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Summary. The gluconeogenic capacity of the rat
kidney cortex in the experimental diabetes induced by
N-monomethylacetamide (NMMAA) was studied. Renal
cortical slices from NMMAA diabetic rats synthesized
glucose at an accelerated rate from pyruvate, o-keto-
glutarate or fructose, but not from glutamine. In contrast,
NMMAA added to the incubation medium inhibited
glucose production by slices from normal rats, irrespective
of the substrate used. To evaluate the role of renal gluco-
neogenesis in vivo, the effect of bilateral nephrectomy on
the development of NMMAA-induced hyperglycemia was
studied. The hyperglycemic effect of NMMAA was mark-
edly blunted in nephrectomized rats. On the other hand,

The renal cortex is endowed with all the enzymes
necessary for the production of glucose from glucogenic
substrates [23]. While the capacity of the kidney to
produce glucose in vitro has been well established since
it was first demonstrated by Benoy and Elliott [3], the
role of the kidney in blood glucose homeostasis in vivo
has not been definitely settled.

It has been repeatedly shown in the rat that the
gluconeogenic capacity of the kidney cortex is enhan-
ced in alloxan diabetes [26, 14, 15]. Moreover, there is
some evidence that in this condition the kidneys might
play an important role in the overall production of
glucose in the body [24].

In the present work we investigated a possible role
of renal gluconeogenesis in the experimental diabetes
induced by N-monomethylacetamide (NMMAA). In
the rat, the administration of a single large dose of this
substance is followed by a progressive increase of the
blood glucose level until death [9]. Despite considerable
hyperglycemia, the suppressible insulin-like activity
(SILA) in the serum of intoxicated animals remains
very low [9], indicating a deficiency of biologically
active insulin. The experiments reported here were
undertaken to study (a) the effect of NMMAA intoxica-
tion on the gluconeogenic capacity of the renal cortex;
and (b) the effect of nephrectomy on the development
of NMMAA - induced hyperglycemia, assuming that if
the kidneys synthesize glucose in excess of their
requirement, removal of the organs could depress the
blood glucose level.

* Supported by Fonds National Suisse de la Re-
cherche Scientifique, Grants no 3516 and no 3.370.70.
** Parts of this work have been published in abstract
form (Experientia 26, 691 (1970).

ureteral ligation after NMMAA administration did not
prevent a normal rise in blood glucose. These data are
consistent with the view that the stimulated renal gluco-
neogenesis in the NMMAA diabetic rat represents a
significant proportion of total carbohydrate production
in the body, and contributes to the elevation of the blood
glucose level.
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Material and Methods

Male Wistar type rats (purchased from Tierzucht
Institut der Universitdt Zirich) weighing 180 to 280 g
were used in all experiments. They were fed ad Iibitum
on rat chow (Altromin GmbH, Lage, F.R. Germany) up
to the time stated under results for each experiment.
N-monomethylacetamide (Fluka AG, Buchs, Switzerland)
was melted at 35°C and given undiluted by stomach tube.

In vitro gluconeogenesis. The rats were stunned by a
sharp blow on the head and decapitated, and the kidneys
were quickly removed. Cortical slices of kidneys of control
and treated rats were cut by hand by the method of
Deutsch [5] and washed for about 20 min in ice-cold 0.99,
Na(Cl solution. The slices from each rat were then distrib-
uted into three to four 25-ml Erlenmeyer flasks, each
containing 4 ml Krebs-Henseleit solution, pH 7.4 [17],
with the appropriate substrate (10 mM), and into two
additional flasks without substrate. Two to three slices
(1—3 mg dry wt) were placed in each flask, and incubated
for 1 h at 40°C in a Dubnoff metabolic shaker. The flasks
were gassed with O, CO, (95:5) throughout the in-
cubation. After incubation, the slices were placed into
tared mortars, dried at 120°C for 30 h and weighed. The
incubation media were deproteinized by the addition of
/1o volume of 209, (W/W) HCIO,, and the glucose
concentration was determined by the glucose oxidase
method [11].

The production of glucose from a particular substrate
was calculated for each animal by substracting the mean
glucose production of the animal’s slices incubated in
substrate-free medium from that of its slices incubated
in the presence of the substrate.

The substrates used were: Na pyruvate, a-ketoglutaric
acid (C.F. Boehringer & Soehne GmbH, Mannheim,
F.R. Germany), L{(+) glutamine and D(—) fructose
(Fluka AQG, Buchs, Switzerland). A 1 M stock solution of
a-ketoglutaric acid was titrated to pH 7.4 with 6 N NaOH
before addition to incubation mediurm.

