
Insulin-Like Growth Factor-I Improves Glucose Util ization in Tumor Necrosis 
Factor-Treated Rats Under Hyperinsul inemic-Euglycemic Conditions 

Pei Ra Ling, Pilar Sierra, Zhensheng Qu, and Bruce R, Bistrian 

The purpose of this study was to determine the effect s of insulin-like growth factor-I (IGF-I) on glucose metabolism in normal 
and tumor necrosis factor (TNF)-treated rat s under euglycemic and hyperinsulinemic conditions. During a hyperinsulinemic 
clamp (10 mU/kg • min), rats further received either saline or IGF-I (3.33 i~g/kg • min) infusion for 2 hours. Glucose kinetics 
were determined with [3H-3]-glucose. Glucose utilization in peripheral tissues was examined by glucose uptake using 
[14C-2]-deoxyglucose (14C-DG)and by glycogen content in select tissues. The results showed that TNF infusion significantlY 
decreased the rate of glucose infusio n required to maintain euglycemia. TNF decreased glycogen content significantly in liver 
and marginally in abdominis muscle. TNF also decreased glucose uptake in muscle, although the decrease was only 
statistically significant compared with IGF-I infusion. In addition, TNF significantly reduced plasma IGF-I concentration. 
However, during hyperinsulinemic and euglycemic conditions, exogenous IGF-I significantly increased glucose uptake in 
muscle and glycogen storage i n the liver and abdominis muscle in both saline- and TNF-treated groups. IGF-I normalized each 
of the effects of TNF in the rats, including those 0n plasma IGF2 !, glucose uptake in muscle, and glycogen content in liver and 
abdominis muscle, These data suggest that under hyperinsulinemic and euglycemic conditions, TNF-treated rats, although 
resistant to insulin, have a normal response to IGF-i, indicating that the TNF-induced defect in the insulin pathway may not be a 
step in the IGF-I pathway. 
Copyright© 1997by W.B. Saunders Company 

I NSULIN-LIKE GROWTH FACTOR-I (IGF-I) has structural 
homology with insulin. IGF-I also shares a wide range O f 

functions with insulin, including stimulation of cell growth and 
differentiation and participation in cellular transport and metabo- 
lism of glucose and protein.X-4 

In skeletal muscle in vitro, IGF-I has major insulin-like 
stimulatoryeffects on glucose uptake, glycolysis, and glycogen 
synthesis. 5-7 In normal rats, iGF-! infusion causes hypoglyce- 
mia, TM primarily by stimulating peripheral glucose uptake. 
Under catabolic conditions produced by a variety of stimuli 
including corticosteroids, 6 fasting, m,ll dietary protein restric- 
tion, 12'13 and tumor necrosis factor (TNF) infusion? 4 IGF-I 

administration has had positive effects on protein synthesis and 
nitrogen balanc e , as well as on the rate of glucose clearance 
suggesting that the anabolic effects of IGF-I are well preserved 
in the "stress state." In human studies, the effects of IGF-I 
infusion in normal volunteers and catabolic or diabetic subjects 
are comparable t ° the effects seen in rats.8,15:18 Since catabolic 

stress and diabetes are associated with insulin resistance, these 
findings suggest that IGF-I may have a distinct and significant 
role in the regulation of metabolism. 

The present study was undertaken to compare the effects of 
IGF-i infusion on glucose metabolism in normal and TNF- 
treated rats. Previous studies have demonstrated that TNF 
infusion can induce insulin resistance both in hepatic glucose 
production and in glucose utilization in peripheral tissues. 19-2i 
Therefore, the same animal model was used in thi s study. The 
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present study was conducted under conditions of hyperinsulin- 
emia and euglycemia. Using the hyperinsulinemic-euglycemic 
clamp technique, we were able to determine the in vivo effects 
of IGF-I on glucose metabolism without any influence from the 
changes in plasm a insulin and glucose concentrations. 

MATERIALS AND METHODS 

Animal Preparation 

Male Sprague-Dawley rats (weight, 45 to 50 g; Taconic Farms, 
Germantown, NY) were acclimatize d in individual cages in a light- 
contro!led room (12 hours on/12 hours off) at a temperature of 22 ° to 
24°C for 4 days. During this period, animals were fed a regular rat chow 
diet and had access to tap water ad libitum. Animals were then switched 
to a modified AIN-76 diet with 30% of nonprotein calories from fat and 
water ad libitum for 6 weeks. The final body weight was about 350 g. 
On the day before the experiment, the animals underwent a surgical 
procedure under ether inhalation for catheter placement. One catheter 
(Polyethylene Tubing, PE 50, ID 0.58 mm, OD 0.965 ram; Becton 
Dickinson, Parsippany, N J) was inse~ed into the left carotid artery for 
sampling blood; two other silastic catheters (Silicone tubing, ID 0.025 
in, OD 0.047 in; Baxter Healthcare, Deerfield, IL) were placed in both 
jugular veins for administration of tracers mad hormones. The animals 
were then allowed to recover in individual cages. There were no 
noticeable changes in eating pattern and activity levels, and there was 
no obvious infection. 

