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Abstract: The small intestine (SI) is the main site for food absorption and glutamine utilization hence critical in 
metabolic disorders that involve energy balance such as diabetes. This study investigates the effects of oleanolic 
acid (OA) on SI morphology and some enzymes of glutamine metabolism in male Sprague-Dawley diabetic rats. High 
dose STZ-induced diabetes (HDD) and low dose STZ-induced diabetes (LDD) were induced by intraperitoneal injec-
tion of 60 and 40 mg streptozotocin/kg body weight respectively. Non-diabetic and diabetic rats were treated for two 
weeks with OA, insulin or OA + insulin in HDD study while animals in the in LDD study were treated with OA. There 
was significant (P<0.05) increase in the weight of the SI of diabetic animals and of villus height (VH) in the jejunum 
and duodenum of HDD animals.  OA and insulin treatment significantly decreased VH in duodenum of HDD animals 
while OA treatment profoundly increased VH in normal rats. Jejunal of phosphate-dependent glutaminase (PDG) 
activity was unaffected by diabetes however alanine aminotransferase, aspartate aminotransferase and glutamate 
dehydrogenase activities were significantly (P<0.05) elevated by diabetes and treatments decreased these elevated 
aminotransferase activities. It is suggested that the intestine meets the energy demand in diabetes by modulating 
the activities of aminotransferases without change in PDG activity. 
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Introduction

Diabetes mellitus, a metabolic disorder char- 
acterized by hyperglycaemia, currently affects 
382 million people worldwide, a number esti-
mated to rise to 592 million by the year 2035 
[1]. The condition is exacerbated by post-pran-
dial hyperglycaemia hence the importance of 
developing anti-diabetic drugs that limit carbo-
hydrate uptake from the gut and which also 
have less side-effects than current drugs in 
use, particularly those for managing type II dia-
betes [2, 3, 4].  

Oleanolic acid (3β-hydroxyolean-12-en-28-oic 
acid) (OA) is an example of such a plant-derived 
natural compound that has potential for man-
aging diabetes without serious side effects. It  
is a ubiquitous pentacyclic triterpenoid of wide 
occurrence in plants [5]. OA has been shown to 
have therapeutic potential in the management 
of diabetes mellitus [6] and amongst its many 
effects, are the ability to increase response to 

exogenous insulin in type 1 diabetes [7] and to 
improve organ sensitivity to insulin [8]. Treat- 
ment with OA also inhibits uptake of glucose by 
the small intestine with a concomitant increase 
in glycogen biosynthesis in the intestinal wall 
which may important in decreasing postprandi-
al glycaemia [9]. 

Additional to effects on other tissues, uncon-
trolled diabetes also leads to both morphologi-
cal and biochemical remodeling of the gut, 
especially the small intestine [10]. The diabe-
tes-induced intestinal and colonic structural 
and biomechanical remodeling which occurs in 
both animals and humans may be mediated by 
advanced glycation end of products (AGEs) and 
AGE receptors (RAGE) since their increased 
occurrence and expression has been demon-
strated in the intestinal and colonic wall [11].  
The small intestine (SI) is viewed as an im- 
portant component of glucose homeostasis 
especially in a diabetic state [12] and diabe- 
tes induced-intestinal hyperplasia is thought to 
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contribute to postprandial hyperglycaemia thr- 
ough increased total activity of disaccharidas-
es such as sucrase and isomaltase in the entire 
small intestine [13]. The intestine is, however, 
known to use glutamine as a major source of 
energy in contrast with glucose whose major 
role appears to be the provision of carbon skel-
eton for the deposition of glutamate nitrogen 
through synthesis of alanine [14]. Thus, intes- 
tinal remodeling may derive its energy from 
increased glutamine oxidation.

