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ABSTRACT 99 

Liver fibrosis and cirrhosis are characterized by activation of hepatic stellate cells (HSC) 100 

which is associated with higher intracellular pH (pHi). The vacuolar H+ adenosine-tri-101 

phosphatase (v-ATPase) multi-subunit complex is a key regulator of intracellular pH 102 

homeostasis. The present work was aimed at investigating the functional role of v-103 

ATPase in primary human HSC (hHSC) activation and its modulation by specific AMPK 104 

subunits. Here, we demonstrated that the expression of different v-ATPase subunits 105 

was increased in in vivo and in vitro activated hHSC, compared to non-activated hHSC. 106 

Specific inhibition of v-ATPase with Bafilomycin and KM91104 induced a down-107 

regulation of the HSC fibrogenic gene profile, which coincided with increased lysosomal 108 

pH, decreased pHi, activation of AMPK, reduced proliferation, and a lower metabolic 109 

activity. Similarly, pharmacological activation of AMPK by treatment with Diflunisal, 110 

A769662 and ZLN024, reduced the expression of v-ATPase subunits and pro-fibrogenic 111 

markers. V-ATPase expression was differently regulated by AMPKα1 and AMPKα2, as 112 

demonstrated in mouse embryo fibroblasts (MEF) specific deficient for AMPKα subunits. 113 
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In addition, the activation of v-ATPase in hHSC was shown to be AMPKα1 dependent. 114 

Accordingly, pharmacological activation of AMPK in AMPKα1-depleted hHSC prevented 115 

v-ATPase downregulation. Finally, we showed that v-ATPase expression was increased 116 

in fibrotic livers from Bile Duct Ligated mice and in human cirrhotic livers. Conclusions. 117 

The down-regulation of v-ATPase might represent a new promising target for the 118 

development of anti-fibrotic strategies.  119 

120 
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INTRODUCTION 121 

Hepatic stellate cells (HSC) are liver-specific pericytes playing a key role in hepatic 122 

fibrogenesis. Following chronic liver tissue damage, HSC acquire a pro-fibrogenic, 123 

contractile and proliferative myofibroblast-like phenotype (activated HSC), which is 124 

ultimately responsible for the fibrogenic progression of chronic liver diseases (1, 2). It is 125 

established that in vitro activated rat and human HSC are characterized by a 126 

significantly higher baseline intracellular pH (pHi), in comparison to non-activated, 127 

freshly isolated HSC, due to an increased proton (H+) extrusion rate (3, 4). The 128 

possibility of modulating the pro-fibrogenic phenotype of HSC by acting on the 129 

machinery responsible for the increased pHi, has been repeatedly suggested but not 130 

confirmed. One of the most recently characterized systems involved in the maintenance 131 

of pHi is the vacuolar adenosine tri-phosphatase (v-ATPase). This hetero-multimeric 132 

enzyme complex is composed of at least 14 different independent subunits assembled 133 

to a cytosolic ATP-hydrolytic domain (V1) and a membrane-bound proton-translocating 134 

domain (V0) docked on/in the membrane. V-ATPase is located both in endomembrane 135 

systems and in the plasma membrane and is therefore able to maintain pHi by actively 136 

transporting protons from the cytoplasm to the lumen of intracellular compartments i.e. 137 

lysosomes, as well as from the cytoplasm to the plasma membrane i.e. into the 138 

extracellular space (5). Recent experimental evidence in the kidney suggests that v-139 

ATPase is regulated by the energy-sensing enzyme AMP-activated protein kinase 140 

(AMPK) (6, 7). AMPK is a heterotrimeric serine/threonine kinase consisting of three 141 

subunits α, β and γ, each expressed in different isoforms as the result of distinct gene 142 

codifications. AMPKα1 is widely expressed across tissues, and is predominantly 143 
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localized in the cytosol whereas AMPKα2 is more restricted in its tissue-and intracellular 144 

distribution (8, 9). Both AMPKα isoforms are expressed in human liver tissue (10). 145 

Previous studies showed that AMPK activation is characterized by phosphorylation of 146 

the threonine residue (Thr-172) in the activation loop of AMPKα1 and AMPKα2. Once 147 

activated, AMPK stimulates ATP-generating catabolic pathways and inhibits energy-148 

consuming processes (9). Activation of AMPK has also been shown to interfere with the 149 

pro-fibrogenic HSC phenotype by inhibiting PDGF-BB-induced cell proliferation and 150 

TGF-β-induced fibrogenic responses (11-13) suggesting that agents able to promote 151 

AMPK activation could be employed as anti-fibrotic agents.  152 

Until now, no information is available regarding the expression and distribution of v-153 

ATPase in human HSC, and more precisely whether it is regulated by AMPK and vice 154 

versa, whether v-ATPase activation can affect AMPK function. Accordingly, the present 155 

study was designed to evaluate the expression and functional role of 4 different v-156 

ATPase subunits (V1A, catalytic; V1B2, regulatory; V1C, assembly; v0c, 157 

transmembrane-proton-extrusion) in hHSC isolated from cirrhotic liver (in vivo activated 158 

HSC) and in in vitro activated primary hHSC. We assessed whether changing pHi by v-159 

ATPase inhibition could affect hHSC activation and whether v-ATPase expression and 160 

activity can be modulated by specific AMPKα subunits. Finally, we evaluated whether 161 

the pharmacological activation of AMPK is able to affect v-ATPase activity. In order to 162 

provide translational information, the expression of v-ATPase was investigated in 163 

human liver tissue obtained from healthy and cirrhotic subjects and by employing the 164 

bile duct ligation (BDL) animal model of liver fibrosis.  165 



9 
 

Our results indicate that an increased v-ATPase expression is a key feature of activated 166 

hHSC as well as of liver tissue characterised by active fibrogenesis. V-ATPase inhibition 167 

is able to induce a net down-regulation of hHSC pro-fibrogenic phenotype whereas 168 

pharmacological activation of AMPK decreases v-ATPase expression and prevents 169 

extracellular acidification by hHSC in an AMPKα1-dependent manner. 170 

 171 

MATERIALS AND METHODS 172 

A complete description of materials and methods can be found in the online 173 

supplementary material. 174 

 175 

Cell cultures  176 

Isolation and culture of human hepatic stellate cells (hHSC) 177 

Cells were isolated from wedge sections of human liver obtained from patients 178 

undergoing liver resections at the Royal Free Hospital after giving informed consent 179 

(EC01.14-RF). Cell isolation was performed according to a published protocol (14), with 180 

modifications for human liver (15). 181 

 182 

Treatments 183 

Primary human HSC were cultured in 20% serum enriched medium for 24 hours 184 

followed by incubation in serum free medium (SFM) for 24h before each experimental 185 

treatment to avoid interference with growth factors and amino acids enriched in foetal 186 

bovine serum (16-18). Data obtained from cells cultured in complete medium (CM) are 187 

reported in figure legends. Specific treatment with v-ATPase inhibitors, Bafilomycin A1 188 
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and KM91104, with AMPK activators, Diflunisal, A769662 and ZLN 024 hydrochloride, 189 

and with TGFβ1 and PDGF-BB are described in the online supplementary methods. 190 

