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Abstract Diabetes is a growing epidemic with estimated prevalence of infected to reach
~592 million by the year 2035. An effective way to approach is to detect the disease
at a very early stage to reduce the complications and improve lifestyle management.
Although several traditional biomarkers including glucated hemoglobin, glucated
albumin, fructosamine, and 1,5-anhydroglucitol have helped in ease of diagnosis,
there is lack of sensitivity and specificity and are inaccurate in certain clinical settings.
Thus, search for new and effective biomarkers is a continuous process with an aim of

Keywords accurate and timely diagnosis. Several novel biomarkers have surged in the present
= 21st century century that are helpful in timely detection of the disease condition. Although it is
= biomarkers accepted that a single biomarker will have its inherent limitations, combining several
= review markers will help to identify individuals at high risk of developing prediabetes and
= type 1 diabetes eventually its progression to frank diabetes. This review describes the novel biomark-
mellitus ers of the 21st century, both in type 1 and type 2 diabetes mellitus, and their present
= type 2 diabetes potential for assessing risk stratification due to insulin resistance that will pave the way
mellitus for improved clinical outcome.
Introduction deficiency due to autoimmune destruction of pancreatic
B-cells.?

Diabetes mellitus (DM) is a complex metabolic and multifunc-
tional syndrome that is characterized by persistent hypergly-
cemia. The prevalence of DM has increased over the past two
decadesand incomingyears, it willbe amajor health problem for
the world.! According to the International Diabetes Federation
report, prevalence of diabetes is spiraling globally with an esti-
mated 425 million adults having diabetes in 2017 and will be
increased to ~592 million by the year 2035.2 Developing coun-
tries like India will have ~109 million of affected people, mak-
ing diabetes no more a developed world disease.

DM has a multifaceted pathogenesis that occurs either
due to impaired insulin secretion or due to development of
insulin resistance (IR) at target tissues or because of insulin

DM is classified into different types based on the patho-
genic mechanisms as type 1, type 2, gestational diabetes,
and other types in which specific, genetic defects, metabolic,
and mitochondrial abnormalities and some conditions that
impair glucose tolerance are included.*

Diabetes, if untreated, may lead to several serious chronic
complications involving microvascular complications like
nephropathy or retinopathy and macrovascular complica-
tions like cardiovascular disease (CVD) and stroke. The most
common cause of mortality in diabetes is, however, macro-
vascular complications.®

Given the burden of diabetes and its complications, much
attention has been given to prevention, beginning with
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identifying at-risk individuals prior to diagnosis that led to
the designation of “prediabetes,” an intermediate form of
dysglycemia on a spectrum ranging from normal to overt
diabetes.® According to Centers for Disease Control, one out
of three adults had prediabetes and agonizingly, 90% were
unaware of their diagnosis.”

Awareness and knowledge regarding the diabetic condi-
tion, its management, complications, and risk factors are cru-
cial steps for better quality of life and its control.®

However, the clinical manifestations especially in type 2
diabetes mellitus (T2DM) are delayed by years, thereby
restricting its timely diagnosis. It has been demonstrated
that there is a significant relative risk reduction of CVDs and
all-cause mortality in individuals undergoing regular medi-
cal examination emphasizing the importance of early diag-
nosis of the disease.’

The efficacy of diabetic management to delay progres-
sion of DM would be improved if they could be implemented
during the initial phases of the disease and number of studies
also suggest that progression of diabetes can be postponed
or prevented with earlier initiation of current treatment
protocols.'®" Thus, the prediction and early identification of
high-risk individuals before the onset of prediabetes stage,
that is, when the B-cells are relatively intact, along with
timely identification of diabetic complications, are of para-
mount importance, for effective intervention. Timely man-
agement though is helpful in preventing progression to overt
disease but, however, remains a challenging scenario.

Considering the need of present situation, prompt diagno-
sis and innovation of an effective and safe treatment option
are required to achieve this goal, identifying new biomark-
ers for predicting individuals at high risk of diabetes and its
complications have, therefore, become a priority for targeting
preventive measures efficiently.'>!®

Thus, this review is intended to discuss the role of novel
biomarkers of 21st century in patients of DM as predictor of
diabetic risks or to detect earlier diabetic complications so as
to aid in better understanding of disease course propose safe
and effective therapeutic interventions. Various biomarkers
are shown in =Fig. 1.
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Fig. 1 Biomarkers in diabetes mellitus.
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Traditional Biomarkers

