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Background: Neuregulin-4 (Nrg4), a novel brown fat-enriched factor, has been reported to play a crucial role in developing
metabolic disorders. The current case-control study aimed to investigate the association between serum Nrg4 and coronary
artery disease (CAD).

Methods: This study enrolled 43 patients with CAD and 43 subjects with normal coronary arteries diagnosed by coronary
angiography. Anthropometric and biochemical parameters were measured and recorded. The serum Nrg4 level was
determined using the enzyme-linked immunosorbent assay. The relationships between circulating Nrg4 and CAD and other
clinical parameters were analyzed. A receiver operating characteristic analysis was applied to assess the utility of Nrg4 in
identifying CAD.

Results: The study population comprised 86 patients, including 64 men (74.4%), at a mean age of 57.83+6.01 years.
Patients with CAD had significantly lower serum Nrg4 than the control group (P<0.001). The serum Nrg4 level was
negatively correlated with anthropometric variables, including the body mass index, waist circumference, and the waist-to-
hip ratio, fasting blood glucose, and the triglyceride-glucose index (P<0.05). In multivariable-adjusted regression analysis,
the odds of CAD decreased by 46% per 1 SD elevation in the serum Nrg4 level (OR, 0.54; 95% CI, 0.40 to 0.73; P<0.001)
after controlling for potential confounders. Nrg4 showed a significantly high area under the curve value (AUC, 0.85; 95%
CI 0.75 to 0.94) with 81.4% sensitivity and 95.3% specificity to identify CAD.

Conclusion: Generally, the serum level of Nrg4 declines in patients with CAD, which might be an independent risk factor for CAD.
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Introduction

Despite the enormous improvements in diagnosing
and treating coronary artery disease (CAD), it is the most
prominent cause of mortality and loss of disability-adjusted
life years worldwide.! Besides numerous well-established
risk factors for CAD, including hypertension, hyperlipidemia,
and diabetes, growing evidence has highlighted the role
of excess adiposity and adipose tissue dysfunction as risk
factors for CAD development.”*

Adipose tissue, both white and brown, is a highly dynamic
endocrine organ with a central function in regulating energy
metabolism.*® Adipokines, bioactive factors secreted by
adipose tissue, are arising as predictors of the functional
status of adipose tissue since they mediate the metabolic
cross-talk between adipose tissue and the other organs.”®
Altered concentrations of circulating adipokines, such as
leptin, adiponectin, resistin, and irisin, have been suggested
to be associated with CAD.*?

Among adipokines is neuregulin-4 (Nrg4), a member of
the epidermal growth factor (EGF) family of extracellular
ligands that plays a significant role in modulating energy
metabolism and the pathogenesis of metabolic disorders.”
Although Nrg4 was first identified in the pancreas,'! evidence
has shown that its highest level is expressed in brown adipose
tissue (BAT)."? Nrg4 expression is upregulated during brown
adipocyte differentiation and browning of white adipose
tissue (WAT)."3 Nrg4 functions in an autocrine, paracrine, or
endocrine manner after the proteolytic cleavage of the EGF-
like domain."

Animal models and human studies have indicated
decreased Nrg4 expression in obesity.'"* Human cross-
sectional and case-control studies have reported lower serum
concentrations of Nrg4 in patients with nonalcoholic fatty
liver disease (NAFLD),">!'¢ metabolic syndrome,'” and type
2 diabetes mellitus,'® indicating the potential protective role
of Nrg4 in the development of obesity-associated metabolic
disturbances. The cardioprotective actions of Nrg4 and
its signaling pathway have been reported in experimental
research, including the inhibited proliferation of vascular
smooth muscle cells and endothelial cell apoptosis, reducing
the progression of atherosclerosis.'**' A negative association
between serum Nrg4 levels and carotid intima-media
thickness and carotid plaques has also been observed in
individuals with obesity.??

According to preliminary evidence, Nrg4 might be a
potential risk factor for CAD. However, little clinical
information is available regarding Nrg4 in patients with
CAD. Here, we aimed to explore the association between
serum Nrg4 levels and CAD by conducting a case-control
study.

Methods

Patients aged 50 to 65 years with a body mass index (BMI)
of 18.5 to 35 kg/m? admitted to Tehran Heart Center were
screened. Forty-three patients with stable CAD (having 1
or 2 blocked arteries) and 43 with normal coronary arteries
based on diagnosis by coronary angiography were enrolled
in the study. Current smokers and patients with previous
coronary artery bypass grafting, a history of myocardial
infarction, stroke, or percutaneous coronary intervention
during the preceding 3 months were excluded from the study.
Furthermore, patients with diabetes, severe renal dysfunction,
autoimmune  diseases, familial hypercholesterolemia/
hypertriglyceridemia, chronic inflammatory diseases,
thyroid problems, or cancer were also excluded.

