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SUMMARY: Hepatocyte apoptosis and stellate cell activation are both features of chronic liver diseases, but a relationship
between these events has not been explored. In macrophages, engulfment of apoptotic bodies induces expression of
transforming growth factor-� (TGF-�), a profibrogenic cytokine. We examined whether a similar response occurs in stellate cells.
Fluorescently labeled hepatocyte apoptotic bodies were added to cultures of primary and immortalized human stellate cells.
Stellate cells, but not hepatocytes, readily engulfed apoptotic bodies in a time-dependent manner as assessed by confocal
microscopy. The activation of primary and immortalized human stellate cells after incubation with apoptotic bodies, as well as
their fibrogenic activity, was indicated by an increase in �-smooth muscle actin (primary cells), TGF-�1, and collagen �1(I) mRNA
(primary and immortalized cells). The profibrogenic response was dependent upon apoptotic body engulfment, because
nocodazole, a microtubule-inhibiting agent, blocked both the engulfment and the increase of TGF-�1 and collagen �1(I) mRNA.
As described in primary rodent stellate cells, up-regulation of collagen �1(I) mRNA was inhibited by a PI-3K inhibitor (LY294002)
and a p38 mitogen-activated protein kinase inhibitor (SB203580) in LX-1 cells. In conclusion, these data support a model in which
engulfment of hepatocyte apoptotic bodies by stellate cells leads to a fibrogenic response by eliciting a kinase-signaling pathway.
(Lab Invest 2003, 83:655–663).

L iver fibrosis is a cardinal feature of chronic liver
injury. Indeed, despite the wide array of metabolic,

genetic, viral, and cholestatic pathologies causing
human liver injury, fibrosis is a common, if not generic,
response of the liver to these injury processes. Exten-
sive liver fibrosis results from the deposition and
accumulation of type I collagen within the liver paren-
chyma and is recognized clinically as cirrhosis. The
clinical complications of cirrhosis include portal hyper-
tension and chronic liver failure. For many patients
with advanced liver cirrhosis, the only viable treatment
option is liver transplantation, highlighting the clinical
severity of this fibrotic process. Insights into the
mechanisms initiating and promoting liver fibrosis are,
therefore, of broad scientific and clinical importance.
Activated hepatic stellate cells have been estab-

lished as the source of type I collagen in the liver (de
Leeuw et al, 1984; Friedman et al, 1985; McGee and
Patrick, 1972). Under basal conditions, hepatic stellate
cells are in a quiescent state and function to store
retinoids within the liver (Blomhoff et al, 1990; Geerts,

2001). However, upon activation, these cells undergo
transformation, assuming a myofibroblast morphology
and expressing smooth muscle actin (Ramadori et al,
1990; Schmitt-Graff et al, 1991). These activated stel-
late cells secrete collagen types I and III, the principle
matrix protein responsible for the development of liver
fibrosis and cirrhosis (Friedman, 2000; Kent et al,
1976). Over time, activated stellate cells are thought to
be responsible for the exuberant and unbalanced
wound-healing response so characteristic of cirrhosis.
Hepatic stellate cell biology is complex and incom-
pletely understood; in particular, the mechanisms link-
ing liver injury to activation of hepatic stellate cells
remains obscure. Current concepts suggest that initi-
ation factors result in the transformation of quiescent
stellate cells to an activated phenotype, but the per-
petuation of this activated state requires additional
stimuli. Reactive oxygen species, proteins from endo-
thelial cells (eg, EIIIA isoform of fibronectin), and other
factors have been implicated in the initiation phase of
stellate cell activation (Eng and Friedman, 2000). The
perpetuation phase of stellate cell activation is thought
to be cytokine mediated (Friedman, 1999; Pinzani and
Marra, 2001), and cytokines are thought to sustain the
activated stellate cell phenotype via autocrine and
paracrine mechanisms (Hellerbrand et al, 1999; Pin-
zani et al, 1991). Transforming growth factor-� (TGF-
�), in particular, seems to play a dominant role in liver
fibrosis, likely participating in multiple phases of stel-
late cell activation (Blobe et al, 2000; Dooley et al,
2001; George et al, 1999). However, these observa-
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tions incompletely link the clinical events of liver injury
to fibrosis.
A virtually universal characteristic of liver injury is

