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Abstract

Background and aims Body size-metabolic phenotype

may help predict whether or not individuals with nonal-

coholic fatty liver disease (NAFLD) develop advanced

liver disease. We studied the association of body size-

metabolic phenotype with nonalcoholic steatohepatitis

(NASH) and significant fibrosis.

Methods Our cross-sectional study included 559 subjects

(mean age of 53 years; women 51%) with biopsy-proven

NAFLD. Clinical, genetic, and histological characteristic

features of NAFLD were evaluated. The metabolically

unhealthy phenotype was defined by the presence of two or

more metabolic components, while body size was catego-

rized based on body mass index: obese (C 25 kg/m2) or

non-obese (\ 25 kg/m2). Body size-metabolic phenotypes

were divided into four study groups: (1) non-obese meta-

bolic syndrome (MS)-, (2) non-obese MS? , (3) obese

MS-, and (4) obese MS?.

Results Obese MS- and non-obese MS? groups demon-

strated comparable levels of insulin resistance, adipose

tissue insulin resistance indexes, and visceral adipose tissue

(VAT) areas. The VAT area was significantly higher in the

obese MS? group versus obese MS- group. However, the

VAT to subcutaneous adipose tissue (SAT) ratio was

highest in the non-obese MS? group. There was no dif-

ference in histology between the non-obese MS?, obese

MS-, and obese MS? groups. Multivariate analyses
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adjusted for age, sex, smoking status, PNPLA3, TM6SF2,

and VAT/SAT areas demonstrated an independent and

dose-dependent relationship between the body size-meta-

bolic phenotype and NASH or significant fibrosis.

Conclusion The non-obese MS? group displayed similar

degree of hepatic histological severity compared to their

obese MS- counterparts. Metabolic milieu beyond obesity

may play a pathogenic role in non-obese MS? individuals

who develop NASH with significant hepatic fibrosis.

Clinical trial number NCT 02206841.

Keywords Hepatic steatosis � Non-obese � Body mass

index � Metabolic syndrome

Abbreviations

NAFLD Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

MS Metabolic syndrome

ALT Alanine aminotransferase

HDL High-density lipoprotein

AST Aspartate aminotransferase

CT Computed tomography

PNPLA3 Patatin-like phospholipase domain-

containing 3

TM6SF2 Transmembrane 6 superfamily member 2

SREBF Sterol regulatory element-binding

factor

MBOAT7-TMC4 Membrane-bound O-acyltransferase

domain containing 7-transmembrane

channel-like 4

SD Standard deviation

VAT Visceral adipose tissue

SAT Subcutaneous adipose tissue

Introduction

Nonalcoholic fatty liver disease (NAFLD) has been rec-

ognized as the most prevalent chronic liver disease in the

United States (US), affecting approximately 25% of the

general population and up to 70% of diabetic and obese

individuals [1]. NAFLD encompasses a wide spectrum of

histologic phenotypes from nonalcoholic fatty liver (NAFL)

to nonalcoholic steatohepatitis (NASH), a subset of which

can progress to advanced liver disease including cirrhosis

and hepatocellular carcinoma [2]. Along with the rising

prevalence of NAFLD, the prevalence of NASH has almost

doubled during the recent years [1, 2]. The increasing

prevalence of NASH and/or advanced hepatic fibrosis is a

major concern because affected individuals experience

higher overall mortality and cause-specific mortality from

liver-related and non-liver-related etiologies [3].

The prevalence of obesity ranges around 35% in the US

and poses a significant public health concern as well as a

substantial economic burden [4]. On one hand, not all obese

individuals develop cardiovascular disease and diabetes,

while on the contrary not all non-obese individuals have a

healthy cardio-metabolic profile [5–7]. There are several

epidemiologic studies suggesting that a subset of individ-

uals have reduced cardio-metabolic risk despite being obese

[5, 6]. In contrast, a subset of non-obese individuals dis-

played a metabolic profile similar to the profile that is often

associated with obesity [5, 8]. These subsets of individuals

are referred to as ‘obese metabolic syndrome (MS)-’ and

‘non-obese MS?’, respectively [5–7]. Compared to indi-

viduals who are not obese and metabolically healthy, non-

obese MS? individuals have a higher risk of overall and/or

cardiovascular mortality [9]. Therefore, it is important to

consider both obesity and metabolic health status (so-called

body size-metabolic phenotype) in evaluating cardiovas-

cular and mortality risk [9].

Several studies have reported an increased prevalence of

NAFLD in non-obese MS? individuals [7]. However, data

regarding the hepatic histologic differences between body

size-metabolic phenotypes are still lacking. In addition, the

concept of body size-metabolic phenotypes may be

important in identifying individuals who need pharma-

cotherapy against NAFLD to prevent the progression to

more advanced liver disease. Therefore, the aim of our

study was to compare body size-metabolic phenotypes with

a focus on (1) clinical, genetic, and histological charac-

teristics in NAFLD, and (2) the risk for NASH and sig-

nificant fibrosis.

