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Abstract 
Context: Polycystic ovarian syndrome (PCOS) is a complex disorder in which metabolic abnormalities are associated with reproductive 
dysfunction. Women with PCOS have increased ceramide concentrations. Previous studies demonstrated that treating metabolic 
abnormalities of PCOS with metformin improved glucose effectiveness after 12 weeks.
Objective: We evaluated whether, in women with PCOS, lower baseline ceramide, diacylglycerol (DAG), and triacylglycerol (TAG) 
concentrations were associated with improved metabolic response to metformin.
Methods: Women (n = 29), aged 29 ± 5 years and diagnosed with PCOS by the NIH criteria underwent an intravenous glucose tolerance test 
(IVGTT) before and after 12-week treatment with metformin (1500 mg per day). Metabolic responders were defined by improved glucose 
effectiveness, specifically, the ability of glucose to stimulate uptake and suppress production, after metformin treatment.
Results: Twelve weeks of metformin resulted in weight loss (−1.7 ± 2.6 kg, P< 0.01) and a reduction in BMI (−0.6 ± 0.9 kg/m2, P< 0.01) with no 
change in HbA1c. The concentrations of Cer(d18:1/22:0), Cer(d18:1/24:0), total ceramides, total Cer(d16:0), total Cer(d18:2), DAG, 
dihydrosphingomyelin (DHSM), and TAG decreased after metformin treatment (P< 0.05). Baseline total Cer(d16:0) concentration <204.1 pmol/mL 
was 82% sensitive (AUC 0.72, P= 0.03) and total DHSM concentration <32237 pmol/mL was 100% specific (AUC 0.73, P= 0.03) in predicting 
improved metabolic response to metformin, as measured by IVGTT.
Conclusion: Lower total Cer(16:0) and DHSM concentrations are associated with a beneficial metabolic response to metformin in women with 
PCOS. Based on the known association between higher ceramide levels and type 2 diabetes, the data suggest that metformin improves 
metabolic parameters in women with mild metabolic derangements.
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Polycystic ovarian syndrome (PCOS) is a common [1] yet 
complex disorder that showcases the intricate interaction of 
metabolic disruption with reproductive dysfunction. The 
diagnostic clinical criteria are based on the manifestations of 
the woman’s altered hypothalamic-pituitary-ovarian axis 
(menstrual irregularities, hyperandrogenism, and/or polycys-
tic ovaries on ultrasound) [2]; however, up to 65% of women 
are also afflicted with metabolic derangements largely driven 
by insulin resistance [3, 4]. Metformin has therefore been a 
drug of choice, targeting insulin resistance in women with 
PCOS [5–7]. Indeed, metformin has been shown to improve 
glucose effectiveness, promote weight loss, and restore ovula-
tion in 61% of women with PCOS after 10 to 12 weeks of 
treatment [8].

Emerging data have revealed the importance of ceramides, 
diacylglycerol (DAG), and triacylglycerol (TAG) in insulin sig-
naling, insulin sensitivity, fatty acid metabolism, and mito-
chondrial function [9–13]. Ceramides induce insulin 
resistance and have been used as a marker for metabolic im-
pairment and cardiovascular disease [14, 15]. Women with 
PCOS have increased concentrations of ceramides, 
sphingosine-1-phosphate (S1P), and sphingomyelins, with 
subtle changes in concentrations based on phenotype 
(nonobese vs obese; insulin resistant vs non–insulin resistant) 
[16]. In addition, ceramides have a crucial role in 
hypothalamic-pituitary signaling for pubertal initiation [17]. 
Sphingosine-1-phosphate is an essential stimulator of follicular 
development and ovulation [18]. Taken together, ceramides 
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are associated with both the metabolic and reproductive phe-
notypes in PCOS.

In women with PCOS, 12 weeks of treatment with metfor-
min was associated with a change in ceramide and sphingo-
lipid concentrations [19]. However, not all women with 
PCOS improve when treated with metformin. We therefore 
hypothesized that in women with PCOS, metabolic dysfunc-
tion characterized by baseline ceramide, DAG, and TAG con-
centrations will predict metabolic response to metformin.

Methods
Participants
Participants recruited were adult women of reproductive age 
(18-40 years old), diagnosed with PCOS by the National 
Institutes of Health (NIH) criteria [20]. Participants, who 
were a subset (based on sample availability) of an open-label 
single-arm clinical trial (National Clinical Trial no. 
NCT01389778), underwent an intravenous glucose tolerance 
test (IVGTT) before and after 12 weeks of treatment with met-
formin (1500 mg per day) [8]. Participants were excluded if 
they had abnormalities in thyroid or renal function, had hy-
perprolactinemia, or were pregnant or planned pregnancy. 
All individuals were screened for and did not have nonclassic 
adrenal hyperplasia. Participants were not on oral hypoglyce-
mics, insulin modulators, insulin, lipid-lowering therapy, anti- 
inflammatory agents, or hormonal medications.

