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Abstract: The first compound that inhibited the mammalian target of rapamycin (mTOR), sirolimus
(rapamycin) was discovered in the 1970s as a soil bacterium metabolite collected on Easter Island
(Rapa Nui). Because sirolimus showed antiproliferative activity, researchers investigated its molecular
target and identified the TOR1 and TOR2. The mTOR consists of mTOR complex 1 (mTORC1) and
mTORC2. Rapalogues including sirolimus, everolimus, and temsirolimus exert their effect mainly
on mTORC1, whereas their inhibitory effect on mTORC?2 is mild. To obtain compounds with more
potent antiproliferative effects, ATP-competitive inhibitors of mTOR targeting both mTORC1 and
mTORC2 have been developed and tested in clinical trials as anticancer drugs. Currently, mTOR
inhibitors are used as anticancer drugs against several solid tumors, and immunosuppressive agents
for transplantation of various organs. This review discusses the role of mTOR inhibitors in renal
disease with a particular focus on renal cancer, diabetic nephropathy, and kidney transplantation.
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1. Introduction

The first compound inhibiting mammalian target of rapamycin (mTOR), sirolimus (rapamycin),
was identified in the 1970s from a soil bacterium collected on Easter Island (Rapa Nui) (Figure 1) [1].
Sirolimus showed antifungal, antitumor, and immunosuppressive effects [1]. Beginning by the
finding of two targets of rapamycin (TOR)1 and TOR2 in the yeast cells in 1991, detailed mechanisms
underlying the antiproliferative activity of sirolimus had been elucidated [1,2]. In 1994, the mammalian
counterparts of the yeast TOR complexes were revealed as mTOR complex 1 (mTORC1) and
mTORC2 [2,3]. mTORC1 comprises mTOR, mammalian lethal with SEC13 protein 8 (mLST8),
proline-rich Akt substrate of 40kDa (PRAS40), and regulatory-associated protein of mTOR (RAPTOR)
(Figure 2) [1]. mTORC2 consists of mTOR, mLST8, proline-rich protein 5 (PRR5), mitogen-activated
protein kinase-associated protein 1 (mSIN1), and sirolimus-insensitive companion of mTOR (RICTOR)
(Figure 2) [1].

Sirolimus and its analogues (rapalogues) exert their effects by inhibiting mTORC1 and
downstream phosphorylation of its substrates. mTOR includes several conserved motif domains
(Figure 3). Rapalogues form complexes with FK506-binding protein of 12 kDa (FKBP12/FKBP1A),
which binds to the (FKBP-rapamycin binding) FRB domain (Figure 3) [4]. Representative mTORC1
substrates are 56 kinase, eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), and
unc-51-like kinase 1/mammalian autophagy-related gene 13/focal adhesion kinase family-interacting
protein of 200 kDa (ULK1/Atg13/FIP200). S6 kinase is activated by mTORC1 to promote mRNA
translation through phosphorylation of ribosomal protein S6 [5]. 4E-EB1 inhibits mRNA translation
by interrupting formation of the 5’-cap-binding protein eukaryotic initiation factor 4E (elF4E)
complex, which is needed for the initiation of cap-dependent translation, and mTORC1-mediated
phosphorylation of 4E-EB1 detaches it from elF4E, thereby promoting cap-dependent mRNA
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translation [5]. mTORC1-mediated phosphorylation inhibits the activity of ULK1/Atg13/FIP200,
a kinase complex necessary for autophagy [5]. In addition to these roles in protein synthesis and
autophagy, mTORC1 is also involved in lipid synthesis, energy metabolism, and tumorigenesis [5].
In contrast to mTORC1, mTORC?2 is considered insensitive to sirolimus because FKBP12-sirolimus
does not bind to mTORC2 [6,7]. However, a recent study revealed that long-term sirolimus
treatment reduces mTORC2 signaling in certain cell types [8,9]. mTORC2 is involved in cell
survival/metabolism and cytoskeletal organization, and its representative substrates include Akt,
serum and glucocorticoid-induced protein kinase 1 (SGK1), and protein kinase C-a (PKCo) [5].
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Figure 1. Chemical structures of mammalian target of rapamycin (mTOR) inhibitors.
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Figure 2. Structures of mMTORC1 and mTORC2. mTORC1 phosphorylates substrates including S6K,
4E-BP1, and the unc-51-like kinase 1/mammalian autophagy-related gene 13/focal adhesion kinase
family-interacting protein of 200 kDa (ULK1/Atg13/FIP200) complex. mTORC2 phosphorylates
substrates including serum/glucocorticoid regulated kinase (SGK) 1, Akt, and protein kinase C-«
(PKC).
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Figure 3. Interaction of mTOR, rapalogues, and 12-kDa FK506- and rapamycin-binding protein
(FKBP12) mTOR contains 2549 amino acids. Rapalogues, mTOR inhibitors, form a complex with
FKBP12 that binds to the FKBP-rapamycin binding (FRB) domain [4].

Sirolimus and its derivatives, everolimus and temsirolimus, are common mTOR inhibitors used
in clinical settings (Figure 1) [10,11]. Both sirolimus and everolimus are formulated as tablets, but the
solubility and bioavailability of everolimus are superior to those of sirolimus due to replacement of a
hydrogen atom at position 40 by a 2-hydroxyethyl chain [12]. The anticancer and immunosuppressive
effects of sirolimus and everolimus have been well investigated. Temsirolimus, a soluble ester
of sirolimus formed by esterification of a hydroxyl group at position 42, was developed as an
intravenous drug for the treatment of renal cell carcinoma [11]. However, these rapalogues have
weak inhibitory effects on mTORC2, which is an Akt 5473 kinase involved in cancer development.
Therefore, ATP-competitive inhibitors of mTOR targeting both mTORC1 and mTORC2 have been
developed and examined in clinical trials as a new class of anticancer drugs [13]. Although AZD2014,
OS1-027, and INK128/MLN-0128 were examined in clinical trials, only INK128/MLN-0128 moved on
to phase II clinical trials including renal cancer (Figure 1).

2. Effect of mTOR Inhibitors on Infection after Kidney Transplantation

John Cunningham (JC) virus, BK virus, and simian vacuolating (SV) 40 are polyomavirus
pathogens in humans [14]. Among them, the BK virus is considered a main cause of nephropathy [14].
Most adults (>90%) are BK virus carriers who acquired BK virus during childhood [15]. BK
virus-associated nephropathy is an opportunistic infection that affects up to 10% of kidney transplant
recipients [15]. BK virus-associated nephropathy usually occurs within one year after transplantation,
and up to 50% of kidney transplant patients with BK virus-associated nephropathy suffered graft
loss [15]. Renal transplant recipients with BK virus nephropathy showed higher viral load in plasma
than those without nephropathy [16]. Post-transplant immunosuppressive treatment is acknowledged
as a potential risk factor for BK virus-associated nephropathy.

