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Abstract

Background

Fibrosing diseases are a leading cause of morbidity and mortality worldwide and, therefore,

there is a need for safe and effective antifibrotic therapies. Adenosine, generated extracellu-

larly by the dephosphorylation of adenine nucleotides, ligates specific receptors which play

a critical role in development of hepatic and dermal fibrosis. Results of recent clinical trials

indicate that tenofovir, a widely used antiviral agent, reverses hepatic fibrosis/cirrhosis in

patients with chronic hepatitis B infection. Belonging to the class of acyclic nucleoside phos-

phonates, tenofovir is an analogue of AMP. We tested the hypothesis that tenofovir has

direct antifibrotic effects in vivo by interfering with adenosine pathways of fibrosis using two

distinct models of adenosine and A2AR-mediated fibrosis.

Methods

Thioacetamide (100mg/kg IP)-treated mice were treated with vehicle, or tenofovir (75mg/kg,

SubQ) (n = 5–10). Bleomycin (0.25U, SubQ)-treated mice were treated with vehicle or teno-

fovir (75mg/kg, IP) (n = 5–10). Adenosine levels were determined by HPLC, and ATP

release was quantitated as luciferase-dependent bioluminescence. Skin breaking strength

was analysed and H&E and picrosirus red-stained slides were imaged. Pannexin-1expres-

sion was knocked down following retroviral-mediated expression of of Pannexin-1-specific

or scrambled siRNA.

Results

Treatment of mice with tenofovir diminished adenosine release from the skin of bleomycin-

treated mice and the liver of thioacetamide-treated mice, models of diffuse skin fibrosis and

hepatic cirrhosis, respectively. More importantly, tenofovir treatment diminished skin and
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liver fibrosis in these models. Tenofovir diminished extracellular adenosine concentrations

by inhibiting, in a dose-dependent fashion, cellular ATP release but not in cells lacking Pan-

nexin-1.

Conclusions

These studies suggest that tenofovir, a widely used antiviral agent, could be useful in the

treatment of fibrosing diseases.

Introduction

Fibrosing diseases are a leading cause of morbidity and mortality worldwide [1]. Fibrosis, the

excess accumulation of extracellular matrix (ECM), affects a variety of organs including,

among others, the liver, lung, and skin. The structural components of the ECM, growth fac-

tors, cytokines, chemokines, and proteases, as well as central signaling cascades implicated in

fibrogenesis and fibrolysis, are nearly identical in these different tissues [2]. The specific etiol-

ogy of fibrosis in most organs is only incompletely understood nonetheless, an antifibrotic

agent, pirfenidone was recently approved for the therapy of interstitial pulmonary fibrosis. No

such agents have entered the clinic for the treatment of hepatic cirrhosis or skin fibrosis.

A growing body of work from different laboratories has implicated adenosine and its recep-

tors in the pathogenesis of fibrosis in the lung, skin, liver and heart [3–5]. Adenosine, an extra-

cellular nucleoside which is generated by the dephosphorylation of ATP, has been shown to

both stimulate wound healing and promote fibrosis [6–8]. Cells transport ATP into the extracel-

lular space via the specific transporter Pannexin-1 and other transporters and many cell types

express nucleoside triphosphate phosphohydrolase (NTPP, CD39) and ecto-5’nucleotidase

(CD73) on their surface which, sequentially convert ATP to AMP and adenosine. Extracellular

adenosine acts at either A2A (A2AR) or A2B (A2BR) receptors, members of the large family of G

protein coupled receptors, to directly stimulate fibroblast production of extracellular matrix and

growth factors, leading to fibrosis [3]. It has been observed that Pannexin-1 and extracellular

ATP are upstream regulators of Angiotensin II and TGF-β and trigger fibrosis in mechanical

stretch-induced cardiac fibrosis [9]. Induced ischemia rapidly increases the glycosylation of

Pannexin-1 and increases its trafficking to the plasma membrane. ATP release through Pan-

nexin-1 channels is involved in cardiac fibrosis following myocardial infarction [10]. Bao et al.

demonstrated that Panx-1 hemichannels provides the ligand for the adenosine A2A receptors

that plays a role in the inhibitory signal at the back of the neutrophil, and inhibition of Panx-1

hemichannels blocked A2A receptor stimulation preventing cAMP accumulation and impair-

ing migration and polarization of neutrophils [11]. Deletion of the enzymes involved in adeno-

sine production (either CD73 or CD39 or both) prevents hepatic and skin fibrosis in murine

models and deletion or blockade of either A2A or A2B receptors prevents hepatic, dermal or

peritoneal fibrosis as well [12]. Moreover, mice lacking adenosine deaminase have a marked

increase in extracellular adenosine and suffer from excess fibrosis in lung, skin and other organs

and blockade or deletion of A2AR and A2BR prevents this fibrosis [13, 14]. Evidence from epi-

demiologic and case control studies also supports the role of adenosine receptors in fibrosis.

The principal pharmacologic effect of the most widely consumed drug in the world, caffeine, is

non-selective blockade of adenosine receptors. Caffeine is the major pharmacologic agent in

coffee and consumption of coffee and caffeine (in soft drinks) is associated, in a dose-dependent

fashion, with reduced risk of death and fibrosis from liver disease (Reviewed in [15]).
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A recent report on the long-term follow-up of patients in a clinical trial of tenofovir for the

treatment of hepatitis B suggests that tenofovir therapy, in contrast to other antiviral agents,

reduces or reverses hepatic fibrosis [16]. Moreover, histologic data from a prospective study in

HBV/HIV co-infected patients treated with tenofovir for just over 2 years demonstrated falling

fibrosis scores, a trend not observed with other antivirals [17]. Once tenofovir is internalized

into cells it is subsequently phosphorylated to the active metabolite, tenofovir diphosphate

[18]. In a mechanism similar to that of NRTIs (Nucleoside reverse transcriptase inhibitors),

tenofovir diphosphate competes with deoxyadenosine 50-triphosphate, for incorporation into

newly forming HIV DNA. Once incorporated, termination of the elongating DNA chain

ensues, and DNA synthesis is interrupted [19]. These observations suggest that tenofovir,,

might have direct anti-fibrotic effects.

Therefore, we tested the effect of tenofovir treatment on hepatic and dermal fibrosis in two

different murine models and explored the mechanism by which tenofovir treatment blocks

fibrosis in these models. We report here that tenofovir blocks Pannexin-1-mediated ATP

release and prevents hepatic and dermal fibrosis in murine models in association with a

marked reduction of adenosine release by those organs.

Materials and methods

Reagents

Bleomycin sulfate (Hospira) was purchased as 15 U lyophilized powder, and reconstituted

according to the manufacturer’s guidelines with PBS at 2.5 U/mL. Thioacetamide (TAA) was

purchased from Sigma. Tenofovir was purchased from Sequoia Research Products (UK).

Tenofovir was dissolved by addition of 0.1 N NaOH to a final pH of 7.0 and filter sterilized

(pore size, 0.2 μm) as previously described [20]. Tenofovir (10 mM stock solution) was also

kindly provided by Gilead. Malachite green kit was purchased from Anaspec. Alkaline phos-

phatase colorimetric kit was purchased from Abcam. ATP determination kit (A22066) was

purchased from Molecular Probes.

Mice

In vivo experiments were conducted using C57BL/6 male mice that were up to 14 weeks old by

the time of sacrifice. Animal care and experimental procedures were performed in accordance

with the Institutional Animal Care and Use Committee of NYU School of Medicine and

National Institutes of Health guidelines and were approved by the Institutional Animal Care and

Use Committee of NYU School of Medicine. Experiments were performed in male mice, since

we have previously observed that breaking tension and hydroxyproline content were more con-

sistent in the skin of male mice than their female counterparts, in agreement with prior studies

[21]. Mice had free access to food and drink and were housed in a facility with a 12h light/dark

cycle with controled humidity and temperature. Animals were monitored daily to assess their

health and behavior. Mice that were moribund, appeared hunched over or showed other signs of

severe stress were euthanized. We carried out these experiments with 10 mice in each group for

each experiment as with this number of mice we have 80% power to detect as little as a 25% dif-

ference with a standard deviation of 15% using a 2 sided analysis and a 95% confidence interval.

Dose determination of antiviral therapy

Dose determination was performed via conversion of animal doses to human equivalent doses

based on body surface area [22]. Consultation with Gilead Sciences supported the use of such

doses in murine models.
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Experimental design: Antiviral therapy / administration of tenofovir to

mice subjected to fibrosing agents

In an established model of adenosine-mediated skin injury [7], skin fibrosis was induced with

bleomycin challenge (2.5 U/mL, 0.1 ml). Using a 27-gauge needle, 100 μL of filter-sterilized

bleomycin (dose determined from pilot experiments) or PBS was injected subcutaneously into

the upper back of the mice. Injections in the same site were carried out on alternate days for 18

days. C57BL/6 mice were treated with tenofovir (75 mg/kg) administered intraperitoneally

daily, during the course of bleomycin treatment (n = 10 mice randomized for each treatment).

To determine the specificity of tenofovir, other groups of animals were treated with lamivu-

dine (3TC) (100mg/kg), another reverse transcriptase inhibitor which is an analogue of cyti-

dine, administered subcutaneously (n = 10).

In an established model of adenosine-mediated liver injury, liver fibrosis was induced by

thioacetamide (TAA [23]). Briefly, C57BL/6 mice were treated with the known hepatic fibro-

sis-inducing agent TAA (100 mg/kg in PBS, intraperitoneally, three times weekly for 8 weeks).

