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Liver resection is commonly performed under ischemic conditions, resulting in two types of
insult to the remnant liver: ischemia reperfusion injury (IRI) and loss of liver mass. Comple-
ment inhibition is recognized as a potential therapeutic modality for IRI, but early comple-
ment activation products are also essential for liver regeneration. We describe a novel
site-targeted murine complement inhibitor, CR2-CD59, which specifically inhibits the
terminal membrane attack complex (MAC), and we use this protein to investigate the
complement-dependent balance between liver injury and regeneration in a clinical setting
of pharmacological inhibition. CR2-CD59 did not impact in vivo generation of C3 and C5
activation products but was as effective as the C3 activation inhibitor CR2-Crry at amelio-
rating hepatic IR, indicating that the MAC is the principle mediator of hepatic IRI. Fur-
thermore, unlike C3 or C5 inhibition, CR2-CD59 was not only protective but significantly
enhanced hepatocyte proliferation after partial hepatectomy, including when combined
with ischemia and reperfusion. Remarkably, CR2-CD59 also enhanced regeneration after
90% hepatectomy and improved long-term survival from 0 to 70%. CR2-CD59 functioned
by increasing hepatic TNF and IL-6 levels with associated STAT3 and Akt activation, and by

preventing mitochondrial depolarization and allowing recovery of ATP stores.

Liver resection is an essential component of
treatment for many patients with primary or
secondary liver malignancies, but there is a finite
amount of liver that can be removed (~70%) to
avoid deficient regeneration and liver dysfunc-
tion (Helling, 2006; Breitenstein et al., 2009;
Garcea and Maddern, 2009). Liver regeneration
is also important for both donors and recipients
of small-for-size liver grafts, a type of surgery
which could significantly increase the donor
pool but which is not widely performed pri-
marily due to concerns of morbidity and mor-
tality in donors (Clavien et al.,2007). Other than
utilization of liver support systems, there is cur-
rently no therapy for patients with a failing
remnant or small-for-size liver, and there is a sig-
nificant need for strategies that can enhance the
regenerative capacity of livers and increase the
amount of liver that can be safely resected.
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Impaired liver regeneration is associated
with the extent of ischemia reperfusion injury
(IRI), an unavoidable component of transplan-
tation surgery and a component of most liver
resection surgeries. Thus, ameliorating postsur-
gical hepatic IRI may enhance the regenerative
capacity of the liver. Although currently there
is no approved treatment for IRI, complement
inhibition is recognized as a potential therapeu-
tic strategy for reducing IRI (Diepenhorst et al.,
2009) because complement plays a key role in
post-ischemic inflammation and injury. How-
ever, complement activation products also play a
critical role in liver regeneration (Mastellos et al.,
2001; Strey et al., 2003; Markiewski et al.,2009),
and complement inhibition would therefore
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Figure 1. In vitro characterization of CR2-CD59. (A) Flow cytometric analysis of CR2-CD59 binding to C3-opsonized CHO cells. Antibody-sensitized
CHO cells were incubated with C6~/~ mouse serum followed by incubation with CR2-CD59 (thick black trace) or PBS (dark gray trace). CR2-CD59 was

also incubated with unopsonized cells, either without antibody (light gray trace) or without serum (thin black trace). Shown is a representative of 3 sepa-
rate experiments. (B) CR2-CD59 inhibition of complement-mediated RBC lysis. Antibody-sensitized chicken RBCs were incubated with either CR2-Crry or
CR2-CD59 in the presence of mouse serum. (C) Effect of CR2-CD59 on C3 activation. Activated zymosan particles were incubated with mouse serum and
increasing doses of CR2-Crry or CR2-CD59, and C3 deposition on particles detected by flow cytometry. Data are presented as mean + SEM (n = 2-3) and

are representative of 2-4 independent experiments.

appear to be contraindicative for surgery where liver regen-
eration is a component of recovery (He et al., 2009).

Activation of complement leads to the sequential pro-
duction of the effector molecules C3a, C5a, and the mem-
brane attack complex (MAC). C3a and Cba are soluble
bioactive peptides that are cleaved from their parent proteins
by enzymatic convertases, and the MAC is a terminal cyto-
lytic protein complex assembled in cell membranes after
cleavage of C5. The complement activation products C3a
and/or Cba are essential for liver regeneration via their effect
on cell signaling processes involved in hepatocyte prolifer-
ation (Strey et al., 2003; Markiewski et al., 2009), but a role
for the MAC 1in liver regeneration has not been previously
investigated. The precise role of complement in hepatic IRI
is also not clear, with both C5a and the MAC being im-
plicated in causing injury; deficiency of CD59 (MAC in-
hibitor) in mice exacerbates IRI (Zhang et al., 2011), and
deficiency of C6 (MAC protein) in rats ameliorates IRI
(Fondevila et al., 2008), whereas C5a receptor antagonism
has also been shown to protect against hepatic IRI in rats
(Arumugam et al., 2004).

Here, we describe the construction and characterization
of a fusion protein, CR2-CD59, which specifically inhibits
MAC assembly in mice. The complement inhibitor CD59
binds to C8 and C9 proteins in the assembling MAC to pre-
vent it from effectively inserting into cell membranes, and
because CD59 functions in a species-selective manner, it is
necessary and appropriate to use a murine composition in a
mouse model. The CR2 moiety of the fusion protein binds to
deposited C3 cleavage products and targets the construct to
sites of complement activation (Atkinson et al., 2005). The
benefits of CR2-mediated targeted complement inhibition
versus systemic complement inhibition have been shown pre-
viously for inhibitors of C3 activation (Crry and factor H),
and include improved bioavailability, significantly improved
efficacy, and maintenance of host immunity to infection
(Atkinson et al., 2005; Sekine et al., 2011). Of additional
importance here, unlike C3 inhibitors, soluble (untargeted)
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CD59 is a very poor complement inhibitor, and data indicate
that it must be positioned in close proximity to the site of
complement activation and MAC formation to function ef-
fectively (Zhang et al., 1999), highlighting the need for a site-
targeting approach for this inhibitor. In this study, we use
CR2-CD59 to dissect the complement pathway and investi-
gate how the MAC is involved in liver injury and regeneration.
The data further indicate that unlike other currently available
complement inhibitors, CR2-CD59 represents a promising
nontoxic therapeutic for protecting against liver injury and
promoting regeneration in a variety of clinical settings, includ-
ing acute liver failure after massive liver resection.

