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Abstract Multiple factors promote insulin resistance. In

this study, we evaluated the mRNA levels of presenilins-

associated rhomboid-like protein (PARL) and mitochon-

drial content and enzyme activity from skeletal muscle

isolated from insulin-resistant rats. Rats fed a high-fat diet

for 35 days developed moderate insulin resistance, which

was determined by an increase in plasma glucose and

insulin concentrations following an oral glucose tolerance

test. The PARL mRNA level was lower in the insulin-

resistant rats than in control animals, and is associated with

low mitochondrial content and reduced mitochondrial

enzyme activity in the skeletal muscle from the insulin-

resistant rats. The results suggest that high-fat-diet-induced

insulin resistance is associated with mitochondrial dys-

function in skeletal muscle, and may be the result of the

decreased expression of the PARL gene, which encodes the

protein with functional significance in mitochondria.
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Introduction

Insulin resistance (IR), which is related to obesity,

decreases the insulin response and glucose metabolism in a

variety of tissues. This can lead to diabetes, abnormal lipid

metabolism, and related complications such as cardiovas-

cular disease, hypertension, and inflammation of peripheral

tissues. Therefore, preventing insulin resistance is impor-

tant for reducing the risk of developing these diseases. The

role of skeletal muscle mitochondrial dysfunction in the

development of insulin resistance has been a topic of

intense interest recently. There are a number of studies that

support the hypothesis that an overall reduction in the

capacity of mitochondria to mediate oxidation phosphory-

lation occurs in the elderly, and this may also mediate

insulin resistance [1].

The presenilins-associated rhomboid-like protein (PARL)

gene is a newly discovered gene, which belongs to the Rhom-

boid superfamily of membrane proteins. This protein super-

family is highly conserved among eukaryotes, archaea, and

bacteria. Recent studies have demonstrated that, in addition to

regulating mitochondrial dynamics, PARL mediates mam-

malian-specific, developmentally regulated mitochondria-to-

nuclei signaling via proteolysis of its N-terminus and the

release of the Pb peptide [2]. Due to the previous finding that

PARL is associated with mitochondrial function, the aim of

this study is to investigate the relationship between the

expression of PARL and mitochondrial function in rats with

high-fat-diet-induced insulin resistance when compared to

normal rats.
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Results

High-fat-diet-induced insulin resistance results

in statistically significant changes in blood glucose

and insulin levels

Prior to introducing the experimental diets, all animals were

subjected to an oral glucose tolerance test (OGTT) to assess

their glucose metabolism. Blood glucose concentrations

during OGTT did not differ significantly between the rats

(data not shown). A second OGTT was performed 35 days

after the high-fat diet was introduced to determine if the

high-fat diet promoted insulin resistance (Fig. 1). After

35 days, the rats fed with the high-fat diet, group IR, had

significantly higher glucose concentrations than control rats,

group N, at 30 and 120 min after glucose administration

(185.3 ± 6.2 vs. 210.3 ± 8.3 mg/dl and 136.1 ± 9.3 vs.

165.1 ± 9.4 mg/dl, respectively, P \ 0.05) (Fig. 1a). IR

rats also had significantly greater blood insulin concentra-

tions than the control animals at 0, 60, 120, and 180 min

after glucose administration (2.0 ± 0.3 vs. 4.1 ± 0.6 ng/ml,

2.3 ± 0.2 vs. 5.0 ± 1.2 ng/ml, 2.1 ± 0.3 vs. 5.1 ± 1.0 ng/ml,

2.0 ± 0.3 vs. 4.2 ± 0.8 ng/mL, respectively, P\0.01)

(Fig. 1b).

Rats with high-fat diet-induced insulin resistance

express lower levels of PARL mRNA

in the gastrocnemius muscles

To determine if insulin resistance altered PARL mRNA

expression in the gastrocnemius muscle, real-time RT-PCR

was performed using total RNA extracted from the gas-

trocnemius muscle. PARL mRNA expression was signifi-

cantly lower in the gastrocnemius muscles from the IR rats

when compared to normal muscle (0.81 ± 0.18 vs. group

N, P \ 0.01) (Fig. 2).

