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Abstract—Incretins are hormones with a wide range of biological activity. We studied the ratio of the glycemic
effect of the glucagon-like peptide-1 mimetic and its effect on the renal excretion of sodium and water. It was
found that both effects depend on the initial blood concentration of glucose. In normoglycemia, exenatide
had no effect on blood sugar level, but it significantly increased urinary sodium excretion and reabsorption of
solute-free water. In hyperglycemia the blood glucose concentration was normalized by exenatide, while the
excretion of sodium by the kidneys and the reabsorption of solute-free water were increased to a small extent.
This pattern was found both in patients with type 2 diabetes mellitus and in rats with hyperglycemia induced
by intraperitoneal injection of glucose.
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Incretins are intestinal tract hormones involved in
the regulation of carbohydrate metabolism. Their
effects were discovered in the early 20th century, and
the term incretin was proposed by La Barre in 1932 to
designate the activity of the intestinal mucosa extract
whose injection caused the blood glucose level to
decrease [1]. The main incretins are glucose-depen-
dent insulinotropic polypeptide and glucagon-like
peptide-1 (GLP-1) whose structures were identified
in 1973 and 1985 [1]. Postprandial insulin secretion
(50–70%) by pancreatic β-cells depends on GLP-1
[2]. In addition, GLP-1 acts as a metabolic signal for
glucose-dependent suppression of glucagon by
α-cells, delayed emptying of the stomach, and sup-
pression of appetite [3]. Incretin-based medications
have been developed for the treatment of type 2 diabe-
tes mellitus (incretin mimetics, gliptins) [3–5]. Ani-
mal experiment and the experience of the clinical use
of GLP-1 mimetics show that the spectrum of incretin
functions is considerably wider than regulation of car-
bohydrate metabolism [6]. The GLP-1 receptors have
been found to be located not only in β- and α-cells of
the pancreas, but also in the liver, heart, brain, and
kidneys. Animal experiments confirmed the involve-
ment of GLP-1 in the regulation of water and salt
homeostasis [7]. The natriuretic effect of GLP-1 and
incretin mimetics has been described [8], as well as the
influence on the excretion of other ions and water [7,
9].

The question of integration of a specific regulatory
process into the general system of regulations in the
whole organism, of the mechanisms of interaction
between various hormones and biologically active
substances is a fundamental physiological problem.
Earlier, it was shown that, in the regulation of water–
salt metabolism, the effect of incretins is superim-
posed on the action of other hormones, which pro-
vided for restoration of homeostasis even in differently
directed shifts in the internal environment parameters.
Incretins accelerate sodium excretion and reabsorp-
tion of water in hyperosmia, chlorides in hyperchlore-
mia, water in hypoosmia and hyperhydration, etc. [9].
Hyperglycemia may lead to shifts in the blood electro-
lyte composition [10] and change the direction and/or
intensity of the effect of incretin mimetics on the kid-
ney [11]. It was of interest to assess the ratio of the
hypoglycemic effect of incretin to its influence on the
excretion of ions and water by the kidney. We carried
out the study of the effect of the incretin mimetic
exenatide on the renal function at different blood lev-
els of glucose. Patients with type 2 diabetes mellitus
and normal rats with hyperglycemia induced by par-
enteral administration of glucose were examined.

METHODS
Twenty women with type 2 diabetes mellitus were

enrolled in the study. The ages of the patients varied
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between 34 and 66 years; the disease duration was in
the range of 1–30 years. The subjects were treated in
the Leningrad Regional Clinical Hospital on an in-
patient basis. The basic therapy of type 2 diabetes mel-
litus included diet and sugar-lowering drugs in all
patients. None of them received incretin mimetics ear-
lier.

On the examination day, the patients did not take
medications, nor did they have breakfast to avoid stim-
ulation of GLP-1 secretion. The urine was sampled
before and after exenatide injections with voluntary
voiding; the time over which each urine sample was
accumulated, as well as its volume, was recorded.
Immediately after collecting the first morning urine
sample (approximately in the period from 8:00 to 8:30
a.m.), which was used for assessing the initial parame-
ters of the renal function in each specific patient, they
had their blood from the cubital vein for biochemical
tests withdrawn, the glucose level in capillary blood
measured, and exenatide (Baeta, AstraZeneca, United
Kingdom) injected subcutaneously at a 5 μg once-
daily dose. After exenatide injection, the urine was
sampled for 2 h, and the glucose level was measured
repeatedly at the end of the observation period.

