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Abstract

Cyclic guanosine monophosphate (cGMP)–dependent protein kinase I (PKG-I) is a 

multifunctional protein. The direct effects of PKG-I activation on energy homeostasis and obesity 

development are not well understood. Herein, we generated transgenic mice with expression of 

the constitutively active PKG-I in adipose tissue as well as in other tissues. Male and female 

PKG-I overexpressing mice were fed a low-fat (LF) or high-fat (HF) diet for 16 weeks. HF-fed 

female PKG-I transgenic mice had decreased body weight gain, lower percentage of body fat, 

and improved glucose tolerance compared to HF-fed wild-type (WT) controls. In contrast, male 

transgenic PKG-I mice were not resistant to the development of HF-diet-induced obesity, and 

exhibited similar levels of adiposity and glucose intolerance as HF-fed WT controls. Furthermore, 

we found that HF-fed female transgenic PKG-I mice had increased energy expenditure and cold-

induced adaptive thermogenesis compared to HF-fed WT controls, which was associated with 

increased expression of uncoupling protein-1 (UCP1) in brown adipose tissue (BAT). In addition, 

the rates of lipolysis in white adipose tissue (WAT) were also increased in female transgenic PKG-

I mice compared to WT controls due to increased phosphorylation of hormone-sensitive lipase 

(HSL). However, in male mice, adaptive thermogenesis or WAT lipolysis was similar between 

transgenic PKG-I mice and WT controls. Together, these data demonstrate sex differences in 

effects of PKG-I activation on the regulation of adipose tissue function and its contribution to 

diet-induced obesity.

INTRODUCTION

Obesity, an imbalance of energy intake and energy expenditure, is a major risk factor for 

the development of insulin resistance and type 2 diabetes. Energy intake depends on food 

ingestion; whereas energy expenditure is affected by several factors such as physical work 

and heat production (thermogenesis). Both environmental temperature and diet can regulate 

heat production called adaptive thermogenesis, which markedly influences whole-body 

energy expenditure. Brown adipose tissue (BAT) has been considered to be a major site of 

adaptive thermogenesis in rodents, a process mediated by uncoupling protein-1 (UCP1) (1). 
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More recently, functionally active BAT has been identified in human adults and a potential 

role of BAT in human metabolism has been suggested (2). In contrast to BAT, white adipose 

tissue (WAT) is a major site for energy storage and release of lipid, as well as production 

and release of hormones and cytokines (3). Both WAT and BAT are considered to affect 

whole-body metabolism.

Cyclic guanosine monophosphate (cGMP)–dependent protein kinase (PKG) is a serine/

threonine kinase consisting of a regulatory and a catalytic domain within one polypeptide 

chain (4). The catalytic domain contains an adenosine triphosphate–binding pocket and an 

activating phosphorylation site, which is directly relevant to PKG activity. cGMP can bind 

to the amino-terminal regulatory domain and lead to PKG activation (5). In mammalian 

cells, there are two types of PKG: PKG-I and PKG-II (6). PKG-I is the only type of PKG 

expressed in adipose tissue and adipocytes (7). Accumulating evidence suggest a role for 

PKG in regulation of energy homeostasis. Studies showed that natriuretic peptides or nitric 

oxide increases cGMP/PKG-mediated phosphorylation of hormone-sensitive lipase (HSL) 

and stimulates lipolysis in adipocytes from different species including human, rat, and 

mouse (8–12). In addition, cGMP/PKG signaling has been shown to regulate brown fat cell 

differentiation and mitochondria biogenesis (13). Moreover, recent studies from Miyashita 

et al. demonstrated that natriuretic peptides/cGMP/PKG cascades promote mitochondrial 

biogenesis in skeletal muscle and brown fat, increase capacity for fat oxidation, and prevent 

obesity (14). However, the direct effects of PKG-I activation on BAT-adaptive thermogenesis 

or on WAT lipolysis and its contribution to obesity is not known.

In the current studies, we generated male and female transgenic mice with overexpression 

of constitutively active PKG-I in adipose tissue as well as in other tissues. The effect 

of increased PKG activity on adipose tissue function such as adaptive thermogenesis in 

BAT and lipolysis in WAT and its contribution to a diet-induced obesity was determined. 

