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Abstract
The inappropriate dietary habits lead to the onset of age-related pathologies which include diabetes and cardiovascular ailments.
Dietary restriction and nutritional therapy play an important role in the prevention of these chronic ailments. Preclinical research
provides a basis for the therapeutic exploration of new dietary interventions for the clinical trials to potentiate the scientific
management of diabetes and its related complications which further help in translating these nutritional improvements from
bench to bedside. Within the same context, numerous therapeutically proved preclinical dietary interventions like high-fiber diet,
caloric restriction, soy isoflavone-containing diets, etc., have shown the promising results for the management of diabetes and the
associated complications. The focus of the present review is to highlight the various preclinical evidences of diet restriction for
the management of diabetes and which will be helpful for enlightening the new ideas of nutritional therapy for future research
exploration. In addition, some potential approaches are also discussed which are associated with various nutritional interventions
to combat progressive diabetes and the associated disorders.
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Abbreviations
AGES Advanced glycation end products

AMPK AMP-activated protein kinase
CR Caloric restriction
DN Diabetic nephropathy
DNA Deoxyribonucleic acid
DR Dietary restriction
ET Exercise training
GLUT2 Glucose transporter 2
HbAIC Hemoglobin A1c or glycated hemoglobin
HDL High-density lipoprotein
HFD High-fat diet
IGF-1 Insulin-like growth factor 1
KD Ketogenic diet
LCKD Low-carbohydrate ketogenic diet
LDL Low-density lipoprotein
LFSMP Low-fat soy milk powder
MDA Malondialdehyde
MNT Medical nutrition therapy
mTORC1 Mammalian target of rapamycin complex 1
NAD+ Nicotinamide adenine dinucleotide
OLETF Otsuka-Long-Evans-Tokushima fatty
PPAR Peroxisome proliferator-activated receptor
SIRT Sirtuins
STZ Streptozotocin
T2DM Type 2 diabetes mellitus
TG Triglyceride
WHO World Health Organization

Chemical compounds studied in this article Streptozotocin (PubChem
CID:29327)

Highlights
• Diet restriction has beneficial effects on insulin action and glycemic
control in obesity and mild T2DM
• Soy diet shown to produce anti-diabetic effect by acting through the
estrogen receptors.
• Preclinical evidences of diet restriction and dietary approaches in the
management of diabetes and their associated complications.
• Other highlight of this review is about nutritional interventions which
combat progressive diabetes and the associated disorders.
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Introduction

Diabetes results in vascular changes and other associated com-
plications which are the major cause of morbidity and mortal-
ity in diabetic patients. As per the latest reports of the World
Health Organization (WHO 2016), there are about 422 million
adults suffering from diabetes mellitus (DM) and its associat-
ed complications globally. Diabetes is a metabolic disorder
which is strongly associated with increased oxidative stress,
inflammatory mediators, altered GFR, abnormal insulin secre-
tion, insulin sensitivity, and proteinuria. Dietary restriction
(DR) is considered a good treatment paradigm for the man-
agement of various metabolic disorders such as diabetes and
associated cardiovascular diseases (Colman et al. 2009;
Fontana et al. 2010). Numerous scientific reviews demonstrat-
ed the effectiveness of medical nutrition therapy (MNT) in the
management of diabetes (Franz et al. 2008, 2010; American
Diabetes Association 2008).

High-carbohydrate and high-fat diets and improper dietary
habits are the major factors for the development and progres-
sion of various metabolic disorders. Proper diet management,
i.e., diet composition, distribution, and timing of food intake
plays an important role in the improvement of these disorders.
So, the diet should be designed to supply an adequate amount
of nutrients without causing malnutrition to the patient. It is
reported that a diabetic diet should contain 60% carbohydrate,
20–25% fats, and 15–20% protein. A high-carbohydrate diet
increases the sensitivity of peripheral tissues to both endoge-
nous and exogenous insulin. Such diet improves glucose tol-
erance and lowers the level of serum insulin. In addition, the
liberalization of carbohydrate might facilitate the reduction of
saturated fatty acids and cholesterol in the diabetic conditions
(Collier et al. 1985; Jenkins and Josse 1985).

