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A B S T R A C T

Background: Insulin resistance in visceral adipose tissue (VAT), skeletal muscle and liver is a prominent fea-
ture of most patients with obesity. How this association arises remains poorly understood. The objective of
this study was to demonstrate that the decrease in insulin receptor (INSR) expression and insulin signaling
in VAT from obese individuals is an early molecular manifestation that might play a crucial role in the cascade
of events leading to systemic insulin resistance.
Methods: To clarify the role of INSR and insulin signaling in adipose tissue dysfunction in obesity, we first
measured INSR expression in VAT samples from normal-weight subjects and patients with different degrees
of obesity. We complemented these studies with experiments on high-fat diet (HFD)-induced obese mice,
and in human and murine adipocyte cultures, in both normoxic and hypoxic conditions.
Findings: An inverse correlation was observed between increasing body mass index and decreasing INSR
expression in VAT of obese humans. Our results indicate that VAT-specific downregulation of INSR is an early
event in obesity-related adipose cell dysfunction, which increases systemic insulin resistance in both obese
humans and mice. We also provide evidence that obesity-related hypoxia in VAT plays a determinant role in
this scenario by decreasing INSR mRNA stability. This decreased stability is through the activation of a miRNA
(miR-128) that downregulates INSR expression in adipocytes.
Interpretation: We present a novel pathogenic mechanism of reduced INSR expression and insulin signaling
in adipocytes. Our data provide a new explanation linking obesity with systemic insulin resistance.
Funding: This work was partly supported by a grant from Nutramed (PON 03PE000_78_1) and by the Euro-
pean Commission (FESR FSE 2014-2020 and Regione Calabria).

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

Obesity affects over 30% of the world’s population [1]. Obesity is
the most common cause of insulin resistance, where the classical
insulin target tissues, fat, muscle, and liver fail to respond normally
to circulating insulin [2]. Insulin resistance is a major risk factor
for the development of type 2 diabetes (T2D) mellitus, and
cardiovascular diseases [3]. How adiposity influences insulin resis-
tance in the major insulin sensitive tissues remains unknown.

Visceral adipose tissue (VAT) has emerged as a major endocrine
organ, producing a variety of adipocytokines and other factors that
affect lipid metabolism and glucose homeostasis, and may increase
cardiovascular risk, as well as thrombotic and inflammatory path-
ways, and signaling networks in cancer [4�6]. The contribution of
VAT inflammation to the development of obesity-related systemic
insulin resistance has been well documented [7�10], although the
exact role that VAT plays in the pathogenesis of insulin resistance is
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Research in context

Evidence before this study

Obesity is a major cause of insulin resistance. Evidence indi-
cates that progressive visceral adipose tissue (VAT) accumula-
tion in obesity leads to local hypoxia. This hypoxia promotes a
generalized change in the circulating levels of adipocytokines
and other factors that adversely affect insulin signaling, leading
to systemic insulin resistance. The causal relationship between
VAT accumulation and a decreased expression of the insulin
receptor (INSR) in VAT remains unknown. Thus, the mechanism
of VAT-induced insulin resistance needs to be established.

Added value of this study

We have now analyzed VAT samples from patients with
increasing levels of body mass index (BMI). Our analysis indi-
cates that INSR expression in VAT correlates inversely with
increasing BMI. Similar results were obtained with diet-induced
obese mice. Downregulation of the INSR was also observed in
cultures of isolated human visceral adipocytes from normal-
weight subjects when incubated under low oxygen tension.
This observation suggests that obesity-related hypoxia in VAT
plays a role in INSR downregulation. Hypoxia-induced downre-
gulation of INSR in cultured adipocytes was reversed by resto-
ration of the oxygen supply, supporting the dependence of
INSR expression on the oxygen concentration in the cellular
environment. Moreover we now find that reduced INSR expres-
sion by hypoxia is mediated via activation of the unique miRNA
(miR-128). miR-128 downregulates the INSR in adipocytes by
affecting INSR mRNA stability. We hypothesize that miR-128
may contribute to systemic insulin resistance via INSR downre-
gulation, and also the release of adipose-derived adipokines
and proinflammatory molecules that adversely affect periph-
eral insulin action.

Implications of all the available evidence

Our findings demonstrate a newly defined pathogenic mecha-
nism of reduced INSR expression and insulin signaling in vis-
ceral adipocytes from obese individuals, and provide a new
explanation linking obesity with systemic insulin resistance.
Therefore, targeted inhibition of miR-128 in adipose tissue may
constitute a new strategy to ameliorate insulin resistance in
obesity.
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unknown. The systemic inflammatory response of obesity can lead to
the activation of stress kinases in VAT, such as the inhibitor of nuclear
factor-kB kinase, IKK, and the c-Jun N-terminal kinase 1, JNK1, both of
which impair insulin action via phosphorylation of the insulin recep-
tor (INSR) substrate 1 (IRS1) on inhibitory serine residues instead of
stimulatory tyrosine residues, thus blocking downstream INSR sig-
naling [11].

The role of adipose tissue in promoting systemic insulin resistance
was initially supported by studies indicating that the insulin-sensi-
tive muscle/fat glucose transporter, GLUT4, is downregulated in adi-
pose tissue, but not in skeletal muscle of humans and rodents with
obesity and T2D [12]. Also, studies in the last decades have greatly
implemented our understanding of the biological role of adipose tis-
sue in the regulation of glucose homeostasis and energy balance, by
demonstrating that this tissue produces a variety of bioactive mole-
cules, collectively known as adipocytokines, such as tumor necrosis
factor a (TNF-a) and interleukin 6 (IL-6), the abnormal expression of
which has been strongly associated with inflammation, insulin
resistance and type 2 diabetes [13,14]. On the other hand, a striking
relationship between overaccumulation of fat in skeletal muscle with
insulin sensitivity occurs early during the natural course of obesity
[15,16]. Furthermore, recent studies have also revealed that micro-
RNAs (miRNAs) produced by adipose tissue may induce insulin resis-
tance and glucose intolerance in mouse models of obesity [17�19].

The hormone insulin exerts its biological effects by binding to the
INSR, a plasma membrane tyrosine kinase receptor protein. When
insulin binds to the INSR, it induces intracellular events leading to
the cellular response to insulin [20�22]. Therefore, the role of INSR
has been widely investigated in the pathogenesis of insulin resis-
tance. However, its role in the development of obesity-related insulin
resistance is unclear [23�25]. Previously, it has been reported that
fat-specific INSR-deficient mice show severe lipodystrophy, hyperin-
sulinemic diabetes, hyperlipidemia and fatty liver disease [26,27].
Recently, the significance of adipocyte INSR expression in the devel-
opment of systemic insulin resistance has been supported by the
identification of specific miRNAs, such as miR-27b, which are upregu-
lated both in in vitro and in in vivo models of insulin resistance, and
suppress adipocyte INSR expression by targeting INSR 30-UTR directly
[28].

