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Abstract
Background

SPs are a group of ubiquitously produced lipids that are structurally involved in cell membranes and
include SMs, ceramides, GM3s, etc. Sphingolipids and their substrates and constituents, FAs, are
implicated in the pathogenesis of various metabolic diseases associated with obesity, diabetes, and
atherosclerosis. Decreased insulin sensitivity or insulin secretion is a multifactorial condition related to
obesity and diabetes. Therefore, it is likely that perturbations in serum SPs are associated with diseases.
Identifying these associations may reveal useful predictors or give perceptive insight into disease
processes. This study aimed to systematically investigate the associations between serum sphingolipids
and insulin sensitivity as well as insulin secretion. This study also aimed to reveal potential predictors for
insulin sensitivity or give perceptive insight into disease processes.

Methods

We conducted a lipidomics evaluation of molecularly distinct SPs in the serum of 86 consecutive Chinese
adults with or without obesity and diabetes using electrospray ionization mass spectrometry coupled with
liquid chromatography. The GIR30 was measured under steady conditions to assess insulin sensitivity by
the gold standard hyperinsulinemic-euglycemic clamp, and FPIR was measured to evaluate insulin
secretion by the IVGTT. We created the ROC curves to detect the serum SMs diagnostic value and
establish the diagnosis of insulin sensitivity based on GIR30 derived from the glucose clamp, which is the
standard method, and the cutoff point of GIR30 was set as 5.1 mg/(kg *min).

Results

Differential correlation network analysis illustrated correlations amongst lipids, insulin sensitivity, insulin
secretion and other clinical indexes. Total and subspecies of serum SMs and globotriaosylceramides
(Gb3s) were positively related to GIR30, free FAs (FFA 16:1, FFA20:4), some long chain GM3 and complex
ceramide GluCers showed strong negative correlations with GIR30. We also found that higher
concentrations of serum free FAs (FFA 22:6, FFA 22:5, FFA 18:2, FFA 18:1) were associated with a higher
risk of decreased insulin secretion. Notably, ROC curves showed that SM/Cer and SM d18:0/26:0 may be
good serum lipid predictors of diagnostic indicators of insulin sensitivity close to conventional clinical
indexes such as 1/HOMA-IR (all areas under the curve >0.80) based on GIR30 as standard diagnostic
criteria.

Conclusions

These results provide novel associations between serum sphingolipid between insulin sensitivity
measured by the hyperinsulinemic-euglycemic clamp. This suggests that the balance of SMs
metabolism, rather than ceramide is correlated with the pathology of insulin resistance, obesity and
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T2DM. We further identify two speci�c SPs that may represent prognostic biomarkers for insulin
sensitivity.

Background
SPs, including SMs, GM3s, ceramides, and gangliosides, are a group of ubiquitously produced lipids that
play crucial roles in cell membrane function and cell signaling pathways(1). Sphingolipids and their
substrates and constituents, FAs, have been implicated in the pathogenesis of various metabolic diseases
associated with decreased insulin sensitivity/IR, obesity, diabetes, and atherosclerosis(2, 3). When β cells
of obese and IR individuals fail to secrete enough insulin to compensate for decreased insulin sensitivity,
hyperglycemia develops(4). It is likely that perturbations in serum SPs and FAs are associated with
diseases. Identifying these associations may reveal useful predictors or give perceptive insight into
disease processes. For instance, decreased circulating saturated FAs through food intake, a kind of
harmful FAs, could improve mouse insulin sensitivity(5). Cell membrane GM3s were found to display
opposite associations with insulin resistance depending on acyl chain compositions(6). Based on a study
of 2302 Singapore Chinese population, two speci�c SPs might represent prognostic biomarkers for T2DM
(7). Another study found that SMs C14:0, C22:3, and C24:4 were positively associated with insulin
secretion and glucose tolerance(8). However, due to the complexity and diversity of lipids, and differences
in the analytical approaches adopted for sphingolipid measurements, the precise associations of
sphingolipids with clinical indices of insulin sensitivity and secretion remain unclear. Fortunately, given
the fundamentally development of LC-MS, the overall classi�cation of lipid species in biological
processes and has been improved in recent years. Such advances have expanded the collection of the
“sphingolipidome” to more than 600 structurally distinct SPs and potentially thousands of theoretical
metabolites that are likely to exist(9). In our study, we used a pro�le with more comprehensive coverage
of different SP subclasses to recover their novel correlations with insulin sensitivity.