Methods

Subjects and study design

We performed our analyses utilizing the clinical parame-

ters and pathological data from liver biopsy confirmed

‘Boramae NAFLD cohort’ (NCT 02206841) which has

been described previously [10, 11]. In brief, we enrolled

eligible subjects from January 2013 to February 2018 in a

prospective manner. The inclusion criteria for this cohort

were as follows: (1) adults at least 18 years old; (2)

ultrasonographic findings confirming fatty infiltration of

the liver, and (3) unexplained elevated alanine amino-

transferase (ALT) levels within the past 6 months. In this

cohort, we excluded the subjects with (1) significant

alcohol consumption ([ 30 g/day for men and[ 20 g/day

for women); (2) documented hepatitis B or C viral infec-

tion; (3) diagnosis of chronic liver disease other than

NAFLD, or (4) diagnosis of cancer within the past year.

Among the eligible subjects, a liver biopsy was performed
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if at least two of the following risk factors were present:

high triglycerides level, low high-density lipoprotein

(HDL)-cholesterol level, abdominal obesity, hypertension,

presence of diabetes mellitus and/or insulin resistance, or

clinically suspected NASH or hepatic fibrosis. This study

was conducted in accordance with the ethical guidelines of

the 1975 Declaration of Helsinki for the participation of

human subjects and was approved by the Institutional

Review Board of Boramae Medical Center (IRB No.16-

2014-86). We obtained written informed consent from each

subject.

Clinical and laboratory evaluations

Methods used for clinical and laboratory assessments have

been described in detail elsewhere [10, 11]. Briefly, each

subject underwent laboratory testing and an anthropometric

assessment. According to a standard protocol, a well-

trained nurse collected anthropometric measurements. The

body mass index (BMI) of the subjects was calculated with

the following formula: BMI = weight (kg)/height squared

(m2). Waist circumference was examined in accordance

with a previously published protocol [12]. Blood pressure

was assessed twice on the same day, and the mean of the

two values was used. We defined hypertension as a systolic

blood pressure C 140 mmHg or diastolic blood pres-

sure C 90 mmHg and/or the current use of anti-hyperten-

sive medication. Current smokers were defined as those

who had smoked at least one cigarette per day during the

past year. Sarcopenia was defined as an appendicular

skeletal muscle mass/weight beyond 2 standard deviations

below the gender-specific mean for healthy young adults

according to nationwide health examinations of the Korean

population [10]. Venous blood samples were collected at

the time of liver biopsy after a 12-h overnight fast. Using

standard methods, we measured levels of serum ALT,

serum aspartate aminotransferase (AST), serum gamma-

glutamyl transpeptidase, serum total cholesterol, serum

triglycerides, serum HDL-cholesterol, and fasting glucose.

Fasting insulin levels were measured using immunoradio-

metric assays (DIAsource ImmunoAssays, Nivelles, Bel-

gium). We calculated insulin resistance by utilizing the

homeostasis model assessment (HOMA-IR) as follows:

HOMA-IR = fasting glucose (mmol/L) 9 fasting insulin

(mIU/mL)/22.5. We defined diabetes mellitus as fasting

plasma glucose levels of C 126 mg/dL and/or current

treatment with anti-diabetic medication. We estimated

adipose tissue insulin resistance index as follows: adipose

tissue insulin resistance index = free fatty acid (mmol/

L) 9 insulin (mIU/mL). Estimated glomerular filtration

rate (eGFR) was calculated by the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) [13].

Definition of obesity and metabolic phenotypes

(body size-metabolic phenotypes)

We defined obesity as BMI C 25 kg/m2 and used the

harmonized International Diabetes Federation criteria for

metabolic syndrome [14]. We used four metabolic com-

ponents: (1) elevated fasting glucose, C 100 mg/dL and/or

drug treatment for elevated glucose; (2) elevated triglyc-

erides, C 150 mg/dL and/or drug treatment for elevated

triglycerides; (3) reduced HDL-cholesterol,\ 40 mg/dL in

men or\ 50 mg/dL in women, and (4) elevated blood

pressure, systolic C 130 and/or diastolic C 85 mmHg. The

criteria for waist circumference were not used because of

known collinearity with BMI. On the basis of previous

literature, the metabolically unhealthy phenotype was

defined by the presence of two or more of the aforemen-

tioned metabolic components, and the metabolically heal-

thy phenotype was defined by the absence of or presence of

only one metabolic component [15–17]. Body size-meta-

bolic phenotypes were defined using modified criteria

previously described [8, 18]. Subjects were categorized

into four phenotypes: (1) non-obese MS-; (2) non-obese

MS?; (3) obese MS-, or (4) obese MS? [19].

Liver histology

For the liver histology, we utilized previously mentioned

methods [10, 11]. Briefly, all liver biopsies were reviewed

by an experienced liver pathologist. NAFLD was diag-

nosed as the presence of C 5% macrovesicular steatosis.

We defined NASH based on an overall pattern of histo-

logical hepatic injury consisting of macrovesicular steato-

sis, lobular inflammation, or hepatocyte balloon

degeneration according to Brunt’s criteria [20, 21]. Addi-

tionally, we assessed the NAFLD activity score to deter-

mine NASH activity [22]. We assessed fibrosis with

criteria proposed by Brunt and Kleiner et al.: F0 (absence

of fibrosis); F1 (perisinusoidal or periportal fibrosis); F2

(perisinusoidal and portal/periportal fibrosis); F3 (bridging

fibrosis), and F4 (cirrhosis) [22]. We defined significant

fibrosis as F2–F4.

