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Abstract Thiazolidinediones (TZDs) improve insulin

sensitivity and maintain beta cell mass. This study exam-

ined whether this effect is attributable to improved mito-

chondrial function in the pancreas and the potential

involvement of the pancreatic insulin-like growth factor

(IGF) axis in mediating this effect. Female Wistar rats were

given either saline (vehicle) or nicotine (1 mg kg-1 day-1)

during pregnancy and lactation. Following weaning, nico-

tine-exposed offspring were randomized to receive either

vehicle or rosiglitazone (3 mg kg-1 day-1) until 26 weeks

of age when serum and pancreas tissue were collected. The

effect of rosiglitazone on nicotine-induced mitochondrial

dysfunction was also examined in vitro. Fetal and neonatal

nicotine exposure resulted in structural and functional

mitochondrial deficits relative to saline controls. The nic-

otine-induced mitochondrial defects were attenuated by

postnatal rosiglitazone administration. A similar effect was

observed in vitro; nicotine (25 ng/ml) inhibited beta cell

mitochondrial function and co-treatment with rosiglitazone

(1 lM) restored enzyme activity to control levels. Fetal and

neonatal nicotine exposure also altered key components of

the adult pancreatic IGF axis, an effect that was not pre-

vented by rosiglitazone treatment. Rosiglitazone treatment

maintains mitochondrial structure and function in the

pancreas of rats that are prone to diabetes, as well as

mitochondrial function in beta cell culture. We propose

that this may be an important part of the mechanism by

which rosiglitazone improves beta cell mass and prevents

diabetes in individuals with impaired glucose tolerance

and/or impaired fasting glucose. The underlying mecha-

nism through which rosiglitazone targets the mitochondria

remains to be determined, but does not appear to involve

the IGF axis.
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Introduction

Individuals diagnosed with type 2 diabetes are unable

to produce enough insulin to maintain normal glucose

homeostasis [1]. This insulin insufficiency has been

attributed, in part, to reduced beta cell mass and impaired

beta cell function [1, 2], both of which are regulated by

mitochondria. In the pancreas mitochondrial-mediated

apoptosis is a major pathway through which beta cell mass

may be regulated [3, 4]. In addition, mitochondria are

crucial for maintaining beta cell function through the

coupling of a glucose stimulus to insulin release [5–7].

Indeed, isolated islets from transgenic mice with beta cell-

specific mitochondrial defects, exhibit reduced glucose-

stimulated insulin secretion (GSIS) [8]. Furthermore,
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islets from humans and rodents with type 2 diabetes have

impaired mitochondrial function [9–11].

Maintenance of beta cell mass and function also depends

on the pancreatic insulin-like growth factor (IGF) system,

which includes the ligands, IGF1 and IGF2, and receptors,

IGF1R, IGF2R and the insulin receptor (IR). Mice lacking

either IR or IGF1R in beta cells develop glucose intoler-

ance associated with defective GSIS [12, 13]. Furthermore,

when both IR and IGF1R are absent in beta cells, mice are

born with normal beta cell mass, but display increased

postnatal beta cell apoptosis and a gradual age-dependent

decline in beta cell mass [14]. Furthermore, IGF1 and IGF2

have been shown to protect beta cell mass and function, as

well as glucose homeostasis in animal and human studies

[15–17]. In humans, circulating IGF1 levels are signifi-

cantly lower in patients with metabolic syndrome [18], and

treatment with recombinant IGF1 has been shown to lower

glucose levels in both healthy and diabetic individuals

(reviewed in [19]).

Thiazolidinediones (TZDs) are synthetic peroxisome

proliferator-activated receptor c (PPARc) agonists that

reduce the risk of diabetes by at least 60% in patients with

impaired glucose tolerance and/or impaired fasting glucose

[20]. In animal studies rosiglitazone administration has

been shown to improve glucose homeostasis by improving

beta cell function and increasing beta cell mass via reduced

beta cell apoptosis [17, 21–23]. The mechanism(s) through

which rosiglitazone improves beta cell mass and function

are currently unknown but may involve mitochondrial-

specific effects. In lymphoma cells, rosiglitazone has been

shown to protect against apoptosis by decreasing mito-

chondria hyperpolarization and increasing ATP production

[24]. Furthermore, in adipose tissue, rosiglitazone improves

mitochondrial protein expression [25, 26], structure [25],

volume and biogenesis [26]. Although these studies sug-

gest that TZDs may target the mitochondria in a variety of

tissues, it is currently unknown: (1) whether rosiglitazone

can improve the mitochondrial dysfunction observed in

beta cells of individuals with type 2 diabetes [5, 9], and (2)

by which mechanism rosiglitazone may improve mito-

chondrial function in beta cells.

