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Abstract—Autophagy plays an important role in the pathogenesis of acute kidney injury (AKI). Although autophagy activa-
tion was shown to be associated with an increased lifespan and beneficial effects in various pathologies, the impact of
autophagy activators, particularly, rapamycin and its analogues on AKI remains obscure. In our study, we explored the
effects of rapamycin treatment in in vivo and in vitro models of ischemic and cisplatin-induced AKI. The impact of
rapamycin on the kidney function after renal ischemia/reperfusion (I/R) or exposure to the nephrotoxic agent cisplatin was
assessed by quantifying blood urea nitrogen and serum creatinine and evaluating the content of neutrophil gelatinase-asso-
ciated lipocalin, a novel biomarker of AKI. /n vitro experiments were performed on the primary culture of renal tubular cells
(RTCs) that were subjected to oxygen-glucose deprivation (OGD) or incubated with cisplatin under various rapamycin
treatment protocols. Cell viability and proliferation were estimated by the MTT assay and real-time cell analysis using an
RTCA iCELLigence system. Although rapamycin inhibited mTOR (mammalian target of rapamycin) signaling, it failed to
enhance the autophagy and to ameliorate the severity of AKI caused by ischemia or cisplatin-induced nephrotoxicity.
Experiments with RTCs demonstrated that rapamycin exhibited the anti-proliferative effect in primary RTCs cultures but
did not protect renal cells exposed to OGD or cisplatin. Our study revealed for the first time that the mTOR inhibitor
rapamycin did not prevent AKI caused by renal I/R or cisplatin-induced nephrotoxicity and, therefore, cannot be consid-
ered as an ideal mimetic of the autophagy-associated nephroprotective mechanisms (e.g., those induced by caloric restric-
tion), as it had been suggested earlier. The protective action of such approaches like caloric restriction might not be limited
to mTOR inhibition and can proceed through more complex mechanisms involving alternative autophagy-related targets.
Thus, the use of rapamycin and its analogues for the treatment of various AKI forms requires further studies in order to
understand potential protective or adverse effects of these compounds in different contexts.
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Autophagy was originally defined as a catabolic
process aimed at clearing the cell interior from waste
products, thus enabling better survival of cells and organs
under normal and adverse physiological conditions.
Nowadays, it is commonly believed that autophagy also
contributes to the pathogenesis of various diseases, such

as cancer, neurodegenerative disorders, myopathies, and
infectious diseases [1, 2]. Recent data have demonstrated
that aging is associated with impairments in the
autophagy of mitochondria (mitophagy). Normalization
of mitophagy in elderly organisms in order to restore the
pool of functional mitochondria is a promising approach

Abbreviations: AKI, acute kidney injury; BUN, blood urea nitrogen; DMSO, dimethyl sulfoxide; DPBS, Dulbecco’s phosphate-
buffered saline; EGE epidermal growth factor; FBS, fetal bovine serum; i.p., intraperitoneal (injection); I/R, ischemia/reperfu-
sion; LC3, microtubule-associated protein 1A/1B, light chain 3; mTOR, mammalian target of rapamycin; mTORC1, mammalian
target of rapamycin complex 1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; NGAL, neutrophil gelatinase-associ-
ated lipocalin; OGD, oxygen-glucose deprivation; RTCs, renal tubular cells; SCr, serum creatinine.
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to the reversal of the age-related decline in organ func-
tioning that could be further used in the development of
anti-aging strategies [3, 4]. Autophagy and mitophagy
were found to play an important role in numerous renal
pathologies. However, it remains controversial whether
autophagy has an exclusively pro-survival role during
acute kidney injury (AKI) or it can also trigger the pro-
apoptotic signaling under particular conditions.

Activation of autophagy and an increase in the num-
ber of autophagosomes have been shown in different
models of AKI. For instance, autophagy activation in
renal cells was demonstrated both in vitro and in vivo in
the model of cisplatin-induced nephrotoxicity [5, 6].
Ischemia/reperfusion (I/R) is also accompanied by an
increase in the number of autophagosomes in the kidney
tissue [7, 8]. Autophagy activation in the septic AKI
caused by lipopolysaccharide injection [9, 10] or intestin-
al ligation and perforation [11] has been well document-
ed. Radiocontrast-induced AKI in mice was also accom-
panied by autophagy activation [12].

