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Hepatocyte growth factor (HGF)/hepatocyte growth factor receptor

(MET) signaling plays a critical role during liver regeneration upon acute

and chronic damage, and is therefore an interesting target for therapeutic

intervention. Nevertheless, the molecular mechanisms underlying the

pro-regenerative effects of HGF/MET signaling are not fully elucidated,

particularly during cholestatic injury. Our aim was to analyze the impact

of moderately enhanced MET on the hepatic response to cholestatic injury,

and uncover the mechanisms behind it. For that, Alb-R26Met mice expres-

sing a wild-type Met transgene in albumin-positive liver cells were fed with

a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-supplemented diet,

used as a model simulating human primary sclerosing cholangitis. Results

indicate that increased MET expression diminished liver damage in

DDC-fed mice, evidenced by lower serum levels of bilirubin and alkaline

phosphatase, and decreased cell apoptosis. However, decreased ductular

expansion was observed, which together with enhanced hepatocyte prolifer-

ation suggests that hepatocytes act as the main cellular defense. Both

in vivo and in vitro studies using Alb-R26Met liver-derived hepatocytes

under cholestasis-simulated in vitro conditions demonstrated an enhanced

upregulation of nuclear factor erythroid 2-related factor 2 (NRF2; encoded

by the Nfe2l2 gene), parallel to an upregulation of glutathione biosynthesis
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enzymes, increased levels of glutathione, and decreased reactive oxygen

species, along with decreased activation of transforming growth factor beta

(TGF-β)-induced signaling. Consistently, MET transgenic hepatocytes were

protected against TGF-β-induced oxidative stress and apoptosis in vitro. In

conclusion, our work evidences that moderate upregulation of

wild-type MET in hepatocytes is sufficient to promote a strong antioxidant

response in the liver that efficiently protects against chronic cholestasis,

thus allowing optimal liver regeneration.

Introduction

Cholestatic liver disease is associated with an alter-

ation of bile formation and/or bile flow that results in

cholestasis, and it is characterized by pruritus, fatigue,

and jaundice, as main clinical features, but it also

causes other complications, such as bone disease and

nutritional deficiencies. Furthermore, chronic cholesta-

sis often evolves to liver cirrhosis associated with a

high risk of development of portal hypertension and

hepatic failure. Thus, as cholestasis progresses to liver

cirrhosis, there is an increase in mortality [1,2].

Primary biliary cholangitis (PBC) and primary scle-

rosing cholangitis (PSC) are the most prevalent

chronic cholestatic diseases. Although the exact trig-

gering factors and pathological causes of the disease

remain unknown, considerable advance has been made

in the knowledge of the core pathogenic mechanisms

[3,4]. Indeed, cholangiopathies are considered multifac-

torial and immune-mediated diseases associated with

necroinflammatory damage of the biliary tree that

involve genetic, epigenetic, and environmental factors.

Key disease-related pathological processes include bile

acid cytotoxicity, mitochondrial dysfunction, oxidative

stress, a dysregulated immunoinflammatory response

and biliary fibrosis. In terms of cellular responses,

these pathologies are accompanied by hepatocyte dys-

function and death, neutrophil infiltration, cholangio-

cyte and hepatic progenitor cell (HPC) proliferation,

and stellate cell activation [1,2].

As other chronic liver diseases, cholestatic disorders

have limited therapeutic options [5]. Currently, urso-

deoxycholic acid (UDCA) is the only first-line therapy

approved for PBC, whose therapeutic activity is based

on regulation of bile acid metabolism at different

levels, thereby reducing bile acid-induced cell cytotox-

icity and damage. However, around 40% of patients

show a poor response to UDCA, requiring second-line

therapy. For PSC, there are currently no approved

drug therapies, so the only curative treatment for

end-stage liver disease is orthotopic liver transplanta-

tion [1,6]. Therefore, efforts should be made to better

understand disease pathogenesis, which will allow the

design of novel therapeutic strategies.

Several molecular pathways have been involved in

the pathophysiology of cholangiopathies, which are

potential candidates for pharmacological intervention,

one of which is the hepatocyte growth factor

(HGF)/MET axis. It is well known that this axis pro-

vides essential signals for liver development during

embryogenesis, as well as during liver regeneration

and resolution of fibrosis [7,8]. In fact, HGF/MET

signaling is required for a proper hepatocyte-mediated

regenerative response, promoting hepatocyte prolifera-

tion and survival upon partial hepatectomy or carbon

tetrachloride-triggered damage [9–11] but also for

stem/progenitor cell-mediated liver regeneration, since

the absence of MET leads to severe liver damage and

to a significant reduction in the expansion of the

stem/progenitor cell population [12]. The role of

HGF/MET during cholestatic damage is less known,

although evidence points to a protective effect in this

specific context. Thus, mouse cholestatic livers after

bile duct ligation (BDL) suffer a hepatic dysfunction

associated with the acceleration of hepatocyte necrosis

and apoptosis when treated with anti-HGF IgG. Con-

sistent with this, the lack of MET severely impairs tis-

sue remodeling during chronic BDL-induced liver

injury [13]. Inversely, administration of HGF in mice

suffering from BDL or naphthylisothiocyanate-

induced cholestasis results in a significant reduction of

cell injury coupled with an improvement in bile flow

and liver function [13–15].
To gain more insight into the relevance and mecha-

nism of action of HGF/MET signaling in the hepatic

response to cholestatic injury, we have analyzed the

effect of a moderate increased expression of wild-type

MET in liver (albumin-positive cells) [16] on 3,5-

diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced

injury in Alb-R26Met mice. This experimental setting is

an in vivo model for cholestatic disease that resembles

some features of human PSC and has proved valuable
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to elucidate the mechanisms of chronic cholangiopa-

thies [17,18]. We show that a moderate increase in

wild-type MET receptor levels in hepatocytes is suffi-

cient to promote a strong antioxidant response depen-

dent on nuclear factor erythroid 2–related factor-2

(NRF2)/glutathione system that efficiently protects

against chronic cholestasis thus allowing for optimal

liver regeneration.

Results

Increased MET levels diminish DDC-induced

cholestatic liver damage

To better characterize the role and relevance of the

HGF/MET signaling pathway-mediated responses dur-

ing cholestatic injury, we took advantage of the Alb-

R26Met mice, a unique and particularly valuable model

characterized by moderately enhanced wild-type MET

levels in albumin-expressing cells, thus providing a

subtle modification of the liver homeostatic context.

We confirmed that Alb-R26Met livers display moderate

but significantly higher levels of Met mRNA (Fig. 1A)

and about twofold enhanced MET tyrosine phosphor-

ylation (Fig. 1B), indicating increased MET activation.

For further validation, we used primary hepatocytes

isolated from these mice [19]. Both the presence of the

Met transgene, loss of the LacZ gene and

beta-galactosidase expression, as well as Met mRNA

and MET protein upregulations were proved in Alb-

R26Met hepatocytes (Fig. 1C–F). Furthermore, Alb-

R26Met hepatocytes responded to HGF treatment with

increased phosphorylation of MET and downstream

signals, like ERK/MAPKs, as compared to control

hepatocytes (Fig. 1G).

Next, we examined the consequences of enhanced

MET on the hepatic response to DDC-induced injury,

a model of cholestatic injury [17,20]. Analysis of serum

markers of hepatic damage revealed increased levels of

total bilirubin, alkaline phosphatase (ALP), and aspar-

tate aminotransferase (AST), particularly the first two,

after 2 and 6 weeks of DDC diet. Notably, Alb-R26Met

mice showed lower levels of the three parameters at

6 weeks (Fig. 2A). No significant changes were found

between Alb-R26Met and control livers in terms of col-

lagen 1a1 levels in DDC-treated animals, but levels of

the matrix metalloproteinase MMP9 were significantly

upregulated in Alb-R26Met (Fig. 2B–D) and histopath-

ological analysis following Sirius Red staining revealed

a decreased fibrosis progression in Alb-R26Met livers

(Fig. 2E,F), which altogether supports a more

pro-resolutive phenotype in Alb-R26Met livers. Consis-

tent with a decreased liver injury, Alb-R26Met livers

presented a reduced caspase-3 activity after 6 weeks of

DDC diet compared with the control livers (Fig. 2G).

Additionally, the transient hepatocellular dedifferentia-

tion usually observed as a consequence of the injury

and activation of regenerative mechanisms [21] was

either attenuated or prevented in Alb-R26Met livers, as

evidenced by the maintenance of the expression levels

of the hepatocyte differentiation and functional

markers Hnf4a and Cyp7a1. Despite the limitation of

using only two markers, this observation appears to be

consistent with lower damage in hepatocytes (Fig. S1).

