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Acetaminophen (APAP) hepatotoxicity because of overdose is the most frequent cause of acute
liver failure. The mechanisms of APAP hepatotoxicity are dominated by intracellular events in-
cluding the formation of a reactive metabolite, hepatic glutathione depletion and protein bind-
ing. In response to overdose of APAP treatment, the liver elicits a healing process characterized
by proliferation of hepatocytes, removal of necrotic tissue, and restoration of the hepatic mi-
crovasculature. However, the mechanisms of repair of the tissue damage during APAP hepato-
toxicity are poorly understood. Vascular endothelial growth factor (VEGF) and its receptors,
VEGFR1 and VEGFR2, promote the repair and regeneration of the liver after acute insult includ-
ing liver resection and toxicants. This mini review focuses on the role of VEGF/VEGFRs signal-

ing in liver injury and hepatic tissue repair during APAP hepatotoxicity.
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Introduction

Acetaminophen (N-acetyl-para-aminophenol) (APAP) is
a commonly used, over-the-counter analgesic and anti-
pyretic with few side effects when taken at therapeutic doses.
However, APAP toxicity from an overdose can result in
severe hepatic damage in both humans and animals®.
Metabolic activation of APAP and protein adduct forma-
tion, mitochondrial dysfunction, oxidant stress, peroxynitrite
formation and nuclear DNA fragmentation are critical in-
tracellular events in hepatocytes? 3. Although the research
in understanding the mechanisms of APAP-induced liver
injury has been focused on intracellular events in hepato-
cytes, there also is an increasing awareness that infiltrat-

ing inflammatory cells are involved in the pathogenesis*®.
Furthermore, hepatic microcirculatory dysfunction contrib-
utes to the liver injury elicited by APAP710),

In addition to the injury mechanisms, initiation of regen-
eration is critical for the repair of the damaged liver tissue
and the resolution of the inflammation'. In response to
toxin-induced acute liver injury, the liver elicits a healing
process characterized by proliferation of hepatocytes, re-
moval of necrotic tissue and matrix remodeling leading to
restoration of a normal hepatic structure. However, the
underlying mechanisms of liver repair process appear to
be complex and unclear® & 12,

Vascular endothelial growth factor (VEGF)-A is a major
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Fig.1 Liver expression of VEGFR1 and

VRGFR?2 after APAP treatment
Double staining of liver sections from WT with
antibodies against VEGFR1 (red) and F4/80
(green), VEGFRL1 (red) and CD11b (green),
VEGFR2 (red) and Lyve-1 (green) or VEGFR2
(red) and CD31 (green). A, C, E and G, double
labeling in untreated livers; B, D, F and H,
double labeling in livers treated with APAP for
48 h. Arrows indicate double-labeled cells.
DAPI staining is shown to identify cell nuclei
(blue). C, central vein; P, portal vein. Scale bars
indicate 50 pm.

regulator of development, and of physiological and patho-
logical angiogenesis' 4. VEGF acts primarily through two
tyrosine kinase receptors, VEGF receptor-1 (VEGFR1, flt-1)
and VEGF receptor-2 (VEGFR2, flk-1, kdr). VEGF-A binds
to VEGFR1 with a 10-fold higher affinity than to VEGFR2,
though the tyrosine kinase activity of VEGFR1 is relatively
weak. Although both receptors are expressed in endothe-
lial cells, VEGFR1 is also expressed in monocytes/mac-
rophages' . VEGF-induced angiogenesis is mainly me-
diated by VEGFR2 activation'® '®. In contrast, the bio-
logical role of VEGFR1 is highly complex. Although genetic
data indicate that signaling downstream of this receptor is
not required for developmental angiogenesis'”, a role for
VEGFR1 during tumor-angiogenesis has been recently
suggested' 9. VEGFR1 signaling also implicates the re-
cruitment of macrophages in the inflammatory sites?.

In this mini review, we will present several studies in-
cluding ours on the critical roles of VEGFR1 and VEGFR2
receptors in liver injury and repair of the liver tissue after
APAP toxicity.

