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ANDROGENS AND CARDIOVASCULAR DISEASE  

Males have a higher risk of cardiovascular disease (CVD) compared to age-matched females despite a 
postmenopausal increase in risk of CVD in women[1]. While much attention has focused on the 
protective effect of estrogens, endogenous androgens may be proatherogenic in males. Serum 
concentrations of testosterone are ten times higher in males (10–35 nM) than in females (0.5–2.3 nM)[2]. 
Compared to a vast literature on the vascular effects of estrogens, the role of androgens in atherosclerosis 
has attracted relatively little attention. Dihydrotestosterone regulates DNA synthesis in human vascular 
cells[3], while testosterone enhances apoptosis in human endothelial cells (ECs)[4] and worsens 
endothelial dysfunction in experimental atherosclerosis[5], suggesting that androgens might be 
proatherogenic. Androgen exposure is associated with increased human monocyte adhesion to ECs, a 
proatherogenic effect mediated at least in part by an increased EC-surface expression of VCAM-1[6]. 
Further, Ng et al. have recently shown that androgens up-regulate atherosclerosis-related genes in 
macrophages from males, but not females[7]. Anabolic androgens accelerate atherosclerosis in primate 
models[8], markedly reduce HDL-cholesterol, and induce endothelial dysfunction in male body 
builders[9]. Overall, these studies suggest that androgens adversely influence vascular function and 
contribute to gender-associated differences in atherogenesis. 

Conversely, testosterone is a coronary vasodilator[10] and a study of postmenopausal women showed 
that endogenous androgens were inversely related to carotid intimal-medial thickness suggesting potential 
beneficial vascular effects of androgens[11]. Testosterone supplementation in orchidectomized animals 
with experimental atheroma reduced lesion formation, an effect not observed when the animals were 
treated simultaneously with the aromatase inhibitor, suggesting that testosterone attenuates early 
atherogenesis via conversion to estrogens by the enzyme aromatase expressed in the vessel wall[12]. We 
have shown that DHEA inhibits human vascular smooth muscle cell (vSMC) proliferation by a 
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mechanism independent of either androgen receptors (ARs) or estrogen receptors (ERs), presumably via a 
DHEA-specific receptor that involves ERK1 signaling pathways[13]. Further, we have also shown that 
DHEA increases EC proliferation in vitro by mechanism(s) independently of either AR or ER and in vivo 
enhances large- and small-vessel endothelium-dependent vasodilation in postmenopausal women[14]. 
Thus, the role of androgens on atherogenesis is potentially complex, with both deleterious and protective 
effects, and requires further study. One of the hypotheses of atherogenesis known as “Response to 
Retention”[15], which is based on the binding and retention of atherogenic lipoproteins, has recently risen 
to prominence[16,17]. This article focuses on the contribution of proteoglycan synthesis and structure to 
atherogenesis and new findings on the action of androgens on proteoglycan biosynthesis in vSMC.  

MODIFICATION OF PROTEOGLYCANS AND THE “RESPONSE TO RETENTION” 
HYPOTHESIS 

The two processes that can alter the vascular proteoglycan compartment in a manner that may increase the 
propensity for the initiation of atherosclerosis are an alteration in the level of expression and the mix of 
proteoglycans or a change in the biochemical fine structure of the glycosaminoglycan (GAG) chains on the 
proteoglycans that are associated with apolipoprotein binding (Fig. 1). The biochemical changes in GAGs 
that can alter binding to apolipoproteins have recently been reviewed in detail[18]. At this time, the major 
biochemical property of proteoglycans that can be most clearly associated, at least in in vitro models, with 
the binding of apolipoproteins is the length of the GAG chains[18]. The interaction between LDL and 
proteoglycans can be studied in vitro using a Gel Mobility Shift Assay (GMSA) that most usually measures 
the interaction between metabolically radiolabeled proteoglycans synthesized by vSMCs and a range of 
concentrations of normal human LDL by electrophoretically separating the bound from free proteoglycan on 
a flat bed gel arrangement allowing for determination of a curve equivalent to a binding isotherm[19]. This 
technique allows for the vSMCs to be treated with hormones, growth factors, and drugs, and for an 
assessment to be made of the effect of such treatments on the characteristics by which the isolated and 
radiolabeled proteoglycans bind to LDL. The proteoglycans can be assessed for changes in size by gradient 
SDS-PAGE and more rigorously by size-exclusion chromatography. Changes in the size of the 
proteoglycans reside only in changes in the size of the GAG chains and not in the size of the proteoglycan 
core proteins. Apolipoproteins bind only to the GAG chains and not to the core proteins[20]. Changes in 
size of the proteoglycan can be further assessed by chemically cleaving the chains from the core proteins 
and assessing the size of the free chains. A further technique, based on the assumption that the chain 
synthesizing mechanisms in the cell influences all chondroitin/dermatan sulfate proteoglycans similarly, is 
to provide the cells with excess xyloside that acts as a “false acceptor” leading to the syntheses of small 
GAGs without core proteins. We recently demonstrated that treatment of vSMCs with the proatherogenic 
growth factor, Transforming Growth Factor (TGF)-β, leads to the synthesis of proteoglycans that are larger 
than the respective controls, that the free chains released from these proteoglycans are also larger, and that 
the xyloside-initiated GAGs from TGF-β–treated cells were also larger than their respective controls[20]. 
Most interestingly and convincingly, we demonstrated that LDL binding studies by GMSA revealed that for 
intact proteoglycans, free chains from proteoglycans, and xyloside-initiated GAGs, the products from the 
cells treated with TGF-β all showed enhanced binding to LDL[20].  
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FIGURE 1. Stylized presentation of the two processes of the initiation of atherosclerosis. (1) The binding 
and retention of atherogenic lipoproteins (LDL) to modified proteoglycans; (2) the binding and adhesion of 
monocytes/macrophages to the activated endothelium. See text for further details.  

