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Engineered fibroblast growth factor 19 protects from
acetaminophen-induced liver injury and stimulates
aged liver regeneration in mice

Gloria Alvarez-Sola1,8, Iker Uriarte1,8, Maria U Latasa2, Maddalen Jimenez2, Marina Barcena-Varela2, Eva Santamaría1, Raquel Urtasun2,
Carlos Rodriguez-Ortigosa1,2, Jesús Prieto1,2, Fernando J Corrales2,3,7, Anna Baulies3,4,5, Carmen García-Ruiz3,4,5,
Jose C Fernandez-Checa3,4,5, Pedro Berraondo6, Maite G Fernandez-Barrena1,2,9, Carmen Berasain*,1,2,9 and Matías A Avila*,1,2,9

The liver displays a remarkable regenerative capacity triggered upon tissue injury or resection. However, liver regeneration can be
overwhelmed by excessive parenchymal destruction or diminished by pre-existing conditions hampering repair. Fibroblast growth
factor 19 (FGF19, rodent FGF15) is an enterokine that regulates liver bile acid and lipid metabolism, and stimulates hepatocellular
protein synthesis and proliferation. FGF19/15 is also important for liver regeneration after partial hepatectomy (PH). Therefore
recombinant FGF19 would be an ideal molecule to stimulate liver regeneration, but its applicability may be curtailed by its short
half-life. We developed a chimaeric molecule termed Fibapo in which FGF19 is covalently coupled to apolipoprotein A-I. Fibapo
retains FGF19 biological activities but has significantly increased half-life and hepatotropism. Here we evaluated the pro-
regenerative activity of Fibapo in two clinically relevant models where liver regeneration may be impaired: acetaminophen (APAP)
poisoning, and PH in aged mice. The only approved therapy for APAP intoxication is N-acetylcysteine (NAC) and no drugs are
available to stimulate liver regeneration. We demonstrate that Fibapo reduced liver injury and boosted regeneration in APAP-
intoxicated mice. Fibapo improved survival of APAP-poisoned mice when given at later time points, when NAC is ineffective.
Mechanistically, Fibapo accelerated recovery of hepatic glutathione levels, potentiated cell growth-related pathways and increased
functional liver mass. When Fibapo was administered to old mice prior to PH, liver regeneration was markedly increased. The
exacerbated injury developing in these mice upon PH was attenuated, and the hepatic biosynthetic capacity was enhanced. Fibapo
reversed metabolic and molecular alterations that impede regeneration in aged livers. It reduced liver steatosis and downregulated
p21 and hepatocyte nuclear factor 4 α (Hnf4α) levels, whereas it stimulated Foxm1b gene expression. Together our findings
indicate that FGF19 variants retaining the metabolic and growth-promoting effects of this enterokine may be valuable for the
stimulation of liver regeneration.
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The liver fulfils an essential role in the detoxification of
metabolites and exogenous compounds. In this process,
noxious stimuli may be generated, eventually causing
hepatocellular death. To cope with this situation the liver has
developed an extraordinary regenerative capacity unparal-
leled by other organs.1 Liver regeneration also manifests as a
vigorous response after surgical removal of part of the
tissue.2,3 Therefore, in the context of parenchymal damage
or tissue resection a potent hepatoprotective and regenerative
reaction is triggered within the liver as well as systemically.1,4

Liver regeneration involves survival and pro-mitogenic
mechanisms activated by fluctuating metabolites, cytokines
and growth factors in an intricate cellular and molecular
crosstalk.1,2 The regenerative response usually concludes

with the restoration of histological integrity and hepatic
function, which is essential for homeostasis and survival.5,6

However, there are circumstances in which the regenerative
capacity of the liver is overwhelmed by the extent of
parenchymal destruction, or diminished by pre-existing con-
ditions that amplify injury and hamper tissue repair.7

In the clinical context, acute liver injury leading to impair-
ment of liver function and regenerative capacity may occur
under different situations. Among them drug intoxication is a
leading cause, with acetaminophen (APAP) overdose
accounting for almost 50% of all cases in the western
world.8 Currently, the only approved drug to treat APAP
intoxication is N-acetylcysteine (NAC).8,9 The efficacy of NAC
is mostly based on its positive effects on hepatic glutathione
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(GSH) levels, which are depleted by the toxic APAPmetabolite
N-acetyl-p-benzoquinone (NAPQI). NAPQI triggers mitochon-
drial dysfunction, oxidative stress and massive hepatocyte
necrosis.10 Hepatocellular death unlashes the activation of the
innate immune system, a reaction increasingly recognized as
protective and pro-regenerative rather than a deleterious
response.9 Clinical observations indicate that regeneration of
new parenchymal cells appears essential for survival after
APAP-induced acute liver failure.11 Therefore, understanding
the endogenous mechanisms of liver protection and regen-
eration may allow the identification of therapeutic
strategies.12,13 In this line of thinking, enhancement of the
natural regenerative response by the experimental adminis-
tration of growth factors and cytokines has recently shown
promising effects on APAP toxicity.14–18 Exploring new
therapeutic approaches is important, as NAC is only effective
when administered early after APAP intoxication and liver
transplantation is the sole therapeutic alternative in severe
cases.10,13

