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Neuregulin 4 (NRG4) has been described to improve metabolic disturbances linked

to obesity status in rodent models. The findings in humans are controversial. We

aimed to investigate circulating NRG4 in association with insulin action in humans

and the possible mechanisms involved. Insulin sensitivity (euglycemic

hyperinsulinemic clamp) and serum NRG4 concentration (ELISA) were analysed

in subjects with a wide range of adiposity (n = 89). In vitro experiments with human

HepG2 cell line were also performed. Serum NRG4 was negatively correlated with

insulin sensitivity (r = −0.25, p = 0.02) and positively with the inflammatory marker

high-sensitivity C reative protein (hsCRP). In fact, multivariant linear regression

analyses showed that insulin sensitivity contributed to BMI-, age-, sex-, and

hsCRP-adjusted 7.2% of the variance in serum NRG4 (p = 0.01). No significant

associations were found with adiposity measures (BMI, waist circumference or fat

mass), plasma lipids (HDL-, LDL-cholesterol, or fasting triglycerides) or markers of

liver injury. Cultured hepatocyteHepG2 treatedwith human recombinantNRG4had

an impact on hepatocyte metabolism, leading to decreased gluconeogenic- and

mitochondrial biogenesis-related gene expression, and reduced mitochondrial

respiration, without effects on expression of lipid metabolism-related genes.

Similar but more pronounced effects were found after neuregulin

1 administration. In conclusion, sustained higher serum levels of neuregulin-4,

observed in insulin resistant patients may have deleterious effects on metabolic

and mitochondrial function in hepatocytes. However, findings from in vitro

experiments should be confirmed in human primary hepatocytes.
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Introduction

Neuregulins are members of the large epidermal growth

factors (EGF) family of proteins, encrypted by four different

genes (NRG1-4) that encode multiple isoforms characterized

by the presence of an EGF-like domain that mediates their

biological activity through binding to the receptors tyrosine

kinase ErbB3 and ErbB4 (Meyer et al., 1997; Gumà et al.,

2020). The role of neuregulins in energy balance, glucose and

lipid metabolism, and their implication in metabolic

syndrome, have been investigated in recent years. ErbB

receptors have been demonstrated to be expressed in

skeletal myocytes, with NRG1 being key to skeletal muscle

development, myogenesis, and regulation of muscle

metabolism by stimulating glucose utilization (Suárez et al.,

2001; Cantó et al., 2007; Caillaud et al., 2016; Ennequin et al.,

2017; Heim et al., 2020), and in the proliferation of

cardiomyocytes during heart regeneration (Honkoop et al.,

2019). Recombinant neuregulin administration in Zucker

diabetic fatty rats enhanced glucose tolerance through the

activation of the ErbB3/PI3K/PKB signalling pathway in

liver, but not in muscle (López-Soldado et al., 2016). In

addition, a recent study demonstrated that NRG4 is

required for insulin-induced glucose uptake in mouse 3T3-

L1 cells (Díaz-Sáez et al., 2021). NRG4 or ErbB4-induced

downregulation led to insulin resistance and hepatic

steatosis in high-fat diet-fed mice (Wang et al., 2014; Zeng

et al., 2018; Wang et al., 2019a; Zhu et al., 2020), supporting

the importance of NRG4-ErbB4 signalling in the prevention of

obesity-associated metabolic disturbances.

In humans, the association between NRG4 and obesity-

associated insulin resistance and liver steatosis is less clear and

controversial. Some studies demonstrated an inverse

association between circulating NRG4 concentration and

characteristics of the metabolic syndrome or the presence

of non-alcoholic fatty liver disease (Dai et al., 2015; Wang

et al., 2019b). Other investigations reported increased levels of

NRG4 in patients with type 2 diabetes, altered glucose

tolerance or obesity (Kang et al., 2016; Chen et al., 2017a;

Kurek Eken et al., 2018). Chen et al. (2017a) analysed serum

NRG4 in 310 subjects (83 with normal glucose tolerance,

129 with prediabetes and 96 with type 2 diabetes).

