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Chronic cigarette smoking is associated with dysfunction of the vascular endothelium. Smokers have also been shown to be 
insulin-resistant, at least in some studies. Since insulin-induced vasodilation is dependent on endothelial cell nitric oxide (NO) 
synthesis, we tested the hypothesis that decreased skeletal muscle blood flow causes insulin resistance in smokers. We 
studied 37 young normotensive normolipidemic nondiabetic men, of which 14 were smokers and 23 lifelong nonsmokers. The 
groups were similar with respect to age, body mass index (BMI), and maximal oxygen uptake (Vo2max). Basal and 
insulin-stimulated femoral muscle blood flow was measured using [150]H20 and insulin-stimulated muscle glucose uptake 
using [18F]fluoro-2-deoxy-D-glucose ([~SF]FDG) and positron emission tomography (PET). Whole-body glucose uptake was 
measured using the hyperinsulinemic (insulin infusion 5 mU/kg • min)-euglycemic clamp technique. In the basal state, muscle 
blood flow was 51% lower in smokers (17 __. 3 mL/kg muscle • min) versus nonsmokers (35 -+ 17 mL/kg,  min, P < .0001). 
Insulin increased muscle blood flow comparably in both groups; the mean rate of insulin-stimulated blood flow was 30 -+ 10 
and 55 _+ 38 mL/kg • min (P = .049), respectively. Whole-body and skeletal muscle glucose uptake were similar in both groups 
during insulin infusion. We conclude that muscle blood flow is lower in chronic smokers compared with nonsmokers under 
both fasting and hyperinsulinemic conditions. The insulin-induced increase in muscle blood flow and insulin-stimulated 
glucose uptake appear normal, suggesting that the vasodilatory and metabolic effects of insulin are intact in smokers and the 
reduced muscle blood flow per se does not cause insulin resistance in these subjects. 
Copyright © 1999 by W.B. Saunders Company 

C IGARETTE SMOKING has been shown consistently to be 
a major risk factor for atherosclerosis, and it is strongly 

associated with coronary, cerebral, and peripheral vascular 
disease. 1 Tobacco smoke contains numerous toxic substances, 
but it is still incompletely understood as to how smoking elicits 
harmful vascular effects. Smoking is acutely followed by 
several hemodynamic changes such as an increase in heart 
rate, 2-5 blood pressure, 3-5 and coronary vascular resistance 6 and 
a decrease in compliance of the brachial artery. 4 Total forearm 
blood flow has been reported to decrease? to remain un- 
changed, 4,5 or even to increase 7 after smoking. These changes 
are accompanied by increased plasma catecholamine concentra- 
tions. 2,5 It is presently unknown whether the acute hemody- 
namic effects of smoking, when repeated many times per day, 
induce permanent hemodynamic changes in smokers. 

Increased fasting serum insulin and triglycerides and de- 
creased high-density lipoprotein (HDL) cholesterol, indirect 
markers of insulin resistance and independent risk factors for 
cardiovascular disease, have characterized smokers in several 
studies. 84° However, the direct evidence linking smoking with 
the insulin resistance of glucose uptake is controversial. Im- 
paired insulin-stimulated glucose uptake has been found in 
some studies) 'H but no such association has been found in 
others, 9,12 In previous studies, smokers and nonsmokers gener- 
ally have been matched for age, body mass index (BM[), and 
adiposity but, without exception, not for physical fitness. This is 
unfortunate, since the latter parameter is an important determi- 
nant of insulin sensitivity in nolTnal subjects ~2J3 and may 
confound the comparison of any two groups independently of 
smoking status. 

Endothelial dysfunction, an early marker of atherosclerosis, 
also has been found to characterize chronic smokers in some 1449 
but not a l l  20'21 studies. At least large doses of insulin 2-~,23 have a 
vasodilatory effect that is localized to skeletal muscle 24 and 
mediated by endothelial cell nitric oxide (NO) synthesis. 25,26 
However, since there are no studies examining limb or muscle 
blood flow in chronic smokers during hyperinsulinemic condi- 

tions, it is also unknown whether the vasodilatory action of 
insulin, ie, the blood flow response to insulin, is impaired in 
these subjects. If  this is the case, it may contribute to the 
proposed resistance to the effect of insulin to stimulate muscle 
glucose uptake in smokers. 

