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Patricia Marañón a,**, Esther Rey a,1, Stephania C. Isaza a,1, Hanghang Wu b, Patricia Rada c,d, 
Carmen Choya-Foces a, Antonio Martínez-Ruiz a,e, María Ángeles Martín d,f, Sonia Ramos d,f, 
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A B S T R A C T   

Acetaminophen (APAP)-induced liver injury is one of the most prevalent causes of acute liver failure (ALF). We 
assessed the role of the bone morphogenetic protein (BMP) type I receptors ALK2 and ALK3 in APAP-induced 
hepatotoxicity. The molecular mechanisms that regulate the balance between cell death and survival and the 
response to oxidative stress induced by APAP was assessed in cultured human hepatocyte-derived (Huh7) cells 
treated with pharmacological inhibitors of ALK receptors and with modulated expression of ALK2 or ALK3 by 
lentiviral infection, and in a mouse model of APAP-induced hepatotoxicity. Inhibition of ALK3 signalling with the 
pharmacological inhibitor DMH2, or by silencing of ALK3, showed a decreased cell death both by necrosis and 
apoptosis after APAP treatment. Also, upon APAP challenge, ROS generation was ameliorated and, thus, ROS- 
mediated JNK and P38 MAPK phosphorylation was reduced in ALK3-inhibited cells compared to control cells. 
These results were also observed in an experimental model of APAP-induced ALF in which post-treatment with 
DMH2 after APAP administration significantly reduced liver tissue damage, apoptosis and oxidative stress. This 
study shows the protective effect of ALK3 receptor inhibition against APAP-induced hepatotoxicity. Furthermore, 
findings obtained from the animal model suggest that BMP signalling might be a new pharmacological target for 
the treatment of ALF.   

1. Introduction 

Drug induced liver injury (DILI) has lately become the main cause of 
acute liver failure (ALF), especially in Western countries, being acet
aminophen (APAP) one of the main drugs causatives of DILI [1,2]. APAP 
is an analgesic and antipyretic drug widely used worldwide [3]. Even 
though it is a highly safe drug at a therapeutic dose, intentionally or 
unintentionally overdose can lead to ALF [4]. 

Hepatotoxicity occurs due to an imbalance in hepatic APAP meta
bolism. Glutathione (GSH) depletion caused by APAP overdose or low 
reserves of this peptide because of fasting or alcohol consumption 
among others [5], results in accumulation of the highly reactive specie 
NAPQI derived from APAP metabolism through the enzyme CYP2E1 [6]. 
NAPQI forms covalent bonds with mitochondrial proteins in hepato
cytes, interfering in the electron transport chain and producing reactive 
oxygen species (ROS). Eventually, DNA fragmentation takes place and 

* Corresponding author.Instituto de Investigaciones Biomédicas Sols-Morreale (Centro Mixto CSIC-UAM), Madrid, Spain. 
** Corresponding author. 
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consequently a massive death of hepatocyte is produced [7–9]. 
APAP-induced liver injury is characterized by a fulminant progres

sion, a main feature of ALF; for this reason a quick treatment is impor
tant to prevent progression and improve prognosis [10]. Nowadays, 
N-Acetyl Cysteine (NAC) is the preference treatment for patients with 
APAP-induced DILI; however, it has a narrow therapeutic window and 
has to be administrated within the first 8 h after APAP overdose [11–13]. 
For this reason, new pharmacologic approaches to stop up the pro
gression of ALF are necessary. 

Bone morphogenetic proteins (BMPs) are soluble growth factors that 
belong to the transforming growth factor (TGF) β superfamily. 
Regarding their signalling pathways, there are two types of serin thre
onine receptors involved in the signal transduction induced by BMPs in 
target cells [14]: type II receptors (BMPRII, ACTRIIA and ACTRIIB) 
which are constitutively active and can recruit and phosphorylate type I 
receptors (BMPRIA/ALK3, BMPRIB/ALK6, ACTRIA/ALK2 and ALK1). 
Although BMP ligands can bind to either type I or type II receptors, for 
signal transduction, ligands have to form a complex with two subunits of 
type I receptor and two subunits of type II receptor. Once the complex 
ligand-receptor is formed, the receptor subunits trans-phosphorylate and 
become active. The activated complex phosphorylates Smad1/5/8 
which binds Smad 4 and translocate to the nucleus inducing the tran
scription of target genes. In addition, a non-canonical signalling 
pathway mediated by other kinases, such as PI3K and MAPK can also 
transduce BMP signalling [14–16]. 

Noteworthy, the affinity of the ligands towards BMP receptors plays 
a critical role in the signalling pathway triggered by these proteins [17]. 
It has been shown that usually this affinity is shared between the 
members of each subfamily of BMP proteins, since it depends on struc
tural elements [18,19]. It has also been described that while BMP2 and 
BMP4 have affinity for the type I receptors ALK3 and ALK6, BMP5, 6, 7 
and 8A/B have higher affinity for ALK2, and BMP9 and BMP10 signal
ling occurs mainly through ALK1 [20]. Thus, the transcription of 
different BMP target genes depends on the ligand and receptor among 
other factors such as the cellular type [14,21]. 

Previous research has demonstrated that while ALK2 and ALK3 are 
abundantly expressed in human liver and all hepatocyte-derived cell 
lines, ALK6 was not detected [21]. The relationship between BMPs and 
iron overload in the liver has been extensively studied, since these 
proteins regulate the expression of hepcidin, a key regulator of hepatic 
iron homeostasis [22,23]. Furthermore, a decrease of hepcidin synthesis 
due to BMP signalling inhibition in situation of hypoxia or oxidative 
stress has been observed [24,25]. Moreover, two studies have referred 
an increased expression of BMP2 and BMP4 in animal models of ALF 
[26,27]. In fact, their signalling inhibition by the knocking-down of 
ALK3 receptor reduced the liver capacity of repair after damage and 
lower expression of genes related to cell proliferation [27]. Lastly, a 
recent study showed that BMP signalling pathway is activated after 
APAP induced liver injury and is involved in tissue repair and regener
ation processes upon damage [28]. 