Our laboratory has previously established that nicotine

exposure during pregnancy and lactation results in loss of

beta cell mass at birth, followed by progression from nor-

mal to impaired glucose homeostasis in early adult life [27,

28]. Furthermore, fetal and neonatal nicotine exposure was

associated with mitochondrial-mediated beta cell apoptosis

in neonates [29] and a progressive decline in pancreatic

mitochondrial structure and function with increasing age

[10]. We have previously demonstrated that early admin-

istration of rosiglitazone can prevent the onset of dysgly-

cemia and increase beta cell mass in these animals via

reduced beta cell apoptosis [22]. We hypothesize that

rosiglitazone improves beta cell mass and function in this

animal model by preventing the mitochondrial defects in

the pancreas of nicotine-exposed offspring. Furthermore,

because IGF1 is thought to preserve beta cell mass and

function (reviewed in [19]) and IGF1 treatment has been

shown to improve mitochondrial dysfunction and reduce

apoptosis in rats [30], we predicted that rosiglitazone might

act to improve mitochondrial function indirectly via alter-

ations in the pancreatic IGF axis. Rosiglitazone has been

previously shown to alter key components of the IGF axis

in bone and liver [31], but its effects on the IGF system in

the pancreas have not been examined. Therefore, the pri-

mary goal of the current study was to assess the effect of

rosiglitazone on mitochondrial structure and function in the

pancreas. Second, we investigated whether rosiglitazone

may affect mitochondria in the pancreas indirectly via

effects on the IGF axis.

Results

Mitochondrial structure and function

The mitochondria in the beta cells of NV (nicotine vehicle)

offspring were swollen and consequently, significantly

larger than the mitochondria from control offspring (SV;

saline vehicle) (P \ 0.05; Fig. 1a). Postnatal administra-

tion of rosiglitazone prevented the nicotine-induced

enlargement of mitochondria such that the average mito-

chondrion area in NR (nicotine rosiglitazone) animals was

not significantly different from controls at 26 weeks of age

(P [ 0.05; Fig. 1a). Fetal and neonatal exposure to nico-

tine resulted in fewer beta cell mitochondria with a healthy,

intact inner mitochondrial membrane (i.e., stages 1 and 2)

and approximately an 8-fold increase in the proportion of

mitochondria that exhibited distention and loss of structural

integrity (i.e., stages 3–5) relative to the control (SV) off-

spring. Rosiglitazone administration to the nicotine-

exposed offspring prevented the ultrastructural changes in

mitochondrial morphology (Fig. 1b).

Relative to controls (SV), nicotine-exposed offspring

had a significant reduction in pancreatic complex IV

mitochondrial respiratory chain enzyme activity at

26 weeks of age (P \ 0.05; Fig. 2). Postnatal rosiglitazone

administration from 3 to 26 weeks of age prevented

the nicotine-induced inhibition of complex IV activity

(P \ 0.05; Fig. 2). Citrate synthase activity, an indicator of

mitochondrial mass, did not differ between the three

treatment groups (P [ 0.05; Fig. 2).

Fetal and neonatal exposure to nicotine resulted in higher

levels of mitochondrial DNA (mtDNA) deletions relative to

saline-exposed offspring, an effect that was prevented by

postnatal treatment with rosiglitazone (P \ 0.05; Fig. 3).

