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Abstract Prediabetes represents an elevation of plasma
glucose above the normal range but below that of clinical
diabetes. Prediabetes includes individuals with IFG, IGT,
IFG with IGT and elevated HbAlc levels. Insulin resis-
tance and B-cell dysfunction are characteristic of this dis-
order. The diagnosis of prediabetesis is vital as both IFG
and IGT are indeed well-known risk factors for type 2
diabetes with a greater risk in the presence of combined
IFG and IGT. Furthermore, as will be illustrated in this
review, prediabetes is associated with associated disorders
typically only considered in with established diabetes.
These include cardiovascular disease, periodontal disease,
cognitive dysfunction, microvascular disease, blood pres-
sure abnormalities, obstructive sleep apnea, low testoster-
one, metabolic syndrome, various biomarkers, fatty liver
disease, and cancer. As the vast majority of individuals
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with prediabetes are unaware of their diagnosis, it is
therefore vital that the associated conditions are identified,
particularly in the presence of mild hyperglycemia, so they
may benefit from early intervention.

Keywords Prediabetes - Cardiovascular disease -
Testosterone deficiency - Cognitive dysfunction -
Nonalcoholic fatty liver disease - Cancer

Introduction

Prediabetes represents an elevation of plasma glucose (PG)
above the normal range but below that of clinical diabetes.
Prediabetes, as defined by a measure of glucose metabo-
lism, includes individuals with IFG, IGT, and IFG with
IGT. Elevated HbAlc levels which integrate PG overtime,
is now validated as another indicator of this condition [1].

As far as the pathophysiology of prediabetes is con-
cerned, insulin resistance and B-cell dysfunction are the
“substrates” of this disorder. However, there is some het-
erogeneity with respect to the nature of the metabolic
defects specifically involved in prediabetes. Thus, IGT is
associated with greater, skeletal muscle (peripheral) insulin
resistance than IFG which is characterized by hepatic
insulin resistance and excessive endogenous glucose pro-
duction. In addition, subjects with IGT have impaired first
and second phase insulin secretion while IFG rather shows
an isolated defect in first-phase secretion [2, 3].

The diagnosis of prediabetes, recently reviewed by Buy-
sschaert and Bergman [1, 4, 5], is vital as both IFG and IGT
are indeed well-known risk factors for type 2 diabetes with a
greater risk in the presence of combined IFG and IGT [6, 7].
Furthermore, as will be illustrated in this review, prediabetes
is associated with a variety of associated disorders often only
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considered typically in the presence of established diabetes.
These include cardiovascular disease (CVD), periodontal
disease, cognitive dysfunction, microvascular disease, blood
pressure abnormalities, obstructive sleep apnea (OSA), low
testosterone, metabolic syndrome, presence of various bio-
markers, fatty liver disease, and cancer.

Prediabetes is often reflected on as “benign” with the
absence of co-morbid conditions. Furthermore, as the vast
majority of individuals with prediabetes are unaware of
their diagnosis, it is therefore vital that these associated
conditions are identified, particularly in the presence of
mild hyperglycemia, so these individuals may benefit from
early intervention.

Cardiovascular risk

Prediabetes is associated with microangiopathy and also with
more advanced atherosclerotic vascular damage than in nor-
moglycemia [1, 4]. In this context, compared with normo-
glycemic subjects, Ferrannini suggested that individuals with
IFG, IGT or both, also have a “diabetic phenotype” signifying
that aside from having mild hyperglycemia, they are older,
have a higher BMI as well as more central fat distribution and
higher waist-to-hip ratio [8]. In addition, they are dyslipidemic
and tend to have higher arterial blood pressure levels. Most of
those variables are components of the metabolic syndrome
(accounting for the insulin resistance), therefore commonly
present in those with prediabetes [9]. In other words, predia-
betes clearly aggregates with other CVD risk factors—a point
that should be taken into account in the further analysis of the
relationship between prediabetes and the development of CV
events [10].

The frequent observation of abnormal glucose metabo-
lism in patients with coronary heart disease or stroke is
consistent with the relationship between prediabetes and
macroangiopathy [11]. In this context, the proportion of
individuals with IGT in subjects with acute myocardial
infarction (MI) was 35 % in the GAMI Study [12]. Simi-
larly, in a cohort of patients with transient ischemic attacks
or stroke, based on fasting plasma glucose (FPG), 2 h post-
load and HbAlc levels, 52 % were identified as “predia-
betics” [13].

Consequently, on the basis of the aforementioned con-
siderations, and the presence of various CV risk factors in
prediabetes, it is rational to estimate the magnitude of the
relative risk for CVD associated with IFG and/or IGT from
published studies.

Association of prediabetes and cardiovascular events
Several meta-analyses have clearly demonstrated that dia-

betes imparts a two to threefold increase in the risk of
developing macroangiopathy [14—16]. Prediabetes has also
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been linked with an increased risk of major manifestations of
vascular disease, suggested by a substantial number of lon-
gitudinal studies, which provide evidence favoring vascular
risk with mild to moderate fasting and/or post-load hyper-
glycemia lower than the currently defined threshold for
diabetes. Thus, in the Whitehall study, the risk for CV dis-
ease was almost doubled in subjects with IGT when com-
pared with those with normal glucose tolerance [17].
Similarly, Balkau et al. observed that the highest quintile of a
2 h post-load blood glucose was associated with an almost
double risk, 1.6 for total mortality and 1.8 for CV deaths in
middle-aged non-diabetic men [18]. Coutinho et al. carried
out a meta-analysis comprising more than 95,000 individuals
(94 % males) followed over 12 years and found a relation-
ship between blood glucose and CV events at glucose levels
well below the diabetic threshold: compared with a glucose
level of 75 mg/dl (4.2 mmol/l), fasting and 2 h post-load
glucose levels of 110 mg/dl (6.1 mmol/l) and 140 mg/dl
(7.8 mmol/l) were associated with relative CV event risks of
1.33 (95 % confidence interval [CI] 1.06-1.67) and 1.58
(1.19-2.10), respectively [19].

Other data extend these observations. In the 2007 Aus-
tralian Diabetes, Obesity and Lifestyle Study, after a follow-
up of 5.2 years, the adjusted hazard ratio [HR] in men and
women for CV mortality was increased among patients with
IFG (HR 1.6 [1.0-2.4]) [20]. Moreover, Hoogwerf et al.
showed that the relationship between glucose and coronary
heart disease risk was continuous and graded across the range
of non-diabetic values, independent of traditional risk factors
[21]. Finally, Ford et al. carried out an important systematic
review of the relationship between prediabetes and CV risk
[22].Thus, 18 reports examined IFG [110-125 mg/dl
(6.1-6.9 mmol/1)] and concluded that the fixed-effects sum-
mary RR was estimated to be 1.20 (1.12—1.28). Another eight
reports looked for IFG [100-125 mg/dl; 5.6-6.9 mmol/l)]
and showed a RR estimate of 1.18 (1.09-1.28). In eight
reports studying IGT, the summary RR estimate was 1.20
(1.07-1.34). Five studies combined IFG and IGT with a
summary RR of 1.10 (0.99-1.23). Overall, there was no
significant difference between estimates for men and women
[22]. In addition, Barr et al. in 2009 observed that in indi-
viduals without diagnosed diabetes, FPG, 2 h post-load
glucose and HbAlc were significant predictors of CVD
mortality [23]. As evidenced by Selvin et al., HbAlc levels
were also strongly associated with CV risk in a population of
non-diabetic adults [24]. The multivariable-adjusted HR was
1.78 (1.48-2.15) and 1.95 (1.53-2.48) for HbAlc concen-
trations between 5.5 and 6.0 % and 6.0-6.5 %, respectively.
Prediabetes was also associated with a higher future risk of
stroke when compared with normoglycemic status [25]. Di
Pino et al., consistent with these data, demonstrated a cor-
relation between HbAlc and arterial intima-media thickness
(IMT) in prediabetes [26].
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In view of all these results, most authors emphasize
the potential consequences in men and women of the
association between prediabetes and increased CV mor-
bidity and/or mortality although a few studies did not
demonstrate such a relationship [27-29].

Association of “borderline” normoglycemia
and cardiovascular events

Reinforcing the concept of a relationship between predia-
betes and CVD, several reports converge and indicate that an
elevated CV risk is strongly and independently associated
with glucose levels within the normoglycemic range, prior to
the development of prediabetes, as already indicated by
Hoogwerf et al. in 2002 [21]. In the study of Shaye et al. in
2012, subjects with a FPG 95-99 mg/dl (5.3-5.5 mmol) had
an increased CV risk when compared with levels <80 mg/dl
(4.44 mmol/1) (HR 1.53 [1.22-1.91], after adjustment for
conventional CV confounding risk factors [30]. In phase
with these results, the Diabetes Epidemiology: Collabora-
tive Analysis of Diagnostic Criteria in Europe (DECODE)
Study Group demonstrated elegantly that the relation
between glycemia and CV risk started within the normal BG
range with a linear relationship and no evidence of threshold
effect [31].

Data using HbAlc as an independentearly predictor of
CV risk confirm this premise. Thus, in the Norfolk cohort,
the effect of HbAlc on CV mortality was already evident at
the lower end of the population distribution and there was
no apparent threshold effect: men with an HbAlc above
5 % had greater risk than those with values below 5 %,
suggesting a continuous relation with CV risk [32, 33]. In
agreement with the data of Selvin et al. [24], in the IN-
TERHEART Study, after adjustment for conventional CV
risk factors, higher HbAlc percentiles above the lowest
fifth (<5.4 %) were associated with progressively higher
odds ratio (OR) of MI with OR for the highest fifth per-
centile (>6.12 %) being 1.55 (1.37-1.75). When analyzed
as a continuous variable, every 1 % increase in HbAlc was
associated with a 19 % (14-23) higher OR for MI while
every 0.5 % increase in HbAlc indicated a 9 % higher OR
of MI (7-11) [34].