Daily antiviral treatments with tenofovir (75 mg/kg) were administered subcutaneously, dur-

ing the course of injury. Control mice received intraperitoneal injections of vehicle or appro-

priate drug treatment (n = 10 each treatment in a randomized procedure).

Dermal morphometric measurements

Dermal morphometric measurements were performed as we have previously described [7, 24].

Following sacrifice the dorsal skin of the animals was shaved. Skin thickness was measured on

12 mm punch biopsies obtained from the back. Four different skin measurements were

recorded per mouse, and an average of those recordings were made. Breaking strength of the

skin was measured on the punch biopsies using a tensiometer (Mark-10 Series EG Digital

Force Gauge, Mark-10 Corporation Copiague, NY). Forceps were clamped at the furthermost

extremes of the biopsy sample and the point of maximal stress before tearing of the biopsy was

recorded [7, 24].

Histology, picrosirius red staining, and scar index determination

Paraffin sections were stained with hematoxylin and eosin (H&E) and picrosirius red as per

the Puchtler method as previously described [24] or immunohistochemistry with antibodies

α-SMA (Abcam, Cambridge, MA). Endogenous peroxidase activity was blocked with hydro-

gen peroxide. Tissue sections were digested with alkaline endopeptidase for 12 minutes at

42˚C and primary antibodies were incubated overnight at room temperature. Primary anti-

body was detected with secondary anti-rabbit (Santa Cruz Biotechnology Inc, Santa Cruz) fol-

lowed by Fast 3’3’-Diaminobenzidine (Sigma-Aldrich, MO USA) development, with

hematoxylin nuclear counterstaining. Appropriate negative controls were included with the

study sections. Slides were acquired using a Leica SCN400 Digital Slide Scanner. Cells were

counted using the Slidepath Digital Image Hub (DIH). Sirius red staining was performed to

evaluate the degree of fibrosis in the specimens, as established [25]. Birefringence pattern and

hue were evaluated using polarized light microscopy to determine collagen density, pattern of

deposition, and maturity. Normal tissues display fine collagen bundles with a yellow-green

birefringence in a random pattern while soft tissue fibrosis results in formation of thicker, par-

allel collagen bundles with an orange-red birefringence [26]. The scar index is a quantitative

analysis of fibrosis calculated by comparing the ratio of orange-red to yellow-green staining

(higher values represent increased scarring) using SigmaScan Pro 5 software with a minimum

of 3–6 sections per animal (n = 5 animals/group) [27, 28]. The same red or green color
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threshold was applied to sections of the same size for all the images. Results were expressed as

red or green pixels/high power field (hpf) as well as a comprehensive scar index indicative of

the degree of fibrosis.

Hepatic sections (5 cross-sections per liver) were harvested and stained with H&E or picro-

sirius red, as described previously [29]. Digitized photomicrographs (entire cross-sections at

×20; 5 sections per liver) were quantitated for total area of picrosirius red staining using Sig-

maScan Pro software v.5.0.0 (SPSS, Chicago, IL, USA). Color thresholds were applied for

fibrotic and total hepatic area. Fibrosis was calculated as a percentage of total hepatic area and

expressed as the average of randomly selected tissue sections from each liver (n = 9-10/experi-

mental group); (n = 5/control group). Results were expressed as % fibrosis of total liver area.

Toxin-induced adenosine release in mice

C57BL/6 mice were pretreated with vehicle or tenofovir (75 mg/kg) intraperitoneally or subcu-

taneously for the skin and liver experiments, respectively. Since the half-life of tenofovir is

between 16–18 hours [18, 30, 31], it was imperative for levels to achieve steady state after 5

half-lives. After two days of pretreatment with antivirals, an injection of bleomycin (0.25 U,

SubQ) or TAA (100mg/kg, intraperitoneally) was administered to induce an acute toxin-

induced adenosine release response. Experiments were performed with at least 5 animals/

group.

Twenty-four hours after the insult, 12 mm skin biopsies were taken and weighed so that tis-

sue specimens of ~40 mg were analyzed. Briefly, skin biopsies were washed in PBS containing

antibiotics (penicillin 200 U/L, streptomycin 200 ug/L, and fungizone 50 ug/L), cut into small

pieces, and incubated in DMEM at 37˚C, 5% CO2. In the animals treated with TAA the livers

were harvested and specimens of ~40 mg were analyzed. Hepatic sections were washed in PBS

containing antibiotics, as above, cut into small pieces and incubated in DMEM at 37˚C, 5%

CO2. After 4 hours of incubation, supernatants were collected for adenosine determination.

Quantification of adenosine levels by high-pressure liquid

chromatography (HPLC)

Adenosine was extracted from supernatants and quantitated by HPLC, as we have previously

described. Proteins in the supernatants were denatured by addition of trichloroacetic acid

(10% vol/vol). The trichloroacetic acid was extracted with freon-octylamine, and the superna-

tants were collected and stored at -80˚C before analysis. The adenosine concentration of the

supernatants was determined by reverse-phase HPLC [32]. Briefly, samples were applied to a

CI8μBondapack column (Waters Chromatography Div., Milford, MA) and eluted with a

0–40%-linear gradient (formed over 60 min) of 0.01 M ammonium phosphate (pH 5.5) and

methanol, with a 1.5 ml/min flow rate. Adenosine was identified by retention time and the

characteristic UV absorbance spectrum, and the concentration was calculated by comparison

to standards. In some experiments, the adenosine peak was digested by treatment with ADA

(0.15 IU/ml, 30 min at 37˚C) to confirm that the peak identified contained only adenosine. All

samples were run in duplicate, and results were expressed as adenosine concentration (nM)

per 12 mm biopsy, to normalize adenosine to the net weight of the sample.

Quantification of dermal hydroxyproline content

Hydroxyproline content in tissue specimens was measured colorimetrically as described previ-

ously [33, 34]. Tissue specimens were hydrolyzed in 12 N HCl at 120˚C. Hydrolysates were fil-

tered and neutralized to pH 7 with NaOH (phenolphthalein added to ensure adequate

neutralization). Samples were mixed with chloramine-T solution (1.4% chloramine-T, 10% N-

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 5 / 22

https://doi.org/10.1371/journal.pone.0188135


propanol, and 80% citrate-acetate buffer). The mixture was incubated for 20 minutes at room

temperature. Ehrlich’s solution (Dimethylamino Benzaldehyde P-Dmba, Isopropanol, Per-

chloric Acid) was added and the samples were incubated at 60˚C for 20 minutes. Absorbance

was measured at 560 nm. Standard curves (0 to 50 μg) were generated for each experiment

using reagent hydroxyproline as a standard. Results were expressed as μg of hydroxyproline

per mg of tissue.

Permanent knockdown of cellular transporters and enzymes

RAW264.7 and HepG2 cells were used. To transfect shRNA, RAW264.7 cells and HepG2 cells

(15,000 cells/ml) were plated and 24 hours later cells were incubated in the presence of Hexadi-

methrine Bromide (4μg/ml) and 108 lentiviral transduction particles corresponding to mouse

Pannexin-1 (SHCLNV-NM_019482), mouse Connexin-43 (SHCLNV-NM_010288.3), human

Pannexin-1 (TRCN0000155349), human AK4 (TRCN000037554), human NME2

(TRCN000010110) and human scrambled (SHC002) with puromycin selection marker, for

another 24 hours to allow transfection. Media was then replaced with αMEM containing puro-

mycin (1μg/ml), changing the media every three days until selected clones formed. These

clones were isolated and expanded until confluence. Scrambled shRNA (SHC002V) was used

as control. Permanently silenced clones are kept in culture under puromycin selection.

Determination of ATP Release into the supernate

Extracellular ATP was determined in RAW264.7, murine macrophages, and HepG2, human

hepatocytes, cell lines using a bioluminescence assay in which ATP-dependent generation of

light by recombinant firefly luciferase and its substrate D-luciferin was measured using an

ATP determination kit (A22066) purchased from Molecular Probes and assays were per-

formed according to manufacturer’s protocol. All assays were performed in triplicate.

Enzyme activity assays

Extracellular phosphatase assays were performed using the malachite green assay, according to

the manufacturer’s protocol. Briefly, AMP or ATP substrate was added at 100 μM to cells or

recombinant enzyme. AOPCP, a known CD73 inhibitor, was used as a control. A phosphate

free buffer containing 2 mM magnesium chloride, 120 mM sodium chloride, 5 mM potassium

chloride, 10 mM glucose, and 20 mM HEPES was used. Results were obtained colorimetrically

(λ = 620 nm) and compared to a standard curve of known phosphate concentrations. Alkaline

phosphatase assays were performed using a colorimetric kit supplied by Abcam, according to

the manufacturer’s protocol. Briefly, recombinant enzyme was pretreated with adefovir or

tenofovir for 15 minutes, and the conversion of p-nitrophenyl phosphate to p-nitrophenol was

determined colorimetrically (λ = 405 nm). Optical density was recorded and compared to a

standard curve of known p-nitrophenol concentrations.

Collagen-1 determination

NHDF cells grew to 70–80% confluence and medium was changed to edium with 0.2% BSA

for at leat 16 hours. Cells were treated with Tenofovir 10 μM alone or in combination with

CGS21680 10μM for 24 hours. P was harvested and quantified by BCA (Bio-Rad). 15ug pro-

teins were loaded for SCS-page. After being blocked with 3% BSA in TBST, blots were incu-

bated with anti-collagen I antibody (Southern Biotech) for 1 hour.
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Statistical analysis

Data were expressed as means±SD or ±SE wherever appropriate. Results were analyzed by Stu-

dent’s t test or analysis of variance (ANOVA), as appropriate, with GraphPad software v.4.02

(GraphPad, San Diego, CA, USA). Values of P<0.05 were considered significant. For each sta-

tistical analysis, the experimental unit was a single animal, and statistical analysis was per-

formed to compare groups of animals.

