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Abstract

Aims/hypothesis The efficacy of a low-protein diet (LPD) on
diabetic nephropathy is controversial. We aimed to investigate
the renoprotective effects of an LPD and the underlying mo-
lecular mechanism in a rat model of type 2 diabetes and
obesity.

Methods Diabetic male Wistar fatty (fa/fa) rats (WFRs) were
treated with a standard diet (23.84% protein) or an LPD
(5.77% protein) for 20 weeks from 24 weeks of age. We in-
vestigated the effect of the LPD on renal function, fibrosis,
tubular cell damage, inflammation, mitochondrial morpholo-
gy of proximal tubular cells (PTCs), apoptosis, autophagy and
activation of mammalian target of rapamycin complex 1
(mTORC1).

Results Kidney weight, albuminuria, excretion of urinary
liver-type fatty acid binding protein, levels of plasma cystatin
C and changes in renal histology, including fibrosis, tubular
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cell damage and inflammation, were aggravated in WFRs
compared with non-diabetic Wistar lean rats (WLRs).
Fragmented and swelling mitochondria accumulated in
PTCs and apoptosis were enhanced in the kidney of WFRs.
Immunohistochemical staining of p62 and p-S6 ribosomal
protein (p-S6RP) in the tubular lesions of WFRs was in-
creased compared with WLRs. The LPD intervention clearly
ameliorated damage as shown by the assessment of renal func-
tion and histology, particularly tubulointerstitial damage in
diabetic kidneys. Additionally, the 5.77% LPD, but not the
11.46% LPD, significantly suppressed p-S6RP levels and in-
creased microtubule-associated protein light chain 3-II levels
in the renal cortex. The LPD intervention partially decreased
HbA | levels in WFRs, and no differences in mean BP were
observed among any of the groups.
Conclusions/interpretation A very-low-protein diet improved
advanced diabetic renal injuries, including tubulointerstitial
damage, by restoring autophagy through the suppression of
the mTORCI1 pathway.

Keywords Autophagy - Diabetic nephropathy - Low-protein
diet - Mammalian target of rapamycin complex 1 - Wistar fatty
rat

Abbreviations

FGF21 Fibroblast growth factor 21

GFP Green fluorescent protein

HFD High-fat diet

IPGTT Intraperitoneal glucose tolerance test

IPITT Intraperitoneal insulin tolerance test

KIM-1 Kidney injury molecule-1

L-FABP  Liver-type fatty acid binding protein

LC3 Microtubule-associated protein light chain 3
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LPD Low-protein diet

MCP-1 Monocyte chemotactic protein 1
MT Masson’s trichrome

mTORC1 Mammalian target of rapamycin complex 1
PAS Periodic acid—Schiff

PTCs Proximal tubular cells

S6RP S6 ribosomal protein

STD Standard diet

TLR2 Toll-like receptor 2

VLPD Very-low-protein diet

WEFRs Wistar fatty rats

WLRs Wistar lean rats

Introduction

Diabetic nephropathy develops in 40% of patients with diabe-
tes and remains the leading cause of end-stage kidney disease
worldwide [1]. Multifactorial management, including diet
therapy and glycaemic, BP and lipid control, is recommended
for diabetic nephropathy. Regarding diet therapy, the efficacy
of a low-protein diet (LPD) for advanced diabetic nephropathy
remains controversial [2]. Previous clinical studies have not
consistently shown beneficial effects of an LPD for the pres-
ervation of renal function in diabetic nephropathy [3-8].
However, other studies have shown that an LPD has beneficial
effects in slowing the progressive decline in renal function [9,
10]. Nezu et al showed that an LPD for diabetic nephropathy
improves the estimated glomerular filtration rate when pa-
tients adhere to a protein-restricted diet [11]. However, LPD
adherence is often poor [3, 11], which has contributed to the
controversial results of previous clinical studies. In addition,
the amount of protein restriction would be expected to be
important for renoprotection. Ideura et al reported that a
very-low-protein diet (VLPD) consisting of less than
0.5 g kg ' day ' in the absence of malnutrition significantly
suppressed renal dysfunction in patients with chronic glomer-
ular nephritis who had serum creatinine levels of more than
530.6 umol/l [12]. Thus, an LPD, particularly a VLPD with-
out malnutrition, should have beneficial effects on advanced
diabetic nephropathy as well as on chronic glomerular nephri-
tis. Furthermore, regarding the mechanisms underlying the
renoprotective effects of an LPD, data from previous animal
experiments have shown that the main effects of an LPD
might be to prevent the onset of diabetic nephropathy by im-
proving abnormal metabolic factors and haemodynamics
through multiple mechanisms, including improvements in
glomerular hypertension, capillary resistance and hypertrophy
[13—17]. The degree of tubulointerstitial damage rather than
glomerular damage is predictively related to renal function
decline [18-20]. However, the detailed molecular mecha-
nisms underlying the effect of an LPD on renal tubular cells
remain unclear. Furthermore, it has never been reported