To further delineate the role of BMP signalling in ALF progression, 
we aimed to determine the implication of BMP type I receptors ALK2 and 
ALK3 in APAP-induced liver injury and to assess whether pharmaco
logical targeting on these receptors might have a beneficial effect in the 
treatment of ALF caused by APAP. 

2. Material and methods 

2.1. Cell culture and treatments 

Human hepatoma cell line Huh7 (ATCC, Manassas, VA, USA) was 
cultured in Dulbecco’s modified Eagle medium (DMEM, Cytiva, USA) 
with high glucose completed with Hepes, antibiotics and supplemented 
with 10% of fetal bovine serum (FBS). Mouse hepatocytes were isolated 
from male mice (8-12 weeks-old) by perfusion with collagenase and 
cultured as described [29]. Cells were maintained at 37 ◦C, 5% CO2 and 

relative humidity 95%, and exposed to vehicle (ethanol) or acetamino
phen (APAP, A7085 Merck Life Science, Darmstadt, Germany) for 
different time periods as previously described [30,31]. After treatment, 
plates were washed with PBS and used for further analysis. 

2.2. Short hairpin ALK3 and ALK2 knockdown 

A stable silencing in ALK2 or ALK3 genes in Huh7 cells was generated 
with human scrambled (ShControl, ShC) or ALK2/ALK3 ShRNA lenti
viral particles (SHALK3-NM_004329.2, SHALK2-NM_001105.2 
MISSION® shRNA Plasmid DNA, Merck Life Science). Briefly, HEK- 
293 T cell line was transfected with the corresponding lentiviral vector 
and packaging vectors. Lentiviral particles produced by these cells were 
collected and transferred to culture media containing 6 μg/ml polybrene 
(Santa Cruz Biotechnology Inc., Heidelberg, Germany). Huh7 cells were 
exposed to lentiviral particles for 24 h, and then cultured in presence of 
2–5 μg/ml of puromycin (Santa Cruz Biotechnology Inc.). Resistant cells 
were amplified for further assays or storage and the efficiency of 
infection was evaluated by quantification of ALK2 and ALK3 gene 
expression by RT-qPCR, and ALK2 and ALK3 protein expression by 
Western Blot. 

2.3. ALK2 overexpression in Huh7 cell line 

A stable cell line overexpressing ALK2 was generated using the Huh7 
cell line through lentiviral infection following the protocol previously 
described. For this purpose, scrambled (LV Control; LV C) or ALK2 (LV 
ALK2 OE) lentiviral particles were used (112,920,610,395 ACVR1 
(ALK2) Lentiviral Vector Human CMV, Applied Biological Materials Inc. 
Richmond, BC, Canada). 

2.4. Pharmacological inhibition of BMP type I receptors 

For specific approaches, stimulation with APAP was performed in 
presence of different pharmacological inhibitors of BMP type I receptors 
ALK2 and ALK3: LDN-193189, DMH2 and ML347 (SML-0559, Merck 
Life Science; 5580 and 4945, Tocris Bioscience, Minneapolis, USA). In
hibitors’ affinity for each receptor and working concentration is shown 
in Table 1. Inhibitors were used as pre-treatment 1 h prior to APAP 
stimulation or 1 h after of APAP challenge. 

2.5. Cell viability assessment 

Cell viability was measured using crystal violet staining. Plates were 
washed with PBS to remove unattached dead cells and covered with 
0.2% crystal violet (212120250, Thermo Fisher Scientific Inc., Madrid, 
Spain) diluted in 2% ethanol for 30 min. Afterwards, staining excess was 
removed by washing with distilled water and plates were left to dry. 
Finally, colorant was dissolved in 1% sodium dodecyl sulfate (SDS) and 
optical density was measured with spectrophotometer Spectra MR 
(29010, Dynex Technologies, Chantilly, USA) at 560 nm. The higher the 
absorbance, the higher the percentage of cell survival. 

Table 1 
Pharmacological inhibitors of BMP type I receptors ALK2 and ALK3.   

Ki ALK2 
(nM) 

Ki ALK3 (nM) Working 
concentration 

Control 

LDN- 
193189 

5 30 500 nM – 

DMH2 43 5.4 5 or 10 μM DMSO 
ML347 32 >200 fold 

selectivity 
150 nM DMSO 

BMP, Bone morphogenetic protein. 
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2.6. Cytotoxicity assay by lactate dehydrogenase (LDH) 

Cellular toxicity was evaluated by measuring lactate dehydrogenase 
(LDH) release to the culture media due to cellular necrosis. Assay was 
performed using the Cytotoxicity Detection KitPLUS LDH (0474492600, 
Roche Diagnostics, Mannheim, Germany) following manufacturing in
dications. Percentage of cytotoxicity was calculated as % of cytotoxicity 
= ((Sample O.D. – Control O.D.)/(Positive control O.D. – Control O.D.)) 
x 100. 

2.7. ROS quantification in vitro by fluorescence microplate reader 

Cells were seeded in a 96 multi-well plate in a density of 2x104 cells/ 
plate. The probe dhihydroethidium (DHE, 2140299, Invitrogen by 
Thermo Fisher Scientific Inc.) was used at a concentration of 10 μM in 
HBSS medium complemented with glucose (4.5 g/L) and glutamine (4 
mM) to measure superoxide. After 30 min with the probe, vehicle or 
APAP was added and ROS production was measured in a fluorescence 
microplate reader (CLARIOstarPlus BMG Labtech, Germany) for 2 h using 
488/550–580 excitation/emission filter pairs. DAPI staining was used to 
normalize number of cells (358/455–465). Each condition was run in 
triplicate and antimycin A (10 μM) was used as a positive control. 

