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Abstract
Background—Hepatic non-parenchymal cells (NPCs), encompassing hepatic stellate cells
(HSCs), macrophages and endothelial cells, synthesize new hepatocyte growth factor (HGF)
during liver regeneration (LR), and also play an important function in matrix production at the end
of regeneration.

Aims—The aim of this study was to determine whether ablating NPCs either during hepatocyte
proliferation or during matrix resynthesis will have any effect on LR.

Methods—Rats were injected with either gliotoxin (which induces NPC apoptosis) or vehicle
control at various stages during partial hepatectomy (PH). NPCs and hepatocytes were also treated
in vitro with gliotoxin.

Results—Proliferating cells were abundant in control livers 24 hours after PH, while in
gliotoxin-treated rats, mitosis was absent, apoptotic NPCs were apparent, and HGF was decreased.
In vitro studies demonstrated a >50% decrease in cell viability in NPC cultures, while hepatocyte
viability and proliferation were unaffected. Chronic elimination of NPCs over a period of 5 days
after PH led to increased desmin-positive HSCs and fewer alpha-smooth muscle actin-expressing
HSCs. Finally, there was continued proliferation of hepatocytes and decreased collagen I and
TGF-β when HSCs, the matrix-producing NPCs, were ablated during later stages of LR.

Conclusions—Ablation of NPCs at early time points after PH interferes with liver regeneration,
while their ablation at late stages causes impairment in the termination of LR, demonstrating a
time-dependent regulatory role of NPCs in the regenerative process.
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INTRODUCTION
Adult liver has the unique capacity to regenerate after insult and loss of liver mass, and
hence is a useful model to study organ regeneration and controlled growth. The most
common method of inducing regeneration experimentally is surgical removal of three of five
lobes from the rodent liver, commonly referred to as a 2/3 or partial hepatectomy (PH) (1).
The remaining two lobes grow in size until the liver mass is completely restored (2).
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Matrix synthesis and remodeling is highly relevant in liver regeneration, and involves
release of matrix-bound growth factors, including hepatocyte growth factor (HGF), by
urokinase and matrix metalloproteinases. HGF is indispensible for liver regeneration
because it is the main mitogenic stimulus driving hepatocyte proliferation (3). Pre-existing
stores of HGF are rapidly consumed within the first 3 hours (4), and replenished by non-
parenchymal cells (NPCs) such as hepatic stellate cells (HSCs) and endothelial cells, which
synthesize new HGF (5, 6). Coinciding with the peak of HGF consumption, levels of HGF
mRNA increase dramatically in liver and lungs, peaking at 12 hours (7). Thus, the kinetics
of HGF consumption and de novo synthesis are crucial in the initiation and continuation of
liver regeneration.

Although many of the processes involved in initiation of liver regeneration are well-
documented, the mechanisms underlying its termination are not fully elucidated. The
presence of extracellular matrix (ECM) is known to maintain hepatocytes in a quiescent,
differentiated state (8). Further, re-synthesis and deposition of ECM after PH is tightly
regulated (9, 10). The onset of ECM production occurs after the major wave of hepatocyte
DNA synthesis (11). Because they play an important function in matrix production,
activated HSCs are major mediators of liver fibrosis and cirrhosis (12). Indeed, it has been
postulated that because of their role in collagen deposition, HSCs are also the source of
remodeled ECM during liver regeneration (2, 13).

Gliotoxin, a fungal metabolite, causes potent immunosuppression through NF-κB inhibition
to induce leukocyte apoptosis (14). Recently, gliotoxin has also been shown to induce
apoptosis by a mitochondrial-dependent pathway (15–20). Administration of gliotoxin to
rats treated with carbon tetrachloride, thioacetamide, or after bile duct ligation significantly
reduced or resolved fibrosis via HSC apoptosis (21–23). However, in addition to stellate
cells, gliotoxin is also known to affect the viability of Kupffer cells and endothelial cells,
and hence non-selectively targets the non-parenchymal cell (NPC) population of the liver
(17, 19).

We administered gliotoxin at different times after PH to address the role and possible
mechanism by which NPCs may be regulating liver regeneration. We show that while early
ablation of NPCs adversely affects liver regeneration, their loss at later stages interferes with
termination of hepatic regeneration and prolongs hepatocyte proliferation, due to ablation of
the HSC population.