@ Springer

whether interventional treatment with an LPD improves ad-
vanced diabetic nephropathy.

Autophagy is a lysosomal degradation pathway that
removes protein aggregates and damaged or excess organelles
such as mitochondria, thereby contributing to the maintenance
of intracellular homeostasis under various stress conditions
[21]. Impairment of autophagy is observed in renal cells, in-
cluding tubular cells, and is implicated in the pathogenesis of
kidney diseases, including diabetic nephropathy. Therefore,
improvement of autophagy should be the therapeutic target
for diabetic nephropathy. Nutrient-sensing pathways that de-
pend on extracellular nutrient conditions are recognised as
factors that regulate autophagy [22, 23]. The mammalian tar-
get of rapamycin complex 1 (mTORC1) pathway is activated
by a state of overnutrition, resulting in the suppression of
autophagy. Previous reports have shown that mTORCI1 activ-
ity is increased in renal cells, including tubular cells, in the
diabetic state [24-26]. Because amino acids are recognised as
mTORCI activators [27], an LPD, which involves amino acid
restriction, should suppress the mMTORC1 pathway. Therefore,
we hypothesised that an LPD might activate autophagy by
inhibiting the mTORC1 pathway in renal cells, particularly
tubular cells, thereby leading to renoprotection during diabetic
nephropathy. To examine this hypothesis, we characterised the
effects of an interventional VLPD on advanced diabetic ne-
phropathy in Wistar fatty (fa/fa) rats (WFRs), an animal model
of type 2 diabetes and obesity.

Methods

Materials For details regarding materials, please refer to the
electronic supplementary material (ESM) Methods.

Experimental animals Male and female Wistar lean (fa/+)
rats (WLRs) were provided by the Takeda Pharmaceutical
Company Biological Institute (Osaka, Japan) [28] and main-
tained at Kanazawa Medical University. Male diabetic WFRs
and age-matched non-diabetic WLRs were used. At 24 weeks
of age, the rats were divided into four groups: (1) WLRs fed a
standard diet (STD); (2) WLRs fed an LPD; (3) WFRs fed an
STD; and (4) WFRs fed an LPD. The STD comprised 23.84%
protein, 16.80% fat, 59.36% carbohydrates and 14.85 kJ/g
energy. The LPD comprised 5.77% protein, 16.48% fat,
77.75% carbohydrates and 14.81 kJ/g energy. The dietary in-
tervention was performed for 20 weeks. We also used chow
comprising 11.46% protein, 16.58% fat, 71.97% carbohy-
drates and 14.81 kJ/g energy for some experiments, and some
WEFRs were fed 30% calorie-restricted chow during the exper-
imental period.

The Research Center for Animal Life Science of Kanazawa
Medical University approved all experiments, and all
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experiments were performed in accordance with relevant
guidelines and regulation (for further details, see ESM
Methods.).

