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Abstract
Background & Aims—Fibroblast growth factor receptor (FGFR) 4 controls bile acid metabolism
and protects the liver from fibrosis, but the roles of FGFR1 and FGFR2 in the adult liver are largely
unknown. We investigated the functions and mechanisms of action of these receptors in liver
homeostasis, regeneration, and fibrosis.

Methods—We generated mice with hepatocytes that lack FGFR1 and FGFR2 and subjected them
to acute and chronic carbon tetrachloride-induced liver injury and partial hepatectomy; mice were
also injected with FGF7. We performed histology, histomorphometry, real-time reverse transcription
PCR, and immunoblot analyses.

Results—In hepatocytes, loss of FGFR1 and FGFR2 eliminated responsiveness to FGF7 and related
FGF family members, but did not affect toxin-induced liver injury and fibrosis. However, mortality
after partial hepatectomy increased because of severe hepatocyte necrosis. These effects appeared
to be mediated by a failure of hepatocyes to induce the expression of the transcriptional regulators
Dbp and Tef upon liver surgery; this affected expression of their target genes, which encode
detoxifying cytochrome P450 enzymes. We found that Dbp and Tef expression was directly
controlled by FGFR signalling in hepatocytes. As a consequence of the reduced expression of genes
that control detoxification, the liver tissue that remained after partial hepatectomy failed to efficiently
metabolize endogenous compounds and the drugs applied for anaesthesia/analgesia.

Conclusions—We identified a new, cytoprotective effect of FGFR1 and FGFR2 in the
regenerating liver and suggest the use of recombinant FGF7 to increase survival of patients after
surgical resection of large amounts of liver tissue.
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Introduction
The liver is the only organ in mammals that can fully regenerate after injury. This potential is
required after surgery, toxin-induced necrosis, or viral infections to restore liver integrity.
Hepatic tissue loss initiates a well-defined program, which finally results in restoration of the
initial liver mass and re-establishment of the liver’s essential functions in metabolic regulation
and compound detoxification 1. A commonly used model to study liver regeneration in rodents
is partial hepatectomy (PH), where 70% of the liver is surgically removed. In response to PH,
hepatocytes enter the cell cycle and proliferate to restore the original liver mass 2,3.

Unfortunately, the regenerative capacity of the liver is frequently inadequate, in particular after
chronic injury by toxins or viral infections. This causes replacement of functional epithelial
tissue by connective tissue, resulting in fibrosis and cirrhosis 4,5. A suitable animal model to
study toxin-induced liver injury is application of carbon tetrachloride (CCl4), which initially
causes centrilobular necrosis and inflammation, and - upon long-term application – liver
fibrosis 6.

We recently showed a role of FGFs in liver regeneration 7, although the functions and
mechanisms of action of individual FGFs and their receptors are largely unclear. FGFs consist
of a family of 22 polypeptides, which regulate migration, proliferation, differentiation, and
survival of different cell types 8,9. They activate four transmembrane tyrosine kinase receptors,
designated FGFR1-FGFR4. Further diversity is generated by alternative splicing in the third
immunoglobulin-like domains of FGFR1-3, resulting in IIIb and IIIc variants with different
ligand binding specificities. The IIIb variants are predominantly expressed in epithelial cells,
whereas mesenchymal cells express mainly the IIIc variants 8.

FGFs are essential regulators of liver development 10,11, and they are also involved in liver
regeneration 7, 12. We previously demonstrated that transgenic mice expressing a dominant-
negative FGFR2-IIIb mutant in hepatocytes showed impaired hepatocyte proliferation after
PH 7. Since the dominant-negative mutant inhibits the action of all FGF receptors in response
to common FGF ligands 13, the role of individual FGFs and FGFRs in liver regeneration
remains to be determined.

