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Liver sinusoidal endothelial cells (LSECs) have long been noted to contribute to liver regeneration after liver 
injury. In normal liver, the major cellular source of HGF is the hepatic stellate cell, but after liver injury, HGF 
expression has been thought to increase markedly in proliferating LSECs. However, emerging data suggest that 
even after injury, LSEC expression of HGF does not increase greatly. In contrast, bone marrow progenitor cells 
of LSECs (BM SPCs), which are rich in HGF, are recruited to the liver after injury. This Review examines liver 
regeneration from the perspective that BM SPCs that have been recruited to the liver, rather than mature LSECs, 
drive liver regeneration.

Introduction
HGF is a cytokine that plays a crucial role in tissue regeneration, 
stimulating cell growth, cell motility, and morphogenesis. More 
than 20 years ago, Jacquelyn Maher first hypothesized that liver 
sinusoidal endothelial cells (LSECs) contribute to liver regenera-
tion, demonstrating that hepatic stellate cells serve as the major 
source of HGF in normal liver but that after liver injury, HGF 
expression increased markedly in LSECs (1). It was shown sub-
sequently that bFGF stimulates LSEC proliferation in the liver 
but not hepatocyte proliferation, and that inhibition of bFGF 
inhibits LSEC proliferation but not hepatocyte proliferation. 
This result, coupled with the observation that bFGF or VEGF 
increases liver weight after partial hepatectomy, whereas bFGF 
inhibition impairs liver regeneration, is consistent with the con-
cept that endothelial cells direct liver regeneration (2). VEGF 
does not stimulate hepatocyte proliferation in vitro, but in vivo 
studies or co-culture studies of hepatocytes with liver endothelial 
cells have demonstrated that VEGF stimulates proliferation of 
hepatocytes through the VEGFR1 pathway (3). These studies also 
demonstrated upregulation of HGF gene expression through 
the VEGFR1 pathway in sinusoidal lining cells or isolated liver 
endothelial cells (3). Thus these results suggested that VEGF 
promotes hepatocyte proliferation through VEGFR1-stimulated 
release of HGF from liver endothelial cells (3). Finally, a recent 
paper has suggested that impaired liver regeneration in mice with 
inducible genetic ablation of VEGFR2 is due to diminished expres-
sion of angiocrine factors, including HGF, from LSECs (4). How-
ever, like other endothelial cells, LSECs express very little HGF 
(1, 5). In contrast, bone marrow progenitor cells of LSECs (BM 
SPCs), which are recruited to the liver after injury and after par-
tial hepatectomy (5), are rich in HGF. BM SPCs are the same size 
as LSECs and share surface markers (5); therefore, LSEC isolation 
methods can also recover BM SPCs engrafted in the liver along 
with LSECs. Thus, in vitro studies could mistakenly attribute the 
properties of engrafted BM SPCs to mature LSECs. Many current 
findings on LSECs and liver regeneration are consistent with the 
hypothesis that BM SPCs recruited to the liver, rather than mature 
LSECs, drive liver regeneration, whereas the alternate hypothesis, 

that mature LSECs drive liver regeneration, cannot account for 
several known observations. This Review examines the literature 
from the perspective that BM SPCs that have been recruited to 
the liver, rather than mature LSECs, are the major drivers of liver 
regeneration (Figure 1).

LSECs and their progenitors
LSECs are unique endothelial cells, both morphologically and 
functionally. LSECs are small cells, with a diameter of around 
6.5 μm when isolated, that are stretched out into a very thin layer 
lining the hepatic sinusoids. LSECs are the only mammalian 
endothelial cells that combine non-diaphragmed fenestrae with 
the lack of a basement membrane. The fenestrae are clustered 
together in sieve plates, and the size and number of fenestrae dif-
fer in LSECs from the periportal, midlobular and centrilobular 
regions of the liver (6–10). LSECs are also functionally unique. The 
high activity of receptor-mediated endocytosis provides LSECs 
with a high-rate, high-capacity system to clear colloids and solu-
ble waste macromolecules from the circulation (11, 12). The three 
main receptors for endocytosis are the mannose receptor, the scav-
enger receptor, and the Fcγ receptor IIb2 (12). LSECs are the initial 
target of injury for some hepatotoxic drugs and toxins (13–20) and 
are susceptible to ischemia-reperfusion injury (21–24).