IFG versus IGT versus HbAlc: is there a better
predictor?

Many studies suggested that the risk for CVD in predia-
betes was better predicted by IGT than by IFG.

In line with Qiao et al. [35], the DECODE Study Group
indicated that the dose-response effect of fasting hyper-
glycemia for vascular mortality might be weaker than that
of post-load glucose. They showed indeed in pooling
studies of European cohorts that IGT was associated in

men and women with an increased risk of cardiovascular
deaths, independent of FPG, although the converse was not
the case [36]. Thus, a high 2 h post-load glucose level
predicted all-cause and CVD mortality after adjustment for
other major CV risk factors. The relationship between post-
load glycemia and mortality was linear and this relation-
ship was not observed with FPG [36]. Similar observations
have been reported in the Framingham Offspring Study
[37] and in the Hoorn Study in The Netherlands [38].
Similarly, IFG was not independently associated with an
increased short-term risk for incident CV events in a
multivariate model (HR 1.16 [0.88-1.52], when compared
with normal FPG [27]. The Funagata Study also showed
higher CV events in individuals with IGT versus IFG [39].

Furthermore, in a study involving Japanese non-diabetic
participants, the carotid artery IMT gradually increased
across the tertiles of fasting, 1, 2 h post-load and HbAlc
levels. However, in a multiple linear regression analysis,
2 h PG was the only independent determinant of IMT [40].
Lee et al. observed that the risk of stroke was associated
with IGT or combined IGT and IFG [25].

However, more recent analyses do not support the
assertion of increased risk of IGT vis-a-vis IFG. The
Australian Diabetes Obesity and Lifestyle Study found that
IFG, but not IGT, was an independent predictor of CV
mortality [20]. Similarly, the Emerging Risk Factor Col-
laboration Group meta-analysis of 102 prospective studies
concluded that FPG was non-linearly associated in patients
without known CVD with incident CVD, with a significant
increase in multi-adjusted HR becoming evident for glu-
cose values above 108 mg/dl (6.0 mmol/l) [16, 41].
Moreover, IFG as well as type 2 diabetes were also related
to the risk of sudden cardiac death and all-cause mortality
during a 19 year follow-up, even after adjustment for
confounding factors [42]. The meta-analysis of Ford et al.
could not show a difference in CV risk between IFG and
IGT [22]. Finally, the Framingham Heart Study confirmed
that IFG was associated with an increased CVD risk in
women [43].

Irrespective of whether basal or post-load BG concen-
trations is more closely associated with the development of
atherogenesis, average glucose concentrations indexed by
HbA 1c predicts incident coronary disease at least as well as
FPG and post-load glucose, demonstrated by the Norfolk
and INTERHEART studies [32-34], Selvin et al. [44] and
Sarwar et al. [45]. Moreover, HbAlc in those at high-risk
of diabetes was also associated with increased all-cause
mortality reported recently by Skriver et al. [46].

It is also of interest to mention, as indicated by Faerch
et al. [47] and others [34, 48] that the relative importance
of PG levels (IFG, IGT, HbAlc) on CVD risk could
decrease with age, possibly as a result of the influence of
other cardiometabolic risk factors.

@ Springer



374

Endocrine (2015) 48:371-393

************ obesity

» adipocytokines

(visceral fat)

|

insulin resistance @ - - - - - ______

l

PI-3 Kinase l

|

NOl < » endothelium dysfunction

ROS T » oxidative stress

advanced glycosylation

end products
/ prothrombotic state

Y

/
» dyslipidemia/FFA J NF- xB

B

T adhesion molecules

\

MACROANGIOPATHY

TN

adhesion hypertension
molecules [smoking]

Fig. 1 Main glycemic and non-glycemic pathogenic pathways lead-
ing to macroangiopathy in prediabetes PI3 phosphatidyl inositol-3
kinase, NO nitric oxide, ROS reactive oxygen species, FFA free fatty

Mechanisms of CVD in prediabetes

Thus, as indicated in most studies, prediabetes by itself
imparts a (modest) (£20 %) increase in risk for CV mor-
bidity and mortality. However, this does not prove that a
prediabetic range of glucose levels “directly” causes mac-
roangiopathy. The epidemiological relationship between
prediabetes, hyperglycemia, and CV events could indeed be
confounded by a clustering of vascular risk factors within
individuals, including general and central obesity with
insulin resistance, high blood pressure levels, dyslipidemia,
and proinflammatory and prothrombic states, as all these
variables, features of the metabolic syndrome, are commonly
present in (pre)diabetes. Therefore, the strength of the gly-
cemic effect in the reported studies depends on the extent to
which related vascular risk factors were taken into account in
the statistical analysis. Nevertheless, the data of a direct
relationship between hyperglycemia and CVD are consistent
as in most studies multivariable-adjusted analysis indepen-
dently demonstrated the association between hyperglycemia
and CVD events. Thus, IFG, post-load glucose as well as
HbAlc were all reported as robust predictors of vascular
morbid and mortality.

On the other hand, even if we accept that mild hyper-
glycemia by itself could increase the risk for CV morbidity
and mortality, non-glycemic factors, in particular the
components of the metabolic syndrome, mainly insulin
resistance, hypertension, and/or dyslipidemia, have also to
be taken into account in the development of CV events [2,
9, 10]. Several studies, including meta-analyses, have
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shown that the presence of the metabolic syndrome raised
the risk for CVD by approximately twofold [49, 50].
Grundy indicated in 2012 that the association between
prediabetes and CVD could largely be mediated by the
metabolic syndrome [9]. Hypertensionalone is 2-3 times
more common in prediabetic than in normoglycemic sub-
jects. Moreover, prediabetes and hypertension are additive
risk factors for atherosclerosis and CVD [51]. With regard
to atherogenic dyslipidemia, prediabetes is characterized
by elevated LDL-C, non-HDL-C, small, dense LDL parti-
cles, and reduced HDL-C which are major risk factors for
CVD. The role of hypertriglyceridemia as a major risk
factor for vasculopathy in prediabetes remains more con-
troversial [2].

The role of both glycemic and non-glycemic factors in
the development of CVD during prediabetes is supported
by the different pathophysiologic pathways leading to
vasculopathy recently reviewed by Milman and Crandall
[52].

As illustrated in Fig. 1, hyperglycemia contributes
directly to the pathogenesis of CVD. Hyperglycemia can
induce oxidative stress by overproduction of reactive oxygen
species (ROS) in the vasculature. This, in conjunction with
the inactivation of NO, leads to endothelial dysfunction with
impaired relaxation in arterial vascular smooth muscle cells.
Hyperglycemia also results in an increased production of
advanced glycosylation end products, abnormal levels of
cytokines and in the activation of transcription factor NF-kB
with expression of adhesion molecules. Finally, hypergly-
cemia is associated with a prothrombotic and procoagulant
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state also contributing, along with the other physiopatho-
logical defects, tomacroangiopathy.

The development of CVD is also mediated by non-
glycemic mechanisms. Insulin resistance with the release
of free fatty acids from adipose tissue directly impairs
insulin sensitivity, blunting the vascular endothelium
phosphatidylinositol 3-kinase insulin signaling pathway
with the consequence of reduced NO production due to
lower endothelial nitric oxide synthase (eNOS) activity and
vascular endothelium dysfunction and remodeling. In this
setting, compensatory hyperinsulinemia, via the MAP-
kinase pathway, leads to mitogenesis and vasoconstriction
that secondarily promote atherosclerosis. Visceral fat is
also a source of proinflammatory cytokines (leptin, TNF-
alpha, interleukin-6) which contribute to endothelial dys-
function and stimulate transcription factor NF-xB, this
phenomenon being amplified by reduced circulating levels
of antiatherosclerotic adiponectin.

In parallel, atherogenic dyslipidemia and high blood
pressure play a direct, well known role in the development
of CVD as reviewed by DeFronzo et al. and Grundy [3, 9].

Treatment considerations

Overall, if we assume a causal relationship between mild
hyperglycemia and CVD in prediabetes, this could trans-
late, in view of the high prevalence of prediabetes, into
substantial numbers of individuals developing or dying
from CVD. Interventions in prediabetes with lifestyle or
pharmacological therapy have been shown to reduce the
rate of progression to diabetes [53—55] and are associated
with improvement of several CV risk factors such as blood
pressure and dyslipidemia [56]. Preventing diabetes has the
potential therefore to reduce CV disease, [57] but to what
extent, remains uncertain. The Stop-NIDDM trial involving
acarbose reported a 49 % RR reduction in major CV events
during a follow-up of 3.3 years [58]. Similarly, rosiglitaz-
one as well as insulin glargine modestly reduced the pro-
gression of arterial IMT in individuals with prediabetes
[59, 60]. However, in a meta-analysis by Hopper et al.,
there was no difference in risk of all-cause or CV mortality
in the intervention (lifestyle or pharmacological therapy)
versus the control group. There was, however, a trend
toward fewer fatal and non-fatal MI (RR 0.59 [0.23-1.50]
while a 24 % risk reduction in fatal and non-fatal stroke
was of borderline statistical significance (RR 0.76
[0.58-0.99]) [61]. Prolonged period of metabolic optimi-
zation is needed to demonstrate a benefit in the reduction of
vasculopathy. This is confirmed by the recent findings of
the Da Quing Diabetes Prevention Study, emphasizing the
long-term clinical benefits of lifestyle intervention. The
latter, during a 23-year follow-up, showed that the cumu-
lative incidence of CV mortality was 11.9 % (8.8-15.0) in

the intervention group versus 19.6 % (12.9-26.3) in the
control group (HR 0.59 [0.36-0.96]. All-cause mortality
was 28.1 versus 38.4 % (HR 0.71 [0.51-0.99]) [62]. These
results directly emphasize the need for a prevention strat-
egy as stressed by Bergman et al. [63].

