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Introduction: Melatonin (MEL) is a crucial neuroendocrine hormone primarily

produced by the pineal gland. Pinealectomy (PINX) has been performed on an

endogenous MEL deficiency model to investigate the functions of pineal MEL

and its relationship with various diseases. However, the e�ect of PINX on the

gastrointestinal tract (GIT) MEL levels and gut microbiome in pigs has not been

previously reported.

Methods: By using a newly established pig PINX model, we detected the levels

of MEL in the GIT by liquid chromatography–tandem mass spectrometry. In

addition, we examined the e�ects of PINX on the expression of MEL synthesis

enzymes, intestinal histomorphology, and the intestinal barrier. Furthermore, 16S

rRNA sequencing was performed to analyze the colonic microbiome.

Results: PINX reduced serum MEL levels but did not a�ect GIT MEL

levels. Conversely, MEL supplementation increased MEL levels in the GIT and

intestinal contents. Neither PINX nor MEL supplementation had any e�ect on

weight gain, organ coe�cient, serum biochemical indexes, or MEL synthetase

arylalkylamine N-acetyltransferase (AANAT) expression in the duodenum, ileum,

and colon. Furthermore, no significant di�erenceswere observed in the intestinal

morphology or intestinal mucosal barrier function due to the treatments.

Additionally, 16S rRNA sequencing revealed that PINX had no significant

impact on the composition of the intestinal microbiota. Nevertheless, MEL

supplementation decreased the abundance of Fibrobacterota and increased the

abundance of Actinobacteriota, Desulfobacterota, and Chloroflexi.

Conclusion: We demonstrated that synthesis of MEL in the GIT is independent

of the pineal gland. PINX had no influence on intestinal MEL level and

microbiota composition in pigs, while exogenous MEL alters the structure of the

gut microbiota.
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1 Introduction

Melatonin (MEL), a crucial neurohormone derived from

tryptophan, is mainly synthesized by the pineal gland during the

dark phase of the light/dark cycles (Claustrat and Leston, 2015;

Yin et al., 2020). Synthesis of extra-pineal MEL was reported in

the retina (Wiechmann and Sherry, 2013), skin (Rusanova et al.,

2019), Harderian gland (Santillo et al., 2020), and, importantly,

the gastrointestinal tract (GIT) (Bubenik, 2002; Pan et al., 2021).

MEL is synthesized in the enterochromaffin cells of the GIT

(Huether, 1993; Kvetnoy et al., 2002), and it is known that the

GIT contains approximately 400 times more MEL than the pineal

gland (Bubenik, 2002; Chen et al., 2011). Therefore, MEL is not

only important in regulating the circadian rhythm but is also

involved in regulating multiple gastrointestinal functions, such as

intestinal motility (De Filippis et al., 2008), barrier permeability

(Sommansson et al., 2013; Swanson et al., 2015), energy expenditure

(Prezotto et al., 2014; Xu et al., 2022), and bicarbonate secretion

(Sommansson et al., 2013, 2014). In addition, it was reported

that MEL deficiency is closely associated with the development

of intestinal diseases (Gong et al., 2022; Xia et al., 2022).

Furthermore, MEL improved sleep deprivation-induced intestinal

mucosal injury by altering the composition of the gut microbiota

(Gao et al., 2019, 2021). More importantly, clinical studies show

that sleep disturbances increase disease activity in patients with

gastrointestinal disorders (Sochal et al., 2020), indicating an

association between MEL deficiency and gastrointestinal diseases.

Gut microbiota is crucial for the homeostatic maintenance

of gastrointestinal function. Studies have demonstrated that

MEL could influence the swarming and motility of Enterobacter

aerogenes (Paulose et al., 2016). Moreover, in high-fat diet-fed

mice, MEL has been proven to prevent obesity and obesity-related

disorders by modulating the diversity and composition of gut

microbiota, including Firmicutes, Bacteroides, and Akkermansia

(Xu P. et al., 2017). Although it is clear from these studies that

administration of exogenous MEL affects the gut microbiota, it is

unclear whether deficiency of endogenous MEL affects intestinal

barrier integrity and gut microbiota dysbiosis. Previous research

has reported that someMEL in the intestine may originate from the

pineal gland through circulation, especially at nighttime (Huether

et al., 1998). On the contrary, other research studies have shown

that MEL is locally synthesized in the intestine and is independent

of the pineal gland since PINX has no influence on its concentration

(Huether, 1993; Bubenik and Brown, 1997; Kvetnoy et al., 2002).

Thus, it is necessary and meaningful to understand the effect of

PINX and MEL supplementation on intestinal MEL levels and

gut microbiota.

PINX was performed on an endogenous MEL deficiency

model to evaluate the regulation of circadian rhythms in the

pineal gland (de Farias et al., 2015; Tchekalarova et al., 2020),

immunity (Sahin et al., 2018; Luo et al., 2020), Alzheimer’s disease

(Tzoneva et al., 2021), and inflammation and oxidative stress

(Ballur et al., 2022). However, most of these studies were performed

on rodents (Al Gburi et al., 2022; Demir et al., 2022), so it is

difficult to use the findings of these studies to explain various

MEL deficiency disorders in humans because nocturnal rodents

and diurnal humans have different circadian rhythms in terms

of behavior and physiology (Cheung et al., 2005; Slawik et al.,

2016). Pigs are highly similar to humans in terms of physiological

anatomy, nutritional metabolism, cardiovascular system structure,

and immune response, making them one of the ideal experimental

animal models for the study of human diseases (Walters et al.,

2017; Pabst, 2020). Previously, PINX was found to promote

small intestine crypt cell proliferation in rats (Callaghan, 1991).

However, to date, no experimental studies have been conducted

on pigs to assess the impact of PINX on intestinal function and

gut microbiota.