Scientific evidence suggested that diet restriction (i.e., mod-
ification of the nutrient intake, lifestyle, and eating habits) tries
to prevent chronic complications of diabetes by maintaining the
optimal blood glucose levels, lipid profile levels, and blood
pressure (Bantle et al. 2008). Recently, Azar et al. (2016)
reviewed the benefits of ketogenic diet for the management of
type 2 diabetes (T2DM) by demonstrating numerous scientific
evidences which proved that there is a significant weight loss,
improvement of HbA1c levels, reversal of nephropathy, and
cardiac benefits via ketogenic diet. Caloric restriction without
malnutrition reduces the incidence of diabetes, cancer, cardio-
vascular disease, and brain atrophy and slows aging in a primate
species. Similarly, it is effective in controlling the diabetes
mellitus by stabilizing glucose homeostasis and enhancing gly-
cemic control in mild and severe streptozotocin-induced diabet-
ic rats (Ugochukwu et al. 2004; Colman et al. 2009).

Basically, there are three broad aims of dietary restriction for
people with diabetes, first, to abolish the primary symptoms,
second to minimize the risks of hypoglycemia, and third to
minimize the long-term macro- and micro-vascular

complications which together result in the improvement of di-
abetes and their related complications. The present review fo-
cused on various preclinical evidences which support the ther-
apeutic effect of diet restriction or diet therapy for the manage-
ment of diabetes.

Impact of inappropriate diet
in the progression of diabetes

The fat-enriched diet and a sedentary life style are the major
causes of the great prevalence of obesity and type 2 diabetes in
the world-wide population (Kahn et al. 2006). One of the
preclinical study reported that high-fat, high-simple-
carbohydrate and low-fiber diet produce obesity in A/J and
C57BL/6 J mice. In this study, obesity was found to be asso-
ciated with only moderate glucose intolerance and insulin re-
sistance in A/J mice whereas there is a development of clear-
cut diabetes with fasting blood glucose levels of > 240 mg/dl
and blood insulin levels of > 150 μU/ml in obese C57BL/6J
mice (Surwit et al. 1988). The pathway which plays an impor-
tant role in the pathogenesis of diabetes is a nutrient-sensing
pathway which includes the cells’ ability to recognize and
respond to glucose fuel substrates. Nutrient-sensing pathways
help in cell survival and growth, activation of autophagy, and
in DNA repairing of mammalian cells, but during hypergly-
cemia, hyperlipidemia, and hyperinsulinemia as consequences
of dietary changes, these nutrient-sensing pathways are
affected and play a potential role in the pathogenesis of
diabetic complications. Kume et al. (2012) demonstrated that
nutrient-sensing pathways have been implicated in the patho-
genesis of obesity and diabetes, by acting on β cells, adipo-
cytes, and hepatic and skeletal muscle metabolism, and also
play a role in the central regulation of nutrition.

Nutrient-sensing pathways involved mammalian target of
rapamycin (mTOR), AMP-activated protein kinase (AMPK),
and sirtuins (SIRT). Under low-energy conditions, AMPK and
SIRT are activated due to increases in intracellular AMP and
NAD+ levels, respectively (Steinberg and Kemp 2009; Imai
and Guarente 2010). In excessive nutrient conditions, mTOR
is activated and leads to activation of inflammatory mediators,
fibrosis, apoptosis, renal hypertrophy, etc. (Wellen and
Thompson 2010; Zoncu et al. 2011). So, from the above ev-
idences, it is clearly stated that improper and irregular dietary
habits can cause devastating effects on the progression of di-
abetes and other metabolic disorders.

Role of caloric restriction and dietary
approaches for the management of diabetes

Knowing the devastating effects of inappropriate diet in the
initiation and progression of metabolic disorders, the main
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emphasis is on the various dietary approaches for the manage-
ment of diabetes which are discussed as below with suitable
preclinical evidences.

