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ALTERATIONS in the somatotrophic and insulin sig-
naling pathway are among the most important poten-

tial mechanisms of extended longevity. One of the genetic 
interventions that leads to prolonged longevity in mice is 
targeted disruption of the growth hormone receptor/growth 
hormone–binding protein gene (Ghr/bp gene) (1). Growth 
hormone (GH) receptor/–binding protein knockout mice 
(GHRKO; Ghr/bp−/−) are homozygous for this mutation 
(1). These long-lived animals are GH resistant and charac-
terized by reduced weight and body size, not detectable GH 
receptor levels, high serum GH concentration, low or nor-
mal glucose, and greatly reduced plasma levels of insulin-
like growth factor-1 and insulin (1–7) with enhanced insulin 
sensitivity (8). Moreover, GHRKO mice have improved 
resistance to oxidative stress, reduced oxidative damage 
(6,9,10) and lower incidence, and delayed onset of fatal 
neoplastic diseases (11).

Mitochondria are complex essential eukaryotic organ-
elles, which play a crucial role, among others, in energy 
homeostasis and metabolism. Most importantly, they gener-
ate adenosine triphosphate—the cellular energy carrier (via 
oxidative phosphorylation; OxPhos). Moreover, mitochon-
dria contain essential enzymes indispensable for multiple 
biochemical processes, including lipid, cholesterol, steroid, 
heme, and nucleotide synthesis. Mitochondria are also fun-
damental regulators of apoptosis. One of the elements of 
apoptosome, whose formation leads to caspase cascade ac-
tivation, is cytochrome c, which is involved in mitochon-
drial complex IV of the electron transport chain.

The process by which new mitochondria are formed, 
known as the biogenesis of mitochondria, is essential for 
proper cell viability (12). Dysfunction of mitochondrial 
biogenesis affects oxidative stress resistance, maintenance 
of energy production, and metabolism regulation, and it 
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may result in the development of degenerative diseases that 
are often age associated.

Peroxisome proliferator–activated receptor g (PPARg) 
co-activator 1a (PGC-1a) is the key regulator (“master reg-
ulator”) of mitochondrial biogenesis. PGC-1a plays an im-
portant role in the activation and control of mitochondrial 
biogenesis through physiological signals integration (13) and 
coordination of multiple transcription factors activities (14).

Many other factors are also involved in the activation and 
regulation of mitochondrial biogenesis, including ade-
nosine monophosphate (AMP)–activated protein kinase 
(AMPK), sirtuins (sirtuin-1 [SIRT-1] and sirtuin-3 [SIRT-3]), 
endothelial nitric oxide synthase (eNOS), nuclear respira-
tory factor-1 (NRF-1), and mitochondrial transcription fac-
tor A (TFAM). Mitochondriogenesis activity increases in 
response to calorie restriction (CR) (15–18) through stimu-
lation of AMPK, eNOS, and SIRT-1 and, consequently, 
stimulation of PGC-1a activity.

AMP-activated protein kinase (AMPK) plays a role of a 
cellular energy sensor and is activated by an increase in  
intracellular AMP/adenosine triphosphate ratio (19), which 
can be induced by CR or endurance exercise. Activated 
AMPK phosphorylates PGC-1a and enhances PGC-1a 
activity (20).

Sirtuins (nicotinamide adenine dinucleotide [NAD+]–
dependent deacetylases) are evolutionarily conserved enzymes 
found in all eukaryotic and in many prokaryotic organisms. 
The enzymes in question are involved in many biological 
processes, including DNA repair and the maintenance of 
chromosome stability. Among them, the key role is played 
by SIRT-1—a mammalian homolog of the yeast “silent infor-
mation regulator 2” (Sir2), which mediates effects of CR on 
yeast life span. SIRT-1 deacetylates and activates PGC-1a, 
thus stimulating mitochondrial biogenesis. This factor is ac-
tivated in states of nutrient deprivation, including fasting 
and CR (21). For this reason, SIRT-1 is sometimes referred 
to as a nutrient deprivation sensor. SIRT-3 is a member of 
the sirtuin family that use NAD+ as a co-substrate. It was 
shown that SIRT-3 can play an important role in the regula-
tion of longevity in mice (22). Moreover, SIRT-3 may regu-
late mitochondrial metabolism, adaptive thermogenesis, 
energy homeostasis, and apoptosis (23,24).

Nitric oxide, generated by eNOS, activates mitochondrial 
biogenesis through the transcriptional activation of PGC-1a 
(25,26). Another proposed mechanism of nitric oxide–
dependent activation of mitochondrial biogenesis is cyclic 
guanosine monophosphate (cGMP)-mediated upregulation 
of certain transcriptional factors (27). The increase of cGMP 
level also can lead to expression of active SIRT-1 (16), indi-
rectly stimulating mitochondrial biogenesis.

Nuclear respiratory factor-1 (NRF-1) is a nuclear 
DNA-binding factor, which among other functions, regu-
lates transcription of OxPhos genes. It binds to a regula-
tory site of the cytochrome c promoter (28). Moreover, 
NRF-1 regulates expression of mitochondrial transcrip-

tion factor A (TFAM) and plays an important role in ner-
vous system and muscle development (29).

Mitochondrial transcription factor A (TFAM) is a DNA-
binding protein that is encoded by the nuclear genome. The 
main role of TFAM is the coordination of nuclear and mito-
chondrial genomes both of which contain genes necessary 
for mitochondrial biogenesis. Moreover, TFAM is known  
to be essential for the maintenance of mitochondrial 
DNA (30).

Another important process involved in the regulation of 
mitochondrial activity and biogenesis is mitochondrial fu-
sion and maintenance of the mitochondrial network architec-
ture (31,32). One of the factors playing an essential role in 
this process is mitofusin-2 (MFN-2) (31,32). Interestingly, 
decreased expression of MFN-2 may be linked to metabolic 
disturbances that result in obesity development (31).

