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Ovarian lipid metabolic
alterations in polycystic ovary
syndrome: insights from proton
magnetic resonance
spectroscopy

Ke-Ying Wang', Ting Yang', Yi-Fan Ding’, An-Rong Zeng,
Ying Li* and Jin-Wei Qiang*

Department of Radiology, Jinshan Hospital, Fudan University, Shanghai, China

Objectives: Altered ovarian lipid metabolism plays a critical role in the
pathophysiology of polycystic ovary syndrome (PCOS). This study aimed to
evaluate and compare ovarian lipid metabolic profiles in PCOS patients and
healthy controls using proton magnetic resonance spectroscopy (*H-MRS).
Method: This was a single-center prospective study. Single-voxel H-MRS
was used to identify the lipid metabolism in 50 PCOS patients and 40 healthy
controls (training cohort). A total of 34 PCOS patients and 39 controls underwent
'H-MRS on the contralateral ovaries (test cohort). Key lipid metabolites were
identified and quantified using LCModel software. A combination of these key
lipids using the binary logistic regression analysis was constructed to enhance
the discrimination efficiency between PCOS patients and the controls.

Results: Significant elevations were observed in lipid metabolites MMQO9 + Lip09,
MM14 + Lipl13a + Lip13b + MM12, MM21 + Lip21, Lip23, and Lip28 (e.g., MMOQ9,
macromolecule signalat 0.9 ppm; Lip09, lipid signalat 0.9 ppm) in PCOS patients
compared to controls. The combination model of key lipids achieved an AUC
of 0.89 [95% confidence interval (Cl): 0.83-0.95], with sensitivity, specificity,
positive predictive value (PPV) and negative predictive value (NPV) of 0.76, 0.95,
0.95, and 0.76, respectively, in the training cohort, and 0.88 (95% Cl, 0.80-0.95),
0.76, 0.87, 0.84, and 0.81, respectively, in the test cohort. Pathway enrichment
analysis revealed significant involvement of fatty acid metabolism, phospholipid
synthesis, lipid signaling, and membrane organization pathways.

Conclusion: The study highlights significant lipid metabolic disruptions in PCOS.
Lip23 and Lip28 emerged as potential biomarkers for PCOS diagnosis. These
findings enhance the understanding of PCOS pathophysiology and provide a
foundation for future targeted therapeutic approaches.
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Introduction

Polycystic ovary syndrome (PCOS) is a common metabolic
disorder affecting 5-20% of women of reproductive age (I, 2).
Clinically, PCOS is characterized by menstrual irregularities,
hirsutism, obesity, hyperinsulinemia, and hyperandrogenism (3).
PCOS is also associated with long-term complications such as
diabetes, cardiovascular diseases, and endometrial cancer (4).

The pathology of PCOS, believed to be complex and influenced
by genetic, metabolic, and microenvironmental factors, remains
unclear (5). A previous study has shown that the metabolic
microenvironment of the ovaries plays a critical role in PCOS (6).
Dyslipidemia is associated with abdominal obesity and
hyperandrogenism in PCOS (7). Similarly, targeted metabolomics of
the lipid profile in PCOS women showed elevated triglyceride levels,
particularly those containing unsaturated fatty acids (8). Lipid
metabolic analysis of follicular fluid from PCOS patients further
revealed altered lipid metabolism in the ovaries (9). These findings
suggest that lipid metabolism plays a crucial role in the metabolic
dysfunction associated with PCOS.

Proton magnetic resonance spectroscopy ('H-MRS) is a
non-invasive technique that detects metabolic changes in living
tissues, allowing for the quantification of metabolite concentrations
and biochemical alterations (10). Recent studies using ex vivo MRS
and metabolomics have provided critical insights into amino acid and
lipid dysregulation in the serum of PCOS patients (11). Therefore, it
is possible to investigate the clinical usefulness of MRS for lipid
metabolism in PCOS patients.

We believe that non-invasive in vivo 'H-MRS may provide
valuable information for the clinical diagnosis of PCOS and help
further elucidate the mechanisms of ovarian lipid dysfunction in these
patients. This study aims to utilize "H-MRS to analyze and compare
ovarian lipid metabolic profiles in PCOS patients and healthy controls,
and to identify the key lipids and lipid metabolic pathways disrupted
in PCOS.

Materials and methods

Ethics

This prospective study was approved by the Review Board of the
local hospital (Approval number: JIEC-2019-S31), and written
informed consent was obtained from all participants. Patients or the
public were not involved in the design, conduct, reporting, or
dissemination plans of this research.

Study design and general information

The study included 50 consecutive patients from the Gynecological
Endocrinology outpatient clinic and 40 healthy volunteers from the
Health Management Center between December 2019 and December
2020. Clinical data, laboratory results, and data were collected from
both groups. All subjects underwent MRS scanning on at least one
ovary, with data from these scans used as the training cohort. A subset
of subjects successfully underwent MRS scanning on their other ovary
as well, with the data from these scans used as the test cohort. The
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study aimed to analyze and compare quantitative lipid indices to
investigate ovarian lipid metabolic changes between PCOS patients
and healthy controls.

