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Abstract: The association between circulating saturated fatty acids (SFAs) and incident type 2
diabetes (T2D) is reported in Western populations with inconsistent results, while evidence from
Asian populations is scarce. We aimed to examine the associations between erythrocyte SFAs
and incident T2D in a Chinese population. Between 2008 and 2013, a total of 2683 participants,
aged 40–75 years, free of diabetes were included in the present analyses. Incident T2D cases were
ascertained during follow-up visits. Gas chromatography was used to measure erythrocyte fatty
acids at baseline. The Cox proportional hazards model was used to estimate the hazard ratios (HRs)
and 95% confidence intervals (CIs). During 13,508 person years of follow-up, 216 T2D cases were
identified. Compared with the first quartile, multivariable-adjusted HRs (95% CIs) of the fourth
quartile were 1.20 (0.82–1.76; p = 0.242) for myristic acid (14-carbon tail, zero double bonds; 14:0),
0.69 (0.48–0.99; p = 0.080) for palmitic acid (16:0), 1.49 (1.02–2.19; p = 0.047) for stearic acid (18:0), 1.46
(1.00–2.12; p = 0.035) for arachidic acid (20:0), 1.48 (0.99–2.22; p = 0.061) for behenic acid (22:0), and
1.08 (0.74–1.56; p = 0.913) for lignoceric acid (24:0). Our findings indicate that individual erythrocyte
SFAs are associated with T2D in different directions, with 18:0 and 20:0 SFAs positively associated
with the risk, whereas no convincing inverse association for 16:0 SFAs.
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1. Introduction

Diabetes was a global health problem in the past decade, with an estimated 451 million adults
with the disease in 2017 globally [1]. Diet is one of the most important modifiable lifestyle factors for
the prevention of type 2 diabetes (T2D), the predominant type of diabetes. The role of dietary saturated
fatty acids (SFAs) in the prevention of T2D is still not clear and under debate [2,3]. Circulating SFAs
reflect both dietary intake and endogenous synthesis [4], and investigation of their associations with
T2D may provide new insight into the role of SFAs in diabetes etiology.

There is an ongoing interest in the associations of circulating SFAs with incident T2D, although
inconclusive results are reported [5–14] (Table S1). Results from the European Prospective Investigation
into Cancer and Nutrition (EPIC)-InterAct study suggested that plasma phospholipid myristic acid
(14-carbon tail, zero double bonds; 14:0), palmitic acid (16:0), and stearic acid (18:0) were positively
associated with incident T2D [5], which was consistent with several other prospective cohort studies [6–8].
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In contrast, other prospective cohort studies found no association [10–13]. Similarly, results of studies
that investigated the associations between very-long-chain SFAs (VLCSFAs, SFAs with 20 carbon atoms
or more) and incident T2D were also inconsistent [5,8,9,12,14]. For example, two prospective studies
reported that plasma phospholipid arachidic acid (20:0), behenic acid (22:0), and lignoceric acid (24:0)
were inversely associated with incident T2D [5,14], while another study reported null association of
erythrocyte 20:0, 22:0, and 24:0 SFAs with incident T2D [8].

Of note, all the above studies were exclusively conducted in Western populations, while there
was one small nested case-control study among a Japanese population (n = 1014), which reported a
null association of serum 14:0, 16:0, 18:0, or 20:0 SFAs with incident T2D [15].

The aim of the present study was to examine the associations of individual circulating SFAs with
incident T2D in a community-based prospective cohort in southern China. As a secondary objective,
we aimed to examine the associations of different groups of circulating SFAs with incident T2D, given
the strong evidence from the EPIC-InterAct study about the diverse associations of different SFA
groups [5].

2. Materials and Methods

2.1. Study Population

This study was based on the Guangzhou Nutrition and Health Study (GNHS), a community-based
prospective cohort study designed to investigate the nutritional determinants of chronic diseases such
as cardiovascular diseases, diabetes, and bone health. Between 2008 and 2013, participants were
recruited via advertisements, health talks, and referrals in urban Guangzhou, China. Volunteers who
lived in Guangzhou for more than five years, aged 40–75 years, were eligible for inclusion. GNHS
included two batches of participant recruitment following the same criteria between 2008 and 2010
(n = 3169), and between 2012 and 2013 (n = 879), with a total of 4048 participants. All participants
were followed up approximately every three years, and up to 31 May 2017, two follow-up visits were
conducted for participants recruited between 2008 and 2010, and one follow-up visit for participants
recruited between 2012 and 2013.

Participants were excluded (n = 1365) based on the following pre-defined criteria:

(1) a history of a self-reported cancer (n = 19) and chronic renal dysfunction (n = 4);
(2) diabetes at baseline (n = 323);
(3) without measurement of erythrocyte fatty acids (FAs) (n = 392);
(4) extreme dietary total energy intake (men, <800 kcal/day or >4000 kcal/day; women, <500 kcal/day

or >3500 kcal/day; n = 35);
(5) diet variables (n = 41) or fasting glucose (n = 80) data missing;
(6) loss of follow-up (n = 471, 85% follow-up rate).

Finally, 2683 participants were included in the present analyses, with a median 5.6 years of
follow-up. The flowchart is presented in Figure 1. The study protocol of GNHS was registered
(NCT03179657, ClinicalTrials.gov) and approved by the Ethics Committee of the School of Public
Health at Sun Yat-sen University, and all participants provided written informed consent.
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Figure 1. Flowchart of study participants. 

2.2. Data Collection 

Face-to-face interviews were conducted in each survey by trained investigators. Information on 
socio-demographic characteristics (e.g., age, sex, household income, and education level), lifestyle 
(e.g., smoking, alcohol, and tea drinking), physical activity [16], and history of chronic diseases and 
medications was collected. A validated food frequency questionnaire was used to estimate the 
habitual dietary intakes over the past year [17]. Weight and height were measured with the 
participants wearing light clothing but shoes-off. Participants also provided venous blood after an 
overnight fasting. Serum, plasma, and erythrocytes were separated and stored at −80 °C until used 
for analysis. 

2.3. Ascertainment of Incident T2D 

Incident cases of T2D were identified as fasting glucose ≥7.0 mmol/L or glycated hemoglobin 
≥6.5% (n = 157), or as self-reported diabetic medications (n = 59) during the follow-up visits according 
to the American Diabetes Association criteria for diagnosis and classification of diabetes [18], and 
incident T2D was ascertained up until 31 May 2017. 

2.4. Measurement of FAs Relative Composition in Erythrocyte 

Erythrocyte FAs at baseline were measured by gas chromatography. In brief, erythrocytes were 
hemolyzed and erythrocyte FA methyl esters were obtained as previously described [19]. FA methyl 
esters were separated by gas chromatographic analysis (7890 GC, Agilent, Guangzhou, China; DB-23 
capillary column: 60 m × 0.25 mm, internal diameter × 0.15 mm film, Agilent). Individual FAs were 
identified by comparison with standard substances (Nu-Chek Prep, Inc., Waterville, MN, USA). 
Relative concentrations of individual FAs were calculated as a percentage of total FAs. Intra-assay 
coefficients of variation for 42 randomly selected duplicates were 17.3% for 14:0 SFAs, 3.3% for 16:0 
SFAs, 6.3% for 18:0 SFAs, 6.4% for20:0 SFAs, 14.4% for22:0 SFAs, and 7.1% for24:0 SFAs. 

