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Abstract 

Background Heat stress (HS) commonly occurring in summer has gradually become a factor threatening the repro-
ductive performance of male dairy goats by reducing their fecundity. Despite the melatonin is applied to relieve HS, 
it is still unclear whether melatonin protects against reproductive damage induced by HS in dairy goats and how it 
works. The purpose of the present study is to evaluate the role of melatonin in alleviating HS-induced spermatogen-
esis dysfunction in male dairy goats and further explore its mechanism.

Results HS impaired spermatogenesis, sperm formation in the testes, and sperm maturation in the epididymis 
of dairy goats, resulting in decreased sperm quality. Melatonin rescued the decrease of sperm quality induced 
by HS via decreasing inflammatory and oxidative stress levels in testicular tissue and enhancing intercellular bar-
rier function within the testes. Amplicon-based microbiota analysis revealed that despite gut microbiota differ-
ences between melatonin-treated dairy goats and NC dairy goats to some extent, melatonin administration tends 
to return the gut microbiota of male dairy goats under HS to the levels of natural control dairy goats. To explore 
whether the protective role of melatonin in sperm quality is mediated by regulating gut microbiota, fecal microbiota 
of HS dairy goats with or without melatonin treatment were transferred to HS mice, respectively. We found HS mice 
that had received fecal bacteria of HS dairy goats experienced serious testicular injury and dyszoospermia, while this 
phenomenon was ameliorated in HS mice that had received fecal bacteria of dairy goats treated with melatonin, 
indicating melatonin alleviates HS-induced spermatogenic damage in a microbiota dependent manner. We further 
found that the testicular tissue of both HS dairy goats and mice transplanted with HS dairy goat feces produced large 
amounts of arachidonic acid (AA)-related metabolites, which were closely associated with semen quality. Consistently, 
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supplementation with AA has been shown to elevate the levels of inflammation and oxidative stress in the testicular 
tissue of mice, disrupting intercellular connections and ultimately leading to spermatogenic disorders.

Conclusion This study has revealed that melatonin can effectively alleviate spermatogenic disorders in dairy goats 
caused by HS. This beneficial effect was primarily achieved through the modulation of gut microbiota, which subse-
quently inhibited the excessive synthesis of AA in testicular tissue. These discoveries are of great significance for pre-
venting or improving the decline in male livestock reproductive performance caused by HS, enhancing the reproduc-
tive efficiency of elite male breeds, and ultimately improving the production efficiency of animal husbandry.

Keywords Melatonin, Heat stress, Gut microbiota, Arachidonic acid, Male reproduction

Background
Sustainable spermatogenesis, as the index of reproduc-
tion performance of male dairy goats, works best at tem-
peratures between 2 ℃ and 7 ℃ below body temperature. 
High temperatures naturally occurring in summer were 
demonstrated to damage the production and reproduc-
tive performance of dairy goats, manifested by decreased 
sperm motility, increased dead sperm, and abnormal 
sperm, which poses a grave threat to the sustainability of 
the livestock industry [1].

Given that HS could disrupt the function and shape 
of the supporting cells and break the tight connection 
between the cells and the blood-testicular barrier (BTB), 
leading to infertility and germ cell death [2–5]. For 
instance, our previous study displayed that HS caused 
testicular germ cell disorder and loss, spermatocyte 
apoptosis, endoplasmic reticulum stress, mitochondrial 
swelling, and structural destruction, increasing the secre-
tion of endogenous pyrogen in mice [6, 7]. On the other 
hand, HS is accompanied by gut microbiome dysbiosis, 
which is proposed to threaten host physiological health 
such as reproductive damage by inducing the develop-
ment of multiple microbiomes and/or their metabolism 
[6, 8]. The gut microbiota of mice dosed with alginate 
oligosaccharides enhances spermatogenesis by ben-
efiting the gut microbial community of the recipients 
[9]. Consistently, the microbially derived metabolite 
3-hydroxyphenylacetic acid promotes spermatogenesis 
in 18–20 months mice [10]. In conclusion, the gut testis 
axis can affect male sterility to some extent. A current 
study reported that the enrichment of Gram-negative 
microorganisms in the gut enhances the conversion of 
arachidonic acid (AA), a 20-carbon fatty acid essential to 
cell membrane phospholipids, to PGE2, which is a potent 
pro-inflammatory agent linked to semen quality [11, 12]. 
These studies indicated that the gut testis axis can affect 
male sterility to some extent. Thus, we posit that the close 
correlation between semen quality and AA metabolism is 
likely influenced by the intestinal microbiota.

Melatonin (N-acetyl-5-methoxytryptamine), a neu-
roendocrine hormone in the hypothalamus, is involved 
in the circadian rhythm regulation of physiological and 

neuroendocrine functions [13–19]. The beneficial effects 
of melatonin in immune response, inflammation, diabe-
tes, obesity, lipid metabolism, and metabolic syndrome 
are gradually demonstrated by investigators [20–26]. 
The gut microbiota plays an important role in mediating 
the regulation of melatonin in various host physiologi-
cal functions [13–19]. In detail, Yin et al. (2018) reported 
that melatonin alleviated lipid metabolism disorders in 
mice fed a high-fat diet by reprogramming the gut micro-
biome [27]. Wang et al. (2023) displayed that melatonin 
plays a neuroprotective role in sleep-deprived cognitive 
impairment by reducing the levels of Aeromonas and 
Lipopolysaccharide (LPS) and increasing the levels of 
Lachnospiraceae NK4A136 and butyrate [28]. Similarly, 
melatonin is demonstrated to affect weight gain, intesti-
nal morphology, and enterotoxic Escherichia coli infec-
tion in weaned mice through intestinal flora [29]. At 
present, investigations on melatonin in the repair effect 
of testicular injury caused by HS are focused on its direct 
effect on spermatogenic cells. However, whether mela-
tonin prevents HS-induced reproductive injury in dairy 
goats by the gut-testicular axis, that is, reshaping gut 
microbiome and their metabolism remains unclear.

In this study, we initially explored the effect of mela-
tonin on the reproductive performance of HS dairy goats. 
To detect the protective mechanism of melatonin in HS, 
gut microbiota reshaped by melatonin and its related 
testicular metabolisms were used to verify the rescued 
effect of melatonin in the HS model. This study provides 
new insight into melatonin in the mechanism of reliev-
ing male reproductive system damage caused by HS and 
paves the way for the potential application of melatonin 
to prevent and treat testicular dysfunction caused by HS 
in male animals.

Materials and methods
Animals
All experimental animals and procedures were approved 
by the Animal Ethical and Welfare Committee Ethics, 
Northwest A&F University, China, and performed in 
strict accordance with the university’s guidelines for ani-
mal research (Approval No. 201902A299). The dairy goat 
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experiment was completed in Shaanxi Aonick Dairy Goat 
Breeding Co., Ltd., Fuping County, Weinan City, Shaanxi 
Province, China. During the experimental period, the 
estimated photoperiod in Fuping County, Shaanxi Prov-
ince, comprised 14 h of light exposure and 10 h of dark-
ness. Each dairy goat is fed approximately 1 kg of Total 
Mixed Ration daily, comprising roughage (such as alfalfa, 
peanut vine, and corn husk) and 0.75  kg of concen-
trate, which fully meets their nutritional requirements. 
Male ICR mice (25–30  g, 8  weeks old) purchased from 
Chengdu Dossy Experimental Animals Co., Ltd. were 
used to conduct the experimental operations. Mice were 
kept at a constant temperature 12 of 22 ± 2 °C on a 12-h 
light/dark cycle and had unrestricted access to food and 
water. During the experiment, animal control officers 
and researchers knew nothing about the grouping of test 
animals.

