86654.docx



Name of Journal: World Journal of Diabetes
Manuscript NO: 86654
Manuscript Type: REVIEW

Partners in diabetes epidemic: A global perspective

Partners in diabetes epidemic

Abstract

There is a recent increase in the worldwide prevalence of both obesity and diabetes. In
this review we assessed insulin signaling, genetics, environment, lipid metabolism
dysfunction and mitochondria as the major determinants in diabetes and to identify the
potential mechanism of gut microbiota in diabetes diseases. We searched relevant articles
in PubMed, google scholar, laboratory research, systematic reviews, clinical trials, and
epidemiological data that connected insulin signaling, genetics, environment, lipid
metabolism dysfunction, mitochondria and the gut microbiota as the major determinants
in diabetes, and followed the preferred reporting terms for this review. We have briefly
discussed these associations, challenges, and the need for further research to manage and
treat diabetes more efficiently. Diabetes involves the complex network of physiological
dysfunction that can be attributed to insulin signaling, genetics, environment, obesity,
mitochondria and stress. In recent years. there are intriguing findings regarding gut
microbiome as the important regulator of diabetes. Valid approaches are necessary for
speeding medical advances but we should find a solution sooner given the burden of the
metabolic disorder - What we need is a collaborative venture that may involve
laboratories both in academia and industries for the scientific progress and its application

for the diabetes control.
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Core Tip: We have read through the references, gathered information and then
summarized the literature focusing on the complex physiological networks that play
important roles in diabetes. This review highlight that how impairment of insulin
signaling, mitochondrial dysfunction can bring about changes in energy balance resulting
in diabetes epidemic. We have covered studies from laboratory experiments, clinical
trials, epidemiological, and several review articles making this review is a good reference

point for further understanding and control of diabetes epidemic in human population.

INTRODUCTION

Diabetes mellitus is a widespread endocrine disorder. A dysfunctional carbohydrate,
lipid, and protein metabolism lead to diabetes mellitus which is identified by prolong
hyperglycemia, resulting from insufficient insulin secretion, insulin action or both.
Prolonged hyperglycemia in partner with other metabolic abnormalities in patients with
diabetes mellitus can cause a significant negative impact on many organs, leading to a
life-threatening health problem, including retinopathy, nephropathy, and neuropathy
and can also lead to an increased risk of cardiovascular diseases. Karamanou et allll
gathered information from published research and review articles and presented a
notable story of Diabetes mellitus in a review agticle in 2016.

Diabetes mellitus is largely classified into insulin dependent Type 1 Diabetes (T1D)
and non-insulin-dependent, Type 2 Diabetes (T2D). In addition, there is also Gestational

diabetes, a common medical complication that arises in women during pregnancy(23l.
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Several lines of evidence support the view that both genetic and the environmental risk
factors act cooperatively in the pathogenesis of diabetesl4l.

There is a recent increase in the worldwide prevalence of both obesity and diabetes
[the International Diabetes Federation (IDF) Diabetes Atlas 9th edition 2019]. According
to IDF report the diabetes prevalence in 2019 was 463 million people, will rise to 578
million by 2030 and 700 million by 2045. The global incidence of impaired glucose
tolerance was around 374 million in 2019 and projected to reach 454 million by 2030 and
548 million by 2045. According to a World Health Organization (WHO) report, diabetes
will become one of the most significant diseases or major diseases in the futurel5l. A
relatively recent WHO global reports (2016) stated that the number of diabeticadults ages
between 40 and 59 escalated to 422 million in 2014. Although most countries are
experiencing dramatic increase in diabetes, it appears to be more prevalent in middle-
and low-income countries. Diabetes is not transmissible however risk factors including
impaired glucose tolerance, insulin resistance, genetics, environment, and stress can
cause the disease. Mitochondria are also important in many phases of diabetes disorder;
however, their role in the pathophysiology of the disease is much dispersed involving
both insulin sensitivity and secretion. The human microbiome including both the oral
and gut microbiota are linked with diabetes and therefore, in recent years the world
scientific communities and medical professionals are beginning to focus attention on the
relationship between human microbiome and diabetes. The recent microbiome studies
have linked gut microbiome to diabetes. For instance, Li et all’l have assessed auspicious
studies which allow a better understanding of the probable mechanism of microbiota in
diabetes epidemic in 2020.

To protect the population from diabetes a number of approaches can be adopted by
which it can be treated and its effects eluded with balanced diet, physical activity, and
medication. Recent technological advancement has offered unique op portunities for the
development of strategies to minimize or control the spread of diabetes. What we need

is a collaborative venture that may involve laboratories both in academia and industries
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to understand the mechanism and control of diabetes. This review aims to assess

literatures providing insights into factors associated with diabetes.