Biochemical measurements HbA . levels were measured
using a DCA 2000 Analyzer (Siemens Medical Solutions
Diagnostics, Tokyo, Japan) at the end of the experiment. An
intraperitoneal glucose tolerance test (IPGTT) and an intraperi-
toneal insulin tolerance test (IPITT) were performed at 20 weeks
of intervention, as previously described [29]. Urinary albumin
and liver-type fatty acid binding protein (L-FABP), plasma
cystatin C, insulin and fibroblast growth factor 21 (FGF21)
levels were measured using ELISA kits (see ESM Methods).

Morphological analysis and immunohistochemistry,
western blot analysis and real-time PCR The kidney
sections were stained with Masson’s trichrome (MT)/periodic
acid—Schiff (PAS) reagent, and immunohistochemical staining
was performed using antibodies against CD68 (1:50), kidney
injury molecule-1 (KIM-1) (1:100), p62 (1:100) and p-S6 ribo-
somal protein (S6RP) (1:100), as previously described [28, 30,
31]. (For further details of morphological and immunohisto-
chemical analysis, see ESM Methods.) Western blotting was
performed using antibodies to cleaved caspase-3 (1:1000), 3-
actin (1:1000), p-S6RP (1:1000), S6RP (1:1000), p-Akt
(1:1000), Akt (1:1000) and microtubule-associated protein
light chain 3 (LC3)-I/IT (1:1000). The isolation of total RNA
from the renal cortex, cDNA synthesis and quantitative real-
time PCR were performed, as previously described [28].
TagMan probes for type III collagen, CD68, IL-6, TNF-c,
monocyte chemotactic protein 1 (MCP-1) and toll-like receptor
2 (TLR2) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). The analytical data were adjusted to
the levels of 18S mRNA expression as an internal control.

Transmission electron microscopy Mitochondrial morphol-
ogy and fragmented mitochondria in the proximal tubular
cells (PTCs) were observed using transmission electron mi-
croscopy, as previously described [28, 32]. (For further details
regarding electron microscopic mitochondrial morphology,
see ESM Methods.)

Monitoring autophagosomes in renal proximal tubular
cells using LC3—green fluorescent protein transgenic mice
Male LC3-green fluorescent protein (GFP) mice (C57BL/6
background) were obtained from Riken BioResource Center
(Ibaraki, Japan). Twelve-week-old mice were fed an STD or a
high-fat diet (HFD) for 4 weeks; a subset of HFD-fed mice
were then switched to an LPD for 2 days. After 48 h of star-
vation, we determined the autophagy in PTCs, as previously
described [33].

Statistical analysis Data are expressed as means + SD.
ANOVA followed by Tukey’s multiple comparison test was
used to determine the significance of pairwise differences among
three or more groups, and Student’s ¢ test was used for unpaired
comparisons. A p value of <0.05 was considered significant.

Results

Characteristics of the experimental rats The whole-body,
fat and kidney weights of the WFRs were significantly higher
in comparison with other groups (Fig. 1a—c) after the 20 week
intervention. The mean BP was not significantly changed in
any of the groups (Fig. 1d). WFRs exhibited significantly
elevated HbA | compared with WLRs, and the LPD induced
a partial improvement in HbA . levels in WFRs after the in-
tervention (Fig. 1e). Fasting plasma insulin levels were higher
in WFRs compared with WLRs, and there were no differences
between WFRs and LPD-fed WFRs (Fig. 1f). Mean food
intake was 15.5% lower in LPD-fed WFRs compared with
STD-fed WFRs during the experimental period (Fig. 1g).
The results of the IPGTT showed no statistically significant
difference between WFRs and LPD-fed WFRs (Fig. 1h, i).
However, the AUC for the IPITT was significantly decreased
in LPD-fed WFRs compared with STD-fed WFRs (Fig. 1j, k).
Plasma fasting total cholesterol and triacylglycerol levels were
also significantly elevated in WFRs compared with WLRs
(Fig. 11, m) after the intervention. Increases in total cholesterol
levels of WFRs were reduced by the LPD; however, the LPD
did not lead to a statistically significant difference in the triac-
ylglycerol levels of WFRs (Fig. 11, m). The plasma FGF21
concentration was measured after a 16 h fast and at postpran-
dial times. No differences were observed in fasting FGF21
levels in the four groups. Although plasma FGF21 levels were
markedly reduced after food intake in WLRs and STD-fed
WEFRs, these effects were not observed after food intake in
LPD-fed WLRs and WFRs (Fig. 1n).