On the basis of these considerations, we aimed to investigate the
involvement of INSR in the pathogenesis of obesity-associated insulin
resistance in the major insulin sensitive tissues. We hypothesized
that hypoxia, a well-established characteristic of obese adipose tis-
sue, could play a role on the expression of INSR in VAT. Through a
series of in vitro and in vivo molecular studies in humans and mice,
combined with measurements of obesity-related metabolic and
inflammatory biomarkers in humans, we now provide evidence that
an inverse correlation exists between increasing body mass index
(BMI) and decreasing INSR in human VAT during the progression
from mild to severe and very severe obesity. Moreover, we present a
novel pathogenic mechanism of reduced INSR mRNA and protein
expression in adipocytes, which may also provide an explanation
linking obesity with systemic insulin resistance.
2. Materials and methods

2.1. Patients

Omental VAT specimens from 26 consecutive, unrelated, obese
subjects, were collected during elective bariatric surgery. Obesity
was defined as body mass index (BMI) � 30 kg/m2 based on the
World Health Organization criteria [29]. The main clinical features
and biochemical characteristics of patients before surgical interven-
tion are in Table 1. Fasting blood samples were collected and bio-
chemical analyses of plasma glucose and serum insulin levels were
carried out by standard methods in all subjects who had no caloric
intake for at least 8 h. Insulin resistance was calculated with the
homeostatic model assessment method of insulin resistance (HOMA-
IR) [30]. Serum samples were frozen in aliquots for subsequent analy-
ses, including adiponectin and resistin by ELISA methods [5], RBP-4
and hs-CRP by nephelometric methods on a BNII analyzer (Siemens),
and cytokines and VEGF using a protein biochip array technology
(Randox Labs) [31]. Criteria for exclusion of patients from this study
were: secondary obesity, genetic syndromes of insulin resistance,
type 1 or T2D, previous gestational diabetes mellitus, hepatic or renal
impairment, presence of malignancies or rheumatologic disease,
treatment with medications affecting glucose tolerance.

Omental VAT was also collected from the abdomen of 20 normal
weight (BMI 18.5�24.9 kg/m2) metabolically healthy subjects, that
underwent open abdominal surgery. A portion of each specimen was
immediately snap-frozen in liquid nitrogen and stored at�80 °C until
protein and RNA extraction. The protocol was approved by the Ethics
Committee of the University of Messina, Italy (approval no: 489 of



Table 1
Clinical and biochemical features of enrolled subjects.

Controls
BMI 18.5�24.9
A

Group 1
BMI 30�34.9
B

Group 2
BMI 35�39.9
C

Group 3
BMI � 40
D

p

Number, n 20 7 8 11 �
Ethnicity Caucasian Caucasian Caucasian Caucasian �
Female, n 13 (65.0%) 4 (57.1%) 4 (50%) 9 (81.8%) ns
Age, yr 67.7 § 5.9 51.9 § 5.1 52.7 § 9.5 41.8 § 8.5 < 0.001
BMI, kg/m2 23.6 § 1.5 32.1 § 1.2 37.2 § 1.7 45.8 § 6.1 < 0.001
Hypertension, n 0 5 (71.4%) 8 (100%) 11 (100%) < 0.001 (A vs B)

< 0.001 (A vs C)
< 0.001 (A vs D)

Dyslipidemia, n 0 6 (85.7%) 8 (100%) 11 (100%) < 0.001 (A vs B)
< 0.001 (A vs C)
< 0.001 (A vs D)

FPG, mg/dL 87.5 § 7.2 99.6 § 10.2 101.9 § 11.0 97.3 § 11.0 0.003
IFG, n 0 2 3 5 0.017 (A vs C)

0.003 (A vs D)
Insulin,mU/mL 4.6 § 2.0 14.9 § 2.7 16.1 § 4.0 25.7 § 10.4 < 0.001
HOMA-IR 1.0 § 0.5 3.6 § 0.5 4.1 § 1.2 6.4 § 3.2 < 0.001

Data are mean § SD or number (n). Kruskall�Wallis test was employed for continuous values comparisons.
Fisher’s exact test was used for comparison of categorical trait. In this latter case, only significant comparisons
are shown. BMI, body mass index; FPG, fasting plasma glucose; IFG, impaired fasting glucose; HOMA-IR,
homeostatic model assessment method of insulin resistance.
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April 7, 2016), and the study performed in accordance with the Decla-
ration of Helsinki. All subjects gave written informed consent.

2.2. Organ culture and isolated human adipocytes

A portion of VAT from non-obese/metabolically healthy subjects
was used for organ culture experiments. To this end, adipose tissue
specimens (~250 mg/60 mm dishes) were minced into small pieces
(2 mm3) using sterile scissors, cultured in serum free medium 199
(Gibco), and incubated at 37 °C in 5% CO2. To mimic the in vivo condi-
tions [9], adipose tissue organ control cultures were incubated in 7%
O2, while the hypoxic condition was set as 1% O2. Then, the adipose
tissue cultures were ready to be used for next experiments. Isolated
human adipocytes were prepared as described previously [32]. In
brief, biopsies of VAT were placed into 50 mL tube containing 1 mg/
mL collagenase (type 1) solution, and incubated in a 37 °C water bath
for 1 h. At the end of incubation, the digested mixture was filtered
through a nylon mesh filter, and the filtrate washed three times with
medium 199. Isolated adipocytes were separated from the stromal
vascular fraction after centrifuging at 500 g for 1 min and immedi-
ately used for experiments under normoxic or hypoxic conditions.

2.3. mRNA extraction, real-time PCR and miRNA expression profile

Total RNA from ~300 mg of adipose tissue was isolated using 1 mL
of TRIzol reagent (Life Technologies), following the manufacturer’s
recommended protocol, and quantified with a NanoDrop Spectro-
photometer (Thermo Fisher Scientific). RNA levels were normalized
against 18 S ribosomal RNA in each sample, and cDNAs were synthe-
sized from 1 mg of total RNA, using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). For miRNA experiments, RNA
levels were normalized to that of miRNA-U6 as internal control and
cDNA were synthesized from 50 ng of total RNA using the TaqMan
MicroRNA Reverse Transcription kit (Thermo Fisher Scientific).
Sequence-specific primers for human and mouse INSR, PEPCK and
ribosomal protein S9 (RPS9), designed according to sequences from
the GenBank database, are listed in Supplementary Table S1. In par-
ticular, with respect to the two isoforms (A and B) of the INSR, pri-
mers specifically targeted shared sequences of the INSR. Green
fluorescence was measured, and relative quantification was made
against the RPS9 cDNA used as an internal standard. All PCR reactions
were carried out in triplicates. A custom TaqMan Array Human
MicroRNA plate (Applied Biosystems) was used to measure miRNA
expression profile in hypoxic and normoxic 3T3-L1 cells. The panel
contained 96 miRNAs that were previously found to be involved in
human adipose tissue and obesity [33�35]. The miRNA expression
levels were normalized to RNU48 and relative expression values
were obtained using the relative quantification RQ=2DDct. miRNAs
whose mean RQ levels were < 0.5 (downexpressed) or > 2 (upex-
pressed) in hypoxic vs normoxic 3T3-L1 cells were considered differ-
entially expressed.

2.4. Western blot (WB)

~1 g of adipose tissue was used to prepare cytoplasmic and
nuclear protein extracts, as previously described [36]. All WB experi-
ments were performed following standard procedures, using the fol-
lowing primary antibodies: anti-INSR polyclonal antibody (Insulin Rb
- C-19, 1:500; Santa Cruz Biotechnology), recognizing both A and B
isoforms of INSR; anti-IRS1 (2390S, 1:1000; Cell Signaling); anti-
pIRS1 (Tyr896, 44�818 G; ThermoFisher); anti-Akt (4685, 1:1000;
Cell Signaling); anti-phospho-Akt Ser473 and Thr308 (9271S, 9275S,
1:1000; Cell Signaling); anti IGF-IR (9750, 1:1000; Cell Signaling),
anti-GLUT4 polyclonal antibody [37]; anti-HIF-1a polyclonal anti-
body (NB 100�134, Novus Biologicals); anti-VEGFA specific antibody
(A-20 - sc152, Santa Cruz Biotechnology); anti-b actin (clone AC-15,
A5441 Sigma Aldrich).