Experimental Design 

After overnight fasting, the animals were randomly divided into two 
groups. One group received saline infusion as a control (saline), and the 
other group (TNF) received 20 pg/kg recombinant murine TNF 
containing less than 200 pg endotoxin/ng protein (Genentech, San 
Francisco, CA). Half of the dose (10 Bg/kg) of TNF was administered 
by intravenous bolus, and the remainder (10 gg/kg) was constantly 
infused over 3 hours. Within each group (saline or TNF), animals were 
further divided into tWO groups according to treatment: saline or 3.33 
~g/kg • rain !GF-I. Therefore, a total of four groups were included in 
this study: (1) saline, saline (S/S, n = 9); (2) saline, IGF-I (S/IGF, 
n = 11); (3) TNF, sal!ne (TNF/S, n = 9); and (4) TNF, IGF-I (TNF/IGF, 
n = 10)i Saline, TNF, and iGF-I solutions were freshly prepared on the 
day of the experiment by mixing with 0.1% human albumin. 

Basal arterial blood samples were drawn for determination of blood 
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glucose, insulin, and IGF-I before the infusions. By the end of the first 
hour of infusion of saline or TNF, blood was drawn again for 
determination of plasma glucose, insulin, and IGF-I (60 minutes); then, 
a modification of the hyperinsulinemic-euglycemic clamp technique 
was used. Insulin was continuously infused at 10 mU/min, kg begin- 
ning 1 hour after the initial infusions, followed within 1 minute by 20% 
dextrose (Astra Pharmaceutical Products, Westborough, MA) infused at 
a variable rate through another jugular vein with a variable syringe 
infusion pump (Harvard Apparatus, South Natick, MA). Arterial blood 
was sampled every 10 minutes for measurement of glucose concentra- 
tion. The rate of glucose infusion was adjusted empirically after each 
arterial plasma glucose determination to maintain a basal euglycemic 
condition. All animals received a 5-pCi (Du Pont, Wilmington, DE) 
bolus injection of purified [3H-3]-glucosel This was followed by a 
constant infusion of 5 laCi/h through the same jugular vein for 2 hours 
for determination of plasma glucose appearance and endogenous 
glucose production. At 138 minutes of the initial infusion, a bolus of 5 
DaCi [14C-2]-deoxyglucose (14C-DG) was injected intravenously; then, 
400-faL arterial blood samples were drawn at 140, 150, 160, 170, and 
180 minutes for measurement of 14C-DG levels in plasma. Blood 
samples, 100 taL each, were drawn at 140, 160, and 180 minutes for 
measurement of specific activity of plasma glucose. After each sam- 
piing, 0.5 mL saline was injected to replace the blood volume. Isotopic 
steady state was achieved during the last hour of the clamp period as 
demonstrated by constant plasma glucose specific activity (data not 
shown). 

At the end of the infusions (180 minutes of total infusion time or 120 
minutes during the hyperinsulinemic-euglycemic clamp), a blood 
sample was collected, and then 5 mg pentobarbital sodium was 
intravenously injected to euthanize the animal. The rectus ahdominis 
muscle, gastrocnemius muscle, and liver were taken by an in situ 
freeze-clamping technique for determination of glycogen content. Other 
pieces of liver and muscle were taken for measurement of 14C-DG 
counts. The abdominal mesenteric adipose tissue was also removed and 
weighed for 14C-DG counts. All samples were stored at -20°C until 
analysis. 

The experiment was approved by the Animal Care Committee of the 
Beth Israel Deaconess Medical Center, which follows guidelines 
established by the Committee on Care and Use of Laboratory Animals 
of the Institute of Laboratory Animal Resources, National Research 
Council. 

Analytical Procedures 

Plasma glucose concentration was determined by the glucose oxidase 
method using a Beckman glucose analyzer (Beckman Instruments, 
Fullerton, CA). Plasma insulin was determined using a standard 
radioimmunoassay with a porcine insulin standard (Binax, South 
Portland, ME). Plasma total IGF-I was determined by a radioimmunoas- 
say kit using an acid-ethanol extraction method to separate binding 
proteins (Nichols Institute, San Juan Capistrano, CA). 

