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Abstract

Objective To investigate the changes in bile acid (BA) metabolites within the follicular fluid (FF) of patients with
diminished ovarian reserve (DOR) and to identify novel diagnostic markers that could facilitate early detection and
intervention in DOR patients.

Design A total of 182 patients undergoing assisted reproductive technology (ART) were enrolled and categorized
into the normal ovarian reserve (NOR) group (n=91) or the DOR group (n=91) to measure BA levels in FF. To identify
the changes in granulosa cells (GCs), we collected GCs from an additional 7 groups of patients for transcriptome
sequencing.

Setting Reproductive medicine center within a hospital and university research laboratory.

Population A total of 182 patients undergoing assisted reproductive technology were enrolled and categorized into
the NOR group (n=91) or the DOR group (n=91).

Methods In this study, BA metabolites in FF of DOR and NOR patients were analyzed in detail by targeted
metabolomics, and the correlation between BA levels in FF and clinical indicators was discussed. Then, we
constructed a diagnostic model for DOR using the random forest algorithm based on five different BAs. Additionally,
we performed a functional enrichment analysis on differentially expressed genes (DEGs) in GCs from both DOR and
NOR patients.

Main outcome measures BA levels in FF and their correlation with clinical indicators; the areas under the curve
(AUCs) of the random forest diagnostic model for DOR; and the DEGs and corresponding functional enrichment
results of GC RNA analysis.

Result (s) The levels of lithocholic acid, chenodeoxycholic acid, ursodeoxycholic acid, deoxycholic acid and cholic
acid in FF of DOR group were lower than those of NOR group. And significant reductions in total, primary, secondary,
and unconjugated BA levels were observed in the DOR group. The above five BAs levels were closely related to
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indicators of ovarian reserve. The AUC of the diagnostic model based on the above five BAs was 0.964. Based on
transcriptome sequencing data from two groups of GCs, a total of 482 up-regulated and 654 down-regulated DEGs
were identified. Gene ontology analysis revealed that the metabolic and biosynthetic processes of fatty acids, steroids,
and cholesterol were enriched in these DEGs, whereas Kyoto Encyclopedia of Genes and Genomes analysis indicated

enrichment of fatty acid and ovarian steroidogenesis.

Conclusion(s) The levels of multiple BA metabolites in FF are significantly lower than those in patients with DOR and
are closely related to the evaluation of ovarian reserve function.

Introduction

The ovary, as the pivotal reproductive organ in women,
is responsible for egg production and ovulation, as well
as the synthesis and secretion of estrogen, progesterone
(P), and a small amount of androgen. The close relation-
ship between the ovary and female fertility is well estab-
lished [13]. However, ovarian aging and disease-induced
declines in ovarian response leads to reduced endocrine
function and a subsequent decrease in oocyte quantity
and quality, which significantly impacts reproductive
function [47]. Diminished ovarian reserve (DOR) is char-
acterized by a reduction in the number and/or quality of
oocytes, accompanied by decreased anti-Mullerian hor-
mone (AMH) levels, reduced antral follicle count (AFC),
and increased follicle-stimulating hormone (FSH) levels.
Clinical manifestations of DOR include oligomenorrhea,
hypomenorrhea, infertility, or infertility before the age of
40, and DOR can progress to premature ovarian insuffi-
ciency (POI) or premature ovarian failure (POF) [4, 16,
18, 37, 42, 43]. But the currently recognized indicators
for assessing ovarian reserve cannot detect DOR early
enough to initiate interventions in time. Ovarian aging
is a pathophysiological process involving multiple fac-
tors and mechanisms. Genetic variation, oxidative stress,
mitochondrial dysfunction, chronic inflammation and
fibrosis can affect ovarian reserve and ovarian microenvi-
ronment, leading to DOR. However, the underlying cause
is unknown [37]. As the complex and unclear etiology of
DOR, coupled with its insidious onset and multifactorial
pathogenesis, poses a significant challenge for infertility
treatment and prevention.

The ovarian microenvironment, particularly the local
follicular environment, is crucial for egg development.
The primary components of this microenvironment are
cumulus cells and follicular fluid (FF). FF, which is derived
from plasma components and follicular cell secretions,
contains numerous proteins, cytokines, growth fac-
tors, peptide hormones, steroids, energy metabolites,
and other unknown components, all of which are vital
for follicle development. The composition of FF mirrors
the microenvironment that encompasses the oocyte and
is closely linked to both follicular development and the
competence of the oocyte. It holds potential as a valuable
medium for investigating the underlying mechanisms of
various ovarian diseases [12]. A number of studies have

described how ovarian function is affected by metabolite
changes in the FF of women with DOR, with particular
impacts of metabolites in choline metabolism [46], tryp-
tophan metabolism [29], aminoacyl tRNA biosynthesis
[29], purine metabolism [29], indole metabolism [33],
arginine metabolism [11], oxidative stress and inflamma-
tory processes [22]. However, studies on the relationship
between the metabolites of the bile acids (BAs) and DOR
are still poorly understood.

