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AbstrAct
HIV infection is a risk factor for cardiovascular disease 
(CVD). This risk is accentuated by certain combination 
antiretroviral therapies (cARTs), independent of their 
effects on lipid metabolism and insulin sensitivity. We 
sought to define potential mechanisms for this association 
through systematic review of clinical and preclinical 
studies of CVD in the setting of HIV/cART from the English 
language literature from 1989 to March 2018. We used 
PubMed, Web of Knowledge and Google Scholar, and 
conference abstracts for the years 2015–March 2018. 
We uncovered three themes: (1) a critical role for the 
HIV protease inhibitor (PI) ritonavir and certain other PI-
based regimens. (2) The importance of platelet activation. 
Virtually all PIs, and one nucleoside reverse transcriptase 
inhibitor, abacavir, activate platelets, but a role for this 
phenomenon in clinical CVD risk may require additional 
postactivation processes, including: release of platelet 
transforming growth factor-β1; induction of oxidative 
stress with production of reactive oxygen species from 
vascular cells; suppression of extracellular matrix 
autophagy; and/or sustained proinflammatory signalling, 
leading to cardiac fibrosis and dysfunction. Cardiac 
fibrosis may underlie an apparent shift in the character 
of HIV-linked CVD over the past decade from primarily 
left ventricular systolic to diastolic dysfunction, possibly 
driven by cART. (3) Recognition of the need for novel 
interventions. Switching from cART regimens based on 
PIs to contemporary antiretroviral agents such as the 
integrase strand transfer inhibitors, which have not been 
linked to clinical CVD, may not mitigate CVD risk assumed 
under prior cART. In conclusion, attention to the effects 
of specific antiretroviral drugs on platelet activation 
and related profibrotic signalling pathways should help: 
guide selection of appropriate anti-HIV therapy; assist in 
evaluation of CVD risk related to novel antiretrovirals; and 
direct appropriate interventions.

IntroduCtIon
Cardiovascular disease (CVD) is the third 
most frequent non-AIDS cause of death in 
HIV+ individuals, and in those on combi-
nation antiretroviral therapy (cART), it 
is the leading cause.1 CVD is predicted to 
increase markedly with ageing among the 
HIV infected, presenting obstacles to a 

normal life span and contributing substan-
tially to healthcare utilisation costs in 
resource-rich and resource-poor settings.2–5 
These disorders affect all demographics, 
with an equivalent impact on paediatric and 
adult populations.1 5 In terms of gender, the 
US Veterans Aging Cohort Study established 
that, after adjusting for age, race, ethnicity, 
lipids, tobacco use, blood pressure, diabetes, 
renal disease, obesity, hepatitis and substance 
abuse, the HR for substantial cardiovascular 
(CV) events was 1.48 for all HIV-infected 
veterans (p<0.05)6 and 2.8 among female 
veterans (p<0.001).7 

In defining the pathophysiology of the asso-
ciation between HIV and CVD, it is important 
to recognise that the magnitude of CVD risk 
in the HIV+/ART-naive is low. The large Data 
Collection on Adverse Events of Anti-HIV 
Drugs (D:A:D) study found no increase in 
acute myocardial infarction (AMI) in the 
absence of antiretroviral therapy (ART).8 
In contrast, this risk increased by 26% per 
year of ART exposure, despite the fact that 
blood pressure, high density lipoprotein 
(HDL) cholesterol levels and smoking did 
not change or declined.8 A very recent report 
from the Multicenter AIDS Cohort Study 
(MACS) refined this risk, emphasising the 
importance of viral control in the setting 
of cART.9 There was a higher incidence 
and greater progression of low-attenuation, 
non-calcified high-risk plaque among HIV-in-
fected men than age-matched controls over 
a median of 4.5 years. Failure of viraemic 
control for those on cART was an important 
correlate of plaque progression.9 These data 
have been incorporated into new models for 
assessment of the global risk of CVD in the 
setting of HIV, which have higher accuracy 
than classic Framingham equations. One 
model includes cumulative exposure to HIV 
protease inhibitors (PIs) as a class, or current 
use of the nucleoside reverse transcriptase 
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inhibitor abacavir.10 Large observational cohorts docu-
ment that cART based on other nucleoside or non-nucle-
oside reverse transcriptase inhibitors does not influence 
AMI incidence, and although integrase strand transfer 
inhibitor-based ART has not been in widespread use for 
periods sufficient to permit long-term follow-up, those 
agents also do not appear to influence CVD risk.1 11 12

We sought to define potential mechanisms for the 
impact of specific antiretroviral drugs on CVD risk in the 
setting of HIV through a systematic review of clinical and 
preclinical studies from the English language literature 
from January 1989 to March 2018. We used PubMed, Web 
of Knowledge and Google Scholar, and reviewed confer-
ence abstracts from major national and international 
HIV/AIDS conferences for years 2015–March 2018. We 
paid particular attention to recent PI-boosted regimens 
that substitute cobicistat for ritonavir (RTV),13 as well as 
two antiretroviral drugs, abacavir and the PI atazanavir, 
for which links to changes in clinical CVD risk remain 
controversial. We recognised that cART-mediated effects 
on lipid metabolism, insulin sensitivity, endothelial func-
tion, activation of monocytes and T cells, and the role 
of oxidative stress in initiation and maintenance of these 
metabolic and proinflammatory processes, all of which 
can affect vascular homeostasis and CVD risk, have been 
extensively reviewed1 14–18 and were not the main focus 
of our study. What has not received sufficient attention 
is the concept that these systems are differently impacted 
by individual antiretroviral agents, and the critical role 
of specific types of antiretroviral-mediated platelet acti-
vation with induction and maintenance of profibrotic 
pathways.