Moreover, the contribution of sex differences to effects of overexpression of PKG-I were 

defined.

METHODS AND PROCEDURES

Generation of male and female mice with expression of constitutively active PKG-I

Generation of the transgenic mice.—A complementary DNA of the catalytic domain 

of bovine PKG-I (PKG-CD, ~1 kb) has been expressed as a cGMP-independent active 

kinase in a baculovirus system, in primary vascular smooth muscle cells (15), and in 

rat mesangial cells by our lab (16). It was cloned into pCAGGS plasmids as shown in 

Supplementary Figure S1a online. Expression of the transgene was driven by chicken 

β-actin promoter, which is a general promoter and allows the transgene expressed in a 

variety of tissues. The transgenic mice on B6C3H genetic background were generated by 

the University of Kentucky transgenic facility. The primer sequences for genotyping are 

forward: 5′-ATG GAG TTC CGC GTT ACA-3′ and reverse: 5′-AGAGTC AAG CAG AAC 

GTG-3′.

Characterization of transgenic mice.—Reverse transcription-PCR and 

immunoblotting were utilized to detect the mRNA and protein levels of the 
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transgene in different tissues from 8-week-old female and male transgenic mice and 

littermate controls. The primer used in reverse transcription-PCR for the PKG-CD 

transgene is: forward: 5′-ATG GCTTATGAAGATGCAGAAGC-3′ (56–78) and reverse: 

5′-CCGAT CCCTGAGAATGGT-3′ (1971–1988). The primers for β-actin (474 bp) 

were 5′-CACTGGCATTGTGATGGACT-3′ and 5′-TGGCATAGAGG TCTTTACGG-3′. 

The protein levels of the transgene (PKG-CD) in several tissues were detected by 

immunoblotting (16). PKG activity in adipose tissue was measured by an assay using 

PKG-specific peptide substrate-the BPDEtide as described previously (16).

Experimental animals and protocols

Eleven-week-old male and female PKG-I transgenic mice and age-matched littermate 

controls were used in the studies. All mice were on B6C3H background. All experiments 

involving mice conformed to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and were approved by the University of Kentucky Institutional Animal 

Care and Use Committee. Mice were housed in a temperature-controlled room with a 12-h 

light/dark cycle. Mice were fed a low-fat (LF; 10% kcal as fat; D12450B; Research Diets, 

New Brunswick, NJ) or a high-fat (HF) diet (60% kcal as fat; D12492; Research Diet) for 16 

weeks. Each group contained 10 mice.

Histological analysis

Visceral adipose tissue was fixed and embedded in paraffin. Five-micrometer sections were 

stained with hematoxylin–eosin. For histometry, the area (μm2) of 50 adipocytes from 

random sections obtained from multiple animals within each group was determined under 

the microscope (magnification ×40) using the MetaMorph software for image analysis 

(Molecular Devices, Downington, PA).

Metabolic measurements

The blood was collected from animals after an overnight fasting. Plasma glucose levels were 

measured by a glucometer. Plasma free fatty acid (FFA) levels were measured using kits 

from Wako Chemicals (Richmond, VA). Plasma insulin concentrations were measured using 

a mouse adipokine assay kit (Linco, Billerica, MA).

Glucose tolerance assessment

After 15 weeks of LF and HF feeding, glucose tolerance was analyzed in animals after 

6-h fasting. Following an intraperitoneal injection of glucose (1 g/kg body weight), blood 

glucose concentrations were measured using a glucometer at 0, 15, 30, 60, and 120 min after 

injection.

Assessments of body composition, food intake, and energy expenditure

Dual-energy X-ray absorption (PIXImus; Lunar, Madison, WI) was used to evaluate body 

fat, lean, and bone mineral content in mice after 16 weeks of LF or HF feeding. Food 

intake was measured at 15 weeks. Each mouse was housed in an individual cage and food 

was weighed daily for 5 consecutive days. The average of consumed food per day for 
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each mouse was calculated. In addition, the energy expenditure was measured by indirect 

calorimetric as described previously (17).