Another clinical scenario in which liver regeneration may fail
is when partial hepatectomy (PH) is performed in diseased or
aged livers for the removal of primary or metastasic tumors, or
after segmental liver transplantation.7 For instance, patients
with fatty livers, a condition usually accompanied by

cholestasis, frequently present a worse outcome after
resection.19,20 This impaired response has been widely
validated in experimental models of hepatosteatosis.21,22

Similarly, liver regeneration is compromised in elderly patients
and aged rodents.23–25 The mechanisms underlying the
decline in the regenerative capacity of aged livers are not
completely
known, although some epigenetic and intracellular signaling
mechanisms leading to cell cycle alterations have been
exposed.23,26–30 Unraveling these fundamental processes
may lead to the development of pharmacological therapies
to alleviate age-related liver regeneration defects, as experi-
mentally demonstrated in recent studies.23,29,31 With an
increasingly aging population it is important to devise such
therapies.
We and others have recently shown the significant role

played by the enterokine fibroblast growth factor 19 (FGF19;
FGF15 in rodents)32,33 and its receptor FGFR4 in liver
regeneration after PH.34–36 FGF15/19 controls bile acids
(BA) homeostasis, reduces liver fat accumulation and
enhances hepatocyte survival and proliferation. FGF15/19
delivery from viral vectors improves mouse survival after
extensive liver resection,22,34 and recombinant FGF19 pro-
tects from cholestatic liver injury and lipotoxicity.22,37,38 From a

Figure 1 Fibapo administration protects from APAP-induced liver injury. (a) Serum levels of ALTand AST in control mice (C), mice that were treated with APAP (A) (300 mg/
kg) or mice that 2, 10 and 24 h after APAP injection received three doses of Fibapo (A+FA) (n= 7 mice per group). Blood and tissue samples were taken 36 h after APAP
administration, when mice were killed. (b) Representative H&E-stained liver tissue sections from mice treated as described. Necrotic areas are indicated (N). Graph shows the
quantification of tissue necrotic areas. (c) Liver weight to body weight ratio (liver index) in mice from the different treatment groups described. (d) Left panel shows the average
hepatocyte size and right panel shows the quantification of hepatocytes with Ki-67-positive nuclei in liver tissue sections from mice treated as described. (e) Quantitative PCR
analysis of the expression of cell cycle-related genes in liver tissues from mice treated as described. (f) Western blot analysis of phospho-p-70S6K (p-p-70S6K) and total p70S6K
levels in liver tissue samples from mice treated as described. Representative blots are shown. *Po0.05 and **Po0.01 versus APAP-treated mice. AU: arbitrary units
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translational perspective these characteristics identify FGF15-
/19 as a promising tool to improve liver regeneration under
unfavorable conditions. However, FGF15/19 has a very short
half-life with a high glomerular filtration rate.38 To circunvent
this limitation we recently developed a chimaeric molecule
based on the fusion of FGF19 with apolipoprotein A-I (ApoA-I)
named Fibapo.22 The ApoA-I moiety confers Fibapo increased
biological stability, and targets it to the liver through the
interaction of the ApoA-I moiety with the hepatocyte's
scavenger receptor class B type I.22 Here, we demonstrate
the applicability of Fibapo for the treatment of APAP-induced
liver injury and in the stimulation of aged liver regeneration.

Results

Fibapo protects from APAP toxicity and enhances liver
regeneration. To analyze the effect of Fibapo on APAP
toxicity, mice received three doses of the recombinant protein
2, 10 and 24 h after APAP (300 mg/kg) injection. Serum
transaminases levels and centrilobular liver necrosis were
reduced by Fibapo administration (Figures 1a and b). Liver
injury elicited by APAP is followed by a compensatory
regenerative response.39 We found a clear increase in liver
weight to body weight ratio (Figure 1c), hepatocyte cell size
and hepatocellular proliferation (Ki-67 labeling) upon Fibapo
treatment (Figure 1d and Supplementary Figure 1). Consis-
tently, the expression of cell cycle regulatory genes Foxm1b,

Cdc25b, Ccne1 and Ccnb2 was induced (Figure 1e and
Supplementary Figure 2). To a great extent, FGF19 regulates
hepatocellular proliferation and growth through the activation
of the mechanistic target of rapamycin complex 1 (mTORC1)-
p-70S6 kinase (p70S6K) pathway.22,40 We observed that
mice treated with Fibapo after APAP administration showed
increased p-p70S6K levels (Figure 1f). The hepatic expres-
sion levels of interleukin 10, a cytokine involved in the
endogenous hepatoprotective response to APAP
intoxication,41 was also markedly induced (Supplementary
Figure 3).
To further test the hepatoprotective effects of Fibapo we

treated mice with a higher dose of APAP (500 mg/kg), which
induces significant mortality (see below). Two hours after
APAP injection mice received a single dose of Fibapo and
were killed 6 and 10 h later. In APAP hepatotoxicity, the critical
initial step involves GSH depletion owing to conjugation with
NAPQI, the reactive metabolite of APAP.10 The principal
enzyme in NAPQI formation is cytochrome 2E1 (Cyp2E1).9

