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Diabetes mellitus (both type 1 and 2) affects an estimated 
425 million people worldwide and if current trends con-

tinue, ≈693 million people (10% of the population) will have 
diabetes mellitus by 2045.1 Patients with type 2 diabetes mel-
litus (T2D) are at an increased risk of damage to target organs. 
The causes for these adverse changes are unknown, however, 
high blood pressure (BP) or hypertension, is likely to play a 
contributory role. Indeed, T2D and hypertension commonly 
coexist and may act synergistically to promote clinical events.

At the crossroads between T2D and hypertension is a bidi-
rectional relationship between the macrovasculature and micro-
vasculature. The macrovasculature is made up of large elastic 
arteries that buffer the increases in pulsatility that occurs because 
of intermittent left ventricular contraction, and more muscular 
arteries that act as a conduit to deliver a steady flow of blood 
to the microvasculature. The microvasculature is defined as ves-
sels with a diameter <150 μm in diameter and includes arterioles, 
capillaries, and venules. In the presence of T2D and hyperten-
sion, the large elastic arteries lose their buffering capacity and 
increase in stiffness,2–5 which may accentuate the transmission 
of pulsatility from the macrocirculation to the microcirculation. 
Less evidence exists for the role of downstream arteries in this 
phenomenon. In the microvasculature, multiple abnormalities in 
structure and function occur, including reduced nitric oxide (NO) 
availability, rarefaction of arterioles, capillaries, and venules, 
decreased arteriolar diameter, and increased wall-to-lumen ratio 
of small arteries. This may lead to (further) impairment of insulin-
mediated glucose disposal6 and increase in peripheral resistance.

The interactions between the macrovasculature and micro-
vasculature have been little studied but understanding the inter-
action between these vessels may open new targets for treatment 
and management strategies. Therefore, in this review, we sum-
marise the currently available literature on the association be-
tween T2D and hypertension with a particular focus on the 
changes that occur in the macrovasculature and microvascula-
ture. We describe a bidirectional relationship that exists between 
the macrovasculature and microvasculature that perpetuates an 
adverse positive feedback cycle between T2D and hypertension, 
identify gaps in current understanding and provide possible 
treatment targets and directions for future research.

Three independent reviewers (R.E. Climie, T.T. van 
Sloten, and R.-M. Bruno) conducted a literature search for 
studies reporting macrovascular or microvascular dysfunc-
tion in patients with T2D and hypertension from inception up 
to October 2018. Search filters for human studies and adults 
aged >18 years of age were applied where possible.

T2D and Hypertension—Growing Global 
Concerns

Globally, the number of people with diabetes mellitus has qua-
drupled over the past 3 decades. Diabetes mellitus is the ninth 
major cause of death, currently affecting almost 1 in 11 adults 
aged 20 to 79 years.1 T2D is the most common form of dia-
betes mellitus, accounting for ≈90% of all diabetes mellitus 
cases.7 Although genetic makeup may partially play a role, 
the main drivers of the global epidemic of T2D are the rise in 
obesity, a sedentary lifestyle, energy-dense diets, and popu-
lation aging.8 In addition, the prevalence of dysglycemia, or 
prediabetes, is increasing and is projected to affect >470 mil-
lion people by 2030, up to 70% of which will develop T2D.1 
The Global Burden of Diseases, Injuries, and Risk Factors 
Study 2015 estimated that high fasting glucose was the third 
most common global risk factor for disability-adjusted life 
years in 2015, accounting for 143 million disability-adjusted 
life years.9 Compared with individuals without T2D, patients 
with prediabetes and T2D have greater propensity to develop 
adverse structural and functional changes in many organs, 
including the heart and arterial system, brain, eye, and 
kidney10,11 (termed target organ damage). This predisposes 
these patients to increased risk of cardiovascular events, de-
mentia, retinopathy, and nephropathy. Indeed, recent work 
has demonstrated an important overlap between cardiovas-
cular health and target organ damage.12 Although hypergly-
cemia plays an important role, it is not fully understood why 
patients with prediabetes or overt T2D are at a heightened 
risk of target organ damage, but generalized vascular dys-
function and damage play an important role.

Hypertension is the leading single risk factor for the global 
burden of disease13 and accounts for 9.4 million deaths each 
year worldwide.14 In 2015, hypertension accounted for 211 
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million global disability-adjusted life years, an increase of 
11.7% from 2005.9 Because hypertension rarely causes symp-
toms, it can often go undiagnosed in many people, appropri-
ately termed the silent killer. Hypertension is associated with 
an increased burden of heart disease, stroke, kidney failure, 
and premature mortality.15,16 The association between hyper-
tension and elevated risk of target organ damage is complex—
the role of mechanical forces on the vasculature is a key factor. 
Given that the heart beats ≈100 000 times per day, elevated 
BP itself exposes target organs to increased mechanical stress.

