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Abstract
Diabetic nephropathy, which is characterized by increased albuminuria, has been the most common cause of end-stage kidney 
disease for many years in Japan and many other countries. Although the renal prognosis of the disease has been improving 
in recent years because of the clinical implementation of strict glucose, blood pressure, and lipid controls, some diabetes 
patients continue to exhibit treatment-resistant macroalbuminuria leading to end-stage kidney disease. Furthermore, renal 
function decline without macroalbuminuria in diabetes is an emerging issue in Japan, which might be partly due to aging. 
Thus, a novel therapeutic strategy is needed to further improve renal outcome in diabetes patients. We have recently reported 
the involvement of dysregulation of intracellular nutrient-sensing signals and the related cellular process, autophagy, in 
the pathogenesis of diabetic nephropathy and abnormal insulin secretion pattern in type 2 diabetes. This review discusses 
potential roles of intracellular nutrient-sensing signals and autophagy as novel therapeutic targets for type 2 diabetes and 
diabetic nephropathy.
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Introduction

Metabolic alterations mediated by deficient insulin action 
cause vascular damage, leading to life-threatening diabetic 
complications such as diabetic nephropathy. Endothelial 
damage is thought to be a primary event in the onset of 
diabetic vascular complications [1]. During the develop-
ment of typical diabetic nephropathy, glomerular endothe-
lial damage initially occurs, followed by microalbuminuria; 
the resulting podocyte injury leads to macroalbuminuria or 
massive proteinuria, thereby causing proximal tubular cell 
damage, subsequent nephron loss, and finally renal dysfunc-
tion [2–4]. Thus, typical diabetic nephropathy is considered 
to be a progressive kidney disease related to the development 
of proteinuria. In addition, it has been recently reported that 
mild but significant reduction in renal function without mac-
roalbuminuria is an emerging clinical issue in diabetes care 
[5, 6]. Our recent clinical diabetes cohort study showed that 
age-associated atherosclerosis is likely to be involved in the 

pathogenesis of this type of kidney injury [6]. Thus, there 
is a need for new therapeutic options to combat refractory 
massive proteinuria and prevent kidney damage related to 
atherosclerosis, which can further improve renal outcomes 
in diabetes patients.

Calorie restriction (CR) has various beneficial effects on 
health in animal models, such as lifespan extension, dia-
betes prevention, cancer prevention, and renoprotection 
[7–9]. Notably, cellular energy homeostasis is maintained 
even during long-term fasting. To endure periods of long-
term fasting, mammalian cells have evolved several intra-
cellular nutrient-sensing signals, as well as systems regu-
lated by these signals [10]. Recently, we have found that the 
dysregulation of these signals and related cell functions are 
associated with the pathogenesis of diabetes and diabetic 
nephropathy [11]. This review will focus on the roles of 
intracellular nutrient-sensing signals and autophagy as novel 
therapeutic targets for diabetes and diabetic nephropathy.
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Anti‑aging role of the Sirt1‑autophagy 
pathway in aged kidneys

The kidney is a typical target organ of age-associated tissue 
damage [12]; in particular, age-dependent atherosclerotic 
changes and subsequent renal hypoxia are involved in the 
pathogenesis of aging in the kidney [13, 14]. Importantly, 
age-dependent decline in renal function is an emerging issue 
in diabetes care.

CR has various beneficial effects on health, including 
lifespan extension and anti-aging effects [7–9]. Investiga-
tions of the mechanisms of CR-related longevity have shown 
that silent information regulator 2 (Sir2) is a survival fac-
tor that can prolong lifespan [15]. Sirt1 is a mammalian 
homolog of Sir2, and was originally identified as an NAD-
dependent histone deacetylase involved in various cellular 
processes, including stress resistance, cell cycle, metabo-
lism, and apoptosis in response to the cellular energy and 
redox status; in addition, it exhibits deacetylase activity for 
more than two dozen known substrates [15].

Autophagy is a process by which damaged proteins and 
organelles are degraded to maintain cellular homeostasis 
during various stress conditions, such as starvation, oxidative 
stress, endoplasmic reticulum stress, and hypoxia [16, 17]. 
We discovered that Sirt1 is a potent regulator of autophagy 
against hypoxic stress in the kidneys [14]. During the pro-
cess of aging in the kidney, Sirt1-dependent autophagy 
showed reduced ability to prevent age-related atherosclerosis 
and subsequent kidney hypoxia, leading to accumulation of 

damaged mitochondria and subsequent proximal tubular cell 
damage. However, CR was able to restore the activity of the 
Sirt1-dependent autophagy-related cell protective pathway 
even in aged kidneys; this suggested that the activation of 
autophagy may serve as a therapeutic strategy to prevent kid-
ney injury associated with atherosclerosis-related hypoxia 
stress, even in elderly diabetic patients (Fig. 1).