FGFR4 is strongly expressed by hepatocytes and is a regulator of bile acid homeostasis 14.
FGFR4-deficient mice showed normal regeneration after PH 14, but enhanced fibrosis after
chronic CCl4 application 15. On the other hand, mice lacking FGF1 and FGF2 showed less
fibrosis in this model, suggesting that these FGFs accelerate liver fibrosis through activation
of other FGFRs 16. Since FGFR2 and FGFR1 are also expressed by hepatocytes 7,14,17 (Fig.
1), we determined the consequences of their loss in hepatocytes for liver homeostasis,
regeneration and fibrosis.

Materials and Methods
Animals

Animal maintenance and experiments were approved by the local veterinary authorities of
Zurich, Switzerland. The animals were free of pathogens, including mouse hepatitis virus.

CCl4-induced acute liver injury
Mice were injected intraperitoneally (i.p.) with a single dose of CCl4 (0.4mg/g body weight in
mineral oil (Sigma, Buchs, Switzerland)) or mineral oil alone. They were sacrificed at different
time points after injury.
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CCl4–induced liver fibrosis
Mice were injected i.p.15 times every third day with CCl4 (0.2mg/g body weight in olive oil)
or vehicle alone. They were sacrificed 72h after the last injection.

PH
8–10-week-old male mice, which had received food and water ad libitum prior surgery, were
anaesthetized by i.p. injection of ketamine (0.1mg/g body weight)/xylazine (5μg/g body
weight) in isotonic saline or by inhalation of isoflurane (2%). PH was previously described 7.
Three liver lobes including the previously emptied gall bladder were removed. After surgery
mice were injected with buprenorphine (Temgesic, Essec Chemie AG, Switzerland; 0.1 μg/g
body weight). They were sacrificed by CO2 inhalation and the remaining livers were harvested
at different time points after PH. For sham surgery the mice were anaesthetized, the abdomen
was opened, and the liver lobes were briefly pulled out from the abdominal cavity. In most
experiments the liver removed in the surgical process served as control. Livers from non-
operated or sham-operated mice served as additional controls in some experiments. All
experiments were performed in the morning between 8 and 11 am.

Culture of primary hepatocytes and analysis of the FGF response
Murine hepatocytes were isolated as described 18, plated on collagen R (Serva, Heidelberg,
Germany; 0.2 mg/ml)-coated dishes in RPMI medium (Invitrogen) at a density of 5×105/
cm2, and left to adhere for 3h. Subsequently, the medium was changed to remove non-attached
cells. After 30 min 10 ng/ml FGF7 (Palifermin, Amgen, Thousank Oaks, CA) was added. At
different time points after FGF addition cells were lysed and analyzed by western blotting for
phosphorylated FRS2α and GAPDH.

Histology and histomorphometry
Liver samples were fixed in 4% paraformaldehyde in PBS and embedded in paraffin. Sections
(3.5μm) were stained with hematoxylin/eosin, photographed (3–5 pictures per animal), and the
necrotic area was determined morphometrically. Fibrotic area was measured in sections stained
with Sirius Red or with an antibody against fibronectin.

Identification of proliferating cells
Proliferating cells were identified by 5-bromo-2′ deoxyuridine (BrdU) labeling as previously
described 19 and counted in four independent microscopic fields (200× magnification) per
animal.

Serum collection and analysis
Mice were euthanized by CO2 inhalation and blood was taken by heart punctuation. Following
coagulation, it was snap frozen and stored at −80°C until serology tests were performed using
standard procedures.

Statistical analysis
Statistical analysis was performed using the Prism4 software. Quantitative data are expressed
as mean +/− SEM. Significance was calculated using the Mann-Whitney U test. *P<0.05,
**P<0.01, and ***P<0.001. For quantitative Real-Time RT-PCR (qRT-PCR) experiments
RNA from single mice was used, and at least four mice were analyzed per condition and
genotype.
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Results
Generation of mice lacking FGFR1 and FGFR2 in hepatocytes

Mice with floxed fgfr1 20 and fgfr2 alleles 21 were mated with albumin-Cre transgenic mice,
which express Cre in hepatocytes postnatally 22. Albumin-Cre mice with wild-type fgfr alleles
as well as mice with floxed fgfr alleles but without the Cre transgene were used as controls,
and they never revealed phenotypic abnormalities. The knockout mice were designated Alb-
R1, Alb-R2, Alb-R2-IIIb and Alb-R1/R2. Since hepatocytes express predominantly or even
exclusively the IIIb variant of FGFR2 (Fig. 1A), Alb-R2 and Alb-R2-IIIb mice have the same
defect.