Results

Tenofovir protects against bleomycin-induced dermal fibrosis

To confirm that tenofovir had direct antifibrotic effects independent of its effects on viral

infection we tested the effect of the drug in mice with bleomycin-induced dermal fibrosis, an

established murine model of scleroderma. [35]. Tenofovir treatment markedly reduced skin

thickness in bleomycin-treated mice compared with the skin of mice treated with bleomycin

alone (4.3±0. mm versus 6.2± 0.3 mm, respectively, n = 5/group, p< 0.01) (Fig 1A). Moreover,

tenofovir treatment reduced breaking tension in the bleomycin-treated mice (0.30±0.02 kg

versus 0.46±0.04 kg, respectively [n = 5/group]; P< 0.01) (Fig 1A). When animals were treated

with lamivudine, no significant changes were observed in either skin thickness (3.12±0.3 mm

versus 3.2±0.4 mm respectively, n = 5/group, p = NS) or breaking tension (0.65±0.6 Kg versus

0.56.5±0.3 Kg, respectively n = 5/group; p = ns) (Fig 1B).

Tenofovir diminishes skin alterations of bleomycin-treated mice

To better evaluate the degree of fibrosis in the skin specimens, we further analyzed skin sec-

tions following staining with picrosirius red. Birefringence pattern and hue were evaluated

using polarized light microscopy to determine collagen density, pattern of deposition and

maturity. As shown in Fig 2A, biopsies from vehicle treated mice show a predominantly green

birefringence whereas there was an increase in red birefringence with a decrease in green bire-

fringence in bleomycin-treated mice (46±14% increased red birefringence and 36±6%

decreased in green birefringence vs non-treated animals, p<0.05 respectively) [n = 5/group], a

pattern typical of fibrosis (Fig 2B). Skin from tenofovir-treated mice demonstrated markedly

diminished fibrotic changes; indeed, the skin resembled that of the vehicle-treated mice not

treated with bleomycin (Fig 2A). Further quantitation of the red/green birefringence demon-

strates the effect of bleomycin treatment on development of fibrosis and the reduction in fibro-

sis in the tenofovir-treated mice (Fig 2B). Bleomycin-treated mice had over a two-fold higher

“scar index” than vehicle-treated mice, whereas tenofovir-treated mice did not suffer an

increase in their scar index after bleomycin treatment (0.94±0.18 scar index versus 2.03±009,

p<0.001, n = 5) (Fig 2B).

To further confirm the effect of tenofovir treatment on bleomycin-induced fibrosis we mea-

sured dermal hydroxyproline content as a reflection of total collagen content and degree of

fibrosis (Fig 2B). As with the other measures of skin fibrosis, tenofovir treatment prevented the

bleomycin-induced increase in dermal collagen. Hydroxyproline content was increased in

bleomycin treated mice (173±37 μg hydroxyproline/mg tissue compared to 66±4 μg hydroxy-

proline/mg tissue for untreated mice, respectively, p<0.05) and levels were restored to nearly

those of untreated mice in the presence of tenofovir (94±9 μg hydroxyproline/mg tissue,

p = ns vs. untreated mice) [n = 5/group]. No reduction of bleomycin-induced fibrosis was

observed when animals were treated with 3TC (Fig 2C).

Consistent with the changes in skin matrix, bleomycin treatment stimulated a marked

increase of the myofibroblast population (22±1 α-SMA+ cells versus 15±1 α-SMA+ cells for
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Fig 1. Tenofovir prevents liver and skin fibrosis in two models of adenosine-mediated injury. A) C57BL/6

mice treated with tenofovir therapy (intraperitoneal injections) are protected against bleomycin-induced dermal

fibrosis. Bleomycin (0.25 U; SubQ injections, daily for 18 days) was used to induce fibrosis in C57BL/6 mice.

Intraperitoneal tenofovir therapy (75 mg/kg) was administered during bleomycin challenge. B) C57BL/6 mice

treated with 3TC therapy are not protected against bleomycin-induced dermal fibrosis. Images from

representative hematoxylin and eosin stained slides are presented. Skin thickness measurements were
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control, p<0.001, n = 5) that was reversed by treatment with tenofovir (17±1 α-SMA+ cells,

p<0.001, n = 5) (Fig 3). Similar to collagen content and organization and skin thickening,

myofibroblast accumulation was prevented by tenofovir 75mg/Kg (Fig 3).

Tenofovir prevents fibrosis in a murine model of hepatic fibrosis

Tenofovir antiviral therapy is associated with continued improvement in liver histology in sev-

eral reports [16, 17, 36]. To further confirm whether there was a direct anti-fibrotic effect of

tenofovir we characterized the effects of this agent on hepatic fibrosis in an established murine

model of hepatic fibrosis induced by thioacetamide (TAA, [37]). Consistent with our findings

in the skin, in the TAA-treated mice there was clear formation of fibrous septa in the harvested

livers (Fig 1C). Tenofovir treatment markedly reduced hepatic fibrosis in the TAA-treated

mice (Fig 1C). Histomorphometric measurements (Fig 1D) were consistent with the histologi-

cal appearance in the treatment groups; the TAA/tenofovir group of mice was protected from

fibrosis as compared to the TAA/vehicle group (1.01±0.05% fibrotic area versus 4.44±0.37%

for TAA, p<0.001, n = 10) (Fig 1C and 1D).

Tenofovir does not affect either basal or A2A receptor-stimulated

collagen 1 expression

Tenofovir has previously been reported to be a ligand for adenosine A1, A2B and A3, but not

A2A receptors although the concentrations required are higher than are generally achieved in
vivo [38, 39]. To determine whether adenosine receptor activation/inhibition by tenofovir

could play a role in the diminished fibrosis we studied the effect of tenofovir on col1a1 expres-

sion by primary human dermal fibroblasts. Tenofovir neither inhibited basal collagen expres-

sion nor A2A receptor-stimulated (CGS21680, 1μM) by fibroblasts (S2 Fig).

Tenofovir treatment of mice diminishes adenosine release from skin ex

vivo

As we have previously reported that adenosine, generated by the action of CD39 and CD73,

plays a critical role in development of both hepatic and dermal fibrosis in murine models of

cirrhosis and scleroderma, respectively, [7, 23] we tested the hypothesis that tenofovir’s antifi-

brotic effects are mediated by inhibition of adenosine production. Mice were treated with

tenofovir for two days and then bleomycin was administered, skin was harvested and cultured

overnight ex vivo, adenosine levels in supernates were measured by HPLC, as described. Bleo-

mycin treatment induced a two fold increase in adenosine release (4.13±0.53 nM/mg tissue

compared to 2.26±0.37 nM/mg tissue for vehicle, p<0.005), an effect which was markedly

reduced in skin from mice treated with tenofovir (2.47±0.18 nM/mg tissue, p = ns vs. vehicle)

(Fig 4A) [n = 5/group]. Similarly, as we have previously reported, TAA treatment increases

release of adenosine into the extracellular space by a CD73/CD39-mediated mechanism (872

±120 nM/mg tissue for TAA compared to 345±55 nM/mg tissue for control, p<0.05) and

performed as described in materials and methods. Breaking tension results were performed with a tensiometer

and the recording at the point of maximal stress before tearing of the biopsy was recorded. C) Picrosirius red

staining of fibrotic liver. TAA (100 mg/kg; intraperitoneal injections, alternate days for 8 weeks) was administered

to induce fibrosis in C57BL/6 mice. Subcutaneous tenofovir therapy (75 mg/kg) was administered during TAA

challenge. Paraffin-embedded liver tissue sections were stained in 1% Sirius red and collagen-positive sites were

indicated in red. Digitized images (10x and 40x) are presented and show representative liver sections (n = 5–10).

D) Quantification of picrosirius red staining was performed digitally using SigmaScan Pro v.5.0.0; data represent

the percentage of total liver area stained by picrosirius red. Results are expressed as mean±SEM.

Scale = 100 μm. **p<0.005, ***p<0.001 compared to vehicle (ANOVA).

https://doi.org/10.1371/journal.pone.0188135.g001
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Fig 2. Tenofovir diminishes dense collagen fibrils. A) Representative Sirius red birefringence images are shown at 10x, 20x,

and 40x original magnification. Orange-red is indicative of fibrosis; yellow-green is consistent with normal tissue. Biopsy site is

near the site of induration 18 days after treatment. B) Quantitative analysis of red pixels/HPF and green pixels/HPF was

performed with SigmaScan Pro software. Scar index measurements, quantitative analysis of fibrosis calculated by comparing the

ratio of orange-red to yellow-green staining using SigmaScan Pro software. Hydroxyproline content is shown normalized to the

mass (in mg) of the sample. C) Representative Sirius red birefringence images are shown at 10x original magnification. Orange-
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treatment with tenofovir reduces adenosine release (297±58 nM/mg tissue for TAA, p = ns vs.

vehicle treatment) (Fig 4B) [n = 5/group]. These findings are consistent with the central patho-

genic role of adenosine in dermal and hepatic fibrosis in these models.

