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Abstract: Lifestyle improvement, including through exercise, has been recognized as an important
mode of therapy for the suppression of diabetic kidney disease (DKD). However, the detailed
molecular mechanisms by which exercise exerts beneficial effects in the suppression of DKD have
not yet been fully elucidated. In this study, we investigate the effects of treadmill exercise training
(TET) for 8 weeks (13 m/min, 30 min/day, 5 days/week) on kidney injuries of type 2 diabetic
male rats with obesity (Wistar fatty (fa/fa) rats: WFRs) at 36 weeks of age. TET significantly
suppressed the levels of albuminuria and urinary liver-type fatty-acid-binding protein (L-FABP),
tubulointerstitial fibrosis, inflammation, and oxidative stress in the kidneys of WFRs. In addition,
TET mitigated excessive apoptosis and restored autophagy in the renal cortex, as well as suppressed
the development of morphological abnormalities in the mitochondria of proximal tubular cells,
which were also accompanied by the restoration of AMP-activated kinase (AMPK) activity and
suppression of the mechanistic target of rapamycin complex 1 (mTORC1). In conclusion, TET
ameliorates diabetes-induced kidney injury in type 2 diabetic fatty rats.

Keywords: diabetic kidney disease; exercise; inflammation; oxidative stress; autophagy; AMP-activated
kinase; mechanistic target of rapamycin complex 1

1. Introduction

The number of patients with type 2 diabetes mellitus (T2DM) has been increasing
worldwide. Vascular complications due to diabetes include microvascular disorders,
including retinopathy, neuropathy, and kidney disease, and macrovascular disorders
caused by atherosclerosis [1]. Among them, diabetic kidney disease (DKD) occurs in
approximately 30-40% of diabetic patients and is still the leading cause of end-stage kidney
disease (ESKD) [2]. Therefore, establishing effective treatments for DKD, in order to
preserve kidney function, is necessary. The well-recognized pathogenesis of DKD includes
increased hyperglycemia, along with chronic inflammation and oxidative stress [34].
In addition, recent accumulating evidence from numerous basic studies has indicated
the involvement of novel pathways, including excess apoptosis and impaired adequate
autophagy [5]. Previously, we have reported that mechanistic target of rapamycin complex
1 (mTORC1) activation-related autophagy impairment is involved in the accumulation of
abnormal mitochondria and excess apoptosis in the renal proximal tubular cells of Wistar
fatty (fa/fa) rats, an animal model for T2DM with obesity [6]. Therefore, improvements in
the inflammation, oxidative stress, apoptosis, and autophagy status should be a therapeutic
target for suppressing diabetic kidney injury.

Lifestyle interventions serve as important basic treatments for patients with T2DM
and DKD. Among the various lifestyle interventions, increasing physical activity or regular
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exercise is generally a widely accepted method for the improvement of health outcomes,
including overall well-being, quality of life, and cardiometabolism [7]. In CKD patients
(including those with DKD), several epidemiologic/prospective studies and systematic
reviews with limited randomized controlled trials (RCTs) have demonstrated the bene-
fits of increasing physical activity or regular exercise on the reduction of mortality risk,
improvement of exercise tolerance metabolic health, or suppression of kidney disease
progression [8-13]. Therefore, exercise has been recommended as a lifestyle intervention
for the suppression of DKD, as per the KDIGO guideline 2020 [14]. One of the mecha-
nisms of exercise is renoprotection: physical exercise is shown to have a protective effect
against renal damage in diabetic animals, through anti-inflammatory and anti-oxidative
stress effects [15-17]. However, what is still unclear is whether physical exercise exhibits a
renoprotective effect in advanced DKD, as well as details of the molecular mechanisms.

For this study, we investigated whether regular physical exercise using a treadmill
may exert renoprotective effects, focusing on the alteration of anti-inflammatory/oxidative
stress, apoptosis, and autophagy in Wistar fatty (fa/fa) rats.

2. Materials and Methods
2.1. Antibodies

Kidney injury molecule 1 (KIM-1) antibody was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Cluster of differentiation 68 (CD68) antibody was purchased from
Serotec (Oxford, UK). Nitrotyrosine antibody was purchased from Trans Genic Inc. (Hyogo,
Japan). Nuclear factor-erythroid 2-related factor 2 (Nrf2) antibody was purchased from
Abcam (Cambridge, MA, USA). Heme oxygenase 1 (HO-1), cleaved caspase 3, phospho-56
ribosomal protein (Ser 235/236) (p-S6RP), S6RP, phospho-AMP-activated protein kinase
(Thr172) (p-AMPK), and AMPK antibodies were obtained from Cell Signaling Technology
(Beverly, MA, USA). p62/SQSTM1 (p62) was obtained from Medical & Biological Laborato-
ries (Tokyo, Japan). 3-actin was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Experimental Animals

The study was approved by the Research Center for Animal Life Science of Kanazawa
Medical University. All experiments were performed in accordance with the principles
of laboratory animal care. Male and female Wistar lean (fa/+) rats (WLRs; Takeda Phar-
maceutical Company Biological Institute, Osaka, Japan) were maintained in temperature-
controlled (23 £ 1 °C) rooms on a 12-h light/dark cycle with free access to water and chow,
as previously described [6].