Loss of fgfr1 and fgfr2 expression was verified by qRT-PCR. Reduced levels of fgfr1 and
fgfr2 mRNAs were observed in total liver and particularly in isolated primary hepatocytes of
Alb-R1/R2 mice compared to control mice (Fig. 1A). Using primers specific for the IIIb and
IIIc splice variants, we found an almost complete loss of FGFR1-IIIb and FGFR2-IIIb in the
liver. This is consistent with the expression of FGFR2-IIIb in hepatocytes but not in other liver
cells 23. By contrast, only a slight and non-significant reduction was seen for the (stromal) IIIc
variants (Fig. 1A). Expression of FGFR4 was not affected, and FGFR3 was not expressed in
the liver (Fig. 1A). Loss of FGFR2 in hepatocytes was verified by western blotting of total
liver lysates (Fig. 1B). The residual expression most likely results from the expression in non-
parenchymal cells, e.g. endothelial cells, as determined by immunohistochemistry (Fig. 1C).
Treatment of serum-starved, cultured primary hepatocytes with FGF7 led to increased
phosphorylation of FGF receptor substrate 2α (FRS2α) in cells from control mice but not from
Alb-R1/R2 mice (Fig. 1D), demonstrating loss of FGF7-induced signalling. Under the same
conditions, hepatocytes from mice of both genotypes responded appropriately to epidermal
growth factor (EGF) (Suppl. Fig. S1A).

Loss of FGFR1 and FGFR2 in hepatocytes does not affect liver function
Alb-R1/R2 mice were healthy and macroscopically normal. Their liver weight to body weight
ratio was unaltered, and no histological abnormalities were seen in the liver (Suppl. Fig. S1B).
Serum analysis for albumin and alkaline phosphatase did not reveal alterations in the mutant
mice. There was no sign of liver damage as revealed by the normal serum levels of aspartate
aminotransferase (AST), and alanine aminotransferase (ALT) (Suppl. Fig. S1C).

Loss of FGFR1 and FGFR2 in hepatocytes reduces CCl4-induced inflammation
A single injection of CCl4 caused severe liver necrosis in mice of both genotypes. There was
only a slight increase in the area of necrosis in Alb-R1/R2 mice compared to control mice 24h
after CCl4 injection (Fig. 2A), and apoptosis was not altered as determined by TUNEL staining
(data not shown). Serum levels of ALT and AST were only slightly, but non-significantly
increased in Alb-R1/R2 mice (Fig. 2B). The speed of repair was even slightly higher in Alb-
R1/R2 animals as indicated by the reduction in necrotic area between 24h and 48h after
CCl4 injection and by the increased rate of liver cell proliferation in some knockout mice at
36h (Fig. 2A,C). Surprisingly, the inflammatory response was less pronounced in Alb-R1/R2
mice compared to controls as demonstrated by significantly lower numbers of neutrophils and
macrophages (Fig. 2D) and by the strongly reduced induction of several pro-inflammatory
cytokines and chemokines (Fig. 2E).

Histopathological analysis of liver sections after long-term treatment with CCl4 did not reveal
a difference in the extent of fibrosis. Cell proliferation, liver weight to body weight ratio, AST
and ALT levels in the serum, and inflammatory cell infiltration were also not affected (Suppl.
Fig. S2A–F).
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These data demonstrate that FGFR1 and FGFR2, unlike FGFR4, neither protect the liver from
acute toxin-induced injury nor from chronic injury and fibrosis, but rather enhance the initial
inflammatory response.