Circulating NRG4 was significantly increased in the

prediabetic and diabetic groups. Kurek Eken et al. (2018)

also described increased serum NRG4 levels in women with

gestational diabetes mellitus in association with increased

BMI, glucose at 2-h of an oral glucose tolertance test and

HOMA-IR. Kang et al. (2016) also found increased serum

levels of NRG4 in participants with overweight (mean BMI

27 ± 4.02 kg/m2) and type 2 diabetes compared to participants

without obesity (mean BMI 24.1 ± 2.65 kg/m2). Consistently, a

recent meta-analysis, in which seven studies were included,

concluded that circulating NRG4 was associated with

alterations in glucose metabolism and obesity (Wang et al.,

2019c).

No study has evaluated, to our knowledge, serum NRG4 in

association with gold standard measures of insulin action

(euglycemic hyperinsulinemic clamp) or its possible

mechanisms in human cells. In the present study, we aimed

to investigate the potential relationship between circulating

NRG4 and obesity-associated metabolic disturbances in non-

diabetic subjects with a wide range of adiposity. We also

evaluated the metabolic impact of neuregulins and the effects

of NRG1 and NRG4 on palmitate-treated hepatocytes of the

human HepG2 cell line.

Methods

Participants recruitment

From January 2016 to October 2017, a cross-sectional

case-control study was undertaken in the Endocrinology

Department of Josep Trueta University Hospital. We

included 89 consecutive subjects, 55 with obesity

(BMI≥30 kg/m2) participants, and 34 without obesity

(BMI<30 kg/m2) similar in age (age range of 28–66 years)

and sex distribution. Exclusion criteria were type 2 diabetes,

clinically significant hepatic, neurological, or other major

systemic disease, including malignancy, infection in the

previous month, an elevated serum creatinine

concentration, acute major cardiovascular event in the

previous 6 months, acute illnesses and current evidence of

high grade chronic inflammatory or infective diseases, serious

chronic illness, >20 g ethanol intake/day, or use of

medications that might interfere with insulin action. Liver

and thyroid dysfunction were specifically excluded by

biochemical work-up. Samples and data from patients

included in this study were provided by the FATBANK

platform promoted by the CIBEROBN and coordinated by

the IDIBGI Biobank (Biobanc IDIBGI, B.0000872), integrated

in the Spanish National Biobanks Network and they were

processed following standard operating procedures with the

appropriate approval of the Ethics, External Scientific and

FATBANK Internal Scientific Committees. To ensure blinding

in outcome analyses, all samples were codified.

The institutional review board—Ethics Committee and the

Committee for Clinical Research (CEIC) of Dr. Josep Trueta

University Hospital (Girona, Spain) approved the study protocol

and informed written consent was obtained from all participants.
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Anthropometric measurements and
analytical methods

BMI was calculated as the weight in kilograms divided by

height in meters squared. The waists of participants were

measured with a soft tape midway between the lowest rib

and the iliac crest, and hip circumference was measured at the

widest part of the gluteal region. Body composition was

assessed using a dual energy X-ray absorptiometry (DEXA,

GE lunar, Madison, Wisconsin). Serum glucose

concentrations were measured in duplicate by the glucose

oxidase method using a Beckman glucose analyzer II

(Beckman Instruments, Brea, California). Glycated

haemoglobin (HbA1c) was measured by the high-

performance liquid chromatography method (autoanalyser

Jokoh HS-10, Bio-Rad, Muenchen, Germany). HDL-

cholesterol was quantified following precipitation with

polyethylene glycol at room temperature. The Friedewald

formula was used to calculate the concentration of LDL-

cholesterol. Total serum triglycerides were measured

through the reaction of glycerol-phosphate-oxidase and

peroxidase on a Hitachi 917 instrument (Roche, Mannheim,

Germany). High-sensitivity (hs) C-reactive protein

(ultrasensitive assay; 110 Beckman, Fullerton, CA), alanine

aminotransferase (ALT), aspartate aminotransferase (ASP)

and gamma glutamyl transferase (GGT) were determined

by a routine laboratory test. Serum neuregulin 4 (NRG4)

concentrations were measured using and enzyme-linked

immunosorbent assay (ELISA) kits (Aviscera Bioscences,

Santa Clara, CA). This assay has been shown to be highly

sensitive to human NRG4 with a sensitivity of 0.25 ng/ml.

Intra- and inter-assay variations were both less than 10%.

