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piglets
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Abstract

This study investigated the effects of dietary 5-hydroxytryptophan (5-HTP) supplementation on growth
performance, apparent total tract digestibility (ATTD), blood profile, intestinal morphology, transcriptomics, and
microbial composition in weaned piglets. A total of twenty-four 28-day-old weaned piglets (Landrace X Large
Yorkshire, 8.28 +1.09 kg) were randomly divided into 3 dietary treatments with 8 replicates. The dietary treatments
include basal diet (CON), CON diet containing 250 or 500 mg/kg 5-HTP. The results revealed that supplementation
with 250 mg/kg 5-HTP significantly increased (P<0.05) the average daily gain (ADG) and resulted in a lower
(P<0.05) feed conversion ratio (FCR), while also decreased (P<0.05) the diarrhea rate compared to the CON
group. The ATTD of crude protein (CP) was lower in the 500 mg/kg group (P<0.05) compared with the 250 mg/
kg group. Furthermore, supplementation with 5-HTP led to significantly increased (P<0.05) plasma albumin (ALB)
and total protein (TP). In addition, supplementation with 5-HTP, particularly in the 250 mg/kg group, significantly
increased (P<0.05) serum serotonin (5-HT), growth hormone (GH) and insulin-like growth factor 1 (IGF-1) levels,
and improved the ratio of villus height to crypt depth in the jejunum and ileum. The transcriptomic analysis
revealed that the majority of differentially expressed genes (DEGs) induced by 5-HTP were related to digestion
and immunity in the ileum, and 5-HTP enhanced (P<0.05) intestinal glucose transporter 2 (GLUT?), solute carrier
family 1 member 1 (SLCTAT) and solute carrier family 7 member 7 (SLC7A7) mRNA expression in weaned piglets.
Furthermore, supplementation with 250 mg/kg 5-HTP increased (P<0.05) abundance of Firmicutes, Actinobacteriota,
Lachnospiracea, Ruminococcaceae and Megasphaera and decreased (P < 0.05) abundance of Spirochaetes and
Treponema. Collectively, the study demonstrated that 5-HTP supplementation, particularly at 250 mg/kg, positively
impacted growth performance, gut health, and microbiome composition in weaned piglets. These findings suggest
the potential of using 5-HTP as a dietary supplement to enhance the health and productivity of weaned piglets.
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Introduction
To maximize reproductive potential throughout the lifes-
pan of sows and minimize disease transmission from
sows to piglets, early weaning has become a fundamen-
tal practice in modern intensive swine production [1].
During the early weaning period, the piglets have not yet
formed well-performing digestive and immune systems,
associated with the influence of multiple stress including
physiological, nutritional, and environmental pressure,
which severely affect the growth performance, physiolog-
ical and metabolic activities, and cause disorders in the
intestinal microbiota [2, 3]. Thus, it is more important
to find functional ingredients to alleviate weaning stress
during the post-weaning period.

5-HTP is a metabolite of tryptophan and serves as a
direct precursor to 5-hydroxytryptamine (5-HT) [4, 5].
Previous studies suggested that dietary tryptophan (Trp)
could increase growth performance through improving
antioxidant capacity, immunity and gut microbiota in
piglets [6-8]. Moreover, 5-HT is involved in regulating
animal feeding, endocrine, intestinal flora and homeosta-
sis as a monoamine neurotransmitter [9—13]. It has been
widely reported that 5-HTP acts as a hydroxyl radical
scavenger to resist oxidative damage in vitro experiment
[14-16]. Meanwhile, 5-HTP has been shown to greater
body 5-HT availability than use itself [17]. Dietary sup-
plementation with 5-HTP improves intestinal immune
function in broilers [18], and 5-HTP oral administration
restores depression-induced gut microbiota dysbiosis in
mice [19]. However, few studies have been conducted
to access the impact of dietary 5-HTP on the ability to
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alleviate weaning stress in piglets. Here, we hypothesized
that dietary 5-HTP would promote growth performance
through improving intestinal health in weaned piglets.
Therefore, this study was conducted to assess the effects
of dietary 5-HTP on growth performance, nutrient
digestibility, blood biochemistry, intestinal morphology
and microbiota of weaned pigs.

Materials and methods

Materials and experimental design

According to the Institutional Animal Care and Use Com-
mittee of Southwest University, Chongqing, China (NO.
IACUC-20220727-01), twenty-four 28-day-old weaned
piglets (Landrace x Large Yorkshire, 8.28+1.09 kg) were
randomly divided into 3 dietary treatments with 8 rep-
licates. Dietary treatments include basal diet (CON),
CON diet containing 250 (250 mg/kg) or 500 (500 mg/
kg) 5-HTP (Baoliruihe, Biotechnological Co LTD., Hebei,
China). The dosages of 5-HTP were determined based on
previous studies [20, 21]. The basal diet was formulated
according to NRC (2012) recommendation. The compo-
sition and nutrients of the basal diet is detailed in Table 1.
During the 35-day experimental period, piglets were pro-
vided with free access to both diets and water.

