
 International Journal of 

Molecular Sciences

Article

The Essential Role of PRAK in Preserving Cardiac Function and
Insulin Resistance in High-Fat Diet-Induced Diabetes

Jianfeng Du 1 , Yu Tina Zhao 2, Hao Wang 1, Ling X. Zhang 1, Gangjian Qin 3, Shougang Zhuang 4 ,
Marshall Kadin 5,6 , Y. Eugene Chin 7, Paul Y. Liu 5 and Ting C. Zhao 1,*

����������
�������

Citation: Du, J.; Zhao, Y.T.; Wang, H.;

Zhang, L.X.; Qin, G.; Zhuang, S.;

Kadin, M.; Chin, Y.E.; Liu, P.Y.; Zhao,

T.C. The Essential Role of PRAK in

Preserving Cardiac Function and

Insulin Resistance in High-Fat

Diet-Induced Diabetes. Int. J. Mol. Sci.

2021, 22, 7995. https://doi.org/

10.3390/ijms22157995

Academic Editors: Maria

S. Fernandez-Alfonso and

Marta Gil-Ortega

Received: 7 June 2021

Accepted: 14 July 2021

Published: 27 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Surgery, Roger Williams Medical Center, Boston University School of Medicine,
Providence, RI 02908, USA; email2du@gmail.com (J.D.); wanghaolxf@hotmail.com (H.W.);
lzhang1@lifespan.org (L.X.Z.)

2 University of Rochester School of Medicine and Dentistry, Rochester, NY 14642, USA; tinazhao24@gmail.com
3 Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, AL 35294, USA;

gqin@uab.edu
4 Department of Medicine, Rhode Island Hospital, Alpert Brown Medical School, Brown University,

Providence, RI 02903, USA; SZhuang@lifespan.org
5 Department of Plastic Surgery, Rhode Island Hospital, Brown University, Providence, RI 02903, USA;

mkadin@me.com (M.K.); pliu@lifespan.org (P.Y.L.)
6 Department of Pathology, Rhode Island Hospital, Alpert Brown Medical School, Brown University,

Providence, RI 02903, USA
7 Institute of Health Sciences, Chinese Academy of Sciences-Jiaotong University School of Medicine,

Shanghai 200031, China; yechin@sibs.ac.cn
* Correspondence: Ting_Zhao@Brown.Edu

Abstract: Regulated/activated protein kinase (PRAK) plays a crucial role in modulating biological
function. However, the role of PRAK in mediating cardiac dysfunction and metabolic disorders
remains unclear. We examined the effects of deletion of PRAK on modulating cardiac function
and insulin resistance in mice exposed to a high-fat diet (HFD). Wild-type and PRAK−/− mice at
8 weeks old were exposed to either chow food or HFD for a consecutive 16 weeks. Glucose tolerance
tests and insulin tolerance tests were employed to assess insulin resistance. Echocardiography was
employed to assess myocardial function. Western blot was used to determine the molecular signaling
involved in phosphorylation of IRS-1, AMPKα, ERK-44/42, and irisin. Real time-PCR was used to
assess the hypertrophic genes of the myocardium. Histological analysis was employed to assess the
hypertrophic response, interstitial myocardial fibrosis, and apoptosis in the heart. Western blot was
employed to determine cellular signaling pathway. HFD-induced metabolic stress is indicated by
glucose intolerance and insulin intolerance. PRAK knockout aggravated insulin resistance, as indi-
cated by glucose intolerance and insulin intolerance testing as compared with wild-type littermates.
As compared with wild-type mice, hyperglycemia and hypercholesterolemia were manifested in
PRAK-knockout mice following high-fat diet intervention. High-fat diet intervention displayed a
decline in fractional shortening and ejection fraction. However, deletion of PRAK exacerbated the
decline in cardiac function as compared with wild-type mice following HFD treatment. In addition,
PRAK knockout mice enhanced the expression of myocardial hypertrophic genes including ANP,
BNP, and βMHC in HFD treatment, which was also associated with an increase in cardiomyocyte
size and interstitial fibrosis. Western blot indicated that deletion of PRAK induces decreases in
phosphorylation of IRS-1, AMPKα, and ERK44/42 as compared with wild-type controls. Our find-
ing indicates that deletion of PRAK promoted myocardial dysfunction, cardiac remodeling, and
metabolic disorders in response to HFD.
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1. Introduction

The mitogen-activated protein (MAP) kinase pathway has been identified to contribute
critically to the regulation of metabolic stress and tissue injury in multiple tissues [1]. Four
distinct conventional MAPK pathways have been classified in mammals, which include p38
MAPK, extracellular signal-regulated kinases (ERKs) 1 and 2 (ERK1/2), c-Jun N-terminal
kinases 1/2/3 (JNK1/2/3), and ERK5 [2,3]. We demonstrated that activation of p38 and
MAPKAP kinase-2 induced a preconditioning effect in response to myocardial ischemia
and reperfusion injury [4–6]. There is evidence showing that metabolic stresses manifested
an increase in the phosphorylation of p38, which is related to the insulin signaling path-
way [7–9]. p38 regulated/activated kinase (PRAK) is identified as a direct substrate of
p38 MAPK, although it can be activated by atypical MAPKs and ERK3/4 [9–13]. Relative
to investigating the role of p38, the function of PRAK has not been fully investigated
for its modulation of metabolism and insulin resistance. We recently demonstrated that
ablation of PRAK increased susceptibility of the myocardium against myocardial ischemia
and reperfusion injury and increased myocardial dysfunction and enhanced myocardial
remodeling in chronic myocardial infarction. Interestingly, there is evidence that a specific
p38 kinase cascade, p38β-PRAK, is essential for energy depletion-induced inactivation of
mammalian target of rapamycin complex 1 (mTORC1) [14]. In addition, depletion of PRAK
in mice promotes 7,12-dimethylbenz[a]-anthracene (DMBA)-induced skin carcinogene-
sis, coinciding with development of compromised senescence [15]. However, it remains
unknown if PRAK is essential to modulating myocardial function and metabolic stress
in response to high-fat diet-induced diabetes. In this study, we sought to determine if
deletion of PRAK could promote myocardial dysfunction, cardiac remodeling, and insulin
resistance following HFD intervention. We also sought to determine if PRAK deletion
could induce an impairment in the insulin signaling pathway. Our results indicate that
deletion of PRAK promoted myocardial dysfunction, enhanced myocardial remodeling,
suppressed the insulin signaling pathway, and elicited insulin resistance in response to
HFD, suggesting that PRAK is critical to modulating cardiac function and remodeling in
mice exposed to HFD.

