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insufficiency via ceramide-induced elevation of ROS
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Abstract

Premature ovarian insufficiency (POI) is a disease featured by early
menopause before 40 years of age, accompanied by an elevation
of follicle-stimulating hormone. Though POI affects many aspects
of women’s health, its major causes remain unknown. Many clin-
ical studies have shown that POl patients are generally under-
weight, indicating a potential correlation between POl and
metabolic disorders. To understand the pathogenesis of POI, we
performed metabolomics analysis on serum and identified branch-
chain amino acid (BCAA) insufficiency-related metabolic disorders
in two independent cohorts from two clinics. A low BCAA diet
phenotypically reproduced the metabolic, endocrine, ovarian, and
reproductive changes of POI in young C57BL/6) mice. A mechanism
study revealed that the BCAA insufficiency-induced POl is asso-
ciated with abnormal activation of the ceramide-reactive oxygen
species (ROS) axis and consequent impairment of ovarian granu-
losa cell function. Significantly, the dietary supplement of BCAA
prevented the development of ROS-induced POl in female mice.
The results of this pathogenic study will lead to the development
of specific therapies for POI.
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Introduction

Premature ovarian insufficiency (POI) is a disease featured by early
menopause before 40 years of age with follicle-stimulating hormone
(FSH) > 25 U/I. The ovaries of POI patients usually present with
fewer primordial follicles and more atretic follicles, indicating accel-
erated follicular atresia/destruction or defects in supporting, recruit-
ment, and maturation of primordial/growing follicles (Ishizuka,
2021; Lambrinoudaki et al, 2021; McGlacken-Byrne & Conway,
2022). Consequently, women with POI suffer from subfertility and
are susceptible to estrogen deficiency-related aging symptoms in the
bone, cardiovascular system, and central nervous system (Tsili-
giannis et al, 2019; Samad et al, 2020; Stevenson et al, 2021).
Hormone replacement therapy (HRT) can certainly alleviate these
symptoms (Luisi et al, 2015; Webber et al, 2017; Armeni et al,
2021), though the therapies to prevent or cure POI itself are still
absent.

A few POI patients have presented with a relevant family medical
history (Vegetti et al, 1998; Bachelot et al, 2009; Tucker et al, 2016).
Genetic studies revealed that their genomes contain mutations
within genes that were critical for ovarian function. However, a
portion of POI patients has no relevant family medical history
(Chapman et al, 2015), and the mechanism of these sporadic cases
of POI remains unclear. In comparison to the large body of observa-
tional studies, research systemically investigating the cause of POI is
very limited. A better understanding of its pathogenesis is important
to develop specific therapies, other than HRT, to prevent or cure
POL
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The recent white paper on POI from the International Menopause
Society (Panay et al, 2020) and results from several clinical studies
(Michalakis & Coppack, 2012; Szegda et al, 2017) showed that being
underweight was a key feature of POI patients, which suggests a
correlation between POI and metabolic disorders. Since most POI
patients in the clinic have been exposed to some kind of HRT, which
dramatically affect their metabolism, it is difficult to collect proper
samples for comprehensive analysis. In this study, we investigated
the metabolic changes of POI patients who had never been exposed
to HRT by liquid chromatography-mass spectrometry (LC-MS)-
based metabolomics. We found low serum branch chain amino acid
(BCAA) levels in these patients, which was validated in an indepen-
dent cohort collected in a different center. With multiple models, we
validated that BCAA abundance regulates ovarian function and ferti-
lity via the effects of the ceramide-reactive oxygen species (ROS)
axis on ovarian granulosa cells. Additionally, dietary supplementa-
tion with BCAA protects ovaries from ROS-induced POI in mice.

Results
Metabolic disorders in POI patients

A cohort of 18 POI patients without relevant family history and
matched healthy donors was established (Fudan Cohort). None of
the patients had ever received HRT previously. The general clinical
information is presented in Fig 1A. We then profiled the metabolic
changes of these patients and healthy controls by performing LC-
MS-based targeted metabolomics of the serum (Dataset EV1).
Overall, POI patients showed different metabolic features in prin-
ciple component analysis (PCA) (Fig 1B). The distinct separation of
the top-75 differentially detected metabolites was presented on the
heatmap (Fig 1C). The significantly changed metabolites are high-
lighted in the volcano plot in Fig EVI1A.

Unbiased functional enrichment analysis found the downregu-
lated metabolites were enriched in amino acid metabolism (Fig
EV1B). Specifically, we observed decreases in the level of BCAAs,
including leucine-isoleucine and valine (Fig 1D). It is known that
BCAA deficiency may induce an enhancement of ketogenesis.
Consistently, the ketogenesis-related metabolites 3-hydroxybutyrate
and acetyl-carnitine were also upregulated in POI patients (Fig 1E).
Importantly, similar changes in valine and acetyl-carnitine were
observed in an independent cohort (Shandong Cohort) with 10 POI
patients without exposure to HRT and matched healthy donors from
the Center for Reproductive Medicine in Shandong University (Fig
EVIC, Table EV1, and Dataset EV2). We also found elevated
ketogenesis-related secreted protein FGF21 (Fig 1F) but not GDF15
(Fig 1G) in the Fudan Cohort. In addition, significant correlations
between the serum concentration of the metabolites/FGF21 and
FSH/AMH were observed in Fudan Cohort (Fig EV1D).

