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Summary. The effects of short- and long-term diabetes on the
maximal activities of phosphate-dependent glutaminase and
glutamine metabolism were studied in the colon and the small
intestine of streptozotocin-diabetic rats. The maximal activity
of colonic phosphate-dependent glutaminase was decreased
[44% in mucosal scrapings (p<0.01); 29% in whole colon
(p <0.001)] or unchanged in short- or long-term diabetes re-
spectively. That of the small intestine was increased in both
short- (110%) and long-term (200%-500%) diabetes; insulin
treatment corrected this increase. Acute insulin-deficiency
(using anti-insulin serum) resulted in the increase (18%, p <
0.05) of the activity of only intestinal glutaminase. Chemical-
ly-induced acidosis and alkalosis decreased (46%, p <0.001)
and increased (24%, p < 0.001), respectively, the activity of in-

testinal glutaminase, but had no effect on the colonic enzyme.
Changes in glutaminase of the enlarged colon and small intes-
tine were only detectable when activities were measured in
whole organ. Arteriovenous-difference measurements showed
diminished metabolism of plasma glutamine by the gut which
correlated with the duration of the state of diabetes, and was
accompanied by enhanced release by skeletal muscle and in-
creased uptake by both kidney and liver. It is concluded that
insulin is directly or indirectly involved in the regulation of
glutamine metabolism of the gut.
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The major site of metabolism of glutamine in the non-
hepatic splanchnic bed is the mucosa of the small intes-
tine, which are characterized by high rate of glutamine
utilization. Most of the energy required by these cells is
provided by the oxidation of glucose and glutamine in
the fed state and of glutamine and ketone bodies in the
starved state [1-5]. Moreover, colonic mucosa are char-
acterized by high rate of glutamine utilization with par-
tial oxidation to glutamate, aspartate and alanine [6].
Arteriovenous-difference measurements across the gut
indicated that chemically-induced diabetes is accompa-
nied by a complete cessation of glutamine utilization by
the small intestine [7, 8], whereas Schrock and Goldstein
[9] found no change across this tissue. Furthermore,
Felig et al. [10] showed that intestinal glutamine uptake
was not augmented in diabetic man. However, the ad-
aptive responses of glutamine metabolism of colonic
mucosa in experimental diabetes have not been previ-
ously studied.

A key enzyme in the metabolism of glutamine is
phosphate-dependent glutaminase (EC3.5.1.2, here-
after referred to as glutaminase); changes in its activity
could be one of the adaptive mechanisms involved in
the regulation of glutamine utilization [11]. The activity
of intestinal glutaminase has been reported to change in

response to starvation [12], thermal injury [13] and ex-
perimental diabetes [8]. In addition, the activity of glut-
aminase of colonic mucosa was found to decrease in re-
sponse to starvation [6]. This study was designed to
determine if adaptive changes in glutaminase activity of
the colon occurs in response to diabetes as compared to
that of the small intestine, and whether they are due to
the associated acidosis or other aspects of the state of
diabetes. The relevance of such changes to the regula-
tion of glutamine metabolism during the onset of chron-
ic or acute states of experimental diabetes induced by
streptozotocin or anti-insulin serum, respectively, was
investigated. Moreover, in an attempt to provide an ex-
planation for the diminished rates of glutamine removal
by the gut during diabetes, arteriovenous-difference
measurements across tissues known to utilize (kidney
and liver) or release (skeletal muscle) glutamine were
made in diabetic rats.

Materials and methods

Animals

Male Wistar albino rats (200-280 g) or guinea pigs (250-350 g) were
obtained from King Fahd Medical Research Center (KFMRC), Jed-
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Table 1. Body weight, colon and small intenstine weights, plasma glucose and plasma insulin in control and streptozotocin-diabetic rats