BAs, steroids synthesized by the liver, are integral to
bile synthesis and are related to glucose and lipid metab-
olism. It has been reported that the concentration of BAs
in FF is twice that in serum, and the large amounts of BAs
indicates that these compounds have an important effect
on follicle development [41]. Recent research has high-
lighted the significant impact of BA metabolism on ovar-
ian function [28; 48, 52, 59] 9]. Qi et al. demonstrated
that glycodeoxycholic acid and tauroursodeoxycholic
acid levels are decreased in polycystic ovary syndrome
(PCOS) patients, suggesting that BA supplementation
and metabolic improvement could be novel treatment
strategies for PCOS [44]. It is necessary to be clear that
PCOS is also a syndrome of decreased ovarian function
due to abnormal sex hormone secretion, accompanied by
metabolic disorders, which can lead to decreased fertil-
ity. Li et al. reported that the decrease of oocyte quality
in mice under continuous light was related to embryonic
development and the changes of intestinal microflora and
their metabolites, then showed that secondary bile acids
could effectively rescue the decrease of oocyte quality
and embryonic development [29]. Additionally, increased
concentrations of various secondary BAs in the intestine
can lead to significant increases in the abundance of pro-
inflammatory bacteria, thereby exacerbating oxidative
stress and inflammatory responses in the intestine and
potentially worsening ovarian function [30]. However,
the role and impact of BA metabolites in the ovarian
microenvironment of DOR patients remain incompletely
understood.

Therefore, this study aimed to investigate the changes
of BA metabolism in the FF of patients with DOR by tar-
geted metabolomics, and attempted to explore the direct
effects of BA changes on ovarian function by study-
ing the transcriptome changes of granulosa cells (GCs)
in patients with DOR. We hope to identify metabolic
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factors influencing oocyte quality and to discover novel
diagnostic markers, which may offer valuable insights
for the early detection and intervention of patients with
DOR.

Materials and methods
Patients
We recruited 182 patients under 40 years old from Feb-
ruary 2023 to April 2023, who were undergoing assisted
reproductive technology (ART) treatment in the Cen-
tre for Reproductive Medicine, Peking University Third
Hospital. Of the 182 women, 91 were assigned to the
DOR group, and 91 were assigned to the normal ovar-
ian reserve (NOR) group. This study was approved by
the Ethics Committee of Medical Scientific Research at
Peking University Third Hospital, and informed consent
was obtained from all participants (Peking University
Third Hospital Ethics Committee No. M2023152).
Women were diagnosed with DOR based on at
least two of the following established criteria [56]: (a)
AMH<1.1 ng/mL; (b) AFC<7 follicles; and (c) FSH>10
mIU/mL. The NOR group consisted of women with reg-
ular menstrual cycles, normal ovarian morphology, and
normal hormone levels who were seeking ART due to
male factor infertility or tubal factors. The exclusion cri-
teria included chromosomal abnormalities, ovarian sur-
gery, PCOS, polycystic ovaries, endometriosis, recurrent
spontaneous abortion, intestinal or liver diseases, and
metabolism-related diseases.

Assessment of clinical pregnancy outcomes

Patients received individualized stimulation protocols
recommended by the hospital according to their own
conditions, and oocytes were retrieved 36 h after human
chorionic gonadotrophin (hCG) administration. Choose
different fertilization methods according to the plan
given by an experienced doctor. Each oocyte retrieved
was inseminated with 10,000 motile spermatozoa during
in vitro fertilization (IVF) cycles. Mature (metaphase II
[MII]) oocytes were identified by the presence of a first
polar body (PB) and subsequently used for intracyto-
plasmic sperm injection (ICSI). Normal fertilization was
confirmed by the presence of two pronuclei (PN) and a
second PB 16-18 h post insemination. The normal fer-
tilization rate was calculated by dividing the number of
2PN fertilized oocytes by the total number of oocytes
in IVF or dividing the number of 2PN fertilized oocytes
by the number of MII oocytes in ICSI. At 67-69 h post
insemination (Day 3), embryo quality was assessed based
on cell number and the degree of cytoplasmic fragmen-
tation. The transplantable embryo rate was determined
by dividing the number of embryos that developed
from 2PN to the five- or more-cell stage with less than
30% fragmentation on Day 3 by the number of cleaved
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embryos on Day 2. Ultimately, embryos on Day 3, Day
5, or Day 6 were transferred according to each patient’s
condition [38].

Clinical outcomes of the fresh cycle were defined as
follows: biochemical pregnancy: serum B-hCG level>10
IU/L measured 14 days after embryo transfer; clinical
pregnancy: visualization of at least one gestational sac
by ultrasound 30 days after embryo transfer; live birth:
the birth of one or more live infants; and pregnancy loss:
ectopic pregnancy or abortion before 28 weeks of gesta-
tion .

