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Background. Neurotensin (NT), an intestinal pep-
tide able to promote fat absorption, is implicated
in the pathogenesis of obesity. Increased levels
of proneurotensin (pro-NT), a stable NT precur-
sor fragment, have been found in subjects with
nonalcoholic fatty liver disease (NAFLD); however,
whether higher pro-NT levels are associated with
an increased NAFLD risk independently of other
metabolic risk factors is unsettled.

Methods. Ultrasound-defined presence of NAFLD
was assessed on 303 subjects stratified into tertiles
according to fasting pro-NT levels. The longitudinal
association between pro-NT levels and NAFLD was
explored on the study participants without NAFLD
at baseline reexamined after 5 years of follow-up
(n= 124).

Results. Individuals with higher pro-NT levels exhib-
ited increased adiposity, a worse lipid profile, and

insulin sensitivity as compared to the lowest ter-
tile of pro-NT. Prevalence of NAFLD was progres-
sively increased in the intermediate and highest
pro-NT tertile as compared to the lowest tertile.
In a logistic regression analysis adjusted for sev-
eral confounders, individuals with higher pro-NT
levels displayed a raised risk of having NAFLD
(OR = 3.43, 95%CI = 1.48-7.97, p = 0.004)
than those in the lowest pro-NT tertile. Within
the study cohort without NAFLD at baseline, sub-
jects with newly diagnosed NAFLD at follow-up
exhibited higher baseline pro-NT levels than those
without incident NAFLD. In a cox hazard regres-
sion analysis model adjusted for anthropometric
and metabolic parameters collected at baseline
and follow-up visit, higher baseline pro-NT lev-
els were associated with an increased risk of inci-
dent NAFLD (HR = 1.52, 95%CI = 1.017-2.282,
p = 0.04).

Conclusion. Higher pro-NT levels are a predictor
of NAFLD independent of other metabolic risk
factors.

Keywords: gut hormone, liver damage, NAFLD, neu-
rotensin, obesity, proneurotensin

Introduction

In the last decades, nonalcoholic fatty liver dis-
ease (NAFLD) has become the most common
chronic liver disease worldwide, representing a
major health problem of global concern due to its
associated hepatic and extrahepatic complications
[1-6]. Given this clinical magnitude and the lack of
effective treatments able to counteract progression
of liver damage, it has become a priority identifying
novel pathogenic and therapeutic targets.

Neurotensin (NT) is a 13 amino acid peptide
released from neuroendocrine cells of the small
intestine in response to a fat meal, which is able to
promote fat digestion and absorption and regulate
energy homeostasis [7-11]. Increasing evidence
suggests that NT is involved in the pathogenesis of
obesity and its related metabolic disorders [11-13].
NT exerts a wide range of physiological actions
by binding three NT receptor (NTR) types: the
two G-protein coupled NTR-1 and NTR-2, and the
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non-G protein coupled NTR-3, known as sortilin,
a member of the Vps10p-domain receptor family
[10, 14]. The lack of NT in mice has been found
to counteract intestinal fat absorption, high-fat
diet-induced weight gain, hepatic steatosis, and
glucose homeostasis perturbations [12]. Likewise,
NTR-3 downregulation resulted in a reduced adi-
pose tissue expansion, hepatic lipid accumulation,
and improved insulin sensitivity in animal models
of diet-induced obesity [13, 15]. In line with these
preclinical evidence, indicating a pivotal role of
NT in the development of obesity and its related
metabolic disarrangements, higher circulating
levels of proneurotensin (pro-NT), a stable NT pre-
cursor fragment produced in equimolar amounts
relative to NT [16], have been found to be cross-
sectionally linked to obesity, insulin resistance
and type 2 diabetes (T2DM), and to predict incident
obesity, T2DM, and adverse cardiovascular events
[17-21].

Interestingly, several experimental studies have
provided evidence that NT, in addition to regu-
late gut lipid influx and consequently adipose tis-
sue expansion/dysfunction and hepatic fat depo-
sition, may directly activate immune-inflammatory
responses and anabolic/promitotic pathways such
as mTOR and MAPK signaling pathways [22-27].
These pathways are known to be implicated in
NAFLD pathogenesis [28-30], pointing toward a
direct pathogenic role of an upregulated NT/NTRs
axis in the development of NAFLD and its pro-
gression toward more severe forms of liver disease.
Remarkably, morbidly obese subjects with biopsy-
proven NAFLD exhibit higher levels of pro-NT,
which correlates with the severity of hepatic steato-
sis, inflammation, and fibrosis independently of
adiposity measures [31-33]. However, given the
close relationship between NAFLD and altered glu-
cose tolerance conditions, including prediabetes
and T2DM [4, 34], whether higher levels of pro-NT
are associated with NAFLD independently of glu-
cose dysglycemic conditions remains to be firmly
confirmed. Additionally, whether higher levels of
pro-NT may confer an increased risk to develop
NAFLD has not been explored yet. To address these
questions, in this study, we first evaluated the
association increased levels of pro-NT with NAFLD
amongst nondiabetic subjects. Second, we sought
to explore whether higher levels of pro-NT are an
independent predictor of future development of
NAFLD.