Heat stress (HS) administration
Thirty dairy goats aged between 2.5 and 4.5 years, with a 
weight of approximately 50  kg, were selected after they 
had adapted to the experimental environment for over 
1 week, and were then randomly divided into the Natu-
ral Control group (NC), heat stress group (HS) and mel-
atonin group (MT). In the MT group, dairy goats were 
implanted immediately behind the ears with a vehicle 
or 1  mg/kg melatonin agent (Regulin, France). Subse-
quently, both the HS group and the MT group under-
went HS conditions for a duration of 21  days [30]. The 
heat stress model of dairy goats was established by stabi-
lizing the Temperature-Humidity Index (THI) remained 
above 73 [30]. To clarify further, the heat stress model 
for dairy goats was established through the use of natu-
ral high temperatures. During the course of the experi-
mental period, both the HS group and the MT group 
of goats were placed on an outdoor open-air sports 
field from 12:00 noon to 16:00 each day, allowing them 
to freely access water and food while being exposed to 
direct sunlight [1]. The ambient temperature and air 
humidity were measured every day during the test, and 
the temperature and humidity index (THI) was calcu-
lated. The THI was calculated using the following equa-
tion: THI = [0.8 × ambient temperature (°C)] + [(% relative 
humidity/100) × (ambient temperature − 14.4)] + 46.4 [31, 
32]. Dairy goats in the NC group were tested in the same 
environment in autumn (non-HS state), and the test 
scheme remained consistent.

Fecal microbiota transfer (FMT) operation
Antibiotic cocktails (Abx) (100 mg/L penicillin, 100 mg/L 
neomycin, 100 mg/L metronidazole, 50 mg/L vancomy-
cin, and 50 mg/L streptomycin) purchased from Beijing 
Coolaber were supplemented to mice by drinking water. 

Briefly, the Abx was changed daily, and the mixture was 
used as usual [33]. After 7 days of continuous high-dose 
Abx treatment, 20 mice were randomly divided into FMT 
(HS goat) -HS group (n = 10) and FMT (MT goat) -HS 
group (n = 10).

Rectal feces of dairy goats in the HS group and MT 
group were homogenized with LB medium, and then 
the fecal suspension was filtered. The mice were supple-
mented with fecal suspension every 2 days from 2 weeks 
before HS administration until the end of the experi-
ment. Finally, mice receiving dairy goat fecal microbiota 
were subjected to HS at 37 ℃ in an HS chamber at con-
stant temperature and humidity for 1 week, and samples 
were collected.

Arachidonic acid (AA) test in mice
To verify the damaging effect of excessive AA on male 
reproduction, 12 mice were divided into two groups, 
which were labeled as the NC group and the AA group. 
Then, mice were given AA (300 mg/kg) and normal saline 
for 28  days, respectively. After the test, sperm from the 
tail of the epididymis of mice and testis and epididymis 
samples were collected. AA oil was purchased from 
CABIO Biotech (Wuhan) Co., Ltd.

Semen collection and sperm quality detection
The semen of dairy goats was collected every 2–3  days 
during the experimental period using the false vaginal 
sperm collection method. The original semen was diluted 
3–4 times with semen diluent and observed under 
a × 400 microscope. The Mylan Animal Sperm Analyzer 
(Songjing, China) was used to analyze sperm density, 
sperm motility, and sperm viability.

Mouse epididymis tail sperm Giemsa staining: fresh 
epididymal tissue was cut into pieces in 37  ℃ semen 
dilution so that sperm was completely released. Make 
A sperm smear, air dry, and successively add Giemsa A 
and phosphate buffer B (PH1793, Phygene). The sections 
were observed under a research-grade upright micro-
scope (Nikon, Ni-U, Japan).

Sample collection
Testis and epididymis collected from dairy goats were 
cut into appropriate size tissue blocks, and then stored in 
4% multi-filtered formaldehyde tissue fixative (BL539A, 
Biosharp) and liquid nitrogen, respectively. Feces were 
partly stored in liquid nitrogen for microbial sequencing 
and follow-up tests, and the other part was stored in a 
15% glycerol LB medium for FMT administration.

Hematoxylin and eosin (H&E) staining
Testes and epididymis fixed with 4% multi-filtered for-
maldehyde tissue fixative were dehydrated by graded 
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ethanol, embedded in paraffin, and sliced into 2-μm sec-
tions. The tissues were fixed in Bouin’s solution for hema-
toxylin and eosin (H&E) staining.

Immunofluorescence staining.
Tissues (paraffin sections, 2  µm) were dewaxed with 

xylene and rehydrated with gradient alcohol. Subse-
quently, the tissue was subjected to the EDTA antigen 
repair solution for 20 min, 10% fetal bovine serum incu-
bation at room temperature for 1  h, and a specific pri-
mary antibody of ZO-1 (Abcam, ab221547) and occludin 
(Abcam, ab216327) staining overnight at 4° C. Then, the 
samples were incubated with FITC-labelled goat anti-
rabbit IgG (BOSTER, ab1146) sourced from Boster at a 
dilution ratio of 1:200, at 4° C for 4 h. Finally, the tablets 
were sealed with an anti-fluorescence quencher con-
taining DAPI (meilunbio, MA0222-2). A laser confocal 
microscope (Nikon, A1 + /A1R + , Japan) was observed 
and photographed.

Enzyme‑linked immunosorbent assay (ELISA)
Testicular tissue was fully ground in the automatic sam-
ple rapid grinding instrument (Shanghai Jingxin, JXF-
STPRP-48L). TNF-α, IL-6, IL-1β, AA, prostaglandin D2 
(PGD2), leukotriene B4  (LTB4), and 12-hydroxy-5Z, 8Z, 
10E, 14Z, eicosatetraenoic acid (12-HETE) in the super-
natant were determined by goat and mouse ELISA kit 
(Shanghai Kexing Trading Co., Ltd.).

MDA and SOD assays
MDA and SOD assays were performed as described pre-
viously [34]. Briefly, after weighing the tissue sample, 
centrifuge it with 9 times the volume of normal saline 
homogenate at 4000 rpm for 10 min, and the supernatant 
is used for MDA and SOD detection. MDA levels were 
determined by the TBA method and SOD activity was 
determined by WST-1 method. The detection procedures 
were carried out according to the scheme provided by the 
Nanjing Institute of Jiancheng Bioengineering.