These results suggest that lifestyle interventions for
those with prediabetes are of main importance for pre-
venting diabetes, for improvement of cardiovascular risk
factors and for reducing the long-term burden of CV
events.

There is a consensus, furthermore, that conventional
non-glycemic CV risk factors (components of the meta-
bolic syndrome) in prediabetes should also be treated
aggressively [64, 65].

Because prediabetes and diabetes represent a continuum
of dysglycemia and CV risk, the same principles that apply
to the treatment of type 2 diabetes should apply to the
prediabetic state [2]. Thus, according to the recent Amer-
ican Diabetes Association (ADA) recommendations,
hypertension should be treated with a systolic blood pres-
sure (SBP) goal of less 140 mmHg (less 130 mmHg may
be appropriate for individuals if this can be achieved
without undue treatment burden). Prediabetic subjects
should be treated to a diastolic blood pressure lower than
80 (85) mmHg [64, 65]. Pharmacological therapy should
comprise, when needed, in addition to lifestyle, a regimen
that includes either an ACE inhibitor or an angiotensin
receptor blocker [65].

Concerning dyslipidemia, LDL-C targeted therapy
remains the preferred strategy as evidenced especially in
the study of Kearney et al. [66]. This means a target LDL-C
lower than 100 mg/dl (2.6 mmol/l) in those with predia-
betes without associated CVD and/or any major CV risk
factor and LDL-C target lower than 70 mg/dl (1.8 mmol/l)
in prediabetic subjects with known CVD or without CVD
but with additional major CV risk factors. It is important,
however, to note that in the 2014 position statement, the
ADA recommends that statin therapy should be added to
lifestyle approach regardless of basal lipid levels in patients
with overt CVD or without CVD over the age of 40 years
and have one or more other CVD risk factors. For lower-
risk subjects than statin therapy should also be considered
if LDL-C remains above 100 mg/dl (2.6 mmol/l) [65]. The
reduction in CVD risk with statins use out weighs the
(minor) risk of incident diabetes [67]. Triglycerides levels
less than 150 mg/dl (1.7 mmol/l) and appropriate levels of
HDL-C [greater than 40 mg/dl (1.0 mmol/l) in men and
50 mg/dl (1.3 mmol/l) in women] are also desirable,
according to ADA recommendations [65].

Finally, aspirin therapy should be considered mainly in
primary prevention for those with increased CV risk as
well as in secondary prevention. Smoking cessation should
be recommended [65].
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In conclusion, individuals with prediabetes, defined by
IFG/IGT and/or HbAlc should be targeted for CVD pre-
vention. According to the association between prediabetes
and CV events, lifestyle intervention aiming at treating
dysglycemia is of importance for preventing diabetes, for
improvement of several CV risk factors and for reducing
from a long-term perspective, the burden of cardiovascular
events. Treatment of prediabetes should be multifactorial
including in most cases, in addition to lifestyle, a phar-
macological approach in order to optimize the various
components of the associated metabolic syndrome.

Periodontal disease

Periodontitis is a common chronic inflammatory disease
characterized by destruction of the supporting structures of
the teeth (the periodontal ligament and alveolar bone).
Epidemiological studies confirm that diabetes is a major
risk factor for periodontitis increasing susceptibility by
approximately threefold [68]. There is a clear relationship
between degree of hyperglycemia and severity of peri-
odontitis. Peridontal disease has been suggested as the
“sixth complication of diabetes” [68, 69]. Incidences of
macro-albuminuria and end-stage renal disease are
increased 2- and 3-fold, respectively, in those with diabetes
who also have severe periodontitis. Furthermore, the risk of
cardio-renal mortality is three times higher in those with
diabetes having severe periodontitis.

There is emerging evidence to support a two-way rela-
tionship between diabetes and periodontitis, with diabetes
increasing the risk for periodontitis, and periodontal
inflammation negatively affecting glycemic control [70].
This has been shown in the in the Zucker fatty rat [71].
Treatment of periodontitis has been associated with
reduction in HbAlc levels approximating 0.4 % [68].

Although the exact mechanism through which diabetes
and prediabetes promote periodontal inflammation remains
unclear, it has been proposed that an interaction between
advanced glycation end products (AGEs) and their receptors
(RAGE?5) in periodontal tissues impairs chemotactic and
phagocytic function of polymorphonuclear leukocytes and
produces proinflammatory cytokines, thereby leading to
periodontal inflammation and bone loss [8, 9]. In addition,
function of cells involved in immune-inflammatory respon-
ses is impaired with chronic hyperglycemia [69]. Mano-
uchehr-Pour et al. [72] reported that chronic hyperglycemia
may prevent breakdown of bacteria in periodontal pockets,
thereby increasing periodontal degeneration [69].

Several studies have reported that individuals with
impaired glucose tolerance (IGT) demonstrate severe peri-
odontal inflammatory parameters [69, 70]. Severe peri-
odontitis was associated with a 93 % increase in the odds of
IGT after multivariable adjustment [70]. However, a trial
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evaluating periodontal conditions found that prediabetic and
non-diabetic subjects had identical periodontal status
whereas those with poorly controlled type 2 diabetes had
severe periodontal conditions [73]. In contrast to these
findings, Javed et al. [69] found that self-perceived oral
health status, severity of periodontal parameters, and mar-
ginal bone loss (MBL) were worse in patients with predia-
betes than controls. Glycemic control significantly reduced
the severity of these parameters and the state of prediabetes
in affected individuals [69]. The authors therefore recom-
mended that individuals with prediabetes, particularly if
fasting blood glucose (FBG) >100 mg/dl (5.6 mmol/l), and
gingival bleeding should be referred to oral health care
providers as they are more susceptible to periodontal
breakdown compared with those maintaining lower glucose
levels. Findings from this study provide evidence regarding
the importance of glycemic control, oral hygiene mainte-
nance, and regular medical and dental check-ups, which may
benefit oral health in those with prediabetes. Hence, oral
health should therefore be promoted as an integral compo-
nent of overall diabetes management. Closer collaboration
between medical and dental care providers should therefore
be fostered in managing those with diabetes and periodontitis
[68].

Cognitive dysfunction

Chronic hyperglycemia and microvascular disease con-
tribute to cognitive dysfunction in both types 1 and 2 dia-
betes which may also make progression to dementia more
likely [74, 75]. Neurocognitive deficits, mostly psychomo-
tor impairment, were observed within days of diagnosing
type 1 diabetes in children and adolescents [76]. This may
serve as an early marker for broader neuropsychological
deficits having implications for long-term diabetes man-
agement. The risk for dementia is increased by 50 % in
those with type 2 diabetes [77] while those with prediabetes
are also at increased but lesser risk. Type 2 diabetes may
confer a 1.4- to 1.8-fold greater risk for minimal cognitive
impairment (MCI), a 1.5- to 2-fold greater risk for Alz-
heimer disease (AD) and a 2- to 2.5-fold greater risk for
vascular dementia. The effect of diabetes on cognitive
decline might accelerate with age. Thus, 10 years of dia-
betes could correspond to 2.5-10 years of extra-cognitive
aging [78].

Cognitive decline in diabetes affects memory, measures
of attention, information processing, and executive func-
tioning, is associated with mental and motor slowing and is
affected by diabetes duration and glycemic control [74, 78—
80]. Clinically relevant diabetes-related cognitive decre-
ments occur in two crucial periods: during brain develop-
ment in childhood and aging when the brain undergoes
neurodegenerative changes [81].
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As noted, those with pre-diabetes, when compared with
a normoglycemic population, are at increased risk of cog-
nitive decline as well. Higher glucose levels, in the absence
of diabetes or IGT, have been associated with lower
memory and reduced hippocampal microstructure and
volume [82]. The ONgoing Telmisartan Alone and in
combination with Ramipril Global Endpoint Trial (ON-
TARGET/TRANSCEND) cognitive baseline analysis
showed that in approximately 20,000 individuals without
diabetes there was an inverse association between higher
levels of FPG levels and cognitive function assessed by the
Mini-Mental State Examination (MMSE) [83].

Sanz et al. [84] demonstrated that a high, but normal
HbAlc level was negatively associated with cognitive
performance assessing processing speed in healthy middle-
aged adults without diabetes. Tan et al. found [85] that
diabetic and prediabetic states characterized by insulin
resistance, hyperinsulinemia, and hyperglycemia, when
present in late middle age, were related to decreased brain
volume and lower cognitive performance on executive
function and memory tasks. Nazaribadie et al. [86] also
found significant differences in cognitive functioning in
individuals with diabetes and prediabetes and suggested
therefore that neuropsychological status should be moni-
tored in addition to controlling glucose levels.

An increase in 2-h post-load glucose levels but not
fasting levels was also linked to increased risk of all-cause
dementia, Alzheimer’s disease and vascular dementia in a
Japanese population [87]. Furthermore, in a community-
based cohort study, Crane et al. [88] demonstrated that
average higher glucose levels even at the lower end of the
glucose spectrum during a median follow-up of 6.8 years
may be a risk factor for dementia even among those
without diabetes [88]. These findings suggest that higher
levels of glucose may have deleterious effects on the aging
brain. This is compounded by the observation that older
adults with prediabetes also have limitations in physical
function [89]. However, in contrast to the aforementioned
observations, cognitive decline in those with newly diag-
nosed diabetes and prediabetes was not different from that
in normoglycemic individuals in the Whitehall cohort
study [80].