2.3. Experimental Protocol

At 34 weeks of age, male non-diabetic WLRs and male diabetic Wistar fatty (fa/fa)
rats (WFRs) were randomly divided into three groups: (1) sedentary WLRs (WLRs, n = 8),
non-diabetic and non-exercise control; (2) sedentary WFRs (WFRs, n = 8); and (3) WFRs
with treadmill exercise training (TET; WFRs-T, n = 7). Rats in the WFRs-T group were
allowed to run on a 0% gradient treadmill (KN-73, Natsume Seisakusho, Tokyo, Japan) [18].
The treadmill speed was gradually increased, over 2 weeks, to 13 m/min (10 min/day,
3 days/week) for the acclimatization to exercise. At 36 weeks of age, TET (13 m/min,
30 min/day, 5 days/week) without exhaustion was performed for 8 weeks. The intensity
of the TET in this study is equivalent to approximately 50-60% of the maximal oxygen
consumption (VOymax), as previously reported [19,20]. Body weight, food consumption,
and blood glucose were measured every four weeks. Sedentary WLRs and WFRs were
placed on the nonmoving treadmill for 30 min a day, 5 days a week, as a non-exercise
control. At 44 weeks of age, urine samples of individual rats were collected using metabolic
cages [6]. Rats were anesthetized with isofluran, and the kidneys were subsequently
removed, as previously reported [6]. At the same time, the perirenal, retroperitoneal,
and epididymal fat was dissected respectively, and fat weight was defined as the sum
of their fat pads, in this study. Gastrocnemius and soleus muscles were also removed.
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After 12 h following the end of the exercise session, we collected tissue samples under the
not-fasting state.

2.4. Biochemical Measurements

HbA1lc levels were measured by a DCA 2000 Analyzer (Siemens Medical Solutions
Diagnostics, Tokyo, Japan) at the end of the experiment [6,21]. Urinary albumin (NEPHRAT
II, Exocell Inc., Philadelphia, PA, USA), liver-type fatty-acid-binding protein (L-FABP;
mouse/rat FABP1/L-FABP, R&D Systems, Inc., Minneapolis, MN, USA), which is the one
of the biomarkers for renal tubular cell damage and oxidative stress, and urinary creatinine
(Creatinine Colorimetric Assay Kit, Cayman Chemical Inc., Ann Arbor, MI, USA) were
measured using enzyme-linked immunosorbent assay (ELISA) kits [21].

2.5. Morphological Analysis and Transmission Electron Microscopy

Paraffin sections of the kidney were stained with Masson’s trichrome (MT) reagent,
and immunohistochemical staining was performed by using KIM-1 antibodies (1:100),
CD68 antibodies (1:50), and nitrotyrosine antibodies (1:100) [6,22]. For the quantification
of the MT-stained fibrosis area and the KIM-1- or CD68-positive areas in immunohisto-
chemical staining, 10 randomly selected tubulointerstitial areas of the renal cortex per rat
were measured using the Image] software, as previously reported [6]. The morphology
of mitochondria in proximal tubular cells was observed by using transmission electron
microscopy [6].

2.6. Immunoblot Analysis and Real-Time Polymerase Chain Reaction (PCR)

Immunoblotting was performed by using nitrotyrosine antibodies (1:1000), Nrf2 anti-
bodies (1:1000), HO-1 antibodies (1:1000), cleaved caspase 3 antibodies (1:1000), p62/SQSTM1
antibodies (1:1000), p-S6RP antibodies (1:2000), S6RP antibodies (1:1000), p-AMPK antibod-
ies (1:1000), and AMPK antibodies (1:1000). Isolation of total RNA from the renal cortex,
cDNA synthesis, and quantitative real-time PCR were performed [6]. TagMan probes for
type III collagen, Kim-1, Cd68, toll-like receptor 2 (Tlr2), toll-like receptor 4 (Tlr4), tumor
necrosis factor-a (Tnf-), and interleukin-6 (I-6) were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). The analytical data were adjusted to the levels of 18S expression
levels as an internal control.

2.7. Statistical Analysis

Data are expressed as means =+ standard deviation (SD). ANOVA followed by Tukey’s
multiple comparison test was used to determine the significance of pairwise differences
among the three groups. p < 0.05 was considered to indicate significant differences.