MATERIALS AND METHODS
Animals, surgery, and gliotoxin treatments

8-week old male Fischer 344 rats were anesthetized with Isoflurane (Baxter, IL) and PH was
performed (24). For the early-stage and chronic treatments, animals were injected
intraperitoneally (i.p.) with either dimethylsulfoxide (DMSO; vehicle control) or gliotoxin
(3mg/kg, unless otherwise indicated) one day prior to, as well as immediately after PH. This
dose of gliotoxin has been shown to induce NPC apoptosis in vivo (19, 20). For the late-
stage treatments, animals after PH were injected with either DMSO or 3mg/kg gliotoxin at
days 4, 5, and 6. Rats were harvested after PH at one day (early-stage), 5 days (chronic), or
5, 6, and 7 days (late-stage), (n ≥3/condition/per time-point). Schematics are shown in
figures. All animals received humane care and studies were approved by the University of
Pittsburgh’s Institutional Animal Care and Use Committee in accordance with National
Institutes of Health guidelines.

Nejak-Bowen et al. Page 2

Liver Int. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Primary rat hepatocyte and NPC cultures
A single-cell suspension of hepatocytes and NPCs was obtained from 3-month old rat livers
(n=3) using a modified calcium two-step collagenase perfusion technique (25). Hepatocytes
were separated from non-parenchymal cells (NPCs) by low-speed centrifugation (50g, 5
minutes, 4°C). Supernatant was centrifuged at 500g for 10 minutes at 4°C to isolate NPCs.
Hepatocytes were seeded at a density of 200,000 live cells/ml onto collagen-coated plates
and maintained in hepatocyte growth medium containing the growth factors HGF and
epidermal growth factor (EGF) (25). NPCs were resuspended in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and seeded onto
collagen-coated plates. Media was changed 24 hours later and cells were maintained in
DMEM with 10% FBS to select for HSC attachment and proliferation. Alternatively,
hepatocytes were mixed with the NPC fraction and cultured together in DMEM + 10% FBS.
All plates were incubated at 37°C in 5% CO2 until harvested for proliferation and viability
assays as described below.

Cell growth and viability assays
[3H]thymidine incorporation assay on hepatocytes treated with 0.15μM gliotoxin was
performed as described previously to measure cell proliferation (26).

Cell viability on primary rat hepatocytes, primary rat HSCs, human microvascular
endothelial cells (HMVEC; ATCC, Manassas, VA), or HSC-T6 cells (an immortalized rat
liver stellate cell line (27)) treated with 1.5 μM gliotoxin for 4 hours (21) was measured by
(3,4.5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay (28).

Protein extraction and Western blotting
Whole-cell lysates were prepared for Western blot (WB) as described previously (29).
Primary antibodies used were against: desmin (1:500), TGF-β (1:200), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; 1:500), collagen VI (1:100), SE-1/CD32-B (1:200), and
glypican-3 (1:200) (all from Santa Cruz Biotechnology, Santa Cruz, CA), α-smooth muscle
actin (α-SMA; 1:500) (Sigma Aldrich, St. Louis, MO), HGF (1:500), collagen I (1:500), and
collagen IV (1:500) (Abcam, Boston, MA), glial fibrillary acidic protein (GFAP; 1:250)
(Dako, Carpinteria, CA), E-cadherin (1:1000) (BD Biosciences, San Jose, CA), collagen III
(1:200) and ED-1/CD68 (1:100) (AbD Serotec, Raleigh, NC), Met (1:1000) and
phosphorylated-Met (Tyr1234/1235; 1:1000) (Cell Signaling, Danvers, MA), and β-actin
(1:5000) (Chemicon, Temecula, CA). Horseradish-peroxidase conjugated secondary
antibodies (Chemicon) were used at a concentration of 1:25,000 to 1:40,000.

Immunohistochemistry
Immunohistochemistry (IHC) was performed as described elsewhere (29). The primary
antibodies used were: Ki67 and cyclin D1 (1:200 and 1:50; Fisher Scientific, Pittsburgh,
PA), desmin and NF-κB p65 (1:50 and 1:10; Santa Cruz), α-SMA (1:50; Dako), and
collagen I (1:100; Abcam). Biotinylated secondaryantibodies (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) were used at a 1:500 dilution. Apoptosis was
determined using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (ApopTag Peroxidase In Situ Apoptosis Detection Kit, S7100, Chemicon
International, Temecula, CA).

