38%). A significant difference was observed between genders: women demonstrated
a higher level of awareness regarding the health effects of energy drinks (82.8% of women vs. 19.7%
of men). Moreover, only 9% of participants were aware of the maximum recommended caffeine dose,
and approximately 50% reported experiencing alarming symptoms following energy drink consump-
tion. The findings indicate a high prevalence of energy drink consumption among students and insuf-
ficient knowledge about their composition and potential adverse effects. These results underscore the
need for educational initiatives aimed at raising health awareness within this age group.

Keywords: energy drinks, caffeine, hazards health toxicity, side effects.

1. Introduction

Energy drinks (EDs) are non-alcoholic beverages characterized by a high content of
substances with stimulating effects on the nervous and cardiovascular systems. The
most common ingredients found in these beverages include caffeine, taurine, glucuro-

nolactone, B vitamins, guarana, and significant amounts of sugar [Cadoni and Peana
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2023]. The declared purpose of ED consumption is to increase energy, enhance concen-
tration, reduce fatigue, and improve psychophysical performance. However, the con-
sumption of EDs, particularly among young individuals, has raised growing concerns
and health-related controversies. The effects of energy drinks are primarily attributed to
their high caffeine content—often exceeding 150 mg per serving—which stimulates the
central nervous system and increases adrenaline secretion [Hatasinski et al. 2022]. Caf-
feine (1,3,7-trimethylxanthine) is generally well tolerated by healthy adults when con-
sumed in moderation. Nevertheless, excessive caffeine intake may elevate the risk of
adverse effects, including increased blood pressure, tachycardia, insomnia, irritability,
anxiety, gastrointestinal disturbances, and, in some cases, arrhythmias and psychotic
symptoms [Sankararaman et al. 2018, Cadoni and Peana 2023]. In individuals with pre-
existing cardiovascular diseases, excessive caffeine consumption can be particularly
harmful due to its potential to elevate blood pressure and precipitate other cardiac events
[Grandner et al. 2014]. Moreover, scientific reports have suggested a possible associa-
tion between energy drink consumption and the development of aneurysms, arterial di-
latation, dissection, and even rupture of large arteries [Alsunni 2015]. Taurine, the sec-
ond most common ingredient in energy drinks (EDs), influences neurotransmission and
may act synergistically with caffeine, thereby enhancing its stimulating effects. At the
same time, EDs are a significant source of sugar, which, when consumed regularly,
contributes to obesity, dental caries, and the development of insulin resistance [ Puuppo-
nen et al. 2023]. The consumption of EDs has also been associated with an increase in
risky behaviors among adolescents. As demonstrated by Puupponen et al. [2023], even
occasional ED consumption by teenagers significantly raises the likelihood of psycho-
active substance use (including tobacco, marijuana, and alcohol), sleep disturbances,
breakfast skipping, and problematic use of digital media. The risk escalates proportion-
ally with the frequency of ED consumption. The authors describe EDs as part of a so-
called “package of risky health behaviors,” which also includes unhealthy diets, lack of
physical activity, and disruptions in circadian rhythms. In addition to physical conse-

quences, psychosocial effects are equally significant. Regular ED consumers are more
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likely to experience symptoms of anxiety, depression, irritability, and report difficulties
with concentration and learning [Cadoni and Peana 2023, Puupponen et al. 2021]. Stud-
ies from the United States indicate that adolescents who drink EDs tend to have lower
academic performance, increased absenteeism, and reduced motivation to study [Seifert
et al. 2011]. This association is even stronger when EDs are combined with alcohol or
consumed during periods of sleep deprivation, which is commonly observed among
older adolescents and university students. Research also suggests that ED consumption
does not mitigate the effects of sleep loss; on the contrary, it may lead to increased
daytime sleepiness and reduced alertness [Mansour et al. 2019]. Apart from overdose
symptoms, some individuals may develop dependence and withdrawal symptoms. De-
pendence on EDs correlates with the age of caffeine initiation; the earlier caffeine is
introduced to the body, the higher the risk of developing dependence [Reissig et al.
2009]. The reasons why young people consume energy drinks are complex. On one
hand, adolescents often report a desire to boost energy, improve concentration, and com-
bat fatigue—particularly in the context of academic work or physical activity. On the
other hand, social factors play a substantial role, including peer pressure, advertising
messages, and prevailing trends [Puupponen et al. 2023, Cadoni and Peana 2023]. For
many young people, EDs are not perceived as potentially harmful products but rather as
a “superior version of a soft drink.” The authors of the cited studies consistently empha-
size the low level of awareness among adolescents regarding the composition, effects,
and potential side effects of EDs. Young consumers often cannot distinguish between
energy drinks, isotonic beverages, and sports supplements. They also lack knowledge
about safe daily caffeine limits, possible interactions with medications, and the risks
associated with combining EDs with alcohol. Therefore, it is recommended to introduce
mandatory warning labels, restrict advertising targeted at adolescents, and prohibit the
sale of EDs to minors—measures that have already been implemented in several Euro-
pean countries [Cadoni and Peana 2023]. In Poland, such a ban was enacted on January

1, 2024 (Dz.U.2024.1670) [Holt 2023].
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The aim of the study was to assess the behaviors and knowledge levels of students at
Lublin universities regarding energy drinks. In particular, the study focused on the fre-
quency and reasons for consumption, awareness of side effects, knowledge of ingredi-
ents (especially caffeine), and possible interactions with alcohol and medications. It also
aimed to explore what alternatives to EDs students consider and what factors influence

their choice of specific brands.

2. Materials and Methods

The study employed a method utilizing a proprietary research tool in the form of an
original questionnaire, which consisted of twenty questions—eighteen closed-ended
and two open-ended. The closed-ended questions included both single-choice and mul-
tiple-choice formats. This approach aimed to obtain the most accurate representation of
respondents’ knowledge without implying that only one response could be correct. The
survey was conducted among 430 students aged 18-20 years, enrolled at universities in
Lublin. Participation in the survey was voluntary and anonymous. The first section of
the questionnaire contained demographic questions regarding age, gender, and place of
study. Subsequent questions addressed the respondents’ knowledge about energy drinks
and issues related to their consumption of these beverages. The questionnaire was dis-
tributed via student groups affiliated with Maria Curie-Sktodowska University, the Uni-
versity of Life Sciences in Lublin, the Medical University of Lublin, Lublin University
of Technology, and John Paul II Catholic University of Lublin. This distribution method
proved to be the most effective and convenient for participants to complete the form.
The collected data were processed using Microsoft Excel 2013 and subjected to statis-
tical analysis with StatSoft Statistica 13 software. To assess the statistical significance
between variables, Pearson’s chi-square test was applied, adopting a significance level

of p<0.05.
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3. Results

A total of 430 questionnaires were collected and analyzed. The analysis revealed that
approximately 39% of respondents reported not consuming energy drinks, while one-
third of the students reported occasional consumption (a few times per month). Regular
consumers, defined as those drinking energy drinks at least once per week, accounted

for a total of 28% of the surveyed population (figure 1).

daily

a few times per
week

a few times per
month

does not consume

0% 10% 20% 30% 40% 50%

Figure 1. Frequency of energy drink consumption (% of responses).

For further analysis, only the questionnaires from respondents who declared consuming
energy drinks were included, yielding a sample of 262 participants. Of these, 145 were
women (55%) and 117 were men (45%). It was observed that 98% of respondents were
aged 18-20 years, with 19-year-old students constituting the largest age group (73%).
Figure 2 illustrates the relationship between gender and the perceived impact of energy

drinks on human health.
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Figure 2. Effects on human health of consuming energy drinks (% of responses).
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The results of the statistical analysis (p = 0.0008, p < 0.05) indicate a significant asso-

ciation between these variables. This suggests that gender influences perceptions of the

health effects of energy drink consumption. Women were more likely to perceive the

impact of these beverages as negative (60%), whereas men more often viewed them as

beneficial (44%) or admitted lacking knowledge on the subject (19%).

Table 1. Analysis of student consumption habits related to energy drinks.

Motivations to purchase

total female male

n=262 %* n=145 %* n=117 %* ch2 test, p value
reduced drowsi- |53, o931 [ 131 [903]103 |88 |0.6886
ness
improved physi- | 13 | 5o ¢ | g5 58,6 | 98 83,80
cal performance
improved mental |1\ ) | 4351 | 6a  [4a41]50 42709185
performance
improved well- | 45 355 |54 37,239 33,310,5979
being
appealing taste 74 28,24 148 33,126 22,210,0708

Purpose of use

flavor 207 |79,01|115 79392 78,6 | 1.0000
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price 184 |7023]102 |703]82 |70, 1.0000
isrl‘lgg:’r‘)ﬁems Mo f143 |s458|120 [s28]|23 |[197]0
advertising 120 |458 |74 |51 |46  |39.30.0771
ii%fllgrlﬁrs 60 [22,9 |20 138|140 | 342]0,0002
Black 194 |[7405|84 |s579]110 |94 |o
Tiger 153|584 |60 |414]93 |795(0
Monster 98 374 |46 |[31,7|52 44400469
Dzik 83 |31.68]21 145]62 |53 |o
RedBull 78 [29,77]50 |345(28 [23.9]0,0853
BePower 63 |2405]32 22131 26,5 0.4914
Burn 27 103112 |83 |15 12,8 | 03180
Most frequently selected brands | Frugo 23 8,78 |15 10,3 |8 6,8 |0.4367

p<0,05 statistically significant, *values cannot be summed up to 100% due the ability to indicate more than
one answer

As shown in table 1, men were more likely than women to report consuming energy
drinks to stimulate physical activity (83.8% vs. 58.6%). In other consumption contexts,
the purposes of use showed no statistically significant differences between women and
men. Regarding purchase motives, notable differences emerged in the importance
placed on popularity among peers (13.8% of women vs. 34.2% of men). Women were
significantly more likely to pay attention to product composition and to favor beverages
labeled as sugar-free (82.8% of women vs. 19.7% of men). Brand preferences analysis
revealed that men more frequently chose brands such as Black (94.0% vs. 57.9%), Tiger
(79.5% vs. 41.4%), and Dzik (53.0% vs. 14.5%). Women’s preferences were more di-
verse; however, no significant differences were found for brands such as Red Bull, Burn,
or Frugo, suggesting similar perceptions of these brands across both groups.

The question regarding perceived side effects after consuming energy drinks revealed
that 45.4% of respondents reported experiencing no adverse effects. Meanwhile, 27%
of participants reported palpitations, 15.5% declared sleep disturbances, and 7.6% re-

ported headaches. Occasionally, respondents experienced nervousness or diarrhea. Less
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commonly reported side effects included vomiting, heightened stress levels, skin reac-
tions, or abdominal pain. A few individuals also mentioned constipation and hand tre-

mors.

mdoes not read W sometimes often always

Figure 3. Frequency of label reading among consumers.

Students were also asked whether and how often they read the labels on energy drink
packaging. Nearly half of the respondents (47%) admitted that they never read labels,
while 25% reported reading them always or often, and 28% stated they do so occasion-
ally (figure 3).

The majority of respondents (71%) claimed to know the active ingredients contained in
energy drinks. Among those who reported such knowledge, caffeine and taurine were
the most widely recognized active ingredients, identified by 98.9% and 86.5% of these
respondents, respectively. More than half (57.3%) were also aware of the frequent pres-
ence of guarana. By contrast, only a small proportion of this group knew about the ad-
dition of L-carnitine and inositol in the energy drinks they consumed. Among all re-
spondents, 29% admitted having no knowledge of any active ingredients in energy
drinks. When asked about combining energy drinks with alcohol, most respondents
(81%) denied such behavior; however, 19% admitted to having mixed energy drinks

with alcohol at least once. Similarly, 16% of respondents reported having combined
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energy drinks with medications, while 84% stated they had never engaged in this prac-
tice. In response to the question about the safe daily dose of caffeine for a healthy adult,
answers varied. Approximately 42% of respondents indicated they did not know the
recommended daily limit. Of the remaining respondents, 49% believed the safe dose to
be between 0 and 200 mg, while only 9% selected the option of 300-400 mg. Partici-
pants were also asked what factors influence the quantity of energy drinks they con-

sume.

Table 2. Consumer preferences regarding alternatives to Energy drinks.

Responses Freq;‘;ggze‘s’fre‘
Coffee 90
Tea black\green 30\2
Yerba mate 22
Physical activity, sport 14
Balanced diet 10
I don’t know 12
Getting enough sleep 11
Water 10
Juices/fruits 9
Cola 5
Nutritional supplements: with caffeine,taurin,guarana\others 5\2
Isotonic drinks 4
Chocolate 4
Sugar in other forms 4
Nuts 3
Herbs 3

Analysis of responses showed that exam sessions were the most frequently cited factor
(46%). Other commonly mentioned factors included various types of stress (16%), fa-
tigue, sports activity, and sleep deprivation. A smaller group of respondents (5%) de-
clared that their consumption was driven by curiosity or habitual use. The final question

in the survey was open-ended, allowing respondents to express their opinions regarding
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possible alternatives to energy drink consumption (table 2). The most frequently sug-
gested substitute was coffee. A total of 41 respondents recommended tea, with 75%
specifying black tea and the remaining respondents preferring green tea. Yerba mate
was also mentioned immediately after tea as a potential alternative. Some participants
suggested adopting a healthier lifestyle characterized by increased physical activity, a
balanced diet, and adequate sleep.

Other alternatives proposed included water, fruit juices, or consuming fresh fruits. Cola,
chocolate or other sweets, isotonic beverages, and dietary supplements were also men-
tioned as replacements for energy drinks. The least frequently cited alternatives were

nuts and herbal remedies.

4. Discussion

The results of the present study confirm that the prevalence of energy drink (ED) con-
sumption among students is very high, with 61% of respondents reporting intake. Sim-
ilar findings were reported by Chang et al. [2017], Douglas et al [2018] and Pavlovi¢
[2023] who observed consumption rates exceeding 50% in their respective studies. The
observation that 28% of respondents declared regular consumption (at least once per
week) aligns with results from other academic populations. For instance, Buxton and
Hagan [2012] found that 26% of surveyed students consumed energy drinks at least
once weekly. Such widespread use of EDs provides alarming data, particularly given
that young people are in a highly sensitive stage of physical and psychological devel-
opment. This could lead to numerous harmful consequences in the future. The frequency
and motivations for ED consumption showed significant gender differences. The anal-
ysis of the relationship between gender and perceptions of the health impact of energy
drinks (p = 0.0008) suggests greater health awareness among women compared to men.
These findings are consistent with observations by Visram et al. [2016], who, in a qual-
itative study, found that women were more likely to perceive energy drinks as harmful
and reported greater caution in their consumption. Similarly, Malinauskas et al. [2017]

reported that women paid significantly more attention than men to product composition.
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This trend may also explain findings in the present study, where 82.8% of women re-
ported reading labels to verify ingredients, compared to only 19.7% of men. These re-
sults are in agreement with multiple analyses from various countries. For example,
Borlu et al. [2019] and Martins et al. [2018] also found that energy drink consumption
was higher among men than women. Particularly noteworthy is the finding that 47% of
surveyed students never read energy drink labels, supporting conclusions from Pawlas
et al. [2017], who indicated that a lack of interest in product composition is typical
among young adults, especially males. Chang et al. [2017] similarly reported low levels
of interest in the composition of energy drinks among Taiwanese university students,
linking poor awareness of ingredients to an increased risk of excessive caffeine and
sugar intake. Although 71% of respondents in the present study claimed to be aware of
the active ingredients in energy drinks, only 9% correctly identified the recommended
daily caffeine dose (300-400 mg). This highlights functional knowledge gaps, similar
to those reported in other student populations [Costa-Valle et al. 2022, Kraak et al.
2020]. Regarding the declared side effects—such as palpitations reported by 27% of
respondents and sleep disturbances by 15.5%—the results are consistent with observa-
tions by Seifert et al. [2011], who documented a high incidence of adverse effects fol-
lowing energy drink consumption, particularly among young individuals. Similar side
effects were reported by Higgins et al. [2011], and Hammond et al. [2018] emphasizing
that high doses of caffeine, especially in combination with other ingredients like taurine
or guarana, may provoke negative cardiovascular responses. An interesting aspect of
the study is the analysis of consumption motives, where the dominant reasons included
stimulation for physical activity and reduction of sleepiness. This phenomenon has been
extensively described in the literature. Slijvo et al. [2020], Degirmenci et al. [2018], and
Mahoney et al. [2019] noted that young adults often perceive energy drinks as a con-
venient and accessible source of energy during periods of increased intellectual or phys-
ical effort. Equally alarming is the finding that 19% of respondents admitted to mixing
energy drinks with alcohol—a practice recognized as particularly dangerous due to the

risk of alcohol poisoning and the masking of its effects [ Scalese et al. 2021]. The results
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concerning alternatives to energy drinks highlight the significant role of traditional caf-
feine-containing beverages, such as coffee and tea, as well as an emerging awareness of
the importance of a healthy lifestyle. This includes reducing the consumption of highly
caffeinated beverages in favor of natural energy sources and healthier habits. The find-
ings of the study confirm gender-based differences in energy drink consumption pat-
terns and underscore critical gaps in students’ health literacy. It appears necessary to
undertake educational initiatives targeted at young adults, with particular emphasis on
the risks associated with combining energy drinks with alcohol and the importance of

reading product labels as part of informed consumer decision-making.

5. Conclusions

The conducted study enabled a comprehensive assessment of university students’ con-
sumption habits related to energy drink intake, their health awareness, and their
knowledge of the composition of these products. The results indicate that although a
substantial proportion of respondents (approximately 40%) declared no consumption of
energy drinks, as many as 28% of students reported regular use (at least once per week),
while one-third consumed them occasionally. Such a high level of consumption in this
age group is a cause for concern from a public health perspective. Significant gender-
related differences were observed. Female students were more likely than male students
to perceive the health impact of energy drinks as negative, showed greater interest in
the product composition (82.8% of women vs. 19.7% of men), and less frequently com-
bined energy drinks with alcohol or medications. In contrast, male students more often
emphasized their usefulness in the context of physical activity (83.8% vs. 58.6%). These
findings underscore the need for differentiated educational strategies tailored to the spe-
cific characteristics of individual groups. Another area of concern is the limited
knowledge of respondents regarding the ingredients of energy drinks and the safe levels
of caffeine consumption. More than 49% of participants incorrectly estimated the max-
imum permissible dose of caffeine, while 29% reported having no knowledge at all

about the active ingredients of these products. Furthermore, 45.4% of students reported
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experiencing no side effects after consuming energy drinks, which may contribute to
underestimating potential health risks. The findings of this study confirm the necessity
of implementing educational initiatives among students to raise awareness of the poten-
tial hazards associated with excessive consumption of energy drinks, their combination
with alcohol or pharmaceuticals, and to promote healthier alternatives such as coffee,
tea, yerba mate, physical activity, or adequate sleep. Moreover, these results may serve
as a foundation for further in-depth analyses in larger study samples, including other
age and occupational groups, to identify broader determinants of energy drink consump-

tion.
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Abstract

The aim of the study was the qualitative evaluation of low-processed (LP) extracts of T. vulgaris
obtained with “green” solvents as alternative products to commercial dense extracts (DER 4:1) from
the perspective of reducing production costs and environmental footprint. Seven batches of dried
thyme (T1-T7) were verified for total polyphenol content (TPC), total flavonoid content (TFC) and
essential-oil content (EOC) in order to select the sample with optimal chemical composition. The
selected herb (T1, TPC =124 mg - g™', TFC = 100 mg - g™', 1.88 % v/w) was then extracted (2 g -
100 mL™', 10 min) with water, nanowater, 65 % glycerol-water and 50 % ethanol-water over a
temperature range adapted to the properties of the solvent systems (25 °C, 50 °C, 80 °C, 100 °C).
Yields were referenced to an exhaustive 70 % methanol extract and compared with two dense market
extracts. The highest recoveries for LP extracts were obtained for water at 100 °C — 38.6 % (TPC)
and 33.2 % (TFC). In contrast, dense extracts reached maximal TPC and TFC recoveries of 12.8 %
and 11.6 %, respectively, despite approximately 66-fold higher TPC and about 70-fold higher TFC
concentrations compared with classical thyme infusions, indicating considerable losses of the plant’s
phytochemical potential during concentration. The results show that the traditional hot-water infusion
enables recovery of up to one-third of the bioactive compounds (TPC and TFC) present in thyme herb
without the costly evaporation and complex purification steps employed in the production of dense
extracts. LP extracts therefore represent a cost-effective, more environmentally friendly ingredient
for functional foods and can replace or complement dense extracts, especially in products oriented
towards sustainable development.

Keywords: thyme herb, polyphenols, flavonoids, low-processed plant extracts

1. Introduction

Common thyme (Thymus vulgaris L.) of the Lamiaceae family has enjoyed an enduring
reputation for centuries, both as a culinary spice and as a medicinal raw material [Najar
et al. 2021]. The plant’s popularity stems primarily from its exceptionally rich

phytochemical profile. The herb contains more than 2 % essential oil dominated by
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thymol, carvacrol, p-cymene, y-terpinene, linalool, f-myrcene and terpinen-4-ol [Najar
et al. 2021; Niksic et al. 2021], along with numerous phenolic metabolites—rosmarinic,
chlorogenic and caffeic acids, a wide range of flavonoids (luteolin and apigenin
glycosides) and triterpenes such as ursolic and oleanolic acids [Roby et al. 2013;
Shimada et al. 2022]. Such chemical diversity translates into a broad spectrum of
biological activity, ranging from antibacterial and antifungal properties through
antioxidant and anti-inflammatory effects to expectorant and spasmolytic actions. This
is reflected in the growing interest in using thyme and its extracts as natural
preservatives and antioxidants in food technology [Waheed et al. 2024]. Rising
consumer expectations for “clean-label” products and worldwide efforts to lower
chemical inputs are prompting the food industry to seek gentle, environmentally
friendly methods for obtaining plant ingredients [Khalid et al. 2024]. Traditionally used
organic solvents can be effective, but they are associated with high purification costs
and the risk of solvent residues. Hence, increasing attention is being directed toward
low-processed extracts obtained by minimal-processing methods. Such extracts—
produced via infusions, hydro-alcoholic macerates or extraction with water whose
physicochemical properties have been modified—preserve the natural proportions of
metabolites and do not require energy-intensive purification steps. The literature
highlights the particular potential of “green” solvents [Kowalska et al. 2021b; Kowalska
et al. 2021c¢], including water, nanowater, glycerol-water mixtures and ethanol-water
mixtures at concentrations permitted by food legislation. Thyme phenolics and volatiles
dissolve readily in these media, which are themselves biodegradable, low-toxic and
suitable for direct use in food products.

To date, most research on 7. vulgaris has focused on intensive extraction techniques—
ultrasound-assisted, microwave-assisted or supercritical CO, extraction [Gavrila et al.
2023]. Although these methods deliver high concentrations of active compounds, they
are not always compatible with industrial settings oriented toward low energy
consumption and operational simplicity. Studies comparing simple, energy-saving

infusion procedures with commercially available highly processed extracts—especially
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in terms of metabolite-recovery efficiency using food-grade solvents—are lacking. The
present study offers a comprehensive evaluation of the chemical composition of low-
processed extracts from thyme herb obtained using water, nanowater, a 65 % glycerol—
water solution and 50 % v/v ethanol. Preliminary screening of seven raw-material
batches determined total polyphenol (TPC) and total flavonoid (TFC) contents as well
as the main essential-oil constituents, thymol and p-cymene; the batch with the most
advantageous bioactive profile was selected. This material was extracted at three
temperatures (50, 80 and 100 °C), enabling assessment of how thermal parameters
influence extraction yield. The resulting extracts were compared with two commercially
available concentrated extracts with a DER of 4 : 1, regarded as representatives of the
highly processed category.

This experimental design allows verification of the extent to which classical water
infusion and its modifications can compete with intensive technologies while adhering
to the paradigm of sustainable functional-food production. The findings provide
arguments for wider application of thyme as a natural additive possessing antioxidant
and preservative properties and demonstrate the potential of “green” solvents for simple,
economical extraction of bioactive compounds. This study evaluates the efficiency of
green solvent systems (water, nanowater, glycerol-water, ethanol-water) in recovering

key bioactives from T. vulgaris, compared to dense DER 4:1 extracts.

2. Materials and Methods

2.1. Plant Material And Reference Extracts

The study was carried out on seven batches of commercially available common thyme
(Thymus vulgaris L.) herb in the form of cut dried drug, labelled T1-T7 (Table 1). Two
viscous commercial extracts with a declared drug-extract ratio (DER) of 4 : 1, coded
ET1 and ET2 and standardised to 6 % total polyphenols (TPC), served as reference
samples. All materials were stored in a dry, shaded environment (22 + 2 °C, relative

humidity < 50 %). The plant material was further standardised by pooling and milling
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to obtain a homogeneous fraction, after which the moisture content of each product was
determined for conversion to dry matter using a WPS 50 SX moisture analyser

(RADWAG, Radom, Poland).

Table 1. Characteristics of plant materials and extracts.

Research material / description Supplier (year) Sample code
Thyme herb
Common thyme herb, cut dried Dary Natury (2020) T1
Common thyme herb, cut dried Krautex (2020) T2
Common thyme herb, cut dried Krautex (2020) T3
Common thyme herb, cut dried Greenvit Sp. z 0.0. (2020) T4
Common thyme herb, cut dried Greenvit Sp. z 0.0. (2020) T5
Common thyme herb, cut dried Thympol (2020) T6
Common thyme herb, cut dried Greenvit Sp. z 0.0. (2020) T7
Thick thyme extracts
*Thick thyme extract, DER 4 : 1 (standardised to 6 .
Greenvit Sp. z 0.0. (2020) ET1
% total polyphenols)
*Thick thyme extract, DER 4 : 1 (standardised to 6 .
Greenvit Sp. z 0.0. (2020) ET2
% total polyphenols)

*The thick thyme extract was produced using a confidential in-house manufacturing protocol. The

extraction was carried out at 40-70 °C over 4-8 hours.

2.2. Experimental design

The study was carried out in two stages. Preliminary screening. Total polyphenol
content (TPC), total flavonoid content (TFC), essential-oil yield and the thymol/p-
cymene ratio were determined in the seven thyme batches T1-T7. On the basis of these

results, the sample displaying the most favourable bioactive profile (T1) was selected
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for further work.Main experiment. Sample T1 was extracted using four green solvent
systems (Table 2): distilled water, nanowater, a 65 % (v/v) glycerol-water mixture and
a 50 % (v/v) ethanol-water mixture. Each system was tested at three temperatures (50,
80 and 100 °C), except for the ethanol-water mixture, for which—owing to the boiling
point of the solvent—initial temperatures of 25 °C and 50 °C were applied. The low-
processed extracts obtained were compared with the reference extracts ET1 and ET2

with respect to total polyphenol and total flavonoid contents.

Table 2. Extraction systems employed in the experiment.

Composition of the extraction medium (%)
Extraction system / temperature
water glycerol ethanol
Distilled water
100 0 0
50°C, 80°C, 100°C
Nanowater*
100 0 0
50°C, 80°C, 100°C
Glycerol**~water mixture 65 % v/v
35 65 0
50°C, 80°C, 100°C
Ethanol-water mixture 50 % v/v
50 0 50
25°C, 50°C

*Plasma-activated water with an elevated singlet-oxygen content (Nantes Medical, Bolestawiec).

**Plant-derived glycerol Ph. Eur. 99.5 % (TechlandLab, Tarnobrzeg)

2.3. Extraction

Thyme-herb extraction was carried out according to the procedure described previously
[Kowalska et al. 2021b]. Precisely weighed portions (2.0 g) of thyme herb were placed
in 250 mL Erlenmeyer flasks, after which 100 mL of the appropriate extraction
solvent—prepared as specified in Table 2—were added. The extraction was performed
in a thermostatically controlled shaker for 10 min, maintaining the temperature at the
preset level. Aliquots of 50 mL were withdrawn, filtered through medium-porosity filter

paper, and the filtrate was used for further analyses. Each extract was prepared in
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triplicate.

In parallel, an exhaustive extract was prepared: 2 g of plant material were refluxed with
100 mL of 70 % (v/v) methanol-water for 4 h; the extract was decanted and the
procedure was repeated twice on the residue. The combined methanolic fractions were
brought to 100 mL. This extract was regarded as the reference extract (100 % recovery
of constituents).

The extraction yield of the test systems (W) was calculated with Eq. (1), whereas the
theoretical yield of the commercial DER 4 : 1 extracts (W) was calculated with Eq. (2).
The extraction yield (recovery W) for polyphenols and flavonoids was expressed as the
percentage share of bioactive compounds in the test extract relative to their content in
the methanol-water reference extract. The 70 % methanol-water mixture was treated as
the reference solvent, assumed to afford optimal extraction of active substances;
therefore the concentration obtained in the reference extract was taken as 100 % yield,
and the yield achieved with each solvent system applied in this study was calculated

from Eq. (1):

Cs01*100%
2xCpet

Wi[%]= 1

where:

Cuer — content of the constituent in thyme herb [mg - g™'] obtained with exhaustive
extraction using 70 % methanol (reference solvent)

Cso — concentration of the constituent [mg GA - L™'] in the extract obtained with the
selected extraction system

In addition, the theoretical extraction yield (recovery W) was calculated for the viscous
commercial extracts (DER 4 : 1). A DER of 4 : 1 denotes that 1 kg of extract is produced
from 4 kg of thyme herb. It was assumed that the total polyphenol and total flavonoid
contents in the raw material used for extract manufacture were identical to those in the
experimental herb (T1). It was an important assumption to relate the experimental
extract results to those of the commercial extract. The phytochemical parameters of the
selected raw material did not deviate from the ranges reported in the literature

The theoretical yield for the commercial extracts was calculated according to Eq. (2):
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CDER*]-OO%

Wal%]= 400+Caor

)

where:

Cuer — content of the constituent in thyme herb [mg - g™'] obtained with exhaustive
extraction using 70 % methanol (reference solvent)

Cprr — concentration of the constituent [mg - L™'] in the viscous commercial extract

(DER 4:1)

2.4. Evaluation of Total Polyphenols, Flavonoids and Essential Oil Content

Total polyphenols (TPC) in thyme herb and in the extracts were determined
spectrophotometrically with the Folin—Ciocalteu reagent (A = 725 nm) according to the
method described previously [Singleton and Rossi 1965; Kowalska et al. 2021b]; the
results are expressed as mg of gallic acid (GA). Total flavonoids (TFC) were assayed
spectrophotometrically by the aluminium-chloride complexation method (A = 425 nm)
following the same authors’ protocol [Polish Pharmacopoeia VIII; Kowalska et al.
2021b]; the results were recalculated as mg of quercetin (QE). Additionally, TPC and
TFC values obtained for the extracts were recalculated per gram of dry plant material.
The essential-oil content (EO) was determined by steam distillation for 3 h and
expressed as % v/w per 100 g of raw material, in accordance with the procedure reported
earlier [Kowalska et al. 2021b]. All analyses were performed in triplicate.

The volatile profile—expressed as the percentage shares of thymol and p-cymene—was
analysed by GC-MS (ITMS Varian 4000 GC-MS/MS, Varian, USA) and GC-FID
(Varian 3800 GC, Varian, USA) under the chromatographic conditions described
previously [Kowalska et al. 2021a].

GC-MS: CP-8410 auto-injector; VF-5 ms column, 30 m % 0.25 mm i.d., 0.25 um film
(Varian, USA); carrier gas He at 0.5 mL min™'; injector, ion-source and interface at 250
°C, 200 °C and 250 °C, respectively; split 1 : 50; injection 1 pL; temperature programme
50 °C (1 min) — +4 °C min™! — 250 °C, hold 10 min; ionisation 70 eV; mass range 40—
870 Da; scan time 0.80 s.

GC-FID: CP-8410 auto-injector; DB-5 column, 30 m x 0.25 mm, 0.25 pm film (J&W
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Scientific, USA); carrier gas He at 0.5 mL min™"; injector and detector 260 °C; split 1 :
100; injection 5 pL; temperature programme 50 °C (1 min) — +4 °C min™' — 250 °C,
hold 10 min.

Qualitative identification was based on MS spectra [Kowalska et al. 2021a] matched
against the NIST/EPA/NIH library and literature data; compound identities were
confirmed by retention indices taken from the literature and by comparison with our
own standards. Quantitative analysis was carried out by the internal-standard method

with n-alkanes C12 and C19 following the procedures of Kowalska et al. [2021a].