Changes in urinary albumin and L-FABP excretion and
plasma cystatin C At 24 weeks of age, urinary albumin/
creatinine and L-FABP/creatinine ratios were both already
higher in WFRs than in WLRs (Fig. 2a, b). Levels of urinary
albumin and L-FABP excretion in WFRs were markedly in-
creased compared with WLRs after the 20 week LPD interven-
tion (Fig. 2a, b). The LPD clearly reduced the urinary albumin
and L-FABP excretion levels in WFRs, but 30% calorie restric-
tion did not have the same effect (Fig. 2a, b). Additionally, uri-
nary L-FABP excretion values were significantly improved after
the 20 week LPD intervention compared with the values in 24-
week-old WFRs. However, urinary albumin excretion values
after the LPD intervention remained at almost the same levels
as those observed in 24-week-old WFRs. After the intervention,
plasma cystatin C levels were also significantly higher in WFRs
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Fig. 1 Characteristics of rats. (a) Whole-body weight, (b) fat weight, (c)
kidney weight and (d) mean BP (MBP) after the 20 week intervention
(n=7-9). (e) HbA, levels (n="7-9) and (f) fasting plasma insulin levels
(n=4-6) following the intervention. (g) Food intake during the experi-
mental periods (n="7-9). (h) Data from the IPGTT and (j) IPITT, and (i)
AUCs for the IPGTT and (k) IPITT after the intervention (n=3). (I)
Levels of fasting total cholesterol (T-CHO) (n =4-6), (m) triacylglycerol
(TG) (n=4-6) and (n) fasting or postprandial plasma FGF21 after the

than in WLRs, and LPD intervention restored these levels in
WFRs (Fig. 2c¢).

Changes in renal fibrosis and tubular cell damage
Representative photographs of whole kidneys and

intervention (n=3-4). Data shown are means+SD. *p<0.05,
**p<0.01, ¥**¥*p<0.001 vs the indicated groups. White circles, WLRs;
white triangles, WLRs + LPD; black circles, WFRs; black triangles,
WFRs +LPD. Tp<0.05 vs WLRs and WLRs+LPD; ¥p<0.01 vs
WLRs and WLRs+ LPD; ﬂp <0.05 vs WFRs +LPD; W, week. To con-
vert values for HbA;. in DCCT % into mmol/mol, subtract 2.15 and
multiply by 10.929

photomicrographs of MT-stained kidney sections from 24-
week-old rats showed renal hypertrophy in WFRs (Fig. 3a).
The renal fibrosis observed using M T staining and the mRNA
expression of type III collagen were shown to be higher in the
kidneys of WFRs compared with WLRs at this time (Fig. 3b—
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Fig. 2 Changes in renal function of rats. (a) Urinary albumin/creatinine
(Cr) ratio and (b) L-FABP/Cr ratio at 24 weeks of age and after the
intervention (n="7-9) (WFRs+30% calorie restriction [CR], n=23). (¢)
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Plasma cystatin C levels after the intervention (n=7-9). Data shown are
means + SD. *p <0.05, ¥***p <0.001 vs indicated groups
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Fig. 3 Changes in renal fibrosis and tubular cell damage at 24 weeks of
age. (a) Representative photographs of whole kidneys and MT-stained
(x4) kidney sections. (b) MT staining of tubulointerstitial area (scale bars,
1 mm) and glomeruli (scale bars, 100 um), PAS staining for the evalua-
tion of tubular cell damage (scale bars, 200 um) and immunohistochem-
istry for KIM-1 (scale bars, 1 mm). (¢) Tubulointerstitial scores (n=3)
and (d) glomerular fibrotic scores, obtained using M T staining. (¢) mRNA

e). The tubular cell damage scores evaluated by PAS staining
and KIM-1 immunohistochemical staining and mRNA ex-
pression were also already significantly higher in WFRs than
in WLRs (Fig. 3b, f~h). After the 20 week LPD intervention,
the kidneys of WFRs were markedly larger than those of
WLRs (Fig. 4a), and renal fibrosis and tubular cell damage
were consistently increased in the kidneys of WFRs compared
with WLRs (Fig. 4b-h). LPD intervention clearly improved
all these advanced renal injuries in WFRs.