Results obtained in various experimental models
using mice with a deficiency for the genes responsible for
autophagosome formation in the kidney proximal tubules
(e.g., Atg5 and Atg7) suggest that autophagy activation is a
protective mechanism against ischemia-, sepsis-, and cis-
platin-induced AKI or hyperuricemic AKI [7, 13, 14].
Recently, we have shown that caloric restriction in young
rats is associated with the activation of autophagy, result-
ing in significant protection of the kidneys against I/R
injury [15].

From the pharmacological viewpoint, it is important
to develop drugs that would activate autophagy signaling
and mimic the protective effects of caloric restriction or
other autophagy-promoting mechanisms. It was found
that some of the autophagy-stimulating molecules not
only prolong the lifespan but also affect the pathogenesis
of some diseases. In these cases, autophagy is seen as a
protective mechanism [16]. One of such compounds is
rapamycin, which is believed to extend healthy lifespan
while preventing age-related diseases by slowing down the
process of aging [17]. Theoretically, rapamycin could be
used to protect kidney tissue from AKI via activation of
autophagy in renal cells. However, the data on this possi-
ble application of rapamycin is limited and controversial,
highlighting the need for further research.

In this study, we investigated the effects of rapamycin
(Rapa) in the two most common models of AKI, renal
I/R injury and cisplatin-induced nephrotoxicity, using in
vivo (young rats) and in vitro (primary cultures of renal
tubular cells) models.

MATERIALS AND METHODS

Animals. Outbred young male rats (age, 3-4 month;
body weight, 300-400 g) were used in the study. The rats
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were randomly divided into the following experimental
groups with 5-6 animals in each group: sham (control for
I/R); vehicle control (for cisplatin treatment); Rapa; I/R;
Rapa+I/R; Cisplatin; Rapa+cisplatin. The animals had
unlimited access to food and water and were kept in cages
in a temperature-controlled environment (20 * 1°C)
under the 12/12 h light/dark regime.

Kidney I/R protocol and cisplatin treatment. For I/R,
the rats were anesthetized with chloral hydrate
(300 mg/kg body weight, i.p.) and subjected to 40-min
warm ischemia of the left kidney as previously described
[18]. Briefly, the renal vascular bundle was occluded with
a non-traumatic microvascular clip for 40 min. Circula-
tion was restored by removing the clip; the lack of blood
flow during ischemia and its restoration during reperfu-
sion were assessed visually. Nephrectomy of the right kid-
ney was performed simultaneously with ischemia of the
left kidney. During the surgery, the rat body temperature
was maintained at 37 * 0.5°C. Sham-operated animals
were subjected to the same procedures except the
microvascular clamp was not applied.

Rats exposed to I/R were treated with rapamycin
(Temsirolimus, Abcr GmbH, Germany) 1 h before the
ischemia induction. Rapamycin was dissolved in dimethyl
sulfoxide (DMSO, vehicle) at a concentration of 1 mg/
ml. The in vivo concentration of rapamycin was 1 mg/kg
body weight, which was achieved by i.p. injection of
0.1 ml rapamycin solution per 100 g body weight.

Cisplatin-induced nephrotoxicity was triggered by
administering a single dose of cisplatin (15 mg/kg;
TevaGuard, Netherlands) by i.p. injection. The rats were
injected with the rapamycin solution in DMSO 3 h before
and 24 h after cisplatin injection; in vivo concentration of
rapamycin was 1 mg/kg body weight. The control group
was injected with DMSO alone at the same time points.

Blood samples were taken from the carotid artery
48 h after I/R or cisplatin injection to determine the lev-
els of blood urea nitrogen (BUN) and serum creatinine
(SCr) using the AU480 Chemistry System (Beckman
Coulter, USA). The rats were sacrificed by decapitation.