These changes were accompanied by an increased

liver-to-body weight ratio, a parameter related to liver

damage and regeneration, in Alb-R26Met mice as com-

pared with controls, after 6 weeks of diet (Fig. 2H). A

more detailed analysis revealed a clearly different pat-

tern in both parameters (liver weight and body weight)

between Alb-R26Met and control mice so that the Alb-

R26Met mice show higher liver weight and maintenance

of body weight, in contrast to the decrease observed in

controls (Fig. 2I,J). Interestingly, signals and pathways

known to be involved in triggering and promoting

liver regeneration, including interleukin 6 (IL6),

STAT3, and AKT, show either significant differences

or trends, being higher and/or more strongly induced

or activated in Alb-R26Met livers (Fig. S2), likely con-

tributing to an enhanced liver regenerative response

[22–24].
The cholestatic injury induced by DDC feeding is

accompanied by a ductular reaction characterized by

the expansion of ductular reactive cells involving cho-

langiocytes, hepatocytes, and HPC, and it is closely

associated with an inflammatory response [25]. Since

HPC express albumin, although at lower levels than

hepatocytes, and the HGF/MET axis has been proved

essential for HPC-triggered regeneration [12], we

hypothesized that the Alb-R26Met livers could display

an increased HPC expansion that would contribute to

the more efficient regenerative process and better out-

come after DDC treatment. Data shown in Fig. 3A–C,
evidence a typical ductular response in both Alb-

R26Met and control mice after DDC diet. However,

after 6 weeks of diet the area of expansion of the duct-

ular reaction in control livers was significantly higher

than that of Alb-R26Met livers. Consistently, the num-

ber of cytokeratin 19 (CK19)-positive cells in the por-

tal areas showed a clear tendency to be higher in

control livers. These differences were further sustained

by the analysis of HPC and biliary cell markers, epi-

thelial cell adhesion molecule (Epcam), and CK19

(Krt19 gene), both found more upregulated in control

livers (Fig. 3D,E). For a more detailed analysis, we

performed a double immunostaining for CK19 and
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Ki67 (labeling ductular cells and proliferative cells,

respectively), in liver sections, and we quantified

double-positive cells. Results show a lower number of

CK19/Ki67-positive cells in Alb-R26Met livers as com-

pared with controls (Fig. 3F). Jointly, these data

indicate that Alb-R26Met livers exhibit a diminished

ductular reaction in response to cholestatic liver injury.

It should be pointed out that MET transgene expres-

sion was not detected in CK19-positive cells,

discarding a relevant expression in the biliary cell
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compartment (Fig. S3). All these results, together with

the attenuated liver damage in the Alb-R26Met livers,

suggest that mature hepatocytes could act as major

players in the regenerative response activated upon

DDC treatment in these mice. To address this ques-

tion, we quantified the proportion of parenchymal

Ki67-positive cells in liver sections and confirmed a

higher number in Alb-R26Met livers (Fig. 3G).

In summary, these findings support that enhanced

hepatic MET levels attenuate liver damage and pro-

mote a more efficient regenerative response in

DDC-injured livers and that this regenerative response

is mostly driven by the proliferation of hepatocytes,

rather than HPCs.

TGF-β signaling pathway is altered in enhanced

MET livers under DDC treatment

To clarify the mechanisms behind the beneficial effect

of enhanced MET levels in the DDC-triggered liver

injury, we analyzed the status of TGF-β signaling in

Alb-R26Met and control livers, based on its key role

during liver fibrosis and chronic injury [26]. TGF-β1
(Tgfb1) and TGF-β2 (Tgfb2) hepatic mRNA levels

were induced by the DDC diet, with no significant dif-

ferences between Alb-R26Met and control livers

(Fig. 4A). DDC feeding had no effect on TGF-β3
(Tgfb3) mRNA levels in control mice; however, base-

line levels (standard diet) were much higher in Alb-

R26Met livers and significantly decreased under DDC.

Regarding the expression levels of TGF-β receptors,

we found a different scenario: all three TGF-β recep-

tors, TGF-βRI (Tgfbr1), TGF-βRII (Tgfbr2), and

TGF-βRIII (Tgfbr3), were upregulated in control livers

after DDC feeding, but not in Alb-R26Met livers that

showed either no significant modulation (Tgfbr1 and

Tgfbr2) or a decrease (Tgfbr3). Again, higher baseline

levels were found in Alb-R26Met livers, specifically

those of Tgfbr2 and Tgfbr3 (Fig. 4B). Furthermore, a

transient activation/phosphorylation of SMAD2 was

seen in controls, but not in Alb-R26Met livers, at

2 weeks during DDC-induced biliary injury (Fig. 4C).

Consistently, the expression of classical target genes of

the Smad canonical TGF-β pathway, Smad7 and Ser-

pine1 (PAI1), was upregulated in control, but not in

Alb-R26Met, livers after DDC treatment (Fig. 4D).

Altogether, data reveal a scenario in which enhanced

MET levels counteract TGF-β signaling during chole-

static injury. To further study this, we moved to in

vitro models, using Alb-R26Met and control hepato-

cytes. To simulate a cholestatic context in vitro, we

incubated hepatocytes with TCDC, a bile acid that is

abundant in mouse bile, an experimental setting

reported in the literature that we used previously [27].

For setting up the experimental conditions, control

and Alb-R26Met hepatocytes viability was analyzed in

the presence of increasing concentrations of TCDC.

No significant effect on cell viability was observed

after 24 h, although concentrations of 75 μM or higher

resulted in about 20–30% cell loss at 48 h (Fig. 5A,B).

We therefore selected 75 μM concentration for subse-

quent studies. To examine the effect of enhanced MET

levels on TGF-β response, we followed the experimen-

tal protocol schematized in Fig. 5C, consisting of 24 h

preincubation with TCDC followed by cotreatment

with TCDC and TGF-β. In line with the results in

whole liver, analysis of TGF-β signaling pathway com-

ponents revealed higher expression of Tgfb3 in Alb-

Fig. 1. Analysis of MET levels in livers and immortalized hepatocytes of control and Alb-R26Met mice. (A) RT-qPCR analysis of Met mRNA

levels in livers of control and Alb-R26Met mice. Data are mean� SEM. of five animals per group and are expressed as fold change (f.c.) with

respect to control. (B) MET immunoprecipitation in protein extracts from control and Alb-R26Met livers. Phosphorylation was detected by

immunoblotting with anti-P-tyrosine (P-Tyr-100) antibody. Western blot for MET was used as a loading control. Left panel: blot images of a

representative experiment. Neg.: negative control (no primary antibody). Right panel: optical density values. Data are mean� SEM of 5

animals per group. (C–G) Data from immortalized hepatocytes derived from control and Alb-R26Met livers. (C) Hepatocytes genotyping. Left

panel: detection of LacZ gene (315-bp fragment). Right panel: detection of the LoxP1-Met3 (486-bp fragment). C+: in each PCR reaction a

genomic DNA sample from previously genotyped control and Alb-R26Met hepatic progenitor cells was included as control. C�: negative

control (using water instead of genomic DNA). (D) Light microscopy photographs of control and Alb-R26Met hepatocytes stained for

detection of beta-galactosidase using X-gal as substrate. Scale bar= 20 μm. (E) RT-qPCR analysis of Met mRNA levels in control and Alb-

R26Met hepatocytes. Data are mean� SEM. of 3 independent experiments. (F) MET immunoprecipitation in protein extracts from control

and Alb-R26Met hepatocytes. Phosphorylation was detected by immunoblotting with anti-P-tyrosine (P-Tyr-100) antibody. Western blot for

MET was used as a loading control. Left panel: blot images from a representative experiment. Right panel: optical density values. CI:

negative immunoprecipitation control. Data are mean� SEM (n= 3). (G) Western blot analysis of Tyr1234/1235 phosphorylated (p-MET) and

total (MET) MET protein levels, and downstream signals: P-AKT (Ser473) and P-ERK (Thr202/Tyr204), in control and Alb-R26Met hepatocytes

treated with HGF (40 ng�mL�1). Left panel: blot images from a representative experiment. Right panel: optical density values. Data are

mean� SEM of three independent experiments. Significance was analyzed by unpaired t-test (A, B, E, F) or by ordinary one-way ANOVA

test (G). Data were compared with the control (A, B, E, F) or the untreated group (G) or as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.
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R26Met hepatocytes (Fig. 5D) and lower levels of the

three receptor types in Alb-R26Met hepatocytes

(Fig. 5E), which are further decreased by treatment

with HGF under cholestatic-emulating conditions

(Fig. 5F), supporting altogether an HGF/MET

signaling-dependent transcriptional regulation. A simi-

lar trend was seen in TGF-β/Smad-signaling target

genes, with an induction of Smad7 and Serpine1 upon

treatment with TCDC and TGF-β in controls, whereas

lower or absent in Alb-R26Met hepatocytes (Fig. 5G).