2.8. Gene expression analysis by real time quantitative PCR 

Total RNA was extracted using TRIzol reagent (Vitro, Sevilla, Spain). 
Obtained RNA purity and concentration was measured with Nanodrop 
(Termofisher Nanodrop 2000c) and cDNA was obtained by reverse 
transcription of RNA using ImProm-II™ Reverse transcription kit 
(Promega Inc., Madison, WI, USA) in a T100TM Thermal Cycler (BioRad 
Inc., Madrid, Spain). Quantitative real time PCR (RTqPCR) was per
formed with SYBR Green method using StepOnePlusTM Real Time PCR 
System sequence detector (Thermo Fisher Scientific, Inc.) and quantified 
with ΔΔCt method. Samples were run in duplicate and normalized with 
endogenous gene 36B4. Primer sequences are listed in Table S1. 

2.9. Protein quantification by Western Blot 

After in vitro experiments, plates were washed with PBS and cells 
were scraped in RIPA buffer (50 mM Tris HCl, pH 7.4, 1% Triton X-100, 
0.2% SDS, 1 mM EDTA, 1 mM PMSF and 5 μg/ml leupeptin) to obtain 
total protein extracts. Protein samples were boiled in Laemmli buffer 
prior to separation in 10–15% SDS-PAGE by electrophoresis following 
with transferring to Immunoblot nitrocellulose membrane. After 
blocking, nitrocellulose membranes (Bio-Rad) were incubated overnight 
at 4 ◦C with primary antibodies: anti-phospho-Smad1 (Ser463/465)/ 
Smad 5 (Ser463/465)/Smad 8 (Ser 426/428) (#9511), anti-Smad1 
(#9512), anti-cleaved caspase 3 (#9661), anti-phospho-JNK (#4668) 
and anti-phospho-P38 MAPK (#9211) and anti-P38 (#9212) from Cell 
Signalling Technology (Danvers, MA, USA); anti-ALK2 (ACTR-I, sc- 
374523) and anti-JNK (D-2, sc-7345) from Santa Cruz Biotechnology 
Inc.; anti-ALK3 (BMPR-1A, ABD51) from Sigma-Aldrich (Madrid, 
Spain). Finally, membranes were incubated with the corresponding 
secondary antibody (Santa Cruz Biotechnology Inc.). Immunoreactive 
bands were visualized using the ECL Western blotting protocol (Bio- 
Rad). Densitometric analysis of the bands was performed using Image J 
software (NIH, Bethesda, USA). Anti-Tubulin (sc-166729, Santa Cruz 
Biotechnology Inc.), anti-vinculin (sc-73614, Santa Cruz Biotechnology 
Inc.) and anti-βactin antibody (A-5441, Sigma Aldrich) were used as 
loading control. 

2.10. Animals 

Mice were housed in controlled conditions of temperature (22 ◦C) 
and humidity with dark/light cycles of 12 h, fed with standard chow diet 
(CHD) ad libitum and had free access to drinking water at the animal 

facilities of Universidad Complutense de Madrid (UCM). All animal 
experimentation was carried out following both Spanish and European 
legislations (PROEX 125.1/20). Briefly, male C57Bl6j mice of 2 months 
of age were submitted to a model of APAP-induced acute liver failure as 
previously described [32]. APAP was firstly dissolved in DMSO and then 
PBS was added to a working concentration of 75 mg/ml in <1% DMSO. 
To ease dilution, APAP was heated to 54 ◦C for 1 h with shaking. Mice 
were fasted overnight (12 h) and then a single dose of 500 mg/kg was 
intraperitoneally (i.p.) injected or an equivalent dose of DMSO for 
controls. After 1 h, mice were treated (i.p.) with a dose of 3 mg/kg of 
DMH2 that was selected based on previous studies [33,34]. DMH2 was 
dissolved in DMSO at a concentration of 20 mM (9.1 mg/ml) and then in 
PBS to a working concentration of 0.3 mg/ml (DMSO 3.3%, a safe dose 
for the liver as previously reported [35]). Mice were sacrificed 2 or 6 h 
after APAP injection and livers and serum samples were collected and 
conveniently stored for further analysis. 

2.11. Assessment of ALT activity 

Blood samples were collected from animals after sacrificed and 
serum was used in a 1:4 dilution. ALT activity was evaluated using a 
colorimetric kit (41282, SPINREACT, Girona, Spain) following manu
facturers’ instructions. 

2.12. Histopathology assessment 

Livers collected from mice were fixed with 4% paraformaldehyde 
solution and embedded in paraffin. Then, 5 μm thick liver tissue slices 
were carried out. Liver sections were stained with Haematoxylin and 
Eosin (H&E). Images were taken using an optical microscope Nikon 
Eclipse E400 (Nikon, Tokyo, Japan) equipped with a plan Apocromatic 
10x, 20x and 40× objectives (Nikon). Percentage of necrotic area was 
quantified in six fields per tissue sample from each mouse, where he
patocytes are the predominant cell type, using ImageJ software (NIH). 

2.13. TUNEL staining 

For cell death detection, paraffin-embedded liver biopsy sections 
were stained using the ApopTag Peroxidase In Situ Apoptosis detection 
Kit (S7100, Millipore by Merk, Darmstadt, Germany) according to the 
manual instructions. Images were taken using an optical microscope 
Nikon Model Eclipse E400 (Nikon) equipped with a plan Apocromatic 
10x, 20x and 40× objectives (Nikon). The number of pyknotic nuclei 
and the total number of cells per 20x field were counted manually. Five 
representative fields per tissue sample from each mouse were scored, 
and reported as percentage of pyknotic nuclei (%). 