Caloric restriction and diabetes

Diet restriction has beneficial effects on insulin action and
glycemic control in obesity and mild T2DM (Markovic et al.
1998). Lee and Bressler (1981) demonstrated that diet restric-
tion prevents the obesity in the db/db mouse which further
helps in the deterrence of diabetic nephropathy by preventing
mesangial immunoglobulin deposition and mesangial matrix
expansion. One of the scientific evidences of preclinical trial
suggested that caloric restriction prevents beta-cell depletion,
loss of beta-cell GLUT 2, and glucose incompetence in obese
male Zucker diabetic fatty rats (Ohneda et al. 1995). Caloric
restriction has a therapeutic effect by regulating neurogranin-
associated calcium signaling which is an important factor of
high-fat diet-induced memory deficits. One of the recent sci-
entific preclinical trials proved that high-fat diet-fed mice ex-
hibited insulin resistance, glial activation, blood–brain barrier
leakage, and memory deficits through neurogranin regulation
of Ca2+/calmodulin-dependent synaptic function which was
reversed with the help of caloric restriction in C57BL/6 mice
(Kim et al. 2016). Moreover, caloric restriction (CR) and reg-
ular exercise training (ET) also proved to be front-line strate-
gies in the treatment of type 2 diabetes mellitus and reducing
the cardiometabolic risk. CR (reducing food intake by 30%) in
the db/db mice for a period of 8 weeks may improve coronary
endothelial vasodilator dysfunction in type 2 diabetes
(Broderick et al. 2017).

Furthermore, it is also demonstrated that short-term mod-
erate CR (20%) not only normalized the body weight in mice
but also improved metabolic programming and reversed oxi-
dative and cardiac dysfunction induced by postnatal overfeed-
ing (Li et al. 2016). From the above discussion, it is concluded
that caloric restriction plays an important role in regulating
diabetes and their associated complication by exhibiting var-
ious therapeutic effects.

High-fiber diet and diabetes

High- and soluble-fiber diets help to lower the cholesterol,
regulate blood sugar levels, guard against cancer and heart
disease and help to support a healthy digestive tract. There
are numerous scientific evidences which show the beneficial
and therapeutic role of high-fiber diet for the management of
diabetes and its associated complications. One of the scientific
evidences demonstrated that administration of brown rice and
soybean dietary fiber improved the glucose and lipid metabo-
lism in diabetic rats (Madar 1983). Similarly, scientific results
indicated that both wheat and maize bran as fiber diet exert
anti-diabetic effects on the alloxan-induced diabetes and

therefore, can be a part of a diet-based therapy for the man-
agement of diabetes (Hamid et al. 2017).

Li et al. (2003) demonstrated that long-term intake of high
dietary fiber has beneficial effects in controlling blood glu-
cose, glucose tolerance, and lipid metabolism in GK rats.
The soluble dietary fiber fraction of Trigonella foenum
graecum has been shown to reduce the postprandial hypergly-
cemia in type 2 model diabetic rats by delaying the digestion
of sucrose (Hannan et al. 2003). High-fiber Okara and soy-
bean bran diets have been proven to act as functional supple-
ments for mice for the management of experimentally induced
T2DM (Ismaiel et al. 2017). Within the same context, it is
concluded that high-fiber diet could be a new dietary approach
for the management of T2DM and required more exploration
in clinical trial.

Soy isoflavone-containing diets and diabetes

The long-term consumption of low-fat soy milk powder
(LFSMP) hinders diabetic nephropathy progression via sup-
pressing renal injury, myofibroblast differentiation, and renal
macrophage infiltration in KKAy diabetic mice (Jheng et al.
2017). Lu et al. (2008) demonstrated that high-isoflavone soy
protein lowers blood glucose levels and reduces the incidence
of cataracts in streptozotocin-induced diabetic rats.
Isoflavones may influence insulin action by means of their
well-known receptor-mediated estrogenic activity. However,
isoflavones also bind to PPARs which are strongly associated
with insulin action. It is also demonstrated that soya diet helps
in preventing the progression of DM by regulating the func-
tioning of aquaporin (AQP) and osteopontin (OPN) which
were found to be involved in the pathogenesis of diabetic
complications and especially in renal disease (Choi et al.
2010).