Hyperinsulinemic-euglycemic clamp

Insulin action was determined using the hyperinsulinemic-

euglycemic clamp. After an overnight fast, two catheters were

inserted into an antecubital vein, one for each arm, used to

administer constant infusions of glucose and insulin and to

obtain arterialized venous blood samples. A 2-h

hyperinsulinemic-euglycemic clamp was initiated by a two-

step primed infusion of insulin (80 mU/m2/min for 5 min,

60 mU/m2/min for 5 min) immediately followed by a

continuous infusion of insulin at a rate of 40 mU/m2/min

(regular insulin [Actrapid; Novo Nordisk, Plainsboro, NJ]).

Glucose infusion began at minute four at an initial perfusion

rate of 2 mg/kg/min being then adjusted to maintain plasma

glucose concentration at 88.3–99.1 mg/dl. Blood samples were

collected every 5 min for determination of plasma glucose and

insulin. Insulin sensitivity was assessed as the mean glucose

infusion rate during the last 40 min. In the stationary

equilibrium, the amount of glucose administered (M) equals

the glucose taken by the body tissues and is a measure of overall

insulin sensitivity.

In vitro experiments

Human hepatoma HepG2 cells were purchased from

American Type Culture Collection (ATCC) and cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented

with 10% fetal bovine serum (Gibco), 100 units ml–1 penicillin

and streptomycin, 1% glutamine and 1% sodium pyruvate, at

37°C and 5% CO2 atmosphere. Palmitic acid (PA) was prepared

as follows: 27.84 mg of PA (Sigma, San Luis, MO) were dissolved

in 1 ml sterile water to make a 100 mM stock solution. Bovine

serum albumin (BSA, 5%) was prepared in serum-free DMEM.

100 mM PA stock solution and 5% BSA were mixed for at least

1 h at 40°C to obtain a 5 mM solution. Cells were treated with PA

500 uM in combination with each of the neuregulin, human

recombinant NRG4 (Cat no RKQ8WWG1, Reprokine Ltd.,

Rehobot, Israel) and NRG1 (Cat no 396-HB, R&D Systems,

Inc., MN, United States) at 50 ng/ml during 48 h. The

functionality of the dose and incubation period of these

proteins was based on the validation performed in a previous

study (Díaz-Sáez et al., 2021). BSA supplemented medium was

used as control when necessary. All experimental conditions were

performed in four biological replicates in two independent

experiments. After treatment, cells were washed with

phosphate buffered saline and collected with Qiazol for RNA

purification.

Gene expression analysis

RNA purification, gene expression procedures and analyses

were performed, as previously described (Ortega et al., 2015).

Briefly, RNA purification was performed using RNeasy Lipid

Tissue Mini Kit (QIAgen, Izasa SA, Barcelona, Spain) and the

integrity was checked by Agilent Bioanalyzer (Agilent Technologies,

Palo Alto, CA). Gene expression was assessed by real time PCR

using a LightCycler® 480 Real-Time PCR System (Roche

Diagnostics SL, Barcelona, Spain), using TaqMan® and SYBR

green technology suitable for relative genetic expression

quantification. The RT-PCR reaction was performed in a final

volume of 12 μl. The cycle program consisted of an initial

denaturing of 10 min at 95°C then 40 cycles of 15 s denaturizing

phase at 95°C and 1 min annealing and extension phase at 60°C. A

threshold cycle (Ct value) was obtained for each amplification curve

and then a ΔCt was first calculated by subtracting the Ct value for

human cyclophilin A (PPIA) RNA from the Ct value for each

sample. Fold changes compared with the endogenous control were

then determined by calculating 2−ΔCt, so that gene expression results

are expressed as expression ratio relative to PPIA gene expression

according to the manufacturer’s guidelines. TaqMan® primer/probe
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sets (Thermo Fisher Scientific, Waltham, MA, United States) used

were as follows: Peptidylprolyl isomerase A (cyclophilin A)

(4333763, PPIA as endogenous control), phosphoenol pyruvate

carboxykinase 1 (PEPCK or PCK1, Hs0159918_m1), glucose-6-

phosphatase (G6PC, Hs00609178_m1), glucose transporter 2 or

solute carrier family two member 2 (GLUT2 or SLC2A2,

Hs01096908_m1). CD36 molecule (CD36, Hs00169627_m1),

acyl-CoA synthetase long chain family member 1 (ACSL1,

Hs00960561_m1), stearoyl-Coenzyme A desaturase 1 (SCD1,

Hs01682761_m1), PPARg coactivator one alpha (PPARGC1A,

Hs00173304_m1), nuclear respiratory factor 1 (NRF1,

Hs00192316_m1), glucose transporter 4 or solute carrier family

twomember 4 (GLUT4 or SLC2A4, Hs00168966_m1) and fatty acid

synthase (FASN, Hs01005622_m1).