3. Results
3.1. Characteristics of the Experimental Rats

The characteristics of the considered rats at 44 weeks of age are shown in Figure 1.
The whole-body and kidney weights and mean food intake were significantly higher for
the WFRs than the WLRs. Compared with the WFRs, the WFRs-T exhibited significant
weight loss, with reduced fat weight, while there were no differences in kidney weight
and mean food intake (Figure 1A-D). Gastrocnemius and soleus muscle weights were
significantly reduced in the WFRs compared with the WLRs. However, TET resulted in a
significant increase in the gastrocnemius muscle weights of the WFRs-T compared with
the WFRs (Figure 1E,F). The fasting blood glucose levels were not significantly different
among all groups (Figure 1G). The blood glucose under ad libitum feeding and HbAlc
levels were significantly elevated in the WFRs and WFRs-T compared with the WLRs;
however, there were no differences between the WFRs and WFRs-T (Figure 1H,I). Levels of
urinary albumin and L-FABP excretion were markedly increased in the WFRs compared
with the WLRs; however, these increased levels were significantly decreased with TET, i.e.,
in the WFRs-TET (Figure 1],K).
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Figure 1. Characteristics of rats at 44 weeks of age: (A) whole-body weight; (B) fat weight; (C) kidney
weight; (D) mean food intake; (E) gastrocnemius muscle weight; (F) soleus muscle weight; (G) fasting
blood glucose; (H) blood glucose under ad libitum feeding; (I) HbAlc levels (WLRs: n = 8, WFRs:
n =8, WERs-T: n = 7); (J) urinary albumin/creatinine (Cr) ratio; and (K) liver-type fatty-acid-binding
protein (L-FABP)/Cr, at 44 weeks of age (1 = 6, respectively). All data are means =+ standard deviation
(SD). *p <0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001, ns: not significant. WLRs, sedentary Wistar
lean rats; WFRs, sedentary Wistar fatty rats; WFRs-T, Wistar fatty rats with treadmill exercise training.

3.2. Changes in Renal Fibrosis and Tubular Cell Damage

Renal fibrosis, evaluated by MT staining, and collagen III expression in the renal
cortex were significantly increased in the kidneys of the WFRs compared with the WLRs
(Figure 2A—C). In addition, the intensity of KIM-1 immunohistochemical staining and
Kim-1 mRNA expression in the renal cortex were significantly increased in the kidneys of



Antioxidants 2021, 10, 1754 50f12

WEFRs compared with the WLRs (Figure 2A,D,E). Importantly, TET clearly ameliorated all
these renal injuries observed in the WFRs, as observed in the WFRs-T.
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Figure 2. Changes in renal fibrosis and tubular cell damage: (A) representative images of MT
(Masson’s trichrome) staining in the tubulointerstitial area (scale bar: 250 um) and glomeruli (scale
bar: 50 um) as well as immunohistochemistry (IHC) of KIM-1 in the tubulointerstitial area (scale
bar: 250 um); (B) quantification of tubulointerstitial fibrosis area (n = 4); (C) mRNA expression
of collagen III, normalized according to 18S levels in the renal cortex (n = 5); (D) quantification
of KIM-1 staining area (n = 3); and (E) mRNA expression of Kim-1, normalized according to 185
levels in the cortex (n = 3—4). All data are means =+ standard deviation (SD). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns: not significant. KIM-1 and Kim-1, kidney injury molecule-1; WLRs,
sedentary Wistar lean rats; WFRs, sedentary Wistar fatty rats; WFRs-T: Wistar fatty rats with treadmill
exercise training.
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3.3. Changes in Inflammation in the Kidney

The intensity of CD68 immunohistochemical staining in tubulointerstitial areas
(Figure 3A,B) and mRNA expression of inflammation-related genes, including Cd68, Tlr2,
Tlr4, Tnf-«, and II-6 (Figure 3C-G) were markedly higher in the WFRs group than the
WLRs group; however, TET significantly ameliorated the renal inflammatory changes in
the WERs.
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Figure 3. Changes in renal inflammation: (A) representative images of CD68 immunohistochemistry
(scale bar: 250 pum); (B) quantification of CD68 staining area (n = 3); and mRNA expression of
(C) Cde68, (D) TIr2, (E) TIr4, (F) Tnf-«, and (G) II-6, adjusted to 18S levels in the cortex (n = 5,
respectively). All data are means + standard deviation (SD). * p < 0.05, ** p < 0.01, *** p < 0.001, ns:
not significant. Cd68, Cluster of differentiation 68; Tlr2, Toll-like receptor 2; Tlr4, Toll-like receptor 4;
Tnf-«, tumor necrosis factor-; I1-6, interleukin 6; WLRs, sedentary Wistar lean rats; WFRs, sedentary
Wistar fatty rats; WEFRs-T, Wistar fatty rats with treadmill exercise training.

3.4. Changes in Oxidative Stress in the Kidney

The intensity of nitrotyrosine immunohistochemical staining in the kidney of the
WEFRs was higher than that of the WLRs. In addition, the nitrotyrosine, Nrf2, and HO-1
protein levels were significantly increased in the renal cortex of the WFRs compared with
the WLRs (Figure 4A-G). TET clearly ameliorated all oxidative stress-related molecules in
the WER kidneys.

