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. Diabetes mellitus is a major risk factor for acute kidney injury (AKI). Here, we hypothesized that
. suppression of autophagic response underlies aggravation of renal ischemia/reperfusion (I/R) injury by
type 2 diabetes mellitus (T2DM). In OLETF, a rat model of T2DM, and its non-diabetic control, LETO, AKI
. was induced by unilateral nephrectomy and 30-min occlusion and 24-h reperfusion of the renal artery
. inthe contralateral kidney. Levels of serum creatinine and blood urea nitrogen and tubular injury score
. after I/R were significantly higher in OLETF than in LETO. Administration of chloroquine, a widely used
. autophagy inhibitor, aggravated I/R-induced renal injury in LETO, but notin OLETF. In contrast to LETO,
. OLETF exhibited no increase in autophagosomes in the proximal tubules after I/R. Inmunoblotting
. showed that I/R activated the AMPK/ULK1 pathway in LETO but not in OLETF, and mTORC1 activation
. after I/R was enhanced in OLETF. Treatment of OLETF with rapamycin, an mTORC1 inhibitor, partially
© restored autophagic activation in response to I/R and significantly attenuated I/R-induced renal

injury. Collectively, these findings indicate that suppressed autophagic activation in proximal tubules
by impaired AMPK/ULK1 signaling and upregulated mTORC1 activation underlies T2DM-induced
. worsening of renal I/R injury.

. Diabetes mellitus is a major risk factor for kidney damage. Diabetic nephropathy is a microvascular complication
: and is the most common cause of end-stage renal disease in many countries. In addition, patients with diabetes
- mellitus have increased risk for acute kidney injury (AKI), a condition of abrupt decline in kidney function by
© renal or extra-renal causes’ 2. Since the development of AKI is associated with poor prognosis in critically and
© non-critically sick patients>*, prevention of AKI in patients with AKI risk factors, including diabetes mellitus, is
. an important clinical issue. Studies using animal models of type 1 diabetes (T1DM) and type 2 diabetes (T2DM)
. have demonstrated that renal damage after ischemia/reperfusion (I/R), a main cause of AKI®, was enhanced
. by diabetes®®. However, the mechanism by which diabetes increases susceptibility to AKI has not been fully
. elucidated.

: Autophagy is a cellular process in which cytoplasmic components and damaged organelles are degraded in
. autolysosomes to recycle them as energy sources and to maintain protein quality and cellular homeostasis®''. It
. has been reported that podocyte-specific deletion of Atg5, an essential autophagy gene, enhanced age-dependent
. glomerulosclerosis'2. Deficiency of Atg5 in proximal tubules was shown to induce tubular degeneration'. These
- findings indicate crucial roles of autophagy in maintaining homeostasis of both the podocyte and the tubular cell.
. In addition to its house-keeping function, autophagy responds to various cellular stresses'!. Podocyte-specific
© deletion of Atg5 promoted diabetes-induced glomerulopathy in murine models of TIDM" and T2DM'®, indicat-
. ing that autophagy in the podocyte counteracts metabolic stress by diabetes. I/R activates autophagy in tubular
: cells''5"1%, and inhibition of the autophagy by an inhibitor such as chloroquine (CQ) or 3-methyladenine'” or by
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LETO (N=6) | OLETF (N=6)

Body weight (g) 505+ 11 609 + 12
Blood glucose (mg/dl) 114+5 240+ 33*
Glycoalbumine (%) 10.6 £0.3 14.2 +3.5%
Serum creatinine (mg/dl) 0.61+0.04 0.41£0.02%
Blood urea nitrogen (mg/dl) 15.84+1.0 13.94+0.5
Urine albumin/creatinine ratio (g/g) 0.61+0.23 1.79 £0.40%
Urine protein/creatinine ratio (g/g) 0.624+0.20 6.36+2.43*
Kidney weight (g) 1.23+0.04 1.8840.07*

Table 1. Baseline parameters in LETO and OLETE. Values are means + SEM. *p < 0.05 vs. LETO.

deletion of Atg5'>® or Atg7? in proximal tubular cell aggravated renal damage after I/R in mice. Thus, autophagy
activated by I/R appears to have a protective role against I/R-induced renal damage.

A few lines of evidence indicate that diabetes mellitus impairs autophagy?!. We recently found that myocar-
dial autophagy in response to heart failure by acute myocardial infarction (AMI) was attenuated in a rat model
of T2DM and that the impaired autophagic response was associated with increased mortality after AMI?2. Basal
autophagy in renal tubular cells was reported to be suppressed in Wistar fatty rats?>. Autophagic activity in
podocytes was found to be increased in mice with streptozotocin-induced diabetes before the development of
glomerular lesions, but the activity decreased when mice exhibited glomerular lesions'* > 2. Diet-induced obe-
sity reportedly suppressed proteinuria-induced activation of autophagy in the proximal tubular cells of mice?.
However, it remains unclear whether activation of autophagy in tubular cells in response to I/R is impaired by
diabetes and whether such an impairment, if any, contributes to diabetes-induced increase in renal susceptibility
to I/R injury. To address these issues, we examined differences in renal autophagy and I/R-induced AKI between
Otsuka Long-Evans Tokushima Fatty rats (OLETF), a model of T2DM, and non-diabetic controls, Long-Evans
Tokushima Otsuka rats (LETO). In addition, the relationship between autophagy and AKI in OLETF was exam-
ined by pharmacological manipulation of autophagic flux.

Results

Basal renal status in LETO and OLETF. OLETF at the age of 25-30 weeks were heavier than LETO and
their levels of fasting blood glucose and glycoalbumin were significantly higher than those in age-matched control
LETO (Table 1). Serum creatinine and blood urea nitrogen (BUN) levels were not increased in OLETF at this
age compared with the levels in LETO (Table 1). However, consistent with previous reports*” 28, OLETF showed
higher urine albumin/creatinine and urine protein/creatinine ratios and greater kidney weight than those in
LETO (Table 1). In addition, periodic acid-Schiff (PAS) staining showed that the mesangial areas tended to be
increased and that the glomerular areas were significantly enlarged in OLETF compared with those in LETO
(Supplementary Fig. 1). These findings indicate that OLETF had developed overt nephropathy at this age.

Renal damage after ischemia/reperfusion in LETO and OLETF with and without autophagy
inhibitor. We assessed renal damage after I/R in LETO and OLETF and also the effect of autophagy inhi-
bition on I/R-induced renal damage by using chloroquine (CQ, 10 mg/kg/day), a widely used inhibitor of
autophagy!'”2>2-31 LETO (n=13), OLETF (n=12), CQ-treated LETO (LETO+CQ, n=9), and CQ-treated
OLETF (OLETF+CQ, n = 10) underwent nephrectomy of the right kidney followed by 30-min ischemia/24
h-reperfusion in the left kidney. We employed this one-kidney one-I/R model as in earlier studies®*~* because,
in pilot experiments, bilateral renal I/R resulted in a large data variation between experiments in our hands (data
not shown). The unilateral renal I/R method has an advantage that the right kidney removed before I/R of the
contralateral kidney serves as control tissue before I/R. Mortality at 24 h after surgery was 0% in LETO, OLETF
and CQ-treated OLETE, and one rat in the LETO+CQ group died of an unknown cause just after the surgery.
One LETO was excluded from analyses because reperfusion was failed due to a technical problem.