Another group of rats was exposed to a single i.p.
injection of rapamycin solution in DMSO (1 mg/kg)
either 3 or 24 h before the kidney excision. Control rats
were injected with 0.1 ml DMSO per 100 g body weight
(vehicle control).

Western blotting. Urine samples were obtained 24 h
after I/R or 48 h after induction of cisplatin nephrotoxic-
ity, centrifuged at 10,000g, and mixed with the sample
buffer. Kidneys were excised from the rapamycin-treated
rats 3 or 24 h after rapamycin injection and homogenized
at 4°C with a glass-Teflon homogenizer in PBS contain-
ing 10 mM phenylmethylsulfonyl fluoride.

The samples were loaded onto 15% Tris-glycine
polyacrylamide gel (20 pl/lane for urine samples and
10 pg protein/lane for kidney homogenates), fractionated
by electrophoresis, and transferred onto PVDF mem-
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branes (Sigma-Aldrich, USA). The membranes were
blocked by 5% fat-free milk in PBS with 0.05% Tween-20
and incubated with primary anti-NGAL (neutrophil
gelatinase-associated lipocalin) monoclonal rabbit anti-
body (1 : 1000; Abcam, UK), anti-p70-S6K monoclonal
rabbit antibody (1 : 1000; Cell Signaling, USA), anti-
phospho (Thr389)-p70-S6K monoclonal rabbit antibody
(1 : 1000; Cell Signaling), anti-LC3 A/B monoclonal
rabbit antibody (1 : 1000; Cell Signaling), and anti-f3-
actin monoclonal mouse antibody (1 : 2000; Sigma-
Aldrich). Then the membranes were incubated with anti-
rabbit or anti-mouse IgG conjugated with horseradish
peroxidase (1 : 7500; Jackson ImmunoResearch, UK);
proteins were detected using a Chemidoc MP system
(BioRad, USA). The intensity of protein bands was ana-
lyzed with ImageJ software (NIH, USA) [19]. Protein
concentration in the kidney samples was determined by
the bicinchoninic acid assay (Sigma-Aldrich).

For staining with the anti-phospho (Thr389)-p70-
S6K antibody, the membranes were blocked with the
membrane blocking agent RPN2125V (Amersham, UK).
All antibodies and blocking solutions were prepared in
TBS (Tris-buffered saline, pH 7.6).

Primary culture of renal tubular cells (RTCs). Rat
kidneys were excised under aseptic conditions; kidney
cortex was washed, ground, and dissociated with type 11
collagenase (0.25% w/v; Thermo Fisher Scientific, USA)
for 30 min at 37°C. Pieces of undigested tissue were
removed; the suspension was pipetted and centrifuged for
5 min at 100g to pellet kidney tubules. The pellet was
resuspended in complete culture medium [DMEM/F12
supplemented with 10% fetal bovine serum (FBS;
Invitrogen, USA) and epidermal growth factor (EGF,
10 ng/ml; Invitrogen)] and seeded onto culture dishes or
96-well plates at a density of 10° cells/ml. The cells were
kept at 37°C in 5% CO, in a humidified incubator; the
medium was replaced after 48 h in order to eliminate
non-adherent cells and residual cell fragments. RTCs
formed a confluent monolayer on day 4; hence, all exper-
iments were carried out on days 2-3 after plating.

To induce ischemia in vitro, the cells were subjected
to oxygen-glucose deprivation (OGD) for 18 h. For this,
the culture medium was replaced with Dulbecco’s phos-
phate-buffered saline (DPBS) saturated with N,, and the
cells were placed in a Galaxy 170R multi-gas incubator
(Eppendorf/NewBrunswick, UK) with 1% O, content.
After OGD, DPBS was replaced with complete culture
medium under normal O, incubation conditions. RTCs
were treated with 0.5 pM rapamycin for 6 h before OGD,
during OGD, or for 24 h after OGD. Control cells were
treated with 0.5 uM rapamycin for 24 h before the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium]
assay. Cells treated with DMSO added at the same final
dilution (1 : 2000) were used as vehicle control.