Data collection

We collected data on maternal age, body mass index
(BMI), infertility diagnosis (primary or secondary infer-
tility), duration of infertility (years), male factor infer-
tility, baseline serum sex hormones, AMH and AFC.
Serum sex hormones and AMH were detected in all
patients by radio-immunoassay and bilateral AFCs on
menstrual cycle day 2-3 was calculated by transvaginal
ultrasonography. During IVF or ICSI, the following fac-
tors were included in the analysis: type of fertilization,
days of stimulation, gonadotropins dose, serum sex hor-
mones levels on the day of hCG injection, endometrial
thickness, the number of oocytes retrieved, normal fer-
tilization rate, cleavage rate, available embryo rate, high
quality embryo rate, number of embryos transferred,
type of embryo transferred (cleavage embryo or blasto-
cyst). Pregnancy outcome indicators included biochemi-
cal pregnancy, clinical pregnancy, live birth (singleton
or multiple live births) and pregnancy loss (abortion or
ectopic pregnancy).

All data on general patient characteristics and clinical
pregnancy outcomes were obtained from electronic med-
ical records, which were recorded and regularly quality
controlled by a dedicated team.

Collection of follicular fluid and granulosa cells

During the retrieving of the oocytes, FF was collected in
a sterile centrifuge tube. The FF was then centrifuged at
1500xg for 10 min to remove insoluble particles and cells.
Then, 500 pL of the supernatant of FF was collected and
stored at -80 °C for future analysis.

FF was drawn into a centrifuge tube, and after cen-
trifugation, the upper white layer was carefully extracted,
precipitated, and mixed with phosphate-buffered saline
(PBS). Following centrifugation, the supernatant was
discarded, and the cells in the upper layer were digested.
After Ficoll separation, the white villous GCs were col-
lected, washed twice with PBS, resuspended in DMEM-
F12 medium supplemented with 10% bovine serum, and
cultured for 8-12 h. The medium was then changed to
remove nonadherent cells and blood cells; the adher-
ent cells were GCs. 1 mL of TRI reagent was added to
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the GCs, followed by cell lysis through pipetting up
and down. The samples were stored at -80 °C before
processing.

Targeted metabolomic analysis and determination of the
total bile acid concentration

FF samples were slowly thawed at 4 °C prior to LC-MS/
MS analysis. A 100 pL aliquot of FF from each group was
mixed with 500 pL of methanol containing an internal
standard (10 uL). BA standard solutions were mixed and
diluted with methanol to achieve 12 different concentra-
tions (500, 250, 100, 50, 25, 10, 5, 2.5, 1, 0.5, 0.25, and 0.1
ng/mL), with the internal standard added in proportion
to the FF sample to establish the calibration curve. After
shaking and centrifugation (14000xg, 4 °C, 20 min), the
supernatant was transferred to a new centrifuge tube and
freeze-dried. The residue was reconstituted with 100 puL
methanol/water (1:1, v/v) and centrifuged at 14,000xg at
4 °C for 15 min, and the resulting supernatant was col-
lected for LC-MS/MS analysis.

Development of the random forest model

The diagnostic model was developed using the R package
randomForest (version 4.7-1.1). Ntree=800 and mtry=3
was set as the arguments for the random forest. All sam-
ples were randomly divided into two sets, with 70% (127
samples) used as the training set for training model. The
remaining 30% (55 samples) was used as the validation
set to evaluate the performance of the predictor. The R
package pROC (version 1.18.5) was used to generate
receiver operating characteristic (ROC) curves and to
calculate the 95% confidence intervals (CIs) of the areas
under the curve (AUCs). The mean decrease accuracy
and mean decrease in the Gini coefficient were calcu-
lated to determine the variable importance in the ran-
dom forest model, with higher values indicating greater
importance.

RNA extraction and lllumina sequencing

The samples were thawed on ice and added 0.2 mL
chloroform. The sample tube was securely capped and
shaken vigorously for 15-20 s by hand. After incubation
at room temperature for 5-10 min, the sample tube was
centrifuged at 12,000xg for 15 min at 4 °C. The upper
clear aqueous phase was carefully transferred to a new
microcentrifuge tube, and 100% isopropanol was added
for initial homogenization of the aqueous phase. After
incubation at room temperature for 10 min, the sample
was centrifuged at 12,000xg at 4 °C for 15 min; then, the
supernatant was completely removed. The pellet was
washed with 1 mL of 75% ethanol used for the initial
homogenization and vortexed to mix well. The sample
was centrifuged at 12,000xg at 4 °C for 5 min; then, the
supernatant was completely removed. The RNA pellet
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was allowed to air dry at room temperature for 5-10 min.
The total RNA was dissolved in 30 uL of RNase-Free
ddH?20.