RESULTS

In vitro characterization of CR2-CD59

A CR2-CD59 fusion protein was designed for specific inhi-
bition of the mouse terminal complement pathway and MAC
formation at sites of complement activation (see Materials
and methods). The CR2-CD59 construct targeted C3 acti-
vation fragments as demonstrated by its binding to C3 op-
sonized CHO cells, but not unopsonized cells (Fig. 1 A).
Complement inhibitory activity of the construct was dem-
onstrated by showing dose-dependent inhibition of serum-
mediated lysis of antibody sensitized chicken erythrocytes
(Fig. 1 B). CR2-CD59 was not as eftective as CR2-Crry at
inhibiting cell lysis on a molar basis, likely a consequence
CR2-Crry acting upstream in the complement pathway
and the one hit dynamics of erythrocyte lysis. However, un-
like CR2-Crry, CR2-CD59 did not inhibit C3 activation
(Fig. 1 C). Thus, CR2-CD59 targets to C3 opsonized cells
and specifically inhibits MAC formation without affecting
upstream C3 activation.

Hepatic IRI

To investigate the role of the MAC in hepatic IRI in a clinically
relevant setting of complement inhibition rather than defi-
ciency, and to directly compare early pathway inhibition to ter-
minal pathway inhibition, mice were treated with CR2-CD59,
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CR2-Crry, or PBS vehicle after total hepatic warm ischemia.
Histological evidence of IRI and serum levels of alanine amino-
transferase (ALT), a measure of liver function, were significantly
and similarly reduced in CR2-Crry— and CR2-CD59—treated
mice compared with PBS-treated controls (Fig. 2, A and B).
The level of protection afforded by CR2-Crry was similar to
that previously reported by us for mice deficient in C3 or simi-
larly inhibited at C3 activation (He et al., 2009).

To assess whether the terminal pathway plays a role in
neutrophil recruitment within the liver after IRI, myeloper-
oxidase (MPO) levels in liver homogenates were measured.
Neutrophil infiltration is strongly associated with hepatic
IRI, and MPO levels were significantly elevated in liver sam-
ples from PBS-treated control animals at 24 h after reperfu-
sion (Fig. 2 C). However, complement inhibition with either
CR2-Crry or CR2-CD59 resulted in significantly reduced levels
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of MPO, with no significant difference between the inhibitor-
treated groups. Although C3a and C5a are known chemoattrac-
tants, these data indicate that the MAC also plays a role in hepatic
neutrophil recruitment after IR. It was recently shown that the
MAC can trigger NLRP3 inflammasome activation and IL-13
and IL-18 release (Triantafilou et al., 2013), so one possibility for
the reduced neutrophil infiltration observed after MAC inhibi-
tion may be due to inhibition of inflammasome activation. To
investigate this possibility, we assayed IL-18 in liver homogenates
from the various treated groups after IR. Treatment with either
CR2-CD59 or CR2-Crry, both of which inhibit MAC forma-
tion, resulted in significantly reduced levels of IL-18, the ma-
ture inflammatory form of pro—IL-18 that is cleaved by the
NLRP3 inflammasome (Fig. 2 D). Collectively with previous
data, this result is consistent with the MAC promoting neutro-
phil infiltration via inflammasome activation.
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To demonstrate that CR2-CD59 is specific for the termi-
nal pathway in vivo, the effect of CR2-CD59 on MAC
deposition and generation of the upstream complement acti-
vation products C5a and C3d was assessed after hepatic IR.
Although CR2-Crry and CR2-CD59 provided equivalent
levels of protection, only CR2-Crry decreased Cba levels
compared with PBS-treated controls (Fig. 2 E). Additionally,
there were much higher levels of C3d deposited in livers
from CR2-CD59—treated vs. CR2-Crry—treated animals,
whereas each inhibitor similarly reduced MAC deposition
(Fig. 2 F). Not surprisingly, there was extensive C3d and
MAC deposition in livers from PBS-treated controls, with
complement deposition in these unprotected mice focused in
necrotic areas. In CR2-Crry—and CR2-CD59—treated mice,
there was little to no necrosis and C3d staining was seen in a
sinusoidal pattern, showing limited complement activation
along the vascular endothelium, which is consistent with the
amount of injury seen in these animals (Fig. 2 F). These data
demonstrate that CR2-CD59 does not modulate upstream
complement activation in vivo. Importantly, CR2-Crry treat-
ment conferred no additional therapeutic benefit compared
with CR2-CD59, indicating that the MAC is the critical de-
terminant in causing hepatic IR1.

In vivo kinetics, biodistribution, and localization of CR2-CD59
Based on the protective effect of CR2-CD59 against hepatic
IRI, we characterized additional aspects of the molecule
that would be relevant for potential therapeutic development.
After intravenous injection of radiolabeled CR2-CD59, the
protein had a two-phase elimination profile: an initial rapid
phase with a t;,, of 16 min, and a second prolonged phase
with a t;,, of 6.5 h. This is somewhat shorter than that of
CR2-Crry (8.7 h; Atkinson et al., 2005) and CR2-fH (8.8 h;
Huang et al., 2008), but a short circulatory half-life is consid-
ered a beneficial characteristic for a site-targeted complement
inhibitor because systemic effects would be minimized.

We previously demonstrated that CR2-Crry preferen-
tially targets to the intestine in a model of intestinal IRI
(Atkinson et al., 2005), and to confirm that CR2-CD59 sim-
ilarly targets to sites of post-ischemic injury, we performed
a biodistribution study after hepatic IR. After hepatic IRI,
CR2-CD59 targeted predominantly to the liver (Fig. 3 A).
Some specific targeting to the kidney and lung was also ob-
served, but because the kidney and lung are sites of secondary
injury and complement activation (Topp et al., 2004; Bilzer
et al., 2006), this is not surprising and the data demonstrate
injury-specific targeting. For additional and more direct
evidence of CR2-CD59 targeting, we analyzed CR2-CD59
binding in the liver after IR by immunohistochemistry. For
these studies, we used CID597/~ mice because the absence of
endogenous CD59 allows for CR2-CD59 localization via
the CD59 portion of the molecule. Mice were subjected to
IRT and treated with CR2-CD59 in the therapeutic protocol
described above, with analysis at 6 h after reperfusion. Analy-
sis of liver serial sections revealed CR2-CD59 localized to
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Figure 3.
hepatic IRI. (A) Biodistribution of CR2-CD59 after IRI. 12%I-labeled
CR2-CD59 was injected into mice immediately after IR or after a sham
operation, and tissue distribution of radiolabel was assessed after 2 h
reperfusion. Shown are the combined results from 3 independent experi-
ments of 1 mouse per group (mean + SEM); *, P < 0.05 versus all other
samples, as assessed by ANOVA. (B) Hepatic localization of C3d and CR2-
CD59 after IRI. CR2-CD59 was injected into WT or CD59~/~ mice immedi-
ately after IR or after a sham operation, and livers were isolated after 2 h
reperfusion. Serial sections were prepared and analyzed by immuno-
histochemistry for C3d and CR2-CD59 binding. Representative images,

n = 3. Bars, 20 uM.