Experiments were performed on 40 female Wistar
rats with a body mass of 180–230 g. The rats were
maintained in plastic cages with wood-particle bed-
ding (five rats in a cage). They were fed on the stan-
dard granulated feed (ООО Laboratorkorm, Russia)
and drank water ad libitum. In the evening before the
experiment, the feed was taken away, but the animals
had easy access to water. At the end of each experi-
ment, the animals were returned into the vivarium
cages and used in the subsequent experiments not ear-
lier than in a week’s time.

In order to model hyperglycemia in rats, intraperi-
toneal injection of 0.15 g of D-glucose (Ekros, Russia)
per 100 g of body weight (b. w.) in the form of 50%
solution [12] was used. Exenatide was injected intra-
muscularly at a dose of 0.2 μg in 0.1 mL per 100 g b.
m., for which purpose the Baeta preparation was
diluted 120-fold with saline. Capillary blood from the
tails of the animals was sampled before and 15, 30, and
60 min after intraperitoneal injection of glucose solu-
tion to analyze the dynamics of glycemia on exposure
to exenatide; exenatide or vehicle was injected 15 min
prior to the load test. In order to study the kidney
function on exposure to the incretin mimetic, intact
animals were injected exenatide or simultaneously an
intraperitoneal injection of glucose. Diuresis was
recorded with spontaneous voiding for 4 h, for which
purpose the animals were placed in individual cages
with a wire f loor, a funnel, and a measuring tube. In
order to analyze osmolality and the serum composi-
tion of electrolytes, the blood was sampled from the
common carotid artery under Zoletil anesthesia (5 mg
intramuscularly per 100 g b. m. of Zoletil, Virbac,
France) in individual experiments before and after
intraperitoneal glucose load at 5 and 30 min. The
number of animals in each series was ten.

Osmolality in the serum and urine samples was
determined by the cryoscopic method using a
3300 microosmometer (Advanced Instruments,
United States); the sodium and potassium concentra-
tion, a Sherwood-420 flame photometer (Sherwood
Scientific, United Kingdom) and an Erba XL-200
automatic biochemical analyzer ion-selective unit
(Erba Lachema, Czech Republic). The urine and
serum creatinine measurements were made using the
kinetic method by Jaffe reaction; the serum glucose
measurements, using the glucose oxidase test on an
automatic biochemical analyzer. The capillary blood
concentration of glucose was measured using an Accu-
Chek Performa glucose meter (Roche Diagnostics,
Germany). The level of glycated hemoglobin was
determined using a D-10 analyzer (BIO-RAD, United
States).

The following parameters characterizing the func-
tional capacities of the kidneys were used: UNaV,
sodium ion excretion; COsm, solute clearance; CNa,

sodium ion clearance; , reabsorption of solute-
free water. Below are the equations for the calculation
of the clearance of solutes, sodium ions, and reabsorp-
tion of solute-free water: COsm = (UOsm/POsm)V, CNa =

(UNa/PNa)V,  = (UOsm/POsm)V – V, where UOsm is
urine osmolality; POsm is serum osmolality; UNa is uri-
nary sodium concentration; PNa is serum sodium con-
centration; V is diuresis. In rats, all the kidney function
parameter values were calculated per 100 g b. w.; in
human subjects, per 1.73 m2 of the body surface area.

The statistical processing data are represented as
M ± m; for comparison and the assessment of signifi-
cance, paired and unpaired Student’s t tests with Bon-
ferroni correction were used; the difference was con-
sidered to be statistically significant at p < 0.05.

