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Abstract

Objective—Administration of the handle region peptide (HRP), a (pro)renin receptor blocker, 

decreases body weight gain and visceral adipose tissue (VAT) in high-fat/high-carbohydrate 

(HF/HC) diet-fed mice. The objective of this study was to elucidate potential mechanisms 

implicated in these observations.

Methods—Mice were given a normal or a HF/HC diet along with saline or HRP for 10 weeks.

Results—In HF/HC-fed mice, HRP increased the expression of several enzymes implicated in 

lipogenesis and lipolysis in subcutaneous fat (SCF) while the expression of the enzyme implicated 

in the last step of lipogenesis decreased in VAT. A reduction was also observed in circulating free 

fatty acids in these animals which was accompanied by normalized adipocyte size in VAT and 

increased adipocyte size in SCF. “Beiging“ is the evolution of a white adipose tissue toward a 

brown-like phenotype characterized by an increased mitochondrial density and small lipid 

droplets. HRP increased the expression of’ “beiging” markers in SCF of HF/HC diet-fed mice.

Conclusions—HRP treatment may favor healthy fat storage in SCF by activating a triglyceride/

free fatty acid cycling and “beiging,” which could explain the body weight and fat mass reduction.
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Introduction

Obesity is associated with complications such as type 2 diabetes and cardiovascular disease 

(1). Augmented fat mass increases the contribution of the local adipose renin-angiotensin 

system (RAS) to more than 30% to the systemic RAS and contributes to the development of 

obesity-associated complications (2–5).

The rate limiting step of the RAS is the conversion of angiotensinogen to angiotensin (Ang) 

I by renin (Supporting Information Figure S1A). Ang I is ultimately converted to Ang II by 

the angiotensin converting enzyme. Ang II is the main effector of the RAS, and its effects 

are mediated by its binding to its specific receptors (Supporting Information Figure S1A). 

While the RAS is well known for its regulation of blood pressure and fluid homeostasis (6), 

it also favors the development of obesity as Ang II decreases lipolysis and adipogenesis and 

increases lipogenesis (Supporting Information Figure S1A) (7–10).

When prorenin and renin [collectively known as (pro)renin] bind to the (pro)renin receptor 

[(P)RR], renin activity increases fourfold while prorenin is non-proteolytically activated. 

Thus, Ang II production increases which stimulates Ang II-dependent pathways (Supporting 

Information Figure S1A) (11). Binding to (P)RR also activates Ang II-independent pathways 

such as mitogen-activated protein kinase (MAPK) signaling and a negative feedback loop 

implicating the promyelocytic leukemia zinc finger (PLZF) which leads to the 

downregulation of (P)RR gene expression (Supporting Information Figure S1A) (12),(13).

The handle region peptide (HRP), a (P)RR blocker, encodes part of the prorenin pro-

segment. Competitive binding of HRP to the receptor has been shown in vitro (14),(15). In 

contrast to renin inhibitors, HRP only decreases Ang II production, as unbound renin can 

still contribute to Ang II production, while blocking the activation of Ang II-independent 

pathways, although its effect on PLZF is still unclear (Supporting Information Figure S1B) 

(11). HRP administration has been shown to improve features of different pathologies in 

animal models, such as diabetic nephropathy and retinopathy (12). Although a certain 

controversy exists regarding the effects of HRP, this may result from low HRP doses and 

short treatment duration (16–18).

We previously reported that (P)RR is increased specifically in adipose tissue with obesity in 

mice (19). We also observed that HRP treatment in mice fed a high-fat/high-carbohydrate 

(HF/HC) diet reduced both body weight gain and visceral adipose tissue (VAT) mass by 20% 

and potentially improved insulin sensitivity, while food intake was similar (19). The 

underlying mechanisms are currently unknown, and we thus hypothesized that HRP could 

modulate enzymes implicated in lipogenesis, lipolysis, and adipogenesis as a result of its 

effect on Ang II-dependent and -independent pathways (Supporting Information Figure 

S1B). Hence, using the same set of mice, we investigated these potential mechanisms in this 

study.

