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Background: Excessive delivery of free fatty acids (FFAs) to the liver promotes steatosis and insulin resistance (IR), with IR de-
fined as reduced glucose uptake, glycogen synthesis and anti-lipolysis stimulated by normal insulin levels. Whether the associa-
tions between FFAs and diabetes development differ between patients with and without nonalcoholic fatty liver disease (NAFLD) 
remains unclear.
Methods: Consecutive subjects (2,220 NAFLD subjects and 1,790 non-NAFLD subjects according to ultrasound imaging) were 
enrolled from the First Affiliated Hospital of Sun Yat-sen University between 2009 and 2019. The homeostasis model assessment 
of insulin resistance (HOMA-IR) was calculated. 
Results: There was an approximate J-shaped relationship between FFA levels and HOMA-IR in the NAFLD group. Higher FFA 
concentration quartiles were associated with higher risks of IR (odds ratio [OR], 9.24; 95% confidence interval [CI], 6.43 to 
13.36), prediabetes (OR, 10.48; 95% CI, 5.66 to 19.39), and type 2 diabetes mellitus (T2DM; OR, 19.43; 95% CI, 12.75 to 29.81) in 
the NAFLD group but not in the non-NAFLD group. The cut-off points for the FFA levels increased in a stepwise manner in dis-
criminating IR, prediabetes and T2DM (573, 697, and 715 μmol/L) in the NAFLD group but not in non-NAFLD individuals. 
Conclusion: A distinct dose-dependent relationship of FFA levels was found with IR, prediabetes and T2DM in NAFLD patients. 
Screening serum FFA levels in NAFLD patients would be valuable in preventing diabetes development.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), characterized by an 
overaccumulation of intrahepatic lipids and subsequent lipo-
toxic injuries, is currently the leading form of chronic liver dis-
ease, with a prevalence of up to 26% worldwide [1]. In addition 
to the progression from simple steatosis to liver inflammation, 
fibrosis, and hepatocellular carcinoma (HCC), NAFLD also 
confers a substantial risk for the development of type 2 diabe-
tes mellitus (T2DM), given the following shared established 
risk factors: obesity, metabolic syndrome, dyslipidemia, insulin 

resistance (IR), among others [2,3]. Previous studies have re-
ported that NAFLD occurs in approximately 75% of patients 
with T2DM [4], whereas the incidences of T2DM in normal 
and overweight adults with NAFLD were 14.4% and 26.4% re-
spectively, after 12.8 years of follow-up, with significantly high-
er adjusted hazard ratios (HRs) in overweight adults than in 
normal adults without NAFLD (HR, 3.59; 95% confidence in-
terval [CI], 2.14 to 5.76 and HR, 6.77; 95% CI, 5.17 to 8.91) [5]. 
Moreover, the presence and metabolic traits of diabetes strong-
ly predispose patients with NAFLD to a greater risk of devel-
oping HCC [6]. Therefore, the screening and prevention of di-

Original Article
Pathophysiology

https://doi.org/10.4093/dmj.2020.0039
pISSN 2233-6079 · eISSN 2233-6087

Diabetes Metab J 2021;45:417-429



Li F, et al.

418 Diabetes Metab J 2021;45:417-429 https://e-dmj.org

abetes in patients with early-stage NAFLD may be an impor-
tant target for long-term management. 

Free fatty acids (FFAs), also termed non-esterified fatty ac-
ids, are closely correlated with IR, NAFLD, and T2DM. FFAs 
in the blood originate from the hydrolysis of triacylglycerol, 
which is stored in the adipose tissue [7], and this process is in-
hibited by physiological insulin concentrations [8]. When the 
adipose tissue becomes desensitized to insulin, excessive circu-
lating FFAs may enter visceral organs, resulting in lipid over-
load in the liver and pancreas [9]. High levels of intracellular 
FFA are converted to toxic levels of reactive oxygen species 
during lipid peroxidation in the mitochondria, which impairs 
insulin signaling and islet β-cell function, leading to the devel-
opment of IR and T2DM [10]. Moreover, FFAs can prevent the 
inhibition of lipolysis via the action of insulin, which in turn 
promotes the secretion of FFAs into the plasma. Although se-
rum FFA levels have been identified as an important mediator 
among IR, NAFLD, and T2DM [11], the association of FFAs 
with the progression from IR to T2DM in patients with and 
without NAFLD remains unclear. Identifying the associations 
among IR, NAFLD, and T2DM would be beneficial in the pre-
vention of T2DM in patients with and without NAFLD 
through the establishment of individualized early detection 
strategies and prompt treatment deliveries. 

Therefore, the purpose of this study was to characterize the 
relationship of serum FFA levels with the development of 
T2DM (including healthy, IR, prediabetes, and T2DM states) 
in a large population of subjects with and without NAFLD. 