2.5. Statistical analysis

Data were analyzed using SAS version 9.4 (SAS Institute, Cary, NC, USA). One-way
analysis of variance (ANOVA) was performed to test for differences between means,
and Duncan’s multiple-range test was applied at p < 0.05 to separate homogeneous
groups. In addition, Pearson’s correlation coefficients (r) were calculated on the mean
values of each dataset using the PROC CORR procedure to evaluate the strength and
direction of associations among all measured variables. Significance was accepted at p
< 0.05, with |r] > 0.8 interpreted as strong, 0.5-0.8 as moderate, and < 0.5 as weak

correlation.

3. Results and Discussion

Within the seven thyme batches (Fig. 1) a marked quantitative variability in secondary
metabolites was observed. The mean total polyphenol content (TPC) was 126 mg GA -
g !; this value falls within the 42-241 mg GA - g™ range reported in the literature [Kosar
et al. 2005; Roby et al. 2013; Spiridon et al. 2011; Ulewicz-Magulska and Wesotowski
2019]. The T6 sample, richest in TPC, contained 164 mg GA - g™, whereas T4 contained
only 112 mg GA - g™'. Flavonoid profiles proved even more diversified, from 57 mg
QE - g (T3) to 100 mg QE - g™* (T1), with a mean of 73 mg QE - g™*. All values
exceeded the 4-37 mg g™ range reported for Central-European materials [Kamenikova

et al. 2015; Tohidi et al. 2017; Vabkova and Neugebauerova 2013], probably owing to
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the phenological stage of the herb and favourable growing conditions.
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Figure 1. Total polyphenol content, total flavonoid content and essential-oil yield in thyme herb.

a, b, c... - values marked with the same letter are not significantly different (p > 0.05).

Essential-oil content varied from 0.45 to 1.88 % v/w (mean 1.06 % v/w), i.e. within the
classical range [Najar et al. 2021; Niksic et al. 2021]. GC-MS profiling (Fig. 2)
confirmed a thymol chemotype: thymol exceeded 50 % in every sample, but its share
decreased as p-cymene (the biosynthetic precursor of thymol) increased, corroborating
earlier data [Sérosi et al. 2013]. The share of p-cymene correlated negatively with
thymol (r = —0.88). The highest thymol proportion (84.8 %) was noted in T4, whereas
the highest p-cymene level (21.5 %) occurred in T6. Such variation suggests that
different factors may shift the monoterpene pathway equilibrium towards intermediate

or final metabolites. Ahmad et al. [2014] likewise found thymol to be the major
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component of thyme oil (60.18 %), followed by p-cymene (15.44 %), values close to
those obtained here. Krdl and Kiettyka-Dadasiewicz [2015] studied the effect of drying
on oil composition, reporting 59.5 % thymol and 11.24 % p-cymene in fresh herb, versus
50.8 % and 21.45 %, respectively, in dried material. Statistical analysis showed that
Pearson’s correlation coefficients (r) ranged from —0.726 (p = 0.065) for p-cymene vs.
thymol—indicating a strong inverse trend—to 0.753 (p = 0.051) for total flavonoids
(TFC) vs. oil yield (EO). This confirms that as p-cymene increases, thymol proportion
falls (reflecting distinct chemotypes), and that higher flavonoid levels are associated

with greater oil yield, albeit at the borderline of statistical significance.
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Figure 2. Percentage shares of p-cymene and thymol in essential oil (EO) isolated from the thyme-herb
samples.

a, b, c... - values marked with the same letter are not significantly different (p > 0.05)

Comparison of parameters identified T1 as the reference raw material: it contained the

highest levels of flavonoids and essential oil, while its polyphenol level was close to the
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median, thus ensuring a balance between phenolic and volatile fractions important for
functional formulations.

Sample T1 was extracted with four green solvent systems (distilled water, nanowater,
65 % glycerol-water, 50 % ethanol—water) at three temperatures (50, 80, 100 °C; for
ethanol 25 and 50 °C).

The TPC values in the resulting extracts (Table 5) increased significantly with
temperature in the aqueous and glycerol systems, reaching a maximum of 962 mg GA -
L™ in the 100 °C water infusion. This value is below the 2000 mg GA - L' recorded by
Kulisi¢ et al. [2006], who extracted 15 g plant material with 150 mL water for 30 min
followed by concentration. Nevertheless, the TPC values obtained here exceeded by
several-fold those reported by Sonmezdag et al. [2018], confirming the strong influence
of contact time and plant-to-solvent ratio. In the study of Sonmezdag et al. [2018] thyme
infusions prepared with 3 g herb in 200 mL water for 1-5 min contained 9.50-141.36
mg GA - L™'. These figures are far lower than those achieved in the present work for
water extraction (394 mg GA - L™ at 50 °C and 962 mg GA - L™ at 100 °C) and
nanowater extraction (346 mg GA - L™ at 50 °C and 475 mg GA - L™ at 100 °C).
Nanowater yielded results 10-20 % lower than distilled water.

Statistical analysis showed that Pearson’s correlation coefficients (r) for temperature—
TPC relationships were exceptionally high: r = 1.000 (p < 0.01) in nanowater and r =
0.996 (p = 0.06) in water, while TFC exhibited similarly high but non-significant
correlations with temperature in water (r = 0.993; p = 0.07). All other pairwise
correlations were non-significant (p > 0.05). This confirms that increasing the extraction
temperature is the primary driver of polyphenol and flavonoid release in aqueous
systems, with nanowater showing a perfectly linear response and water a nearly linear

one.
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with different green solvent systems at various temperatures.

Concentration
Extraction TPC (mg GA - L)
temperature Exhaustive
Water Glycerol-water Nanowater Ethanol-water )
extraction
20°C 1751
50°C 394e 32k 346f 241h
2490
80 °C 782b 69j 425d
100 °C 962a 298g 475c¢
TFC (mg QE - L™")
Exhaustive
Water Glycerol-water Nanowater Ethanol-water
extraction
20 °C 431cd
50°C 407de 360e 360e 461c
1999
80 °C 536b 387e 506b
100 °C 665a 386e 485c

a, b, c... - values marked with the same letter are not significantly different (p > 0.05)

It should be emphasised that the “commercial” nanowater purchased for the study has a
mineralisation level comparable with that of tap water, and it can therefore be assumed
that the presence of cations contributed to the changes observed in the series arranged
in descending concentrations of the target bio-active compounds. Samsonowicz and
Regulska [2016] demonstrated that the presence of, inter alia, calcium and magnesium
ions modifies the spectrophotometrically determined concentration of polyphenolic
compounds. Metal cations can form complexes with phenolics or activate specific
functional groups, which in turn may affect both the measured concentrations of these
constituents and the antioxidant activity of the extracts [Samsonowicz and Regulska
2016]. Similar relationships were described by Wyrostek and Kowalski [2021].

Nanowater is produced in a low-temperature plasma reactor in which water cluster
structures are disrupted; the resulting structural modification imparts specific
physicochemical properties, including the ability to enhance plant uptake of soil

nutrients [Murawski et al. 2015]. The available literature contains very little information
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on the use of nanowater for extracting bio-active compounds from herbs. The evidence
published to date suggests that nanowater could markedly influence the isolation of such
constituents; however, the results obtained in the present work indicate that, as an
extraction medium, nanowater does not outperform ordinary water and in fact shows a
lower extraction efficiency in this case.

The glycerol-water mixture at 50 °C produced the lowest TPC (32 mg GA - L™), but
increasing the extraction temperature to 100 °C raised the concentration almost ten-fold,
a trend consistent with earlier data for glycerol-water extracts from peppermint and
nettle leaves [Kowalska et al. 2021b]. This behaviour is linked to the high viscosity of
glycerol, which at lower temperatures limits phenolic diffusion; an analogous
phenomenon was reported by Manousaki et al. [2016] for waste plant materials.
Although only a few publications deal with the use of glycerol for extracting
biologically active substances, interest in this topic is growing, and the first studies on
extraction kinetics with glycerol-water systems—especially from the perspective of
green chemistry and the valorisation of plant processing waste—are now appearing
[Manousaki et al. 2016].

Extraction with 50 % ethanol yielded 241 mg GA - L™ at 50 °C, confirming the universal
ability of this solvent system to dissolve both medium-polar phenolics and the lipophilic
terpenoid fraction. Depending on the chemical nature of the target compounds, the
extractant is selected to ensure optimum yield while also meeting other criteria, e.g.
economic (cost) or legal (safety, environmental protection). Alcoholic solvents are
widely used to extract phenolics from natural sources, providing high total-extract yields
even though they are not highly selective for phenols. In particular, alcohol-water
mixtures have proved more efficient for phenolic extraction than the corresponding
single-component solvents [Pinelo et al. 2005 a; Pinelo et al. 2005 b; Yilmaz and Toledo
2006]. Spigno et al. [2007] showed that adding water to ethanol improved extraction
yield; however, an excessively high water proportion increased the co-extraction of
other compounds and subsequently reduced polyphenol concentrations in the extracts.

Using an alcohol-water mixture offers the advantage of modulating solvent polarity,
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and the solubility of polyphenols depends chiefly on the presence of hydroxyl groups,
molecular size and the length of the hydrocarbon chain.

The same solvent—temperature relationships observed for TPC were also found for TFC.
The highest total flavonoid concentrations were detected in aqueous extracts (water and
nanowater), ranging from 360 mg QE - L™ (nanowater, 50°C) to 665 mg QE - L™!
(water, 100°C). Glycerol-water and ethanol-water extracts contained lower flavonoid
levels, which depended on the extraction temperature; increasing solvent temperature
led to higher flavonoid concentrations in the extracts.

On the basis of the TPC values in thyme herb T1, the theoretical concentration of total
polyphenols in the extracts, assuming 100 % extraction efficiency, was calculated at
2490 mg GA - L™'. The corresponding theoretical concentration for total flavonoids was
1999 mg QE - L™'. The extraction yield for polyphenols (Table 6) in the 100 °C water
infusion was 38.6 %, while that for flavonoids reached 33.2 % (Table 6). Although these
values do not exceed 50 %, the process is attractive to the clean-label sector owing to
its simplicity and zero use of organic solvents. Economic aspects—such as the low cost
of brewing—and the minimal environmental impact further enhance its practical value.
Nanowater, despite its modified cluster structure, did not improve yield; the negative
effect can be explained by the mineralisation of the plasma medium [Wyrostek and
Kowalski 2021]. In the glycerol system, the increased yield at 100 °C confirms that
viscosity is the limiting factor; once viscosity is reduced, glycerol matches water in
performance and, thanks to its multiple hydroxyl groups, further stabilises phenolic
molecules [Huaméan-Castilla et al. 2020]. Experience indicates a correlation between
polyphenol and flavonoid concentrations and increasing extraction temperature.
Authors relate the positive temperature effect to enhanced solubility of phenolic
compounds in the solvent system and to intensified diffusion of phenolics from the plant

cells into the solvent phase [Antony and Farid 2022; Zheng et al. 2024].
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Table 6. Extraction yield (%) of polyphenols (TPC) and flavonoids (TFC) obtained with green solvent
systems at various temperatures.

Extraction yield (%)
Extraction TPC
temperature Water Glycerol-water Nanowater Ethanol-water
20°C 7.0i
50°C 15.8e 1.3k 13.9f 9.7h
80 °C 31.4b 2.8 17.1d
100 °C 38.6a 12.0g 19.1c
TFC
Water Glycerol-water Nanowater Ethanol-water
20°C 21.5¢cd
50°C 20.3de 18.0e 18.0e 23.0c
80 °C 26.8b 19.4e 25.3b
100 °C 33.2a 19.3¢ 24.2c

a, b, c... - values marked with the same letter are not significantly different (p > 0.05)

The study showed that the total polyphenol concentration in the viscous thyme extracts
(DER 4 : 1) amounted to 63 774 mg GA - L™ and 63 941 mg GA - L™, respectively,
with a calculated extraction yield of about 12.8 % (Table 7). In turn, the total flavonoid
concentration in these viscous extracts reached 46 388 mg QE - L™! and 23 639 mg QE
- L™, corresponding to extraction yields of approximately 11.6 % and 5.9 %.
Consequently, compared with the infusions, the commercial viscous extracts contain
roughly 66-fold higher total-polyphenol concentrations and about 70-fold higher total-
flavonoid concentrations. Achieving such high levels of active compounds in the
commercial extracts results from the fact that producing 1 kg of a DER 4 : 1 extract
consumes 4 kg of plant material, followed by costly volume reduction by evaporation.
From a life-cycle-assessment (LCA) perspective, water infusions—which require only
a 10-min heating step and generate no solvent effluents—exhibit a far smaller carbon
footprint. Although concentrated herbal extracts are valuable semi-products for multiple
industrial sectors, it should be emphasised that their extraction yields are markedly
lower than those obtained for low-processed extracts, which has implications for overall

economic balance, natural-resource use and environmental impact.
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Heating 1 L of water for an infusion needs only = 0.12 kWh (0.43 MJ) of electricity
when an 80 %-efficient induction kettle is used (Vik 2022). At the current average EU
grid intensity (= 255 g CO, kWh™), that equates to = 30 g CO, e L™! (average EU mix
2024) [Ember 2024], perfectly in line with the 21 g CO, e reported for a black-tea cup
brewed with just the required water (Berners-Lee and Clark 2010). By contrast,
concentrating commercial thyme extracts to DER 4 : 1 requires evaporating roughly 3
kg of water per kg of extract. Even an energy-optimised two-effect falling-film
evaporator still consumes = 0.32 kg steam kg™' water, i.e. ~ 0.72 MJ (0.20 kWh); the
overall energy demand therefore reaches ~ 2.4 MJ kg™! extract, corresponding to =~ 0.17
kg CO, e kg™ (Tetra Pak 2024).

Laboratory LCAs confirm the steep rise in impacts when more intensive techniques are
employed. For spruce-bark polyphenols, global-warming potential per gram of extract
jumps from 8 kg CO, e (ultrasound assisted) to = 21 kg (Soxhlet) and 44 kg (NaOH
solid-liquid extraction) (Barjoveanu et al. 2020). Essential-oil studies tell a similar
story: producing 1 g rosemary oil via hydro-distillation requires 166 MJ and emits 8 kg
CO., e, whereas supercritical-CO, extraction demands 290 MJ and 15 kg CO,, ¢ for the
same functional unit (Moura et al. 2022). Against these benchmarks, the 10-min thyme
infusion developed in this work—yielding 38.6 % of total polyphenols and 33.2 % of
flavonoids—offers a carbon footprint two orders of magnitude lower while fully
eliminating volatile-organic-solvent residues.

These quantitative comparisons substantiate the claim that low-processed water (or
water—glycerol) extracts satisfy “clean-label” expectations with minimal energy input

and the smallest life-cycle impacts currently documented for thyme-derived ingredients.
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Table 7. Concentration of total polyphenols (TPC) and total flavonoids (TFC) in commercial thick thyme
extracts (DER 4 : 1) and extraction yield.

TPC TFC
Thick thyme
Concentration Concentration
extract Extraction yield (%) Extraction yield (%)
(mg GA -L™) (mg QE-L™)
ET1 63774a 12.8a 46388a 11.6a
ET2 63941a 12.8a 23639b 5.9b

a, b, - values marked with the same letter are not significantly different (p > 0.05)

Summarising the results obtained, it can be stated that simple, classical, low-processed
thyme extracts—infusions—are products rich in polyphenols and flavonoids. The
manufacture of such simple extracts is characterised by moderate extraction yields (30—
39 %) at incomparably lower energy costs and with no use of solvents classified as
volatile organic compounds. Nanowater did not surpass distilled water in extraction
performance, which suggests that further modification (e.g. de-mineralisation) is
required before its practical application. The glycerol-water mixture demands higher
temperatures but may be a valuable alternative in products for which ethanol is
undesirable and liquid viscosity is not a technological limitation (e.g. sauces, herbal
syrups). Thymus vulgaris therefore remains a valuable source of natural antioxidants,
and straightforward, low-processed water extractions (or water with added glycerol) can
effectively compete with DER extracts in ecological and economic terms while
providing a product consistent with the “clean-label” market demand and the strategy

of sustainable foods.

4. Conclusions

Green-solvent infusions (water, nanowater, glycerol-water) recovered up to 39
% of TPC and 33 % of TFC in a 10-min protocol, eliminating the need for
organic solvents. These low-processed extracts offer a viable clean-label

ingredient for sustainable food formulations.
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Abstract

Cancer and its treatment place a strain on the patient's body. One of the first effects of the disease is weight
loss, which is primarily associated with impaired nutrient supply and reduced food intake, which can result
in nutritional deficiencies, leading to a poorer response to treatment and a deterioration in the patient's
quality of life. For this reason, nutritional intervention is a very important measure, carried out in parallel
with conventional treatment. The aim of this study is to compare nutritional knowledge among people
diagnosed with cancer and the healthy population. The research tool was a questionnaire based on the
KomPAN questionnaire, completed in paper form. The study was conducted between October 2023 and
December 2024 on a group of 389 people. Nearly 90% of respondents believed that diet is an etiological
factor in cancer, and 84% believed that diet can be a chemopreventive factor (more often among patients
than healthy individuals, p<0.05). Almost all respondents (95.5%) believed that cancer patients should not
consume highly processed foods containing additives (e.g. nitrates, nitrites, monosodium glutamate,
hydrogenated fats, glucose-fructose syrup). Among the products not recommended for cancer patients,
respondents indicated heavily salted products and dishes (87%), heavily baked products (82.5%), smoked
products (80.5%), cured (78.5%), marinated (75%), repeatedly reheated (72%) and traditionally grilled in
smoke (61.5%). On the other hand, among the dietary components beneficial for cancer patients,
respondents indicated antioxidants (79.5%) and omega-3 fatty acids (71%), vitamins C and E (59%),
bioactive substances, including coenzyme Q10, polyphenols, phytosterols (58%).

Keywords: cancer, diet, nutrition knowledge, malnutrition

1. Introduction

Cancer is a group of diseases characterised by the uncontrolled growth of genetically
altered cells in the body. These changes include both morphological and functional
features resulting from disorders at the genetic code level [Jeziorski, 2015; Przysta$ et
al., 2019]. Depending on the nature of the changes, cancers are divided into benign,
locally malignant and malignant, as well as epithelial and non-epithelial (www1). An
increase in cancer incidence is observed particularly in older age groups. The main
factors influencing the development of the disease include external (exogenous) factors,

such as UV radiation, environmental pollution, unhealthy diet, smoking, alcohol
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consumption, and viral and bacterial infections, as well as internal (endogenous) factors
such as age, genetic predisposition, hormone levels, immune system function, and
prolonged stress [Kulik and Latalski, 2009; Przysta$ et al., 2019]. Reducing exposure
to carcinogens can extend life by up to 10-20 years [Przystas et al., 2019].

According to the classification of the International Agency for Research on Cancer
(IARC), a carcinogen is a substance or mixture of substances that can cause cancer or
increase its incidence. The IARC divides them into five risk groups: from confirmed
carcinogens (group 1) to those that are unlikely to be carcinogenic (group 4). Although
the classification has no legal force, it is an important reference point in risk assessment
[Oledzki, 2017; Kowalska et al., 2019]. Statistics from the National Cancer Registry
indicate a systematic increase in the incidence of cancer in Poland, which is due, among
other things, to the increasing average life expectancy, the ageing of the population and
civilisational changes — a sedentary lifestyle, poor diet, environmental pollution and
chronic stress [Surwitto and Wawrzyniak, 2014; Didkowska et al., 2021]. In Poland,
there are over 171,000 cases and 100,000 deaths per year. In the Polish male population
in the second half of the 20th century, the risk of lung cancer grew the fastest. The last
three decades have seen a halt to this unfavourable trend and, after 1997, a reversal to a
downward trend. Prostate cancer is characterised by the highest growth rate in
incidence, particularly in the last decade, and since 2016 it has remained the most
common cancer in men. At the same time, mortality has stabilised and survival rates
have improved significantly in the last decade. Colon cancer is a disease with a
significant increase in incidence and the second most common cause of death. Stomach
cancer, the fourth most common cancer, has seen a decline in incidence and mortality

over the last half-century [National Cancer Registry].
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Population by Age Group and Gender
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Figure 1. Number of malignant cancer cases in Poland by age group in 2020-2021 [National Cancer

Registry 2025].

Preventive measures taken in Poland include health programmes (e.g. National Health
Programme 2021-2025, National Cancer Control Programme 2016-2024), social
campaigns and the activities of non-governmental organisations such as the Rak’n’Roll
Foundation [Przystas$ et al., 2019]. The aim of these initiatives is to raise awareness,
improve screening uptake and promote a healthy lifestyle. Early detection of cancer is
crucial, as it significantly increases the chances of a complete cure. Regular preventive
examinations, such as mammography, cytology, colonoscopy and tumour marker tests,
are the basis for effective prevention and early diagnosis [Przystas et al., 2019].

An unhealthy diet and low physical activity are among the key etiological factors of
cancer, accounting for about one-third of cases, including colorectal cancer [Choi and
Hua, 2021; Meder, 2018; Przysta$ et al., 2019]. A diet rich in meat, fats, sugars and
preservatives promotes the development of the disease and also reduces the
effectiveness of treatment [Surwillo and Wawrzyniak, 2014]. A strong correlation
between healthy or unhealthy eating patterns and lifestyle and many socio-demographic

factors was observed in young men (aged 19-40, the study group consisted of 235 men)
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in a study conducted by Lennie et al. [2018]. This population group is particularly
vulnerable to an increased risk of unhealthy behaviours. The authors showed that the
most health-promoting dietary and lifestyle pattern depended on family status — it

concerned men in stable marriages. Nutrition education is key to cancer prevention.

Table 1. Food products or nutritional components whose regular consumption increases the risk of
malignant tumours [Szczygiet, 2013].

Type of cancer Food products or food ingredients
Red meat (beef, pork, mutton) and processed meat
Colorectal cancer (colon and rectum) (smoked, canned, salted or containing added
preservatives)
Stomach cancer Excessive salt in the diet
Prostate cancer Excessive dietary calcium intake (unbalanced diet of
intensive sports people)
Liver cancer Foods containing aflatoxins (mouldy cereal grains, nuts
and pulses)
Cancer of the mouth, throat, larynx, oesophagus, liver, Alcohol
colon, breast
Oesophageal cancer (especially in smokers) Yerba mate tea with temp >85°
Lung cancer (in smokers) B-carotene in food supplements

An excessive amount of fat in the diet (usually expressed as the total energy intake in
the diet) correlates with a higher risk of developing breast, prostate and colon cancer,
among others. This relationship is primarily determined by their composition and fatty
acid content. For this reason, it is important to be aware of the impact of specific fats on
human health, as some have a positive effect (they are recommended in the diet, mainly
unsaturated fatty acids from the omega-3 and omega-6 families, commonly found in
meat, fish, eggs and vegetable oils, including sunflower oil), while others have a
negative effect (they should be limited, e.g. fats rich in saturated acids, present in red
meat or dairy products). In addition, the fat content in the diet determines the level of
hormones in the body. This includes, among other things, an increase in oestrogen
concentration, which contributes to an increased risk of breast cancer [Malczyk and
Majkrzak, 2015]. There is sufficient scientific evidence to indicate that eating processed
meat can cause colon cancer — a daily intake of 50 g increases the risk by 18%, which

is why it is recommended to avoid this group of products in the diet. In addition, a strong
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correlation has been shown between the consumption of processed meat and red meat
and many cancers, including colorectal cancer, pancreatic cancer, stomach cancer and
prostate cancer. The consumption of red meat during the week should not exceed 500 g
after cooking [Jarosz, 2018]. The risk of cancer is associated with a high glycaemic
index diet, which increases blood insulin levels, leads to insulin resistance and increases
the secretion of insulin-like growth factor (IGF-1), which is also detrimental to the
carcinogenesis process [Malczyk and Majkrzak, 2015].

The impact on cancer pathogenesis has been proven, among others, in relation to
zearalenone (ZEA). This compound, synthesised by certain species of Fusarium, is a
secondary metabolite of mould and a strong pathogen of cereal crops. It enters the
human and animal body through the consumption of contaminated plant-based food. In
humans, the risk also applies to the consumption of contaminated animal tissues.
Zearalenone is classified as a non-steroidal oestrogen or micro-oestrogen, and its
oestrogenic activity is several times stronger than that of naturally occurring oestrogens,

which can cause damage to the reproductive organs and reproductive disorders.

Table 2. Food products or nutritional components whose regular consumption reduces the risk of malignant
tumours [Szczygiel, 2013].

Type of cancer Food or food ingredient
Low starch vegetables (broccoli, lettuce, cucumber,
Cancer of the mouth, pharynx, larynx, oesophagus, tomatoes, cabbage, cauliflower, courgettes, aubergines,
stomach peppers, turnips, asparagus, onions, garlic, parsley,

radishes, leek, radish and alfalfa sprouts

Cancer of the mouth, pharynx, larynx, oesophagus,

Fruit
stomach, lung
Cancer of the stomach Onion vegetables (onions - all types, garlic, leek,
chives)
Cancer of the large intestine (colon, rectum) Garlic
Cancer of the oesophagus Foods containing vitamin C (fruits and vegetables)

Foods containing folate (dark green vegetables, pulses,
nuts, yeast, avocados, bananas, raspberries, oranges)
Foods containing carotenoids (carrots, yams, pumpkin,
Cancer of the mouth, pharynx, larynx, lung peppers, parsley, kale, spinach, tomatoes, apricots,

brocceoli)

Cancer of the pancreas

This compound has been classified by the International Agency for Research on Cancer

(IARC) as Group 3 — a potential carcinogenic hazard to humans. Exposure to ZEA may
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increase the incidence of hormone-dependent cancers, such as breast cancer in women
and prostate cancer in men [Mruczyk et al., 2018].

Diet is an important factor in the development of breast cancer, among other things.
According to data from the International Agency for Research on Cancer (IARC), poor
diet was a factor in 25% of breast cancer cases. Modifying one's diet in the case of breast
cancer can reduce the risk of developing the disease by up to 50% [Malczyk and
Majkrzak, 2015].

In a study conducted by Jezewska-Zychowicz et al. on a representative group of 1,017
people, it was found that almost 40% of respondents were concerned about the onset of
cancer. This mainly concerned women (42% compared to 34% of men), overweight and
obese people, people with high health and nutritional risks, and people with extensive
nutritional knowledge [Jezewska-Zychowicz et al., 2018]. The perception of health
considerations and food prices (mainly when choosing meat, meat products, dairy
products, vegetables and fruit) was more important the greater the respondent's fear of
developing cancer. At the same time, those who showed the greatest concerns paid
attention primarily to health considerations, declared more correct eating habits, and
price was an important factor when choosing food, but did not differentiate their eating
habits [Jezewska-Zychowicz et al., 2018].

A properly balanced diet should be introduced in oncology patients as early as possible
— preferably immediately after diagnosis. The aim is to maintain a healthy body weight
and prevent malnutrition, which affects up to 80% of patients [Ki¢k and Kapata, 2019].
Nutritional deficiencies worsen the prognosis, increase the risk of infections, complicate
treatment and prolong hospitalisation. Nutritional interventions are key — an oral diet is
preferred, and if necessary, enteral or parenteral nutrition [Dutkiewicz and Grzelak,
2021]. The care of a clinical dietitian is also essential.

The diet in cancer should be easily digestible, based on the principles of healthy eating,
properly balanced and, if necessary, supplementing any nutritional deficiencies [Key et
al., 2020]. In certain cases, it is necessary to modify the nutritional intervention, e.g. by

increasing the proportion of liquid, semi-liquid or mushy meals, especially in patients
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with chewing and swallowing difficulties [Dutkiewicz and Grzelak, 2021]. The caloric
intake of cancer patients should be 25-30 kcal/kg of body weight/day. Some patients
require special diets, e.g. lactose-free diets, low-fat diets, modified BRAT diets
(especially in patients with chronic diarrhoea; unripe bananas, white rice, baked apples,
wheat toast), low FODMARP diets. Sometimes certain restrictions are required, such as
limiting the intake of insoluble dietary fibre or simple sugars. In other cases,
supplementation with bioactive compounds is essential, depending on medical
indications. The diet should be consulted and introduced by a qualified dietitian,
especially in the case of restrictive diets. It is necessary to establish the right balance of
protein and energy. The use of unbalanced alternative diets (e.g. the Gerson diet, the
Budwig diet, ketogenic diet, fasting diets) or alternative supplements (e.g. high doses of
vitamin C) may be associated with high risk and may result in deterioration of nutritional
status, the development of many complications, and postponement or interruption of
therapy due to health conditions [Kiek and Kapata, 2019]. The diet of cancer patients
should be balanced, supportive of treatment and aimed at maintaining a healthy body
weight It is recommended to avoid sweetened beverages and high-energy foods,
especially highly processed foods that are rich in sugars and fats and low in fibre. BMI
should be maintained between 18.5 and 24.9 kg/m?. Your daily menu should be based
on plant-based products — vegetables, fruit, whole grain cereal products and legumes. It
is recommended to consume at least 5 portions of different coloured vegetables and fruit
per day (400—600 g) and a minimum of 25 g of fibre. It is worth regularly consuming
dairy products (milk, kefir, yoghurt, low-fat cheeses), which provide calcium and reduce
the risk of colon cancer. It is also recommended to eat sea fish at least twice a week as
a source of vitamin D. In the UK, vitamin D supplementation (800-2000 1U/day) is
necessary from October to March or throughout the year if skin synthesis is insufficient.
Red meat consumption should be limited to 500 g per week (after preparation), and
processed meat products (cold cuts, bacon, salami) should be avoided altogether. Meat
dishes should not be fried or grilled for long periods of time; the recommended cooking

technique is boiling or steaming. Salt should also be limited — no more than 5 g per day;
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herbs are recommended instead of salt. Mouldy grains, nuts and seeds should be avoided
due to the presence of mycotoxins. Drinking very hot beverages (>65°C) is not
recommended as they can damage the mucous membrane of the digestive tract. Dietary
supplements should only be used in justified cases, under the supervision of a doctor or
dietitian, as all scientific studies indicate that supplementation without indications does
not protect against cancer. Adequate hydration is recommended through the
consumption of water, light teas or compotes. Coffee (2—4 cups a day), without sugar
or additives, can have a beneficial effect on health due to its polyphenol content [Jarosz,

2018].

Table 3. Dietary recommendations for the most common ailments associated with cancer treatment.

Problem Dietary advice

-Start proper hydration 2-3 days before chemotherapy,
liquids with ginger, ice cubes, coca-cola, avoid mint
infusions
- small and frequent meals, cold
- Delicate foods: milk and fruit cocktails, soups,
mousses, jellies, pancakes, addition of FSMPs
limination of foods that are hard to digest, fried, high in fat
and fibre
- modification of the BRAT diet (bananas, wheat toast,
apples, rice)
-low FODMAP diet
Diarrhoea -sometimes lactose elimination (chemotherapy regimens
containing 5-FU, irinotecan, capecitabine)
-probiotics, oral electrolyte solutions
-blackberry vapour, natural cocoa on water
-after constipation has been regulated (pharmacological,
mechanical), incorporation of a diet with increased fibre
content (soluble and insoluble) and adequate hydration
-natural sorbitol from prunes, pears, birch sugar
-natural silages

Nausea and vomiting

Constipation

Cancer chemoprevention is a growing field of cancer research that involves prevention
through the use of synthetic compounds or substances that occur naturally in the diet.
These compounds have anti-carcinogenic properties [Malczyk and Majkrzak, 2015].
Cruciferous vegetables from the Cruciferae family are a particularly valuable source of
anti-cancer substances. These vegetables, such as white cabbage, red cabbage, Chinese

cabbage, savoy cabbage, broccoli, cauliflower, Brussels sprouts, radishes and turnips,
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play an important role in the diet of Central Europeans and are available all year round
[Malczyk and Majkrzak, 2015]. Unprocessed foods contain bioactive ingredients
(nutraceuticals), both nutritious and anti-nutritious, which have a beneficial effect on
the body. These include polyphenols (e.g. curcumin, lignans, resveratrol, quercetin),
flavonoids, glucosinolates, sesquiterpenes and steroid metabolites. They have health-
promoting effects in heart disease, hypertension, obesity, type 2 diabetes, osteoporosis
and cancer [Drywien and Gornicka, 2018; Wroblewska, 2018]. During digestion,
enzymes and intestinal bacteria release these compounds, which then affect
inflammatory mechanisms and regulate gene expression. Their action depends on the
physiological state of the body. Products rich in bioactive ingredients include milk and
dairy products, meat, eggs, fish (tuna, sardines, herring, salmon), cereals (wheat, corn,
rice), soybeans, pumpkin, amaranth, sorghum and fermented products [Drywien and
Gornicka, 2018; Wroblewska, 2018]. More and more studies also emphasise the
importance of fructans in the prevention of colon cancer. Fructans (inulin,
fructooligosaccharides, oligofructose) are a soluble fraction of fibre based on fructose
molecules. They have a preventive and supportive effect in treatment — they alleviate
the side effects of cancer therapy. They support the development of beneficial intestinal
microflora (especially Bifidobacterium) and increase the concentration of short-chain
fatty acids, e.g. butyric acid, in the colon. In addition, they improve the frequency and
volume of bowel movements [Glibowski, 2018].

