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The effects of insulin and insulin-like growth factor-I (IGF-I) on protein, energy, and glucose metabolism were examined in 
endotoxemic rats receiving total parenteral nutrition (TPN) for 3 days. The endotoxemic model was induced by constant 
infusion of lipopolysaccharide (1 mg/kg • d) for 3 days. The TPN regimen provided 200 kcal/kg, d and 1.5 g protein/kg • d. The 
dosage of insulin (5 mU/kg,  h} and IGF-I (20 i~g/kg, h), either alone or in combination, was chosen to maintain normal levels of 
leucine and glucose in plasma during feeding. One normal control and 4 endotoxemic groups with different treatments (saline, 
IGF-I, insulin, or IGF-I and insulin) were included. The effects of endotoxin were compared between the group receiving 
endotoxin alone and normal controls, and the effects of insulin and IGF-I were compared within the endotoxemic groups. The 
results show that endotoxin significantly increased the mortality and induced a hypermetabolic state, and nutrition alone 
could not overcome the catabolism induced by endotoxin. However, administration of insulin and IGF-I enhanced protein 
preservation in muscle tissue in endotoxemic rats during TPN. This effect was greater for insulin either alone or in combination 
with IGF-I. Insulin also significantly reduced the mortality. There were no additive effects of these two anabolic hormones on 
any measured parameter in these experimental conditions. 
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S EVERE INJURY, infection, and other critical illnesses are 
associated with excessive loss of body protein. A loss of 

greater than 10% of body protein contributes significantly to 
morbidity and debility. ~ Although intensive nutritional support 
using total parenteral nutrition (TPN) has provided beneficial 
effects in these patients, nutritional therapy alone cannot 
overcome the catabolic effects of severe illness. 2-4 

Resistance to the actions of anabolic hormones such as 
insulin, growth hormone, and insulin-like growth factor-I 
(IGF-I) appears to be a significant contributing factor in the 
catabolic response to severe illness. Therefore, the administra- 
tion of anabolic hormones or growth factors has been consid- 
ered a potential strategy to promote nitrogen accretion in 
patients who require TPN. Administration of insulin with TPN 
has routinely been used to maintain glucose homeostasis and 
enhance nutrient utilization in patients with diabetes or im- 
paired glucose tolerance with hyperglycemia, especially with 
aggressive nutritional support in the setting of critical illness. 5 

Recent studies have shown that IGF-I attenuated dexametha- 
sone-induced protein catabolism and increased insulin sensitiv- 
ity in rats. 6 In addition, IGF-I is an effective anabolic agent in 
conditions of growth hormone resistance. 7,8 Human studies 
have also shown that combination treatment with IGF-I and 
growth hormone is more anabolic than treatment with either 
hormone alone? suggesting both unique and complementary 
effects between IGF-I and growth hormone, because each uses a 
specific receptor. While IGF-I shares substantial structural and 
functional homology with insulin and exerts an anabolic 
function by binding to its own receptor, it is not clear whether 
the analogous rationale for administration of IGF-I and growth 
hormone together would also apply to IGF-I and insulin as 
related to the additive anabolic effects. 

In this study, we compare the effects of insulin (5 mU/kg • h) 
and IGF-I (20 pg/kg, h), either alone or in combination, on 
protein, energy, and glucose metabolism and mortality in rats 
that received endotoxin infusion (1 mg/kg • d) and TPN (220 
kcal/kg • d) for 3 days. The dosage of insulin and IGF-I was 
chosen to maintain normal plasma leucine and glucose levels 
during TPN, based on our pilot studies and a previous report I° in 
normal rats. In addition, our previous studies demonstrated that 
nitrogen loss and the inflammatory response were persistent in 

this endotoxemic model even with nutritional support, mimick- 
ing the typical pattern of clinical infection. Although a longer 
period of infusion would be preferable, complications such as 
secondary infection often develop after 3 days of central venous 
feeding, which can complicate the interpretation of the results. 
Thus, the present study was limited to 3 days of anabolic 
hormone administration with TPN. 