As has been described for endothelial cells and pericytes in 
other vascular beds (refs. 25–29 are a few of many such reports), 
crosstalk exists between LSECs and the neighboring pericytes, the 
hepatic stellate cells (30, 31). Activation of hepatic stellate cells 
leads to fibrosis. Healthy LSECs prevent the activation of hepatic 
stellate cells and inactivate activated hepatic stellate cells (31). 
LSECs develop an altered phenotype preceding hepatic fibrosis 
that is called capillarization. Capillarized LSECs lose the ability 
to prevent hepatic stellate cell activation and inactivate activated 
hepatic stellate cells. In a rat model of hepatic fibrosis, reversal of 
capillarization of LSECs inactivates activated hepatic stellate cells 
and accelerates reversal of fibrosis, whereas reversal of capillariza-
tion during an ongoing insult prevents progression of cirrhosis 
(32). In healthy liver, hepatocytes and hepatic stellate cells main-
tain the phenotype of LSECs through release of VEGF (30).

Like other endothelial cells, LSECs express CD31 (also known 
as PECAM). However, unlike most endothelial cells, the CD31 
expression of normal LSECs is restricted to the cytoplasm rather 
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than to the cell surface at cell-cell junctions (30). Also in stark 
contrast to other endothelial cells, LSECs are the only endothelial 
cells reported to date that express CD45 (10, 33, 34), a classic 
hematopoietic cell marker. CD45 is highly expressed on peri-
portal LSECs, less strongly expressed on midlobular LSECs, and 
absent on centrilobular LSECs (10).

Stem cells are defined as cells that divide asymmetrically, pro-
ducing one daughter cell that is a stem cell and one daughter cell 
that is either a progenitor cell or a specialized cell (Figure 2). By 
definition, stem cells can self-renew and give rise indefinitely to 
more cells of the same type. Progenitor cells, also known as tran-
sit-amplifying cells, are more lineage committed than stem cells, 
give rise to specialized cells, and can only replicate a limited num-
ber of times. Two populations of liver sinusoidal endothelial cell 
progenitor cells (SPCs) have been identified: BM SPCs and resi-
dent or intrahepatic SPCs. BM SPCs do not contribute to normal 
LSEC turnover, but are recruited to the liver after injury or par-
tial hepatectomy (5, 33, 35). Resident SPCs are not derived from 
the bone marrow in the adult rodent (5). Resident SPCs and BM 
SPCs recruited to the liver are isolated along with mature LSECs, 
“contaminating” LSEC isolates (5). Marked variability exists in 
the frequency of resident SPCs in rodents, varying from 1% of all 
LSECs in Sprague-Dawley rats to 7% in Fischer rats (5). Within 
the liver, a putative resident LSEC stem cell has been identified 
based on its characteristics as a label-retaining cell. The definitive 
functional characteristics of self-renewal, lineage-specific differ-
entiation, and serial repopulation have not been demonstrated, 
so this designation remains tenuous. However, the presence of a 
label-retaining cell with the surface markers of the resident SPC 
suggests that resident SPCs derive from this putative resident 

LSEC stem cell, especially given that resident SPCs do not come 
from the bone marrow in the adult rodent. In the Sprague-Daw-
ley rat, 0.1% of all LSECs are putative resident LSEC stem cells 
(5). The 0.1% frequency of the putative resident LSEC stem cell is 
high when compared with the 0.01% frequency of hematopoietic 
stem cells among the nucleated cells in the bone marrow (36). 
Although the logical function for the resident LSEC stem cell and 
resident SPC would be to give rise to LSECs in normal turnover, 
such functionality has yet to be demonstrated.

