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Abstract

Objective: Chronic kidney disease (CKD) with tubular injury and fibrosis occurs in HIV 

infection treated with certain protease inhibitor (PI)-based antiretroviral therapies. The 

pathophysiology is unclear.

Design: We hypothesized that fibrosis, mediated by platelet-derived transforming growth factor 

(TGF)-β1, underlies PI-associated CKD. We induced this in mice exposed to the PI ritonavir 

(RTV), and intervened with low-dose inhaled carbon monoxide (CO), activating erythroid 2-

related factor (Nrf2)-associated anti-oxidant pathways.

Methods: C57BL/6 mice, wild-type and deficient in platelet TGF-β1, were given RTV 

(10mg/kg) or vehicle daily for 8 weeks. Select groups were exposed to CO (250ppm) for 4 hours 

after RTV or vehicle injection. Renal pathology, fibrosis, and TGF-β1- and Nrf2-based signaling 

were examined by histology, immunofluorescence, and flow cytometry. Renal damage and 

dysfunction were assessed by KIM-1 and cystatin C ELISAs. Clinical correlations were sought 

among HIV-infected individuals.
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Results: RTV induced glomerular and tubular injury, elevating urinary KIM-1 (p=0.004). It 

enhanced TGF-β1-related signaling, accompanied by kidney fibrosis, macrophage polarization to 

an inflammatory phenotype, and renal dysfunction with cystatin C elevation (p=0.008). Mice with 

platelet TGF-β1 deletion were partially protected from these abnormalities. CO inhibited RTV-

induced fibrosis and macrophage polarization in association with upregulation of Nrf2 and heme 

oxygenase-1 (HO-1). Clinically, HIV infection correlated with elevated cystatin C levels in 

untreated women (n=17) vs. age-matched controls (n=19; p = 0.014). RTV-treated HIV+ women 

had further increases in cystatin C (n=20; p=0.05), with parallel elevation of HO-1.

Conclusion: Platelet TGF-β1 contributes to RTV-induced kidney fibrosis and dysfunction, 

which may be amenable to anti-oxidant interventions.
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Introduction

The nature of HIV-related kidney disease has changed markedly following the introduction 

of combination antiretroviral therapy (cART) [1–3]. Pre-1995, HIV-associated nephropathy 

(HIVAN), characterized by heavy proteinuria and rapid progression to end-stage renal 

disease, occurred in up to 10% of HIV infected individuals, predominantly African-

Americans with poorly controlled viremia [2,4,5]. It is a collapsing form of focal segmental 

glomerulosclerosis (FSGS) with tubulointerstitial inflammation and podocyte effacement, 

linked to interactions among HIV gene products, host proteins, and host genetic factors 

[4,6,7]. Over the past decade HIVAN has declined in incidence by up to 60%, in parallel 

with cART-mediated reduction of HIV viral loads to undetectable levels [7,8]. But other 

forms of kidney disease are now prevalent among the HIV-infected worldwide. Chronic 

kidney disease (CKD) occurs in 1.1% of cART-treated individuals per year of follow up, 

with a median annual decline in estimated glomerular filtration rate (eGFR) of 9.0 mL/min/

1.73m2 [3]. Its pathology is distinct from HIVAN, in that non-collapsing forms of FSGS 

predominate, with less tubular damage but increased inflammation and interstitial fibrosis 

[7].

The nucleotide reverse transcriptase inhibitor tenofovir disoproxyl fumarate (TDF) and the 

protease inhibitor (PI) ritonavir (RTV), the latter used alone or in RTV boosted PI-based 

regimens, are most often associated with contemporary forms of HIV-linked kidney disease 

[7,9]. But there are critical distinctions between renal disorders in the context of TDF vs. PI-

based cART. Acute tubular injury and tubulo-interstitial nephritis correlate with TDF use, 

but this pathology is reversible [9,10]. In the Aquitaine cohort of 4350 HIV-infected 

individuals followed for a median of 5.8 years, none developed CKD when exposure to TDF 

was the only risk factor [3]. This finding was replicated by an Australian cohort of 748 

individuals followed for a median 4.7 years [11]. But pathologic fibrosis with inflammation 

characterizes PI-associated CKD [4,7], and urinary biomarkers suggest ongoing renal 

fibrosis in PI-treated individuals.
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Measures of kidney injury (urine albumin/creatinine ratio, Kidney Injury Molecule (KIM)-1, 

IL-18) and fibrosis (pro-collagen type III N-terminal pro-peptide) were assessed in urines of 

1234 men, 813 of whom were HIV infected, in a Multicenter AIDS Cohort Study (MACS) 

[5]. Those receiving PI-based cART had evidence of extensive fibrosis, independent of age, 

baseline eGFR, HIV load, or TDF exposure. Multivariate analysis distinguished RTV use 

from other risk factors for CKD, including alterations in HIV viral load, hypertension, 

diabetes, and hyperlipidemia [3].

