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Ex situ conservation and captive breeding are important measures for con-
serving endangered species. However, the reproduction of some wild animals,
especially males, is inhibited in captivity, but the underlying mechanism has not
yet been elucidated. This study aimed to investigate the microbiota and their
functions, metabolites, and their metabolic pathways impacting reproduction
employing metagenomics and metabolomics analyses and using male Malayan
pangolins with normal (with natural mating behavior) and abnormal (no natu-
ral mating behavior) reproduction as the research objects. The results showed
that the relative abundance of Proteobacteria, Escherichia coli, and Shigella spp.
was significantly higher in the abnormal reproduction (AR) group. However, the
relative abundance of Firmicutes and Staphylococcus aureus was significantly
higher in the normal reproduction (NR) group. Kyoto Encyclopedia of Genes
and Genomes functional pathway enrichment analysis found that citrate cycle
(TCA cycle, KO00020) and pyruvate metabolism (KO00620) were significantly
enriched in pangolins with AR, whereas gonadotropin-releasing hormone secre-
tion (KO04929) was significantly enriched in pangolins with NR. Metabolites such
as tryptophan, arginine, and androgen were significantly enriched in pangolins
with AR, whereas L-proline, taurine, choline, and spermidine were significantly
enriched in pangolins with NR. Microbiota dysbiosis, energy metabolism dis-
order, deficiencies in key metabolic pathways and metabolites, and hormonal
disturbances are all potential factors contributing to the inability of male Malayan
pangolin to express natural reproductive behavior. This study provides evidence
for AR of captive pangolins and offers important insights for the conservation of
captive endangered species.
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1 Introduction

Malayan pangolins (Manis javanica) are widely distributed in
Southeast Asia, including Myanmar, Thailand, Laos, Cambodia,
Vietnam, Malaysia, Singapore, and Yunnan (China) (Cen et al., 2023;
Chong et al., 2020). However, deforestation driven primarily by log-
ging and agricultural land conversion has seriously destroyed the
habitat of the Malayan pangolin (Panjang et al., 2024). This, coupled
with excessive human consumption and exploitation through tradi-
tional (including folk) activities, has led to a decrease in the popula-
tion of the Malayan pangolin (Chong et al., 2020; Gray et al., 2023).
Pangolins are considered the most smuggled mammals across the
world (Panjang et al., 2024; Yan et al., 2021). It is currently listed as a
critically endangered species in the International Union for
Conservation of Nature Red List of Threatened Species (Challender et
al,, 2019). Ex situ conservation and captive breeding are important
measures for conserving endangered species (Mestanza-Ramon et al.,
2020; Olney, 2005). However, the Malayan pangolin has low reproduc-
tive capacity, almost only giving birth to one offspring each time and
only breeding once a year (Zhang et al., 2017). Moreover, it is solitary
and has a large home range (Gray et al., 2023), a specialized diet, and
low immunity, which are factors hindering the successful captive
breeding of pangolins (Arora et al., 2023; Chin et al., 2012; Hua et al,,
2015; Yusoff et al., 2016; Perera et al., 2017). This makes it one of the
most difficult species to breed in captivity worldwide (Yan et al., 2021).
Notably, a significant proportion of captive male Malayan pangolins
fail to express natural mating behavior (Yan et al., 2021).

Research on pangolin reproduction mainly includes: reproduc-
tive behavior, gestation period and cub birth parameters, and par-
enting behavior of Indian pangolins (Mohapatra et al., 2015;
Mohapatra et al., 2018; Mohapatra and Panda, 2014); reproductive
behavior, gestation period, and cub birth parameters of Cape pan-
golin (Van Ee, 1966); parenting behavior and mating behavior in
wild Chinese Pangolin (Pradhan and Pradhan, 2020; Sun et al,,
2021); parenting behavior of wild Malayan pangolin (Gonzalez-
Abarzua et al., 2025); gestation period and cub birth parameters,
breeding season, and mating records of captive Chinese pangolins
(Sun et al., 2024; Zhang et al., 2016). Reproductive rate, sexual matu-
rity time, mating records, gestation period and cub birth parameters,
and reproductive behavior of captive Malayan pangolins (Yan et al.,
2023; Yan et al., 2021; Zhang et al., 2020); Breeding season, gestation
period, and sexual maturity of captive Malayan pangolins (Zhang et
al., 2015); Monitoring of reproductive hormones in male and female
Chinese pangolins (Arora et al., 2023); Anatomy of the male repro-
ductive system of Temmincks pangolin (Tink et al., 2024);
Reproductive behavior of captive Chinese pangolins (Shen et al.,
2024); Study on epididymis and sperm of Chinese pangolins (Chang
etal., 2020), and sperm parameters (Li et al., 2024); Sperm collection
methods and sperm parameters of Malayan pangolins (Tarmizi et
al., 2020).

However, few studies have mentioned the reproductive abnor-
malities of male pangolins, and no specific research has been con-
ducted on this topic. Other anteaters exhibit similar characteristics,
including low sociality, solitary nature, sensitivity to stress, spe-
cialized diets, and difficulty in captivity and reproduction (Knott
et al., 2013). Research on the reproduction of giant anteater is
extremely scarce, mainly focusing on their reproductive organs
(de Moura et al., 2024), reproduction, and endocrine characteris-
tics (Knott et al., 2013). And research on male reproductive organ
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characteristics and spermatogenesis (Fromme et al., 2023). Giant
anteater also exhibit male non-cooperative reproductive behavior
(manifested as aggression toward females) (Knott et al., 2013).
Aardvarks have a low reproductive success rate in captivity, with
captive populations remaining at only around 30 individuals
(Fallon et al., 2026; Wojick et al., 2018). Research on aardvark
reproduction includes anatomy of the male reproductive tract
(Wojick et al., 2018) and monitoring of female reproductive cycle
hormones and behavior (Fallon et al., 2026). Captivity does not
significantly impair the reproductive system and function of male
armadillos, but differences still exist compared to the wild state
(Czekala et al., 1980). The limiting factors for armadillo reproduc-
tion in captivity remain unclear (Howell-Stephens et al., 2013).
Current research on armadillo reproduction only includes male
sperm collection and monitoring of male and female hormones
(Howell-Stephens et al., 2013; Lobo et al., 2025). Echidna repro-
duces through a multi-male-competitive-female model (Morrow
and Nicol, 2009), but under captive conditions, their reproductive
behavior is difficult to meet, resulting in very poor captive breed-
ing conditions (Wallage et al., 2015). Research on echidna repro-
duction includes reproductive behavior (Wallage et al., 2015),
sperm collection (Morrow and Nicol, 2009), and the effects of
exogenous hormone stimulation on androgens and sperm
(Johnston et al., 2007).

The physiological and microbiological mechanisms underlying
this behavioral inhibition remain largely unexplored. Research on
pangolins focuses on their gut microbiota, primarily investigating
their myrmecophagy adaptations (Ma et al., 2018; Zhang et al., 2021);
differences in gut microbiota and function between Chinese and
Malayan pangolins, including digestive and metabolic characteristics
(Xiang et al., 2025); the impact of gut microbiota on stress, immunity,
and health (Dai et al., 2024; Jiao et al., 2022); and how environmental
and dietary conditions can significantly reshape the structure and
function of the gut microbiota (Liu et al., 2021). None of these studies
involved research on urinary microorganisms and mechanisms of
abnormal reproduction.

