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Type 2 diabetes (T2D) is a rapidly growing epidemic, which leads to increased
mortality rates and health care costs. Nutrients (namely, carbohydrates, fat, protein,
mineral substances, and vitamin), sensing, and management are central to metabolic
homeostasis, therefore presenting a leading factor contributing to T2D. Understanding
the comprehensive effects and the underlying mechanisms of nutrition in regulating
glucose metabolism and the interactions of diet with genetics, epigenetics, and gut
microbiota is helpful for developing new strategies to prevent and treat T2D. In this
review, we discuss different mechanistic pathways contributing to T2D and then
summarize the current researches concerning associations between different nutrients
intake and glucose homeostasis. We also explore the possible relationship between
nutrients and genetic background, epigenetics, and metagenomics in terms of the
susceptibility and treatment of T2D. For the specificity of individual, precision nutrition
depends on the person’s genotype, and microbiota is vital to the prevention and
intervention of T2D.
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INTRODUCTION

Diabetes mellitus, previously considered as a disease of minor significance to health, is now
becoming one of the main threats to human health both in developed and developing countries
(Zimmet et al., 2001). There has been an explosive increase in the number of people diagnosed with
diabetes in recent decades worldwide (King et al., 1998). According to the ninth edition of the IDF
Diabetes Atlas in 2019, 488 million adults aged 20-99 years live with diabetes in the world, and the
number will reach 578 million by 2030 and 700 million by 2045. It is estimated that 4.2 million
adults aged 20-79 years will die of diabetes, which accounts for 11.3% of all deaths. And this is
equivalent to eight deaths every minute.

Diabetes is defined as a metabolic disease characterized by persistent hyperglycemia caused
by multiple factors including genetics, nutrition, environment, and physical activity. There are
two main forms of diabetes, type 1 diabetes and type 2 diabetes (T2D) (Alberti and Zimmet,
1998). T2D accounts for more than 90% of all diabetes cases (Zimmet et al., 2001), and the
diabetes epidemic particularly relates to T2D. Insulin resistance and/or abnormal insulin secretion
are the main characters of T2D. Apart from the heightened genetic susceptibility of ethnic
groups, environmental and behavioral factors are also very important in the development of T2D.
Globalization results in altered dietary and lifestyle habits (Malik et al., 2013), such as taking
more high-fat or high-carbohydrate foods and sedentary lifestyles with low energy expenditure
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(Zimmet et al., 2001). Diets induce multiple metabolic processes
and modify the metabolism homeostasis of the organism
(Manore et al., 2017). Therefore, unhealthy dietary habits such
as Western diet have been one of the most important drivers
of glucose metabolism disorder that leads to diabetes finally
(Rico-Campa et al., 2019).

The increase in the prevalence of T2D is associated with
a concomitant rise in the incidence of metabolic disorders.
Long-term high glucose levels will trigger chronic metabolic
syndrome and include obesity (Schwartz and Porte, 2005),
cardiovascular disease, retinopathy, nephropathy, dyslipidemia,
and hypertension (Moller, 2001). T2D now represents a risk of
coronary heart disease, and nearly 80% of diabetic mortality is
diabetes-induced cardiovascular disease (Haffner et al.,, 1998).
The life qualities of patients with diabetes decrease largely for the
serious diabetes complications.

Diet alone or with hypoglycemic agents is the way to control
blood glucose levels in the treatment of T2D (Zimmet et al., 2001;
Ley et al., 2014). Different diets with varied nutrient composition
result in changes of metabolites and gut microbiome that are
responsible for the glucose metabolism of the whole body (Qin
et al., 2012; Guasch-Ferre et al., 2016). For example, different
amino acid content diets can lead to alterations of plasma
branched-chain amino acid (BCAA) concentrations, which are
linked to the risk of T2D (Garcia-Perez et al., 2017). Fiber- and
protein-enriched diet changed the abundance of Akkermansia
muciniphila, decreasing fasting glucose levels of participants
(Dao et al.,, 2016). However, the interactions between dietary
and glucose metabolism need further study to understand the
importance of its actions for glucose management. It is important
to identify and make suitable dietary solutions that can diminish
the prevalence of diabetes and its related complications (San-
Cristobal et al., 2015). These include different kinds of food and
also healthy dietary habits.

Genome-wide association studies (GWASs) have revealed
many genetic variants related to the susceptibility of complex
diseases, and moreover, the interactions between genetic
information and nutrition are attracting more attention recently,
namely, nutrigenetics. Because of the genetic variability between
individuals, the responses to dietary are different. Also, the
specific diet and nutrition modify gene expression, epigenetic
features, and gut microbiome to personalize the response to
interventions. This prompts us to explore more possibilities to
understand the pathophysiological mechanisms and precision
nutrition solutions to prevent and manage T2D more efficiently.

Herein, first, we introduce the major metabolic pathway
related to T2D, namely, insulin signaling pathway, and the
compounding factors as well. Then, the roles of macronutrient,
micronutrient, and other chemicals in maintaining metabolic
homeostasis of the body and their effects on T2D are reviewed in
detail. In addition, some nutritional recommendations for T2D
are summarized. From the perspective of precision nutrition, we
review the diet interactions with genetic background, epigenetics,
and gut microbiota contributing to the risk of T2D. Also,
responses to dietary interventions mainly aiming at weight loss
and management of insulin resistance are screened for their
interaction with genetic, epigenetic features, and gut microbiota.

REGULATION OF GLUCOSE
METABOLISM

Circulating blood glucose is derived from diet via intestinal
absorption, and the process of glucose production is called
gluconeogenesis and glycogen breakdown (Rines et al., 2016).
Current therapeutic approaches to treat T2D rely on the
molecular signaling pathways and targets that impair glucose
homeostasis. Insulin signaling pathway dysregulation or insulin
resistance is the main reason for T2D. Insulin is an endocrine
peptide hormone secreted by the pancreas, and it binds to
membrane-bound receptors in target cells of liver, adipose tissue,
and skeletal muscle to trigger metabolic responses to numerous
stimuli (Petersen and Shulman, 2018). Insulin exerts its low
glucose function by binding to the insulin receptor (INSR),
and then activated INSR recruits phosphotyrosine-binding
scaffold proteins such as the INSR substrate (IRS) family. IRS
proteins have NH;-terminal pleckstrin homology (PH) and PTB
domains that target them to activate INSR. Then, the tyrosine
phosphorylated IRS proteins recruit PI3K heterodimers that
contain a regulatory p85 subunit and a catalytic p110 subunit.
PI3K catalyzes the production of phosphatidylinositol-3,4,5-tris-
phosphate (PIP3) from PIP, and PIP; and then recruits proteins
with PH domains to the plasma membrane, such as pyruvate
dehydrogenase kinase 1, which directly phosphorylates AKT.
The activated AKT phosphorylates many downstream substrates
in various signaling pathways, making it a key node in insulin
signaling (Petersen and Shulman, 2018). The activated insulin
signaling decreases glucose production, increases glycogen
synthesis, and also increases glucose uptake into peripheral
tissues such as skeletal muscle and adipose tissue (Figure 1).

The dysfunction of insulin signaling will cause insulin
resistance, which is a complex metabolic disorder that is
closely linked to many pathways including lipid metabolism,
energy expenditure, and inflammation (Figure 2). Hepatic lipid
accumulation is known to cause insulin resistance (Samuel
and Shulman, 2012). Diacylglycerol species activate protein
kinase C (PKC), which results in impaired insulin signaling
(Perry et al., 2014). An excess of lipid accumulation in liver
is often accompanied by hepatic inflammation. Kupffer cells
and macrophages will decrease insulin sensitivity by secreting
proinflammatory molecules, which activate serine/threonine
kinases such as c-Jun N-terminal kinase (JNK) and IkB kinase
that in turn impair insulin signaling (Lackey and Olefsky, 2016).
Moreover, lipid accumulation triggers the unfolded protein
response (UPR) pathway, which impairs insulin signaling (Ozcan
et al., 2004). UPR may also alter hepatokine secretion and
consequently contribute to the development of insulin resistance
(Koska et al., 2008). Energy expenditure disorder leads to
obesity and insulin resistance, because non-esterified fatty acids
impair B-cell functions, reduce PI3K signaling, and enhance
gluconeogenic enzyme expressions (Kahn et al., 2006). What
is more, increased release of tumor necrosis factor o (TNF-
a), interleukin 6 (IL6), and monocyte chemotactic protein 1
are all found to be responsible for the development of insulin
resistance (Kahn et al., 2006). In addition, hepatokines, proteins
produced from liver and secreted into the circulation, also play
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FIGURE 1 | Insulin signaling. Insulin binds and activates insulin receptor (INSR), causing phosphorylation of insulin receptor substrate (IRS). Tyrosine phosphorylated
IRS proteins recruit phosphatidylinositide-3 (PI3K), which catalyzes the production of phosphatidylinositol-3,4,5-tris-phosphate (PIP3) from PIP». PIP3 then recruits
proteins with PH domains such as pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates activating protein kinase B (AKT). These effector proteins
mediate the effects of insulin on glucose production, utilization, and uptake, as well as glycogen synthesis.

important roles in regulating insulin signaling (Meex and Watt,
2017). Retinol-binding protein 4 (RBP4), a2-macroglobulin
(A2M), fetuin A (FETUA), fetuin B (FETUB), hepassocin (FGL1),
leukocyte cell-derived chemotaxin 2 (LECT?2), and selenoprotein
P (SELENOP) are negative regulators of insulin sensitivity, and
they will cause insulin resistance, whereas fibroblast growth
factor 21 (FGF21), sex hormone-binding globulin (SHBG),
adropin, and angiopoietin-like protein 4 (ANGPTL4) are positive
regulators (Lai et al., 2008; Meex and Watt, 2017).

MACRONUTRIENT AND T2D
Carbohydrate

It needs a precise control of glucose metabolism to maintain
metabolic homeostasis of the body. Hormonal regulation and
the related enzyme transcription induced by different metabolites
in response to glucose availability are mainly responsible for
the control. Insulin induces INSR autophosphorylation and then
recruits and phosphorylates IR substrates 1 and 2 (IRS1/2). This
results in phosphatidylinositide-3, 4, 5-P3 (PIP3) production, and
activating protein kinase B (PKB/AKT) (Saltiel and Kahn, 2001).
Thus, it promotes glucose uptake by different tissues, including
liver, adipose tissue, and skeletal muscle; inhibits hepatic glucose
output; increases glycogen synthesis; and decreases glycogen
decompose (Zhang et al, 2009). Insulin induces anabolic
responses such as ribosome biogenesis and protein synthesis,
which are dependent on nutritional state. The mTOR/S6K1
signaling pathway is also activated by insulin, which plays a

vital role in the regulation of glucose homeostasis (Um et al.,
2006). Glucose released by diet stimulates the production of
PI3P, recruiting proteins to endosomal membranes and finally
activating mTOR/S6K1 signaling pathway (Um et al., 2006).

Glucose homeostasis involves different pathways that are
carried out in part by the transcriptional control of related
genes. Carbohydrate induces the expressions of these enzymes,
including pyruvate kinase, glucokinase, ATP citrate lyase, and
acetyl CoA carboxylase (Haro et al., 2019). And these genes
are regulated by the carbohydrate-responsive element-binding
protein (ChREBP) (Figure 3), which is a helix-loop-helix leucine
zipper transcription factor (Lee and Cha, 2018). It plays a
very important role in sugar-induced lipogenesis and glucose
homeostasis by regulating carbohydrate digestion and transport
(Yamashita et al., 2001). In response to glucose, ChREBP forms a
heterodimer and activates the target genes transcriptions, which
contain carbohydrate response element motifs. Except for its
glucose sensor role, ChREBP is also essential for fructose induced
lipogenesis in liver and intestine possibly via the ChREBP-FGF21
signaling axis (Fisher et al., 2017).