Hemoglobin Alc

Chronic glycemia is better estimated by hemoglobin Alc
(HbA1c) than glucose levels at a single time point and cur-
rently is the most commonly used biomarker for diagnosing
prediabetes and diabetes. American Diabetes Association cri-
teria for diabetes are HbA1c 26.5% (48 mmol/mol) and 5.7 to
6.4% (39-46 mmol/mol) for prediabetes.!* In the Norfolk pro-
spective study, higher HbA1lc levels were associated with
increased CVD and all-cause mortality.!> HbAlc may be a
better predictor of microvascular complications than fasting
plasma glucose (FPG).!® Other advantages of HbA1c over FPG
and oral glucose tolerance test (OGTT) are its greater conve-
nience as fasting is not required, greater preanalytical stabil-
ity, and less day-to-day perturbation during periods of stress
and illness.'” Thus, HbA1c is particularly useful for lifestyle
modification counselling as it reflects chronic exposure to
glucose but, however, there is conflicting evidence regarding
its usefulness in diagnosing diabetes in comparison to OGTT
and FPG as it provides moderate sensitivity.'”!* The National
Health and Nutrition Examination Survey and Screening
for Impaired Glucose Tolerance studies showed HbA1c lev-
els <5.7% (39 mmol/mol) correlate only 60 to 70% of sub-
jects having normal glucose tolerance.!*' Moreover, HbAlc
threshold for prediabetes does not take ethnicity, body mass
index (BMI), and age, all of which may significantly alter
HbA1c levels under consideration.’>?> OGTT more strongly
correlates with IR and insulin secretion than HbA1c.?® HbAlc
is also not always a reliable measurement of average circu-
lating glucose levels as changes in the production rate or
circulating life span of red blood cells will affect HbA1c lev-
els; for example, it may be falsely elevated in iron deficiency
anemia, folate and vitamin B12 deficiency, severe hypertri-
glyceridemia conditions where reduced production leads to
a greater percent of older cells, whereas false low values may
been seen in conditions of rapid turnover of red blood cells
like in HbA1c occurs in splenomegaly and end-stage renal
disease.?’” Hemoglobin variants, such as HbS, HbC, HbD, and
HbE, may also result in overestimation or underestimation
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of HbA1c.?® So, HbA1c alone cannot be considered adequate
for diagnosing prediabetes, and more accurate diagnosis may
require confirmation with other biomarkers.?

Fructosamine

Fructosamine (FA) is a ketoamine formed by glycosylation of
fructose to total serum protein, mostly albumin.* It reflects
average blood glucose concentrations over the previous 1 to
4 weeks, and thus can be a useful clinical marker of short-term
glycemic fluctuation and glucose control.®' Currently, it is
used as an alternate glycemic marker for diabetes screening.
FA could be a valuable complementary marker in clinical
conditions, where HbA1c may be inaccurate or it may also
play a role in identifying fluctuating glucose levels in DM
patients with stable HbA1c along with other measures.*2* FA
measurement is cost-effective and convenient as it does not
require fasting®**> and is advantageous in conditions that
affect hemoglobin levels.?® However, limitations include,
higher variations within the subjects®” and falsely low values
are seen physiologically in young children who have lower
serum protein concentration than adults and pathologically
in conditions with rapid albumin turnover as in nephrotic
syndrome, severe liver disease, or protein-losing enterop-
athy.*® Though it is useful to diagnose prediabetes, some
studies also doubt its usefulness for prediabetes screen-
ing.313%-41 Thus, FA can serve as a useful alternate biomarker
under specific conditions.

Glycated Albumin

Glycated albumin (GA) measures the ratio of GA to total albu-
min and thus it is better than FA in clinical conditions that
result in protein loss such as nephrotic syndrome, liver, and
thyroid disease.*? It is also considered to be a better index
of glycemic control than HbA1lc in patients with renal fail-
ure, hemolytic anemia, and those receiving blood transfu-
sions.*# Due to shorter half-life of albumin, GA reflects a
shorter glycemic control, of 2 to 3 weeks as compared with
HbA1c.* The combination of GA with HbA1c is a more sensi-
tive predictor of prediabetes than HbA1c alone.*® The speed of
glycation of GA is 10 times faster than HbA1c; thus, its value
better reflects variations in blood glucose and postprandial
hyperglycemia in combination with HbA1c.#” GA estimation
is of limited use in conditions of abnormal albumin metab-
olism.*® Other disadvantage is that sometimes GA may be
artificially low in individuals having increased BMI, body fat
mass, and high visceral fat.*°