Sample collection and measurement

BW and feed intake were monitored weekly, average daily
gain, average daily feed intake and feed conversion ratio
were calculated. The feces of piglets were observed and
diarrhoea incidence were recorded daily according to
Konieczka et al. [22]. The diarrhea rate (%) was calculated

Table 1 Ingredients and nutrient content of the basal diet (as-fed basis)

Ingredients (%)

Nuritional level®

Corn 60.01
Fermented Soybean meal 1212
Puffed soybeans 8.11
Whey 9.67
Fat powder 1.60
Fish meal 5.00
-Lys-HCl 0.31
~Thr 0.01
~Trp 0.17
o-Met 0.04
Limestone 0.87
Dicalcium phosphate 0.64
Choline chloride 0.15
NaCl 0.30
Compound premix® 1.00
Total 100.00

DE (MJ/Kg) 14.82
CP (%) 1840
CF (%) 244
Lys (%) 131
Met (%) 038
Thr (%) 0.73
Trp (%) 022
Available P (%) 0.36
Ca (%) 0.80

2 The premix provides per kilogram of basal diet: copper 6.0 mg; iodine 0.14 mg; iron 120 mg; manganese 40 mg; selenium 0.3 mg; zinc 110 mg; vitamin A 2200 1U;
vitamin K; 0.5 mg; vitamin E 16 IU; vitamin D5 220 IU; pantothenic acid; 10 mg; riboflavin 3.5 mg; niacin 30 mg; folic acid 0.3 mg. Thiamine 1 mg; pyridoxine 7 mg;

biotin 0.05 mg; vitamin B,, 0.18 mg; antioxidant 150 mg; and anti-mold 50 mg

b The crude protein and crude fiber in nutrient levels are measured values, and the rest are calculated values. Digestive energy of diets was calculated based on the

databank of China Feed Ingredients (2020)
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as the number of piglets with diarrhea / (number of pigs
x number of test days) X 100. On the 28th of the experi-
ment, Titanium dioxide (TiO,) was included in all diets in
a 0.1% proportion to act as an indicator. After administer-
ing the diet with the indicator for 4 days, approximately
100 g of fecal samples were collected from each piglet for
3 consecutive days and stored at —20 °C. The feed and
fecal samples were measured for dry matter (DM), crude
protein (CP), ether extract (EE) and crude fiber (CF) in
accordance with AOAC (2017) methods. The ATTD
of nutrients was calculated by equation below: ATTD
(%)=1 — {(A1 x F2)/ (A2 x F1)} x 100%, where A1 repre-
sents TiO, content in feed while A2 denotes TiO, content
in feces, F1 indicates nutrient content in feed whereas F2
signifies nutrient content in feces.

On the 35th of the experiment, all piglets were weighed
and euthanized by administering sodium pentobarbital
intravenously (50 mg/kg-BW) for anesthesia after over-
night fasting. The blood samples were collected into
non-heparinized and EDTA vacuum tubes, centrifuged
at 3000 g for 10 min at 4 °C, and the serum and plasma
were frozen at -20 °C for subsequent ELISA and bio-
chemical analysis. The jejunum and ileum were excised
and promptly washed with phosphate-buffered saline
(PBS) and chilled on ice. About 2 c¢cm jejunal and ileal
segments were isolated and then fixed in 4% formalde-
hyde for analysis of histomorphology. The jejunal and
ileal mucosa were rinsed with cold saline, scraped gently
with a slide and collected, rapidly frozen in liquid N, and
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stored at -80 °C for gene expression and transcriptome
analysis. About 5 g of colonic digesta was collected into
sterile centrifuge tube, promptly frozen in liquid N, and
then stored at —80 °C for the 16 S rDNA sequencing.

Morphological analysis

Saline buffered 4% paraformaldehyde-fixed jejunum and
ileum segments were embedded in paraffin, and then
sectioned at 5 pm thickness were stained with H&E for
micromorphological observation including crypt depth
(CD) and villus height (VH) that were measured using
cellSens Standard software V4.1.1 (Olympus Optical
Company, Shenzhen, China).