Serum creatinine and BUN levels were 1.86 £ 0.35 mg/dl and 64.3 & 6.0 mg/dl, respectively, in LETO
after I/R (Fig. 1A and B). In OLETF, levels of serum creatinine (3.84 +0.25 mg/dl) and BUN (87.2 +4.1 mg/
dl) after I/R were significantly higher than those in LETO after I/R. CQ treatment in LETO also increased lev-
els of both serum creatinine (3.43 £ 0.39 mg/dl) and BUN (83.0 = 5.9 mg/dl) after I/R compared with those of
LETO (Fig. 1A and B). In contrast, pretreatment with CQ did not further increase levels of serum creatinine and
BUN (4.3440.12mg/dl, and 95.5 & 3.4 mg/dl, respectively) in OLETF (Fig. 1A and B). Although tubular injury
scores before I/R were comparable among the groups, the score after I/R was significantly higher in OLETF
and LETO+-CQ than in LETO (Fig. 1C and D). CQ did not significantly change tubular injury score in OLETF
(Fig. 1C and D). Heart rate at 24 h after I/R under anesthesia was lower in OLETF than in LETO, and CQ treat-
ment decreased heart rate at 24 h after I/R in LETO, but not in OLETF (Supplementary Table 1). These findings
indicate that diabetes aggravates I/R-induced renal injury and confirmed that autophagic activation in response to
renal I/R is renoprotective as previously reported!>!” 1820 In addition, absence of significant aggravation of renal
injury by CQ in OLETF suggests that renoprotective autophagy is substantially suppressed in OLETF.

Impaired activation of autophagy in tubular cells in response to I/[Rin OLETF.  We next examined
whether autophagic activation in response to I/R is altered in OLETF. In immunofluorescence analysis for LC3,
LC3 dots were detected in proximal tubular cells that were labeled by Lotus tetragonolobus lectin (LTL) conjugated
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Figure 1. Type 2 diabetes and chloroquine increased susceptibility of the kidney to ischemia/reperfusion
injury. Serum creatinine (A) and blood urea nitrogen (BUN) (B) levels of LETO (N =12), OLETF (N=12),
LETO treated with chloroquine (LETO+CQ, N =8), and OLETF treated with chloroquine (OLETF+CQ,
N=10) at 24 h after ischemia and reperfusion. (C) Representative images of hematoxylin-eosin staining of renal
tissues at 24 h after ischemia/reperfusion. (D) Tubular injury score of renal tissues of before ischemia (Pre) and
24 after ischemia/reperfusion (I/R) in the four groups. *P < 0.05. Scale bar, 100 pm. NS = not significant.

with Texas Red (Fig. 2A). Before I/R, the number of LC3 dots tended to be larger in OLETF than in LETO. CQ
pretreatment increased LC3 dots at baseline in LETO, indicating accumulation of autophagosomes by inhibited
lysosome function. I/R significantly increased LC3 dots in LETO but not in OLETF (Fig. 2B). The I/R-induced
increase in LC3 dots was enhanced in the LETO+CQ group (Fig. 2B).

Immunoblot analysis showed that LC3-II/LC3-I ratio, an index of LC3-I to LC3-II conversion, was rather
decreased after I/R due to an increase in LC3-I level (Fig. 3A and C) in both LETO and OLETE The level of
LC3-1I, an autophagosome marker, was not changed by I/R in LETO, and the LC3-II levels after I/R were similar
in LETO and OLETF (Fig. 3A and C). These immunoblot results are apparently inconsistent with the results
of immunofluorescence analyses (Fig. 2). The inconsistency may be due to the fact that whole kidney tissue
lysates were used for immunoblotting. Nevertheless, LC3-1I/LC3-I ratio after I/R was lower in OLETF than in
LETO (Fig. 3A and C), suggesting attenuated autophagic response in OLETF. Protein levels of p62, a marker of
autophagic activity®®, were similarly increased after I/R in both LETO and OLETF (Fig. 3A and B). The protein
level of beclin-1, a key regulator of autophagy as well as an autophagy marker in the kidney*>?’, was significantly
upregulated after I/R in LETO but not in OLETF (Fig. 3D and E).

Alterations in signals that regulate autophagy in OLETF. AMP-activated protein kinase (AMPK)
activates autophagy by phosphorylating ULK1%* %, and ischemia activates AMPK in cortical tubules*. To assess
AMPK/ULKI1 activity in the kidney tissue, immunoblotting was performed. Phospho-Thr172 AMPKa levels
before ischemia were similar in LETO and OLETE I/R significantly increased phospho-AMPKa levels in LETO
but not in OLETF (Fig. 4A and B). The phosphorylation level of ULK1 at Ser555, one of the phosphorylation
targets of AMPK for ULK1 activation’, was significantly increased by I/R in LETO but not in OLETF (Fig. 4C
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Figure 2. Autophagic response in proximal tubular cells after ischemia/reperfusion was attenuated in
OLETE (A) Representative immunofluorescence images of LC3 (green) and the proximal tubular marker
lotus tetragonolobus lectin conjugated with Texas Red (LTL; red) in the kidneys of LETO, OLETF, and LETO
treated with chloroquine (LETO+CQ). Nuclei were stained with Hoechst33342. Pre: pre-ischemia, I/R: 24 h
after ischemia/reperfusion. (B) Summary data of LC3 dot numbers. N=4 in each group. *P < 0.05, NS =not
significant. Scale bar, 50 pm.

and D). SIRT1, an NAD"-dependent protein deacetylase, is reported to positively regulate AMPK activity via
deacetylation of LKB1, an upstream AMPK activator®!. In addition, SIRT1 is expressed in glomerular and prox-
imal tubular cells in the kidney, and SIRT1 in the tubular cells is reported to be markedly downregulated in a
model of TIDM*. Therefore, we hypothesized that downregulation of SIRT1 contributes to impaired AMPK
activation in OLETFE. Immunoblotting showed that SIRT1 protein level in the kidney was significantly upregu-
lated after I/R in LETO, but not in OLETF (Fig. 4E and F). These findings suggest that impaired activation of the
SIRT1/AMPK/ULK1 pathway contributed to impaired autophagic activation in OLETE.

