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Inhibition of TGFβ type I receptor activity 
facilitates liver regeneration
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Abstract 

Liver exhibits a remarkable maintenance of functional homeostasis in presence of a variety 
of damaging toxic factors. Tissue regeneration involves cell replenishment and extracellular 
matrix remodeling. Key regulator of homeostasis is the transforming growth factor-β (TGFβ) 
cytokine. To understand the role of TGFβ during liver regeneration, we used the single-
dose carbon tetrachloride (CCl4) treatment in mice as a model of acute liver damage. We 
combined this with in vivo inhibition of the TGFβ pathway by a small molecule inhibitor; 
LY364947, which targets the TGFβ type I receptor kinase (ALK5) in hepatocytes but not in 
activated stellate cells. Co-administration of LY364947 inhibitor and CCl4 toxic agent resulted 
in enhanced liver regeneration; cell proliferation  (measured by PCNA, phosphorylated 
histone 3, p21) levels were increased in CCl4+LY364947 versus CCl4-treated mice. Recovery 
of CCl4-metabolizing enzyme CYP2E1 expression in hepatocytes is enhanced seven days 
after CCl4 intoxication in the mice that received also the TGFβ inhibitor. In summary, a small 
molecule inhibitor that blocks ALK5 downstream signaling and halts the cytostatic role of 
TGFβ pathway results in increased cell regeneration and improved liver function during 
acute liver damage. Thus, in vivo ALK5 modulation offers insight into the role of TGFβ, not 
only in matrix remodeling and fibrosis, but also in cell regeneration. 
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Introduction

Liver tissue has high regenerative capacity in response to damaging stimuli such as virus 
infections, chemicals, and alcohol intoxication1,2. Liver regeneration involves replenishment 
of dead epithelial and mesenchymal cells by proliferation and restoration of normal tissue 
architecture by fibrous scar formation3. Chronic organ damage leads to exhaustion of 
the cell pool and fibrosis, excess accumulation of extracellular matrix proteins (ECM) and 
eventually to clinical complications such as acute liver failure4. Thus, there is a need for 
better understanding of the mechanisms regulating innate tissue regeneration. 
Application of the hepatotoxin carbon tetrachloride (CCl4) is an established experimental 
animal model for liver regeneration since single administration of CCl4 in vivo leads to acute 
and reversible liver damage5. Liver regeneration occurs within 7-8 days without affecting 
any other organ system. Only a specific subset of hepatocytes, located around the central 
veins, appears to be damaged due to unique expression of CCl4-metabolising enzyme 
Cytochrome 450 (Cyp2E1)3,6. In turn, cytokines and stress signals derived from hepatocytes 
induce the activation of hepatic stellate cells (HSCs) into myofibroblasts (MFBs). The αSMA 
expressing MFBs7 appear in clusters around the central vein and assist tissue repair by scar 
ECM formation. Simultaneously, quiescent HSCs located in the space of Disse become 
activated by cytokines released from damaged hepatocytes, and concentrate in the central 
vein area, e.g. due to migration and/or proliferation. 
Transforming growth factor-β (TGFβ) signaling plays an important role in maintenance 
of liver homeostasis, terminal differentiation and apoptosis of hepatocytes8. Under liver 
damage conditions, TGFβ1 is up regulated and regulates parenchymal, inflammatory cells 
and HSCs6, 9,10. Although many cells in the liver may produce TGFβ1, Kupffer cells and recruited 
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macrophages are the major source of TGFβ. TGFβ1 is critical for activation of HSCs into MFBs, 
stimulates ECM production and inhibits ECM degradation11. Activated HSCs, and to lesser 
extent, sinusoidal endothelial cells (ECs), also contribute to increased TGFβ production4.   
However, TGFβ in the liver has additional actions, such as immunomodulatory properties 
and its cytostatic effects on epithelial cells (hepatocytes)12. The regenerative capacity of the 
liver is characterised by hepatocyte proliferation but also by increased TGF-β1 expression13. 
The level of DNA synthesis is maximal during the first 48 hours after CCl4 intoxication, 
coinciding with the TGFβ increase in the liver6,14. Thus, hepatocytes proliferate despite the 
presence of an antiproliferative stimulus; however, the exact mechanism of this process 
is unclear. Administration of TGFβ in vivo after partial hepatectomy reduces the number 
of hepatocytes that progress from G1 to the DNA synthesis phase15. It has been proposed 
that during early response after liver injury, hepatocytes become transiently resistant to 
TGFβ either by down regulation of TGFβ receptors14 and TGFα protective action15 or by up 
regulation of transcriptional repressors16. Levels of TβRI and TβRII mRNA expression in rat 
hepatocytes decreased from 12 to 48 hours and returned to normal by 72 hours after CCl4 
administration, while TβRI and TβRII mRNA were expressed constantly in non-parenchymal 
cells14. Thus, the function of TGFβ is cell-type specific and its role on liver regeneration 
remains largely unknown. 
TGFβ is synthesized and stored in the ECM as a latent complex with its prodomain, LAP 
(latency-associated peptide). Latent TGFβ is considered to be a molecular sensor that 
responds to specific signals by releasing active TGFβ17. These signals are often perturbations 
of the ECM that are associated with angiogenesis, wound repair, inflammation and, perhaps, 
cell growth18 . Changes in the cell’s environment are relayed to the sensor by a number of 
different molecules, including proteases, integrins and thrombospondin19. TGFβ functions 
by binding to cell surface receptors. Binding of free TGFβ ligands to its type II receptor 
causes the activation of the type I receptor, ALK5 and the assembly of a protein complex 
which further phosphorylates and activates the R-Smads, Smad2 and Smad3. Subsequent 
signal transduction occurs when the active Smad2 and Smad3 transcription factors form 
complexes with Smad4, and translocate from the cytoplasm to the nucleus20 to induce 
TGFβ target gene expression. 
Several studies have investigated the therapeutic potential of inhibition of TGFβ in lung, 
kidney and liver diseases and a number of compounds have reached the phase of clinical 
trials21. Smad3-deficient mice develop reduced dermal22,  renal23 and liver fibrosis24. However, 
the complexity of the TGFβ pathway, its involvement in a plethora of cellular processes and 
cell type specific effects impede the design of therapies in the context of liver diseases. For 
instance, loss of TGFβ signaling in fibroblasts causes intraepithelial neoplasia, suggesting that 
TGFβ controls the activity of fibroblasts as well as the oncogenic potential of neighbouring 
epithelial cells25. Experimental regeneration models such as partial hepatectomy indicate 
a role for TGFβ only at late stage of wound healing, mainly for restoration of ECM and new 
vessel formation1. The pleiotropic effects of TGFβ upon different cell types (hepatocytes 
and HSCs) and the time of action during liver damaging conditions remain yet unclear.
To study the mechanisms behind liver regeneration in regards to TGFβ signaling, in a 
time-dependent manner, we have selected the CCl4-induced acute liver damage model. A 
single dose of CCl4 leads to reversible centrizonal necrosis and steatosis26, while prolonged 
administration leads to liver fibrosis, cirrhosis, and hepatocellular carcinoma. CCl4 impairs 
hepatocytes directly by altering the permeability of plasma, lysosomal, and mitochondrial 
membranes27. We investigated the effects of in vivo inhibition of the TGFβ receptor by the 
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small molecule inhibitor LY364947 (LY) during CCl4-induced acute liver injury in order to 
delineate its function on hepatocytes and HSCs. LY is an ATP-competitive, cell permeable 
inhibitor, selective for TGFβ type I Activin receptor-like kinases (ALK4, 5 and 7)28. In this study 
we show that, regarding in vivo TGFβ inhibition, the LY compound seems to be effective in 
epithelial cells, particularly centrizonal hepatocytes, and enhances their proliferation and 
regeneration in CCl4- acute injury model.