RNA degradation and purity were assessed using 1%
agarose gels and a NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA), respectively. RNA integrity was
assessed using the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies, CA, USA).
A total amount of 1 ug RNA per sample was used as input
material for the RNA sample preparations. Sequencing
libraries were generated using NEBNext® UltraTM RNA
Library Prep Kit for Illumina® (NEB, USA) following
manufacturer’s recommendations and index codes were
added to attribute sequences to each sample. The cluster-
ing of the index-coded samples was performed on a cBot
Cluster Generation System using TruSeq PE Cluster Kit
v3-cBot-HS (Illumia) according to the manufacturer’s
instructions. After cluster generation, the library prepa-
rations were sequenced on an Illumina Novaseq platform
and 150 bp paired-end reads were generated.

Quality control and RNA-seq data analysis
Firstly, clean data were obtained by removing reads con-
taining adapter, reads containing ploy-N, and low-quality
reads from raw data. At the same time, Q20, Q30 and
GC content the clean data were calculated. Reference
genome indexing and alignment of paired-end clean
reads were performed with Hisat2 v2.0.5. Subsequently,
the mapped reads of each sample were assembled by
StringTie (v1.3.3b) and featureCounts v1.5.0-p3 was used
to count the reads numbers mapped to each gene. Finally,
FPKM of each gene was calculated based on the length of
the gene and reads count mapped to this gene.
Differentially expressed genes (DEGs) were identified
using the R package DEseq2 (version 1.40.2), with an
adjusted P value<0.05 and |log, (fold change; FC) | > 0.58
as the criteria for significance. DEGs were categorized as
up-regulated or down-regulated. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional enrichment analyses were conducted to anno-
tate the biological functions of the DEGs using the R
package clusterProfiler (version 4.8.3). A P value<0.05
and a Q value<0.05 were considered to indicate statisti-
cal significance.

Statistical analysis

Statistical analysis was performed using SPSS Statistics
(version 27.0, IBM Corp., Armonk, New York), GraphPad
Prism 9.0 (San Diego, CA, USA) and R software (version
4.3.1, R core team). Descriptive statistics are presented
as the mean and standard deviation (SD) for continu-
ous data and as the number and percentage for categori-
cal data. Mann-Whitney U tests were used to compare
continuous data means, while chi-square tests or Fisher’s
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Table 1 General patient characteristics and clinical pregnancy
outcomes after a fresh cycle in the NOR and DOR groups

Variable NOR (n=91) DOR (n=91) P value
Age, years 33.76£0.36 3426+0.38 0.229
Body mass index, kg/m? 22.23+0.35 22.30+033 0612
Infertility diagnosis 1.000

Primary infertility 60 (65.9) 60 (65.9)

Secondary infertility 31 (34.1) 31(34.1)
Duration of infertility, 3.25+0.30 391+0.32 0.057
years
Male factor infertility 70 (76.9) 71 (78.0) 0.859
Baseline FSH, mlU/mL ~ 6.13+0.20 10.05+047 <0.001*
Baseline AMH, ng/mL 3.38+0.17 0.61+0.03 <0.001*
Antral follicle count 14324061 3.98+0.28 <0.001*
Baseline LH, IU/L 3.62+0.20 346+0.17 0.592
Baseline E,, pmol/L 107.30+12.81 161.07+27.05 0.018*
Baseline P ng/mL 1.23+0.08 295+1.56 0.579
Fertilization method 0.006*

IVF 41 (45.0) 56 (61.5)

ICSI 44 (48.4) 35(385)

IVF+ICSI 6 (6.6) 0(0)
Duration of stimulation, 1035+0.17 10.23+0.27 0.572
days
Gonadotropins dose, IU  2523.43+£85.56 299292+14868  0.034*
LH on hCG day, IU/L 38.89+36.51 20.28+17.05 0.012*
E, on hCG day, pmol/L  10986.32+647.84 3739.22+29861 <0.001%
P on hCG day, ng/mL 245+0.12 2.18+0.38 <0.001*
Endometrial thickness,  10.39+0.16 9.35+0.23 0.004*
mm
No. of oocytes retrieved  12.04+0.58 3.79+0.26 <0.001*
Normal fertilization rate  0.67+0.02 0.62+0.04 0.928
Cleavage rate 0.98+0.01 0.94+0.02 0.420
Available embryorate  0.38+0.03 041+0.04 0.890
High quality embryo 0.47+0.03 0.46+0.04 0.850
rate
No. of embryos <0.001*
transferred

1 2/47 (4.3) 20/45 (44.4)

2 45/47 (95.7) 25/45 (55.6)
Type of embryo 0.144
transferred

Cleavage embryo 47/47 (100.0) 43/45 (95.6)

Blastocyst 0/47 (0.0) 2/45 (4.4)
Biochemical pregnancy 25/47 (53.2) 22/45 (48.9) 0.835
Clinical pregnancy 25/47 (53.2) 21/45 (46.7) 0.677
Pregnancy loss 3/25(12.0) 4/21(19.0) 0.686
Live birth 0.381

Singleton live birth 17/47 (36.2) 14/45 (31.1)

Multiple live births 5/47 (10.6) 3/45(6.7)

Note Continuous data are reported as the meanzstandard deviation.
Categorical data are reported as n (%). The Mann-Whitney U test was used to
analyze continuous data, and the chi—square test or Fisher’s exact test was used
to analyze categorical data. NOR=normal ovarian reserve; DOR=diminished
ovarian reserve. * P<0.05
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exact tests were used to compare categorical data per-
centages. The Spearman correlation coefficient was cal-
culated using the R package psych (version 2.4.3). All P
values were two-sided, with P<0.05 considered to indi-
cate statistical significance.