We next examined whether mechanistic target of rapamycin complex 1 (mTORC1) signaling, a nega-
tive regulator of autophagy, is altered in OLETE. Basal levels of phospho-Thr389 p70S6 kinase (p70S6K) and
phospho-Ser235/236 S6 were significantly lower in OLETF than in LETO, and I/R significantly increased
the phosphorylation of p70S6K and S6 in both LETO and OLETF (Fig. 5A and B). Although levels of
phospho-p70S6K and phospho-S6 after I/R were comparable in LETO and OLETE, the degree of change by I/R in
phospho-S6 level was greater in OLETF (Fig. 5B, right panel). Total p70S6K protein level was also increased after
I/R in both groups (Fig. 5A).

Phospho-Ser473 level of Akt, an upstream regulator of mMTORC1, was significantly reduced in OLETF com-
pared with that in LETO. However, I/R increased phospho-Akt levels in both groups, and there was no significant
difference between phospho-Akt levels after I/R in LETO and OLETF (Fig. 5C and D).
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Figure 3. Activation of renal autophagy after ischemia/reperfusion was reduced in OLETE. (A) Representative
immunoblot images for p62 and LC3 in the kidney. Summary data for p62 (B) and LC3-1I/LC3-I ratio, LC3-1I,
and LC3-I (C) in total kidney tissues before ischemia (Pre) and 24 h after ischemia/reperfusion (I/R). Ratio of
LC3-II to LC3-I after I/R was significantly reduced in OLETF. Representative immunoblots for beclin-1 (D) and
summary data (E) in kidney tissues. Beclin-1 protein level was increased after I/R only in LETO. N =8 in each
group. *P < 0.05, NS = not significant.

Immunohistochemistry revealed that phospho-S6 was present mainly in tubular cells and parietal epithelial
cells in OLETF before ischemia (Fig. 5E). As observed in immunoblotting, phospho-S6 staining was also reduced
in OLETF before I/R, especially in proximal tubular cells. I/R increased phospho-S6-positive tubular cells in
LETO and OLETF (Fig. 5E).

Restoration of autophagy by rapamycin attenuated I/R-induced renal injury in OLETF.  Finally,
we examined whether restoration of renal autophagy attenuates I/R-induced renal damage in OLETE. To acti-
vate autophagy, we chose an mTORCI inhibitor rapamycin. OLETF were assigned to a vehicle group (n=7)
and a rapamycin group (n=7). All of the rats were alive at 24 h after I/R. Rapamycin did not affect levels of
blood glucose, glycoalbumin, total cholesterol, and triglyceride after I/R (Supplementary Table 2). Heart rate and
blood pressure at 24 h after I/R were not changed by rapamycin treatment (Supplementary Table 3). Rapamycin
modestly, but significantly decreased serum creatinine level after I/R to 3.08 £ 0.50 mg/dl compared with that in
vehicle-treated animals (4.40 £ 0.21 mg/dl), though BUN level was unchanged (Fig. 6A and B). Tubular injury
score after I/R was also significantly lower in rapamycin-treated OLETF than in vehicle-treated animals (Fig. 6C
and D). Rapamycin completely suppressed elevation of phospho-p70S6K and phospho-S6 levels induced by I/R
(Fig. 7A and B). Immunofluorescent labeling of LC3 revealed that rapamycin partially, but significantly, restored
I/R-induced increase of autophagosomes in tubular cells in OLETF (Fig. 7C and D). Rapamycin significantly
reduced p62 protein level after I/R (Fig. 7E and F) and increased LC3-II/LC3-I ratio and LC3-II level at baseline
and after I/R (Fig. 7E and G).
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Figure 4. Analysis of AMPK/ULKI signal pathways. (A) Representative immunoblots for phospho-Thr172
and total AMPKa: in renal tissues before ischemia and 24 h after reperfusion in LETO and OLETE Pre:
pre-ischemia, I/R: 24 h after ischemia/reperfusion. (B) Summary data for phospho-Thr172 AMPKa level
normalized by 3-actin. Phospho-AMPKa level was significantly increased after I/R in LETO but not in OLETFE.
(C) Representative blots for phospho-Ser555 and total ULK1. The blot of 3-actin is identical to that in Fig. 3D
because blots of both beclin-1 and ULK1 were from the same membrane. (D) Summary data for phospho-
ULKI1 level normalized by total ULK1. Phospho-ULK1 level was also elevated after I/R only in LETO. N=8

in each group. (E) Representative blots for SIRT1 in renal tissues. (F) Summary data for SIRT1 protein level
normalized by 3-actin. In contrast to LETO, I/R failed to increase SIRT1 protein level in OLETE. N =6 in each
group. *P < 0.05. NS = not significant.

Discussion

In the present study, OLETF showed higher serum creatinine and BUN levels and higher tubular injury score
after renal I/R than those in LETO. Such augmented AKI in OLETF was associated with significant suppression
of the I/R-induced increase in autophagosomes in tubular cells and reduction in the LC3-II/LC3-I ratio. The
augmentation of renal I/R injury in OLETF was mimicked in LETO treated with CQ, an inhibitor of autophagy,
whereas CQ did not further increase I/R injury in OLETE. Conversely, rapamycin, a promoter of autophagy, sig-
nificantly restored I/R-induced autophagic response and reduced both serum creatinine level and tubular injury
score after renal I/R in OLETE These findings support the hypothesis that impaired autophagic response in tubu-
lar cells underlies the aggravation of renal I/R injury by T2DM. This is the first study indicating the involvement
of impaired autophagy in T2DM-induced aggravation of AKI.

We used OLETF at ages of 25-30 weeks when early stage of diabetic nephropathy had been developed
(Table 1). Since multiple mechanisms are involved in diabetic nephropathy, there is the possibility that both
autophagy-dependent and -independent mechanisms of renoprotection are impaired in OLETF with diabetic
nephropathy. However, administration of CQ, an autophagy inhibitor, to LETO reproduced change in serum
levels of creatinine and BUN and tubular injury score after I/R in OLETF (Fig. 1). On the other hand, CQ did
not further augment I/R injury in OLETE, arguing against the possibility that the effect of CQ in LETO was
due to toxicity unrelated to autophagy inhibition. Thus, autophagy-independent factors associated with diabetic
nephropathy, if any, are unlikely to play a major role in increased renal susceptibility to I/R in OLETF.