2.5. Measurement of Biochemical Parameters 

Serum triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), and fasting glucose levels were determined with colorimetric methods using a 
Roche cobas 8000 c702 automated analyzer (Roche Diagnostics GmbH, Shanghai, China). The intra-
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2.2. Data Collection

Face-to-face interviews were conducted in each survey by trained investigators. Information on
socio-demographic characteristics (e.g., age, sex, household income, and education level), lifestyle
(e.g., smoking, alcohol, and tea drinking), physical activity [16], and history of chronic diseases and
medications was collected. A validated food frequency questionnaire was used to estimate the habitual
dietary intakes over the past year [17]. Weight and height were measured with the participants wearing
light clothing but shoes-off. Participants also provided venous blood after an overnight fasting. Serum,
plasma, and erythrocytes were separated and stored at −80 ◦C until used for analysis.

2.3. Ascertainment of Incident T2D

Incident cases of T2D were identified as fasting glucose ≥7.0 mmol/L or glycated hemoglobin
≥6.5% (n = 157), or as self-reported diabetic medications (n = 59) during the follow-up visits according
to the American Diabetes Association criteria for diagnosis and classification of diabetes [18], and
incident T2D was ascertained up until 31 May 2017.

2.4. Measurement of FAs Relative Composition in Erythrocyte

Erythrocyte FAs at baseline were measured by gas chromatography. In brief, erythrocytes were
hemolyzed and erythrocyte FA methyl esters were obtained as previously described [19]. FA methyl
esters were separated by gas chromatographic analysis (7890 GC, Agilent, Guangzhou, China; DB-23
capillary column: 60 m × 0.25 mm, internal diameter × 0.15 mm film, Agilent). Individual FAs
were identified by comparison with standard substances (Nu-Chek Prep, Inc., Waterville, MN, USA).
Relative concentrations of individual FAs were calculated as a percentage of total FAs. Intra-assay
coefficients of variation for 42 randomly selected duplicates were 17.3% for 14:0 SFAs, 3.3% for
16:0 SFAs, 6.3% for 18:0 SFAs, 6.4% for 20:0 SFAs, 14.4% for 22:0 SFAs, and 7.1% for 24:0 SFAs.

2.5. Measurement of Biochemical Parameters

Serum triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and fasting glucose levels were determined with colorimetric methods
using a Roche cobas 8000 c702 automated analyzer (Roche Diagnostics GmbH, Shanghai, China).
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The intra-assay coefficients of variation were 5.8% for TG, 4.3% for HDL-C, 3.1% for LDL-C, and
2.5% for fasting glucose levels. Glycated hemoglobin was measured by high-performance liquid
chromatography using the Bole D-10 Hemoglobin A1c Program on a Bole D-10 Hemoglobin Testing
System, and the intra-assay coefficient of variation was 0.75% for glycated hemoglobin.

2.6. Statistical Analysis

We examined the difference in baseline characteristics by future T2D cases and non-cases using the
t-test or Mann–Whitney test for continuous variables, and the chi-square test for categorical variables.
Spearman’s rank correlation coefficients were calculated between individual erythrocyte SFAs, and
between food groups and erythrocyte SFAs.

The Cox proportional hazards model was used to estimate the hazard ratios (HRs) and 95%
confidence intervals (CIs) of incident T2D across the second through fourth quartiles (compared with
the first quartile) of erythrocyte SFAs under three statistical models to minimized the possibility of
reverse causality. Model 1, adjusted for baseline age, sex, body mass index (BMI), and ratio of waist to
hip circumference; Model 2, model 1 plus smoking status, alcohol drinking, tea drinking, education
level, household income, physical activity, family history of diabetes, and total energy intake; Model 3,
model 2 plus blood lipid and glycemic markers (TG, HDL-C, LDL-C, and fasting glucose).

As a secondary aim, we added three additional exposures based on groupings of even-chain SFAs
(14:0 + 16:0 + 18:0) and VLCSFAs (20:0 + 22:0 + 24:0) and total SFAs, and examined their prospective
associations with T2D using the above three models.

We also examined the interaction of erythrocyte SFAs with several pre-defined variables: age
(continuous), sex, and BMI (continuous), by including interaction terms in the above final model (i.e.,
model 3), and we presented the stratified analyses if a significant interaction (p < 0.05) was found.

We also conducted several sensitivity analyses based on model 3. We accounted results for
individual FAs independent of even-chain SFAs or VLCSFAs. For 14:0, 16:0, and 18:0 SFAs, we
additionally adjusted for VLCSFAs; for 20:0, 22:0, and 24:0 SFAs, we additionally adjusted for
even-chain SFAs. We examined the influence of additional dietary variables (intake of fruits and
vegetables, sugar, dairy products, and red and processed meat) or erythrocyte unsaturated fatty acids
(16:1 n-7, 18:1 n-9, 20:1 n-9, 22:1 n-9, 24:1 n-9; n-3 FAs: 18:3, 20:3, 20:5, 22:5, 22:6; n-6 FAs: 18:2, 18:3, 20:4)
on the results. We also repeated analyses after excluding T2D cases (n = 13) occurring within one year
after baseline to examine the potential influence of reverse causality.

All statistical analyses were conducted by using IBM SPSS software version 23.0 (SPSS, IBM,
New York, NY, USA). A two-tailed p-value <0.05 was considered as statistically significant.

3. Results

Table 1 presents the baseline characteristic by future T2D cases and non-cases. At baseline, future
cases aged 59.0 (5.7) years were older than non-cases aged 57.9 (5.7) years. Future cases had higher
baseline BMI, ratio of waist to hip circumference, serum fasting glucose, and TG levels, and lower
household income, dairy intake, and HDL-C levels, and were more likely to have a family history
of diabetes compared with non-cases. Table 2 suggested that erythrocyte SFAs were significantly
correlated with each other (p < 0.05), and 14:0, 16:0, and 18:0 SFAs were inversely correlated with 22:0
and 24:0 SFAs. The Spearman’s rank correlation coefficients between 16:0 and 22:0 SFAs was −0.298.
The correlations of erythrocyte SFAs with dietary intakes are presented in Table S2.
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Table 1. Baseline characteristics of study participants.