One of the main dietary contraindications in cancer is alcohol consumption. Complete
abstinence is recommended, as there is no safe dose — even small amounts increase the
risk of developing certain cancers, such as breast cancer [Jarosz, 2018]. Caution should
also be exercised when using vitamin C in so-called mega-doses. Despite decades of
research, its effectiveness in treating cancer has not been conclusively proven. However,
intravenous administration of vitamin C may improve the quality of life of cancer
patients and reduce the side effects of therapy, such as fatigue, loss of appetite, nausea
and pain. On the other hand, in some cases, its use may accelerate the progression of the

disease, e.g. in people with acute myeloid leukaemia, colorectal cancer or melanoma
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[Kalemba-Drozdz, 2018]. Special dietary recommendations apply to patients after
surgical removal of a tumour, especially one located in the digestive tract. For about a
month after surgery, heavy, bloating and fatty foods should be avoided. Contraindicated
foods include wholemeal bread, raw vegetables and fruit, cruciferous vegetables
(cabbage, cauliflower, Brussels sprouts, broccoli), onions, garlic, chives, legume seeds
(peas, beans, lentils, soybeans), fatty meats (pork, mutton), cold cuts (sausages, paté,
bacon), fatty cheeses (yellow, blue, processed), cream, mayonnaise, lard, fried foods
(chips, breaded cutlets), cakes, sweets, chocolate, salty snacks, hot spices, vinegar,
alcohol, coffee, cocoa, strong tea, carbonated drinks [Szczygiet, 2013]. Adherence to
dietary recommendations plays an important role in the treatment and recovery of
cancer patients.

The aim of this study is to compare nutritional knowledge among people diagnosed with

cancer and the healthy population.

2. Materials and methods

The research tool was a questionnaire based on the KomPAN questionnaire, completed
in paper form. The study was conducted between October 2023 and December 2024 on
a group of 540 people. A total of 389 correctly completed questionnaires were received,
from 178 people diagnosed with cancer and 211 healthy people. The survey results
were analysed using Microsoft Excel Office 365 and StatSoft Statstica 13. Pearson's
chi-square test was used to examine the statistical significance between the analysed

variables.

3. Results and discussion

The majority of respondents were women, who accounted for 63.1% of the patient group
and 75.1% of the healthy group. In terms of age, respondents aged 46—55 predominated
(25.5%, n=100), followed by those aged 36—45 (23%, n=89) and 56—65 (22%, n=86).
The smallest group consisted of people aged 18-25 (7%, n=27). In terms of education,

most respondents had completed a master's degree (41%, n=158) or a bachelor's degree
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(27.5%, n=107). The majority of respondents came from rural areas (40%, n=156).

In the group of cancer patients, more than half had breast cancer, 17.1% had lung cancer,
15.6% had colon cancer, and 13.3% had prostate cancer. The respondents almost
unanimously (99%) agreed that diet has an impact on overall health and that an
unhealthy diet can contribute to the development of diseases. Almost 95% of
respondents (n=370) indicated diet as an etiological factor in cancer. Statistically
significant differences (p<0.05) were observed between the groups of patients and
healthy individuals in this regard — patients were more likely to recognise the
relationship between diet and cancer. According to 81% of respondents diet can act as
a chemopreventive factor, with cancer patients significantly more likely to believe this,
and over 10% of respondents (n=39) admitted that they had no knowledge on this
subject. In terms of the impact of harmful substances in food, over 90% of respondents
believed that mould and mycotoxins can contribute to the development of cancer, with
healthy people more likely to declare a lack of knowledge (p=0.023). The majority of
respondents (94%) also believed that cancer patients should avoid highly processed
foods with chemical additives (nitrates, nitrites, flavourings, monosodium glutamate,
hydrogenated fats, etc.), but no statistically significant differences were observed
between the healthy and sick groups (p>0.05).

Professional dietary counselling based on scientific evidence should be recommended
for every patient diagnosed with malignant cancer, regardless of the stage of the disease.
Dietary care should be part of the overall care of cancer patients [Poulsen et al., 2014].
Among cancer patients, as many as 91% (n=162) reported changing their diet after
diagnosis, and over 50% reported following a specialised diet that eliminated one of the
main macronutrients, with high-protein (p=0.011) and low-fat (p=0.028) diets being
significantly more common. According to research, individualised dietary counselling
has a positive effect on nutritional status and quality of life, compared to no counselling
or standard, one-time dietary advice provided by a nurse [Langius et al., 2013].
Respondents most often indicated that people with cancer should avoid: heavily salted

products (87%), heavily charred products (82.5%), smoked products (80.5%), cured
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products (78.5%), marinated products (75%), repeatedly reheated (72%) and smoke-
grilled (61.5%) foods. Only in the case of cured and grilled products was there a
significant difference in knowledge, with cancer patients demonstrating greater
awareness. Among healthy individuals, there were also responses regarding the
avoidance of raw vegetables and products cooked in salted water.

The most beneficial dietary components in cancer were considered to be: antioxidants
(79.5%), omega-3 fatty acids (71%), vitamins C and E (59%), bioactive substances:
coenzyme Q10, polyphenols, phytosterols (58%), and vitamin D (53%). Significantly
more correct answers were given by healthy people (p=0.019). In the context of products
with anti-cancer properties, most respondents (92%) indicated ‘all of the above’ from
the list: green tea (89.5%), blueberries and raspberries (87.5%), green vegetables
(87.5%), ginger (82.5%) and turmeric (79.5%).

Nearly three-quarters of respondents believed that sick people should eat 4—5 small
meals every 3—4 hours; illness was not a significant differentiating factor among
respondents. Similarly, three-quarters of respondents believed that cereal products
should be included in most meals throughout the day and that the diet should be rich in
protein products. Sick people more often indicated lean meats and dairy products, while
healthy people more often indicated eggs and red meats. The correct amount of
vegetables and fruit (400—600 g per day) was indicated by two-thirds of respondents,
with sick people giving correct answers significantly more often (p>0.05). In terms of
meal temperature, as many as 80% of respondents indicated the need to consume cooled
dishes (neither hot nor cold). Recommendations for cancer patients indicate the need to
increase the calorie content of the diet and meet protein requirements, which in patients
at risk of malnutrition or malnourished with a lack of appetite, with an unchanged or
reduced diet volume, may be difficult to apply in practice [Arends et al., 2017]. More
than two-thirds of respondents believe that sick people should not give up meat and fish
because they are sources of protein. The methods of increasing the amount of protein in
the diet are primarily all the indicated options: the addition of cream, powdered milk,

eggs, and chopped meat. The correct answer was given significantly more often by
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patients (p<0.05). The most frequently recommended sources of fat were olive oil
(76%), pumpkin seed oil (74.5%), linseed oil (70.5%) and avocado (67%). Margarine
(3.5%), mayonnaise (4%) and refined rapeseed oil (9.5%) were considered the least
beneficial. In the study, for more than two-thirds of people with cancer, the main sources
of knowledge were the internet and friends, while only 19% cited their doctor and one
in ten cited a dietitian. Research conducted by Cong et al. showed that in the analysed
population, the main sources of knowledge about diet in cancer patients were doctors

(26% of respondents), the internet (18.5%) and television (16.1%) [Cong et al., 2018].
4. Conclusions

The study confirms the high level of public awareness of the importance of nutrition in
the context of cancer prevention and treatment.

Both sick and healthy people demonstrate a great deal of knowledge about the
components of the diet, contraindicated and beneficial products, as well as the impact
of processed food on health. People with cancer with higher education are significantly
more likely to follow a specialist diet.

After being diagnosed with cancer, the model of nutrition has changed in most patients.
People with cancer have greater knowledge than healthy people about the model of
nutrition in cancer diseases.

Healthy people assess their nutritional knowledge worse compared to sick people.
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Abstract

Numerous probiotic bacterial species are known for their ability to produce lactic acid and exhibit beneficial
probiotic properties. These bacteria are Gram-positive, non-spore-forming, and highly adaptable to low pH
environments, with the capacity to grow under both aerobic and anaerobic conditions. In recent years,
biological methods for nanoparticle synthesis have gained increasing interest due to their environmentally
friendly nature and low production costs. Probiotic bacteria have emerged as promising sources of natural
reducing and stabilizing agents in the biosynthesis of metal nanoparticles. This study investigates the ability
of various probiotic strains to synthesize both metal and metal oxide nanoparticles. The synthesis process
is strongly influenced by culture conditions, which affect the size and morphology of the nanoparticles -
key factors determining their physicochemical and biological properties. The bacteria utilize natural
enzymes and metabolites to reduce metal ions to their elemental (zero-valent) forms. The resulting
nanoparticles are often coated with biomolecules, such as proteins and polysaccharides, which enhance
their stability. The article presents the mechanisms and conditions involved in both intracellular and
extracellular nanoparticle synthesis, characterizes the physical and chemical properties of the synthesized
nanoparticles, and outlines examples of their potential applications.

Keywords: probiotic bacteria, green synthesis, metal nanoparticles, metal oxide nanoparticles

1. Probiotic Bacteria

Probiotic bacteria most commonly occur naturally in the gastrointestinal tract of humans
and animals, as well as in fermented products such as yogurt, kefir, sauerkraut, and in
specialized pharmaceutical preparations and dietary supplements (Vera-Santander et al.,
2023). They play a crucial role in maintaining human health by supporting the balance
of the intestinal microflora, protecting against colonization by pathogenic
microorganisms, enhancing immune function, and influencing numerous metabolic
processes (Inchingolo et al., 2023).

Among probiotic bacteria, species within the genus Lactobacillus are particularly

significant. In recent years, the taxonomic classification of probiotic bacteria previously
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grouped under Lactobacillus has been revised. Based on genetic analyses, the genus has
been divided into several new genera, including Lacticaseibacillus, Lactiplantibacillus,
Limosilactobacillus, Levilactobacillus, and others (Zheng et al., 2020). In the remainder
of this publication, species names are presented in accordance with the original
terminology used by the cited authors.

Probiotic bacteria of the genus Bifidobacterium are especially important for infants and
young children, as they naturally dominate the gut microbiota of breastfed newborns
(Vera-Santander et al., 2023). Other relevant species include Streptococcus
thermophilus, commonly used in yogurt production, and certain strains of Enterococcus
faecium, which are employed in selected probiotic formulations, particularly in
veterinary medicine (Das et al., 2022).

The multifaceted impact of probiotic bacteria on the host includes supporting digestion
and nutrient absorption, facilitating lactose metabolism, positively influencing intestinal
motility, exerting anti-inflammatory effects, maintaining the integrity of the gut barrier,
and promoting the natural microbiota (Vera-Santander et al., 2023; Inchingolo et al.,
2023). In cases of microbiota disruption caused by antibiotic therapy, gastrointestinal
infections, or irritable bowel syndrome, probiotics may aid in restoring microbial
balance. Numerous studies also highlight their potential influence on cognitive function,
mood regulation, and even the alleviation of anxiety and depressive symptoms

(Inchingolo et al., 2023).

2. Benefits of probiotic bacteria-mediated biological synthesis of

nanoparticles

Nanotechnology represents one of the most innovative and groundbreaking fields in
modern scientific development. Conventional methods of nanoparticle synthesis, which
rely on chemical and physical approaches, often require expensive equipment, toxic
reagents, and extreme conditions such as high temperatures and pressures. In contrast,
biological synthesis methods- central to the so-called green synthesis paradigm - are

gaining increasing popularity. These approaches utilize living organisms or their
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derivatives to produce nanoparticles under mild, environmentally friendly conditions
(Purohit et al., 2019).

This process is inherently eco-friendly, as synthesis occurs under gentle conditions,
typically at bacterial culture temperatures and standard atmospheric pressure. Chemical
stabilizers are generally unnecessary, and the risk of releasing toxic substances into the
environment is significantly lower compared to chemical methods (Bahrulolum et al.,
2021). Moreover, nanoparticle synthesis via biological routes does not require
specialized equipment and can be easily implemented in both laboratory and industrial
settings. Production costs are relatively low, while the resulting nanoparticles
demonstrate good stability and high biocompatibility with other cells.

Probiotic bacteria belonging to the LAB (Lactic Acid Bacteria) group are among the
most commonly used microorganisms in the biosynthesis of metallic nanoparticles.
Because they naturally occur within the human body, products derived from their
activity can be safely applied in direct contact with living tissues, for example, as
components of pharmaceuticals, implants, or wound dressings with antimicrobial
properties. The biological synthesis of nanoparticles relies on the metabolic activity of
bacteria, which naturally reduce metal ions to their zero-valent forms. These reduced
ions nucleate and subsequently lead to nanoparticle formation (Iravani et al., 2020).
Notably, certain bacterial species can synthesize nanoparticles even in highly toxic
environments with elevated concentrations of heavy metal ions, converting them into
less toxic nanoparticle forms (Kapoor et al., 2021). In such cases, nanoparticle
biosynthesis likely serves as a cellular defence mechanism against the harmful effects
of these xenobiotics. In biosynthesis processes, various bacterial components can be
employed, including whole cells, cell-free supernatants obtained after centrifugation, or
extracts from lysed cells (Tab. 1-3). Probiotic bacteria, including LAB strains, are easy
to culture and do not require advanced laboratory infrastructure. They grow efficiently
on simple nutrient media, which significantly reduces production costs. The use of whey
as an alternative substrate to conventional microbiological media has also yielded

promising results (El Fadly et al., 2024).
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Table 1. Biological synthesis of metal nanoparticles using whole cultures of probiotic bacteria or their post-
culture supernatants — examples.

Bacterial Synthesized Process conditions Product characteristics Literature
species nanoparticles
Bifidobacterium | TiO,NPS the supernatant was added | average size 8lnm, oval | Ibrahem et al.,
bifidum to the TiO: solution and | shape, antimicrobial | 2020

stirred for 30 minutes, then | activity

incubated at 37°C for 48

hours.
Lactobacillus AgNPs extracellular synthesis was | sizes of  54-113nm, | Saravanan et al.,
delbruecki carried out using bacterial | spherical shape, | 2011

culture and silver nitrate | antimicrobial activity

solution at 37°C. The

nanoparticles were

separated by

centrifugation.
Lactobacillus SeNPs sodium selenite (Na,SeOs), | spherical SeNPs with | Laslo et al., 2022
casei 200 mg/l was added to the | maximum size distribution

bacterial culture in MRS | at 100 nm, synergic effect

broth medium for48 hat37 | of SeNPs and LAB against

°C Cd toxicity.
Lactobacillus SeNPs Na,SeOssolution was | average size 56.9lnm | El-Saadony et al.,
paracasei mixed with bacterial pellet | hexagonal, antifungal 2021

and incubated at 35 °C for

40 h
Lactobacillus AgNPs silver nitrate was mixed | sizes of  54-113nm, | Naseer et al., 2021
bulgaricus with  cell-free  culture | spherical shape,

supernatant. The solution | antimicrobial activity

was incubated overnight at

room temperature.
Lactobacillus ZnONPs solution of zinc sulfate was | sizes of 7-19nm, | Selvarajan,
plantarum added to the L. plantarum | hexagonal or spherical | Mohanasrinivasan,

culture. The mixture was | shape, stable nanoparticles | 2013

heated in a water bath to | with a  protein-based

approximately 80 °C for 10 | protective coating

minutes. The suspension

was then left to precipitate

at 37 °C for 12 hours.

Nanoparticle biosynthesis using probiotics takes place in aqueous environments,
eliminating the need for organic solvents or harsh chemical reagents. The synthesis can
occur both intracellularly and extracellularly.

In intracellular synthesis, a solution containing metal ions is introduced to bacterial
cells, which take up the ions. Inside the cytosol and along the cytoplasmic membrane,
enzymatic systems reduce the metal ions to their elemental form (Korbekandi et al.,
2012). The formed metal atoms associate, resulting in the formation of stable
nanoparticle structures within the cytoplasm.

In extracellular synthesis, the

nanoparticles produced intracellularly are secreted outside the cell.
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The primary enzymes involved in the reduction process are NADPH-dependent
reductases, such as nitrate reductases (Ali et al., 2019). Additionally, the reduction of
metal ions can occur through intracellular reducing agents, including sulfur-containing
amino acids (cysteine, methionine), thiol-containing proteins and peptides, as well as
cell wall polysaccharides. These metabolites may also contribute to stabilizing the
forming nanoparticles, influencing their size, shape, and physicochemical properties
(Prakash et al., 2010). Electron microscopy analyses have demonstrated that silver
nanoparticles are synthesized on the inner side of the cell membrane, within the
cytoplasm, and outside the cells (Behzadi et al., 2017). The extracellular synthesis
process is more advantageous regarding final product recovery, as it does not require
cell disruption (Table 1). For biological nanoparticle synthesis, the post-culture
supernatant obtained by removing cells from the culture medium via centrifugation -
can also be employed (Saifuddin et al., 2009; Prakash et al., 2010). Bioactive molecules
present in the supernatant participate in the reduction of metal ions and the subsequent
formation of nanoparticles. Nanoparticles can also be synthesized using cell extracts
obtained after cell wall disruption, such as mechanical lysis of microbial cells (Table 2).
These extracts contain enzymes and metabolites that act as reducing and stabilizing
agents during nanoparticle biosynthesis (Escarcega-Gonzélez et al., 2018). Utilizing
post-culture fluids or cell extracts allows for more precise control over the synthesis
process and facilitates easier purification of the resulting nanoparticles.

Various species of probiotic bacteria are employed in the synthesis of nanoparticles such
as silver, zinc oxide, copper oxide, and selenium (Tables 1-3). These processes occur
under mild conditions - using gentle reagents, at room temperature, and at neutral pH
and can take place extracellularly, intracellularly, or through the use of cell-free fluids
or extracts. The nanoparticles produced through these methods can be functionalized
with bacterial-derived components, such as fragments of cell membranes, which
significantly enhance their stability in biological systems and reduce immunological

responses (Shanmugam et al., 2023; Markus et al., 2023).
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Table 2. Examples of nanoparticle synthesis using whole probiotic bacteria cells or cell extracts.

Bacterial Synthesized Process conditions Product characteristics Literature
species nanoparticles
Lactobacillus AuNPs the bacterial cells were | sizes of 5-30nm, spherical | Markus et al.,
kimchicus centrifuged, and the biomass | shape, non-toxic to murine | 2023

was mixed with gold salts. The | macrophage, free radical

mixture was incubated at 30 °C | scavengers against 2,2-

with shaking. The cells were | diphenyl-1-picrylhydrazyl

then ultrasonicated and | (DPPH)

centrifuged. AuNPs  were

collected by centrifugation and

purified with 80% methanol.
Lactobacillus | ZnONPS bacterial cells with the medium | size 90 -100nm, | Shanmugam
fermentum were mixed with precursors: | antimicrobial activity, | etal., 2023

zinc acetate and sodium | highest level of antimicrobial

hydroxide. The mixture was | activity was noted against a

incubated for 10 minutes at | Vibrio harveyi strain

room temperature, after which

the pellet was washed, and the

cells were disrupted by

ultrasound. Nanoparticles were

then separated by

centrifugation.
Lactobacillus | ZnO NPs 0.1 M ZnSOs+H2O solution | moderately stable, hexagonal | Salman,Taj
casei and the post-culture | phase, roughly spherical with | Al-Deen 2019

supernatant were added to the | maximum particles in size

flask, followed by heating in a | range within 7-19 nm

water bath at 80°C for 5-10 | in diameter.

minutes and incubation at 37°C

for 12 hours
Lactobacillus | CS-LP- cell extracts were incubated | spherical shape, size from | Ravi, et al.,
plantarum AgNPs with AgNO3 solution for 48 h | 153 nm to 55.0nm, | 2024

encapsulated | at room temperature in the | crystalline structure, strong
with chitosan | dark. AgNPs were | anti-cancer properties

encapsulated with chitosan
Lactobacillus Fe,O3NPs the cytoplasmic extract of | sizes from 10-15nm, | Fani et al.,
fermentum Lactobacillus fermentum, | spherical shape, | 2019

obtained via the freeze-thaw | environmentally friendly,

method, was combined with a

107* M iron(III) sulfate solution

at a 10% (v/v) ratio and

incubated for three weeks at

37 °C under 5% CO..
Lactobacillus | TeNPs the bacterial cells were grown | the average size of 45.7nm , | Mirjani et al.,
plantarum in MRS medium supplemented | spherical antihyperlipidemic | 2015

with K,;TeOs activity
Lactobaciluus | AgNPs the bacterial cells were | sizes of 45- 60nm, spherical | Namasivayam
acidophilus suspended in water. The cell | shape, non-toxic to genomic | etal, 2010

extract was obtained by | DNA

filtration. Silver nitrate was

added to the extract and stirred

at 30 °C. Nanoparticles were

then centrifuged and dried.
Lactobacillus | CuONPs the bacterial cells and 1 mM | spherical morphology, a size | Kouhkan et
casei  subsp. CuSO+ were mixed and | range of 40-110 nm, | al., 2019
casei incubated at 37 °C for 48 hours. | antibacterial activity,

anticancer
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Moreover, these bacterial components can confer additional functionalities to the
nanoparticles, including selectivity toward cancer cells, the ability to cross the blood-
brain barrier, enhanced antioxidant activity, and antimicrobial or antifungal properties
(Namasivayam et al. 2010; Saravanan et al., 2011; Markus et al., 2023; Anjana et
al.2025). An additional advantage of biological synthesis is the ability to control the size
and shape of the resulting nanoparticles by manipulating culture parameters such as pH,
incubation time, temperature, and medium composition. This enables the production of
highly specialized nanomaterials tailored for specific applications. Due to their
biological origin, nanoparticles synthesized by probiotic bacteria are largely
bioavailable and more readily transformed within environmental or physiological
systems. Microorganisms can modify nanoparticles through processes such as
dissolving metal oxides and reconstituting metallic nanoparticles into ionic forms.
Furthermore, probiotic bacteria secrete stabilizing substances - including lipid
membranes, lipopolysaccharides, and surface proteins - that contribute to nanoparticle
stability. Proteins present in the culture environment or on cell surfaces can also affect
the properties of metallic nanoparticles by forming a so-called "protein corona" on their
surfaces (Duran et al., 2015). Protein molecules adsorb onto the surface of metal
nanoparticles; if the affinity is high, a "hard corona" forms, while lower-affinity
interactions lead to dynamic binding and unbinding, resulting in a loosely associated
"soft corona." Bacterial metabolites additionally prevent particle aggregation and
endow nanoparticles with bioactive properties. Consequently, these nanoparticles
exhibit not only desirable chemical and physical characteristics but also increased
biocompatibility, making them well-suited for integration into biological systems
(Escarcega-Gonzalez et al., 2018; Ali et al., 2019).

Particularly significant in the production of protein-coated nanoparticles are
bacteriocins, low-molecular-weight proteins with antimicrobial properties (Table 3). A
wide variety of bacteria produce numerous bacteriocins, which are classified into groups

based on their molecular weights, sizes, modes of action, producing organisms, and
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spectrum of activity. Both Gram-positive and Gram-negative bacteria can produce
bacteriocins; however, lactic acid bacteria are the primary producers (Mossallam et al.,
2014). The most promising bacteriocins are those produced by LAB. Bacteriocins from
Gram-positive bacteria - which are more numerous and diverse than those from Gram-
negative bacteria are comparable to the antimicrobial peptides produced by eukaryotes.
They typically range in size from 2 to 6 kDa and are cationic, amphiphilic, and
membrane-permeable peptides (Ahmed et al., 2023). Nanoparticles conjugated with
bacteriocins usually exhibit stronger antibacterial properties than either nanoparticles or
bacteriocins alone, offering a promising approach for innovative food preservation

techniques and the treatment of life-threatening infectious diseases (Table 3).

Table 3. Conjugates of Metal Nanoparticles with Bacteriocins Produced by Probiotic Bacteria.

Bacterial Conjugates Process conditions Product characteristics Literature
species
producent
bacteriocin
L. sakei bacteriocins - the bacteriocin of L. sakei, | forms spherical or Youssef et
AgNPs in the presence of silver polyhedral silver al., 2022
nitrate and NaBHa under nanoparticles conjugated
visible light for 30 to 48 with the bacteriocin, ranging
hours, in size from 20.20-60.61 nm

to 28.14-51.41 nm. These
conjugates exhibit stronger
bacteriostatic and
bactericidal activity than
either the bacteriocin or
silver nanoparticles (AgNPs)

alone.

Lactobacillus | Bac10307-AgNP AgNOs was mixed with spherical nanoparticles with | Siddiqui et
acidophilus bacteriocin 10307 at room | irregular shapes and varying | al., 2023

temperature for 1 hour sizes, ranging in diameter

and then exposed to UV from 9 to 20 nm, exhibited

light. The mixture was stronger bactericidal,

centrifuged to remove antioxidant, and anticancer

silver ions and unbound properties compared to

bacteriocin.. nanoparticles or bacteriocin

alone.

Lactobacillus | Bac23-capped silver nitrate (AgNOs) irregular, spherical in shape, | Sidhu,
plantarum AgNPS was mixed with purified and varied in size, stronger Nehra, 2021
isolated from Bac23 and incubated for 1 | antibacterial activity
raw milk hour, followed by UV compared to the individual

irradiation. The solution components

was centrifuged to

remove unbound silver

ions and bacteriocin.
L. pentosus bacteriocins - the purified bacteriocin the synthesized silver Sharma et
S6, AgNPs was mixed witha 0.1 mM | nanoparticles (AgNPs) were | al., 2023
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spicheri G2

Lactococcus silver nitrate solution and round or spherical,
crustorum incubated at 30°C for 24 appearing either as

Fll, hours. individual particles or in
Lactococcus clusters. The mean particle

size was approximately 20
nm for G2 AgNPs, 10 nm
for S6 AgNPs, and 5 nm for
F11 AgNPs, respectively.
Bacteriocin-AgNP
conjugates demonstrated

greater antibacterial efficacy

compared to either
component used alone.

commercial AgNPs at a
1:0.25 ratio and incubated
overnight with shaking.
Unbound nisin and
nanoparticles were
separated by
centrifugation.

Gram-positive and Gram-
negative bacteria, with
increased antimicrobial
activity against nisin-
resistant strains.

Lactobacillus | Bacteriocin-AuNPs | a mixture of AuNPs was spherical smooth surfaced Mossallam
acidophilus combined with a nanoparticles with average etal., 2014
CH1 bacteriocin solution at a size 18.3-22 nm (mean
1:18 ratio (v/v) at pH 7.5 particle size of 20.15 nm),
and incubated for 10-15 stronger anti-microsporidial
minutes. Unbound effects bacteriocin/Au-NPs
bacteriocin was removed than that of pure bacteriocin
by centrifugation.
Lactobacillus | plantaricin- PL-AgNPs were prepared | PL-AgNPs particles have Amer 2021
plantarum incorporated silver | at room temperature by approximately spherical
nanoparticles PL- successive addition of shapes with approximately
AgNPs freshly prepared 3 mM mean diameter of 78.7 nm,
silver nitrate (15 pL) and enhanced antibacterial
0.6 mM NaBH4 (100 uL) | activity against tested
to 1 mL extracted foodborne pathogenic
plantaricin solution in bacteria,
water, natural visible
light, 30 min,
Lactococcus AgNP-nisin a solution of commercial enhanced antibacterial Arakha et
lactis conjugates nisin was mixed with properties against both al.,2016;

Therefore, combinations of bacteriocins and nanosized metals are expected to exert a
synergistic effect on antibacterial activity (Thirumurugan et al., 2013; Siddiqui et al.,
2023). Nanotechnology enhances antimicrobial activity, improves the physicochemical
properties of bacteriocins, increases their applicability, broadens their antimicrobial
spectrum, and promotes stability (Youssef et al., 2022, Zelin et al. 2024). Bacteriocins
in nanoformulations have been experimentally used in wound treatment; for example,
silver nanoparticles conjugated with nisin have been applied to treat S. epidermidis skin
infections in mice. Nanofibers composed of ethylene oxide and polylactic acid, along

with nisin or plantaricin, have shown potential in treating deep, infected wounds caused
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by S. aureus. Several bacteriocins are also used as probiotics in place of antibiotics, as
they play a key role in strengthening the immune system (Amer, 2021; Arakha et al.,
2016; Sharma et al., 2023).

3. Applications and potential risks associated with the presence of metal

nanoparticles synthesized using probiotic bacteria

Nanoparticles synthesized with the involvement of probiotic bacteria have
potential applications across various fields, with their antibacterial and antifungal
properties being among the most extensively studied (Saravanan et al., 2011; Kouhkan
et al., 2019; Ibrahem et al., 2020; Naseer et al., 2021; Shanmugam et al., 2023). For
example, biogenic copper oxide nanoparticles (CuONPs) have been shown to induce
DNA damage and alter membrane permeability in pathogenic bacteria such as
Staphylococcus aureus and Pseudomonas aeruginosa (Kouhkan et al., 2019). Similarly,
TiO: nanoparticles produced using Bifidobacterium bifidum extract demonstrated
bactericidal activity against P. aeruginosa, Acinetobacter baumannii, and Klebsiella
pneumoniae (Ibrahem et al., 2020). Biogenic silver nanoparticles (AgNPs) have also
been effective in inhibiting the growth of Salmonella typhi, S. aureus, S. epidermidis
(Naseer et al., 2021). Selenium nanoparticles (SeNPs) synthesized by Lactobacillus
paracasei significantly suppressed the growth of fungal species such as Candida
albicans, C. glabrata, C. krusei, C. parapsilosis, C. tropicalis, Fusarium oxysporum,
and F. solani (El-Saadony et al., 2021).Thanks to their antimicrobial properties, these
nanoparticles have found applications in medicine, particularly in wound dressings and
implant surface coatings (Das et al., 2022; Vera-Santander et al., 2023). They also serve
as carriers for anticancer drugs, antibiotics, and anti-inflammatory compounds (Vera-
Santander et al., 2023). Silver and zinc oxide nanoparticles are especially effective in
disrupting bacterial biofilms, making them useful for treating chronic infections and
non-healing wounds. In the food industry, nanotechnology is more frequently applied
in packaging rather than processing. Probiotic-based nanoparticles can be used to

develop active packaging that extends shelf life or functions as natural preservatives
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with antimicrobial and antifungal effects (Das et al., 2022). In environmental
applications, biogenic nanoparticles may be employed to remove pollutants such as
heavy metals, industrial dyes, and pesticides. Their surfaces can be functionalized to
bind specific chemical compounds, making them useful for purifying groundwater and
wastewater. Looking ahead, the biosynthesis of nanoparticles using probiotic bacteria
could see broader application, particularly in targeted therapy, personalized
nanomedicine, tissue engineering, and the development of artificial organs (Inchingolo
et al., 2023). Despite their many advantages, biologically synthesized nanoparticles—
like those produced industrially - may also pose potential risks to human and animal
health. Their long-term environmental impact remains insufficiently understood.
Therefore, further research is necessary to assess the risks associated with their use and

to ensure safety for both humans and the environment.
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Abstract

The aim of the study was to assess body composition using bioelectrical impedance analysis (BIA) among
high school students (n = 135) in Lublin. The research was conducted at the university’s dietetic counselling
center between October 2023 and February 2025. Participants’ age breakdown: 27% (ages 15-16), 63%
(17-18), and 10% (19); by gender: 39% male and 61% female. Body composition was assessed using a
foot-to-hand BIA analyzer (SECA mBCAS515, GmbH & Co. KG, Hamburg, Germany). The parameters
evaluated included relative and absolute fat mass, fat-free mass and skeletal muscle mass. In addition, body
mass index (BMI), fat mass index (FMI) and fat-free mass index (FFMI) were calculated. Results showed
that 41% of participants had a normal BMI (18.5-24.9 kg/m?), 33% were overweight, 9% were obese, and
18% were underweight. Although underweight was more prevalent among girls than boys, more than 23%
of males had an FFMI below 15 kg/m?, indicating too low lean mass. The average absolute fat mass was
higher in females (21 kg) than in males (18 kg), while the mean fat-free mass, expressed as FFMI, was
similar in all sexes and averaged approximately 16 kg/m?. Elevated fat mass, defined as an FMI above 8.7
kg/m?, was observed in 44% of female participants. Skeletal mass was proportional to total body mass, and
was highest among participants with a BMI above the normal range, averaging 21 kg, compared to 19 kg
in those with normal BMI and 15 kg in underweight individuals.

