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Abstract

The objectives of the research were to study the peculiarities of the intrarenal mechanisms of calcium and phosphates ho-
meostasis regulation against the background of pharmacological blockade of the intrarenal renin-angiotensin system at the
early stages of alloxan-induced experimental diabetes mellitus. The experiments were carried out on 26 white non-linear
mature male rats — 16 animals with 11-day long alloxan-induced experimental diabetes mellitus and 10 intact animals of
the control. Pharmacological blockade of renin—angiotensin—aldosterone system was induced by captopril administration to
8 diabetic rats. The results of the present experimental study evidence that in addition to its well-known effects on intrarenal
hemodynamics, the renin—angiotensin—aldosterone system plays an important role in the modulation of sodium-dependent
tubular transport processes of calcium and phosphates. The increase of sodium-dependent excretion of calcium and phos-
phates in rats with 11-day alloxan-induced experimental diabetes mellitus is predominantly of a hyperdynamic-hyperper-
fusion nature. Limitation of sodium ions reabsorption is accompanied by a decrease in the intensity of sodium-dependent
calcium and phosphates reabsorption processes. Despite the inability of pharmacological RAAS blockade to eliminate the
hemodynamic-hyperperfusion consequences of hyperfiltration, compensatory-functional renal mechanisms of calcium and
phosphates metabolism remain preserved at this stage of experimental alloxan-induced diabetes mellitus, ensuring effective
maintenance of their homeostasis.
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Introduction

Since the kidneysare known to playakeyrolein the
regulation of mineral metabolism, alterations in their
functional state inevitably affect both the intensity and
the pattern of calcium and phosphorus metabolism [1].
The assessment of renal mechanisms governing calci-

um and phosphates homeostasis becomes particularly
relevant in diabetes mellitus (DM), when their imbal-
ance results not only from dysregulation of calciotropic
factors, but also from renal dysfunction in response to
metabolic, hemodynamic, and dyscirculatory hyper-
glycemia-induced processes. Transtubular transport
of calcium and phosphates in DM is characterized by
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changes in the intensity of tubule-specific reabsorp-
tion of cations, including sodium-dependent one, and
depends on the duration of the pathological process, as
we have demonstrated previously under conditions of
alloxan-induced hyperglycemia [2]. Consequently, the
regulatory mechanismsinvolved in their initiation and
progression require a thorough investigation, particu-
larly at the early stages of diabetic renopathy develop-
ment. One of the mentioned mechanisms is activation
of the renin-angiotensin-aldosterone system (RAAS).
The multifactorial impact of RAAS on the progression
of renal pathology has been extensively studied by
both national and international researchers, including
those in the context of DM. Nevertheless, regardless
numerous scientific evidences concerning the patho-
genetic role of RAAS in the progression of diabetic kid-
ney disease (DKD) [3, 4], the extent and nature of RAAS
involvement in the regulation of calcium-phosphate
metabolism at the early stages of DM development still
require certain specification.

The objectives of the research were to study the
peculiarities of the intrarenal mechanisms of calcium
and phosphates homeostasis regulation against the
background of pharmacological blockade of the intra-
renal renin-angiotensin system at the early stages of al-
loxan-induced experimental diabetes mellitus (EDM).

Material and methods

The experiments were carried out on 26 white
non-linear mature male rats, weighted 0.18-0.20 kg,
kept under identical standard vivarium conditions.
Experimental diabetes mellitus (EDM) was induced in
16 animals by a single intraperitoneal administration
of diabetogenic dose of alloxan (Alloxan monohydrate,
“Acros Organics”, Belgium) - 160 mg/kg of the body
weight - preceeded by 12-hour deprivation of food
with preserved access to water ad libitum. 10 days af-
ter alloxan administration, the rats were withdrawn
from the experiment (group 1). To determine the role
of RAAS in the pathogenesis of renal dysfunction un-
der diabetic conditions, an aqueous solution of the
angiotensin-converting enzyme inhibitor (ACEi) cap-
topril (Kaptopril, KRKA, Slovenia) was administered
intraperitoneally to 8 alloxan-diabetic rats (group 2)
at a dose of 10 mg/kg of the body weight on 11* day of
the experiment [5]. Two hours after ACEi administra-
tion, all rats with alloxan-induced diabetes, as well as
10 intact control animals, were loaded with water at a
volume of 5% of the body weight, urine was collected
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during 2 hours, after which animals were euthanized
by decapitation under light ether anesthesia.