Glucose specific activities in plasma were determined as previously 
described. 22,23 Briefly, plasma samples were first deproteinized with 
equal volumes of Ba(OH)2 and ZnSO4 and immediately centrifuged. 
The supernatant was then passed through a 1.5 × 1.5-cm column of 
analytical-grade anion (200 to 400 mesh; Bio-Rad Laboratories, 
Richmond, CA) resin and a 1.5 × 1.5-cm column of cation (200 to 400 
mesh; Bio-Rad) resin. This procedure resulted in adherence of 3H- 
labeled organic acids to the resin. Each column was then washed with 3 
mL distilled water to elute the labeled glucose. The eluate was collected 
and evaporated to dryness in an oven at 60°C, and the residue was 
dissolved in 1 mL distilled water. One aliquot was counted for 
3H-glucose content using Beckman Ready Gel scintillation fluid 
(Beckman Instruments) and external standard for efficiency determina- 
tion. Another aliquot was used for determination of glucose content. 

Plasma 14C-DG level and accumulation of ~4C-DG in the tissues were 

determined using a method described elsewhere. 24,25 In brief, blood 
samples were deproteinized with Ba(OH)2-ZnSO4 and immediately 
centrifuged. An aliquot (100 pL) of the supernatant was used for 
counting 14C-DG radioactivity (Beckman Instruments). Tissue samples 
were placed in 0.5 or 1 mL 1-mol/L NaOH (according to the size), 
digested at 60°C for 1 hour, and then neutralized with 1 mol/L HC1. 
Separate 200-gl aliquots of digested tissues were treated with either 1 
mL HC1O4 (4% wt/vol) or t mL Ba(OH)2-ZnSO4 and centrifuged. The 
supematants were counted for 14C-DG plus 14C-6-phosphate (HC104- 
treated fractions) and 14C-DG only (Ba(OH)2-ZnSO4-treated fractions). 

Glycogen content in the tissues was determined using the method 
described by Carr and Neff 26 with modifications. Briefly, 200 mg frozen 
tissue sample was homogenized in 3 mL 100-mmol/L sodium citrate 
(pH 5.0). The samples were then placed in a boiling water bath for 5 
minutes, following which the sample was rehomogenized. One aliquot 
was incubated with 0.5% amyloglucosidase (Sigma Chemical, St Louis, 
MO) at 25 gL/mL sample in 100 mmol/L sodium citrate buffer 
overnight. The other was incubated only with sodium citrate buffer. 
Rabbit liver glycogen (Sigma; Type III) in replicate was used as the 
standard and treated in the same manner as the samples, ie, incubated 
with and without 0.5% amyloglucosidase in 100 mmol/L sodium citrate 
buffer overnight. After incubation, the standards and samples were 
centrifuged at 16,000 rpm for 30 minutes. A Beckman glucose analyzer 
was used to assay the glucose content of the supernatants. 

Calculations 

The rate of glucose appearance (Flux) was calculated using the 
infusion rate of 3H-labeled tracer (I) and steady-state plasma 3H-3- 
glucose specific activity, as follows: Ra = I/plasma 3H-3-glucose 
specific activity. The rate of endogenous glucose production was 
calculated from the difference between the determined total rate of 
glucose appearance and the exogenous glucose infusion rate during the 
clamp. 

The apparent rate of glucose uptake in tissue was calculated based on 
accumulation of 2-DG-P in the tissue and the integrated 2-DG to 
glucose ratio in plasma during the 42 minutes after 14C-DG injection, as 
described previously, z~-23 The lumped constant in different tissues was 
assumed to be 1.0. 

The following formula was used to convert the glucose values of 
enzyme-treated and untreated samples back to the tissue glycogen 
concentration26: 

(T - U) × (Se/S0) × V 
G =  

100 × W 

G is the glycogen concentration (mg/g); T, glucose reading of enzyme- 
treated aliquot (mg/dL); U, glucose reading of untreated sample 
(mg/dL); Se, expected glucose reading for the glycogen standard (eg, 
111 mg/dL for 0.1% glycogen standard); So, observed glucose reading 
for the glycogen standard; V, volume of extracting solution in which the 
tissue sample was homogenized (mL); and W, weight of the tissue 
sample (g). 