hepatocyte apoptosis, which results in the generation
of apoptotic bodies (Rust and Gores, 2000). Apoptotic
bodies are subsequently cleared from tissues by
phagocytosis (Platt et al, 1998). Although professional
phagocytes, such as macrophages, have been the
most studied as the cell type responsible for the
removal of apoptotic bodies, epithelial cells and even
fibroblasts have been shown to clear apoptotic bodies
(Parnaik et al, 2000; Savill and Fadok, 2000). The
phagocytosis of apoptotic bodies occurs via a variety
of common scavenger receptors and the phosphatidyl
serine receptor (PS-R) located on the membrane of
the phagocyte, resulting in a cell signaling response
(Henson et al, 2001; Messmer and Pfeilschifter, 2000).
For example, macrophages that have ingested apo-
ptotic cells in vitro secrete TGF-� (Fadok et al, 1998).
If TGF-� generation is a universally conserved re-
sponse of the phagocyte to engulfment of apoptotic
bodies, this process would be expected to be a
profibrogenic response within the liver, especially if it
were expressed by stellate cells.
In several cell types, including rodent stellate cells,

mitogen-activated protein kinases (MAPKs) are impor-
tant signal-transducing enzymes that regulate many
cellular functions including gene expression. Three
major classes of MAP kinases have been described
including p42/p44 MAPK, p38 MAPK, and SAPK/JNK
(stress-activated protein kinase/c-Jun N-terminal ki-
nase). Of these, the p38 MAPK signaling pathway is
involved in the induction of procollagen �1(I) mRNA
levels by TGF-�1 (Cao et al, 2002; Varela-Rey et al,
2002). An additional kinase, phosphatidylinositol-3-
kinase (PI3-K), also contributes to both type I collagen
mRNA and protein expression in stellate cells (Reif et
al, 2003). Thus, several kinases are involved in the
profibrogenic activity of stellate cells.
Stellate cells are juxtaposed to hepatocytes and are

uniquely poised to engulf apoptotic bodies. These
observations suggest that phagocytosis of apoptotic
bodies by stellate cells could be a potential mecha-
nism linking liver injury to fibrosis. To address this
hypothesis, we examined the relationship between
hepatocyte apoptosis and stellate cell biology using a
reductionistic, in vitro approach. The specific goals
were to answer the following questions using primary
and human immortalized stellate cell lines and apo-
ptotic bodies generated from the human hepatoma-
derived cell line Hep G2: (i) Do stellate cells engulf
apoptotic bodies? (ii) Does clearance of apoptotic
bodies by stellate cells enhance �-smooth muscle
actin (�-SMA), TGF-�, and collagen �1(I) expression?
(iii) Does modulation of stellate cell profibrogenic ac-
tivity by apoptotic bodies require internalization of the
apoptotic body or simply a contact/binding phenom-
enon? (iv) Does engulfment of apoptotic bodies in-
duce collagen and TGF-�1 expression via MAPK
and/or PI3-K–mediated mechanisms? The data dem-
onstrate that stellate cells engulf apoptotic bodies, a
process associated with enhanced generation of

TGF-� and collagen I. These observations suggest an
important mechanism linking hepatocyte apoptosis in
liver injury to fibrosis.

Results
Do Stellate Cells Engulf Apoptotic Bodies?

The procedure for preparing fluorescently labeled ap-
optotic bodies from Hep G2 cells, a well-differentiated
human hepatoma cell line, was first established and
validated. Hep G2 cells were readily labeled with
carboxytetramethyl rhodamine (TAMRA)-succinimidyl
ester. This fluorescent dye was strongly retained
within the UV-generated apoptotic bodies (Fig. 1A),
which were easily distinguished from the fluorescent
nonapoptotic Hep G2 cells (Fig. 1A). A UV dose-
dependence curve for generating apoptotic bodies
was established (Fig. 1B). Approximately 80% of
TAMRA-succinimidyl ester–labeled Hep G2 cells un-
derwent apoptosis after treatment with 100 mJ/cm2;
therefore, this dose of UV exposure was used to
generate apoptotic bodies for all subsequent experi-
ments. We choose UV irradiation to generate apopto-
tic bodies because it obviated the need to add pro-
apoptotic agents to the media, which may have been

Figure 1.
Generation of TAMRA-labeled apoptotic bodies by UV radiation. A, Hep G2
cells were labeled with TAMRA-succinimidyl ester as described in “Materials
and Methods” and visualized by fluorescence microscopy. TAMRA-labeled Hep
G2 cells were subsequently treated with UV light (100 mJ/cm2, 142 seconds).
Forty-eight hours later, floating apoptotic bodies in the media were collected by
centrifugation and viewed by fluorescent microscopy. TAMRA-labeled Hep G2
cells (upper right panel) were readily distinguished from apoptotic bodies
(upper left panel). B, Hep G2 cells were labeled with TAMRA and exposed to
UV light at the indicated dose (0–100 mJ/cm2, 142 seconds). Forty-eight
hours later, the number of cells undergoing apoptosis was quantitated by
assessing the nuclear changes of apoptosis. Apoptotic nuclei were quantitated
morphologically using the DNA-binding dye 4,6-diamidino-2-phenylindole and
fluorescent microscopy.