 191 

Intracellular ATP 192 

hHSC were seeded at a density of 10000 cells/well/100uL in a 96-well plate in CM and 193 

serum-starved for 24h followed by incubation with the v-ATPase inhibitors for 48h. Cell 194 

lysis was induced using the CellTiter-Glo® Reagent (Promega), according to the 195 

manufacturer’s specification. Luminescence was recorded and the intracellular ATP 196 

concentration was calculated from an ATP standard curve and normalized to hHSC 197 

proliferation. 198 

 199 

Animal models of liver cirrhosis 200 

Male, Balb/c mice were obtained from the comparative biological unit at the Royal Free 201 

and University College Medical School (Royal Free Campus, London, UK). All animals 202 

were given free access to normal rodent chow (expanded SDSRM 1; Special Diet 203 

Services, Witham, UK) and water. BDL or a sham operation was performed as 204 

described previously (19). Experiments were terminated after 14 days and liver tissue 205 

was snap frozen and stored at −80°C until further analysis. 206 

 207 

Statistical analysis 208 

In vitro experiments were carried out with a minimum of three independent cell 209 

preparations and at least three experimental replicates. Results are expressed as mean 210 

values ± SEM and compared using one-way analysis of variance followed by Dunnet's 211 
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or Tukey's multiple comparison post hoc tests or compared using a student t-test, where 212 

appropriate (GraphPad Prism; GraphPad,La Jolla, CA). P values of ≤0.05 were 213 

considered significant. 214 

 215 

RESULTS 216 

Increased expression of v-ATPase in in vivo and in vitro activated human HSC.  217 

V-ATPase protein expression was evaluated in hHSC and compared between freshly 218 

isolated hHSC obtained from cirrhotic liver, i.e. in vivo activated cells, and from freshly 219 

isolated hHSC obtained from healthy liver. As shown in Figure 1A, the expression of the 220 

v-ATPase catalytic V1A, the regulatory V1B2 and the transmembrane-proton-extrusion 221 

v0c subunit showed to be upregulated in hHSC isolated from cirrhotic liver (CH) in 222 

comparison to hHSC obtained from normal, healthy liver (N), whereas the assembly 223 

subunit V1C was scarcely detectable. Furthermore, variations in v-ATPase protein 224 

expression during the process of in vitro hHSC activation was assessed from culture 225 

passage 1 to subsequent culture passage 4 and demonstrated a significant increase in 226 

protein expression for subunits V1A, V1C and v0c with a tendency to increase for the 227 

V1B2 subunit (Figure 1B). 228 

In a next set of experiments, cells were treated for 24 hrs with PDGF-BB or TGFβ1 and 229 

v-ATPase subunit V0c mRNA expression showed a tendency to increase upon TGFβ1 230 

stimulation, whereas at the protein level v-ATPase subunit V0c showed a tendency to 231 

be downregulated by PDGF-BB (Supplementary Figure 2) indicating possible post-232 

translational modifications upon treatment with specific stimuli. Next, the total protein 233 

and the intracellular distribution was investigated as the activity of V-ATPases in vivo is 234 
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tightly regulated by reversible association and dissociation of the V1 and V0 domains, 235 

thus when functionally assembled V-ATPase is localized in intracellular 236 

compartments/membranes and in the plasma membrane (20). No significant changes 237 

were observed in total protein expression between cells cultured in complete serum rich 238 

medium (CM) and serum free medium (SFM) (Figure 1C). In contrast, subcellular 239 

protein fractionation analysis showed that hHSC cultured in CM, containing growth 240 

factors and amino acids, expressed all v-ATPase subunits predominantly at the 241 

membrane level (ME), whereas in serum starved hHSC the V1B2 subunit became more 242 

cytosolic (CE) (Figure 1D), suggesting an intracellular compartmentalization and 243 

dynamic translocation of v-ATPase subunits under different culture conditions.  244 

To investigate the possible association between v-ATPase and AMPK in hHSC, we first 245 

investigated the expression of different AMPKα subunits in hHSC in serum rich and 246 

serum starved conditions. AMPKα1 mRNA expression was significantly up-regulated in 247 

SFM conditions in comparison to hHSC cultured in CM (Figure 1E), whereas no 248 

differences were observed at the protein level (Figure 1F), suggesting post-translational 249 

modifications. AMPKα2 protein expression was barely detectable in hHSC as was 250 

assessed by qRT-PCR (Figure 1E), western blot analysis (60ug), and 251 

immunofluorescence (Figure 1F).  252 

Overall, these results indicate that v-ATPase is highly expressed in in vivo activated 253 

hHSC and the expression increases during in vitro culture activation. Moreover, 254 

AMPKα1, in contrast to AMPKα2, is strongly expressed in hHSC.  255 

 256 
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V-ATPase inhibition affects hHSC proliferation, metabolic activity and pro-fibrogenic 257 

phenotype. 258 

To better define how v-ATPase activity affects hHSC activation, cells were treated for 259 

48h with v-ATPase inhibitor Bafilomycin which inhibits specifically the v-ATPase proton 260 

pump (V-ATPase subunit ATP6V0C/V0) (21), and KM91104 which specifically targets 261 

the interaction between v-ATPase subunit a3 and subunit B2 (22). Upon treatment, cells 262 

exhibited a marked reduction in metabolic activity (Figure 2A), a dose-dependent 263 

decrease in cell proliferation (Figure 2B), and a dose-dependent increase in intracellular 264 

ATP levels (Figure 2C). Of note, Bafilomycin-induced v-ATPase inhibition coincided with 265 

a significant downregulation of the mRNA expression of HSC activation markers such 266 

as α-SMA (Figure 2D) and pro-collagen I (Figure 2E), while KM91104 was ineffective. 267 

These experiments clearly demonstrated that both inhibitors, due to their different mode 268 

of action, interfere differently with the regulation of different v-ATPase subunits. 269 

 270 

V-ATPase regulates intracellular pH of hHSC. 271 

Next, v-ATPase activity and inhibition was assessed to clarify the differences in the 272 

effects of the two v-ATPase inhibitors. KM91104-treated hHSC showed a reduced 273 

expression of all v-ATPase subunits (Figure 3A-D), while Bafilomycin-treated hHSC 274 

showed a significant down-regulation only of subunits V1C and v0c (Figure 3C-D). Next, 275 

the effect of both v-ATPase inhibitors was further assessed on pH homeostasis by 276 

employing a neutral red uptake assay. Serum starved hHSC displayed a higher neutral 277 

red uptake in comparison to cells cultured in CM reflecting a more acidic pH inside the 278 

intracellular compartments i.e. lysosomes and endosomes (Figure 3E). In contrast, 279 
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Bafilomycin-treatment (10nM) in serum free condition reversed this effect as 280 

demonstrated by a decreased uptake of neutral red when compared to control cells. 281 

Similar results, but less prominent, were obtained with KM91104 treatment (Figure 3E). 282 

Furthermore, changes in cytosolic pH were quantified by employing a fluorometric 283 

