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Abstract
Aims/hypothesis Although there is substantial evidence that non-alcoholic fatty liver disease (NAFLD) is associated with
impaired glucose homeostasis, the clinical significance of NAFLD in pregnant women has not been well determined. This study
investigates the relationship between NAFLD in the first trimester and the subsequent development of gestational diabetes
mellitus (GDM).
Methods A multicentre, prospective cohort study was conducted in which singleton pregnant Korean women were assessed for
NAFLD at 10–14 weeks using liver ultrasound, fatty liver index (FLI) and hepatic steatosis index (HSI). Maternal plasma
adiponectin and selenoprotein P concentrations were measured. Participants were screened for GDMusing the two-step approach
at 24–28 weeks.
Results Six hundred and eight women were included in the final analysis. The prevalence of NAFLD was 18.4% (112/608) and
5.9% (36/608) developed GDM. Participants who developed GDM had a higher prevalence of radiological steatosis (55.6% vs
16.1%; p < 0.001) and higher FLI (40.0 vs 10.7; p < 0.001) and HSI (35.5 vs 29.0; p < 0.001). The risk of developing GDMwas
significantly increased in participants with NAFLD and was positively correlated with the severity of steatosis. This relationship
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between NAFLD and GDM remained significant after adjustment for metabolic risk factors, including measures of insulin
resistance. Maternal plasma adiponectin and selenoprotein P levels were also correlated with both NAFLD severity and the risk
of developing GDM.
Conclusions/interpretation NAFLD in early pregnancy is an independent risk factor for GDM. Adiponectin may be a useful
biomarker for predicting GDM in pregnant women.

Keywords Gestational diabetesmellitus . Insulin resistance . Non-alcoholic fatty liver disease . Prediction

Abbreviations
ALT Alanine aminotransferase
AST Aspartate aminotransferase
FLI Fatty liver index
GCT Glucose challenge screening test
GDM Gestational diabetes mellitus
GGT γ-Glutamyl transferase
HSI Hepatic steatosis index
ICD International Classification of Diseases
NAFLD Non-alcoholic fatty liver disease

Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterised
histologically by hepatic fat accumulation in individuals with-
out excessive alcohol consumption. It is one of the most com-
mon chronic liver diseases in both eastern and western coun-
tries, and its prevalence is reported to be 10–40% in adult
populations, depending on age, lifestyle and race/ethnicity
[1–4]. There is substantial evidence that NAFLD is associated
with impaired glucose tolerance, type 2 diabetes and the met-
abolic syndrome [5–7], although the molecular mechanisms

underlying these associations are not clear. Interestingly, the
relationship between NAFLD, obesity and insulin resistance
appears to vary depending on an individual’s race/ethnicity
[4]. Asian individuals with NAFLD have a lower BMI than
those in western countries, and a significant proportion have
low insulin resistance [8–10]. Taken together, these data sug-
gest that Asian populations may have a different genetic or
environmental susceptibility to NAFLD [4, 8, 11].

We hypothesise that NAFLD may be a risk factor for the
development of gestational diabetes mellitus (GDM). Several
reports have shown an association between a history of GDM
and NAFLD in non-pregnant women [12–15]. Although re-
cent studies have suggested a possible relationship between
NAFLD and GDM [16], this has not been systematically ex-
amined and there is a paucity of information on this relation-
ship in Asian populations.

In the current study, we examined the association between
radiological and/or biochemical evidence of NAFLD in early
pregnancy and the subsequent risk of developing GDM in
pregnant Korean women. Moreover, since it is already known
that adiponectin and selenoprotein P are likely to be responsi-
ble for linking hepatic steatosis to impaired glucose homeo-
stasis [17, 18], we investigated whether circulating levels of
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these cytokines are associated with NAFLD severity in preg-
nant women and can be used to predict the subsequent risk of
developing GDM.

Methods

Study design We prospectively enrolled singleton pregnant
women presenting for prenatal care before 14 weeks of gesta-
tion at Incheon Seoul Women Hospital and Seoul
Metropolitan Government Seoul National University
Boramae Medical Center in Seoul, Korea, from the ongoing
‘Fatty Liver in Pregnancy’ registry (ClinicalTrials.gov
registration no. NCT 02276144). All participants gave
written informed consent before enrolment. General clinical
and demographic information was collected, including
maternal age, parity, pre-gestational diabetes, a prior history
of GDM, a familial history of diabetes among first-degree
relatives, pre-gestational height, weight, waist circumference,
alcohol consumption during pregnancy using the validated
cut-annoyed-guilty-eye questionnaire [19], and a history of
chronic liver disease such as hepatitis B or hepatitis C, auto-
immune hepatitis, primary biliary cholangitis, primary scle-
rosing cholangitis, haemochromatosis and Wilson’s disease.
Women with pre-existing chronic liver disease or pre-
gestational diabetes were excluded from the analysis.