Commonly used clinical indexes for the evaluation of insulin sensitivity/resistance, such as the HOMA-IR,
Matsuda index and QUICKI, are derived from circulating glucose and insulin levels, which are simple and
noninvasive but indirect and subject to �uctuation (10). The gold standard for assessing insulin
sensitivity is the hyperinsulinemic-euglycemic clamp developed by the DeFronzo group in the 1970s (11).
This approach assesses insulin-mediated glucose utilization under steady-state conditions, which is both
laborious and time-consuming as well as limited for large-scale use. However, the advantages of the
glucose clamp are obvious for measuring insulin sensitivity/resistance directly and straightforwardly and
further distinguishing hepatic and peripheral insulin sensitivity/resistance simultaneously when
radiolabeled glucose tracers are used. To date, the glucose clamp has been applied as a standard
assessment for other clinical indexes in various cross-sectional studies and prospective investigations to
test the effect of different interventions on insulin sensitivity (12–14). Moreover, the IVGTT is an
alternative method recommended to test insulin secretion and evaluate pancreatic islet function. It is
acknowledged that a reduction in FPIR is the earliest detectable defect in β-cell function in individuals
predisposed to develop T2DM and that this defect largely indicates β-cell exhaustion after years of
compensation for antecedent IR (15).
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SP metabolism is dysregulated in metabolic diseases and any of these speci�c lipid molecules may
represent a potential biomarker of insulin resistance or other metabolic diseases. To date, there have been
few systematic evaluations of the correlations between individual serum SP species with insulin
sensitivity assessed by the hyperinsulinemic-euglycemic clamp. In this study, we investigated the
associations of various serum SPs and FAs quantitated using a targeted lipidomic approach with insulin
sensitivity and insulin secretion(Fig. 1). We aimed to 1) investigate the incipient SPs and FAs patterns
related to insulin sensitivity and insulin secretion, 2) identify predictive and diagnostic serum lipid
indicators related to insulin sensitivity or islet function, thus preventing elevated risks of related
symptoms and associated treatment expenditures, and. 3) explore and discuss potential lipid metabolic
pathways associated with insulin sensitivity or islet function.

Materials And Methods
Study participants. Brie�y, 86 participants aged from 18 to 60 years (number of Female:46) were enrolled
in this project in Nanjing, Jiangsu Province, China. To broadly detect the range of insulin sensitivity,
participants were normal weight (n = 25), overweight(n = 9; 24 kg/m2 ≤ BMI < 30 kg/m2) or obese(n = 
52(BMI > 30 kg/m2)), and with or without diabetes(number of participants with diabetes:25). Exclusion
criteria included use of medication or supplements, smoking or high alcohol use (> 4 and > 2 standard
drinks/week for men and women, respectively), other major diseases or presence of acute in�ammation
or pregnancy(Fig. 2).

Hyperinsulinemic-euglycemic clamp. The hyperinsulinemic-euglycemic clamp presumes that the
hyperinsulinemic state induced by a high dose of insulin infusion (> 80 mU/m2*min) is su�cient to totally
suppress hepatic glucose production and that there is no net change in the circulating blood glucose
concentration under steady conditions(Supplementary Fig. 1). Therefore, the GIR is equivalent to that of
whole-body GDR or M value, which represents body insulin sensitivity(11). After an overnight fast,
subjects were studied the next morning in the supine position. A prepared dose of insulin (80 mU/m2)
was injected over the next 10 minutes to achieve a steady-state insulin concentration. The clamp duration
was at least 2 h. A variable infusion of 20% glucose was started to maintain the plasma glucose
concentration at 5 mmmol/L (4.5–5.5 mmol/L). GIR30 was calculated from the mean glucose infusion
rate during the last 30 minutes (14).

