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Microvasular and macrovascular complications in
diabetes mellitus: Distinct or continuum?

Aastha Chawla, Rajeev Chawla, Shalini Jaggi®

North Delhi Diabetes Centre, New Delhi, 'Sri Balaji Action Medical Institute, New Delhi, India

Diabetes and related complications are associated with long-term damage and failure of various organ systems. The line of demarcation
between the pathogenic mechanisms of microvascular and macrovascular complications of diabetes and differing responses to
therapeutic interventions is blurred. Diabetes induces changes in the microvasculature, causing extracellular matrix protein synthesis,
and capillary basement membrane thickening which are the pathognomic features of diabetic microangiopathy. These changes in
conjunction with advanced glycation end products, oxidative stress, low grade inflammation, and neovascularization of vasa vasorum can
lead to macrovascular complications. Hyperglycemia is the principal cause of microvasculopathy but also appears to play an important
role in causation of macrovasculopathy. There is thought to be an intersection between micro and macro vascular complications, but
the two disorders seem to be strongly interconnected, with micro vascular diseases promoting atherosclerosis through processes
such as hypoxia and changes in vasa vasorum. It is thus imperative to understand whether microvascular complications distinctly
precede macrovascular complications or do both of them progress simultaneously as a continuum. This will allow re-focusing on the
clinical issues with a unifying perspective which can improve type 2 diabetes mellitus outcomes.
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INTRODUCTION

Diabetes mellitus (DM) has routinely been described as
a metabolic disorder characterized by hyperglycemia that
develops as a consequence of defects in insulin secretion,
insulin action, or both. Type 2 diabetes encompasses
individuals who have insulin resistance (IR) and usually
relative (rather than absolute) insulin deficiency.!! The
pathologic hallmark of DM involves the vasculature leading
to both microvascular and macrovascular complications.”
Chronicity of hyperglycemia is associated with long-term
damage and failure of various organ systems mainly
affecting the eyes, nerves, kidneys, and the heart.!"
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According to diabetes atlas (7™ edition), the global
prevalence of diabetes is estimated at 415 million (8.8%),
which is predicted to rise to 642 million in next
25 years.! In India, there are about (9.2 million people
with diabetes and are expected to cross 123.5 million by
2040.P" Moreovet, wotldwide approximately 193 million
diabetics remain undiagnosed predisposing them to the
development of several long-term complications of
untreated chronic hyperglycemia.’! Although intensive
glycemic control lowers the incidence and progression
of microvascular complications, the morbidity associated
with these complications is still increasing. Several
landmark studies such as the United Kingdom Prospective
Diabetes Study (UKPDS) have demonstrated that strict
glycemic control does limit microvascular disease while
attempts to improve macrovascular outcomes through
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glucose-lowering interventions still remain shrouded with
controversy. A relative risk (RR) reduction in myocardial
infarction (MI) (P = 0.052) has been observed in the
10 years of posttrial follow-up of UKPDS.F! Similarly, the
risk of cardiovascular mortality, nonfatal MI and stroke
reduced with pioglitazone in the Prospective Pioglitazone
Clinical Trial in Macrovascular Events as compated to
placebo group.”! The action in diabetes and vascular
disease: Preterax and Diamicron MR Controlled Evaluation
and the Veterans Affairs Diabetes Trial failed to show any
significant improvement in cardiovascular risk with the
intensification of diabetes therapy."* To further complicate
matters, in Action to Control Cardiovascular Risk in
Diabetes trial the use of intensive therapy for 3.5 years
increased mortality but did not significantly reduce major
cardiovascular events.”