In addition, PI-linked CKD may not be readily reversible by switching regimens. For 

example, in the NIH IMPAACT 219/219C study a lower resolution rate of renal laboratory 

abnormalities was found among HIV-infected children and adolescents treated with mainly 

PI-based cART, compared to other cART regimens [2]. Among HIV infected women 

receiving a PI-based regimen there was a marked increase in F2-isoprostanes and 

prostaglandin E2, urinary eicosanoids which reflect inflammation and oxidant stress linked 

to CKD [12]. These abnormalities failed to resolve after switching patients to HIV integrase 

inhibitor-based cART, which has not been associated with kidney disease [12].

In terms of preclinical models linking PI use with organ fibrosis, our group recently 

documented myocardial fibrosis and depressed cardiac function in mice exposed to 

pharmacologic doses of RTV [13]. We correlated these changes to RTV-induced production 

and activation of TGF-β1, a potent pro-fibrotic cytokine, and its dependence on platelet 

TGF-β1. Platelets contain 40–100 times the concentration of TGF-β1 as other cells, and it is 

rapidly released upon platelet activation [13]. We now hypothesized that RTV-exposed mice 

to pharmacologic doses of RTV would develop kidney dysfunction as a consequence of 

renal fibrosis. We also note that the transcription factor erythroid 2-related factor (Nrf2) has 

a central role in the coordinated induction of anti-oxidant products such as hemoxygenase-1 

(HO-1) and endogenous carbon monoxide (CO) [14]. In terms of renal fibrosis, Nrf2 can 

suppress TGF-β1 signaling and fibrosis in kidney in the setting of diabetes [15] and 

unilateral ureteral obstruction in mice [16], through control of NFκB [17]. Low-dose 

exogenous CO can fully substitute for endogenous CO in mediating these salutary effects 

[17]. We thus further hypothesized that inhaled CO would suppress RTV-induced kidney 

injury in association with induction of Nrf2 and HO-1. Finally, we sought correlations 

between use of RTV and renal function and HO-1 expression in a clinical cohort. Our 

studies provide proof-of-concept for investigation of the importance of platelet activation 

with TGF-β1 production in HIV/cART-linked CKD, and intervention with Nrf2 activators.

Methods

Mouse cohorts and treatment

Animal studies were approved by the Institutional Animal Care and Use Committee of 

OMRF and WCMC. Two genotypes of mice of both sexes were used: C57Bl/6 wild-type 

(wt) mice and mice with specific deletion of TGF-β1 in megakaryocytes/platelets 

(PF4CreTgfb1flox/flox) [18]. The latter had lower platelet (by ~94%) and plasma (by ~50%) 

TGF-β1 levels than wt mice [19]. For both groups, one received intraperitoneal injections of 

vehicle (1% DMSO in PBS) or RTV (10mg/kg body weight in vehicle) daily, 5 days per 

week for 8 wks. The RTV dose used is typical of published preclinical studies and was 
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designed to reflect levels achieved in RTV-boosted PI regimens, as U.S. FDA guidelines 

suggest that dosing should be ~6-fold higher in rats and mice than humans [20,21].

Select groups of mice were exposed to low-dose (250ppm) CO for 4 h daily, 5 days per 

week, administered as 1% CO mixed with room air and directed into a 3.7 ft3 plexiglass 

chamber at 12 L/min. A CO analyzer (Interscan, Chatsworth, CA) was used to maintain CO 

levels. Mice not undergoing CO exposure were maintained in ambient air.

Histologic analysis and fibrosis quantification

Mice were sacrificed and the kidneys removed. One kidney was fixed in neutral buffered 

formalin, processed, and embedded in paraffin blocks. Sections were cut at 4μM and stained 

with hematoxylin and eosin (H&E), Periodic Acid Schiff (PAS), Picrosirius red to evaluate 

fibrosis, and Jones methenamine silver to evaluate glomerular basement membrane. 