CYP2E1 expression was unchanged by Fibapo (Figure 2a).
Although the early depletion of hepatic GSH was not
prevented by Fibapo, GSH contents were restored to control
levels by 10 h (Figure 2b). These observations suggest that
Fibapo would not affect APAP metabolism nor the initial
phases of APAP toxicity,10 but may help the functional
recovery of hepatocytes as indicated by GSH levels.
Sustained activation and mitochondrial translocation of

c-jun-N-terminal protein kinase (JNK), leading to loss of

Figure 2 Effects of Fibapo on early hepatic responses to lethal APAP doses. (a) Western blot analysis of CYP2E1 expression in the liver of mice (n= 7 per group) treated with
APAP (A) (500 mg/kg) that 2 h later received a single dose of Fibapo (FA). Mice were killed 6 and 10 h after APAP injection. Representative blots are shown. (b) Total glutathione
(GSH) levels in the livers of mice treated as described and killed at 6 h and 10 h after APAP injection. (c) Western blot analysis of phospho-JNK (p-JNK) and total JNK levels in
mitochondrial fractions obtained from livers of mice treated as described and killed at 6 and 10 h after APAP injection. COX IV protein levels were analyzed as loading control.
Representative blots are shown. (d) Western blot analysis of phospho-ERK1/2 (p-ERK1/2) and total ERK1/2 levels in liver homogenates obtained from mice treated as described
and killed at 6 and 10 h after APAP administration. Representative blots are shown. (e) Quantitative PCR analysis of Bcl-xL mRNA levels in the liver of mice treated as described
and killed at 10 h after APAP administration. (f) Quantitative PCR analysis of IL-6 and IL-22 mRNA levels in the liver of mice treated as described and killed at 6 h and 10 h after
APAP administration. (g) Quantitative PCR analysis of the mRNA levels of the FGF19 receptors FGFR4, FGFR1c and co-receptor Klb in primary cultured murine macrophages.
AU: arbitrary units. ND: not detected. *Po0.05, **Po0.01 and ***Po0.001 versus APAP (A)-treated mice
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mitochondrial potential and ATP production, has been
mechanistically related to APAP hepatotoxicity.9,42 Consis-
tently, we observed that APAP increased JNK phosphorylation
and mitochondrial translocation (Figure 2c). Although at 6 h
post APAP administration p-JNK levels were not affected by
Fibapo these were significantly reduced by 10 h (Figure 2c).
Concomitantly, increased activation of extracellular signal-
regulated kinase 1/2 (ERK1/2), considered part of the
compensatory pro-regenerative signaling triggered by APAP
toxicity,39,43 was observed in Fibapo-treated mice (Figure 2d).
Expression of Bcl-xL, an inhibitor of mitochondrial-dependent
cell death involved in hepatoprotection from APAP-induced
injury,14,42 was enhanced upon Fibapo treatment (Figure 2e).
IL-6 upregulation is detected in APAP-intoxicated mice, and

is considered part of the endogenous protective response.41

In mice treated with Fibapo hepatic IL-6 expression was
markedly potentiated (Figure 2f). Expression of the IL-6-
related hepatoprotective cytokine IL-2241 was also sustained
upon Fibapo treatment (Figure 2f). Induction of IL-6 by FGF19
administration has been recently reported in db/db mice.44

The cellular source of IL-6 in these animals were liver
infiltrating myeloid cells, however the precise mechanism by
which FGF19 elicited IL-6 production was not evaluated.44

FGF19 signals through FGFR4 and FGFR1 isoform c
(FGFR1c), and the coexpression of the membrane protein β-
Klotho (Klb) is absolutely required for effective signaling.45 We
examined the expression of these receptors in primary
cultured mouse macrophages. Interestingly, we found that
these cells expressed FGFR1c and Klb, but not FGFR4
(Figure 2g).

Late administration of Fibapo protects from lethal doses
of APAP and stimulates parenchymal regeneration. To
better mimic the clinical situation, in which patients are treated

at late times after APAP poisoning, mice received Fibapo or
NAC at 6 and 24 h after APAP. In this case we used 500mg/kg
of APAP, a dose that causes significant mortality and may
compromise the endogenous regenerative response.39 Under
these conditions NAC treatment did not improve mouse
survival, whereas mice receiving Fibapo showed less mortality
and lower levels of circulating liver enzymes (Figures 3a and b).
Increased hepatocellular proliferation (Ki-67 labeling) (Figure 3c
and Supplementary Figure 4) and liver weight to body weight
ratio (Figure 3d) were also observed.