In recent years, much attention has been focused on the
management of macrovascular complications such as
stroke and acute coronary syndromes. It is well-recognized
that vascular complications in a given tissue are often
accompanied by evidence of pathology in other vascular
territories. A linear relationship between microvascular
complications and duration of disease was established
by the authors where they documented the presence of
microvasculopathy across different age groups in their
study in 25—40% of diabetic patients aged >25 years with
more than 5 years duration of diabetes."” Researchers
such as Krentz ¢z al. and Al-Wakeel ez a/. have observed
that both microvascular and macrovascular complications
develop simultaneously in diabetes.'"? On the contrary,
Matheus and Gomes described the case report of type 1
DM (T1DM) patient with early and aggressive coronary
artery disease (CAD) without evidence of nephropathy,
retinopathy, or classical risk factors for CAD.I"l Thus,
there is not much clarity over whether microvascular
complication precedes macrovascular complications or
they progress simultaneously.

The present review attempts an insight into this delicate
relationship between microvascular and macrovascular
complications of diabetes to understand whether they
are discrete entities or in continuum with each other. We
propose a unique continuum bridging the microvascular
and the macrovascular risk which is based on our
evidence-based studies consistently over a decade.

PaTHOPHYSIOLOGICAL BAasis oF Micro
VERsUS MACROVASCULAR COMPLICATIONS

Patients with DM and associated microvascular
complications appear particularly at higher risk of
accelerated atherosclerosis which ultimately culminates in

cerebrovascular and cardiovascular events and premature
death." Microvessels are the basic functional unit of the
cardiovascular system comprising of arterioles, capillaries,
and venules.”! They differ from macrovessels in both
their architecture and cellular components. In contrast
to macrovessels supplying blood to organs, microvessels
play important roles in maintaining blood pressure and
proper nutrient delivery.” The microcirculation also has
regulatory systems controlling vascular permeability and
myogenic responses that can adapt blood flow according
to local metabolic needs. Alteration in microvascular
function may arise even before overt hyperglycemia and
vascular pathologic changes manifest. Diabetes induces
pathognomonic changes in the microvasculature, affecting
the capillary basement membrane including arterioles in
the glomeruli, retina, myocardium, skin, and muscle, by
increasing their thickness, leading to the development
of diabetic microangiopathy. This thickening eventually
leads to abnormality in vessel function, inducing multiple
clinical problems such as hypertension, delayed wound
healing, and tissue hypoxia. Similatly, neovasculatization
arising from the vasa vasorum may interconnect macro-and
microangiopathy, predict platelet rupture and promote
atherosclerosis. The role of microvascular pathology in
systemic diabetic complications, including macrovascular
atherosclerosis, remains a subject for further debate.?

INTERSECTION OF MICROVASCULAR AND
MacrovascuLAR COMPLICATIONS OF
DiaBETES: EVIDENCE-BASED PROOF OF
CONCEPT

Diabetic retinopathy

The risk of development of diabetic retinopathy (DR) in
patients with (T2DM) has been found to be related to both
severities of hyperglycemia and presence of hypertension.
Fong et al. attributed approximately 10,000 new cases
of blindness to DR in the United States.'™ In India,
The Chennai Urban Rural Epidemiology Study (CURES)
reported an overall DR prevalence of 17.6% (confidence
interval [95% CIJ: 15.8-19.5) in the diabetic population.!"’]
More recently, the Sankara Nethralaya DR Epidemiology and
Molecular Genetic Study has estimated an urban prevalence
of 18.0% (95% CI: 16.0-20.1) and a rural prevalence of
10.3% (95% CI: 8.53—11.97%) of DR in South India.l""'
Similar to this, Aravind Comprehensive Eye Study has
reported 10.5% prevalence of DR (in self-reported subjects
with diabetes) in the rural South Indian population.'”) A
DR prevalence of 21.2% has been reported by Chawla
¢t al. in their cohort of North Indian patients. This study
also found a significant association between HbAlc, body
mass index, duration of diabetes and microalbuminuria in
the development of DR (P = 0.001).
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Several studies have explored the association between DR and
macrovascular complications. As retinal microvasculature
shares embryologic and anatomic characteristics with that
of cerebral circulation, researchers have studied retinal
abnormalities to provide clues to understand the undetlying
pathophysiology of different cerebrovascular diseases."!
In the World Health Organization Multinational Study
of Vascular Disease in Diabetes, retinopathy was related
to the incidence of MI and death from cardiovascular
disease (CVD).P? In the Atherosclerosis Risk in
Communities study, increased incidence of clinical stroke
was associated with retinal microvascular abnormalities
and generalized arteriolar narrowing.” Furthermore,
retinopathy was significantly associated with combined
stroke events (RR 1.7, 95% CI: 1.0-2.8) in persons without
diabetes after controlling for age, sex, and systolic blood
pressure. This association was stronger in those with two
ot more retinal microvascular signs (RR 2.7, CI: 1.5-5.2).
Tatgher et al. followed up 2103 T2DM outpatients for 7 years
and found a remarkably increased risk of incident CVD in
patients with proliferative/laser-treated retinopathy (hazard
ratio 2.08 [1.02-3.7] for men and 2.41 [1.05-3.9] for
women), after adjustment of hypertension and advanced
nephropathy.” Contrary to this, Matheus and Gomes has
reported cardiovascular events without any presence of
retinopathy.!"’)