mRNA and real-time PCR
mRNA was isolated and purified from frozen livers and cDNA generated (26). Expression
levels of HGF were determined by real-time PCR using SYBR green and the following
primers:
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Forward: 5′ – CATTGGTAAAGGAGGCAGCTATAAA – 3′

Reverse: 5′ – GGATTTCGACAGTAGTTTTCCTGTAGG – 3′

Expression levels of collagen 1a1 were determined using primers from SuperArray
Bioscience (Valencia, CA, cat. no. PPR42922A) and SYBR green (26). HGF and collagen I
were normalized relative to expression of cyclophilin in each sample. Gene expression was
calculated by using the 2(−ΔΔCt) method, which was derived from average Ct and
expressed as fold change.

RESULTS
Gliotoxin treatment during early liver regeneration leads to apoptosis of NPCs and
absence of hepatocyte proliferation

In order to study the effects of eliminating NPCs during early liver regeneration, rats were
injected i.p. with either 3mg/kg gliotoxin or DMSO one day before PH, as well as
simultaneous with PH, as outlined in Methods (Figure 1A). This dosage has been previously
reported in the literature to induce apoptosis of activated HSCs and other NPCs in vivo (18–
20). However, since the exact kinetics of gliotoxin metabolism and NPC activation after PH
are unknown, we treated rats prior to as well as at the time of PH to ensure immediate
efficacy of the drug. Livers from all animals were harvested for IHC, protein, and RNA
when the gliotoxin-treated rats began showing signs of morbidity (one day after PH).
TUNEL IHC shows significant apoptosis in gliotoxin-treated livers, which was restricted to
NPCs located in the perisinusoidal spaces (Figure 1C). Hematoxylin and eosin (H&E) and
Ki67 IHC show the presence of many mitotic figures and proliferating cells in the control 24
hours after PH (Figure 1B), while in the gliotoxin-treated animals, mitosis was almost
completely absent (Figure 1C).

To determine the molecular mechanisms by which gliotoxin blocks proliferation, we
examined cyclin D1 expression, which controls G1/S transition in hepatocytes, by IHC.
Figure 2A shows that while around 90% of hepatocytes express nuclear cyclin D1 18 hours
after PH, fewer than 10% of hepatocytes in gliotoxin-treated livers are positive. WB
confirms that glial fibrillary acidic protein (GFAP), a common marker of quiescent stellate
cells which increases during the acute response to liver injury in rats (30), decreases 24
hours after PH in the gliotoxin-treated livers as compared to DMSO, verifying depletion of
HSCs (Figure 2B). A modest decrease in macrophage/Kupffer cell (KC) population
(represented by ED-1 Western blotting) and a greater decrease in SE-1 expressing
endothelial cells, which are the cells known to express HGF during liver regeneration, was
evident in the gliotoxin-treated animals (Figure 2B).

To determine the effect of loss of NPC populations on liver regeneration, we next examined
several signaling pathways implicated in the initiation of regeneration. WB showed a
notable decrease in HGF protein expression after gliotoxin treatment (Figure 2B), which was
further corroborated by a 50% reduction in HGF mRNA expression (Figure 2C). Signaling
through the HGF receptor Met was also inhibited after gliotoxin, as shown by decreases in
total and tyrosine-phosphorylated Met (Figure 2B). Finally, IHC shows that NF-κB, which
is a target of both TNF-and HGF signaling (31, 32), is active in the control livers, with
diffuse and abundant cytoplasmic and nuclear staining evident; this activation, however, is
absent in gliotoxin-treated livers (Figure 2D). Thus, administration of gliotoxin before and
shortly after PH increases NPC apoptosis that blocks cell cycle progression and proliferation
of hepatocytes. This observation reaffirms the role of HSCs, ECs, and KCs in driving liver
regeneration by producing HGF and additional cytokines.
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Gliotoxin treatment in vitro negatively affects viability and survival of NPCs but not
hepatocytes

To verify that gliotoxin primarily affects NPCs and not hepatocytes, primary rat
hepatocytes, primary rat HSCs, mixed cultures of rat hepatocytes and NPCs, human
microvascular endothelial cells, or HSC-T6 cells were treated for 4 hours with 1.5 μM
gliotoxin and harvested for assessment of cell viability by MTT assay. As shown in Figure
3A, gliotoxin treatment does not affect hepatocyte viability; however, it causes a >50%
decrease in viability of all NPC types. TUNEL staining demonstrated massive apoptosis in
primary rat HSCs, which was absent in hepatocytes (Figure 3C). Viability and apoptosis of
mixed cultures containing both primary hepatocytes and NPCs is intermediate to that of
cultures containing either cell type alone. Furthermore, proliferation was unaffected in
hepatocytes exposed to gliotoxin for 4 days in culture, as measured by thymidine
incorporation assay (Figure 3B). To demonstrate integrity of cell cycling, this assay was
performed both with and without growth factor stimulation (HGF and EGF; data from basal
media not shown). These observations substantiate that the lack of proliferation in
hepatocytes after PH/gliotoxin is secondary to NPC loss.