2. Results
2.1. PRAK Knockout-Enhanced HFD Induces Glucose Intolerance

As shown in Figure 1A, PRAKwt or PRAK−/− mice were exposed to both chow and
high-fat diet for 16 weeks to induce metabolic stress. As shown in Figure 1B,C, PRAK−/−

mice displayed more severe hyperglycemia and hypercholesterolemia as compared with
wild-type mice exposed to a high-fat diet (HFD), as indicated by the increases in blood
glucose and cholesterol levels following dietary interventions. Moreover, as shown in
Figure 1D–F, there was no significant difference in body weight prior to food interventions.
However, as expected, mice developed obesity upon exposure to HFD as compared with
chow control food. However, deletion of PRAK resulted in a much greater significant
increase in body weight as compared with wild-type HFD mice (Figure 1G), which is
consistent with the larger organs (Figure 1H). In order to determine the effect of deletion of
PRAK on insulin resistance, we implemented glucose tolerance tests and insulin tolerance
tests. As show in Figure 2A, wild-type and PRAK−/− mice fed with standard chow food
demonstrated a normal glucose response as evident by measurements of the glucose
tolerance test. However, wild-type mice displayed glucose intolerance, as indicated by
GTT as well as by the calculated area under the curve (AUC) (Figure 2A,B) when exposed
to HFD. Deletion of PRAK exacerbated glucose intolerance as indicated by GTT and AUC
when exposed to HFD. In addition, as shown in Figure 2C,D, there is normal insulin
tolerance in both wild-type and PRAK−/− mice exposed to control chow food. However,
deletion of PRAK exacerbated the magnitude of insulin intolerance, which is indicated by
ITT and AUC that were enhanced by depletion of PRAK in response to HFD.
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to chow food and a high fat diet in wild type and PRAK−/− mice; (G,H) Mouse and organs. Data are shown as means ± SEM 
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Figure 2. Deletion of PRAK enhances insulin resistance in mice exposed to HFD. (A,B) Glucose tolerance test. Area under 
curve for GTT. Data are shown as means ± SEM; **** p < 0.0001 (n = 5/each group). (C,D) Insulin tolerance test (ITT). Data 
are shown as means ± SEM * p < 0.05, **** p < 0.0001 vs. HFD. Area under curve for ITT. **** p < 0.0001 (n = 5/ each group). 

2.2. PRAK Knockout-Enhanced HFD Induces Left Ventricular Dysfunction 
Echocardiographic parameters were used to assess ventricular function in the tested 

animals. There was no significant difference in myocardial function among the groups 
prior to dietary intervention. Mice fed with HFD exhibited an increase in left ventricular 
internal dimension (LVID) in both the systolic and diastolic stages as compared with the 
LVID of mice exposed to the chow-food control group (Figure 3A,B). Furthermore, as 

Figure 1. PRAK deletion enhances diet-induced metabolic syndrome in obese mice. (A) Schemas of animal experimentation
in high-fat diet (HFD) versus chow control diet in both wild-type (Wt) and PRAK−/− mice; (B,C) Total blood cholesterol and
glucose concentration of mice fed with standard chow or HFD after 16 weeks; (D–F) Body weight gain of mice exposed to
chow food and a high fat diet in wild type and PRAK−/− mice; (G,H) Mouse and organs. Data are shown as means ± SEM
* p< 0.05, ** p < 0.01; **** p < 0.0001 (n = 5/each group).
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Figure 2. Deletion of PRAK enhances insulin resistance in mice exposed to HFD. (A,B) Glucose tolerance test. Area under
curve for GTT. Data are shown as means ± SEM; **** p < 0.0001 (n = 5/each group). (C,D) Insulin tolerance test (ITT). Data
are shown as means ± SEM * p < 0.05, **** p < 0.0001 vs. HFD. Area under curve for ITT. **** p < 0.0001 (n = 5/ each group).

2.2. PRAK Knockout-Enhanced HFD Induces Left Ventricular Dysfunction

Echocardiographic parameters were used to assess ventricular function in the tested
animals. There was no significant difference in myocardial function among the groups
prior to dietary intervention. Mice fed with HFD exhibited an increase in left ventricular
internal dimension (LVID) in both the systolic and diastolic stages as compared with
the LVID of mice exposed to the chow-food control group (Figure 3A,B). Furthermore, as
shown in Figure 3C,D, wild-type mice fed with HFD demonstrated myocardial dysfunction,
which is indicated by a significant decrease in ejection fraction and fractional shortening
as compared with the chow control group (* p < 0.05). However, depletion of PRAK
exacerbated the magnitude of cardiac dysfunction in mice exposed to HFD. Likewise, wall
thickness (LVPW) was augmented in HFD-fed animals, which was exacerbated by the
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deletion of PRAK (Figure 3E,F). PRAK deletion-induced ventricular enlargement is also
shown in Figure 3G. PRAK−/− mice showed an increase in heart weight/tibia length
ratio in response to the HFD condition as compared with wild-type mice (Figure 4A).
Furthermore, fetal genes including ANP, BNP, and βMHC were induced by exposure to
HFD, while deletion of PRAK aggravated expression of these hypertrophic genes in the
heart (Figure 4B–D).
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Figure 3. PRAK deletion exacerbates impairment in left ventricular function in HFD-fed mice. Echocardiographic mea-
surements of ventricular functional parameters include (A,B) Left Ventricular Internal Dimension in Diastole (LVID;d);
Left Ventricular Internal Dimension in Systole (LVID;s); Data are shown as means ± SEM (n = 5/each group). * p < 0.05,
*** p < 0.001; (C,D): Ejection Fraction (EF), Fractional Shortening (FS); Data are shown as means ± SEM (n = 5/each group).
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (E,F): Left ventricular posterior wall (LVPW;d and LVPW;s; Data are
shown as means ± SEM (n = 5/each group). * p < 0.05, *** p < 0.001. (G): M-Mode showing the promotion of ventricular
enlargement in PRAK−/− mice exposed to HFD as compared to wild type receiving HFD group.
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2.3. PRAK Deletion Increased Interstitial Fibrosis and Enhanced Myocyte Hypertrophy in
the Myocardium