BCFL-AM assay. Treatment with 10nM Bafilomycin or 10nM KM91104 was followed by 284 

a significant decrease in cytosolic pH (Figure 3F). Since inhibition by Bafilomycin had a 285 

marked effect on hHSC pro-fibrogenic phenotype (Figure 2), pHi was measured 286 

following an acidic load with NH4Cl. The pHi of both Bafilomycin-treated (1nM) and 287 

control cells increased rapidly over 8 minutes, i.e. steep slope (Figure 3G). In contrast, a 288 

less steep steady slope (<45.8%) was observed in 10nM Bafilomycin-treated hHSC, 289 

with a higher increase in baseline pHi after 1 minute of acidic load, in comparison to 290 

vehicle-treated cells (Figure 3G). Next, v-ATPase activity as proton pump at the plasma 291 

membrane was assessed by quantifying the pHe in all cell culture media, which showed 292 

to be more acidified in v-ATPase inhibitor-treated cells in comparison to vehicle-treated 293 

hHSC (Supplementary Table 1). Overall, these data suggest an important role for v-294 

ATPase in pH homeostasis but also highlight the function of non-v-ATPase related 295 

pumps which become active to compensate the reduction/loss of v-ATPase activity 296 

following treatment with specific inhibitor. Next, the phosphorylation of AMPK at Thr172 297 

was analyzed to further investigate whether inhibition of v-ATPase activity affects AMPK 298 

activity in hHSC. Bafilomycin treatment for 48h resulted in a marked increase in AMPK 299 

phosphorylation (Figure 3H). Taken together, these findings suggest that v-ATPase 300 

inhibition by different pharmacological inhibitors correlates with changes in pHi and pHe 301 

homeostasis in hHSC. Furthermore, v-ATPase inhibition by Bafilomycin, but not 302 
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KM91104, leads to activation/phosphorylation of AMPK and inhibition of hHSCs’ pro-303 

fibrogenic profile.  304 

 305 

Pharmacological activation of AMPK downregulates v-ATPase expression in hHSC.  306 

To investigate the role of the AMPK-v-ATPase-pH axis in hHSC, cells were treated with 307 

the AMPK allosteric, direct activators A769662 (23) and ZLN024 (24) both inhibiting 308 

dephosphorylation of p-AMPK, and Diflunisal, a salicylic acid derivative with analgesic 309 

and anti-inflammatory effects, which has been shown to act as a strong CBP/p300 310 

inhibitor (25, 26). First, the effect of all activators was tested on hHSC metabolic activity 311 

and proliferation (Supplementary Fig. 1). Cells treated with Diflunisal (100uM) showed a 312 

significant decrease in metabolic activity and proliferation, without morphological 313 

changes indicative of cell death, whereas 1mM was clearly cytotoxic (Supplementary 314 

Fig. 1A-C). Treatment with A769662 showed no significant effect on metabolic activity 315 

and proliferation at the dose of 10uM whereas higher doses (100uM-200uM) were 316 

cytotoxic. Treatment with ZLN024 had no effect on hHSC metabolic activity and 317 

proliferation (Supplementary Fig. 1C-E). Next, AMPK activation was assessed by 318 

employing ELISA to quantify the phosphorylation of AMPK-Thr172 in hHSC treated with 319 

all AMPK activators under investigation. Treatment with 100uM of Diflunisal, 10µM 320 

A769662 and ZLN024 at all the concentrations employed resulted in increased AMPK 321 

phosphorylation of Thr172-AMPK (Figure 4A). Of all the AMPK activators tested, only 322 

Diflunisal treatment demonstrated a reduction in hHSC metabolic activity and 323 

proliferation (Supplementary Fig. 1A) which correlated with increased AMPK 324 

phosphorylation. Diflunisal further induced AMPKs’ downstream target Acetyl-CoA-325 
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Carboxylase (ACC) by phosphorylating Ser79 (Figure 4B). Of note, Diflunisal treatment 326 

induced a down-regulation of α-SMA (Figure 4C) and pro-collagen I (Figure 4D) as was 327 

previously shown for hHSC treated with the v-ATPase inhibitor Bafilomycin (Figure 2D 328 

and 2E). Importantly, activation of AMPK by Diflunisal and A769662, but not ZLN024, 329 

was associated with a decreased protein expression of all v-ATPase subunits (Figure 330 

4E), and coincided with changes in v-ATPase activity as shown by a 51% and 38% 331 

reduction in extracellular H+ concentration, respectively (Supplementary Table 2). These 332 

data demonstrate that the compounds tested have different modes of AMPK activation 333 

in hHSC. In addition, we show that both Diflunisal and A769662 reduced v-ATPase 334 

expression while ZLN024 had no effect. These data demonstrate that pharmacological 335 

activation of AMPK in hHSC is correlated with v-ATPase protein expression and activity.  336 

 337 

V-ATPase expression is differentially regulated by AMPKα1 and AMPKα2 and AMPKα1 338 

regulates v-ATPase in hHSC. 339 

The data so far suggest that inhibition of v-ATPase activity leads to activation of AMPK 340 

and vice versa activation of AMPK reduces v-ATPase activity. Therefore, we further 341 

defined the role of different AMPK subunits on each v-ATPase expression/activation in 342 

well-characterized genetically modified MEF deficient for specific subunits i.e. AMPKα1, 343 

AMPKα2 and AMPKα1α2. First, the mRNA expression of all v-ATPase subunits was 344 

assessed in the different AMPKα deficient fibroblasts. The expression of all v-ATPase 345 

subunits was significantly higher in AMPKα2-null MEF in comparison to the other 346 

AMPKα deficient fibroblasts and Wild Type (WT) MEF (Figure 5A). AMPKα1α2-null 347 

MEF showed increased expression of all subunits, with V1C and v0c showing 348 
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significantly higher expression in comparison to WT MEF. AMPKα1-null MEF showed a 349 

significant increase in the regulatory subunit V1B2 and a strong decrease in the 350 

transmembrane-proton-extrusion v0c subunit compared to WT MEF. These data 351 

indicate that a deficiency in a specific AMPK subunit coincides with variations in v-352 

ATPase subunits gene expression.  353 

To further define whether the previously observed decrease in v-ATPase expression in 354 

Diflunisal and A769662-treated cells was AMPK-dependent (Figure 4), WT and 355 

AMPKα1α2-null MEF were treated with Diflunisal and A769662 for 24h. Diflunisal-356 

treated WT MEF showed a significant decrease in protein expression in all four v-357 

ATPase (Figure 5B) similar to Diflunisal-treated hHSC (Figure 4E), whereas in 358 

Diflunisal-treated AMPKα1α2-null MEF, this downregulation in V1A and V1B2 protein 359 

expression was abrogated indicating an AMPK-dependent effect (Figure 5B). On the 360 

other hand, a small but significant decrease in V1C and v0c expression was still 361 

observed in AMPKα1α2-null treated cells, indicating AMPK-independent effects (Figure 362 

5B). In contrast to Diflunisal, A769662 treatment had a significant effect on V1C and v0c 363 

in WT cells and v0c expression in AMPKα1α2-null MEF but no effect on V1A and V1B2 364 

subunits in both cell types under investigation.  365 

Next, siRNA against AMPKα1 was employed to investigate whether the expression of v-366 