Adverse Positive Feedback Cycle Between T2D 
and Hypertension

Hypertension and T2D often coexist: hypertension affects a re-
ported 70% of individuals with T2D and the development of 
T2D is nearly 2.5 times more likely in individuals with preex-
isting hypertension.17 In combination, the risk of all-cause and 
cardiovascular mortality is increased in those with both hyper-
tension and T2D as compared to those with hypertension or 
T2D alone.18 An analysis of the Framingham cohorts showed 
that those with hypertension at the time of T2D diagnosis had 
higher rates of cardiovascular disease (CVD) events and all-
cause mortality compared with people with T2D but without 
hypertension.18 The UK Prospective Diabetes Study showed 
that the risk of diabetic complications in those with T2D was 
strongly associated with elevated systolic BP. Each 10 mm Hg 
reduction in systolic BP was associated with a 12% reduction 
in risk of any diabetic complication, 15% reduction in death 
related to diabetes mellitus, 11% reduction in myocardial in-
farction, and 13% reduction in microvascular complications.19 
The added risk portended by T2D in addition to hyperten-
sion may be related to the amplification of vascular damage 
as both conditions are associated with macrovascular and mi-
crovascular complications (ischemic heart disease, peripheral 
vascular disease, cerebrovascular disease and retinopathy, 
nephropathy, neuropathy, respectively). In the Hypertension 
in Diabetes Study,20 patients with hypertension and concom-
itant T2D, compared with nonhypertensive T2D patients, had 
higher rates of cardiovascular death, myocardial infarction, an-
gina pectoris, amputation, and stroke independent of risk fac-
tors. In the microvascular, the coexistence of hypertensive and 
diabetic retinopathy magnifies the risk of vision loss21 and hy-
pertension increases the risk of diabetic nephropathy.22 Thus, 
the bidirectional cross talk between the macrovasculature and 
microvasculature23 may be particularly relevant and perpetuate 
the adverse positive feedback cycle between T2D and hyper-
tension (Figure 1). It should be noted that associated with the 
concept of positive feedback is instability and system adapta-
tion. It is currently unclear as to whether either T2D or hyper-
tension are acting as the instability as not all those with T2D 
have hypertension and vice versa. It is more likely that a type 
of gain function is occurring, where one perpetuates the other.

Interplay Between the Macrovasculature, T2D, 
and Hypertension

T2D as a Contributor to Macrovascular 
Dysfunction
Many studies have shown that compared with their non-
diabetic counterparts, patients with T2D display accelerated 

arterial (aortic) stiffness (typically measured via carotid to 
femoral pulse wave velocity [PWV]; gold standard).2–5 Work 
undertaken as early as 1962 by Woolam et al2 demonstrated 
that patients with T2D had higher (carotid to radial) PWV 
compared with healthy controls. Elevated large artery stiff-
ness has also been observed early on in the progression of the 
disease. A population-based cohort study (the Hoorn Study) 
in 747 individuals showed that prediabetes mellitus was asso-
ciated with increased local femoral and brachial artery stiff-
ness but not carotid stiffness.24 Similarly, others have observed 
increased arterial stiffness in patients with prediabetes5,25 and 
accelerated progression of arterial stiffness over 4 years in 
nondiabetics but with elevated glycated hemoglobin or mark-
ers of insulin resistance.26 Importantly, the combination of hy-
pertension and T2D has a particularly detrimental effect on 
arterial stiffness.27–29 Individuals with both T2D and hyper-
tension have elevated arterial stiffness compared with healthy 
controls or individuals with either T2D or hypertension 
alone.27 Further, in sub-Saharan populations, macrovascular 
dysfunction is significantly worse in those with coexistent 
T2D and hypertension but does not differ in those with either 
T2D or hypertension alone.30

There are a number of mechanisms that may be involved in 
accelerated large artery changes in T2D, as reviewed in detail 
elsewhere.31 Briefly, hyperglycemia is a major metabolic al-
teration that contributes to arterial dysfunction early on in the 
progression of T2D32 and may contribute to arterial dysfunc-
tion before the diagnosis of T2D.33 Hyperglycemia modifies 
the structure of the vasa vasorum34 and may stimulate vascular 
smooth muscle cell (VSMC) proliferation, migration, and al-
tered reactivity. Hyperglycemia also leads to various changes 
in the glycolytic pathway, the pentose phosphate pathway, and 
tricarboxylic acid cycle, which all initiate the production of 
reactive oxygen species and oxidative stress. Oxidative stress 
itself impairs endothelial NO synthase activation which leads 
to lower NO availability, a potent vasodilator.35 Low-grade in-
flammation also reduces the bioavailability and activation of 
NO36 as well as releasing vasoconstrictor prostanoids, which 
can lead to endothelial dysfunction and increase arterial stiff-
ness.37 AGEs (advanced glycation end-products), formed via 
nonenzymatic glycation of plasma proteins yielding cross 
linking of collagen (which in itself can increases the stiffness 
of collagen fibers38), elastin and other molecules, encourage 
inflammation, inhibit NO release, and further promote oxida-
tive stress.39 Finally, hyperinsulinemia, a common feature of 
T2D, has direct deleterious effects on VSMCs and endothe-
lial cells and may also induce vascular alterations by inducing 
sympathetic activation.40