IVGTT. Brie�y, 0.3 g/kg body weight of a 20% glucose solution was given within 3 minutes. The FPIR is
de�ned as the initial burst of insulin, which is released within the �rst 10 minutes and peaks at 2–4
minutes after glucose injection. After the acute response, there is a second-phase insulin secretion, which
rises more gradually (16). Blood samples for the measurement of plasma glucose and serum insulin were
collected at 0, 2, 4, 6, 8, 10, 20, 30, and 60 minutes. The FPIR was calculated as the mean of the 2- to 4-
minute samples minus the mean pre-stimulus hormone concentration (0 minutes) (17).

Laboratory measurements. Blood glucose was analyzed by a blood glucose biochemical analyzer
(Germany, Biosen). Serum insulin and C-peptide were measured by chemiluminescent methods. HbA1c
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was analyzed by a chromatographic technique, and TC, TG, LDL-c, HDL-c and other biochemical
phenotypes were measured with standard enzymatic assays in the laboratory of the First A�liated
Hospital of Nanjing Medical University, Nanjing, China.

Targeted lipidomics analysis. Lipids were extracted from serum (20 µL) using a modi�ed Bligh and Dyer’s
extraction procedure (double rounds of extraction) and dried in a SpeedVac under OH mode. Prior to
analysis, lipid extracts were resuspended in chloroform:methanol 1:1 (v/v) spiked with appropriate
internal standards. All lipidomic analyses were carried out on an Exion UPLC system coupled with a
QTRAP 6500 PLUS system (Sciex) as described previously(18). Sphingolipids were separated on a
Phenomenex Luna Silica 3 µm column (i.d. 150 × 2.0 mm) under the following chromatographic
conditions: mobile phase A (chloroform:methanol:ammonium hydroxide, 89.5:10:0.5) and mobile phase
B (chloroform:methanol: ammonium hydroxide: water, 55:39:0.5:5.5) at a �ow rate of 270 µL/min and
column oven temperature at 25 °C. Individual sphingolipid species were quanti�ed by reference to spiked
internal standards including Cer d18:1/17:0, GluCer d18:1/8:0, LacCer d18:1/8:0, and SM d18:1/12:0,
obtained from Avanti Polar Lipids; d3-GM3 d18:1/18:0 and Gb3 d18:1/17:0 purchased from Matreya LLC;
d8-FFA 20:4 from Cayman Chemicals; and d31-FFA16:0 from Sigma-Aldrich.

Statistical analysis. Lipids were divided into groups and analyzed based on carbon atom and double
bond numbers. The typical cutoff value of GIR30 (or GDR, M value) of 4.9–5.2 mg/kg per minute was
used to de�ne insulin sensitive or resistant subjects(14, 19). In our study, the cutoff point of GIR30 was set
as 5.1 mg/(kg *min), which was also the median of consecutive 86 subjects. Differences in metabolic
characteristics between two groups divided by GIR30 were calculated by t-test or the Mann-Whitney U test.
Analyses were performed using SPSS for Macintosh version 25.0 (SPSS Inc, Chicago, IL, USA).
Associations between metabolic parameters and lipid species were analyzed by Pearson correlation
based on univariate logistic regression and adjusted for multiple factors, including age, sex, BMI, HDL-c,
LDL-c, TG, TC, ALT and AST. Gephi was used to build correlation networks from differentially correlated
lipid pairs. Data are presented as the mean ± SD or median (range). P < 0.05 was considered statistically
signi�cant.