2.5. Animals and diet-induced obesity (DIO) model

Twenty 5-week-old male C57BL/6 J mice were housed in a tem-
perature-controlled facility (25 °C) with a 12 h light-dark cycle. Fol-
lowing previous indications [38], a group of 10 mice were fed ad
libitum with high fat diet (HFD): 60% kcal from fat, 20% kcal from car-
bohydrates, 20% kcal from protein, for 15 weeks. A second group of
10 mice (control group) were fed with normal chow diet (NCD): 10%
kcal from fat, 70% kcal from carbohydrates, 20% kcal from protein, for
15 weeks. At the end of the 15-week period, mice were sacrificed
by cervical dislocation and liver, quadriceps muscle, and intra-
abdominal visceral fat were removed and immediately frozen in liq-
uid nitrogen.

Insulin tolerance tests (ITT) were performed in both HFD and NCD
groups, by measuring blood glucose levels in 12 h fasted conscious
mice injected intraperitoneally with human insulin (Human Actrapid,
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Novo Nordisk), 1 U/kg body weight) [39]. Blood was collected from
the orbital sinus, and glucose levels were measured at the indicated
times, before and after injection, using the Glucocard glucometer
(Menarini Diagnostics). For other biochemical analyses, blood sam-
ples were collected after 12 h of fasting, and serum samples were
stored at �20 °C. Insulin was measured using an ultrasensitive rat/
mouse insulin ELISA kit (EMD Millipore Corporation). All animal
work was performed using approved animal protocols, in accordance
with institutional guidelines for the care of laboratory animals (direc-
tive 86/609/ECC, European Community Council).

2.6. Cell cultures and cell differentiation

Human embryonic kidney 293 (HEK-293) cells were cultured in
Dulbecco’s modified Eagle medium (DMEM), supplemented with 10%
fetal bovine serum (FBS) (Gibco Laboratories), 2 mM glutamine, peni-
cillin (100 U/mL) and streptomycin (100 mg/mL), in a humidified 5%
CO2 atmosphere at 37 °C. Mouse 3T3-L1 fibroblasts were differenti-
ated into 3T3-L1 adipocytes as described previously [40,41]. Briefly,
confluent 3T3-L1 cells in DMEM-10% FBS on 6-well plates were
induced to differentiate in complete medium containing 1 mM dexa-
methasone, 500 mM 3-isobutyl-1-methyxanthine and 1 mg/mL insu-
lin for three days. Afterward, cells were incubated in DMEM
containing 10% FBS and 1 mg/mL insulin for two days. After day 5,
cells were then maintained in DMEM-10% FBS, changing medium
every two days. Experiments were performed using day 8 to day 12
mature 3T3-L1 adipocytes.

2.7. Hypoxia-induced insulin resistance and glucose uptake

Cells were cultured in serum free DMEM containing 0.5% bovine
serum albumin (BSA), and incubated in the hypoxic glove chamber
with 1% O2/5% CO2, at 37 °C for 48 h [42]. At the end of incubation,
the chamber was opened in the anaerobic glove box (flushed with
N2) to avoid reoxygenation and cells were used for successive experi-
ments. To evaluate the absence of cytotoxicity after exposure to hyp-
oxia, cell viability was tested by 3-(4,5-dimethythiazol-2-yl)�2,5-
diphenyl tetrazolium bromide (MTT) assay, as described previously
[43]. Control cells were incubated under the same experimental con-
ditions except for the difference of the amount of used O2 (7%). Glu-
cose uptake in fully differentiated 3T3-L1 adipocytes was performed
as described [44]. Briefly, cells were grown to confluence in 16-mm
multiwell plates, either in normoxia or hypoxia, stimulated with
100 nM insulin (Sigma) in KRH [Na2HPO4 (0.01 M), NaCl (0.13 M), KCl
(0.05 M), MgSO4�7H2O (0.0013 M), HEPES (0.0235 M) and CaCl2
(0.0017 M)] containing 0.1% BSA buffer for 10 min, and incubated
with 0.25 mCi of [3H]2-deoxyglucose for 5 min. Cells were harvested
in 0.05% SDS, and the uptake of [3H]2-deoxyglucose measured by liq-
uid scintillation counting. Non-specific glucose uptake was deter-
mined by using Cytochalasin-B and subtracted from the stimulated
total glucose uptake.

2.8. Reporter gene assay, mRNA decay and miRNA transfection studies

For the luciferase (Luc) reporter gene assay, 3T3-L1 adipocytes
were plated in 12-well plates (0.7 £ 105 cells/well) and cultured for
24 h prior to transfection in DMEM supplemented with 10% FBS with-
out antibiotics. Recombinant Luc reporter construct, pGL3-INSR-Luc
(300 ng), containing the mouse Insr gene promoter (�1972/+2) was
transiently transfected into cells, using the Lipofectamine 3000
reagent (Invitrogen). Twenty-four hours after transfection, cells were
incubated at 37 °C, 1% O2, 5% CO2, while control cells were kept in
normoxia (7% O2). Luc activity was measured 24 h later in a luminom-
eter (Tuner Biosystems), using the dual-luciferase reporter assay sys-
tem (Promega). For the half-life and mRNA decay of INSR mRNA,
3T3-L1 adipocytes, treated or untreated with hypoxia, were exposed
to 0.5�2.0 mg/mL of actinomycin D. RNA was extracted at 3-h inter-
vals, cDNA was prepared and INSR mRNA levels were measured by
real-time quantitative PCR (RT-qPCR), using RPS9 mRNA as control.
Fifteen to 100 nM miR-128 mimic/inhibitor and its negative control
(mirVana miRNA mimics Assay ID - MC11746 - Applied Biosystem)
were transfected into 3T3-L1 adipocytes and HEK-293 cells, using the
Lipofectamine RNAiMAX reagent (Invitrogen) for 48�72 h. Cells
were, then, harvested and RNA and protein extracted for RT-qPCR
andWB analysis, respectively.

2.9. Statistical analysis

Initially, continuous variables have been tested for normality of
distribution using Shapiro�Wilk normal distribution test. Either the
Student’s t-test or the non-parametric Mann�Whitney test was used
for comparisons of continuous variables between two groups, respec-
tively, with normal and non-normal distribution. To compare contin-
uous variables between four groups, the mean rank of each group
with the mean rank of every other group was compared by the Krus-
kall�Wallis test, followed by the Dunn’s test correction for multiple
comparisons. The 2-tailed Fisher exact test was used for comparisons
of proportions. A significance level of P < 0.05 was set for a type I
error in all analyses. Bar graph data shown are the mean § standard
error of the mean (s.e.m.). All data were analyzed with Graphpad
Prism 7.0 software (GraphPad Software).

3. Results

3.1. Characterization of enrolled subjects

Table 1 summarizes the main characteristics of the non-diabetic
subjects enrolled in this study. Based on each patient’s BMI (kg/m2),
they were divided into four groups: subjects with BMI 18.5�24.9
(controls); subjects with BMI 30.0�34.9 (group 1); subjects with BMI
35.0�39.9 (group 2); and subjects with BMI 40 and over (group 3).
Multiple comparison analyses with post-hoc correction indicated
that significant differences for all continuous variables existed among
groups. In comparison with their normal-weight counterparts, all
obese individuals were insulin resistant, as indicated by a HOMA-IR
> 2.5, and they had hypertension, as defined by the 2017 ACC/AHA
[45] and JNC7 [46] guidelines. Impaired fasting glucose was defined
according to the American Diabetes Association (ADA) criteria [47].
None had overt diabetes. Dyslipidemia was defined according to ATP
III of the National Cholesterol Education Program [48].

3.2. Downregulation of INSR in VAT of obese individuals

In an attempt to clarify the role of INSR in the pathophysiology of
adipose tissue dysfunction in obesity, we first measured INSR expres-
sion in VAT from human samples. As measured by RT-qPCR and WB
analyses, both INSR mRNA levels and protein expression were signifi-
cantly reduced in VAT in obese subjects when compared to normal-
weight control subjects (Fig. 1a). This reduction paralleled the pro-
gressive increase in BMI, with an almost complete loss of expression
in the adipose tissue specimens obtained from patients in the BMI �
40 group. As measured by RT-qPCR and WB, adipose-tissue expres-
sion of the closely related insulin-like growth factor I receptor (IGF-
IR) was similar in all patient groups (Fig. 1b). This finding indicated
that the observed reduction was specific for the INSR, and not the
result of a nonspecific downregulation of gene expression.

