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Increased insulin sensitivity and reduced micro
and macro vascular disease induced by 2-deoxy-D-
glucose during metabolic syndrome in obese
JCR: LA-cp rats

JC Russell and SD Proctor

Metabolic and Cardiovascular Diseases Laboratory, Alberta Institute for Human Nutrition, University of Alberta, Edmonton, Alberta,
Canada

Background and purpose: The metabolic syndrome, characterized by obesity, insulin resistance and dyslipidemia, is a major
cause of cardiovascular disease. The origins of the syndrome have been hypothesized to lie in continuous availability of energy
dense foods in modern societies. In contrast, human physiology has evolved in an environment of sporadic food supply and
frequent food deprivation. Intermittent food restriction in rats has previously been shown to lead to reduction of cardiovascular
risk and a greater life span. The non-metabolizable glucose analogue, 2-deoxy-D-glucose (2-DG) is taken up by cells and
induces pharmacological inhibition of metabolism of glucose. We hypothesized that intermittent inhibition of glucose
metabolism, a metabolic deprivation, may mimic intermittent food deprivation and ameliorate metabolic and pathophysio-
logical aspects of the metabolic syndrome.
Experimental approach: Insulin resistant, atherosclerosis-prone JCR:LA-cp rats were treated with 2-DG (0.3% w/w in chow)
on an intermittent schedule (2 days treated, one day non-treated, two days treated and two days non-treated) or continuously
at a dose to give an equivalent averaged intake.
Key results: Intermittent 2-DG-treatment improved insulin sensitivity, which correlated with increased adiponectin
concentrations. Further, intermittent treatment (but not continuous treatment) reduced plasma levels of leptin and the
inflammatory cytokine IL-1b. Both 2-DG treatments reduced micro-vascular glomerular sclerosis, but only the intermittent
schedule improved macro-vascular dysfunction.
Conclusions and implications: Our findings are consistent with reduction in severity of the metabolic syndrome and
protection against end stage micro- and macro-vascular disease through intermittent metabolic deprivation at a cellular level
by inhibition of glucose oxidation with 2-DG.
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Introduction

The metabolic syndrome is a major and increasing cause of

cardiovascular morbidity and mortality worldwide (Gotto

et al., 2006; Haffner, 2006). A central feature of this disorder

is the development of insulin resistance and consequent

hyperinsulinemia. The hyperinsulinemia appears to be a

major determinant of the vasculopathy, atherosclerosis and

ischemic cardiovascular disease that are strongly associated

with the metabolic syndrome (Uusitupa et al., 1990; Després

et al., 1996). Consequently, the reduction of insulin

resistance and hyperinsulinemia offers an important target

for reduction of cardiovascular disease and mortality. Treat-

ments at a clinical level have included changes in diet, food

intake and physical activity, but these have proven difficult

to implement and maintain in the human population,

especially when the metabolic syndrome is well established.

A number of pharmacological agents have been developed

that have insulin-sensitizing action, including benfluorex,
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D-fenfluramine and S15261 (Brindley and Russell, 1995;

Russell et al., 2000). However, these have been withdrawn

from clinical use or development for various reasons,

including suggestions of cardiovascular risk (Ryan, 2000;

Colman, 2005). Peroxisome proliferator-activated receptor

agonists, particularly the thiazolidinediones, continue to be

considered promising insulin-sensitizing agents (Blaschke

et al., 2006; Takahashi et al., 2006). However, troglitazone has

been withdrawn due to apparent toxicity, possibly related to

inhibition of hepatic bile salt transport, which may be a class

effect (Snow and Moseley, 2007). Rosiglitazone and pioglita-

zone appear to be superior to the other thiazolidinediones

and continue in active clinical use, notwithstanding on-

going concerns regarding efficacy and toxicity (Fernando

et al., 2006; Masubuchi, 2006; Richter et al., 2006). In the

absence of alternatives, there remains a paucity of effective

treatments (Colman, 2005) and renewed interest in extreme

measures, such as gastric bypass surgery (Coppini et al.,

2006).