Before data collection, the purpose and design of the study
were explained to all the participants, and written informed
consent was obtained from them. The current study was in
accordance with the declaration of Helsinki and received
approval from the Research Ethics Committee of Tehran
University of Medical Sciences and the National Institute for
Medical Research Development before the study initiation.

Data regarding the age, sex, weight, height, waist, and hip
circumferences of the subjects were collected and recorded.
BMI was calculated as the weight (kg) divided by the square
of the height (m?). The waist-to-hip ratio was determined
by dividing waist circumference (cm) by hip circumference
(cm). Blood pressure was measured using an aneroid
sphygmomanometer and stethoscope with the participant in
a comfortable sitting position.

After an overnight fast, a blood sample was collected from
each subject and stored at —80 °C until the experiments.
According to the manufacturer’s protocol, the serum Nrg4
concentration was measured using an enzyme-linked
immunosorbent assay commercial kit (Shanghai Crystal Day
Biotech Co, Ltd, China).

Blood biochemical analyses, including fasting blood
glucose, triglyceride, total cholesterol, low-density
lipoprotein, and high-density lipoprotein, were performed
with a BT1500 autoanalyzer (Biotecnica Instruments, Italy)
using relevant commercial kits (Pars Azmoon Co, Tehran,
Iran).

The triglyceride glucose index was estimated with the
following formulas: In [fasting triglyceride (mg/dL) x fasting
blood glucose (mg/dL)/2].

All the statistical analyses were conducted using
IBM SPSS statistics version 24.0 (SPSS, Inc, Chicago,
IL, USA). First, the normal distribution of quantitative
variables was examined using the Shapiro-Wilk test.
Variables with normal distributions were presented as the
mean (standard deviation), and variables with skewed
distributions were presented as the median (the interquartile
range). Categorical variables are expressed as numbers
(percentages). Differences between the 2 groups were
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assessed with the independent samples # or Mann-Whitney
U'test. The y? test was used to compare categorical variables.
The subjects were classified into tertiles according to serum
Nrg4 levels. One-way analysis of variance (ANOVA) or
the Kruskal-Wallis test was utilized to test differences in
normally and non-normally distributed variables between
different tertiles of serum Nrg4 levels, respectively.
Bivariate correlations between serum Nrg4 levels and other
variables were performed with the Pearson correlation
coefficient. Receiver operating characteristic (ROC) curve
analyses and areas under the curve (AUC) were applied to
evaluate the utility of the serum Nrg4 level and its cutoff
values in determining the presence of CAD. Univariate and
multivariable logistic regression analyses were conducted
to assess the raw and adjusted association between Nrg4
and CAD. Two-tailed values of a P value of less than 0.05
were considered statistically significant.

Results

The demographic and clinical characteristics of the study
population (n=86) are shown in Table 1. In total, 64 males
and 22 females were included. The mean age of the subjects
was 57.44+6.36 years in the CAD group and 58.2145.68
years in the non-CAD group (P>0.05). The distribution
of sex was significantly different between the 2 groups
(P=0.012). BMI, waist circumference, the waist-to-hip
ratio, fasting blood glucose, total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol,

triglyceride, systolic blood pressure, diastolic blood pressure,
and creatinine showed no statistical differences between the
groups. The serum Nrg4 level was significantly lower in the
CAD group than in the non-CAD group (1.63 [0.30, 2.97]
vs 4.13 [3.57, 5.10] ng/mL (median [interquartile range]);
P<0.001).

Table 2 presents the clinical characteristics of the study
population across the tertiles of serum Nrg4 concentrations.
No significant differences existed concerning age, sex,
anthropometric indices (BMI, waist circumference, and the
waist-to-hip ratio), fasting blood glucose, lipid profile, the
triglyceride glucose index, systolic blood pressure, diastolic
blood pressure, and creatinine among tertiles of serum Nrg4
levels. Nonetheless, there was a significant difference in the
number of patients with CAD across the tertiles of serum
Nrg4 concentrations (P<0.001).