VEGF/VEGFR expression in the liver af-
ter APAP administration

The overdoses of APAP administration to mice causes a
significant liver injury as evidenced by serum ALT activi-
ties, peaking at 24 h after APAP (injury phase), and re-
turned to the normal levels within 48 h and thereafter APAP
(repair phase). During APAP hepatotoxicity, the expres-
sions of VEGF and its receptors, VEGFR1 and VEGFR2,
are enhanced?'?¥. Although the time periods when VEGF
expression is up-regulated during the course of APAP hepa-
totoxicity differ among these reports, the significant in-

creases in VEGF protein levels are found in the late phase
of injury, indicating a critical role of VEGF in the recovery
from APAP hepatotoxicity. The enhanced expression of
VEGF is demonstrated in hepatocytes during APAP
hepatotoxicity?". The expression of VEGFR1 is localized
in the sinusoids of untreated liver (Fig.1A and 1C). Double
immunofluorescein analysis for identification of the sinu-
soidal cells expressing VEGFR1 reveals that these cells
are positive for F4/80, a marker of resident macrophages
(Kupffer cells) (Fig.1A and 1B). During APAP hepatotoxic-
ity, a significant increase in hepatic VEGFR1 protein ex-
pression is peaked at 48 h after APAP?". At the same time
point, VEGFR1-positive cells are accumulated in the in-
jured centrilobular regions. These VEGFR1-positive cells
in the injured area are negative for F4/80 (Fig.1B), but are
positive for CD11b (Fig.1D), an indication for recruited
macrophages?¥. The expression of VEGFR1 is not co-lo-
calized with CD31, a marker of endothelial cells®®. On the
other hand, in control livers, VEGFR2 is expressed along
the sinusoids (Fig.1E to 1H). These VEGFR2-cells are posi-
tive for Lymphatic vessel endothelial hyaluronan receptor
1 (Lyve-1) (Fig.1E and 1F), an indicator for liver sinusoidal
endothelial cells (LSECs) (25), but not for CD31 (Fig.1G
and 1H). The administration of APAP causes an increase
in hepatic protein levels of VEGFR2 expression from 8
through 48 h after?"). Double immunofluorescein analysis
reveals that VEGFR2-expressed cells are positive for Lyve-
1 as well as CD31 48 h after APAP treatment (Fig.2). Col-
lectively, enhanced VEGFR1 is expressed on the recruited
macrophages, and VEGFR2 is expressed on the LSECs
during the repair phase of APAP hepatotoxicity.
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Fig.2 Schematic representation of the VEGF/VEGFR-
mediated pathway for the enhancement of liver
repair during acetaminophen hepatotoxicity

VEGEF released from hepatocytes binds to recruited mac-
rophage VEGFR1 to the damaged tissue to facilitate removal
of dead cells and proliferation of hepatocytes through TNF
and HGF production. VEGFR?2 signaling in LSECs is involved
in the restoration of the functional integrity of LSECs, even-
tually improving the sinusoidal perfusion.

Roles of VEGFRs during injury phase of
APAP hepatotoxicity

Prior studies suggest that both VEGFR1 and VEGFR2
signaling appear not to be involved in liver injury during the
course of APAP hepatotoxicity. For example, VEGFR2 sig-
naling may not be responsible for acute liver injury, be-
cause the pharmacological interventions with VEGFR2 ki-
nase inhibitors fail to protect against APAP hepatotoxic-
ity2'- 23, Additionally, there is no significant difference in the
magnitude of liver injury between WT mice and VEGFR1
tyrosine kinase (TK)-deficient mice??, indicating that
VEGFR1 signaling also is not involved in APAP hepatotox-
icity. Taken together, VEGF/VEGFR signaling pathway
plays a minor role in APAP-induced liver injury. Neverthe-
less, our analyzes suggest that VEGF-VEGFR signaling
plays a substantial role.