Baseline Characteristics

Future Cases
(n = 216)

Non-Cases
(n = 2467) p-Value

Mean (SD) or Percentage

Age (year) 59.0 (5.7) 57.9 (5.7) 0.004
Sex (% female) 67.6 69.9 0.483

Weight (kg) 63.0 (9.9) 58.5 (9.5) <0.001
Height (cm) 159 (7.8) 159 (7.5) 0.609

Body mass index, BMI (kg/m2) 24.8 (3.0) 23.0 (3.0) <0.001
Waist circumference (cm) 87.2 (8.7) 82.3 (8.8) <0.001
Hip circumference (cm) 95.0 (6.1) 92.6 (5.7) <0.001

Ratio of waist to hip circumference 0.92 (0.06) 0.89 (0.07) <0.001
Smoker (%) 18.5 14.9 0.152

Alcohol drinker (%) 5.10 6.70 0.353
Tea drinker (%) 56.9 50.7 0.079

Education level (%) 0.050
≤9 years 35.6 27.8

9–12 years 41.7 47.0
>12 years 22.7 25.2

Household income
(Yuan/month/person), (%) 0.037

≤500 2.10 1.90
500–1500 31.0 25.8

1500–3000 50.5 56.7
>3000 14.4 15.5

Family history of diabetes (%) 15.7 9.90 0.007
Physical activity (MET·h/day) 41.7 (15.5) 41.6 (14.9) 0.909
Total energy intake (kcal/day) 1756 (540) 1776 (496) 0.575

Vegetable intake (g/day) 399 (183) 382 (247) 0.342
Fruit intake (g/day) 140 (107) 149 (111) 0.200

Whole-grain intake (g/day) 10.6 (11.4) 12.3 (20.7) 0.219
Nuts and seeds intake (g/day) 7.46 (11.6) 7.06 (10.2) 0.094

Oil intake (g/day) 16.8 (9.7) 15.7 (10.4) 0.121
Sugar intake (g/day) 3.14 (6.1) 3.02 (3.1) 0.631
Dairy intake (g/day) 14.9 (12.8) 17.6 (15.1) 0.012

Red and processed meat intake (g/day) 85.3 (55.9) 83.5 (53.1) 0.633
Fish intake (g/day) 49.6 (37.6) 56.5 (78.5) 0.206

Serum fasting glucose (mmol/L) 5.30 (0.8) 4.60 (0.6) <0.001
Serum TG (mmol/L) 1.98 (1.4) 1.50 (1.1) <0.001

Serum HDL-C (mmol/L) 1.25 (0.3) 1.41 (0.3) <0.001
Serum LDL-C (mmol/L) 3.63 (0.9) 3.58 (0.9) 0.459

Erythrocyte SFAs, % of total fatty acids
14:0 0.32 (0.24) 0.29 (0.15) 0.006
16:0 27.7 (3.7) 27.7 (3.6) 0.948
18:0 17.6 (2.4) 17.3 (2.3) 0.122
20:0 0.48 (0.24) 0.48 (0.24) 0.723
22:0 1.44 (0.65) 1.50 (0.65) 0.235
24:0 4.96 (1.4) 5.00 (1.3) 0.659

Even-chain SFAs 45.6 (5.5) 45.3 (5.2) 0.070
VLCSFAs 6.90 (1.8) 7.00(1.8) 0.728
Total SFAs 52.5 (5.5) 52.2 (5.3) 0.569

Abbreviations: 14-carbon tail, zero double bonds (14:0), myristic acid; 16:0, palmitic acid; 18:0, stearic acid; 20:0,
arachidic acid; 22:0, behenic acid; 24:0, lignoceric acid; SD, Standard deviation; BMI, body mass index; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MET, metabolic equivalent of task;
SFAs, saturated fatty acids; TG, triglycerides; VLCSFAs, very-long-chain SFAs.

During 13,508 person years of follow-up, 216 cases of incident T2D were identified. There were no
associations among erythrocyte 14:0 and 24:0 SFAs and T2D incidence across the three models. After
adjustment for baseline sociodemographic and lifestyle factors (model 1 and model 2), no association
of 16:0 SFAs with T2D was observed. While after further adjustment for circulating lipid and glycemic
markers in model 3, an inverse association for 16:0 SFAs was found with a HR of 0.69 (95% CIs:
0.48–0.99; p = 0.080) at the fourth quartile compared with the first quartile. In the multivariable-adjusted
model (i.e., model 3), higher 18:0 and 20:0 SFA levels were associated with a higher risk of T2D (p < 0.05
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for each) and higher 22:0 SFA levels tended to be associated with a higher risk of T2D (p = 0.061).
Compared with the first quartile, the final (i.e., model 3) adjusted HRs (95% CIs) in the highest
quartile (fourth quartile, Q4) were 1.49 (1.02–2.19) for 18:0 SFAs, 1.46 (1.00–2.12) for 20:0 SFAs, and 1.48
(0.99–2.22) for 22:0 SFAs (Table 3). There was no substantial difference in various sensitivity analyses
(Table S4).

Table 2. Spearman’s rank correlation of erythrocyte saturated fatty acids (n = 2683) a.

14:0 16:0 18:0 20:0 22:0 24:0

14:0 1
16:0 0.253 *** 1
18:0 0.286 *** 0.310 *** 1
20:0 0.135 *** 0.037 0.209 *** 1
22:0 −0.070 *** −0.298 *** −0.050 * 0.374 *** 1
24:0 −0.173 *** −0.212 *** −0.088 *** 0.328 *** 0.583 *** 1

Abbreviations: 14-carbon tail, zero double bonds (14:0), myristic acid; 16:0, palmitic acid; 18:0, stearic acid; 20:0,
arachidic acid; 22:0, behenic acid; 24:0, lignoceric acid. a Spearman’s rank correlation coefficients were calculated
between individual erythrocyte saturated fatty acids; * p < 0.05, *** p < 0.001.

Table 3. Association of erythrocyte saturated fatty acids (SFAs) with incident type 2 diabetes a.

SFAs Statistical Model
Quartiles (Q) of Erythrocyte SFA Concentrations

p-Value
Q1 (n = 670) Q2 (n = 671) Q3 (n = 672) Q4 (n = 670)

14:0

Median (%) 0.19 0.24 0.29 0.40
Cases/person years 44/3298 47/3247 53/3408 72/ 555

Model 1 b 1 (reference) 1.01 (0.67–1.52) 1.07 (0.72–1.60) 1.36 (0.93–1.98) 0.088
Model 2 c 1 (reference) 1.01 (0.67–1.53) 1.05 (0.70–1.57) 1.36 (0.93–1.98) 0.072
Model 3 d 1 (reference) 0.90 (0.59–1.35) 0.89 (0.59–1.33) 1.20 (0.82–1.76) 0.242

16:0

Median (%) 23.7 26.5 28.4 31.5
Cases/person years 62/3573 46/3256 47/3143 61/3535

Model 1 b 1 (reference) 0.67 (0.45–0.98) 0.68 (0.46–1.00) 0.85 (0.59–1.21) 0.454
Model 2 c 1 (reference) 0.68 (0.46–1.00) 0.68 (0.46–1.00) 0.85 (0.60–1.22) 0.424
Model 3 d 1 (reference) 0.55 (0.37–0.81) 0.53 (0.35–0.78) 0.69 (0.48–0.99) 0.080

18:0

Median (%) 15.5 16.4 17.4 19.5
Cases/person years 45/3436 52/3304 54/3273 65/3495

Model 1 b 1 (reference) 1.19 (0.79–1.77) 1.23 (0.82–1.82) 1.42 (0.97–2.08) 0.075
Model 2 c 1 (reference) 1.14 (0.77–1.71) 1.20 (0.81–1.79) 1.40 (0.96–2.05) 0.072
Model 3 d 1 (reference) 1.19 (0.80–1.79) 1.35 (0.91–2.02) 1.49 (1.02–2.19) 0.047