Acute cold exposure experiments and UCP1 mRNA analysis from BAT

At the end of the study, temperature transponders (Implantable Programmable Temperature 

Transponder 300; BioMedic Data Systems, Seaford, DE) were subcutaneously implanted 

into mice. For cold exposure experiments, mice were singly housed and placed at 4 °C for 5 

h without food. Body temperatures were monitored by a Wireless Reader System at baseline 

and every hour thereafter. Mice were monitored every half hour to check lethargy. At the 

end of 5 h, mice were killed and tissues were harvested. UCP1 mRNA levels in interscapular 

brown fat tissue was determined by real-time PCR as described previously (18). Primers 

for mouse UCP1 (NM_009463) were forward: 5′-TAC CAA GCT GTG CGA TGT-3′ and 

reverse: 5′-AAG CCC AAT GAT GTT CAG T-3′.

Mouse WAT lipolysis assay

At the end of the study, gonadal WAT from LF or HF feeding PKG transgenic mice or 

littermate control (n = 4/group) were removed, sliced into small pieces, and incubated 

in 1 ml Hank’s balanced salt solution buffer with 1% FFA-free bovine serum albumin 

(Serologicals, Norcross, GA) at 37 °C for 2 h in the presence or absence of isoproterenol 

(100 nmol/l). After incubation, medium was collected. The levels of glycerol and FFA in 

the media were determined using glycerol assay kit (Sigma, St Louis, MO) and FFA kit 

(Wako Chemicals), respectively. The rates of lipolysis were normalized either to amount of 

fat tissues or to number of fat cells.

Immunoblotting

Gonadal WAT were homogenized and centrifuged. Proteins in the lysates were separated on 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis, transferred onto nitrocellulose 

membranes, and incubated with primary antibodies against HSL (Santa Cruz Biotechnology, 

Santa Cruz, CA), PKG-I (Stressgen, San Diego, CA), or phospho-HSL (Ser-660; Cell 

Signaling, Beverly, MA). After intensive washing, secondary antibodies were used for the 

detection of immunoreactive bands with the enhanced chemiluminescence detection system 

(Pierce, Rockford, IL). β-Actin was used as an internal control.

Statistical analysis

Data are the mean ± s.e. Differences between groups were determined by ANOVA followed 

by Turkey’s post hoc tests or by Student’s t-test as appropriate. The significance level was P 
< 0.05.

RESULTS

Characterization of PKG transgenic mice

The expression of transgene (PKG-CD) in different tissues from transgenic male and 

female mice was determined by reverse transcription-PCR and immunoblotting. Reverse 

transcription-PCR results showed that the transgene was overexpressed in adipose tissue 
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as well as in other tissues including heart, liver, spleen, lung, kidney, muscle, brain, and 

artery (see Supplementary Figures S1b-females and S2a-males online). Based on this result, 

using immunoblotting, we confirmed the protein expression of PKG-CD (around 39 kDa) 

in several tissues, which relate to metabolism such as BAT, WAT, liver, and muscle (see 

Supplementary Figures S1c and S2b online). PKG activity assay in the absence of cGMP 

further demonstrated that the transgene is active in adipose tissue (see Supplementary 

Figures S1d and S2c online). Similar data for PKG-I overexpression were found in tissues 

from male compared to female mice. Taken together, these data indicate that both male and 

female PKG transgenic mice exhibited increased PKG activity in adipose tissue.

Female, but not male transgenic PKG-I mice are resistant to HF-diet-induced obesity

The effect of overexpression of constitutively active PKG-I on body weight gain in response 

to HF feeding was determined in male and female mice. In male mice, body weight gain and 

adiposity were similar between transgenic PKG-I and wild-type (WT) control mice under 

either LF or HF feeding (Figure 1a–c). Fasting blood glucose and insulin concentrations 

were increased in both HF-fed transgenic PKG-I male and WT controls compared to 

corresponding LF groups from each genotype (Table 1). Moreover, both HF-fed transgenic 

PKG-I male mice and WT controls showed glucose intolerance compared to respective 

LF-fed mice from each genotype (Figure 1d). In contrast to findings in male mice, female 

transgenic PKG-I mice exhibited less weight gain and adiposity when fed an HF diet 

compared to WT controls (Figure 2a–c). Plasma insulin concentrations were increased by 

HF feeding in WT mice, but not in transgenic PKG-I HF-fed females compared to LF-fed 

controls (Table 1). In addition, HF-fed transgenic PKG-I females had improved glucose 

tolerance compared to HF-fed WT females (Figure 2d). Together, these data indicate that 

female transgenic PKG-I mice, but not males, are resistant to HF-diet-induced obesity and 

glucose intolerance.