Results
General patient characteristics and clinical pregnancy
outcomes
The demographic and assisted reproductive-related data
for 182 patients are summarized in Table 1. No signifi-
cant differences were found in age, BMI, infertility diag-
nosis, duration of infertility, or male factor infertility rate
between the NOR and DOR groups. However, there were
significant differences between groups in baseline FSH,
AMH, and AFC levels, consistent with the clinical char-
acteristics of DOR patients. Notably, baseline estradiol
(E,) levels were significantly higher in the DOR group.
There was a significant difference in assisted reproduc-
tive fertilization method between the two groups, pri-
marily due to the choice of IVF+ICSI by patients in the
NOR group. After excluding IVF+ICSI, the difference
in fertilization method was no longer significant. Dur-
ing ART, there was no difference between groups in the
number of stimulation days required, although the DOR
group required a larger dose of gonadotropins. Lutein-
izing hormone (LH), E,, and P levels on the day of hCG
injection, endometrial thickness, and the number of
oocytes retrieved were significantly higher in the NOR
group than in the DOR group. No significant differences
were found in the normal fertilization rate, cleavage rate,
available embryo rate, high-quality embryo rate, type of
embryo transferred, biochemical pregnancy rate, clinical
pregnancy rate, abortion rate, or live birth rate. However,
the rate of two-embryo transfer was significantly lower in
the DOR group.

Differences in bile acid metabolite levels in follicular fluid
A total of 16 BA metabolites were identified in FF
(Table 2). Compared to the NOR group, the DOR group
showed reduced levels of five distinct BA metabolites:
lithocholic acid (LCA), chenodeoxycholic acid (CDCA),
ursodeoxycholic acid (UDCA), deoxycholic acid (DCA)
and cholic acid (CA). The level of total BAs in FF was
also significantly decreased in the DOR group (Fig. 1A).
Further analysis of BA metabolites revealed that both
primary and secondary BA levels were significantly
decreased in the DOR group (Fig. 1B and C). Concur-
rently, unconjugated BA levels were reduced in the FF
of DOR patients (Fig. 1D). However, the concentration
of conjugated BAs was similar between the two groups
(Fig. 1E).
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Table 2 Expression profile of bile acid metabolites in FF from the
NOR and DOR groups

Bile Acid NOR (n=91) DOR (n=91) P value
Metabolites

(nmol/L)

LCA 86.89+3.59 2436+1.32 <0.001*
CDCA 361.58+31.96 106.99+10.86 <0.001*
UDCA 141.15+16.50 32.88+4.71 <0.001*
DCA 740.80+69.16 351.24+4041 <0.001*
CA 197.37+24.54 111.44+17.07 <0.001*
GCDCA 782.61+£47.55 654.21+36.65 0.099
GUDCA 357.90+39.32 24134+27.76 0.100
TLCA 6.07+0.71 496+0.59 0.395

GCA 147.85+12.44 173.16+6.99 0419
GDCA 585.96+71.60 561.92+48.95 0419
GLCA 4721+6.26 43.36+6.00 0577
TCDCA 45.88+3.14 4581+3.73 0.747
THDCA 2.75+0.19 2.75+0.22 0.747
TCA 18.17£1.69 20.99+3.00 0.864
TDCA 26.71+£1.71 2799+2.10 0911

TUDCA 13.36+£0.86 13.99+£1.05 0911

Note Continuous data are reported as the meanztstandard deviation. The
Mann-Whitney U test was used to analyze continuous data. NOR=normal
ovarian reserve; DOR=diminished ovarian reserve. * P<0.05

Correlations between bile acid metabolites and clinical
characteristics

Spearman correlation analysis was used to study the
relationship between BA metabolite concentrations in
FF and general patient characteristics and clinical preg-
nancy outcomes. The results revealed that LCA, CDCA,
UDCA, DCA, and CA levels were negatively correlated
with baseline FSH concentration (R=-0.460, -0.348,
-0.231, -0.227, -0.324) and positively correlated with
baseline AMH concentration (R=0.702, 0.452, 0.408,
0.290, 0.242), AFC (R=0.616, 0.402, 0.322, 0.246, 0.213),
and the number of oocytes retrieved (R=0.654, 0.432,
0.334, 0.333, 0.338). With the exception of DCA, the
other four BAs (LCA, CDCA, UDCA, and CA) increased
with increasing E, levels on the day of hCG injection
(R=0.511, 0.342, 0.311, 0.231). No significant correlation
was found between other BA metabolites and clinical
indicators (Fig. 1F).