Both resident and BM SPCs are positive for the progenitor cell 
marker CD133 and, like the LSEC, they express the endothelial 
cell marker CD31 and the hematopoietic cell marker CD45 (5). 
The resident SPC is positive for VEGFR1 and VEGFR2. While 
VEGFR expression in BM SPCs has not yet been examined, given 
that LSECs are positive for VEGFR1 and VEGFR2, BM SPCs may 
be as well. The resident SPC has a fenestration pattern that is 
indistinguishable from mature LSECs, whereas SPCs in the bone 
marrow are non-fenestrated but develop the normal LSEC fenes-
tration pattern after recruitment to and engraftment in the liver 
(5). The presence of CD45 on resident and BM SPCs distinguishes 
them from the more generic endothelial progenitor cell (EPC) 
that is by definition CD45 negative.

After partial hepatectomy or toxic injury, proliferation of BM 
SPCs increases more than two-fold and mobilization of BM SPCs 
to the circulation increases two- to four-fold (5, 35). The num-
ber of LSECs of bone marrow origin increases over time: 25% of 
LSECs are bone marrow derived on day 3 after partial hepatec-
tomy, whereas 40% and 70% of LSECs are bone marrow derived 
on days 5 and 14, respectively, after a toxic dose of dimethylni-
trosamine (5, 35). Studies have ruled out fusion in LSECs after 

Figure 1
BM SPCs and liver regeneration. Schematic depicting the contributions of liver cells and BM SPCs to liver regeneration. Liver injury induces 
increased hepatic VEGF expression, which drives recruitment of HGF-rich BM SPCs and promotes expression of HGF by resident SPCs and 
LSECs. HGF, in turn stimulates the proliferation of hepatocytes in liver regeneration. In addition, SPCs replace LSECs that were lost during injury.
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recruitment of the bone marrow–derived cells (33), so this result 
is true engraftment rather than fusion of a bone marrow cell with 
existing LSECs. BM SPCs develop fenestrae organized in sieve 
plates after engraftment in the liver (5, 35). After partial hepatec-
tomy, BM SPCs that engraft in the liver proliferate much more 
than resident SPCs and are the major source of increased HGF in 
the LSEC fraction (5).

The key evidence that BM SPCs are necessary for liver regener-
ation comes from experiments with bone marrow irradiation. In 
rats, the two hind limbs from ankle to hip contain about 40% of 
the total bone marrow, and irradiation of this area results in sup-
pression of peripheral leukocyte count by almost 40% (5). When 
these irradiated rats undergo partial hepatectomy, liver regener-
ation is impaired by 40%, and minimal hepatocyte proliferation 
on day 5 suggests that liver regeneration is not merely delayed. 
Infusion of either resident SPCs or bone marrow into the irradi-
ated rats on day 1 after partial hepatectomy markedly promotes 
hepatocyte proliferation and completely normalizes restoration 
of liver weight. This result demonstrates that liver regeneration is 
impaired following bone marrow irradiation due to the loss of BM 
SPCs. The suppression of liver regeneration proportionate to bone 
marrow suppression and the lack of hepatocyte proliferation on 
day 5 after partial hepatectomy in this study indicate that LSECs 
and/or resident SPCs and other sources of HGF cannot compen-
sate for the loss of BM SPC stimulation of liver regeneration. Of 
note, infusion of resident SPCs or bone marrow on day 3 (rather 
than day 1) after partial hepatectomy has little benefit, suggesting 
that SPC infusion must occur prior to the second round of hepa-
tocyte proliferation, which is completed by day 2 in the rat. Prolif-
eration within the LSEC fraction is increased by day 1 after partial 
hepatectomy and peaks by day 3 in the rat (5, 37, 38). This sug-

gests that the early influx of BM SPCs stimulates liver regeneration 
by promoting hepatocyte proliferation, whereas proliferation of 
LSECs and/or SPCs from day 3 on is required for angiogenesis in 
the regenerating liver. Whether the mature LSEC also proliferates 
or whether all of the proliferation is attributable to resident and 
BM SPCs remains to be determined.

