
Summary. Background. To this day, the effect of multi-
drug immunosuppressive protocols on renal expression
of AQPs is unknown. This study aimed to determine the
influence of rapamycin-based multi-drug immuno-
suppressive regimens on the expression of aquaporins
(AQPs) 1, 2, 3, and 4 in the rat kidney.

Methods. For 6 months, 24 male Wistar rats were
administered immunosuppressants, according to the
three-drug protocols used in patients after organ
transplantation. The rats were divided into four groups:
the control group, the TRP group (tacrolimus,
rapamycin, prednisone), the CRP group (cyclosporine A,
rapamycin, prednisone), and the MRP group
(mycophenolate mofetil, rapamycin, prednisone).
Selected red cell indices and total calcium were
measured in the blood of rats and quantitative analysis of
AQP1, AQP2, AQP3 and AQP4 immunoexpression in
the kidneys were performed.

Results. In the TRP and CRP groups, a mild increase
of mean corpuscular hemoglobin concentration,
hematocrit and total calcium were observed. Moreover,
decreased expression of AQP1-4 was found in all
experimental groups, with the highest decrease in the
CRP group.

Conclusions. The long-term immunosuppressive
treatment using multi-drug protocols decreased AQP1-4
expressions in renal tubules, possibly leading to
impaired urine-concentrating ability in rat.
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Introduction

Over 30 years ago Benga (1988) for the first time
demonstrated the characteristic protein in the membrane
of the red blood cells (RBC) among the polypeptides
migrating in the region with the molecular weight of 35-
60 kDa. This became the beginning of a great discovery
that has shed new light on membrane water transport. A
few years after this event, independent research
conducted by Agre and co-workers (Preston et al., 1992;
Agre and Chrispeels, 1993), honored with the Nobel
Prize in 2003, clearly showed that previously observed
protein, later called aquaporin 1 (AQP1), is a water
channel that had been sought for many years. Today, it is
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known that aquaporins (AQPs) are a family of small
transmembrane proteins selectively permeable to water
and other small molecules. The discovery and definition
of their role, primarily in the rapid water flow across the
cell plasma membranes, have allowed us to understand
many processes related to the proper maintenance of the
water and electrolyte balance of the whole organism. 

To date, 13 AQPs have been identified in mammals
(AQP0 - AQP12), of which 9 (AQP1 - AQP8 and
AQP11) are located in kidneys (Michałek, 2016). It is
widely known that AQP1, AQP2, AQP3 and AQP4 play
a key role in renal water reabsorption (Kortenoeven and
Fenton, 2014). Any disturbance in their location or
expression directly affects renal water excretion and the
proper maintenance of the whole body water balance
(Fenton and Knepper, 2007). A number of factors that
may affect the normal course of renal water retention via
AQPs have been studied, and many related disorders
have been described (Kortenoeven and Fenton, 2014).
Unfortunately, to date, very few studies have been
conducted on the potential impact of immunosuppressive
therapies on changes in AQP expression in the kidneys.
Moreover, available data comes from experiments in
which the effects of only individual drugs were
analyzed.

Immunosuppressive drugs are conventionally
applied in clinical practice to prevent immune-borne
rejection of vascularized transplanted organs. The
development of long-term immunosuppressive regimens
based on multi-drug combinations aims to reduce the
risk of damage and graft rejection in post-transplantation
patients and to minimize single drug toxicity (Baroja-
Mazo et al., 2016). In kidney transplant patients, the
standard combination therapy usually includes:
calcineurin inhibitors (CNI), such as cyclosporine A
(CsA) and tacrolimus (FK-506); antimetabolite purine
antagonists, including mycophenolate mofetil (MMF);
corticosteroids, including prednisone; and less often
used mammalian target of rapamycin (mTOR) inhibitors,
including rapamycin. The use of immunosuppressive
drugs from other classes allows modulation of the
immune response through various mechanisms of action
(Tsai et al., 2018). 

It should be highlighted that rapamycin has a
favorable nephrotoxicity profile and a different
mechanism of action compared to CNI. Therefore,
rapamycin-containing multi-drug protocols have been
developed to minimize the adverse effects associated
with the use of CsA or FK-506. It is also suggested that
combination therapy might delay the appearance of drug
resistance (Li et al., 2014; Baroja-Mazo et al., 2016).
Moreover, due to the unique antiproliferative properties
of rapamycin, it is used in immunosuppressive protocols
in patients after organ transplantation with cancer - CNI
is replaced by rapamycin. Drugs from the group of
mTOR inhibitors in patients with a history of cancer can
be used de novo or included in therapy several months
after transplantation (pre-therapy). Drugs from this
group can also be implemented many years after

transplantation, after cancer diagnosis (late conversion)
(Hoogendijk-van den Akker et al., 2013). Additionally,
the mTOR inhibitors in immunosuppressive schemes are
usually also applied in patients with the cytomegalovirus
(CMV) or the Polyoma BK virus (BKV) infection
(Tedesco Silva Jr et al., 2010). Cytomegalovirus and
BKV still remain the most important infectious
pathogens in renal transplant recipients, and they affect
the survival of recipients and transplants. It was revealed
that mTOR inhibitors both inhibit mTOR viral kinase
and may affect the function of host immune cells
involved in the antiviral response. Clinical trials on the
efficacy and safety of treatment with the mTOR
inhibitors compared to other immunosuppressants - most
commonly CNI or mycophenolic acid - have shown a
lower incidence of the CMV infection. The benefits of
treatment with mTOR inhibitors can be found primarily
by seronegative recipients receiving a seropositive
organ, recipients not subjected to anti-CMV prophylaxis,
and patients not responding to antiviral therapy.
Interestingly, immunosuppressive regimens containing
mTOR inhibitors in combination with CsA are
associated with a lower incidence of BKV infection
compared to regimens involving CNI + MMF (Tedesco
Silva Jr et al., 2010).

The mechanism of action of immunosuppressive
drugs within individual renal tubular sections is not fully
explained. The multidirectional effect of immuno-
suppressants associated with activation of various
intracellular pathways that causes that the final effect
depends on many factors, including the duration of the
therapy and also the type and dose of drugs. Studies
concerning the influence of single immunosuppressive
drugs on the water channels in kidneys have shown that
long-term administration of CsA, FK-506 and rapamycin
causes a decrease in the expression of renal aquaporins,
especially AQP2, which is directly associated with
increased urinary excretion of water (Lim et al., 2004; Li
et al., 2007; da Silva et al., 2009; Rinschen et al., 2011;
Gao et al., 2013; Chen et al., 2014). In turn, the use of
glucocorticoids, including prednisone, causes a decrease
in the secretion of arginine vasopressin (AVP) (Erkut et
al., 1998). To this day, the effect of mycophenolate
mofetil on renal expression of AQPs is unknown. So,
will the multi-drug regimens deepen the effect of
particular drugs and increase renal water loss via AQPs,
although they minimize the nephrotoxicity? Searching
for the answer to this question, we undertook research
aimed to determine the influence of rapamycin-based
multi-drug immunosuppressive protocols on the
expression of aquaporins 1, 2, 3, and 4 in the rat kidney.
Materials and methods

Animals

The studies were performed on 24 sexually mature
three-month-old male Wistar rats, which were obtained
from a licensed breeder (the Institute of Occupational
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Medicine, Lodz, Poland). The animals used in
experiment had health and genetic certificates approved
by a veterinarian. Before starting the experiment, all
animals survived an adaptation period (two weeks) and
were weighed (mean weight of 305 g). All animals
received water ad libitum and were fed with high-quality
specialized laboratory diet of LSM type (Agropol
Motycz, Lublin, Poland) with the energy value 1474
kJ/100 g, including 17.6% protein. The rats were housed
in ventilated rooms maintained at 21°C and humidity of
50±5% in standard cages (six rats per cage) and
subjected to a 12 h light/12 h dark cycle. The rats were
randomly divided into four groups (six rats in each
group): the control group and three experimental groups
(TRP, CRP and MRP). Animals in the control group
were administered bread balls without any drug. Rats in
the experimental groups received immunosuppressants,
according to the three-drug protocols used in patients
after organ transplantation: 1) in the TRP group rats
received FK-506, rapamycin, and prednisone, 2) in the
CRP group rats received CsA, rapamycin, and
prednisone, and 3) in the MRP group rats received
MMF, rapamycin, and prednisone. Immunosuppressive
agents were orally administered to animals in their
pharmaceutical form in bread balls every 24 hours for 6
months. The drug doses (Table 1) were based on
literature data (Van Westrhenen et al., 2007; Schmitz et
al., 2009), and were adjusted to body mass of rats and
properly calculated considering metabolic differences
between rat and human. It should be noted that FK-506
dosing was based on its target blood levels. In clinical
practice, it allows for better clinical outcomes, to avoid
drug-induced adverse effects and the maintenance of
efficacy (Kikuchi et al., 2019). In our experiment the
applied doses of immunosuppressants allowed us to
obtain drug concentrations in the blood of the animals
within the therapeutic range (Kędzierska et al., 2015).

