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ABSTRACT

Serotonin, a nutrient component, has been found to positively influence
sperm motility and spermatogenic processes. In this study, the digestion and
bioaccessibility of serotonin-rich foods, including 10 different foods and a
serotonin supplement, were examined through in vitro models. The experiment
was conducted using in vitro digestion models, and the obtained data were
analyzed using the HPLC method. The serotonin content varied between 205
pg/100 g to 5.8 pg/100 g before digestion and 294.3 nug/100 g to 14 pg/100
g after digestion, while the bioaccessibility ranged from 1101% to 8%. The
findings showed that most food samples had high serotonin bioaccessibility
and that the serotonin levels varied before and after digestion. Most food
samples showed serotonin bioaccessibility to be above 100%. The findings
demonstrated that most food samples had high serotonin bioaccessibility and
that the amount of serotonin varied before and after digestion.
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INTRODUCTION

According to the World Health Organization (WHO), health is defined as “a
state of complete physical, mental and social well-being and not merely the

7

absence of disease or infirmity”™. Reproductive health is integral to overall
well-being, as reproductive disorders can significantly impact general health?.
Infertility, affecting an estimated 48.5 million couples globally, is defined
as the inability to establish a clinical pregnancy after 12 months of regular,
unprotected intercourse or due to impaired reproductive capacity®+. Infertility
is attributed equally to male and female factors (40% each), with the remaining
20% linked to combined or unexplained causes. Male infertility is often due
to abnormal sperm parameters, with up to 90% of cases involving low sperm
count or poor qualitys. Environmental factors and lifestyle choices, such as
smoking, alcohol consumption, obesity, stress, and diet, significantly influence
male reproductive health®. Nutrition, in particular, plays a critical role, with
studies linking micronutrients like zinc, vitamin E, selenium, and coenzyme
Q10 to improved semen quality?.

Dietary neurotransmitters such as serotonin are also relevant in this context.
Serotonin, synthesized from the essential amino acid tryptophan, is found in
protein-rich foods, fruits, seeds, and nuts®. Its synthesis involves enzymatic
transformations that rely on tryptophan availability, which competes with
other amino acids to cross the blood-brain barrier®. Dietary factors such as
carbohydrate-rich foods can enhance brain tryptophan intake by triggering
insulin release, reducing competition among amino acids®™.

Serotonin, functioning as both a neurotransmitter and hormone, modulates
various physiological processes by binding to specific receptors, including those
in the male reproductive system. These receptors suggest a role for serotonin in
regulating male fertility®. Studies have shown that serotonin supplementation
improves sperm motility and mating behavior in animal models, indicating its
potential in reproductive health''3.

Nutritional strategies for preserving reproductive health must consider
nutrient bioaccessibility. In vitro digestion methods allow for the assessment
of nutrient accessibility and diversity in dietary choices#. This study aims
to examine the digestion and bioaccessibility of serotonin-rich foods and
supplements, contributing to strategies to improve male reproductive health.
Furthermore, the given study represents the first investigation into the in vitro
digestion and bioaccessibility of serotonin from dietary sources, as no prior
research has been conducted on this subject.
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METHODOLOGY
Chemicals

Serotonin-HCl (298%), ACS reagent chemicals are Trichloroacetic acid
(TCAA, 299.0%), Perchloric acid (PCA, %70), Sodium chloride (NaCl, %99),
Sodium hydroxide (NaOH, =97%), Hydrochloric acid (HCl, %37), Potassium
chloride (KCl, 99.0-100.5%), Calcium chloride (CaClz2, =96.0%) and Sodium
bicarbonate (NaHCO,, 299.7%), urea, uric acid, pancreatin (8xUSP) and alpha
amylase (1,4-a-D-Glucan-glucanohydrolase, a-Amylase from Aspergillus
oryzae powder, 1.5 units/mg ~0.2 U) were used from Sigma-Aldrich (St. Louis,
MO, USA).

Preparation of samples

Ten serotonin-rich foods: eggs, milk, oats, bananas, mung beans, walnuts,
hazelnuts, pumpkin seeds, chia seeds, and flaxseeds along with a dietary
supplement containing 100 mg of 5-Hydroxy-L-tryptophan (5-HTP) were
used in this study. Two portions were prepared for each sample: one for pre-
digestion and one for post-digestion. Egg whites and yolks were homogenized;
bananas were mashed, and nuts, seeds, and grains were ground separately. For
the supplement, the capsule was emptied and utilized. A standardized 2 grams
was measured for each sample using a precise analytical scale. A standardized
2 grams of each sample was weighed with an analytical scale and placed in 50
mL centrifuge tubes for digestion analysis.