Statistical Analysis 

Data are presented as the mean _+_ SEM. Group means were compared 
by two-way ANOVA using the SYSTAT statistical software package 
(SYSTAT, Evanston, IL). Significance was defined as a P value less than 
.05. Comparisons among groups were made by Fisher's least-significant 
difference (LSD) test for the changes in plasma glucose, IGF-I, glucose 
kinetics, insulin-stimulated glucose uptake, and glycogen content in 
tissues when ANOVA was found to be significant at the 95% confidence 
level. 
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RESULTS 

Blood glucose concentrations are summarized in Table 1. 
Basal plasma glucose level was 109 to 112 mg/dL, and there 
were no significant differences among groups. Infusion of TNF 
for 1 hour did not change plasma glucose concentration. 
However, IGF-I infusion at the rate of 3.33 iJg/kg • rain for the 
first hour significantly decreased plasma glucose levels in both 
saline- and TNF-treated rats, indicating a stimulatory action of 
IGF-I on glucose utilization. During the clamp period, the 
plateau for plasma glucose was reached after 1 hour of infusion 
of insulin (10 mU/kg • min) (data not shown), and was well 
maintained at the basal level between 103 and 106 mg/dL in all 
groups thereafter. 

Basal insulin concentrations were 54 to 56 ~aU/mL (Table 2). 
Similar to the changes in plasma glucose concentrations, 1 hour 
of TNF infusion also did not change insulin levels, and IGF-I 
infusion for the first hour resulted in significant decreases in 
insulin concentrations. There was a 45% decrease in the saline 
group and a 37% decrease in the TNF group, respectively. 
During the clamp with insulin infusion at 10 mU/kg, rain, 
plasma insulin significantly increased to the range 312 to 400 
~U/mL. There were no significant differences among groups. 

Figure 1 shows changes in plasma IGF-I concentrations in all 
groups. With TNF infusion alone (TNF/S), basal plasma IGF-I 
was significantly decreased from 647 ng/mL to 378 ng/mL at 60 
minutes, and further to 201 ng/mL at 180 minutes. With saline 
infusion alone (S/S), plasma IGF-I was not changed at the first 
hour, but significantly decreased from the basal level to 457 
ng/mL at 180 minutes. Therefore, the plasma level of IGF-I was 
significantly lower in the TNF group at 60 minutes (P < .005 by 
LSD) and 180 minutes (P < .005 by LSD) compared with all 
other groups. IGF-I administration significantly increased plasma 
IGF-I levels in both saline and TNF groups, but there were no 
significant differences between saline- and TNF-treated animals 
at either 60 or 180 minutes. 

Table 3 lists the exogenous glucose infusion rate achieved in 
the last hour of the clamp, as well as the rates of glucose 
appearance (Flux) and hepatic glucose production. The glucose 
infusion rate required to maintain similar glucose levels was 
significantly lower in the TNF/S group compared with the other 
groups. Glucose flux measured by isotope dilution was not 
different among groups. However, the rate of hepatic glucose 
production, calculated by subtracting the rate of infusion of 
exogenous glucose from the tracer-determined total rate of 
plasma glucose flux, was higher in the TNF/S group (P < .05 
by interaction), although in no group was this value signifi- 
cantly different from zero. IGF-I administration in the saline 
group did not require an increased rate of exogenous glucose 
infusion, nor did it change the rate of glucose appearance. In 

Table 1. Changes in Plasma Glucose (mg/dL) 

Group Treatment No. Basal 60 min 180 min 

Saline Saline (S/S) 9 109 -+ 4 100 -+ 2 103 ÷ 2 

IGF-I (S/IGF) 11 112 -+ 12 95 -+ 5* 103 -+ 2 

TNF Saline (TNF/S) 9 108 -+ 7 103 -+ 4 104 -+ 2 

IGF-I (TNF/IGF) 10 106 -+ 2 91 + 3* 106 ± 3 

NOTE. Results are the mean _+ SE. 

*P  < .05, S v IGF by 2-way ANOVA. 

LING ET AL 

Table 2. Changes in Plasma Insulin ( l~U/mL) 

Group Treatment No. Basal 60 rain 180 rain 

Saline Saline (S/S) 9 56 -+ 5 52 -+ 2 312 +- 44 

IGF-I (S/IGF) 11 54 -+ 3 28 -+ 4*  349 + 46 

TNF Saline (TNF/S) 9 56 _+ 6 53 _+ 6 400 +_ 68 

IGF-I (TNF/IGF) 10 55 _+ 4 33 -+ 3*  309 _+ 46 

NOTE. Results are the mean +- SE. 

*P < .001, S v lGF by 2-way ANOVA. 

contrast, IGF-I infusion in the TNF group restored the rate of 
glucose infusion to the control level. 