Establishment of a diagnostic model based on five bile
acids

To facilitate earlier diagnosis and timely intervention for
DOR, we constructed a random forest diagnostic model
using the five BAs described above. LCA, CDCA, UDCA,
DCA, and CA had significant differences in FF between
the two groups and were closely associated with indica-
tors of ovarian reserve assessment. As shown in Fig. 1G, a
ROC curve was generated to evaluate the diagnostic per-
formance of the model, which had an AUC value of 0.964.
Figure 1H and I showed the mean decrease accuracy and
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mean decrease in the Gini coefficient of the five variables,
and LCA was found to serve as the most important vari-
ables in the random forest model. When only LCA was
included in the diagnostic model, the AUC value was
0.944. When the first three important variables in the
model, LCA, CDCA, and UDCA, were selected, the AUC
value (0.944) was comparable to that of the model only
containing LCA. The model that included the five differ-
ential BAs had the highest AUC, so we ultimately chose
the five-variable model for clinical efficiency. In addition,
LCA is most likely to be a predictive and intervention
marker for DOR.

Identifying changes in granulosa cells

To explore the possible effects of BA level changes in FF
on ovarian function, we analyzed the transcriptome dif-
ferences of GCs in 7 groups of patients with DOR and
NOR. These 7 groups of patients were recruited from an
additional cohort with the same criteria for inclusion as
before. We totally identified 1136 DEGs including 482
up-regulated and 654 down-regulated genes in the DOR
group compared to the NOR group (Supplemental Table
1, available online). The volcano plot illustrates the dis-
tribution of all the screened genes (Supplemental Fig. 1,
available online). The top 5 up-regulated DEGs, SYT4,
ANKRD30BL, CABP1, NPFFR2 and HLA-G, exhibited
over fivefold increases (e.g., SYT4 exhibited a 8.116-fold
increase). The top 5 down-regulated DEGs, MUC5AC,
ABCCI12, AC239804.1, LINC02576 and AC073575.2,
ranged from 7.368- to 8.315-fold decreases. It is worth
noting that only 148 up-regulated DEGs met |FC| >
1, while 403 down-regulated DEGs met that, suggest-
ing that DOR-associated dysregulation of GC’s genes
is mainly mediated through decreased rather than
increased expression.

According to the GO biological process (BP) analysis,
the primary pathways enriched in the up-regulated DEGs
were the metabolic and biosynthetic processes of fatty
acids, alcohols, steroids, sterols, and cholesterol (Fig. 2A).
The main pathway enriched in the down-regulated
DEGs was the regulation of cell-cell adhesion (Fig. 2B).
KEGG functional annotation indicated that the pathways
enriched in the up-regulated genes were those involving
the fatty acid terpenoid backbone and ovarian steroido-
genesis, while the predominant pathway enriched in the
down-regulated genes was the Rapl signaling pathway
(Fig. 2C and D).

Discussion

Main findings

The aim of this study was to elucidate the changes in BA
metabolites in the FF of DOR patients and to identify
novel markers that could aid in the early detection of and
intervention in DOR.
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Initially, we collected data from 182 patients with DOR
or NOR and compared their general characteristics and
clinical pregnancy outcomes. The results indicated no
difference in pregnancy outcomes between DOR patients
and NOR patients. Although DOR is associated with
reduced oocyte number and quality, DOR patients pos-
sess functional oocytes [7]. As long as DOR patients have
embryos available for transfer, their chances of pregnancy
and live birth are comparable to those of patients without
DOR [19, 25, 58].

Subsequently, we analyzed the BA content in the FF of
both patient groups. The FF of DOR patients exhibited
unique metabolic traits. Notably, LCA, CDCA, UDCA,
DCA, and CA levels were significantly decreased in the
FF of DOR patients. Unfortunately, no reports are avail-
able on the serum BA profiles of DOR patients.

Interpretation

Previous research has established that the ovary lacks the
ability to synthesize BAs, which enter FF via passive and
active transport from blood [40]. We speculate that the
changes in the BA metabolite profile in the FF of DOR
patients may be attributed to differences in the absorp-
tion of BA by follicles and/or alterations in the BA pool in
circulation. A study in buffalo demonstrated that healthy
follicles are more likely to obtain BAs from the blood due
to higher expression of the BA transporter genes NCTP
and ASBT and an abundance of capillaries [51]. More-
over, the content of conjugated BAs in the atretic follicles
of buffalo may increase through a specific BA screening
mechanism that leads to the accumulation of conjugated
BAs such as GDCA in such atretic follicles, which fur-
ther accelerates closure by promoting GC apoptosis and
inhibiting steroid hormone production. Therefore, it is
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plausible that DOR leads to changes in the affinity for
and absorption rate of different BA subspecies in follicles,
resulting in decreases in the aforementioned five BAs and
total BAs.