1,5-Anhydroglucitol (1,5-AG)

It is the naturally occurring, 1-deoxy form of glucose whose
plasmalevels are inversely correlated with plasma glucose lev-
els. Renal proximal tubules have relatively greater affinity for
glucose than 1,5-AG. Thus, plasma concentrations of 1,5-AG
decrease due to its increased urinary concentration, as stud-
ied in healthy control, prediabetes, and diabetes groups.®° It
has been suggested as a prediabetes marker and reflects glu-
cose levels within the preceding 10 to 14 days. AG has the
advantage of being stable, reproducible, and less costly when
compared with other glycemic diagnostic tests and may be
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useful for identifying postprandial glycemic excursions and
individuals at risk of microvascular and macrovascular com-
plications in diabetes.>! However, plasma 1,5-AG levels can
change based on diet, sex,*>>* and race and also fluctuating
levels have been seen in patients receiving SGLT 2 inhibitors
or those on renal replacement therapy.>**> Also, some studies
disagree with the use of 1,5-AG as a prediabetes screening
tool. On the contrary, a few studies disagree with the use
of 1,5-AG as a prediabetes screening tool.>*>*

Novel Biomarkers for Type 2 Diabetes
Mellitus

Fetuin A

Fetuin-A, also called alpha 2-Heremans Schmid glycopro-
tein, is a physiological inhibitor of insulin receptor tyrosine
kinase and thus associated with IR, metabolic syndrome and
an increased risk for T2DM.>57 Pal et al showed that fetuin-A
binds to toll-like receptor 4 (TLR4)-inflammatory signal-
ing pathway, which results in production of inflammatory
cytokines, and, thus, promotes lipid-induced IR through
this interaction.>® Fetuin-A knockout mice have also demon-
strated increased basal and insulin-stimulated phosphory-
lation of insulin receptor, increased glucose clearance, and
improved insulin sensitivity.”®®® As measured by the index
of homeostasis model (HOMA-IR), fetuin-A is found to be an
independent determinant in the development of IR.5%* It is
well known that IR has been identified as the major patho-
physiologic determinant of T2DM.®*% In cross-sectional
studies, genetic analyses revealed that SNPs in the fetuin-A
gene (located at a susceptibility locus for T2DM) are linked
to T2DM.5¢67 Both the Health, Aging and Body Composition
Study (Health ABC) and European Prospective Investigation
into Cancer and Nutrition (EPIC)-Potsdam Study indicate that
participants with high fetuin-A levels have an increased risk
of incident diabetes.®® However, there have been conflicting
reports regarding association between fetuin-A concentra-
tion and CVD.5-7? Thus, taken together, fetuin-A acts as an
endogenous ligand for TLR4 through which lipids induce IR
and may serve as a novel therapeutic target for IR.

Acyl-Carnitine

L-carnitine, a small water-soluble molecule, plays an essential
role in intermediary metabolism, by transporting long-chain
fatty acids from the cytosol into the mitochondria, where
their degradation takes place via B-oxidation.”? Beyond
this, other crucial functions in the body are modification
of acyl-(conenzyme A) CoA/CoA ratio, energy storage in the
form of acetyl carnitine, anti-inflammatory and antioxidant
properties. It also improves insulin sensitivity, dyslipidemia,
and membrane stability.”* Recently, serum levels of acylcar-
nitines have been shown to be elevated in prediabetes.’”>’®
Lipid oversupply results in accumulation of incompletely
metabolized fatty acids in the mitochondria causing
“mitochondrial stress,” leading to IR.”” According to another
theory, the long-chain acyl-CoAs are precursors of cera-
mide that is already being explored as affector of insulin
resistance.”® Recent studies suggest an alternative mechanism
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in which fatty acid oxidation (FAO) rate outpaces that of
the tricarboxylic acid cycle, resulting in the accumulation
of intermediary metabolites, such as acylcarnitines, which
may affect insulin sensitivity.”* A recent Canadian study
reveals that an elevation in circulating medium chain acyl-
carnitines is associated with gestational DM and early stages
of T2D onset and that this elevation directly impairs p-cell
function.” Another study also showed acylcarnitine profile,
mainly including short- and long-chain acylcarnitines, was
significantly associated with higher T2D risk in participants
at high cardiovascular risk.®°