Carbohydrate foods that promote sustained but low glucose
levels may have benefits to metabolic control of diabetes
and its complications. Diets with slow-release carbohydrates
lower the glucose and insulin responses throughout the day
and improve the capacity for fibrinolysis, which may be a
potential therapy to T2D (Russell et al., 2016). When syrup
is included in a diabetic diet, it is good to consider sucrose
rather than fructose (Wheeler and Pi-Sunyer, 2008). In a short-
term trial of T2D patients, scientists showed that isocaloric
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FIGURE 2 | Relationship between lipid metabolism, energy metabolism, inflammation, and insulin resistance. Lipid metabolism and energy metabolism disorder lead
to inflammation and affect each other. These all contribute to insulin resistance. The underlying mechanisms include diacylglycerol (DAG), activate protein kinase C
(PKC) and lipid accumulation, trigger the unfolded protein response (UPR) pathway, and result in insulin signaling inhibition; UPR affects hepatokine secretion to
induce insulin resistance; inflammatory molecules such as tumor necrosis factor o (TNF-a), interleukin 6 (IL6), and monocyte chemotactic protein 1 (MCP1) activate
c-Jun N-terminal kinase (UJNK) and IkB kinase (IKK), which in turn impair insulin signaling; energy homeostasis disorder impairs p-cell functions, reduces PI3K
signaling, and enhances gluconeogenic enzyme expressions, resulting in insulin resistance.
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FIGURE 3 | The role of nutrients in T2D. Carbohydrates regulate glucose homeostasis through carbohydrate-responsive element-binding protein (ChREBP) induced
glucose metabolism-related genes expressions. Fatty acids inhibit AKT/PKB activation and therefore impair insulin signaling pathway. Besides, fat induces reactive
oxygen species (ROS) generation in mitochondrial and activates peroxisome proliferator-activated receptors (PPARs), and all these mediate the regulation of fat on
glucose metabolism. The possible underlying pathways or mechanisms of protein/amino acids affecting glucose levels include insulin secretion, glucose uptake,
hormone release, mTOR/S6K1 signaling pathway, and GCN2/elF2a/ATF4 transduction pathway. Mineral substances are activating cofactors and coenzymes for
metabolism control, oxidative stress, and genetic transcription. This makes them play roles in glucose transport and redox reactions, which finally affect glucose
homeostasis. Vitamin has a role in regulating glucose utilization, insulin signaling, and insulin release from g cells to maintain blood glucose levels, and it is also the
modulator of inflammatory cytokines related to glucose metabolism.

fructose replacement of other carbohydrates such as sucrose take more account to the point that high sucrose or fructose
and starch improved glycemic control and had no effects on diet is not recommended to diabetic individuals and others
insulin signaling (Cooper et al., 2012). However, it should who have impaired glucose metabolism. Besides, certain diet
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components may affect the regulation role of foods on glucose
levels. For example, diet with fiber, certain proteins, or lipids
to mix may influence the rates of carbohydrate digestion and
absorption, which may be beneficial to T2D patients (Russell
et al., 2016). Polyols have been used as sugar replacers for
about 80 years. Clinical trial showed that polyols had a role
in lowering serum glucose levels in T2D patients (Mohsenpour
et al, 2019), which may provide a new strategy to manage
T2D. Dietary fibers, which are mainly found in cereals, fruits,
vegetables, or legumes, showed close associations with T2D.
Increased fiber intake, especially soluble fiber, played a beneficial
role in improving glycemic control in patients with T2D
(Chandalia et al., 2000).

Fat

Our body obtains kinds of lipid metabolites from diet intake
directly or generated intracellularly by liver and adipose tissue
in different pathways. Lipidomics help us better understand the
circulating lipid species. Among these, some are considered as
biomarkers related to insulin resistance, such as stearic acid
and deoxysphingolipids, and saturation and chain length of
fatty acids (Meikle and Summers, 2017). High-fat diet-induced
insulin resistance and T2D have been largely known since
20 years ago. High-fat diet increases lipid accumulation in cells
and leads to obesity. Excess of fat increases proinflammatory
cytokines and other hormones or factors involved in insulin
resistance (Kahn et al., 2006). Free fatty acids inhibit Akt/PKB
activation, thus impairing the insulin signaling pathway (Bruce
and Febbraio, 2007). Besides, the reactive oxygen species
generation in mitochondrial is increased, which also affects the
glucose homeostasis (Bruce and Febbraio, 2007). Peroxisome
proliferator-activated receptors (PPARs) function as lipid sensors
that can be activated by both dietary fatty acids and their
derivatives. PPARs regulate the expression of genes involved in
a variety of processes including glucose and lipid metabolism,
immune response, and cell growth (Evans et al., 2004; Figure 3).
PPARa is vital in regulating fatty acid oxidation and therefore has
indirect effects on improving glucose metabolism (Evans et al,,
2004). Besides, PPAR« activates tribbles pseudokinase 3 (TRB3),
a direct target, to inhibit AKT activation and impairs insulin
sensitivity (Du et al., 2003). PPARY is an effector of adipogenesis
via C/EBP and is responsible for the glucose regulation.
Scientists investigated the impact of fatty acid intake on blood
glucose and insulin in the diet of adults with T2D and found
that replacement of saturated fats with monounsaturated fatty
acids (MUFAs) or polyunsaturated fatty acids may improve their
glucose or insulin tolerance (Russell et al., 2016). And in vitro
experiments have also confirmed that MUFAs or oleate rather
than palmitate prevents insulin resistance (Gao et al., 2009).
Postprandial hyperlipidemia is common in T2D patients, and it
was shown that omega-3 fatty acids could reduce postprandial
lipids but may not correct them completely (Tomlinson et al.,
2020). However, the role of trans-fats in regulating glucose
control is still controversial. Meta-analysis showed cholesterol-
rich diet had a positive relationship with T2D risk (Tajima
et al,, 2014). Besides, supplementation of plant sterols or stanols

lowered serum cholesterol levels (Derosa et al., 2018) that may be
indirectly beneficial to glucose metabolism.

Protein

Dietary proteins are vital to life for its important role in
acquiring essential amino acids to maintain protein synthesis
and degradation and supporting cellular processes such as cell
growth and development (Tremblay et al, 2007). In recent
years, more and more studies have shown that proteins had
different effects on glucose homeostasis by affecting insulin action
and secretion except for body weight and feeding behavior. In
normal or diabetic humans, dietary proteins stimulate insulin
secretion so as to reduce glycemia (Spiller et al., 1987). High-
protein diets seem to have beneficial effects on weight loss
and glucose metabolism, significantly increase insulin sensitivity,
and decrease inflammation in the short term (Russell et al.,
2016). But long-term high-protein intake seems to result in
insulin resistance in the whole body, by increasing mTOR/S6K1
signaling pathway and stimulating gluconeogenesis and high
glucagon turnover (Linn et al., 2000). Studies showed that a 6-
month high-protein diet (1.87 £ 0.26 g protein/kg body weight
per day) in healthy individuals increased fasting glucose levels,
impaired hepatic glucose output suppression by insulin, and
enhanced gluconeogenesis (Linn et al., 2000). On the other
hand, low-protein diets (5%-10% protein calories) suggested
improved insulin sensitivity that is beneficial to T2D, and this
may be realized through the general control non-derepressible 2
(GCN2)/transcription factor 4 (ATF4)/FGF21 signaling pathway
(Haro et al., 2019; Figure 3).

Soy protein is one kind of protein that is good for its
hypolipidemic and hypocholesterolemic benefits in humans
(Anderson et al., 1995). Studies showed that soy protein intake
can positively affect glucose metabolism in addition to its effect
on decreasing serum lipids. In comparison with casein, soy
protein reduced fasting glucose and insulin levels in animals
and prevented insulin resistance induced by a high-sucrose diet.
Moreover, in humans, it was also revealed that soy protein
decreased glucose levels compared to casein (Hubbard et al,
1989). And this function might be explained by the differential
hormonal response. Besides, soy protein can also stimulate INSR
mRNA expression and thereby increase insulin signaling in
fat and liver finally improve insulin sensitivity in these tissues
(Iritani et al., 1997).

Fish protein is another protein and widely known protein
for years, as Alaska and Greenland populations have a low
incidence of T2D for taking large amounts of fish. In lean
fish, protein is the most abundant nutrient; consumption of
fish protein showed improved cholesterol transport via high-
density lipoprotein and reduced triglycerides via very low-
density lipoprotein (Chen et al., 2020). Meanwhile, compared
to casein-fed animals, cod protein-fed rats were protected
against insulin resistance induced by sucrose or in saturated
fat (Lavigne et al, 2000) by stimulating glucose uptake by
skeletal muscle (Lavigne et al, 2001). Cod protein activated
PI3K/AKT signaling pathway and selectively improved GLUT4
translocation to the T tubules, improving glucose transport in
response to insulin (Tremblay et al.,, 2003). Moreover, human
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studies also showed cod protein exerted beneficial effects to T2D.
Cod protein induced a lower insulin-to-glucose ratio compared
with milk protein (von Post-Skagegard et al., 2006) and increased
postmeal plasma insulin concentrations compared with beef
protein (Tremblay et al., 2007).

Protein breakdown or synthesis leads to the change of
amino acids levels. There are eight amino acids that cannot be
produced inside the body but must come from food. Amino
acids are considered as gene expression regulators such as
CHOP, which is important to glucose metabolism (Tremblay
and Marette, 2001). Amino acids activate the mTOR/S6K1
pathway, and the activation of mTOR inhibits PI3K that results
in insulin resistance (Kimball and Jefferson, 2006). BCAAs
are kind of important amino acids in regulating homeostasis.
BCAAs regulate the release of hormones, including leptin
(LEP), GLP-1, and ghrelin, which affects glucose control (Potier
et al., 2009). Besides, BCAAs regulate glucose metabolism
partly through activating the mTORC1/PKC signaling pathway
(Vary and Lynch, 2007).

A healthy and balanced diet should meet all the requirements
in amino acids and proteins from varied sources in appropriate
proportions. The canonical pathway to respond to amino
acid deficiency is amino acid response (Chou et al, 2012).
When the essential amino acids decrease, it would cause
the deacetylation of the corresponding tRNAs. Uncharged
tRNAs bind and activate the GCN2 kinase, and then the
activated GCN2 phosphorylates the eukaryotic initiation factor
20 (eIF2a), and induces ATF4 activation (Hao et al., 2005).
Numerous studies have shown that increasing dietary levels
of BCAAs had a positive effect on T2D (Lynch and Adams,
2014), whereas others suggested that deficiency of BCAAs
was beneficial for improving insulin sensitivity and glucose
tolerance. Leucine deprivation or methionine deficiency all
showed improved insulin sensitivity, energy expenditure, and
thermogenesis via GCN2/elF2a/ATF4/FGF21 transduction
pathway (Haro et al., 2019).

MICRONUTRIENT AND T2D

Mineral Substances

As micronutrient, mineral substances are required at very
low concentrations for the normal growth but play important
roles in maintaining metabolism homeostasis (Shenkin, 2006).
Some of the mineral substances are activating cofactors and
coenzymes for metabolism control, oxidative stress, and genetic
transcription. The deficiency of mineral substances was shown to
have relationship with T2D (Figure 3).

Selenium is a vital component of enzymes for redox
reactions such as glutathione peroxidase and thioredoxin
reductase in human body, and importantly, the dose
range to toxicity is very narrow (Sun et al, 2013). The
main dietary sources of selenium are cereals, black tea,
milk, mushrooms, soybeans, bamboo shoots, nuts, and
broccoli (Rayman et al, 2008). Appropriate concentration
of selenium intake can act as an insulin minetic to attenuate
diabetes, with the role of decreasing glucose and insulin

tolerance, thus preventing hepatic insulin resistance (Zhou
et al, 2013). However, high selenium concentration will
result in gluconeogenesis, and fasting blood glucose (FBG)
levels increased and therefore have a risk to diabetes
(Ogawa-Wong et al., 2016).

Vanadium is common in nature but appears at very
low concentrations in humans. It occurs with proteins
such as transferrin, albumin, and hemoglobin that are vital
to the physiological processes (Pessoa and Tomaz, 2010).
In vitro and in vivo researches suggested that vanadium
had insulin-mimetic properties and may be a potential
therapeutic agent to T2D (Domingo and Gomez, 2016).
Oral administration of 1 mg/kg per day of vanadyl sulfate
for 4 weeks significantly decreased glucose levels in diabetes
patients. The possible mechanism underlying this might
be through increasing GLUT translocation to plasma
membrane and then resulting in glucose transport increase
(Cohen et al., 1995).

Chromium plays an important role in glucose metabolism
by enhancing the binding of insulin to INSR (Cefalu and Hu,
2004). Clinical trials suggested 4 months’ supplementation of
chromium significantly decreased postprandial and also fasting
glucose levels. Mechanisms underlying this beneficial function of
chromium may partly be explained by the increase of GLUT2
expression and the activation of PI3K/AKT pathway in skeletal
muscle (Panchal et al., 2017).

Zinc is an important component of enzymes that play vital
roles in regulating insulin sensitivity and glucose homeostasis.
Researches showed that, in patients with T2D, the concentrations
of zinc in plasma and tissues are lower (Russell et al,
2016). Zinc supplementation improved insulin sensitivity and
glucose tolerance in diabetic mice models (Chen et al,
2000) and was found to have similar functions in humans
(Russell et al., 2016).