Operations. Bilateral nephrectomy or ureteral ligation
were performed under ether anesthesia, using a dorsal
approach. Damage to the adrenal glands was carefully
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avoided. Controls were sham-operated under strictly
comparable conditions.

Blood glucose determinations. 10 yl blood samples were
obtained from the tail vein of conscious animals placed in
restraining cages. The samples were deproteinized im-
mediately with 100 ul of ice-cold 29 HCIO, and analyzed
in duplicate with a glucose oxidase method using com-
mercial kits (F. Hoffmann — La Roche & Co AG, Diagno-
stica, Schweizerhalle, Switzerland).

Expression of results. Numerical results are expressed
as means 4+ SEM with the number of observations in.
parentheses. Significance of differences was tested by
conventional methods [25], assuming a normal distribu-
tion of the values.
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8 ml/kg body wt of NMMAA or water and deprived of
food 12 h before sacrifice.

Renal cortical slices from treated rats produced
significantly more glucose from pyruvate, o-keto-
glutarate and fructose than did slices from controls. On
the other hand, gluconeogenesis from glutamine did
not differ significantly between the two groups (Table
1). Immediately before sacrifice, the blood glucose
concentration in the treated rats was 126 - 4.1 mg per
100 ml, significantly different from 70--1.0 mg per
100 ml in the controls (Table 1).

Table 1. Effect of NMMAA administration on gluconeogenic capacity of rat renal cortex slices

Glucose production

Substrate Absolute Percent Significance
control NMMAA-fed increase increase of difference
pmoles - g dry wt—1 - h-1 P
none 214 0.5 (30) 32+ 1.3 (28) 114 1.4 52 <<0.001
pyruvate 206+ 9.4 ( 8) 3634-11.6 ( 7) 66 14.7 22 <<0.001
glutamine 1304 3.7 ( 8) 1384 8.0 ( 7) 8+ 8.5 6 NS
a-KG 1724 5.0 ( 7) 235+ 7.7(7) 634+ 9.2 36 <0.001
fructose 5994-12.4 ( 7) 6824-13.4 ( 7) 83418.3 14 <0.001
Blood glucose concentration
mg per 100 ml
70+ 1.0 (30) 126 4.1 (28) 564 4.1 80 <0.001

Substrate concentration: 10 mM

Table 2. Effect of NMMAA added to incubation medium on
gluconeogenic capacity of renal cortex slices from normal rats

Total glucose production

Substrate  Krebs- Krebs- Percent
Henseleit Henseleit inhibition
medium medium -

NMMAA
umoles - g dry wt~1 - 1.5 h~?
glutamine 240--7.7 (6) 21347.0 (6) 10.341.39 (6)
- KG 258-4-4.1 (6) 235--3.9 (6) 9.24-1.80 (6)

Substrate concentration: 10 mM
NMMAA concentration: 50 mM

a-KG: a-ketoglutarate

NS: not significant

The possibility that NMMAA per se stimulated
gluconeogenesis by a direct action on renal cortical
tissue was investigated. Kidney cortex slices from 12
normal rats fasted for 12 h were used. Half the slices
from each rat were incubated in the usual medium
containing a gluconeogenic substrate and half in a
medium containing the same substrate and 50 mmoles/1
NMMAAL, but only 22.5 meq/l HCO,- instead of 25 in
order to keep the pH. at 7.4. Values in table 2 refer to
total glucose production in either medium, in the
presence of glutamine or a-ketoglutarate, during a
90 min incubation. NMMAA added to the medium

Table 3. Effect of nephrectomy and ureteral ligation on blood glucose of NMMAA intoxicated rats

Hours after NMMAA
Group 8

12

16

blood glucose mg per 100 ml

Control 1651-12.4 (16)
NS

Ureteral ligation 1524-12.4 (12)
< 0,01

p
Nephrectomy 1154 4.4 (13)

188-10.8 (26)
NS

1614+12.5 (16)

95+ 9.2 (12)

220+ 9.0 (32)

p<
154--12.2 (16)
p < 0.001
734 9.7 (15)

p < 0.001

The rats were tube-fed 10 ml NMMAA /kg body wt and deprived of food for the remainder of the experiment.