Ceramides

Ceramides, a type of sphingolipid with long chain fatty acid
of varying length, constitute major component of the biologi-
cal membrane. Ceramides are available in the human system
by de novo pathway, salvage pathway, and by sphingomyelin
hydrolysis. Their accumulation may increase in tissues due to
excessive supply of fatty acids, mostly as a result of sphingo-
lipid salvage pathway activity.®! Apart from its structural role
in biological membranes and signal transduction, ceramides
can also antagonize insulin signaling by inhibiting transmis-
sion of signals through phosphatidylinositol-3 kinase and
blocking activation of the anabolic enzyme Akt/PKB. They
also stimulate caspase, protein kinase C, serine/threonine pro-
tein phosphatase, and cathepsin D activity.®? Thus, ceramides
interfere with glucose uptake, impair storage of nutrients such
as glycogen or triglyceride (Tg), activate proinflammatory
cytokines, disrupt lipid metabolism, and even enhance cell
death (proapoptotic). Plasma ceramides have been found to be
increased in obesity and insulin resistance (IR).*#* Insulin also
elicits an anabolic effect on sphingolipid metabolism, resulting
in increased ceramide accumulation in skeletal muscles.®* This
shows a deleterious consequence of the hyperinsulinemia that
accompanies IR leading to a vicious cycle. A study suggests
that ceramide stearic to palmitic acid ratio Cer (d18:1/18:0)/
Cer(d18:1/16:0) is an independent predictive biomarker for
new onset diabetes mellitus even years before diagnosis; thus
it may be modulated by lifestyle intervention.®> Since cera-
mides are detectable in easily accessible body fluids, they have
recently been proposed as promising biomarker candidates in
several diseases such as cancer, multiple sclerosis, Alzheimer’s
disease, and coronary artery disease and T2DM.5®

Netrin

Netrin is a family of extracellular, laminin-related pro-
teins,®” comprising of netrin-1, netrin-3, and netrin-4, and
two glycosylphosphatidylinositol (GPI) anchored membrane
peptides (netrin G1 and G2).38 They are expressed in the cen-
tral nervous system and also in nonneural tissues such as vas-
cular endothelial cells, pancreas, liver, spleen, lung, intestine,
and kidney.®® Keeping in view its pathogenic role, netrin is
emerging as a novel diagnostic and prognostic biomarker for
variety of life-threatening diseases like cancers, cardiovascu-
lar diseases, acute kidney injury, and subarachnoid hemor-
rhage.”® As netrin-1 is involved in pancreatic morphogenesis,
islet-cell migration, and rejuvenation, it was likely that they
have a role in diabetes as well. A recent clinical study found a
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significant increase of serum Netrin-1 level in subjects with
impaired fasting glucose (IFG) or T2DM compared with the
control group suggesting that Netrin-1 may be used as a bio-
marker for their early detection.’ On the contrary, another
study found that the level of Netrin-1 in diabetic patients was
significantly reduced than that of healthy controls.®? However,
netrins, having role in angiogenesis and inflammatory pro-
cess, show a promising role as marker for early detection
and prognosis of diabetic microvascular complications like
retinopathy and nephropathy.® Netrin-1 regulates corneal
epithelial wound healing, inflammation response, and nerve
fiber regeneration in diabetic mice, indicating the potential
application for the therapy of diabetic keratopathy.”' They
have also shown beneficial efficacy in the treatment of dia-
betic nephropathy.®?

a-Hydroxybutyrate and
Linoleoylglycerophosphocholine

Recently increased levels of plasma a-hydroxybutyrate
(a-HB), an organic acid, and decreased levels of plasma
linoleoylglycerophosphocholine (L-GPC), a lipid, have been
described as joint markers of peripheral IR and glucose intol-
erance, as measured by the euglycemic hyperinsulinemic
clamp technique—in selected subjects in the Relationship
between Insulin Sensitivity and Cardiovascular Disease
study, a cohort of well-phenotyped nondiabetic individu-
als.”® a-Hydroxybutyrate (a-HB) is a catabolic by-product of
threonine, methionine, and glutathione anabolism (cysteine
formation) in hepatic tissue.” Increased oxidative stress and
lipid oxidation lead to chronic shifts in glutathione synthesis
resulting in elevated a-HB levels in individuals of IR.%4% Thus,
it is suggested that a-HB, a proximate product of disordered
metabolism, might serve as both a predictive biomarker and
prodromal sign of incipient T2DM.%

L-GPC is formed by hepatic phospholipase A2 and circula-
tory lecithincholesterol acyltransferase. Choline-containing
phospholipids and sphingomyelins have been associated
with increased risk of T2DM.% L-GPC is an independent
correlate of insulin sensitivity and a putative lipid-signaling
molecule.®