The causative origins of the developing epidemic of

obesity and metabolic syndrome remain unclear. The

availability of inexpensive energy-dense and palatable foods,

leading to excessive consumption, is an obvious and

attractive explanation. However, phylogenetically, humans

evolved in an environment of insecure and episodic food

availability and metabolic deprivation was frequent. There is

evidence to suggest that the continuous well-fed status of

modern populations may play a role in metabolic dysfunc-

tion. Consistent with this hypothesis, chronic food restric-

tion extends life span and reduces disease in both animals

and humans (Weindruch and Sohal, 1997). Intermittent

feeding has been shown to protect metabolically normal rats

against induced ischemic myocardial injury and stroke (Wan

et al., 2004; Ahmet et al., 2005; Mattson and Wan, 2005). In a

natural extension of this concept, we propose that equiva-

lent or greater metabolic effects may be possible in animals

that are insulin resistant and spontaneously develop end-

stage disease.

The JCR:LA-cp rat is a unique strain in which animals

homozygous for the autosomal recessive cp gene (cp/cp)

spontaneously develop the range of the dysfunction and

pathophysiology associated with the metabolic syndrome in

humans (O’Brien and Russell, 1997; Richardson et al., 1998;

Russell et al., 2007). These include obesity, a profound

insulin resistance, atherosclerosis, vascular dysfunction,

spontaneous myocardial infarcts and glomerular sclerosis

(Richardson et al., 1998; Russell et al., 1998a; Russell et al.,

2007). We have shown that a number of interventions

reduce the insulin resistance and associated hyperinsuline-

mia in this animal model (Russell et al., 1995, 1998b, 2000,

2004), and this is accompanied by reduction of end-stage

cardiovascular disease (Russell et al., 1998b, 2000, 2004;

Proctor et al., 2005). Insulin itself acts a cytokine at

sufficiently high concentrations and this may underlie much

of the vascular damage and dysfunction seen in the cp/cp rat

(Absher et al., 1997, 1999). The cp mutation causes a stop

codon in the extracellular domain of the ObR leptin receptor

(Wu-Peng et al., 1997) leading an absence of all of the

isoforms of the receptor in the cp/cp rat and an extreme

hyperleptinemia. Leptin, a peptide hormone released by

adipose tissue in a mass-dependent manner, has complex

and not fully understood metabolic actions. Most impor-

tantly, it reaches hypothalamic receptors through a complex

saturable and regulated transport system (Banks, 2001) and

inhibits release of neuropeptide Y (NPY), the most powerful

mediator of eating and drinking (Dube et al., 1999). The

absence of hypothalamic leptin action in the cp/cp rat results

in elevated NPY levels (Williams et al., 1990) and a marked

hyperphagia and obesity (Russell et al., 1995). The complex-

ity of the regulatory actions of leptin is increasingly obvious,

if not entirely understood (Covey et al., 2006; Eikelis et al.,

2007; Stepanyan et al., 2007).

There are a number of recognized cytokines that are

related to leptin, cardiovascular disease and obesity, includ-

ing the adipocyte-related peptide adiponectin and the

inflammatory marker interleukin-1b (IL-1b) (Dinarello,

1998; Whitehead et al., 2005; Huypens, 2007). We have

shown that treatment that reduces insulin levels and

vascular dysfunction in the cp/cp rat also raises plasma

adiponectin (Proctor et al., 2006a), consistent with observa-

tions, by others, that adiponectin correlates inversely with

obesity and is a marker of inflammation (Whitehead et al.,

2005; Brooks et al., 2006). Similarly, IL-1b is a mediator of

systemic pro-inflammatory pathways and may provide an

index of the inflammatory processes that are known to

accompany atherosclerosis.