Methods

An expanded Methods section is available in the Supporting Information.
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Animals

Male mice of C57BL/6N genetic background were treated as previously described 

(Supporting Information Figure S2) (19). Briefly, mice aged 12 to 15 weeks (n = 10–15/

group) were fed a normal (N) (2018; Harlan Laboratories, Madison, WI) or a HF/HC diet 

(F3282; Bio-Serv, Frenchtown, NJ). Mice were concomitantly treated with either saline or 

HRP (0.1 µg/g/day) for 10 weeks using mini osmotic pumps placed subcutaneously (model 

#1004; Alzet, Cupertino, CA). All mice received a second pump 5 weeks after starting the 

treatment to ensure constant administration. The four experimental groups were: N diet 

treated with saline (N + saline) or HRP (N + HRP) and HF/HC diet treated with saline 

(HF/HC + saline) or HRP (HF/HC + HRP). Mice had free access to food and water ad 
libitum. At sacrifice, VAT [perigonadal fat (PGF) and perirenal fat (PRF)], abdominal 

subcutaneous fat (SCF), and plasma were collected. Care of the mice used in the 

experiments complied with standards for the care and use of experimental animals set by the 

Canadian Council for the Protection of Animals, and all procedures were approved by the 

University Animal Care and Use Committee at the CHUM Research Center.

Real-time polymerase chain reaction

Gene expression was evaluated by qPCR using primers listed in Supporting Information 

Table S1.

Histological analysis

Embedding, sectioning, and staining of adipose tissue were performed by the histology 

platform of the Research Institute in Immunology and Cancerology at the Université de 

Montréal. Slides were stained with hematoxylin-eosin (H&E).

Western blot

Twenty to 50 µg of denatured protein was separated by SDS-PAGE while non-denatured 

proteins (10 µL) were resolved by native PAGE. Proteins were all transferred to 

nitrocellulose membranes (162-0115; Bio-Rad). Antibody details are shown in Supporting 

Information Table S2. Band density was quantified using ImageJ software (20).

Statistical analysis

Data were expressed as the mean ± standard error (SE) and analyzed by two-way ANOVA to 

assess the effect of diet and treatment. The comparisons between slope or intercepts were 

performed using Prism 6.0, comparing the residuals with and without any constraint. A post 
hoc Tukey analysis was conducted if a significant interaction was detected. A P < 0.05 was 

considered statistically significant.

Results

Lipogenic enzymes are reduced in VAT and increased in SCF following HRP treatment

Fatty acid synthase (FAS), glycerol kinase (GyK), and diglyceride acyltransferase 1 

(DGAT1) are enzymes implicated in lipogenesis (21). Obesity had no effect on FAS and 

DGAT1 mRNA levels in all fat pads whereas GyK mRNA levels were increased 1.3-fold in 
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PRF and no changes were observed in PGF and SCF (Figure 1A–C). HRP treatment in 

HF/HC-fed mice increased FAS and GyK mRNA levels 2.2-fold and 1.8-fold, respectively 

in SCF while they were unchanged in VAT (Figure 1A, B). In contrast, HRP decreased 

DGAT1 mRNA levels in PGF of mice on both N and HF/HC diet by 20% and 60%, 

respectively and by 60% in PRF only in HF/HC-fed mice whereas they were significantly 

increased by 6.5-fold in SCF of HF/HC-fed mice (Figure 1C).

HRP increases lipolytic enzymes in SCF

Adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) are enzymes 

involved in lipolysis (21). Obesity had no effect on ATGL mRNA levels in all fat pads and 

on HSL mRNA levels in PRF and SCF while HSL was decreased by 30% in PGF (Figure 

1D, E). While HRP had no effect on ATGL and HSL mRNA levels in VAT of HF/HC-fed 

mice, these were increased by 3.1-fold and 2.8-fold, respectively in SCF (Figure 1D, E).

Plasma free fatty acid levels are decreased in obese mice following HRP treatment

Although not statistically significant (P = 0.053), there was a strong trend toward an increase 

in plasma free fatty acids (FFA) in obese mice while HRP reduced these levels by 20% in 

HF/HC-fed mice but had no effect in N-fed mice (Figure 2A). Plasma glycerol was 

increased 1.1-fold with obesity, while HRP treatment had no effect on plasma glycerol, 

although a strong tendency toward a decrease was observed in HF/HC + HRP mice (P = 

0.052) (Figure 2B).