20:0

Median (%) 0.36 0.41 0.46 0.59
Cases/person years 58/3257 45/3333 57/3371 56/3546

Model 1 b 1 (reference) 0.79 (0.54–1.17) 0.99 (0.68–1.42) 1.01 (0.70–1.46) 0.715
Model 2 c 1 (reference) 0.77 (0.53–1.15) 1.00 (0.69–1.44) 1.01 (0.70–1.46) 0.687
Model 3 d 1 (reference) 1.04 (0.70–1.54) 1.39 (0.96–2.02) 1.46 (1.00–2.12) 0.035

22:0

Median (%) 0.46 1.48 1.74 2.07
Cases/person years 57/3207 59/3363 55/3386 45/3552

Model 1 b 1 (reference) 1.06 (0.74–1.53) 1.08 (0.75–1.57) 0.93 (0.63–1.39) 0.803
Model 2 c 1 (reference) 1.06 (0.73–1.53) 1.09 (0.75–1.58) 0.97 (0.65–1.45) 0.939
Model 3 d 1 (reference) 1.53 (1.05–2.22) 1.61 (1.10–2.36) 1.48 (0.99–2.22) 0.061

24:0

Median (%) 3.86 4.53 5.09 6.18
Cases/person years 57/3392 53/3242 52/3328 54/3546

Model 1 b 1 (reference) 0.97 (0.67–1.41) 0.94 (0.64–1.36) 1.04 (0.71–1.51) 0.923
Model 2 c 1 (reference) 1.01 (0.70–1.47) 0.99 (0.68–1.44) 1.08 (0.74–1.58) 0.755
Model 3 d 1 (reference) 0.99 (0.68–1.44) 0.99 (0.68–1.44) 1.08 (0.74–1.56) 0.913

Abbreviations: 14-carbon tail, zero double bonds (14:0), myristic acid; 16:0, palmitic acid; 18:0, stearic acid; 20:0,
arachidic acid; 22:0, behenic acid; 24:0, lignoceric acid; BMI, body mass index; CI, confidence interval; HDL-C,
high-density lipoprotein cholesterol; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol; SFAs, saturated
fatty acids; TG, triglycerides. a Multivariable-adjusted hazard ratios (95% CIs) were calculated for Q2 to Q4 of the
erythrocyte SFAs compared with Q1. b Model 1: adjusted for age, sex, BMI, and ratio of waist to hip circumference.
c Model 2: included covariates in model 1 plus smoking status, alcohol drinking, tea drinking, education level,
household income, physical activity, family history of diabetes, and total energy intake. d Model 3: included
covariates in model 2 plus LDL-C, HDL-C, TG, and fasting glucose levels.
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We did not find any significant association of groupings of erythrocyte total SFAs, even-chain
SFAs and VLCSFAs with incident T2D (Figure 2, Table S3).

Circulating total SFAs significantly interacted with BMI (p = 0.025), and 14:0 SFAs interacted with
sex (p = 0.037) for the risk of incident T2D. The results of stratified analysis by BMI for total SFAs or sex
for 14:0 SFAs are presented in Figure S1. There was a positive association of 14:0 SFAs with incident
T2D among men, but not women.
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confidence interval; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; LDL-C, low-
density lipoprotein cholesterol; SFAs, saturated fatty acids; TG, triglycerides. a Multivariable-adjusted 
hazard ratios (95% CIs) were calculated for Q2 to Q4 of the erythrocyte SFAs compared with Q1. b 
Model 1: adjusted for age, sex, BMI, and ratio of waist to hip circumference. c Model 2: included 
covariates in model 1 plus smoking status, alcohol drinking, tea drinking, education level, household 
income, physical activity, family history of diabetes, and total energy intake. d Model 3: included 
covariates in model 2 plus LDL-C, HDL-C, TG, and fasting glucose levels. 

 
Figure 2. Hazard ratios (95% confidence intervals, CIs) for associations between erythrocyte saturated
fatty acids (SFAs) and incident type 2 diabetes. The Cox proportional hazards model was used to
estimate the hazard ratios and 95% CIs across the second through fourth quartiles (compared with the
first quartile) after adjusted for potential confounders (i.e., model 3); even-chain SFAs, sum of 14:0, 16:0,
and 18:0 SFAs; VLCSFAs, very-long-chain SFAs, sum of 20:0, 22:0, and 24:0 SFAs.

4. Discussion

In this prospective study of Chinese men and women, we investigated the associations of
six individual and several groupings of erythrocyte SFAs with T2D incidence. We found that higher
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levels of 18:0 and 20:0 SFAs were associated with a higher risk of T2D, whereas there was no convincing
association for 16:0 and 22:0 SFAs, and no association for 14:0 and 24:0 SFAs, or different groupings
of SFAs.

Circulating 16:0 SFAs are the most abundant SFAs among total FA composition [5,20]. In the past
decade, a positive association of circulating 16:0 SFAs with T2D was reported in several prospective
cohort studies, including the EPIC-InterAct Study [5], the Atherosclerosis Risk in Communities
Study [7], and the Cardiovascular Health Study [21]. Null association of circulating 16:0 SFAs with T2D
was reported in several other prospective cohorts [10,12,15]. In contrast, results from 1346 Finnish men
suggested a positive association of erythrocyte 16:0 SFAs with insulin sensitive index, but no association
with T2D [11]. The inconsistent results across these above studies may be because of the diverse
backgrounds of ethnicities and dietary habits in these study participants. Indeed, there are only two
prospective studies among Asian populations reporting the 16:0–T2D association, including our present
one and a Japanese cohort [15], and neither found a positive association. The discrepancy between the
prior evidence and our present results may be because of the difference in dietary habits and dietary
fat compositions. The majority of prior studies came from Western populations who consumed higher
levels of high-fat products characterized by a high SFA content, and where the dominant SFAs in the
diet are 16:0 SFAs [20,22]. In addition, the diverse intake of other dietary components, such as alcohol
or carbohydrates, among Western and Asian populations may contribute to the inconsistent results,
as these dietary components are also know to affect blood 16:0 SFA levels [23,24].

On the other hand, the inconsistent results may be attributed to FAs measured in different
blood components. Positive associations of circulating 16:0 SFAs with T2D were more observed in
plasma phospholipids than in erythrocytes (Table S1). Researchers, using the EPIC-Norfolk study,
estimated the prospective association of different measures of FAs with incident T2D, and they
observed greater magnitude and strength of association for FAs measured in plasma phospholipids
than in erythrocytes [25], which may also partially explain our overall null results.

After 16:0 SFAs, 18:0 SFAs are the second-most abundant SFAs among total FA composition [5,20].
Similarly, results of studies that examined the associations between 18:0 SFAs and T2D were also
inconsistent [5,7–9,21,26] (Table S1). Nevertheless, our present results are consistent with reports
from several large cohort studies, including the Melbourne Collaborative Cohort Study case-cohort
study [26], the EPIC-InterAct study [5], and the Atherosclerosis Risk in Communities Study [7].