The glucose analogue, 2-deoxy-D-glucose (2-DG), is non-

oxidisable, but taken up by the cellular glucose transporters

interchangeably with D-glucose. As with glucose, 2-DG is

phosphorylated to 2-deoxy-glucose-6 phosphate, but this is

not further metabolized. These properties have lead to an

extensive use of 2-DG as a tool to measure rates of cellular

glucose uptake for over 50 years (e.g. see Sachs et al., 1965;

Sweet et al., 1996). Recently, 2-DG at pharmacological

concentrations has been shown to be a useful experimental

modulator of glucose-6-phosphate dehydrogenase regulation

of inducible nitric oxide synthase (iNOS) (Won et al., 2003).

In addition, Keenan et al. (2004) have shown 2-DG, at very

high concentrations (6–10 mM), to have anti-metabolite

activity in a human carcinoma cell line through glycolytic

inhibition. Consistent with these reports, 2-DG has been

shown to reduce plasma insulin concentrations and blood

pressure in the metabolically normal Sprague–Dawley rat,

without reduction in food intake (Wan et al., 2004). The

metabolic effects of 2-DG may thus mimic those of caloric

restriction, induced through continuous restriction of food

intake or through intermittent feeding (Mattson and Wan,

2005). The current project was designed to explore the

benefits of 2-DG treatment in the insulin-resistant JCR:LA-cp

rat, on the premise that continuous and/or intermittent

metabolic inhibition may have significant ameliorative

effects on the metabolic syndrome.

Methods

Animals

Male JCR:LA-cp rats, cp/cp (obese, insulin resistant) and þ /?

(lean, metabolically normal controls) were bred in our
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established colony at the University of Alberta, as described

previously (Russell et al., 1995).

Treatment of animals

All animals were placed on a reversed light cycle in the

experimental room at 6 weeks of age, allowing metabolic

studies to be conducted under subdued light during the

active (dark) phase of their diurnal cycle, and acclimatized

over a 2-week period. Rats were housed in an individually

ventilated caging environment (Techniplast, Milano, Italy).

The rats were fed Lab Diet 5001 (PMI Nutrition Interna-

tional, Brentwood, MO, USA) ad libitum, and food consump-

tion and body weights were measured twice weekly. Rats

were treated chronically from 8 weeks of age (young adult

animals in which the insulin resistance syndrome is fully

established) to 13 weeks of age with 2-DG incorporated into

the feed (Russell et al., 2000). Animals on 2-DG intermittent

treatment were given non-treated food and 2-DG containing

food at 0.3% (w/w) on an intermittent weekly schedule

(2 days treated, 1 day non-treated; 2 days treated and 2 days

non-treated), as in the procedure of Wan et al. (2004).

Continuously treated rats were fed food containing 2-DG, at

a concentration calculated to match total intake, over each

week of the experiment, consumed by the intermittently

treated animals, which was approximately 150 mg kg l�1 day

l�1 (concentrations were in the range of 0.17% w/w). At 12

weeks of age, rats were fasted over the light (non-active)

phase with 2DG-treated rats being treated on the preceding

day (including intermittently treated animals). A fasting

blood sample was obtained from the tail, a standardized

meal tolerance test performed using control rat chow

(Russell et al., 1999) and the rats immediately returned to

the treatment schedule. At 13 weeks of age, the rats were

killed under anaesthesia with isoflurane in oxygen in the fed

state and samples of fluids and tissue removed.

All procedures on animals were in accordance with the

guidelines of the Canadian Council on Animal Care and

with prior approval of the Animal Policy and Welfare

Committee of the Faculty of Agriculture Forestry and Home

Economics, University of Alberta.

Biochemical assays

Plasma glucose was determined using a glucose oxidase

assay procedure (Diagnostic Chemicals Ltd, Charlottetown,

PEI, Canada). Insulin was assayed by rat enzyme-linked

immunosorbent assay (ELISA) assay (Mercodia AB, Uppsala,

Sweden). Urine albumin and creatinine measurements were

performed on a Beckman Coulter LX20i analyser using

immunoturbidimetric and Jaffé methods, respectively. Plas-

ma triglyceride (L-type TG H), total cholesterol (Cholesterol

E) and low-density lipoprotein (LDL) Cholesterol (L-type

LDL-C) assays were obtained from Wako Pure Chemicals

USA, Inc. (Richmond, VA, USA). High-density lipoprotein

(HDL) cholesterol was assayed using direct HDL assay

(Diagnostic Chemicals). Adiponectin was measured by radio

immunoassay (# MADP-60HK) and IL-1b by ELISA assay

using LINCOplex plates (Linco Research, St Charles, MO,

USA).