The main enzyme that initiates intestinal gluta-
mine oxidation is phosphate-dependent gluta-
minase [15]. In Type I animal diabetic states, 
the changes in the activity of intestinal phos-
phate-dependent glutaminase (PDG) have not 
been without contradiction. While Nagy and 
Kretchmer [16] have reported a decrease in 
PDG activity due to diabetes or fasting associ-
ated with a switch to ketone bodies as sources 
of energy, Watford and colleagues [17] report-
ed an increase which was, however, not ass- 
ociated with increased glutamine utilization. 
Further, the activity of 3-oxoacid CoA-trans- 
ferase a key enzyme in ketone body utilization 
was not increased in diabetes [17]. The ques-
tion of how the intestine meets its energy and 
nitrogen requirements for intestinal hyperpla-
sia as well as transport processes during the 
diabetic state is of importance.

In this paper, we investigate the effect of OA 
and insulin treatment on changes in intestinal 
morphology and activities of key enzymes of 
glutamine metabolism that result from diabe-
tes. We expect this investigation to provide fur-
ther information on how the intestine might 
meet its energy requirements in diabetes. 

Materials and methods

Chemicals

Oleanolic acid (OA) was obtained from Shaanxi 
King Stone Enterprise, Xian, China.  Chemicals 
and enzymes used in the study were purchased 
mainly from Sigma-Aldrich (St Loius, MO, USA) 
through Capital Lab Supplies, New Germany, 
South Africa while other chemicals were 
sourced from Merck (Halfway House, South 
Africa).

Animals 

Male Sprague-Dawley rats (200-250 g) were 
procured from the Biomedical Resource Unit 

(BRU) at Westville Campus of the University of 
KwaZulu-Natal, South Africa. Animals received 
humane care according to the guidelines of 
Laboratory Animal Care of the National Society 
of Medical Research and the National Institu- 
tes of Health Guide for the Care and Use of 
Laboratory Animals of the National Academy of 
Sciences (National Institutes of Health publica-
tion no. 8023, revised 1978). This study was 
approved by the Animal Ethics Committee of 
the University of KwaZulu-Natal (Ethics approv-
al reference: 001/14/Animal). Animals were 
maintained in standard environmental condi-
tions with 12 h light/12 h dark cycle and fed a 
commercially available rat chow diet (Meadows, 
Pietermaritzburg, South Africa) with drinking 
water being provided ad libitum for the duration 
of the experiment.

Induction of diabetes 

Diabetes was induced in rats fasted overnight 
by a single intraperitoneal injection of 60 or 40 
mg streptozotocin/kg body weight dissolved in 
freshly prepared 0.1 M citrate buffer pH 4.5 for 
high dose STZ-induced (HDD) and low dose 
STZ-induced (LDD) diabetes (insulin insufficien-
cy model), respectively [7, 18]. These two doses 
were selected because they have been used 
previously in studies of Type I and Type II diabe-
tes involving Sprague-Dawley rats. The dose of 
40 mg streptozotocin/kg bw has been used for 
partial destruction of the pancreatic β cell pop-
ulation leading to reduced insulin secretion 
resembling Type II diabetes but without insulin 
resistance which was ensured by a fructose 
diet in other groups [19]. On the other hand, a 
dose of 60 mg streptozotocin/kg bw has been 
used for extensive destruction of pancreatic β 
cells resulting in Type I diabetes characterized 
by very low insulin levels [20] and very high fast-
ing blood glucose levels [7, 20]. Animals having 
a fasting blood glucose concentration of ≥ 18 
and 8-16 mM after one week were considered 
as having stable diabetes in the two models 
respectively. However only animals with a fast-
ing blood glucose level of 10-14 mM were used 
for the LDD study to avoid borderline cases. 

Experimental design

In the HDD study normal/non-diabetic (N) and 
diabetic (D) animals were each divided into 2 
and 4 groups, respectively, (n = 6). Non-diabetic 
control (NC) and diabetic control (DC) groups 
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were treated orally with the vehicle (50% DMSO 
in physiological saline). A 50% solution of DMSO 
in physiological saline was used to prepare OA 
which was then administered orally while insu-
lin was administered by subcutaneous injec-
tion. Other treatment groups were designated: 
NO and DO, which were treated with 80 mg/kg 
OA; DI, which was treated with 4 IU/kg insulin; 
and DOI, which was treated with a combination 
of OA, 80 mg/kg OA + insulin, 4 IU/kg. In the 
LDD study normal/non-diabetic (N) and diabet-
ic (D) animals were each divided into 2 groups 
(n = 6). Non-diabetic control (NC) and diabetic 
control (DC) groups were treated with the vehi-
cle (50% DMSO in physiological saline) whereas 
other groups designated NO and DO were tre- 
ated with 80 mg/kg OA. All treatments were 
administered daily for a period of 14 days.