An adipogenesis marker is normalized in VAT and increased in SCF following HRP 
treatment

Peroxisome proliferator-activated receptor PPAR-γ1 and 2 are transcriptional factors that 

induce adipogenesis (22). In all fat pads, neither the diet nor the treatment had any effect on 

PPAR-γ1 (Figure 3A). In PGF and SCF, obesity had no effect on PPAR-γ2 protein levels 

while it was decreased by 60% in PRF (Figure 3B). HRP treatment normalized PPAR-γ2 

levels in PRF of HF/HC fed mice while it was increased by 1.7-fold and 2.1-fold in SCF 

mice fed a N or HF/HC diet (Figure 3B).

Adipocyte size is decreased in VAT and increased in SCF following HRP treatment

In obese mice, we observed an increase in adipocyte size by 1.6-fold and twofold in PGF 

and PRF, respectively while only a tendency for an increase was present in SCF (P = 0.060) 

(Figure 4A, B). In HF/HC + HRP mice, adipocyte size was normalized in PGF and PRF 

while it was increased 1.3-fold in SCF compared with saline-treated littermates (Figure 4A, 

B).

HRP increases “beiging” markers in SCF

“Beiging” is the evolution of a white adipose tissue toward a brown-like phenotype 

characterized by increased mitochondrial biogenesis and the appearance of numerous small 

lipid droplets. It has been shown that SCF is more susceptible to “beiging” [measured by an 

increase in PR domain containing 16 (PRDM16) and PPAR-γ coactivator (PGC)−1α 
expression] than VAT (23). Obesity produced a 50% and 30% decrease in PRDM16 and 
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PGC-1α mRNA levels, respectively in PGF, but had no effect in PRF and SCF except for 

PGC-1α which was reduced by 60% in SCF (Figure 5A, B). While no effect of HRP could 

be observed in VAT, PRDM16, and PGC-1α mRNA levels were increased twofold and 3.4-

fold, respectively in SCF of HF/HC-fed mice while there was no change in N-fed mice 

(Figure 5A, B).

HRP increases an angiogenic marker in SCF

Vascular endothelial growth factor (VEGF)-A promotes angiogenesis and has been linked to 

adipose tissue function (24). Obesity decreased VEGF-A mRNA levels by 40% and 60% in 

PGF and SCF, respectively while it had no effect in PRF (Figure 6). HRP had no effect on 

VEGF-A mRNA levels in VAT while it was increased fourfold in SCF of HF/HC-fed mice 

with no effect in N-fed mice (Figure 6).

HRP modulates the adiponectin profile in SCF and the circulation

Adiponectin is a well-known insulin sensitizer (25). Obesity decreased adiponectin mRNA 

levels by 50% in PGF, but had no effect in PRF and SCF (Figure 7A). While we found no 

effect of HRP treatment in VAT, adiponectin mRNA levels were increased 3.2-fold in SCF of 

HF/HC-fed mice (Figure 7A). Plasma high molecular weight adiponectin (adipoH) levels are 

known to be positively correlated with insulin sensitivity and inversely correlated with body 

weight (26),(27). The correlation between body weight and circulating adipoH levels was 

similar in N + saline and N + HRP mice (Figure 7B). Surprisingly, the inverse correlation 

between body weight and circulating adipoH levels in the HF/HC + saline group was 

modified by HRP as their slopes were significantly different (Figure 7C).

HRP increases insulin signaling in VAT

Once insulin activates its signaling cascade, Akt becomes phosphorylated (p-Akt) and this 

produces a translocation of glucose transporters to the cellular membrane and allows for 

glucose to be transported into the cell (28). When normalized to tubulin, obesity decreased 

total Akt protein levels in PRF and SCF, but had no effect on PGF (Figure 7D). Since total 

Akt was modulated by the diet, p-Akt levels were normalized to tubulin. Obesity decreased 

p-Akt levels by 20% in both PGF and PRF, but had no effect in SCF (Figure 7E). p-Akt 

levels were increased 1.4-fold and 1.5-fold in PGF of N + HRP and HF/HC + HRP mice, 

respectively compared with their respective control group while HRP had no effect in other 

fat pads (Figure 7E).