Results
Participants’ characteristics. Table 1 shows the characteristics of the 86 subjects in our study. According
to the glucose clamp results, all the participants were divided into insulin-resistant and insulin-sensitive
groups by GIR30, which was de�ned as 5.1 mg/(kg *min) (Table 1). We also applied IVGTT to evaluate
islet function, and all individuals were separated into high insulin secretion and low insulin secretion
groups by FPIR (Table 2). Subjects who presented insulin sensitivity were similar in age and sex to IR
individuals but had lower levels of serum fasting glucose and 2 h-OGTT glucose, neutral lipids including
TC, TG, HDL-c, and LDL-c and liver enzymes including ALT and AST. Those who showed lower FPIR had
comparable age, BMI and neutral lipids but higher levels of serum fasting glucose and 2 h-OGTT glucose
than those with high FPIR.
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Serum lipids and basic clinical characteristics A. total of 90 lipid species in 7 classes of lipids, including
FFAs, SMs, ceramides, GluCers, LacCers, GM3s and Gb3s, were quantitated and analyzed in the 86
human serum samples. We �rst evaluated differences among lipids with age and gender. There was a
tendency of increased SMs and signi�cant enhancements in GluCer d18:0/18:0 and Gb3 d18:1/20:0 (P < 
0.05) and decreases in GM3 d18:1/18:0, GM3 d18:0/18:0, and GM3 d18:1/20:0 (P < 0.05) in females
compared with males (P < 0.05); however, no differences were found in the total or subtypes of serum
ceramides (Supplementary Table 1). The lipid classes that extensively increased with age were FFAs,
ceramides and GM3 (P < 0.05), and those that tended to drop were SMs, GluCer and LacCer
(Supplementary Table 2). Similarly, in individuals with high BMI values, the perceivably increased lipids
were FFAs, ceramides and GM3s, while lipids such as SMs, GluCers and LacCers declined (Supplementary
Table 3).

Differential analysis and correlation network of GIR and FPIR. We used a heatmap to visualize the trends
of lipidomics among the 86 individuals divided by GIR30 (Fig. 3, Supplementary Table 4). The results
showed a signi�cant higher in total serum SMs in the high GIR30 (insulin sensitive) group (P < 0.05) and a
mild tendency of serum GluCers, LacCers and Gb3s, especially GluCer d18:1/20:0 and Gb3 d18:1/24:0, to
increase. However, in the high GIR30 group, a decrease was also seen in some FFAs, ceramides and GM3s
(Fig. 3), especially C18 FFAs (FFA 18:3, FFA 18:1, FFA 18:0) and FFA16:1, long-chain unsaturated
ceramides (Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1) and most saturated GM3s (GM3 d18:0/16:0,
GM3 d18:1/18:0, GM3 d18:0/18:0, GM3 d18:1/20:0,GM3 d18:0/20:0, GM3 d18:1/22:0, GM3 d18:0/22:0,
GM3 d18:0/24:0). Interestingly, most serum lipids increased in individuals with low insulin secretion,
including FFAs (FFA 22:6, FFA 22:5, FFA 18:2, FFA 18:1, FFA 18:0, FFA 16:0), Lac-Cers (LacCer d18:1/16:0,
LacCer d18:1/18:0, LacCer d18:1/20:0, LacCer d18:1/22:0, LacCer d18:1/24:0, LacCer d18:1/24:1),
ceramide (Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1), and GM3 (GM3 d18:0/16:0, GM3 d18:1/18:0,
GM3 d18:0/20:0, GM3 d18:0/24:0, GM3 d18:1/22:0, GM3 d18:0/22:0, GM3 d18:1/24:0, GM3 d18:0/24:0)
(Supplementary Table 5). These �ndings might be because of lipid toxicity.