So far, the prospective association between VLCSFAs and T2D is less well investigated,
with a few studies showing an inverse association of circulating VLCSFAs with T2D in Western
populations [5,12,14], while another study reported a positive association of erythrocyte 24:0 SFAs
with T2D risk [9] (Table S1). Although we did not find a positive association of erythrocyte 24:0 SFAs
with T2D, we did observe a positive association of erythrocyte 20:0 SFAs with T2D in our present study.
VLCSFAs have cholesterol-raising potential, and plasma phospholipid VLCSFAs were positively
associated with total cholesterol [27], which was an independent risk factor for T2D [28]. In vivo
experiments suggested that VLCSFA accumulation in macrophages might enhance inflammatory and
oxidative responses and play a role in the pathogenesis of inflammatory diseases [29].

VLCSFAs are primarily derived from limited foods, such as macadamia nuts and peanuts [20].
Findings from the Nurses’ Health Study suggested that higher nut and peanut consumption was
inversely associated with T2D incidence [30], and it was reported that Western populations consumed
4–5 times the number of nuts and peanuts compared with that of Chinese populations [31], resulting in
the inconsistent associations between our findings and other reports. More investigations are needed
to explore the reason for the inconsistency and the related mechanisms.

Long-chain SFAs, especially VLCSFAs, are the major backbone subspecies of ceramide [32], which
is considered as a contributor to diabetes. Firstly, ceramide inhibits insulin signaling by inhibiting
insulin-stimulated phosphorylation of insulin receptor substrate-1 [33,34] and blocking activation of
protein kinase B [34–36], which stimulates the development of insulin resistance [37,38]. Secondly,
ceramide suppresses insulin synthesis by reducing insulin messenger RNA (mRNA) levels in pancreatic
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β-cells [39,40]. Finally, ceramide mediates the extrinsic apoptotic pathway, as well as the intrinsic
mitochondrial and intrinsic endoplasmic reticulum apoptotic pathway in pancreatic β-cells, which
results in a reduction of insulin synthesis [41,42]. Moreover, a previous study found that ceramides
with 18:0 and 22:0 FAs had a more pronounced apoptotic effect in pancreatic β-cells [43].

We found an interaction of 14:0 SFAs with sex, and 14:0 SFAs were positively associated with T2D
risk in male participants, but not in female participants. It was reported that free 14:0 SFAs would
reduce the amount of albumin-bound testosterone, the main source of bioavailable testosterone [44].
A meta-analysis indicated that lower testosterone levels are associated with higher risk of T2D in men,
but with lower risk in women [45]. It is possible that 14:0 SFAs might mediate bioavailable testosterone
levels in relation to the risk of T2D, which might explain the opposite associations of 14:0 SFAs with
T2D risk between women and men; however, more investigations are needed.

This study has several strengths. Firstly, we used an objective measurement of erythrocyte FAs.
Secondly, our present study had a large sample size, and, to the best of our knowledge, provided the
first evidence on this topic among Chinese populations. Thirdly, we included a variety of diet, lifestyle,
and socio-demographic factors, as well as circulating biomarkers, in our statistical models, and we
performed several sensitivity analyses, all of which supported our findings.

Several limitations should be considered. Firstly, we did not measure erythrocyte odd-chain
SFAs, including pentadecanoic acid (15:0) and heptadecanoic acid (17:0), used as biomarkers of dairy
intake [46]. Our results show that future cases had a lower dairy intake compared with non-cases
(Table 1), and a previous study suggested that dairy intake was associated with a lower risk of T2D [2].
Although we adjusted for dairy intake in sensitive analyses and observed robust results, it may still be
a limitation that we could not adjust for circulating 15:0 and 17:0 SFAs.

Secondly, erythrocyte FAs were measured at baseline only and erythrocyte FA compositions
may change over time, which may cause potential exposure misclassification. Thirdly, we did not
conduct an oral glucose tolerance test to identify diabetes, which might lead to undiagnosed diabetes
cases. Finally, although we adjusted for multiple potential confounders, residual confounding due to
unmeasured or imprecisely measured confounders could not be excluded.

5. Conclusions

In conclusion, our findings indicated that individual erythrocyte SFAs were associated with
T2D in different directions, and we found that higher levels of 18:0 and 20:0 SFAs were associated
with a higher risk of incident T2D, whereas no convincing inverse association was found for 16:0
SFAs. These results suggested that individual SFAs have differential associations with T2D among
Chinese populations. However, these results should be interpreted with caution because we did
not adjust for dairy biomarkers, and these results were based on a single measurement at baseline.
More investigations are warranted to replicate our findings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/
1393/s1. Table S1: Review of literature examining association of circulating SFAs with incident type 2 diabetes.
Table S2: Spearman’s rank correlation of erythrocyte saturated fatty acids and dietary intakes (n = 2683). Table S3:
Association of groupings of erythrocyte SFAs with incident type 2 diabetes. Table S4: Sensitivity analyses for
association of erythrocyte SFAs with incident type 2 diabetes. Figure S1: Associations of erythrocyte SFAs with
incident type 2 diabetes, stratified by categories of BMI and sex.

Author Contributions: Data curation, J.-s.L., H.-l.D., G.-d.C., Z.-y.C., and X.-w.D. Formal analysis, J.-s.L. and
H.-l.D. Investigation, J.-s.Z. and Y.-m.C. Methodology, J.-s.L., J.-s.Z., and Y.-m.C. Project administration, Y.-m.C.
Writing—original draft, J.-s.L., H.-l.D., G.-d.C., Z.-y.C., X.-w.D., J.-s.Z., and Y.-m.C. Writing—review and editing,
J.-s.L., H.-l.D., J.-s.Z., and Y.-m.C.

Funding: This research was jointly funded by the National Natural Science Foundation of China (No. 81472965
and 81730090), and the 5010 Program for Clinical Researches (No. 2007032) by the Sun Yat-sen University,
Guangzhou, China. Ju-Sheng Zheng is supported by Westlake University (No. YSYY0209). The funder had no
role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Acknowledgments: We thank all the participants and staff who contributed to the present study.

http://www.mdpi.com/2072-6643/10/10/1393/s1
http://www.mdpi.com/2072-6643/10/10/1393/s1


Nutrients 2018, 10, 1393 10 of 12

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. International Diabetes Federation. IDF Diabetes Atlas, 8th ed.; International Diabetes Federation: Brussels,
Belgium, 2017. Available online: http://www.diabetesatlas.org (accessed on 1 April 2018).