2.14. 4-HNE detection by immunohistochemistry 

Liver tissue sections were deparaffinized and rehydrated. Antigen 
retrieval was performed using HIER method: samples were boiled for 15 
min in 10 mM sodium citrate pH 6.0. Sections were blocked prior to 
immunostaining with anti-4-HNE antibody 1:200 (ab46545, Abcam plc, 
Cambridge, UK) overnight. After incubation with secondary antibody, 
DAB detection system (EnVision ™ Flex Mini Kit, High pH (Link) Agi
lent, Santa Clara, CA, USA) was used for visualization according to the 
manufacturer’s instructions. For histological assessment, six represen
tative images were taken per section using a Nikon Eclipse E400 optical 
microscope (Nikon) equipped with a plan Apocromatic 10x, 20x and 
40× objectives (Nikon). Intensity of 4-HNE stain was quantified using 
ImageJ software (NIH) and reported as the average value in arbitrary 
units (a.u.). 

2.15. GSH levels determination 

GSH content was quantitated by Hissin and Hilf fluorimetric assay, as 

P. Marañón et al.                                                                                                                                                                                                                               



Redox Biology 71 (2024) 103088

4

described elsewhere [36]. Protein liver homogenates were precipitated 
with 5% trichloroacetic acid and then centrifuged for 30 min at 10.000 
g. The method is based on the reaction of GSH with o-phthalaldehyde 
(OPT) at pH 8.0 and fluorescence was measured at an excitation 
wavelength of 340 nm and an emission wavelength of 460 nm in a 
microplate reader (Bio-Tek, Winooski, VT, USA). Sample results were 
referred to those of a standard curve of GSH (5 ng–1 μg) and represented 
as percentage of GSH content. 

2.16. Statistical analysis 

Statistical analysis was performed using Graphpad prism (Docmatics, 
Boston, MA, USA) and the IBM SPSS Statistics 21.0 (SPSS Inc., IBM, 
Chicago, IL, USA) software. Quantitative variables are expressed as 
measures of central tendency (mean) and dispersion (standard error of 
mean; SEM). Data between groups were compared with Student’s t-test 
for variables following a normal distribution and Mann-Whitney U test 
for continuous variables following a non-parametric distribution. For 
multiple comparison between groups, two-way ANOVA was performed. 
p value < 0.05 considered as statistically significant. 

3. Results 

3.1. Effects of pharmacological inhibition of BMP type I receptors in 
APAP-induced toxicity in hepatocytes 

In order to explore the role of BMP signalling in APAP-induced ALF, 
we used several pharmacological inhibitors which present different 
selectivity for each receptor as shown in Table 1. Huh7 cells were treated 
with 10 μM DMH2 to selectively inhibit signalling through ALK3, 150 
nM ML347 for ALK2 inhibition, and 500 nM LDN-193189 (LDN) to 
achieve inhibition of both receptors prior to stimulation with 20 mM 
APAP for 16 h. After exposure to these inhibitors, we only observed a 
modulation in ALK receptors expression in cells treated with DMH2: a 
decrease in ALK3 mRNA and an up-regulation of ALK2 (Fig. 1A). 
Moreover, lower phosphorylation of Smad 1/5/8 was observed for all of 
the inhibitors evidencing an efficient blockade of the signalling pathway 
(Fig. 1B). In addition, we quantified the expression of well-known BMP 
signalling target genes ID1 and HAMP (genes which codifies for DNA 
binding protein inhibitor ID1 and hepcidin, respectively). As depicted in 
Fig. 1C and D, expression of HAMP was reduced in those cells where 
ALK2 was inhibited (LDN and ML347), while ID1 mRNA expression was 
more significantly decreased in cells treated with those compounds 
inhibiting ALK3 (LDN and DMH2). Given that HAMP expression seems 
to be more influenced by signalling through ALK2 while ID1 by signal
ling through ALK3, we used these two target genes to further validate 
the activation of these receptors in our cellular system. Notably, inhi
bition of ALK3 accomplished by DMH2 treatment granted higher cell 
viability after APAP exposure, and this protection was not achieved by 
using any of the other tested compounds (Fig. 1E). 

Next, we evaluated if these results were recapitulated in primary 
mouse hepatocytes. For this purpose, cells were treated with 5 and 10 
μM DMH2 in order to inhibit ALK3 signalling, prior to 10 mM APAP 
exposure. The results obtained showed higher viability after DMH2 
treatment, compared to non-pre-treated hepatocytes (Fig. 1F). Since 
similar effect of DMH2 in primary hepatocytes and in the human hep
atoma cell line Huh7 was found, we used Huh7 cells for further 
experiments. 

As shown in Fig. 2A, higher cell survival was observed in those cells 
pre-treated with DMH2 compared to their corresponding controls. To 
deepen into this finding, we performed assays of cytotoxicity and 
apoptosis. We observed reduced APAP-induced toxicity, reflected in less 
release of lactate dehydrogenase (LDH) (Fig. 2B), as well as in decreased 
processing of caspase 3 (Fig. 2C), a marker of apoptosis, in APAP- 
exposed Huh7 cells pre-treated with DMH2 compared to Huh7 cells 
pre-treated with DMSO. In addition, it is well known that an antioxidant 

response is triggered in order to avoid APAP-induced oxidative stress 
[37]. Thus, HMOX1 (hemoxygenase 1 –HO1- codifying gene), GSTM3 
(glutathione S-transferase Mu 3 codifying gene) and SOD2 (superoxide 
dismutase 2 codifying gene) mRNA levels were measured as indicators 
of the activation of this antioxidant response. As expected, an induction 
of HMOX1, GSTM3 and SOD2 expression was observed after treatment 
with APAP; however, no increase of these antioxidant genes was 
detected in DMH2 pre-treated cells (Fig. 2D). Moreover, 
APAP-stimulated Huh7 cells pre-treated with DMH2 showed lower 
phosphorylation of the stress kinases JNK and P38 after APAP treatment 
(Fig. 2E). 