Macrovascular Dysfunction as a Contributor to 
T2D
Although it is well established that BP is elevated in the pres-
ence of T2D, a recent a meta-analysis involving data from 
4.1 million adults showed that 20 mm Hg higher systolic BP 
and 10 mm Hg higher diastolic BP was associated with a 58% 
and 52% higher risk of T2D, respectively.41 Interestingly, 
Muhammad et al42 recently showed in 2450 individuals that 
after 4.5 years follow-up, there was a stepwise increase in in-
cidence of T2D across increasing tertiles of aortic stiffness 
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(as determined via carotid to femoral PWV), independent of 
traditional risk factors. Other hemodynamic markers related to 
large artery stiffness (pulse pressure, central systolic BP, and 
augmentation index) have also been associated with increased 
risk of T2D.43,44 Arterial stiffness may contribute to increased 
incidence of T2D, through an increase in transmission of pres-
sure and flow pulsatility to the microvasculature of the pan-
creas (as described below).45

Other possible mechanisms for the observed association 
between arterial stiffness and incident T2D may be chronic 
low-grade inflammation, which occurs alongside elevated BP 
and is associated with insulin resistance.46 The reduced NO bi-
oavailability associated with low-grade inflammation may also 
impair glucose uptake leading to T2D. The renin-angiotensin 
system (RAS), upregulated with elevated BP, may alter arte-
rial stiffness.47 In turn, RAS may have detrimental effects on 
insulin secretion mediated by a reduction in pancreatic blood 
flow and islet fibrosis, oxidative stress and inflammation, and 
impaired skeletal muscle function and adipose tissue dysfunc-
tion may underlie RAS-induced insulin resistance.48 Finally, 
large artery stiffness may cause baroreflex impairment,49 
with subsequent increased sympathetic drive form the cen-
tral nervous system to the systemic microvasculature; micro-
vascular dysfunction, in turn, may lead to T2D by impairing 
β-cell function and muscle glucose utilization, as described in 
the following sections.

Together, these data are suggestive of a bidirectional rela-
tionship between arterial stiffness and T2D. However, further 
work involving larger cohorts with longer follow-up time is 
required.

Hypertension as a Contributor to Macrovascular 
Dysfunction
Hypertension is related to increased stiffness of the aorta for 
any given level of BP.50 It is worthwhile noting the subtle dif-
ference between an increase in stiffness as a protective mech-
anism due to acute increases in BP (such as during acute 
resistance activity where systolic BP can increase to 500 
mm Hg and the arteries stiffen to protect against aneurysm) 
compared with an increase in stiffness because of remodeling 
of the vessel wall from chronic exposure to elevated BP (such 

as because of continuous resistance training).51,52 A common 
explanation for the relationship between hypertension and 
arterial stiffness is that exposure to elevated BP (in partic-
ular pulse pressure) increases pulsatile wall stress which in 
turn leads to accelerated elastin degradation,53–55 resulting in 
long-term arterial stiffening. The repeated mechanical stress 
induced by pulsatility (but also steady state) pressure causes 
the load-bearing elastin fibers to fatigue, split, fray, and frag-
ment. Stiff collagen fibers are laid down thereby changing the 
elasticity of the artery.56 While ECM (extracellular matrix) 
proteins, such as elastin and collagens, are major contributors 
to arterial stiffening, the cyclic stress is also a determinant of 
altered gene expression and VSMC growth.57–60 Both VSMC 
contraction and changes in the ECM can transfer the me-
chanical load from elastic components to stiff components, 
and thus further increase the stiffness of the wall material. 
Furthermore, previous studies61,62 have shown that greater 
BP variability is associated with increased arterial stiffness. 
Greater BP variability results in increased mechanical stress 
on the arterial wall, which may trigger unfavorable structural 
changes within the arterial wall leading to arterial stiffness 
(as described below).63