METHODS

Study population
This is a cross-sectional study of a single-center cohort in 
which subjects were enrolled consecutively from the NAFLD 
and Health Examination Center of the First Affiliated Hospital 
of Sun Yat-sen University, China. The subjects were enrolled 
from January 1, 2009, to December 30, 2019, with the follow-
ing inclusion criteria: (1) subjects aged 18 to 80 years; (2) pa-
tients with complete serum FFA levels, glucose, lipid, and insu-
lin measurement results; and (3) assessment of NAFLD, FFA 
levels, and oral glucose tolerance test (OGTT) performed 
within 2 weeks.

The exclusion criteria were as follows: (1) diagnosis or any 
evidence of viral hepatitis, autoimmune liver disease, HCC, or 
other end-stage liver diseases; (2) diagnosis of other types of 

diabetes; (3) pregnancy and breastfeeding; (4) a previous his-
tory of alcohol consumption of >30 g per day in men or >20 g 
per day in women; (5) the use of statins, fibrates, or anti-dia-
betic drugs in the past 6 months; and (6) trained athlete status.

The protocol was approved by the Independent Ethics Com-
mittee for Clinical Research and Animal Trials of the First Af-
filiated Hospital, Sun Yat-sen University (approval number: 
[2017]104), and informed consent was collected from all par-
ticipants. All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards 
of the institutional research committee and with the 1964 Hel-
sinki Declaration and its later amendments or comparable eth-
ical standards.

Clinical evaluation
Questionnaire interviews were conducted to collect patient 
histories, including patient demographics, past medical histo-
ry, smoking status and alcohol consumption. All subjects un-
derwent anthropometric measurements, including body 
weight, body height, waist circumference (WC) and blood 
pressure. Body mass index (BMI) was defined as the body 
weight in kilograms divided by the square of the body height 
in meters. WC was measured in centimeters at the midpoint 
between the lower margin of the rib cage and the top of the ili-
ac crest using a nonelastic measuring tape. Sitting blood pres-
sure was measured twice by physicians using an Omron (J710; 
Omron, Kyoto, Japan) electronic monitor, which was applied 
to the right upper arm after a 15-minute rest. Obesity was de-
fined as having a BMI ≥25 kg/m2, and abdominal obesity was 
defined as having a WC ≥90 cm for men and WC ≥80 cm for 
women [12]. Hypertension was diagnosed in subjects with a 
systolic blood pressure ≥140 mm Hg, a diastolic blood pres-
sure ≥90 mm Hg or a previous diagnosis of hypertension [13].

Biochemical measurements
After fasting overnight for ≥8 hours, blood samples were tak-
en, and the following biochemical parameters were assayed us-
ing the Abbott c8000 Automatic Biochemistry Analyzer (Ab-
bott, Abbott Park, IL, USA): FFA (acyl CoA synthetase-acyl 
CoA oxidase [ACS-ACOD] method), lipid profiles, uric acid, 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), gamma-glutamyl transpeptidase (GGT), alkaline phos-
phatase, fasting plasma glucose (FPG), fasting insulin (FINS), 
and glycosylated hemoglobin (HbA1c). The 2-hour plasma 
glucose (2hPG) levels were measured during the 75 g OGTT. 
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Serum lipid levels were determined directly using the enzy-
matic colorimetric method with the following Beckman Coul-
ter reagent test kits: total cholesterol (OSR6216), triglycerides 
(OSR61118), low-density lipoprotein cholesterol (LDL-C; 
OSR6283), and high-density lipoprotein cholesterol (HDL-C; 
OSR6287). The HbA1c test was performed with the National 
Glycohemoglobin Standardization Program (NGSP) method 
in our study (Reagent test kit: VARIANT II TURBO HbA1c 
Kit 2.0; Bio-Rad Laboratories, Hercules, CA, USA). All labora-
tory measurements were performed within one day using the 
same fasting samples, with the exception of the OGTT.

IR, prediabetes, and T2DM assessment
Based on the homeostasis model assessment of insulin resis-
tance (HOMA-IR) index, IR values were calculated using the 
equation FINS (µU/mL)×FPG (mmol/L)/22.5, and IR was 
confirmed if the HOMA-IR level was over 2.69 [14]. Addition-
ally, the fasting adipose tissue insulin resistance (Adipo-IR) in-
dex was calculated with the equation FFA (mmol/L)×FINS 
(pmol/L) [15]. Prediabetes, defined as an impaired fasting glu-
cose level, was determined by a fasting glucose value lower 
than 5.6 to 7.0 mmol/L and/or a 120-minute blood glucose 
level between 7.8 and 11.1 mmol/L observed in the OGTT 
(impaired glucose tolerance) or an HbA1c level between 5.7% 
and 6.4%. T2DM was defined by a fasting glucose value of ≥7 
mmol/L, a 120-minute OGTT value of ≥11.1 mmol/L, and/or 
HbA1c ≥6.5% (48 mmol/mol) after a clinical physician ex-
cluded other types of diabetes [16].