In order to check whether these effects are due to the selective in
hibition of ALK3, we explored the effect of LDN pre-treatment, which 
inhibits both ALK3 and ALK2 receptors, in Huh7 cells treated with 
APAP. The obtained results showed that the inhibition of both receptors 
neither reduced the APAP-mediated apoptotic effect (Fig. S1A) nor 
exerted any effect on the antioxidant system (Fig. S1B). 

3.2. Silencing of BMP type I receptor ALK3 but not ALK2 protects against 
APAP-induced hepatotoxicity 

To further corroborate the implication of BMP type I receptors ALK2 
and ALK3 in APAP-induced acute liver damage, we performed a short 
hairpin knock-down of BMP type I receptors ALK2 and ALK3 in the 
hepatoma cell line Huh7. For this purpose, cells were infected with 
scrambled (ShControl), or ALK2 or ALK3 shRNA (ShALK2 or ShALK3, 
respectively) lentiviral particles. Efficiency of gene silencing was eval
uated by measuring ALK2 and ALK3 mRNA and protein levels, obtaining 
a significant reduction of both receptors expression (Fig. 3A and B). 
Curiously, we found that ALK3 expression increased due to ALK2 
silencing, and ALK2 expression also was elevated in ShALK3 cells respect 
to the ShControls, similar to the modulation observed after DMH2 
treatment (Fig. 3A and B). We also observed lower phosphorylation of 
Smad 1/5/8 in silenced cells (Fig. 3B), in parallel with a modulated 
expression of the target genes ID1 and HAMP. As observed in the pre
vious cellular model, HAMP expression decreased in ALK2-silenced cells 
while it increased in cells with a mild over-expression of ALK2 (ShALK3 
cells); on the contrary, ID1 expression was reduced after silencing of 
ALK3 and it was elevated in cells with a mild over-expression of ALK3 
(ShALK2 cells) (Fig. 3C and D). Once established the silenced cell lines, 
they were treated with APAP and cellular viability was assessed, 
showing an increased cell survival in ShALK3 cells after APAP insult 
compared to ShControl. This effect was not observed in the ShALK2 cell 
line (Fig. 3E). 

Moreover, we detected a significantly lower release of LDH as well as 
a lesser amount of the cleaved fragment of caspase 3 in ShALK3 cells 
treated with APAP compared to control cells (Fig. 4A and B, respec
tively). Furthermore, we used DHE probe to measure reactive oxygen 
species (ROS) production in these cells during the 2 h after APAP 
stimulation and we found that APAP-induced ROS was almost not 
observed in cells with silenced ALK3 (Fig. 4C). Interestingly, higher 
expression of the antioxidant genes HMOX1, GSTM3 and SOD2 at 
baseline and lower increase in the expression of these genes after APAP 
treatment was observed in ShALK3 cells compared to ShControl cells 
(Fig. 4D). Finally, lower levels of pJNK and pP38 were found in ALK3- 
silenced cells compared to control cells (Fig. 4E). 

3.3. ALK2 over-expression displays an antiapoptotic effect against APAP 
insult 

As stated above, ALK2 mRNA expression was significantly increased 
in the stable cell line ShALK3 as well as in DMH2 pre-treated cells, 
possibly by a compensatory mechanism against the absence of ALK3 
activation. In order to explore the implication of increased ALK2 
expression in ALK3-silenced cells, we infected Huh7 cells with lentiviral 
particles to generate a stable cell line over-expressing ALK2 (LV ALK2 
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Fig. 1. Pharmacological inhibition of BMP type I receptors ALK2 and ALK3. A. mRNA levels of ALK2 and ALK3 determined by RT-qPCR and normalized to 36B4 
gene expression. Data are expressed as fold increase relative to control condition (vehicle; VEH or DMSO, 1) and presented as mean ± SEM. B. Representative blots 
with the indicated antibodies and the corresponding quantification. Data are expressed as fold change relative to the control condition (vehicle; VEH or DMSO, 1) and 
presented as mean ± SEM. C – D. HAMP and ID1 mRNA levels determined by RT-qPCR and normalized to 36B4 gene expression. Data are expressed as fold increase 
relative to the control condition (vehicle; VEH or DMSO, 1) and presented as mean ± SEM. Experimental conditions: Huh7 treated with the inhibitors LDN-193189 
(LDN) (500 nM), DMH2 (10 μM) or ML347 (150 nM) for 16 h (n ≥ 3 independent experiments). **p < 0.01, ***p < 0.005 and ****p < 0.0001, LDN vs. VEH, or 
DMH2 or ML347 vs. DMSO; #p < 0.05 and ###p < 0.005, ML347 vs. DMH2 or LDN. E – F. Cell viability determined by crystal violet staining. Data are represented as 
percentage relative to the control group (vehicle; VEH or DMSO, 100%) and presented as mean ± SEM. Experimental conditions: (E) Huh7 treated with the inhibitors 
LDN-193189 (LDN) (500 nM), DMH2 (10 μM) or ML347 (150 nM) 1 h prior to APAP (20 mM, A20) stimulation for 16 h (n ≥ 3 independent experiments). (F) Primary 
mouse hepatocytes treated with the inhibitor DMH2 (5 or 10 μM) 1 h prior to APAP (10 mM, A10) stimulation for 16 h (n = 2 independent experiments performed by 
duplicate). *p < 0.05, **p < 0.01 and ***p < 0.005, A10 or A20 vs. C; #p < 0.05 and ###p < 0.005, A10/20-DMH2 vs. A10/20-DMSO. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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OE) and its respective control (LV Control). The over-expression of ALK2 
was evaluated by measuring mRNA levels of this receptor which showed 
a 3-fold increased expression (Fig. 5A). Likewise, the expression of its 
target gene HAMP was significantly increased, while mRNA levels of 
ALK3 and ID1 were not modulated (Fig. 5B). After stimulation with 