In vitro digestion procedure

The bioaccessibility of serotonin was assessed using an in vitro simulated
human digestive system?. Two grams of each sample were weighed into 100
mL flasks, and digestion was performed in sequential phases using saliva,
gastric, duodenal, and bile solutions. In the oral phase, 5 mL of saliva solution
was added to the sample and vortexed for 1 minute. The mixture was then
incubated for 5 minutes at 37°C in a shaking water bath. For the gastric phase,
10 mL of gastric solution was added to the oral phase mixture, vortexed for 1
minute, and incubated for 30 minutes at 37°C. Subsequently, in the duodenal
phase, 10 mL of duodenal solution and 5 mL of bile juice were added to the
gastric phase mixture. This was followed by a 2-hour incubation at 37°C in a
shaking water bath. After digestion, the final volume was adjusted to 50 mL
using deionized water. The digested samples were centrifuged at 8000 rpm for
5 minutes, filtered through a 0.22 um CA filter, and stored until analysis. The
bioaccessible serotonin content was analyzed using High-Performance Liquid
Chromatography (HPLC).
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Digestive enzymes and organic, inorganic solutions

Oral Phase: A solution containing a-amylase (280 mg), mucin (25 mg), NaCl
(1.7 mL, 175.3 g/L), uric acid (15 g), and urea (8 mL, 25 g/L) was prepared in a
500 mL flask with deionized water (DI water). The volume was adjusted to 500
mL with DI water, and the pH was set to 6.8 + 0.2 with 1 N HCI or 1 N NaOH.

Gastric Phase: HCI (6.5 mL, 37 g/L), pepsin (2.5 g), mucin (3 g), CaClz2-H20
(18 mL, 22 g/L), and bovine serum albumin (1 g) were dissolved in a 500 mL
flask with DI water. The final volume was completed with DI water, and the pH
was adjusted to 1.5 + 0.02 with 1 N HCI or 1 N NaOH.

Duodenal Phase: KCl (6.3 mL, 89.6 g/L), bovine serum albumin (2 g),
CaCl2-H20 (9 mL, 22.2 g/L), pancreatin (1 g), and lipase (1.5 g) were dissolved
in a 500 mL flask with DI water. The volume was made up to 500 mL with DI
water, and the pH was adjusted to 8.0 + 0.2 with 1 N HCI or 1 N NaOH.

Bile Juice: NaHCO3 (68.3 mL, 84.7 g/L), bovine serum albumin (1.8 g),
CaCl2-H20 (10 mL, 22.2 g/L), and bile (30 g) were dissolved in a 500 mL flask
with DI water. The final volume was completed with DI water, and the pH was
set to 7.0 + 0.2 with 1 N HCI or 1 N NaOH.

Chromatographic conditions

Serotonin and tryptophan amounts were determined using high-performance
liquid chromatography (HPLC)". 10 mg of serotonin and tryptophan standards
were each dissolved in a 95:5 (PCA: deionized water) solution, then diluted to a
final volume of 100 mL to prepare 100 ppm solutions. For the 1 ppm standard, 1
mL of the 100 ppm solution was transferred to a 50 mL tube and mixed with the
PCA solution. The samples were then centrifuged at 8000 rpm for 5 minutes.
The supernatant was carefully collected and filtered through a 0.22-micron
PTFE filter. Finally, 2 mL of the filtered solution was transferred into HPLC
vials for analysis. The HPLC system used was a Shimadzu Nexera-i equipped
with an RF-20A fluorescence detector (Shimadzu Corporation, Kyoto, Japan).

Statistical analysis

The quantification of serotonin and tryptophan levels was performed by
calculating the peak areas corresponding to appropriate standardized
concentration ranges in HPLC. The data were analyzed using GraphPad 6.2
software (GraphPad Software, Inc., La Jolla, CA, USA) and measured using the
non-parametric Mann-Whitney U test. Results are presented as mean value +
standard error (X + SE). Variations between groups were statistically assessed,
with a significance level of p<0.05.

398 | Acta Pharmaceutica Sciencia. Vol. 64 No. 3, 2026



RESULTS and DISCUSSIONS

Bioaccessibility of serotonin and 5-HTP in vitro digestion

HPLC analysis was employed to quantify serotonin and its precursor
5-Hydroxytryptophan (5-HTP) content in various food samples both before
and after in vitro digestion. The amounts and bioaccessibility of 5-HTP and

serotonin in foods and supplements, both pre-digestion and post-digestion,

are presented in Table 1 and Table 2.