In this study, we used a newly established pig PINX model

to evaluate the effects of pineal and exogenous MEL on growth

performance, biochemical parameters, GIT MEL levels, intestinal

mucosal barrier function, and subsequent gut microbiome

composition. These findings demonstrate that MEL synthesis in the

GIT is independent of the pineal gland in pigs. ExogenousMEL, not

pineal MEL, affects the gut microbiota.

2 Materials and methods

2.1 Reagents and antibodies

Antibodies against arylalkylamine N-acetyltransferase

(AANAT) (ab108508) and GAPDH (ab15580) were purchased

from Abcam (Cambridge, UK). ZO-1 (TA5145) and claudin-1

(T56872) were purchased from Abmart (Shanghai, China). MEL

and formic acid were purchased from Macklin Biochemical Co.,

Ltd. (Shanghai, China). Methanol was purchased from Sigma (St.

Louis, MO, USA).

2.2 Animals

A total of 18 male Bama pigs (5–6 months old), with an initial

body weight of approximately 18–20 kg, were obtained fromBeijing

Farm Animal Research Center, Beijing, China. They were housed

in the SPF lab of Yangzhou University, with a temperature of 24

± 2◦C and humidity of 60 ± 5%, under a 12-h light–dark cycle.

The animals were fed with standard diet at 8:00 a.m., 12:00 p.m.,

and 18:00 p.m. based on their weight, with ad libitum access to

drinking water. Experiments were approved by the Animal Ethics

Association of Yangzhou University (approval ID: SYXK (Su) 2022-

0044).

2.3 Experimental design and treatment
with MEL

Eighteen pigs were divided on average into three groups: sham–

pinealectomy group (Control), pinealectomy group (PINX), and

pinealectomy + melatonin supplementation group (PINX+MEL).

A total of 12 pigs underwent stereotaxic surgery with the removal

of the pineal gland, and other six pigs received the same procedure

without the removal of the pineal gland. Two weeks after the PINX

operation, PINX pigs were randomly divided into two groups:

the PINX group receiving equal amounts of ethanol and the

PINX+MEL group receiving 10 mg/kg of body weight MEL daily

at 18:00 pm in drinking water for 4 months, according to the earlier
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literature (Agil et al., 2011). The MEL was dissolved in ethanol

and further diluted in 2,000mL water. The body weights were

monitored every 2 weeks.

2.4 Surgery procedure

The surgical procedure of PINX on pigs has recently been

established in our laboratory by applying a parieto-occipital

approach (unpublished data) (Dempsey et al., 1982; Egermann

et al., 2011). First, a near circular-shaped incision was made above

the parietal bone by using a circular drill and an angled rongeur.

The bone flap was delicately removed to expose the dura mater,

which was then opened to expose the bilateral parietal lobes. The

parieto-occipital lobes were retracted bilaterally by using a brain

retractor. Dissection was performed down to the pineal recess,

and the pineal gland was then observed medial to the internal

cerebral veins. The pineal gland was grasped with delicate forceps

and removed in one motion. Successful removal of the pineal gland

was confirmed by autopsy and a decrease in serumMEL levels.

2.5 Collection of samples

Four months after surgery, the animals were euthanized by

the carotid artery bleeding under anesthesia with 2% pentobarbital

sodium (0.5 mL/kg) at 20:00 p.m. After laparotomy, the brain,

heart, liver, spleen, lung, kidney, and testis were excised and

weighted. The middle part of the GIT from the stomach to the

rectum and samples of the digesta from six intestinal segments

were collected as previously described (Zhang et al., 2022). After

washing with phosphate-buffered saline, one part of the GIT was

fixed with 4% paraformaldehyde and the other was frozen in liquid

nitrogen. The relative organ weight was calculated according to the

formula (Xia et al., 2022): relative organ weight: organ weight/body

weight× 100.

2.6 Serum lipid indexes

Blood samples were collected from the anterior vena cava

after 12 h of fasting, and serum was separated by centrifuging at

3,500 rpm according to previous literature (Xia et al., 2022). An

automatic biochemistry analyzer (C16000; Abbott Architect, IL,

USA) was used to test alanine aminotransferase (ALT), aspartate

aminotransferase (AST), total cholesterol (TC), triglyceride (TG),

high-density lipoprotein (HDL-C), and low-density lipoprotein

(LDL-C) levels.

2.7 Hematoxylin and eosin (H&E) staining

The duodenum and ileum were dehydrated in gradient alcohol

series, cleared in xylene, and then processed into paraffin sections.

Paraffin blocks of 7mm were cut and stained with H&E. The

sections were analyzed by using a lightmicroscope (IX71; Olympus,

TABLE 1 Elution programs of MEL analysis.

Time (min) Flow rate (mL/min) %A %B

Initial 0.6 60 40

0.8 0.6 60 40

2.0 0.6 20 80

4.0 0.6 20 80

4.5 0.6 60 40

5.5 0.6 60 40

Tokyo, Japan). Villus length and crypt depth were measured

according to previous literature (Ren et al., 2018).

2.8 MEL analysis

A volume of 300 µL of serum was suspended in 1mL ethyl

acetate, vortexed fully for 3min, and ultrasonicated for 1min

to extract the MEL. For intestine and intestinal contents, 0.1 g

of samples was ground to a fine powder with liquid nitrogen

and suspended in ethyl acetate. After centrifuging at 12,000 g for

15min under 4◦C, the supernatants were collected and dried using

nitrogen gas. Furthermore, the samples were redissolved in 150

µL mobile phase (0.1% formic acid–methanol = 65: 35, v/v),

vortexed, and centrifuged. After filtration with a 0.22-um filter, the

supernatants were transferred to an autosampler vial. LC-MS/MS

was performed according to the method described by Magliocco

et al. (2021). Briefly, samples were analyzed by an ExionLC high-

performance liquid chromatography (HPLC) system coupled to a

6500QTRAPmass spectrometer (ABI Sciex, Foster City, CA, USA).