Figure 2 shows the apparent rates of insulin-stimulated 
glucose uptake by individual tissues. TNF tended to increase 
glucose uptake in the liver as compared with saline, but not 
significantly. On the other hand, TNF infusion (TNF/S) signifi- 
cantly decreased the rate of insulin-stimulated glucose uptake in 
both rectus abdominis and gastrocnemius muscles compared 
with both IGF treatments (S/IGF and TNF/IGF), although the 
decreases did not reach statistical significance compared with 
saline infusion (S/S). IGF-I infusion significantly enhanced the 
rate of glucose uptake in these two muscles in both TNF and 
saline groups (P < .05 by treatment, two-way ANOVA). Such 
effects of IGF-I to increase glucose uptake in muscle tissue were 
more effective in the TNF group as compared with the saline 
group. IGF-I infusion did not change glucose uptake in liver in 
either saline or TNF groups. No significant differences were 
observed in fat tissue either between saline and TNF or between 
saline and IGF-I infusion. 

Figure 3 shows glycogen content in the tissues. TNF treat- 
ment decreased glycogen content significantly in the liver and 
marginally in rectus abdominis muscle. IGF-I administration 
significantly enhanced glycogen content in the liver and abdomi- 
nis muscle (P < .05 by two-way ANOVA), with significant 
reversal of the TNF effect in both (P < .05 by LSD). In the 
gastrocnemius muscle, the same trend was observed with TNF 
infusion, but it did not reach statistical significance (P = .09 by 
two-way ANOVA). 

DISCUSSION 

We have previously shown that infusion of TNF 20 ~g/kg for 
3 hours leads to inhibition of insulin action in rats. 21 The present 
results confirm the insulin resistance as evidenced by less 
glucose being required to maintain euglycemia and by the lower 
rate of insulin-stimulated glucose uptake in different skeletal 
muscles in rats receiving TNF only. Consistent with previous 
findingsy infusion of TNF also decreased glycogen content in 
the liver and one of the two muscles examined. Under normal 
conditions, insulin accelerates glycogen formation in the liver, 
in keeping with its role as an anabolic hormone. In this study, 
during euglycemia, infusion of insulin 10 mU/kg • min resulted 
in 102.4 _+ 12.4 mg glycogen in 1-g wet liver tissue in the TNF 
(TNF/S) group, which was 25% less than in the saline (S/S) 
group. Moreover, despite normal and similar plasma glucose 
levels between saline and TNF groups, a trend to less glycogen 
was also observed in the abdominis muscle in the TNF group. 
These findings provide further support to the idea that TNF 
administration directly results in resistance to insulin action on 
glucose utilization. 

The present results also showed that infusion of TNF 20 
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~g/kg significantly decreased plasma IGF-I from 647 _+ 36 to 
378 ± 48 ng/mL after the first hour of infusion, which further 
decreased to 203 ± 27 ng/mL after 3 hours of infusion 
(P < .005 by LSD). In the saline-only group, a decrease in 
plasma IGF-I was also observed at the end of the study, which 
may be a consequence of the stress from blood sampling. 
However, plasma IGF-I was still significantly higher in saline 
groups compared with TNF groups. Since all animals under- 
went the same experimental procedure, the higher plasma IGF-I 
concentration in the saline groups suggested a direct effect of 
TNF on the decrease of plasma IGF-I, which was also signifi- 
cantly lower in the TNF-only group compared with all other 
groups. Fan et al28 have reported that infusion of TNF at 0.1, 1, 
or 5 lag/kg • h overnight significantly reduces plasma IGF-I by 
57% to 63 %, and the decreases were independent of the dose of 
TNF used. Our data, together with their findings, suggest that 
the reduction of plasma IGF-I by TNF is also not time- 
dependent. However, these results are different from our 
previous findings. In that study, 23 when TNF 20 ~ag/kg was 
infused into the rats in the same fashion as in this study, it did 
not change plasma IGF-I concentrations. The major difference 
that might account for this discrepancy is the nutritional status. 
Our previous study was performed in the fed state. Before 
infusion of TNF, animals were intravenously fed by an adequate 
nutritional regimen supplying 250 kcal/kg, d, 2 g nitrogen/ 

kg • d, and 30% of nonprotein calories from fat for 20 hours to 
achieve a fed steady state. Animals were also continuously 
receiving nutritional support during TNF infusion. In the 
current study, animals were fasted overnight and then received 
glucose infusion only sufficient to maintain euglycemia during 
TNF infusion. Therefore, the nutritional status of the host may 
have contributed to the responses of plasma IGF-I to TNF 
administration in vivo. 