Obesity may increase (P)RR expression by decreasing PLZF

Obesity decreased PLZF protein levels by 40% in PGF and tended to do so in PRF (P = 

0.062) but not in SCF while there was no effect of HRP in all fat pads (Figure 8A).

HRP decreases MAPK signaling in SCF

To verify whether HRP is able to decrease MAPK signaling in adipose tissue (Supporting 

Information Figure S1B), we measured protein levels of a member of the MAPK family, 

phospho-p38 (p-p38). Diet and treatment had no effect on p-p38 protein levels in VAT. 
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Conversely, obesity produced a 1.3-fold increase in SCF, and HRP decreased p-p38 levels by 

25% independently of the diet (Figure 8B).

Discussion

Our data suggest that the reduction in body weight gain previously observed by our group in 

HF/HC + HRP mice (19), may result from a futile cycle present in SCF, given that we 

observed an increase in the expression of several lipogenic and lipolytic enzymes, as well as 

an increase in the expression of “beiging” markers. This may thus lead to an increase in 

energy expenditure and in FFA uptake which is in line with the reduction in circulating FFA 

and decreased body weight observed in these mice. Moreover, the lower plasma insulin 

levels indicative of improved insulin sensitivity previously reported in HF/HC + HRP mice 

may partly result from an increase in p-Akt levels in VAT (19). In addition, elevation in 

adiponectin levels in SCF as well as the modified correlation between body weight and 

circulating adipoH in HF/HC + HRP mice supports the hypothesis of increased insulin 

sensitivity.

Given that Ang II has been shown to increase lipogenesis and lower lipolysis in human 

subcutaneous adipocytes (7–9), we had hypothesized that HRP may reduce lipid 

accumulation in mice fat pads. In line with these studies, we found that ATGL and HSL 

mRNA levels were increased in SCF of HF/HC + HRP mice, suggesting increased lipolysis. 

However, HRP was also found to increase FAS, GyK, and DGAT1 mRNA levels in SCF 

only in HF/HC-fed mice suggesting increased lipogenesis. Put together, our results suggest 

that HRP may upregulate both lipogenesis and lipolysis in SCF promoting a triglyceride 

(TG)/FFA futile cycling in HF/HC-fed mice, similarly to what was reported in rats treated 

with Ang converting enzyme inhibitor or Ang II type 1 receptor (AT1R) blocker (29). This 

would promote a reduction in FFA and glycerol release into the bloodstream as they would 

be reutilized inside the cell to synthesize TG. Supporting this hypothesis, plasma FFA was 

found to be reduced and plasma glycerol tended to decrease in HF/HC + HRP mice 

compared with HF/HC + saline group. TG/FFA cycling would consume energy and possibly 

contribute to heat production since each cycle of lipogenesis and lipolysis requires four and 

seven ATPs, respectively (21). Altogether, our results suggest that activation of TG/FFA 

cycling in SCF of HF/HC + HRP mice could partly contribute to the decreased body weight 

gain observed in these animals as well as improved fat deposition (19).

In contrast to the SCF, we found that HRP had no effect on the expression of lipolytic 

enzymes in VAT. However, lipogenic enzyme DGAT1 was reduced in expression in VAT of 

HF/HC + HRP mice, similarly to a report in VAT of renin KO mice (30). Therefore, our data 

suggest that HRP may decrease lipogenesis in VAT as supported by our histological analysis 

in which HRP normalized VAT adipocyte size in HF/HC-fed mice.

In this study, we observed that adipocyte size was normalized in VAT while it was increased 

in SCF of HF/HC + HRP mice. This is in line with previous studies which have shown that 

Ang II inhibits adipogenesis in human adipocytes from SCF (10). We also observed that this 

may be coupled to an increase in adipocyte number as adipogenesis was found to be 

activated in both VAT and SCF of HF/HC + HRP mice. Indeed, we found that PPAR-γ2 
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expression, which is associated with increased adipogenesis (31), was augmented in the fat 

pads of these mice.