Table 1. The pre-digestion and post-digestion amounts and the bioaccessibility ratios of
serotonin precursor (5-HTP) in foods and supplements

5-HTP Prfl'gd/;gu";g““ P°T|;;’1igﬁs;i°“ Bioaccessibility %
Eggs 68.3 £ 3.4 57.8+2.9° 84.6+4.2
QOats 56.0 + 2.8 95+0.5 16.9+0.8
Milk 6.6 + 0.3 6.3+0.3 944 +47
Bananas 187.3+9.4° 3.7+0.2 2.0+0.1
Flaxseeds 38.1+1.9 140+ 0.7° 36.7+1.8
Mung beans 23.3+1.22 25+0.1° 10.8+0.5
Chia seeds 86.7 + 4.3 3202 37202
Hazelnuts 68.4 +3.4° 61.3 +3.1b 89.7+45
Walnuts 12.8 + 0.6 1.5+0.1° 121+ 0.6
Pumpkin seeds 309 +1.5 1.7+0.1° 54+03
5-HTP (supplement) 1674.2 + 83.7¢ 0.0 0.0 0.0+0.0

Outcomes are represented + standard deviation (n=3). The distinct symbols within the
same row displayed indicate a significant difference in mean values (Mann-Whitney U

test, p<0.05).

Acta Pharmaceutica Sciencia. Vol. 64 No. 3, 2026 | 399



Table 2. The pre-digestion and post-digestion amounts and the bioaccessibility ratios of
serotonin in foods and supplements

Serotonin Prz;;l/:gue;t;on Posutg-l;i;g;s;ion Bioaccessibility %
Eggs 59.2 +3.0° 2440+ 12.2° 411.9+20.6
QOats 11.3+ 0.6 82.8£4.1° 730.0 + 36.5
Milk 58+0.3 23212 398.0+19.9

Bananas 26.7+1.3 2943 £+ 14.7° 1101.0 £ 55.0

Flaxseeds 148+ 0.7 1545+ 7.7° 1041.1 £ 52.1

Mung beans 9.7+0.5° 140+ 0.7° 143.8+7.2

Chia seeds 224 +1.1° 92.3+4.6° 411.2+20.6
Hazelnuts 734 +3.7° 59.2+3.0° 80.6 +4.0
Walnuts 181.4 £9.1° 147.7 £7.4° 814 41

Pumpkin seeds 9.1+0.5 37.5+1.9° 411.3+20.6
5-HTP (supplement) 205.0 +10.32 16.5+0.8° 81+04

Outcomes are represented + standard deviation (n=3). The distinct symbols within the
same row displayed indicate a significant difference in mean values (Mann-Whitney U
test, p<0.05). The HPLC chromatograms obtained after the HPLC measurement are
shown in Figures 1-3.
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Figure 1. Standard HPLC chromatogram (1: 5-HTP, 2: Serotonin)
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Figure 2. HPLC chromatogram of the pre-digestion sample (1: 5-HTP 2: Serotonin)
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Figure 3. HPLC chromatogram of the post-digestion sample (1: 5-HTR 2: Serotonin)

As shown in Table 1, the initial 5-HTP content varied significantly among the
food samples. Bananas had the highest pre-digestion 5-HTP content at 187.3
ug/100 g, while milk had the lowest at 6.6 ug/100 g. After digestion, hazelnuts
contained the highest post-digestion 5-HTP level at 61.3 pug/100 g, whereas
walnuts had the lowest at 1.5 ug/100 g. The bioaccessibility of 5-HTP during
in vitro digestion ranged from the highest in milk (94.4%) to the lowest in
bananas (2%). Additionally, the pre-digestion amount of 5-HTP in the food
supplement was 1674.2 pg/100 g, while post-digestion it was o ug/100 g,
resulting in a bioaccessibility of 0%.

As for serotonin in Table 2, walnuts had the highest pre-digestion concentration
at 181.4 pg/100 g, while milk had the lowest at 5.8 pg/100 g. post-digestion,
bananas showed the highest serotonin content at 294.3 pg/100 g, while
mung beans had the lowest at 14 pg/100 g. The bioaccessibility of serotonin
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during digestion ranged from the highest in bananas (1101%) to the lowest in
hazelnuts (80.6%). Furthermore, the pre-digestion amount of 5-HTP in the
food supplement was 205 pg/100 g, which decreased to 16.5 ug/100 g post-
digestion, yielding a bioaccessibility of 8%. These results show significant
variation in the amounts and bioaccessibility of serotonin and its precursor
across different foods and supplements.