Immunofluorescence with antibodies against α-smooth muscle actin (α-SMA) and collagen 

α1 ((Col1α1) were used to identify extracellular matrix composition, as detailed elsewhere 

[13]. High magnification images were obtained using a Leica-Aperio CF5 whole slide 

scanner (Leica Biosystems) and imported into software for quantification of positive areas, 

based on analysis of edited images in which major blood vessels are deleted, as detailed in 

Supplemental Fig. 1. As the magnitude of fibrosis quantified on the basis of tissue sections 

can vary dependent on levels of background staining and tissue sectioning artefacts [22], in 

order to validate these findings we also established a fibrosis scoring system. This involved 

visualizing coded slides and independent assessment by four trained observers, including a 

nephropathologist who established a fibrosis score, graded 0 to 8, based on staining 

intensity, presence of tubular atrophy, and basement membrane thickening, consistent with 

published guidelines [22].

Macrophage phenotype determination

The second kidney was prepared for extraction of total CD45+ leukocytes and flow 

cytometry per established procedures [23]. Briefly, kidneys were minced, incubated with 

Liberase TM (0.25 mg/ml; Roche), deoxyribonuclease I (0.1mg/ml; Invitrogen), and Dispase 

(0.8 mg/ml; Roche) at 37°C for 30 min, and digestion stopped by adding a solution of 2% 

fetal bovine serum and 5mM EDTA in PBS. After lysis of erythrocytes with Lysis Buffer the 

remaining cells were incubated in Fc block (CD16/CD32; eBiosciences). Antibodies for 

flow cytometry analysis included: CD45 (clone I.3/2.3); CD11b (clone M1/70); CD11c 

(clone N418); F4/80 (clone BM8); MHC class II I-A/E (clone M5/114.15.2); CD206 (clone 

C068C2); and B7-H4 (clone HMH4–5G1). Stained cells were analyzed using a BD Fortessa 

flow cytometer (BD Biosciences). All antibodies were purchased from Biolegend, except for 

CD11b (BD Biosciences). Analysis was done using FlowJo software (Tree Star).

TGF-β1 determination

Murine blood samples were collected using our previously established method, with 0.1% 

sodium citrate as an anti-coagulant and 1uM PGE1 to prevent in vitro platelet activation 

[13]. Total plasma TGF-β1 was quantitated by ELISA using a TGF-β1 DuoSet kit (R&D 

Systems) after converting latent to active cytokine by acidification followed by 

neutralization, as previously described [13].
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Assessment of TGF-β signaling, Nrf-2 and HO-1 induction, and renal function in mice

Paraffin-embedded sections were evaluated with an immunostain specific for phospho-

Smad2 (EMD Millipore). Cell nuclei were stained with DAPI (Life Technologies). Images 

were taken by fluorescence microscopy and quantitation performed using the NIH ImageJ 

program. Nrf2 and HO-1 protein expression was examined by immunofluorescence of 

paraffin-embedded kidney sections per published methods [24]. Cystatin C was measured by 

ELISA (R&D Systems) in mouse plasma following the manufacturers’ instructions. Cystatin 

C changes, rather than determination of serum creatinine or urine creatinine: albumin ratio, 

were used as RTV, as well as cobicistat, a recent replacement for RTV in many PI-boosted 

regimens, is known to elevate serum creatinine via inhibition of creatinine efflux through the 

multidrug and toxin extrusion 1 (MATE1) transporter in the proximal tubule cell [25]. In a 

randomized trial to evaluate eGFR by creatinine vs. cystatin C in the HIV+/ART-naive vs. 

ART-treated, the latter emerged as a “more stringent” method [26]. KIM-1 was measured in 

mouse urine by ELISA (R&D Systems).

Assessment of renal function and HO-1 regulation in HIV-infected patients

Patient samples were obtained through study approval by the Institutional Review Board of 

WCMC. We utilized all available banked samples from an original cohort of 100 HIV+ and 

100 HIV- postmenopausal women enrolled in an observational study of the metabolic effects 

of divergent cART regimens. Subjects were comparable in terms of age, ethnicity (all 

Hispanic or African-American), tobacco, hormone, ethanol, and illicit drug use, 

hypertension, and endocrine disease, as described in our prior publications [27,28]. Among 

the HIV-infected there were approximately equal numbers in the three groups examined 

here: HIV treatment naïve or off treatment; RTV-containing, PI-based regimens; and non PI, 

predominantly non-nucleoside reverse transcriptase inhibitor (NNRTI)-based cART. There 

were no significant differences in total time on cART, estimated total time of HIV infection, 

or immune status based on CD4+ T cell counts among those on cART [27,28]. HO-1 plasma 

levels (BioSource, Inc.) and serum cystatin C levels (BioSource, Inc.) were measured by 

ELISA following the manufacturers’ instructions. Cystatin C levels were used to calculate 

eGFR by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation, 

and kidney dysfunction classified as “mild” or “moderate” per guidelines established by the 

National Kidney Foundation [29].