As in earlier studies'® 1%, I/R induced a significant increase in autophagosomes labelled by fluorescent LC3
in renal tubular cells in non-diabetic controls, LETO (Fig. 2). The increase in autophagosomes is explained by
promotion of autophagosome formation, not by suppression of autophagosome clearance, because inhibition of
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Figure 5. Analysis of Akt/mTORCI signal pathways. Representative immunoblots (A) and summary data
(B) for phospho-Thr389 and total p70S6 kinase (p70S6K), phospho-Ser235/236 and total S6, and actin in
renal tissues before ischemia and 24 h after reperfusion in LETO and OLETFE. Pre: pre-ischemia, I/R: 24 h after
ischemia/reperfusion. (B) Before ischemia, phospho-p70S6K and phospho-S6 levels were reduced in OLETE
Levels of phospho-p70S6K and phospho-S6 were increased after I/R in both groups. The change in phospho-S6
level (AP-S6/T-S6) from the pre-ischemic period to 24 h after I/R was greater in OLETF than in LETO. (C)
Representative immunoblots for phospho-Ser473 and total Akt. (D) Phospho-Akt level before ischemia was
lower in OLETF than in LETO. I/R increased phospho-Akt levels in both OLETF and LETO, and phospho-
Akt levels after I/R were similar in LETO and OLETE. N =8 in each group. (E) Representative images of
immunostaining for phospho-S6 in kidney sections before and 24 h after ischemia/reperfusion in LETO and
OLETE Scale bar, 100 pm. *P < 0.05.

autophagic flux by CQ further increased autophagosomes in the tubules after I/R (Fig. 2). In contrast to LETO,
OLETF showed no significant increase in autophagosomes in renal tubular cells after I/R, indicating impaired
activation of autophagy in response to I/R. This notion is consistent with lack of beclin-1 upregulation after I/R
in OLETF (Fig. 3D and E).

The mechanism of I/R-induced activation of autophagy in the kidney has not been fully evaluated. Renal
ischemia was reported to induce AMPK phosphorylation globally including tubular cells in rodents*®*3.
Consistent with the earlier reports, we found that I/R significantly increased phosphorylation levels of both
AMPKa and ULK1 in LETO (Fig. 4). Interestingly, mTORC1, which suppresses autophagy, was also activated
after I/R (Fig. 5). Therefore, it is likely that AMPK-ULK1 is mainly responsible for I/R-induced activation of
autophagy in renal tubular cells in LETO. However, such I/R-induced phosphorylation of AMPK and ULK1 was
not observed in OLETF (Fig. 4). In addition, the increase in phospho-S6 level by I/R was significantly greater in
OLETF than in LETO (Fig. 5). Since AMPK is known to suppress mT'ORCI activity by phosphorylating tuberous
sclerosis complex*, attenuated AMPK activation in OLETF may have led to hyperactivation of mTORCI. Taken
together, these findings suggest that blunted autophagic response to I/R in OLETF is attributable to suppressed
activity of AMPK/ULKI and enhanced mTORCI activation.

Attenuation of AMPK activation in the kidney of OLETF (Fig. 4) is consistent with findings in other animal
models of diabetes mellitus*>#°, and the effect of diabetes mellitus on AMPK does not appear to be kidney-specific
since we recently found that activation of myocardial AMPK in response to acute heart failure was impaired by
T2DM?. How T2DM suppresses AMPK activity remains unclear. However, there are a few possible explanations.
In the present study, SIRT1, a protein deacetylase, which activates AMPK activation*!, was upregulated after I/R
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Figure 6. Effects of rapamycin on kidney injury after ischemia/reperfusion in OLETE. Levels of serum
creatinine (A) and blood urea nitrogen (BUN) (B) 24 h after renal ischemia/reperfusion in OLETF treated with
avehicle (N =7) or rapamycin (Rapa, 0.25 mg/kg, N=7) 30 min prior to ischemia in OLETF. (C) Representative
images of hematoxylin-eosin staining of renal tissues at 24 h after ischemia/reperfusion. (D) Tubular injury
score before ischemia and 24 h after reperfusion in OLETF treated with vehicle or rapamycin. Pre: pre-ischemia,
I/R: 24 h after ischemia/reperfusion. *P < 0.05. Scale bar, 100 um.

in LETO but not in OLETF (Fig. 4). The suppressed expression of SIRT1 is a possible mechanism of impaired
AMPK activation in OLETF. In addition, attenuation of upstream AMPK kinase activity, enhanced activity of
AMPK phosphatase, or an increase in inhibitory phosphorylation on AMPK at Ser485/491 are also possible
mechanisms of the suppression of AMPK activity. However, since AMPK-Ser485 is a target site of Akt*’, compa-
rable phosphorylation levels of Akt-Ser473 in OLETF and LETO after I/R (Fig. 5) argue against the involvement
of this regulation in T2DM-induced suppression of AMPK.

mTORCI activity in the kidney was significantly increased after I/R (Fig. 5A and B), which is consistent
with the previous reports'® 3244 To induce renal I/R injury, we employed combination of right nephrectomy
and 30-min ischemia/24 h-reperfusion in the left kidney. It was reported that unilateral nephrectomy itself led
to mTORC1 activation in the contralateral kidney as a hypertrophic signaling even 24 h after surgery in mice*
and such an impact of unilateral nephrectomy in diabetic animals remains unclear. However, using the same
one-kidney one-I/R model, Lieberthal et al.*? showed that phospho-p70S6K level was markedly higher in the
kidney after I/R than that in the sham-operated remaining kidney after unilateral nephrectomy. In addition,
significant activation of mMTORC1 occurred in the post-ischemic kidney compared with sham in mouse models
without nephrectomy'®*. The findings suggest that I/R rather than nephrectomy largely accounts for mTORC1
activation observed in the kidney subjected to I/R in the present study.

The present study provided evidence indicating that impaired autophagy contributes to enhancement of renal
I/R injury by diabetes mellitus and also showed that restoration of autophagy in the diabetic kidney is achievable
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Figure 7. Restoration of autophagic response by rapamycin in OLETE. (A) Representative images of
immunoblotting for phospho-Thr389 and total p70S6 kinase (p70S6K) and for phospho-Ser235/236 and total
S6 of kidney tissues before ischemia and 24 h after reperfusion in OLETF pretreated with a vehicle (N=7) or
rapamycin (N =7). Pre: pre-ischemia, I/R: 24 h after ischemia/reperfusion, Rapa; rapamycin-treated group. (B)
I/R-induced increases in phospho-p70S6K and phospho-S6 levels were completely suppressed by rapamycin.
(C) Representative immunofluorescence images of LC3 (green) and the proximal tubular marker lotus
tetragonolobus lectin conjugated with Texas Red (LTL; red) in the kidneys from OLETF administered a vehicle
or rapamycin. Nuclei were stained with Hoechst33342. (D) Summary data for LC3 dot level. (E) Representative
blots for p62 and LC3. (F) Protein level of p62 after I/R was significantly reduced by rapamycin in OLETE (G)
LC3-II/LC3-I ratio after I/R was significantly increased by rapamycin, and the change was associated with a
significant increase in LC3-II protein level. Scale bar, 50 pm. *P < 0.05.
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by the use of rapamycin (0.25 mg/kg) (Fig. 7D). It is notable, however, that the renoprotective effect of rapamy-
cin was relatively small while rapamycin almost completely suppressed mTORCI1 activity. The relatively small
impact of rapamycin on I/R injury might be due to incomplete restoration of autophagy. Not only modification of
mTORC but also impaired AMPK activation are suggested to be responsible for suppressed autophagy in OLETE,
and it is possible that AMPK activation needs to be restored for full activation of autophagy in OLETF. Selection
of a dose of rapamycin for restoring autophagy in the kidney is actually difficult, and high doses of rapamycin can
be detrimental to renal functions. In a study by Li et al.”®, rapamycin treatment (5mg/kg 1 day before and 2 days
after I/R) reduced Ki67-positive injured proximal tubular cells after renal I/R in mice, and Grahammer et al.!
reported that inhibition of mTORCI by deletion of raptor rather enhanced renal tubular injury and prevented
proliferative response after I/R. In fact, in our pilot experiments, a high dose of rapamycin (2 mg/kg) administered
prior to I/R did not afford significant renal protection in OLETF (data not shown). Strategy for restoring renopro-
tective autophagy warrants further investigation.

