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Abstract

Background: Fasting plasma glucose (FPG) is an easily quantifiable and inexpensive metabolic marker, which is
often used to assess cardiovascular disease and diabetes. However, there have been limited studies on the
association between FPG and nonalcoholic fatty liver disease (NAFLD) risk in nonobese people, especially in
Chinese individuals. The purpose of this study was to investigate the association between FPG and NAFLD in
nonobese Chinese people with normal blood lipid levels.

Methods: In this prospective cohort study, 9767 nonobese participants with normal blood lipid levels without
NAFLD were recruited and prospectively followed for 5 years. The Cox proportional hazard model was used to
evaluate the risk factors of NAFLD. Moreover, a Cox model with cubic spline functions and smooth curve fitting (the
cubic spline smoothing) were used to identify the nonlinear association between FPG and NAFLD.

Results: During the 5-year follow-up, 841 (8.61%) participants were diagnosed with NAFLD. The good functional
results (without NAFLD) estimated by the Kaplan-Meier method for 1 year, 2 years, 3 years, 4 years, and 5 years
were 98.84, 95.35, 91.67%, 87.57 and 74.86%, respectively. Additionally, through the Cox proportional hazard model,
after adjusting for other covariates, there was an independent positive correlation between FPG and increased
NAFLD risk (HR:1.21, 95% Cl:1.15-1.28, P < 0.0001), and the NAFLD risk was incrementally higher with the rising FPG
quartile. The nonlinear association between FPG and NAFLD was visualized by cubic spline smoothing technique. It
was calculated that the inflection point of FPG was 5.54. When FPG < 554, there was a positive correlation between
FPG and the risk of NAFLD (HR:2.20, 95% Cl:1.78-2.73, P < 0.0001). When FPG > 5.54, the risk of NAFLD increased by
50% (HR:1.10, 95% Cl:1.02-1.18, P=0.0159) compared with the left side of the inflection point and gradually leveled
off.
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Prospective cohort study

Conclusions: In a nonobese Chinese population with normal lipid levels, there is an independent nonlinear
association between FPG and NAFLD, and the increase in FPG may indicate an increased risk of NAFLD.
Additionally, this independent association is more obvious in the short stature population.
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Background

NAFLD is a collection of liver diseases such as hepatic
steatosis, nonalcoholic steatohepatitis (NASH) and hepatic
fibrosis and is closely related to cardiovascular disease,
chronic kidney disease, and type 2 diabetes [1-3]. The ef-
fect of NAFLD is not limited to the liver. It has varying de-
grees of adverse effects on many organs/systems of the
whole body. Some studies have highlighted that NAFLD
should be considered not only as a specific disease of the
liver but also as an early vector of multisystem diseases
[2-5]. Younossi ZM and his team systematically analyzed
the global epidemiology of NAFLD, which showed a
troubling result; at present, the estimated global combined
prevalence rate of NAFLD is 27.4% (95% CI:23.3-31.9%),
which means that up to a quarter of people around the
world are being influenced by NAFLD. The authors also
pointed out that the incidence of NAFLD has further in-
creased with the prevalence of obesity [6]. Previous studies
have also indicated that NAFLD is more common in obese
people [2, 7, 8]. However, there are still many nonobese
people diagnosed with NAFLD in clinical work, especially
in Asia [9-11]. Epidemiological surveys showed that the
prevalence of NAFLD in Asia was approximately 25%, of
which approximately 8% of NAFLD patients are nonobese
Asians [10]. Dyslipidemia is a pivotal contributor to
NAFLD [12, 13]. Currently, published work on the risk of
NAFLD in nonobese people with normal blood lipid levels
is limited [14, 15]. This substantial particular population
has great potential research value.

FPG has been proven to be an important risk factor
for diabetes and cardiovascular disease in the past,
and it is often used to evaluate the condition and
prognosis [16, 17]. Recently, some clinical studies
from Sri Lanka and Taiwan have reported an associ-
ation between FPG and the development of NAFLD.
The reports argued that higher FPG is a significant
risk factor for NAFLD [18, 19]. However, the sample
size of these studies was relatively small, and similar
studies are still lacking. Given the prevalence of
NAFLD, its potential economic severity and disease
burden, and the immature data on the incidence of
NAFLD in nonobese people [20], the present study
was designed to clarify the correlation between FPG
and NAFLD among nonobese Chinese with normal
blood lipid levels.