Fibapo improves liver regeneration in aged mice. We
recently reported that Fibapo significantly ameliorates the
regeneration of steatotic livers.22 Aged mice also show impaired
regeneration, so we tested the effect of Fibapo in old mice
undergoing PH. Fibapo was administered for 3 consecutive
days before resection. As described we observed that liver
regrowth post PH was markedly reduced in old mice,46 whereas
this response was significantly enhanced by Fibapo (Figures 4a
and b). Parenchymal injury, which is exacerbated in aged
rodents after PH,46,47 was likewise reduced by Fibapo
(Figure 4c). Interestingly, the hepatic biosynthetic capacity was
also markedly enhanced, as indicated by serum albumin
concentrations (Figure 4c). Consistently, upon Fibapo injection
we detected increased p-p70S6K levels and a robust activation
of S6 phosphorylation, which link FGF19 signaling to protein
synthesis in liver cells (Figure 4d).32,40

Fibapo treatment corrects biochemical and molecular
defects associated with the impairment of liver regenera-
tion in aged mice. Steatosis, commonly found in aged
livers,47,48 and the presence of steatosis-associated
cholestasis22,49 are related to impaired regeneration after
PH.19,20 Accordingly, aged mice had increased levels of

Figure 3 Late administration of Fibapo protects from lethal doses of APAP and stimulates liver regeneration. (a) Mice were treated with APAP (A) (500 mg/kg) and 6 and 24 h
later received two doses of either NAC (A+NAC) or Fibapo (A+FA). Graph shows total mouse survival at 48 h after APAP intoxication. (b) Serum levels of liver enzymes in mice
treated as described and measured at 24 and 48 h after APAP intoxication. (c) Quantification of hepatocytes with Ki-67-positive nuclei as determined by immunohistochemical
analysis performed in liver tissue sections from mice treated as described. Liver tissue samples were obtained from surviving mice 48 h after APAP administration. (d) Liver
weight to body weight ratio (liver index) in mice from the different treatment groups described. This parameter was measured in mice surviving 48 h after APAP administration.
aPo0.05 versus A, bPo0.05 versus A+NAC, **Po0.01 versus A+NAC, ***Po0.001 versus A+NAC
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Figure 4 Fibapo improves liver regeneration in aged mice. (a) Recovery of liver mass after 66% PH in young mice, aged mice and aged mice that received three injections of
Fibapo (FA) on 3 consecutive days before surgery (n= 6 mice per group). (b) Quantification of hepatocytes with Ki-67-positive nuclei as determined by immunohistochemical
analysis performed in liver tissue sections from aged mice and aged mice treated with Fibapo (FA) at the indicated time points after PH. (c) Circulating levels of liver enzymes and
albumin in serum from young mice, aged mice and aged mice treated with Fibapo (FA) measured at the indicated time points after PH. (d) Western blot analysis of phospho-S6 (p-
S6) levels (left panel) and p-p70S6K levels (right panel) in the livers of young mice, aged mice and aged mice treated with Fibapo (FA). Liver samples were analyzed 3 h after
Fibapo administration. Representative blots are shown. ND: not detected. *Po0.05 versus aged mice treated with Fibapo

Figure 5 Fibapo improves metabolic parameters and molecular alterations associated with the impairment of liver regeneration in aged mice. (a) Analysis of the intrahepatic
levels of triglycerides (TG) and bile acids (BA) in young mice, control aged mice and aged mice that received three injections of Fibapo (FA) on 3 consecutive days before surgery
(n= 6 mice per group). Quantitative PCR analysis of the levels of Pparg2 and Cyp7a1 mRNAs in the liver of young, aged and aged mice treated as described. (b) Quantitative
PCR analysis of the levels of Hgf, c-met, p21 and p16 mRNAs in the liver of young, aged and aged mice treated as described. (c) Quantitative PCR analysis of the levels of
Foxm1b, Dhfr and Cdc25b mRNAs in the liver of young, aged and aged mice treated as described. *Po0.05, **Po0.01 and ***Po0.001 versus control aged mice
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intrahepatic triglycerides (TG) and total BA compared with
young mice (Figure 5a). In agreement with the potent
regulatory effects of Fibapo on hepatic lipid and BA
metabolism,22,33 intrahepatic TG and BA levels were sig-
nificantly reduced (Figure 5a). Mechanistically, Fibapo
inhibited the expression of peroxisome proliferator-activated
receptor γ variant 2 and cytochrome 7a1 genes, key
mediators of hepatic TG accumulation and BA synthesis,
respectively50,51 (Figure 5a).
Impaired aged liver regeneration has been linked to defective

expression of genes involved in growth factor signaling and cell
cycle regulation.23,30 We observed that the reduced expression
of hepatocyte growth factor (Hgf) and its receptor c-met found in
the livers of aged mice25,46 was reversed by Fibapo (Figure 5b).
As described, we also detected increased mRNA levels of the
cell cycle inhibitors p21 and p16 in aged livers.46,52 p21
overexpression was significantly corrected by Fibapo, however
p16 remained unaltered (Figure 5b and Supplementary
Figure 5). Among the best-characterized mechanisms involved
in the impairment of aged liver regeneration is the transcriptional
repression of E2F-dependent genes.23 This was shown for key

cell proliferation-related genes like Foxm1b and Dhfr.53,54

Foxm1b and Dhfr expression was markedly increased in aged
mice treated with Fibapo (Figure 5c). Consistent with the strong
induction of Foxm1b expression, Cdc25b, a Cdk phosphatase
important for hepatocyte cell cycle progression and a transcrip-
tional target of Foxm1b,55 was also induced (Figure 5c).
Accordingly, the expression of proliferating cell nuclear antigen
(PCNA) was also increased (Supplementary Figure 5).