In spite of its important role in the regulation of physio-
logical processes, the biogenesis of mitochondria has not 
been analyzed in GHRKO mice. In this context, we decided 
to examine the expression of PGC-1a, AMPK, SIRT-1, 
SIRT-3, eNOS, NRF-1, TFAM, and MFN-2 genes in the 
skeletal muscles, hearts, and kidneys of GHRKO mice. 
Apart from the messenger RNA (mRNA) levels of key 
regulators of mitochondriogenesis, we also assessed the 
gene expression and protein level of subunit IV of one of 
mitochondrial activity markers—cytochrome c oxidase 
(COXIV). Additionally, we assessed the cytochrome c oxi-
dase (COX) activity in normal and GHRKO mice. Further-
more, NAMPT (nicotinamide phosphoribosyltransferase; 
visfatin) protein level was analyzed. NAMPT is responsible 
for conversion of nicotinamide to NAD+ being a co-substrate 
for SIRT-1, which activates PGC-1a.

The analysis of all mentioned factors seems to be particu-
larly important in long-lived GHRKO mice because it is 
known that decline in energy production in various species 
is strongly associated with aging.

CR is a well-known experimental intervention to delay 
aging and increase life span (33). The characteristics of nor-
mal mice subjected to CR resemble certain phenotypic fea-
tures of GHRKO mice, including reduced plasma insulin-like 
growth factor-1 and insulin levels and enhanced sensitivity 
to insulin. Similarly, longevity of normal mice subjected to 
CR resembles that of GHRKO mice fed ad libitum (34). 
However, it is still unclear which of the physiological al-
terations induced by CR and by Ghr/bp gene disruption are 
responsible for extended longevity. Bonkowski and col-
leagues (34) have shown that CR extends longevity in nor-
mal but not in GHRKO mice. This suggests that mechanisms 
linking GH resistance and CR to aging must overlap. This is 
why we decided to analyze the effect of CR on the process 
of mitochondrial biogenesis in these long-lived mutants 
(Experiment 1).

Surgical visceral fat removal (VFR; removal of epididy-
mal and perinephric fat depots) is another intervention that 
has been reported to improve insulin signaling in normal 
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mice and rats and extend longevity in rats (35–37), thus 
mimicking the effects of CR. Unexpectedly, our prelimi-
nary results showed that VFR promoted insulin resistance in 
GHRKO mice, although it had the expected beneficial ef-
fect on insulin signaling in normal mice (38). In the context 
of these observations and similarities between CR and VFR 
in their effects on life span and the insulin signaling path-
way, we also decided to examine the effect of VFR on the 
biogenesis of mitochondria in GHRKO mice (Experiment 2).

Materials and Methods

Animals
The normal and GHRKO mice used in the present study 

were produced in our breeding colony, developed using an-
imals kindly provided by Dr. J.J. Kopchick (Ohio Univer-
sity). Animals were produced by mating knockout (−/−) 
males with heterozygous (+/−) females. Normal (+/−) and 
GHRKO animals (−/−) were separated by phenotypic char-
acteristics. All animal procedures were approved by the 
Laboratory Animal Care and Use Committee at the South-
ern Illinois University School of Medicine (Springfield, IL). 
The mice were housed under temperature- and light-con-
trolled conditions (22 ± 2°C, 12-hour light/12-hour dark 
cycle) and fed Lab Diet 5001 chow (PMI Nutrition Interna-
tional, Richmond, IN) containing, among others, 4.5% fat 
and 23.4% protein.

Experiment 1

Calorie restriction.—Starting at 2 months of age, 46 nor-
mal and GHRKO female mice were grouped according to 
average body weight within the phenotype and divided into 
four experimental groups: normal fed ad libitum (N-AL; 10 
animals), normal CR (N-CR; 14 animals), GHRKO ad li-
bitum (KO-AL; 10 animals), and GHRKO-CR (KO-CR; 
(12 animals). Food-restricted animals were subjected to grad-
ually introduced 40% CR (which corresponded to 60% of the 
food consumed by their AL counterparts). Water was avail-
able at all times to all animals. At 8 months of age, the ani-
mals were fasted overnight, anesthetized using isoflurane, 
bled by cardiac puncture, and euthanized by decapitation. 
Hind-limb skeletal muscles and hearts were rapidly collected, 
quickly frozen on dry ice, and stored at –80°C until processed.

Experiment 2

Visceral fat removal.—At the age of approximately 6 
months, 43 normal and GHRKO male mice were grouped 
according to average body weight within the phenotype and 
divided into four experimental groups: normal sham  
operated (N-sham; 11 animals), normal subjected to VFR  
(N-VFR; 11 animals), GHRKO sham operated (KO-sham; 

10 animals), and GHRKO subjected to VFR (KO-VFR; 11 
animals). The animals were anesthetized with ketamine/xy-
lazine, shaved, and prepared in the usual sterile fashion. 
Moreover, mice were supplied with ibuprofen in drinking 
water starting 2 days before and up to 3 days after the sur-
gery. Tap water was available at all times to all animals. In 
the VFR group, the epididymal fat pads were removed using 
blunt dissection through a vertical midline incision, and 
perinephric fat pads were removed via flank incisions. We 
removed as much epididymal or perinephric fat as was pos-
sible without compromising blood supply to the testes and 
to the adrenals. For sham operations, the abdominal cavity 
and both sides of the back were incised and the visceral fat 
was mobilized but not removed. Two months after VFR or 
sham operations, the animals were fasted overnight, anes-
thetized using ketamine/xylazine, bled by cardiac puncture, 
and euthanized by decapitation. Kidneys were rapidly col-
lected, quickly frozen on dry ice, and stored at −80°C until 
processed.

RNA Extraction and Complementary DNA Transcription
After pulverizing the skeletal muscle and heart tissues in 

liquid nitrogen and homogenizing the kidney samples, RNA 
was extracted using guanidinium thiocyanate–phenol–chlo-
roform method based on Chomczynski–Sacchi procedure 
(39). RNA quantity and quality were analyzed on 1.5% aga-
rose gel using electrophoresis. Potentially contaminating 
residual genomic DNA was eliminated using deoxyribonu-
clease I (Promega, Madison, WI). Reverse transcription was 
performed, and complementary DNA was synthesized us-
ing an iScript cDNA Synthesis Kit (Bio-Rad Laboratories, 
Hercules, CA) according to the manufacturer’s instruction.