Thelevel of glucose in the blood samples was deter-
mined by One Touch Ultra glucometer (LifeScan, USA)
and further only the data of rats with persistent hyper-
glycemia exceeding 7.0 mmol/L were considered.

After assessment of water-induced 2-hour diure-
sis (in m1/100 g of the body weight for 2 hours), urine
creatinine concentration (in a reaction with picric acid
according to Folin’s method) and plasma creatinine
concentration (according to A.K.Merzon’s method)
were determined [6], GFR was calculated based on en-
dogenous creatinine clearance [6]. The concentration
of sodium in urine samples as well as in the renal cor-
tex dissected after decapitation [7], was detected by
the flame photometry method, the calcium urine con-
tent - by the intensity of coloration in the presence of
o-cresolphthalein complexone, the level of phosphates
in urine - by photometry of the phosphoromolybdate
complex. The indices of electrolyte excretion were
calculated, correlated with the unit of functioning
nephron (its absolute values were calculated per 100 pl
of glomerular filtrate [GF]) [6, 8], as well as the calcu-
lation of calcium-phosphorus, calcium- and phospho-
rus-creatinine ratios was made to assess the degree of
calciuria and phosphaturia, sodium-calcium and so-
dium-phosphorus urinary ratios in urine in order to
evaluate sodium-dependent mechanisms of tubular
transport of cations.

The data obtained were statistically processed with
determination of the mean value and standard errors.
The non-parametric Mann-Whitney rank test, provid-
ed by the software “Statistica for Windows”, “Version
8.0”, was used to assess the probability of difference be-
tween the studied groups [9].

The research was carried out in compliance with
the provisions of the EU Directive No. 609 (1986) and
the Order of the Ministry of Health of Ukraine No.
690 of 09/23/2009 “On Measures to Further Improve
Organizational Standards for Work with Experimental
Animals”.

Results and discussion

Analysis of intrarenal calcium and phosphates
transport at the early stages of alloxan-induced EDM
under conditions of captopril administration detected
a decreasing tendency in the urinary calcium-phos-
phate ratio (by 32.8% compared to alloxan-diabetic rats
of group 1, and by 23.6% in comparison with the control
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animals), resulted both from a slight reduction in uri-
nary calcium concentration and from an increase in
urinary phosphorus concentration (Table 1). The ten-
dency toward attenuation of the calciuric response of
the kidneysof rats with 11-day alloxan-induced diabetes
[2] persisted after pharmacological blockade of RAAS
as well - calcium concentration in urine of alloxan-di-
abetic animals of group 2 was 16.5% lower than a corre-
sponding index in rats of group 1 and 23.8% lower than

control values. Despite a significant raise of diuresis
and glomerular filtration rate (GFR) after pharma-
cological blockade of intrarenal RAAS (by 42.9% and
46.5%, respectively, compared to alloxan-diabetic rats
of group 1) (Figure 1), and the consequently expected
augmentation of the calcium filtration charge, there
were no excessive urinary calcium excretion observed
in rats at this stage of the experiment. Thus, the insig-
nificant increase in calcium excretion after captopril

Table 1: Characteristics of renal mechanisms of calcium and phosphates homeostasis in rats with 11-day alox-
ane-induced experimental diabetes with underlying pharmacological blockade of RAAS (X+Sx).

