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Abstract

Background—Evaluation of glucose tolerance in rodent models is usually performed after
intraperitroneal administration of glucose (IPGTT) whereas in humans the test is performed with
oral glucose. Hyperglycemia is a major clinical manifestation of burn injury. Our previous studies
using IPGTT have demonstrated burn injury induced insulin resistance and the beneficial effects
of GLP-1 in improving insulin resistance. The goal of the present study was to compare the results
of these two procedures under 1) burn injury induced insulin resistance, and 2) GLP-1 treatment
after burn.

Methods—Male CD rats were divided into three groups. Sham Burn (SB), Burn (B) and Burn +
GLP-1 treatment (B+GLP). Blood glucose and plasma insulin were measured during intragastric
glucose tolerance test (IGGTT) on day 6 after 40% full thickness burn injury. The results were
compared with our previous IPGTT.

Results—Blood glucose curves for IGGTT and IPGTT showed a similar pattern. However,
IGGTT demonstrated a significant lower level of maximal blood glucose compared with IPGTT.
This was accompanied by higher peak insulin levels in both SB and B groups. In contrast, peak
insulin levels of each B+GLP group were similar.

Conclusion—1) Both IPGTT and IGGTT demonstrated burn injury induced insulin resistance
and the efficacy of GLP-1 for reducing hyperglycemia after burn injury. 2) The observed
differences in the plasma glucose and insulin levels between IGGTT and IPGTT suggest that
endogenously produced GLP-1 during the IGGTT may play a role in ameliorating insulin
resistance after burn injury.
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Boston, MA 02114 Tel: 617-371-4864 Fax: 617523-1684 yyu@partners.org.
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INTRODUCTION

Evaluation of glucose tolerance in rodent models is important for studying interventions for
treating insulin resistance after burn injury and is usually performed after intraperitroneal
administration of glucose (IPGTT) whereas in humans the test is performed with oral
glucose (OGTT). The primary goal of the present study was to compare the results of these
procedures in rats after burn injury and also to compare response to GLP-1 treatment in the
two models. Our hypothesis is that both procedures provide comparable results.

A major metabolic response to injury is the presence of hyperglycemia and glucose
intolerance as the consequence of insulin resistancel: 2. Currently continuous insulin
infusion protocols have become part of the standard care of severely burned patients and
have proven to significantly reduce mortality and morbidity3->. The major problems
associated with continuous insulin infusion protocols are increased risk of hypoglycemia and
workload for the bedside caregivers 6-9. GLP-1 is a naturally occurring intestinal peptide
hormone that was discovered in the mid 1980s10. Although it has several modes of action,
the most intriguing is its insulinomimetic properties that are dependent on serum glucose
levels!. Our previous animal experiments showed the efficiency of GLP-1 for reducing
glucose intolerance and ameliorating burn induced insulin resistance in a rat burn model, in
which the intraperitoneal glucose tolerance test (IPGTT) was used®. The present study was
designed to compare the results of IPGTT and IGGTT which mimics the oral glucose
tolerance test conducted in human subjects. We compare these results under two burn injury
insulin resistance conditions: burn injury versus sham burn and burn injury with and without
GLP-1 treatment.

MATERIALS AND METHODS

Animal model

A total of 21 male CD rats (Charles River Breeding Lab, Wilmington, MA) weighing ~400
grams (416.6+14.3g, Mean £ SD) were divided into three groups: burn injury with saline
treatment (B), burn injury with GLP-1 treatment (B+GLP) and sham burn (SB). Animals
were housed in the Center for Comparative Medicine (CCM) of the Massachusetts General
Hospital. The animals were acclimatized to the environment for at least 5 days after delivery
and were maintained on a regular 12-h light/dark cycle (6:00 PM to 6:00 AM) with free
access to food and water.