RNA isolation, gRT- PCR and sequencing analysis

Total RNA was extracted from mucosa of the small
intestine (n=6) by using Trizol® reagent (Invitrogen™).
The concentration and purity (0OD260/280=1.8-2.2,
0D260/23022.0) of total RNA were estimated using
NanoDrop (P330, Munich, Germany). Evo M-MLV RT
Kit with gDNA Clean (Accurate Biotechnology CO.,
LTD, ChangSha, China) was used to synthesize cDNA.
Real-time PCR was utilized to measure the mRNA
expression of nutrient transporters including GLUT2,
SGLT1, SLCIAIL, SLC7A1, SLC7A7, SLC38A2, PEPTI,
FABP4, and FATP-1. The primer oligonucleotides listed
in Table 2 were obtained from Sangon Biotech Co., Ltd.
(Shanghai, China). The 2724 method was employed to
determine the expression of the target gene.

Table 2 Real-time PCR primers and amplified PCR product size for piglets

Gene Primer sequence (5'- 3) Serial number PCR Products size (bp)

GLUT2 F: ATTGTCACAGGCATTCTTGTTAGTCA NM_001097417.1 273
R TTCACTTGATGCTTCTTCCCTTTC

SGLT1 F: TCATCATCGTCCTGGTCGTCTC NM_001164021.1 144
R: CTTCTGGGGCTTCTTGAATGTC

SLCTAT F: GGCACCGCACTCTACGAAGCA NM_001164649.1 177
R: GCCCACGGCACTTAGCACGA

SLC7AT F: TCTGGTCCTGGGCTTCATAA XM_021065165.1 123
R: ACCTTCGTGGCATTGTTCAG

SLC7A7 F: CTCGGGCATCTTCGTCT XM_013978228.2 126
R: CCCAGTTCCGCATAACA

SLC38A2 F: GTTACCTTTGGTGATCCAGGC XM_013997964.2 96
R: ACCAATGACACCAGCAGAACC

PEPT1 F: CAGACTTCGACCACAACGGA NM_214347.1 99
R: TTATCCCGCCAGTACCCAGA

FABP4 F: TGGAAACTTGTCTCCAGTG NM_001002817.1 147
R: GGTACTTTCTGATCTAATGGTG

FATP-1 F: GGAGTAGAGGGCAAAGCAGG XM_021076151.1 208
R: AGGTCTGGCGTGGGTCAAAG

ACTB F: TGGAACGGTGAAGGTGACAGC XM_003124280.5 177

R: GCTTTTGGGAAGGCAGGGACT

Abbreviations: GLUT2=solute carrier family 2 member 2; SGLTT=solute carrier family 5 member 10; SLCIAT =solute carrier family T member 1; SLC/AT =solute carrier
family 7 member 1; SLC38A2="Solute carrier family 38 member 2; PEPTT=Solute carrier family 15 member 1; FABP4=fatty acid binding protein 4; FATP-1=fatty acid

transport protein 1; ACTB=actin beta
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Table 3 Effect of dietary 5-HTP supplementation on growth performance of weaned piglets

Items Treatments SEM Pvalue
CON 250 mg/kg 500 mg/kg

Initial BW (kg) 830 8.30 8.25 0.243 0.996

Final BW (kg) 21.76 24.95 23.02 0.559 0.062

Average daily gain (g) 384910 47567° 422.16% 14.544 0.032

Average daily intake (g/ day) 77723 817.85 83443 14.160 0.231

Feed conversion ratio 2,05 1740 1.982° 0.052 0.034

Diarrhea rate (%) 2203 1071° 16.67% 1.504 0.002

3¢ Means within a row without a common letter differ (P<0.05), the same as below. Feed conversion ratio=average daily feed intake/average daily gain

Table 4 Effect of dietary 5-HTP supplementation on the apparent digestibility of weaned piglets

Items Treatments SEM Pvalue
CON 250 mg/kg 500 mg/kg

Dry matter (%) 7846 79.13 75.70 0.826 0.206

Organic matter (%) 80.53 8041 7753 0.824 0.254

Crude protein (%) 68.32% 70452 61.65° 1.397 0016

Ether extract (%) 83.57 85.66 7841 1429 0.079

Crude fiber (%) 23.78 2140 21.66 1.899 0.869

A total of 5 pg RNA per ileal sample (n=5) was assessed
for quality using a Bioanalyzer 2100 (Agilent Technolo-
gies, USA) and used for RNA sequencing library analy-
sis with the RNA sample preparation Kit from Illumina
(San Diego, CA, USA). The subsequent sequencing was
conducted using the Illumina HiSeq 4000 (Majorbio,
Shanghai, China). The processing procedures of raw
sequencing data were displayed in the Appendix Infor-
mation. The differentially expressed genes (DEGs) were
qualified (P<0.05 and log,FC>1).