Animals Duration of diabetic state (days)
(control/diabetic)
21 42
Body weight (g) C 227.90+10.11 (20) 300.80£7.23 (5) 373.81+£11.10 (9)
D 198.00+ 9.30 (20) 247.00+4.64 (5) 264.83 +12.80 (9)*
Colon weight (g) C 130+ 0.06 (20) 1.71£0.04 (5) 213+ 0.07(9)
D 164+ 0.08 (20)* 2.05£0.04 (5 232+ 0.12(9)
Small intestine weight (g) C 7.81+£ 049 (14) 10.85+0.32(5) 13.54+ 048 (5)
D 911+ 0.52 (10 13.79+0.33 (5 18.01+ 1.04 (5)
Plasma glucose (mmol/1) C 716+ 0.53 (20) 6.98 +0.62 (5) 733% 0.68 (9)
D 2514+ 1.16 (20) 27.89 +0.66 (5> 3292+ 1.07 (9)*°
Plasma insulin (pU/ml) C 45.87+ 5.32(20) 49.60+3.08 (5) 50.81£ 3.98(9)
D 11.58 = 1.60 (20)* 10.96 £0.91 (5) 8.64+ 1.81(9)*°

Values are presented as means &= SD with number of rats given in parentheses. Diabetic rats (D) are streptozotocin-induced diabetic animals, and
controls (C) are age-matched control rats. Significant differences from control rats are indicated by * (p <0.001). Significant differences from

7-day-diabetic rats are indicated by * (p <0.05)

dah, Saudi Arabia. Animals were maintained on a standard laborato-
ry diet [commercial rat cubes containing (w/w) approximately 18%
protein, 3% fat, 77% carbohydrate and 2% organic-salt mixture with a
vitamin supplement] (Grain Silos and Flour Mills Organization, Jed-
dah, Saudi Arabia) and water ad libitum. Rats were made diabetic by
a single intravenous injection of streptozotocin (70mg/kg body
weight in 50mmol/l-sodium citrate, pH4.5) under light ether
anaesthesia. Rats showing blood glucose greater than 20 mmol/1 were
used at 7 21 and 42 days after induction of diabetes (see Table 1). In
some experiments, diabetic rats received three intraperitoneal injec-
tions of insulin at 8 h intervals at doses which maintained blood glu-
cose concentrations and rates of body-weight gain comparable to
those in control animals. The daily food intakes of normal and strep-
tozotocin-diabetic rats were recorded.

Acute insulin deficiency was induced in normal rats under ether
anaesthesia by the injection of 1.2ml of anti-insulin serum into the
femoral vein. Rats were allowed to recover from anaesthesia and
killed at 60 min after induction of the acute insulin deficiency. The
volume of anti-insulin serum used was sufficient to produce elevation
in the plasma glucose concentrations (25.32 +2.57 mmol/1, n=5) af-
ter 60 min. Control rats received 1.2 ml of saline (0.9% NaCl). In ex-
periments designed to reverse the effects of anti-insulin serum, ani-
mals that had been injected with anti-insulin serum for 10 min were
further injected with bovine insulin either at a dose equivalent to the
titre of the antiserum or at a dose of 5.5 units/rat in excess over the
titre before killing.

Antiserum to bovine insulin was raised in guinea pigs as described
previously [14]. The neutralizing capacity of the collected antiserum
was about 3.6 units of bovine insulin/ml or 3.8 units of rat insulin/ml
as determined by immunochemical titration.

Chronic metabolic acidosis and alkalosis were induced by re-
placement of drinking water with [1.5% (w/V)] solutions of NH,Cl
and NaHCO; respectively.

Chemicals and enzymes

All chemicals and enzymes were obtained from Boehringer Corp,
London, UK, except for the following: L-glutamine and glycine were
obtained from Sigma Chemical Co., Poole, Dorset, UK; all inorganic
reagents were obtained from Fisons, Loughborough, Leicester, UK.
Streptozotocin was obtained from BDH Chemicals, Poole, Dorset,
UK.

Preparation and incubation of colonocytes and
enterocytes

Colonocytes were prepared as previously described by Ardawi and
Newsholme [6]. Enterocytes were prepared as described by Watford et

al [5]. Incubations of either isolated colonocytes or enterocytes were
performed at 37 °C in 25 ml plastic flasks as described previously [6].
Incubations were terminated by adding 200 ul of HCIO, (25% w/v) to
the incubation flask and cooling the mixture to 0 °C. Precipitated pro-
tein was removed by centrifugation at 13500 g for 2 min, the superna-
tant neutralized with KOH (20%w/v) containing 500 mmol/I-trietha-
nolamine, and the KClO, removed by centrifugation at 13500 g for
3 min.