Placement of Intragastric Catheters for IGGTT

Since gavage cause stress to the animals which affects blood glucose concentrations and
hence the accuracy of IGGTT results, gastrostomy was performed for administration of
glucose into stomach for IGGTT. The procedures are described as follows. Three days
before burn injury, the rats were anesthetized by intraperitoneal injection of Ketamine 100
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mg/kg of body weight (Fort Dodge Animal Health, Fort Dodge, lowa) and Xylazine 10
mg/kg of body weight (Ben Venue Laboratories, Bedford, Ohio). A laparotomy was
performed through an upper midline incision measuring 1.5 cm. The stomach wall was
punctured using scissors, and a silicone tube (0.64 mm inner diameter and 1.19 mm outer
diameter; Dow Coming, Midland, Michigan) was inserted into the stomach through the
puncture site. The gastrostomy catheter was secured on the gastric and peritoneal walls.
Gastric and peritoneal walls of the puncture sites were adhered together to avoid peritonitis.
The distal end of the catheter was tunneled subcutaneously, exteriorized in the interscapular
area and capped with stainless steel plugs (0.03 IN, SmallParts, Seattle, Washington). The
animals were allowed to recover from the procedure for three days (day -3 to day 0).

Burn Injury and implantation of vascular catheters

On day 0, the animals were anesthetized by intraperitoneal injection of Ketamine 100 mg/kg
of body weight (Fort Dodge Animal Health, Fort Dodge, lowa) and Xylazine 10 mg/kg of
body weight (Ben Venue Laboratories, Bedford, Ohio). Polyethylene catheters (Braintree
Scientific, Inc, MA) were implanted into the left carotid artery and jugular vein. The latter
was connected to a micro-osmotic pump (Alzet model 2001, Cupertino, CA) containing
either GLP-1 (GLP-1 7-36 peptide, Sigma-Aldrich Corp, Louis, MO), 1 mg/ml (pumping
rate 1ul/h; B+GLP-1 group) or saline (SB and B groups). Thus, GLP-1 was delivered
intravenously at a rate of approximately 40 ng/kg /min. All catheters were filled with
heparin-saline (100 unit/ml) and capped with stainless steel plugs (LS22, Instech Solomon,
Plymouth Meeting, PA). The micro osmotic pumps were embedded under the skin of the
neck. After removal of fur from the dorsal surface of each animal, a full-thickness thermal
injury of 40% total body surface area (TBSA) was produced by placing the animal in a
template exposing 40% TBSA to boiling water for 10 sec. All animals received resuscitation
by intra-peritoneal injection of saline (40 ml/kg). They were housed in individual metal
cages with free access to food and water; daily food intake was monitored. Sham burned rats
were treated in the same manner as the burned animals except being exposed to room
temperature water.

Intragastric Glucose Tolerance Test (IGGTT)

Intragastric glucose tolerance tests (IGGTT) were performed on day 6 post-burn injury.
Considering the significant first-pass uptake of glucose by the splanchnic region after oral
glucose administration1®, all animals received 2 g/kg of glucose via the indwelling gastric
tube for IGGTT. After an overnight fast (from 5 pm to 8 am), the arterial catheter was
connected to a Miniature Tubing Injection Port (SIP22/4, Instech Solomon, Plymouth
Meeting, PA) for non-invasive blood sampling. A fasting arterial blood sample (0.4 ml) was
collected into a tube containing dipeptidyl peptidase IV inhibitor (DPP4-010, Linco
Research, Inc., St. Charles, MA) for the determination of baseline blood glucose and plasma
insulin levels. Each animal then received an intragastric injection of 50% glucose solution (2
g/kg body weight) and additional blood samples were drawn at 5, 10, 15, 30, 60 and 120 min
after glucose administration. The concentrations of blood glucose were determined with a
blood glucose meter (Ascensia, Bayer Corporation, Mishawaka, IN). The plasma was
immediately separated by centrifugation (1000 g x10 min at 4°C) and stored at —80°C for
determination of insulin levels. Meso Scale Discovery Kits (A division of Meso Scale
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Diagnostics, LLC, Gaithersburg, MD) were used to measure plasma levels of insulin. The
procedures are similar to those described in our previous publicationl4. The IPGTT studies
were performed by procedures that are in routine use in our laboratory (14).