304 Endocr (2010) 37:303–311



Rosiglitazone treatment completely prevented the nico-

tine-induced inhibition of complex IV activity in beta cell

culture (Fig. 4). There was no statistically significant effect

of nicotine and/or rosiglitazone treatment on citrate syn-

thase activity in vitro (Fig. 4). Rosiglitazone treatment of

healthy (i.e., non-nicotine treated) beta-TC6 cells for 6 or

24 h had no effect on either complex IV or citrate synthase

activity at any dose tested (data only shown for 1 lM at

24 h; Fig. 4).

Insulin-like growth factor axis

IGF1 protein expression within the pancreatic islet cells

was significantly lower in nicotine-exposed offspring rel-

ative to saline controls. This nicotine-induced decline in

IGF1 expression was prevented by postnatal rosiglitazone

administration (Fig. 5). There was no effect of treatment on

IGF2 expression within the islets (Fig. 5).

Relative to saline-exposed controls, fetal and neonatal

nicotine exposure caused a significant reduction in pan-

creatic expression of both the IR and IGF1R, but no change

in IGF2R (Fig. 6). Rosiglitazone treatment did not prevent

the nicotine-induced dysregulation of either IR or IGF1R

expression, but did cause a significant reduction in IGF2R

relative to both nicotine- and saline-exposed offspring

(P \ 0.05; Fig. 6).

Discussion

In rats that are prone to developing type 2 diabetes [27, 28],

and have known postnatal mitochondrial defects [10],

early administration of rosiglitazone increased pancreatic

complex IV enzyme activity, reduced the incidence of pan-

creatic mtDNA deletions and prevented the nicotine-induced

Fig. 1 Electron microscopy of 26 week beta cells (SV: n = 4, NV:

n = 5, NR: n = 5). a Average individual mitochondrion area within

beta cells. b Proportion of mitochondria in each of five defined stages

of structural degradation (refer to panel e for a representative image of

mitochondria in each morphological stage, as previously published

[10]). Representative EM images from saline vehicle (SV), nicotine

vehicle (NV), and nicotine rosiglitazone (NR) treatment groups

illustrating mitochondria morphology within beta cells are also

provided at c 120009 (scale bar = 2 lm) and d 120,0009 (scale

bar = 100 nm) magnification. In panel d, a representative ‘‘stage 1

mitochondria’’ is shown for SV and NR animals, compared to a

‘‘stage 4 mitochondria’’ for NV. All data are expressed as the

mean ± SEM. Values with different superscripts are significantly

different (P \ 0.05)

Fig. 2 Mitochondrial enzyme activity (nmol/min/g tissue) in the

pancreas at 26 weeks of age, relative to the average saline control

value (n = 5 per group). Complex IV activity, an indicator of

mitochondrial function, and citrate synthase activity, an indicator of

mitochondrial mass, were both measured. All data are expressed as

the mean ± SEM. Values with different superscripts are significantly

different (P \ 0.05)
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loss of mitochondrial structural integrity within beta cells.

This is the first report to demonstrate that rosiglitazone

treatment improves mitochondrial structure and function in

the pancreas of diabetes-prone animals.

Mitochondrial structural integrity is an important indi-

cator of mitochondrial function. First, mitochondrial swell-

ing is a key initiating event in the mitochondrial-mediated

apoptotic signaling pathway. Second, the enzymes in the

electron transport chain (ETC) are located in the inner

membrane of the mitochondria and would therefore be

affected by impaired membrane structure. We have dem-

onstrated in this study that rosiglitazone improves inner

membrane structural integrity and reduces mitochondrial

swelling in the beta cells of nicotine-exposed offspring.

