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Abstract 56 

 57 

Background 58 

This study aimed to systematically investigate the associations between serum sphingolipids and insulin 59 

sensitivity as well as insulin secretion. This study also aimed to reveal potential predictors for insulin 60 

sensitivity or give perceptive insight into disease processes. 61 

Methods 62 

We conducted a lipidomics evaluation of molecularly distinct SPs in the serum of 86 consecutive 63 

Chinese adults with or without obesity and diabetes using electrospray ionization mass spectrometry 64 

coupled with liquid chromatography. The GIR30 was measured under steady conditions to assess 65 

insulin sensitivity by the gold standard hyperinsulinemic-euglycemic clamp. We created the ROC 66 

curves to detect the serum SMs diagnostic value and establish the diagnosis of insulin sensitivity. 67 

Results 68 

Differential correlation network analysis illustrated correlations amongst lipids, insulin sensitivity, 69 

insulin secretion and other clinical indexes. Total and subspecies of serum SMs and 70 

globotriaosylceramides (Gb3s) were positively related to GIR30, free FAs (FFA 16:1, FFA20:4), some 71 

long chain GM3 and complex ceramide GluCers showed strong negative correlations with GIR30. 72 

Notably, ROC curves showed that SM/Cer and SM d18:0/26:0 may be good serum lipid predictors of 73 

diagnostic indicators of insulin sensitivity close to conventional clinical indexes such as 1/HOMA-IR 74 

(all areas under the curve >0.80) based on GIR30 as standard diagnostic criteria.  75 

Conclusions 76 

These results provide novel associations between serum sphingolipid between insulin sensitivity 77 

measured by the hyperinsulinemic-euglycemic clamp. We further identify two specific SPs that may 78 

represent prognostic biomarkers for insulin sensitivity. 79 

 80 

 81 

Key Words: lipidomics, sphingolipids, insulin sensitivity, clamp, insulin secretion 82 
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 4 

Background 84 

SPs, including SMs, GM3s, ceramides, and gangliosides, are a group of ubiquitously produced lipids 85 

that play crucial roles in cell membrane function and cell signaling pathways(1). Sphingolipids and 86 

their substrates and constituents, FAs, have been implicated in the pathogenesis of various metabolic 87 

diseases associated with decreased insulin sensitivity/IR, obesity, diabetes, and atherosclerosis(2,3). 88 

When β cells of obese and IR individuals fail to secrete enough insulin to compensate for decreased 89 

insulin sensitivity, hyperglycemia develops(4). It is likely that perturbations in serum SPs and FAs are 90 

associated with diseases. Identifying these associations may reveal useful predictors or give perceptive 91 

insight into disease processes. For instance, decreased circulating saturated FAs through food intake, a 92 

kind of harmful FAs, could improve mouse insulin sensitivity(5). Cell membrane GM3s were found to 93 

display opposite associations with insulin resistance depending on acyl chain compositions(6). Based 94 

on a study of 2302 Singapore Chinese population, two specific SPs might represent prognostic 95 

biomarkers for T2DM (7). Another study found that SMs C14:0, C22:3, and C24:4 were positively 96 

associated with insulin secretion and glucose tolerance(8). However, due to the complexity and 97 

diversity of lipids, and differences in the analytical approaches adopted for sphingolipid measurements, 98 

the precise associations of sphingolipids with clinical indices of insulin sensitivity and secretion remain 99 

unclear. Fortunately, given the fundamentally development of LC-MS, the overall classification of lipid 100 

species in biological processes and has been improved in recent years. Such advances have expanded 101 

the collection of the “sphingolipidome” to more than 600 structurally distinct SPs and potentially 102 

thousands of theoretical metabolites that are likely to exist(9). In our study, we used a profile with more 103 

comprehensive coverage of different SP subclasses to recover their novel correlations with insulin 104 

sensitivity. 105 

 106 

Commonly used clinical indexes for the evaluation of insulin sensitivity/resistance, such as the HOMA-107 

IR, Matsuda index and QUICKI, are derived from circulating glucose and insulin levels, which are 108 

simple and noninvasive but indirect and subject to fluctuation (10). The gold standard for assessing 109 

insulin sensitivity is the hyperinsulinemic-euglycemic clamp developed by the DeFronzo group in the 110 

1970s (11). This approach assesses insulin-mediated glucose utilization under steady-state conditions, 111 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2020. ; https://doi.org/10.1101/2020.10.23.352765doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.23.352765
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

which is both laborious and time-consuming as well as limited for large-scale use. However, the 112 

advantages of the glucose clamp are obvious for measuring insulin sensitivity/resistance directly and 113 

straightforwardly and further distinguishing hepatic and peripheral insulin sensitivity/resistance 114 

simultaneously when radiolabeled glucose tracers are used. To date, the glucose clamp has been applied 115 

as a standard assessment for other clinical indexes in various cross-sectional studies and prospective 116 

investigations to test the effect of different interventions on insulin sensitivity (12-14). Moreover, the 117 

IVGTT is an alternative method recommended to test insulin secretion and evaluate pancreatic islet 118 

function. It is acknowledged that a reduction in FPIR is the earliest detectable defect in β-cell function 119 

in individuals predisposed to develop T2DM and that this defect largely indicates β-cell exhaustion 120 

after years of compensation for antecedent IR (15). 121 

 122 

SP metabolism is dysregulated in metabolic diseases and any of these specific lipid molecules may 123 

represent a potential biomarker of insulin resistance or other metabolic diseases. To date, there have 124 

been few systematic evaluations of the correlations between individual serum SP species with insulin 125 

sensitivity assessed by the hyperinsulinemic-euglycemic clamp. In this study, we investigated the 126 

associations of various serum SPs and FAs quantitated using a targeted lipidomic approach with insulin 127 

sensitivity and insulin secretion(Figure 1). We aimed to 1) investigate the incipient SPs and FAs patterns 128 

related to insulin sensitivity and insulin secretion, 2) identify predictive and diagnostic serum lipid 129 

indicators related to insulin sensitivity or islet function, thus preventing elevated risks of related 130 

symptoms and associated treatment expenditures, and. 3) explore and discuss potential lipid metabolic 131 

pathways associated with insulin sensitivity or islet function.  132 

 133 

 134 

Materials and Methods 135 

Study participants. Briefly, 86 participants aged from 18 to 60 years (number of Female:46) were 136 

enrolled in this project in Nanjing, Jiangsu Province, China. To broadly detect the range of insulin 137 

sensitivity, participants were normal weight (n=25), overweight(n=9; 24 kg/m2 ≤ BMI < 30 kg/m2) or 138 

obese(n=52(BMI > 30 kg/m2)), and with or without diabetes(number of participants with diabetes:25). 139 
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Exclusion criteria included use of medication or supplements, smoking or high alcohol use (>4 and >2 140 

standard drinks/week for men and women, respectively), other major diseases or presence of acute 141 

inflammation or pregnancy(Figure 2).  142 

 143 

Hyperinsulinemic-euglycemic clamp. The hyperinsulinemic-euglycemic clamp presumes that the 144 

hyperinsulinemic state induced by a high dose of insulin infusion (>80 mU/m2*min) is sufficient to 145 

totally suppress hepatic glucose production and that there is no net change in the circulating blood 146 

glucose concentration under steady conditions(Supplementary Figure 1). Therefore, the GIR is 147 

equivalent to that of whole-body GDR or M value, which represents body insulin sensitivity(11). After 148 

an overnight fast, subjects were studied the next morning in the supine position. A prepared dose of 149 

insulin (80 mU/m2) was injected over the next 10 minutes to achieve a steady-state insulin concentration. 150 

The clamp duration was at least 2h. A variable infusion of 20% glucose was started to maintain the 151 

plasma glucose concentration at 5 mmmol/L (4.5-5.5 mmol/L). GIR30 was calculated from the mean 152 

glucose infusion rate during the last 30 minutes (14).  153 

 154 

IVGTT. Briefly, 0.3 g/kg body weight of a 20% glucose solution was given within 3 minutes. The 155 

FPIR is defined as the initial burst of insulin, which is released within the first 10 minutes and peaks at 156 

2-4 minutes after glucose injection. After the acute response, there is a second-phase insulin secretion, 157 

which rises more gradually (16).  Blood samples for the measurement of plasma glucose and serum 158 

insulin were collected at 0, 2, 4, 6, 8, 10, 20, 30, and 60 minutes. The FPIR was calculated as the mean 159 

of the 2- to 4-minute samples minus the mean pre-stimulus hormone concentration (0 minutes) (17).  160 

 161 

Laboratory measurements. Blood glucose was analyzed by a blood glucose biochemical analyzer 162 

(Germany, Biosen). Serum insulin and C-peptide were measured by chemiluminescent methods. 163 

HbA1c was analyzed by a chromatographic technique, and TC, TG, LDL-c, HDL-c and other 164 

biochemical phenotypes were measured with standard enzymatic assays in the laboratory of the First 165 