At 10–14 weeks of gestation, the presence or absence of
NAFLD was evaluated by means of liver ultrasound, the fatty
liver index (FLI) and the hepatic steatosis index (HSI) (see
below). All participants were screened for the presence of
GDM using the two-step approach at 24–28 weeks. The study
was approved by the Institutional Review Board of Seoul
Metropolitan Government Seoul National University
Boramae Medical Center and the Public Institutional Review
Board designated by Ministry of Health and Welfare.

Definition and severity of NAFLD based on liver ultrasonog-
raphyThe presence of NAFLDwas defined as the detection of
bright echogenic patterns within the liver detected by ultraso-
nography. A semiquantitative grading system (grade 0–3) was
adopted to assess the degree of hepatic steatosis, as described
elsewhere [20, 21]. Liver ultrasonography was performed by
experienced sonographers at the time of routine fetal ultraso-
nography. B-mode imaging of the liver was stored for subse-
quent review using a standardised protocol, which included a
single image capture of the liver and adjacent right kidney.
Hard copies of liver ultrasound images were reviewed by
two experienced radiologists (S. Y. Kim and G. M. Kim)
who were blinded to clinical and biochemical data of the study
participants at the time of examination. If there was a discrep-
ancy in the interpretation of the liver ultrasounds, a final diag-
nosis was made by consensus after a detailed discussion.

Risk stratification of NAFLD based on non-invasive steatosis
indices Participants were asked to fast for at least 8 h before
the examination and venous blood was taken at the time of
liver ultrasonography. The FLI was calculated according to
the equation listed below, which incorporated BMI, waist cir-
cumference and circulating levels of triacylglycerols and γ-
glutamyl transferase (GGT) [22].

FLI ¼ exp ModelFLI½ �ð Þ= 1þ exp ModelFLI½ �ð Þ � 100

where ModelFLI = (0.953× loge [triacylglycerol (mmol/l) ×
88.5]) + (0.139 × BMI [kg/m2]) + (0.718 × loge GGT [IU/
l]) + (0.053 × waist circumference [cm]) − 15.745

Study participants were classified into three groups accord-
ing to the FLI [23, 24]: low-risk group (FLI ≤20); intermediate-
risk group (20< FLI <60) and high-risk group (FLI ≥60). The
HSI was calculated according to the following equation [25]:

HSI ¼ 8� ALT IU=lð Þ=AST IU=lð Þ þ BMI kg=m2
� �

þ 2 if T2Dð Þ þ 2 if Fð Þ
where ALT is alananine aminotransferase, AST is aspartate
aminotransferase, T2D is type 2 diabetes and F is female sex.

The participants were classified into three groups according
to the HSI: low risk of steatosis (HSI <30); intermediate risk
(30≤ HSI ≤36) and high risk (HSI >36).

Determination of insulin resistance and measurement of cir-
culating adiponectin and selenoprotein P concentrations
Venous blood samples were collected when participants were
in the fasting state and at the time of liver ultrasonography and
serum glucose levels were measured. The venous blood sam-
ples were then centrifuged at 2000 g for 10 min and aliquoted
for storage at −70°C until assay. The stored serum was assayed
in batches for insulin levels. Fasting serum glucose levels were
measured using an enzymatic method (Glucose HK; Roche
diagnostics, Indianapolis, IN, USA) using a Roche/Hitachi
911 (Roche diagnostics) chemistry analyser. Serum insulin con-
centrations were determined with an immunometric assay
(IRMA) in duplicate using the same batch of a kit (INS-Irma;
DIAsource ImmunoAssays, Louvain-la-Neuve, Belgium).
Systemic insulin resistance was evaluated using the HOMA-
IR, as previously described [26]. Stored plasma samples were
also assayed for adiponectin (μg/ml) and selenoprotein P
(μg/ml) using commercially available enzyme-linked immuno-
sorbent assay kits (from R&D Systems, Minneapolis, MN,
USA and Cloud-Clone, Houston, TX, USA, respectively).