The effects of ketogenesis or elevated FGF21 on ovarian function
are rather controversial (Owen et al, 2013; Singhal et al, 2016; Zhuo
et al, 2019), but the correlation between FGF21 or ketogenesis and
onset of POI has not been explored. We found that neither Fgf21
overexpression (Fgf21 OE) nor 2 months of a ketogenic diet fed to
young female mice induced significant changes in serum FSH level
(Fig EVI1E-H), suggesting neither increased FGF21 nor elevated
ketogenesis directly induced POI.
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BCAA insufficiency leads to POI-like metabolic changes in young
female mice

We then tested the effects of BCAA insufficiency by feeding mice
with a low BCAA diet. We first confirmed the amino acid abundance
(Appendix Fig S1A) and energy content (Appendix Fig S1B) in the
diet. The detailed recipe of the low BCAA diet is presented in
Appendix Fig S1C. It has been shown that a low BCAA diet can lead
to dramatic changes in metabolism, including an increase in energy
expenditure, enhancement of ketogenesis, upregulation of Fgf21,
and a decrease in body weight in mice (Newgard et al, 2009; Lotta
et al, 2016; Cummings et al, 2018; Karusheva et al, 2019; Zhou et al,
2019; Richardson et al, 2021; Yu et al, 2021). However, its effects on
young lean female mice, which are commonly used for studying
POI, have not been reported.

So, we benchmarked its overall effects on metabolism at first. A
low BCAA (25%) diet over the long-term (3 months), but not short-
term (1.5 months), led to a decrease in body weight (Appendix Fig
S2A and B). The low BCAA diet did decrease BCAA in the serum
(Appendix Fig S2C), increase energy expenditure (Appendix Fig
S2D), change the abundance of metabolites related to ketogenesis
(Appendix Fig S2E), upregulate the level of Fgf21 in the liver
(Appendix Fig S3F), and increase FGF21 in serum (Appendix Fig
S2G). These results indicate that low BCAA diet-induced POI-like
changes in the metabolism of young lean female mice.

BCAA insufficiency leads to POI

The effects of BCAA insufficiency on ovarian function and fertility
have not been explored previously. Intriguingly, we found that
young female mice fed by a low BCAA diet for 1.5 months devel-
oped POI-like phenotypes including upregulation of FSH (Fig 2A),
downregulation of primordial follicles, and upregulation of atretic
follicles (Fig 2B). Notably, the elevation of FSH was also observed
with the diet from a different batch (Fig 2C) and from a different
vendor (Fig 2D). The features of the diet from a different vendor
were presented in Appendix Fig S1D.

Although feeding with the low BCAA diet for 1.5 months did not
affect the level of estraone (E2) and anti-Miillerian hormone (AMH)
(Fig 2E and F), prolonged feeding (3 months) led to a significant
decrease in E2 (Fig 2G) and AMH (Fig 2H). In addition, the lower
pregnancy rates (Fig 2I) and the absence of pups (Fig 2J) were
found in mice on the low BCAA diet. These data suggest BCAA
insufficiencies, but not the elevation of ketogenesis or FGF21
induces POI in mice.

Although several studies used a low BCAA diet (under 25%) for
metabolic research previously (Purpera et al, 2012; Cummings et al,
2018), many studies also used a milder diet with 33% BCAA or even
higher (Tournissac et al, 2018; Richardson et al, 2021; Yu et al,
2021). We discovered the 50% low BCAA diet also led to remark-
able upregulation of FSH (Appendix Fig S3A), downregulation of
primordial follicles, and upregulation of atretic follicles (Appendix
Fig S3B). We also tested the effects of a 25% low BCAA diet on 7-
month-old female mice. We observed a consistent elevation of
serum FSH levels (Appendix Fig S3C), together with the downregu-
lation of primordial follicles and upregulation of atretic follicles
(Appendix Fig S3D). These results indicate BCAA insufficiency can
significantly induce POL.

© 2023 The Authors
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A

B
Patient information for this study. PCA
Control POI P value
Group size 18 18 10-
Age (years) 28.20+2.23  3217+491 >0.05
BMI (kg/m?) 2054+2.14  22.09+3.09 >0.05
Menstruation regular irregular  <0.0001 54
FSH (mIU/mL) 6.50+1.88  73.04+33.49 <0.0001
AMH (ng/mL) NO 5 2 & -
YES 6.46+3.37 0.14+0.28 <0.0001 &
E2 (pg/mL) 201.33+339.12 67.03+135.06 0.1433
Pelvic Surgery 0 0 >0.05 & -5
Metabolic Disease  Diabetes 0 0 >0.05
PCOS 0 0 >0.05 -10 -
Fatty liver 2 0 >0.05
hyperthyroidism 0 0 >0.05
hypothyroidism 0 0 >0.05 -15-
Hypertension 0 0 >0.05 15 10 -5 0 5 10
gout 0 0 >0.05 i
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Figure 1. Metabolic disorders in POI patients.

A

B
C
D

Clinical information of the cohort.

PCA of serum metabolomics. Circles indicate 95% confidence intervals. N = 18.

Heatmap showing the relative abundance of the top 75 differential expressed metabolites. N = 18.

The relative abundance of valine (Val) and leucine-isoleucine (Leu-Ile). N = 18; Boxplot, central band stands for median, boxes stand for 50% of the data, and whiskers
stand for min or max of the data.

The relative abundance of 3-hydroxybutyrate (3-HOB) and acetylcarnitine (AC). N = 18; Boxplot, central band stands for median, boxes stand for 50% of the data, and
whiskers stand for min or max of the data.

The concentration of FGF21 in serum. Control, N = 18; POI, N = 20; Boxplot, central band stands for median, boxes stand for 50% of the data, whiskers stand for min
or max of the data.

The concentration of GDF15 in serum. Control, N = 14; POI, N = 9; Boxplot, central band stands for median, boxes stand for 50% of the data, and whiskers stand for
min or max of the data.