Affiliated Hospital of Nanjing Medical University, Nanjing, China. 166 

 167 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 25, 2020. ; https://doi.org/10.1101/2020.10.23.352765doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.23.352765
http://creativecommons.org/licenses/by-nc-nd/4.0/


 7 

Targeted lipidomics analysis. Lipids were extracted from serum (20 µL) using a modified Bligh and 168 

Dyer’s extraction procedure (double rounds of extraction) and dried in a SpeedVac under OH mode. 169 

Prior to analysis, lipid extracts were resuspended in chloroform:methanol 1:1 (v/v) spiked with 170 

appropriate internal standards. All lipidomic analyses were carried out on an Exion UPLC system 171 

coupled with a QTRAP 6500 PLUS system (Sciex) as described previously(18). Sphingolipids were 172 

separated on a Phenomenex Luna Silica 3 µm column (i.d. 150x2.0 mm) under the following 173 

chromatographic conditions: mobile phase A (chloroform:methanol:ammonium hydroxide, 89.5:10:0.5) 174 

and mobile phase B (chloroform:methanol: ammonium hydroxide: water, 55:39:0.5:5.5) at a flow rate 175 

of 270 µL/min and column oven temperature at 25 °C. Individual sphingolipid species were quantified 176 

by reference to spiked internal standards including Cer d18:1/17:0, GluCer d18:1/8:0, LacCer d18:1/8:0, 177 

and SM d18:1/12:0, obtained from Avanti Polar Lipids; d3-GM3 d18:1/18:0 and Gb3 d18:1/17:0 178 

purchased from Matreya LLC; d8-FFA 20:4 from Cayman Chemicals; and d31-FFA16:0 from Sigma-179 

Aldrich. 180 

 181 

Statistical analysis. Lipids were divided into groups and analyzed based on carbon atom and double 182 

bond numbers. The typical cutoff value of GIR30 (or GDR, M value) of 4.9-5.2 mg/kg per minute was 183 

used to define insulin sensitive or resistant subjects(14,19). In our study, the cutoff point of GIR30 was 184 

set as 5.1 mg/(kg *min), which was also the median of consecutive 86 subjects. Differences in metabolic 185 

characteristics between two groups divided by GIR30 were calculated by t-test or the Mann-Whitney U 186 

test. Analyses were performed using SPSS for Macintosh version 25.0 (SPSS Inc, Chicago, IL, USA). 187 

Associations between metabolic parameters and lipid species were analyzed by Pearson correlation 188 

based on univariate logistic regression and adjusted for multiple factors, including age, sex, BMI, HDL-189 

c, LDL-c, TG, TC, ALT and AST. Gephi was used to build correlation networks from differentially 190 

correlated lipid pairs. Data are presented as the mean ± SD or median (range). P<0.05 was considered 191 

statistically significant. 192 

 193 

Results 194 
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Participants’ characteristics. Table 1 shows the characteristics of the 86 subjects in our study. 195 

According to the glucose clamp results, all the participants were divided into insulin-resistant and 196 

insulin-sensitive groups by GIR30, which was defined as 5.1 mg/(kg *min) (Table 1). We also applied 197 

IVGTT to evaluate islet function, and all individuals were separated into high insulin secretion and low 198 

insulin secretion groups by FPIR (Table 2). Subjects who presented insulin sensitivity were similar in 199 

age and sex to IR individuals but had lower levels of serum fasting glucose and 2h-OGTT glucose, 200 

neutral lipids including TC, TG, HDL-c, and LDL-c and liver enzymes including ALT and AST. Those 201 

who showed lower FPIR had comparable age, BMI and neutral lipids but higher levels of serum fasting 202 

glucose and 2h-OGTT glucose than those with high FPIR. 203 

 204 

Serum lipids and basic clinical characteristics A. total of 90 lipid species in 7 classes of lipids, 205 

including FFAs, SMs, ceramides, GluCers, LacCers, GM3s and Gb3s, were quantitated and analyzed 206 

in the 86 human serum samples. We first evaluated differences among lipids with age and gender. There 207 

was a tendency of increased SMs and significant enhancements in GluCer d18:0/18:0 and Gb3 208 

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) 209 

in females compared with males (P<0.05); however, no differences were found in the total or subtypes 210 

of serum ceramides (Supplementary Table 1). The lipid classes that extensively increased with age were 211 

FFAs, ceramides and GM3 (P<0.05), and those that tended to drop were SMs, GluCer and LacCer 212 

(Supplementary Table 2). Similarly, in individuals with high BMI values, the perceivably increased 213 

lipids were FFAs, ceramides and GM3s, while lipids such as SMs, GluCers and LacCers declined 214 

(Supplementary Table 3). 215 

 216 

Differential analysis and correlation network of GIR and FPIR. We used a heatmap to visualize the 217 

trends of lipidomics among the 86 individuals divided by GIR30 (Figure 3, Supplementary Table 4). The 218 

results showed a significant higher in total serum SMs in the high GIR30 (insulin sensitive) group 219 

(P<0.05) and a mild tendency of serum GluCers, LacCers and Gb3s, especially GluCer d18:1/20:0 and 220 

Gb3 d18:1/24:0, to increase. However, in the high GIR30 group, a decrease was also seen in some FFAs, 221 

ceramides and GM3s (Figure 3), especially C18 FFAs (FFA 18:3, FFA 18:1, FFA 18:0) and FFA16:1, 222 
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long-chain unsaturated ceramides (Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1) and most saturated 223 

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 224 

d18:1/22:0, GM3 d18:0/22:0, GM3 d18:0/24:0). Interestingly, most serum lipids increased in 225 

individuals with low insulin secretion, including FFAs (FFA 22:6, FFA 22:5, FFA 18:2, FFA 18:1, FFA 226 

18:0, FFA 16:0), Lac-Cers (LacCer d18:1/16:0, LacCer d18:1/18:0, LacCer d18:1/20:0, LacCer 227 

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 228 

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 229 

d18:1/22:0, GM3 d18:0/22:0, GM3 d18:1/24:0, GM3 d18:0/24:0) (Supplementary Table 5). These 230 

findings might be because of lipid toxicity. 231 

A correlation network was constructed to systematically evaluate the correlation of the clinical indexes 232 

and lipidomics, as well as lipid-related interrelationships. We raised our correlation coefficient limit to 233 

0.2 (p<0.05), and the results indicated that the lipids that were positively related to GIR30 including 234 

GluCers (GluCer d18:1/20:0, GluCer d18:1/22:0, GluCer d18:0/24:0, GluCer d18:0/24:1), Gb3s (GB3 235 

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 236 

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 237 

(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) 238 

were negatively correlated with GIR30. This relationship still existed when adjusted for age, sex, BMI, 239 

TG, TC, HDL-c, LDL-c, ALT and AST (Figure 4 Supplementary Table 6). Serum lipids showed a 240 

negative relationship with FPIR, including FFAs (FFA22:5, FFA18:2, FFA18:1, FFA16:0), GluCers 241 

(GluCer d18:1/16:0, GluCer d18:1/18:0, GluCer d18:1/20:0), LacCer (LacCer d18:1/20:0, LacCer 242 

d18:1/24:0, LacCer d18:1/24:1), which still existed after adjustment for age, sex and BMI (Figure 4, 243 

Supplementary Table 6). Notably, HDL is a lipid protein known to transport SMs. Our data showed 244 

that HDL-c, not LDL-c, was correlated positively with most SMs.  245 

 246 

Use of the ROC test for the diagnosis of insulin sensitivity. To discover serum lipid predictive and 247 

prognostic biomarkers for insulin sensitivity evaluation, we assessed the predictive value of various 248 

lipids by ROC curve analysis using GIR as a standard criterion (Figure 5, Supplementary Table 7). 249 

Notably, the ratio of total serum SMs and ceramides (SM/Cer) showed high diagnostic efficiency, as it 250 
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was equal to 1/HOMA-IR, with 0.85 (0.77-0.94) and 0.85 (0.77-0.93), respectively. Moreover, SM 251 

18:0/26:0, a subspecies of SMs, showed close and high diagnostic efficiency with 0.84 (0.75-0.93), 252 

while other lipids showed lower diagnostic efficiency, such as total serum ceramides 0.35 (0.23-0.46) 253 

and FFAs 0.38 (0.26-0.5). 254 

 255 

Discussion 256 

In the current work, we report the systematic analysis of the sphingolipidome, allowing for an accurate 257 

evaluation of the associations between serum SPs content and obesity and diabetes related 258 

characteristics, such as insulin sensitivity, BMI, blood lipids, and HOMA-IR. We also found that higher 259 

concentration of serum free FAs(FFA 22:6, FFA 22:5, FFA 18:2, FFA 18:1), substrates and constituents 260 

of SPs, were associated with a higher risk of decreased insulin secretion. Of note, ROC curves showed 261 

that SM/Cer and SM d18:0/26:0 may be good serum lipid predictors of diagnostic indicators for insulin 262 

sensitivity close to conventional clinical indexes such as 1/HOMA-IR (all areas under the curve >0.80) 263 

based on GIR30 as standard diagnostic criteria.  264 

 265 

We conducted a lipidomics evaluation of molecularly distinct SPs in the serum of 86 consecutive 266 