This information has practical clinical ramifications. 
Recent studies have noted the disparity in quality of 
cardiovascular care for HIV-infected versus uninfected 
individuals. When indicated, physicians were much less 
likely to prescribe aspirin or other antiplatelet agents, 
or hydroxymethylglutaryl-coenzyme A (HMG-CoA) 
reductase inhibitors (statins) to HIV-infected individ-
uals (5.1% vs 13.8%, p=0.03 and 23.6% vs 35.8%, p<0.01, 
respectively).19 Findings on the underutilisation of statins 
were replicated among 3453 HIV-infected women in the 
Women’s Interagency HIV Study20 and among a diverse 
population of 3312 HIV+ individuals in the dialated 
cardiomyopathy (DC) cohort.21 It was speculated that 
most HIV patient visits focus on control of HIV viraemia 
to the detriment of preventive CV care19 but, as high-
lighted here, the two areas are intimately linked.

Impact of cArt on CVd risk: classes of Art versus individual 
antiretroviral agents
There are no prospective, randomised trials to document 
a causative relationship between cART in general, or a 
specific antiretroviral agent, and CVD. However, the fact 
that the association between CVD and use of only certain 
PIs is reproducible in multiple, large and diverse obser-
vational cohorts (table 1)6 11 17 18 22–26 28 29 and is charac-
terised by a slowly increasing risk as cumulative exposure 

to these antiretrovirals increases,18 ‘reduces—albeit does 
not remove—the risk that unknown or unmeasured 
confounders that could not be adjusted for might explain 
the association’, in the conclusion of one group.18 Data 
from preclinical models, derived from our lab and others, 
support this interpretation, as discussed below.

Table 1 summarises the association of cART with 
CVD risk in adults. With one major exception, based on 
Veterans Affairs databases,22 23 large observational studies 
support the association of PIs versus other ART classes 
with increased CVD risk. All but one study powered to 
distinguish among specific PIs linked this risk to RTV, 
used alone or with certain other PIs, including lopinavir, 
indinavir, amprenavir, fosamprenavir and darunavir, in 
so-called PI-boosted regimens. Nearly all PIs are combined 
with low-dose RTV or, more recently, cobicistat, both of 
which inhibit cytochrome P450 3-mediated metabolism of 
PIs in the liver, resulting in increased plasma concentra-
tions.13 Cobicistat-boosted regimens are not included in 
table 1 as they have not been in clinical use for sufficient 
periods to assess CVD risk, which would have enabled 
addressing the issue of whether it is the boosting of the 
principal PI or the boosting agent itself, which is respon-
sible for some of the long-term side effects of such regi-
mens. One phase III trial contrasting RTV-boosted versus 
cobicistat-boosted PIs found no variation in high/low 
density lipoprotein profiles or degree of bone mineral 
density loss over a 144-week follow-up period, but details 
of CVD assessment were not included.13 In any event, 
RTV-boosted PIs continue to be used worldwide, and in 
recent studies of contemporary two drug regimens in the 
USA, darunavir/RTV is one of the key components.29 
In addition, observational studies suggest that switching 
from RTV-based or other PI-based cART to alternative 
drug classes may not mitigate CVD risk30 31 nor reduce 
existing arterial inflammation.32

In evaluating our pathophysiological model for 
cART-accelerated CVD based on the importance of 
platelet activation, it is also important to consider 
apparent contradictions. For example, the PI atazanavir 
and RTV-boosted atazanavir had no significant link to 
CVD (table 1), with one group suggesting a reduced risk 
for AMI with atazanavir exposure.33 However, these regi-
mens are associated with heightened platelet activation.30 
In addition, there is continued argument as to whether 
abacavir increases CVD risk; some treatment guidelines 
still suggest caution in its use in individuals with high 
Framingham CVD risk scores.1 12 15 34 Part of the contro-
versy involving atazanavir concerns the role of residual 
confounders in analysis of a relatively small cohort.33 
Indeed, coronary artery calcium scoring and coronary 
CT angiography documented an increase in any plaque 
in association with cumulative exposure to atazanavir 
(adjusted OR 1.66) or abacavir (adjusted OR 1.38),35 and 
this is reflected in our contrast of antiretroviral agents 
linked to an increase in clinical CVD risk as opposed to 
changes in surrogate markers for such disease (table 2). 
These issues are explored in our review of the impact of 
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an individual antiretroviral agent on lipid profiles and 
platelet activation and on extracellular matrix (ECM) 
autophagy, macrophage polarisation and oxidative stress, 
all of which can contribute to, or protect against, cardiac 
fibrosis and dysfunction.

the role of HIV/cArt in modulating traditional CVd risk 
factors
The D:A:D Study Group concluded that the increase in 
AMI risk in the setting of HIV ‘may at least in part be 
explained by cART-induced changes in conventional risk 
factors. These findings [therefore] provide guidance in 
terms of choosing lifestyle or therapeutic interventions 
to decrease those risk factors’.11 Indeed, recent reviews 
have focused on modification of traditional risk factors, 

including diet and pharmacological treatment of hyper-
lipidaemia and inflammation with statins.1 15 Lipid abnor-
malities are important in proinflammatory processes 
and atherosclerosis, and both hypercholesterolaemia 
and hypertriglyceridaemia increase platelet activation,36 
which could promote a proinflammatory, procoagu-
lant and profibrotic state regardless of HIV infection or 
cART use. RTV and darunavir impact platelet function 
in a manner comparable with tobacco smoke and may 
synergise with smoking in promotion of a hypercoagu-
able state.37 With reference to fibrosis, a cross-sectional 
study of HIV-infected adults on cART documented 
normal ejection fractions but subclinical systolic dysfunc-
tion in association with myocardial steatosis and diffuse 

Table 1 Assessment of clinical cardiovascular disease (CVD) risk in HIV-infected adults in association with protease inhibitors 
(PIs) as a class and as individual PIs

Citation Study
No. of HIV+
patients

No. of HIV 
controls

CVD risk 
assessed

HR, PI use as a 
class

HR,
PI use by individual 
drugs

Description of
study type

Ref 6  Veterans Aging Study, 
Virtual Cohort

27 168 55 109 AMI 1.34 (p=0.06) Controlled for traditional
CVD risk factors.

