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Chapter 6
Smooth Muscle Cells in Diabetes Mellitus

Uma Nahar Saikia and Suvradeep Mitra

Abstract  Diabetes mellitus is a multisystem systemic disease with significant mor-
bidity and mortality. The morbidity is often contributed by the microvascular disease 
whereas the macrovascular disease is significantly associated with the mortality in 
the diabetic patients. The macrovascular disease, also known as diabetes-accelerated 
atherosclerosis is promoted by the interplay of multiple factors. These biochemical 
and molecular parameters predominantly affect the endothelial cells and the 
smooth muscle cells. Both these cells actively take part in the diabetes-accelerated 
atherosclerosis. The smooth muscle cells evidently proliferate, accumulate and 
show phenotype shift in diabetes-accelerated atherosclerotic lesions. These proper-
ties are studied mainly in the animal models and therapeutic drugs can be targeted 
to reduce these complications.
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6.1  �Introduction

Diabetes mellitus is a disease of quantitative or qualitative deficit of insulin result-
ing in a state of chronic hyperglycemia. Type 1 diabetes mellitus is characterized by 
the progressive destruction of the β cell population of the islets of Langerhans from 
an immunological process leading to a quantitative deficit of insulin whereas type 2 
diabetes mellitus results from insulin resistance and subsequent loss of the islets. 
Different body systems are profoundly affected by diabetes, especially the vascular 
bed. Both the types of diabetes affect both the microvascular and the macrovascular 
compartments leading to significant morbidity and mortality. The microvascular 
compartment includes renal glomerulus, vasa nervorum of the peripheral nerves and 
retina leading to diabetic nephropathy, neuropathy and retinopathy or diabetic 
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triopathy if all the three compartments are involved. Macrovascular disease neces-
sarily means diabetes-accelerated atherosclerosis involving the major vessels like 
aorta and its major branches. Diabetes leads to accelerated formation/progression of 
lesions of atherosclerosis affecting the vasculature. Myocardial ischemia and infarc-
tion, cardiovascular accident (stroke in common parlance) and limb ischemia or dry 
gangrene leading to limb amputation is the life-threatening or limb-threatening 
complications of the diabetic macrovascular disease. Needless to say that there has 
been a flurry of research around diabetes-accelerated atherosclerosis in recent times. 
The morphologic changes in the blood vessels followed by the pathobiology of the 
disease is discussed to understand the role of diabetes on the smooth muscle cells 
(SMCs).

6.2  �Factors Affecting Smooth Muscle Cell Proliferation 
in Diabetes

Many biochemical factors are implicated in the SMC pathobiology. The main bio-
chemical pathways involved are (1) polyol pathway, (2) hexosamine pathway, (3) 
advanced glycation/lipoxidation end-product (AGE/ALE) pathway and (4) protein 
kinase C (PKC) pathway [1]. These biochemical pathways portend in the generation 
of the reactive oxygen species (ROS) which forms the final common pathway [1]. 
Different studies have also shown that multiple parameters including chronic hyper-
glycemia, insulin resistance, hyperlipidemia etc. can affect the SMCs individually 
as well as concurrently. The basic pathogenetic scheme of the diabetes-accelerated 
atherosclerosis is depicted in Fig. 6.1.

6.3  �Morphological Changes of Smooth Muscle Cells 
Secondary to Hyperglycemia and Dyslipidemia

The diabetic changes occur at a global scale. Variable research attempts have been 
made to pinpoint the site of the major brunt of the injury. Endothelial cell is undoubt-
edly one of the major sites to be inflicted with ROS. In addition to the endothelial 
cells, the micro and macrovasculature in the diabetic patients show smooth muscle 
cell (SMC) proliferation and morphological changes which help in the progression 
of atherosclerosis. The molecular biology of the SMCs in diabetes-accelerated ath-
erosclerosis has been studied in the experimental models. In small animal models, 
infiltration of the monocytes followed by the activation and differentiation of these 
cells into lipid-loaded macrophages is seen in areas without pre-existing intimal 
thickening [2]. In culture, the most potent growth factors for SMCs are platelet 
derived growth factor B chain homodimer (PDGF-BB) and fibroblast growth factor-
2 (FGF-2). SMC proliferation is also regulated by other factors i.e. components of 
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the extracellular matrix, and O2 tension [3]. Although these factors stimulate prolif-
eration of cultured SMCs, one should bear in mind that in vivo and ex vivo effects 
may differ.