The inclusion criteria for the PCOS group were as follows: meeting
two of the following three criteria (12): (1) menstrual irregularities,
defined as menstrual cycles shorter than 21 days or longer than
35 days within 1-3 years after menarche; menstrual cycles shorter
than 21 days or longer than 35 days more than 3 years after menarche;
fewer than eight menstrual cycles in a year; any menstrual cycle
lasting more than 90 days 1 year after menarche; or absence of
menstruation after the age of 15 years or within 3 years of breast
development; (2) clinical or biochemical hyperandrogenism, with
clinical hyperandrogenism presenting as acne, hirsutism, or alopecia.
Hirsutism was diagnosed with a Ferriman-Gallwey score of >4-6, and
alopecia was assessed using the Ludwig Visual Score. Biochemical
hyperandrogenism was defined as a free testosterone level >63 ng/dL
(2.8 nmol/L); (3) polycystic ovaries, indicated by ultrasound showing
12 or more small follicles (2-9 mm in diameter) arranged in a circular
or scattered pattern in one ovary and/or an ovary volume (OV)
>10 cm’. The control group consisted of healthy women of
reproductive age. All participants were between menarche and
menopause, aged 20 to 31 years. None were pregnant or on any
medication at the time of examination.

The exclusion criteria were as follows: (1) ovulatory dysfunction
due to other diseases, such as thyroid dysfunction or
hyperprolactinemia; or hyperandrogenism due to adrenal hyperplasia,
severe insulin resistance syndrome, or androgen-secreting tumors; (2)
idiopathic hyperandrogenism or hirsutism; (3) presence of a dominant
follicle, cyst, or corpus luteum.

Clinical data

Clinical information was recorded for each participant, including
age, menstrual status, physical examination results, and body mass
index (BMI = weight/height®). After fasting for 4-6 h prior to the test,
approximately 10 mL of venous blood was collected for laboratory
testing, including free testosterone (T), luteinizing hormone (LH), and
follicle-stimulating hormone (FSH). For controls and PCOS patients
with regular menstrual cycles, blood samples were taken during the
follicular phase, specifically between days 3 and 5 of the menstrual
cycle; for PCOS patients with irregular cycles, blood was drawn at
any time.

MRI and MRS examination

A 3.0-T MRI scanner (MAGNETON Verio, Siemens, Erlangen,
Germany) was used with a body coil as the transmitter and a pelvic
phased-array coil as the receiver. For all subjects, blood samples and
MRS scans were conducted on the same day. During the scan,
patients were positioned supine and instructed to breathe calmly.
The scanning range extended from the anterior superior iliac spine
to the upper segment of the femur. Routine MRI sequences were
performed, including axial, coronal, and sagittal T2-weighted
imaging (T2WI). Single-voxel '"H-MRS was performed with the
voxel (8 x 8 x 8 mm) positioned within the largest visible follicular
structure on T2-weighted images, avoiding the ovarian stroma and
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adjacent tissues. The point-resolved spectroscopy (PRESS) pulse
sequence was used for the "H-MRS. A water reference scan was
acquired for each voxel prior to lipid acquisition using the same
voxel placement and acquisition parameters. The water signal served
as an internal concentration reference for absolute lipid
quantification, ensuring consistency across all subjects. BO
shimming was performed prior to spectral acquisition to minimize
magnetic field inhomogeneities within the voxel of interest (VOI).
A first-order automatic shimming technique was used to optimize
the homogeneity of the magnetic field. The water linewidth within
the VOIs was measured after shimming and ranged from 10 to
15 Hz.
Supplementary Table 1.

Sequence and parameter details are listed in

MRS data processing

The raw spectral data were imported into LCModel software for
quantification, where absolute and relative concentrations of lipids
were calculated by fitting in vivo spectra to simulated basis sets of
known lipids. Simulated basis sets were standard for LCModel, with
validation performed by comparing key lipid peaks with those
reported in previous ovarian MRS studies. The spectral range analyzed
spanned 0.2 to 4.2 ppm. The accuracy of the lipid quantitation was
assessed using Cramer—Rao lower bounds (CRLBs), a measure of the
uncertainty in the estimated concentration. Only lipids detected in at
least 80% of the spectra, with a signal-to-noise ratio (SNR) of >10 and
a CRLB value of <20%, were considered reliable and selected for
further analysis. Lipid concentrations were normalized to the
unsuppressed water peak signal to account for voxel volume and coil
sensitivity, ensuring consistent quantification.

Key lipid identification

Absolute lipid concentrations were quantified in millimolar (mM)
units. Absolute quantification was performed by normalizing the lipid
signals to water peak intensity, taking into account factors of voxel
size, field strength, and coil sensitivity. Principal component analysis
(PCA) was used to reduce the dimensionality of the lipid data,
highlighting major patterns and separating groups based on their lipid
profiles, which enabled the identification of broad trends and initial
group clustering without requiring prior assumptions. Partial least
squares discriminant analysis (PLS-DA) was applied to enhance group
separation and identify metabolites with the greatest discriminatory
power. Key metabolites were selected based on their statistical
significance (p < 0.05) and a variable importance in projection (VIP)
score of >1, ensuring robustness across both the training and
test cohorts.