Ref 25 Meta-analysis to 2010 ACS and CVA risk/
year.
AMI risk/year.

1.10 (1.05–1.17).
1.41 (1.20–1.65).

Ref 26 Meta-analysis, 11 
studies

2442 ACS, AMI risk at 
25.5 months

2.68 (1.89–3.89)

Ref 22 Veteran Affairs Quality 
Enhancement Research 
Initiative

36 766 AMI and CVA 1.23 (0.78–1.93) 
(p=0.57)

Years 1993–2001, 
retrospective,
40 months f/u; 23.9% 
diabetes, HTN,
↑lipids, tobacco.

Ref 23 Veteran Ageing Cohort 
Study

31 523 66 492 Heart failure with 
ejection fraction

NS
elevated versus no ART:
PI: 1.80 (1.19–2.75). 
NNRTI: 1.48 (1.01–2.15).

Ref 11 D:A:D 23 437 AMI/1000 person-
years

No PI: 1.00 >6years: 1.10. Adjusted for lipids.

Ref 28 D:A:D ATV: 9611.
ATV/r: 37 005.

AMI/overall risk/
year.
CVA/overall risk/
year.

ATV: 0.80 (0.61–1.03);
ATV/r: 0.99 (0.90–1.08) NS.
ATV: 0.80 (0.61–1.03);
ATV/r: 1.02 (0.98–1.06) NS.

Ref 30 D:A:D 35 711 CVD IRR/5 years IDV 1.47; LPV/r 1.54.
DRV/r 1.53 (1.28–1.84).
ATV/r 1.0 (0.88–1.16) NS.

Ref 18 French Hospital 
Database

289 884 AMI/overall risk/year 1.53 (1.21–1.94) Amprenavir/LPV/r 
fosamprenavir±/r
1.56 (1.21–2.01).
LPV/r: 1.34 (1.09–1.64).
IDV: NS.
SQV/r: NS.

Ref 17 Meta-analysis Eight studies to 
2011

AMI/overall risk/year 2.13 (1.06–4.28) ↑Relative risk/year of 
exposure:
IDV/r: 1.11 (1.05–1.17).
LPV/r: 1.22 (1.01–1.47).

Ref 24 RAMQ 7053 27 681 AMI/overall risk/year LPV: 1.98 (1.24–3.16).
RTV: 2.29 (1.48–3.51).

HRs are statistically significant unless otherwise indicated. 
Antiretroviral drug abbreviations: ATV, atazanavir; DRV, darunavir; IDV, indinavir; LPV, lopinavir; RTV, ritonavir; SQV, saquinavir; r: ritonavir-boosted 
protease inhibitor.
ACS, acute coronary syndrome; AMI, acute myocardial infarction; ART, antiretroviral therapy, CVA, cerebrovascular accident; D:A:D, Data Collection 
on Adverse Events of Anti-HIV Drugs; f/u, follw up; HTN, hypertension;  IRR, incident rate ratio; NNRTI, non-nucleoside reverse transcriptase inhibitor; 
NS, not significant; RAMQ, Regie de l'assurance-maladie du Quebec.
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myocardial fibrosis.38 (There was no association between 
exposure to specific classes of ART and intramyocar-
dial lipid content or fibrosis, but specific PIs were not 
examined.) The authors stated that these observations 
‘suggest’ that cardiac fibrosis may simply be secondary to 
the downstream metabolic effects of HIV infection.38

However, review of 4685 participants from 35 coun-
tries in the Strategic Timing of Antiretroviral Treat-
ment (START) trial, a randomised study of immediate 
versus deferred cART initiation among HIV-infected 
individuals with CD4+ T cell counts in the normal range 
(>500 cells/mm3), concluded that the net effect of cART 
on traditional CVD risk ‘may be clinically insignificant’, 
at least in the short term, with a mean follow-up of 3.0 
years.39 In fact, cART had opposing effects on serum 
lipids in START, increasing total cholesterol and low-den-
sity lipoprotein cholesterol and also increasing high-den-
sity lipoprotein cholesterol and decreasing the need for 
blood pressure medication.39 While accelerated CVD 
risk linked to RTV, used alone or at much lower doses 
in many RTV-boosted PI regimens, is accompanied by 
changes in lipid metabolism,14 18 hyperlipidaemia was not 
a factor in the high CVD risk related to darunavir/RTV in 
humans,18 and RTV-driven cardiac disease could be disso-
ciated from hyperlipidaemia in two rodent models.40 41 
While lipid profiles were minimally altered, to similar 
levels, with RTV-boosted darunavir and atazanavir,42 the 
link to heightened risk for clinical CVD is much greater 
with the former regimen.18 28

Surrogate markers for CVd and biomarkers of inflammation 
and coagulopathy in HIV/cArt
Circulating levels of immune and other cellular activation 
biomarkers in HIV-infected individuals vary widely with 
different antiretroviral regimens, complicating attempts 
to link these changes to CVD in the setting of HIV/cART. 
Such biomarker data may offer insight into the severity 
of cardiovascular-related outcomes in the setting of HIV 
and HIV/cART,43 but presently they are not reliable 

indicators of the impact of a specific ART regimen or 
antiretroviral drug on CVD risk.