Both the above biomarkers of insulin sensitivity are inde-
pendently associated with glucose intolerance.”* However,
L-GPC is a negative predictor of T2DM progression in con-
trast to aHB, a positive predictor.”* But both the biomarkers
can be used in predictive models to identify subjects with
impaired glucose tolerance that is a high-risk state for the
development of T2DM, without performing an OGTT.%”’

Adiponectin

Adiponectin is a protein exclusively expressed in differenti-
ated adipocytes, cardiac tissue, bone, mammary and salivary
glands.'® It has insulin sensitizing, anti-inflammatory, and
anti-atherogenic functions and it is shown to be indepen-
dent predictor of diabetes.!®' It also has antiangiogenic and
possibly anticancer properties.!®? Adiponectin may be an
important modulator of insulin sensitivity through increased
oxidation of fatty acid, glucose uptake and utilization in
skeletal muscle and adipose tissue.'® High level of adiponectin
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protects glucose metabolism impairment in obese patients
and decreases the risk of T2DM development.'™ Level of
adiponectin is found to be lower in T2DM and obese sub-
jects.'® In a cohort-based study of subjects with impaired
glucose tolerance, low adiponectin level was found to be a
strong independent predictor of diabetes.!® In offspring of
diabetic parents, the baseline adiponectin levels are inversely
related to the risk of prediabetes and it is independent of sex
or ethnicity.!'” Adiponectin administration has found lower
levels of plasma glucose and increased insulin sensitiv-
ity.’% On the other hand, treatment of patients with insulin
increased the level of circulating adiponectin and improved
insulin sensitivity.'%

Inflammatory Biomarkers

Inflammatory biomarkers are involved in the activation of
innate and adaptive immune systems that are recognized as
key mediators in diabetes development. Specifically, acute
phase proteins (C-reactive protein [CRP] or high-sensitivity
[hs-CRP] and fibrinogen) and pro-inflammatory cytokines
(interleukin-6 [IL-6] and tumor necrosis factor-o) are associ-
ated with increased risk of T2D.!® Elevated levels of IL-6 and
CRP are useful in identifying individuals at higher risk of
developing T2DM.!"° Genetic variants in the innate immune
system and inflammatory cascade also affect CRP and pre-
disposition to T2DM.""'"2 A meta-analysis of genome-wide
association study on hs-CRP showed shared genes and path-
ways that are associated with IR and T2D.!*''4 Tissue plas-
minogen activator-1 change is an independent predictor
of incidence of diabetes.! IL-18 levels also increased with
progression from prediabetes to diabetes in the Gutenberg
study.!’® The IL-1 receptor antagonist (IL-1RA), produced
by adipocytes, is an anti-inflammatory marker elevated in
prediabetes and diabetes, possibly as a reactive response
to inflammation. The Whitehall Study, has also shown an
increase in IL-1RA in prediabetes in parallel with decreasing
insulin sensitivity, increasing -cell function, and 2-hour glu-
cose levels, all of which occurred altogether years before the
development of T2DM.!"¢ Patients with T2DM frequently have
dysfunctional coagulation profile, especially increased fibrin-
ogen levels that are independently associated with HbAlc
values.” Fibrinogen levels were also seen to be associated
with diabetic nephropathy, but not with other microvascular
complications like retinopathy. With respect to macrovascu-
lar disease, the association between high plasma fibrinogen
and peripheral vascular disease is seen in T1DM.!!®

Lipoprotein(a)

Lipoprotein (a) [Lp (a)] is a plasma lipoprotein that consists
of LDL-like particle, consisting of apo (a) that is covalently
attached to one molecule of apoB100 via a disulfide bond
and is synthesized in liver.'”® Lp(a) levels are primarily under
genetic control, with genetic variants and the number of
Kringle IV-2 repeats in the LPA gene accounting for much of
the variability in Lp (a) concentrations.'?® Elevated levels of
LP(a) are proved to be independent risk factor for the devel-
opment of CVD.'?! Increase in Lp (a) levels may promote
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atherosclerosis via Lp (a)-derived cholesterol entrapment
in the intima, via inflammatory cell recruitment, and/or
via the binding of proinflammatory-oxidized phospholip-
ids.'? Inverse relationship between serum Lp (a) and T2DM,
prediabetes, IR, and with hyperinsulinemia has also been
noted.'? Though the mechanisms through which Lp(a) might
be inversely associated with diabetes risk is not yet clear,
there is some evidence that Lp(a) is a marker of, or might be
involved in, the development of IR.