Roles of VEGFRs in macrophage recruit-
ment during repair phase of APAP hepa-
totoxicity

We showed that VEGFR1-TK-deficient mice exhibit sup-
pression of recruited VEGFR1 macrophages expressing
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CD11b?. Thus, VEGFRT1 signaling plays a role in the re-
cruitment of macrophages expressing VEGFR1/CD11b in
the injured livers. Recent reports have revealed that mac-
rophages accumulated in response to an APAP challenge
represent a bone marrow-derived, circulating monocyte/
macrophage population, distinct from resident Kupffer
cells?¥. The newly recruited macrophages appear to be
involved in cell debris removal during the later phase of
APAP hepatotoxicity as a prerequisite for regeneration and
replacement of necrotic cells?* ?®. These data support the
hypothesis that VEGFR1 signaling pathway contributes
to the recruitment of macrophages expressing VEGFR1/
CD11b, which play a key role in liver tissue repair process
after APAP hepatotoxicity.

Increasing experimental evidence indicates that the infil-
trating macrophages (M2), which are distinct from activated
resident Kupffer cells (M1), are critical for the removal of
necrotic cells and for tissue repair after APAP hepatotoxic-
ity> 24, In addition, the recruitment of M2 macrophages into
the injured areas occurs through monocyte chemoattractant
protein (MCP-1)/C-C chemokine receptor 2 (CCR2) sig-
naling during APAP hepatotoxicity?* 2). Thus, it would be
interesting to know whether characterization of VEGFR1/
CD11b macrophages shares a phenotype with M2 mac-
rophages and whether MCP-1 and its receptor, CCR2 sig-
naling pathway is involved in the recruitment of macroph-
ages expressing VEGFR1/CD11b.

Furthermore, neutrophils are recruited into the area of
necrosis where they may participate in the healing and
phagocytosis of cellular debris®. In contrast, M2 macroph-
ages can induce apoptosis of neutrophils, which contrib-
utes to the resolution of the inflammatory response after
APAP induced liver injury??. The role of neutrophils in tis-
sue regeneration and its involvement of VEGFR1 signal-
ing have not been specifically investigated.

Roles of VEGFRs in LSEC restoration
during repair phase of APAP hepatotox-
icity

VEGFR1-TK signaling is preventive from LSEC injury,
because the hepatic hemorrhage in VEGFR1-TK-deficient
mice is sustained during the late phase of APAP hepato-
toxicity. The enhanced gap formation in LSECs and com-
promised endocytosis of LSECs mediated by the scaven-
ger receptors also are shown in VEGFR1-TK-deficient mice.
The formation of gaps in LSECs is caused by MMP-9 acti-
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vation” %23, These gaps in the cytoplasm are formed by
the destruction and/or coalescence of fenestrae which per-
mit red blood cells to penetrate into the space of Disse,
resulting in collapsed sinusoids and impaired liver micro-
circulation® 23, Alternatively, VEGFR1 TK signaling protects
LSECs against APAP hepatotoxicity and minimizes liver
microcirculatory disturbance to ensure blood supply of the
regenerating liver. Expression of several pro-angiogenic
growth factors, including basic fibroblast growth factor
(bFGF) and transforming growth factor (TGF) 3 is up-regu-
lated through VEGFR1 TK signaling®. Exogenous VEGF
promotes the recovery from LSEC injury to APAP toxicity,
which is associated with enhanced hepatic expression of
VEGFR1 at later time points (36 h after APAP)?®). Although
VEGF/VEGFR1 pathway may regulate the functional in-
tegrity of LSECs?9, the mechanism of protective effect of
VEGFR1 signaling on LSECs during APAP hepatotoxicity
remains to be elucidated.

Moreover, during repair phase of APAP hepatotoxicity,
VEGFR2 signaling enhances hepatic expression of CD31
and endothelial nitric oxide synthase (eNOS), which could
contribute to the sinusoidal restoration” 2". VEGFR1-TK
signaling facilitates the restoration of LSEC from APAP
hepatotoxicity through the maintenance of VEGFR2
expression on LSECs®. In the model of liver regeneration
induced by partial hepatectomy, VEGFR2 activation is cru-
cial for liver regeneration through neoangiogenesis®. Also,
in liver regeneration following carbon tetrachloride toxicity,
VEGFR2 signaling stimulates LSEC proliferation3".