METHODS

Data sources and search strategy

The initial search was performed in September 2019, the search was restricted to articles
published in English focusing on the factors associated with diabetes. Then an updated
search was performed in July 2023. In both searches we used the medical and biological
databases (PubMed, MEDLINE, EMBASE, Google scholars and Cochrane Controlled
Trial Database) using the search terms (diabetes, insulin resistance, insulin secretion,
obesity, genetics-diabetes, environment-diabetes, mitochondria-diabetes and gut

microbe-diabetes).

Data extraction

The authors of this review were consulted for the inclusion of appropriate articles.
EndNote was used to manage references. We examined each article according to the
following ipclusion and exclusion criteria: The study (1) described the factors linked with
diabetes; (2) be an original study; and (3) have key information from laboratory
experiments, epidemiological evidence, clinical trials, experimental models, meta-
analysis and review articles. We included a wide range of study degigns used in
laboratory studies, cross-sectional, prospective studies and clinical trials. The following
studies were excluded: Irrelevant to our main objective and low-quality articles. All
abstracts and full-text articles were assessed independently and in duplicate accordin
pre-defined inclusion/ exclusion criteria. Articles that met all criteria were selected for
data extraction. In this review, we followed The Preferred Reporting Items for Systematic
reviews and Meta-Analyses guidelines. The studies used in this review were published

between 1981 and 2021.

RESULTS
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We identified studies that discussed diabetes including T1D, T2D and gestational
diabetes, and then the data were extracted by two authors who focused on first author
name, year of publication, title of study, study design, study location and duration and
the journals in which articles were published. The selected articles were discussed and
then final decision was made for the inclusion in this systematic review. The quality of
articles was assessed by three authors on the basis of relevance to the topic. Two authors
independently evaluated the characteristics of the study population, as well as the quality
of the methods, results and the discussion used in the selected studies.

We recognized 3375 possibly pertinent papers in our initial search as well as 18
published articles from reference lists, assessed the title and abstracts of all 3375 articles
and then selected 143 full-length articles that met our inclusion and exclusion criteria for
complete assessment (Figure 1). Studies have shown a possible association of genetics,
environment, mitochondria, obesity and insulin resistance with diabetes. As identified in
143 publications; 26 articles evaluated the relationship between diabetes and insulin
signaling; 16 articles evaluated the link between diabetes and environmental factors; 9
articles linked diabetes with lipid dysfunction; 51 articles assessed the link between
diabetes and genetics; 14 articles evaluated the relation between diabetes and
mitochondria; 10 articles evaluated the relation between diabetes and gut microbiota; 17
articles presented general description of diabetes (Figure 1).

Diabetes can cause long-term damage to individuals suffering from this disease. It
may cause impairment of heart, damages to kidneys. Adults with diabetes confers greater
risk of cardiovascular complications including heart attack and strokes/?l. The elevated
blood glucose levels can result in fat deposits in blood vessel walls, causing obstruction
in blood flow and may increase the possibility of developing atherosclerosis. Diabetes
complication can lead to diabetic retinopathy; an estimated 2.6% of blindness reported
from around the world is related to diabetes!8l. Apparently, severe diabetic condition can
also result in diabetic nephropathy!?l. T1D is the result of pancreatic beta cell damage, by
autoimmune mechanisms which may lead to poor or no insulin production and hence

the individuals need exogenous insulin to regulate blood glucose levels!'%l. T2D results
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from the body’s resistance to insulin as well as inefficient secretion of insulin involving
muscle, adipocytes, hepatocytes and may also involve the central nervous system. T2D is
usually the result of excess body weight. Ordinarily, diabetes starts at or around the age
of 40, but now there araeports of T2D in many children(!!l. Gestational diabetes develops
during pregnancy; it causes high blood glucose that can affect pregnancy and baby' s
health('2,

There is a strong link between human microbiome and diabetes and therefore, the
world scientific communities and are beginning to focus attention on the relationship
between human microbiome and diabetes. It is critical to understand that how microbes
interact with the fundamental mechanisms of diabetes in humans and how much close is
the relationship? We have discussed this topic in the preceding paragraphs.

Most diabetes-related problems can be minimized by managing glucose,
triglycerides and cholesterol levels within normal range. Although the molecular
mechanisms of diabetes are not fully understood, it may result from defects in diverse
molecular pathways or from genetic defects that cause both insulin resistance and insulin
deficiency (Figure 2). The multidimensional interventions involving organizational
changes including a change in the structure of health care system which is one step
forward that can provide a positive effect on patient’s care. Such as develop strategies to
improve treatment of diabetes by managing hyperglycemia and hyperlipidemia in

patient as well as physician’s faithfulness to ensure a monitoring system.

sulin signaling
Insulin is the key hormone frequently prglced by pancreatic  cells regulates the fat
storage from absorbed nutrients while acting as adiposity signal to the brain for
regulation of energy balancel'?], affecting skeletal muscle, liver, and adipose tissue.
Insulin secretion from B-cells is fueled by high glucose leﬁls, maintains the normal levels
of blood glucosel'¥l. The presence of insulin receptors on muscle and adipose tissues
allows insulin-dependent uptake of glucose into these tissues and thus lowers blood

glucose levels by taking away the excess glucose from the blood'>'7l. A fall in blood

6/21




glucose results in lowering insulin release from B-cells and augmenting glucagon release
from a-cells, thereby stimulating the glycogen to glucose conversion.