the sinusoidal endothelium and areas of frank necrosis. Fur-
thermore, analysis of C3d deposition, the target ligand for CR2,
revealed a similar endothelial staining pattern (Fig. 3 B), and the
pattern of C3d staining was also consistent with that seen in
WT mice undergoing IRI (as shown above, Fig. 2). Compared
with CR2-CD59 staining, we did observe some additional
staining for C3d in the parenchyma, and it is possible that this
is a reflection of the short circulatory half-life of CR2-CD59
relative to the evolution of injury and access of C3. Immuno-
staining for CD59 in livers from WT mice demonstrated the
presence of CD59 on the central vein and sinusoidal endothe-
lium, with no CD59 staining seen in livers from CD597/~ -
deficient sham controls, confirming the specificity of the
antibody. Together, these data demonstrate that CR2-CD59
colocalizes within areas of complement activation in the
post-ischemic liver.

Liver regeneration after partial hepatectomy (PHx)

The complement activation products C3a and/or C5a are key
mediators of hepatocyte proliferation and liver regeneration,
and it has been shown that inhibitors of C3 and C5 activa-
tion (as well as C3 or C5 deficiency) impair the regenerative

Complement in liver injury and regeneration | Marshall et al.



response and cause increased liver injury after toxic insult or
70% PHx (Mastellos et al., 2001; Strey et al., 2003; He et al.,
2009; Markiewski et al., 2009; Singhal et al., 2012). We have
previously investigated the effect of CR2-Crry on liver re-
generation after 70% PHXx, and although a low dose of CR2-
Crry is not injurious, a dose that is optimal for protecting
against IRI (the dose used in the above IRI experiments)
causes liver injury and impaired regeneration, similar to other
C3/C5 activation inhibitors and C3 deficiency (He et al.,
2009). We show here that in marked contrast to CR2-Crry,
treatment of mice with CR2-CD59 after 70% PHx signifi-
cantly reduced liver injury as measured by serum ALT levels,
with no increase in evidence of histological injury compared
with PBS-treated controls (Fig. 4, A and B). Furthermore,
CR2-CD59 treatment resulted in a significantly improved re-
generative response, as measured by increased liver weight res-
titution and increased BrdU incorporation (Fig. 4, C and D).
Complement activation in remnant livers of PBS-treated mice
is shown by sinusoidal C3d deposition, which was reduced in
mice treated with CR2-Crry at a dose previously shown to be
optimal for reducing IRI (Fig. 4 E; He et al.,2009). In contrast,
CR2-CD59 treatment did not affect C3d deposition after
70% PHx, whereas both inhibitors similarly reduced MAC
deposition. These data indicate that MAC-induced injury
impairs the regenerative response and that MAC inhibition
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enhances regeneration after PHx. As further confirmation of
this conclusion, we also demonstrated increased injury, im-
paired regeneration, and decreased survival in CD59-deficient
mice compared with PBS-treated WT controls after 70%
PHx, with reversal of these effects in CD59-deficient mice
treated with CR2-CD59 (unpublished data).

In addition to MAC inhibition, CD59 is known to have
signaling and cell activation functions (Kimberley et al., 2007).
Although these alternative functions are linked to its glyco-
phosphatidylinositol anchor, we nevertheless performed an addi-
tional experiment to investigate whether CR2-CD59 may be
protective after 70% PHx via a mechanism other than specific
MAC inhibition that allows for the generation of C3a/C>ba.
It has been shown previously that C3a and C5a receptor-
deficient mice, as well as WT mice treated with anti-C5 mAb,
have increased hepatic injury and impaired regeneration after
PHx (Strey et al., 2003; Markiewski et al., 2009). Here, we
demonstrate that treatment of mice with either C3a receptor
antagonist or with anti-C5 mAb increases injury and impairs
regeneration after 70% PHx, and that co-treatment with
CR2-CD59 does not affect any outcome measure (Fig. 5).
Together with the above data and cited previous data, this
result indicates that CR2-CD59 is functioning to promote
liver regeneration by allowing the generation of C3a and Cba,
rather than by any alternative direct protective effect.

Figure 4. Effect of complement inhibi-
tion on outcomes after 70% PHx. Mice
were treated with PBS, CR2-Crry, or CR2-
CD59 immediately after surgery, and the fol-
lowing determinations were made 48 h after
surgery. (A) Serum ALT. (B) Histological quan-
tification of hepatic necrosis and injury in
H&E-stained sections, scored on a scale of
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0-3. (C) Liver weight restitution (D) Assess-
ment of liver regeneration by BrdU incorpora-
tion, detected by immunohistochemistry and
expressed as 9% positive cells in 10 high-
power fields. Results are expressed as mean +
SEM (n = 4-6) and are representative of 3
independent experiments; **, P < 0.001;

* P <0.05, assessed by ANOVA. (E) Effect of CR2-
Crry and CR2-CD59 on complement activa-
tion. C3d and MAC deposition was analyzed in
sections prepared from livers isolated 48 h
after surgery. Shown are representative im-
ages of immunostained liver sections, with 4
animals analyzed per group. Bars, 20 uM.
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Combined model of IRI and PHx

Clinically, liver resection is usually performed under the
Pringle maneuver, which involves total vascular occlusion to
facilitate surgery and minimize blood loss (Dixon et al., 2005).
We therefore investigated the effect of MAC inhibition in a
combined model of total IRI and 70% PHx. Our previous
data using a similar model showed that animals treated with
CR2-Crry at a dose optimal for reducing IR fared far worse
than PBS-treated animals in terms of injury, neutrophil infil-
tration, regeneration, and survival, with only ~40% survival
rate at day 7 after surgery (He et al., 2009). In contrast, 100%
of CR2-CD59—treated mice survived, with significant im-
provements in all measured outcomes compared with PBS-
treated controls (Fig. 6, A—F).