Western blotting
Testicular tissue was homogenized with RIPA lysis 
buffer (Beyotime, China) containing phosphatase inhib-
itors and phenylmethylsulfonyl fluoride (PMSF). Centri-
fuge at 12,000 rpm. The total protein in the supernatant 
was mixed with the sample buffer (Beyotime, China), 
and heated at 100 ℃ for 8 min. The proteins were sepa-
rated by SDS-PAGE electrophoresis and transferred to 
the PVDF membrane (Millipore, USA). The proteins 
in the membrane were subjected to the blockade with 
8% skim milk for 2  h and incubated with the primary 
antibody at 4 ℃ overnight and the secondary antibody, 
at 4 ℃ for 4  h. Immunoreactive bands were observed 
with ECL luminescent solution (Mishu, MI00607B) and 

multifunctional imaging system (SHENHUA, Hang-
zhou, China), and β-Actin was used as the internal 
reference. The information on antibodies is shown in 
Table S3, Supplementary information.

16S rRNA amplicon and sequencing
Collect the rectal contents, quickly freeze them in liq-
uid nitrogen, and transfer them to a − 80° C freezer for 
preservation. The V3–V4 hypervariable region of the 
16S rRNA gene is amplified using TransGen Biotech’s 
Pfu high-fidelity DNA polymerase. The sequencing pro-
cedures were completed by Shanghai Bioprofile Tech-
nology Company Ltd. In QIIME, DADA2 is invoked 
for quality control, denoising, merging, and chimera 
removal. Using the classifier -sklearn algorithm [35] 
based on ASV distribution, the α diversity level of each 
sample is evaluated. At the ASV level, the distance 
matrix for each sample is calculated, and unsupervised 
ordination, clustering, and statistical testing methods 
are employed to quantify the β diversity differences and 
their significance among different samples. Using lin-
ear discriminant analysis (LDA) effect size (LEfSe) [36] 
analysis, the differences in species abundance composi-
tion between samples are further evaluated to identify 
potential biomarker species. Based on the 16S rRNA 
sequencing results, microbial metabolic functions are 
further predicted to determine the differentially abun-
dant biological functional pathways and the species 
composition of specific pathways.

LC–MS/MS analysis
Testicular tissue samples of dairy goats were prepared 
and deproteinized with methanol. The metabolomics 
analysis of testicular tissue was performed using the 
liquid-mass combination (LC–MS) technique from 
Novogene Co., Ltd. UHPLC-MS/MS analyses were 
performed using a Vanquish UHPLC system (Ther-
moFisher, Germany) coupled with an Orbitrap Q 
ExactiveTM HF mass spectrometer (Thermo Fisher, 
Germany) in Novogene Co., Ltd. (Beijing, China). 
These metabolites were annotated using the KEGG 
database (https:// www. genome. jp/ kegg/ pathw ay. html), 
Principal components analysis (PCA) and Partial least 
squares discriminant analysis (PLS-DA) were per-
formed at metaX [37]. We applied univariate analysis 
(t-test) to calculate the statistical significance (P-value). 
The metabolites with VIP > 1 and P-value < 0.05 and 
fold change ≥ 2 or FC ≤ 0.5 were considered to be differ-
ential metabolites. P-value < 0.05 was considered statis-
tically significant and correlation plots were plotted by 
corrplot package in R language.

https://www.genome.jp/kegg/pathway.html
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RNA isolation and real‑time quantitative polymerase chain 
reaction (RT‑qPCR)
Total RNA was extracted using TRIZOL reagent 
(TAKARA) and converted to cDNA using FastKing RT 
Kit (Tiangen Biotech, China) by the manufacturer’s pro-
tocols. cDNA was subjected to qPCR and gene expres-
sion was measured using SYBR Green (Vazyme, China) 
in accordance with the manufacturer’s protocols. The 
qPCR instrument was purchased from BIO-RAD (CFX 
Connect Optics Module, Serial NO. 788BR08727, Singa-
pore). The primer information is shown in Table S2, Sup-
porting Information.

Statistical analysis
Student’s t-test was used to analyze whether there were 
statistically significant differences between groups 
(P-value < 0.05). One-way analysis of variance (ANOVA) 
followed by Dunnett’s multiple comparison tests was 
used to determine whether there were significant dif-
ferences between more than two treatments. Values are 
expressed as the mean ± standard deviation (SD) with at 
least three independent experiments repeated [38]. Sta-
tistical analyses were performed using SPSS 26.0, and 
data visualization was achieved with GraphPad Prism 
8.0.2 software. A P-value < 0.05 was considered a statisti-
cally significant difference, and a P-value < 0.01 was con-
sidered a highly significant reference difference.

Results
Melatonin alleviates HS‑induced decline of sperm quality 
in dairy goats
To clarify the effect of melatonin on HS-induced male 
reproduction of dairy goats, HS was initially verified 
by THI index ranging from 73 to 80, and dairy goats in 
the MT group were subcutaneously implanted with 
melatonin the day before HS (Supplementary Table  S1, 
Fig. 1A, B). The sperm quality of dairy goats, which was 
evaluated by the index of sperm density (P < 0.01), motil-
ity (P < 0.01), and sperm survival rate (P < 0.01), decreased 
significantly in the HS group compared to the goats in 
the NC group. However, under the condition of pre-
implantation of melatonin, the adverse effects of HS on 
the sperm quality of dairy goats were partially alleviated 
throughout the entire experimental period (Fig.  1C, D, 
E). Sperm quality analysis revealed a significantly higher 
sperm malformation (P < 0.01) (Fig. 1F) and a significantly 
lower acrosomal integrity (P < 0.01) (Fig. 1G) in the goats 
of the HS group than the goats of the NC group. In the 
MT group, sperm quality is restored partially to the level 
of the goats in the NC group. The morphological analysis 
of sperm by microscopy showed that the sperm of dairy 
goats in the HS group have a variety of morphological 
deformities, including missing sperm head, sharp angle 

bending in the neck and middle section, broken tail, and 
curled sperm (Fig. H1– 7). These results suggest that HS 
significantly increased the risk of malformed sperm and 
damaged the acrosomal structure of sperm, leading to a 
significant decline in sperm survival rate, and ultimately 
damaged sperm quality. Pre-treatment with a melatonin 
implant does protect sperm to a certain extent, stabi-
lize sperm structure, and help sperm resist the damage 
caused by HS.