An array of other molecular mechanisms associated with 
hypertension can also influence the stiffness of the arterial 
wall, detailed discussion of which is beyond the scope of 
this review.60 Briefly, chronic activation of the RAS promotes 
VSMC proliferation, low-grade inflammation, increase AGEs 
formation and collagen content all of which will promote arte-
rial stiffening. Low-grade inflammation can lead to increased 
infiltration of VSMC, macrophages and mononuclear cells, 
media calcifications, and cellular infiltration around the vasa 
vasorum which may result in ischemia. In the presence of 
prediabetes or T2D, the stiffer collagen molecules can re-
sult from nonenzymatic glycation, inducing irreversible cross 
linking through AGE.64 Additionally, sympathetic nervous 
system (SNS) overdrive that is present in individuals with hy-
pertension65 is an additional mechanism by which hyperten-
sion may lead to an increase in large artery stiffness.66 Acute 
SNS activation increases large artery stiffness regardless of 
changes in distending BP67,68; this seems to be a mechanical 
consequence of VMSC contraction, inducing changes in their 

Figure 1. The adverse positive feedback cycle 
between hypertension and type 2 diabetes 
mellitus.
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position within the media and attachment with ECM pro-
teins.60 Furthermore, clinical studies show that chronic SNS 
blockade in patients with resistant hypertension increases 
aortic distensibility independent of BP response,69 thus indi-
cating direct neural control on large artery tone. Long-term 
stiffening effects of SNS activation are exerted not only 
through increased vascular tone but also by chronic vascular 
remodeling (hypertrophy and ECM fibrosis); some of these 
actions are mediated by SNS-induced RAS and endothelin-1 
activation.70

Typically, BP (and hypertension diagnosis) is based on 
a measurement from the brachial artery of the upper arm. 
However, 24-hour ambulatory BP (the gold standard measure 
of BP) may provide additional insights into the interac-
tions between the macrovasculature and microvasculature. 
Importantly, abnormalities in normal circadian rhythms of BP 
are highly prevalent in patients with T2D, with and without 
hypertension71 and circadian changes in BP (nocturnal dip-
ping versus morning BP surge) are differently associated with 
macrovasculature and microvascular disease in patients with 
T2D.72 BP variability, that is greater fluctuations of systolic 
BP or diastolic BP at given mean pressures, has been shown 
to be associated with incident CVD independent of mean 
pressures73 and might play a role in the association between 
(pre)diabetes mellitus and target organ damage. Individuals 
with T2D and prediabetes have slightly higher BP variability 
compared with those with normal glucose metabolism.74 In 
addition, greater BP variability is associated with target organ 
damage in individuals with and without T2D, including kidney 
disease,75 features of cerebral small vessel disease and worse 
cognitive performance.76 However, the link between BP vari-
ability, T2D, and target organ damage remains incompletely 
understood. Finally, central (aortic) BP (and related hemo-
dynamics) is associated with macrovascular complications in 
patients with T2D, including atherosclerosis77 carotid IMT,78 
myocardial infarction, and stroke.79 Central BP is also related 
to microvascular dysfunction including albuminuria and reti-
nopathy in patients with T1D,80 however, there is limited data 
in T2D.81,82

Macrovascular Dysfunction as a Contributor to 
Hypertension
Arterial stiffness has traditionally been viewed as a conse-
quence of hypertension. However, the reverse may also be 
true, as recent studies have shown that arterial stiffness may 
contribute to the pathogenesis of hypertension.83–87 In animal 
models, mice who were fed a high fat, high sucrose diet, and 
developed characteristics of metabolic disease (insulin resist-
ance, chronic inflammation, and oxidative stress), aortic PWV 
increased within 2 months by 2.4-fold, while BP remained 
unchanged within this period and increased only after 4 to 6 
months, suggesting that aortic stiffening may precede the in-
crease in mean BP and pulse pressure.83 In the Framingham 
offspring cohort, aortic stiffness (determined via carotid to 
femoral PWV) was associated with BP worsening and inci-
dent hypertension 4 to 10 years later.84 Similarly, Zheng et al85 
showed that after 27 months follow-up, brachial to ankle PWV 
was associated with incident hypertension in Chinese adults, 
independent of classical CVD risk factors. In young adults 

from the Young Finns Study, arterial stiffness (aortic arch to 
popliteal PWV) measured at baseline, was independently as-
sociated with incident hypertension 4 years later (odds ratio, 
1.96; 95% CI, 1.51–2.57). Importantly, the prediction model 
for incident hypertension was significantly improved with the 
inclusion of PWV, beyond traditional CVD risk factors.88 It 
should be noted that PWV is indeed critically dependent on 
systolic BP levels. In those with high BP, it is difficult to deter-
mine whether PWV reflects the level of BP or the risk of CVD 
in addition to elevated BP. Thus, the use of systolic BP derived 
nomograms may prevent pressure-related underestimation in 
CVD risk.89,90

Together, these data lend support to a potential bidirec-
tional relationship between hypertension and arterial stiffness.