Discrimination of key lipids and validation

The AUC: of the key lipids in differentiating PCOS from controls
were calculated. A combined model (a combination of the key lipids)
was constructed using binary logistic regression to enhance the
discrimination efficiency between PCOS and controls. The predictive
performances of the combined model were also evaluated.
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Metabolic enrichment and pathway
analysis

The LIPID MAPS database' was used for key lipid classification.
The lipid categories were confirmed based on statistical significance
for the identified key lipids. The KEGG? and Reactome® databases
were used for pathway analysis. Relevant biological pathways were
identified by considering both direct and indirect lipid interactions
associated with ovarian lipid metabolism in PCOS.

Statistical analysis

Statistical analysis was performed using R software (Version 4.4.0,
https://www.r-project.org/). Normally distributed quantitative
parameters were compared using independent t-tests, while
non-normally distributed parameters were compared using the
Mann-Whitney U-test. Qualitative parameters were assessed using
the chi-squared test. The receiver operating characteristic (ROC)
curves were used to evaluate the diagnostic efficiency of these
parameters. The combination of the parameters (key lipids) was
performed using a linear combination. Fisher’s exact test was used for
enrichment analysis. Data were presented as mean + SD. A p-value of
<0.05 was considered statistically significant.

Sample size determination

To ensure statistical validity, we performed a post-hoc power
analysis based on the effect size of Lip23 (which showed the highest
AUC in the training cohort). Using a two-sided a = 0.05, a power of
80%, and the observed group mean difference and standard deviation,
we determined that a minimum of 34 participants per group would
be sufficient to detect a statistically significant difference.

Results
Clinical characteristics

The workflow of this study is shown in Figure 1. The clinical
characteristics of PCOS patients and controls in both the training and
test cohorts are shown in Table 1. PCOS patients had a significantly
higher BMI than controls (training: p < 0.001; test: p < 0.001). OV was
also notably larger in PCOS patients (training: p < 0.001; test:
P <0.001), and they exhibited a significantly higher follicle count
(training: p < 0.001; test: p < 0.001).

Significant hormonal differences were noted between the two
groups. PCOS patients had elevated LH levels (training: p < 0.001; test:
P <0.001) and reduced FSH levels (training: p < 0.001; test: p < 0.001),
resulting in a significantly higher LH/FSH ratio in PCOS patients. T
levels were also significantly higher in PCOS patients (training: p < 0.001;

1 https://www.lipidmaps.org/
2 https://www.genome.jp/kegg/
3 https://reactome.org/
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Between December 10,2019 and
December 10, 2020, PCOS pateints and
healthy controls were enroled

Exclusion criteria

® Ovulatory dysfunction due to other diseases

® Idiopathic hyperandrogenism or hirsutism

® Presence of a dominant follicle, cyst, or
corpus luteum

v

PCOS (n =50), Control (n =40)

I
[ ]

Traning cohort Test cohort
PCOS (n =50), Control (n = 40) PCOS (n = 34), Control (n =39)
MRS of one overy MRS of another overy

Key matebolites identification [€—Validation=—————

Pathway enrichment analysis
ROC analysis

FIGURE 1
Workflow of this study. PCOS, polycystic ovary syndrome, MRS, magnetic resonance spectroscopy, and ROC, receiver operating characteristic.

TABLE 1 Comparison of baseline clinical characteristics and hormonal levels between PCOS patients and control groups in the training and test
cohorts.

Parameters Training cohort Test cohort

PCOS (N = 50) p-value Control PCOS (N = 34) p-value

(N = 39)

Age (years) 26+24 25+5.0 0.29 25+25 24+5.0 0.344
BMI 20+£2.4 24+47 <0.001 20£2.0 25+4.0 <0.001
Overy volume (mm?®) 69+28 122+ 4.6 <0.001 70+28 12.1+4.7 <0.001
Follicle count 10.0 +5.1 232+9.1 <0.001 10.5+4.1 243+9.0 <0.001
LH (IU/L) 53+£33 12.6 £ 6.9 <0.001 54+3.6 13.2+7.3 <0.001
FSH (IU/L) 82+1.6 63+1.7 <0.001 83+1.6 6.0+1.8 <0.001
LH/FSH 0.6+0.5 20+1.1 <0.001 0.6 £0.5 23+12 <0.001
Testosterone (nmol/L) 0.5+0.16 0.8 +0.50 <0.001 0.5+0.15 0.9 +0.40 <0.001
Hyperandrogenism <0.001 <0.001
Negative 31 (77.5%) 10 (20.0%) 31 (79.5%) 4(11.8%)
Positive 9 (22.5%) 40 (80.0%) 8(20.5%) 30 (88.2%)
Oligo anovulation <0.001 <0.001
Negative 35 (87.5%) 2 (4.0%) 34 (87.2%) 2 (5.9%)
Positive 5 (12.5%) 48 (96.0%) 5(12.8%) 32 (94.1%)

PCOS, polycystic ovary syndrome; BMI, body mass index; LH, luteinizing hormone; FSH, follicle-stimulating hormone.
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in PCOS patients compared to controls.