An Agilent ZORBAX Eclipse Plus C18 column (4.6mm x 100mm,

3.5 um particle size) (Agilent Technologies, Santa Clara, CA, USA)

was used with a temperature of 40◦C. The mobile phase was water

with 0.1% formic acid (A) and methanol with 0.1% formic acid

(B). The elution programs are detailed in Table 1. The ion spray

voltage was 5.5 kV in the ESI mode. Quantitation was performed

in the positive ionization mode by multiple reaction monitoring at

m/z 233.1/174.0.

2.9 Western blotting

Western blotting was performed as described in previous

literature (Zhang et al., 2018). First, the sample was electrophoresed

using 12% SDS-PAGE gel and transferred to the PVDF membrane.

After blocking with 5% skim milk, the membrane was incubated

with AANAT, ZO-1, claudin-1, and GAPDH at 4◦C overnight.

After washing with TBST, they were incubated with the secondary

antibody for 2 h at room temperature. The protein bands

were detected with electrochemiluminescence (Vazyme Biotech,

Nanjing, China). Band intensities were quantified by using

ImageJ software.
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2.10 Gut microbiota analysis

Fresh colonic contents (∼200mg of each sample) were

collected from each animal at the same time. Bacterial genomic

DNA was extracted from samples using the Power Fecal R©

DNA Isolation Kit (MoBio Carlsbad, CA USA). The V3–

V4 regions of the 16S rRNA gene were amplified using

primers 341F and 806R (5′-CCTAYGGGRBGCASCAG-3′ and

5′-GGACTACNNGGGTATCTAAT-3′), respectively. The Illumina

NovaSeq platform was used to generate 250-bp paired-end reads.

The sequencing was performed on the QIIME2 platform of Beijing

Novogene Biotech Co., Ltd. (Beijing, China) and analyzed based

on amplicon sequence variants (ASVs) (Li et al., 2020). QIIME2

was used for the analysis of alpha diversity (including Chao1,

Observed_otus, Shannon, and Simpson) and principal component

analysis (PCA). The dominant microbiota of all groups was

detected using LEfSe analysis.

2.11 Statistical analysis

The data were analyzed using GraphPad Prism 8 (GraphPad

Inc., La Jolla, CA) and presented as mean ± SEM. A one-

way ANOVA was used to evaluate statistical differences among

experimental groups. Experiments were performed with at least

three independent biological replicates, and a p-value of< 0.05 was

considered statistically significant.

3 Results

3.1 PINX has no e�ect on pig weight gain,
organ coe�cient, and serum biochemical
indexes

To confirm the successful establishment of the pig PINX

model, the MEL concentration in serum was first assayed. The

results showed that PINX dramatically decreased the global MEL

level and omitted the diurnal pattern compared with the control

(unpublished data) but did not affect the body weight gain

(Figure 1A). In addition, PINX and MEL supplementation had no

significant effects on the indexes of brain, heart, liver, spleen, lung,

kidney, and testis (Figure 1B) and the serum levels of ALT, AST, TC,

TG, HDL-C, and LDL-C (Figures 1C–H). These findings suggest

that PINX and MEL supplementation do not affect the growth

performance in pigs.

3.2 PINX does not a�ect MEL levels in GIT
and intestinal contents

To explore the effect of PINX on the MEL levels in the

GIT, the concentration of MEL in different segments of the GIT

and intestinal contents was detected. The results showed that

the MEL levels in the stomach and duodenum were higher than

those in other segments in the control group, but no significant

differences were found among the segments of the PINX pigs

compared to the control group. In addition, PINX did not affect the

MEL levels in the intestinal contents (Figure 2). Furthermore, the

AANAT protein expressions in the duodenum, ileum, and colon

had no significant differences among the three groups (Figure 3),

indicating that MEL synthesis in the GIT is independent of the

pineal gland in pigs.

3.3 PINX had little e�ect on the intestinal
morphology and intestinal mucosal barrier

The histological examination showed that PINX and MEL

supplementation did not affect the villus height and villus/crypt

ratio in the duodenum and ileum, although PINX increased

the duodenal crypt depth (Figure 4). Therefore, we explored the

cellular mucosal barrier of the duodenum in different groups

of pigs. The Western blotting assay revealed that no difference

was observed in the protein expression of ZO-1 and claudin-1

among the three groups (Figure 5), suggesting that PINX and MEL

supplementation had little effect on duodenal and ileal mucosal

morphology and on the mucosal barrier.

3.4 E�ects of PINX on intestinal microbiota

The Venn diagram showed common and unique ASVs among

the treatment groups. A total of 4,196 ASVs were determined, and

there were 916 commonASVs among the three groups. In addition,

752, 712, and 955 unique ASVs were specifically identified in the

control, PINX, and PINX+MEL groups, respectively (Figure 6A).

We further determined four indexes (Chao1, Observed_otus,

Shannon, and Simpson) to evaluate the alpha diversity of the

microbiome in each group, but no significant differences were

observed in the intestinal microbiota α diversity index among

the three groups, indicating that PINX and MEL supplementation

did not have a significant effect on the richness and diversity of

the colonic microbiota (Figures 6B–E). The PCA results showed

that the distance between the control and the PINX sample was

close, indicating their similarities in the microorganisms. However,

the PINX+MEL group showed a distinctive separation from

control and PINX treatments (Figure 6F), suggesting that the MEL

supplementation changed the microbiota composition of pigs.