In the present study, rapamycin reduced tubular injury and serum creatinine level but not BUN level 24 h after
I/R in OLETE One possible explanation for the lack of significant change in BUN is that protection by rapamycin
was not strong enough to decrease BUN level probably due to incomplete restoration of autophagic activation and
suppression of the renal repair process afforded by mTORCI as described above®. Another explanation is differ-
ent time courses of BUN and creatinine level after I/R. Previous studies showed that serum BUN level reached the
peak between 24 and 72 h following reperfusion while serum creatinine level peaked at 24 h after reperfusion® .
Therefore, it is possible that reduction of BUN level by rapamycin in OLETF could have been detected at 48~72h
after reperfusion.

p53 has been reported to be involved in I/R-induced AKI and cisplatin-induced AKI** **. Furthermore, a
recent study by Peng et al.® indicated that upregulation of p53 underlies the diabetes-induced enhancement of
AKI. Using two models of TIDM, they showed that p53 protein level in the kidney was more upregulated after I/R
in diabetic mice than in non-diabetic control mice. Interestingly, inhibition of p53 by pifithrin-o or knockdown
of p53 by siRNA attenuated renal I/R injury assessed by serum creatinine level and histological tubular injury in
diabetic mice®. However, we did not observe significant increase in p53 protein after I/R in the kidney of LETO
or OLETF (Supplementary Fig. 2). Thus, the role of p53 in renal I/R injury might be different between T1DM and
T2DM or between different protocols of I/R.

It remains unclear how autophagy exerts protection against I/R-induced renal injury. However, circumstantial
evidence suggests that preservation of mitochondrial function is involved in the protection. Autophagy is impor-
tant for re-cycling cellular components, including amino acids and lipids, and for elimination of damaged intra-
cellular organelles, including mitochondria. Proximal tubular cells are rich in mitochondria and their function
greatly depends on oxidative phosphorylation. A proximal tubule-specific defect of autophagy by Atg5 knockout
has been shown to cause accumulation of deformed and damaged mitochondria'* '8, Furthermore, Kimura et al.>
showed that deletion of Atg5 significantly exaggerated metabolic stress on tricarboxylic acid cycle by cyclosporine
A, leading to ATP depletion and enhanced production of reactive oxygen species (ROS), in proximal tubular
cells. I/R not only reduces ATP-producing capacity of mitochondria but also increases ROS production®. Thus,
preservation of energy substrates and mitochondrial function and elimination of cytotoxic ROS produced from
damaged mitochondria are plausible mechanisms for renal protection afforded by autophagy. The contribution of
such mechanisms needs to be examined by further investigations.

Although p62 protein level is often used as a marker of autophagic activity®>, its level in whole kidney lysates
was not useful for assessment of autophagic activity in the present study. The level of p62 was markedly increased
after I/R in both LETO and OLETF without an inter-group difference (Fig. 3), though a difference in auto-
phagic flux after I/R between the groups was indicated by analyses of LC3-positive autophagosomes (Fig. 2).
Additionally, CQ did not change p62 protein level before and after I/R (data not shown). Consistent with the
present results, earlier studies have shown that p62 protein increased in the kidney after I/R*>*® and during
cisplatin-induced acute injury®’. Decleves et al.*® speculated that activity of autophagy during I/R was insufficient
to clear p62 protein because p62 upregulation was suppressed by further promotion of autophagy by activating
AMPK. In fact, promotion of autophagy by rapamycin reduced the level of p62 (Fig. 7E). However, changes in p62
level in OLETF cannot be explained by autophagy activity alone, because p62 protein level after I/R in OLETE,
in which autophagic response was blunted, was similar to that in LETO (Fig. 3A and B). Another possible expla-
nation for I/R-induced p62 upregulation is transcriptional activation of p62 by I/R-induced activation of Nrf2, a
transcription factor targeting p62, in the kidney** .

As a model of T2DM in the present study, we selected OLETF that is hyperphagic due to lack of functional
cholecystokinin (CCK)-1 receptor. Zucker diabetic fatty (ZDF) rats, a model with defective leptin signaling, is
also widely used, and suppressed activities of autophagy in the brain and myocardium have been shown in this
model®" %2, However, since leptin reportedly modulates autophagy®-°, contribution of defective leptin signaling
per se to modification of autophagy cannot be excluded in ZDFE. Importantly, impaired autophagic activity has
been reported for human samples; kidney biopsy samples®® and endothelial cells®® from diabetic patients showed
reduced autophagic activity. Therefore, impaired autophagy is likely to be a common feature in T2DM regardless
of genetic background or etiology.

In conclusion, T2DM impairs autophagic response to I/R in the kidney via suppression of SIRT1/AMPK/
ULKI1 signaling and enhancement of mTORC], and the insufficient activation of autophagy during I/R contrib-
utes to aggravation of I/R-induced AKI by T2DM.

Methods

Animals and experimental protocol. The present study was conducted in strict accordance with the
Guide for the Care and Use of Laboratory Animals published by National Research Council of the National
Academies, USA (2011) and was approved by the Animal Use Committee of Sapporo Medical University. Male
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LETO and OLETF at ages of 25-30 weeks were used in all experiments. In a group of CQ-treated LETO and a
group of CQ-treated OLETF, CQ (10 mg/kg/day, Sigma-Aldrich, St. Louis, MO, USA) was administered subcuta-
neously by osmotic minipumps (Alzet, Cupertino, CA, USA) for 1 week. The dose of CQ was selected on the basis
of results in earlier reports®> 2%, Using separate groups of OLETE we tested the effect of restoring autophagy
by inhibition of mMTORCI on renal injury. Either rapamycin (0.25 mg/kg, LC laboratories, Woburn, MA) or its
vehicle (0.25% Tween 80, 0.25% polyethylene glycol) was administered to OLTEF intraperitoneally 30 min before
induction of renal I/R.

Assessment of basal renal status in LETO and OLETF. To assess basal renal status, blood, urine, and
kidney tissues were sampled from LETO and OLETF after fasting for 12 h. Rats were anesthetized with 2.5% iso-
flurane inhalation and supplemental oxygen, and blood was collected via a catheter cannulated into the carotid
artery. After opening the abdominal cavity, the kidneys were removed, quickly weighed, washed in ice-cold saline,
and then stored for histological analyses. Area of glomerular and mesangial matrix was determined in PAS stain-
ing by using Nikon NIS-elements software (Nikon, Japan). Mesangial area was selectively highlighted by using
a threshold tool of NIS Elements, and this threshold was applied for all samples. Urine was aspirated from the
urinary bladder.