Effects on mitochondrial DNA and protein

in gastrocnemius muscle

For both the heavy and the light strands of mitochondrial

DNA (mtDNA), the D-loop is a major site of transcription

initiation. The ratio of mtDNA D-loop to nuclear DNA 18S

rRNA in IR rats was significantly lower than in the normal

rats (0.83 ± 0.19 vs. group N, P \ 0.01) (Fig. 3a). If

mitochondrial DNA content is decreased, there should be a

concomitant decrease in viable mitochondria and mito-

chondrial components, including electron chain transport

complex enzymes. Therefore, we evaluated the impact of

insulin resistance on mitochondrial complexes I and II. The

expression of both the complexes (Fig. 3b) was signifi-

cantly lower in IR rats than in normal rats (0.91 ± 0.15 vs.

normal group, P \ 0.05; 0.91 ± 0.12 vs. normal group,

P \ 0.05, respectively).

Insulin resistance induces reduced mitochondrial

complex activity in the gastrocnemius muscle

A reduction in mitochondrial complex enzymes would lead

to changes in the overall activity of these enzymes.

Therefore, we evaluated complex enzyme activity in

Fig. 1 Variation in the plasma glucose (a) and insulin (b) concen-

trations after feeding high-fat diet for 35 days. Values are expressed

as means ± SD (n = 15). * P \ 0.05, ** P \ 0.01 vs. group N

Fig. 2 PARL mRNA in the gastrocnemius muscle from the group IR

rats is reduced when compared to the mRNA level of normal muscle.

Values are expressed as means ± SD (n = 15). ** P \ 0.01 vs.

group N
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mitochondria isolated from the gastrocnemius muscle of IR

rats when compared to normal rats. Similar to complex

enzyme expression, the activity of both mitochondrial

complexes I and II (Fig. 4) was significantly lower in the

IR rats when compared to control animals (0.89 ± 0.12 vs.

normal group, P \ 0.01; 0.90 ± 0.12 vs. normal group,

p \ 0.01, respectively) (Fig. 4).

Discussion

Insulin resistance is associated with obesity and Type-2

Diabetes (T2DM). The precise factors that lead to insulin

resistance have not been fully elucidated. Recently, some

reports have demonstrated that mitochondrial dysfunction

occurs during insulin resistance [3–6], suggesting that

mitochondrial dysfunction may play a role in the devel-

opment to insulin resistance. Skeletal muscle is the major

site of peripheral IR and defects in insulin signaling in the

skeletal muscle can contribute to increased blood glucose

levels [7]. However, the mechanisms leading to mito-

chondrial damage during insulin resistance are currently

unknown.

To determine if insulin resistance alters the expression

PARL mRNA and mitochondrial function in the gastroc-

nemius muscle, rats were fed a diet rich in saturated fatty

acids to induce insulin resistance [8, 9]. In this study, rats

fed a high-fat diet for 35 days developed insulin resistance

as demonstrated by significant elevations in blood glucose

and insulin concentrations in response to orally adminis-

tered glucose (Fig. 1).

In this study, we observed that insulin resistance is

associated with low mitochondrial DNA content and

reduced mitochondrial enzyme activity in skeletal muscle.

Defective mitochondria may be important factors for the

development or maintenance of IR. The internal structure

and cytosolic organization of mitochondria are controlled

by many proteins, such as the large dynamin-related

GTPases, Mitofusin (Mfn) 1 and 2, and the cytosolic

dynamin-related protein 1 (Drp1) [10].