Real-Time Polymerase Chain Reaction
The real-time polymerase chain reaction was carried out 

using the Smart Cycler instrument (Cepheid, Sunnyvale, 
CA) with iQ SYBR Green Supermix (Bio-Rad Labora-
tories). The three steps of the PCR included denaturation at 
94°C for 2 minutes, annealing at 62°C for 30 seconds with 
fluorescence reading, and extension at 72°C for 30 seconds. 
In addition, a melting curve was done for each reaction to 
evaluate the potential of nonspecific products. b2-micro-
globulin (B2M) was used as a housekeeping gene; it has 
been previously validated in our laboratory as the most ap-
propriate gene for normalizing the data (40). The genes ex-
pression was assessed by measurement of steady state levels 
of mRNA. Relative expression from real-time polymerase 
chain reaction was calculated from the equation: 2A−B/
2C−D (where A = cycle threshold [Ct] number for the gene of 
interest in the first control sample, B = Ct number for the 
gene of interest in the analyzed sample, C = Ct number for 
the housekeeping gene in the first control sample, and D = 
Ct number for housekeeping gene in the analyzed sample). 
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The first control was expressed as 1.00 by this equation, and 
all other samples were calculated in relation to this value. 
Then, the results in the control group (N-AL or N-sham) 
were averaged, and all other outputs were divided by the 
mean value of the relative expression in the control group to 
yield the fold change of the expression of genes of interest 
compared with the control group.

For real-time polymerase chain reaction, the following 
primers were used (gene bank sequence number for each 
forward primer): B2M—forward (NM_009735): 5′-aag-
tatactcacgccaccca, backward: 5′-aagaccagtccttgctgaag; 
PGC-1a—forward (NM_008904): 5′-tacgcaggtcgaac-
gaaact, backward: 5′-acttgctcttggtggaagca; AMPK—for-
ward (AF036535): 5′-cacttgtctgcatctctcca, backward: 5′-ctt
gaggaacttgaggatcc; SIRT-1—forward (AY377984): 5′-gta-
atgtgaggagtcagcac, backward: 5′-ttggacattaccacgtctgc; 
SIRT-3—forward (NM_001127351): 5′-actacaggcccaatgtcact, 
backward: 5′-ttcaaccagctttgaggcag; eNOS—forward 
(NM_008713): 5′-cagctgtgtccaacatgct, backward: 5′-tcatac
tcatccatgcactg; NRF-1—forward (AF098077): 5′-gcattgag
ctactgacagac, backward: 5′-ctgtgtcctggatcttcctt; TFAM—
forward (NM_009360): 5′-tggaacacagccacatgctt, backward: 
5′-accatggtggcaaactgtct; MFN-2—forward (NM_133201): 
5′-ccacaaagtgagtgaacgtc, backward: 5′-atccaccagaaagctgg
tgc; and COXIV—forward (NM_009941): 5′-acagcccttggc
ttgatgta, backward: 5′-tggcctgaaagcttccacta.

Protein Extraction and Western Blotting
Total proteins were obtained from tissue homogenates. 

Approximately 100 mg samples of skeletal muscles and 
kidney tissue were homogenized in 1 ml ice-cold T-PER 
Tissue Protein Extraction Reagent (Pierce Biotechnology, 
Rockford, IL), with Protease Inhibitor Cocktail Kit (Pierce 
Biotechnology), Phosphatase Inhibitor Cocktail 1 (Sigma-
Aldrich, St. Louis, MO), and Phosphatase Inhibitor Cock-
tail 2 (Sigma-Aldrich). After mixing, homogenates were 
centrifuged at 16,000g for 30 minutes. Protein concentra-
tions were assessed using Pierce BCA (bicinchoninic acid) 
Protein Assay Kit (Pierce Biotechnology) in accordance 
with manufacturer’s protocol.

Western blot procedure was performed using two pri-
mary antibodies: COXIV (Cell Signaling Technology, Bev-
erly, MA) and Visfatin (BioVision, Inc., Mountain View, 
CA) and secondary goat antirabbit antibodies (Calbiochem, 
La Jolla, CA). Monoclonal anti-b-actin antibody (Sigma-
Aldrich Corp.) was used, after stripping the membrane, as a 
control for protein loading.

For Western blotting, protein extracts were mixed with 
XT Sample Buffer (Bio-Rad Laboratories, Inc.) and heated 
in a thermocycler at 99°C for 5 minutes and then cooled to 
4°C. Forty micrograms of the protein was separated electro-
phoretically using Criterion XT Precast Gel (26 wells; Bio-
Rad Laboratories, Inc.) for 90 minutes at 150 V. 
Subsequently, proteins were wet transferred for 60 minutes 

at 100 V onto nitrocellulose membranes (Bio-Rad Labora-
tories, Inc.) at 4°C. After the transfer, membranes were 
rinsed briefly in Tris-buffered saline (TBS; pH 7.6) and 
blocked with 5% nonfat dry milk or 1% bovine serum albu-
min in TBS containing 0.05% Tween 20 (TBST) for 1 hour 
at room temperature. After blocking, membranes were 
washed with TBST three times for 15 minutes each time. 
Then, the membranes were incubated with the primary anti-
body specific for the protein of interest diluted in the ap-
propriate blocking solution at 4°C overnight with shaking. 
After incubation, the blots were washed three times (15 mi-
nutes each) with TBST and incubated with an appropriate 
horseradish peroxidase–conjugated secondary antibody for 
1 hour at room temperature. Horseradish peroxidase activ-
ity from secondary antibody was detected using the Amer-
sham ECL Plus Western Blotting Detection Reagents (GE 
Healthcare UK Limited, Little Chalfont, Buckinghamshire, 
UK). Photos of blots were taken with Image Reader LAS-
4000 (FujiFilm, Tokyo, Japan) and quantified for statistical 
analysis using Multi Gauge version 3.0 software (FujiFilm 
Life Science, Japan). The protein level was expressed as the 
arbitrary unit per square millimeter. The arbitrary unit is a 
unit to measure the emission amount of chemiluminescence 
material read using LAS. It represents the relative density 
value accumulated as linear data by a charge-coupled de-
vice camera in the image surface.