The protocol of the experiment and animal welfare
procedures were approved by the Local Ethical
Committee for Experiments on Animals of the
Pomeranian Medical University in Szczecin, Poland
(No. 06/08 and No. 24/08).
Collection of material for the study

Twenty two rats completed the study (two rats in the
CRP group died in the fourth month of the experiment).
All animals were anesthetized intraperitoneally with a
ketamine hydrochloride (50 mg/kg of body mass), next
they were sacrificed, and the blood samples were
collected for hematologic and biochemical analyzes.
Subsequently, during the section, kidneys of rats were
obtained. For immunohistochemical evaluation kidneys
were fixed in 4% buffered paraformaldehyde and
embedded in paraffin blocks.
Haematological and biochemical analysis

The blood samples were collected in tubes with a
10% (w/v) sodium ethylenediamine-tetraacetic acid in
distilled water. The hematological tests were performed
using a Cobas m 511 integrated hematology analyzer
(Roche Diagnostics Hematology, Westborough, MA).
Red cell indices included mean corpuscular hemoglobin
concentration (MCHC) and hematocrit (HCT). The total
calcium concentration in the blood serum was determined
using a colorimetric method using a commercial reagent
kit (Aqua Med, Łódź, Poland) and following standard
procedures recommended by the producer.
Immunohistochemistry

In the present study, the following primary
antibodies were used to examine the detailed location
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Table 1. Drug doses in the control and experimental groups.

Group Drugs Pharmaceutical form Dose Time of
(name, manufacturer, city, country) (mg/kg of body administration

weight/day (months)

C (control) None - - -

TRP tacrolimus Prograf, Astellas Pharma Inc., Tokyo, Japan 4
rapamycin Rapamune, Pfizer, Inc., New York, USA 0.5 6
prednisone Encorton, Polfa, Pabianice, Poland 4

CRP cyclosporine A Sandimmum-Neoral; Novartis International AG, Basel, Switzerland 5
rapamycin Rapamune, Pfizer, Inc., New York, USA 0.5 6
prednisone Encorton, Polfa, Pabianice, Poland 4

MRP mycophenolate mofetil CellCept; Hoffman-La Roche Ltd., Basel, Switzerland 20
rapamycin Rapamune, Pfizer, Inc., New York, USA 0.5 6
prednisone Encorton, Polfa, Pabianice, Poland 4

C: control group without any medication; CRP: rats received cyclosporine A, rapamycin, and prednisone; MRP: rats received mycophenolate mofetil,
rapamycin, and prednisone; TRP: rats received tacrolimus, rapamycin, and prednisone.



and expression of AQPs in the kidneys of rats: (1) mouse
monoclonal anti-Aquaporin 1 (sc-25287, Santa Cruz
Biotechnology), (2) rabbit polyclonal anti-Aquaporin 2
(NB110-74682, Novus Biologicals), (3) rabbit
polyclonal anti-Aquaporin 3 (NBP1-97927, Novus
Biologicals) and (4) rabbit polyclonal anti-Aquaporin 4
(NBP1-87679, Novus Biologicals). Depending on the
type of the primary antibody, labeling of the antigen-
antibody complexes were visualized with the use of
secondary polyclonal goat anti-rabbit (P 0448, Dako) or
anti-mouse (sc-516102 Santa Cruz Biotechnology)
horseradish peroxidase-conjugated antibodies.

Immunostaining of paraffin-embedded kidney tissue
sections from all rats was performed according to the
protocol previously described in detail by Michałek et al.
(2014). Sections (2-3 μm thick) were deparaffinized and
rehydrated with xylene and in a graded ethyl alcohol
series, respectively. The activity of endogenous
peroxidase was blocked by treating all slides with 0.30%
hydrogen peroxide in methanol for 30 minutes. To reveal
antigens, sections were incubated in 1 mM Tris solution
(pH 9.0) supplemented with 0.5 mM egtazic acid
(EGTA) and heated in a microwave oven for 16 min.
The non-specific binding of Ig was prevented by
incubating the sections in 50 mM NH4Cl for 30 min,
followed by blocking in PBS supplemented with 1%
BSA, 0.05% saponin, and 0.2% gelatin. Next, the
sections were incubated with anti-AQPs primary
antibodies diluted in 0.01M PBS with 0.1% BSA and
Triton X-100. In the present experiment, kidney sections
were incubated all night at 4°C in a humid chamber with
primary anti-AQP1 antibodies (dilution 1:100), anti-
AQP2 (dilution 1:100), anti-AQP3 (dilution 1:500) and
anti-AQP4 (dilution 1:500). Subsequently, the slides
were incubated with a complex containing a secondary
antibody conjugated with horseradish peroxidase. Next,
diaminobenzidine in chromogen solution (Dako, K3468)
was used. Mayer’s hematoxylin (Sigma-Aldrich Co., St
Louis, MO, USA) was used as a counterstain. As the
final step, all slides were dehydrated and coverslipped.
The obtained sections were analyzed under a light
microscope (Olympus BX 41, Hamburg, Germany).
Specificity of immunostaining was confirmed by
following the above procedures by replacing the primary

antibody with IgG from mouse and rabbit serum,
respectively. In addition, all reactions using a particular
antibody were carried out under the same conditions.
Quantitative analysis of immunohistochemistry

Quantitative analysis of immunohistochemistry was
conducted according the protocol recommended by the
manufacturer. All slides under immunostaining were
scanned at 400× absolute magnification (resolution of
0.25 μm/pixel) with the use a ScanScope AT2 scanner
(Leica Microsystems, Wetzlar, Germany). The
background illumination levels were calibrated using a
prescan procedure. Moreover, the scanner was
configured to minimize focus problems. Using an
ImageScope viewer (Version 11.2.0.780; Aperio
Technologies, Inc., Vista, CA, USA), the obtained digital
images of the IHC slides were examined. For the
automatic analysis of AQP1-4 expression in particular
parts of the kidneys, the following algorithms were used:
membrane v9 algorithm (version 9.1; Aperio
Technologies, Inc.) for detailed analysis of AQP
expression in the apical and basolateral plasma
membranes, and cytoplasmic v2 algorithm (version 2.0;
Aperio Technologies, Inc.) for detailed analysis of
intracellular expression of AQP2. The percentage of
renal tubular cells with weak, medium, and strong
positive immunostaining in the plasma membranes and
intracellular vesicles were determined for individual
AQPs (AQP1-4). The percentage of cells with the
expression of each AQP for each group was counted in a
total of 30 random fields (5 fields from each rat, 20-30
tubules per field).
Statistical analysis

All statistical analyzes were conducted by using
Statistica 8.0 software (StatSoft, Krakow, Poland). The
quantitative values were evaluated by the Shapiro-Wilk
normality test. Pairwise comparison between control and
experimental groups were performed by the Kruskal-
Wallis test with Dunn's multiple comparison test for post
hoc analysis. The level of statistical significance was
p<0.05.
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Table 2. Selected red cell indices and total calcium in the blood of rats in the control and experimental groups.

Group MCHC (mmol/L) HCT (L/L) Ca (mmol/L)
Median (range) X±SD Median (range) X±SD Median (range) X±SD

C (control) 14.0 (13.6-14.2) 13.9±0.2 0.754 (0.739-0.779) 0.756±0.013 1.94 (1.82-2.80) 2.07±0.37
TRP 14.1 (12.6-14.9) 14.0±0.8 0.804 (0.767-0.844) 0.805±0.031 2.16 (1.50-2.52) 2.11±0.36
CRP 14.4 (13.8-15.0) 14.4±0.5 0.769 (0.660-0.835) 0.758±0.090 2.44 (2.36-2.54) 2.45*±0.08
MRP 13.8 (11.5-13.9) 13.4±0.9 0.724 (0.605-0.787) 0.719±0.067 2.17 (2.02-2.27) 2.15±0.09

C: control group without any medication; Ca: calcium; CRP: rats received cyclosporine A, rapamycin, and prednisone; HCT: hematocrit; MCHC: mean
corpuscular hemoglobin concentration; MRP: rats received mycophenolate mofetil, rapamycin, and prednisone; TRP: rats received tacrolimus,
rapamycin, and prednisone; X±SD: arithmetical mean±standard deviation; *: p<0.05 vs. control (Kruscal-Wallis test).



Results

Selected hematologic and biochemical parameters in the
blood of rats 

The red cell indices such as mean corpuscular
hemoglobin concentration, and hematocrit, and also total
calcium were determined in the blood of rats in the
control and experimental groups (Table 2). The highest
level of MCHC was noted in the CRP group, while the
lowest level was noted in the MRP group. Level of
MCHC both for the CRP and the MRP group was
statistically insignificant in comparison to the control
group. The highest HCT was revealed in the TRP group,
while the lowest was revealed in the MRP group. Level
of HCT both for the TRP and the MRP group was
statistically insignificant in comparison to the control
group. The highest concentration of total calcium was
observed in the CRP group (p<0.015), while the lowest
concentration was observed in the control group.