Analysis of microbiota

The genomic DNA (gDNA) of colon content was
extracted by the cetyltrimethylammonium bromide
(CTAB). The primers F341 and R 806 (F: 5-CCTAY-
GGGRBGCASCAG; R: 5-GGACTACNNGGGTATC-
TAAT-3’) were used in the amplification of 16 S rRNA
gene V3-V4 region in gut microbiota. The purity and
concentration of the gDNA extracted were assessed
using 2% agarose gel electrophoresis after amplifica-
tion. Subsequently, the PCR products were purified and
recovered for quantitative determination using the QIA-
quick PCR Purification kit (QIAGEN) and sequenced
by Illumina NovaSeq 6000 platform (Novogene, Tianjin,
China). After the run, the raw data were were filtered and
noise reduced by FASTP and DADAZ2 to obtain amplicon
sequence variants (ASVs). And then, each ASV were spe-
cies annotated by the QIIME2 classify-sklearn algorithm
using a pre-trained Naive Bayes classifier. Tukey’s test
was calculated in the Alpha diversity (chaol and Shan-
non index). Through Linear discriminant analysis Effect
Size(LEfSe) and KEGG functional cluster abundance
analyses, the changes in functions in different treatment
groups were analyzed.

Statistical analysis

All experimental results were analyzed by one-way
ANOVA using the SPSS 29.0 statistical software package
(SPSS). Duncan’s multiple comparisons test was utilized
to assess the statistical differences among different treat-
ments. The data are expressed as mean+SEM. A value
of P<0.05 was considered statistically significant, while
a value of 0.05<P<0.10 was considered a trend towards
a difference. Correlations were analyzed by using spear-
man correlation analysis.

Results

Performance, diarrhea rate and apparent total tract
digestibility

As shown in Table 3, the final BW of piglets tended to
increase (P=0.062) in 5-HTP treatments. Compared with
CON group, piglets fed 250 mg/kg 5-HTP had higher
(P<0.05) ADG and lower (P<0.05) FCR. There were no
significant differences in average daily feed intake (ADFI)
(P>0.05) among the three groups. The 250 mg/kg group
had lower (P<0.05) diarrhea rate compared with the
CON group. The ATTD of piglets is shown in Table 4.
5-HTP supplementation tended to decrease (P=0.079)
the apparent digestibility of EE. The CP digestibility in
the 500 mg/kg group was lower (P<0.05) compared with
the 250 mg/kg group.

Blood profile

As shown in Table 5, the group supplemented with
5-HTP resulted in an increase (P<0.001) in serum 5-HT
and IGF-1 levels. The serum GH concentration increased
(P<0.001) in 250 mg/kg group, nevertheless decreased
(P<0.001) in 500 mg/kg group. 5-HTP supplementation
at a dose of 250 mg/kg notably enhanced the plasma TP
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Table 5 Effect of dietary 5-HTP supplementation on blood hormones and biochemical parameters of weaned piglets
Items Treatments SEM Pvalue
CON 250 mg/kg 500 mg/kg

Serum
5-HT (pg/mL) 370.45° 503.89° 57256 23441 <0.001
Growth hormone (ng/mL) 337° 452° 3.04¢ 0.157 <0.001
Insulin-like growth factor-I (ng/mL) 75.20¢ 151.10° 117.74° 7.579 <0.001
Plasma
Total protein (g/L) 47 45° 53332 48.82° 0.867 0.006
Albumin (g/L) 29.53° 35.17° 31.6° 0688 <0.001
Lactate dehydrogenase (U/L) 623.33 630.50 540.17 20.867 0.145
Glucose (mmol/L) 6.30 6.83 6.06 0.271 0.524
Calcium (mmol/L) 261 2.76 262 0.034 0.127
Table 6 Effect of dietary 5-HTP supplementation on intestinal morphology of weaned piglets
Items Treatments SEM

CON 250 mg/kg 500 mg/kg Pvalue
Jejunum
VH (um) 278.76° 333.24° 313.65° 10.170 0.040
CD (um) 133.81 11714 137.88 4.307 0.110
v/C 2.13¢ 294? 246° 0.095 <0001
lleum
VH (um) 271.20 319.64 309.15 11.295 0.188
CD (um) 144.50 123.90 124.65 6.500 0.362
V/C 1.93° 2.67° 2.51° 0.130 0.039

Abbreviations: VH: villus height; CD: crypt depth; V/C: villus height/crypt depth

and ALB concentrations, while 500 mg/kg did not exert a
significant effect.