To investigate the role of the MAC and potential protec-
tive mechanisms of CR2-CD59 in the combined model, we
determined the effect of terminal pathway complement inhi-
bition on TNF and IL-6 levels, two key mediators of hepatic
injury and regeneration that are essential for the priming
phase of the regenerative response, and expression of which
can be modulated by C3a and/or C5a (Cressman et al., 1996;
Yamada et al., 1997; Markiewski et al., 2009). At 3 h after sur-
gery, which is close to the time when levels of these cytokines
peak after 70% PHx, hepatic levels of both IL-6 and TNF
were significantly increased in CR2-CD59—treated mice
compared with PBS-treated mice, which correlated with
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Figure 5. Effect of C3aRA, anti-C5 mAb, and CR2-CD59 treat-
ment on outcome after 70 PHx. Mice were treated with C3aRA or anti-
C5 mAb, with or without CR2-CD59 co-treatment, and the following
determinations were made 48 h after surgery. (A) Serum ALT. (B) Histo-
logical quantification of hepatic necrosis and injury in H&E-stained sec-
tions (C) Assessment of liver regeneration by BrdU incorporation, detected
by immunohistochemistry and expressed as % positive cells in 10 high-
power fields. (D) Survival. Data are combined from 3 independent experi-
ments (n = 8). Results for A-C are expressed as mean + SEM. #, P > 0.05:
no significant difference between any complement inhibitor-treated
group, assessed by ANOVA.
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liver regeneration profiles (Fig. 6, G and H). Serum levels of
the cytokines were also measured 6 h after surgery as an indi-
cator of systemic inflammation, and although serum IL-6 lev-
els were also increased in CR2-CD59—treated mice compared
with PBS-treated mice, systemic levels of TNF were signifi-
cantly decreased (Fig. 6, I and J). Thus, CR2-CD59 increased
the local production of TNF and IL-6, while also diminish-
ing a subsequent systemic inflammatory response as indicated
by decreased serum TNF.

Massive liver resection and acute liver failure

The significant improvements seen in injury and regeneration
with CR2-CD59 treatment in the above models prompted us
to investigate how MAC inhibition would impact outcome
after 90% PHx, a model of acute hepatic failure induced by
massive liver resection (Tufién et al., 2009). Hepatic injury
after 90% PHx is much more severe than the injury that occurs
after 70% PHx, whereas 70% PHx in WT mice induces a
proliferative response with 100% survival rate, and the rem-
nant liver after 90% PHx fails to regenerate, with subsequent
severe liver injury and a 100% mortality rate. We directly com-
pared the effects or CR2-Crry and CR2-CD59 on outcomes
after 90% PHx. We used a dose of CR2-Crry (0.08 mg) that is
suboptimal for protection against IRI, but that we have previ-
ously shown is optimal for regeneration after 70% PHx (He
et al., 2009). Although titration of complement inhibition
would not be feasible in a clinical setting (thus precluding the
clinical use of a C3 inhibitor at any dose), the lower CR2-
Crry dose allows us to assess CR2-CD59 efficacy in compari-
son with CR2-Crry when given at an optimal dose for
regeneration. In PBS-treated controls, 90% PHx resulted in
liver injury and dysfunction, as demonstrated by high serum
ALT levels and extensive necrosis of hepatic parenchyma with
severe microvesicular steatosis. There was also little induction
of a proliferative response in PBS-treated animals as indicated
by the minimal amount of hepatocyte BrdU incorporation, and
all mice died within 3 d of surgery (Fig. 7). Mice treated with
CR2-Crry fared similarly to the PBS-treated animals in all as-
sessed parameters. R emarkably, however, CR2-CD59 treatment
resulted in significantly reduced hepatic injury and a marked
hepatocyte proliferative response, with an improvement in long-
term survival from 0% (in PBS-treated controls) to 70%.

Cytokine and signaling pathways after 90% PHx

To investigate potential protective mechanisms of CR2-
CD59 on the regeneration process after massive liver resec-
tion, we determined the effect of complement inhibition on
TNF and IL-6 levels, two key mediators of hepatic injury and
regeneration. CR2-CD59 treatment significantly increased
local hepatic production of TNF and IL-6 compared with
either PBS or CR2-Crry treatment (Fig. 8, A and B), similar
to that seen after IRI + 70% PHx (above). There was also a
significant decrease in serum TINE although not IL-6 in CR2-
CD59—treated mice, indicating diminished post-resection
systemic inflammation (Fig. 8, C and D). To provide further in-
sight into the mechanisms of CR2-CD59—mediated protection

Complement in liver injury and regeneration | Marshall et al.
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Figure 6.

Effect of complement inhibition on outcomes in a model incorporating both IRl and 70% PHx. Mice were treated with PBS, CR2-

Crry, or CR2-CD59 immediately after combined surgery. (A) Serum ALT levels. (B) Histological quantification of hepatic necrosis and injury in H&E-stained
sections. (C) Hepatic tissue levels of MPO. (D) Assessment of liver regeneration by BrdU incorporation. (E) Liver weight restitution. (F) Mouse survival.
All determinations were made 48 h after surgery. (G-J) Hepatic and serum cytokines were measured by ELISA. (G) Hepatic IL-6 levels 3 h after surgery.

(H) Hepatic TNF levels 3 h after surgery. (I) Serum IL-6 levels 6 h after surgery. (J) Serum TNF levels 6 h after surgery. Results are expressed as mean + SEM
(n = 4-6) and are representative of 3 independent experiments; ***, P < 0.001;** P < 0.01, assessed by ANOVA.

after 90% PHx, we investigated the effect of complement inhi-
bition on STAT3 and Akt activation. Both transcription factors
play an important role in the proliferative and prosurvival sig-
naling pathways after hepatectomy, and IL-6, which was in-
creased in remnant livers from mice treated with CR2-CD59,
regulates activation of both STAT3 and Akt (Taub, 2004).At 3 h
after resection, there was a significant increase in the phos-
phorylation of both STAT3 and Akt in remnant livers from
CR2-CD59-treated mice compared with either PBS or CR2-
Crry—treated mice (Fig. 9), indicating that blockade of MAC
formation preserves the normal signaling pathways important
for cell survival and proliferation.