These data strongly suggest that TGF-β signaling is

attenuated or severely impaired in TCDC-pretreated

Alb-R26Met hepatocytes, which is not seen in basal

conditions (Fig. 5H), suggesting that enhanced MET

levels counteract effects linked to simulated cholestatic

conditions. To assess the impact of the TGF-β signal-

ing attenuation on TGF-β biological effects, we incu-

bated TCDC-pretreated hepatocytes with apoptotic

doses of TGF-β and analyzed cell viability and

caspase-3 activity. Increased caspase-3 activity

and decreased cell viability in controls were attenuated

in Alb-R26Met hepatocytes (Fig. 5I,J). Together, these

results show that Alb-R26Met hepatocytes with

enhanced MET levels are protected against TGF-β-
induced cell death. Interestingly, in addition to the

effects on the hepatocytes themselves, enhanced MET

levels impact the hepatic cell interactome. Hence,

exposure of hepatic stellate cells to the secretome of

hepatocytes pretreated with TCDC and TGF-β results

in an upregulation of TGF-β receptors mRNA levels,

this regulation being completely lost in Alb-R26Met

hepatocytes (Fig. S4). These results highlight the rele-

vance of cellular interactions during cholestatic injury

and support that enhanced levels of MET could hinder

the fibrotic process and protect against cholestatic

injury by interfering with the response to TGF-β in

different liver cell populations.

Enhanced MET levels drive a potent antioxidant

response in both hepatocytes and livers upon a

cholestatic injury

As TGF-β is a potent inducer of reactive oxygen spe-

cies (ROS) in hepatic cells, including hepatocytes

[28–30], we use this experimental setting to analyze the

oxidative stress status in cells. Using the 20-70 dichloro-
fluorescein diacetate (DCFH-DA) probe, we detected

an early ROS burst after 30-min treatment with

TGF-β in TCDC-pretreated control hepatocytes

(Fig. 6A), not seen in hepatocytes non-pretreated with

TCDC (Fig. 6B). Such oxidative burst was completely

blocked in Alb-R26Met hepatocytes with enhanced

MET levels (Fig. 6A). In line with these data, protein

carbamylation, a process associated with oxidative

stress, was significantly higher in control as compared

with Alb-R26Met hepatocytes treated with TCDC plus

TGF-β (Fig. 6C). A direct correlation between the

inhibition of the oxidative response and MET signal-

ing was evidenced by the fact that long-term pretreat-

ment of hepatocytes with HGF reproduced the effects

found in Alb-R26Met cells, such as a blockage in the

TGF-β-induced ROS burst under cholestatic condi-

tions (Fig. 6D). Collectively, these data support that

enhanced HGF/MET input effectively protects against

TGF-β-mediated oxidative stress in hepatocytes. This

prompted us to analyze the mechanism underneath

MET antioxidant activity in hepatocytes. We analyzed

the enzymatic activity of major intracellular antioxi-

dant enzymes in Alb-R26Met and control hepatocytes

treated with TCDC and TGF-β. No differences were

Fig. 2. Analysis of liver damage in control and Alb-R26Met mice under a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet. (A) Serum

levels of total bilirubin, alkaline phosphatase (ALP), and aspartate aminotransferase (AST). Data are mean� SEM of 3 or 4 animals (control

and Alb-R26Met, respectively). (B) Collagen 1a1 (Col1a1) mRNA levels in liver were determined by RT-qPCR. Data are mean� SEM of 4

animals per group and are expressed as fold change (f.c.) with respect to standard diet. (C, D) COL1A1 (C) and matrix metalloproteinase

(MMP9) and Tissue Inhibitor of Metalloproteinase 1 (TIMP1) (D) protein levels in liver were analyzed by western blot. Left panel: blot

images from a representative experiment. Right panel: optical density values. Data are mean� SEM of 4 animals (MMP9) or 5 animals

(COL1A1 and TIMP1) per group. (E). Sirius Red Staining in liver tissue sections. Left panel: Representative images. Scale bar= 10 μm. Right

panel: Quantitative analysis of fibrotic area. Total area and fibrotic area (Sirius red-stained area) were measured in 10 regions per section,

using 4 animals per group (except for Alb-R26Met 6wk, three animals). Data are expressed as % mean of fibrotic area. (F) Histopathological

analysis of fibrosis stage using a scoring system: F0: None; F1: Perisinusoidal or portal/periportal; F2: Perisinusoidal and portal/periportal; F3:

Bridging fibrosis; F4: Cirrhosis. The percentage of animals assigned a specific score is shown. Five animals per group were analyzed. (G)

Caspase-3 activity in liver extracts from mice under a DDC diet (6 weeks). Data are mean� SEM of 5 animals per group. (H) Liver-to-body

weight ratio, expressed as fold change (f.c.) respect to standard diet (0). Data are mean� SEM of 5–8 animals per group. (I) Liver weight

expressed as fold change respect to standard diet. Data are mean� SEM of 5–8 animals per group. (J) Body weight expressed as fold

change respect to standard diet. Data are mean� SEM of 5, 6, 7 or 8 animals per group. Significance was analyzed by ordinary one-way

ANOVA test in all cases except for B, in which Kruskal–Wallis test was used. Data were compared with the control group (standard diet) or

as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.
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 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70315 by U

niversidad C
om

plutense D
e, W

iley O
nline L

ibrary on [21/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



observed in catalase, superoxide dismutase (SOD), and

glutathione reductase (GR) enzymatic activities

(Fig. 6E). Likewise, mRNA levels of Sod1 and Sod2

showed similar levels in Alb-R26Met and control hepa-

tocytes (Fig. 6F). However, analysis of the expression

levels of enzymes involved in glutathione metabolism,

glutathione reductase (Gsr), glutamate-cysteine ligase

catalytic subunit (Gclc), and glutathione synthetase

(Gss), revealed a robust upregulation of Gclc and Gss

in Alb-R26Met hepatocytes treated with TCDC and

TGF-β. This was concomitant with increased expres-

sion of Nfe2l2, a transcription factor considered a

master regulator of the antioxidant intracellular

response [31], having Gclc and Gss among its targets

(Fig. 6F). Coherently, intracellular glutathione content

was depleted in TCDC and TGF-β controls whereas

increased in Alb-R26Met hepatocytes (Fig. 6G). Mecha-

nistic insights from the in vitro model evidenced an

HGF/MET signaling axis-dependent direct modulation

of Nfe2l2 and its downstream targets Gss and Gclc at

the transcriptional level, particularly upon cholestatic

simulating conditions, being this modulation depen-

dent on AKT and ERK–MAPK signaling pathways

(Fig. S5).

We next assessed whether the antioxidant capacity

of MET observed in vitro is paralleled by a putative

MET-triggered safeguard mechanism from oxidative

stress in a cholestatic-like injury environment using the

in vivo DDC feeding experimental model. We analyzed

the antioxidant vs oxidant status in Alb-R26Met and

control livers. Sod1 and Sod2 mRNA levels did not

significantly change upon DDC diet whereas catalase

activity dropped in both genetic settings (Fig. 7A,B),

instead, Nfe2l2 and enzymes critical in glutathione

synthesis (Gss and Gclc) were highly induced in DDC-

fed Alb-R26Met mice (Fig. 7A). Furthermore, a higher

content of reduced glutathione was found in Alb-

R26Met livers compared with controls, already notice-

able in basal conditions (standard diet) although more

significant under DDC diet, whereas oxidized glutathi-

one levels remained unaltered (Fig. 7C,D). Total gluta-

thione content was also elevated in DDC-fed Alb-

R26Met livers (Fig. 7E). Remarkably, the ratio of

reduced to oxidized glutathione, a parameter tightly

associated with the antioxidant capacity of the gluta-

thione system [32], followed the same pattern

(Fig. 7F). Furthermore, ROS content was consistently

elevated upon DDC treatment in controls, but not in

Alb-R26Met, livers (Fig. 7G).