3.5. Changes in Mitochondrial Morphology, Apoptosis, and Autophagy in the Kidney
Mitochondrial morphological changes, including fragmentation or swelling, were
observed in the proximal tubular cells of WERs. TET suppressed the development of
all these mitochondrial alterations (Figure 5A). The cleaved caspase 3 and p62/SQSTM1
(p62) protein levels were significantly higher in the renal cortex of the WFRs compared
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with the WLRs (Figure 5B-E). p62 is recognized as one of the markers of autophagy,
and increased p62 expression indicates the impairment of autophagy. TET had clear
improvements in mitigating excessive apoptosis and restoring impaired autophagy in
the WFRs. Additionally, the levels of the downstream molecule of mechanistic target
of rapamycin complex 1 (mTORC1), p-S6RP protein, were significantly increased in the
renal cortex of the WFRs compared with WLRs (Figure 5EG); however, TET significantly
decreased the p-S6RP protein levels and elevated p-AMPK protein levels in the renal cortex
of the WFRs (Figure 5H,I). Therefore, the improvements in the renal cortex due to TET
were accompanied by AMPK activation and mTORC1 suppression.
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Figure 4. Changes in renal oxidative stress: (A) representative images of nitrotyrosine immuno-
histochemistry (scale bar: 250 pm); (B) representative immunoblots of nitrotyrosine and p-actin;
(C) the quantitative ratios of nitrotyrosine to $-actin in the renal cortex (n = 4); (D) representative
immunoblots of nuclear factor-erythroid 2-related factor 2 (Nrf2) and B-actin; (E) the quantitative
ratios of Nrf2 to (3-actin in the renal cortex (n = 4); (F) representative immunoblots of heme oxygenase
1 (HO-1) and B-actin; and (G) the quantitative ratios of HO-1 to (3-actin in the renal cortex (n = 4). All
data are means =+ standard deviation (SD). * p < 0.05, ** p < 0.01, **** p < 0.0001, ns: not significant.
WLRs, sedentary Wistar lean rats; WFRs, sedentary Wistar fatty rats; WFRs-T, Wistar fatty rats with
treadmill exercise training.
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Figure 5. Changes in mitochondrial morphology, apoptosis, and autophagy in the kidney: (A) rep-
resentative transmission electron microscopy images of proximal tubular cells (scale bar: 1 pum);
(B) representative immunoblots of cleaved caspase 3 and B-actin; (C) quantitative ratios of cleaved
caspase 3 to $-actin in the renal cortex (1 = 4); (D) representative immunoblots of p62/SQSTMI1 (p62)
and f3-actin; (E) quantitative ratios of p62 to 3-actin in the renal cortex (n = 4); (F) representative
immunoblots of p-S6RP, S6RP, and (3-actin; (G) quantitative ratios of p-S6RP to S6RP in the renal
cortex (n = 4); (H) representative immunoblots of p-AMPK, AMPK, and B-actin; and (I) quantitative
ratios of p-AMPK to AMPK in the renal cortex (1 = 4). All data are means + standard deviation
(SD). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant. p-S6RP, phispho-56
ribosomal protein; S6RP, S6 ribosomal protein; p-AMPK, phospho-AMP-activated kinase; AMPK,
AMP-activated kinase; WLRs, sedentary Wistar lean rats; WFRs, sedentary Wistar fatty rats; WFRs-T:
Wistar fatty rats with treadmill exercise training.
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4. Discussion

In this study, TET ameliorated urinary albumin and L-FABP excretion as well as
kidney injuries, including tubular cell damage and tubulointerstitial fibrosis, inflammation,
and oxidative stress, in WFRs. In addition, TET resulted in improvements by mitigating
excessive apoptosis and restoring impaired autophagy in the renal cortex as well as mi-
tochondrial morphology with respect to abnormalities in proximal tubular cells, which
were also accompanied by AMPK activation and mTORC1 suppression. The beneficial
effects on the kidney of TET were exerted independent of glucose levels, because there was
no difference in the levels of HbAlc and blood glucose under ad libitum feeding between
sedentary WFRs and WFRs with TET.

Chronic inflammation and oxidative stress play crucial roles in DKD pathogenesis and
are closely linked to tubular cell damage and fibrosis [3,4,23]. In this study, the expression
of inflammation-related genes and macrophage infiltration were significantly increased
in the tubulointerstitial area of WFRs. In addition, the intensity of nitrotyrosine staining
in particular tubular cells of WFRs was clearly enhanced, indicating an increase in the
formation of peroxynitrite, which consists of nitric oxide (NO) and a superoxide anion
(O27). Moreover, HO-1 is regulated by Nrf2, a key transcription factor in the regulation
of cellular redox balance [24] that functions as one of the defensive molecules against
oxidative stress in kidney disease [25]. In this study, the expression of Nrf2/HO-1 was
significantly increased in the kidneys of WFRs as an adaptive response, indicating the
enhancement of oxidative stress. Furthermore, urinary excretion of L-FABP [6,21,26]—a
marker of tubular cell oxidative stress—was significantly increased in the WFRs [6]. TET
clearly mitigated both inflammation and oxidative stress in WFR kidneys. Previously,
Ishikawa et al. also demonstrated that low-intensity exercise (5 m/min for 30 min, 3 days
a week) attenuates the progression of early diabetes-induced kidney injury through the
mitigation of oxidative stress and inflammation in type 2 diabetic KK-A ¥ mice [17].