Roles of VEGFRs in liver repair through
cellular cross-talk between parenchymal
and non-parenchymal cells during APAP
hepatotoxicity

During APAP hepatotoxicity, both VEGFR1 and VEGFR2
signaling promote hepatocyte proliferation as indicated by
enhanced expression of proliferating cell nuclear antigen
(PCNA), a marker of cellular proliferation' 2. VEGF, tu-
mor necrosis factor (TNF) «, hepatocyte growth factor
(HGF), and other mediators have been implicated in pro-

moting liver tissue regeneration after an APAP overdose®"
23, 26)

Cellular cross-talk between LSECs and hepatocytes plays
an important role in sinusoidal homeostasis and physiologic
angiogenesis during liver regeneration® 3. In liver regen-
eration following carbon tetrachloride toxicity, VEGFR1
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activation elicits paracrine release of tissue specific growth
factors (HGF and interleukin-6 (IL-6)) from LSECs, result-
ing in the proliferation of hepatocytes®". In the partial hepa-
tectomy-induced liver regeneration, VEGFR2 signaling in
LSECs facilitates angiogenesis through up-regulation of
Id1 and secretion of HGF and Wnt230).

Contact between macrophages and hepatocytes also is
crucial for liver repair after toxin-induced liver injury. Evi-
dence suggests that M2 macrophages generate a variety
of growth factors such as TGF 3, VEGF, and epidermal
growth factor (EGF), which are key to angiogenesis, tissue
regeneration, and repair®®. We recently have shown that
recruited macrophages promote liver repair after carbon
tetrachloride hepatotoxicity through production of TNF,
IL-6, and HGF34.

Conclusion

In conclusion, VEGF/VEGFR signaling appears to be cru-
cial for liver repair after APAP hepatotoxicity (Fig.2). The
recruitment of macrophages in the injured areas through
VEGFR1 signaling and enhanced VEGFR2 expression pro-
mote liver repair as indicated by restoration of the hepatic
sinusoids and hepatocyte proliferation mediated by TNF
and HGF. Highly selective VEGFR1 and VEGFR2 ago-
nists may serve as novel therapeutic tools to aid in the
repair of tissue damage from acute liver injury.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

References

1) Mitchell JR, Jollow DJ, Potter WZ, Davis DC, Gillette
JR, Brodie BB: Acetaminophen-induced hepatic necro-
sis: |. Role of drug metabolism. J Pharmacol Exp Ther.
1973; 187: 185-194.

2) Dahlin DC, Miwa GT, Lu AY, Nelson SD: N-acetyl-p-
benzoquinone imine: a cytochrome P-450-mediated
oxidation product of acetaminophen. Proc Natl Acad
Sci USA. 1984; 81: 1327-1331.

3) Kon K, Kim JS, Jaeschke H, Lemasters JJ: Mitochon-
drial permeability transition in acetaminophen-induced
necrosis and apoptosis of cultured mouse hepatocytes.
Hepatology. 2004; 40: 1170-1179.

4) Liu ZX, Kaplowitz N: Role of innate immunity in ac-
etaminophen- induced hepatotoxicity. Expert Opin
Drug Metabol Toxicol. 2006; 2: 493-503.



Inflammation and Regeneration

5) Laskin DL: Macrophages and inflammatory mediators
in chemical toxicity: a battle of forces. Chem Res Toxicol.
2009; 22: 1376-1385.

6) Adams DH, Ju C, Ramaiah SK, Uetrecht J, Jaeschke
H: Mechanisms of immune-mediated liver injury. Toxicol
Sci. 2010; 115: 307-321.

7) DelLeve LD: Hepatic microvasculature in liver injury.
Semin Liv Dis. 2007; 27: 390-400.