Immunolocalization of AQP1, 2, 3 and 4 in rat kidney

Immunoexpression of AQP1 (Fig. 1) was observed
both in the renal cortex and medulla of rat kidney in the
control (Fig. 1A,E,I) and all experimental groups - TRP
(Fig. 1B,F,J), CRP (Fig. 1C,G,K) and MRP (Fig.
1D,H,L) groups. In the renal cortex AQP1 expression
was revealed in the brush border and basolateral
membranes of proximal tubular epithelial cells (Fig. 1A-
H), and also in the endothelium of glomeruli capillaries
(Fig. 1A-D). In proximal tubules (PT) different intensity
of labeling of AQP1 was found. Straight PTs exhibited
mostly strong intensity of labeling, while different parts
of convoluted PTs were characterized by various
intensity. In medulla, AQP1 expression was observed in
the apical and basolateral membranes of epithelial cells
of the descending thin limb of Henle's loop (HL) (Fig.
1I-L). In the inner medulla, strong expression of AQP1
was revealed in tubules characterized by very low
epithelium with dilated intercellular spaces.
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Fig. 1. Representative light micrographs of immunolocalization of aquaporin 1 (AQP1) (A-L) in the rat kidney. Immunoexpression of AQP1 (brown
colour) in the apical (brush border) and basolateral plasma membranes of the epithelial cells of proximal tubules (A-H; black arrowheads) and
descending thin limb of Henle's loop (I-L; red arrowheads) and also in the endothelium of glomeruli capillaries (A-D; yellow arrowheads) in the control
group (A, E, I), the TRP group (B, F, J), the CRP group (C, G, K), and the MRP group (D, H, L). In proximal tubules different intensity of labeling of
AQP1 was found (details in the text). The epithelial cells of distal tubules and collecting ducts were unlabeled. C - control group without any medication;
CRP - rats received cyclosporine A, rapamycin, and prednisone; MRP - rats received mycophenolate mofetil, rapamycin, and prednisone; TRP - rats
received tacrolimus, rapamycin, and prednisone. Scale bars: 50 µm.



Immunoexpression of AQP2 (Fig. 2) was found in
the apical and basolateral membranes, and also
intracellular vesicles of the cortical and medullary
collecting duct (CD) principal cells, and in the
connecting tubules in the rat kidney in the control (Fig.
2A,E) and all experimental groups - TRP (Fig. 2B,F),
CRP (Fig. 2C,G) and MRP (Fig. 2D,H) groups. Apical
membrane of CD principal cells mostly exhibited strong
intensity of AQP2 labeling, while basolateral
membranes were characterized by weak intensity.

Immunoexpression of AQP3 (Fig. 3) was revealed in
the basolateral plasma membrane of the cortical and
medullary collecting duct principal cells in rat kidney in
the control (Fig. 3A,E) and all experimental groups -
TRP (Fig. 3B,F), CRP (Fig. 3C,G) and MRP (Fig. 3D,H)
groups. In all groups, labeling of AQP3 in CD principal
cells in medulla was weaker than AQP4.

Immunoexpression of AQP4 (Fig. 4), similarly to
AQP3, was noted in the basolateral plasma membrane of
the cortical and medullary collecting duct principal cells
in rat kidney in the control (Fig. 4A,E) and all
experimental groups - TRP (Fig. 4B,F), CRP (Fig. 4C,G)
and MRP (Fig. 4D,H) groups. Both outer and inner
medullary CD exhibited mostly moderate intensity of
AQP4 labeling, while cortical collecting ducts were
characterized by weaker intensity. In all groups, labeling
of AQP4 in CD principal cells in medulla was stronger
than AQP3.

Quantitative evaluation of AQP1, 2, 3 and 4 immuno-
expression in rat kidney

The percentage of proximal tubular epithelial cells
characterized by weak, moderate, and strong expression
of AQP1 in the apical membrane (Fig. 5) in the control
group was statistically significant compared to TRP
(p=0.006 for weak expression) and CRP (p=0.001 and
p=0.003 for moderate and strong expression,
respectively) groups. The highest percentage of proximal
tubule cells characterized by weak expression of AQP1
in the apical membrane was found in the TRP group
(28.9±3.4%), while the lowest percentage was found in
the control group (21.2±9.3%). The highest percentage
of proximal tubule cells characterized by moderate
expression of AQP1 in the apical membrane was noted
in the CRP group (48.2±8.1%), while the lowest
percentage was noted in the TRP group (29.0±15.6%).
The highest percentage of proximal tubule cells
characterized by strong expression of AQP1 in apical
membrane was found in the control group (44.7±17.9%),
while the lowest percentage was found in the CRP group
(26.9±10.5%). The highest decrease of AQP1 expression
in the apical membrane of proximal tubular epithelial
cells was revealed in the CRP group.

The percentage of proximal tubular epithelial cells
with weak and moderate expression of AQP1 in the
basolateral membrane (Fig. 5) in the control group
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Fig. 2. Representative light micrographs of immunolocalization of aquaporin 2 (AQP2) (A-H) in the rat kidney. Immunoexpression of AQP2 (brown
colour) in the apical and basolateral plasma membranes (black arrowheads) and intracellular vesicles in the medullary (A-D) and cortical (E-H)
collecting duct principal cells in the control group (A, E), the TRP group (B, F), the CRP group (C, G), and the MRP group (D, H). In collecting duct
principal cells different intensity of labeling of AQP2 was found (details in the text). The epithelial cells of proximal and distal tubules and also
descending thin limb of Henle's loop were unlabeled. C - control group without any medication; CRP - rats received cyclosporine A, rapamycin, and
prednisone; MRP - rats received mycophenolate mofetil, rapamycin, and prednisone; TRP - rats received tacrolimus, rapamycin, and prednisone. Scale
bars: 50 µm.



differed statistically from the CRP group (p=0.027 and
p=0.003, respectively). The highest percentage of
proximal tubule cells with weak expression of AQP1 in
basal membrane was found in the CRP group

(66.3±7.1%), while the lowest percentage was found in
the TRP group (54.3±8.2%). The highest percentage of
proximal tubule cells with moderate expression of AQP1
in basal membrane was noted in the control group
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Fig. 3. Representative light micrographs of immunolocalization of aquaporin 3 (AQP3) (A-H) in the rat kidney. Immunoexpression of AQP3 (brown
colour) in the basolateral plasma membranes (black arrowheads) in the medullary (A-D) and cortical (E-H) collecting duct principal cells in the control
group (A, E), the TRP group (B, F), the CRP group (C, G), and the MRP group (D, H). In collecting duct principal cells different intensity of labeling of
AQP3 was found (details in the text). The epithelial cells of proximal and distal tubules and also descending thin limb of Henle's loop were unlabeled. C
- control group without any medication; CRP - rats received cyclosporine A, rapamycin, and prednisone; MRP - rats received mycophenolate mofetil,
rapamycin, and prednisone; TRP - rats received tacrolimus, rapamycin, and prednisone. Scale bars: 50 µm.

Fig. 4. Representative light micrographs of immunolocalization of aquaporin 4 (AQP4) (A-H) in the rat kidney. Immunoexpression of AQP4 (brown
colour) in the basolateral plasma membranes (black arrowheads) in the medullary (A-D) and cortical (E-H) collecting duct principal cells in the control
group (A, E), the TRP group (B, F), the CRP group (C, G), and the MRP group (D, H). In collecting duct principal cells different intensity of labeling of
AQP4 was found (details in the text). The epithelial cells of proximal and distal tubules and also descending thin limb of Henle's loop were unlabeled. C
- control group without any medication; CRP - rats received cyclosporine A, rapamycin, and prednisone; MRP - rats received mycophenolate mofetil,
rapamycin, and prednisone; TRP - rats received tacrolimus, rapamycin, and prednisone. Scale bars: 50 µm.



(37.5±11.2%), while the lowest percentage was noted in
the CRP group (23.1±11.6%). The highest percentage of
proximal tubule cells with strong expression of AQP1 in
basal membrane was found in the control group
(1.9±2.5%), while the lowest percentage was found in
the CRP group (1.0±2.0%). Similarly to apical
membrane, the highest decrease of AQP1 expression in
basolateral membrane of proximal tubular epithelial cells
was noted in the CRP group.