After fourteen days of treatment the animals 
were sacrificed by an overdose gas inhalant, 
Isofor (Safeline Pharmaceuticals, Johannes- 
burg, South Africa) and then bled by cardiac 
puncture. The small intestine was immediately 
excised from the abdominal cavity. The duode-
num was obtained as the first 10 cm beyond 
the pylorus and the middle 15 cm of the remain-
ing segment was obtained as the jejunum while 
the ileum was taken as the 3.5 cm from the 
bottom [21]. The small intestine was then 
rinsed using physiological saline solution. Be- 
fore the duodenum, jejunum and ileum (repre-
senting the small intestine) were separated, the 
length and weight was recorded. A piece of 1 
cm from the duodenum, jejunum and ileum was 
preserved in 10% formalin for histological stud-
ies. The rest of the jejunum was snap-frozen in 
liquid nitrogen and stored at -20°C until used 
for enzyme assays.

Histopathological studies

Histopathological studies were done using a 
standard laboratory protocol for paraffin em- 
bedding. The intestinal segments fixed in 10% 
formalin were dehydrated in increasing con- 
centrations (50%-90%) of ethanol and finally 
xylene. The tissues were then oriented longitu-
dinally and cross-sectionally and embedded in 
paraffin wax and 4 µm of sections were cut 
using a microtome. The slides were allowed  
to dry overnight and then deparaffinized in 
p-xylene and rehydrated in gradients of ethanol 
(100%, 80%, 70%, and 50%) and finally rinsed 
in water. The slides were immediately stained 

for 5 min in hematoxylin stain and rinsed with 
water followed by counterstaining in eosin for  
3 min. The slides were then mounted in dis- 
tyrene plasticizer xylene (DPX), cover-slipped  
and allowed to settle and dry for two days 
before scanning using Leica SCN400, Germany 
(Software version: SlidePath Gateway Client 
Viewer 2.0).

Enzyme assays 

Prior to enzyme assays, the frozen jejunum sec-
tions of the small intestine were thawed and 
homogenized (5 mL/mg tissue) in ice-cold buf-
fer (50 mM Tris and 120 mM KCl, 0.5 mM PMSF 
and 5 mM benzamidine, pH 7.4) using Omni 
homogenizer (Kennesaw, GA, USA) operated at 
35000 rpm.

Phosphate dependent glutaminase (PDG) was 
assayed at 37°C as described by Curthoys and 
Weiss [22] with modifications by Masola and 
Zvinavashe [23]. The two-step procedure invo- 
lves determination of the amount of glutamate 
generated by PDG. The glutamate was deter-
mined from the amount of NADH produced 
when glutamate is oxidized in a reaction cata-
lysed by glutamate dehydrogenase glutamate 
dehydrogenase (GDH). The activity of alanine 
aminotransferase (ALT) and aspartate amino-
transferase (AST) in the SI was determined at 
25°C using the method of Volmann-Mitchell 
and Parsons [24]. The assays involve coupled 
reactions catalyzed by ALT and AST which  
generate pyruvate and oxaloacetate, respec-
tively. The respective products are then reduced 
by NADH in reactions catalyzed by lactate de- 
hydrogenase (LDH) and malic dehydrogenase 
(MDH). The amount of NADH consumed by the 
LDH and MDH catalyzed reactions is measured 
spectrophotometrically and is directly propor-
tional to the activity of ALT and AST. The activity 
of GDH was estimated at 25°C in the direction 
of glutamate formation by following the oxida-
tion of NADH spectrophotometrically at 340 nm 
as described by Schmidt [25].