Overall, our results reveal that moderately enhanced

MET levels in hepatocytes confer the capability to

orchestrate a robust antioxidant response upon a cho-

lestatic injury by triggering a NRF2/glutathione path-

way response. Thus, MET-dependent protective effects

could be the driving force responsible for an improved

regenerative response, as collectively illustrated by Alb-

R26Met mice under DDC-induced cholestasis.

Discussion

The relevance of the HGF/MET axis as a pro-

regenerative signaling pathway during liver regen-

eration is out of doubt by now, as it is the link

between regeneration and HGF/MET-driven cell biol-

ogy responses, including mitogenesis, motogenesis,

survival, and morphogenesis [8]. However, HGF/

MET-specific functions and mechanisms of action in

cholangiopathies remain poorly known, as well as its

Fig. 3. Analysis of the ductular response in control and Alb-R26Met livers from mice under a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)

diet. (A) Representative images of hematoxylin and eosin (H&E) staining in liver tissue sections of control and Alb-R26Met mice fed with a

standard diet or with a DDC diet (2 and 6 weeks). Scale bar: 20 μm. Dashed lines mark the edges of the area of cells expansion in the portal

tracts. (B) Quantitative morphometric analysis of ductular reaction. Areas from 12 periportal regions of each animal were measured. Data

are mean� SEM of 5 animals per group. (C) Immunohistochemical staining for cytokeratin 19 (CK19) in liver tissue sections. Left panel:

representative images. Scale bar: 100 μm. Right panel: CK19-positive cells per portal area. Ten fields were counted. (n= 3 animals per

group). Data are mean� SEM. (D) Epithelial cell adhesion molecule (Epcam) and CICIKrt19 mRNA levels in liver were determined by RT-

qPCR. Data are mean� SEM of 4 animals per group and are expressed as fold change (f.c.) respect to standard diet. (E) EPCAM protein

levels in liver were analyzed by western blot. Left panel: blot images of a representative experiment. Right panel: optical density values.

Data are mean� SEM of 4 animals per group. (F) Immunofluorescence analysis for CK19 and Ki67 staining in liver tissue sections of mice

under a DDC diet (6 weeks). Left panel: representative images. Scale bar: 50 μm. Arrows label Ki67-positive nuclei in CK19-positive cells.

Zoomed-in areas (marked with a white square in image) are shown on the right of each image for better visualization. Right panel:

quantitative analysis of Ki67/CK19-double-positive cells in 10 portal areas of each animal. Data are mean� SEM of 3 animals per group. (G)

Immunofluorescence analysis for Ki67 in liver tissue sections from mice under a DDC diet (6 weeks). Left panel: representative images.

Scale bar: 50 μm. Arrows label Ki67-positive nuclei in parenchymal cells. Right panel: percentage of Ki67-positive hepatocytes relative to the

number of total hepatocytes in 10 parenchymal areas of each animal (n= 3 animals per group). Data are mean� SEM. Significance was

analyzed by ordinary one-way ANOVA test (B, C, D, E) and by unpaired t-test (F, G). Data were compared with the control group (standard

diet) or as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.
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C. González-Corralejo et al. MET boosts antioxidant defence for liver protection

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70315 by U

niversidad C
om

plutense D
e, W

iley O
nline L

ibrary on [21/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



potential therapeutic implications. No clinical trials

specifically targeting this pathway within this frame-

work are yet available, except for malignant disease

[33]. Using a unique genetic setting to moderately

enhance MET levels in hepatocytes our study signifi-

cantly contributes to covering these gaps. Moreover,

results exemplify a physiological setting that opens

new avenues to examine the beneficial effects of a sub-

tle MET increase for potential targeted therapeutic

strategies.

Previous studies indicated that during the acute bili-

ary obstructive lesion induced in BDL models, both

HGF and MET hepatic expression levels are tran-

siently upregulated, while rapidly returning to basal

levels after 8 days. These results suggest that a failure

in maintaining adequate levels of HGF/MET inputs

could result in a progressive hepatic injury [13,14].

This has been supported by complementary

approaches, either genetically (e.g., Met knockout

mice) or pharmacologically (e.g., injection of an anti-

Fig. 4. Analysis of transforming growth factor beta (TGF-β) signaling pathway in control and Alb-R26Met livers from mice under a 3,5-

diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet. (A, B) Tgfb1, Tgfb2, and Tgfb3 (A) and Tgfbr1, Tgfbr2, and Tgfbr3 (B) mRNA levels in liver

were determined by RT-qPCR. Data are mean� SEM of 5 animals per group and are expressed as fold change (f.c.) respect to standard

diet. (C) Ser 465/467 Phosphorylated SMAD2 (P-SMAD2) levels in liver were analyzed by western blot. Left panel: blot images of a

representative experiment. Right panel: optical density values. Data are mean� SEM of 5 animals per group. (D) Smad7 and Serpine1

mRNA levels in liver were determined by RT-qPCR. Data are mean� SEM of 5 animals per group and expressed as fold change (f.c.) with

respect to standard diet. Significance was analyzed by ordinary one-way ANOVA test. Data were compared with the control group (standard

diet) or as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.

10 ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

MET boosts antioxidant defence for liver protection C. González-Corralejo et al.
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MET IgG or a recombinant HGF) in mice submitted

to BDL. Results clearly showed that the perturbation

of a functional HGF/MET signaling worsens

cholestasis-derived injury, whereas its stimulation ame-

liorates it. In the present study, using a model of

DDC-mediated chronic cholestatic injury, we provide

evidence of a hepatoprotected status conferred by a

moderate increase of MET in hepatocytes, supported

by decreased liver damage and cell apoptosis,

increased hepatocyte proliferation, and higher levels of

Hnf4a and Cyp7a1. Regarding the latter, it is worth

mentioning that besides its well-known function in bile

acids production and metabolism, a protective activity

against inflammation and fibrosis by preventing oxida-

tive damage during cholestasis has been proposed [34].

The hepatoprotected status of Alb-R26Met livers coin-

cides with a higher induction of IL6, together with a

tendency toward stronger activation of STAT3 and

AKT, signals recognized for their role in promoting

regeneration. In fact, IL6 and STAT3 have proved

essential for hepatocyte proliferation, while AKT is

commonly associated with cell survival, besides other

functions [22,23]. These data suggest that moderately

enhanced MET levels prime hepatocytes to counteract

mechanisms linked to cholangiopathies, promoting

induction and activation of pro-regenerative signals in

the cholestatic liver, ultimately effectively restraining

liver damage. All these hepatic changes converge in

significant differences in the liver-to-body weight ratio

between control and Alb-R26Met mice. Interestingly,

Alb-R26Met livers display a progressive increase in

weight (not observed in control livers), whereas control

mice show a decrease in body weight (not observed in

Alb-R26Met mice). Body weight loss is a feature previ-

ously identified during DDC feeding, having been

associated with an alteration of energy metabolism

and mitochondrial dysfunction [35]. Overall, our data

extend previous evidence in the literature on the rele-

vance of the HGF/MET axis for attenuation of chole-

static disease. Additionally, we show that higher levels

of MET, and hence, an efficient activation of its sig-

naling pathway, at least within balanced levels, can

indeed favor the pro-regenerative activity of HGF dur-

ing cholestatic injury and trigger a more efficient

regenerative response able to counteract both the

hepatic and the general manifestations of the disease.

Results concerning the extent of the ductular reac-

tion in control and Alb-R26Met livers are compelling.

DDC-induced liver damage is characterized by a duct-

ular reaction with expansion of HPC [17,20]. This

model is widely used to study the regulation of HPCs

expansion as well as their role in the regenerative

response during chronic liver injury, which is still a

controversial issue nowadays [36,37]. Our findings

instead show that enhanced MET levels in hepatocytes

exert a protective function while reducing ductular

reaction and HPC expansion, as we illustrate by ana-

lyzing morphometric parameters of ductular area, the

levels of Epcam and Krt19, and the number of CK19-

positive and CK19/Ki67-double-positive cells. This

observation may be counterintuitive in relation to

reports indicating that the HGF/MET axis promotes

HPC proliferation, survival and migration, and HPC-

dependent regeneration [12,38,39]. Still, we document

here how moderately enhanced MET levels in hepato-

cytes increase their proliferation rate while decreasing

caspase-3 activity. Thus, enhanced MET confers to

hepatocytes proliferative and survival advantages,

improving their regenerative capacity. In this setting,

hepatocytes therefore appear to be the leading actors

of the regenerative response, whereas expansion of

HPCs plays a marginal role. It is worth highlighting

that a major role for hepatocytes, rather than cholan-

giocytes, as the main cell source for ductular cells

expanding in the DDC-chronically injured liver has

been reported [40,41]. Mechanisms of biliary repair are

far from being fully known. Still, it is becoming clear

that hepatocytes, through various mechanisms that

include reprogramming and others, as we show here,

have a critical role during biliary repair in cholangio-

pathies. Nonetheless, we cannot rule out a role for

HPC in the regenerative process. We and others have

described that HPC’s secretome modulates the behav-

ior of different hepatic cell populations involved in the

response to damage [27,42]; therefore, the idea that

HPC could modulate or impact MET signaling

response in hepatocytes behavior is a plausible

hypothesis.