Tenofovir does not increase adenosine release via inhibition of

extracellular phosphatases

We have previously reported that the increase of adenosine release into the extracellular space

that promotes fibrosis depends on CD39/CD73-mediated dephosphorylation of adenine

nucleotides. Tenofovir is an AMP analogue that resembles substrates of CD39 and CD73. We

therefore determined whether or not tenofovir inhibited dephosphorylation of adenine nucle-

otides (ATP or AMP). Tenofovir inhibited ATP dephosphorylation by 30% only at the highest

concentration tested (100μM), a concentration far greater than can be achieved în vivo (S1

Fig). Similarly, neither tenofovir nor adefovir, a close structural analogue, inhibited alkaline

phosphatase activity measured in HepG2 cells (S1 Fig). Thus, tenofovir does not alter extracel-

lular adenosine levels by inhibiting conversion of extracellular adenine nucleotides to

adenosine.

Tenofovir inhibits ATP export via Pannexin-1

To further investigate the mechanism by which tenofovir exerts its anti-viral potential, we

explored the possibility that tenofovir inhibited ATP export from cells in both murine and

human cells (Fig 5).

We observed that following overnight incubation, tenofovir inhibited ATP release from

RAW264.7 cells in a dose dependent manner (IC50 = 2μM) (Fig 5A). Incubation of cells with

tenofovir immediately before study of ATP release did not inhibit ATP release (not shown)

indicating that tenofovir had to be taken up by cells and, presumably, converted to nucleotides

to affect ATP export. Because Pannexin-1 and Connexin-43 have previously been reported to

mediate ATP release into the extracellular space we determined the role of these proteins in

ATP release and whether knockdown of these proteins altered ATP release and the capacity of

tenofovir treatment to inhibit ATP release. Pannexin-1 and Connexin-43 protein expression

was diminished by 77±1.4% and 44±10%, respectively by lentiviral expression of specific

shRNA in RAW264.7 cells (compared to expression of scrambled shRNA). Tenofovir treat-

ment inhibited ATP release by RAW264.7 cells infected with the lentivirus expressing scram-

bled shRNA (54.9±7.5% vs non-treated, p<0.001, n = 7) (Fig 5B). In RAW264.7 cells in which

Pannexin-1, but not Connexin-43, expression was diminished there was a marked reduction

in ATP release into the medium (46±5% decreased vs non-treated RAW264.7 cells, p<0.001,

n = 7) (Fig 5B), as expected if Pannexin-1 is largely responsible for unstimulated ATP release

in these cells. There was no effect of tenofovir treatment on ATP release by cells that lacked

Pannexin-1 (46.22±1.19% vs non-treated, p<0.001, n = 7) (Fig 5B) whereas tenofovir reduced

ATP release in Connexin-43-knockdown cells as well as cells expressing a scrambled shRNA

or control cells (19±6% decrease for vehicle and 39±7% decrease for tenofovir vs non-treated

RAW264.7 cells, p = ns and p<0.005 respectively) (Fig 5B). As shown in Fig 5C, tenofovir

inhibited ATP release by HepG2 cells similar to RAW264.7 cells (37.1±8.1% decrease vs non-

treated HepG2, p<0.005). When Pannexin-1, AK4 (Adenylate Kinase 4, the enzyme that

red is indicative of fibrosis; yellow-green is consistent with normal tissue. Biopsy site is near the site of induration 18 days after

treatment. Hydroxyproline content is shown normalized to the mass (in mg) of the sample. Results are expressed as mean±SEM.

Scale = 100 μm. *p<0.05, ***p<0.001 compared to vehicle (ANOVA).

https://doi.org/10.1371/journal.pone.0188135.g002
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Fig 3. Tenofovir diminishes myofibroblasts in the skin of bleomycin-treated mice. A) Representative alpha-SMA immunostained

images (100x, 200x, and 400x original magnification). Biopsy site is near the site of induration 18 days after treatment. B) Quantitative

analysis of positive cells/HPF. Results are expressed as mean±SEM. Scale = 100 μm, ***p<0.001 compared to vehicle (ANOVA).

https://doi.org/10.1371/journal.pone.0188135.g003
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catalyzes the interconversion of adenine nucleotides) and NME2 (Nucleoside diphosphate

kinase B, a kinase involved in general homeostasis of cellular nucleoside triphosphates) were

silenced by lentiviral expression of specific shRNA, no effect of tenofovir treatment on ATP

release was observed (32.0±21.7% decrease for vehicle and 52.3±15.7% decrease for tenofovir

in Pannexin-1 knockdown cells, p = ns; 52.5±7.4% decrease for vehicle and 61.7±4.9% decrease

for tenofovir in AKA knockdown cells, p = ns; 47.5±17.7% decrease for vehicle and 58.7

Fig 4. Tenofovir modulates adenosine levels. After two days of tenofovir pretreatment with (75 mg/kg)), an

injection of bleomycin (0.25 U, SubQ) or TAA (100mg/kg, intraperitoneally) was administered to induce an

acute toxin-induced adenosine release response. 24 hours later, animals were sacrificed and tissue was

collected, adenosine extracted as described in methods and levels were measured by HPLC A) Bar graph of

adenosine release in skin. B) Bar graph of adenosine release in liver. Results are expressed as mean±SEM.

*p<0.05 compared to vehicle (ANOVA).

https://doi.org/10.1371/journal.pone.0188135.g004
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Fig 5. Tenofovir inhibits ATP export via Pannexin-1. A) In vitro ATP determination assays were performed

with RAW264.7 cells according to manufacturer’s protocol. Tenofovir dose-response effects are shown. Data

represents the mean results of 5 separate experiments carried out in duplicate. B) ATP determination assay

was performed in the presence of Pannexin-1 or Connexin-43 knock-down (KD) RAW264.7 cells. Pannexin-1

and Connexin-43 knockdown protein expression in shRNA RAW264.7 cells. C) ATP determination assay was

performed in the presence of Pannexin-1, AK4 or NME2 knock-down (KD) HepG2 cells. Pannexin-1, AK4 and
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±16.7% decrease for tenofovir in NME2 knockdown cells vs non-treated HepG2, p = ns) (Fig

5C). These results are consistent with the hypothesis that uptake and phosphorylation of teno-

fovir diminishes Pannexin-1-mediated (but not Connexin-43-mediated) ATP transport into

the extracellular fluid thereby diminishing the substrate for ectonucleotidases to convert to

adenosine (Fig 6).

Discussion

The success of antiviral therapies for viral hepatitis has established that, at least in liver, organ

function can be markedly restored, with resolution of fibrosis, once the underlying source of

injury is controlled. [40] Thus, data from patients demonstrates that tenofovir, but not other

antiviral agents, reverses hepatic fibrosis/cirrhosis in patients with chronic hepatitis B [16]. In

this study, we sought to characterize tenofovir’s actions in two murine models of fibrosis and

report four novel findings: 1) Tenofovir’s impact on fibrosis is independent of its viral suppres-

sion capabilities; 2) Tenofovir prevents hepatic fibrosis development in a murine model of

hepatotoxin-induced fibrosis; 3) Tenofovir protects against bleomycin-induced dermal fibro-

sis; 4) Tenofovir blocks Pannexin-1-mediated cellular ATP release leading to diminished aden-

osine levels in the extracellular space which diminishes A2AR-mediated fibrosis.

We have previously demonstrated that adenosine, generated by the extracellular dephos-

phorylation of adenine nucleotides, plays a central role in both skin and hepatic fibrosis due to

bleomycin and thioacetamide, respectively. [41, 42] Either direct inhibition or deletion [7, 23]

of adenosine A2AR or diminished adenosine production [41, 42] reduces fibrosis in these

murine models. Results of epidemiologic and case-control studies provide further evidence

that blockade of adenosine receptors can diminish hepatic fibrosis since consumption of coffee

and other caffeine-containing drinks diminishes, in a dose-dependent fashion, the develop-

ment of hepatic fibrosis and death from liver disease. The demonstration that tenofovir

directly diminishes fibrosis and adenosine release suggests that tenofovir therapy might also be

useful for the treatment of non-viral fibrosing conditions.

Tenofovir is a pro-drug; it is taken up by cells and converted to tenofovir polyphosphates

which mediate the antiviral effects of the agent. The kinetics of tenofovir-mediated inhibition

of ATP release is most consistent with the hypothesis that the intracellular accumulation of the

drug, and likely its polyphosphated metabolites, mediates the effect of tenofovir on ATP

release. Furthermore, although tenofovir itself is an analogue of AMP it does not interfere with

the activity of ecto-5’nucleotidase. Thus, the capacity of tenofovir treatment to reduce adeno-

sine release is due to reduction of the levels of precursors in the extracellular space where aden-

osine is generated from adenine nucleotides.

Previous studies demonstrate that A2AR directly stimulate collagen production and that

they play an active role in the pathogenesis of hepatic and dermal fibrosis [7, 23, 43]. In prior

studies, it was determined that A2AR occupancy directly stimulates collagen production in

hepatic stellate cells [23, 44] and dermal fibroblasts [7], key mediators of liver and skin fibrosis,

respectively. Moreover, A2AR regulates the quality of the collagen in the skin and, likely, the

liver. [45] Thus A2AR clearly alter the balance of collagen I and collagen III (the abundance of

which characterizes the matrix of scars) synthesis and accumulation. [46] The downstream sig-

naling pathways for A2AR-mediated stimulation of collagen I and collagen III production also

diverge. In human stellate cells and dermal fibroblasts A2AR regulate production of collagen I

NME2 knockdown protein expression in shRNA HepG2. Data is a representative experiment of two,

performed in triplicate. Results are expressed as mean±SEM. **p<0.005, ***p<0.001 compared to vehicle in

RAW264.7 or HepG2 cells (ANOVA).

https://doi.org/10.1371/journal.pone.0188135.g005
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by a pathway dependent on protein kinase A, src, and ERK 1/2. In contrast A2AR regulates

transcription and translation of collagen III via EPAC1/2 and p38MAPK. [44, 47].