MRS of PCOS and control cases. (A) Shows a typical *H-MRS spectrum of the ovary from a healthy control, while (B) displays the spectrum from a
PCOS patient. The spectra are presented as plots of signal intensity against chemical shift (ppm). In the PCOS spectrum (B), distinct peaks are labeled
corresponding to key lipids: MMQ9 + Lip09, MM14 + Lipl13a + Lipl3b + MM12, MM21 + Lip21, Lip23, and Lip28. These lipids were significantly elevated
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test: p < 0.001). Additionally, hyperandrogenism and oligo-anovulation
were more prevalent in the PCOS group in both cohorts (both p < 0.001).

Key lipid identification

Using PCA followed by PLS-DA (Supplementary Figure 1),
several key lipids were identified as significant markers of metabolic
disruption in PCOS. Lipids meeting the criteria of p < 0.05 and a VIP
score of >1 in both the training and test cohorts were considered key
lipids. The identified key lipids included MMO09 + Lip09,
MM14 + Lip13a + Lip13b + MM12, MM21 + Lip21, Lip23, and Lip28
(e.g.» MMO09, macromolecule signal at 0.9 ppm; Lip09, lipid signal at
0.9 ppm). These lipids showed significant differences between PCOS
patients and controls (Figure 2 and Supplementary Table 2). The
correlation heatmap of the key lipids and clinical parameters is shown
in Figure 3.

Standardized LIPID MAPS nomenclature was used to define the
key lipid species. Specifically, each lipid resonance has been annotated
with its corresponding chemical class and subclass based on its
chemical shift and assignment in the LIPID MAPS database.* Lip09
corresponds primarily to terminal methyl protons in fatty acyl chains
(fatty acyls, FAO1). Lip13 reflects methylene protons adjacent to
double bonds (unsaturated fatty acids, FA12). Lip21 and Lip28 are
associated with the bis-allylic and allylic methylene groups, primarily
from polyunsaturated fatty acids (PUFAs, FA13/FA14). Lip23 is linked
to choline-containing phospholipids (e.g., phosphatidylcholine,
glycerophospholipids, and GP01).

4 https://www.lipidmaps.org/index.php
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Discrimination of key lipids and validation

For evaluating the discrimination ability of the identified key
lipids between PCOS patients and controls, Lip23 demonstrated the
highest power, with an AUC of 0.85 in the training cohort (p < 0.001)
and of 0.77 in the test cohort (p = 0.001). Lip28 also exhibited strong
discrimination ability, with an AUC of 0.81 in the training cohort
(p = 0.009) and 0.84 in the test cohort (p = 0.001); and MMO09 + Lip09,
MM14 + Lip13a + Lip13b + MM12, and MM21 + Lip21 displayed
moderate discrimination ability, with AUCs ranging from 0.61 to 0.80
across both cohorts (Figure 4 and Supplementary Table 2).

The combination model of key lipids reached an AUC of 0.89,
with a 95% confidence interval (CI) of 0.83-0.95, and sensitivity,
specificity, positive predictive value (PPV), and negative predictive
value (NPV) of 0.76, 0.95, 0.95, and 0.76, respectively, in the training
cohort; and of 0.88 (95% CI, 0.80-0.95), 0.76, 0.87, 0.84, and 0.81,
respectively, in the test cohort (Figure 4).

Subgroup analyses by BMI/PCOS
phenotype

Subgroup analyses showed that overweight/obese PCOS patients
(BMI  >25) exhibited significantly  higher levels of
MM14 + Lip13a + Lip13b + MM12 compared to normal-weight
PCOS patients (BMI <25), with p-values of 0.071and 0.044 in the
training and test cohorts, respectively. Patients with the phenotype
(HA + PCOM) showed higher levels of
MM14 + Lip13a + Lip13b + MM12 (p = 0.081 and p = 0.003), Lip21
(p=0.008 and p = 0.037), and Lip23 both in the training and test
cohorts. Patients with the full phenotype (OA + PCOM) showed
higher levels of Lip23 (p = 0.077 and p = 0.036) and Lip28 (p = 0.032
and p = 0.024), both in the training and test cohorts. Patients with the
full (HA + OA) levels of

phenotype showed  higher
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FIGURE 3

A correlation heatmap of metabolites and clinical parameters in PCOS and control groups. This heatmap illustrates the correlation matrix between key
metabolites and clinical parameters in PCOS patients and controls. The color scale represents the correlation coefficients, where red indicates a
positive correlation and blue indicates a negative correlation, with intensity corresponding to the strength of the correlation. The heatmap was
generated using Pearson’s correlation analysis.