Measurement of abdominal adipose tissue areas

We used a previously described method for adipose tissue

area measurement [23, 24]. Briefly, each subject was

examined for quantification of abdominal fat at the level of

the umbilicus with a 128-detector computed tomography

(CT) scanner (Ingenuity CT; Philips Medical Systems,

Cleveland, OH) in the supine position. The area at the

umbilicus level was assessed with commercially available

CT software (Rapidia 2.8; INFINITT, Seoul, Korea), which
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measured the adipose tissue area by setting the attenuation

values within a range of - 250 to - 50 Hounsfield units.

Genotype

We used a previously described method for genotyping [25].

We selected established risk alleles of NASH and fibrosis for

genotyping including patatin-like phospholipase domain-

containing 3 (PNPLA3) [26], transmembrane 6 superfamily

member 2 (TM6SF2) [27], sterol regulatory element-binding

factor (SREBF) [28], and membrane-bound O-acyltrans-

ferase domain containing 7-transmembrane channel-like 4

(MBOAT7-TMC4) [29]. Single-nucleotide polymorphisms

were genotyped by TaqMan 50-nuclease assays (Life

Technologies, Carlsbad, CA, USA) according to the manu-

facturer’s instructions. We confirmed Hardy–Weinberg

equilibrium using the Chi-squared test.

Statistical analysis

Continuous variables were summarized as the mean ± s-

tandard deviation (SD) or median (interquartile range) and

categorical variables as numbers (percentage). Differences

between groups were evaluated using the independent t test,

the Mann–Whitney U test, analysis of variance (ANOVA),

or the Kruskal–Wallis test for continuous variables as

appropriate and the Chi-square test for categorical variables.

To determine the independent risk factors for the presence of

NASH or significant fibrosis, we performed logistic regres-

sion analyses. The multivariable-adjusted models were

confined to variables that were based on clinical plausibil-

ity—including demographics (age and sex), smoking,

genetic factors (PNPLA3 and TM6SF2), and visceral adipose

tissue (VAT) area, and subcutaneous adipose tissue (SAT)

area. Genetic data were described as frequency, and odds

ratios for the existence of a respective risk allele were

assessed using logistic regression. The VAT and SAT areas

were standardized to a mean of 0 and a SD of 1. All analyses

were performed using STATA 15.0 (StataCorp, College

Station, TX, USA). Two-sided P values were used and

considered statistically significant if P B 0.05.

Results

Demographic, clinical, and biochemical

characteristics according to obesity and metabolic

phenotype status

Among the 559 subjects (mean age 53 ± 15 years; women

51%), 96 non-obese subjects were classified as non-obese

MS-, and the remaining 79 non-obese subjects were

classified as non-obese MS? . Ninety-four obese subjects

were enrolled as obese MS- and 290 obese subjects as

obese MS?. The baseline characteristics are shown in

Table 1. Non-obese MS? was in between non-obese MS-

and obese MS- with regard to BMI, waist circumference,

sarcopenic proportions, and gamma-glutamyl transpepti-

dase levels. However, based on inclusion criteria, subjects

in the non-obese MS? group harbored components of

metabolic syndrome with higher frequency than those in

both non-obese MS- and obese MS- groups. Compared

to obese MS- subjects, non-obese MS? subjects demon-

strated comparable levels of HOMA-IR, adipose tissue-

insulin resistance index, and VAT area, but these values

were significantly lower when compared to the obese

MS? group. However, the VAT-to-SAT ratio was highest

in the non-obese MS? group compared to the two obese

groups. In contrast, high sensitivity C-reactive protein as

an inflammatory marker did not differ between the non-

obese MS? , obese MS-, and obese MS? groups.

Despite both groups being categorized as non-obese, the

non-obese MS? group was consistently different in insulin

resistance, adipose tissue insulin resistance, and the VAT-

to-SAT ratio from the non-obese MS- group without

exceptions. When comparing non-obese MS? to obese

MS?, a gradual increase in the prevalence of insulin

resistance, higher VAT area, and higher levels of amino-

transferase were observed in the obese MS? group. In

terms of eGFR, renal function was not significantly dif-

ferent according to body size-metabolic phenotype status

except obese MS-. Baseline medications information

regarding diabetes and hypertension is presented in Sup-

plementary Table 1. No significant differences in the use of

medications were found except angiotensin-2 receptor

blockers and/or angiotensin converting enzyme inhibitors

(P = 0.001).

Histologic characteristics according to obesity

and metabolic phenotype status

Figure 1 demonstrates the comparison of histological fea-

tures among the four groups. The lobular inflammation,

balloon degeneration, and presence of significant fibrosis (C

F2) were similar among the four groups. In contrast, there

was a significant difference in steatosis grade among groups.

Compared to obese subjects, non-obese subjects were noted

to have lower severity of hepatic steatosis. The presence of

NASH was slightly higher in non-obese MS? , obese MS-,

and obese MS? compared to non-obese MS-.

Genetic risk alleles for NASH according to obesity

and metabolic phenotype status

As shown in Table 2, the proportion of subjects carrying

PNPLA3 GG alleles was increased in non-obese MS? ,
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obese MS-, and obese MS? compared with non-obese

MS-, while there was no significant difference between

non-obese MS? , obese MS-, and obese MS? . The

carrier rate of subjects with at least one TM6SF2 T allele

was increased in the metabolic healthy phenotype com-

pared to obese MS? with marginal significance. There

were no significant differences in the proportion of SREBF

T allele or MBOAT7 T allele between the groups.