A correlation network was constructed to systematically evaluate the correlation of the clinical indexes
and lipidomics, as well as lipid-related interrelationships. We raised our correlation coe�cient limit to 0.2
(p < 0.05), and the results indicated that the lipids that were positively related to GIR30 including GluCers
(GluCer d18:1/20:0, GluCer d18:1/22:0, GluCer d18:0/24:0, GluCer d18:0/24:1), Gb3s (GB3 d18:1/24:0,
GB3 d18:1/16:0) and all SMs (SM d18:1/19:1, SM d18:1/23:1, SM d18:1/25:1, SM d18:1/25:0, SM
d18:0/25:0, SM d18:1/26:1, SM d18:1/26:1, SM d18:0/26:0, and so on), while FFAs (FFA16:1, FFA20:4)
and GM3 (GM3 d18:1/18:0, GM3 d18:0/18:0, GM3 d18:1/20:0, GM3 d18:0/20:0) were negatively
correlated with GIR30. This relationship still existed when adjusted for age, sex, BMI, TG, TC, HDL-c, LDL-c,
ALT and AST (Fig. 4 Supplementary Table 6). Serum lipids showed a negative relationship with FPIR,
including FFAs (FFA22:5, FFA18:2, FFA18:1, FFA16:0), GluCers (GluCer d18:1/16:0, GluCer d18:1/18:0,
GluCer d18:1/20:0), LacCer (LacCer d18:1/20:0, LacCer d18:1/24:0, LacCer d18:1/24:1), which still
existed after adjustment for age, sex and BMI (Fig. 4, Supplementary Table 6). Notably, HDL is a lipid
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protein known to transport SMs. Our data showed that HDL-c, not LDL-c, was correlated positively with
most SMs.

Use of the ROC test for the diagnosis of insulin sensitivity. To discover serum lipid predictive and
prognostic biomarkers for insulin sensitivity evaluation, we assessed the predictive value of various lipids
by ROC curve analysis using GIR as a standard criterion (Fig. 5, Supplementary Table 7). Notably, the ratio
of total serum SMs and ceramides (SM/Cer) showed high diagnostic e�ciency, as it was equal to
1/HOMA-IR, with 0.85 (0.77–0.94) and 0.85 (0.77–0.93), respectively. Moreover, SM 18:0/26:0, a
subspecies of SMs, showed close and high diagnostic e�ciency with 0.84 (0.75–0.93), while other lipids
showed lower diagnostic e�ciency, such as total serum ceramides 0.35 (0.23–0.46) and FFAs 0.38
(0.26–0.5).

Discussion
In the current work, we report the systematic analysis of the sphingolipidome, allowing for an accurate
evaluation of the associations between serum SPs content and obesity and diabetes related
characteristics, such as insulin sensitivity, BMI, blood lipids, and HOMA-IR. We also found that higher
concentration of serum free FAs(FFA 22:6, FFA 22:5, FFA 18:2, FFA 18:1), substrates and constituents of
SPs, were associated with a higher risk of decreased insulin secretion. Of note, ROC curves showed that
SM/Cer and SM d18:0/26:0 may be good serum lipid predictors of diagnostic indicators for insulin
sensitivity close to conventional clinical indexes such as 1/HOMA-IR (all areas under the curve > 0.80)
based on GIR30 as standard diagnostic criteria.

We conducted a lipidomics evaluation of molecularly distinct SPs in the serum of 86 consecutive Chinese
adults with or without obesity and diabetes using electrospray ionization mass spectrometry coupled with
liquid chromatography. Our study involved a thorough evaluation of lipid pro�le changes in human serum
samples among 90 lipid species. These lipids are from 7 subclasses, including FFAs (15 species), SMs
(27 species), ceramides (8 species), GluCers (12 species), LacCers (8 species), GM3s (14 species) and
Gb3s (6 species). We found an increasing tendency in complex serum sphingolipids (SPs), including SMs
and GluCers, in females, which is consistent with recent large-scale lipidomic investigations of Chinese
T2DM patients in Singapore (7). The possible reason for sex differences might be sex hormone
estrogens, which could improve sphingolipid synthesis and reduce sphingolipid degradation by
attenuating acid sphingomyelinase activities (20, 21). We also observed that serum FFAs, ceramides and
GM3 were signi�cantly higher in individuals of older age or with a higher BMI, which might be due to the
exacerbation of lipid-related in�ammatory factors with age or BMI (7, 22–24). Interestingly, our results
showed that SMs showed no signi�cant changes with age or BMI, indicating that SMs were less likely to
be age- or BMI-related proin�ammatory mediators.