2. O’Connor, L.M.; Lentjes, M.A.H.; Luben, R.N.; Khaw, K.T.; Wareham, N.J.; Forouhi, N.G. Dietary dairy
product intake and incident type 2 diabetes: A prospective study using dietary data from a 7-day food diary.
Diabetologia 2014, 57, 909–917. [CrossRef] [PubMed]

3. Koska, J.; Ozias, M.K.; Deer, J.; Kurtz, J.; Salbe, A.D.; Harman, S.M.; Reaven, P.D. A human model of dietary
saturated fatty acid induced insulin resistance. Metabolism 2016, 65, 1621–1628. [CrossRef] [PubMed]

4. Hodson, L.; Skeaff, C.M.; Fielding, B.A. Fatty acid composition of adipose tissue and blood in humans and
its use as a biomarker of dietary intake. Prog. Lipid Res. 2008, 47, 348–380. [CrossRef] [PubMed]

5. Forouhi, N.G.; Koulman, A.; Sharp, S.J.; Imamura, F.; Kroger, J.; Schulze, M.B.; Crowe, F.L.; Huerta, J.M.;
Guevara, M.; Beulens, J.W.; et al. Differences in the prospective association between individual plasma
phospholipid saturated fatty acids and incident type 2 diabetes: The epic-interact case-cohort study.
Lancet Diabetes Endocrinol. 2014, 2, 810–818. [CrossRef]

6. Yakoob, M.Y.; Shi, P.; Willett, W.C.; Rexrode, K.M.; Campos, H.; Orav, E.J.; Hu, F.B.; Mozaffarian, D.
Circulating biomarkers of dairy fat and risk of incident diabetes mellitus among men and women in the
united states in two large prospective cohorts. Circulation 2016, 133, 1645–1654. [CrossRef] [PubMed]

7. Wang, L.; Folsom, A.R.; Zheng, Z.J.; Pankow, J.S.; Eckfeldt, J.H.; Investigators, A.S. Plasma fatty acid
composition and incidence of diabetes in middle-aged adults: The atherosclerosis risk in communities
(ARIC) study. Am. J. Clin. Nutr. 2003, 78, 91–98. [PubMed]

8. Harris, W.S.; Luo, J.H.; Pottala, J.V.; Margolis, K.L.; Espeland, M.A.; Robinson, J.G. Red blood cell fatty acids
and incident diabetes mellitus in the women’s health initiative memory study. PLoS ONE 2016, 11, e0147894.
[CrossRef] [PubMed]

9. Kroger, J.; Zietemann, V.; Enzenbach, C.; Weikert, C.; Jansen, E.H.; Doring, F.; Joost, H.G.; Boeing, H.;
Schulze, M.B. Erythrocyte membrane phospholipid fatty acids, desaturase activity, and dietary fatty acids
in relation to risk of type 2 diabetes in the European prospective investigation into cancer and nutrition
(EPIC)-potsdam study. Am. J. Clin. Nutr. 2011, 93, 127–142. [CrossRef] [PubMed]

10. Takkunen, M.J.; Schwab, U.S.; de Mello, V.D.; Eriksson, J.G.; Lindstrom, J.; Tuomilehto, J.; Uusitupa, M.I.;
Group, D.P.S.S. Longitudinal associations of serum fatty acid composition with type 2 diabetes risk and
markers of insulin secretion and sensitivity in the Finnish Diabetes Prevention Study. Eur. J. Nutr. 2016, 55,
967–979. [CrossRef] [PubMed]

11. Mahendran, Y.; Agren, J.; Uusitupa, M.; Cederberg, H.; Vangipurapu, J.; Stancakova, A.; Schwab, U.;
Kuusisto, J.; Laakso, M. Association of erythrocyte membrane fatty acids with changes in glycemia and risk
of type 2 diabetes. Am. J. Clin. Nutr. 2014, 99, 79–85. [CrossRef] [PubMed]

12. Alhazmi, A.; Stojanovski, E.; Garg, M.L.; McEvoy, M. Fasting whole blood fatty acid profile and risk of type
2 diabetes in adults: A nested case control study. PLoS ONE 2014, 9, e97001. [CrossRef] [PubMed]

13. Krachler, B.; Norberg, M.; Eriksson, J.W.; Hallmans, G.; Johansson, I.; Vessby, B.; Weinehall, L.; Lindahl, B.
Fatty acid profile of the erythrocyte membrane preceding development of type 2 diabetes mellitus.
Nutr. Metab. Cardiovasc. Dis. 2008, 18, 503–510. [CrossRef] [PubMed]

14. Lemaitre, R.N.; Fretts, A.M.; Sitlani, C.M.; Biggs, M.L.; Mukamal, K.; King, I.B.; Song, X.; Djousse, L.;
Siscovick, D.S.; McKnight, B.; et al. Plasma phospholipid very-long-chain saturated fatty acids and incident
diabetes in older adults: The cardiovascular health study. Am. J. Clin. Nutr. 2015, 101, 1047–1054. [CrossRef]
[PubMed]

15. Akter, S.; Kurotani, K.; Sato, M.; Hayashi, T.; Kuwahara, K.; Matsushita, Y.; Nakagawa, T.; Konishi, M.;
Honda, T.; Yamamoto, S.; et al. High serum phospholipid dihomo-γ-linoleic acid concentration and low
∆5-desaturase activity are associated with increased risk of type 2 diabetes among Japanese adults in the
hitachi health study. J. Nutr. 2017, 147, 1558–1566. [CrossRef] [PubMed]

16. Liu, B.; Woo, J.; Tang, N.; Ng, K.; Ip, R.; Yu, A. Assessment of total energy expenditure in a Chinese
population by a physical activity questionnaire: Examination of validity. Int. J. Food Sci. Nutr. 2001, 52,
269–282. [CrossRef] [PubMed]

http://www.diabetesatlas.org
http://dx.doi.org/10.1007/s00125-014-3176-1
http://www.ncbi.nlm.nih.gov/pubmed/24510203
http://dx.doi.org/10.1016/j.metabol.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27733250
http://dx.doi.org/10.1016/j.plipres.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18435934
http://dx.doi.org/10.1016/S2213-8587(14)70146-9
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.018410
http://www.ncbi.nlm.nih.gov/pubmed/27006479
http://www.ncbi.nlm.nih.gov/pubmed/12816776
http://dx.doi.org/10.1371/journal.pone.0147894
http://www.ncbi.nlm.nih.gov/pubmed/26881936
http://dx.doi.org/10.3945/ajcn.110.005447
http://www.ncbi.nlm.nih.gov/pubmed/20980488
http://dx.doi.org/10.1007/s00394-015-0911-4
http://www.ncbi.nlm.nih.gov/pubmed/25930966
http://dx.doi.org/10.3945/ajcn.113.069740
http://www.ncbi.nlm.nih.gov/pubmed/24153340
http://dx.doi.org/10.1371/journal.pone.0097001
http://www.ncbi.nlm.nih.gov/pubmed/24816459
http://dx.doi.org/10.1016/j.numecd.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18042359
http://dx.doi.org/10.3945/ajcn.114.101857
http://www.ncbi.nlm.nih.gov/pubmed/25787996
http://dx.doi.org/10.3945/jn.117.248997
http://www.ncbi.nlm.nih.gov/pubmed/28637686
http://dx.doi.org/10.1080/09637480120044138
http://www.ncbi.nlm.nih.gov/pubmed/11400476


Nutrients 2018, 10, 1393 11 of 12

17. Zhang, C.X.; Ho, S.C. Validity and reproducibility of a food frequency questionnaire among Chinese women
in Guangdong province. Asia. Pac. J. Clin. Nutr. 2009, 18, 240–250. [PubMed]

18. American Diabetes, A. Diagnosis and classification of diabetes mellitus. Diabetes Care 2014, 37, 81–90.
[CrossRef] [PubMed]

19. Dai, X.W.; Zhang, B.; Wang, P.; Chen, C.G.; Chen, Y.M.; Su, Y.X. Erythrocyte membrane n-3 fatty acid levels
and carotid atherosclerosis in Chinese men and women. Atherosclerosis 2014, 232, 79–85. [CrossRef] [PubMed]

20. US Department of Agriculture, Agricultural Research Service, Nutrient Data Laboratory. USDA National
Nutrient Database for Standard Reference, Release 28. Version Current: September 2015, Slightly Revised
May 2016. Available online: http://www.ars.usda.gov/ba/bhnrc/ndl (accessed on 1 April 2018).