Radiology examination
Because there can be discrepancies in the liver and kidney echo 
intensity, fatty liver was assessed in all subjects by abdominal 
ultrasonography based on the following criteria: the presence 
of posterior attenuation of the ultrasound beam, vessel blur-
ring, difficult visualization of the gallbladder wall, and difficult 
visualization of the diaphragm [17]. A total of 979 subjects also 
underwent liver and pancreatic fat content (PFC) quantifica-
tion via magnetic resonance imaging (MRI) of the upper ab-
domen with a 3.0-Tesla MRI scanner (Siemens 3.0T MAGNE-
TOM Verio; Siemens, Munchen, Germany), which was per-
formed within 2 weeks after the patient’s biochemical mea-
surements were taken. The scanning protocol and imaging pa-
rameters, described in detail in our previous study [18], were 
as follows: TE1, 2.5 ms; TE2, 3.7 ms; repetition time, 5.47 ms; 
flip angle, 5°; receiver bandwidth, ±504.0 kHz per pixel; and 

slice thickness, 3.0 mm. The fat content was calculated for each 
patient using an irregularly shaped region of interest that cov-
ered the entire liver in 21 consecutive slices (maximum area 
centered). Based on the MRI proton density fat fraction (MRI-
PDFF), the liver fat content (LFC) was classified as absent 
(<5%), mild (5% to 10%), moderate (10% to 25%), and severe 
(>25%) steatosis [19-21]. Pancreatic fat infiltration was de-
fined as an average PFC ≥5%.

Statistical analysis
The software program R version 3.5.1 (http://www.Rproject.
org), was used for statistical analyses. Continuous variables are 
shown as the mean±standard deviation or the median with 
interquartile range. Student’s t-test and the Mann-Whitney U 
test were used to compare continuous variables. The chi-
square test was applied to compare categorical variables. Uni-
variate and multivariate backward stepwise logistic regression 
was used to evaluate whether factors were independently asso-
ciated with IR, prediabetes, and T2DM. We explored the non-
linear relationship between FFA levels and several parameters 
using smooth curve fitting analysis. Receiver operating charac-
teristic (ROC) curve analysis was conducted for the predictive 
factors. A two-tailed P value less than 0.05 was considered sta-
tistically significant.

RESULTS

Baseline characteristics
In total, 4,010 subjects were enrolled in our study, including 
2,220 subjects in the non-NAFLD group, 1,790 subjects in the 
NAFLD group and 941 subjects in the NAFLD subgroup de-
fined by MRI-PDFF. As shown in Table 1, the ages and sex 
proportions were comparable among the groups. IR (40.2% vs. 
10.2%), prediabetes (14.3% vs. 11.5%), and T2DM (31.1% vs. 
16.6%) were more common in the NAFLD group than in the 
non-NAFLD group. Compared with the non-NAFLD subjects, 
the NAFLD subjects presented with higher BMIs (25.7 kg/m2 
[23.7 to 28.0] vs. 21.9 kg/m2 [19.7 to 24.4], P<0.001) and WCs 
(89 cm [83 to 95] vs. 77 cm [71 to 85], P<0.001), as expected. 
Additionally, we found that compared with individuals with-
out NAFLD, individuals with NAFLD tended to have higher 
blood pressure, ALT, AST, GGT, and uric acid levels and sig-
nificant differences in their plasma lipid profiles, including tri-
glycerides, total cholesterol, HDL-C, and LDL-C. Notably, 
there were no significant differences in the FFA levels between 
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the non-NAFLD and NAFLD groups (561±234 μmol/L vs. 
562±218 μmol/L). Of the parameters associated with diabetes, 
FPG, FINS, HbA1c, HOMA-IR, and Adipo-IR index were sig-
nificantly higher in the patients with NAFLD than in the sub-
jects without NAFLD (all P<0.05); however, there were no sig-
nificant differences in the 2hPG levels. Additionally, NAFLD 
subjects defined by MRI-PDFF showed consistent results 

when compared to the non-NAFLD group and presented sim-
ilar trends as those of the total NAFLD subjects.

Associations among FFAs, lipid profiles, and IR
To explore the nonlinear association of FFA levels with tradi-
tional serum glucose and lipid metabolism markers in non-
NAFLD and NAFLD subjects, we performed smooth curve fit-

Table 1. Characteristic of enrolled subjects

Characteristic Non-NAFLD 
(n=2,220)

NAFLD 
(n=1,790)