An early study suggested that BK virus infection and progression of the impairment of kidney
grafts depended on the net state of immunosuppression and not the type of immunosuppressive
drug [16]. However, recent studies showed the suppressive efficacy of mTOR inhibitor on the onset
of BK virus-associated nephropathy. Everolimus and low-dose cyclosporine treatment resulted in
lower incidence of BK virus-associated viremia and nephropathy compared with mycophenolic acid
and standard-dose cyclosporine treatment in kidney transplant patients [17]. It was reported that
the incidence of patients who underwent BK virus therapy among discharged patients receiving the
cyclosporine-based maintenance dosage regimen was small in comparison with those receiving the
tacrolimus-based maintenance dosage regimen, leading to speculation that cyclosporine inhibited the
replication of BK virus via cyclophilin A and nuclear factor of activated T cells (NFATC) [18,19].
Similar to cyclosporine, in vitro studies showed that sirolimus impaired BK virus replication,
inhibiting mTOR-SP6-kinase activity through an FKBP-12 pathway, but tacrolimus activated BK virus
replication [20,21]. Furthermore, large-registry retrospective cohort analysis showed that the incidence
of BK virus replication during the 24-month course after kidney transplantation was significantly lower
in discharged patients using of mTOR inhibitors compared to those without mTOR inhibitors [19].

To confirm the clinical effect of mTOR inhibitors on BK virus infection, a prospective trial was
carried out. A pilot single-center, randomized, open-labeled trial comparing the safety and efficacy of
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50% reduction of mycophenolate mofetil (MMF) with the addition of everolimus (n = 20) vs. a 50%
reduction of MMF (n = 20) in kidney transplant recipients with new onset of BK viruria >1 x 10°
copies/mL and/or viremia >500 copies/mL was reported at the 2015 American Transplant Congress
during 2-6 May, 2015 in Philadelphia [22]. The primary endpoint was a >50% reduction of BK viruria
and/or clearance of viremia at three months post-randomization. At three months post-randomization,
no significant difference of reduction in BK viremia was seen between the 50% reduction of MMF
with the addition of everolimus group (66.6%) and 50% reduction of MMF group (48.7%) (p = 0.3) [22].
A further clinical trial including more patients, and publication as an original article is needed to verify
the suppressive effect of everolimus against BK virus replication.

Although the global population is commonly (40%—-70%) infected with cytomegalovirus (CMV)
during childhood [23], immunocompetent individuals with CMV have no symptoms. Among kidney
transplant patients, however, CMV is associated with risk of acute rejection, allograft dysfunction,
end-organ disease, and mortality [23]. Immunosuppressive therapy is known as a risk factor for CMV
infection and disease in kidney transplant recipients [23]. In contrast to BK virus nephropathy, it was
reported that the cyclosporine regimen is related to increased CMYV infection and disease incidence
in kidney transplant recipients [24,25]. Among immunosuppressants, mTOR inhibitors sirolimus
and everolimus might decrease the incidence and severity of CMV infection in kidney transplant
recipients [23]. To proliferate, CMV requires activated mTOR in host cells. Inhibition of mTORC1
prevented the accumulation of CMV protein, and the inhibition effects were more potent immediately
after CMV infection than at later time points [23].

3. Urinary Microtubule-Associated Protein 1 Light Chain (LC) 3: A Potential Biomarker for
mTOR Inhibition in the Kidneys

Tubular atrophy and interstitial fibrosis are the final common steps in the progression of chronic
kidney disease [26]. It was reported that sirolimus reduced interstitial fibrosis and glomerular sclerosis
after kidney transplantation in patients with chronic allograft nephropathy [27,28]. In addition,
a causal link between the activation of the mTOR pathway and the progression of polycystic kidney
disease or diabetic nephropathy was reported [29-31]. Rapamycin showed protective effects against
polycystic kidney disease in animal experiments; however, it is unclear whether rapamycin induces
autophagy in polycystic kidney disease [32]. Further precise investigation into the effects of mTOR
inhibitors on polycystic kidney disease is needed to enable their clinical application [32].

Nakagawa et al. [33] demonstrated that the mTOR pathway is activated in the proximal tubular
cells of rat kidneys after subtotal nephrectomy and found that treatment with everolimus in rats eight
weeks after subtotal nephrectomy, an animal model of end-stage renal disease, had restorative effects
on the tubular reabsorption of albumin and the expression levels of membrane transporters in the
proximal tubules.

Autophagy is induced in response to renal ischemia-reperfusion and cisplatin induced acute
kidney disease [34]. Autophagy-related (ATG)-5 and -7 proximal tubule-specific knockout mice
showed more severe renal injury than wild-type mice after ischemia-reperfusion and cisplatin
treatment, indicating a protective effect of autophagy during these treatments [34]. mTORC1 inhibitors
seem to exert therapeutic effects by inducing autophagy; however, because they also impaired the
cell proliferation necessary to recover from damage, caution is advised [34]. In fact, everolimus
administration before ischemia-reperfusion increased the signals for kidney injury molecule-1
(a marker for tubular injury) and single-stranded DNA (a marker for apoptotic cells) and decreased that
for Ki-67 (a proliferation marker) in the rat proximal tubules, indicating that everolimus diminished
renal function after acute tubular injury [35].

On the other hand, urinary LC3 levels were found to be markedly increased after administration
of everolimus to rats with ischemia-reperfusion renal injury and cisplatin-induced nephropathy [35].
Because the cytosolic form of LC3-I is modified into its phosphatidylethanolamine-conjugated form,
LC3-1I, which is associated with autophagosomes, LC3-II has been examined as a marker for autophagic
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activity [36]. Therefore, the urinary LC3 induced by the administration of everolimus could be a
biological marker for mTOR inhibition during acute kidney injury (Figure 4).
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Figure 4. Hypothesized mechanisms of mammalian target of rapamycin (mTOR) inhibitor action
in proximal tubular epithelial cells. Rprinted from [35]. Copyright 2012 with permission from
Elsevier. (A) during the recovery phase of nephrotoxicant-induced tubular injury, the mTOR pathway
in proximal tubular cells is activated to promote cell proliferation; (B) everolimus treatment exerts
antiproliferative effects by blocking cell survival pathways. The quantification of urinary LC3 protein
could be beneficial in predicting outcomes of treatment with mTOR inhibitors [36].

4. Application of mTOR Inhibitors in Kidney Transplantation

In kidney transplantation, dosage adjustment of mTOR inhibitors sirolimus and everolimus
using therapeutic drug monitoring (TDM) is recommended to prevent toxicity of adverse reactions of
mTOR inhibitors such as thrombocytopenia, leucopenia, hypercholesterolemia, stomatitis, diarrhea,
interstitial pneumonitis, and rejection [12]. The recommended therapeutic range of average
sirolimus trough concentrations (Ciougn) is set between 5.0 and 15 ng/mL or 6.0 and 12 ng/mL
for the conventional immunosuppressive regimens including calcineurin inhibitors tacrolimus and
cyclosporine, respectively, but between 10 and 20 ng/mL without calcineurin inhibitors [12]. Toxic
Cirough ©of sirolimus were established at >15 pg/L [12]. The recommended therapeutic trough
range for everolimus in heart transplantation and kidney transplantation in combination with
calcineurin inhibitors is between 3 and 8 ng/mL. Correlation between Ciougn and the area under
the concentration-time curve (AUC) was examined in kidney transplant patients in a calcineurin
inhibitor-free regimen, and Ciougnh between 6.0 and 8.0 ng/mL corresponded with an AUC of
approximately 120 ng- h/mL. The target concentrations of everolimus in a regimen without calcineurin
inhibitor range between 6.0 and 10 ng/mL [12]. A prospective trial with 46 de novo kidney transplant
patients revealed that the exposure of administered everolimus was not affected regardless of the
blood concentration of tacrolimus (1.5-3 ng/mL vs. 4-7 ng/mL) [37]. Furthermore, cyclosporine
co-administration increased everolimus blood concentration compared to that with tacrolimus
co-administration, suggesting the competitive inhibition of everolimus metabolism by cytochrome
P450 (CYP) 3A4 [37].