In conclusion, BIA is a rapid, non-invasive, and effective method for assessing body composition and
represents a promising screening tool for identifying body weight abnormalities in adolescents. These
findings may be highly valuable in practice for health promotion and for monitoring the nutritional status
of individuals.

KeyWOI‘dS: Body composition, bioimpedance, BMI, fat mass index, free-fat mass index,
adolescents
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1. Introduction

The most commonly used indicator for classifying body weight is the Body Mass Index
(BMI). It is calculated by dividing body weight in kilograms by height in meters squared
(kg/m?). According to the World Health Organization (WHO), normal weight is defined
as a BMI between 18,5 and 24,9 kg/m? BMI is easy to calculate, as it requires only
basic anthropometric measurements and no specialized equipment. However, a
significant limitation of this method is its inability to distinguish between fat mass and
lean body mass. It can also be unreliable in individuals undergoing dialysis, due to
fluctuations in body water content. Although BMI is correlated with various
anthropometric indicators, body fat percentage may provide a more accurate assessment
of abnormal body weight than the WHO classifications based on BMI [WHO 2005].
Body composition describes the relative contribution of fat, muscle, bone and water to
an individual's body volume. Several body composition techniques are available, based
on assumptions of weight (hydrostatic weighing), water content (isotope dilution),
volume (air displacement plethysmography), energy attenuation (Dual-Energy X-Ray
Absorptiometry; DXA), and imaging techniques like computer tomography (CT) and
magnetic resonance imaging (MRI) [Kasper et al. 2021, Liu et al. 2024, Moonen and
Van Zanten 2021].

Gold standard techniques to determine body composition, such as hydrostatic weighing
and deuterium dilution, are costly and time-consuming [Lee et al. 2008]. Therefore,
alternative non-invasive methods of body composition assessment that are easier and
safer to administer have been developed. DXA provides a reliable estimate of total body
composition. This technique is quick, accurate, and carries a low risk of exposure to
radiation [Bredella et al. 2013, Namwongprom et al. 2013, Norcross and Van Loan
2004]. Hydro-densitometry is oldest indirect method of underwater weighing, using
assumed densities. This technique is based upon the understanding that when an object
is submerged underwater, the measurement of the ‘buoyant force’ is deemed to be equal

to the weight of the water that it displaces [Kasper et al. 2021]. Air displacement
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plethysmography (ADP) is an alternative to hydrostatic weighing and has more
practicality in applied sport, where instead of water, air is utilized to measure body
density. Some consider ADP to overcome several of the aforementioned limitations of
hydro-densitometry [Gibby et al. 2017].

Bioelectric impedance analysis (BIA) is quick, non-invasive and relatively inexpensive,
which is why it currently seems the most feasible body composition measurement
technique [Day et al. 2018]. BIA relies on the differences in the impedance of an electric
current between adipose tissue and fat-free body mass. Both adipose tissue and
extracellular water lack capacitive reactance (Xc) but exhibit active electrical resistance
(R) [Shafer et al. 2005]. Reactance is generated by the cell membranes of tissues with
high water content and primarily influences the phase shift of the applied alternating
current, whereas resistance causes a voltage drop [Lee et al. 2008]. BIA represents the
total resistance of the body to an alternating current [Moonen and Van Zanten 2021].
Resistance depends on the electrical conductivity of the current through body water and
the electrolytes dissolved therein. Reactance, in turn, is produced by tissues that function
as capacitors. The third component of impedance is the phase angle (), defined as the
phase shift between the maximum current and maximum voltage values due to the
capacitive properties of body tissues [Barbosa-Silva et al. 2005, Rosa et al. 2025].

The aim was a cross-sectional study of body composition using bioelectrical impedance

with the SECA mBCA 515 analyzer among the high school-aged population of Lublin.

2. Materials and Methods

The participants of the study were students at nine high schools located within the
Lublin area, aged between 15 and 19 years, interested in the free body composition
assessment (BIA). They were recruited by dietetics students from the University of Life
Sciences in Lublin. The BIA tests were conducted by dietetics at the university’s
counselling center between October 2023 and February 2025. Prior to participation, all
individuals were informed about the study procedures and provided with detailed

explanations regarding possible health implications related to the examination. Written
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informed consent was obtained from all participants; for minors, written consent from
a parent or legal guardian was mandatory. This study was reviewed and approved by
the Ethics Committee of Scientific Research Involving Humans at University of Life
Sciences in Lublin (Resolution No. KE/10/2023) and conducted in accordance with the
ethical principles of the Declaration of Helsinki. The study included a total of 135
participants, of whom 61% were female. The age distribution was as follows: 15-16
years (27%), 1718 years (63%), and 19 years (10%).

Body composition was assessed using a foot-to-hand BIA analyzer (SECA mBCAS515,
GmbH & Co. KG, Hamburg, Germany). The parameters evaluated included relative and
absolute fat mass, fat-free mass and skeletal muscle mass. Prior to each measurement,
the device was disinfected to ensure hygiene standards. The examination lasted
approximately 16 seconds and involved the participant standing barefoot on the analyzer
while holding the electrodes with their hands to initiate the measurement. Subsequently,
each participant’s height was measured using a SECA stadiometer, and waist
circumference was recorded using a SECA measuring tape. All measurements at the
dietetic at the university’s counselling center were performed by qualified personnel—
registered dietitians. Participants received a detailed report of their test results along
with an interpretation of their body composition data. If the results significantly deviated
from established normative values, participants were offered a free consultation with a
dietitian. Those with results within the normal range were invited to undergo a follow-
up assessment one year later.

Based on the BIA reports, body mass index, fat mass index (FMI), and fat-free mass
index (FFMI) were calculated [Bosy-Westphal et al. 2017]. The collected data were
analyzed using ANOVA, , taking into account participant age and BMI. Statistical
calculations were conducted using Microsoft Office Excel 2013 (Microsoft
Corporation, Redmond, WA, USA) and Statistica 10 (StatSoft Polska Sp. z o.0.,
Krakoéw, Poland). Post hoc analysis was performed using Tukey’s test at p < 0.05.
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3. Results and discussion

The results of body composition analysis performed using bioelectrical impedance
analysis (BIA) among participants, divided into three age groups: 15-16, 17-18, and 19
years were presented in Table 1. Among adolescents aged 15—16 years (n = 36), male
individuals were taller than females (172 cm vs. 164 cm). Although fat-free mass (FFM)
was higher in males (49 kg) compared to females (45 kg), the absolute fat mass values
were similar between genders. In the 17—18-year-old group (n = 85), sex differences in
body composition were more pronounced. This is due to the dynamic phase of boys'
development at this time. They were significantly taller (178 cm) than females (165 cm)
Males also had substantially higher FFM and skeletal muscle mass compared to females.
Despite higher FFM, males had lower absolute fat mass (19 kg) than females (23 kg).
Waist circumference was in norm range (<80 cm for women, <94 cm for men). The 19-
year-old subgroup (n = 14) followed similar trends. Males exhibited significantly
greater height (181 = 5 cm vs. 163 £ 6 cm), weight (71 kg vs. 56 kg), and FFM (51 kg
vs. 40 kg) compared to females. Muscle mass was similar in males (21 kg) and females

(19 kg).

The obtained results indicate that with the physiological development of adolescents,
the disproportion in body height and weight between girls and boys increases, which is
characteristic of the puberty period. Across all age groups, males demonstrated higher
fat-free mass, skeletal muscle mass, than females, which is consistent with sex-based
physiological differences in muscle development and body composition during
adolescence. Notably, despite higher body weight in males, absolute fat mass was
similar. These findings highlight the importance of using detailed body composition
analysis rather than relying solely on weight or BMI, especially in adolescent
populations where growth and development can significantly influence these metrics.
The use of BIA offers valuable insight into both fat and lean mass, enabling more precise
assessment of nutritional status and potential risk factors for obesity [Chula de Castro

et al. 2018].
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Table 1. BIA body composition analysis results based on participants' age. Data are presented as means +
standard deviations (X = SD).

Females Males All
Aged 15-16, years m=23) m=13) (n=36)
Weight, kg 62.64*+15.11 67.312+£9.28 64.33 £13.35
Height, cm 164* £ 6 172°+ 8 1677
Fat-free mass value, kg 44.83*+5.03 48.66* +5.92 46.22 +5.60
Fat mass value, kg 17.81*+11.98 18.65*+ 5.40 18.11 +£10.02
Skeletal muscle mass, kg 18.13* £ 4.03 18.87°+3.76 18.43 +£3.90
Waist circumference value, cm 80°+9 82°+ 14 80+ 11
Aged 17-18, years m=353) (n=32) n=385)
Weight, kg 67.40* + 13.53 71312+ 12.64 68.87 £13.26
Height, cm 165+ 5 178*+7 170+£9
Fat-free mass value, kg 44.04*+5.34 52.81*+7.00 4734 +£7.35
Fat mass value, kg 23.36*+9.93 18.50* + 8.41 21.53 +9.63
Muscle mass, kg 19.83*+2.91 21.90*+£5.91 20.61 £4.37
Waist circumference value, cm 80+ 11 88*+ 15 83 +13
Aged 19, years (n=26) m=38) (n=14)
Weight, kg 55.73*+ 14.4 70.08*+9.11 63.93 +£13.37
Height, cm 163*+£6 181°+5 173 £ 10
Fat-free mass value, kg 40.14*+6.40 51.13*+4.51 46.42 £7.65
Fat mass value, kg 15.59*+ 8.14 18.95*+5.83 17.51+£6.84
Muscle mass, kg 18.88*+4.00 21.49°+4.34 20.37 +4.25
Waist circumference value, cm 718+ 11 81°+ 11 77.12

Explanatory notes: the same letter in the row means do not differ statistically among themselves by the
Tukey test (p < 0.05)

A similar study was conducted among adolescents in the United States by Unick et al.
[2006], in which the body composition of 13- to 18-year-olds (n = 77) was assessed
using the Tanita foot-to-foot analyzer. The results showed that the percentage of body
fat was significantly lower in males (14%) compared to females (26%). In our study,
body fat mass was higher, at 26% in males and 31% in females. These differences may
be attributed to the use of different body composition analyzers and variations in study
conditions. In contrast, research conducted on healthy Taiwanese children by Lee et al.
(2017) showed that the percentage of fat-mass measured using BIA ranged on average
from 19% to 24% in boys and from 20% to 25% in girls, depending on the body
composition analyzer used.

Table 2. presents the results of body composition analysis (BIA) in the study
participants (female n = 82, male n = 53), divided into four groups defined on the basis
of BMI: underweight (< 18.49 kg/m?), normal weight (18.50 — 24.99 kg/m?), overweight
(25.00 — 29.99 kg/m?) and obese (> 30.0 kg/m?). Results showed that 41% of
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participants had a normal BMI, 18% were underweight, 33% were overweight and 9%
were obese. In the female group, 72% of participants (n = 82) were categorized as either
normal weight or overweight, indicating a predominance of these two BMI
classifications. Among male participants (n = 53), the largest proportion—49%—were
within the normal weight range. The BIA findings underscore the limitations of BMI as
a sole indicator of nutritional and health status in adolescents [ Yang et al. 2025]. BIA is
an extremely useful tool for screening body composition in adolescents [Nie et al. 2025].
It can be used not only to diagnose malnutrition or obesity but also to assess the risk of
metabolic syndrome, eating disorders and dermatology problems in young adults

[Namwongprom et al. 2014, Stefanova et al. 2020, Pugliese et al. 2023].

Table 2. BIA body composition analysis results based on participants' BMI values. Data are presented as

means + standard deviations (X + SD).

Underweight Normal Overweight Obese
Females m=15) m=29) (n=30) m=38)
Weight, kg 46.2°+4.8 60.0°+ 6.8 73.3°+£5.0 90.19+11.9
BMI, kg/m? 17.2°+ 1.5 21.9°+1.7 269°+1.4 34.00+£4.2
Fat-free mass value, kg 38.3°+£4.8 43.1%+£45 46.1°+£4.0 50.0°£3.3
FFML, kg/m? 143 | 15.8 169 18.9
(range: >15 kg/m?)*
Fat mass value, kg 7.8 +4.8 16.9°+4.9 27.2¢+3.7 40.0¢£10.6
Fat mass value, % 16.6 27.8 37.1 43.9
FMI, kg/m’ 29 6.1 10.0 1 15.111
(range: 3.8 — 8.7 kg/m’)*
Skeletal muscle mass, kg 15.0°+£ 1.5 18.4°+2.2 21.2%+27 23.1°+ 1.8
Males m=9) (n=26) (n=14) m=4)
Weight, kg 59.9°+ 49 67.0°£7.6 77.1°+6.2 94.5°+9.8
BMI, kg/m? 17.9*+ 0.4 21.3°+£1.5 25.6°£0.7 30.44£0.3
Fat-free mass value, kg 48.1* £ 4.6 49.9°+5.7 56.2°+ 6.0 57.0°+8.2
FFMI, kg/m? 144 | 159 | 18.6 183
(range: >17 kg/m?)*
Fat mass value, kg 11.7°+£4.9 17.0°+3.7 20.9°+3.4 37.5°+4.4
Fat mass value, % 19.4 253 27.2 39.8
FMI, kg/m? 3.5 5.4 6.9 1 12.1 17
(range: 1.2 — 5.6 kg/m?)*
Skeletal muscle mass, kg 15.8°+1.3 20.4°+3.5 22.7°+ 4.6 32.1°+6.2

Explanatory notes: * the standard range is consistent with the recommendations of the manufacturer of the
SECA mBCA 515 analyzer; | - means low value, 1 - means increased value, 11 - means high value; the

same letter in the row means do not differ statistically among themselves by the Tukey test (p < 0.05)
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As expected, both body weight and BMI increased progressively across the BMI
categories, from 46.2 kg (BMI: 17.2 kg/m?) in the underweight group to 94.5 kg (BMI:
30.4 kg/m?) in the obese group. These values confirm appropriate classification based
on WHO BMI standards.

In the group of girls, both absolute and relative fat mass showed a significant increase
in relation to BMI. Females classified as underweight had 7.8 = 4.8 kg of fat mass
(16.6% of body weight), whereas obese girls had 40.0 = 10.6 kg, which constituted
43.9% of body weight. Fat-free mass also correlated with BMI, ranging from 38.3 + 4.8
kg in underweight girls to 50.0 + 3.3 kg in the obese group. The FFMI value is a very
useful indicator for assessing body composition, correcting FFM for height.
Importantly, the FFMI in the underweight group was 14.3 kg/m?, below the acceptable
threshold of >15 kg/m?, indicating a low proportion of lean body mass, particularly
skeletal muscle.

Participants in underweight males group showed significant deficits in fat-free mass,
with FFMI well below the recommended minimum of 17 kg/m? indicating
underdevelopment of lean tissue, especially muscle. Despite being underweight, fat
mass values were not critically low, suggesting a possible imbalance between lean and
fat mass typical of sarcopenic profiles or delayed muscular development. In second
group (normal BMI) the average FFMI was still below the optimal cut-off for males,
suggesting that some participants might have insufficient muscle mass relative to their
height. Interestingly, the FMI was approaching the upper limit, indicating relatively
high fat mass even in the absence of excess weight. This group may include ‘normal-
weight obesity’ profiles—individuals with normal BMI but increased fat mass and
reduced muscle tissue. This condition is associated with higher cardiometabolic risk
despite a normal BMI.

Overweight participants exhibited adequate development of lean body mass (FFMI
>17); however, their FMI values exceeded reference norms, indicating excessive fat
accumulation. Potential contributing factors may include a positive energy balance

resulting from excessive caloric intake, insufficient levels of physical activity, sedentary
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behaviors, and frequent consumption of energy-dense foods. Obese boys demonstrated
markedly elevated fat mass, both in absolute and relative terms. Although their FFMI
remained within the normal range, the disproportionately high FMI and body fat
percentage reflect pronounced adiposity and a potentially increased risk of metabolic
complications. This group also presented with the highest skeletal muscle mass (32.1 +
6.2 kg), likely as a consequence of the greater mechanical load imposed by excess body
weight. Nevertheless, this increased muscle mass should not be interpreted as improved
physical fitness or functional capacity but rather as a passive adaptation to higher body
mass [Mahmoud et al. 2021]. Changes in fat mass may be related to adipocyte
hypertrophy due to intrinsic changes within these cells during maturation [Dipali et al.
2019]. Even among individuals classified as normal weight, imbalances between fat and
lean mass were observed, which may predispose to long-term health risks [Shafer et al.
2008]. These results highlight the importance of incorporating comprehensive body
composition indices, such as FFMI and FMI, into routine adolescent health assessments
to enable the early detection of sarcopenia, excess adiposity, or concealed metabolic
risk [Namwongprom et al. 2013]. Potential causes of low fat-free mass and muscle mass
could be insufficient protein and energy intake, low engagement in resistance-based
physical activity and rapid growth without proportional muscle gain. Because BMI does
not distinguish between adipose tissue and muscle, BIA—along with derived indices
such as FMI and FFMI—provides a more accurate assessment of body composition in
adolescents. Participants classified as underweight exhibited deficiencies in both fat and
lean tissue, pointing to a possible risk of undernutrition. Conversely, those with
overweight and obesity had excessive fat mass, with FMI values significantly above
reference norms. BIA can predict alterations in body composition effectively, even
without strict protocols. This makes it a useful tool for large-scale population studies
where detailed protocols may not be feasible [Gongalves et al. 2013]. Additionally, it
has been found to be a reliable method for assessing body composition in various
settings, including field and clinical environments, provided that population-specific

equations are used [Rosa et al. 2025].
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4. Conclusions

The findings revealed notable sex and age-related differences, with males consistently
presenting higher fat-free and muscle mass across all age groups. Despite a majority of
participants falling within the normal BMI range, deviations in body composition were
observed, particularly among male adolescents. Some males with normal BMI
demonstrated low fat-free mass index (FFMI) values and elevated fat mass index (FMI),
suggesting suboptimal muscle development and hidden adiposity. These findings point
to the presence of normal-weight obesity—a phenotype linked to increased metabolic
risk despite a healthy BMI. Underweight individuals also showed reduced lean tissue,
indicating potential undernutrition or inadequate physical activity. Conversely,
overweight and obese adolescents exhibited excessive fat accumulation, with FMI
values exceeding recommended thresholds. The use of BIA proved valuable in
revealing such discrepancies, offering a more nuanced understanding of adolescent
nutritional status. Overall, the results emphasize the need for comprehensive body

composition monitoring in youth, beyond standard BMI assessment.
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Abstract

Polycystic ovary syndrome (PCOS) is a multifactorial endocrine disorder affecting reproductive,
metabolic, and psychological health in women of reproductive age. Its complex pathogenesis involves
insulin resistance, hyperandrogenism, and chronic low-grade inflammation. Diet and lifestyle
interventions play a central role in PCOS management, particularly in improving insulin sensitivity,
regulating hormonal function, and reducing cardiometabolic risk.

Among the non-pharmacological approaches, inositol supplementation—particularly with myo-
inositol (MI) and D-chiro-inositol (DCI)—has gained considerable interest. These stereoisomers are
involved in insulin signaling, glucose metabolism, and ovarian function. The present work
summarizes current dietary recommendations for women with PCOS and reviews available clinical
evidence on inositol’s therapeutic potential. While several studies report positive effects on ovulation,
metabolic parameters, and hormonal balance, recent meta-analyses reveal inconsistent findings. Most
trials confirm the safety and tolerability of inositol, and some suggest comparable outcomes to
metformin in selected populations.

Although inositol cannot yet be considered a definitive therapy, it appears to be a promising, well-
tolerated supplement that may complement dietary and lifestyle strategies. Based on current evidence,
its clinical use should be personalized and accompanied by further research. This paper highlights the
importance of an integrated, evidence-based approach to PCOS treatment, emphasizing the role of
nutrition and the potential value of inositol in improving patient outcomes.

Keywords: polycystic ovary syndrome, inositol, myo-inositol, insulin resistance, nutrition
therapy, metabolic health

1. Introduction

Diagnostic criteria for PCOS

The diagnosis of polycystic ovary syndrome (PCOS) in women is based on diagnostic
criteria that were first developed in 1990 and have since been repeatedly modified by
scientific societies. Currently, the most commonly used are the Rotterdam criteria,
according to which a diagnosis requires the presence of at least two out of the following
three features:

e clinical and/or biochemical signs of hyperandrogenism,
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e oligoovulation or anovulation (infrequent or absent ovulation),
e polycystic ovarian morphology on ultrasound (i.e., >12 follicles or an ovarian
volume greater than 10 ml) [The Rotterdam ESHRE/ASRM 2003].

Polycystic ovary syndrome is associated with the occurrence of numerous symptoms,
including metabolic disturbances. In many cases, tissue insulin resistance is
observed, which consequently leads to elevated insulin levels in the blood. High levels
of androgens - whose excess causes symptoms such as hirsutism (excessive hair
growth), acne, seborrhea, male-pattern baldness, and excessive hair loss - are also
common. Overweight and obesity, influenced by hyperinsulinemia and insulin
resistance, are frequently observed. Other common features include dyslipidemia,
irregular menstrual cycles, anovulatory cycles, and infertility [Nowotnik 2012].
PCOS is currently recognized as a multifactorial endocrine disorder with clinical and
metabolic characteristics overlapping with those of type 2 diabetes and obesity. Its
pathogenesis is influenced by both genetic susceptibility and environmental factors.
From a pathophysiological perspective, PCOS is regarded as a heterogeneous condition
of androgen excess, accompanied by varying degrees of gonadotropin and metabolic
dysregulation [Dasgupta et al. 2008].
Environmental contributors to the development and progression of PCOS include a diet
rich in saturated fats and simple carbohydrates, insufficient physical activity, perinatal
stress, and exposure to environmental endocrine disruptors such as xenoestrogens
[Dasgupta et al. 2008].
Several non-exclusive pathophysiological models have been proposed to explain the
mechanisms underlying PCOS. The gonadotropin model suggests abnormalities in
luteinizing hormone (LH) secretion and the biological activity of follicle-stimulating
hormone (FSH). The ovarian model focuses on impaired androgen synthesis and
metabolism within the ovaries. The insulin-dependent model emphasizes dysregulation
in insulin secretion and action as a central factor in the syndrome's development [ Nestler

2005].
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The role of diet in the management of PCOS

According to research, between 35% and 65% of women with polycystic ovary
syndrome (PCOS) are affected by overweight or obesity [Azziz et al. 2004]. As such,
dietary intervention plays a central role in PCOS management. Studies have shown that
weight reduction to a BMI within the normal range (18.5-24.9 kg/m?) significantly
improves insulin sensitivity and ovarian function in women with excess body weight
[Beydoun et al. 2010].

Elevated insulin levels stimulate ovarian androgen production, contributing to
hyperandrogenic symptoms such as menstrual irregularities, hirsutism, and acne. Diets
with a low glycemic index can help regulate insulin levels, exert antiandrogenic effects,
and thereby alleviate many of these clinical manifestations [ Dutkowska et al. 2019].
PCOS is also associated with elevated markers of systemic inflammation, including C-
reactive protein (CRP), proinflammatory cytokines, chemokines, and increased white
blood cell count. Anti-inflammatory dietary patterns have been shown to reduce insulin
resistance, oxidative stress, and weight gain, while enhancing the body’s anti-
inflammatory response [Salama et al. 2015]

Metabolic disturbances, such as increased LDL cholesterol, triglycerides, and total
cholesterol levels, along with decreased HDL cholesterol, are frequently observed in
PCOS and may predispose individuals to type 2 diabetes and cardiovascular disease
[Greffet al. 2023]. Dietary strategies aimed at reducing the intake of trans fats, saturated
animal fats, and ultra-processed foods have demonstrated therapeutic potential
[Chavarro 2007]. Moreover, omega-3 polyunsaturated fatty acids have been shown to
support hormonal regulation and offer cardiovascular protection [Dutkowska et al.
2019].

Inositol as a potential supplement in the treatment of PCOS

Inositol, formerly referred to as vitamin B8, is no longer classified as a B vitamin due
to its endogenous synthesis in the human body. It belongs to the group of sugar alcohols

and is naturally produced in the brain, kidneys, and testes. It is also found in various

166



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

dietary sources, including legumes, whole grains, wheat bran, nuts, and citrus fruits.
Although nine isomeric forms of inositol exist, two are of primary physiological
importance: myo-inositol, predominantly located in glucose-demanding tissues (e.g.,
brain, heart, ovaries), and D-chiro-inositol, found mainly in glucose-storing tissues such
as the liver and muscles. Inositol plays essential roles in cell membrane structure,
intracellular signal transduction, and neuronal function. It also contributes to glucose
homeostasis by enhancing insulin sensitivity and supports lipid metabolism by reducing
triglyceride levels [Januszewski et al. 2019].

Both myo- and D-chiro-inositol are involved in ovarian signaling pathways, including
oocyte maturation, fertilization, and implantation, as well as hormonal synthesis. Given
these properties, inositol supplementation has emerged as a promising therapeutic
strategy in PCOS management [Zdravko et al. 2020].

PCOS, as an endocrine disorder, affects not only physical health but also psychological
well-being. Combining a low glycemic index, anti-inflammatory diet with inositol
supplementation improves insulin resistance, which positively influences energy levels
and mood stability. Weight reduction achieved through diet may also help regulate
menstrual cycles, reduce hyperandrogenism, and improve body image and self-esteem
in women with overweight or obesity [DiNicolantonio 2022].

For women struggling with infertility, the combination of dietary intervention and
inositol supplementation offers a non-pharmacological avenue to enhance reproductive
outcomes. Clinical studies report that myo-inositol supplementation induces ovulation
in up to 69.5% of cases. Therefore, a holistic approach that integrates nutrition and
targeted supplementation is considered more effective than either intervention alone

[Nowotnik 2012].

Biological activity and therapeutic use of inositol in women with PCOS

Inositol exerts its biological effects through several insulin-related pathways, which are

particularly relevant in the context of PCOS. One of the key mechanisms involves the
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epimerization of myo-inositol to D-chiro-inositol, a process that takes place primarily
in insulin-sensitive tissues such as the liver, skeletal muscles, and bloodstream. This
transformation supports tissue-specific roles in glucose uptake and metabolism
[Watkins et al. 2020].

The binding of insulin to its receptor initiates phosphorylation events and the activation
of insulin receptor substrates, leading to the translocation of GLUT4 glucose
transporters to the cell membrane. Inositol is essential in this signaling cascade. A
deficiency in inositol has been associated with impaired glucose uptake and reduced
insulin sensitivity. Additionally, inositol derivatives are involved in glycogen synthesis
and act as secondary messengers in insulin signaling pathways. Given its biochemical
roles, inositol - particularly myo-inositol and D-chiro-inositol - has gained attention as
a dietary supplement in the treatment of PCOS. The recommended clinical dose is
typically 4 grams per day, with a 40:1 ratio of myo- to D-chiro-inositol providing
optimal metabolic and reproductive outcomes [Gunalan et al. 2018]. In many studies,
supplementation is also combined with 400 pg of folic acid, which offers additional
antioxidant benefits [Farshchi et al. 2007].

Although inositol is generally well tolerated, evidence regarding long-term safety
remains limited. The highest tested doses - up to 12 grams per day of myo-inositol -
have been associated with only mild gastrointestinal disturbances such as nausea,
vomiting, and diarrhea. These effects did not appear to intensify with increasing dosage.
As such, inositol is considered safe at standard therapeutic levels. Nonetheless, clinical
decisions regarding inositol supplementation should be tailored to individual needs, and
further research is warranted to optimize dosing strategies and evaluate long-term

outcomes [Carlomagno 2011].

Clinical evidence on inositol supplementation in PCOS

There is a growing body of clinical research exploring the role of inositol
supplementation in women with PCOS. Numerous randomized controlled trials and

systematic reviews have assessed its effects on metabolic, hormonal, and reproductive
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outcomes, aiming to establish evidence-based guidance for its use in clinical practice.
A meta-analysis by Fitz et al (2024) critically assessed the efficacy of inositol - either
alone or in combination with other interventions - for the treatment of PCOS. The
analysis included 30 randomized controlled trials (n=2230 participants), of which 19
studies were combined in quantitative meta-analyses. Key results showed that both
myoinositol and D-chiroinositol produced statistically significant improvements in
metabolic parameters. D-chiroinositol showed potential benefits for ovulation.
Interestingly, compared with metformin, inositol was associated with fewer
gastrointestinal adverse events, although metformin still demonstrated superiority in
reducing waist-to-hip ratio and hirsutism. Importantly, the evidence did not confirm a
clear effect on BMI. Overall, the evidence supporting routine inositol supplementation
in PCOS was rated as limited and inconclusive. The authors emphasized the importance
of shared decision-making between physicians and patients, taking into account
individual values, preferences, and current uncertainty in the evidence base.

The meta-analysis by Jethaliya et al. (2022) also aimed to assess the efficacy of
myoinositol supplementation on anthropometric, metabolic, and endocrine outcomes in
women diagnosed with polycystic ovary syndrome (PCOS). The study included 17
randomized controlled trials with a total of 1083 participants. Myoinositol was
compared with folic acid, metformin, and oral contraceptives in different studies. The
outcomes analyzed included a wide range of clinical markers, including body mass
index (BMI), waist-to-hip ratio, fasting glucose and insulin, HOMA-IR, as well as
reproductive hormones such as LH, FSH, estradiol, SHBG, DHEA-S, and total
testosterone. The results did not show statistically significant or clinically relevant
improvements in most of the parameters assessed. In some studies, only small
reductions in serum androstenedione and prolactin were observed. Importantly, there
were no consistent effects on key markers of insulin resistance or hormonal imbalances
that are commonly targeted in PCOS treatment.

A meta-analysis by Fatima et al. (2023) evaluated eight randomized controlled trials

involving a total of 1,088 women with PCOS. Of the participants, 460 received
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metformin, 436 received myoinositol, and 192 received combination therapy. The
authors analyzed a range of metabolic and endocrine outcomes, including body mass
index (BMI), fasting glucose, and luteinizing hormone/follicle-stimulating hormone
(LH/FSH) ratio. The results did not show a statistically significant difference between
the two agents in terms of efficacy. Both myoinositol and metformin were associated
with improved metabolic control and hormonal balance, with neither treatment showing
clear superiority. In addition, both supplements were generally well tolerated, and the

incidence of adverse events - mostly gastrointestinal - was mild.

2. Conclusions

Inositol, especially in its myo- and D-chiro- forms, shows potential as a supportive
therapy in PCOS due to its role in improving insulin sensitivity and hormonal balance.
Combined with dietary interventions, it may help alleviate both metabolic and
reproductive symptoms.

Although some clinical studies and meta-analyses report beneficial effects, the overall
evidence remains inconclusive. Inositol appears safe and may be a suitable alternative
to metformin in selected patients, but further high-quality research is needed to confirm

its efficacy.
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Abstract

Small intestinal bacterial overgrowth syndrome (SIBO) and intestinal methanogen overgrowth (IMO) are
disorders involving excessive colonization of the small intestine by bacteria (in the case of SIBO) or
methanogenic archaeons (in the case of IMO). These disorders are increasingly being diagnosed in the
general population, and their symptoms, such as bloating, a feeling of fullness, abdominal pain, diarrhea or
constipation, significantly reduce patients' quality of life. This study assesses the knowledge of patients
diagnosed with SIBO or IMO after a hydrogen or hydrogen-methane test about nutrition and
supplementation during and after antibiotic therapy.

A survey conducted from February to May 2024 involved 210 people aged 19—68 years. Among
respondents, the most common forms of SIBO were hydrogen-methane and hydrogen-methane and IMO
(32.4%, 30.5% and 32.9% of respondents, respectively). The most commonly reported symptoms were
bloating (97.1%), abdominal pain (71.9%) and excessive gas (55.7%). Irritable bowel syndrome (IBS) was
the most common comorbidity in respondents (24.3%). The high percentage of respondents (77.6%)
declaring current or past use of the low-FODMAP diet indicates its popularity in the nutritional
management of people with SIBO/IMO. In the context of supplementation, respondents most often declared
the use of probiotics (92.4%), sodium butyrate (80%), B vitamins (45.7%) and digestive enzymes (30.5%).
Knowledge of natural substances that exhibit antimicrobial activity was also high, with oregano indicated
by 64.3% of respondents and berberine by 61%. Statistical analysis showed significant differences in the
level of knowledge - patients referred for diagnosis by a nutritionist showed higher nutritional awareness
than those referred by physicians (p < 0.05). There was no correlation between time since diagnosis and
patients' level of knowledge. The survey proved that there is a need to intensify nutrition education in this
group of patients, especially during the period of active antibiotic therapy. It is reasonable to conduct
organized educational activities and to include specialized diet therapy more widely in the standards of
management of patients with SIBO/IMO.