In a study assessing hyperglycemia determined by
HbA 1c concentrations did not add predictive power beyond
diabetes status for cognitive decline [90]. This observation
though was based on a single baseline HbAlc value, lim-
ited cognitive battery, dependence on self-reported diag-
noses and lack of information on highly relevant clinical
factors such as occurrence of severe hypoglycemia [91]. In
addition, large changes in cognition did not occur during
the 6-year study period.

Findings associated with cognitive impairment and
dementia and a higher prevalence of brain atrophy in types

1 and 2 diabetes are characterized by neural slowing,
increased cortical atrophy, microstructural abnormalities in
white matter, infarctions and changes in brain neurome-
tabolites [74, 92, 93]. Elderly individuals with diabetes
without dementia have progression of brain atrophy and
cognitive decline when compared to those without diabetes
[92, 94]. The increased risk appears to include Alzehei-
mer’s disease as well as vascular dementia [94]. Bryan and
colleagues using MRI scans found that brain volume loss,
particularly in the gray matter, was associated with dura-
tion of disease. Gray matter includes areas involved in
muscle control, vision and hearing, memory, emotions,
speech, decision-making, and self-control [95]. For every
10 years with diabetes, the brain was about 2 years older
than that of an individual without diabetes.

Mechanistic studies suggest that vascular disease and
alterations in glucose, insulin, and amyloid metabolism
define the underlying pathophysiology [94]. Disruption of
insulin action, a key homeostatic factor in the brain, leads
to impairment of neuronal function which can contribute to
the development of mood disorders and neurodegenerative
disease [96]. Through direct neuronal effects, regulation of
cholesterol synthesis, mitochondrial function, tau phos-
phorylation, and aggregated amyloid-B (AP) processing,
defects in insulin signaling, provide a link between diabetes
and CNS disorders. Insulin action has been shown to play a
role in the progressive pathogenesis of AD. Aggregated A3
fibrils and hyperphosphorylation of tau proteins causing
amyloid plaques and helical neurofibrillary tangles are
hallmarks of AD which can be ameliorated with insulin
signaling [96].

As both prediabetes and diabetes are associated with
increased cardiovascular risk, these may be associated with
poor motor performance independent of their impact on
cognition suggesting that better control of vascular risk
factors in midlife may prevent physical impairment and
disability in the elderly [97].

Although diabetes is associated with cognitive decline
and late-onset dementia, intensive glucose treatment over a
40-months period does not seem to benefit cognition [81]
in older individuals (mean age 62 years) with long-stand-
ing type 2 diabetes and high-risk of CVD [98]. This
combined with the non-significant effects on other outcome
measures and increased mortality with intensive treatment
does not support the use of intensive therapy to reduce the
adverse effects of diabetes on the brain. Early prevention
strategies to reduce the risk of cognitive impairment are
needed especially as longevity of individuals with diabetes
increases achieving an age when cognitive disorders
become apparent. [98]. It should also be noted that no
overall reduction in cognitive decline was observed
through intensive blood pressure therapy or adding a fibrate
to well-controlled LDL-c levels [99].
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Given the increasing public health burden associated
with the diabetes epidemic and aging, prevention, and
control of diabetes and hypertension may prevent or delay
ischemic injury and neurodegeneration and the onset of
cognitive impairment [93].

Microvascular disease

Microvascular and macrovascular complications may be
present in prediabetes [100]. As many as 25 % of indi-
viduals with newly diagnosed diabetes have diabetic reti-
nopathy or microalbuminuria suggesting that there is on the
average a 7-year gap between the actual onset and diag-
nosis of diabetes. Early detection is therefore critical to
identify the presence of these complications.

Retinopathy

Microvascular complications may occur in those with predi-
abetes including retinopathy observed in 8—-12 % of individ-
uals [101]. This is typically background retinopathy although
sight-threatening retinopathy has been described [101]. In a
study relating FPG with retinopathy did not find a uniform
glycemic threshold with a substantial proportion of retinopa-
thy occurring in those without diabetes [FPG < 7.0 mmol/l
(126 mg/dl)] [102]. The prevalence of retinopathy increased
gradually with FPG strongly suggesting a continuous rela-
tionship. Retinopathy was present in 7-13 % at concentra-
tions below a FPG of 5.6 mmol/l (100.8 mg/dl). When
examining the association of HbAlc and FPG with retinopa-
thy prevalence in a US population >40 years, retinopathy
began to rise steeply when HbAlc exceeded 5.5 % and FPG
exceeded 5.8 mmol/l (104.4 mg/dl) [103].

The Diabetes Prevention Program (DPP) demonstrated
the benefit of lifestyle intervention or metformin in pre-
venting diabetes in individuals with elevated FPG levels
and IGT and provided the opportunity to examine whether
retinopathy occurs in prediabetes. Retinal lesions were
found before the onset of diabetes and increased in prev-
alence early in the course of diabetes. Retinopathy was
detected in 12.6 % of diabetic and 7.9 % of non-diabetic
participants. Documentation of retinopathy in prediabetes
suggests that retinopathy occurs over a wider continuum of
glycemia than is provided for by established diagnostic
criteria. Hence, diagnostic criteria for diabetes based pre-
dominantly on associated risk for retinopathy may need to
be reconsidered. However, as the characteristics of lesions
are benign in prediabetes, routine screening may not be
justifiable [104]. These observations are supported by
studies suggesting that the effects of glucose and blood
pressure on the retinal microvasculature, using techniques
that quantify retinal vascular caliber, are graded and con-
tinuous and therefore current definitions of diabetic and
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hypertensive retinopathy are arbitrary and do not capture
early disease [105]. Finally, changes in retinal vascular
caliber may predict the onset of type 2 diabetes and IFG
and have been linked to CVDs.

Neuropathy

Neuropathy is more prevalent than expected in newly diag-
nosed diabetes with 18-25 % demonstrating abnormalities
in nerve conduction studies or electromyography suggesting
that neuropathy developed during the prediabetic period.
Between 25 and 62 % of those with idiopathic peripheral
neuropathy have prediabetes. Among those with prediabetes,
11-25 % may have peripheral neuropathy and 13-21 %
have neuropathic pain [106]. An oral glucose tolerance test
(OGTT) should therefore be performed in those with idio-
pathic neuropathy to determine if a glucose abnormality
underlies this condition. Population studies suggest the
presence of a gradient for the prevalence of neuropathy being
highest in diabetes, followed by IGT, then IFG and least in
those with normoglycemia. Pathogenesis of neuropathy
involves hyperglycemia, microvascular abnormalities,
dyslipidemia, and the metabolic syndrome.

There is a high prevalence of unawareness of distal sen-
sorimotor polyneuropathy in those with prediabetes and
diabetes. Neuropathy in those with IGT and appears to be
milder than that found in with diabetes involving predomi-
nantly small rather than large fibers [107]. Neuropathy is
typically painful and predominantly sensory with motor
involvement being rare [106, 107]. Little is known about the
efficacious treatment of neuropathy in prediabetes. Diet and
exercise are beneficial for those with IGT-associated neu-
ropathy and may require symptomatic treatment [106, 107]
as well as treating other features of the metabolic syndrome.
As the frequency of foot examinations is insufficient and
diabetic foot prevention practiced inadequate [108], these
aspects clearly need to be improved upon.

Nephropathy

The prevalence of chronic kidney disease (CKD), charac-
terized by albuminuria or reduced kidney function, is high
among those with diagnosed diabetes and prediabetes [109,
110]. Population-based studies have demonstrated a step-
wise increase in the prevalence of CKD as glucose toler-
ance decreases [110]. In a study of US adults without
diabetes, the prevalence of CKD (GFR < 60 ml/min/
1.73 m?) increased from 1.2 % with FPG levels of
89-95 mg/dl (4.94-5.27 mmol/l) to 4 % with FPG of at
least 102 mg/dl (5.66 mmol/l) [110]. A strong association
has also been found between the metabolic syndrome and
CKD.
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The National Health and Nutrition Examination Survey
(NHANES) (1999-2006) found that 39.6 % of those with
diagnosed and 41.7 % with undiagnosed diabetes had CKD
whereas 17.7 % had prediabetes. The rate of CKD was
10.6 % in those without prediabetes or diabetes [109].
CKD prevalence in individuals with prediabetes and no
self-reported hypertension was approximately 10 %. Thus,
many individuals with prediabetes and without diagnosed
hypertension, a risk factor for CKD screening as is diabe-
tes, are at risk for CKD therefore suggesting that those with
prediabetes might be screened as well. Although more than
half of those with prediabetes and evidence of CKD had
reduced kidney function, only approximately 20 % of those
individuals had micro- or macro-albuminuria. Thus, both
urinary protein and kidney functional measurements would
need to be performed to determine the presence of CKD in
adults with prediabetes as recommended for those with
diabetes.

Campaigns promoting awareness of kidney damage and
decline in kidney function at this early stage may be ben-
eficial. Furthermore, screening for prediabetes in those
with hypertension would be important given the additive
effect in increasing CKD risk. Hence, those with predia-
betes warrant earlier detection and management efforts to
prevent development, progression, and complications of
both diabetes and CKD associated with diabetes [109—
111]. Pharmacologic intervention with angiotensin-con-
verting enzyme inhibitors or angiotensin receptor blockers
should be considered [111].