Data information: Error bars stand for SEM of biological repeats. The P-value was calculated by a two-tailed t-test with 2-way ANOVA correction.
Source data are available online for this figure.
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Elevation of ceramide in POl impairs ovarian granulosa
cell function

We next explored how BCAA insufficiencies lead to POI. We found
the BCAAs were absent from the top 25 differentially changed

Figure 2.
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metabolites in the ovaries of mice on a low BCAA diet (Fig EV2A),
though there was an insignificant difference (Fig EV2B). Despite the
systemic BCAA insufficiency, these data indicated that BCAA insuffi-
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Figure 2. Low BCAA diet induces POI-like phenotypes in young female mice.

EMBO Molecular Medicine

A, B The serum concentration of FSH and the changes of follicles in mice on a low BCAA diet for 1.5 months. (A) Control, N = 10; low BCAA, N = &; (B) Control, N = 4; low

BCAA, N = 4.

C The serum concentration of FSH in mice on a different batch of the low BCAA diet. N = 5.

D The serum concentration of FSH in mice on the low BCAA diet from Research Diet. N = 10.

E, F The serum concentration of AMH and E2 in mice on the low BCAA diet for 1.5 months. Control, N = 5; low BCAA, N = 3.
G, H The serum concentration of AMH and E2 in mice on the low BCAA diet for 3 months. N =5.

I,]  The pregnancy rate and number of pups per pregnancy on the low BCAA diet for 3 months. N = 4.

Data information: S1, Primordial; S2, Primary; S3, Secondary; S4, Antral; S5, Atretic. Error bars stand for SEM of biological repeats. The P-value was calculated by two-

tailed t-test with 2-way ANOVA correction.
Source data are available online for this figure.

proposed that dietary BCAA is correlated with inflammation
(Papathanassiu et al, 2017; Zhenyukh et al, 2017; Cosentino et al,
2021). We observed the elevation of proteins enriched in
inflammation-related gene sets in the proteomics analysis of POI
patients’ serum by Gene Set Enrichment Analysis (GSEA) (Fig EV2C
and Dataset EV3). GSEA also revealed the upregulation of genes
enriched in inflammation-related gene sets of the liver from mice on
a low BCAA diet (Fig EV2D and Dataset EV4).

In the context of metabolic research, it has been reported that
ceramide synthase activity is activated by exposure to pro-
inflammatory cytokines (Hernandez-Corbacho et al, 2015; Otten-
linger et al, 2016). Interestingly, we found the upregulation of
various kinds of ceramide in POI patients’ serum with LC-MS-based
untargeted lipidomics (Fig 3A and Dataset EVS5). Similar changes in
ceramide were also identified in the Shandong Cohort (Fig 3B and
Dataset EV6) and mouse serum (Figs 3C and EV2E, and Dataset
EV7). Importantly, we also discovered increased ceramides in the
ovaries of mice fed on a low BCAA diet (Fig 3D and Dataset EV8).

We then tested the effects of ceramide on ovarian granulosa
cells, which are the major cell type responsible for POI. Ceramide
treatment did not affect cell viability (Fig EV2F) and the proportion
of apoptosis marker Annexin V positive cells (Fig EV2G), but drama-
tically attenuated the capability of E2 secretion (Fig 3E) in KGN cells
of the human granulosa cell line. Notably, ceramide treatment
in vivo led to elevated serum concentrations of FSH (Fig 3F), no
obvious changes in pregnancy rate, body weight, and food intake
(Fig EV2H-J), a reduction of pups (Fig 3G), downregulation of
primordial follicles and upregulation of atretic follicles (Fig 3H). In
contrast, the application of myriocin (Myr), a known inhibitor of
ceramide (Lin et al, 2018; Yang et al, 2019; Woo et al, 2020),

Figure 3. Elevation of ceramide impaired granulosa cell function.

rescued the serum level of ceramide, the elevation of FSH and
changes of follicles (Fig EV2K-M) induced by low BCAA diet. Thus,
we conclude that BCAA insufficiency-induced ceramide elevation is
one of the pathogenic factors for POI.

Ceramide impairs granulosa cell function via enhancement
of ROS

We further investigated the mechanism of ceramide-induced POL
RNA-seq analysis identified 535 genes with significant changes in
KGN cells induced by ceramide (Fig EV3A and Dataset EV9). GSEA
revealed ceramide treatment upregulated genes related to ROS in
KGN cells (Figs 4A and EV3B). Since the ovary is composed of
several cell types, the RNA-seq analysis of whole ovaries may not
be able to precisely describe the changes in granulosa cells. To
validate the changes of ROS in granulosa cells in vivo, single
nuclei RNA-seq (sNuc-seq) was performed on the ovaries of mice
fed by either control or a low BCAA diet. The analysis
focusing on nonimmune cells identified granulosa cells (cluster 0),
mesothelial cells (cluster 1), thecal cells (cluster 2), and endothe-
lial cells (cluster 3) from the ovaries (Fig 4B). The expression of
classic markers for each cell type was presented in Fig EV3C. The
low BCAA diet induced the elevation of multiple ROS-related genes
in granulosa cells (Fig 4C), indicating upregulation of ROS in vivo.

The elevation of ROS in POI patients was also identified by
measuring the level of ROS indicators in serum (Fig EV3D and
Dataset EV10). Consistently, E2 production was reduced by ROS
inducer H,0, in KGN cells (Fig 4D). Metabolomics analysis revealed
ceramide treatment disturbed the metabolism of glutathione (GSH)
and glutathione disulfide (GSSG) (Fig 4E and F, and Dataset EV11).

A, B Elevation of serum ceramide in POI patients from the Fudan Cohort or the Shandong Cohort. Left, the relative abundance of total ceramide; right, the relative
abundance of ceramide with specific acyl chain. (A) N = 18; (B) N = 10; Truncated violin plot, central band stands for median, and dotted lines stand for the upper

quartile or the lower quartile of the data.

C Heatmap showing the top 75 changed lipids in the serum of mice on a low BCAA diet. N = 10.

lw)

quartile or the lower quartile of the data.
Decreases of E2 secretions from KGN cells treated with ceramide. N = 3.
The serum concentration of FSH in mice with ceramide treatment. N = 7.