Methods

The study population encompasses 303 nondi-
abetic individuals participating in the CATAn-
zaro MEtabolic RIsk factors (CATAMERI) study, an
ongoing longitudinal observational study enrolling
White subjects at risk for metabolic and cardiovas-
cular outcomes, whose design has been previously
described in detail [4, 35, 36]. All individuals were
recruited at the Department of Medical and Sur-
gical Sciences of the University “Magna Graecia”
of Catanzaro. Exclusion criteria were as follows:
Diabetes mellitus defined according to the current
ADA criteria, history of malignant or autoimmune
diseases, heart or renal failure, acute infections
or positivity for antibodies to hepatitis C virus or
hepatitis B surface antigen, accumulation diseases
such as amyloidosis and hemochromatosis, history
of drug abuse, self-reporting alcohol consumption
of >20 g/day, and history of treatments known to
induce liver injury or affect glucose metabolism,
including tamoxifen, glucocorticoids, tetracycline,
estrogens, methotrexate, and amiodarone. The
protocol of the study received the approval by the
Hospital ethical committee (Comitato Etico Azienda
Ospedaliera “Mater Domini”), and each study sub-
ject gave his/her written informed consent before
to be enrolled in this investigation in accordance
with principles of the Declaration of Helsinki.

Each study participant underwent a complete
medical history, measurement of body mass index
(BMI) and waist circumference, and assessment of
body composition by bioelectrical impedance. After
an overnight fasting, a biochemical characteriza-
tion, including a 75 g OGTT, was performed in all
study subjects. In accordance with the ADA cri-
teria [37], individuals were categorized as having
normal glucose tolerance when fasting plasma glu-
cose was <100 mg/dL and 2-h post-load glucose
<140 mg/dL, isolated impaired fasting glucose
when fasting plasma glucose was 100-125 mg/dL
and 2-h post-load glucose <140 mg/dL, and
impaired glucose tolerance (IGT) when fasting
plasma glucose was <100 mg/dL, and 2-h post-
load glucose was 140-199 mg/dL.

Hepatic ultrasonography

A hepatic ultrasonography was carried out in all
participants by the same trained operator, who was
blind to their clinical data, using a Toshiba Aplio
50 ultrasound apparatus with a 3.5-MHz linear
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transducer [4, 36]. Diagnosis of NAFLD was estab-
lished on the basis of the following criteria: echo
discrepancy between liver and kidney, augmented
hepatic echogenicity, decreased echo penetration
into the deep portion of the liver, and vascular
blurring.

Longitudinal analysis

We excluded from this analysis subjects hav-
ing NAFLD at baseline. Amongst subjects without
ultrasound signs of NAFLD at baseline (n = 167),
124 individuals were reexamined after a mean
follow-up of 5.1 £+ 1.2 years, whereas 43 subjects
were lost to follow-up. Anthropometric, biochem-
ical characterization including OGTT and hepatic
ultrasound were repeated at follow-up visit. Sub-
jects were subdivided into two subgroups accord-
ing to the presence or absence of newly ultrasound
diagnosed NAFLD. Glucose tolerance at follow-up
visit was defined according to ADA criteria [37].

Circulating pro-neurotensin assay

Circulating levels of pro-NT were measured in
fasting serum samples, which were collected at
baseline, immediately frozen after separation and
stored at —80°C until use. Determination of serum
Pro-NT concentrations was performed using an
enzyme-linked immunosorbent assay to detect
pro-NT amino acids 1 to 117 (MyBioSource,
San Diego, CA, USA) following the manufactur-
ers’ instructions. Detection of luminescent sig-
nals was carried out using a plate reader lumi-
nometer with 450 nm filter (Varioskan LUX Multi-
mode Microplate Reader, Thermo Fisher Scientific,
Waltham, MA, USA). The analytical assay sensi-
tivity was less than 4.78 pg/mlL. Intra- and inter-
assay coefficients of variability were less than 10%
and 12%, respectively.