In this study, PARL mRNA expression was reduced in

the gastrocnemius muscle from insulin-resistant rats when

compared to normal muscle. PARL is a mitochondrial

protein involved in mitochondrial membrane remodeling

and belongs to the highly conserved rhomboid-like protein

family. The PARL gene maps to a quantitative trait locus

(3q27) that is associated with metabolic traits [11]. A

number of rhomboid proteases have been implicated in the

regulation of mitochondrial membrane remodeling. In fact,

studies in Saccharomyces cerevisiae have demonstrated

that PCP1P is required to cleave the dynamin-related

Fig. 3 High-fat-diet-induced insulin resistance decreases mitochon-

drial DNA content and protein level in the gastrocnemius muscle.

a The content of mtDNA and nuclear 18Sr RNA gene (18Sr DNA) in

each group. b Protein levels of tubulin, mitochondrial electron

transport complexes I and II in each group. Values are expressed

as mean ± SD (n = 15).* P \ 0.05 vs. group N, ** P \ 0.01 vs.

group N

Fig. 4 High-fat-diet-induced insulin resistance reduces the activities

of the complexes I and II enzymes in the gastrocnemius muscle.

Values are expressed as means ± SD (n = 15). ** P \ 0.01 vs.

group N
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GTPase, Mgm1p, which is an inter-membrane protein that

participates in mitochondrial fusion events. The yeast

PCP1P protein belongs to a subfamily of mitochondrial

rhomboid proteases typified by the PARL protein, which is

the human ortholog of PCP1P [12–15]. Proteolysis of

PARL generates a cleaved form that modulates the shape

of the mitochondrial reticulum. This cleavage depends on

the phosphorylation state of the cleavage site, implicating

mitochondrial kinases and phosphatases in the regulation

of mitochondrial shape [16].

Insulin resistance may partially be the result of an

imbalance between fatty acid beta-oxidation and glucose

decomposition and oxidation in impaired mitochondria.

This would lead to further damage to the oxidative

potential of muscle, which would increase the severity of

IR and, eventually, results in T2DM. It is likely that the

insulin-resistance model used in this study is an example

for moderate insulin resistance. Future studies should be

performed in which PARL mRNA and protein levels are

evaluated in animal models of severe insulin resistance.

The data examining the relationship between PARL

gene polymorphisms and metabolic disease are compli-

cated. Powell et al. [17] reported that no significant asso-

ciations were observed between the PARL rs3732581

genetic variant and plasma insulin or glucose levels, BMI

or metabolic syndrome. However, another recent study

demonstrated that the Leu262Val polymorphism of PARL

was associated with early onset Type-2 Diabetes and an

increase in the urinary microalbumin to creatinine ratio in a

case–control study of an Irish population [18]. Therefore, a

role for PARL in metabolic conditions cannot be excluded

and more comprehensive genetic studies are warranted.

In conclusion, the results of this study suggest that high-

fat-diet-induced insulin resistance may impact mitochon-

drial function by decreasing the expression of PARL,

which is important for maintaining normal mitochondrial

structure and function. These results merit further investi-

gation of the possible connection of PARL gene expression

in skeletal muscle and insulin resistance in human

populations.