Chronic gliotoxin treatment induces an alteration in HSC phenotype concomitant with a
change in ECM composition

At days 3–5, only mild hepatocyte proliferation is ongoing and there is extensive new matrix
synthesis (2, 9, 10). To address ongoing changes in matrix, we administered gliotoxin over a
period of 7 days, including 5 consecutive days after PH (Figure 4A), to eliminate NPCs
chronically. The dose of gliotoxin was reduced to 1.2mg/kg to adjust for decrease in liver
weight after PH. Chronic gliotoxin administration increased TUNEL-positive apoptotic
nuclei primarily in non-parenchymal cells (Figure 4D). Intriguingly, this treatment results in
a higher expression of desmin in gliotoxin-treated rats as compared to control rats, which
had more α-smooth muscle actin (α-SMA) (Figure 4C, D). Concomitantly, gliotoxin
treatment led to decrease in the mature processed form of collagen I, an essential component
of de novo matrix synthesis (9), as assessed by IHC, mRNA, and protein expression (Figure
4B, C, D). Simultaneous increases in collagen IV, as well as glypican-3, a hepatocyte
protein residing in the extracellular matrix space (33), and E-cadherin, an epithelial marker
(34)) (Figure 4C) in gliotoxin-treated livers suggested a change in ECM composition that is
not stimulated by transdifferentiation of hepatocytes to a mesenchymal phenotype.

Inverse relationship of desmin and α-SMA expression over the course of PH
In order to determine whether the phenotypic alteration in HSC marker expression after
gliotoxin treatment may be of biological significance, we cultured primary rat HSCs and
harvested at two different time points: D2, during which HSCs are still relatively quiescent,
and D10, when HSCs have become activated in culture. Figure 5A shows that activated
HSCs, which are characterized by expression of α-SMA, do not express HGF, while HSCs
that are not yet expressing α-SMA are capable of producing HGF. We next examined
expression of HSC markers after regular PH (independent of any gliotoxin administration)
to determine the kinetics of phenotypic changes in the expression of HSC markers during
liver regeneration. α-SMA, which is expressed at low levels in the first few hours after PH,
is strongly expressed at D2 and D5 (Figure 5B), which corresponds with peak TGF-β
mRNA expression and beginning of matrix re-deposition (11). Conversely, desmin is
expressed early in liver regeneration but decreases over time, except at days 3 and 7, when
α-SMA is decreased (Figure 5B). Thus, desmin and α-SMA expression show an inverse
relationship after PH, which suggests the HSC population is able to assume different
functions during liver regeneration.
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Treatment with gliotoxin at the time of matrix re-deposition results in increased hepatocyte
proliferation

As HSCs can assume an altered phenotype in response to chronic gliotoxin treatment, and as
HSCs are the only cells implicated in ECM synthesis (not EC or KC), the impact of
gliotoxin-mediated HSC loss was assessed at the time of matrix deposition. To determine
the impact of HSC ablation during termination of liver regeneration, we administered
gliotoxin or DMSO at 4, 5, and 6 days after PH and harvested at D5, 6, and 7 (Fig. 6A).
After an initial decrease, continuous administration of gliotoxin led to a statistically
significant increase in the number of Ki-67-positive hepatocytes indicating continued
proliferation at the later stages of liver regeneration (Figure 6B, C). Liver weight to body
weight (lw/bw) ratios were decreased in gliotoxin-treated rats at days 5 and 6 after PH;
however, this trend was reversed at D7, when gliotoxin-treated animals began to show a
marginal (but not significant) increase in lw/bw compared to controls (Figure 6D). We next
investigated the mechanisms that may be driving sustained hepatocyte proliferation after
PH/gliotoxin. Table 1 shows that the expression of several matrix-related collagens and
other HSC-related markers are altered in gliotoxin-treated rats at D7 after PH, as assessed by
gene array. WB also demonstrated a decrease in the mature form of collagen I at D7, a
decrease in TGF-β, a known mito-inhibitor which also stimulates collagen synthesis (11),
and increased expression of HGF at Day 7 after PH (Figure 6E). Interestingly, we did not
observe a compensatory increase in collagen IV expression, as we did with chronic gliotoxin
treatment (not shown). WB also confirmed that gliotoxin induced an increase in desmin-
positive HSCs, only a mild decrease in KCs, and had no effect on the EC population at D7
(data not shown). Finally, TUNEL staining showed that while control livers at D7 after PH
showed occasional apoptotic hepatocytes per field, apoptosis in gliotoxin-treated livers
primarily occurred in activated HSCs (Figure 6F). Thus, administration of gliotoxin during
the late stages of liver regeneration causes a phenotypic change in HSC marker expression,
either by selection or by induced phenotypic change. This is associated with changes in
ECM composition and a resultant increase in proliferating hepatocytes, suggesting impaired
termination of regeneration.