Melatonin protects the sperm quality of dairy goats 
by repairing testicular damage induced by HS
To further reveal the protective function of melatonin on 
sperm quality of dairy goats under HS, phenotypic analy-
ses of the testis and epididymis of HS and MT dairy goats 
were performed. The testis volume of dairy goats in the 
HS group exhibited a slight reduction, and the spermatic 
cords of the testis in the HS group became thicker and 
rudder than those in the other two groups (Supplemen-
tary Figure S1). This is due to vasodilation and increased 
blood flow caused by HS, which leads to blood reten-
tion in the testicular veins of dairy goats. Histological 
evaluation of the transverse section of the testis showed 
that the testis of the HS group had structural damages, 
including spermatogenic tubule destruction, spermato-
genic cell loss, and loose interstitial cell arrangement 
(Fig. 2A). The diameter of convoluted tubules decreased 
significantly (P < 0.01), while the number of abnormal 
curved seminiferous tubules increased notably (P < 0.01) 
(Fig.  2B, C). The quantity of mature sperm in the tail 
tubes of the epididymis decreased significantly. After 
the treatment of melatonin, the damage of testicular tis-
sue from MT dairy goats was ameliorated obviously. 
Especially, in MT dairy goats, the spermatogonia were 
closely arranged in layers, and the number of spermato-
genic cells and mature sperm was significantly increased 
in the tail of the epididymis (Fig. 2A). We next evaluated 
the effect of melatonin on HS-induced proinflammatory 
responses in testicular tissue of dairy goats. The results 
showed that compared with the NC group, the levels of 
TNF-α (P < 0.05) and IL-6 (P < 0.01) in the testicular tis-
sue of dairy goats in the HS group significantly increased. 
In contrast, the MT group significantly reversed the 
increase (Fig. 2D, E). Similarly, dairy goats supplemented 
with melatonin reduced the increase of  H2O2 (P < 0.01) 
and MDA (P < 0.01) in testicular tissue and the decrease 
of SOD (P < 0.01), suggesting the ability of melatonin to 
repair HS-induced oxidative stress levels in testicular tis-
sue of dairy goats (Fig. 2F–H). The analysis of immuno-
fluorescence results indicated that the occludin and ZO-1 
staining in testicular tissue of dairy goats in the HS group 
showed blurred cell membrane contour, serious rupture 
and disorder, and decreased uniformity of karyoplasm 
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Fig.1 Melatonin ameliorates the decrease in sperm quality caused by HS in dairy goats. A Schematic diagram of experimental design. NC, dairy 
goats in natural control group; HS, dairy goats in heat stress group; MT, HS dairy goat group pretreatment with melatonin; Dairy goats in HS/
MT group (n = 10) were implanted with/without melatonin (1 mg/kg) on the day before the experiment initiation. After 7 days of HS, semen 
was collected once every 2–3 days to detect sperm quality, and samples were collected on the 21st day. Dairy goats in the NC group (n = 10) 
received the same treatment in the autumn (without HS) as the other two groups. B THI index. C Sperm density of dairy goats in each group. D 
Sperm motility. E Sperm survival rate. F Sperm malformation rate. G Acrosomal sperm integrity rate. H Sperm morphology of dairy goats. Scale 
bars = 500 µm. The statistical significance of the data in A–G was determined using two-way ANOVA
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distribution, by contrast conversely, the position and 
expression of occludin and ZO-1, cell morphology 
and gloss, and plasma membrane boundary in testicu-
lar tissue in MT group were restored to NC group level 
(F ig. 2I–J). The barrier integrity detection in protein lev-
els showed that compared with the NC group, the expres-
sion of specific tight junction proteins occludin (P < 0.05), 
ZO-1 (P < 0.01), and Claudin 11 (P < 0.05) in testicular tis-
sue of dairy goats in the HS group was decreased, while 
the expression of specific tight junction proteins in MT 
group slightly increased (Fig.  2K, L). These results sug-
gested that melatonin ameliorated inflammation and 
oxidative stress within the testicular tissue caused by HS, 
and it fortified the intercellular barrier function among 
testicular cells. Consequently, these effects mitigated the 
adverse effects of HS on sperm quality, offering protec-
tion against HS-induced deterioration.

Melatonin rescues the intestinal microbial dysbiosis 
induced by HS in dairy goats
To determine the role of intestinal flora in the protec-
tive effect of melatonin against HS-induced reproductive 
injury in male dairy goats, 16S rRNA high-throughput 
sequencing technology was employed to assess the 
impact of melatonin on the fecal microflora of dairy goats 
under HS. Based on α-diversity analysis using chao1 and 
Shannon indices, the HS group exhibited a decreasing 
trend in both indices compared to the NC group, indi-
cating a reduction in the richness and diversity of the 
intestinal microbiota. Conversely, the MT group showed 
a significant increase in the chao1 index (P < 0.05) com-
pared to the HS group, suggesting a marked improve-
ment in the richness of intestinal microbiota (Fig. 3A, B). 
NMDS analysis showed that the intestinal flora clustering 
of dairy goats in the HS group was significantly different 
from that in the NC group, and the intestinal flora struc-
ture in the MT group displayed a regression trend to the 
NC group, Permutational multivariate analysis of vari-
ance (PERMANOVA) by Adonis was used to determine 
statistical significance (Fig. 3C). The analysis of the intes-
tinal microbial composition of three groups of dairy goats 

revealed that, at the phylum level, the dominant microbial 
categories in their feces include Firmicutes, Bacteroidetes, 
and Spirochaetota, with cumulative relative abundances 
significantly exceeding 90% (Fig.  3D). However, at the 
more detailed genus level, significant changes in the 
abundances of bacterial groups such as Rikenellaceae_
RC9_gut_group, UCG-005, Christensenellaceae_R-7_
group, and Treponema were observed in the HS group 
of dairy goats. Encouragingly, the study also found that 
melatonin can effectively reverse the microbial commu-
nity changes induced by HS (Fig. 3E). The LEfSe Analysis 
revealed a total of 53 taxonomic groups with significant 
differences, ranging from the phylum to the genus level 
(Fig.  3F, G). Particularly, compared with the HS group, 
the relative abundance of f_Marinifilaceae, g_Campy-
lobacter, g_Candidatus_Stoquefichus, and g_Bacillus in 
MT group was decreased, and conversely, the relative 
abundance of f_Flavobacteriaceae, f_Paludibacteraceae, 
g_Acetitomaculum, g_Butyrivibrio, g_Fibrobacter, and g_
Prevotellaceae_Ga6A1_g was increased (Supplementary 
Figure  S2). Furthermore, bacterial metabolic function 
predicted by Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States 2 (PIC-
RUSt2) showed that differential metabolic pathways were 
mainly concentrated in biosynthesis (Fig. 3H), including 
amino acid biosynthesis; nucleoside and nucleotide bio-
synthesis; cofactor, cogroup, electron carrier, vitamin 
biosynthesis; fatty acid and lipid biosynthesis, etc. In con-
clusion, the intestinal microecological balance of dairy 
goats is destroyed by HS, and melatonin may reduce the 
influence of HS by reshaping the intestinal flora to regu-
late metabolites.