Statistical Analysis and comparing with IPGTT

RESULTS

All results were expressed as mean + SEM. Blood glucose / plasma insulin ratio and areas
under the curves (AUC) for blood glucose and plasma insulin levels following injection
were calculated and compared with the IPGTT results of our previous study.4 The
trapezoidal rule was used for calculating AUC. Statistical analysis was performed by one or
two-way analysis of variance and individual means were compared by the Student-Neuman-
Keul’s test. P values less than 0.05 were considered to be statistically significant.

Intragastric Glucose Tolerance Test (IGGTT): Blood Glucose Levels

The results of the IGGTTSs are shown in Figure 1A. On post-burn day 6, there was a
significant difference in fasting glucose levels among these groups (F=9.024, P<0.01), B vs.
SB groups (mean £ SEM; 87.4+3.4 vs. 70.0+£3.0 mg/dl, P<0.01). Fasting glucose levels in B
+GLP-1 animals (83.4+2.5 mg/dl) were significantly lower than in B animals (P<0.05).
There was no significant difference in plasma glucose levels at 5 and 120 min post glucose
injection among the three groups. However, at all other time points, plasma glucose levels
remained significantly higher in the B group, as compared with the SB group (P<0.01) and
the B+GLP-1 group (15 min: P<0.01, 10, 30, 60 min: P<0.05). Blood glucose curves
showed a similar pattern compared with 1 B, further confirming the efficiency of GLP-1 in
reducing burn injury induced hyperglycemia. Furthermore, the IGGTT study demonstrated a
significantly lower level of maximal blood glucose compared with the IPGTT study in all
groups (B groups: 159.0+5.8 vs. 273.7+£16.4 mg/dl; p<0.01, SB groups: 118.3+2.1 vs.
23416 mg/dl; p<0.01, B+GLP groups: 133.4+5.7 vs. 25513 mg/dl; p<0.01).

AUC:s of the blood glucose response curves (0 min to 120 min.) are shown in Figure 2. One-
way ANOVA demonstrated a significant difference among the three groups (F= 17.54,
P<0.01). Individual means showed higher AUC in the B group as compared to the SB
(P<0.01) and B+GLP-1 group (P<0.05), indicating that GLP-1 treatment improves glucose
tolerance in burned animals. The findings were in general agreement with the results of
IPGTT.

Intragastric Glucose Tolerance Test (IGGTT): Plasma Insulin Levels

The insulin levels in the 3 groups of animals before and during the IGGTT are shown in
Figure 3A. On post-burn day 6, there was no significant difference in fasting insulin levels
among these three groups. However, following bolus intragastric injection of glucose during
the IGGTT, there was an immediate increase in plasma insulin levels that were significantly
different in all 3 groups of animals (5, 10min: P<0.01, 15 min: P<0.05). The peak insulin
level was significantly lower in the B group as compared to the SB group (2.28+0.30 vs.
4.18+0.76 ng/ml; P<0.05). Conversely, insulin levels in the B group were significantly
higher than in the B+GLP group (2.28+0.30 vs. 1.72+0.26 ng/ml; P<0.05). AUCs of the
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plasma insulin response curves (0 min to 60 min.) are shown in Figure 4. One-way ANOVA
demonstrated a significant difference among the three groups (F= 5.979, P<0.05). Individual
means showed significantly lower AUC in the B group as compared to the SB (P<0.05).
There was no significant difference in AUC between the B and B+GLP groups.

Comparison between IGGTT and IPGTT

Blood glucose curves for IGGTT and IPGTT showed a similar pattern, further confirming
the efficiency of GLP-1 in reducing burn injury induced hyperglycemia (Figure 1AB).
Furthermore, the IGGTT study demonstrated a significantly lower level of maximal blood
glucose compared with the IPGTT study in all groups (B groups: 159.0+5.8 vs. 273.7+£16.4
mg/dl; p<0.01, SB groups: 118.3+2.1 vs. 234+16 mg/dl; p<0.01, B+GLP groups: 133.4+5.7
vs. 255+13 mg/dl; p<0.01). This was accompanied by a much higher peak insulin level in
both SB (4.18+0.76 vs. 2.53 £0.21 ng/ml; p<0.01) and B (2.28+0.30 vs. 1.23+0.16 ng/ml;
p<0.01) groups (Figure 3AB). Hence, intragastric glucose more efficiently stimulated insulin
production compared to intraperitoneal glucose. On the other hand, peak insulin levels of
each B-GLP group showed similar levels (1.72+0.26 vs.1.78+0.09 ng/ml; NS).