HGF has been reported as a powerful antifibrotic

agent, contributing to fibrosis resolution by promoting

myofibroblast apoptosis and upregulating matrix

metalloproteinase expression [11,12]. We observed a

decreased progression of the fibrotic process in Alb-

R26Met compared with control livers and clear evi-

dence of a negative regulation of TGF-β in Alb-R26Met

livers. This is consistent with previous studies demon-

strating that the HGF/MET axis counterregulates

TGF-β, which has been associated with the

HGF/MET antifibrotic activity, particularly in kidney

[26,43]. We show that enhanced MET impairs TGF-β
receptor upregulation that occurs during DDC-induced

cholestatic damage, resulting in decreased SMAD2

phosphorylation/activation and impaired regulation of

SMAD target genes. Our data are in line with previous

11ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.
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reports indicating that the absence of MET increases

TGF-β levels during BDL-induced injury and aggra-

vates liver injury [11,13]. Moreover, results suggest

that MET regulation of TGF-β signaling in DDC-

induced injury acts at a very early stage, at the level

of receptor expression, thus impacting SMAD
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downstream signaling. Nonetheless, as TGF-β signal-

ing pathway can be regulated at multiple levels [44],

additional mechanisms could come into play in a con-

text of enhanced MET, ultimately resulting in an

attenuation of TGF-β signaling during the cholestatic

damage.

Oxidative stress plays a critical role in liver dis-

eases, and cholangiopathies are not an exemption

[45,46]. An imbalance between ROS production and

antioxidant defenses has been documented in animal

models of cholestasis, such as in Mrd2�/� knockout

mice, BDL, and DDC diet. Oxidative stress also

occurs in humans, during biliary atresia and paucity

of interlobular bile ducts in children, and in obstruc-

tive cholestasis, PBC, and PSC, in adults [15,46–49].
Our in vitro and in vivo data evidence increased ROS

production concomitant with a decrease in glutathi-

one content under cholestatic conditions. Importantly,

both in Alb-R26Met hepatocytes treated with TCDC

and TGF-β and livers of DDC-fed mice the expres-

sion of glutathione synthesis enzymes is upregulated

together with a great increase in glutathione content

and/or GSH/GSSG ratio. This reveals that increased

MET levels potentiate the hepatocyte antioxidant

response by acting specifically on the glutathione sys-

tem. These observations are consistent with data

from ethanol-induced oxidative damage where HGF

protective effect was associated with an increase in

GSH/GSSG ratio and GCLC expression [50]. Indeed,

glutathione occupies a leading position among the

antioxidant intracellular defenses in the liver, which

is its largest producer and plays a prominent role in

maintaining interorgan glutathione homeostasis. A

decrease in glutathione content during cholestasis dis-

ease progression has been described, probably due to

a downregulation in the expression and/or activity of

GCL, the rate-limiting enzyme for glutathione synthe-

sis [51]. Despite not detecting a significant decrease in

Gclc expression upon cholestatic conditions, Gclc and

Gss appear as targets of MET action, as a sharp

upregulation of both is found in Alb-R26Met hepato-

cytes treated with TCDC and livers of DDC-fed

mice. Collectively, these results mechanistically illus-

trate how HGF/MET regulates glutathione content

levels.

Data on NRF2 regulation are particularly interest-

ing. NRF2 is a basic leucine zipper transcription factor

with a prominent role in the oxidative stress response.

Upon a ROS burst, KEAP (kelch-like ECH-associated

protein 1)-mediated NRF2 ubiquitylation/degradation

is inhibited and NRF2 translocates into the nucleus to

modulate gene transcription by binding to the antioxi-

dant response element (ARE motif). NRF2 regulates

the expression of many genes, highlighting cytoprotec-

tive antioxidant enzymes [31]. Here, we show that

increased MET levels drive an increase in Nfe2l2

mRNA levels under cholestatic conditions, coincident

with Gclc and Gss upregulation, two classic NRF2-

target genes. HGF has been shown to modulate NRF2

activity in hepatocytes, although the exact mechanism

Fig. 5. Analysis of transforming growth factor beta (TGF-β) signaling pathway in taurochenodeoxycholate (TCDC)-pretreated control and Alb-

R26Met hepatocytes. (A) Cell viability determined by crystal violet staining in control and Alb-R26Met hepatocytes treated with different

concentrations of TCDC for 24 h (left panel) or 48 h (right panel). Data are mean� SEM of 3 independent experiments run in duplicate. (B)

Phase-contrast microscopy images of control and Alb-R26Met hepatocytes treated or not with TCDC 75 μM for 24 h. Scale bar: 100 μm. (C)

Scheme depicting the culture protocol established for TCDC pretreatment followed by TGF-β treatment of control and Alb-R26Met

hepatocytes. (D) Tgfb1, Tgfb2, and Tgfb3 mRNA levels in control and Alb-R26Met hepatocytes analyzed by RT-qPCR. Data are mean� SEM

of 4 independent experiments and are expressed as fold change (f.c.) with respect to control hepatocytes. (E) Control and Alb-R26Met

hepatocytes were pretreated for 24 h with TCDC 75 μM and then treated with TGF-β 2 ng�mL�1 for 24 h and Tgfbr1, Tgfbr2 and mRNA levels

were determined by RT-qPCR. Data are mean� SEM of 3 independent experiments and expressed as fold change (f.c.) with respect to

untreated. (F) Alb-R26Met hepatocytes were treated for 24 h with hepatocyte growth factor (HGF) 10 ng�mL�1 or with TCDC 75 μM and HGF

10 ng�mL�1 and Tgfbr1, Tgfbr2 and Tgfbr3 mRNA levels were determined by RT-qPCR. Data are mean� SEM of 7 independent

experiments (expect for HGF + TCDC condition for the analysis of Tgfbr1, n= 5 and Tgfbr3, n= 4) and are expressed as fold change (f.c.)

with respect to untreated hepatocytes. (G) Control and Alb-R26Met hepatocytes were pretreated for 24 h with TCDC 75 μM and then treated

with TGF-β 2 ng�mL�1 for 8 h or 24 h and Smad7 and Serpine1 mRNA levels were determined by RT-qPCR, respectively. Data are

mean� SEM of 3 independent experiments and expressed as fold change (f.c.) with respect to untreated. (H) Control and Alb-R26Met

hepatocytes were treated with TGF-β 2 ng�mL�1 for different periods of time. Ser465/467 Phosphorylated SMAD2 (P-SMAD2) and SMAD2-3

levels were analyzed by western blot. Upper panel: blot images from a representative experiment. Bottom panel: optical density values.

Data are mean� SEM of 3 independent experiments. (I, J) Control and Alb-R26Met hepatocytes were pretreated for 24 h with TCDC 75 μM
and then treated with TGF-β 2 ng�mL�1 (or 5 ng�mL�1 when indicated) for 24 h. (I) Caspase 3 activity. Data are mean� SEM of 3

independent experiments run in duplicate and are expressed as fold change (f.c.) with respect to untreated. (J) Cell viability. Data are

mean� SEM of 3 independent experiments run in duplicate. Significance was analyzed by ordinary one-way ANOVA test. Data were

compared with the untreated group or as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.
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Fig. 6. Analysis of the oxidative stress and antioxidant response after transforming growth factor beta (TGF-β) treatment in

taurochenodeoxycholate (TCDC)-pretreated control and Alb-R26Met hepatocytes. (A) Control and Alb-R26Met hepatocytes were pretreated for

24 h with TCDC 75 μM and then treated with TGF-β 5 ng�mL�1 for different periods of time. (B) Control and Alb-R26Met hepatocytes were

treated with TGF-β 5 ng�mL�1 for different periods of time (A, B) 20-70 dichlorofluorescin diacetate (DCFH-DA) fluorescence intensity was

measured in a microplate fluorescence reader. Data are mean� SEM of 5 independent experiments and are expressed as fold change (f.c.)

with respect to untreated. (C) Control and Alb-R26Met hepatocytes were pretreated for 24 h with TCDC 75 μM and then treated with TGF-β
5 ng�mL�1 for 24 h and levels of carbamylated protein were determined. Data are mean� SEM of 3 independent experiments and are

expressed as fold change (f.c.) with respect to untreated. (D) Control hepatocytes were treated with hepatocyte growth factor (HGF)

20 ng�mL�1 for 1 week followed by treatment with TCDC 75 μM for 24 h in the presence of HGF 10 ng�mL�1, and subsequent treatment

with TGF-β 5 ng�mL�1 for different periods of time. DCFH-DA fluorescence intensity was measured in a microplate fluorescence reader.