Screening and diagnosis of GDM All participants were
screened for the presence of GDM using the two-step ap-
proach at 24–28 weeks according to the recommendations of
the American College of Obstetricians and Gynecologists
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[27]. For the 50 g oral glucose challenge screening test (GCT),
serum glucose levels were measured 1 h after a 50 g oral
glucose load in the non-fasting state. A serum glucose level
of ≥7.8 mmol/l was regarded as a positive GCT. For women
with a positive screening GCT, a follow-up 100 g oral glucose
tolerance test was performed. A diagnosis of GDM required
two or more elevated glucose levels (i.e. ≥5.3 mmol/l for
fasting glucose, ≥10 mmol/l for 1 h glucose, ≥8.6 mmol/l for
2 h glucose and ≥7.8 mmol/l for 3 h glucose) [28].

Statistical analysis Proportions were compared using the χ2

test or Fisher’s exact test, where appropriate. Comparison
of continuous variables between groups was performed
using the independent t test, the Mann–Whitney U test,
ANOVA or the Kruskal–Wallis test. Spearman’s correla-
tion analysis was used to assess the relationship between
the FLI and circulating adiponectin and selenoprotein P
levels. To determine which factors are independently asso-
ciated with GDM, a binary logistic regression model was
generated. After adjustment for clinical and biological con-
founding factors, the association between NAFLD and
GDM was assessed by multiple logistic regression with
Firth’s penalised likelihood to avoid bias in variable esti-
mates due to a small sample size [29].

A prior sample size calculation was performed to determine
how many pregnant women would be needed to detect an
increased risk for GDM from 5% to 15% in women without
and with NAFLD, respectively.We estimated the frequency of
NAFLD would be 10–20% in women of reproductive age
according to previous reports [30, 31]. With 80% power and
a type 1 error of 5%, we determined that we would require 443
women with a frequency of 20% of NAFLD and would re-
quire 744 women with a frequency of 10% of NAFLD.

A p value of <0.05 was considered statistically significant.
SPSS version 21.0 software (IBM, Armonk, NY, USA) was
used for the analysis.

Results

Study populationA total of 678 pregnantwomenwere recruited
and underwent liver ultrasonography at 10–14 weeks of gesta-
tion between November 2014 and September 2016. Among
them, 34 women (four with viral hepatitis, nine with pre-
gestational diabetes and 21 who did not have a fasting blood
sampled collected at the time of liver ultrasonography) were
excluded from the final analysis. Moreover, results of GDM
screening tests were not available in 36 women. Of these, two
participants underwent termination of pregnancy before GDM
testing, 11 had incomplete glucose test results, 19 were lost to
follow-up and four gave informed consent at enrolment but with-
drew consent during the follow-up period. The remaining 608
participants were included in the final analysis.

Clinical characteristics according to GDM status Among the
study population, 5.9% (36/608) developed GDM. Table 1
presents the baseline clinical, anthropometric, biochemical
and metabolic characteristics and obstetric outcomes of the
study population by GDM status. Study participants who de-
veloped GDMhad a higher rate of a prior history of GDM and
higher BMI, waist circumference and systolic and diastolic
blood pressure (BP) at 10–14 weeks than normoglycaemic
pregnant women, indicating an unfavourable metabolic status
that pre-dated the development of GDM. In addition, partici-
pants who developed GDM had higher levels of AST and
ALT, triacylglycerol, GGT, fasting glucose, insulin and
HOMA-IR already at 10–14 weeks of pregnancy compared
with those who did not develop GDM. In this study popula-
tion, the OR (95% CI) of fasting insulin and HOMA-IR was
1.165 (1.113, 1.220) and 1.936 (1.588, 2.631), respectively. In
terms of delivery outcomes, as expected, participants with
GDM had a higher rate of large-for-gestational-age (LGA)
neonates than those with normal glucose tolerance.