8)Ito Y, Bethea NW, Abril ER, McCuskey RS: Early
hepatic microvascular injury in response to acetami-
nophen toxicity. Microcirculation. 2003; 10: 391-400.

9) lto Y, Abril ER, Bethea NW, McCuskey RS: Role of
nitric oxide in hepatic microvascular injury elicited by
acetaminophen in mice. Am J Physiol. 2004; 286: G60-
G67.

10)Ito Y, Abril ER, Bethea NW, McCuskey RS: Inhibition
of matrix metalloproteinases minimizes hepatic mi-
crovascular injury in response to acetaminophen in
mice. Toxicol Sci. 2005; 83: 190-196.

11)Mehendale HM: Tissue repair: An important determi-
nant of final outcome of toxicant-induced injury. Toxicol
Pathol. 2005; 33: 41-51.

12)Jaeschke H, Williams CD, Ramachandran A, Bajt ML:
Acetaminophen hepatotoxicity and repair: the role of
sterile inflammation and innate immunity. Liver Int.
2012; 32: 8-20.

13)Ferrara N, Gerber HP, LeCouter J: The biology of VEGF
and its receptors. Nat Med. 2003; 9: 669-679.

14) Shibuya M: Vascular endothelial growth factor-depen-
dent and -independent regulation of angiogenesis. BMB
Rep. 2008; 41: 278-286.

15)Clauss M, Weich H, Breier G, Knies U, Rockl W,
Waltenberger J, Risau W: The vascular endothelial
growth factor receptor Flt-1 mediates biological activi-
ties. Implications for a functional role of placenta growth
factor in monocyte activation and chemotaxis. J Biol
Chem. 1996; 271: 17629-17634.

16)Gille H, Kowalski J, Li B, LeCouter J, Moffat B,
Zioncheck TF, Pelletier N, Ferrara N: Analysis of
biological effects and signaling properties of Flt-1
(VEGFR-1) and KDR (VEGFR-2). J Biol Chem. 2001:
276; 3222-3230.

17)Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M:
Flt-1 lacking the tyrosine kinase domain is sufficient
for normal development and angiogenesis in mice. Proc
Natl Acad Sci USA. 1998; 95: 9349-9354.

Mini Review Role of VEGF/VEGEFR signaling in liver regeneration
Vol.33 No.1

JANUARY 2013 70

18)Hiratsuka S, Maru Y, Okada A, Seiki M, Noda T,
Shibuya M: Involvement of Flt-1 tyrosine kinase (vas-
cular endothelial growth factor receptor-1) in patho-
logical angiogenesis. Cancer Res. 2001; 61: 1207-
1213.

19)Kaplan RN, Riba RD, Zacharoulis S, Bramley AH,
Vincent L, Costa C, MacDonald DD, Jin DK, Shido K,
Kerns SA, Zhu Z, Hicklin D, Wu Y, Port JL, Altorki N,
Port ER, Ruggero D, Shmelkov SV, Jensen KK, Rafii
S, Lyden D: VEGFR1-positive haematopoietic bone
marrow progenitors initiate the pre-metastatic niche.
Nature. 2005; 438: 820-827.

20)Murakami M, Zheng Y, Hirashima M, Suda T, Morita
Y, Ooehara J, Ema H, Fong GH, Shibuya M: VEGFR1
tyrosine kinase signaling promotes lymphangiogenesis
as well as angiogenesis indirectly via macrophage re-
cruitment. Arterioscler Thromb Vasc Biol. 2008; 28:
658-664.

21)Donahower B, McCullough SS, Kurten R, Lamps LW,
Simpson P, Hinson JA, James LP: Vascular endothe-
lial growth factor and hepatocyte regeneration in ac-
etaminophen toxicity. Am J Physiol Gastrointest Liver
Physiol. 2006; 291: G102-G109.

22)Papastefanou VP, Bozas E, Mykoniatis MG, Grypioti
A, Garyfallidis S, Bartsocas CS, Nicolopoulou-Stamati
P: VEGF isoforms and receptors expression through-
out acute acetaminophen-induced liver injury and re-
generation. Arch Toxicol. 2007; 81: 729-741.