Increased cyclosporine and tacrolimus Cyough tends to cause nephrotoxicity [38]. Combination
therapy with low-dose calcineurin inhibitors and other immunosuppressive drugs is useful to
reduce the target concentration of calcineurin inhibitors and avoid calcineurin inhibitor-induced
nephrotoxicity [39]. One report showed that an mTOR inhibitor-based protocol was not associated with
poorer graft function or higher rejection rates than standard calcineurin inhibitor therapy, but about half
of patients (46.8%) receiving mTOR inhibitors were converted to calcineurin inhibitor-based therapy
during that study term [40]. The common adverse reactions of mTOR inhibitors are stomatitis and
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wound-healing problems; therefore, de novo administration of mTOR inhibitors in kidney transplant
patients from the early stage is thought to be a risk factor for wound-healing problems [24,41,42].
Future studies evaluating the effectiveness and wound-healing problems of mTOR inhibitors beginning
immediately after surgery should be carried out in the future to clarify the potential usefulness of
mTOR inhibitors in de novo kidney transplant patients.

mTOR inhibitors in combination with low-dose calcineurin inhibitors also can be safely used
in children [39]. Steroidal drugs are well known to interfere with growth in pediatric kidney
transplantation, and steroid withdrawal is favorable as early as possible [43]. The pharmacological and
toxicological influence of mTOR inhibitors on growth are still controversial in pediatric cases: some
studies reported that mTOR inhibitors interfere with growth, whereas others reported no effect [39].

5. mTOR Inhibitors as Anticancer Drugs

Renal cell carcinoma derived from the proximal tubular cells is one of the malignancies
with the poorest prognosis and is highly resistant to chemotherapy [44]. Following
cytokine-based immunotherapy, targeted drugs including vascular endothelial growth factor (VEGF)
receptor-associated tyrosine kinase inhibitors, the anti-VEGF monoclonal antibody, and mTOR
inhibitors were developed as anticancer drugs for renal cell cancer [44]. Because renal clear cell
carcinoma, which consists mostly (75%—-85%) of kidney tumors, is a highly vascularized malignancy,
antiangiogenesis-based therapy is a reasonable approach against this type of cancer [44]. Renal cell
carcinoma is associated with loss of function of the von Hippel-Lindau gene [44,45], accumulation
of hypoxia-inducible factor (HIF)1«, and increased tumorigenesis [45]. Accumulated HIF1« binds
constitutively expressed HIF1p and is translocated into the nucleus, where the HIF complex binds
to the HIF-response element of DNA and activates transcription of angiogenic genes, including
VEGF-A, epidermal growth factor receptor type 1, platelet-derived growth factor B chain, transforming
growth factor «, and erythropoietin [45,46]. mTOR inhibitors prevent cancer progression by inhibiting
translation of HIF1«x [46]. In treatment of patients with surgical intervention-maladaptive progressing
renal clear cell cancer, sunitinib (VEGF receptor-tyrosine kinase inhibitor (VEGFR-TKI)), bevacizumab
(anti-VEGF antibody) plus interferon-o, pazopanib (VEGFR-TKI), temsirolimus, everolimus, axitinib
(VEGFR-TKI), and sorafenib (VEGFR-TKI) are approved [47,48]. About 40% of patients with renal cell
carcinoma develop metastatic renal cell carcinoma (mRCC) [49]. Temsirolimus and VEGFR-TKIs are
used as primary treatments against mRCC, and everolimus or axitinib is secondary [49].

To compare the efficacies of everolimus and temsirolimus in patients in mRCC, some studies were
carried out. A meta analysis with 863 (92%) patients treated with sunitinib and 74 (8%) with pazopanib
or sorafenib as first-line therapy showed that everolimus decreased the risk of death by 26% (hazard
ratio (HR), 0.74; 95% confidence interval (CI), 0.59-0.93; p = 0.008) and the risk of treatment failure
by 30% (HR, 0.70; 95% CI, 0.56-0.88; p = 0.002) over temsirolimus [50]. In a retrospective analysis,
90 patients with mRCC (clear cell renal cell carcinoma 87%, non-clear renal cell carcinoma 12%) after
progression during first-line VEGFR-TKI therapy were assigned to the second-line temsirolimus
treatment group or everolimus treatment group [49]. The median progression-free survival was not
different, but overall survival was superior with everolimus compared with temsirolimus (24.2 months
vs. 12.1 months; HR, 0.58; p = 0.047) [49]. Prospective trials are needed to confirm these results;
however, everolimus treatment appeared more favorable than temsirolimus in mRCC. On the other
hand, some studies raised questions about the efficacy of everolimus as a second-line therapy for
renal cancer. For example, a randomized, open-label study compared nivolumab, a programmed
death 1 checkpoint inhibitor, with everolimus in patients with advanced clear cell renal cell carcinoma
who had received previous treatment [51]. The median overall survival was longer with nivolumab
(25 months; 95% CI, 21.8 to not estimable) than with everolimus (19.6 months; 95% CI, 17.6-23.1) [51].
Furthermore, a randomized, open-label study compared cabozantinib, an oral small-molecule inhibitor
of tyrosine kinases, with everolimus in patients with advanced clear cell renal cell carcinoma that had
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progressed after VEGFR-targeted therapy [51]. The estimated median overall survival was longer with
cabozantinib (7.4 months; 95% CI, 5.6-9.1) than with everolimus (3.8 months; 95% CI, 3.7-5.4) [52].