Intestinal morphology

As shown in Tables 5 and 6-HTP supplementation
increased (P<0.05) the jejunal VH compared to CON
group. The addition of 5-HTP led to increase (P<0.05)
the ratio of V/C in jejunum. There were no significant dif-
ferences in ileal VH and CD among the groups (P>0.05)
whereas ileal V/C ratio in the 250 mg/kg exhibited a
greater value (P<0.05) compared to the CON group. HE-
stained sections revealed that the intestinal villus struc-
ture in 250 mg/kg group was more intact and denser than
that of the CON group (Fig. 1).

lleal transcriptomic analysis

The specific DEGs between CON_250 mg/kg and
CON_500 mg/kg comparisons were filtered out by
using Venn diagram analysis. Overall 71 DEGs specifi-
cally respond to the CON group, 211 DEGs specifically
respond to the 250 mg/kg group, 180 DEGs specifically
respond to the 500 mg/kg group (Appx. Figure 1 A). A
heatmap of the DEGs revealed significant alterations in
gene expression patterns among the groups (Appx. Fig-
ure 1B). The KEGG enrichment analysis was performed
with those DEGs between two groups. Results showed
that DEGs were primarily categorized into four domains:

organismal systems, metabolism, cellular processes and
environmental information at the first level (Fig. 2A-
B). Interestingly, the shared predominant KEGG sub-
class in organismal systems were immune system and
digestive system in “250 mg/kg vs. CON” and “500 mg/
kg vs. CON”. Protein digestion and absorption and Car-
bohydrate digestion and absorption both belonged to
the digestive system (Fig. 3A-B). To further determine
whether 5-HTP could regulate protein and carbohydrate
digestion and absorption in piglets, we verified several
genes related to nutrient transport by quantitative real-
time PCR (Fig. 4A-B). The 250 mg/kg supplementation
of 5-HTP up-regulated GLUT2, SLC7A7, and SLCIAI
expression, while 500 mg/kg supplementation of 5-HTP
up-regulated SLC7A7 and SLCIAI expression in jejunal
mucosa (P<0.05). Dietary 5-HTP supplementation up-
regulated (P<0.05) GLUT2, SGLT1, SLC1A1, SLC7A7,
and PEPT1 expression in ileal mucosa. Also, the expres-
sion of SLC38A2 was up-regulated (P<0.05) in 500 mg/
kg group in ileal mucosa.

Gut microbiota

The effects of dietary 5-HTP supplementation on gut
microbiota in weaned piglets are presented in Fig. 5. The
alpha diversity analysis revealed no significant differences
in the Chaol and Shannon indexes among the treatment
groups. There were 907 core ASVs observed in the Venn
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Fig. 1 Effect of dietary 5-HTP supplementation on small intestinal morphology of piglets. Representative images showing HE staining microscopy results

(40x)

diagram of the three groups. 390, 386, 267 elements were
unique to the CON, 250 and 500 mg/kg groups, respec-
tively. Nevertheless, the principal component analysis
(PCA) (Fig. 5D) demonstrated a notable impact of 5-HTP
on gut microbiota composition, with a distinct difference
observed among the clusters of the treatment groups
(P=0.017). Supplementation with 250 mg/kg 5-HTP had
a higher (P<0.05) relative abundance of Firmicutes, lead-
ing to an increased (P<0.05) Firmicutes/Bacteroidetes
ratio (Fig. 6C). In addition, the abundance level of Actino-
bacteriota increased (P<0.05) in 500 mg/kg group (Appx.
Table 1). Further analysis revealed that Lachnospiracea
and Ruminococcaceae at the family level were identified
as marker species in 250 mg/kg group by LEfSe analysis
(Figs. 6D and 7A). The 5-HTP supplementation groups
decreased the abundance of Spirochaetes at the phylum
level, while Spirochaetaceae and Treponema were sig-
nificantly down regulated by 5-HTP at family and genus
level (P<0.05). Meanwhile, the CON group was enriched
with Spirochaetaceae (family) and Treponema (genus)
in LEfSe analysis (Fig. 7A). Additionally, the abundance
level of Megasphaera was increased (P<0.05) in 500 mg/
kg group (Appx. Table 2). The KEGG analysis revealed
that sucrose degradation, L-lysine biosynthesis and Thia-
min salvage were enriched in 250 mg/kg group compared
with CON group in PICRUSt analysis, while metabolism

of L-lysine synthesis and 5-aminoimidazole ribonucleic
acid synthesis were enriched in the CON compared
with 500 mg/kg group (Fig. 7B). To further understand
the role of gut microbiota in improving growth per-
formance, the genera with relative abundance in top 10
were selected for correlation with growth performance
and ATTD indicators (Fig. 8). The genus Streptococcus
was positively correlated with FCR (P<0.05). The genus
Megasphaera was negatively correlated with the ATTD
of EE (P<0.01). Both genus Clostridium_sensu_stricto_1
and Terrisporobacter were positively correlated with the
ATTD of CP and EE (P<0.05).The genus Treponema was
positively correlated with the ATTD of EE (P<0.05). The
genus Succinivibrio was negatively correlated with final
BW, ATTD of CP(P<0.05) and ADG (P<0.01). The genus
Succinivibrio was positively correlated with diarrhea rate
(P<0.05) and FCR (P<0.01).