ROC Curves for Individual and Combined Features (Training cohort) ROC Curves for Individual and Combined Features (Test cohort)

1.0

0.8

4
o

True Positive Rate

True Positive Rate

o
>

—— MMO9+Lip09 (AUC = 0.76) 0.2
—— MM14+Lip13a+Lip13b+MM12 (AUC = 0.68)

—— MM21+Lip21 (AUC = 0.80)

—— Lip23 (AUC = 0.85)

—— Lip28 (AUC = 0.81)

== Combined Features (AUC = 0.89)

—— MM09+Lip09 (AUC = 0.61)
—— MM14-+Lip13a+Lip13b+MM12 (AUC = 0.73)
—— MM21+Lip21 (AUC = 0.79)

— Lip23 (AUC =0.77)

—— Lip28 (AUC =0.84)

== Combined Features (AUC = 0.88)

0.8 1.0

.
O'b.o 0.2 0.4 0.6 0.8 1.0 0‘\‘),0 0.2 0.4 0.6
A False Positive Rate B False Positive Rate

FIGURE 4

Receiver operating characteristic (ROC) curves for key metabolites in PCOS and control groups. (A,B) Display the ROC curves for six key metabolites in
differentiating PCOS patients from healthy controls in the training cohort (A) and the test cohort (B). The curves represent sensitivity (true positive rate)
plotted against 1-specificity (false positive rate) for each metabolite.
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MM14 + Lip13a + Lip13b + MM12 (p =0.009 and p =0.001) and
Lip28 (p = 0.079 and p = 0.019), both in the training and test cohorts.
Patients with the full phenotype (HA + OA + PCOM) showed higher
levels of MMO09 + Lip09 (mean 0.17, 95% CI: 0.08-0.25, p = 0.008 and
mean 0.11, 95% CIL: 0.04-0.19, p=0.099),
MM14 + Lip13a + Lip13b + MMI12 (mean 0.14, 95% CI: 0.05-0.24,
p=0.051 and mean 0.19, 95% CI: 0.01-0.38, p = 0.001), and Lip28
(mean 0.20, 95% CI: 0.07-0.32, p = 0.040 and mean 0.23, 95% CI:
0.10-0.36, p = 0.060) both in the training and test cohorts.

Enrichment and pathway analyses

Enrichment and pathway analyses revealed significant associations
between the identified key lipids and disrupted metabolic pathways in
PCOS (Figure 5). Enrichment analysis showed that fatty acyls (odds
ratio 2.8, p = 0.001), glycerophospholipids (odds ratio 2.3, p = 0.003),
fatty acids (odds ratio 1.9, p = 0.008), and membrane lipids (odds ratio
1.7, p = 0.012) were significantly enriched. Pathway analysis showed
that fatty acid metabolism, phospholipid synthesis pathway, lipid
signaling pathways, and membrane organization pathways were
involved in the lipid metabolism in PCOS.

Membrane Lipids

————
Unsaturated Fatty Acids |
————————————

Glycerophospholipids

Fatty Acyls |

A M Odds Ratio

Membrane Organization iy

Lipid Signaling

Phospholipid Synthesis R

Fatty Acid Metabolism
0 1 2 3 4
B i Odds Ratio
FIGURE 5

Pathway analysis of lipid metabolism and organization in PCOS
patients. (A) Key lipid categories, including membrane lipids,
unsaturated fatty acids, glycerophospholipids, and fatty acyls, are
highlighted in PCOS-related pathways. (B) Biological processes
associated with lipid metabolism, including membrane organization,
lipid signaling, phospholipid synthesis, and fatty acid metabolism,
show significant pathway involvement. The odds ratio reflects the
relative likelihood of pathway enrichment compared to a reference
group, with higher values indicating stronger pathway relevance.
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Discussion

This study utilized "H-MRS to assess ovarian lipid metabolic
changes in PCOS patients compared to healthy controls. The results
revealed significant elevations in the lipids of MMO09 + Lip09,
MM14 + Lip13a + Lip13b + MM12, MM21 + Lip21, Lip23, and
Lip28 in PCOS patients, aligning with previous findings that highlight
altered lipid metabolic pathways in PCOS, including fatty acyls,
glycerophospholipids, fatty acids, and membrane lipid metabolism.

The identification of Lip09 and Lip13 in PCOS patients suggests
enhanced fatty acid metabolism, particularly in pathways related to
lipogenesis and beta-oxidation. Elevated Lip09 has been associated
with increased lipid accumulation in tissues, reflecting disrupted lipid
homeostasis and energy storage mechanisms in PCOS. Similarly,
Lip13, which includes components such as monounsaturated and
polyunsaturated fatty acids, indicates heightened activity in fatty acid
synthesis and desaturation processes. These findings align with
previous studies, which observed short-chain fatty acids in patients’
serum by mass spectrometry methods (13). Additionally, another
study highlighted that the fatty acids of C14:0, C16:1, C18:1n-9C,
C18:1n-7, and C20:3n-6 levels are elevated in women with PCOS (14).
These observations suggest that Lip09 and Lip13 are integral markers
of dysregulated lipid metabolism, reflecting the broader metabolic
impairments in PCOS.