Data are mean� SEM of 3 independent experiments and are expressed as fold change (f.c.) with respect to untreated. (E) Cells were

treated as in A. Catalase, superoxide dismutase (SOD), and glutathione reductase (GR) enzymatic activities were determined

spectrophotometrically after 24 h treatment with TGF-β. Data are mean� SEM of 3 independent experiments. (F) Cells were treated as in A.

but with TGF-β 2 ng�mL�1. Sod1, Sod2, NFE2 Like BZIP transcription factor 2 (Nfe2l2), glutathione synthase (Gss), glutamate-cysteine ligase,

catalytic subunit (Gclc), and glutathione-disulfide reductase (Gsr) mRNA levels were determined by RT-qPCR after 24 h treatment with

TGF-β. Data are mean� SEM of 3 independent experiments and expressed as fold change (f.c.) with respect to untreated. (G) Cells were

treated as in A. Intracellular glutathione was determined after 24 h treatment with TGF-β. Data are mean� SEM of 3 independent

experiments. Significance was analyzed by ordinary one-way ANOVA test. Data were compared with the untreated group or as indicated;

*P< 0.05; **P< 0.01, ***P< 0.001; ###P< 0.001 (comparing control and Alb-R26Met hepatocytes).
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is not fully understood [15,52]. Here, we evidence that

HGF/MET signaling induces the transcription of

Nfe2l2 and its downstream targets Gss and Gclc, upon

cholestatic simulating conditions, resulting in an

increase in total and reduced glutathione, responsible

for the protection against cholestatic-induced oxidative

stress and damage. Much evidence in the literature

points to NRF2 as a possible therapeutic target in

liver diseases [31,47]. Our data go in this direction,

specifically in cholestatic disease.

In summary, we document how moderate MET

enhanced levels in hepatocytes protect against PSC-

resembling DDC-induced cholestasis, while elucidating

the underlying mechanisms through impairment of

TGF-β signaling and an increase in antioxidant

defenses, specifically the glutathione system, in a

NRF2-dependent manner. Our results demonstrate the

protective effect of HGF/MET antioxidant activity in

cholestasis while adding new data to support the con-

cept of an antioxidant-based therapy in these diseases.

Likewise, they support the idea that a mild-positive

modulation of the HGF/MET axis represents a prom-

ising therapeutic strategy to improve liver regenerative

response, particularly by limiting in time to minimize

side effects that may lead to chronic destabilization

and initiate transformation.

Fig. 7. Analysis of the antioxidant status in control and Alb-R26Met livers of mice under a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)

diet. (A) Superoxide dismutase (Sod1, Sod2), NFE2 Like BZIP transcription factor 2 (Nfe2l2), glutathione-disulfide reductase (Gsr), glutathione

synthase (Gss), and glutamate-cysteine ligase, catalytic subunit (Gclc) mRNA levels in liver were determined by RT-qPCR. Data are

mean� SEM of 5 animals per group and are expressed as fold change (f.c.) with respect to standard diet. (B–F) Catalase activity (B)

reduced glutathione (GSH) (C), and oxidized glutathione (GSSG) (D) were determined in whole liver extracts. Total glutathione (GSH+GSSG)

(E) and GSH/GSSG ratio (F) were then calculated. Data are mean� SEM of 5 animals per group. (G) 20-70 dichlorofluorescin diacetate (DCFH-

DA) fluorescence intensity of whole liver extract was measured in a microplate fluorescence reader. Data are mean� SEM of 5 animals per

group and are expressed as fold change (f.c.) with respect to standard diet. Significance was analyzed by ordinary one-way ANOVA test.

Data were compared with the control group (standard diet) or as indicated; *P< 0.05; **P< 0.01, ***P< 0.001.
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Materials and methods

Animal model

R26stopMet mice (international nomenclature Gt(ROSA)

26Sortm1(Actb-Met)Fmai) have been previously reported and

characterized [16]. These mice carry a conditional mouse-

human chimeric Met transgene integrated into the mouse

Rosa26 locus. The transgene expression is driven by a

cytomegalovirus-enhancer β-actin-promoter followed by a

floxed stop cassette. Hepatic expression of the Met trans-

gene was achieved by crossing R26stopMet mice with Alb-Cre

transgenic mice and subsequent Cre-mediated excision of

the stop cassette. In the resulting mice, referred to as Alb-

R26Met, the expression levels of Met are about threefold

higher than in control mice. The R26stopMet mice were used

as control. Mice were maintained in a 50% mixed 129/SV

and C57BL/6 background and genotyped by PCR analysis

of genomic DNA. Mice were housed in the UCM animal

facility, allowed food and water ad libitum in

temperature-controlled rooms under a 12-h light/dark cycle,

and routinely screened for pathogens in accordance with

Federation of European Laboratory Animal Science Asso-

ciations procedures. All animal procedures conformed to

European Union Directive 86/609/EEC and Recommenda-

tion 2007/526/EC, enforced in Spanish law under RD

1201/2005. Animal protocols were approved by the Animal

Experimentation Ethics Committee of the UCM and the

Animal Welfare Division of the Environmental Affairs

Council of the Government of Madrid (Proex 129/16). Six-

to eight-week-old male mice were fed either a control diet

or a diet containing the porphyrogenic compound DDC

(0.1%) for up to 2 or 6 weeks, as previously described [20]

(DDC from Cymit Quimica; Barcelona, Spain diet pro-

duced by Envigo Laboratories; Barcelona, Spain). DDC

causes the appearance of protoporphyrin plugs that cause

obstruction in the small bile ducts and therefore cholestasis,

which is associated with bile duct injury, appearance of

reactive cholangiocytes, and a ductular reaction, together

with pericholangitis, periductal fibrosis and portal fibrosis,

all of them features of human cholestatic injury [17].

Cell lines and culture conditions

E15.5 embryonic hepatocytes isolated from Alb-R26Met and

control mice were immortalized as previously described [19,53]

and cultured in Williams’ medium E supplemented with 10%

FBS, 2mM glutamine, 0.75mM sodium pyruvate, and

0.4 μg�mL�1 dexamethasone. Immortalized mouse HSC line

GRX was generated as described in [54] and maintained and

used as described before [27]. Control and Alb-R26Met hepato-

cytes were maintained in a humidified incubator at 37 °C and a

5% CO2 atmosphere; medium was replaced every 3 days, and

cells were subcultured at 80–90% confluence. All experiments

were performed with mycoplasma-free cells.

The bile salt taurochenodeoxycholate (TCDC) was

purchased from Sigma-Aldrich (Massachusetts, USA).

Recombinant transforming growth factor beta (TGF-β)1
was purchased from Bionova (Madrid, Spain). HGF was

from R&D Systems (Minnesota, USA). AKT inhibitor IV

and the MEK/ERK pathway inhibitor PD98059 were pur-

chased from Calbiochem.

Preparation of hepatocytes conditioned medium

Preparation of hepatocytes conditioned medium was per-

formed following a previously published protocol [27].

Briefly, hepatocytes were seeded at high density (34 000

cells�cm�2), serum starved, and medium was collected after

24 h. For cell treatment, 2–3 h after serum starvation,

TCDC (75 μm) and/or TGF-β (5 ng�mL�1) were added for

2 h and then, medium was replaced with serum-free and

growth factor/TCDC-free fresh medium. In all cases, cul-

ture medium was collected after 24 h, filtered (0.2 μM pore

size), centrifuged (800 g, 5 min, 4 °C), and stored at �20 °C
until use.

Hepatocyte genotyping

Cultured cells were genotyped by polymerase chain reaction

(PCR) after isolation of genomic DNA using specific

primers to detect either the ‘LoxP1-Met3’ 486-bp fragment

(sequence present in the Tg-Met hepatocytes), forward

CGGGGTTCGGCTTCTTCTGGCG and reverse ATCCC-

GACAAGCTAAACA or the ‘LacZ gene’ 315-bp fragment

(sequence present in the WT hepatocytes), forward

ATCCTCTGCATGGTCAGGTC, and reverse CGTGGCC

TGATTCATTCC.