Discussion

After early weaning, piglets commonly suffer from wean-
ing stress, which has a considerable influence on long-
term intestinal health and growth performance during
finishing period [2]. In this study, supplementation with
5-HTP, which is a direct precursor of 5-HT, resulted
in an increased final BW and ADG, while reducing the
FCR in piglets. This might be attributed to the role of
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A Histogram of KEGG(250 mg/kg vs CON)
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Fig. 2 The modulation of 5-HTP on ileal transcriptomics. (A) The kyoto encyclopedia of genes and genomes (KEGG) classification of DEGs between CON
and 250 mg/kg. (B) The KEGG classification of DEGs between CON and 500 mg/kg

5-HT as a neurotransmitter, which modulates emo-
tions and motivation, thereby alleviating weaning stress
in piglets [23]. In addition, the growth-promoting func-
tion of 5-HT is related to the GH axis. Previous studies
have shown that administration of 5-HT into rats’ hypo-
thalamus can increase their serum GH levels [24]. Other
research has shown that GH secretion is stimulated by
peripheral administration of quipazine, an agonist of

5-HT receptors in cattle [25]. Furthermore, dietary sup-
plementation of Trp can enhance basal GH secretion in
weaned piglets [6]. In the present study, supplementing
piglet diets with 250 mg/kg 5-HTP increased the levels
of 5-HT, GH and IGF-1 in serum. This result further sug-
gests that 5-HTP supplementation can be effectively con-
verted to 5-HT in vivo and improve the piglets’ growth
performance through the GH-IGF-1 axis.
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A KEGG enrichment analysis (250 mgfkg vs CON)
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Fig. 3 The modulation of 5-HTP on ileal transcriptomics. (A) The KEGG pathway enrichment of DEGs between CON and 250 mg/kg. (B) The pathway

enrichment of DEGs between CON and 500 mg/kg

The V/C ratio has been widely recognized as a mea-
sured indicator for assessing the morphological integrity
and functional capacity of digestion and absorption in
the small intestine [26]. Intestinal VH is positively corre-
lated with nutrient absorption capacity [27]. In this study,
piglets fed diets supplemented with 5-HTP increased VH
both in jejunum and ileum. Similarly, feeding 5-HTP diets
resulted in higher V/C ratio in jejunum and ileum, which
is an important factor in promoting postweaning growth.
These results parallel the influence of the dietary Trp on
small intestinal morphology, which showed that dietary
Trp (0.2-0.5%) supplementation increased villus height
and decreased crypt depth, as a result, the ratio of V/C
increased [28, 29]. However, supplementation of high
concentrations of Trp can impair the intestinal develop-
ment of weaned piglets. Dietary 0.75% Trp increased the
crypt depth of jejunum, accompanied by a significant
decrease in the V/C ratio in piglets [29]. In the present
study, we observed that the VH and V/C ratio at 500 mg/
kg level were lower than those in 250 mg/kg level. This
indicates that excessive supplementation of dietary Trp
may undermine the integrity of the gut barrier in piglets.
5-HTP is the intermediate metabolite of the essential
amino acid L-Trp in the biosynthesis of 5-HT, indicating
that the negative effects on intestinal morphology caused
by supplementation with either excessive Trp or 5-HTP
may be induced by their final downstream product,
5-HT. Thus, the dietary of 250 mg/kg 5-HTP improved
intestinal morphology and resulted in better growth per-
formance and feed efficiency in weaned piglets.

It has been well established that gut-derived 5-HT
plays an important role in the regulation of GIM by
mediating excitatory neurotransmission [30]. Gastro-
intestinal motility (GIM) is a key factor that influences