If infusion of resident SPCs can rescue liver regeneration after 
bone marrow irradiation, resident SPCs might be expected to con-
tribute to liver regeneration. However, as noted above, suppression 
of liver regeneration is proportionate to the amount of bone mar-
row irradiated, indicating that resident SPCs do not compensate 
for the loss of BM SPCs. The finding that infusion of resident 
SPCs stimulates hepatocyte proliferation, but that resident SPCs 
in situ do not contribute significantly to liver regeneration, sug-
gests that these cells remain relatively quiescent as long as they are 
in the liver stem cell niche.

The contribution of BM SPCs to recovery from liver injury has 
also been demonstrated in two models of toxic hepatitis (33, 35). 
Studies in the monocrotaline-induced model of sinusoidal obstruc-
tion syndrome (SOS; also referred to as hepatic venoocclusive dis-
ease) have demonstrated that monocrotaline damages both LSECs 
(15, 20, 33, 39) and BM SPCs (33). During the recovery phase of 
injury, around 25% of LSECs are of bone marrow origin, demon-
strating marked repair of LSECs by BM SPCs. However, at the 
height of sinusoidal denudation and centrilobular hemorrhagic 
necrosis, monocrotaline decreases the number of SPCs in the bone 
marrow by 50% and reduces the number of circulating BM SPCs by 
95%. Bone marrow irradiation elicits severe SOS from a subtoxic 
dose of monocrotaline, whereas infusion of bone marrow com-
pletely prevents SOS in rats given a dose of monocrotaline that 
would otherwise cause severe SOS. Thus, repair of LSEC injury 
by BM SPCs is a key determinant of SOS. In other words, SOS is 
due to a combination of injury to LSECs and lack of repair by BM 
SPCs. Taken together with what we now know about the effect of 
BM SPCs on liver regeneration, diminished repair by BM SPCs in 
SOS will not only prevent repopulation of the denuded sinusoid, 
but also impair hepatocyte proliferation needed for liver regener-
ation. This likely explains the high case lethality in patients who 
develop SOS from high-dose myeloablative chemotherapy prior to 
hematopoietic cell transplantation (bone marrow transplantation). 
BM SPCs also repair LSEC injury after a toxic dose of dimethyl-
nitrosamine, and infusion of BM SPC attenuates this injury (35).

Regulation of recruitment of bone marrow SPCs
Hepatic VEGF (also known as VEGFA) increases in response to 
many forms of liver injury and after partial hepatectomy (35, 37, 
38, 40–43). Knockdown of hepatic VEGF with antisense oligonucle-
otides can exacerbate toxic injury to the liver (35), whereas infusion 
of VEGF can ameliorate toxic injury (44–46) and increases hepato-
cyte proliferation (38) and liver weight after partial hepatectomy  
(3, 4). After both toxic injury and partial hepatectomy, hepatic 
VEGF has been shown to regulate each step of BM SPC recruitment 
to the liver: proliferation of BM SPCs, mobilization of BM SPCs to 
the circulation, engraftment of BM SPCs in the liver, and differen-
tiation of BM SPCs to fenestrated LSECs lining the sinusoids (35) 
(Figure 3). Thus, hepatic VEGF is a central regulator of BM SPC 
recruitment and is critical to liver regeneration. The finding that 
inducible VEGFR2-deficient Vegfr2flox/flox mice have impaired liver 
regeneration after partial hepatectomy (4) is consistent with two 
possible hypotheses: that hepatic VEGF recruits BM SPCs to the 

Figure 2
Stem and progenitor cells. Stem cells self-renew and give rise to pro-
genitor cells. Progenitor cells or transit-amplifying cells are more lin-
eage committed than stem cells, give rise to additional progenitor cells 
or to specialized cells, and can only replicate a limited number of times. 
Two populations of liver SPCs can give rise to LSECs: BM SPCs, which 
are recruited to the liver after injury or partial hepatectomy, and resident 
or intrahepatic SPCs, which contribute to normal LSEC turnover. SPCs 
derive from stem cells, and the SPC population expands before giving 
rise to the mature LSECs.
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liver and thereby promotes liver regeneration, and that these mice 
lack VEGF-stimulated HGF release by BM SPCs (3) (see below).