Wagner et al. (2008) reported that consumption of
isoflavone-containing soy protein in a dose-dependent manner
increased insulin responses to the hyperglycemic rodents.
Isoflavonoids are phytoestrogens that naturally occur with
soy proteins and are structurally and functionally similar to
estradiol. It is reported that isoflavonoids may improve anti-
diabetic actions through estrogen receptors, which are key
molecules involved in glucose and lipid metabolism (Knight
and Eden 1996). The role of estrogen receptor β is still un-
known, but estrogen receptor α plays an important role in the
regulation of insulin biosynthesis, insulin secretion, and β cell
survival (Kuiper et al. 1998). Soy protein and genistein, which
are the main isoflavones in soybeans, help to lower blood
glucose and lipid profile and regulates anti-oxidant enzyme
activities in streptozotocin (STZ)-induced diabetic rats
(Lee,2006). Besides this, still there is a need of extensive
clinical and preclinical research for exploring the mechanistic
approaches of soy diet with reference to diabetic disorder.
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Ketogenic diet and diabetes

Low-carbohydrate ketogenic diet (LCKD) is effective in the
amelioration of many of the deleterious consequences of dia-
betes. However, its role in preventing the onset of diabetes is
not explored. Al-Khalifa et al. (2011) suggested that LCKD
prevents the development of diabetes in streptozotocin
(55 mg/kg), inducing diabetes in rats. Furthermore, low-
carbohydrate ketogenic diet proved to be therapeutic in the
management of the diabetic state and for stabilizing the hy-
perglycemia in STZ-induced (55 mg/kg) diabetic rodents (Al-
Khalifa et al. 2009). Within the same context, histological
studies showed a significant decrease in the islet size and
number of β cells in diabetic rodents (Hussain et al. 2012).
It is suggested that ketogenic diet significantly produces
prolonged elevation of 3-OHB, which reverses pathological
changes in rodent models of types 1 (Akita) and 2 (db/db)
diabetes (Poplawski et al. 2011). Still, there is a need to ex-
plore more in the field of ketogenic diet with respect to phar-
macological interventions as there are very less scientific re-
ports in support of the therapeutic use of KD in the manage-
ment of diabetes.

Low-protein diet and diabetes

Kitada et al. (2016) demonstrated that very-low-protein diet
ameliorates advanced diabetic nephropathy through autopha-
gy induction by suppression of the mTORC1 pathway in
Wistar fatty rats, an animal model of T2DM and obesity.
Protein overload increases insulin-like growth factor 1 (IGF-
1) secretion from the liver (Fontana et al. 2008), and this IGF-
1 is a potent vasodilator of the renal vessels and causes dam-
age to kidney cells (Tonshoff et al. 1998; Tsukahara et al.
1994). The modulation of intraglomerular pressure achieved
with an LPDmainly protects against the progression of kidney
disease including DN (Otoda et al. 2014). Recently, Cappelli
et al. (2017) demonstrated that low-protein-fed rats are asso-
ciated with altered pancreatic islets redox status with reduced
glucose-induced insulin secretion. So, these clinical evidences
provide a brief beneficial history of LPD for the management
of diabetes and give a new insight for the same.

Carbohydrate-free diet and diabetes

It is suggested that carbohydrate-restricted diet provides a
therapeutic effect by preventing beta cell destruction in dia-
betic rodent models (Leiter et al. 1983; Mirhashemi et al.
2008). One of the scientific studies by Kluth et al. (2011)
revealed that carbohydrate-rich diet causes deleterious effect
in New Zealand Obese (NZO) mice by increasing glucose
level which further leads to the dephosphorylation of forkhead
box O1 protein (FOXO1) and progressive depletion of insulin
stores. In the same study, it was concluded that carbohydrate-

restricted diet helps to reverse the above-mentioned devastat-
ing conditions of diabetes in NZO mice (Kluth et al. 2011).
Similarly, it is documented that rich carbohydrate diet is re-
sponsible for the β cell destruction and decreased GLUT2
expression and low plasma insulin levels in genetically differ-
ent mouse models of obesity-associated diabetes (Mirhashemi
et al. 2008). It is reported that a high-fat, carbohydrate-free
diet fully prevented β cell destruction in NZO mice with a
marked inflammatory state of adipose tissue (Jürgens et al.
2007). So, from the above discussion, it is concluded that
carbohydrate-deprived diet is a useful tool for the manage-
ment of diabetes.

