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Abstract: Serotonin (5-hydroxytryptamine, 5HT) homeostasis is essential for many physiological
processes in the central nervous system and peripheral tissues. Hyperserotonemia, a measurable
sign of 5HT homeostasis disruption, can be caused by 5HT-directed treatment of psychiatric and
gastrointestinal diseases. Its impact on the long-term balance and function of 5HT in the peripheral
compartment remains unresolved and requires further research due to possible effects on human
health. We explored the effects of perinatal 5HT imbalance on the peripheral organs responsible for
serotonin metabolism—the jejunum, a synthesis site, and the liver, a catabolism site—in adult rats. Hy-
perserotonemia was induced by subchronic treatment with serotonin precursor 5-hydroxytryptophan
(5HTP) or serotonin degradation inhibitor tranylcypromine (TCP). The jejunum and liver were
collected on postnatal day 70 and analyzed histomorphometrically. Relative mRNA levels of 5HT-
regulating proteins were determined using qRT-PCR. Compared to controls, 5HTP- and TCP-treated
rats had a reduced number of 5HT-producing cells and expression of the 5HT-synthesising enzyme
in the jejunum, and an increased expression of 5HT-transporter accompanied by karyomegaly in
hepatocytes, with these differences being more pronounced in the TCP-treated animals. Here, we
report that perinatal 5HT disbalance induced long-term cellular and molecular changes in organs
regulating 5HT-metabolism, which may have a negative impact on 5HT availability and function
in the periphery. Our rat model demonstrates a link between the developmental abnormalities of
serotonin homeostasis and 5HT-related changes in adult life and may be suitable for exploring the
neurobiological substrates of vulnerability to behavioral and metabolic disorders, as well as for
modeling the adverse effects of the prenatal exposure to 5HT enhancers in the human population.

Keywords: serotonin; 5-hydroxytryptophan; tranylcypromine; monoamine oxidase; liver; jejunum;
histological techniques; qRT-PCR; enterochromaffin cells; rat

1. Introduction

Serotonin (5-hydroxytryptamine, 5HT) is a biologically active amine present in the
central nervous system (CNS) and the peripheral tissues of mammals. In the “central
5HT compartment”, it is best known as a neurotransmitter that modulates neural activity
and a range of neuropsychological processes including mood, perception, reward, anger,
aggression, appetite, memory, cognition, pain sensitivity, thermoregulation, sleep, sexual
behavior, and circadian rhythm [1,2]. The cell bodies of 5HT-synthesizing neurons are
located in the raphe nuclei of the brain stem and project their axons throughout the
cortical and subcortical regions of the brain. The first step in serotonin biosynthesis, the
conversion of L-tryptophan to 5-hydroxytryptophan (5HTP), is catalyzed by the enzyme
tryptophan hydroxylase (TPH2 isoform), which is followed by the reduction to 5HT via
aromatic L-amino acid decarboxylase and active transport into synaptic vesicles by vesicular
monoamine transporter (VMAT2 isoform). 5HT synaptic action is terminated through its
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reuptake by 5HT transporter (5HTt) and degradation to 5-hydroxyindoleacetic acid by the
enzyme monoamine oxidase (MAO), preferentially the MAOA isoform [3].

Nonetheless, most serotonin is found outside the CNS, in the “peripheral compart-
ment”. 5HT is primarily produced in the gut enterochromaffin (EC) cells of the mucosa [4]
by the TPH1 isoform and packed into dense granules by the VMAT1 isoform [5]. Upon its
release into circulation, platelets accumulate the majority of peripheral serotonin, while
small amounts of 5HT remaining in platelet-free plasma can activate more than seventeen
5HT receptors located in various peripheral tissues [6] before 5HT is taken up by 5HTt and
catabolized by MAOA in the endothelial cells of the lungs and liver [7]. Peripheral 5HT
regulates numerous biological processes in cardiovascular, pulmonary, gastrointestinal
(GI), and genitourinary systems [1]. 5HT from the circulatory system governs hemo-
dynamics, modifies blood pressure, and changes body temperature through cutaneous
vasodilation [4,7]. Previous studies have suggested that EC cells are pressure sensors that
secrete serotonin into the wall of the GI tract, initiate peristaltic and secretory reflexes, and
activate sensory nerves [8]. However, recent studies imply that 5HT from the neurons of
the enteric system is more important for constitutive gastrointestinal transit than is enteric
serotonin from EC cells. Neuronal 5HT also promotes the growth/maintenance of the
mucosa and neurogenesis, while enteric serotonin induces a GI inflammatory response [9].
Enteric serotonin enters the liver through the portal vein and affects several key processes:
gluconeogenesis [6], hepatic lipid metabolism via a gut–liver endocrine axis, hepatic blood
flow (portal and sinusoidal), regeneration, innervation, and wound healing [10,11].

The central and the peripheral serotonergic systems are functionally separated by a
blood–brain barrier and regulated independently. However, during the fetal and early
postnatal development of the brain, the blood–brain barrier is not fully formed, and the
two systems can freely communicate [12]. Considering the role of 5-HT in neurodevelop-
ment [13] and prenatal programming [14], genetic or environmental disruption of optimal
serotonin concentrations can affect serotonin homeostasis in both compartments, leading to
an increased vulnerability to behavioral and/or metabolic disorders [15,16]. One of the mea-
surable signs of 5HT homeostasis disruption is hyperserotonemia—a state of elevated blood
5HT levels. It has been identified in some developmental disorders such as those of autism
spectrum but can also be caused by the use of serotonergic medications developed for med-
ical treatments of psychiatric, neurological, and some gastrointestinal disorders [17–19]. In
addition to the “classical” 5HT-targeting drugs, such as MAO inhibitors, selective serotonin
reuptake inhibitors (SSRIs), or agents targeting specific serotonin receptors, the immediate
5HT precursor 5-HTP has been widely offered for alleviating depressive symptoms, binge
eating, headache, or insomnia [20]. Although the effects of serotonergic drugs have been
examined in detail and are fully understood in the CNS and partially in the digestive
tract [21], some side effects (e.g., diabetes, metabolic syndrome, and valvular heart dis-
ease [8,22]) reveal that the physiological role of the peripheral serotonergic system is still
unclear and needs to be studied further. This especially holds true for 5HTP, whose safety
of use has hardly been studied in the human population or in animal models [23].