Ligation of A2AR also regulates the expression of growth factors and cytokines known to

play a role in fibrosis. Thus, A2AR occupancy promotes collagen production by stimulating

CTGF production [43] and TGF-β. [48] A2AR-deficient mice have decreased levels of TGF-β
and there are diminished levels of both CTGF and TGF-β in the skin of adenosine deaminase-

deficient mice with dermal fibrosis after treatment with an A2AR antagonist [49].

Inflammatory cytokines play a role in hepatic and dermal fibrosis. IL-13 is a key mediator

of tissue fibrosis and a potent stimulator and activator of TGF-β, as well as a direct stimulus for

collagen production. [50] Adenosine stimulates IL-13 production and IL-13 reciprocally

increases extracellular adenosine levels synergistically stimulating the development of fibrosis.

[8, 51]

Moreover, Pannexin-1 and ATP release are involved in cardiac fibrosis and in adenosine

A2A receptor activation in neutrophils [10, 11]. Here we demonstrate that tenofovir inhibits

ATP release by Pannexin-1 hemichannels, and therefore diminishes adenosine levels. The

demonstration that tenofovir treatment diminishes adenosine levels may also explain some of

the toxic side effects of tenofovir treatment. There is a growing appreciation that patients with

HIV disproportionately suffer from osteopenia and while there are many factors that may con-

tribute to the loss of bone, tenofovir therapy is a significant risk factor. [52, 53] Previous stud-

ies have demonstrated that ecto-5’nucleotidase-deficient mice are osteopenic and that

osteoblasts and their precursors produce adenosine which promotes bone formation. [54, 55]

Fig 6. Model of tenofovir actions in the context of the adenosine axis. Tenofovir is phosphorylated. The enzymes catalyzing the

phosphorylation steps are adenylate kinases (AK2 and AK4) and nucleotide diphosphate kinases (NME1 and NME2). Organic anion

transporter 1 (OAT1) and organic anion transporter 3 (OAT3) are the major transporters involved in tenofovir clearance. In viral infected

cells, tenofovir diphosphate inhibits the activity of HIV-1 reverse transcriptase by competing with its natural nucleotide counterpart

deoxyadenosine 5’-triphosphate for incorporation into newly synthesized viral DNA. Once incorporated, it leads to termination of DNA

elongation and stops further DNA synthesis. Major pathways are involved in adenosine metabolism. Adenosine is formed from its precursor

ATP in both the intracellular and extracellular spaces. Intracellular adenosine is shunted into the extracellular space through membrane

nucleoside transporters which also mediate uptake of adenosine from the extracellular fluid. The adenosine salvage enzyme adenosine

kinase (AK) rephosphorylates adenosine to ATP while adenosine deaminase (ADA) deaminates adenosine to inosine. The extracellular

formation of adenosine is the result of an enzymatic cascade consisting of the ectoenzymes, CD39, CD73 and alkaline phosphatase (ALP).

https://doi.org/10.1371/journal.pone.0188135.g006
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In addition, adenosine A2AR-deficient mice have diffuse osteopenia which results in part

from a marked excess of osteoclasts and osteoclast-mediated bone turnover. [56–58] Thus, it is

possible that diminished extracellular adenosine levels in the bone of patients treated with

tenofovir could contribute to the development of osteopenia.

We found that knockdown of Pannexin-1 alone significantly reduces spontaneous ATP

release from the murine macrophage cell line cells by an amount similar to that induced by

tenofovir in control cells and tenofovir treatment of Pannexin-1 knockdown cells does not fur-

ther inhibit ATP release. In contrast, Connexin-43 knockdown did not affect spontaneous

ATP release by these cells under the conditions studied. In prior studies Connexin-43 required

activation to promote ATP release (cf [59]) and it is likely that under the conditions in which

the cells were cultured the contribution of Connexin-43 to spontaneous release of ATP is mini-

mal. Moreover, the observation that tenofovir treatment did not affect ATP release by Pan-

nexin-1 knockdown cells but significantly inhibited ATP release by Connexin-43 knockdown

cells is most consistent with the hypothesis that tenofovir’s effect is selective for Pannexin-1.

Ecto-5’nucleotidase is critical for the production of extracellular adenosine and, with such

an important regulatory role in the production of adenosine, this enzyme has become an

appealing drug target with potential applications in the treatment of inflammation [60],

chronic pain, [61] hypoxia, [62] and cancer. [63] Moreover, marked up-regulation of CD73

has been demonstrated in fibrotic diseases associated with chronic inflammation. Patients

with chronic obstructive pulmonary disease or idiopathic lung fibrosis show markedly elevated

pulmonary CD73 expression levels. [14] Conversely, genetically altered mice lacking CD73

have diminished fibrosis in skin and liver. [64–66] Thus, in addition to targeting adenosine

production with tenofovir these studies suggest that targeting CD73 may also be suitable in

modulating inflammation and fibrosis.

Supporting information

S1 Fig. Neither adefovir nor tenofovir affects extracellular phosphatases. A-C) Malachite

green assay performed as per manufacturer’s protocol. AMP = 100 μM; 15 minute assay; (λ =

620 nm), Adefovir and Tenofovir range 1 nM-100 μM. D-E)) Malachite green assay (Anaspec)

was performed in HEPG2 cells treated with ATP or AMP substrate (100 μM), for 15 minutes,

in the presence of pretreatment of adefovir or tenofovir. Phosphatase activity was expressed as

fold change and normalized to phosphatase activity of cells treated with ATP alone. Inorganic

phosphate release was a readout for phosphatase activity (λ = 620 nm). Activity was deter-

mined using a standard curve of known phosphate concentrations. F) Alkaline phosphate

activity assay (Abcam) was performed according to the manufacturer’s protocol. Briefly,

recombinant enzyme was pretreated with adefovir or tenofovir for 15 minutes, and the conver-

sion of p-nitrophenyl phosphate to p-nitrophenol was determined colorimetrically (λ = 405

nm). Optical density was recorded and compared to a standard curve of known p-nitrophenol

concentrations. Hu = human, tx = treatment.

(TIF)

S2 Fig. Tenofovir does not affect either basal or A2A receptor-stimulated collagen 1

expression. Protein expression for Collagen I was determined after challenge NHDF in pres-

ence of CGS21680 10μM and Tenofovir 10μM for 24 hours. Data are expressed as mean ± SEM.
� P < 0.05, versus nonstimulated control (ANOVA).

(TIF)

S1 File. NC3Rs ARRIVE guidelines checklist 2014.

(DOC)

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 17 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188135.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188135.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188135.s003
https://doi.org/10.1371/journal.pone.0188135


Acknowledgments

The authors thank Judith Aberg, MD for her suggestions and discussions and Doreen Tivon,

BA and Timothy Cardozo, MD, PhD for their computational biology work on this project.

The authors also thank the Histopathology Core of the New York University Langone Medical

Center. This work was supported by grants from the National Institute of Arthritis, Musculo-

skeletal and Skin Diseases (RO1-AR054897 and RO1-AR056672), the NYU-HHC Clinical and

Translational Science Institute (UL1-TR000038 from the National Center for Advancing

Translational Sciences) and Gilead Pharmaceuticals. Dr Mediero is funded by Instituto de

Salud Carlos III and Fondo Europeo de Desarrollo Regional (FEDER) through the “Miguel

Servet” program.

Author Contributions

Conceptualization: Bruce Cronstein.

Data curation: Bruce Cronstein.

Formal analysis: Aranzazu Mediero.

Funding acquisition: Bruce Cronstein.

Investigation: Jessica L. Feig, Carmen Corciulo, Hailing Liu, Jin Zhang, Miguel Perez-Aso,

Laura Picard, Tuere Wilder.

Methodology: Jessica L. Feig, Carmen Corciulo, Hailing Liu, Miguel Perez-Aso.

Project administration: Bruce Cronstein.

Resources: Bruce Cronstein.

Supervision: Aranzazu Mediero, Bruce Cronstein.

Validation: Aranzazu Mediero, Bruce Cronstein.

Writing – original draft: Jessica L. Feig, Aranzazu Mediero, Bruce Cronstein.

Writing – review & editing: Aranzazu Mediero, Bruce Cronstein.

References
1. Wynn TA. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases. The

Journal of clinical investigation. 2007; 117(3):524–9. Epub 2007/03/03. https://doi.org/10.1172/

JCI31487 PMID: 17332879

2. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic translation for fibrotic disease. Nature

medicine. 2012; 18(7):1028–40. Epub 2012/07/10. https://doi.org/10.1038/nm.2807 PMID: 22772564

3. Ferrari D, Gambari R, Idzko M, Muller T, Albanesi C, Pastore S, et al. Purinergic signaling in scarring.

FASEB journal: official publication of the Federation of American Societies for Experimental Biology.

2015. https://doi.org/10.1096/fj.15-274563 PMID: 26333425.

4. Puhl SL, Kazakov A, Muller A, Fries P, Wagner DR, Bohm M, et al. A1 receptor activation attenuates

cardiac hypertrophy and fibrosis in response to alpha1-adrenergic stimulation in vivo. British journal of

pharmacology. 2015. https://doi.org/10.1111/bph.13339 PMID: 26406609.

5. Tang J, Jiang X, Zhou Y, Dai Y. Effects of A2BR on the biological behavior of mouse renal fibroblasts

during hypoxia. Molecular medicine reports. 2015; 11(6):4397–402. https://doi.org/10.3892/mmr.2015.