The progressive reduction of INSR expression in VAT of obese
individuals paralleled the decrease of IRS1 mRNA and protein expres-
sion levels and IRS1 serine phosphorylation levels (Fig. 1c). Degrada-
tion of IRS1 during hypoxia has been previously linked to caspase 3-
mediated cleavage [49], as well as to chronic exposure to high insu-
lin/glucose concentrations [50]. Noteworthy, in this regard, the



Fig. 1. INSR, IGF-IR and IRS1 expression in human VAT. (A) INSR mRNA and protein levels from the normal-weight and obese individuals were measured by real-time quantitative
PCR (RT-qPCR) and Western blot (WB), respectively. The pattern of INSR mRNA and protein expression is shown in VAT samples from subjects in each BMI category (BMI
18.5�24.9 = 20 normal-weight subjects; BMI 30�34.9 = 7 obese subjects; BMI 35�39.9 = 8 obese subjects; BMI � 40 = 11 obese subjects). A representative WB is shown. b-actin
was employed as a control of protein loading. Densitometric scanning of INSR protein signals are shown in bar graphs. Levels of mRNA were normalized to RPS9 mRNA. Results are
shown as mean§ s.e.m. *P< 0.05 vs normal-weight subjects; **P< 0.05 vs normal-weight subjects and vs individuals with BMI 30�34.9 [Student’s t-test]. (B) IGF-IR mRNA and pro-
tein levels were measured as in (A), in VAT from normal-weight subjects and obese individuals. Bars represent the means of RT-qPCR and densitometric analysis of WB results from
individuals in each BMI category. (C) Quantification of IRS1 mRNA and protein in VAT samples from subjects in each BMI category was as in (A). Densitometric scanning of total IRS1
(gray bars) and phosphorylated IRS1 (dashed bars) bands from representative WBs is shown. *P < 0.05 vs normal-weight subjects; **P< 0.05 vs normal-weight subjects and vs indi-
viduals with BMI 30�34.9 [Student’s t-test].
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inverse relationship between INSR/IRS-1 levels and the increasing
trend in FPG, insulin and HOMA-IR across the different stages of obe-
sity (Table 1), indicating that a functional link between INSR expres-
sion and insulin signaling during VAT accumulation and these
metabolic parameters may exist.

3.3. INSR expression in hypoxic human adipocytes

Adipose tissue hypoxia is considered an important trigger of adi-
pose cell dysfunction in both animal models and humans with obe-
sity [9,51�53]. In this context, transgenic animal models
constitutively overexpressing the hypoxia-inducible factor (HIF-1a)
have importantly contributed to the definition of hypoxia-mediated
effects on proteins and molecules involved in obesity-related insulin
resistance [52,54,55]. As a step toward understanding the molecular
mechanisms underlying the negative effects of human obesity on
INSR production in fat, we first investigated the existence of a hyp-
oxic condition in VAT of obese subjects. For this purpose, we mea-
sured the levels of HIF-1a, as well as the levels of the vascular
endothelial growth factor A (VEGFA), a known target gene for HIF-
1a, whose expression is triggered by hypoxia [40]. As shown in
Fig. 2a, the protein abundance of both HIF-1a and VEGFA was
increased in fat biopsies of VAT obtained from obese patients com-
pared to those of normal-weight controls. The increased expression
of HIF-1a and VEGFA in visceral fat closely correlated with the sever-
ity of adiposity, thereby indicating that a hypoxic response was
occurring in adipose tissue during the progression of obesity.

In order to test the possibility of whether hypoxia could also affect
INSR expression in VAT, we first carried out preliminary experiments
using VAT from 12 normal-weight control subjects. VAT was placed
in organ culture, either in normoxic or hypoxic conditions for 48 h.
As shown in Fig. 2b, HIF-1a and VEGFA protein levels were respec-
tively 5-fold and 2.5-fold greater in the hypoxic VAT fragments than
in the normoxic fragments. Interestingly, restoration of oxygenation
(reoxygenation) of adipose tissue fragments following hypoxic treat-
ment restored the expression of both hypoxic markers (Fig. 2b), thus
demonstrating the role of the hypoxic environment. To assess
whether the source of HIF-1a and VEGFA under these conditions was
the fat cell, similar measurements were determined in collagenase-
isolated adipocytes obtained from samples of VAT from the same
control subjects. HIF-1a and VEGFA protein expression from isolated
visceral adipocytes in hypoxic conditions was significantly greater
than that from normoxia-treated cells (Fig. 2c). Once again, reoxygen-
ation of adipocytes after hypoxia restored the basal expression of
both hypoxic markers (Fig. 2c), thus indicating that adipocytes them-
selves efficiently contribute to HIF-1a and VEGFA protein production.

Therefore, the expression of INSR was assessed in organ cultures
of VAT, as well as in isolated visceral adipocytes from normal-weight
control subjects, either in normoxia (7% O2) or hypoxia (1% O2). As
shown in Fig. 2d, INSR mRNA levels and protein abundance were sig-
nificantly reduced in adipose tissue fragments and isolated fat cells
prepared from visceral fat depots when cultured in low oxygen ten-
sion. In concert with the above findings, subsequent reoxygenation
for 24 h of either tissue or cells exposed to hypoxia enhanced INSR
mRNA abundance and restored INSR protein expression (Fig. 2d). Of
note, WB experiments revealed the presence of IGF-IR in organ cul-
ture but not in isolated adipocytes (data not shown). This finding
indicated that the IGF-IR in fat was located in the stromovascular
fraction, and this was consistent with previous observations using
epididymal fat pads from HFD mice [56]. Reduced INSR expression in
hypoxic adipose organ culture tissue and isolated human adipocytes
paralleled the decrease in both IRS1 mRNA levels (Fig. 2d) and insu-
lin-stimulated protein kinase B (Akt) phosphorylation in tissues and
cells under hypoxic conditions (Fig. 2e), indicating therefore that
hypoxia can induce downregulation of INSR expression and insulin
signaling in human visceral fat in culture conditions, and that this
effect can be reversed by restoration of oxygen supply. Consistently
with these findings, translocation of the insulin-sensitive glucose
transporter Glut4 protein to the plasma membrane was considerably
decreased in hypoxic adipose tissue fragments and isolated adipo-
cytes, and this reduction was reversed by reoxygenation (Fig. 2e).
Restoration of INSR expression and signaling in human organ culture
following reestablishment of oxygen tension indicates that obesity-
related VAT dysfunction is not permanent and can be reversed.

3.4. Studies in a high-fat diet (HFD)-induced animal model of obesity

To further investigate the role of obesity-related hypoxia on INSR
expression and insulin signaling, we next carried out in vivo studies
using the HFD-induced obese (DIO) mouse. This animal model has
proven to be a valuable model that accurately mimics common
human obesity, with VAT accumulation, glucose intolerance, and
hyperinsulinemia [38,42]. Twenty five-week-old male C57BL/6 J mice
were randomized into two groups (n = 10/group). They were fed
either with normal chow diet (NCD) or HFD for a period of 15 weeks,
after which HFD-treated mice had maximum weight gain (~51 g),
while there was a much lower weight gain (28 g) in control group
(Supplementary Table S2). As expected, fasting plasma glucose and
serum insulin levels in HFD mice were significantly higher than those
in NCD mice (Supplementary Table S2), which were consistent with a
condition of impaired fasting glucose and insulin resistance. In accor-
dance with the recognized association between insulin resistance
and lipid dysmetabolism [57], triglycerides and total cholesterol
were significantly increased in mice fed with HFD, compared with
mice subjected to NCD feeding (Supplementary Table S2), thereby
confirming the validity of the DIO mouse model of human obesity.
Consistent with the condition of peripheral insulin resistance, the
glucose-lowering effect of exogenous insulin was reduced in HFD-
treated mice during ITT (Fig. 3a). This result was substantiated at the
molecular level by RT-qPCR data and immunoblot analyses, which
showed that basal hepatic mRNA levels of phosphoenolpyruvate car-
boxykinase (Pepck), a gluconeogenic enzyme that is normally inhib-
ited by insulin, were abnormally increased in HFD mice, whereas
translocation of Glut4 protein to the plasma membrane, normally
induced by insulin, was abnormally reduced in skeletal muscle from
HFD-treated mice (Fig. 3b).