Table 1 Characteristics of study participants based on body size-metabolic phenotype status (n = 559)

Non-obese MS-

(n = 96)

Non-obese MS?

(n = 79)

Obese MS-

(n = 94)

Obese MS?

(n = 290)

Age (years) 53.8 ± 13.0 62.2 ± 9.7* 45.4 ± 16.5** 53.2 ± 15.1***

Gender (male, %) 47 (49.0) 27 (34.2)* 57 (60.6)** 143 (49.3)

Body mass index (kg/m2) 22.8 ± 1.6 23.3 ± 1.4* 28.4 ± 3.2** 29.3 ± 3.3***

Waist circumference (cm) 80.6 ± 5.2 83.7 ± 4.8* 93.2 ± 8.6** 97.1 ± 8.9***

Diabetes (%) 17 (17.7) 48 (60.8)* 12 (12.8) ** 148 (51.0) ***

Hypertension (%) 24 (25.0) 60 (75.9)* 33 (35.1) ** 203 (70.0) ***

Smoking (%) 19 (19.8) 12 (15.2) 17 (18.1) 71 (24.5)

Sarcopenia (%) 2/77 (2.6) 9/67 (13.4)* 21/73 (28.8) ** 75/240 (31.3)

Total cholesterol (mg/dL) 184.0 (166.0, 212.0) 165.0 (141.0, 193.0)* 181.0 (160.8, 208.3)

**

179.0 (152.0, 207.0)

HDL-cholesterol (mg/dL) 52.2 ± 13.1 44.1 ± 13.8* 48.9 ± 11.5** 44.4 ± 11.6***

Triglycerides (mg/dL) 110.0 (80.3, 143.0) 141.0 (86.0, 205.0) * 108.5 (76.8, 138.0) ** 153.0 (108.0, 207.0)

***

ALT (U/L) 27.0 (16.0, 40.8) 29.0 (20.0, 45.0) 45.5 (26.0, 79.0) ** 45.0 (27.8, 82.0)

AST (U/L) 25.0 (20.0, 37.0) 34.0 (23.0, 48.0)* 34.0 (23.8, 52.5) 40.0 (27.0, 60.0)

GGT (U/L) 30.5 (16.3, 66.0) 31.0 (21.0, 60.0) 41.5 (18.0, 70.5) 44.0 (24.0, 71.3)

Fasting glucose (mg/dL) 97.0 (91.0, 108.0) 112.0 (104.0, 138.0)* 96.0 (89.8, 100.3) ** 109.0 (100.0, 128.3)

***

HbA1c (%) 5.95 ± 1.21 6.65 ± 1.35* 5.72 ± 0.62** 6.35 ± 1.02***

HOMA-IR index 2.53 ± 1.44 3.97 ± 2.28* 3.41 ± 2.27 5.63 ± 4.54***

Adipose tissue insulin resistance

index

5.72 ± 3.83 8.85 ± 6.07* 9.55 ± 9.50 11.79 ± 8.62***

Platelet (91,000/mm3) 235.1 ± 61.3 220.7 ± 73.9 238.8 ± 77.8 229.1 ± 58.9

Albumin (g/dL) 4.13 ± 0.33 4.11 ± 0.35 4.19 ± 0.36 4.15 ± 0.29

Visceral adipose tissue area (cm2) 91.7 ± 37.6 115.6 ± 34.7* 120.9 ± 35.1 152.3 ± 48.1***

Subcutaneous adipose tissue area

(cm2)

145.0 ± 49.8 158.9 ± 51.0 244.5 ± 94.7** 246.0 ± 87.3

VAT-to-SAT ratio 0.69 ± 0.37

0.60 (0.44, 0.85)

0.82 ± 0.39*

0.75 (0.50, 0.99)*

0.57 ± 0.26**

0.51 (0.38, 0.73) **

0.68 ± 0.30***

0.62 (0.47, 0.83)***

Hs-CRP (mg/dL) 0.15 ± 0.32

0.06 (0.03, 0.13)

0.24 ± 0.42

0.10 (0.04, 0.22)*

0.21 ± 0.29

0.12 (0.06, 0.26)

0.29 ± 0.42

0.12 (0.06, 0.30)

eGFR (mL/min) 96.0 ± 19.3 92.5 ± 19.1 101.2 ± 21.1** 95.5 ± 23.2

eGFR (mL/min)

[ 90 57/95 (60.0) 42/75 (56.0) 60/92 (65.2) ** 160/286 (55.9)

60–90 37/95 (38.9) 29/75 (38.7) 31/92 (33.7) 116/286 (40.6)

\ 60 1/95 (1.1) 4/75 (5.3) 1/92 (1.1) 10/286 (3.5)

Data are expressed as the mean ± SD or median (interquartile range) or number (percent)

MS metabolic syndrome, HDL high-density lipoprotein, ALT alanine aminotransferase, AST aspartate aminotransferase, GGT gamma-glutamyl

transpeptidase, HOMA-IR homeostatic model assessment of insulin resistance, hs-CRP high sensitivity C-reactive protein, eGFR estimated

glomerular filtration rate

*P\ 0.05 non-obese MS- vs non-obese MS?