Figure 1 illustrates the results of the AUC calculations
for detecting the presence of CAD according to serum Nrg4
levels. Based on the ROC curve analysis, the serum Nrg4
level showed a significantly high AUC value (AUC, 0.85;
95% CI, 0.75 to 0.94) with 81.4% sensitivity and 95.3%
specificity for predicting the presence of CAD. The cutoffs
of serum Nrg4 levels were 3.13 ng/mL for detecting CAD,
based on the Youden J index.

The crude and multivariable-adjusted odds ratios (ORs)
for the association between the serum Nrg4 level and
CAD are displayed in Table 3. In model 1, the crude model
without any adjustments for confounding variables, the odds
of CAD declined by 40% per 1 SD increase in the serum
Nrg4 level (OR, 0.60; 95% CI, 0.46 to 0.80; P<0.001). After

Table 1. Clinical and biochemical characteristics of the study participants with and without CAD

Variables With CAD (n=43) Without CAD (n=43) P
Age (y)' 57.44+6.36 58.21+5.68 0.557
Male/Female (%) 37 (86.0)/ 6 (14.0) 27(62.8) /16 (37.2) 0.012
BMI (kg/m?) 28.77+3.44 28.09+3.91 0.389
WC (cm)” 98.69+9.44 98.09+9.01 0.764
WHR" 0.96+0.06 0.94+0.05 0.178
FBG (mg/dL)* 97.00 (91.00, 106.00) 99.00 (89.00, 102.00) 0.819
TG (mg/dL)* 132.00 (98.00, 175.00) 119.00 (84.00, 161.00) 0.280
TC (mg/dL)" 156.95+39.44 155.29+39.44 0.846
LDL-c (mg/dL)" 93.81+32.70 92.714+29.34 0.870
HDL-c (mg/dL)" 40.74+9.07 39.2248.10 0.413
TyG (index)” 8.82+0.49 8.65+0.48 0.120
Nrg4 (ng/mL)"* 1.63 (0.30, 2.97) 4.13 (3.57,5.10) <0.001
SBP (mmHg)* 120.00 (120.00, 130.00) 120.00 (110.00, 130.00) 0.164
DBP (mmHg)* 75.00 (70.00, 80.00) 70.00 (60.00, 80.00) 0.147
Cr (mg/dL)" 1.08+0.17 1.03+0.16 0.199

“"Data are presented as the mean (the standard deviation). The independent samples t test was used for the comparisons.

“Data are presented as the median (the interquartile range). The Mann-Whitney U test was used for the comparisons.

CAD, Coronary artery disease; BMI, Body mass index; WC, Waist circumference; WHR, Waist-to-hip ratio; FBG, Fasting blood glucose; TC, Total
cholesterol; TG, Triglyceride; LDL-c, Low-density lipoprotein cholesterol; HDL-c, High-density lipoprotein cholesterol; TyG, Triglyceride-glucose; Nrg4,
Neuregulin-4; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; Cr, Creatinine
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Tertile 1 Tertile 2 Tertile 3 P

Serum Nrg4 level (ng/mL) <1.92 1.93-4.01 >4.02

Number of subjects (%) 29 (33.7) 29 (33.7) 28 (32.6)

CAD/non-CAD (%) 28 (96.5)/1(3.5) 9 (31.0) /20 (69.0) 6(21.4) /22 (78.6) <0.001
Male/female (%) 23(79.3)/ 6 (20.7) 20 (69.0) /9 (31.0) 21 (75.0)/ 7 (25.0) 0.677
Age (y)' 57.2146.25 59.86+4.98 56.36+6.35 0.069
BMI (Kg/m?)* 29.13+3.83 27.3243.32 28.85+3.72 0.129
WC (em)” 99.74+10.10 97.47+7.10 97.95+10.21 0.616
WHR” 0.96+0.06 0.95+0.05 0.94+0.06 0.159
FBG (mg/dL)" 100.00 (92.00, 109.00) 96.00 (89.00, 102.00) 98.50 (87.50, 101.00) 0.113
TG (mg/dL)" 141.00 (98.00, 175.00) 116.00 (104.00, 150.00) 127.00 (85.50, 190.50) 0.533
TC (mg/dL)" 158.10+41.11 154.14+36.66 156.15+41.13 0.930
LDL-c (mg/dL)" 93.59+34.11 90.38+24.64 95.92433.91 0.797
HDL-¢ (mg/dL)" 41.6248.46 40.62+7.71 37.62+9.32 0.190
TyG index’ 8.86+0.53 8.67+0.39 8.67+0.53 0.231
Cr (mg/dL)" 1.06+0.18 1.03+0.18 1.09+0.15 0.463
SBP (mmHg)" 120.00 (120.00, 130.00) 120.00 (110.00, 130.00) 120.00 (110.00, 130.00) 0.296
DBP (mmHg)" 78.00 (74.00, 80.00) 70.00 (60.00, 82.00) 70.00 (65.00, 80.00) 0.139

“Data are presented as the mean (the standard deviation). One-way ANOVA was used for the comparisons.