Materials and methods

Animals

Thirty male Sprague–Dawley rats (6 weeks old) were

obtained from the Laboratory Animal Center of Wuhan

University (Wuhan, China). The rats were maintained at a

stable temperature (22 ± 2�C) and humidity level (55 ±

5%), with a 12-h light/dark cycle (light 07:00–19:00 h). Rats

were fed a diet of standard laboratory chow and water for

6 days prior to administration of an OGTT. According to the

results of the first OGTT, fasting plasma glucose levels and

levels at 2 h post-glucose administration, as well as body

weight, were similar among all animals. The animals were

divided into two groups of 15. The first group of rats (group

N) was maintained on a standard rat diet (gross energy

content, 13.35 kJ/g, including 19% fat) for 35 days. The

second group (group IR) was fed a high-fat diet (gross energy

content, 18.71 kJ/g, including 57% fat) for 35 days to induce

IR. A second OGTT was performed 5 weeks after the intro-

duction of the experimental diets. All the rats were killed by an

anesthetic overdose (pentobarbitone, 120 mg/kg; Sigma–

Aldrich, St. Louis, MO, USA), and the gastrocnemius muscle

was excised and snap frozen in liquid nitrogen. Samples were

stored at -80�C. The Wuhan University Animal Welfare

Committee approved the use of SD rats in these studies. All

experiments were conducted according to strict guidelines

established by the National Health and Medical Research

Council and Wuhan University Animal Welfare Committee.

OGTT and insulin assay

OGTTs were performed on the rats before the experimental

diets were introduced and 35 days after. Rats were fasted

overnight prior to receiving, orally, a glucose solution (2 g/kg

of body weight, 10 ml/kg of body weight). Blood samples

were collected via the tail vein at 0 (fasting), 15, 30, 60, 120,

and 180 min after glucose administration. Samples were

centrifuged at 1,5009g for 15 min and the plasma was

collected for use in determining specified parameters. Plasma

insulin levels were measured using a Rat Insulin-specific

RIA kit.

RNA extraction and quantification reverse transcription

PCR

Total RNA was extracted from the rat skeletal muscle using

the TRIzol reagent (Invitrogen Corp., Carlsbad, CA, USA)

and purified using RNeasy columns per the manufacturer’s

instruction (QIAGEN, Cologne, Germany). For the cDNA,

1 lg of RNA was reverse transcribed into cDNA prepared by

RT-PCR using the Superscript III Reverse Transcription for

RT-PCR kit (Invitrogen). cDNA was diluted in DNase-free

water (1:25) before quantification by real-time quantitative

PCR. The primers used for PARL and GAPDH RT-PCR:

PARL forward 50-CCAATGCTGCTTTCCACG-30 and

reverse 50-GACCCAGAATGTTCACGATG-30; GAPDH

forward 50-GATGGGTGTGAACCACGAGAAA-30 and

reverse 50-ACGGATACATTGGGGGTAGGA-30.
Gene expression levels were quantified using the SYBR

Green real-time PCR reagent and the ABI Prism 7700

Sequence Detection System (Applied Biosystems). Real-

time RT-PCR was performed using a SYBR Green master
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mix kit (Applied Biosystems). Each PCR reaction was

performed in triplicate. The rat GAPDH gene served as the

endogenous reference gene. The PCR conditions were:

50�C for 2 min, 95�C for 10 min, and 40 cycles of 95�C for

15 s and 60�C for 1 min. Relative differences in the PCR

products obtained from the group IR samples and the

products from the group N samples were evaluated using

the DDCt method. The reciprocal of 2-DDCt for each target

gene was normalized to GAPDH and compared to the

relative value of control cells. Final results are presented as

a percent of the control.

Isolation of skeletal muscle mitochondria

The gastrocnemius muscles were removed from each leg.

One portion was frozen in liquid N2 and used for total RNA

and protein extractions. Another portion was used imme-

diately for mitochondrial isolation. All operations were

carried out at 4�C or in ice. The gastrocnemius muscles

were quickly excised, cleaned, rinsed, chopped with a pair

of scissors and placed into ice-cold buffer (solution 1)

consisting of (in mM) 120 NaCl, 20 HEPES, 2 MgCl2, 1

EGTA, and 5 g/l bovine serum albumin, pH 7.4. Mito-

chondrial suspensions were prepared according to the

methods of Birch-Machin et al. [19]. The disrupted muscle

was resuspended 20-fold (wt/vol) in solution 1, and

homogenized at 40% power (9,500 rpm) in an Ultra Turrax

homogenizer (model T-25; IKA, Wilmington, NC, USA)

for 10 s. The homogenate was centrifuged at 7009g for

10 min at 4�C. The supernatant was filtered through dou-

ble-layered gauze and centrifuged at 12,0009g for 10 min

at 4�C to pellet the mitochondria. The pellet was resus-

pended in the initial volume of solution 1 and again sub-

mitted to centrifugation at 12,0009g for 10 min at 4�C.