Statistical analysis 

All data were expressed as means ± standard 
deviation (SD). Graphical plots and statistical 
analysis was done using GraphPad Prism (ver-
sion 5) and InStat Software (version 3, Graph 
Pad Software, San Diego, California, USA). 
Statistical comparison among groups was done 
using one-way analysis of variance (ANOVA) fol-



Effect of oleanolic acid on intestinal glutamine enzymes in diabetic rats

131 Int J Physiol Pathophysiol Pharmacol 2017;9(5):128-136

lowed by Tukey-Kramer multiple comparison 
test. Value of P<0.05 was considered to be sta-
tistically significant. 

Results

Change relative weight of the small intestine 
and villus morphology 

The weight of the small intestine expressed per 
gram body weight or per unit length in both 
HDD and LDD was increased significantly 
(P<0.05) in all the diabetic groups compared to 
non-diabetic groups (Tables 1 and 2). There 
were no significant changes (P>0.05) in these 
parameters within non-diabetic groups or with-
in the diabetic groups. 

HDD, LDD and OA treatment of non-diabetic 
animals resulted in significantly (P<0.05) elon-
gated villi in the jejunum (Figure 1A and 1B)  
and this elongation was quite profound in non-
diabetic animals treated with OA this being ≥ 
90% higher in this group compared to the NC 
group. All treatments of HDD and LDD rats did 
not prevent this increase in jejunum villus 
height except OA treatment of LDD animals. 
HDD also increased duodenal villus height sig-
nificantly (P<0.05) and this increase was low-
ered by all treatments. The average crypt depth 
was largely unchanged in all SI segments 
among the groups (data not shown), hence 
changes in mucosal height were due to chang-
es in villi. Our results (not shown) also showed 
that the surface area of the jejunal villi was 
increased by almost 300% in NO groups com-
pared to the respective NC groups in the HDD 
and LDD studies; that the duodenum and jeju-

num villus surface area of all diabetic groups in 
the HDD study was significantly higher com-
pared to the NC group with exception of the DOI 
group in the duodenum; and that the villus sur-
face area in the ileum of all groups was not sig-
nificantly altered in all the groups.

Effect of diabetes OA and insulin on enzymes 
of glutamine metabolism

In both the HDD and LDD studies (Figure 2A 
and 2B) there was a small non-significant 
decrease (P>0.05) of PDG activity in the DC 
groups compared to their respective NC groups. 
There were also no significant differences in 
PDG activity in the treated diabetic groups com-
pared to respective DC groups nor were there 
any significant differences in activity amongst 
the diabetic groups in each study. OA signifi-
cantly reduced PDG activity (P<0.05) in non-
diabetic animals of both studies.   

On the other hand, the SI activities of alanine 
aminotransferase (ALT) and aspartate amino-
transferase (AST) in the HDD study were both 
significantly elevated in the DC group compared 
to the NC group (Figure 3A). Treatments of HDD 
diabetic groups decreased the activities of ALT 
and AST and this decrease was significant 
(P<0.05) in the DI and DOI groups compared to 
the DC group. Low dose STZ-induced diabetes 
caused a significant increase in ALT and AST 
activity and this increase was reduced by treat-
ment with OA particularly with respect to ALT of 
which levels were reduced to those found in the 
normal/non-diabetic animals (Figure 3B). The 
changes in glutamate dehydrogenase (GDH) 

Table 1. Relative small intestine weight change in High dose STZ-induced diabetes (HDD) rats
NC NO DC DO DI DOI

SI weight/Body weight (g/g) 0.028 ± 0.003a 0.034 ± 0.003a 0.063 ± 0.006b 0.074 ± 0.013b 0.069 ± 0.010b 0.066 ± 0.019b

SI weight/length (g/cm) 0.075 ± 0.006a 0.086 ± 0.008a 0.127 ± 0.017b 0.126 ± 0.008b 0.124 ± 0.012b 0.124 ± 0.016b

SI = small intestine; NC = non-diabetic control; NO = non-diabetic OA treated; DC = diabetic control; DO = diabetic OA treated; DI = diabetic insulin 
treated; DOI = diabetic OA + insulin treated. Results are expressed as mean ± SD (n = 6). Different alphabets a and b along a row indicate signifi-
cant (P<0.05) difference from other groups.