IVGTT
After an overnight fast and baseline lab draw, all participants 
underwent an IVGTT twice (before and after 12 weeks of 
treatment with metformin) with an intravenous bolus of glu-
cose 0.3 g/kg at time 0 minutes, followed by regular human in-
sulin 0.03 U/kg intravenously at 20 minutes. Blood samples 
were drawn for glucose and insulin concentrations over 
180 minutes. MinMod Millenium was used to calculate 
β-cell indices [21]. Calculated indices included the acute insu-
lin response (first phase) to glucose (AIRg), insulin sensitivity 
(Si), glucose effectiveness (Sg), basal glucose (Gb), basal insulin 
(Ib), disposition index (DI), insulin secretion via the homeosta-
sis model of assessment-B (HOMA-B), and HOMA-insulin re-
sistance (HOMA-IR). Metabolic responders (MR) were 
defined by improved Sg after metformin treatment whereas 
nonresponders (NR) had no change or a decrease in Sg.

Assays
Fasting samples were obtained after a 12- to 16-hour over-
night fast. Samples were stored at −80 °C. Insulin was meas-
ured using an immunochemiluminescent immunoassay 
(Immulite 2000; Diagnostic Products Corp), with a lower lim-
it of detection of 2.0 μIU/mL (14.4 pmol/L). Sphingolipids 
were measured on stored serum samples as previously de-
scribed [8]. Briefly, blood sphingolipids are highly stable and 
not modified by multiple freeze-thaw cycles, temperature, or 
long-term storage [22, 23]. Serum samples were thawed at 
4 °C for 12 hours then the internal standard (IS) stock mix 
and protein precipitation solvent were added. The internal 
standard (IS) stock solution contained sphingomyelin 
(SM)(d18:1/16:1)-d9 (74 pmol/sample), SM(d18:1/18:1)-d9 
(47 pmol/sample), SM(d18:1/20:1)-d9 (23 pmol/sample), 
SM(d18:1/122:1)-d9 (44 pmol/sample), SM(d18:1/24:1)-d9 
(64 pmol/sample), dihydro-cer (d18:0/18:1) (5 pmol/sample), 

d7-ceramide (d18:1-d7/16:0) (60 pmol/sample), d7-ceramide 
(d18:1-d7/18:0) (35 pmol/sample), d7-ceramide (d18:1/ 
24:0) (150 pmol/sample), d7-ceramide (d18:1/24:1) (312 
pmol/sample), and glucosylceramide (d18:1/17:0) (50 pmol/ 
sample). Tert-Butyl methyl ether (MTBE) was used to extract 
the lipids in the organic phase. Samples were mixed thorough-
ly and placed on a shaker at 4 °C for 15 minutes followed by a 
10-minute centrifugation at 15 000g. The supernatant was 
then evaporated to dryness using a speedvac. Lipid pellets 
were reconstituted in methanol/water and then underwent li-
quid chromatography tandem mass spectrometry (LC-MS/ 
MS) analysis. A total of 12 lipid species were measured, in-
cluding ceramides with acyl chain lengths of 16 [Cer(d18:1/ 
16:0)], 18 [Cer(d18:1/18:0)], 20 [Cer(d18:1/20:0)], 22 
[Cer(d18:1/22:0)], and 24 [Cer(d18:1/24:0)], and a carbon 
length of 24:1 [Cer(d18:1/24:1)], total ceramides (sum of all 
ceramides), total dihydroceramides with a backbone of 16 
carbons [total Cer(d16:0)], total dihydroceramides with a 
backbone of 18 carbons and 2 unsaturated bonds [total 
Cer(d18:2)], total dihydrosphingomyelin (DHSM), total diac-
ylglycerol (DAG), and total triacylglycerol (TAG).

Statistical Analysis
Categorical variables were reported as the number percentage 
or observations per category and group differences were 
measured with the Pearson Chi square or Fisher exact test 
when applicable. Continuous variables were expressed as 
mean with SD when normally distributed and subjected to 
the 2-sample t test when comparing 2 groups and analysis of 
variance (ANOVA) when comparing 3 or more groups. 
Continuous variables with a non-Gaussian distribution were 
reported as median with interquartile range (25th-75th 
IQR) and analyzed with nonparametric testing (Wilcoxon 
rank sum test). Receiver operating characteristic (ROC) 
curves were calculated for each baseline ceramide/sphingo-
lipid associated with a metabolic response to metformin and 
the area under the curve (AUC or C-statistic) and sensitivity 
and specificity for classifying metabolic response status were 
determined. Multivariable logistic regression analyses, adjust-
ing for age and body mass index (BMI), calculated odds ratios 
(OR) and 95% CI for the association of each ceramide/ 
sphingolipid with metabolic response to metformin were cal-
culated. We evaluated baseline concentration, and change in 
concentration over the treatment period, in relation to meta-
bolic response. Calculations were corrected for multiple com-
parisons. Differences with a significance level P < 0.05 were 
considered to be statistically significant.

Results
Clinical Characteristics
Participants with PCOS (age 29 β5 years) identified as White 
34% (n = 10, 34%), African American 14% (n = 4), Asian 
(n = 3), Latinx (n = 3), mixed ethnicities (n = 8), and Native 
American (n = 1). 83% (n = 20) reported acne with a median 
Ferriman-Gallwey Score of 13 [7–19]. Among the partici-
pants, 17% (n = 5) were prediabetic (HbA1c 5.7%–6.4%) 
and 24% (n = 7) had insulin resistance as calculated by their 
baseline HOMA-IR of ≥3. All participants completed treat-
ment with metformin ER 1500 mg/day for 12 weeks. 
Treatment with metformin resulted in significant weight loss 
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(P < 0.01) with no difference in fat mass or lean body mass dis-
tribution (Table 1).