**P\ 0.05 non-obese MS? vs obese MS-

***P\ 0.05 obese MS- vs obese MS?
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Association between body size-metabolic phenotype

status and NASH

We investigated which body size-metabolic phenotype is

associated with the presence of NASH. As indicated in

Table 3, age and sex-adjusted analysis showed that non-

obese MS? , obese MS-, and obese MS? were signifi-

cantly associated with 2.6-fold, 3.4-fold, and 4.0-fold

increase in the risk for NASH, respectively. Multivariate

analyses adjusted for age, sex, smoking status, and

PNPLA3, TM6SF2 demonstrated an independent and dose-

dependent relationship between the body size-metabolic

phenotype and NASH (P for trend\ 0.001). Because VAT

and SAT areas play important roles in the development of

NASH, the VAT and SAT areas were incorporated into

additional analyses. A similar association was observed

after adjusting for VAT and SAT areas; however, the

association between non-obese MS? and NASH was

attenuated with marginal significance (P = 0.065), sug-

gesting that VAT and SAT areas account for this associa-

tion partially, but not completely. Increased VAT area

demonstrated a significant association with NASH (61%

increased risk for NASH [per 1-SD increase of VAT]).

PNPLA3 and TM6SF2 polymorphisms were independently

associated with an increased risk for NASH. When we

performed multivariate analyses after adjustment for sar-

copenia and chronic kidney disease, respectively, we found

that body size-metabolic phenotype status remains a sig-

nificant risk factor for NASH (Supplementary Table 2).

When subjects with any features of body size-metabolic

Fig. 1 Histological grade and the presence of nonalcoholic steato-

hepatitis and significant fibrosis according to body size-metabolic

phenotype. a Steatosis grade. b Lobular inflammation. c Ballooning

degeneration. d Presence of nonalcoholic steatohepatitis. e Presence

of significant fibrosis
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phenotypes were considered in the model, the impacts of

non-obese MS? , obese MS-, and obese MS? on NASH

were largely the same. In the multivariate model, there was

no significant difference between obese MS- and obese

MS? compared to non-obese MS? as the reference.

Association between body size-metabolic phenotype

status and significant fibrosis

We determined the effects of body size-metabolic pheno-

types on significant fibrosis (Table 4). Age and sex-ad-

justed analysis showed that non-obese MS? , obese MS-,

and obese MS? were associated with a 2- to 2.5-fold

increase in the risk for significant fibrosis. This association

remained the same after adjusting for smoking status and

genetic factors with a marginal significance in the non-

obese MS? group (P = 0.065). When we further consid-

ered VAT and SAT areas in the multivariate model, the

overall trend remained the same. However, non-obese

MS? was no longer statistically significantly associated

with significant fibrosis, indicating that the association

between non-obese MS? and significant fibrosis is partly

mediated by VAT and SAT areas. When the analysis was

repeated without non-obese MS-, overall results were

identical to those obtained utilizing the risk factors for

NASH. There was no significant difference between the

obese MS-, obese MS? , and non-obese MS? groups in

terms of an increased risk of significant fibrosis. With

reference to body fat distribution, subjects with a 1-SD

increase of VAT area had an almost 30% greater odds of

significant fibrosis. Regarding genetic features, PNPLA3

and TM6SF2 polymorphisms demonstrated a close rela-

tionship with an increased risk for significant fibrosis.

When we performed multivariate analyses after adjustment

for sarcopenia and chronic kidney disease, respectively, we

found that body size-metabolic phenotype status remains a

significant risk factor for significant fibrosis (Supplemen-

tary Table 2).

Discussion

We report an independent and dose-dependent relationship

between body size-metabolic phenotypes and NASH and

significant fibrosis. When the analysis was repeated with-

out non-obese MS-, there was a strong association of

NASH and significant fibrosis with the metabolically

unhealthy phenotype irrespective of obesity status. In

addition, the presence of NASH and significant fibrosis did

not differ significantly between non-obese MS? and obese

MS- groups. Our findings demonstrated comparable

severity of hepatic histology in non-obese MS? and obese

MS- groups. In other words, metabolic phenotypic fea-

tures in the absence of obesity can promote the progression

of NAFL to NASH and significant fibrosis. Furthermore,

our results also provided supporting data that the VAT area

in non-obese MS? is more likely to mediate progression to

NASH and significant fibrosis from NAFL.

Obesity is typically a heterogeneous condition caused by

the regional distribution of body fat. A subset of non-obese

Table 2 Comparison of genetic features according to body size-metabolic phenotype status (n = 559)

Non-obese MS- (n = 96) Non-obese MS? (n = 79) Obese MS- (n = 94) Obese MS? (n = 290) P value

PNPLA3 0.469

C/C 30 (31.3) 19 (24.1) 23 (24.5) 23 (24.5)

C/G 47 (49.0) 36 (45.6) 36 (45.6) 40 (42.6)

G/G 19 (19.8) 24 (30.4) 24 (30.4) 31 (33.0)

TM6SF2 0.078

C/C 78 (81.3) 66 (83.5) 76 (80.9) 249 (85.9)

C/T 18 (18.8) 13 (16.5) 16 (17.0) 41 (14.1)

T/T 0 (0.0) 0 (0.0) 2 (2.1) 0 (0.0)

SREBF 0.378

C/C 24 (29.6) 24 (35.8) 34 (44.7) 85 (36.0)

C/T 40 (49.4) 27 (40.3) 30 (39.5) 113 (47.9)