21. Ma, W.J.; Wu, J.H.Y.; Wang, Q.Y.; Lemaitre, R.N.; Mukamal, K.J.; Djousse, L.; King, I.B.; Song, X.L.; Biggs, M.L.;
Delaney, J.A.; et al. Prospective association of fatty acids in the de novo lipogenesis pathway with risk of
type 2 diabetes: The cardiovascular health study. Am. J. Clin. Nutr. 2015, 101, 153–163. [CrossRef] [PubMed]

22. U.S. Department of Agriculture, Agricultural Research Service. Nutrient Intakes from Food and Beverages:
Mean Amounts Consumed per Individual, by Gender and Age, What We Eat in America, NHANES
2015–2016. Available online: www.ars.usda.gov/nea/bhnrc/fsrg (accessed on 1 August 2018).

23. Zong, G.; Zhu, J.; Sun, L.; Ye, X.; Lu, L.; Jin, Q.; Zheng, H.; Yu, Z.; Zhu, Z.; Li, H.; et al. Associations of
erythrocyte fatty acids in the de novo lipogenesis pathway with risk of metabolic syndrome in a cohort
study of middle-aged and older Chinese. Am. J. Clin. Nutr. 2013, 98, 319–326. [CrossRef] [PubMed]

24. Wu, J.H.Y.; Lemaitre, R.N.; Imamura, F.; King, I.B.; Song, X.L.; Spiegelman, D.; Siscovick, D.S.; Mozaffarian, D.
Fatty acids in the de novo lipogenesis pathway and risk of coronary heart disease: The cardiovascular health
study. Am. J. Clin. Nutr. 2011, 94, 431–438. [CrossRef] [PubMed]

25. Patel, P.S.; Sharp, S.J.; Jansen, E.; Luben, R.N.; Khaw, K.T.; Wareham, N.J.; Forouhi, N.G. Fatty acids measured
in plasma and erythrocyte-membrane phospholipids and derived by food-frequency questionnaire and the
risk of new-onset type 2 diabetes: A pilot study in the European prospective investigation into cancer and
nutrition (EPIC)-norfolk cohort. Am. J. Clin. Nutr. 2010, 92, 1214–1222. [PubMed]

26. Hodge, A.M.; English, D.R.; O’Dea, K.; Sinclair, A.J.; Makrides, M.; Gibson, R.A.; Giles, G.G. Plasma
phospholipid and dietary fatty acids as predictors of type 2 diabetes: Interpreting the role of linoleic acid.
Am. J. Clin. Nutr. 2007, 86, 189–197. [CrossRef] [PubMed]

27. Zheng, J.S.; Sharp, S.J.; Imamura, F.; Koulman, A.; Schulze, M.B.; Ye, Z.; Griffin, J.; Guevara, M.; Huerta, J.M.;
Kroger, J.; et al. Association between plasma phospholipid saturated fatty acids and metabolic markers of
lipid, hepatic, inflammation and glycaemic pathways in eight European countries: A cross-sectional analysis
in the epic-interact study. BMC Med. 2017, 15, 203. [CrossRef] [PubMed]

28. Cui, J.; Sun, J.; Wang, W.; Xin, H.; Qiao, Q.; Baloch, Z.; Ma, A. The association of triglycerides and
total cholesterol concentrations with newly diagnosed diabetes in adults in china. Oncotarget 2017, 8,
103477–103485. [CrossRef] [PubMed]

29. Yanagisawa, N.; Shimada, K.; Miyazaki, T.; Kume, A.; Kitamura, Y.; Sumiyoshi, K.; Kiyanagi, T.; Iesaki, T.;
Inoue, N.; Daida, H. Enhanced production of nitric oxide, reactive oxygen species, and pro-inflammatory
cytokines in very long chain saturated fatty acid-accumulated macrophages. Lipids Health Dis. 2008, 7, 48.
[CrossRef] [PubMed]

30. Jiang, R.; Manson, J.E.; Stampfer, M.J.; Liu, S.M.; Willett, W.C.; Hu, F.B. Nut and peanut butter consumption
and risk of type 2 diabetes in women. JAMA 2002, 288, 2554–2560. [CrossRef] [PubMed]

31. Luu, H.N.; Blot, W.J.; Xiang, Y.B.; Cai, H.; Hargreaves, M.K.; Li, H.L.; Yang, G.; Signorello, L.; Gao, Y.T.;
Zheng, W.; et al. Prospective evaluation of the association of nut/peanut consumption with total and
cause-specific mortality. JAMA Intern. Med. 2015, 175, 755–766. [CrossRef] [PubMed]

32. Quehenberger, O.; Armando, A.M.; Brown, A.H.; Milne, S.B.; Myers, D.S.; Merrill, A.H.; Bandyopadhyay, S.;
Jones, K.N.; Kelly, S.; Shaner, R.L.; et al. Lipidomics reveals a remarkable diversity of lipids in human plasma.
J. Lipid Res. 2010, 51, 3299–3305. [CrossRef] [PubMed]

33. Paz, K.; Hemi, R.; LeRoith, D.; Karasik, A.; Elhanany, E.; Kanety, H.; Zick, Y. A molecular basis for
insulin resistance. Elevated serine/threonine phosphorylation of irs-1 and irs-2 inhibits their binding
to the juxtamembrane region of the insulin receptor and impairs their ability to undergo insulin-induced
tyrosine phosphorylation. J. Biol. Chem. 1997, 272, 29911–29918. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/19713184
http://dx.doi.org/10.2337/dc14-S081
http://www.ncbi.nlm.nih.gov/pubmed/24357215
http://dx.doi.org/10.1016/j.atherosclerosis.2013.10.028
http://www.ncbi.nlm.nih.gov/pubmed/24401220
http://www.ars.usda.gov/ba/bhnrc/ndl
http://dx.doi.org/10.3945/ajcn.114.092601
http://www.ncbi.nlm.nih.gov/pubmed/25527759
www.ars.usda.gov/nea/bhnrc/fsrg
http://dx.doi.org/10.3945/ajcn.113.061218
http://www.ncbi.nlm.nih.gov/pubmed/23803879
http://dx.doi.org/10.3945/ajcn.111.012054
http://www.ncbi.nlm.nih.gov/pubmed/21697077
http://www.ncbi.nlm.nih.gov/pubmed/20861175
http://dx.doi.org/10.1093/ajcn/86.1.189
http://www.ncbi.nlm.nih.gov/pubmed/17616780
http://dx.doi.org/10.1186/s12916-017-0968-4
http://www.ncbi.nlm.nih.gov/pubmed/29145892
http://dx.doi.org/10.18632/oncotarget.21969
http://www.ncbi.nlm.nih.gov/pubmed/29262577
http://dx.doi.org/10.1186/1476-511X-7-48
http://www.ncbi.nlm.nih.gov/pubmed/19038055
http://dx.doi.org/10.1001/jama.288.20.2554
http://www.ncbi.nlm.nih.gov/pubmed/12444862
http://dx.doi.org/10.1001/jamainternmed.2014.8347
http://www.ncbi.nlm.nih.gov/pubmed/25730101
http://dx.doi.org/10.1194/jlr.M009449
http://www.ncbi.nlm.nih.gov/pubmed/20671299
http://dx.doi.org/10.1074/jbc.272.47.29911
http://www.ncbi.nlm.nih.gov/pubmed/9368067