Methods

Study population and design

The clinical data of the study population came from a
public database (https://datadryad.org, https://doi.org/
10.5061/dryad.1n6c4), which was provided by Sun et al.
[15]. The study design used here has been described in a
previous study [15]. Briefly, this was a prospective cohort
study of 16,173 participants recruited at Wenzhou Med-
ical Center of Wenzhou People’s Hospital between Janu-
ary 2010 and December 2014. The exclusion criteria in
this study were as follows: (1) body mass index (BMI)
>25kg/m? (2) self-reported excessive drinking> 140 g/
week for men and > 70 g/week for women; (3) patients
with chronic liver disease; (4) accompanied with dyslip-
idemia (LDL-C >3.12 mmol/L, triglyceride (TG) >1.7
mmol/L, total cholesterol (TC) >5.2mmol/L, high-
density lipoprotein cholesterol (HDL-C) < 1.04 mmol/L);
and (5) were taking antihypertensive, hypoglycemic, or
lipid-lowering drugs. In this study, the participants’ per-
sonal information was processed anonymously and re-
placed by a health examination number. The research
ethics approval was obtained in the previous study and
was no longer required for the present study.

Data collection

A standardized self-filling spreadsheet designed by spe-
cially trained medical personnel was used to collect gen-
eral clinical baseline information, including age, sex,
weight, height, diastolic blood pressure (DBP) and sys-
tolic blood pressure (SBP). Other hematologic indexes
including BUN (blood urea nitrogen), FPG, UA (uric
acid), Cr (creatinine), TC, TG, HDL-C, LDL-C, ALT
(alanine aminotransferase), AST (aspartate aminotrans-
ferase), GGT (gamma-glutamyl transferase), ALP (Alka-
line phosphatase), ALB (albumin) TP (Total Protein),
DBIL (Direct bilirubin), GLB (globulin) and TB (Total
bilirubin) were measured on an autoanalyzer (Abbott
AxSYM).

Diagnosis of NAFLD

Diagnosis of NAFLD followed the “Chinese Guideline on
Diagnosis and Treatment of NAFLD” [21]. The diagnos-
tic criteria should meet two of the following five abnor-
malities echoes in the abdominal color Doppler
ultrasound examination, the first of which was necessary
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for diagnosis: (1) diffuse hyperechoic liver relative to
spleen and kidney; (2) reduced visibility of detailed
structure in the liver; (3) mild to moderately enlarged
liver with blunt, rounded edges; (4) weakened hepatic
blood flow signal with normal blood flow distribution;
and (5) unclear or nonintact display of envelope of right
liver lobe and diaphragm.

Follow-up

The start time of the follow-up was considered to be that
after the clinicians collected complete data and assessed
the condition of NAFLD. All study participants were con-
tacted for follow-up once a year using the same procedure
as baseline information collection. Hematological indices
and liver ultrasound tests were performed in the same la-
boratory as before to determine the incidence of NAFLD.
All patients were prospectively followed for 5 years. The
endpoint of follow-up was incident NAFLD.

Statistical analysis

Statistical analyses were performed using the software
R (version 3.4.3) and Empower (R) (www.empowerstats.
com). To better understand the association between
FPG and NAFLD, the study population was grouped
based on FPG quartiles (Q1: <4.72, Q2: >4.72, <4.97,
Q3: >4.97, <527, Q4: >5.27). Continuous variables
were summarized as the mean + standard deviation.
The Kolmogorov-Smirnov test was used to measure the
normal distribution of values since all continuous vari-
ables were non-normally distributed and so the differ-
ences between each group compared by the Kruskal-
Wallis H test. Categorical variables were described as n
or %, and differences between groups were compared
using x’-test. The collinearity between variables was
tested using multiple linear regression based on the
variance inflation factor (VIF) [22]. Variables with VIF >
5 were considered to have severe multicollinearity. The
Kaplan-Meier method was also performed to calculate
the cumulative NAFLD incidence rate function of
events over time, and the survival curve functions be-
tween FPG quartile were compared using the log-rank
test. A univariable and multivariable Cox proportional
hazards model was developed to determine the inde-
pendent risk factors of NAFLD events. First, all vari-
ables were evaluated by univariate analysis, then
significant variables in the univariate analyses (P < 0.05)
or those considered to be of clinical significance were
incorporated into the multivariate analysis. Subse-
quently, stepwise multivariable regression analysis was
performed. Additionally, the Cox proportional hazard
regression model was used to evaluate each FPG quar-
tile to the risk of NAFLD. Meanwhile, the results of the
unadjusted analysis (crude model), minimum adjust-
ment analysis (model I adjust for: sex, age, and BMI),
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and full adjustment analysis (model II adjusts for sex,
age, Cr, UA, TC, TG, HDL-C, LDL-C, height, BMI,
ALP, GGT, ALT, AST, ALB, GLB, DBIL, SBP, and
DBP) were presented based on the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) statement [23]. The hazard ratios (HR) with
95% confidence intervals (CI) were recorded. Moreover,
a Cox proportional hazards regression with cubic spline
functions and smooth curve fitting (the cubic spline
smoothing) were used to address the nonlinear associ-
ation between FPG and NAFLD. If a nonlinear associ-
ation was observed, a two-piecewise linear regression
model was used to calculate the threshold effect and
look for the inflection point of two straight lines (recur-
sive method). To avoid the deviation caused by the dif-
ference of the FPG level, a sensitivity analysis was used
to verify the reliability of the conclusion further by
transforming FPG into a categorical variable and calcu-
lating the trend P. Additionally, the subgroup analyses
were performed using Cox proportional hazard model,
and the interactions of subgroups were tested by likeli-
hood ratio tests (adjustment was made for clinically sig-
nificance variables and univariate analysis variables
with P <0.05). To maximize the statistical efficiency
and reduce the bias that may be caused by exclusion
due to the absence of some variables, the mean or me-
dian was used to fill in missing data for continuous var-
iables (ALP (n =2543), GGT (n =2545), AST (n =
2543), ALT (n =2543), TP (n =871), ALB (n =871),
GLB (n =871), TB (n =3466), DBIL (n =4378), SBP
(n =8), DBP (n =8)). All analyses in this paper were
carried out using complete data, and the significance
standard was considered to be bilateral at P < 0.05.