Materials and Methods

Acute liver damage model and administration of small molecule inhibitors

Animal protocols were in full compliance with the guidelines for animal care and were 
approved by the Leiden University Medical Center Animal Care Committee. Acute liver injury 
was induced in 5-6 weeks old male C57Bl6 mice weighing 20 - 25 g by intraperitoneally 
injecting a single dose of 1 ml/kg body weight CCl4 (mixed 1:1 with mineral oil), and mice 
were sacrificed after days 1, 2, 3, and 7 (n=2 per time point). LY364947 (5 mg/kg, Axon 
Medchem) was intraperitoneally injected 1 hour prior to CCl4 shot on day 0. Every 24 hours 
since the first injection, the compound was administered (day 0- day 3). From day 3 to day 7 
mice did not receive any compounds and were sacrificed after days 1, 2, 3, and 7 (n=3 mice 
per group and per time point). Control group received DMSO (1mg/kg mixed with PBS), 
LY364947 (5 mg/kg) received 4 injections every 24 hours. During day 3 to day 7, mice did not 
receive LY364947 and were sacrificed after days 1, 2, 3, and 7 (n=2 mice per group and per 
time point). From the liver tissues collected, one lobule was used for histology preparation, 
one lobule for RNA isolation and one lobule for protein isolation per individual mouse.

More information on Supplementary Materials and Methods.

Results

Phenotypic changes in acute CCl4-induced liver damage model

Induction of liver damage was performed by single injection of hepatotoxic agent CCl4 in 
5-6 week old male C57Bl6 mice. At several time points after vehicle control or CCl4 injection 
(day 1, day 2, day 3, day 7) mice were sacrificed and liver tissue was collected. Upon liver 
damage, hepatocytes located around the central vein area metabolize CCl4 and undergo 
functional and phenotypic changes, such as loss of hepatocyte marker HNF4α (Fig.1A). 
Dormant HSCs are distinguished by desmin expression and lack of αSMA staining, the latter 
being up regulated only upon activation of HSCs (Fig.1A). Highest expression of αSMA is 
reached during day 3 (Fig.1A) after single CCl4 injection. Increased collagen staining in the 
CCl4-injected livers (Fig.1A) represents the cell population of activated HSCs, which produce 
ECM proteins such as collagen type I and fibronectin. During mouse liver homeostasis, 
TGFβ is active, as nuclear phosphorylated Smad2 (pSmad2) protein is seen in hepatocytes 
of normal liver (Fig.1B) at various time points after injection with vehicle compound (day1, 
day2, day3, day7). Upon tissue damage active TGFβ ligands are released leading to activation 
of profibrotic gene expression and wound healing response in the activated HSCs. We have 
observed that pSmad2 nuclear localization follows a specific spatiotemporal pattern in the 
hepatocytes during the early time points after acute injury. Immunostainings for HNF4α, 
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pSmad2 and αSMA (Fig.1A-B) indicate that damaged hepatocytes adjacent to the central 
vein area transiently down regulate expression of HNF4α (Fig.1A) and pSmad2 (Fig.1B), 
almost immediately upon tissue damage. In turn, αSMA+ HSCs accumulate in the central 
vein between day 2- day 3 and activate pSmad2 (Fig.1B). This effect is transient, since 
pSmad2 expression is restored in the regenerated hepatocytes after seven days (Fig.1B). The 
distribution of HSCs at seven days after CCl4 shot is similar to the control liver tissue (Fig.1B).
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Fig.1. Acute CCl4-induced liver damage model
(A). From left to right: Picrosirius red staining for visualization of collagen fibers in liver tissues of control and CCl4-
treated mice (magnification: 10x). Immunofluorescence staining indicates protein expression of Kupffer cell marker; 
Fsp1 (magnification: 40x, scale bars=50μm). HSC markers; desmin (green) and αSMA (red), hepatocyte-specific 
marker HNF4α (grey) in control and CCl4-injected liver tissues (magnification: 100x, scale bars=250 μm). The marked 
area is shown at higher magnification (200x), scale bars= 10 μm. Nuclei (blue) were visualized by TOPRO-3 nuclear 
dye. Damaged central vein area is distinguished by expression of αSMA-positive HSCs (red) and loss of hepatocyte 
marker HNF4α (grey). Time point: day 3 (72 hours after CCl4). (B).Time course of pSmad2 (green) and αSMA (red) 
co-localisation by immunofluorescence during acute liver damage. Representative images of liver tissues from 
vehicle and CCl4- injected mice are shown (magnification: 20x. Scale bars=100, 250 μm). Bottom panel: image 
of higher magnification of the central vein (CV) (CCl4, 100x CV). Scale bars= 25 μm. Time course (1, 2, 3, 7 days).
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Effects of ALK5 inhibitor (LY) on TGFβ signaling and hepatic apoptosis in vivo