JEM Vol. 211, No. 9

Mitochondrial dysfunction and ATP stores after 90% PHx

After massive liver resection, there is an increased metabolic
burden put on the remnant liver to maintain cellular pro-
cesses and to provide energy for regeneration. Mitochondrial
synthesis of ATP is crucial to prevent liver failure and ATP
depletion-dependent necrosis after massive resection and par-
tial liver transplantation (Zhong et al., 2006; Rehman et al.,
2011). To determine whether CR2-CD59 functions to pre-
vent mitochondrial depolarization after 90% PHx, intravital
confocal microscopy was performed. Live animals were in-
jected with propidium iodide live/dead stain (red) and rho-
damine (Rh)123 dye (green), the latter of which localizes to
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Figure 7. CR2-CD59 protects against acute hepatic failure after

90% PHx. Mice were treated with PBS, CR2-Crry, or CR2-CD59 immedi-
ately after 90% PHx. (A) Serum ALT levels 6 h after surgery. (B) Histological
quantification of hepatic necrosis and injury in H&E-stained sections,
scored on a scale of 0-3. (C) Assessment of liver regeneration by BrdU in-
corporation, detected by immunohistochemistry and expressed as % posi-
tive cells counted in 10 high-power fields, determined 24 h after surgery.
Results are expressed as mean + SEM (n = 6) and are representative of 3
independent experiments; **, P < 0.00; ™, P < 0.01; *, P < 0.05, as assessed
by ANOVA. (D) Survival analysis over a 7-d period after surgery. Difference
between the CR2-CD59-treated group and CR2-Crry- or PBS-treated
groups was statistically significant as determined by the Kaplan-Meier test
(P < 0.05). Combined data from 2 independent experiments (n = 12).

mitochondria in living cells. In sham operated animals, no
dead cells were seen and all hepatocytes had punctate Rh123
fluorescence staining, indicating normal polarization of mito-
chondria (Fig. 10, A and B). However, PBS-treated control
animals that underwent 90% PHx had diffuse Rh123 staining in
a large majority of hepatocytes (75%), indicating mitochondrial
depolarization. In contrast, in CR2-CD59—treated mice, only
8% of hepatocytes had depolarized mitochondria and there was
little evidence of cell death as indicated by lack of PI staining.
Mitochondrial depolarization leads to swelling and rupture
of the mitochondrial membrane, resulting in loss of the electro-
chemical gradient necessary for ATP production.To demonstrate
a link between CR2-CD59—mediated protection, mitochon-
drial dysfunction and ATP stores, we measured ATP levels after
90% PHx. There was a marked reduction in hepatic ATP in all
groups at 6 h after PHx (Fig. 10 C). However, in CR2-CD59-
treated mice, ATP stores recovered to near preoperation levels
by 48 h after PHx, whereas ATP levels remained low in PBS
and CR2-Crry—treated mice. These data indicate that after
90% PHx, MAC formation causes mitochondrial depolariza-
tion and depletion of ATP stores, resulting in acute liver failure
that can be prevented by MAC inhibition with CR2-CD59.

DISCUSSION

Complement has dual and balancing roles in hepatic injury
and regeneration that are not fully understood. It is clear that
the early complement activation products C3a and/or C5a
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Figure 8. Systemic and local cytokine production after 90% PHx.
Mice were treated with PBS, CR2-Crry, or CR2-CD59 immediately after
90% PHx. Hepatic and serum cytokines were measured by ELISA, normal-
ized to total protein content. (A) Hepatic IL-6 levels 3 h after surgery.

(B) Hepatic TNF levels 3 h after surgery. (C) Serum IL-6 levels 6 h after
surgery. (D) Serum TNF levels 6 h after surgery. Results are expressed as
mean + SEM (n = 4-6) and are representative of 3 independent experi-
ments; ***, P < 0.00, as assessed by ANOVA.

play a crucial role in the hepatocyte proliferative response, but
whether these proinflammatory peptides play a role in IRI is
less clear. There is some evidence implicating the terminal
pathway in IRI, but the MAC has not been studied in terms
of liver regeneration, although there is evidence that sublytic
concentrations of MAC can cause cell activation (Rus et al.,
2001). Developing an effective inhibitor of MAC formation
for use in experimental models has been a limiting factor
in studying the role of the MAC in clinically relevant para-
digms. Previous studies have used complement-deficient
mice, but such animals can have inherent complications,
making it sometimes difficult to reconcile data obtained
using complement-deficient mice with data obtained using
complement-inhibited mice.

For this study, we developed a murine complement in-
hibitor that targets to sites of complement activation and
specifically inhibits the MAC. Although the targeting of a
complement inhibitor to sites of complement activation im-
proves bioavailability and reduces any adverse effects due to
systemic inhibition, membrane localization is actually a re-
quirement for effective CD59 function. Soluble CD59 does
not effectively inhibit MAC formation, and its activity is
greatly increased when it is positioned in close proximity to
the site of complement activation on the membrane (Zhang
et al., 1999), as is achieved by the CR2 targeting vehicle.
Using CR2-CD59, we show that the MAC is the mediator of
complement-dependent hepatic IRI. We show that after par-
tial hepatectomy, with or without accompanying ischemia,
specific inhibition of the MAC allows generation of early com-
plement activation products that drive production of cyto-
kines necessary for activation of transcription factors important
for hepatocyte proliferation. We further determined that the

Complement in liver injury and regeneration | Marshall et al.
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Figure 9. Stat3 and Akt activation occurs in CR2-CD59-treated mice but not CR2-Crry-treated mice after 90% PHx. Mice were treated with
PBS, CR2-Crry, or CR2-CD59 immediately after 90% PHx. (A) Representative Western blot of STAT3, p-STAT3, Akt, and p-Akt in liver homogenate at 3 h
after surgery. (B) Densitometry. Results are expressed as mean + SEM (n = 4-6) and are representative of 3 independent experiments; ***, P < 0.001, as
assessed by ANOVA.

MAC causes mitochondrial depolarization and disrupts en- complement inhibition decreases post-IR levels of hepatic
ergy supply in regenerating livers, whereas MAC blockade IL-18, is that CR2-CD59 (and CR2-Crry) inhibits MAC-
protects remnant livers by preserving mitochondrial function dependent inflammasome activation. In this regard, the MAC
and allowing restoration of ATP stores necessary to serve the has been shown to trigger NLRP3 inflammasome activation
large metabolic burden in a regenerating liver. and IL-1B and IL-18 release (Triantafilou et al., 2013), and

It is interesting that CR2-CD59 reduced the level of he- the NLRP3 inflammasome has been shown to be involved in
patic neutrophil infiltration, even though CR2-CD59 did  hepatic IRI and neutrophil recruitment (Huang et al., 2013).
not affect generation of C5a,a powerful chemoattractant which The fact that CR2-CD59 did not impact upstream com-

has been implicated in neutrophil recruitment and IRI of  plement activation and did not impair liver regeneration after
various tissues and organs (Amsterdam et al., 1995; Arumugam either 70% PHx or combined IRI + 70% PHx signifies the
et al., 2003, 2004; Kim et al., 2008; Lewis et al., 2008; Zheng important role of early activation products in the regenerative

et al., 2008). Our results indicate that after hepatic IR, neu- process. Surprisingly, however, MAC inhibition actually en-
trophil recruitment is not C5a dependent and that C5a alone  hanced liver regeneration compared with control treated
is not sufficient for neutrophil recruitment when MAC for-  mice. A contributing factor to enhanced regeneration in
mation is inhibited. It is possible that the MAC may be in- CR2-CD59—treated mice, at least in the combined model,
volved directly in neutrophil recruitment via its ability to is likely related to its role in protecting against IRI, the ex-
up-regulate neutrophil adhesion markers and increase IL-8  tent of which is thought to impact regeneration. However,
production when deposited at sublytic concentrations (Hattori ~ CR2-CD59 also significantly increased the local production
et al., 1989; Kilgore et al., 1997, 1998; Tramontini et al., of key cytokines that are known to be important for priming
2002). Another possibility, consistent with our finding that the regenerative response. Interestingly, it has been shown