Canbay et al

656 Laboratory Investigation • May 2003 • Volume 83 • Number 5



difficult to separate from the apoptotic bodies and
could have potentially affected stellate cell function.
After having established a reliable method to generate
labeled apoptotic bodies, the ability of stellate cells to
engulf these cell fragments was examined.

UV-generated apoptotic bodies were collected and
added to cultures of LX-1 cells, an immortalized
human hepatic stellate cell line. Extracellular apoptotic
bodies added to the media were easily distinguished
from intracellular apoptotic bodies engulfed by the
LX-1 cells (Fig. 2A). The number of cells engulfing
apoptotic bodies was quantitated after 48 hours of

incubation (Fig. 2B). RAW 264.7 cells, a murine mac-
rophage cell line, were used as a positive control. After
48 hours of incubation with the apoptotic bodies, 49 �
8% of RAW 264.7 cells contained at least one
apoptotic body. Although less efficient than the
macrophage cell line, LX-1 cells also removed apo-
ptotic bodies, with 26 � 1% of the cells containing
apoptotic bodies after 48 hours of incubation. In
contrast, Hep G2 cells did not engulf their own
apoptotic bodies. Collectively, these data indicate
that this human stellate cell line is capable of
engulfing apoptotic bodies.

Figure 2.
Engulfment of apoptotic bodies by LX-1 human stellate cells. A, The plasma membrane of the cultured human hepatic stellate LX-1 cells was labeled with BODIPY
FL-C5 ceramide (green fluorescence) as described in “Materials and Methods”, following incubation with TAMRA-labeled apoptotic bodies (red fluorescence), and
viewed by confocal microscopy. Extracellular apoptotic bodies (upper left panel) could readily be distinguished from intracellular apoptotic bodies (upper right panel).
B, LX-1, RAW 264.7 cells (a murine macrophage cell line), and Hep G2 cells were incubated with TAMRA-labeled apoptotic bodies (approximately 900 apoptotic
bodies/ml or a ratio of apoptotic bodies to stellate cells of 4:1), and the number of cells containing intracellular apoptotic bodies was assessed 48 hours later by
confocal microscopy. Although LX-1 cells were not as efficient as RAW cells, a significant number of cells engulfed apoptotic bodies. Interestingly, Hep G2 cells did
not engulf their own apoptotic bodies. C, LX-1 cells were incubated in the presence or absence of nocodazole (5 �g/ml) plus apoptotic bodies for 24 and 48 hours.
Nocodazole blocked internalization of apoptotic bodies by the human stellate cell line.
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Is Engulfment of Apoptotic Bodies by LX-1 Microtubule
Dependent and Do the Cells Express the PS-R?

Macrophage phagocytosis is, in part, microtubule
dependent (Castellano et al, 2001). To examine the
role of microtubules in engulfment of apoptotic bodies
by human stellate cells, nocodazole, a microtubule-
blocking agent, was used . Nocodazole effectively
inhibited engulfment of apoptotic bodies by LX-1 cells
(Fig. 2C). Indeed, after 48 hours of exposure with
apoptotic bodies, 35 � 1% of LX-1 cells contained
intracellular remnants of apoptosis as compared with
only 4 � 2% of nocodazole-treated cells. These data
indicate that stellate cells, like macrophages, require a
functional microtubule apparatus to engulf apoptotic
bodies (Aderem and Underhill, 1999; Castellano et al,
2001).