FMT of MT goat reconstruct the protective role 
of melatonin on sperm quality and testicular in mice
To study whether the protective role of melatonin in tes-
tis is through intestinal microbiota, we transplanted rec-
tal fecal microbiota of dairy goats in the HS group and 
MT group into mice for 2  weeks, followed by 7  days of 
HS. Before FMT, the mice were treated with a mixture 
of Abx in the form of drinking water for 1  week, and 

Fig. 2 Melatonin alleviates HS-induced testicular inflammation and oxidative stress and repairs testicular barrier function in dairy goats. A Testicular 
morphology (scale bars = 50 µm) and epididymis morphology (scale bars = 500 µm) in different groups, and a red asterisk represents abnormal 
curved seminiferous tubules. B Percentage of abnormal seminiferous tubules and testicular sections of dairy goats in each group were observed 
under the microscope in 20 representative fields. C Statistical diagram of spermatogenic tubule diameter. Three sections were taken from each 
dairy goat and 163 spermatogenic tubules were used to measure the diameter. D The level of IL-6 in the testicular tissue of dairy goats in each 
group was detected by ELISA (n = 3). E The level of TNF-α (n = 3). F The level of  H2O2 (n = 3). G The level of MDA (n = 3). H The level of SOD (n = 3). I, 
J Immunofluorescence images of occludin, ZO-1in testicular tissue of dairy goats in different groups. Scale bars = 20 μm. (Each dashed white box 
represents the enlarged position in the Merge graph in the lower left corner.) K Western blotting showing TJPs (claudins 11, occludin, and ZO-1) 
expression in different groups. L Densitometric data of corresponding K were normalized to β-Actin (n = 3). In B–H, L P-values were determined 
by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test

(See figure on next page.)
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RT-PCR was used to check the efficiency of Abx in clear-
ing the flora. The majority of the gut-native microbiota 
was eliminated (Supplementary Figure S3A, B). The his-
tological evaluation of testis and epididymis showed that 
the testicular tissue structure of mice in the FMT (HS 
goat) -HS group was damaged, and notably, fecal micro-
biota from MT goats alleviated the damage of testicular 
tissue in mice (Fig. 4A), and the results showed that the 
testicular tissue structure of mice in the FMT (HS goat) 
-HS group was damaged. The specific manifestations 
were atrophy of the convoluted seminiferous tubule, 
separation of testicular cells from the base membrane of 
the convoluted seminiferous tubule, death, and loss of 
germ cells. The number of mature sperm in the epididy-
mal tube at the head and tail of the epididymis decreased 
sharply. The testicular tissue structure of mice receiv-
ing MT dairy goat microflora displayed an intact bar-
rier, decreased number of abnormal tubules (P < 0.01), 
increased diameter of tubules (P < 0.01), integrated base-
ment membrane of tubules, closely arranged cells, and 
increased number of spermatogenesis cells (Fig.  4B, C). 
In addition, Giemsa staining showed that the concentra-
tion of mature sperm in the FMT (HS goat)-HS group 
decreased and curled sperm increased after HS, while 
the morphology of mature sperm in the epididymis of the 
FMT (HS goat)-HS group was relatively normal. These 
results suggest that the repair of reproductive damage in 
FMT (MT goat)-HS mice is at least partially attributable 
to the gut microbiota of MT dairy goats, and that mela-
tonin can mitigate HS-induced testicular damage and 
sperm quality reduction in mice by regulating the gut 
microbiota.

Microbiota sequencing of FMT mice exhibited no sig-
nificant difference in α-diversity evaluated by the Chao1 
index and Shannon index between the two groups 
(Fig.  4D, E). Using NMDS analysis, we found that the 
overall beta-diversity of gut microbial composition was 
significantly different between the two groups (Fig.  4F). 
Like the changes of gut microbiota in dairy goats under 
early HS, the microbiota from Bacteroidetes and Firmi-
cutes phyla was a significant difference between the two 
groups of FMT mice. At the genus level, compared to the 
FMT (HS goat)-HS group, the abundance of Limosilacto-
bacillus, Lactobacillus, and unclassified_Lachnospiraceae 
significantly increased in the FMT (MT goat)-HS group, 

while the abundance of ligilactobacillus and Lachno-
spiraceae_NK4A136_group decreased (Supplementary 
Figure S3C, D). In addition, LEfSe analysis [36] found 38 
biomarkers in the two groups, looking for marker spe-
cies with significant differences between the two groups 
of FMT mice. In the FMT (HS goat)-HS group of dairy 
goats, the relative abundance of f_Marinifilaceae has 
experienced a notable increase. Conversely, the abun-
dance of f_Marinifilaceae in the FMT (MT goat)-HS 
group of dairy goats has exhibited a distinct downward 
trend, resulting in a significant reversal. This change 
aligns with the abundance of f_Marinifilaceae observed 
in the MT group of dairy goats (Fig. 4G, H, Supplemen-
tary Figure S4). Furthermore, consistent with the results 
of dairy goats, differential metabolic pathways identi-
fied by MetaCyc metabolic reference database were also 
mainly concentrated in amino acid biosynthesis, nucleo-
side and nucleotide biosynthesis, fatty acid and lipid bio-
synthesis and other bioanabolic pathways (Fig.  4I). The 
results showed that FMT could regulate the composition 
of intestinal flora in heat-stressed mice, and melatonin 
could regulate testicular tissue metabolism by remode-
ling intestinal flora, and alleviate the testicular injury and 
sperm quality decline caused by HS in dairy goats.

Melatonin attenuates the disorder of metabolites 
in the testicular of dairy goats under HS
It has been reported that HS can damage the intestinal 
barrier in animals, and permeability increases with the 
infiltration of macrophages, eventually leading to the 
penetration of toxic substances and bacterial compounds 
[39]. Similarly, our previous research has also revealed 
that HS-induced necroptosis in the testis is associated 
with an increase in the level of pro-inflammatory factors 
in the circulatory system, which is caused by changes in 
intestinal permeability, microbiota, and metabolism [6]. 
Here, we conducted non-targeted metabolomics studies 
on the testicular tissues of dairy goats in the NC group, 
HS group, and MT group. The results showed that 335 
metabolites were identified in positive ion mode and 
303 metabolites in negative ion mode. Principal compo-
nent analysis (PCA) showed that there were significant 
metabolic differences in testicular tissue between the 
NC group, the HS group, and the MT group (Fig. 5A, B). 
We screened differential metabolites based on VIP, FC, 

(See figure on next page.)
Fig. 3 Melatonin can regulate intestinal flora dysregulation induced by HS in dairy goats. A α diversity Chao1 index. B Shannon index. C NMDS 
analysis (stress = 0.14, PERMANOVA by Adonis). D The community structure of each group was analyzed at the phylum level. E The community 
structure of each group was analyzed at the genus level. F Distribution histogram of different bacteria in three groups of dairy goats based on LDA 
score. G Taxonomic branching map obtained by LEfSe sequence analysis. H Predicted MetaCyc secondary functional pathway abundance map. In 
A, B P values were determined by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test
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and P-value, setting thresholds as VIP > 1.0, FC > 1.2 or 
FC < 0.833 and P-value < 0.05. Significant differences were 
observed in 119 types of positive ion mode metabolites 
between the HS group and the MT group, of which 87 
metabolites had increased and 32 had decreased. There 
were 97 negative ion mode metabolites with significant 
differences, of which 52 metabolites increased and 45 
metabolites decreased (Fig.  5C, D). Moreover, the hier-
archical cluster analysis (HCA) of all the diverse metab-
olites revealed the existence of numerous metabolites 
displaying comparable abundance patterns in both the 
NC group and the MT group (Supplementary Figure S5). 
Quantitative metabolite concentration analysis (qMSEA) 
showed that the differential metabolites in testis of dairy 
goats were mainly involved in metabolic pathways such as 
alpha-linolenic acid and linoleic acid metabolism, valine, 
leucine, and isoleucine degradation, tryptophan metab-
olism, AA metabolism (Fig.  5E). To characterize the 
changes of metabolites in the testis of dairy goats under 
biological pathways, we conducted a quantitative analy-
sis of metabolite concentrations. The results indicate that 
under HS conditions, metabolites associated with AA in 
the testicular tissue of dairy goats exhibited significant 
alterations. Nevertheless, it is noteworthy that compared 
to the NC group, the changes in AA-related metabolites 
in the testicular tissue of melatonin-treated dairy goats 
were not significant, suggesting that MT exerts a regu-
latory effect on the changes in testicular metabolites of 
dairy goats under HS (Fig. 5F, Supplementary Figure S6). 
Furthermore, through a thorough analysis of the cor-
relation between AA and its related metabolites and 
the sperm density and motility in three groups of dairy 
goats, nine metabolites, including 6-Ketoprostaglandin 
F1α, 15-Deoxy-Δ12,14-prostaglandin A1, Prostaglan-
din E1, Prostaglandin B1, Progesterone, Thromboxane 
B2,8Z,11Z,14Z-Eicosatrienoic acid, thromboxane B2, H8: 
8Z,11Z, 14Z-eicosatrienoic acid, and 20-hydroxy leukot-
riene B4 (Fig. 5G), exhibited a highly significant associa-
tion. Therefore, we speculate that melatonin may regulate 
AA metabolism by remodeling intestinal flora to alleviate 
HS-induced testicular injury and sperm quality decline in 
dairy goats.