FGFR1 and FGFR2 cooperate to enhance survival of hepatocytes after PH
We next determined the roles of FGFR1 and FGFR2 in the regeneration process after PH. We
first analyzed the expression of putative ligands of FGFR1-IIIb and FGFR2-IIIb 24,25 in the
regenerating liver of wild-type mice. We also analyzed the expression of FGFs in the spleen,
since FGF7 is expressed in this organ and reaches the liver via the portal vein 26. RNase
protection assay revealed expression of FGF1 in normal and injured liver. FGF1, FGF2 and
FGF7 were expressed in the spleen, and their expression increased after PH (Suppl. Fig.
S3A,B). Low levels of FGF22 and FGF3 mRNAs were also detected in normal and injured
liver, whereas FGF10 was neither expressed in the non-injured adult liver nor within 6h and
7d after PH (data not shown). These results suggest that FGF1 derived from liver and spleen,
as well as spleen-derived FGF7 are the major ligands of FGFR1-IIIb and FGFR2-IIIb in the
regenerating liver. Since there was no compensatory upregulation of the IIIc variants (Fig. 1A),
it seems unlikely that other FGFs, which can only bind to FGFR1-IIIc and/or FGFR2-IIIc,
affect liver regeneration via FGFR1 or FGFR2 on hepatocytes.

When control and Alb-R1/R2 mice were subjected to PH, more than 40% of the mutant mice
died within 24h–48h (Fig. 3A), whereas the mortality rate of control or single knockout mice
was below 5%. The fact that most of the knockout mice survived the first 24h indicates a defect
in the onset of regeneration and/or metabolic abnormalities as the cause of death, rather than
an acute toxicity exerted by the operation. This hypothesis is supported by the normal survival
rate of sham-operated animals.

Serum levels of AST were significantly higher in Alb-R1/R2 mice compared to control animals
6h after PH, and ALT levels were also increased (Fig. 3B). In line with this finding necrotic
lesions were observed macroscopically 24h after PH in Alb-R1/R2 mice but not in control mice
(Fig. 3C) or sham-operated Alb-R1/R2 mice. This was confirmed histologically, and strong
centrilobular necrosis was seen in Alb-R1/R2 mice (Fig. 3D). Since necrosis occurred only
upon removal of liver tissue, the functional activity of the remaining tissue is rate limiting. The
rate of apoptosis was equally low in mice of both genotypes (data not shown).

Hepatocyte proliferation is enhanced in surviving Alb-R1/R2 mice after PH
24h after surgery, only few proliferating cells were detected in mice of both genotypes as
determined by BrdU labelling. 24h later, strong proliferation was seen in control mice, and the
proliferation rate was even significantly increased in the surviving Alb-R1/R2 mice (Fig.
4A,B). This hyperproliferation most likely reflects the necessity to repair the necrotic area in
addition to the surgically removed tissue. The onset of hepatocyte proliferation was delayed
in the single knockout mice, but a slightly increased proliferation rate was observed at 48h
(Suppl. Fig. S4). Proliferation subsequently declined in mice of all genotypes, and was
completed 7d after injury (Fig. 4B). At this time point the liver to body weight ratio was similar
in control and Alb-R1/R2 mice (data not shown), demonstrating that the surviving double
knockout mice can completely regenerate. Increased hepatocyte proliferation was not observed
in either control or Alb-R1/R2 mice after sham injury (shown for the 48h time point in Fig.
4A).

The enhanced hepatocyte proliferation in Alb-R1/R2 mice at the 48h time point was also
reflected by the enhanced phosphorylation (activation) of Erk1/2 and p38 as determined by
Westernblot analysis of total liver lysates (137% or 35% increase, respectively). By contrast,
the activation of these signalling proteins and of STAT3 was strongly reduced 6h after PH
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(45% reduction of P-Erk1/2, 63% reduction of P-p38 and 55% reduction of P-STAT3).
Activation of Akt and JNK was not affected (Fig. 4C). These results indicate a defect in the
priming phase, which may result in impaired activation of genes required for cell survival.