DISCUSSION
Liver regeneration is a complex process involving cooperation between different signaling
pathways and cell types. Although hepatocytes themselves are fully capable of repopulating
the liver after PH, the involvement of other cell types, such as HSCs, ECs, and KCs, is also
required for proper restoration of liver mass. However, very little is known about the role,
function, and activation state of these non-parenchymal cells during liver regeneration.
Foxf1+/− mice exhibit defective HSC activation and abnormal liver repair after carbon
tetrachloride injury (35).

Conversely, mice resistant to collagen I degradation show persistent activation of HSCs and
fail to regenerate properly after CCl4 injury (36). Similarly, ablation or inhibition of EC
proliferation inhibited liver regeneration (37, 38). Conversely, the data on liver regeneration
in KC-depleted animals is contradictory, with some reports indicating that absence of KCs
enhances liver regeneration, while others demonstrated an inhibitory effect (39, 40).
Although these studies highlight the importance of a tightly regulated and properly
functioning NPC compartment, a more direct method is needed to address the role of the
entire NPC population during liver regeneration. To our knowledge, ours is the first study to
elucidate the importance of NPCs in both the initiation and termination of liver regeneration
through elimination of these cell types.

Treatment with gliotoxin at the time of peak hepatocyte DNA synthesis (41) led to apparent
apoptosis in NPCs and a dramatic suppression of hepatocyte proliferation. Concomitantly,
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cyclin D1, which is expressed as early as 6 hours after PH (42), is decreased, suggesting a
block in upstream signaling, most likely due to decreased HGF production. Consistent with
previous findings showing Met induction by HGF (43, 44), we found decreased total Met
protein in the absence of HGF. Additionally, NF-κB, which controls transcription of cyclin-
D1 and is activated very early during liver regeneration by HGF as well as by macrophage-
derived TNF-α, is induced in controls at 3H after PH but not after gliotoxin treatment (45,
46). Therefore, a previous study implicating lack of NF-κB activation and DNA synthesis
after pre-treatment with gliotoxin before PH (47) could possibly be attributed to absence of
HGF and Met derived mitogenic signals necessary for proliferation. Previous studies have
shown that HGF/Met signaling elimination cannot be compensated by alternative signaling
from EGFR (48).

Likewise, we cannot rule out the possibility that the absence of other macrophage-derived
cytokines important for liver regeneration, such as Il-6 and IL-1β, contribute to the
phenotype seen after gliotoxin treatment. Thus, we believe that NPC loss blocks hepatocyte
proliferation, either indirectly through loss of growth factors and/or cytokines, such as HGF,
that would normally be provided by NPCs during early liver regeneration, or through loss of
physical interactions between hepatocytes and NPCs. Indeed, HSC depletion with gliotoxin
led to a dramatic decrease in hepatocyte proliferation and oval cell activation during the
regenerative phase after acetaminophen-induced injury (49).

Data on gliotoxin toxicity in hepatocytes is somewhat controversial, with some groups
claiming it causes apoptosis (17, 47), and others showing hepatocytes being overall resistant
and prone to damage only at high concentrations (15, 19, 21, 49). In our studies, we show
that in vitro, hepatocytes are resistant to gliotoxin toxicity at concentration that causes NPC
apoptosis and decreased viability. Direct cytotoxic effects of gliotoxin on hepatocytes in
vivo are also unlikely since histology shows highly selective NPC apoptosis. Thus, from our
short-term study we conclude that the ablation of NPCs by gliotoxin leads to absence of
proliferative signals necessary for liver regeneration.