Similarly, treatment of ZDF rats with the TZD troglitazone

decreased the proportion of beta cell mitochondria with

visible alterations [32], although no functional consequences

of these mitochondrial defects were confirmed. In this study,

we have demonstrated that rosiglitazone treatment prevents

the loss of complex IV activity in the nicotine-exposed off-

spring, an indication that mitochondrial respiratory enzyme

function has been maintained. Citrate synthase activity was

not affected by rosiglitazone treatment, suggesting that the

improved mitochondrial function is not simply due to the

maintenance of mitochondrial mass. Rosiglitazone admin-

istration also prevented the increase in pancreatic mtDNA

deletions observed in the nicotine-exposed offspring,

another indication that rosiglitazone protects the pancreas

from mitochondrial damage. The rate of mtDNA deletions is

thought to be almost entirely modulated by the extent of

oxidative stress in the mitochondria [3]. Indeed, we have

previously demonstrated that nicotine-exposed offspring

have elevated levels of reactive oxygen species (ROS) in

isolated islets, associated with increased oxidative protein

damage compared to saline controls [10, 33]. Therefore, the

absence of a nicotine-induced increase in mtDNA deletions

with rosiglitazone treatment is suggestive of a reduction in

ROS production in the pancreas. Although we have not

evaluated the consequences of these mtDNA deletions with

respect to the expression of mitochondrial-encoded proteins,

it is plausible that these deletions may ultimately affect the

transcription of genes that are central to mitochondrial

function, and consequently, may impact energy production

and cell function.

We hypothesize that the recovery of glucose homeo-

stasis in this animal model [22] is mediated primarily by

the ability of rosiglitazone to improve pancreatic mito-

chondrial respiratory enzyme activity, which would in turn

protect both beta cell mass and function. Furthermore, we

proposed two different mechanisms through which

Fig. 3 Mitochondrial DNA

deletions in the pancreas at

26 weeks of age (n = 5 per

group). The upper band

represents intact mitochondrial

DNA; all bands at a lower

molecular weight represent

mtDNA with deletions. MtDNA

deletions were quantified

relative to the intact mtDNA to

account for differential loading.

All data are expressed as the

mean ± SEM. Values with

different superscripts are

significantly different

(P \ 0.05)

Fig. 4 Complex IV and citrate synthase activity in beta-TC6 cells

following in vitro treatment of with vehicle (n = 6), 1 lM rosiglit-

azone alone (n = 4), 25 ng/ml nicotine alone (n = 3), or both

nicotine and rosiglitzone (n = 4) for 24 h. All data are expressed as

the mean enzyme activity (nmol/min/mg protein) as a percentage of

control ± SEM
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rosiglitazone may target pancreatic mitochondria, includ-

ing: (a) direct action on the pancreatic beta cells, and (b)

indirectly increasing IGF signaling.

Rosiglitazone has previously been shown to increase

glucose-stimulated insulin release and intracellular ATP

content in a rat beta cell line [34]. Therefore, we predicted

that rosiglitazone might improve mitochondrial function by

acting directly on the beta cell. Interestingly, rosiglitazone

treatment (100 nM to 100 lM) of healthy (non-nicotine

exposed) beta-TC-6 cells in vitro did not affect either

complex IV or citrate synthase activity in this study. How-

ever, when mitochondrial function was impaired in beta cells

by nicotine exposure, rosiglitazone treatment completely

prevented the loss of enzyme activity. These data suggest

that the observed improvement of pancreatic mitochondrial

structure and function in nicotine-exposed animals treated

with rosiglitazone (NR) may be due, in part, to a direct effect

of rosiglitazone action on the beta cells.

Recent evidence suggests that the IGF system, com-

posed of the ligands IGF1 and IGF2, as well as the

Fig. 5 Immunohistochemical

quantification of IGF1 and IGF2

protein expression in pancreatic

islets at 26 weeks (n = 6 per

group). Representative images

of immunopositive pancreatic

islets are shown from saline

vehicle (SV), nicotine vehicle

(NV) and nicotine rosiglitazone

(NR); scale bar = 100 lm.

Data are expressed as the

average percentage of

immunopositive islet

cells ± SEM. Values with

different superscripts are

significantly different

(P \ 0.05)

Fig. 6 Representative western

blots for insulin-related receptor

protein expression in the

pancreas at 26 weeks (n = 4

per group). Insulin receptor

(IR), insulin-like growth factor-

1 receptor (IGFR1) and IGFR2

were all quantified in whole

pancreas homogenates relative

to beta actin as a loading

control. Data are expressed as

the mean relative optical

density ± SEM. Values with

different superscripts are

significantly different

(P \ 0.05)
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receptors IR, IGF1R and IGF2R, may be required for

protection of mitochondrial function and thus regulation of

beta cell survival and function. For instance, knockdown of

the IR gene in cardiomyocytes resulted in impaired mito-

chondrial function and morphology in the heart compared

to wild-type mice [35]. Furthermore, treatment of aged rats

with recombinant IGF1 improved mitochondrial dysfunc-

tion, resulting in reduced mitochondrial free radical pro-

duction, oxidative damage and caspase-3 activation [30].