A lack of insulin and hyperglycemia intensify insulin resistance and affects insulin
secretion. In insulin resistance state, high insulin level creates a reduced biological
response; weekend sensitivity to insulin mediated glucose removall’sl. Most diabetic
patients are obese, which is believed to be an important causal factor in the development
of insulin resistance. During the disease development there seems to be a gradual injury
to beta cells and finally, the insulin resistant becomes evident in liver resulting in
hyperglycemia. A high blood glucose levels that may arise due to dysfunctional insulin
action and/or insulin secretion!'? is a prime factor causing diabetes (Table 1).

The progressive failure of p cells in making up for insulin resistance results in
reduced glucose tolerance and diabetes(2’l and with a rise in glucose levels and a further
decline in P cell function leads to low glucose sensitivity. Although there is genetic
predisposition to insulin resistance, physical inactivity, fatty foods, stress(2!l and sleep
deficiencyl2! are other risk factors. The detailed mechanism of insulin resistance is not
clear but the general belief is that insulin resistance begins in the adipose tissue playing
a critical part in initiating insulin resistance in the muscles and the liver. Adipocytes from
T2D patients have been reported to do poor GLUT 4 translocation, reduced insulin' s
intracellular signaling activities including low insulin receptor substrate (IRS)-1
expression, as_well as reduced insulin-stimulated PIP-3-kinase and PKB/Akt
activities!?24], Insulin stimulates glucose and free fatty acids uptake, suppresses lipolysis,
and perhaps stimulates de novo fatty acid synthesis25l. An elevated plasma free fatty acid
is generallbassociated with insulin-resistant states, and T2D[26?7]. Perseghin et all?
performed a cross-sectional study of young, normal-weight offspring of T2D patients and
found an inverse relationship between fasting plasma fatty acid levels and insulin
sensitivity, consistent with the premise that changes in fatty acid metabolism add to
insulin resistance i T2D patients in 1997121, Later, Perseghin et all3l studied 18 patients
with T1D in 2003, 7 older and overweight/obese patients with T2D, and 15 nondiabetic,

and insulin-resistant offspring of T2D parents. They reported an increased adiponectin
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vels in insulin-resistant patients with T1D, and a reduced levels in patients with T2D.
The increased adiponectin levels in insulin-resistant patients with TIDM, in contrast to
the reduced levels found in patients with T2DM showed an undefined relationship of
adiponectin to insulin resistance in humans/39.

Acting as a neuropeptide, insulin also functions in satiety, appetite and olfaction/3!l.
Whereas angiotensinogen and leptin increase insulin resistance, adiponectin reduces
insulin resistance suggesting that both leptin and insulin are possibly a part of a common
signaling system in the hypothalamus.

It is generally believed that impairment of glucose transporter GLUT4 in adipose
tissue is responsible for insulin resistant, obesity, and diabetes[32] and its key sites of
expression are white and brown adipocytes, skeletal muscle, and cardiac muscle, but it is
also present in some isolated areas of brain and kidneylP3l. Study with tissue-specific
targets have identified the specific insulin responsive organs to glucose homeostasis/*l.
In 2003, Minokoshi et all3*l reported data from tissue-conditional knock-out mice showing
that while suppression of muscle-specific insulin receptor activity did not affect glucose
tolerance regardless of insulin resistance, the suppression of muscle specific GLUT4
activity caused insulin resistance and T2D. In addition, suppression of GLUT4 expression
in white adipose showed insulin resistance, glucose intolerance, T2D and a deficiency in
glucose uptakel®.. Surprisingly, knockout of insulin receptor in adipocyte did improve
insulin sensitivity suggesting a fundamental role of adipocytes in diabetes. Many groups
have shown that the suppression of insulin receptor activity in the liver resulted in
hyperinsulinemia along with peripheral insulin resistance3436-3]. In 2003, Fisher and
KahnP¢l performed high-dose hyperinsulinemia-euglycemic clamps using [3-(3) H]-
glucose in liver-specific insulin receptor knockout (LIRKO) mice, and LIRKO ice
treated with streptozotocin (STZ) (LIRKO + STZ) and found that in LIRKO mice, both
direct and indirect effects of insulin required an intact insulin-signaling pathway in the
liver, primary hepatic insulin resistance led to hyperinsulinemia and secondary