Another plausible explanation is that gut microbiota
abnormalities in DOR patients lead to changes in the cir-
culating BA pool, which subsequently affects the BA pro-
file in FF. Targeted quantitative metabolomics revealed
that the levels of indole-3-propionic acid (IPA) and
indole-3-acetic acid (IAA) were significantly decreased in

the FF of DOR patients [33]. The differences in IPA and
IAA concentrations in FF may indirectly reflect changes
in the generation or utilization of intestinal microbial
metabolites between DOR and NOR populations, as
both IPA and IAA are tryptophan-derived metabolites
from intestinal flora. Also, increasing evidence suggests
that gut microbiota dysbiosis is associated with POI
and POF [6, 21]. One previous study clearly revealed
the mechanism by which the gut microbiota—BA-inter-
leukin-22 axis regulates the pathogenesis of PCOS [44].
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Under normal conditions, conjugated CA and CDCA
are first dissociated in the intestine and then combined
via 7a-dehydroxylation to form DCA and LCA, respec-
tively [23]. The 7a-hydroxyl group of CDCA undergoes
isomerization to 7p to form UDCA [23]. Based on the
available data, it is reasonable to infer that DOR patients
have intestinal flora disorders, leading to abnormal trans-
formation of primary BAs to secondary BAs; that is, CA
and CDCA are transformed into metabolites other than
DCA, LCA, and UDCA. It is necessary to further evalu-
ate these hypotheses, such as by analyzing differential
gut microflora in DOR and NOR patients and explor-
ing whether specific flora are related to differential BA
metabolites in FF.

Analysis of the correlation between the different
BA metabolites and the clinical characteristics of the
included patients revealed that LCA, CDCA, UDCA,
DCA, and CA are closely correlated with ovarian reserve.
This finding suggests that these metabolites may be
potential biomarkers of DOR. In light of this, we con-
structed a random forest model for DOR diagnosis based
on the aforementioned five BAs. This model demon-
strated extremely high diagnostic value. Currently rec-
ognized indicators for evaluating ovarian reserve cannot
detect DOR early, and thus intervention cannot be initi-
ated in a timely manner. We hope to identify a more sen-
sitive biomarker and advance the intervention window.
The mean decrease accuracy and mean decrease in the
Gini coeflicient indicated that LCA is the most promising
biomarker. In the future, we will further explore the met-
abolic characteristics of circulating LCA in patients with
DOR with the goal of using this metabolite as a new and
more sensitive independent indicator of ovarian reserve.
We will also investigate the effect of LCA-targeted inter-
vention on ovarian function, seeking new intervention
and treatment strategies for DOR.

In the early stages of ovarian function decline, FSH lev-
els gradually increase, leading to increased interactions
of FSH with its receptors and subsequently increased E,
levels. With advancing age and further decline in ovarian
function, a state of high FSH and low E, is observed [49].
The compensatory increase in E, in the DOR patients
included in this study indicates that they were in the early
stages of ovarian function decline. Our results showed
that BAs, particularly LCA, decreased in the early stages
of DOR development. Changes in LCA levels occur ear-
lier, are more dramatic than those in FSH and E,, and are
more accurate due to the lack of cyclical variability, mak-
ing LCA levels more valuable for predicting and diagnos-
ing DOR. Furthermore, LCA can serve as a marker for
the extremely early prediction of DOR.

Related studies suggest that LCA is an effective anti-
aging natural compound [2, 3, 15, 39]. Exogenous
LCA would be dispersed into the mitochondrial inner
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membrane after being added to yeast cells, which would
lead to the synthesis of glycerophospholipids and the
remodeling of mitochondrial membrane movement, and
change the size, number and morphology of mitochon-
dria. On this basis, changes in mitochondrial respiration,
membrane potential, ATP synthesis, etc., and LCA can
prolong the life of yeast and slow down its aging. More-
over, LCA treatment can inhibit the production of TNF-
a, a key inflammatory cytokine [55]. LCA can suppress
inflammation and oxidative stress by inhibiting NLRP3
and Nrf2 signaling [45, 54]. CDCA treatment improved
fasting blood glucose and mean blood glucose levels in
PCOS model mice [53]. CDCA also modulates renal lipid
metabolism, decreases proteinuria, and decreases renal
fibrosis, inflammation, and oxidative stress [20]. UDCA
therapy improved ovarian morphology and decreased
total testosterone and insulin levels in a PCOS rat model
[14]. UDCA has also been shown to have protective
effects against oxidative stress and inflammation in vari-
ous diseases [5, 24, 26, 27]. A study by Yahong Zheng et
al. showed that DCA and LCA decrease NF-kB inflam-
matory signaling through TGRS5, thus protecting the liver
and inhibiting inflammation [59]. Moreover, CA can
maintain blood-brain barrier integrity, decrease apopto-
sis, and mitigate oxidative stress and inflammatory dam-
age after oxygen-glucose deprivation and reoxygenation
[31]. As mentioned above, the antioxidative stress and
anti-inflammatory properties of these five BAs have been
confirmed in numerous experiments. The concentration
of inflammatory factors in FF affects oocyte maturation,
follicular wall rupture, fertilization, and early embryo
development [34, 36]. Huang Y et al. confirmed that FF
in DOR patients contains higher levels of indicators of
oxidative stress and inflammation [22]. Therefore, we
speculate that these five BAs are absorbed by the intesti-
nal epithelium and enter systemic circulation, where they
reach the ovary and exert anti-inflammatory and antioxi-
dative stress effects. Given that reproductive aging is an
important phenotype of DOR, LCA is most likely to be
a potential intervention for DOR. However, the impact
of BA metabolites on ovarian function in the context of
DOR must be validated in further preclinical and clinical
experiments.