Chinese adults with or without obesity and diabetes using electrospray ionization mass spectrometry 267 

coupled with liquid chromatography. Our study involved a thorough evaluation of lipid profile changes 268 

in human serum samples among 90 lipid species. These lipids are from 7 subclasses, including FFAs 269 

(15 species), SMs (27 species), ceramides (8 species), GluCers (12 species), LacCers (8 species), GM3s 270 

(14 species) and Gb3s (6 species). We found an increasing tendency in complex serum sphingolipids 271 

(SPs), including SMs and GluCers, in females, which is consistent with recent large-scale lipidomic 272 

investigations of Chinese T2DM patients in Singapore (7). The possible reason for sex differences 273 

might be sex hormone estrogens, which could improve sphingolipid synthesis and reduce sphingolipid 274 

degradation by attenuating acid sphingomyelinase activities (20,21). We also observed that serum FFAs, 275 

ceramides and GM3 were significantly higher in individuals of older age or with a higher BMI, which 276 

might be due to the exacerbation of lipid-related inflammatory factors with age or BMI (7,22-24). 277 
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Interestingly, our results showed that SMs showed no significant changes with age or BMI, indicating 278 

that SMs were less likely to be age- or BMI-related proinflammatory mediators. 279 

 280 

The glucose infusion rate over 30 minutes (GIR30) under steady conditions to assess insulin sensitivity 281 

by the gold standard hyperinsulinemic-euglycemic clamp, and first-phase insulin release (FPIR) to 282 

evaluate insulin secretion by the intravenous glucose tolerance test (IVGTT).  283 

In comparison to previous studies (7,25,26), we further identified more lipid species related to obesity 284 

and T2DM. In general, serum FFAs, ceramides and GM3s were decreased in subjects with high GIR30; 285 

however, serum SMs, GluCers, LacCers and Gb3s were increased in individuals with high GIR30. 286 

Remarkably, all species of serum SMs analyzed were relevant to increased insulin sensitivity, while 287 

partial species of serum ceramides (Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1) were corroborated 288 

with a higher risk of impaired insulin sensitivity. In mammals, substrate specificity is distinguished 289 

by CerS with N-acyl chain length. CerS has six isoforms (CerS1-6), and CerS2 seems to be a unique 290 

enzyme with a higher activity for very long-chain fatty acids such as C22-C26. Our findings showed 291 

that these very long-chain ceramides (Cerd18:1/22:0, Cerd18:1/24:0, Cer d18:1/24:1) were increased 292 

in IR individuals, consistent with part of a previous study indicating that ceramides with larger carbon 293 

atom numbers and more unsaturated bonds were more strongly associated with an increased risk of 294 

diabetes (7). These findings suggested that compositional variations in specific species of ceramides 295 

were associated with risks of IR or diabetes, even though the number of total ceramides remained 296 

unchanged. We also found a positive correlation between serum GluCers and GIR30, and the paradox 297 

of correlations indicated that more complex ceramides are different from ceramide regulation. Cross-298 

sectional studies about serum SMs and insulin sensitivity in humans are limited. Among these studies, 299 

the associations between SMs and HOMA-IR are still controversial (25,27-29). This discrepancy may 300 

be attributed to a number of factors: 1) ethnic characteristics, 2) effective population size, 3) age span 301 

changes from young adults to elderly individuals, 4) accuracy of clinical indicators such as HOMA-IR, 302 

Matsuda index or QUICKI, 5) different lipidomics analytical platforms, 6) combined influence of body 303 

weight, 7) onset of diabetes time course, 8) drug intervention for diabetes, and 9) accompaniment by 304 

other metabolic diseases. Interestingly, our results were notable: all species of SMs showed a strong 305 
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positive relationship with GIR30, and only some ceramides were negatively related to GIR30. The 306 

characteristics of the study were as follows: 1) young and middle-aged adults between 18 and 56 307 

(median 26.5), 2) body weight ranging from normal weight to overweight to obese, 3) obese subjects 308 

with or without newly diagnosed diabetes, 4) a thorough evaluation of SPs specific for 27 species of 309 

SMs and 8 species of ceramides through targeted lipidomics measurements, and 5) insulin sensitivity 310 

evaluated by the gold standard, glucose clamp evaluation. 311 

 312 

We created the ROC curves to detect the serum SMs diagnostic value and establish the diagnosis of 313 

insulin sensitivity based on GIR30 derived from the glucose clamp, which is the standard method, and 314 

the cutoff point of GIR30 was set as 5.1 mg/(kg *min). ROC analysis provides tools to screen possibly 315 

optimal models in a direct and natural way of diagnostic decision making. It is a comparison of two 316 

operating characteristics as the criterion changes. In the current study, we found that serum very long-317 

chain SM d18:0/26:0 and the ratio of total serum SMs and Cers (SM/Cer) could be good predictors of 318 

insulin sensitivity that were very close to 1/HOMA-IR. Although SM d18:0/26:0 accounted for the 319 

lowest portion of total serum SMs, it seems to be a much more sensitive indicator of insulin sensitivity. 320 

Ceramides are substrates that generate SMs and are intermediate lipid links in sphingolipid metabolism. 321 

We used SM/Cer as a novel index that reflects the direction of sphingolipid reactions. As the ratio 322 

increases, more SMs are produced in the forward direction. We aimed to discover the pathological 323 

relevance of our identified lipids with regard to insulin sensitivity. Because sphingolipid synthesis and 324 

catabolism are dysregulated in metabolic diseases, any of these specific molecules may reflect a 325 

potential biomarker of decreased insulin sensitivity or other pathologies (30). A study also revealed that 326 

a metabolite panel appreciably improved T2DM risk prediction over or close to conventional clinical 327 

factors (18,31). The serum lipid parameters we identified could be good predictors compared with 328 

HOMA-IR, where GIR30 was used as a standard reference. These predictors we screened emphasized 329 

that the scarce and uncommon lipids might be useful for further insulin sensitivity mechanism 330 

exploration as well as clinical diagnosis and prevention. 331 

 332 
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We did not find specific lipid indicators of insulin secretion by ROC analysis. However, our correlation 333 

network analysis data showed a negative association between serum total FFAs and FPIR, and it 334 

disappeared after adjustment for age, sex, BMI, TC, TG, HDL-c, LDL-c, ALT and AST. More 335 

interestingly, 18-chain FFAs and 22-chain FFAs remained negatively correlated with FPIR when 336 

adjusted for the above factors, which indicated a strong relationship between these subtypes of FFAs 337 

and FPIR. A previous study based on the OGTT observed an association between higher total fasting 338 

plasma FFA levels and lower insulin secretion in children and adults without adjustments for 339 

confounding factors (32). Some studies proved that chronic FFA-induced lipotoxicity on pancreatic 340 

islets contributed to β cell dysfunction (33,34). Therefore, a reduction in elevated plasma FFA levels 341 

might be a critical therapeutic target for obesity-related type 2 diabetes. Although some studies showed 342 

that 24-72 h fatty acid stimulation increased insulin secretion in isolated islets from nondiabetic mice 343 

or humans (35,36), there were two different notable effects of short-term and long-term FFA stimuli on 344 

insulin secretion, and β cell function was impaired by long-term FFA stimulation. We considered that 345 

the negative association between these subtypes of serum FFAs, including 18-chain and 22-chain FFAs 346 

and FPIR in our study population, represented long-term damage to insulin secretion. 347 

 348 

The major strengths of our current study are as follows. First, our targeted lipidomics approach 349 

permitted the unambiguous identification and accurate quantitation of serum lipids. This procedure 350 

unveiled unambiguous identification and accurate quantitation of serum lipids and evaluated systematic 351 

lipid pathway coregulation via multiple correlation analyses. Second, in terms of the study cohorts, we 352 

screened serum lipid predictors for the diagnosis of insulin sensitivity in Chinese individuals including 353 

normal-weight, overweight, obese and diabetic subjects, which is the gold standard for evaluating 354 

insulin sensitivity clinically. Third, we found that serum very long-chain SM (d18:0/26:0) and the 355 

SM/Cer could be good predictors for insulin sensitivity, which was very close to 1/HOMA-IR and of 356 

great value for diagnosis and prevention. However, there were also some limitations. First, lifestyle 357 

habits, including diet and exercise, were not controlled in the current study due to the lack of formal 358 

questionnaire or recording. These habits may also influence the analysis of lipids, since some 359 

sphingolipid species were shown to increase in HFD-induced obese mice (37,38). Second, laborious 360 
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and time-consuming glucose clamps limited our cross-sectional study from being performed on a large 361 

scale, and further work is required to verify our findings. Third, it might influence the serum 362 

sphingolipid patterns that IR patients in our study had higher BMI than those of insulin sensitivity , 363 

since we corrected these effects through statistics methods. 364 

 365 

Conclusion 366 

In summary, these results provide novel associations between serum sphingolipid levels and insulin 367 

sensitivity measured by hyperinsulinemic-euglycemic clamp. This finding suggests that the balance of 368 