Fibapo regulates hepatocyte nuclear factor 4α (HNF4α)
gene expression. HNF4α is a key transcription factor for the
preservation of hepatocyte differentiation and quiescence.5

HNF4α knockdown in mouse liver results in a strong
hepatoproliferative response.56–59 Remarkably, it has been
recently reported that hepatic expression of Hnf4α is
increased in aged rats.60 We validated this observation in
aged mice, and we also found that Fibapo reduced HNF4α
mRNA and protein levels (Figure 6a). HNF4α transcriptional
activity is repressed in the first hours after PH, allowing the
induction of early genes mediating the onset of liver
regeneration.61,62 Consequently, we evaluated HNF4α

Figure 6 Effect of Fibapo and FGF19/FGFR4 signaling on HNF4α gene expression. (a) Hnf4α mRNA and protein levels in the livers of young, aged and aged mice that
received three injections of Fibapo (FA) on 3 consecutive days (n= 6 mice per group). Hnf4α mRNA levels were analyzed by quantitative PCR and Hnf4α protein levels by
western blotting. Representative blots are shown. (b) Quantitative PCR analysis of Hnf4α mRNA and western blot analysis of Hnf4α protein levels in the liver of young mice at
early time points after PH (n= 5 per time point and condition). Liver tissue samples from mice that underwent laparotomy but were not hepatectomized (sham operated mice, SH)
are used as controls. Representative blots are shown. (c) Left panel shows HNF4α mRNA levels analyzed by quantitative PCR in Hep3B cells treated for 12 h with the indicated
concentrations of Fibapo. Right panel shows HNF4α protein levels determined by western blotting in Hep3B cells treated with 50 ng/ml of Fibapo for the indicated periods of time.
Representative blots are shown. (d) Effect of Fibapo on HNF4α protein levels in Hep3B cells in the presence of the MEK-ERK signaling inhibitor UO126 analyzed by western
blotting. Cells were pre-treated with UO126 (10 μM) for 45 min prior to Fibapo (50 ng/ml) addition and were lysed after 8 h of treatment. Representative blots are shown. (e) Effect
of Fibapo on HNF4α protein levels in Hep3B cells in the presence of the proteasome inhibitor MG-132. Where indicated cells were pre-treated with MG-132 (10 μM) for 45 min
and then stimulated with Fibapo for 8 h. Representative blots are shown. (f) Left panel shows the effect of basal FGFR4 signaling on HNF4α protein levels in Hep3B cells. Cells
were treated with the indicated concentrations of the FGFR4-specific inhibitor BLU9931 for 8 h and HNF4α protein levels were determined. Right panel shows HNF4α protein
levels in Hep3B cells transfected with an FGF19-specific siRNA (siFGF19) or a control siRNA (siGL) as determined by western blotting 72 h after transfections. Representative
western blots are shown
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expression shortly after PH and found a transient but
significant downregulation of Hnf4α expression during the
normal regenerative response in young mice (Figure 6b).
These observations suggest that Hnf4α downregulation may
also contribute to the pro-regenerative activity of Fibapo in
aged mice livers. The mechanisms regulating the expression
of HNF4α in the adult liver are likely to be complex and are
not completely known.5 Previously, we reported that the
splice regulator SLU7 is a fundamental factor in the
preservation of hepatocellular differentiation and quiescence,
and a positive effector of HNF4α gene expression in mouse
liver.63 Therefore, we determined SLU7 expression in the
livers of young and aged mice, as well as in aged mice
treated with Fibapo. As observed for HNF4α we found that
SLU7 mRNA levels were higher in the liver of aged mice and
were significantly reduced upon Fibapo administration
(Supplementary Figure 6a).
Next, we evaluated whether Fibapo could directly regulate

HNF4α expression in liver cells. HNF4αmRNAand protein levels
were reduced in Hep3B cells upon Fibapo treatment (Figure 6c),
and this was partially dependent on mitogen-activated protein
kinase kinase (MEK)-ERK signaling (Figure 6d and
Supplementary Figure 6b). Consistently, FGF19 also reduced
HNF4αmRNAand protein levels in Hep3B cells (Supplementary
Figure 6c). Interestingly, Fibapo-mediated HNF4α downregula-
tion was to a great extent proteasome dependent (Figure 6e).
The specificity of these findings, and the significance of the
FGF19/FGFR4 signaling system in the regulation of HNF4α
expression, were further supported by the observation that both
inhibition of FGFR4 with BLU9931, an FGFR4-specific small
molecule inhibitor,64 or upon FGF19 knockdown by siRNA
transfection, increased basal HNF4αprotein levels (Figure 6f and
Supplementary Figure 6d).