T/T 17 (21.0) 16 (23.9) 12 (15.8) 38 (16.1)

MBOAT7 0.971

C/C 59 (61.5) 47 (59.5) 60 (63.8) 182 (62.8)

C/T 34 (35.4) 29 (36.7) 29 (30.9) 97 (33.4)

T/T 3 (3.1) 3 (3.8) 5 (5.3) 11 (3.8)

MS metabolic syndrome, PNPLA3 patatin-like phospholipase domain-containing 3, TM6SF2 transmembrane 6 superfamily member 2, SREBF

sterol regulatory element-binding factor, MBOAT7-TMC4 membrane-bound O-acyltransferase domain containing 7-transmembrane channel-like

4
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MS? individuals display a metabolic profile similar to the

profile that is often associated with being obese [8, 30]. In

light of the well-known association of insulin resistance

and visceral adiposity with NAFLD, non-obese NAFLD

may represent a subset of phenotype with NAFLD in non-

obese MS? individuals [31]. Our study shows that non-

obese MS? comprises individuals who are non-obese,

have insulin resistance and an increased VAT area. The

presence of non-obese MS? may be a harbinger of insulin

resistance and adipose tissue insulin resistance that por-

tends worse NAFLD-related outcomes in these subjects.

Our data have demonstrated that non-obese MS? had a

significant effect on the pathogenesis of NASH and sig-

nificant fibrosis, and these findings in the non-obese

MS? group were largely comparable to the obese MS-

group. A recent meta-analysis reported that, compared to

non-obese MS-, individuals with obese MS- do not have

increased overall mortality; however, individuals with non-

obese MS? have a threefold increased risk for mortality

[9]. In the setting of MS, the liver is responsible for the

overproduction of glucose and triglycerides, the two main

components of MS [32]. An increase in the expression of

inflammatory genes in VAT along with the progression of

histologic liver damage has been reported [33]. In

Table 3 Multivariable analyses of the risk for nonalcoholic steatohepatitis

Age and sex adjusted Multivariate model 1 Multivariate model 2

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Metabolic phenotype

Non-obese MS- 1 \ 0.001* 1 \ 0.001* 1 \ 0.001*

Non-obese MS? 2.56 (1.18–5.54) 0.017 2.57 (1.15–5.74) 0.021 2.25 (0.95–5.29) 0.065

Obese MS- 3.44 (1.65–7.18) 0.001 3.37 (1.56–7.28) 0.002 4.60 (2.01–10.52) \ 0.001

Obese MS? 3.99 (2.11–7.53) \ 0.001 4.11 (2.12–8.00) \ 0.001 4.02 (1.96–8.26) \ 0.001

Age 0.99 (0.98–1.01) 0.360 0.99 (0.98–1.01) 0.342 0.99 (0.97–1.01) 0.254

Gender 0.53 (0.36–0.80) 0.002 0.49 (0.31–0.78) 0.003 0.44 (0.27–0.72) 0.001

Smoking 1.47 (0.87–2.49) 0.153 1.40 (0.81–2.44) 0.230

PNPLA3 CC 1 1

PNPLA3 CG 3.61 (2.03–6.41) \ 0.001 4.17 (2.28–7.61) \ 0.001

PNPLA3 GG 5.43 (2.96–9.94) \ 0.001 5.80 (3.09–10.91) \ 0.001

TM6SF2 CC 1 1

TM6SF2 CT/TT 2.49 (1.51–4.13) \ 0.001 2.54 (1.48–4.33) 0.001

VAT (1-SD increase) 1.61 (1.28–2.02) 0.025

SAT (1-SD increase) 1.08 (0.86–1.34) 0.511

Metabolic phenotype

Non-obese MS? 1 0.121* 1 0.102* 1 0.131*

Obese MS- 1.31 (0.66–2.61) 0.439 1.26 (0.62–2.58) 0.528 1.94 (0.90–4.16) 0.090

Obese MS? 1.54 (0.88–2.69) 0.130 1.57 (0.88–2.81) 0.126 1.75 (0.96–3.20) 0.068

Age 0.99 (0.98–1.01) 0.294 0.99 (0.98–1.01) 0.308 0.99 (0.97–1.01) 0.211

Gender 0.54 (0.36–0.83) 0.005 0.56 (0.35–0.92) 0.023 0.51 (0.31–0.86) 0.011

Smoking 1.21 (0.69–2.13) 0.498 1.19 (0.66–2.13) 0.567

PNPLA3 CC 1 1

PNPLA3 CG 3.77 (2.05–6.93) \ 0.001 4.42 (2.33–8.38) \ 0.001

PNPLA3 GG 5.65 (2.98–10.73) \ 0.001 6.41 (3.28–12.55) \ 0.001

TM6SF2 CC 1 1

TM6SF2 CT/TT 2.28 (1.32–3.95) 0.003 2.53 (1.42–4.52) 0.002

VAT (1-SD increase) 1.60 (1.26–2.04) \ 0.001

SAT (1-SD increase) 1.08 (0.86–1.35) 0.527

OR odds ratio, CI confidence interval, SD standard deviation, MS metabolic syndrome, PNPLA3 patatin-like phospholipase domain-containing 3,

TM6SF2 transmembrane 6 superfamily member 2, VAT visceral adipose tissue area, SAT subcutaneous adipose tissue area