Radiological features and non-invasive steatosis indices ac-
cording to GDM status At 10–14 weeks of gestation, the prev-
alence of NAFLD was 18.4% (112/608) based on liver ultraso-
nography (14.1%with grade 1 steatosis; 4.3%with grade 2 or 3
steatosis) and 28.5% (173/608) based on the FLI (23.1% with
intermediate-risk FLI; 5.3% with high-risk FLI). Table 2 com-
pares the results from liver ultrasonography and non-invasive
steatosis indices (FLI and HSI) at 10–14 weeks of gestation
between participants who did and did not develop GDM.
Women who developed GDM had a higher rate of fatty liver
based on liver ultrasonography at 10–14weeks of gestation and
also had higher FLI and HSI values than those who did not
develop GDM. Indeed, women with fatty liver at 10–14 weeks
were more likely to go on to develop GDM, and the risk of
developing GDM was increased according to the radiological
severity of NAFLD: the incidence of GDMwas 3.2% in wom-
en with grade 0 steatosis, 10.5% in those with grade 1 steatosis
and 42.3% in those with grade 2 or 3 steatosis (p < 0.001,χ2 for
trend; Fig. 1a). The risk of GDM was also increased in women
with higher FLI and HSI (p < 0.001 for both, χ2 for trend; Fig.
1b, c). Interestingly, the risk of GDM was also increased ac-
cording to the FLI and HSI, even after confining the analysis to
women without radiological evidence of steatosis: 1.8% in
women with FLI ≤20, 6.8% in women with 20< FLI <60,
28.6% in women with FLI ≥60 (p < 0.001, χ2 for trend);
1.9% in women with HSI <30, 4.8% in women with 30≤ HSI
≤36, 8.1% in women with HSI >36, (p < 0.05, χ2 for trend).

The relationship between radiological evidence of NAFLD and
GDMAs shown in Table 3, in the age-adjusted analysis (model
1), radiological evidence of NAFLD as assessed by liver ul-
trasonography was significantly associated with the develop-
ment of GDM (OR 6.66 [95% CI 3.36, 13.41]; p < 0.001).
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This association persisted after additional adjustment for met-
abolic risk factors (prior history of GDM, greater waist cir-
cumference and high BP at 10–14 weeks [defined as high
systolic or diastolic BP]; model 2), although it was attenuated
(OR 3.63 [95% CI 1.65, 7.96]; p < 0.005). As insulin resis-
tance plays an important role in the progression of NAFLD, an
additional adjustment for HOMA-IR was performed (model
3). This did not significantly reduce the OR for this associa-
tion (OR 3.28 [95% CI 1.49, 7.22]; p < 0.005). Because
adiponectin and selenoprotein P levels are known to link he-
patic steatosis to impaired glucose tolerance, multivariate
analysis was performed adjusting for adiponectin and
selenoprotein P levels (model 4). This association persisted
in this model but was slightly attenuated (OR 2.50 [95% CI
1.07, 5.77]; p < 0.05).

We adjusted for BMI instead of waist circumference in the
multivariate analysis. NAFLD was a significant risk factor for
GDM even after adjustment for the following variables: (1)
BMI at the time of liver ultrasonography; (2) age, prior history
of GDM, BMI at the time of liver ultrasonography, high BP at
the time of liver ultrasonography and (3) age, prior history of
GDM, BMI at the time of liver ultrasonography, high BP at
the time of liver ultrasonography and HOMA-IR.

The relationship between steatosis severity (as assessed by
the FLI or HSI) and the development of GDM Multivariate
logistic regression analysis was conducted to determine the
effect of steatosis severity at 10–14 weeks of gestation on
the likelihood of developing GDM (Table 3). In the age-
adjusted analysis (model 1), steatosis severity as assessed by

Table 1 Baseline clinical, an-
thropometric, biochemical and
metabolic features and pregnancy
outcomes of the study population

Characteristic No GDM

(n = 572)

GDM

(n = 36)