Changes in inflammation in the kidney CD68 immunohis-
tochemical staining scores in tubulointerstitial lesions and
mRNA expression inflammation-related genes including
Cd68, Mcpl (also known as Ccl2), Tnfa (also known as Tnf)
and 77r2 in the renal cortex were already significantly higher in
WFRs compared with WLRs in 24-week-old rats (Fig. Sa—f).
After the 20 week experimental period, renal inflammation, as
indicated by CD68 immunohistochemical staining and mRNA
expression of Cd68, Mcpl, Tnfa, Tlr2 and 116, was consistently
aggravated in the renal cortex of WFRs compared with WLRs
(Fig. 5g—m). However, LPD intervention almost completely
abrogated the renal inflammation in WFRs.

expression of type III collagen adjusted to 18S levels in the renal cortex at
24 weeks of age (n=3). (f) Tubular cell damage scores obtained using
PAS staining (n=3). (g) Semi-quantification of KIM-1 staining scores
(n=3). (h) mRNA expression of KimI normalised to 18S levels in the
renal cortex (n=3). Data shown are means = SD. *p <0.05, ***p <0.001
vs other groups

Alterations in mitochondrial morphology in PTCs,
glomerular basement membrane and podocytes, and
apoptosis in the kidney Mitochondrial morphology was
altered in PTCs of WFRs: fragmented mitochondria, mitochon-
drial swelling and increased numbers of PTCs without elongated
mitochondria were observed (Fig. 6a, b). The LPD improved the
alterations in mitochondrial morphology, and autophagosomes
were observed in LPD-fed WFRs (Fig. 6a). The thickness of the
glomerular basement membrane was markedly increased in
WEFRs, and podocyte foot process effacement was observed in
the glomeruli of WFRs. The changes in glomerular basement
membrane and podocyte foot process in WFRs were corrected
by LPD treatment (Fig. 6¢). Additionally, apoptosis, as deter-
mined by cleaved caspase 3 content, was increased in the renal
cortex of WFRs, and the LPD improved the apoptosis in WFRs

(Fig. 6d, e).

Changes in autophagy and mTORC1 pathway activation
in the kidney Immunohistochemical staining for p62 was
significantly enhanced in both tubular lesions and glomerular
podocytes of WFRs, and the LPD ameliorated p62 staining
intensity in the kidneys of WFRs (Fig. 7a, b).
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Fig. 4 Changes in renal fibrosis

and tubular cell damage after the

LPD intervention. (a)

Representative photographs of

whole kidneys and M T-stained

(x4) kidney sections. (b) MT

staining of tubulointerstitial area

(scale bars, 1 mm) and glomeruli

(scale bar, 100 pm), PAS staining

for the evaluation of tubular cell

damage (scale bars, 200 um) and
immunohistochemistry for KIM-

1 (scale bars, 1 mm). (c)

Tubulointerstitial scores (n=3),

and (d) glomerular fibrotic scores b
(n=3), obtained using MT
staining. (¢) mRNA expression of
type 3 collagen adjusted to 18S
levels in the renal cortex (n=23).
(f) Tubular cell damage scores
obtained using PAS staining
(n=3). (g) Semi-quantification of
KIM-1 staining scores (n=3). (h)