Statistical analyses

Analysis of renal function by cystatin C measurement involved ANOVA and an alpha of 

0.05. Analysis of macrophage subsets utilized a 2-tailed Student’s t test. Correlation between 

measures of renal function and TGF-β1 involved linear regression analyses.

Results

RTV induced renal pathology

Treatment of wt mice with RTV for eight wks led to multiple pathologic changes. H&E and 

PAS stained sections revealed focal segmental sclerotic thickening in approximately one-

third of glomeruli, with some of them showing partial collapse (Fig. 1A,B). There was also 
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significant widening of Bowman’s spaces, with a mean gap distance 8.2 ± 3.0 μM in PBS vs. 

15.8 ± 8.0 μM in RTV (n=30 glomeruli/kidney; p <0.001; Fig. 1A) and tubular atrophy. 

Eosinophilic globules of mean diameter ~20–30 μm were prominent in Bowman’s spaces 

(Fig. 1B). These globules were negative on Picrosirius red and Jones stains. Examination of 

Picrosirius red stained sections under regular and polarized light (Fig. 1C,D) and direct 

examination of these slides by trained observers (Fig. 1E), documented statistically 

significant differences in fibrosis in RTV- vs. vehicle-exposed wt mice (p<0.001 and p = 

0.01, respectively). The levels seen in RTV-exposed wt mice, a mean of 7.8%, are consistent 

with those in grade I interstitial disease of HIV-infected individuals on cART, 5–25% [30].

RTV induced renal fibrosis was dependent on platelet-derived TGF-β1

The aforementioned histopathologic findings based on H&E and PAS staining were 

observed in both wt and PF4CreTgfb1flox/flox mice exposed to RTV. In contrast, RTV-

exposed wt mice demonstrated much higher levels of fibrosis in the renal cortex, particularly 

surrounding the glomeruli (Fig. 1C,D,E). Consistent with this difference, 

immunofluorescence demonstrated marked increases in α-SMA (p <0.001) and collagen 1α 
(p = 0.033) in RTV-exposed wt mice, changes which were significantly suppressed in the 

PF4CreTgfb1flox/flox mice (p = 0.02 and p = 0.05, respectively) (Fig. 2A,B). This difference 

in extent of tissue fibrosis correlated with TGF-β-mediated Smad2 phosphorylation (Fig. 

2C; p=0.001).

Correlation of RTV-induced renal fibrosis with kidney injury, kidney dysfunction, and 
circulating TGF-β1 levels

Plasma cystatin C levels (Fig. 3A), used as a marker of kidney dysfunction, and urinary 

KIM-1 levels (Fig. 3B), a measure of tubular damage, were significantly higher in RTV- vs. 

vehicle (control)-exposed wt mice (p = 0.008). In contrast, cystatin C levels were equivalent 

to control values in RTV-exposed PF4CreTgfb1flox/flox mice (Fig. 3A). As previously 

documented for our wt and transgenic mice [13], total TGF-β1 levels were increased nearly 

5-fold in plasma of RTV-treated wt mice vs. vehicle controls. In contrast, there was no 

increase in TGF-β1 levels in PF4CreTgfb1flox/flox mice treated with RTV vs. vehicle. Linear 

regression analysis of cystatin C levels showed a positive correlation with total plasma TGF-

β1 levels (Fig. 3C; R2 = 0.4210, p = 0.031).

CO blocked RTV-mediated renal fibrosis in association with Nrf2 activation and 
macrophage polarization

We examined Nrf2 and HO-1 expression in kidneys of wt mice exposed to RTV vs. vehicle 

in the presence and absence of inhaled low-dose CO. RTV had no effect on expression of 

either molecule in the kidney (Fig. 3D,E). In contrast, CO treatment led to a significant 

increase in both Nrf2 (p = 0.03) and HO-1 (p = 0.02) in RTV-exposed wt mice (Fig. 3D,E).