The urogenital microbiota, the community of microorgan-
isms inhabiting the urinary and reproductive tracts, plays a piv-
otal role in host physiology, while metagenomics and
metabolomics, respectively, enable comprehensive characteriza-
tion of microbial functional gene repertoires and of the small-
molecule metabolite landscape that directly reflects physiological
or pathological states (Belizario and Napolitano, 2015; Lundy et
al., 2021; Wishart, 2019). Urine is particularly amenable to non-
invasive collection from endangered wildlife and constitutes a
valuable matrix for investigating male reproductive tract health,
given that urinary microbiota dysbiosis and its associated meta-
bolic perturbations can directly impair spermatogenesis, hor-
mone secretion, and sexual motivation (Collino et al., 2013;
Khamis et al., 2017). Building on this rationale, the present study
integrated urine metagenomics and metabolomics to characterize
differences in microbiota composition, functional pathways, and
metabolite profiles between captive male Malayan pangolins
exhibiting normal reproduction (NR) and abnormal reproduc-
tion (AR), with the goal of identifying key microbial taxa, func-
tional pathways, and metabolites underlying the non-expression
of natural mating behavior, and thereby providing mechanistic
insights to inform the captive management of this critically
endangered species.
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2 Materials and methods

2.1 Study species, study area, and animal
husbandry

Our study was conducted at the Guangxi Forestry Research
Institute (22°33’N, 108°13’E), located in Nanning City, Guangxi
Zhuang Autonomous Region, China. Since 2013, the institute has
been engaged in the husbandry of trade-rescued pangolins. The diet
consisted mainly of black ants (Polyrhachis vicina) and domestic silk
moth (Bombyx mori); water was supplied ad libitum. Daily monitoring
of feeding behavior enabled the early detection of poor health or ill-
ness. If pangolins did not eat for more than 2 days, a veterinarian was
consulted for medical examination and treatment.

In this study, 10 captive male adult Malayan pangolins from the
Guangxi Forestry Research Institute Base of Pangolin Breeding
(Pangolin Base) were selected as research subjects. The animals were
divided into two groups: the NR group comprising five pangolins with
successful natural mating experience (able to produce offspring
through natural mating after adulthood); and the AR group compris-
ing another five male adult Malayan pangolins with no successful
natural mating experience (did not produce offspring through natural
mating after adulthood). Each enclosure contained eight cages, with
each pangolin kept in a separate cage. All enclosures shared the same
environment. The study protocol was approved by the Institutional
Animal Care Committee of Guangxi Research Base of Pangolin
Breeding (approval number: 2023003).

Pangolins are nocturnal animals. Therefore, they were kept in
indoor cages, each consisting of three areas: an activity area
(120 x 80 x50 cm®), an insulated wooden
(40 x35x28cm?®), and an
(40 x 35 x 28 cm?). A disposable plastic film was laid under the cage,

winter  den
underground summer den
and urine was collected every 2 h from 6:00 p.m. to 6:00 a.m. the next
day. Supplementary Figure S1 shows photographs of the cages and a
simplified diagram of the cage structure. The bottom of the cage com-
prised a wire mesh mat, which was suspended above the ground with
slots and did not touch the ground; a plastic film was laid on the
ground. The cage bottom and the plastic film were separate and did
not come into direct contact. The wire mesh bottom plate was cleaned
and disinfected before sample collection. If feces and urine were
excreted simultaneously, the sample was considered contaminated and
discarded. The plastic liner was then replaced, and urine collection
was restarted until urine was successfully collected separately. A
syringe was used to collect urine samples from the plastic film. The
samples were sent to the laboratory on ice and stored at —80 °C until
further metagenomic analysis. Metabolomics analysis was performed
by centrifugation at 10,000 rpm for 10 min at 4 °C. Next, 500 pL of the
supernatant was aliquoted into 1.5-mL sterile centrifuge tubes.

2.2 Metagenomic analysis: DNA extraction
and sequencing

Further, 1,000 pL of CTAB lysis buffer was pipetted into a 2.0-mL
EP tube, mixed with lysozyme and an appropriate amount of the
sample, and incubated in a 65 °C water bath. The mixture was gently
inverted several times during incubation to ensure complete lysis of
the sample. Next, the sample was centrifuged to obtain the superna-
tant, which was mixed with phenol (Ph8.0):chloroform:isoamyl alco-
hol (25:24:1) by inversion and centrifuged at 12,000 rpm for 10 min.
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The supernatant was pipetted into a 1.5-mL centrifuge tube, mixed
with isopropanol, shaken up and down, and precipitated at —20 °C. It
was centrifuged again at 12,000 rpm for 10 min. The supernatant was
carefully discarded without disturbing the precipitate. The pellet was
washed twice with 1 mL of 75% ethanol. Residual liquid was collected
by centrifugation and then sucked out with a pipette. The pellet was
blown dry on a clean bench or air-dried at room temperature, taking
care to avoid over-drying, as excessively dried DNA is difficult to dis-
solve. Then, ddH,0O was added to dissolve the DNA sample. The
sample was incubated at 55 °C-60 °C for 10 min to aid dissolution.
Further, 1 pL of RNase A was added to digest RNA, followed by incu-
bation at 37 °C for 15 min.

DNA concentration was measured using a Qubit dsDNA Assay
Kit in a Qubit 2.0 Flurometer (Life Technologies, CA, United States).
The optical density value was 1.8-2.0. DNA contents above 1 pug were
used to construct the library.

A total of 1 pg of DNA per sample was used as the input material
for library preparation. Sequencing libraries were generated using the
NEBNext Ultra DNA Library Prep Kit for Illumina NovaSeq 6000
(INlumina, San Diego, CA, United States) following the manufacturer’s
protocols. The index codes were added to attribute sequences for each
sample. Briefly, the DNA sample was fragmented by sonication to an
average size of 350 bp, and then the DNA fragments were end-
repaired, A-tailed, and ligated with the full-length Illumina sequenc-
ing adapters, followed by polymerase chain reaction (PCR)
amplification. Finally, PCR products were purified [AMPure XP
system (Beckman Coulter Life Sciences, CA, United States)]. The
libraries were then analyzed for size distribution using Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States)
and quantified using real-time PCR.

The clustering of the index-coded samples was performed on a
cBot cluster generation system (Illumina, San Diego, CA, United
States) following the manufacturer’s protocols. After cluster genera-
tion, the libraries were sequenced on an Illumina NovaSeq 6000
(Illumina, San Diego, CA, United States) and paired-end reads were
generated.

2.3 Metabolomics: extraction, HPLC
conditions, and MS conditions

The sample stored in a refrigerator at —80 °C was thawed on ice
and vortexed for 10 s. A 200-pL extract solution (ACN:methanol = 1:4,
v/v) containing internal standard was added to 200 pL of the sample
(Supplementary Table S1). Then, the sample was vortexed for 3 min
and centrifuged at 12,000 rpm for 10 min (4 °C). A total of 350 pL of
the supernatant was collected and completely concentrated. A 100-pL
solution (methanol:water = 7:3, v/v) was used to reconstitute the
residual, vortexed for 3 min, and then sonicated for 10 min in an ice
water bath. The sample was then centrifuged at 12,000 rpm for 3 min
(4 °C). Next, 80-pL aliquots of the supernatant were transferred for
LC-MS analysis.

All samples were acquired using the LC-MS system (SCIEX,
Framingham, MA, United States), following the manufacturer’s pro-
tocols. The analytical conditions were as follows: UPLC: Waters
ACQUITY UPLC BEH C18 column, 1.8 pm, 2.1 mm x 100 mm;
column temperature, 40 °C; flow rate, 0.4 mL/min; injection volume,
2 pL; and solvent system, water (0.1% formic acid):acetonitrile (0.1%
formic acid). The column was eluted with 5% mobile phase B (0.1%
formic acid in acetonitrile) in 0 min, followed by a linear gradient to
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90% mobile phase B (0.1% formic acid in acetonitrile) for 11 min, held
for 1 min, returned to 5% mobile phase B in 0.1 min, held for 1.9 min,
and then rapidly returned to starting conditions.