We then evaluated the expression of INSR in adipose tissue of DIO
mice and controls. As measured by RT-qPCR and WB analysis, INSR
mRNA levels and protein abundance were significantly reduced in
VAT from DIO mice compared to those from control mice fed a NCD
(Fig. 3c). Hypoxia in VAT from the HFD mouse model was confirmed
by the rise in both HIF-1a and VEGFA levels (Fig. 3d). However, the
mRNA levels of INSR did not differ significantly in both liver and skel-
etal muscle tissues between the two experimental animal groups
(Fig. 3e), further supporting previous research that indicated a direct
role of adipocyte and adipose tissue dysfunction in the pathogenesis
of systemic insulin resistance [37,58�60].

3.5. Studies in 3T3-L1 cells

To further understand the dynamic changes affecting INSR
expression during hypoxia as a paradigm of the obese state, we next
determined the content of INSR in fully differentiated murine 3T3-L1
adipocytes, a cell model widely used for studying obesity-related
characteristics, including insulin resistance [61]. In order to replicate
a condition similar to that observed in humans and mice, hypoxia
was induced in 3T3-L1 adipocytes [41,55]. The cellular expression of
the INSR and insulin signaling activity were quantified thereafter. To
verify the appropriateness of the experimental conditions, hypoxia in
3T3-L1 adipocytes was first confirmed by the increase of HIF-1a pro-
tein levels, then by increased expression of VEGFA (Fig. 4a). As shown
in Fig. 4b, a significant reduction in INSR mRNA expression was



Fig. 2. Hypoxia-induced HIF-1a/VEGFA expression, INSR levels and signaling in VAT and isolated visceral adipocytes. (A) HIF-1a and VEGFA protein expression was measured by
WB in whole VAT fragments from all subjects in each BMI group. BMI of 18.5�24.9 is representative of 20 normal-weight subjects; BMI 30�34.9 is representative of 7 obese sub-
jects; BMI 35�39.9 is representative of 8 obese subjects; and BMI � 40 is representative of 11 obese subjects. BMI bars are the mean § s.e.m of densitometric analysis of WB results
from each group. b-actin was the loading control. *P < 0.05 vs normal-weight subjects [Student’s t-test]. (B,C) HIF-1a and VEGFA protein expression was measured by WB in organ
cultures and isolated adipocytes obtained from VAT of 12 normal-weight subjects, which were divided into groups of four each, and placed either in normoxia (7% O2) or hypoxia
(1% O2) for 48 h. Reoxygenation was reestablished by placing hypoxic tissue/cells in normoxic conditions for 24 h. Representative WBs and mean densitometric analyses of WBs per-
formed in organ cultures/isolated adipocytes under different oxygen tension (n = 4 independent samples per group) are shown. *P < 0.05 vs normoxia [Student’s t-test].
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Fig. 2. (Continued)
(D,E) The expression levels of INSR, IRS1, total Akt and insulin-stimulated pAkt (Ser473/Thr308), and plasma membrane Glut4 content, were measured by RT-qPCR and/or WB in both
organ culture tissue and isolated adipocytes from VAT samples of normal-weight subjects (n = 4 independent samples per group), under the same normoxic/hypoxic conditions as
in (B,C). Representative WBs and mean densitometric analyses of WBs are shown. *P < 0.05 vs normoxia [Student’s t-test].
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observed in hypoxia-exposed (1% O2) 3T3-L1 adipocytes, when com-
pared to cells under normoxic (7% O2) conditions. This reduction par-
alleled the decrease in INSR protein levels, as detected by WB from
cell lysates (Fig. 4b). The adverse effect produced by hypoxia on INSR
expression was accompanied by a markedly reduction of both insu-
lin-induced Ser473 and Thr308 Akt phosphorylation (pAkt), with no
changes in total Akt protein abundance (Fig. 4b). Also in this case,
reoxygenation of 3T3-L1 adipocytes following hypoxic treatment
restored the expression of INSR and enhanced the levels of pAkt
(Fig. 4b). As a consequence of the inhibition of insulin signaling, insu-
lin-stimulated translocation of Glut4 to the plasma membrane was
markedly reduced, and insulin failed to increase 2-deoxy-D-glucose
(2-DG) uptake in 3T3-L1 adipocytes under hypoxic conditions
(Fig. 4c), thereby further supporting the dependence of insulin signal-
ing on the oxygen concentration in the cellular environment. As in
the case of HFD-fed mice, this finding was corroborated by



Fig. 3. ITT, Pepck, Glut4, HIF-1a/VEGFA and INSR expression in DIO mice. (A) ITT. Black squares, NCD mice (n = 10); gray circles, HFD mice (n = 10). Values are expressed as mean§ s.
e.m. *P<0.05 vs NCD mice [Student’s t-test]. (B) Liver phosphoenolpyruvate carboxykinase (Pepck) mRNA, and Glut4 protein expression in skeletal muscle plasma membranes, as
measured by RT-qPCR and WB analysis, respectively, in NCD (n = 10) and HFD (n = 10) mice. A representative WB is shown, together with densitometric analyses of multiple immu-
noblots (n = 10 animals for each group). *P < 0.05 vs NCD mice [Student’s t-test]. (C) INSR mRNA and protein levels in VAT from NCD and HFD mice, as measured by RT-qPCR and
WB, respectively. Data from each analysis are representative of 10 mice for each group. *P < 0.05 vs NCD mice [Student’s t-test]. (D) HIF-1a and VEGFA protein expression in VAT
from NCD (n = 10) and HFD (n = 10) mice, as measured by WB. b-actin, loading control. Representative WBs and mean densitometric analyses of WBs are shown. *P < 0.05 vs NCD
[Student’s t-test]. (E) INSR mRNA levels in liver and skeletal muscle from NCD (n = 10) and HFD (n = 10) mice, as measured in (C).
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quantitative RT-qPCR analysis of Pepck mRNA in hypoxia-treated
3T3-L1 adipocytes, in which, as expected, no decrease in Pepck
mRNA levels was observed following insulin treatment (Fig. 4c).