Similarly, in humans infused with growth hormone, higher

levels of free circulating IGF1 were associated with

increased mitochondrial ATP production and improved

skeletal muscle oxidative capacity [36]. IGF signaling has

also been shown to be essential for regulation of beta cell

mass and function (reviewed in [19]). Although our labo-

ratory has recently demonstrated that fetal and neonatal

exposure to nicotine can permanently alter expression of

key constituents of the intra-ovarian IGF axis [37], the

ability of nicotine to impact the pancreatic IGF axis has not

been previously examined. Data from this study demon-

strate that fetal and neonatal nicotine exposure results in

loss of IR and IGF1R protein expression in the adult

pancreas, as well as a reduction in islet IGF1 expression.

Therefore, the mitochondrial defects in nicotine-exposed

offspring are associated with loss of insulin-like growth

factor signaling, both of which likely contribute to the loss

of beta cell mass and function in this animal model. These

results are consistent with the Goto-Kakizaki rat model of

type 2 diabetes, which also displays defects in both beta

cell mitochondrial structure and function [38], as well as

the pancreatic IGF axis [39].

Long-term rosiglitazone treatment slightly attenuated

the nicotine-induced reduction in IGF1 protein expression

in pancreatic islets, but did not affect either IR or IGF1R

expression. Since the actions of IGF1 are mediated pri-

marily by the IGF1R, but can also involve binding to the

homologous IR [40], these data suggest that IGF1 signaling

in nicotine-exposed offspring was not substantially

improved by the rosiglitazone intervention. Rosiglitazone

treatment did not affect islet-specific IGF2 protein

expression, but did significantly reduce IGF2R expression

in the whole pancreas. Since binding of IGF2 to its receptor

(IGF2R) leads to degradation of the growth factor [40],

these data may indicate increased bioavailability of IGF2

following rosiglitazone exposure. However, protection of

beta cell mass and function by IGF2 still relies on cross-

reactivity with the IGF1R and IR, which remained signif-

icantly reduced in the nicotine-exposed offspring even after

rosiglitazone treatment. Taken together, these data indicate

that although rosiglitazone may slightly improve IGF sig-

naling in the beta cells of nicotine-exposed offspring due to

increased IGF1 expression and IGF2 bioavailability, these

alterations are not likely the primary mechanism through

which rosiglitazone improves mitochondrial structure and

function in diabetes-prone rats.

TZDs have previously been shown to improve glucose

homeostasis by maintaining beta cell mass [21, 22]. The

loss of beta cell mass and function following fetal and

neonatal nicotine exposure has previously been attributed

to mitochondrial dysfunction in our animal model [10, 29].

In the current study, we demonstrated for the first time that

long-term rosiglitazone exposure improves mitochondrial

structure and function in the pancreas of diabetes-prone

rats. These alterations may be attributable, in part, to the

direct action of rosiglitazone on the beta cell mitochondria,

but do not likely involve increased pancreatic insulin-like

growth factor signaling. The detailed mechanism(s) by

which rosiglitazone can improve pancreatic mitochondrial

function remain to be elucidated in this animal model.

Materials and methods

Maintenance and treatment of animals

All animal experiments were approved by the Animal

Research Ethics Board at McMaster University, in accor-

dance with the guidelines of the Canadian Council for

Animal Care. Nulliparous 200–250 g female Wistar rats

(Harlan, Indianapolis, IN, USA) were maintained under

controlled lighting (12:12 L:D) and temperature (22�C)

with ad libitum access to food and water. Two weeks prior

to mating the dams were randomly assigned to receive

either saline (vehicle) or nicotine (n = 20 per group).