The results demonstrate that during TPN, each hormone and 
the combination significantly enhanced protein preservation in 
muscle tissue in endotoxemic rats. These effects were greater 
for insulin, either alone or in combination with IGF-I, compared 
with IGF-I alone. However, there were no additive effects of 
these two anabolic hormones on any measured parameter. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats (weight, 250 to 280 g; Taconic Farms, 
Germantown, NY) were acclimated in individual cages in the animal 
facility of Beth Israel Deaconess Medical Center for 4 days prior to the 
experiments. During this period, animals were given free access to food 
and tap water. 

On day 1 of the experiment, all animals underwent surgical place- 
ment of a jugular venous silastic catheter (0.025 in ID × 0.047 in OD) 
under ether anesthesia. The catheters were externalized in the midscapu- 
lar region and attached to a flow-through swivel to permit free 
movement. After surgery, the animals were allowed to recover in 
individual cages for 24 hours, and saline solution was constantly 
infused (2 mL/h) through the catheter. 
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Experimental Design 

On day 2 of the experiment, all animals were individually housed in 
metabolic cages and received TPN support for the next 3 days. During 
these 3 days of TPN feeding, rat chow was removed from the cages. The 
parenteral regimen supplied 220 kcal/kg • d, 1.5 g nitrogen/kg • d (17% 
of total calories, Aminosyn II; Abbott, North Chicago, IL), and 30% of 
nonprotein calories from fat (Liposon III; Abbott). The remaining 
calories were provided as dextrose (58.1% of total calories) (Abbott). 
The amount of administered calories was estimated based on the 
measured energy expenditure from our previous studies. 

The animals that received only TPN comprised the control group 
(control). The other 4 groups received TPN plus endotoxin. Endotoxin 
was administered at 1 mg/d and mixed with TPN solution. Although 
endotoxin may be bound by lipids mad lose some of its activity, our 
previous studies showed that this dose of endotoxin induces a chronic 
catabolic state. Insulin (5 mU/kg,  h) or IGF-I (20 pg/kg • h) were also 
mixed with TPN. A total of 5 groups were included: (1) control, (2) 
endotoxin + saline, (3) endotoxin + IGF-I 20 gg/kg, d (IGF-I), (3) 
endotoxin + i n s u I i n  5 m U / k g - h  (insulin), and (4) endotoxin + a 
combination of IGF-I 20 btg/kg, h and insulin 5 mU/kg,  h (IGF/ 
insulin). 

Nutrient intake was recorded every day. Urine samples were col- 
lected daily for determination of total nitrogen. For the last 4 hours of 
feeding, all animals were transferred to plastic metabolic cages for 
measurement of protein and glucose turnover using [1-14C]leucine and 
high-performance liquid chromatography (HPLC)-purified [3-3H]glu - 

c o s e .  

The [1-14C]leucine and [3-~H]glucose were mixed with TPN solution 
and constantly infused into the animals for 4 hours at a rate of 1.2 and 5 
gCi/h, respectively, to reach isotopic steady state using a Harvard Pump 
(Harvard Apparatus, Natick, MA). During the isotope infusion period, 
CO2 production, O2 consumption, the respiratory quotient, and 14CO2 
specific activity in expired breath were determined at 30-rain intervals. 

At the end of the infusion, all animals were decapitated and the blood 
was collected for determination of plasma glucose, IGF-I, insulin, 
leptin, and leucine and glucose specific activities. Portions of the liver 
and rectus abdominis muscle representing muscle with mixed fiber 
types were removed and weighed for determination of leucine kinetics. 
All samples, including plasma and tissues, were stored at - 20°C  until 
analysis. Mortality prior to termination of the experiment was recorded 
in each group. Since not all animals in the mortality study received 
isotopes, the number of animals in which protein and glucose kinetics 
were measured is not the same as for the mortality study in each group. 