In order to interfere in vivo with TGFβ signaling activation we have used the small molecule 
inhibitor (LY364947), which selectively blocks kinase activity of ALK5. The LY compound 
was injected one hour prior to CCl4 administration, in order to inhibit the TGFβ pathway 
shortly before the induction of cellular damage (Fig.2A). Administration of the compound 
was performed every 24 hours for 4 days (day 0- day 3) in mice that also received a single 
shot of CCl4 or vehicle control at day 0 (Fig.2A). Mice injected with vehicle substance or 
LY compound have normal liver morphology (Fig.S1). Early response (24 hours) to tissue 
damage involves transient loss of nuclear phosphorylated Smads (pSmad2) specifically in 
damaged hepatocytes of the central vein area (Fig.2B). To further test this observation, 
pSmad2 protein levels were measured in whole liver homogenates in control (vehicle), 
CCl4 and CCl4+LY-treated mice (Fig.S2). In addition, reduced pSmad2 immunofluorescence 
staining is observed in livers that were treated only with LY (Fig.S1), suggesting that the 
LY inhibitor can attenuate the activation of ALK5/Smad2 pathway in hepatocytes. Time 
course of pSmad2 immunofluorescence in the damaged (CCl4) liver tissues, indicates further 
inhibition of pSmad2 signal after treatment with the inhibitor (Fig.2B). However, co-labeling 
of αSMA and pSmad2 (Fig.2B; Fig.S3) shows that HSCs still have active pSmad2 and may 
not be efficiently targeted by LY inhibitor when administered systemically. Hepatic mRNA 
expression of p21, enriched in hepatocyte population and TGFβ target gene, is down 
regulated after LY administration (Fig.2C); however expression of Collagen type I (Col1A1), 
that is enriched in the HSC population, is not effectively inhibited but even induced by the 
LY (Fig.2D). In addition, inhibitory role of LY on mRNA expression of Plasminogen activator 
type 1 (Pai-1) in whole liver extracts, is observed only at 48 hours after CCl4 intoxication 
(Fig.2E). Since, hepatotoxicity mediated by CCl4 causes centrilobular cell death in hepatocytes 
and TGFβ per se has a proapoptotic role on hepatocytes; we determined the occurrence of 
apoptosis. Two methods were used; terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) and activation of cleaved caspase 3, which occurs in apoptotic cells either 
by exogenous (death ligand) or endogenous (mitochondrial) pathways29. TUNEL positivity 
indicates cell death; however, it cannot distinguish necrosis from apoptosis events. TUNEL 
activity was observed earlier (24 hrs after CCl4) (Fig.3) than cleaved caspase 3 positivity 
(peak at 48 hours after CCl4, Fig.S4). TUNEL positive cells were quantified in all the mice of 
each group throughout the time course (day 1- day 3) of regeneration (Fig.3B). Only at the 
earliest time point (1 day after CCl4/ CCl4+LY), there is significant TUNEL activity (Fig.3A), 
compared to the positive control. CCl4+LY group has decreased number of dead cells 
compared to CCl4 group at day 1 (Fig.3B). Activation of pro apoptotic protein caspase 3 in 
hepatocytes as detected by immunofluorescence has slightly different pattern (Fig.S4A-B) 
than TUNEL activity. It remains uncertain whether cleaved caspase 3 is expressed only by 
hepatocytes or HSCs in the damaged central vein area as indicated by αSMA+ HSCs (Fig.
S4B). Quantification of cleaved caspase 3 positive areas during day 1– day 3 after damage 
induction shows a similar or slightly increased trend (non-significant at day 1, day 2) of 
caspase 3 activity in the LY-treated group, compared to CCl4 (Fig.S4C). 
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Fig.2. Dynamics of hepatic pSmad2 expression in the central vein area after LY364947 administration
(A). Scheme of experimental plan. Induction of acute liver damage by single shot of hepatotoxic agent CCl4 took 
place at day 0. ALK5 inhibitor LY364947 (LY) was administered every 24 hours (d0-d3). d; day. (B). Time course of 
pSmad2 (green) and αSMA (red) expression by immunofluorescence during acute liver damage. Representative 
images of liver tissues from vehicle control, CCl4, and CCl4+LY injected mice. Images are shown at magnification 
40x (scale bars= 50 μm). The marked area (dashed line) is shown at higher magnification (100x), scale bars= 25 μm. 
The non-dashed marked area is shown at higher magnification, scale bars= 22.7 μm. Time course (1, 2, 3, 7 days). 
(C). QPCR analysis of mRNA levels of p21, (D). Col1A1, (E). Pai-1; direct target genes of TGFβ pathway. Treatment 
groups: Control (n=2), LY (n=2), CCl4 (n=2), CCl4+LY (n=3). Error bars indicate S.E.M. Relative expression values 
were normalized to Gapdh expression. Time point: 48 hours after CCl4. LY; LY364947. **Statistically significant, 
p<0.01. ns; non-significant difference.
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Fig.3. Effects of LY364947 on apoptosis in CCl4-induced regeneration in mice
(A). The presence of TUNEL positive cells was determined by immunofluorescence at 24 hours after CCl4 +/- LY.  
Representative images are shown per condition. Nuclei were visualized with TOPRO-3 (blue). Scale bars= 50μm. 
(B). Quantification of TUNEL immunofluorescence during day 1– day 3.  Values are expressed as mean percentage 
of positive cells measured in multiple areas of liver sections from 2 mice/ CCl4 group and 3 mice/ CCl4+ LY group.  
Error bars represent ± SEM. DNAse I-treated sections were used as positive control for DNA fragmentation and 
TUNEL activity. *Statistically significant, p<0.05. LY; LY364947

Effect of CCl4 and LY administration on expression of pericentral hepatocyte 
markers