Accumulating evidence demonstrates that the reduction in AMPK activity and mTORC1
activation in animals and humans, under caloric excess or diabetic conditions, is involved
in the impairment of autophagy [27-30]. Impaired autophagy is related to the intracellular
accumulation of abnormal mitochondria which, in turn, is associated with mitochondrial
oxidative stress and excess apoptosis [6,30]. Juszczak et al. reported that exercise training
leads to AMPK-mediated autophagy improvement in the kidneys of obese mice induced
by high-fat diet [31]. Consistent with these previous studies, our results show both the
restoration of AMPK activity and reduced mTORC1 activation as well as the mitigation
of both autophagy impairment and abnormal mitochondria accumulation in the proximal
tubular cells of WERs. TET, in the WERs, resulted in AMPK activation and the suppression
of mTORC1 activity, possibly consequently leading to the improvement of oxidative stress
and apoptosis through the restoration of autophagy in the kidney. However, further studies
are necessary to evaluate whether TET exerts the effects of anti-inflammation/oxidative
stress and the reduced excess apoptosis through the restoration of autophagy via AMPK
activation and mTORC1 suppression.

In our study, TET reduced fat weights and increased gastrocnemius muscle weights,
as observed in the WFRs-T, compared with the WFRs. However, HbAlc levels did not
significantly differ between the WFRs with TET and sedentary WFRs. Thus, TET might
provide a greater renoprotective effect independent of glucose levels. Previously, Gosh
et al. also demonstrated that exercise using a motorized exercise wheel system for 1 h
every day in db/db mice improved diabetes-induced kidney injuries including renal
cell excess apoptosis, without changes in plasma glucose or insulin status [15]. In our
study, results from intraperitoneal glucose and insulin tolerance tests showed no difference
between WFRs and WFRs with TET (data not shown). However, we did not evaluate
insulin sensitivity by a glucose clamp technic, which has been recognized as a gold-
standard method for insulin sensitivity. How exercise can suppress kidney injury through
interactions with skeletal muscle and the muscle-kidney crosstalk during exercise has not
yet been fully investigated. A previous report showed that Irisin, a myokine, ameliorated
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tubular cell damage and renal fibrosis in several CKD mice models [32]. In addition,
AMPK inhibition decreased the effects of Irisin in myocytes and hepatocytes, possibly
indicating that Irisin could be involved in AMPK pathway regulation [33]. Furthermore,
Irisin ameliorates high-glucose-induced cardiomyocytes or pressure-overload-induced
cardiac hypertrophy and fibrosis through the AMPK/mTORC1 signaling pathway [34,35].
However, the effects of Irisin or other factors on AMPK/mTORC1 regulation in the kidney
remain unknown, and elucidation will require further research.

This study had several limitations, as follows: We performed this study using a level
of exercise intensity that did not result in the exhaustion of the rats (13 m/min, 30 min/day;,
5 days/week). The intensity of exercise was considered to be moderate and approximately
50-60% of the maximal oxygen consumption [20]. However, as we did not evaluate the
effect on the kidney according to various levels of exercise intensity, it is unclear how
different exercise intensities may affect the kidney. Furthermore, although blood pressure
levels may affect the changes in renal function and renal blood flow, we did not collect
blood pressure data.

5. Conclusions

TET ameliorated functional and histological kidney injuries in WFRs, including albu-
minuria, increased urinary L-FABP excretion, tubular cell damage, and tubulointerstitial
fibrosis, inflammation, and oxidative stress. In addition, TET mitigated excessive apop-
tosis and restored autophagy in the renal cortex as well as mitochondrial morphology
in proximal tubular cells, which was accompanied by AMPK activation and mTORC1
suppression. TET might also provide a greater renoprotective effect independent of glucose
levels. However, further studies are necessary to clarify a causality among the TET-induced
improvement of inflammation/oxidative stress, decrease in the excess of apoptosis, and
the restoration of autophagy through AMPK activation and mTORC1 suppression, in the
kidney of WFRs.

Author Contributions: Conceptualization, LM. and M.K,; methodology, .M., Y.O. and ].X.; valida-
tion, LM., M.K. and D.K,; formal analysis, .M. and Y.O.; investigation, .M.; resources, M.K. and
D.K,; data curation, LM. and Y.O.; writing—original draft preparation, . M.; writing—review and
editing, M.K. and D.K; visualization, .M.; supervision, D.K.; project administration, M.K,; funding
acquisition, .M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by KAKENHI, Grant-in-Aid for Young Scientists 18K16013
to LM.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the Research Center for
Animal Life Science of Kana-zawa Medical University (protocol code: 2017-111/28 August 2017,
2020-13/1 April 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data supporting the findings of this study are included in
this article.

Acknowledgments: We thank Akiko Hayashi, Taeko Suzuki, and Makiko Kudoh (Department of
Diabetology and Endocrinology, Kanazawa Medical University, Uchinada, Japan) for their excel-
lent assistance.

Conflicts of Interest: Boehringer Ingelheim, Mitsubishi Tanabe Pharma, Kyowa Kirin, Taisho Toyama
Pharmaceutical Co., and Ono Pharmaceutical Co. contributed to the establishment of the Division of
Anticipatory Molecular Food Science and Technology. The authors declare that there are no conflicts
of interest associated with this manuscript.