Calculated β-cell Indices
Treatment with metformin resulted in a decrease in fasting glu-
cose concentrations (−3.3% change from baseline, P = 0.01), 
with improved glucose effectiveness (+39% change from base-
line, P = 0.01) and an increase in the first phase insulin secretion 
(+60% change from baseline, P = 0.01). There was no change 
in DI, likely due to the absence of differences in either insulin 
sensitivity (Si) or insulin secretion parameters (Ib) (Table 2).

Metabolic Responders vs Nonresponders
Participants were then compared based on an increase in 
Sg after metformin treatment. Metabolic responders (MR, 
n = 18) were similar in age, race/ethnicity, BMI, cholesterol, 
androgens, and baseline HOMA-IR compared with nonres-
ponders (NR, n = 11) (Table 3). MRs had significantly lower 
Sg at baseline compared with NR with no difference in AIRg, 
Si, or DI (Fig. 1). Compared with NR, baseline total 
Cer(d16:0) concentrations were lower in MR [total 
Cer(d16:0) MR 174 ± 30 pmol/mL vs NR 215 ± 66 pmol/ 
mL, P = 0.03] (Fig. 2). Similarly, baseline total DHSM concen-
trations were lower in MR compared with NR (MR 36662 ± 
8421 pmol/ml vs 45900 ± 13897 pmol/ml, P = 0.03) (Fig. 2). 
In MR, there were significant reductions in Cer(d18:1/16:0), 
Cer(d18:1/20:0), Cer(d18:1/24:0), total ceramides, and total 
Cer(d18:2) concentrations after 12 weeks of metformin treat-
ment. In NR, however, only total Cer(d16:0) concentrations 
were reduced after 12 weeks of metformin treatment, achiev-
ing concentrations comparable to those found at baseline in 

Table 2. IVGTT-derived glucose homeostasis parameters of women 
with PCOS at baseline and after 12 weeks of metformin

Baseline  
(n = 29)

16 weeks  
(n = 29)

P value

AIRg, mIU/L × min 481 ± 328 770 ± 463 0.01

DI 1564 ± 921 2463 ± 2440 0.3

Si, mIU/L-1 × min−1 4.0 ± 2.5 3.9 ± 2.2 0.3

Sg, min−1 0.021 ± 0.0079 0.026 ± 0.011 0.01

Gb, mg/dL 81 ± 6 79 ± 6 0.01

Ib, mIU/L 10 ± 8 10 ± 7 0.5

HOMA-B, mIU/mM 218 ± 181 255 ± 203 0.1

HOMA-IR, mM × mU/L2 2.0 ± 1.5 1.9 ± 1.5 0.3

Abbreviations: AIRg, acute insulin response to glucose; DI, disposition 
index; Gb, basal glucose; HOMA-B, homeostatic model assessment of β-cell 
function; HOMA-IR, homeostatic model assessment of insulin resistance; Ib, 
basal insulin; Sg, glucose effectiveness; Si, insulin sensitivity.

Table 1. Anthropometric and laboratory measurements of women 
with PCOS at baseline and after 12 weeks of metformin

Baseline  
(n = 29)

12 weeks  
(n = 29)

P value

Systolic BP, mmHg 113 ± 15 112 ± 10 0.6

Diastolic BP, mmHg 70 ± 10 70 ± 10 0.7

BMI, kg/m2 30 ± 7 29 ± 7 <0.01

WC, cm 102 ± 17 101 ± 18 0.1

Weight, kg 84 ± 22 82 ± 22 <0.01

Truncal fat mass, g 17095 ± 7822 17840 ± 9291 0.6

Total fat mass, g 34456 ± 13258 35194 ± 13762 0.6

Total lean mass, g 47936 ± 9473 57051 ± 53874 0.7

HbA1c, % 5.5 ± 0.3 5.5 ± 0.3 0.7

HOMA-IR, mM x mU/L2 2.2 ± 1.7 2.0 ± 1.7 0.3

Total cholesterol, mg/dL 171 ± 37 166 ± 38 0.09

Triglycerides, mg/dL 91 ± 50 80 ± 34 0.08

HDL, mg/dL 49 ± 11 50 ± 12 0.4

LDL, mg/dL 104 ± 33 100 ± 35 0.09

Total testosterone, ng/dL 54 ± 30 45 ± 33 0.1

DHEAS, ng/dL 238 ± 114 246 ± 152 0.4

SHBG, nmol/L 43 ± 26 40 ± 23 0.3

Abbreviations: BP, blood pressure; BMI, body mass index; HOMA-IR, 
homeostatic model assessment of insulin resistance; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein; DHEAS, dehydroepiandrosterone 
sulfate; SHBG, sex hormone binding globulin. P values computed with the 
Student t test.