Preparation of homogenates and assay of ghitaminase
activity

Animals were killed by cervical dislocation. The small intestine (from
the duodenum to the caecum) or the colon (from the caecum to the
rectal ampulla) was rapidly removed, washed by forcing ice-cold 0.9%
Na(l through the lumen and then cut longitudinally. Intestinal or co-
lonic mucosa were separated from the underlying muscle by scraping
with a microscope slide, weighed and homogenized in 5 vol of extrac-
tion medium [16] by using a Polytron homogenizer (PCU-2, at posi-
tion 3) for 10-20 s at 0°C. In some experiments, the whole of the small
intestine or the whole of the colon (mucosa plus underlying muscle
layers) was extracted as described above. Glutaminase activity in in-
testinal or colonic homogenates was determined by the method of
Curthoys and Lowry [17]. Mucosal preparations were treated immedi-
ately before assay with [0.05% v/v] Triton-X-100.

Arteriovenous-difference measurements

Rats were anaesthetized with ether and blood withdrawn from venous
vessels. Samples were taken into heparinized syringes from renal fem-
oral, hepatic-portal and hepatic veins, and from the abdominal aorta.
Samples (0.5-1.0ml) were quickly added to 1.0ml ice-cold HCIO,
(10% v/v). Precipitated protein was removed by centrifugation at
13500 g for 5 min, the supernatant neutralized with KOH (20% w/v)
containing 500 mmol/I-triethanolamine, the KClO, removed by cen-
trifugation at 13500 g for 3 min and then used for metabolite deter-
mination. Arteriovenous differences were calculated for hindlimb
(aorta-femoral vein), kidney (aorta-renal vein), gut (aorta-portal vein)
and liver [(% portal vein + % aorta)-hepatic vein] respectively.

Determination of metabolites and plasma insulin

Metabolites in neutralized extracts of cells plus medium were deter-
mined spectrophotometrically (with a Beckman DU-6 recording spec-
trophotometer) by standard enzymeic methods: D-glucose [18]; L-
glutamine and ammonia [1]; L-glutamate [19]; L-Alanine [20]; and
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Table2. Effects of various experimental conditions on the maximal activity of glutaminase of the colon and the small intestine in control and

streptozotocin-diabetic rats

Treatment Colon weight Glutaminase activity Small intestine Glutamipase activity )
group (% body wt.) nmol-min~"-mg~?! protein weight nmol - min~'-mg~"! protein
0,

Colonic Whole (% body wt) Intestinal Whole small

mucosal colon mucosal intestine

scrapings scrapings
Control 0.57 £0.12 (60) 3217+£594 17.01£2.41 3.54£0.30 (14) 6317575 7.12+2.03
Diabetic (7 days) 0.83+0.14 20)° 18.01+5.15° 12.02+1.87¢ 457+0.38 (10p 67.121£6.42 1497 £2.64°
Diabetic with insulin 0.68+0.06 (7)° 28.50+1.35 15961+1.54 3.98+0.31(5)° 67.20+2.41 11.20+2.71°

(7 days)

Diabetic (21 days) 0.83+0.09(5°  30.78+3.50 17.14+2.26 5381038 (51 - 21.53+2.73¢
Diabetic (42 days) 0.87+£0.24 (9)° 36.70£3.18 20.44+1.72b 6.83+£0.36 (5)¢° 70.19+£9.96 4297 £ 5.80°
Anti-insulin serum 0.61£0.08 (5) 31341+4.06 18.35+2.39 3.48+0.31(5) 69.55+5.87 8.48+0.192
Acidotic (7 days) 0.60+0.07 (8) 32.48 £4.09 19.74+2.21 3.37£0.26 (6) 66.58 £3.65 3.8340.57°
Alkalotic (7 days) 0.59 0.05 (4) 31.54+3.64 19.63+1.75 330+0.29 (4) 65.23+4.20 8.8210.50°

Rats were treated as described in the Materials and methods section. Values are presented as means + SD with number of rats given in paren-
theses. Significant differences from control rats are indicated by ? (p <0.05); ® (p <0.01); © (p <0.001)

L-Aspartate [21]. Protein was determined by the procedure of Lowry
et al. [22]. Plasma insulin was measured by radioimmunoassay tech-
nique (Diagnostic Products Corp., Los Angeles, Calif., USA)

Expression of results

Glutaminase activity is expressed as nmol of glutamate formed/min
per mg of protein at 37°C. Changes in concentrations of substrate or
metabolites during the incubation of isolated cells were determined
from the net change between zero time and 20 min incubation. Rates
of substrate utilization or metabolite production are expressed as
pmol/min per g dry weight of cells. To determine the dry weight of co-
lonocytes or enterocytes, prepared cell suspensions were pipetted into
a preweighed glass tube; after centrifugation at 500 g for 10 min, the
supernatant medium was carefully aspirated and the remaining pellet
dried at 70 °C to constant weight.