A Sham PBS CR2-CD59

Figure 10. CR2-CD59 treatment prevents mito-
chondrial depolarization and promotes recovery
of ATP stores after 90% PHx. Mice underwent
90% PHx or sham operation, and resected mice were
treated with either PBS or CR2-CD59 immediately
after surgery. For intravital microscopy study, live
animals were infused intravascularly with Rn123 fluor-
escence and Pl (live/dead) stain into the carotid artery

E 100 —_—— (I - (P:ii-Crry 2 h after resection. (A) Representative confocal image
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that local and systemic IL-6 has differential effects on the pro-
duction TNF. Specifically, systemic IL-6 inhibits TNF pro-
duction but has little effect on tissue TNF levels (Di Santo et al.,
1997).This is consistent with our data showing that CR2-CD59
treatment results in a systemic antiinflammatory profile of in-
creased levels of serum IL-6 and decreased levels of TINF,
while increasing hepatic levels of both cytokines.

Based on the significant improvements seen in CR2-
CD59—treated mice after 70%, we investigated the effect of
CR2-CD59 after 90% PHx. Remarkably, CR2-CD59 treat-
ment resulted in a 70% survival rate after 90% PHx, and sur-
vival was associated with reduced hepatic injury and a dramatic
increase in hepatocyte proliferation. Interestingly, although a
low dose of CR2-Crry was previously shown to be protective
after 70% PHx (He et al., 2009), it did not provide any protec-
tion after 90% PHX, a reflection of the unique pathophysiology
of massive liver resection and acute hepatic failure. Liver re-
generation after 90% PHx in CR2-CD59—treated animals was
associated with a marked increase in hepatic levels of TNF
and IL-6, together with STAT3 and Akt activation. IL-6 ex-
pression is dependent on TNF-induced NF-kB activation,
and IL-6—induced activation of STAT3 plays a role in cell cycle
progression (Cressman et al., 1996; Yamada et al., 1997; Li
et al., 2002; Blindenbacher et al., 2003). IL-6 also activates
the PI3K—Akt pathway, which regulates progression of the G1
phase during regeneration, as well as cell survival through up-
regulation of anti-apoptotic proteins (Taub, 2004). Thus, one
mechanism by which CR2-CD59 protects against acute liver
failure and improves regeneration after 90% PHx is the induc-
tion of IL-6 expression and STAT3 and Akt activation, which
is likely linked to the fact that CR2-CD59 does not inhibit
generation of C3a/Cba, which have been shown to induce
TNF and IL-6 expression after hepatectomy (Markiewski et al.,
2009). Similar signaling pathways are also involved in the pro-
duction of various growth factors that are essential for the re-
generative process. Of note, the MAC has been shown to
activate cells via the Akt pathway, although we show here
that MAC inhibition by CR2-CD59 promotes Akt activation.
A possible explanation for this apparent contradiction is that
while CR2-CD59 effectively blocks lytic MAC formation, it
may permit the limited formation of nonlethal sublytic levels
of MAC that can cause cell activation (Tegla et al., 2011).

After resection, there is an excessive metabolic burden
put on the remnant liver due to the large requirement of ATP
needed to keep up with increased metabolic demand and bio-
genesis. It has been shown that accumulation of the MAC on a
cell surface in vitro leads to cytosolic influx of Ca?*, which
causes mitochondrial depolarization, reduction in ATP levels,
and cell death (Papadimitriou et al., 1991). However, limiting
cellular deposition of the MAC in vitro results in reversible cell
injury, with only a transient increase in intracellular Ca>* and a
transient reduction in ATP (Scolding et al., 1989). Consistent
with this earlier in vitro data, inhibiting MAC formation after
90% PHXx resulted in a transient reduction of hepatic ATP with
full recovery of ATP stores by 48 h. The most likely mecha-
nism for the restoration of ATP stores in CR2-CD59—treated
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mice is the prevention of mitochondrial depolarization, and this
was demonstrated by intravital confocal microscopy. Interest-
ingly, a recent report presented data indicating that increased
intracellular Ca* resulting from MAC attack causes mitochon-
drial depolarization leading to NLRP3 inflammasome activa-
tion (Trantafilou et al., 2013). Thus, because we found that
CR2-CD59 reduces hepatic levels of the inflammasome prod-
uct IL-18 after hepatic IR, it is possible that the inflammasome
may provide an additional mechanistic link between the MAC,
mitochondrial dysfunction, and liver injury and regeneration.

Many biological systems are poised between the effects
of injury and protection, and such a balance is demonstrated
here for the complement cascade in terms of liver injury and
regeneration. Complement inhibitors are regarded as strong
therapeutic candidates for a variety of inflammatory condi-
tions, but the current data highlight the need to design spe-
cific inhibition strategies that can be applied to relevant
clinical scenarios. We have described a targeted inhibitor,
CR2-CD59, that is specific for the terminal complement ac-
tivation product. We demonstrate that this inhibitor, unlike
other available inhibitors that act earlier in the complement
pathway, has the potential to provide a nontoxic protective
strategy for both donors and recipients involved in small for
size liver transplantation, as well as to extend the limits of tol-
erable liver resection.

MATERIALS AND METHODS

Construction, expression, and purification of complement inhibitors.
Recombinant fusion protein cDNA constructs were prepared by joining the
CR2 sequence encoding the four N-terminal SCR units (residues 1-250 of
mature protein, Swissprot accession no. P20023) to sequences encoding
extracellular regions of mouse CD59a or Crry. The complement inhibitor
sequences used encode residues 1-319 of mature Crry protein sequence
(GenBank accession no. NM013499) and residues 1-73 of mature CD59a
protein sequence (GenBank accession no. NM_001111060.1). Additional
construction details, and expression and purification of CR2-Crry were pre-
viously described (Atkinson et al., 2005). The CR2-CD59 gene construct
was prepared by standard PCR methods (Song et al., 2003). All cloning steps
were performed in the pEE14.1 vector (Lonza) that was also used for pro-
tein expression in Chinese Hamster Ovary (CHO) cells transfected with
FuGene-HD transfection reagent (Roche). Stably transfected clones were
selected by limiting dilution, and CR2-CD59 expression by clones was
quantitated by dot blot. For protein purification, CHO cells were cultured
in 500 ml HYPER Flasks (Corning) and supernatant was harvested at conflu-
ence. CR2-CD59 was purified from filtered supernatants by anti-mouse
CR2 (mAb 7G6) affinity chromatography as described previously for CR2-Crry
(Huang et al., 2008).