Results

Description of the study groups

A total of 16,173 participants were recruited for this
study. After screening according to the exclusion cri-
teria, 9767 participants were finally enrolled in the co-
hort study, including 5022 males (51.42%) and 4745
females (48.58%), and the average age was 42.46 + 14.71
years. The baseline characteristics of the study popula-
tion after the quartile grouping of FPG are summarized
in Table 1; it was observed that there were significant
differences among all groups except TB. Compared with
the lower FPG group (<4.97), participants in the higher
FPG group (>4.97) were generally older and had higher
height, weight, BMI, BUN, Cr, UA, FPG, TC, TG, LDL-
C, ALP, GGT, ALT, TP, GLB, SBP, and DBP. Moreover,
the incidence of NAFLD increases gradually with the in-
crease of FPG level (Q1:4.21% vs. Q2:6.55% vs. Q3:8.50%
vs. Q4:15.03%), on the contrary, HDL-C gradually de-
creased with the increase of FPG quartile.
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Table 1 Baseline Characteristics of participants (N =9767)

Page 4 of 11

Variables FPG Quartiles P-value
Q1(=4.72) Q2(>4.72, £4.97) Q3(>497,<527) Q4(>5.27)
Age, years 4140+ 14.08 41.18+£14.02 4231+£1476 4490 £ 1562 <0.001
Sex <0.001
Women 1237 (51.05%) 1197 (50.23%) 1177 (47.21%) 1134 (45.95%)
Men 1186 (48.95%) 1186 (49.77%) 1316 (52.79%) 1334 (54.05%)

NAFLD 102 (4.21%) 156 (6.55%) 212 (8.50%) 371 (15.03%) <0.001
Weight, kg 54.84+7.89 56.21+£807 57.35+848 5881 +8.19 <0.001
Height, m 1.63+0.07 1.64 £0.08 1.65+0.08 1.65+0.08 <0.001
BMI, kg/m2 20.54 +£2.00 20.86+£2.02 21.10£2.03 21.59+1.99 <0.001
BUN, mmol/L 429+1.27 430+ 1.16 445+128 481 +£154 <0.001
Cr, mmol/L 7213 £21.69 7485+ 16.79 7732+19.84 83.66 + 36.67 <0.001
UA, umol/L 25592 +75.13 257.89 + 8045 26207 £77.78 27824 +83.90 <0.001
FPG, mmol/L 450£0.19 484+0.07 5114009 5.82+097 <0.001
TC, mmol/L 429+0.54 4334053 435+052 439+0.53 <0.001
TG, mmol/L 090+0.30 0.95+0.31 0.97 £0.30 1.05+0.31 <0.001
HDL-C, mmol/L 1.54+031 153£030 1.51+0.29 149+0.29 <0.001
LDL-C, mmol/L 205+ 041 210+ 041 2131041 2171042 <0.001
ALP, U/L 6734+ 1556 6780+ 18.67 6852+ 1842 73.06 £2348 <0.001
GGT, U/L 20.77 £12.31 2169+ 14.20 2291+1748 2848 £ 29.65 <0.001
ALT, U/L 1697 £ 1367 17.16+1043 1728+ 16.08 19.15+14.23 <0.001
AST, U/L 21.62+7.94 2142+693 2153 +691 23.04 £9.06 <0.001
TP, g/L 73.30+3.82 73.65+3.73 73.88+3.85 74111417 < 0.001
ALB, g/L 4415 £ 266 4438 £ 245 4432+263 4431+£2.70 0.044