These results suggest that HRP treatment may shift the cellular composition of VAT from an 

obese fat phenotype (fewer numbers of large cells) to a healthier fat phenotype (a larger 

number of small cells) in HF/HC-fed mice due to a fat redistribution towards the SCF. FFA 

storage in SCF is considered healthier compared with VAT because it prevents deposition 

around visceral tissues, which is associated with insulin resistance (32).

Although it appears counter-intuitive that formation of new adipocytes is considered 

“healthier,” a larger population of adipocytes may help maintain or increase storage capacity 

for plasma FFA as well as improve insulin sensitivity compared with fewer adipocytes that 

have less capacity to store lipids (22).

The potential activation of TG/FFA cycling in SCF observed in HF/HC + HRP mice 

prompted us to also consider “beiging” in SCF. We observed that PRDM16 and PGC-1α 
mRNA levels were increased in SCF of HF/HC + HRP mice suggesting that “beiging” may 

be activated and could also contribute to the reduced body weight gain observed in mice 

receiving HRP (19).

In this in vivo study, it is difficult to determine if the observed effects of HRP are due to 

changes in Ang II-dependent or independent pathways (Figure 1B). Nonetheless, our 

previous data suggest that both pathways are implicated as RAS inhibitors which block Ang 

II-dependent pathways only decrease circulating TG (33) in obese rats while we observed 

normalized levels in HF/HC + HRP mice (19). We therefore conclude that Ang II-

independent pathways also contribute to the phenotype observed as HRP should produce a 

milder effect than RAS inhibitors because it only reduces Ang II-dependent pathways, 

compared with RAS inhibitors which completely block them, while blocking Ang II-

independent pathways.

Although it is possible that HRP effects on different metabolic parameters may result from 

decreased body and VAT weight observed in HF/HC-fed mice, given that these weights were 

still higher than those in N + saline mice while circulating TG were normalized suggests that 

there are other factors implicated (19). Furthermore, changes in adipokine levels such as 

leptin and inflammatory markers measured in HRP-treated mice were more dramatic than 

those on adiposity and even occurred in N + HRP mice despite having similar body weight 

compared with N + saline mice (19). Altogether, this suggests that the phenotype observed 

in our mice is more than just an effect of HRP on the body weight. Moreover, adipose tissue 

may be central to our observations since we demonstrated that obesity increased (P)RR only 

in adipose tissue while it was unaltered in the liver, kidneys, and heart (19). Hence, we 

believe that HRP directly affects adipose tissue and reduced its weight but also its function 

which modulated its adipokine production as previously demonstrated (19).

In our study, VEGF-A mRNA levels were decreased with obesity in both VAT and SCF 

suggesting that angiogenesis may be reduced. This is in line with other studies which have 

found a similar decrease in SCF VEGF mRNA levels of people with obesity compared with 

lean subjects which could contribute to reduce angiogenesis and cause hypoxia (34). 

Tan et al. Page 7

Obesity (Silver Spring). Author manuscript; available in PMC 2016 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hypoxia-induced adipose tissue dysfunction is well known (35) and has been associated to 

glucose intolerance in obese mice (36). In our study, HRP increased VEGF-A mRNA in 

SCF specifically in HF/HC-fed mice while it was unaffected in VAT. Thus, HRP appears to 

stimulate angiogenesis specifically in SCF of obese mice, which might be due to differences 

between SCF and VAT (32). Interestingly, overexpression of VEGF-A specifically in mice 

white adipose tissue has also been associated with resistance to obesity and “beiging” in 

SCF (37). Thus, increased VEGF-A mRNA levels in HF/HC + HRP mice may turn on 

“beiging” genes in SCF as observed in our study.

Given that adipose tissue weight correlates positively with insulin resistance (38) and that 

we observed reduced plasma insulin levels in HRP-treated mice independently of the diet 

(19), we hypothesized that HRP may improve insulin sensitivity by reducing VAT mass. 

Adiponectin is specifically produced and secreted into the blood by white adipose tissue 

(39). Given that HRP increased adiponectin mRNA levels only in SCF of HF/HC-fed mice, 

it suggests that SCF may contribute more to plasma total adiponectin levels than VAT. 