For example, changes in plasma markers of inflamma-
tion, monocyte activation and coagulation among indi-
viduals starting cART within 6 months of HIV infection 
in AIDS Clinical Trials Group protocol A5217 found 
d-dimer levels, an indication of a hypercoaguable state, 
lowered on viral suppression (p=0.031) but high-sen-
sitivity C reactive protein (hsCRP), a marker of inflam-
mation, and monocyte sCD14 levels were unchanged 
regardless of regimen.44 In another study, only hsCRP 
correlated directly with advancing carotid intima-media 
thickness (CIMT).45 Integrase strand transfer inhibi-
tor-based regimens led to greater decreases in sCD14, 
hsCRP and lipoprotein-associated phospholipase A2, 
a marker of vascular inflammation, compared with a 
non-nucleoside reverse transcriptase-based regimen, 
but interleukin (IL)-6, tumour necrosis factor-alpha 
(TNF-α)-receptor 1 and another monocyte activation 
marker, sCD163, were unaltered.46 There was a decline in 
IL-6 and sCD14 on integrase strand transfer inhibitor but 
not PI-based ART, but levels of sCD163 and hsCRP did 
not differ between treatments.47 In the Switching From PI 
to RALtegravir in HIV Stable Patients (SPIRAL) study of 
273 HIV+ individuals switched from RTV-boosted PIs to 
integrase strand transfer inhibitor-based cART, there were 
declines in hsCRP, monocyte chemoattractant protein-1, 
osteoprotegerin, IL-6, TNF-α and d-dimers, with magni-
tudes ranging from 8% for d-dimers to 40% for hsCRP 
and 46% for IL-6.31 However, there were no significant 
changes in related biomarkers, including IL-10, soluble 
intercellular adhesion molecule-1 (sICAM-1), vascular 
cell adhesion molecule-1 (sVCAM-1), E-selectin and 
P-selectin.31 Another procoagulant marker, tissue factor 
(TF), is also elevated following HIV and simian immuno-
deficiency virus infection, and levels are not normalised 
in the setting of cART.48

In terms of biomarker correlations with functional 
measures of preclinical CVD, elevated levels of sCD163, 

Table 2 Effects of specific antiretroviral drugs on CVD risk and factors linked to accelerated CVD*

Antiretroviral

CVD risk

ART class† Clinical
Surrogate 
markers Lipids

Platelet 
activation Autophagy

ROS 
production

Ritonavir (RTV) PI + + ↑ + Blocks +

Lopinavir/RTV PI + + ↑ + Blocks +

Darunavir/RTV PI + + +/− + Blocks +

Atazanavir/RTV PI − + +/− + Induces − 

Atazanavir PI − + +/− + Induces − 

Abacavir NRTI +/− + − + Not tested − 

Raltegravir INSTI − − − − Not tested − 

*Citations for these analyses are presented in the text. The methodology for assessment of platelet activation varied among studies.
†INSTI, integrase strand transfer inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; ROS, reactive oxygen 
species.
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sCD14 and monocyte chemoattractant protein-1 were 
associated with subclinical atherosclerosis based on coro-
nary CT angiography in one MACS study.49 However, there 
was only a very modest level of correlation among these 
monocyte markers. Baseline sCD14 levels correlated with 
CIMT progression in the setting of HIV,49 50 though cART, 
regardless of class, did not influence these levels.31 46 In 
addition, absolute levels of HIV in cART-treated individ-
uals did not correlate with many biomarkers of inflamma-
tion or CVD risk.47

These studies indicate that current biomarker datasets 
are insufficient for evaluation of HIV-related CVD risk. 
For example, in the Women’s Interagency HIV Study, 
elevated hsCRP was positively associated with focal plaque 
progression in HIV-uninfected women, with a relative 
risk of 6.0, but this was not the case for their cohort of 
HIV-infected women.51 The investigators concluded 
that ‘subclinical CVD pathogenesis may be different in 
HIV-infected women’.51

Biomarkers more specific for fibrosis may be of clin-
ical value to assessing the importance of cardiac fibrosis 
in HIV/cART-linked CVD. Although markers of inflam-
mation and immune activation did not correlate with 
an MRI-based myocardial fibrosis index of HIV-infected 
individuals on cART,52 elevation of plasma factors linked 
to pathological cardiac fibrosis in the general population, 
including soluble ST2, an IL-1 receptor family member 
and biomarker of cardiomyocyte stretch, galectin-3, 
and growth differentiation factor 15, a transforming 
growth factor (TGF)-β superfamily member,53 54 have 
been linked to CVD among HIV+ populations.18 Plasma 
TGF-β1 levels are similarly increased twofold in HIV+/
ART-naïve asymptomatic individuals, with a further rise in 
advancing disease, and this is not suppressed by cART.55 56 
Levels of a classic marker of oxidative stress, plasma F2-iso-
prostane, also correlate with CVD and other serious 
metabolic events in HIV/cART patients, with a sensitivity 
of 95.3% and a specificity of 49.6%.57 Similarly, RTV-in-
duced cardiac dysfunction in rats correlated with a 50% 
increase in the plasma F2-isoprostane 8-isoprostane over 
controls.40 Median F2-isoprostane levels are significantly 
lower in virally suppressed HIV+ patients on non-nucle-
oside reverse transcriptase inhibitor-based cART versus 
other forms of cART, predominantly PI based.58