Elevation of ceramide in the ovaries of mice on a low BCAA diet. N = 10; Truncated violin plot, central band stands for median, and dotted lines stand for the upper

E
F
G Number of pups from mice with ceramide treatment. Control, N = 4; ceramide treatment, N = 5.
H

The changes in follicle count from mice with ceramide treatment. N =7.

Data information: S1, Primordial; S2, Primary; S3, Secondary; S4, Antral; S5, Atretic. Error bars stand for SEM of biological repeats. The P-value was calculated by a two-

tailed t-test with 2-way ANOVA correction.
Source data are available online for this figure.
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Figure 4. BCAA-induced POI via ceramide-ROS axis.
A GSEA results of RNA-seq data. N =5.

Xiao Guo et al

B sNuc-seq data of ovarian nonimmune cells. Granulosa cells (cluster 0), mesothelial cells (cluster 1), thecal cells (cluster 2), and endothelial cells (cluster 3).
C, D (C) Relative expression of genes related to ROS in granulosa cells and (D) the concentration of E2 secreted by KGN cells with H,0, treatment. N = 3.

E, F Relative abundance of GSH and GSSG. N =3.

G The concentration of E2 secreted by KGN cells with ceramide treatment w/o NAC. N = 4.
H-J The serum concentration of FSH, AMH, and E2. (H) Control, N = 10; BCAA, N =5; TG = 9; TG + BCAA = 8; (I) Control, N =5; BCAA, N =5; TG = 6; TG + BCAA =6; (J)

N=5.

The changes in follicle count. Control, N = 5; BCAA, N = 4; TG = 5; TG + BCAA=5.

K

L Body weight. Control, N =5; BCAA, N =5; TG = 5; TG + BCAA = 4.
M Pregnancy rate. N = 4.
N

Number of pups from mice with TG or TG + BCAA supplement treatment. N = 4.

Data information: Error bars stand for SEM of biological repeats. The P-value was calculated by a two-tailed t-test with 2-way ANOVA correction.

Source data are available online for this figure.

Supplementing with the GSH precursor N-acetylcysteine (NAC)
prevented the downregulation of E2 production upon ceramide
treatment (Fig 4G). These results from cellular experiments
suggested a direct effect of ROS on the development of POI.

BCAA supplement protects ovaries from ROS-induced POI

The protective effects of NAC on KGN cells inspired us to validate
its effects in vivo. However, we observed that NAC treatment led to
a rapid decrease in body weight and a decrease in activity in young
lean female mice, which limited its potential for clinical application.
Intriguingly, the metabolomics analysis also showed increases in
BCAA in KGN cells treated with ceramide (Fig EV4A). We hypothe-
size that the increase of BCAA in KGN cells is a protective response
against ceramide-induced elevation of ROS. Similar phenotypes
have been observed in the skeletal muscle (He & Zhang, 2022; Yao
et al, 2022). Interestingly, prevention of BCAA catabolism by
Branched Chain Amino Acid Transaminase 2 inhibitor (BCAT2i)
rescued the decreases of E2 production induced by either H,0, or
ceramide (Fig EV4B-C).

We further tested the interaction between ROS and BCAA in the
onset of POI in vivo. We found the elevation of serum ceramide in
female mice treated with a ROS-inducer tripterygium glycosides
(TG) (Fig EV4D), which was a similar phenotype to BCAA deficient
mice. Thus, we tested the effects of dietary supplementation of
BCAA on ROS-inducer TG or another ROS inducer 3-nitropropionic
acid (3-NPA) treated mice. The supplement of BCAA via drinking
water prevented TG or 3-NPA-induced POI phenotypes, including
changes in hormones (Figs 4H-J and EV4E) as well as primordial
follicles and atretic follicles amount (Figs 4K and EV4F). The BCAA
supplement did not dramatically affect body weight (Fig 4L). Impor-
tantly, the fertility was preserved by the BCAA supplement, as a
trend of elevation in the pregnancy rate (Fig 4M) and a significant
increase in the number of pups (Fig 4N). Despite its potential side
effects, our data suggest that BCAA supplements can protect the
ovaries from ROS-induced POI.

Discussion

Understanding the pathogenesis of POI is the key to developing
therapies for its prevention and treatment. Our study revealed that
BCAA insufficiency-induced metabolic disorders contributed to the
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onset of POL It is well known that reproductive function is tightly
regulated by metabolic homeostasis. For example, excessive loss of
body weight may induce amenorrhea, which may be corrected by a
lifestyle change (Huhmann, 2020; Strock et al, 2020; Riva et al,
2021). However, to the best of our knowledge, POI has not been
linked to any form of malnutrition in epidemiological studies. The
reasons for BCAA insufficiency in POI patients, possibly correlated
to genetic variants (Xu et al, 2013; Boulet et al, 2015) or gut micro-
biota changes (Pedersen et al, 2016), are still unclear and need to be
investigated.

In the past decades, many studies have revealed the nutrient
composition of the diet is important for homeostasis. Specifically, it
has been reported the amino acid sensing protein mTOR is an
important factor in the development of POI (Rehnitz et al, 2022; Xu
et al, 2022). These results suggested that amino acid metabolism
might have significant impacts on POI. Several studies indicated that
low-carbohydrate and high-protein diets can lead to improvements
in metabolism in humans (Foster et al, 2003; Huhmann et al, 2018;
de Castro et al, 2019). In the context of the reproduction study, the
positive correlation between dietary protein intake and outcomes of
infertility treatment in women was also identified (Nassan et al,
2018). In contrast, the negative correlation between dietary protein
intake and antral follicle counts was also observed in women
receiving infertility treatment (Souter et al, 2017). In addition, a
recent study on sexually immature female mice (4-week-old)
revealed that the restricted protein intake resulted in an augmenta-
tion of oocyte number and fertility (Zhuo et al, 2019). As the experi-
ment started with 4-week-old mice which are sexually immature,
the dietary restriction may affect the development of the ovary.
Notably, most of these studies measured or manipulated the propor-
tion of crude proteins instead of the amount of specific amino acid
in the diet.