The experiment was approved by the Animal Care Committee of 
Beth Israel Deaconess Medical Center, which follows the guidelines 
established for the care and use of laboratory animals of the Institute of 
Laboratory Animal Resources, National Research Council. 

Reagents 

The regular insulin (Eli Lilly & Co, Indianapolis, IN) was of beef and 
pork origin. Recombinant human IGF-I was a gift from Genentech 
(South San Francisco, CA). Lipopolysaccharide (E coli 026:B6) was 
obtained from DIFCO Laboratories (Detroit, MI). 

Analytical Procedures 

Plasma glucose was determined using a Beckman (Fnllerton, CA) 
glucose analyzer (glucose oxidase method). The plasma leptin level was 
measured using a murine leptin kit (Linco Research, St. Charles, MO). 
Commercial human radioimraunoassay kits were used for determina- 
tion of plasma insulin using porcine insulin standards (Ventrex Labora- 
tories, Portland, ME). IGF-I radioimmunoassay kits (Nichols Institute, 
San Juan Capistrano, CA) were used to measure total IGF-I in 
acid-ethanol-extracted plasma samples using DNA-recombinant IGF-I 
standards. 

The specific activities of [1-I4C]leucine in plasma and tissues were 

measured as previously described. 11,12 Plasma was separated and 
deproteinized with 30% sulfosalicylic acid (SSA). Tissues were homog- 
enized in 10% SSA. The supernatants of both plasma and tissues were 
analyzed for leucine content by HPLC. Total radioactivity in these 
supematants was measured by scintillation spectroscopy (Beckman 
Instruments) after removal of [a-14C]ketoisocaproate with H202. 

The specifc activity of leucine in the protein-bound fraction in 
tissues was determined by analyzing samples of the tissue homogenates 
precipitated with SSA after drying and solubilization in 0.5 N quater- 
nary ammonium hydroxide (Beckman BTS-450; Beckman Instruments) 
using scintillation spectroscopy (Beckman Instruments). The leucine 
content of the tissue samples was estimated from the nitrogen content 
analyzed by a micro-Kjeldahl method and the percent leucine content of 
tile various tissue proteins, s Urine nitrogen was determined by a 
micro-Kjeldahl method. Glucose specific activity in plasma was 
determined as previously described. 13 

The specific activity of CO2 was determined by trapping the expired 
breath in vials containing a mixture of Hyamine hydroxide (Packard 
Instruments, Downers Grove, IL) in absolute alcohol and 0.1% 
phenolphthalein as an indicator. These vials were then analyzed for 
radioactivity with a Beckman LS-6000 liquid scintillation spectrometer 
using Betafluor (National Diagnostic, Manville, NJ) as a scintillation 
fluid. 

Calculations 

The rate of plasma leucine flux was calculated from the dilution of 
label at isotopic steady state as previously described, u,12 flux = I/Spm~, 
where I is the infusion rate of [14C]leucine and Sp is the specific activity 
of circulating leucine in mixed blood expressed as dpm per micromole. 
On the basis of the circulating leucine flux, the major component of 
whole-body leucine metabolism can be further evaluated according to 
the equation, flux = intake + breakdown = synthesis + oxidation, 
where intake is the dietary leucine intake, breakdown is the contribution 
from body protein breakdown, synthesis is the rate of utilization of 
plasma leucine in protein synthesis, and oxidation is the leucine 
oxidation rate. 