Biochemical parameters

Levels of glucose, triglycerides, total and HDL
cholesterol levels were determined by enzymatic
methods (Roche, Basel, Switzerland). Serum
insulin concentrations were measured to be
a chemiluminescence-based assay (Immulite,
Siemens, Italy). Alanine aminotransferase and
aspartate aminotransferase (AST) levels were mea-
sured using the o-ketoglutarate reaction, and
gamma-glutamyltransferase (GGT) concentrations
were determined with the L-gamma-glutamyl-3-
carboxy-4-nitroanilide rate method (Roche, Basel,

Switzerland). An automated instrument (Cardio-
Phase hsCRP, Milan, Italy) was used to measure
serum high sensitivity C reactive protein (hsCRP)
concentrations.

Calculations

Different surrogate measures of insulin sensitivity
were computed. The Matsuda index was calculated
as 10,000/square root of [fasting glucose x fast-
ing insulin] x [mean glucose x mean insulin
during OGTT] [38]. The liver insulin resistance
(liver IR) index was calculated using the following
formula: —0.091 + (log insulin area under the
curve [AUC] 0-120 min x 0.400) + (log fat mass
% x 0.346) — (log HDL Cholesterol x 0.408) + (log
BMI x 0.435) [39].

The severity of hepatic fibrosis was evaluated
with the validated Fibrosis-4 (FIB-4) index [40].
We calculated FIB-4 as: (age [years] x AST
[UI/L])/(platelet count [10°/L] x ALT!/? [UI/L])
[40].

Statistical analyses

Statistical analyses were carried out by using
SPSS software program Version 22.0 for Win-
dows. Variables showing a skewed distribution
such as pro-NT, triglycerides, fasting, and 2-h
post-load insulin, AST, ALT, and GGT concentra-
tions were natural log transformed for statistical
analyses. Continuous variables are expressed as
means + SD. Categorical variables were compared
by using a x? test. A general linear model with post
hoc Fisher’s least significant difference correction
for pairwise comparisons was employed to examine
differences in clinical parameters among the study
groups. A multivariate logistic regression analysis
was used to determine the association between
the pro-NT tertiles and presence of NAFLD. We
included in the logistic regression analysis model
the variables found to be significantly different
among the three tertiles of pro-NT (BMI, total and
HDL cholesterol, triglycerides, hsCRP, fasting, and
2-h post-load glucose and insulin levels) in addi-
tion to age and gender in order to evaluate whether
the association between pro-NT levels and NAFLD
is independent of potential confounders. We esti-
mated the association between each SD increment
of log-transformed pro-NT levels at baseline and
hazard ratio (HR) to develop NAFLD by performing
a Cox proportional hazard regression analysis. A
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Table 1. Clinical data of study subjects stratified into tertiles according to proneurotensin (pro-NT) levels

1 Tertile 2 Tertile 3 Tertile
(n=100) (n=103) (n= 100) P
Gender (M/F) (44/56) (44/59) (47/53) 0.82
Age (years) 45 + 13 48 +£ 11 44 £+ 13 0.06
BMI (kg/m?) 30.5+5.2 31.0+ 7.6 32.2 £ 7.2* 0.05
Waist circumference (cm) 101 + 14 103 £ 15 106 £+ 16** 0.03
Fat mass (%) 33.7+ 7.2 35.4+8.8 37.2 +8.7 0.04
Total cholesterol (mg/dL) 198 £+ 37 202 £+ 39 197 £ 45 0.99
HDL cholesterol (mg/dL) 52 + 15 51+ 11 48 £ 10* 0.07
Triglycerides (mg/dL) 108 + 44 127 + 61* 129 + 78* 0.04
Fasting glucose (mg/dL) 91 +£ 10 93 + 11 91 +£ 10 0.75
2-h post-load glucose (mg/dL) 117 £ 25 119 £+ 33 121 £ 29 0.79
Fasting insulin (xU/mL) 13+7 14+7 16 + 10 0.40
2-h post-load insulin (xU/mL) 82 + 56 85 + 61 115 + 68* 0.05
NGT/IFG/IGT/IFG-IGT 73/10/9/8 68/15/9/11 69/12/13/6 0.77
hsCRP (mg/L) 3.33 £ 4.32 3.74 +£ 4.27 5.62 + 6.31** 0.04
AST (Ul/L) 22+9 21+7 23 + 14 0.50
ALT (U1/L) 23 £ 12 24 + 14 28 £+ 16* 0.08
GGT (Ul/L) 23 £ 16 23+ 15 30 £+ 30* 0.07
Pro-NT (pg/mL) 12+9 105 & 42%** B 4& TR <0.0001
Matsuda index 2.9 +£2.1 23+15 1.1 & 0.9%x## 0.001
Liver IR index 2.5+ 0.4 2.6 +0.4 2.7 £ 0.4** 0.022
Hepatic steatosis No (%) 34 (34%) 41 (40%)* 61 (61%)*** <0.0001
FIB-4 index 0.75+ 0.3 0.86 + 0.4 0.95 + 0.5** 0.03P