To identify the consequences of developmentally disturbed serotonin homeostasis, we
pharmacologically induced elevated blood 5HT levels by the perinatal treatment of rats with
serotonin precursor 5-hydroxytryptophan (5HTP) or MAO inhibitor tranylcypromine (TCP)
during the most intensive development of 5HT neurons. The aim was to induce perinatal
hyperserotonemia through endogenous serotonin, i.e., not through an analog but through
the inhibition of catabolism or the stimulation of synthesis at two levels. First, primarily at
the peripheral level, the administration of 5-hydorxytryptophan, the immediate precursor
of 5HT, allowed us to bypass the rate-limiting step in the synthesis of 5HT and significantly
increase peripheral serotonin (treatment explained in more detail in [24]). Second, both at
the central and peripheral levels, TCP inhibited both monoamine oxidase isoforms inducing
long-term hyperserotonemia (explained in more detail in [25]). In our previous studies, we
showed the immediate effects of the treatments and their long-lasting impact on the central
5HT compartment at the molecular, neurochemical, and behavioral level. While treatment



Biomedicines 2024, 12, 357 3 of 17

with 5HTP significantly raised peripheral but not central 5HT concentrations, treatment
with TCP induced significant 5HT elevations in both “compartments” [26]. Still, both
treatments increased pup mortality, reduced weight gain, compromised thermoregulation,
and altered affiliative behavior [24,25,27]. At adult age, 5HTP-treated rats displayed a
modest but significant decrease in 5HT concentration [26] and an increase in MaoA and
MaoB mRNA abundance [28] in the frontal cortex, accompanied by increased exploratory
activity [29]. More prominent long-lasting effects were observed in TCP-treated rats.
Disturbed peripheral 5HT homeostasis was reflected in hyperserotonemia, altered bone
remodeling, and hematopoiesis [30]. Disturbed central 5HT homeostasis was reflected
in a significant increase in mRNA abundance for both Mao genes [28] and, consequently,
increased brain 5HT metabolism and drastically decreased 5HT concentrations in the
frontal cortex and raphe nuclei [26], accompanied by highly anxiolytic behavior [29].

In this study, we further explored the structural and molecular backgrounds of the
disturbed peripheral homeostasis by focusing on the peripheral organs responsible for
serotonin metabolism—the digestive tract, where enteric 5HT is synthesized, and the liver,
where enteric 5HT is primarily metabolized. Our aim was to analyze the long-lasting
histomorphological and 5HT-regulating gene expression changes in the jejunum and liver
tissue after 5HTP-induced and TCP-induced perinatal hyperserotonemia. Jejunum and liver
samples were collected from 13 5HTP-treated, 13 TCP-treated, and 11 saline-treated rats of
both sexes on postnatal day (P) 70; the samples were analyzed histomorphometrically; and
the relative expression of the genes coding for TPH1 and VMAT1 in the jejunum and 5HTt
and MAOA in the liver was compared among the three groups.

2. Materials and Methods

We performed a two-step chronic treatment of animals with either of the two 5HT-
enhancers—5-hydorxytryptophan (5HTP) and tranylcypromine (TCP)—or with saline.
In the first step, we treated pregnant females (3 with each of the 5HT enhancers and 2
with saline) from gestational day 12 until parturition. In the second step, we treated pups
(13 with TCP, 13 with 5HTP, and 11 with saline) from postnatal day (PND) 1 until PND21. At
PND70, blood, jejunum, and liver samples were collected from all experimental and control
rats. Serum 5HT concentrations were measured with ELISA, jejunum and liver tissue was
examined histomorphologically, and the relative expression of the genes of the serotonin
pathway proteins, including tryptophan hydroxylase 1 (Tph1) and vesicular monoamine
transporter 1 (Vmat1)—responsible for serotonin synthesis and storage in the jejunum—and
serotonin transporter (5HTt) and monoamine oxidase A (MaoA)—responsible for 5HT
elimination in liver—were determined via quantitative PCR.

2.1. Housing and Breeding of Animals

The experiment was performed on eight nulliparous Wistar females acquired from
the animal facility of the Croatian Institute for Brain Research (University of Zagreb,
Zagreb, Croatia), weighing 220–250 g, which were randomly assigned to a saline, 5-
hydroxytryptophan (5HTP), or tranylcypromine (TCP) group and mated with males of the
same strain and age in a 3:1 or 2:1 ratio in order to synchronize paring and parturition [31]
and reduce the number of male progenitors in accordance with the 3R’s principle [32].
Nulliparous females were used in order to eliminate the effect of previous pregnancies and
lactation on the dam’s affiliative behavior influenced by serotonin [33] through the HPA
axis [34] and to allow for the same conditions for all pups being reared. After gravidity was
confirmed in all females, the male was removed from the cage. Females remained together
until 2 days before parturition when they were separated and remained singly housed until
weaning of the pups. After weaning, animals were kept 3–4 per cage in polycarbonate
cages under 12 h light:12 h dark conditions at a temperature of 22 ± 2 ◦C, with free access to
rat chow and tap water. Animals were kept at the Animal facility of the Division of Animal
Physiology, Department of Biology, Faculty of Science, University of Zagreb (Facility reg.
num. HR-POK-027).