Preclinical evidences of diet restriction
and dietary approaches in the management
of diabetes and their associated
complications

Diet restriction acts predominantly via reducing the oxidative
stress, through reduction of cholesterol and fat level which is
directly or indirectly concerned with improvement in obesity
and insulin resistance. Besides numerous effects of diet re-
striction, various preclinical studies have been conducted to
determine the therapeutic and clinical benefits of diet therapy.
The available evidence of preclinical studies can truly be en-
visaged that diet restriction provides promising results in the
treatment of diabetes and their associated complications. The
major preclinical studies describing the diet restriction as in-
tervention, along with the scientific evidences are summarized
in Table 1.

Clinical scenario of diet restriction

Recent study by Gower and Goss (2015) has reported the
beneficial effect of low-carbohydrate and high-fat diet on in-
sulin resistance and obesity and prevents further risk of type 2
diabetes. Similarly, it is demonstrated that there is a significant
decrease (8.1 to 7.3%, p < 0.05) in glycosylated hemoglobin
(HbA1c) in weight-stable diabetic patients with carbohydrate
restriction as compared with a high-carbohydrate-controlled
diet (Sheard et al. 2004). Furthermore, protein-rich diet pro-
vides a beneficial effect in type 2 diabetic patients by reducing
body weight and postprandial hyperglycemia by replacing
carbohydrate-rich foods with protein-rich foods (Campbell
and Rains 2015). However, intake of high-protein diets may
increase the risk of developing impaired renal function in di-
abetic patients (Friedman 2004). Existing literature indicates
that omega-3 and omega-6 polyunsaturated fatty acids
(PUFAs) and monounsaturated fatty acids (MUFAs) were
found to have a beneficial impact on diabetic kidney disease
(Shapiro et al. 2011). It is interestingly noted that ketogenic
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diet plays an important role in the management of diabetes as
well as its complication. One of the clinical studies has dem-
onstrated that intake of well-formulated ketogenic diet in
obese diabetic patients for 56 weeks have shown significant
improvements in blood glucose levels and in various meta-
bolic parameters (Dashti et al. 2006). Similarly, soy protein
diet also has shown beneficial effect in diabetic patients by
improving the blood glucose level and lipid profile
(Azadbakht et al. 2008). Moreover, numerous clinical stud-
ies also revealed that increased intake of dietary fiber (sol-
uble type) improved glycemic control and decreased
hyperinsulinemia in type 2 diabetes mellitus patients
(Holman et al. 1987; Uusitupa et al. 1989; Chandalia et al.
2000). Thus, from the above clinical evidences, it is sug-
gested that various dietary approaches are beneficial for the
management of diabetes which is also supported by various
preclinical studies as discussed earlier, suggesting a close
relationship between diabetic animal models and human
diabetic studies.

Summarized discussion and conclusion

From the above scientific evidences, it is concluded that CR
and various dietary approaches such as the inclusion of HFD,
soy isoflavone diet, low-protein diet, ketogenic diet, etc., may
be proved as promising tools for the management of diabetes
and its associated disorders. These dietary approaches try to
manage the complications of diabetes through various
nutrient-sensing mechanistic pathways. Caloric restriction
maintains the glucose homeostasis by preventing the beta cell
destruction and glucose incompetence. Diet with soy isofla-
vone content has shown to produce anti-diabetic effect by
acting through the estrogen receptor and plays an important
role in the regulation of insulin secretion and their biosynthe-
sis. Similarly, high-fiber diet, low ketogenic, low-protein diet,
and carbohydrate-restricted diet have shown to lower the
blood glucose and cholesterol levels, but the exact mechanism
of action is still controversial. Some scientific reports sug-
gested that low-protein diet helps to reduce the mTORC1
pathway and ameliorates the diabetic-related complications.
Dietary-resistant starch, low-protein diet, dietary salt depletion
and restricted diets (30% reduction from free intake), etc.,
proved to be beneficial in various preclinical studies for the
treatment of diabetes and its associated disorders. Thus, diet
restriction and other dietary approaches will generate new
insights into the therapeutic basis for the management of dia-
betes. Preclinical evidences of diet restriction provide a new
direction in the field of metabolic disorders, which emphasize
its further exploration in the development of new and effective
therapeutic approaches for the treatment of diabetes and asso-
ciated disorder.
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