NAFLD defined by MRI-PDFF 
(n=941) P value

Age, yr 46.3±15.8 45.6±20.6 45.8±19.9 0.455
Male sex, % 62.5 63.7 63.1 0.121
Current smoker, % 9.6 9.8 9.9 0.324
Anthropometric parameters
   Body mass index, kg/m2 21.9 (19.7–24.4)b 25.7 (23.7–28.0)a 26.3 (23.8–28.7)a <0.001
   Waist circumference, cm 77 (71–85)b 89 (83–95)a 89 (83–95)a <0.001
   Systolic blood pressure, mm Hg 125 (117–138)b 130 (120–142)a 130 (120–141)a <0.001
   Diastolic blood pressure, mm Hg 81 (74–88)b 85 (76–93)a 86 (77–95)a <0.001
Liver enzyme
   Alanine aminotransferase, U/L   25 (17–39)b 34 (22–55)a 37 (24–61)a <0.001
   Aspartate aminotransferase, U/L 25 (20–34)b 28 (22–40)a 29 (23–40)a <0.001
   γ-Glutamyl transpeptidase, U/L 23 (16–37)b 38 (25–62)a 39 (26–67)a <0.001
   Alkaline phosphatase, U/L 75 (65–90) 76 (65–89) 76 (65–89) 0.276
Metabolic parameters
   Uric acid, μmol/L 339 (279–401)b 399 (332–458)a 408 (339–472)a <0.001
   Cholesterol, mmol/L 4.7 (4.0–5.5)b 5.0 (4.3–5.7)a 5.1 (4.4–5.8)a <0.001
   Triglycerides, mmol/L 1.0 (0.8–1.5)b 1.5 (1.1–2.1)a 1.5 (1.1–2.1)a <0.001
   HDL-C, mmol/L 1.2 (1.0–1.5)b 1.1 (1.0–1.3)a 1.1 (1.0–1.3)a <0.001
   LDL-C, mmol/L 2.8 (2.4–3.5)b 3.2 (2.6–3.7)a 3.2 (2.7–3.7)a <0.001
   Free fatty acids, μmol/L 561±234 562±218 567±206 0.405
   Fasting plasma glucose, mmol/L 4.7 (4.3–5.3)b 5.0 (4.6–5.7)a 4.9 (4.5–5.4)a <0.001
   Fasting insulin, μU/mL 5.7 (4.0–8.2)b 8.9 (6.5–12.5)a 9.0 (6.5–12.8)a <0.001
   HOMA-IR 1.2 (0.8–1.8)b 2.3 (1.4–4.0)a 2.3 (1.4–4.1)a <0.001
   Adipo-IR 22.0 (14.3–34.2)b 34.8 (21.6–53.1)a 35.4 (21.9–56.1)a <0.001
   HbA1c, % 5.9 (5.4–7.2)b 7.8 (6.2–10.0)a 7.6 (6.0–9.4)a <0.001
   2-hr plasma glucose, mmol/L 10.1 (7.0–13.4) 9.2 (7.1–14.7) 9.1 (7.2–14.5) 0.909
   Insulin resistance, % 10.2b 40.2a 40.5a <0.001

   Prediabetes, % 11.5b 14.3a 13.3a 0.024
   Type 2 diabetes mellitus, % 16.6b 31.1a 29.9a <0.001

Values are presented as mean±standard deviation and median (interquartile range).
NAFLD, nonalcoholic fatty liver disease; MRI-PDFF, magnetic resonance imaging proton density fat fraction; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; Adipo-IR, adipose tis-
sue insulin resistance; HbA1c, glycosylated hemoglobin.
aSignificant difference compared to non-NAFLD group (P<0.05), bSignificant difference compared to NAFLD group (P<0.05).
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ting analyses after adjusting for age, sex, and BMI (Fig. 1). 
Among the NAFLD patients, plasma triglyceride concentra-
tions fluctuated between 0 and 810 μmol/L as the FFA levels 
increased, increased sharply when the FFA levels reached 810 
μmol/L, and then decreased when the FFA levels reached 1,121 
μmol/L (Fig. 1A). In the non-NAFLD group, the triglyceride 
concentrations showed a stable, but not obvious, decreasing 
trend as the FFA levels increased. Total serum cholesterol levels 
in both groups displayed an increasing trend as the FFA levels 
increased; the curves in the NAFLD patients were sharper 
when the FFA levels were below 612 μmol/L but then became 
smooth (Fig. 1B). However, when the FFA levels increased to 
over 671 μmol/L in the NAFLD group, there was an obvious 
inverse U-shaped trend in the LDL-C concentration, whereas 
there was a positive linear correlation in the non-NAFLD group 
(Fig. 1C). For plasma HDL-C, both groups exhibited a similar 
and stable increasing trend, but the concentration was notice-
ably lower in the NAFLD patients (Fig. 1D). As shown in Fig. 

1E, the HOMA-IR index rose more sharply as FFA levels in-
creased in the NAFLD group and presented a J-shaped curve 
in general. However, there was an inverse J-shaped relationship 
when FFA levels increased between 500 and 1,000 μmol/L in 
the NAFLD group. As shown in Fig. 1F, compared to the FPG 
levels of the non-NAFLD subjects, which increased stably as 
FFA levels increased, the FPG levels of the NAFLD patients 
showed a decreasing trend as FFA levels increased; however, 
their levels increased sharply when FFA levels exceeded 748 
μmol/L. The results of the NAFLD patients defined by the 
MRI-PDFF subgroup exhibited trends resembling those of the 
total NAFLD group in all of the above analyses.