The percentage of descending thin limb of Henle's
loop cells with moderate, and strong expression of
AQP1 in the apical membrane (Fig. 6) in the control
group differed statistically from the CRP group (p=0.002
and p=0.001, respectively). The highest percentage of
Henle's loop cells with weak expression of AQP1 in
apical membrane was found in the MRP group

(2.6±1.1%), while the lowest percentage was found in
the control (1.2±0.8%) and TRP (1.2±1.2%) groups. The
highest percentage of Henle's loop cells with moderate
expression of AQP1 in apical membrane was noted in
the CRP group (35.2±8.9%), while the lowest percentage
was noted in the control group (24.5±9.7%). The highest
percentage of Henle's loop cells with strong expression
of AQP1 in apical membrane was found in the control
(73.2±10,8%) and TRP (73.2±4.2%) groups, while the
lowest percentage was found in the CRP group
(63.1±9.2%). The highest decrease of AQP1 expression
in apical membrane of descending thin limb of Henle's
loop cells was observed in the CRP group.

The percentage of descending thin limb of Henle's
loop cells with weak and moderate expression of AQP1
in the basolateral membrane (Fig. 6) in the control group
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Fig. 5. The percentage of
epithelial cells of proximal
tubules with aquaporin 1
(AQP1) expression in the
apical (brush border) and
basolateral plasma
membranes in the rat kidney.
AM - apical membrane; BLM -
basolateral membrane; C -
control group without any
medication; CRP - rats
received cyclosporine A,
rapamycin, and prednisone;
MRP - rats received
mycophenolate mofetil,
rapamycin, and prednisone;
TRP - rats received
tacrolimus, rapamycin, and
prednisone; p<0.05 vs. control
for weak (a), moderate (b),
and strong (c) expression of

AQP1 in the apical membrane; p<0.05 vs. control for weak (d) and moderate (e) expression of AQP1 in the basolateral membrane (Kruskal-Wallis test);
error bars show standard deviations.

Fig. 6. The percentage of
descending thin limb of Henle's
loop cells with aquaporin 1
(AQP1) expression in the
apical and basolateral plasma
membranes in the rat kidney.
AM - apical membrane; BLM -
basolateral membrane; C -
control group without any
medication; CRP - rats
received cyclosporine A,
rapamycin, and prednisone;
MRP - rats received
mycophenolate mofetil,
rapamycin, and prednisone;
TRP - rats received tacrolimus,
rapamycin, and prednisone;
p<0.05 vs. control for
moderate (a) and strong (b)
expression of AQP1 in the

apical membrane; p<0.05 vs. control for weak (c) and moderate (d) expression of AQP1 in the basolateral membrane (Kruskal-Wallis test); error bars
show standard deviations.



differed statistically from the CRP group (p=0.001 and
p<0.001, respectively). The highest percentage of
Henle's loop cells with weak expression of AQP1 in
basal membrane was found in the MRP group
(9.9±4.4%), while the lowest percentage was found in
the CRP group (0.7±2.3%). The highest percentage of
Henle's loop cells with moderate expression of AQP1 in
basal membrane was noted in the CRP group
(40,3±6,6%), while the lowest percentage was noted in
the MRP group (28.3±6.5%). The highest percentage of
Henle's loop cells with strong expression of AQP1 in
basal membrane was found in the control group
(62.9±8.5%), while the lowest percentage was found in
the TRP group (58.0±7.7%). 

The percentage of collecting duct cells with weak

and strong expression of AQP2 in the apical membrane
(Fig. 7) in the control group differed statistically from
the CRP group (p<0.001). The highest percentage of
collecting duct cells with weak and moderate expression
of AQP2 in apical membrane was found in the CRP
group (20.3±4.5% and 36.4±10.1%, respectively), while
the lowest percentage was found in the control
(2.0±3.2% and 32.2±12.6%, respectively) and TRP
(32.2±8.5% for moderate expression) groups. The
highest percentage of collecting duct cells with strong
expression of AQP2 in apical membrane was found in
the control group (65.8±10.5%), while the lowest
percentage was found in the CRP group (42.5±10.9%).
The highest decrease of AQP2 expression in apical
membrane of collecting duct cells was noted in the CRP

467
Immunosuppressants and renal aquaporins

Fig. 8. The percentage of
collecting duct cells with
aquaporin 3 (AQP3)
expression in the basolateral
plasma membrane in the rat
kidney. BLM - basolateral
membrane; C - control group
without any medication; CRP -
rats received cyclosporine A,
rapamycin, and prednisone;
MRP - rats received
mycophenolate mofetil,
rapamycin, and prednisone;
TRP - rats received tacrolimus,
rapamycin, and prednisone;
p<0.05 vs. control for weak (a)
and moderate (b) expression of
AQP3 in the basolateral
membrane (Kruskal-Wallis
test); error bars show standard
deviations.

Fig. 7. The percentage of
collecting duct cells with
aquaporin 2 (AQP2)
expression in the apical and
basolateral plasma
membranes, and also its
intracellular expression in the
rat kidney. AM - apical
membrane; BLM - basolateral
membrane; C - control group
without any medication; IC -
intracellular; CRP - rats
received cyclosporine A,
rapamycin, and prednisone;
MRP - rats received
mycophenolate mofetil,
rapamycin, and prednisone;
TRP - rats received
tacrolimus, rapamycin, and
prednisone; p<0.05 vs. control

for weak (a) and strong (b) expression of AQP2 in apical membrane; p<0.05 vs. control for weak (c) and moderate (d) expression of AQP2 in
basolateral membrane; p<0.05 vs. control for weak (e) and moderate (f) intracellular expression of AQP2 (Kruskal-Wallis test); error bars show
standard deviations.



group.
The percentage of collecting duct cells with weak

and moderate expression of AQP2 in the basolateral
membrane (Fig. 7) in the control group differed
statistically from the TRP (p=0.003 and p=0.006,
respectively), CRP (p<0.001), and MRP groups
(p<0.001). The highest percentage of collecting duct
cells with weak expression of AQP2 in basal membrane
was found in the CRP group (81.4±9.0%), while the
lowest percentage was found in the control group
(59.6±9.1%). The highest percentage of collecting duct
cells with moderate and strong expression of AQP2 in
basal membrane was noted in the control group
(37.4±10.9% and 1.7±2.4%, respectively), while the
lowest percentage was noted in the CRP group
(4.9±2.4% and 0.3±0.4%, respectively). Similarly to
apical membrane, the highest decrease of AQP2
expression in basolateral membrane of collecting duct
cells was noted in the CRP group.

The percentage of collecting duct cells with weak
and moderate intracellular expression of AQP2 (Fig. 7)
in the control group differed statistically from the RTP
(p<0.001), the CRP (p<0.001), and the MRP (p=0.033
for moderate expression) groups. The highest percentage
of collecting duct cells with weak intracellular
expression of AQP2 was found in the CRP group
(86.4±5.4%), while the lowest percentage was found in
the control group (55.2±6.6%). The highest percentage
of collecting duct cells with moderate and strong
intracellular expression of AQP2 was noted in the
control group (43.3±5,5% and 1.6±2.1%, respectively),
while the lowest percentage was noted in the CRP
(13.6±4.5% and 1.1±0.9%, respectively) and the TRP
(1,1±0,7% for strong expression) groups. Similarly to
apical and basolateral membranes, the highest decrease
of AQP2 intracellular expression in collecting duct cells
was noted in the CRP group.

The percentage of collecting duct cells with weak

and moderate expression of AQP3 in the basolateral
membrane (Fig. 8) in the control group differed
statistically from the TRP (p<0.001), CRP (p<0.001),
and MRP (p=0.005 and p=0.010, respectively) groups.
The highest percentage of collecting duct cells with
weak expression of AQP3 in the basal membrane was
found in the CRP group (66.3±14.2%), while the lowest
percentage was found in the control group (42.3±3.7%).
The highest percentage of collecting duct cells with
moderate expression of AQP3 in basal membrane was
noted in the control group (56.0±4.0%), while the lowest
percentage was noted in the CRP group (26.6±18.8%).
The collecting duct cells with strong expression of
AQP3 in basal membrane was found only in the control
group (0.8±1.7%). The highest decrease of AQP3
expression in the basolateral membrane of collecting
duct cells was found in the CRP group.

The percentage of collecting duct cells with weak,
moderate, and strong expression of AQP4 in the
basolateral membrane (Fig. 9) in the control group
differed statistically from the TRP (p<0.001 for weak
and strong expression), the CRP (p<0.001 for moderate
and strong expression), and the MRP (p=0.006 for weak
expression) groups. The highest percentage of collecting
duct cells with weak expression of AQP4 in basal
membrane was found in the TRP group (45.2±5.2%),
while the lowest percentage was found in the control
group (36.7±4.1%). The highest percentage of collecting
duct cells with moderate expression of AQP4 in basal
membrane was noted in the CRP group (57.8±4.6%),
while the lowest percentage was noted in the MRP group
(43.2±7.3%). The highest percentage of collecting duct
cells with strong expression of AQP4 in basal membrane
was found in the control group (18.7±11.2%), while the
lowest percentage was found in the CRP group
(0.2±0.5%). The highest decrease of AQP4 expression in
the basolateral membrane of collecting duct cells was
found in the CRP group.
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Fig. 9. The percentage of
collecting duct cells with
aquaporin 4 (AQP4)
expression in the basolateral
plasma membrane in the rat
kidney. BLM - basolateral
membrane; C - control group
without any medication; CRP -
rats received cyclosporine A,
rapamycin, and prednisone;
MRP - rats received
mycophenolate mofetil,
rapamycin, and prednisone;
TRP - rats received
tacrolimus, rapamycin, and
prednisone; p<0.05 vs. control
for weak (a), moderate (b),
and strong (c) expression of
AQP4 in the basolateral
membrane (Kruskal-Wallis

test); error bars show standard deviations.