In an attempt to contribute to a fuller understanding of the mech-
anism(s) underlying hypoxia-induced inhibition of INSR expression,
we next carried out reporter gene assays in which 3T3-L1 adipocytes
were transfected transiently with the Luc reporter construct, pGL3-
INSR-Luc, containing the INSR gene promoter upstream of the
reporter gene. As shown in Fig. 4d, in normoxia vs hypoxia, no
changes in Luc activity were observed in 3T3-L1 cells transfected
with the pGL3-INSR-Luc reporter vector. These data indicate that
hypoxia might negatively affect INSR expression in adipocytes
through a post-transcriptional mechanism that involves cellular
mRNA structure (for example, folding) and mRNA stability, rather
than a mechanism of transcriptional inactivation of gene expression.
To determine whether hypoxia was involved in post-transcriptional
processes affecting INSR expression, we then examined the half-life
of INSR mRNA in 3T3-L1 cells exposed to or not exposed to hypoxia.
As shown in Fig. 4e, INSR mRNA half-life decreased from ~7 h in nor-
moxic control cells to just over 2 h in cells under hypoxic conditions,
suggesting that cellular hypoxia may indeed have a major influence
in downregulating INSR expression. The potential post-transcrip-
tional mechanism(s) by which hypoxia could induce downregulation
of INSR mRNA were further investigated in 3T3-L1 adipocytes sub-
jected to hypoxia and reoxygenation conditions, in which ongoing
general transcription was inhibited by the addition of actinomycin D
[62]. As shown in Fig. 4f, exposure of cells to hypoxia for 8 h
decreased INSR mRNA levels to the same extent in the presence as in
the absence of actinomycin D, indicating that the reduction in INSR
expression was not via transcription. In contrast, the enhanced
expression of INSR mRNA following reoxygenation appeared to be
the result of upregulated transcription (Fig. 4f). Taken together, our
findings point to a mechanism by which hypoxia-induced downregu-
lation of INSR expression in adipocytes could be mediated by the
enhancement of either miRNAs and/or mRNAs encoding for proteins
that induce mRNA instability/degradation.

3.6. Hypoxia-related miRNA expression in adipocytes

A number of mechanisms have been proposed through which
translational repression may occur in most cellular contexts in
mammals. Central, among these mechanisms, is the fundamental
role of miRNAs, an evolutionarily conserved class of short non-
coding RNAs, that regulate gene expression post-transcriptionally
[63,64]. Recently, consensus has been reached that mRNA desta-
bilization and degradation is the dominant means of repression
by miRNAs [65]. Based on these considerations and in an attempt
to provide further insight into the mechanism(s) by which hyp-
oxia adversely affects INSR mRNA stability and decay, we next
undertook an in-depth study of miRNA expression profiles in
hypoxic 3T3-L1 adipocytes compared with normoxic control cells.
A set of miRNAs differentially expressed between normoxic and
hypoxic conditions was identified (Fig. 5a). According to the
computational-prediction analysis based on TargetScan (www.tar
getscan.org), we focused our attention on the miR-128 which was
found to be one of the most upregulated miRNA in hypoxic 3T3-
L1 adipocytes, directly targeting the 30-UTR sequence of the INSR
gene. In this regard, bioinformatic analysis for target gene

http://www.targetscan.org
http://www.targetscan.org
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prediction was consistent with a previous report, in which a sin-
gle putative miR-128 target site was identified in the 30-UTR
sequence of the INSR gene [66]. Time course analysis (not shown)
in 3T3-L1 cells revealed that the induction of miR-128 occurred
already at 1 h hypoxia, reached a 6�8-fold peak after 6�8 h,
thereby preceding the decrease in INSR mRNA level that was not
detected until 2 h of hypoxia, as shown in Fig. 4e.

In light of these data, we then hypothesized that the elevated lev-
els of miR-128 under hypoxic conditions could play a role in hypoxia-
mediated degradation and translation repression of INSR mRNA in
the adipocytes of obese subjects. We first examined the levels of miR-
128 in VAT from obese humans and mice. As shown in Fig. 5b, the
level of miR-128 in visceral fat from both obese patients and HFD-fed
mice was markedly and significantly higher than that from normal
weight subjects and NCD-fed mice. The increase in miR-128 abun-
dance coincided with the decrease in INSR expression in the same
adipose tissues of humans and mice, indicating, therefore, that an
inverse relationship between miR-128 and INSR indeed exists in both
Fig. 4. Hypoxia-induced changes in INSR expression, and insulin signaling and INSR mRNA d
were measured in 3T3-L1 adipocytes that underwent hypoxia and hypoxia/reoxygenation f
ments in duplicate for each condition tested. *P < 0.05 vs control cells (normoxia) [Student
Thr308) in normoxic and hypoxic 3T3-L1 adipocytes, as measured by RT-qPCR and WB, unde
immunoblots for INSR and pAkt is shown. *P < 0.05 vs normoxia [Student’s t-test].
human and mouse obesity. No variations in miR-128 expression lev-
els were instead observed in liver and skeletal muscle of HFD/obese
mice when compared to NCD-fed control animals (Fig. 5c), indicating
that overexpression of miR-128 in obesity is specific for VAT.

In order to demonstrate that hypoxia in obesity can directly
induce miR-128 upregulation in visceral adipocytes, VAT fragments
from 12 non-obese subjects were placed in organ culture for 48 h, in
either normoxic or hypoxic conditions, and miR-128 was analyzed by
RT-qPCR, as defined above. Also in this case, as shown in Fig. 5d, miR-
128 was significantly higher in normal human adipose tissue samples
maintained in hypoxic organ culture when compared with normoxic
and reoxygenated tissues, which was consistent with the miR-128
expression level observed in hypoxic 3T3-L1 adipocytes.

HIF-1a is recognized as a major transcriptional regulator of gene
expression in response to hypoxia. We then investigated the poten-
tial involvement of this factor in the induction of miR-128 in 3T3-L1
adipocytes. As shown in Fig. 5e, no effect of HIF-1a [40] was observed
in relation to endogenous miR-128 levels in these cells, thereby indi-
ecay in mouse 3T3-L1 adipocytes. (A) HIF-1a and VEGFA mRNA and protein expression
or 48 h. Data for RT-qPCR and WB are representative of at least 3 independent experi-
’s t-test]. (B) INSR mRNA levels and protein expression, and total Akt and pAkt (Ser473/
r the same experimental conditions as in (A). Mean densitometric analysis of four to six



Fig. 4. (Continued)
(C) Glut4 protein content and the effect of insulin on 2-deoxy-D-glucose (2DG) uptake and Pepck mRNA levels in differentiated 3T3-L1 adipocytes under normoxic and hypoxic con-
ditions. A representative WB of Glut4 in plasma membrane is shown, together with densitometric analysis. Data are means § s.e.m. of 3 independent experiments, each in replicates
of 3. *P < 0.05 vs normoxia; **P < 0.05 vs normoxic insulin-free cells [Student’s t-test]. (D) pGL3-INSR Luciferase (Luc) reporter plasmid (300 ng) was transfected into differentiated
3T3-L1 adipocytes, incubated either in normoxia or hypoxia for 48 h, and Luc-activity was measured 48 h later. Data are means § s.e.m. for 3 separate experiments performed in
duplicate. Values in hypoxia (dashed bar) are expressed relative to the Luc activity obtained in transfections with the pGL3-INSR Luc in normoxic condition (gray bar), which is
assigned an arbitrary value of 1. White bar, mock (no DNA); black bar, pGL3-vector without an insert. (E) INSR mRNA decay in differentiated 3T3-L1 cells, cultured in normoxic
(open circles) and hypoxic (solid squares) conditions. Results are the mean § s.e.m. of triplicates from 3 separate assays. (F) Hypoxia/reoxygenation-mediated effects on INSR
mRNA. After 24 h exposure to hypoxia alone, 3T3-L1 mature adipocytes were treated or not with actinomycin D (ActD, 2 mg/mL) and cells were subjected to hypoxia or reoxygena-
tion for further 8 h. Cells in normoxia, with or without ActD, cultured for the same time period, served as control. RT-qPCR was performed to quantify INSR mRNA levels. Results are
the mean § s.e.m. of triplicates from 3 separate experiments. *P < 0.05 vs normoxia; **P < 0.05 vs cells under reoxygenation, without (�) ActD [Student’s t-test].
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cating that hypoxia-induced miR-128 was independent from this
transcription factor.