Surgery was performed 2 h after NMMAA. administration.
Results

1. Effect of NMM AA infoxication on gluconeogenic
capacity of renal cortex

Table 1 summarizes the results obtained in 28
treated rats and 30 controls. The animals were tube-fed

significantly (p < 0.001) inhibited glucose formation by
approximately 10 percent with each substrate.

1 The serum NMMAA concentration 15 min after an
oral dose of 8 ml/kg body wt has been estimated to be
approximately 75 mmoles/1 [9].

g*
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2. Effect of mnephrectomy or ureteral ligation on
NMMAA-induced hyperglycemia

Figure 1 illustrates the time course of the devel-
opment of hyperglycemia in mnephrectomized rats
intoxicated by 10 ml/kg body wt of NMMAA. The
animals were freely fed until operation which was per-
formed 14 h before NMMAA administration. Solid
food was then withdrawn. The blood glucose concen-
tration was slightly, but significantly lower in the
nephrectomized rats than in the controls immediately
before giving NMMAA. Thereafter, the magnitude of
the difference between the two groups largely increas-
ed, as the blood glucose concentration rose steadily in
the controls, but remained at relatively low levels in
the nephrectomized animals (Fig. 1).
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Fig. 1. Effect of NMMAA on blood glucose of nephrectom-
ized rats. The rats were nephrectomized or sham-operated
and deprived of food 14 h before oral administration of
10 m1 NMMAA /kg body wt. Each point is the mean of at
least 10 observations. P refers to the differences in the
means between the two groups. The mean survival time
following NMMAA administration was 17.54-1.20 h in
the controls and 15.54-0.60 h in the nephrectomized rats

To decide whether the impaired hyperglycemic
response was due primarily to the loss of renal mass or
to metabolic consequences of renal failure (uremia),
the following changes were made in the experimental
design : a) rats were nephrectomized 2 h after instead
of 14 h before giving NMMAA, in order to reduce the
duration of the anephric state; and b) rats whose
ureters were ligated 2 h after NMMAA intoxication
were included in the study to serve as anuric controls
with kidney tissue present. The differences in blood
glucose concentration between the acutely nephrec-
tomized rats and the sham-operated controls (Table 3)
were similar to those observed in the previous experi-
ment. In addition, the rats with ligated wureters
nitially developed a hyperglycemia similar to that in
the controls; only at the sixteenth hour after intoxica-
tion, i.e. 14 h after ureteral ligation, was their blood
glucose concentration significantly lower than in the
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controls, but still much higher than in the nephreec-
tomized animals (Table 3).

Discussion

1. Effect of NMMAA intoxication on gluconeogenic
capacity of renal cortex

The administration of NMMAA to rats caused an
increase in the capacity of the renal cortex to produce
glucose from endogenous and appropriate exogenous
substrates. In contrast to its effect when given in vivo,
NMMAA added to the incubation medium inhibited
rather than stimulated remal glucose production.
Therefore, the stimulation of gluconeogenesis in in-
toxicated animals is apparently not due to a direct
effect of NMMAA on renal cortical tissue, but presum-
ably represents a metabolic consequence of the induced
diabetic syndrome.

The initiating factor in the diabetic animal could be
the known deficiency of biologically active insulin [9].
Insulin deficiency produced by various means has been
shown to stimulate gluconeogenesis both in the liver
and the kidney. In livers taken from rats treated by
anti-insulin serum, a pattern of metabolic intermedi-
ates consistent with an accelerated rate of gluconeo-
genegis has been observed [27]. Furthermore, Jefferson
et al. [12] have found an increased conversion of 14C-
lactate into glucose in the isolated perfused livers from
rats similarly treated. In alloxan diabetes in the rat,
net glucose production and conversion of labeled
alanine to glucose by liver slices are increased [15], as
is the capacity of kidney cortical slices to synthesize
glucose from pyruvate [26, 14], glutamate, succinate
[14] and «a-ketoglutarate [15].

Besides insulin deficiency, the metabolic acidosis
developing in NMMAA diabetic rats [9] could con-
tribute to stimulate renal gluconeogenesis. In rats
rendered acidotic by NH,Cl feeding, kidney cortex
slices incubated with suitable substrates show an in-
creased gluconeogenic capacity (7,1), presumably due
to an increased phosphoenolpyruvate-carboxykinase
(PEPCK) activity [7, 2, 10].