p value

Baseline characteristics before pregnancy

Nulliparity 301 (52.6) 20 (55.6) 0.864

Family history of diabetes 123 (21.5) 11 (30.6) 0.215

History of prior GDM 13 (2.3) 4 (11.1) 0.015

Hypertension 2 (0.4) 1 (2.8) 0.168

BMI, kg/m2 21.2 (19.4–23.4) 25.3 (21.8–29.0) <0.001

Waist circumference, cm 71 (68–74) 76 (71–81) <0.001

Baseline characteristics at the time of liver ultrasonographya

Maternal age at the time of liver
ultrasonography, years

32 (30–34) 33 (31–34) 0.479

Gestational age, weeks 12.4 (12.1–12.9) 12.4 (12.1–12.7) 0.664

BMI, kg/m2 21.7 (19.8–23.8) 26.4 (23.0–29.0) <0.001

Waist circumference, cm 82.0 (76.8–88.0) 93.8 (85.0–101.8) <0.001

Systolic BP, mmHg 111 (104–119) 118 (110–129) 0.004

Diastolic BP, mmHg 67 (61–72) 69 (65–80) 0.006

Biochemical and metabolic features at the time of liver ultrasonographya

AST, U/l 16 (14–19) 18 (15–22) 0.047

ALT, U/l 11 (8–14) 16 (10–27) 0.001

Cholesterol, mmol/l 4.4 (3.96–4.92) 4.58 (4.04–5.18) 0.220

HDL-cholesterol, mmol/l 1.68 (1.44–1.92) 1.57 (1.20–1.84) 0.046

LDL cholesterol, mmol/l 2.15 (1.80–2.53) 2.14 (1.68–2.56) 0.825

Triacylglycerol, mmol/l 1.22 (0.96–1.54) 1.74 (1.45–2.19) <0.001

GGT, U/l 12 (10–15) 17 (11–24) 0.001

Fasting glucose, mmol/l 4.27 (3.89–4.61) 4.55 (4.05–5.05) 0.001

Insulin, pmol/l 56.3 (36.8–77.8) 106.3 (58.3–154.9) <0.001

HOMA-IR 1.5 (1.0–2.2) 2.9 (1.7–5.1) <0.001

Pregnancy outcomeb

Gestational age at delivery, weeks 39.3 (38.4–40.0) 38.6 (38.0–39.7) 0.071

Birthweight at delivery, kg 3.22 (2.99–3.48) 3.20 (2.92–3.62) 0.788

Large-for-gestational-age neonates 55 (9.9) 8 (22.9) 0.024

Data are presented as n (%) or median (interquartile range)
a Liver ultrasonography was performed at 10–14 weeks of gestation
b For pregnancy outcome, n = 555 (no GDM) and 35 (GDM)
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the FLI was significantly associated with GDM (OR 1.05
[95% CI] 1.04, 1.07; p < 0.001). This association persisted
after additional adjustment for metabolic risk factors (a prior
history of GDM and waist circumference and high BP; model
2) (OR 1.07 [95% CI] 1.04, 1.10; p < 0.001). Moreover, the
association persisted even after adjustment for HOMA-IR and
circulating adiponectin and selenoprotein P levels (models 3
and 4). Similarly, steatosis severity as assessed by the HSI at
10–14 weeks of gestation was also significantly associated
with subsequent GDM after multiple adjustments for metabol-
ic risk factors, HOMA-IR and maternal plasma adiponectin
and selenoprotein P levels (models 1–4; Table 3).

The relationship between maternal plasma adiponectin and
selenoprotein P levels, NAFLD and GDM Pregnant women
with NAFLD had significantly lower plasma concentrations
of adiponectin and higher plasma concentrations of
selenoprotein P than those without NAFLD and there ap-
peared to be a stepwise relationship with more disparate levels
in women with grade 2 or 3 steatosis (Fig. 2a, b). Maternal
plasma adiponectin levels were inversely correlated with the
FLI (Spearman’s ρ = −0.345, p < 0.001; Fig. 3a) and
selenoprotein P concentrations were positively correlated with
the FLI (Spearman’s ρ = 0.258, p < 0.001; Fig. 3b). In partic-
ular, women who subsequently developed GDM had

Table 2 Radiological findings
and non-invasive steatosis indices
at 10–14 weeks of gestation

Characteristic No GDM

(n = 572)

GDM

(n = 36)

p value

Steatosis determined by liver ultrasonography <0.001

Grade 0 steatosis 480 (83.9) 16 (44.4)

Grade 1 steatosis 77 (13.5) 9 (25.0)

Grade 2 or 3 steatosis 15 (2.6) 11 (30.6) <0.001

Presence of fatty liver determined by liver
ultrasonography

92 (16.1) 20 (55.6) <0.001

FLI at the time of liver ultrasonographya 10.7 (5.9–20.1) 40.0 (24.0–72.5) <0.001

Risk subgroups based on the FLI <0.001

Low risk of steatosis, FLI ≤20 425 (75.0) 7 (19.4)

Intermediate risk of steatosis, 20< FLI <60 123 (21.7) 16 (44.4)

High risk of steatosis, FLI ≥60 19 (3.4) 13 (36.1)

HSI at the time of liver ultrasonographyb 29.0 (26.8–32.5) 35.5 (32.0–39.5) <0.001

Risk subgroups based on the HSI <0.001

Low risk of steatosis, HSI <30 336 (59.2) 6 (16.7)