The relative abundance of microbiota is given in

Figure 7. The phylum level analysis showed that Firmicutes,

Bacteroidota, Spirochaetota, Euryarchaeota, Proteobacteria,

and Actinobacteriota were the top six phyla. Compared

with the control, although PINX decreased the abundance

of Actinobacteriota, Desulfobacterota, Fibrobacterota, and

Chloroflexi at the phylum level, it was not significant. However,

compared to the PINX group, MEL treatment decreased

Fibrobacterota abundance and increased Actinobacteriota,

Desulfobacterota, and Chloroflexi abundance. At the genus level,

PINX and MEL supplementation had no effect on the relative

abundances of microbiota. To identify the distinct gut microbiota

of the three groups, we conducted the linear discriminant

analysis (LDA) effect size (LEfSe). The results showed that

Negativicutes, Clostridia_vadinBB60, Prevotellaceae_bacterium,
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FIGURE 1

E�ects of PINX on body weight, organ coe�cients, and serum biochemical indexes in pigs. (A) The body weights of three groups of pigs were

recorded. (B) E�ect of PINX on the relative organ weights of the brain, heart, liver, spleen, lungs, kidneys, and testes after 4 months. The e�ect of

PINX on serum levels of ALT (C), AST (D), total cholesterol (TC) (E), triglycerides (TG) (F), high-density lipoprotein cholesterol (HDL-C) (G), and

low-density lipoprotein cholesterol (LDL-C) (H). Control, sham–pinealectomy group; PINX, pinealectomy group; PINX+MEL, pinealectomy +

melatonin supplementation group.

Acidaminococcaceae, and Phascolarctobacteriumwere significantly

more abundant in the control group. In addition, Faecalibacterium

and Peptostreptococcales_Tissierellales are domainant in PINX

pigs. MEL supplementation significantly elevated the relative

abundance of bacterium_MD2012, Monoglobus (Monoglobaceae,

Monoglobales), Ruminococcus_champanellensis, Actinobac-

teriota, Chloroflexi, Anaerolineae, Desulfobacterota, and

Methanobacterium (Figure 8). Collectively, these results

demonstrated that PINX does not affect the gut microbiota

in pigs, but MEL supplementation changed the composition of the

gut microbiota.

4 Discussion

It has been documented that MEL supplementation affects

the gut microbiota composition in mice (Xu P. et al., 2017), rat

(Lv et al., 2020), and suckling piglets (Xia et al., 2022). In this

study, the effect of endogenous MEL deficiency on gut microbiota

has been studied using a new established pig PINX model. The

results demonstrate that PINX has no significant effect on MEL

concentration in the intestine and intestinal contents, as well as

on the intestinal microbiota, suggesting that MEL synthesis in the

GIT is independent of the pineal gland, supported by the findings

of Bubenik and Brown (1997) that PINX has no influence on

MEL levels in the intestine. Meanwhile, MEL supplementation

has considerable effect on shaping the composition of the

intestinal microbiota.

In the current study, we observed that PINX significantly

reduced nighttime serum MEL levels, confirming the successful

removal of the pineal gland. However, GIT enterochromaffin cells

were reported to synthesize MEL and contribute to plasmatic MEL

concentration (Huether et al., 1992; Bubenik and Brown, 1997),

so the serum MEL is detectable even after PINX. Studies have

shown that MEL has anti-obesity effects, reducing TG and TC

concentrations and liver steatosis in mice fed with a high-fat diet

(Xu P. et al., 2017). However, the current study found that PINX

and MEL supplementation had no effect on body weight gain and

serum biochemical indexes of pigs fed with basic diets, which was

similar to the results observed in PINX rats (Buonfiglio et al., 2018)

andMEL-supplemented mice (Haridas et al., 2013) and piglets (Xia

et al., 2022). Possible explanations for this difference may include
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FIGURE 2

E�ect of PINX on MEL concentration in the gastrointestinal tract and intestinal contents. (A) MEL levels in di�erent segments of gastrointestinal tract

tissues of three groups of pigs. (B) MEL levels in di�erent segments of intestinal contents of three groups of pigs. Data are represented as mean ±

SEM. **p < 0.01 compared with the control group, ##p < 0.01 compared with the PINX group.

FIGURE 3

E�ect of PINX on AANAT expression in the gastrointestinal tract. Immunoblots (up) and quantification (down) of AANAT in the duodenum (A), ileum

(B), and colon (C).

the animal species, experimental duration, and feeding regimes. In

our study, it should be noted that the pigs were fed with a basic

diet according to their weight, while the mice or rats had ad libitum

access to food in other studies. These results indicate that PINX

and MEL supplementation has no effect on growth performance

in pigs.
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FIGURE 4

E�ect of PINX on duodenal and ileum morphology. (A) Representative images of H&E staining in the duodenum. The villus length and crypt depth

were measured as indicated in the image. (B–D) Statistical analysis of villus length, crypt depth, and the ratio of the villus to crypt of the duodenum.

(E) Representative images of H&E staining in the ileum. (F–H) The statistical analysis of villus length, crypt depth, and the ratio of the villus to crypt of

the ileum. Scale bar: 200µm. Data are represented as mean ± SEM. *p < 0.05 compared with the control group.

The mucosal morphology parameters, such as villus height,

crypt depth, and tight junction protein, are often used to evaluate

intestinal barrier function (Ding and Li, 2003). Ren et al. (2018)

found that MEL increased the ratio of the villus to crypt in the

ileum, promoted nutrient absorption, and consequently improved

body weight gain in mice with weanling stress. Gao et al. (2019)

found that sleep deprivation damaged the tight junction proteins,

resulting in a loss of intestinal mucosal integrity. In this study,

although PINX decreased the MEL levels in serum and sleep

time in pigs during the dark phases (data not shown), PINX did

not influence the intestinal integrity, as reflected by the levels of

proteins ZO-1 and claudin-1. These inconsistent results may be

due to the differences in the duration of the experiment. Gao et al.

conducted an acute sleep deprivation experiment with a duration

of 3 days, while in our study, the pineal gland was removed for

4 months.