Statistical analysis

The data are expressed as mean £ SD, and comparisons between sets
of data were made using the Student’s t-test.

Results

The body weight gain of streptozotocin-induced diabet-
ic rats was markedly less than that of age-matched con-
trols (Table 1). The plasma levels of glucose in diabetic
animals were significantly higher than that found in
corresponding controls (p <0.001). Plasma glucose lev-
els in rats with diabetes of 42-day duration were signifi-
cantly higher than those in rats with diabetes of 7-day
duration (p <0.05). Plasma insulin levels in diabetic rats
were markedly lower than those of control rats
(Table 1). Diabetes resulted in an increase in the weight
of both the colon and the small intestine (Table 1); how-
ever, the percentage increase in the size of the colon de-
creased with increasing duration of the diabetic state.
This is indicated by the constant colon-weight-body-
weight ratio (46%) during short or prolonged periods of
diabetes. These observations contrast with those found

for the small intestine (Table 2). Both the colon and the
small intestine of diabetic rats exhibited increased
yields of mucosal scrapings.

Glutaminase activity

The maximal activities of glutaminase in rat colonic
mucosa (measured in scrapings or whole of the colon)
are presented in Table2. A marked decrease in the
activity of glutaminase was observed in short-term
(7 days) diabetes, being 46% or 30% when measured in
colonic scrapings or whole of the colon respectively.
The decrease in colonic glutaminase activity could be
completely reversed by the administration of insulin in
vivo (Table 2). These observations contrast with those
found for glutaminase activity in the small intestine,
which was increased in response to short- or long-term
diabetes when measured in the whole organ only
(Table 2).

Although the diminished activity of glutaminase in
colonic mucosal preparations of short-term diabetic
rats was similar to that observed in starved animals [6], it
was not the consequence of semi-starvation which is
known to be associated with the induction of diabetes
by streptozotocin [4, 23]. Hence, whereas food intake
was significantly decreased on the first two days after
streptozotocin injection (p <0.001), the intake had re-
turned to normal by the third day (Table 3).

Acute insulin deficiency (using anti-insulin serum)
resulted in no apparent change in the activity of glut-
aminase of the colon, but a slight increase (18%) was
evident in that of the small intestine (Table 2). The ef-
fect of anti-insulin serum on intestinal glutaminase ac-
tivity was rapidly reversed by insulin [being 7.24 +
0.36 (n=35), nmol-min~'-mg~", in the whole small in-
testine]. Unlike the activity of the intestinal glutaminase,
colonic enzyme was not affected by long-term changes
in the state of acid-base balance whether measured in
either scrapings or the whole colon (Table 2).
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Table 3. Daily food intake of control and streptozotocin-diabetic rats

Treatment group Food intake (g/day)

Day 1 2 3 4 7
Cc.mtroll (n=8) 37.39+5.16 36.48+3.51 36.54+4.41 37.06+1.63 36.78+2.80
Diabetic (n=8) 19.36 +3.05° 19.34£2.322 3438+3.35 36.50+1.90 36.80+2.35

Rats were made diabetic (7 days) as described in the Materials and methods section, and their daily food intake monitored and recorded against

that of control rats. Values are presented as means &+ SD with numbers of rats in parentheses. Significant differences from control rats are indicat-
ed by ? (p <0.001)

Tabled. Effects of short-term diabetes on glutamine metabolism by isolated colonocytes and enterocytes in control and streptozotocin-diabetic
rats

Cellular Treatment Rates of utilization or production pmol-min~'-g~! dry wt
preparation group ] ; -
Glutamine Glumamate Aspartate Alanine Ammonia

Colonocytes Control —5.82+£0.89(5) 3.53+0.66 0.85+0.14 0.66 £0.13 3.90+0.38
Diabetic —4.90+0.18 (5) 2.83+0.15* 0.72£0.09 0.54+0.03 3.18+0.12°
(7 days)