The multivariate model 1 was adjusted for age, sex, smoking, PNPLA3 and TM6SF2

The multivariate model 2 was adjusted for visceral adipose tissue area and subcutaneous adipose tissue area in addition to model 1
*P value for the test of trend of odds
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metabolically unhealthy individuals in whom adipose tis-

sue has difficulty in expanding in a normal healthy fashion

by increasing cellularity, metabolic abnormalities are trig-

gered and induce a stressful environment [34, 35]. The

adipose tissue expandability hypothesis proposed that once

adipocytes reached a threshold capacity for fat storage,

they begin to promote insulin resistance with lipo-toxicity

and adipokine release [36, 37]. While subjects with obese

MS- maintain a proper storage capacity, the loss of

expansion capacity could occur in non-obese subjects

resulting in the non-obese MS? phenotype [35]. A recent

study showed that the severity of NASH and significant

fibrosis does not differ significantly in non-obese and obese

NAFLD [2, 38]. Consistent with our results, others have

also shown that obesity is not an independent risk factor for

cardiovascular disease and mortality when both MS and

obesity were evaluated simultaneously [39, 40]. Our study

shows that the associations between the non-obese

MS? phenotype and the risk of NASH and significant

fibrosis were attenuated when we adjusted for VAT and

SAT areas. These results indicate that changes in regional

body fat distribution may provide a mechanistic basis for

the putative pathogenetic pathway in the induction and

progression of NAFL to advanced liver disease in the non-

Table 4 Multivariable analyses of the risk for significant fibrosis

Age and sex adjusted Multivariate model 1 Multivariate model 2

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Metabolic phenotype

Non-obese MS- 1 0.005* 1 0.010* 1 0.029*

Non-obese MS? 2.04 (0.99–4.20) 0.055 2.01 (0.96–4.22) 0.065 1.69 (0.80–3.60) 0.172

Obese MS- 2.40 (1.15–5.02) 0.020 2.25 (1.05–4.82) 0.036 2.22 (1.02–4.81) 0.044

Obese MS? 2.50 (1.37–4.58) 0.003 2.43 (1.30–4.52) 0.005 2.10 (1.12–3.96) 0.021

Age 1.04 (1.02–1.06) \ 0.001 1.04 (1.02–1.06) \ 0.001 1.04 (1.02–1.05) \ 0.001

Gender 0.70 (0.47–1.05) 0.086 0.66 (0.42–1.05) 0.078 0.63 (0.39–1.01) 0.057

Smoking 1.35 (0.78–2.35) 0.285 1.27 (0.72–2.24) 0.403

PNPLA3 CC 1 1

PNPLA3 CG 1.71 (1.00–2.91) 0.049 1.74 (1.01–2.99) 0.044

PNPLA3 GG 3.16 (1.81–5.51) \ 0.001 3.16 (1.80–5.55) \ 0.001

TM6SF2 CC 1 1

TM6SF2 CT/TT 1.81 (1.09–3.02) 0.023 1.91 (1.14–3.23) 0.014

VAT (1-SD increase) 1.29 (1.03–1.60) 0.025

SAT (1-SD increase) 1.03 (0.82–1.28) 0.812

Metabolic phenotype

Non-obese MS? 1 0.470* 1 0.497* 1 0.520*

Obese MS- 1.17 (0.58–2.38) 0.652 1.13 (0.55–2.33) 0.734 1.31 (0.62–2.77) 0.486

Obese MS? 1.23 (0.71–2.13) 0.455 1.21 (0.70–2.11) 0.498 1.24 (0.71–2.18) 0.449

Age 1.04 (1.02–1.05) \ 0.001 1.04 (1.02–1.05) \ 0.001 1.03 (1.02–1.05) \ 0.001

Gender 0.58 (0.37–0.89) 0.014 0.55 (0.33–0.91) 0.021 0.54 (0.32–0.90) 0.019

Smoking 1.40 (0.77–2.56) 0.274 1.30 (0.70–2.41) 0.400

PNPLA3 CC 1 1

PNPLA3 CG 1.66 (0.94–2.93) 0.079 1.67 (0.94–2.97) 0.080

PNPLA3 GG 2.74 (1.51–4.97) 0.001 2.72 (1.49–4.97) 0.001

TM6SF2 CC 1 1

TM6SF2 CT/TT 1.74 (1.00–3.05) 0.051 1.83 (1.04–3.23) 0.037

VAT (1-SD increase) 1.26 (1.00–1.59) 0.049

SAT (1-SD increase) 1.02 (0.80–1.29) 0.895

OR odds ratio, CI confidence interval, SD standard deviation, MS metabolic syndrome, PNPLA3 patatin-like phospholipase domain-containing 3,

TM6SF2 transmembrane 6 superfamily member 2, VAT visceral adipose tissue area, SAT subcutaneous adipose tissue area

The multivariate model 1 was adjusted for age, sex, smoking, PNPLA3 and TM6SF2

The multivariate model 2 was adjusted for visceral adipose tissue area and subcutaneous adipose tissue area in addition to model 1
*P value for the test of trend of odds
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obese MS? phenotype. Therefore, general obesity may not

be the only driver for NASH and fibrosis [2]. Our study

suggests that the metabolic milieu due to ectopic fat

deposits in individuals with non-obese MS? may play a

role in the progression from NAFL to NASH and signifi-

cant fibrosis.