Interplay Between the Microvasculature, T2D, 
and Hypertension

The microcirculation is a key regulator of permeability, vas-
cular tone, and hemostasis.6,91,92 It has important metabolic and 
hemodynamic functions: (1) to optimize nutrient and oxygen 
supply and remove waste products within the tissue in re-
sponse to variations in demand and (2) avoidance of large fluc-
tuations in hydrostatic pressure at the capillary level. Thereby, 
the microcirculation determines overall peripheral resistance. 
Microvascular dysfunction can be defined as an impairment 
in one of these functions, that is, an increased microvascular 
permeability and impaired balance between vasodilatation 
and vasoconstriction, as well as between thrombotic and anti-
thrombotic properties.6,91,92 Emerging evidence indicates that 
impairment in these metabolic and hemodynamic functions 
can contribute to the development of T2D and hypertension.

T2D as a Contributor to Microvascular Dysfunction
It is generally accepted that T2D causes microvascular dys-
function and microvascular complications, such as retinop-
athy, neuropathy, and nephropathy. Importantly, intervention 
studies have shown that reducing hyperglycemia is associ-
ated with a lower risk of retinopathy and nephropathy.93–95 
Furthermore, not only diabetic but also prediabetic levels 
of hyperglycemia are associated with widespread microvas-
cular dysfunction.96 Hyperglycemia may contribute to mi-
crovascular dysfunction via multiple mechanisms, including 
intraendothelial accumulation of glucose, formation of AGEs, 
increased oxidative stress, and low-grade inflammation.97 
Hyperinsulinemia induces vascular damage in T2D, through 
a direct effect on smooth muscle cells and endothelial cells, 
as well by inducing sympathetic activation.40 Small artery 
remodeling that occurs in patients with T2D is characterized 
by hypertrophy rather than inward eutrophic remodeling, and 
the same pattern has been observed in hypertensive patients.98 
This pattern may be either a consequence of altered myogenic 
responsiveness characterizing T2D99 or induced by increased 
sympathetic drive directed to the microvasculature of hyper-
tensive patients with T2D compared with those without.40

Microvascular Dysfunction as a Contributor to T2D
Accumulating evidence shows that microvascular dysfunction 
may also precede and contribute to the development of T2D 
(as reviewed in detail elsewhere6). Microvascular dysfunction 
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may lead to T2D via 2 mechanisms: (1) impairment of insu-
lin-mediated glucose disposal and (2) impairment of insulin 
secretion. Delivery of insulin to its target tissues requires 
transport across the microvascular endothelium barrier. This 
transendothelial transport is enhanced by insulin itself via 
insulin-induced endothelial NO production.100 Furthermore, 
insulin can redirect blood flow in its target tissues from non-
nutritive to nutritive capillary networks, even without increas-
ing total blood flow. This results in a net increase of the overall 
number of perfused nutritive capillary networks, and, thereby, 
increases insulin-mediated glucose disposal.101 Microvascular 
dysfunction impairs these hemodynamic actions of insulin, 
leading to impaired glucose disposal, and ultimately, hyper-
glycemia.91,102 Not only NO-mediated microvascular dysfunc-
tion but also SNS-induced microvascular vasoconstriction 
(acutely) and microvascular remodeling and rarefaction 
(chronically) may reduce skeletal muscle glucose utilization, 
leading to T2D. This was demonstrated in mechanistic stud-
ies, showing that acute sympathetic activation is able to impair 
insulin sensitivity in the human forearm. Furthermore, activa-
tion of the RAS may contribute to microvascular dysfunction 
and development of T2D. Clinical studies103,104 have shown 
that angiotensin II impairs insulin-mediated microvascular 
dilatation and capillary recruitment, likely through increased 
reactive oxygen species production,105,106 and this may con-
tribute to the development of T2D.

Interestingly, experimental studies suggest that micro-
vascular dysfunction may also impair pancreatic β-cell func-
tion.107 Blood flow to pancreatic islets is regulated by the 
pancreatic microvasculature and is crucial for normal β-cell 
function and insulin secretion.108,109 In one animal study in 
which insulin signal transduction was selectively impaired in 
endothelial cells, decreased islet perfusion and impaired in-
sulin secretion was observed.110 In a recent study using an an-
imal model of hypertension (the spontaneously hypertensive 
rat), microvascular function in pancreatic islets was reduced, 
and the impairment was associated with higher blood glucose 
levels.111 At present, there is no method available for deter-
mination of islet blood flow and pancreatic microvascular 
function in humans, although advancements in flow deposit 
techniques using magnetic resonance imaging and positron 
emission tomography may allow measurement of human islet 
blood flow in future.112