6. Effect of mTOR Inhibitors on Non-Clear Cell Renal Cell Carcinoma

One-quarter of renal cell carcinoma is non-clear cell renal cell carcinoma; however, the treatment
protocol for metastatic non-clear cell renal cell carcinomas is undefined [53]. Sunitinib and everolimus
(mTOR inhibitor) are standard first-line and second-line therapies, respectively, in clear cell renal cell
carcinoma [54]. Some clinical trials to determine the effect of sunitinib and everolimus on non-clear
renal cell carcinoma were carried out [55]. The effectiveness of everolimus for treating non-clear cell
renal cell carcinoma was reported, especially in patients with chromophobe renal cell carcinoma, and
prior treatment with a VEGF-TKI had no effect on everolimus treatment [56]. A crossover treatment
design study showed that everolimus treatment was not inferior to sunitinib as a first-line therapy.
The median progression-free survival was 7.9 months for starting with everolimus and 10.7 months
for starting with sunitinib (HR, 1.4; 95% CI, 1.2-1.8), and the median combined progression-free
survival was 21.1 months for patients switched from everolimus to sunitinib and 25.8 months
for patients switched from sunitinib to everolimus (HR, 1.3; 95% CI, 0.9-1.7) [57]. Seventy-three
patients with non-clear cell renal cell carcinoma and sarcomatoid clear cell renal cell carcinoma were
randomly assigned to receive either everolimus or sunitinib [55]. Progression-free survival in first-line
treatment was not significantly different for sunitinib treatment (4.1 months) and everolimus treatment
(6.1 months, p = 0.6) [55]. However, the median overall survival was significantly higher with first-line
sunitinib treatment (not reached vs. 10.5 months; p = 0.014); therefore, following the recommendation of
the data and safety monitoring committee, the study was prematurely terminated [54]. An open-label
randomized study of 108 patients with metastatic papillary, chromophobe, or unclassified non-clear
cell renal cell carcinoma revealed that sunitinib improved progression-free survival (8.3 months; 80%
CI, 5.8-11.4) compared with everolimus (5.6 months [5.5-6.0]) (HR, 1.41; 80% CI, 1.03-1.92; p = 0.16) [53].
Consequently, everolimus was not recommended as a first-line therapy in non-clear cell renal cell
carcinoma; however, the effect of sunitinib effect was very modest, and development of a more effective
therapy for non-clear cell renal cell carcinomas is needed [54,55].

7. Effect of mTOR Inhibitors on Diabetic Nephropathy

Blood glucose level monitoring is recommended in patients receiving treatment with mTOR
inhibitors because mTOR inhibitors are accompanied by a high incidence of hyperglycemia and
new-onset diabetes (13%-50%) when used as anticancer drugs [58]. Although the clinical data are
not sufficient, animal data suggest that the mechanisms responsible for hyperglycemia with mTOR
inhibitors are likely due to the combination of impaired insulin secretion and insulin resistance [58].
Hyperglycemia is essential for the onset of diabetic nephropathy, which is a major factor of end-stage
renal disease [59]. Hyperglycemia induces an unusual activation of protein kinase C and is involved
in the development of diabetic nephropathy. It was associated with TGF-31, fibronectin, and «1
(IV) collagen production in renal glomeruli of diabetic rats [60]. Furthermore, hyperglycemia is the
cause of advanced glycosylation end product (AGE) generation in patients with diabetes. AGEs
stimulate intrinsic glomerular cells to produce TGF-31, which contributes to glomerular sclerosis and
tubulointerstitial damage by inducing abnormal extracellular matrix production [59]. Though mTOR
inhibitors are one risk factor for diabetic nephropathy because they cause hyperglycemia, researchers
reported their efficacy in treating diabetic nephropathy [61-65]. Sirolimus inhibited glucose-induced
phosphorylation of p70S6 kinase and its substrate, S6 ribosomal protein, in mesangial cells, and
inhibition of mTOR with sirolimus attenuated the morphological and functional disorders of diabetic
kidneys in a type 2 diabetes mouse model [65].

Apoptosis contributes to the development of diabetic nephropathy, and hyperglycemia triggers
the generation of free radicals and oxidant stress in tubular cells. An in vitro experiment using a
proximal tubular epithelial cell line demonstrated that high glucose-induced peroxynitrate leads
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caspase-mediated apoptosis [64]. The tuberin/mTOR pathway was implicated in apoptosis of tubular
epithelial cells in diabetes. Tuberin is a suppressor of mTOR, and phosphorylated tuberin loses its
suppressive effect against mTOR [63]. High glucose treatment increased phosphorylation of tuberin
and p70S6K, phosphorylation of Bcl-2, expression of cytosolic cytochrome ¢, and caspase 3 activity in
proximal tubular epithelial cells. Activated caspase 3 likely promoted Ying Yang1 nuclear translocation
and enhanced cleavage of poly (ADP-ribose) polymerase, resulting in apoptosis [62]. Those effects
were inhibited by rapamycin pretreatment, and the number of apoptotic cells induced by high glucose
was decreased [62].

The mTOR signaling pathway is important in podocyte homeostasis [66]. Analysis of mRNA
extracted from the microdissected glomeruli of patients with glomerulopathies showed that expression
of mTOR mRNA and mTORC1 target genes increased in very early diabetic nephropathy [66].
In glomerular disease, short-term activation of mTOR signaling has a positive effect, but long-term
activation leads to proteinuria and glomerulosclerosis [66]. Lack of mTORC1 and mTORC2 in mouse
podocytes aggravated glomerular lesions, but downregulating mTORC1 expression in podocytes
prevented glomerulosclerosis and ameliorated the progression of glomerular disease in diabetic
nephropathy [66]. Rapamycin treatment prevented glomerular hypertrophy, glomerular basement
membrane thickening, mesangial expansion, podocyte loss, macrophage infiltration, and albuminuria
in type-2 diabetic model db/db mice [67]. Furthermore, non diabetic young and adult mice with
podocyte specific mTORC1 activation showed many diabetic nephropathy features, including podocyte
loss, glomerular basement membrane thickening, mesangial expansion, and proteinuria [67]. Genetic
reduction of podocyte-specific mTORC1 in diabetic animals suppressed the development of diabetic
nephropathy [67]. These studies suggested that partial suppression of the mTORC1 pathway
might represent a therapeutic strategy to prevent diabetic nephropathy without compromising
podocyte homeostasis.

Although the precise mechanism remains unclear, involvement of innate immunity in the early
stage of diabetic nephropathy associated with mTOR was reported. Involvement of the toll-like receptor
(TLR)4-mediated pathway in promoting tubulointerstitial inflammation in diabetic nephropathy was
suggested. In the renal tubules of patients with diabetic nephropathy, TLR4 is upregulated, but
TLR2 is not, and TLR4 deletion attenuated albuminuria, renal dysfunction, and renal cortical NF-«B in
streptozotocin-induced diabetic mice [61]. Sirolimus inhibited upregulated TLR4 and pro-inflammatory
factor interleukin 17 in early-stage diabetic nephropathy in streptozotocin-induced diabetic rats [61].

8. Conclusions

mTOR inhibitors are useful for treating various renal diseases. Further study is needed to exploit
more favorable therapeutic strategies for renal disease with mTOR inhibitors including rapalogues
and ATP-competitive inhibitors of mTOR.

Acknowledgments: This work was supported in part by a Grant-in-Aid for Scientific Research (KAKENHI)
(15K18922 to M.K., 15H04666 to S.M.) from the Ministry of Education, Science, Culture, Sports, and Technology of
Japan (MEXT) and by the Funding Program for Next Generation World-Leading Researchers (NEXT Program:
LS073 to SM) initiated by the Council for Science and Technology Policy of the Japan Society for the Promotion of
Science of Japan.

Author Contributions: Moto Kajiwara and Satohiro Masuda wrote the paper. Authorship must be limited to
those who have contributed substantially to the work reported.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision
to publish the results.