Histology

Kidneys were fixed in formalin, and subjected to conven-

tional processing and sectioning, followed by hematoxylin

and eosin staining. The extent of glomerular sclerosis was

determined using a procedure similar to that of Schäfer et al.

(2004). Ten fields of view of the right kidney of each rat were

recorded at 100� magnification on a digital camera system

(Nikon E600 with DMX 1200 camera and ACT-1 software,

Nikon Corporation, Tokyo, Japan). The images were visua-

lized using Photoshop (V5.5, Adobe Systems Inc., San Jose,

CA, USA), examined without knowledge of the treatments

and all glomeruli rated as normal or sclerotic. Results were

expressed as the percent of glomeruli that exhibited sclerosis.

Vascular function

The vascular function of aortic rings, with intact endothe-

lium, was assessed using established methods (Russell et al.,

2001). The contractile response of endothelium-intact rings

of aortae to phenylephrine (PE) was assessed through

concentration–response curves for PE (1 nmol�1 to

300 mmol�1). The basal NO-mediated relaxation of aortic

rings (pre-contracted with PE to 80% of maximal contrac-

tion) was assessed by determining the concentration

response to the endothelial NO-releasing agent, ACh and

the nitric oxide donor sodium nitroprusside (SNP). Direct

assessment of NO-mediated effects was also determined

through addition of NG-nitro-L-arginine methyl ester

(L-NAME), at 100 mM, to inhibit NOS activity (Radomski

and Salas, 1995).

Statistical analysis

Results are expressed as mean7s.e.m. and were analysed

using SigmaStat (Jandel Scientific, San Rafael, CA, USA) and

plotted using SigmaPlot (SPSS Inc., Chicago, IL, USA) and

Prism (Graphpad, San Diego, CA, USA). Data were compared

using one-way analysis of variance followed by multiple

comparison tests. Concentration–response curves were ana-

lysed using the program ALLFIT (De Lean et al., 1978), which

fits the complete data set to the logistic equation and permits

independent testing of differences between individual para-

meters. A value of Po0.05 was taken as being statistically

significant.

Materials

Reagents and chemicals, including ACh, bradykinin, PE

and SNP, were obtained from Sigma Chemical (Oakville,

ON, Canada). 2-Deoxy-D-glucose was supplied by Threshold

Pharmaceuticals Inc. (Redwood City, CA, USA).

Results

Body weight and food intake

Body weight and food intake of 2DG-treated and -control

rats are shown in Figure 1. Both groups treated with 2-DG

had slightly higher body weights throughout, whereas

continuously treated rats had significantly greater body
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weight than the cp/cp control rats at death (Figure 1a).

Interestingly, rats treated with 2-DG intermittently had

higher food consumption on days they received dietary

2-DG than on the days they were fed control food (Figure 1b).

Insulin and glucose metabolism

Treatment with 2-DG on an intermittent, but not on a

continuing, basis caused a significant reduction in the

fasting insulin concentration compared with cp/cp control

animals (Figure 2a). At 30 min post-tolerance test-meal, both

treated groups showed approximately 50% reduction in

plasma insulin response. At 60 min, when the insulin

response had largely abated, only the intermittent group

continued to show reduced insulin levels.

Under normal circumstances, plasma glucose levels in JCR:

LA-cp rats do not vary significantly, with the cp/cp animals

maintaining euglycemia, even postprandially, but at the

expense of very high insulin levels. Fasting and postprandial

glucose concentrations (following tolerance-test meal) are

shown for each group in Figure 2b. In the fasting state, only

rats being treated intermittently showed a reduction in

plasma glucose. At 30 min after meal, both groups treated

with 2-DG showed a reduced glucose response, which had

diminished by the 60-min time point.