Associations among FFAs, fat distribution and diabetes 
progression
There were no significant differences in the FFA levels of sub-
jects with or without obesity and subjects with or without 
NAFLD (Fig. 2A). The NAFLD patients with abdominal obe-

Fig. 1. Nonlinear relationships of lipid profiles, homeostasis model assessment of insulin resistance (HOMA-IR), and fasting 
plasma glucose levels with free fatty acids (FFAs) in non-nonalcoholic fatty liver disease (NAFLD), NAFLD and subgroup 
NAFLD defined by magnetic resonance imaging proton density fat fraction (MRI-PDFF) groups adjusted for age, sex, and body 
mass index. (A) Triglycerides (TG), (B) cholesterol (CHOL), (C) low-density lipoprotein cholesterol (LDL-C), (D) high-density 
lipoprotein cholesterol (HDL-C), (E) HOMA-IR, and (F) fasting plasma glucose (FPG).
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Fig. 2. Comparison of free fatty acid levels among subgroups with different body fat distribution and diabetes development. Sub-
groups were divided by (A) obesity, (B) abdominal obesity, (C) liver steatosis, (D) pancreatic fat infiltration, and (E) diabetes de-
velopment. Obesity was defined as a body mass index (BMI) ≥25 kg/m2; abdominal obesity was defined as a waist circumference 
>90 cm for men and >80 cm for women; subjects was classified as absent, mild, moderate and severe steatosis based on the aver-
age liver fat content assessed using the magnetic resonance imaging proton density fat fraction (MRI-PDFF); pancreatic fat infil-
tration was defined as an average pancreatic fat content ≥5%, as assessed by MRI-PDFF. NAFLD, nonalcoholic fatty liver disease; 
FFA, free fatty acid; NS, not significant; SD, standard deviation. aP<0.05, bP<0.01, cP<0.001, dP<0.0001.
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sity presented higher levels of FFAs than those with no abdom-
inal obesity (574±214 μmol/L vs. 555±231 μmol/L, P<0.05), 
and this difference was not apparent in the non-NAFLD sub-
jects (Fig. 2B). In total, 979 subjects underwent an MRI scan to 
measure the fat content of their liver and pancreas. The sub-
jects with LFC >25%, which indicates severe steatosis, showed 
higher FFA levels than the subjects with moderate, mild and 
no steatosis (638±227 μmol/L vs. 571±201 μmol/L vs. 567± 
213 μmol/L vs. 550±183 μmol/L, respectively; P<0.05) (Fig. 

2C). Notably, higher levels of FFAs were detected in the 
NAFLD patients who exhibited pancreatic fat infiltration (PFC 
≥5%; 651±181 μmol/L vs. 558±213 μmol/L, P<0.05) (Fig. 
2D). Besides, FFA levels were significantly correlated with LFC 
(r=0.08, P=0.014) and PFC (r=0.18, P<0.001). In addition, a 
stepwise increase in FFA levels was found from a normal status 
to the IR, prediabetes, and T2DM stages within the NAFLD 
group and the NAFLD subgroup defined by MRI-PDFF, while 
a significant difference was observed between a normal status 

Table 2. OR for quartiles of free fatty acids levels in predicting insulin resistance, prediabetes, and type 2 diabetes mellitus

Variable

OR (95% CI)

Non-NAFLD NAFLD NAFLD defined by MRI-PDFF

Crude Model 1a Model 2b Crude Model 1a Model 2b Crude Model 1a Model 2b

Insulin resistance
   FFA quartile 1 Reference Reference Reference Reference Reference Reference Reference Reference Reference
   FFA quartile 2 1.18 1.19 0.77 1.41 1.41 1.24 1.71 1.66 1.24
   (0.70–1.92) (0.70–1.97) (0.42–1.37) (1.08–1.80) (1.11–1.83) (0.82–1.82) (1.23–2.35) (1.19–2.28) (0.85–1.85)
   FFA quartile 3 1.05 1.08 0.74 2.86 2.88 1.95 2.84 2.75 1.95

(0.60–1.75) (0.61–1.81) (0.38–1.35) (2.27–3.61) (2.27–3.63) (1.34–2.82) (2.10–3.81) (2.03–3.69) (1.34–2.83)
   FFA quartile 4 1.73 1.62 2.29 9.77 9.66 9.24 12.52 12.13 9.24

(1.10–2.71) (1.01–2.56) (1.35–3.85) (7.83–12.22) (7.75–12.11) (6.43–13.36) (9.32–16.81) (9.03–16.28) (6.44–13.32)
   P for trend 0.179 0.267 0.335 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Prediabetes
   FFA quartile 1 Reference Reference Reference Reference Reference Reference Reference Reference Reference
   FFA quartile 2 0.39 0.34 0.23 1.08 1.11 2.03 1.82 1.82 3

(0.25–0.60) (0.20–0.53) (0.08–0.56) (0.77–1.51) (0.78–1.55) (1.06–3.69) (1.18–2.81) (1.18–2.82) (1.75–5.16)
   FFA quartile 3 0.51 0.4 1.65 2.08 2.14 2.81 2.35 2.39 3.93

(0.33–0.77) (0.25–0.63) (0.79–3.36) (1.51–2.83) (1.55–2.91) (1.48–5.15) (1.56–3.53) (1.58–3.58) (3.07–4.43)
   FFA quartile 4 0.79 0.7 1.16 2.87 2.88 10.48 2.81 2.77 4.93