Note: Data are means + SD. Fasting and 2-h insulin, pro-NT, triglycerides, AST, ALT, GGT, and hsCRP were log trans-
formed for statistical analysis, but values in the table represent back transformation to the original scale. Categorical
variables were compared by x?2 test. Comparisons among the three groups were performed using a general linear model.

p Values refer to results after analyses with adjustment for age, gender, and BMI.

@ p Values refer to results after analyses with adjustment for gender and age.

P p Values refer to results after analyses with adjustment for gender and BMI.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FIB-4, Fibrosis
4; GGT, gamma-glutamyltransferase; HDL, high-density lipoprotein; hsCRP, high sensitivity C reactive protein; IFG,
impaired fasting glucose; IGT, impaired glucose tolerance; NGT, normal glucose tolerance.

*p < 0.05, ** P< 0.01, *** P < 0.001 versus first tertile of pro-NT.

#p < 0.05, ¥ p < 0.01, ¥ p < 0.001 versus second tertile of pro-NT.

p value less than 0.05 was considered statistically
significant.

As no studies have investigated circulating pro-
NT levels in relation to incident NAFLD, to assess
the statistical power of this study, we performed a
post hoc sample size calculation by using Gpower
3.1 program. Considering the means and SD of
pro-NT concentrations that we detected in subjects
with or without incident NAFLD, we calculated
that 26 individuals for each group were enough
to detect 70%-80% differences in pro-NT among
study groups with a power of 90% and a level of
significance of 5%.

Results
Cross-sectional association between pro-NT and NAFLD

The whole study population, comprising 303 sub-
jects with a mean age of 44.6 + 12.2 years, a
mean BMI of 31.2 + 6.7 kg/m?, and mean pro-
NT of 144.7 + 130.7 pg/mL, was subdivided into
tertiles according to serum levels of pro-NT. Clini-
cal parameters of individuals in the lowest, inter-
mediate, and highest pro-NT tertiles are shown
in Table 1. No significant differences in term of
age and gender were detected among the three
study groups. Conversely, we found a progressive
increase in BMI, waist circumference, and fat mass
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in the intermediate and highest tertiles of pro-NT as
compared to the lowest pro-NT group. After adjust-
ing for age, gender, and BMI, we observed an asso-
ciation between pro-NT serum levels and a worse
metabolic profile, with subjects in the intermediate
and highest tertile of pro-NT showing progressively
higher levels of triglycerides, 2-h post-load insulin
levels, hsCRP, and decreased whole body insulin
sensitivity estimated by Matsuda index, and HDL
cholesterol concentrations as compared to the low-
est tertile of pro-NT (Table 1). No significant dif-
ference in glucose tolerance was detected among
the three study groups. Furthermore, after adjust-
ing for age and gender, we found that higher levels
of pro-NT were associated with augmented values
of liver IR index, an index of hepatic insulin resis-
tance. Accordingly, the proportion of subjects hav-
ing ultrasound-defined NAFLD was progressively
and significantly increased in the intermediate and
highest pro-NT groups as compared to the lowest
tertile of pro-NT (Table 1). Notably, subjects with
higher serum concentrations of pro-NT showed
significantly increased levels of the liver damage
markers ALT and GGT, and FIB-4 index (Table 1).

In order to estimate the independent relation-
ship between pro-NT serum levels and presence
of NAFLD, we built a logistic regression model,
including age, gender, BMI, total and HDL choles-
terol, triglycerides, hsCRP, fasting, and 2-h post-
load glucose and insulin levels. Individuals in the
highest tertile of pro-NT displayed a significantly
3.43-fold higher risk of having NAFLD (OR: 3.43,
95%CI 1.48-7.97, p = 0.004) as compared to the
lowest pro-NT group (Fig. 1). A no significant 1.67-
fold increased risk was observed in subjects in the
intermediate pro-NT tertile (OR: 1.67, 95%CI 0.73—
3.84, p = 0.00) (Fig. 1). Similar results were found
when BMI was replaced by waist circumference in
the logistic regression analysis model, with sub-
jects in the highest and intermediate tertile of pro-
NT exhibiting, respectively, a 3.52-fold (OR: 3.52,
95%CI: 1.66-7.47, p=0.001) and a 1.79-fold (OR:
1.79, 95%CI: 0.84-3.82, p = 0.13) increased risk
of having NAFLD as compared to the lowest tertile
of pro-NT.