Cytochrome 450 enzyme CYP2E1 and Glutamine synthetase (GS) are expressed exclusively 
in a subpopulation of hepatocytes of the mouse liver, specifically located around the 
central veins (pericentral hepatocytes). CYP2E1-expressing hepatocytes are affected by 
CCl4 because CYP2E1 converts it into a highly reactive radical (CCl3OO) which causes severe 
oxidative stress and might lead to apoptosis. Upon CCl4, Cyp2e1 (Fig.4A) and Gs mRNA 
levels (Fig.4B) are decreased, indicating either cell death of this subset of hepatocytes or 
temporary switching off of gene transcription. In fact, inhibition of Cyp450 enzyme activity 
may limit cell death and tissue damage. At seven days after CCl4 intoxication, mRNA levels 
of Cyp2e1 (Fig.4A) and Gs begin to recover (Fig.4B); however, they do not reach the levels 
of the control groups (Fig.4A-B). Recovery of the damaged hepatocytes seems improved in 
the LY treated group; mRNA expression levels of Cyp2e1 (Fig.4A) and Gs (Fig.4B) resemble 
the normal levels by day 7, in contrast to CCl4 d7 group. In view of these data, we assessed 
the CCl4-induced toxicity and recovery of CYP2E1+ hepatocytes by immunofluorescence in 
the damaged area in situ. Dynamics in protein expression of CYP2E1 (Fig.4C) follow similar 
pattern as the mRNA expression after CCl4 (Fig.4A), indeed confirming that normalisation 
of zonation in the CV area by day 7 (Fig.4C) is improved after LY inhibitor. Despite cell death 
events induced by CCl4 (Fig.3; Fig.S4), it is noteworthy that Cyp2E1 positive cells remain in 
the damaged area throughout the acute phase of injury (Fig.4C). Cells expressing αSMA, such 
as HSCs and smooth muscle cells, seem to intermingle with Cyp2E1+ hepatocytes (Fig.4C).

Inhibition of TGFβ in vivo enhances hepatocyte regeneration 

Cell proliferation is a mechanism for replenishment of hepatocytes as well as expansion of 
repair cells such as HSCs. We determined the expression of distinct proliferation markers (PH3 
and PCNA) in CCl4-induced liver damage (Fig.5). Histone 3 becomes phosphorylated only 
upon entry of the cell into mitosis; therefore phospho-histone 3 (PH3) expression is a marker 
of cell division (Fig.5A). Proliferating nuclear antigen (PCNA) is induced during duplication 
of DNA (S phase) prior to mitosis and also during DNA repair. Proliferation of hepatocytes 
is rare in the normal liver as they are quiescent cells (Fig.S5), however, upon injury they 
can re-enter cell cycle (Fig.5A-C). Quantification of PH3 indicates higher proliferation in 
presence of the LY inhibitor (Fig.5B). PH3 positive cells are mainly αSMA positive HSCs upon 
CCl4 (Fig.5A), however, proliferating αSMA-negative cells were also observed in the CCl4+LY 
liver tissues (Fig.5A), which are likely dividing parenchymal cells. Overview images of the 
same liver area were acquired with lower magnification for comparison (Fig.S6).  S phase 
marker PCNA is increased in the CCl4+LY group compared to the CCl4 group in HSCs and 
hepatocytes around the central vein area, adjacent to necrotic cells which express cleaved 
caspase 3 protein (Fig.5C). Proliferating cells that are distant from the central veins are 
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morphologically hepatocytes (Fig.5C). Quantification of overall number of PCNA positive 
cells as measured by immunofluorescence in the whole liver tissue showed increased trend 
of proliferation in the CCl4+LY group, particularly at day 2 and day 3 (Fig.5D). Western 
blotting analysis in whole liver extracts also confirmed that LY-treated samples had higher 
PCNA expression (Fig.5E). Administration of LY seems to inhibit the total levels (whole liver) 
of cyclin-dependent kinase inhibitor p21 (Fig.5E) which halts cell cycle progression in G1 
phase and is regulated directly by TGFβ13,14.
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Fig.4. Hepatic CYP2E1 expression of central hepatocytes is sustained in the damaged area during acute 
liver injury 
Analysis of central hepatocyte-specific transcripts by QPCR in whole liver cDNA preparations. (A). cytochrome 450 
2E1 (CYP2E1, pericentral hepatocytes), (B). glutamine synthetase (Gs, pericentral hepatocytes). Treatment groups: 
Control (n=2), LY (n=2), CCl4 (n=2), CCl4+LY (n=3). Error bars indicate S.E.M. Expression values were normalized 
to Gapdh expression and to the control sample (vehicle DMSO/oil). Time point; d1: day 1 after treatment, d2: 
day 2 after treatment, d3: day 3 after treatment, d7: day 7 after treatment. *Statistically significant, p<0.05, 
**Statistically significant, p<0.01, *** Statistically significant, p<0.001 versus control, ns; non-significant difference. 
(C). Immunofluorescence staining of central hepatocytes (CYP2E1, green), activated HSCs and vascular smooth 
muscle cells (αSMA, red) in the central vein area. Nuclei are visualized with TOPRO-3 (blue). Time points: day 1, 
day 2, day 3 and day 7 after CCl4 or CCl4+LY. LY; LY364947. Magnification: 40x. Scale bars= 75μm.
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by immunoblotting in whole liver tissue extracts. Treatment groups: Control (DMSO-oil), CCl4, CCl4+LY. Time course: 
day 1 (d1), day 2 (d2), day 3 (d3), day 7 (d7) after CCl4 injection and small molecule inhibitor administration (day 
0- day 3). β- actin was used as protein loading control. LY; LY364947. *Statistical significance, p<0.05.

In vivo interference of TGFβ pathway by LY does not inhibit activation of HSCs in 
the acute liver damage model 

To assess beneficial or adverse effects of LY on wound healing response, we have performed 
extensive histological analyses. Induction of αSMA is a reliable marker of liver MFBs (activated 
HSCs), as well as MFBs resident in other tissues and vascular smooth muscle cells. 
To distinguish HSC-enriched genes we measured the expression of αSMA and Ctgf which 
are enriched in HSCs. αSMA (Fig.S7A) and Ctgf (Fig.S7B) mRNA levels show a decreasing 
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trend of expression in the CCl4+LY compared to the CCl4 group. In the control groups, αSMA 
expression was only present in the smooth muscle cells lining portal and central veins 
(Fig.S1). Mice administered with CCl4 toxin show signs of wound healing response during 
the first 48 and 72 hours (day 2, 3), with up regulation of αSMA protein, as observed by 
immunofluorescence (Fig.S8A) and by western blot analysis (Fig.S8C). Tissue restoration 
after CCl4-induced damage takes place by day 7, when αSMA protein expression is decreased 
back to basal levels (Fig.S8A). However, expression of αSMA protein as measured by western 
immunoblotting in whole liver protein samples (Fig.S8C) is similar or slightly higher in livers 
of the CCl4+LY group over the CCl4 group. Quantification of positive staining in individual 
mice per group reflects a trend for higher induction of αSMA protein in the CCl4+LY group 
(Fig.S8B); therefore, HSC activation might not be affected by the LY treatment. 