FGFR1 and FGFR2 control compound detoxification in the regenerating liver
We next tested if the enhanced mortality of the mutant mice results from impaired metabolism
of the drugs used for anaesthesia (ketamine/xylazine) and/or analgesia (buprenorphine). When
ketamine/xylazine was replaced by the less toxic inhalent anaesthetic isofluorane 27, the
survival rate was indeed increased to 94% (Fig. 5A). Necrosis was only rarely observed, and
the rate of hepatocyte proliferation was similar in control and Alb-R1/R2 mice at 48h, reflecting
the fact that compensatory hyperproliferation is not required under these conditions (Fig. 5B).
Since buprenorphine is hepatotoxic 28, we next omitted it after ketamine/xylazine anaesthesia
and PH. Under these conditions we observed a survival rate of 85% (Fig. 5A). Nevertheless,
there was still necrosis in the mutant mice of all treatment groups (data not shown). This was
not unexpected, since the narcotic drugs as well as endogenous compounds still need to be
detoxified, and this may well be impaired in the Alb-R1/R2 mice.

FGFR1 and FGFR2 control the hepatectomy-induced expression of circadian transcription
factors involved in compound detoxification

Detoxification of buprenorphine and ketamine/xylazine is performed by cytochrome P450
(Cyp) enzymes 28,29, which are regulated by the PAR-domain basic leucine zipper
transcription factors Dbp (D site albumin promoter binding protein), Tef (thyrotrophic
embryonic factor), and Hlf (hepatic leukemia factor) 30. Therefore, we analyzed the expression
of these genes in control and mutant mice. Liver samples were obtained from untreated mice,
from the liver tissue that was removed during the PH surgery (10 min after ketamine/xylazine
injection and approximately 5 min after beginning of the surgery) as well as liver tissue obtained
24h after PH.

Whereas expression of Hlf was not affected by the surgery, we found a strong increase in the
expression the Dbp and Tef in the liver tissue of control mice that was removed during the
surgery (0h time point) compared to liver tissue from untreated mice (Fig. 5C). Expression
declined to basal levels 24h after PH. The upregulation was independent of the type of
anaesthesia (Suppl. Fig. S5A). Ketamine/xylazine alone was not sufficient to upregulate
Dbp and Tef expression, whereas isoflurane caused a mild increase in Dbp expression in mice
of both genotypes (Suppl. Fig. S5B). In particular, the subsequent manipulation of the animals,
which included opening of the abdominal cavity and ligation of the liver lobes, strongly induced
the expression of both transcription factors in control but not in Alb-R1/R2 mice. Consistent
with the lack of Dbp and Tef induction in the mutant animals, expression of the Dbp and Tef
targets Cyp2c38 and Cyp2a5 was strongly affected (Fig. 5C). Expression of these Cyp enzymes
was also induced by ketamine/xylazine anaesthesia alone within 10 min, whereas no increase
occurred in response to isoflurane within this time frame (Suppl. Fig. S5B).

Dbp and Tef show a strong circadian regulation in the liver 30,31, but this was not affected by
the loss of FGFR1 and FGFR2 (Fig. 5D). Thus, only the strong increase that occurs during the
surgical procedure was dependent on FGFR signalling.

FGFs are direct regulators of Dbp and Tef expression in hepatocytes
Since hepatocytes rapidly loose expression of Cyp enzymes upon culturing 32 we studied their
response to FGFs in vivo. When FGF7 was injected intraperitoneally into control mice, levels
of phosphorylated FRS2α, Erk1/2 and to a lesser extent p38 increased in comparison to saline-
injected mice, whereas phosphorylation of Akt was not affected. The FGF7-induced activation
of FRS2α and p38 was not seen in Alb-R1/R2 mice, and the basal levels of phosphorylated
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p38 form were already much lower in the knockout animals. Only a minor and non-significant
Erk1/2 activation was observed in Alb-R1/R2 mice (Fig. 6A and Suppl. Fig. S6). Most
importantly, FGF7 caused a strong upregulation of Dbp and Tef expression in wild-type mice,
but not in Alb-R1/R2 mice, demonstrating that the increase is dependent on FGFR signalling
in hepatocytes (Fig. 6B,C). Consistent with the increase in Dbp and Tef expression, the mRNA
levels of their targets Cyp2a5 and Cyp2c38 increased strongly in control mice but not in Alb-
R1/R2 mice 30 min after FGF7 injection (Fig. 6D).