(0.54–1.15) (0.46–1.05) (0.59–2.24) (2.09–3.90) (2.11–3.95) (5.66–19.39) (2.19–3.70) (2.18–3.67) (3.70–6.05)
   P for trend 0.817 0.59 0.255 <0.001 <0.001 <0.001 <0.001 0.002 0.014
Type 2 diabetes mellitus
   FFA quartile 1 Reference Reference Reference Reference Reference Reference Reference Reference Reference
   FFA quartile 2 1 1.06 0.81 1.1 1.19 3.68 2.23 2.08 3.47

(0.7–1.38) (0.73–1.52) (0.38–1.58) (0.84–1.42) (0.91–1.55) (2.25–5.93) (1.85–4.15) (1.77–4.00) (2.12–5.65)
   FFA quartile 3 0.87 0.83 1.08 1.7 1.89 6.5 3.23 3.23 6.06

(0.61–1.23) (0.56–1.22) (0.52–2.11) (1.34–2.16) (1.46–2.40) (4.06–10.18) (2.46–5.85) (2.38–6.85) (3.82–9.53)
   FFA quartile 4 1.45 1.4 2.23 6.02 6.4 19.43 10.15 10.31 18.29

(1.06–1.97) (1.01–1.96) (1.25–3.98) (4.86–7.44) (5.12–8.02) (12.75–29.81) (8.23–14.31) (8.62–15.85) (11.94–27.94)
   P for trend 0.153 0.258 0.071 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Test for trend based on variable containing median value for each quartile. FFAs were categorized by 397, 510, and 647 mmol/L for the 25th, 
50th and 75th percentiles, represented by FFA quartile 1, quartile 2, quartile 3, and quartile 4.
OR, odds ratio; CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; MRI-PDFF, magnetic resonance imaging proton density fat 
fraction; FFA, free fatty acid. 
aAdjusted for age and sex, bAdjusted for age, sex, smoking status, body mass index, waist circumference, triglycerides, cholesterol, high-density 
lipoprotein cholesterol, low-density lipoprotein cholesterol, uric acid and homeostasis model assessment of insulin resistance index (except for 
insulin resistance analysis) in both groups. Liver fat content and pancreatic fat content were additionally adjusted in subgroup NAFLD defined 
by MRI-PDFF.
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and the other three stages in the non-NAFLD group (Fig. 2E). 
The NAFLD subgroup defined by MRI-PDFF showed similar 
results as those of the total NAFLD group. With the purpose of 
exploring subtle differences in FFA levels in subjects with LFC 
data, a comparison of FFA levels among the 10 quantiles of 
LFC was conducted, as shown in Supplementary Fig. 1. Signifi-
cant differences in FFA levels were found among quantile 7 
(LFC, 11.2% to 14.1%), quantile 9 (LFC, 17.2% to 22.4%), and 
quantile 10 (LFC >22.4%). However, there was no significant 
correlation between FFA levels and quantiles of LFC in non-
NAFLD and NAFLD subjects.

Dose-dependent association of serum FFA levels with IR, 
prediabetes, and T2DM in NAFLD patients
Trend regression analyses were used to identify the role of FFA 
levels in predicting diabetes development. All the subjects were 
categorized based on the 25th (397 μmol/L), 50th (510 μmol/L), 
and 75th (647 μmol/L) FFA level percentiles (Table 2). In addi-
tion to the crude model, model 1 (adjusted for age and sex) 
and model 2 (adjusted for various biochemical parameters) 
were also built. In the NAFLD group, the subjects with the 
highest quartile of FFA levels had higher risk ratios for IR, pre-
diabetes, and T2DM (odds ratios, 9.24 [6.43 to 13.36], 10.48 
[5.66 to 19.39], and 19.43 [12.75 to 29.81], respectively; all 
P<0.05), even after adjusting for various confounders. Fur-
thermore, significant differences were observed in the tests for 
trends. Analysis of the NAFLD subgroup defined by MRI-
PDFF presented similar results. In contrast, in the non-
NAFLD group, although there was a higher risk ratio in the 
subjects with a higher FFA level quartile, none of the analyses 
indicated significant trends after adjusting for confounders. 
Characteristic comparison among FFA levels quartiles is 
shown in Supplementary Table 1.

Predictive value of serum FFA levels for IR, prediabetes, 
and T2DM
The independent risk factors for IR, prediabetes, and T2DM 
were identified via univariate and multivariate regression anal-
ysis (Supplementary Tables 2-4). For the purpose of evaluating 
the efficacy of FFA levels in predicting IR, prediabetes, and 
T2DM, ROC curves were drawn, as shown in Fig. 3. For pre-
dicting IR, prediabetes and T2DM, the areas under the curve 
(AUCs) for all of the independent risk factors combined, in-
cluding FFA levels, were 0.82, 0.83, and 0.79 in non-NAFLD 
subjects, respectively (Fig. 3A, B, and C). While in NAFLD 