Table 2. Relative small intestine weight change in Low dose STZ-induced diabetes (LDD) rats
NC NO DC DO

SI weight/Body weight (g/g) 0.029 ± 0.004a 0.034 ± 0.003a,c 0.050 ± 0.011b 0.049 ± 0.007b,c

SI weight/length (g/cm) 0.075 ± 0.006a 0.086 ± 0.008a,c 0.104 ± 0.009b,c 0.116 ± 0.018b

SI = small intestine; NC = non-diabetic control; NO = non-diabetic OA treated; DC = diabetic control; DO = diabetic OA treated. 
Results are expressed as mean ± SD (n = 6). Different alphabets a, b and c along a row indicate significant (P<0.05) difference 
from other groups.
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increased enterocyte loss as shown by elevat-
ed levels of citrulline and intestinal fatty acid 
binding protein (I-FABP), respectively [29]. How- 
ever, these changes were not due to increased 
GLP-2 secretion suggested by Fischer and col-
leagues [28]. Impairment of anti-proliferative 
genes such as p53 and transforming growth 
factor (TGF)-β by diabetes could also contribute 
to development of intestinal hyperplasia and 
hypertrophy since amelioration of diabetes 
through metabolic surgery in patients is accom-
panied by increased expression of these genes 
in non-excluded segments of the intestine [30]. 
Also increased by metabolic surgery is the 
secretion of glucagon like peptide-1 (GLP-1), a 
primary incretin hormone secreted from the 
intestine to stimulate insulin secretion by pan-
creatic β cells after ingestion of glucose or 
nutrients [30]. All our treatments failed to 
reverse these morphological changes (Tables 
1, 2) suggesting that prolonged treatment is 
necessary for this to occur.   

Figure 1. Effects of diabetes and different treatments 
on average villus height in the rat duodenum (D), je-
junum (J) and Ileum (I) in high dose STZ-induced dia-
betes, (A) and low dose STZ-induced diabetes, (B) NC 
= non-diabetic control; NO = non-diabetic OA treated; 
DC = diabetic control; DO = diabetic OA treated; DI 
= diabetic insulin treated; DOI = diabetic OA + insu-
lin treated. Results are expressed as means ± SD (n 
= 6). Different alphabets (a, b, c, d) on bars of the 
same shading indicates significant (P<0.05) differ-
ence from other groups. 

Figure 2. The effect of diabetes and different treat-
ments on the activity of phosphate dependent 
glutaminase (PDG) in the rat jejunum in high dose 
STZ-induced diabetes, (A) and low dose STZ-induced 
diabetes, (B) Glu = glutamate; NC = non-diabetic 
control; NO = non-diabetic OA treated; DC = diabetic 
control; DO = diabetic OA treated; DI = diabetic in-
sulin treated; DOI = diabetic OA + insulin treated. 
Results are expressed as means ± SD (n = 6). Differ-
ent alphabets (a, b, c) on bars indicates significant 
(P<0.05) difference from other groups. 

activity in the HDD are shown in Figure 4A.  
GDH was elevated by more than 100% in all 
HDD groups compared to the NC group and this 
increase was most profound in the DO group. 
GDH activity was also significantly (P<0.05) 
increased by low dose STZ and this increase 
was reduced by treatment with OA (Figure 4B). 