Blood glucose / plasma insulin ratios during IGGTT (Figure 5A) decreased immediately to
the lowest levels after glucose load and then gradually reverted to initial concentrations in
all three groups. These curves exhibited a pattern similar to the blood glucose / plasma
insulin ratio of the SB and B+GLP groups measured by IPGTT (Figure 5B). However, there
was an immediate increase after glucose load in only the B group of IPGTT. The IGGTT
study alternately demonstrated a significantly lower level of minimum ratio compared with
the IPGTT study in all groups (SB: 37.73+9.07 vs. 114.46+6.37 ng/ml; p<0.01, B:
68.67+8.71 vs. 206.16 £12.9 ng/ml; p<0.01, B+GLP 83.04+24.28 vs. 138.76+4.90 ng/ml;
p<0.01), even in the condition that the glucose load was twice in the IGGTT than in the
IPGTT. It appears that injecting glucose into the gut more efficiently reduced plasma
glucose concentration, most probably due to greater insulin secretion and/ or increased
insulin sensitivity.

DISCUSSION

A major metabolic response to injury is the presence of hyperglycemia and glucose
intolerance as the consequence of insulin resistancel: 2 20-23 Multiple studies have
demonstrated that tight euglycemic control protocols within the ICU significantly reduce
mortality and morbidity3- and this treatment has become part of the standard care of the
severely burned patients. The major problems associated with continuous insulin infusion
protocols are the increased workload for the bedside caregivers and the risk of the
potentially life-threatening hypoglycemia®.

GLP-1 has been reported to be the most potent insulinotropic agent, accounting for at least
50% of total insulin secretion after an oral glucose challenge?* 25, Additionally, GLP-1
stimulates insulin secretion in a dose- and glucose-dependent manner in diabetics bases on
OGTTs 26: 27, Exogeneous GLP-1 has been shown to reduce glucose concentration in
hospitalized patients28: 29, In our previous study in rodent model, IPGTT was used to
measure the efficacy of continuous GLP-1 infusion. The present study demonstrated that
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continuous infusion of GLP-1 reduced the extent of insulin resistance and normalized
glucose homeostasis after thermal injury. Since most severely burned patients receive
enteral nutrition, OGTT for evaluating glucose tolerance should be more physiological. The
secretion of insulin from pancreatic beta cells involves a very complex cellular process.
Studies in diabetic and non-diabetic human subjects and animal models showed difference
in the results of IVGTT and oral glucose tolerance test (OGTT), reflecting the difference in
the process of insulin release from pancreatic beta cells and the sensitivity of beta cell
function to blood glucose level after oral and intravenous glucose challengel?: 30
Furthermore, burn injury per se also affects beta cell functions3: 32, and it remains to be
determined if these changes have differential effects on the results of OGTT and/or IVGTT,
since one of the major differences between OGTT and IVGTT is the presence of substrates
in gut which trigger the release of incretin. The effects of incretin GLP-1 administration on
the results of IPGTT have been demonstrated beforel4. Therefore, in this study, IGGTT was
performed to compare the differences of the hormonal responses between IGGTT and
IPGTT, and to verify our findings with IPGTT.

The results of the present study demonstrated a similar pattern of blood glucose response
curve for IGGTT and IPGTT (Figure 1). Results of IGGTT confirmed our previous findings
using IPGTT tests: 1) burn injury caused insulin resistance 2) GLP-1 treatment to burned
animals significantly improves glucose tolerance, hence the insulin resistance status. This
finding is further supported by the observation that the lowest blood glucose / plasma insulin
(G/1) ratio was seen in the sham burn group and burn injury was associated with an increase
in the G/I ratio, indicating reduced efficacy of insulin in controlling blood glucose level.
GLP-1 treatment to burned animals lowered the G/I ratio, which suggests an improved
insulin function in burned animals receiving GLP-1 treatment.