As noted above, correlations among many of these 
biomarkers, preclinical indicators of CVD and clinical 
cardiac dysfunction often do not reach significant levels. 
In terms of TGF-β1, an important caveat is the failure of 
many investigators, when collecting mouse or human 
blood, to use controls for ex vivo platelet activation with 
TGF-β1 secretion.59 60 The dichotomy in TGF-β1 levels 
between HIV negative controls and HIV-infected indi-
viduals with and without cART exposure may therefore 
be more prominent than reported in the literature. In 
addition, measures of the levels of functional TGF-β1, the 
activation product from its latent form, have not been 
assessed in the setting of HIV/cART and, as reviewed in 
the section on platelets, could be influenced by different 

antiretroviral agents. Finally, as discussed below, those PIs 
most closely linked clinically to accentuated CVD risk, 
and shown to promote platelet activation and proinflam-
matory and profibrotic signalling in vitro and in murine 
models by our group and others, may not act through 
alteration of circulating levels of these factors but rather 
by affecting their signalling pathways.

defining the pathophysiology of HIV/cArt-linked CVd: focus 
on platelet activation and cardiac fibrosis
Cardiac fibrosis has been documented in HIV-infected 
individuals with lower peak diastolic as well as systolic 
longitudinal strain38 and may underlie an apparent 
shift in character of HIV-associated CVD over the past 
decade from primarily left ventricular (LV) systolic 
dysfunction to LV diastolic dysfunction.16 61 In one study, 
49% of HIV-infected subjects had evidence of diastolic 
dysfunction compared with 29% of uninfected controls 
(p=0.008), a difference that persisted after adjustment 
for hypertension.61 Only 4% of HIV-infected individuals 
had evidence of LV systolic dysfunction.61 The increase 
in LV mass was also highly significant for the HIV group 
(p=0.001).61 No association with ART class was found, 
but individual antiretroviral agents were not examined. 
In addition, the mechanisms underlying these changes 
were not explored, although subclinical atherosclerosis 
and infiltration of the myocardium with inflammatory 
cells were thought to be involved.61 These changes are 
consistent with our pathophysiologic model, as detailed 
below. .

Further insight into the pathophysiology of diastolic 
and other CVD in the setting of HIV/cART should come 
from the recently announced Characterizing Heart Func-
tion on Antiretroviral Therapy study, which will include 
measures of myocardial fibrosis by cardiac magnetic reso-
nance and biomarkers of fibrosis and oxidative stress.16 
However, based on current knowledge, two points for 
intervention can be highlighted now: platelet activation 
and related signalling pathways for fibrosis and oxidative 
stress.

Although persistent platelet activation is well docu-
mented in the setting of HIV and HIV/cART,30 55 62 its 
role in pathological fibrosis-mediating CVD in these 
settings is rarely emphasised. The relationship of chronic 
platelet activation, directly or indirectly mediated by 
certain PIs, to CVD is consistent with the clinical associ-
ation of only certain PI-based regimens with an accentu-
ated risk of CVD. We focus on pathological cardiac and 
vascular fibrosis in relationship to platelet activation for 
the following reasons:

 ► TGF-β1 is critical to initiation and maintenance of 
pathological fibrosis. We evaluated fibrosis and a 
canonical TGF-β1 signalling event, Smad2/3 phos-
phorylation, in autopsy hearts of ART-naïve HIV+ chil-
dren.55 Deposition of collagen and increased 
phosphorylated Smad2 was seen, with a strong corre-
lation between fibrosis score and pSmad2 staining.55 
Simian immunodeficiency virus-infected macaques 
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show cardiac dysfunction similar to that of HIV 
infection, in association with interstitial and vascular 
fibrosis and infiltration of cardiac tissue with proin-
flammatory macrophages.63 64

 ► The role of TGF-β1 in development of CVD and other 
non-AIDS defining fibrotic disorders in the setting of 
HIV/cART is of increasing interest.55 65 66 Aortic arte-
rial fibrosis is prominent in HIV-infected individuals 
versus controls and is not suppressed by cART.32 Focal 
and diffuse myocardial interstitial fibrosis is of high 
prevalence in the setting of HIV/cART16 38 52 67 and 
linked to LV diastolic dysfunction and heart failure 
with preserved ejection fraction in these individ-
uals.16 23

 ► RTV induces LV fibrosis at pharmacological concen-
trations in ApoE−/− mice in conjunction with increased 
TGF-β1 in plasma and cardiac tissue, independent of 
RTV-associated alterations in lipid metabolism.41 Our 

group demonstrated decreased cardiac function and 
cardiac fibrosis in mice exposed to pharmacological 
doses of RTV daily for 8 weeks.68 Fibrosis correlated 
with plasma TGF-β1 levels and activation of both 
canonical (Smad2/3) and non-canonical (TAK1/
MKK3/p38) TGF-β1 signalling pathways in the 
heart.68

As shown in figure 1, under homeostatic conditions, 
synthesis of collagen and other ECM components, along 
with their degradation by macroautophagy, is mediated 
by TGF-β1 signalling through both canonical and non-ca-
nonical pathways.55 69 Autophagy is a prominent negative 
regulator acting through the latter pathway; the impor-
tance of RTV in this process was demonstrated by the fact 
that our group found that mice null for microtubule-asso-
ciated protein 1 light chain 3 (LC3−/−), and thus lacking 
autophagosomes, were particularly susceptible to RTV-in-
duced cardiac fibrosis.68

Figure 1 TGF-β1 regulates collagen synthesis and accumulation to maintain regulated extracellular matrix (ECM) production 
and deposition under physiological conditions. This involves positive signalling pathways initiating collagen synthesis mediated 
by the nuclear signalling adapter protein TRAF6 via Smad2,3 (canonical) and TAK1/MKK3/p38 (non-canonical) pathways. 
Mechanisms for collagen degradation via autophagy are linked to TAK1/MKK3/p38. TRAF6 is regulated via immunoproteasome 
degradation. TGF-β1, transforming growth factor β1; TRAF6, tumour necrosis factor receptor- associated factor 6.
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The critical role of the platelet in this system was 
defined by the fact that mice with targeted deletion of 
TGF-β1 only in megakaryocytes/platelets (PF4CreTgfb-
1flox/flox mice) were protected from RTV-induced cardiac 
dysfunction and fibrosis.68 Platelets contain 40–100 times 
the concentration of TGF-β1 as other cells, contributing 
the major fraction of circulating TGF-β1, and are key to 
clinical and other murine models of fibrosis with heart 
failure.60 69 70