Recently, an interesting study showed a new role of the

pineal gland in regulating seasonal alterations of gut microbiota in

Siberian hamsters (Shor et al., 2020). In this study, we demonstrated

that PINX had no significant effects on the alpha diversity and beta
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FIGURE 5

E�ect of PINX on the duodenal mucosal barrier. Immunoblots (A) and quantification (B) of ZO-1 and claudin-1 in the duodenum.

FIGURE 6

E�ect of PINX on colonic microbiota alpha diversity and beta diversity. (A) Venn diagram showing overlapping ASVs identified in pig’s microbiota of

each group. Alpha diversity analysis of Chao1 (B), Observed_otus (C), Shannon (D), and Simpson (E). (F) Principal component analysis (PCA) of

colonic microbiota.

diversity of the intestinal microbiota, whereas the beta diversity

analysis showed that MEL supplementation altered the microbial

community structure. It is acknowledged that the Firmicutes-to-

Bacteroidetes ratio is considered to be an important indicator for

the state of the intestinal microbiota, and previous studies have

reported thatMEL affects the Firmicutes-to-Bacteroidetes ratio (Xu

P. et al., 2017; Yin et al., 2018, 2020). In this study, the abundance

of Firmicutes and Bacteroidetes was not significantly different after

MEL supplementation; this finding is consistent with previous

results in suckling piglets (Xia et al., 2022). This discrepancy may
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FIGURE 7

E�ects of PINX on gut microbiome composition. (A) Relative contribution of the top 10 phyla in each group. (B–E) Comparison of the relative

abundance at the phylum levels among each group. (F) Relative contribution of the top 10 genera in each group. Data are represented as mean ±

SEM. *p < 0.05 compared with the control group, #p < 0.05 compared with the PINX group.
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FIGURE 8

Di�erent taxa microbe analysis based on the LEfSe method. (A) Linear discriminant analysis (LDA) score in each group (LDA ≥ 3.0). (B) Cladogram of

gut microbiota in each group. Each circle’s diameter reflects the abundance of that taxa in the community.

be caused by differences in model organisms (mice versus pigs).

However, Ruminococcaceae, a beneficial bacterium belonging to

the phylum Firmicutes, may ameliorate intestinal inflammation

(Wang L. et al., 2021; Wang Y. et al., 2021). Butyrate, a primary

product of intestinal microbial fermentation of dietary fiber, serves

as an essential energy source for intestinal epithelial cells and

protects colonic epithelial cells from tumorigenesis (Hamer et al.,

2008; Xu S. et al., 2017; Yang and Yu, 2018). Ruminococcaceae is

a major producer of butyrate, which is dramatically reduced in

individuals suffering from inflammatory bowel disease (Darnaud

et al., 2018; Ma et al., 2023). A previous study revealed that

MEL effectively ameliorated sleep deprivation-induced colitis by

restoring intestinal microbiota homeostasis and improving the

production of butyrate (Gao et al., 2021). In this study, LEfSe

analysis showed that Ruminococcus was much more abundant in

the MEL supplementation group. The increase in the abundance

of Ruminococcus may increase the production of butyrate, which

contributes to a healthier intestinal environment. In addition,

MEL supplementation decreased Fibrobacterota abundance

and increased the relative abundance of Actinobacteriota,

Desulfobacterota, and Chloroflexi. Fibrobacterota is important

for the degradation of cellulose in the gastrointestinal tracts, best

known for its role in rumen function, and is a potential source of

novel enzymes for bioenergy applications (Jewell et al., 2013). It

is believed that cellulose hydrolysis, anerobic metabolism, and the

absence of motility are the unified characteristics of Fibrobacterota

(Abdul Rahman et al., 2015). A recent study suggests that indole-

3-carboxaldehyde, a tryptophan metabolite produced by bacteria,

decreased the abundance of phylum Fibrobacterota, which had a

beneficial role in intestinal health in weaned piglets (Zhang et al.,

2022). Thus, we speculated that MEL, which is also a tryptophan

derivative and an indole-like neuroendocrine hormone, may have

the same inhibitory mechanism on Fibrobacterota and improve

intestinal health. Another bacteria phylum, Actinobacteria, is

known to generate various antimicrobial compounds and maintain

mucosal immunity (Arango et al., 2016), which have a variety of

anti-tumor and anti-biofilm properties (Azman et al., 2019). It

is estimated that over 80% of medicinal antibiotics are derived

from Actinobacteria, especially the Streptomyces genus (Procópio

et al., 2012). Importantly, butyrate can ameliorate the progression

of colorectal cancer induced by AOM/DSS in mice, partially

by promoting the colonization of Actinobacteriota (Kang et al.,

2023). Our findings are supported by those of a recent study

on piglets, which revealed that MEL treatment enhanced the

proportion of Actinobacteria, potentially augmenting aspects such

as barrier integrity, nutrient absorption, and microbial balance

(Xia et al., 2022). Members of the Desulfobacterota phylum exhibit

a predilection for anoxic environments, with many using sulfur

compounds or iron as the terminal electron acceptors during

respiration and/or disproportionation reactions (Simon and

Kroneck, 2013; Murphy et al., 2021). This process is essential for

the host’s energy metabolism, as sulfate is a key source of sulfur for

protein synthesis and other cellular processes. It is worth noting

that rice bran diet improved intestinal digestive enzyme activities,

increased Desulfobacterota abundance, and promoted growth in

pigs (Li et al., 2023). In addition, polysaccharides can increase

the relative abundance of Verrucomicrobiota, Desulfobacterota,

and Actinobacteriota; generate short-chain fatty acids; and benefit
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intestinal health (Hu et al., 2021). While the role of Chloroflexi in

the mammalian gut is less understood, the increased abundance

of Chloroflexi following MEL supplementation may suggest its

potential role in shaping the gut environment or metabolite profile.