In humans, lipid-loaded macrophages are seen in areas with intimal thickening 
which is smooth muscle cell mass followed by an increased accumulation of lipid-
loaded macrophages and extracellular lipid called as atheroma [4]. Formation of 
“atheroma” (type IV lesion) means the accumulation of lipid laden macrophages in 
the intima at a subendothelial location [4, 5]. The next step for progression of the 
lesion is increased accumulation of smooth muscle cells (SMCs) in the intima and 
formation of a fibroatheroma. “Fibroatheroma” (type V lesion) is the formation of a 
fibrous cap over the atheroma with a central core containing the lipid laden macro-
phages [4, 5]. Many of these lipid laden macrophages die releasing their content 
extracellularly forming the lipid rich core. The dead cells and their debris accumulate 
in the core due to ineffective clearance (efferocytosis) [6] making the core material 
more thrombogenic. The fibrous cap may rupture exposing the highly thrombogenic 
core and causing “plaque rupture” or may remain stable with accumulation of more 
material in the core thereby causing “progressive occlusion” of the vessel [7]. These 
lesions can become destabilized, possibly by thinning of the SMC-rich fibrous cap 
and/or increased macrophage death, leading to plaque rupture, thrombosis (Fig. 6.2a, 
b), and the acute clinical manifestations of atherosclerosis [2, 8].

Fig. 6.1  Basic biochemical pathway of atherogenesis in diabetes

6  Smooth Muscle Cells in Diabetes



132

The atheroma formation necessarily begins with endothelial injury, a pro-
inflammatory milieu and subsequent accumulation of subendothelial macrophages 
at the site of turbulence. The associated dyslipidemia promotes the accumulation of 
the lipid material within these macrophages. The circulating low density lipoprotein 
(LDL) particles in diabetes are small and dense. Diabetes associated hyper triglyc-
eridemia often contributes to the generation of these small, dense LDLs. They offer 
higher penetration, increased susceptibility to oxidation and stronger avidity to the 
endothelium rendering them more atherogenic than the larger LDL particles [9]. The 
oxidation of the LDL particles is a crucial step as the oxidized LDL is antigenic and 
incites a chronic low grade inflammation at the site of atheroma formation with 
recruitment of the inflammatory cells which perpetuates the inflammation and sub-
sequent endothelial injury by degranulation. Moreover, glycation of LDL increases 
the half life of LDL while the half life of the glycated high density lipoprotein (HDL) 
becomes shorter. In short, it means overproduction and perpetuation of LDL choles-
terol and excess clearing of the protective HDL cholesterol. The atheroma formation 
occurs with the accumulation of lipid laden macrophages with subsequent intimal 
thickening. These macrophages recruit bone-marrow derived SMCs [10] as well as 

Fig. 6.2  (a) Scanner view of a medium sized artery (Left Anterior Descending Artery) in a patient 
with diabetes-accelerated atherosclerosis (Hematoxylin and Eosin, 20×); The artery is near-totally 
occluded. (b) The occlusion is because of the plaque rupture and thrombosis (Hematoxylin and 
Eosin, 40×); Note the fibrous cap is thinned out at one edge and numerous needle shaped cholesterol 
clefts in the atheroma core. (c) Numerous subintimal foam cell accumulation associated with sprin-
kling of the lymphocytes (Hematoxylin and Eosin, 200×). (d) Some of the foam cells show myoid 
type morphology with abundant deep eosinophilic cytoplasm (Hematoxylin and Eosin, 200×)
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promote the migration and proliferation of the intra-intimal and medial SMCs [11, 
12]. Moreover, there is evidence that the macrophages themselves can differentiate 
and adopt myofibroblastic phenotype depending on the inflammatory milieu and the 
autocrine and paracrine factors released by the macrophages themselves and the 
endothelial cells. The increased accumulation of the SMCs in an atheroma portends 
the beginning of a fibroatheroma. The general belief of the migration of the medial 
SMCs, their proliferation and lack of apoptosis in the formation of fibroatheroma 
has been challenged by some authors in animal studies. Imperative to say, that dif-
ferent growth factors play roles in the formation of the fibrous cap.