Phosphatidyl serine (PS) is normally found on the
inner leaflet of the asymmetric surface membrane
bilayer, and its translocation to the outer leaflet is
known as a distinctive morphologic change occurring
in cells undergoing apoptosis (Fadok et al, 2001;
Hoffmann et al, 2001). Externalized PS on the plasma
membrane of the apoptotic bodies is recognized as an
“engulfment signal” by the phagocytes (Fadok et al,
2001; Krahling et al, 1999). Because PS-R expression
by phagocytes has been implicated in the engulfment
process, we next determined whether LX-1 cells ex-
press this receptor. PS-R expression was examined
using RT-PCR and compared with expression in a
human dendritic cell line used as a positive control
(Fig. 3). PS-R expression by the LX-1 cells was readily
detected by this approach. Thus, human stellate cells
express at least one of the receptors involved in
engulfment of apoptosis bodies, providing a likely
mechanism for the engulfment processes quantitated
above.

Does Engulfment of Apoptotic Bodies by Primary
Stellate Cells and LX-1 Cells Lead to Cell Activation
and Fibrogenesis?

mRNA expression for TGF-�1 and collagen �1(I)
(COLIA1) was also quantitated in LX-1 cells after 48
hours of incubation with apoptotic bodies (Fig. 4).
TGF-�1 and COLIA1 mRNA expression both increased
8.7 � 0.1-fold (p � 0.001) and 10.5 � 0.2-fold (p �
0.001), respectively. These data are remarkable in that
LX-1 cells are already partially activated as assessed
by �-SMA and basal TGF-�1 expression. Thus, en-
gulfment of apoptotic bodies by stellate cells is appar-
ently associated with further cellular activation. No-
codazole, which blocks apoptotic body engulfment,
also inhibited the increase in COLIA1 and TGF-�1
mRNA expression. These data suggest that apoptotic
body internalization, rather than cell surface contact,
is necessary to enhance profibrogenic gene expres-
sion. Next, to determine whether the profibrogenic
gene expression is a specific response to apoptotic
body engulfment or a nonspecific response to phago-
cytosis, LX-1 cells were incubated with fluorescent
polystyrene beads. These cells did not engulf 10-�m
beads (data not shown). Uptake of smaller 1-�m

Figure 3.
LX-1 cells express the phosphatidyl serine receptor (PS-R). Human dendritic
cells (DC), used as positive control, and LX-1 cells were cultured for 4 days as
described in “Materials and Methods.” Total RNA was isolated from the cells,
and expression of the PS-R mRNA was assessed by RT-PCR. The negative lane
represents the PCR master mix with no template. Both cell lines express the
transcript for the PS-R.

Figure 4.
Apoptotic body engulfment results in enhanced expression of transforming
growth factor-�1 (TGF-�1) and collagen �1(I) (COLIA1) mRNA by LX-1 cells.
LX-1 cells were incubated with apoptotic bodies (AP) in the absence or
presence of nocodazole (5 �g/ml) or with 1 �m-fluorescent microspheres for
48 hours. Total RNA was then extracted from the cells, and TGF-�1 (A) and
COLIA1 (B) mRNA expression was quantitated by real-time PCR as described
in “Materials and Methods.” Incubation with AP, but not microspheres,
resulted in enhanced TGF-�1 and COLIA1 mRNA expression. This effect was
blocked by nocodazole, which also inhibits internalization of apoptotic bodies.
In both panels the results are normalized to those obtained under control
conditions, which was arbitrarily set at 1.
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fluorescent beads, however, was exceedingly effi-
cient, with 95% to 100% of the cells containing
intracellular beads after 24 hours of incubation. In
contrast to engulfment of apoptotic bodies, cellular
phagocytosis of these fluorescent beads did not alter
mRNA expression for either TGF-�1 or COLIA1 (Fig. 4,
A and B). Thus, apoptotic body engulfment by stellate
cells seems to enhance profibrogenic signaling re-
sponses and could potentially augment the perpetua-
tion phases of stellate cell activation.

Because LX-1 cells are already activated as as-
sessed by �-SMA expression, it was not possible to
ascertain whether apoptotic body engulfment contrib-
uted to the initiation phase of stellate cell activation.
To examine this possibility, we used primary culture of
human stellate cells. Primary stellate cells did engulf
apoptotic bodies (data not shown), which resulted in
their activation and elicited a fibrogenic response.
Indeed, after 48 hours of incubating human primary
stellate cells with apoptotic bodies, mRNA expression
for �-SMA, TGF-�1, and COLIA1 was significantly
increased compared with controls. The results
showed a 2-fold increase in �-SMA, a 2.4-fold in-
crease in TGF-�1, and a 3.2-fold increase in COLIA1
mRNA expression (Fig. 5). Apoptotic body engulfment
seems to effect early changes in stellate cell activa-
tion. Furthermore these findings in primary stellate
cells confirm our observations with the immortalized
cells.