extrahepatic insulin resistance.
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Adipocyte-targeted GLUT4 knockout mice developed insulin resistance comparable
to that shown by muscle-specific GLUT4 knockout mice would suggest that GLUT4
deficient adipocyte may release molecules involved in organ cross-talk3%40L Later, Yang
et all*11 (2005) noted that retinol binding protein-4 (RBP4) could be involved in the organ
cross-talk in the adipose tissue of adipose-specific Glut4 deficient mice. Not only, they
found elevated serum RBP4 protein levels in insulin resistant mice but also found this
protein in obese and diabetic individuals. Mice injected with recombinant RBP4 protein
showed the sign of insulin resistance, whereas Rbp4 knockout mice increased insulin
sensitivityl*ll. Both visceral and peripheral adipocytes secrete multiple cytokines and
hormone-like molecules such as adiponectin, leptin, cytokines interleukin-6 and tumor
necrosis factor-a, visfatin, RBP4, and free fatty acids which may produce significant effect
on insulin action and hepatic glucose productionl*24#4l. High fat deposits and increased
levels of cytokine secretion give rise to inflammatory response that leads to insulin
resistancel4-46l.

While gene expression profiling of pancreatic islets obtained from T2D individuals,
Gunton et all*7l (2005) observed major reduction in the expression of hepatocyte nuclear
factor 4 alpha, insulin receptor, IRS-2, Akt2, and several glucose-metabolic-pathway
genes. They also found a very high reduction in the transcription factor, arylhydrocarbon
nuclear receptor translocator (ARNT) in T2D islets compared with nondiabetic
individuals. Basic helix-loop-helix Per/AhR/ARNT/Sim family ARNT and its partner
proteins form heterodimers acting as transcription factors!**land in association with other
transcription factors show hypoxic stress response, may bring about the negative effects
of both genetics and environment in T2D pathologyl*’l, chronic hyperglycemial®?,
hyperlipidemial®!l and oxidative stress(®2l. Rhﬁs[ﬁl (2005) argued that the failure of p-
cell mass to compensate for insulin resistance is caused by a significant increase in -cell
apoptosis, stimulated by chronic hyperglycemia, hyperlipidemia, or specific cytokines
affecting pathways responsible for maintaining healthy -cell. Insulin receptor substrate,
IRS-2 is fundamental and necessary for maintaining the adult p-cell in its normal state,

and is a key factor in keeping the balance between B-cell and insulin resistance. The
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mechanisms pertinent to T2D pathogenies is possibly boost IRS-2 serine/threonine
phosphorylation that leads to IRS-2 ubiquitination and proteasomal loss(545],
Consistent evidence has shown that the wide spread incidence of T2D is in part due
to obesity, none or reduced physical activity and aging. However, many individuals
exposed to these risk factors do not develop diabetes suggest that genetics may be
involved in diabetes pathology. Obesity prompts T2D in individuals with susceptibility

alleles in T2D associated genes acting at several points on the diabetes pathwayl(l.

Genetics in diabetes pathologies

Das and Elbein (2006) presented some visible scenario suggesting the role of genetics in
diabetes pathology (Figure 3). First, incidence of T2D varies among populations with
different demographic historiesll. Second, approximately a 4X higher risk of T2D was
found in siblings of a diabetic over the normal population with a single diabetic parent,
and 6.1 when both parents were affected®l. Third, in twin studies this rate has been
found ranging 0.29 to 1.00 in monozygotic twins, and 0.10-0.43 in dizygotic twins[5%-62]
with a consistent decline in both insulin sensitivity and insulin secretion in most T2D
individuals[®3l.

T1D and T2D are in part, genetically controlled!®], a key element is located within
major histocompatibility complex (MHC) on chromosome 6p21 that add to the ancestral
clustering of TIDI5I. The data from United States, United Kingdom and Scandinavian
countries along  with recent data from TID Genetics Consortium
(http:/ / www.tldgc.org), 1435 multiplex families suggested a link of T1D “to the MHC
(IDDM1), insulin (INS, IDDM2)” region containing many genes including “CTLA4 (2q31-
q33 [IDDM12 and IDDM?7]) and seven other chromosome regions”(%l. The genome-wide
studies have identified multiple T2D zisk genes including TCF7L2, KCNQ1 and
KCNJ11671 Alilé71 (2013) has presented possible explanations for missing heritability
including the role of rare variants, gene-environment interactions and epigenetics. The
susceptibility variants within CAPN10 genel®! has been identified because of an

association between T2D and chromosome 2q37 in Mexican Americansl®l. Peroxisome

10/ 21




proliferator-activated receptor-yl”! is common variants but variants affecting IRS-1
pathwayl7ll and glucose homeostasis PTPN1[72l are not very common indicating that
mixtures of sporadic and conjoint modification may enhance T2D risk in diverse
communities. Applying a linkage analysis, Hanis et all®®l (1996) identified CAPN10
cysteine protease linked to T2D but as shown in a meta-analysis” variations in CAPN10
is likely!”! but not always linked to T2DI74l.