SMs metabolism, rather than ceramide, is correlated with the pathology of insulin resistance, obesity 369 

and T2DM. We further identified two specific SPs that may represent prognostic biomarkers for insulin 370 

sensitivity. 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 
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 562 

Figure 1. Study design. 563 

Decreased insulin sensitivity is a multifactorial condition related to obesity, increased inflammation and 564 

dyslipidemia. Lipotoxicity impairs islet function. Sphingolipids are a diverse class of lipids and we 565 

aimed to systematically investigate the changes in serum lipids in individuals and uncover potential 566 

serum sphingolipid predictors for insulin sensitivity and insulin secretion. Serum samples were 567 

analyzed by a targeted lipidomics approach. The glucose infusion rate over 30 minutes (GIR30) under 568 

steady conditions was measured by the gold standard hyperinsulinemic-euglycemic clamp, and first-569 

phase insulin release (FPIR) was evaluated by the intravenous glucose tolerance test (IVGTT). 570 
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Figure 2. Flow chart of the study 578 
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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 594 

(TG), high density lipoprotein cholesterol (HDL⁃c), low density lipoprotein cholesterol (LDL⁃c), fasting blood glucose (FBG), 2-hour 595 

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 596 

test. 597 
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Figure 3. Serum lipid concentrations in individuals visualized by heatmap. 600 

Each colored cell on the map corresponds to a concentration value. The concentration values were 601 

transformed to -1 (most below average, Blue) to 1 (most above average, Red). The 90 lipid species 602 

from the two groups are presented and range from insulin sensitivity to IR. s: non-IR group, r IR 603 

group. 604 
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 623 

 624 

Figure 4. Correlations between serum lipids and multiple clinical characteristics. 625 

Clinical characteristics network showing lipid correlations with GIR, FPIR (grey nodes) and 8 key 626 

clinical characteristics (green nodes). Pearson’s correlation was analyzed (A) and absolute coefficient 627 

values of 0.2 and above are shown (P＜0.05). Red edge color indicates positive correlation, while 628 

blue edge indicates negative correlation. Node color is grouped according to lipid type. SM nodes are 629 

yellow, ceramide nodes are pink, GluCer and LacCer nodes are dark blue, FFA nodes are red, and 630 

GM3 and Gb3 nodes are blue.  631 

 632 

 633 
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 634 

 635 

 636 

Figure 5. Different noninvasive clinical models or serum biomarkers for defining IR.  637 

Plots of area under the curves (AUC) in the total subjects using GIR ≥ 5.1 mg / (kg *min) as a reference. 638 

SM, total serum sphingomyelins; FFA, total serum fatty acids; Cer, total serum ceramides; SM/Cer, 639 

total serum sphingomyelins/ total serum ceramides. Model 1: 1/HOMAIR, AUC 0.852; Model 2: 640 

SM/Ceramide, AUC 0.851; Model 3, SM d18:0/26:0, AUC 0.839. 641 
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 680 

Supplementary Figure 1. Flow chart of the hyperinsulinemic euglycemic clamp. 681 
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Supplementary Table 1 Gender differences in individual lipid species  701 

 702 

Lipid
 Average lipid
concentration (nM)  Standard deviation

 Average lipid
concentration (nM)  Standard deviation t.test

Man whitney
u test

Percentage
changed in
Female /Male
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Supplementary Table 2 Age differences in individual lipid species  708 
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Lipids
 Average lipid
concentration (nM)  Standard deviation

 Average lipid
concentration (nM)

 Standard
deviation t.test

Man whitney
u test

Percentage
changed in age
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 Age ≤ 26�n=43�  Age�26(n=43) P value
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Supplementary Table 3 BMI differences in individual lipid species  715 
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Lipid
 Average lipid
concentration (nM)  Standard deviation

 Average lipid
concentration (nM)

 Standard
deviation t.test

Man whitney
u test

Percentage
changed in
BMI

FFA22:6 �������	���������� ���	������������ ��������������� ��������������� ���� ����� ���
FFA22:5 		�	��������������� ����	�
����������� 	���
	�
���������� ���
��
������� ����� ����� ��
FFA22:4 

�	�������������� 
���������������� 
���
������������� �������������� ����
 ����� ��
FFA20:5 	������	���������� ��
������������� 	�
���	����������� ��������������� ��
�� ��	�
 �	�
FFA20:4 ������������������ 	
�������������� ����
������������� ��	���������� ���� ���� ��	�
FFA20:3 ���

������������� 
��	��

���������� ���
���
���������� ��

��	������� ���	� ����� ��
FFA18:3 ����������������� ����	�
����������� �������
����������� 
�	

�
������� ����� ����� �	�
FFA18:2 �������

�������� ����	����������� �
����
����������� �	������
��� ����� ����� ���
FFA18:1 	����������������� ���������������� 	����		�	��������� ���
���	����� ����� ����� ��
FFA18:0 ��	
����������� ����
�	��������� ����
�
�������� ��	�������� ����� ����� ��
FFA16:1 �
��������������� �����
��������� ����	������������ ��
��������� ����� ����� 
��
FFA16:0 ������
�	��	����� ����
����������� ��������������� ��������
���� ����	 ����	 
�
FFA14:0 ���������
�������� ���
������������� �		�������������� ��������
����� ����
 ���
� 
�
FA13:0 ��

������������� �	������
������� ��	
��			�������� ������������ ����	 ����� ��
FA12:0 ���
�
	�������� �������	������� ��
���
��������� ����
�
�
���� ����� ����� ����
SM d18:1/16:1 ��������
���������� ����	����������� ���	����
���������� �	������������ ����� ����� ����
SM d18:1/16:0 ����

������������ ��������������� ������
��������� �	�����	����� ����� ����� ���
SM d18:0/16:0 ����
������������� �
�������������� ���	���
����������� ������	
����� ����� ����� ����
SM d18:1/17:1 �������������������� ��	������������� ��������������������� ��������������� ����� ����� ���
SM d18:1/17:0 ����������������� �����	�	��������� 	����	������������� ������	�������� ����� ����� ���
SM d18:1/18:1 ����	��
����������� 	�		��	��������� ����

��
���������� ������
�������� ����� ����� ��	�
SM d18:1/18:0 ��
��������������� �����	��	
������ 
���	�������������� �������������� ����� ����� ����
SM d18:0/18:0 ���	��	����������� ���
	������������ ������������������� 
�������������� ����
 ���� �
	�
SM d18:1/19:1 ������������������� ��
�
������������� 
������������������ �	�	
���������� ����� ����� �	�
SM d18:1/19:0 ��
���������������� �
�������������� �������������������� ���������������� ����� ����� ���
SM d18:1/20:1 �������	����������� 
���
��	�������� ������������������� 
�
�
���������� ����� ����� ���
SM d18:1/20:0 	����������������� ����
���������� ������������������� �������������� ����� ����� ����
SM d18:1/21:1 	������������������� 
�	�������������� �������������������� ��������������� ����� ����� ���
SM d18:1/21:0 ���
�
������������ ������
�������� 
������������������� ������
�������� ����� ����� ����
SM d18:1/22:1 �����	������������ �
��	
�	������ 	������������������ �
��
	�������� ����� ����� ����
SM d18:1/22:0 ��	�������������� ����	����������� �����
��	���������� �	����������� ����� ����� ����
SM d18:1/23:1 
���������������� �����	��������� ����������������� ����	���������� ����� ����� ���
SM d18:1/23:0 ������������������� ��
������������ ������������������ ��������������� ����� ����� ���
SM d18:1/24:1 	��������
�������� 	���	����������� ����
������������� 
������

����� ����� ����� ��	�
SM d18:1/24:0 ���������������� ��
������	������ 

�����	����������� ����
��������� ����� ����� ����
SM d18:0/24:0 ����������������� ����	�	��������� 
����������������� ����	�	�������� ����� ����� ��	�
SM d18:1/25:1 ���
���������������� �������	���������� ���	��������������� ��������������� ����� ����� ��	�
SM d18:1/25:0 ������������������� �	��������������� ������������������ �����
���������� ����� ����� ���
SM d18:0/25:0 	����������������� 
��	������������� ������
������������ 
������������� ����� ����� ���
SM d18:1/26:1 �������������������� ��	
	������������� 	������������������ 	
�
����������� ����� ����� ��
�
SM d18:1/26:0 �������������������� ���	�������������� 	�	�	���������������� ���������������� ����� ����� ���
SM d18:0/26:0 
���	���������������� 
����������������� �
������������������� �
��������������� ����� ����� ���
Cer d18:1/16:0 ���	���������������� �����	������������� �������������������� 	�������������� ��	�� ����� ���
Cer d18:1/18:0 
���
���������������� �	����������������� 	�������������������� 		�������������� ���� ��	�
 ���
Cer d18:0/18:0 ��������������������� ��
��������������� ����
���������������� ����
���������� ���� ����� ����
Cer d18:1/20:0 	�	������������������ ���
�������������� 	�
�	���������������� 	����
���������� ��� ��

� �
Cer d18:1/22:0 �����	��������������� ������������������� ���
������������� 

�	���������� ���	 ����� ���
Cer d18:1/24:1 �������������������� �
��	�������������� ��
��������������� ���
����������� ����� ����� 	��
Cer d18:1/24:0 ����	�	������������� ���
���	���������� 	������������������� �����	�������� ����� ���
 ���
Cer d18:0/24:1 ��������������������� ���������������� ����
��������������� ���	����������� ���� ���
 ���

 BMI ≤ 30(n=34)  BMI�30(n=52) P value
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GluCer d18:1/16:0 �
������������������ �
��	�������������� 	��	��������������� ��
��	���������� ��
�� ��	� ���
GluCer d18:0/16:0 ��
������������������ �������������������� ���������������������� ������������������ ��	� ����� ���
GluCer d18:1/18:0 ������������������� 
��	���������������� ���������������������� 	���������������� ����� ��

� ����
GluCer d18:0/18:0 ���������������������� 	��
����������������� �	�������������������� 	��
�������������� ���
 ����� ���
GluCer d18:1/20:0 ���������������������� 	������������������ ���������������������� 	���������������� ����� ����� ���
GluCer d18:0/20:0 ���	������������������� 	������������������� ��	������������������� 	��	�������������� ���� ��
�� �
�
GluCer d18:1/22:0 ����	���������������� 	������������������ �������������������� ���������������� ����� ����� ����
GluCer d18:0/22:0 ���������������������� ��������������������� ���	����������������� �
��������������� ����� ����� ��	�
GluCer d18:1/24:1 ��������������������� ���	�������������� �		����������������� 	��������������� ��	�
 ��	�
 ��
GluCer d18:0/24:1 �������������������� 	���������������� ����
���������������� 	��������������� ����� ����� ��
�
GluCer d18:1/24:0 ���
	����������������� �������������������� ���������������������� ����������������� ��	�� ����	 ���
GluCer d18:0/24:0 ����
����������������� ��������������������� ���	������������������ ��	��������������� ���
 ��
�� ���
LacCer d18:1/16:0 	��

��������������� �	���
������������� 	���	�	������������ ��������������� ���	� ����	 ��
LacCer d18:0/16:0 ��		����������������� �	������������������ �������������������� ����������������� ����� ����� ��
LacCer d18:1/18:0 ��������������������� ��	���������������� ���������������������� 	��������������� ���
� ����� ����
LacCer d18:1/20:0 	��������������������� ������������������� 
��������������������� ���������������� ���	� ����� �
LacCer d18:1/22:0 �������������������� ���

������������� ����	��������������� ���	������������ ��	 ����� ���
LacCer d18:1/24:1 ��������������������� �	���
������������� ��	������������������ �	���
���������� ���	� ����� ���
LacCer d18:1/24:0 ��	��	��������������� ����
������������� �
������������������� ��������������� ����� ����� ����
LacCer d18:0/24:1 ����
����������������� ��������������������� ���������������������� ��		�������������� ����� ����� ��
�
Gb3 d18:1/16:0 ��
���������������� 	
����������������� ��
���������������� 	���

���������� ��	�	 ��	
� ���
Gb3 d18:1/18:0 �������������������� �
�
���������������� ��������������������� ���	������������� ����� ����	 ��	�
Gb3 d18:1/20:0 
�������������������� �	��
��������������� ���
����������������� ���������������� ����	 ��� ����
Gb3 d18:1/22:0 �		������������������ 	������������������ ��
����������������� 
��������������� ����� ���� ����
Gb3 d18:1/24:1 ��	������������������ ������������������� ���������������������� ���������������� ����� ���� ���
Gb3 d18:1/24:0 ���������������������� ������������������ ��������������������� ����������������� ����� ����	 ����
GM3 d18:1/16:0 	��	���������������� 
	���������������� 	�
����
������������ �
��	����������� ��	�� ��
�� ��
GM3 d18:0/16:0 ����	���������������� ����	������������� 	
���������������� ��������������� ����
 ���� ���
GM3 d18:1/18:1 	�������������������� ����		������������� 	�������������������� ��	������������� ��	� ��
	� �
GM3 d18:1/18:0 �������������������� 	
���
������������� ������

������������ 
	�������������� ����� ����� ���
GM3 d18:0/18:0 
�	����������������� ����	�������������� �������������������� �
�������������� ����� ����� ��
GM3 d18:1/20:1 �������������������� ���
���������������� ����
��������������� ����������������� ����� ����� ���
GM3 d18:1/20:0 ������������������� �����
������������� ��
������������������ �	
������������� ����� ����� ���
GM3 d18:0/20:0 ��������������������� �������������������� ������������������� ���������������� ����� ����� 	��
GM3 d18:1/22:1 ���	���������������� ������������������� ��	��	��������������� ����	����������� ����� ����� �
�
GM3 d18:1/22:0 ������������������� ������������������� ������������������� �
�������������� ����� ���� �	�
GM3 d18:0/22:0 
�������������������� �
���������������� ��������������������� ����	���������� ����� ����� 	
�
GM3 d18:1/24:1 ��	
���������������� ���������������� ��
���������������� 
�

���������� ��
�
 ��
�� ��
GM3 d18:1/24:0 ����	��������������� �
����������������� ������������������� ��������������� ����	 ���	� ���
GM3 d18:0/24:0 
���	���������������� ����
�������������� ��	������������������ �

��	���������� ����	 ����� ���
FFA ���	
��	����
��� �
���
��
	������ ��������	������ ������	��
��� ����� ����
 ��
SM ���������������� ������	��	���� ����	�
�	�������� ������������� ����� ����� ���
Cer ���
��������������� ���	���
���������� ������������������� 	������������� ����� ���	� �	�
GluCer 	��
	��������������� ����������������� 	�����
������������� �������������� ����� ����� ����
LacCer 
������������������ ��
��������������� 
��
���	������������ ��	����������� ���� ��� ���
GM3 �
�
��������������� 	��	��
���������� ����	�������������� 
�����
�������� ����
 ����� ���
Gb3 ������������������� 
�	���������������� ���	���������������� 
�������������� ���	 ����� ��
SM/Cer �������������������� 	
����������������� ��		����������������� 	���	������������ ����� ����� ���
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Supplementary Table 4  GIR differences in individual lipid species 720 
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Lipid
 Average lipid
concentration (nM)

 Standard
deviation

 Average lipid
concentration (nM)  Standard deviation t.test

Man whitney
u test

Percentage
changed in
GIR

FFA22:6 ��������������������� ��		������������ �������	�������������� ������������������� ����� ����� ���
FFA22:5 	��������������������� ���������������� 	
������������������ ��	���
������������� ���	� ����
 ���
FFA22:4 
����
���������������� ����
������������ 

������������������� 
�
����������������� ����� ����
 �
�
FFA20:5 	�������������������� ���������������� 	�������������������� �
��

������������ ����� ���
� 
�
FFA20:4 ���
����
������������� ��������������� ����������������� 		����	���������� ����� ����
 ���
FFA20:3 ��������������������� ���	����������� �������	������������� 
������������������ ���� ���� ���
FFA18:3 �������	������������� 
��
������������ �������
������������� ����	��
������������ ����� ����� ����
FFA18:2 ������	�������������� �������������� ���
��������������� ������	��	�������� ���
� ��
� ���
FFA18:1 	���	�
�	������������ ���
���	������� 		��
��������������� ���	��������������� ����� ����	 ����
FFA18:0 ���
���������������� ������������� ��	��������������� ��������
��������� ����� ����� ���
FFA16:1 ���������
�������� �
�������
����� ������������������ �������	��������� ����� ����� ��	�
FFA16:0 ���������
��������� ��
��
�������� ������������������� �������
�������� ����� ����� ���
FFA14:0 �	���
�	������������ ����
���	������� ��������
����������� ������������������� ����	 ��	�� ���
FA13:0 ��	�����	����������� �����
��������� ��
��	��
��������� ���������
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Supplementary Table 6  Pearson’s relationship between lipids and clinical characteristics adjusted 731 

by age, sex, BMI, TG, TC, HDLc, LDLc, ALT and AST. 732 
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lipid