Female transgenic mice have increased oxygen consumption and cold-induced adaptive 
thermogenesis, which is associated with increased UCP1 expression in BAT

We determined whether decreased body weight gain on an HF diet in female transgenic 

PKG-I mice was due to decreased food intake and/or increased energy expenditure. Food 

intake was similar in the two genotypes fed either an LF or HF diet (Figure 3a). There 

were also no changes in caloric intake among the four groups of mice (data not shown). 

As expected, food intake was not significantly altered among the four groups of male mice 

(Figure 4a).

Female transgenic PKG-I mice had significantly increased oxygen consumption when fed 

the HF diet compared to WT controls (Figure 3b). However, basal body temperature was 

similar among the different groups of females (data not shown). Under cold exposure (4 

°C), LF-fed transgenic PKG-I and WT controls exhibited a similar drop in body temperature 

(data not shown). However, female HF-fed WT mice exhibited a significantly greater drop 

in body temperature from cold exposure compared to HF-fed transgenic PKG-I females 

(Figure 3c). Moreover, acute cold exposure significantly increased UCP1 mRNA levels 

in BAT of HF-fed transgenic PKG-I female mice compared to WT controls (Figure 3d). 

There was no significant change in BAT mass from HF-fed transgenic mice compared 
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to WT mice (Table 2). Together, these data indicate that cold exposure stimulates UCP1 

expression in BAT, contributing to increased adaptive thermogenesis and increased oxygen 

consumption observed in transgenic PKG-I females. In contrast to females, males exhibited 

similar oxygen consumption (Figure 4b) and cold-induced adaptive thermogenesis (Figure 

4c) among the four groups of mice.

Female transgenic PKG-I mice have increased WAT lipolysis.

To examine the molecular basis for the reduced adipose mass in HF-fed female transgenic 

PKG-I mice, WAT lipolysis was evaluated. Result demonstrated that glycerol or FFA release 

from parametrial fat tissue (normalized to the amount of fat tissue) was significantly 

increased in transgenic PKG-I female mice compared to WT controls under either basal 

conditions or when stimulated with isoproterenol (Figure 5a,b). Differences between 

genotypes existed when data were normalized to fat cell numbers (data not shown). In 

contrast, male transgenic PKG-I mice had similar levels of basal lipolysis compared to WT 

controls when fed LF or HF diets (Figure 6a,b). Moreover, isoproterenol stimulated lipolysis 

to a similar extent in adipose explants from male and female transgenic PKG-I mice and WT 

controls, suggesting that the traditional PKA-mediated lipolysis pathway is not affected by 

overexpression of PKG-I.

Because activation of PKG-I by natriuretic peptides or nitric oxide has been shown to 

phosphorylate HSL and stimulate lipolysis in adipocytes from different species (8–12), HSL 

abundance and phosphorylation state was determined in gonadal adipose tissue from mice 

in each group. Phosphorylation of HSL at Ser-660 site was increased in WAT from female 

(Figure 5c), but not male transgenic PKG-I mice compared to littermate controls (Figure 

6c). Total HSL levels were not altered among the different groups in male and female mice. 

Together, our data indicate that increased PKG activity phosphorylates HSL, leading to 

activation of HSL and stimulation of WAT lipolysis in female transgenic PKG-I mice.

DISCUSSION

In this study, we found that overexpression of constitutively active PKG-I protects female 

but not male mice from HF-diet-induced obesity and glucose intolerance. Moreover, when 

fed an HF diet, female transgenic PKG-I mice exhibit increased oxygen consumption and 

cold-induced adaptive thermogenesis, which was associated with increased UCP1 levels 

in BAT. Female transgenic PKG-I mice also have increased rates of HSL-dependent 

lipolysis in WAT. Surprisingly, none of these effects were observed in male transgenic 

mice overexpressing PKG-I. These data suggest that overexpression of PKG-I specifically 

protects female mice against diet-induced obesity by stimulating lipolysis in WAT and 

thermogenesis in brown adipose.