X-galactosidase staining

X-gal staining was used to determine β-galactosidase activ-

ity in WT hepatocytes. Cells were washed with PBS and

fixed with 37% formaldehyde and 25% glutaraldehyde for

10 min at room temperature. After washing, cells were incu-

bated for 16 h at 37 °C with an X-gal staining solution

[40 ng�mL�1 X-gal substrate (Sigma-Aldrich) in dimethyl-

formamide, 50 mM potassium ferrocyanide, 50 mM potas-

sium ferricyanide, 1M MgCl2]. After washing the cells,

photographs were taken with a phase-contrast microscope

(Eclipse TE300 Nikon) connected to a camera (Nikon Digi-

tal Sight DS-U2).

Serum biochemical analysis

At the time of sacrifice, total blood was withdrawn from

the heart under isoflurane anesthesia, allowed to clot at

room temperature, and centrifuged for 10 min at 300 g in a

microcentrifuge. Serum was stored at �80 °C until further
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use for measurement of liver biomarkers levels: alanine

aminotransferase (ALT), alkaline phosphatase (ALP), and

total bilirubin (Echevarne Laboratory, Madrid, Spain).

Liver-to-body weight ratio

The liver-to-body weight ratio was estimated based on the

following formula: %= 100 ×Ml/Mb, where Ml is the liver

weight and Mb is the total animal weight, at the time of

the sacrifice.

RNA isolation and quantitative and semi-

quantitative reverse transcriptase-polymerase

chain reaction (RT-qPCR)

Total RNA from cultured cells was isolated using NucleoS-

pin RNA columns (Macherey-Nagel, Düren, Germany).

Total RNA from hepatic tissues was isolated using T-PER

as lysis buffer (Thermo Fisher Scientific, Waltham, MA,

USA) and NucleoSpin RNA columns. RNA yield and

purity were analyzed using a spectrophotometer (Nano-

Drop 2000; Thermo Fisher Scientific). RT-qPCR was per-

formed as described before [28]. PCR primers used in the

study are listed in Table S1.

Protein isolation and western blot analysis

Western blotting and MET immunoprecipitation assays were

performed as before [28,38]. Antibodies against the following

proteins were used: Phospho-MET (#3126); Phospho-

ERK1/2 (#9101), Phospho-AKT (#9271), Phospho-STAT3

(#9131), COL1A1 (#72026), Phospho-SMAD2 (#3101), and

SMAD2-3 (#5678) all polyclonal antibodies from Cell Signal-

ing Technology (Beverly, MA, USA). Mouse monoclonal

anti c-MET (#25H2) and anti-β-ACTIN (#3700) antibodies

were from Cell Signaling Technology. Mouse monoclonal

anti-EPCAM, anti-MMP9, and anti-TIMP1 antibodies were

from Santa Cruz Biotechnology, Inc (Paso Robles, CA,

USA) (sc66020, sc-13520, and sc-365905, respectively).

For MET immunoprecipitation, an anti-MET antibody

(#4560) and a Phospho-Tyr kinase (#9411) both from Cell

Signaling Technology were used.

Sirius red staining and quantification

Sirius red staining and quantification was performed as pre-

viously described [20]. Liver sections (6 μM thick) were incu-

bated for 1 h with a saturated solution of picric acid (0.1 g

sirius red/100 mL picric acid; Sigma-Aldrich) for collagen

staining. For each animal, 10 randomly chosen high-power

fields were taken at low magnification (10×) using a phase-

contrast microscope (Eclipse TE300 Nikon) coupled to a

camera (Nikon Digital Sight DS-U2). Sirius red-stained

and total area of each image were measured using the

IMAGE J software. Data are expressed as % mean of fibrotic

area (Sirius red-stained area). Moreover, liver sections were

examined by a single-blinded pathologist for the determina-

tion of the presence of fibrosis in four stages, being 0

absence of fibrosis and 4 cirrhosis [55].

Immunofluorescence staining

For immunofluorescence staining of Ki67 or Ck19/Ki67 on

paraffin-embedded liver sections, we followed our previously

published protocol [56]. Primary antibodies rat CK19

(TROMA-III; Developmental Studies Hybridoma Bank,

DSHB, Iowa City, IA, USA) and Ki67 (ab15580; Abcam,

Cambridge, UK) diluted in blocking solution (1 : 2 and 1 : 25,

respectively) were added for 2 h at RT followed by 15 h at

4 °C. After one wash (0.1% Triton X-100 for 5min at RT),

samples were incubated with the secondary antibodies anti-

Rat FITC (31629; Invitrogen, Life Technologies SA, Alcoben-

das, Madrid, Spain) and anti-Rabbit AlexaFluor 594

(A11012; Invitrogen) diluted 1 : 30 in blocking solution for

90min. For nuclear counterstaining, DAPI (PanReac Quı́mica

SLU, Castellar del Vallès, Barcelona, Spain) diluted 1 : 1000 in

blocking solution was added together with the secondary anti-

bodies. After washing, samples were mounted with Mowiol

(Sigma-Aldrich). Staining was visualized under an inverted

fluorescent microscope (Eclipse TE300 Nikon microscope

coupled to a digital sight DS-U2 camera, Melville, NY, USA).

The number of Ki67+/CK19+ cells was calculated using the

IMAGE J software in 8 fields/sample, and the number of paren-

chymal Ki67+ cells was determined by nucleus size and round

shape using the QuPath analysis software.

Immunohistochemical staining for Ck19

Paraffin-embedded liver sections were used. We followed a

previously published protocol [56] Incubation with the pri-

mary antibody (rat CK19, TROMA-III) (1 : 2) was done

for 2 h at 37 °C followed by 15 h at 4 °C. Then, samples

were incubated with the secondary antibody anti-Rat HRP

conjugated (31471; Invitrogen) (1 : 30 dilution) for 90 min

at RT. Color development was done using 3,30-
diaminobenzidine tetrahydrochloride (DAB) (SK-4100;

Vector Laboratories, Palex Medical SA, Sant Cugat del

Vallès, Barcelona, Spain) as the substrate for horseradish

peroxidase. After washing steps, hematoxylin counterstain-

ing was performed, slides were dehydrated, and samples

were mounted using D.P.X (VWR International Eurolab

SL, Linars del Vallès, Barcelona, Spain).

Double immunofluorescence staining for

Ck19/Met transgene

OCT-embedded liver tissue sections were fixed in 37%

paraformaldehyde overnight at �20 °C and, after two
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washes with TBS, samples were incubated in a blocking

solution for 1 h at RT. Primary antibodies Ck19

(TROMA-III; Sigma-Aldrich) and human MET (D1C2;

Cell signaling) diluted in blocking solution (1 : 50) were

added for 2 h at RT followed by 15 h at 4 °C. After

three washes, samples were incubated with the secondary

antibodies anti-Rat FITC (31629; Invitrogen) and anti-

Rabbit AlexaFluor 594 (A11012; Invitrogen) diluted

1 : 500 in blocking solution for 1 h at RT. For nuclear

counterstaining, DAPI (PanReac) diluted 1 : 1000 in

blocking solution was added together with the secondary

antibodies. After washing, samples were mounted with

Prolong Gold Antifade Reagent (Thermo Fisher). Stain-

ing was visualized under a confocal laser microscope

(Olympus FV1200).

Cell viability assay

Quantification of cell number was performed as described

[20]. Cells were serum starved for 2–4 h prior to treatment

with different factors. At different time points, cells were

harvested by trypsinization and viable cells were counted

using trypan blue staining and a Neubauer chamber. Cell

viability was also analyzed by staining viable adherent cells

with crystal violet as described [30]. The absorbance of

each plate was read photometrically at 590 nm using a plate

reader (Powerwave XS; Biotek, Sigma-Aldrich). The per-

centage of remaining viable cells was calculated with

respect to control (untreated) cells.