In the current study, we identified that dietary restriction of
BCAA specifically induced POI in mice. In advance, the dietary
supplement of BCAA protected the mice from ROS-related POI.
Based on the published data (Mardinoglu et al, 2018) from a human
study, we also found that 14-day low-carbohydrate and high-protein
diets increased the serum concentration of BCAA and decreased
ceramide (Appendix Fig S4A-E). We hypothesized that restoring the
proper BCAA level with a dietary supplement of BCAA can be devel-
oped as a therapy to prevent ovarian dysfunction in early-stage POI
patients. We are going to test the hypothesis in the future with a
clinical trial.

© 2023 The Authors
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In contrast to preventing further loss of ovarian function in the early
stages, identifying therapies for restoring ovarian function in the late
stages of POI is significantly more difficult. We found that the ceramide-
treated KGN cell showed impaired function. This result can be used to
build cellular models for phenotypic screens or mechanism studies to
identify targeted therapies for BCAA deficiency-induced POIL.

Mechanistically, many studies have described the connections
among amino acid metabolism, FGF21, adiponectin, and ceramide
(Markova et al, 2017; Andrade et al, 2021; Jachthuber Trub et al,
2021). The FGF21-adiponectin axis has been discovered as impor-
tant factor for female fertility (Zhuo et al, 2019). Especially, adipo-
nectin has also been identified as an important regulator of
ceramide metabolism in several mouse models (Holland et al, 2011,
2013, 2017; Field et al, 2020). With great interest, we explored the
role of adiponectin in POI. Unfortunately, we did not discover
dramatic changes in serum concentration for adiponectin in either
POI patients or mice fed a low BCAA diet (Appendix Fig S5A and
B). Therefore, adiponectin may not be directly related to the devel-
opment of BCAA insufficiencies-induced POL.

The use of a BCAA restriction-based diet as a therapy to lose
weight is a topic of scientific research and is an attractive idea to the
general public. A large-scale, long-term clinical trial of dietary BCAA
reduction, with the change of body weight as one of the primary
outcomes, has been designed and aims to recruit 132 obese patients
as participants (NCT04424537). The results of our study do not hurt
the potential for the low BCAA diet’s clinical application, since the
experiments were performed on lean mice. However, clinicians need
to educate their patients properly and design the therapies carefully
to avoid side effects.

Materials and Methods
Human subjects

The experiments were performed according to the principles of the
WMA Declaration of Helsinki and Department of Health and Human
Services Belmont Report. Whole blood was obtained from patients
undergoing premature ovarian insufficiency in outpatient at Fudan
University OB&GYN Hospital or Shandong University under protocol
2019-106. Written informed consent was obtained from each indivi-
dual donating tissue and samples were anonymized and handled
according to the ethical guidelines set forth by the Fudan University
OB&GYN Hospital ethical committee. POI was defined as oligo/
amenorrhea for at least 4 months with an elevated FSH level
>2510/1 on two occasions >4 weeks apart. All the enrolled
patients were carefully consulted. Patients with autoimmune
diseases or a family history of reproductive diseases were excluded
from the study. No abnormality was revealed in the genetic and
immunological tests. None of the POI patients were exposed to any
kinds of endocrine therapies for POI when they were recruited,
except the patients for ROS detection. The blood of the control
group was collected during menstruation, while the blood of POI
patients was collected randomly.

Reagents

Reagents involved in this study were listed in Dataset EV12.

© 2023 The Authors
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Mouse experiments

All animal experiments were performed according to procedures
approved by the Fudan University ethical committee
(IDM2021006b). Mice were maintained under a 12 h light/12 h dark
cycle at constant temperature (23°C) with free access to food and
water. Wild-type C57B6/J mice were obtained from Jiesijie lab. The
8-week-old male mice were used. The mice were divided into
different groups randomly. The investigators were blind to the
labels of the groups. No mice were excluded from the experiments.
The mice were on a special diet were fed with a low BCAA diet
(Trophic Animal Feed High-tech Co., Ltd) for 4 weeks before mating
or sacrifice. Toxin-induced POI mouse model was established by
injection of Tripterygium Glycosides (TG) at 50 mg/kg from YUAN
DA FEI YUN PHARMACY once per day for 5 weeks. The serum was
collected via the tail vein. The liver and ovary were collected after
the mice were sacrificed. BCAA supplementation was performed by
dissolving BCAA in water with 10 mM Tween 80 at the dose of
25 g/l with a ratio of 2:1:1 (Leu:Ile:Val) (Hong et al, 2017). Concen-
tration of three amino acids were 1.25% (Leu), 0.625% (Ile), and
0.625% (Val). Ceramide treatment was performed by dissolving the
ceramide mixture in water at a dose of 30 mg/kg. To inhibit the
effects of ceramide, the mice were injected with 0.5 mg/kg of
myriocin intraperitoneally every day. All the mice were free to drink
water and drug beverages were renewed each day.

ELISA

Blood samples were centrifuged at 3,000 rpm for 15 min to collect
serum. Samples were kept at —80°C. The cell culture medium was
collected at 1,500 rpm for 10 min to remove the cell residuals.
FGF21, GDF15, FSH, E2, AMH, SOD, GSH-Px, and MDA levels were
measured by ELISA kit according to the manufacturer’s instructions.