To examine whether smoking is associated with the insulin 
resistance of glucose uptake in skeletal muscle independently of 
physical fitness, and whether smoking is associated with the 
impaired muscle blood flow response to insulin, we measured 
muscle blood flow and glucose uptake under fasting and 
normoglycemic-hyperinsulinemic conditions in a group of 
chronic smokers and a group of nonsmokers matched for age, 
BMI, and maximal oxygen uptake (Vo2max). 

SUBJECTS AND METHODS 

Subjects 

A total of 37 normal male subjects were studied; 14 were smokers and 
23 were nonsmokers. The smokers regularly smoked at least five 
cigarettes per day for at least 3 months preceding the study. Nonsmokers 
had never smoked. Ex-smokers and habttual smokers were not included 
in the study. The smokers and nonsmokers were similar with respect to 
age, BMI, and maximal oxygen uptake ('Qo~max), Insuhn-stimulated 
muscle blood flow and glucose uptake were measured in subgroups of 
smokers (n = 8) and nonsmokers (n = 12). These subgroups of smok- 
ers and nonsmokers were also similar with respect to age, BML and 
902max (,Table 1). 
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Table 1. Characteristics of the Study Groups 

Basal Study Insulin Clamp Study 

Smokers Nonsmokers Smokers Nonsmokers 
Characteristic (n - 14) (n = 23) (n = 8) (n = 12) 

Age (yr) 32 +- 9 32 -+ 9 37 + 10 38 -+ 8 

BMI (kg/m 2) 23.7 -+ 3.0 23.3 _+ 2.9 24.9 -+ 3.3 25.1 +_ 2.8 

Vo2max (mL/kg • min) 40.2 +- 7.0 41,2 -+ 5.7 36.5 +- 6.5 39.5 -+ 4.6 

Systolic blood pres- 

sure(mmHg)  122_+ 10 127_+8 124_+8 124_+6 

Diastohc blood pres- 

sure (ram Hg) 79 _+ 10 80 _+ 9 77 _+ 13 75 _+ 9 

Heart rate (l/rain) 6 4 -  + 13 62 _+ 12 66-+ 11 65 +_9 

Fasting plasma glu- 

cose(mmol/L) 5.4-+ 0.5 5,4_+ 0.5 5.5 -+ 0.5 5.4_+ 0.6 

Fasting serum cho- 

lesterol(mmol/L) 5,0 -+ 1.1 5.3-+ 0.8 5.3 -+ 1.0 5.1 _+ 0,6 

Fasting serum HDL 

cholesterol 

(retool/L) 1.2 -+ 0.3 1.1 _+ 0.2 1.0 -+ 0.1 1.1 -+ 0.2 

Fasting serum triglyc- 

erides (mmol/L) 1.4 + 0.7 1.0 -+ 0.3 1.5 -+ 0.7 1.0 _+ 0.3 
Blood hemoglobin 

(g/L) 148 -+ 8 143 -+ 5 152 -+ 8 142 _+ 3 

All subjects were healthy as judged by the medical history, physical 
examination, and routine laboratory tests, and were not taking any 
medications. Written informed consent was obtained after the purpose, 
nature, and potential risks were explained to the subjects. The experimen- 
tal protocol was reviewed and approved by the Joint Ethical Committee 
of the Turku Umversity Central Hospital and University of Turku. 

Study Design 

All subjects fasted overnight for 12 hours before the study and 
abstained from smoking during this period. The subjects remained 
supine during the study. Two catheters were inserted, one in an 
antecubital vein for infusion of glucose and insulin and injectmn of 
[150]H20 and [lSF]fluoro-2-deoxy-D-glucose ([18F]FDG) and one in the 
opposite radial artery for blood sampling. The study consisted of a 
40-minute basal period and a 120-minute hyperinsulinemic period 
(Fig 1). The serum insulin concentration was increased using a 
primed-continuous (5 mU/kg • min) infusion of insulin for 120 minutes. 
Muscle blood flow in the femoral region was measured twice, once 
during the basal period and once after 60 minutes of hyperinsulinemia 
using [150]HzO and positron emission tomography (PET). Femoral 
muscle glucose uptake was measured immediately after the blood flow 
measurement using [1SF]FDG and PET. Whole-body glucose uptake 
was determined independently of the PET measurements using the 
euglycemic insuhn clamp technique. 27 