Picrosirius red was used to estimate interstitial fibrosis in the myocardium. There
was no significant picrosirius red staining in either wild-type or PRAK−/− mice exposed
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to chow food. However, wild-type mice fed with HFD showed an increase in interstitial
fibrosis in the heart (Figure 5). HFD also augmented interstitial fibrosis in the heart
in PRAK−/− mice (Figure 5A,B). The density measurements indicate that deletion of
PRAK caused a significant increase in interstitial fibrosis in response to HFD, which was
significantly higher than that of HFD-fed wild-type mice (* p < 0.0001 vs. WT-HFD). As
shown in Figure 5C,D, HFD induced an increase in myocyte size as compared with chow
control in both wild-type and PRAK−/− groups, but deletion of PRAK induced a marked
increase in interstitial fibrosis as compared with the wild-type HFD group (p < 0.05 vs.
WT-HFD). As shown in Figure 6A,B, there is no detectable active caspase-3 positive signal
in the myocardium obtained from either the wild-type or PRAK−/− chow group, but
PRAK−/− HFD resulted in a statistical increase in active caspase-3 positive signals as
compared with wild-type HFD (p < 0.001 vs. WT-HFD). Likewise, as shown in Figure 6C,D,
deletion of PRAK also resulted in an increase in TUNEL positive signals in the hearts
(p < 0.001 vs. WT- HFD).
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2.4. PRAK Deletion Resulted in a Decrease in Phosphorylation of IRS-1, AMPKα, and ERK1/2
and in a Reduction of Irisin

As shown in Figure 7A,B, the myocardia in wild-type mice show phosphorylation
of IRS-1; deletion of PRAK decreased the phosphorylation of IRS-1 (p < 0.01 vs. WT), but
there was no reduction in total IRS-1. Furthermore, as shown in Figure 7, phosphorylation
of both AMPKα (Figure 7C,D) (p < 0.01 vs. WT) and ERK1/2 (Figure 7E,F) (p < 0.01 vs. WT)
in the myocardia was also suppressed by deletion of PRAK, while there is no difference in
total AMPKα and ERK1/2 levels. In addition, deletion of PRAK confirmed the absence of
PRAK protein in myocardia (Figure 7G). As compared with the wild-type group, deletion
of PRAK resulted in the reduction of irisin, a myokine in the myocardium (Figure 7G,H).
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Figure 7. PRAK deletion decreases phosphorylation of IRS-1, AMPKα, and ERK1/2 in the myocardium. (A,B) Representa-
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Figure 7. PRAK deletion decreases phosphorylation of IRS-1, AMPKα, and ERK1/2 in the myocardium. (A,B) Representa-
tive immunoblot of phosphorylated IRS-1 and total IRS-1 and densitometric analysis; (C,D) Representative immunoblot of
phosphorylated AMPKα and total AMPKα and densitometric analysis; (E,F) Representative immunoblot of phosphorylated
ERK1/2 and total ERK1/2 and densitometric analysis; (G,H) Representative immunoblot of irisin, PRAK and densitometric
analysis of irisin; Data represent means ± SE (n = 4/ per group). **** p < 0.0001.

3. Discussion

Salient findings: This is the first demonstration to show that PRAK plays a critical
role in developing cardiac dysfunction and metabolic disorders in mice exposed to a high-
fat diet. Using PRAK knockout and wild-type mouse models, we show that deletion of
PRAK promoted myocardial ventricular dysfunction in mice exposed to HFD, which was
associated with the enhancement of cardiac hypertrophy, increased cardiac hypertrophic
genes, and the augmentation of myocardial remodeling. Furthermore, depletion of PRAK
elevated insulin resistance and exacerbated hyperglycemia and hypercholesterolemia
in HFD-fed mice. Depletion of PRAK promoted interstitial fibrosis in the myocardium
and increased apoptotic signaling in the myocardium as compared with the wild-type
group. Furthermore, phosphorylation of IRS-1, AMPKα, and ERK1/2 were significantly
suppressed in the myocardium following deletion of PRAK, which was also consistent
with the decrease in irisin, a myokine for the regulation of muscle metabolism. Our
results indicate that PRAK plays a critical role in mediating myocardial function in high-fat
diet-induced metabolic stress.

It was reported that a specific p38 kinase cascade/PRAK plays a critical role for energy
depletion-induced inhibition of mTORC1 [14,16–18]. The phosphorylation of the mTORC1
regulatory-associated protein is closely related with the modulation of AMPK [19–22].
In an agreement with this report, our study revealed that deletion of PRAK suppressed
AMPK phosphorylation in the myocardium, indicating the regulatory effect of PRAK on
AMPK activation. In addition, we found that deletion of PRAK resulted in decreases in the
phosphorylation of IRS-1, a key component in the insulin signaling pathway as compared
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with wild-type control, suggesting the direct relationship of PRAK and IRS-1 in mediating
insulin signaling. Although a relationship between p38 MAPK and ERK1/2 has been
extensively studied in a variety of models [23], there is little information on whether PRAK
also mediates ERK1/2 phosphorylation in regulating cardiac function in diabetes. We
found that ERK1/2 phosphorylation was attenuated by knockout of PRAK, indicating the
correlation between PRAK and ERK1/2 in the myocardium.

Obesity and insulin resistance was in part mediated by the stimulation of MAPKs,
including p38 MAPK or induction of the expression of MAPK phosphatase-1 (MKP-1).
Mice lacking MKP-1 (MKP1-MKO) in skeletal muscle demonstrated increased skeletal
muscle p38 MAPK, which manifested in resistance to the development of obesity in mice
exposed to dietary interventions [24]. Another observation shows that mice lacking p38γ/δ
in myeloid cells displayed resistance to the development of diet-induced fatty liver and
glucose intolerance, which contributes to p38 deficiency in neutrophil infiltration, thereby
promoting the development of steatosis and liver metabolic changes [25].