The parents, siblings and children of T2D individuals have 3X greater chances to
acquire diabetes than those who do not have a T2D family history[72l. The ancestral risk
is greater in parents in the range of 35-60 years of age suggesting that environmental
factors play a role in older population/?l. However, epigenetic factors can also yield
congenital risk for subsequent generations. The genetic risk factor for T1D is very much
intense in human leucocyte antigen region but this risk is not concerted in single region
for T2D. It is because of possible interaction of many genes that are dispersed throughout
the genome. A number of single-nucleotide polymorphisms in the transcription factor
TCF7L2 and a member of Wnt signaling pathway has been linked to T2D in many ethnic
groups[?(’ld'CFﬂ_Q is known to function in beta cells, was identified through a linkage
signal on chromosome 10q in a Mexican-American population!/”]. Later, the region was
identified in the population of other three countries including the United Statesl”.
TCF7L2 was also identified in a large-scale genome-wide association study that was
performed in a French population”!. Studies conducted in multiple ethnic groups
indicated that the risk allele in intron 3 of the TCF7L2 gene increased the level of its
protein in beta cells, impaired insulin secretion, and elevate hepatic glucose
production®. Alil*7l (2013) lists PPARG, IRS-1 and IRS-2, potassium inwardly-rectifying
channel, subfamily member 11 (KCNJ11), Wolfram syndrome 1 (wolframin-WFS1),
HNF1 homeobox A, HNF1 homeobox Band HNF4A that are associated with T2DI67], IRS-
1 and IRS-2 the two-insulin receptor substrate play an important role in insulin signal
transduction. Polymorphisms in both irs-1 and irs-2 results in reduce insulin sensitivity

in some populations/812].
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While genotyping 2000 T2D individuals, Wellcome Trust Case Control
Consortium!® has identified TCF7L2 as the most robust T2D signal but mutation in
TCF7L2 shows no effect in beta cells(®l. In their meta-analysis, Fu etall®] (2013) pooled 24
articles involving 88229 cases and 210239 controls and identified -30G>A polymorphism
of glucokinase as a risk factor associated with increased T2D susceptibility, however,
those associations vary in different ic populations.

Although genome studies, twin studies and linkage analysis have identified few T2D
risk genes, their global impact on the perceived heritability of T2D remained low®el.
Phenotypes may depend on the nature of genetic variation within and across different
ethnic group. We believe that T2D develop as a result of interaction between

environmental factors and hereditary factors.

Diabetes and the environment

A series of epidemiological and clinical papers have shown serious effects of behavioral
and environmental changes on the occurrence of diabetes. The changes in the
environment ranges from endocrine disruption, sleep deprivation, physical inactivity,
over eating and pollutants®7#8l. In addition, the sedentary lifestyles and the high-fat diets
are interactive factors that are associated with high incidence of T2D (Figure 2). There are
some excellent publications on these topicsl®52%). Numerous environmental factors
including refined carbohydrates, stress, and exposure to chemical pollutants produce
gradual weight gains increasing the risk of T2D, heart diseases and some cancers!!l but
the relative contributions of these factors influencing T2D are not fully understood.
Environment does play a critical role in diabetes development; it does not affect all
individuals in a similar manner. Even living under the same environment some
individuals are more vulnerable to diabetes risk because of some inherited factors
suggesting that T2D occurs because of intense interactions between many genes and the
environmentl?2l. Cells use several mechanisms in regulating gene expression in response
to environmental cues not only remain in individual’s lifespan but can also pass on to

few generations/®*l. Changes in maternal environment in early childhood have been
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implicated in long-lasting diseases[?l. This may also explain that some heritability of T2D
can occur because of epigenetic changes that happen in intra-uterine which may be
influenced by maternal environment. As our knowledge of the epigenetics changes and
the detailed mechanisms of epigenetic become widely available, we may be able to
understand clearly the effect of these changes on diabetes pathology. The molecular basis
of genetic risk factors in T2D is not yet clear and it is certainly an area of intensive

investigation.

Mitochondria in the pathophysiology of diabetes
The gene mutations in mitochondrial DNA also cause mitochondrial diabetes(®>]. The role
of mitochondria in the pathophysiology of diabetes is very imprecise involving both
insulin sensitivity and secretion (Table 2). Our knowledge about the connection between
mitochondrial dysfunction and defective insulin sensitivity and secretion is, however,
sketchy®%].  According to Lu et all® (2010) both mitochondrial oxidative
phosphorylation dysfunction and its morphology play an essential part in the pathology
of insulin resistance-induced PB-cell failure. As a result of oxidation, mitochondria create
large amount of reactive oxygen species which are important in the pathophysiology of
jabetes and its complications. Both clinical and rodent data demonstrate decreased
oxidative phosphorylation in muscle mitochondria in insulin-resistant states. Kelley et
all®8l (2002) investigated mitochondria obtained from wvastus lateralis muscle by
percutaneous biopsy during fasting from T2D, obese, and lean individuals to examine
the effect of perturbation of mitochondrial function. They noted a reduction in both
nicotinamide adenine dinucleotidg oxidoreductase and citrate synthase activity in their
mitochondria. They also found mitochondria of smaller size and numbers per unit
volume compared with those in lean controls/®l. A reduced skeletal muscle oxidative
phosphorylation was also noticed in insulin-resistant offspring of T2D individuals linked
elevated levels of fat droplets in muscle cells!'?0. Petersen et all1°0 (2003) investigated
healthy, lean, elderly and young volunteers corresponded for lean body mass and fat