In general, Asians have a higher percentage of VAT area

compared to Hispanics and Caucasians of the same age,

gender, and BMI [41, 42]. In this respect, there appears to

be a greater percentage of subjects with non-obese

MS? phenotype among Asians compared with their

European counterparts [42, 43], because BMI does not

reflect regional body fat distribution. A recent study

demonstrated a wide variation in the prevalence of non-

obese MS? between major ethnic groups, with a rate of

21% in whites, 31% in African American, 36% in His-

panics, 32% in Chinese American, and 44% in South

Asians [15]. Our data indicate that impaired expansion of

SAT area may predispose individuals to a metabolically

unhealthy phenotype [44]. In addition, we found that there

are similarities between non-obese MS? and obese MS-

for adipose tissue insulin resistance, which leads to

enhanced lipolysis and increasing the influx of non-esteri-

fied fatty acids into the liver [45]. Therefore, we suggest

that the clinical use of components of MS may be advan-

tageous in predicting and profiling subjects at increased

risk for NASH and significant fibrosis.

Risk variants in PNPLA3 (GG allele) are noted in

13–19% in Asians, 4% in Caucasians, 2% in African

Americans, and 25% in Hispanics [26]. A recent study

showed that the impact of PNPLA3 on NAFLD is more

pronounced in subjects without MS [46]. Additionally,

PNPLA3 risk variants are more prevalent in non-obese

NAFLD and are also an independent risk factor for non-

obese NAFLD [47]. The TM6SF2 risk gene (T allele) is

associated with NAFLD and fibrosis. However, the low

prevalence in Asians may underestimate the impact of

TM6SF2 polymorphism on NAFLD-related advanced liver

disease [48]. It is well established that genetic risk variants

involve the histological progression of NAFLD regardless

of obesity status [49]. Our study also demonstrated that

non-obese MS? is an independent risk factor for NASH

and significant fibrosis even after adjusting for well-known

genetic risk factors. Subjects with non-obese MS? phe-

notype have an increased risk for NASH and significant

fibrosis and are therefore candidates for closer monitoring

and pre-emptive treatment with a focus on avoiding weight

gain. Recent data have suggested that preventative life-

styles such as a healthy dietary pattern and being physically

active were more preferable for obese MS- phenotype

compared to subject who were obese MS? [37]. Interest-

ingly, a healthy lifestyle index may determine the transition

from obese MS- to obese MS? [37, 50]. Although

lifestyle modification remains the mainstay in the man-

agement of subjects with non-obese MS? and NAFLD,

pharmaceutical agents may also be effective in this patient

population when indicated to optimize the management of

individual components of MS.

One strength of this study is that an expert pathologist

who specialized in liver pathology reviewed the histolog-

ical diagnoses of NASH and other histological features.

The large sample size, wealth of genetic data, CT-based

body fat assessment, and laboratory data allowed for the

comparison between obesity and metabolic phenotypes

with sufficient statistical power. This study also has several

limitations. First, we could not confirm the causality of the

observed relationships due to the cross-sectional nature of

the study design. Moreover, it is possible that subjects who

used to be obese could be non-obese at the entry of this

study due to the therapies including body weight control

and medications. Second, the number of normal weight

subjects (BMI\ 23 kg/m2) remains relatively small. This

precludes further analyses of the association between

metabolic healthy normal weight and NASH or significant

fibrosis. However, the BMI cut-off points for observed risk

varies from 22 to 25 kg/m2 in diverse Asian populations;

for high risk, it varies from 26 to 31 kg/m2 [51, 52]. In the

cohort of 1 million East Asians, the lowest risk of mortality

was seen among subjects with a BMI in the range of

22.6–27.5 and the risk was elevated among subjects with a

BMI higher than 27.5 [53]. Additionally, the WHO Expert

Consultation recommended that the WHO BMI cut-off

points should be retained as international classifications in

Asians [51, 52]. Third, as we only included subjects of East

Asian ethnicity, these results may not be generalizable to

other ethnic populations. Fourth, according to a recent

report from Japan, a combination of PNPLA3 and TLL1

polymorphisms can accurately predict advanced fibrosis in

patients with NAFLD [54]. However, genetic data

regarding polymorphisms in TLL1 were not available in our

study. Fifth, because we were unable to obtain nutritional

data including dietary pattern or coffee consumption for all

subjects in our cohort, we were unable to evaluate the

impact of nutrition on the association between body size-

metabolic phenotype and NASH and significant fibrosis.

Finally, we performed liver biopsy if clinically suspected

NASH or fibrosis or metabolic abnormalities were present.

This may have resulted in that the metabolically healthy

groups in the current study may have more severe cardio-

metabolic derangements than the metabolically healthy

groups in other studies. Thus, our inclusion criteria might

lead to biased results. However, due to the invasive nature

of liver biopsy and ethical considerations, we could not

perform liver biopsy for all subjects with NAFLD, espe-

cially for those with NAFL and low risk of NASH or

significant fibrosis.
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We conclude that non-obese MS? phenotype displays a

similar degree of histological severity compared to their

obese MS- counterparts. These results suggest that meta-

bolic phenotypes beyond obesity could play a role in the

progression to NASH and significant fibrosis. While the

pathophysiology of non-obese MS? remains undeter-

mined, our data suggest that a high index of clinical sus-

picion is needed to promptly diagnose patients at risk for

NASH or significant fibrosis.
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