Plasma lipids

Consistent with previous studies, concentrations of total and

HDL cholesterol were significantly lower in þ /? control rats

compared with cp/cp controls (Figure 3). Importantly,

continuous but not intermittent, treatment with 2-DG

significantly raised plasma concentrations of triglyceride

and total cholesterol, whereas values for LDL and HDL

cholesterol were not modified.

Cytokines and inflammatory markers

Plasma leptin concentrations were highly elevated in the cp/

cp rats compared with the þ /? controls (57.774.3 vs

2.970.6 ng ml�1). 2DG treatment did not alter the plasma

leptin levels compared with the cp/cp controls (49.173.3 and

64.379.5 ng ml�1, for intermittent and continuous treat-

ment, respectively). 2-DG treatment, on either dosing

schedule, significantly raised the plasma adiponectin con-

centrations in cp/cp rats (3.6070.12, 4.9770.19 and

4.5170.14 mg ml�1, for control, intermittently and continu-

ously treated, respectively; Po0.0001 for both schedules). In

addition, we observed a significant negative correlation

between adiponectin and plasma insulin concentrations

during the meal tolerance test (Figure 4) and in the fasting

state (Po0.05, data not shown). As shown in Figure 5, the

intermittent treatment normalized the elevated plasma

Figure 1 Body weight (a) and food intake (b) of 2-DG-treated and
control JCR:LA-cp rats. Data are mean7s.e.m., 10 rats in each group.
The continuously treated group had significantly greater body
weight than the cp/cp control rats at the end of the experiment
(Po0.001). In (b), rats treated with 2-DG intermittently consumed
more food on the days when they were given dietary 2-DG
(Po0.001).

Figure 2 Effects of 2-DG treatment on plasma insulin (a) and
glucose (b) levels in JCR:LA-cp rats, fasted and in response to a meal
challenge. Data are mean7s.e.m., 10 rats in each group. *Po0.05;
**Po0.01 vs cp/cp control.
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concentration of IL-1b in the cp/cp rat, whereas the

continuous treatment had no effect.

Renal microvascular effects

Figure 6a shows that 2-DG treatment, on either schedule, did

not alter the urinary albumin/creatinine ratio. However,

2-DG treatment (regardless of schedule) reduced the glomer-

ular sclerosis to a severity comparable to that of þ /? control

rats.

Macrovascular function

There was a significant reduction in the hyper contractile

response to PE of the cp/cp rat aortae from animals treated

with 2-DG, on either schedule, with maximum forces

equivalent to þ /? controls (Figure 7a). In the presence of

L-NAME (Figure 7b), the continuously treated (but not the

intermittent) group showed equivalence in maximum con-

tractility to þ /? rats. Figure 8a shows that aortae from

animals treated with 2-DG, on either schedule, showed a

significant increase in the maximum relaxation induced by

the NO releasing agent ACh. There was no difference in the

response to the direct NO donor SNP between any of the

groups (Figure 8b).

Discussion

Metabolic effects

Administration of 2-DG to the cp/cp rat has significant effects

on metabolism and pathophysiology. It is most striking that

some of these effects of 2-DG are dependent upon the

schedule of administration. Notably, continuous treatment

with 2-DG did not alter food intake per se, but resulted in a

modest, yet significant, increase in body weight. We

speculate that this effect could be the result of a reduced

rate of glucose oxidation. It is interesting that on the first

cycle of treatment (2 days), the food intake of the

intermittent treatment group was 18% higher than the cp/

cp control rats (39.771.6 g d�1 compared with

33.770.9 g d�1 for the cp/cp control rats and 21.770.5 g d�1

for þ /? controls). Thus, the rats are able, over a period of

1 day, to detect the metabolic effects of the 2-DG and

compensate. It is possible that the 2-DG food was more

attractive (sweeter) than the control food, but this is not

consistent with addition of 0.3% 2-DG to a diet containing

5.88% mono and disaccharides by weight. We acknowledge

that the intermittent treatment involved somewhat greater

Figure 3 Fasting plasma lipid concentrations in JCR:LA-cp rats
treated with 2-DG. *Po0.05; ***Po0.001 vs cp/cp control.