23)Kato T, Ito Y, Hosono K, Suzuki T, Tamaki H, Minamino
T, Kato S, Sakagami H, Shibuya M, Majima M: Vascu-
lar endothelial growth factor receptor-1 signaling pro-
motes liver repair through restoration of liver microvas-
culature after acetaminophen hepatotoxicity. Toxicol
Sci. 2011; 120: 218-229.

24)Holt MP, Cheng L, Ju C: Identification and character-
ization of infiltrating macrophages in acetaminophen-
induced liver injury. J Leukoc Biol. 2008; 84: 1410-
1421.

25)Mouta Carreira C, Nasser SM, di Tomaso E, Padera
TP, Boucher Y, Tomarev Sl, Jain RK: LYVE-1 is not
restricted to the lymph vessels: expression in normal
liver blood sinusoids and down-regulation in human
liver cancer and cirrhosis. Cancer Res. 2001; 61: 8079-
8084.

26)Chiu H, Gardner CR, Dambach DM, Durham SK,
Brittingham JA, Laskin JD, Laskin DL: Role of tumor



Inflammation and Regeneration

necrosis factor receptor 1 (p55) in hepatocyte prolif-
eration during acetaminophen-induced toxicity in mice.
Toxicol Appl Pharmacol. 2003; 193: 218-227.

27)Dambach DM, Watson LM, Gray KR, Durham SK,
Laskin DL: Role of CCR2 in macrophage migration into
the liver during acetaminophen-induced hepatotoxicity
in the mouse. Hepatology. 2002; 35: 1093-1103.

28) Donahower BC, McCullough SS, Hennings L, Simpson
PM, Stowe CD, Saad AG, Kurten RC, Hinson JA, James
LP: Human recombinant vascular endothelial growth
factor reduces necrosis and enhances hepatocyte re-
generation in a mouse model of acetaminophen toxic-
ity. J Pharmacol Exp Ther. 2010; 334: 33-43.

29)May D, Djonov V, Zamir G, Bala M, Safadi R, Sklair-
Levy M, Keshet E: A transgenic model for conditional
induction and rescue of portal hypertension reveals a
role of VEGF-mediated regulation of sinusoidal fenes-
trations. PLoS One. 2011; 6: e21478.

30)Ding BS, Nolan DJ, Butler JM, James D, Babazadeh
AO, Rosenwaks Z, Mittal V, Kobayashi H, Shido K,
Lyden D, Sato TN, Rabbany SY, Rafii S: Inductive

Mini Review Role of VEGF/VEGEFR signaling in liver regeneration
Vol.33 No.1

JANUARY 2013 71

angiocrine signals from sinusoidal endothelium are re-
quired for liver regeneration. Nature. 2010; 468: 310-
315.

31)LeCouter J, Moritz DR, Li B, Phillips GL, Liang XH,
Gerber HP, Hillan KJ, Ferrara N: Angiogenesis-inde-
pendent endothelial protection of liver: role of VEGFR1.
Science 2003; 299: 890-893.

32)Fernandez M, Semela D, Bruix J, Colle |, Pinzani M,
Bosch J: Angiogenesis in liver disease. J Hepatol.
2009; 50: 604-620.

33)Laskin DL, Sunil VR, Gardner CR, Laskin JD: Mac-
rophages and tissue injury: agents of defense or
destruction? Annu Rev Pharmacol Toxicol. 2011; 51:
267-288.

34)Minamino T, Ito Y, Ohkubo H, Hosono K, Suzuki T,
Sato T, Ae T, Shibuya A, Sakagami H, Narumiya S,
Koizumi W, Majima M: Thromboxane A(2) receptor sig-
naling promotes liver tissue repair after toxic injury
through the enhancement of macrophage recruitment.
Toxicol Appl Pharmacol. 2012; 259 :104-114.



	0066-0067a
	0068-0071b