Table 3. Demographic and metabolic parameters of women with 
PCOS by metabolic response to metformin

Metabolic 
responders  
(n = 18)

Nonresponders  
(n = 11)

P 
value

Age, yrs 29 ± 6 29 ± 4 0.8

Ethnicity, n (%) 0.4

Caucasian 5 (28) 5 (45)

African 3 (17) 1 (10)

Other 10 (55) 5 (45)

Acne, n (%) 14 (78) 6 (55) 0.09

FGS, median (IQR) 14 (8-19) 12 (6-19) 0.9

Systolic BP, mmHg 114 ± 16 111 ± 14 0.9

Diastolic BP, mmHg 71 ± 11 69 ± 10 0.5

BMI, kg/m2 30 ± 7 30 ± 7 0.8

WC, cm 102 ± 17 102 ± 19 0.7

Weight, kg 87 ± 23 79 ± 21 0.4

Total fat mass, g 36635 ± 13502 30891 ± 12639 0.3

Total lean mass, g 48706 ± 9998 46676 ± 8861 0.6

HbA1c, % 5.5 ± 0.3 5.6 ± 0.2 0.3

HOMA-IR, mM x 
mU/L2

2.1 ± 1.6 2.3 ± 1.9 0.8

Total cholesterol, 
mg/dL

171 ± 36 172 ± 38 0.9

Triglycerides, mg/dL 93 ± 50 87 ± 52 0.7

HDL, mg/dL 48 ± 10 51 ± 13 0.5

LDL, mg/dL 105 ± 33 103 ± 34 0.8

Total testosterone, 
ng/dL

52 ± 19 57 ± 44 0.7

DHEAS, ng/dL 242 ± 118 231 ± 113 0.8

SHBG, nmol/L 44 ± 25 41 ± 30 0.8

Metabolic responders had improved glucose effectiveness after 12 weeks of 
metformin treatment. P values computed with the Student t test. 
Abbreviations: BMI, body mass index; BP, blood pressure; DHEAS, 
dehydroepiandrosterone sulfate; FGS, Ferriman-Gallwey Score; HDL, 
high-density lipoprotein; HOMA-IR, homeostatic model assessment of 
insulin resistance; LDL, low-density lipoprotein; SHBG, sex hormone 
binding globulin; WC, waist circumference.
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MR (Table 4). Total Cer(d16:0) concentrations < 204 pmol/ 
mL were 82% sensitive (AUC 0.72, P = 0.02) and total 
DHSM concentrations < 32237 pmol/mL were 100% specific 
(AUC 0.73, P = 0.03) in predicting improved metabolic re-
sponse to metformin, as measured by IVGTT (Table 5). 
Utilizing the ROC curve’s optimal threshold to predict a meta-
bolic response, only a total Cer(d16:0) concentration 
< 204.1 pmol/mL was significantly associated with metabolic 
response to metformin (OR 6.1; 95% CI, 1.2–32.1) (Fig. 3). 
The relationship was no longer statistically significant after 
multivariable adjustment.

Ceramide Concentrations and Calculated β-cell 
Indices
After adjusting for multiple comparisons using a False 
Discovery Rate < 0.05, baseline DAG and TAG concentrations 
were associated with baseline HOMA-B (DAG r2 = 0.47, 
P < 0.01; TAG r2 = 0.32, P < 0.01), Ib (DAG r2 = 0.48, 
P < 0.01; TAG r2 = 0.33, P < 0.01) and HOMA-IR (DAG 
r2 = 0.45, P < 0.01; TAG r2 = 0.3, P < 0.01). Baseline ceramide 

concentrations were not associated with Sg or improved 
ovulation.

Discussion
In women with PCOS, total Cer(16:0) concentrations were sen-
sitive in predicting a metabolic response to metformin, as defined 
by improved glucose effectiveness, after 12 weeks of treatment. 
In addition, total DHSM concentrations were specific in predict-
ing a metabolic response to metformin. Women with an im-
proved metabolic response to metformin after 12 weeks of 
treatment had lower baseline total Cer(16:0) and total DHSM 
concentrations compared with women who did not respond 
(Fig. 4). While baseline DAG and TAG were associated with 
baseline β-cell functional indices (HOMA-B, Ib, and 
HOMA-IR), they were not associated with a response to metfor-
min. Even though many baseline ceramide concentrations were 
similar in responders and nonresponders, metformin was effect-
ive in reducing multiple ceramide concentrations in metabolic 
responders [Cer(d18:1/16:0), Cer(d18:1/22:0), Cer(d18:1/ 

Figure 1. IVGTT-derived glucose homeostasis parameters (A, acute insulin response to glucose or AIRg; B, insulin sensitivity or Si; C, glucose 
effectiveness or Sg; D, disposition index or DI) in metabolic responders (black bars) and nonresponders (gray bars) at baseline and after 12 weeks of 
metformin.
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24:0), total ceramides, total Cer(d16:0), total Cer(d18:2)] but 
only one in nonresponders [total Cer(d16:0)]. This highlights 
the potential to apply precision therapy to the treatment of 
PCOS by utilizing ceramides to identify women with PCOS 
who are more likely to respond to metformin.

Ceramides, in particular total Cer(d16:0), independently 
predict insulin resistance, diabetes mellitus type 2, and cardio-
vascular mortality [24–26]. Women with PCOS have elevated 
ceramide concentrations compared with controls [27, 28], 
and exhibit insulin resistance with an increased risk of dia-
betes mellitus type 2 and cardiovascular disease [3, 29, 30]. 