Intermediate risk of steatosis, 30≤ HSI ≤36 175 (30.8) 15 (41.7)

High risk of steatosis, HSI >36 57 (10.0) 15 (41.7)

Circulating biomarkers at the time of liver
ultrasonographyc

Adiponectin, μg/ml 5.34 (3.13–8.28) 1.95 (1.32–2.93) <0.001

Selenoprotein P, μg/ml 5.83 (2.90–14.51) 10.01 (6.72–34.86) <0.005

Data are presented as n (%) or median (IQR)
a For FLI at the time of liver ultrasonography, n = 567 (no GDM) and 36 (GDM)
b For HSI at the time of liver ultrasonography, n = 568 (no GDM) and 36 (GDM)
c For circulating biomarkers at the time of liver ultrasonography, n = 571 (no GDM) and 36 (GDM)
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significantly lower adiponectin and higher selenoprotein P
concentrations at 10–14 weeks than those who did not subse-
quently develop GDM (Fig. 2c, d). As the risk of GDM was
associated with lower adiponectin and higher selenoprotein P
plasma concentrations, women with lower adiponectin (<10th
percentile [<1.72 μg/ml]) or with higher selenoprotein P
(>90th percentile [>34.01 μg/ml]) levels were designated as
being at high risk of GDM. This relationship between lower
adiponectin (<10th percentile) and higher selenoprotein P
(>90th percentile) levels and subsequent GDM remained sig-
nificant even after adjustment for age, metabolic risk factors
(prior history of GDM, higher waist circumference and high
BP) and HOMA-IR (models 1–3; Table 3).

Next, we investigated whether adiponectin and
selenoprotein P levels were associated with the development
of GDM independently of NAFLD. Stratified analyses using
medians of adiponectin and selenoprotein P levels provided
additional discrimination for the risk of developing GDM
(Fig. 4). Specifically, low adiponectin and high selenoprotein
P levels were independent predictors of GDM regardless of
NAFLD status. Notably, a high prevalence of developing
GDM was noted in women without NAFLD if their
adiponectin levels were <50th percentile; after adjusting for
age, these women had a 5.4-fold higher risk of developing
GDM than women who had no NAFLD but who had higher
adiponectin levels (OR 5.44 [95% CI 1.53, 19.36]; p < 0.01)
(see electronic supplementary material [ESM] Table 1).
Similarly, a high prevalence of GDMwas noted even in wom-
en without NAFLD if their selenoprotein P levels were >50th
percentile; after adjusting for age, these women had a 3.4-fold
higher risk of developing GDM than women who had no
NAFLD but who had lower selenoprotein P levels (OR 3.40
[95% CI 1.08, 10.69]; p < 0.05) (see ESM Table 2).

Discussion

In the current study, we demonstrate that the presence of
NAFLD at 10–14 weeks of gestation—whether defined by
ultrasound imaging or non-invasive steatosis indices such as
the FLI and HSI—is associated with the subsequent develop-
ment of GDM in a Korean population. This association
persisted even after adjustment for metabolic risk factors, in-
sulin resistance and circulating adipokine and hepatokine
levels. Moreover, we observed a stepwise association between
maternal plasma adiponectin and selenoprotein P levels and
both the radiological and biochemical severity of NAFLD.
The risk of subsequent GDM was also independently associ-
ated with adiponectin and selenoprotein P levels even after
adjusting for metabolic variables and insulin resistance.

As the relationship between NAFLD, obesity and insulin
resistance appears to vary according to race/ethnicity [8–10],
it would be important to demonstrate the reproducibility of our
results in non-Asian populations. Previous studies have sug-
gested that women with a prior history of GDM are at in-
creased risk of NAFLD [12–15]. To date, however, the clinical
significance of NAFLD in pregnancy has not been fully
established. A few recent studies investigated the risk of
GDM in western women with NAFLD. The study by De
Souza and colleagues from Canada suggested that the pres-
ence of NAFLD as assessed by liver ultrasound at 11–
14weeks of gestation was significantly associatedwith a com-
posite outcome defined as impaired fasting glucose, gestation-
al impaired glucose tolerance or GDM at 24–28 weeks of
gestation [32]. In a Swedish population-based study, 110 oc-
currences of pre-existing NAFLD before pregnancy were

Table 3 Univariate and multivariate analyses producing ORs of risk
factors for GDM