“Data are presented as the median (the interquartile range). The Kruskal-Wallis test was used for the comparisons.

CAD, Coronary artery disease; BMI, Body mass index; WC, Waist circumference; WHR, Waist-to-hip ratio; FBG, Fasting blood glucose; TC, Total
cholesterol; TG, Triglyceride; LDL-c, Low-density lipoprotein cholesterol; HDL-c, High-density lipoprotein cholesterol; TyG, Triglyceride-glucose; Nrg4,
Neuregulin-4; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; Cr, Creatinine

adjustments for potential confounders, the ORs for CAD
remained statistically significant (OR, 0.54; 95% CI, 0.40 to
0.73; P<0.001).

The correlations between the circulating Nrg4
concentration and anthropometric and metabolic variables
are shown in Table 4. There were significant inverse
correlations between the serum Nrg4 level and BMI (1=
—0.21, P=0.048), waist circumference (r=—0.25, P=0.018),
the waist-to-hip ratio (r= —0.24, P=0.027), fasting blood
glucose (r= —0.24, P=0.025), and the triglyceride-glucose
index (r=—0.21, P=0.048).

Sensitivity

00 02 04 06 08 10

1 - Specificity

Figure 1. The image illustrates the receiver operating characteristic (ROC)
curve for the presence of CAD according to serum neuregulin-4 levels.

Table 3. Odds ratios for CAD according to serum Nrg4 levels

95% CI
Model OR P
Lower Upper
Model 1 0.60 0.46 0.80 <0.001
Model 2 0.58 0.44 0.77 <0.001
Model 3 0.54 0.40 0.73 <0.001

OR, Odds ratio; CI, Confidence interval

Model 1, Crude model;

Model 2, Adjusted for age and sex;

Model 3, Adjusted for age, sex, body mass index, waist circumference,
waist-to-hip ratio, total cholesterol, triglyceride, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, and fasting blood glucose.

Table 4. Correlations between the serum Nrg4 level and anthropometric and
metabolic variables

Variable Correlation coefficient P
Age (y) -0.16 0.130
BMI (Kg/m?) -0.21 0.048
WC (cm) -0.25 0.018
WHR -0.24 0.027
FBG (mg/dL) -0.24 0.025
TG (mg/dL) -0.08 0.447
TC (mg/dL) -0.002 0.984
LDL-c (mg/dL) 0.01 0.907
HDL-c (mg/dL) -0.12 0.251
TyG index -0.21 0.048

BMI, Body mass index; WC, Waist circumference; WHR, Waist-to-hip
ratio; FBG, Fasting blood glucose; TC, Total cholesterol; TG, Triglyceride;
LDL-c, Low-density lipoprotein cholesterol; HDL-c, High-density
lipoprotein cholesterol; TyG, Triglyceride-glucose
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Discussion

In the current study, we found that the serum level of
Nrg4 declined significantly in patients with CAD compared
with the control group. The number of CAD patients was
significantly decreased across the tertiles of serum Nrg4
levels. The level of Nrg4 in the serum was inversely correlated
with obesity indicators, including BMI, waist circumference,
and the waist-to-hip ratio, and fasting glucose and the
triglyceride-glucose index. Our findings demonstrated that
a higher level of circulating Nrg4 could decrease the odds
of CAD by 40% per 1 SD increase in the serum Nrg4 level.
In addition, the circulating Nrg4 level had 81.4% sensitivity
and 95.3% specificity for identifying CAD. These results
indicate that circulating Nrg4 might play a protective role
against CAD and its capability as a marker for predicting the
presence of CAD.

In line with our results, a clinical study by Tian et al*
on patients with CAD showed that those with a higher
SYNTAX score (as a marker of CAD extension) had lower
serum Nrg4. Our findings are also in agreement with an
investigation by Rahimzadeh et al,>* who found a negative
association between the serum level of Nrg4 and the risk
of acute coronary syndromes independent of traditional
cardiovascular risk factors. Furthermore, the serum Nrg4
level was inversely associated with the number of vessels
diagnosed with stenosis in that study.