Keywords: Small intestinal bacterial overgrowth, intestinal methanogen overgrowth, hydrogen-
methane breath test, hydrogen breath test

1. Introduction

The human gastrointestinal tract provides a habitat for a complex and diverse
microbiota, including bacteria, fungi and archaeons. Different sections of the
gastrointestinal tract, due to their prevailing conditions and varied functions, are

characterized by a different quantitative and qualitative composition of the
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microorganisms inhabiting them. One clinically significant microbial imbalance is
small intestinal bacterial overgrowth (SIBO) syndrome, which involves excessive
proliferation in the small intestine of bacteria typical of the large intestine [Skrzydto-
Radomanska and Cukrowska, 2022].

Under physiological conditions, the highest density of microbiota is found in the colon
and reaches 10''-10'? colony-forming units per milliliter (CFU/ml), while in the small
intestine we can find less than 10° CFU/ml. The small intestine is populated primarily
by Gram-positive and aerobic bacteria, while the large intestine is dominated by Gram-
negative and anaerobic bacteria. The main types of bacteria colonizing the
gastrointestinal tract are Bacteroidetes and Firmicutes [Achufusi et al., 2020]. In the
case of SIBO, we can distinguish two main types of bacterial overgrowth. The first in
the upper gastrointestinal tract, associated with bacteria from the oral cavity:
Streptococcus viridans and Prevotella spp. The second involves the lower
gastrointestinal tract and is associated with intestinal bacteria: Escherichia coli,
Enterococcus spp., Klebsiella pneumoniae, Clostridium spp. and Proteus mirabilis
[Czarnik, 2022].

A similar disorder is intestinal methanogen overgrowth (IMO), but in its course, instead
of bacterial proliferation in the small intestine, there is an excess of archeons
(methanogens), microorganisms that have the ability to produce methane.
Methanobrevibacter smithii is the main methanogen in the human gut [Pimentel et al,
2020; Bartuzi-Lepczynska et al, 2024]. Although SIBO and IMO differ in etiology, their
clinical presentation and diagnostic methods are similar, which can make it difficult to
distinguish between them.

One method for diagnosing SIBO is to aspirate the small bowel fluid and determine the
number of bacteria in a culture of the small bowel contents. This test is time-consuming,
expensive, invasive and has some limitations. Ordinary endoscopes are unable to reach
the middle and distal sections of the small intestine through which aspirates from the

proximal small intestine may give a false-negative result. In contrast, the microbiota of
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the oral cavity and esophagus can lead to an increased number of false positives
[Villanueva-Millan et al., 2022].

Due to the invasive nature of direct aspiration and culture techniques, indirect tests have
been developed and are now widely used. Hydrogen and methane breath tests, during
which the levels of microbial fermentation products in exhaled air are determined, are
considered the most popular [Okunkiewicz et al., 2021]. Substrates commonly used in
the diagnosis of SIBO/IMO are lactulose and/or glucose, which provide nutrients for
both bacteria and archaeons. Microbial fermentation produces hydrogen and/or
methane, as well as hydrogen sulfide, which enter the bloodstream and are excreted with
exhaled air, which allows their measurement [Okunkiewicz et al., 2021]. An increase in
the concentration of hydrogen in the exhaled air by a minimum of 20 ppm and, in the
case of methane breath tests, an increase in the level of methane in the exhaled air by a
minimum of 10 ppm is considered a positive result. Increased concentrations of
hydrogen or methane in exhaled air after oral ingestion of lactulose or glucose indicate
that the substrate was not properly absorbed or came into contact with saccharilytic
bacteria that proliferated uncontrollably in the small intestine [Bartuzi-Lepczynska et
al., 2024].

Treatment of SIBO is primarily based on alleviating symptoms by reducing excessive
bacterial growth. This does not involve complete eradication of the bacteria, but does
involve some modulation of the microbiota [Litwiniuk et al., 2023]. It is always
important to pay attention to the causes that led to the development of SIBO/IMO, as
simply reducing bacterial overgrowth may not give satisfactory long-term results if the
root cause has not been effectively treated. Treatments that may yield a positive outcome
include: antibiotic or phytotherapy, treatment of concomitant diseases and disorders,
and prevention of recurrence [Rao and Bhagatwala, 2019].

Currently, rifaximin is the most commonly used drug due to its broad spectrum of action
and low gastrointestinal absorption rate, while maintaining good antimicrobial activity.
In addition, it has been shown to prevent mucosal inflammation and reduce mucosal

permeability. It is referred to as a eubiotic that restores the normal composition of the
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intestinal microbiota [Rezaie et al., 2019]. For patients with hydrogen-predominant
SIBO, rifaximin at a dose of 1650 mg/day for two weeks is an effective therapy
[O'Mahony et al., 2005]. For patients with methane-predominant SIBO, an effective
therapy is a combination of neomycin 1000 mg/day and rifaximin 1650 mg/day for two
weeks [Leite et al., 2019].

In addition, in recent years there has been growing interest in alternative methods, such
as the use of plant extracts (oregano, berberine, licorice, thyme, among others), which
have shown comparable efficacy to drug therapy in studies [Redond-Cuevas, 2024]. The
nutritional treatment of SIBO also often uses a low-FODMAP diet, which restricts
fermentable oligo-, di- and monosaccharides and polyols. The goal of such a diet is to
eliminate products that are a breeding ground for bacteria, which consequently leads to
a decrease in bacterial proliferation in the small intestine and a reduction in the severity
of symptoms [Staudacher and Whelan, 2017]. Most of the studies verifying the
effectiveness of the low-FODMAP diet, are based on IBS, which significantly overlaps
clinically with SIBO [Ghoshal et al., 2017; Litwiniuk et al., 2023].

Despite the growing number of publications on the pathophysiology, diagnosis and
treatment of SIBO and IMO, there is still a lack of data on patient awareness of the
importance of diet and supplementation, even though these aspects are an important part
of therapy and relapse prevention. Given the chronic nature of these disorders and the
high rate of recurrence after antibiotic therapy, proper patient understanding of dietary
and supplementation recommendations may be crucial to long-term treatment
outcomes. The aim of the study was to assess the knowledge of patients diagnosed with
SIBO or IMO after hydrogen or hydrogen-methane testing on nutrition and

supplementation during and after antibiotic therapy.

2. Materials and Methods

The research method used was a survey conducted from February to May 2024. The
survey questionnaire consisted of 25 questions and was made available electronically

through social media (Facebook topic groups and online forums for SIBO and IMO
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patients). The study enrolled 210 adults (age: 19-68) who had a confirmed diagnosis of
SIBO or IMO, based on the results of a breath test (hydrogen or hydrogen-methane).
Microsoft Excel 2013 was used to compile the results of the survey, and Statsoft
Statistica 13 was used to perform statistical analysis. Pearson's chi-square test was used
to test for statistical significance between the study variables, and p < 0.05 was used as

the level of significance.

3. Results and Discussion

In the study group of 210 people, 88.6% were women. The average age of the
participants was 32.6 £+ 7.8 years. The largest group was 25-34 years old (45.2%). The
majority of respondents had a university degree (72%), and 66% lived in cities with
more than 100,000 residents.

Among the respondents, the most common forms of SIBO were hydrogen and
hydrogen-methane SIBO, as well as IMO (Figure 1). Hydrogen sulfide SIBO was
declared by only 4.3% of the respondents.

4,30%

= hydrogen SIBO

= |MO

® hydrogen-methane SIBO
m hydrogen sulfide SIBO

Figure 1. Types of diagnosed SIBO/IMO among respondents.
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Bacterial proliferative syndrome and intestinal methanogen overgrowth are
characterized by a variety of symptoms, depending on the type of overgrowth. For this
reason, respondents were asked to indicate the complaints they observe in themselves.
The predominant symptoms reported were bloating (97.1%), abdominal pain (71.9%)
and excessive gas production (55.7%). Respondents also reported non-specific
symptoms, such as fatigue, food intolerances and loose stools.

Flatulence is the most commonly reported symptom of SIBO/IMO and can result from
excessive fermentation of carbohydrates by methane-producing bacteria or archaeons
[Quigley, 2014; Pimentel et al., 2020]. This fermentation leads to increased production
of hydrogen, methane or hydrogen sulfide, depending on the predominant microbial
type. In hydrogen SIBO, diarrhea is more often observed, while in IMO, constipation is
the predominant symptom [Rezaie et al., 2017]. Excessive gas production (mainly
hydrogen and methane) also leads to stretching of the intestinal walls, which explains
the presence of abdominal pain in 71.9% of subjects [Rao and Bhagatwala, 2019].

In the context of treatment and diet therapy, the co-occurrence of SIBO or IMO with
other concomitant diseases is important. Therefore, respondents were asked about
additional conditions diagnosed in them. The largest group among respondents were
those diagnosed with irritable bowel syndrome (IBS) - 24.3%. Among other
comorbidities, the most common were Helicobacter pylori infection (15.7%), fungal
overgrowth (14.8%), thyroid disease (12.9%) and endometriosis (11.9%). Only 6.7% of
respondents reported having no other diagnosed diseases.

Irritable bowel syndrome (IBS) is the most common comorbidity in patients diagnosed
with small intestinal bacterial overgrowth syndrome (SIBO). A key component of this
interaction appears to be a disruption of the gut-brain axis, resulting from dysbiosis of
the gut microbiota [Patel and Young, 2022]. According to Pimentel et al. (2020), SIBO
can affect up to 80% of patients diagnosed with IBS-D, who show elevated hydrogen
and hydrogen sulfide levels in a breath test. A predominance of Fusobacterium and
Desulfovibrio spp. bacteria is also observed in this group. In contrast, patients with the

constipated subtype of IBS (IBS-C) have been shown to have methane in their exhaled
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air, which correlates with increased colonization of the gut by methanogenic archaeons,
mainly Methanobrevibacter smithii [ Villanueva-Millan et al., 2022].

In terms of knowledge of pharmacological and supportive treatment, 91.9% of
respondents correctly indicated the definition of prokinetics, the use of which positively
affects the effectiveness of treatment and supports it in the long term. The most
commonly identified agent with such effects was Iberogast (69%), followed by ginger
(42.9%). Triphala (6.2%) and Prukalopride (3.8%) were indicated much less frequently,
suggesting their lower recognition and popularity. It is also interesting to note that
sodium butyrate, despite its lack of prokinetic effects, was identified by 19% of survey
participants as a prokinetic - likely due to its growing popularity in the treatment of
gastrointestinal disorders. Lack of knowledge about prokinetics in the context of
SIBO/IMO treatment was declared by 10.5% of patients.

In order to achieve a sustained therapeutic effect in the treatment of SIBO and IMO, it
is crucial to identify the cause of their onset. In this regard, respondents were asked
whether they thought SIBO or IMO could recur if the etiological agent was not
identified. The vast majority of respondents (97.6%) answered in the affirmative,
indicating relatively high patient awareness in line with current literature reports.
According to Attar et al. [2014], the recurrence rate of SIBO after treatment can range
from 30% to 60% within 3-9 months after the end of therapy. These most often involve
patients in whom the etiology has not been established or the causative treatment (e.g.,
Helicobacter pylori eradication) has not been instituted.

The low-FODMAP diet appears to be the most commonly used form of dietary support
in the treatment of SIBO and IMO, as reflected in respondents' answers. As many as
77.6% of respondents reported current or past use of the low-FODMAP diet. Other diets
used included a lactose-free diet (26.2%) and a gluten-free diet (11.4%). Less frequently
chosen were the elemental diet (2.9%) and the specific carbohydrate diet (SCD) - 1.4%.
No diet of any kind was declared by 3.8% of participants. Low glycemic index diet
(1%), ketogenic diet (1%) and anti-inflammatory diet (1%) also appeared among

additional responses.
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The high percentage of patients reporting use of the low-FODMAP diet indicates its
popularity in the dietary management of patients with SIBO/IMO. The diet was
originally developed for patients with irritable bowel syndrome (IBS), but due to the
similarity of symptoms - particularly bloating, abdominal pain and diarrhea - it is
increasingly used in the symptomatic management of SIBO [Gibson and Shepherd,
2010; Mclntosh et al., 2017]. According to Monash University's recommendation, the
elimination phase of the diet should last a maximum of 6-8 weeks, followed by a
reintroduction and personalization phase of the diet [Eswaran et al., 2017]. Studies show
that many people (including respondents) introduce a low FODMAP diet too early -
already during treatment - which can reduce the effectiveness of antimicrobial therapy
[Szpunar-Radkowska et al., 2023].

In the context of supplementation (Figure 2), respondents most often declared the use
of probiotics (92.4%), sodium butyrate (80%), B vitamins (45.7%) and digestive
enzymes (30.5%). Knowledge of natural substances that exhibit antimicrobial activity

was also high, with oregano indicated by 64.3% of respondents and berberine by 61%.

Idid not take any supplements
Lactoferrin

Colostrum

L-glutamine

Triphala

Garlic extract {allicin)
Oregano oil

B vitamins

Digestive enzymes

Berberine

Probiotic

Sodium butyrate

0% 20% 40% 60% 80% 100%

Figure 2. Use of dietary supplements by respondents.
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The high popularity of probiotics among respondents is supported by literature data
confirming their beneficial effects on microbiota restoration after antibiotic therapy
[Suez et al., 2019; Achufusi et al. 2020]. In addition, as reported by Zhong et al. [2017],
probiotic supplementation can effectively decontaminate SIBO, reduce hydatidosis and
relieve abdominal pain, but is ineffective in preventing SIBO.

In our study, we evaluated whether there was a relationship between the respondents'
level of knowledge about diet and supplementation in SIBO/IMO and who (doctor,
nutritionist) referred them for a breath test for the diagnosis of these conditions. For this
purpose, statistical analysis was performed using a chi-square test based on which it was
found that patients referred for diagnosis by a dietitian showed higher nutritional
awareness compared to those referred by a doctor. These patients knew that no specific
restrictive diet was mandatory during antibiotic/herbal therapy for SIBO/IMO, but it is
worthwhile to take care of the quality of the meals consumed (¥’>=7.85, p<0.05).
Respondents referred for diagnosis by a dietitian were also aware that the use of
prokinetics is important for the long-term positive effect of SIBO treatment (%*=8.98,
p<0.05). During the course of antibiotic therapy for SIBO/IMO, there is no specific
elimination diet. This is important because during this time it is essential that the
bacteria present in the overgrowth are well nourished and thus more susceptible to the
effects of specific antibiotics. This will allow the bacteria to be reduced more quickly.
During the period of antibiotic therapy, it is worth paying attention to variety and lack
of monotony in the type of meals consumed, choosing the least processed products
possible.

Bacterial overgrowth syndrome should be considered holistically, and when introducing
nutritional therapy, the presence of the underlying cause that contributed to SIBO/IMO
should not be overlooked. Therefore, when adjusting the diet both during and after
antibiotic therapy, the key is to focus on the current state of the digestive system and the
body as a whole, as well as on concomitant diseases. Collaboration with a dietitian is
then often multi-step and can change over time, so it is worth focusing on the fact that

it must be modifiable.
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The present study also examined whether the time elapsed since the diagnosis of
SIBO/IMO affected respondents' level of knowledge about diet and supplementation in
these conditions. No statistical association was noted between the time that had elapsed
since the diagnosis of SIBO/IMO and knowledge of whether an appropriate diet should
be used after the end of antibiotic therapy (¥*=0.11, p>0.05) and the relevance of the use
of prokinetics to the long-term positive effect of SIBO treatment (x*=0.55, p>0.05).
The survey also asked respondents about sources of knowledge on SIBO/IMO treatment
and diet therapy. Websites (87.6%) and thematic groups on social media (83.3%) were
cited as the main sources of knowledge, probably due to their wide availability.
However, it should be remembered that the information posted there may be wrong, so
it is important to consult specialists and use different sources of knowledge. In our own
study, however, only 28.1% of respondents reported using scientific literature, 35.2%
consulting a nutritionist, and only 17.1% contacting a specialist as their main source of
knowledge.

The results suggest the need to increase public meetings, e.g. in lecture form, on the
topic of gastrointestinal disorders, highlighting the causes that can lead to SIBO and
IMO. Such activities would increase patient knowledge and treatment efficiency while

minimizing symptoms, which often accompany patients even for many years.

4. Conclusions

1. Those referred for respiratory tests diagnosing SIBO/IMO by dietitians show a higher
level of awareness compared to those referred by physicians.

2. The length of time since diagnosis does not affect the level of knowledge of
respondents.

3. There is a need to intensify nutrition education in this group of patients, especially
during the period of active antibiotic therapy.

4. It is reasonable to conduct organized educational activities and more extensive
inclusion of specialized diet therapy in the standards of management of patients with

SIBO/IMO.
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Abstract

Dietary fiber is a critical component of nutritional therapy for gastrointestinal (GI) disorders and is
increasingly recognized as a therapeutic adjunct. This review summarizes recent evidence (2020—
2024) on fiber intake in inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and di-
verticular disease, based on a literature review of clinical studies, meta-analyses, and guidelines. In
IBD, high-fiber diets have shown beneficial effects with differences between Crohn’s disease (CD)
and ulcerative colitis (UC). A recent meta-analysis in CD found that high fiber intake is safe and
associated with prolonged remission, although some CD patients report fiber-related symptom exac-
erbation. In UC, fiber-rich diets (especially soluble fiber) have been linked to reduced inflammation
and sustained remission (for example, a low-fat, high-fiber diet improved quality of life in UC patients
in remission). In IBS, soluble fiber (e.g., psyllium) significantly alleviates symptoms, particularly in
constipation-predominant IBS, whereas insoluble fiber is often ineffective or poorly tolerated. For
diverticular disease, high fiber intake remains a mainstay of therapy: guidelines recommend gradually
increasing fiber to reduce symptoms and prevent diverticulitis, and recent studies associate high fiber
diets with lower diverticulitis risk. In conclusion, dietary fiber is a valuable component of nutritional
therapy across these gastrointestinal conditions, but its role is nuanced. Tailoring the type and amount
of fiber to the specific disease (e.g., CD vs UC) and individual tolerance is crucial to maximize ben-
efits and minimize adverse effects.

Keywords: fiber, gastrointestinal diseases, IBD, IBS, diverticular disease

1. Introduction

Dietary fiber (DF) encompasses a diverse group of plant-derived carbohydrates that are
resistant to digestion in the human small intestine and impart various physiological ben-
efits to the human gut. Evidence suggests that higher dietary fiber intake exerts protec-
tive effects across a range of also non-gastrointestinal diseases diseases, including car-
diovascular, metabolic, neurological, and immunological conditions [Zhang et al.
2025]. Fiber appears to contribute to disease prevention and slower progression through

multiple mechanisms: improving metabolic profiles (cholesterol, glucose, body
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weight), nurturing a beneficial gut microbiota that produces bioactive metabolites, and
dampening chronic inflammation [ Alahmari 2024].

Fibers are broadly categorized by their solubility, fermentability, and viscosity. Soluble
fibers dissolve in water and are often fermentable by colonic bacteria, yielding short-
chain fatty acids (SCFAs) like butyrate. Insoluble fibers do not dissolve in water, pro-
vide stool bulk, and are less readily fermented [Di Rosa et al. 2022]. These distinctions
are clinically important because different fiber types can have markedly different effects
on the gastrointestinal tract, especially in disease states. Traditionally, fiber has been
lauded for normalizing bowel habits, supporting colonic mucosal health, and modulat-
ing the gut microbiota. However, its role in gastrointestinal disease (GD) therapy has
been nuanced and evolving. Patients with conditions such as inflammatory bowel dis-
ease (IBD), irritable bowel syndrome (IBS), and diverticular disease have often received
mixed dietary advice regarding fiber intake. For decades, low-fiber or “low-residue”
diets were routinely recommended during disease flares or even in remission, based on
concerns that fiber could exacerbate symptoms or complications [Loy et al. 2024]. Re-
cent evidence from 2020-2024 has prompted a paradigm shift in this perspective.
Emerging clinical trials, meta-analyses, and updated guidelines suggest that adequate
fiber intake may be not only safe for many patients with these conditions, but potentially
beneficial as part of therapeutic nutritional management. This chapter provides a com-
prehensive review of recent human studies on dietary fiber in IBD, IBS, and diverticular
disease, focusing on fiber types, effectiveness, and safety in nutritional therapy. Key
distinctions between fiber types are highlighted, as these characteristics influence clin-
ical outcomes. Accordingly, the aim of this review is to evaluate current evidence on
the role of dietary fiber in the nutritional management of gastrointestinal diseases, with
particular emphasis on tailoring fiber type and intake to specific disease entities and
individual tolerance. By synthesizing recent findings, this work aims to support clini-
cians and dietitians in optimizing fiber-based interventions to improve patient outcomes.
This narrative review is based on a structured literature search conducted in electronic

databases including PubMed, Scopus, and Google Scholar. In the general background
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section, selected high-quality sources published prior to 2020 were included to provide
theoretical context and define key concepts related to dietary fiber and gastrointestinal
physiology. However, the core analysis focused on studies published between January
2020 and mid-2025. The search strategy used combinations of keywords such as “die-

9% C6s EENYY

tary fiber”, “inflammatory bowel disease”, “IBD”, “Crohn’s disease”, “ulcerative coli-
tis”, “irritable bowel syndrome”, “IBS”, “diverticulitis”, “diverticular disease”, “nutri-
tion therapy” and “clinical guidelines”. Priority was given to systematic reviews, meta-
analyses, randomized controlled trials (RCTs), and official guidelines. Only human
studies published in English were included. Articles were selected based on their meth-
odological quality and relevance to the therapeutic use of fiber in gastrointestinal dis-

€ascs.

2. Types and Characteristics of Dietary Fiber

Dietary fibers are non-digestible carbohydrate polymers that reach the colon where they
are partially or fully fermented by gut bacteria. They can be classified by several over-
lapping criteria, including their solubility in water, fermentability by colonic microbi-
ota, viscosity (gel-forming capacity), and whether they are intrinsic to plant foods or
isolated (functional fiber) [McRorie and McKeown 2017; Alahmari 2024]. These prop-
erties determine fiber’s behavior in the gastrointestinal tract and its physiological ef-
fects.

Soluble fibers dissolve in water to form viscous gels. Examples include psyllium husk,
B-glucans (from oats and barley), pectins (from fruits), and gums. In the gut, soluble
fiber slows gastric emptying and intestinal transit, and the gel matrix can bind sub-
stances like bile acids. Soluble fibers are often fermentable, serving as substrates for
colonic bacteria. Insoluble fibers, by contrast, do not dissolve in water and typically are
not gel-forming. Examples include wheat bran (rich in cellulose and hemicellulose),
lignin (in woody plant parts), and certain resistant starches. Insoluble fiber adds bulk to
stool and accelerates transit through a laxative effect. It is less readily fermented, alt-

hough large bowel bacteria may still partially act on it [Arayici et al. 2021].
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Fermentable fibers are those that colonic microbes readily digest to produce short-chain
fatty acids (SCFAs) such as acetate, propionate, and butyrate. Many soluble fibers (e.g.
inulin, fructo-oligosaccharides, pectins) are highly fermentable. Fermentation yields
SCFAs, which have recognized beneficial effects on colonic health — for example, bu-
tyrate is a key energy source for colonocytes and exhibits anti-inflammatory properties
in the gut [Alahmari 2024]. Fermentable fibers also tend to produce gas (carbon dioxide,
hydrogen, methane) as a by-product, which can lead to bloating or discomfort in some
people. Non-fermentable fibers (often a subset of insoluble fibers like wheat bran) pass
largely unchanged, primarily aiding stool bulking. Notably, even insoluble fibers are
partially fermented by the microbiota, but to a lesser extent than soluble fibers. The term
prebiotic refers to fermentable fibers that selectively stimulate growth of beneficial bac-
teria (such as Bifidobacterium and Lactobacillus). Many fermentable fibers (e.g. inulin,
galacto-oligosaccharides) are considered prebiotics and can favorably modulate the gut
microbiome [Slavin 2013].

Intrinsic fibers are those naturally present in whole plant foods (fruits, vegetables, whole
grains, legumes, nuts). Functional fiber refers to isolated fiber (obtained from natural or
synthetic sources) that is added to foods or used as a supplement due to its beneficial
physiological effects. Examples include purified psyllium husk, wheat dextrin, methyl-
cellulose, and isolated inulin.

Clinically, these differences are important: soluble fibers tend to be more effective at
normalizing stool consistency (helpful in diarrhea or constipation) and are generally
better tolerated in IBS, whereas insoluble fibers can increase stool bulk and speed but
may exacerbate gas and bloating in sensitive individuals [Radziszewska et al. 2023].
Fiber supplements (functional fibers) are often used to achieve a therapeutic intake of
specific fiber types. For instance, psyllium (isolated from Plantago ovata seeds) is a
functional soluble fiber frequently given to treat constipation or IBS symptoms. Func-
tional fibers can be useful for patients who do not tolerate high-fiber foods or who re-

quire a concentrated dose of a particular fiber [McRorie and McKeown 2017.] In sum-
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mary, the heterogeneity of dietary fibers means their effects on the gastrointestinal sys-
tem are not uniform. Soluble, viscous fibers can soften or solidify stools and are fer-
mented to health-promoting SCFAs, while insoluble fibers primarily increase stool bulk
and speed transit. Fermentable fibers influence the composition and metabolic activity
of the gut microbiota, an effect increasingly recognized as relevant in diseases like IBD
and IBS. Selecting the appropriate type of fiber (or fiber-rich foods) is crucial for effec-
tive and safe nutritional therapy tailored to each gastrointestinal disease. An overview
of the main types of dietary fiber, their common food sources, and their influence on the

gastrointestinal diseases is presented in Table 1.

Table 1. Dietary fiber types, sources, and gastrointestinal (GI) effects.

Fiber Type

Common Sources

Fermentability & Vi-
scosity

GI Effects

Soluble (viscous)

Psyllium husk, oats
(beta-glucan), pectin

Mostly moderately fer-
mentable; forms vis-

Increases stool moisture and viscosity,

regulating bowel movements (softens
hard stool, firms loose stool) [Gibb et
al. 2023]. Slows nutrient absorption
(helps glycemic control). Generally

(fruits), legumes cous gels well-tolerated; psyllium minimally
gas-producing (poorly fermented)
[Gunn 2022].

Inulin (chicory root, Produces SCFAs and gas upon fer-
onions), FOS (arti- mentation; prebiotic effect [Holscher
Soluble (highly fer- choke, garlic), re- Highly fermentable; 2017]. Can cause bloating/gas, espe-

mentable) sistant starch (cooled low viscosity cially in IBS; excessive intake may
potatoes, green bana- exacerbate symptoms due to fermen-

nas) tation.
Increases stool bulk and transit speed.
Wheat bran, whole Can help prevent constipation, but of-
grains (cellulose, hem- Poorly fermentable fers minimal SCFA production. In
Insoluble icellulose), vegetables (some fermentation of  IBS, coarse insoluble fiber (e.g. bran)
(insoluble fiber frac- cellulose); non-viscous ~ may worsen bloating and pain and is
tion) not effective for symptom relief [Mo-
ayyedi 2014].

Added to diet via supplements or for-
tification for specific benefits. Psyl-
lium: proven to improve IBS-C and

Psyllium; Wheat dex- Varies by fiber (psyl- IBS-D symptoms and lipid/glucose
Functional/ trin; Methylcellulose; lium is viscous and levels [Gibb et al. 2023]. Guar gum
Isolated Partially hydrolyzed gel-forming; others (PHGG): soluble, partially fermenta-

guar gum

less so0)

ble, may aid constipation with less
bloating. These fibers are used thera-
peutically at measured doses [Atzler
etal. 2021].

188



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

3. Dietary Fiber in Inflammatory Bowel Disease (IBD)

IBD, comprising Crohn’s disease (CD) and ulcerative colitis (UC), is characterized by
chronic relapsing inflammation of the GI tract. Historically, patients with IBD were
often advised to follow low-fiber (“low-residue”) diets, especially during flares, to min-
imize trauma to an inflamed gut and reduce risk of obstruction in stricturing Crohn’s
disease. Patients also commonly self-restrict fiber, avoiding fruits, vegetables, and
whole grains to prevent triggering symptoms or relapses. Surveys indicate IBD patients
consume significantly less fiber than healthy individuals and less than recommended
amounts, regardless of disease activity [Day et al. 2021]. This long-standing fear of fiber
is increasingly being challenged by emerging evidence that adequate fiber intake can be
beneficial and is tolerated in IBD, particularly during remission [Loy 2024]. Recent
international dietary guidelines for IBD now encourage consumption of fiber-rich foods
during periods of remission for both CD and UC, instead of blanket fiber avoidance
[Levine et al. 2020; Bischoff et al. 2023]. Dietary fiber may benefit IBD by influencing
the gut microbiota, immune system, and producing fermentation metabolites such as
SCFAs. Butyrate, a key SCFA, supports epithelial health and has anti-inflammatory
effects; in ulcerative colitis, higher fecal butyrate is linked to reduced inflammation
[Shin et al. 2023]. Fiber also promotes microbial diversity and beneficial commensals,
while low-fiber Western diets contribute to dysbiosis and inflammation. Slowly fer-
mentable soluble fibers (e.g. psyllium, pectin, oats) may reduce inflammation with
fewer gastrointestinal side effects compared to rapidly fermentable fibers. Prebiotic fi-
bers are being explored as adjunct therapy in IBD, particularly for enhancing butyrate-
producing bacteria such as Faecalibacterium prausnitzii. Some fibers may also upreg-
ulate regulatory metabolites that suppress inflammation. However, fiber responses in
IBD vary between individuals depending on their gut microbiota. A recent study showed
consistent responses to prebiotics within individuals, but wide variation between them,
highlighting the potential of personalized nutrition strategies [Holmes et al. 2022]. Ac-
cording to the International Organization for the Study of IBD (IOIBD) consensus
(2020) and the European ESPEN nutrition guideline (2023), IBD patients in remission
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should follow a healthy, balanced diet that includes fruits, vegetables, and whole grains
—essentially a high-fiber diet — as long as they do not have high risk of strictures [Levine
et al. 2020; Bischoff et al. 2023]. These guidelines note that there is no evidence that
fiber from whole grain products causes inflammation or relapse in quiescent IBD; on
the contrary, fiber may support a more anti-inflammatory gut environment. The British
Dietetic Association (BDA) 2022 guidelines similarly emphasize individualized nutri-
tion plans but generally advise against unnecessary long-term restriction of fiber in IBD
[Lomer et al. 2023]. Only in certain circumstances — for example, a patient with a known
stricture or during an acute severe flare — might a temporary low-fiber diet (to reduce
gut residue) be reasonable. Even then, soluble fiber with a soft texture (e.g. oats, psyl-
lium, mashed fruits without skins) may be included cautiously rather than complete fiber
elimination [Levine et al. 2020]. The ESPEN 2023 practical guideline echoes this, sug-
gesting “adapted texture” fiber-rich foods (soft cooked produce, smoothies, etc.) for
patients with stenosing Crohn’s disease [Bischoff et al. 2023]. Importantly, in the ab-
sence of strictures or acute inflammation, there is no valid justification to limit fiber in
IBD, as concluded by a 2022 systematic review [Serrano Fernandez et al. 2023]. Clini-
cians are increasingly moving away from broad fiber avoidance in IBD. Despite these
recommendations, studies show many IBD patients continue to consume suboptimal
fiber quantities due to ingrained beliefs that “fiber is bad” for IBD [Day et al. 2021].
This highlights an educational gap for both patients and providers.