The SMCs secrete collagen required for the formation of the fibrous cap strength-
ening the cap architecture. The increased apoptosis of the SMCs promote plaque 
rupture in two important ways. The first one is due to the relative lack of the colla-
gen which is produced and secreted by the SMCs. The other cause is due to the 
release of pro-inflammatory cytokines related to the myocyte death which potenti-
ates the instability of the plaque. The monocyte-macrophage system plays a crucial 
role in the plaque stabilization by influencing cell death of the SMCs. The advanced 
atherosclerotic lesions can undergo remodeling by an increase in the SMC content 
and reduction of the macrophage content as shown in the animal models. Also HDL 
can bring about similar changes and stabilize an atherosclerotic plaque [13]. The 
SMCs are recruited from the media and they migrate and accumulate in the vicinity 
of the plaque. The SMCs, native to the intima also undergo proliferation and accu-
mulate in the atheromatous plaque. Some of these SMCs take up and accumulate 
the lipid within them similar to the foamy macrophages [14]. In fact, Katsuda et al. 
showed that the majority of the cellularity in the early atherosclerotic plaque is con-
tributed by the SMCs. The foam cells also are mostly derived from the SMCs rather 
than from the macrophages (Fig. 6.2c, d), as was demonstrated by the immunohis-
tochemistry [14]. These SMCs behave like the foamy macrophages and also undergo 
apoptotic death releasing the lipid material extracellularly. The extracellular lipid 
alongside the cellular debris forms the necrotic core. In addition, the SMCs also 
tend to contain this necrotic core within the subintima by forming a fibrous cap over 
it. This fibrous core is formed by the direct presence of the SMCs as well as by the 
secretion of collagen and elastin by the SMCs [7, 15].

Functionally, the SMCs can be divided into resident SMCs and migrating SMCs. 
The resident SMCs are native to the intima and is found normally within the intima, 
whereas the migrating SMCs are derived from the media and can only be seen in 
progressive atherosclerosis. The migration of the SMCs is stimulated by different 
mitogenic factors. The migrating and resident SMCs also receive proliferating sig-
nal to cause progression of the atherosclerotic process. Morphologically or ultra-
structurally, these SMCs can be myofilament-rich or rough endoplasmic reticulum 
(RER)-rich. The myofilament-rich SMC is RER-poor and vice versa. The former 
serves a more contractile function and the later has synthetic functions. The contrac-
tile phenotype is also known as differentiated phenotype and is commonly found in 
the healthy blood vessels whereas the non-contractile/synthetic phenotype predomi-
nates in the diseased blood vessels [16]. It has been shown in animal models that the 
SMCs in the diabetes-accelerated atherosclerosis show a synthetic phenotype rather 
than a contractile phenotype along with a switch in the expression of the actin 
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isoform [16, 17]. The contractile alpha smooth muscle isoform converts to a non-
muscle beta isoform in diabetes-accelerated atherosclerosis [17]. The advanced 
lesions of atherosclerosis (type III onwards) show visible ultrastructural difference 
[4, 5]. The basement-membrane around these SMCs is very thick giving it the name 
of basement-membrane-rich or pancake-like cell [18]. The diabetic SMCs show an 
abundance of cytoplasm and RERs on ultrastructure alongside an increased amount 
of extracellular material [17]. These phenotypic switch in diabetes-accelerated ath-
erosclerosis  is also termed as “phenotypic modulation” [17]. Moreover, studies 
have also pointed out a vascular bed specific remodeling in diabetes and differential 
phenotype of SMCs in different vascular beds in animal studies. As for example, the 
coronary SMCs are found to down regulate the expression of the contractile pro-
teins with altered interaction with the extracellular matrix (ECM) as compared to 
the aortic SMCs. The phenotypic variation of the diabetic SMCs is also described in 
other studies. One such study concluded that the human SMCs isolated from the 
diabetic patients show a significantly higher rate of proliferation, adhesion and 
migration in addition to abnormal morphology in the culture medium [19]. This 
property of the SMCs is termed as “vascular hyperreactivity” by some authors and 
a change in the subcellular calcium ion distribution in activated SMCs has been 
postulated as one of the causes to bring about these changes [20]. The enzyme con-
tent (endothelial Nitric oxide synthetase), intracellular guanosine monophosphate 
(cGMP) levels also change in the diabetic SMCs leading to the hyperreactivity of 
the SMCs in the diabetic patients [16]. Indeed, calmodulin-stimulated cyclic nucle-
otide phosphodiesterase gets accumulated in the SMCs of both the phenotypes and 
takes part in the SMC proliferation and recruitment [21, 22].

It is also important to note that the SMCs in diabetic vessels do not show uniform 
phenotypic and/or functional change. In a seminal study by Boor et al., the enzy-
matic activity of the SMCs in the plaque region or underlying the plaque had been 
found to be different than the enzymatic activity in the vicinity. An isoenzyme of 
glutathione-S-transferase (GST), known as hGSTA4-4 is known to be associated 
with detoxification of the generated intracellular ROS [23]. Preferential expression 
of this enzyme in the SMCs underneath the plaque substantiates the involvement of 
SMCs in the pathogenesis of the diabetes-accelerated atherosclerosis. In addition, 
the role of ROS in the pathogenesis is also highlighted.