Lipid and metabolite extraction

The extraction method was modified from a published article
(Huang et al, 2020), and briefly described here. Fifty microliters of
serum were collected from either POI patients or healthy ones. The
serum was first centrifuged at 14,000 g for 10 min at 4°C, and the
supernatant was decanted into a new glass centrifuge tube. Two
hundred microliters of water, 1 ml of methanol, and 5 ml of MTBE
were added to the glass centrifuge tube following a 1 min vortexing.
Once incubating the mixture on a rotator for 1 h at room tempera-
ture, 1.5 ml more water were added to the mixture and vortexed for
another 1 min. The mixture was then centrifuged at 1,000 g for
10 min at 4°C to separate the two phases; the upper phase
containing nonpolar lipids and the lower phase containing aqueous
metabolites. Two phases were separated, collected, and dried using
a SpeedVac at room temperature. The dried lipids or metabolites
were stored at —80°C until analyzed by LC-MS.

Untargeted lipidomics

The nonpolar lipids were reconstituted using 200 pl of 2-propanol:
acetonitrile:water (v:v:v 30:65:5). Five microliters of reconstituted
sample were injected into the LC-MS. The untargeted lipidomics
method was modified from a published method (Breitkopf et al,
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2017) that used C30 column (Acclaim C30, 3 um, 2.1 x 150 mm).
The LC method used two elution solutions; buffer A (60% acetoni-
trile and 40% water with 0.1% formic acid and 10 mM ammonium
formate) and buffer B (90% 2-propanol and 10% acetonitrile with
0.1% formic acid and 10 mM ammonium formate). The 0.2 ml/min
LC gradient was started from 0 to 1.5 min, 32% B, 4 min, 45% B, 5
min, 52% B, 8 min, 58% B, 11 min, 66% B, 14 min, 70% B,
18 min, 75% B, 21 to 25 min, 97% B, 25 to 32 min 32% B. The
samples were acquired by an Orbitrap Exploris 480 (Thermo Fisher
Scientific) using a polarity switching approach with DDA mode. All
the lipidomics. RAW files were processed on LipidSearch 4.0
(Thermo Fisher Scientific) for lipid identification.

We profiled our lipidomic results in a highly confident manner
which is following a strict feature selection and identification
filtering rule.

The identification of untargeted lipidomic results is following
certain criteria. Once the RAW files were acquired from LC-MS/MS,
we searched the lipid feature using LipidSearch with such parameters:

1 Precursor tolerance 5 ppm and product tolerance 5 ppm.

2 The relative intensity threshold for the parent ion is 0.01 and
production is 1.0%.

3 The peak extraction for m/z is +£5 ppm and +0.5 min for the RT.

4 The S/N threshold is 3 for the MS' and 1 for the MS?* peaks.

To ensure positive lipid identification, we filtered the lipids based
on top-ranked features whose m-score is higher than 5.0 and whose
C-score is higher than 2.0. The lipid features were also selected
under FA priority and ID quality including A/B/C scores.

Targeted metabolomics

The aqueous metabolites were reconstituted using 100 ul of acetoni-
trile:water (v:v 50:50). Five microliters of reconstituted sample were
injected into the LC-MS. The targeted metabolomics method was
modified from a published protocol (Yuan et al, 2012) that used an
amide HILIC column (XBridge Amide 3.5 pm, 4.6 x 100 mm). The LC
method used two elution solutions; buffer A (95% water and 5% acet-
onitrile with 20 mM of ammonium hydroxide and 20 mM of ammo-
nium acetate, pH 9.0) and buffer B (acetonitrile). The 0.25 ml/min LC
gradient was started from O to 0.1 min, 85% B, 3.5 min, 32% B,
12 min, 2% B, 16.5 min, 2% B, 17 to 16 min, 85% B. The samples
were acquired by a QTRAP 5500+ (AB Sciex) using a polarity switching
approach which referred from a published MRM list containing 297
transitions. The LC-MS/MS peak integration was performed on Multi-
Quant (AB Sciex) to obtain the metabolomics spreadsheet.

Metabolomic and lipidomic data analyses

The MetaboAnalyst 5.0 and LINT-web website was utilized to
analyze metabolomic and lipidomics results. In brief, the data were
normalized to the median value, log-transformed, and auto-scaled.
Then, the relative abundance of individual metabolites/lipids and
the mean abundance of ceramides was calculated based on the
processed data. The details of how these tools work were described
in the literature (Pang et al, 2020) and (Li et al, 2021a). The raw
data were deposited at Metabolights as MTBLS6249 (lipid) and
MTBLS6250 (metabolites).
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Proteomics analysis

For high-abundance protein depletion of plasma, samples were first
incubated in the High-Select Topl4 Abundant Protein Depletion
Mini Spin Columns (Thermo Fisher Scientific) at 25°C for 2 h
according to the manufacturer’s instructions. The filtrates were
vacuum-dried and redissolved in 8 M urea and 100 mM pH 8.0
Tris—HCl. Samples were reduced with 5 mM DTT at 37°C for
30 min. Then samples were alkylated with 15 mM IAM at 25°C for
45 min in dark. The excess IAM was quenched with DTT. The
samples were digested with 1/50 trypsin at 37°C overnight. The
resulting peptides were acidified, desalted using homemade R3
micro-columns, and vacuum-dried completely.

To generate data-dependent acquisition (DDA) library, peptides
were prefractionated on a Dionex UltiMate 3000 HPLC system
(Thermo Fisher Scientific) using a C18 column (3 um, 2 x 150 mm,
Phenomenex, USA). HPLC solvent A was 10 mM NH4HCOj3, solvent
B was 10 mM NH4HCO; in 80% ACN. Peptides from each sample
were mixed (a total of 220 pg), dried, and then dissolved with
10 mM NH4HCO;. The mixture was separated by a linear gradient
(5-40% in 25 min and 40-100% in 5 min) with a flow rate of
200 nl/min. Thirty fractions were mixed into 15 samples and
vacuum-dried completely.