Induction of I/R in the kidney. Animals were fasted 12 h before the experiment. Rats were anesthetized
with isoflurane as described above and placed on a heating pad to maintain rectal temperature at 37 °C. In a prone
position, surgery was performed using a dorsal approach. The right kidney was gently pushed out of the body
cavity and then removed. The removed right kidney was immediately placed in ice-cold saline and cut in halves.
One of the halves was stored at —80 °C and the other was fixed in 10% formaldehyde. Next, the left kidney was
exposed and its renal pedicle was occluded using a vascular clamp for 30 min to induce ischemia. The ischemic
kidney was placed within the body cavity to avoid the effect of hypothermia on renal damage. After reperfusion
by releasing the clamp, the muscle layers of the incision and skin wound were closed. After surgery, the animals
were allowed to feed and drink water ad libitum. Sterilized instruments were used for the surgical preparation.

Blood and kidney tissue sampling after renal I/R. At 24h after reperfusion, rats were re-anesthetized
with isoflurane. Blood pressure and heart rate were monitored, and blood samples were taken via a catheter
placed in the carotid artery. The abdomen was opened, and the kidney was excised and immediately immersed
in iced-cold saline. The kidney was halved for storing one half at —80 °C and for fixing the other half with 10%
formaldehyde.

Assessment of renal injury.  Renal injury was assessed histologically with hematoxylin and eosin staining
and with PAS staining. Pictures of kidney tubular cells in the corticomedullary area were randomly taken and
were scored as previously reported". In brief, for each of four types of damages in tubules (i.e., loss of brush
border, tubular dilation, cast formation, and cell lysis), a score was given according to the percentage of damaged
areas (i.e., 1, <25% damaged; 2, 25-50% damaged; 3, 50-75% damaged; and 4, more than 75% damaged), and
scores of the four types of damages were summed as a score for each area of interest. The score in each kidney was
calculated as the average of scores of fifteen areas under magnification of x200 in light microscopy. In each group,
7~10 kidneys were included for analysis.

Immunofluorescence. Frozen sections of renal tissues were fixed with 4% paraformaldehyde, blocked with
5% bovine serum albumin in PBS, and permeabilized with 0.3% triton X-100. The sections were then incubated
with anti-LC3A/B (Cell Signaling Technology, #12741, 1:50) overnight at 4 °C. The samples were then incubated
with an Alexa Fluor 488 anti-rabbit IgG antibody (Invitrogen) for 1h at room temperature. Nuclei and proximal
tubular cells were stained with Hoechst33342 (Dojindo, Kumamoto, Japan) and LTL conjugated with Texas Red®
(EY Laboratories, Inc., San Mateo, CA), respectively. We simultaneously conducted immunostaining for LC3
in one kidney section per rat from LETO-pre (i.e., right kidney removed before left kidney I/R), LETO-I/R (left
kidney subjected to I/R), OLETF-pre, OLETF-I/R, LETO+CQ-pre and LETO+CQ-I/R groups. Sections from a
kidney from each of the six treatment groups were taken at the same session of confocal imaging under the same
settings. Five fields in each section were randomly selected, and LC3 positive areas per field were averaged. Then,
ratio of average LC3 dot level (LC3 positive area) to average LC dot level in LETO-Pre was calculated for each
kidney as “relative LC3 dot number”. Finally, the “relative LC3 dot numbers” in 4~5 independent kidneys from
each group were averaged. Fluorescence images were obtained using ConfoCor3LSM510META (Zeiss) under
the same conditions. The percentage of area of LC3 dots was analyzed in five randomly selected fields in the each
kidney, and 4~5 kidneys in each group were included for comparison among groups.

Immunoblotting. Frozen tissue samples were homogenized in ice-cold buffer (CelLytic™ MT Cell Lysis
Reagent, Sigma-Aldrich) including protease and phosphatase inhibitor cocktails (Nacalai Tesque, Inc., Kyoto,
Japan). The homogenate was centrifuged at 15,000 g for 15min at 4°C to obtain the supernatant. Equal amounts
of protein were analyzed by immunoblot assays using specific antibodies (Supplementary Table 4). Intensities of
individual bands were quantified by using Image J software (National Institutes of Health).

Statistical analyses. Data are presented as means - SEM. Statistical significance was determined using
unpaired Student’s two-tailed t-test for two data sets. Differences between four treatment groups were assessed
by one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc test for multiple
comparisons. Two-way repeated measures ANOVA and Student-Newman-Keuls post hoc test were used to ana-
lyze differences in data between pre-I/R and after I/R in LETO and OLETE. For all tests, p < 0.05 was considered
statistically significant. All analyses were performed with SigmaStat (Systat, San Jose, CA, USA).

SCIENTIFICREPORTS |7:5311 | DOI:10.1038/s41598-017-05667-5 11


http://4

www.nature.com/scientificreports/

References

1.

13.
14.
15.
16.
17.
18.
19.
20.
. Gonzalez, C. D. et al. The emerging role of autophagy in the pathophysiology of diabetes mellitus. Autophagy 7,2-11 (2011).
22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
. Bjorkoy, G. et al. Monitoring autophagic degradation of p62/SQSTM1. Methods Enzymol 452, 181-97 (2009).
36.
37.
38.
39.
40.
41.
42.
43.

44.
45.

Bagshaw, S. M. et al. Prognosis for long-term survival and renal recovery in critically ill patients with severe acute renal failure: a
population-based study. Crit Care 9, R700-9 (2005).

. Hsu, C. Y. et al. The risk of acute renal failure in patients with chronic kidney disease. Kidney Int 74, 101-7 (2008).
. Barrantes, F. et al. Acute kidney injury predicts outcomes of non-critically ill patients. Mayo Clin Proc 84, 410-6 (2009).
. Chertow, G. M., Burdick, E., Honour, M., Bonventre, J. V. & Bates, D. W. Acute kidney injury, mortality, length of stay, and costs in

hospitalized patients. ] Am Soc Nephrol 16, 3365-70 (2005).

. Mehta, R. L. et al. Spectrum of acute renal failure in the intensive care unit: the PICARD experience. Kidney Int 66, 1613-21 (2004).
. Melin, J., Hellberg, O., Larsson, E., Zezina, L. & Fellstrom, B. C. Protective effect of insulin on ischemic renal injury in diabetes

mellitus. Kidney Int 61, 1383-92 (2002).

. Shi, H., Patschan, D., Epstein, T., Goligorsky, M. S. & Winaver, J. Delayed recovery of renal regional blood flow in diabetic mice

subjected to acute ischemic kidney injury. Am J Physiol Renal Physiol 293, F1512-7 (2007).