To evaluate the cisplatin cytotoxicity in vitro, the
cells were incubated for 24 h with various cisplatin con-
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centrations (6.25, 12.5, and 25 uM) in DMEM/F12. The
effects of rapamycin were evaluated under two experi-
mental protocols: 1) pretreatment with 0.5 uM rapamycin
for 3 h before 24-h cisplatin treatment, and 2) simultane-
ous treatment with 0.5 uM rapamycin and above-men-
tioned concentrations of cisplatin for 24 h.

Cell viability was evaluated by the MTT assay. Cells
cultured in 96-well plates and exposed to various stimuli
were incubated with the MTT solution (5 mg/ml in
DMEM/F12) for 120 min at 37°C. Then MTT solution
was removed, 50 ul DMSO was added to each well, and
the absorbance at 540 nm was measured with a Zenyth
universal microplate reader (Anthos Labtec, Austria).

Real-time monitoring of cell proliferation. Cell
growth Kkinetics was analyzed with an RTCA
iCELLigence™ instrument (ACEA, USA). The method
is based on recording electrical impedance of cell-covered
electrodes [20] and can be used in the studies of RTCs
proliferation and death [21]. An RTCA iCELLigence
apparatus was placed in a humidified incubator with 5%
CO, at 37°C. RTCs were seeded on 8-well plates with
microelectrodes; the medium was changed after 48 h to
remove unattached and dead cells. The cells were incu-
bated with 0.5, 1, or 2 uM rapamycin dissolved in com-
plete culture medium for 24 h and then subjected to OGD
for 18 h. After OGD, DPBS was replaced with the culture
medium with a normoxic O, content. Cell proliferation
rate was evaluated within 48 h after OGD completion.

Confocal microscopy. The number of autophago-
somes was analyzed using an LSM510 inverted confocal
microscope (Carl Zeiss, Germany). The RTCs culture
was obtained as described above and incubated for 3 h
with 0.5 uM rapamycin, 30 mM chloroquine (Sigma-
Aldrich), or simultaneously with 0.5 uM rapamycin and
30 mM chloroquine dissolved in complete medium.
DMSO at a corresponding dilution (1 : 2000) was used as
vehicle control. Rapamycin, chloroquine, and DMSO
were dissolved in complete culture medium (DMEM/F12
with 10% FBS and 10 ng/ml EGF). At the end of the
incubation, RTCs were loaded with 2 uM Cyto-ID (Enzo
Life Sciences, USA) and imaged at 500-530 nm (excita-
tion, 488 nm) with a pinhole setting at 150 pm. The mean
intensity of Cyto-ID fluorescence was calculated with the
Imagel software.

Statistics. The data are presented as mean + SEM;
the equality of variances was assessed with the Levene’s
test. Comparisons between groups were made using the
Mann—Whitney U-test. Statistical analysis was performed
using the SciPy Python library and Microsoft Excel.

RESULTS
Effects of rapamycin on ischemic and cisplatin-

induced AKI. We used kidney I/R as a conventional model
of AKI. The severity of renal failure was evaluated based
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Fig. 1. Evaluation of kidney function using serum and urine biomarkers in rats subjected to I/R or cisplatin treatment. a, b) Concentrations
of BUN and SCr 48 h after I/R alone (I/R, » = 6) and I/R with rapamycin (1 mg/kg) pretreatment (Rapa + I/R, n = 5). Sham-operated rats
were used as controls. ¢) Urine NGAL levels measured by Western blotting 24 h after I/R alone or I/R with rapamycin (1 mg/kg) pretreat-
ment. d, e) Concentrations of BUN and SCr 48 h after injection of cisplatin (15 mg/kg) alone (Cisplatin, » = 6) or cisplatin with rapamycin
(1 mg/kg) administration (Rapa + cisplatin) 3 h before and 24 h after cisplatin injection (n = 5). f) Urine NGAL levels measured by Western
blotting 48 h after injection of cisplatin alone or cisplatin with rapamycin (1 mg/kg) treatment 3 h before and 24 h after cisplatin injection.
Rats injected with DMSO only at the same time points were used as vehicle control; * p < 0.05 compared to sham-operated or vehicle con-

trol rats.