Antioxidants 2021, 10, 1754 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kitada, M.; Zhang, Z.; Mima, A.; King, G.L. Molecular mechanisms of diabetic vascular complications. J. Diabetes Investig. 2010,
1, 77-89. [CrossRef] [PubMed]

Alicic, R.Z.; Rooney, M.T.; Tuttle, K.R. Diabetic Kidney Disease: Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol.
2017, 12, 2032-2045. [CrossRef] [PubMed]

Wada, J.; Makino, H. Inflammation and the pathogenesis of diabetic nephropathy. Clin. Sci. 2013, 124, 139-152. [CrossRef]
Ostergaard, J.A.; Cooper, M.E.; Jandeleit-Dahm, K.A.M. Targeting oxidative stress and anti-oxidant defence in diabetic kidney
disease. J. Nephrol. 2020, 33, 917-929. [CrossRef] [PubMed]

Kitada, M.; Ogura, Y.; Monno, I.; Koya, D. Regulating Autophagy as a Therapeutic Target for Diabetic Nephropathy.
Curr. Diabetes Rep. 2017, 17, 53. [CrossRef]

Kitada, M.; Ogura, Y.; Suzuki, T.; Sen, S.; Lee, S.M.; Kanasaki, K.; Kume, S.; Koya, D. A very-low-protein diet ameliorates
advanced diabetic nephropathy through autophagy induction by suppression of the mTORC1 pathway in Wistar fatty rats, an
animal model of type 2 diabetes and obesity. Diabetologia 2016, 59, 1307-1317. [CrossRef]

Zelle, D.M.; Klaassen, G.; van Adrichem, E.; Bakker, S.J.; Corpeleijn, E.; Navis, G. Physical inactivity: A risk factor and target for
intervention in renal care. Nat. Rev. Nephrol. 2017, 13, 318. [CrossRef] [PubMed]

Chen, I.R.; Wang, S.M.; Liang, C.C.; Kuo, H.L.; Chang, C.T,; Liu, J.H.; Lin, H.H.; Wang, I.K.; Yang, Y.F; Chou, C.Y; et al.
Association of walking with survival and RRT among patients with CKD stages 3-5. Clin. . Am. Soc. Nephrol. 2014, 9, 1183-1189.
[CrossRef] [PubMed]

Beddhu, S.; Wei, G.; Marcus, R.L.; Chonchol, M.; Greene, T. Light-intensity physical activities and mortality in the United States
general population and CKD subpopulation. Clin. J. Am. Soc. Nephrol. 2015, 10, 1145-1153. [CrossRef] [PubMed]

Greenwood, S.A.; Koufaki, P.; Mercer, TH.; MacLaughlin, H.L.; Rush, R.; Lindup, H.; O’Connor, E.; Jones, C.; Hendry, B.M.;
Macdougall, I.C.; et al. Effect of exercise training on estimated GFR, vascular health, and cardiorespiratory fitness in patients with
CKD: A pilot randomized controlled trial. Am. J. Kidney Dis. 2015, 65, 425-434. [CrossRef] [PubMed]

Kokkinos, P; Faselis, C.; Myers, J.; Sui, X.; Zhang, J.; Tsimploulis, A.; Chawla, L.; Palant, C. Exercise capacity and risk of chronic
kidney disease in US veterans: A cohort study. Mayo Clin. Proc. 2015, 90, 461-468. [CrossRef] [PubMed]

Ikizler, T.A.; Robinson-Cohen, C.; Ellis, C.; Headley, S.A.E.; Tuttle, K.; Wood, R.J.; Evans, E.E.; Milch, C.M.; Moody, K.A.;
Germain, M.; et al. Metabolic Effects of Diet and Exercise in Patients with Moderate to Severe CKD: A Randomized Clinical Trial.
J. Am. Soc. Nephrol. 2018, 29, 250-259. [CrossRef] [PubMed]

Yamagata, K.; Hoshino, J.; Sugiyama, H.; Hanafusa, N.; Shibagaki, Y.; Komatsu, Y.; Konta, T.; Fujii, N.; Kanda, E.; Sofue, T.; et al.
Clinical practice guideline for renal rehabilitation: Systematic reviews and recommendations of exercise therapies in patients
with kidney diseases. Ren. Replace. Ther. 2019, 5, 28. [CrossRef]

Kidney Disease: Improving Global Outcomes Diabetes Work Group. KDIGO 2020 Clinical Practice Guideline for Diabetes
Management in Chronic Kidney Disease. Kidney Int. 2020, 98, S1-5115. [CrossRef]

Ghosh, S.; Khazaei, M.; Moien-Afshari, F; Ang, L.S.; Granville, D.J.; Verchere, C.B.; Dunn, S.R.; McCue, P; Mizisin, A.;
Sharma, K.; et al. Moderate exercise attenuates caspase-3 activity, oxidative stress, and inhibits progression of diabetic renal
disease in db/db mice. Am. ]. Physiol. Ren. Physiol. 2009, 296, F700-F708. [CrossRef]

Chiasera, ].M.; Ward-Cook, K.M.; McCune, S.A.; Wardlaw, G.M. Effect of aerobic training on diabetic nephropathy in a rat model
of type 2 diabetes mellitus. Ann. Clin. Lab. Sci. 2000, 30, 346-353.