Measurement of Muscle Blood Flow and Glucose Uptake With 
PET 

For the flow studies, approximately 30 to 45 mCi [150]I7120 was 
injected intravenously, and a dynamic scan was performed for 6 
minutes. To obtain the input functmn, artertal blood was continuously 
withdrawn with a pump at a speed of 6 mL/min, and radioactivity was 
measured using a two-channel on-hne detector system (Scanditronix, 
Uppsala, Sweden), which was cross-calibrated with an automatic 
gamma counter (Wizard 1480 3": Wallac, Turku, Finland) and the PET 
scanner. 

For the [laF]FDG study, approximately 5 mCi [18F]FDG was injected 
intravenously over 2 minutes and a 50-minute dynamic scan was 
started. Blood samples for measurement of plasma radioactivity were 

taken once during each time frame, and radioacnvity was measured 
with an automatic gamma counter (Wizard 1480 3"). 

Production of [150]H20 and [lSF]FDG. For production of [150] 
(tv2 = 123 seconds), a low-energy deuteron accelerator was used 
(Cyclone 3; Ion Beam Application, Louvain-la-Neuve, Belgium). 
[150]H20 was produced using a dialysis technique in a continuously 
working water module. 2s [aSF]FDG (t~ = 109.8 minutes) was synthe- 
sized with an automatic apparatus as described by Hamacher et al. z9 
Specific radioactivity at the end of the synthesis period was 2 Ci/lamol, 
and the radiochemical purity was greater than 98%. 

Image acquisition and processing. An eight-ring ECAT 931/08 
tomograph (Siemens/CTI, Knoxville, TN) was used. The scanner has an 
axial resolution of 6.7 mm and in-plane resolution of 6.5 ram. 3° The 
observed final in-plane resolution was 8 mm. The subject was posi- 
tioned in the tomograph with the femoral regions in the gantry, Before 
the emission scan, a transmissaon scan for correction of photon 
attenuation was performed for 15 minutes with a removable nng  source 
containing 6SGe. All data were corrected for dead time, decay, and 
measured photon attenuation and reconstructed into a 128 X 128 matrix 
using a Hann filter with a cutoff frequency of 0.5. 

Calculation of regional muscle blood flow. Internal and external 
dispersions were corrected for using an exponential dispersion function 
time constant, and the delay between the input curve and the tissue 
curve was solved by fitting. Blood flow was calculated plxel by pIxel 
into flow images using the autoradiographic method 3U2 and a greater 
than 200-second tissue integration time as previously described. 32 The 
method for measunng blood flow with PET recently has been compared 
with venous occlusion plethysmography. 33 

Calculation of regional glucose uptake. The three-compartment 
model of [18F]FDG kinetics 34 and a graphical analysis according to the 
method of Patlak and Blasberg 35 were used to quantify the fractional 
rate of tracer phosphorylation, 1{1. The rate of glucose uptake, rGU, was 
obtained by multiplying K1 by the plasma glucose concentration, [Glc]p 
divided by a lumped constant term, LC: rGU = K, X ([Glc]p/LC). The 
LC accounts for differences in the transport and phosphorylatiou of 
[lSF]FDG and glucose, and was assumed to equal 1.0 for skeletal 
muscle as previously described. 36 

Regions of interest. Regions of interest (ROIs) were drawn in the 
anterior, anterolateral, and posterior muscle compartments of the 
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Fig 1. Study design. After a 4g-minute basal period, insulin was 
infused intravenously at a rate of 5 mU/kg • rain for 120 minutes and 
normoglycemia was maintained by glucose infusion at a variable 
rate, Muscle blood flow was measured in the basal state and after 60 
minutes of insulin infusion with [150]H20 and PET. Insulin-stimulated 
glucose uptake was measured immediately after the second blood 
flow measurement with [18F]FDG and PET. 
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femoral regmn m four consecutive cross-sectional shces in both legs, 
carefully avoiding the great vessels. The localizatmn of muscle 
compartments was verified by comparison of the flow images to the 
transmission image, which prowdes a topographical distribution of 
tissue density. The ROIs outlined in the flow images were matched to 
the [lSF]FDG radmactiwty images to obtain quantitative data from 
identical regions. 