AA is involved in FMT‑induced testicular tissue injury 
and dyszoospermia in HS mice
AA metabolic network is the main network that pro-
duces inflammatory mediators and induces inflam-
mation. AA forms hundreds of bioactive metabolites 
catalyzed by the action of cycoperoxidase, lipoxygenase, 
and cytochrome oxidase. To substantiate the hypothesis 
that melatonin exerts regulatory effects on AA metabo-
lism within testicular tissue by modulating the gut micro-
biota, we detected the levels of AA, AA metabolites, and 
AA metabolism-related enzymes in the testicular tissue 
of two groups of FMT mice. The results showed that 
the expression of COX-2 (P < 0.01), PTGDS (P < 0.05), 
ALOX5 (P < 0.01), and TBXAS1 (P < 0.01) enzymes in 
testicular tissue of FMT (HS goat) -HS group was sig-
nificantly increased, while CYP2U1 (P < 0.01) enzyme 
was considerably decreased (Fig.  6A). The levels of AA 
(P < 0.01), PGD2 (P < 0.01), LTB4 (P < 0.01), and 12-HETE 
(P < 0.01) were significantly increased (Fig.  6B), suggest-
ing that AA metabolism was disturbed in testis of FMT 
(HS goat) -HS group. However, AA metabolites and 
related enzyme indexes of mice in the FMT (MT goat) 
-HS group tended to be normal (Fig.  6A, B), indicating 
that intestinal flora of dairy goats in the MT group could 
improve the abnormal metabolism of AA in HS mice. 
The expression of COX-2, PTGDS, ALOX5, TBXAS1, 
CYP2U1, and other enzymes in the testis of HS mice was 
reversed. Therefore, we proposed that melatonin might 
regulate AA metabolism by remodeling intestinal flora to 
alleviate HS-induced testicular injury and sperm quality 
decline in dairy goats.

AA supplementation caused spermatogenic dysfunction 
in male mice
To further investigate the direct metabolic role of 
AA within the body, we conducted a 28-day AA gav-
age treatment specifically on mice. The results showed 
that compared with the NC group, the levels of 
AA (P < 0.01), PGD2 (P < 0.01),  LTB4 (P < 0.01), and 
12-HETE (P < 0.01) in the testicular tissue of the AA 
group were significantly increased (Fig.  7A), indicat-
ing that AA metabolism disorders occurred in the testis 

Fig. 4 FMT modulates the gut microbiota composition of heat-stressed mice. A HE staining of tissue sections from the testis, head 
of the epididymis, and tail of epididymis in FMT (HS goat) -HS and FMT (MT goat) -HS groups (scale = 250 µm), and giemsa staining of sperm 
in the tail of epididymis group (scale = 500 µm). The red asterisk represents abnormally curved seminiferous tubules. B The percentage of abnormal 
curved seminiferous tubules in each group of testicular slices of mice was observed under the microscope in 10 representative fields. C Statistical 
diagram of spermatogenic tubule diameter. Three sections were taken from each mouse and 149 spermatogenic tubules were used to measure 
the diameter. D α diversity Chao1 index. E Shannon index. F Analysis of NMDS among FMT mice in each group (stress = 0.143). G Taxonomic 
branching map obtained by LEfSe sequence analysis. H Histograms of different bacteria distribution in two groups of FMT mice based on LDA 
scores. I Predicted MetaCyc secondary functional pathway abundance map. In B–E, statistical significance was assessed by independent samples 
t-test

(See figure on next page.)
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of mice in the AA group. The H&E staining results of 
the testicular and epididymal tissues revealed that AA 
significantly caused testicular damage, manifesting 
as disrupted spermatogenic cells, even loss of these 
cells, atrophy of seminiferous tubules (P < 0.01), and 

a notable increase in the number of abnormal semi-
niferous tubules (P < 0.01) (Fig.  7B, D). We then pro-
ceeded to assess whether AA caused inflammation and 
elevated levels of oxidative stress in mouse testicular 
tissue. Compared to the NC group, the levels of IL-6 

Fig. 5 Melatonin alleviates metabolic disorders of testis induced by HS in dairy goats. A, B PCA of metabolites: positive ion mode (A) negative 
ion mode (B). C, D Volcanic map of differential metabolites: HS group compared with MT group in positive ion mode (C), HS group compared 
with MT group in negative ion mode (D). E Quantitative metabolite concentration analysis. F Concentrations of AA-related metabolites 
(AA, 6-Ketoprostaglandin F1α, 15-Deoxy-Δ12,14-prostaglandin A1, Prostaglandin E1, Prostaglandin B1, Progesterone, Thromboxane B2, 
8Z,11Z,14Z-Eicosatrienoic acid, thromboxane B2, H8:8Z,11Z, 14Z-eicosatrienoic Acid, 20-hydroxy leukotriene B4). G Correlation analysis of AA-related 
metabolites with sperm motility and density. *P < 0.05, **P < 0.01. A one-way analysis of variance (ANOVA) statistical assay was performed 
to calculate the variations within the detected metabolites, P-values had been corrected for multiple hypothesis testing
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(P < 0.01) and IL-1β (P < 0.01) in the testicular tissue 
of mice in the AA group exhibited a notable upward 
trend. Concurrently, the oxidative stress-related indica-
tors,  H2O2 (P < 0.01) and MDA (P < 0.01), also increased 
significantly, while the content of the antioxidant 
enzyme SOD (P < 0.01) decreased significantly. These 
results indicate that there exists a mutually promo-
tional relationship between oxidative stress and inflam-
matory responses in the testicular tissue of mice in the 
AA group, and this interaction further exacerbates the 
damage to the testicular tissue (Fig. 8A). These results 
are consistent with those previously observed in HS 
dairy goats, further confirming that AA treatment can 
cause damage to the male reproductive function. The 
damaging effect of AA on the integrity of the mouse 
testicular cell barrier was evaluated by immunofluores-
cence and western blot. The AA group showed severe 
cell membrane disruption and disorder, indicating 
that AA impinges on the development and function of 
cells in the testis (Fig. 8B). Western blot results analy-
sis that compared with the NC group, the expression of 
specific tight junction proteins occludin (P < 0.05) and 
ZO-1 (P < 0.05) in the testicular tissue of mice in the 
AA group decreased (Fig. 8C, D). These results showed 
that AA could disrupt the tight connections between 

testicular cells, leading to spermatogenesis disorders in 
mice.