High sodium intake leads to a higher risk of hypertension
and cardiovascular diseases in patients with diabetes mellitus.
Sodium intake increases natriuresis via PPARY/SGLT2 pathway
and subsequently regulates glucose metabolism of type 2 diabetic
patients (Zhao et al., 2016). In contrast, another substance,
magnesium, was suggested to decrease the risk of cardiovascular
diseases in T2D patients. Magnesium deficiency was associated
with diabetes risk, whereas magnesium supplementation could
attenuate insulin resistance and improve glycemic control in T2D
patients (Wa et al., 2018).

Vitamin

In recent years, vitamin has received increased attention
because of its roles in regulating the development of T2D by
modulating insulin resistance and pancreatic B-cell functions
(Figure 3). Among these, vitamins D and E are the two
most popular types. Vitamin D was used to be a regulator
of bone metabolism but was found to have various clinical
functions. It is a key hormone involved in calcium and
phosphorous balance with several derivatives (Muscogiuri et al.,
2017). Vitamin D receptor (VDR) is found in the pancreatic
B cells and insulin response tissues such as skeletal muscle
and adipose tissue (Fan et al, 2016). Studies showed that
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vitamin D affected glucose utilization in VDR-dependent manner
in muscle and adipose tissue and activated PPARS, which
is a transcription factor involved in fatty acid metabolism
(Grammatiki et al., 2017). Besides, vitamins modulated insulin
action and insulin sensitivity by directly stimulating INSR gene
expressions (Maestro et al., 2000) or altered calcium flux to
influence insulin release of B cells (Muscogiuri et al.,, 2017).
Moreover, vitamin is a negative modulator of inflammatory
cytokine such as TNF-a and IL6, which are closely related to
insulin resistance (Garbossa and Folli, 2017).

Insulin resistance is the main diagnosis in most T2D patients,
and vitamin D deficiency was found to result in insulin
resistance and metabolic syndrome such as hypogonadotrophic,
renal diseases and cardiovascular complications (Garbossa
and Folli, 2017). And some beneficial effects of vitamin
D supplementation have been reported. In several clinical
trials, vitamin D administration decreased serum fasting
glucose levels and improved Homeostatic Model Assessment
of Insulin Resistance index in T2D patients (Talaei et al,
2013; Grammatiki et al., 2017). Vitamin E is a fat-soluble
vitamin, which is well known for its antioxidant capacity.
Besides, it also functions on cell cycle, cell signaling, lipid
metabolism, and inflammation (Gray et al, 2011). Several
years ago, vitamin E has been reported to have a role in
regulation of insulin sensitivity (Galmes et al., 2018). Vitamin
E supplementation significantly decreased plasma glucose and
hemoglobin A;. (HbA;.) levels (Paolisso et al, 1993). The
underlying mechanisms may include several pathways. For its
antioxidant capacity, vitamin E alters IRS1 phosphorylation,
thus affecting insulin signaling (Gray et al, 2011). Besides,
vitamin E was shown to directly regulate gene expression such
as PPARy, which plays important roles in insulin sensitivity
(Landrier et al., 2009).

OTHER CHEMICALS AND T2D

Besides macronutrients and micronutrients, others such as
phytochemicals and bioactives that are widely distributed in diets
or chemicals (such as alcohol) also have potential effects on T2D.
Phytochemicals or bioactives exist in fruits, flowers, wood, seeds,
bark, and stems, and some of them are found in traditional
Chinese medicine (Zhao et al., 2019). They have been reported
for their beneficial and therapeutic roles on diabetes in various
studies. Phytochemical compounds such as lignans or flavonoids
protect against oxidative stress and help diabetic wound healing
(Bacanli et al., 2019). Bioactives, such as curcumin, capsaicin,
berberine, celastrol, or artemisinin, were shown to improve
insulin sensitivity to combat diabetes (Zhao et al., 2019). Despite
the promising benefits, the molecular activity and toxicity of these
numerous phytochemicals and bioactives need to be explored in
further studies.

Alcohol is closely related to diseases such as fatty liver,
cardiovascular diseases, and also T2D. Recently, a dose-response
meta-analysis suggested that light and moderate alcohol intake
may reduce the risk of T2D, whereas heavy alcohol intake showed
inconclusive association (Knott et al., 2015).

TABLE 1 | SNPs—diet interactions increase the risk of type 2 diabetes.

Genes Polymorphisms Alleles Diet interaction References
FTO rs9939609 T Low adherence to  Ortega-Azorin
Mediterranean diet et al., 2012
MC4R rs17782313 T Low adherence to  Ortega-Azorin
Mediterranean diet et al., 2012
TCF7L2 rs7903146 T High dessert and Ouhaibi-
milk Diellouli et al.,
2014
TCF7L2 rs7903146 T High fiber Hindy et al.,
2012
IRS1 rs2943641 T Low carbohydrate  Ericson et al.,
intake 2013
Adiponectin SNP276G > T G>T Carbohydrate Hwang et al.,
gene 2013
TCF7L2 rs12255372 T Coffee InterAct
Consortium,
2016
PGC-1a rs10517030/ C/T Low-energy diet Park et al.,
2017
rs10517032
ACE gene  rs4343 I/D High-fat diet Schuler et al.,
2017

FTO, FTO a-ketoglutarate-dependent dioxygenase; MC4R, melanocortin 4

receptor; TCF7L2, transcription factor 7-like 2.

NUTRITIONAL RECOMMENDATIONS
FOR T2D

Prospective studies and clinical trials suggest different nutritional
recommendations for the prevention and management of T2D.
And they all highlight the importance of dietary habits and
lifestyles. For example, calorie restriction and exercise are helpful
to reduce the risk of T2D. From the perspective of nutrients,
the quality is more important than the quantity. To better
improve glucose control in T2D patients, diets rich in fruits,
vegetables, legumes, and whole grains are recommended. Low-
carbohydrate, low-GI (glycemic index), and high-protein diet
patterns will protect us from hyperglycemia incidence. Moreover,
moderate consumption of nuts and alcohol is also beneficial
(Ley et al, 2014). Different populations or individuals have
different foods, dietary habits, and disease susceptibility as well,
so nutritional strategies should vary according to their cultures
and genetic background.

DIET WITH GENETICS, EPIGENETICS,
AND METAGENOMICS INVOLVED IN THE
RISK OF T2D

Genetic backgrounds and environments (e.g., high-fat and high-
energy dietary habits, and a sedentary lifestyle) are major factors
that contribute to high susceptibility of T2D. The impressive
progress of next-generation sequencing (NGS) technology has
enabled genome sequencing to be obtained in a cheap and reliable
large-scale manner, which provides a comprehensive description
of genetic variants including single-nucleotide polymorphisms
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(SNPs), copy number variations, and other structural variants.
Various technologies combined with NGS are developed to
explore an increasingly diverse range of biological problems
extensively for transcriptome, epigenome, and microbiome.
Genetic variants account for only 5-10% for the observed
heritability of T2D (Schwenk et al., 2013). Recent advances in
precision nutrition have recognized that an individual’s diet may
increase the disease risk of T2D by interacting with specific
gene variants, affecting the expression of genes, modifying the
epigenetic features, or altering microbial composition involved in
critical metabolic pathways.

Genetic Variants and Diet Interactions
Genetic variants are the most widely studied features in the
field of precision nutrition, and the GWASs have generated
extensive knowledge about the genetic background of T2D
(Table 1; Hindy et al., 2012; Ortega-Azorin et al., 2012; Ericson
et al.,, 2013; Hwang et al., 2013; Ouhaibi-Djellouli et al., 2014;
InterAct Consortium, 2016; Park et al., 2017; Schuler et al., 2017).
For example, The a-ketoglutarate-dependent dioxygenase (FTO)
and melanocortin-4 receptor (MC4R) genes were confirmed
to be obesity-associated loci, which promotes researchers to
study the association of these variants with T2D. GWASs
showed these two genes were not significantly associated with
diabetes, and conversely, SNP-diet interactions were found to
play an important role in the risk of T2D (Ortega-Azorin et al.,
2012). FTO 159939609 and MC4R rs17782313 polymorphisms
conferred a higher risk of T2D in subjects with low adherence
to the Mediterranean diet. Transcription factor 7-like 2 protein
(TCF7L2) was reported to play an important role in the
pathogenesis of T2D, and the rs7903146 polymorphism was
associated with a high risk of T2D in an Algerian population
(Ouhaibi-Djellouli et al, 2014). In addition, the risk was
increased in the subjects with both rs7903146 SNP and high
dessert and milk intakes, which had higher fasting plasma
glucose concentration.

In order to better understand the cumulative effect of known
T2D-related genetic variants, genetic risk score (GRS) has been
developed. For example, 22 T2D-related SNPs identified by
GWAS were chosen, where 15 SNPs affect -cell function, and
7 SNPs affect insulin response, and the number of risk alleles
present for each SNP was summed as a GRS for each individual
(Layton et al., 2018). The GRSs were found to be significantly
related to the risk of T2D in African Americans. There were
also several studies using GRS to examine the effect of SNPs on
diet interactions and disease risk. In the Malmo Diet and Cancer
cohort (1991-1996) in Sweden (Ericson et al., 2018), GRS and
dietary risk score (DRS) were found to be associated with risk
of T2D independently, and the individuals with both high GRS
and DRS have the highest risk of T2D. However, no interaction
was observed between GRS and dietary intakes in terms of
disease risk. Likewise, the same observation was reported in
the EPIC-InterAct case-cohort study restricted to Mediterranean
diet (Langenberg et al., 2014). However, in United States men,
a Western dietary pattern, characterized by a high intake of
processed meat, red meat, refined cereals, butter, eggs and high-
fat dairy products, showed a significant interaction with the GRS

TABLE 2 | Dietary intakes changing gene expression and epigenetics increase the
risk of type 2 diabetes.

Dietary factors Target genes Modification References

Low protein NR1H3 Low expression Vo et al., 2013

Low protein HSD11B1, G6PC  High expression Vo et al., 2013

Vitamin D NFKBIA Low expression Zhang et al., 2014

deficiency

Chromium Insulin signaling Low expression Zhang et al., 2017

deficiency genes

Low protein NR1H3 Histone acetylation Vo et al., 2013
decrease

Vitamin D NFKBIA DNA methylation ~ Zhang et al., 2014

deficiency

Chromium Insulin signaling DNA methylation ~ Zhang et al., 2017

deficiency genes

Magnesium HSD11B2 DNA unmethylation Takaya et al., 2011

deficiency

Calcium deficiency HSD11B1 DNA methylation  Takaya et al., 2013

NR1HS3, nuclear receptor subfamily 1 group H member 3; HSD11B1,
hydroxysteroid 11-p dehydrogenase 1, G6PC, glucose-6-phosphatase; NFKBT,
nuclear factor xkB subunit 1; HSD11B2, hydroxysteroid 11-p dehydrogenase 2.

based on 10 T2D-associated SNPs, to increase the risk of T2D
(Qi et al., 2009).

The Effect of Dietary Intakes on Gene

Expression and Epigenetic Modification
Besides interacting with genetic background, diet styles have been
shown to change transcriptions related to T2D and increase the
disease risk (Table 2). There are two types of transcriptome
studies focusing on the gene expression change response
to long-term dietary interventions or differentially expressed
transcripts comparing the conditions from different habitual
dietary exposures. Dietary intervention studies were usually
carried out in rat or mice, and the effects on the metabolism
were tested in both maternal and offspring. Low-protein diets
in rat model down-regulated the expression of NR1H3 and
then increased the expression of hepatic gluconeogenic genes
(including G6PC and HSDI11B1) and consequently resulted
in glucose intolerance in adult offspring (Vo et al, 2013).
Vitamin D deficiency in pregnant rat induced the down-
regulation of nuclear factor kB inhibitor a (Ikba) and resulted
in insulin resistance in the offspring, which was associated
with persistently increased inflammation (Zhang et al., 2014).
Chromium was reported to regulate blood glucose first in 1959
(Mertz and Schwarz, 1959), a recent study using a mouse model
found that chromium deficiency increased T2D susceptibility
by downregulating insulin signaling genes to result in glucose
intolerance (Zhang et al., 2017).