Biomedicines 2024, 12, 357 4 of 17

The animals’ health status was monitored throughout the experiments by a health
surveillance program according to Federation of European Laboratory Animal Science
Associations (FELASA) guidelines. The rats were free of all viral, bacterial, and parasitic
pathogens listed in the FELASA recommendations. All efforts were made to reduce the
number of animals used and to minimize animal suffering. The study was approved by
the ethics committee of the University of Zagreb (251-58-508-10-19) and was conducted in
accordance with the Directive of The European Parliament and of the Council (2010/63/EU)
and the Croatian Animal Protection Law (NN, 102/2017, NN 32/2019) as well as the
directive on animal protection in scientific research (NN 55/2013, NN, 116/2019).

2.2. Pharmacological Treatments

Rats were treated with serotonin synthesis precursor, 5-hydroxytryptophan (5HTP),
or with the nonselective MAO inhibitor, tranylcypromine (TCP), in order to increase the
level of serotonin and induce hyperserotonemia. The treatment started prenatally from the
12th until the 21st gestation day by treating pregnant females—three with 2 mg/kg of TCP
(Sigma–Aldrich, St. Louis, MO, USA), three with 25 mg/kg of 5HTP (Sigma–Aldrich), and
two with saline. The experiment continued with postnatal treatment of pups from P1 to
P21—13 rats with TCP, 13 rats with 5HTP, and 11 rats with saline (control group). Young
adult rats of both sexes were used to check for the potential differences in vulnerability
to disbalance in 5HT homeostasis and avoid a sex-biased interpretation of the results [35].
Solutions were delivered in volumes of 1.51 mL per kg of body mass to dams, in volumes of
3.3 mL per kg of body mass to pups until they reached 15 g, and in volumes of 5 mL per kg
of body mass until the end of treatment. The control group was treated with saline in the
same manner. All subcutaneous injections were performed between 2 and 3 pm. 5HTP was
dissolved in acidified saline, neutralized with NaOH, and warmed to body temperature,
while TCP was dissolved in ethanol and saline, neutralized with HCl, and again warmed
to body temperature.

2.3. Collection and Processing of Tissue Samples

On P 70 ± 1, all 37 rats were decapitated under isofluorane anesthesia (C3H2ClF5O;
Mr = 184.49 g/mol; Baxter, Deerfield, IL, USA). Blood samples were collected as reported
in Blazevic et al. [30] and analyzed as reported in our previous study. Tissue samples
were collected for histological and gene expression analysis from the second part of the
small intestine (jejunum) and from the left liver lobe. For mRNA expression analysis,
approximately 85 mg of the liver and 65 mg of jejunum tissue were immediately cut
with a scalpel, washed in cold saline, placed in microtubes, and frozen in liquid nitrogen.
Samples for histological processing were fixed in 10% neutral formalin for 24 h, dehydrated
through graded alcohol series (70–100%), cleared in xylene, and embedded in Paraplast
embedding media (Sherwood Medical, Norfolk, NE, USA). Cross sections were cut on a
rotating microtome (Shandon Finesse 325, Thermo Fisher Scientific, Waltham, MA, USA)
at 5–7 µm in thickness, stained with hematoxylin–eosin (HE), and processed for general
histology examination and analysis. Additionally, small intestine sections were stained with
the histochemical Masson–Fontana method to identify neuroendocrine argentaffin cells,
while liver sections were stained with periodic acid–Schiff (PAS) to highlight basement
membranes and enable precise morphometry. The tissue samples from all of the groups
were coded and studied independently in a blinded fashion, with 1–2 sections being
selected at random for each rat.

2.4. qRT-PCR

Samples were disrupted and homogenized with an ultrasonic homogenizer (Bandelin
electronic, Mecklenburg-Vorpommern, Germany) in 500 µL of guanidinium thiocyanate
solution and frozen at −80 ◦C until further processing. RNA isolation was performed
utilizing the phenol-free RNAqueous-4PCR kit (Ambion Inc., Austin, TX, USA), following
the manufacturer’s guidelines. Subsequently, genomic DNA was eliminated as per the
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provided instructions. RNA quality and concentrations were assessed through agarose
gel (1.5%) electrophoresis and measured in a spectrophotometer (Biochrome). Samples
with degraded RNA or 260/280 nm ratios outside the 1.7–2.1 range were excluded from
further processing (Supplementary Materials). Following the manufacturer’s instructions,
mRNA was reversely transcribed from 1 µg of total RNA using MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA, USA) and oligo dT primers (Applied Biosystems,
Foster City, CA, USA). The efficacy of reverse transcription was assessed through end-point
PCR with the primers provided in the kit. Until further analysis, cDNA was stored at
−20 ◦C.

Relative expression was assessed through qPCR using the TaqMan gene expression
master mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions for the following genes of interest (all primer probe sets predesigned and acquired
from Applied Biosystems): tryptophan hydroxylase (Tph1, Rn01476869_m1), monoamine
oxidase A (MaoA, Rn01430961_m1), vesicle-monoamine transporter (Vmat, Rn00564688_m1),
and serotonin transporter (5HTt, Rn00564737_m1). Serial dilutions were employed to validate
primers, duplex reactions, and ascertain the initial concentrations of cDNA. All reactions were
performed in a duplex setup with primer limited rat β-actin (ACTB, VIC labelled, 4352340E,
Applied Biosystems) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH, VIC labelled,
4352338E, Applied Biosystems) as endogenous control reference genes (REF) and completed
in duplicate. GOIs were amplified in duplex with each REF gene separately. Pipetting errors
were minimized and efficiency maximized using duplexing, reducing the need for multiple
technical replicates, especially with limited samples.

The qPCR setup on the AB 7300 real-time PCR System involved a two-minute incuba-
tion at 50 ◦C, followed by 10 min at 95 ◦C, and then 40 cycles of 95 ◦C for 15 s and 60 ◦C for
60 s. Amplification results were analyzed using 7300 System SDS v1.4. software (Applied
Biosystems, Foster City, CA, USA). Relative gene expression was calculated according to
the Pfaffl method with efficiency (E) correction [36] according to the following equation:
(EGOI)∆Ct GOI/Geometric Mean [(EREF)∆Ct REF]. Experiments were conducted follow-
ing the Minimum Information for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines [37]. Tph1 and MaoA gene expression was analyzed and partially re-
ported (for saline and TCP) in our previous study [25], in which we applied a different
method for calculating relative gene expression.