In vitro effects of LY on TGFβ signaling

The differential in vivo responses of HSCs and hepatocytes to the LY were furthermore 
examined using established in vitro mouse cell lines. Mouse HSCs and AML12 (hepatocytes) 
cells were stimulated with TGFβ or with TGFβ+LY and the expression of TGFβ downstream 
targets was tested by QPCR and western blotting. As control, non-treated cells and TGFβ-
stimulated cells were used. TGFβ stimulation of HSCs up regulates mRNA expression of 
αSMA compared to non-stimulated HSCs (Fig.S9). TGFβ inhibition in HSCs is time- and dose-
dependent; at high doses LY (5 uM LY, 10uM LY) abrogates the effect of TGFβ stimulation 
on αSMA (Fig.S9). However, at lower dose (1uM) LY seems to induce, rather than inhibit, 
the TGFβ-mediated effect on αSMA expression, particularly at later (20 hrs TGFβ+1uM LY) 
time points (Fig.S9). We measured the expression of direct target genes Pai-1 and Ctgf on 
HSCs and hepatocytes; cell type- specific differences are observed during early induction 
by TGFβ (after 1 hour) (Fig.S10). LY treatment might be more efficient in inhibiting Pai-1 
expression in AML12 hepatocytes (Fig.S10C) rather than in HSCs (Fig.S10A). Similarly, Ctgf 
expression is efficiently down regulated in the AML12 cells as early as 1 hour (Fig.S10D) 
while Ctgf levels in HSCs remain high at 1 hour in presence of LY inhibitor (Fig.S10B). 
Furthermore, phosphorylation of Smad2 (Fig.S11A-B) and Smad3 (Fig.S11D-E) was analysed 
in a dose- dependent way after TGFβ stimulation (1 hour) and inhibition with LY (1uM, 
5uM, 10uM). HSCs (Fig.S11A, D) and AML12 cells (Fig.S11B, E) in vitro respond to addition 
of exogenous TGFβ by induction of downstream pSmad2 and pSmad3. Quantification 
of protein bands using densitometry was done in three independent experiments, and 
showed that decrease of phosphorylated Smad2 (Fig.S11C) and Smad3 (Fig.S11F) levels 
is analogous to the concentration of LY, with 10uM dose being the most effective for both 
HSCs and AML12 cell types. 
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Discussion