In this study, metformin effectively reduced multiple ceramide 
concentrations only in metabolic responders. Metabolic res-
ponders also had significantly lower total Cer(d16:0) and 
DHSM concentrations at baseline. Our data expands results 
from a previous study demonstrating that a reduction in ce-
ramide concentrations after metformin treatment depends 
on a more favorable metabolic profile at baseline [19]. 
Women with PCOS have lower plasma adiponectin concen-
trations and increased intramuscular ceramide and lipid con-
tents, resulting in impaired adenosine monophosphate– 
activated protein kinase (AMPK) expression and thus skeletal 

Figure 2. Sphingolipid concentrations in metabolic responders (white circles) and nonresponders (black squares) at baseline and at 12 weeks of 
metformin treatment. Abbreviations: DAG, diacylglycerol, DHSM, dihydrosphingomyelin; TAG, triacylglycerol.
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muscle insulin resistance [31]. Metformin activates AMPK 
and PKC-dependent glucose uptake in muscle [32], and 
may, in part, counteract the detrimental effects of ceramides. 
Intramyocellular ceramides also potentiate insulin resistance 
via mitochondrial dysfunction [14] and inhibition of insulin 
mediated GLUT4 translocation through protein phosphatase 
2 (PP2)- and PKC-dependent pathways [33]. Metformin im-
proves mitochondrial function via inhibition of mitochondrial 
respiratory-chain complex 1 which reduces NADH oxidation 
but does not act through ceramide inhibition of mitochondrial 
function [34]. Given metformin’s variable response in PCOS 
[8, 35], women with severe metabolic disease as evidenced 

by high ceramide concentrations may be less likely to respond 
due to competitive and parallel pathways.

The higher ceramide concentrations of total Cer(d16:0) and 
DHSM in nonresponders are likely contributing to their lack 
of response to metformin. Metformin decreases hepatic glu-
cose production resulting in improved glucose-mediated glu-
cose disposal (Sg) and first phase insulin response (AIRg). In 
rats with elevated hepatic ceramide and DAG concentrations, 
metformin improved glucose tolerance but did not reverse it 
[36]. Cer(d16:0) is associated with obesity, hepatic steatosis, 
and insulin resistance [14]. In fact, reduction in Cer(d16:0) 
concentrations via ablation of the Cers6 gene, which encodes 
the enzyme that makes Cer(d16:0), prevented high-fat diet–in-
duced obesity and glucose intolerance in a Cers6-deficient ani-
mal model [9]. In addition, diacylation of ceramides via 
ceramidase reduces PKC activation, prevented hepatic 

Table 4. Ceramide and sphingolipid concentrations in metabolic responders and nonresponders at baseline and at 12 weeks of metformin 
treatment

Ceramide/sphingolipid Metabolic responder (n = 18) P values Nonresponder (n = 11) P values Baseline P values

Baseline 12 weeks Baseline 12 weeks

Cer(d18:1/16:0) 199 ± 48 179 ± 45 0.02 202 ± 58 197 ± 35 0.7 0.9

Cer(d18:1/18:0) 74 ± 27 71 ± 30 0.3 78 ± 38 80 ± 32 0.8 0.8

Cer(d18:1/20:0) 68 ± 22 65 ± 24 0.2 62 ± 19 62 ± 19 1.0 0.5

Cer(d18:1/22:0) 737 ± 195 675 ± 191 0.02 710 ± 237 641 ± 168 0.1 0.7

Cer(d18:1/24:0) 544 ± 160 494 ± 144 0.04 550 ± 177 518 ± 124 0.4 0.9

Cer(d18:1/24:1) 720 ± 216 667 ± 189 0.1 723 ± 283 706 ± 174 0.8 0.9

Total Ceramides 2341 ± 574 2151 ± 554 0.02 2326 ± 748 2204 ± 501 0.4 0.9

Total Cer(d16:0) 174 ± 30 162 ± 36 0.2 215 ± 66 176 ± 48 0.01 0.03

Total Cer(d18:2)a 458 ± 157 388 ± 118 <0.01 384 ± 123 341 ± 93 0.09 0.2

Total DAG 53850 ± 30363 45102 ± 19757 0.08 53427 ± 25108 46736 ± 20896 0.2 0.9

Total DHSMa 36662 ± 8421 34250 ± 9713b 0.07 45900 ± 13897 41754 ± 7628b 0.1 0.03

Total TAG 298593 ± 200485 237193 ± 99043 0.2 315189 ± 271608 251351 ± 168461 0.2 0.8

Abbreviations: DAG, diacylglycerol; DHSM, dihydrosphingomyelin; TAG, triacylglycerol. 
aTwo-way ANOVA difference overall in responders vs nonresponders. 
bP = 0.04 metabolic responders vs nonresponders at 12 weeks.

Table 5. ROC-AUC analysis of serum ceramide concentrations in 
classification of metabolic response to metformin among women 
with PCOS

Ceramide/ 
sphingolipid

Threshold 
(pmol/mL)

C-statistic Sensitivity 
(%)

Specificity 
(%)

Cer(d18:1/16:0) <198.4 0.53 53 64

Cer(d18:1/18:0) <79 0.51 71 55

Cer(d18:1/20:0) <85.2 0.53 29 91

Cer(d18:1/22:0) >507 0.49 100 18

Cer(d18:1/24:0) <562 0.53 71 45

Cer(d18:1/24:1) <812 0.50 76 45

Total Ceramide >1644 0.50 100 19

Total Cer(d16:0) <204.1 0.72a 82 64

Total Cer(d18:2) >340 0.6 83 45

Total DAG >108267 0.47 12 100

Total DHSM <32237 0.73a 41 100

Total TAG <140239 0.52 24 91

Abbreviations: AUC, area under the curve; DAG, diacylglycerol, DHSM, 
dihydrosphingomyelin; ROC, receiver operating characteristics curve; TAG, 
triacylglycerol. 
aP < 0.05.