Discussion

Although many studies have been conducted on the
impact of immunosuppressants on the urinary tract
(Kędzierska et al., 2015, 2016; Grabowska et al., 2016,
2020), still little is known about the effects of these
drugs on AQP expression. This is the first report
concerning the influence of the multi-drug rapamycin-
based immunosuppressive regimens on the
immunoexpression of the AQP1-4 water channels in the
rat kidney. The presented study has demonstrated that a
long-term immunosuppressive treatment significantly
decreased expression of the AQP1-4 in the renal tubules
in rat. 

We have developed an experimental model of the
immunosuppressive treatment which might be
comparable to the multi-drug long-term therapy
commonly used in renal transplant recipients. The time
of experiment was 6 months, which reflects about 15
years of human life (the average rat lifetime is 2-3 years)
(Quinn, 2005). In many studies on animal models,
concerning the effects of immunosuppressive treatment,
a relatively short-term treatment was applied (Van
Westrhenen et al., 2007). It is worth noting that our
research was performed on animals in which kidney
transplantation was not done. This allowed for the
analysis of the direct effect of immunosuppressive drugs,
excluding factors which interfere with their picture of
action (e.g. ischemia/reperfusion-associated tissue
damage, or humoral and cellular immunological factors
associated with the response mechanisms against
transplanted tissues). Moreover, we have decided on oral
administration of immunosuppressants rather than intro-
peritoneal or subcutaneous usually used in other studies
(Ysebaert et al., 2003). This route of drug administration
was physiological and safest for animals.

In our study, a mild increase of MCHC and HCT
was observed in groups in which FK-506, rapamycin,
and prednisone as well as CsA, rapamycin, and
prednisone were administered (statistically
insignificant). This may indicate mild cellular RBC
dehydration. Water loss causes both reduction in cell
volume and an increase of haemoglobin concentration
(Berda-Haddad et al., 2017). Moreover, it has been
confirmed that selected immunosuppressive agents
(mostly steroids) may slightly increase red cell indices
(King et al., 1988). Interestingly, a mild decrease of
MCHC in the MRP group was observed. Literature data
indicates that values of MCHC were lower in patients
receiving mycophenolate mofetil at 1 week, 1 month and
6 months after transplantation (Khosroshahi et al., 2006).
It confirms the results obtained in our experiment in the
group in which MMF, rapamycin, and prednisone were
administered. Rapamycin included in all experimental
protocols also could influence hematological parameters.
It is worth mentioning that the mammalian target of
rapamycin complex 1 (mTORC1) pathway is a key
regulator of RBC proliferation and growth. Therefore
disorders in this pathway may result in anemia (Knight

et al., 2014).
In the present study, an increase of total calcium in

the blood of rats was found in all experimental groups,
with the highest concentration in the CsA, rapamycin,
and prenisone-treated rats. Einollahi et al. (2012) have
reported that hypercalcemia was observed in 66% of the
examined kidney transplant patients. Under normal
conditions, CsA and FK-506 in renal transplant patients
increase the excretion of magnesium and calcium in the
urine. Supplementation is sometimes ineffective due to
the reduced kidney threshold for these ions. However, in
our experiment, in rats, kidney transplantation was not
performed, therefore we suspected that animals did not
excrete calcium in excess. The results of other
researchers have confirmed our suspicions. Tsuruoka et
al. (2007) have revealed that in rats which received CsA
serum Ca concentrations were increased, but urinary
reabsorption ratios of Ca were not affected by the drug.
Moreover, the increase of urine deoxypyridinoline, an
index of bone resorption, was observed. Therefore, it can
be stated that the increase of total Ca in blood of rats in
the CsA, rapamycin, and prednisone-treated rats is
mainly due to bone resorption. 

In our research, in all experimental groups a
decreased expression of AQP1, AQP2, AQP3 and AQP4
was found, with the highest decrease in the CsA,
rapamycin, and prenisone-treated rats. The presented
results suggest that different multi-drug rapamycin-based
immunosuppressive regimens to varying degrees inhibit
water reabsorption by downregulating AQPs.
Unfortunately, in the available literature, we could not
find any research concerning the influence of multi-drug
protocols on AQP expression that can be referred to.
However, in a very few studies with use single
immunosuppressive drugs it has been shown that CsA
treatment decreases AQP expression in different
experimental models (Lim et al., 2004; Rinschen et al.,
2011). Lim et al. (2004) have reported that CsA
treatment for 4 weeks significantly decreases the
expression of AQP1-4 and urea transporters in rats. 

One of the reasons for the downregulation of the
AQPs may be renal tubular damage caused by the
immunosuppressive drugs. It has been proved that long-
term use of CNI leads to irreversible renal functional
deterioration as a result of irreversible and progressive
tubulo-interstitial injury and glomerulosclerosis
(Naesens et al., 2009). However, in our previous studies
we did not find any histopathological changes (eg.
fibrosis, inflammatory infiltration, tubular atrophy,
vacuolation of the tubular cells) in any experimental
groups (Kędzierska et al., 2015). Our previous studies
have shown that the applied drug combinations did not
cause significant damage of the renal tubules. The blood
plasma creatinine in the tested animals was relatively
stable, there was no significant difference between the
study groups and the control group (Kędzierska et al.,
2015). In order to determine potential nephrotoxic
changes, an analysis of concentrations of kidney damage
markers in rat blood plasma, kidney injury molecule-1
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(KIM-1) and monocyte chemoattractant protein-1
(MCP-1) was additionally carried out (Kędzierska et al.
2016). In all experimental groups no changes in the
KIM-1 concentration were found. Interestingly, in the
group in which mycophenolate mofetil, rapamycin and
prednisone were administered, a significant reduction in
MCP-1 concentration was found. MCP-1 influences the
activation and migration of leucocytes into the tubule-
interstitial space of the kidneys and plays an important
role in renal fibrosis. Therefore, it may be that
downregulation of AQPs in our experimental model
could be the effect of specific action of
immunosuppressive drugs applied and not the result of
damage to the renal tubules. 

Most data that allow for a broader explanation of the
mechanisms of water reabsorption, in the renal tubules
in response to body needs, concern AQP2. In our study,
the observed downregulation of AQP2 is undoubtedly
associated with long-term administration of CsA,
rapamycin, and prednisone. Under normal physiological
conditions the main factor regulating expression and
distribution of AQP2 is the AVP. In response to
hypernatremia or hypovolemia, AVP is secreted from the
posteriori pituitary gland into the blood. Then via the
bloodstream, AVP reaches the kidneys and binds to the
vasopressin type-2 receptor (V2R), which is localized in
the basolateral membrane of collecting duct principal
cells (Ando and Uchida, 2018). In the short-term
regulation, binding AVP to V2R activates a cascade
signaling pathway leading to an increase of cyclic
adenosine monophosphate (cAMP), activation of protein
kinase A and an increased intracellular level of Ca2+.
This leads to AQP2 phosphorylation and its trafficking
to the apical plasma membrane increasing the osmotic
water permeability. After fusion with the apical plasma
membrane of collecting duct principal cells, AQP2 is
excreted into the urine or undergoes endocytosis. In the
long-term regulation of AQP2, a prolonged stimulation
of vasopressin markedly increases AQP2 abundance in
the renal collecting duct (Kwon et al., 2013).

Besides AVP, several other factors modulate AQP2
expression and distribution, including extracellular
tonicity and calmoduline-dependent serine/threonine
phosphatase calcineurin (CaN) (Jo et al., 2001;
Vukićević et al., 2016; Ando and Uchida, 2018).
Calcineurin is an important signaling molecule in many
cells. It is a heterodimer made up of two subunits, catalic
A (CnA) and regulatory B (CnB) (Gooch et al., 2004).
The involvement of the cell receptor with a related
ligand induces an increase in intracellular calcium
concentration, followed by the activation of calmodulin,
which interacts with CaN, leading to its activation.
Calcineurin dephosphorylates nuclear regulatory
proteins such as nuclear factor of activated T-cells
(NFATc), thereby facilitating their translocation from the
cytoplasm to the nucleus, where they regulate gene
expression for numerous proteins (Knoop et al., 2004).
In the kidney, the expression of CaN was observed in the
glomerulus, proximal tubule, medullary thick ascending

limbs, cortical and medullary collecting duct and
connecting tubule (Tumlin et al., 1995; Gooch et al.,
2004). In the CD, calcineurin is co-localized with AQP2
in intracellular vesicles (Gooch et al., 2004). The role of
CaN in regulation of expression and trafficking of AQP2
is not fully explained. However, it is known that genetic
loss of CaN Aα causes impaired urine-concentrating
response to vasopressin with no accumulation of AQP2
in the apical plasma membrane and loss of this protein in
the vesicle fraction (Gooch et al., 2006). Moreover, it is
revealed that long-term CaN inhibition by CsA results in
polyuria, and also decreased expression of renal AQPs
and urinary osmolality (Batlle et al., 1986; Lim et al.,
2004).