LC-MS/MS analysis was performed using an EASY-nLC 1200
system (Thermo Fisher Scientific) coupled to an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific). Samples were
resuspended with 1% FA and iRT peptides (Biognosys) were added
prior to MS analysis. Peptides were analyzed using a homemade
C18 analytical column (75 pm i.d. x 25 cm, ReproSil-Pur 120 C18-
AQ, 1.9 pm) (Dr. Maisch GmbH). The mobile phases consisted of
Solvent A (0.1% formic acid) and Solvent B (0.1% formic acid in
80% ACN). The peptides were eluted using the following gradient:
2-5% B in 2 min, 5-35% B in 100 min, 35-44% B in 6 min, 44—
100% B in 3 min, 100% B for 10 min, at a flow rate of 200 nl/min.

For DDA experiments, the resolution of full MS scans was set as
60,000 at m/z 200. AGC target was set as 4e5 with a maximum
injection time of 50 ms. The scan range was set as 350-1,600 m/z.

For MS2, the AGC target was set as 200% with a resolution of
15,000 and a maximum injection time of 22 ms. The width of the
isolation window was set as 1.3 m/z. The NCE was set as 30%. The
cycle time was set as 3 s.

The data-independent acquisition (DIA) analysis was set as
three full MS scans. Each full MS scan was followed by 20 MS2
windows. The first 20 windows were set from 350 to 550 m/z.
The second 20 windows were set from 550 to 750 m/z. The third
was set as 10 windows from 750 to 850 m/z, 5 windows from 850
to 950 m/z, and 5 windows from 950 to 1,200 m/z. The resolution
of full MS scans was set as 120,000 at m/z 200, full MS AGC
target was 100% with a maximum injection time of 50 ms and the
scan range was set as 350-1,200. The resolution of MS2 was set
as 30,000 with a maximum injection time of 54 ms and the NCE
was set as 32%.

DDA data were processed using Protein Discoverer (version 1.4,
Thermo Fisher Scientific) with Mascot (version 2.7, Matrix
Science). The database was UniProt human protein database
(75,004 entries) combined with the sequences of Biognosys iRT
peptides. The mass tolerances were 10 ppm for precursor and
0.05 Da for fragment ions. Up to two missed cleavages were
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allowed. Carbamidomethylation (CAM) on cysteine was chosen as a
fixed modification. Acetylation on protein N-terminal and oxidation
on methionine were chosen as variable modifications.

DIA data analysis was performed using Spectronaut (version
14.3, Biognosys). High-precision iRT calibration was used. The
library was generated by importing the search results from
Proteome Discoverer using the default settings. DIA data were
analyzed using default settings disabling the PTM localization filter.
Mass tolerance/accuracy for precursor and fragment identification
was set to default settings. Up to six fragments were employed for
library generation. FDR at peptide and protein level was set to 1%
using a mutated decoy model. To match DIA data to the spectral
library, the applied mass and retention time tolerances were
dynamic based on the m/z of the targeted ion and the retention time
of the scan. The calibration was done for each run individually.
Default settings for quantification at the MS1 level were employed
for quantification. The raw data were deposited at iProX (https://
Www.iprox.cn/, accession ID: IPX0005189000).

RNA-seq assay

Total RNA was extracted from normal and pathological tissues with
the TRIzol reagent (Invitrogen). RNAs were then reversely tran-
scribed with oligo(dT) primers. RNA-seq libraries for expression
analysis were constructed using KAPA RNA HyperPrep Kit KR1350
v1.16 according to the vendor’s protocol and paired-end 2 x 150 bp
reads were sequenced using the Illumina HiSeq platform. The data
were aligned and quantified by HISAT2 (Kim et al, 2019). The raw
data were deposited to GEO (GSE215358).

Single nuclei RNA-seq

The ovaries were collected from the mice and immediately froze in
liquid nitrogen. Before the Single nuclei RNA-seq (sNuc-seq) started,
the ovaries were minced and homogenized in a nuclei extraction
buffer (Tris 10 mM, Tween-20 0.03%, NaCl 146 mM, CaCl, 1 mM,
MgCl, 21 mM, and BSA 0.01%). The nuclei were immediately
loaded on the 10x Chromium controller (10x Genomics) with Single
Cell 3’ v3.1 chemistry according to the manufacturer’s protocol after
FACS purification. For each sample, ~ 10,000 nuclei were loaded in
one channel of a Chromium Chip (10x Genomics). The cDNA
generation and library preparation were performed according to the
manufacturer’s protocol and sequenced using the Illumina HiSeq
platform. The data was initially processed by Cell Ranger and
analyzed by Seurat v4.0.

Quantitative RT-PCR

TRIzol (Thermo Fisher) was used for total tissue and RNA isolation.
Extracted RNA (500 ng) was converted into cDNA using the Prime-
Script™ RT reagent Kit (Takara). Quantitative RT-PCR (qRT-PCR)
was performed using an Applied Biosystems QuantStudio 5 and
SYBR Green PCR Master Mix (Applied Biosystems). Fold change
was determined by comparing target gene expression with the refer-
ence gene 36b4 (Forward: GAGGAATCAGATGAGGATATGGGA;
Reverse: AAGCAGGCTGACTTGGTTGC). The primer sequences of
Fgf21 were: Forward: ACTGAAGCCCACCTGGAGAT; Reverse:
AGGCTTTGACACCCAGGATT.