Cytochrome c Oxidase (COX) Enzyme Activity
COX activity (regarded as a measure of mitochondrial 

content) was evaluated as described previously (41). Briefly, 
tissue homogenates were diluted in a buffer containing 0.1 
M KH2PO4 and 2 mM EDTA (pH 7.2) and sonicated for 3 × 
3 seconds on ice. The enzyme activity was determined by 
the maximal rate of oxidation of fully reduced cytochrome 
c, measured by the change in absorbance at 550 nm (Beck-
man DU-64 spectrophotometer).

Statistical Analysis
The data are expressed as mean ± standard error of the 

mean (SEM). Two-way analysis of variance was used to 
evaluate the effects of the genotype and intervention (CR or 
VFR, respectively). A t test was used to evaluate the effects 
of interventions within genotypes and genotypes within in-
terventions. A value of p < .05 was considered significant. 
We used the Bonferroni test—post hoc test for analyzing of 
differences between group means. All statistical calcula-
tions were performed using SPSS version 17.0 (SPSS, Chi-
cago, IL) with a = .05. All graphs were made using Prism 
4.02 (GraphPad Software, San Diego, CA).

Results
Expression of PGC-1a gene was increased in the skeletal 

muscles of GHRKO (KO) mice as compared with normal 



GESING ET AL.1066

(N) animals, independent of CR (p = .034); additionally, the 
level of PGC-1a mRNA was upregulated in KOs subjected 
to CR (KO-CR) in comparison with N-CR animals (p = 
.049; Figure 1A, Table 1). The PGC-1a gene expression 
also was increased in the kidneys of KO as compared with 
N mice (p < .001; Figure 1C, Table 3). Moreover, there 
was upregulation of renal PGC-1a mRNA in KO-sham and 
KO-VFR mice as compared with the corresponding N mice 
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Figure 2. AMPK messenger RNA (mRNA) expression in skeletal muscle 
(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
or subjected to visceral fat removal (VFR; C—Experiment 2). The data from 
real-time polymerase chain reaction were normalized by the housekeeping gene 
b2-microglobulin (B2M) and expressed as the relative expression. Values are 
means ± SEM. a and b—values that do not share the same letter in the super-
script are statistically significant (p < .05). *p = .001 vs N mice (the significance 
for genotype) and **p = .011 vs N mice (the significance for genotype).

(p = .013, p = .001, respectively; Figure 1C, Table 3). In the 
heart, there was no statistically significant difference be-
tween N and KO mice, and the expression of PGC-1a was 
not affected by CR (Figure 1B, Table 2).

In contrast to the findings concerning PGC-1a, the 
AMPK expression was increased in the hearts of KO 
mice as compared with N animals (p = .001; Figure 2B, 
Table 2). Moreover, in heart tissue, KO-CR mice exhibited 
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Figure 1. PGC-1a messenger RNA (mRNA) expression in skeletal muscle 
(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
or subjected to visceral fat removal (VFR; C—Experiment 2). The data from 
real-time polymerase chain reaction were normalized by the housekeeping gene 
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means ± SEM. a and b—values that do not share the same letter in the super-
script are statistically significant (p < .05). *p = .034 vs N mice (the significance 
for genotype) and **p < .001 vs N mice (the significance for genotype).
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an increased level of AMPK mRNA in comparison with 
N-CR (p < .001; Figure 2B, Table 2). The elevated AMPK 
gene expression in KO as compared with N mice also was 
observed in the kidneys (p = .011), with the upregulated 
level of AMPK mRNA in KO-VFR versus N-VFR mice 
(p = .023; Figure 2C, Table 3). Expression of AMPK in 
skeletal muscles was affected neither by disruption of the 
growth hormone receptor (Ghr) gene nor by CR (Figure 
2A, Table 1).

The level of SIRT-1 mRNA in the skeletal muscles  
(Figure 3A, Table 1) or in the kidneys (Figure 3C, Table 3) did 
not differ between KO and N mice. Moreover, the SIRT-1 gene 
expression was not altered by CR or VFR in either tissue 
(Figure 3A and C, Table 1 and 3). In contrast, SIRT-1 expres-
sion was increased in the heart of KO mice as compared with 
N animals (p = .037; Figure 3B, Table 2).

The mRNA levels of another member of the sirtuin family—
SIRT-3—also was increased in the heart of KO mice in compar-
ison with N animals (p = .011; Figure 4B, Table 2). Furthermore, 
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(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
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b2-microglobulin (B2M) and expressed as the relative expression. Values are 
means ± SEM. a—values that share the same letter in the superscript are not 
statistically significant. *p =.037 vs N mice (the significance for genotype).
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Figure 4. SIRT-3 messenger RNA (mRNA) expression in skeletal muscle 
(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
or subjected to visceral fat removal (VFR; C—Experiment 2). The data from 
real-time polymerase chain reaction were normalized by the housekeeping gene 
b2-microglobulin (B2M) and expressed as the relative expression. Values are 
means ± SEM. a and b—values that do not share the same letter in the super-
script are statistically significant (p < .05). *p = .011 vs N mice (the significance 
for genotype) and **p < .001 vs N mice (the significance for genotype).
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there was the upregulation of SIRT-3 expression in KO-CR as 
compared with N-CR (p = .002; Figure 4B, Table 2). The in-
creased level of SIRT-3 mRNA also was observed in the kid-
neys of knockouts versus N mice (p < .001; Figure 4C, Table 3). 
KO-sham and KO-VFR mice exhibited the upregulated SIRT-3 
expression in the kidneys in comparison with the corresponding 

N animals (p = .006, p = .009, respectively; Figure 4C, Table 3). 
The level of SIRT-3 mRNA in skeletal muscles was not affected 
by genotype or CR (Figure 4A, Table 1). However, a divergent 
trend in SIRT-3 gene expression in this tissue could be observed 
(tendency toward a decrease of SIRT-3 expression in N-CR 
mice and an increase in KO-CR mice as compared with the  
corresponding AL animals; Figure 4A, Table 1).