RESULTS
All the patients enrolled in the study were divided

into two groups according to the fasting blood glucose
level on the examination day: below 6.2 mM (normo-
glycemia) and above 6.2 mM (hyperglycemia). The
clinical characteristic of patients included in the study
groups is represented in Table 1. The patients from the
two groups did not differ in age, duration of diabetes
mellitus, the complication rate, and concomitant dis-
eases. In twelve patients, the course of diabetes melli-
tus was complicated by the development of diabetic
nephropathy (in all at the microalbuminuria stage); in
five, by diabetic retinopathy and/or polyneuropathy.
Arterial hypertension, dyslipidemia, chronic gastro-
duodenitis, and cholelithiasis were among concomi-
tant pathologies. The creatinine level in all the patients
corresponded to normal values and did not differ in
two experimental groups. The level of glycated hemo-

2

С
Н ОТ

2

С
Н ОТ
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019



EFFECT OF THE GLUCAGON-LIKE PEPTIDE-1 MIMETIC 687

Table 1. Characteristic of examined patients with type 2 diabetes mellitus

* Statistically significant intergroup differences (t test, p < 0.05). BMI denotes body mass index; AH, arterial hypertension; SBP, systolic
blood pressure; DBP, diastolic blood pressure.

Parameter Normoglycemia (n = 10) Hyperglycemia (n = 10)

Age, years 56 ± 3 53 ± 2
Duration of diabetes mellitus, years 1–30 1–20
Incidence of diabetic nephropathy, % 60 60
Glycated hemoglobin, % 6.6 ± 0.3 9.5 ± 0.8*
BMI 34.4 ± 1.8 33.9 ± 1.6
Incidence of AH, % 70 70
SBP, mmHg 136 ± 6 128 ± 4
DBP, mmHg 78 ± 2 78 ± 2
Blood osmolality, mOsm/kg H2O 301 ± 2 300 ± 2
Blood sodium, mM 147 ± 2 140 ± 2*
Blood potassium, mM 5.0 ± 0.1 4.4 ± 0.2*
Creatinine, μM 69 ± 7 65 ± 7

Fig. 1. Effect of a single injection of exenatide on the blood
glucose concentration (PGlu) in patients with type 2 diabe-
tes mellitus with a different initial glycemic levels. Groups
of patients: 1, with the initial normoglycemia; 2, with the
initial hyperglycemia; the parameters: а, before and b, 2 h
after exenatide injection. Statistically significant differ-
ences in the groups: * before and after exenatide injection
(paired t-test, p < 0.05); # between the groups of patients
with the initial normoglycemia and hyperglycemia (t test,
p < 0.05). 
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globin was shown to be significantly higher in the
group of patients with fasting hyperglycemia at the
moment of examination (Table 1). Thus, despite the
administered therapy, long-term control of the blood
sugar level in these patients was worse. All the patients
were overweight: four patients had pre-obesity; nine,
grade 1 obesity; four, grade 2 obesity; three, grade 3
obesity. The body mass index and the arterial pressure
level on the examination day did not differ signifi-
cantly in the two experimental groups (Table 1). As
revealed, patients with hyperglycemia had a lower
blood level of sodium and potassium (but within nor-
mal range). Note that blood osmolalities in the two
groups did not differ (Table 1).

The injection of exenatide into hyperglycemic
patients was shown to significantly decrease the blood
glucose concentration 2 h after the moment of injec-
tion (Fig. 1). In patients with fasting normoglycemia,
the injection of exenatide did not influence the blood
glucose concentration. These data agree with the glu-
cose-dependent character of the insulinotropic effect
of incretin mimetics [3–5]. Analysis of the kidney
function in those examined showed that the injection
of exenatide statistically significantly increased the
excretion of sodium ions and reabsorption of solute-
free water. This effect was more pronounced in nor-
moglycemic patients (Fig. 2).

In order to test the hypothesis that the character of
the action of exenatide on the renal function depends
on the level of glycemia, animal experiments were per-
formed. Hyperglycemia in normal Wistar rats was
induced by the performance of the intraperitoneal glu-
cose tolerance test. Unlike oral, intraperitoneal injec-
tion of glucose does not stimulate incretin secretion,
owing to which an increase in the blood insulin con-
centration and normalization of the glycemic level
occur slowly [5, 6].
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019
As soon as 5 min after intraperitoneal injection of
50% glucose, the rat blood glucose level and osmolal-
ity were shown to increase by 11.7 ± 1.1 mM and by
9 ± 1 mOsm/kg Н2О, respectively; after 30 min of the
experiment, hyperglycemia persisted, but the sodium
ion concentration decreased; serum osmolality virtu-
ally returned to the initial value (Table 2). Analysis of
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Fig. 2. Effect of exenatide on sodium ion excretion (UNaV) and reabsorption of solute-free water  in patients with type 2
diabetes mellitus at different initial glycemic levels. Groups of patients: 1 and 2, with initial normoglycemia (2 h before and after
exenatide injection, respectively); 3 and 4, with initial hyperglycemia (2 h before and after exenatide injection, respectively);