What Are the Signaling Mechanisms Contributing
to the Fibrogenic Response Elicited by Apoptotic
Body Engulfment?

The potential signaling mechanisms mediating fibro-
genic responses after stellate cell engulfment of apo-
ptotic bodies were examined. TGF-�1 may stimulate
collagen generation by stellate cells via an autocrine
signaling cascade (George et al, 1999). Therefore, we

initially determined whether inhibiting TGF-�1 would
attenuate collagen expression induced by apoptotic
bodies. LX-1 cells were incubated in the presence of
400 ng/ml of soluble TGF-� type II receptor, a con-
centration that has previously been shown to inhibit
TGF-�–induced signaling in stellate cells (George et al,
1999). The soluble TGF-� type II receptor did not
attenuate COLIA1 mRNA expression after exposure of
the LX-1 cells to apoptotic bodies (data not shown).
Next, the role of MAPK and PI3-K signaling was
examined, because those kinase pathways have been
implicated in fibrogenic responses in primary rat stel-
late cells. The PI-3K inhibitor, LY294002, and the p38
MAPK inhibitor, SB203580, both reduced collagen
mRNA level in LX-1 cells during treatment with apo-
ptotic bodies (Fig. 6A), whereas the p42/44 MAPK
inhibitor, UO126, did not have a significant effect. The
inhibitor profile was different for suppression of
TGF-�1 mRNA in LX-1 cells treated with apoptotic
bodies (Fig. 6B). LY294002 showed no effect, whereas
UO126 partially reduced TGF-�1 mRNA levels and
SB203580 markedly decreased mRNA transcripts for
this cytokine. The discordance in inhibitor profiles for
collagen versus TGF-�1 is in accordance with the
inability of soluble TGF-� type II receptor to attenuate
collagen mRNA generation in response to apoptotic
body engulfment. Separate signaling cascades seem
to be responsible for the generation of these gene
products in response to engulfment of apoptotic bod-
ies. These studies also demonstrate that many signal-

Figure 5.
Apoptotic body engulfment results in enhanced expression of �-smooth
muscle (�-SMA), TGF-�1, and COLIA1 mRNA by primary human stellate cells.
Primary stellate cells were incubated in the presence or absence of apoptotic
bodies (AB) for 48 hours. Total RNA was then extracted from the cells, and
�-SMA, TGF-�1, and COLIA1 mRNA expression was quantitated by real-time
PCR as described in “Materials and Methods.” Incubation with apoptotic
bodies resulted in enhanced �-SMA, TGF-�1, and COLIA1 mRNA expression.
All of the results are normalized to those obtained under control conditions,
which was arbitrarily set at 1.

Figure 6.
Effect of various kinase inhibitors on COLIA1 and TGF-�1 mRNA expression
after exposure of LX-1 cells to apoptotic bodies. LX-1 cells were incubated with
apoptotic bodies in the absence or presence of the following kinase inhibitors:
the PI-3K inhibitor, LY294002 (20 �M); the p38 mitogen-activated protein
kinase inhibitor, SB203580 (20 �M); and the p42/44 MAPK inhibitor, UO126
(20 �M). Expression of COLIA1 mRNA (A) and TGF-�1 (B) levels was assessed
by real-time PCR. Data are expressed as a percent inhibition from the
maximum values obtained in cells treated with apoptotic bodies in the absence
of a kinase inhibitor.
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ing cascades defined in rat cells also occur in human
stellate cells.

Discussion

The principal findings of this study relate to cellular
mechanisms linking apoptosis with fibrogenesis. The
following observations were made: (i) human stellate
cell lines are capable of engulfing apoptotic bodies; (ii)
apoptotic body engulfment by the human stellate cell
lines is inhibited by disrupting the cellular cytoskele-
ton; (iii) engulfment of apoptotic bodies by the stellate
cell lines enhances expression of collagen and TGF-
�1; and (iv) engulfment of apoptotic bodies induces
collagen and TGF-�1 expression via MAPK- and PI-3K
pathways. Each of these observations and their bio-
logic and clinical implications is discussed in greater
detail.