on BUN and SCr values. I/R caused almost a 6-fold
increase in BUN (from 7.1 £ 0.2t0 42.2 £ 4.7 mM; n =
6) 48 h after reperfusion (Fig. 1a). Similar increase (from
47.0 = 1.7 to 326.8 + 54.3 uM) was observed for SCr
(Fig. 1b). Moreover, Western blot analysis of the alterna-
tive AKI biomarker NGAL revealed its significant
increase (approximately, 100-fold) in the urine 24 h after
I/R (Fig. 1c). Administration of rapamycin 1 h before
I/R did not affect the changes in the levels of BUN, SCr,
and NGAL (n =5, Fig. 1, a-c), indicating the absence of
any protective effect of the drug.

To address the effect of rapamycin on the cisplatin
nephrotoxicity, we examined cisplatin-induced AKI with
and without rapamycin treatment. Single cisplatin
administration at a dose of 15 mg/kg induced moderate
AKI within 48 h indicated by the elevated BUN (n = 6;
Fig. 1d) and SCr levels (Fig. le). Changes in the levels of
BUN and SCr were not affected by the treatment with
rapamycin: on day 2 after cisplatin injection, the concen-
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tration of BUN in untreated rats increased to 30.1 *
4.2 mM, which was similar to the BUN concentration in
the rapamycin-treated animals (28.3 £ 5.0 mM, n = 5;
Fig. 1d). Similarly, SCr levels increased to 123.0 + 24.3
and 146.6 = 40.3 uM in cisplatin and cisplatin plus
rapamycin groups, respectively (Fig. le). Moreover, we
have observed the increase in the NGAL level in the urine
of animals with the cisplatin-induced AKI, which posi-
tively correlated with the functional markers (Fig. 1f).
Effects of rapamycin on the primary culture of RTCs.
To model 1/R in vitro, we subjected primary RTCs culture
to OGD with the following reoxygenation. Real-time
evaluation of the RTCs growth using an iCELLigence
device revealed that rapamycin at the concentrations of
0.5, 1, and 2 uM slightly reduced cell proliferation rate
before the OGD (Fig. 2, a and b) and significantly dimin-
ished it during the recovery phase after the OGD (Fig. 2,
a and ¢). These observations were supported by the results
of the MTT assay. Incubation with 0.5 uM rapamycin
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Fig. 2. Effects of different doses of rapamycin on the proliferation of RTCs in primary culture after OGD. a) Kinetics of RTCs proliferation
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cle controls (DMSO); * p < 0.05 compared to the corresponding vehicle control, ** p < 0.05 compared to control cells.

slightly reduced cell viability vs. vehicle control. Cell via-
bility decreased to less than 50% after OGD, while incu-
bation with rapamycin 6 h before the OGD decreased cell
viability even to a greater extent (Fig. 2d). Rapamycin
treatment of the RTCs cultures during OGD or immediate-
ly after reoxygenation for 24 h reduced cell viability com-
pared to OGD or appropriate vehicle control (Fig. 2d).

Incubation of RTCs with 6.25, 12.5, and 25 uM cis-
platin for 24 h induced cell death in a concentration-
dependent manner, as evidenced by the results of MTT
assay (Fig. 3, a and b). Treatment by rapamycin together
with cisplatin either had no effect on the cisplatin-
induced changes in the RTCs viability (at 6.25 and 25 uM
cisplatin) or aggravated cisplatin-induced cell death (Fig.
3a). Similar results were obtained when rapamycin was
added before cisplatin (Fig. 3b).

We also monitored the proliferation of RTCs follow-
ing incubation with different cisplatin concentrations
after rapamycin pretreatment and found that cisplatin