References

1. Benjamin, D.; Colombi, M.; Moroni, C.; Hall, M.N. Rapamycin passes the torch: A new generation of mTOR
inhibitors. Nat. Rev. Drug Discov. 2011, 10, 868-880. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrd3531
http://www.ncbi.nlm.nih.gov/pubmed/22037041

Int. ]. Mol. Sci. 2016, 17, 975 9of12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Heitman, J.; Movva, N.R; Hall, M.N. Targets for cell cycle arrest by the immunosuppressant rapamycin in
yeast. Science 1991, 253, 905-909. [CrossRef] [PubMed]

Clippinger, A.]J.; Maguire, T.G.; Alwine, ].C. The changing role of mTOR kinase in the maintenance of protein
synthesis during human cytomegalovirus infection. J. Virol. 2011, 85, 3930-3939. [CrossRef] [PubMed]
Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926-1945. [CrossRef]
[PubMed]

Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274-293.
[CrossRef] [PubMed]

Jacinto, E.; Loewith, R.; Schmidt, A.; Lin, S.; Ruegg, M.A_; Hall, A.; Hall, M.N. Mammalian TOR complex 2
controls the actin cytoskeleton and is rapamycin insensitive. Nat. Cell Biol. 2004, 6, 1122-1128. [CrossRef]
[PubMed]

Sarbassov, D.D.; Ali, SM.; Kim, D.H.; Guertin, D.A.; Latek, R.R.; Erdjument-Bromage, H.; Tempst, P;
Sabatini, D.M. Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the cytoskeleton. Curr. Biol. 2004, 14, 1296-1302. [CrossRef]
[PubMed]

Zeng, Z.; Sarbassov dos, D.; Samudio, L].; Yee, KW.; Munsell, M.E,; Ellen Jackson, C.; Giles, FJ.; Sabatini, D.M.;
Andreeff, M.; Konopleva, M. Rapamycin derivatives reduce mTORC2 signaling and inhibit AKT activation
in AML. Blood 2007, 109, 3509-3512. [CrossRef] [PubMed]

Sarbassov, D.D.; Ali, S.M.; Sengupta, S.; Sheen, ].H.; Hsu, P.P,; Bagley, A.F.; Markhard, A.L.; Sabatini, D.M.
Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB. Mol. Cell 2006, 22, 159-168.
[CrossRef] [PubMed]

Waldner, M.; Fantus, D.; Solari, M.; Thomson, A.W. New perspectives on mTOR inhibitors (Rapamycin,
Rapalogs and TORKinibs) in transplantation. Br. J. Clin. Pharmacol. 2016. in press. [CrossRef] [PubMed]
Rini, B.I. Temsirolimus, an inhibitor of mammalian target of rapamycin. Clin Cancer Res 2008, 14, 1286-1290.
[CrossRef] [PubMed]

Moes, D.J.; Guchelaar, H.].; de Fijter, ] W. Sirolimus and everolimus in kidney transplantation.
Drug Discov. Today 2015, 20, 1243-1249. [CrossRef] [PubMed]

Sun, S.Y. mTOR kinase inhibitors as potential cancer therapeutic drugs. Cancer Lett. 2013, 340, 1-8. [CrossRef]
[PubMed]

Bohl, D.L.; Brennan, D.C. BK virus nephropathy and kidney transplantation. Clin. ]. Am. Soc. Nephrol. 2007,
2 (Suppl. 1), S36-546. [CrossRef] [PubMed]

Jamboti, J.S. BK virus nephropathy in renal transplant recipients. Nephrology (Carlton) 2016. in press.
[CrossRef] [PubMed]

Hirsch, H.H.; Knowles, W.; Dickenmann, M.; Passweg, J.; Klimkait, T.; Mihatsch, M.].; Steiger, ]. Prospective
study of polyomavirus type BK replication and nephropathy in renal-transplant recipients. N. Engl. |. Med.
2002, 347, 488-496. [CrossRef] [PubMed]

Moscarelli, L.; Caroti, L.; Antognoli, G.; Zanazzi, M.; di Maria, L.; Carta, P.; Minetti, E. Everolimus leads to a
lower risk of BKV viremia than mycophenolic acid in de novo renal transplantation patients: A single-center
experience. Clin. Transplant. 2013, 27, 546-554. [CrossRef] [PubMed]

Li, YJ.; Wu, HH.; Weng, C.H.; Chen, Y.C.; Hung, C.C.; Yang, C.W.; Wang, R.Y.; Sakamoto, N.; Tian, Y.C.
Cyclophilin A and nuclear factor of activated T cells are essential in cyclosporine-mediated suppression of
polyomavirus BK replication. Am. J. Transplant. 2012, 12, 2348-2362. [CrossRef] [PubMed]

Dharnidharka, V.R.; Cherikh, W.S.; Abbott, K.C. An OPTN analysis of national registry data on treatment
of BK virus allograft nephropathy in the United States. Transplantation 2009, 87, 1019-1026. [CrossRef]
[PubMed]

Hirsch, H.H.; Yakhontova, K.; Lu, M.; Manzetti, J. BK Polyomavirus Replication in Renal Tubular Epithelial
Cells Is Inhibited by Sirolimus, but activated by tacrolimus through a pathway involving FKBP-12.
Am. |. Transplant. 2016, 16, 821-832. [CrossRef] [PubMed]

Liacini, A.; Seamone, ML.E.; Muruve, D.A.; Tibbles, L.A. Anti-BK virus mechanisms of sirolimus and
leflunomide alone and in combination: Toward a new therapy for BK virus infection. Transplantation
2010, 90, 1450-1457. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1715094
http://www.ncbi.nlm.nih.gov/pubmed/1715094
http://dx.doi.org/10.1128/JVI.01913-10
http://www.ncbi.nlm.nih.gov/pubmed/21307192
http://dx.doi.org/10.1101/gad.1212704
http://www.ncbi.nlm.nih.gov/pubmed/15314020
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://dx.doi.org/10.1038/ncb1183
http://www.ncbi.nlm.nih.gov/pubmed/15467718
http://dx.doi.org/10.1016/j.cub.2004.06.054
http://www.ncbi.nlm.nih.gov/pubmed/15268862
http://dx.doi.org/10.1182/blood-2006-06-030833
http://www.ncbi.nlm.nih.gov/pubmed/17179228
http://dx.doi.org/10.1016/j.molcel.2006.03.029
http://www.ncbi.nlm.nih.gov/pubmed/16603397
http://dx.doi.org/10.1111/bcp.12893
http://www.ncbi.nlm.nih.gov/pubmed/26810941
http://dx.doi.org/10.1158/1078-0432.CCR-07-4719
http://www.ncbi.nlm.nih.gov/pubmed/18316545
http://dx.doi.org/10.1016/j.drudis.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26050578
http://dx.doi.org/10.1016/j.canlet.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/23792225
http://dx.doi.org/10.2215/CJN.00920207
http://www.ncbi.nlm.nih.gov/pubmed/17699509
http://dx.doi.org/10.1111/nep.12728
http://www.ncbi.nlm.nih.gov/pubmed/26780694
http://dx.doi.org/10.1056/NEJMoa020439
http://www.ncbi.nlm.nih.gov/pubmed/12181403
http://dx.doi.org/10.1111/ctr.12151
http://www.ncbi.nlm.nih.gov/pubmed/23758330
http://dx.doi.org/10.1111/j.1600-6143.2012.04116.x
http://www.ncbi.nlm.nih.gov/pubmed/22642569
http://dx.doi.org/10.1097/TP.0b013e31819cc383
http://www.ncbi.nlm.nih.gov/pubmed/19352121
http://dx.doi.org/10.1111/ajt.13541
http://www.ncbi.nlm.nih.gov/pubmed/26639422
http://dx.doi.org/10.1097/TP.0b013e3182007be2
http://www.ncbi.nlm.nih.gov/pubmed/21079551

Int. ]. Mol. Sci. 2016, 17, 975 10 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wojciechowski, D.W.; Chandran, S.; Vincenti, F. Everolimus Conversion to Treat BK Virus Infection in Kidney
Transplant Recipients. In Proceedings of the Meeting: 2015 American Transplant Congress, Location of the
Conference, Philadelphia, PA, USA, 2-6 May 2015.