APAP, LV ALK2 OE cells did not show higher cell viability (Fig. 5C). 
However, a strong inhibition of the cleavage of caspase 3 was observed, 
indicating that ALK2 over-expression displays an antiapoptotic effect 
(Fig. 5D). On the contrary, mRNA expression of HMOX1 was similar in 
both groups (Fig. 5E) and no differences in phosphorylation of the 

Fig. 2. Pharmacological inhibition of ALK3 with DMH2 protects against APAP-induced hepatotoxicity. A. Representative phase-contrast images of Huh7 cells 
treated with the inhibitor DMH2 (10 μM) 1 h prior to APAP (20 mM, A20) stimulation for 16 h. B. Cytotoxicity determined by lactate dehydrogenase (LDH) release. 
Data are presented as percentage relative to the positive control (100%) and presented as mean ± SEM. C. Representative blots with the indicated antibodies and the 
corresponding quantification. Data are expressed as percentage relative to the control group (DMSO, 100%) and presented as mean ± SEM. D. mRNA levels of 
HMOX1, GSTM3 and SOD2 determined by RT-qPCR and normalized to 36B4 gene expression. Data are expressed as fold increase relative to the control condition (C- 
DMSO, 1) and presented as mean ± SEM. E. Representative blots with the indicated antibodies and the corresponding quantification. Data are expressed as per
centage relative to the control group (DMSO, 100%) and presented as mean ± SEM. Experimental conditions: Huh7 treated with the inhibitor DMH2 (10 μM) 1 h 
prior to APAP (20 mM, A20) stimulation for 6 (E) or 16 (A–D) hours (n ≥ 3 independent experiments). **p < 0.01, ***p < 0.005 and ****p < 0.0001, A20 vs. C, or 
DMH2 vs. DMSO; ###p < 0.005 and ####p < 0.0001, A20-DMH2 vs. A20-DMSO. 
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kinases JNK and P38 after APAP treatment were found (Fig. 5F). 3.4. DMH2 inhibitor protects against APAP-induced hepatotoxicity in 
vivo 

In an attempt to explore whether the effects observed after ALK3 
inhibition in APAP-induced toxicity in a cellular system could be 

Fig. 3. Effect of silencing of BMP type I receptors ALK3 and ALK2 on cellular viability on Huh7 human hepatocytes. A. mRNA levels of ALK2 (left) and ALK3 
(right) determined by RT-qPCR and normalized to 36B4 gene expression. B. Representative blots with the indicated antibodies and the corresponding quantification. 
Data are expressed as fold increase relative to the control condition (ShControl, 1) and presented as mean ± SEM. C - D. mRNA levels of HAMP and ID1, respectively, 
determined by RT-qPCR and normalized to 36B4 gene expression. Data are expressed as fold increase relative to the control condition (ShControl, 1) and presented as 
mean ± SEM. Experimental conditions: Huh7 silenced stable lines ShALK2 and ShALK3 and their control ShControl (ShC) treated (n ≥ 3 independent experiments). 
**p < 0.01, ***p < 0.005 and ****p < 0.0001, ShALK2 or ShALK3 vs. ShC. E. Cell viability determined by crystal violet staining. Data are represented as percentage 
relative to control group (C, 100%) and presented as mean ± SEM. Experimental conditions: Huh7 silenced stable lines ShALK2 and ShALK3 and their control 
ShControl (ShC) treated with APAP (20 mM, A20) for 16 h (n ≥ 3 independent experiments). **p < 0.01 and ****p < 0.0001, A20 vs. C; ####p < 0.0001, A20- 
ShALK3 vs. A20-ShC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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reproduced in vivo, we performed an experimental model of APAP- 
induced ALF in mice. Since we wanted to evaluate the potential ef
fects of the administration of DMH2 on liver damage after APAP over
dose, we firstly checked that DMH2 also increased cell viability after 
APAP treatment in vitro when it was added to hepatocytes 1 h after APAP 

(Fig. S4). Then, mice were i. p. injected with vehicle (DMSO) or APAP 
(500 mg/kg) and, 1 h later, DMH2 or the corresponding amount of 
DMSO was administrated in a single dose of 3 mg/kg (Fig. 6A). In order 
to assess the effect of DMH2 on APAP-induced liver damage, we quan
tified the percentage of injured areas in the liver tissue of these animals. 