Data acquisition was performed in information-dependent acqui-
sition mode using Analyst TF 1.7.1 Software (Sciex, ON, Canada). The
source parameters were set as follows: ion source gas 1 (GAS1), 50 psi;
ion source gas 2 (GAS2), 50 psi; curtain gas (CUR), 35 psi; tempera-
ture (TEM), 550 °C (positive mode) or 450 °C (negative mode);
declustering potential (DP), 60 V (positive mode) or —60 V (negative
mode); and ion spray voltage floating, 5,000 V (positive mode) or
—4,000 V (negative mode). The TOF-MS scan parameters were as fol-
lows: mass range, 50-1,000 Da; accumulation time, 200 ms; and
dynamic background subtraction, enabled. The product ion scan
parameters were as follows: mass range, 25-1,000 Da; accumulation
time, 40 ms; collision energy, 30 V (positive mode) or —30 V (negative
mode); collision energy spread, 15; resolution, UNIT; charge state, 1
to 1; intensity, 100 cps; isotopes excluded within 4 Da; mass tolerance,
50 mDa; and maximum number of candidate ions to monitor per
cycle, 12.

2.4 Bioinformatics and statistical analysis
2.4.1 Metagenomics
2.4.1.1 Pre-processing of sequencing results

Fastp software was used for raw data quality control, default soft-
ware parameters were selected to preprocess raw data obtained using
the Illumina NovaSeq 6000 (Illumina, San Diego, CA, United States)
sequencing platform, and clean data were obtained for subsequent
analysis. If contamination was found in the sample, it was compared
with the host database to filter out reads from the host (Karlsson et al.,
2012; Scher et al., 2013). Bowtie2 was used for sequence alignment,
with parameters set to --sensitive, -I 200, -x 400.

2.4.1.2 Metagenome assembly

After pretreatment, clean data were obtained, and assembly analy-
sis was performed using MEGAHIT Assembly software. Assembly
parameters were as follows: -- Kmin 35 -- K-max 95 -- K-Step 20 --
min-contig-Len 500. The clean data of each sample after quality con-
trol were compared to contigs of each sample after assembly using the
Bowtie2 software to obtain PE reads that were not utilized.
Comparison parameters were as follows: -I 200, -x 400. Unutilized
reads of each sample were put together for mixed assembly (Karlsson
etal, 2012; Qin et al,, 2010). The assembly parameters were the same
as those of a single sample.

2.4.1.3 Gene prediction and abundance analysis

Based on contigs (>500 bp) of each sample and mixed assembly,
MetaGeneMark was used to predict open reading frame (ORF) (Oh
etal, 2014; Qin et al., 2014), employing the default parameters.

Based on the predicted results, the predicted genes with a length
of less than 100 nucleotides were filtered out. The ORF prediction
results of all samples and mixed assembly were combined, and
CD-HIT software was used to remove redundancy, so as to obtain the
nonredundant initial gene catalog (here, operationally, the nucleic acid
sequence encoded by nonredundant continuous genes is called genes).
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By default, a sequence identity threshold of 95% and a coverage
threshold of 90% were used for clustering, and the longest sequence
in each cluster was selected as the representative sequence. The param-
eters were set as follows: -c 0.95, -g 0, -AS 0.9, -g 1, -d 0;

Bowtie2 was used to compare the clean data of each sample with
the initial gene catalog, and the number of reads in each sample was
calculated. --end-to-end, --sensitive, -I 200, -x 400. Genes supporting
reads <22 in each sample were filtered out to obtain a gene catalog
(unigenes) for subsequent analysis.

Gene abundance in each sample was calculated based on the
number of mapped reads and the corresponding gene length, as
shown in the following formula:

T 1

Gg= L & 1
Zi,

where r is the number of reads compared to the gene, and L is the
length of the gene.

2.4.1.4 Species annotation

Comparison between genes and species database: DIAMOND
software was used to compare unigene sequences with those of bacte-
ria, fungi, archaea, and viruses extracted from the National Center for
Biotechnology Information (NCBI) NR database (BLastp, EVALue <
1E-5) (Buchfink et al., 2015).

LCA algorithm: Each sequence may have multiple comparison
results, and therefore multiple data points on species classification
were obtained. The LCA algorithm of the MEGAN software was used
to obtain the information on the final species annotation of the
sequence (Huson et al., 2011).

Based on the results of LCA annotation and gene abundance, the
abundance of each sample at different taxonomic levels (phylum and
genus) was determined. The abundance of a given taxon in a sample
was calculated as the sum of the abundances of all genes annotated to
that taxon.

2.4.1.5 Annotation using common functional databases

Sequence alignment: Unigenes were compared with each func-
tional database using DIAMOND software (BLastP, EVALue < 1E-5).

Filtering of comparison results: For each sequence, DIAMOND
was used with the parameter—max-target-seqs 1 to retain only the top
alignment result. Based on the annotation results, the relative abun-
dance of different functional levels was calculated (the relative abun-
dance of each functional level was equal to the sum of the relative
abundance of all genes assigned to that functional category). The
KEGG database was hierarchically classified into six levels for func-
tional analysis.

Based on the results of functional annotation and gene abun-
dance, a gene count table for each sample at each functional classifica-
tion level was generated. The number of genes with a certain function
in a sample was defined as the number of genes annotated to that
function with a non-zero abundance.

Based on the abundance at each classification level, the follow-
ing analyses were performed: statistics of annotated gene counts,
overview of relative abundance, abundance-based clustering heat
maps, principal component analysis (PCA) and NMDS for
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TABLE 1 Microbiota composition of the urine of male Malayan pangolins.

10.3389/fmicb.2026.1828282

Taxonomy NR1  NR2 NR3 NR4 NR5 AR1 AR2 AR3 AR4 AR5 P value
Others 025093 | 0.30785 | 021848 | 0.21421 0.20691 0.14303 0.14367 0.14261 0.14335 0.14469 0.0038
Archaea 0.00024 | 0.00030 | 0.00022 | 0.00023 0.00020 | 0.00019 0.00019 0.00020 0.00020 0.00020 0.0133
Bacteria 0.73187 | 0.66776 | 076684 | 07709 | 0.77888 | 0.83831 0.83774 | 0.83872 0.83808 0.83683 0.005
Eukaryotes 0.00273 | 0.00253 | 0.00173 0.00166 | 0.00161 0.00062 0.00064 | 0.00063 0.00064 | 0.00063 <0.001
Viruses 001424 | 002155 | 001272 | 001294 | 001240 | 0.01785 0.01776 0.01783 0.01773 0.01766 0.0997

dimensionality reduction, ANOSIM to assess inter-group differ-
ences based on functional abundance, and comparative analysis of
metabolic pathways. This was followed by Metastat analysis of func-
tional differences between groups. Both Shannon and Simpson
diversity indexes were calculated using QIIME 2 (version 1.8.0).
This analysis used Simpson’s Diversity Index (1-D) (The Wilcoxon
rank-sum test was used to assess differences between the two
groups). Adonis is a nonparametric permutational multivariate
analysis of variance method based on the Bray-Curtis distance.
Adonis analyses were performed using the Adonis function in the
vegan R package.

2.4.2 Metabolomics

The original data file acquired using LC-MS was converted into
mzXML format with ProteoWizard software. Peak extraction, peak
alignment, and retention time correction were performed using the
XCMS program. The SVR method was used to correct the peak area.
The peaks with a detection rate lower than 50% in each group of sam-
ples were discarded. Then, information on metabolic identification
was obtained by searching the laboratory’s self-built database, inte-
grated public database, AI database, and metDNA.

2.4.2.1PCA

Unsupervised PCA was performed using the statistics function
prcomp within R.! The data were unit variance scaled before unsuper-
vised PCA.

2.4.2.2 Hierarchical cluster analysis and Pearson
correlation coefficients

The hierarchical cluster analysis (HCA) results of samples and
metabolites were presented as heatmaps with dendrograms. Pearson
correlation coefficients (PCCs) between samples were calculated using
the cor function in R and presented as only heatmaps. Both HCA and
PCC were performed using the R package ComplexHeatmap. For
HCA, the normalized signal intensities of metabolites (unit variance
scaling) were visualized as a color spectrum.