In vitro characterization of CR2-CD59. Binding of CR2-CD59 to
C3-opsonized CHO cells was determined by flow cytometry as previously
described (Song et al., 2003), with the exception that C6™/~ mouse serum
was used as the source of complement to prevent MAC-mediated cell lysis.
In brief, CHO cells were sensitized with antibody, washed with PBS, and
opsonized with C3 by incubating them with 10% C6~/~ mouse serum for
45 min at 37°C. Opsonized cells were washed and incubated with 1 pM
CR2-CD59 for 30 min at 4°C, and bound CR2-CD59 was detected using
anti-CD59 mAb (BioLegend) and flow cytometry. For controls, serum, anti-
body or CR2-CD59 were omitted from incubations. Inhibition of comple-
ment-mediated lysis was determined as previously described (Wang et al.,
1999). In brief, antibody-sensitized chicken erythrocytes (Innovative Re-
search) were incubated for 60 min at 37°C in GVB++ buffer (CompTech)

Complement in liver injury and regeneration | Marshall et al.


http://www.uniprot.org/uniprot/P20023
http://www.ncbi.nlm.nih.gov/nucleotide/NM_001111060.1

containing 20% mouse serum and increasing doses (0-2,000 nM) of either
CR2-CD59 or CR2-Crry. Lysis was determined by measuring hemoglobin
in the supernatant by reading absorbance at 413 nm. The effect of comple-
ment inhibitors on C3 activation was determined by assaying C3 deposition
on zymosan particles, as previously described (Huang et al., 2008).

Animal care and surgeries. C57BL/6 mice were purchased from The
Jackson Laboratory. CD59a™/~ mice are on a B57BL/6 background and are
bred and housed at the Medical University of South Carolina, provided by
P. Morgan (University of Wales, Cardiff, UK; Holt et al., 2001). C3aR /C5aR
double-deficient mice on a C57BL/6 background were provided by
P. Heeger (Mount Sinai Hospital, NY, NY; Kwan et al., 2013). Mice were
kept on a 12 h light/dark cycle, fed a pellet diet, and given water ad libitum.
For surgical procedures, mice were anesthetized with a ketamine cocktail
(13 mg/ml ketamine, 2.6 mg/ml xylazine, and 0.15 mg/ml acepromazine)
injected i.p. at 5 ml/kg. All procedures were approved by the Institutional
Animal Care and Use Committee at the Medical University of South Caro-
lina, in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

For hepatic ischemia and reperfusion (IR), mice were subjected to a
total warm hepatic IR as previously described (Evans et al., 2008). In brief,
mice were anesthetized and a small midline vertical incision was made in the
abdominal wall allowing exposure of the liver and portal triad. Hepatic ar-
tery and portal vein were occluded with a microaneurysm bulldog clamp for
30 min, followed by a 6 or 24 h period of reperfusion before sacrifice. To
maintain a body temperature of 37°C, animals were placed on a warming
pad during and after surgery until anesthesia wore off. At sacrifice, tissues and
serum were harvested and either snap frozen in liquid nitrogen for storage at
—80°C, or fixed in 10% formalin for further processing.

For 70% PHXx, surgery was performed as previously described (Greene and
Puder, 2003). In brief, animals were anesthetized and a midline vertical incision
was made to expose the liver. Resection of the median and left lateral liver lobes
was done using a separate 4.0 silk suture for each lobe. Mice were sacrificed
at various time points after resection, and tissue and serum was collected.

For combined ischemia and reperfusion with 70% partial hepatectomy
(IR + PHx), during a 30 min period of total hepatic ischemia, as described
above, 70% of the liver was resected, as described above. Mice were sacrificed
after various time points of reperfusion, and tissue and serum was collected.

For 90% PHXx, surgery was performed as previously described (Rehman
et al., 2011). In brief, mice were anesthetized and the left lateral and median
lobes were removed separately with two 4.0 silk sutures. The caudate lobes
and lower right lobes were then removed separately with 6.0 silk sutures,
leaving only the upper right lobe (~10% of the liver).

For all sham operations, mice were anesthetized and a midline vertical
incision was made, liver was exposed, and then the animal’s skin was sutured
closed. For IR sham animals, the incisions were left open but covered with
saline-soaked gauze for 30 min before the incision was closed.

Animal treatments. Complement inhibitors were given as a single i.p. dose
immediately after surgery, just before the skin being sutured closed. Dosing for
CR2-Crry (0.25 mg/animal) was based on a previously established effective
dose for maximum complement inhibition (He et al., 2009). For CR2-CD59
treatment, a molar equivalent dose was given (0.15 mg). An exception was for
CR2-Crry treatment in the 90% PHx model, in which a lower dose of 0.08
mg/animal was given (for rationale, see Results). To investigate the possibility
that the effect of CR2-CD59 on liver regeneration was due to a direct effect
rather than noninterference with C3a and/or C5a generation, C57BL/6 mice
were treated with either C3aR A (EMD Millipore) or anti-C5 mAb ( J. Lambris,
University of Pennsylvania, Philadelphia, PA), with or without CR2-CD59
treatment in the above 70% PHx protocol. Mice were treated with 1.2 mg
C3aRA by i.p. injection 30 min before surgery, and again 6 h after surgery.
Anti-C5 mAb was administered as a single 1 mg dose 30 min before surgery.

Liver function and injury. Serum alanine aminotransferase (ALT) levels, a
measure of liver function, were determined using an enzymatic reaction-based
reagent (Pointe Scientific Inc.), according to the manufacturer’s instructions.
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Histological injury was assessed on 4-pm paraffin liver sections fixed in 10%
formalin and stained with H&E. Histological score was determined in a
blinded fashion on a semiquantitative scale ranging from 0 (no damage) to 3
(total necrotic destruction of liver). Necrotic damage was characterized by in-
creased eosinophilia, karyolysis, vacuolization, and loss of normal hepatic ar-
chitecture (Sigala et al., 2004).