Circadian blood pressure

It is well recognized that diabetes is a CVD risk equivalent
[112]. Prediabetes is also associated with early carotid
atherosclerosis [113], coronary artery calcification [114],
and increased CVD risk [20]. One marker to measure CVD
risk is circadian blood pressure abnormalities. The circa-
dian rhythm of blood pressure has a normal daily variation
characterized by high blood pressures during the day,
reduction during the night, a nocturnal dip, and a morning
surge upon awakening [115]. A 10-20 % fall in SBP
during the course of the night is thought to be a normal
daily variation [116]. Patients in whom the nighttime drop
in blood pressure is absent or decreased (<10 % fall in
nocturnal SBP) are referred to as “non-dippers”, and these
patients appear to have greater target-organ involvement
and morbidity [117]. A small proportion of patients can
also have a nocturnal increase in blood pressure, known as
“reverse dippers”, and these patients are at increased risk
for left ventricular hypertrophy, cerebrovascular disease,
and MI [118]. Other abnormal circadian rhythms include
decreased heart rate variability, excessive pulse pressure,
circadian-hyper-amplitude-tension (CHAT), and impaired

vascular compliance. These abnormalities have also been
shown to be independent risk factors for heart disease and
stroke [119].

Decreased circadian blood pressure variability, espe-
cially a blunted nocturnal decrease in blood pressure, has
been observed in type 1 and type 2 diabetes and is asso-
ciated with autonomic neuropathy and nephropathy [120].
The pathophysiology of non-dipping is not fully under-
stood, but it is largely felt to be secondary to autonomic
neuropathy [121]. Studies have shown that the non-dipping
phenomenon in diabetes can, in fact, be considered a
marker of autonomic neuropathy [122]. Abnormal circa-
dian rhythm is also felt to have prognostic value—in
individuals with diabetes having reverse circadian blood
pressure have been found to be at high-risk for both fatal
and nonfatal vascular events [123]. One research group
found that adults with abnormal circadian blood pressure
variability also had a higher incidence of prediabetes and
endothelial dysfunction, the initial abnormality in the
process of atherosclerosis. They hypothesized that endo-
thelial dysfunction leads to an increased risk of CVD [124].

Autonomic dysfunction is also seen in individuals with
IGT [125] and research suggests that prediabetes is asso-
ciated with abnormal circadian blood pressure variability.
Kumarasamy et al. [126] investigated the relationship
between prediabetes and abnormal circadian rhythms in an
animal model. They found a cause and effect relationship
between caloric excess, systemic inflammation, prediabe-
tes, prehypertension, and abnormal circadian rhythm. The
hypothesis was that caloric excess results in adipose tissue
deposition, leading to an inflammatory state and altered
glycemia, which thereby potentiates the renin—angiotensin—
aldosterone system resulting in a loss of blood pressure
control.

A small study by Gupta et al. [116] compared the cir-
cadian blood pressure variability of healthy overweight
adults with prediabetes to healthy adults with normogly-
cemia using ambulatory blood pressure monitoring over
the period of 7 days. Glycemic status was assessed using
an OGTT and an ambulatory blood pressure monitor
(ABPM) measured blood pressure and heart rate every
30 min during the day and every 60 min during the night.
Of the twelve subjects enrolled in the study, six had pre-
diabetes and six had normal glucose tolerance. The
investigators found that while none of the normoglycemic
subjects had abnormal circadian rhythm, four of the six
subjects with prediabetes had abnormalities in circadian
blood pressure including excessive pulse pressure and
CHAT. While the study size was small, it did provide
preliminary data that prediabetes is associated with circa-
dian blood pressure abnormalities.

A later study further investigated the relationship
between prediabetes and circadian blood pressure [127].
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Individuals with impaired fasting glucose (IFG) and normal
blood pressure were matched with healthy volunteers and
24-h ambulatory blood pressure and heart rate variability
were evaluated. Results of the study were notable for sig-
nificantly higher mean 24-h systolic and diastolic blood
pressures in the group with IGT [126 + 12 (mean £ SD)
vs. 117 £ 10, 75 &£ 7 vs. 71 £ 6 mmHg, both P < 0.05].
The IGT group also had significantly lower systolic and
diastolic diurnal indices and frequency of dipping, all
markers of circadian rhythm dysfunction.

Patients with hypertension and diabetes are at increased
risk for CVD, and abnormalities in circadian blood pres-
sure likely increase the risk for cardiovascular adverse
events in prediabetic patients. Early recognition of this risk
is highly desirable. Ambulatory blood pressure monitoring
could be a potential target to assess cardiovascular risk in
those with prediabetes and aid in risk modification before
the onset of clinical disease.

Obstructive sleep apnea

Sleep-disordered breathing (SDB) is characterized by
breathing difficulties while sleeping and encompasses
occurrences of apnea (complete cessation of airflow during
sleep) and hypopnea (decrease in airflow). The apnea—
hypopnea index (AHI) is the number of disordered
breathing events per hour of sleep, and is the standard by
which severity of disease is measured. SDB has been
associated with a number of adverse metabolic outcomes
including hypertension, CVD, obesity, insulin resistance,
glucose intolerance, and type 2 diabetes [128].

OSA is the most common of the SDB and an association
between type 2 diabetes and OSA has long been recognized
[129, 130]. The Sleep Heart Health Study, a cross-sectional
analysis of over 2,000 patients without known diabetes,
showed that the prevalence of type 2 diabetes was twofold
higher among those with OSA compared with those without
[131]. A prospective study from Japan spanning 5 years
examined nocturnal oximetry in over 4,000 patients and
found that in subjects with moderate to severe nocturnal
intermittent hypoxia the HR for developing type 2 diabetes
was 1.69 (1.04-2.76, 95 % CI) [132]. An observational
cohort study of Veterans Affairs patients with OSA found
an independent association between sleep apnea and inci-
dent diabetes (HR per quartile 1.43, CI 1.10-1.86) after
adjusting for age, sex, baseline glucose, and BMI [133]. A
more recent study evaluated whether risk of incident dia-
betes was related to the severity of OSA in a large cohort of
patients followed for more than a decade [134]. The
investigators found that an AHI >30 had a 30 % higher
hazard of developing diabetes than those with an AHI <5
and concluded that OSA severity predicted subsequent risk
for incident diabetes.
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OSA is believed to impair glucose tolerance (IGT) and
lead to insulin resistance. Over the past few decades a
number of studies have demonstrated an independent
association between OSA and prediabetes. Overall, the
prevalence of prediabetes has been estimated to range from
20 to 67 % in patients with OSA [135]. A study by Punjabi
et al. examined SDB in 2,656 subjects and found that those
with moderate to severe SDB (AHI >15) had an OR of
1.46 (95 % CI 1.09-1.97) for IGT [130]. This was inde-
pendent of the confounding influences of age, gender,
weight, and body fat distribution. The relationship between
SDB and prediabetes was further investigated by Alshaa-
rawy et al. who evaluated 5,685 participants without dia-
betes gathered from the NHANES [136]. The relationship
between markers of SDB (such as sleep duration less than
6 h, snoring, snorting, and daytime sleepiness) and predi-
abetes was studied. Compared to those without any sleep
disturbance, the multivariable OR of prediabetes among
those with three or more SDB markers was 1.69
(1.28-2.22). Though the causal mechanism for the associ-
ation between SDB and prediabetes is not known, hypoxia
[137], immune activation [138], and sympathetic hyperre-
activity [139] are felt to play roles in the development of
metabolic dysfunction.

In diabetes, the prevalence of OSA has been shown to range
between 54 and 94 % [140, 141], and this relationship is
believed to be independent of obesity [130]. One study
assessing polysomnography and glycosylated hemoglobin
(HbAlc) in diabetic patients demonstrated that increasing
OSA severity is associated with poorer glucose control [142].
Compared with patients without OSA, the adjusted mean
HbAlc was increased by 1.49 % (P = 0.0028) in patients
with mild OSA, 1.93 % (P = 0.0033) in patients with mod-
erate OSA, and 3.69 % (P = 0.0001) in patients with severe
OSA. Evidence suggests that diabetes might increase predis-
position for OSA through development of autonomic neu-
ropathy and upper airway muscle dysfunction [143].

Limited data exists as to whether prediabetes increases
the risk of developing OSA. A recent cross-sectional study
evaluated 137 morbidly obese individuals who underwent a
sleep study and 2-h OGTT [144]. The investigators found
after adjustment for several variables (including, age,
gender, BMI, etc.), that those with prediabetes had a higher
OR of OSA, 3.18 (95 % CI 1.00-10.07, P = 0.049),
compared to their counterparts with normal glucose toler-
ance. A clear mechanism for this relationship has not yet
been elucidated, though one suggested mechanism is that
the inflammation associated with hyperinsulinemia, insulin
resistance, and visceral adiposity lead to narrowing of the
upper airways, and thus increase upper airway obstruction
[145].

Continuous positive airway pressure (CPAP) is an
effective therapy for OSA, and in light of evidence that
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OSA could lead to insulin resistance, prediabetes, and
diabetes, it could be inferred that CPAP therapy improves
those parameters. However, uncontrolled and randomized
studies that have explored whether CPAP therapy in dia-
betes leads to improvement in glucose control have had
mixed results. Some have shown an improvement in insulin
sensitivity [146] and reduction in HbAlc [147, 148], while
others have reported no change [149]. The same has been
true for numerous studies that have examined the effects of
CPAP treatment on prediabetes [135, 150]. A large con-
founding factor in many of these studies was CPAP non-
compliance, a problem addressed in a study by Pamidi
[151]. In this study, those with prediabetes and OSA were
treated with CPAP versus placebo for 2 weeks, with
supervisors ensuring CPAP compliance. Compared with
placebo, those treated with CPAP showed significantly
decreased 2-h glucose levels and area under the glucose
curve during the OGTT. Data from this preliminary study
suggest that treating OSA with optimal CPAP therapy
could significantly improve insulin sensitivity in predia-
betes, though large scale, randomized controlled trials will
be required to fully determine the effects of CPAP on
glucose metabolism. An assessment for sleep apnea could
potentially play an important role in risk stratification in
individuals with prediabetes.