Hepatic mitogens
Several excellent reviews on liver regeneration provide an in-depth 
discussion of the signaling pathways that control liver regenera-
tion (for example, refs. 47, 48). This section will only mention a 
few concepts that are relevant to the current Review. Multiple sig-
naling pathways contribute to liver regeneration, and these path-
ways can be driven by complete or incomplete mitogens (Hepatic 
mitogens). Complete mitogens are mitogenic in hepatocyte culture 
in vitro and able to induce liver enlargement and hepatocyte DNA 
synthesis when injected in vivo (48). In contrast, auxiliary mito-
gens are not mitogenic in vitro and do not cause hepatocyte DNA 
synthesis and liver enlargement in vivo (48). Ablation of the sig-
naling pathways for auxiliary mitogens delays liver regeneration 
rather than abolishing it (48). Wnt2 has recently been reported as 
being a mitogen derived from the LSEC fraction (4).

Although this Review focuses on HGF from LSECs and their 
progenitors, several sources of HGF may contribute to liver regen-
eration. Hepatic stellate cells have much higher HGF expression 
in normal liver than do other liver cells, but expression does not 
increase in the carbon tetrachloride model of liver injury (1). The 
increase in hepatic HGF that occurs within one hour of partial 
hepatectomy is attributed to release of HGF from pericellular and 
extracellular glycosaminoglycans (48). Because of the timing, stim-
ulation of the first round of hepatocyte proliferation is attributed 
to this pool of HGF (48). Three hours after partial hepatectomy, 
HGF protein expression increases in the liver (49) and HGF gene 

expression is increased in lung (50), kidney, and spleen (51). The 
respective contributions of the various intrahepatic and extrahe-
patic HGF pools to liver regeneration remain to be defined.

Inhibitor of DNA binding 1 (Id1) is a dominant-negative helix- 
loop-helix protein that can form heterodimers with members 
of the basic HLD family of transcription factors. Id1 activates 
VEGF by enhancing the stability and activity of HIF-1α (52–54), 
and conversely the VEGF/VEGFR2 pathway may activate Id1 (4). 
Studies in Id1–/– mice have demonstrated impaired mobilization 
and recruitment of bone marrow EPCs, leading to impaired tumor 
angiogenesis and tumor growth (55). Liver regeneration after 
partial hepatectomy is impaired in Id1–/– mice (4), suggesting an 
impaired mobilization and recruitment of BM SPCs that is analo-
gous to the EPC findings (4). Id1–/– mice have decreased expression 
of HGF and Wnt2 after partial hepatectomy (4), but it is unclear 
whether Id1 is a transcription factor for VEGF/VEGFR2-stimu-
lated expression of Wnt2 and HGF or whether decreased hepatic 
expression of Wnt2 and HGF are solely due to decreased recruit-
ment of BM SPCs expressing Wnt2 and HGF. While this study 
used an in vitro two-week co-culture model of hepatocytes with 
human liver endothelial cells to examine whether Id1 expression 
is required to stimulate hepatocyte proliferation (4), interpreta-
tion of these results is difficult, as LSECs only survive in standard  
co-culture for about 4 days.

EGF is a complete mitogen that is produced by duodenal Brun-
ner’s glands (56); secretion of EGF into the portal circulation is 
thought to contribute to liver regeneration. Given that EPCs 
express EGF (57), EGF expression should also be examined in resi-
dent and BM SPCs. If EGF is abundantly expressed in SPCs, stud-
ies will need to examine the contribution of SPC-derived EGF in 
the promotion of liver regeneration.

The section above examines the role of hepatic VEGF in recruit-
ing BM SPCs that express HGF and perhaps also Wnt2. However, 
in vitro studies with liver endothelial cells have demonstrated 
that VEGF stimulates production of HGF from isolated liver 

Figure 3
Hepatic VEGF is a central regulator of recruitment of SPCs from the 
bone marrow to the liver. Hepatic VEGF increases after disparate 
forms of liver injury. The increase in VEGF is necessary for increased 
proliferation of BM SPCs, mobilization of BM SPCs to the circulation, 
engraftment of BM SPCs in the liver, and differentiation to LSECs 
after liver injury.