Variable OR (95% CI) p value

Fatty liver

Unadjusted 6.45 (3.26, 12.97) <0.001

Model 1 6.66 (3.36, 13.41) <0.001

Model 2 3.63 (1.65, 7.96) <0.005

Model 3 3.28 (1.49, 7.22) <0.005

Model 4 2.50 (1.07, 5.77) <0.05

FLI

Unadjusted 1.05 (1.04, 1.07) <0.001

Model 1 1.05 (1.04, 1.07) <0.001

Model 2 1.07 (1.04, 1.10) <0.001

Model 3 1.06 (1.04, 1.10) <0.001

Model 4 1.05 (1.02, 1.08) <0.005

HSI

Unadjusted 1.23 (1.16, 1.31) <0.001

Model 1 1.23 (1.16, 1.31) <0.001

Model 2 1.17 (1.08, 1.28) <0.001

Model 3 1.16 (1.06, 1.26) <0.005

Model 4 1.12 (1.03, 1.23) <0.05

Selenoprotein P >90th percentile

Unadjusted 4.09 (1.82, 8.64) <0.005

Model 1 4.02 (1.79, 8.49) <0.001

Model 2 3.18 (1.29, 7.35) <0.05

Model 3 3.97 (1.57, 9.50) <0.005

Adiponectin <10th percentile

Unadjusted 8.34 (4.01, 17.09) <0.001

Model 1 8.36 (4.02, 17.14) <0.001

Model 2 5.97 (2.67, 13.16) <0.001

Model 3 5.09 (2.25, 11.36) <0.001

Model 1, adjusted for age; model 2, adjusted for a prior history of GDM,
waist circumference at the time of liver ultrasonography, high systolic or
diastolic BP at the time of liver ultrasonography in addition to model 1;
model 3, adjusted for the HOMA-IR in addition to model 2; model 4,
adjusted for adiponectin and selenoprotein P levels in addition to model 3
using cut-off for adiponectin <10th percentile (<1.72 μg/ml) and for
selenoprotein P >90th percentile (>34.01 μg/ml)
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identified out of 1,960,416 pregnant women with singleton
pregnancy using International Classification of Diseases
(ICD) codes [33]. Women with pre-existing NAFLD had an
increased risk of developing GDM. However, in this report,
the ICD-10 code for NAFLD seemed to capture a small subset
of NAFLD, because only 110 women (0.006%) were diag-
nosed with NAFLD among the 1,960,416 pregnant women. In
an Egyptian study that included 200 pregnant women with
NAFLD and 200 without, the risk of GDM was increased in
women with vs without NAFLD [34]. However, to our knowl-
edge, the current study is the first one to clearly demonstrate a
significant association between fatty liver, as assessed by both
radiological imaging and non-invasive steatosis indices, and
the risk of GDM, although not a composite outcome.

In the current study, consistent with NAFLD diagnosed by
ultrasound, women with abnormal FLI or HSI were also at
significantly increased risk of developing GDM. The FLI is
a multivariate model used to estimate fat accumulation in the
liver and has been validated in multiple model systems [22,
24]. Given that sonographical estimation of fatty liver is large-
ly subjective and examiner-dependent, the observation that the

FLI is also associated with the development of GDM rein-
forces our understanding of the clinical significance of
NAFLD in pregnancy. Moreover, since ultrasound is not able
to detect the accumulation of a small amount of fat in the liver
and only yields a positive result when the liver fat content
exceeds 30% [35], non-invasive steatosis indices may bemore
useful as a predictive index in women with mild or moderate
NAFLD. Indeed, in the current study, even when confining
the statistical analysis to those women with a normal liver
ultrasound, an abnormal FLI was still positively correlated
with the risk of developing GDM. The risk of developing
GDM varied across the FLI in a stepwise fashion, even in
women who did not have NAFLD.