3320 PMID: 25672943.

6. Montesinos MC, Gadangi P, Longaker M, Sung J, Levine J, Nilsen D, et al. Wound healing is acceler-

ated by agonists of adenosine A2 (G alpha s-linked) receptors. The Journal of experimental medicine.

1997; 186(9):1615–20. PMID: 9348321

7. Chan ES, Fernandez P, Merchant AA, Montesinos MC, Trzaska S, Desai A, et al. Adenosine A2A

receptors in diffuse dermal fibrosis: pathogenic role in human dermal fibroblasts and in a murine model

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 18 / 22

https://doi.org/10.1172/JCI31487
https://doi.org/10.1172/JCI31487
http://www.ncbi.nlm.nih.gov/pubmed/17332879
https://doi.org/10.1038/nm.2807
http://www.ncbi.nlm.nih.gov/pubmed/22772564
https://doi.org/10.1096/fj.15-274563
http://www.ncbi.nlm.nih.gov/pubmed/26333425
https://doi.org/10.1111/bph.13339
http://www.ncbi.nlm.nih.gov/pubmed/26406609
https://doi.org/10.3892/mmr.2015.3320
https://doi.org/10.3892/mmr.2015.3320
http://www.ncbi.nlm.nih.gov/pubmed/25672943
http://www.ncbi.nlm.nih.gov/pubmed/9348321
https://doi.org/10.1371/journal.pone.0188135


of scleroderma. Arthritis and rheumatism. 2006; 54(8):2632–42. https://doi.org/10.1002/art.21974

PMID: 16871530.

8. Blackburn MR, Lee CG, Young HW, Zhu Z, Chunn JL, Kang MJ, et al. Adenosine mediates IL-13-

induced inflammation and remodeling in the lung and interacts in an IL-13-adenosine amplification path-

way. The Journal of clinical investigation. 2003; 112(3):332–44. https://doi.org/10.1172/JCI16815

PMID: 12897202.

9. Nishida M, Sato Y, Uemura A, Narita Y, Tozaki-Saitoh H, Nakaya M, et al. P2Y6 receptor-Galpha12/13

signalling in cardiomyocytes triggers pressure overload-induced cardiac fibrosis. EMBO J. 2008; 27

(23):3104–15. https://doi.org/10.1038/emboj.2008.237 PMID: 19008857

10. Li L, He L, Wu D, Chen L, Jiang Z. Pannexin-1 channels and their emerging functions in cardiovascular

diseases. Acta biochimica et biophysica Sinica. 2015; 47(6):391–6. Epub 2015/04/30. https://doi.org/

10.1093/abbs/gmv028 PMID: 25921414.

11. Bao Y, Chen Y, Ledderose C, Li L, Junger WG. Pannexin 1 channels link chemoattractant receptor sig-

naling to local excitation and global inhibition responses at the front and back of polarized neutrophils.

The Journal of biological chemistry. 2013; 288(31):22650–7. https://doi.org/10.1074/jbc.M113.476283

PMID: 23798685

12. Cronstein BN. Adenosine receptors and fibrosis: a translational review. F1000 biology reports. 2011;

3:21. https://doi.org/10.3410/B3-21 PMID: 22003368

13. Wang G, Wang H, Singh S, Zhou P, Yang S, Wang Y, et al. ADAR1 Prevents Liver Injury from Inflam-

mation and Suppresses Interferon Production in Hepatocytes. The American journal of pathology.

2015; 185(12):3224–37. https://doi.org/10.1016/j.ajpath.2015.08.002 PMID: 26453800.

14. Zhou Y, Murthy JN, Zeng D, Belardinelli L, Blackburn MR. Alterations in adenosine metabolism and sig-

naling in patients with chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis. PloS

one. 2010; 5(2):e9224. Epub 2010/02/20. https://doi.org/10.1371/journal.pone.0009224 PMID:

20169073

15. Cronstein BN. Caffeine, a drug for all seasons. Journal of hepatology. 2010; 53(1):207–8. https://doi.

org/10.1016/j.jhep.2010.02.025 PMID: 20452698

16. Marcellin P, Gane E, Buti M, Afdhal N, Sievert W, Jacobson IM, et al. Regression of cirrhosis during

treatment with tenofovir disoproxil fumarate for chronic hepatitis B: a 5-year open-label follow-up study.

Lancet. 2013; 381(9865):468–75. https://doi.org/10.1016/S0140-6736(12)61425-1 PMID: 23234725.

17. Boyd A, Lasnier E, Molina JM, Lascoux-Combe C, Bonnard P, Miailhes P, et al. Liver fibrosis changes

in HIV-HBV-coinfected patients: clinical, biochemical and histological effect of long-term tenofovir diso-

proxil fumarate use. Antiviral therapy. 2010; 15(7):963–74. https://doi.org/10.3851/IMP1649 PMID:

21041911.

18. Robbins BL, Srinivas RV, Kim C, Bischofberger N, Fridland A. Anti-human immunodeficiency virus

activity and cellular metabolism of a potential prodrug of the acyclic nucleoside phosphonate 9-R-(2-

phosphonomethoxypropyl)adenine (PMPA), Bis(isopropyloxymethylcarbonyl)PMPA. Antimicrobial

agents and chemotherapy. 1998; 42(3):612–7. Epub 1998/03/28. PMID: 9517941

19. Inc. GS. Viread (tenofovir) product monograph. Foster City, CA. 2001.

20. Van Rompay KK, Durand-Gasselin L, Brignolo LL, Ray AS, Abel K, Cihlar T, et al. Chronic administra-

tion of tenofovir to rhesus macaques from infancy through adulthood and pregnancy: summary of phar-

macokinetics and biological and virological effects. Antimicrobial agents and chemotherapy. 2008; 52

(9):3144–60. Epub 2008/06/25. https://doi.org/10.1128/AAC.00350-08 PMID: 18573931

21. Markova MS, Zeskand J, McEntee B, Rothstein J, Jimenez SA, Siracusa LD. A role for the androgen

receptor in collagen content of the skin. J Invest Dermatol. 2004; 123(6):1052–6. https://doi.org/10.

1111/j.0022-202X.2004.23494.x PMID: 15610513.

22. FDA. Guidance for Industry Estimating the Maximum Safe Starting Dose in Initial Clinical Trials for Ther-

apeutics in Adult Healthy Volunteers. US Department of Health and Human Services; 2005.

23. Chan ES, Montesinos MC, Fernandez P, Desai A, Delano DL, Yee H, et al. Adenosine A(2A) receptors

play a role in the pathogenesis of hepatic cirrhosis. British journal of pharmacology. 2006; 148(8):1144–

55. https://doi.org/10.1038/sj.bjp.0706812 PMID: 16783407

24. Perez-Aso M, Chiriboga L, Cronstein BN. Pharmacological blockade of adenosine A2A receptors dimin-

ishes scarring. FASEB J. 2012; 26(10):4254–63. Epub 2012/07/07. https://doi.org/10.1096/fj.12-

209627 PMID: 22767233

25. Pierard GE. Sirius red polarization method is useful to visualize the organization of connective tissues

but not the molecular composition of their fibrous polymers. Matrix. 1989; 9(1):68–71. Epub 1989/01/

01. PMID: 2710035.

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 19 / 22

https://doi.org/10.1002/art.21974
http://www.ncbi.nlm.nih.gov/pubmed/16871530
https://doi.org/10.1172/JCI16815
http://www.ncbi.nlm.nih.gov/pubmed/12897202
https://doi.org/10.1038/emboj.2008.237
http://www.ncbi.nlm.nih.gov/pubmed/19008857
https://doi.org/10.1093/abbs/gmv028
https://doi.org/10.1093/abbs/gmv028
http://www.ncbi.nlm.nih.gov/pubmed/25921414
https://doi.org/10.1074/jbc.M113.476283
http://www.ncbi.nlm.nih.gov/pubmed/23798685
https://doi.org/10.3410/B3-21
http://www.ncbi.nlm.nih.gov/pubmed/22003368
https://doi.org/10.1016/j.ajpath.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26453800
https://doi.org/10.1371/journal.pone.0009224
http://www.ncbi.nlm.nih.gov/pubmed/20169073
https://doi.org/10.1016/j.jhep.2010.02.025
https://doi.org/10.1016/j.jhep.2010.02.025
http://www.ncbi.nlm.nih.gov/pubmed/20452698
https://doi.org/10.1016/S0140-6736(12)61425-1
http://www.ncbi.nlm.nih.gov/pubmed/23234725
https://doi.org/10.3851/IMP1649
http://www.ncbi.nlm.nih.gov/pubmed/21041911
http://www.ncbi.nlm.nih.gov/pubmed/9517941
https://doi.org/10.1128/AAC.00350-08
http://www.ncbi.nlm.nih.gov/pubmed/18573931
https://doi.org/10.1111/j.0022-202X.2004.23494.x
https://doi.org/10.1111/j.0022-202X.2004.23494.x
http://www.ncbi.nlm.nih.gov/pubmed/15610513
https://doi.org/10.1038/sj.bjp.0706812
http://www.ncbi.nlm.nih.gov/pubmed/16783407
https://doi.org/10.1096/fj.12-209627
https://doi.org/10.1096/fj.12-209627
http://www.ncbi.nlm.nih.gov/pubmed/22767233
http://www.ncbi.nlm.nih.gov/pubmed/2710035
https://doi.org/10.1371/journal.pone.0188135


26. Ehrlich HP, Desmouliere A, Diegelmann RF, Cohen IK, Compton CC, Garner WL, et al. Morphological

and immunochemical differences between keloid and hypertrophic scar. The American journal of

pathology. 1994; 145(1):105–13. Epub 1994/07/01. PMID: 8030742

27. Clavin NW, Avraham T, Fernandez J, Daluvoy SV, Soares MA, Chaudhry A, et al. TGF-beta1 is a nega-

tive regulator of lymphatic regeneration during wound repair. American journal of physiology Heart and

circulatory physiology. 2008; 295(5):H2113–27. Epub 2008/10/14. https://doi.org/10.1152/ajpheart.