Epigenetics, including DNA  methylation, histone
modification, non-coding RNAs, chromatin structure, and
so on, can regulate gene expression without changing the DNA
coding sequence. Epigenetics are inheritable and reversible
processes and involved in every aspect of life, for example, cell
differentiation, embryogenesis, and development. In recent
years, researches have recovered that epigenetic changes play
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an important role in various diseases including cancers, mental
disorders, immune disease, diabetes, and cardiovascular diseases.
In several population studies (Chambers et al., 2015; Dayeh
et al., 2016; Wahl et al,, 2017), DNA methylation markers were
reported to be significantly associated with T2D incidence, and
the DNA methylation risk score was able to predict the risk
of T2D. The environment and lifestyle can directly interact
with the genome to modify the epigenetics, and their influence
can even be passed to the next generation. In the previous
study, low-protein diet decreased the acetylation of histone H3
surrounding NR1H3 promoter to silence its expression and
increased the risk of T2D in the offspring (Vo et al, 2013).
Ikba expression was found to be repressed potentially by Ikba
methylation when vitamin D was deficient (Zhang et al., 2014).
DNA methylation profiling of the maternal liver tissue with
chromium restriction diet revealed hypermethylated genes
mainly involved in insulin signaling pathway; these genes
were downregulated and consequently promoted T2D (Zhang
et al, 2017). Likewise, magnesium and calcium deficiency
increased the risk of T2D by inducing DNA methylation
aberrations in genes related to glucocorticoid metabolism
(Takaya et al., 2011, 2013).

The Effect of Dietary Intakes on Gut
Microbiota

Gut microbiome is related to the pathogenesis of most
chronic diseases, for example, controlling body weight and
regulating insulin resistance. Among the environmental
factors contributing to T2D, diet plays an important role
through changing the gut microbiome. With the technology
advances recently, 16S rRNA gene amplicon sequencing,
shotgun metagenomic, and metatranscriptomic sequencing
have been well established and widely used for comprehensive
mapping of gut microbes. In a recent review (Gurung et al,
2020), the authors summarized 42 observational studies about
bacterial microbiome and T2D and reported that five genera
(including  Bifidobacterium, Bacteroides, Faecalibacterium,
Akkermansia, and Roseburia) were negatively associated with
T2D, whereas the genera of Ruminococcus, Fusobacterium,
and Blautia were positively associated with T2D. It is known
that gut microbiota influences the nutrition absorption, and
correspondingly, nutrition modulates the composition of
gut microbiota. Several literatures have studied how food
intakes change the gut microbiome and then promote T2D.
From 59 T2D patients, high-carbohydrate, high-fat, and high-
protein diets were found to increase counts of Clostridium
clusters IV and XI and decreased counts of Bifidobacterium
species, order Lactobacillales, and Clostridium cluster IV in
gut; therefore, fecal short-chain fatty acid (SCFA) production
was decreased subsequently, leading to metabolic disorders,
which increased the blood insulin levels and insulin resistance
(Yamaguchi et al., 2016).

These scientific advances allow us to predict individual risk
by taking into account the genetic, epigenetic information, and
dietary habits, thus enabling personalized prevention of the
disease by formulating dietary recommendations.

DIET WITH GENETICS, EPIGENETICS,
AND METAGENOMICS INVOLVED IN THE
INTERVENTION OF T2D

Dietary intervention is an important way to control blood
glucose levels in the treatment of T2D. There have been more
recognitions that nutrition adjustment for T2D, which mainly
aim at adjusting the metabolic disorders (i.e., insulin resistance),
has different responses, given the individuals’ genetic features.
Dietary interventions can also change the expression and
epigenetic feature of genes involved in the important metabolic
pathway, whereas the expression profiles and epigenetic markers
can be used to predict personalized response. Moreover, the gut
microbiota compositions can be modulated directly by nutrition
during dietary interventions.

SNPs-Diet Interactions Showing
Differential Responses to Dietary

Intervention

FTO 151558902 polymorphisms with high-fat diet were reported
to improve the insulin sensitivity differently rather than low-
fat diet from a randomized weight-loss dietary interventional
trial (Zheng et al.,, 2015). Similarly, food interventions aimed
at restricting caloric intake or modifying energy derived from
fat, protein, or carbohydrates were screened with several SNPs,
showing that different SNPs—diet interactions resulted in varied
response in terms of weight loss, fasting insulin, and HOMA-
IR (Grau et al,, 2010; Qi et al., 2011, 2012, 2015; Xu et al,
2013; Huang T. et al., 2015). In a POUNDS LOST trial (Huang
etal., 2016), a 2-year low-protein weight-loss diet for individuals
with low diabetes GRS was found to significantly improve B-cell
function and insulin resistance, whereas a high-protein diet
might be more beneficial for patients with high GRS.

Epigenetic Modification After Dietary

Intervention

Epigenetics play an important role in the metabolic disorders
contributing to T2D, whereas lifestyle interventions aiming at
diet and physical activity can reversely change the epigenetics and
metabolic pathways. The current nutritional recommendations
for diabetes management mostly aim to achieve modest weight
loss and maintenance. There are not much direct studies about
dietary intervention for T2D patients; however, several weight
loss programs studied the interactions between DNA methylation
and diet intervention. In a trial using 27 obese women with an
8-week low-calorie diet to study the interindividual difference
(Cordero et al,, 2011), good responders with a successful weight
loss showed lower methylation of LEP and TNF-a promoter
in adipose tissue and improved the lipid profile and fat mass
percentage after the dietary intervention. This observation
indicates the potential to predict the efficiency of weight loss by
dietary intervention using DNA methylation of LEP and TNEF-
a promoter. Similarly, differential methylation of five regions
located in or near AQP9, DUSP22, HIPK3, TNNT1, and TNNI3
genes was discovered between high and low responders to a
weight loss intervention (Moleres et al., 2013). Interestingly, a
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pilot study reported that DNA methylation patterns of RYRI,
TUBA3C, and BDNF in peripheral blood mononuclear cell
were changed after weight loss intervention, and the DNA
methylation pattern in the successful weight loss maintainers for
up to 3 years after intervention was similar to normal-weight
individuals rather than obese participants (Huang Y.T. et al,
2015). Therefore, DNA methylation markers might be used to
predict body weight maintenance after weight loss.

Modulation of Gut Microbiota After

Dietary Intervention

Unhealthy food intakes, e.g., Western diet, might change gut
microbiota to increase the risk of T2D; conversely, the gut
microbiome can be used as a target for the treatment of
T2D. Several studies have shown that dietary intervention can
modulate gut microbiota composition to treat T2D (Table 3).
Deficiency in SCFA production has been associated with T2D
(Puddu et al.,, 2014). A randomized clinical study using fecal
shotgun metagenomic sequencing uncovered that high-fiber diet
increased the abundance of SCFA-producing microbiota in TD2
patients to alleviate their phenotype (Zhao L. et al, 2018).
Similarly, fiber-rich macrobiotic Ma-Pi 2 diet or a recommended
control diet for T2D treatment (Candela et al., 2016) was found
to have a positive impact on modulating gut microbe dysbiosis,
especially recovering the SCFA-producing microbiome such
as Faecalibacterium, Roseburia, Lachnospira, Bacteroides, and
Akkermansia. Moreover, the Ma-Pi 2 diet showed the potential
to reverse proinflammatory dysbiosis in T2D by counteracting
the increase in the proinflammatory groups, such as Collinsella
and Streptococcus. Low-calorie formula diet was proven to have
a favorable impact on gut microbiome in a standardized three-
phase weight loss program for T2D patients (Taheri et al,
2019). The result showed that all of the participants lost
their weight and accompanied by a significant improvement
of glucose metabolism indicated by a reduction of HbA;,
fasting glucose, and insulin. Meanwhile, both the phylogenetic
diversity and P diversity markedly shifted during the end of
the low-calorie formula diet. Based on the epidemiological
studies, increased circulating BCAAs are associated with
insulin resistance and T2D. A randomized crossover trial
performed on T2D patients identified that decreased intake of
BCAAs was negatively relevant to postprandial insulin secretion
(Karusheva et al, 2019). Meanwhile, the analysis of fecal
microbiome showed enrichment in Bacteroidetes but decrease of
Firmicutes.

There were also many researches using animal models to
investigate dietary intervention for T2D. A report demonstrated
that pumpkin polysaccharide had the ability to ease the
phenotype of T2D in rat model induced by high-fat diet
and streptozotocin and selectively enriched the butyric acid-
producing microbiota in rat gut, which is the potential
mechanism (Liu et al., 2018). In a non-obese type 2 diabetic
animal model, the pancreatectomized rats were provided diets
supplemented with aronia, red ginseng, shiitake mushroom,
and nattokinase (AGM) (Yang et al., 2018). After 12 weeks’
feed, the experimental group showed enhanced insulin secretion

TABLE 3 | Dietary interventions modulate gut microbiota.

Microbiota Metabolism References

modulation

Dietary factors

Fiber-rich diet Higher counts of Zhao L. et al., 2018
SCFA-producing

gut microbiota

Improving SCFA
production

Ma-Pi 2 diet Higher counts of  Improving SCFA Candela et al.,
SCFA-producing  production 2016
microbiota

Low-calorie diet Increased gut Taheri et al., 2019
microbiota diversity,
reducing levels of
Collinsella

Branched-chain Enrichment in Reducing Karusheva et al.,

amino acids Bacteroidetes but  meal-induced 2019

reduced diet decrease of insulin secretion
Firmicutes

Pumpkin Enrichment of the  Improving SCFA Liuetal., 2018

polysaccharide butyric production
acid-producing gut
microbiota

Combination of Improving gut
aronia, red ginseng, microbiome
shiitake mushroom, dysbiosis

Enhancing insulin
secretion and
reducing insulin

Yang et al., 2018

and nattokinase resistance
Oil tea Higher counts of Linetal, 2018
Lachnospiraceae
Red pitaya Decreasing the Improving insulin -~ Song et al., 2016
B-cyanins ratio of Firmicutes  resistance
and Bacteroidetes,
increasing relative
abundance of
Akkermansia
Lessonia Enrichment of Higher expression  Zhao C. et al., 2018
nigrescens beneficial bacteria, of PI3K and lower

ethanolic extract Barnesiella,
decrease of
Clostridium and

Alistipes

expression of JNK
in liver

PI3K, phosphatidylinositol 3-kinase;, JNK, c-Jun N-terminal kinase.

and reduced insulin resistance, as well as improved the
gut microbiome dysbiosis. According to traditional Chinese
medicine, oil tea containing green tea and ginger has potential
to treat various ailments (Lin et al., 2018). Lin et al. (2018) orally
gavaged the db/db mice with oil tea for 8 weeks and tested FBG,
oral glucose tolerance test, and lipid levels. The result showed
that oil tea can effectively suppress the blood glucose elevation,
and meanwhile the gut microbiota was markedly enriched with
Lachnospiraceae. It was also reported that the high-fat diet-fed
mice showed reduced insulin resistance after oral gavage red
pitaya P-cyanins for 14 weeks (Song et al, 2016). 16S rRNA
sequencing analysis found the structure of gut microbiota was
modulated especially with the decreased ratio of Firmicutes and
Bacteroidetes and increased relative abundance of Akkermansia.
In another streptozotocin-induced type 2 diabetic mice model,
Lessonia nigrescens ethanolic extract was shown to decrease FBG
levels (Zhao C. et al., 2018). The gene and protein of PI3K in liver
were upregulated, whereas JNK was significantly downregulated.
Meanwhile, the gut microbiota was enriched with beneficial
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bacteria, Barnesiella, and had less abundances of Clostridium and
Alistipes.

In summary, previous studies have shown that the specific
dietary (e.g., high-fiber, low-fat, or low-calorie formula diet) can
regulate insulin secretion and resistance through modulating
the gut microbiota. Therefore, modification of the gut bacteria
composition by dietary intervention might be a feasible method
to alleviate the symptom of T2D. However, concrete conclusion
remains to be obtained by future well-designed and long-term
studies. Especially, more effort is expected to study the role
of individual food compounds or nutrients in regulating the
metabolism to prevent and treat T2D.