We assessed macrophage phenotypes in kidneys of wt mice exposed to RTV vs. RTV plus 

CO. Divergent TGF-β1-dependent pathways can either augment collagen synthesis or 

promote its degradation [29]. Macrophage polarization may be involved in TGF-β1-

dependent pathologic fibrosis through expansion of the pro-inflammatory M1 macrophage 

subset and suppression of M2c regulatory macrophages, the latter capable of promoting 
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regulatory T cell (T-reg) development and collagen autophagy [31,32]. RTV had no effect on 

the level of total CD45+ mononuclear cells or total macrophages, quantitated as the 

F4/80+CD11b+ fraction of CD45+ cells in kidneys (Fig. 4A–C). However, the M1 

macrophage subset was increased 3.5-fold following RTV exposure (p <0.0001), and this 

rise was reduced by CO (p = 0.001) (Fig. 4D). Co-exposure of RTV treated mice to CO 

increased the number of total M2 cells (p = 0.001) (Fig. 4E), with a marked increase in the 

M2c subset (12.5-fold increase over control levels; p = 0.006) (Fig. 4F). In parallel, CO 

blocked RTV-induced renal fibrosis, as defined by Picrosirius red staining (p <0.001; Fig. 

1C,D) and fibrosis score (p <0.0001; Fig. 1E).

Cystatin C levels and eGFR in HIV-infected individuals treated with RTV-based vs. non-PI-
based cART

Cystatin C was significantly elevated in sera of HIV+/ART-naive (n = 17) vs. HIV- controls 

(n = 19; p=0.014), and further increased in those treated with RTV-containing cART (n = 20; 

p=0.05 compared to values with the HIV+/ART-naïve) (Fig. 5A). Cystatin C-based 

calculation of eGFR demonstrated that all HIV-infected subjects had significantly more renal 

dysfunction characterized as “mild” than HIV uninfected controls (n = 27), but only the 

RTV group (n= 20) had significantly more “moderate” renal disease than the HIV+/ART 

naïve (n = 27) or the non-PI-ART treated group (n = 30; p <0.02) (Fig. 5B).

Plasma HO-1 levels in HIV-infected individuals treated with RTV-based vs. non-PI-based 
cART

There was no difference in HO-1 levels between the HIV negative controls and untreated 

HIV+ women (Fig. 5C). In contrast, individuals on RTV-based regimens had significantly 

elevated levels of HO-1 (p = 0.005) while those on non-PI-based cART had significantly 

lower HO-1 levels than controls (p = 0.013; Fig. 5C).

Discussion

The incidence of CKD characterized by interstitial fibrosis is heightened in HIV+ 

individuals receiving RTV, either alone or as part of certain RTV-boosted PI cART regimens, 

vs. non-PI regimens. This has been documented by numerous observational studies 

conducted among diverse populations [3,10,33–35]. These data are paralleled by the cystatin 

C measurements and eGFR values in our cohort of HIV+ postmenopausal women on RTV-

based vs. non-PI-based therapy. Our system to model such renal disease in mice is robust, as 

exposure of wt mice to pharmacologic doses of RTV alone induced renal dysfunction with 

fibrosis in association with predominance of pro-inflammatory M1 macrophages. 

Comparing these changes to clinical disease, HIVAN occurring in untreated HIV infection is 

a collapsing glomerulopathy with hyperplasia of glomerular epithelial cells and resulting 

pseudo-crescent formation, accompanied by tubular injury with microcyst formation [4,7]. 

Pathologic fibrosis is seen only in end-stage lesions [4,7]. By contrast, CKD in the setting of 

HIV/cART is a predominantly non-collapsing FSGS with significantly more fibrosis and 

inflammation [4], as reproduced in our RTV-exposed mice.
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The degree of interstitial fibrosis seen in our RTV-exposed wt mice parallels levels described 

in grade I interstitial disease in the setting of HIV/cART [30]. These results parallel recent 

data from the MACS cohort showing that urinary markers of fibrosis are associated with PI 

use and kidney dysfunction, independent of other risk factors for CKD [3,5]. Our murine 

model also documents the capacity of RTV to induce renal pathology characteristic of HIV/

cART in the absence of HIV infection. This addresses the question as to whether the renal 

histology characteristic of PI-based treatment in HIV infection represents attenuation of a 

developing HIVAN lesion by effective ART, as opposed to a direct insult by cART itself [7].

However, these data do not rule out the possibility that RTV-induced inflammation and 

inflammation induced by HIV infection alone--which persists, albeit at suppressed levels, in 

the setting of effective ART--could interact synergistically. The impact of RTV, or any other 

ART drug, tested in animals absent HIV may not accurately mimic all of the influences at 

play in the pathologic fibrosis of HIV/cART. We are now planning to model the effects of 

RTV and more contemporary ART regimens in HIV transgenic mice.