00879.2008 PMID: 18849330.

28. Yan A, Avraham T, Zampell JC, Aschen SZ, Mehrara BJ. Mechanisms of lymphatic regeneration after

tissue transfer. PloS one. 2011; 6(2):e17201. Epub 2011/03/02. https://doi.org/10.1371/journal.pone.

0017201 PMID: 21359148

29. James J, Bosch KS, Aronson DC, Houtkooper JM. Sirius red histophotometry and spectrophotometry

of sections in the assessment of the collagen content of liver tissue and its application in growing rat

liver. Liver. 1990; 10(1):1–5. Epub 1990/02/01. PMID: 2308475.

30. Cundy KC, Barditch-Crovo P, Walker RE, Collier AC, Ebeling D, Toole J, et al. Clinical pharmacokinet-

ics of adefovir in human immunodeficiency virus type 1-infected patients. Antimicrobial agents and che-

motherapy. 1995; 39(11):2401–5. Epub 1995/11/01. PMID: 8585716

31. Balzarini J, Hao Z, Herdewijn P, Johns DG, De Clercq E. Intracellular metabolism and mechanism of

anti-retrovirus action of 9-(2-phosphonylmethoxyethyl)adenine, a potent anti-human immunodeficiency

virus compound. Proceedings of the National Academy of Sciences of the United States of America.

1991; 88(4):1499–503. Epub 1991/02/15. PMID: 1705039

32. Cronstein BN, Naime D, Ostad E. The antiinflammatory mechanism of methotrexate. Increased adeno-

sine release at inflamed sites diminishes leukocyte accumulation in an in vivo model of inflammation.

The Journal of clinical investigation. 1993; 92(6):2675–82. Epub 1993/12/01. https://doi.org/10.1172/

JCI116884 PMID: 8254024

33. Reddy GK, Enwemeka CS. A simplified method for the analysis of hydroxyproline in biological tissues.

Clinical biochemistry. 1996; 29(3):225–9. Epub 1996/06/01. PMID: 8740508.

34. Stegemann H, Stalder K. Determination of hydroxyproline. Clinica chimica acta; international journal of

clinical chemistry. 1967; 18(2):267–73. Epub 1967/11/01. PMID: 4864804.

35. Yamamoto T, Takagawa S, Katayama I, Yamazaki K, Hamazaki Y, Shinkai H, et al. Animal model of

sclerotic skin. I: Local injections of bleomycin induce sclerotic skin mimicking scleroderma. J Invest Der-

matol. 1999; 112(4):456–62. https://doi.org/10.1046/j.1523-1747.1999.00528.x PMID: 10201529

36. Liaw YF. Reversal of cirrhosis: An achievable goal of hepatitis B antiviral therapy. Journal of hepatology.

2013. Epub 2013/05/16. https://doi.org/10.1016/j.jhep.2013.05.007 PMID: 23673137.

37. Salguero Palacios R, Roderfeld M, Hemmann S, Rath T, Atanasova S, Tschuschner A, et al. Activation

of hepatic stellate cells is associated with cytokine expression in thioacetamide-induced hepatic fibrosis

in mice. Laboratory investigation; a journal of technical methods and pathology. 2008; 88(11):1192–

203. Epub 2008/09/17. https://doi.org/10.1038/labinvest.2008.91 PMID: 18794850.

38. Kmonickova E, Potmesil P, Holy A, Zidek Z. Purine P1 receptor-dependent immunostimulatory effects

of antiviral acyclic analogues of adenine and 2,6-diaminopurine. European journal of pharmacology.

2006; 530(1–2):179–87. https://doi.org/10.1016/j.ejphar.2005.11.037 PMID: 16371225.

39. Zidek Z, Kmonickova E, Holy A. Involvement of adenosine A1 receptors in upregulation of nitric oxide

by acyclic nucleotide analogues. European journal of pharmacology. 2004; 501(1–3):79–86. https://doi.

org/10.1016/j.ejphar.2004.08.031 PMID: 15464065.

40. Ellis EL, Mann DA. Clinical evidence for the regression of liver fibrosis. Journal of hepatology. 2012; 56

(5):1171–80. Epub 2012/01/17. https://doi.org/10.1016/j.jhep.2011.09.024 PMID: 22245903.

41. Chan ESL, Smith G, Fernandez P, Liu HL, Franks AG, Trojanowska M, et al. Adenosine-Mediated Der-

mal Fibrosis and Fli-1 Expression in CD39 and CD73 Knockout Mice. Arthritis and rheumatism. 2011;

63(10):S907–S.

42. Peng Z, Fernandez P, Wilder T, Yee H, Chiriboga L, Chan ES, et al. Ecto-5’-nucleotidase (CD73) -medi-

ated extracellular adenosine production plays a critical role in hepatic fibrosis. FASEB journal: official

publication of the Federation of American Societies for Experimental Biology. 2008. https://doi.org/10.

1096/fj.07-100685 PMID: 18263696.

43. Chan ES, Liu H, Fernandez P, Luna A, Perez-Aso M, Bujor AM, et al. Adenosine A2A receptors pro-

mote collagen production by a Fli1- and CTGF-mediated mechanism. Arthritis research & therapy.

2013; 15(3):R58. Epub 2013/05/15. https://doi.org/10.1186/ar4229 PMID: 23663495.

44. Che J, Chan ES, Cronstein BN. Adenosine A2A Receptor Occupancy Stimulates Collagen Expression

by Hepatic Stellate Cells via Pathways Involving Protein Kinase A, Src, and Extracellular Signal-Regu-

lated Kinases 1/2 Signaling Cascade or p38 Mitogen-Activated Protein Kinase Signaling Pathway.

Molecular pharmacology. 2007; 72(6):1626–36. https://doi.org/10.1124/mol.107.038760 PMID:

17872970.

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8030742
https://doi.org/10.1152/ajpheart.00879.2008
https://doi.org/10.1152/ajpheart.00879.2008
http://www.ncbi.nlm.nih.gov/pubmed/18849330
https://doi.org/10.1371/journal.pone.0017201
https://doi.org/10.1371/journal.pone.0017201
http://www.ncbi.nlm.nih.gov/pubmed/21359148
http://www.ncbi.nlm.nih.gov/pubmed/2308475
http://www.ncbi.nlm.nih.gov/pubmed/8585716
http://www.ncbi.nlm.nih.gov/pubmed/1705039
https://doi.org/10.1172/JCI116884
https://doi.org/10.1172/JCI116884
http://www.ncbi.nlm.nih.gov/pubmed/8254024
http://www.ncbi.nlm.nih.gov/pubmed/8740508
http://www.ncbi.nlm.nih.gov/pubmed/4864804
https://doi.org/10.1046/j.1523-1747.1999.00528.x
http://www.ncbi.nlm.nih.gov/pubmed/10201529
https://doi.org/10.1016/j.jhep.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23673137
https://doi.org/10.1038/labinvest.2008.91
http://www.ncbi.nlm.nih.gov/pubmed/18794850
https://doi.org/10.1016/j.ejphar.2005.11.037
http://www.ncbi.nlm.nih.gov/pubmed/16371225
https://doi.org/10.1016/j.ejphar.2004.08.031
https://doi.org/10.1016/j.ejphar.2004.08.031
http://www.ncbi.nlm.nih.gov/pubmed/15464065
https://doi.org/10.1016/j.jhep.2011.09.024
http://www.ncbi.nlm.nih.gov/pubmed/22245903
https://doi.org/10.1096/fj.07-100685
https://doi.org/10.1096/fj.07-100685
http://www.ncbi.nlm.nih.gov/pubmed/18263696
https://doi.org/10.1186/ar4229
http://www.ncbi.nlm.nih.gov/pubmed/23663495
https://doi.org/10.1124/mol.107.038760
http://www.ncbi.nlm.nih.gov/pubmed/17872970
https://doi.org/10.1371/journal.pone.0188135


45. Chan ES, Liu H, Fernandez P, Luna A, Perez-Aso M, Bujor AM, et al. Adenosine A(2A) receptors pro-

mote collagen production by a Fli1- and CTGF-mediated mechanism. Arthritis research & therapy.

2013; 15(3):R58. https://doi.org/10.1186/ar4229 PMID: 23663495

46. Perez-Aso M, Mediero A, Cronstein BN. Adenosine A2A receptor (AR) is a fine-tune regulator of the col-

lagen1:collagen3 balance. Purinergic signalling. 2013. Epub 2013/06/12. https://doi.org/10.1007/

s11302-013-9368-1 PMID: 23749290.

47. Perez-Aso M, Mediero A, Cronstein BN. Adenosine A2A receptor (A2AR) is a fine-tune regulator of the

collagen1:collagen3 balance. Purinergic Signal. 2013; 9(4):573–83. Epub 2013/06/12. https://doi.org/

10.1007/s11302-013-9368-1 PMID: 23749290

48. Zarek PE, Huang CT, Lutz ER, Kowalski J, Horton MR, Linden J, et al. A2A receptor signaling promotes

peripheral tolerance by inducing T-cell anergy and the generation of adaptive regulatory T cells. Blood.