Under normal physiological conditions, an increase
of hipertonicity of interstitium, and associated increased
release of Ca2+ from endoplasmic reticulum and binding
them to CnB causes dephosphorylation of NFATc in the
cytosol and its subsequent translocation to the nucleus,
where it binds to the promoter region of AQP2 gene
(Gooch et al., 2006; Lim et al., 2007) (Fig. 10). Binding
of calcium ions and CnB activation is also accompanied
by an increase in AQP2 phosphorylation and increased
expression in apical plasma membrane (Ando et al.,
2016). Ambient hypertonicity also stimulates the activity
of transcriptomal activator, tonicity-responsive enhancer
binding protein (TonEBP). This protein protects renal
cells from hypertonic stress and a high concentration of
urea by stimulating the transcription of specific genes
(Hasler et al., 2006; Lim et al., 2007). An increase of
TonEBP also induces nuclear localization of NFATc, and
contributes to upregulation of AQP2 expression (Li et
al., 2007). The observed decrease in AQP2 expression in
the experimental rats is probably associated with long-
term inhibition of CaN. 

As mentioned earlier, the long-term inhibition of
calcineurin with CsA results in polyuria, decreased
expression of renal AQPs and urinary osmolality (Batlle
et al., 1986; Lim et al., 2004; Gooch et al., 2006). It is
still unknown whether CsA affects AQPs, including
AQP2, directly, or alters it through other mechanisms. In
the course of the long-term treatment of CsA a reduction
of medullary osmotic gradient was observed by
decreased expression of active sodium transporters
(sodium/potassium/chloride transporter type 2
(NKCC2), sodium/chloride transporter, sodium-
potassium pump Na+/K+-ATPase), increased sodium
excretion, and also reduced urinary concentration (Lim
et al., 2007). In addition, a decrease in urea transporters
that are responsible for accumulation of urea in the inner
medullary collecting duct was also found (Lim et al.,
2004). The decrease of hypertonicity of the renal
medullary interstitium causes a decrease in the release of
calcium ions into the cytoplasm, a decrease in CnB
activity, and a decrease in TonEBP expression, which
consequently leads to a reduction in NFATc nuclear
translocation and downregulation of AQP2.

Decreased AQP2 expression under the influence of
CsA was observed both in the studies conducted on
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laboratory animals and in vitro in cultured inner
medullary collecting duct (IMCD) cells. Despite the fact
that this mechanism is still not fully explained, to date, it
is known that apart from decreasing the molality of
medullary interstitium, CsA decreases AQP2 protein
level and mRNA expression, although it is suggested
that this process probably is not associated with
inhibition of calcineurin A (Rinschen et al., 2011). The
incubation of IMCD with CsA causes an increased
expression of glycogen synthase kinase type 3b (Gsk3b)
that is involved in the regulation of AQP2 abundance by
modulating adenylate cyclase activity (Rao et al., 2010;
Rinschen et al., 2011). Under the influence of CsA, a
decrease in expression of β-catenin, which is a
downstream effector of Gsk3b activity, was also
observed. Still, there is little known about β-catenin and
Gsk3b. However, the proteomics study conducted by
Nielsen and co-workers (Nielsen et al., 2008) shows that
an increase in the expression of the mentioned proteins
is observed in lithium-induced diabetes insipidus in rat.

Under the influence of CsA, a decrease in
phosphorylation of cAMP-responsive element binding
protein (CREB), which stimulates the transcription of
AQP2, was also observed. In comparison to Rinschen
and co-workers (2011), who suggest a lack of
association between inhibition of CnA and a decrease in
AQP2 expression, Gooch et al. (2006) have shown that
loss of CnA causes disturbances in intracellular
trafficking of the AQP2 in the apical plasma membrane.

Interestingly, the incubation at 48 h of IMCD in FK-
506 does not cause a reduction in the expression of
AQP2 protein and mRNA, which were observed under
the influence of CsA. Under the influence of FK-506, a
reduction in β-catenin expression was not observed,
although there was an increase in Gsk3b expression and
no changes in the CREB expression (Rinschen et al.,
2011). However, it should be emphasized that there is no
literature data concerning the long-term effects of FK-
506 on AQPs, which does not preclude a reduction in
their expression under long-term treatment.
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Fig. 10. Scheme showing the
possible pathomechanism of
cyclosporine A (CsA),
tacrolimus (FK506) and
rapamycin (RAPA) on
aquaporin 2 (AQP2)
expression in the collecting
duct principal cells. CsA binds
with the cyclophilin A (CYPA)
and inhibits calcineurin A
subunit (CnA). Deactivation of
CnA results in impaired urine-
concentrating response to
vasopressin with no
accumulation of AQP2 in the
apical plasma membrane and
loss of this protein in the
vesicle fraction (not shown on
the diagram). A long-term
treatment of CsA decreased
the hypertonicity of medullary
interstitium. As a result, there
is a decreased expression of
tonicity-responsive enhancer
binding protein (TonEBP) and
translocation to the nucleus of
nuclear factor of activated T
cells (NFATc) that reduces the
AQP2 transcription. The
reduction  of medullary
osmotic gradient  caused a
decrease in the intracellular
Ca2+ level that is necessary to
activate the calcineurin B
subunit (CnB), which 1)
specifically dephosphorylates
NFATc and 2) phosphorylates

AQP2 allowing its trafficking to apical plasma membrane. A long-term treatment of CsA decreased phosphorylation of cAMP-responsive element
binding protein (CREB), expression of β-catenin and increased glycogen synthase kinase type 3b (Gsk3b) expression. Changing the activity of these
factors downregulates AQP2. FK506 binds with FK506-binding protein of 12 kDa (FKBP12) and inhibits CnA. A short-term treatment of FK506 does not
downregulate AQP2, but increases the expression of Gsk3b. Moreover, FK506 does not change the expression of CREB. RAPA binds to FKBP12,
which directly interacts with the FKBP-binding domain (FRB) of mammalian target of rapamycin complex 1 (mTORC1). A prolonged exposure of RAPA
reduces the hypertonicity of medullary interstitium and probably downregulates the AQP2.



The mechanism of action of rapamycin is still not
fully understood, however, it is known that rapamycin
binds to FK-506-binding protein of 12 kDa (FKBP12),
which directly interacts with the FKBP-binding domain
(FRB) of mTORC1 (Brown et al., 2018). It has also been
revealed that chronic treatment with rapamycin may
result in some loss of mammalian target of rapamycin
complex 2 (mTORC2) activity (Gaubitz et al., 2015). It
is worth mentioning that in selected experimental
models beneficial effects of rapamycin on the kidneys
were noted. Yang et al. (2018) have found that in a
unilateral ureteral obstruction model, rapamycin protects
against renal fibrosis, tubular dilation and atrophy and
also moderates the tubular proliferation and apoptosis
processes. However, despite numerous studies on the
effects of immunosuppressants on the kidneys, little is
known about the impact of rapamycin on renal AQP
expression. To date, only three papers have been
published, including AQP2 expression under activation
or inhibition of mTORC1 (da Silva et al., 2009; Gao et
al., 2013; Chen et al., 2014). Unfortunately, these results
do not explain how mTORC1 affects the expression of
AQP2. Chen et al. (2014) have reported that the
activation of mTORC1 causes many undesirable renal
changes, including columnar cell lesions and
dedifferentiation of collecting duct principal cells with
the loss of AQP2. Da Silva et al. (2009) have found that
a long-term treatment of rapamycin decreased the
expression of NKCC2 in the thick ascending limb of
Henle loop, increased the urinary exertion of sodium,
potassium and magnesium and reduced by 54% the
expression of AQP2. One of the causes of AQP2
downregulation may be the decrease in molality of renal
medulla interstitium associated with the reduction in
NKCC2 expression and increased Na+ and K+ excretion.
In turn, Gao et al. (2013) have reported that changes in
AQP2 expression have not been observed in the kidney
of healthy mice treated with rapamycin. In contrast, in
mice treated with lithium and induced nephrogenic
diabetes isipidus, which is characterized by a reduction
in AQP2 expression, co-administration of rapamycin
resulted in additional downregulation of this protein.
Decreased aquaporin expression was observed in all
experimental groups, indicating impairment of water
reabsorption in renal tubules. In addition, elevated
MCHC and HCT values indicate mild cell dehydration.
We suspect that high levels of total calcium in the blood
of rats also contributed to their dehydration, which, with
reduced expression of aquaporins, further contributed to
their blood concentration. The mechanism of
extracellular calcium activity in the kidneys is complex
and still not fully understood (Michałek et al., 2014). To
date, many authors have observed a correlation between
the calcium plasma concentration and expression of total
AQP2 in the kidney and urine (Sands et al., 1998;
Valenti et al., 2000; Németh-Cahalan et al., 2004).
Conducted studies in rats have shown that an increase in
total concentration of calcium serum from 2.01 mmol/L
to 2.35 mmol/L causes a reduction of 50% in total AQP2

expression in renal collecting ducts, and also a decrease
of AQP2 expression in the apical membrane and the
urine (Earm et al., 1998). Interestingly, in calves the
decrease in plasma calcium concentration was
accompanied by an increase of renal excretion of AQP2
in the urine (Michałek et al., 2014). Therefore, we
suspect that the reduction of aquaporin expression under
the influence of immunosuppressive drugs made rats
particularly susceptible to dehydration. 