LX-1 cells and primary human stellate cells were
used for the experimental studies described in this
report. One of the strengths of this approach was the
utilization of this human stellate cell line, which retains
many of the differentiated features of stellate cells,
and the confirmation of key observations with the
primary human stellate cells. The ability of apoptotic
bodies to elicit �-SMA mRNA expression in primary
cells suggests apoptosis may trigger the initial events
of human stellate cell activation. Moreover, engulf-
ment of apoptotic bodies further enhances profibro-
genic responses in the activated, immortalized human
stellate cell line. These observations indicate that
hepatocyte apoptosis plays an important role in mul-
tiple phases of human stellate cell activation. The
confirmatory observations in primary human stellate
cells are also reassuring that the data obtained with
the LX-1 cells are not a cloned artifact.

Our data directly demonstrate that human stellate
cells are capable of engulfing apoptotic bodies. Pre-
vious studies have focused on the role of macro-
phages and neighboring epithelial cells in clearing
tissue apoptotic bodies. However, in the liver, stellate
cells are juxtaposed to hepatocytes and are, therefore,
uniquely located to engulf hepatocyte-derived apo-
ptotic bodies. In contrast, Kupffer cells (the resident
macrophages of the liver) are located within the sinu-
soids and would have to migrate into the liver paren-
chyma to have access to the apoptotic bodies. This
cellular architecture of the liver would apparently favor
stellate cell rather than Kupffer cell phagocytosis of
apoptotic bodies. Our data with the well-differentiated
Hep G2 cells would suggest hepatocytes have limited
capability to engulf apoptotic bodies. Thus, the cur-
rent data support an important role for stellate cells in
the engulfment of apoptotic bodies, a concept that will
need to be verified by in vivo studies.

The mechanisms by which apoptotic bodies are
recognized and likely removed by stellate cells were
also examined in the current study. Apoptotic bodies
externalize PS, which is recognized as an “eat me”
signal by the engulfing cell (Fadok and Chimini, 2001;
Krahling et al, 1999). A variety of cell surface receptors
have been implicated in recognizing this signal and in

the engulfment process, including the PS-R, several
scavenger receptors of both A and B classes, the LPS
receptor CD14, and integrins of the �v�3 or �v�5
classes (Fadok and Chimini, 2001; Henson et al,
2001). The redundancy of receptors involved in this
process makes it difficult to identify the dominant
receptors and/or block the uptake process on the
plasma membrane. Although it is thought that all these
receptors may, in part, recognize externalized PS on
the surface of apoptotic bodies (Fadok et al, 2001;
Hoffmann et al, 2001; Krahling et al, 1999), this has not
been conclusively demonstrated. Thus, the PS-R is
the best characterized in regard to its ability to recog-
nize PS on the surface of the apoptotic body/cell. In
the current study, we have demonstrated that human
stellate cells express the PS-R. The expression of this
receptor by stellate cells provides a mechanism for
their recognition and clearance of apoptotic bodies.
The expression and signaling responses of these
receptors in quiescent and activated stellate cells
deserves further examination as a mechanism contrib-
uting to the profibrogenic events in the liver.

Nocodazole, a microtubule-blocking agent, inhib-
ited apoptotic body engulfment by stellate cells. These
data suggest that, as in macrophages, microtubules
are involved in the engulfment of apoptotic bodies by
stellate cells (Fadok and Chimini, 2001; Krahling et al,
1999). More importantly, nocodazole provided a tool
to examine the importance of apoptotic body engulf-
ment in COLIA1 and TGF-�1 generation by the stellate
cells. Nocodazole blocked induction of both collagen
I and TGF-�1 mRNA induction by apoptotic bodies.
These findings indicate that engulfment rather than
binding of the apoptotic bodies to a cell surface
protein is responsible for the profibrogenic response
observed after incubation of apoptotic bodies with
stellate cells. These data have potential therapeutic
implications, because the ability of nocodazole to
inhibit this response may explain the antifibrogenic
properties of colchicine, another microtubule-
inhibiting agent, in human liver diseases (Almasio et al,
2000).

Current concepts derived from developmental biol-
ogy suggest that apoptosis and clearance of apopto-
tic bodies are evolutionary conserved processes to
limit or even prevent inflammatory responses (Fadok
et al, 1998; Savill, 2000). Apoptosis is thought of as a
model of cell death orchestrated to prevent leakage of
proinflammatory intracellular contents into the intersti-
tial space, thereby blocking inflammation despite the
presence of cell death. Fadok and coworkers have
further extended these concepts by demonstrating
that apoptotic body engulfment generates expression
of the anti-inflammatory cytokine TGF-� in macro-
phages (Fadok et al, 1998). Because engulfment of
apoptotic bodies likely occurs by conserved mecha-
nisms (eg, PS-R and scavenger receptors), the result-
ing signaling process is also likely conserved between
cell types (Fadok and Chimini, 2001). Although TGF-�
is an anti-inflammatory cytokine, it is also a potent
profibrogenic cytokine in the liver (Pinzani and Marra,
2001). Thus, the presence of an excessive number of
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apoptotic bodies in the liver, such as occurs in a
variety of human liver diseases, could stimulate liver
fibrogenesis.