significantly decreased the growth rate of RTCs (Fig. 3, c,
e, f). As measured by the MTT assay, cisplatin caused sub-
stantial cell death (Fig. 3, a and b) and almost complete-
ly inhibited cell proliferation at 25 and 50 uM concentra-
tion (Fig. 3d). Real-time estimation of the RTCs growth
showed that rapamycin treatment did not protect cells
from cell death or even aggravated it (Fig. 3, e and f).
Inhibition of mMTOR (mammalian target of rapamycin)
and the absence of autophagy activation by rapamycin. To
investigate the effect of rapamycin on the mTOR signal-
ing, we analyzed the levels of phosphorylated and total
p70-S6K protein which is known to be one of the main
substrates of mMTORC1 (mammalian target of rapamycin
complex 1) [22]. Western blotting of kidney homogenates
from rats injected with rapamycin 3 or 24 h before the tis-
sue collection, revealed a decrease in the ratio of phos-
pho-p70-S6K to the total p70-S6K in the 24-h group
(Fig. 4a). Therefore, rapamycin inhibited the activity of
mTORCI in the kidney tissue. However, the LC3 1I/LC3
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absence of autophagy activation (Fig. 4b).
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The lack of autophagy activation after rapamycin
treatment was also confirmed by examination of primary
RTCs cultures using Cyto-I1D, which selectively accumu-
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lates in autophagosomes and autophagolysosomes [23].
The intensity of Cyto-ID fluorescence in RTCs did not
increase after incubation with rapamycin for 3 h com-
pared to the vehicle control or even exhibited a tendency
to decrease (Fig. 5, a and e). To promote a possible effect
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Fig. 3. The proliferation of the RTCs primary culture after incubation with cisplatin and effect of rapamycin (Rapa) on cell viability. a, b) Cell
viability of RTCs incubated with different concentrations of cisplatin as determined by the MTT assay and effects of rapamycin added (a) 3 h
before cisplatin treatment or (b) simultaneously with cisplatin. ¢) RTCs proliferation kinetics evaluated with RTCA iCELLigence, including
growth under standard conditions and cell death induced by incubation with different cisplatin concentrations. d) The proliferation of RTCs
at different cisplatin concentrations. e, f) RTCs proliferation kinetics after addition of 12.5 (e) or 25 uM (f) cisplatin alone, with rapamycin
pretreatment 3 h before cisplatin addition, and after simultaneous incubation with cisplatin and rapamycin; * p < 0.05 compared to 12.5 uM
cisplatin.
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of rapamycin on the autophagosome accumulation, we
added chloroquine (autophagy late stage inhibitor) to the
RTCs growth media for 3 h, which resulted in a signifi-
cant increase in both fluorescence intensity of Cyto-I1D
and the number of Cyto-ID-positive structures in RTCs
(Fig. 5, ¢ and e). However, incubation with rapamycin
and chloroquine simultaneously for 3 h did not lead to
further increase in the mean fluorescence intensity of
Cyto-ID, thus confirming the absence of autophagy acti-
vation by rapamycin (Fig. 5, d and e).

DISCUSSION

The aim of this study was to determine whether the
autophagy inducer rapamycin protects RTCs from AKI
caused by renal I/R or cisplatin-induced nephrotoxicity.
We found that rapamycin proved to be inefficient under
all studied conditions.

Although the involvement of autophagy in AKI
pathogenesis is commonly accepted, the effects of
autophagy activators or inhibitors on AKI remain unex-
plored. However, recent data have confirmed the protec-
tive role of autophagy, since autophagy suppression was
found to aggravate AKI. For instance, the autophagy
inhibitor chloroquine increased the severity of AKI in
animals [10, 14]. Surprisingly, lower doses of chloroquine
alleviated AKI caused by kidney exposure to I/R [24].
Because the characteristics of the autophagic/lysosomal
system were not explored in [24], it is impossible to eluci-
date the mechanisms responsible for the protective effect
of chloroquine at low doses. Experiments with another
autophagy inhibitor, 3-methyladenine, which prevents
autophagophore formation by inhibiting phosphatidyl-
inositol 3-kinase, also demonstrated deleterious conse-
quences of autophagy inhibition [12, 25, 26].