Acute liver failure is a severe condition of extensive hepatocyte necrosis and improper 
wound healing response, which occurs by exposure to intoxicants such as acetaminophen, 
thioacetamide, chloroform and CCl4. TGFβ is an inhibitory factor of liver regeneration by 
causing cytostatic response on hepatocytes and profibrotic effects on HSCs. Taking into 
account the deregulated levels of TGFβ in many fibrotic and malignant diseases we have 
investigated the impact of short term inhibition of TGFβ pathway on CCl4-induced acute 
damage and liver regeneration in vivo. 
In this study we assessed the distinct roles of TGFβ in cell death and regeneration of different 
cell types upon acute liver damage in mice. CCl4- induced toxification occurs mainly in 
the central vein area, probably due to the low oxygen pressure and high cytochrome 450 
enzyme levels3. Chemicals that induce cytochromes that metabolize CCl4 or delay tissue 
regeneration when co-administered with CCl4 will potentiate its toxicity, while appropriate 
CYP450 inhibitors will limit its toxicity6. Upon CCl4, TGFβ canonical pathway is activated 
and target genes p21, Col1A1, Pai-1, αSMA and Ctgf are induced.  However, histology of the 
liver tissues showed a local inhibition of pSmad2 early upon tissue injury, exclusively in the 
centrilobular hepatocytes but not in the activated HSCs.  This particular cell response may 
play a role in reentering of quiescent hepatocytes into the cell cycle and perhaps, initiation 
of the regenerative response. This observation is in line with previous studies12,14 describing 
transient desensitization of hepatocytes to TGFβ- mediated growth arrest. Inhibition of ALK5 
kinase activity by LY appears to have a potential stimulatory effect on hepatocyte proliferation 
during liver regeneration. Hepatocyte proliferation rate, indicative of the replacement of 
damaged cells by newly formed cells, was measured by PCNA immunostaining and western 
blotting. Proliferation is stimulated by LY co-administration with CCl4 as suggested by 
the increased PCNA levels as well as higher levels of the mitosis marker phosphorylated 
histone3. Mitotic events are very few after CCl4 intoxication, although this S phase marker 
expression is induced. A possible explanation for this difference is that hepatocytes are 
frequently binuclear cells since they progress through the DNA duplication phase but do 
not undergo cell division30. Higher proliferation rate after LY treatment is observed as early 
as 24 hours after injury, which may suggest that this compound leads to faster activation of 
innate repair and regeneration responses. Similar to our data, suppression of TGFβ induces 
transcription of regeneration factors (HGF, IL-6) in dimethylnitrosamine- induced chronic liver 
injury in rats18. Enhanced proliferation of hepatocytes, observed in the presence of dominant 
negative TGFβ receptor mutants18 and hepatocyte specific conditional deletion of TGFβRII31 
supports the hypothesis that TGFβ sustains quiescent hepatocytes in a differentiated state.
Cell death of a subset of hepatocytes occurs immediately due to CCl4 toxicity; however, 
there is clearly a subpopulation of Cyp2E1 hepatocytes that remain in the central vein zone 
at 24 hours after CCl4. The location of these cells adjacent to the central vein may suggest 
that the damaged cells have the capacity to survive and to sustain their initial location and 
hepatocyte specific gene expression. This observation is in line with Cyp2E1 mRNA presence 
in centrilobular hepatocytes as shown by in situ hybridisation in regenerating mouse liver32. 
Cyp2E1 zonal expression is normalized to the basal levels by day 7 in the LY-treated group, 
indicative of better recovery of the damaged area. LY may also possibly limit the damage or 
necrosis as suggested by the lower levels of TUNEL activity at 24 hours after CCl4 intoxication. 
However, cleaved caspase 3 levels are similar in CCl4 and CCl4+LY and peak at a later time 
point than TUNEL activity; the different pattern of terminal deoxynucleotidyl transferase 
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(TdT) and Caspase 3 expression suggests the presence of two different cell populations and 
functional processes. TUNEL positive cells, which are evident at early time points, possibly 
represent the cells undergoing necrosis due to the toxin, while activated Caspase 3 marks 
cells undergoing apoptosis. 
One consideration regarding HSCs is their activated MFB characteristics, such as αSMA 
and COL1A1 expression, which are sustained by autocrine TGFβ signaling, however, due 
to the terminally differentiated phenotype, HSCs might not act in response to exogenously 
provided TGFβ stimulation33. Furthermore, other studies have shown that ALK4, ALK5 and 
ALK7 receptors can be targeted by SB-431542 kinase inhibitor, which blocks TGFβ- induced 
nuclear translocations of Smad3 and Col1A1 levels in renal epithelial carcinoma, HaCat, 
NIH 3T3 and C2C12 cells28,34,35. Molecular ALK5 inhibition has been shown by the use of 
LY364947 compound30,36,37 or by other inhibitors, e.g. GW660438, GW78838839. Selectivity 
of the inhibitors is dose-dependent and inhibition of TGFβ receptor kinase activity may not 
inhibit non-Smad signaling response which may lead to adverse effects40.		
The in vivo co-administration of LY364947 in CCl4-mediated liver injury potently seems to 
decrease the mRNA expression of direct target genes, however since whole liver (hepatic) 
extracts have been used in this study, the cell type-specific enrichment of target genes 
cannot be determined. Ctgf, p21 are expressed by parenchymal and non-parenchymal 
cell types41-43.  Genes that are typically expressed in HSCs, such as Col1A1 and αSMA, have 
similar mRNA and protein levels in CCl4 and CCl4+LY-injected mice. Expression of Pai-1 
is not significantly different in CCl4+LY-injected mice compared to CCl4. In the model of 
acute hepatic injury used in this study, either HSC cell population is not sensitive to ALK5 
receptor inhibition33 after injury response is initiated or TGFβ inhibition is compensated 
by other signaling pathways (e.g.  PDGF 1, p38 MAPK34). In fact, αSMA is directly regulated 
by TGFβ and canonical Smad signaling12,15,16. Id1 target gene of BMP  signaling, which is 
also induced by TGFβ1/ ALK1/Smad1 branch, is important for activation of HSCs and actin 
polymerization44. Thus, TGFβ inhibition alone might not be sufficient to abrogate HSC 
proliferation and/ or accumulation of these cells. Enhanced fibrogenesis is beneficial for 
the regenerative response; however, if it becomes uncontrollable it may eventually lead 
to fibrosis. Thus, HSCs may require cell-specific targeting or longer treatment with ALK5 
inhibitor in order to invert their fibrogenic properties in fibrosis studies36,45. The study of 
van Beuge et al., 2013 showed that administration of LY without cell-specific delivery is 
less effective in decreasing the levels of fibronectin or collagen, similarly to our data. Other 
in vivo studies have provided evidence on the efficiency of the LY inhibitor in interstitial 
heart fibrosis46 and in lymphangiogenesis in a chronic peritonitis mouse model47. In cancer 
studies, combined administration of LY and Imatinib prolongs the survival of mice with 
chronic myeloid leukemia48. Nevertheless, specific targeting of a TGFβ inhibitor in any 
disease setting is definitely advantageous over systemic administration in order to prevent 
on target responses that might be disadvantageous due to the differential role of TGFβ 
depending on the cell type/ gene expression context. An interesting hypothesis that 
might emerge from the analysis of our data that requires further investigation is that the 
damaged hepatocytes survive and remain functional under acute toxin injury condition. 
Thus, cell damage might not de facto lead to cell death and massive hepatocyte necrosis 