Data from our study demonstrated a sex difference in the effect of overexpression of PKG-I 

on diet-induced obesity. Interestingly, sex differences in the development of obesity have 

been reported in several animal models, including resistance to diet-induced obesity in 

female BALB/c mice (19), or less development of diet-induced obesity in female C57BL/6J 

mice compared to males (20). Transgenic mouse models such as mice deficient in PPAR-

α (21) or ApoE null mice (22) also showed sex differences in obesity development. 
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Currently, the reasons for the marked sex differences in effects of PKG-I overexpression 

on the development of obesity are not clear. Because similar expression levels of the 

transgene (PKG-CD) were found in adipose tissue from both males and females, and 

because HF feeding similarly downregulated endogenous PKG-I protein levels (Figures 

5c and 6c) in adipose tissue from both males and females, these mechanisms are not 

contributors to the observed sex differences. However, the interplay between sex hormones 

and PKG signaling in adipose tissue might contribute to these differences. Estrogen plays 

an important role in the regulation of adipose tissue function (23,24). In addition to direct 

effects on adipocytes, estrogen can enhance cGMP/PKG signaling. Studies showed that 

estrogen treatment activates endothelial nitric oxide synthase (eNOS) and stimulates cGMP/

PKG-I signaling pathway in lung injury (25). Estrogen also stimulates ANP release or 

increases ANP gene expression in heart (26,27). ANP then binds to its receptor, increases 

cGMP levels, and activates cGMP/PKG-I signaling pathway (28,29). Together, these studies 

suggest that estrogen may potentiate the effect of PKG-I on adipose tissue function and 

contribute to sex differences in obesity development in PKG-I overexpressing mice.

Our studies showed that male transgenic mice and WT controls have similar body weights 

under either LF or HF feeding conditions. This finding is in contrast to the studies from 

Miyashita et al. in which they found that PKG-I transgenic mice are lean and insulin 

sensitive on standard chow diet and are protected from HF-diet-induced obesity (14). This 

difference may be due to different mouse strains and/or different nature of the transgene. 

In our study, the mouse strain is C3B6 mixed background, an intermediate mouse strain in 

obesity development; whereas Miyashita et al. used C57BL/6 strain, which is an obesity-

prone mouse strain (19). In addition, our transgene is the catalytic domain of bovine 

PKG-I, which expresses as constitutively active PKG (its activity is independent of cGMP 

activation); whereas their transgene was human full-length PKG-I, which expresses as 

a nonactive PKG. In addition to the above factors, other unidentified factors may also 

contribute to this difference.

In this study, we determined the effects of overexpression of constitutively active PKG-I on 

adipose tissue functions and its contribution to diet-induced obesity. Our data demonstrated 

that the rate of lipolysis in WAT in females but not males was increased in transgenic 

mice compared to WT controls due to increased phosphorylation of HSL. These data are in 

agreement with previous studies showing that natriuretic peptides or nitric oxide increases 

cGMP/PKG-dependent phosphorylation of HSL and stimulates lipolysis in adipocytes 

from different species including human, rat and mouse (8–10). In addition to regulation 

of white fat tissue, PKG-I also regulates BAT function. Consistent with the studies 

showing that chronic inhibition of cGMP hydrolysis with a phosphodiesterase-5 inhibitor or 

overexpression of full-length PKG-I increased energy expenditure in HF-fed mice (14, 30), 

we demonstrated that HF-fed female transgenic mice had increased energy expenditure as 

compared to HF-fed WT control. One possibility of increased energy expenditure might be 

through activation of BAT. We could not demonstrate a significant increase of UCP1 levels 

in BAT from transgenic mice under basal conditions (at room temperature). However, HF-

fed female transgenic mice had increased cold-induced adaptive thermogenesis compared 

to HF-fed WT controls, which is associated with significantly increased UCP1 mRNA 

levels in BAT, suggesting that increased BAT activity may have contributed to augmented 
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energy expenditure observed in HF-fed female transgenic mice. In addition to fat tissue, 

the transgene is also overexpressed in other tissues such as skeletal muscle, liver and brain. 