Protective role of podocyte autophagy 
in diabetic nephropathy

Podocyte protection is important for prevention of refrac-
tory proteinuria in diabetes, because podocytes comprise 
terminally differentiated cells that cannot undergo replica-
tion [18]. Previous investigations have shown that podocytes 
are likely to exhibit extremely high rates of autophagy even 
under non-stress conditions [19], suggesting that autophagy 
is critical for maintenance of podocyte function and survival.

What is the extent of autophagy activity in diabetic podo-
cytes? To answer this question, we first examined the rela-
tionship among the level of proteinuria, podocyte damage, 
and autophagy activity in podocytes within human renal 
biopsy samples. Autophagy insufficiency, which was defined 
as the accumulation of P62 protein, was abundantly present 
in the glomeruli of diabetic patients with podocyte damage 
and related massive proteinuria, suggesting that insufficient 
podocyte autophagy was associated with severe podocyte 
injury and massive proteinuria in diabetic patients [20, 21].

Fig. 1   Proposed pathogenesis 
of typical diabetic nephropathy 
characterized by proteinuria 
development and renal dysfunc-
tion related to atherosclero-
sis in diabetes. Autophagy 
insufficiency in kidney cells is 
involved in the pathogenesis of 
massive proteinuria develop-
ment due to podocye damage 
and tubular cell damage caused 
by proteinuria and atherosclero-
sis-related hypoxic stress



247Pathophysiological roles of nutrient‑sensing mechanisms in diabetes and its complications﻿	

1 3

To assess this causal association, we next investigated 
the effects of podocyte autophagy deficiency on high-
fat diet-induced minimal proteinuria using a podocyte-
specific autophagy-deficient mouse model. Although 
diabetic wild-type mice showed very mild albuminuria 
without podocyte injury, diabetic podocyte-specific 
autophagy-deficient mice developed massive albumi-
nuria with severe podocyte injury [20, 21], suggesting 
that podocyte autophagy can protect cells against dia-
betic stress and that autophagy insufficiency combined 
with diabetic conditions can cause damage to podocytes 
(Fig. 1).

Protective role of proximal tubular cell 
autophagy in diabetic nephropathy

Based on the findings of a recent study by the our group, 
as well as the previous observation of autophagy in dia-
betic podocytes, the renoprotective function of autophagy 
may be suppressed in proximal tubular cells exposed to 
diabetes stress [22]. Autophagy insufficiency was con-
firmed in renal biopsy specimens from patients with 
type 2 diabetes or obesity with proteinuria. Furthermore, 
proximal tubular cell-specific autophagy-deficient mice 
developed severe tubular damage when they were exposed 
to experimental massive proteinuria [22], suggesting that 
insufficient autophagy is involved in the development of 
cell vulnerability to cell-toxic proteinuria in proximal 
tubular cells.

In that study, we also examined the mechanisms under-
lying autophagy deficiency in proximal tubular cells of 
high-fat diet-induced obese mice and patients with type 
2 diabetes or obesity with proteinuria [22]. An intracel-
lular nutrient-sensing signal, the mammalian target of 
rapamycin complex 1 (mTORC1), is activated by glu-
cose, some types of amino acids, saturated fatty acids, and 
insulin, all of which are increased in diabetes [22]. This 
kinase complex serves as a strong physiological inhibi-
tor of autophagy. We discovered that hyperactivation of 
mTORC1 signaling was involved in diabetes- or obesity-
related autophagy suppression in proximal tubular cells.

Interestingly, obesity-mediated suppression of protein-
uria-induced autophagy was corrected by dietary restric-
tion and treatment with rapamycin, a specific inhibitor 
of mTORC1 signaling. A recent study showed that low-
protein diet ameliorated diabetes-related tubulointerstitial 
damage through anti-inflammatory effects and upregula-
tion of autophagy in diabetic Wistar fatty (fa/fa) rats [23]. 
Therefore, the restoration of autophagy activity may serve 
as a new therapeutic target to promote renal protection in 
diabetes patients with refractory proteinuria (Fig. 1).

Physiological role of fasting‑dependent 
autophagy in the liver and kidney

Podocyte autophagy is constitutively active, regardless of 
feeding state; however, proximal tubular cell autophagy is 
inactive in fed conditions and becomes active during long-
term fasting [22]. We next investigated the physiological 
role of fasting-dependent autophagy in proximal tubular 
cells [24, 25].