the proliferation of the intestinal microbiome [31]. The
mucus secretions, along with GIM, act as a defense
mechanism of the epithelium by propelling pathogens
and toxins along the gut lumen for eventual elimination.
However, an increase in GIM within the small intes-
tine could potentially lead to higher intestinal perme-
ability [32]. The release of 5-HT from damaged intestinal
mucosa in allergic reaction enhances the strength and
speed of GIM, thereby contributing to the development
of diarrhea [33]. The frequency of defecation increased
after injecting with 5-HT in cows [34]. There was no fur-
ther improvement in diarrhea in the 500 mg/kg group in
the present study. Meanwhile, dietary 5-HTP supplemen-
tation at dose of 500 mg/kg significantly decreased the
ATTD of CP and EE. These results suggested that pig-
lets fed 500 mg/kg 5-HTP may reduce the retention time
of the chyme in gastrointestinal tract and decrease the
ATTD of nutrients. To further explore the influence of
5-HTP on intestinal absorption function, we analyzed the
ileal transcriptome and detected the mRNA expression of
nutrient transporters in jejunal and ileal mucosa. Inter-
estingly, we found that dietary 5-HTP supplementation
improved intestinal absorption function by up-regulated
the expression of nutrient transporters. This result was
in line with the beneficial effects of 5-HTP on intestinal
morphology and TP and ALB level in plasma, which sug-
gesting that 5-HTP improved intestinal absorption and
body protein biosynthesis. Taken together, these findings
provide evidence that supplementing 5-HTP at 250 mg/
kg level enhances the capacity of nutrients utilization,
resulting in improved growth performance. However,
the increased gene expression of nutrient transporters
in 500 mg/kg group may be a compensatory response
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Fig. 4 The modulation of 5-HTP on mRNA expression of nutrient transport-related genes in intestine. (A) Effect of 5-HTP on mRNA expression of nutrient
transport-related genes in jejunal mucosa. (B) Effect of 5-HTP on mRNA expression of nutrient transport-related genes in the ileal mucosa

caused by decreased nutrient digestibility, and the mech-
anism needs to be investigated in future studies.

The weaning stage of piglets is an important window
period to shape the gut microbiota [35]. The intestinal
microflora balance of piglets is maintained by the meta-
bolic activity of gut microbiome and its metabolites [36].
In this study, the Venn diagram analysis demonstrated a
substantial overlap in the microbiome among all samples
from the three groups. However, each group also exhib-
ited its distinct microbial composition.The Firmicutes
were more dominant in nutrient absorption and subse-
quent weight gain than Bacteroidetes [37, 38]. Our find-
ings revealed that 5-HTP supplementation resulted
in an increased Firmicutes/Bacteroidetes ratio, which
was consistent with the growth performance of piglets.

Furthermore, the observed increase in Firmicutes was
attributed to the greater abundance of Megasphaera,
which possesses ability to promote intestinal carbohy-
drate metabolism balance and effectively prevent diar-
rhea associated with hyper-lactate accumulation in
piglets [39]. This was consistent with our study that the
5-HTP decreased diarrhea rate in the 250 mg/kg group.
However, the diarrhea rate remained unchanged despite
the increased abundance of Megasphaera in 500 mg/kg
group. Due to the potential neurotransmitter properties
of 5-HT in promoting GIM, the flourishing of this micro-
organism in the 500 mg/kg group, which improves the
host’s ability to prevent diarrhea, may be offset by 5-HT-
induced GIM, and the underlying mechanism needs
further study. Based on correlation analysis at the genus
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level, Clostridium_sensu_stricto_I1 and Terrisporobacter
were positively correlated with the ATTD of CP and EE.
On the one hand, Clostridium_sensu_stricto_I has been
reported to produce butyrate and promote the adhesion
of the intestinal mucosal barrier to pathogens [40]. On
the other hand, Terrisporobacter maintain gut homeo-
stasis with its antimicrobial properties in cecal micro-
bial community [41]. These findings may reveal that both
Clostridium_sensu_stricto_1 and Terrisporobacter sta-
bilize the intestinal environment with its fermentation
products to improve intestinal digestion during piglet
weaning stress. In addition, the family of Ruminococca-
ceae and Lachnospiraceae has been inhabited by 5-HTP,

which exert probiotic physiological functions by produc-
ing short-chain fatty acids in the gut [42, 43]. It has also
been reported that Succinivibrio which was positively
correlated with the FCR play a key role in feed efficiency
by utilizing carbohydrates to break down short-chain
fatty acids in the fermentation process of microorgan-
isms [44]. Besides, we observed that 5-HTP significantly
increased the abundance of Actinobacteria at the phylum
level. Actinobacteria play an important role in maintain-
ing gut homeostasis as well as potential therapeutic use
for gastrointestinal pathological conditions and systemic
diseases [45]. It has been observed that the abundance
of Actinobacteria was reduced in patients with coeliac
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disease [46, 47]. Moreover, the 5-HTP addition group
had a diminished abundance of Spirochaetes and Trepo-
nema, as well as the specific species in the CON group
by LEfSe analysis. Treponema, as the sole genus within
the phylum Spirochaetes, is considered a harmful micro-
organism that is pathogenic to pigs [48]. It causes dysen-
tery and colitis by invading the surface epithelium and

mucosa of the intestines [49]. A previous study indicated
that dietary supplementation with 2% rapeseed protein
led to lower diarrhea incidence and reduced the relative
abundance Treponema in piglets [50]. Dietary lycopene
could remarkably improve anti-inflammatory responses
in piglets, which was related to a reduction in the abun-
dance of Treponema [51]. Overall, these findings suggest



Xia et al. Porcine Health Management (2024) 10:60
FBW 0.6
ADG
ADFl ' 04
FCR
DR 0.2
DM
oM 0
CP
EE -0.2
CF
= = -04
E3¢55959¢s y
5 20 2 @ S 38 0
g g T oo 8 o & 3
® 70T @ 3328 -06
o 28 83Q ® o 2 .
S o O 2 o 3 o o N
o ST o S 2 g3
8 503 g °
@ ‘-".