Testosterone

There is a recognized bidirectional association between
type 2 diabetes and male hypogonadism. Cross-sectional
studies have shown that between 25 and 40 % of men with
diabetes have low testosterone levels [152-154], with
about 3 nmol/l lower levels compared to those without
diabetes [155]. Low levels of testosterone are manifested
by erectile dysfunction, reduced sexual desire, and loss of
morning erections. There is increasing evidence that low
serum testosterone is associated with other comorbidities
such as hypertension, CVD, and all-cause mortality [156].
The preponderance of testosterone is bound tightly to sex
hormone-binding globulin (SHBG), with a smaller portion
bound weakly to albumin, and a tiny fraction represents
unbound or free testosterone. Insulin is important in regu-
lating testosterone secretion, and inhibition of insulin
secretion has been shown to decrease total and free tes-
tosterone and increase SHBG levels [157]. Guidelines
recommend checking testosterone levels routinely in
patients with type 2 diabetes, along with other high-risk
groups such as those with metabolic syndrome and osteo-
porosis [158].

Reduced levels of testosterone have also been associated
with insulin resistance [153] and studies have shown that
men with low testosterone are at increased risk for devel-
oping diabetes [159]. A longitudinal population-based

study followed a random sample of men for 7-10 years and
used testosterone and SHBG levels to predict new cases of
diabetes [159]. Lower baseline levels of free testosterone
and SHBG predicted diabetes at follow-up. The OR for
developing diabetes was 1.58 for 1 standard deviation (SD)
decrease in testosterone, and 1.89 for 1 SD decrease in
SHBG. Another study examined 221 middle-aged, men
without diabetes, and found an inverse association between
testosterone, fasting glucose, and insulin resistance, inde-
pendent of body fat or abdominal fat [160]. Interestingly,
administering testosterone to obese men has been found to
improve insulin sensitivity [161].

The relationship between insulin resistance and testos-
terone levels naturally raises the question as to whether
there is a link between prediabetes and low testosterone. A
rabbit model of prediabetes demonstrated that mild
hyperglycemia and glucose intolerance were associated
with reduced gonadotropin-releasing hormone neurons in
the hypothalamus, decreased gonadotropin and testosterone
levels, and hypotrophy of prostate and seminal vesicles
[162]. Few studies have investigated the risk of testoster-
one deficiency and low sex hormone levels in men with
prediabetes, though the literature revealed several positive
studies demonstrating an association between prediabetes
and testosterone deficiency. A community-based cross-
sectional study by Goodman et al. [163] evaluated the
association between androgen levels and glucose tolerance
status in men over the age of 55 and found that men with
IFG or IGT had significantly lower total testosterone levels
compared with those with normal glucose tolerance, even
after adjustment for age and BMI.

Another cross-sectional and longitudinal studies inves-
tigated the impact of IFG in men with sexual dysfunction
[164]. 3,541 men were studied, of whom 19.1 % had IFG
[between 100 and 125 mg/dl (5.6-6.9 mmol/1)]. All
patients had SHBG, free and bioavailable testosterone, and
penile color Doppler ultrasound measured. The study found
that those with IFG had erectile dysfunction, reduced
penile blood flow, and biochemical evidence of hypogo-
nadism compared to their euglycemic counterparts. There
was a progressive increase in the prevalence of hypogo-
nadism (HR 1.139; P = 0.001 for trend), and a progressive
decrease in SHBG-bound and free testosterone levels as a
function of glucose impairment.

A recently published cross-sectional study evaluated the
risk of testosterone deficiency in men with prediabetes
[165]. It included 1,306 men whose sex hormones were
measured during a routine medical examination (excluding
patients on testosterone therapy or androgen deprivation
therapy). Total testosterone and SHBG were measured in
conjunction with fasting glucose (IFG), postprandial glu-
cose (IPG), and glycated hemoglobin (HbAlc). In those
with prediabetes, the OR for decreased total testosterone
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levels compared to individuals with normoglycemia was
1.87 (95 % CI 1.38-2.54) and 2.38 (95 % CI 1.57-3.6) in
those with diabetes. After adjustment for the metabolic
syndrome, the OR in men with prediabetes was equal to
that of diabetic men (1.49 vs. 1.50). All measures of pre-
diabetes, including IFG, IPG, and HbAlc were associated
with an increased risk of testosterone deficiency. The study
found that HbAlc appeared to be a stronger predictor of
low total testosterone, even across all multivariate analy-
ses, with or without impaired fasting or postprandial gly-
cemia. IFG was also a reliable predictor, although IPG was
only weakly associated with testosterone deficiency.

Current guidelines recommend testosterone replacement
therapy only in those men with both testosterone deficiency
and clinical symptoms of hypogonadism [158]. Numerous
small studies have demonstrated that testosterone replace-
ment therapy in androgen-deficient men, with or without
diabetes, improves insulin resistance [161], HbAlc, waist
circumference, cholesterol, and fasting glucose levels [166—
168]. One study was multicenter, prospective, randomized,
double-blind, placebo-controlled that examined the effects
of testosterone replacement therapy in hypogonadal men
with type 2 diabetes over a 1-year period [168]. Testoster-
one replacement therapy reduced homeostasis model of
insulin resistance (HOMA-IR) by 16.4 % at 12 months
(P = 0.006). Additionally, HbAlc was significantly better
in the testosterone therapy group than the placebo group
(treatment difference —0.446 %; P = 0.035). Whether
testosterone replacement has similar effects in hypogonadal
men with prediabetes would be of interest, especially with
regard to the prevention of overt diabetes, requiring specific
clinical trials in this population.

Metabolic syndrome

Metabolic syndrome is characterized by several interrelated
risk factors that increase the risk of CVD, type 2 diabetes, and
all-cause mortality [169]. The metabolic syndrome is a sig-
nificant public health issue and its prevalence in the United
States in 2010 was estimated to be around 23 % [170]. The
National Cholesterol Education Program (NCEP) Adult
Treatment Panel III (ATP III) defines metabolic syndrome as
the presence of three of five clinical measures: increased
weight circumference (abdominal obesity), elevated tri-
glycerides, decreased high-density lipoprotein (HDL) cho-
lesterol, hypertension, and dysglycemia [171]. Elevated PG
can fall in the category of prediabetes (fasting glu-
cose >100 mg/dl; (5.6 mmol/l)] or diabetes.

The pathogenesis of metabolic syndrome is multifacto-
rial and a consequence of complex interaction between
environmental, genetic, physiological, and biochemical
factors [172, 173]. Obesity and insulin resistance are two
important risk factors for the development of metabolic
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syndrome [169], and many investigators believe that
insulin resistance is the major mechanism that leads to its
development [174]. Insulin resistance is also associated
with high-risk for the development of prediabetes, type 2
diabetes, and obesity [175].

There is an overlap in the presence of prediabetes and
metabolic syndrome in the general population, and the two
seem to be strongly interrelated. One study found that
among non-diabetic patients above age 50, about twice as
many have IFG plus metabolic syndrome as have IFG
alone [176]. Another study compared patients with meta-
bolic syndrome and prediabetes in terms of cardiovascular
risk factors, target-organ dysfunction, and insulin resis-
tance [177]. It included 524 obese and overweight non-
diabetic patients, and screened these patients for metabolic
syndrome, prediabetes, and insulin resistance. Investigators
found that only about one-third of those with metabolic
syndrome had prediabetes, whereas over half of patients
with prediabetes had metabolic syndrome. Metabolic syn-
drome had a more pronounced effect on early renal dys-
function and increased inflammation, while prediabetes
was associated with early carotid structural changes and
increased insulin resistance. They concluded that metabolic
syndrome and prediabetes represented overlapping but not
identical patient populations.

Individuals with metabolic syndrome have about a five-
fold increase in diabetes risk [178, 179], and epidemiologic
studies have shown that the adverse effects of metabolic
syndrome begin in childhood [180, 181]. This is evident from
the Bogalusa Heart Study, a long-term study that followed a
population of school kids into adulthood and collected data
about heart disease risk factors, and the incidence of obesity
and CVD. One examined the effects of various metabolic
syndrome components on the development of prediabetes
and type 2 diabetes [180]. Subjects were first surveyed as
children (ages 4-11 years, excluding those with diabetes or
elevated fasting glucose) and then followed serially for
cardiovascular risk factors for about 21 years. The investi-
gators also found that individuals with prediabetes (com-
pared to those with normoglycemia) had higher LDL-
cholesterol, insulin, and homeostasis model assessment of
insulin resistance (HOMA-IR) beginning in adolescence.
Starting from childhood, diabetic subjects had significantly
higher levels of BMI, triglycerides, glucose, insulin, and
HOMA-IR, and lower levels of HDL cholesterol.

Whether metabolic syndrome in those with prediabetes
predicts the future development of diabetes has been less
well studied. A group of researchers recently published a
study investigating this very question. About 3,234 par-
ticipants with IGT were assessed for the presence of met-
abolic syndrome and followed over an average of 3.2 years
[182]. Development of diabetes was determined by annual
OGTT and semiannual fasting PG tests. The presence of
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the metabolic syndrome at baseline in prediabetic indi-
viduals was associated with a 70-100 % increased risk of
diabetes. Baseline fasting PG was the strongest component
linking metabolic syndrome with incident diabetes, fol-
lowed by baseline hypertriglyceridemia and changes in
waist circumference. They concluded that the baseline
presence of metabolic syndrome in patients with IGT was
indeed associated with an increased risk of developing
diabetes.