Hypertension as a Contributor to Microvascular 
Dysfunction
BP control decreases the onset and development of micro-
vascular complications in patients T2D, suggesting that hy-
pertension contributes to microvascular complications in 
this population.113 Hypertension is characterized by multiple 
abnormalities of microvascular structure and function, such 
as reduced density, or rarefaction, of arterioles, capillaries, 
and venules; enhanced constriction and reduced dilation of 
arterioles, including reduced NO-dependent vasodilation in-
duced by insulin and other mediators; decreased arteriolar 
diameter and increased wall-to-lumen ratio of small arter-
ies (eutrophic inward remodeling).6,23,91,92,114 Reduced NO 
availability caused mainly via destruction by reactive ox-
ygen species is the hallmark of microvascular dysfunction 

in hypertension, and many pathways are involved in its path-
ophysiology. Various enzymatic and nonenzymatic sources 
of reactive oxygen species are activated in endothelial 
cells, smooth muscle cells, and inflammatory cells within 
the arterial wall of patients with hypertension, including 
chronic RAS overactivity, nicotinamide adenine dinucleo-
tide phosphate oxidase, cyclooxygenase, xanthine oxidase, 
and uncoupled endothelial NO synthase.115 In the attempt 
to compensate for NO deficiency, endothelium-dependent 
vasodilation is partially maintained by the production and 
release of endothelium-derived vasodilators other than NO, 
such as prostanoids and other endothelium-derived hyper-
polarizing factors.116 Adrenergic activation is also associated 
with microvascular dysfunction.117 Prolonged vasoconstric-
tion, either SNS-mediated, induced by myogenic response 
or by locally produced or circulating substances, may lead 
to microvascular remodeling and rarefaction,118 potentially 
reducing skeletal muscle glucose utilization, thus caus-
ing insulin resistance as described above, but also impair-
ing insulin clearance and thus favoring hyperinsulinemia.119 
Finally, increased BP variability may penetrate deeply into 
the vasculature of target organs (ie, brain and kidney) and 
lead to microvascular damage.120,121 However, the associa-
tion between BP variability and microvascular dysfunction 
remains uncertain and requires further study.

Microvascular Dysfunction as a Contributor to 
Hypertension
Increasing evidence indicates that microvascular dysfunc-
tion and remodeling may also precede and contribute to the 
development of hypertension via an increase in peripheral 
resistance (also reviewed elsewhere91,92). In most forms of 
hypertension, peripheral vascular resistance is increased,114 
possibly reflecting changes in the microvasculature.114 In ac-
cordance, previous studies have shown that microvascular 
rarefaction122 and endothelial dysfunction123 are apparent in 
normotensive subjects with a genetic predisposition to high 
BP. Furthermore, prospective human studies have shown that 
markers of microvascular remodeling are associated with a 
higher incidence of hypertension. A meta-analysis of indi-
vidual participant data found that among 10 229 participants 
without elevated BP, narrower retinal arterioles, and wider 
venules were associated with an increased risk of hyperten-
sion, independently of CVD risk factors.124 Other studies have 
shown that higher levels of plasma markers of microvascular 
dysfunction,125,126 such as soluble E-selectin and soluble intra-
cellular adhesion molecule-1, were associated with a higher 
risk of hypertension. Also, in individuals with hypertension, 
capillary rarefaction in muscle has been shown to predict an 
increase in mean BP over 2 decades.127 These data suggest 
microvascular dysfunction and remodeling precede the onset 
and development of hypertension. However, it must be noted 
that microvascular endothelial dysfunction is present in many 
diseases characterized by normotension and interventions 
improving microvascular endothelial function do not neces-
sarily lower BP in hypertensive patients.128 Thus, the direction 
of the cause-effect relationship and the possible differential 
role of microvascular dysfunction and remodeling are still a 
matter of debate.
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Cross Talk Between the Macrovasculature and 
Microvasculature in the Association Between 

T2D and Hypertension

Macrovascular Dysfunction as a Contributor to 
Microvascular Dysfunction
Arterial stiffness can contribute to the development of micro-
vascular dysfunction.23 An increase in stiffness of the large 
elastic arteries impairs their buffering capacity, altering BP 
and flow patterns, leading to an increase in pressure and flow 
pulsatility. The increase in pulsatility may be transmitted 
distally and result in damage to the microcirculation120,129,130 
(Figure 2). The elevated pulsatility may induce a hypertrophic 
remodeling response, which initially serves to limit the pene-
tration of the pulsatile load in the microcirculatory system by 
raising vascular resistance. However, this protective response 
may become unfavorable, resulting in impaired vasoreactiv-
ity and hypoperfusion. Arterial stiffening may also cause sub-
stantial BP variability, which may further sensitize organs to 
the harmful effects of impaired microvascular vasoreactivity, 
under perfusion at low pressure and overexposure to high pul-
satility at high pressure. However, to our knowledge, no stud-
ies have directly measured pressure and flow pulsatility in the 
large and small arteries simultaneously in patients with T2D 
and this warrants further investigation.