Discussion

We evaluated the therapeutic potential of Fibapo, an engineered
version of FGF19 with improved pharmacokinetics22 in two
clinically relevant models of acute liver failure and impaired
regeneration. In APAP-induced liver injury, Fibapo reduced
parenchymal necrosis and promoted a robust regenerative
response. Physiologically, FGF19 expression is induced in ileal
enterocytes by BA during their enterohepatic circulation, and
FGF15 was recently identified as an important endogenous
mediator ofmouse liver regeneration and parenchymal protection
after PH.34–36 The role of endogenous FGF15/19 in APAP toxicity
is unknown. However, inhibition of ileal FGF15 expression by
removing BA from the enterohepatic circulation, or its upregula-
tion by feeding mice a cholate-supplemented diet, were,
respectively, associated with increased or reduced APAP-
mediated liver injury.65 These findings, together with our current
observations of the beneficial effects of Fibapo suggest a
cytoprotective and regenerative role for FGF15 in APAP
hepatotoxicity. Themechanismsmediating Fibapo hepatoprotec-
tion are likely to be diverse. Although it did not inhibit the early
depletion of hepatic GSH, recovery of GSH levels was faster in
treated mice. Interestingly, a similar effect on GSH levels was
observed in APAP-intoxicated mice treated with vascular
endothelial growth factor.15 In the case of Fibapo, this may reflect
an improvement of the overall hepaticmetabolic capacities, which

would be in agreement with the strong positive effects of FGF19
on nutrient metabolism, protein synthesis and hepatocellular
energetics.32,40 In support of this notion we observed increased
p70S6K phosphorylation in Fibapo-treatedmice. Activation of the
mTORC1-p70S6K pathway by FGF19 in the liver has been
recently reported.22,40 This pathway mediates robust anabolic
effects, including the stimulation of cell growth and proliferation.66

Besides p70S6K, we also detected enhanced activation of
ERK1/2, a kinase strongly linked to hepatocyte proliferation.32,67

Interestingly Fibapo increased the expression of Foxm1b, a
transcription factor essential for hepatocyte proliferation but also
associated with hepatocellular hypertrophy.55,68 Accordingly, we
observed a hyperproliferative and a hypertrophic response in
mice that received Fibapo after APAP intoxication. These
combined effectsmay bemechanistically relevant, as liver growth
and regeneration are emerging as key determinants of the
outcome of APAP intoxication. Consistently, it has been recently
shown that inhibition of epidermal growth factor receptor, a key
mediator of liver regeneration after PH,69 results in impaired
regeneration, exacerbated liver injury and high mortality in APAP
intoxication.70

The pro-regenerative effects of Fibapo were accompanied by
reduced parenchymal injury. Prolongued translocation of active
JNK to mitochondria is a central event in APAP-induced
hepatocellular death.9,42 We observed reduced activation of
mitochondrial JNK upon Fibapo administration. The mechan-
isms involved in this response are currently unknown. JNK
activation during APAP-mediated liver injury is strongly related to
mitochondrial stress and production of reactive oxygen
species.10,42 We could speculate that enhanced recovery of
GSH levels by Fibapo could reduce oxidative stress, attenuate
JNK activation and therefore limit its mitochondrial
translocation.42 Nevertheless, further studies are required to
delineate the precisemechanismsof this response.Upregulation
of Bcl-xL may also contribute to the protective effects of Fibapo,
as Bcl-xL has been linked to the hepatoprotective activity of stem
cell factor and c-kit in APAP-induced liver injury.14

The activation of the innate immune system upon APAP
intoxication is increasingly regarded as part of an endogenous
protective reaction.9 In particular, IL-6 expression appears
necessary for liver regeneration.71 Intriguingly, we observed
that Fibapo administration to APAP-treated mice markedly
enhanced IL-6 expression. This suggests that Fibapo could
also promote liver regeneration through non-cell autonomous
pathways. Our findings are consistent with a recent report
showing hepatic IL-6 upregulation upon FGF19 administration
to db/db mice.44 In that study the source of FGF19-triggered
IL-6 were liver infiltrating myeloid cells, although the exact
mechanism of FGF19-mediated IL-6 induction was not
examined.44 In view of these and our current observations,
we evaluated the expression of the FGF19 receptors FGFR4,
FGFR1c and the obligate co-receptor Klb45 in murine macro-
phages. We found that mouse macrophages express FGFR1c
and Klb, but not FGFR4 mRNA. To our knowledge, this is the
first description of the expression of these receptors in murine
innate immune cells, and it suggests that the cellular targets of
FGF19, and Fibapo, might be broader than initially thought.
We also demonstrated the therapeutic potential of Fibapo in