2.4.2.3 Selection of differential metabolites

For two-group analysis, differential metabolites were determined
using VIP (VIP > 1) and p value (p value < 0.05, Student ¢ test). VIp
values were extracted from the OPLS-DA result, which also contained
score plots and permutation plots generated using the R package

1 https://www.r-project.org
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MetaboAnalystR. The data were log-transformed (log2) and mean-
centered before OPLS-DA. A permutation test (200 permutations)
was performed to avoid overfitting.

2.4.2.4 KEGG annotation and enrichment analysis

Identified metabolites were annotated using the KEGG
Compound database.” The annotated metabolites were then mapped
to the KEGG Pathway database’ (Kanehisa et al., 2017). Significantly
enriched pathways were identified with a hypergeometric test’s P value
for a given list of metabolites.

3 Results

After quality control and host gene removal, 1,584,583,258 reads
were  retained for  metagenomic  sequencing,  with
158,458,325 + 21,973,057 (mean =+ standard error of the mean) reads
per sample. After reassembly, 1,266,462 contigs (N50 length of
1,535 + 50 bp) were generated, with an N50 length of 20,358 + 2,895
per sample. The urine metagenome comprised 95.94% bacteria,
3.43% viruses, 0.36% eukaryotes, and 0.08% archaea. Metastats analy-
sis was used to compare the microbiota communities between the
two groups, revealing significant differences in bacteria, archaea, and
eukaryotes (p < 0.05, Table 1), whereas viral communities did not
differ significantly between groups (p > 0.05).

3.1 The pangolins in the AR group exhibited
higher microbial diversity and a higher
abundance of pathogenic bacteria in their
urine

We investigated the differences in the structural diversity of the
urine microbiota between pangolins with NR and AR using Shannon
and Simpson indices to assess the microbial a diversity, respectively.
We found that the o diversity of pangolins with AR was significantly
higher than that of pangolins with NR (Shannon index, Wilcoxon
rank-sum test, p < 0.01, Figure la; Simpson index between the two
groups, Wilcoxon rank-sum test, p < 0.01, Figure 1b). The results
showed that the urine microbial diversity of pangolins with AR was
significantly higher than that of pangolins with NR.

The results of ANOSIM analysis based on the Bray-Curtis dis-
tance of species abundance showed that the difference between pan-
golins with NR and pangolins with AR was greater than the difference

2 http://www.kegg.jp/kegg/compound/
3 http://www.kegg.jp/kegg/pathway.html
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FIGURE 1
Differences in the taxonomic composition of urine microbiota between pangolins with NR and pangolins with AR. (a,b) Differences in a diversity
(Shannon and Simpson indices). Box plot of differences in a diversity based on species abundance between groups. (c) Based on the ANOSIM analysis
of the Bray—Curtis distance of species abundance, the R value was between (-1, 1). An R value greater than O implied a significant difference between
groups. An R value less than O implied that the difference within the group was greater than the difference between the groups. The credibility of the
statistical analysis was expressed by the p value, and p < 0.05 indicated that the statistics were significant. (d) PCoA results of p diversity based on
species level.

within the group (ANOSIM test, R = 1, p = 0.0111, Figure 1c), and the
grouping was meaningful. The results of principal coordinate analysis
(PCoA) analysis based on the Bray—Curtis distance of species abun-
dance showed that the microbiota between pangolins with NR and
pangolins with AR could be clearly clustered (Figure 1d). Also, the
Adonis analysis showed a significant difference in the composition of
the microbiota between pangolins with NR and pangolins with AR
(Adonis analysis, R? = 0.059, p < 0.01), indicating that the p diversity
of the microbiota in pangolins with NR was different from that in
pangolins with AR.

The dominant microbial phyla included Firmicutes
(47.06% + 5.90%), followed by Actinobacteria (17.89% + 7.18%) and
Proteobacteria (6.76% + 3.90%). The dominant genus included
Staphylococcus spp. (30.21% * 7.24%), followed by Corynebacterium
spp. (7.65% + 3.12%), Mammaliicoccus spp. (7.62% * 0.57%), and
Brevibacterium spp. (3.56% + 1.09%). The dominant bacterial species
were Mammaliicoccus lentus (5.14% + 0.52%), Staphylococcus cohnii
(1.47% + 0.34%),  Staphylococcus (1.38% = 0.25%),
Mammaliicoccus sciuri (1.21% + 0.29%), and Corynebacterium varia-
bile (1.18% + 0.87%) (Figures 2a,b).

Metastats analysis further confirmed the differences in microbiota
between the two groups. The comparative analysis of differential

simulans
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abundance at the phylum level revealed that the abundance of
Firmicutes was significantly higher in the urine of pangolins with NR
(p <0.05), whereas the abundance of Actinobacteria (p <0.05),
Proteobacteria (p < 0.05), and Bacteroidota (p < 0.05) was significantly
higher in the urine of pangolins with AR (Metastats analysis, p < 0.05;
Figure 3). These phylum-level differences demonstrate a significant
shift toward potentially pathogenic and proinflammatory phyla in AR
pangolins, with Firmicutes preferentially enriched in NR individuals.

At the genus level, the abundance of Staphylococcus spp., Dietzia
spp., Klebsiella spp., Clostridioides spp., Acinetobacter spp.,
Lactobacillus spp., Prevotella spp., and Actinomyces spp. was signifi-
cantly higher in the NR group than in the AR group. However, the
of Corynebacterium  spp., spp.
Brachybacterium spp., Escherichia spp., Jeotgalicoccus spp., Oscillibacter
spp., Blautia spp., and Faecalibacterium spp. was significantly higher

abundance Brevibacterium

in the AR group (Metastats analysis, p < 0.05; Figure 3). At the genus
level, NR pangolins were enriched with commensal and potentially
protective genera, while AR pangolins showed predominance of
opportunistic pathogens and dysbiosis-associated taxa, suggesting that
the microbial balance in their urogenital tracts may have been dis-
rupted. These species-level differences highlight a greater urogenital
infection risk in AR pangolins, evidenced by the significant elevation
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Differences in the relative abundance of microbial phyla, genera, and species in the urinary microbiota of pangolins with NR and those with AR.

of pathogenic Escherichia coli and Enterococcus faecalis compared to
the NR group.

At the species level, the abundance of S. cohnii and Staphylococcus
aureus (p < 0.05) was significantly higher in the NR group, whereas
the abundance of Escherichia coli and Enterococcus faecalis (p < 0.05)
was significantly higher in the AR group (Metastats analysis, p < 0.05;
Figure 3).

3.2 Energy metabolism pathways are
predominantly enriched in AR pangolins,
while GnRH secretion and neurosynaptic
pathways are preferentially active in NR
pangolins

The function of the urine microbiota was confirmed using
metagenomic sequencing. Based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database, 8,038 KEGG orthologous
(KO) genes were identified. PCoA based on the Bray-Curtis dis-
tance of the relative abundance of KO genes revealed separation
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between pangolins with NR and pangolins with AR (Adonis analy-
sis, R* = 0.171, p < 0.01; Figure 4). Moreover, Metastats analysis
found that the enrichment of 345 KEGG Level 3 pathways was
significantly different between pangolins with NR and pangolins
with AR.

KEGG Level 3 pathways, such as dopaminergic synapse
(KO04728), cholinergic synapse (KO04725), serotonergic synapse
(KO04726), gonadotropin-releasing hormone (GnRH) secretion
(KO04929), long-term depression (KO04730), and S. aureus infection
(KO05150), were significantly more enriched in pangolins with
NR. However, the citric acid cycle (TCA cycle) (KO00020), pyruvate
metabolism (KO00620), GABAergic (y-aminobutyric acid) synapse
(KO04727), pathogenic E. coli infection (KO05130), Shigella infection
(KO05131), Salmonella infection (KO05132), and tryptophan metabo-
lism (KO00380) were significantly enriched in pangolins with AR
(Metastats analysis, p < 0.05; Figure 5).