In terms of pathophysiology, our demonstration of the dependence of RTV-mediated renal 

fibrosis on platelet-derived TGF-β1 is consistent with the ability of RTV to induce release of 

TGF-β1 from platelets [36]. It is also consistent with the fact that TDF and the PI nelfinavir, 

antiretroviral drugs which have not been associated with CKD or renal fibrosis, do not 

activate platelets [37–39], although TGF-β production and release has not been specifically 

examined in that context. It had been hypothesized that several non-AIDS defining fibrotic 

disorders, including CKD in the cART-treated, may be induced or sustained by HIV-

mediated upregulation of TGF-β1 in the setting of a persistent inflammatory milieu [40,41], 

but we document the independence of these changes from HIV infection itself. While TGF-

β1 plasma levels are increased 2-fold in HIV+/ART-naïve asymptomatic individuals, with a 

further rise in advancing disease, these levels are not suppressed by cART [36, 42]. Accurate 

evaluation of in vivo changes in TGF-β1 has been confounded by the failure of many 

investigators to utilize controls for ex vivo platelet activation, and the fact that measures of 

functional TGF-β1, the activation product from its latent form [43], have not been assessed 

in the setting of divergent cART regimens.

Other inflammatory biomarkers have also proved of limited utility in defining fibrotic 

disease in the setting of fully suppressed HIV, as discussed in a recent review from our group 

[37]. For example, in the SPIRAL study of 273 HIV+ individuals switched from RTV-

boosted PIs to integrase strand transfer inhibitor-based cART, there were marked declines in 

hsCRP, monocyte chemoattractant protein-1, osteoprotegerin, IL-6, and TNF-α, but no 

changes in related inflammatory biomarkers, including IL-10, sICAM-1, sVCAM-1, E-

selectin, and P-selectin [44]. In addition, markers of inflammation and immune activation 

did not correlate with an MRI-based myocardial fibrosis index of HIV-infected individuals 

on cART [45].

Renal fibrosis is a pathologic process common to many forms of CKD [46]. In our study all 

of the changes associated with RTV exposure—renal dysfunction (cystatin C and KIM-1), 

renal inflammation (increase in M1 macrophages and pSmad2 staining), and renal fibrosis 

(Picrosirius red staining, fibrosis score, α-SMA expression, and Col1α1 expression)--were 
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reversed by CO treatment. Given the limited number of animals studied we did not attempt 

to define the magnitude of specific inter-correlations among these measures. However, the 

minimal fibrosis, decreased presence of inflammatory macrophages, and preserved renal 

function seen in RTV-exposed mice deficient in platelet TGF-β1 suggests that RTV-

associated fibrosis and inflammation was etiologic in the kidney dysfunction, and not simply 

a reaction to tissue damage from a nephrotoxic drug.

This is important, as RTV and certain other PIs concentrate in the urinary tract and may lead 

to crystalluria, with some nephrologists hypothesizing that PI irritant effects alone could 

cause renal dysfunction [47]. Indeed, while certain histopathologic changes were found in 

both wt and platelet TGF-β1 deficient mice exposed to RTV, only the former showed 

pathologic fibrosis and renal dysfunction. A recent update from the D:A:D (Data collection 

on Adverse events of Anti-HIV Drugs) study examining contemporary RTV-boosted 

atazanavir vs. darunavir regimens confirmed the association of RTV-atazanavir, but not 

RTV-darunavir, with CKD, despite the fact that both may precipitate crystals in urine [35]. 

This observation suggests the need to model interactions among classes of ART in terms of 

potentiation of RTV-induced nephrotoxicity. For example, initial but non-progressive 

increases in serum creatinine and corresponding decreases in eGFR have been observed with 

co-administration of TDF to individuals on RTV-boosted PI-regimens, consistent with 

effects on renal tubular transport of creatinine [48].

In terms of potential interventions, pan-neutralization of TGF-β fails to inhibit or reverse 

pathologic fibrosis clinically or in many mouse models, regardless of the organ involved 

[31]. This may relate to divergent TGF-β-dependent pathways which can either augment 

collagen synthesis or promote its degradation [31]. Indeed, knock-out of TGF-β1 leads to 

massive inflammatory disease in major organs, including the kidney [49]. We therefore 

sought to model an intervention based on the endogenous CO pathway.

CO is generated in mammalian cells through the catalysis of heme by HO, and the stress-

inducible form HO-I has a key physiologic role in protecting against oxidative stress [50]. 