Dams were injected with 1 mg kg-1 day-1 nicotine bitar-

trate (Sigma–Aldrich, St. Louis, MO, USA) or saline sub-

cutaneously for 14 days prior to mating, and during

pregnancy until weaning. Pups were weighed after birth

(postnatal day 1; PND1) and litter size was culled to eight

at birth. To eliminate any confounding effects of the female

reproductive cycle, only male offspring were used in this

study. After weaning at postnatal day 21 (PND21), male

offspring (n = 15 per group) whose mothers had been

exposed to nicotine were randomly assigned to receive either

vehicle (NV) or rosiglitazone (NR; 3 mg kg-1 day-1 orally,

provided by GlaxoSmithKline, Canada), and male offspring

whose mothers were exposed to saline were given vehicle

daily (SV). The study was terminated and animals eutha-

nized by CO2 asphyxiation at 26 weeks of age. Pancreas

tissue and serum were collected at necropsy for subsequent

analysis.

Electron microscopy

Pancreas tissue was collected from offspring at 26 weeks

(SV: n = 4, NV: n = 5, NR: n = 5) and processed for
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electron microscopy (EM) as previously described [29]. All

chemicals used for electron microscopy were purchased

from Canemco Inc., Montreal, QC, Canada unless other-

wise stated. Thick sections (approximately 1 lm) were cut

on an Ultracut E ultramicrotome (Leica Microsystems,

Wetzlar, Germany), stained with toluidine blue and

examined under a light microscope to ensure the presence

of islets. Thin sections (approximately 70 nm) were then

cut from areas of the tissue containing islets, mounted on a

Cu/Pd grid (200 mesh), and stained with saturated uranyl

acetate and lead citrate. Grids were examined with a JEOL

1200EX transmission electron microscope (JEOL Ltd.,

Tokyo, Japan) and representative photographs were taken

at 12,0009 and 120,0009 magnification. A minimum of 10

photographs (containing at least 300 mitochondria in the

combined fields per animal) were analyzed by a single

investigator blinded to the treatment groups using Image

Pro Plus Version 5.1 software (Media Cybernetics, Inc.,

Silver Spring, MD, USA).

Beta cells were identified within the pancreas sections

by the presence of insulin granules. Individual mitochon-

drial morphology was assessed by quantifying: (a) the

average mitochondrion area and (b) the proportion of

mitochondria in each of five defined stages of progressive

deterioration, as previously described [10]. Briefly, stage 1

mitochondria were classified as structurally healthy, with

dense, intact cristae. Stage 2 mitochondria had visible

swelling, but maintained distinctive intact cristae structure.

Stage 3 mitochondria had more severe swelling and mini-

mal evidence of intact cristae. Stage 4 mitochondria dis-

played severe swelling, minimal cristae structure, and

formation of vacuoles. Stage 5 mitochondria were extre-

mely large and swollen, with essentially complete loss of

defined structure within the mitochondrial membrane. An

example of mitochondria at each defined morphological

stage is provided in Fig. 1e.

Mitochondrial enzyme activity

At 26 weeks of age, animals were euthanized by CO2

asphyxiation, and pancreas tissue was removed, frozen on

dry ice and stored at -80�C until analysis. Tissue samples

(n = 5 per group) were homogenized in homogenization

buffer (5 mM HEPES pH 7.4, 100 mM KCl, 70 mM

sucrose, 220 mM mannitol, 1 mM EGTA) using Ten-

broeck tissue grinders. Homogenates were spun for 10 min

at 6009g, the supernatant removed, flash frozen in liquid

nitrogen and stored at -80�C until use. Citrate synthase

activity (an indicator of total mitochondrial mass [41]) was

measured using the thiol reagent 5,50-dithio-bis-(2-nitro-

benzoic acid) (DTNB, Sigma Chemical Co., St. Louis

MO). Complex IV (cytochrome c oxidase) activity was

assessed by measuring the rate of cytochrome c (from

equine heart; Sigma Chemical Co., St. Louis MO) oxida-

tion. Both activity assays were performed using UV-spec-

trophotometry (Varian Inc., CA) as previously described

[10, 42]. Data are expressed as the mean enzyme activity

relative to the wet weight of tissue as a percentage of the

average saline control value.