Longitudinal association between pro-NT
and incident NAFLD

Next, we tested the hypothesis that higher pro-
NT levels may predict the development of NAFLD
in study participants without ultrasound signs of
NAFLD at baseline who were reexamined after a

P=0.004

35 3,43

95%Cl
1.48-7.97

ODDS RATIO FOR NAFLD

1 Tertile 2 Tertile 3 Tertile

Fig. 1 Risk of having nonalcoholic fatty liver disease
(NAFLD) in subjects stratified into tertiles according to
proneurotensin (pro-NT) levels in a logistic regression anal-
ysis model adjusted for age, gender, body mass index
(BMI), total and HDL cholesterol, triglycerides, hsCRP, fast-
ing, and 2-h post-load glucose and insulin levels.

median follow-up of 5.1 + 1.2 years (n = 124).
This study cohort was subdivided according to inci-
dent NAFLD at follow-up into two groups: 58 sub-
jects without incident NAFLD and 66 subjects with
newly diagnosed NAFLD at follow-up. As compared
to subjects without incident NAFLD, those develop-
ing NAFLD during follow-up period tended to have
raised values of triglycerides, 2-h post-load glucose
and insulin, hsCRP, ALT, and lower levels of HDL
and Matsuda index at baseline, although no sta-
tistically significant difference in these metabolic
parameters was detected between the two study
groups (Table 2). Moreover, subjects developing
NAFLD during the follow-up exhibited a signifi-
cantly increased degree of hepatic insulin resis-
tance assessed by liver IR index as compared to
those without incident NAFLD. At follow-up visit,
subjects with newly diagnosed NAFLD displayed
higher levels of triglycerides, 2-h post-load glu-
cose and insulin, liver IR index, and hepatic dam-
age measures, such as AST, ALT, GGT, and FIB-4
index, and were more likely to have T2DM or IGT
than those without NAFLD (Table 2). Notably, we
found that subjects with incident NAFLD exhib-
ited significantly higher levels of pro-NT at baseline
as compared to those who were free from NAFLD
(Fig. 2). Additionally, baseline pro-NT levels were
positively correlated with hepatic fibrosis estimated
by FIB-4 index at follow-up visit (Fig. 3).

To estimate the independent contribution of base-
line serum pro-NT levels to the risk of developing
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Table 2. Clinical parameters of study subjects stratified according to incident ultrasonography-defined nonalcoholic fatty liver
disease (NAFLD) at follow-up visit

Baseline Follow-up
Without incident ~ With incident Without incident ~With incident
NAFLD NAFLD p NAFLD NAFLD p

Gender (M/F) 25/33 32/34 0.54

Age (years) 47.5 £ 12 48.4 £+ 10 0.68 SONGECRY) 58,1 =& 11l 0.83
BMI (kg/m?) 29.1 £5.0 289 £5.5 0.86 29.6 + 4.4 30.2 + 6.3 0.59
Waist circumference (cm) 98 + 12 97 £ 11 0.59 100 + 12 103 £+ 13 0.22
Total cholesterol (mg/dL) 210 + 38 209 + 39 0.94 191 £ 34 201 + 42 0.17
HDL cholesterol (mg/dL) 54 £ 15 49 £ 11 0.06 51+11 48 £ 11 0.16
Triglycerides (mg/dL) 113 £ 49 124 + 59 0.12 101 + 43 122 + 54 0.04
Fasting glucose (mg/dL) 92 +£9 92 £ 11 0.90 92 +£9 95+ 15 0.18
2-h post-load glucose (mg/dL) 111 + 30 118 £ 26 0.23 114 £ 26 137 £ 38 <0.0001
Fasting insulin (mU/mL) 1227 ISESES) 0.35 15 £ 19 1® == 13 0.63
2-h post-load insulin (mU/mL) 69 + 56 85 + 63 0.17 66 + 41 126 £ 115 0.01
NGT/IFG/IGT/IFG + IGT/T2DM  45/8/1/4/0 44/12/7/3/0 0.17 40/8/3/4/3 34/7/11/5/9 0.03
AST (U1/L) 20+ 7 217 0.38 20+ 8 25+ 17 0.03
ALT (Ul/L) 22 £ 10 26 £ 13 0.09 20+ 6 27 £ 20 0.01
GGT (Ul/L) 20 £ 11 28 + 23 0.21 19+9 32+ 29 <0.0001
hsCRP (mg/L) 2.5 4= 3.0 3.1+4.4 0.21 2.6 2.5 3.0+2.38 0.76
Pro-NT (pg/mL) 60 + 50 115 + 80 0.01