Further analysis of the metagenomic KO genes revealed that the
abundance of 5,476 KO genes was significantly different between pan-
golins with NR and pangolins with AR. The KEGG Mapper Color tool
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was used to compare these 5,476 KO genes. After screening these KO
genes by metabolic modules, it was found that M00001 Glycolysis
M00002
Glycolysis (core module involving three-carbon compounds), M00003
Gluconeogenesis (oxaloacetate > fructose-6P), M00009 Citrate cycle
(TCA cycle, Krebs cycle), M00087 beta-Oxidation were significantly
enriched in pangolins with AR (Figure 6). The significant enrichment
of core glycolytic, gluconeogenic, and oxidative metabolic modules in

(Embden-Meyerhof pathway; glucose > pyruvate),

AR pangolins is consistent with compensatory upregulation of energy
metabolism in response to chronic energy insufficiency.

3.3 NR pangolins show enrichment of
reproductive-beneficial metabolites, while
AR pangolins display disturbed hormonal
and metabolic profiles

We employed LC-MS/MS to analyze metabolites in all pangolin
urine samples using a nontargeted metabolomics approach. The peaks
detected in the samples were read, and the peak area of each
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FIGURE 4

Differences in the functional gene composition of urine microbiota.
PCoA of pangolins with NR and pangolins with AR based on relative
gene abundance in urine microbiota (Bray—Curtis distance; Adonis

analysis, R? = 0.171, p < 0.01). The ellipse borders represent the 95%
confidence interval.
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characteristic ion was used as the relative quantitative measure of the
corresponding metabolite. The quantitative results were normalized
using the total peak area. A total of 9,596 different metabolites were
obtained, of which 5,345 were obtained in positive ion mode and
4,251 in negative ion mode (Table 2; Figure 7a). Among these, 3,198
were significantly different between the 2 groups.

After comparing the metabolites with the Human Metabolome
Database (HMDB), 4,292 metabolites belonging to 95 subclasses were
annotated (Figures 7b,c). These metabolites were mainly benzene and
its substituted derivatives (18.9%), amino acids and their metabolites
(18.43%), heterocyclic compounds (14.57%), organic acids and their
derivatives (10.24%), aldehydes, ketones, and esters (9.16%).

Metabolites such as tryptophan, kynurenine, arginine, cholic acid,
L-carnitine, dopamine, indole, acrylamide, androsterone, testosterone,
dehydroepiandrosterone, estrone, and androstenedione were signifi-
cantly enriched in pangolins with AR (p < 0.05). However, acetylcho-
line, N-acetylserotonin (NAS), spermidine, N-acetylputrescine,
taurine, L-proline, pyruvate, spermidine, taurine, choline, and betaine
were significantly enriched in pangolins with NR (p < 0.05) (Figure 8).
These data reveal a clear metabolic divergence between NR and AR
pangolins, with AR pangolins showing elevated stress- and catabo-
lism-associated metabolites, while NR pangolins are enriched with
neuroactive and reproductive-supportive compounds.

These metabolites were compared with the KEGG database, and
1,124 metabolites were found to be significantly different between the
NR and AR groups (FC > 1.5 or FC < 0.7, VIP > 1, p < 0.05). Among
the 1,124 metabolites with significant differences in abundance, the
abundance of 362 metabolites was significantly higher in the NR
group than in the AR group, whereas the abundance of 762 metabo-
lites was significantly higher in the AR group than in the NR group.
The KEGG Mapper Color tool was used to compare these 1,124 dif-
ferential metabolites with the differentially expressed microbial genes
identified by metagenomic analysis, resulting in the identification of
301 metabolic pathways.

We used the KEGG Mapper Color tool to combine the aforemen-
tioned 1,124 differential metabolites with the differential genes
screened by metagenomic analysis. We found that AR were signifi-
cantly enriched in M00133 Polyamine biosynthesis, arginine > agma-
MO00037 Melatonin
MO00038
Tryptophan metabolism, and tryptophan > kynurenine > 2-amino-

tine > putrescine > spermidine, whereas

biosynthesis,  tryptophan > serotonin > melatonin,

muconate were significantly enriched in pangolins with NR. The
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Differences in KEGG level 3 pathway enrichment of pangolins with NR and AR.
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Differences in module enrichment of pangolins with NR and AR.
TABLE 2 Summary of metabolite identification.

All C18 positive C18 negative
‘ Metabolite count ‘ 9596.00 ‘ 5345.00 ‘ 4251.00 ‘
Total Down Up

‘ Significant metabolite count ‘ 3198.00 ‘ 929.00 ‘ 2269.00 ‘

metabolic pathways, including M00134 Polyamine biosynthesis, argi-
nine > ornithine > putrescine, M00977 C19-Steroid hormone biosyn-
thesis (androgen backdoor pathway),
pregnenolone > androsterone > dihydrotestosterone, M00976 C19-
Steroid hormone biosynthesis, pregnenolone > testosterone > dihy-
drotestosterone, M00110 C19/C18-Steroid hormone biosynthesis, and
pregnenolone > androstenedione > estrone, showed no significant
difference between the two groups. These pathway-level findings high-
light fundamental dysregulation of polyamine biosynthesis, trypto-
phan catabolism, and steroid hormone metabolism in AR pangolins,
which collectively may contribute to impaired reproductive function.

3.4 Combined analysis of microbial
community and metabolites

The microbial community showing a significant positive correla-
tion with GABA is Lactobacillus; those showing a significant negative
correlation include E. coli, Staphylococcus aureus, Klebsiella,
Corynebacterium, Brevibacterium, Brachybacterium, Blautia,
Prevotella, and Oscillibacter. Similarly, spermidine, putrescine, tau-
rine, L-proline, and pyruvate show consistent correlations with the
above microbial communities; acrylamide, glutamic acid and gluta-
mine, lysine, and arginine show the exact opposite correlations with
the above microbial communities (Figure 9).

4 Discussion

4.1 Effects of urine microbiota on host
health

The alpha diversity of the urogenital microbiome is generally
higher in symptomatic individuals than in asymptomatic controls
(Robino et al., 2025). Higher alpha diversity of urine microbes has also
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been reported in patients with recurrent cystitis and bladder cancer
(Sheng et al., 2025; Yoo et al., 2021). Under certain pathological condi-
tions, microecological imbalance may lead to the co-occurrence of
multiple bacteria, rather than being dominated by a relatively small
number of healthy dominant bacteria. In sites such as the urinary
tract/urinary system, a healthy state is often maintained by a low-
diversity community dominated by specific dominant species (such as
certain Lactobacillus species); an abnormally high diversity may indi-
cate an imbalance or underlying inflammation/infection (Reasoner et
al,, 2025). High urinary microbial o diversity may be caused by the
following factors: altered urethral barrier function, such as inflamma-
tion or injury that relaxes niche selection pressure (Reasoner et al.,
2025); increased colonization of infectious or opportunistic pathogens
(the presence of more than one bacterial community) (Robino et
al,, 2025).