The glucose infusion rate over 30 minutes (GIR30) under steady conditions to assess insulin sensitivity by
the gold standard hyperinsulinemic-euglycemic clamp, and �rst-phase insulin release (FPIR) to evaluate
insulin secretion by the intravenous glucose tolerance test (IVGTT).
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In comparison to previous studies (7, 25, 26), we further identi�ed more lipid species related to obesity
and T2DM. In general, serum FFAs, ceramides and GM3s were decreased in subjects with high GIR30;
however, serum SMs, GluCers, LacCers and Gb3s were increased in individuals with high GIR30.
Remarkably, all species of serum SMs analyzed were relevant to increased insulin sensitivity, while partial
species of serum ceramides (Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1) were corroborated with a
higher risk of impaired insulin sensitivity. In mammals, substrate speci�city is distinguished by CerS with
N-acyl chain length. CerS has six isoforms (CerS1-6), and CerS2 seems to be a unique enzyme with a
higher activity for very long-chain fatty acids such as C22-C26. Our �ndings showed that these very long-
chain ceramides (Cerd18:1/22:0, Cerd18:1/24:0, Cer d18:1/24:1) were increased in IR individuals,
consistent with part of a previous study indicating that ceramides with larger carbon atom numbers and
more unsaturated bonds were more strongly associated with an increased risk of diabetes (7). These
�ndings suggested that compositional variations in speci�c species of ceramides were associated with
risks of IR or diabetes, even though the number of total ceramides remained unchanged. We also found a
positive correlation between serum GluCers and GIR30, and the paradox of correlations indicated that
more complex ceramides are different from ceramide regulation. Cross-sectional studies about serum
SMs and insulin sensitivity in humans are limited. Among these studies, the associations between SMs
and HOMA-IR are still controversial (25, 27–29). This discrepancy may be attributed to a number of
factors: 1) ethnic characteristics, 2) effective population size, 3) age span changes from young adults to
elderly individuals, 4) accuracy of clinical indicators such as HOMA-IR, Matsuda index or QUICKI, 5)
different lipidomics analytical platforms, 6) combined in�uence of body weight, 7) onset of diabetes time
course, 8) drug intervention for diabetes, and 9) accompaniment by other metabolic diseases.
Interestingly, our results were notable: all species of SMs showed a strong positive relationship with
GIR30, and only some ceramides were negatively related to GIR30. The characteristics of the study were as
follows: 1) young and middle-aged adults between 18 and 56 (median 26.5), 2) body weight ranging from
normal weight to overweight to obese, 3) obese subjects with or without newly diagnosed diabetes, 4) a
thorough evaluation of SPs speci�c for 27 species of SMs and 8 species of ceramides through targeted
lipidomics measurements, and 5) insulin sensitivity evaluated by the gold standard, glucose clamp
evaluation.

We created the ROC curves to detect the serum SMs diagnostic value and establish the diagnosis of
insulin sensitivity based on GIR30 derived from the glucose clamp, which is the standard method, and the
cutoff point of GIR30 was set as 5.1 mg/(kg *min). ROC analysis provides tools to screen possibly
optimal models in a direct and natural way of diagnostic decision making. It is a comparison of two
operating characteristics as the criterion changes. In the current study, we found that serum very long-
chain SM d18:0/26:0 and the ratio of total serum SMs and Cers (SM/Cer) could be good predictors of
insulin sensitivity that were very close to 1/HOMA-IR. Although SM d18:0/26:0 accounted for the lowest
portion of total serum SMs, it seems to be a much more sensitive indicator of insulin sensitivity.
Ceramides are substrates that generate SMs and are intermediate lipid links in sphingolipid metabolism.
We used SM/Cer as a novel index that re�ects the direction of sphingolipid reactions. As the ratio
increases, more SMs are produced in the forward direction. We aimed to discover the pathological
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relevance of our identi�ed lipids with regard to insulin sensitivity. Because sphingolipid synthesis and
catabolism are dysregulated in metabolic diseases, any of these speci�c molecules may re�ect a
potential biomarker of decreased insulin sensitivity or other pathologies (30). A study also revealed that a
metabolite panel appreciably improved T2DM risk prediction over or close to conventional clinical factors
(18, 31). The serum lipid parameters we identi�ed could be good predictors compared with HOMA-IR,
where GIR30 was used as a standard reference. These predictors we screened emphasized that the scarce
and uncommon lipids might be useful for further insulin sensitivity mechanism exploration as well as
clinical diagnosis and prevention.