The mechanism by which NAFLD causes impaired glu-
cose tolerance and increases the risk of developing GDM is
not known. It is likely that the mechanism represents two
different metabolic diseases that share a common metabolic
dysfunction such as insulin resistance [32, 33]. However, in
the current study, women with NAFLD were at increased risk
of GDM even after adjustment for abdominal obesity and
insulin resistance, although the statistical significance was
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greatly attenuated after adjustment for HOMA-IR. These re-
sults suggest that mechanisms other than insulin resistance
and obesity are likely to be involved. For example, proinflam-
matory cytokines originating from other intra-abdominal vis-
ceral tissues may be transferred to the liver, leading to fat

accumulation and NAFLD [36, 37]. Thus, such release of
adipokines and lipolytic activity make visceral adipose tissues
more metabolically adverse, resulting in NAFLD and GDM
[38, 39]. Several adipokines and hepatokines have been im-
plicated [40]. We previously reported that hepatic overexpres-
sion of activating transcription factor 3 (ATF3) plays an im-
portant role in oxidative stress-mediated hepatic steatosis and
the development of type 2 diabetes in animal models of dia-
betes and in non-pregnant humans with NAFLD [41]. In the
current study, we measured circulating levels of adiponectin and
selenoprotein P at 10–14 weeks of gestation and showed that
abnormal levels (low adiponectin or high selenoprotein P) cor-
relatedwith both NAFLD severity during early pregancy and the
risk of GDM in the mid-gestation, suggesting that adiponectin
may be a useful biomarker for predicting the development of
GDM. Selenoprotein P seemed to be correlated with NAFLD
and GDM but the levels of selenoprotein P were higher only in
women with grade 2 or 3 steatosis and the correlation coefficient
was lower between selenoprotein P and FLI than between
adiponectin and FLI. The correlation between adiponectin and
GDM (and possibly the correlation between selenoprotein P and
GDM) is consistent with the findings of a previous report show-
ing an inverse correlation between adiponectin and selenoprotein
P in individuals with type 2 diabetes [42]. Further mechanistic
studies are needed to identify themechanisms bywhichNAFLD
leads to the development of GDM. In addition, the evaluation of
liver ultrasound during the second or third trimester would en-
hance our understanding of the link betweenNAFLDandGDM,
as steatosis is a dynamic process easily affected by weight gain
and pregnancy is a state of altered metabolism.

From a clinical utility perspective, the risk of developing
GDM is increased in pregnant women with NAFLD diag-
nosed at 10–14 weeks of gestation and this risk appears to
increase in a stepwise fashion with the severity of NAFLD.
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We have also demonstrated that non-invasive steatosis indices
(FLI and HSI) and maternal plasma adiponectin and
selenoprotein P levels may be useful in predicting the risk of
developing GDM. According to recently published clinical
practice guidelines, early screening for diabetes is recom-
mended in high-risk individuals who display metabolic risk
factors such as severe obesity, a strong family history of type 2
diabetes, a previous history of GDM, impaired glucose toler-
ance or glycosuria [43]. In 2017, the American College of
Obstetricians and Gynecologists adopted additional criteria
for women at high risk, established by the American
Diabetes Association: physical inactivity, high-risk
race/ethnicity, previous history of macrosomia, hypertension,
low levels of HDL-cholesterol, high levels of triacylglycerol
and history of polycystic ovarian syndrome or cardiovascular
disease [44]. Given that the OR (95% CI) of NAFLD for
GDM is 6.45 (3.26, 12.97) in the current study, our findings
imply that NAFLD might be also considered a major risk
factor for the development of GDM. Early identification of
women with NAFLD and more intensive screening and pre-
ventive strategies such as lifestyle modifications are likely
needed in this special population (i.e., pregnant women with
NAFLD). However, the introduction of liver ultrasound into
routine antenatal care during pregnancy might be reserved
until cost-effective analysis of the clinical utility of liver ultra-
sound and large-scale, external validation of the role of
NAFLD as a risk factor for GDM have been carried out.

The current study has some limitations. First, the diagnosis
of NAFLDwas based on liver ultrasound, FLI and HSI but not
on histological examination. However, the histological confir-
mation of NAFLD does not seem to be feasible in asymptom-
atic pregnant women. Specifically, liver ultrasound is a weak
diagnostic method for NAFLD, especially in the lower range
of hepatic steatosis of <10–15% [45]. Instead, in the current
study, we demonstrated the relationship between NAFLD and
GDM using both FLI and HSI, which are well-known indices
for NAFLD. In addition, we also demonstrated that both FLI
and HSI were positively correlated with the risk of GDM,
even in women without fatty liver detected by ultrasound.
Second, our study results should be validated in other ethnic-
ities, because the relationship between NAFLD and GDM
may vary depending on ethnicity.

In conclusion, the presence of NAFLD in early pregnancy
is associated with an increased risk of developing GDM in the
mid-gestation. Further mechanistic studies are needed to iden-
tify and characterise the underlying mechanisms responsible
for this association.
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