The identification of Lip21 and Lip28 in PCOS patients indicates
significant alterations in unsaturated fatty acid metabolism,
emphasizing the disruption of lipid pathways. Lip21, primarily
associated with monounsaturated fatty acids, reflects enhanced de
novo lipogenesis, which has been linked to insulin resistance and
(15). Lip28,
polyunsaturated fatty acids, suggests potential imbalances in omega-6

chronic  inflammation Similarly, representing
and omega-3 fatty acid pathways, which are known contributors to
inflammatory responses (16, 17). Yang et al. (18) reported that
omega-3 fatty acids may be recommended for the treatment of PCOS
with insulin resistance. These findings collectively underscore that
Lip21 and Lip28 serve as markers of lipid metabolic disruption and
inflammatory processes in PCOS, offering insights into potential
therapeutic ~ targets  for  mitigating  metabolic  and
reproductive dysfunction.

The detection of Lip23 in PCOS patients indicates active
membrane lipid synthesis, a critical process for cellular structure and
function. Lip23 is associated with the synthesis of glycerophospholipids
and other structural lipids required for membrane biogenesis. This
finding aligns with Mao et al. (19), who reported that hypermethylation
of LPCAT1 and PCYTIA genes in PCOS patients led to the
dysregulation of glycerophospholipid metabolism, including reduced
phosphatidylcholine synthesis, a major component of cell membranes.
Additionally, Leung et al. (20) identified increased expression of genes
related to triacylglycerol synthesis in adipose stem cells of PCOS
women, further emphasizing lipid pathway dysregulation. These
studies collectively underscore the role of altered membrane lipid
synthesis in PCOS pathology, which may contribute to the structural
and functional changes observed in ovarian cells. Future research
should explore the potential of Lip23 as a biomarker for disrupted
lipid metabolism and its implications for PCOS-related
metabolic dysfunction.

The elevated lipid levels, particularly Lip09, Lip13, Lip21, and

Lip28, observed in the current study further underscore the potential
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role of insulin resistance in disrupting ovarian metabolism. Insulin
resistance has been shown to impair the normal utilization of glucose,
leading to an increased reliance on lipids and amino acids for energy
production. This metabolic shift may explain the accumulation of
lipids and amino acids in the ovarian microenvironment, which
negatively impacts oocyte development and overall fertility outcomes
in PCOS patients (21). These findings are also consistent with prior
studies showing elevated circulating LDL, triglycerides, and long-
chain fatty acids in insulin-resistant PCOS populations, suggesting
systemic and local dysregulation of lipid handling (22). The
accumulation of these lipids can impair ovarian function, disrupting
folliculogenesis and contributing to infertility in PCOS patients.

Strengths and limitations

The ovary’s small, mobile nature, particularly in premenopausal
women, benefits from single-voxel MRS’s superior signal-to-noise
ratio, robust water suppression, and enhanced spectral quality in
confined tissue volumes. Single-voxel MRS’s shorter acquisition time
reduces motion artifacts from respiration, bowel peristalsis, and
patient movement, ensuring better spectral quality and participant
compliance. Additionally, manual voxel placement within the largest
visible follicle provided precise anatomical targeting and consistent
acquisition across subjects, while CSI’s fixed grid structure would
have limited our ability to target specific follicular regions and avoid
contamination from adjacent bowel and uterine tissues. Despite the
robust findings of this study, there are some limitations. First, the
study did not account for different PCOS phenotypes (e.g., obesity,
insulin resistance, or hyperandrogenism), which may have
contributed to the variability in the results. Second, this study focused
on metabolites within the 0.2-4.0 ppm range, which includes the
most commonly assessed metabolites. The downfield region beyond
4.0 ppm, while less frequently analyzed, might provide insights into
additional lipid metabolism in PCOS. Future studies could explore
these regions to capture a broader range of lipid changes potentially
relevant to PCOS pathophysiology. Third, the study was conducted
at a single center with a limited sample size. Future multicenter
studies with larger populations are needed to further validate these
findings and explore potential therapeutic strategies targeting ovarian
metabolism in PCOS patients. Fourth, "H-MRS provides chemical
shift information related to functional groups of lipids, but it does not
allow for the precise identification of complete lipid structures or
subclasses. Fifth, while in vivo 'H-MRS provides localized
information specific to the ovarian microenvironment, future studies
should integrate blood-based lipidomics to explore systemic
correlations and evaluate the potential of these lipids as non-invasive
biomarkers for PCOS. Furthermore, a notable limitation of this study
is the inability of 1H-MRS to distinguish between lipid isomers, as
the spectral resolution of in vivo MRS does not permit the precise
separation of overlapping peaks from structurally similar
lipid species.