Indices

Control,
n=10

?alqum concentration 1.26+0.03
in urine, mmol/L
Excretion of calcium, 3.79+0.24
pmol per 2 hours
Standardized
excretion of calcium, 1.05+0.04
pmol/100 ml of GF
Phosphates
concentration in urine, 4.64+0.48
mmol/L
Excretion of phosphates, 13.48+1.44
pmol per 2 hours
Standardized excretion
of phosphates, 3.86+1.44
pmol/100 ml of GF
STl TR T 0.304:0.038
ratioin urine, un.
?a1c1}1m—creat1n1ne ratio 1.34+0.05
in urine, un.
Ph(.)sl?horlf.s-creatlnme 4.93+0.50
ratio in urine, un.
-Sod11.1m-calc1um ratio 0.57+0.04
in urine, un.
Sodium-phosphorus 0.1710.024

ratio in urine, un.

Groups, number of animals

11-day EDM 11-day EDM+captopril
n=8 b
0.96+0.04
MS:OOQH p<0.001
P p,>0.1
3.99+0.49 4-6?t0.42
p>0.6 p=0.05
' p,>0.2
0.65+0.07
0'84;)034 <0.001
P p:>0.2
4.34+0.48 4.65+0.63
>0.6 p>0.9
P p,>0.6
14.92+1.76 21.95+2.57
>0.5 p<0.01
e p,<0.05
3.09+0.50 3.12+0.50
>0.2 p>0.2
e p,>0.9
0.283+0.037 0.229+0.026
>0.8 p>0.1
P p,>0.3
0.77+0.12 0.70+0.09
<0.01 p<0.001
P ,>0.7
2.82+0.34 3.33+0.59
p<0.05 p>0.09
. p:>0.5
3.62+0.32 4.17+0.39
<0.001 p<0.001
P ,>0.4
0.991+0.111 0.933+0.114
p<0.001 p<0.001
' p,>0.6

Note: Intergroup differences were assessed using the non-parametric Mann-Whitney test. p - probability of dis-
crepancy of indices relative to control group; p, — probability of discrepancy of indices relative to group 1; n - num-

ber of animals.
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Figure 1: Characteristics of renal excretory function in rats with 11-day alloxan-induced experimental diabetes
mellitus under conditions of pharmacological blockade of the RAAS. * - probability of discrepancy of indices rela-
tive to control group; ** - probability of discrepancy of indices relative to group 1.

administration to diabetic rats (by 17.5%) was not re-
alized when the excretion rate was correlated with
the unit of functioning nephron: calcium excretion
standardized by the volume of GF decreased reliably
under captopril effect (by 22.6% compared to the cor-
responding parameter in group 1 and by 38.1% in com-
parison with the control value). Moreover, a 10.0%
reduction of the urinary calcium-creatinine ratio in
rats with 11-day EDM after captopril administration ac-
companied by practically unchanged creatininuria in-
tencity (Figure 1), indicates the involvement of tubular
mechanisms in maintaining of calcium homeostasis in
alloxan-diabetic rats at this stage of the experiment.

The proximal convoluted and straight tubules
(reabsorbing 60-70% of filtered calcium), the thick as-
cending part of the Henle’s loop (additional absorption
of 20% of filtered calcium) and distal tubules (5-10% of
calcium reabsorption) are known to be the main areas
of calcium reabsorption. However, the tubular calcium
transport and the nature of its reabsorption differs sub-
stantially in certain segments of the nephron [2, 10-15].
Calcium reabsorption in the proximal convoluted and
straight tubules occurs predominantly via energy-in-
dependent transport, which is isosmotic - calcium, so-
dium and water are reabsorbed simultaneously (2, 16,
17]. The reabsorption of filtered calcium in the thick
part of the Henle’s loop occurs both as its passive trans-
port through the intercellular spaces (in the medullar
part) and via active transport mechanisms (in the cor-
tical part). At the same time, calcium reabsorption in
the distal convoluted tubules takes place entirely by ac-
tive transcellular transport [18].