6.4  �Biochemical and Pathobiologic Basis of Smooth Muscle 
Cell Proliferation in Diabetes

Despite the general and uniform agreement that SMCs proliferate and accumulate 
in diabetes-accelerated atherosclerosis, the true pathobiology of SMC induction is 
yet not elucidated. Many factors namely hyperglycemia, insulin, AGE, triglycerides 
and non-esterified fatty acids, hypertension and renin-angiotensin system and dif-
ferent paracrine molecules are all implicated with contradictory results in different 
studies. Similarly, the studies highlighting the factors affecting the stability of the 
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plaque are also not met with consensus agreement. Probably the SMC induction and 
plaque stability are the functions of multiple inter-related factors.

Different studies have concluded the effects of hyperglycemia on SMC prolifera-
tion differently. This ranges from stimulatory effect to no effect to inhibitory effect. 
However, few studies have shown that the glucose consumption by the SMCs in 
diabetes remains very high, so much so that they can be almost compared to the 
tumour cells in terms of glucose hunger. However, unlike the endothelial cells, the 
SMCs use glycolytic pathway for ATP generation even under aerobic condition, a 
paradoxical condition known as “aerobic glycolysis”. Energetically infidel, aerobic 
glycolysis protects the SMCs from the oxidative stress [24]. There are some studies 
proposing the theory of induction of proliferation and accumulation of the SMCs by 
chronic hyperglycemia [16, 25–27]. Application of different inhibitor drugs on ani-
mal subjects have shown consequent blockade of the SMC proliferation and accu-
mulation. For example, epalrestat, the inhibitor of aldose reductase enzyme (key 
enzyme of polyol pathway) has abolished the proliferative and migratory pheno-
typic and functional switch in diabetic animals proving the role of polyol pathway 
in the pathogenesis [27]. Similarly, the anti-insulin drugs are also found to nullify 
the SMC chemokinesis substantiating the role of free radical pathway in SMC 
pathobiology [26]. Advanced glycation end products (AGE)s are found to cause 
oxidative stress in the SMCs by the AGE-RAGE (receptor of AGE) interaction and 
the growth stimulatory effect of this ligand-receptor interaction. Also, the altered 
cell-cell and cell-matrix interaction promoted by the AGEs or ALEs (advanced 
lipoxidation end products) cause an aberrancy of cellular function. On the contrary, 
the stimulatory effect of chronic hyperglycemia on SMC has been challenged by a 
few authors [12, 28]. In this context, the study by Peiro et al. is noteworthy. These 
authors had shown a death promoting effect of chronic hyperglycemia on the SMCs 
by the activation of necrotic pathway. Moreover, hydrogen peroxide has been found 
to play a pivotal role in this necrotic cell death, as catalase enzyme had been found 
to abolish these effects. This necrotic cell death promotes the changes of diabetic 
vasculopathy [28]. Morphologically, the changes of both diabetic vasculopathy and 
accelerated atherosclerosis are well documented in the same organ. Hence, proba-
bly, chronic hyperglycemia has a complex interaction with the SMCs and the 
smooth muscle changes are function of multiparametric interaction.

There is evidence of lesional triglyceride (TG) and non-esterified fatty acids 
(NEFA) promoting SMC migration and proliferation in the recent literature. The 
lipoprotein lipase, an essential enzyme in the degradation of the TG is increased in 
atheromatous lesions and is released by the SMCs and the macrophages in an ath-
eromatous plaque. Recent evidence suggests that the insulin resistance has adverse 
effects on both the endothelium and the platelets via the downregulation of the 
PI3K/AKT and IRS-1/AKT pathways ultimately promoting an imbalance of nitric 
oxide (NO) and reactive oxygen species (ROS). However, the role of insulin or 
insulin-resistance on SMCs is not well established [11].

The nitrergic pathway, intracellular guanosine monophosphate (cGMP) and ROS 
are considered to be the final common pathway linking all the other metabolic path-
ways in diabetes mellitus, namely the polyol, hexosamine, AGE and protein kinase 
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C (PKC) pathways [1, 29]. Many studies including the study by Pandolfi et al. had 
shown the upregulation of the intra-endothelial and intra-SMC nitric oxide synthe-
tase (NOS) activity along with a concurrent fall in cGMP and rise in superoxide 
production in diabetic animals [16].