. Peng, J. et al. Hyperglycemia, p53, and mitochondrial pathway of apoptosis are involved in the susceptibility of diabetic models to

ischemic acute kidney injury. Kidney Int 87, 137-50 (2015).

. Kaushal, G. P. & Shah, S. V. Autophagy in acute kidney injury. Kidney Int 89, 779-91 (2016).
. Lenoir, O., Tharaux, P. L. & Huber, T. B. Autophagy in kidney disease and aging: lessons from rodent models. Kidney Int 90, 950-964

(2016).

. Mizushima, N. & Komatsu, M. Autophagy: renovation of cells and tissues. Cell 147, 728-41 (2011).
. Hartleben, B. et al. Autophagy influences glomerular disease susceptibility and maintains podocyte homeostasis in aging mice. J Clin

Invest 120, 1084-96 (2010).

Kimura, T. et al. Autophagy protects the proximal tubule from degeneration and acute ischemic injury. ] Am Soc Nephrol 22, 902-13
(2011).

Lenoir, O. et al. Endothelial cell and podocyte autophagy synergistically protect from diabetes-induced glomerulosclerosis.
Autophagy 11, 1130-45 (2015).

Tagawa, A. et al. Impaired Podocyte Autophagy Exacerbates Proteinuria in Diabetic Nephropathy. Diabetes 65, 755-67 (2016).
Suzuki, C. et al. Participation of autophagy in renal ischemia/reperfusion injury. Biochem Biophys Res Commun 368, 100-6 (2008).
Jiang, M., Liu, K., Luo, J. & Dong, Z. Autophagy is a renoprotective mechanism during in vitro hypoxia and in vivo ischemia-
reperfusion injury. Am J Pathol 176, 1181-92 (2010).

Liu, S. et al. Autophagy plays a critical role in kidney tubule maintenance, aging and ischemia-reperfusion injury. Autophagy 8,
826-37 (2012).

Li, L., Wang, Z. V,, Hill, J. A. & Lin, F. New autophagy reporter mice reveal dynamics of proximal tubular autophagy. ] Am Soc
Nephrol 25, 305-15 (2014).

Jiang, M. et al. Autophagy in proximal tubules protects against acute kidney injury. Kidney Int 82, 1271-83 (2012).

Murase, H. et al. Inhibition of DPP-4 reduces acute mortality after myocardial infarction with restoration of autophagic response in
type 2 diabetic rats. Cardiovasc Diabetol 14, 103 (2015).

Kitada, M. et al. Dietary restriction ameliorates diabetic nephropathy through anti-inflammatory effects and regulation of the
autophagy via restoration of Sirtl in diabetic Wistar fatty (fa/fa) rats: a model of type 2 diabetes. Exp Diabetes Res 2011, 908185
(2011).

Fang, L. et al. Autophagy attenuates diabetic glomerular damage through protection of hyperglycemia-induced podocyte injury.
PL0S One 8, e60546 (2013).

Xiao, T. et al. Rapamycin promotes podocyte autophagy and ameliorates renal injury in diabetic mice. Mol Cell Biochem 394, 145-54
(2014).

Yamahara, K. et al. Obesity-mediated autophagy insufficiency exacerbates proteinuria-induced tubulointerstitial lesions. ] Am Soc
Nephrol 24, 1769-81 (2013).

Kawano, K., Mori, S., Hirashima, T., Man, Z. W. & Natori, T. Examination of the pathogenesis of diabetic nephropathy in OLETF
rats. J Vet Med Sci 61, 1219-28 (1999).

Asakura, J. et al. Renoprotective effect of pioglitazone by the prevention of glomerular hyperfiltration through the possible
restoration of altered macula densa signaling in rats with type 2 diabetic nephropathy. Nephron Exp Nephrol 122, 83-94 (2012).
Shinmura, K. et al. Impact of long-term caloric restriction on cardiac senescence: caloric restriction ameliorates cardiac diastolic
dysfunction associated with aging. J Mol Cell Cardiol 50, 117-27 (2011).

Kanamori, H. et al. Resveratrol reverses remodeling in hearts with large, old myocardial infarctions through enhanced autophagy-
activating AMP kinase pathway. Am J Pathol 182, 701-13 (2013).

Watanabe, T. et al. Restriction of food intake prevents postinfarction heart failure by enhancing autophagy in the surviving
cardiomyocytes. Am J Pathol 184, 1384-94 (2014).

Lieberthal, W. et al. Rapamycin impairs recovery from acute renal failure: role of cell-cycle arrest and apoptosis of tubular cells. Am
J Physiol Renal Physiol 281, F693-706 (2001).

Peer, V., Abu Hamad, R., Berman, S. & Efrati, S. Renoprotective Effects of DNAse-I Treatment in a Rat Model of Ischemia/
Reperfusion-Induced Acute Kidney Injury. Am J Nephrol 43, 195-205 (2016).

Wilflingseder, J. et al. miR-182-5p Inhibition Ameliorates Ischemic Acute Kidney Injury. Am J Pathol 187, 70-79 (2017).

Chien, C. T., Shyue, S. K. & Lai, M. K. Bcl-xL augmentation potentially reduces ischemia/reperfusion induced proximal and distal
tubular apoptosis and autophagy. Transplantation 84, 1183-90 (2007).

Martinet, W, Schrijvers, D. M., Timmermans, J. P, Bult, H. & De Meyer, G. R. Immunohistochemical analysis of macroautophagy:
recommendations and limitations. Autophagy 9, 386-402 (2013).

Egan, D. E et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy.
Science 331, 456-61 (2011).

Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulkl. Nat Cell
Biol 13, 132-41 (2011).

Mount, P. E. et al. Acute renal ischemia rapidly activates the energy sensor AMPK but does not increase phosphorylation of eNOS-
Ser1177. Am J Physiol Renal Physiol 289, F1103-15 (2005).

Lan, E, Cacicedo, J. M., Ruderman, N. & Ido, Y. C. SIRT1 modulation of the acetylation status, cytosolic localization, and activity of
LKBI1. Possible role in AMP-activated protein kinase activation. J Biol Chem 283, 27628-35 (2008).

Hasegawa, K. et al. Renal tubular Sirt1 attenuates diabetic albuminuria by epigenetically suppressing Claudin-1 overexpression in
podocytes. Nat Med 19, 1496-503 (2013).

Seo-Mayer, P. W. et al. Preactivation of AMPK by metformin may ameliorate the epithelial cell damage caused by renal ischemia. Am
] Physiol Renal Physiol 301, F1346-57 (2011).

Inoki, K., Zhu, T. & Guan, K. L. TSC2 mediates cellular energy response to control cell growth and survival. Cell 115, 577-90 (2003).
Kitada, M., Kume, S., Imaizumi, N. & Koya, D. Resveratrol improves oxidative stress and protects against diabetic nephropathy
through normalization of Mn-SOD dysfunction in AMPK/SIRT 1-independent pathway. Diabetes 60, 634-43 (2011).