There are only a few experimental papers that have
directly studied the effect of rapamycin pretreatment on
AKI. For instance, intravenous (i.v.) injection of rapamycin
at a dose of 1 mg/kg 15 min before renal I/R improved renal
function evaluated from the content of SCr and BUN 24 h
after I/R [25]. Rapamycin pretreatment decreased the his-
tological renal tissue injury scores associated with the apop-
tosis suppression [25]. Similar data was obtained by i.p.
injection of 1 mg/kg rapamycin 2 h before the induction of
kidney ischemia [26] and by injection of 10 mg/kg
rapamycin 1 h after I/R injury [27]. Apart from the kidneys,
the protective effects of rapamycin were observed in the
liver exposed to I/R. Rapamycin administered at the doses
of 1 and 5 mg/kg (i.p.) 1 h before the ischemia induction
protected the liver from I/R injury. Rapamycin pretreat-
ment significantly decreased the serum levels of ALT (ala-
nine aminotransferase) and AST (aspartate aminotrans-
ferase) and preserved liver architecture [28].

To compare our results with the data of previous
studies, we used rapamycin at the same dose (1 mg/kg
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body weight) 1 h before the induction of ischemia in the
kidneys. However, rapamycin failed to reduce the patho-
logically elevated levels of BUN and SCr (Fig. 1, aand b).
Furthermore, additional analysis of AKI biomarkers in
the urine revealed no decrease in the NGAL level in the
rapamycin-pretreated group (Fig. 1¢). Our findings are in
agreement with studies published several years prior to the
articles highlighting the beneficial effects of rapamycin.
Since rapamycin and its analogues were originally intro-
duced as immunosuppressive agents, the first studies of
rapamycin effects on the kidneys compared the effects of
this drug to those of other known immunosuppressants.
For instance, comparison of methylprednisolone with
rapamycin (1 mg/kg) injected 6 and 1 h before ischemia
did not reveal any differences between the groups with
regard to the SCr levels and histological changes [29]. In
another paper, the effects of rapamycin (3 mg/kg) admin-
istered for 2 days before the surgical procedure and then
24 h after the surgery or for 7 days were compared to the
action of the immunosuppressant cyclosporine A.
Neither of these agents affected the functioning of kid-
neys injured by I/R [30].

Finally, a number of studies have demonstrated that
rapamycin can exacerbate the severity of I/R injury.
Rapamycin administration at a dose of 3 mg/kg 1 day
before and on the day of I/R procedure was associated
with more pronounced impairment in the renal function
48 and 120 h after I/R as compared to the animals under-
going I/R alone [31]; however, rapamycin in a dose of
1.5 mg/kg caused neither renal dysfunction nor any
improvements. Similar results were obtained by Lui et al.
in mice treated with rapamycin by oral gavage (2 mg/kg
daily), starting 1 day before the kidney I/R. One day after
I/R, the SCr levels in the rapamycin-treated mice were
higher, while kidney histology demonstrated significant
tubular damage [32]. Similarly, Lieberthal et al. observed
rapamycin to impair recovery from acute renal failure by
inhibiting proliferation and inducing cell cycle arrest and
apoptosis in tubular cells [33].

It is important to mention that rapamycin is a potent
immunosuppressive agent that acts by inhibiting prolifer-
ation and clonal expansion of stimulated T-cells [34].
Therefore, its effect in vivo is a combination of autophagy
activation and immune response suppression, the latter
playing a significant role in ischemic and other forms of
AKI [35]. In this regard, we evaluated the action of
rapamycin not only in the ischemia model but also using
OGD in primary cultures of renal tubular cells. Since this
experimental system does not contain immune cells, its
application excludes the influence of inflammatory and
immune components on AKI.

To address mTOR signaling, we measured the levels
of total and phosphorylated forms of the p70-S6 kinase in
the rat kidneys after rapamycin administration at a stan-
dard dose of 1 mg/kg. The p70-S6 kinase is one of the
major effectors of the mTOR pathway and it is phospho-
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rylated by activated mTORCI1 [22]. We also assayed kid-
ney homogenates for the autophagy-associated signaling
by measuring the LC3 II/LC3 I ratio and evaluated the
intensity of Cyto-ID fluorescence in rapamycin-treated
cells. Although we observed mTORCI1 inhibition evi-
denced by a decrease in the level of phosphorylated p70-
S6 kinase 24 h after rapamycin administration (Fig. 4), no
autophagy activation was detected in vivo and in vitro
(Figs. 4b and 5). We conclude that inhibition of mTOR
did not result in further autophagy activation; rapamycin
administration was unable to prevent or reduce cell death
after OGD.