GLB, g/L 29.15+3.62 29.26 346 29.55+3.56 29.80 +4.06 <0.001
TB, umol/L 11.88+£3.92 11.74+3.84 11.76 £3.99 11.90 £4.14 0.304

DBIL, pmol/L 229+092 219£0.83 221 +£0.86 226 +£0.95 <0.001
SBP, mmHg 11285+ 1334 115.01+£14.22 11806+ 15.29 12613 +£17.82 <0.001
DBP, mmHg 6862+ 9.01 70.14£9.50 71.67 £9.90 7465 +10.32 <0.001

Values are n(%) or mean + SD

Abbreviations: BMI Body mass index, NAFLD Nonalcoholic fatty liver disease, BUN Blood urea nitrogen, Cr Creatinine, UA Uric acid, FPG Fasting plasma glucose, TC
Total cholesterol, TG Triglyceride, HDL-C High-density lipoprotein cholesterol, LDL-C Low-density lipoprotein cholesterol, ALP Alkaline phosphatase, GGT Gamma-
glutamyl transferase, ALT Alanine aminotransferase, AST Aspartate aminotransferase, TP Total Protein, ALB Albumin, GLB Globulin, TB Total bilirubin, DBIL Direct

bilirubin, DBP Diastolic blood pressure, SBP Systolic blood pressure

Follow-up results

During the five-year follow-up, 841 (8.61%) nonobese
participants were diagnosed with NAFLD. Kaplan-Meier
estimated that the good functional results (without
NAFLD) in 1 year, 2 years, 3 years, 4 years and 5 years
were 98.84% (98.62, 99.05%), 95.35% (94.9, 95.79%),
91.67% (91.03, 92.31%), 87.57% (86.68, 88.47%) and
74.86% (67.15,83.64%), respectively. Figure 1 shows the
Kaplan-Meier curve of NAFLD event risk according to
quartiles of FPG. It could be observed that there was a
significant difference in the risk of NAFLD between FPG
groups (log-rank test P<0.0001); with increasing FPG,
the cumulative risk of NAFLD gradually increases.

Association of baseline variables with NAFLD risk
Through univariate and multivariate analysis (adjusted
for sex, age, Cr, UA, FPG, TC, TG, HDL-C, LDL-C,
height, BMI, ALP, GGT, ALT, AST, ALB, GLB, DBIL,
SBP, and DBP), the variables associated with the risk of
NAFLD were determined (Table 2). The results showed
that even in people with normal blood lipid levels and
nonobese population, height (HR:2.95, 95% CI:1.07-8.16,
P=0.037), BMI (HR:1.69, 95% CI:1.62-1.78, P < 0.0001),
TG (HR:2.73, 95% CIL:2.12-3.50, P<0.0001), LDL-C
(HR:2.53, 95% CI:1.80-3.56, P < 0.0001) and FPG (HR:
1.21, 95% CIL:1.15-1.28, P <0.0001) were still strong in-
dependent risk factors for NAFLD.
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Fig. 1 Kaplan-Meier analysis of incidence of NAFLD based on FPG quartiles (P < 0.0001)

Association between FPG and NAFLD in the nonobese
population

Before the establishment of the Cox proportional hazard
model, the collinearity between variables was screened.
Variables with VIF > 5 were considered as showing severe
multicollinearity and cannot be included in the multivari-
ate regression equation. For details of collinear screening,
see Supplementary Table 1. Table 3 summarizes the asso-
ciation between FPG and NAFLD in nonobese people. It
can be seen that the core results of the three models were
consistent, and there was a positive correlation between
FPG and the risk of NAFLD. After adjusting the full
model (model II), the risk of NAFLD increases by 1.21
times per 1 mmol increase of FPG (HR:1.21, 95% CI:1.15—
1.28, P <0.0001). It was worth noting that there was a
nonlinear association between FPG and the risk of
NAFLD was visualized by cubic spline smoothing tech-
nique, and this association still exists after adjusting for
other covariables (Fig. 2). The inflection point of FPG was
calculated to be 5.54 (Table 4), and there was a significant
difference between the left and right sides of the inflection