Figure 3. Forrest plot of odds ratios (95% CI) for metabolic response to 
metformin of sphingolipid concentrations. Abbreviations: DAG, 
diacylglycerol; DHSM, dihydrosphingomyelin; TAG, triacylglycerol.
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steatosis, and improved insulin action [37]. Preventing the for-
mation of dihydrosphingolipids mitigates the risk of hepatic 
steatosis, insulin resistance, and prediabetes [38]. While met-
formin reduces ceramide and dihydroceramide concentra-
tions, it does not decrease them to normal concentrations. 
This again supports the greater effectiveness we observed of 
metformin in women with PCOS who have mild metabolic ab-
normalities. The significance of total Cer(16:0) in predicting a 
metabolic response was lost after adjusting for BMI in our co-
hort, since higher ceramide concentrations are associated with 
higher BMI; thus, total Cer(16:0) is not independent of BMI.

Ceramide measurement in clinical practice has not been 
widespread. Nevertheless, recognition of their utility has 
been demonstrated in predicting cardiovascular disease 
[15, 39, 40] and laboratory testing is available commercially 
[41]. Ceramides have been studied in precision medicine ini-
tiatives in the fields of oncology, cardiovascular disease, 
Alzheimer’s disease, multiple sclerosis, and type 2 diabetes 
mellitus [42–45]. While data on the genetic and environmen-
tal susceptibility to PCOS continue to be explored [46, 47], 
there are limited data on precision therapeutics for PCOS. 
This is the first study, to our knowledge, to establish a poten-
tial role of ceramides, in particular Cer(d16:0), to inform 
treatment decisions based on patient risk profile.

One of the major strengths of this study is its novelty in explor-
ing circulating ceramides as a tool to determine the likelihood of 
a woman with PCOS to experience improved metabolic health 
with a pharmacologic treatment (metformin). Metabolic param-
eters were measured via an IVGTT, providing a validated meas-
urement of glucose metabolism. Limitations include the study’s 
sample size, lack of a randomized controlled study design, and its 
short, although adequate duration [19, 48].

In conclusion, our study highlights the potential use of ce-
ramides to aid treatment decisions regarding the use of met-
formin in women with PCOS. While metformin improved 
glucose effectiveness, the response was limited to a subset of 
participants who had milder metabolic dysfunction. Women 
with higher ceramide concentrations, which are associated 
with a more severe metabolic profile and future risk of cardi-
ometabolic diseases, did not demonstrate improved glucose 
metabolism with metformin. Future directions involve 
larger-scale studies utilizing ceramides for precision diagnos-
tics and treatment. While the data are not strong enough to 
recommend the measurement of ceramides in all women 
with PCOS, we strongly recommend more studies using ce-
ramides for prediction and additional medications that focus 
on improving the individualized care of women with PCOS.

Disclosures
B.K. and C.W. have nothing to declare. The authors received 
research support from the United States Department of 
Agriculture (2019-67018-29250 to Y.L.), National 
Institutes of Health (R01-DK115824, R01-DK131609, 
R01-DK130296, R01-DK122001 to S.A.S.), the Juvenile 
Diabetes Research Foundation (JDRF 3-SRA-2019-768-A-B 
to S.A.S.), the American Diabetes Association (to S.A.S.), 
the American Heart Association (to S.A.S.), the Margolis 
Foundation (to S.A.S.), the National Cancer Institute 
(5R00CA218694-03, to M.C.P.); and the Huntsman Cancer 
Institute Cancer Center (P30CA040214, to M.C.P.). A.S. re-
ceives consulting fees from Horizon Therapeutics.

S.A.S. is a cofounder of, consultant to, and shareholder in 
Centaurus Therapeutics.

Data Availability
Some or all datasets generated during and/or analyzed during 
the current study are not publicly available but are available 
from the corresponding author on reasonable request.

References
1. Bozdag G, Mumusoglu S, Zengin D, Karabulut E, Yildiz BO. The 

prevalence and phenotypic features of polycystic ovary syndrome: 
a systematic review and meta-analysis. Hum Reprod. 2016;31-
(12):2841-2855.

2. Revised 2003 consensus on diagnostic criteria and long-term health 
risks related to polycystic ovary syndrome. Fertil Steril. 2004;81(1): 
19-25.

3. Dunaif A, Segal KR, Futterweit W, Dobrjansky A. Profound per-
ipheral insulin resistance, independent of obesity, in polycystic ova-
ry syndrome. Diabetes. 1989;38(9):1165-1174.

4. Chang RJ, Nakamura RM, Judd HL, Kaplan SA. Insulin resistance 
in nonobese patients with polycystic ovarian disease. J Clin 
Endocrinol Metab. 1983;57(2):356-359.

5. Escobar-Morreale HF. Polycystic ovary syndrome: definition, aeti-
ology, diagnosis and treatment. Nat Rev Endocrinol. 2018;14(5): 
270-284.

6. Welt CK. Genetics of polycystic ovary syndrome: what is new? 
Endocrinol Metab Clin North Am. 2021;50(1):71-82.

7. Rosenfield RL, Ehrmann DA. The pathogenesis of polycystic ovary 
syndrome (PCOS): the hypothesis of PCOS as functional ovarian 
hyperandrogenism revisited. Endocr Rev. 2016;37(5):467-520.