The renin-angiotensin pathway, hypertension and the paracrine factors may also 
affect the SMCs, though convincing evidences are still lacking. Similarly, no such 
factors can be implicated for the plaque instability [11].

From this discussion, it is evident that diabetes causes SMC dysfunction or dia-
betes is a state of altered function for SMCs. This SMC dysfunction is attributed to 
variable factors but hyperglycemia, insulin resistance and dyslipidemia all play 
roles in this. These factors are also keys to the vascular damage and subsequent 
atherogenesis. All these three factors promote oxidative damage to the endothelium 
bringing about a vasoconstrictive, pro-inflammatory and prothrombotic state all of 
which stimulate atherogenesis independently or in a combined manner. So, in brief, 
diabetes is a state of phenotypic modulation and dysfunction of the SMCs [30].

6.5  �Significance of the Smooth Muscle Cell Changes 
in Diabetes

Once the morphological and functional changes in SMCs occur, consequently the 
imminent question that looms large is “Do these changes reflect mere research-
related jargon or they have any diagnostic, prognostic or therapeutic value”? In 
simple words, what is the clinical relevance of these SMC changes in relation with 
diabetes which is necessarily twofold in clinical practice. The first one is prognostic 
and the second one is therapeutic. Currently, the diagnosis of diabetes-accelerated 
atherosclerosis is more clinical and comes from the end-organ-damage related signs 
and symptoms. The above-mentioned pathways are experimental studies either in 
cell culture or in animal models.

The involvement of the SMCs dictate the development, progression and the com-
plications of the diabetes associated macrovascular disease. It is evident from the 
above-mentioned discussion that the SMCs undergo a series of phenotypic and 
functional changes in the diabetic setting. These changes may involve preferential 
vascular beds and can have regional preferences as well. The basic underlying 
change of the SMCs in diabetes is the proliferation and accumulation leading to the 
formation of the atheroma. Moreover, the SMCs undergo foam cell transformation 
in the early stage. The next step is progression of the atheroma into fibroatheroma 
which is brought about by the secretion of collagen by the SMCs. The complica-
tions can occur either in the form of plaque rupture or plaque vulnerability or stabil-
ity of the plaque leading to luminal occlusion. Dissecting aneurysm and vasculopathy 
are also known complications of diabetic macrovascular disease. Although the exact 
mechanism of the plaque rupture is not well elucidated, it is probably caused by a 
thinner fibrous cap. The thinner fibrous cap can be formed by a lesser collagen 
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secretion by SMCs and this diminution of the collagen secretion could be because 
of less proliferation and/or accumulation of the SMCs or their death by apoptosis or 
a functional defect of the accumulated SMCs. The SMC apoptosis also promotes 
dissecting aneurysm and diabetic vasculopathy.

The therapeutic significance of the SMC involvement is again twofold. According 
to the previous concept, the endothelial cells are believed to be the key mediators in 
the diabetic vascular diseases. However, the recent concept proves the fact that 
SMCs play a major role in diabetic diseases independent of or dependent on the 
endothelial injury. This necessitates targeting the SMCs with or without the endo-
thelial cell activation. As for example, the foam cells in early atherosclerosis are 
experimentally targeted as their presence and trafficking promotes the progression. 
As the foam cell population consists of both the macrophages and SMCs, they 
become the natural therapeutic targets [31]. SMC proliferation and migration along 
with the biosynthetic activity is also targeted for causing plaque regression [32]. 
Endoglin receptor modulator modulates the mural cell adhesion and their prolifera-
tion and is found to be beneficial in atherosclerosis [33, 34]. Secondly, the underly-
ing mechanisms of the endothelial dysfunction have been postulated. The individual 
modulators of these postulated pathways are found to have beneficial effects (anti-
proliferative and anti-migratory) on the SMCs in the animal models. Targeting these 
pathways in the human beings may prove to have therapeutic effects. Naturally, the 
antioxidants and free radical scavengers, anti-PKC agents, aldose reductase inhibi-
tors are all effective [32]. The role of epigenetic modifiers and micro RNAs in this 
aspect are also being evaluated [35, 36].

6.6  �Conclusion

In short, diabetes promotes a state of smooth muscle cell dysfunction and prolifera-
tion coexisting with its phenotypic changes. These changes probably occur as a 
result of the complex interaction of multiple biochemical parameters. This consti-
tutes the effector mechanism of the formation, progression and the complications of 
the atherosclerotic plaque. A detailed knowledge of such underlying pathogenesis 
may help in the development of the newer targeted therapies in diabetes associated 
accelerated atherosclerosis.
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