In terms of pathological fibrosis, HIV infection itself 
leads to increases in TGF-β1 levels, along with a variety of 
proinflammatory factors such as IL-6, IL-8 and TF. Inflam-
matory cytokines can induce TF in endothelial cells and 
monocytes/macrophages, mediating thrombin gener-
ation, thereby activating platelets via protease-activated 

receptors. This leads to persistent inflammation and 
continued platelet activation, with TGF-β1 release.69 71 72 
As illustrated in figure 2, other cells involved in this inflam-
matory milieu, such as injured endothelial cells, mono-
cytes/macrophages, along with activated platelets, also 
contribute to reactive oxygen species (ROS) generation. 
This establishes a positive feedback loop with platelet 
activation for the transition of latent to active TGF-β1, as 
ROS is a potent activator of latent TGF-β1.69

In terms of the involvement of cART, RTV, many 
other PIs and abacavir can directly activate plate-
lets.30 37 55 62 68 73 74 RTV, and certain other PIs, can also 
elevate mRNA expression for markers of oxidative stress, 
including IL-8, TNF-α and inducible haem oxygenase-1, 
when compared with the integrase strand transfer 

Figure 2 HIV infection leads to increases in TGF-β1 levels, which may induce pathologic cardiac fibrosis. Active TGF-β1 
upregulation can occur through various mechanisms, including direct binding of HIV envelope to platelets, induction of IL-6 
and IL-8 and induction of tissue factor and reactive oxygen species (ROS). Other cells involved in this inflammatory milieu, may 
also contribute to TGF-β release. cART may mitigate, but not abolish, these perturbations. In addition, certain antiretroviral 
therapies, particularly those based on protease inhibitors, may accelerate cardiac fibrosis via direct activation of platelets. 
Metabolic disturbances linked to HIV and certain cART regimens may contribute to these pathological processes as, for 
example, cART-linked hyperlipidaemia can activate platelets. cART, combination antiretroviral therapy; TGF-β, transforming 
growth factor β.
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inhibitor raltegravir, which has not been implicated in 
CVD.75–77 Macrophage polarisation may also be involved 
through upregulation of M1 inflammatory subsets with 
production of procoagulant TF,48 55 in concert with loss of 
M2c regulatory macrophages acting via upregulation of 
regulatory T cells and TAK1/MKK3/p38 signalling with 
promotion of autophagy.68

Our group, and others, has also suggested intercon-
nected roles for ubiquitin-proteasome systems with 
oxidative stress and dysregulation of redox in HIV and 
cART-linked CVD.68 78 79 Traditional risk factors for 
atherosclerosis, including tobacco, hyperlipidaemia and 
insulin resistance are associated with increased produc-
tion of ROS, which have adverse effects on endothelial 
cell and platelet function14 69 77 (figure 2). Heightened 
ROS generation occurs early in HIV infection and 
persists despite many cART regimens79 (figure 2). ROS 
is an important aspect of CVD risk as cardiomyocytes are 
abundant in phospholipids, which are highly sensitive to 
oxidative stress.68 Such stress is also extremely efficient 
in converting latent TGF-β1 into its active, profibrotic 
form.69 As certain PIs could trigger ROS production 
through platelet activation, altered lipid metabolism and 
inhibition of ECM autophagy,68 69 80 we proposed a posi-
tive feedback loop by which HIV and certain PIs drive 
increases in ROS, in turn activating TNF receptor-asso-
ciated factor 6 (TRAF6), a nuclear signalling adapter 
protein and ubiquitin E3 ligase, promoting TGF-β1 
signalling (figure 1).55 68 This pathway has been shown, in 
other models, to exacerbate pathological cardiac hyper-
trophy via TAK1/MKK3/p38-dependent signalling.81

Finally, the signalling activity of TGF-β1, but not its 
plasma concentration, may be enhanced by ART-mediated 
facilitation of TRAF6 activity through specific inhibition 
of immunoproteasome function, with resultant suppres-
sion of TRAF6 degradation. Certain PIs, including RTV, 
block immunoproteasome formation at low pharma-
cological concentrations, while having no effect on the 
constitutive proteasome unless suprapharmacological, 
often cytotoxic, concentrations are employed.82 83 As 
TRAF6 is regulated through the immunoproteasome, 
such blockade would impede degradation of TRAF6, 
accelerating cytokine pathways dependent on this mole-
cule. We demonstrated this in dissecting the mechanism 
of RTV-based acceleration of bone mineral loss in post-
menopausal women treated with PI-based versus other 
cART regimens.82 84 RTV facilitated differentiation of 
monocytes into bone resorbing osteoclasts induced by 
RANKL. RANKL is the obligate cytokine for osteoclas-
togenesis and signals via TRAF6-related pathways. This 
occurred in association with prolongation of TRAF6 
half-life, in the absence of changes in RANKL levels 
in RTV-treated individuals. As TGF-β1 and IL-6 and 
IL-8, inducers of TGF-β1, are also regulated by TRAF6, 
RTV-mediated interference with the immunoproteasome 
could lead to increased collagen accumulation medi-
ated through the TAK1/MKK3/p38 pathway (figure 1). 
TRAF6 is known to exacerbate pathological cardiac 

hypertrophy and a variety of other cardiovascular disor-
ders and appears to be a drugable target in treating 
CVD incurred by inflammatory processes.81 85