ATPase was AMPKα1-dependent in hHSC (Figure 5C). SiRNA-depleted AMPKα1 367 

hHSC were treated with Diflunisal and A769662 and v-ATPase protein expression was 368 

assessed. Interestingly, the previously observed Diflunisal and A769662-induced down-369 

regulation of v-ATPase V1A, V1B2 and V1C expression (Figure 4E) was completely 370 

prevented in AMPKα1-silenced hHSC (SiC vs SiAMPKα1) (Figure 5D), while the down-371 



18 
 

regulation of v0c expression was partially abrogated (Figure 5D). Furthermore, silencing 372 

of AMPKα1 expression in hHSC revealed that Diflunisal and A769662 pharmacological 373 

activation of AMPK in AMPKα1-depleted hHSC prevented v-ATPase downregulation 374 

except for v-ATPase V1A subunit.  375 

 376 

V-ATPase expression is upregulated in vivo and in human liver cirrhosis. 377 

In vivo activation of HSC is the result of the interaction with the surrounding cellular and 378 

molecular microenvironment undergoing sustained injury. Thus, we analyzed v-ATPase 379 

expression in a BDL mice model of liver fibrosis and in liver tissue obtained from healthy 380 

and cirrhotic patients. As shown in Figure 6A, a significant increase in mRNA levels of 381 

V1B2 and v0c was observed in BDL-induced animals, whereas no significant changes 382 

were observed for V1A and V1C subunits, in comparison to sham-control mice. This 383 

was further confirmed at the protein level (Figure 6B). Next, immunohistochemistry 384 

showed a co-localization of α-SMA positive hHSC with v-ATPase in the perisinusoidal 385 

space of Disse and all 4 v-ATPase subunits exhibited an increased expression and 386 

cellular distribution in punctuate/granular structures in human cirrhotic liver tissue 387 

(markedly enhanced in parenchymal cells), in comparison to healthy liver, as shown in 388 

Figure 6C. Taken together, these results indicated that v-ATPase is increased in fibrotic 389 

mouse tissue and in human cirrhotic livers, corroborating its implication in the initiation 390 

and progression of the fibrogenic process occurring in chronic liver diseases.  391 

 392 

 393 

DISCUSSION 394 
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Hepatic stellate cells (HSC) are the main cellular effectors of liver fibrogenesis (1, 2). To 395 

date, no anti-fibrotic therapies for chronic liver disease have been introduced in clinical 396 

practice (27-29). V-ATPase are large multi-subunit complexes (V1V0) and are ATP-397 

dependent proton (H+) pumps which regulate pH homeostasis by pumping H+ against 398 

their electrochemical gradient. Thus, v-ATPase acidifies intracellular compartments by 399 

pumping in H+ into lysosomes and by pumping out H+ across the plasma membrane into 400 

the extracellular space (30). We hypothesized that the higher baseline intracellular pH 401 

found in activated HSC may originate not only from the activity of the Na+/H+ exchanger 402 

(3, 4) but also from v-ATPase expression and activity. We found that all 4 v-ATPase 403 

subunits under investigation were highly expressed in fibrotic tissue of mice and 404 

cirrhotic human livers, as well as in hHSC activated both in vitro and in vivo. Moreover, 405 

intracellular v-ATPase was localized in intracellular compartments and on the plasma 406 

membrane depending on different culture conditions. These observations led to the 407 

hypothesis that v-ATPase could play an important role in regulating H+ fluxes 408 

throughout the cell upon changes in the microenvironment like those occurring in 409 

conditions of chronic liver tissue damage and progressive fibrogenesis (31).  410 

The pioneer studies of Di Sario and colleagues demonstrated the importance of the 411 

Na+/H+ exchanger in pHi regulation in HSC (4). With the present work we have 412 

demonstrated for the first time a key role for v-ATPase and its association with AMPK in 413 

regulating pHi in primary human HSC (Figure 7). Bafilomycin-induced inhibition of v-414 

ATPase led to AMPK phosphorylation, which correlated with a significant reduction in 415 

hHSC pro-fibrogenic profile. This observation is in agreement with data demonstrating 416 

that Bafilomycin-treated murine HSC did not acquire a myofibroblast-like phenotype as 417 
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a consequence of a decreased autophagic flux (32). In our study, the down-regulation of 418 

pro-collagen I and α-SMA was observed after treatment with Bafilomycin but not with 419 

KM91104. This could be explained by the fact that Bafilomycin and KM91104 inhibit v-420 

ATPase with different modalities. Bafilomycin acts by inhibiting proton flow through the 421 

v-ATPase pump (21), although after 48 hours of treatment an acute acid load is still able 422 

to induce an increment in pH. This suggests that other pumps, such as the Na+/H+ 423 

exchanger, are still active and exert a compensatory effect for the lack of active v-424 

ATPase (3, 33, 34). In contrast, KM91104 is a weaker inhibitor than Bafilomycin since it 425 

specifically targets the interaction between V-ATPase subunits a3 and B2 (22), without 426 

interfering with the pump activity  427 

To investigate the role of the AMPK-v-ATPase-pH axis in hHSC we demonstrated that 428 

primary hHSC express predominantly AMPKα1 whereas AMPKα2 is scarcely 429 

detectable (Figure 1E and 1F) and genetically modified AMPKα1/α2 MEF (23) showed a 430 

clear association between different v-ATPase subunits and specific AMPKα subunits. 431 

Furthermore, cells were treated with the AMPK allosteric, direct activators A769662 (23) 432 

and ZLN024 (24) both known to inhibit dephosphorylation of p-AMPK, and Diflunisal, a 433 

salicylic acid derivative with analgesic and anti-inflammatory effects, which has shown 434 

to be a strong CBP/p300 inhibitor (25, 26), and very recently demonstrated to be key in 435 

activation of hHSC (35). We demonstrate that both Diflunisal and A769662 reduce v-436 

ATPase expression while ZLN024 had no effect. In addition, Diflunisal downregulates 437 

hHSC activation markers similarly as observed in hHSC treated with v-ATPase inhibitor 438 

Bafilomycin. These results are in line with a recent study demonstrating different 439 

working mechanisms through which salicylihalamide A and Bafilomycin inhibit v-ATPase 440 
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(25) as some effects of salicylate-based drugs, particularly on cellular metabolism, are 441 

mediated by AMPK (26). Importantly, our study demonstrates for the first time that 442 

Diflunisal acts as an AMPK activator in hHSC. Furthermore, Diflunisal-induced down-443 

regulation in specific v-ATPase subunits expression was completely prevented in MEF 444 

deficient of AMPKα1α2, further corroborating the correlation between v-ATPase and 445 

AMPK. These findings were further explored in hHSC silenced for AMPKα1 and 446 

revealed that siRNA against AMPKα1 abrogates the downregulation in v-ATPase and 447 

that Diflunisal and A769662 exert their effect specifically on v-ATPase. Moreover, the 448 

importance of v-ATPase was further shown in an in vivo model of fibrosis and in human 449 

liver tissues demonstrating a co-localization of α-SMA positive cells with v-ATPase 450 

subunits and demonstrated an increased expression of v-ATPase in diseased liver.  451 

In conclusion, this study demonstrates that pharmacological inhibition of v-ATPase via 452 