Whole-Body Ghtcose Uptake 

The rate of whole-body glucose uptake was determined using the 
euglycemic-hyperinsulinemic clamp techmque as previously de- 
scribed? 7 Human insulin (Velosulin; Novo Nordisk, Bagsvaerd, Den- 
mark) was refused in a primed-continuous manner at a rate of 5 
mU/kg • min for 120 minutes. Normoglycemia was maintained using an 
infusion of 20% glucose. Since hepatic glucose productmn is com- 
pletely suppressed during a 5 mU/kg, rain insulin infusion, 37,3. whole- 
body glucose uptake was calculated from the glucose mfusmn rate after 
correction for changes in the glucose pool size. 27 Arterial blood samples 
were taken at 5- to 10-minute intervals for determination of plasma 
glucose and at 30-minute intervals for measurement of the serum 
free-insulin concentration. 
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Fig 3. Femoral muscle blood flow in the basal state and during 
insulin stimulation in smokers and nonsmokers. 

DISCUSSION 

The novel finding of the present study is that basal femoral 
muscle blood flow was significantly lower in smokers compared 
with nonsmokers under fasting conditions. This finding was 
unexpected, since resting forearm blood flow, without excep- 
tion, has been found to be comparable in smokers and nonsmok- 
ers as measured with venous occlusion plethysmography. 14.17.20.21 
However, plethysmography only enables measurement of the 
total limb blood flow, not quantitation of regional blood flows 
within various tissues of the limb. If blood flow to nonmuscular 
tissue is substantially different from blood flow to muscle tissue, 
the total limb blood flow does not adequately reflect muscle 
blood flow. Blood flow per unit volume is higher in muscle 
versus, eg, subcutaneous fat and bone. 39,4° In addition, the 
relative forearm muscle content varies widely even in normal 
subjects 41 and has been found to be positively correlated with 
total forearm blood flow. 23 In general, smokers tend to be leaner 
than nonsmokers, 1°.4~ and smokers also have an altered body fat 
distribution favoring intraabdominal over peripheral subcutane- 
ous fat. 42 Thus, if the smokers had relatively more muscle tissue 
in the forearm than nonsmokers, this may increase the apparent 
rate of total forearm blood flow and explain why a true 
difference in muscle blood flow might be missed. PET com- 
bined with [150]H20 offers the only technique presently avail- 
able for the direct and reliable quanfitation of muscle blood flow 
in humans. This method has been applied and validated for 
blood flow measurements in low-flow regions such as skeletal 
muscle by Ruotsalainen et al32 in our laboratory. 

Smoking has been associated with endothelial dysfunction of 
conduit and resistance arteries in several studies. For instance, 
abnormal responses to acetylcboline have been found in both 
the  fo rea rm 14 and coronary ~5 circulation in heavy smokers. 
Flow-induced vasodilation, which is mediated via endothelial 
cell NO production in response to increased shear stress, is also 
impaired in healthy young white smokers, t6.43 In addition, the 
vasoconstrictive response to inhibition of endothelial cell NO 
synthase appears diminished in both peripheral 17as and coro- 

nary  19 vascular beds in smokers compared with nonsmokers, 
suggesting an impaired basal release and synthesis of NO by 
endothelial cells induced by smoking. However, the reduced 
basal production and release of NO and prostacyclin t7,18,44 in 
smokers might offer one explanation for the lower basal muscle 
blood flow in the smokers of the present study. Our subjects 
were young normotensive normolipidemic men with no clinical 
signs or symptoms of peripheral vascular disease. None of the 
subjects had any symptoms of myocardial or leg ischemia 
during the bicycle ergometer test. Therefore, it is unlikely that 
the reduced skeletal muscle blood flow in smokers was due to 
atherosclerotic manifestations in leg conduit arteries. 