Nashan, B.; Gaston, R.; Emery, V.; Saemann, M.D.; Mueller, N.J.; Couzi, L.; Dantal, J.; Shihab, F;
Mulgaonkar, S.; Seun Kim, Y.; et al. Review of cytomegalovirus infection findings with mammalian
target of rapamyecin inhibitor-based immunosuppressive therapy in de novo renal transplant recipients.
Transplantation 2012, 93, 1075-1085. [CrossRef] [PubMed]

Ekberg, H.; Tedesco-Silva, H.; Demirbas, A.; Vitko, S.; Nashan, B.; Gurkan, A.; Margreiter, R.; Hugo, C.;
Grinyo, J.M.; Frei, U.,; et al. Reduced exposure to calcineurin inhibitors in renal transplantation.
N. Engl. ]. Med. 2007, 357, 2562-2575. [CrossRef] [PubMed]

San Juan, R.; Aguado, ].M.; Lumbreras, C.; Fortun, J.; Munoz, P.; Gavalda, J.; Lopez-Medrano, F;
Montejo, M.; Bou, G.; Blanes, M.; et al. Impact of current transplantation management on the development of
cytomegalovirus disease after renal transplantation. Clin. Infect. Dis. 2008, 47, 875-882. [CrossRef] [PubMed]
Taal, M.W.; Luyckx, V.A.; Brenner, B.M. Adaptation to Nephron Loss. In Brenner and Rector’s the Kidney,
7th ed.; Saunders: Philadelphia, PA, USA, 2004.

Pontrelli, P; Rossini, M.; Infante, B.; Stallone, G.; Schena, A.; Loverre, A.; Ursi, M.; Verrienti, R.; Maiorano, A.;
Zaza, G.; et al. Rapamycin inhibits PAI-1 expression and reduces interstitial fibrosis and glomerulosclerosis
in chronic allograft nephropathy. Transplantation 2008, 85, 125-134. [CrossRef] [PubMed]

Stallone, G.; Infante, B.; Schena, A.; Battaglia, M.; Ditonno, P.; Loverre, A.; Gesualdo, L.; Schena, FP;
Grandaliano, G. Rapamycin for treatment of chronic allograft nephropathy in renal transplant patients.
J. Am. Soc. Nephrol. 2005, 16, 3755-3762. [CrossRef] [PubMed]

Lloberas, N.; Cruzado, ].M.; Franquesa, M.; Herrero-Fresneda, 1.; Torras, J.; Alperovich, G.; Rama, I.; Vidal, A.;
Grinyo, ]. M. Mammalian target of rapamycin pathway blockade slows progression of diabetic kidney disease
in rats. J. Am. Soc. Nephrol. 2006, 17, 1395-1404. [CrossRef] [PubMed]

Nagai, K.; Matsubara, T.; Mima, A.; Sumi, E.; Kanamori, H.; Iehara, N.; Fukatsu, A.; Yanagita, M.; Nakano, T.;
Ishimoto, Y.; et al. Gas6 induces Akt/mTOR-mediated mesangial hypertrophy in diabetic nephropathy.
Kidney Int. 2005, 68, 552-561. [CrossRef] [PubMed]

Shillingford, ].M.; Murcia, N.S.; Larson, C.H.; Low, S.H.; Hedgepeth, R.; Brown, N.; Flask, C.A.; Novick, A.C,;
Goldfarb, D.A.; Kramer-Zucker, A.; et al. The mTOR pathway is regulated by polycystin-1, and its inhibition
reverses renal cystogenesis in polycystic kidney disease. Proc. Natl. Acad. Sci. USA 2006, 103, 5466-5471.
[CrossRef] [PubMed]

Huber, T.B.; Edelstein, C.L.; Hartleben, B.; Inoki, K.; Jiang, M.; Jiang, M.; Koya, D.; Kume, S.; Lieberthal, W.;
Pallet, N.; Pallet, N.; et al. Emerging role of autophagy in kidney function, diseases and aging Autophagy
in acute kidney injury Role of mTOR in podocyte function and diabetic nephropathy in humans and mice
mTORCI1 activation in podocytes is a critical step in the development of diabetic nephropathy in mice.
Autophagy 2012, 8, 1009-1031. [PubMed]

Nakagawa, S.; Masuda, S.; Nishihara, K.; Inui, K. mTOR inhibitor everolimus ameliorates progressive tubular
dysfunction in chronic renal failure rats. Biochem. Pharmacol. 2010, 79, 67-76. [CrossRef] [PubMed]
Kaushal, G.P; Shah, S.V. Autophagy in acute kidney injury. Kidney Int. 2016, 89, 779-791. [CrossRef]
[PubMed]

Nakagawa, S.; Nishihara, K.; Inui, K.; Masuda, S. Involvement of autophagy in the pharmacological effects
of the mTOR inhibitor everolimus in acute kidney injury. Eur. |. Pharmacol. 2012, 696, 143-154. [CrossRef]
[PubMed]

Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313-326.
[CrossRef] [PubMed]

Rostaing, L.; Christiaans, M.H.; Kovarik, ].M.; Pascual, ]J. The pharmacokinetics of everolimus in de
novo kidney transplant patients receiving tacrolimus: An analysis from the randomized ASSET study.
Ann. Transplant. 2014, 19, 337-345. [PubMed]

Naesens, M.; Kuypers, D.R.; Sarwal, M. Calcineurin inhibitor nephrotoxicity. Clin. J. Am. Soc. Nephrol 2009,
4,481-508. [CrossRef] [PubMed]

Pape, L.; Ahlenstiel, T. mTOR inhibitors in pediatric kidney transplantation. Pediatr. Nephrol. 2014, 29,
1119-1129. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/TP.0b013e31824810e6
http://www.ncbi.nlm.nih.gov/pubmed/22683823
http://dx.doi.org/10.1056/NEJMoa067411
http://www.ncbi.nlm.nih.gov/pubmed/18094377
http://dx.doi.org/10.1086/591532
http://www.ncbi.nlm.nih.gov/pubmed/18752439
http://dx.doi.org/10.1097/01.tp.0000296831.91303.9a
http://www.ncbi.nlm.nih.gov/pubmed/18192922
http://dx.doi.org/10.1681/ASN.2005060635
http://www.ncbi.nlm.nih.gov/pubmed/16236802
http://dx.doi.org/10.1681/ASN.2005050549
http://www.ncbi.nlm.nih.gov/pubmed/16597691
http://dx.doi.org/10.1111/j.1523-1755.2005.00433.x
http://www.ncbi.nlm.nih.gov/pubmed/16014032
http://dx.doi.org/10.1073/pnas.0509694103
http://www.ncbi.nlm.nih.gov/pubmed/16567633
http://www.ncbi.nlm.nih.gov/pubmed/22692002
http://dx.doi.org/10.1016/j.bcp.2009.07.015
http://www.ncbi.nlm.nih.gov/pubmed/19660439
http://dx.doi.org/10.1016/j.kint.2015.11.021
http://www.ncbi.nlm.nih.gov/pubmed/26924060
http://dx.doi.org/10.1016/j.ejphar.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23022334
http://dx.doi.org/10.1016/j.cell.2010.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20144757
http://www.ncbi.nlm.nih.gov/pubmed/25017487
http://dx.doi.org/10.2215/CJN.04800908
http://www.ncbi.nlm.nih.gov/pubmed/19218475
http://dx.doi.org/10.1007/s00467-013-2505-9
http://www.ncbi.nlm.nih.gov/pubmed/23740036