We recently found that knockout of PRAK enhanced myocardial ischemia and reper-
fusion injury and promoted myocardial remodeling, which is associated with the reduction
of ERK1/2 phosphorylation in the myocardium [26]. In agreement with the observation
about the role of PRAK in myocardial ischemia, PRAK deletion exacerbated myocardial
dysfunction and promoted myocardial remodeling under the condition of HFD, indicating
the critical role of PRAK in preservation of cardiac performance and that PRAK might share
a similar functional role in myocardial infarction and high-fat diet intervention. PRAK lays
downstream of p38 MAPK, which plays different roles in regulating myocardial injury
and the diabetic heart [27,28]. However, it still remains unknown if PRAK and p38 could
function differently in modulating cardiac performance in cardiac injury and the diabetic
heart. Our observation provides important evidence showing that PRAK is required to
preserve cardiac performance in HFD-induced diabetes. The mechanism of deletion of
PRAK in attenuating myocardial function is not clear, but reduction of irisin by the deletion
of PRAK could be one of the most important factors responsible for mediating cardiac
function. We previously reported that irisin improved myocardial functional recovery
following myocardial ischemia and reperfusion injury [26]. Additionally, p38 is upstream
of PCG-1α, resulting in the stimulation of FNDC5. A cleavage product of the extracel-
lular portion of FNDC5 is secreted and circulated into peripheral circulation to act as a
myokine [29–31]. Activation of p38 during exercise resulted in greater phosphorylated and
activated PCG-1α, leading to the expression of mitochondrial proteins [32]. p38 MAPK
is identified to directly phosphorylate the repressor regions of PCG-1α that act directly
upstream of irisin [33,34]. This is in agreement with studies establishing that p38 plays a
key role in mediating the production of PCG-1 [35–39]. It is likely that reduction of irisin
in the myocardium contributes to promoting cardiac dysfunction in high-fat diet-induced
diabetes. There is little evidence to show that knockout of PRAK mediates insulin resis-
tance and metabolic disorder in diabetes. In this study, we found that deletion of PRAK
promoted metabolic stress by illustrating hyperglycemia and hyperlipidemia in mice ex-
posed to HFD, suggesting the critical contribution of PRAK in modulating metabolism.
We did not monitor the effect of the food consumption by deletion of PRAK following
dietary intervention; this deficiency prevents us from estimating the function of PRAK in
modulating energy metabolism. Likewise, measurements of metabolic rate such as oxygen
consumption, carbon dioxide production, respiratory exchange ratio, energy expenditure,
and heat production in a PRAK−/− model following dietary intervention in the future
will provide more interesting information. PRAK knockout augmented systemic insulin
resistance in HFD-fed mice. The mechanism by which PRAK knockout induced insulin
resistance is likely to be related to the down-regulation of irisin and the suppression of
IRS-1, AMPK α, and ERK1/2 phosphorylation since the myocardium of PRAK knockout
mice showed reductions in irisin and IRS-1, AMPKα, and ERK phosphorylations. These
components are responsible for regulating insulin sensitivity [40]. HFD-fed mice exhibited
cardiac dysfunction, which was related to the impairment in insulin sensitivity [41]. PRAK
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knockout exacerbated myocardial dysfunction, which also may be likely attributed to
the attenuation in insulin signaling such as IRS-1, AMPK, and ERK1/2. The potential
important aspects of this study provide useful information with clinical implications in
which specific targets of PRAK could serve as effective therapies to treat diabetes, metabolic
disorders, obesity, and cardiovascular disease.

4. Materials and Methods
4.1. Reagents and Antibodies and Animals

4,6-Diamidino-2-phenylindole (DAPI) was obtained from Life Technologies (Grand
Island, NY, USA). Terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) kits
were purchased from Trevigen (Gaithersburg, MD, USA). The primers used in this study
were synthesized from Sigma-Aldrich (St. Louis, MO, USA). Male PRAK−/− and litter
mate control mice (C57BL/6J background) at the age of 8 weeks were used in this study.
PRAK−/− mice were obtained from the Scripps Research Institute (La Jolla, CA, USA)
and bred in house. The genetic knockout of PRAK on mice was described previously, in
which a targeting vector was made to replace exon 8 of the PRAK gene [15]. All studies on
animals were performed under a protocol approved by the Institutional Animal Care and
Use Committee, which conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85–23, revised
1996); these animals are housed in an accredited facility at Roger Williams Medical Center
(Providence, RI, USA). The protocol for chow and high-fat diet treatment was described in
Section 4.2. All animal procedures were carried out in accordance with guidelines approved
by the Institutional Animal Care and Use Committee of Roger Williams Medical Center.

4.2. Animal and Experimental Protocol

Adult wild-type and PRAK−/− mice were used to perform the proposed studies.
All mice were housed at the Animal Care Facility of Roger Williams Medical Center in a
temperature-controlled room (22 ◦C) on a 12 h light–dark cycle. Both wild-type control and
PRAK–/– mice were then randomly divided into two groups and were fed with either a
high-fat diet (60% fat/20% carbohydrate/20% protein, Research Diets, New Brunswick, NJ,
USA) or standard chow food (10% fat/70% carbohydrate/20% protein, New Brunswick,
NJ, USA) for 16 weeks. Mice were sacrificed at the end of the 16 weeks, and tissues were
collected for subsequent experiments.

4.3. Metabolic Measurements

Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were administered for
the determination of insulin resistance. Mice were fasted for 4 h, and tail vein blood was
collected for measurement of baseline glucose level using an Accu-Chek Compact Plus
glucometer (Roche Diagnostics, Indianapolis, IN, USA). Mice then received a subsequent
injection of glucose at a concentration of 1 mg/kg intraperitoneally. Glucose levels in
the blood were assessed at 15, 30, 60, 120, and 240 min following an injection of glucose.
The measurements of total serum cholesterol and fasting glucose from tail vein blood
were carried out using a CardioChek PA system (PTS Diagnostics, Indianapolis, IN, USA)
according to the manufacturer’s instructions. Insulin content in the blood was also de-
termined using a Mouse Insulin ELISA kit from ALPCO (Salem, NH, USA) following
the manufacturer’s instructions. Insulin content was determined using a standard curve
obtained from standards provided by the kit. For the insulin tolerance tests, blood glucose
concentrations following an intravenous injection (tail vein) of human recombinant insulin
(0.75 U/kg, Lilly) into the mice were measured, which is similar to GTT as outlined above.