2.5. Quantitative Histomorphometric Analysis

To determine whether experimentally caused hyperserotonemia increased the number
of argentaffin cells which produce serotonin in the mucosal epithelial layer, we counted
the number of positive cells stained with the specific Masson–Fontana method. The whole
digestive tract surface (without lumen) was measured, and cells were counted on 1 cross
section of the jejunum in the surface epithelial and crypt epithelial area separately. These
values were expressed as the average number of argentaffin cells on 1 mm of referent space.
In some cases, there was a positive reaction in lymphocytes, erythrocytes, and Paneth cells,
which were all excluded from counting.

To determine the quantity of argentaffin granules in positive cells, we examined each
cell with 1000× magnification, assigned the values from 1 (low intensity of stain) to 3 (high
intensity of stain), and averaged these results for each animal (Figure 1A–C). We also
measured the thickness of the tunica mucosa, the height of the mucosal epithelial cells, and
the thickness of the outer muscle wall (tunica muscularis) at 5 randomly chosen test fields
at magnification of 100× for each animal.

To investigate whether altered serotonin homeostasis affected structures in the liver,
we morphometrically analyzed 10 randomly chosen test fields (at a magnification of 200×)
per animal and digitally captured the pericentral zone around the central vein in hepatic
lobules from 34 liver samples stained with PAS. In each field, we measured the following:
the minimum and maximum width of 10 hepatocytes, the width of 10 hepatocyte nuclei,
the diameter of 10 sinusoids, and the minimum and maximum diameter of a central
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vein (Figure 1D,E). All morphometric measures were performed with a computerized
image analysis system comprised of a light microscope (Nikon Eclipse E600), a digital
camera (AxioCamErc 5s, Zeiss), and ZENlite 2.1 software (Carl Zeiss Microscopy, GmbH,
Jena, Germany).
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Figure 1. Histological sections of the jejunum with three representative argentaffin (serotonin-
producing) cells (arrow) of different staining intensity: (A) low staining intensity, (B) medium
staining intensity, and (C) high staining intensity (Masson–Fontana technique, magnification: 1000×).
Normal histological structure of the (D) hepatic lobule in the rat liver with a rectangular area enlarged
at (E) showing analyzed histomorphometric parameters. CV—central vein; HND—hepatocyte nuclei
diameter; HD—hepatocyte diameter; SD—sinusoid diameter. PAS stain, magnification: 100×.

2.6. Statistical Analysis

Data were processed with GraphPad Prism 9.1.2 software (GraphPad Software, Inc.,
La Jolla, CA, USA). The normality of distribution was checked with Kolmogorov–Smirnov
test. Original or transformed values of all parameters were analyzed with two-way ANOVA
with treatment and sex as the main effects. Tukey’s multiple comparison test was used
for post hoc analyses. Correlation was analyzed with Pearson r correlation factor on all
measured parameters. Values are presented as the median with interquartile range. The
level of significance was set to 0.05 (two-tail p value). Some samples were lost during
processing, and a female TCP-treated rat was excluded from all analyses, as the results
were consistently outliers. The final number of samples on which the statistical analyses
were performed is given in Table 1.
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Table 1. 5-hydorxytryptophan and tranylcypromine induced changes in peripheral organs.

Saline 5-Hydroxytryptophan Tranilcypromine

Female Male Female Male Female Male
5HT Conc. Median (Q1,Q3) N Median (Q1,Q3) N Median (Q1,Q3) N Median (Q1,Q3) N Median (Q1,Q3) N Median (Q1,Q3) N

(ng 5-HT/mL PRP) 349 (1069,176) 5 711 (1005,242) 5 827 (1277,600) 5 484 (794,188) 5 927 (1478,558) 4 959 (1238,718) 6

Gene expression (arbitrary units)

Jejunum TPH1 1.00 (1.27,0.72)
5

1.06 (1.56,0.80)
4

0.80 (0.93,0.67)
5

0.85 (1.15,0.60) 3 0.64 (0.80,0.59)
5

0.81 (1.00,0.63)
5VMAT 0.82 (1.33,0.67) 1.17 (1.34,0.95) 0.67 (0.73,0.65) 0.89 (1.11,0.81) 4 0.64 (1.11,0.57) 0.87 (1.26,0.79)

Liver
5HTt 1.06 (1.13,0.74)

3
1.13 (1.53,0.67)

4
1.56 (1.75,1.10)

5
0.98 (1.22,0.93)

5
1.73 (1.85,1.50)

5
1.41 (1.76,0.97)

5MAOA 1.42 (1.90,1.15) 0.75 (0.93,0.63) 1.50 (1.81,0.97) 0.77 (0.97,0.64) 1.35 (1.62,1.11) 0.64 (0.66,0.60)

Histology

Jejunum

Mucosal layer width (µm) 685.9 (741.5,644.3)

5

688.8 (706.8,566.4)

6

756.6 (766.5,725.4)

5

653.4 (776.0,589.6)

7

624.2 (697.8,525.3)

6

739.3 (779.4,637.9)

6

Muscle layer width (µm) 67.5 (111.4,60.0) 82.6 (96.3,70.8) 71.0 (82.0,67.2) 90.9 (95.2,74,4) 71.9 (104.7,66.9) 92.8 (105.8,67.7)
Epithelial layer width (µm) 33.1 (36.0,31.6) 31.1 (35.0,28.4) 34.3 (36.0,32.7) 33.7 (38.4,31.6) 31.8 (33.7,29.5) 31.2 (34.7,28.6)
Total number of argentaffin-positive
cells/mm2 11.2 (12.2,8.9) 12.1 (14.6,7.0) 8.8 (10.9,7.0) 8.9 (10.4,8.0) 6.3 (6.9,5.0) 5.8 (6.7,4.5)