2008; 111(1):251–9. Epub 2007/10/03. https://doi.org/10.1182/blood-2007-03-081646 PMID:

17909080

49. Nowak M, Lynch L, Yue S, Ohta A, Sitkovsky M, Balk SP, et al. The A2aR adenosine receptor controls

cytokine production in iNKT cells. European journal of immunology. 2010; 40(3):682–7. Epub 2009/12/

30. https://doi.org/10.1002/eji.200939897 PMID: 20039304

50. Lee CG, Homer RJ, Zhu Z, Lanone S, Wang X, Koteliansky V, et al. Interleukin-13 induces tissue fibro-

sis by selectively stimulating and activating transforming growth factor beta(1). The Journal of experi-

mental medicine. 2001; 194(6):809–21. Epub 2001/09/19. PMID: 11560996

51. Grunig G. IL-13 and adenosine: partners in a molecular dance? The Journal of clinical investigation.

2003; 112(3):329–31. Epub 2003/08/05. https://doi.org/10.1172/JCI19392 PMID: 12897201

52. Schafer JJ, Manlangit K, Squires KE. Bone health and human immunodeficiency virus infection. Phar-

macotherapy. 2013; 33(6):665–82. Epub 2013/04/05. https://doi.org/10.1002/phar.1257 PMID:

23553497.

53. Mary-Krause M, Viard JP, Ename-Mkoumazok B, Bentata M, Valantin MA, Missy P, et al. Prevalence of

low bone mineral density in men and women infected with human immunodeficiency virus 1 and a pro-

posal for screening strategy. Journal of clinical densitometry: the official journal of the International Soci-

ety for Clinical Densitometry. 2012; 15(4):422–33. Epub 2012/07/24. https://doi.org/10.1016/j.jocd.

2012.04.001 PMID: 22819139.

54. Evans BA, Elford C, Pexa A, Francis K, Hughes AC, Deussen A, et al. Human osteoblast precursors

produce extracellular adenosine, which modulates their secretion of IL-6 and osteoprotegerin. Journal

of bone and mineral research: the official journal of the American Society for Bone and Mineral

Research. 2006; 21(2):228–36. Epub 2006/01/19. https://doi.org/10.1359/JBMR.051021 PMID:

16418778.

55. Takedachi M, Oohara H, Smith BJ, Iyama M, Kobashi M, Maeda K, et al. CD73-generated adenosine

promotes osteoblast differentiation. Journal of cellular physiology. 2011. Epub 2011/09/02. https://doi.

org/10.1002/jcp.23001 PMID: 21882189.

56. Mediero A, Kara FM, Wilder T, Cronstein BN. Adenosine A(2A) receptor ligation inhibits osteoclast for-

mation. The American journal of pathology. 2012; 180(2):775–86. https://doi.org/10.1016/j.ajpath.2011.

10.017 PMID: 22138579

57. Mediero A, Perez-Aso M, Cronstein BN. Activation of adenosine A2A receptor reduces osteoclast for-

mation via PKA- and ERK1/2-mediated suppression of NFkappaB nuclear translocation. British journal

of pharmacology. 2013; 169(6):1372–88. Epub 2013/05/08. https://doi.org/10.1111/bph.12227 PMID:

23647065

58. Mediero A, Wilder T, Perez-Aso M, Cronstein BN. Direct or indirect stimulation of adenosine A2A recep-

tors enhances bone regeneration as well as bone morphogenetic protein-2. FASEB journal: official pub-

lication of the Federation of American Societies for Experimental Biology. 2015. Epub 2015/01/13.

https://doi.org/10.1096/fj.14-265066 PMID: 25573752.

59. Abudara V, Bechberger J, Freitas-Andrade M, De Bock M, Wang N, Bultynck G, et al. The connexin43

mimetic peptide Gap19 inhibits hemichannels without altering gap junctional communication in astro-

cytes. Front Cell Neurosci. 2014; 8:306. https://doi.org/10.3389/fncel.2014.00306 PMID: 25374505

60. Ohtsuka T, Changelian PS, Bouis D, Noon K, Harada H, Lama VN, et al. Ecto-5’-nucleotidase (CD73)

attenuates allograft airway rejection through adenosine 2A receptor stimulation. J Immunol. 2010; 185

(2):1321–9. Epub 2010/06/16. https://doi.org/10.4049/jimmunol.0901847 PMID: 20548026

61. Sowa NA, Voss MK, Zylka MJ. Recombinant ecto-5’-nucleotidase (CD73) has long lasting antinocicep-

tive effects that are dependent on adenosine A1 receptor activation. Molecular pain. 2010; 6:20. Epub

2010/04/20. https://doi.org/10.1186/1744-8069-6-20 PMID: 20398264

62. Thompson LF, Eltzschig HK, Ibla JC, Van De Wiele CJ, Resta R, Morote-Garcia JC, et al. Crucial role

for ecto-5’-nucleotidase (CD73) in vascular leakage during hypoxia. The Journal of experimental medi-

cine. 2004; 200(11):1395–405. https://doi.org/10.1084/jem.20040915 PMID: 15583013.

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 21 / 22

https://doi.org/10.1186/ar4229
http://www.ncbi.nlm.nih.gov/pubmed/23663495
https://doi.org/10.1007/s11302-013-9368-1
https://doi.org/10.1007/s11302-013-9368-1
http://www.ncbi.nlm.nih.gov/pubmed/23749290
https://doi.org/10.1007/s11302-013-9368-1
https://doi.org/10.1007/s11302-013-9368-1
http://www.ncbi.nlm.nih.gov/pubmed/23749290
https://doi.org/10.1182/blood-2007-03-081646
http://www.ncbi.nlm.nih.gov/pubmed/17909080
https://doi.org/10.1002/eji.200939897
http://www.ncbi.nlm.nih.gov/pubmed/20039304
http://www.ncbi.nlm.nih.gov/pubmed/11560996
https://doi.org/10.1172/JCI19392
http://www.ncbi.nlm.nih.gov/pubmed/12897201
https://doi.org/10.1002/phar.1257
http://www.ncbi.nlm.nih.gov/pubmed/23553497
https://doi.org/10.1016/j.jocd.2012.04.001
https://doi.org/10.1016/j.jocd.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22819139
https://doi.org/10.1359/JBMR.051021
http://www.ncbi.nlm.nih.gov/pubmed/16418778
https://doi.org/10.1002/jcp.23001
https://doi.org/10.1002/jcp.23001
http://www.ncbi.nlm.nih.gov/pubmed/21882189
https://doi.org/10.1016/j.ajpath.2011.10.017
https://doi.org/10.1016/j.ajpath.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22138579
https://doi.org/10.1111/bph.12227
http://www.ncbi.nlm.nih.gov/pubmed/23647065
https://doi.org/10.1096/fj.14-265066
http://www.ncbi.nlm.nih.gov/pubmed/25573752
https://doi.org/10.3389/fncel.2014.00306
http://www.ncbi.nlm.nih.gov/pubmed/25374505
https://doi.org/10.4049/jimmunol.0901847
http://www.ncbi.nlm.nih.gov/pubmed/20548026
https://doi.org/10.1186/1744-8069-6-20
http://www.ncbi.nlm.nih.gov/pubmed/20398264
https://doi.org/10.1084/jem.20040915
http://www.ncbi.nlm.nih.gov/pubmed/15583013
https://doi.org/10.1371/journal.pone.0188135


63. Stagg J, Smyth MJ. Extracellular adenosine triphosphate and adenosine in cancer. Oncogene. 2010;

29(39):5346–58. Epub 2010/07/28. https://doi.org/10.1038/onc.2010.292 PMID: 20661219.

64. Peng Z, Fernandez P, Wilder T, Yee H, Chiriboga L, Chan ES, et al. Ecto-5’-nucleotidase (CD73)-medi-

ated extracellular adenosine production plays a critical role in hepatic fibrosis. Nucleosides, nucleotides

& nucleic acids. 2008; 27(6):821–4. Epub 2008/07/05. https://doi.org/10.1080/15257770802146403

PMID: 18600546.

65. Peng Z, Fernandez P, Wilder T, Yee H, Chiriboga L, Chan ES, et al. Ecto-5’-nucleotidase (CD73) -medi-

ated extracellular adenosine production plays a critical role in hepatic fibrosis. The FASEB journal: offi-

cial publication of the Federation of American Societies for Experimental Biology. 2008; 22(7):2263–72.

Epub 2008/02/12. https://doi.org/10.1096/fj.07-100685 PMID: 18263696.

66. Chan ESLS Gideon; Fernandez Patricia; Liu Hailing; Franks Andrew G.; Trojanowska Maria; Cronstein

Bruce N. Adenosine-Mediated Dermal Fibrosis and Fli-1 Expression in CD39 and CD73 Knockout

Mice. Arthritis & rheumatism 2011; 63(10):S907–S

Tenofovir, fibrosis, PANX-1 and adenosine levels

PLOS ONE | https://doi.org/10.1371/journal.pone.0188135 November 16, 2017 22 / 22

https://doi.org/10.1038/onc.2010.292
http://www.ncbi.nlm.nih.gov/pubmed/20661219
https://doi.org/10.1080/15257770802146403
http://www.ncbi.nlm.nih.gov/pubmed/18600546
https://doi.org/10.1096/fj.07-100685
http://www.ncbi.nlm.nih.gov/pubmed/18263696
https://doi.org/10.1371/journal.pone.0188135