Through these sites, PKG-I overexpression may promote muscle mitochondrial biogenesis 

and increase the capacity for fat oxidation or affect the central nervous system, contributing 

to increased energy expenditure (14,31,32). The transgene may also inhibit lipogenesis in 

liver (33), contributing to the decreased adiposity in female transgenic mice on HF diet.

In conclusion, this study provides evidence for a role for increased PKG activity in the 

regulation of adipose tissue function and the development of obesity. With overexpression 

of constitutively active PKG, female mice display resistance to HF-diet-induced obesity 

partially due to increased BAT-adaptive thermogenesis and WAT lipolysis. However, male 

transgenic mice are not protected from HF-diet-induced obesity. Together, these studies 

demonstrate a sex difference in the effect of overexpression of constitutively active PKG-I 

on obesity development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Male transgenic mice were not protected from HF-diet-induced obesity. Male transgenic 

mice and littermate control were fed LF or HF diet for 16 weeks (n = 10 mice/group). (a) 

Graphs showing the increase of body weight with time on diets. (b) Fat and lean mass of 

different groups of animals. (c) Representative histological sections of visceral fat tissue 

from different groups of animals (original magnification ×40, bar = 50 μm) and quantitative 

data for mean fat cell area. (d) Intraperitoneal glucose tolerance was measured. Changes in 

blood glucose levels were monitored over time. Data are represented as mean ± s.e. (n = 8 

mice/group). AUC, area under the curve; HF, high fat; LF, low fat; Tg, transgenic mice; WT, 

wild type.
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Figure 2. 
Female transgenic mice were protected from HF-diet-induced obesity. Female transgenic 

mice and littermate control were fed with LF or HF diet for 16 weeks (n = 10 mice/group). 

(a) Graphs showing the increase of body weight with time on diets. (b) Fat and lean mass 

of different groups of animals. (c) Representative histological sections of visceral fat tissue 

from different groups of animals (original magnification ×40, bar = 50 μm) and quantitative 

data for mean fat cell area. (d) Intraperitoneal glucose tolerance was measured. Changes in 

blood glucose levels were monitored over time. Data are represented as mean ± s.e. (n = 8 

mice/group). *P < 0.05 vs. Tg (HF) group. AUC, area under the curve; HF, high fat; LF, low 

fat; Tg, transgenic mice; WT, wild type.
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Figure 3. 
Female transgenic mice had increased energy expenditure and adaptive thermogenesis on 

HF diet. (a) Food intake from different groups of animal. (b) Oxygen consumption was 

measured as described in Methods and Procedures and normalized to lean mass. Data are 

represented as mean ± s.e. (n = 8 mice/group). (c) After 16 weeks of LF or HF feeding, 

female transgenic mice and WT control were subjected to cold (4 °C; n = 8 mice/group). 

Body temperature was monitored over 5-h period. The change in body temperature ± s.e. 

is shown in graph as a function of time. *P < 0.05 vs. WT (HF). (d) Quantitative real-time 

PCR for UCP1 mRNA levels in BAT at baseline (RT) and after 5 h of cold exposure (cold) 

of HF-fed female transgenic mice or WT control. The values represent mean arbitrary units 

normalized to 18SRNA levels. BAT, brown adipose tissue; HF, high fat; LF, low fat; RT, 

room temperature; Tg, transgenic mice; UCP1, uncoupling protein-1; WT, wild type.
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Figure 4. 
Energy expenditure and adaptive thermogenesis was similar in male transgenic mice and 

littermate control. (a) Food intake from different groups of animal. (b) Oxygen consumption 

was measured as described in Methods and Procedures and normalized to lean mass. Data 

are represented as mean ± s.e. (n = 8 mice/group). (c) After 16 weeks of LF or HF feeding, 

male PKG transgenic mice and WT control were subjected to cold (4 °C; n = 8 mice/group). 