The rate of plasma leucine oxidation was calculated from the product 
of plasma flux and the percentage of infused tracer appearing in breath. 
The latter was measured according to the equation, oxidation = Vco2 × 
SA[t4CO2]/0.8 × 1, where ~'co2 and SA[14CO2] are the rate of CO2 
production and its steady-state specific activity in breath, respectively, 
measured by indirect calorimetry and analysis of expired 14CO2 in 
Hyamine hydroxide, and I is the rate of infusion of [14C]leucine. An 
estimated CO2 retention of 0.8 was used. 14 

The absolute rate of leucine incorporation into liver and muscle (Ts) 
was calculated by multiplying the FSR by the leucine mass of the tissue 
under consideration (btmol/g - h), Ts = FSR × leucine mass, where FSR 
is the fractional protein synthesis rate and leucine mass is the leucine 
content in the dry tissue under consideration. The FSR is derived from 
the following relationship between leucine specific activities in protein 
(acid-insoluble homogenate fraction, Sb) and in the free amino acid 
precursor pool (acid-soluble homogenate fraction, Si). 

Sb M (1 - e Kst) Ks 

Si (Xi - Ks) (1 - -  e k i t )  (}ki -- Ks) 

where t is the time of tracer infusion, ~-i is the rate of appearance of 
tracer in the precursor pool, and Ks is the FSR. The X i in the liver and 
muscle was obtained from previous studies. 14 

The rate of breakdown for the protein mass (Tb) was calculated by 
the equation previously reported by this laboratory., u,12 Tb = q × 1 × 
(Sp - Si)/Si × Sp, where q is the fraction of infused tracer distributed 
to the tissue and 1 is the rate of tracer isotope infusion; Si and Sp are 
previously defined. The Ts/Tb ratio was calculated as an anabolic index. 
A higher ratio indicates more leucine (protein) remaining in the tissue. 
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Nitrogen balance was calculated from the difference between nitrogen 
intake and urinary nitrogen output. 

The rate of glucose appearance (flux) was calculated using the 
infusion rate of 3H-labeled tracer (I) and steady-state plasma 3-3H - 
glucose specific activity, flUXgt ..... = I/plasma [3H]glucose specific 
activity. The rate of glucose clearance in plasma was calculated using 
the flux divided by the plasma glucose concentration, glucose clearance 
rate = flUXglucose/glucose concentrationplasma. 

Statistical Analysis 

Statistical analysis of the data for different groups was performed 
with 1-way ANOVA using the SYSTAT statistical software program 
(Systat, Evanston, IL). Comparisons among groups were made by the 
least-significant difference (LSD) test when ANOVA was found to be 
significant at the 95% confidence level. Differences in mortality were 
compared by chi-square analysis. The results are presented as the 
mean _+ SE. 

RESULTS 

In TPN-infused rats, plasma glucose and insulin were 111 _+ 
5 mg/dL and 93 -+ 14 laU/mL in normal controls, respectively. 
However, both values were significantly elevated (126-+ 4 
mg/dL and 202 _+ 18 laU/mL) in endotoxemic rats (endotoxin 
group, P < .05 and P < .005; Table 1). Therefore, the ratio of 
glucose to insulin, as an index of insulin sensitivity, was 
significantly lower in endotoxemic rats compared with the 
controls. There were no significant differences in the plasma 
IGF-I concentration between the controls and the endotoxin- 
only group during TPN feeding. 

For endotoxemic rats, coinfusion of TPN with IGF-I or 
insulin reduced plasma glucose to the level found in the 
controls. Administration of IGF-I either alone or in combination 
with insulin significantly decreased plasma insulin but signifi- 
cantly increased IGF-I as compared with the other groups. The 
ratio of glucose to insulin was higher in both IGF-I-treated 
groups. 

Plasma leptin levels were significantly higher in all endotox- 
emic groups compared with the controls (Table 1). However, 
there was no correlation between plasma levels of leptin and 
insulin among the 4 endotoxemic groups. 

Energy expenditure was significantly higher in the endotox- 
emic group compared with the control, indicating a higher 
metabolic rate. However, administration of IGF-I or insulin did 
not alter the changes in energy expenditure induced by endo- 
toxin. The respiratory quotient was not different among the 
groups. 