Exogenous CO administration at low-dose can fully substitute for the cytoprotective effects 

of endogenous CO in a variety of model systems. For example, inhaled low-dose CO 

blocked renal fibrosis in the unilateral ureteral obstruction mouse model in association with 

decreased expression of TGF-β receptors and suppression of TAK1/MKK3/p38 signaling 

[51]. CO may also facilitate collagen autophagy [52] as it is promoted by M2c macrophages 

[13]. Consistent with these activities, we found that inhaled low-dose CO blocked RTV-

mediated renal fibrosis in association with promotion of the M2c macrophage regulatory 

subset. These latter changes also may be relevant to other forms of CKD, where the 

importance of macrophage polarization to fibrosis has been raised [53,54]. Exposure to even 

very low dose CO can cause myocardial damage, but the duration of such exposures 

(reviewed in [17]) was much longer than used here, and doses of inhaled CO equivalent to 

our study have been well-tolerated in two recent clinical trials [55,56]. In addition, 

intervention with exogenous CO may serve as a proof-of-concept for related pathways 

amenable to more pragmatic therapeutics. For example, Nrf2 is a key regulator of the 

expression of genes coding for the majority of endogenous anti-oxidant and anti-

inflammatory proteins linked to fibrosis, including HO-1. As shown here, and by others, 
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Nrf2 is activated by exogenous CO as well as by several orally bioavailable inducers [16,57]. 

We also found that RTV-based cART was associated with a significant elevation in HO-1 in 

our HIV-infected postmenopausal women, similar to a recent report from a European cohort 

[58]. This increase may be a physiologic attempt to reduce oxidative stress induced by RTV, 

as adenovirus-mediated enhancement of HO-1 blocked inflammation and endothelial cell 

injury induced by RTV and certain other PIs in vitro, while suppression of HO-1 augmented 

this pathology [59]. We had anticipated that a similar compensatory rise in HO-1 would be 

seen in our RTV-exposed mice. While CO did induce the expected and dramatic rise in 

HO-1 levels in the setting of RTV, this was not seen in mice exposed to RTV alone. This 

variance from the human cohort may represent one limitation of models lacking the full 

panoply of inflammatory changes occurring in the context of HIV/cART.

Conclusion

HIV-associated nephropathy has declined markedly following introduction of cART, but this 

has been paralleled by a rise in CKD characterized by renal fibrosis and inflammation in 

HIV+ individuals receiving PI-based therapy. Unlike TDF, which has been linked to kidney 

dysfunction but does not cause fibrosis or irreversible CKD in the absence concomitant use 

of RTV-boosted PIs [60], PI-induced renal injury may not be ameliorated by simple ART 

regimen switching [13,61]. We discovered that mice exposed to clinically relevant doses of 

the PI ritonavir developed renal tubular damage and renal dysfunction in association with 

macrophage polarization to an inflammatory subtype and pathologic renal fibrosis. It was 

dependent on release of platelet TGF-β1 and blocked by low-dose inhaled CO, a potent 

inducer of Nrf2-associated anti-oxidant pathways. These results document that certain PI-

based cART may cause renal injury, inflammation, and dysfunction in the absence of HIV. If 

corroborated by additional studies, they offer proof-of-concept for involvement of platelet 

TGF-β1 in HIV/cART-associated kidney disease. This is consistent with the emerging 

importance of platelet TGF-β1 in other disorders [62]. Indeed, the parallel development of 

cardiac fibrosis in RTV-exposed mice, and its dependence on platelet TGF-β1, as previously 

documented by our group [13], suggests a similar mechanism of action for both renal and 

cardiac injury related to RTV, and a similar potential to respond to anti-platelet and/or anti-

oxidant interventions. Given this insight, circulating biomarkers currently being assessed in 

clinical studies of HIV/cART-linked CVD with fibrosis should be examined in terms of renal 

and other organ (e.g., liver and lung) fibrosis as well, all of which may be part of morbidities 

linked to chronic cART use as the HIV population ages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pharmacologic levels of the HIV protease RTV induce renal pathology, including fibrosis. 

Higher levels of renal fibrosis are seen in RTV-exposed wt vs. platelet TGF- β1 deficiency 

PF4CreTgfb1flox/flox mice, and this can be suppressed by inhaled carbon monoxide. Wt and 

PF4CreTgfb1flox/flox mice were treated with RTV (10mg/kg) or vehicle (DMSO) for 8 wks. 