Diabetic nephropathy

Proteinuria occurs in 15-40% of patients with type 1
diabetes while it ranges from 5 to 20% in patients
with T2DM.P According to the European Diabetes
Prospective Complications Study, the cumulative incidence
of microalbuminuria was 12.6% over 7.3 years in patients
with TIDM.P However, 18 years follow-up study from
Denmark reported a prevalence rate of 33% in the TIDM
population.”” Similarly, in the (UKPDS), T2DM patients
showed a 2.0% incidence of microalbuminuria per year,
which reached up to 25% in 10 years postdiagnosis.*
The prevalence of diabetic nephropathy was higher in
African Americans, Asians, and Native Americans than
Caucasians.” In India, CURES 45 reported a prevalence
of 2.2% for overt diabetic nephropathy and 26.9% for
microalbuminuria.®)

The association of intense control to reduced microvascular
complication, as reported by the Diabetes Control and
Complications Trial, has emerged as a strong proof of
concept for hyperglycemia being an important modifiable
risk factor for diabetic nephropathy. A reduction in
10 mm Hg of systolic blood pressure is associated with a 13%
decrease in the microvascular complications with minimal
risk in patient with a systolic pressure <120 mm Hg.P
Dyslipidemia with increased low-density lipoprotein (LDL)

cholesterol and triglycerides is independently associated
with diabetic kidney disease.P"

The pathogenic mechanisms underlying diabetic
nephropathy involve generation of reactive oxygen
species (ROS), accumulation of advanced glycation end
product (AGE), and activation of intracellular signaling
molecules such as protein kinase C (PKC).F>*! A strong
association between diabetic nephropathy and retinopathy
was demonstrated by Arora ez al. in 2004-2005 in 50
newly diagnosed patients with diabetes.” The direct
association between the presence of microalbuminuria
and macrovascular complications has also been
well-established in many studies.” In an observational
study, Higg e7a/ (2013). reported the increased incidence of
both cerebral infarction and cerebral hemorrhage in patients
with severe DR (SDR) and advanced diabetic nephropathy
in 4083 patients with T1DM with 36,680 person-years of
follow-up. Both nephropathy and SDR were found to be
independently increasing the risk for all subtypes of stroke.*!
The increased incidence of stroke in diabetic nephropathy
has also been reiterated in the Pittsburgh Epidemiology of
Diabetes Complications study, where overt nephropathy
increases the risk of ischemic stroke 4.4-fold (but not the
risk for hemorrhagic stroke, probably due to the insufficient
number of samples).’® Retinopathy and macroalbuminuria
produce higher rates of cardiovascular events among
Chinese patients.”’)