© 2026 The Authors

The latter begins with calcium entry to the tubu-
lar cell through calcium channels in the apical cellu-
lar membrane by potent concentration gradient and
completes with the removal of calcium from the tu-
bular cell across the basolateral membrane due to the
cooperative function of Ca2+-ATPase and Na+/Ca2+
exchanger, which transports three sodium ions into
the cells in exchange for one calcium ion from cells to
the interstitium [2, 16, 19-21]. Considering the above,
sodium-dependent mechanisms, in our opinion, play
an important role in the processes of renal calcium
handling.

Investigation of the role of sodium-dependent
mechanisms in the processes of renal calcium home-
ostasis in rats with 11-day EDM demonstrated a 13.0%
elevation of the urinary sodium-calcium ratio follow-
ing captopril administration, attributable specifical-
ly to a reduction of calcium concentration in urine,
since urinary sodium levels in rats with this duration
of EDM remained practically unchanged under con-
ditions of pharmacological RAAS blockade (Figure 2).
Considering a decrease of proximal tubular sodium
reabsorption by single nephrons (by 9.7%) in response
to captopril administration and probable, parallel to
sodium, limitation of proximal calcium reabsorption
[2, 11, 13-16] it can be suggested that it is distal calcium
transport mechanisms, including sodium-dependent
ones, that provides calcium retention in the body.

Analysis of transtubular sodium and calcium
transport under conditions of pharmacological RAAS
blockade in rats with 11-day EDM demonstrated that
increase in final urine volume and GFR, accompanied
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® control, n=10 ® 11-day EDM, n=8 ® 11-day EDM+captopril, n=8
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12 ~
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urine concentration of sodium
ions, mmol/L

standardized proximal
reabsorption of sodium ions,
umol/100 ml of GF

proximal reabsorption of sodium  standardized distal transport of
ions, mmol/2 hours

r 600

distal transport of sodium ions,

sodium ions, umol/100 ml of GF pmol/2 hours

Figure 2: Characteristics of tubular sodium transport in rats with 11-day alloxan-induced experimental diabetes
mellitus under conditions of pharmacological blockade of the RAAS. * - probability of discrepancy of indices rela-
tive to control group; ** - probability of discrepancy of indices relative to group 1.

by an elevated filtered sodium load of nephron, results
in maximal tension of tubulo-tubular feedback and a
relative inability of the distal tubules to ensure reten-
tion of sodium ions that have escaped reabsorption in
the proximal tubules. Limitation of aldosterone-de-
pendent distal sodium reabsorption under the action
of captopril (Figure 2) leads to a reduction of intracellu-
lar sodium content and creates a favorable gradient for
Na+/Ca2+ countertransport, thereby ensuring active
calcium release from tubular epithelial cells and, con-
sequently, preventing excessive urinary calcium loss
(Tablel) [2,17,19, 21, 22).

This assumption is supported by a decrease in so-
dium ion content in the renal cortex of rats with 11-day
alloxan-induced EDM under conditions of pharmaco-
logical RAAS blockade (it remained 2.1-fold lower than
control values) (Figure 3). The absence of significant
changes after captopril administration excludes the
involvement of RAAS activation in the development of
tubulointerstitial disturbances at the early stages of al-
loxan-induced EDM.

The study of renal mechanisms of phosphate ho-
meostasis at the early stages of alloxan-induced EDM
showed a significant increase in phosphorus excretion
under conditions of pharmacological RAAS blockade
(group 2), exceeding the value observed in alloxan-dia-
beticanimals of group1(by 47.1%) and that of intact ani-
mals (by 62.8%) (Table 1). When correlated with the unit
of functioning nephron, phosphate excretion in group
2remained 19.2% lower than the corresponding control
value and was practically unchanged after pharmaco-

22 https://doi.org/10.46389/rjd-2026-2151

logical RAAS blockade, indicating that the increased
filtration charge of phosphate was causative for the en-
hanced phosphates excretion against the background of
intensified diuresis following captopril administration.