CONCLUSION

Type 2 diabetes is a metabolic disease characterized by insulin
resistance and/or abnormal insulin secretion that is caused
by multiple factors including genetics, nutrition, and physical
activity. Insulin signaling dysregulation in glucose metabolism
is the major mechanism contributing to T2D, and the factors
involved in this pathway can be targets for prevention and
intervention of T2D. Growing evidence suggest the important
role of nutrition in developing T2D, and the mechanisms behind
are explored, respectively, in terms of five main nutrients, namely,
proteins, carbohydrates, fats, vitamins, and minerals. Previous
suggestions for management of T2D are usually made based
on average population; however, with the advance of precision
medicine, precision nutrition has attracted increasing attention
in T2D. Genetic predisposition combined with diet specifically
influences the risk of developing T2D for individuals, and food

REFERENCES

Alberti, K. G., and Zimmet, P. Z. (1998). Definition, diagnosis and classification
of diabetes mellitus and its complications. Part 1: diagnosis and classification
of diabetes mellitus provisional report of a WHO consultation. Diabet Med.
15, 539-553. doi: 10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.
€0;2-8

Anderson, J. W., Johnstone, B. M., and Cook-Newell, M. E. (1995). Meta-analysis
of the effects of soy protein intake on serum lipids. N. Engl. J. Med. 333, 276-282.
doi: 10.1056/NEJM199508033330502

Bacanli, M., Dilsiz, S. A., Basaran, N., and Basaran, A. A. (2019). Effects of
phytochemicals against diabetes. Adv. Food Nutr. Res. 89, 209-238. doi: 10.
1016/bs.afnr.2019.02.006

Bruce, C. R., and Febbraio, M. A. (2007). It’s what you do with the fat that matters!
Nat. Med. 13, 1137-1138. doi: 10.1038/nm1007-1137

Candela, M., Biagi, E., Soverini, M., Consolandi, C., Quercia, S., Severgnini,
M., et al. (2016). Modulation of gut microbiota dysbioses in type 2 diabetic
patients by macrobiotic Ma-Pi 2 diet. Br. J. Nutr. 116, 80-93. doi: 10.1017/
S0007114516001045

Cefalu, W. T., and Hu, F. B. (2004). Role of chromium in human health
and in diabetes. Diabetes Care 27, 2741-2751. doi: 10.2337/diacare.27.11.
2741

Chambers, J. C., Loh, M., Lehne, B., Drong, A., Kriebel, J., Motta, V., et al. (2015).
Epigenome-wide association of DNA methylation markers in peripheral blood
from Indian Asians and Europeans with incident type 2 diabetes: a nested
case-control study. Lancet Diabetes Endocrinol. 3, 526-534. doi: 10.1016/52213-
8587(15)00127-8

Chandalia, M., Garg, A., Lutjohann, D., von Bergmann, K., Grundy, S. M., and
Brinkley, L. J. (2000). Beneficial effects of high dietary fiber intake in patients

intakes change gene expression, epigenetic features, and gut
microbiota to characterize individuals’ response to prevention
and treatment by adjusting dietary patterns. However, precision
nutrition is still in its infancy, and the studies performed are not
comprehensive and sometimes have contradicted conclusions,
possibly due to the limited sample size, varied population, and
unstandardized study design. In conclusion, nutrition plays a big
role in the prevention and intervention of T2D, and precision
nutrition holds promise for future therapeutic strategies.

AUTHOR CONTRIBUTIONS

YG and QL conceived the idea and wrote the manuscript with
input from ZH, DS, and QG. YG prepared the figures. QL and
ZH prepared the tables. All authors edited and approved the
final manuscript.

FUNDING

This review was supported by the National Natural Science
Foundation of China (No. 81700750), Guangdong Natural
Science Foundation (No. 2019A1515111174), Shenzhen
Outbound post-doctoral research funding (CZBSHKY]JJ002),
the Fundamental Research Funds for the Central Universities,
Sun Yat-sen University (19ykpy02), the Basic Research Start-
up Project of The Eighth Affiliated Hospital of Sun Yat-sen
University (GCCRCYJ022), and The Eighth Affiliated Hospital
of Sun Yat-sen University Outstanding Youth Reserve Talent
Science Fund (FBJQ2019004).

with type 2 diabetes mellitus. N. Engl. J. Med. 342, 1392-1398. doi: 10.1056/
NEJM200005113421903

Chen, M. D,, Song, Y. M., and Lin, P. Y. (2000). Zinc effects on hyperglycemia and
hypoleptinemia in streptozotocin-induced diabetic mice. Horm. Metab. Res. 32,
107-109. doi: 10.1055/s-2007-978600

Chen, Z., Franco, O. H., Lamballais, S., Ikram, M. A., Schoufour, J. D., Muka, T.,
et al. (2020). Associations of specific dietary protein with longitudinal insulin
resistance, prediabetes and type 2 diabetes: the rotterdam study. Clin. Nutr. 39,
242-249. doi: 10.1016/j.cInu.2019.01.021

Chou, C. J., Affolter, M., and Kussmann, M. (2012). A nutrigenomics view of
protein intake: macronutrient, bioactive peptides, and protein turnover. Prog.
Mol. Biol. Transl. Sci. 108, 51-74. doi: 10.1016/B978-0-12-398397-8.00003-4

Cohen, N., Halberstam, M., Shlimovich, P., Chang, C. J., Shamoon, H., and
Rossetti, L. (1995). Oral vanadyl sulfate improves hepatic and peripheral insulin
sensitivity in patients with non-insulin-dependent diabetes mellitus. J. Clin.
Invest. 95, 2501-2509. doi: 10.1172/JCI117951

Cooper, A.J., Forouhi, N. G, Ye, Z., Buijsse, B., Arriola, L., Balkau, B., et al. (2012).
Fruit and vegetable intake and type 2 diabetes: ePIC-InterAct prospective study
and meta-analysis. Eur. J. Clin. Nutr. 66, 1082-1092. doi: 10.1038/ejcn.2012.85

Cordero, P., Campion, J., Milagro, F. I., Goyenechea, E., Steemburgo, T., Javierre,
B. M., et al. (2011). Leptin and TNF-alpha promoter methylation levels
measured by MSP could predict the response to a low-calorie diet. J. Physiol.
Biochem. 67, 463-470. doi: 10.1007/s13105-011-0084-4

Dao, M. C,, Everard, A., Aron-Wisnewsky, J., Sokolovska, N., Prifti, E., Verger,
E. O, et al. (2016). Akkermansia muciniphila and improved metabolic health
during a dietary intervention in obesity: relationship with gut microbiome
richness and ecology. Gut 65, 426-436. doi: 10.1136/gutjnl-2014-308778

Dayeh, T., Tuomi, T., Almgren, P., Perfilyev, A., Jansson, P. A., de Mello, V. D.,
etal. (2016). DNA methylation of loci within ABCG1 and PHOSPHO1 in blood

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 575442


https://doi.org/10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.co;2-s
https://doi.org/10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.co;2-s
https://doi.org/10.1056/NEJM199508033330502
https://doi.org/10.1016/bs.afnr.2019.02.006
https://doi.org/10.1016/bs.afnr.2019.02.006
https://doi.org/10.1038/nm1007-1137
https://doi.org/10.1017/S0007114516001045
https://doi.org/10.1017/S0007114516001045
https://doi.org/10.2337/diacare.27.11.2741
https://doi.org/10.2337/diacare.27.11.2741
https://doi.org/10.1016/S2213-8587(15)00127-8
https://doi.org/10.1016/S2213-8587(15)00127-8
https://doi.org/10.1056/NEJM200005113421903
https://doi.org/10.1056/NEJM200005113421903
https://doi.org/10.1055/s-2007-978600
https://doi.org/10.1016/j.clnu.2019.01.021
https://doi.org/10.1016/B978-0-12-398397-8.00003-4
https://doi.org/10.1172/JCI117951
https://doi.org/10.1038/ejcn.2012.85
https://doi.org/10.1007/s13105-011-0084-4
https://doi.org/10.1136/gutjnl-2014-308778
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Guo et al.

Nutrition and Type 2 Diabetes

DNA is associated with future type 2 diabetes risk. Epigenetics 11, 482-488.
doi: 10.1080/15592294.2016.1178418

Derosa, G., Catena, G., Raddino, R., Gaudio, G., Maggi, A., D’Angelo, A., et al.
(2018). Effects on oral fat load of a nutraceutical combination of fermented red
rice, sterol esters and stanols, curcumin, and olive polyphenols: a randomized,
placebo controlled trial. Phytomedicine 42, 75-82. doi: 10.1016/j.phymed.2018.
01.014

Domingo, J. L., and Gomez, M. (2016). Vanadium compounds for the treatment
of human diabetes mellitus: a scientific curiosity? A review of thirty years of
research. Food Chem. Toxicol. 95, 137-141. doi: 10.1016/j.fct.2016.07.005

Du, K., Herzig, S., Kulkarni, R. N., and Montminy, M. (2003). TRB3: a tribbles
homolog that inhibits Akt/PKB activation by insulin in liver. Science 300,
1574-1577. doi: 10.1126/science.1079817

Ericson, U, Hindy, G., Drake, I, Schulz, C. A, Brunkwall, L., Hellstrand, S., et al.
(2018). Dietary and genetic risk scores and incidence of type 2 diabetes. Genes
Nutr. 13:13. doi: 10.1186/s12263-018-0599-1

Ericson, U., Rukh, G., Stojkovic, I, Sonestedt, E., Gullberg, B., Wirfilt, E., et al.
(2013). Sex-specific interactions between the IRS1 polymorphism and intakes
of carbohydrates and fat on incident type 2 diabetes. Am. J. Clin. Nutr. 97,
208-216. doi: 10.3945/ajcn.112.046474

Evans, R. M., Barish, G. D., and Wang, Y. X. (2004). PPARs and the complex
journey to obesity. Nat. Med. 10, 355-361. doi: 10.1038/nm1025

Fan, Y., Futawaka, K., Koyama, R., Fukuda, Y., Hayashi, M., Imamoto, M., et al.
(2016). Vitamin D3/VDR resists diet-induced obesity by modulating UCP3
expression in muscles. J. Biomed. Sci. 23:56. doi: 10.1186/s12929-016-0271-2

Fisher, F. M., Kim, M., Doridot, L., Cunniff, J. C., Parker, T. S., Levine, D. M.,
et al. (2017). A critical role for ChREBP-mediated FGF21 secretion in hepatic
fructose metabolism. Mol. Metab. 6, 14-21. doi: 10.1016/j.molmet.2016.11.008

Galmes, S., Serra, F., and Palou, A. (2018). Vitamin E metabolic effects and
genetic variants: a challenge for precision nutrition in obesity and associated
disturbances. Nutrients 10:1919. doi: 10.3390/nu10121919

Gao, D., Griffiths, H. R., and Bailey, C. J. (2009). Oleate protects against palmitate-
induced insulin resistance in L6 myotubes. Br. J. Nutr. 102, 1557-1563. doi:
10.1017/50007114509990948

Garbossa, S. G., and Folli, F. (2017). Vitamin D, sub-inflammation and insulin
resistance. A window on a potential role for the interaction between bone and
glucose metabolism. Rev. Endocr. Metab. Disord 18, 243-258. doi: 10.1007/
s11154-017-9423-2

Garcia-Perez, 1., Posma, J. M., Gibson, R., Chambers, E. S., Hansen, T. H.,,
Vestergaard, H., et al. (2017). Objective assessment of dietary patterns by use
of metabolic phenotyping: a randomised, controlled, crossover trial. Lancet
Diabetes Endocrinol. 5, 184-195. doi: 10.1016/S2213-8587(16)30419-3

Grammatiki, M., Rapti, E., Karras, S., Ajjan, R. A., and Kotsa, K. (2017). Vitamin D
and diabetes mellitus: causal or casual association? Rev. Endocr. Metab. Disord.
18, 227-241. doi: 10.1007/s11154-016-9403-y

Grau, K., Cauchi, S., Holst, C., Astrup, A., Martinez, J. A., Saris, W. H,, et al. (2010).
TCF7L2 rs7903146-macronutrient interaction in obese individuals’ responses
to a 10-wk randomized hypoenergetic diet. Am. J. Clin. Nutr. 91, 472-479.
doi: 10.3945/ajcn.2009.27947

Gray, B., Swick, J., and Ronnenberg, A. G. (2011). Vitamin E and adiponectin:
proposed mechanism for vitamin E-induced improvement in insulin sensitivity.
Nutr. Rev. 69, 155-161. doi: 10.1111/j.1753-4887.2011.00377.x

Guasch-Ferre, M., Hruby, A., Toledo, E., Clish, C. B., Martinez-Gonzalez, M. A.,
Salas-Salvado, J., et al. (2016). Metabolomics in prediabetes and diabetes: a
systematic review and meta-analysis. Diabetes Care 39, 833-846. doi: 10.2337/
dc15-2251

Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D. B., Morgun, A., et al
(2020). Role of gut microbiota in type 2 diabetes pathophysiology. EBioMedicine
51:102590. doi: 10.1016/j.ebiom.2019.11.051

Haffner, S. M., Lehto, S., Ronnemaa, T., Pyorala, K., and Laakso, M. (1998).
Mortality from coronary heart disease in subjects with type 2 diabetes and in
nondiabetic subjects with and without prior myocardial infarction. N. Engl. J.
Med. 339, 229-234. doi: 10.1056/NEJM199807233390404

Hao, S., Sharp, J. W., Ross-Inta, C. M., McDaniel, B. J., Anthony, T. G., Wek,
R. C, et al. (2005). Uncharged tRNA and sensing of amino acid deficiency
in mammalian piriform cortex. Science 307, 1776-1778. doi: 10.1126/science.
1104882

Haro, D., Marrero, P. F.,, and Relat, J. (2019). Nutritional Regulation of Gene
Expression: carbohydrate-, Fat- and Amino Acid-Dependent Modulation of
Transcriptional Activity. Int. J. Mol. Sci. 20:1386. doi: 10.3390/ijms20061386