Discussion

The diabetes-induced increase in weight and 
length of the small intestine shown by our study 
has been observed in other studies of strepto-
zotocin and alloxan induced diabetic rats and 
occurs as early as 8 days post-induction [26]. It 
is a result of both hyperplasia and hypertrophy 
of the SI [27] possibly mediated by glucagon 
like peptide-2 (GLP-2), an intestinal growth fac-
tor that is elevated in diabetic rats [28]. It is 
also worth noting that chronically elevated glu-
cose levels in diabetic obese individuals, evi-
dent from elevated HbA1c, are associated with 
increased small intestinal enterocyte mass and 
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The morphometric data (Figure 1 and Table 1 
and 2) suggest the proximal SI (jejunum and 
the duodenum) to be the main site of diabetes-
induced SI changes. Hyperphagia is a charac-
teristic of diabetes and the disease itself has 
been suggested to be a trigger of intestinal 
growth that is further enhanced by dietary fibre 
and increased GLP-2 secretion [31] hence the 
changes observed in the proximal SI could be 
attributable to the absorptive nature of the jeju-
num. In contrast, the villi in the ileum were not 
affected by either diabetes or its treatment and 
this could be due to minimal or no function in 
nutrient absorption of this intestinal segment. 
Since LDD caused none to very little villi chang-
es in contrast to HDD (Figure 1) a role of blood 
glucose level in diabetes induced villi growth is 
suggested particularly since chronically elevat-
ed glucose levels are associated with increased 
small intestinal enterocyte mass and increased 
enterocyte loss [29]. The surprisingly profound 
increase in height and surface area of jejunal 
villi of normal rats that results from OA treat-
ment is reported here we believe, for the first 

time. The mechanism involved in OA-induced 
villi changes in the SI of normal animals appears 
different from that in diabetic animals in that 
the weight or length of the whole intestine was 
only slightly affected by OA treatment, despite 
gross villi changes, which suggests minimal hy- 
pertrophy. Suppression of apoptosis in a cas-
pase 3-related mechanism has been sugg- 
ested for diabetes induced SI changes [32]. 
However, some in vitro studies suggest that 
other structurally similar pentacyclic triter-
penes such as maslinic acid do not alter the 
cell cycle or induce caspase-3 dependent apop-
tosis in the non tumoural intestine cell lines 
IEC-6 and IEC-18 [33]. Therefore, changes in 
small intestinal morphology during diabetes 
and those caused by OA are most likely due  
to multiple factors. Since SI hypertrophy and 
mucosal changes appear to occur via different 
mechanisms it is important to investigate the- 
se mechanisms considering the fact that me- 
tabolic surgeries are becoming a successful 
alternative for treatment of diabetes and obe-
sity [30, 34].

Figure 3. The effect of diabetes and different treat-
ments on the activities of alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) in the 
rat jejunum in high dose STZ-induced diabetes, (A)
and low dose STZ-induced diabetes, (B) NC = non-
diabetic control; NO = non-diabetic OA treated; DC 
= diabetic control; DO = diabetic OA treated; DI = 
diabetic insulin treated; DOI = diabetic OA + insulin 
treated.  Results are expressed as means ± SD (n = 
6). Different alphabets (a, b, c) on bars of the same 
shading indicates significant (P<0.05) difference 
from other groups. 

Figure 4. The effect of diabetes and different treat-
ments on the activity of glutamate dehydrogenase 
(GDH) in the rat jejunum in high dose STZ-induced 
diabetes, (A) and low dose STZ-induced diabetes, 
(B) NC = non-diabetic control; NO = non-diabetic OA 
treated; DC = diabetic control; DO = diabetic OA treat-
ed; DI = diabetic insulin treated; DOI = diabetic OA 
+ insulin treated. Results are expressed as means 
± SD (n = 6). Different alphabets (a, b, c) on bars 
indicates significant (P<0.05) difference from other 
groups.
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Remodeling of the small intestine as discussed 
above is a process that inherently requires 
energy. The results of our study (Figure 2) show 
a non-significant reduction in the activity of 
intestinal PDG due to diabetes in both HDD  
and LDD studies. Previous animal studies have 
shown that in the early stages of fasting and  
in diabetes there can occur decrease, increase 
or no effect, as well as decrease followed by a 
rebound in intestinal PDG activity [16, 17, 35]. 
Watford and colleagues [17] showed that an 
increase in intestinal PDG activity can occur 
without an increase glutamine utilization due to 
diminished arterial levels of the amino acid. 
Their work also negated the suggestion of 
ketone bodies becoming a major source of 
energy in the intestine in the diabetic state 
since ketone body infusions did not alter gluta-
mine utilization, and the activity of the key 
enzyme involved in ketone body utilization was 
not increased. The question of how the intes-
tine meets the energy requirements for the pro-
found changes that occur in diabetes is vexing 
considering that the key enzyme that initiates 
glutamine oxidation (a major source of energy) 
remains largely unchanged or when changed, 
this does not result in increased substrate  
utilization. PDG may, however, be amenable to 
short-term regulation by allosteric activators 
like ADP [36]. The significant decrease in PDG 
activity in normal animals treated with OA is 
also puzzling in view of the profound changes in 
jejunal villi of these animals.