Diabetic neuropathy

Diabetic neuropathy, a life-threatening complication
involves both peripheral and autonomic nerves, affecting
almost half of the diabetic population.’™ The risk of
development of diabetic neuropathy is directly proportional
to both the duration and magnitude of hyperglycemia.
In addition, some individuals may also possess genetic
facets that influence their predisposition in developing
such complications.’™™ The prevalence of diabetic
neuropathy varies from country to country. In India, a
high prevalence (29.2%) of diabetic peripheral neuropathy
was reported among the North Indian population.P”
Further studies in North Indian region (Lucknow) and
North-eastern region (Imphal) revealed a prevalence of
29.2% and 29.0%, respectively, among newly diagnosed
diabetic patients (duration <6 months).**!! Chawla ez a/.
reported the prevalence of 15.3% in their study involving
720 North Indian patients from New Delhi.”

Although the precise nature of the injury to the peripheral
nerves from hyperglycemia is not yet certain, the mechanisms
of hyperglycemia-induced polyol pathway, injury from
AGEs, and enhanced oxidative stress have been implicated
in its pathogenesis. The damage to peripheral nerves may
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be mediated by effects on nerve tissue or by endothelial
injury or vascular dysfunction.”! Peripheral neuropathy in
diabetes appears in several forms depending on the site,
manifesting as sensory, focal/multifocal, and autonomic
neuropathies. Diabetic neuropathy has resulted in more
than 80% amputations after foot ulceration or injury.*

A study conducted by Miguel ¢# a/. demonstrated a
significant correlation between diabetic neuropathy and
the existence of one or more macrovascular complications
showing that diabetic patients with peripheral neuropathy
presented with significantly higher rates of cardiac events
and petipheral vascular disease (PVD) than diabetic patients
without neuropathy. Strokes were also numerically higher
in the neuropathy group.* Chawla ¢z al. in 2011-2012
demonstrated an association between diabetic neuropathy
and development of DR and microalbuminuria in
855 patients.*’! Diabetic cardiac autonomic neuropathy
have been found to have a strong co-association with
DR (22% vs. 14.3%), diabetic neuropathy (14% vs. 6.8%),
and poor glycemic control.

Hence, it is recommended to evaluate autonomic
nervous system function at the time of T2DM diagnosis
and annually thereafter. Chawla e a/. established a
positive correlation between autonomic neuropathy
and peripheral neuropathy (P = 0.00014); however,
the further association between autonomic neuropathy
and PVD failed to reach statistical significance.l*” In
addition, a direct relationship of lower extremity arterial
disease (LEAD) with T2DM was also documented by
Chawla ¢z al. They found symptoms of peripheral vascular
insufficiency or weak peripheral vessels in 13.8% of
patients with foot Doppler confirmed the prevalence
of LEAD in 7.4% of patients.*! The authors validated
and advocate the use of neuropathy symptoms score and
neuropathy disability score in the clinical and bedside
diagnosis of peripheral neuropathy."”

CommoN PATHwAYS FOR DEVELOPMENT
ofF BotH MicrRo AND MACROVASCULAR
COMPLICATIONS

Advanced glycation products

AGEs are a heterogeneous group of molecules formed
by the nonenzymatic glycation of plasma proteins causing
a disruption in their normal functioning by altering their
molecular conformation, disrupting enzyme activity, and
interfering with receptor functioning. AGEs accumulate
in different types of cells and affect their extracellular
and intracellular structure and function by cross-linking
not only with proteins but also lipids and nucleic acids
contributing to a variety of diabetic complications."! AGEs

crosslink with plasma membrane-localized receptors for
AGEs (RAGE) leading to up-regulation of transcription
factors such as nuclear factor-KB and its target genes,
release of pro-inflammatory molecules and free radicals.
Soluble AGEs activate monocytes, and AGEs in the
basement membrane inhibit monocyte migration.
AGE-bound RAGE increases endothelial permeability to
macromolecules. AGEs block nitric oxide activity in the
endothelium and cause the production of ROS.*