Ishikawa, Y.; Gohda, T.; Tanimoto, M.; Omote, K.; Furukawa, M.; Yamaguchi, S.; Murakoshi, M.; Hagiwara, S.; Horikoshi, S.;
Funabiki, K.; et al. Effect of exercise on kidney function, oxidative stress, and inflammation in type 2 diabetic KK-A(y) mice. Exp.
Diabetes Res. 2012, 2012, 702948. [CrossRef] [PubMed]

Ito, D.; Cao, P; Kakihana, T.; Sato, E.; Suda, C.; Muroya, Y.; Ogawa, Y.; Hu, G.; Ishii, T.; Ito, O.; et al. Chronic Running Exercise
Alleviates Early Progression of Nephropathy with Upregulation of Nitric Oxide Synthases and Suppression of Glycation in
Zucker Diabetic Rats. PLoS ONE 2015, 10, e0138037. [CrossRef] [PubMed]

Wisloeff, U.; Helgerud, J.; Kemi, O.].; Ellingsen, O. Intensity-controlled treadmill running in rats: VO(2 max) and cardiac
hypertrophy. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H1301-H1310. [CrossRef] [PubMed]

Qin, E; Dong, Y.; Wang, S.; Xu, M.; Wang, Z.; Qu, C.; Yang, Y.; Zhao, ]. Maximum oxygen consumption and quantification of
exercise intensity in untrained male Wistar rats. Sci. Rep. 2020, 10, 11520. [CrossRef] [PubMed]

Ogura, Y.; Kitada, M.; Xu, J.; Monno, I.; Koya, D. CD38 inhibition by apigenin ameliorates mitochondrial oxidative stress
through restoration of the intracellular NAD(+)/NADH ratio and Sirt3 activity in renal tubular cells in diabetic rats. Aging 2020,
12, 11325-11336. [CrossRef] [PubMed]

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/SIRT1-independent pathway. Diabetes 2011, 60, 634—-643. [CrossRef]
[PubMed]

Koya, D.; Hayashi, K.; Kitada, M.; Kashiwagi, A.; Kikkawa, R.; Haneda, M. Effects of antioxidants in diabetes-induced oxidative
stress in the glomeruli of diabetic rats. J. Am. Soc. Nephrol. 2003, 14, S250-5253. [CrossRef]

Heiss, E.H.; Schachner, D.; Zimmermann, K.; Dirsch, VM. Glucose availability is a decisive factor for Nrf2-mediated gene
expression. Redox Biol. 2013, 1, 359-365. [CrossRef] [PubMed]


http://doi.org/10.1111/j.2040-1124.2010.00018.x
http://www.ncbi.nlm.nih.gov/pubmed/24843412
http://doi.org/10.2215/CJN.11491116
http://www.ncbi.nlm.nih.gov/pubmed/28522654
http://doi.org/10.1042/CS20120198
http://doi.org/10.1007/s40620-020-00749-6
http://www.ncbi.nlm.nih.gov/pubmed/32447617
http://doi.org/10.1007/s11892-017-0879-y
http://doi.org/10.1007/s00125-016-3925-4
http://doi.org/10.1038/nrneph.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28405009
http://doi.org/10.2215/CJN.09810913
http://www.ncbi.nlm.nih.gov/pubmed/24832096
http://doi.org/10.2215/CJN.08410814
http://www.ncbi.nlm.nih.gov/pubmed/25931456
http://doi.org/10.1053/j.ajkd.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25236582
http://doi.org/10.1016/j.mayocp.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25792243
http://doi.org/10.1681/ASN.2017010020
http://www.ncbi.nlm.nih.gov/pubmed/29038285
http://doi.org/10.1186/s41100-019-0209-8
http://doi.org/10.1016/j.kint.2020.06.019
http://doi.org/10.1152/ajprenal.90548.2008
http://doi.org/10.1155/2012/702948
http://www.ncbi.nlm.nih.gov/pubmed/22899901
http://doi.org/10.1371/journal.pone.0138037
http://www.ncbi.nlm.nih.gov/pubmed/26379244
http://doi.org/10.1152/ajpheart.2001.280.3.H1301
http://www.ncbi.nlm.nih.gov/pubmed/11179077
http://doi.org/10.1038/s41598-020-68455-8
http://www.ncbi.nlm.nih.gov/pubmed/32661254
http://doi.org/10.18632/aging.103410
http://www.ncbi.nlm.nih.gov/pubmed/32507768
http://doi.org/10.2337/db10-0386
http://www.ncbi.nlm.nih.gov/pubmed/21270273
http://doi.org/10.1097/01.ASN.0000077412.07578.44
http://doi.org/10.1016/j.redox.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24024172

Antioxidants 2021, 10, 1754 12 of 12

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Shopit, A.; Niu, M.; Wang, H.; Tang, Z.; Li, X.; Tesfaldet, T.; Ai, J.; Ahmad, N.; Al-Azab, M.; Tang, Z. Protection of diabetes-induced
kidney injury by phosphocreatine via the regulation of ERK/Nrf2/HO-1 signaling pathway. Life Sci. 2020, 242, 117248. [CrossRef]
[PubMed]

Kamijo-Tkemori, A.; Sugaya, T.; Ichikawa, D.; Hoshino, S.; Matsui, K.; Yokoyama, T.; Yasuda, T.; Hirata, K.; Kimura, K. Urinary
liver type fatty acid binding protein in diabetic nephropathy. Clin. Chim. Acta 2013, 424, 104-108. [CrossRef]