4.4. Echocardiographic Measurements

Echocardiography of mice was serially conducted using an Acuson Sequoia C512
system equipped with a 15L8 linear array transducer to access left ventricular (LV) function.
Briefly, mice were anesthetized with a continuous inhalation of 1–4% isoflurane via nose
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cone. Mice were placed in the supine position on a warm pad. Hair was removed; pre-
warmed ultrasound transmission gel (Aquasonic, Parker Laboratory, Fairfield, NJ, USA)
was then applied to the precordial region. The short axis of the left ventricle was selected to
capture two-dimensional B-mode images and M-mode at the level of the papillary muscles.
Three to six consecutive cardiac cycles were used to assess the M-mode with software. The
measurements were performed by an experienced operator in a double-blinded manner.

4.5. Histological Analysis

Paraffin-embedded heart tissue slices were fixed with 10% neutral buffered formalin
and washed with PBS. For immunofluorescent staining of active caspase-3, fixed sections
were incubated with anti-cleaved caspase-3 primary antibodies (1:200 dilution, Abcam cat.
no. ab49822) overnight at 4 ◦C. Following three washes with PBS–Tween each at 5 min, the
slides for cleaved caspase-3 staining were incubated with Alexa Fluor 488 goat anti-rabbit
IgG (A11001; Invitrogen) secondary antibodies (1:200) for 2 h. Then, the slides were washed
(5× 5 min), and co-staining of DAPI was performed to identify tissue nuclei. Assessment
of fluorescent signals was carried out using a Carl Zeiss LSM 700 laser scanning microscope
equipped with intuitive ZEN 2009 software. Approximately, five to ten randomly selected
fields were used for quantification using NIH ImageJ software. Cardiac interstitial fibrosis
was measured and quantified by picrosirius red staining using five to six sections from
each heart in chow and HFD groups in both wild-type and PRAK−/− mice. In addition,
H&E staining was carried out according to an established laboratory protocol to estimate
the myocyte size of each cross section. An approximate 300 myocytes per group obtained
mid-distance from the base to apex were randomized to compare myocyte cross-sectional
area in each group.

4.6. Real-Time Polymerase Chain Reaction (PCR)

Total cardiac RNA was extracted from myocardial tissues in each group with Trizol
reagent (Life Technologies, Grand Island, NY, USA). The synthesis of cDNA was performed
from 5 µg of RNA. A standing PCR condition was used to amplify the reverse transcribed
cDNA (5 µL) at a final reaction volume of 50 µL. Real-time PCR experiments were carried
out on a Mastercycler Realplex4 (Eppendorf North America) using a qPCR Kit master mix
(Kapa Biosystems, Boston, MA, USA). Primer sequences of ANP, BNP, and β MHC used
in these studies were as follows: Atrial natriuretic peptide (ANP): forward, CAC AGA TCT
GAT GGA TTT CAA GA; reverse, CCT CAT CTT CTA CCG GCA TC. B-type natriuretic
peptide (BNP): forward, 5-GTC TGG CCG GAC ACT CAG-3; reverse, 5-TGC ACT GGT
GTC TTC AAC AAC-3. Myosin heavy chain beta (β-MHC): forward, 5-CGC ATC AAG
GAG CTC ACC-3; reverse, 5-CTG CAG CCG CAG TAG GTT-3. Fibronectin Type III Domain
Containing 5 (FNDC-5): forward, 5-GAA CAA AGA TGA GGT GAC CA-3; reverse, 5-ACC
ACA ACA ATG ATC AGC A-3. VEGF: forward, 5-AGT CCG AAT GCA GAT CCT C-3;
reverse, 5-TGC ATT CAC ATT GGC TGT G-3. FNDC-5: forward, 5-GAA CAA AGA TGA
GGT GAC CA-3; reverse, 5-ACC ACA ACA ATG ATC AGC A-3. GAPDH was used as the
internal control: forward, 5-ACC ACA GTC CAT GCC ATC AC-3; reverse, 5-TCC ACC
ACC CTG TTG CTG TA-3. CTG CA GAPDH was used as the internal control.

4.7. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Assay

Terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) was performed
using a TACS 2-TdT-DAB In Situ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD,
USA) according to the manufacturer’s instructions. The number of TUNEL-positive nuclei
was counted in each section of the five randomly selected regions; five to six sections were
randomized to be used for measurement of positive signals. Three hearts were used for
chow and HFD in wild-type and PRAK−/− mice. Approximately 500 cells were measured
from each independent group.
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4.8. Western Blotting

Protein levels were measured by Western blotting using cell lysates (50 µg/lane) as
described previously [40]. In brief, the blots were incubated with their respective poly-
clonal antibodies, which included polyclonal rabbit phosphorylated IRS-1Ser 1101, IRS-1
phosphorylated AMPKα, AMPKα, phosphorylated ERK1/2, ERK1/2, and PRAK (Cell
Signaling Technology, MA, USA), polyclonal rabbit irisin (Biovision, Milpitas, CA, USA),
and polyclonal rabbit β-actin (Cell Signaling Technology, MA, USA) at a diluted concentra-
tion of 1:1000. The signals were then visualized by anti-rabbit or anti-mouse horseradish
peroxidase-conjugated secondary antibody (1:2000). The results were visualized with Super
Signal West Pico ECL chemiluminescence reagent (Thermo-Fisher Scientific). Densitometric
analysis for the blots was completed using the NIH ImageJ processing program.

4.9. Statistical Analysis

Data are expressed as an average ± SEM of independent experiments. An unpaired,
two-tailed Student t-test was used to determine differences between two groups. Multiple
groups were analyzed using one-way ANOVA followed by Bonferroni post hoc tests.
Differences between groups were considered statistically significant when p < 0.05.

5. Conclusions

This is the first study to demonstrate that knockout of PRAK promotes cardiac dys-
function in response to a high-fat diet, which was associated with the enhancement of
cardiac hypertrophy and cardiac remodeling. Furthermore, deletion of PRAK also exacer-
bated insulin resistance in mice exposed to HFD. The insulin signaling pathway involving
phosphorylation of IRS-1, AMPKα, and ERK1/3 was attenuated by deletion of PRAK.
Taken together, the studies presented here suggest an important role for PRAK in preserv-
ing cardiac function, attenuating myocardial remodeling, and mediating insulin resistance
in response to a high-fat diet intervention.