Collectively, our study sheds light on the multifaceted impact of

MEL supplementation on the gut microbiome. These shifts in

microbial communities likely contribute to an overall enhancement

of gut health and function.

In summary, to the best of our knowledge, this is the

first study to investigate the effects of PINX on GIT MEL

levels and the composition of intestinal microbiota in pigs.

The results support that MEL synthesis and gut microbiota

homeostasis in the GIT are independent of the pineal gland

in pigs. MEL supplementation modulates the composition of

intestinal flora. However, future research studies are needed to

elucidate the molecular mechanism by which MEL participates in

host–bacteria interactions.

Data availability statement

The datasets presented in this study can be found in

the NCBI SRA Repository (https://www.ncbi.nlm.nih.gov/sra),

accession number PRJNA1086051.

Ethics statement

The animal study was approved by Animal Ethics Association

of Yangzhou University [approval ID: SYXK (Su) 2022-0044]. The

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

JZ: Writing – original draft, Project administration,

Methodology, Data curation. YZ: Writing – original draft,

Project administration, Methodology. DZ: Writing – review

& editing, Project administration, Methodology. KM: Writing

– review & editing, Project administration, Methodology.

YG: Writing – review & editing, Project administration,

Methodology. XL: Writing – review & editing, Project

administration, Methodology. JL: Methodology, Writing

– review & editing, Supervision, Funding acquisition. SC:

Methodology, Writing – review & editing, Supervision,

Funding acquisition.

Funding

The author(s) declare financial support was received for

the research, authorship, and/or publication of this article. This

work was supported by National Key Research and Development

Program of China (2021YFF1000603), National Natural Science

Foundation of China (32130098), and the Postgraduate Research

and Practice Innovation Program of Jiangsu Province (Yangzhou

University, KYCX21_3271, SJCX21_1638).

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Abdul Rahman, N., Parks, D., Vanwonterghem, I., Morrison, M., Tyson, G., and
Hugenholtz, P. (2015). A phylogenomic analysis of the bacterial phylum fibrobacteres.
Front. Microbiol. 6, 1469. doi: 10.3389/fmicb.2015.01469

Agil, A., Navarro-Alarcón, M., Ruiz, R., Abuhamadah, S., El-Mir, M., and Vázquez,
G. (2011). Beneficial effects of melatonin on obesity and lipid profile in young Zucker
diabetic fatty rats. J. Pineal Res. 50, 207–212. doi: 10.1111/j.1600-079X.2010.00830.x

Al Gburi, M. R. A., Altinoz, E., Elbe, H., Onal, M., Yilmaz, U.,
Yilmaz, N., et al. (2022). Pinealectomy and melatonin administration in
rats: their effects on pulmonary edema induced by α-naphthylthiourea.
Drug Chemi. Toxicol. 46, 1024–1034. doi: 10.1080/01480545.2022.21
19994

Arango, R., Carlson, C., Currie, C., McDonald, B., Book, A., Green, F., et al. (2016).
Antimicrobial activity of actinobacteria isolated from the guts of subterranean termites.
Environ. Entomol. 45, 1415–1423. doi: 10.1093/ee/nvw126

Azman, A., Mawang, C., Khairat, J., and AbuBakar, S. (2019). Actinobacteria-
a promising natural source of anti-biofilm agents. Int. Microbiol. 22, 403–409.
doi: 10.1007/s10123-019-00066-4

Ballur, A., Altinoz, E., Yigitturk, G., Onal, M., Elbe, H., Bicer, Y., et al. (2022).
Influence of pinealectomy and long-term melatonin administration on inflammation

and oxidative stress in experimental gouty arthritis. Inflammation 45, 1332–1347.
doi: 10.1007/s10753-022-01623-2

Bubenik, G. A. (2002). Gastrointestinal melatonin: localization, function, and
clinical relevance. Dig. Dis. Sci. 47, 2336–2348. doi: 10.1023/A:1020107915919

Bubenik, G. A., and Brown, G. M. (1997). Pinealectomy reduces melatonin levels
in the serum but not in the gastrointestinal tract of rats. Biol. Signals 6, 40–44.
doi: 10.1159/000109107

Buonfiglio, D., Parthimos, R., Dantas, R., Cerqueira Silva, R., Gomes, G., Andrade-
Silva, J., et al. (2018). Melatonin absence leads to long-term leptin resistance and
overweight in rats. Front. Endocrinol. 9, 122. doi: 10.3389/fendo.2018.00122

Callaghan, B. D. (1991). The effect of pinealectomy and autonomic denervation
on crypt cell proliferation in the rat small intestine. J. Pineal Res. 10, 180–185.
doi: 10.1111/j.1600-079X.1991.tb00813.x

Chen, C., Fichna, J., Bashashati, M., Li, Y., and Storr, M. (2011). Distribution,
function and physiological role ofmelatonin in the lower gut.World J. Gastroenterol.17,
3888–3898. doi: 10.3748/wjg.v17.i34.3888

Cheung, K., Wang, T., Poon, A., Carl, A., Tranmer, B., Hu, Y., et al. (2005). The
effect of pinealectomy on scoliosis development in young nonhuman primates. Spine
30, 2009–2013. doi: 10.1097/01.brs.0000179087.38730.5d

Frontiers inMicrobiology 11 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1352586
https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.3389/fmicb.2015.01469
https://doi.org/10.1111/j.1600-079X.2010.00830.x
https://doi.org/10.1080/01480545.2022.2119994
https://doi.org/10.1093/ee/nvw126
https://doi.org/10.1007/s10123-019-00066-4
https://doi.org/10.1007/s10753-022-01623-2
https://doi.org/10.1023/A:1020107915919
https://doi.org/10.1159/000109107
https://doi.org/10.3389/fendo.2018.00122
https://doi.org/10.1111/j.1600-079X.1991.tb00813.x
https://doi.org/10.3748/wjg.v17.i34.3888
https://doi.org/10.1097/01.brs.0000179087.38730.5d
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zheng et al. 10.3389/fmicb.2024.1352586