Matsuda index 4.1 £3.1 8.3 2k 2.8 0.23 2.3+2.1 1.7+ 1.1 0.20
Liver IR index 2.3+£0.3 2.6 £0.4 0.04 2.8+£0.3 3.1+04 0.01
FIB-4 index 0.82 £ 0.3 0.84 £0.3 0.80 1.01 £ 0.4 1.21 £ 0.5 0.03

Note: Data are presented as means + SD. Fasting, 2-h post-load insulin, pro-NT, triglycerides, AST, ALT, GGT, and hsCRP
levels were log transformed for statistical analysis, but values in the table represent back transformation to the original
scale. Categorical variables were compared by x2 test. Continuous variables were compared using a Student t test.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FIB-4, Fibro-
sis 4; GGT, gamma-glutamyltransferase; HDL-C, high-density lipoprotein-cholesterol; hsCRP, high-sensitivity C-reactive
protein; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; pro-NT, proneu-

rotensin; T2DM, type 2 diabetes.

NAFLD at follow-up, we built five models of Cox
hazard regression analysis of growing complexity
(Table 3). In model 1, including age, gender, BMI,
total cholesterol, triglycerides, HDL cholesterol,
fasting, and 2-h post-load glucose and insulin,
and hsCRP as covariates, we found that each SD
increase of pro-NT was associated with a 1.69-
fold increased HR (95%CI 1.20-2.38) of future
NAFLD. Baseline pro-NT levels were a predictor
of incident NAFLD even when BMI was replaced
by waist circumference, and Matsuda index was
included in the Cox regression model 2. When BMI,
total cholesterol, triglycerides, and HDL cholesterol
gathered at follow-up visit were included in the Cox
regression model 3, higher pro-NT levels at base-
line remained an independent predictor of incident
NAFLD (Table 3). Similar results were found after
further adjustment for newly diagnosed type 2 dia-

betes at follow-up (model 4). Alternatively, when
fasting and 2-h post-load glucose levels at follow-
up visit were included in the Cox regression model
(model 5), pro-NT levels at baseline were indepen-
dently associated with an increased risk of inci-
dent NAFLD, along with 2-h post-load glucose and
triglycerides at follow-up (Table 3).

Conclusions

It is broadly recognized that the pathogenesis
of NAFLD is complex and multifactorial, encom-
passing several alterations, most of them also
implicated in the pathogenesis of obesity and
T2DM, such as unhealthy lifestyle, adipose tis-
sue dysfunction, inflammation, insulin resistance,
altered gut microbiota, and permeability, others
not directly linked to a worse cardiovascular risk

6  © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Table 3. Cox regression analysis of incident nonalcoholic fatty liver disease (NAFLD)

Independent
predictors HR 95%CI P
Model 1: Gender, age, BMI, total cholesterol, triglycerides, HDL  pro-NT 1.69 1.203-2.383 0.01
cholesterol, hsCRP, fasting, and 2-h post-load glucose and
insulin
Model 2: Gender, age, waist circumference, total cholesterol, pro-NT 1,75 1.225-2.513 0.01
triglycerides, HDL cholesterol, hsCRP, Matsuda index
Model 3: Model 1 + BMI, total cholesterol, triglycerides, HDL pro-NT 1.54 1.065-2.224 0.02
cholesterol at follow-up visit
Triglycerides at 1.018 1.003-1.033 0.02
follow-up visit
Model 4: Model 3 + newly diagnosed type 2 diabetes at pro-NT 1.54 1.065-2.224 0.02
follow-up visit
Triglycerides at 1.018 1.003-1.033 0.02
follow-up visit
Model 5: Model 3 + fasting and 2-h post-load glucose at pro-NT 1.52 1.017-2.282 0.04

follow-up visit

2-h post-load glucose 1.025 1.004-1.047 0.02
at follow-up

Triglycerides at 1.017 1.001-1.034 0.04
follow-up visit

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; pro-NT,

proneurotensin.