Hindy, G., Sonestedt, E., Ericson, U, Jing, X. J., Zhou, Y., Hansson, O., et al. (2012).
Role of TCF7L2 risk variant and dietary fibre intake on incident type 2 diabetes.
Diabetologia 55, 2646-2654. doi: 10.1007/s00125-012-2634-x

Huang, T., Huang, J., Qi, Q., Li, Y., Bray, G. A, Rood, J., et al. (2015). PCSK7
genotype modifies effect of a weight-loss diet on 2-year changes of insulin
resistance: the POUNDS LOST trial. Diabetes Care 38, 439-444. doi: 10.2337/
dc14-0473

Huang, T., Ley, S. H., Zheng, Y., Wang, T., Bray, G. A,, Sacks, F. M,, et al.
(2016). Genetic susceptibility to diabetes and long-term improvement of insulin
resistance and beta cell function during weight loss: the Preventing Overweight
Using Novel Dietary Strategies (POUNDS LOST) trial. Am. J. Clin. Nutr. 104,
198-204. doi: 10.3945/ajcn.115.121186

Huang, Y. T., Maccani, J. Z. J., Hawley, N. L, Wing, R. R,, Kelsey, K. T.,
and McCaffery, J. M. (2015). Epigenetic patterns in successful weight loss
maintainers: a pilot study. Int. J. Obes. 39, 865-868. doi: 10.1038/ijo.20
14.213

Hubbard, R., Kosch, C. L., Sanchez, A., Sabate, J., Berk, L., and Shavlik, G.
(1989). Effect of dietary protein on serum insulin and glucagon levels in hyper-
and normocholesterolemic men. Atherosclerosis 76, 55-61. doi: 10.1016/0021-
9150(89)90193-7

Hwang, J. Y., Park, J. E,, Choi, Y. J., Huh, K. B,, Chang, N., and Kim, W. Y.
(2013). Carbohydrate intake interacts with SNP276G>T polymorphism in the
adiponectin gene to affect fasting blood glucose, HbA1C, and HDL cholesterol
in Korean patients with type 2 diabetes. J. Am. Coll. Nutr. 32, 143-150. doi:
10.1080/07315724.2013.791795

InterAct Consortium (2016). Investigation of gene-diet interactions in the incretin
system and risk of type 2 diabetes: the EPIC-InterAct study. Diabetologia 59,
2613-2621. doi: 10.1007/s00125-016-4090-5

Iritani, N., Sugimoto, T., Fukuda, H., Komiya, M., and Ikeda, H. (1997). Dietary
soybean protein increases insulin receptor gene expression in Wistar fatty rats
when dietary polyunsaturated fatty acid level is low. J. Nutr. 127, 1077-1083.
doi: 10.1093/jn/127.6.1077

Kahn, S. E., Hull, R. L., and Utzschneider, K. M. (2006). Mechanisms linking
obesity to insulin resistance and type 2 diabetes. Nature 444, 840-846. doi:
10.1038/nature05482

Karusheva, Y., Koessler, T., Strassburger, K., Markgraf, D., Mastrototaro, L., Jelenik,
T., et al. (2019). Short-term dietary reduction of branched-chain amino acids
reduces meal-induced insulin secretion and modifies microbiome composition
in type 2 diabetes: a randomized controlled crossover trial. Am. J. Clin. Nutr.
110, 1098-1107. doi: 10.1093/ajcn/nqz191

Kimball, S. R., and Jefferson, L. S. (2006). New functions for amino acids: effects
on gene transcription and translation. Am. J. Clin. Nutr. 83, 500S-507S. doi:
10.1093/ajcn/83.2.500S

King, H., Aubert, R. E., and Herman, W. H. (1998). Global burden of diabetes,
1995-2025: prevalence, numerical estimates, and projections. Diabetes Care 21,
1414-1431. doi: 10.2337/diacare.21.9.1414

Knott, C., Bell, S., and Britton, A. (2015). Alcohol consumption and the risk of
type 2 diabetes . a systematic review and dose-response meta-analysis of more
than 1.9 million individuals from 38 observational studies. Diabetes Care 38,
1804-1812. doi: 10.2337/dc15-0710

Koska, J., Stefan, N., Permana, P. A., Weyer, C., Sonoda, M., Bogardus, C.,
et al. (2008). Increased fat accumulation in liver may link insulin resistance
with subcutaneous abdominal adipocyte enlargement, visceral adiposity, and
hypoadiponectinemia in obese individuals. Am. J. Clin. Nutr. 87, 295-302.
doi: 10.1093/ajcn/87.2.295

Lackey, D. E., and Olefsky, J. M. (2016). Regulation of metabolism by the innate
immune system. Nat. Rev. Endocrinol. 12, 15-28. doi: 10.1038/nrendo.2015.189

Lai, K. K, Kolippakkam, D., and Beretta, L. (2008). Comprehensive and
quantitative proteome profiling of the mouse liver and plasma. Hepatology 47,
1043-1051. doi: 10.1002/hep.22123

Landrier, J. F., Gouranton, E., El Yazidi, C., Malezet, C., Balaguer, P., Borel, P.,
et al. (2009). Adiponectin expression is induced by vitamin E via a peroxisome
proliferator-activated receptor gamma-dependent mechanism. Endocrinology
150, 5318-5325. doi: 10.1210/en.2009-0506

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 575442


https://doi.org/10.1080/15592294.2016.1178418
https://doi.org/10.1016/j.phymed.2018.01.014
https://doi.org/10.1016/j.phymed.2018.01.014
https://doi.org/10.1016/j.fct.2016.07.005
https://doi.org/10.1126/science.1079817
https://doi.org/10.1186/s12263-018-0599-1
https://doi.org/10.3945/ajcn.112.046474
https://doi.org/10.1038/nm1025
https://doi.org/10.1186/s12929-016-0271-2
https://doi.org/10.1016/j.molmet.2016.11.008
https://doi.org/10.3390/nu10121919
https://doi.org/10.1017/S0007114509990948
https://doi.org/10.1017/S0007114509990948
https://doi.org/10.1007/s11154-017-9423-2
https://doi.org/10.1007/s11154-017-9423-2
https://doi.org/10.1016/S2213-8587(16)30419-3
https://doi.org/10.1007/s11154-016-9403-y
https://doi.org/10.3945/ajcn.2009.27947
https://doi.org/10.1111/j.1753-4887.2011.00377.x
https://doi.org/10.2337/dc15-2251
https://doi.org/10.2337/dc15-2251
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1056/NEJM199807233390404
https://doi.org/10.1126/science.1104882
https://doi.org/10.1126/science.1104882
https://doi.org/10.3390/ijms20061386
https://doi.org/10.1007/s00125-012-2634-x
https://doi.org/10.2337/dc14-0473
https://doi.org/10.2337/dc14-0473
https://doi.org/10.3945/ajcn.115.121186
https://doi.org/10.1038/ijo.2014.213
https://doi.org/10.1038/ijo.2014.213
https://doi.org/10.1016/0021-9150(89)90193-7
https://doi.org/10.1016/0021-9150(89)90193-7
https://doi.org/10.1080/07315724.2013.791795
https://doi.org/10.1080/07315724.2013.791795
https://doi.org/10.1007/s00125-016-4090-5
https://doi.org/10.1093/jn/127.6.1077
https://doi.org/10.1038/nature05482
https://doi.org/10.1038/nature05482
https://doi.org/10.1093/ajcn/nqz191
https://doi.org/10.1093/ajcn/83.2.500S
https://doi.org/10.1093/ajcn/83.2.500S
https://doi.org/10.2337/diacare.21.9.1414
https://doi.org/10.2337/dc15-0710
https://doi.org/10.1093/ajcn/87.2.295
https://doi.org/10.1038/nrendo.2015.189
https://doi.org/10.1002/hep.22123
https://doi.org/10.1210/en.2009-0506
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Guo et al.

Nutrition and Type 2 Diabetes

Langenberg, C., Sharp, S.]., Franks, P. W., Scott, R. A., Deloukas, P., Forouhi, N. G.,
et al. (2014). Gene-lifestyle interaction and type 2 diabetes: the EPIC interact
case-cohort study. PLoS Med. 11:e1001647. doi: 10.1371/journal.pmed.1001647

Lavigne, C., Marette, A., and Jacques, H. (2000). Cod and soy proteins compared
with casein improve glucose tolerance and insulin sensitivity in rats. Am. J.
Physiol. Endocrinol. Metab. 278, E491-E500. doi: 10.1152/ajpendo.2000.278.3.
E491

Lavigne, C., Tremblay, F., Asselin, G., Jacques, H., and Marette, A. (2001).
Prevention of skeletal muscle insulin resistance by dietary cod protein in high
fat-fed rats. Am. J. Physiol. Endocrinol. Metab. 281, E62-E71. doi: 10.1152/
ajpendo.2001.281.1.E62

Layton, J., Li, X, Shen, C., de Groot, M., Lange, L., Correa, A., et al. (2018). Type
2 diabetes genetic risk scores are associated with increased type 2 diabetes
risk among african americans by cardiometabolic status. Clin. Med. Insights
Endocrinol. Diabetes 11:1179551417748942. doi: 10.1177/1179551417748942

Lee, H. J., and Cha, J. Y. (2018). Recent insights into the role of ChREBP in
intestinal fructose absorption and metabolism. BMB Rep. 51, 429-436. doi:
10.5483/bmbrep.2018.51.9.197

Ley, S. H., Hamdy, O., Mohan, V., and Hu, F. B. (2014). Prevention and
management of type 2 diabetes: dietary components and nutritional strategies.
Lancet 383, 1999-2007. doi: 10.1016/S0140-6736(14)60613-9

Lin, R., He, X., Chen, H., He, Q., Yao, Z., Li, Y., et al. (2018). Oil tea improves
glucose and lipid levels and alters gut microbiota in type 2 diabetic mice. Nutr.
Res. 57, 67-77. doi: 10.1016/j.nutres.2018.05.004

Linn, T., Santosa, B., Gronemeyer, D., Aygen, S., Scholz, N., Busch, M., et al. (2000).
Effect of long-term dietary protein intake on glucose metabolism in humans.
Diabetologia 43, 1257-1265. doi: 10.1007/s001250051521

Liu, G, Liang, L., Yu, G,, and Li, Q. (2018). Pumpkin polysaccharide modifies
the gut microbiota during alleviation of type 2 diabetes in rats. Int. J. Biol.
Macromol. 115, 711-717. doi: 10.1016/j.ijbiomac.2018.04.127

Lynch, C. J., and Adams, S. H. (2014). Branched-chain amino acids in metabolic
signalling and insulin resistance. Nat. Rev. Endocrinol. 10, 723-736. doi: 10.
1038/nrendo.2014.171

Maestro, B., Campion, J., Davila, N., and Calle, C. (2000). Stimulation by 1,25-
dihydroxyvitamin D3 of insulin receptor expression and insulin responsiveness
for glucose transport in U-937 human promonocytic cells. Endocr. ]. 47,
383-391. doi: 10.1507/endocrj.47.383

Malik, V. S., Willett, W. C., and Hu, F. B. (2013). Global obesity: trends, risk factors
and policy implications. Nat. Rev. Endocrinol. 9, 13-27. doi: 10.1038/nrendo.
2012.199

Manore, M. M., Larson-Meyer, D. E,, Lindsay, A. R., Hongu, N., and Houtkooper,
L. (2017). Dynamic energy balance: an integrated framework for discussing
diet and physical activity in obesity prevention-is it more than eating less and
exercising more?. Nutrients 9:905. doi: 10.3390/nu9080905

Meex, R. C. R,, and Watt, M. J. (2017). Hepatokines linking nonalcoholic fatty
liver disease and insulin resistance. Nat. Rev. Endocrinol. 13, 509-520. doi:
10.1038/nrendo.2017.56

Meikle, P. J., and Summers, S. A. (2017). Sphingolipids and phospholipids in
insulin resistance and related metabolic disorders. Nat. Rev. Endocrinol. 13,
79-91. doi: 10.1038/nrendo.2016.169

Mertz, W., and Schwarz, K. (1959). Relation of glucose tolerance factor to impaired
intravenous glucose tolerance of rats on stock diets. Am. J. Physiol. 196,
614-618. doi: 10.1152/ajplegacy.1959.196.3.614

Mohsenpour, M. A., Kaseb, F., Nazemian, R., Mozaffari-Khosravi, H., Fallahzadeh,
H., and Salehi-Abargouei, A. (2019). The effect of a new mixture of sugar and
sugar-alcohols compared to sucrose and glucose on blood glucose increase and
the possible adverse reactions: a phase I double-blind, three-way randomized
cross-over clinical trial. Endocrinol. Diabetes Nutr. 66, 647-653. doi: 10.1016/j.
endinu.2018.12.008