Tubulointerstitial

MT

mRNA expression of Kim/ § :
normalised to 18S levels in the 5
renal cortex (n=7-9). Data ©
shown are means + SD.
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Immunohistochemical staining for p-S6RP (a downstream
molecule of mTORC1) was also increased in both tubular
lesions and glomerular podocytes of WFRs, and LPD de-
creased the staining to a level similar to that observed in
WLRs (Fig. 7a, c). Levels of p-S6RP were increased in the
renal cortex of WFRs compared with WLRs, but were

@ Springer

d e
kK Kkk <
a g 4 E 4 *kk
g8 =E°
o ? §c?
5B 1 -
OL o 50
WFRs WLRs WFRs o WLRs WFRs
-+ LPD - + - + LPD - + - +
*kk 9_) 6 o < 20 Hkk
5 2
- & 4 T
S o € 10
= c 2 ~—
X c £ 5
g0 X o
WFR WLRs WFR WLRs WFR
AR Lpp % YRR tpp Sy TR

significantly decreased after switching the diet from STD to
5.77% LPD for as little as 2 weeks (Fig. 7d, e). In addition,
there was no difference in p-Akt protein levels between STD-
and LPD-fed WFRs (Fig. 7d, f). LC3-II levels were also sig-
nificantly increased by the LPD, indicating that LPD induced
autophagy in the renal cortex (Fig. 7d, g). However, the
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11.46% LPD did not induce suppression of p-S6RP or in-
crease in LC3-II levels in the kidneys (Fig. 7h—j).

In addition, mice fed an HFD for 4 weeks showed a
decrease in 48 h starvation-induced autophagy in PTCs
compared with mice fed an STD. However, in these mice,
switching from HFD to LPD for 2 days restored the
starvation-induced autophagy in PTCs. Thus, the LPD induced
autophagy in the PTCs of LC3—GFP transgenic mice (Fig. 7k).

Discussion

In this study we demonstrated that dietary intervention with an
LPD dramatically improved advanced diabetes-induced renal
injuries by restoring autophagy through the suppression of
mTORCI.

LPD intervention clearly suppressed the increase in urinary
albumin and L-FABP excretion and decline in renal function
in WFRs. Furthermore, LPD intervention led to improvement
in all indicators of renal injury during the progression of dia-
betic nephropathy, particularly in tubulointerstitial lesions. In
addition, we evaluated the effect of 30% calorie restriction in
WFEFRs to estimate the effect of decreased food intake on dia-
betic nephropathy, because the mean food intake in LPD-fed

WERs was 15.5% less than that of STD-fed WFRs during the
experimental period. Both urinary albumin and L-FABP ex-
cretion in calorie-restricted WFRs were partially reduced, but
no statistically significant difference was observed compared
with STD-fed WFRs. HbA . levels in 30% calorie-restricted
WEFRs were 5.4+0.26% (35.52 +2.89 mmol/mol), a level that
was significantly lower than those of STD-fed WFRs and not
significantly different from LPD-fed WFRs. Increased levels
of urinary albumin and L-FABP excretion were almost
completely prevented in LPD-fed WFRs, whereas HbA
levels in both calorie-restricted WFRs and LPD-fed WFRs
were only moderately reduced. Furthermore, urinary L-
FABP excretion in WFRs, which was already elevated at
24 weeks of age, significantly improved after LPD interven-
tion, and LPD intervention inhibited the progression to higher
levels of albuminuria in WFRs after 20 weeks of intervention.
Thus, although dietary therapy for diabetes basically involves
calorie restriction, LPD intervention might provide a greater
renoprotective effect, particularly tubulointerstitial protection,
in advanced diabetic nephropathy, compared with calorie re-
striction, and this effect might be independent of glucose
levels. Because tubulointerstitial injury is important in the
progression of kidney diseases, including diabetic nephropa-
thy, our data showing that LPD improved tubulointerstitial
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Fig. 6 Morphology of
mitochondria in PTCs,
glomerular basement membrane
(GBM) and podocyte foot
process, and apoptosis. (a)
Representative transmission
electron microscopy images of
PTCs (scale bar, 500 nm). The
arrows indicate fragmented
mitochondria, and the arrowheads
indicate swollen mitochondria;
autophagosomes are also shown.
(b) The ratio of PTCs without
elongation of mitochondria to
total PTCs. (¢) Representative
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transmission electron microscopy
images of GBM thickness and
podocyte foot process effacement
(scale bar, 2 um). The arrowheads
indicate GBM thickness, and the
arrows indicate podocyte foot
process effacement. (d)
Representative western blots of /
cleaved caspase 3 content and (e) /
the quantitative ratios of cleaved
caspase 3 to [3-actin in the renal
cortex (n=3). Data shown are
means + SD. ***p <0.001 vs
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injury in advanced diabetic nephropathy should have a strong
impact.