3.7. Effect of miR-128 on INSR expression

In order to further investigate the biological role of miR-128
and increase our understanding of the inverse relationship
observed between miR-128 and INSR expression in VAT of both
humans and mice, we next carried out transient transfections of
miR-128 in 3T3-L1 adipocytes, in which endogenous expression of
INSR is naturally induced upon adipocyte cell differentiation
[67,68]. As shown in Fig. 6a, overexpression of a miR-128 mimic
markedly inhibited the expression levels of both INSR mRNA and
protein in normoxic transfected 3T3-L1 cells, but did not interfere
with this process in HEK-293 cells, where INSR expression was
unaffected (Fig. 6a). These observations suggest that the effects of
miR-128 at the 30-UTR of INSR are cell-type specific and might be
influenced by either cis and/or trans factors which are differen-
tially expressed in specific cell types. In support of the specificity
of this result, no differences were found in INSR mRNA and protein
levels in cell transfections with a miR-128 inhibitor (Fig. 6a). The
lack of effect of miR-128 mimic on INSR expression in HEK-293
cells was apparently not in line with a previous study in which
transient miR-128 overexpression in this cell model was able to
inhibit the reporter activity of an INSR gene-Luc construct [66].
The two studies, however, differ for both technical background
and scope. In our study, we tried to address a physiological issue
by testing the effect of miR-128 on the expression of endogenous
INSR in two cell types, 3T3-L1 adipocytes and HEK-293 cells,
which are typical and less typical insulin targets, respectively. To
further support the adipose cell-specific effect of miR-128 on the
reduction of INSR mRNA and protein production, we finally carried
out experiments with 3T3-L1 adipocytes, which were preincu-
bated under hypoxic conditions in the presence of mir-128 mimic
or miR-128 inhibitor. As shown in Fig. 6b, it was confirmed that
hypoxia alone greatly weakened INSR mRNA and protein expres-
sion levels, and this effect was even more pronounced when the
combined hypoxia/miR-128 treatment was carried out simulta-
neously. Interestingly, and most relevant to this issue, the abun-
dance of INSR, both in terms of mRNA and protein, was almost



Fig. 5. Hypoxia-related miRNA expression. (A) Differentially expressed miRNAs in hypoxic 3T3-L1 adipocytes vs normoxic cells. miRNAs whose expression was either upregulated
(> 2-fold) or downregulated (< 0.5) after hypoxia treatment (1% O2) of cells are shown in the diagram (left). The expression levels of miR-128 in normoxic and hypoxic 3T3-L1 adi-
pocytes were determined by RT-qPCR (right); results are the means § s.e.m. from 3 independent experiments, each in triplicate; P < 0.001 vs normoxia [Student’s t-test]. (B) miR-
128 expression in VAT from normal-weight and obese individuals (n = 10 per each group), and mice under NCD- and HFD-fed conditions (n = 10 per each group) for 15 weeks. In
the obese subject category, VAT samples were as follows: 3 (BMI 30�34.9); 3 (BMI 35�39.9); 4 (BMI � 40). Data are the means § s.e.m. of 2 independent RT-qPCR assays from each
individual tissue sample. *P < 0.05 vs control (white bar) [Student’s t-test]. (C) miR-128 levels in liver and skeletal muscle from NCD- and HFD-fed mice as measured in (B). (D) miR-
128 levels as measured by RT-qPCR in VAT from normal-weight, non-obese individuals (n = 10), placed in organ culture for 48 h, either in normoxic or hypoxic environment, or after
reoxygenation. P < 0.001 vs normoxia [Student’s t-test]. (E) Normoxic 3T3-L1 adipocytes were transiently transfected with an effector plasmid (1mg) expressing HIF-1a. After 48 h,
miR-128 levels were measured by RT-qPCR. Results are the mean § s.e.m. of triplicates from 3 independent assays. A representative WB of HIF-1a is shown for each condition.
White bar, mock (no DNA); black bar, pcDNA3-vector without an insert; gray bar, pcDNA3-HIF-1a effector vector.
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Fig. 6. miR-128 and INSR expression. (A) Determination of endogenous INSR mRNA and protein expression levels in 3T3-L1 adipocytes and HEK-293 cells transfected with either a
miR-128 inhibitor or mimic by RT-qPCR and WB, respectively. (B) Endogenous INSR mRNA and protein expression levels were measured as in (A), in 3T3-L1 adipocytes transfected
with miR-128 mimic or miR-128 inhibitor and exposed to hypoxia for 48 h before INSR expression was determined. Representative WBs are shown. b-actin, control of protein load-
ing. Densitometric scanning of INSR protein signals are shown in bar graphs. Results in (A,B) are representative of at least 3 independent experiments, each in triplicate: bars are
mean § s.e.m. *P < 0.05 vs normoxic untransfected cells (control, white bar) [Student’s t-test].

B. Arcidiacono et al. / EBioMedicine 59 (2020) 102912 13
unchanged and remained similar to its level in normoxic condi-
tions when hypoxic 3T3-L1 adipocytes were preincubated with
miR-128 inhibitor (Fig. 6b).
3.8. Adipose-derived serum biomarkers of insulin resistance

All of the above data further support the role of adipose tissue
dysfunction in the pathogenesis of systemic insulin resistance. We
next determined whether the observed reductions in INSR expres-
sion and insulin signaling in human VAT were associated with altera-
tions in the production of adipose-derived serum factors which may
contribute to systemic insulin resistance by impairing insulin signal-
ing in liver and skeletal muscle. In the four study groups of patients
with different ranges of BMI we measured the circulating levels of
adipokines, cytokines and other analytes which are typically dysregu-
lated in obesity-related insulin resistance. As shown in Table 2,
Table 2
Serum levels of adipokines, cytokines and other related la

Controls
BMI 18.5�24.9A

Group 1
BMI 30�34
B

Number, n 20 7
Adiponectin,mg/mL 8.0 § 3.5 5.5 § 3.1
Leptin, pg/mL 15.6 § 7.8 31.1 § 19
Resistin, pg/mL 3.5 § 2.2 5.2 § 0.9
RBP-4, g/mL 38.0 § 0.6 43.7 § 0.6
hs-CRP, mg/L 1.1 § 0.6 2.5 § 2.1
IL-6, pg/mL 0.9 § 0.8 1.6 § 0.6
TNF-a, pg/mL 2.9 § 1.9 4.1 § 2.0
INF-g , pg/mL 1.8 § 1.1 2.9 § 2.5
MCP-1, pg/mL 157.6 § 46.6 179.1 § 54
IL-8, pg/mL 11.7 § 7.6 16.4 § 11
VEGF, pg/mL 162.6 § 70.0 269.7 § 11

Data are mean § SD or number (n). Kruskall�Wallis test w
among the adipokines, the insulin-sensitizing adiponectin was signif-
icantly reduced. In contrast, resistin and RBP-4, which interfere with
insulin-induced glucose uptake by skeletal muscle and amplify
hepatic glucose release [58,69], increased during the progression
from mild to severe and very severe obesity. Also, pro-inflammatory
factors, including CRP, and cytokines, such as IL-6, TNF-a, and INF-g ,
which contribute to insulin resistance in obese individuals [9,11],
increased with adipometrics. In addition, VEGF, as well as MCP-1, an
inflammatory chemokine with insulin-resistance-inducing capacity
[9,70], increased with obesity in a continuous fashion. Although not
statistically significant, an analogous trend was observed for IL-8,
another inflammatory marker linked to insulin resistance in obesity
[9,70]. Thus, these results are compatible with the concept that, dur-
ing the progression to more severe degrees of obesity, the
impairment of INSR expression and INSR signal transduction, in VAT,
parallels adipose-tissue dysfunction, secondarily leading to insulin
resistance in liver and skeletal muscle. Remarkably, these data
boratory parameters in the study groups.