In current study, jejunal activities of alan- 
ine and aspartate aminotransferases (ALT and 
AST) and glutamate dehydrogenase (GDH) were 
greatly increased in both HDD and LDD (Figures 
3, 4) in contrast to PDG. It has been shown  
previously that isolated intestinal mitochon- 
dria from normal rats generate glutamate  
from glutamine at a rate far exceeding the  
ability of mitochondrial aminotransferases (ALT 
and AST) and exogenous alanine aminotrans-
ferase (in presence of exogenous pyruvate) to 
metabolize it further [37]. The latter was added 
since alanine is the main amino acid product in 
jejunal glutamine oxidation in vivo [38]. Further, 
arterio-venous measurements of metabolites 
across portal vein-drained viscera following 
infusions of glutamine in diabetic rats showed 
decreased glutamate release but increased 
alanine and ammonia release by the viscera 
when compared to normal animals [17]. Taken 

together, the results of these studies suggest 
that, in diabetes, increased glutamine oxida-
tion could occur without change in PDG activity 
and be due to increased alanine aminotrans- 
ferase activity and elevated GDH activity, also 
observed in the current study. The observation 
that elevated activities of ALT and AST were 
reduced by treatment of diabetic animals, and 
in the case of ALT returned to normal by treat-
ment with insulin or insulin + OA in HDD dia-
betic rats shows that the reversal of diabetes-
induced structural changes in the intestine  
lag behind those of intestinal aminotransferase 
enzymes. Intestinal glutamate dehydrogenase 
activity which was highly elevated in diabetic 
animals was also reduced by treatment with 
insulin in the HDD study; or by treatment with 
OA in LDD study, which suggests that flux 
through GDH is enhanced in diabetes. Under 
normal conditions flux through intestinal gluta-
mate dehydrogenase is known to be minimal 
and less important than the aminotransferases 
pathway for glutamate utilization [39]. However, 
under conditions such as starvation, genera-
tion of ammonia from glutamate in the intes-
tine has been reported to be increased as  
an adaptive mechanism for modulating redox 
potential of the whole body [40]. Hence, the 
GDH pathway could also be increased, and 
important, in diabetes to generate more am- 
monia for redox control of diabetes-induced 
ketoacidosis and to provide α-ketoglutarate for 
oxidation. 

Conclusion

In conclusion, the morphological changes that 
occur in early diabetes suggest a role of blood 
glucose level in intestinal hyperplasia. The mor-
phological changes in villi are more pronounced 
in HDD and these were not reversed by the two-
week treatments except in the duodenum in 
which they were significantly reduced. This was 
probably due to early encounter of the duo- 
denum with the anti-hyperglycaemic agents. 
Further, OA treatment leads to profound villi 
growth in the absence of diabetes via a me- 
chanism that seems different to that involved 
in diabetes. Since PDG activity was largely 
unaffected by diabetes it is suggested that  
the intestine may meet its energy needs in  
diabetes by increasing flux through the down-
stream enzymes (ALT, AST, GDH) whose elevat-
ed activities were reduced by treatment with 
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OA, insulin or OA + insulin. However the return 
to normal of intestinal structures appears to lag 
behind that of tissue enzymes.  
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