Conclusion

In conclusion, this study provides evidence of significant
metabolic alterations in the ovaries of PCOS patients, particularly
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involving lipid metabolism. These findings enhance our understanding
of PCOS pathophysiology and may aid in developing more targeted
therapeutic approaches for managing the reproductive and lipid
metabolic symptoms of PCOS.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Review Board
of local hospital, (Approval number: JIEC-2019-S31), and written
informed consent was obtained from all participants. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

K-YW: Methodology, Investigation, Project administration,
Writing - original draft, Resources, Data curation, Formal analysis.
TY: Investigation, Writing - original draft, Resources, Data curation,
Formal analysis, Methodology. Y-FD: Resources, Investigation, Data
curation, Writing — original draft, Methodology, Formal analysis.
A-RZ: Data curation, Writing — original draft, Resources. YL:
Software, Formal analysis, Visualization, Supervision, Validation,
Writing - review & editing, Data curation, Conceptualization. J-WQ:
Funding acquisition, Writing - review & editing, Supervision,
Resources, Visualization, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by Shanghai Jinshan District Health Commission Grant 13
(JSZK2023A02) to investigator J-WQ.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

frontiersin.org


https://doi.org/10.3389/fmed.2025.1652954
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Wang et al.

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product

References

1. Escobar-Morreale HE Polycystic ovary syndrome: definition, aetiology, diagnosis
and treatment. Nat Rev Endocrinol. (2018) 14:270-84. doi: 10.1038/nrend0.2018.24

2. Zeng A, Lu J, Li Y. Three-dimensional MRI follicle segmentation and counting
using SegmentWithSAM in the diagnosis of polycystic ovary syndrome. Abdom Radiol.
(2025) 50:3847-55. doi: 10.1007/s00261-025-04818-x

3. Herman R, Sikonja J, Jensterle M, Janez A, Dolzan V. Insulin metabolism in
polycystic ovary syndrome: secretion, signaling, and clearance. Int ] Mol Sci. (2023)
24:3140. doi: 10.3390/ijms24043140

4. Zhu T, Cui J, Goodarzi MO. Polycystic ovary syndrome and risk of type 2 diabetes,
coronary heart disease, and stroke. Diabetes. (2021) 70:627-37. doi: 10.2337/db20-0800

5. Meczekalski B, Pérez-Roncero GR, Lopez-Baena MT, Chedraui P, Pérez-L6pez FR.
The polycystic ovary syndrome and gynecological cancer risk. Gynecol Endocrinol.
(2020) 36:289-93. doi: 10.1080/09513590.2020.1730794

6. Ban Y, Ran H, Chen Y, Ma L. Lipidomics analysis of human follicular fluid form
normal-weight patients with polycystic ovary syndrome: a pilot study. ] Ovarian Res.
(2021) 14:135. doi: 10.1186/s13048-021-00885-y

7. Couto Alves A, Valcarcel B, Mikinen VP, Morin-Papunen L, Sebert S, Kangas AJ,
et al. Metabolic profiling of polycystic ovary syndrome reveals interactions with
abdominal obesity. Int J Obes. (2017) 41:1331-40. doi: 10.1038/ij0.2017.126

8. Diboun I, Ramanjaneya M, Ahmed L, Bashir M, Butler AE, Albagha O, et al.
Metabolomic profiling of pregnancies with polycystic ovary syndrome identifies a
unique metabolic signature and potential predictive biomarkers of low birth weight.
Front Endocrinol. (2021) 12:638727. doi: 10.3389/fend0.2021.638727

9. Huang X, Hong L, Wu Y, Chen M, Kong P, Ruan J, et al. Raman spectrum of
follicular fluid: a potential biomarker for oocyte developmental competence in polycystic
ovary syndrome. Front Cell Dev Biol. (2021) 9:777224. doi: 10.3389/fcell.2021.777224

10. Soininen P, Kangas AJ, Wiirtz P, Tukiainen T, Tynkkynen T, Laatikainen R, et al.
High-throughput serum NMR metabonomics for cost-effective holistic studies on
systemic metabolism. Analyst. (2009) 134:1781-5. doi: 10.1039/b910205a

11. RoyChoudhury S, Mishra BP, Khan T, Chattopadhayay R, Lodh I, Datta Ray C,
et al. Serum metabolomics of Indian women with polycystic ovary syndrome using 1H
NMR coupled with a pattern recognition approach. Mol BioSyst. (2016) 12:3407-16. doi:
10.1039/c6mb00420b

12. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group.
Revised 2003 consensus on diagnostic criteria and long-term health risks related to
polycystic ovary syndrome (PCOS). Hum Reprod. (2004) 19:41-7. doi:
10.1093/humrep/deh098

Frontiers in Medicine

09

10.3389/fmed.2025.1652954

that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2025.1652954/
full#supplementary-material

13. Liu K, He X, Huang J, Yu S, Cui M, Gao M, et al. Short-chain fatty acid-butyric
acid ameliorates granulosa cells inflammation through regulating METTL3-mediated
N6-methyladenosine modification of FOSL2 in polycystic ovarian syndrome. Clin
Epigenetics. (2023) 15:86. doi: 10.1186/s13148-023-01487-9