Fig. 4. Silencing of ALK3 protects against APAP-induced cell toxicity. A. Cytotoxicity determined by lactate dehydrogenase (LDH) release. Data are presented as 
percentage relative to the positive control (100%). B. Representative blots with the indicated antibodies and the corresponding quantification. Data are expressed as 
percentage relative to the control group (ShControl, 100%) and presented as mean ± SEM. C. ROS production detected with DHE probe represented as DHE 
fluorescence F/F0 (a.u.) through exposure to APAP during 2 h. D. mRNA levels of HMOX1, GSTM3 and SOD2 determined by RT-qPCR and normalized to 36B4 gene 
expression. Data are expressed as fold increase relative to the control condition (ShControl 1) and presented as mean ± SEM. E. Representative blots with the 
indicated antibodies and the corresponding quantifications. Data are expressed as percentage relative to control group (ShControl, 100%) and presented as mean ±
SEM. Experimental conditions: Huh7 silenced stable line ShALK3 and its control ShControl (ShC) treated with APAP 20 mM (A20) for 2 (C), 6 (E) or 16 (A, B, D) 
hours (n ≥ 3 independent experiments). *p < 0.05, **p < 0.01 and ****p < 0.0001, A20 vs. C, or ShALK3 vs. ShC; #p < 0.05, ###p < 0.005 and ####p < 0.001, C- 
ShALK3 vs. C-ShC or A20-ShALK3 vs. A20-ShC. 
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Fig. 5. Antiapoptotic effect of ALK2 over-expression. A - B. mRNA levels of ALK2, HAMP, ALK3 and ID1 determined by RT-qPCR and normalized to 36B4 gene 
expression. Data are expressed as fold increase relative to control condition (LV Control, 1) and presented as mean ± SEM. C. Cell viability determined by crystal 
violet staining. Data are represented as percentage relative to control group (C, 100%). D. Representative blots with the indicated antibodies and the corresponding 
quantification. Data are expressed as percentage relative to control group (LV Control, 100%). E. mRNA levels of HMOX1 determined by RT-qPCR and normalized to 
36B4 gene expression. Data are expressed as fold increase relative to control condition (C-LV Control, 1) and presented as mean ± SEM. F. Representative blots with 
the indicated antibodies and the corresponding quantifications. Data are expressed as percentage relative to control group (LV Control, 100%) and presented as mean 
± SEM. Experimental conditions: Huh7 cell line over-expressing ALK2 (LV ALK2 OE) and their control (LV Control, LV C) treated with APAP (20 mM, A20) for 6 (F) 
or 16 (A–E) hours (n ≥ 3 independent experiments). *p < 0.05 and ****p < 0.0001, LV ALK2 OE vs. LV C, or A20 vs. C. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. The ALK3 inhibitor DMH2 protects against liver damage in an animal model of APAP-induced acute liver failure. A. Experimental conditions: Mice i. p. 
injected with vehicle (DMSO) or APAP (500 mg/kg), and 1 h later treated with DMH2 or the corresponding amount of DMSO in a single dose of 3 mg/kg. Animals 
were sacrificed 2 h after APAP administration (n = 6 animals per group). B. Representative 10X images of H&E, and 20X and 40X images of TUNEL staining and the 
corresponding quantifications. Data are expressed as percentage of injured area or pyknotic nuclei, respectively and presented as mean ± SEM. C. ALT activity 
determination in serum samples presented as mean ± SEM. *p < 0.05, ***p < 0.005 and ****p < 0.0001, APAP vs. C; #p < 0.05, ##p < 0.01 and ###p < 0.005, 
APAP-DMH2 vs. APAP-DMSO. 
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Notably, a significant reduction of APAP-induced hepatocyte damage 
was observed only in those mice treated with DMH2 after APAP chal
lenge. Likewise, TUNEL staining revealed less presence of pyknotic 
nuclei in the livers from animals with DMH2 treatment (Fig. 6B). In 
addition, serum ALT levels after APAP-induced liver injury were 
significantly lower in mice treated with DMH2 than in those receiving 
with vehicle (Fig. 6C). 

As previously mentioned, one of the main features of APAP-induced 
liver injury is the production of ROS and the triggering of antioxidant 
mechanisms in response to oxidative stress. In order to assess the effects 
of DMH2 treatment on APAP-mediated oxidative stress, we measured 
the hepatic expression of several antioxidant genes. As expected, a 
marked increase of Hmox1, Gstm3, Sod2, Cat (catalase codifying gene) 
and Gpx1 (glutathione peroxidase 1 codifying gene) expression was 
observed in liver samples from mice exposed to an APAP overdose, but 
this increase was milder or not observed in the presence of DMH2 
(Fig. 7A). According to these data, treatment with DMH2 also signifi
cantly reduced APAP-induced GSH depletion (Fig. 7B). To further vali
date this finding, we quantified the hepatic expression of 4-HNE, a 
secondary product of lipid peroxidation, by immunohistochemistry. 
Notably, the expression of 4-HNE was significantly lower in the livers 
from animals treated with DMH2 than in those treated with vehicle 
(Fig. 7C). Finally, lower levels of pJNK were found in DMH2-treated 
mice (Fig. 7D). 

For the evaluation of later time points, we have analysed livers from 
mice that have been sacrificed 6 h after DMH2 post-APAP treatment 
(Fig. S2A). Although we found a protection from APAP hepatotoxicity 
(necrosis, apoptosis, ALT levels and lipid peroxidation), this effect was 
not statistically significant in all the parameters tested, likely due to an 
attenuation of the effect of DMH2 at longer time-periods (Figs. S2 and 
S3). 

4. Discussion 

ALF is characterized by a massive death of the hepatocytes. There
fore, the identification of novel protective mechanisms against hepato
cyte damage might help in the development of new therapeutic 
approaches against ALF. This study identified a novel role of BMP signal 
transduction pathway in ALF, particularly in hepatotoxicity due to an 
APAP overdose. 

BMPs signal through two types of serine/threonine receptors [14]: 
type I receptors (ALK receptors) and type II receptors (BMPRII, ACTRIIA 
and ACTRIIB). Type I receptors are expressed in the liver and include 
ALK2 and ALK3 [21] which activate downstream signalling via 
Smad1/5/8 phosphorylation [38,39]. Importantly, the transcription of 
the different BMP target genes depends on different factors such as the 
cellular type [14,21]. In our experiments in ALK-inhibited or silenced 
Huh7 cells, we observed that ALK2 expression increased due to ALK3 
silencing, and viceversa. Moreover, we found that ALK2 plays a critical 
role in HAMP expression since by selectively targeting ALK2, but not 
ALK3, hepcidin gene expression was effectively modulated while, on the 
contrary, specific regulation of ALK3, but not ALK2, markedly controlled 
ID1 expression. Consequently, we used these two target genes to further 
corroborate the activation of these two ALK receptors in hepatocytes. 