Author Contributions: Conceptualization, S.Z., M.K. and T.C.Z.; data curation, Y.T.Z., H.W. and
L.X.Z.; formal analysis, L.X.Z., G.Q., Y.E.C. and P.Y.L.; funding acquisition, T.C.Z.; investigation,
J.D., Y.T.Z., H.W., L.X.Z. and T.C.Z.; methodology, J.D., Y.T.Z., H.W., L.X.Z. and T.C.Z.; project
administration, T.C.Z.; resources, T.C.Z.; software, J.D. and Y.T.Z.; supervision, T.C.Z.; validation,
G.Q., Y.E.C. and P.Y.L.; visualization, L.X.Z.; writing—original draft, T.C.Z.; writing—review and
editing, Y.T.Z. and T.C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by National Heart, Lung, and Blood Institute Grants (R01
HL089405 and R01 HL115265) and National Institute of General Medical Sciences (GM 141339).

Institutional Review Board Statement: All studies on animals were performed under a protocol
approved by the Institutional Animal Care and Use Committee, which conforms to the Guide for
the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85–23, revised 1996); these animals are housed in an accredited facility at Roger
Williams Medical Center (Providence, RI, USA). All animal procedures were carried out in accordance
with guidelines approved by the Institutional Animal Care and Use Committee of Roger Williams
Medical Center.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Int. J. Mol. Sci. 2021, 22, 7995 11 of 12

References
1. Chen, L.L.; Zhu, T.B.; Yin, H.; Huang, J.; Wang, L.S.; Cao, K.J.; Yang, Z.J. Inhibition of MAPK signaling by eNOS gene transfer

improves ventricular remodeling after myocardial infarction through reduction of inflammation. Mol. Biol. Rep. 2010, 37,
3067–3072. [CrossRef] [PubMed]

2. Kyriakis, J.M.; Avruch, J. Mammalian MAPK signal transduction pathways activated by stress and inflammation: A 10-year
update. Physiol. Rev. 2012, 92, 689–737. [CrossRef]

3. Roux, P.P.; Blenis, J. ERK and p38 MAPK-activated protein kinases: A family of protein kinases with diverse biological functions.
Microbiol. Mol. Biol. Rev. 2004, 68, 320–344. [CrossRef]

4. Zhao, T.C.; Taher, M.M.; Valerie, K.C.; Kukreja, R.C. p38 Triggers late preconditioning elicited by anisomycin in heart: Involvement
of NF-kappaB and iNOS. Circ. Res. 2001, 89, 915–922. [CrossRef] [PubMed]

5. Zhao, T.C.; Hines, D.S.; Kukreja, R.C. Adenosine-induced late preconditioning in mouse hearts: Role of p38 MAP kinase and
mitochondrial K (ATP) channels. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H1278–H1285. [CrossRef] [PubMed]

6. Zhao, T.C.; Du, J.; Zhuang, S.; Liu, P.; Zhang, L.X. HDAC inhibition elicits myocardial protective effect through modulation of
MKK3/Akt-1. PLoS ONE 2013, 8, e65474. [CrossRef]

7. Jialal, I.; Adams-Huet, B.; Pahwa, R. Selective increase in monocyte p38 mitogen-activated protein kinase activity in metabolic
syndrome. Diab. Vasc. Dis. Res. 2016, 13, 93–96. [CrossRef]

8. Ozcan, L.; Cristina de Souza, J.; Harari, A.A.; Backs, J.; Olson, E.N.; Tabas, I. Activation of calcium/calmodulin-dependent protein
kinase II in obesity mediates suppression of hepatic insulin signaling. Cell Metab. 2013, 18, 803–815. [CrossRef]

9. Hemi, R.; Yochananov, Y.; Barhod, E.; Kasher-Meron, M.; Karasik, A.; Tirosh Kanety, H. p38 mitogen-activated protein kinase-
dependent transactivation of ErbB receptor family: A novel common mechanism for stress-induced IRS-1 serine phosphorylation
and insulin resistance. Diabetes 2011, 60, 1134–1145. [CrossRef]

10. Moens, U.; Kostenko, S. Structure and function of MK5/PRAK: The loner among the mitogen-activated protein kinase-activated
protein kinases. Biol. Chem. 2013, 394, 1115–1132. [CrossRef]

11. New, L.; Jiang, Y.; Zhao, M.; Liu, K.; Zhu, W.; Flood, L.J.; Kato, Y.; Parry, G.C.; Han, J. PRAK, a novel protein kinase regulated by
the p38 MAP kinase. EMBO J. 1998, 17, 3372–3384. [CrossRef] [PubMed]

12. Ni, H.; Wang, X.S.; Diener, K.; Yao, Z. MAPKAPK5, a novel mitogen-activated protein kinase (MAPK)-activated protein kinase,
is a substrate of the extracellular-regulated kinase (ERK) and p38 kinase. Biochem. Biophys. Res. Commun. 1998, 243, 492–496.
[CrossRef] [PubMed]

13. Perander, M.; Keyse, S.M.; Seternes, O.M. New insights into the activation, interaction partners and possible functions of
MK5/PRAK. Front. Biosci. 2016, 21, 374–384.

14. Zheng, M.; Wang, Y.H.; Wu, X.N.; Wu, S.Q.; Lu, B.J.; Dong, M.Q.; Zhang, H.; Sun, P.; Lin, S.C.; Guan, K.L.; et al. Inactivation of
Rheb by PRAK-mediated phosphorylation is essential for energy-depletion-induced suppression of mTORC1. Nat. Cell Biol. 2011,
13, 263–272. [CrossRef] [PubMed]

15. Sun, P.; Yoshizuka, N.; New, L.; Moser, B.A.; Li, Y.; Liao, R.; Xie, C.; Chen, J.; Deng, Q.; Yamout, M.; et al. PRAK is essential for
ras-induced senescence and tumor suppression. Cell 2007, 128, 295–308. [CrossRef]

16. Sabatini, D.M.; Erdjument-Bromage, H.; Lui, M.; Tempst, P.; Snyder, S.H. RAFT1: A mammalian protein that binds to FKBP12 in a
rapamycin-dependent fashion and is homologous to yeast TORs. Cell 1994, 78, 35–43. [CrossRef]