Discussion
Heat stress (HS), a pervasive stressor across multiple tis-
sues, has been extensively studied in its impact on ani-
mal health. Specially, it was demonstrated that HS has 
adverse effects on male reproductive damage, particu-
larly, the decrease of spermatogenesis and intestinal 
functions in dairy goats [1, 6]. Consistently, the present 
study in a comprehensive phenotypic assessment of HS-
induced male reproductive injury in dairy goats revealed 
a notable decline in sperm motility and an elevated rate 
of sperm malformation through the substantial increase 
of abnormal tubules in testicular tissue. Melatonin, a 
neuroendocrine hormone renowned for its potent broad-
spectrum antioxidant properties, is effectively employed 
as an exogenous supplement to alleviate reproductive 
injuries [40, 41]. While the role of melatonin has been 
studied, how it acts remains unclear. In this study, we 
explored the role of melatonin in reproduction injury 
caused by HS in dairy goats and particularly its potential 
mechanism. We found that melatonin limits the excessive 
release of AA and destruction of the intercellular barrier 
integrity in the testis through reshaping gut microbiota, 

Fig. 6 FMT can regulate AA metabolism disorder of testicular tissue in heat-stressed mice. A Expression levels of COX-2, PTGDS, TBXAS1, 
ALOX5, and CYP2U1 in testicular tissue of mice in FMT (HS goat) -HS and FMT (MT goat) -HS groups. B Concentration of AA, prostaglandin D2, 
leukotriene B4, and 12-HETE in testis tissue of mice in FMT (HS goat) -HS and FMT (MT goat) -HS groups. In A, B, statistical significance was assessed 
by independent samples t-test
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thereby protecting dairy goats from reproduction injury 
caused by HS.

HS is demonstrated to reduce semen quality sper-
matogenesis by damaging Sertoli cells, breaking the 
BTB, and decreasing the population of germ cells [2, 7, 
42, 43]. Recent scientific evidence suggests a correla-
tion between microbiome dysregulation and reproduc-
tive disorders or diseases [10, 44–46]. The present study 
revealed that HS male dairy goats with reproductive 
dysfunction were accompanied by disturbance of gut 
microbiota, and FMT of HS male dairy goats aggravated 

spermatogenesis disorder of mice, indicating a positive 
relationship between microbial modification and aggra-
vated spermatogenesis disorder. Consistently, the gut 
microbiota is demonstrated to be an integral component 
of the host and has a crucial impact on host health [47]. 
Melatonin was applied to prevent HS-induced repro-
ductive impairment. Investigators have verified that the 
interaction mechanism between melatonin and intestinal 
microbiota constitutes a complex and multifaceted net-
work. Melatonin has been shown to be able to regulate 
the balance of intestinal microbiota in obese mice, such 

Fig. 7 AA-induced reproductive damage of male mice. A Concentration of AA, prostaglandin D2, leukotriene B4, and 12-HETE in testis tissue 
of mice in NC and AA groups. B HE staining of tissue sections from testis (scale = 100 µm), head of epididymis, and tail of epididymis (scale = 250 µm) 
in NC and AA groups, and Giemsa staining of sperm in epididymis tail (scale = 500 µm). C Statistical diagram of spermatogenic tubule diameter. 
Three sections were taken from each mouse and 207 spermatogenic tubules were used to measure the diameter. D Percentage of abnormal curved 
seminiferous tubules. Testicular slices of mice in each group were observed under the microscope in 9 representative fields. In A, C, D, statistical 
significance was assessed by independent samples t-test



Page 16 of 20Guo et al. Microbiome          (2024) 12:233 

as reducing the ratio of Firmicutes to Bacteroidetes and 
decreasing the abundance of mucin-degrading bacteria 
Akkermansia, which is associated with healthy mucosal 
tissues [25]. Whether exogenous melatonin prevents HS-
induced reproductive impairment by reshaping the gut 
microbiota is still unsubstantiated. Here, we found that 
the gut microbiota from HS dairy goats pretreated with 
melatonin was changed, particularly decreased abun-
dance of inflammation-linked bacteria, such as f_Marin-
ifilaceae, g_Campylobacter, g_Candidatus_Stoquefichus, 
and g_Bacillus. The g_Campylobacter serves as a typical 
bacterium that typically causes enteritis, and g_Candi-
datus_Stoquefichus is strongly associated with intestinal 
and skin inflammation [48]. Therefore, the presence of 

these bacteria might lead to more severe infections and 
intestinal dysfunction, thereby indicating an elevated 
risk of disease occurrence [48–51]. In line, melatonin not 
only significantly reduces the population of pathogenic 
microbiota but also increases the relative abundance of 
bacteria such as g_Acetitomaculum, g_Butyrivibrio, bac-
teria involved in cellulose digestion (g_Fibrobacter), and 
short-chain fatty acid-producing bacteria (g_Prevotel-
laceae_Ga6A1_group) [52, 53]. Interestingly, the mice 
transplanted with fecal bacteria from HS dairy goats 
exhibited more serious testicular damage and spermato-
genic dysfunction. Inversely, the mice with fecal micro-
biota transfer of MT dairy goats displayed a recovery 
from reproductive injury, suggesting that gut microbiota 

Fig. 8 AA causes testicular inflammation and oxidative stress, and destroys the intercellular barrier in mice. A The content of IL-6, IL-1β, MDA,  H2O2, 
and SOD in the testis tissue of mice in the NC group and AA group was detected by ELISA. B Immunofluorescence images of occludin and ZO-1 
in testicular tissue in different groups. Scale bars = 20 μm. (Each dashed white box represents the enlarged position in the merge graph in the lower 
left corner). C, D Western blotting showing TJPs (occludin and ZO-1) expression in different groups; densitometric data were normalized to actin 
(n = 3). In A, D, statistical significance was assessed by independent samples t-test
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plays a crucial role in mediating the protective effect of 
melatonin against reproductive injury induced by HS. 
These findings further reinforced the hypothesis that 
melatonin’s protective effect on male reproductive health 
is attained through the regulation of microbial ecological 
equilibrium. Notably, like the changes observed in dairy 
goats, there were significant alterations in the abundance 
of Bacteroidetes and Firmicutes in the guts of recipient 
mice. Consistently, melatonin has been shown to be able 
to regulate the balance of intestinal microbiota in obese 
mice, such as reducing the ratio of Firmicutes to Bacteroi-
detes and decreasing the abundance of mucin-degrading 
bacteria Akkermansia, which is associated with healthy 
mucosal tissues. These findings further reinforced the 
hypothesis that melatonin’s protective effect on male 
reproductive health is attained through the regulation of 
microbial ecological equilibrium. Despite the importance 
of gut microbiota in maintaining reproductive health and 
providing valuable insights into potential therapeutic 

strategies for male reproductive disorders, the bacteria 
involved in protection are still unclear.