With the purpose of clarifying the role of ALK2 and ALK3, we tested 
known pharmacologic agents targeting BMP signalling and explored 
their effect on APAP-induced hepatic toxicity. The in vitro experiments 
showed that only DMH2, which selectively inhibits BMP signalling 
through ALK3, protects against APAP-induced hepatotoxicity in both the 
hepatoma cell line Huh7 and in primary mouse hepatocytes. Indeed, 
ALK3 inhibition by DMH2 treatment reduced both necrosis, assessed by 
LDH release, and apoptosis, measured by the cleavage of caspase 3, 
following APAP overdose compared to non-treated cells. Also, ROS- 
mediated JNK and P38 MAPK phosphorylation was reduced, as well as 
the induction of antioxidant gene expression, in DMH2 treated cells 
compared to control cells upon APAP challenge. Indeed, we would 

expect that LDN might have exerted the same effects as it inhibits both 
receptors, but it did not. This could be due to the concomitant mild over- 
expression of ALK2 that is found upon ALK3 inhibition that is likely 
necessary for the protective effects. 

In order to corroborate the data observed in DMH2 treated cells, we 
silenced ALK2 and ALK3 in Huh7 cells. We found that ALK3, but not 
ALK2, inhibition protects against APAP-induced hepatotoxicity, repro
ducing the effects of DMH2 treatment, demonstrating an important role 
for this BMP type I receptor in APAP-induced liver injury. Also, ROS 
generation was ameliorated, while a constitutively increased expression 
of the antioxidant genes HMOX1, GSTM3 and SOD2 was found in ALK3- 
silenced hepatocytes, possibly reflecting that these cells present a more 
active antioxidant defence against oxidative stressors such as APAP. To 
further clarify whether the protective effects observed were not derived 
from the concomitant upregulation of ALK2 expression observed in 
ShALK3 cells, we generated a stable cell line over-expressing ALK2. The 
over-expression of ALK2 receptor in hepatocytes neither improved cell 
viability nor modified the response to APAP-induced oxidative stress; 
however, hepatocytes over-expressing ALK2 showed a higher anti
apoptotic capacity. Previous studies have reported an antiapoptotic ef
fect of BMP signalling through the canonical pathway by inducing the 
expression of X-linked inhibitor of apoptosis protein (XIAP), a potent 
caspase 3 inhibitor [40]. Also, it has been observed that DMH2 treat
ment in lung cancer-derived cells increased cellular death by reducing 
XIAP expression [33]. Even though these results oppose to those showed 
in this study, in our cellular model DMH2 seemed to specifically inhibit 
ALK3-mediated signalling while induced that mediated by ALK2, which 
in turn could be responsible of the apoptotic effect observed in lung 
cells. This might also explain the lack of effect of the ALK2 and ALK3 
inhibitor LDN in lowering caspase 3 processing, while over-expression of 
ALK2 does confer this antiapoptotic effect. Further investigations are 
needed to fully elucidate the molecular mechanisms underlying the 
novel roles of ALK receptors in mediating antioxidant defence and 
apoptosis in hepatocytes which have been reported herein for the first 
time. 

The important role of BMP signalling in the pathogenesis of APAP- 
induced liver injury indicates that the BMP signal transduction 
pathway may be a successful target for future approaches to the treat
ment and/or co-treatment of this disease. Indeed, although APAP hep
atotoxicity remains the leading cause of ALF, treatment options are 
limited. Nowadays, NAC is the first line treatment for patients with 
APAP-induced DILI; however, it has a narrow therapeutic window [11]. 
In this regard, since pharmacologic antagonism of BMPs with different 
inhibitors is possible and tolerable in vivo, we designed an experimental 
model in mice treated or not with DMH2 after APAP-induced ALF. 
Interestingly, we observed that only livers from mice treated with DMH2 
were protected from APAP-induced damage, suggesting for the first time 
that ALK3 might be a novel therapeutic target for ALF. BMP signalling 
pathway has been implicated in the pathophysiology of chronic liver 
diseases such as NAFLD and hepatic fibrosis/HCC [41,42], but its role in 
ALF has not previously been established. In the present study, we pro
vide convincing experimental evidence on the efficacy of the pharma
cological inhibition of BMP signalling by using DMH2 markedly to 
attenuate hepatocyte damage by reducing the levels of serum trans
aminases, and preventing oxidative stress induced by an overdose of 
APAP in mice. 

Taking all into account, this study demonstrated that the inhibition 
of ALK3 protects against APAP-induced hepatotoxicity, providing new 
mechanistic evidence on the role of BMP signalling in the pathogenesis 
of liver injury mediated by APAP. These striking experimental findings 
open up a novel therapeutic approach for patients with ALF due to APAP 
overdose and, therefore, clinical studies to assess safety and efficacy of 
targeting BMP signalling in patients with this life-threatening disorder 
are warranted. 
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Fig. 7. DMH2 ameliorates oxidative stress in an animal model of APAP- induced acute liver failure. A. mRNA levels of Hmox1, Gstm3, Sod2, Cat and Gpx1 
determined by RT-qPCR and normalized to 36b4 gene expression. Data are expressed as fold increase relative to the control condition (C-DMSO, 1) and presented as 
mean ± SEM. B. GSH levels. Data are expressed as percentage relative to the control group (C-DMSO, 100%) and presented as mean ± SEM. C. Representative 20X 
and 40X images of 4-HNE IHC in liver sections and the corresponding quantification. Data are presented as mean ± SEM and expressed as arbitrary units (a.u.). D. 
Representative blots with the indicated antibodies and the corresponding quantification. Data are presented as mean ± SEM and expressed as percentage relative to 
control group (C-DMSO, 100%). Experimental conditions: Mice i. p. Injected with vehicle (DMSO) or APAP (500 mg/kg), and 1 h later treated with DMH2 or the 
corresponding amount of DMSO in a single dose of 3 mg/kg. Animals were sacrificed 2 h after APAP administration (n = 6 animals per group). *p < 0.05, **p < 0.01, 
***p < 0.005 and ****p < 0.0001, APAP vs. C; #p < 0.05, ##p < 0.01, ###p < 0.005 and ####p < 0.001, APAP-DMH2 vs. APAP-DMSO. 
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