Kidneys were harvested and 4μM sections evaluated for fibrosis by staining with (A) H&E, 

(B) PAS, and (C) Picrosirius red, and quantification by Aperio whole slide scanning and 

Aperio image analysis, as described in the legend to Suppl. Fig. 1. In addition, independent 

evaluation of the extent of fibrosis was performed by four trained observers (E). Widening of 

Bowman’s spaces (A) with globular eosinophilic material (B), and prominent fibrosis (C-E) 

was characteristic of RTV exposure of wt mice. Fibrosis was attenuated in 

PF4CreTgfb1flox/flox mice. Exposure of wt mice to CO daily for 4 hrs (250ppm with each 

RTV injection) suppressed RTV-induced fibrosis (C-E).
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Figure 2. 
RTV-induced fibrosis involved over-expression of α-SMA and collagen α1 in kidneys, 

paralleled by TGF-β1-mediated pSmad2 signaling in wt but not platelet TGF-β1 deficient 

mice. Paraffin-embedded kidney sections were stained for α-SMA (A), collagen α1 (B), or 

phosphor-Smad2-specific antibodies. Photographs were taken using a Nikon Eclipse 80i 

fluorescence microscope with 20X magnification. Quantification of pSmad2 positive nuclei 

(red dots in blue nuclei counter-stained with DAPI) was determined using the NIH ImageJ 

program. Platelet TGF-β1 deficient PF4CreTgfb1flox/flox mice had lower levels of pSmad2 

in kidney than wt mice after 8 wks of RTV exposure.
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Figure 3. 
RTV induced renal dysfunction in association with tubular injury in wt mice, its dependence 

on platelet TGF-β1, and suppression by inhaled CO in association with Nrf2 activation. 

Cystatin C levels in plasma (A) and KIM-1 levels in urine (B) were assessed by ELISA 

following 8 wks of RTV exposure. They were significantly elevated in RTV-exposed wt 

mice. RTV-exposed PF4CreTgfb1flox/flox mice had cystatin C levels equivalent to control wt 

mice (A). Total plasma TGF-β1 levels correlated with degree of cystatin C elevation (C). 

Paraffin-embedded kidney sections from wt mice treated with RTV or RTV plus inhaled CO 

were then stained for Nrf2 (D) and HO-1 (E) and positive areas quantified by confocal 

scanning and ImageJ analysis. Both proteins, involved in anti-oxidant signaling, were 

markedly increased following CO exposure.
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Figure 4. 
Low-dose CO modulates macrophage polarization in kidneys from RTV-exposed wt mice. 

Subsets of F4/80+ CD11b+ macrophages, expressed as a percentage of CD45+ leukocytes 

(A-C) were examined in RTV-exposed wt mice either untreated or following CO inhalation. 

RTV had no effect on the fraction of total leukocytes (B) or total macrophages (C), whereas 

CO inhalation significantly increased both populations (B,C). RTV markedly elevated the 

pro-inflammatory CD45+/F4/80+ I-A/E+ M1 subset, which was reduced significantly by CO 

(D). RTV also increased the number of CD45+/F4/80+ CD206+ M2 cells as a proportion of 

total macrophages, an effect amplified by CO (E). The CO-mediated alteration in M2 cells 

predominantly involved augmentation of regulatory, anti-inflammatory CD45+/F4/80+ B7-

H4+ M2c cells (F).
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Figure 5. 
Impact of RTV on circulating cystatin C and HO-1 levels in cART-treated, HIV-infected 

postmenopausal women. Cystatin C was measured in sera and HO-1 in plasma from 

postmenopausal women, either HIV seronegative, HIV-positive on no antiretroviral (ART) 

therapy, or HIV-positive on a stable ART regimen for ≥two years. The later involved either a 

RTV-boosted PI or a non-PI based regimen (primarily non-nucleoside reverse transcriptase 

inhibitor- based). (A) HIV infection alone (n=17) was linked to an increase in cystatin C 

levels compared with age-matched controls (n=19), with a further increase in levels in those 

HIV+ women treated with RTV-based cART (n=20). (B) eGFR was calculated as described 

in Methods. The HIV+/RTV group (n= 20) had significantly more moderate renal disease 

than the HIV- matched controls (n = 27), the HIV+/no ART (n = 27), or the HIV+/non-PI-

ART groups (n = 30) (p<0.02). (C) HO-1 levels were no different in women infected with 

HIV but on no therapy (n=5) vs. HIV negative control women (n=7). RTV-based cART led 

to a significant rise in HO-1 (n=7), not seen with other cART regimens.
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