subjects, the AUCs for the combined independent risk factors 
were 0.71, 0.73, and 0.86, respectively (Fig. 3D, E, and F). For 
subgroup analysis in the NAFLD subgroup defined by MRI-
PDFF, FFA levels were still an independent risk factor, al-
though some other risk factors were identified. The AUCs for 
FFA levels and combined independent risk factors were similar 
to those for the total NAFLD group in predicting IR and 
T2DM. In predicting prediabetes, the AUC for the combined 
independent risk factors was lower than that of the total 
NAFLD group (Fig. 3G, H, and I). As shown in Table 3, the 
NAFLD subjects had lower cut-off values for FFA levels for 
predicting IR, prediabetes, and T2DM compared to the values 
for the non-NAFLD subjects, based on the ROC analysis (573 
μmol/L vs. 815 μmol/L, 697 μmol/L vs. 938 μmol/L, and 715 
μmol/L vs. 1,049 μmol/L, respectively). Additionally, cut-off 
values in the NAFLD subgroup defined by MRI-PDFF were 
found to be similar to those in the total NAFLD group and 
were still lower than those in the non-NAFLD group. 

DISCUSSION

In the present study, we characterized the associations between 
circulating FFA levels and lipid profiles, IR, prediabetes and 
T2DM in NAFLD and non-NAFLD populations. Despite lev-
els of FFA that were similar to those in patients without 
NAFLD, patients with NAFLD had many different metabolic 
profile features with high levels of plasma FFA. We determined 
that elevated FFA levels in blood were as an independent risk 
factor for T2DM, which could optimize the prediction of 
T2DM development, especially in large-scale NAFLD patient 
cohorts. Additionally, our study further indicated that lower 
FFA levels cut-off values significantly affect the sensitivity and 
specificity of the isokinetic test that is used as a tool for IR, pre-
diabetes and T2DM detection.

Previous studies have reported higher levels of total plasma 
FFA in NAFLD patients compared with those in healthy con-
trols, with most studies focused on obesity, metabolic syn-
dromes, adipocyte cell size, hepatic inflammation, and ad-
vanced fibrosis [9,22-24]. Our study further suggests that a 
stepwise increase in the total FFAs concentration characterizes 
the progression from healthy to IR, prediabetes, and T2DM in 
NAFLD patients; different FFAs concentrations were observed 
for those with and without IR in the non-NAFLD controls. In-
terestingly, our study is the first to further stratify NAFLD pa-
tients based on their fat disposition in different organs, includ-
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Fig. 3. Receiver operator characteristic (ROC) curve of factors for predicting insulin resistance (IR), prediabetes and type 2 diabe-
tes mellitus (T2DM) in non-nonalcoholic fatty liver disease (NAFLD), NAFLD and subgroup NAFLD defined by magnetic reso-
nance imaging proton density fat fraction (MRI-PDFF) groups. (A, B, C) ROC curve for predicting IR, prediabetes and T2DM in 
patients with non-NAFLD, (D, E, F) ROC curve for predicting IR, prediabetes and T2DM in NAFLD individuals, (G, H, I) ROC 
curve for predicting IR, prediabetes and T2DM in the subgroup of NAFLD defined by MRI-PDFF. FFA, free fatty acid; AUC, area 
under curve; BMI, body mass index; WC, waist circumference; UA, uric acid; HOMA-IR, homeostasis model assessment of insu-
lin resistance; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; LFC, liver fat content.
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ing whole body fat distribution via BMI, abdominal obesity via 
WC, steatosis severity, and pancreatic fat infiltration via MRI-
PDFF. The analysis of the pancreatic fat infiltration subgroup 
showed that abnormal serum FFA levels may be linked to both 
abdominal obesity and pancreatic fat overaccumulation. Be-
cause fatty pancreas has an established association with β-cell 
dysfunction, and the latter may strongly mediate IR as antici-
pated, our study suggested that FFAs entrance and storage into 
the pancreas may be involved in the worsening of IR and the 
development of T2DM.

In our curve-fitting analysis for FFA levels and HOMA-IR 
index, a fluctuating J-shaped relationship was presented be-
tween FFA concentrations and the risks of HOMA-IR in 
NAFLD patients, while the corresponding relationship exhib-
ited a more slowly growing linear curve in non-NAFLD sub-
jects. These results suggest that the degree of IR in NAFLD pa-
tients was more subject to FFA changes. FFAs serve as the main 
energy substrate to physically generate adenosine triphosphate 
for many organs after β-oxidation. FFAs at extremely low levels 
may indicate insufficient energy status combined with severely 
impaired release of insulin and high serum glucose [23,25]; 
therefore, inverse effects of FFAs and HOMA-IR were ob-
served in some NAFLD patients with lower glucose modula-
tion capacity due to steatosis, liver inflammation, and fibrosis 
[26]. In contrast, elevated FFA levels in the blood primarily 
originate from excessive lipolysis in adipose tissue due to IR 
and obesity. This is because insulin functions as an important 

hormone to inhibit hydrolysis of triacylglycerol [8], and IR oc-
currence would attenuate the insulin-regulating effect, subse-
quently causing oversecretion of FFAs into circulation. Then, 
excessive FFAs can be delivered to muscle, liver and pancreas, 
leading to ectopic fat accumulation [27]. The overwhelming 
amount of intracellular lipids, including diacylglycerols and 
ceramides, would alter the activation of phosphatidylinositol 
3-kinase, protein kinase θ, and protein kinase B (PKB), which 
accelerate IR progression [25].