r p adjusted r p adjusted r p adjusted r p adjusted r p
FFA22:6 0.111 0.308 0.140 0.034 0.238 0.034 0.274 0.015 0.266 0.019
FFA22:5 -0.138 0.204 -0.079 0.103 0.184 0.103 0.259 0.021 0.247 0.031
FFA22:4 -.242* 0.025 -0.202 0.871 -0.019 0.871 0.118 0.300 0.078 0.501
FFA20:5 0.131 0.230 0.126 0.292 0.119 0.292 0.270 0.016 0.245 0.031
FFA20:4 .304** 0.004 0.304 0.001 0.360 0.001 0.455 0.000 0.428 0.000
FFA20:3 -0.066 0.544 -0.024 0.524 0.072 0.524 0.162 0.154 0.138 0.230
FFA18:3 -.287** 0.007 -0.242 0.717 -0.041 0.717 0.062 0.588 0.045 0.695
FFA18:2 -0.186 0.087 -0.123 0.544 0.069 0.544 0.190 0.093 0.164 0.154
FFA18:1 -.384** 0.000 -0.340 0.370 -0.102 0.370 0.008 0.942 0.002 0.987
FFA18:0 -.498** 0.000 -0.495 0.009 -0.291 0.009 -0.176 0.120 -0.185 0.108
FFA16:1 -.555** 0.000 -0.548 0.000 -0.396 0.000 -0.214 0.058 -0.243 0.033
FFA16:0 -.294** 0.006 -0.283 0.506 -0.076 0.506 0.028 0.807 0.007 0.952
FFA14:0 -0.207 0.056 -0.182 0.656 -0.051 0.656 0.050 0.660 0.019 0.869
FA13:0 0.151 0.166 0.172 0.294 0.119 0.294 0.093 0.414 0.077 0.504
FA12:0 .239* 0.027 0.250 0.270 0.125 0.270 0.066 0.564 0.037 0.748
SM d18:1/16:1 .441** 0.000 0.420 0.000 0.403 0.000 0.313 0.005 0.317 0.005
SM d18:1/16:0 .468** 0.000 0.449 0.000 0.422 0.000 0.319 0.004 0.323 0.004
SM d18:0/16:0 .442** 0.000 0.422 0.000 0.405 0.000 0.304 0.007 0.308 0.006
SM d18:1/17:1 .483** 0.000 0.466 0.000 0.430 0.000 0.325 0.003 0.330 0.003
SM d18:1/17:0 .482** 0.000 0.466 0.000 0.432 0.000 0.322 0.004 0.328 0.004
SM d18:1/18:1 .435** 0.000 0.416 0.000 0.400 0.000 0.293 0.009 0.298 0.008
SM d18:1/18:0 .424** 0.000 0.405 0.000 0.392 0.000 0.287 0.010 0.294 0.009
SM d18:0/18:0 .323** 0.002 0.300 0.003 0.328 0.003 0.239 0.034 0.250 0.028
SM d18:1/19:1 .495** 0.000 0.477 0.000 0.439 0.000 0.330 0.003 0.333 0.003
SM d18:1/19:0 .469** 0.000 0.456 0.000 0.424 0.000 0.317 0.004 0.325 0.004
SM d18:1/20:1 .484** 0.000 0.466 0.000 0.432 0.000 0.326 0.003 0.330 0.003
SM d18:1/20:0 .444** 0.000 0.428 0.000 0.410 0.000 0.305 0.006 0.311 0.006
SM d18:1/21:1 .494** 0.000 0.477 0.000 0.449 0.000 0.345 0.002 0.347 0.002
SM d18:1/21:0 .463** 0.000 0.449 0.000 0.427 0.000 0.328 0.003 0.335 0.003
SM d18:1/22:1 .479** 0.000 0.461 0.000 0.431 0.000 0.333 0.003 0.337 0.003
SM d18:1/22:0 .463** 0.000 0.445 0.000 0.424 0.000 0.329 0.003 0.332 0.003
SM d18:1/23:1 .512** 0.000 0.495 0.000 0.462 0.000 0.359 0.001 0.363 0.001
SM d18:1/23:0 .492** 0.000 0.477 0.000 0.450 0.000 0.355 0.001 0.359 0.001
SM d18:1/24:1 .473** 0.000 0.458 0.000 0.438 0.000 0.338 0.002 0.339 0.003
SM d18:1/24:0 .474** 0.000 0.458 0.000 0.431 0.000 0.340 0.002 0.345 0.002
SM d18:0/24:0 .464** 0.000 0.449 0.000 0.428 0.000 0.340 0.002 0.346 0.002
SM d18:1/25:1 .507** 0.000 0.495 0.000 0.446 0.000 0.343 0.002 0.351 0.002
SM d18:1/25:0 .506** 0.000 0.491 0.000 0.447 0.000 0.343 0.002 0.349 0.002
SM d18:0/25:0 .519** 0.000 0.503 0.000 0.460 0.000 0.353 0.001 0.354 0.002
SM d18:1/26:1 .514** 0.000 0.502 0.000 0.464 0.000 0.368 0.001 0.368 0.001
SM d18:1/26:0 .587** 0.000 0.571 0.000 0.507 0.000 0.431 0.000 0.429 0.000
SM d18:0/26:0 .642** 0.000 0.628 0.000 0.552 0.000 0.463 0.000 0.463 0.000
Cer d18:1/16:0 0.041 0.707 0.043 0.996 -0.001 0.996 0.004 0.972 -0.001 0.994
Cer d18:1/18:0 -0.062 0.571 -0.082 0.411 -0.093 0.411 0.111 0.331 0.073 0.526
Cer d18:0/18:0 0.016 0.886 0.008 0.735 0.038 0.735 0.028 0.809 0.024 0.837
Cer d18:1/20:0 -0.145 0.184 -0.147 0.653 -0.051 0.653 0.141 0.216 0.128 0.269
Cer d18:1/22:0 -0.195 0.071 -0.194 0.998 0.000 0.998 -0.033 0.771 -0.022 0.853
Cer d18:1/24:1 -.263* 0.014 -0.247 0.370 -0.102 0.370 0.021 0.853 0.003 0.982
Cer d18:1/24:0 -0.186 0.087 -0.150 0.614 0.057 0.614 -0.005 0.967 0.018 0.875
Cer d18:0/24:1 0.028 0.796 0.034 0.863 0.020 0.863 0.086 0.450 0.065 0.576

GIR GIR(age, sex)
GIR(age,sex,LDLc,H

DLc,TC,TG)
GIR(age,sex,LDLc,H

DLc,TC,TG.BMI)