AMPKα1 leads to an inhibition of the pro-fibrogenic hHSC phenotype. Accordingly, our 453 

results provide a solid platform for the design of drugs acting on the AMPK-v-ATPase-454 

pH axis as potential new strategies for the treatment of liver fibrosis. 455 

 456 

 457 

FIGURES LEGENDS 458 

Figure 1: Increased expression of v-ATPase in in vivo and in vitro activated human 459 

HSC. (A) Representative western blots with histograms of v-ATPase subunits V1A, 460 

V1B2, V1C, v0c in hHSC isolated from human cirrhotic (CH) and normal (N) tissues, (B) 461 

in in vitro activated hHSC passage 1 (p1) to passage 4 (p4). (C) V-ATPase protein 462 

expression in total cell lysates and (D) in subcellular compartments of hHSC (CE, 463 
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cytosolic; ME, membrane; NE, nuclear) cultured in complete medium (CM) or serum 464 

free medium (SFM). n=3 per condition; *p<0.05 vs. Normal and p1. (E) Relative mRNA 465 

expression of AMPKα1 and AMPKα2 in hHSC cultured in CM and SFM. n=3 per 466 

condition; *p<0.05 vs. CM. (F) Representative western blot and fluorescence images of 467 

AMPKα1 and AMPKα2 in hHSC cultured in CM or SFM. n=2 per condition.  468 

Figure 2: Effects of V-ATPase inhibition on hHSC phenotype in vitro. (A) 469 

Concentration-dependent regulation of cell metabolism (MTS), (B) DNA synthesis 470 

(BrdU), (C) intracellular ATP levels (Luminescence), and (D) α-SMA and (E) pro-471 

collagen I mRNA expression in hHSC incubated for 48h with v-ATPase inhibitors 472 

Bafilomycin A1 and KM91104 (1nM, 10nM), or vehicle (veh, DMSO). n=4 per condition; 473 

*p<0.05 vs. veh (A-C). n=3 per condition; ***p<0.05 vs. veh (D-E). 474 

Figure 3: Effects of V-ATPase inhibition on v-ATPase expression and activity in 475 

hHSC. Representative western blot with histogram of v-ATPase subunit V1A (A), V1B2 476 

(B), V1C (C) and v0c mRNA expression (D) in hHSC incubated for 48h with either 477 

vehicle (veh, DMSO) or 1nM and 10nM of Bafilomycin A1 and KM91104. n=3 per 478 

condition; *p<0.05 vs. veh. (E) Representative images of neutral red staining (20x) and 479 

quantification in hHSC cultured in complete medium (CM) or serum free medium (SFM) 480 

and treated as described in A-D. n=4 per condition; *p<0.05 vs. veh. (F) Fluorescent 481 

quantification of BCFL-AM after a standard load protocol and (G) after an acidic load 482 

procedure in hHSC previously treated for 48h with (1-10nM) KM91104 and/or 483 

Bafilomycin A1 (1-10nM) , or its vehicle. n=4 per condition; *p<0.05 vs. veh. (H) 484 

Representative western blot and histogram of P-AMPK(Thr172) normalized to total 485 

AMPKα in hHSC treated with v-ATPase inhibitors. n=3 per condition; *p<0.05 vs. veh.   486 
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Figure 4: Effects of AMPK activation on v-ATPase expression and pro-fibrogenic 487 

profile in hHSC. AMPK activation evaluated by ELISA (A) and western blot (B) in 488 

hHSC 24h treated with Diflunisal (A-B) or AMPK activators A769662 and ZLN 024 489 

hydrochloride (A). n=3 per condition; *p<0.05 vs. veh. Relative α-SMA (C) and pro-490 

collagen I mRNA expression (D) in hHSC treated with Diflunisal (10nM-100uM) for 24h 491 

or vehicle. n=3 per condition; *p<0.05 vs. veh. (E) Representative Western blot with 492 

histogram of v-ATPase subunits normalized to α-Tubulin in hHSC after 24h of 493 

incubation with 100uM Diflunisal, 10uM A76, 100uM ZLN or its vehicle (DMSO). n=3 per 494 

condition; *p<0.05 vs. veh. 495 

Figure 5: V-ATPase expression is differentially regulated by AMPKα1 and AMPKα2 496 

and AMPKα1 regulates v-ATPase in hHSC. (A) Relative mRNA expression of v-497 

ATPase subunits V1A, V1B2, V1C and v0c in AMPKα1-null, AMPKα2-null, AMPKα1α2-498 

null and wild type (WT) MEF. n=3 per group; *p<0.05 vs. corresponding values of WT. 499 

(B) Representative western blot with histogram of v-ATPase subunits from wild-type 500 

(WT) or AMPKα1α2-null MEF after incubation with 100uM Diflunisal (Diflu), 10uM 501 

A769662 (A76) or its vehicle (Veh) for 24h. n=3 per group; *p<0.05 vs. corresponding 502 

vehicle. (C) Representative western blot of AMPKα1 with histogram of the 503 

corresponding protein in SiRNA-AMPKα1 silenced hHSC. n=4 per condition; *p<0.05 504 

versus scrambled control (siC). (D) Representative western blot with histograms of v-505 

ATPase subunits on lysates from AMPKα1-siRNA depleted hHSC treated with 100uM 506 

Diflunisal (Diflu) and 10uM A769662 (A76), n=3 per group; *p<0.05 vs. corresponding 507 

vehicle; **p<0.05 vs. all corresponding values (v0c). 508 
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Figure 6: v-ATPase expression in BDL mice and liver human tissues. (A) Hepatic 509 

mRNA expression and (B) protein levels of v-ATPase subunits in cirrhotic mice. n=5 per 510 

group; *p<0.05 vs. corresponding sham. (C) Representative images of 511 

immunohistochemistry of α-SMA co-localization with v-ATPase subunits in normal (N) 512 

and cirrhotic (CH) human liver tissues, and immunohistochemistry of v-ATPase subunits 513 

in normal (N) and cirrhotic (CH) human liver tissues (x100). 514 

Figure 7: V-ATPase-AMPK-pH regulation in human HSC. In vivo and in vitro activated 515 

human HSC demonstrate an increased expression of v-ATPase. Pharmacological 516 

inhibition of v-ATPase reduced hHSC proliferation, metabolic activity and pro-fibrogenic 517 

profile through changing intracellular pH (pHi). Pharmacological activation of AMPK 518 

downregulates v-ATPase expression and AMPKα1 regulates v-ATPase in hHSC. 519 

Supplementary Figures Legend 520 

Supplementary Fig. 1: (A, D) Concentration-dependent regulation of cell metabolism 521 

(MTS) and (B, E) DNA synthesis (BrdU) in hHSC after 24h of incubation with either 522 

Diflunisal (A-B) or AMPK activators A769662 and ZLN 024 hydrochloride (D-E). n=4 per 523 

condition; *p<0.05 vs. veh. (C) Representative images of cell phenotype after treatment 524 

indicated.   525 

Supplementary Fig. 2: (A) Relative mRNA expression of hHSC markers α-SMA and 526 

Cytoglobin B and v-ATPase subunits V1A, V1B2, V1C and v0c in hHSC treated with 527 

TGFβ1 and PDGF-BB for 24 hrs. (B) Representative western blot with histogram of v-528 