Number of cells in villi/1 mm2 5.66 (8.37,4.84) 7.63 (9.17,4.86) 5.38 (6.41,4.76) 5.70 (7.03,4.99) 4.38 (5.07,3.39) 3.70 (4.21,2.95)
Number of cells in the crypts/1 mm2 3.40 (6.24,2.79) 4.47 (5.20,2.31) 3.47 (4.41,2.19) 3.05 (3.22,2.42) 1.91 (2.15,1.62) 2.10 (2.53,1.58)
Argentaffin cell intensity 1.80 (2.20,1.30) 2.10 (2.40,1.75) 1.80 (1.85,1.60) 1.60 (2.00,1.40) 2.20 (2.60,1.95) 1.00 (1.20,1.00)

Liver

Central vein diameter (µm) 109.6 (121.6,99.9)

5

98.7 (115.3,84.4)

3

145.4 (164.5,112.5)

5

114.7 (154.0,97.0)

6

81.4 (116.2,62.5)

6

109.1 (147.9,59.7)

6
Hepatocyte nuclei diameter (µm) 6.30 (6.60,6.27) 6.55 (6.79,6.50) 6.72 (7.07,6.14) 7.09 (7.32,6.69) 6.79 (7.67,6.56) 7.26 (7.68,7.02)
Hepatocyte diameter (µm) 20.0 (20.9,19.6) 21.2 (21.3,20.7) 20.0 (21.0,19.0) 21.5 (22.3,19.9) 18.9 (20.1,17.8) 21.1 (21.7,20.4)
Sinusoid diameter (µm) 4.44 (5.36,3.81) 4.30 (5.87,4.05) 4.15 (4.63,4.00) 5.03 (5.27,4.48) 5.31 (6.08,4.93) 4.93 (6.72,4.22)
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3. Results
3.1. Blood 5HT Concentrations

Although blood 5HT concentrations were analyzed and partially reported (for saline
and TCP) in our previous study [30], it is important to re-examine them in the context of the
current study. As shown in Figure 2, there was a tendency of increase in blood 5HT concen-
trations after TCP treatment (males 959 (1238, 718) ng/mL, females 927 (1478, 558) ng/mL)
in comparison to saline (males 711 (1005, 242) ng/mL, females 349 (1069, 176) ng/mL) and
5HTP (males 484 (794, 188) ng/mL, females 827 (1277, 600) ng/mL) treatment. However,
two-way ANOVA did not show significant effects of treatment (F(2,24) = 2.396; p = 0.1125),
sex (F(1,24) = 0.7624; p = 0.3912), or treatment × sex interaction (F(2,24) = 1.156; p = 0.3318)
on 5HT concentrations in the blood of adult animals.
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Figure 2. Effects of chronic treatment with 25 mg/kg 5-hydroxytryptophan (5HTP) or 2 mg/kg
tranylcypromine (TCP) on 5HT concentrations in whole blood expressed as ng 5HT per mL of blood.
Results are shown as the median with interquartile range; males are depicted as triangles and females
as circles.

3.2. Histomorphological and Gene Expression Changes in Jejunum

Histological sections of the jejunum viewed under a light microscope showed nor-
mal architecture in all layers of the digestive tract. All examined samples from the three
experimental groups exhibited intact epithelial lining of the mucosa, well-preserved cel-
lular integrity, and no evidence of distortion or crypt atrophy in the mucosa or signs of
inflammation. Consequently, histomorphometric characteristics of digestive tract layers
showed similar mean values for the measured parameters in all three groups (Table 1).
Indeed, as analyzed by two-way ANOVA, treatment, sex, and treatment × sex interaction
did not have a significant effect on either the epithelial layer width (F(2,30) = 2.08, p = 0.14;
F(1,30) = 0.47, p = 0.4978 and F(2,30) = 0.33, p = 0.7181, respectively) or the muscle layer
width (F(2,30) = 0.14, p = 0.8732; F(1,30) = 1.00, p = 0.3242 and F(2,30) = 0.39, p = 0.6775,
respectively). The mucosal layer width was significantly affected by treatment × sex inter-
action (F(2,30) = 4.01, p = 0.0274), but no effect of treatment or sex (F(2,30) = 1.0, p = 0.3682
and F(1,30) = 0.029, p = 0.8653, respectively) was observed.

An extremely significant effect of treatment was observed on the total number of
argentaffin-positive cells (F(2,30) = 17.53, p < 0.0001), with no effects of sex (F(1,30) = 0.11,
p = 0.7388) or treatment × sex interaction (F(21,30) = 0.15, p = 0.8621). As can be seen
in Figure 3A, post hoc analysis revealed significantly lower values in the TCP-treated
group in comparison to controls, with intermediate values of 5HTP-treated animals. Inter-
estingly, the total number of argentaffin-positive cells significantly negatively correlated
with blood 5HT concentration (r = −0.465, p = 0.01). The argentaffin-positive cells were
stained brownish to black, with varying intensity depending on the number of granules
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within cells. The staining intensity of argentaffin cells was not significantly affected by
treatment (F(2,30) = 1.98, p = 0.1558), although a significant effect was observed for both
sex (F(1,30) = 5.864, p = 0.0217) and sex x treatment interaction (F(2,30) = 11.92, p = 0.0002).
Post hoc analysis showed that this significance was due to males from the TCP treatment
group having a significantly lower staining intensity than that of animals from the other
subgroups (Figure 3B).
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Figure 3. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (5HTP, 25 

mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the small intestine (jejunum). (A) Number 

of argentaffin-positive cells, which produce serotonin, per mm2 of surface in the epithelial layer of 

the jejunum. Two-way ANOVA revealed a significant effect of treatment. (B) Staining intensity 

corresponding to the number of granules in argentaffin cells. Cells were rated subjectively from 1 

