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The liver has a remarkable capacity to regenerate itself after 
extensive loss of tissue. This regenerative capacity makes it 
possible to surgically remove large parts of the liver when a 
tumor is present (1). Furthermore, liver regeneration also 
enables specials forms of liver transplantations, for instance 
living donor liver transplantation (LDLT), where a healthy 
person donates a portion of his liver to the transplanted 
patient. However, inadequate liver regeneration can 
cause serious clinical conditions leading to liver failure 
and may be fatal for these patients (2). Recovery after 
partial hepatectomy consists of several proliferative and 
hepatoprotective signaling cascades. Increased expression 
of cell cycle progression genes such as Cyclin D1 and Cyclin 
E1 stimulate quiescent hepatocytes to enter G1 phase. One 
of the key cytokines that is rapidly induced upon partial 
hepatectomy is IL-6, which regulates the transcription 
factor STAT3 that in turn generates a proliferative response 
in hepatocytes (3). 

After losing a large part its total size, the liver has to 
cope with a bile acid overload already in the first hours after 
partial hepatectomy. Bile acids are natural ligands of the 
farnesoid X receptor (FXR) and are closely involved in the 
process of liver regeneration. Activation of intestinal FXR 
leads to production and release of fibroblast growth factor 
19 (FGF19) (4). Fibroblast growth factors (FGFs) form a 
large family of structurally related proteins with pleiotropic 
functions that can act on multiple cell types. For instance, 
human FGF19, and the murine orthologue FGF15, play an 
important role in bile acid homeostasis, glucose homeostasis, 

development and proliferation (5-7). FGF15 and FGF19 
are ligands for the fibroblast growth factor receptor 4 
(FGFR4) and its co-receptor β-Klotho (KLB), that promotes 
this binding and is necessary for the functional effects in 
hepatocytes and other FGFR4 expressing tissues (8). A link 
between FGF19-FGFR4 and cell proliferation, but also 
tumorigenesis has been demonstrated in several studies. 
For instance, FGF15 deficiency impaired liver regeneration 
in mice (9). Furthermore, both FGFR4 deficiency as well 
as blocking the interaction of FGF19-FGFR4 interaction 
decreased hepatocyte proliferation and tumor growth (10-12).  
Moreover, FGF19 stimulates STAT3 signaling in vivo, 
which most likely plays a major role of the proliferative 
effects of FGF19 (13). In addition, FGF15/19 represses 
bile acid synthesis (14) and bile acid uptake transporters 
in the liver (15). Using a comprehensive set of transgenic 
mice models Kong et al. recently determined the role of 
FGF15 in liver regeneration independent of bile acid levels 
(Figure 1) (16). They developed a model using the Tet-
off system where Fgf15 expression is driven by the FABP1 
promoter, resulting in Fgf15 overexpression in liver and 
intestine. Administration of doxycycline for 5 days resulted 
in transcriptional repression of the Fgf15 transgene in both 
intestine and liver. Surprisingly, five days after doxycycline 
withdrawal, Fgf15 overexpression returned in the intestine 
but not in liver. This allowed the authors to compare two 
different models, the vehicle treated mice that overexpress 
Fgf15 in both hepatocytes and enterocytes, and the 
doxycycline followed by vehicle treated mice that show 
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intestine-specific overexpression of Fgf15. Worth noting is 
that Fgf15 in mouse is endogenously detected in enterocytes 
only, while human FGF19 expression can also be detected 
in liver during cholestasis or cirrhosis (17). Liver-specific 
expression of Fgf15 was achieved using viral transduction of 
Fgf15 knockout mice using adeno-associated viral vectors. 
This virus has a liver specific tropism when the AAV8 
subtype is used. Finally, they directly injected specially 
modified FGF15 to have systemic exposure without specific 
tissue-specific FGF15 secretion.