Figure 4 Regression analysis of plasma concentrations of adipo-
nectin and 30 min insulin response to test meal of cp/cp rats. The
slope of the regression line is significant (Po0.025).

Figure 5 Plasma concentrations of IL-1b of JCR:LA-cp rats, treated
with 2-DG. **Po0.005 vs cp/cp control.
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concentrations of 2-DG and it is possible that the metabolic

effects are due to acute exposure to this substrate, which

could be further explored through a dose–response study.

The cp/cp rats divert diet-derived glucose to hepatic

triglyceride production and conversion to very low-density

lipoprotein (VLDL) (Brindley and Russell, 2002), with VLDL

hyperlipidemia and secondary modest elevation of HDL and

total cholesterol (Vance and Russell, 1990). Although inter-

mittent 2-DG treatment did not change the plasma con-

centrations of any of the lipids measured, continuously

treated rats had significantly greater levels of both triglycer-

ide and total cholesterol, consistent with diversion of

substrate to hepatic triglyceride synthesis, uptake in periph-

eral fat and increased body weight as noted above (Brindley

and Russell, 2002). This is a potentially deleterious change,

especially in light of delayed clearance of chylomicron

remnants and VLDL in the cp/cp rat (Vine et al., 2007), yet

highlights the sensitivity of the lipid response to acute 2-DG

exposure.

Intermittent treatment with 2-DG caused an approximate

50% decrease in the fasting hyperinsulinemia of the cp/cp

rats, whereas continuous treatment resulted in a 30% (non-

significant) decrease. At 30 min, after meal in the tolerance

test, there was a corresponding 50% reduction in the insulin

response, in the intermittent group, compared to a 40%

decrease in the continuously treated group. The substantial

reduction in the postprandial insulin and accompanying

small, but significant, reductions in plasma glucose indicate

a reduction in insulin resistance in the intermittently treated

rats, with a weaker effect in the continuously treated rats.

This response is similar to that seen on intermittent

treatment of Sprague–Dawley rats by Wan et al. (2004), but

in a state of extreme insulin resistance (Russell et al., 1999).

We have reported previously that equivalent reductions

in plasma insulin levels and increase in insulin sensitivity,

in the cp/cp rat, are accompanied by major improvement in

vascular function and reduction in both atherosclerotic

lesions and ischemic myocardial lesions (Russell et al.,

1998b, 2000, 2004; Proctor et al., 2005).

Cytokines and other markers

Adiponectin is an adipocyte-derived cytokine that is inver-

sely related to both insulin resistance and inflammatory

Figure 6 Urine albumin/creatinine ratio (a) and fraction of
glomeruli exhibiting sclerosis (b) in 2-DG–treated rats. *Po0.02;
**Po0.01; ***Po0.005; Po0.0001 vs cp/cp control animals.

Figure 7 Contractile dose response to PE of aortic rings from cp/cp and þ /? rats. (a), in the absence of L-NAME; (b), in the presence of L-
NAME. Data are mean7s.e.m., 10 rats in each group. There are significant differences in maximum contractile response to PE between cp/cp
control and 2-DG-treated rats (Po0.0001), as detailed in the text.