point (Log-likelihood ratio test P <0.001). When FPQG <
5.54, the risk of NAFLD increased by 2.2 times per 1
mmol/l increase in FPG. Similarly, the positive association
can be seen between FPG and NAFLD on the right side of
the inflection point (FPG > 5.54), as the risk of NAFLD in-
creased by 50% compared to the left (HR:1.10, 95% CI:
1.02-1.18, P =0.0159). Additionally, sensitivity analysis
showed that, after review of all NAFLD events, the change
of the effect value of FPG quartile (1,1.29,1.41,2.25) indi-
cated an increase in FPG content, and the risk trend of
NAFLD gradually increased (P for trend< 0.00001). After
the same procedures were carried out in the original data
(including missing data), the core results of the analysis of
the original data and the complete data were consistent,
further supporting the reliability of the results of this study
(Supplementary Table 2, Supplementary Table 3 and Sup-
plementary Figure 1).

Subgroup analysis
This study then sought to better understand other pos-
sible influencing factors in the risk of FPG and NAFLD
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Table 2 Cox proportional hazard associations of NAFLD risk in the study population

Variables Univariable Multivariable

HR (95%Cl) P-value VIF HR (95%Cl) P-value
Sex (men) 1.13 (0,98, 1.29) 0.0845 1.1 0.89(0.78, 1.03) 0.1301
Age 1.01 (1.00, 1.01) 0.0005 1.1 1.01(1.00, 1.01) 0.0077
Weight 1.11 (1.10, 1.12) <0.0001 >5
Height 82.07(34.65,194.36) < 0.0001 14 2.95(1.07, 8.16) 0.0370
BMI 1.93 (1.84, 2.02) < 0.0001 1.3 1.69(1.62, 1.78) < 0.0001
BUN 1.00 (0.95, 1.05) 0.9984 14
Cr 1.00 (1.00, 1.01) <0.0001 1.6 0.99(0.99, 1.00) 0.5999
UA 1.00 (1.00, 1.01) < 0.0001 16 1.00(0.99, 1.00) 0.3454
FPG 1.32 (1.28, 1.37) < 0.0001 12 1.21(1.15, 1.28) <0.0001
TC 140 (1.22, 1.60) < 0.0001 47 0.58(0.44, 0.76) < 0.0001
TG 8.22 (6.65, 10.15) < 0.0001 14 2.73(2.12,3.50) < 0.0001
HDL-C 0.25 (0.19, 0.33) < 0.0001 2 0.88(0.63, 1.25) 04858
LDL-C 324 (2.70, 3.88) < 0.0001 45 2.53(1.80, 3.56) <0.0001
ALP 1(1.01, 1.02) <0.0001 1.2 1.004(1.00, 1.007) 0.0157
GGT 1(1.01, 1.02) <0.0001 13 1.005(1.004, 1.007) <0.0001
ALT 1(1.01, 1.02) <0.0001 3.1 1.02(1.01, 1.02) <0.0001
AST 1.02 (1.01, 1.02) < 0.0001 32 0.98(0.96, 1.01) 0.0011
TP 1(0.99, 1.02) 0.5606 >5
ALB 0.97 (095, 1.00) 0.0389 1.2 0.99(0.96, 1.01) 02893
GLB 1.02 (1.00, 1.04) 0.0358 1.1 0.99(0.97, 1.01) 0.5221
B 1(0.99, 1.03) 0.3324 18
DBIL 1 (045, 0.59) < 0.0001 19 0.52(0.45, 0.59) < 0.0001
SBP 1.03 (1.02, 1.03) < 0.0001 25 0.99(0.97, 1.00) 0.1210
DBP 1.05 (1.04, 1.05) < 0.0001 22 1.02(1.01, 1.03) <0.0001

Abbreviations: Cl Confidence, HR Hazard ratios; other abbreviations as in Table 1

to identify potential special populations. First, the vari-
ables with P <0.05 in univariate analysis were performed
hierarchically (according to clinical significance or bisec-
tion). Second, although gender was not found to be sta-
tistically significant in univariate and multivariate

Table 3 Relationship between FPG and NAFLD in different models

analysis, according to previous experience, gender was a
significant demographic variable for the incidence of
NAFLD [2]. Therefore, gender was also included as a
covariable for hierarchical analysis and interactive tests.
The results are shown in Table 5. It can be observed that

Variable Crude Model Model | Model Il
HR (95%Cl) P-value HR (95%Cl) P-value HR (95%Cl) P-value
FPG 1.32(1.28, 1.37) <0.0001 1.25 (1.19, 1.30) < 0.0001 1.21 (1.15, 1.28) < 0.0001