Similarly to AMPK and SIRT-3, the eNOS gene expres-
sion was increased in both the heart (Figure 5B, Table 2) 
and the kidney tissue (Figure 5C, Table 3) of knockouts ver-
sus N mice (p = .024, p < .001, respectively). The level of 
eNOS mRNA in the kidneys was increased in KO-sham or 
KO-VFR as compared with the corresponding N mice (p = 
.005, p < .001, respectively; Figure 5C, Table 3). The dis-
ruption of Ghr gene or CR did not alter the eNOS expres-
sion in the skeletal muscles (Figure 5A, Table 1).

The level of NRF-1 mRNA in heart (Figure 6B, Table 2) 
or kidneys (Figure 6C, Table 3) was not affected by geno-
type and CR or VFR. KO mice exhibited the altered NRF-1 
gene expression only in the skeletal muscles in which 
NRF-1 mRNA level was decreased as compared with N 
mice (p = .011; Figure 6A, Table 1).

The decreased TFAM expression was observed in the skel-
etal muscles (Figure 7A, Table 1) and kidneys (Figure 7C, 
Table 3) of KO mice as compared with N animals (p = .021, 
p = .012, respectively). In the latter tissue, the level of TFAM 
mRNA was downregulated in KO-VFR mice versus N-VFR 
animals (p = .023; Figure 7C, Table 3). No statistical differ-
ences of TFAM gene expression, depending on genotype or 
CR, were observed in the heart (Figure 7B, Table 2).

The knockout of the Ghr gene caused the increased 
MFN-2 gene expression in the heart (Figure 8B, Table 2) 
and kidneys (Figure 8C, Table 3) (p = .028, p < .001, respec-
tively). KO-CR mice exhibited the elevated level of MFN-2 
mRNA in the heart as compared with KO-AL or N-CR mice 
(p = .029, p = .003, respectively; Figure 8B, Table 2). In the 
kidneys, there was increased MFN-2 expression in KO-
sham or KO-VFR mice in comparison with the correspond-
ing N mice (p = .042, p = .019, respectively; Figure 8C, 
Table 3). The level of MFN-2 mRNA in skeletal muscles 
was not affected by genotype or CR (Figure 8A, Table 1).

The increased skeletal muscle COXIV protein level was 
demonstrated in CR as compared with AL animals  
(p = .019; Figure 10A) even though COXIV gene expres-
sion was reduced in CR versus AL mice in this tissue (Fig-
ure 9A, Table 1; p = .048). COXIV gene expression was 
increased in heart of KOs versus N mice (p < .001; Figure 
9B, Table 2). KO-AL mice demonstrated the elevated level 
of COXIV mRNA in the heart as compared with N-AL ani-
mals (p = .003; Figure 9B, Table 2).

The COX activity was increased in skeletal muscles of 
GHRKO mice as compared with N animals (Figure 11A;  
p = .007). No differences in the heart (Figure 11B) and kid-
ney (Figure 11C) COX activity between GHRKO and N 
mice were detected.
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Figure 5. Endothelial nitric oxide synthase (eNOS) messenger RNA 
(mRNA) expression in skeletal muscle (A), heart (B), or kidney (C) of normal 
(N) and growth hormone receptor/–binding protein knockout (GHRKO; KO) 
mice fed ad libitum (AL), subjected to 40% calorie restriction (CR; A and B—
Experiment 1), sham operated (sham), or subjected to visceral fat removal 
(VFR; C—Experiment 2). The data from real-time polymerase chain reaction 
were normalized by the housekeeping gene b2-microglobulin (B2M) and ex-
pressed as the relative expression. Values are means ± SEM. a and b—values 
that do not share the same letter in the superscript are statistically significant (p 
< .05). *p = .024 vs N mice (the significance for genotype) and **p < .001 vs N 
mice (the significance for genotype).
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N-CR and KO-CR mice exhibited increased skeletal 
muscle level of NAMPT (visfatin) protein in comparison with 
the corresponding AL mice (p = .042, p = .03; Figure 12A). 
No significant changes in renal NAMPT protein levels were 
observed (Figure 12B).

Discussion
Long-lived GHRKO mice with targeted disruption of the 

growth hormone receptor (Ghr) gene (1) are a very impor-

tant model system for studies of aging and control and reg-
ulation of life span. Various biochemical and physiological 
mechanisms, including enhanced insulin sensitivity and  
resistance to cancer or oxidative stress, were considered as 
potential reasons for the remarkably extended longevity of 
these animals (3,5–8,11,42). However, mitochondrial bio-
genesis—an essential process for proper cell viability—has 
not been analyzed in these mutants.

In the present study, the expression of PGC-1a—the 
“master regulator” of mitochondriogenesis and a coactivator 
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Figure 6. Nuclear respiratory factor-1 (NRF-1) messenger RNA (mRNA) 
expression in skeletal muscle (A), heart (B), or kidney (C) of normal (N) and 
growth hormone receptor/–binding protein knockout (GHRKO; KO) mice fed 
ad libitum (AL), subjected to 40% calorie restriction (CR; A and B—Experi-
ment 1), sham operated (sham), or subjected to visceral fat removal (VFR; C—
Experiment 2). The data from real-time polymerase chain reaction were 
normalized by the housekeeping gene b2-microglobulin (B2M) and expressed 
as the relative expression. Values are means ± SEM. a and b—values that do not 
share the same letter in the superscript are statistically significant (p < .05). 
*p = .011 vs N mice (the significance for genotype).
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Figure 7. TFAM messenger RNA (mRNA) expression in skeletal muscle 
(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
or subjected to visceral fat removal (VFR; C—Experiment 2). The data from 
real-time polymerase chain reaction were normalized by the housekeeping gene 
b2-microglobulin (B2M) and expressed as the relative expression. Values are 
means ± SEM. a and b—values that do not share the same letter in the super-
script are statistically significant (p < .05). *p = .021 vs N mice (the significance 
for genotype) and **p = .012 vs N mice (the significance for genotype).
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of various transcription factors—was increased in skeletal 
muscles and kidneys of GHRKO (KO) mice. The upregu-
lated PGC-1a expression presumably confers a major benefit 
on these mutants and corresponds to the results obtained by 
Al-Regaiey and colleagues (43) in livers of male GHRKO 
mice. Decreased PGC-1a expression may lead, through al-
terations of transcription of various genes, to lipid accumu-
lation in skeletal muscles and finally to insulin resistance, 