It has been shown that the PI-3K inhibitor,
LY294002, and the p38 MAPK inhibitor, SB203580,
both reduced collagen mRNA levels in primary rodent
stellate cells (Cao et al, 2002; Reif et al, 2003; Varela-
Rey et al, 2002). Similarly, we demonstrated that
inhibiting PI-3K or p38 MAPK reduced collagen and
TGF-�1 mRNA, respectively, suggesting that both
PI-3K and p38 MAPK pathways are activated in hu-
man stellate cells after apoptotic body engulfment.
These studies demonstrate that similar kinase signal-
ing cascades contribute to collagen expression in
primary rat stellate and human LX-1 cells and further
validate the use of the human cell line for studies of
stellate cell biology.

Our data support a model in which hepatocyte
apoptotic bodies are engulfed by stellate cells, result-
ing in cytokine and collagen production. By analogy,
apoptosis may also contribute to fibrosis in other
tissues subjected to chronic apoptotic injury. Inhibi-
tion of apoptosis, apoptotic body engulfment by stel-
late cells, or signaling events occurring as a result of
stellate cell internalization of apoptotic bodies may be
therapeutic strategies to inhibit liver fibrogenesis in
human diseases.

Materials and Methods

Primary and Immortalized Human Stellate Cells

Human stellate cells were isolated as previously de-
scribed (Friedman et al, 1992). The cells were cultured
in uncoated plastic dishes to prevent spontaneous
activation and passaged four times to remove poten-
tial contaminating hepatocytes, endothelial cells, and
Kupffer cells. Primary human stellate cells, LX-1 cells,
a human immortalized hepatic stellate cell line, Hep
G2 cells, a human hepatoma cell line, and RAW264.7,
a murine macrophage cell line, were cultured in DMEM
(BioWhittaker, Walkersville, Maryland) containing 10%
fetal bovine serum, 100U/mL penicillin, 100 �g/ml
streptomycin, 50 �g/ml gentamicin, and 100 nM insu-
lin. LX-1 cells are a low-passaged human cell line
derived from normal human stellate cells, which are
immortalized by the SV40 large T antigen. The cells
exhibit typical features of stellate cells in primary
culture, such as expression of desmin and glial acidic
fibrillary protein and responsiveness to TGF-�1 (Xu et
al, unpublished data). The cells express �-SMA under
all culture conditions and, therefore, must be regarded
as at least partially activated even after immediate
replating. LX-1 cells were used 4 days after seeding on
dishes.

Preparation of Apoptotic Bodies

Hep G2 cells were fluorescently labeled with TAMRA-
succinimidyl ester (Molecular Probes Inc., Eugene,
Oregon) before induction of apoptosis. Cells were
incubated in media containing TAMRA-succinimidyl
ester (10 �M) for 30 minutes at 37° C and then rinsed

twice with media (EMEM; 10% FCS). Apoptosis was
induced by UV light (0–100 mJ/cm2, 142 seconds).
After 48 hours, the floating apoptotic bodies were
collected from dishes by centrifugation at 2000 �g for
4 minutes and resuspended in media (DMEM).

Phagocytosis

Hepatic stellate cells LX-1 were incubated up to 48
hours at 37° C in media containing fluorescent apo-
ptotic bodies. Approximately 900 apoptotic bodies/
ml, or a ratio of apoptotic bodies to stellate cells of 4:1,
were used for these experiments. For selected exper-
iments, the plasma membranes of the cells were
labeled with 1 �M BODIPY FL-C5 ceramide (Molecular
Probes) for 30 minutes on ice. Engulfment of fluores-
cent apoptotic bodies was quantitated by confocal
microscopy (Zeiss LSM 510 laser scanning confocal
microscope; Carl Zeiss, Jena, Germany) and ex-
pressed as percent cells containing apoptotic bodies.
The excitation and emission wavelengths were 488 nm
and 505 nm for BODIPY FL-C5, and 543 nm and 580 nm
for TAMRA-succinimidyl ester, respectively. Nocodazole
(methyl-(5-[thienylcarbonyl]-1 H-benzimidazol-2-YL) car-
bamate; Sigma Aldrich, St. Louis, Missouri), an agent that
interferes with structure and function of microtubules (Lee
et al, 1980), was added to the media (5 �g/ml) 30 minutes
before the addition of apoptotic bodies to modulate
phagocytosis.