Identifying and targeting the cardiometabolic compo-
nents of metabolic syndrome may be beneficial in pre-
venting the long-term development of diabetes. In patients
with prediabetes and metabolic syndrome effective pre-
ventive approaches include lifestyle changes such as
weight loss, diet, and exercise [55, 169]. If these are
ineffective, pharmacologic treatment should be considered,
and is usually directed at individual components of the
metabolic syndrome. Targets of therapy to prevent mac-
rovascular disease include hyperlipidemia, hypertension,
and prothrombotic factors [183].

Whether to treat prediabetes to prevent metabolic syn-
drome and its associated comorbidities is less well studied
and controversial. The DPP Research Group investigated
the effects of lifestyle interventions and metformin therapy
on the incidence of metabolic syndrome and found a 17 %
reduction in the metformin-treated group (driven mainly by
improvements in waist circumference and fasting glucose)
and a 59 % reduction in the lifestyle intervention group
[184]. In the Study to Prevent Non-Insulin Dependent
Diabetes Mellitus (STOP-NIDDM) trial, acarbose therapy
in prediabetes showed a reduction in risk of diabetes, as
well as a 34 % relative risk reduction in hypertension
[185]. However, 24 % of study participants dropped out of
the study due to poor tolerability of acarbose. A study
investigating pioglitazone in type 2 diabetics showed a
reduction in multiple components of metabolic syndrome
such as high blood pressure, hyperglycemia, and hypertri-
glyceridemia [186], though how this may translate to pre-
diabetic patients is not clear. Thus, except for treatment
with acarbose, there is little clinical evidence to show that
oral hypoglycemic agents will lessen macrovascular dis-
ease in those with metabolic syndrome and prediabetes.

Biomarkers

A biomarker can be defined as a measurable indicator of
the risk or presence of disease. In the context of predia-
betes, there is ongoing interest in the identification of
biomarkers measurable in the serum that may be associated
with a higher risk of developing overt type 2 diabetes.
Metabolomics refers to the simultaneous measurement of
multiple biomarkers or metabolites in order to create a
biochemical metabolic profile of an individual patient;

these techniques could potentially be used to identify those
with a high-risk of developing type 2 diabetes. Current
methods of diagnosing prediabetes and diabetes—namely
HbAlc, fasting glucose, or OGTT—can be limited and
may be inadequate in detecting high-risk individuals. For
example, HbAlc measurements may be altered in the set-
ting of anemia or renal failure; HbAlc may also remain in
the normal range in some patients with mild dysglycemia.
Biomarkers and metabolomics profiles could provide
alternative methods for risk stratifying patients with
abnormal glucose metabolism, thus allowing for earlier
intervention with aggressive lifestyle changes and reducing
risk of progression to overt diabetes and its attendant
complications.

Adiponectin

Adiponectin is a protein hormone produced by adipocytes
that has insulin-sensitizing and anti-inflammatory effects,
and measurement of its serum concentration has potential
utility as a marker of type 2 diabetes risk. Its concentrations
are decreased in obesity, and low concentrations have been
associated with increased risk of type 2 diabetes. A 2009
meta-analysis of 13 prospective cohort studies found that a
consistent inverse association between adiponectin levels
and risk of incident type 2 diabetes was present across
multiple diverse populations [187].

A nested case—control study within the Whitehall II
prospective cohort analyzed change in adiponectin levels
over time prior to diagnosis of type 2 diabetes [188].
Subjects with incident diabetes had lower adiponectin
levels compared to non-diabetic control subjects through-
out the 13-year follow-up period. Subjects with early-onset
diabetes (diagnosed at younger than 52 years of age) had a
steeper decline in adiponectin levels over time compared to
controls. Female subjects with late-onset DM also dem-
onstrated steeper decline in adiponectin levels than control
cases, while adiponectin levels in male subjects with late-
onset diabetes declined at the same rate as controls. These
results suggest that adiponectin levels could potentially be
used to risk stratify patients years before the onset of dia-
betes, though sex differences need to be considered.

A recent prospective study followed 5,085 subjects with
IFG over 4.4 years [189]. Among subjects with fasting
glucose 110-125 mg/dl (6.11-6.94 mmol/l), those with the
lowest adiponectin levels had a significantly higher risk of
incident diabetes as compared to those with the highest
levels (HRs 1.78 in men and 2.17 in women). Low
adiponectin levels were also associated with increased
diabetes risk in women with less severe IFG (100-109 mg/
dl; 5.56-6.05 mmol/l) but not in men. Among all subjects
with fasting glucose 110-125 mg/dl (6.11-6.94 mmol/l),
45 % of those in the lowest adiponectin tertile were
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diagnosed with diabetes, compared to 27 % of those in the
highest tertile. This study provides further evidence of the
potential utility of adiponectin as a biomarker of diabetes
risk.

Interleukin-1-receptor antagonist

Interleukin-1-receptor antagonist (IL-1Ra) is produced by
adipocytes and acts as a competitive inhibitor of interleu-
kin-1B binding to its receptor. Interleukin-1f is proin-
flammatory, inhibits pancreatic B-cell function, and
promotes B-cell apoptosis [190]. The physiologic impact of
blocking interleukin-1p was demonstrated by a trial in 70
patients with type 2 diabetes comparing the effect of ana-
kinra (an IL-1Ra) to placebo; treatment with anakinra was
associated with improved glycemic control, increased
C-peptide secretion, and reduction in inflammatory mark-
ers [191]. A nested case—control study within the Whitehall
IT cohort found that IL-1Ra levels were significantly higher
in subjects who developed incident type 2 diabetes com-
pared to controls up to 13 years prior to diagnosis; IL-1Ra
levels also began to increase in diabetes case subjects more
steeply starting 6 years prior to diagnosis. This was pos-
tulated to be due to a compensatory anti-inflammatory
response as prediabetes deteriorates into overt diabetes
[192]. IL-1Ra has potential to be useful as both a bio-
marker of diabetes risk and as a therapeutic target.

Metabolomics

Multiple studies have utilized a metabolomics approach to
identify novel biomarkers for prediabetes. This approach
aims to simultaneously quantify the small molecules that
are the products of multiple different metabolic pathways.
In the context of diabetes risk prediction, this is useful in
that it may allow detection of earlier, more subtle dys-
function of glucose metabolism than is possible with
markers currently used in clinical practice. In turn, iden-
tification of metabolites that are altered in the setting of
prediabetes and diabetes may help elucidate pathways that
contribute to the pathogenesis of diabetes.

A nested case—control study in the Framingham Offspring
Study profiled 61 metabolites using liquid chromatography—
tandem mass spectrometry in 189 incident cases of diabetes
and 189 controls and found higher fasting concentrations of
three branched-chain amino acids (leucine, isoleucine, and
valine) and two aromatic amino acids (phenylalanine and
tyrosine) up to 12 years prior to the onset of diabetes. Sub-
jects in the top quartile of individual amino acid levels had 2-
to 3.5-fold higher odds of developing diabetes compared to
those with levels in the lowest quartile [193].

Another group measured 140 metabolites in a popula-
tion of 1,300 subjects from the KORA cohort and identified
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glycine, lysophosphatidylcholine (LPC) 18:2, and acetyl-
carnitine as significantly altered in subjects with IGT as
compared to those with normal glucose tolerance. Further
prospective analysis showed that low levels of glycine and
LPC were predictive for developing IGT and overt type 2
diabetes [194].

A case—control study within EPIC-Potsdam profiled 163
metabolites in 800 incident cases of type 2 diabetes com-
pared to a random subcohort of nondiabetic controls.
Diabetes risk was associated with higher levels of serum
hexoses, phenylalanine, and four species of diacyl-pho-
phatidylcholines. Low levels of glycine and LPC 18:2 as
well as of sphingomyelin C16:1 and five species of acyl-
alkyl phosphatidylcholines were associated with increased
T2DM risk [195]. The results with regards to phenylala-
nine, glycine, and LPC 18:2 are consistent with those from
the two studies cited above.

The RISC study group used mass spectrometry to profile a
cohort of 399 nondiabetic subjects and identified o-hydroxy-
butyrate (a-HB) and linoleoyl-glycerophosphocholine (L-
GPC) as the two top biomarkers to distinguish insulin-resis-
tant from insulin-sensitive subjects, determined by the hype-
rinsulinemic euglycemic clamp and OGTT [196]. In a
subsequent analysis, measurements of o-HB and L-GPC were
obtained in two nondiabetic cohorts—one from the RISC
study with 3 years of follow-up, and another from the Botnia
Prospective study, with 9.5 years of follow-up. a-HB was
positively correlated with type 2 diabetes risk, while L-GPC
was inversely correlated. In vitro studies with INS-1e cells
demonstrated decreased glucose-induced insulin release when
cells were treated with o-HB and increased insulin release
with L-GPC treatment, providing a physiological correlate
consistent with the observed population data [197].

Fructosamine and glycated albumin

Fructosamine is the measurement of glycated total serum
proteins, of which albumin is predominant. Fructosamine
and glycated albumin are markers of short-term
(24 weeks) glycemic control, compared to HbAlc, which
reflects longer term (2-3 months) glycemic control. Fruc-
tosamine currently has some utility in the assessment of
glycemia in conditions in which HbAlc may be altered
(e.g., any state in which red blood cell turnover is affected);
it also has potential to be useful in monitoring changes in
glycemic control on a short-term basis. However, its use is
currently limited due to lack of evidence associating
measurements to clinical outcomes. A recent prospective
analysis of the ARIC study cohort analyzed associations
between fructosamine and glycated albumin levels with
incident diabetes, retinopathy, and CKD over 17 years of
follow-up. Baseline levels of fructosamine and glycated
albumin elevated above the 95th percentile were strongly
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associated with higher risk of incident diabetes—HRs were
2.61 and 3.27, respectively. High levels were also predic-
tive of prevalent retinopathy and incident CKD [198].
These results suggest that fructosamine could be used as a
predictive marker for diabetes as well as its complications.

Nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) represents the
accumulation of fat in the liver determined by imaging or
histology in the absence of any other cause of fatty liver
(e.g., alcohol, medications, hereditary diseases, hepatitis C).
Nonalcoholic steatohepatitis (NASH) is hepatic inflamma-
tion and fibrosis that is indistinguishable from alcoholic
steatohepatitis. NAFLD is the most common cause of
chronic liver disease in developed countries with preva-
lence in the range of 20-46 % [199]. Approximately 30 %
of NAFLD cases will progress to NASH; 20 % of NASH
cases will progress to cirrhosis, of which 40 % will develop
decompensated liver failure.

Pathogenesis

Insulin resistance is the common underlying pathogenetic
factor between NAFLD and prediabetes. A vicious cycle
between insulin resistance and hepatic steatosis exists—
insulin resistance leads to increased levels of free fatty
acids, leading to increased levels of triglycerides, and
hepatic steatosis; in turn, hepatic steatosis leads to
increased hepatic gluconeogenesis, thereby exacerbating
hyperglycemia and insulin resistance. A “two-hit”
hypothesis has been proposed to describe the progression
of NAFLD to NASH: (1) hepatic steatosis develops due to
insulin resistance, followed by (2) oxidative stress related
to excess triglycerides stored in hepatocytes [200]. More
recently, a “multiple hits” model has been proposed, which
suggests that inflammation induced by gut- or adipose-
derived signals may precede steatosis [201].

NAFLD as a marker of prediabetes

A question of interest regarding the relationship between
NAFLD and type 2 diabetes is whether NAFLD is a
manifestation of the prediabetic state. Multiple studies
have evaluated the results of OGTT in subjects with NA-
FLD. In a 2003 study, Sargin et al. found that among non-
diabetic patients with elevated ALT and “bright liver” on
ultrasound, 44 % had impaired or diabetic glucose toler-
ance [202]. Subjects with an abnormal OGTT had higher
fasting insulin levels and insulin resistance calculated by
the homeostasis model assessment method compared to the
group with normal glucose tolerance. Wong et al. found
that in a cohort of non-diabetic subjects with biopsy-proven

NAFLD, 29 % had IGT and 33 % had diabetes by OGTT,
compared to 14 and 7 % of controls, respectively [203].
Yun et al. performed an OGTT in a group of young non-
diabetic men (ages 19-30) with elevated ALT and sono-
graphic changes consistent with fatty liver; they found that
32 9% had IGT and 16 % had diabetes [204]. More recently,
Ortiz-Lopez et al. compared subjects with NAFLD diag-
nosed by MR spectroscopy with overweight/obese control
subjects; they found that 75 % of NAFLD subjects were
prediabetic and 14 % were diabetic, compared to 25 and
5 % of controls, respectively [205]. Taken together these
results show that NAFLD, whether diagnosed by lab
findings, imaging, or histology, is well correlated with
abnormal OGTT results across a variety of populations,
including young, otherwise healthy subjects.

The correlation between NAFLD and prediabetes/type 2
diabetes was recently evaluated prospectively by Zelber-
Sagi et al. A cohort of subjects without prediabetes or
diabetes who were diagnosed with NAFLD by ultrasound
findings were evaluated at baseline and at 7 years follow-
up. 74 % of subjects with baseline NAFLD developed
prediabetes or type 2 diabetes, compared to 48 % of con-
trols without baseline NAFLD [206]. NAFLD was found to
be an independent predictor for the development of
prediabetes.

NAFLD as a predictor of type 2 diabetes

NAFLD has been evaluated systematically as a predictor of
type 2 diabetes. Multiple prospective studies have shown a
correlation between elevated liver enzymes and increased
risk of type 2 diabetes [207-212]. These studies have
variably shown that elevated aspartate aminotransferase,
alanine  aminotransferase, gamma-glutamyltransferase
(GGT), and/or alkaline phosphatase levels are independent
predictors of type 2 diabetes.

Two groups have prospectively evaluated a more spe-
cific diagnostic marker of NAFLD, the fatty liver index
(FLI). The FLI is a scoring index that was developed to aid
in the diagnosis of NAFLD in lieu of liver biopsy and
incorporates GGT, triglycerides, body mass index, and
waist circumference [213]. Balkau et al. calculated a
baseline FLI in a cohort of 3,811 non-diabetic patients and
found that the highest FLI scores were associated with ORs
of 3.43 for men and 11.05 for women for incident type 2
diabetes over 9 years of follow-up [214]. Riickert et al.
studied a cohort of 3,009 subjects from the KORA F4 study
population [215]. All non-diabetic subjects underwent
OGTT and received a FLI score. The diagnosis of NAFLD
based on FLI was associated with ORs of 3.1 for IGT, 6.7
for both IFG and IGT, and 8.5 for diabetes. The results of
these studies demonstrate that the diagnosis of NAFLD is
strongly predictive of type 2 diabetes.
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Fetuin-A

Fetuin-A is a glycoprotein secreted by the liver that acts as
an inhibitor of the insulin receptor in the liver and skeletal
muscle and impairs insulin signaling in animal models.
Serum fetuin-A levels have been investigated as a marker
both of insulin resistance and of NAFLD. Stefan et al.
found that in a cohort of non-diabetic subjects, higher
fetuin-A levels were associated with IGT, greater insulin
resistance determined by the euglycemic-hyperinsulinemic
clamp, and increased liver fat determined by MR spec-
troscopy [216]. Ou et al. evaluated 510 age- and sex-mat-
ched nondiabetic subjects with sn OGTT, liver ultrasound
and serum fetuin-A concentrations [217]. Subjects with
IGT, with or without NAFLD, had significantly higher
fetuin A levels compared to those with NGT. Subjects with
NAFLD had significantly higher fetuin A levels compared
to those with comparable glycemic status but without
NAFLD. The clinical implications of these results remain
unclear, but they further reinforce the link between predi-
abetes and NAFLD and provide preliminary evidence that
fetuin-A could potentially be used as a marker of either or
both conditions.

Risk of cancer

An association between cancer and diabetes has been previ-
ously described [218]. Huang et al. [219] conducted a meta-
analysis to evaluate the risk of cancer in association with IFG
and IGT. Data from 891,426 participants were derived from
16 prospective cohort studies. Prediabetes was associated with
a 15 %increased risk of cancer overall (RR 1.15; 95 % CI
1.06, 1.23). Prediabetes was significantly associated with
increased risks of cancer of the stomach/colorectum, liver,
pancreas, breast, and endometrium, but not associated with
cancer of the bronchus/lung, prostate, ovary, kidney, or
bladder. The risks of site-specific cancer were significantly
different and were highest for liver, endometrial, and stomach/
colorectal cancer. The results were consistent across cancer
endpoint, age, duration of follow-up, and ethnicity. The risks
were increased when a lower FPG value of 5.6-6.9 mmol/l
(100-124 mg/dl) as well as in participants with IGT. There
was no significant difference for the risk of cancer with dif-
ferent definitions of prediabetes.

Mechanisms postulated to be involved in this associa-
tion include inflammatory cytokines, chronic oxidative
stress, accumulation of advanced glycation end-products,
increased production of ROS, and greater oxidative dam-
age to DNA [218, 219]. Furthermore, insulin resistance
with compensatory hyperinsulinemia and increased levels
of IFG-1 may promote the proliferation of cancer cells.
Genetic factors may play an important role as well. A
deficiency in a tumor suppressor gene (nuclear receptor
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coactivator 5) may increase risk of both glucose intolerance
and hepatocellular cancer [220]. Although metformin may
reduce the risk of cancer by 30 % in individuals with
diabetes, this has not been established in prediabetes [221].
Long-term studies of metformin in high-risk individuals
are therefore required [219].

As the risk for cancer increased with a FPG as low as
5.6 mmol/l (100 mg/dl) in conjunction with the observed
increased global prevalence of prediabetes support the
importance of screening for prediabetes using the ADA
criteria for IFG, with a view to cancer prevention [219].
The public health implications of the current observations
are therefore considerable.

Conclusions

The considerable comorbid conditions associated with
prediabetes may often go unrecognized. This is particularly
important as dysglycemic states as well are largely unde-
tected since current diagnostic criteria apply absolute
threshold values to a process that is continuous [222]. The
preponderance of individuals with prediabetes therefore
remains undiagnosed and untreated.

Type 2 diabetes and other non-communicable diseases are
a growing public health challenge globally. An estimated
285 million people, corresponding to 6.4 % of the world’s
adult population has diabetes. This is expected to reach
552 million by 2030, 7.8 % of the adult population, with the
African region expected to experience the greatest increase.
An even larger segment of the world’s population has pre-
diabetes [223]. Given the global shift from communicable to
chronic, non-communicable diseases including obesity,
prediabetes, and type 2 diabetes mellitus, the increasing
prevalence of the latter creates a considerable challenge to
the clinician and public health infrastructure [224].

Despite the substantial research efforts in the last
10-15 years highlighting the considerable benefit of life-
style modification in thwarting the insidious progression to
diabetes and its complications, many individuals will
ineluctably progress even when initially responsive.
Therefore, the responsibilities of the medical and public
health communities involve identifying new methods for
screening and identifying those at risk as well as refining
therapeutic approaches availing as many high-risk indi-
viduals as possible to novel treatment modalities [224]. As
complications frequently associated with prediabetes dis-
cussed in the present review are often unrecognized, these
merit attention and should be screened for routinely.
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