Amino Acids

Amino acids have emerged as novel biomarkers in the iden-
tification of people at risk of T2D before overt symptoms.
With advancement in technologies involving metabolic pro-
filing, circulating amino acids may illustrate new pathways
in diabetes pathophysiology like bidirectional modulation
of insulin action due to crosstalk between hormonal and
nutritional signals and may suggest novel mechanism by
amino acids.’?*1?> More recent studies have demonstrated
a correlation between amino acids and prediabetes, IR, and
obesity.” It is shown that serum branched chain amino acids
and aromatic amino acids are significantly and positively
associated with T2D.!?¢ In addition, glutamine, methionine,
cysteine, and 2aminoadipic acid are increased in insulin
resistant states.'?’-12° By contrast, glycine levels are decreased
in individuals with prediabetes.!**!32 Thus, changes in these
circulating amino acid levels may prove to be significant pre-
dictive markers for T2D.

Triglycerides and High-Density Lipoprotein

Elevated serum Tg and subclasses of high-density lipopro-
tein cholesterol (HDLC) maybe involved in the pathogenesis
of diabetes. Hypertriglyceridemia has been associated with
B-cell dysfunction and reduced insulin secretion in predia-
betes.’?! Tg levels can cause lipotoxicity within pancreatic
B-cells and may lead to B-cell apoptosis by stimulating the
production of ceramide and nitric oxide.!?"** Levels of small
HDL-3 particles have been found to be elevated in predia-
betic subjects as compared with HDLC levels. The proportion
of small HDL-3 particles is positively associated with Tg and
negatively associated with HDLC."** However, unlike Tg, low
HDLC concentrations may also lead to progression to diabetes
from prediabetes, but its association with B-cell dysfunction
is unclear.'!

Ferritin and Transferrin

Both ferritin and transferrin levels are associated with hyper-
insulinemia and hyperglycemia.’® A recent study in healthy
women showed that higher iron stores as reflected by fer-
ritin concentrations and the ratio of transferrin receptors
to ferritin were associated with an increased risk of T2DM,
independently of known diabetes risk factors.’*® Iron con-
tributes to IR through the production of highly active radi-
cal formation, damage to DNA and cell membrane integrity,
B-cell oxidative stress resulting in decreased insulin secre-
tory capacity, and interference with glucose uptake in skele-
tal muscles and adipocytes. Dietary iron restriction prevents
the development of diabetes and loss of B-cell function.*” Not
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only iron stores but also iron transport is involved in the
development of the metabolic syndrome and very likely of
IR."*8 Transferrin has been shown to be a major determinant
of lipolytic activity in adipocytes by a pro-oxidative mecha-
nism.’*® and adipose tissue lipolysis has been recognized as
a major determinant of IR.1® Higher levels of transferrin are
usually negatively correlated with ferritin.>

Mannose-Binding Lectin Serine Peptidase
Mannan-binding lectin serine protease 1 also known as
mannose-associated serine protease 1 (MASP-1) is involved
in the lectin pathway of the complement system and is
responsible for cleaving C4 and C2 into fragments to form
a C3-convertase.'*! MASP-1 is also able to cleave fibrinogen
and factor XIII and may be involved in coagulation.'* Thus,
elevated levels of these proteins may play a role in the
enhanced thrombotic environment and consequent vascular
complications in diabetes.'* It has been observed that the
onset of prediabetes and IR occurred earlier in those with
increased MASP-1 plasma levels. Elevated FPG and 2-hour
glucose levels also have positive association with higher lev-
els of MASP-1." Thus, these proteins have a potential role
as a biomarker to detect early macrovascular complications
in diabetes.

Thrombospondin

Thrombospondins (TSP 1-5) are a group of multifunc-
tional secretory glycoproteins. TSP-1, a potent antiangio-
genic and proatherogenic protein, has been implicated in
the development of several vascular diabetic complica-
tions.!*> TSP-4 is an extracellular matrix protein of the ves-
sel wall.'"® Endogenous TSP-1 protects the myocardium
from infarction-induced and pressure overload-induced
cardiac remodeling.'*” TSP-1 is also an adipokine that is
highly expressed in obese, insulin-resistant subjects; and
it is highly correlated with adipose inflammation.'*® In the
diabetic setting, decrease in TSP increases matrix metallo-
proteinase (MMP-2 and MMP-9) activities and suppresses
fibroblast function thus inhibiting collagen synthesis.!* They
could be a novel marker for atherosclerotic burden, especially
in the major subgroup of patients with concomitant diabe-
tes.’® TSP-1 plays an important role in the development of
complications in patients with diabetic nephropathy and its
serum level is related to renal injury and vascular disease.!!