Metabolic syndrome and 2-deoxy-D-glucose
JC Russell and SD Proctor 221

British Journal of Pharmacology (2007) 151 216–225



processes (Fasshause et al., 2004) with lower plasma con-

centrations reported in both obese humans and some rodent

models of obesity/insulin resistance (Altomonte et al., 2003;

Alemzadeh and Tushaus, 2004; Fredersdorf et al., 2004). For

example, Alemzadeh and Tushaus (2004) reported lower

plasma adiponectin concentrations in obese fa/fa ZDF rats

than in the lean phenotype. Adiponectin levels in cp/cp rats

were increased by 2-DG treatment on both schedules, with

the intermittent treatment giving higher (but marginally

non-significantly, P¼0.06) levels than the continuous

treatment. Adiponectin levels were inversely related to

insulin concentration, consistent with the changes in insulin

metabolism. In the absence of changes in body weight, the

significant increases in plasma adiponectin are unusual,

given the negative association with obesity (Alemzadeh and

Tushaus, 2004). Thus, the effect of 2-DG treatment must be

unrelated to adipose tissue mass and may reflect underlying

changes in the sensitivity of the adipocyte to improvements

in fasting and postprandial insulin.

IL-1b is a powerful mediator of systemic pro-inflammatory

pathways (Dinarello, 1998a, b) and the elevated levels seen

in the cp/cp rat are consistent with the concept that

atherosclerosis is an inflammatory process (Zhou et al.,

2002). The normalization of circulating IL-1b by the

intermittent 2-DG treatment is consistent with a reduction

in the pro-inflammatory state and corresponding improve-

ments to macrovascular dysfunctions (Russell et al., 1998b,

2000, 2004). These results are consistent with the observa-

tions of others that intermittent metabolic inhibition,

through fasting, has beneficial effects on the cardiovascular

system of non-obese non-insulin-resistant animals (Ahmet

et al., 2005; Mattson and Wan, 2005).

Effects on vascular function

The aortic vascular function results indicate a major reduc-

tion in the macrovascular dysfunction that is a prominent

component of the pathophysiology of the metabolic syn-

drome. The hypercontractile response of the arterial system

of the cp/cp rat is not confined to major conductance vessels,

such as the aorta, but is seen in mesenteric resistance vessels

and the coronary and glomerular circulation (O’Brien et al.,

1998; Russell et al., 2004). In this respect, the cp/cp rat

strongly resembles insulin-resistant and type 2 diabetic

humans (Sing et al., 2003; O’Neill et al., 2005). Such vascular

dysfunction has recently become recognized as a significant

contributor to the enhanced risk of acute coronary events in

diabetics associated with exposure to airborne fine particu-

late matter (Sing et al., 2003; Mills et al., 2005; O’Neill et al.,

2005; Proctor et al., 2006b), illustrating the complex multi-

factoral nature of cardiovascular disease. The cp/cp rat also is

prone to spontaneous ischemic lesions secondary to myo-

cardial infarct (O’Brien and Russell, 1997; Richardson et al.,

1998). Thus, the reduction in the contractile response to the

noradrenergic agonist PE, induced by 2-DG treatment, may

be expected to be reflected in reduced susceptibility to

spontaneous vasospasm and myocardial injury. The vascular

dysfunction is related to impaired endothelial NO-depen-

dent relaxation (Russell et al., 2001). Improved ACh-

mediated relaxation in the 2-DG-treated rats is consistent

with improved endothelial function and NO metabolism.

This observation is confirmed by the absence of any

differences in SNP-mediated relaxation, indicating normal

vascular smooth muscle relaxant function.

Effects on microvascular dysfunction

Micro albuminuria is a microvascular reflection of the

vasculopathy and damage accompanying the hyperinsuli-

nemic state and is associated with glomerular capillary

damage leading to glomerular sclerosis (Marshall and

Flyvjerg, 2006). As Figure 8a shows, the urinary albumin

levels are markedly elevated in the cp/cp rat and 2-DG

treatment did not reduce the levels. This may reflect the

young age (12 weeks) of the rats. Alternatively, albuminuria

while strongly associated with glomerular damage, is not

simply a marker, but may play a role in the development of

renal pathophysiology, independent of hyperinsulinemia. In

any event, the continuously treated rats had an incidence of

glomerular sclerosis comparable to þ /? control rats (Po0.01

Figure 8 Relaxant dose response to ACh (a) and SNP (b), of aortic rings, precontracted with PE, from cp/cp and þ /? rats. Data are
mean7s.e.m., 10 rats in each group. The 2-DG-treated aortae showed significantly improved ACh-mediated relaxation compared with cp/cp
controls (Po0.0001 and Po0.001 for intermittently and continuously treated, respectively). There was no significant difference between
groups in the response to SNP.
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vs cp/cp control) and the intermittently treated rats had a

somewhat lesser, but also significant, reduction in incidence

(P¼0.016). The reduction in glomerular sclerosis thus

reflects a significant amelioration of the microvascular

damage and dysfunction by 2-DG treatment, consistent with

reduction in hyperinsulinemia and IL-1b (Russell et al.,

2004).