ATPase subunits in hHSC treated with TGFβ1 and PDGF-BB for 24 hrs. Results are 529 

shown of 2 independent experiments obtained from 2 hHSC donors.  530 
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SUPPLEMENTARY MATERIALS AND METHODS 20 

 21 

Human tissue samples 22 

Normal (N) fresh human liver biopsies were obtained from 4 remnants from partial 23 

hepatectomy, and human cirrhotic biopsies were obtained from 4 remnants livers 24 

(alcoholic aetiology) obtained after transplantation (supplementary table 3) at 25 

Hospital Clínic of Barcelona. In all cases, one portion of fresh biopsies was fixed in 26 
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10% formalin and paraffin-embedded for the immunohistochemical analysis of V-27 

ATPase subunits. Another portion of each normal and cirrhotic human liver tissue 28 

was used for HSC isolation. After isolation, one fraction of isolated HSC was pelleted 29 

and stored without culturing in standard 2D conditions and was marked as freshly 30 

isolated HSC passage 0, whereas another fraction of isolated cells (same donor) 31 

was cultured and subsequent passaged i.e. cultures from p1 to p4 which allows to 32 

investigate the HSC in vitro activation. Briefly, 20 g of human liver were perfused and 33 

digested with 0.01% DNase I and 0.01% collagenase for normal human liver or 34 

0.014% collagenase for cirrhotic human liver. The homogenate was filtered through 35 

a 100µm cell strainer and the flow-through was centrifuged at 50xg for 5 minutes at 36 

4°C. After washing the supernatant, gradient centrifugation was performed at 1400xg 37 

for 21 minutes at 4°C using an 11.5% Optiprep gradient. Finally, the interface was 38 

collected and washed (1). The Ethics committee of the Hospital Clinic de Barcelona 39 

approved the experimental protocol. Each patient signed the informed consent form 40 

(HCB/2015/0624). 41 

 42 

Measurement of pHi and pHe 43 

Relative intracellular pH changes were measured using the cell-permeable 44 

fluorescent indicator BCFL-AM. Cells were seeded and cultured overnight in 45 

complete medium at 30000 cells/well in a 96-well plate, followed by 24h in serum 46 

free medium. Next, cells were treated with the v-ATPase inhibitors for 48h. For the 47 

standard protocol, a dye loading solution was used according to the manufacturer’s 48 

instruction (Sigma), adding 2mM probenecid, a non-specific inhibitor of anion 49 

exchange transporters. Cells were incubated, protected from light, in a 5% CO2, 37 50 

°C incubator for 30 minutes and the pH assay was ran by measuring the 51 
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fluorescence at λex=485/λem=520 nm (FluoOmega spectrophotometer). For the acid 52 

load procedure, 5uL of freshly prepared 220 mM NH4Cl was added to each well and 53 

further incubated for 15 minutes at room temperature. Data were collected each 54 

minute for a total of 8 minutes by measuring the fluorescence at λex=485/λem=520 55 

nm. For the pHe analysis, media was collected from hHSC cultured in SFM for 24h 56 

and after 24h-48h, depending on the treatment, prior to the measurement of the 57 

hydrogen-ion concentration with the pH meter. The investigator performing the 58 

measurement was not aware of the treatment. 59 

 60 

Immunohistochemistry  61 

v-ATPase subunit detection: Immunostaining of v-ATPase subunits was performed 62 

in paraffin-embedded liver sections from control and cirrhotic human livers. Liver 63 

sections were de-paraffinize and hydrate through xylenes (2x, 10 min each) and 64 

ethanol (1x, 5 min 100%, 95%, 90%, 70%, 50%). Sections were microwaved (640 W) 65 

for 10 minutes in 1L of antigen unmasking solution, citric acid base (Vector),  and 66 

soaked in TBS with 0.04% Tween-20 (Sigma) for 5 minutes. The slides were then 67 

blocked in peroxidase (0.3% H2O2 in methanol) for 5 minutes, washed in TBS for 68 

5 minutes, blocked in 2.5% normal horse serum (Vector) for 10 minutes and then 69 

incubated over night with primary antibodies for ATP6V1A, V1B2, V1C, v0c, all 70 

diluted 1:150 (supplementary table 4). The slides where incubated with a biotinylated 71 

universal pan-specific secondary antibody and diaminobenzidine used as 72 

chromogen (both from Vector). The omission of the primary antibody was used as 73 

negative control. All sections were dehydrated, cleared in xylene, mounted with DPX 74 

(Leica biosystems), cover slipped and observed using a Zeiss Axioskop 40. Images 75 

were captured with an Axiocam IcC5 using Zeiss Axiovision (version 4.8.2). 76 
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Double immunohistochemistry for V-ATPase subunit(s) and α-SMA:  77 

Cases of both NASH and normal tissue were identified from the Royal Free hospital 78 

Archives between 2000 and 2014. To exclude other known aetiologies we conducted 79 

and both clinical and histology review of material.  80 

To show the co- localisation of the ATP6V components with hepatic stellate cells the 81 

expression of ATP6V1A, ATP6V1B2, ATP6V0c and ATP6V1C was demonstrated in 82 

a double immunostain with αSMA. The antibodies used are described in Table 4 83 

Supplementary Tables. Prior to the double immunostaining all antibodies were first 84 

optimised with positive controls and the following conditions were identified.  85 

For ATP6V1A antigen retrieval was achieved by microwaving at 700W for 15 mins in 86 

1L of pH 6.0 sodium citrate buffer, 10 mins for ATP6V1C and 20 mins for both 87 

ATP6V1B2 and ATP6V0c. Antigen retrieval for αSMA was performed by 88 

microwaving for 20 mins in 1L of pH 9.0 10mM Tris, 1mM EDTA buffer. Primary 89 

antibody dilutions are as follows ATP6V1A 1:50, ATP6V1B2 1:200, ATP6V0c 1:500 90 

and ATP6V1C 1:200 and αSMA 1:500. The antibody binding of the ATP6V 91 

components were detected and visualised with the Novolink TM max polymer 92 

detection system kit (Novocastra) and the αSMA with Vector ImmPRESS™-AP Anti-93 

Mouse Polymer Detection Kit (Vector Laboratories) and Vector Blue Alkaline 94 

Phosphatase substrate kit (Vector Laboratories).   95 

 96 

The protocol is as follows: sections were dewaxed in xylene and taken to water 97 

through graded IDA (industrial denatured alcohol). Antigen retrieval was performed 98 

as specified above for each of the ATP6V components then the slides were then 99 

soaked in wash buffer for 5 mins, TBS with 0.04% Tween-20, slides were then 100 

blocked in the peroxidase blocking solution for 5 minutes and washed for a further 5 101 
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mins in the wash buffer. The slides were blocked for non-specific binding of the post 102 

primary using the Novolink protein block for 5 mins and then incubated in each of the 103 

ATP6V primary antibody for 1 hour. The slides were then placed for 30 minutes in 104 

the post-primary solution, 30 mins in the polymer solution and developed for 5 mins 105 

with 3,3′ di-amino-benzidine with a 5 minute buffer wash between each of the steps.  106 