The pellet was gently resuspended in 10 volumes of a

buffer (solution 2) consisting of (in mM) 300 sucrose, 2

HEPES, 0.1 EGTA, pH 7.4, and centrifuged (3,5009g,

10 min, 4�C). The resulting pellet, which contained the

mitochondria from the gastrocnemius muscle, was sus-

pended in 0.5 ml of solution 2 and stored at -70�C until

analyzed.

Western blot assay of complexes I and II

Muscles were homogenized in ice-cold buffer containing the

following: 65-mmol/l Tris (pH 7.4), 150-mmol/l NaCl, 5-

mmol/l EDTA, 1% (v/v) NP-40, 1 mg/ml each of aprotinin,

leupeptin, and pepstatin, 10-mmol/l sodium fluoride, and 1-

mmol/l phenylmethylsulfonylfluoride. Protein concentra-

tion was determined using Lowry Method. 10.0 lg/lane of

protein was applied to a series of two 10% sodium dodecyl

sulfate–polyacrylamide gels (SDS–PAGE) for electropho-

resis. One gel was stained with Coomassie blue to visualize

the protein distribution. Protein present on the second gel was

electroblotted onto a nitrocellulose membrane (0.45 lm).

The nitrocellulose membranes were blocked with 5% non-fat

milk/TBST for 1 h at room temperature. Membranes were

incubated overnight with primary antibodies directed against

tubulin (Santa Cruz, 1:4000), complex I (Santa Cruz, 1:1500),

and complex II (Santa Cruz, 1:1500), in 2.5% milk/TBST at

4�C. After incubation with the appropriate secondary antibody,

bands were visualized by ECL and quantified by densitometry

(GE).

Assays for mitochondrial complexes I and II activities

The mitochondrial fraction obtained from gastrocnemius

muscles was used to measure the activity of complexes I

and II. Assays of complex I (NADH-CoQ oxidoreductase)

and complex II (succinate-CoQ oxidoreductase) were per-

formed as described [20, 21]. Complex I activity was tested

by monitoring the reduction of 2,6-dichlorophenol indo-

phenol at 600 nm upon addition of assay buffer (0.05-M

Tris–HCl, pH 8.1, 0.1% BSA (w/v), 1-mM antimycin A,

0.2-mM NaN3 and 0.05-mM coenzyme Q1), Complex II

activity was tested spectrophotometrically and the reaction

was scanned at 600 nm for 2 min at 30�C using succinate

as the substrate, the assay buffer contain 0.05-M phosphate

buffer, pH 7.8, 0.1% BSA, 1-mM antimycin A, 0.2-mM

NaN3, and 0.05-mmol/l coenzyme Q1.

Total DNA isolation and real-time PCR

Total DNA was extracted using QIAamp DNA Mini Kit

(Qiagen). Extraction proceeded as per manufacturer’s

instructions. The final DNA pellet was suspended in 20-ll

water (ddH2O) and was diluted 1:20 to make a working

solution. Real-time PCR was performed using mitochon-

drial DNA and genomic NA-specific primers on a 72-well

Rotor-Gene RG-3000 QPCR machine (Corbett Life Sci-

ence, Sydney, Australia). The rat 18S rRNA gene served as

the endogenous reference gene. Water blank was included

as a negative control in each experiment. The standard

curve method was used for relative quantification. The melt

curve was assessed to confirm primer specificity and that

no unspecific products were produced during the reaction.

Results are expressed as the mitochondrial D-loop/18S

rRNA ratio [22].

Statistical analysis

Data are presented as the mean ± SD. Statistical differ-

ences were determined using Student’s paired t test and

P \ 0.05 was considered statistically significant.
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