Besides the direct effects of gut microbiota, metabolites 
of gut microbiota could also impact body health. In the 
present study, the metabolic pathways in the testicular 
tissue of dairy goats were primarily affected by changes in 
alpha-linolenic acid and linoleic acid metabolism, as well 
as AA metabolism. AA, a key polyunsaturated fatty acid 
(PUFA), is primarily derived from linoleic and linolenic 
acids in mammalian metabolism, which plays a signifi-
cant role in various cellular physiological processes, such 
as inflammation and immunity [54]. Unsaturated fatty 
acids are converted into important regulatory substances 
like prostaglandins and leukotrienes, which participate 
in the systemic regulation of bodily functions [55]. We 
speculated that AA mediated by gut microbiota was also 
associated with worsened male reproductive damage. 
Unsurprisingly, this study revealed that the levels of AA 
and its metabolites in the testicular tissue of HS dairy 

Fig. 9 Overview schematic of the study. Heat stress disturbs intestinal flora homeostasis and causes dysregulation of AA metabolism in testicular 
tissue, thus leading to male reproductive injury in dairy goats. Melatonin can reconstruct intestinal flora balance to repair the abnormal metabolism 
of AA, reduce oxidative stress and inflammatory response in testicular tissue, and repair the connection between testicular cells, thus alleviating 
the male reproductive injury induced by HS in dairy goats
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goats were significantly higher compared to those in nor-
mal testicular tissue [54]. Increasing evidence proved 
that the conversion of AA to isoprostaglandins mediated 
by intestinal microbiota can be detected in biological 
fluids or sperm membranes, serving as specific markers 
of exposure to chemical agents, oxidative damage, com-
promised antioxidant response, and sperm immaturity 
[54, 56]. This study conducted a thorough analysis of the 
effects of AA on the testicular tissue of mice. The results 
showed that, compared to the NC group, mice in the AA 
group exhibited a significant increase in the levels of IL-6 
and IL-1β in their testicular tissue. Simultaneously, there 
was a notable upward trend in the content of MDA, while 
the activity of SOD was significantly reduced. These find-
ings strongly suggested that AA can trigger inflammatory 
responses and oxidative stress, leading to the exacerba-
tion of lipid peroxidation. Of particular concern, AA also 
disrupted the intercellular connections within the testes, 
resulting in severe damage to the integrity of the cellular 
barrier. Ultimately, this damage impaired spermatogen-
esis in male mice, exerting significant adverse effects on 
the function and development of testicular cells. Future 
research must delve deeper into how prostaglandins and 
other eicosanoids influence male reproductive processes. 
This effort may include exploring the effects of these 
molecular-level changes on sperm production, motility, 
and morphology, as well as their potential involvement 
in inflammatory processes within the male reproductive 
system. Moreover, when it comes to practical applica-
tions, melatonin’s effectiveness exhibits species-specific 
differences, lacking a consensus on the optimal dosage, 
timing, and method of administration. Our study, based 
on the gut microbiome-testicular axis, elucidated that 
melatonin alleviates HS-induced spermatogenesis disor-
ders in male dairy goats by reshaping the gut microbiota 
and ameliorating its induced arachidonic acid metabo-
lism disorders. On this basis, we further explored the 
optimal dosage and administration method of melatonin 
sustained-release agent in the actual production envi-
ronment to ensure its effectiveness and safety in practi-
cal applications. This study provided crucial theoretical 
support and practical guidance for enhancing the repro-
ductive performance of male dairy goats in high summer 
temperatures. Additionally, it offered effective and reli-
able targets for the prevention and treatment of climate-
induced infertility in male livestock, presenting novel 
ideas and methodologies for related prevention and con-
trol efforts.

Conclusion
In conclusion, this study’s findings highlight the protec-
tive role of melatonin against reproductive injury in HS 
male dairy goats. The mechanistic study reveals that 

melatonin effectively suppresses excessive AA synthesis 
in the testis tissue by modulating the intestinal micro-
biota. This modulation plays a pivotal role in mitigating 
oxidative stress and dampening inflammatory responses 
in the testis tissue of dairy goats, and restoring intercel-
lular connections within testicular cells (Fig. 9).
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Additional file 1: Figure S1. Testis morphology of dairy goats in NC group, 
HS group and MT group. The red arrow points to the epididymis. Figure 
S2. Microflora abundance histogram of different groups in dairy goats. The 
distinct bacterial groups on the left, from top to bottom, are  f__Marin-
ifilaceae, g__Campylobacter,g__Candidatus_Stoquefichus and g__Bacillus. 
The different bacterial groups on the right side, from top to bottom, 
are f__Flavobacteriaceae,g__paludibacteraceae,g__Acetitomaculum,g__
Butyrivibrio, g__Fibrobacter,g__Prevotellaceae_Ga6A1_group. Figure S3. 
Fecal microbiota transplantation validation test. A-B Antibiotics reduced 
the number of gut bacteria in the mice. (A) The bacterial universal 
16S rRNA gene (V3-V4 region) was amplified by q-PCR and the total 
bacterial population was quantified. (B) Mice were intragastric with a 
combination of antibiotics for 7 days, eliminating most of the natural 
gut microbiota (n=10 per group). Data are represented as mean ± SD. 
Statistical significance was assessed by independent samples t-test. 
C The community structure of each group was analyzed at the phy-
lum level. D The community structure of each group was analyzed at 
the genus level. Figure S4. Histograms of flora abundance in different 
groups of fecal bacteria transplanted mice. In the figure, FMT (HS goat) 
-HS group and FMT (MT goat) -HS group are labeled as FMT__HS and 
FMT__MT, respectively. The distinct bacterial groups on the left, from top 
to bottom, are f__Marinifilaceae,g__Erysipelatoclostridium, g__Monoglo-
bus, g__ASF356, g__Peptococcus,g__Anaerovorax, g__NK4A214_group, 
g__Orbaceae, g__Providenciaand g__Desulfovibrionales. The different 
bacterial groups on the right side, from top to bottom, are g__Rikenella, 
g__Facklamia, g__Aerococcus,g__Gemella, g__Weissella, g__Staphylococ-
cus, g__Pediococcus,g__Corynebacterium and g__Bilophila. Figure S5. Dif-
ferential metabolite clustering heat maps of testicular tissue of dairy goats 
in NC group, HS group and MT group. A Positive ion pattern differential 
metabolite cluster heat map. B negative ion pattern differential metabolite 
cluster heat map. The vertical cluster is the sample cluster, the horizontal 
cluster is the metabolite cluster, and the shorter the cluster branch, the 
higher the similarity. The relationship of metabolite content clustering 
among groups can be seen through horizontal comparison. Figure S6. 
The most enriched pathway terms of HS.vs.MT_neg. Pathview analysis of 
Arachidonic acid metabolism KEGG pathway. Supplementary Table S1. 
THII index. Supplementary Table S2. Primers information Supplementary 
Table S3. Antibodies information.
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