On these same slides we then performed further antigen retrieval for the αSMA as 107 

detailed above (microwave 20 mins pH 9.0 Tris EDTA). The slides were blocked for 108 

non-specific binding of the ImmPRESS™ AP reagent using the R.T.U Normal horse 109 

Serum from the kit for 5 mins and then incubated in αSMA primary antibody for 1 110 

hour. The slides were then placed for 30 minutes in the ImmPRESS™ AP and 111 

developed for 10 mins in Vector Blue substrate kit with a 5 minute buffer wash 112 

between each of the steps. The slides were washed in tap water and airdried before 113 

mounting. The slides were observed using a Zeiss Axioskop 40 (Zeiss, Cambridge, 114 

UK) and images were captured with an Axiocam IcC5 using Zeiss Axiovision 115 

(version 4.8.2). 116 

 117 

Isolation and culture of human hepatic stellate cells (hHSC), Royal Free 118 

Hospital, London, UK. 119 

Ten grams of total human liver tissue was digested with 0.01% Collagenase, 0.05% 120 

Pronase, and 0.001% DNase I without perfusion. The homogenate was filtered 121 

through a 100 µm cell strainer (BD Falcon,Oxford, UK), and the flow-through was 122 

centrifuged at 50xg for 2 minutes at 4°C. After washing the supernatant, gradient 123 

centrifugation was performed at 1400xg for 17 minutes at 4°C using an 11.5% 124 

Optiprep gradient (Sigma). Finally, the interface was collected and washed. Purity of 125 

the obtained HSC was confirmed by detection of CD140b, CD29 and Cytoglobin B. 126 



6 
 

The obtained HSC were cultured in Iscove’s Modified DMEM (IMDM), supplemented 127 

with 20% foetal bovine serum (FBS), 2 mM Glutamine, 1X nonessential amino acids, 128 

1.0 mM sodium pyruvate, 1X antibiotic-antimycotic (all from Life Technologies, 129 

Paisley, UK), referred to as complete hHSC medium (CM) hereinafter. Each hHSC 130 

preparation was maintained under standard conditions in a humidified incubator 131 

under 5% CO2 in air at 37°C. Experiments described in this study were performed 132 

with hHSC cultured in complete medium (CM) or serum free medium (SFM) of at 133 

least three cell preparations and three replicates, used between passage 4 and 8 134 

(except for Figure 1A and 1B), thus in vitro activated hHSC (Rombouts et al., Lipid 135 

Signalling Protocols, 2015).  136 

 137 

Mouse embryonic fibroblasts (MEF) cell culture 138 

Mouse embryonic fibroblasts (MEF) deficient in the genes encoding AMPKα1 139 

(AMPKα1-null) or AMPKα2 (AMPKα2-null) or both isoforms of AMPK (AMPKα1α2-140 

null) and corresponding wild-type MEF were provided by Dr. Benoit Viollet and 141 

described previously (2) (3). Results were derived from at least three replicates per 142 

group. 143 

 144 

Treatment 145 

v-ATPase inhibitors: Bafilomycin A1 and KM91104  146 

hHSC and MEF were treated with Bafilomycin A1 (Sigma, B1793) which inhibits 147 

specifically the v-ATPase proton pump (V-ATPase subunit ATP6V0C/V0), and 148 

KM91104 (Calbiochem) a non-macrolide small molecule which specifically targets 149 

the interaction between v-ATPase subunit a3 and subunit B2 at low concentrations 150 

of 1nM and 10nM for 48h. Dimethyl sulfoxide (DMSO) was used as vehicle. 151 
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 152 

AMPK activators: A769662, ZLN024 hydrochloride and Diflunisal 153 

HSC were incubated for 24h with freshly prepared Diflunisal (Sigma, D3281), a 154 

salicylic acid derivative with analgesic and anti-inflammatory effects, which has 155 

shown to be a strong CBP/p300 inhibitor, at different concentrations (10nM, 100nM, 156 

1μM, 10μM, 100μM and 1mM) or with its vehicle (DMSO), for proliferation and 157 

metabolic activity assays. Non-toxic concentrations of 10nM, 1uM and 100uM were 158 

used for protein and RNA analysis. Diflunisal was found to be an effective AMPK 159 

activator at 100uM, which is the dose used to treat AMPKα1α2-null and WT MEFs.  160 

In another set of experiments, hHSC were treated with AMPK allosteric, direct 161 

activators A769662 and ZLN024 both inhibiting dephosphorylation of p-AMPK. 162 

Activator A769662 (4) was used at 10uM, 100uM and 200uM, whereas ZLN024 163 

hydrochloride (Zhang LN et al., PlosOne 2013) was used at 100nM, 1uM, 10uM and 164 

100uM, and its vehicle DMSO, for 24h. Both activators are from TOCRIS 165 

Biosciences. AMPKα1α2-null and WT MEF were treated with 10uM of A76 for 24h. 166 

TGFβ1 and PDGF-BB treatment: cells were cultured in 12 well plates (100.000/well) 167 

or 6 well plates (300.000/well) in complete culture medium. After 24 hours, medium 168 

was removed and cells were cultured for 24 hours in serum-free medium followed by 169 

a treatment with TGFβ1 (5ng/ml) or PDGF-BB (10ng/ml) for 24 hours. RNA was 170 

extracted (12 wells) or protein cell lysate (6 wells) was isolated as previously 171 

described (5).   172 

 173 

Quantitative measurement of HSC proliferation and metabolic activity   174 

Cells were seeded at a density of 8000cells/well/100uL on 96-well plates and treated 175 

with Bafilomycin, KM, Diflunisal, A76 and ZLN or left untreated for the indicated 176 
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concentrations and time points. Cell proliferation and metabolic activity were 177 

assessed by 5-bromo-2-deoxyuridine (BrdU, Roche) and the tetrazolium compound 178 

[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-179 

tetrazolium, inner salt, MTS] (CellTiter 96 AQueous One Solution Cell Proliferation 180 

Assay, Promega), respectively, according to the manufacturer’s protocol. In 181 

metabolically active cells, the MTS tetrazolium compound is reduced via NAD(P)H-182 

dependent dehydrogenase enzymes to generate a coloured formazan product that is 183 

soluble in cell culture media.  184 

 185 

Neutral Red Uptake Assay  186 

Cells were seeded at a density of 8000cells/well/100uL on 96-well plates and treated 187 

with Bafilomycin and KM (1 nM, 10 nM). After 48h treatment with v-ATPase 188 

inhibitors, cells were incubated for 3h with a medium containing 40μg/ml of Neutral 189 

Red (Sigma), a supravital dye incorporated and bound in the acid 190 

compartment/lysosomes of viable cells as described by Repetto et al. (6), washed in 191 

1x PBS and differences in Neutral Red staining/distribution were examined under a 192 

phase-contrast inverted microscope, followed by the quantification at 540nm using a 193 

FluoOmega spectrophotometer. Measurements were performed in quadruplicates for 194 

each experimental condition and absorbance values were corrected for background. 195 