220
P=0.01
200 A
180 4
160
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100 4
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Without With
incident NAFLD incident NAFLD

Fig. 2 Fasting serum levels of proneurotensin (pro-NT) at
baseline in subjects with or without newly diagnosed non-
alcoholic fatty liver disease (NAFLD) at follow-up visit.

profile, including altered lipoprotein biosynthesis
and mobilization [34, 41, 42]. Despite the intense
research efforts, pathophysiologic players involved
in the development and progression of NAFLD have
not been completely identified yet. Given the grow-
ing diffusion of NAFLD worldwide and its hep-

atic and extrahepatic complications, understand-
ing the pathogenesis of NAFLD, in order to identify
potential biomarkers recognizing high-risk sub-
jects and novel therapeutic target, represents a
major goal.

Accumulating evidence has indicated the role of
the gut hormone NT in the pathogenesis of obesity
and its related comorbidities, including T2DM and
NAFLD [8, 10-15, 17-20, 31-33]. Indeed, previous
experimental studies have demonstrated that NT
is involved in body weight control both by modu-
lating brain circuits implicated in the regulation
of food intake and energy expenditure and by
promoting gut lipid absorption [11-13]. Moreover,
several preclinical evidence indicates that, in addi-
tion to control energy homeostasis, NT may exert
pro-inflammatory activities, promote ectopic fat
deposition, and alter gut microbiota and intestinal
barrier integrity [15, 18, 22-24, 43]. Interestingly,
genetic or pharmacological inhibition of NT/NTRs
axis has been found to counteract high-fat diet-
induced hepatic steatosis in mice [12-13, 15, 44].
However, although several preclinical evidence has
demonstrated a pathogenic role of NT in devel-
opment and progression of NAFLD, a few human

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on hehalf of Association for Publication of The Journal of Internal Medicine. 7

Journal of Internal Medicine, 2023, 0; 1-11

85U8017 SUOWWIOD @AIER.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Areiq18UIUO /I UO (SUOIPUOD-pUe-SWB}WI0D" A3 1M Afe.q 1 BUI|UO//SANY) SUORIPUOD PUe SWiie | 8L} 88S *[£202/S0/ST] U0 ARiqiTauljuo A8|IM BifelieueyooD Aq TS9ET WIOI/TTTT 0T/I0p/w0d 8| 1M Ateiq pul|uo//Sdny Wwoi papeojumod ‘0 ‘96/2G9ET



JIM Proneurotensin and risk of NAFLD / F. De Vito et al.

r=0.22
4,00 P=0.02

w
1=}
o

1

2,00 o ©

FIB-4 index at follow-up visit

o
o
1

00 T T T T T T T
00 1,00 2,00 3,00 4,00 5,00 6,00

Log-transformed pro-NT levels at baseline

Fig. 3 Univariate analysis between fasting serum levels
of proneurotensin (pro-NT) at baseline (naturally log trans-
formed) and Fibrosis-4 (FIB-4) index at follow-up visit.

studies, mainly carried out on a small number
of morbidly obese subjects, have investigated the
association between increased levels of NT and
NAFLD [31-33]. Additionally, even though higher
circulating pro-NT levels have been reported to
predict obesity, T2DM, breast cancer, total and
cardiovascular mortality [12, 17, 19-21], no lon-
gitudinal studies have been carried out to explore
whether increased NT levels may independently
predict NAFLD development. In the present study,
we provide evidence that higher levels of pro-NT,
which is an indicator of NT secretion, are associ-
ated with and predict the development of NAFLD
independently of other metabolic risk factors using
two distinct approaches. First, we carried out a
cross-sectional analysis in order to evaluate the
association between circulating pro-NT levels and
prevalent ultrasound-defined NAFLD in nondia-
betic subjects. Stratifying our study population
into tertile of pro-NT levels, we found that higher
pro-NT levels were associated with NAFLD and
raised levels of FIB-4 index, a validated estimate
of an increased risk of hepatic fibrosis. By per-
forming a logistic regression analysis, we found
that individuals with higher pro-NT levels exhibit
an increased risk of having NAFLD as compared
to individuals in the lowest pro-NT tertile inde-
pendently of several potential confounders such
as age, gender, BMI, total and HDL cholesterol,
triglycerides, hsCRP, fasting, and 2-h post-load

glucose and insulin levels. These results, confirm-
ing and extending those reported by other authors
[31, 32], indicate that raised levels of circulating
pro-NT confer an augmented risk of NAFLD regard-
less demographic and anthropometric measures,
pro-inflammatory and lipid profile, and glucose
homeostasis parameters. Moreover, individuals
with higher pro-NT levels exhibit increased BMI,
waist circumference, and fat mass than those with
lower pro-NT levels, confirming the relationship
between augmented pro-NT/NT concentrations
and increased adiposity as previously described
[11, 12, 18, 19]. Remarkably, even after adjusting
for BMI, in addition to age and gender, we found
that increased levels of pro-NT are associated with
an unfavorable metabolic profile, including higher
levels triglycerides, hsCRP, 2-h post-load insulin,
hepatic insulin resistance, and lower values of HDL
and peripheral insulin sensitivity estimated by the
Matsuda index. These findings, coupled with prior
preclinical data demonstrating the capability of NT
to affect lipid metabolism, insulin responsiveness,
and stimulate pro-inflammatory pathways [11, 12,
18, 22-24], support the idea that NT may directly
induce a metabolic impairment independently of
adiposity measures.