obesity, and diabetes (44). However, Hancock and col-
leagues (45) recently showed that high-fat diet in Wistar rats 
caused insulin resistance despite the increase in muscle mi-
tochondria and improved mitochondrial function. This 
high-fat diet led to fatty acids elevation, triggering prolifer-
ator-activated receptor d (PPAR d) and resulting in an in-
crease of PPAR d and PGC-1a protein levels (45). 
Interestingly, this PPAR d overexpression did not cause an 
increase of PGC-1a mRNA levels (45). Therefore, it could 
be speculated that unaltered PGC-1a mRNA expression, as 
seen in the hearts of normal (N) versus KO mice, may not 
exclude an increase in PGC-1a protein level. Interestingly, 
insulin resistance may be one of the elements of the antiox-
idant defense mechanism, protecting cells from oxidative 
damage due to nutrient excess (46). In conclusion, the inter-
actions between insulin resistance and mitochondrial phys-
iology are still not clear (47) and require further studies.

The mice with targeted disruption of the Ghr gene exhib-
ited increased levels of AMPK mRNA in the hearts and kid-
neys. The elevated AMPK expression may be beneficial for 
proper heart function in these mice. Activation of AMPK in 
the heart appears to be necessary for cardiomyocyte sur-
vival during ischemia (48), increases energy production, 
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Figure 8. MFN-2 messenger RNA (mRNA) expression in skeletal muscle 
(A), heart (B), or kidney (C) of normal (N) and growth hormone receptor/–
binding protein knockout (GHRKO; KO) mice fed ad libitum (AL), subjected to 
40% calorie restriction (CR; A and B—Experiment 1), sham operated (sham), 
or subjected to visceral fat removal (VFR; C—Experiment 2). The data from 
real-time polymerase chain reaction were normalized by the housekeeping gene 
b2-microglobulin (B2M) and expressed as the relative expression. Values are 
means ± SEM. a and b—values that do not share the same letter in the super-
script are statistically significant (p < .05). *p = .028 vs N mice (the significance 
for genotype) and **p < .001 vs N mice (the significance for genotype).
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(A) and heart (B) of normal (N) and growth hormone receptor/–binding protein 
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restriction (CR; Experiment 1). The data from real-time polymerase chain reac-
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expressed as the relative expression. Values are means ± SEM. a and b—values 
that do not share the same letter in the superscript are statistically significant 
(p < .05). *p = .048 vs AL mice (the significance for diet intervention) and 
**p < .001 vs N mice (the significance for genotype).
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and inhibits apoptosis, thus protecting the heart during the 
ischemic stress (49). Moreover, Russell and colleagues (50) 
showed severe left ventricular contractile dysfunction with 
increased apoptosis and necrosis in AMPK-deficient hearts 
in mice. The increased cardiac AMPK expression may pro-
tect from cardiomyocytes hypertrophy induced by angio-
tensin II because it has been previously shown that this kind 
of hypertrophy is accompanied by decreased activation of 
AMPK (51). In the present study, no changes in AMPK 
mRNA level were observed in skeletal muscles of KO mice. 
This unchanged AMPK gene expression may be consistent 
with the results of the study performed by Gonzalez and 
colleagues (52), showing that AMPK activity in “m. gas-
trocnemius” of C57BL/6 mice was unaffected by age or 
hypoxemia.

The increased SIRT-1 mRNA level in the heart of KO 
mice, detected in the present study, can also be assumed to 
be beneficial for the knockouts. Hsu and colleagues (53) 
showed that transgenic mice with cardiac-specific overex-
pression of SIRT-1 demonstrated delayed aging and protec-
tion against oxidative stress in the heart. However, such 
effects of SIRT-1 were observed only in transgenic mice 
with low-to-moderate SIRT-1 overexpression (54). SIRT-1 
plays a role in sustaining normal immune function and in 
delaying the onset of autoimmune disease (55). Moreover, 
deletion of SIRT-1 results in embryonic lethality, causes 

chromosome abnormalities, and leads to impaired DNA 
damage repair (56). Interestingly, SIRT-1 activators im-
proved insulin sensitivity in obese mice as well as in fatty 
Zucker rats and even are considered as a potential medica-
ment for treating type 2 diabetes (57). Additionally, SIRT-1 
is said to be a novel target for atherosclerosis prevention and 
treatment (58).

In the present study, the level of another member of the 
sirtuin family—SIRT-3—also was increased in the heart of 
GHRKO mice in comparison with N controls, and this up-
regulation may benefit these mutants. Sundaresan and col-
leagues (59) showed that SIRT-3 protected the mouse heart 
by blocking the cardiac response to some hypertrophic 
stimuli. KO mice also exhibited an increased level of SIRT-3 
mRNA in the kidneys as compared with normal mice. This 
result is consistent with the previous observations showing 
high SIRT-3 expression in numerous metabolically active 
tissues, including kidney, brown fat, liver, and brain (60). 
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Figure 10. COXIV protein level in skeletal muscle (A) and kidney (B) of 
normal (N) and growth hormone receptor/–binding protein knockout (GHRKO; 
KO) mice fed ad libitum (AL), subjected to 40% calorie restriction (CR; A—
Experiment 1), sham operated (sham), or subjected to visceral fat removal 
(VFR; B—Experiment 2). The protein level was expressed as the arbitrary unit 
(AU) per square millimeter. Values are means ± SEM. a—values that share the 
same letter in the superscript are not statistically significant. *p = .019 vs AL 
mice (the significance for diet intervention).
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In contrast, SIRT-1 or SIRT-3 expression did not differ 
between KO and N mice in the skeletal muscles. One of 
possible explanations of these results can be based on the 
observation that AMPK enhances SIRT-1 activity (61), and 
thus, unchanged muscular AMPK expression would corre-
spond to unaltered SIRT-1 (and potentially also SIRT-3) 
mRNA level in this tissue in KOs. Unaltered expression of 
some genes may not exclude changes in the corresponding 
protein levels (45,62).