Enterocytes Control —12.18£1.04 (5) 3.53+042 - 243+0.25 9.21+£1.52
Diabetic —11.41+146 (4) 3.22+0.13 - 2.57+0.34 9.56 £1.50
(7 days)

Colonocytes or enterocytes isolated from control or 7-day diabetic rats were incubated as described in the Matetials and methods section in the
presence of 5 mmol/l-glutamine as a substrate. Rates are given as means = SD, with the numbers of separate experiments given in parentheses.
A negative sign indicates utilization. Significant differences from control rats are indicated by * (p <0.05); b (p<0.01)

Table5. Arteriovenous-difference measurements for glutamine, glutamate, alanine and ammonia across the portal-drained viscera of control and
streptozotocin-diabetic rats

Treatment Arterial glutamine Arteriovenous difference

trati )
group concentration Glutamine Glutamate Alanine Ammonia
Control 0.68+0.11 (8) +0.114+0.10 —-0.055+0.02 —0.133+0.03 —~0.326£0.06
Diabetic (7 days) 0.65+£0.10 (8) +0.052+0.02° —0.044+0.03 —0.082£0.01° —0.186 +0.02°
Diabetic (21 days) 042+0.09 (5)° +0.031+0.02 —0.027+0.012 —0.058 +0.03¢ -
Diabetic (42 days) 0.32+0.08 (5)° +0.020+0.012 —0.021+0.01° —0.032£0.01° -

Measurements were made as described in the Materials and methods section; results are presented as means =+ SD with the numbers of animals
given in parentheses. Values are expressed as wmol of metabolite/ml of whole blood; negative values indicate release. Significant differences
from control rats are indicated by 2 (p <0.05); ® (»p <0.005), ° (p <0.001)

Glutamine metabolism by isolated colonocytes and spectively, but showed no apparent change in short-
enterocytes term diabetic animals (Table 5). Arteriovenous-differ-
ence measurements of glutamine and its major nitro-
genous end-products (namely, glutamate, alanine and
ammonia) across the gut of control, short- and long-
term diabetic rats are presented in Table 5. Control rats
exhibited a net glutamine removal from the circulation
which was associated with the production of glutamate,
alanine and ammonia. Net glutamine removal from the
circulation was decreased by 54%, 73% and 85% in 7, 21
and 42-day diabetic rats, respectively, which was ac-
companied by diminished rates of release of glutamate,
alanine and ammonia (Table 5).
Arteriovenous-difference measurements across the
kidney, liver and the hindlimb in short-term diabetic
rats show a significant increase in the uptake of glut-
amine by both kidney and liver with a marked increase
in the release of glutamine by skeletal muscle (Table 6).
Arterial glutamine concentration was depressed by Glutamine is released from skeletal muscle of fed or
about 38% and 53% in 21- and 42-day diabetic rats, re- starved [9, 24-26] or diabetic rats [7, 27]. In the present

The rate of glutamine utilization by incubated rat colon-
ocytes was 5.82 umol/min per g (dry wt), whereas incu-
bated rat enterocytes utilized glutamine at about twice
this rate. The major end-products of glutamine metabo-
lism are glutamate, aspartate and ammonia. Short-term
diabetes caused a decrease in the rate of glutamine utili-
zation by isolated colonocytes, which is accompanied
by a diminished rate of formation of other nitrogenous
end-products (Table 4). However, incubated enterocytes
isolated from short-term diabetic rats showed no appar-
ent differences in the rates of glutamine utilization or
formation of glutamate, alanine and ammonia (Table 4).

Arteriovenous-difference measurements for glutamine
metabolism
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Table 6. Arteriovenous-difference measurements for glutamine ac-
ross the gut, hindlimb, kidney and liver of short-or long-term diabetic
rats

Tissue Arteriovenous difference (nmol/1)
Control Diabetic Diabetic
(7 days) (42 days)
Gut (8) +114.0+£10.8 +52.0+20.6° +19.8+10.22
Hindlimb (5) ~668+21.5 —1500+374° —1722+39.8°
Kidney (5) +162+ 38  +159.2+332° +197.6+54.8°
Liver (6) +27.5x+13.4 +69.2+28.3* +824+11.1°

Treatment and measurements were made as described in the Materi-
als and methods section. Values are expressed as nmol/1 of glutamine
of whole blood and presented as means + SD, with numbers of sepa-
rate animals given in parentheses. Negative values indicate release.
Significant differences from control rats are indicated by # (p <0.01);
b (p <0.005); ° (p < 0.001)

work, a significant increase in the release of glutamine
was observed in diabetic rats (p <0.001, Table 6) which
is consistent with other reports [9, 27}.