Kamm and Cahill {15] have proposed that the
diabetic state per se may not increase renal gluconeo-
genesis and that the acid-base status is the major
determinant of renal glucose production. However, in
NMMAA diabetes, we found the rate of gluconeo-
genesis from fructose to be increased. This indicates a
stimulation of the gluconeogenic pathway between the
triose-phosphates and glucose, i.e. at a level which is
not affected by metabolic acidosis [7]. Therefore,
metabolic acidosis cannot be the only factor respon-
sible for the enhanced renal gluconeogenesis observed
after NMMAA. The stimulation of a rate-limiting step
beyond the PEPCK catalyzed reaction may be related
to the increased glucose-6-phosphatase activity ob-
served in the kidneys of alloxan diabetic rats [6].

Another difference between renal gluconeogenesis
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in NMMAA diabetes and in metabolic acidosis pertains
to the conversion of glutamine into glucose. In the
acidotic kidney, Goodman et al. [7] found an increased
rate of gluconeogenesis both from «-ketoglutarate and
from glutamine. They have proposed [7] that meta-
bolic acidosis directly enhances conversion of o-keto-
glutarate to glucose by activating PEPCK, and that
the resultant decrease in intracellular glutamate or one
of its metabolites in turn activates the phosphate-
dependent glutaminage, thereby increasing glucose and
ammonia production from glutamine. In NMMAA
diabetes we found gluconeogenesis from a-keto-
glutarate to be stimulated without a concomitant
increased conversion of glutamine to glucose. We
conclude that in this condition, the gluconeogenic flux
from a-ketoglutarate does not control the rate of the
reactions generating o-ketoglutarate from glutamine.

2. Effect of mephrectomy or ureteral ligation on
NMM AA-induced hyperglycemia

Hyperglycemia induced by NMMAA was drastical-
ly reduced in nephrectomized rats, irrespective of the
duration of the anephric state. On the contrary, acute
anuria following bilateral ureteral ligation did not
prevent a normal rise in blood glucose concentration.
Thus, the impaired hyperglycemic response in nephr-
ectomized animals appears to be primarily related to
the absence of renal tissue and not to a humoral
change resulting from renal failure (uremia).

An additional role of uremia is suggested by the
significantly lower blood sugar level in rats with
ligated ureters than in controls 14 h after ligating the
ureters. However, the interpretation of this difference
is open to question because of a possible impairement
of renal metabolism at this time, due to hydronephro-
sis.

Provided there is no larger peripheral utilization of
glucose in nephrectomized than in intact animals, the
smaller increase in blood glucose after NMMAA in the
former should reflect a depressed glucose production
in the body. Both from a theoretical point of view and
from quantitative data on the in wivo synthesis of
glucose by the kidney, it seems reasonable to hypothe-
size that at least part of this defect in glucose forma-
tion may be ascribed to the absence of renal gluco-
neogenesis.

On theoretical grounds, it has been estimated that
the kidneys may supply as much new glucose to the
body as the liver itself [16]. Actual measures of the
balance of glucose across the kidney in the dog have
yielded conflicting results [18, 4, 21, 20]. Most recent
studies negate any net renal glucose production in vivo,
even after the induction of metabolic acidosis (4, 21,
20], a condition where renal gluconeogenesis is known
to be stimulated in vifro [8, 4]. On the other hand, both
in the dog [13] and in man [19], there are indications
that the kidneys become a source of glucose for other
tissues after a prolonged starvation. Furthermore, it
has been shown that in alloxan diabetic rats the rapid
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fall of blood glucose concentration oceuring after total
evisceration is largely suppressed if the renal pedicles
are left unligated during the evisceration procedure
[24], a finding pointing to an important role of the
kidney in the overall production of glucose in the body.

In summary, our observations demonstrate first
that the gluconeogenic capacity of the renal cortex
from NMMAA treated rats is enhanced, and second
that the presence of the kidneys is mandatory for the
full development of the drug-induced hyperglycemia.
We tentatively suggest that in vivo the kidneys might
release a sizeable amount of glucose into the circu-
lation, thereby sustaining the blood glucose level. This
interpretation does not rule out alternative explana-
tions of the effect of nephrectomy on the development
of NMMAA hyperglycemia. In particular, the kidneys,
whose capacity to extract insulin from blood and to
degrade it is well documented [22], might be a site of
abnormal insulin inactivation allegedly responsible for
insulin deficiency in NMMAA diabetes [9]. According
to this hypothesis, removal of the kidneys would
result in an “insulin sparing effect”, which could in
part explain the diminished hyperglycemie response to
NMMAA in nephrectomized rats.
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