the context of aged liver regeneration. Interestingly, basal
circulating FGF19 levels are lower in older individuals
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compared with young healthy people.72 Given the important
regulatory role of FGF19 in liver fat metabolism,22,33 its
reduced availability in older persons may underlie the
steatosis commonly found in this population.47,48 Steatosis
represents a significant obstacle to a successful liver
regeneration.19,20 Its attenuation by Fibapo may explain in
part the decreased injury and improved liver regeneration
found in aged mice. Nevertheless, we believe that this
molecule has also more direct actions on genes involved in
hepatocellular proliferation. Restoration of Hgf and c-met
expression levels, which are depressed in aged livers,25,46

may be an important effect of Fibapo given the crucial role of
the HGF/c-Met system in liver regeneration.69

One important molecular barrier in the regeneration of aged
livers is the formation of repressive complexes on E2F-
dependent promoters, such as those of Foxm1b and Dhfr
genes, which are essential for cell proliferation.23 We
observed that Fibapo administration induced a robust upre-
gulation of Foxm1B and Dhfr. Stimulation of Foxm1b expres-
sion by Fibapo may be a key mechanism of action. Certainly,
forced hepatic expression of Foxm1b, either from a transgene
or an adenoviral vector, improves liver regeneration in old
mice,30,73 and the beneficial effects of growth hormone and
farnesoid X receptor agonists on aged mouse liver regenera-
tion have been related to Foxm1b upregulation.26,31,53 More-
over, the inhibition of p21 and the activation of Cdc25b gene
expression elicited by Fibapo may be also dependent on
Foxm1b stimulation.55 Concomitant with the upregulation of
Foxm1b we found that Fibapo also reduced the levels of
HNF4α, a key factor in the preservation of hepatocellular
differentiation and quiescence.5,56,58 The increased expres-
sion of HNF4α recently found in aged livers,60 and confirmed
by us, could certainly pose a barrier to liver regeneration in old
animals. Indeed, recent studies have shown that shortly after
PH there is a reduction in the transcriptional regulatory activity
of HNF4α in the liver of young mice.61,62 Although this
decrease in HNF4α activity may be due to its physical
redistribution on the genome, as occurs during liver
development,74 we observed a transient but clear down-
regulation of HNF4α gene expression in the first hours post
PH. This previously unrecognized responsemay be part of the
molecular mechanisms allowing the entry of otherwise
quiescent hepatocytes into the cell cycle.
The mechanisms responsible for HNF4α upregulation in

aged mouse livers are likely to be multifarious. For instance,
tissue hypoxia, a condition that develops in the liver of old
animals, has been reported to stimulate HNF4α expression in
hepatocytes.60 Now we found that the levels of SLU7, a gene
that promotes HNF4α expression in the adult liver,63 were
increased in the liver of aged mice and interestingly were
downregulated upon Fibapo administration. It is worth
mentioning that SLU7 expression is also rapidly reduced in
mouse liver shortly after PH,63 with kinetics overlapping those
of HNF4α expression reported here.
Although the identity of the endogenous signals mediating

HNF4α downregulation after PH is currently unknown, we could
induce this effect in the liver of aged mice by Fibapo treatment.
Our in vitro experiments proved that Fibapo can directly
regulate HNF4α gene expression, both at the transcriptional
and post-transcriptional level, promoting HNF4α proteasomal

degradation. These findings are consistent with the previously
described inhibition of HNF4α gene expression upon pharma-
cological activation of the MEK-ERK pathway in liver parench-
ymal cells.75 Interestingly, we also observed that interference
with autocrine FGF19/FGFR4 signaling in Hep3B cells
increased HNF4α expression. This response supports the
specificity of Fibapo effects. However, it may also have broader
implications in the context of hepatocarcinogenesis, where
HNF4α expression is consistently downregulated and FGF19 is
frequently overexpressed.5,76

Collectively, our observations demonstrate the efficacy of
FGF19-based molecules like Fibapo as hepatoprotective and
pro-regenerative agents. The two experimental models
implemented in this study reproduce clinical situations for
which effective treatments are lacking. The validation of these
findings in models of acute liver injury and regeneration using
larger animals is therefore warranted.

Materials and Methods
Animal models. All the experimental protocols were approved and performed
according to the guidelines of the Animal Care Committee of the University of
Navarra. For APAP treatment mice (C57/BL/6 J, male 8–12 weeks of age) were
injected intraperitoneally with 300 mg/kg or 500 mg/kg of the compound after an
overnight fast. APAP (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in warm
PBS (55 ºC) and cooled to 37º before injection, as described.77 When indicated
mice were killed and livers were removed to be paraffin-embedded or snap frozen in
liquid N2. Two-thirds PH was performed in young (8–12 weeks of age) and old
(12–14 months old) C57/BL/6 J male mice as previosuly described.34 In the APAP
model, and at the indicated time points for each experiment, mice received an
intravenous injection of Fibapo (2 mg/kg), synthesized upon request by GenScript
(Piscataway, NJ, USA),22 an intraperitoneal injection of NAC (600 mg/kg) (Sigma-
Aldrich), or the same volume of saline (300 μl). Aged C57/BL/6 J male mice
received a daily single subcutaneous injection of Fibapo (2 mg/kg) or saline for
three days prior to PH. Hepatectomies were performed 24 h after the last injection
as previously described.22 For the analysis of liver, S6 and p70S6K phosphorylation
Fibapo (2 mg/kg) was injected intravenously to mice that had been fasted overnight.