8. Pau CT, Keefe C, Duran J, Welt CK. Metformin improves glucose 
effectiveness, not insulin sensitivity: predicting treatment response 
in women with polycystic ovary syndrome in an open-label, inter-
ventional study. J Clin Endocrinol Metab. 2014;99(5):1870-1878.

Figure 4. Summary of study results. Sg, glucose effectiveness; Total Cer(16:0), total dihydroceramides with a backbone of 16 carbons; DHSM, 
dihydrosphingomyelin.



8                                                                                                                                     Journal of the Endocrine Society, 2022, Vol. 6, No. 11

9. Turpin SM, Nicholls HT, Willmes DM, et al. Obesity-induced 
CerS6-dependent C16:0 ceramide production promotes weight 
gain and glucose intolerance. Cell Metab. 2014;20(4):678-686.

10. Holland WL, Brozinick JT, Wang LP, et al. Inhibition of ceramide 
synthesis ameliorates glucocorticoid-, saturated-fat-, and 
obesity-induced insulin resistance. Cell Metab. 2007;5(3):167-179.

11. Raichur S, Wang ST, Chan PW, et al. CerS2 haploinsufficiency in-
hibits β-oxidation and confers susceptibility to diet-induced steato-
hepatitis and insulin resistance. Cell Metab. 2014;20(4):687-695.

12. Ellis BA, Poynten A, Lowy AJ, et al. Long-chain acyl-CoA esters as 
indicators of lipid metabolism and insulin sensitivity in rat and hu-
man muscle. Am J Physiol Endocrinol Metab. 2000;279(3): 
E554-E560.

13. Schmitz-Peiffer C. Protein kinase C and lipid-induced insulin resist-
ance in skeletal muscle. Ann N Y Acad Sci. 2002;967(1):146-157.

14. Summers SA, Chaurasia B, Holland WL. Metabolic messengers: ce-
ramides. Nat Metab. 2019;1(11):1051-1058.

15. Poss AM, Maschek JA, Cox JE, et al. Machine learning reveals se-
rum sphingolipids as cholesterol-independent biomarkers of coron-
ary artery disease. J Clin Invest. 2020;130(3):1363-1376.

16. Li J, Xie L-M, Song J-L, et al. Alterations of sphingolipid metabol-
ism in different types of polycystic ovary syndrome. Sci Rep. 
2019;9(1):3204.

17. Heras V, Castellano JM, Fernandois D, et al. Central ceramide sig-
naling mediates obesity-induced precocious puberty. Cell Metab. 
2020;32(6):951-966.e8.

18. Hernández-Coronado CG, Guzmán A, Castillo-Juárez H, 
Zamora-Gutiérrez D, Rosales-Torres AM. Sphingosine-1 
-phosphate (S1P) in ovarian physiology and disease. Ann 
Endocrinol (Paris). 2019;80(5-6):263-272.

19. Pradas I, Rovira-Llopis S, Naudí A, et al. Metformin induces lipid 
changes on sphingolipid species and oxidized lipids in polycystic 
ovary syndrome women. Sci Rep. 2019;9(1):16033.

20. Zawadzki J, Dunaif A. Current Issues in Endocrinology and 
Metabolism: Polycystic Ovary Syndrome. MA: Blackwell 
Scientific Publications Cambridge; 1992.

21. Pacini G, Bergman RN. MINMOD: a computer program to calcu-
late insulin sensitivity and pancreatic responsivity from the fre-
quently sampled intravenous glucose tolerance test. Comput 
Methods Programs Biomed. 1986;23(2):113-122.

22. Wagner-Golbs A, Neuber S, Kamlage B, et al. Effects of long-term 
storage at -80 °C on the human plasma metabolome. Metabolites. 
2019;9(5):99.

23. Brunkhorst R, Pfeilschifter W, Patyna S, et al. Preanalytical biases 
in the measurement of human blood sphingolipids. Int J Mol Sci. 
2018;19(5):1390.

24. Anroedh S, Hilvo M, Akkerhuis KM, et al. Plasma concentrations 
of molecular lipid species predict long-term clinical outcome in cor-
onary artery disease patients. J Lipid Res. 2018;59(9):1729-1737.

25. Wigger L, Cruciani-Guglielmacci C, Nicolas A, et al. Plasma dihy-
droceramides are diabetes susceptibility biomarker candidates in 
mice and humans. Cell Rep. 2017;18(9):2269-2279.

26. Haus JM, Kashyap SR, Kasumov T, et al. Plasma ceramides are ele-
vated in obese subjects with type 2 diabetes and correlate with the 
severity of insulin resistance. Diabetes. 2009;58(2):337-343.

27. Jiang Y, Qi J, Xue X, et al. Ceramide subclasses identified as novel 
lipid biomarker elevated in women with polycystic ovary syn-
drome: a pilot study employing shotgun lipidomics. Gynecol 
Endocrinol. 2020;36(6):508-512.

28. Moran LJ, Mundra PA, Teede HJ, Meikle PJ. The association of the 
lipidomic profile with features of polycystic ovary syndrome. J Mol 
Endocrinol. 2017;59(1):93-104.

29. Gambineri A, Patton L, Altieri P, et al. Polycystic ovary syndrome is 
a risk factor for type 2 diabetes: results from a long-term prospect-
ive study. Diabetes. 2012;61(9):2369-2374.

30. Glintborg D, Rubin KH, Nybo M, Abrahamsen B, Andersen M. 
Cardiovascular disease in a nationwide population of Danish wom-
en with polycystic ovary syndrome. Cardiovasc Diabetol. 2018; 
17(1):37.