Further, AGEs modify LDL particles and together with
vascular damage accelerate atherosclerosis.”! Kalousova e al.
found significant elevation of AGE in patients with T2DM
as compared to both healthy (5.11 = 1.15 X 103 AU/g vs.
4.08£0.71 X 103 AU /g, P<0.001) as well as TIDM patients
(4.14 £ 0.86 x 103 AU/g, P < 0.005).5" Kilhovd ez al.
demonstrated a significant increase in the levels of AGEs
in patients with T2DM compared with nondiabetic control
subjects (7.4 [4.4-10.9] vs. 4.2 [1.6-6.4] U/ml, P < 0.0001).
Besides, they also found elevated levels of AGE in patients
with coronary heart disease (CHD) than those of without
CHD (8.1 [6.4-10.9] vs. 7.1 [3.5-9.8] U/ml, P = 0.03) in
patients with T2DM.P?

Oxidative stress

Oxidative stress, caused by the overproduction of ROS
plays an important role in the activation of other pathogenic
pathways involved in diabetic complications, including
elevated polyol pathway activity, nonenzymatic glycation,
and PKC levels which in turn lead to the development of
micro-and macrovascular complications.” It also inactivates
two critical anti-atherosclerotic enzymes, endothelial nitric
oxide synthase, and prostacyclin synthase.” Hyperglycemia
promotes the formation of ROS, which interacts with
both deoxyribonucleic acid (DNA) and proteins, causing
cellular damage, especially targeting mitochondrial DNA.
A study on the human retinal endothelial cell (EC)
demonstrated very early mitochondrial DNA damage
with hyperglycemia-induced overproduction of ROS.F
ROS-mediated cellular damage may be a form of pathologic
“memory” in the microvasculature that persists even after
glucose normalization. Several experimental evidences point
to mitochondrial superoxide overproduction as the major
culprit in the development of metabolic abnormalities in
diabetics.” IR induces mitochondrial ROS production
from free fatty acids and inhibits anti-atherosclerotic
enzymes causing atherosclerosis and cardiomyopathy in
T2DM patients. In subjects without diabetes or impaired
glucose tolerance, those in the highest quintile of IR had
a 2.0-fold increase in CVD risk compared to those in the
lowest quintile after adjusting several known cardiovascular
risk factors, including LDL, triglycerides, high-density
lipoprotein, systolic blood pressure, and smoking."’!
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The other pathways implicated in diabetic complications
such as AGE formation, PKC activation, increased polyol
flux, and hexosamine formation are also linked to oxidative
stress in promoting macrovascular complications through
multiple mechanisms. Increased glucose concentrations
can activate nuclear factor-KB, a key mediator that regulates
multiple pro-inflammatory and pro-atherosclerotic target
genes in vascular smooth muscle cells (VSMCs), ECs, and
macrophages.”” Hyperglycemia itself stimulates oxidative
stress, which indeed acts as a driving force in accelerated
atherosclerosis.

Low-grade inflammation

Inflammation has been recognized as one of the potent
risk factors in both atherosclerosis and T2DM. Vascular
cells encounter many early pathologic changes in response
to hyperglycemia, causing a loss of nonadhesive property
and adhesion of monocyte to ECs, which is an eatly step in
atherogenesis. Hyperglycemia has been reported to provoke
monocyte adhesion to arterial ECs.”® The association
between hyperglycemia and AGEs with oxidative stress
is manifested as both can stimulate EC production of
superoxide [Figure 1]. Glucose also activates matrix-degrading
enzyme metalloproteinase which causes plaque rupture
and arterial remodeling as well as VSMC proliferation,
migration and altered activity. The role of increased level
of tumor necrosis factor alpha in the development of IR
is well-documented. IR itself has inflammatory action as
described above. The levels of several other inflammatory
markers such as C-reactive protein, fibrinogen, plasminogen
activator inhibitor I, and intetleukine-6 have been shown to
increase with the onset of diabetes. Monocyte activation
has been documented in the presence of high glucose with
induction of inflammatory mediators such as PKC and
nuclear factor-kB promoting oxidative stress.”