Mitochondrial respiration

Mitochondrial respiratory function was assessed in

HepG2 treated with PA in combination with either

NRG1 or NRG4 by means of a Seahorse XFp Extracellular

Flux Analyzer (Seahorse Bioscience, Agilent Technologies)

using SeahorseXFp Cell MitoStress Test Kit according to

manufacturer’s instructions. This assay determines basal

respiration, ATP production, H+ (proton) leak, and spare

respiratory capacity. Basal respiration shows energy demand

of the cell under baseline conditions. ATP production shows

ATP synthesized by the mitochondria. Proton leak is the

remaining basal respiration not coupled to ATP production

and can be a sign of mitochondrial damage. Maximal

respiration shows the maximum rate of respiration that the

cell can achieve. Spare respiratory capacity indicates the

capability of the cell to respond to an energy demand and

can be an indicator of cell fitness or flexibility. Cells were

cultured for 48 h, followed by 60 min of culture with XF base

medium supplemented with 1 mM pyruvate, 2 mM glutamine,

and 10 mM glucose in a CO2 free incubator. Oxygen

consumption rate (OCR) was then normalized to the total

protein content, determined by PierceTM BCA

Protein Assay Kit (Thermo Fisher Scientific,

Wilmington, DE).

Statistical analyses

Statistical analyses were performed using SPSS

12.0 software. Unless otherwise stated, descriptive results of

continuous variables are expressed as mean and SD for

Gaussian variables or median and interquartile range.

Normality analysis was conducted using the Kolmogorov-

Smirnov test. Unpaired t-test was used to compare serum

NRG4 concentration according to obesity. The correlation

between variables was analyzed using simple correlation

analyses (Pearson’s and Spearman’s test) and multiple

regression analysis. In vitro experiments were analysed

using non-parametric Mann-Whitney test. Levels of

statistical significance were set at p < 0.05.

Results

Serum NRG4 associations with metabolic
traits and insulin resistance

Serum NRG4 was negatively correlated with insulin

sensitivity (M) (Figure 1) and positively with the

inflammatory marker hsCRP (Table 1). Multivariant linear

regression analyses showed that insulin sensitivity contributed

to 7.2% of the variance in serum NRG4 after controlling for BMI,

age, sex and hsCRP (p = 0.01) (Table 2).

No significant associations were observed between serum

NRG4 levels and adiposity measures (BMI, waist circumference

or fat mass), plasma lipids (HDL, LDL-cholesterol, and fasting

triglycerides), or markers of liver injuty (AST, ALT, GGT)

(Table 1).

Human recombinant NRG4 and
NRG1 reduce expression of
gluconeogenic- and mitochondrial
biogenesis-related genes in palmitate-
treated HepG2 cells

Recombinant NRG1 administration was performed to test

if the putative effects of NRG4 on HepG2 were specific or

similar to other neuregulins. Both human recombinant

FIGURE 1
Bivariate correlation between serum NRG4 levels and insulin
sensitivity in all participants (N = 89).
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NRG4 or NRG1 administration resulted in decreased

gluconeogenic- and mitochondrial biogenesis-related gene

expression, being more pronounced these effects after

NRG1 administration in palmitate-treated HepG2 cells

(Figures 2, 3).

After vehicle (BSA), no significant effects of human

recombinant NRG4 on gluconeogenic (PEPCK, G6PC,

GLUT2, GLUT4)-, lípid metabolism (CD36, ACSL1, FASN,

SCD1)- and mitochondrial biogenesis (PPARGC1A, NRF1)-

related gene expression were found (Figure 2). Human

recombinant NRG1 led to decreased G6PC, GLUT2 and

PPARGC1A mRNA levels (Figure 3).

Human recombinant NRG4 and
NRG1 attenuate mitochondrial respiration
in palmitate-treated HepG2 cells

After 24 h-palmitate administration, NRG4 administration

led to reduced basal and maximal respiration, without significant

effects on oxygen consumption for ATP production and proton

leak and on spare respiratory capacity (Figure 2).