Hepatic complement activation and neutrophil infiltration. Comple-
ment activation was determined by analysis of the complement activation
products C3d, C5a, and MAC. To determine C3d deposition, immuno-
histochemistry staining was performed on paraffin-embedded tissue sections
as previously described (Moseley et al., 2010). In brief, proteinase K enzyme
antigen retrieval (Dako) was performed for 5 min at room temperature fol-
lowed by peroxidase and serum blocking steps. Goat anti-C3d antibody
(R&D Systems) was diluted 1:40 in PBS and incubated on slides for 2 h
at room temperature, followed by antibody detection with anti—goat
ImmPRESS kit (Vector Laboratories). MAC deposition was visualized by
IHC on paraffin-embedded tissue using rabbit anti-rat C5b-9 antibody
(1:1,000, courtesy of P. Morgan), followed by anti—rabbit ImmPRESS kit
(Vector Laboratories). For C5a determinations, liver homogenates were pre-
pared from frozen liver samples homogenized in cell lysis buffer (Sigma-Aldrich)
containing a protease inhibitor cocktail (Thermo Fisher Scientific). Homog-
enates were centrifuged at 10,000 ¢ for 10 min at 4°C, and C5a levels in su-
pernatant determined using an ELISA kit according to the manufacturer’s
instructions (R&D Systems, BD). Infiltrating neutrophils were quantified by
MPO content of liver samples using a MPO ELISA kit (Hycult Biotechnology)
according to the manufacturer’s instructions.

Assessment of liver regeneration. Mice were injected with 50 mg/kg BrdU
i.p. 2 h before sacrifice, and incorporation of BrdU was visualized by immuno-
histochemistry using an anti-BrdU antibody (Abcam) as previously described
(He et al., 2009). In brief, positive and negative cells were counted in 10 ran-
domly selected high-power fields (~1,000 cells total), and vessels and cell hy-
pertrophy was controlled for by tallying the total number of cells in each field
and reporting data as percentage of positive cells in each field. Restitution of
liver weight is expressed as percentage of regenerated liver mass relative to total
liver weight. Residual liver weight is calculated with the following equation:
(B — (C — A)]/B)*100, where A is the weight of the resected liver (~30% of
total liver), B is the estimated total liver weight based on the weight of the re-
sected liver (B = A/0.7), and C is the final liver weight at the time of sacrifice.

In vivo kinetics, biodistribution, and localization of CR2-CD59. The
rate of CR2-CD59 clearance from the circulation of C57BL/6 mice was de-
termined after tail vein injection of radiolabeled protein as previously described
(Sharkey et al., 1991). To determine CR2-CD59 biodistribution after hepatic
IR, radiolabeled protein was injected via the tail vein upon reperfusion, and at
2 h after reperfusion mice were sacrificed and organs removed, weighed, and
counted as described previously for CR2-Crry (Atkinson et al., 2005). For
in vivo imaging of CR2-CD59, CD597/~ mice were subjected to IRI and
treated with CR2-CD59 as described above. 6 h after reperfusion whole livers
were removed for analysis. Complement activation and CR2-CD59 binding
were localized on frozen serial liver sections with antibodies against C3d (R&D
Systems) and CD59 (Hycult Biotech), using immunohistochemistry tech-
niques. In brief; sections were fixed in cold acetone and endogenous peroxi-
dase and biotin blocked to reduce nonspecific binding (Vector Laboratories).
Mouse monoclonal anti-CD59 binding was detected with mouse on mouse
detection system and C3d antibody binding was detected with ImmPRESS
polymer reagents in accordance with the manufacturer’s instructions (Vector
Laboratories). For control purposes, CD597/~ and C37/~ mouse livers were
used as negative controls to test the specificity of anti-CD59 and anti-C3d ant-
ibodies. Sections immunostained with C3d and CD59 mAb were analyzed
using a microscope (OX40) for the presence or absence of specific staining.

Cytokine assays. After either combined IRI + 70% PHx or 90% PHx, TNF
and IL-6 levels were measured using an ELISA kit (eBioscience) in both serum
(at 3 h after surgery) and liver homogenates (at 6 h after surgery). For IR, IL-18
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levels were measured in liver homogenates prepared 24 h after surgery using
an ELISA kit (R&D Systems). Liver homogenates were prepared from frozen
liver samples as described above, and cytokine levels in supernatant determined
by ELISA according to the manufacturer’s instructions (eBioscience). Cytokine
levels were normalized to total protein content, as determined by BCA protein
assay (Thermo Fisher Scientific), and results are expressed as pg/mg of protein.

Stat3 and Akt Western blotting. Supernatants from liver homogenates (see
above) were assayed for total protein content using a BCA assay (Thermo
Fisher Scientific), and equal amounts of protein were added to Laemmli sample
buffer (Bio-Rad Laboratories) before separation in a 4-15% Tris-HCL poly-
acrylamide gel. After transfer of separated proteins to a PVDF membrane
(Bio-Rad Laboratories), STAT3 and Akt activation was determined by anti-
body detection as previously described (He et al., 2009).

ATP measurement and mitochondrial depolarization. ATP content
in liver tissue samples was measured as previously described (He et al., 2009).
Mitochondrial polarization was measured by intravital confocal microscopy
as previously described (Zhong et al., 2008). In brief, animals were anesthe-
tized with 50-80 mg/kg pentobarbital i.p. 2 h after 90% PHx. The animal’s
abdomen was opened and 0.4 ml rhodamine 123 and propidium iodide
slowly infused into the carotid artery over a period of ~10 min. The mice
were kept alive by being connected to a small animal respirator. For live im-
aging, the liver was gently externalized from the body cavity and placed on
a glass coverslip on the stage of a laser-scanning confocal microscope (LSM
510 NLO; Carl Zeiss) with a 25X water immersion objective lens (0.8 NA,
zooming at 4X) using excitation wavelengths of 488 and 543 nm and band
pass emission filters of 500-550 nm for green and 575-625 nm for red, re-
spectively. 10 or more images were collected randomly from each mouse.
Viable hepatocytes (without nuclear propidium iodide red staining) in these
fields (~220 cells) were scored in a blinded fashion for bright punctate
Rh123 fluorescence (green) representing cells with polarized mitochondria
versus a diffuse, dimmer cytosolic fluorescence representing cells with depo-
larized mitochondria.

Statistical analysis. Statistical analysis was performed using Prism (version
5.0; GraphPad Software). Statistical significance between multiple groups was
assessed using ANOVA, with a Tukey’s post test for comparison of groups. For
survival analysis, a Kaplan-Meier log-rank analysis was performed. Signifi-
cance was determined to be P < 0.05. All data are presented as means + SEM,
except where noted.
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