We did not �nd speci�c lipid indicators of insulin secretion by ROC analysis. However, our correlation
network analysis data showed a negative association between serum total FFAs and FPIR, and it
disappeared after adjustment for age, sex, BMI, TC, TG, HDL-c, LDL-c, ALT and AST. More interestingly, 18-
chain FFAs and 22-chain FFAs remained negatively correlated with FPIR when adjusted for the above
factors, which indicated a strong relationship between these subtypes of FFAs and FPIR. A previous study
based on the OGTT observed an association between higher total fasting plasma FFA levels and lower
insulin secretion in children and adults without adjustments for confounding factors (32). Some studies
proved that chronic FFA-induced lipotoxicity on pancreatic islets contributed to β cell dysfunction (33, 34).
Therefore, a reduction in elevated plasma FFA levels might be a critical therapeutic target for obesity-
related type 2 diabetes. Although some studies showed that 24–72 h fatty acid stimulation increased
insulin secretion in isolated islets from nondiabetic mice or humans (35, 36), there were two different
notable effects of short-term and long-term FFA stimuli on insulin secretion, and β cell function was
impaired by long-term FFA stimulation. We considered that the negative association between these
subtypes of serum FFAs, including 18-chain and 22-chain FFAs and FPIR in our study population,
represented long-term damage to insulin secretion.

The major strengths of our current study are as follows. First, our targeted lipidomics approach permitted
the unambiguous identi�cation and accurate quantitation of serum lipids. This procedure unveiled
unambiguous identi�cation and accurate quantitation of serum lipids and evaluated systematic lipid
pathway coregulation via multiple correlation analyses. Second, in terms of the study cohorts, we
screened serum lipid predictors for the diagnosis of insulin sensitivity in Chinese individuals including
normal-weight, overweight, obese and diabetic subjects, which is the gold standard for evaluating insulin
sensitivity clinically. Third, we found that serum very long-chain SM (d18:0/26:0) and the SM/Cer could
be good predictors for insulin sensitivity, which was very close to 1/HOMA-IR and of great value for
diagnosis and prevention. However, there were also some limitations. First, lifestyle habits, including diet
and exercise, were not controlled in the current study due to the lack of formal questionnaire or recording.
These habits may also in�uence the analysis of lipids, since some sphingolipid species were shown to
increase in HFD-induced obese mice (37, 38). Second, laborious and time-consuming glucose clamps
limited our cross-sectional study from being performed on a large scale, and further work is required to
verify our �ndings. Third, it might in�uence the serum sphingolipid patterns that IR patients in our study
had higher BMI than those of insulin sensitivity, since we corrected these effects through statistics
methods.
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Conclusion
In summary, these results provide novel associations between serum sphingolipid levels and insulin
sensitivity measured by hyperinsulinemic-euglycemic clamp. This �nding suggests that the balance of
SMs metabolism, rather than ceramide, is correlated with the pathology of insulin resistance, obesity and
T2DM. We further identi�ed two speci�c SPs that may represent prognostic biomarkers for insulin
sensitivity.
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Table 1  
Participants’ characteristics divided by GIR30 (mg / (kg *min))

  Insulin sensitivity (GIR30 ≥ 5.1) Insulin resistance (GIR30 < 5.1) P value

  Mean ± SD Median(range) Mean ± SD Median(range)  