Platelet-derived growth factor (PDGF)[21], oxidized LDL[22], fatty acids[23], and angiotensin II[24] 
increase the size of proteoglycans produced by vSMCs and these show greater binding to LDL. In the 
current context, we have recently determined the effects of androgens on proteoglycan biosynthesis in 
vSMCs and the properties of the proteoglycans for binding to human LDL. 

ANDROGENS AND PROTEOGLYCAN BIOSYNTHESIS IN VASCULAR SMOOTH 
MUSCLE 

Peroxisome Proliferator Activator Receptors (PPARs) are members of the steroid superfamily of 
receptors that are transcription factors and are known to have multiple effects on proteoglycan synthesis 
in vSMCs[25,26]. Androgens are also members of this family and with the controversial situation with 
respect to hormones and CVD, we evaluated the effect of androgens in our model of proteoglycan 
synthesis and LDL binding. We investigated the effect of specific androgens, androstenedione, 
dihydrotestosterone, and testosterone on proteoglycan biosynthesis in human vSMCs derived from 
internal mammary arteries[27]. In these experiments, human vSMCs were metabolically labeled with 
[35S]-sulfate or [35S]-methionine/cysteine to assess GAGs or proteoglycan core protein synthesis, 
respectively. The electrophoretic migration of radiolabled proteoglycans (as a surrogate measure of 
molecular size and, thus, GAG chain length) was assessed by SDS-PAGE and proteoglycan-LDL 
interactions were assessed using LDL affinity columns. Treatment of vSMCs with androstenedione 
(100 nM), dihydrotestosterone (10 nM), or testosterone (100 nM) increased [35S]-sulfate incorporation 
into GAGs by 24.8% (p < 0.05), 22% (p < 0.05), and 32.5% (p < 0.05), respectively. Treatment of vSMCs 
with testosterone did not alter [35S]-methionine/cysteine incorporation into proteoglycan core protein 
synthesis, indicating that the effect of testosterone was associated with an increase in GAG length. 
Dihydrotestosterone (10 nM) and testosterone (100 nM) treatment of vSMCs resulted in the synthesis of 
biglycan and decorin that showed reduced electrophoretic mobility by SDS-PAGE, indicating an increase 
in GAG length. The effect of testosterone treatment on [35S]-sulfate incorporation and GAG length was 
reversed by the pretreatment of vSMCs with flutamide (1 μM), an androgen receptor antagonist. Based on 
the ability of androgens to alter the properties of proteoglycans, we assessed the properties of 
proteoglycans from androgen-treated cells binding to LDL. Proteoglycans from vSMCs treated with 
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testosterone showed modest (11%), but statistically significant (p < 0.01), higher binding capacity to LDL 
compared to proteoglycans from untreated cells[27].  

MECHANISM OF ACTION OF ANDROGENS ON PROTEOGLYCAN SYNTHESIS 

GAG size is controlled by a family of enzymes that act in the Golgi to grow the developing chain on the 
proteoglycan core protein[28]. As noted above, the effect of the cell treatments can also be demonstrated 
on the synthesis of the xyloside-initiated GAGs, indicating that the process is independent of core 
proteins[20]. It may be that androgens can induce the expression of the enzymes responsible for GAG 
elongation in vSMC. The effects of androgens are quite subtle[27]. In the context of the long development 
of atherosclerosis, it would be argued that small effect over a long period might have an impact in such a 
chronic disease process. However, such effects presently remain, most likely, too subtle to follow 
experimentally with demonstrations of mechanism. We have recently identified a number of tools that 
have profound effects on GAG synthesis in vSMC and we are hopeful that these tools may provide us 
with the entrée to this area of investigation and allow for the identification and study of the rate limiting 
enzyme(s) and their control by pharmacological and therapeutic agents[18]. In a related context, we 
showed that the inhibition of GAG synthesis by the fibrate fenofibrate was accompanied by an action of 
the drug to stimulate the synthesis of proteoglycan core proteins[29]. Thus, steroid family receptors have 
multiple effects on vascular proteoglycans and unravelling the roles of these agents may not only divulge 
interesting effects on metabolism relevant to CVD, but also on direct vascular actions. 

CONCLUSIONS  

Our evaluation of the effects of androgens on proteoglycan biosynthesis and the interaction with LDL 
showed that androgen treatment of human vSMCs increased proteoglycan synthesis and GAG length and 
this resulted in an increase in binding to LDL. The effect of testosterone on vascular proteoglycans was 
dependent on the testosterone receptor because the response was inhibited by the receptor antagonist 
flutamide. There are several lines of evidence that show that testosterone or dihydrotestosterone 
stimulates proteoglycan biosynthesis in the prostate[30], testis[31], cartilage[32], and submandibular 
glands[33], however, the mechanism(s) by which atherogenic effects of androgens are mediated in 
vSMCs are unclear. One possible explanation for the atherogenic effects of androgens involves direct 
effects on atherogenesis and progression at the level of the arterial intima. Risk factors for CVD interact 
negatively in a synergistic manner, thus, a small change in proteoglycans induced by elevated androgens 
in addition to the presence of one or more coronary risk factors, may render males more susceptible to 
atherosclerosis than females.  
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