The next alteration in GHRKO mice that is potentially 
protective and beneficial for extended longevity is the in-
creased level of eNOS mRNA in the heart and the kidneys. 

Lee-Young and colleagues (63) confirmed that some meta-
bolic disturbances, including insulin resistance, can be asso-
ciated with reduced eNOS expression. In another study, the 
authors showed that eNOS knockout mice [eNOS(−/−)] had 
defects in arteriogenesis after ischemia (64). It is worth 
emphasizing that eNOS(−/−) mice are characterized by 
hypertension, increased heart rate variability, impaired 
angiogenesis, age-dependent left ventricle hypertrophy, 
cardiac valve abnormalities, and insulin resistance (65) with 
fasting hyperinsulinemia and hyperlipidemia (66). eNOS 
knockout mice also may have renal dysfunction or damage 
similar to what has been shown after ischemia/reperfusion 
injury (67). Moreover, lack of eNOS may accelerate glo-
merular and tubulointerstitial injury, being characterized by 
a loss of glomerular and peritubular capillaries (68). In con-
trast, the prevention of the ischemia-reperfusion injury in 
skeletal muscle by maintaining vascular integrity was ob-
served in transgenic mice overexpressing eNOS in endothe-
lial cells (69). Furthermore, eNOS overexpression prevented 
the development of renovascular hypertension in C57BL/6 
mice (70).

It is known that PGC-1a induces transcription of NRF-1, 
leading to the increased expression of TFAM (71). Unex-
pectedly, the NRF-1 or TFAM gene expressions were de-
creased in the skeletal muscles of KO mice as compared 
with N animals, even though the PGC-1a expression was 
increased in this tissue in knockouts. Moreover, the level of 
TFAM mRNA also was decreased in the kidneys of KOs in 
comparison with N mice, although the expression of PGC-
1a was elevated in this tissue. Therefore, it could be hy-
pothesized that PGC-1a may potentially act in KO mice via 
other transcription factors. It was previously shown that 
mice with a disrupted TFAM gene develop dilated cardio-
myopathy and atrioventricular heart conduction blocks and 
die at a very young age (72). In contrast, TFAM overexpres-
sion ameliorates the cardiac dysfunctions caused by myo-
cardial infarction (73,74). Although consistent with reduced 
level of NRF-1, the unexpected decrease of TFAM gene  
expression in KOs may suggest a different role of this factor 
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Figure 12. NAMPT protein level in skeletal muscle (A) and kidney (B) of 
normal (N) and growth hormone receptor/–binding protein knockout (GHRKO; 
KO) mice fed ad libitum (AL), subjected to 40% calorie restriction (CR; A—
Experiment 1), sham operated (sham), or subjected to visceral fat removal 
(VFR; B—Experiment 2). The protein level was expressed as the arbitrary unit 
(AU) per square millimeter. Values are means ± SEM. a–c—values that do not 
share the same letter in the superscript are statistically significant (p < .05).

Table 1. p Values for Genes Expression in Skeletal Muscles of Normal (N) and Growth Hormone Receptor/–Binding Protein Knockout 
(GHRKO; KO) Mice Fed AL or Subjected to 40% CR

Gene

p Value

A vs B C vs D A vs C B vs D AB vs CD (N vs KO) AC vs BD (AL vs CR)

PGC-1a NS NS NS .049 .034 NS
AMPK NS NS NS NS NS NS
SIRT-1 NS NS NS NS NS NS
SIRT-3 NS NS NS NS NS NS
eNOS NS NS NS NS NS NS
NRF-1 NS NS NS NS .011 NS
TFAM NS NS NS NS .021 NS
MFN-2 NS NS NS NS NS NS
COXIV NS NS NS NS NS .048

Note: A represents N-AL mice, B represents N-CR mice, C represents KO-AL mice, and D represents KO-CR mice. AL = ad libitum; CR = calorie restriction; 
NS = not significant.
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in long-lived GHRKO mice. Presumably, mechanisms of 
TFAM action and of the disruption of Ghr gene may over-
lap. It could be speculated that upregulated TFAM activity 
is not necessary for maintenance of proper cell viability in 
KO mice. Interestingly, Pesce and colleagues (75) demon-
strated the increase of TFAM amount (and reduction in mi-
tochondrial DNA content) in aged rat “soleus” skeletal 
muscle, and they suggest that this increase may be a cell 
compensatory response to decrease of mitochondrial DNA 
observed during aging. Similar observations were obtained 
in aged rat frontal cortex by Picca and colleagues (personal 
communication). Therefore, the decrease of TFAM expres-
sion, as seen in the present study, may also be regarded as 
beneficial for KO mice and potentially reflect unaltered (not 
decreased) mitochondrial DNA content.

Mice with the targeted disruption of Ghr gene exhibited 
increased MFN-2 gene expression in the heart and kidneys 
in comparison with normal animals. Fang and colleagues 
(76) showed the downregulated MFN-2 expression in hy-
pertrophied cardiomyocytes. Moreover, the decreased 
MFN-2 expression was observed in patients with obesity 
and type 2 diabetes (31,77). Therefore, the changes ob-
served in the present study can be, by analogy, regarded as 
beneficial for KO mice.

The level of COXIV protein was increased in skeletal 
muscles in CR versus AL animals, although no differences 
in this protein level between KO and N mice were detected. 
Importantly, the COX activity was significantly increased in 
KO mice as compared with N animals in this tissue. It could 
be hypothesized that an increase of the COX activity may 
be regarded as beneficial for GHRKO mice in the context of 
mitochondriogenesis regulation and potentially for life-
span extension.