(low intensity) to 3 (high intensity), and averages of 5 measurements per animal are shown. Two-

Figure 3. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (5HTP,
25 mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the small intestine (jejunum). (A) Num-
ber of argentaffin-positive cells, which produce serotonin, per mm2 of surface in the epithelial layer
of the jejunum. Two-way ANOVA revealed a significant effect of treatment. (B) Staining intensity
corresponding to the number of granules in argentaffin cells. Cells were rated subjectively from 1
(low intensity) to 3 (high intensity), and averages of 5 measurements per animal are shown. Two-way
ANOVA revealed the significant effect of treatment × sex interaction. (C) Relative expression of
tryptophan hydroxylase (TPH1) mRNA. Two-way ANOVA revealed the significant effect of treatment.
(D) Relative expression of vesicular monoamine transporter (VMAT) mRNA. Results are shown as
the median with interquartile range; males are depicted as triangles, and females as circles. * p < 0.05,
*** p < 0.001, **** p < 0.0001, Tukey’s multiple comparison test for post hoc analyses.

Treatment (F(2,21) = 4.013, p = 0.0334), but not sex (F(1,21) = 1.362, p = 0.2562) or
treatment × sex interaction (F(2,21) = 0.05219, p = 0.9493), had a significant effect on the
relative gene expression for TPH1. Post hoc analysis showed significantly lower mean
levels of mRNA for TPH1 in both the treatment groups compared to the controls (Figure 3C).
Although treatment (F(2,22) = 1.908, p = 0.1722, Figure 3D), as well as sex and treatment ×
sex interaction (F(1,22) = 4.192, p = 0.0527; and F(2,22) = 0.03419, p = 0.9664, respectively), did
not significantly affect mRNA levels for Vmat, relative expression of this gene significantly
positively correlated with the expression of the Tph1 gene (r = 0.440, p = 0.022).
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3.3. Histomorphological and Gene Expression Changes in Liver

Microscopically, liver sections from all three groups appeared normal, with no heavy
pathological findings such as inflammation, fat deposits, fibrosis, or necrosis. The hepatic
parenchyma was organized into polygonal lobules with hepatocytes, normal portal tracts,
and a regular pattern of the central veins. However, quantitative morphometric parameters
revealed some changes in the treated groups. According to two-way ANOVA, treatment
had a significant (F(2,26) = 6.259, p = 0.006) effect on hepatocyte nuclei diameter, with
the values of TCP-treated group being significantly higher and the values of the 5HTP
group being intermediate as compared to the values of the control group (Figure 4A).
Sex had a marginally significant effect (F(1,26) = 4.399, p = 0.0458), and sex × treatment
interaction had no effect (F(2,27) = 0.1107, p = 0.8956). Interestingly, the effect of treatment
on nuclear enlargement (karyomegaly) was not followed by enlargement of hepatocytes
(hepatocellular hypertrophy). Two-way ANOVA revealed only a significant effect of sex
(F(1,27) = 9.252, p = 0.0052) but not of treatment or sex × treatment interaction on hepatocyte
diameter (F(2,27) = 1.556, p = 0.2292 and F(2,27) = 1.031, p = 0.3703, respectively).
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Figure 4. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (5HTP, 25 

mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the liver. (A) Average diameter of 

hepatocyte nuclei. Each measure represents the average of the measured width of 100 hepatocyte 

nuclei. Two-way ANOVA revealed a significant effect of treatment. (B) Relative gene expression for 

5HT transporter (5HTt) mRNA. Two-way ANOVA revealed a significant effect of treatment. (C) 

Relative gene expression for monoamine oxidase A (MAOA) mRNA. Two-way ANOVA revealed a 

significant effect of sex. Results are shown as the median with interquartile range; males are 

Figure 4. Effects of chronic treatment with serotonin enhancers 5-hydroxytryptophan (5HTP,
25 mg/kg) and tranylcypromine (TCP, 2 mg/kg) or saline on the liver. (A) Average diameter
of hepatocyte nuclei. Each measure represents the average of the measured width of 100 hepatocyte
nuclei. Two-way ANOVA revealed a significant effect of treatment. (B) Relative gene expression for
5HT transporter (5HTt) mRNA. Two-way ANOVA revealed a significant effect of treatment. (C) Rel-
ative gene expression for monoamine oxidase A (MAOA) mRNA. Two-way ANOVA revealed a
significant effect of sex. Results are shown as the median with interquartile range; males are depicted
as triangles and females as circles. * p < 0.05, **** p < 0.0001, Tukey’s multiple comparison test.

Although some early signs of connective tissue deposition around the central veins
(perivenular fibrosis) were visible in females treated with 5HTP, no significant differences
between the treated groups were detected with two-way ANOVA for structural dilatation
of the sinusoid diameter or central veins.

Treatment had a significant effect on the gene expression for 5HTt (F(2,21) = 4.636,
p = 0.0215) due to a significantly higher expression in the TCP-treated group, with the
values of the 5HTP-treated group again being in between (Figure 4B). No effect of sex
(F(1,21) = 2.149, p = 0.1575) or sex × treatment interaction (F(2,21) = 1.453, p = 0.2565) was
observed. A strong effect of sex was noticed for MAOA mRNA expression (F(1,21) = 38.69,
p < 0.0001), with no effect of treatment or treatment × sex interaction (F(2,21) = 0.5400,
p = 0.5906 and F(2,22) = 2.599, p = 0.0970; respectively).

We studied the long-lasting effects of perinatal exposure to excessive 5HT concen-
trations on the organs responsible for the maintenance of peripheral 5HT homeostasis.
Animals treated perinatally with 5HT enhancers displayed decreased number and func-
tion of serotonin-producing cells in the jejunum, enlarged nuclei of the liver cells, and an
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increase in 5HTt mRNA expression. In comparison to TCP, 5HTP had smaller yet visible
effects on the measured parameters.