Claustrat, B., and Leston, J. (2015). Melatonin: physiological effects in humans.
Neurochirurgie. 61, 77–84. doi: 10.1016/j.neuchi.2015.03.002

Darnaud, M., Dos Santos, A., Gonzalez, P., Augui, S., Lacoste, C., Desterke, C., et al.
(2018). Enteric delivery of regenerating family member 3 alpha alters the intestinal
microbiota and controls inflammation in mice with colitis. Gastroenterology 154,
1009–1023. doi: 10.1053/j.gastro.2017.11.003

de Farias, T. S., de Oliveira, A., Andreotti, S., do Amaral, F., Chimin, P., de Proença,
A., et al. (2015). Pinealectomy interferes with the circadian clock genes expression in
white adipose tissue. J. Pineal Res. 58, 251–261. doi: 10.1111/jpi.12211

De Filippis, D., Iuvone, T., Esposito, G., Steardo, L., Arnold, G., Paul, A.,
et al. (2008). Melatonin reverses lipopolysaccharide-induced gastro-intestinal motility
disturbances through the inhibition of oxidative stress. J. Pineal Res. 44, 45–51.
doi: 10.1111/j.1600-079X.2007.00526.x

Demir, M., Altinoz, E., Elbe, H., Bicer, Y., Yigitturk, G., Karayakali, M.,
et al. (2022). Effects of pinealectomy and crocin treatment on rats with
isoproterenol-induced myocardial infarction. Drug Chem. Toxicol. 45, 2576–2585.
doi: 10.1080/01480545.2021.1977025

Dempsey, R., Hopkins, J., Bittman, E., and Kindt, G. (1982). Total pinealectomy
by an occipital parasagittal approach in sheep. Surg. Neurol. 18, 377–380.
doi: 10.1016/0090-3019(82)90157-4

Ding, L. A., and Li, J. S. (2003). Gut in diseases: physiological elements and their
clinical significance.World J. Gastroenterol. 9, 2385–2389. doi: 10.3748/wjg.v9.i11.2385

Egermann, M., Gerhardt, C., Barth, A., Maestroni, G., Schneider, E., and Alini, M.
(2011). Pinealectomy affects bonemineral density and structure–an experimental study
in sheep. BMCMusculoskelet. Disord. 12, 271. doi: 10.1186/1471-2474-12-271

Gao, T., Wang, Z., Dong, Y., Cao, J., and Chen, Y. (2021). Melatonin-mediated
colonicmicrobiotametabolite butyrate prevents acute sleep deprivation-induced colitis
in mice. Int. J. Mol. Sci. 22, 21. doi: 10.3390/ijms222111894

Gao, T., Wang, Z., Dong, Y., Cao, J., Lin, R., Wang, X., et al. (2019). Role of
melatonin in sleep deprivation-induced intestinal barrier dysfunction in mice. J. Pineal
Res. 67, e12574. doi: 10.1111/jpi.12574

Gong, Y., Hou, F., Xiang, C., Li, C., Hu, G., and Chen, C. (2022). The
mechanisms and roles of melatonin in gastrointestinal cancer. Front. Oncol. 12,
1066698. doi: 10.3389/fonc.2022.1066698

Hamer, H., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F., and Brummer, R.
(2008). Review article: the role of butyrate on colonic function. Aliment. Pharmacol.
Ther. 27, 104–119. doi: 10.1111/j.1365-2036.2007.03562.x

Haridas, S., Kumar, M., and Manda, K. (2013). Melatonin ameliorates chronic
mild stress induced behavioral dysfunctions in mice. Physiol. Behav. 119, 201–207.
doi: 10.1016/j.physbeh.2013.06.015

Hu, B., Liu, C., Jiang, W., Zhu, H., Zhang, H., Qian, H., et al. (2021). Chronic
in vitro fermentation and in vivo metabolism: extracellular polysaccharides from
Sporidiobolus pararoseus regulate the intestinal microbiome of humans and mice. Int.
J. Biol. Macromol. 192, 398–406. doi: 10.1016/j.ijbiomac.2021.09.127

Huether, G. (1993). The contribution of extrapineal sites of melatonin synthesis
to circulating melatonin levels in higher vertebrates. Experientia 49, 665–670.
doi: 10.1007/BF01923948

Huether, G., Messner, M., Rodenbeck, A., and Hardeland, R. (1998).
Effect of continuous melatonin infusions on steady-state plasma melatonin
levels in rats under near physiological conditions. J. Pineal Res. 24, 146–151.
doi: 10.1111/j.1600-079X.1998.tb00527.x

Huether, G., Poeggeler, B., Reimer, A., and George, A. (1992). Effect of tryptophan
administration on circulating melatonin levels in chicks and rats: evidence for
stimulation of melatonin synthesis and release in the gastrointestinal tract. Life Sci. 51,
945–953. doi: 10.1016/0024-3205(92)90402-B

Jewell, K., Scott, J., Adams, S., and Suen, G. (2013). A phylogenetic
analysis of the phylum Fibrobacteres. Syst. Appl. Microbiol. 36, 376–382.
doi: 10.1016/j.syapm.2013.04.002

Kang, J., Sun, M., Chang, Y., Chen, H., Zhang, J., Liang, X., et al. (2023). Butyrate
ameliorates colorectal cancer through regulating intestinal microecological disorders.
Anticancer. Drugs 34, 227–237. doi: 10.1097/CAD.0000000000001413

Kvetnoy, I., Ingel, I., Kvetnaia, T., Malinovskaya, N., Rapoport, S., Raikhlin, N., et al.
(2002). Gastrointestinal melatonin: cellular identification and biological role. Neuro
Endocrinol. Lett. 23, 121–132.