Int. ]. Mol. Sci. 2016, 17, 975 11 0f12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sanchez-Escuredo, A.; Diekmann, E; Revuelta, I.; Esforzado, N.; Ricart, M.]J.; Cofan, E; Torregrosa, J.V.;
Peri, L.; Ruiz, A.; Campistol, ].M.; et al. An mTOR-inhibitor-based protocol and calcineurin inhibitor
(CNI)-free treatment in kidney transplant recipients from donors after cardiac death: Good renal function,
but high incidence of conversion to CNI. Transpl. Int. 2016, 29, 362-368. [CrossRef] [PubMed]

Knight, R.J.; Villa, M.; Laskey, R.; Benavides, C.; Schoenberg, L.; Welsh, M.; Kerman, R.H.; Podder, H.;
van Buren, C.T; Katz, S.M.; et al. Risk factors for impaired wound healing in sirolimus-treated renal
transplant recipients. Clin. Transplant. 2007, 21, 460-465. [CrossRef] [PubMed]

Conteduca, V.; Santoni, M.; Medri, M.; Scarpi, E.; Burattini, L.; Lolli, C.; Rossi, L.; Savini, A.; Berardi, R.;
Stanganelli, I.; et al. Correlation of stomatitis and cutaneous toxicity with clinical outcome in patients with
metastatic renal-cell carcinoma treated with everolimus. Clin. Genitourin Cancer 2016. [CrossRef] [PubMed]
Grenda, R.; Watson, A.; Trompeter, R.; Tonshoff, B.; Jaray, J.; Fitzpatrick, M.; Murer, L.; Vondrak, K,;
Maxwell, H.; van Damme-Lombaerts, R.; et al. A randomized trial to assess the impact of early steroid
withdrawal on growth in pediatric renal transplantation: The TWIST study. Am. ]. Transplant. 2010, 10,
828-836. [CrossRef] [PubMed]

Chan, H.Y.; Grossman, A.B.; Bukowski, R.M. Everolimus in the treatment of renal cell carcinoma and
neuroendocrine tumors. Adv. Ther. 2010, 27, 495-511. [CrossRef] [PubMed]

Patel, PH.; Chadalavada, R.S.; Chaganti, R.S.; Motzer, R.]J. Targeting von Hippel-Lindau pathway in renal
cell carcinoma. Clin. Cancer Res. 2006, 12, 7215-7220. [CrossRef] [PubMed]

Masoud, G.N.; Li, W. HIF-lalpha pathway: Role, regulation and intervention for cancer therapy.
Acta Pharm. Sin. B 2015, 5, 378-389. [CrossRef] [PubMed]

Schmidinger, M. Improving outcomes in metastatic clear cell renal cell carcinoma by sequencing therapy.
Am. Soc. Clin. Oncol. Educ. Book 2014, e228-e238. [CrossRef] [PubMed]

Motzer, R.]J.; Jonasch, E.; Agarwal, N.; Beard, C.; Bhayani, S.; Bolger, G.B.; Chang, S.S.; Choueiri, TK.;
Costello, B.A.; Derweesh, I.H.; et al. Kidney cancer, version 3.2015. J. Natl. Compr. Canc. Netw. 2015, 13,
151-159. [PubMed]

Patel, S.B.; Stenehjem, D.D.; Gill, D.M.; Tantravahi, SK.; Agarwal, AM.; Hsu, J.; Vuong, W.; Pal, SK;
Agarwal, N. Everolimus versus temsirolimus in metastatic renal cell carcinoma after progression with
previous systemic therapies. Clin. Genitourin Cancer 2016, 14, 153-159. [CrossRef] [PubMed]

Tacovelli, R.; Santoni, M.; Verzoni, E.; Grassi, P; Testa, I.; de Braud, E; Cascinu, S.; Procopio, G. Everolimus
and temsirolimus are not the same second-line in metastatic renal cell carcinoma. A systematic review and
meta-analysis of literature data. Clin. Genitourin Cancer 2015, 13, 137-141. [CrossRef] [PubMed]

Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.;
Procopio, G.; Plimack, ER.; et al. Nivolumab versus everolimus in advanced renal-cell carcinoma.
N. Engl. ]. Med. 2015, 373, 1803-1813. [CrossRef] [PubMed]

Choueiri, TK,; Escudier, B.; Powles, T.; Mainwaring, P.N.; Rini, B.I,; Donskov, F; Hammers, H.; Hutson, T.E.;
Lee, ].L.; Peltola, K.; et al. Cabozantinib versus everolimus in advanced renal-cell carcinoma. N. Engl. J. Med.
2015, 373, 1814-1823. [CrossRef] [PubMed]

Armstrong, A.]J.; Halabi, S.; Eisen, T.; Broderick, S.; Stadler, WM.; Jones, R.].; Garcia, J.A.; Vaishampayan, U.N.;
Picus, J.; Hawkins, R.E.; et al. Everolimus versus sunitinib for patients with metastatic non-clear cell renal cell
carcinoma (ASPEN): A multicentre, open-label, randomised phase 2 trial. Lancet Oncol. 2016, 17, 378-388.
[CrossRef]

Tannir, N.M.; Jonasch, E.; Albiges, L.; Altinmakas, E.; Ng, C.S.; Matin, S.F.; Wang, X.; Qiao, W.; Dubauskas
Lim, Z.; Tamboli, P.; et al. Everolimus versus sunitinib prospective evaluation in metastatic non-clear cell
renal cell carcinoma (ESPN): A randomized multicenter phase 2 trial. Eur. Urol. 2015. in press. [CrossRef]
[PubMed]

Xu, K.Y.; Wu, S. Update on the treatment of metastatic clear cell and non-clear cell renal cell carcinoma.
Biomark. Res. 2015, 3, 5. [CrossRef] [PubMed]