4. Discussion

We showed earlier that blood serotonin levels were significantly increased in both
treatment groups during treatment, while TCP, unlike 5HTP, also caused a significant
increase in brain 5HT concentrations [26]. TCP seemed to have induced a more prominent
disbalance in 5HT homeostasis, which affected both 5HT compartments, and we therefore
expected to see more serious effects in TCP-treated animals than in 5HTP-treated animals.
At adult age, differences in blood 5HT levels of the TCP- and 5HTP-treated animals were
not significantly different from those in saline-treated rats, but a tendency of gradual saline-
5HTP-TCP increase was still observed. The fact that 5HT levels did not fully return to
normal seven weeks after the end of treatment indicates that peripheral 5HT homeostasis
was not fully reestablished in spite of the compensatory mechanisms. Indeed, we observed
specific, 5HT-related changes, which is in accordance with the reported findings that
high levels of neurotransmitters during development induce permanent changes at the
histological and cellular level [38,39].

As expected, perinatal treatment with 5HT enhancers did not have a gross effect on the
enteric tissue, as the thickness of tunica mucosa, height of the mucosal epithelial cells, and
thickness of the outer muscle wall remained unchanged. Argentaffin-positive cells from
our study were pyramidal or triangular in shape (Figure 1A–C), similar to the description
by Gustafsson et al. [40], and clearly showed the presence of secretory granules in the basal
portion of the cells, which can activate vagal afferent fibers inducing intestinal motility and
modulating brain–gut axis signaling, or they can be released into the cardiovascular system
and stimulate glucose and lipid metabolism [41]. The TCP-treated group from our study
showed a significantly lower number of argentaffin-positive cells and a lower presence of
5HT in the granules in these cells (significant only for males), which was reflected in the
lower level of gene expression for TPH1 (significantly so in both the TCP- and 5HTP-treated
groups). Although mRNA levels for VMAT1 significantly positively correlated with mRNA
levels for TPH1, as it would be expected that less synthesis leads to less need for storage,
the expression of this gene was not significantly lowered in the treated groups. Takahashi
and colleagues [42] found that heterozygous Vmat2 knock-out mice had reduced neuronal
5HT concentrations probably due to the lack of storage and, therefore, easier availability for
degradation. A more stable concentration of VMAT than of TPH1 might be explained by
an attempt to compensate for the decrease in the number of cells and synthesis rate and to
protect the remaining 5HT from degradation. We assume that the reduction in number of
5HT-producing cells and down-regulation of Tph1 expression, long after a washout-period,
are the results of the extensive compensatory mechanism that occurred during the increased
availability of the immediate 5HT precursor (in the case of 5HTP treatment) or the lack of
degradation of 5HT during MAO inhibition (in the case of TCP treatment). In contrast with
these results, a high-tryptophan diet during fetal and early postnatal development, caused,
besides hyperserotonemia, an increase in the number of serotonin-producing cells [43].
The discrepancy between these results could be explained by the type of administered
5HT enhancer—5HT precursor tryptophan requires TPH1 as the rate-limiting enzyme
crucial for the first step of serotonin synthesis, which might have caused an increase in
both Tph1 gene expression and the number of TPH1-expressing cells. In our experiment,
there was no need for increased TPH1 activity, allowing for the compensatory reduction of
serotonin-producing cells and enzymes.

As in the jejunum, changes at the tissue level were also absent in the liver—both
sinusoid and central vein diameters showed no difference between the groups. At the
cellular level, the hepatocyte nuclei diameter showed an increase in the treated groups
paralleled by an increase in 5HTt gene expression. The increase in both parameters was
significant in the TCP-treated group with intermediate values in the 5HTP-treated group.
A highly significant difference in MaoA expression between the sexes, with females having
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double the expression than males, was expected due to the location of this gene on the
X chromosome. Interestingly, our earlier study demonstrated a marked, long-lasting
compensatory increase in mRNA expression for MAOA and 5HTt in the brains of TCP-
treated animals [28], yet no changes were observed in the liver MaoA gene expression after
5HT enhancement. Although we cannot rule out an increased MaoA expression in the
lungs (another site of 5HT degradation), it seems that in the liver, serotonin enhancement
specifically upregulates 5HTt expression. Serotonin promotes liver regeneration [44] yet
may cause hepatotoxicity due to the generation of reactive oxygen species (ROS) during
degradation by MAOA [45]. This might be the reason why we did not see an increase in the
peripheral expression of MaoA after chronic inhibition since the compensatory mechanism
of increasing MaoA expression might have a deleterious effect on liver cells due to excess
ROS. Instead, 5HT uptake into hepatocytes increased (as demonstrated by increased 5HTt
expression), after which the excess of 5HT might have been converted to melatonin, as
hepatocytes were shown to express serotonin N-acetyltransferase and hydroxyindole-
O-methyl transferase [46]. Alternatively, hepatocyte 5HT content might have remained
increased, potentially inducing karyomegaly, as serotonin was reported to mediate the
induction of DNA synthesis in primary cultures of rat hepatocytes [47] and stimulate liver
regeneration after hepatectomy in humans [48].

Taken all together, our current results indicate that in the periphery, a reduction in 5HT
synthesis (lower number of 5HT-producing cells and decreased Tph1 expression) coupled
with an enhanced removal of 5HT from blood plasma (increased 5HTt expression) are the
main means of compensation for excessive blood 5HT levels. The resulting alteration in
5HT production might have induced dysregulation of 5HT signaling and caused impair-
ments in 5HT-regulated peripheral functions, such as bone maintenance and leukocyte
development and/or the sustainment previously observed in adult TCP-treated rats [30].
Future investigation of the gene expression of proinflammatory molecules and the expres-
sion of serotonin receptors in both tissues should provide a deeper understanding of the
physiological changes in the digestive tract as a consequence of perinatal 5HT enhancement.