The observed decrease in the proliferation rate of
RTCs incubated with rapamycin could be explained by
the antiproliferative effects of rapamycin originally
described in T-cells and tumor cells [36, 37].
Proliferation inhibition by rapamycin was also shown in
the culture of proximal epithelial cells, where it caused a
decrease in the number of dividing renal cells [33].
Kidney sections from rapamycin-treated mice showed a
significantly lower number of PCNA (proliferating cell
nuclear antigen)-positive cells after I/R injury [32].

We also analyzed the effect of rapamycin on the cis-
platin-induced nephrotoxicity (another AKI model).
Since the pathogenic mechanisms of cisplatin-induced
injury of renal cells may differ from the mechanisms trig-
gered by I/R, the action of rapamycin in this model may
be very different. Activation of autophagy after cisplatin-
induced AKI has been demonstrated both in vitro and in
vivo in numerous studies [5, 6]. Moreover, inhibition of
autophagy by chloroquine promoted AKI, whereas
upregulation of autophagy by rapamycin rescued renal
functions and histology, thus corroborating the pro-
tective role of autophagy in the cisplatin-induced AKI
[38].

However, we did not observe any protective effect of
rapamycin administration in vivo in rats with the cis-
platin-induced nephrotoxicity or in vitro in RTCs subject-
ed to different doses and protocols of rapamycin treat-
ment (Figs. 1d-1f and 3). Our data is consistent with the
study of Nakagawa et al. [39] who showed that plasma
creatinine concentration and Kim-1 levels were higher in
rats treated with a combination of everolimus (rapamycin
analogue) and cisplatin. The authors concluded that
mTOR inhibition by everolimus reduced renal function.
They observed that cisplatin activated mTOR, while
administration of everolimus inhibited this activation. No
protective effect of everolimus on kidney function was
found [39].

Therefore, the studies on the effects of rapamycin
and its analogues can be divided into two different cate-
gories. On the one hand, a great number of studies
strongly prove that autophagy plays an important role in
the AKI pathogenesis. Furthermore, activation of
autophagy (e.g., by caloric restriction) was shown to pro-
tects kidneys from different forms of AKI [15, 40, 41].
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On the other hand, the attempts to activate autophagy by
pharmacological substances, such as rapamycin and its
analogues, were frequently unable to demonstrate effec-
tive protection against AKI. Moreover, in some cases,
rapamycin administration caused even more pronounced
deterioration of kidney function. Therefore, it is impor-
tant to take into consideration that rapamycin is not the
ideal mimetic of caloric restriction, because the latter
inhibits mTOR signaling through various signaling cas-
cades (e.g., AMPK and Akt pathways) involving phos-
phorylation/ dephosphorylation of their components
[42]. Rapamycin acts as an allosteric inhibitor of mTOR.
It forms a gain-of-function complex with the FK506-
binding protein that interacts with and inhibits mTOR
[43]. It is likely that caloric restriction has numerous cell
targets, unlike rapamycin, which acts as the mTORCI1
inhibitor only. Therefore, the conclusion about the
equivalence between the rapamycin action and the
impact of caloric restriction is too premature [44, 45].

Note that the majority of papers demonstrating the
protective effect of rapamycin on AKI were published
after 2010, when the idea of the beneficial effect of
autophagy and its activators on the lifespan and healthy
aging has become very popular. Communications report-
ing the negative effect or the absence of any effect of
rapamycin on AKI had been publisher earlier, when
rapamycin had been considered as an immunosuppressive
agent.

We would like to highlight that researchers should be
very cautious when applying pharmacological interven-
tions imitating physiological activation of autophagy. It is
unreasonable to believe that mTOR inhibitors act identi-
cally to naturally occurring physiological processes, such
as caloric restriction. The effects of rapamycin on
ischemic and cisplatin-induced AKI and its protective
action in acute pathologies remain controversial, which
might explain why the attempts to use rapamycin in clin-
ical practice have been unsuccessful so far.
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