COXIV gene expression was increased in the heart of 
KOs versus N mice, even though the COX activity in this 
tissue of KO mice did not differ from N animals. Also, no 
differences in renal COXIV and NAMPT (visfatin) protein 
levels as well as in renal COX activity between KO and N 
mice were detected. Comparison of these data (showing no 
changes) with the increased gene expression of several key 
regulators of mitochondriogenesis in corresponding tissues 
of KO mice, as was noticed earlier, may create some diffi-
culties for their unambiguous explanation. Nevertheless, 
some authors show in their studies different patterns of ex-
pression of mitochondriogenesis regulators. For example, 
Yin and colleagues (78) demonstrated increased COXIV 
expression and, at the same time, unchanged PGC-1 gene 
expression and protein level in rat model of hypoxic/ischemic 

Table 2. p Values for Genes Expression in Hearts of Normal (N) and Growth Hormone Receptor/–Binding Protein Knockout (GHRKO; KO) 
Mice Fed AL or Subjected to 40% CR

Gene

p Value

A vs B C vs D A vs C B vs D AB vs CD (N vs KO) AC vs BD (AL vs CR)

PGC-1a NS NS NS NS NS NS
AMPK NS NS NS <.001 .001 NS
SIRT-1 NS NS NS NS .037 NS
SIRT-3 NS NS NS .002 .011 NS
eNOS NS NS NS NS .024 NS
NRF-1 NS NS NS NS NS NS
TFAM NS NS NS NS NS NS
MFN-2 NS .029 NS .003 .028 NS
COXIV NS NS .003 NS <.001 NS

Note: A represents N-AL mice, B represents N-CR mice, C represents KO-AL mice, and D represents KO-CR mice. AL = ad libitum; CR = calorie restriction; 
NS = not significant.

Table 3. p Values for Genes Expression in Kidneys of Normal (N) and Growth Hormone Receptor/–Binding Protein Knockout (GHRKO; KO) 
Sham Operated (sham) or Subjected to VFR

Gene

p Value

A vs B C vs D A vs C B vs D AB vs CD (N vs KO) AC vs BD (sham vs VFR)

PGC-1a NS NS .013 .001 <.001 NS
AMPK NS NS NS .023 .011 NS
SIRT-1 NS NS NS NS NS NS
SIRT-3 NS NS .006 .009 <.001 NS
eNOS NS NS .005 <.001 <.001 NS
NRF-1 NS NS NS NS NS NS
TFAM NS NS NS .023 .012 NS
MFN-2 NS NS .042 .019 <.001 NS

Note: A represents N-sham mice, B represents N-VFR mice, C represents KO-sham mice, and D represents KO-VFR mice. NS = not significant; VFR = visceral 
fat removal.
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brain injury. Therefore, by analogy, the results observed by 
us in kidneys and hearts (ie, the increase of gene expres-
sions and, at the same time, unchanged COX activity) of 
GHRKO mice may not exclude an important role of these 
tissues in mitochondriogenesis regulation. However, taking 
into account the above-mentioned observations concerning 
COX, one could speculate that the KOs’ skeletal muscles 
may play an essential role in the regulation of mitochondrial 
biogenesis and other physiological processes. We have pre-
viously demonstrated the decreased expression level of sev-
eral proapoptotic genes and proteins in the skeletal muscles 
of GHRKO mice what may be regarded as beneficial for 
these knockouts (79).

CR has been previously shown to affect numerous fac-
tors involved in the mitochondrial biogenesis (including 
AMPK, eNOS, sirtuins, and PGC-1a), leading to the in-
crease of its activity (80). Recently, Someya and colleagues 
(81) have shown that SIRT-3 is required for the reduction  
of oxidative DNA damage in several tissues under CR  
conditions and prevents age-related hearing loss in wild- 
type mice. The authors suggest that a SIRT-3–dependent 
mechanism may be one of the most important mechanisms  
involved in aging retardation by CR in mammals (81). 
However, in the present study, expression of none of the 
examined genes was affected by CR. Nevertheless, these 
results are not unexpected. In contrast to extended life span 
and improved insulin sensitivity in normal mice subjected 
to CR, an identical intervention failed to enhance insulin 
sensitivity or increase average or mean life span of GHRKO 
mice (34). Additionally, CR failed to further modify the al-
terations in insulin signaling in the GHRKOs’ livers as 
compared with normal mice (82). The insulin signaling cas-
cade was also unaffected by CR in the heart of GHRKO 
mice (83). Moreover, Gonzalez and colleagues (84) showed 
that CR did not alter AMPK activity in the heart, skeletal 
muscles, and liver in mice. In another study, 6-month CR in 
Fischer-344 rats did not change the total level of SIRT-1 
(85). Furthermore, we have recently demonstrated that  
decreased expression of certain proapoptotic genes and pro-
teins in GHRKO mice, potentially beneficial for extended 
longevity in these mutants, was not affected by CR (79). 
Importantly, Hancock and colleagues (86) demonstrated 
that 30% CR did not induce an increase in mitochondria in 
heart, brain, liver, adipose tissue, or skeletal muscle in male 
Wistar rats, as assessed by measurements of several key mi-
tochondrial proteins, including cytochrome c, citrate syn-
thase, and cytochrome c oxidase subunit IV (COXIV).

Another intervention that has been reported to improve 
insulin signaling in normal mice and rats and extend lon-
gevity in rats is surgical VFR (35–37). Similarly to CR, 
VFR did not affect the expression of the examined genes in 
GHRKO or normal mice. These results may suggest that 
mechanisms linking GH resistance, CR, and VFR to aging 
presumably overlap. Moreover, it should be emphasized 
that some tissues including the heart and kidney are already 

at an extremely high metabolic rate, and therefore, further 
adaptations may be less feasible.

In summary, GHRKO mice are characterized by in-
creased expression of key regulators of mitochondrial bio-
genesis. This effect may be regarded as beneficial for 
proper cell viability and, as a probable result, for extended 
longevity in these long-lived mutants. However, this poten-
tially beneficial characteristic did not improve further with 
CR or VFR, which attributes the primary role in mitochon-
driogenesis to GH resistance. Furthermore, the gender of 
mice used in our study was also of no consequence for the 
alterations of the expression of the examined genes. Further 
studies are needed to determine how the levels of expres-
sion of mitochondriogenesis-related genes in different tis-
sues and organs can contribute to the control and regulation 
of longevity.
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