BAT is a unique type of adipose tissue that contributes to
systemic metabolic homeostasis by producing heat through
the activation of uncoupled mitochondrial respiration in
response to cold exposure.”” BAT is metabolically active in
adult humans, although its activity is disrupted in obesity.?*?’
Since activating BAT increases whole-body energy
expenditure and results in reduced adiposity, targeting BAT
activity and the browning of WAT might be a potential
approach in the combat against obesity and the associated
comorbidities such as diabetes and cardiovascular disease.?’-**
Recent evidence suggests that BAT might contribute to
regulating systemic metabolism independent of thermogenic
properties through the secretion of endocrine factors.'*%
Nrg4 is among the first regulatory molecules identified to be
secreted by BAT and white adipocytes upon cold exposure,
and its expression has been associated with BAT activity
and the browning of WAT."° It also has cardioprotective
properties and beneficial effects on metabolic risk factors.!*3!

The underlying mechanisms regarding the role of Nrg4
in the pathogenesis of CAD are not yet fully understood.
Evidence suggests that the protective effects of Nrg4 might
occur directly or indirectly in the cardiovascular system.
The Nrg4-associated downstream signaling pathway, the
ErbB4, is a key transcriptional regulator of cardiomyocyte
proliferation and plays an important role in the repair of
heart injury.’>3* Clement et al'® demonstrated that ErbB4
was upregulated in the rat’s endothelium after balloon injury
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to the carotid artery. In the same study, activating ErbB4
attenuated neointima formation following vascular injury
and inhibited vascular smooth muscle cell proliferation.
This signaling pathway could also prevent atherosclerosis
progression through the attenuation of endothelial cell
apoptosis.??!

The indirect mechanisms proposed for the Nrg4 functions
affecting the cardiovascular system include its effects on
adiposity, lipoprotein metabolism, insulin resistance, and
inflammation.'* An animal study by Wang et al** indicated that
Nrg4 KO mice gained more weight and increased adiposity
following high-fat diet feeding. A negative association
between Nrg4 levels and obesity indicators, including BMI,
waist circumference, and the waist-to-hip ratio, has also been
reported in human cross-sectional studies,!”*¢ similar to our
results.

Nrg4 is a critical factor in regulating BAT activity.
Increased BAT activity highly contributes to correcting
metabolic disorders by utilizing glucose and fatty acids
for thermogenesis." It also improves insulin sensitivity
by increasing peripheral glucose metabolism.’” Recent
experimental studies indicated that Nrg4 null mice
experienced glucose intolerance and insulin resistance
following diet-induced obesity, and the overexpression
of Nrg4 by gene transfer protected the animals against
these events.*>*® Clinical studies have also revealed lower
circulating Nrg4 levels in patients with impaired glucose
tolerance.'®3%* Further, Cai et al'” reported that fasting blood
glucose was significantly decreased across quartiles of serum
Nrg4 in obese adults. We also observed a negative correlation
between the Nrg4 concentration and fasting blood glucose.
A case-control study on patients with NAFLD reported
that the serum Nrg4 level was inversely correlated with the
triglyceride-glucose index,'¢ a product of blood glucose and
triglyceride associated with cardiovascular disease, which is
entirely consistent with our findings.

Inflammation is another indirect mechanism influenced
by Nrg4, which is not assessed here. Some studies have
suggested a protective role for Nrg4 in various inflammatory
diseases, such as NAFLD,* inflammatory bowel disease,*
and type 2 diabetes mellitus.** Furthermore, the anti-
inflammatory effects of Nrg4 have been observed in an animal
model of osteoarthritis and colitis.** Since inflammation is
pivotal to coronary atherosclerotic plaque development and
destabilization,* the assessment of inflammatory markers
and their relationships with Nrg4 in patients with CAD could
help the discovery of involved pathways and their prevention
or management.

The obtained cutoff of the serum Nrg4 level for detecting
CAD in our study was higher than the cutoff reported for
detecting increased carotid intima-media thickness (0.71
ng/mL) and the presence of carotid plaques (0.69 ng/mL)
in a population of obese Chinese adults.?? Still, it was lower
than the cutoff reported to predict coronary heart disease in
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patients with type 2 diabetes mellitus (11.175 ng/mL).*” The
Nrg4 level cutoff for diagnosing NAFLD in children and
adolescents with obesity was 3.39 ng/mL,* approximately
near our cutoff. The reported cutoffs of Nrg4 levels are
somewhat different, but one finding is consistent in all studies:
the decreased levels of Nrg4 in pathologic conditions. Due
to the high heterogeneity of the studies conducted in terms
of different populations and baseline characteristics of the
individuals, further studies are needed to achieve a general
cutoff of the serum Nrg4 level to predict diseases.