Neovascularization of vasa vasorum

The proliferation of vasa vasorum is associated with
increased plaque burden, which subsequently promotes
atherosclerosis.[®”! Many cellular processes such as
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Figure 1: Insulin resistance and hyperglycemia drive the atherosclerotic
process

inflammation, plaque perfusion and concomitant
intra-plaque hemorrhage are critical during the development
of atherosclerotic plaques and are linked with vasa
vasorum proliferation. Neovascularization develops by
the growth from both adventitial layer (outward) and
arterial lumen (inward) toward the intima.l’'! In 'T2DM,
plaque rupture is associated with increased angiogenesis,
and diabetic atherosclerosis is further accelerated by
neovasculature microangiopathy.” The initial angiogenic
response in the adventitial vasa vasorum, an important
component of homeostatic mechanisms, appears to be
stimulated by hypoxia through identification of increased
hypoxia-inducible factor and vascular endothelial growth
factor (VEGF) action.[®’!

VEGE, a multifunctional cytokine, also contributes to
microvascular complications by increasing the vascular
permeability to macromolecules, monocyte chemotaxis, and
tissue factor production.l Up-regulation of VEGF is also
reported in experimental diabetic kidney disease models.
However, contrary to this, VEGF treatment has been
shown to restore microcirculation in the vasa nervorum
and limit diabetic neuropathy as demonstrated by rodent
VEGEF gene transfer experiment.” In the eye, a neurotropic
factor-pigment epithelium-derived factor (PEDF) may
offset VEGF action by its potent angiogenic inhibition.
PEDF level is decreased in proliferative DR, whereas
VEGTF levels are increased. Decreased PEDF levels may
also likely contribute to diabetic nephropathy. Other growth
factors such as insulin-like growth factor 1, basic fibroblast
growth factor, and hepatocyte growth factor may foster
proliferative retinopathy.!!

MIicrROVASCULAR AND MACROVASCULAR
CompLICATIONS=CONTINUUM OR SEPARATE:
THE DeBATE CONTINUES [FIGURE 2]

Heart involvement in diabetes may not be only
a macrovascular disease where there is Orchestra of
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Figure 2: The diabetes continuum
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contributing factors to the development of diabetic
cardiomyopathy concerning fatty acid and glucose
complex structural macrovascular derangements such as
hypertrophy and loss of function due to glycation but also
a microvascular involvement following “common soil”
hypothesis of diabetes complications. Atherosclerosis
in large arteries as well as cardiomyopathy in diabetes a
microvascular component may go hand in hand.*”

Therefore, changes in small arteries and capillaries are not
responsible for only microvascular long-term complications
in patients with diabetes (retinopathy, nephropathy, and
neuropathy) but also for other manifestations of heart
disease in diabetes.

This review highlights the need for implementing programs
for early detection, screening, and awareness to mitigate
the burden of managing the complications.

Good blood glucose control improves microvascular
disease and should be implemented early and maintained
for the optimum length of time. Appropriate controls
of blood pressure as well as dyslipidemia are extremely
important in macrovascular disease prevention besides
glycemic control. Patients with microvascular complications
appear particularly prone to accelerated atherosclerosis and
premature death. Neovascularization arising from the vasa
vasorum may interconnect macro-and microangiopathy.

A clearer picture on differing responses to therapeutic
interventions could lead to better management and improve
T2DM outcomes not only regarding microvascular but also
macrovascular complications as well. Further systematic
research on the above interlinking hypothesis will help
us get more clarity whether microvascular complications
precede macrovascular complications or they are two ends
of the same spectrum of disease existing in continuum.
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