FPG (quartile)
Q1

Ref

Q2 1.80 (1.40, 2.31) < 0.0001

Q3 2.35 (1.86, 2.98) < 0.0001

Q4 445 (3.57,5.54) <0.0001
P for trend < 0.0001

Ref

146 (1.14, 1.87) 0.0031
1.72 (1.35, 2.18) < 0.0001
2.70 (2.17, 3.38) < 0.0001
< 0.0001

Ref

1.29 (1.01, 1.66) 0.0450
141 (1.11, 1.79) 0.0054
225 (1.79, 2.82) < 0.0001
< 0.0001

The crude model adjusts for: None Model | adjust for: sex, age, and BMI. Model Il adjusts for sex, age, Cr, UA, TC, TG, HDL-C, LDL-C, Height, BMI, ALP, GGT, ALT,

AST, ALB, GLB, DBIL, SBP, and DBP

Abbreviations: Cl Confidence, HR Hazard ratios, Ref Reference
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the interaction between FPG and height, TC, TG, LDL-
C, HDL-C, ALP, GGT, ALT, AST, ALB, GLB was sig-
nificant (P for interaction < 0.05). Of note, the effect of
EPG on the incidence of NAFLD was more significant in
people with short stature (HR:1.33, 95% CI:1.22-1.46,
P <0.0001, P for interaction = 0.0271).

Discussion

This study found that FPG was independently correlated
with an increased risk of NAFLD (HR:1.32, 95% CI:
1.28-1.37, P<0.0001) in nonobese Chinese individuals
with normal blood lipid levels. This association still ex-
ists after adjusting other covariates (HR:1.21, 95% CI:
1.15-1.28, P<0.0001), and it varies as with increasing
FPG, the risk of NAFLD gradually increases. Several

Table 4 The result of the two-piecewise linear regression
model

NAFLD
(HR,95%Cl)

P-value

Model |
Fitting model by standard linear regression 121 (1.15, 1.28) < 0.0001
Model I

Fitting model by two-piecewise linear regression

The inflection point of CAR 554
<554 2.20(1.78,2.73) <0.0001
>5.54 1.10(1.02, 1.18) 0.0159
P for the log-likelihood ratio test <0.001

Adjust for: Sex, Age, Cr, UA, TC, TG, HDL-C, LDL-C, Height, BMI, ALP, GGT, ALT,
AST, ALB, GLB, DBIL, SBP, and DBP
Abbreviations: Cl Confidence, HR Hazard ratios

previous studies have reported similar results. In 2019,
the Taiwanese scholar Hsu CL and his team found an
association between FPG and NAFLD in 4000 nonobese
people [18]. Additionally, a study from Sri Lanka re-
ported the incidence of NAFLD in 34 local women; after
post hoc analysis, it was found that there was a correl-
ation between higher FPG and NAFLD [19]. Similar
findings have been reported in China [24]; although
these studies have highlighted that there is a positive
correlation between FPG and NAFLD, these studies still
have some limitations: (1) the adjustment of potential
confounding factors, such as LDL-C, ALB, GLB, and
DBP, is not sufficient; (2) the participants were not en-
tirely nonobese, and the association between normal
lipids and the incidence of NAFLD was not evaluated;
(3) the nonlinear association among them has not been
evaluated; and (4) these were not prospective studies,
and it is difficult to guarantee the integrity and authenti-
city of the data, which could easily lead to more selec-
tion bias and information bias. Therefore, their
conclusions were limited. The current study not only
assessed the independent impact of FPG and NAFLD
risk but also explored the nonlinear association between
them. In the current literature, this was the first time
that the nonlinear association between FPG and NAFLD
has been explored, and the inflection point of FPG was
calculated to be 5.54. When FPG < 5.54, FPG was posi-
tively correlated with the risk of NAFLD (HR:2.20, 95%
CIL:1.78-2.73, P < 0.0001); similarly, when FPG > 5.54, the
risk of NAFLD increased by 50% (HR:1.10, 95% CI:1.02—
1.18, P =0.0159) compared with the left side of the in-
flection point, and gradually leveled off (HR:1.10, 95%
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Table 5 The effect size of FPG on NAFLD in prespecified and
exploratory subgroups in each subgroup

Page 8 of 11

Table 5 The effect size of FPG on NAFLD in prespecified and
exploratory subgroups in each subgroup (Continued)