Overall, according to our results and the above data
regarding the role of Nrg4 in cardiovascular health and
metabolic homeostasis, this novel adipokine seems to exert
protective effects against CAD. As a BAT representative with
the ability to regulate BAT activity and modify cardiovascular
disease risk factors, Nrg4 should be investigated in the cross-
talk between CAD and BAT in future research.

The results of the present study should be interpreted in
light of some of its limitations. Our investigations were based
on a single-center analysis. Furthermore, given the case-
control design of this study, the causality effect could not be
established. Therefore, further longitudinal and population-
based studies are required to explore the potential causal
relationship between Nrg4 and CAD.

Conclusion

In summary, the results of the current study demonstrated
that the circulating Nrg4 level was decreased in CAD
patients, and it might be a useful biomarker for predicting
CAD. These findings underline the significance of Nrg4 as a
potential preventive and therapeutic target for CAD, which
needs to be assessed in future research.

Acknowledgments

This study was supported by a grant from Tehran
University of Medical Sciences and Health Services (grant
number: 41610).

References

1. Ralapanawa U, Sivakanesan R. Epidemiology and the Magnitude
of Coronary Artery Disease and Acute Coronary Syndrome: A
Narrative Review. J Epidemiol Glob Health 2021;11:169-177.

2. Rana MN, Neeland 1J. Adipose Tissue Inflammation and
Cardiovascular Disease: An Update. Curr Diab Rep 2022;22:27-37.

3. Mack M, GoPal A. EPidemiology, traditional and novel risk factors
in coronary artery disease. Heart Fail Clin 2016;12:1-10.

4. Juonala M, Magnussen CG, Berenson GS, Venn A, Burns TL,
Sabin MA, Srinivasan SR, Daniels SR, Davis PH, Chen W, Sun
C, Cheung M, Viikari JS, Dwyer T, Raitakari OT. Childhood
adiposity, adult adiposity, and cardiovascular risk factors. N Engl J
Med 2011;365:1876-185.

20.

21.

22.

23.

24.

McGown C, Birerdinc A, Younossi ZM. Adipose tissue as an
endocrine organ. Clin Liver Dis 2014;18:41-58.

Scheideler M, Herzig S, Georgiadi A. Endocrine and autocrine/
paracrine modulators of brown adipose tissue mass and activity
as novel therapeutic strategies against obesity and type 2 diabetes.
Horm Mol Biol Clin Investig 2017;31:/j/hmbci.2017.31.issue-2/
hmbci-2017-0043/hmbci-2017-0043 .xml.

Blither M, Mantzoros CS. From leptin to other adipokines in health
and disease: facts and expectations at the beginning of the 21st
century. Metabolism 2015 Jan;64:131-145.

Fasshauer M, Blither M. Adipokines in health and disease. Trends
Pharmacol Sci 2015;36:461-470.

Puchatowicz K, Kloda K, Dziedziejko V, Ra¢ M, Wojtarowicz
A, Chlubek D, Safranow K. Association of Adiponectin, Leptin
and Resistin Plasma Concentrations with Echocardiographic
Parameters in Patients with Coronary Artery Disease. Diagnostics
(Basel) 2021;11:1774.

Liu Y, Chen M. Neuregulin 4 as a novel adipokine in energy
metabolism. Front Physiol 2023;13:1106380.

Harari D, Tzahar E, Romano J, Shelly M, Pierce JH, Andrews GC,
Yarden Y. Neuregulin-4: a novel growth factor that acts through the
ErbB-4 receptor tyrosine kinase. Oncogene 1999;18:2681-2689.
Christian M. Transcriptional fingerprinting of "browning" white
fat identifies NRG4 as a novel adipokine. Adipocyte 2014;4:50-54.
Comas F, Martinez C, Sabater M, Ortega F, Latorre J, Diaz-Saez
F, Aragonés J, Camps M, Guma A, Ricart W, Fernandez-Real
JM, Moreno-Navarrete JM. Neuregulin 4 Is a Novel Marker of
Beige Adipocyte Precursor Cells in Human Adipose Tissue. Front
Physiol 2019;10:39.

Tutunchi H, Ostadrahimi A, Hosseinzadeh-Attar MJ, Miryan M,
Mobasseri M, Ebrahimi-Mameghani M. A systematic review of
the association of neuregulin 4, a brown fat-enriched secreted
factor, with obesity and related metabolic disturbances. Obes Rev
2020;21:¢12952.