Autophagy plays a crucial role in maintaining mitochon-
drial quality through the lysosomal degradation of damaged
mitochondria under various stress conditions [34-36].
Therefore, impaired autophagy contributes to the accumula-
tion of damaged mitochondria, resulting in increased mito-
chondrial oxidative stress, inflammation and apoptosis. In re-
nal tubular cells, basal autophagy activity is less than that in
other renal cells, such as glomerular podocytes [37]. However,
autophagy in renal tubular cells is induced through cellular
stresses, including hypoxia and proteinuria, and the activation
of autophagy protects tubular cells from cellular dysfunction
and apoptosis. Previous studies have shown that the impair-
ment of autophagy is associated with the pathogenesis of kid-
ney diseases, including HFD-induced renal dysfunction [30],
ageing kidneys [31] and diabetic nephropathy [28]. In this
study we showed that fragmented mitochondria accumulated
in diabetic PTCs, possibly due to impaired autophagy, resulted
in increased apoptosis. In addition to the effects in PTCs,
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podocyte abnormalities, including foot process effacement,
were observed in WFRs. These abnormalities were also likely
to be associated with the impairment of autophagy, as indicat-
ed by enhanced immunohistochemical staining for p62.

The mTORC1 pathway is recognised as an autophagy reg-
ulatory factor, and overnutrition-induced activation of the
mTORCI1 pathway suppresses autophagy [34]. Previously,
Yamahara et al showed that obesity-mediated autophagy in-
sufficiency exacerbates proteinuria-induced tubulointerstitial
lesions by causing hyperactivation of mMTORCI1 in an HFD-
induced obesity mouse model [30]. Therefore, the restoration
of autophagy through the inhibition of mTORCI activity in
the kidney is a novel therapeutic target for renoprotection in
diabetic nephropathy. mTORC] activation is positively regu-
lated by growth factors such as insulin. Amino acids are also
recognised as mTORCI stimulators, and their depletion
strongly induces autophagy. Grumati et al showed that type
VI collagen-deficient mice (Col6al ") with muscular dystro-
phies have impaired autophagy, resulting in myofibre degen-
eration associated with dysfunctional mitochondria and
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Fig.7 Changes in autophagy and
mTORCI pathway in the kidney.
(a) Representative photographs of
immunohistochemistry for p62
and p-S6RP in tubular lesions
(scale bar, 200 um) and glomeruli
(scale bar, 100 um) (n=3). (b)
Semi-quantification of p62 and
(¢) p-S6RP staining scores in
tubulointerstitial lesions (n=3).
(d) Representative western blots
of p-S6RP, S6RP,

p-Akt, Akt, LC3-I/II and f(3-actin
in the renal cortex after switching
from an STD to the 5.77% LPD
for 2 weeks. (e) Quantitative
ratios of p-S6RP to S6RP, (f) fold
change of p-Akt and (g) LC3-1I to
those of STD-fed WLRs (n=3).
(h) Representative western blots
of p-S6RP, S6RP and LC3-V1I in
the renal cortex after switching
from an STD to the 11.46% LPD
for 2 weeks. (i) Quantitative ratios
of p-S6RP to S6RP and (j) levels
of LC3-II (n=3). Data shown are
means + SD. *p <0.05,