Male reproductive health can be influenced either directly or indirectly by a
myriad of environmental factors and lifestyle choices such as cigarette smoking,
alcohol consumption, obesity, stress, and dietary practices®. Nutrition plays
a crucial role in fertility, necessitating dietary modifications for addressing
infertility in both men and women®. Existing literature highlights the potential
of various macro and micronutrients in promoting male reproductive health.
Additionally, dietary neurotransmitters like serotonin are considered in
this context. Serotonin is known to play a crucial role not only in emotional,
hunger, sexual, and sleep regulation but also in intestinal motility and secretion
activities in the intestines”. Tryptophan serves as the sole precursor to the
neurotransmitter serotonin. Tryptophan is primarily found in protein-rich
foods such as milk, meat, meat products, oats, nuts, and seeds?°. The selected
foods for this study are known for their high tryptophan content and their role
in increasing serotonin levels in the body.

As depicted in Table 1 of the findings, it was observed that post-digestion
tryptophan quantities decreased and bioaccessibility was low for all digested
foods. Among them, bananas had the lowest value with 3.7 ug/100 g and a 2%
bioaccessibility rate. A study conducted in Bali using Java pineapples and Bali
green bananas to determine the tryptophan content found that the tryptophan
content in pineapples and bananas was 316 pg/100 g. Comparing this with the
pre-digestion tryptophan content of 187 pug/100 g in bananas in our study, it is
speculated that the differences could arise from the simultaneous analysis of
bananas with another food rich in tryptophan such as pineapples or variations
in the banana type used, leading to different tryptophan contents.

The decrease in tryptophan levels of post-digestion may be attributed to
transformations into different components, such as serotonin. Another reason
may be the pH changes and biodegradation that occur during digestion.
Moreover, during digestion, proteins in foods, including tryptophan, are
broken down into individual amino acids due to the action of enzymes in the
stomach and small intestine®?. Consequently, the initial breakdown of the
protein structure containing tryptophan might result in the release of free
tryptophan, contributing to the observed decline.
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The results presented in Table 2 indicate that all digested foods exhibited an
increase in post-digestion serotonin quantities, with very high bioaccessibility.
Except for nuts and walnuts, the bioaccessibility rate of all foods was above
100%. Several mechanisms may account for this observation. First, the release
from the food matrix or their metabolic transformation from more complex
precursors can liberate bound serotonin, facilitating enhanced absorption.
Secondly, nutrient synergy may play a significant role: The presence of other
nutrients or components may enhance the absorption or utilization of a specific
nutrient. This phenomenon is known as nutrient synergy. When multiple
nutrients work synergistically, they can enhance each other’s bioaccessibility,
potentially exceeding 100%24. In the literature, it has been noted that
carbohydrates can influence the accessibility of tryptophan and its subsequent
conversion to serotonin. Bananas, particularly, contain carbohydrates in the
form of starch and sugar?s. Thus, the reason for bananas having the highest
serotonin bioaccessibility rate of 1101% compared to other foods can be
explained in this context.

Regarding dietary supplements, as shown in the tables, it was determined
that the post-digestion tryptophan quantity of the 5-HTP supplement was 0
ug/100 g with 0% bioaccessibility. This circumstance may be attributed to
the complete conversion of tryptophan into serotonin or other components.
Additionally, the supplement’s serotonin content was found to be 17 pg/100
g with an 8% bioaccessibility. The bioaccessibility rates of the supplement
were lower compared to the serotonin bioaccessibility rates identified in foods.
Dietary supplements may sometimes be limited in terms of bioaccessibility
due to natural properties, interactions, or formulation -challenges°.
Therefore, following the recommended dosage instructions for supplements,
and considering possible interactions with foods, medications, or other
supplements, can help maximize the absorption and effectiveness of dietary
supplements?.

This study demonstrated substantial increases in post-digestion serotonin
levels across all tested foods, with bioaccessibility exceeding 100% in 8 out of
10 samples, underscoring the significance of serotonin-rich foods like bananas
in elevating serotonin levels. Notably, existing literature lacks data on the
digestibility and bioaccessibility of serotonin and tryptophan in most foods
analyzed in this study, highlighting the need for further research to better
understand these findings and their implications.
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