 196 

RNA isolation and Quantitative Real-Time PCR  197 

Total RNA was extracted using Qiazol reagent and RNeasy Universal Mini Kit 198 

(Qiagen,Manchester, UK). One g of total RNA was reverse transcribed with random 199 

primers and MultiScribe RT enzyme (Applied Biosystems, Paisley,UK). Taqman® 200 

gene expression assays were used to measure via qPCR the levels of the transcripts 201 
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for different v-ATPase and AMPK subunits, and for markers of fibrogenic activation 202 

(supplementary table 5). Signal was acquired with Applied Biosystems 7500 Fast 203 

Real-Time PCR System (ThermoFisher Scientific, Paisley, UK) and data were 204 

expressed as either 2-∆∆Ct or 2-∆Ct. GAPDH or HPRT1 served as endogenous controls 205 

(5). 206 

 207 

Western Blot 208 

Cells were seeded at a density of 350000cells/well/3mL in 6-well plates and treated 209 

as described before. The cellular lysis were performed using either the cell extraction 210 

buffer (Invitrogen, FNN0011) containing 1mM PMSF and 1:100 protease inhibitor 211 

cocktail (Sigma) for whole protein extraction or the subcellular protein fractionation 212 

Kit (Thermo Scientific, 78840) for cytoplasmic, membrane and nuclear protein 213 

extraction. Proteins were quantified via micro bicinchoninic (MBCA) assay (Pierce, 214 

Rockford, IL, USA) and stored at -80°C for further analysis. Ten g of protein 215 

extracts were separated by SDS-PAGE with 8-12% acrylamide gel and transferred to 216 

a PVDF membrane (Millipore, Bedford, USA). After blocking for 1 h with 5% bovine 217 

serum albumin (BSA), membranes were incubated overnight 4 °C under mild 218 

agitation with primary antibody solutions (5% BSA, TBS 1X and 0.1%Tween 20). 219 

Membranes were then washed with TBS 1X/0.1% Tween 20, followed by incubation 220 

with secondary HRP-conjugated antibody for 1h at room temperature. The complete 221 

list of antibodies used is provided in supplementary table 4. Protein immuno-222 

reactivity was revealed with the ECL system (Thermo Scientific, Pierce), using a 223 

FluorChem M (Protein Simple, San Jose, USA), and quantitative densitometric 224 

values of all proteins were normalized to Actin or Tubulin (5). 225 

 226 
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AMPKα activity  227 

Cells were seeded at a density of 350000cells/well/3mL onto 6-well culture plates 228 

and treated with different concentrations of AMPK activators for 24h in SFM. 229 

Incubation was stopped by cell lysis and AMPK activity was determined by AMPKα 230 

expression using Enzyme Linked-Immuno-Sorbent Assay (ELISA) kit (KHO0651, 231 

Invitrogen), according to the supplier's protocol. Absorbance was measured at 450 232 

nm using a FluoOmega spectrophotometer and the concentration of phosphorylated 233 

AMPKα was calculated and normalized to the protein concentration of the lysates 234 

(units/μg protein).  235 

 236 

siRNA experiments 237 

hHSC were seeded at a density of 350000cells/well/3mL in 6-well plates and 238 

transfected with siRNA targeting different regions of the respective transcript human 239 

AMPKα1 (10nM-25 nM, s101 and s102, Life Technologies), or with a negative 240 

control siRNA (25 nM, Life Technologies) using TurboFectin 8.0 as transfection 241 

agent (OriGene) according to the manufacturer’s instructions. Twenty-four hours 242 

post-transfection, cells were treated for an additional 24h with either 100 μM 243 

Diflunisal, 10uM A76 or its vehicle. The efficiency of the siRNA experiments was 244 

further validated by analysing AMPKα1 protein levels via western blotting as 245 

described before (5, 7). 246 

 247 

 248 

 249 

 250 

 251 
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Table 1: pH measurements (extracellular pH) of serum free medium collected 24h 

before and every 24h (up to 48h) after treatments of in vitro activated human HSC with 

v-ATPase inhibitors indicated in the table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Timing/Treatment Veh Bafi 10nM KM91104 10nM 

0h 7.743 ± 0.009 7.752 ± 0.002 7.764 ± 0.03 
24h 7.596 ± 0.003 7.609 ± 0.007 7.600 ± 0.05 
48h 7.563 ± 0.007 7.549 ± 0.006 7.531 ± 0.01 



Table 2: pH measurements (extracellular pH) of serum free medium collected 24h 

before and 24h after treatments of in vitro activated human HSC with the AMPK 

activators indicated in the table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Timing/Treatment Veh Diflunisal 100uM A769662 10uM 

0h 7.644 ± 0.01 7.593 ± 0.05 7.647 ± 0.03 
24h 7.560 ± 0.05 7.550 ± 0.09 7.615 ± 0.01 



Table 3: Human tissue samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Sample Aetiology Surgery Gender Age 

Control Human 8   Metastasis from colon 
carcinoma 

Man 82 

Human 18   Metastasis from colon 
carcinoma 

Man 64 

Human 19   Metastasis from colon 
carcinoma 

Female 72 

Human 23   Metastasis from colon 
carcinoma 

Female 60 

Cirrhotic Human 6 
CH1 

Alcohol Transplantation Female 56 

Human 16 
CH2 

Alcohol Transplantation Man 63 

Human 17 
CH3 

Alcohol Transplantation Man 48 

Human 25 
CH4 

Alcohol Transplantation Man 57 



 

Table 4: List of antibodies used in the study  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Cat No Source 

ATP6v0c ab104374 Abcam 
ATP6V1B2 14488 (D307Q) Cell Signaling 

V-ATPase C1 sc-21211 (N-20) Santa Cruz Biotechnology 
V-ATPaseV1C1 HPA023943  Atlas Antibodies 

ATP6V1A GTX110815 Genetex 
AMPKα 2532 Cell Signaling 

AMPKα1 2795 Cell Signaling 
AMPKα2 2757 & sc-19131 (C-20) Cell Signaling & Santa Cruz 

Biotechnology 
pAMPKα (Thr172) 2535 Cell Signaling 

ACC PA5-17564 Thermo Fisher Scientific 
pACC (Ser79) PA5-17725 Thermo Fisher Scientific 

Actin sc-1616 (I-19) Santa Cruz Biotechnology 
ΑSMA M085101-2 Agilent Dako 

Tubulin 2144 Cell Signaling 



 

 

 

Table 5: List of Taqman® assays used in the study 

 

Gene Cat No Source 

GAPDH Hs02758991_g1 Life Technologies LTD 
HPRT1 Hs02800695_m1 Life Technologies LTD 
ACTA2 Hs00426835_g1 Life Technologies LTD 

COL1A1 Hs00164004_m1 Life Technologies LTD 
AMPKα1 Hs01562315_m1 Life Technologies LTD 
AMPKα2 Hs00178903_m1 Life Technologies LTD 
ATP6v0c Hs00798308_sH    Life Technologies LTD 
GAPDH Hs02758991_g1  Life Technologies LTD 
HPRT1 Mm00446968_m1 Life Technologies LTD 

ATP6V1C1 Mm01158129_m1 Life Technologies LTD 
ATP6V1A Mm00431979_m1 Life Technologies LTD 
ATP6V1B2 Mm00431987_m1 Life Technologies LTD 
ATP6v0c Mm00821690_g1 Life Technologies LTD 