The presence of increased numbers of desmin-positive cells after PH and chronic gliotoxin
treatment is intriguing. We found that the net increase in desmin expression corresponded
with decreased α-SMA expression. It is possible that loss of α-SMA reflects the expected
depletion of activated HSCs, while the increase in desmin could be explained by
replenishment of quiescent HSCs. Thus, newly appearing HSC may proceed into a desmin-
expressing inactive phenotype prior to expressing α-SMA and undergoing activation. An
alternative explanation is that HSCs are capable of switching their phenotype, which may
thus be a mechanism by which HSCs evade gliotoxin-induced apoptosis. In the case of
chronic treatment, then, it is unclear whether gliotoxin truly ablates activated HSCs, or
whether it merely inhibits HSC activation. Also unknown is whether the function of desmin-
positive cells differs from that of α-SMA-positive cells after PH. In light of the results in
Figure 5, it is tempting to speculate that different sub-populations of HSCs may be
distinguishable during liver regeneration, with desmin indicating quiescent HSC producing
HGF, and α-SMA identifying activated HSC not involved in HGF production. Further
investigation will be necessary to determine the significance of these findings.

The long-term effect of HSC depletion on matrix synthesis after PH has not been reported,
although depletion of activated HSCs with gliotoxin has shown to decrease engraftment of
transplanted hepatocytes, perhaps through a matrix-dependent mechanism (50). Previously,
our laboratory has shown that loss of Integrin Linked Kinase (ILK) involved in hepatocyte/
ECM signaling causes hepatomegaly before and after PH (51, 52), suggesting that the
presence of a functioning ECM-to-hepatocyte signal is critical for proper termination of
liver regeneration. We observed a decrease in collagen I, an essential component of the
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matrix which is normally re-synthesized towards the end of the regenerative process (9), in
rats treated with gliotoxin during the late stages of regeneration, simultaneous with sustained
hepatocyte proliferation. It is conceivable that lack of HSCs during late liver regeneration
may result in continued proliferation either through a direct mechanism, such as loss of
collagen, or indirectly, through loss of the termination signal TGF-β, as HSCs are a major
source of active TGF-β during liver regeneration and injury (53). Furthermore, the increase
in HGF seen concomitantly could be secondary to lack of termination signals, which would
allow the liver to continue providing signals to proliferate. Indeed, TGF-β has been shown
to negatively regulate HGF expression (54), and others have shown that HSCs are negative
regulators of hepatocyte proliferation in liver regeneration through activation of TGF-β (55).

Since fulminant hepatic failure (FHF) is a major clinical problem, animal models that mimic
this condition would be useful to test novel therapeutic strategies that activate pro-
proliferative pathways, which would augment liver regeneration after insult or injury.
Additionally, acute inhibition of liver regeneration in rats or mice may help identify
biomarkers of FHF onset, allowing more accurate prediction of successful transplantation
outcomes in humans. As our data has shown, eliminating NPCs at the time of PH leads to a
failure in hepatocyte regeneration and thus may provide a useful model to study FHF. Also,
understanding the interactions between hepatocytes and ECM during regeneration is
essential in creating therapies to limit growth after adequate regeneration (56). Our data
demonstrate the role of HSCs in matrix remodeling during late states of liver regeneration,
which suggests that modulation of HSC function may be a beneficial strategy to blunt excess
hepatocyte growth in certain pathologies such as hepatomegaly.
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Abbreviations

PH Partial hepatectomy

LR liver regeneration

H&E hematoxylin and eosin

NPC non-parenchymal cell

HSC hepatic stellate cell

HGF hepatocyte growth factor

α-SMA alpha smooth muscle actin

GFAP glial fibrillary acidic protein

ECM extracellular matrix

TGF-β transforming growth factor β

IHC immunohistochemistry

DMSO dimethylsulfoxide

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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p-Met tyrosine-phosphorylated Met