Several intervention trials, albeit small, indicate that adding fiber can improve gastroin-
testinal symptoms in IBD and enhance quality of life. For instance, controlled reintro-
duction of fiber-rich foods has been shown to be tolerated in Crohn’s patients and not
exacerbate symptoms. Similarly, a multicenter randomized controlled trial conducted
by Lewis et al. [2021] demonstrated that increasing dietary fiber intake from fruits and
vegetables was well tolerated by CD patients with mild to moderate symptoms, regard-
less of whether they followed a Mediterranean diet (MD) or a specific carbohydrate diet

(SCD). The comparable outcomes in terms of symptom improvement, clinical remis-
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sion, and reduction in inflammatory biomarkers may be attributed to the shared empha-
sis on fresh fruits and vegetables in both dietary approaches. Another trial in Japan re-
ported that a semi-vegetarian diet (rich in natural fibers) led to higher one-year remis-
sion rates in Crohn’s disease compared to a regular omnivorous diet [Chiba et al. 2010].
These findings suggest fiber-containing diets are not only safe but may confer benefit
in maintaining remission. Patients often subjectively report better bowel regularity when
they include moderate fiber, and some note reduced abdominal pain due to the stool-
softening effect of soluble fiber. In one study, supplementing psyllium (a soluble fiber)
in UC patients led to increased fecal butyrate and was associated with anti-inflammatory
effects [Aune et al. 2020]. Perhaps the most compelling evidence comes from a recent
systematic review and meta-analysis focused on Crohn’s disease. Serrano Fernandez et
al. [2023] analyzed 11 studies (including both interventional trials and observational
cohorts) involving 2,389 Crohn’s patients, examining diets rich in fiber with or without
other treatments. They found that a high-fiber diet significantly improved remission
rates in Crohn’s disease compared to lower fiber intake. Patients receiving abundant
dietary fiber had fewer disease relapses, whether fiber was used alone or as an adjunct
to standard therapy. Notably, no increase in adverse effects was reported with higher
fiber consumption in these patients. This meta-analysis supports the idea that fiber can
be incorporated into maintenance therapy for Crohn’s disease to help prolong remission.
For ulcerative colitis, comparable meta-analytic data are sparse, but smaller trials have
suggested that adding soluble fiber to maintenance medication can improve outcomes.
Recent evidence highlights that in patients with IBD who are not experiencing acute
inflammation or do not have strictures, dietary fiber is generally both safe and well-
tolerated. Many individuals even report improvements in stool consistency and bowel
regularity when fiber intake is increased. However, misconceptions persist: a 2014 re-
view revealed that more than 70% of websites inaccurately advise IBD patients to avoid
high-fiber foods [Hou et al. 2014], pointing to a pressing need for better dissemination
of current, evidence-based guidelines. It should be noted that the online nutritional land-

scape may have changed considerably over the past decade. An updated analysis of
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current online dietary recommendations for IBD patients would be warranted to assess
whether the accuracy and quality of such content have improved in light of evolving
clinical guidelines. Overall, fiber recommendations in IBD should now be personalized.
While fiber restriction remains important during active flare-ups or when strictures are
present, increasing fiber intake during remission is encouraged to support symptom

management and potentially influence disease progression positively.
4. Dietary Fiber in Irritable Bowel Syndrome (IBS)

Irritable bowel syndrome is a functional gastrointestinal disorder characterized by
chronic abdominal pain associated with altered bowel habits (diarrhea, constipation, or
both). Unlike IBD, IBS involves no structural inflammation but rather gut-brain dysreg-
ulation, visceral hypersensitivity, and often dietary triggers of symptoms. Dietary fiber
has a long history in IBS management, albeit with mixed results, making it a focus of
many clinical studies. Because IBS can manifest with constipation (IBS-C), diarrhea
(IBS-D), or a mix (IBS-M), fiber’s role must be considered in a subtype-specific manner
[Dai et al. 2019]. Recent evidence and guidelines have clarified which types of fiber are
beneficial in IBS and how to use them effectively. For decades, increasing dietary fiber
was a standard recommendation for IBS, based on fiber’s stool-bulking and laxative
effects to relieve constipation, and an assumption that fiber could normalize bowel func-
tion. Many patients were told to add bran or high-fiber cereals. However, clinical expe-
rience revealed a dichotomy: while some IBS patients (particularly those with constipa-
tion) improved on fiber, others (especially those with diarrhea or bloating) felt worse.
Insoluble wheat bran, in particular, often aggravated abdominal pain and bloating in
IBS patients [Unsal et al. 2020]. This led to research dissecting fiber types in IBS, and
by the 2000s, studies suggested that soluble fiber improves overall IBS symptoms,
whereas insoluble fiber has little benefit or may even exacerbate symptoms [El Salhy et
al. 2017]. Soluble fiber’s viscous gel action increases stool bulk in a gentler way than
coarse insoluble fiber. In IBS with constipation, it can soften hard stools by retaining

water, easing passage; in IBS with diarrhea, the gel can firm loose stools by absorbing
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excess fluid. Thus, soluble fiber tends to normalize stool form in both IBS-C and IBS-
D [Galica et al. 2022]. Unlike poorly fermentable insoluble fiber, which can mechani-
cally irritate, the fermentation of soluble fiber yields metabolic by-products that can
promote a healthy mucosa and possibly anti-inflammatory effects. There is preliminary
evidence that psyllium supplementation favorably alters the gut microbiota in IBS, in-
creasing beneficial bacterial genera [Garg et al. 2023]. A Garg et al. recent trial even
indicated that psyllium can decrease gut markers of low-grade inflammation in IBS and
enhance microbial diversity, suggesting a microbiome-modulating role. Soluble fiber
can also reduce visceral hypersensitivity indirectly. By forming softer, bulkier stools,
fiber prevents the extreme distension of colon segments that might trigger pain in IBS.
Patients often report that psyllium leads to more predictable bowel movements and less
cramping during defecation. Some studies document reductions in abdominal pain and
bloating scores with soluble fiber therapy [Galica et al. 2022].

In the 2010s, dietary management of IBS began focusing on FODMAPs—fermentable
sugars and fibers that can trigger symptoms. Many high-fiber foods (e.g., wheat, leg-
umes, some fruits) are high in FODMAPs, creating a paradox: while fiber can help IBS,
highly fermentable types may worsen bloating. The solution was to promote low-FOD-
MAP, soluble fiber sources. Standard care involved basic dietary adjustments and add-
ing soluble fiber; if symptoms persisted, a 2—6 week low-FODMAP diet under dietitian
supervision was recommended—modifying both fiber type and amount. The years
2020-2025 have seen a solidification and fine-tuning of fiber recommendations in IBS,
supported by high-level evidence and formal guidelines. Notably, the American College
of Gastroenterology (ACG) released its first comprehensive clinical guideline on IBS
in 2021, and the British Society of Gastroenterology (BSG) published updated IBS
guidelines in 2021 — both of which echo the primacy of soluble fiber. The BSG 2021
guideline explicitly states: “Soluble fiber is effective for global IBS symptoms and ab-
dominal pain, but insoluble fiber should be avoided” [Vasant et al. 2021]. This is a
strong recommendation (Grade A evidence) rooted in multiple RCTs and meta-anal-

yses. Similarly, an American Gastroenterological Association (AGA) Clinical Practice
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Update in 2022 on diet in IBS underscores that soluble fiber (e.g. psyllium, oats, pectin)
is a beneficial first-line nutritional therapy, improving stool consistency and symptoms,
whereas insoluble fiber like wheat bran can exacerbate bloating [Chey et al. 2022]. In
these recent guidelines, fiber is typically recommended at a dose of about 20-30 g per
day, achieved through diet or supplements, with advice to introduce fiber gradually (to
minimize gas) and to evaluate response over ~1-2 months. Psyllium husk has the best
evidence and is often specifically mentioned as the fiber of choice for IBS (for both
constipation and diarrhea predominant IBS, psyllium can help regulate stool form)
[Lacy et al. 2021]. The ACG and BSG guidelines list a low-FODMAP diet as a second-
line or complementary approach for IBS management, given evidence that ~50-70% of
IBS patients have symptom improvement on this diet [Varney and Muir 2021]. This is
relevant to fiber because many FODMAPs are short-chain fermentable carbohydrates,
some of which are classified as fibers (fructans, galacto-oligosaccharides). The low-
FODMAP diet often reduces intake of certain fermentable fibers (e.g. inulin in
wheat/garlic, galacto-oligosaccharides in legumes) while still allowing soluble fiber
from low-FODMAP sources (e.g. fiber from oats, quinoa, berries). Recent clinical trials
(2020-2023) have clarified that a low-FODMAP diet can coexist with adequate fiber
intake — patients are usually coached to substitute high-FODMAP fiber foods with low-
FODMAP but fiber-rich alternatives (such as kiwifruit or chia seeds for constipation, or
oat bran, which is moderate in FODMAP, in small doses). A 2022 network meta-anal-
ysis comparing dietary interventions in IBS found that the low-FODMAP diet and sol-
uble fiber were both effective in improving IBS symptom severity, with the low-FOD-
MAP diet having a slight edge in global symptom control [Haghbin et al. 2024]. How-
ever, the difference was not huge, and many patients did well with just fiber and general
diet advice. Thus, current best practice often is: advise soluble fiber supplementation as
a simple, low-cost initial step, and if symptoms persist (particularly bloating and pain),
consider a trial of the low-FODMAP diet for further relief, ideally under a dietitian’s

supervision [Chey et al. 2022].
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5. Dietary Fiber in Diverticular Disease

Diverticula are sac-like outpouchings in the wall of the large intestine and represent the
most common structural abnormality of the human colon. The term colonic diverticulo-
sis (hereafter: diverticulosis) denotes the condition characterized by the presence of
these diverticula in the colon [Tursi et al. 2020]. Dietary fiber has been central to diver-
ticular disease management for decades, ever since observational studies in the 20th
century noted that populations with low fiber diets had a higher prevalence of divertic-
ulosis. The classic hypothesis by Burkitt and Painter (1970s) was that a low-fiber West-
ern diet leads to small, firm stools and increased intracolonic pressures, promoting di-
verticula formation [Kishnani et al. 2022]. Hence, a high-fiber diet was postulated to
prevent diverticular disease by producing bulkier stools that exert less pressure on the
colon wall. This fiber-diverticulosis theory became widely accepted and still underpins
modern dietary advice for diverticular disease [Ma et al. 2019]. However, recent re-
search has added some complexity, questioning fiber’s role in diverticula formation
while still affirming its importance in preventing diverticulitis and managing symptoms
of diverticular disease.

Epidemiological studies support a protective role of fiber: for example, in a large pro-
spective cohort of 46,295 men, those in the highest quintile of a prudent dietary pat-
tern—characterized by high intake of fruits, vegetables, and whole grains—had a 26%
lower risk of incident diverticulitis compared to those in the lowest quintile. Conversely,
those in the highest quintile of a Western dietary pattern—high in red meat, refined
grains, and high-fat dairy—had a 55% higher risk of diverticulitis relative to the lowest
quintile [Strate et al. 2017]. Regarding acute diverticulitis management, the traditional
approach involved bowel rest or low-residue diet during the acute phase. Patients diag-
nosed with diverticulitis were frequently placed on clear liquids or minimal fiber until
their acute pain resolved, based on the idea that reducing fecal matter in the colon could
lessen irritation of the inflamed diverticula. After recovery, a gradual return to a high-
fiber diet was advised to prevent future episodes. Patients were also commonly told to

avoid certain foods like nuts, seeds, corn, and popcorn — the thinking (now known to be
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a myth) was that these small, hard particles could lodge in diverticula and precipitate
diverticulitis. This advice was widespread for decades. However, even before 2020, ev-
idence emerged debunking it: a large prospective study in 2008 showed that nut, corn,
and popcorn consumption did not increase diverticulitis or bleeding risk — in fact, those
eating more of these foods had no higher risk than those who avoided them. By the
2010s, most guidelines had quietly dropped the prohibition on nuts and seeds. For ex-
ample, the 2015 American Gastroenterological Association guideline on diverticulitis
explicitly advised against telling patients to avoid seeds, nuts, and popcorn, given no
evidence of harm [Peery et al. 2021]. A key point is that by 2019, it was acknowledged
that while a high-fiber diet is associated with lower first-time diverticulitis incidence, it
was not yet proven to prevent recurrent diverticulitis after an initial episode [Aune et al.
2020].

Recent large prospective studies have provided more granular insight into how fiber
(and diet in general) influences diverticulitis risk. An analysis from the Nurses’ Health
Study by Ma et al. [2019] found that women with the highest total fiber intake had a
14% lower risk of developing diverticulitis compared to those with the lowest intake
(hazard ratio [HR] = 0.86; 95% confidence interval [CI]: 0.78-0.95; P-trend = 0.002).
Among different fiber sources, fruit fiber showed the strongest association with reduced
risk (HR = 0.83; 95% CI: 0.75-0.92), followed by cereal fiber (HR = 0.89; 95% CI:
0.81-0.99), while vegetable fiber was not significantly associated with diverticulitis risk
(HR =0.91; 95% CI: 0.83—1.01). Additionally, each additional daily serving of whole
fruit was linked to a 5% reduction in risk (HR = 0.95; 95% CI: 0.92—0.98; P-trend <
0.001). This nuanced finding suggests that not all sources of fiber confer equal benefit
— fruit fiber often comes with antioxidants and a favorable microbiome impact, which
might contribute to its protective effect. Additionally, these studies emphasized an over-
all healthy dietary pattern (sometimes labeled as a “prudent” or Mediterranean diet)
rather than fiber in isolation. For instance, men following a diet high in fiber-rich foods,
and low in red meat and refined grains, had much lower diverticulitis rates than those

on a typical Western diet. These findings have reinforced guideline recommendations
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to not only increase fiber but also improve overall diet quality. The American Gastro-
enterological Association (AGA) in a 2021 Clinical Update stated that a high-quality
diet with ample fruits, vegetables, whole grains, and legumes (i.e., fiber-rich foods) is
associated with reduced diverticulitis and should be encouraged for prevention [Peery
et al. 2021; Hashash et al. 2024]. In short, the advice remains: maintain a high-fiber diet
to lower diverticulitis risk — and recent evidence makes this case even stronger. The
period 20202025 has not produced a large definitive randomized controlled trial prov-
ing that fiber prevents recurrent diverticulitis, but it has seen more acknowledgment of
the uncertainty. For example, a 2022 American Family Physician review stated that a
high-fiber diet is associated with lower incidence of diverticular disease, but evidence
that it prevents recurrence of diverticulitis is lacking [Bailey et al. 2022]. The 2020 AS-
CRS (surgeons’) guidelines note that while fiber supplementation is commonly advised
after diverticulitis, the utility of fiber in secondary prevention remains unclear based on
available studies [Hanna and Kaiser 2021]. Despite this, in practice fiber is still usually
recommended given its safety profile.

Some cases of diverticulitis may result from a dysbiotic microbiota that incites mucosal
inflammation in diverticular pockets. Fiber, by restoring healthy fermentation and
SCFA production, might mitigate this. SCFAs like butyrate have anti-inflammatory ef-
fects on the colonic mucosa and support the integrity of the colonic epithelium. In di-
verticular patients, butyrate deficiency or a thinner mucus layer (due to low fiber intake)
might predispose to microperforations and inflammation. Supporting this, a 2021 study
found that patients with recurrent diverticulitis had lower dietary fiber and a distinctly
different gut microbiome compared to those without recurrence [Carabotti et al. 2021].
Increasing fiber can enrich beneficial bacteria (like Bifidobacteria and Lactobacillus)
that ferment fiber to SCFAs, theoretically reducing inflammation in the diverticula.
These mechanistic insights reinforce the advice for fiber-rich, plant-based diets — which
overlap with diets known to reduce systemic inflammation as well. Another considera-
tion is that fiber may help manage Symptomatic Uncomplicated Diverticular Disease

(SUDD) — a condition where patients with diverticulosis have IBS-like gastrointestinal
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symptoms (bloating, pain) without acute diverticulitis. Fiber is often utilized in SUDD

to regulate bowel movements and possibly reduce intracolonic pressure, thereby allevi-

ating pain. Psyllium or bran can help treat underlying constipation in SUDD, improving

symptoms [Carabotti et al. 2017].

Table 2. Summary of Fiber Recommendations in IBD (UC and Crohn's), IBS, and Diverticular Disease.

Phase-specific Recom-

Condition Fiber Type Intake (g/day) mendations Sources
Emphasize fiber-rich,
plant-based diet (Medi- Active flare/strictures: o
terranean pattern) with Use a temporary low-resi- Guidelines
fruits, vegetables, whole In remission, aim due/low-fiber diet (clear (AGA,
grains. Encourage solu- for normal fiber in- liquids/soft foods) to re-
ble/fermentable fibers take (~25-30 g/day) duce obstruction risk. ECCO); Med
IBD (Crohn’s (e.g. psyllium, oats, pec- | (general guideline). Chew thoroughly and diet with
disease, UC) tin) that promote SCFA No formal supple- cook vegetables until very .
production; avoid coarse ment target speci- soft to include some fiber. fruits/veg
insoluble fiber (e.g. raw | fied; emphasis on fi- Remission: Resume a [Hashash et
skins, seeds) in strictur- ber from foods. high-fiber diet (25—
ing disease. Prebiotic fi- 30 g/d) for maintenance al.2024]
bers (e.g. inulin) may and gut health.
also be beneficial.
Soluble, viscous fibers
(e.g. psyllium/ispaghula
husk, oat beta-glucan) . IBS is chronic (no remis-
are recommended to im- | General fiber intake S "
. . sion “phase”). Subtypes:
prove global symptoms | 25-35 g/d is advised S
. IBS-C (constipation): sol-
and stool consistency. for health. For . .
Sl uble fiber can relieve con- IBS guide-
. Avoid insoluble fibers symptom manage- R .
Irritable Bowel (e.g. wheat bran) as the ment. start low: stipation (improves stool lines (BSG
Syndrome %n av worsen bloat- Y begin ;3 4 SOlil- water and transit). IBS-D 2021, ACG
(IBS) | may e g (diarrhea): avoid insoluble | 2020, AGA
ing/pain. Some ferment- ble fiber/day and .
. - fibers; soluble fiber may CPU 2022)
able fiber (e.g. partially gradually increase .
. ’ still help bulk stools. Ad-
fermentable psyllium) is to ~20-30 g/day as ust fiber eradually to mi-
acceptable; low-FOD- tolerated. J i de bloatii
MAP diet also advised &
for sensitive patients
(per AGA CPU).
Diverticulosis/chronic:
H{gh-ﬁbgr diet (whole No specific amount Encourage life-long high-
grains, fruits, vegetables, iven in euidelines: fiber diet for preven-
legumes) is recom- g " ical% taraet ’ tion/maintenance; in- NICE
mended for diverticulo- 321;3 Oy /d (g or crease fiber gradually if NG147
Lo sis/diverticular disease. geip starting from low intake. | (2019): high-
Diverticular . . general recommen- AT . .
R Fiber from foods is pre- . Acute diverticulitis: Begin fiber diet
Disease dations). The UK . L .
ferred (supplements only recommends “whole with clear liquids or low- lifelong.
if intake inadequate). cains. fruit. vegeta- residue diet, then advance AGA CPU
Nuts, seeds, corn, pop- & $ > Vee diet as symptoms im- (2021)

corn are allowed (no
need to avoid).

bles” without firm
g/d.

prove. After recovery, re-
sume high-fiber diet to re-
duce recurrence risk.

UC = ulcerative colitis; IBS-C/D = constipation-/diarrhea-predominant IBS; SCFA = short-chain fatty

acids.
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European literature [Tursi et al. 2020] has documented that psyllium therapy leads to
symptom relief in many SUDD patients, supporting fiber’s use in this context. This is
not a new concept, but recent years have seen continued endorsement of fiber for SUDD
as part of a conservative management strategy.In diverticular disease, fiber’s value lies
largely in prevention: lifelong high fiber consumption clearly associates with lower di-
verticulosis and diverticulitis incidence. For those with diverticula, maintaining a high-
fiber diet is a sensible strategy to minimize symptomatic episodes, even if rigorous proof
for recurrence prevention is lacking. Fiber supports larger, softer stools and less intra-
colonic pressure, which is intuitively protective in diverticular disease. Moreover, high-
fiber diets are part of overall healthy eating patterns that confer multiple benefits beyond
the gut.

6. Summary

Dietary fiber is a fundamental component of a healthy diet and, as reviewed in this
chapter, it holds significant therapeutic value in gastrointestinal diseases when used ju-
diciously. Recent clinical studies and updated guidelines have reshaped the approach to
fiber in conditions like IBD, IBS, and diverticular disease. No longer is fiber uniformly
restricted in patients with GI disorders; instead, a tailored strategy is adopted.

In IBD, fiber is now encouraged during remission for its role in symptom relief, main-
taining remission, and supporting gut health. Rather than avoiding fiber altogether, pa-
tients are advised to include well-tolerated sources - mainly soluble, fermentable fibers
- except during flares or in cases of strictures, when temporary reduction may be needed.
A fiber-rich diet complements medical therapy and supports long-term management. In
IBS, fiber can help or harm depending on type. Soluble fiber (e.g. psyllium) is benefi-
cial, improving symptoms with few side effects, while insoluble fiber (like wheat bran)

often worsens bloating and discomfort. Current guidance favors soluble fiber for symp-
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tom relief, especially in IBS-C, while minimizing insoluble sources. A simple interven-
tion like daily psyllium is safe and effective when introduced gradually. In diverticular
disease, a high-fiber diet is key for prevention and long-term management. Patients with
diverticulosis should consume plenty of fiber to reduce complications, and after diver-
ticulitis recovery, fiber intake should be resumed to prevent recurrence. While fiber is
limited during acute flares, overall evidence supports its ongoing use to maintain bowel
regularity and lower disease risk.

Across all these conditions, one unifying message is the importance of fiber type and
individualization. Soluble vs insoluble, fermentable vs non-fermentable - these features
determine whether fiber will alleviate or aggravate a given patient’s symptoms.
Healthcare providers should educate patients on reading food labels, identifying high-
soluble-fiber choices, and understanding their own tolerances. It is also essential to in-
tegrate fiber advice with other dietary and lifestyle modifications: fiber works best in
conjunction with adequate fluid intake, regular physical activity, and, particularly for
IBS, as part of a comprehensive diet plan that might include FODMAP modulation or
probiotics.

In conclusion, dietary fiber, once a divisive topic in GI disease management, is now
recognized as a valuable therapeutic ally. The latest studies reinforce that fiber can and
should be utilized in nutritional therapy for IBD, IBS, and diverticular disease — with
careful attention to type and timing — to improve patient outcomes. Ongoing research is
expected to yield increasingly refined recommendations regarding the therapeutic use
of specific fiber types—potentially tailored to individual microbiota profiles or genetic
predispositions—for the management and prevention of gastrointestinal diseases. At
present, a pragmatic and evidence-based approach should prevail: fiber should not be

indiscriminately avoided, but rather selected and implemented thoughtfully. Such a
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strategy allows clinicians to utilize the well-documented benefits of dietary fiber in pro-
moting gastrointestinal health and improving patient outcomes in a safe and sustainable

manncr.
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Abstract

Alzheimer's disease (AD) is one of the greatest health and social challenges of the 21st century. Due to
the limited effectiveness of current pharmacotherapies, interest in diet and nutrition is growing. This
article aims to critically review and synthesise the latest scientific research on the effectiveness of
specific dietary approaches and key nutrients in preventing and treating AD. A literature review was
conducted focusing on meta-analyses, randomised controlled trials (RCTs) and large prospective cohort
studies from the PubMed, Scopus and Web of Science databases. Analysis of the evidence indicates
that dietary patterns such as the Mediterranean diet (MeD1), the DASH diet and, in particular, the hybrid
MIND (Mediterranean-DASH Intervention for Neurodegenerative Delay) diet are strongly associated
with a lower risk of AD and slower cognitive decline. The mechanisms underlying these benefits are
multifaceted and include the reduction of oxidative stress and neuroinflammation, the improvement of
vascular function and the modulation of amyloid-beta (AB) metabolism. Furthermore, recent studies
provide evidence that molecules of microbial origin stimulate the immune response and directly
participate in the aggregation of the AP peptide, as well as modulating the phenotype of glial cells.
There is less clear evidence for the therapeutic potential of diet in people who have already been
diagnosed, although the ketogenic diet shows promise. Dietary interventions based on holistic, plant-
rich patterns appear to be a safe, cost-effective, evidence-based strategy for preventing AD. Further
research is needed to establish its therapeutic role and develop personalised recommendations.

Keywords: Alzheimer's disease, dietary intervention, MIND diet, Mediterranean diet,
neuroprotection, gut-brain axis.

1. Introduction

Alzheimer's disease is a progressive neurodegenerative disorder that is the most
common cause of dementia worldwide. According to reports, more than 55 million
people suffer from dementia. The number of such cases - due to an ageing population
- is expected to rise to almost 140 million by 2050 [ Alzheimer's Disease International
2023]. The enormous economic and social costs associated with Alzheimer's disease

make it a global public health priority. Several factors underlie the pathophysiology
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of Alzheimer's disease. Among the most important of these are extracellular deposits
of amyloid-beta (AP) peptide, forming so-called senile plaques, and intracellular
aggregates of hyperphosphorylated tau protein, forming neurofibrillary tangles.
These processes lead to synaptic dysfunction, neuronal death and progressive brain
atrophy. Chronic inflammation of the nervous system and oxidative stress also play
an important role. Increasing evidence also points to the importance of vascular
dysfunction and metabolic disorders of the brain. Despite intensive research, current
pharmacotherapies mainly focus on symptom relief. In the case of new-generation
drugs, their mechanism focuses on slowing progression by targeting amyloid.
Unfortunately, their efficacy is limited. This prompts the search for preventive
strategies. It is estimated that up to 40% of dementia cases could be prevented or
delayed by modifying risk factors such as diet, education levels, physical activity,
cardiovascular disease control [Livingston et al. 2020].

Dietary style, as a foundation of metabolic health and a source of bioactive
compounds, is one of the most important and easily modifiable factors influencing
brain health throughout the life course. The aim of this paper is to review and
critically evaluate the available scientific evidence on the impact of major dietary
patterns and individual nutrients on the risk of development and progression of
Alzheimer's disease, distinguishing between their preventive and therapeutic

potential.

2. Dietary models in the prevention and treatment of AD

Epidemiological studies consistently show that dietary patterns, rather than
individual components, have the greatest impact on health. Analysis of the diet as a
synergistic system is more biologically relevant, as nutrients interact in complex
ways. One of the most widely studied models is the Mediterranean diet (MeDi),
based on a high intake of vegetables, fruits, pulses, nuts, whole grains and olive oil.
It is characterised by a moderate intake of fish and poultry and a low intake of red

meat. Meta-analyses of studies have shown that strict adherence to the
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Mediterranean diet is associated with significantly slower cognitive decline and a
lower risk of AD [Nucci et al. 2024]. Another important model is the DASH diet,
originally developed to control hypertension. It emphasises the consumption of fruit,
vegetables and low-fat dairy, and limits sodium and saturated fat. The link between
vascular and brain health is well established, and by providing better blood flow to
the brain, the DASH diet has been shown to have neuroprotective effects [Arnoldy
et al. 2025; Wang et al. 2025].

Of particular note in the literature is the MIND diet, which is an innovative hybrid
of the MeDi and DASH diets, specifically modified from research on
neurodegeneration. Its uniqueness lies in its singling out of specific food groups
considered “brain-healthy”, such as green leafy vegetables, berries, nuts, fish and
olive oil, while recommending the restriction of “unhealthy” foods, including red
meat, cheese, sweets and fried foods. Studies have shown that even moderate
adherence to the MIND diet was associated with a significant slowing of cognitive
decline and a reduction in the risk of developing AD by up to 53% [Charisis et al.
2025; Timlin et al. 2025].

A separate approach is the ketogenic diet, which involves drastically reducing
carbohydrates in instead of fats, leading to a state of ketosis. In this state, the brain
uses ketone bodies as an alternative energy source, which may be beneficial in AD
where glucose metabolism is impaired. Clinical trials have shown some cognitive
benefits in patients with mild AD, but this diet is difficult to maintain and requires
further long-term studies to confirm its safety and efficacy [ Al-Kuraishy et al. 2024;
Oliveira et al. 2023].

3. The role of selected nutrients and bioactive compounds in
neuroprotection

Analysis of dietary patterns is crucial, but understanding their neuroprotective
potential requires a detailed study of the molecular action of their individual
components. The omega-3 polyunsaturated fatty acids, docosahexaenoic acid (DHA)

and eicosapentaenoic acid (EPA), are fundamental regulators of brain homeostasis.
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DHA is the predominant fatty acid in the phospholipids of neuronal membranes,
conditioning their fluidity, integrity and proper receptor function. This is very
important for synaptic plasticity and memory. In addition, DHA is a precursor of
specialised pro-synaptic mediators (SPMs), such as neuroprotectin D1, which
exhibits potent anti-inflammatory and anti-apoptotic effects. EPA, on the other hand,
by competing with the pro-inflammatory arachidonic acid, leads to the formation of
eicosanoids with a much lower pro-inflammatory potential [Zhou et al. 2022; Serini
et al. 2012].

Exogenous antioxidants and modulators of the endogenous response also play a key
role. Vitamin E, mainly as a-tocopherol, is a key lipophilic antioxidant that interrupts
the lipid peroxidation chain reaction in cell membranes. Vitamin C, as the main
hydrophilic antioxidant, acts synergistically to regenerate the oxidised form of
vitamin E. Polyphenols, such as flavanols, anthocyanins or resveratrol, have a
multidirectional effect - in addition to directly “scavenging” free radicals, they
modulate intracellular signalling pathways. They can also activate the transcription
factor Nrf2, a “master regulator” of the antioxidant response, which stimulates the
expression of genes encoding detoxification enzymes, enhancing the endogenous
defence of the cell. A long-term cohort study confirmed that a higher dietary intake
of flavonoids is associated with a lower risk of subjective cognitive decline [Arlt et
al 2022; Weinstock 2025].

The B vitamins - pyridoxine (B6), folic acid (B9) and cobalamin (B12) - are essential
cofactors in the methionine cycle, a central point of one-carbon metabolism. Their
deficiency leads to the accumulation of neurotoxic homocysteine, which induces
oxidative stress. Groundbreaking clinical studies have shown that supplementation
with B vitamins, by lowering homocysteine levels, can slow the rate of brain atrophy
in patients with mild cognitive impairment [ Ye et al. 2025]. The vitamin D receptor
(VDR) is present in key brain areas and has been shown to have neuroprotective
effects by inhibiting the production of pro-inflammatory cytokines, stimulating AP

clearance methods and regulating neurotrophins. Mention should also be made of
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choline, which is a key precursor for the memory neurotransmitter acetylcholine and

an integral component of neuronal cell membranes [Jeong et al. 2024].

4. Key food groups in neuroprotection

Regular consumption of selected nutrients and whole food groups form the
foundation of a neuroprotective diet. Green leafy vegetables such as spinach, kale
and romaine lettuce are particularly recommended due to their high nutrient density.
They are a rich source of folate (vitamin B9), vitamin K, lutein, B-carotene and nitric
oxide(I) precursors. Studies have shown that consumption of one serving of these
vegetables per day results in a significant slowing of cognitive decline. This effect
has been attributed to, among other things, lutein, which accumulates in brain tissue,
acting as an antioxidant, and vitamin K, involved in the metabolism of sphingolipids
- key components of neuronal membranes [Chu et al. 2022; Duplantier and Gardner
2021].

An important dietary component is berries, including strawberries, blueberries,
raspberries and blackberries, which are rich sources of flavonoids, particularly
anthocyanins, which give intense colour to these fruits. Anthocyanins have the
ability to cross the blood-brain barrier, where they exert powerful anti-inflammatory
and antioxidant effects, protecting neurons from damage. Long-term studies have
shown that a high intake of flavonols, present in berries among others, is associated
with a reduced risk of developing dementia [Li et al. 2023; Ali et al. 2022].

The PREDIMED study demonstrated that supplementation of the Mediterranean diet
with nuts was associated with improved working memory in older people. Nuts and
seeds are a concentrated source of monounsaturated and polyunsaturated fatty acids,
vitamin E (a-tocopherol), polyphenols and fibre. Of particular note are walnuts,
which are one of the few to contain significant amounts of alpha-linolenic acid
(ALA), a plant precursor of omega-3 fatty acids [Sanchez-Villegas et al. 2013].
Another important component of a health-promoting dietary pattern is oily marine

fish (salmon, mackerel, herring, sardines), which are the main source of long-chain
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omega-3 fatty acids: DHA and EPA. As mentioned earlier, their role in maintaining
the structural integrity of neurons and modulating inflammatory processes is very
important [Ferreira et al. 2022]. In addition, virgin olive oil should be mentioned. As
a cornerstone of the Mediterranean diet, it owes its neuroprotective properties not
only to its high oleic acid content, but also to the presence of phenolic compounds
(oleocanthal). This compound shows anti-inflammatory effects similar to ibuprofen,
and in vitro studies suggest that it may also promote the removal of A peptide from
the brain by enhancing the function of transport proteins at the blood-brain barrier
[Silva et al. 2023].