Moleres, A., Campion, J., Milagro, F. I., Marcos, A., Campoy, C., Garagorri, ]. M.,
et al. (2013). Differential DNA methylation patterns between high and low
responders to a weight loss intervention in overweight or obese adolescents:
the EVASYON study. FASEB J. 27, 2504-2512. doi: 10.1096/1j.12-215566

Moller, D. E. (2001). New drug targets for type 2 diabetes and the metabolic
syndrome. Nature 414, 821-827. doi: 10.1038/414821a

Muscogiuri, G., Altieri, B., Annweiler, C., Balercia, G., Pal, H. B., Boucher, B. J.,
et al. (2017). Vitamin D and chronic diseases: the current state of the art. Arch.
Toxicol. 91, 97-107. doi: 10.1007/s00204-016-1804-x

Ogawa-Wong, A. N, Berry, M. J., and Seale, L. A. (2016). Selenium and metabolic
disorders: an emphasis on type 2 diabetes risk. Nutrients 8:80. doi: 10.3390/
nu8020080

Ortega-Azorin, C., Sorli, J. V., Asensio, E. M., Coltell, O., Martinez-Gonzalez,
M. A, Salas-Salvado, J., et al. (2012). Associations of the FTO rs9939609 and
the MC4R rs17782313 polymorphisms with type 2 diabetes are modulated by
diet, being higher when adherence to the Mediterranean diet pattern is low.
Cardiovasc Diabetol 11:137. doi: 10.1186/1475-2840-11-137

Oubhaibi-Djellouli, H., Mediene-Benchekor, S., Lardjam-Hetraf, S. A., Hamani-
Medjaoui, I, Meroufel, D. N., Boulenouar, H., et al. (2014). The TCF7L2
rs7903146 polymorphism, dietary intakes and type 2 diabetes risk in an Algerian
population. BMC Genet. 15:134. doi: 10.1186/s12863-014-0134-3

Ozcan, U,, Cao, Q., Yilmaz, E., Lee, A. H., Iwakoshi, N. N., Ozdelen, E., et al. (2004).
Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes.
Science 306, 457-461. doi: 10.1126/science.1103160

Panchal, S. K., Wanyonyi, S., and Brown, L. (2017). Selenium, vanadium, and
chromium as micronutrients to improve metabolic syndrome. Curr. Hypertens.
Rep. 19:10. doi: 10.1007/s11906-017-0701-x

Paolisso, G., D’Amore, A., Giugliano, D., Ceriello, A., Varricchio, M., and
D’Onofrio, F. (1993). Pharmacologic doses of vitamin E improve insulin action
in healthy subjects and non-insulin-dependent diabetic patients. Am. J. Clin.
Nutr. 57, 650-656. doi: 10.1093/ajcn/57.5.650

Park, S., Kim, B. C., and Kang, S. (2017). Interaction effect of PGC-1a rs10517030
variants and energy intake in the risk of type 2 diabetes in middle-aged adults.
Eur. J. Clin. Nutr. 71, 1442-1448. doi: 10.1038/ejcn.2017.68

Perry, R. J., Samuel, V. T., Petersen, K. F., and Shulman, G. I. (2014). The role
of hepatic lipids in hepatic insulin resistance and type 2 diabetes. Nature 510,
84-91. doi: 10.1038/nature13478

Pessoa, J. C., and Tomaz, I. (2010). Transport of therapeutic vanadium and
ruthenium complexes by blood plasma components. Curr. Med. Chem. 17,
3701-3738. doi: 10.2174/092986710793213742

Petersen, M. C., and Shulman, G. I. (2018). Mechanisms of insulin action and
insulin resistance. Physiol. Rev. 98, 2133-2223. doi: 10.1152/physrev.00063.
2017

Potier, M., Darcel, N., and Tome, D. (2009). Protein, amino acids and the control of
food intake. Curr. Opin. Clin. Nutr. Metab. Care 12, 54-58. doi: 10.1097/MCO.
0b013e32831b9e01

Puddu, A., Sanguineti, R., Montecucco, F., and Viviani, G. L. (2014). Evidence
for the gut microbiota short-chain fatty acids as key pathophysiological
molecules improving diabetes. Mediators Inflamm. 2014:162021. doi: 10.1155/
2014/162021

Qj, L., Cornelis, M. C., Zhang, C., van Dam, R. M., and Hu, F. B. (2009). Genetic
predisposition, Western dietary pattern, and the risk of type 2 diabetes in men.
Am. J. Clin. Nutr. 89, 1453-1458. doi: 10.3945/ajcn.2008.27249

Qi, Q. Bray, G. A, Hu, F. B, Sacks, F. M., and Qi, L. (2012). Weight-loss
diets modify glucose-dependent insulinotropic polypeptide receptor rs2287019
genotype effects on changes in body weight, fasting glucose, and insulin
resistance: the preventing overweight using novel dietary strategies trial. Am.
J. Clin. Nutr. 95, 506-513. doi: 10.3945/ajcn.111.025270

Qi, Q., Bray, G. A, Smith, S. R., Hu, F. B, Sacks, F. M., and Qi, L. (2011). Insulin
receptor substrate 1 gene variation modifies insulin resistance response to
weight-loss diets in a 2-year randomized trial: the Preventing Overweight Using
Novel Dietary Strategies (POUNDS LOST) trial. Circulation 124, 563-571. doi:
10.1161/CIRCULATIONAHA.111.025767

Qi, Q., Zheng, Y., Huang, T., Rood, J., Bray, G. A,, Sacks, F. M., et al. (2015).
Vitamin D metabolism-related genetic variants, dietary protein intake and
improvement of insulin resistance in a 2 year weight-loss trial: pPOUNDS Lost.
Diabetologia 58, 2791-2799. doi: 10.1007/s00125-015-3750-1

Qin, J.,, Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., et al. (2012). A metagenome-
wide association study of gut microbiota in type 2 diabetes. Nature 490, 55-60.
doi: 10.1038/nature11450

Rayman, M. P,, Infante, H. G., and Sargent, M. (2008). Food-chain selenium and
human health: spotlight on speciation. Br. J. Nutr. 100, 238-253. doi: 10.1017/
S0007114508922522

Rico-Campa, A., Martinez-Gonzalez, M. A., Alvarez-Alvarez, 1., Mendonca, R. D.,
de la Fuente-Arrillaga, C., Gomez-Donoso, C., et al. (2019). Association
between consumption of ultra-processed foods and all cause mortality: sSUN
prospective cohort study. BMJ 365:11949. doi: 10.1136/bmj.11949

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 575442


https://doi.org/10.1371/journal.pmed.1001647
https://doi.org/10.1152/ajpendo.2000.278.3.E491
https://doi.org/10.1152/ajpendo.2000.278.3.E491
https://doi.org/10.1152/ajpendo.2001.281.1.E62
https://doi.org/10.1152/ajpendo.2001.281.1.E62
https://doi.org/10.1177/1179551417748942
https://doi.org/10.5483/bmbrep.2018.51.9.197
https://doi.org/10.5483/bmbrep.2018.51.9.197
https://doi.org/10.1016/S0140-6736(14)60613-9
https://doi.org/10.1016/j.nutres.2018.05.004
https://doi.org/10.1007/s001250051521
https://doi.org/10.1016/j.ijbiomac.2018.04.127
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1507/endocrj.47.383
https://doi.org/10.1038/nrendo.2012.199
https://doi.org/10.1038/nrendo.2012.199
https://doi.org/10.3390/nu9080905
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1038/nrendo.2016.169
https://doi.org/10.1152/ajplegacy.1959.196.3.614
https://doi.org/10.1016/j.endinu.2018.12.008
https://doi.org/10.1016/j.endinu.2018.12.008
https://doi.org/10.1096/fj.12-215566
https://doi.org/10.1038/414821a
https://doi.org/10.1007/s00204-016-1804-x
https://doi.org/10.3390/nu8020080
https://doi.org/10.3390/nu8020080
https://doi.org/10.1186/1475-2840-11-137
https://doi.org/10.1186/s12863-014-0134-3
https://doi.org/10.1126/science.1103160
https://doi.org/10.1007/s11906-017-0701-x
https://doi.org/10.1093/ajcn/57.5.650
https://doi.org/10.1038/ejcn.2017.68
https://doi.org/10.1038/nature13478
https://doi.org/10.2174/092986710793213742
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1097/MCO.0b013e32831b9e01
https://doi.org/10.1097/MCO.0b013e32831b9e01
https://doi.org/10.1155/2014/162021
https://doi.org/10.1155/2014/162021
https://doi.org/10.3945/ajcn.2008.27249
https://doi.org/10.3945/ajcn.111.025270
https://doi.org/10.1161/CIRCULATIONAHA.111.025767
https://doi.org/10.1161/CIRCULATIONAHA.111.025767
https://doi.org/10.1007/s00125-015-3750-1
https://doi.org/10.1038/nature11450
https://doi.org/10.1017/S0007114508922522
https://doi.org/10.1017/S0007114508922522
https://doi.org/10.1136/bmj.l1949
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Guo et al.

Nutrition and Type 2 Diabetes

Rines, A. K., Sharabi, K., Tavares, C. D., and Puigserver, P. (2016). Targeting hepatic
glucose metabolism in the treatment of type 2 diabetes. Nat. Rev. Drug Discov.
15, 786-804. doi: 10.1038/nrd.2016.151

Russell, W. R., Baka, A., Bjorck, I, Delzenne, N., Gao, D., Griffiths, H. R., et al.
(2016). Impact of diet composition on blood glucose regulation. Crit. Rev. Food
Sci. Nutr. 56, 541-590. doi: 10.1080/10408398.2013.792772

Saltiel, A. R, and Kahn, C. R. (2001). Insulin signalling and the regulation of
glucose and lipid metabolism. Nature 414, 799-806. doi: 10.1038/414799a

Samuel, V. T., and Shulman, G. 1. (2012). Mechanisms for insulin resistance:
common threads and missing links. Cell 148, 852-871. doi: 10.1016/j.cell.2012.
02.017

San-Cristobal, R., Navas-Carretero, S., Celis-Morales, C., Brennan, L., Walsh, M.,
Lovegrove, J. A., etal. (2015). Analysis of dietary pattern impact on weight status
for personalised nutrition through on-line advice: the food4Me spanish cohort.
Nutrients 7,9523-9537. doi: 10.3390/nu7115482

Schuler, R., Osterhoff, M. A., Frahnow, T., Mohlig, M., Spranger, J., Stefanovski,
D., et al. (2017). Dietary fat intake modulates effects of a frequent ace gene
variant on glucose tolerance with association to type 2 diabetes. Sci. Rep. 7:9234.
doi: 10.1038/s41598-017-08300-7

Schwartz, M. W., and Porte, D. Jr. (2005). Diabetes, obesity, and the brain. Science
307, 375-379. doi: 10.1126/science.1104344

Schwenk, R. W., Vogel, H., and Schurmann, A. (2013). Genetic and epigenetic
control of metabolic health. Mol. Metab. 2, 337-347. doi: 10.1016/j.molmet.
2013.09.002

Shenkin, A. (2006). Micronutrients in health and disease. Postgrad. Med. ]. 82,
559-567. doi: 10.1136/pgm;j.2006.047670

Song, H., Chu, Q., Yan, F., Yang, Y., Han, W., and Zheng, X. (2016). Red
pitaya betacyanins protects from diet-induced obesity, liver steatosis and
insulin resistance in association with modulation of gut microbiota in mice.
J. Gastroenterol. Hepatol. 31, 1462-1469. doi: 10.1111/jgh.13278

Spiller, G. A., Jensen, C. D., Pattison, T. S., Chuck, C. S., Whittam, J. H., and Scala, .
(1987). Effect of protein dose on serum glucose and insulin response to sugars.
Am. ]. Clin. Nutr. 46, 474-480. doi: 10.1093/ajcn/46.3.474

Sun, M, Liu, G., and Wu, Q. (2013). Speciation of organic and inorganic selenium
in selenium-enriched rice by graphite furnace atomic absorption spectrometry
after cloud point extraction. Food Chem. 141, 66-71. doi: 10.1016/j.foodchem.
2013.03.002

Taheri, S., Frost, F., Storck, L. J., Kacprowski, T., Gértner, S., Rithlemann, M., et al.
(2019). A structured weight loss program increases gut microbiota phylogenetic
diversity and reduces levels of Collinsella in obese type 2 diabetics: a pilot study.
PLoS One 14:¢0219489. doi: 10.1371/journal.pone.0219489