GIR(age,sex,LDLc,H
DLc,TC,TG.BMI,AS

T,ALT)
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GluCer d18:1/16:0 0.056 0.608 0.030 0.126 0.172 0.126 0.121 0.287 0.145 0.209
GluCer d18:0/16:0 0.009 0.936 -0.005 0.404 0.095 0.404 0.113 0.322 0.112 0.332
GluCer d18:1/18:0 0.095 0.384 0.087 0.164 0.157 0.164 0.005 0.967 0.018 0.877
GluCer d18:0/18:0 0.105 0.337 0.064 0.073 0.202 0.073 0.037 0.744 0.086 0.458
GluCer d18:1/20:0 .262* 0.015 0.253 0.006 0.302 0.006 0.164 0.150 0.169 0.141
GluCer d18:0/20:0 0.057 0.604 0.046 0.835 0.024 0.835 0.068 0.554 0.043 0.714
GluCer d18:1/22:0 .233* 0.031 0.219 0.001 0.365 0.001 0.241 0.032 0.237 0.038
GluCer d18:0/22:0 0.145 0.182 0.107 0.143 0.165 0.143 0.101 0.375 0.072 0.535
GluCer d18:1/24:1 0.186 0.086 0.153 0.012 0.280 0.012 0.211 0.063 0.196 0.087
GluCer d18:0/24:1 0.169 0.121 0.163 0.006 0.307 0.006 0.226 0.045 0.229 0.045
GluCer d18:1/24:0 0.195 0.071 0.170 0.004 0.321 0.004 0.242 0.031 0.236 0.039
GluCer d18:0/24:0 0.115 0.293 0.081 0.130 0.171 0.130 0.197 0.081 0.190 0.098
LacCer d18:1/16:0 0.046 0.675 0.071 0.230 0.136 0.230 0.112 0.325 0.130 0.259
LacCer d18:0/16:0 -0.012 0.909 0.001 0.731 -0.039 0.731 0.013 0.909 0.025 0.829
LacCer d18:1/18:0 0.185 0.089 0.198 0.385 0.099 0.385 0.101 0.378 0.125 0.278
LacCer d18:1/20:0 -0.023 0.834 -0.033 0.649 -0.052 0.649 -0.073 0.524 -0.035 0.759
LacCer d18:1/22:0 0.143 0.190 0.163 0.110 0.180 0.110 0.141 0.215 0.163 0.156
LacCer d18:1/24:1 0.180 0.097 0.183 0.328 0.111 0.328 0.061 0.596 0.087 0.450
LacCer d18:1/24:0 .239* 0.027 0.259 0.115 0.178 0.115 0.151 0.185 0.200 0.081
LacCer d18:0/24:1 0.094 0.387 0.129 0.283 0.121 0.283 -0.015 0.896 -0.021 0.855
Gb3 d18:1/16:0 0.193 0.075 0.193 0.036 0.235 0.036 0.277 0.013 0.256 0.025
Gb3 d18:1/18:0 .267* 0.013 0.288 0.019 0.261 0.019 0.122 0.283 0.070 0.542
Gb3 d18:1/20:0 0.164 0.131 0.164 0.358 0.104 0.358 0.045 0.695 0.051 0.657
Gb3 d18:1/22:0 .285** 0.008 0.290 0.045 0.225 0.045 0.252 0.025 0.219 0.055
Gb3 d18:1/24:1 0.033 0.766 0.004 0.858 0.020 0.858 0.061 0.592 0.041 0.725
Gb3 d18:1/24:0 .351** 0.001 0.363 0.030 0.243 0.030 0.270 0.016 0.264 0.020
GM3 d18:1/16:0 -0.157 0.148 -0.148 0.986 -0.002 0.986 -0.054 0.634 -0.001 0.996
GM3 d18:0/16:0 -.244* 0.023 -0.209 0.580 -0.063 0.580 -0.076 0.507 -0.022 0.849
GM3 d18:1/18:1 -0.120 0.272 -0.105 0.224 -0.138 0.224 -0.189 0.095 -0.166 0.150
GM3 d18:1/18:0 -.312** 0.003 -0.280 0.027 -0.247 0.027 -0.284 0.011 -0.243 0.033
GM3 d18:0/18:0 -.422** 0.000 -0.397 0.002 -0.345 0.002 -0.344 0.002 -0.290 0.011
GM3 d18:1/20:1 -.247* 0.022 -0.228 0.104 -0.183 0.104 -0.201 0.076 -0.210 0.066
GM3 d18:1/20:0 -.431** 0.000 -0.393 0.017 -0.266 0.017 -0.295 0.008 -0.235 0.039
GM3 d18:0/20:0 -.507** 0.000 -0.490 0.000 -0.383 0.000 -0.350 0.002 -0.306 0.007
GM3 d18:1/22:1 -.280** 0.009 -0.261 0.334 -0.109 0.334 -0.117 0.304 -0.064 0.579
GM3 d18:1/22:0 -.347** 0.001 -0.316 0.369 -0.102 0.369 -0.132 0.246 -0.070 0.546
GM3 d18:0/22:0 -.471** 0.000 -0.446 0.072 -0.203 0.072 -0.235 0.037 -0.172 0.135
GM3 d18:1/24:1 -0.180 0.097 -0.150 0.542 -0.069 0.542 -0.199 0.079 -0.140 0.223
GM3 d18:1/24:0 -0.147 0.178 -0.106 0.942 -0.008 0.942 -0.118 0.299 -0.049 0.670
GM3 d18:0/24:0 -.400** 0.000 -0.377 0.111 -0.179 0.111 -0.165 0.146 -0.115 0.317
FFA -.350** 0.001 -0.316 0.284 -0.121 0.284 0.021 0.855 -0.015 0.894
SM .467** 0.000 0.449 0.000 0.425 0.000 0.324 0.004 0.328 0.004
Cer -.227* 0.036 -0.205 0.786 -0.031 0.786 0.039 0.735 0.035 0.765
GluCer 0.173 0.111 0.153 0.006 0.304 0.006 0.213 0.060 0.214 0.061
LacCer 0.099 0.362 0.122 0.201 0.144 0.201 0.114 0.316 0.139 0.228
GM3 -.301** 0.005 -0.270 0.252 -0.130 0.252 -0.200 0.078 -0.134 0.247
Gb3 .245* 0.023 0.248 0.016 0.268 0.016 0.287 0.010 0.260 0.022
SM/Cer .498** 0.000 0.478 0.000 0.434 0.000 0.318 0.004 0.321 0.004
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Supplementary Table 7 ROC curve for insulin sensitivity. 737 

 738 

lipid

r p adjusted r p adjusted r p adjusted r p adjusted r p
FFA22:6 -.216* 0.046 -0.180 0.131 -0.170 0.131 -0.176 0.12 -0.196 0.088
FFA22:5 -.300** 0.005 -0.233 0.032 -0.240 0.032 -0.239 0.034 -0.266 0.019
FFA22:4 -0.199 0.067 -0.164 0.096 -0.187 0.096 -0.172 0.129 -0.218 0.057
FFA20:5 -0.158 0.146 -0.196 0.088 -0.192 0.088 -0.18 0.113 -0.217 0.058
FFA20:4 -0.164 0.132 -0.180 0.119 -0.176 0.119 -0.179 0.115 -0.231 0.043
FFA20:3 -0.195 0.072 -0.162 0.147 -0.164 0.147 -0.156 0.169 -0.192 0.094
FFA18:3 -0.062 0.571 0.001 0.987 0.002 0.987 0.017 0.881 0.004 0.973
FFA18:2 -.295** 0.006 -0.235 0.037 -0.234 0.037 -0.224 0.047 -0.259 0.023
FFA18:1 -.314** 0.003 -0.248 0.014 -0.273 0.014 -0.26 0.021 -0.272 0.017
FFA18:0 -0.197 0.069 -0.143 0.101 -0.185 0.101 -0.163 0.15 -0.173 0.132
FFA16:1 0.034 0.758 0.066 0.568 0.065 0.568 0.116 0.31 0.103 0.372
FFA16:0 -.306** 0.004 -0.278 0.007 -0.302 0.007 -0.29 0.009 -0.322 0.004
FFA14:0 -0.056 0.607 -0.027 0.736 -0.038 0.736 -0.024 0.837 -0.054 0.64
FA13:0 -0.03 0.781 -0.013 0.903 -0.014 0.903 -0.022 0.847 -0.043 0.711
FA12:0 0.022 0.843 0.026 0.800 0.029 0.800 0.016 0.886 -0.013 0.913
SM d18:1/16:1 -0.037 0.734 -0.075 0.591 -0.061 0.591 -0.094 0.41 -0.099 0.391
SM d18:1/16:0 -0.028 0.8 -0.065 0.643 -0.053 0.643 -0.089 0.435 -0.094 0.415
SM d18:0/16:0 -0.026 0.814 -0.062 0.652 -0.051 0.652 -0.086 0.451 -0.091 0.433
SM d18:1/17:1 -0.029 0.792 -0.062 0.680 -0.047 0.680 -0.084 0.463 -0.089 0.443
SM d18:1/17:0 -0.029 0.79 -0.063 0.668 -0.049 0.668 -0.087 0.446 -0.091 0.431
SM d18:1/18:1 -0.035 0.747 -0.068 0.634 -0.054 0.634 -0.09 0.431 -0.093 0.423
SM d18:1/18:0 -0.034 0.755 -0.067 0.633 -0.054 0.633 -0.089 0.435 -0.091 0.434
SM d18:0/18:0 -0.043 0.695 -0.076 0.546 -0.068 0.546 -0.097 0.394 -0.093 0.423
SM d18:1/19:1 -0.022 0.838 -0.058 0.707 -0.043 0.707 -0.081 0.479 -0.087 0.452
SM d18:1/19:0 -0.028 0.796 -0.055 0.724 -0.040 0.724 -0.077 0.502 -0.078 0.503
SM d18:1/20:1 -0.021 0.847 -0.056 0.718 -0.041 0.718 -0.078 0.494 -0.083 0.472
SM d18:1/20:0 -0.015 0.89 -0.045 0.790 -0.030 0.790 -0.065 0.569 -0.067 0.562
SM d18:1/21:1 -0.017 0.88 -0.049 0.776 -0.032 0.776 -0.07 0.542 -0.077 0.507
SM d18:1/21:0 -0.01 0.93 -0.038 0.852 -0.021 0.852 -0.055 0.628 -0.056 0.626
SM d18:1/22:1 -0.01 0.93 -0.045 0.792 -0.030 0.792 -0.065 0.57 -0.069 0.549
SM d18:1/22:0 -0.012 0.912 -0.049 0.759 -0.035 0.759 -0.069 0.546 -0.074 0.523
SM d18:1/23:1 -0.019 0.863 -0.054 0.737 -0.038 0.737 -0.076 0.504 -0.083 0.475
SM d18:1/23:0 -0.024 0.828 -0.058 0.708 -0.043 0.708 -0.079 0.489 -0.084 0.466
SM d18:1/24:1 -0.024 0.823 -0.058 0.692 -0.045 0.692 -0.081 0.475 -0.092 0.428
SM d18:1/24:0 -0.016 0.882 -0.053 0.727 -0.040 0.727 -0.074 0.518 -0.079 0.497
SM d18:0/24:0 -0.016 0.883 -0.053 0.724 -0.040 0.724 -0.073 0.52 -0.077 0.506
SM d18:1/25:1 -0.026 0.811 -0.056 0.721 -0.041 0.721 -0.078 0.495 -0.08 0.488
SM d18:1/25:0 -0.024 0.824 -0.059 0.695 -0.045 0.695 -0.082 0.471 -0.086 0.455
SM d18:0/25:0 -0.027 0.806 -0.065 0.652 -0.051 0.652 -0.091 0.425 -0.101 0.384
SM d18:1/26:1 -0.033 0.764 -0.064 0.647 -0.052 0.647 -0.09 0.431 -0.102 0.378
SM d18:1/26:0 -0.044 0.69 -0.094 0.457 -0.084 0.457 -0.123 0.28 -0.14 0.224
SM d18:0/26:0 -0.039 0.72 -0.088 0.507 -0.075 0.507 -0.12 0.291 -0.135 0.24
Cer d18:1/16:0 -0.171 0.114 -0.185 0.112 -0.179 0.112 -0.179 0.114 -0.194 0.09
Cer d18:1/18:0 0.047 0.668 -0.004 0.973 0.004 0.973 0.035 0.758 0.004 0.969
Cer d18:0/18:0 0.039 0.719 0.026 0.710 0.042 0.710 0.04 0.729 0.046 0.689
Cer d18:1/20:0 -0.023 0.837 -0.048 0.740 -0.038 0.740 -0.012 0.919 -0.022 0.851
Cer d18:1/22:0 -0.071 0.513 -0.049 0.755 -0.035 0.755 -0.04 0.727 -0.022 0.849
Cer d18:1/24:1 -.213* 0.049 -0.180 0.067 -0.206 0.067 -0.19 0.093 -0.207 0.07
Cer d18:1/24:0 -0.109 0.32 -0.045 0.757 -0.035 0.757 -0.046 0.688 -0.022 0.851
Cer d18:0/24:1 0.024 0.829 0.037 0.637 0.053 0.637 0.062 0.588 0.042 0.715