Kume, S.; Koya, D.; Uzu, T.; Maegawa, H. Role of nutrient-sensing signals in the pathogenesis of diabetic nephropathy. Biomed.
Res. Int. 2014, 2014, 315494. [CrossRef] [PubMed]

Tagawa, A.; Yasuda, M.; Kume, S.; Yamahara, K.; Nakazawa, ].; Chin-Kanasaki, M.; Araki, H.; Araki, S.; Koya, D.;
Asanuma, K.; et al. Impaired Podocyte Autophagy Exacerbates Proteinuria in Diabetic Nephropathy. Diabetes 2016, 65, 755-767.
[CrossRef]

Yamahara, K.; Kume, S.; Koya, D.; Tanaka, Y.; Morita, Y.; Chin-Kanasaki, M.; Araki, H.; Isshiki, K.; Araki, S.; Haneda, M.; et al.
Obesity-mediated autophagy insufficiency exacerbates proteinuria-induced tubulointerstitial lesions. J. Am. Soc. Nephrol. 2013,
24,1769-1781. [CrossRef] [PubMed]

Kitada, M.; Koya, D. Autophagy in metabolic disease and ageing. Nat. Rev. Endocrinol. 2021, 17, 189-190. [CrossRef] [PubMed]

Juszczak, F; Vlassembrouck, M.; Botton, O.; Zwakhals, T.; Decarnoncle, M.; Tassin, A.; Caron, N.; Decleves, A.E. Delayed Exercise
Training Improves Obesity-Induced Chronic Kidney Disease by Activating AMPK Pathway in High-Fat Diet-Fed Mice. Int. J.
Mol. Sci. 2020, 22, 350. [CrossRef] [PubMed]

Peng, H.; Wang, Q.; Lou, T.; Qin, J.; Jung, S.; Shetty, V.; Li, F; Wang, Y.; Feng, X.H.; Mitch, W.E.; et al. Myokine mediated
muscle-kidney crosstalk suppresses metabolic reprogramming and fibrosis in damaged kidneys. Nat. Commun. 2017, 8, 1493.
[CrossRef] [PubMed]

Xin, C; Liu, J.; Zhang, J.; Zhu, D.; Wang, H.; Xiong, L.; Lee, Y.; Ye, J.; Lian, K.; Xu, C.; et al. Irisin improves fatty acid oxidation
and glucose utilization in type 2 diabetes by regulating the AMPK signaling pathway. Int. J. Obes. 2016, 40, 443-451. [CrossRef]
[PubMed]

Deng, J.; Zhang, N.; Chen, E; Yang, C.; Ning, H.; Xiao, C.; Sun, K,; Liu, Y,; Yang, M.; Hu, T.; et al. Irisin ameliorates high
glucose-induced cardiomyocytes injury via AMPK/mTOR signal pathway. Cell Biol. Int. 2020, 44, 2315-2325. [CrossRef]
[PubMed]

Yu, Q.; Kou, W,; Xu, X;; Zhou, S.; Luan, P; Xu, X,; Li, H.; Zhuang, J.; Wang, J.; Zhao, Y.; et al. FNDC5/Irisin inhibits pathological
cardiac hypertrophy. Clin. Sci. 2019, 133, 611-627. [CrossRef] [PubMed]


http://doi.org/10.1016/j.lfs.2019.117248
http://www.ncbi.nlm.nih.gov/pubmed/31899224
http://doi.org/10.1016/j.cca.2013.05.020
http://doi.org/10.1155/2014/315494
http://www.ncbi.nlm.nih.gov/pubmed/25126552
http://doi.org/10.2337/db15-0473
http://doi.org/10.1681/ASN.2012111080
http://www.ncbi.nlm.nih.gov/pubmed/24092929
http://doi.org/10.1038/s41574-021-00551-9
http://www.ncbi.nlm.nih.gov/pubmed/34508250
http://doi.org/10.3390/ijms22010350
http://www.ncbi.nlm.nih.gov/pubmed/33396267
http://doi.org/10.1038/s41467-017-01646-6
http://www.ncbi.nlm.nih.gov/pubmed/29138395
http://doi.org/10.1038/ijo.2015.199
http://www.ncbi.nlm.nih.gov/pubmed/26403433
http://doi.org/10.1002/cbin.11441
http://www.ncbi.nlm.nih.gov/pubmed/32770767
http://doi.org/10.1042/CS20190016
http://www.ncbi.nlm.nih.gov/pubmed/30782608

	Introduction 
	Materials and Methods 
	Antibodies 
	Experimental Animals 
	Experimental Protocol 
	Biochemical Measurements 
	Morphological Analysis and Transmission Electron Microscopy 
	Immunoblot Analysis and Real-Time Polymerase Chain Reaction (PCR) 
	Statistical Analysis 

	Results 
	Characteristics of the Experimental Rats 
	Changes in Renal Fibrosis and Tubular Cell Damage 
	Changes in Inflammation in the Kidney 
	Changes in Oxidative Stress in the Kidney 
	Changes in Mitochondrial Morphology, Apoptosis, and Autophagy in the Kidney 

	Discussion 
	Conclusions 
	References