Tajima, R., Kodama, S., Hirata, M., Horikawa, C., Fujihara, K., Yachi, Y., et al.
(2014). High cholesterol intake is associated with elevated risk of type 2 diabetes
mellitus - a meta-analysis. Clin. Nutr. 33, 946-950. doi: 10.1016/j.clnu.2014.
03.001

Takaya, J., Tharada, A., Okihana, H., and Kaneko, K. (2011). Magnesium deficiency
in pregnant rats alters methylation of specific cytosines in the hepatic
hydroxysteroid dehydrogenase-2 promoter of the offspring. Epigenetics 6, 573
578. doi: 10.4161/epi.6.5.15220

Takaya, J., Tharada, A., Okihana, H., and Kaneko, K. (2013). A calcium-deficient
diet in pregnant, nursing rats induces hypomethylation of specific cytosines in
the 11beta-hydroxysteroid dehydrogenase-1 promoter in pup liver. Nutr. Res.
33, 961-970. doi: 10.1016/j.nutres.2013.07.015

Talaei, A., Mohamadi, M., and Adgi, Z. (2013). The effect of vitamin D on insulin
resistance in patients with type 2 diabetes. Diabetol. Metab. Syndr. 5:8. doi:
10.1186/1758-5996-5-8

Tomlinson, B., Chan, P., and Lam, C. W. K. (2020). Postprandial hyperlipidemia
as a risk factor in patients with type 2 diabetes. Expert Rev Endocrinol Metab 15,
147-157. doi: 10.1080/17446651.2020.1750949

Tremblay, F., Lavigne, C., Jacques, H., and Marette, A. (2003). Dietary cod protein
restores insulin-induced activation of phosphatidylinositol 3-kinase/Akt and
GLUT4 translocation to the T-tubules in skeletal muscle of high-fat-fed obese
rats. Diabetes 52, 29-37. doi: 10.2337/diabetes.52.1.29

Tremblay, F., Lavigne, C., Jacques, H., and Marette, A. (2007). Role of dietary
proteins and amino acids in the pathogenesis of insulin resistance. Annu. Rev.
Nutr. 27,293-310. doi: 10.1146/annurev.nutr.25.050304.092545

Tremblay, F., and Marette, A. (2001). Amino acid and insulin signaling via the
mTOR/p70 S6 kinase pathway. A negative feedback mechanism leading to

insulin resistance in skeletal muscle cells. J. Biol. Chem. 276, 38052-38060.
doi: 10.1074/jbc.M106703200

Um, S. H., D’Alessio, D., and Thomas, G. (2006). Nutrient overload, insulin
resistance, and ribosomal protein S6 kinase 1. S6K1. Cell Metab. 3, 393-402.
doi: 10.1016/j.cmet.2006.05.003

Vary, T. C,, and Lynch, C. J. (2007). Nutrient signaling components controlling
protein synthesis in striated muscle. J. Nutr. 137, 1835-1843. doi: 10.1093/jn/
137.8.1835

Vo, T. X,, Revesz, A, Sohi, G, Ma, N., and Hardy, D. B. (2013). Maternal
protein restriction leads to enhanced hepatic gluconeogenic gene expression
in adult male rat offspring due to impaired expression of the liver X receptor.
J. Endocrinol. 218, 85-97. doi: 10.1530/JOE-13-0055

von Post-Skagegard, M., Vessby, B., and Karlstrom, B. (2006). Glucose and insulin
responses in healthy women after intake of composite meals containing cod-,
milk-, and soy protein. Eur. J. Clin. Nutr. 60, 949-954. doi: 10.1038/sj.ejcn.
1602404

Wa, E. L. I, Naser, A., Taleb, M. H., and Abutair, A. S. (2018). The effects of
oral magnesium supplementation on glycemic response among type 2 diabetes
patients. Nutrients 11;44. doi: 10.3390/nu11010044

Wahl, S., Drong, A., Lehne, B., Loh, M., Scott, W. R,, Kunze, S., et al. (2017).
Epigenome-wide association study of body mass index, and the adverse
outcomes of adiposity. Nature 541, 81-86. doi: 10.1038/nature20784

Wheeler, M. L., and Pi-Sunyer, F. X. (2008). Carbohydrate issues: type and
amount. J. Am. Diet. Assoc. 108(4 Suppl. 1), $34-539. doi: 10.1016/j.jada.2008.
01.024

Xu, M., Qi, Q, Liang, J., Bray, G. A, Hu, F. B,, Sacks, F. M., et al. (2013). Genetic
determinant for amino acid metabolites and changes in body weight and insulin
resistance in response to weight-loss diets: the preventing overweight using
novel dietary strategies (POUNDS LOST) trial. Circulation 127, 1283-1289.
doi: 10.1161/CIRCULATIONAHA.112.000586

Yamaguchi, Y., Adachi, K., Sugiyama, T., Shimozato, A., Ebi, M., Ogasawara, N.,
et al. (2016). Association of Intestinal Microbiota with Metabolic Markers and
Dietary Habits in Patients with Type 2 Diabetes. Digestion 94, 66-72. doi:
10.1159/000447690

Yamashita, H., Takenoshita, M., Sakurai, M., Bruick, R. K., Henzel, W. J.,
Shillinglaw, W., et al. (2001). A glucose-responsive transcription factor that
regulates carbohydrate metabolism in the liver. Proc. Natl. Acad. Sci. U.S.A. 98,
9116-9121. doi: 10.1073/pnas.161284298

Yang, H., Kim, M., Kwon, D., Kim, D., Zhang, T., Ha, C, et al. (2018). Combination
of aronia, red ginseng, shiitake mushroom and nattokinase potentiated insulin
secretion and reduced insulin resistance with improving gut microbiome
dysbiosis in insulin deficient type 2 diabetic rats. Nutrients 10:948. doi: 10.3390/
nul0070948

Zhang, B. B, Zhou, G., and Li, C. (2009). AMPK: an emerging drug target for
diabetes and the metabolic syndrome. Cell Metab. 9, 407-416. doi: 10.1016/j.
cmet.2009.03.012

Zhang, H., Chu, X, Huang, Y., Li, G, Wang, Y., Li, Y, et al. (2014).
Maternal vitamin D deficiency during pregnancy results in insulin resistance
in rat offspring, which is associated with inflammation and Ikappabalpha
methylation. Diabetologia 57, 2165-2172. doi: 10.1007/s00125-014-3316-7

Zhang, Q., Sun, X,, Xiao, X., Zheng, J., Li, M., Yu, M,, et al. (2017). Dietary
chromium restriction of pregnant mice changes the methylation status of
hepatic genes involved with insulin signaling in adult male offspring. PLoS One
12:¢0169889. doi: 10.1371/journal.pone.0169889

Zhao, C., Yang, C., Chen, M., Ly, X, Liu, B., Yi, L., et al. (2018). Regulatory efficacy
of brown seaweed lessonia nigrescens extract on the gene expression profile and
intestinal microflora in type 2 diabetic mice. Mol. Nutr. Food Res. 62:1700730.
doi: 10.1002/mnfr.201700730

Zhao, C., Yang, C., Wai, S. T. C, Zhang, Y., Paoli, P, Wu, Y, et al
(2019). Regulation of glucose metabolism by bioactive phytochemicals for the
management of type 2 diabetes mellitus. Crit. Rev. Food Sci. Nutr. 59, 830-847.
doi: 10.1080/10408398.2018.1501658

Zhao, L., Zhang, F., Ding, X., Wu, G, Lam, Y. Y., Wang, X,, et al. (2018). Gut
bacteria selectively promoted by dietary fibers alleviate type 2 diabetes. Science
359, 1151-1156. doi: 10.1126/science.aa05774

Zhao, Y., Gao, P., Sun, F., Li, Q., Chen, J., Yu, H., et al. (2016). sodium intake
regulates glucose homeostasis through the PPARdelta/adiponectin-mediated
SGLT?2 pathway. Cell Metab. 23, 699-711. doi: 10.1016/j.cmet.2016.02.019

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 575442


https://doi.org/10.1038/nrd.2016.151
https://doi.org/10.1080/10408398.2013.792772
https://doi.org/10.1038/414799a
https://doi.org/10.1016/j.cell.2012.02.017
https://doi.org/10.1016/j.cell.2012.02.017
https://doi.org/10.3390/nu7115482
https://doi.org/10.1038/s41598-017-08300-7
https://doi.org/10.1126/science.1104344
https://doi.org/10.1016/j.molmet.2013.09.002
https://doi.org/10.1016/j.molmet.2013.09.002
https://doi.org/10.1136/pgmj.2006.047670
https://doi.org/10.1111/jgh.13278
https://doi.org/10.1093/ajcn/46.3.474
https://doi.org/10.1016/j.foodchem.2013.03.002
https://doi.org/10.1016/j.foodchem.2013.03.002
https://doi.org/10.1371/journal.pone.0219489
https://doi.org/10.1016/j.clnu.2014.03.001
https://doi.org/10.1016/j.clnu.2014.03.001
https://doi.org/10.4161/epi.6.5.15220
https://doi.org/10.1016/j.nutres.2013.07.015
https://doi.org/10.1186/1758-5996-5-8
https://doi.org/10.1186/1758-5996-5-8
https://doi.org/10.1080/17446651.2020.1750949
https://doi.org/10.2337/diabetes.52.1.29
https://doi.org/10.1146/annurev.nutr.25.050304.092545
https://doi.org/10.1074/jbc.M106703200
https://doi.org/10.1016/j.cmet.2006.05.003
https://doi.org/10.1093/jn/137.8.1835
https://doi.org/10.1093/jn/137.8.1835
https://doi.org/10.1530/JOE-13-0055
https://doi.org/10.1038/sj.ejcn.1602404
https://doi.org/10.1038/sj.ejcn.1602404
https://doi.org/10.3390/nu11010044
https://doi.org/10.1038/nature20784
https://doi.org/10.1016/j.jada.2008.01.024
https://doi.org/10.1016/j.jada.2008.01.024
https://doi.org/10.1161/CIRCULATIONAHA.112.000586
https://doi.org/10.1159/000447690
https://doi.org/10.1159/000447690
https://doi.org/10.1073/pnas.161284298
https://doi.org/10.3390/nu10070948
https://doi.org/10.3390/nu10070948
https://doi.org/10.1016/j.cmet.2009.03.012
https://doi.org/10.1016/j.cmet.2009.03.012
https://doi.org/10.1007/s00125-014-3316-7
https://doi.org/10.1371/journal.pone.0169889
https://doi.org/10.1002/mnfr.201700730
https://doi.org/10.1080/10408398.2018.1501658
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1016/j.cmet.2016.02.019
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Guo et al.

Nutrition and Type 2 Diabetes

Zheng, Y., Huang, T. Zhang, X., Rood, J., Bray, G. A, Sacks, F. M,
et al. (2015). dietary fat modifies the effects of FTO genotype on
changes in insulin sensitivity. J. Nutr. 145, 977-982. doi: 10.3945/jn.115.2
10005

Zhou, J., Huang, K., and Lei, X. G. (2013). Selenium and diabetes-evidence
from animal studies. Free Radic. Biol. Med. 65, 1548-1556. doi: 10.1016/j.
freeradbiomed.2013.07.012

Zimmet, P., Alberti, K. G., and Shaw, J. (2001). Global and societal
implications of the diabetes epidemic. Nature 414, 782-787. doi: 10.1038/41
4782a

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Guo, Huang, Sang, Gao and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

15

September 2020 | Volume 8 | Article 575442


https://doi.org/10.3945/jn.115.210005
https://doi.org/10.3945/jn.115.210005
https://doi.org/10.1016/j.freeradbiomed.2013.07.012
https://doi.org/10.1016/j.freeradbiomed.2013.07.012
https://doi.org/10.1038/414782a
https://doi.org/10.1038/414782a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	The Role of Nutrition in the Prevention and Intervention of Type 2 Diabetes
	Introduction
	Regulation of Glucose Metabolism
	Macronutrient and T2D
	Carbohydrate
	Fat
	Protein

	Micronutrient and T2D
	Mineral Substances
	Vitamin

	Other Chemicals and T2D
	Nutritional Recommendations for T2D
	Diet With Genetics, Epigenetics, and Metagenomics Involved in the Risk of T2D
	Genetic Variants and Diet Interactions
	The Effect of Dietary Intakes on Gene Expression and Epigenetic Modification
	The Effect of Dietary Intakes on Gut Microbiota

	Diet With Genetics, Epigenetics, and Metagenomics Involved in the Intervention of T2D
	SNPs–Diet Interactions Showing Differential Responses to Dietary Intervention
	Epigenetic Modification After Dietary Intervention
	Modulation of Gut Microbiota After Dietary Intervention

	Conclusion
	Author Contributions
	Funding
	References