FPIR FPIR(age, sex)
FPIR(age,sex,LDLc,H

DLc,TC,TG)
FPIR(age,sex,LDLc,H

DLc,TC,TG.BMI)

FPIR(age,sex,LDLc,H
DLc,TC,TG.BMI,AS

T,ALT)
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 741 

 742 

GluCer d18:1/16:0 -.225* 0.038 -0.284 0.001 -0.350 0.001 -0.369 0.001 -0.372 0.001
GluCer d18:0/16:0 -0.092 0.397 -0.130 0.144 -0.165 0.144 -0.167 0.141 -0.179 0.118
GluCer d18:1/18:0 -.236* 0.029 -0.232 0.013 -0.276 0.013 -0.313 0.005 -0.314 0.005
GluCer d18:0/18:0 0.052 0.637 0.012 0.851 0.021 0.851 -0.009 0.94 0.043 0.711
GluCer d18:1/20:0 -.255* 0.018 -0.278 0.007 -0.302 0.007 -0.349 0.002 -0.376 0.001
GluCer d18:0/20:0 -0.003 0.979 -0.038 0.726 -0.040 0.726 -0.035 0.758 -0.068 0.558
GluCer d18:1/22:0 -0.152 0.163 -0.202 0.035 -0.236 0.035 -0.282 0.012 -0.309 0.006
GluCer d18:0/22:0 -0.001 0.996 -0.061 0.487 -0.079 0.487 -0.095 0.403 -0.142 0.217
GluCer d18:1/24:1 -0.157 0.149 -0.218 0.024 -0.253 0.024 -0.28 0.012 -0.325 0.004
GluCer d18:0/24:1 -0.137 0.208 -0.181 0.046 -0.223 0.046 -0.254 0.024 -0.271 0.017
GluCer d18:1/24:0 -0.114 0.295 -0.174 0.072 -0.202 0.072 -0.233 0.039 -0.258 0.023
GluCer d18:0/24:0 -0.111 0.307 -0.207 0.027 -0.247 0.027 -0.252 0.025 -0.296 0.009
LacCer d18:1/16:0 -0.172 0.113 -0.158 0.119 -0.176 0.119 -0.186 0.101 -0.172 0.136
LacCer d18:0/16:0 -0.074 0.498 -0.068 0.496 -0.077 0.496 -0.07 0.543 -0.052 0.656
LacCer d18:1/18:0 -0.128 0.242 -0.122 0.293 -0.119 0.293 -0.124 0.278 -0.103 0.375
LacCer d18:1/20:0 -.256* 0.018 -0.278 0.013 -0.277 0.013 -0.279 0.013 -0.246 0.031
LacCer d18:1/22:0 -0.207 0.056 -0.200 0.078 -0.198 0.078 -0.213 0.06 -0.2 0.081
LacCer d18:1/24:1 -.234* 0.03 -0.265 0.013 -0.277 0.013 -0.291 0.009 -0.277 0.015
LacCer d18:1/24:0 -.240* 0.026 -0.232 0.030 -0.243 0.030 -0.256 0.023 -0.224 0.05
LacCer d18:0/24:1 -0.112 0.306 -0.112 0.310 -0.115 0.310 -0.141 0.214 -0.143 0.215
Gb3 d18:1/16:0 -0.194 0.073 -0.204 0.041 -0.229 0.041 -0.234 0.038 -0.277 0.015
Gb3 d18:1/18:0 -0.134 0.22 -0.107 0.397 -0.096 0.397 -0.131 0.251 -0.197 0.086
Gb3 d18:1/20:0 -0.068 0.532 -0.039 0.808 -0.028 0.808 -0.04 0.726 -0.048 0.682
Gb3 d18:1/22:0 -0.045 0.68 -0.028 0.947 -0.008 0.947 -0.013 0.909 -0.063 0.585
Gb3 d18:1/24:1 0.051 0.643 -0.009 0.960 -0.006 0.960 -0.001 0.992 -0.024 0.838
Gb3 d18:1/24:0 -0.057 0.605 -0.071 0.534 -0.071 0.534 -0.077 0.498 -0.092 0.425
GM3 d18:1/16:0 -0.183 0.091 -0.186 0.036 -0.235 0.036 -0.244 0.03 -0.201 0.079
GM3 d18:0/16:0 -0.198 0.068 -0.158 0.092 -0.190 0.092 -0.19 0.093 -0.145 0.207
GM3 d18:1/18:1 -0.126 0.249 -0.129 0.289 -0.120 0.289 -0.122 0.284 -0.108 0.348
GM3 d18:1/18:0 -0.094 0.389 -0.080 0.434 -0.089 0.434 -0.084 0.46 -0.043 0.713
GM3 d18:0/18:0 -0.088 0.421 -0.060 0.516 -0.074 0.516 -0.06 0.597 0.015 0.895
GM3 d18:1/20:1 -0.114 0.297 -0.086 0.502 -0.076 0.502 -0.072 0.53 -0.078 0.498
GM3 d18:1/20:0 -0.109 0.318 -0.051 0.630 -0.055 0.630 -0.048 0.672 0.029 0.805
GM3 d18:0/20:0 -0.073 0.503 -0.046 0.739 -0.038 0.739 -0.018 0.874 0.057 0.623
GM3 d18:1/22:1 -0.209 0.054 -0.195 0.064 -0.208 0.064 -0.206 0.069 -0.166 0.149
GM3 d18:1/22:0 -0.107 0.327 -0.072 0.441 -0.087 0.441 -0.088 0.442 -0.022 0.848
GM3 d18:0/22:0 -0.066 0.547 -0.025 0.698 -0.044 0.698 -0.041 0.722 0.036 0.755
GM3 d18:1/24:1 -0.121 0.266 -0.095 0.347 -0.107 0.347 -0.122 0.283 -0.077 0.508
GM3 d18:1/24:0 -0.104 0.34 -0.086 0.428 -0.090 0.428 -0.105 0.356 -0.04 0.728
GM3 d18:0/24:0 -0.188 0.083 -0.148 0.099 -0.186 0.099 -0.178 0.116 -0.118 0.307
FFA -.231* 0.032 -0.173 0.094 -0.189 0.094 -0.17 0.133 -0.21 0.066
SM -0.024 0.826 -0.060 0.683 -0.046 0.683 -0.082 0.471 -0.088 0.449
Cer -0.152 0.161 -0.117 0.264 -0.126 0.264 -0.117 0.303 -0.118 0.306
GluCer -0.177 0.102 -0.231 0.012 -0.281 0.012 -0.316 0.005 -0.34 0.002
LacCer -0.205 0.058 -0.199 0.054 -0.217 0.054 -0.229 0.043 -0.211 0.066
GM3 -0.154 0.157 -0.130 0.162 -0.158 0.162 -0.163 0.151 -0.101 0.381
Gb3 -0.168 0.121 -0.171 0.087 -0.193 0.087 -0.203 0.073 -0.255 0.025
SM/Cer -0.004 0.972 -0.044 0.775 -0.032 0.775 -0.071 0.535 -0.078 0.501
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