The damaging effect of arterial stiffness on the microvas-
culature is probably not a generalized phenomenon but de-
pendent on the impedance of the microvasculature for specific 
organ circulations.131 High flow, low impedance organs (such 
as the brain and kidney) are particularly vulnerable to these 
detrimental effects, because the pulsatile load can penetrate 
deeply into their microvascular beds82,120,129,132 (Figure 2). This 
may explain why the brain and kidney are more often affected 
by microvascular disease than are other organs in patients 
with both T2D and hypertension.67 In accordance, studies have 
shown that arterial stiffening is associated with a higher risk 
of microvascular-related comorbidities or complications of 
T2D and hypertension of these organs (ie, diabetic nephropa-
thy, dementia, and depression). However, one cross-sectional 
study133 found that carotid stiffness is associated with worse 
cognitive performance in both individuals with and without 
T2D, but carotid stiffness did not mediate the relationship be-
tween T2D and cognitive dysfunction. The microvasculature 
of the endocrine pancreas, which has a relatively high flow,82 
may also be susceptible to the damaging effects of arterial 

stiffness. Such effect may explain the association between ar-
terial stiffness and increased risk of T2D, but this has not been 
studied.

Microvascular Dysfunction as a Contributor to 
Macrovascular Dysfunction
Microvascular dysfunction, in turn, may also contribute to ar-
terial stiffening. Microvascular dysfunction can directly lead 
to greater arterial stiffness via an increase in peripheral re-
sistance and mean arterial BP. Chronically elevated BP will 
contribute to an increase in stiffness via a number of mech-
anisms, as described above. In addition, dysfunction of the 
microvasculature of large vessels themselves (ie, vasa vaso-
rum) may damage large arteries. Experimental studies have 
shown that impairment of blood supply to large arteries via 
the vasa vasorum leads to large artery remodeling and arterial 
stiffening.134,135

Currently, most available data on the interaction between 
the macrovasculature and microvasculature has focused on the 
arterial compartment. If venous changes are also at the cross-
roads between T2D and hypertension presumably this would 
affect overall venous capacitance, with associated modifica-
tions in change in venous pressure affecting fluid transport in 
capillary beds. However, this has been little studied and should 
be the focus of future work as it may help in understanding the 
association between T2D and hypertension.

Potential Treatments for Targeting 
Macrovasculature and Microvascular 
Dysfunction in T2D and Hypertension

The cross talk between the macrovasculature and microvascu-
lature that drives the vicious cycle between T2D and hyper-
tension opens new possibilities for treatment strategies (Table 
and online-only Data Supplement). Treatments that target both 
the macrovasculature and microvasculature may be of greatest 
benefit for both T2D and hypertension. Nonpharmacological 
interventions such as appropriate diet and regular physical ac-
tivity should be considered as first line management. A meta-
analysis involving 1259 patients suggested that modest weight 
loss (8%) achieved via diet and lifestyle change can reduce 
arterial stiffness.136 Further, reduced salt intake is favorable for 
arterial stiffness.137,138 Weight loss and dietary modifications 
also have beneficial effects on microvascular function via a 
number of mechanisms including modulation in insulin sen-
sitivity and an increase in NO availability.139–141 Additionally, 

Figure 2. Potential pathways linking 
arterial stiffness to target organ damage in 
patients with type 2 diabetes mellitus and/or 
hypertension.
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caloric restriction has been shown to have beneficial effects 
on both the macrovasculature and microvasculature by attenu-
ating age-related increases in oxidative stress, systematic in-
flammation, and alterations in NO bioavailability.142 Regular 
physical activity is highly effective for improving arterial stiff-
ness.143–146 In the Whitehall II study, higher levels of moderate 
to vigorous physical activity and low sedentary behavior were 
associated with slower change in carotid to femoral pulse 
wave velocity over 5 years, independent of conventional car-
diovascular risk factors.144 However, in older adults with hy-
pertension, a short-term aerobic exercise intervention was not 
beneficial for arterial stiffness,147 suggesting that long-term 
exposure to existing cardiometabolic pathology may limit 
the benefits of exercise on arterial stiffness. Exercise may, at 
least in part, reverse microvascular dysfunction and increase 
NO availability via increased shear stress, oxidative stress 
reduction, and SNS inhibition.70,148,149 Future work should in-
vestigate optimal exercise prescription for vascular health in 
patients with T2D. Finally, interventions targeting the SNS 
might improve vascular function as well as glucose metab-
olism, as suggested by some preliminary results obtained by 
renal denervation.69,150