parameters: а, UNaV; b,  * Statistically significant difference in the groups before and after exenatide injection (paired t test,
p < 0.05).
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the sodium and glucose dependence of blood osmolal-
ity showed that 5 min after the load test, the rise in
osmolality was determined by a sharp increase in the
blood glucose concentration (Fig. 3). Reversal of
blood osmolality to normal values after 30 min
occurred due to both the glucose and sodium concen-
tration decrease. At 30 min after the load sample, an
inverse relationship between the level of glucose and
sodium ions was revealed in rat blood (r = –0.74, p <
0.05) (Fig. 3).

In hyperglycemia induced by intraperitoneal injec-
tion of glucose, the sodium ion excretion by the rat
kidneys decreased (from 5.88 ± 1.17 to 0.22 ±
0.04 μmol per 100 g b. m. within 2 h) as did the clear-
ance of solutes and sodium and reabsorption of solute-
free water (Fig. 4) compared with intact animals. The
injection of exenatide against this background nor-
malized the blood glucose level (Fig. 5) and stimulated
reabsorption of water in the kidneys (Fig. 4); the
Table 2. Rat serum osmolality and concentrations of glucose
peritoneal load with glucose solution

* Statistically significant differences between the parameter values a

Blood serum parameters 0 min (n = 10)

Glucose, mM 6.1 ± 0.2
Osmolality, mOsm/kg water 295 ± 1
Sodium, mM 143 ± 1
Potassium, mM 4.0 ± 0.1
sodium ion excretion was retained at a level (0.80 ±
0.25 μmol per 100 g b. m. within 2 h), which was sig-
nificantly lower than in the control animals without
glucose injection. Exenatide induced in normoglyce-
mic rats a marked increase in the solute clearance, pri-
marily due to the excretion of sodium ions, as well as
increased reabsorption of solute-free water (Fig. 4).

DISCUSSION

The results of examination of diabetic patients with
various levels of glycemia at the time of exenatide
injection showed distinctions in the level of the effect
on the excretion of sodium and reabsorption of water.
Similar shifts were shown in normal animals whose
hyperglycemia was induced by intraperitoneal injec-
tion of glucose. In this study, the excreted sodium
fraction in response to the injection of exenatide var-
ied in rats between 0.02 ± 0.01 and 6.5 ± 0.6% at dif-
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019

 and sodium and potassium ions at different times after intra-

t 0 min (t-test with Bonferroni correction, p < 0.05).

5 min (n = 10) 30 min (n = 10)

17.8 ± 1.4* 12.2 ± 0.9*
304 ± 1* 298 ± 2*
142 ± 1 132 ± 1*
4.1 ± 0.1 4.8 ± 0.1*
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Fig. 3. Dependence of serum osmolality (POsm) and the serum sodium concentration (PNa) on the glycemic level (PGlu) after
intraperitoneal injection of glucose solution. Values: а, 0 min, b, 5 min; c, 30 min after the beginning of the experiment. r is Pear-
son correlation coefficient.
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ferent initial blood levels of glucose. The results of this
study allow us to explain the inconsistency of the data
on the acute effects of incretin mimetics in humans
available in the literature. In most studies carried out
during examination of patients with type 2 diabetes
mellitus, statistically significant but small changes in
sodium ion excretion were found [13, 14]; no influ-
ence of the drugs on the glomerular filtration rate or
the renal hemodynamics parameters was revealed
[13–16]. At the same time, examination of overweight
patients without carbohydrate metabolism disorder
demonstrated an increase in the excreted sodium frac-
tion to 2.45%, a rise of the glomerular filtration rate
(by 20%), intraglomerular pressure and effective renal
plasma flow, and lower resistance of an afferent arteri-
ole influenced by exenatide [17].