Insulin increases the total limb blood flow in a dose- and 
t ime-dependen t  fashion.  22,23 The insulin-induced vasodilatory 
effect is preferentially localized in skeletal muscle, 24 and the 
main mechanism responsible for this effect in humans seems to 
be the stimulation of NO synthesis in vascular endothelial 
cells. 25,26 We did not directly assess endothelial function in the 
present study. However, the similar percent increases in muscle 
blood flow in response to insulin in smokers and nonsmokers 
suggest that the stimulation of endothelial NO synthesis, at least 
by insulin, was not impaired in smokers. 

The fasting serum insulin concentration, a marker of insulin 

S M O K E R  N O N - S M O K E R  
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Fig 4. Parametric images showing basal (top} and insulin- 
stimulated (middle) muscle blood flow and insulin-stimulated muscle 
glucose uptake (bottom) in 1 smoker and 1 nonsmoker, The intensive 
red and yellow depict high blood flow or glucose uptake. 
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resistance, 45 has been found to be higher in smokers versus 
nonsmokers in some 1° but not all s,9 studies. On the other hand, 
chronic smoking has not been observed to be associated with 
insulin resistance in studies in which insulin-stimulated whole- 
body glucose uptake has been measured using the "gold 
standard" euglycemic-hyperinsulinemic clamp technique either 
in normal subjects 9 or in patients with insulin-dependent 
diabetes mellitus. 46 In the present study, we found a slight 
difference (3 mU/L) in fasting serum insulin between smokers 
and nonsmokers. On the other hand, the insulin-stimulated rates 
of whole-body and skeletal muscle glucose uptake were not 
significantly different. This discrepancy may suggest that smok- 
ers can exhibit insulin resistance under low physiological 
insulin concentrations, and this resistance can be overcome by 
insulin concentrations that maximally stimulate glucose metabo- 
lism as applied in the present study. We chose a supraphysiologi- 
cal insulin concentration because it maximized the likelihood of 
detecting an insulin-induced increase in muscle blood flow and 
any putative defect in the vasodilatory response to insulin. 22-23 

The comparison of smokers and nonsmokers may be con- 
founded by factors that determine insulin sensitivity in normal 
subjects, 12,13 such as the B MI and Vozmax, independently of the 
smoking status. However, "Qo2max, perhaps the most important 
single determinant of insulin sensitivity, 13,47 has not been 
measured in previous studies. Therefore, the impaired insulin 
sensitivity observed in some studies in smokers s,4s may be 
explained by differences in physical fitness. When we studied 
smokers and nonsmokers also matched for "Qo2max, we did not 
find any difference in insulin sensitivity. 

It has been suggested but not proven that an insulin-induced 
increase in muscle blood flow may regulate insulin-stimulated 
glucose uptake in normal subjects, and that defects in the 
vasodilatory effect of insulin found in various insulin-resistant 

states 49 could contribute to the insulin resistance commonly 
observed in these patients. On the other hand, blood flow 
responses to insulin do not differentiate between insulin- 
resistant and -sensitive normal individuals. 50 An unchanged 
insulin stimulation of glucose uptake despite an approximately 
85% lower rate of muscle blood flow in smokers versus 
nonsmokers in the present study strongly suggests that skeletal 
muscle can compensate for the long-term reduction in muscle 
perfusion by increasing glucose extraction. This concept is in 
agreement with previous studies showing that increased muscle 
blood flow induced by, eg, local bradykinin 33 or adenosine 51 
infusion does not per se increase muscle glucose uptake, but is 
in contrast to studies in which acute reductions in blood flow 
resulted in decreased insulin-stimulated glucose uptake. 52,53 The 
present study therefore implies that acute and chronic reduc- 
tions in muscle blood flow are not necessarily comparable with 
regard to the effect on insulin-stimulated muscle glucose 
uptake. 

We conclude that muscle blood flow is lower in chronic 
smokers compared with nonsmokers both under fasting condi- 
tions and under hyperinsulinemic conditions that maximally 
stimulate glucose metabolism. The increase in muscle blood 
flow and glucose uptake by insulin appears normal, suggesting 
that the vasodilatory and metabolic effects of insulin are intact 
in smokers and the reduced muscle blood flow per se does not 
cause insulin resistance in these subjects. 
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