The bile acid pool size is reduced in mice upon increased 
FGF15 signaling, irrespective of tissue or origin. Notably, 
this reduction in pool size is not reflected by bile acid levels 
in plasma, which are increased upon Fgf15 overexpression. 
Plasma bile acid levels poorly correlate with bile acid 
pool, or hepatic bile acid uptake (18), but may largely be 
determined by intestinal transit (19), a process modulated 
by FGF19-signaling, independent of its proliferative  
effect (20). FGF15 induces genes involved in cell 
proliferation, including Ccnd1, Pcna and Cdkn1a. Restoring 
bile acid levels by cholate feeding (further) induced 
expression of these genes, but this effect was accompanied 
by even higher Fgf15 levels in both liver and intestine. 
Also, in conditions of partial hepatectomy genes reflecting 
proliferation were induced upon Fgf15 overexpression, both 
by overexpression in liver and intestine and by intestine-
restricted overexpression. Incorporation of BrdU, which is 
a measure for proliferation, was only significantly increased 
in mice with both intestine and liver Fgf15 overexpression 
and not in the intestine-specific overexpression model. 
However, both overexpression models induced protein 
expression of CYCLIN D1, CDK4 and c-MYC. These 

analyzes suggest that FGF15 indeed activates cell cycle 
genes. Moreover, FGF15 knockout mice show a 70% 
mortality rate after partial hepatectomy (9), while AAV-
mediated liver-specific Fgf15 overexpression in these mice 
could rescue this effect down to only 20% mortality. This 
implies that Fgf15 overexpression in liver also induced 
proliferative effects. Also, injections with recombinant 
FGF15 increased p-JNK, p-ERK and p-STAT3. Together, 
the data from Kong et al. suggests that FGF15 stimulates 
proliferation after hepatectomy independent of its effect 
on the bile acid pool size and largely independent of its 
production site. The latter is not entirely surprising since 
FGF15/19 have low heparin binding affinity, which allows 
them to diffuse far away from the intestine or liver and 
enables them to function as endocrine hormones (21).

The authors further investigated the mechanisms of 
action and studied effects of FGF15 on hepatocyte priming 
for regeneration, as well as termination of regeneration 
upon partial hepatectomy. Immediate-early response genes 
of c-Jun and c-Myc are significantly elevated after 30 and 
60 minutes respectively in Fgf15 transgenic mice compared 
to wildtypes and this tendency was already present under 
basal (pre-hepatectomy) conditions. Furthermore, Fgf15 
transgenic mice showed higher levels of phosphorylated 
Stat3, Nf-κΒ and IκΒα compared to wild-type mice. In 
addition, liver regeneration in wild-type mice was ongoing 
7 days post-hepatectomy, and returned to their normal 
weight at day 14, whereas liver regeneration in mice 
overexpressing Fgf15 stopped at day 7, and the livers of 
Fgf15 overexpression mice were also smaller prior to the 
hepatectomy. Together, this indicates that FGF15 plays a 
role in priming during liver regeneration, but also in the 

Figure 1 Overview of the models used in Kong et al. A Novel Fibroblast Growth Factor 15 Dependent- and Bile Acid Independent-
Promotion of Liver Regeneration in Mice. Hepatology 2018. Green indicates overexpression. FGF15, fibroblast growth factor 15.
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termination process.
FGF15 and FGF19 only share a 51% amino acid 

sequence similarity (22). Peculiarly, the sequence divergence 
of FGF19 orthologues seems to be limited primarily to 
rodent FGF15 (23). Therefore, it seems important to study 
FGF15 in mice and FGF19 in humans, but to be careful 
with conclusions based on the injection or overexpression 
of FGF19 in mice. For instance, unlike FGF19, FGF15 
does not cause accelerated tumor growth of hepatocellular 
carcinoma (HCC) in db/db mice or mice administered a 
high fat diet (24). Similarly, mice with humanized livers 
have a much larger livers (13% of body weight), compared 
with control mice, which was restored when the “humanized 
liver” mice also express FGF19, suggesting that hormone 
and its receptor need to be species-matched for their normal 
signaling (25). Therefore, new animal models like described 
in this study prove useful to further clarify the potential of 
FGF15/19 in liver regeneration. 
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