Considering the pivotal role of GCs in folliculogenesis
and oocyte development, examining the gene expres-
sion profile of GCs from DOR patients may offer insights
into the molecular mechanisms of DOR. In our study, we
found that the steroid biosynthetic process was the pri-
mary pathway enriched in the upregulated DEGs. Con-
sistent with this finding, our DOR patients exhibited
significantly higher baseline E, levels. We speculate that
negative feedback from the low-BA ovarian environment
stimulates GCs, leading to increased steroid synthesis,
but GCs do not express the key genes for BA synthesis.
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Ruifen He et al. reported that genes related to steroid
synthesis were significantly downregulated in GCs from
DOR patients [17]. Another study did not report signifi-
cant differences in steroid synthesis [34]. Therefore, stud-
ies involving larger samples are needed.

Oxidative stress is closely linked with inflammation.
In response to environmental stress, reactive oxygen
species-induced mitochondrial DNA damage triggers
the imbalanced activation of the NLRP3/NLRP6 inflam-
masome via the stimulation of caspase-8 and BRCC36.
Activated NLRP3 in the context of suppressed NLRP6
stimulates caspase-1 activation, leading to IL-1p and
IL-18 maturation and secretion [8]. Because of its
inflammasome-independent function, NLRP6 has an
anti-inflammatory role in the regulation of NETosis in
pneumonia, gastric cancer, liver disease, rheumatoid
arthritis, certain acute kidney injuries, and intestinal
colitis [1]. In the dextran sulfate sodium-induced colitis
model, the NLRP6 inflammasome protects against colitis
by driving the release of IL-18, which promotes epithelial
barrier integrity by increasing Lgr5+stem cells and anti-
microbial responses. NLRP6 can also prevent colon can-
cer by inducing IL-18, which results in reduced intestinal
inflammation and proliferation signals [10]. In our study,
NLRP6 and IL-18 expression was significantly decreased
in the GCs of DOR patients. IL-18 levels in FF were lower
in the DOR group than in the NOR group, as confirmed
by other studies [22]. Tsuji et al. demonstrated that IL-18
receptor blockade by an IL-18R monoclonal antibody
reduced the number of ovulated oocytes and inhibited
the expansion of cumulus cells surrounding the ovum
[50]. IL-18 can directly affect the function of bovine
theca cells, including the promotion of cell proliferation
and steroidogenesis [57]. Therefore, based on the above
results, it is reasonable to speculate that inflammatory
levels increase in DOR patients via downregulation of the
NLRP6-IL-18 pathway, which affects thecal cell function
and follicular development, leading to follicular develop-
ment disorders.

Strengths and limitations

Nevertheless, there are several limitations of our study.
First, all patients included in this study received ART,
including ovulation induction and other drugs, which
may affect the local ovarian microenvironment and make
it distinct from the natural ovarian microenvironment,
potentially impacting the universality of our results. Sec-
ond, the serum levels of the aforementioned metabolites
should be analyzed to further clarify the levels of BAs in
systemic circulation in DOR and NOR patients. Due to
the lack of information on the type and content of BA in
the serum of patients, the correlation between serum and
follicular fluid BA is still unclear. Therefore, abnormal
bile acid in follicular fluid of DOR patients may not be
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completely caused by abnormal bile acid metabolism in
granulosa cells, which is also a limitation of this study. In
the future, we will explore such related issues in depth.
Third, after identifying the differentially abundant metab-
olites, we did not conduct cell- or animal-based experi-
ments for validation or further study. Finally, the RNA
sequencing results were based on a limited number of
patients. In the future, we should conduct research with
a larger sample size and use RT-PCR to further verify our
findings.

To our knowledge, this is the first study to evaluate dif-
ferences in BA metabolites in the FF of DOR patients.
We established a diagnostic model based on metabolites
and compared the gene expression profiles in GCs from
patients with DOR or NOR. Steroidogenesis and inflam-
mation play key roles in the occurrence and development
of DOR. These findings suggest that BA metabolites may
exert antioxidant and anti-inflammatory effects in FF,
indirectly reflecting the interaction between the intes-
tinal flora and the follicular microenvironment. In the
future, it may be possible to evaluate the improvement of
BA supplementation on ovarian function, which has high
clinical significance.
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