The role of autophagy in this system awaits further 
investigation. TRAF6-mediated potentiation of TAK1/
MKK3/p38-associated autophagy and ROS induction 
of autophagy could be promoted by ART, but accompa-
nying nitrosative stress with induction of reactive nitrogen 
species (RNS) can inhibit autophagy via S-nitrosylation 
and subsequent blockade of transcription factors that 
regulate Beclin 1, a component, along with LC3, of the 
autophagasome.69

distinguishing features of antiretrovirals correlated with 
accelerated CVd
Based on our pathophysiological scheme, RTV should 
have a prominent role in clinical CVD and cardiac 
fibrosis as it can directly activate platelets and promotes 
pathological cardiac fibrosis and cardiac dysfunction in 
mice exposed to pharmacological levels of drug, acting 
through upregulation of TGF-β1 signalling. In contrast, 
individuals receiving the integrase strand transfer inhib-
itor raltegravir have platelets exhibiting markedly lower 
levels of platelet activation, at least as measured by expres-
sion of P-selectin on  adenosine diphosphate (ADP) stim-
ulation, when compared with other antiretrovirals,86 and 
raltegravir has not been implicated in accentuating CVD 
(table 2). However, the correlation between ART-linked 
platelet activation and clinical CVD risk is more nuanced.

For example, abacavir also activates platelets,73 yet as 
noted earlier, data linking abacavir to clinical CVD are 
conflicting.1 15 33 In terms of the PIs, cumulative expo-
sure to lopinavir/RTV or darunavir/RTV is associated 
with an increased incidence of AMI, but atazanavir/RTV 
is not,18 28 87 even though atazanavir has been linked to 
platelet activation in vivo.30 As suggested above, lipid 
alterations cannot account for this difference; darunavir/
RTV and atazanavir/RTV both cause similar, minimal 
changes in lipids.39 42Unrecognised confounding factors 
may be involved. There are many more patients followed 
for much longer periods on older PIs than atazanavir, and 
use of atazanavir, alone or with RTV-boosting has been 
recently linked to subclinical coronary artery disease.33 35 
Other mitigating factors may also mitigate the platelet 
activation response.

One major issue is that the systems in which these 
platelet studies were performed, and the read-out for 
‘activation’, are not uniform. The intensity of these 
effects among specific antiretrovirals, and their char-
acter, particularly with reference to release of latent or 
active forms of platelet TGF-β1, remain to be charac-
terised. In addition, the mechanism(s) by which they 
activate platelets is unclear. Several pathways may be 
involved, including generation of systemic ROS and 
proinflammatory cytokines such as IL-6 and IL-8, 
thrombin and other coagulation factors and TF, which 
are strong platelet activators. We showed that even very 
low levels of RTV (<1 µM) alone can directly activate 
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platelets and lead to release of latent TGF-β1,55 as well 
as elevate total TGF-β1 levels in plasma of RTV-ex-
posed mice.68 However, active TGF-β1 levels could not 
be detected in our system (unpublished data) perhaps 
due to its very rapid clearance.59 Furthermore, in vitro 
models for platelet activation may not accurately reflect 
the situation in vivo, where interactions among diver-
gent cell populations and platelets can contribute to 
platelet activation and release of active TGF-β188 89 
(figure 2). These aspects need to be further studied in 
the setting of HIV/cART.

In addition, as summarised in figure 3, a single 
antiretroviral agent may demonstrate positive and 
negative influences on the pathophysiological pathways 
outlined in figure 2 and figure 4. Those antiretrovirals 
linked clinically to heightened CVD incidence appear 
to enhance the high-risk factors. Using atazanavir as an 
example, this PI directly activates platelets and so may 
release platelet TGF-β1 as does RTV. However, ataza-
navir is also a strong inducer of autophagy,90 elevates 
antioxidant bilirubin-linked pathways18 and does not 
induce ROS release from macrophages,76 while RTV 
and other PIs linked to CVD do not promote auto-
phagy, may block autophagy-based degradation of 
collagen and other ECM components,68 and generate 
pro-oxidant ROS.76 Abacavir may directly activate 
platelets but, unlike many of the PIs, it does not induce 
oxidative stress in macrophages.76 (Its effects on auto-
phagy have not been studied.) Such differences are 
catalogued for these are other antiretroviral drugs in 
table 2.

novel interventions in HIV/cArt-associated cardiac fibrosis
We used our RTV-exposed cardiac fibrosis model in 
mice to explore novel interventions based on altera-
tions of TGF-β1 signalling, autophagy and macrophage 
polarisation. We examined inhaled, low dose carbon 
monoxide (CO), a potent inducer of endogenous anti-
oxidant and anti-inflammatory pathways acting via the 
leucine zipper transcription factor nuclear factor eryth-
roid 2-related factor 2 (Nrf2).68 Exposure of mice to 
RTV plus daily CO inhalations (250 ppm for 4 hours, 
five times/week) for 8 weeks led to suppression of 
cardiac fibrosis and Smad2 activation in conjunction 
with a decrease in proinflammatory M1 cells and a 
dramatic increase in the anti-inflammatory M2c subset 
in the heart, compared with RTV-exposed mice kept in 
ambient air.68 The CO-based changes in macrophage 
subsets in the heart are important to emphasise as, 
given the increasing attention to cardiac fibrosis in 
the setting of HIV/cART, TGF-β1 inhibition may seem 
a logical intervention. However, pan-neutralisation of 
TGF-β fails to suppress or reverse pathological fibrosis 
in many murine models and clinical trials.69 This lack 
of response may relate to divergent TGF-β1-dependent 
signalling pathways, which can either augment collagen 
synthesis or promote its degradation (figure 1), as well 
as production of low levels of TGF-β1 by regulatory M2c 
macrophage subsets, inducing anti-inflammatory regu-
latory T cells.