Koh, Y.; Lim, H.Y.; Ahn, ].H.; Lee, ].L.; Rha, S.Y.; Kim, Y.J.; Kim, T.M.; Lee, S.H. Phase II trial of everolimus for
the treatment of nonclear-cell renal cell carcinoma. Ann. Oncol. 2013, 24, 1026-1031. [CrossRef] [PubMed]
Motzer, R.J.; Barrios, C.H.; Kim, T.M.; Falcon, S.; Cosgriff, T.; Harker, W.G.; Srimuninnimit, V.; Pittman, K.;
Sabbatini, R.; Rha, S.Y.; ef al. Phase II randomized trial comparing sequential first-line everolimus and
second-line sunitinib versus first-line sunitinib and second-line everolimus in patients with metastatic renal
cell carcinoma. J. Clin. Oncol. 2014, 32, 2765-2772. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/tri.12732
http://www.ncbi.nlm.nih.gov/pubmed/26678359
http://dx.doi.org/10.1111/j.1399-0012.2007.00668.x
http://www.ncbi.nlm.nih.gov/pubmed/17645704
http://dx.doi.org/10.1016/j.clgc.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27021585
http://dx.doi.org/10.1111/j.1600-6143.2010.03047.x
http://www.ncbi.nlm.nih.gov/pubmed/20420639
http://dx.doi.org/10.1007/s12325-010-0045-2
http://www.ncbi.nlm.nih.gov/pubmed/20623346
http://dx.doi.org/10.1158/1078-0432.CCR-06-2254
http://www.ncbi.nlm.nih.gov/pubmed/17189392
http://dx.doi.org/10.1016/j.apsb.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26579469
http://dx.doi.org/10.14694/EdBook_AM.2014.34.e228
http://www.ncbi.nlm.nih.gov/pubmed/24857107
http://www.ncbi.nlm.nih.gov/pubmed/25691606
http://dx.doi.org/10.1016/j.clgc.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26781820
http://dx.doi.org/10.1016/j.clgc.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25160521
http://dx.doi.org/10.1056/NEJMoa1510665
http://www.ncbi.nlm.nih.gov/pubmed/26406148
http://dx.doi.org/10.1056/NEJMoa1510016
http://www.ncbi.nlm.nih.gov/pubmed/26406150
http://dx.doi.org/10.1016/S1470-2045(15)00515-X
http://dx.doi.org/10.1016/j.eururo.2015.10.049
http://www.ncbi.nlm.nih.gov/pubmed/26626617
http://dx.doi.org/10.1186/s40364-015-0030-7
http://www.ncbi.nlm.nih.gov/pubmed/25734007
http://dx.doi.org/10.1093/annonc/mds582
http://www.ncbi.nlm.nih.gov/pubmed/23180114
http://dx.doi.org/10.1200/JCO.2013.54.6911
http://www.ncbi.nlm.nih.gov/pubmed/25049330

Int. ]. Mol. Sci. 2016, 17, 975 12 0of 12

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Verges, B.; Cariou, B. mTOR inhibitors and diabetes. Diabetes Res. Clin. Pract. 2015, 110, 101-108. [CrossRef]
[PubMed]

Schena, EP.; Gesualdo, L. Pathogenetic mechanisms of diabetic nephropathy. J. Am. Soc. Nephrol. 2005, 16
(Suppl. 1), S30-S33. [CrossRef] [PubMed]

Koya, D,; Jirousek, M.R.; Lin, YYW.; Ishii, H.; Kuboki, K.; King, G.L. Characterization of protein kinase C
beta isoform activation on the gene expression of transforming growth factor-beta, extracellular matrix
components, and prostanoids in the glomeruli of diabetic rats. J. Clin. Investig. 1997, 100, 115-126. [CrossRef]
[PubMed]

Yu, R.; Bo, H.; Villani, V.; Spencer, PJ.; Fu, P. The Inhibitory Effect of Rapamycin on Toll Like Receptor 4
and Interleukin 17 in the Early Stage of Rat Diabetic Nephropathy. Kidney Blood Press Res. 2016, 41, 55-69.
[CrossRef] [PubMed]

Velagapudi, C.; Bhandari, B.S.; Abboud-Werner, S.; Simone, S.; Abboud, H.E.; Habib, S.L. The tuberin/mTOR
pathway promotes apoptosis of tubular epithelial cells in diabetes. J. Am. Soc. Nephrol. 2011, 22, 262-273.
[CrossRef] [PubMed]

Rosner, M.; Freilinger, A.; Hengstschlager, M. Akt regulates nuclear/cytoplasmic localization of tuberin.
Oncogene 2007, 26, 521-531. [CrossRef] [PubMed]

Allen, D.A.; Harwood, S.; Varagunam, M.; Raftery, M.].; Yaqoob, M.M. High glucose-induced oxidative
stress causes apoptosis in proximal tubular epithelial cells and is mediated by multiple caspases. FASEB .
2003, 17,908-910. [CrossRef] [PubMed]

Mori, H.; Inoki, K.; Masutani, K.; Wakabayashi, Y.; Komai, K.; Nakagawa, R.; Guan, K.L.; Yoshimura, A.
The mTOR pathway is highly activated in diabetic nephropathy and rapamycin has a strong therapeutic
potential. Biochem. Biophys. Res. Commun. 2009, 384, 471-475. [CrossRef] [PubMed]

Godel, M.; Hartleben, B.; Herbach, N.; Liu, S.; Zschiedrich, S.; Lu, S.; Debreczeni-Mor, A.; Lindenmeyer, M.T.;
Rastaldi, M.P.,; Hartleben, G.; et al. Role of mTOR in podocyte function and diabetic nephropathy in humans
and mice. J. Clin. Investig. 2011, 121, 2197-2209. [CrossRef] [PubMed]

Inoki, K.; Mori, H.; Wang, J.; Suzuki, T.; Hong, S.; Yoshida, S.; Blattner, S.M.; Ikenoue, T.; Ruegg, M.A.;
Hall, M.N.; et al. mTORC1 activation in podocytes is a critical step in the development of diabetic
nephropathy in mice. J. Clin. Investig. 2011, 121, 2181-2196. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.diabres.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26421362
http://dx.doi.org/10.1681/ASN.2004110970
http://www.ncbi.nlm.nih.gov/pubmed/15938030
http://dx.doi.org/10.1172/JCI119503
http://www.ncbi.nlm.nih.gov/pubmed/9202063
http://dx.doi.org/10.1159/000368547
http://www.ncbi.nlm.nih.gov/pubmed/26849067
http://dx.doi.org/10.1681/ASN.2010040352
http://www.ncbi.nlm.nih.gov/pubmed/21289215
http://dx.doi.org/10.1038/sj.onc.1209812
http://www.ncbi.nlm.nih.gov/pubmed/16862180
http://dx.doi.org/10.1096/fj.02-0130fje
http://www.ncbi.nlm.nih.gov/pubmed/12670885
http://dx.doi.org/10.1016/j.bbrc.2009.04.136
http://www.ncbi.nlm.nih.gov/pubmed/19422788
http://dx.doi.org/10.1172/JCI44774
http://www.ncbi.nlm.nih.gov/pubmed/21606591
http://dx.doi.org/10.1172/JCI44771
http://www.ncbi.nlm.nih.gov/pubmed/21606597
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Effect of mTOR Inhibitors on Infection after Kidney Transplantation 
	Urinary Microtubule-Associated Protein 1 Light Chain (LC) 3: A Potential Biomarker for mTOR Inhibition in the Kidneys 
	Application of mTOR Inhibitors in Kidney Transplantation 
	mTOR Inhibitors as Anticancer Drugs 
	Effect of mTOR Inhibitors on Non-Clear Cell Renal Cell Carcinoma 
	Effect of mTOR Inhibitors on Diabetic Nephropathy 
	Conclusions 