Characteristic No. of HR (95%Cl) P-value P for Characteristic No. of HR (95%Cl) P-value P for
participants interaction participants interaction
Age (years) 0.0757 ALB, g/L 0.0008
<30 2288 141 (1.24,161)  <0.0001 <4429 4269 1.16 (1.08, 1.24)  <0.0001
> 30, <60 6179 1.20 (1.13,1.28) < 0.0001 24429 5498 140 (1.28,153) < 0.0001
> 60 1300 116 (1.03,1.32) 00184 GLB, g/L 0.0031
Sex 0.0633 <2944 4637 1.36 (1.25,148)  <0.0001
Men 5022 1.17 (1.10, 1.25) < 0.0001 22944 5130 1.15(1.08,1.23) < 0.0001
Women 4745 130 (1.19,142) < 0.0001 DBIL, g/L 0.2803
BMI, kg/m? 0.5383 <21 2532 1.27 (1.15,1.39)  <0.0001
<185 1115 251 (034, 1843) 0.3668 221 7235 119 (1.12,1.27)  <0.0001
18.6-25 8652 123 (1.17,129)  <0.0001 SBP, mmHg 03633
Height, m 0.0271 <140 8788 1.19(1.12,1.27) < 0.0001
< 1.635 4807 133 (1.22,146) < 0.0001 2140 979 1.26 (1.14,140)  <0.0001
21635 4960 1.18 (1.10, 1.25) < 0.0001 DBP, mmHg 0.2046
Cr, mmol/L 0.1052 <90 9253 119 (1.12,1.26)  <0.0001
<104 9007 1.20 (1.14,1.27) < 0.0001 290 514 1.31(1.15,148)  <0.0001
2104 760 143 (1.17,1.75) 0.0005 Note 1: The above model adjusted for sex, Age, Cr, UA, TC, TG, HDL-C, LDL-C,
Height, BMI, ALP, GGT, ALT, AST, ALB, GLB, DBIL, SBP, and DBP
UA, pmol/L 0.5569 Note 2: In each case, the model is not adjusted for the stratification variable
<416 9352 121 (115,127)  <00001 Abbreviations: C| Confidence, HR Hazard ratios
2416 415 110 (080, 1.51)  0.5488 CL:1.02-1.18, P=0.0159). Hierarchical analysis and
TC, mmol/L 00003 interaction tests have helped us better understand other
<439 4844 140 (129, 152)  <0.0001 possible influencing factors in the risk of FPG and
439-5 4973 114 (107.123) 00001 NAFLD. It can be observed that there is a significant
— 00203 interaction between FPG and height, TC, TG, LDL-C,
' HDL-C, ALP, GGT, ALT, AST, ALB, and GLB (P for
<093 4824 141 (1.26,159) < 0.0001 interaction <0.05). Furthermore, it is worth noting that
093-1.7 4943 120(1.13,1.27)  <00001 in people with short stature, the positive correlation be-
LDL-C, mmol/L 00099  tween FPG and NAFLD is stronger (HR:1.33, 95% CI:
<214 4883 135(123,147)  <0.0001 1.22-1.46, P < 0.0001, P for interaction = 0.0271). Studies
214-3.12 4884 116 (109, 124)  <00001 have pointed out that adults with short stature are more
likely to suffer from obesity, diabetes, and cardiovascular
HDL-C, mmol/L 0.0024 . . e
diseases, independent of BMI [25]. Additionally, a large
2104, <148 4783 134 (1.24,145) - <0.0001 prospective study in Finland (8746 people) found that
2148 4984 114 (1.05,1.23)  <00001 short stature is associated with adverse changes in glu-
ALP, U/L 00109  cose metabolism [26]; this finding may be related to the
<67 3531 150 (128,175 <0.0001 existence of reduced beta-cell function and insulin sensi-
> 67 6236 120 (113.127)  <00001 tivity in people with short stature [26].
In a previous epidemiological survey of NAFLD in a
GGT, U/L <0.0001 . .
nonobese Chinese population, the researchers analyzed
<40 9032 135 (1.26,145) < 0.0001 5562 nonobese participants without NAFLD. After a
Z40 735 107 (097,118 0.1677 prospective follow-up for 5 years, the prevalence rate of
ALT, U/L <0.0001 NAFLD was 8.88%, which was similar to the prevalence
<40 9445 1.30 (1.22, 1.39) <0.0001 of NAFLD in this survey (861%) [27] However, in their
> 40 32 101 (087, 1.16) 09230 study, no independent correlation was found between
AST UL - 00001 FPG and the occurrence of NAFLD; this outcome may
' be related to the fact that all of their participants were
<40 %79 1.31(1.23,139) <0.0001 factory employees. Factory work requires more physical
240 188 097 (0.81,1.16) ~ 0.7304

activity and reduces FPG levels (4.65+0.39 VS 5.07 +
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0.70), thus reducing the risk of NAFLD. In addition, in a
recent prospective study investigating the association of
diabetes and blood glucose with chronic liver disease
and liver cancer including 500,000 Chinese adult partici-
pants, diabetes and hyperglycemia were found to be as-
sociated with liver cancer and chronic liver disease [28].
This is critical information, whether relating to higher
FPG, random plasma glucose or diabetes diagnosis, as
this subgroup of patients with blood glucose metabolism
disorder are more likely to suffer from NAFLD.