Mitochondrial DNA deletions

The presence of random deletions in the mitochondrial DNA

(mtDNA) was assessed by the extra-long PCR method,

which has been previously described [43]. Briefly, pancreas

tissue was removed (n = 5 per group), frozen on dry ice and

stored at -80�C until analysis. Tissue homogenization and

DNA extraction were performed according to manufacturer

instructions with the Qiagen QIAamp DNA Mini Kit

(Qiagen, CA). mtDNA was amplified using the Expand

20 kb Plus PCR kit (Roche, Mannheim, Germany) and the

following primers: FWD 50-cat agc cgt caa ggc atg aag gtc

ag-30, REV 50-ggt tgt tga ttt cac gga gga tgg tag-30 [44].

Reaction mixtures (50 ll final volume) contained 250 ng

total cellular DNA, 2 mM dNTPs (Invitrogen, CA), 400 nM

of each primer, 5 units of 20 kb plus enzyme mixture (Taq

and Tgo DNA polymerases), 19 enzyme buffer and

2.75 mM MgCl2. Amplification was performed in an iCycler

Thermal Cycler as follows: (1) 92�C for 2 min; (2) 309

(92�C for 10 s, 62�C for 30 s, 68�C for 20 min); (3) 68�C for

20 min. PCR products were separated on a 0.7% agarose gel

and visualized with ethidium bromide. Intact mtDNA

appears at 16.5 kb and bands with a lower molecular weight

represent mtDNA containing deletions. The optical density

of the mtDNA deletion products were quantified relative to

the amount of intact mtDNA using Labworks software (UVP

Inc., Upland CA). The amount of mtDNA deletions was

expressed as the relative optical density (ROD) ± SEM.

Cell culture

The ability of rosiglitazone to directly affect mitochondrial

function in pancreatic beta cells was tested in beta-TC-6

cells (a mouse beta cell line; ATCC, Manasas VA). Cells

were cultured at 37�C, 5% CO2 and 95% humidity in

Dulbecco’s Modified Eagle Medium (DMEM) supple-

mented with 15% heat inactivated fetal bovine serum

(HyClone, Logan, UT). To determine if rosiglitazone has a

direct effect on healthy beta cells, dose response curves

were generated by treating the cells with increasing log

concentrations (100 nM to 100 lM) of rosiglitazone for 6

(n = 3 per dose) or 24 h (n = 4 per dose). Next, to

determine if rosiglitazone has a direct effect on beta cells

with nicotine-induced mitochondrial dysfunction, cells

were treated with: (a) 1 lM rosiglitazone, (b) 25 ng/ml

nicotine, (c) 1 lM rosiglitazone plus 25 ng/ml nicotine, or
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(d) vehicle for 24 h. This dose of nicotine is within the

range of serum nicotine concentrations reported for active

smokers and those smokers using nicotine replacement

therapy [45, 46]. Treatments were done in triplicate in a

minimum of three independent experiments. Following the

24 h incubation period, cells were washed in Dulbeccos

Modified PBS, removed from the plate using cell scrapers

(BD Bioscience, Mississauga ON), pelleted by centrifu-

gation and resuspended in homogenization buffer (10 mM

Tris–Cl pH 7.4, 250 mM Sucrose and 1 mM EGTA). The

cell suspension was sonicated (Microsonix 200) at a low

power setting (7 Hz) for 3 10 s bursts. The cell lysates

were clarified by centrifugation at 6009g for 5 min at 4�C.

The 6009g supernatant was stored at -80�C for further

analysis. Cytochrome c oxidase and citrate synthase

activities were determined as previously described for the

pancreas homogenates.

Immunohistochemistry

Islet-specific protein expression of IGF1 and IGF2 in

pancreas tissue was determined using immunohistochem-

istry. Pancreas tissue was removed at necropsy fixed by

immersion in 10% (v/v) neutral buffered formalin (EM

Science, Gibbstown, NJ) at 4�C overnight, washed in water

and embedded in paraffin. Immunohistochemical detection

of IGF1 and IGF2 was performed on 5 lm sections (n = 6

per group). Briefly, tissues were deparaffinized and rehy-

drated and antigen retrieval was performed by immersion

in 10 mM Citrate buffer (90�C) for 12 min. After inhibi-

tion of endogenous peroxidase activity with 2% (vol/vol)

hydrogen peroxide, tissues were blocked in 5% (wt/vol)

bovine serum albumin in PBS for 10 min. Tissues were

then incubated overnight at 4�C in a humidified chamber

with anti-IGF1 antibody (1:500 R&D Systems, Minneap-

olis, MN, USA), anti-IGF2 antibody (1:600, R&D Systems,

Minneapolis, MN, USA), anti-IGF1R (1:800 dilution;