Earlier, the data on the relationship between the
direction and degree of the effects of incretins on the
excretion of water and salts by the kidneys and the cur-
rent state of the water–salt balance were obtained in
the animal experiments [7]. It was established that the
incretin GLP-1 and its mimetics depressed proximal
sodium reabsorption [8, 18, 19], and the sodium ion
excretion value observed under certain conditions
depends, among other things, on the influences of
other hormones and biologically active substances on
the processes of distal sodium reabsorption (vasopres-
sin, mineralocorticoids, prostaglandins, etc.) [7, 9].
This study showed that acute hyperglycemia in rats
contributes to a significant suppression of sodium
excretion by the kidneys and interferes with the natri-
uretic action of exenatide. This effect may be deter-
mined by a hyperglycemia-induced decrease in the
blood level of sodium and by a response-induced
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019
increase in the ion reabsorption by the renal tubules.
Long-term hyperglycemia in humans may also lower
the blood sodium concentration [20]; this effect is
aimed at normalizing its osmolality and maintaining
osmotic homeostasis. Several studies showed that the
effect of diuretics and natriuretics was substantially
less salient during hyperglycemia [21–23]. Another
mechanism of antinatriuretic effect of hyperglycemia
in rats and humans may be linked to insulin secretion.
It was shown earlier that insulin increased sodium
reabsorption in a nephron [24] and the functional
activity of sodium cotransporters (Na/K/2Cl [25],
Na/Cl [26]), as well as the number of distal epithelial
Na-channels [27], which may require to prevent post-
prandial renal sodium losses [28].

Incretins are involved in both regulation of carbo-
hydrate metabolism and maintenance of water–salt
homeostasis. The results of this study show an essen-
tial role of the physiological background against which
the realization of the effects of an individual biologi-
cally active substance occurs. The increase in the
blood glucose level leads to a number of changes in the
internal environment of the body necessitating the
maintenance of a stable level of solutes, shifts in osmo-
lality and the blood concentration of the main ions.
The maintenance of homeostasis under hyperglyce-
mic conditions requires the functional systems of the
body to change both the utilization of glucose by the
cells and the ion and water transport by the kidneys.
These processes are reflected by increased reabsorp-
tion of solute-free water and limited sodium excretion
characteristic of hyperglycemia. Under these condi-
tions, GLP-1 mimetic aids in normalization of the
blood concentration of glucose and retention of water
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Fig. 4. Effect of exenatide on the reabsorption solute-free water  clearance of osmotically active substances (COsm) and
sodium ions (CNa) in rats against the background of hyperglycemia induced by intraperitoneal glucose load. Groups of animals:

1, control; 2, exenatide; 3, glucose load; 4, glucose load + exenatid ; parameters: а, COsm; b, CNa; c,  Statistically significant
differences: * with the corresponding control (t test with Bonferroni correction, p < 0.05); # with a similar group without glucose
load (t test with Bonferroni correction, p < 0.05). 
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in the body; an increase in sodium excretion occurs to
a lesser degree than on exposure to exenatide in nor-
moglycemic humans and animals.
Fig. 5. Influence of exenatide on the glycemic level (PGlu)
after intraperitoneal glucose load in rats. Groups of ani-
mals: а, glucose load; b, glucose load + exenatide. * Statis-
tically significant differences with the group without exen-
atide injection (t test with Bonferroni correction, p < 0.05). 
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CONCLUSIONS

The results demonstrate the relationship between
the influence of GLP-1 mimetics on the excretion of
sodium and water by the kidneys and the tendencies of
shifts in the physicochemical parameters of the inter-
nal environment. Both the hypoglycemic effect of
exenatide and its influence on the kidney functions in
patients with type 2 diabetes mellitus and rats with
hyperglycemia induced by intraperitoneal injection of
glucose have been shown to depend on the initial
blood sugar level. The results of the study give evi-
dence of the homeostatic significance of the system of
incretins and emphasize the necessity of integrative
physiological investigations in the whole body for
understanding the role of individual humoral factors
in the general system of regulations.
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