mass and noted that elderly or aged individuals were insulin-resistant compared to
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young controls and the changes were linked to increased fat deposits in muscle and liver

tissue and an approximately 40% reduction in mitochondrial oxidative and
phosphorylation activity suggesting age-linked deterioration in mitochondrial function
add to insulin resistance in the older population. Boushel et alll01l (2007) conducted
individual based study where they investigated mitochondrial function in skeletal
muscle obtained from 11 individuals with T2D and found reduced oxygen use in diabetic
patients which could be linked to reduced mitochondrial content in muscles. The
mitochondrial dysfunction and/or reduced mitochondria can cause insulin resistance.
Dysfunctional mitochondria can result in reduced oxidation leading to increased fatty
acyl-CoA, diacylglycerol andﬁtivates protein kinase C[102/103],

Patti et all'™l (2003) have demonstrated that insulin resistance and T2D link with low
level of various nuclear respiratory factor-1 (NRF-1)-dependent genes encoding key
enzymes in mitochondrial function. The authors noted loy levels of proliferator-
activated receptor gamma coactivator (PGC)-1a and PGC-1p, coactivators of NRF-1 and
PPARy-dependent transcription involved in oxidative phosphorylation in both diabetic
subjects and family history-positive nondiabetic subjects. Their conclusion was that the
low PGC1 expression led to reduced NRF-dependent genes expression, thereby
metabolic instabilities known for insulin resistance. Liver and skeletal muscle are
involved in fatty acids oxidation but their failure to efficiently oxidize fatty acids leads to
insulin resistance.

Mitochondria are known to play a key role in regulating insulin secretion. Beta cells
detect glucose amid its metabolism and then subsequent increase in adenosine
triphosphate (ATP) prgmotes insulin secretion. Zhang et all'®®l (2001) found that
uncoupling protein 2 (UCP2)-deficient mice had higher islet ATP levels and increased
glucose-stimulated insulin secretion, suggesting that UCP2 negatively regulates insulin
secretion. The UCP2 deficient ob/ob mice had restored first-phase insulin secretion,
elevated serum insulin levels, and reduced levels of glycaemia suggesting UCP2 as a key
component of beta cell glucose sensing, and as a vital link between obesity, beta cell

failure, and T2DI'%I, Bugger et alll%¢] (2008) suggested that mechanisms for mitochondrial
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dysfunction differ between insulin-deficient type 1 and insulin-resistant T2D hearts.
Sivitz and Yorek[1%7 (2010) observed liver mitochondria of the STZ-diabetic rats and
noted a significant tendency of reduced respiration. Karakelides et all1%81 (2007) found that
depriving diabetes patients from insulin did reduce muscle mitochondrial ATP
production and expression of oxidative phosphorylation genes in T1D patients despite
an increase in whole-body oxygen consumption. Although there are inconsistencies in
the result outcome, most studies appear to imply that respiration and/or ATP production
in muscle and heart mitochondria are lower when insulin level is low at least in isolated
mitochondria. Friederich ef all'®l (2008) in their decade old immune-histochemical
studies on isolated mitochondria from kidneys showed an elevated proximal tubular
UCP2 expression in STZ diabetic rats resulting in mitochondrial uncoupling and
increased O2 consumption. The successive low Oz presence may add to diabetes-induced
continuing kidney damage. However, other study exhibiting elevated mitochondrial

membrane potential in mitochondria of STZ diabetic rat kidney!10l.

Lipid metabolism dysfunction

Lipids play an important function in the pathogenesis of diabetes but the mechanistic
links between lipids and diabetes is not very clear. Lipids metabolism involves a large
number of enzymes catalyzed metabolic reactions engaging brain, adipose tissue,
muscles, liver, and gut and its dysfunction results in fat build up that may also lead to
diabetes. These organs are part of complex homeostatic system, communicating through
hormones, neurons and metabolites. Just a small shift in the regulation of lipid
metabolism can lead to a large change in energy homeostasis; it can result in diabetes,
obesity, atherosclerosis, and accelerated aging. In its full-blown state T2D manifests two
hallmarks in clinical patients, insulin resistance and [-cell failure. Fat buildup in insulin
effector cells (liver cells, muscle cells, and adipocytes) can decrease their sensitivity to
insulin and ultimately lead to insulin resistance. Cﬁnversely, fat buildup in non-adipose
tissues may promote lipotoxicity and this toxicity can diminish or impair B-cell function