The B diversity in the AR group was significantly different from
that in the NR group. The urinary microbiota of pangolins with AR
and those with NR changed significantly at the phylum and genus
levels. Numerous studies have confirmed that dysbiosis of the uri-
nary tract microbiota is associated with a variety of urinary system
diseases (Fouts et al., 2012; Pearce et al., 2014; Shrestha et al., 2018;
Siddiqui et al., 2012). This indicates that the urinary system possesses
its own unique and relatively stable microecosystem; once the equi-
librium of this system is disrupted, it may impact host health, immu-
nity, and reproduction. In studies of human urine, Firmicutes is the
most dominant phylum reported in the urine of healthy men and
women (Perez-Carrasco et al., 2021). Actinobacteria participate in
maintaining mucosal barrier homeostasis (Binda et al., 2018). Some
studies believe that the higher the abundance of Actinobacteria, the
better the semen quality. However, other studies have demonstrated
a negative correlation of the abundance of Actinobacteria with tes-
ticular or semen health (Brandio et al., 2021; Contreras et al., 2023).
In male urine samples, Proteobacteria are commonly found in
patients with urogenital tract infections. These bacteria are typical
urinary tract pathogens associated with urethritis, cystitis, or deeper
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urinary tract infections (Robino et al., 2025). Elevated relative abun-
dance of Proteobacteria often indicates a disruption of the gut micro-
biota balance, a condition more common in patients with urinary

Many Proteobacteria are pathogenic, serving as biomarkers for dys-
biosis. Bacteroidetes are considered key players in maintaining the
health and complex homeostasis of the microbiome (Gibiino et al.,
tract diseases, those with chronic urinary symptoms, or immuno-  2018). They are involved in immune regulation (i.e., activation of
compromised individuals (Reasoner et al., 2025). Proteobacteria is

the dominant phylum in many common diseases (Cao et al., 2023).

inflammation and autoimmune diseases), metabolic syndrome, and
regulation of the gut-brain axis, with interesting therapeutic
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implications in mood disorders and neurological diseases (Gibiino
et al,, 2018). In contrast, men with leukocytospermia or prostatitis
often exhibit an increased proportion of Bacteroidetes (Yao et al.,
2022). As a cornerstone of the microbial system, Firmicutes was sig-
nificantly more abundant in pangolins with NR, which may contrib-
ute to the ability of NR pangolins to maintain normal reproductive
capacity. Actinobacteria exist in the urinary flora as part of resident
or symbiotic bacteria. Their influence is more as part of the overall
microbial community ecology than as a specific inflammatory
inducer or defense factor. Proteobacteria may be associated with
reproductive abnormalities. Bacteroidetes are also an important
member of the microbiota, and their role in reproduction is not
conclusive.

Staphylococcus spp. is considered a potential cause of male
reproductive dysfunction (Okeleji et al., 2024). Staphylococcus is
not only a commensal bacterium but also a major human patho-
gen causing widespread clinical infections (Shi et al.,, 2016).
S. aureus can infect the male reproductive tract, causing condi-
tions such as orchitis and epididymitis, and is a common pathogen
causing urinary tract infections (UTIs) (Shi et al., 2016;
Vasudevan, 2015). These infections can disrupt normal hormone
secretion, ultimately impacting fertility (Shi et al, 2016;
Vasudevan, 2015). S. cohnii strains isolated from mouse and
human skin specimens have displayed significant preventive and
therapeutic effects on S. aureus-mediated skin inflammation (Ito
etal,, 2021). Therefore, as the most abundant species in the genus
Staphylococcusin this study (Supplementary Table S2), S. cohnii
may play an important role in preventing infections caused by
other bacteria including S. aureus in the urogenital tract.

Dietzia spp. is a potential pathogen (Koerner et al., 2009).
Some species can even be used as probiotics to treat certain spe-
cific diseases (Menéndez et al., 2023; Oyanguren et al., 2024). As
opportunistic pathogens, Klebsiella spp. mainly attack hospitalized
immunocompromised patients and those with serious underlying
diseases (Podschun and Ullmann, 1998). Clostridioides spp. (e.g.,
C. difficile), opportunistic intestinal pathogens, are one of the
more common infectious agents of diarrhea (Pal et al., 2023).
Acinetobacter spp. are pathogens (Alvanou et al., 2023; Bergogne-
Bérézin, 2008). In this study, Lactobacillus crispatus was the most
abundant  Lactobacillus  species in  pangolin  urine
(Supplementary Table S2). Men whose semen was dominated by
L. crispatus tended to have normal sperm morphology and con-
centration, with fewer white blood cells or anti-sperm IgA anti-
bodies, all signs of better fertility (Grande et al., 2024).
Corynebacterium spp. are mostly pathogenic bacteria (Metz et al.,
2024; Moller et al., 2021; Tresch et al., 2023; Zendri et al., 2021).
Brevibacterium spp. are opportunistic pathogens (Shweta et al.,
2021). Brachybacterium spp. are opportunistic pathogens, but the
probability of invasion is small (Tamai et al., 2018).

In this study, E. coli had the highest relative abundance among
Escherichia spp. (Supplementary Table S2). E. coli is a common patho-
gen causing UTIs (Kudinha, 2017), leading to diseases such as orchitis
and epididymitis (Bonner et al., 2021), which adversely affect male
reproductive function. The presence of E. coli triggers an immune
response, releasing inflammatory cytokines and reactive oxygen spe-
cies (Mendoza-Chamizo et al., 2018). E. coli infection can also reduce
testosterone levels by influencing the function of testicular interstitial
cells (Danek, 2003), further reducing sexual desire, ultimately impact-
ing fertility and reproductive performance.
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Jeotgalicoccus spp. are harmful (Liang et al., 2024). Shigella infec-
tions can cause a strong systemic inflammatory response, leading to
diseases such as orchitis or epididymitis, which can impact fertility
(Marchiani et al., 2021; Su et al., 2021). Shigella infections can cause
erectile or ejaculation problems in some cases (Zhao et al., 2020).
Salmonella spp. can infect the urinary tract (Venyo, 2020). Salmonella
infections can cause inflammation of the epididymis and testicles. A
Holstein bull developed unilateral epididymo-orchitis associated with
Salmonella typhimurium, resulting in testicular necrosis and potential
impairment of fertility (Mahmoud et al., 2020).

From the perspective of microbial pathogenicity, these microbiota
may be involved in reproductive system diseases in pangolins with AR

4.2 Effects of microbial functions and
metabolites on host energy metabolism

The TCA cycle plays an important role in energy production, hor-
mone synthesis, and sperm development and vitality (Frégeau-Proulx
et al., 2022). The TCA cycle is accelerated to provide the body with
more energy substrates (Rato et al., 2012). Pyruvate metabolism is the
central node connecting glycolysis, mitochondrial energy production,
and biosynthesis pathways. Its effects on male reproduction include
energy supply, regulation of redox balance, biosynthetic precursors,
and sperm function and maturation (Rotimi et al., 2024). Glycolysis
breaks down glucose into pyruvate and produces ATP. Gluconeogenesis
is essential for maintaining glucose homeostasis. The pathways of
energy metabolism were improved in the AR group, but the levels of
main functional substances such as pyruvate and glucose were still
significantly lower than those in the NR group. Considering issues in
energy absorption and supply in AR (energy dysfunction), the body
is forced to compensatorily promote these metabolic pathways to
supplement energy needs (Shimada et al., 2024; Zhao et al., 2023).
Inadequate energy supply can hinder or even cease reproductive
behavior (Martin et al., 2010). AR could be involved in underlying
energy dysfunction, leading to compensatory enrichment of the afore-
mentioned energy metabolism-related pathways, and ultimately
affecting reproductive performance.