R&D Systems, Minneapolis, MN, USA), and anti-IGF2R

(1:500 dilution; R&D Systems). Anti-sera was diluted in

0.01 M PBS (pH 7.5) containing 2% (wt/vol) BSA and

0.01% (wt/vol) sodium azide (100 ll/slide). All subsequent

incubations were at room temperature. Biotinylated anti-

rabbit, anti-mouse, or anti-goat IgGs (all 1:100 dilution;

Sigma–Aldrich, St. Louis, MO, USA) were diluted in the

same buffer and incubated 1 h. The slides were then

washed in PBS and incubated with avidin and biotinylated

horseradish peroxidase (1:30 dilution) (Extravidin, Sigma

Chemical Co, St. Louis, MO, USA). Peptide immunore-

activity was localized by incubation in fresh diam-

inobenzidine tetrahydrochloride (DAB tablets, 10 mg,

Sigma–Aldrich, St. Louis, MO, USA) with 0.03% (vol/vol)

hydrogen peroxide for 2 min. Tissue sections were

counterstained with Carazzi’s Hematoxylin for 1 min.

Tissues were dehydrated and placed under a coverslip with

Permount (Fisher Scientific, Pittsburgh, PA, USA). Sec-

tions were imaged using a brightfield microscope and

immunostaining was quantified using image analysis soft-

ware (ImageScope, Aperio, CA, USA). Staining was

quantified as the percentage of immunopositive tissue in

four fields of view per section, with a minimum of 6 ani-

mals per group.

Western blotting

Protein expression of the key receptors in the IGF axis,

including the insulin receptor (IR), insulin-like growth

factor receptor 1 and 2 (IGF1R and IGF2R) were mea-

sured in whole pancreas homogenates at 26 weeks of age

(n = 4 per group). Tissue homogenates were prepared as

described above. Thirty micrograms of total protein was

separated on an 8% polyacrylamide gel and electro-

transferred to PVDF blotting membrane (BioRad Labo-

ratories, Hercules, CA). Membranes were blocked

overnight with 5% (wt/vol) skim milk in TBST at 4�C

and then incubated for 1 h at room temperature in the

following primary antibodies: (a) mouse monoclonal IR

beta (1:600, 95 kDa, Millipore Corporation, Billerica

MA); (b) mouse monoclonal IGF1R (1:250, 130 kDa,

Millipore Corporation, Billerica MA); (c) mouse mono-

clonal IGF2R (1:1,500, 273 kDa, BD Transduction

Laboratories, Mississauga, ON, Canada); (d) rabbit

polyclonal beta actin (1:8,000, 43 kDa, AbCam, Cam-

bridge, MA). Membranes were cut horizontally at the

55 kDa protein marker; the upper portion was probed for

IR, IGF1R or IGF2R, and the lower portion of each blot

for beta actin as a loading control. After washing, blots

were then incubated in peroxidase-conjugated secondary

anti-rabbit antibody (1:2,000; SantaCruz Biotechnology,

Santa Cruz, CA) or anti-mouse antibody (1:2,000;

Amersham Biosciences, Piscataway, NJ). Reactive pro-

tein was detected with ECL Plus chemiluminescence (GE

Healthcare Ltd, Buckinghamshire, UK) and Amersham

HyperfilmTM ECL (GE Healthcare Ltd, Buckingham-

shire, UK). Densitometric analysis of immunoblots was

performed using ImageJ 1.37v 160 software; all proteins

were quantified relative to the beta actin loading control.

Statistical analysis

All statistical analyses were performed using SigmaStat

(v.3.1, SPSS, Chicago, IL). Data were checked for nor-

mality and equal variance and were tested using one-way

analysis of variance (ANOVA; a = 0.05). The results are

expressed as mean ± SEM.
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