31. Hansen SL, Svendsen PF, Jeppesen JF, et al. Molecular mechanisms 
in skeletal muscle underlying insulin resistance in women who are 
lean with polycystic ovary syndrome. J Clin Endocrinol Metab. 
2019;104(5):1841-1854.

32. Turban S, Stretton C, Drouin O, et al. Defining the contribution of 
AMP-activated protein kinase (AMPK) and protein kinase C (PKC) 
in regulation of glucose uptake by metformin in skeletal muscle 
cells. J Biol Chem. 2012;287(24):20088-20099.

33. Stratford S, Hoehn KL, Liu F, Summers SA. Regulation of insulin 
action by ceramide: dual mechanisms linking ceramide accumula-
tion to the inhibition of Akt/protein kinase B. J Biol Chem. 
2004;279(35):36608-36615.

34. El-Mir MY, Nogueira V, Fontaine E, Avéret N, Rigoulet M, 
Leverve X. Dimethylbiguanide inhibits cell respiration via an indir-
ect effect targeted on the respiratory chain complex I. J Biol Chem. 
2000;275(1):223-228.

35. Fleming R, Hopkinson ZE, Wallace AM, Greer IA, Sattar N. 
Ovarian function and metabolic factors in women with oligome-
norrhea treated with metformin in a randomized double blind 
placebo-controlled trial. J Clin Endocrinol Metab. 2002;87(2): 
569-574.

36. Zabielski P, Hady HR, Chacinska M, Roszczyc K, Gorski J, 
Blachnio-Zabielska AU. The effect of high fat diet and metformin 
treatment on liver lipids accumulation and their impact on insulin 
action. Sci Rep. 2018;8(1):7249-7249.

37. Xia JY, Holland WL, Kusminski CM, et al. Targeted Induction of 
Ceramide Degradation Leads to Improved Systemic Metabolism 
and Reduced Hepatic Steatosis. Cell Metab. 2015;22(2):266-278.

38. Chaurasia B, Tippetts TS, Mayoral Monibas R, et al. Targeting a 
ceramide double bond improves insulin resistance and hepatic stea-
tosis. Science. 2019;365(6451):386-392.

39. Laaksonen R, Ekroos K, Sysi-Aho M, et al. Plasma ceramides pre-
dict cardiovascular death in patients with stable coronary artery 
disease and acute coronary syndromes beyond LDL-cholesterol. 
Eur Heart J. 2016;37(25):1967-1976.

40. Hilvo M, Meikle PJ, Pedersen ER, et al. Development and valid-
ation of a ceramide- and phospholipid-based cardiovascular risk es-
timation score for coronary artery disease patients. Eur Heart J. 
2019;41(3):371-380.

41. Mayo Clinic Laboratories. Test ID: CERAM. Accessed September 
16, 2022. https://www.mayocliniclabs.com/test-catalog/Overview/ 
606777.

42. Kurz J, Parnham MJ, Geisslinger G, Schiffmann S. Ceramides as 
novel disease biomarkers. Trends Mol Med. 2019;25(1):20-32.

43. Hilvo M, Vasile VC, Donato LJ, Hurme R, Laaksonen R. 
Ceramides and ceramide scores: clinical applications for cardiome-
tabolic risk stratification. Front Endocrinol (Lausanne). 2020;11: 
570628.

44. Shaw J, Costa-Pinheiro P, Patterson L, Drews K, Spiegel S, Kester 
M. Novel sphingolipid-based cancer therapeutics in the personal-
ized medicine era. Adv Cancer Res. 2018;140:327-366.

45. Poss AM, Krick B, Maschek JA, et al. Following Roux-en-Y gastric 
bypass surgery, serum ceramides demarcate patients that will fail to 
achieve normoglycemia and diabetes remission. Med (N Y). 
2022;3(7):452-467.e454.

46. Joo YY, Actkins K, Pacheco JA, et al. A polygenic and phenotypic 
risk prediction for polycystic ovary syndrome evaluated by 
phenome-wide association studies. J Clin Endocrinol Metab. 
2020;105(6):1918-1936.

47. Day F, Karaderi T, Jones MR, et al. Large-scale genome-wide meta- 
analysis of polycystic ovary syndrome suggests shared genetic archi-
tecture for different diagnosis criteria. PLoS Genet. 2018;14(12): 
e1007813.

48. Lima LMAd, Wiernsperger N, Kraemer-Aguiar LG, Bouskela E. 
Short-term treatment with metformin improves the cardiovascular 
risk profile in first-degree relatives of subjects with type 2 diabetes 
mellitus who have a metabolic syndrome and normal glucose toler-
ance without changes in C-reactive protein or fibrinogen. Clinics 
(Sao Paulo). 2009;64(5):415-420.

https://www.mayocliniclabs.com/test-catalog/Overview/606777
https://www.mayocliniclabs.com/test-catalog/Overview/606777

	The Use of Ceramides to Predict Metabolic Response to Metformin in Women With PCOS
	Methods
	Participants
	IVGTT
	Assays
	Statistical Analysis

	Results
	Clinical Characteristics
	Calculated β-cell Indices
	Metabolic Responders vs Nonresponders
	Ceramide Concentrations and Calculated β-cell Indices

	Discussion
	Disclosures
	Data Availability
	References