**%p <0.001 vs the indicated
groups (e, g) or vs the WLRs (f, i).
(k) LPD induces autophagy in
PTCs of HFD-induced obese
mice. Representative images of
PTCs in the kidneys of LC3—GFP
transgenic mice after 48 h
starvation following: (1) an STD
for 4 weeks; (2) an HFD for

4 weeks; (3) a 5.77% LPD for

2 days after HFD for 4 weeks.
The arrows indicate the LC3—
GFP-positive puncta
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spontaneous apoptosis [38]. An LPD (5%) restored myofibre
survival and ameliorated the dystrophic phenotype in
Col6al™" mice by inducing autophagy, which removed the
structurally abnormal mitochondria in a manner similar to that
of rapamycin, an mTOR inhibitor. Similarly, we showed that a
5.77% LPD decreased abnormal mitochondria in diabetic
PTCs by restoring autophagy through the suppression of the
mTORCI1 pathway, which led to improvement in the features
of diabetic nephropathy. In addition to renal tubular cells,
increased immunohistochemical staining for p62 and p-
S6RP in glomerular podocytes was observed. Previous studies
have shown that the activation of mTORCI in glomerular
podocytes plays a crucial role in the pathogenesis of diabetic
nephropathy [25, 26]. However, it remains unclear whether
mTORCI activation in podocytes contributes to the suppres-
sion of autophagy in diabetes. We propose that reduced albu-
minuria in WFRs reflects LPD-induced restoration of autoph-
agy induced by the suppression of the mTORCI1 pathway in
podocytes. Furthermore, the 5.77% LPD suppressed the
mTORCI pathway and induced autophagy independently of
Akt activation in WFRs. However, the 11.46% LPD did not
suppress p-S6RP levels and induce autophagy in the renal
cortex. These data indicate that a VLPD (a 5.77% VLPD,
but not an 11.46% LPD) is needed to suppress the mTORC1
pathway and induce autophagy in the kidney.

An LPD may affect metabolism, on the basis that it represents
a high-carbohydrate diet compared with an STD. However, re-
cent studies in mice have shown that ad libitum high-
carbohydrate LPDs improve glucose and lipid metabolism and
longevity [39]. In the present study, body weight, fat weight,
HbA,. and total cholesterol levels were reduced in LPD-fed
WEFRs compared with STD-fed WFRs. Additionally, the in-
creased levels of FGF21 may be related to LPD-induced meta-
bolic improvement. Laeger et al demonstrated that serum levels
of FGF21 specifically increased on exposure to an LPD, regard-
less of overall calorie intake, in both rodents and humans [40].
FGF21 exerts beneficial effects on energy metabolism, such as
increasing glucose uptake into adipose tissue and lowering body
weight through increased energy expenditure [41]. Although no
differences in fasting FGF21 levels were observed among the
four groups, the non-fasting FGF21 levels in both WLRs and
LPD-fed WFRs were not reduced; however, they were decreased
in WLRs and STD-fed WFRs. Thus, we propose that both food
intake reduction and continuous high levels of FGF21 might be
associated with lowering blood glucose levels and body and fat
weight in WFRs.

In conclusion, this study clearly indicates that VLPD is a
beneficial diet therapy for the improvement of advanced dia-
betic nephropathy by restoring autophagy through the sup-
pression of the mMTORC1 pathway in an animal model of type
2 diabetes and obesity. Some patients with advanced diabetic
nephropathy rapidly progress to end-stage kidney disease, de-
spite having received adequate multifactorial treatment.

@ Springer

Therefore, a VLPD without malnutrition should be further
considered as a clinically relevant means of suppressing the
decline in renal function during advanced diabetic nephropa-
thy. However, there may be some issues associated with long-
term use of a VLPD in patients, including sarcopenia, frailty
or protein-energy wasting, as well as issues associated with
adherence to a VLPD. It is also still unknown which amino
acids should be restricted for the greatest renoprotection.
Therefore, further studies are needed to resolve these points
and to develop more useful dietary protocols or replacements
for VLPD for advanced stages of diabetic nephropathy.
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