Our study has limitations. During the experiment
rats were not kept in metabolic cages and therefore urine
was not collected from them. Data concerning urine
parameters would undoubtedly complete the presented
results.
Conclusions

In conclusion, long-term immunosuppressive
treatment using multi-drug protocols can contribute to
impair urine-concentrating ability by decreasing
expression of the AQP1-4 in renal tubules in rat.
Moreover, a mild increase of red cell indices and total
calcium in the blood of rats may indicate cell
dehydration tendency. Therefore, we suspect that the
downregulation of AQPs by immunosuppressive drugs
made rats susceptible to dehydration.
Acknowledgements. This research was funded by the statutory budget
of the Pomeranian Medical University No. WNoZ-322-01/S/2020 and
funds allocated for maintaining research potential of West Pomeranian
University of Technology No. 503-01-82-11/4.
Conflicts of Interest. The authors declare no conflict of interest.

References

Agre P. and Chrispeels M.J. (1993). Aquaporins: a family of membrane
water channels. Am. J. Physiol. 265, F465.

Ando F. and Uchida S. (2018). Activation of AQP2 water channels
without vasopressin: therapeutic strategies for congenital
nephrogenic diabetes insipidus. Clin. Exp. Nephrol. 22, 501-507.

Ando F., Sohara E., Morimoto T., Yui N., Nomura N., Kikuchi E.,
Takahashi D., Mori T., Vandewalle A., Rai T., Sasaki S., Kondo Y.
and Uchida S. (2016). Wnt5a induces renal AQP2 expression by
activating calcineurin signalling pathway. Nat. Commun. 7, 13636.

Baroja-Mazo A., Revilla-Nuin B., Ramírez P. and Pons J.A. (2016).
Immunosuppressive potency of mechanistic target of rapamycin
inhibitors in solid-organ transplantation. World J. Transplant. 6, 183-
192.

Batlle D.C., Gutterman C., Tarka J. and Prasad R. (1986). Effect of
short-term cyclosporine A administration on urinary acidification.
Clin. Nephrol. 25, S62-S69.

Benga G.H. (1988). Water transport in human red blood cells. Prog.
Biophys. Mol. Biol. 51, 193-245.

Berda-Haddad Y., Faure C., Boubaya M., Arpin M., Cointe S., Frankel
D., Lacroix R. and Dignat-George F. (2017). Increased mean
corpuscular haemoglobin concentration: artefact or pathological
condition? Int. J. Lab. Hematol. 39, 32-41. 

Brown A.L., Fluitt M.B. and Ecelbarger C.M. (2018). Mechanistic target

472
Immunosuppressants and renal aquaporins



of rapamycin: integrating growth factor and nutrient signalling in the
collecting duct. Am. J. Physiol. Renal Physiol. 315, F413-F416.

Chen Z., Dong H., Jia Ch., Song Q., Chen J., Zhang Y., Lai P., Fan X.,
Zhou X., Liu M., Lin J., Yang C., Li M., Gao T. and Bai X. (2014).
Activation of mTORC1 in collecting ducts causes hyperkalemia. J.
Am. Soc. Nephrol. 25, 534-545.

da Silva C.A., de Bragança A.C., Shimzu M.H., Sanches T.R., Fortes
M.A., Giorgi R.R., Andrade L. and Seguro A.C. (2009).
Rosiglitazone prevents sirolimus-induced hypomagnesemis,
hypokalemia, and downregulation of NKCC2 protein expression.
Am. J. Physiol. Renal Physiol. 297, F916-F922.

Earm J.H., Christensen B.M., Frřkiće D.M., Marples D., Han J.S.,
Knepper M.A. and Nielsen S. (1998). Decreased aquaporine-2
expression and apical plasma membrane deliveryin kidney collecting
ducts of polyuric hypercalcemic rats. J. Am. Soc. Nephrol. 9, 2181-
2193.

Einollahi B., Nemati E., Rostami Z., Teimoori M. and Ghadian A.R.
(2012). Electrolytes disturbance and cyclosporine blood levels
among kidney transplant recipients. Int. J. Organ. Transplant. Med.
3, 166-175.

Erkut Z.A., Pool C. and Swaab D.F. (1998). Glucocorticoids suppress
corticotropin-releasing hormone and vasopressin expression in
human hypothalamic neurons. J. Clin. Endocrinol. Metab. 83, 2066-
2073.

Fenton R.A. and Knepper M.A. (2007). Mouse models and the urinary
concentrating mechanism in the new millennium. Physiol. Rev. 87,
1083-1112.

Gao Y., Romero-Aleshire M.J., Cai Q., Price T.J. and Brooks H.L.
(2013). Rapamycin inhibition of mTORC1 reverses lithium-induced
proliferation of renal collecting duct cells. Am. J. Physiol. Renal
Physiol. 305, F1201-F1208.

Gaubitz C., Oliveira T.M., Prouteau M., Leitner A., Karuppasamy M.,
Konstantinidou G., Rispal D., Eltschinger S., Robinson G.C., Thore
S., Aebersold R., Schaffitzel C. and Loewith R. (2015). Molecular
basis od the rapamycin insensitivity of target rapamycin complex 2.
Mol. Cell 58, 977-988. 

Gooch J.L., Pèrgola P.E., Guler R.L., Abboud H.E. and Barnes J.L.
(2004). Differential expression of calcineurin A isoforms in the
diabetic kidney. J. Am. Soc. Nephrol. 15, 1421-1429.

Gooch J.L., Guler R.L., Barnes J.L. and Toro J.J. (2006). Loss of
calcineurin Aα results in altered trafficking of AQP2 and in
nephrogenic diabetes insipidus. J. Cell Sci. 119, 2468-2476.

Grabowska M., Kędzierska K., Michałek K., Słuczanowska-Głąbowska
S., Grabowski M., Piasecka M., Kram A., Rotter I., Rył A. and
Laszczyńska M. (2016). Effects of an immunosuppressive treatment
on the rat prostate. Drug Des. Dev. Ther. 10, 2899-2915.

Grabowska M., Laszczyńska M., Kędzierska-Kapuza K., Kram A., Gill K.
and Piasecka M. (2020). The effects of long-term
immunosuppressive therapies on the structure of the rat prostate.
Int. J. Environ. Res. Public Health 17, 4614.

Hasler U., Jeon U.S., Kim J.A., Mordasini D., Kwon H.M., Féraille E. and
Martin P.Y. (2006). Tonicity-responsive enhancer binding protein is
an essential regulator of aquaporin-2 expression in renal collecting
duct principal cells. J. Am. Soc. Nephrol. 17, 1521-1531.

Hoogendijk-van den Akker J.M., Harden P.N., Hoitsma A.J., Proby C.M.,
Wolterbeek R., Bouwes Bavinck J.N. and de Fijter J.W. (2013). Two-
year randomized controlled prospective trial converting treatment of
stable renal transplant recipients with cutaneous invasive squamous
cell carcinomas to sirolimus. J. Clin. Oncol. 31, 1317-1323.

Jo I., Ward D.T., Baum M.A., Scott J.D., Coghlan V.M., Hammond T.G.
and Harris H.W. (2001). AQP2 is a substrate for endogenous PP2B
activity within an inner medullary AKAP-signalling complex. Am. J.
Physiol. Renal Physiol. 281, F958-F965.

Kędzierska K., Sporniak-Tutak K., Kolasa A., Domański L., Domański
M., Sindrewicz K., Smektała T., Bober J., Safranow K., Osekowska
B., Kabat-Koperska J., Baranowska-Bosiacka I., Parafiniuk M.,
Urasińska E. and Ciechanowski K. (2015). The effect of
immunosuppressive therapy on renal cell apoptosis in native rat
kidneys. Histol. Histopathol. 30, 105-116.