These studies demonstrate that FGFs control the expression of Dbp and Tef and their Cyp
targets and strongly suggest that the loss of this regulation in Alb-R1/R2 mice causes impaired
compound detoxification and thus increased injury in the regenerating liver.

Discussion
In this study we identified essential cytoprotective functions of FGFR1 and FGFR2 after PH,
whereas CCl4-induced liver injury and fibrosis were not affected. Interestingly, the opposite
finding was obtained for FGFR4 knockout mice 14, demonstrating different functions of these
receptors in the injured liver. Hepatocyte proliferation after PH was neither affected in FGFR4
knockout mice nor in Alb-R1/R2 mice, whereas this process was impaired in mice expressing
a dominant-negative FGFR2-IIIb mutant in hepatocytes 7. Since this mutant receptor inhibits
signalling through all FGFR variants in response to common ligands, it seems likely that
signalling by a single type of FGFR is sufficient for the proliferative response.

The most dramatic phenotype of the Alb-R1/R2 mice was the reduced survival after PH, which
resulted from impaired compound metabolism as revealed by the almost complete rescue of
the lethality upon omission of buprenorphine or by replacement of ketamine/xylazine by
isofluorane. Increased mortality after PH was also observed in mice lacking the hepatocyte
growth factor receptor or the EGF receptor in hepatocytes 33–35. Although various other
abnormalities were found in these mice, it will be interesting to determine if expression of
detoxifying enzymes is also impaired in these animals.

The impaired compound detoxification seen in Alb-R1/R2 mice most likely results from the
loss of the strong surgery-induced expression of Dbp and Tef. Although FGFR signalling may
also regulate Cyp expression independent of Dbp and Tef, the inability of Alb-R1/R2 mice to
upregulate these transcription factors in response to PH is likely to contribute strongly to the
reduced induction of Cyp enzymes. As a consequence, the capacity to appropriately metabolize
endogenous and exogenous compounds is reduced, providing a likely explanation for the liver
necrosis and death of the animals. Individual differences in metabolism/clearance of these
drugs or minor differences in the amount of drugs applied may explain why some of the mice
survived after PH. Consistent with our hypothesis, mice lacking Dbp, Tef and Hlf in all cells
had increased serum transaminase levels, and this was also observed after PH in Alb-R1/R2
mice. In addition, the loss of Dbp, Tef and Hlf in the liver impaired the clearance of
pentobarbital and enhanced the toxicity of anticancer drugs 30.

Although the omission of buprenorphine or the use of isofluorane strongly improved the
survival rate, hepatic necrosis was not completely abolished. This is likely due to impaired
detoxification of the drug used for anaesthesia as well as of endogenous compounds during the
regeneration process. In addition, the remaining liver tissue may no longer fulfill further
metabolic functions required for efficient regeneration and survival. In particular, triglyceride
metabolism appears to be impaired, since we found prolonged hepatic steatosis in Alb-R1/R2
mice after PH (our unpublished data).

Since ketamine/xylazine and buprenorphine treatment of non-injured liver did not cause
necrosis, the detoxification capacity of the non-injured liver of Alb/R1/R2 mice is obviously
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sufficient. This is consistent with the unaltered basal expression levels of Dbp and Tef. By
contrast, liver injury results in upregulation of Dbp, Tef and their Cyp targets in control mice,
and this is most likely required to increase the detoxification capacity of the remaining liver
tissue, which is otherwise rate-limiting.