Caspase-3-like enzymatic activity

A fluorometric assay in the presence of Ac-DEVD-AMC as

a fluorogenic caspase-3 substrate was used following a pre-

viously described protocol [57]. To analyze caspase-3 activ-

ity in cultured cells, cells were lysed in 5 mM Tris/HCl, pH

8.0; 20mM EDTA; 0.5% Triton X-100. Lysates were clari-

fied by centrifugation at 13 000× g for 10 min. To analyze

caspase-3 activity in hepatic tissues, frozen liver was lysed

in a buffer containing 5 mM Tris–HCl at pH 8, 20 mM

EDTA, 0.5% Triton 100X, sonicated for 1 min and centri-

fuged at 14 000× g. Enzymatic reaction in cell lysates was

performed for 1 h in the dark, using assay buffer (20 mM

HEPES pH 7.5; 10% glycerol; 2 mM DTT) and 20 μM
caspase-3 substrate (Ac-DEVD-AMC; BD Biosciences,

Madrid, Spain). Fluorescence intensity was measured in a

Microplate Fluorescence Reader (380/440 nm; Tecan infin-

ity 200®, Männedorf, Switzerland). We define a unit of

caspase-3 activity as the amount of active enzyme necessary

to produce an increase of 1 arbitrary unit in the fluorimeter

after a 1-h incubation reaction. Protein concentration of

cell lysates was determined by using the BCA protein assay

kit, and results are expressed as units of caspase-3 activity

per μg of protein.

Quantitative morphometric analysis of the

ductular reaction

IMAGE J was used to quantify cell expansion at the portal

tracts from H&E-stained tissue sections as previously

described [20]. Briefly, areas of ductular reaction from 10

periportal nonoverlapping fields of each animal (at least

five animals per group) were outlined and measured at

original magnification 10× and then normalized to the size

of the portal area. Data are expressed as the average per-

centage of expansion area with respect to the untreated

group. Images were obtained using a phase-contrast micro-

scope (Eclipse TE300 Nikon) coupled to a camera (Nikon

Digital Sight DS-U2).

Analysis of intracellular ROS

For the analysis of intracellular ROS in cultured cells, cells

were incubated with the oxidation-sensitive probe 20,70-
dichlorofluorescin diacetate (H2DCF-DA or DCFH-DA;

Sigma-Aldrich) (10 μM) in William’s E 0% FBS for 30 min

at 37 °C. Cells were lysed in RIPA buffer, centrifuged at

10 000× g, and the supernatant was collected to perform a

fluorimetric analysis in a Microplate Fluorescence Reader

(Tecan infinity 200®, 485/530 nm).

For the analysis of intracellular ROS in hepatic tissue,

frozen liver was lysed in a buffer containing 50mM Hepes,

pH 7.5, 150 mM NaCl, 1 mM CaCl2, 10% glycerol, 10 mM

Na4P2O7, 10 mM NaF, 2 mM EDTA, 1% NP-40, 2 mM ben-

zamidine, 2 mM PMSF, 5 μg�mL�1 leupeptin, 20 μg�mL�1

aprotinin, and 2mM NaVO3, sonicated for 1 min and cen-

trifuged at 14 000× g. Supernatant was added to Locke’s

buffer (14 mM NaCl, 15.6 mM KCl, 3 mM NaHCO3, 2 mM

CaCl2, 10 mM D-glucose, and 5 mM Hepes) containing

10 μM DCFH-DA and incubated for 30 min at 37 °C fol-

lowed by fluorimetric reading as indicated before. Protein

concentration of cell lysates was determined by using the

Bradford assay, and results are expressed as units of fluo-

rescence intensity per μg of protein.

Determination of glutathione

Total cellular glutathione from cultured cells was extracted

in a buffer containing 0.2% Triton X-100, 2.5% sulfosa-

licylic acid. After centrifugation at 14 000× g, the superna-

tant was used for the determination of total

(GSH+GSSG) glutathione, using the method of Griffith

modified as we previously described [30]. Using reduced

glutathione as standard, glutathione content is expressed as

nmol�mg�1 protein.

For reduced and oxidized glutathione, liver protein

extracts were prepared from snap-frozen liver tissue in

3.75 mL of phosphate-EDTA buffer (0.1M Na3PO4; 5 mM

EDTA pH 8) and 1mL of 25% HPO3 following a
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previously described protocol [58], sonicated for 1 min and

centrifuged at 10 000× g.

For the analysis of GSH concentration, the supernatant

was incubated in phosphate-EDTA buffer with

σ-phthaldialdehyde (OPT, 1 μg�μL�1) for 15 min and the

fluorescence intensity was measured in a Microplate Fluo-

rescence Reader (350/420 nm; Tecan infinity 200®). Using

GSH as standard, the GSH content was expressed as

pg�μg�1 protein.

For the analysis of GSSG concentrations, supernatant

was incubated with 0.04MN-ethylmaleimide (NEM) for

30 min, and 0.1 N NaOH was added. One hundred microli-

ters of this solution were incubated with 100 μL 0.1 N

NaOH, and 20 μL of OPT (1 μg�μL�1) for 15 min, and fluo-

rescence intensity was measured in a Microplate Fluores-

cence Reader (Tecan infinity 200®, 350/420 nm). Using

GSSG as standard, GSSG content was expressed as

pg�μg�1 protein.

Analysis of superoxide dismutase activity

Cells were lysed according to previously published proto-

cols [59]. Briefly, cells were lysed in 50 mM sodium phos-

phate, 0.5% Triton X-100, pH 7.5 buffer, sonicated for 30 s

and centrifuged at 2000× g for 10 min.

SOD activity was measured by monitoring the autoxida-

tion of 6-hydroxydopamine as published before [59,60].

SOD inhibits the autoxidation of 6-hydroxydopamine by

consuming superoxide generated during this process. A

0.01M 6-hydroxydopamine solution was prepared with

10 mLN2 purged sterile ultrapure water with 0.03% HClO4

and was prepared and used immediately. Assays were car-

ried out at 37 °C in 0.05M sodium phosphate, 0.1 mM

diethylenetriaminepentaacetic acid (DETA-PAC), pH 7.4.

The kinetics of autoxidation of 6-hydroxydopamine were

monitored spectrophotometrically at 490 nm for 1 min

under linear kinetics conditions. Data are calculated as the

percentage of inhibition of the 6-hydroxydopamine autoxi-

dation obtained with 10 μg of protein and then expressed

as a percentage with respect to control, untreated cells.

Analysis of catalase activity

The protein extracts were prepared as described in the anal-

ysis of superoxide dismutase activity. Catalase activity was

determined spectrophotometrically by monitoring the dis-

appearance of hydrogen peroxide at 240 nm as described

before [59]. Briefly, a reaction mixture containing 10 μL cel-

lular lysate, 50 mM potassium phosphate buffer, pH 7.0 and

10 mM H2O2 was prepared and changes in absorbance at

240 nm were measured for 3 min. The specific enzymatic

activity was calculated as described before [60] and then

expressed as a percentage with respect to control untreated

cells or mice.

Analysis of glutathione reductase activity

The protein extracts were prepared as described in the anal-

ysis of superoxide dismutase activity. Glutathione reductase

activity was determined photometrically by monitoring

NADPH oxidation at 340 nm as described before [59].

Briefly, a reaction mixture containing 50 μL cellular lysate,

phosphate buffer/EDTA (15.4 mM Na2HPO4, 4.2 mM

NaH2PO4; 2.1 mM EDTA, pH 7.5, 0.2 mM NADPH, 0.2M

KCl, and 0.5 mM GSSG) was prepared and changes in the

absorbance at 340 nM were measured for 3 min. The specific

enzymatic activity was calculated as described in the analy-

sis of catalase activity.

Protein Carbamylation assay

For protein carbamylation determination, protein extracts

were prepared as described [61] in the analysis of superox-

ide dismutase activity following a published protocol. One

hundred fifty micrograms of protein were incubated with 4

volumes of 1 mM NADPH at 4 °C for 60 min. Then, 1 vol-

ume of 20% trichloroacetic acid was added and incubated

for 10 min. Samples were centrifuged at 7500× g for 10 min

and washed three times with an ethanol : ethyl acetate solu-

tion (1 : 1). The precipitate was resuspended in 500 μL of

6M guanidine. Samples were read spectrophotometrically

at 360 nm in an automatic plate reader (Powerwave XS,

Biotek). Finally, the following formula was applied with

the molar extinction coefficient (ε NADPH) 3.53 × 103M�1

cm�1 at 360 nm:

nmol

mg
of protein=

Abs sample�Abs blank
ε

h i

mg
of protein

Statistical analysis

Statistical analysis was performed by paired Student’s t-test

analysis or one-way ANOVA to calculate P-values once

the normal distribution of data was verified using the

Shapiro–Wilk test. For data with non-normal distribution,

the Kruskal–Wallis test was used. A P-value < 0.05 was

considered statistically significant.
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