The present results also showed that increasing plasma IGF-I 
levels up to 1.5-fold over the short term (after the first hour of 
infusion of 3.33 gg/kg • rain IGF-I) acutely depressed plasma 
insulin, in agreement with previous findings. This is probably 
due to the effect of IGF-I to directly suppress endogenous 
insulin secretion. 29,3° High-affinity IGF-I receptors have been 
identified on rat pancreatic c~ and [3 cells. 3,31 This dose of IGF-I 
also significantly decreased plasma glucose over the same 
period, indicating a direct insulin-like effect of IGF-I on glucose 
uptake, which would also decrease insulin secretion. However, 
when insulin 10 mU/kg • rain was constantly infused with IGF-I 
for 2 hours, a hyperinsulinemic condition was reached with 
euglycemia by infusion of glucose. Then, IGF-I significantly 
increased the rate of t4C-DG uptake in rectus abdominis and 
gastrocnemius muscle in animals infused with either normal 
saline or TNF compared with animals not receiving IGF-I 
infusion. IGF-I also stimulated greater glycogen deposition in 

Table 3. Effects of Exogenous IGF-I on Glucose Kinetics (mmol/kg • h) in TNF-Treated Rats 

Group Treatment No. Body Weight (g) Glucose Infusion1 Flux Hepatic Glucose Productiont 

Saline Saline (S/S) 9 353.8 _+ 3.0 7.33 + 0,52 5.62 -+ 0.75 -1 .75  +- 0.93 

IGF-I (S/IGF) 11 352.1 +- 2.6 7.01 _+ 0.51 8.70 ± 0.88 1.29 ± 0,92 

TNF Saline (TNF/S) 9 354.0 +_ 2.3 4.35 ± 0,58"$ 6.74 ± 1.35 2.38 _+ 1.37 

IGF-I (TNF/IGF) 10 351.9 _+ 2.0 6.78 _+ 0.70* 5.88 _+ 0.69 -0 .60  _+ 0.65 

NOTE. Results are the mean _+ SE. 

*P < .01, saline vTNF, t P  < .05 by interaction: 2-way ANOVA. 
SP< .05 vail by LSD. 
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the liver and abdominis muscle in both the saline and TNF 
groups. Both the euglycemic-hyperinsulinemic condition and 
administration of pharmacological doses of IGF-I resulted in 
glycogen values much higher than previously reported, 32 which 
may be related to the high physiologic or pharmacologic levels, 

respectively, of the two potent glycogenic hormones. Moreover, 
IGF-I normalized all the measured effects of TNF in the rats. 
For instance, IGF-I significantly increased mean plasma IGF-I 
in the TNF group to levels similar to those in the saline group. 
Secondly, the effects of TNF on glucose uptake and glycogen 
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stores in peripheral tissues were also overcome by the simulta- 
neous infusion of IGF-I. Thus, TNF-treated rats, although 
resistant to insulin, seem to have a normal response to exog- 
enous IGF-I. Such phenomena have also been observed in 
septic rats. 27,33 Although the exact mechanisms for insulin 
resistance during infection are not known, recent evidence 
strongly suggests that sepsis-induced insulin resistance is not 
due to a downregulation of insulin recepto r in muscle, 34 but is 
related to alterations of various postreceptor events. TNF has 
been shown to have inhibitory effects on tyrosine phosphoryla- 
tion signaling pathways. 35,36 In cultured adipocytes or hepato- 
cytes, TNF results in a decrease in insulin receptor autophos- 
phorylation, tyrosine phosphorylation of endogenous IRS-1, 
and kinase activity toward exogenous substrates without alter- 
ing insulin binding. 35,~6 Since insulin and IGF-I have a similar 
pattern of biological effects after binding to their respective 
receptor s, our data  suggest that under a hyperinsulinemic- 
euglycemic condition, the TNF-induced defect in the insulin 
signaling pathway might not be a step in the IGF-I pathway, 
although a firm conclusion cannot be drawn from the present 

study. 
At physiological levels, IGF-I induces metabolic actions 

through its own receptors. However, at higher concentrations, 
IGF-I is able to bind to and activate the insulin receptor. 37 
Therefore, it is possible that the excess IGF-I induced by 

pharmacological amounts of IGF-I infusion in the present study 

activated insulin receptors, because the signal to final metabolic 

action, ie, the increase in glucose utilization, has been postu- 

lated to be mediated mostly by insulin receptors. However, our 

data 21 and Lang's  27 have demonstrated that the TNF-treated rat 

is resistant to maximal physiologic levels of insulin. This 

appears to suggest that at certain levels, plasma IGF-I may be 

able to bypass the insulin receptor or some postreceptor defect 

in insulin action, such as tyrosine phosphory!ation or glucose 

transporter activity, to overcome insulin resistance. Further- 

more, it is unlikely that a further increase in insulin levels w0ul d 

achieve the same effects as IGF-I in this study. First, the present 

study was conducted in a hyperinsulinemic condition. Second, 

insulin binds to the IGF-I receptor with low affinity. 