Second, in an attempt to investigate the causal
relationship between higher pro-NT levels and
NAFLD development, we assessed the association
between pro-NT levels and incident NAFLD in a
subgroup of subjects without NAFLD at baseline
who underwent to a careful characterization after
S years follow-up. We found, for the first time, that
subjects with newly diagnosed NAFLD at follow-up
visit have significantly higher levels of pro-NT at
baseline. Interestingly, by performing a multivari-
ate Cox regression analysis, we observed that base-
line pro-NT levels were a predictor of future devel-
opment of NAFLD independently of other baseline
metabolic parameters. Because prior studies have
provided evidence that raised pro-NT levels predict
the development of obesity, T2DM, and metabolic
syndrome [12, 17-21], all conditions widely known
to be related to NAFLD, it is plausible to hypothe-
size an indirect effect of augmented pro-NT levels
on NAFLD development mediated by the worsen-
ing of glucose tolerance, lipid metabolism, and adi-
posity during the follow-up. However, our results
argue against this possibility. Indeed, when BMI,
lipid profile, and glucose homeostasis parameters
collected at follow-up visit were included in the Cox
regression model, the association between baseline
pro-NT levels and incident NAFLD was retained,
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suggesting that raised levels of pro-NT are an inde-
pendent risk factor for the development of NAFLD.
Additionally we observed a positive association
between baseline pro-NT and hepatic fibrosis risk
at follow-up visit, estimated by FIB-4 index.

Altogether the present findings, demonstrating the
independent association of higher pro-NT levels
with both prevalent and incident NAFLD, support
the notion that the determination of pro-NT lev-
els may be a valuable tool to identify subjects
at increased risk of having or developing NAFLD.
Additionally, our results coupled with prior evi-
dence of beneficial effects of strategies blocking
pro-NT/NTRs on liver histology in animal models of
obesity [12, 13, 15, 44] lay the basis for future stud-
ies testing the intriguing possibility that NT may be
a pharmacological target for prevention and treat-
ment of NAFLD in humans.

Our study has several straights including the lon-
gitudinal design with the accurate metabolic char-
acterization of the study population, the inclu-
sion of both men and women, the centralization of
biochemical analyses, the ultrasound diagnosis of
NAFLD performed by an experienced examiner who
was blinded to the clinical data of study subjects,
the exclusion of confounding conditions poten-
tially, inducing liver damage, such as drug abuse,
positivity for antibodies to HCV or HBsAg, and
T2DM. Nevertheless, a number of weaknesses need
to be considered. First, the relatively limited sam-
ple size may represent a limitation of our study,
although power calculation allows us to exclude
type I error. Notably, it should be considered that
all study participants underwent to a detailed
physical and biochemical evaluation both at base-
line and follow-up visit, which is not easily feasible
in large observational studies. Second, diagnosis
of NAFLD was established by hepatic ultrasound-
based criteria rather than more sensitive but also
invasive and expensive approaches, such as liver
biopsy, proton magnetic resonance spectroscopy,
or computed tomographic scanning. Moreover, our
study population encompasses adult White sub-
jects, and whether the present findings may be
extended to other ethnic groups should be verified.
Furthermore, the evidence of a longitudinal asso-
ciation between raised pro-NT levels and NAFLD
suggest but not firmly prove the causal relation-
ship between an upregulated NT axis and NAFLD
development. We cannot exclude the effect of other
potential confounders, including dietary intake of
lipid or sugars, which stimulate NT secretion and

may directly contribute to liver damage [45, 46], or
genetic/epigenetic factors [42] not explored in this
study.

In conclusion, our data demonstrate that increased
pro-NT levels are an independent predictor of
NAFLD, suggesting that the determination of cir-
culating pro-NT levels may be a potential screening
tool to identify subjects at increased risk of having
or developing NAFLD and support the view that the
upregulated NT/NTR axis may promote liver dam-
age and represent a therapeutic target for NAFLD
development and progression.
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