Glucose intake, plasma glucose flux, and glucose clearance in 
plasma were not significantly different among the groups. 
Whole-body leucine kinetics, including plasma leucine flux, 
synthesis, breakdown, and oxidation, and the rate of plasma flux 
oxidized also were not significantly different among the groups. 
However, endotoxin infusion significantly increased the liver 
weight and protein content in the liver compared with the 
controls. Although there were no significant differences in the 
FSR and the rates of protein synthesis and protein breakdown in 
the liver among the groups, the FSRs (P = .06 by ANOVA) 
were marginally higher in all endotoxemic groups compared 
with controls. In the muscle, endotoxin infusion significantly 
decreased the Ts/Tb ratio, an anabolic index, suggesting that 
less protein was preserved in this tissue even with TPN feeding. 
However, with IGF-I and TPN coinfusion, this ratio was 
significantly increased, with a further significant increment with 
the administration of insulin either None or in combination with 
IGF-I (Table 2). 

After 3 days of TPN feeding, normal control animals 
maintained their body weight. In contrast, endotoxemic animals 
had significantly increased body weight in the range from 7 to 
14 g (data not shown). There were no significant differences 
among the 4 endotoxemic groups. 

Mortality in each group is shown in Table 3. There were no 
deaths (0 of 11) in the normal control animals. The mortality in 
the endotoxin group with saline treatment was 53% (8 of 15), 
significantly higher than the rate found for the coinfusion of 
insulin or the combination of IGF-I  and insulin, where the 
mortality of endotoxemic animals was significantly reduced !o 
7% (1 of 14) and 15% (2 of 13), respectively. 

DISCUSSION 

During TPN feeding, endotoxin significantly decreased the 
amount of leucine (protein) maintained in the muscle tissue as 
compared with normal controls, indicated by the lower Ts/Tb 
ratio in this tissue. Muscle protein makes a significant contribu- 
tion to whole-body protein metabolism. 15 Indeed, the reduced 
leucine in muscle tissue led to a significant reduction in body 
nitrogen retention (38% less) as compared with the control 
(0.71 -+ 0.06 V 1.13 _+ 0.07 g nitrogen/kg body weight on the 
last day of feeding, P < .05; data not shown), although the liver 
increased in size and in protein content. Since the normal 
control and endotoxemic animals received tfie same amount of 
calories and protein through TPN, these results Suggest that 

Table 1. Plasma Glucose, Insulin, Leptin, and IGF-I 

Endo tox in  Groups  

Paramete r  Con t ro ls  (n = 8) Endo tox in  (n = 15) IGF-I (n = 10) Insul in (n - 12) IGF/lnsul in (n = 11) 

Glucose (mg/dL)* 111 ± 5 126 _+ 45 114 _+ 3 113 ± 4 107 _+ 5 

Insulin (#U/mL)t 93 -- 14 202 ± 19§ 141 _+ 19 207 ± 20§ 143 _+ 22 

Glucose/insulin* 1.3 ± 0.2 0.7 _+ 0.lit 0.9 ± 0.2 0.6 ± 0.111 0.9 + 0.1 

Leptin (ng/mL)l- 1.2 -+ 0.15 2.0 -+ 0.2 2.0 ± 0.2 2.5 -+ 0.3 1.8 + 0.2 

IGF-I (ng/mL)* 625.9 ± 39.0 683.1 ± 22.8 788.7 ± 27.5¶ 693,6 ± 16.5 767.8 ± 47,0¶ 

NOTE. Results arethe mean + SE. 

*P < ,05, I-P < .005 by 1-way ANOVA. 

5P< .05 vail. 

§P< .005 vcontrols, IGF-I, and IGF/insulin. 

lIP< .05 vcontrols. 