An important, neuroprotective part of the diet is whole grains and pulses. They
provide complex carbohydrates with a low glycaemic index, which provides a steady
supply of energy to the brain and helps maintain insulin sensitivity. They are also a
rich source of B vitamins and dietary fibre, which plays a key role in gut-brain axis
communication. Regular consumption of whole grains has been linked to improved
cognitive function (while pulses, rich in folate and flavonoids, support metabolic and
vascular health, which indirectly translates into brain protection [Bouchard et al.

2022].

5. Molecular mechanisms of action of dietary interventions

The synergy of nutrients contained in diets such as MIND or Mediterranean
translates into an integrated, multifaceted effect on AD disease pathophysiology. One
of the main mechanisms is the modulation of neuroinflammation and the glial
response. Microglia adopt a pro-inflammatory M1 phenotype, damaging neurons.
Omega-3 fatty acids and polyphenols actively promote the polarisation of microglia
towards an anti-inflammatory and phagocytic M2 phenotype, responsible for
clearing AP aggregates. Some compounds can also inhibit the activation of the
NLRP3 inflamasome, a key protein complex that triggers the production of the
highly pro-inflammatory interleukin IL-1 [Singh 2022; Ajala et al. 2023].
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Another mechanism is the restoration of redox balance and mitochondrial protection.
Mitochondrial dysfunction, leading to an energy crisis and overproduction of ROS,
is one of the earliest phenomena in AD. Diets rich in antioxidants provide twofold
protection: direct, by neutralising reactive oxygen species (ROS), and indirect, by
activating nuclear factor erythroid-2 (Nrf2) and enhancing endogenous defence
systems. Equally important is the protection of the blood-brain barrier (BBB) and
the improvement of cerebral perfusion. In AD, tight junctions between endothelial
cells are impaired, allowing pro-inflammatory molecules to infiltrate the brain. The
integrity of the blood-brain barrier (BBB), a dynamic and highly selective structure
that separates the systemic circulation from the central nervous system, is a
fundamental condition for maintaining neuronal homeostasis and protecting the
brain from neurotoxic agents. A key role in maintaining the integrity of the BBB and
in regulating cerebral blood flow is played by biochemical balance, which is
significantly influenced by endogenous factors such as nitric oxide (NO) and
homocysteine [Tian et al. 2025].

Nitric oxide activates the guanylyl cyclase pathway and leads to relaxation of the
smooth muscle of the blood vessels, which increases their lumen and ensures optimal
blood flow, adapted to the metabolic needs of the nervous tissue. In addition, nitric
oxide exhibits anti-aggregation and anti-inflammatory properties. In opposition to
the protective effect of NO stands homocysteine, a sulphur amino acid whose
elevated plasma concentration (hyperhomocysteinemia) is a recognised risk factor
for wvascular and neurodegenerative diseases. The pathomechanism of
homocysteine's action is multifactorial and primarily involves the induction of
oxidative stress. ROS generated in excess lead to inactivation of nitric oxide through
its conversion to the highly reactive peroxynitrite, resulting in endothelial
dysfunction, impaired normal vasodilation (vasodilation) and chronic inflammation.
Furthermore, hyperhomocysteinemia directly damages endothelial cells and

promotes neurodegenerative processes [Carey and Fossati 2023].
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The possibility of dietary modulation of these metabolic pathways represents a
promising neuroprotective strategy. A diet aimed at increasing the bioavailability of
nitric oxide is based on providing the substrates and cofactors necessary for its
synthesis and protecting against its degradation. The richest sources of NO
precursors in the diet are leafy vegetables such as spinach, arugula, lettuce, and
beetroot. Antioxidants, especially polyphenols present in berries, dark chocolate or
green tea, play an equally important role [Doroszkiewicz et al. 2023]. In parallel, it
is crucial to keep homocysteine levels low by ensuring an adequate supply of B
vitamins, which are cofactors in its metabolic pathways. The proper remethylation
of homocysteine to methionine depends on the availability of folic acid (vitamin B9)
and vitamin B12, while its transsulfuration to cysteine requires the presence of
vitamin B6. Green leafy vegetables and pulses are rich sources of folate. Vitamin
B12 is found almost exclusively in animal products, making supplementation
necessary for vegan diets. Vitamin B6, on the other hand, is widely found in fish,
poultry and whole grain products, among others. Consciously composing a diet rich
in these components is therefore the foundation for neutralising the pro-
inflammatory and neurotoxic potential of homocysteine.

Diet also affects amyloid-f proteostasis and tau protein. Certain compounds, such as
epigallocatechin gallate (EGCG) from green tea, can promote the non-
amyloidogenic pathway of amyloid precursor protein processing, preventing the
formation of AB. Low glycaemic load diets, on the other hand, may inhibit the
activity of GSK-3p kinase, responsible for the pathological hyperphosphorylation of
tau protein [Karati et al. 2025; Valverde-Salazar et al. 2023].

6. Impact of the gut microbiota on the treatment of Alzheimer's disease

Analysis to date has shown strong links between gut dysbiosis and increased
neuroinflammation, a key element in the pathogenesis of Alzheimer's disease. The
gut microbiota communicates with the brain through neural, endocrine and

immunological pathways. A fibre-rich diet stimulates the production of short-chain
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fatty acids (SCFAs) by the gut microbiota. SCFAs, especially butyrate, can cross the
BBB and act in the brain as inhibitors of histone deacetylases (HDACs), promoting
the expression of neuroprotective genes [Fock and Parnova 2023; Chen et al. 2022].
Recent studies provide evidence that microbial-derived molecules not only stimulate
the immune response, but are also directly involved in amyloid-p (AB) peptide
aggregation. One of the best characterised bacterial agents is lipopolysaccharide
(LPS), an endotoxin derived from the outer cell membrane of Gram-negative
bacteria. Numerous studies in vitro and in animal models have shown that LPS acts
as a powerful pro-aggregation factor for the Ap peptide. LPS molecules can bind to
AP monomers, acting as a pathological scaffold that significantly accelerates the
nucleation and formation of amyloid fibrils [Kim et al. 2021; Zhan et al. 2018].
Studies have confirmed that LPS co-localises with amyloid deposits in regions such
as the hippocampus and new cortex, suggesting its physical presence and potential
involvement in plaque formation [Scheff and Pice 2006]. Furthermore, LPS is the
canonical ligand for Toll-like receptor 4 (TLR4) on the surface of microglia.
Activation of this receptor leads to the mass production of pro-inflammatory
cytokines such as TNF-a and IL-1p [Calvo-Rodriguez et al. 2020].

Mention should also be made of the cross-seeding hypothesis, which involves
amyloids produced by bacteria themselves. Many bacterial species, including the
common gut bacterium Escherichia coli, produce extracellular amyloid fibrils (e.g.
curli protein) that have functions in adhesion and biofilm formation. Structurally,
these bacterial amyloids show similarity to the human AP peptide. It has been
postulated that fragments of these amyloids, once they enter the systemic circulation
and cross the compromised blood-brain barrier, may act in the brain as elements that
initiate or accelerate the process of abnormal folding and aggregation of human A
[Subedi et al. 2022; Friedland and Chapman 2013].

Another important mechanism is the phenomenon of microglia priming. Long-term
exposure of the brain to low levels of pro-inflammatory signals from leaky gut (e.g.

LPS) does not necessarily lead to an immediate, rapid response, but puts microglia
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cells into a state of chronic readiness, or “priming”. Such “primed” cells are
characterised by an altered transcriptional and metabolic profile. When they then
encounter a second stimulus, such as endogenous A oligomers or damaged neurons,
their response is disproportionately strong, rapid and often neurotoxic. Thus, gut
dysbiosis may not only provide inflammatory stimuli, but also “calibrate” the
reactivity threshold of the brain's innate immunity, making it more vulnerable to
damage [Bivona et al. 2023].

Communication along the gut-brain axis is not exclusively pathological. Metabolites
produced by symbiotic bacteria provide an important counterbalance to pro-
inflammatory processes. Short-chain fatty acids, especially butyrate, show strong
neuroprotective effects. Butyrate is a known inhibitor of histone deacetylases
(HDAC:S). By inhibiting the activity of HDACs in microglia, butyrate promotes the
acetylation state of histones, which facilitates the transcription of anti-inflammatory
and phagocytosis-related genes, improving the ability of microglia to remove A in
a non-inflammatory manner [Rubio-Perez and Morillas-Ruiz, 2012].

An effective strategy for the prevention and supportive treatment of AD must be an
integrated strategy. The overarching goal becomes quieting systemic inflammation
by nurturing intestinal eubiosis, achieved with a diet rich in diverse prebiotic fibre.
At the same time, at the molecular level, this strategy must ensure the provision of
key neuroprotective nutrients that act directly in the CNS. This requires a supply of
omega-3 fatty acids, as well as other compounds e.g. polyphenols that inhibit

inflammatory pathways and oxidative stress [Belloy et al. 2022].
7. Summary

The topic of the role of diet in AD cannot be limited to single components or
mechanisms, this should be considered synergistically. A diet rich in fibre supports
the microbiota, which produces protective butyrate. The same diet, if it contains oily
fish, provides DHA, which protects neurons. If it also contains green vegetables, it

provides polyphenols that inhibit the nuclear factor NF-«kB - which plays a key role
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in the immune response and inflammatory processes. The combination of all these
elements creates a robust, multi-level prevention programme and tool to help prevent
and treat Alzheimer's disease. Investing in nutrition education and promoting health-
promoting habits is a key component of a global strategy to combat the dementia

epidemic.
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Abstract

The aim of the work was to check the possibility of preparing non-dairy fermented products using
kefir grains.The material consisted of commercial beverages: almond and coconut. Both beverages
were fermented using kefir grains (48 h, temperature 20 °C). After this time, microbiological,
physicochemical and organoleptic analyses were performed. The total number of mesophilic bacteria,
lactic bacilli and streptococci, yeast and moulds was determined using plate methods. Active and
titratable acidity and lactic acid content were also determined in the beverages. 15 people participated
in the organoleptic assessment using the point method. All the parameters tested met the PN
requirements for the equivalent of such a fermented product from cow's milk - kefir. Both beverages
received positive notes in the organoleptic evaluation, so they can be recommended as beverages
enriching beneficial intestinal microflora, which can be prepared even at home.

Keywords: non-dairy beverage, fermented beverage, functional beverage, kefir grains.

1. Introduction

Kefir is a traditional fermented dairy product obtained through mixed lactic and
alcoholic fermentation of cow’s milk using kefir grains. It is a biologically active
beverage valued not only for its nutritional composition but also for its health-promoting
properties. As a rich source of easily digestible proteins, calcium, and bioavailable
vitamins, kefir significantly contributes to consumers' daily nutritional intake. During
fermentation, a complex community of microorganisms, including lactic acid bacteria
(LAB) and yeasts, actively metabolizes milk components to produce lactic acid, ethanol,
carbon dioxide, and a variety of flavor compounds. These metabolic byproducts not
only improve the shelf-life and safety of the product but also enhance its sensory

characteristics and potential health benefits.
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Lactic acid bacteria play a particularly important role in human health. They have been
demonstrated to positively influence intestinal microflora, improve digestion, support
immune function, and contribute to the prevention of certain gastrointestinal disorders
[Chtopicka et al., 2016]. Despite these benefits, a growing number of consumers are
unable to consume dairy-based kefir due to health-related reasons. Milk proteins,
particularly casein and B-lactoglobulin, are common allergens. Furthermore, lactose—
the primary sugar in milk—is increasingly recognized as a problematic component,
especially among individuals with lactose intolerance [Mojka, 2013]. These health
conditions have led to a notable demand for non-dairy alternatives. Plant-based
beverages, often derived from nuts, grains, legumes, or seeds, offer an attractive
solution. While they differ markedly from cow’s milk in terms of protein structure, fatty
acid profile, and micronutrient composition, they are often enriched with valuable
bioactive compounds, such as polyphenols, dietary fiber, and phytosterols, which confer
additional health benefits [Hoffmann and Kostyra, 2015]. Their lower allergenic
potential and absence of lactose make them a suitable choice for individuals with lactose
intolerance or other dietary restrictions. In addition to medical concerns, ideological and
environmental motivations also drive the growing popularity of plant-based
alternatives. Many consumers now consciously avoid animal products due to ethical or
ecological considerations. For these individuals, fermented plant-based beverages can
provide functional and nutritional diversity, helping to maintain gut health without
compromising dietary principles. A promising method for producing such beverages
involves fermenting plant-based substrates using kefir grains, also known as Tibetan
mushrooms. These natural starter cultures, originating from the Tibetan region of China,
are composed of a stable and symbiotic community of microorganisms embedded in a
polysaccharide matrix called kefiran. Kefir grains are known for their ability to adapt to
different fermentation environments and substrates, which allows for their repeated use
in the production of probiotic beverages [Santos et al., 2019]. Compared to commercial
starter cultures, which are typically composed of a limited number of defined microbial

strains, kefir grains represent a more complex and dynamic microbial ecosystem.
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This includes multiple species of lactic acid bacteria such as Lactobacillus kefiri, L.
kefiranofaciens, L. helveticus, L. plantarum, L. casei, L. paracasei, and Lactococcus
lactis, as well as yeast species capable of producing ethanol and aromatic compounds
[Gao et al., 2012]. The microbial diversity present in kefir grains contributes not only
to the functional qualities of the final product but also to its distinctive organoleptic
properties—namely, its slightly effervescent texture, sour taste, and characteristic
aroma. The matrix of kefir grains is gelatinous and irregular in shape, often resembling
small cauliflower florets with diameters ranging from 0.3 to 3.5 cm. Their color varies
from white to light yellow, depending on the fermentation medium and storage
conditions. This biological system can be described as a natural model of immobilized
microbial cells, in which microbial communities are embedded in an exopolysaccharide
framework. Under favorable fermentation conditions—appropriate temperature, pH,
and substrate availability—these grains actively ferment plant-based liquids, converting
carbohydrates into lactic acid, CO-, trace amounts of alcohol, and other metabolites that
enhance nutritional and sensory quality [Conde-Islas et al., 2019]. Recent research
confirms the ability of kefir grains to successfully ferment non-dairy substrates,
including those derived from coconut, almond, oat, or soy. Despite the compositional
differences between plant-based beverages and cow’s milk, the microbial populations
within kefir grains show a high degree of adaptability and metabolic flexibility, enabling
consistent fermentation outcomes [Tu et al., 2019]. These findings open up possibilities
for developing novel, plant-based kefir alternatives with probiotic characteristics. The
aim of the present study was to develop and analyze a fermented plant-based beverage
using traditional kefir grains. By employing coconut and almond beverages as
substrates, the study sought to evaluate the microbiological safety, physicochemical
parameters, and sensory quality of the resulting products. This type of beverage may
offer a valuable alternative to conventional dairy kefir for individuals with milk
allergies, lactose intolerance, or dietary preferences that exclude animal products. As

interest in functional foods and gut-health-promoting products continues to grow, such
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innovations respond to an important consumer need for safe, natural, and nutritious

alternatives.

2. Materials and Methods

2.1. Materials

The research material consisted of two types of plant-based beverages — almond and
coconut, available in retail outlets, from one brand (Table 1). Kefir grains were used to

ferment them.

Tablel. Composition of beverages used for fermentation.

Type of Composition

beverage

Almond water, almonds (2.3%), calcium, sea salt, stabilizers (locust bean gum, gellan gum), emulsifier
beverage (lecithins), vitamins B2, B12, E, D2

Coconut water, coconut filling (8.8%) (water, coconut cream 4%), rice (3.3%), calcium, stabilizers (guar
beverage gum, gellan gum, xanthan gum), sea salt, flavorings, vitamins B12, D2

The beverage (0.7 dm?®) was placed in a 0.9 dm? glass jar, 35 g of kefir grains were
added, and fermented for 48 hours at 20°C. After this process, the beverage was strained
from the grains and subjected to microbiological, physicochemical, and organoleptic

analysis.

2.2. Microbiological analysis

The number of lactic acid bacteria (LAB) and streptococci, acrobic mesophilic bacteria,
and yeasts and molds was determined using the submerged plating method. Mesophilic
bacteria were cultured in aerobic conditions on nutrient agar (BTL) (30°C, 48 h),
Lactobacillus and Lactococcus were cultured on MRS (BTL) and M-17 (Biocorp) agar
media (37°C, 48 h), respectively, while yeasts and molds were cultured on DRBC agar
(Biocorp) (28°C, 2-5 days). Results are expressed as CFU/cm’.
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2.3. Chemical analysis

Chemical tests determined titratable acidity, including lactic acid content calculations
according to PN-A-86061:2002, and active acidity using a pH meter. The analyses were

performed in triplicate.
2.4. Organoleptic analysis

The organoleptic evaluation involved sensory evaluation of the color, consistency, taste,
and aroma of both beverages. Samples were taken at room temperature. The evaluation
was performed using the point method (Table 2) [Wichrowska and Wojdyta 2014].
Fifteen participants participated in the study.

Table 2. Criteria for organoleptic evaluation using the point method.

Weighting Rating scale
Parameter coefficient 5 4 3 2 1
typical color, . not typical,  not typical, unusual,
Color 0,15 characteristic tgg::cl tZiils:iss slightly clearly heavily
of kefir modified changed changed
uniform,
too thin, uniform,
uniform, uniform, less stringy, too thin, liquid, thin,
Consistency 0,20 dense, slightly  dense, slightly visible stringy, clearly
stringy stringy lumps and clearly lumpy
slight lumpy
creases
intense, 51.1 ghtly unclean, not untypical,
. noticeable, unclean,
Smell 0,25 characteristic . very unclean,
characteristic . changed
of kefir aromatic changed
of kefir
pure, clear;,osli;ghtly sour, changed, c;fr?rle}(/i
Taste 0,40 characteristic o slightly bitter, nanged,
of kefir characteristic bitter impure 1mpure,
of kefir very bitter

2.5 Statistical analysis of results

Results were statistically analyzed using Statistica 13.0. One-way analysis of variance

(ANOVA) was performed to test for significant differences (p<0.05). Group
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homogeneity was verified using Tukey's test at a significance level of p=0.05. All data

are expressed as means =+ standard errors.

3. Results

The results of the microbiological analysis of the beverages are presented in Table 3.
The number of mesophilic bacteria ranged from 4.9x10* to 4.86x10° CFU/cm?. The
coconut beverage was characterized by a lower content of all microbial groups
compared to the almond beverage. Regardless of the beverage type, lactobacilli
outnumbered lactic acid streptococci in each beverage (1.95x10* to 1.4x10° CFU/cm?
and 6.7x10% to 9.7x10* CFU/cm?, respectively). No mold was detected in any of the

beverages.

Table 3. Counts of mesophilic bacteria, lactobacilli, lactic acid streptococci, yeasts, and molds in the tested
fermented products.

Product Number of microorganisms (CFU/cm?)
Mesophilic Lactobacillus Streptococcus Yeasts Molds
bacteria sp. sp.
Fermented 4.86x10° 1.4x10° 9.7x10* 9.54x10* none found
almond
beverage
Fermented 4.9x10% 1.95x10* 6.7x10° 8.23x10° none found
coconut
beverage

In chemical analyses, the coconut beverage was characterized by higher values for all
analyzed parameters (titratable and active acidity, and lactic acid content), and these

differences were statistically significant. The results are presented in Table 4.

Table 4. Titratable acidity, lactic acid content and active acidity in fermented beverages.

Determinations Fermented almond beverage Fermented coconut beverage
Titratable acidity (°SH) 37.4+0.2b 44+0.4a
Lactic acid content per 100 cm® 0.84+0.005b 0.98+0.005a
Active acidity of beverages (pH) 3.86+0.025b 4.48+0.025a

Mean =+ standard error; letters a and b indicate significant differences (p<0.05).
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The final consumer rating results ranged from 3.82+0.13 to 4.21£0.06. The fermented
coconut beverage received a higher rating. All analyzed parameters were better for the
coconut beverage, but the differences in consistency and taste were not statistically

significant.

Table 5. Results of the organoleptic evaluation of the tested beverages.

Parameter Fermented almond beverage Fermented coconut beverage
Color 4.5340.13a 3.534+0.16b
Consistency 3.6+0.16a 3.47+0.19a
Smell 4.6+0.13a 4.0£0.16b
Taste 4.27+0.15a 4.07+0.18a
Final Rating 4.21+£0.06a 3.82+0.13b

Mean =+ standard error; letters a and b indicate significant differences (p<0.05).

4. Discussion

This study provides evidence supporting the beneficial role of kefir grains in the
fermentation of plant-based beverages. Microbiological analysis confirmed the
presence of viable lactic acid bacteria (LAB), specifically Lactobacillus sp. and
Streptococcus sp., as well as yeast cells, which are both essential for the functional and
sensory characteristics of fermented products. Notably, no mold growth was detected in
any of the samples, which is crucial from a food safety perspective, considering the
potential risk of mycotoxin production associated with mold contamination [Plawinska-
Czarnak and Zarzynska 2010].

The mesophilic bacteria isolated from the beverages were predominantly lactic acid
bacteria, as indicated by the microbiological profile and enumeration of specific
microbial groups. Both LAB and yeast were present at levels consistent with regulatory
and scientific standards for probiotic and fermented products. Specifically, the total
viable counts of lactobacilli and lactic acid streptococci reached the recommended

threshold of 10°-~107 CFU/g or mL, which is considered sufficient to exert beneficial
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effects on the host's microbiota after passage through the gastrointestinal tract [Valero-
Cases et al., 2020]. Moreover, yeast counts exceeded 10> CFU/g, aligning with the
requirements of the PN-A-86061 standard for kefir products. Interestingly, higher
concentrations of LAB and yeast were observed in the fermented almond beverage
compared to the coconut-based counterpart. This increased microbial activity may be
attributed to the addition of sucrose in the homemade almond formulation, which likely
enhanced the growth and metabolic activity of fermentative microorganisms,
particularly yeasts. In terms of physicochemical properties, the titratable acidity of the
beverages ranged from 37.4 to 44°SH. The fermented almond beverage exhibited a
lower acidity (37.4°SH), whereas the coconut beverage demonstrated a higher value
(44°SH). Correspondingly, lactic acid concentrations varied between 0.84% and 0.98%,
with the coconut beverage again showing higher acidity. These values comply with the
PN-A-86061 standard, which requires a minimum lactic acid content of 0.6% in
fermented beverages, confirming successful lactic fermentation. The active acidity (pH)
of the samples ranged from 3.86 to 4.48. The fermented almond beverage had a slightly
higher pH, indicating lower acidity, while the fermented coconut beverage presented
with lower pH, reflecting greater acidification. Both titratable and active acidity are
closely linked to fermentation conditions such as temperature, duration, and microbial
load—especially the abundance of LAB, which produce organic acids during
metabolism [Sri et al., 2021; Armistice et al., 2022]. An organoleptic assessment using
a 5-point hedonic scale was conducted, evaluating parameters such as color, aroma,
taste, and consistency. The fermented coconut beverage consistently received higher
scores across all categories compared to the almond-based variant. It was described as
having a characteristic, slightly opaque appearance, a mild and pleasant aroma, and a

clean, slightly tart taste typical of kefir-like products.

223



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

Overall, the findings of this study indicate that plant-based beverages fermented with
kefir grains meet both microbiological and chemical safety standards. The presence of
live LAB and yeast at functional levels, along with favorable sensory properties,
positions these beverages as promising candidates for consumers seeking natural,
health-promoting, non-dairy alternatives. In addition to their probiotic potential, their
light acidity and effervescent profile make them particularly appealing as refreshing
beverages during the summer months. The growing consumer interest in minimally
processed, allergen-free, and plant-based products further underscores the relevance and

market potential of such fermented beverages.

5. Conclusions

The conducted experiment led to the successful development of a high-quality
fermented non-dairy beverage, which demonstrates significant potential for consumer
acceptance and market applicability. The use of kefir grains in the fermentation of plant-
based substrates, specifically coconut and almond beverages, proved to be effective and
reliable. This confirms the adaptability of traditional kefir grains—typically used in
dairy fermentation—for application in plant-based alternatives. From a microbiological
standpoint, the fermented beverages met the expected standards for viable counts of
beneficial microorganisms. Both lactic acid bacteria and yeast were present in quantities
consistent with those required for fermented functional beverages, ensuring the potential
for positive impacts on the human gastrointestinal microbiota. The presence of these
live microorganisms, known for their probiotic properties, positions the resulting
beverage within the category of functional foods, offering not only nutritional value but

also health-promoting benefits.
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Chemical analyses indicated that the titratable acidity of the final products was within
the acceptable range for fermented beverages, indicating successful fermentation and
microbial activity without over-acidification, which could compromise taste or safety.
Organoleptic evaluation further supported the success of the product. Among the tested
variants, the fermented coconut beverage was consistently rated higher than its almond-
based counterpart. Panelists appreciated its characteristic, slightly opaque white color,
subtle and pleasant aroma, and mildly sour taste typical of traditional kefir products.
These sensory attributes contributed positively to the overall acceptance of the
beverage. In conclusion, the study demonstrates that kefir grains can be effectively used
to ferment plant-based beverages, resulting in a microbiologically safe, sensorially
acceptable, and nutritionally beneficial product. The findings contribute valuable
knowledge to the growing field of non-dairy fermented foods and offer a promising
direction for the development of functional beverages aimed at health-conscious

consumers, including those following vegan or lactose-free diets.
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Abstract

Non-communicable diseases (NCDs), including cardiovascular diseases, diabetes, and metabolic dis-
orders, are a leading global health concern. Dietary strategies rich in bioactive plant compounds are
gaining recognition for their preventive potential. This chapter presents an integrative literature re-
view (2015-2025) on the role of selected culinary spices—oregano, basil, savory, lovage, mustard,
thyme, marjoram, and fennel—in the prevention of NCDs. The review includes studies sourced from
PubMed, Scopus, Web of Science, and grey literature databases, focusing on phytochemical compo-
sition, antioxidant capacity, and biological mechanisms of action.

Spices such as marjoram and fennel exhibit a rich profile of polyphenols, flavonoids, and essential
oils with anti-inflammatory, antioxidant, and metabolic-modulating properties. For example, marjo-
ram infusion has been shown to improve insulin sensitivity and hormonal balance in women with
PCOS, while fennel contains compounds that may support glucose metabolism and lipid regulation.
The biological effects of spices depend heavily on processing methods, with freeze-dried forms
demonstrating superior preservation of active compounds compared to conventional drying. How-
ever, market analyses reveal substantial variation in the chemical quality and microbiological safety
of commercially available dried spices.

The evidence indicates that regular inclusion of high-quality spices in the diet may contribute to NCD
prevention through modulation of oxidative stress and metabolic pathways. Ensuring quality control
and appropriate preservation methods is essential to maximize their health-promoting potential.

Keywords: culinary spices, non-communicable diseases, spice plants, chronic-disease preven-
tion, antioxidant activity, spice quality

1. Introduction
Non-communicable diseases (NCDs), such as cardiovascular disorders, type 2 diabetes,
obesity, and neurodegenerative conditions, represent a major public health challenge

globally. These chronic conditions are closely associated with modifiable lifestyle fac-

tors, including diet, physical inactivity, and exposure to oxidative stress and chronic
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inflammation. As conventional therapeutic approaches often focus on symptom man-
agement rather than prevention, increasing attention has been directed toward the role
of bioactive food components in disease modulation.

Spices and culinary herbs, traditionally valued for their sensory properties, are increas-
ingly recognized as functional food ingredients due to their richness in phytochemicals
such as polyphenols, flavonoids, terpenes, and essential oils. These compounds exhibit
a wide spectrum of biological activities, including antioxidant, anti-inflammatory, hy-
poglycemic, hypolipidemic, and neuroprotective effects. Evidence from in vitro, in
vivo, and limited clinical studies suggests that regular consumption of certain spices
may support the prevention of metabolic and cardiovascular diseases by influencing
molecular pathways involved in oxidative stress, lipid metabolism, glucose regulation,
and inflammation.

This chapter aims to review the preventive potential of eight selected spices—oregano,
basil, savory, lovage, mustard, thyme, marjoram, and fennel—in the context of NCDs.
Particular emphasis is placed on their chemical composition, mechanisms of biological
action, and findings from preclinical and clinical studies. Additionally, quality and
safety concerns associated with the use of dried spices on the consumer market are dis-
cussed, highlighting the importance of product standardization and proper processing

methods in maximizing health benefits.

2. Methodology

An integrative literature review was conducted on studies between 2015 and 2025, ex-
aming eight culinary spices in the prevention of non-communicable diseases, using Pub-
Med, Scopus, Web of Science, Google Scholar and EU grey-literature sources. Articles
in English reporting metabolic, cardiovascular, inflammatory or antioxidant outcomes

for a single spice were included.
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3. Health-promoting properties in the context of NCD prevention

Supplementation with an aqueous basil extract in rats fed a high-cholesterol diet signif-
icantly lowered total cholesterol (TC) and triglycerides levels (TG). In the hippocampus,
the expression of SOD (superoxide-dismutase) increased and the level of iNOS (induc-
ible nitric oxide synthase) decreased, which confirms the strong antioxidant activity of
basil extract. Additionally, supplementation reduced hippocampal amyloid-Ap deposi-
tion (playing a key role in the pathogenesis of Alzheimer's disease) and improved learn-
ing and memory performance. Basil may therefore be a valuable element of dietary pre-
vention of many civilization diseases [Mohammadali et al., 2020].

Basil extract also reduces fasting blood glucose, improves oral-glucose-tolerance pro-
files, partialy regenerates pancreatic -cells, and inhibits a-amylase and a-glucosidase.
These findings, obtained after 21 days of supplementation in diabetic rats, indicate that
basil can likewise be considered as a dietary aid in the prevention of type 2 diabetes
[Chaudhary et al., 2016]

Taken together, these studies show that basil targets dyslipidaemia, hyperglycaemia,
oxidative stress and neurodegeneration—the converging mechanisms that drive cardio-
vascular, metabolic and neurocognitive disorders. Although the current data are limited
to rodent models, they justify considering standardised basil preparations as comple-
mentary, food-based interventions for the primary prevention of type 2 diabetes, ather-
osclerosis and Alzheimer’s disease, provided that phytochemical content and dosage are
adequately controlled in future clinical trials.

Supplementation with aqueous extract of fennel leaves in rats after 15 days resulted in
lower fasting blood glucose and improved glucose tolerance. Additionally, fennel ex-
tract showed strong antioxidant activity. These properties of fennel support its preven-
tive effect in the context of non-communicable diseases, mainly type 2 diabetes [El-
Ouady et al., 2020]

Supplementation with fennel-seed extract in rats with metabolic syndrome normalized
the symptoms typical of this condition and more: cardiac hypertrophy, hypertension,

ECG irregularities, hyperglycaemia, dyslipidaemia, hyperuricaemia, insulin resistance.
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These findings support the use of fennel as a preventive agent against metabolic syn-
drome and other lifestyle-related diseases [El- Wakf et al., 2024].

Together, these findings suggest that the anethole- and polyphenol-rich matrices of fen-
nel leaves and seeds target multiple drivers of type 2 diabetes and cardiometabolic dis-
orders, justifying further clinical evaluation of standardised fennel preparations as food-
based preventive agents.

The main active ingredients present in lovage include: chlorogenic, rosmarinic and caf-
feic acids; quercetin; luteolin. Lovage lowers fasting blood glucose, improves the lipid
profile (lowers TC, LDL-C (low-density lipoprotein cholesterol), triglycerides and in-
creases HDL-C (high-density lipoprotein cholesterol) in rats. It affects the functioning
of glucose transporters and has an impact on the process of carbohydrate absorption.
Additionally, it supports the endogenous antioxidant defences and regulates the activity
of digestive enzymes. Together, these mechanisms position lovage as a valuable dietary
ingredient for preventing type 2 diabetes, dyslipidemia and related metabolic disorders
[Ghaedi et al., 2020].

These findings support the inclusion of lovage in dietary strategies aimed at preventing
and managing chronic metabolic diseases.