L T0Jou)S T NSUas” WNIPIYSO|D

Fig. 8 Correlation analysis between growth performance and altered
microbiota. Heatmap of Spearman’s correlation between growth perfor-
mance, ATTD and gut microbiota. *, P<0.05; **, P<0.01. Abbreviation:
DR=diarrhea rate

Venn

250 mgikg

Page 12 of 15

that dietary 5-HTP supplementation makes an improve-
ment in the growth performance of piglets attributed to
probiotics with highly abundant colonic bacteria, i.e., Fir-
micutes, Actinobacteria, Ruminococcaceae, Lachnospira-
ceae, and Megasphaera. Additionally, 5-HTP suppressed
potential pathogens related to diarrhea, such as Spiro-
chaetes and Treponema, thereby promoting intestinal
microbial balance.

Conclusion

In conclusion, our study demonstrated that supple-
mentation of 5-HTP at 250 mg/kg improved growth
performance, reduced diarrhea rate, enhanced nutri-
ent digestibility, associated with favorable alterations in
intestinal microbiota of weaned piglets. These findings
suggest the potential of using 5-HTP as a dietary supple-
ment to enhance the intestinal health and productivity of
weaned piglets.

Appendix

Data processing and DEG screening

The raw sequencing data were initialy processed for qual-
ity control using FastQC and Trimmomatic by removing
reads containing adapter, reads containing ploy-N, and
low-quality reads, Q20, Q30, and GC-content were calcu-
lated for the clean reads. These clean reads were mapped
to the pig reference genome (Sscrofall.l) using HISAT?2,
and transcript assembly was performed with StringTie v
2.2.3. DEGs were identified using DESeq2 which provides
statistical routines for determining differential expres-

Heatmap

500 mg; CON 250 mg/kg

Appendix Fig. 1 The modulation of 5-HTP on ileal transcriptomics. (A) The Venn diagram of DEGs (B) The heatmap of top DEGs between CON and 5-HTP

addition groups
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Appendix Table 1 Effects of dietary 5-HTP supplementation on the composition of colonic microbiota at the phylum levels (%)

Items Treatments SEM
CON 250 mg/kg 500 mg/kg Pvalue

Firmicutes 55.21° 71.11° 61.99% 2.764 0.032
Bacteroidetes 34.79 23.88 31.91 2181 0.101
Spirochaetes 4.90 1.19 0.74 0.728 0.034
Proteobacteria 3.14 211 3.89 0.502 0.369
Euryarchaeota 1.35 0.72 0.09 0322 0.296
Desulfobacterota 0.59 034 0.79 0.088 0.105
Campilobacterota 034 0.06 0.15 0.059 0.137
Actinobacteriota 027° 049° 035%® 0038 0.045
Cyanobacteria 0.01 0.02 0.04 0.008 0.372

Appendix Table 2 Effect of dietary 5-HTP supplementation on the composition of colonic microbiota at the genus levels (%)

Items Treatments SEM
CON 250 mg/kg 500 mg/kg Pvalue

Prevotella 8.60 536 13.59 1.557 0.087
Muribaculaceae 12.62 9.55 7.59 1.312 0.304
Streptococcus 835 7.68 10.04 0.940 0.601
Lactobacillus 503 6.42 8.56 0.861 0.254
Megasphaera 2.25° 3.98% 7.10° 0.829 0.041
Clostridium_sensu_stricto_1 438 551 2.08 0672 0.100
Treponema 2.25° 0.71° 0.58° 0.269 0.009
Alloprevotella 1.30 152 172 0.209 0.778
Megamonas 0.01 0.66 047 0.152 0.208
Succinivibrio 241 0.89 332 0.505 0.139

sion in digital gene expression data using a model based
on the negative binomial distribution. The resulting P val-
ues were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes
with an adjusted P-value<0.05 found using DESeq were
assigned as differentially expressed. Functional annota-
tion, including Gene Ontology (GO) enrichment and
KEGG pathway analysis, was conducted to explore the
biological processes and pathways affected by 5-HTP.
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