In humans, inadequate 5HT production leads to various disorders such as inflam-
matory bowel diseases (IBDs), celiac disease, and neuroendocrine disorders [41]. Studies
on 5HT signaling in IBD show that the number of EC cells and the presence of 5HT in
secretory granules can be either increased or decreased both in animal and human mod-
els [49–52]. These differences may arise from different model organisms of induced diseases
and from the severity and location of the disease [52]. Serotonin’s role in gut inflammation
is well known [49,53–57]. In studies, inflammation in the intestine was present in Tph1 or
5HTt KO models fully lacking the ability of 5HT synthesis or removal, respectively. The
administration of 5HTP to Tph1–/– mice increased the number of 5HT-expressing cells
and intestinal histologic damage [58], while gastrointestinal inflammation was induced
with 2,4,6-trinitrobenzene sulfonic acid (TNBS) in a 5HTt KO model [59]. The lack of
inflammation in the intestines of the 5HTP- and TCP-treated rats 2 months after the end of
treatment might be the result of the compensatory decrease in intestine Tph1 expression
and a parallel increase in liver 5HTt expression. Still, both 5HTP- and TCP-treated rats had
previously shown a slower rate of increase in body mass compared to the saline-treated
rats [24,25], pointing to a possible inadequacy in nutrient absorption and storage and/or
consumption and rendering them a potential model for studying gastrointestinal and
metabolic disorders.

The fact that the period of 5HTP and TCP treatment used in our study corresponds
to the second and third trimester of human pregnancy [13] provides another point of
potential clinical relevance to our model. Selective serotonin reuptake inhibitors (SSRIs)
are commonly used 5HT enhancers during pregnancy [60], and the consequences of de-
velopmental exposure to SSRIs have been thoroughly studied in both animal models and
human populations [61,62]. On the other hand, the use of MAO inhibitors is restricted to
SSRI-nonresponsive patients; hence, reports on the prenatal exposure to MAO inhibitors are
limited. Even less is known about the prenatal exposure to 5HTP, which is often offered as
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a natural alternative to antidepressant drugs, and the versatility of the potential therapeutic
effects, easy availability, and convenience of unsupervised use increase the probability of
prenatal exposure [20]. Effects analogous to those observed in our model, such as impeded
growth and potential behavioral and/or metabolic alterations, might occur in exposed
humans, suggesting that systematic studies on the prenatal impact of these 5HT enhancers
in the human population are needed.

Our study has several advantages. First, by employing the inhibition of catabolism
or the stimulation of synthesis, we were able to study the consequences of 5HT metabolic
alterations, which complemented previously reported studies focused on 5HT synaptic
action, i.e., treatment with SSRI’s [63] and 5HT receptor agonists [64,65]. Second, parallel
use of the two compounds, one altering 5HT homeostasis only in the peripheral 5HT
compartment and the other altering 5HT homeostasis both peripherally and centrally,
enabled us to study the relationship between the two compartments and to examine the
contribution of central 5HT disbalance to the alterations in the peripheral compartment.
Third, the use of 5HTP instead of tryptophan (Trp) as a 5HT precursor allowed us to avoid
the rate-limiting step in the synthesis of serotonin and to mimic the effect of increased
serotonin synthesis through the chosen 5HTP dose. As opposed to Trp, which is an
essential amino acid with many functions in the body (more than 90% of Trp enters the
kynurenine metabolic pathway, about 5% is metabolized through the indole pathway by
the gut microbiota, and only the remaining Trp is used in the serotonin synthesis [66,67]),
5HTP is only found in the serotonin synthesis pathway and is quantitatively converted
to 5HT [20]. Fourth, experimenting on both male and female animals enabled us to check
for the potential sex differences in the vulnerability to disbalance in 5HT homeostasis and
to avoid a sex-biased interpretation of the results. Finally, the low chronic doses used
in this study ae similar to those taken by humans, enhancing the translatability of the
obtained results.

We also have to mention several limitations of our study, which could affect the
reliability and interpretation of the results. The major limitation of the study lies in the
relatively small number of animals, which could have caused some false-negative results
due to insufficient sample power. The number of females included in the experiment was
determined from our previous experience and according to the 3R principle [32], but rather
small litter sizes and the loss of several samples resulted in a suboptimal sample number,
rendering our findings only as preliminary and requiring further confirmation. We should
note that TCP, as a nonselective MAO inhibitor, also affects catecholamine metabolism,
allowing for the possibility that other monoamines influenced our results. Still, unlike
5HT, catecholamines can enter an alternative degradation pathway through catechol-O-
methyltransferase, which is present in the brain and peripheral tissues and increases its
activity when MAO is blocked [68]. Accordingly, we showed earlier that TCP treatment
raised central dopamine and noradrenaline concentrations to a considerably lower extent
than did that of 5HT, while it did not affect peripheral catecholamine levels [27]. Finally,
our study did not include analysis at the protein level, which would have enabled us to
establish a link between gene expression and structural changes and provide a clearer view
of the mild yet significant effects of the 5HT enhancers.

5. Conclusions

We have shown that the perinatal exposure to the increased 5HT concentrations
induces long-lasting cellular and molecular changes in the two organs responsible for
serotonin metabolism, which may have a negative impact on 5HT availability and, con-
sequently, on the 5HT-regulated peripheral functions. Our current and previous results
demonstrate a link between developmental abnormalities of serotonin homeostasis and
5HT-related molecular, neurochemical, structural, and functional changes in adult life,
suggesting our rat model to be suitable for exploring the neurobiological substrates of
vulnerability to behavioral and metabolic disorders, as well as for modeling the adverse
effects of the prenatal exposure to 5HT enhancers in the human population. Future studies
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on our model should help unravel the role of serotonin in mediating gut–brain interplay as
well as microbiota–host interactions and, hopefully, set paths for the improvement of early
diagnostics and individualized therapy.
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