NRG1 administration led to reduced basal and maximal

respiration, proton leak and spare respiratory capacity (Figure 3).

Discussion

In the current study we found that serum NRG4 was

positively associated with insulin resistance and hsCRP (a

marker of chronic low-level inflammation), but not with

dyslipidemia or markers of liver injury in subjects without

type 2 diabetes. Importantly, the relationship of NRG4 with

insulin sensitivity remained significant after controlling for

age, BMI, sex and hsCRP. In line with the current study,

increased levels of serum NRG4 in insulin resistance-

associated diseases, such as type 2 diabetes (Kang et al.,

2016; Chen et al., 2017a; Kurek Eken et al., 2018; Wang

et al., 2019c; Kocak et al., 2019) and polycystic ovary

syndrome (Kurek Eken et al., 2019; Cao and Hu, 2021)

have been reported. In contrast, a recent study described

low levels of NRG4 in patients with type 2 diabetes in

association to microalbuminuria (Kocak et al., 2020),

TABLE 1 Anthropometric and clinical characteristics according to obesity and correlations between serum NRG4 and these parameters.

Non obese Obese p r p*

N (men/women) 9/25 16/39

Age (years) 49.0 ± 10.3 44.4 ± 10.6 0.04 −0.10 0.32

Body mass index (kg/m2) 24.6 ± 2.7 44.2 ± 7.3 <0.0001 0.15 0.13

Waist circumference (cm) 88.7 ± 9.4 126.9 ± 14.3 <0.0001 0.11 0.30

BI fat mass (%) 25.2 ± 6.0 44.0 ± 5.0 <0.0001 0.14 0.17

Cholesterol (mg/dl) 209.2 ± 48.4 195.5 ± 44.0 0.17 0.01 0.87

HDL (mg/dl) 69.6 ± 22.0 50.2 ± 12.8 <0.0001 −0.13 0.19

LDL (mg/dl) 126.4 ± 39.6 122.4 ± 35.6 0.62 0.06 0.52

Triglycerides (mg/dl)a 93.8 (60.7–107) 116.1 (69–142) 0.05 0.16 0.11

ASP (U/L) 22.0 ± 6.0 20.2 ± 7.1 0.24 0.13 0.20

ALT (U/L) 21.3 ± 9.1 25.3 ± 14.7 0.15 0.09 0.38

GGT (U/L)a 32.2 (11.5–32.5) 28.7 (18–32) 0.62 0.19 0.06

Glucose (mg/dl) 95.6 ± 12.3 95.6 ± 11.6 0.98 0.09 0.37

Glycated haemoglobin (%) 5.4 ± 0.2 5.5 ± 0.3 0.19 0.16 0.11

M [mg/(kg min)] 9.8 ± 3.8 4.4 ± 2.5 <0.0001 −0.25 0.02

hsCRP (mg/dl)a 1.4 (0.51–1.74) 8.2 (2.6–10.5) <0.0001 0.21 0.04

NRG4 (ng/ml)a 2.33 (0.79–3.6) 3.4 (0.95–4.5) 0.13 — —

aMedian and interquartile range. Bold values mean that p-value reached statistical significance. p* indicated the p-value of correlations.

TABLE 2 Multiple linear regression analysis to predict the impact of
insulin sensitivity on serum NRG4 after controlling for BMI, age,
sex, and hsCRP.

NRG4 (ng/ml)

β t p

Age (years) −0.070 −0.63 0.5

Gender 0.013 0.11 0.9

BMI (kg/m2) 0.044 0.26 0.8

hsCRP (mg/dl) 0.066 0.54 0.6

M [mg/(kg min)] −0.289 −2.65 0.01

Adjusted R2 0.072 (7.2%)

ANOVA P 0.01

Bold values mean that p-value reached statistical significance.
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suggesting NRG4 as a putative marker of microvascular

dysfunction. Increased levels of NRG4 in situations of

altered glucose tolerance or early diabetes (Kang et al.,

2016; Chen et al., 2017a; Kurek Eken et al., 2018; Wang

et al., 2019c; Kocak et al., 2019), but decreased in those

patients with advanced diabetes (as reflects increased

microalbuminuria) (Kocak et al., 2020), suggest that

NRG4 levels might depend on the evolution and stage of

development of diabetes. Taking into account the

importance of NRG4 in insulin-induced glucose uptake

FIGURE 2
(A–C) The impact of human recombinant NRG4 on gluconeogenesis-, lipid metabolism- and mitochondrial biogenesis-related gene
expression in BSA- and palmitate-treated HepG2 cells. (D) The impact of human recombinant NRG4 on mitochondrial respiration in palmitate-
treated HepG2 cells. *p < 0.05 and **p < 0.01 compared to control or vehicle.