We then sought a more practical method to activate 
Nrf2 than inhaled CO. Nrf2 is a key regulator of the 
expression of genes coding for the majority of antioxidant 
and anti-inflammatory proteins affected by endogenous 

Figure 3 Pathophysiology of CVD risk in association with cellular and metabolic pathways may be differentially affected by 
specific antiretroviral agents. Individuals drugs may be involved in pathways that primarily accelerate CVD risk, are neutral or 
decrease that risk. Certain antiretrovirals have positive and negative influences, thereby confounding attempts at prediction 
of impact on CVD risk. cART, combination antiretroviral therapy; CVD, cardiovascular disease; ECM, extracellular matrix; LV, 
left ventricle; ROS, reactive oxygen species; TGF-β1, transforming growth factor β1; TNF, tumour necrosis factor; TRAF6, TNF 
receptor-associated factor 6. 
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CO and inducible haem oxygenase and activated by 
exogenous CO.91 In endothelial cells, the Nrf2 pathway 
serves as a mechanosensitive regulator of redox signal-
ling, suppressing TGF-β1 activation that may be induced 
by shear flow forces.92 Such forces might come into play 
in the setting of HIV-linked CVD. The Nrf2 pathway also 
has a protective role in atherosclerosis, consistent with 
its suppression of NADP(P)H oxidase (NOX)4, which 
can injure endothelium.93 The orally bioavailable Nrf2 
activator S-adenosyl-L-methionine (SAMe), the main 
endogenous methyl donor,94 could prevent and treat 
ethanol-associated and lipid-associated hepatic fibrosis 
and asthma-associated pulmonary fibrosis in mice.95 96 It 
is a potent inhibitor of platelet activation induced by a 
variety of agents in rodent and human blood97 and can 
block TGF-β1 signalling through the canonical Smad3 
pathway.96 Several natural and synthetic compounds apart 

from SAMe, including sulforaphane, plant phenolics, trit-
erpenoids such as bardoxolone methyl and itaconate are 
also potent Nrf2 activators.98 99 As depicted in figure 4, 
such agents could influence multiple pathways involved 
in HIV/cART-linked CVD.

ConCluSIonS
Our review illuminates the critical role of RTV and certain 
other PIs as specific antiretrovirals involved in accentu-
ating CVD risk in the setting of HIV. Limitations to defin-
itively establishing those associations, and their mecha-
nisms of action, include the lack of randomised clinical 
trials with the power to dissect effects of specific antiret-
roviral drugs on clinical CVD and surrogate markers for 
such disorders, as well as the failure to use standardised 
methodology to assess platelet activation, oxidative stress 

Figure 4 Pathways for intervention in HIV/cART-associated cardiac fibrosis in the platelet and the myofibroblast or other 
collagen-producing cells. Certain protease inhibitor therapies can activate platelets, induce ROS and suppress ECM autophagy. 
Positive feedback loops between ROS generation, platelet activation, M1 inflammatory macrophage subset polarisation 
and myofibroblast activity have been demonstrated. Oxidative stress characteristic of this milieu induces ROS, which may 
promote autophagy, and reactive nitrogen species (RNS) which can block it. Nrf2 activators may intervene in all of these 
pathways. ECM, extracellular matrix; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive nitrogen species; TGF-β1, 
transforming growth factor β1; TNF, tumour necrosis factor; TRAF6, TNF receptor-associated factor 6. 



11Laurence J, et al. Open Heart 2018;5:e000823. doi:10.1136/openhrt-2018-000823

Basic and translational research

and cytokine production linked to profibrotic pathways 
in association with those agents.

Probable mechanisms by which a specific antiretroviral 
could induce CVD include:
i. Platelet activation, with secretion of latent TGF-β1 

and its subsequent activation, perpetuation of a pos-
itive feedback loop involving ROS generation, and 
induction of fibrosis.

ii. Suppression of TRAF6 degradation through effects 
on immunoproteasome formation, thereby prolong-
ing signalling events related to proinflammatory and 
profibrotic cytokines and ROS, even if circulating lev-
els of these factors are unperturbed.

iii. Inhibition of ECM autophagy, exacerbating the pro-
fibrotic effects of TGF-β1 signalling.

iv. Macrophage polarisation, increasing proinflammato-
ry subsets and decreasing regulatory cells.

In terms of intervention in HIV/cART-linked CVD, our 
review suggests that:
1. Use of statins to mitigate the cardiovascular impact of 

certain antiretroviral drugs may have a limited impact. 
The Randomized Trial to Prevent Vascular Events in 
HIV (REPRIEVE) trial will address whether pitavas-
tatin can prevent vascular events in HIV+ individuals 
without known CVD.100 However, in terms of the lip-
id-modifying action of statins, lopinavir/RTV is linked 
to hyperlipidaemia while darunavir/RTV is not, yet 
both have been implicated in heightened CVD risk. 
The impact of statins on PI-mediated oxidative stress 
and attendant endothelial cell injury, documented 
in vitro, could play a role,77 although a retrospective 
analysis of cART-treated HIV+ individuals from the 
Nutrition for Healthy Living cohort found that statins 
had no effect on incidence of myocardial infarction or 
stroke.101

2. A recent commentary advised that ‘Low CVD risk 
antiretrovirals should be considered and prescribed 
whenever possible’.12 We advocate creating a summary 
of the effects of a given antiretroviral drug on the pa-
rameters listed in table 2 and figure 3 to help assess the 
levels of such risk.

3. Novel interventions in HIV/cART-linked CVD, based 
on promotion of antioxidant pathways such as those 
linked to activation of Nrf2, should be pursued.
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