i.p intraperitoneal

BW body weight

LW liver weight

WB Western blot

FHF fulminant hepatic failure
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Figure 1. Gliotoxin treatment during early liver regeneration induces apoptosis of HSCs and
inhibits proliferation
(A) Schematic of the early-stage gliotoxin study, in which rats were treated with DMSO or
3mg/kg gliotoxin, followed by a second dose 24 hours later at the time of PH. Livers were
harvested 24 hours following treatment. (B) H&E staining in control and gliotoxin-treated
livers (arrows point to mitotic figures; 200X). (C) Ki67 and TUNEL staining in control and
gliotoxin-treated groups.
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Figure 2. Several signaling pathways essential to early liver regeneration are inhibited after
gliotoxin treatment
(A) Cyclin D1 IHC in control and gliotoxin-treated livers (200X). (B) Expression of HGF
mRNA in control and gliotoxin-treated livers 1 day after PH, as measured by real-time PCR.
(C) WB analysis utilizing whole cell lysates from T0 and PH control and gliotoxin-treated
livers. (D) IHC for the NF-κB subunit p65 in control and gliotoxin-treated livers (200X).
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Figure 3. Primary hepatocytes are resistant to gliotoxin toxicity in vitro
(A) MTT assay on primary rat hepatocytes, primary rat HSCs, mixed cultures of rat
hepatocytes and NPCs, human microvascular endothelial cells, and HSC-T6 cells treated
with gliotoxin for 4 hours. (B) Thymidine incorporation assay on primary rat hepatocytes
treated with a low dose of gliotoxin for 4 consecutive days in culture. (C) TUNEL staining
on primary rat hepatocytes, HSCs, and mixed cultures (hepatocytes and NPCs) treated with
gliotoxin for 4 hours.
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Figure 4. Chronic gliotoxin treatment induces a change in HSC phenotype and ECM
composition
(A) Schematic of the chronic gliotoxin study, in which rats were treated with DMSO or
3mg/kg gliotoxin, followed by a second dose of either DMSO or 1.2 mg/kg gliotoxin 24
hours later simultaneous with PH, and then 4 consecutive doses of either DMSO or 1.2 mg/
kg gliotoxin for 5 consecutive days. Rats were harvested 5 days following PH. (B)
Expression of collagen I mRNA in control and gliotoxin-treated livers 5 days after PH, as
measured by real-time PCR. (C) WB analysis of whole cell lysates from control and
gliotoxin-treated livers. (D) Ki67, TUNEL, desmin, α-SMA, and collagen I IHC on control
and gliotoxin-treated livers (200X).
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Figure 5. Expression of desmin is inversely correlated with α-SMA expression over the course of
PH
(A) WB analysis of α-SMA and HGF expression in cultured quiescent and activated HSCs.
(B) WB of α-SMA and desmin expression at various time points after PH in rat livers.
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Figure 6. Treatment with gliotoxin during the later stages of liver regeneration results in
increased proliferation and decreased matrix re-deposition
(A) Schematic of the late-stage gliotoxin study, in which rats were subjected to PH followed
by treatment with DMSO or 3mg/kg gliotoxin on days 4, 5, and 6 after PH. Livers were
harvested 5, 6, or 7 days following PH. (B) Quantification of the Ki67 staining in (C). (C)
Representative images of Ki67 IHC on livers harvested at D5, D6, and D7 after PH in
gliotoxin and control groups (100X). (D) Graph of liver weight to body weight ratios after
late DMSO/gliotoxin treatment. (E) WB analysis of whole cell lysates from control and
gliotoxin-treated livers harvested at D7. (F) TUNEL staining on livers from the late-stage
experiment (200X).
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Table 1

Changes in expression of collagens and other stellate-cell related markers in gliotoxin-treated rats at D7 after
partial hepatectomy

Gene DMSO D7 PHx Gliotoxin D7 PHx Fold change

Smooth muscle alpha-actin 686.5 441.1 −1.56

Procollagen, type I, alpha 2 551.3 359.3 −1.53

Procollagen, type I, alpha 1 377.5 247.8 −1.52

Collagen alpha1 type I 575.2 425.1 −1.35

Procollagen, type I, alpha 1 23011.6 16586.5 −1.39

Procollagen type XII alpha 1 216.3 162.8 −1.33

Procollagen, type I, alpha 2 415.8 335.4 −1.24

Collagen type V, alpha 2 795.3 645.8 −1.23

Procollagen, type I, alpha 2 643.7 617.6 −1.04

Desmin 191 219.2 1.15

Collagen type X alpha 1 89.9 113.3 1.26

Type II collagen 334.7 436.6 1.30

HGF 365.9 511.2 1.40
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