In a study conducted on women with polycystic-ovary syndrome (PCOS), after drinking
two cups of marjoram infusion a day, a statistically significant reduction in androgen
concentration was observed compared to the placebo group, a reduction in fasting insu-
lin and a significant reduction in the HOMA-IR index. PCOS, in addition to its charac-
teristic symptoms, is a factor that increases the risk of developing insulin resistance or
dyslipidemia. The observed results in improving insulin sensitivity and hormonal bal-
ance indicate that introducing marjoram in the form of an infusion to the diet of women
with PCOS may be a helpful tool in therapy but also act prophylactically in the group
of women at increased risk of developing insulin resistance or endocrine disorders [Haj-
Husein et al., 2016].

The findings position marjoram tea as a low-risk, food-based adjunct that may aid both

therapy and primary prevention of NCDs in women at elevated cardiometabolic risk.
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Confirmation in longer, adequately powered trials with standardized preparations and
dosing is warranted to translate these benefits into guidance.

Supplementation with mustard-seed-extract in rats with induced type 2 diabetes after 15
days led to a decrease in fasting blood glucose (an effect comparable to the effect of
metformin), improved the HOMA-IR index (improved insulin sensitivity), strengthened
the internal antioxidant defences and normalized the activity of enzymes involved in
carbohydrate metabolism (e.g. glucose-6-phosphatase). These findings suggest that
mustard extract may be an alternative to drugs with hypoglycaemic effects and may be
incorporated into dietary strategies for preventing or managing carbohydrate-metabo-
lism disorders [Paul et al., 2021].

Similar results were obtained in a study on mice given mustard oil — an improvement in
the insulin-resistance index. Additionally, supplementation showed a reduction in in-
flammation, inhibition of the adipogenesis process and, interestingly, an increase in
bone mineralization was noted [Takahashi et al., 2021].

Collectively, these findings support the use of standardised mustard preparations as
food-based adjuncts for preventing or managing type 2 diabetes and related cardiomet-
abolic disorders, while future human trials - and attention to oil composition (e.g.,
erucic-acid content) - are needed for safe translation to practice.

The main component of oregano oil is carvacrol. Studies conducted on rats with induced
hypertension confirm the antioxidant effect of this compound. Additionally, it mobilizes
endothelial progenitor cells, thereby weakening endothelial dysfunction, which is im-
portant in the prevention of cardiovascular diseases [Gongalves et al., 2023].

Other compounds present in oregano - luteolin-7-O-diglucuronide, lithospermic acid
and oreganol A can prevent the pathological process of insulin aggregation. This process
affects the hormone’s biological activity and reduces its therapeutic effectiveness. The
compounds contained in oregano therefore show preventive action in the context of di-
abetes, its complications and other diseases related to carbohydrate metabolism disor-

ders [Fialova et al., 2025].
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Taken together, these findings suggest that well-standardized oregano preparations
could complement dietary strategies for cardiovascular risk reduction and glycaemic
complication prevention in type 2 diabetes. Robust, longer-term clinical trials with
standardized formulations and transparent quantification of active constituents are
needed to inform evidence-based dosing and clinical use.

Savory shows multifaceted cardioprotective activity, producing effects on the cardio-
vascular system comparable to those of metoprolol. Additionally, it improves the lipid
profile (lowers TC, LDL-C and triglycerides) and strengthens endogenous antioxidant
defences. These findings support the use of savory as a dietary component in cardiovas-
cular-disease prevention strategies [Muthukumar et al., 2024].

Savory also has a favorable fatty-acid profile - high content of a-linolenic acid. Studies
indicate that fatty acids obtained from savory have antioxidant and anti-inflammatory
effects. Additionally, they inhibit digestive enzymes - a-amylase and lipase. Therefore,
they can be used in the prevention of obesity, diabetes and other inflammation-related
diseases [Obeidnejad et al., 2024].

Given these effects, standardized savory preparations with verified essential-oil and
fatty-acid profiles should be clinically tested to confirm their role in cardiovascular and
metabolic risk reduction.

Eight-week supplementation with thyme-seed extract improved insulin sensitivity in
rats fed a high-fat diet. Supplementation additionally strengthened the internal antioxi-
dant defences and reduced hepatic steatosis and inflammation. These findings suggest
that thyme-seed extract may serve as a dietary strategy for preventing obesity, non-al-
coholic fatty-liver disease and type 2 diabetes [Abdelmottaleb Moussa et al., 2025].
Strong anti-inflammatory and antioxidant effects were also demonstrated in a study on
mice given thyme essential oil. Thyme therefore has the potential to be a natural ingre-
dient supporting the prevention of diseases that arise from chronic inflammation — met-
abolic disorders, cardiovascular diseases, etc. [Warman et al.,, 2023].
Standardized thyme formulations - clearly defining chemotype (thymol/carvacrol), dose

and safety - should be evaluated in robust human trials to validate benefits for insulin
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resistance, NAFLD (nonalcoholic fatty liver disease) and other inflammation-driven

NCDs.
4. Quality and safety aspects of dried spices available to consumers

The health-promoting potential of culinary herbs and spices depends on the way they
are processed, stored and distributed. The most common form of herbs among consum-
ers is their dried, pre-packaged form, which also has the wildest market availability.
However, their antioxidant activity and the contentration of bioactive compounds may
differ significantly from those in fresh or minimally processed herbs.

A study of commercially available herbs sold in Poland showed that conventionally air-
dried samples contained substantially fewer polyphenols than their freeze-dried coun-
terparts. The findings indicate that prolonged exposure to elevated temperature, oxygen
and light during drying and storage markedly depletes these bioactive compounds. The
same trend was observed for antioxidant capacity — air-dried herb samples achieved
significantly lower results compared to freeze-dried and fresh herbs [Biezanowska-Ko-
pe¢ and Piatkowska, 2022].

In another study comparing popular herbs available on the European market, herb sam-
ples were tested, among other things, for water activity and its content in the product.
Some of the herbs tested exceeded the recommended limits (thyme and fennel). In-
creased water content exposes the product to the development of unfavorable microbes.
The same study assessed essential-oil levels - only 2 types of herbs out of 8 tested met
the requirements for their content (basil and oregano). Moreover, oil concentrations var-
ied markedly among suppliers. It is the content of essential oils in herbs that is related
to their antioxidant or antibacterial activity, etc. As a result, using herbs with a minimal
content of essential oils may not have any beneficial effect on human health [Polanczyk
et al., 2024].

In a study conducted on the Irish market, 855 samples of packaged, dried herbs and

spices were tested. Some of the samples tested were found to contain Salmonella spp.,
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Bacillus cereus spores and Escherichia coli, which demonstrates that even in the devel-
oped control systems used in the European Union, cases of food products being con-
taminated with pathogenic bacteria do occur [Food Safety Authority of Ireland, 2020].
Dried, pre-packaged herbs often deliver fewer bioactives and weaker antioxidant effects
than fresh or freeze-dried forms, largely due to processing and storage conditions. Mar-
ket variability—especially excess moisture/activity and sub-standard essential-oil lev-
els—can further erode functional value and raise spoilage or safety risks. These realities
argue for tighter standardization (moisture/aw control, verified essential-oil content)

and routine microbiological testing to ensure dried herbs reliably confer health benefits.
5. Summary

The reviewed literature indicates that selected culinary spices—oregano, basil, savory,
lovage, mustard, thyme, marjoram, and fennel—possess significant health-promoting
properties relevant to the prevention of non-communicable diseases (NCDs). These
spices are rich in bioactive compounds, including polyphenols, flavonoids, and essential
oils, which exert antioxidant, anti-inflammatory, hypoglycemic, hypolipidemic, and
metabolic-regulatory effects. Preclinical and clinical findings confirm their role in mod-
ulating key mechanisms underlying metabolic disorders, cardiovascular diseases, and
neurodegenerative conditions. A summary of the most important compounds contained
in the described herbs and their properties is summarized in Table 1.

Spices such as marjoram, basil, and fennel have demonstrated beneficial effects on glu-
cose metabolism and insulin sensitivity. Others, like oregano and savory, contribute to
cardiovascular protection through endothelial support and lipid-lowering actions. How-
ever, the biological efficacy of these spices is significantly influenced by their form and
quality. Studies show that freeze-dried spices retain a higher concentration of active
compounds compared to traditionally dried forms. Moreover, variation in essential oil
content and microbial contamination in commercial products pose concerns regarding

consumer safety and effectiveness.

234



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

In conclusion, the integration of high-quality spices into everyday nutrition may offer a

natural and accessible strategy for reducing the risk of lifestyle-related diseases. Further

standardization of processing methods and quality control is essential to ensure the con-

sistency and efficacy of these botanicals in preventive health care.

Table 1. The most important active compounds and the chemical composition of each herb described in the

article

Herb

Key Active Compounds

Notable Chemical
Groups

Functional Relevance

Polyphenols, flavonoids,

Antioxidant, anti-

Basil (Ocimum essential oils; noted le.ﬂ(?Ol’ e.uge?nol,. mﬂar.m.nator}./’
basilicum) antioxidant enzymes rosmarmlc'amd (implied hypollpldaem}c,
upregulation by basil profile) hypoglycaenyc,
neuroprotective
Antioxidant, glucose- and
Fennel (Foeniculum Anethole, polyphenols, Phenylpropanoids, lipid-metabolism

vulgare) flavonoids, essential oils flavonoid glycosides regulation,
cardiometabolic support
. Hypoglycaemic,
. Chlorogenic acid, YPOgly .
Lovage (Levisticum SO . L . hypolipidaemic,
. rosmarinic acid, caffeic Phenolic acids, flavonoids AP
officinale) . . . antioxidant, enzyme-
acid, quercetin, luteolin
regulatory

Marjoram (Origanum
majorana)

Polyphenols, flavonoids,
essential oils (e.g.,
terpinen-4-ol, carvacrol —
typical for marjoram)

Terpenoids, phenolic acids

Hormonal modulation,
insulin sensitivity
improvement, anti-
inflammatory

Mustard (Sinapis alba /
Brassica spp.)

Allyl isothiocyanate,

phenolic compounds,
omega-3 fatty acids,
erucic acid (in oil),

Glucosinolates, phenolic
acids, fatty acids

Hypoglycaemic, anti-
inflammatory, anti-
adipogenic, bone-

sinapine supportive
Carvacrol, luteolin-7-O- Antioxidant, endothelial-
Oregano (Origanum diglucuronide, Terpenoids, flavonoids, protective, anti-diabetic
vulgare) lithospermic acid, phenolic acids (prevents insulin
oreganol A aggregation)
a-Linolenic acid, . .
henolic compounds. Cardioprotective,
Savory (Satureja PAeEnoRC ¢ > Fatty acids, phenolic acids, hypolipidaemic,
. essential oils (carvacrol, . A
hortensis) . terpenoids antioxidant, enzyme-
thymol — typical), P
| inhibitory
flavonoids

Thyme (Thymus
vulgaris)

Thymol, carvacrol,
flavonoids, polyphenols

Monoterpenes, phenolic
acids

Antioxidant, anti-
inflammatory, insulin-
sensitising,
hepatoprotective
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Abstract

Celiac disease is a chronic autoimmune condition triggered by gluten ingestion in genetically
predisposed individuals. The only effective treatment is strict, lifelong adherence to a gluten-free diet
(GFD). While the GFD facilitates mucosal recovery and symptom resolution, ongoing complaints
may persist even in patients who strictly comply with dietary guidelines. This review analyzes
scientific literature published between 2015 and 2025 concerning selected nutrient deficiencies in
individuals with celiac disease adhering to a GFD.

Evidence indicates that individuals with celiac disease are at increased risk of deficiencies in dietary
fiber, iron, zinc, magnesium, vitamin D, and B vitamins, especially folate and vitamin B12. These
deficits are caused by multiple factors, including villous atrophy, impaired nutrient absorption, and
the nutritional limitations of many processed gluten-free products. In some cases, deficiencies persist
despite mucosal recovery and normalized antibody levels, which suggests ongoing subclinical
malabsorption or inadequate dietary quality.

Improving the nutritional adequacy of a GFD requires both education and strategic food selection.
Naturally gluten-free foods—such as legumes, fruits, vegetables, and nuts—as well as fortified
gluten-free products. Regular monitoring of nutritional status, including laboratory testing, is
essential to prevent long-term complications. Supplementation may be necessary in clinically
significant cases. Individualized, evidence-based dietary management remains key to optimizing
health outcomes in individuals with celiac disease.

Keywords: gluten free diet, celiac disease, nutritional deficiencies, gluten free products

1. Introduction

Celiac disease (CD) is a chronic autoimmune condition involving the small intestine,
triggered by gluten consumption in individuals with a genetic predisposition [Husby et
al., 2020; Jivraj et al., 2022]. It affects roughly 1% of the global population, and
epidemiological data indicate that its incidence has been increasing over the past
decades. In response to gluten, the immune system initiates pathological changes within

the intestinal mucosa, most notably villous atrophy accompanied by crypt hyperplasia.

238



International Scientific Conference
20th Anniversary of the Faculty of Food Sciences and Biotechnology
23-24 September 2025, Lublin

Such alterations impair the absorptive function of the small intestine, often leading to a
range of clinical manifestations. In young children, typical symptoms include chronic
diarrhea, abdominal bloating, growth retardation, developmental delay, and in more
severe cases, malnutrition [Lebwohl & Rubio-Tapia, 2021]. In contrast, older patients
frequently present with subtler gastrointestinal complaints — such as recurrent
abdominal discomfort—which can hinder timely diagnosis. Malabsorption may also
give rise to extraintestinal consequences, including iron deficiency anemia, reduced
bone mineral density (osteopenia), and growth impairment [Husby et al., 2020; Jivraj et
al., 2022].

Gluten, a protein complex found in wheat, rye, and barley, is considered the main
environmental factor involved in the development of celiac disease in genetically
susceptible individuals [Sharma et al., 2020]. Among the different protein fractions in
gluten, gliadins are considered the most toxic in celiac disease, especially certain
peptide fragments that are highly resistant to digestion and can trigger strong immune
responses. The presence of HLA-DQ2 or HLA-DQS alleles is required for the disease
to occur, since they help the immune system recognize and respond to gluten. Still, these
alleles only explain about 40% of the genetic risk, while the rest seems to involve many
other non-HLA genes, each with a relatively small effect [Aboulaghras et al., 2022].
Besides genetics and gluten, other factors like increased intestinal permeability are also
believed to be involved. Increased intestinal permeability allows undigested gluten
peptides to pass into the lamina propria, where they can trigger immune responses
[Aleman et al., 2023]. Gut dysbiosis — an imbalance in the intestinal microbiota — has
been suggested to influence disease progression by exacerbating inflammation,
although its causal role in celiac disease remains under investigation. Even though the
full mechanism behind celiac disease is still not fully worked out, it is generally
accepted that the condition results from a combination of genetic, environmental,
immune-related, and microbial factors [Aboulaghras et al., 2022].

Due to impaired absorption caused by villous atrophy in the small intestine, the

nutritional status of untreated patients is often compromised. As a result, their diet may
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be deficient despite adequate intake. Currently, the only recognized effective treatment
is strict and lifelong adherence to a gluten-free diet, which allows for mucosal healing
and the restoration of nutrient absorption [Cardenas-Torres et al., 2021]. However,
novel therapeutic approaches — including enzyme supplementation, modulation of
intestinal permeability, microbiota-targeted therapies, and immunomodulation—are
under investigation to reduce dietary burden and improve long-term disease outcomes.
However, the gluten-free diet may also be nutritionally inadequate, particularly if it
lacks variety or relies heavily on processed gluten-free products that are often lower in
fiber, vitamins, and minerals than their gluten-containing equivalents [Krawczyk et al.,
2022].

The aim of this review is to analyze literature published between 2015 and 2025 to
identify the selected nutritional deficiencies observed in individuals with celiac disease

who follow a gluten-free diet.

2. Dietary fiber deficiency

By excluding cereal products such as wheat, barley, rye, and non-certified oats,
individuals with celiac disease significantly reduce their intake of dietary fiber—both
soluble and insoluble fractions. Since cereal products are among the primary sources of
fiber in the Western diet, their elimination increases the risk of fiber deficiency. To
ensure adequate fiber intake, it becomes necessary to incorporate alternative, naturally
gluten-free sources such as fruits, vegetables, legumes, and nuts. Furthermore, long-
term adherence to a gluten-free diet—especially one based on refined, low-fiber
products — has been linked to reduced gut microbiota diversity, which may negatively
affect gut health and immune function [Vici et al., 2016].

In the study by Taetzsch et al. [2018], two assessments were conducted to compare the
nutritional quality of gluten-free and gluten-containing diets. The first involved
evaluating nutrient profiles in healthy meal plans based on the Dietary Guidelines for

Americans. These were modeled using MyPlate examples prepared by the USDA in
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both gluten-containing and gluten-free versions. Both dietary modeling and meta-
analysis of existing literature indicated that gluten-free diets consistently provide less
dietary fiber. The lower fiber intake was mainly due to reduced consumption of whole
grain cereals, which are a primary fiber source in Western diets. Gluten-free products
are often produced from refined flours and starches that are low in fiber and
micronutrients. Consequently, a frequent issue observed with gluten-free diets is a lower
fiber intake compared to traditional diets [Demirkesen & Ozkaya, 2022].

Similar findings were reported by Babio et al. [2017]. Their matched case-control cross-
sectional study, conducted in Spain between 2012 and 2014 as part of the Celiac Disease
Eating Attitudes project, included 98 individuals with celiac disease and 98 matched
healthy controls aged 10-23 years. Dietary intake was assessed using 3-day food diaries
completed at home and reviewed by trained dietitians. Nutrient content was calculated
using Spanish food composition tables, and fiber intake was compared with national
recommendations. Results showed that individuals on a gluten-free diet consumed less
dietary fiber than healthy controls, although the difference was not statistically
significant. Importantly, both groups failed to meet the recommended intake levels. The
lower fiber consumption in the celiac group was attributed to reduced intake of whole
grains, fruits, and vegetables, as well as the lower fiber content of many gluten-free
products.

According to Larretxi et al. [2020], although gluten-free products (GFPs) have long
been considered lower in fiber, technological advancements have led to improvements.
For example, some specially formulated gluten-free breads may contain more fiber than
standard white wheat bread (9.8% vs. 3.9%, respectively), although this is not
representative of all gluten-free products. However, despite these improvements, total
fiber intake in individuals with celiac disease remained lower than that of individuals
on a regular diet. This was primarily due to lower consumption of grains, fruits, and
vegetables. In the celiac group, fiber intake was modestly reduced and was largely
derived from processed products, particularly bread, which accounted for over 50% of

total fiber intake in both children and adults. The authors noted discrepancies between
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labeled and actual fiber content in gluten-free products, which may lead to errors in
dietary assessment. They emphasize the need to update food composition databases and
encourage the inclusion of naturally fiber-rich foods—such as legumes, fruits,

vegetables, and nuts—in the gluten-free diet to improve its nutritional quality.

3. Minerals deficiences

Iron

One of the most common mineral deficiency disorders diagnosed in individuals with
celiac disease is iron deficiency anemia (IDA). Often, IDA is the only symptom of
subclinical/atypical forms of celiac disease. According to Paez et al. [2017], it can affect
between 11.5% of patients with celiac disease without gastrointestinal symptoms and
69.4% of individuals without these symptoms. IDA results from the disappearance of
intestinal villi, which prevents iron from being properly absorbed.

Among children diagnosed with iron deficiency anemia, 8.4-21.3% of patients tested
positive for celiac disease. In adult patients, this result ranged from 2.9% to 6%. It is
worth noting that iron deficiency is more common in women due to menstrual bleeding
[Talarico et al., 2021].

In some individuals with celiac disease, iron deficiency anemia may persist despite
following a gluten-free diet (GFD). Possible causes include: incomplete elimination of
gluten from the diet, accidental consumption of gluten-contaminated products,
insufficient iron content in the diet, prolonged intestinal villous atrophy, or
physiological factors such as heavy menstruation or occult gastrointestinal bleeding.
Some patients cannot tolerate oral iron supplements due to side effects and require
periodic intravenous treatment. In situations where anemia persists despite normal
intestinal histology and supplementation, the presence of ultrastructural changes in
enterocytes that may limit iron absorption should be considered [Stefanelli et al., 2021].
A gluten-free diet helps to reduce inflammation in the small intestine, which over time
improves the absorption of minerals. Despite the regeneration of the mucous membrane,

it can take 6 to 12 months to rebuild the body's iron reserves. Therefore, it is important
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for patients with celiac disease to regularly consume naturally gluten-free foods high in
iron, especially meat and vegetables, and to pay attention to the labels of gluten-free
products in order to consciously choose those with a higher content of this element [Vici
et al., 2016].

A cross-sectional study by Marco et al. [2025] involved 311 patients with biopsy-
confirmed celiac disease (184 adults and 127 children) diagnosed and followed up at
the University Hospital of L'Aquila. Clinical and laboratory data, including hemoglobin
concentration and iron levels, were collected at the time of diagnosis and after 3—5 and
8-10 years of following a gluten-free diet to assess the incidence and persistence of
anemia over time. The results show that at the time of diagnosis, anemia was present in
24% of adults and 5.6% of children. In adults, it was more common in women, probably
due to iron loss during menstruation. In children, it was associated with younger age
and more severe disease. After 3—5 years of a gluten-free diet, anemia was still present
in about 20% of adults, despite normal mucosal histology. After 8-10 years, it dropped
to 17.8% in adults and 4.4% in children. The results suggest that normalization of the
intestinal picture does not always mean improved iron absorption. This may be due to
permanent ultrastructural changes in enterocytes or disturbances in the expression of
iron transport proteins. The need for long-term monitoring of blood parameters in
patients with celiac disease, regardless of diet compliance, is emphasized. In the study
by Kreutz et al. [2023], it was shown that after one year on a gluten-free diet, iron
deficiency persisted in 45% of patients whose antibody levels had normalized,

compared to 36% in the entire study group.

Zinc

Individuals with celiac disease often experience zinc deficiency (ZD), both in the active
phase of the disease and during clinical remission while following a gluten-free diet
(GFD). Reduced plasma zinc levels have been found in up to 67% of adults and 64% of
children newly diagnosed with celiac disease. This deficiency is associated with the

severity of intestinal villous atrophy — reported in 60% of patients with partial atrophy,
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80% with subtotal atrophy, and 92% with total villous atrophy. Zinc deficiency in the
intestinal mucosa may lead to activation of transglutaminase-2 (TG2), which is
normally inhibited by zinc. The activated enzyme forms a complex with deamidated
gliadin, acting as a neoantigen that triggers an autoimmune response and worsens
villous damage [Chao, 2023].

Children with celiac disease may lack not only zinc but also magnesium, selenium, folic
acid, calcium, vitamin D, iron, and fiber [Sue et al., 2018]. Even on a gluten-free diet,
such deficiencies may persist. In children with celiac enteropathy, zinc levels typically
normalize after starting a GFD, but additional supplementation does not always lead to
further improvement [Chao, 2023].

ZD can still occur in up to 40% of individuals who have followed a GFD for over two
years [Rondanelli et al., 2019]. Impaired zinc homeostasis, such as a reduced
exchangeable zinc pool, can lead to deficiency even when gastrointestinal absorption is
normal.

Lower zinc concentrations are also seen in children with chronic diarrhea or short
stature, which may result from undiagnosed celiac disease. In children with ZD, 4-week
zinc supplementation (20 mg) does not always provide a greater benefit than the GFD
alone, as zinc levels tend to improve in both cases [Chao, 2023]. However, combined
zinc and iron supplementation may be more effective than GFD alone in restoring
normal levels of both minerals [Negi et al., 2018].

According to Rondanelli et al. [2019], it is recommended to monitor serum zinc levels
from the time of diagnosis, repeating the test every 3 months until normalization, and
then every 1-2 years if symptoms persist. If deficiency is confirmed, daily zinc
supplementation of 2540 mg should be continued until levels return to the normal

range.
Magnesium

Magnesium is the most important divalent cation inside cells, playing a vital role in

numerous biological processes. It is essential for the proper function of many enzymes
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involved in DNA transcription and replication, mRNA translation, as well as ion pumps
and calcium channels. It also participates in protein, nucleic acid, glucose, and fat
metabolism, and in membrane transport mechanisms [Vici et al., 2016].

In celiac patients, magnesium deficiency may persist despite adherence to a gluten-free
diet, likely due to the naturally low magnesium content in gluten-free cereal products
[Di Nardo et al., 2019]. Intake differences have been observed among individuals with
celiac disease, particularly between sexes. Men with CD consumed less magnesium than
both men in the control group and women with CD. Less than 80% of them met two-
thirds of the daily recommended intake, indicating a potential deficiency [Gonzalez et
al., 2018]. In contrast, women with CD were more likely to meet magnesium
recommendations, possibly due to different dietary patterns, despite their lower overall
energy intake [Churruca et al., 2015].

Low magnesium intake among celiac patients seems to reflect a broader problem of
micronutrient deficiencies in the general population, not just a consequence of the
gluten-free diet. Considering magnesium’s importance in nerve conduction and bone
metabolism, inadequate intake may increase the risk of health complications [Gonzalez
etal., 2018].

Micronutrient intake analysis showed that both celiac patients on GFD and healthy
controls failed to meet magnesium recommendations. Mean intake reached only 50%
of the recommended amount in the CD group and 63.9% in the control group (P <

0.001), highlighting the widespread nature of this issue [Babio et al., 2017].

4. Vitamin deficiences

Vitamin D

Vitamin D, as a key factor regulating calcium-phosphate balance and supporting the
immune system, plays an important role in the prevention of bone disorders. Its
deficiency may result in osteomalacia and decreased bone mineral density (BMD). In

celiac patients, the recommended marker for assessing and monitoring vitamin D status
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is serum 25(OH)D concentration [Zingone & Ciacci, 2018].

Low BMD is often observed in individuals with celiac disease, particularly in children.
The underlying causes are multifactorial — including low intake of calcium and vitamins
D and K, impaired absorption, and intestinal inflammation. Lifestyle factors like limited
sun exposure, low physical activity, and medication use also contribute [Di Nardo et al.,
2019].

A gluten-free diet (GFD) generally improves BMD, and bone mineralization may
improve within a year in some patients. However, eliminating gluten alone does not
always normalize bone status, especially when the diet is deficient in calcium and
vitamin D. In such cases, vitamin D supplementation may be beneficial — it can help
prevent further bone loss, reduce symptoms of osteomalacia, and improve calcium
metabolism. Still, the evidence on its effectiveness is inconsistent. Recent guidelines
from the American College of Physicians highlight that the benefit of vitamin D
supplementation (even combined with calcium) for fracture prevention remains unclear
and contradictory [Zingone & Ciacci, 2018; Di Nardo et al., 2019].

Disturbances in calcium and vitamin D metabolism are common in celiac disease,
including vitamin D deficiency, hypocalcemia, and secondary hyperparathyroidism.
GFD often leads to normalization, but supplementation may be necessary depending on
the patient's baseline status and dietary compliance. Regular monitoring of vitamin D
and calcium is important to assess supplementation needs [Di Nardo et al., 2019].
Nonetheless, some reports highlight concerns regarding the excessive or inappropriate
use of vitamin D supplements, even among individuals with celiac disease, despite
limited evidence of added benefit over a well-balanced gluten-free diet [Taylor &

Davies, 2018].
B vitamins

B vitamins are essential for the proper functioning of the body — they participate, among
other things, in DNA synthesis, cellular metabolism, and nervous system function. In
patients with celiac disease, their deficiencies most often occur in the course of untreated

disease, when damage to the intestinal villi leads to malabsorption. However, even
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individuals who strictly follow a gluten-free diet (GFD) may still experience
deficiencies, which emphasizes the need to ensure a balanced diet and the quality of
food consumed. Folic acid is mainly absorbed in the jejunum, a section of the intestine
that is particularly susceptible to damage in celiac disease, which explains its frequent
deficiencies. Vitamin B12, on the other hand, although absorbed in the terminal ileum,

may be poorly absorbed, especially in cases of advanced villous atrophy.

The most common deficiencies associated with a gluten-free diet are folate and vitamin
B12. In patients who have been on a GFD for a long time — even more than 10 years —
reduced concentrations of these vitamins and elevated homocysteine levels have been
observed compared to the general population [Vici et al., 2016]. In turn, Kreutz et al.
[2023] showed that after 3 months of GFD, vitamin B12 deficiency occurred in 1.4% of
patients, and after one year — in 3.5%. In the case of folate, these percentages were 3—
5%, respectively. Importantly, some of these deficiencies developed after the diet was
implemented, despite previous normal values — this was the case in 38% of B12 cases
and 50% of folic acid cases. Deficiencies were also observed in patients with normal
IgA anti-TG2 antibody levels. This highlights that serological remission reflects
immune response but does not necessarily equate to full nutritional recovery or mucosal
healing. Although the terminal ileum is usually unaffected in CD, studies have shown
that up to 41% of individuals — particularly in select cohorts — may experience B12
deficiency despite adherence to a gluten-free diet. These may be related to
inflammation, impaired digestion of B12-transporting proteins, and deficiencies in other
nutrients.

In the event of a deficiency, especially if accompanied by elevated homocysteine levels,
vitamin B12 supplementation is recommended. Both oral (10002000 ug per day) and
intramuscular administration are effective, but oral administration is less invasive and
better tolerated. Once B12 levels have normalized, it is advisable to use multivitamin
preparations containing 500 pg of this vitamin. B12 levels should be monitored at the
time of CD diagnosis and every 1-2 years, especially in patients with persistent

symptoms [Rondanelli et al., 2019].
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Individuals with celiac disease may continue to have folic acid deficiency even if they
follow a gluten-free diet. This applies to approximately 3—5% of patients after one year
of GFD, with as many as half of the cases developing after the start of dietary treatment
[Kreutz et al., 2023]. These deficiencies may result not only from previous damage to
the intestinal mucosa, but also from a deficient elimination diet, low in natural sources
of folate, such as green leafy vegetables or fortified products. Since folic acid plays a
key role in one-carbon metabolism and homocysteine detoxification, its deficiency can
lead to an increase in the level of this amino acid, increasing the risk of cardiovascular
disease. Regular assessment of folate levels and possible supplementation should be
part of long-term care for patients with celiac disease.

However, a study by Gonzalez et al. [2018] showed that none of the male celiac disease
patients in the study population had low intakes of vitamins B6, B12, niacin, riboflavin,
or thiamine. A study by van Megen et al. [2023] showed that women with celiac disease
also met the dietary recommendations for vitamins B6, B12, and folate, suggesting that
their diet was adequately balanced. In contrast, the study by Valente et al. [2016]
showed that patients with celiac disease had lower serum folate concentrations
compared to the control group — an average of 7.7 + 3.5 ng/mL (P < 0.05). Furthermore,
all participants with celiac disease consumed less folate than the average requirement
(EAR), with an average intake of 130.8 + 53.6 pg/day. Despite these deficiencies, only
a small proportion of patients with CD had elevated homocysteine levels
(hyperhomocysteinemia), suggesting that some individuals may have mechanisms to
compensate for folate deficiency or that the deficiency was not yet advanced enough to

affect homocysteine metabolism.

5. Summary

Celiac disease is a chronic autoimmune disorder, and the only effective treatment is
strict adherence to a gluten-free diet. Despite the benefits of eliminating gluten, this diet

carries a significant risk of nutritional deficiencies, even with high adherence. A review
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of the literature from 2015-2025 reveals that individuals with celiac disease are
particularly at risk of deficiencies in dietary fiber, iron, zinc, magnesium, vitamin D,
and B vitamins, especially folic acid and vitamin B12. These deficiencies are caused by
both damage to the small intestine mucosa and the low nutritional value of many ready-
made gluten-free products. Furthermore, even after intestinal villi regeneration and
normalization of serological markers, deficiencies may persist due to permanent
changes in the structure and function of enterocytes.

A gluten-free diet requires careful planning and nutritional education. To improve its
quality, it is recommended to increase the consumption of natural, fiber-rich foods—
such as legumes, vegetables, fruits, and nuts - and to choose nutritionally balanced,
gluten-free products.. At the same time, it is necessary to systematically monitor
nutritional status and implement supplementation when clinically significant
deficiencies occur. Long-term follow-up, including regular laboratory assessments and
nutritional counselling, should be a standard part of care, even in asymptomatic patients
with good dietary compliance. This is in line with current ESPGHAN (European Society
for Paediatric Gastroenterology, Hepatology and Nutrition) recommendations, which
emphasize the importance of comprehensive, multidisciplinary management in patients
with celiac disease.

An individualized approach, including both clinical and biochemical assessment of the
patient, is key to effectively preventing complications and improving the quality of life
of individuals with celiac disease. Further research is warranted to better understand the
long-term nutritional implications of different gluten-free dietary patterns and their
effects on gut microbiota, in order to optimize dietary strategies and improve clinical

outcomes in this population.
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