Li, M., Shao, D., Zhou, J., Gu, J., Qin, J., Chen, W., et al. (2020). Signatures
within esophageal microbiota with progression of esophageal squamous cell
carcinoma. Chin. J. Cancer Res. 32, 755–767. doi: 10.21147/j.issn.1000-9604.2020.
06.09

Li, Z., Zhang, F., Zhao, Y., Liu, X., Xie, J., and Ma, X. (2023). Effects of different
starch diets on growth performance, intestinal health and faecal microbiota of growing
pigs. J. Anim. Physiol. Anim. Nutr. doi: 10.1111/jpn.13810

Luo, J., Zhang, Z., Sun, H., Song, J., Chen, X., Huang, J., et al. (2020). Effect of
melatonin on T/B cell activation and immune regulation in pinealectomy mice. Life
Sci. 242, 117191. doi: 10.1016/j.lfs.2019.117191

Lv, W., Liu, C., Yu, L., Zhou, J., Li, Y., Xiong, Y., et al. (2020). Melatonin alleviates
neuroinflammation and metabolic disorder in DSS-induced depression rats. Oxid.
Med. Cell. Longev. 2020, 1241894. doi: 10.1155/2020/1241894

Ma, L., Yang, Y., Liu, W., and Bu, D. (2023). Sodium butyrate supplementation
impacts the gastrointestinal bacteria of dairy calves before weaning. Appl. Microbiol.
Biotechnol. 107, 3291–3304. doi: 10.1007/s00253-023-12485-5

Magliocco, G., Le Bloc’h, F., Thomas, A., Desmeules, J., and Daali, Y. (2021).
Simultaneous determination of melatonin and 6-hydroxymelatonin in human
overnight urine by LC-MS/MS. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci.
1181, 122938. doi: 10.1016/j.jchromb.2021.122938

Murphy, C., Biggerstaff, J., Eichhorn, A., Ewing, E., Shahan, R., Soriano, D., et al.
(2021). Genomic characterization of three novel Desulfobacterota classes expand the
metabolic and phylogenetic diversity of the phylum. Environ.Microbiol. 23, 4326–4343.
doi: 10.1111/1462-2920.15614

Pabst, R. (2020). The pig as a model for immunology research. Cell Tissue Res. 380,
287–304. doi: 10.1007/s00441-020-03206-9

Pan, J., Li, F.,Wang, C., Li, X., Zhang, S., Zhang,W., et al. (2021). Effects of duodenal
5-hydroxytryptophan perfusion on melatonin synthesis in GI tract of sheep.Molecules
26, 17. doi: 10.3390/molecules26175275

Paulose, J. K., Wright, J. M., Patel, A., and Cassone, V. (2016). Human gut bacteria
are sensitive to melatonin and express endogenous circadian rhythmicity. PLoS ONE
11, e0146643. doi: 10.1371/journal.pone.0146643

Prezotto, L. D., Lemley, C., Camacho, L., Doscher, F., Meyer, A., Caton, J., et al.
(2014). Effects of nutrient restriction and melatonin supplementation on maternal and
foetal hepatic and small intestinal energy utilization. J. Anim. Physiol. Anim. Nutr. 98,
797–807. doi: 10.1111/jpn.12142

Procópio, R., Silva, I., Martins, M., Azevedo, J., and Araújo, J. (2012).
Antibiotics produced by Streptomyces. Brazil. J. Infect. Dis. 16, 466–471.
doi: 10.1016/j.bjid.2012.08.014

Ren, W., Wang, P., Yan, J., Liu, G., Zeng, B., Hussain, T., et al. (2018). Melatonin
alleviates weanling stress in mice: Involvement of intestinal microbiota. J. Pineal Res.
64, 2. doi: 10.1111/jpi.12448

Rusanova, I., Martínez-Ruiz, L., Florido, J., Rodríguez-Santana, C., Guerra-Librero,
A., Acuña-Castroviejo, D., et al. (2019). Protective effects of melatonin on the skin:
future perspectives. Int. J. Mol. Sci. 20(19). doi: 10.3390/ijms20194948

Sahin, Z., Sandal, S., Yilmaz, B., Bulmus, O., Ozdemir, G., Kutlu, S., et al. (2018).
Pinealectomy alters IFN-γ and IL-10 levels in primary thymocyte culture of rats. Cellul.
Mol. Biol. 64, 25–30. doi: 10.14715/cmb/2018.64.14.5

Santillo, A., Chieffi Baccari, G., Minucci, S., Falvo, S., Venditti, M., and DiMatteo, L.
(2020). The Harderian gland: Endocrine function and hormonal control. Gen. Comp.
Endocrinol. 297, 113548. doi: 10.1016/j.ygcen.2020.113548

Shor, E. K., Brown, S. P., and Freeman, D. A. (2020). A novel role for the pineal
gland: Regulating seasonal shifts in the gut microbiota of Siberian hamsters. J. Pineal
Res. 69, e12696. doi: 10.1111/jpi.12696

Simon, J., and Kroneck, P. (2013). Microbial sulfite respiration. Adv. Microb.
Physiol. 62, 45–117. doi: 10.1016/B978-0-12-410515-7.00002-0

Slawik, H., Stoffel, M., Riedl, L., Vesel,ý, Z., Behr, M., Lehmberg, J., et al.
(2016). Prospective study on salivary evening melatonin and sleep before and after
pinealectomy in humans. J. Biol. Rhythms 31, 82–93. doi: 10.1177/0748730415616678

Sochal, M., Małecka-Panas, E., Gabryelska, A., Talar-Wojnarowska, R., Szmyd, B.,
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