¶P< .01 vcontrols, endotoxin, and insulin (all by LSD test). 
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Table 2. Estimates of Muscle Protein Kinetics 

Endotoxin Groups 

Parameter Controls (n = 8) Endotoxin (n = 15) IGF-I (n = 10) Insulin (n = 12) IGF/lnsulin (n = 11) 

Protein content  (%) 18.0 +_ 1.6 17.3 +_ 1.4 17.3 _+ 1.0 18.9 _+ 1.3 18.0 _+ 0.9 

FSR (%/d) 6.3 +. 1.0 5.1 _+ 0,4 5.1 _+ 0.6 5.9 _+ 0.5 5.4 _+ 0.7 

Is  (tJmol/g - h) 0.32 _+ 0.07 0.20 _+ 0.02 0.22 +_ 0,03 0.28 + 0.04 0.27 + 0.05 

Tb (iJmol/g - h) 0.44 +. 0.08 0.55 _+ 0.06 0.53 _+ 0.01 0,43 + 0.04 0.41 _+ 0.05 

Ts/Tb* 0.73 _+ 0.01 0.36 _+ 0.011 0.42 _+ 0.025§ 0.65 _+ 0.02 0.66 + 0.01 

NOTE. Results are the mean ± SE. 

*P  < .05 by 1-way ANOVA. 

t P <  .05 vai l ,  S P <  ,05 vcontro ls ,  insulin, and IGF/insulin, §P = .05 vendo tox in  by LSD test. 

non-nutritional factors that develop during systemic inflamma- 
tion play an important role in regulating and preserving body 
protein mass. 

In the current study, there were a number of significant 
hormonal changes during endotoxin infusion. Plasma levels of 
glucose and insulin were significantly elevated in endotoxemic 
rats compared with normal controls. Insulin sensitivity was also 
significantly lower in endotoxemic animals. In contrast to some 
reports, the current study did not find a reduction in plasma 
IGF-I with endotoxin infusion. 1618 Differences in the method of 
administration of endotoxin may account for these inconsisten- 
cies. In the present study, endotoxin was continuously infused 
into the animals at a rate of 1 mg/kg, d for 3 days at a dose 
lethal to approximately 20% of animals at 24 hours. In a 
previous study, 19 endotoxin was bolus-injected at 1 mg/kg. 
Therefore, the administered dose of endotoxin per unit time in 
the present study was dramatically less, but the total amount and 
duration of endotoxin administration were substantially greater. 
As a second consideration, tachyphylaxis to endotoxin effects 
may have developed after 3 days of endotoxin infusion in the 
current study. Finally, the animals in the present study received 
nutritional support at 220 kcal/kg • d with ample provision of 
essential nutrients, whereas the animals were fasted overnight in 
the earlier study. 

For the endotoxemic animals, administration of either insulin 
or IGF-I significantly decreased plasma glucose to a level found 
in normal controls, Moreover, IGF-I administration signifi- 
cantly increased the plasma IGF-I concentration and clearly 
suppressed insulin secretion, as reflected by the plasma insulin 
level. Many studies have demonstrated a dose-dependent in- 
crease in insulin and IGF-I concentrations following their 
administration. 2°,21 However, insulin administration in the cur- 
rent study did not further increase the plasma insulin concentra- 
tion when compared with the endotoxin group without hormone 
treatment. The failure to increase plasma insulin suggests a 
maximal response of insulin secretion to TPN feeding for 3 days 
in these animals, and thus exogenous insulin administration 
may lead to a compensatory decrease in endogenous secretion. 

Consistent with previous findings, 21 leptin levels were signifi- 
cantly higher in all endotoxin groups, which may be associated 

Table 3. Mortality in the Different Groups 

Endotoxin Groups 

Controls Endotoxin IGF-I  Insulin IGF/Insulin 

Morta l i ty  (%) 0 53 33 7 15 

Death/survival (n) 0/11 8/15" 4/12 1/14 2/13 

* P <  ,05, endotox in  vcontro ls ,  insulin, and IGF/insulin. 