Similar conclusions were reported by others who treated human SCF explants with a PPAR-

γ activator (40). Our data showed that a normal correlation between body weight and 

circulating adipoH was present in HF/HC + saline mice while it was altered in HF/HC + 

HRP mice. In addition, we found that HRP increased p-Akt protein levels in VAT 

independently of diet, suggesting improved insulin signaling, while we found no effect of 

the diet and treatment in SCF. Put together, these mechanisms may contribute to the 

improved insulin profile observed previously in these mice (19).

We demonstrated that PLZF protein levels were decreased in PGF of HF/HC-fed mice while 

a similar tendency was observed in PRF. This brought us to consider that (P)RR 

upregulation previously observed with obesity in VAT (19) may result from decreased PLZF 

levels. Surprisingly, we did not observe changes in PLZF protein levels in SCF of HF/HC-

fed although (P)RR is also upregulated in this fat pad (19). This suggests that other 

mechanisms are implicated in the regulation of (P)RR expression in the SCF.

Binding of (pro)renin to (P)RR should activate MAPK, for instance p-p38, by stimulating 

Ang II-dependent and independent pathways (Figure 1A) (12). In line with these studies, we 

found that the increased (P)RR levels previously reported in SCF was associated with 

increased p-p38 protein levels in obese mice while it was decreased in HF/HC + HRP mice. 

In contrast, we observed that pp38 protein levels were unaltered in VAT by the diet or 

treatment. Therefore, we propose that p38 might not be a pathway implicated in the effects 

of (P)RR in VAT which could in part explain the discrepancy observed between VAT and 

SCF.

Future experiments are warranted to confirm activation of futile cycle and “beiging” in 

adipose tissue, for example, by measuring fatty acid uptake and release in fresh mice adipose 

tissue explants in the presence of exogenous HRP and by measuring O2 consumption and 

mitochondrion density in isolated adipocytes.
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Conclusion

Overall, our study suggests that HRP treatment may change VAT adipocyte from an obese to 

a normal phenotype in HF/HC-fed mice as a result of increased adipogenesis and decreased 

lipogenesis. Moreover, there may be activation of TG/FFA cycling to buffer circulating FFA 

and adipocyte “beiging” in SCF. This would thus favor circulating lipid uptake into SCF 

rather than in VAT and would contribute to a healthier phenotype as the latter is associated 

with multiple cardiometabolic diseases (32).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HRP treatment increased mRNA levels of enzymes implicated in lipogenesis and lipolysis in 

SCF of obese mice. (A) FAS, (B) GyK, (C) DGAT1, (D) ATGL, and (E) HSL mRNA levels 

in adipose tissue. Data are normalized to s16 mRNA levels and are presented as mean ± SE 

with n = 9–13 per group. *P < 0.05 compared with N diet; †P < 0.05 compared with saline. 

ATGL, adipose triglyceride lipase; DGAT1, diglyceride acyltransferase 1; FAS, fatty acid 

synthase; GyK, glycerol kinase; HF/HC, high-fat/high-carbohydrate diet; HRP, handle 

region peptide; HSL, hormone sensitive lipase; N, normal; PGF, perigonadal fat; PRF, 

perirenal fat; SCF, abdominal subcutaneous fat.
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Figure 2. 
HRP treatment decreased plasma FFA levels in obese mice. Plasma (A) FFA and (B) 

glycerol levels. Data are presented as mean ± SE with n = 7–9 per group for plasma FFA and 

n = 12–15 per group for plasma glycerol. *P < 0.05 compared with N diet; †P < 0.05 

compared with saline. FFA, free fatty acid; HF/HC, high-fat/high-carbohydrate diet; HRP, 

handle region peptide; N, normal.
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Figure 3. 
HRP treatment increased protein levels of a marker for adipogenesis in SCF of obese mice. 

(A) PPAR-γ1 and (B) PPAR-γ2 protein levels in adipose tissue. Equal loading of 30 µg of 

proteins was done in each well for Western blot. Data are normalized to tubulin protein 

levels and are presented as mean ± SE with n = 4–7 per group for PPAR-γ1 and PPAR-γ2 

protein levels. *P < 0.05 compared with N diet; †P < 0.05 compared with saline. HF/HC, 

high-fat/high-carbohydrate diet; HRP, handle region peptide; N, normal; PGF, perigonadal 

fat; PPAR-γ, peroxisome proliferator-activated receptor-gamma; PRF, perirenal fat; SCF, 

abdominal subcutaneous fat.