Glycosylphosphatidylinositol Specific Phospholipase D1
Glycosylphosphatidylinositol-specific phospholipase D (GPLD1,
also called GPI-PLD) is a 110- to 120-kDa N-glycosylated
amphiphilic protein abundant in mammalian serum, where
it associates with HDL.'®? The association with HDL raises the
possibility that GPI-PLD may be involved in lipid/lipoprotein
metabolism. GPLD1 may be regulated by several different
hormones or metabolites involving circulating insulin levels,
hyperglycemia, oxidative stress, and inflammation.'>!>* In
addition, GPI-PLD appears to colocalize with insulin in the
secretory granule,’ raising the possibility that diabetes may
be associated with changes in islet production of GPI-PLD.
Recent evidence suggests that GPLD1 levels are increased in
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circulation following the onset of diabetes induction and IR
both in rats and humans, respectively, suggesting its associ-
ation with diabetes-induced impairments.!>>'>¢ GPLD1 may
play an important role in inflammation and in the pathogen-
esis of diabetes. Recent study suggests the potential role of
GPLD1 as a candidate plasma protein that can be used effec-
tively to distinguish between early stage latent autoimmune
diabetes in adults and T2DM."’

Micro-RNAs

Micro-RNAs (miRNAs) are small (~22 nucleotides) noncod-
ing RNA sequences that inhibit gene expression of specific
mRNA targets.!® It has been reported that distinct miRNA
expression profiles regulate various physiological and patho-
logical conditions.’ Recently, miRs have been studied in pre-
diabetes and found to be strongly correlated.'s6! Moreover,
they could be differentially expressed in various types of
DM, suggesting their potential to serve as diabetic indica-
tors. It has been reported that miR-20b, miR-21, miR-24,
miR-15a, miR-126, miR-191, miR-197, miR-223, miR-320,
and miR-486 were downregulated, while miR-28-3p was
upregulated in plasma of T2DM patients in comparison with
non-DM individuals.’® More recent studies also detected
significantly increased levels of circulating miR-146a'®* and
miR-126"% in newly diagnosed T2DM patients compared
with healthy controls. Other miRNAs significantly elevated
in T2DM and found to negatively regulate insulin expression,
production, or secretion include miR9, miR29a, miR30d,
miR34a, miR124a2, miR146a, and miR375.16

In patients with recent-onset TIDM, the most consis-
tently upregulated miRNAs were miR-152, miR-181a, and
miR-27b, while miR-375 was consistently downregulated in
independent cohorts.'®® miR-25, miR-24-3p, let-7 g-5p, and
miR-93-5p were either upregulated or downregulated in
various recent-onset T1DM cohorts.'®’

Recent studies suggest brain as a key player in glucose
regulation and the pathogenesis of metabolic disorders such
as T2D.'®® There is evidence suggesting that increased acti-
vation of hypothalamus-pituitary-adrenal axis and sympa-
thetic nervous system, and consequent elevation of stress
hormones, may be important for the etiology and develop-
ment of T2D. The association between these neuroendocrine
stress response-related circulating miRNAs and T2D has been
explored by Liang et al, which may act as potential biomark-
ers for prediabetes and IR in adults.!®°

Thus, our understanding of the importance of miRNAs in
the pathogenesis of diabetes has grown substantially; there is
increasing evidence for a potential role of miRNAs as clinical
biomarkers of the TIDM, pre-DM, T2DM, and gestational DM.
Moreover, discovery of new set of miRNA biomarkers might
help to guide diagnostic and therapeutic decisions.

Possible Biomarkers for Type 1 Diabetes
Mellitus

Immune biomarkers of TIDM are diverse. Though some
of them like autoantibodies are well established, they are
not discriminative enough to deal with the heterogeneity
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Fig. 2 Possible biomarkers in TIDM. GAD-65, glutamic acid decarboxylase-65; IAA, insulin-associated autoantibodies; ICA-512, internal carotid
artery-512; IGPR, islet specific glucose-6-phosphatase catalytic subunit related protein; TIDM, type-1 diabetes mellitus; ZnT8, zinc transporter 8.

that is inherent in TIDM. As an alternative, various possi-
ble biomarkers have recently been identified that not only
provide a better understanding and progression of T1DM
but also yield therapeutic efficacy of immune interventions.
=Fig. 2 highlights various biomarkers in T1DM.