No.(F) 44(25)   42(21)   0.53a

Age (years) 27.6 ± 8.1 25.0(18.0–53.0) 29.4 ± 8.5 28(18.0–56.0) 0.08b

BMI (kg/m2) 26.2 ± 7.5 23.3(18–47) 40.4 ± 9.1 38.5(28.0-69.9) <0.001 b

FBG (mmol/L) 5.1 ± 0.6 4.9(4.2–7.1) 6.8 ± 2.7 5.5(4.3–17.3) <0.001 b

2hPG (mmol/L) 6.8 ± 2.7 6.0(3.5–20) 11.1 ± 4.6 10.7(3.7–21.6) <0.001 c

TC (mmol/L) 4.4 ± 0.8 4.2(2.8–6.3) 5.3 ± 1.1 5.4(2.9–7.9) <0.001 c

TG (mmol/L)
HDL-c (mmol/L)

1.1 ± 0.6
1.4 ± 0.3

0.9(0.4–2.9)
1.3(0.8–2.1)

2.6 ± 3.7
1.1 ± 0.2

1.8(0.7–23.9)
1.1(0.7–1.6)

<0.001 b

0.01 c

LDL-c (mmol/L) 2.6 ± 0.7 2.5(1.0-4.5) 3.4 ± 0.9 3.4(1.1–5.5) <0.001 b

ALT (U/L) 32.7 ± 33.0 18(8.0-160.6) 84.5 ± 79.9 68.4(6.1-404.8) <0.001 b

AST (U/L) 28.3 ± 20.1 20.5(13.0-104.7) 58.0 ± 56.1 43.2(11.2–319.0) <0.001 b

F (female), body mass index (BMI), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL c), low density
lipoprotein cholesterol (LDL c), fasting blood glucose (FBG), 2-hour plasma glucose (2hPG). Data are
presented as the mean ± SD or median (range). a x2 test. b Mann-Whitney U test. c Independent
samples t test.
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Figure 1

Study design. Decreased insulin sensitivity is a multifactorial condition related to obesity, increased
in�ammation and dyslipidemia. Lipotoxicity impairs islet function. Sphingolipids are a diverse class of
lipids and we aimed to systematically investigate the changes in serum lipids in individuals and uncover
potential serum sphingolipid predictors for insulin sensitivity and insulin secretion. Serum samples were
analyzed by a targeted lipidomics approach. The glucose infusion rate over 30 minutes (GIR30) under
steady conditions was measured by the gold standard hyperinsulinemic-euglycemic clamp, and �rst-
phase insulin release (FPIR) was evaluated by the intravenous glucose tolerance test (IVGTT).
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Figure 2

Flow chart of the study
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Figure 3

Serum lipid concentrations in individuals visualized by heatmap. Each colored cell on the map
corresponds to a concentration value. The concentration values were transformed to -1 (most below
average, Blue) to 1 (most above average, Red). The 90 lipid species from the two groups are presented
and range from insulin sensitivity to IR. s: non-IR group, r IR group.
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Figure 4

Correlations between serum lipids and multiple clinical characteristics. Clinical characteristics network
showing lipid correlations with GIR, FPIR (grey nodes) and 8 key clinical characteristics (green nodes).
Pearson’s correlation was analyzed (A) and absolute coe�cient values of 0.2 and above are shown (P
0.05). Red edge color indicates positive correlation, while blue edge indicates negative correlation. Node
color is grouped according to lipid type. SM nodes are yellow, ceramide nodes are pink, GluCer and LacCer
nodes are dark blue, FFA nodes are red, and GM3 and Gb3 nodes are blue.
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Pearson’s correlation was analyzed (A) and absolute coe�cient values of 0.2 and above are shown (P
0.05). Red edge color indicates positive correlation, while blue edge indicates negative correlation. Node
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Figure 5

Different noninvasive clinical models or serum biomarkers for de�ning IR. Plots of area under the curves
(AUC) in the total subjects using GIR ≥ 5.1 mg / (kg *min) as a reference. SM, total serum
sphingomyelins; FFA, total serum fatty acids; Cer, total serum ceramides; SM/Cer, total serum
sphingomyelins/ total serum ceramides. Model 1: 1/HOMAIR, AUC 0.852; Model 2: SM/Ceramide, AUC
0.851; Model 3, SM d18:0/26:0, AUC 0.839.
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