to disrupt insulin supply by affecting insulin biosynthesis, processing, and secretion(!!1l.
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Abnormal fat buildup may also trigger inflammatory response, which in turn impairs
both effector and source cells of insulin. High-fat diet negatively affect insulin resistance
may result fatty acids overloads in mitochondria. Sparks et alll'2l (2005) found that high-
fat diets downregulated genes linked to oxidative phosphorylation and mitochondrial
biogenesis, and those changes were interpreted as seen in diabetes. The adipose
mitochondrial dysfunction causes increase in fatty acids levels which in turn can
contribute to the insulin resistance. Wolfrum et all3] (2004) noted that inactivating Foxa2
transcription factor in insulin-resistant mice led to lipid deposits in the liver, and
promoted fat as well as glucose export. The adenoviral expression of Foxa2T156A, a
nuclear, constitutively active Foxa2 in insulin resistant mice reduced hepatic triglyceride
content, increased hepatic insulin sensitivity, reduced glucose production, and reduced
plasma insulin. An ef all'14 (2004) found that rats fed with high fat diets, the degradation
of malonyl CoA in liver did encourage fat oxidation and decreased circulating free fatty
acids, increased insulin sensitivity in both muscle and liver. Mice deficient in acetyl-CoA
carboxylase 2 showed reduce malonyl-CoA, improve fatty acid oxidation but withstood

diet-induced obesity and diabetes (Table 3)[113],

Human gut microbiota

What about the presence of gut microbes and their possible mechanism in diabetes? The
findings from recent microbiome studies have indicated significant association of gut
microbiome with diabetes. While the clinical significance of gut microbes in diabetes can
be measured the many variables related to these microbes remains to be fully understood.
In a fascinating review, Li ef alll (2020) have assessed auspicious studies which allow a
better understanding of the probable mechanism of microbiota in diabetes epidemic. The
human microbiome including both the oral and gut microbiota are linked with diabetes
and therefore, in recent years the world scientific communities and medical professionals
are beginning to focus attention on the relationship between human microbiome and
diabetes. It is critical to understand that how microbes interact with the fundamental

mechanisms of diabetes in humans and how much close is the relationship? The human
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gut is a complex network involving microbiome, host cells and nutrients!!'®l. Diet

induced-obesity promotes insulin resistance by mechanisms involving self-regulation
and dependent on gut microbiota. Saad et all'Vl (2016) have deliberated that the
lipopolysaccharide from gut bacteria can prompt a chronic inflammatory process,
inducing insulin resistance via TLR4 activation. Han and Lin["8] suggest that gut
microbiota can impact on body weight, bile-acid metabolism, proinflammatory activity
and insulin resistance. A defect in short-chain fatty acids synthesis is a commqg feature
across studies that suggest a relationship between gut microbiota with TID"?L. Both T1D
and T2D are linked with multifaceted immune system and gut microbiome interactions.
Thus, gut microbiota disarrays can lead to T1D, which is allied to the interaction between
gut microbiota and the innate immunity. Hanninen and colleague profiled intestinal
microbiota investigated the investigated the incidence of T1D between two non-obese
diabetic mouse groups with different gut microbiota. They found that a single symbiont,
Akkermansia muciniphila with favorable metabolic and immune signaling may be able to
minimize diabetes incidence when given as a probioticl!20l. In many studies Akkermansia
muciniphila has been reported to reduce insulin resistance and also reduces damage of the
intestinal walll®l. The oral cavity and gut are the two uninterrupted regions linked via
gastrointestinal tract serving as microbial environments, have a key function in
microbiome-linked diseases. The oral and gut micrc%)me stay apart because of the
presence of oral-gut obstacle. Yet, the transmission of the oral microbiota can take place
to the intestinal mucosa in the event the oral-gut wall does not function properly. The
oral and gut microbiomes have been found interdependently regulating human
physiological functions and disease pathology!!?ll. The intestinal colonization of oral
microbiota and fecal-oral transmission occurs regularly, which can affect the microbial
ecosystem in both habitats, to modulate pathophysiology[122124, While the clinical
significance of gut microbes in diabetes can be measured, the many variables related to
these microbes remains to be fully understood. Therefore, research on gut microbes

seems reasonably important because it could provide valuable insights for evaluating gut
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microbiome for the diagnosis and treatment of diabetes. In addition, it certainly ensures
the fature discovery of the microbiota-related underlying mechanisms of diabetes.

A key issue for diabetes research is to develop a eukaryotic preclinical model, such
as Caenorhabditis elegans that enables researchers to understand mechanistic insight into

the biology and genetics of diabetes.