Genetic Biomarkers

Genetic markers may be helpful in assessing the predisposi-
tion for T1DM, where identification of over 50 loci contrib-
uting to TIDM risk has been identified in studies of large
cohorts.’® For routine screening purpose, HLA typing is
done. Though HLA typing alone is useful for the enrichment
of future cases of T1DM, it is insufficiently sensitive and
specific to be a biomarker for future prevention strategies.
However, HLA-DR (DR3/4) and HLA-DQ (DQ8) genotypes are
useful in predicting the risk of developing B-cell autoimmu-
nity. The highest risk of HLADR/-DQ genotypes is present in
around 30 to 40% of individuals with T1DM and around 2 to
3% of the background population.'”!

Autoantibodies

Autoantibodies are now widely accepted as the hallmark
of TIDM. Autoantibodies against B-cell proteins and pep-
tides for diagnosis of T1DM, are routinely used.'”? The
most commonly measured are autoantibodies to glutamic
acid decarboxylase, insulin-associated autoantibodies,
insulinoma-associated protein 2 (IA-2, previously known
as ICA-512), islet specific glucose-6-phosphatase catalytic
subunit related protein, a tyrosine phosphatase like pro-
tein (islet antigen-2 [IA-2] and the most recently described
zinc transporter 8.7>'74 However, the development of auto-
antibodies against multiple B-cell antigens is recognized as
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a critical step in the disease pathogenesis and is associated
with a significantly higher T1DM risk than the presence of
just a single autoantibody.'”>'76 Autoantibody characteris-
tics that allow for stratification of diabetes risk include age
at seroconversion, antibody number, titer, affinity, antigen
specificity, and epitope binding.'”#!”7 Recently, novel auto-
antibodies have been described, including those targeting
neoantigens generated in B-cells under conditions of stress
(e.g., immune stress and metabolic stress). These include
antibodies against modified B-cell-derived peptides or pro-
teins generated through stress-induced post-translational
modifications, like citrullination.!”®

T-Cell Biomarkers

Current evidence suggests that T-cells are the main mediators
in the pathogenesis of T1IDM.'7*'8 Thus, T-cell biomarkers
are becoming an important component of immunotherapy
trials in T1DM, identifying logical targets for intervention,
providing novel insights into why (or in whom) treatments
succeed or fail, and providing potential for participant
stratification.!®!

CD4 T-cells provide help, cytokines, and regulation,
while CD8 T-cells produce inflammatory cytokines to
drive the destructive immune response forward and kill
B-cells.'®® Furthermore, frequencies of islet antigen-reactive
CD4 and CD8 T-cells are higher in TIDM patients compared
with healthy subjects, though variable over time, and may
have the potential to function as a prognostic marker for dis-
ease onset or treatment response.!8>184

The role of T cells as essential cellular constituents of dis-
ease progression has motivated research consortium efforts
to develop T-cell biomarkers in T1DM, with attention to two
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broad classes of markers, namely, (1) antigen specific (i.e.,
captured by assays that measure the number and/or func-
tion of T cells specific for B cell autoantigens) and (2) antigen
agnostic (i.e., involving assays that measure T cell attributes
without accounting for the specificity conferred by the T cell
receptor).!®

Conclusion and Future Perspectives

There is a vital need for the identification of more sensitive
and precise biomarkers for subset of individuals with different
underlying pathogenesis and difference in speed of disease
progression at its earliest that will help to facilitate person-
alized prediction, prevention, and treatment of diabetes mel-
litus. Biomarkers are needed to guide our understanding of
the disease process whether it is destruction of B-cells by the
immune system as in TIDM or reduction in -cell function as
in T2DM. Combining biomarkers in a clinical setting may pro-
vide better sensitivity and specificity in predicting and pre-
venting the disease. However, long-term prospective studies
are needed to further to establish the utility of these biomark-
ers in establishing early diagnosis and management of the
disease and thereby preventing complications. Furthermore,
genetic studies, assessing mutations, will also provide addi-
tional insight into its association with metabolic dysregula-
tion.'®¢ Different omics platforms—genomics, metabolomics,
proteomics, and microbiomics—and RNA sequencing-based
studies, coupled with novel data science methods involv-
ing bioinformatics, data mining, imaging, machine learning,
neural networks, are now revolutionizing biomarker devel-
opment.'®”-1% Adoption of such methods in accordance with
data protection and ethical guidelines will improve quality of
life for the patients and enable better health care.
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