Dai YN, Zhu JZ, Fang ZY, Zhao DJ, Wan XY, Zhu HT, Yu CH, Li
YM. A case-control study: Association between serum neuregulin
4 level and non-alcoholic fatty liver disease. Metabolism
2015;64:1667-1673.

Tutunchi H, Mobasseri M, Aghamohammadzadeh N, Hooshyar
J, Naeini F, Najafipour F. Serum neuregulin 4 (NRG-4) level and
non-alcoholic fatty liver disease (NAFLD): A case-control study.
Int J Clin Pract 2021;75:¢14555.

Cai C, Lin M, Xu Y, Li X, Yang S, Zhang H. Association of
circulating neuregulin 4 with metabolic syndrome in obese adults:
a cross-sectional study. BMC Med 2016;14:165.

Yan P, XuY, Zhang Z, Gao C, Zhu J, Li H, Wan Q. Decreased plasma
neuregulin 4 levels are associated with peripheral neuropathy in
Chinese patients with newly diagnosed type 2 diabetes: A cross-
sectional study. Cytokine 2019;113:356-364.

Clement CM, Thomas LK, Mou Y, Croslan DR, Gibbons GH,
Ford BD. Neuregulin-1 attenuates neointimal formation following
vascular injury and inhibits the proliferation of vascular smooth
muscle cells. J Vasc Res 2007;44:303-312.

Qin M, Luo Y, Meng XB, Wang M, Wang HW, Song SY, Ye JX,
Pan RL, Yao F, Wu P, Sun GB, Sun XB. Myricitrin attenuates
endothelial cell apoptosis to prevent atherosclerosis: An insight
into PI3K/Akt activation and STAT3 signaling pathways. Vascul
Pharmacol 2015;70:23-34.

Tie G, YanJ, Yang Y, Park BD, Messina JA, Raffai RL, Nowicki PT,
Messina LM. Oxidized low-density lipoprotein induces apoptosis
in endothelial progenitor cells by inactivating the phosphoinositide
3-kinase/Akt pathway. J Vasc Res 2010;47:519-530.

Jiang J, Lin M, Xu Y, Shao J, Li X, Zhang H, Yang S. Circulating
neuregulin 4 levels are inversely associated with subclinical
cardiovascular disease in obese adults. Sci Rep 2016;6:36710.
Tian QP, Liu ML, Tang CS, Xue L, Pang YZ, Qi YF. Association of
Circulating Neuregulin-4 with Presence and Severity of Coronary
Artery Disease. Int Heart J 2019;60:45-49.

Rahimzadeh M, Farshidi N, Naderi N, Farshidi H, Montazerghaem

J Teh Univ Heart Ctr 18 (3)

July, 2023

The Journal of Tehran University Heart Center 175

http://jthc.tums.ac.ir



The Journal of Tehran University Heart Center

Fatemeh Taheri et al.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

176

H. Clinical significance of serum concentrations of neuregulin-4,
in acute coronary syndrome. Sci Rep 2020;10:5797.

Cannon B, Nedergaard J. Brown adipose tissue: function and
physiological significance. Physiol Rev 2004;84:277-359.

Lee P, Zhao JT, Swarbrick MM, Gracie G, Bova R, Greenfield JR,
Freund J, Ho KK. High prevalence of brown adipose tissue in adult
humans. J Clin Endocrinol Metab 2011;96:2450-2455.

Alcala M, Calderon-Dominguez M, Serra D, Herrero L, Viana M.
Mechanisms of Impaired Brown Adipose Tissue Recruitment in
Obesity. Front Physiol 2019;10:94.

Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai
Y, Iwanaga T, Saito M. Recruited brown adipose tissue as an
antiobesity agent in humans. J Clin Invest 2013;123:3404-3408.
Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose
tissue as a secretory organ. Nat Rev Endocrinol 2017;13:26-35.
Rosell M, Kaforou M, Frontini A, Okolo A, Chan YW, Nikolopoulou
E, Millership S, Fenech ME, Maclntyre D, Turner JO, Moore
JD, Blackburn E, Gullick WJ, Cinti S, Montana G, Parker MG,
Christian M. Brown and white adipose tissues: intrinsic differences
in gene expression and response to cold exposure in mice. Am J
Physiol Endocrinol Metab 2014;306:E945-964.

Pereira RO, McFarlane SI. The Role of Brown Adipose Tissue in
Cardiovascular Disease Protection: Current Evidence and Future
Directions. Int J Clin Res Trials 2019;4:136.