17. Jacinto, E.; Loewith, R.; Schmidt, A.; Lin, E.; Rüegg, M.A.; Hall, A.; Hall, M.N. Mammalian TOR complex 2 controls the actin
cytoskeleton and is rapamycin insensitive. Nat. Cell Biol. 2004, 6, 1122–1128. [CrossRef]

18. Loewith, R.; Jacinto, E.; Wullschleger, S.; Lorberg, A.; Crespo, J.L.; Bonenfant, D.; Oppliger, W.; Jenoe, P.; Hall, M.N. Two TOR
complexes, only one of which is rapamycin sensitive, have distinct roles in cell growth control. Mol. Cell. 2002, 10, 457–468.
[CrossRef]

19. Hardie, D.G. Role of AMP-activated protein kinase in the metabolic syndrome and in heart disease. FEBS Lett. 2008, 582, 81–89.
[CrossRef]

20. Inoki, K.; Zhu, T.; Guan, K.L. TSC2 mediates cellular energy response to control cell growth and survival. Cell 2003, 115, 577–590.
[CrossRef]

21. Garami, A.; Zwartkruis, F.J.T.; Nobukuni, T.; Joaquin, M.; Roccio, M.; Stocker, H.; Kozma, S.C.; Hafen, E.; Bos, J.L.; Thomas, G.
Insulin activation of Rheb, a mediator of mTOR/S6K/4E-BP signaling, is inhibited by TSC1 and 2. Mol. Cell 2003, 11, 1457–1466.
[CrossRef]

22. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK phosphoryla-
tion of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef] [PubMed]

23. Koga, Y.; Tsurumaki, H.; Aoki-Saito, H.; Sato, M.; Yatomi, M.; Takehara, K.; Hisada, T. Roles of Cyclic AMP Response Element
Binding Activation inthe ERK1/2 and p38 MAPK Signalling Pathway in Central Nervous System, Cardiovascular System,
Osteoclast Differentiation and Mucin and Cytokine Production. Int. J. Mol. Sci. 2019, 20, 1346. [CrossRef] [PubMed]

24. Lawan, A.; Min, K.; Zhang, L.; Canfran-Duque, A.; Jurczak, M.J.; Camporez, J.P.G.; Nie, Y.H.; Gavin, T.P.; Shulman, G.I.;
Fernandez-Hernando, C.; et al. Skeletal Muscle-Specific Deletion of MKP-1 Reveals a p38 MAPK/JNK/Akt Signaling Node That
Regulates Obesity-Induced Insulin Resistance. Diabetes 2018, 67, 624–635. [CrossRef] [PubMed]

http://doi.org/10.1007/s11033-009-9879-6
http://www.ncbi.nlm.nih.gov/pubmed/19908164
http://doi.org/10.1152/physrev.00028.2011
http://doi.org/10.1128/MMBR.68.2.320-344.2004
http://doi.org/10.1161/hh2201.099452
http://www.ncbi.nlm.nih.gov/pubmed/11701619
http://doi.org/10.1152/ajpheart.2001.280.3.H1278
http://www.ncbi.nlm.nih.gov/pubmed/11179074
http://doi.org/10.1371/journal.pone.0065474
http://doi.org/10.1177/1479164115607829
http://doi.org/10.1016/j.cmet.2013.10.011
http://doi.org/10.2337/db09-1323
http://doi.org/10.1515/hsz-2013-0149
http://doi.org/10.1093/emboj/17.12.3372
http://www.ncbi.nlm.nih.gov/pubmed/9628874
http://doi.org/10.1006/bbrc.1998.8135
http://www.ncbi.nlm.nih.gov/pubmed/9480836
http://doi.org/10.1038/ncb2168
http://www.ncbi.nlm.nih.gov/pubmed/21336308
http://doi.org/10.1016/j.cell.2006.11.050
http://doi.org/10.1016/0092-8674(94)90570-3
http://doi.org/10.1038/ncb1183
http://doi.org/10.1016/S1097-2765(02)00636-6
http://doi.org/10.1016/j.febslet.2007.11.018
http://doi.org/10.1016/S0092-8674(03)00929-2
http://doi.org/10.1016/S1097-2765(03)00220-X
http://doi.org/10.1016/j.molcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18439900
http://doi.org/10.3390/ijms20061346
http://www.ncbi.nlm.nih.gov/pubmed/30884895
http://doi.org/10.2337/db17-0826
http://www.ncbi.nlm.nih.gov/pubmed/29317435


Int. J. Mol. Sci. 2021, 22, 7995 12 of 12

25. González-Terán, B.; Matesanz, N.; Nikolic, I.; Verdugo, M.A.; Sreeramkumar, V.; Hernández-Cosido, L.; Mora, A.; Crainiciuc, G.;
Sáiz, M.L.; Bernardo, E.; et al. p38γ and p38δ reprogram liver metabolism by modulating neutrophil infiltration. EMBO J. 2016,
35, 536–552. [CrossRef] [PubMed]

26. Zhao, Y.T.; Du, J.; Yano, N.; Wang, H.; Wang, J.; Dubielecka, P.M.; Zhang, L.X.; Qin, G.; Zhuang, S.; Liu, P.Y.; et al. p38-
Regulated/activated protein kinase plays a pivotal role in protecting heart against ischemia-reperfusion injury and preserving
cardiac performance. Am. J. Physiol. Cell Physiol. 2019, 317, C525–C533. [CrossRef]

27. Rajesh, M.; Bátkai, S.; Kechrid, M.; Mukhopadhyay, P.; Lee, W.S.; Horváth, B.; Holovac, E.; Cinar, R.; Liaudet, L.; Mackie, K.; et al.
Cannabinoid 1 receptor promotes cardiac dysfunction, oxidative stress, inflammation, and fibrosis in diabetic cardiomyopathy.
Diabetes 2012, 61, 716–727. [CrossRef]

28. Zhang, C.; Huang, Z.; Gu, J.; Yan, X.; Lu, X.; Zhou, S.; Wang, S.; Shao, M.; Zhang, F.; Cheng, P.; et al. Fibroblast growth factor 21
protects the heart from apoptosis in a diabetic mouse model via extracellular signal-regulated kinase 1/2-dependent signalling
pathway. Diabetologia 2015, 58, 1937–1948. [CrossRef]

29. Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A
PGC1-α-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463–468.
[CrossRef]

30. Zhu, D.; Wang, H.; Zhang, J.; Zhang, X.; Xin, C.; Zhang, F.; Lee, Y.; Zhang, L.; Lian, K.; Yan, W.; et al. Irisin improves endothelial
function in type 2 diabetes through reducing oxidative/nitrative stresses. J. Mol. Cell Cardiol. 2015, 87, 138–147. [CrossRef]

31. Park, M.J.; Kim, D.I.; Choi, J.H.; Heo, Y.R.; Park, S.H. New role of irisin in hepatocytes: The protective effect of hepatic steatosis
in vitro. Cell Signal. 2015, 27, 1831–1839. [CrossRef]

32. Wright, D.C.; Han, D.H.; Garcia-Roves, P.M.; Geiger, P.C.; Jones, T.E.; Holloszy, J.O. Exercise-induced mitochondrial biogenesis
begins before the increase in muscle PGC-1alpha expression. J. Biol. Chem. 2007, 282, 194–199. [CrossRef] [PubMed]

33. Teyssier, C.; Ma, H.; Emter, R.; Kralli Aand Stallcup, M.R. Activation of nuclear receptor coactivator PGC-1α by arginine
methylation. Genes Dev. 2005, 19, 1466–1473. [CrossRef] [PubMed]

34. Puigserver, P.; Rhee, J.; Lin, J.D.; Wu, Z.D.; Yoon, C.; Zhang, C.Y.; Krauss, S.; Mootha, V.K.; BLowell, B.; Spiegelman, B.M. Cytokine
Stimulation of Energy Expenditure through p38 MAP Kinase Activation of PPARγ Coactivator-1. Mol. Cell 2001, 8, 971–982.
[CrossRef]

35. Cao, W.H.; Daniel, K.W.; Robidoux, J.; Puigserver, P.; Medvedev, A.V.; Bai, X.; Floering, L.M.; Spiegelman, B.M.; Collins, S. p38
mitogen-activated protein kinase is the central regulator of cyclic AMP-dependent transcription of the brown fat uncoupling
protein 1 gene. Mol. Cell Biol. 2004, 24, 3057–3067. [CrossRef]

36. Wu, J.; Spiegelman, B.M. Irisin ERKs the fat. Diabetes 2014, 63, 381–383. [CrossRef]
37. Sanchis-Gomar, F.; Perez-Quilis, C. p38–PGC-1α–irisin–betatrophin axisExploring new pathways in insulin resistance. Adipocyte

2014, 3, 67–68. [CrossRef]
38. Zhang, Y.; Li, R.; Meng, Y.; Li, S.W.; Donelan, W.; Zhao, Y.; Qi, L.; Zhang, M.X.; Wang, X.L.; Cui, T.X.; et al. Irisin stimulates

browning of white adipocytes through mitogen-activated protein kinase p38 MAP kinase and ERK MAP kinase signaling.
Diabetes 2014, 63, 514–525. [CrossRef]

39. Pang, Y.L.; Zhu, H.H.; Xu, J.Q.; Yang, L.H.; Liu, L.J.; Li, J. β-arrestin-2 is involved in irisin induced glucose metabolism in type 2
diabetes via p38 MAPK signaling. Exp. Cell Res. 2017, 360, 199–204. [CrossRef]

40. Yano, N.; Zhang, L.; Wei, D.; Dubielecka, P.M.; Wei, L.; Zhuang, S.; Zhu, P.; Qin, G.; Liu, P.Y.; Chin, Y.E.; et al. Irisin counteracts
high glucose and fatty acid-induced cytotoxicity by preserving the AMPK-insulin receptor signaling axis in C2C12 myoblasts.
Am. J. Physiol. Endocrinol. Metab. 2020, 318, E791–E805. [CrossRef] [PubMed]

41. Zhang, L.; Du, J.; Yano, N.; Wang, H.; Zhao, Y.T.; Dubielecka, P.M.; Zhuang, S.; Chin, Y.E.; Qin, G.; Zhao, T.C. Sodium Butyrate
Protects -Against High Fat Diet-Induced Cardiac Dysfunction and Metabolic Disorders in Type II Diabetic Mice. J. Cell Biochem.
2017, 118, 2395–2408. [CrossRef] [PubMed]

http://doi.org/10.15252/embj.201591857
http://www.ncbi.nlm.nih.gov/pubmed/26843485
http://doi.org/10.1152/ajpcell.00122.2019
http://doi.org/10.2337/db11-0477
http://doi.org/10.1007/s00125-015-3630-8
http://doi.org/10.1038/nature10777
http://doi.org/10.1016/j.yjmcc.2015.07.015
http://doi.org/10.1016/j.cellsig.2015.04.010
http://doi.org/10.1074/jbc.M606116200
http://www.ncbi.nlm.nih.gov/pubmed/17099248
http://doi.org/10.1101/gad.1295005
http://www.ncbi.nlm.nih.gov/pubmed/15964996
http://doi.org/10.1016/S1097-2765(01)00390-2
http://doi.org/10.1128/MCB.24.7.3057-3067.2004
http://doi.org/10.2337/db13-1586
http://doi.org/10.4161/adip.27370
http://doi.org/10.2337/db13-1106
http://doi.org/10.1016/j.yexcr.2017.09.006
http://doi.org/10.1152/ajpendo.00219.2019
http://www.ncbi.nlm.nih.gov/pubmed/32182124
http://doi.org/10.1002/jcb.25902
http://www.ncbi.nlm.nih.gov/pubmed/28109123

	Introduction 
	Results 
	PRAK Knockout-Enhanced HFD Induces Glucose Intolerance 
	PRAK Knockout-Enhanced HFD Induces Left Ventricular Dysfunction 
	PRAK Deletion Increased Interstitial Fibrosis and Enhanced Myocyte Hypertrophy in the Myocardium 
	PRAK Deletion Resulted in a Decrease in Phosphorylation of IRS-1, AMPK, and ERK1/2 and in a Reduction of Irisin 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies and Animals 
	Animal and Experimental Protocol 
	Metabolic Measurements 
	Echocardiographic Measurements 
	Histological Analysis 
	Real-Time Polymerase Chain Reaction (PCR) 
	Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Assay 
	Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