with the hyperinsulinemia induced by endotoxin infusion. It has 
been suggested that insulin can regulate leptin secretion. In 
healthy individuals with normal body weight, exogenous hyper- 
insulinemia increases serum leptin. 22 However, no correlation 
was observed between insulin and leptin among these 4 
endotoxemic groups, perhaps due to the greater impact of 
endotoxin on leptin metabolismY 

Insulin and IGF-I did not show significant stimulatory effects 
on protein synthesis and protein breakdown at the whole-body 
level. There was an increase in the Ts/Tb ratio only in muscle 
tissue, indicating that these hormones can preserve protein in 
this important tissue during TPN feeding in an endotoxemic 
condition. Moreover, neither hormone had an impact on glucose 
utilization and glucose production, although the plasma glucose 
concentration that was elevated by endotoxin was restored to 
control levels. It is possible that with TPN feeding for 3 days, 
the considerable anabolic effects of nutrients achieved a near- 
maximal stimulation of protein synthesis and glucose utilization 
and/or suppression of protein breakdown, making it difficult to 
detect incremental responses to or differential effects of IGF-I 
and insulin. However, the present results may be explained by 
the results reported in another study, 24 that the ability of insulin 
or IGF-I to limit protein degradation in septic rats was severely 
blunted 48 hours after infection and the effect of insulin or 
IGF-I to inhibit proteolysis was more pronounced on day 6 
postinfection than on day 2 postinfection. 

No additive effect of these two hormones was observed in 
any measured parameter. This may be attributed, in part, to the 
interaction of IGF-I and insulin metabolism and the cross- 
reactivity of the ligands with the insulin and IGF-I receptors. It 
has been reported and confirmed in this study that IGF-I 
suppresses insulin secretion, which would reduce insulin's 
anabolic action and the net benefit of IGF-I given alone or in 
combination with insulin. IGF-I administration also leads to a 
reduction of IGF-I binding protein-3 (IGFBP-3) and an increase 
of IGFBP-1 and IGFBP-2. 25 These latter effects are known to 
reduce the anabolic effect of IGF-I. An inverse correlation 
between free IGF-I and IGFBP-1 is also observed, 26 with free 
IGF-I being the principal anabolic stimulus. Thus, the anabolic 
actions of IGF-I on protein metabolism can be limited even 
though total IGF-I levels are increased after administration of 
IGF-I. Therefore, IGF-I administration reduces the anabolic 
contribution of insulin, and insulin administration reduces the 
anabolic contribution of IGF-I, since in none of the 3 hormone 
groups were insulin and IGF-I elevated simultaneously. Only 
when insulin was provided was mortality significantly reduced. 
The improvement in mortality is more likely to involve specific 
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effects of insulin on cardiovascular or cardiorespiratory sys- 

tems. 27 This effect may have important clinical implications, 
since virtually all therapies that improve the response to lethal 
endotoxin doses require pretreatment before endotoxin adminis- 
tration, zs-30 Certainly, this will require substantial further experi- 
mentation to assess the reproducibility and potential mecha- 
nisms of this finding. 

Finally, it is well known that administration of endotoxin can 
induce high mortality or early recovery. Moreover, prolonged or 
repeated administration leads to endotoxin tolerance, which is 
also observed with continuous infusion of endotoxin. In the 
present study, continuous infusion of endotoxin for 3 days 
produced a catabolic condition. Moreover, continuous provision 

of endotoxin can be a model of the clinical situation in man 

where a systemic inflammatory response is continuously pre- 
sent but blood cultures are often not positive for organisms. In 
about half of the cases of clinical sepsis, positive blood cultures 
are not found. 

In conclusion, when the dosages of insulin and IGF-I were 
matched to maintain normal plasma levels of leucine and 
glucose during TPN, both hormones had effects on preserving 
protein in muscle tissue in endotoxemic rats. Insulin appeared to 
have greater potency for this effect. However, the combination 
of these two anabolic hormones did not provide additive effects, 
presumably because each hormone reduced the secretion and 

efficiency of the other. 
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