Bersell K, Arab S, Haring B, Kithn B. Neuregulin1/ErbB4 signaling
induces cardiomyocyte proliferation and repair of heart injury Cell.
2009;138:257-270.

Iwamoto R, Yamazaki S, Asakura M, Takashima S, Hasuwa H,
Miyado K, Adachi S, Kitakaze M, Hashimoto K, Raab G, Nanba
D, Higashiyama S, Hori M, Klagsbrun M, Mekada E. Heparin-
binding EGF-like growth factor and ErbB signaling is essential
for heart function. Proc Natl Acad Sci U S A 2003;100:3221-3226.
Galindo CL, Ryzhov S, Sawyer DB. Neuregulin as a heart failure
therapy and mediator of reverse remodeling. Curr Heart Fail Rep
2014;11:40-49.

Wang GX, Zhao XY, Meng ZX, Kern M, Dietrich A, Chen Z,
Cozacov Z, Zhou D, Okunade AL, Su X, Li S, Blither M, Lin JD.
The brown fat-enriched secreted factor Nrg4 preserves metabolic
homeostasis through attenuation of hepatic lipogenesis. Nat Med
2014;20:1436-1443.

Wang R, Yang F, Qing L, Huang R, Liu Q, Li X. Decreased serum
neuregulin 4 levels associated with non-alcoholic fatty liver disease
in children with obesity. Clin Obes 2019;9:¢12289.

Chen Z, Wang GX, Ma SL, Jung DY, Ha H, Altamimi T, Zhao
XY, Guo L, Zhang P, Hu CR, Cheng JX, Lopaschuk GD, Kim JK,
Lin JD. Nrg4 promotes fuel oxidation and a healthy adipokine
profile to ameliorate diet-induced metabolic disorders. Mol Metab
2017;6:863-872.

Ma Y, Gao M, Liu D. Preventing High Fat Diet-induced Obesity
and Improving Insulin Sensitivity through Neuregulin 4 Gene
Transfer. Sci Rep 2016;6:26242.

Zhang L, Fu'Y, Zhou N, Cheng X, Chen C. Circulating neuregulin
4 concentrations in patients with newly diagnosed type 2 diabetes:
a cross-sectional study. Endocrine 2017;57:535-538.

Kralisch S, Hoffmann A, Kratzsch J, Blither M, Stumvoll
M, Fasshauer M, Ebert T. The brown-fat-secreted adipokine
neuregulin 4 is decreased in gestational diabetes mellitus. Diabetes
Metab 2018;44:150-154..

Guo L, Zhang P, Chen Z, Xia H, Li S, Zhang Y, Kobberup S, Zou
W, Lin JD. Hepatic neuregulin 4 signaling defines an endocrine
checkpoint for steatosis-to-NASH progression. J Clin Invest
2017;127:4449-4461.

Bernard JK, McCann SP, Bhardwaj V, Washington MK, Frey MR.
Neuregulin-4 is a survival factor for colon epithelial cells both in
culture and in vivo. J Biol Chem 2012;287:39850-39858.

Chen LL, Peng MM, Zhang JY, Hu X, Min J, Huang QL, Wan LM.
Elevated circulating Neuregulind level in patients with diabetes.
Diabetes Metab Res Rev 2017;33.

Shi L, Xu X, Meng B, He K, Sun Y, Tong J, Xu J, Cheng Y, Gan

45.

46.

47.

G, Xiang G. Neuregulin 4 Attenuates Osteoarthritis Progression by
Inhibiting Inflammation and Apoptosis of Chondrocytes in Mice.
Calcif Tissue Int 2022;110:131-142.

Schumacher MA, Hedl M, Abraham C, Bernard JK, Lozano PR,
Hsieh JJ, Almohazey D, Bucar EB, Punit S, Dempsey PJ, Frey
MR. ErbB4 signaling stimulates pro-inflammatory macrophage
apoptosis and limits colonic inflammation. Cell Death Dis
2017;8:€2622.

Stoll G, Bendszus M. Inflammation and atherosclerosis: novel
insights into plaque formation and destabilization. Stroke
2006;37:1923-1932.

Zhong M, Tian X, Sun Q, Li L, Lu Y, Feng Z, Gao Y, Li S.
Correlation of asprosin and Nrg-4 with type 2 diabetes Mellitus
Complicated with Coronary Heart Disease and the Diagnostic
Value. BMC Endocr Disord 2023;23:61.

J Teh Univ Heart Ctr 18 (3)

July, 2023

http://jthc.tums.ac.ir