Hepatic mitogens
	 Complete mitogens	 Incomplete mitogens
	 HGF	 VEGF
	 EGF	 FGF1
	 TGF-α	 FGF2
	 Heparin-binding EGF	 Notch
	 Amphiregulin	 Jagged
		  Complement proteins
		  Leptin
		  Insulin
		  Norepinephrine
		  TNF
		  IL-6
		  TGF-β
		  Bile acids
		  Serotonin
		  Hyaluronic acid
		  Wnt2

These complete and incomplete hepatic mitogens are discussed in fur-
ther detail in ref. 48.
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endothelial cells (presumably containing both LSECs and resi-
dent SPCs), which promotes hepatocyte proliferation in vitro (3). 
Whether the VEGF-induced increase in HGF in the in vitro studies 
comes from resident SPCs, mature LSECs, or both is not known 
(5). In addition, it is unclear whether the major reason for increased 
expression of HGF in the LSEC fraction after liver injury is due 
to hepatic VEGF-stimulated recruitment of BM SPCs that highly 
express HGF, high hepatic VEGF expression that stimulates expres-
sion of HGF in engrafted BM SPCs, or a combination of both.

Clinical implication and questions
Studies demonstrate that liver regeneration in the rat is suppressed 
proportionately to the suppression of bone marrow (5). The clini-
cal implication of these findings is clear. If these observations are 
confirmed in humans, then global bone marrow suppression or 
selective suppression of BM SPCs will impair liver regeneration, 
an important consideration for clinicians. However this obser-
vation raises numerous clinical questions. Suppression of select 
bone marrow populations in chronic liver disease can occur, but 
are BM SPCs one of the populations that can be suppressed? What 
effect do various liver diseases and hepatotoxic insults have on BM 
SPCs and on the signaling pathways that recruit BM SPCs? Liver 
regeneration in normal liver comes from hepatocyte proliferation 
(58), but in chronic liver disease, liver regeneration requires pro-
liferation of hepatocyte progenitors. Do BM SPCs play a role in 
liver regeneration that is dependent on hepatocyte progenitors? 
Can regenerative medicine create BM SPCs that could be used 
therapeutically to promote liver regeneration? If hepatic signaling 
that promotes BM SPC recruitment is diminished in liver disease, 
would exogenous BM SPCs home to the liver and engraft? VEGF 
administration is costly and can be complicated by water reten-
tion; will other steps in the signaling pathway that recruits BM 
SPCs be more amenable to therapy?

Conclusions
BM SPCs are recruited to the liver after partial hepatectomy and 
toxic liver injury. Recruitment of BM SPCs to the liver is essen-
tial for hepatocyte proliferation and restoration of liver weight in 
these models. BM SPCs are the major source of increased HGF in 
the LSEC fraction. However, HGF may not account for the essen-
tial contribution of BM SPCs, given that there are other sources 
of increased intrahepatic and extrahepatic HGF after injury. 
Although HGF from BM SPCs is probably important, future stud-
ies will need to define why BM SPC recruitment is essential for 
liver regeneration.

The VEGF/VEGFR2 pathway is essential for liver regeneration. 
Id1 is an essential transcription factor in this pathway, but its role 
needs further definition. VEGF is a central regulator of BM SPC 
recruitment: the increase in hepatic VEGF after injury leads to pro-
liferation of BM SPCs, mobilization of BM SPCs to the circulation, 
engraftment in the liver, and differentiation of BM SPCs to LSECs. 
VEGF also stimulates increased HGF expression in the cells of the 
LSEC fraction, i.e., mature LSECs and/or the LSEC progenitors.

Liver regeneration is essential to both acute restoration of liver 
mass after resection or injury and to maintenance of liver mass 
during chronic injury. A better understanding of the contribu-
tion of BM SPCs to liver regeneration and the regulation of BM 
SPC recruitment to the liver should make this a fertile field for 
translational research.
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