and should be carefully characterised in the different experimental models of hepatic injury. 
In vivo TGFβ inhibition by systemic administration of the LY appears to enhance hepatocyte 
proliferation and regeneration of the liver, thus it could be therapeutically beneficial to 
explore cell type-specific targeting depending on the liver disease context e.g. hepatocyte 
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or HSC-specific delivery for hepatocellular carcinoma or fibrosis, respectively. 
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Fig.S1. LY364947 efficiently blocks Smad2 phosphorylation in normal liver
Staining for phosphorylated Smad2 (pSmad2, green) and alpha smooth muscle actin (αSMA, red) in control 
(DMSO-oil) and LY groups. LY; LY364947. 24 hours post injections. Nuclei were visualised by TOPRO-3 (blue). 
Magnification 20x. Scale bars= 100 μm.
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Fig.S2. Phosphorylated and total Smad2 protein levels in whole liver homogenates 
Protein expression of pSmad2 and total Smad2 was measured by western immunoblotting in whole liver tissue 
extracts. Total Smad2 was detected using an antibody that recognizes the total Smad2 and Smad3 proteins. 
Treatment groups: vehicle (DMSO-oil), CCl4, CCl4+LY364947. Time course: day 1 (d1), day 2 (d2), day 3 (d3), day 7 
(d7) after CCl4 injection and small molecule inhibitor administration (day 0- day 3). β- actin was used as protein 
loading control.
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Fig.S3. LY364947 efficiently blocks Smad2 phosphorylation in hepatocytes but not in αSMA- positive HSCs 
Time course (day1, day2, day3) of Smad2 phosphorylation by immunofluorescence staining (green) in liver tissues 
from animals that received CCl4, CCl4+LY. αSMA staining (red) marks activated HSCs (liver MFBs) as well as vascular 
smooth muscle cells. Nuclei were visualized by TOPRO-3 (blue). Representative images are shown per treatment 
group and time point. Magnification 40x, Scale bars= 50 μm. LY; LY364947.
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Fig.S4. Apoptosis marker cleaved caspase 3 expression
(A). Activation of proapoptotic protein caspase 3 in hepatocytes as detected by immunofluorescence (cleaved 
(Cl) Caspase 3, green) after CCl4+/- LY364947 administration in the damaged central vein area as indicated by 
αSMA+ HSCs (red). Nuclei were visualised by TOPRO-3 (blue). Magnification 40x. Scale bars= 50μm. (B). Cleaved 
caspase 3 (red) and αSMA (red) immunofluorescence of sections at higher magnification (200x) on day 2 and day 
3 after CCl4-induced injury. cv; central vein Scale bars= 5 μm. (C). Quantification of cleaved caspase 3 positive area 
during day 1– day 3 after damage induction. Different fields of view in stained sections for every individual mouse 
were imaged and quantified. Graph indicates the mean percentage of positive stained area from 2 mice/ CCl4 
group and 3 mice/ CCl4+LY group. Error bars represent ± SEM. *Statistical difference (P<0.05). ns; non-significant 
difference. LY; LY364947.
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Fig.S5. PCNA and cleaved caspase 3 levels in quiescent control liver tissues
Time point; after 3 days of vehicle (left) or LY (right) administration. LY; LY364947. Cleaved (Cl) caspase 3; marker 
of apoptosis (green), PCNA; marker of proliferation (red). Nuclei were visualized with TOPRO-3 (blue). 
Scale bars= 100μm. 
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Fig.S6. PH3 immunofluorescence
Mitotic events after CCl4 or in combination with LY364947 (LY), as determined by immunofluorescence for 
phosphorylated histone protein 3 (PH3, green) in the damaged central vein area (αSMA+ HSCs and smooth muscle 
cells, red). A representative overview image is shown per condition. Nuclei were visualized with TOPRO-3 (blue). 
Magnification 40x. Scale bars = 50μm.
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Fig.S7. Hepatic αSMA and Ctgf mRNA levels after CCl4 administration in presence or absence of LY364947 
inhibitor
(A). mRNA levels of αSMA and (B). mRNA levels of Ctgf as measured by QPCR. Treatment groups: Control (n=2), 
LY (n=2), CCl4 (n=2), CCl4+LY (n=3). LY; LY364947. Error bars indicate S.E.M. Relative expression values were 
normalized to Gapdh expression. Time points: day 1- day 2- day 3- day 7 after CCl4. **Statistically significant, 
p<0.01, ****Statistically significant, p<0.0001, ns; non-significant difference.
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Fig.S8. In vivo inhibition of TGFβ receptor kinase activity in acute liver damage model by small molecule 
inhibitor LY364947
(A). Immunofluorescence staining of αSMA+ HSCs in CCl4 and CCl4+LY treated liver tissues. Representative images 
are shown per each time point; day 1, day 2, day 3 and day 7 after single CCl4 dose. Nuclei were visualized by 
TOPRO-3 (blue). Magnification 40x. Scale bars= 50 μm. (B). Quantification of αSMA immunofluorescence in liver 
tissues. Error bars represent S.E.M. Time points: day 1, day 2, day 3, day 7 after CCl4 shot. Treatment groups: control 
(n=2 per time point), LY (n=2), CCl4 (n=2) and CCl4+LY (n=3). ns; non-significant difference. (C). Protein expression 
of αSMA measured by western immunoblotting from whole liver tissue extracts. β- actin was used as protein 
loading control. Time points and treatment groups as described previously. LY; LY364947. 
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Fig.S9. High dose of LY364947 treatment is required to inhibit αSMA expression in HSCs in vitro
Quantitative PCR analysis of αSMA expression in HSCs. Cells were pretreated with increasing concentrations of 
LY364947 (LY 1uM, 5uM, 10uM) for 1 hour and stimulated with TGFβ3 (5ng/ml) for 1, 6 and 20 hours. Expression 
was normalized to the values of the control cDNA from non-stimulated cells. ****Statistically significant, p<0.0001 
versus TGFβ. ns; non-significant difference.
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Fig.S10. In vitro effects of LY364947 on TGFβ target genes in HSCs and hepatocyte AML12 cell line
(A). Pai-1 mRNA expression and (B). Ctgf mRNA expression in mouse HSCs. HSCs were pretreated with increasing 
concentrations of LY364947 (LY 1uM, 5uM, 10uM) and stimulated with TGFβ3 (5ng/ml) for 1 hour. Fold induction 
(ΔΔCt) was normalized to the control sample (non-stimulated cells) and Gapdh expression values. (C). Pai-1 mRNA 
and (D). Ctgf mRNA expression in mouse AML12 hepatocytes. Cells were pretreated with increasing concentrations 
of LY364947 (LY 1uM, 5uM, 10uM) and stimulated with TGFβ3 (5ng/ml) for 1 hour. Fold induction (ΔΔCt) was 
normalized to the control sample (non-stimulated cells) and Gapdh expression values. *Statistically significant, 
p<0.05, **Statistically significant, p<0.01, ***Statistically significant, p<0.001, ****Statistically significant, p<0.0001 
versus control sample. ns; non-significant difference.
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Fig.S11. In vitro effects of LY364947 on Smad2, Smad3 phosphorylation in HSCs and AML12 cell lines
Cells were pretreated with increasing concentrations of LY364947 (LY 1uM, 5uM, 10uM) for 1 hour and stimulated 
with TGFβ3 (5ng/ml) for 1 hour (n=3). Loading control; β-actin. (A). pSmad2 in HSCs (1h time point), (B). pSmad2 in 
AML12 hepatocytes (1h time point), (C). Quantification of western blotting pSmad2 signal by densitometry (n=3). 
Relative abundance over β-actin, (D). pSmad1, pSmad3 in mouse HSCs, (E). pSmad1, pSmad3 in mouse AML12 
hepatocytes, (F). Quantification of western blotting pSmad1, 3 signal by densitometry (n=3). Relative abundance 
over β-actin. *Statistically significant, p<0.05, **Statistically significant, p<0.01 versus TGFβ. 
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Supplementary Materials and Methods