In conclusion, exogenous IGF-I can reverse the effect of TNF 

to decrease plasma IGF-I, as well as the TNF impairment of 

insulin action on glucose utilization. These results suggest that 

during a hyperinsulinemic-euglycemic condition, TNF-treated 

rats, although resistant to insulin, have a normal response t o 

exogenous IGF-I. These findings indicate that the TNF-induced 

defect in the insnlin pathway may not be a step in the IGF-I 

pathway. However, a threshold level of IGF-I may be required 

to reverse insulin resistance in different catabolic stress condi- 
tions. 

REFERENCES 

1. Blundell TL, Bedarkar S, Rinderknecht E, et al: Insulin-like 
growth factor: A model for tertiary structure accounting for immunore- 
activity and receptor binding. Proc Natl Acad Sci USA 75:180-184, 
1979 

2. Danghady WH, Rotwein P: Insulin-like growth factor I and II. 
Peptide, messenger ribonucleic acid and gene structures, serum and 
tissue concentrations. Endocr Res 10:68-91, 1989 

3. Guler HE Schmid C, Zapf J, et al: Effects of recombinant 
insulin-like growth factor I on insulin secretion and renal function in 
normal human subjects. Proc Natl Acad Sci USA 86:2868-2872, 1989 

4. Humbel RE: Insulin-like growth factor I and II. Eur J Biol Chem 
190:445-462, 1990 

5. Sinha MK, Buchanan C, Leggett N, et al: Mechanism of 
IGF-I-stimulated glucose transport in human adipocytes: Demonstra- 
tio n of specific IGF-I receptors not involved in stimulation of glucose 
transport. Diabetes 38:1217-1225, 1989 

6. Tomas FM, Knowles SE, Owens PC, et al: Insulin-like growth 
factor I (IGF-I) and especially IGF-I variants are anabolic in dexametha- 
sone-treated rats. Biochem J 282:91-97, 1992 

7. GiaccaA, Fisher SJ, Shi ZQ, et al: Insulin-like growth factor-I and 
insulin have no differential effects on glucose production and utilization 
under conditions of hyperglycemia. Endocrinology 134:2251-2258, 
1994 

8. Boulware SD, Tamborlane WV, Matthews LS, et al: Diverse 
effects of insulin-like growth factor I on glucose, lipid and amino acid 
metabolism. Am J Physiol 262:E130-E133, 1992 

9. Douglas RG, Gluckman PG, Ball K, et al: The effects of infusion 
of insulin-like growth factor-I (IGF-I), IGF-II and insulin on glucose 
and protein metabolism in fasted lambs. J Clin Invest 88:614-622, 1991 

10. Elahi D, McAloon-Dyke M, Fukagawa NK, et ah Effects of 
recombinant human IGF-I on glucose and leucine kinetics in men. Am J 
Physiol 265:E831-E838, 1993 

11. Jacob R, Barrett E, Plewe G, et al: Acute effects of insulin-like 
growth factor I on glucose and amino acid metabolism in the awake 
fasted rat. J Clin Invest 83:1717-1723, 1989 

12. Clemmons DR, Smith-Banks A, Underwood LE: Reversal of 

diet-induced catabolism by infusion of recombinant insulin-like growth 
factor-I in humans. J Clin Endocrinol Metab 75:234-238, 1992 

13. Fliesen T, Maiter D, Gerard G, et at: Reduction of serum 
insulin-like growth factor I by dietary protein restriction is age 
dependent. Pediatr Res 26:415-419, 1989 

14. Douglas RG, Gluckman PD, Breier BH, et al: Effects of 
recombinant IGF-I on protein and glucose metabolism in rTNF-infused 
lambs. Am J Physio1261:E606-E612, 1991 

15. Isley WL, Underwood LE, Clemmons RD: Dietary components 
that regulate serum somatomedin-C concentrations in humans. J Clin 
Invest 71:175-182, 1983 

16. Kolaczynske JW, Caro JF: Insulin-like growth factor I therapy in 
diabetes: Physiologic basis, clinical benefits and risks. Ann Intern Med 
12047-12055, 1994 