4.3 Effects of urine microbiota and
metabolites on host psychology

Captivity can be a powerful chronic stressor for wild species
(Lattin et al., 2012; Mason, 2010). Chronic stress from long-term cap-
tivity can lead to depression, weight loss, reproductive failure, reduced
immune levels, and shorter lifespan (Birke, 2002; Islam et al., 2022).
Excessive or long-term stress, especially chronic stress, can lead to not
only metabolic disorders but also depression (OIff, 1999; Wang et al.,
2024). Supplementing the diet of stressed male rats with GABA sig-
nificantly reduced their anxiety-like behaviors (He et al., 2019).
Supplementing the diet of Hanwoo steers under heat stress with
GABA reduced their cortisol levels and the levels of stress-related
markers (Barido et al., 2020). Patients with major depressive disorder
(MDD) had significantly lower levels of spermidine (and putrescine),
and spermidine (and putrescine) levels were negatively correlated with
depression (Yazici et al., 2024). Taurine can reverse stress-induced
neurotransmitter imbalances, increase levels of serotonin, dopamine,
and norepinephrine, decrease corticosterone levels, prevent anhedo-
nia (Wu et al., 2017), and has antidepressant effects (Zhu et al., 2023).
L-proline can alleviate stress (Hamasu et al., 2009). Elevated levels of
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acrylamide metabolites in urine are associated with an increased risk
of depressive symptoms (Wan et al., 2024). Chronic stress in mice
resulted in decreased levels of glutamate and glutamine, accompanied
by depressive-like behaviors (Son et al., 2018). DL-phenylalanine, a
substance with antidepressant activity, was effective in treating
depressed patients (Beckmann et al., 1977). A lack of lysine in the diet
of rats led to increased anxiety under stress (Smriga et al., 2002), while
supplementation with lysine and arginine reduced stress-induced
anxiety and corticosterone release (Smriga and Torii, 2003). It is
known that tryptophan levels are significantly reduced in patients with
major depressive disorder (MDD) (Gu et al., 2021). Individuals with
lower plasma pyruvate levels have a significantly increased risk of
developing major depressive disorder (MDD) in the future; while
individuals with higher plasma pyruvate levels have a more than 50%
lower risk of developing depression (Radford-Smith et al., 2023). The
above results indicate that the levels of potentially beneficial metabo-
lites could associated with psychological state were significantly higher
in the NR group than in the AR group. NR group might also be associ-
ated with depressive tendencies due to chronic stress. The microbiota
is positively or negatively correlated with these metabolic processes,
and it has also been reported to have effects on stress, anxiety, and
depression. Moreover, E. coli infection can disrupt the microbial gut-
brain axis, with infected mice showing significantly increased anxiety-
and depressive-like behaviors (Rondepierre et al., 2024). S. aureus can
cause depressive-like behaviors by producing staphylococcal entero-
toxins that damage the nervous system; treatment to reduce the abun-
dance of S. aureus can improve the behavior of mice with depression
(Qiu et al., 2023). The abundance of Klebsiella spp. is significantly
higher in patients with major depressive disorder than in healthy con-
trols (Lin et al., 2017). Lactobacillus spp. in the intestine are thought
to have beneficial effects on stress responses and depressive disorders
(Aizawa et al., 2016). The abundance of Corynebacterium spp.
decreased whereas the abundance of beneficial bacteria, especially
Lactobacillus spp., increased after antidepressant treatment (Lv et al.,
2021). Brevibacterium spp. and Brachybacterium spp. were detected in
rats with chronic unpredictable mild stress (CUMS)-induced depres-
sion (Lv et al., 2021). The analysis at the genus level indicated an ele-
vated abundance of Blautia with decreased abundance of Prevotella in
patients with major depression (Socala et al., 2021). The abundance of
Oscillibacter also significantly increased in patients with major depres-
sive disorder (MDD) (Jiang et al., 2015). From the perspective of
microbial depression, pangolins in the AR group could be involved in
a higher risk of underlying depression, but pangolins in the NR group
might also associated with a risk of underlying depression due to long-
term chronic stress.

4.4 Effects of urine microbiota and
metabolites on host reproduction

4.4.1 Microbiota

Actinomyces spp. (belonging to the phylum Actinobacteria) were
negatively correlated with erectile function and may act as key patho-
genic contributors (Kaur and Prabha, 2014). The most abundant
genera found in patients with erectile dysfunction (ED) included
Blautia, Faecalibacterium, Escherichia, and Shigella (Kang et al., 2023).
Among patients with ED, 23.7% had bacterial prostatitis; the most
common isolate was E. coli, followed by S. aureus (El-Kamel et al,,
2024). E. faecalis interfered with male fertility (Farsimadan and
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Motamedifar, 2020; Shahroodian et al., 2022). These pathogens might
affect sexual function and cause inflammation, thus contributing
directly or indirectly to reproductive abnormalities in male pangolins.

4.4.2 GhRH-FSH/LH-testosterone axis

The GnRH secretion (KO04929) was significantly enriched in the
NR group. The pulsatile release of GnRH in the hypothalamus stimu-
lates the anterior pituitary to release FSH and LH. In men, normal
FSH and LH levels are responsible for inducing spermatogenesis and
maintaining high levels of testosterone in the testes (Conn and
Crowley, 1991). GnRH can induce androgen production and sper-
matogenesis and improve sexual function (Dabaja and Schlegel, 2014;
Mortimer et al., 1974). Its deficiency can lead to gonadotropin-
induced hypogonadism, thus causing male infertility (Silveira et al.,
2002). The AR group showed a significant reduction in GnRH secre-
tion, which could be associated with their inability to mate and repro-
duce normally.

Studies have observed that L-carnitine has a positive effect on
reproductive hormones. In male rats subjected to lead-induced
reproductive toxicity, L-carnitine supplementation increased
serum levels of follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and testosterone (Abdel-Emam and Ahmed, 2021).
Dopamine (DA) is one of the most crucial neurotransmitters regu-
lating male reproductive behavior and function. It not only partici-
pates in the formation of libido and courtship motivation, but also
directly affects mating behavior, penile erection, ejaculation, tes-
tosterone regulation, and the function of the hypothalamus-pitu-
itary-gonadal (HPG) axis (Hull et al., 2004; Melis et al., 2022).
Intracavernosal injection of acetylcholine (ACh) in monkeys can
induce penile erection (Stief et al., 1989). ACh acts on the medial
preoptic area and nucleus accumbens, and regulates various stages
of sexual intercourse—including mating, penile penetration, and
ejaculation—by coordinating signal transduction between ACh
and dopamine (Floody, 2014). The levels of these hormones
increased in male rats of different ages after taurine administration,
indicating enhancement of endocrine function (Li et al.,, 2023;
Yang et al., 2010). In a model of reproductive dysfunction, taurine
increased the levels of GnRH and FSH, indicating its stimulating
effect on the HPG axis (Yang et al., 2013). In aged male rats, taurine
supplementation was associated with improved sexual behavior,
including increased mating frequency and shortened ejaculation
latency (Yang et al., 2013). The enhancement of these behaviors
was related to the stimulating effects of taurine on testosterone
production and nitric oxide (NO) synthesis, both of which are
essential for sexual function (Yang et al., 2013). Dietary choline
supplementation maintained and promoted the reproductive per-
formance of bulls (Johnson et al., 2010; Prasetiyono et al., 2020).
Betaine can effectively restore testosterone production reduced by
heat stress and plays an important role in stabilizing the reproduc-
tive endocrine axis (Xiong et al., 2023). The above metabolites were
significantly enriched in the NR group, which might be involved
in their positive effects on reproductive function.

4.4.3 Polyamine and amino acid metabolism
Studies on giant pandas speculated that the decline in male giant

panda reproductive capacity was related to an imbalance in arginine
synthesis (Zhang et al., 2022). Studies have shown that L-arginine can
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enhance sexual performance (Rhim et al., 2019; Tahvilian et al., 2024).
However, L-arginine deficiency has been reported to reduce sex hor-
mone levels in captive giant pandas because decreased levels of its
metabolites (including nitric oxides and polyamines) influence the
expression of sexual desire and sexual behavior during mate selection
(Zhang et al., 2022). In this study, our findings suggest that reproduc-
tive performance might be influenced not only by arginine synthesis
itself but also by broader alterations in arginine metabolism.

Polyamine  biosynthesis, arginine > agmatine > putres-
cine > spermidine (M00133): The urinary spermidine content in NR
was significantly higher than that in AR. Studies showed that spermi-
dine promoted spermatogenic cell proliferation in mice with diabetes
by activating glycolysis (Wang et al., 2022). Spermidine can improve
testicular dysfunction caused by triptolide; protect germ cell develop-
ment, testosterone synthesis, and oxidative stress balance; reduce
inflammation (Zhao et al., 2021); and extend reproductive lifespan
(Wu et al., 2023).