Immunofluorescence

Liver tissues were fixed in 4% paraformaldehyde solution overnight, washed in PBS and 
processed for paraffin embedding. For every mouse, one of the liver lobules was embedded 
in a paraffin block and multiple serial sections (0.6 μm) were prepared. For antigen retrieval, 
sections were boiled 10- 30 min in antigen unmasking solution (Vector Labs) and were 
incubated in 3% H2O2 for endogenous peroxidases sequestering. Sections were blocked 
with 1% bovine serum albumin (BSA)- PBS-0.1% v/v Tween 20) and incubated with primary 
antibodies diluted in the blocking solution, overnight at 4°C or room temperature. Primary 
antibodies and dilutions used are as follows: anti-αSMA 1:500 (Sigma), anti-phospho-
Smad2 1:1000 (Cell Signaling), anti-Cyp2e1 1:500 (Biorbyt), anti-Fsp1 1:1000 (Millipore), 
anti-desmin 1:500 (Santa Cruz), anti-HNF4α 1:100 (Santa Cruz), anti-PCNA 1:10.000 (Sigma), 
anti-phospho Histone3 1:1000 (Millipore), anti-cleaved caspase 3 1:1000 (Cell Signaling). 
Sections were then incubated with secondary antibodies labeled with Alexa Fluor 488, 555, 
or 647 (Invitrogen/Molecular Probes, 1:250 in PBS-0.1% Tween 20). Detection of pSmad2 
and Cyp2e1 was enhanced using tyramide amplification (Invitrogen/Molecular Probes) by 
incubation of slides with horseradish peroxidase (HRP)-conjugated secondary antibody 
(1:100 dilution) (Invitrogen/Molecular Probes), followed by incubation with tyramide-4 
88 for 10 minutes. All sections were counterstained with TOPRO-3 (Invitrogen/Molecular 
Probes) at 1:1000 dilution in PBS-0.1% Tween20 for nuclei visualization, and mounted with 
Prolong G mounting medium (Invitrogen/Molecular Probes), which contains DAPI. Every 
immunofluorescence staining experiment was performed multiple times using different 
sections from the same lobule from every mouse. 

RNA isolation, RT-PCR and Quantitative PCR 

During liver tissue collection, one of the liver lobules of each individual mouse was snapfrozen 
in liquid nitrogen and stored at -80°C for RNA analyses. One liver part per mouse (100 μm) 
was homogenized using an UltraTurrax homogenizer (T25 basic, IKA) in TRIpure reagent 
(Roche) and directly processed for total RNA isolation according to the TRIpure RNA extraction 
protocol. Total RNA (0.5 μg) was used for first strand cDNA synthesis using RevertAid H 
Minus first strand cDNA synthesis kit (Fermentas). For quantitative PCR (Q-PCR) ten-fold 
diluted cDNA was amplified in a CFX Real Time Detection system (Bio-rad) using SYBR 
Green Supermix reagent (Bio-rad). Expression levels were normalized to housekeeping 
gene (Gapdh). 
Primer sequences: 
αSMA: for-ACTGGGACGACATGGAAAAG, rev- CATCTCCAGAGTCCAGCACA
Pai: for-GCCAACAAGAGCCAATCACA, rev-AGGCAAGCAAGGGCTGAAG
Cyp2e1: for- GGACATTCCTGTGTTCCAG, rev- CTTAGGGAAAACCTCCGCAC  
Ctgf: for- CAGACTGGAGAAGCAGAGCC, rev- GCTTGGCGATTTTAGGTGTC  
Gs: for- CTCCTGACCTGTTCACCCAT, rev- TTGCTTGATGCCTTTGTTCA   
Gapdh: for-AACTTTGGCATTGTGGAAGG, rev-ACACATTGGGGGTAGGAACA
p21: for- CGGTGTCAGAGTCTAGGGGA, rev- ATCACCAGGATTGGACATGG
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Western immunoblotting 

During liver tissue collection, one of the liver lobules of each individual mouse was snapfrozen 
in liquid nitrogen and stored at -80°C for protein analyses. One liver part per mouse (100 μm) 
was homogenized in tissue lysis buffer (30 mM Tris pH 7.4, 150 mM NaCl, 0.5% Triton-X 100, 
10 mM NaF, 1mM Na3VO4, 10mM EDTA pH=8.0, 1%SDS, plus complete protease inhibitors, 
Roche) using an Ultra Turrax homogenizer (T25 basic, IKA). Following a centrifugation step 
(15 min, 4000 rpm, 4°C) to remove debris, the protein extract can be collected (supernatant) 
and further diluted 5-fold with lysis buffer. Whole protein extract by DC protein assay (Biorad) 
using BSA serial dilutions in tissue lysis buffer. A total of 20 ug was diluted in 4x Laemmli 
buffer, separated by SDS-PAGE and transferred to nitrocellulose membranes.  The following 
primary antibodies were used anti-αSMA 1:1000 (Abcam), anti-phospho-Smad1 1:1.000 
(Cell Signaling), anti-phospho-Smad2 1:1.000 (Cell Signaling), anti-Smad2/3 1:1000 (BD 
Biosciences), anti-PCNA 1:5000 (Sigma), anti-p21 (Santa Cruz), GAPDH 1:10.000 (Millipore), 
actin 1:10.000 (Sigma).  Appropriate secondary antibodies were used and detected by 
chemiluminescence (Biorad). 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 sofware (San Diego, CA) and 
two-way ANOVA test. Data is presented as mean±SEM. Significant differences are indicated 
with asterisks (* p< 0.05, ** p<0.01, *** p<0.001, ***p<0.0001). For quantitative PCR analysis 
experiments were repeated at least three times as technical replicates for every sample 
(different cDNA preparations using the RNA of one liver lobule per mouse) and the average 
value was calculated. The mean values obtained from individual animals for every group 
(n=2-3) were used for ANOVA statistical analysis. For quantifications of immunofluorescence 
signal; for every stained section (representing one mouse liver sample) multiple fields of 
view were imaged and quantified (see section Microscopy and Image analysis). The average 
of these values was calculated for every mouse sample. Statistical analyses were performed 
on the values of all the mouse samples per treatment group (n=2-3 in total). 

Cell lines 

Activated HSCs (Collagen1alpha1-GFP HSC cell line, David Scholten) and AML12 mouse 
hepatocytes were used. Cells were serum starved, pretreated with ALK5 inhibitor LY364947 
(5ug/ml) for 2 hours and stimulated with TGFβ3 (5ng/ml) for 1, 6 or 20 hours.  

Microscopy and Image analysis 

Confocal microscopy of labelled specimens was performed on a Leica TC-SP5 microscope 
with a 40Χ 1.4 NA oil-immersion objective Z series were collected and reassembled in Image 
J software (rsbweb.nih.gov/ij). Mean area fraction fluorescence was calculated in Image 
J software using threshold to select the root boundary and measuring the percentage 
of positive surface inside the intensity defined by the threshold. For quantifications of 
immunofluorescence signal, staining experiments were performed on all the samples 
simultaneously to reduce technical variation (each treatment group contains one sample 
from each mouse, n=2-3 in total). Experiments were repeated three times (three sections 
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per sample were analysed) and stained specimens in a given experiment were imaged 
using identical microscopic exposure and recording settings. 
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