17. Lieberman SA, Butterfield GE, Harrison D, et al: Anabolic 
effects of recombinant insulin-like growth factor I in cachectic patients 
with the acquired immunodeficiency syndrome. J Clin Endocrinol 
Metab 78:404-410, 1994 

18. Ng E-H, Rock CS, Lazarus DD, et at: Insulin-like growth factor I 
preserves host lean tissue mass in cancer cachexia. Am J Physiol 
262:R426-E431, 1992 

19. Lang CH, Dobrescu C, Bagby GJ: Tumor necrosis factor impairs 
insulin action on peripheral glucose disposa ! and hepatic glucose 
output. Endocrinology 130:47-52, i992 

20. Laug CH: [3-Adrenergic blockade attenuates insulin-resistance 
induced by tumor necrosis factor. Am J Physiol 264:R984-R991, 1993 

21. Ling PR, Bistrian BR, Mendez B, et ah Effects of systemic 
infusions of endotoxin, tumor necrosis factor and interleukin-1 on 
glucose metabolism in the rat: Relationship to endogenous glucose 
production and peripheral tissue glucose uptake. Metabolism 43:279- 
284, 1994 

22. Ling PR, Istfan NW, Colon E, et ah Effect of fish oil on glucose 
metabolism in the interleukin-l~-treated rat. Metabolism 42:81-85, 
1993 

23. Ling PR, Istfan NW, Colon E, et al: Differential effects of 



1058 LING ET AL 

interleukin-i receptor antagonist (IL-lra) in cytokine- and endotoxin- 
treated ratsl Am J Physiol 268:E255-E261, 1995 

24. Ferre E Leturgue A, Burnol AF, et al: A method to quantify 
glucose utilization in vlvo in skeletal muscle and white adipose tissue of 
the anaesthetized rat. Biochem J 228:103-110, 1985 

25. Hum FG, Goudner CJ, Berrie MA: A (3H)-2-deoxyglucose 
method for Comparing rates of glucose metabolism arid insulin re- 
sponses among rat tissues in vivo. Validation of the model and the 
absence of an insulin effect on brain. Diabetes 33:141-152, 1984 

26. Can" RS, Neff JM: Quantitative semi-aut0mated enzymatic assay 
for tissue glycogen. Comp Bi0chem Physiology B 77:447-449, 1984 

27. Lang CH! IGF-I stimulates muscle glucose uptake during sepsis. 
Shock 5:22-27, 1996 

28. Fan J, Char D, Bagb3z GJ, et al: Regulation of insulin like growth 
factor-I (IGF4) and IGF-binding protein by tumor necrosis factor. Am J 
Physi01269:R1204-R!212, 1995 

29. LeRoith D, Clemmons DR, Nissley P, et al: Insulin-lil~e growth 
factors in health and disease. Ann Intern Med 116:854-862, 1992 

30. Schoenle EJ, Zenobi PD, Torresani T, et al: Recombinant human 
insulin-like growth factor I (rhlGF-I) reduces hyperglycemia in patients 
with extreme insulin resistance. Diabetologia 34:675-679, 1991 

31. Zenobi PD, Graf S, Ursprung H, et al: Effects of insulin-like 

growth factor on glucose tolerance, insulin levels, and insulin secretion. 
J Clin Invest 89:t908-1913. 1992 

32. Zorzano A. Balon TW. Brady LJ. et al: Effects of starvation and 
exercise on concentrations of citrate, hexose phosphates and glycogen 
in skeletal muscle and heart. Evidence for selective operation of the 
glucose-fatty acid cycle. Biochem J 232:585-591, 1985 

33. Jurasinski C. Vary TC: Insulin-like growth factor I accelerates 
protein synthesis in skeletal muscle during sepsis. Am J Physiol 
269:E977-E981. 1995 

34. Vary TC. Drenevich DM. Jurasinski C. et al: Mechanisms 
regulating skeletal muscle glucose metabolism in sepsis. Shock 3:403- 
410. 1995 

35. Feinstein R, Kanety H. Papa MZ. et al: Tumor necrosis 
factor-alpha suppresses insulin-induced tyrosine phosphorylation of 
insulin receptor and its substrates. J Biol Chem 268:26055-26058. 1993 

36. Hotamisligii GS, Murray DL, Choy LN, el al: Tumor necrosis 
factor alpha inhibits signaling from the insulin receptor. Proc Natl Acad 
Sci USA 91:4853-4858. 1994 

37. Zapf J. Schoenle E. Froesch ER: Insulin-like growth factors I and 
II: Some biological actions and receptor binding characteristics of two 
purified constituents of non suppressible insulin-like activity of human 
serum. Eur J Biochem 87:285-296. 1978 