Kędzierska K., Sindrewicz K., Sporniak-Tutak K., Bober J., Stańczyk-
Dunaj M., Dołęgowska B., Kaliszczak R., Sieńko J., Kabat-Koperska
J., Gołembiewska E. and Ciechanowski K. (2016). Effect of
immunosuppressive therapy on proteinogram in rats. Med. Sci.
Monit. 22, 1987-1998.

Khosroshahi H.T., Asghari A., Estakhr R., Baiaz B., Ardalan M.R. and
Shoja M.M. (2006). Effects of azathioprine and mycophenolate
mofetil-immunosuppressive regimens on the erythropoietic system
of renal transplant recipients. Transplant. Proc. 38, 2077-
2079.

Kikuchi M., Shigeta K., Tanaka M., Takasaki S., Akiba M., Oishi H.,
Sado T., Matsuda Y., Noda M., Okada Y., Mano N. and Yamaguchi
H. (2019). Estimation of blood sirolimus concentration based on
tacrolimus concentration/dose normalized by body weight ratio in
lung transplant patients. Ther. Drug Monit. 41, 615-619.

King D.J., Brunton J. and Barr R.D. (1988). The influence of
corticosteroids on human erythropoiesis. An in vivo study. Am. J.
Pediatr. Hematol. Oncol. 10, 313-315.

Knight Z.A., Schmidt S.F., Birsoy K., Tan K. and Friedman J.M. (2014).
A critical role for mTORC1 in erythropoiesis and anemia. Elife 3,
e01913.

Knoop C., Haverich A. and Fischer S. (2004). Immunosuppressive
therapy after human lung transplantation. Eur. Respir. J. 23, 159-
171.

Kortenoeven M.L. and Fenton R.A. (2014). Renal aquaporins and water
balance disorders. Biochim. Biophys. Acta 1840, 1533-1549.

Kwon T.H., Frøkiær J. and Nielsen S. (2013). Regulation of aquaporin-2
in the kidney: A molecular mechanism of body-water homeostasis.
Kidney. Res. Clin. Pract. 32, 96-102.

Li S.Z., McDill B.W., Kovach P.A., Ding L., Go W.Y., Ho S.N. and Chen
F. (2007). Calcineurin-NFATc signaling pathway regulates AQP2
expression in response to calcium signals and osmotic stress. Am.
J. Physiol. Cell Physiol. 292, C1606-C1616.

Li J., Kim S.G. and Blenis J. (2014). Rapamycin: one drug, many
effects. Cell Metab. 19, 373-379.

Lim S.W., Li C., Sun B.K., Han K.H., Kim W.Y., Oh Y.W., Lee J.U.,
Kador P.F., Knepper M.A., Sands J.M., Kim J. and Yang C.W.
(2004). Long-term treatment with cyclosporine decreases
aquaporins and urea transporters in the rat kidney. Am. J. Physiol.
Renal Physiol. 287, F139-F151.

Lim S.W., Ahn K.O., Sheen M.R., Jeon U.S., Kim J., Yang C.W. and
Kwon H.M. (2007). Downregulation of renal sodium transporters and
tonicity-responsive enhancer binding protein by long-term treatment
with cyclosporin A. J. Am. Soc. Nephrol. 18, 421-429.

Michałek K. (2016). Aquaglyceroporin in the kidney: Present state of
knowledge and prospects. J. Physiol. Pharmacol. 67, 185-193.

Michałek K., Dratwa-Chałupnik A., Ciechanowicz A.K. and Malinowski
E. (2014). Aquaporin 2: Identification and analysis of expression in
calves urine during their first month of life. Can. J. Anim. Sci. 94,

473
Immunosuppressants and renal aquaporins



653-659. 
Naesens M., Kuypers D.R. and Sarwal M. (2009). Calcineurin inhibitor

nephrotoxicity. Clin. J. Am. Soc. Nephrol. 4, 481‒508.
Németh-Cahalan K.L., Kalman K. and Hall J.E. (2004). Molecular basis

of pH and Ca2+ regulation of aquaporin water permeability. J. Gen.
Physiol. 123, 573-580.

Nielsen J., Hoffert J.D., Knepper M.A., Agre P., Nielsen S. and Fenton
R.A. (2008). Proteomic analysis of lithium-induced nephrogenic
diabetes insipidus: Mechanisms for aquaporin 2 down-regulation
and cellular proliferation. Proc. Natl. Acad. Sci. 105, 3634-3639.

Preston G.M., Carroll T.P., Guggino W.B. and Agre P. (1992).
Appearance of water channels in Xenoopus oocytes expressing red
cell CHIP28 protein. Science 256, 385-387.

Quinn R. (2005). Comparing rat’s to human’s age: How old is my rat in
people years? Nutr. 21, 775-777.

Rao R., Patel S., Hao C., Woodgett J. and Harris R. (2010). GSK3beta
mediates renal response to vasopressin by modulating adenylate
cyclase activity. J. Am. Soc. Nephrol. 21, 428-437.

Rinschen M.M., Klokkers J., Pavenstädt H., Neugebauer U., Schlatter E.
and Edemir B. (2011). Different effects of CsA and FK506 on
aquaporin-2 abundance in rat primary cultured collecting duct cells.
Pflugers. Arch. 462, 611-622.

Sands J.M., Flores F.X., Kato A., Baum M.A., Brown E.M., Ward D.T.,
Hebert S.C. and Harris H.W. (1998). Vasopressin-elicited water and
urea permeabilities are altered in IMCD in hypercalcemic rats. Am.
J. Physiol. 274, F978-F985.

Schmitz V., Klawitter J., Bendrick-Peart J., Schoening W., Puhl G.,
Haschke M., Klawitter J., Consoer J., Rivard C.J., Chan L., Tran
Z.V., Leibfritz D. and Christians U. (2009). Metabolic profiles in urine
reflect nephrotoxicity of sirolimus and cyclosporine following rat
kidney transplantation. Nephron. Exp. Nephrol. 111, e80-
e91.

Tedesco Silva H. Jr, Cibrik D., Johnston T., Lackova E., Mange K.,
Panis C., Walker R., Wang Z., Zibari G. and Kim Y.S. (2010).
Everolimus plus reduced-exposure CsA versus mycophenolic acid
plus standard-exposure CsA in renal-transplant recipients. Am. J.

Transplant. 10, 1401-1413.
Tsai Y.F., Liu F.C., Kuo C.F., Chung T.T. and Yu H.P. (2018). Graft

outcomes following immunosuppressive therapy with different
combinations in kidney transplant recipients: a nationwide cohort
study. Ther. Clin. Risk Manag. 14, 1099-1110.

Tsuruoka S., Kaneda T., Maeda A., Ioka T. and Fujimura A. (2007).
Dosing time-dependent variation of bone resorption by cyclosporin A
in rats' femurs. Eur. J. Pharmacol. 564, 226-231.

Tumlin J.A., Someren J.T., Swanson C.E. and Lea J.P. (1995).
Expression of calcineurin activit and α-submit isoforms in specific
segments of the rat nephron. Am. J. Physiol. Renal Physiol. 269,
F558-F563.

Valenti G., Laera A., Pace G., Aceto G., Lospalluti M.L., Penza R.,
Selvaggi F.P., Chiozza M.L. and Svelto M. (2000). Urinary
aquaporin 2 and calciuria correlate with the severity of enuresis in
children. J. Am. Soc. Nephrol. 11, 1873-1881.

van Westrhenen R., Aten J., Hajji N., de Boer O.J., Kunne C., de Waart
D.R., Krediet R.T. (2007). Cyclosporin A induces peritoneal fibrosis
and angiogenesis during chronic peritoneal exposure to a glucose-
based, lactate-buffered dialysis solution in the rat. Blood Purif. 25,
466-472.

Vukićević T., Schulz M., Faust D. and Klussmann E. (2016). The
trafficking water channel aquaporin-2 in renal principal cells - a
potential target for pharmacological intervention in cardiovascular
disease. Front. Pharmacol. 7, 1-27.

Yang M., Zhuang Y.Y., Wang W.W., Zhu H.P., Zhang Y.J., Zheng S.L.,
Yang Y.R., Chen B.C., Xia P. and Zhang Y. (2018). Role of sirolimus
in renal tubular apoptosis in response to unilateral ureteral
obstruction. Int. J. Med. Sci. 15, 1433-1442.

Ysebaert D.K., De Greef K.E., Vercauteren S.R., Verhulst A., Kockx M.,
Verpooten G.A. and De Broe M.E. (2003). Effect of
immunosuppression on damage, leukocyte infi ltration, and
regeneration after severe warm ischemia/reperfusion renal injury.
Kidney Int. 64, 864-873.

Accepted February 26, 2021

474
Immunosuppressants and renal aquaporins