Nonspecific engulfment was assessed using inert
fluorescent microspheres (Molecular Probes). Initially,
the engulfment of 10-�m yellow-green polystyrene
microspheres (FluoSpheres, F-8836), at a concentra-
tion of 10,000 particles/ml media, was assessed.
Subsequently, the engulfment of smaller particles, 1
�m-carboxylate modified red fluorescent micro-
spheres (FluoSpheres, F-8821), at a concentration of
10,000 particles/ml media, was examined. Micro-
spheres were added to hepatic stellate cells LX-1 for
24 hours, and engulfment was assessed using excita-
tion and emission wavelengths of 585 and 605 nm,
respectively.

RT-PCR and Real-Time PCR

PolyA mRNA was extracted from the cells using
standard techniques (Micro-FastTrack 2.0; Invitrogen,
Carlsbad, California); total RNA was obtained using
Trizol Reagent (Invitrogen). The cDNA template was
prepared by reverse transcription using oligo-dT ran-
dom primers and Maloney leukemia virus reverse
transcriptase (Invitrogen) as previously described in
detail (Kurosawa et al, 1997). The cDNA template was
amplified, and the expression of COLIA1, �-SMA, and
TGF-�1 mRNA was quantitated by real-time PCR
(LightCycler; Roche Diagnostic Corporation, Indianap-
olis, Indiana), using a TaqDNA polymerase (Invitrogen)
and the following primers: COLIA1: forward 5'-
GTGAACAAGGTCCCTCTGGA-3', reverse 5'-CGTGA
GCCTTCTCTTGAGGT-3' (yielding a 252-bp product);
TGF-�1: forward 5'-GTACCTGAACCCGTGTTGCT-3',
reverse 5'-GAACCCGTTGATGTCCACTT-3' (yielding
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a 291-bp product); �-SMA: forward 5'-TTCGTTACTA
CTGCTGAGCGTGAGA-3', reverse 5'-AAGGAT GGCT
GGAACAGGGTC-3' (yielding a 200-bp product). Uni-
versal 18S primers (Ambion, Inc., Austin, Texas) were
used as a control for RNA integrity and as housekeep-
ing gene. For distinguishing the specific product from
nonspecific products and primer dimers, melting
curves for PCR products were used (Canbay et al,
2002; Ririe et al, 1997). All PCR products were verified
by sequencing using dye termination technology, sep-
arated on 1% agarose gels, stained with ethidium
bromide, and photographed using UV illumination.

Quantitation of gene expression by real-time PCR
was performed using SYBR green as fluorophore
(Molecular Probes) (Ririe et al, 1997). After electro-
phoresis in 1% agarose gel, the portion of the gel
containing the expected PCR product of interest was
cut and the product eluted using a DNA elution kit (Gel
Extraction Kit; Qiagen, Valencia, California). The puri-
fied PCR product was quantitated using a spectro-
photometer (Beckman DU 7400; Beckman Instru-
ments Inc., Fullerton, California) at 260 nm and used to
generate a standard curve to calculate the copy num-
ber per milliliter in the experimental samples. The
result was expressed as a ratio of product copies per
milliliter to copies per milliliter of housekeeping gene
(18S) from the same RNA (respective cDNA) sample
and PCR run.

Conventional PCR was performed to verify the
expression of PS-R, using the following primers: for-
ward 5'-CTCCCAGGGAACTCATCAAA-3', reverse 5'-
GGAGTCTGA CGAACTGGAGC-3' (yielding a 434-bp
product).

Statistical Section

All data represent at least three independent experi-
ments and are expressed as the mean � SD unless
otherwise indicated. Differences between groups were
compared using ANOVA for repeated measures and
post-hoc Bonferroni test to correct for multiple
comparisons.

Reagents

LY294002, SB203580, UO126 were obtained from
Calbiochem (La Jolla, California). TGF-� type II recep-
tor was obtained from R&D Systems, Inc. (Minneapo-
lis, Minnesota),
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