Nutrients 2018, 10, 1393 12 of 12

34. Kanety, H.; Hemi, R.; Papa, M.Z.; Karasik, A. Sphingomyelinase and ceramide suppress insulin-induced
tyrosine phosphorylation of the insulin receptor substrate-1. J. Biol. Chem. 1996, 271, 9895–9897. [CrossRef]
[PubMed]

35. Stratford, S.; Hoehn, K.L.; Liu, F.; Summers, S.A. Regulation of insulin action by ceramide-dual mechanisms
linking ceramide accumulation to the inhibition of Akt/protein kinase B. J. Biol. Chem. 2004, 279, 36608–36615.
[CrossRef] [PubMed]

36. Chavez, J.A.; Knotts, T.A.; Wang, L.P.; Li, G.B.; Dobrowsky, R.T.; Florant, G.L.; Summers, S.A. A role for
ceramide, but not diacylglycerol, in the antagonism of insulin signal transduction by saturated fatty acids.
J. Biol. Chem. 2003, 278, 10297–10303. [CrossRef] [PubMed]

37. Kuzmenko, D.I.; Klimentyeva, T.K. Role of ceramide in apoptosis and development of insulin resistance.
Biochemistry-Moscow 2016, 81, 913–927. [CrossRef] [PubMed]

38. Hajduch, E.; Balendran, A.; Batty, I.H.; Litherland, G.J.; Blair, A.S.; Downes, C.P.; Hundal, H.S. Ceramide
impairs the insulin-dependent membrane recruitment of protein kinase b leading to a loss in downstream
signalling in l6 skeletal muscle cells. Diabetologia 2001, 44, 173–183. [CrossRef] [PubMed]

39. Guo, J.; Qian, Y.Y.; Xi, X.X.; Hu, X.H.; Zhu, J.X.; Han, X. Blockage of ceramide metabolism exacerbates
palmitate inhibition of pro-insulin gene expression in pancreatic β-cells. Mol. Cell. Biochem. 2010, 338,
283–290. [CrossRef] [PubMed]

40. Kelpe, C.L.; Moore, P.C.; Parazzoli, S.D.; Wicksteed, B.; Rhodes, C.J.; Poitout, V. Palmitate inhibition of
insulin gene expression is mediated at the transcriptional level via ceramide synthesis. J. Biol. Chem. 2003,
278, 30015–30021. [CrossRef] [PubMed]

41. Szegezdi, E.; Fitzgerald, U.; Samali, A. Caspase-12 and ER-stress-mediated apoptosis. Ann. N. Y. Acad. Sci.
2003, 1010, 186–194. [CrossRef] [PubMed]

42. Chandra, J.; Zhivotovsky, B.; Zaitsev, S.; Juntti-Berggren, L.; Berggren, P.O.; Orrenius, S. Role of apoptosis in
pancreatic beta-cell death in diabetes. Diabetes 2001, 50, S44–S47. [CrossRef] [PubMed]

43. Veret, J.; Coant, N.; Berdyshev, E.V.; Skobeleva, A.; Therville, N.; Bailbe, D.; Gorshkova, I.; Natarajan, V.;
Portha, B.; Le Stunff, H. Ceramide synthase 4 and de novo production of ceramides with specific N-acyl
chain lengths are involved in glucolipotoxicity-induced apoptosis of INS-1β-cells. Biochem. J. 2011, 438,
177–189. [CrossRef] [PubMed]

44. Watanabe, S.; Sato, T. Effects of free fatty acids on the binding of bovine and human serum albumin with
steroid hormones. Biochim. Biophys. Acta 1996, 1289, 385–396. [CrossRef]

45. Ding, E.L.; Song, Y.Q.; Malik, V.S.; Liu, S.M. Sex differences of endogenous sex hormones and risk of type 2
diabetes—A systematic review and meta-analysis. JAMA 2006, 295, 1288–1299. [CrossRef] [PubMed]

46. Warensjo, E.; Jansson, J.H.; Cederholm, T.; Boman, K.; Eliasson, M.; Hallmans, G.; Johansson, I.; Sjogren, P.
Biomarkers of milk fat and the risk of myocardial infarction in men and women: A prospective, matched
case-control study. Am. J. Clin. Nutr. 2010, 92, 194–202. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.271.17.9895
http://www.ncbi.nlm.nih.gov/pubmed/8626623
http://dx.doi.org/10.1074/jbc.M406499200
http://www.ncbi.nlm.nih.gov/pubmed/15220355
http://dx.doi.org/10.1074/jbc.M212307200
http://www.ncbi.nlm.nih.gov/pubmed/12525490
http://dx.doi.org/10.1134/S0006297916090017
http://www.ncbi.nlm.nih.gov/pubmed/27682164
http://dx.doi.org/10.1007/s001250051596
http://www.ncbi.nlm.nih.gov/pubmed/11270673
http://dx.doi.org/10.1007/s11010-009-0362-4
http://www.ncbi.nlm.nih.gov/pubmed/20063116
http://dx.doi.org/10.1074/jbc.M302548200
http://www.ncbi.nlm.nih.gov/pubmed/12771145
http://dx.doi.org/10.1196/annals.1299.032
http://www.ncbi.nlm.nih.gov/pubmed/15033718
http://dx.doi.org/10.2337/diabetes.50.2007.S44
http://www.ncbi.nlm.nih.gov/pubmed/11272200
http://dx.doi.org/10.1042/BJ20101386
http://www.ncbi.nlm.nih.gov/pubmed/21592087
http://dx.doi.org/10.1016/0304-4165(95)00175-1
http://dx.doi.org/10.1001/jama.295.11.1288
http://www.ncbi.nlm.nih.gov/pubmed/16537739
http://dx.doi.org/10.3945/ajcn.2009.29054
http://www.ncbi.nlm.nih.gov/pubmed/20484449
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Population 
	Data Collection 
	Ascertainment of Incident T2D 
	Measurement of FAs Relative Composition in Erythrocyte 
	Measurement of Biochemical Parameters 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