Once FFAs are delivered to the liver, they undergo β-oxidation 
or reesterification into triacylglycerols, which in turn are trans-
formed into very LDL-C and accelerate the secretion ratio, 
thereby enhancing the export of triglyceride and cholesterol 
into circulation [21]. Karjalainen et al. [28] reported that se-
rum FFA levels were positively correlated with total triglycer-
ide levels and very LDL-C levels in healthy individuals. How-
ever, our smooth curve fitting analysis observed that the posi-
tive association between triglyceride and FFAs was inverse in 
NAFLD states when FFA levels are greater than 1,121 μmol/L 
in the plasma, despite its persistence in non-NAFLD patients. 
This phenomenon might be owing to the impaired ability to 
incorporate plasma-derived fatty acids into triglycerides when 
there is an increased influx of FFAs into the liver in the pres-
ence of steatosis, which inhibits its metabolism [9]. In particu-
lar, the increased lipogenesis in NAFLD might modestly de-
crease during the progression to NASH [22]. Elevated levels of 
FFA, triglycerides, cholesterol, and LDL-C are all independent 

Table 3. Cut-off value of free fatty acids for prediction of insulin resistance, prediabetes, and type 2 diabetes mellitus

Variable Cut-off value, μmol/L Sensitivity, % Specificity, % AUC

Insulin resistance

   Non-NAFLD 815 72 75 0.82

   NAFLD 573 72 62 0.71

   NAFLD defined by MRI-PDFF 526 72 63 0.71

Prediabetes

   Non-NAFLD 938 81 77 0.83

   NAFLD 697 71 69 0.73

   NAFLD defined by MRI-PDFF 562 59 64 0.66

Type 2 diabetes mellitus

   Non-NAFLD 1,049 80 69 0.79

   NAFLD 715 66 80 0.86

   NAFLD defined by MRI-PDFF 582 80 68 0.81

AUC, area under curve; NAFLD, nonalcoholic fatty liver disease; MRI-PDFF, magnetic resonance imaging proton density fat fraction.
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risk factors for IR and T2DM [29], and our study suggested 
that FFAs incorporation may amplify the predictive effects of 
other common risk factors for IR, prediabetes, and T2DM in 
NAFLD. When taken together with its pathophysiologic roles, 
these findings suggest that FFAs are an important target with 
therapeutic value for the management, progression, and detec-
tion of NAFLD.

We performed ROC analysis to address the issue of the opti-
mal total FFA levels cut-off levels for predicting T2DM-related 
stages in NAFLD patients. Our main finding was that serum 
FFA levels may serve as the one of the combined indicators to 
discriminate IR, prediabetes and T2DM, with optimal cut-off 
values of 573, 697, and 715 μmol/L for individuals with 
NAFLD respectively, and 815, 938, and 1,049 μmol/L for non-
NAFLD individuals, respectively. Thus, subjects with NAFLD 
might suffer a higher risk of diabetes than those without 
NAFLD when exposed to the same level of serum FFAs. 
NAFLD subjects had lower FFA levels cut-off values than non-
NAFLD subjects for predicting IR, prediabetes and T2DM. 
This result was similar to that observed in another large popu-
lation-based study in China that found that IR was enhanced 
at FFAs concentrations of 540 and 610 μmol/L in obese and 
nonobese groups, respectively, with obesity being much more 
prevalent among the NAFLD subjects [29].

Several limitations should be considered in the present study. 
First, the study followed a cross-sectional design carried out 
with hospital-based data, which lacked exercise information. 
The cut-off values for T2DM-related predictions require fur-
ther validation in prospective cohorts. Second, the lack of IR 
assessment using the gold standard may reduce the predictive 
value of FFA levels among these participants. The indices of ad-
ipocyte IR are based on radionuclide tracing technology (i.e., 
isotope-labeled palmitate or glycerol or FFAs suppression dur-
ing euglycemic-hyperinsulinemic clamp) or OGTT, and the re-
lationship between adipose IR and FFAs could not be estimated 
due to the problems of multicollinearity or the costs of radio-
nuclide tracing technology. Last, the use of total FFA levels in-
stead of a specific type of FFA detected by gas chromatography 
with mass spectrometry can be considered a limitation, but the 
total FFA level was identified as a simple and useful marker that 
had been previously used in important studies on NAFLD.

In conclusion, a J-shaped relationship between FFA levels 
and IR risk in NAFLD patients was revealed in our study, 
which was different from the linear association that was ob-
served in subjects without NAFLD. Our results suggested that 

the optimal serum FFA levels threshold required to monitor 
T2DM progression in Chinese patients with NAFLD was low-
er than that in non-NAFLD patients.  
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