.9
Group 2
BMI 35�39.9
C

Group 3
BMI � 40D

p

8 11 �
4.4 § 1.6 2.8 § 1.5 < 0.001

.2 52.4 § 11.0 66.4 § 12.6 < 0.001
5.3 § 1.7 6.1 § 2.3 0.011

49.7 § 0.7 58.2 § 0.9 < 0.001
5.3 § 4.7 9.0 § 7.1 < 0.001
2.2 § 1.0 2.9 § 1.1 < 0.001
6.4 § 4.5 7.9 § 4.2 0.003
4.0 § 3.9 4.8 § 3.3 0.021

.3 236.1 § 64.8 268.0 § 58.9 < 0.001

.3 20.0 § 19.0 24.6 § 15.6 0.078
7.9 302.2 § 108.7 330.1 § 86.7 < 0.001

as employed for continuous values comparisons.
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indicate that serum levels of a number of adipokines and markers of
inflammation also correlate with the different stages of obesity devel-
opment. The link between various adipokines and insulin resistance
and type 2 diabetes has been widely reported [14]. However, it
remains to be determined whether the changes in these adipocyto-
kines across the different stages of obesity may contribute to the pro-
gressive decline of INSR expression and signaling in VAT of obese
individuals. Further studies in this field will help clarify the relevance
of these molecules on BMI-dependent inhibition of INSR.

4. Discussion

The integrity of the INSR signaling in adipose tissue is crucial for
the maintenance of whole-body glucose and lipid homeostasis, as
well as peripheral insulin sensitivity. This notion is well supported by
studies in experimental animal models with adipose-specific ablation
of INSR (or its downstream IRS signaling molecules), in which periph-
eral insulin resistance occurs in skeletal muscle and liver due to adi-
pocyte and adipose tissue dysfunction [26,27,71,72]. On the other
hand, it has been found that selective downregulation of GLUT4 in
adipose tissue of obese animals and humans correlates inversely
with peripheral insulin sensitivity, representing a prominent feature
of insulin-resistant states, including T2D [37,58�60,73]. However,
despite the current evidence, the molecular mechanisms underlying
the adverse effects of obesity on INSR signaling have not yet been
fully explained. In the present study therefore, in order to more
closely understand this issue, we performed studies of INSR expres-
sion and insulin signaling both in vivo, in obese humans and mice,
and in vitro, in human and murine adipocyte cultures.

For the first time, we now provide experimental evidence on the
inverse relationship between increasing BMI and decreasing INSR
expression and insulin signaling in human VAT during the progres-
sion from normal weight to mild and severe obesity. Our data extend
previous observations showing that hypoxia, a well-established char-
acteristic feature of obese adipose tissue [74], plays a determinant
role in this scenario, as demonstrated by the results from immuno-
blots and RT-qPCR of VAT fragments and isolated visceral adipocytes
from normal-weight subjects, in which hypoxia-induced downregu-
lation of INSR expression was reversed by restoration of oxygen sup-
ply. The decrease in INSR expression in VAT of obese subjects was
replicated in subsequent experiments with HFD-induced model of
obesity in mice, in which INSR in VAT was considerably reduced with
respect to that found in normal weight mice. Interestingly, this
reduction appeared to be tissue-specific, given that mouse obesity
had no effect on INSR mRNA in liver and skeletal muscle, supporting
the hypothesis that impaired INSR signaling in liver and muscle of
this mouse model of obesity, is presumably due to post-receptor site
alterations, being developed as a consequence of the adipose tissue
dysfunction.

The direct effect of hypoxia on INSR levels was supported by
our findings in cultured 3T3-L1 adipocytes, in which low oxygen
tension adversely affected INSR protein expression by inducing
miR-128 upregulation and subsequently accelerating INSR mRNA
decay. Since the increase of miR-128 levels in VAT correlated
with the decrease in INSR expression in the same tissues, it is
plausible to presume that hypoxia-induced downregulation of
INSR in obese human and mouse adipocytes is mediated, at least
in part, by miR-128. This mechanistic explanation is corroborated
by our results obtained using normoxic and hypoxic 3T3-L1 adi-
pocytes transfected with miR-128 mimic or anti-miR-128, and is
supported by data from computational prediction analysis sug-
gesting the INSR as a potential target of miR-128. In addition,
such a mechanistic view is in line with previous studies in the
context of breast cancer tumorigenesis, showing that the expres-
sion levels of INSR and its downstream IRS1 target were reduced
in breast cancer cell lines overexpressing miR-128 [75].
Overall, our findings well support the notion that hypoxia in
obese adipose tissue may play a critical role in the impairment of
peripheral insulin action and development of systemic insulin resis-
tance. In line with this notion is our observation that several proin-
flammatory cytokines and adipokines that are known to influence
insulin signaling in liver and skeletal muscle were significantly
altered in serum of obese subjects, compared to serum of normal-
weight individuals. In a previous study in vitro [55], it was reported
that hypoxia was able to decrease INSR signaling in cultured adipo-
cytes. However, unlike in our study, that study did not find a reduc-
tion in cellular INSR protein expression. It is possible that the
discrepancy between the two studies, at this level, may be explained
on the basis of the different experimental conditions employed. For
example, a particularly pertinent issue in this context, is the O2 level
that is required to create the condition of normoxia or hypoxia in
vitro. In our study, both 3T3-L1 and isolated human visceral adipo-
cytes were incubated in 7% O2, which is considered within the physi-
ological normoxic range in studies with human adipocytes in culture
[9], thus considerably lower than the 21% O2 under which adipocytes
were incubated in the other study. Furthermore, in our in vitro
experiments, cells were exposed to hypoxia for a longer period of
time (48 h), in comparison with the other study (16 h) [55]. There-
fore, it is reasonable to suppose that in our cellular models, longer
exposure to hypoxia may result in INSR downregulation in a manner
analogous to the progressive downregulation of INSR expression
observed in vivo, in VAT of obese subjects, during the progression
from normal weight to mild and severe obese status. Indeed, in line
with our results, a significant decrease in INSR expression was
reported in a previous study in hypoxic 3T3-L1 adipocytes [52]. In
this latter case, the relevance of a longer exposure of cells to hypoxia
was also underscored in time-course experiments, in which the
reduction in cellular INSR protein expression was only detectable
after 24 h of hypoxia treatment [52].

In summary, in the present study for the first time, we provide
compelling evidence showing that an inverse correlation exists
between the degree of BMI, INSR expression and insulin signaling in
human VAT during the progression from normal weight to mild and
severe obesity. We consider a novelty in the literature the progres-
sive reduction of INSR expression in human VAT and the mechanism
underlying this reduction, as we have not found previous studies that
quantified the expression of INSR during obesity progression, and its
negative relationship with hypoxia. Furthermore, the inverse correla-
tion between the expression levels of INSR signaling components and
plasma glucose/insulin levels across the different stages of obesity is
another novelty of this study. This, together with the observation
that a number of adipokines and markers of inflammation also corre-
late with these molecular and metabolic changes during individuals’
transition from mild to very severe obesity, further contributes to the
notion that visceral fat accumulation, via adipokine dysregulation
and inflammation, represents a link between abdominal obesity and
insulin resistance.

From a mechanistic point of view, our findings point to a patho-
genic cascade of events, in which obesity-induced hypoxia increases
the expression of miR-128, which in turn negatively affects INSR
mRNA and protein expression levels in VAT, thus precluding insulin-
stimulated glucose uptake by adipose tissue itself. Impaired glucose
uptake in adipocytes may then contribute to secondary systemic
insulin resistance through the abnormal release of adipose-derived
adipokines, as well as proinflammatory mediators, which adversely
affect insulin action in liver and skeletal muscle. Our observation that
hypoxia-associated changes in the expression profiles of INSR and
other insulin signaling components are restored by reoxygenation
also in organ cultures of human VAT indicates that obesity-related
VAT dysfunction is not permanent and can be reversed. In this
respect, adipose-specific inhibition of miR-128 may constitute a
strategy to ameliorate insulin resistance in obesity.
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