Caenorhabditis elegans: A preclinical model
We are using a Caenorhabditis elegans pre-clinical model to study Kriippel-like
transcription factor (KLF) for their functional roles in obesity and diabetics. Caenorhabditis
elegans encodes 3 members: kif-11%5], klf-2[126] and klf-3 all contain three highly conserved
C-terminal C2H; zinc fingers. KLF extensively expressed throughout laal development
and during adulthood with a predominant expression in intestine, a major endocrine
system positioned close to sexual organs and engaged in nutrient sensing and energy
metabolism(127-12. Mutation or RNA interference in kif-1, kIf-2, or kif-3 leads to excess
deposit of large fat droplets in the intestine of the mutant worm. Our detailed study on
klf-3 mutant (0k1975) suggest that mutation in kIf-3 also dysregulate insulin signaling.
Most likely, the excessive fat buildup and defects in insulin signaling associated with
mutation in kIf-3 result from damage that gradually takes place during development. We
have also shown that KLF-3 is an important regulator of fatty acid biosynthesis, lipid
absorption and secretion, mitochondrial proliferation, p-oxidation and physically
interacts with genes essential in lipid metabolism!!30-132], These regulatory functions of
KLEF-3 provide an important lead aimed at studying the mechanism of human diabetes.
The worm KLFs share the highest identity with members of several mammalian
KLFs, including KLF-2, 3, 4, 5 and 6 in terms of their C-terminal CH> zinc fingers. Some
members of mammalian KLFs (KLF 2-7 and 15) have been recently identified as one of
the major transcription factors controlling adipogenesis, lipogenesis, obesity and
diabetes!33-1%l, The insulin signaling pathway that controls aging and metabolism was
built on experiments in Caenorhabditis elegans and the identification of genes underlying

daf phenotypes!'¥]. Several KLFs have been implicated in lipogenesis via their residence
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and action in adipose tissue and non-adipose tissues (pancreas, liver or muscle): They

regulate adipocyte differentiation[!38-140l or promote lipogenesis[141.142] or tune glucose and
lipid homeostasis!!313]. Howeyer, no direct evidence is shown that the KLF circuit
intersects the insulin system. Small et all!43] (2011) have shown that the maternally
expressed KLF14 which is associated with T2D and the cis-acting expression quantitative
trait locus of high-density lipoprotein act as a master trans-regulator of adipose gene
expression. Thus, klfl4 acts as a major regulator of events in fat tissue, with these
alterations in the levels of kiIfl4 leading, through as yet unspecified mechanisms, to
peripheral insulin resistance and T2D. Despite these advances a direct role for these KLFs

in fat buildup and insulin resistance at an organism level remains to be established.

MITATION
Due to the heterogeneity of the studies cited, the duration of the study and the complexity
of interactions of the molecules, genetic factors, environmental factors and gut microbes
limited the ability to make direct comparisons between diabetes epidemic, and genetic,
biological, environmental factors and the gut microbiota. However, we acknowledge the
risk of developing diabetes or alleviating diabetes. We performed an arduous literature
search, but we might have missed some studies published as an abstract. To sum up, bias
is expected since articles published in languages other than English were not included in
this review but we think this is the general limitations for many review articles published

in English or vice versa.

CONCLUSION

Diabetes is a pressing health issue with a disturbing epidemic forecast, it could be
attributed to diets, stress, absence of physical activities, insulin resistance, genetic and
environmental factors. Diabetes involves the complex network of physiological
dysfunction that can be attributed to insulin signaling, genetics, environment, obesity,
and mitochondria. Although clinical severity of the disease can be measured the many

variables’ interactions in the incidence of diabetes remain to be fully understood.
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The simple reason is that more or less severe clinical involvement of a specific factor
has been difficult to identify. The emerging picture of genetics continues to support the
general conclusion that there are a large number of risk susceptibility genes, each of them
with relatively small effect. Yet, we lack understanding that how genes interact with each
other and with the known environmental and other influencers that predispose to
develop diabetes. There are intriguing findings regarding gut microbiome as the
important regulator of diabetes and it is now known that oral and gut microbiomes
interdependently regulate physiological functions and disease pathology. Although
there are many models available to study the physiology, biology and genetics of
diabetes, the difference between cellular, and animal models and human’s biology
restrain the applicability of these models in the mechanistic investigations and
therapeutic intervention of diabetics. We are yet to be able to overcome the problems in
the genetic manipulation to produce a reliable model to understand human diabetes.
Although Caenorhabditis elegans enables us to understand the fundamental mechanistic
insight into the physiology and genetics of diabetes it does not present a true picture of
human diabetes. Our work in model system may not always translate to human disease
problem. We still need to focus our basic research efforts toward methods that are more
directly relevant to human physiology to understand the mechanism for diabetes
treatment. In recent years. there are intriguing findings regarding gut microbiome as the
important regulator of diabetes. Valid approaches are necessary for speeding medical
advances but we should find a solution sooner given the burden of the metabolic
disorder- What we need is a collaborative venture that may involve laboratories both in
academia and industries for the scientific progress and its application for the diabetes

control.

Figure Legends

Figure 1 A flow chart for article selection criteria.
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Figure 2 Factors responsible for T1D and T2D incidence.

Figure 3 Genetics-based evidences for diabetes.
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