Several possible mechanisms may explain why higher
blood glucose levels are linked to NAFLD in the future:
(1) chronic hyperglycemia can induce liver toxicity by
activating oxidative stress and endoplasmic reticulum
stress responses leading to insulin resistance, steatosis
and cellular demise [29]; (2) chronic hyperglycemia
causes metabolic disorders in the liver, promotes mild
inflammation, leads to insulin resistance (IR), and in-
duces de novo fat synthesis in the liver [29]; and (3) IR
may also lead to increased release of a variety of pro-
inflammatory cytokines (such as interleukin-6 and lep-
tin), thus increasing the risk of chronic liver disease [30].

The current study prospectively excluded people with
BMI > 25, dyslipidemia and those diagnosed with
NAFLD; it also followed participants for 5 years and
found that height, BMI, TG, LDL-C, and FPG are strong
independent risk factors for NAFLD in this particular
population, and these factors may be related to fat distri-
bution in Asians [10]. With the same BMI, Asians usu-
ally have a higher percentage of visceral fat and ectopic
fat accumulation than people in Europe and North
America [11]. More visceral fat and ectopic fat storage
may lead to IR, which develops into NAFLD [31]. Ac-
cording to long-term clinical practice and literature
study, some suggestions for the prevention of NAFLD
may be effective. People with the following characteris-
tics should pay more attention to monitoring biochem-
ical blood indicators such as blood lipid and blood
glucose and receive regular abdominal color doppler
ultrasound examination: (1) BMI<18.5 or high BMI
within the normal range; (2) a high lipid level in the nor-
mal range; and (3) FPG >5.27 mmol/L. Additionally,
people with higher FPG need more aerobic exercise and
dietary interventions, as they can increase muscle glu-
cose transport activity and insulin stimulates muscle
glycogen synthesis and reduces hepatic de novo lipogen-
esis and IR to reduce the risk of NAFLD [31, 32].

In the past, NAFLD was often regarded as a liver
manifestation of metabolic syndrome. With the preva-
lence of obesity, the prevalence of metabolic syndrome
and NAFLD has further increased [5]. However, some
researchers have pointed out that NAFLD is the cause of
the metabolic syndrome, due to the accumulation of
large amounts of fat in the liver producing excess
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glucose and triglycerides and leading to metabolic disor-
ders [33, 34]. In this study, the results seem to support
that metabolic disorders precede the occurrence of
NAFLD. Of course, this connection may also be two-
way, and these conclusions need to be corroborated by
further research.

Study strengths and limitations

There are some notable strengths of this study. First, this
was the first study to report the nonlinear association
between FPG and the risk of NAFLD. Second, this study
adopts a prospective design and makes strict statistical
adjustments. At the same time, the original data and
complete data were analyzed, which increases the reli-
ability of the research conclusions. Third, this study in-
cluded a relatively large sample size (nearly 10,000); the
conclusion can be regarded as objective. Despite these
strengths, the study has some potential weaknesses.
First, FPG and other biochemical indicators were only
measured during the physical examination, and dynamic
changes in these levels over time were not considered.
Second, insulin levels, which are closely associated with
NAFLD, were not measured, so IR cannot be evaluated.
Third, although ultrasonic screening is the most widely
recommended method for its high sensitivity and specifi-
city, it is still not accurate compared with liver biopsy
and may underestimate the true incidence of NAFLD.
Fourth, although a number of potential confounding fac-
tors had been adjusted, there were still some important
factors that cannot be analyzed in this study due to the
limitation of the original data, such as lifestyle, diet, and
genetic factors. Fifth, as this research population was all
Chinese, the external applicability of this study needs to
be verified by more multicenter studies. Sixth, since
nonalcoholic fatty liver (NAFL) and NASH could not be
differentiated in this study, the results only apply to the
assessment of NAFLD (in a broad sense) risk by FPG. Fi-
nally, because the single imputation method was used to
deal with the missing data in this study, it may under-
estimate the degree of variation of the data and reduce
the correlation between interpolation variables and other
variables.

Conclusion

In conclusion, FPG is an independent risk factor for
NAFLD in a nonobese Chinese population with normal
blood lipid levels. The findings of this study provide a
convenient and useful marker for early prevention of
NAFLD in nonobese people with normal blood lipids,
which is helpful for the early detection of those with a
high risk of NAFLD and provides early preventive
measures.
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