Tan et al. Page 14

Obesity (Silver Spring). Author manuscript; available in PMC 2016 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
HRP treatment normalized adipocyte size in VAT and increased it in SCF of obese mice. (A) 

Hematoxylin-eosin staining of adipose tissue (scale bar = 10 µm, magnification = 100×) and 

(B) adipocyte surface area in adipose tissue. Data are presented as mean ± SE with n = 5–6 

per group. For each fat pad, digital pictures were randomly taken from six fields with 

approximately 60 cells per field. *P < 0.05 compared with N diet; †P < 0.05 compared with 

saline. HF/HC, high-fat/high-carbohydrate diet; HRP, handle region peptide; N, normal; 

PGF, perigonadal fat; PRF, perirenal fat; SCF, abdominal subcutaneous fat.
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Figure 5. 
HRP treatment increased mRNA levels of markers for “beiging” in SCF of obese mice. (A) 

PRDM16 and (B) PGC-1α mRNA levels in adipose tissue. Data are normalized to s16 

mRNA levels and are presented as mean ± SE with n = 9–13 per group. *P < 0.05 compared 

with N diet; †P < 0.05 compared with saline. HF/HC, high-fat/high-carbohydrate diet; HRP, 

handle region peptide; N, normal; PGC-1α, peroxisome proliferator-activated receptor-

gamma coactivator 1-α; PGF, perigonadal fat; PRDM16, PR domain containing 16; PGF, 

perigonadal fat; PRF, perirenal fat; SCF, abdominal subcutaneous fat.
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Figure 6. 
HRP treatment increased mRNA levels of a marker of angiogenesis in SCF of obese mice. 

VEGF-A mRNA levels in adipose tissue. Data are normalized to s16 mRNA levels and are 

presented as mean ± SE with n = 9–13 per group. *P < 0.05 compared with N diet; †P < 

0.05 compared with saline. HF/HC, high-fat/high-carbohydrate diet; HRP, handle region 

peptide; N, normal; PGF, perigonadal fat; PRF, perirenal fat; SCF, abdominal subcutaneous 

fat; VEGF-A, vascular endothelial growth factor A.
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Figure 7. 
HRP treatment may increase adiponectin and insulin signaling in obese mice. (A) 

Adiponectin mRNA levels in adipose tissue. Correlation between plasma adipoH levels and 

body weight in mice on (B) N and (C) HF/HC diet. (D) Total Akt and (E) p-Akt protein 

levels in adipose tissue. Equal loading of 10 µL of plasma or 20 µg of proteins was done in 

each well. Data are normalized to s16 mRNA levels and are presented as mean ± SE with n 
= 9–13 per group for adiponectin mRNA. n = 8 per group for the correlation analysis 

between plasma adipoH and body weight. Data are normalized to tubulin protein levels and 

are presented as mean ± SE with n = 4–7 per group for Akt and p-Akt. *P < 0.05 compared 

with N diet; †P < 0.05 compared with saline. HF/HC, high-fat/high-carbohydrate diet; HRP, 

handle region peptide; adipoH, high molecular weight (HMW) adiponectin; N, normal; PGF, 

perigonadal fat; PRF, perirenal fat; SCF, abdominal subcutaneous fat.
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Figure 8. 
PLZF was reduced in PGF, and HRP treatment decreased p38 MAPK in SCF of obese mice. 

(A) PLZF and (B) p-p38 protein levels in adipose tissue. Equal loading of 50 or 20 µg of 

proteins was done in each well for PLZF and p-p38, respectively. Data are normalized to 

tubulin protein levels for PLZF and to total p38 protein levels for p-p38 and are presented as 

mean6SE with n = 4–7 per group. *P < 0.05 compared with N diet; †P < 0.05 compared 

with saline. HF/HC, high-fat/high-carbohydrate diet; HRP, handle region peptide; MAPK, 

mitogen-activated protein kinase; N, normal; PGF, perigonadal fat; PLZF, promyelocytic 

leukemia zinc finger; PRF, perirenal fat; SCF, abdominal subcutaneous fat.
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