The strong and rapid upregulation of Dbp and Tef expression upon liver surgery in control but
not in Alb-R1/R2 mice demonstrates that FGFR signalling controls the expression of these
genes in hepatocytes. This control is obviously direct, since a similar upregulation of Dbp and
Tef was observed upon injection of FGF7 into wild-type but not into Alb-R1/R2 mice.
Therefore, it seems likely that the surgical procedure normally results in activation of FGFR
signalling and subsequent induction of Dbp/Tef expression. The extremely rapid increase after
surgery may result from mobilization of FGFs from the matrix upon manipulation of the liver.
However, ligand-independent activation of FGFR signalling cannot be fully excluded, and this
needs to be further explored.

Our results provide first evidence for a role of Dbp, Tef and their Cyp targets in liver
regeneration and reveal a crucial role of FGFs in their regulation. These results suggest that
therapeutic application of FGFs may be a promising strategy to prevent liver necrosis and to
improve the survival rate of patients after surgical resection of large amounts of liver tissue,
e.g. in patients with liver metastases. FGF7 may be most suitable for this purpose, since it
activates FGFR2-IIIb on hepatocytes and it is already clinically approved for the treatment of
mucositis in cancer patients 36. Future studies will reveal if the clinical use of FGFs 9 can be
extended to the regenerating liver.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BrdU 5-bromo-2′-deoxyuridine