Glucose, fatty acids, and ketone bodies are energy 
sources to generate ATP for living mammalian cells. Of 
these, glucose and ketone bodies can be utilized for ATP 
production in the brain. Therefore, gluconeogenesis and 
ketogenesis are critical for the maintenance of brain energy 
homeostasis during starvation in mammals. The liver is 
a critical component of regulation of both processes. In 
addition, the kidney is known to support gluconeogenesis 
[26]. Thus, we examined the role of fasting-dependent 
autophagy in proximal tubular cells during starvation-
induced gluconeogenesis and ketogenesis using several 
mouse models lacking autophagy activity in liver, kidney, 
or both organs [24, 25].

Deficient autophagy in any organs did not alter glucose 
homeostasis during long-term fasting [24]. However, liver-
specific autophagy deficiency partially (but significantly) 
suppressed starvation-induced ketogenesis [24]. Moreover, 
mice-lacking autophagy in both liver and kidney showed 
complete reduction of ketogenesis, and demonstrated 
much lower physical activity during fasting [24]. These 
findings suggest that autophagy is involved in hepatic and 
renal ketogenesis during starvation, and that ketogenesis, 
but not gluconeogenesis, may be critical for maintenance 
of physical activity during prolonged fasting [24, 25].

Role of hypothalamic AMP‑activated 
protein kinase (AMPK) in the regulation 
of first‑phase insulin secretion in fasting 
and diabetes

An intracellular nutrient-sensing signal, AMPK, is one of 
the central regulators in whole-body energy metabolism 
and glucose metabolism [27]. We discovered that hypo-
thalamic AMPK regulates first-phase insulin secretion 
from pancreatic β-cell. Glucose-stimulated insulin secre-
tion (GSIS) from pancreatic β-cells is biphasic, and the 
suppression of first-phase GSIS is a key characteristic of 
β-cell dysfunction in type 2 diabetes, which results in post-
prandial hyperglycemia [28].

We focused on the relationship between fasting-depend-
ent reduction in first-phase GSIS and β-cell dysfunction in 
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type 2 diabetes. Reduced first-phase GSIS after prolonged 
fasting decreased glucose redistribution to peripheral tis-
sues, whereas it increased glucose redistribution to the 
brain; this promoted maintenance of glucose supply to the 
brain during refeeding after prolonged fasting. Notably, the 
excitation of the hypothalamic AMPK–β-cell neural axis 
impaired first-phase GSIS in both fasted wild-type rats 
and a rat model of type 2 diabetes [29]. Furthermore, sur-
gical denervation of the pancreas dramatically improved 
first-phase GSIS, glycemic control, and β-cell survival in 
a murine model of diabetes [29].

Reduced first-phase GSIS might be a common insulin 
secretion pattern during times of scarcity, which may influ-
ence β-cell dysfunction in type 2 diabetes in the modern era 
(i.e., the “era of plenty”). Following this study, we proposed 
that β-cells in diabetic individuals mistakenly sense that they 
are under conditions that mimic those of prolonged fast-
ing (Fig. 2). This so-called “starvation diabetes” was first 
observed in the 1940s [30].

Perspectives

During their evolution, mammals developed a variety of 
intracellular nutrient-sensing signals, many of which may 
have originally been used to combat starvation, a life-
threatening event. However, in the recent era of plenty, 
these systems are likely to be unnecessary for survival 

because of the continuous access to food. Through the 
series of our nutritional study, we have learned that it is 
important to understand the roles of these physiologi-
cal mechanisms, to better understand the pathogenesis 
of diabetes and its complications. Based on the series of 
experiments described in this review, some systems to 
combat starvation in cells are likely to be involved in the 
pathogenesis of diabetes and its complications. I hope that 
additional studies focusing on starvation metabolism will 
provide further insight into the pathogenesis of diabetes 
and its complications and contribute to development a 
therapy for the diseases.
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Fig. 2   Role of hypothalamic 
AMP-activated protein kinase 
(AMPK) in regulation of 
first-phase glucose-stimulated 
insulin secretion (GSIS). During 
prolonged fasting stimulates 
AMPK leading to activation 
of sympathetic nerve and 
subsequent suppression of first-
phase GSIS, which is essential 
for postprandial brain glucose 
distribution (center). In contrast, 
frequent feeding suppresses 
brain-beta cell neural axis, 
increasing first-phase GSIS 
to store abundant glucose in 
insulin-sensitive organs such 
as skeletal muscle and adipose 
tissues (right). Furthermore, 
starvation-related neural system 
is involved in diabetes-related 
impairment of first-phase GSIS 
and glucose intolerance (left)
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