The present study also demonstrated certain differences in the response of plasma glucose
levels between IPGTT and IGGTT in burned animals. The study demonstrated that the peak
blood glucose level in all groups of animals following bolus glucose challenge was higher in
IPGTT than IGGTT,; despite the fact that the amount of glucose load in IGGTT was even
twice that in IPGTT. This implies that a substantial amount of intragastrically administered
glucose is taken up by the splanchnic bed during its first pass through the organs. This has
been proven by the studies by Dardevet et al'®. An additional explanation is that
intragastrically administered glucose may be more efficient in stimulating insulin release
from pancreatic beta cells for lowering blood sugar levels (Figure 3). Previous studies have
reported that glucose ingestion during oral glucose tolerance tests (OGTT) stimulated more
GLP-1 production than during intravenous glucose tolerance test (IVGTT) in patients with
type 2 diabetes33. This effect reflects differences in the intracellular events that occur in
response to GLP-1 after intragastric and intravenous administered glucosel8 under the
condition of insulin resistance in diabetes patients. The results of the present investigation
suggest that similar effects are observed in the burn induced insulin resistance state.

In conclusion, the present study demonstrated that either IGGTT or IPGTT, namely, when
glucose is administered orally or bypassing the Gl tract, provided similar results of glucose
tolerance test. Therefore, the study confirmed: 1) burn injury induced insulin resistance
status and 2) GLP-1 treatment improved burn injury induced insulin resistance. The
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observed differences in plasma glucose and insulin levels between the two routes of glucose
tolerance test imply that endogenously produced GLP-1 during the IGGTT may also play a
role in ameliorating insulin resistance after burn injury.
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Figure 1.
A; Blood Glucose Levels during IGGTT. Fasting glucose levels were significantly different

among the groups. B showed the highest level and it was reduced in B+GLP-1 animals. At
time points 10, 15, 30, 60 min, plasma glucose levels were significantly higher in the B
group, as compared with the SB and B+GLP-1 groups. 1B: Blood Glucose Levels with
IPGTT. The blood glucose curves in Figures 1A and 1B showed a similar pattern,
confirming the efficiency of GLP-1 in reducing burn injury induced hyperglycemia. The
IGGTT study demonstrated a significantly lower level of maximal blood glucose compared
with the IPGTT study in all groups of animals, demonstrating the difference of blood
glucose responses to different routes of glucose administration.
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Figure 2.

AUC'’s for the blood glucose response curves during IGGTT. The results demonstrated that
GLP-1 treatment improves glucose tolerance in burned animals.
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Figure 3.
A; Plasma levels of Insulin during IGGTT. There was no significant difference in fasting

insulin levels among these three groups. IGGTT resulted in immediate increase in plasma
insulin levels that were significantly different in all 3 groups of animals. The peak insulin
level was significantly lower in the B group as compared to the SB group. Conversely, the
peak insulin level in B group was significantly higher than that of the B+GLP group. 3B;
Plasma Insulin Levels with IPGTT, Comparing 3A and 3B, the maximal plasma insulin
level was much higher in IGGTT versus IPGTT in both SB and B groups. Such difference
was not seen in both G+GLP groups.
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Figure4.
AUC’s for the plasma insulin response curves of IGGTT (0-60 min.). The AUC’s were

different among the three groups. SB group showed significantly higher AUC than B group.
There was no significant difference in AUC between B and B+GLP.
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Figureb5.
A; Blood glucose / plasma insulin ratio during IGGTT. The ratios decreased immediately to

the lowest levels after glucose load and then gradually reverted to initial concentrations in
all three groups. B; Blood glucose / plasma insulin ratio during IPGTT. There was an
immediate increase after glucose load in only the B group of IPGTT. Comparison between
figures 5A and 5B demonstrated a similar pattern in the SB and B+GLP groups between
IGGTT and IGPTT measurements. In all groups, the IGGTT showed a significantly lower
level of minimum ratio compared with the IPGTT, indicating a higher efficiency of insulin
effect following intragastric glucose administration.
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