Cyp Cytochrome P450 enzyme

Dbp D site albumin promoter binding protein

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor

FRS2 Fibroblast growth factor receptor substrate 2

Hlf hepatic leukemia factor

MIP Macrophage inflammatory protein

PH Partial hepatectomy

RT-PCR Reverse transcription polymerase chain reaction
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Tef Thyrotrophic embryonic factor
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Fig. 1. Verification of the loss of FGFR1 and FGFR2 in hepatocytes
(A) RNAs from total liver or primary hepatocytes of Alb-R1/R2 (ko) and control mice (ctrl)
were analyzed for Fgfr or Gapdh expression using qRT-PCR. Expression levels in control mice
were arbitrarily set as 1. RNA from mouse epidermis was used as a positive control for FGFR3
expression. (B) Lysates from total liver of Alb-R2-IIIb and control mice were analyzed by
western blotting for expression of FGFR2. Differently glycosylated forms of FGFR2 are
indicated. (C) Sections from the liver of Alb-R2-IIIb and control mice were analyzed by
immunohistochemistry for expression of FGFR2. (D) Primary hepatocytes from control and
Alb-R1/R2 mice were serum-starved, treated with 10 ng/ml FGF7, harvested at the indicated
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time points and analyzed by western blotting for phosphorylated FRS2α and GAPDH. Cells
incubated for 60 min in the absence of FGF7 were used as control (60c).
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Fig. 2. Loss of FGFR1 and FGFR2 in hepatocytes protects from CCl4-induced inflammation
(A–E) Mice were injected once with CCl4 in mineral oil and sacrificed at different time points.
(A) Representative hematoxylin/eosin-stained sections are shown. Necrotic area can be
distinguished from normal liver tissue by the brighter colour and the inflammatory cell
infiltrates (encircled areas). It was determined by measuring 4–5 independent microscopic
fields (N≥5 per genotype) and is indicated as percent of total liver area. Bar: 100μm. (B) AST
and ALT levels were determined in the serum 48h after CCl4 injection. N≥5 per genotype.
(C) Liver sections from BrdU-injected animals were stained with an antibody against BrdU.
Representative sections from Alb-R1/R2 mice and controls 36h after CCl4 injection are shown.
The percentage of BrdU-positive cells was determined by counting 4–5 independent
microscopic fields. N≥5 mice per time point. Bar: 50μm. (D) Liver sections were stained with
antibodies against neutrophils (Ly6G) or macrophages (ER-MP23). Representative pictures
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are shown. Inflammatory cells were counted in 4–5 independent microscopic fields (200 ×
magnification, N≥5 per genotype). Bar: 50μm. (E) RNAs from the liver of control and Alb-
R1/R2 mice at different time points after CCl4 injection were analyzed by qRT-PCR for the
levels of IL-1β, TNF-α, S100A8, S100A9, MIP-1α, or MIP-1β mRNAs. Rps29 was used for
normalization.
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Fig. 3. FGFR1 and FGFR2 cooperate to enhance survival of mice and to prevent hepatocyte necrosis
after PH
Mice were subjected to PH. (A) The percentage of surviving animals at different time points
after PH is indicated. Numbers above the bars indicate the number of animals observed at each
time point per genotype. (B) AST and ALT levels in the serum were determined 6h after PH.
N≥5 per genotype. (C,D) Macroscopic (C) and histological analysis (D) revealed the presence
of necrotic lesions in the liver of Alb-R1/R2 mice 24h after PH (N≥12 per genotype). Bar:
50μm.
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Fig. 4. Delayed activation of major signalling pathways and enhanced proliferation of hepatocytes
after PH in surviving Alb-R1/R2 mice
(A) Cell proliferation in the liver at 48h after PH was assessed by BrdU incorporation.
Representative sections from injured liver (48h after PH) are shown. Bar: 50μm. (B) The
percentage of proliferating cells was determined by counting 4–5 independent microscopic
fields/per liver at 200× magnification, N>6 per genotype and time point. (C) Liver lysates from
control and Alb-R1/R2 mice before and at different time points after PH were analyzed by
western blotting for the levels of total and phosphorylated ERK1/2, p38, Akt, JNK1/2, STAT3
and GAPDH. Each lysate was obtained from pooled livers of three animals per time point and
genotype. All results shown on this figure were obtained with the same lysates. Results were
reproduced in an independent experiment using lysates from different animals.
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Fig. 5. FGFR1 and FGFR2 signaling is important for compound detoxification in the regenerating
liver
(A) Mice were subjected to PH. One group was anaesthetized with ketamine/xylazine followed
by buprenorphine treatment (K/X/B), in the second group ketamine/xylazine was replaced by
isoflurane (Iso/B), and in the third group buprenorphine was omitted after ketamine/xylazine
anaesthesia (K/X). The percentage of surviving animals at different time points after PH is
indicated. Numbers above the bars indicate the number of animals observed at each time point
per genotype and treatment group. (B) Cell proliferation was assessed in mice of the Iso/B
group 48h after PH using BrdU incorporation. N>6 per genotype and treatment group. (C)
Expression of Dbp, Tef, Cyp2a5, and Cyp2c38 was analyzed by qRT-PCR using RNAs from
livers of untreated Alb-R1/R2 mice and control animals. RNAs from the liver tissue, which
was removed upon PH (0h PH), or from the remaining liver 24h after PH were analyzed for
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comparison. (D) Levels of Dbp and Tef mRNAs were analyzed by qRT-PCR in non-injured
Alb-R1/R2 and control mice at different day times. Rps29 was used for normalization.
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Fig. 6. FGF7 activates a cytoprotective response in the liver
(A) Liver lysates were prepared from control and Alb-R1/R2 mice 10 and 30 min after injection
of saline or 5 μg FGF7 and analyzed by western blotting for the levels of phosphorylated
FRS2α and total and phosphorylated ERK1/2, p38, Akt and GAPDH. Each lysate was obtained
from a single mouse. For statistical analysis see Suppl. Fig. S6. (B) Control mice were i.p.
injected with 0.5 or 5 μg FGF7 or vehicle, sacrificed 10 min after injection, and RNAs from
the liver were analyzed by qRT-PCR for expression of Dbp and Tef. (C,D) Alb-R1/R2 mice
and control littermates were injected i.p. with saline or 5 μg FGF7. They were sacrificed 10 or
30 min after injection, and RNAs from the liver were analyzed by qRT-PCR for expression of
Dbp and Tef (C) or Cyp2a5 and Cyp2c38 (D). Rps29 was used for normalization.
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