FIGURE 3
(A–C) The impact of human recombinant NRG1 on gluconeogenesis-, lipid metabolism-, and mitochondrial biogenesis-related gene
expression in BSA- and palmitate-treated HepG2 cells. (D) The impact of human recombinant NRG1 on mitochondrial respiration in palmitate-
treated HepG2 cells. *p < 0.05, **p < 0.01, **p < 0.001 compared to control or vehicle.
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(Díaz-Sáez et al., 2021), a possible compensatory role of

NRG4 in the maintenance of insulin action and glucose

metabolism in situations of early diabetes is possible.

However, additional interventional studies should be

performed to clarify the relevance of increased serum

NRG4 in early diabetes.

Controversial findings from previous studies (Dai et al., 2015;

Kang et al., 2016; Chen et al., 2017a; Kurek Eken et al., 2018)

together with current observations suggest that NRG4 does not

exert in humans the benefitial effects previously demonstrated in

mice (Wang et al., 2014; Chen et al., 2017b). To further evaluate

the possible mechanisms involved, in vitro experiments in the

HepG2 cell line were performed. These experiments revealed

that, after 24 h-palmitate administration, human recombinant

NRG4 did not alter lipid metabolism-related gene expression. In

contrast to previous findings in mice (Wang et al., 2014; Chen

et al., 2017b; Wang et al., 2019a), NRG4 impacted negatively on

hepatocyte catabolism, attenuating the expression of

gluconeogenesis- and mitochondrial biogenesis-related genes

and slightly decreasing mitochondrial respiration. Of note,

these effects were even more pronounced after human

recombinant NRG1 administration, indicating that both

NRG4 and NRG1 impacts negatively on gluconeogenesis and

mitochondrial respiration in human hepatocytes exposed to

palmitate. In line with these findings, previous studies in mice

demonstrated that recombinant NRG1 administration

attenuated hepatic gluconeogenesis (Arai et al., 2017; Zhang

et al., 2018). The negative effects of NRG1 and NRG4 on

mitochondrial biogenesis and respiration and the absence of

impact on expression of lipid metabolism-related genes suggest

that neuregulins did not prevent lipid accumulation in human

hepatocytes as observed in mice (Wang et al., 2014; Chen et al.,

2017b; Wang et al., 2019a; Zhu et al., 2020; Yang et al., 2021). The

lack of protein-based data is a limitation of these experiments.

While gene expression analysis at mRNA level is a suitable

surrogate to characterize the effect of exogenous factors on

gluconeogenesis, lipogenesis and other metabolic pathways in

HepG2 cells (Patel et al., 2016; Hasei et al., 2021; Wang et al.,

2022), these data should be validated at protein level in additional

experiments. Even though, HepG2 cells due to their proliferative

capacity are very useful for exploratory in vitro experiments

(Patel et al., 2016; Hasei et al., 2021; Wang et al., 2022), is

important to note that compared to primary hepatocytes, these

cells display altered expression and activation of EGFR and

enhanced glycolytic pathway. To overcome these experimental

limitations and confirm current findings, further experiments in

human primary hepatocytes should be required.

The benefitial impact of NRG4 on metabolism observed in

mice might be explained by the direct effects of NRG4 on adipose

tissue, increasing sympathetic innervations, and the

enhancement of BAT activity and browning of WAT (Rosell

et al., 2014; Comas et al., 2019), but not on liver metabolism. In

fact, while in mice the activation of BAT and the promotion of

WAT browning ameliorate insulin sensitivity, liver steatosis and

glucose tolerance in obesogenic conditions (Wang et al., 2015;

Kimura et al., 2021), the impact of WAT browning on obesity or

insulin resistance in humans is less relevant (Barquissau et al.,

2018; Comas et al., 2019).

To sum up, NRG4 is negatively associated with insulin

sensitivity in humans and contributes to reduce mitochondrial

respiration in HepG2 hepatocytes.
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