14. Tian Y, Zhang J, Li M, Shang J, Bai X, Zhang H, et al. Serum fatty acid profiles
associated with metabolic risk in women with polycystic ovary syndrome. Front
Endocrinol. (2023) 14:1077590. doi: 10.3389/fendo.2023.1077590

15.Hu W, Ross J, Geng T, Brice SE, Cowart LA. Differential regulation of
dihydroceramide desaturase by palmitate versus monounsaturated fatty acids:
implications for insulin resistance. J Biol Chem. (2011) 286:16596-605. doi:
10.1074/jbc.M110.186916

16. Emami N, Moini A, Bakhtiarizadeh MR, Yaghmaei P, Shahhoseini M, Alizadeh A.
Fatty acids in subcutaneous adipose tissue of pregnant women with and without
polycystic ovary syndrome are associated with genes related to steroidogenesis: a case-
control study. Int ] Fertil Steril. (2023) 17:127-32. doi: 10.22074/ijfs.2022.551310.1284

17. Daghestani MH, Alqahtani HA, AlBakheet A, al Deery M, Awartani KA,
Daghestani MH, et al. Global transcriptional profiling of granulosa cells from polycystic
ovary syndrome patients: comparative analyses of patients with or without history of
ovarian hyperstimulation syndrome reveals distinct biomarkers and pathways. J Clin
Med. (2022) 11:6941. doi: 10.3390/jcm11236941

18. Yang K, Zeng L, Bao T, Ge J. Effectiveness of Omega-3 fatty acid for polycystic
ovary syndrome: a systematic review and meta-analysis. Reprod Biol Endocrinol. (2018)
16:27. doi: 10.1186/s12958-018-0346-x

19. Mao Z, Li T, Zhao H, Wang X, Kang Y, Kang Y. Methylome and transcriptome
profiling revealed epigenetic silencing of LPCAT1 and PCYT1A associated with
lipidome alterations in polycystic ovary syndrome. J Cell Physiol. (2021) 236:6362-75.
doi: 10.1002/jcp.30309

20. Leung KL, Sanchita S, Pham CT, Davis BA, Okhovat M, Ding X, et al. Dynamic
changes in chromatin accessibility, altered adipogenic gene expression, and total versus
de novo fatty acid synthesis in subcutaneous adipose stem cells of normal-weight
polycystic ovary syndrome (PCOS) women during adipogenesis: evidence of cellular
programming. Clin Epigenetics. (2020) 12:181. doi: 10.1186/s13148-020-00970-x

21. Zhao H, Zhang J, Cheng X, Nie X, He B. Insulin resistance in polycystic ovary
syndrome across various tissues: an updated review of pathogenesis, evaluation, and
treatment. /] Ovarian Res. (2023) 16:9. doi: 10.1186/s13048-022-01091-0

22.Wild RA, Rizzo M, Clifton S, Carmina E. Lipid levels in polycystic ovary
syndrome: systematic review and meta-analysis. Fertil Steril. (2011) 95:1073. doi:
10.1016/j.fertnstert.2010.12.027

frontiersin.org


https://doi.org/10.3389/fmed.2025.1652954
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2025.1652954/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1652954/full#supplementary-material
https://doi.org/10.1038/nrendo.2018.24
https://doi.org/10.1007/s00261-025-04818-x
https://doi.org/10.3390/ijms24043140
https://doi.org/10.2337/db20-0800
https://doi.org/10.1080/09513590.2020.1730794
https://doi.org/10.1186/s13048-021-00885-y
https://doi.org/10.1038/ijo.2017.126
https://doi.org/10.3389/fendo.2021.638727
https://doi.org/10.3389/fcell.2021.777224
https://doi.org/10.1039/b910205a
https://doi.org/10.1039/c6mb00420b
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1186/s13148-023-01487-9
https://doi.org/10.3389/fendo.2023.1077590
https://doi.org/10.1074/jbc.M110.186916
https://doi.org/10.22074/ijfs.2022.551310.1284
https://doi.org/10.3390/jcm11236941
https://doi.org/10.1186/s12958-018-0346-x
https://doi.org/10.1002/jcp.30309
https://doi.org/10.1186/s13148-020-00970-x
https://doi.org/10.1186/s13048-022-01091-0
https://doi.org/10.1016/j.fertnstert.2010.12.027

	Ovarian lipid metabolic alterations in polycystic ovary syndrome: insights from proton magnetic resonance spectroscopy
	Introduction
	Materials and methods
	Ethics
	Study design and general information
	Clinical data
	MRI and MRS examination
	MRS data processing
	Key lipid identification
	Discrimination of key lipids and validation
	Metabolic enrichment and pathway analysis
	Statistical analysis
	Sample size determination

	Results
	Clinical characteristics
	Key lipid identification
	Discrimination of key lipids and validation
	Subgroup analyses by BMI/PCOS phenotype
	Enrichment and pathway analyses

	Discussion
	Strengths and limitations

	Conclusion

	References