Polyamine  biosynthesis,  arginine > ornithine > putrescine
(MO00134): The level of N-acetylputrescine was significantly higher in the
NR group than in the AR group. Putrescine can enhance piglet mucosal
immune function and inhibit chronic inflammation (Mumcu et al.,
2020). Patients with oligoasthenoteratozoospermia had lower levels of
arginine, putrescine, and spermine than controls (Mumcu et al., 2020).
Arginine supplementation increased testicular arginine and putrescine
levels, thereby improving testicular development and semen quality in
boars (Wei et al., 2022). Putrescine improved the decline in semen qual-
ity and testosterone levels in boars caused by heat stress (Yu et al., 2025).
Although the arginine level in the AR group was significantly higher than
that in the NR group, the results indicate that the arginine metabolic
utilization efficiency in the AR group could be lower than that in the NR
group, which might be associated with the poor reproductive
performance.

Tryptophan metabolism, tryptophan > kynurenine > 2-amino-
muconate (M00038): High levels of kynurenine activate the aryl
hydrocarbon receptor (AhR), inhibiting the expression of cholesterol
side-chain cleavage enzyme (CYP11Al) and 17a-hydroxylase
(CYP17A1) in Leydig cells, thereby reducing the activity of enzymes
involved in the key steps of testosterone synthesis (Shen et al., 2023).
Kynurenine accumulated in the brain activates the AhR signaling
pathway, inhibiting the release of GnRH from the hypothalamus, lead-
ing to a decrease in pituitary LH secretion, and further reducing tes-
tosterone synthesis (Shen et al., 2023). Overall, the two tryptophan
metabolic pathways might not be associated with beneficial to animal
reproduction. Tryptophan levels were significantly higher in the AR
group, which could be involved in their poor reproductive
performance.

Tryptophan is metabolized to NAS, which can reverse dopamine
depletion and improve motor behavior (Aguiar et al., 2005). Under
certain stress conditions, NAS stimulates tropomyosin-related kinase
receptor B (TrkB) receptor-mediated neurogenesis, which plays an
antioxidant and anti-apoptotic role in oxidative stress-induced neu-
rotoxicity (Yoo et al., 2017). Tryptophan is metabolized to indole, and
indole production in male rodents under chronic stress can enhance
mood/anxiety and increase adrenal medullary activity (Mir et al,,
2020). Analysis of these metabolites suggests that the stress and stress
state of the NR group might be more favorable than that of the
AR group.
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4.4 .4 Sex hormone metabolism

Androsterone, testosterone, dehydroepiandrosterone, estrone,
and androstenedione were significantly enriched in the AR group.
The metabolic pathways were C19-Steroid hormone biosynthesis
(androgen  backdoor pathway), pregnenolone > androste-
rone > dihydrotestosterone (M00977), C19-Steroid hormone biosyn-
thesis, pregnenolone > testosterone > dihydrotestosterone
(MO00976), C19/C18-Steroid hormone biosynthesis, and pregneno-
lone > androstenedione > estrone (M00110). Reduced androsterone
levels are closely related to decreased sexual desire (Bloch et al.,
2006), and testosterone enhances the sexual desire of hypogonadal
men (Bolofia et al., 2007). Increased levels of total estrogen may lead
to decreased sexual desire (Regan, 1999). Both androsterone and tes-
tosterone are metabolized to dihydrotestosterone. However, no sig-
nificant difference in dihydrotestosterone levels was found between
the two groups. The androgen and testosterone levels in the AR group
could be involved in metabolic disorders, leading to impaired func-
tion. Meanwhile, the significantly elevated estrogen levels might also
contribute to fertility.

4.4.5 Neurotransmitter regulation

Melatonin  biosynthesis, animals, tryptophan > sero-
tonin > melatonin (M00037): Tryptophan is metabolized into sero-
tonin, which, on the one hand, can improve the mental state of
animals, but, on the other hand, can inhibit sexual arousal and moti-
vation. Serotonin usually inhibits male sexual behavior (Bitran et al.,
1987; Hull et al., 2004). As a neurotransmitter, serotonin regulates
mood and appetite while significantly inhibiting the sexual desire
and mating behavior of male animals (Xie et al., 2025). Serotonin is
further metabolized into melatonin. Evidence shows that multiple,
high-dose injections of melatonin in male rats suppressed sexual
function. In contrast, systemic injections of low doses (10-100 pg/
kg) of the hormone stimulated sexual activity in normal male rats
(Drago, 2000). Melatonin treatment improved erectile function and
alleviated neuropathy and fibrosis in rats with diabetes. These
changes might be related to reduced oxidative stress, inhibition of
the p38MAPK signaling pathway, and alleviation of neuropathy
(Zhang et al., 2018).

Serotonergic, GABAergic, and dopaminergic neurotransmission
(Clarke et al., 2013; Gonzélez-Arancibia et al., 2019; Lenschow and
Lima, 2020; Mayer et al., 2015) are considered to be closely related to
sexual desire (Li et al., 2021). Cholinergic agonists and antagonists
reduce sexual activity, and cholinergic drugs can reverse erectile and
ejaculatory difficulties (Hull et al., 1988; Meston and Frohlich, 2000).
Cholinergic inhibition leads to suppressed mating activity (Iovino et
al,, 2019). Environmental stressors and psychological factors can
impact GABA metabolism. Studies on captive male giant pandas
have reported an impact of environmental restrictions on the synthe-
sis of neurotransmitters, including GABA, leading to reduced sexual
desire and mating behavior (Zhang et al., 2022). Analysis of seceral
metabolic pathways suggests that sexual desire might be lower in the
AR group than in the NR group, and chronic stress could be associ-
ated with a greater impact. This might contribute to the superior
reproductive performance of the NR group compared to the
AR group.
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4.5 Study limitations and future perspectives

Although we collected samples every 2 h, moisture evaporation
and the reduction or even disappearance of volatile substances were
inevitable, which affected the types and concentrations of metabo-
lites to some extent. Due to the lack of direct research on pangolins,
some inferences are based on other mammals, which may affect the
accuracy of these conclusions. Furthermore, our sample size is rela-
tively small (our captive population is small), and there is currently
a lack of validation studies on pangolin urinary proteomics/tran-
scriptomics, which also affects the accuracy of these conclusions.
Despite these limitations, this study lays the foundation for future
research and emphasizes the need for more in-depth validation stud-
ies to further explore the impact of captivity on pangolin
reproduction.

Implications of this study for conservation and management: The
results indicate that the microbiome and metabolites may be impor-
tant factors influencing the reproduction of male Malayan pangolins.
Therefore, future research may attempt to verify the effects of adding
probiotics and certain key metabolites on male reproduction, which
may have beneficial effects on pangolin reproduction and
conservation.

5 Conclusion

In summary, this study revealed a series of significant differ-
ences in the AR group: (1) The structure of potentially beneficial
and harmful in the gut microbiota of the AR group was signifi-
cantly altered, with an increased abundance of harmful bacteria
(such as Proteobacteria, Shigella spp., Salmonella spp., E. coli, and
E. faecalis, etc.), which might contribute to inflammation and
depression, and some microbiomes could even be associated with
factors that are detrimental to reproduction. However, this asso-
ciation needs to be further verified in larger samples and dynamic
studies. (2) Metabolomics analysis of the AR group showed
enrichment of energy metabolism pathways (such as the TCA
cycle and pyruvate metabolism), but decreased levels of related
substrates (such as pyruvate), exhibiting a phenomenon of high
enrichment but insufficient substrates, which might suggest that
there could be an imbalance in energy metabolism. This result
needs to be further studied through precise measurement of
energy substances and functional experiments. (3) Androgen
metabolism and signaling pathways were significantly disordered
in the AR group: GnRH secretion secretion was reduced in the AR
group, and the metabolic efficiency of androsterone and testoster-
one was relatively low. These physiological hypotheses require
further verification through hormone level and behavioral experi-
ments. (4) The AR group might be associated with arginine
metabolism disorders. However, the correlation and causal mech-
anism are still unclear and require further functional studies to
confirm. These findings highlight the special changes in the AR
group at the level of microbial community and host metabolism,
providing a new perspective for the study of the mechanism of
male reproductive abnormalities; at the same time, due to the
limitations of sample size and conditions, all conclusions need to
be further verified and supplemented in more studies.
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