This assumption is supported by the slight eleva-
tion of the urinary phosphorus-creatinine ratio in rats

70 T M control, n=10
[ ® 11-day EDM, n=8
60 A ® 11-day EDM+captopril, n=8

concentration of sodium in the renal cortex,
mmol/g of tissue

Figure 3: Sodium ions content in renal tissue of rats
with 11-day alloxan-induced experimental diabetes
mellitus under conditions of pharmacological block-
ade of the RAAS. * - probability of discrepancy of indi-
ces relative to control group; ** - probability of discrep-
ancy of indices relative to group 1.

© 2026 The Authors



with 11-day alloxan-induced EDM after captopril ad-
ministration (by 15.3%), mainly due to a minor increase
in urinary phosphates concentration accompanied by
nearly unchanged creatininuria (Figure 1). Neverthe-
less, the phosphorus-creatinine ratio remained 48.1%
lower than that of control rats.

Apparently, as the phosphates filtration load in-
creases, the proximal tubular transport maximum is
rapidly reached, phosphates reabsorption becomes sat-
urated, and, as filtration exceeds the reabsorptive capac-
ity of sodium-phosphate transporters, relative phos-
phate reabsorption decreases and urinary phosphate
excretion increases. Thus, urinary phosphate concen-
tration after captopril administration increased by 7.1%
and nearly reached the level observed in intact rats.

On the one hand, this finding indicates sufficiently
effective renal mechanisms of phosphates homeostasis
at this stage of the experiment. On the other hand, it
emphasizes their dependence on tubular sodium trans-
port processes, since the urinary sodium-phosphorus
ratio tended to decrease in rats with 11-day EDM (by
5.9% vs. pre-captopril values), proportionally to the
reduction in proximal sodium reabsorption standard-
ized by GF, while urinary sodium ion concentration
remained unchanged under the influence of captopril.

Since only about 10% of filtered phosphates is reab-
sorbed in the distal tubules 1, 2,15, 23-30], captopril ad-
ministration and blockade of aldosterone-dependent
sodium reabsorption processes had no substantial ef-
fect on renal phosphate homeostasis.

Conclusion

This study that, beyond its well-known effects
on intrarenal hemodynamics, the renin-angioten-
sin-aldosterone system plays an important role in the
modulation of sodium-dependent tubular transport
processes of calcium and phosphates. The increase
of sodium-dependent excretion of calcium and phos-
phatesinratswith11-day alloxan-induced experimental
diabetes mellitus is predominantly of a hyperdynam-
ic-hyperperfusion nature. Despite captopril-induced
reduction in efferent arteriolar tone and a consequent
decrease of intraglomerular pressure, diabetes-associ-
ated dilation of the afferent arteriole, accompanied by
enhanced renal blood flow and renal hyperperfusion
combined with augmented ultrafiltrate volume due to
water-induced diuresis, leads to intensification of re-
nal excretory function. Glomerular hyperfiltration, re-
sulting in proximal tubular overload with ultrafiltrate

© 2026 The Authors
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containing high sodium ions concentrations, probably,
causes exceeding of the reabsorptive capacity of the tu-
bular segment of the nephron, reflected primarily on
the proximal tubules and, due to functional tension of
tubulo-tubular feedback, - on the distal tubules of the
nephron as well. Limitation of sodium ions reabsorp-
tion isaccompanied by a decrease in the intensity of so-
dium-dependent calcium and phosphates reabsorption
processes. However, despite the inability of pharmaco-
logical RAAS blockade to eliminate the hemodynam-
ic-hyperperfusion consequences of hyperfiltration,
compensatory-functional renal mechanisms of calci-
um and phosphates metabolism remain preserved at
this stage of experimental alloxan-induced diabetes
mellitus, ensuring effective maintenance of their ho-
meostasis. Further research is needed to clarify the
role of RAAS activation in the progression of tubuloin-
terstitial injury during hyperglycemia.
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