Cell culture and treatments. The human hepatocarcinoma cell line Hep3B
(from ATCC) was cultured as described.63 Cells were treated with Fibapo in serum-free
DMEM medium supplemented with 0.2% bovine serum albumin. Where indicated cells
were pre-treated with the MEK1 inhibitor UO126 (10 μM) (Promega, Madison, WI,
USA), the proteasome inhibitor MG-132 (10 μM) (Sigma-Aldrich), or the specific FGFR4
inhibitor BLU9931 (100 nM) (Cayman Chemical, Ann Arbor, MI, USA).64 For FGF19
knockdown Hep3B cells were transfected with FGF19-specific siRNAs (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), or with control siRNAs (siGL) for 48 h as
previously described.63 Experiments were performed at least three times in duplicates.
Bone marrow-derived macrophages were prepared essentially as described.78 To
induce the proliferation of macrophages, bone marrow cells were plated in plastic plates
with 10% fetal calf serum in RPMI1640 supplemented with 100 ng/ml recombinant
murine macrophage-colony stimulating factor (R&D Systems, Minneapolis, MN, USA).

Western blot analyses. Cells and liver tissues were lysed in RIPA buffer and
homogenates were subjected to Western blot analysis as reported.34,63 Liver tissue
mitochondria were isolated as described before.79 Antibodies used were: anti-p-ERK1/2
(Thr202, Tyr204), anti-ERK1/2, anti-p-JNK (Thr183, Tyr185), anti-p-p70S6K (Thr389),
anti-p70S6K, anti-p-S6 (Ser235, Ser236), anti-S6, anti-β-actin and anti-GAPDH (both
used as loading controls) from Cell Signaling Technology (Beverly, MA, USA); anti-α-
tubulin, anti-CCNE1, anti-PCNA, anti-p21 and rabbit polyclonal anti-HNF4α (H-171)
were from Santa Cruz Biotechnology (Dallas, TX, USA); mouse monoclonal anti-HNF4α
(PP-K9218-00) was from Perseus Proteomics Inc. (Tokyo, Japan); anti-CYP2E1 and
anti-cytochrome oxidase IV were from Abcam (Cambridge, UK). Numbers shown under
blot images indicate the quantification of bands intensity (averaged values) relative to
controls, which were arbitrarily given the value of one.

RNA isolation and qPCR. Total RNA from liver tissues and Hep3B cells was
extracted using the automated Maxwell system from Promega. Reverse
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transcription was performed as described.63 Real-time PCRs were performed with
iQ SYBR Green supermix (BioRad, Hercules, CA, USA) in a CFX96 system from
BioRad as previously described.63 Primers are described in Supplementary Table 1.

Hepatic triglyceride content determination. Intrahepatic TG concen-
tration was measured by saponification in ethanolic KOH and determining triolein
equivalents using a commercially available kit (BQ029A-CR, BQ Kits, San Diego,
CA, USA) as described.22

Histological determinations. Liver tissue samples were formalin-fixed and
paraffin-embedded. Ki-67 immunostaining was performed as described.22 Positive
Ki-67 hepatocyte number was determined in 10 liver fields per mice (×10
amplification) using ImageJ software (NIH, Bethesda, MD, USA). To evaluate the
degree of tissue necrosis H&E staining was performed and scored as previously
reported.34 Hepatocyte cell size was determined after β-catenin immunostaining of
paraffin sections to outline individual hepatocytes, anti-β-catenin antibody was from
Cell Signaling Technology. To calculate hepatocyte cell size 10 fields (×40) per
tissue sample were analyzed as we previosuly described.80 GSH contents in liver
tissues were determined as reported.77 For the determination of hepatic levels of
BA liver tissues were homogenated in water (5 mg/500 μl), sonicated and
centrifuged at 10 000 × g for 10 min. BAs concentrations were determined in
supernatants by an enzymatic/colorimetric method using a commercially available
kit (Randox Laboratories, Crumlin, UK) as reported.22

Serum biochemistry. Serum levels of alanine aminotransferase, aspartate
aminotransferase, lactate dehydrogenase and albumin were measured as
previously reported.22,34,63

Statistical analysis. Data are means±S.E.M. Data were compared using the
Student t-test. A P-value of o0.05 was considered significant. Data analyses were
performed using GraphPad Prism software (GraphPad Software Inc., San Diego,
USA) version 7.0 was employed for statistical analyses.
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