Pharmacological interventions should also be considered. 
In those with hypertension, antihypertensive medication can 
induce an immediate drop in arterial stiffness because of 
unloading of the arterial wall and reduction in circumferen-
tial stress, however, remodeling and destiffening independent 
of BP lowering affects may occur over the longer term.151,152 
Antihypertensive drugs acting on the RAS not only have a 
favorable effect on large artery stiffness and microvascular 
remodeling but also have been shown to lower the incidence of 
new-onset T2D in a meta-analysis of randomized clinical trials 

on BP-lowering medication.153 Interestingly, RAS blocker-
induced improvement in large artery stiffness occurs beyond 
BP reduction in individuals with, or at risk, of T2D,154,155 how-
ever, long-term treatment is necessary to achieve these ben-
eficial effects on the vasculature.151 RAS blockers are also 
effective in reversing microvascular remodeling, leading to 
an improvement in median to lumen ratio, and inducing a re-
duction in vascular collagen content.156 Animal studies have 
shown that angiotensin-converting enzyme inhibitors can im-
prove pancreatic microvascular perfusion, and, thereby, may 
enhance glucose-induced insulin secretion.110 In addition, 
some antihyperglycemic agents (ie, glucagon-like peptide 1 
receptor agonists), may improve microvascular function, po-
tentially beyond their glucose-lowering effects.157 Finally, 
novel antidiabetic drugs, such as SGLT-2 (sodium-glucose 
cotransporter 2 inhibitors), might have a beneficial effect both 
on the macrovasculature and microvasculature.158,159 Ongoing 
large studies will verify these preliminary findings and pos-
sibly provide some mechanistic insight (URL: https://www.
umin.ac.jp/ctr/index.htm. Unique identifier: NCT02610088, 
UMIN000024502). Importantly, GLP-1 (glucagon-like pep-
tide 1) agonist and SGLT-2 inhibitors are able to reduce cardi-
ovascular events in patients with T2D,160 thus their beneficial 
effects on the macrovasculature and microvasculature, as po-
tential underlying mechanisms for cardioprotection, are of 
clinical relevance.

Directions for Future Research
Few studies have directly examined the association be-
tween large artery stiffness and microvascular function in 
people with T2D compared with those without. Further, 
while it is assumed that increased pulsatility that arises 

Table. Effect of the Main Cardiovascular Pharmacological and Nonpharmacological Treatments on Large Artery Stiffness, Microvascular 
Endothelial Dysfunction, and Remodeling in Interventional Studies

Intervention
Large Artery 
Distensibility

Conduit Artery 
Endothelial Function

Microvascular 
(Endothelial) Function

Microvascular 
Remodeling

Nonpharmacological interventions

 Physical activity +* +* +* ‡

 Weight loss +* +* +† +†

 Renal denervation +* +* ‡ ‡

Pharmacological interventions

 Renin-angiotensin system blockers +* +* +† +†

 Aldosterone antagonists +† +† ↔† ↔†

 Thiazide diuretics ↔† ↔* ↔† ↔†

 Calcium channel blockers +† ↔/+* +† +†

 β-blockers ↔/+* +* ↔† ↔†

 GLP-1 agonists +* ↔* ↔/+* ‡

 DPP-4 inhibitors +* ↔* ↔* ‡

 SGLT-2 inhibitors +* +* ‡ ‡

Greater large artery distensibility is equivalent to lower large artery stiffness. + indicates positive effect; −, negative effect; ↔, no effect; 
DPP-4, dipeptidyl peptidase; GLP, glucagon-like peptide; and SGLT, sodium glucose cotransporter.

*Evidence from meta-analysis or multiple randomized clinical trials.
†Evidence from a small number of randomized or nonrandomized clinical trials.
‡Very limited/no evidence.
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from elevated arterial stiffness is transmitted to the micro-
vasculature, there is very little direct evidence to support 
this hypothesis in either the general population or patients 
with T2D. Additionally, the microvasculature of the endo-
crine pancreas may also be susceptible to the damaging 
effects of arterial stiffness, which may explain the observed 
association between arterial stiffness and higher risk of 
T2D and requires further investigation. There is a need for 
large randomized controlled trials that examine the effects 
of pharmacological (antidiabetic medication) and lifestyle 
modification (exercise and weight loss) on both the large 
and small arteries in patients with T2D. This will require 
the availability of methods to measure the large and small 
arteries that have been well codified and simplified through 
technological advances.

Summary and Conclusions
An adverse positive feedback cycle exists between T2D and 
hypertension. This vicious cycle may explain the high co-oc-
currence of these conditions and the greatly increased risk of 
CVD and other vascular-related diseases (ie, kidney disease 
and dementia) in individuals with T2D and hypertension. An 
important driver of the feedback cycle is the bidirectional 
cross talk between the macrovasculature and microvascu-
lature. Understanding the pathophysiology linking the mac-
rovasculature and microvasculature in those with T2D may 
provide novel avenues for treatment and management strate-
gies, lessen the burden of T2D-related target organ damage 
and ultimately improve survival.
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