Discussion

Glutamine is known to be a major fuel for the mucosa
of the small intestine [11, 28], and provides an important
source of energy for colonocytes [6]. Using the whole of
the small intestine, Watford et al. [8] showed a decrease
(in acidosis), or an increase (in alkalosis and diabetes) in
glutaminase activity. This has been confirmed in the
present work, but the activity of the enzyme in the colon
was decreased in short-term diabetes but unchanged in
alkalosis or acidosis. The cause for this difference is not
known, and it raises the question of why colonic glut-
aminase activity should behave differently to that of the
small intestine. This could not have been due to the tox-
ic side effect of streptozotocin, as the diminished colon-
ic glutaminase activity in short-term diabetic rats was al-
most restored to normal value when diabetic rats were
treated with insulin (Table 2). The increase in the activi-
ty of glutaminase of the small intestine, although it may
suggest increased glutamine utilization by the small in-
testine, was not accompanied by enhanced rates of ei-
ther glutamine removal in vivo or by isolated incubated
intestinal mucosa of diabetic rats. However, in short-
term diabetes the capacity of the colonic mucosa to me-
tabolize glutamine was decreased. This could be ex-
plained in part by the knowledge that colonic mucosa
are less dependent on glutamine as a source of energy
than the intestinal cells. This is supported by the finding
that ketone-bodies and short-chain fatty acids contrib-
ute more to the fuels of respiration of colonocytes [6,
29].

The findings reported in other work [7-8] that glut-
amine utilization by the small intestine is suppressed in
the diabetic rat has been confirmed in the present work
in both short- and long-term diabetes, which was ac-
companied by a decreased capacity to utilize glutamine

by the colon, but are inconsistent with reports of either

little change in [9, 10] or complete cessation of [7] glut-

amine utilization by the small intestine in vivo during

diabetes. This decrease in glutamine utilization by both

the small intestine and the colon could be attributed to

two factors: first, the sparing of glutamine for other tis-
sues (e.g. kidney and liver) by alternative respiratory

fuel(s). This could be related to the increased circulating

concentrations of other metabolic fuels such as glucose,

other amino acids and particularly ketone bodies. It is

possible, therefore, that the diminished, but not total,

suppression of glutamine utilization by the gut in dia-

betic rats is due to its partial replacement as a metabolic

fuel by ketone bodies whose concentrations are greatly

elevated (> 6 mmol/1) in diabetic rats. This is consistent

with the known absolute requirement of rapidly-divid-

ing cells for glutamine [30-31]. Second, this decrease

could be attributed to low arterial concentration of glut-

amine resulting in substrate unavailability due to in-

creased utilization by other tissues such as kidney and
liver. The latter has been confirmed in the present work
(Table 6). Moreover, substrate unavailability could have

been due to decreased release by skeletal muscle in re-

sponse to diabetes. This was not seen in this study, as

skeletal muscle continued to show enhanced release of
glutamine in short- or long-term diabetes.

The ability of insulin to reverse the effects of strepto-
zotocin-induced diabetes on the activity of intestinal
and colonic glutaminase and the rapidity of the changes
in the activity of the intestinal enzyme in response to
acute changes in insulin concentration in vivo impli-
cates insulin as one humoral factor, regulating directly
or indirectly the intestinal and colonic glutaminase ac-
tivities. The results of the present study suggest that

" whether insulin is involved in the regulation of intesti-

nal glutaminase and therefore glutamine utilization,
such regulatory action is apparently different from that
in the colon. Although such a contention can only be
proven by in vitro experimentation, it is consistent with
recent reports that epithelial cells of the small intestine
possess specific binding sites for insulin [32]. Therefore,
it is concluded that insulin is involved in the regulation
of glutaminase activity of both colonic and intestinal
mucosa, but that it affects each differently. Further
work is needed to explain this difference.
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