After 5 h of cold exposure, the change in body temperature ± s.e. is shown. HF, high fat; LF, 

low fat; Tg, transgenic mice; WT, wild type.
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Figure 5. 
Lipolysis in white adipose tissue was increased in female transgenic mice. (a,b) Basal and 

stimulated (+100 nmol/l isoproterenol) in vitro lipolysis in isolated parametrial adipose 

tissue from female mice on LF and HF diet for 16 weeks (n = 4 mice/group). (c) The protein 

levels of total HSL, phospho-HSL, and PKG-I in the homogenates of parametrial fat from 

different groups of mice were determined by immunoblotting. β-Actin was used as internal 

control. Representative blots of three independent experiments were shown. Results are the 

means ± s.e. *P < 0.05 vs. WT. #P < 0.05 vs. Tg (LF). FFA, free fatty acid; HF, high 

fat; HSL, hormone-sensitive lipase; LF, low fat; PKG-I, cyclic guanosine monophosphate–

dependent protein kinase I; Tg, transgenic mice; WT, wild type.
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Figure 6. 
Lipolysis in white adipose tissue was similar in male transgenic mice and littermate 

control. (a,b) Basal and stimulated (+100 nmol/l isoproterenol) in vitro lipolysis in isolated 

epididymal adipose tissue from male transgenic mice and littermate control on LF and HF 

diet for 16 weeks (n = 4 mice/group). (c) The protein levels of total HSL, phospho-HSL, and 

PKG-I in the homogenates of epididymal fat from different groups of mice were determined 

by immunoblotting. β-Actin was used as an internal control. Representative blots of three 

independent experiments were shown. Results are the means ± s.e. *P < 0.05 vs. WT. #P 
< 0.05 vs. Tg (LF). FFA, free fatty acid; HF, high fat; HSL, hormone-sensitive lipase; LF, 

low fat; PKG-I, cyclic guanosine monophosphate–dependent protein kinase I; Tg, transgenic 

mice; WT, wild type.
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Table 1

Metabolic parameters of female and male mice after 16 weeks of LF and HF feeding

Parameters WT (LF) Tg (LF) WT (HF) Tg (HF)

Female mice

Glucose (mg/dl) 100 ± 2.8 99.2 ± 4.9 113.9 ± 8.5 110.3 ± 7.8

FFA (mM) 0.498 ± 0.04 0.616 ± 0.029* 0.56 ± 0.034 0.75 ± 0.05 #

Insulin (ng/ml) 3.367 ± 1.1 3.04 ± 1.14 5.09 ± 1.32* 3.29 ± 0.64#

Male mice

Glucose (mg/dl) 100.1 ± 12 99.3 ± 9.2 128 ± 7.6* 126 ± 10^

FFA (mM) 0.583 ± 0.02 0.612 ± 0.05 0.684 ± 0.01 0.722 ± 0.018

Insulin (ng/ml) 2.581 ± 0.87 3.05 ± 0.813 10.08 ± 1.24* 8.16 ± 0.3^

Data are means ± SE (n = 8 mice/group)

*
P<0.05 vs. WT (LF)

#
P<0.05 vs. WT (HF)

^
p<0.05 vs. Tg (LF).
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Table 2

Fat pad weights of mice after 16 weeks of LF and HF feeding

Parameters WT (LF) Tg (LF) WT (HF) Tg (HF)

Female mice

Parametrial fat (g) 1.72 ± 0.13 1.81 ± 0.19 5.17 ± 0.12* 3.10 ± 0.09#^

Interscapular brown fat (g) 0.12 ± 0.05 0.13 ± 0.03 0.27± 0.08* 0.25 ± 0.07^

Male Mice

Epididymal fat (g) 1.28 ± 0.34 1.59 ± 0.26 4.35 ± 0.41* 4.27 ± 021^

Interscapular brown fat (g) 0.22 ± 0.02 0.21 ± 0.04 0.37± 0.01* 0.38 ± 0.02^

Data are means ± SE (n = 8 mice/group)

*
P<0.05 vs. WT (LF)

#
P<0.05 vs. WT (HF)

^
p<0.05 vs. Tg (LF).
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