Effects of treatment schedule and mechanism of cardioprotection

Treatment with 2-DG had effects that were highly dependent

upon the schedule which, at first consideration, is appar-

ently paradoxical. However, we have found that the cp/cp rat

shows significant physiological and metabolic changes when

subjected to a simple pair feeding regimen, in which the

animal is daily provided with the same amount of food that

an unmanipulated control rat ate on the same experimental

day (Russell and Proctor, unpublished observations). The rats

eat the food allocation immediately and are then deprived of

food for the balance of the diurnal period, inducing an

intermittent metabolic deprivation analogous to that of the

intermittent 2-DG treatment, albeit with a shorter time

cycle. Wan et al. (2004) also used an intermittent treatment

2-DG schedule, as an analogue of intermittent fasting, which

they have shown to have beneficial effects on the cardio-

vascular system (Mattson and Wan, 2005). The dose of 2-DG

used is low and had no toxic effects in either the cp/cp rat or

Sprague–Dawley rats (Wan et al., 2004). The continuous

treatment may be less effective due to intracellular accumu-

lation of 2-deoxy-glucose-6-phosphate, or it may be, as

suggested by Wan et al. (2004), that intermittent stress is

beneficial.

The mechanism underlying the beneficial action of 2-DG

in the cp/cp rat is not clear. The literature suggests that

protection against experimentally induced myocardial and

cerebral ischemia, and prolongation of life span, is related to

antioxidant effects and/or antiapoptotic mechanisms (Wan

et al., 2004; Ahmet et al., 2005; Mattson and Wan, 2005).

Although such mechanisms may play a role in the metabo-

lically normal animals used in those studies, evidence to date

indicates that hyperinsulinemia is a central underlying cause

of pathophysiology in the pre-diabetic cp/cp rat (O’Brien and

Russell, 1997; Absher et al., 1997, 1999; Richardson et al.,

1998). 2-DG treatment in the cp/cp rat resulted in significant

reduction in the hyperinsulinemia, analogous to that seen

by Wan et al. (2004) in metabolically normal Sprague–

Dawley rats. Similar reduction in hyperinsulinemia induced

by other treatments was associated with antiatherogenic

and/or cardioprotective effects in the cp/cp rat (Russell et al.,

1998b, 2000, 2004; Proctor et al., 2005). The association

between glucose and glucose-6-phosphate/glucose-6-phos-

phate dehydrogenase metabolism and iNOS activity, identi-

fied by Won et al. (2003), also raises the interesting

possibility that 2-DG affects vascular function through these

pathways.

Summary

Treatment with 2-DG has a number of highly beneficial

effects in the cp/cp rat model of pre-diabetes and the

metabolic syndrome. It is evident that intermittent treat-

ment is physiologically superior and that continuous treat-

ment of the rats was less efficacious in inducing beneficial

effects and had some deleterious effects not seen with

intermittent treatment. The improvements in insulin/glu-

cose metabolism, increase in adiponectin, reduction in IL-1b,

reduction in renal damage and reduced vascular dysfunction

are all substantial and consistent with reduced severity of the

metabolic syndrome. These results provide the first demon-

stration of protection against end-stage micro- and macro-

vascular disease in a pre-diabetic or type 2 diabetic animal

model by intermittent 2-DG treatment. Our findings also

suggest that it may be possible to develop other, more

effective, metabolic modulators of glucose metabolism to

treat the metabolic syndrome and to prevent the associated

cardiovascular complications.
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