© 2023 The Authors
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Cell culture

The KGN cells (Procell, STR tested) were maintained in DMEM/F12
medium (HyClone) with 10% FBS (Gibco) and 1% penicillin/strep-
tomycin mixture (Gibco). 10° cells were seeded in a 24-well plate
for experiments. The KGN cells were treated with ceramides (MCE)
or DMSO for 48 h and stimulated with FSH (MCE) for 24 h, before
the medium was collected to measure the concentration of E2 by
ELISA. The E2 concentration was normalized to the protein concen-
tration of the cells, for which the cells were lysed by NP40 buffer
and measured with a BCA kit (Thermo Fisher Scientific). Cell viabi-
lity was measured with Cell Counting Kit-8 (CCK-8; Yeasen)
according to the manufacturer’s instructions. Briefly, cells were
seeded into a 96-well plate at a density of 1,000 cells per well. Cells
were examined at 48 h w/o ceramide treatment. In brief, CCK-8
(10%) was added to the wells. After an incubation of 1 h at 37°C,
the absorbance was measured at 450 nm with Microplate Reader
Infinite® F50 (Tecan). The Annexin V assay was performed with an
apoptosis kit (Servicebio, G1510-50T) and Agilent NovoCyte 3130
following the manufacturer’s guideline.

Histology

The right ovaries were collected and fixed in 4% paraformaldehyde
(DINGGUO) after all the mice were sacrificed. Each ovary was
embedded in paraffin and sectioned into three slides within 3 mm
from the maximum cross section and mounted on glass slides.
Samples were dewaxed using Xylene (Sinopharm Chemical Reagent
Co., Ltd) for 20 min twice, 100% ethanol (Sinopharm Chemical
Reagent Co., Ltd) for 5 min twice, 75% ethanol for 5 min, and
rinsing with tap water. Sections were stained with Hematoxylin
solution (ServiceBio) for 3—-5 min, and rinsed with tap water. Then
sections were treated with Hematoxylin Differentiation solution
(ServiceBio) and Hematoxylin Scott Tap Bluing (ServiceBio), rinse
with tap water, respectively. Sections were dehydrated using 85%
ethanol for 5 min and 95% ethanol for 5 min, stained with Eosin
dye (ServiceBio) for 5 min. Then sections were dehydrated using
100% ethanol for 5 min three times and xylene for 5 min twice.
Finally, sections were sealed with neutral gum (Sinopharm
Chemical Reagent Co., Ltd).

All the ovarian follicles’ images were taken by OLYMPUS BX53F
Optical Microscope. Follicles with oocyte nucleus were recognized
to avoid repeated counts of the same follicle. The follicles were clas-
sified as primordial, primary, secondary, antral follicle, and atresia
follicle with the following protocol. Primordial follicle: an oocyte
surrounded by one layer of flattened granulosa cells; primary
follicle: one to two complete layers of cuboidal granulosa cells
surrounding the oocyte; secondary follicle: more than two layers of
cuboidal granulosa cells surrounding the oocyte; antral follicle: an
oocyte surrounded by multiple layers of cuboidal granulosa cells
with a cumulus oophorus and antral spaces; and atretic follicle: a
follicle in a degenerative process with a formless nucleus.

Metabolic profile
The energy expenditure was measured by Promethion Comprehen-

sive Lab Animal Monitoring System (CLAMS, Sable Systems Inter-
national, NV, USA) housed within a temperature-controlled
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Problems

Premature ovarian insufficiency (POI) is a disease featured by early
menopause before 40 years of age with follicle-stimulating hormone
> 25 U/I. Consequently, women with POI suffer from subfertility and
are susceptible to estrogen deficiency-related aging symptoms in the
bone, cardiovascular system, and central nervous system. Hormone
replacement therapy (HRT) can certainly alleviate these symptoms,
though the therapies to prevent or cure POl itself are still absent. A
better understanding of its pathogenesis is important to develop
specific therapies, other than HRT, to prevent or cure POI.

Results

In this study, we investigated the metabolic changes of POI patients
who had never been exposed to HRT by liquid chromatography—mass
spectrometry-based metabolomics. We found low serum branch chain
amino acid (BCAA) levels in these patients, which was validated in an
independent cohort collected in a different center. With multiple
models, we validated that BCAA abundance regulates ovarian function
and fertility via the effects of the ceramide-reactive oxygen species
(ROS) axis on ovarian granulosa cells. Additionally, dietary supplemen-
tation with BCAA protects ovaries from ROS-induced POI in mice.

Impacts

Our study reveals that restoring the proper BCAA level with a dietary
supplement of BCAA can be developed as a therapy to prevent ovarian
dysfunction in early-stage POl patients. This hypothesis should be
tested with clinical trials in the future. In addition, clinicians need to
educate their patients on low BCAA diet properly and design the
therapies carefully to avoid side effects.

environmental chamber at Fudan University. Female mice on
control or low BCAA diet from 6 weeks were housed in the room
for CLAMS 24 h before the experiment started. The CLAMS experi-
ment was performed for 48 h according to the manufacturer’s guide-
lines. The data analysis was performed in a similar procedure as
described in the literature (Li et al, 2021b). The energy content of
the diet was measured by a bomb calorimeter (IKA, Guangdong,
China) according to the manufacturer’s guidelines.

Statistics

GSEA was performed according to its guideline using the default
setting (Mootha et al, 2003; Subramanian et al, 2005). The signifi-
cant changes from GSEA were defined as the absolute value of
normalized enrichment score (NES) > 1, P < 0.05, and g < 0.25. The
P- and r-value for the correlation analysis were calculated by the
nonparametric Spearman test. The contingency test was used for
the analysis of the pregnancy rate. Paired student t-test was used for
the analysis of the data from patients on a high protein low carbohy-
drate diet. Student t-test with 2-way ANOVA correction was used for
the rest of the data in this study.

Data availability

The raw metabolomics and lipidomics data were deposited at Meta-
bolights as MTBLS6249 (lipid) and MTBLS6267 (metabolites). The
raw proteomics data were deposited at iProX (https://www.iprox.
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cn/, accession ID: IPX0005189000). The raw RNA-seq data were
deposited at GEO (GSE215358).

Expanded View for this article is available online.
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