SCIENTIFICREPORTS|7:5311 | DOI:10.1038/s41598-017-05667-5 12



www.nature.com/scientificreports/

46. Lee, M. J. et al. A role for AMP-activated protein Kinase in diabetes-induced renal hypertrophy. Am J Physiol Renal Physiol 292,
F617-27 (2007).

47. Horman, S. et al. Insulin antagonizes ischemia-induced Thr172 phosphorylation of AMP-activated protein kinase alpha-subunits in
heart via hierarchical phosphorylation of Ser485/491. ] Biol Chem 281, 5335-40 (2006).

48. Mason, S., Hader, C., Marlier, A., Moeckel, G. & Cantley, L. G. Met activation is required for early cytoprotection after ischemic
kidney injury. ] Am Soc Nephrol 25, 329-37 (2014).

49. Cheng, H., Fan, X., Lawson, W. E., Paueksakon, P. & Harris, R. C. Telomerase deficiency delays renal recovery in mice after ischemia-
reperfusion injury by impairing autophagy. Kidney Int 88, 85-94 (2015).

50. Chen, J. K., Chen, J., Neilson, E. G. & Harris, R. C. Role of mammalian target of rapamycin signaling in compensatory renal
hypertrophy. ] Am Soc Nephrol 16, 1384-91 (2005).

51. Grahammer, F. et al. nTORCI maintains renal tubular homeostasis and is essential in response to ischemic stress. Proc Natl Acad
Sci USA 111, E2817-26 (2014).

52. Kramer, A. A. et al. Renal ischemia/reperfusion leads to macrophage-mediated increase in pulmonary vascular permeability. Kidney
Int 55, 2362-7 (1999).

53. Choi, D. E. et al. Pretreatment of sildenafil attenuates ischemia-reperfusion renal injury in rats. Am J Physiol Renal Physiol 297,
F362-70 (2009).

54. Molitoris, B. A. et al. siRNA targeted to p53 attenuates ischemic and cisplatin-induced acute kidney injury. J Am Soc Nephrol 20,
1754-64 (2009).

55. Ying, Y., Kim, J., Westphal, S. N., Long, K. E. & Padanilam, B. . Targeted deletion of p53 in the proximal tubule prevents ischemic
renal injury. ] Am Soc Nephrol 25, 2707-16 (2014).

56. Kimura, T. et al. Autophagy protects kidney proximal tubule epithelial cells from mitochondrial metabolic stress. Autophagy 9,
1876-86 (2013).

57. Plotnikov, E. Y. et al. The role of mitochondria in oxidative and nitrosative stress during ischemia/reperfusion in the rat kidney.
Kidney Int 72, 1493-502 (2007).

58. Decleves, A. E., Sharma, K. & Satriano, J. Beneficial Effects of AMP-Activated Protein Kinase Agonists in Kidney Ischemia-
Reperfusion: Autophagy and Cellular Stress Markers. Nephron Exp Nephrol (2014).

59. Jain, A. et al. p62/SQSTMI1 is a target gene for transcription factor NRF2 and creates a positive feedback loop by inducing antioxidant
response element-driven gene transcription. J Biol Chem 285, 22576-91 (2010).

60. Liu, M. et al. Transcription factor Nrf2 is protective during ischemic and nephrotoxic acute kidney injury in mice. Kidney Int 76,
277-85 (2009).

61. Talaei, E. et al. Increased protein aggregation in Zucker diabetic fatty rat brain: identification of key mechanistic targets and the
therapeutic application of hydrogen sulfide. BMC Cell Biol 15, 1 (2014).

62. Zhang, Y. et al. Liraglutide relieves myocardial damage by promoting autophagy via AMPK-mTOR signaling pathway in zucker
diabetic fatty rat. Mol Cell Endocrinol 448, 98-107 (2017).

63. Nepal, S. et al. Autophagy induction by leptin contributes to suppression of apoptosis in cancer cells and xenograft model:
involvement of p53/FoxO3A axis. Oncotarget 6, 7166-81 (2015).

64. Cassano, S. et al. Leptin modulates autophagy in human CD4 4 CD25— conventional T cells. Metabolism 63, 1272-9 (2014).

65. Malik, S. A. et al. Neuroendocrine regulation of autophagy by leptin. Cell Cycle 10, 2917-23 (2011).

66. Fetterman, J. L. et al. Restoration of autophagy in endothelial cells from patients with diabetes mellitus improves nitric oxide
signaling. Atherosclerosis 247,207-17 (2016).

Acknowledgements

The present study was supported by Grant-in-aid for Scientific Research (#2646113) from the Japan Society for
the Promotion of Science, Tokyo, Japan and by Grant for Research and Education 2015-2016 from Sapporo
Medical University, Sapporo, Japan.

Author Contributions

S.M. researched data and reviewed/edited manuscript. A.K. researched data and wrote manuscript. M. T. and
Ta.M. researched data and reviewed/edited manuscript. T.Y. contributed to discussion and reviewed/edited
manuscript. H.S,, S.S., and Y.K. researched data and contributed to discussion. K.A. contributed to discussion.
S.L researched data. K.O., Y.T, K.N, W.O. and M.M. contributed discussion. Te.M. designed this study, oversaw
the progress of the project and wrote manuscript. Te.M. is the guarantor of this study.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05667-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:5311 | DOI:10.1038/s41598-017-05667-5 13


http://dx.doi.org/10.1038/s41598-017-05667-5
http://creativecommons.org/licenses/by/4.0/

	Suppressed autophagic response underlies augmentation of renal ischemia/reperfusion injury by type 2 diabetes

	Results

	Basal renal status in LETO and OLETF. 
	Renal damage after ischemia/reperfusion in LETO and OLETF with and without autophagy inhibitor. 
	Impaired activation of autophagy in tubular cells in response to I/R in OLETF. 
	Alterations in signals that regulate autophagy in OLETF. 
	Restoration of autophagy by rapamycin attenuated I/R-induced renal injury in OLETF. 

	Discussion

	Methods

	Animals and experimental protocol. 
	Assessment of basal renal status in LETO and OLETF. 
	Induction of I/R in the kidney. 
	Blood and kidney tissue sampling after renal I/R. 
	Assessment of renal injury. 
	Immunofluorescence. 
	Immunoblotting. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Type 2 diabetes and chloroquine increased susceptibility of the kidney to ischemia/reperfusion injury.
	Figure 2 Autophagic response in proximal tubular cells after ischemia/reperfusion was attenuated in OLETF.
	Figure 3 Activation of renal autophagy after ischemia/reperfusion was reduced in OLETF.
	Figure 4 Analysis of AMPK/ULK1 signal pathways.
	Figure 5 Analysis of Akt/mTORC1 signal pathways.
	Figure 6 Effects of rapamycin on kidney injury after ischemia/reperfusion in OLETF.
	Figure 7 Restoration of autophagic response by rapamycin in OLETF.
	Table 1 Baseline parameters in LETO and OLETF.




