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Mouse genetic background contributes to 
hepatocyte susceptibility to Fas-mediated 
apoptosis

ABSTRACT Liver disease progression is modulated by genetic modifiers in mouse strains 
and across human races and ethnicities. We hypothesized that hepatocyte culture duration 
and genetic background regulate hepatocyte susceptibility to apoptosis. Hepatocytes 
were isolated from FVB/N, C57BL/6, and C3H/He mice and cultured or treated with Fas li-
gand or acetaminophen after different culture times. Protein and mRNA expressions of Fas 
receptor, caspases-3/7/8, and Bak/Bax/Bid proteins were determined. FVB/N hepatocytes 
manifested rapid decreases of caspases-3/7 but not caspase-8 as culture time increased, 
which paralleled decreased susceptibility to apoptosis. Some changes were also found in 
Fas-receptor and Bak, Bax, and Bid proteins; caspase mRNA decreases were also noted. 
Caspase protein degradation was partially reversed by lysosomal protease but not protea-
some or autophagy inhibitors. C57BL/6 and FVB/N hepatocytes behaved similarly in their 
limited susceptibility to apoptosis, whereas C3H/He hepatocytes show limited alterations 
in caspases, with consequent increased susceptibility to apoptosis. Similarly, C3H/He mice 
were more susceptible than C57BL/6 and FVB/N mice to Fas-mediated liver injury. There-
fore there are significant mouse strain–dependent differences in susceptibility to apoptosis 
and selective loss of caspases upon short-term hepatocyte culture, with consequent de-
crease in susceptibility to apoptosis. These differences likely reflect genetic modifiers that 
provide resistance or predisposition to hepatocyte death.

INTRODUCTION
Hepatocyte apoptosis is caused by multiple etiologies, including 
toxins and viruses, and is a hallmark of many acute and chronic liver 
diseases (Malhi et al., 2010). In addition, predisposition to liver 
disease is greatly influenced by genetic modifiers in humans and 
experimental mouse models (Hanada et al. 2008; Nguyen and 
Thuluvath, 2008; Weber et al., 2008; Anstee et al., 2011; Snider 
et al., 2011). Understanding the mechanisms of hepatocyte death 

and the involved genetic influences is likely to be beneficial for 
development of targeted treatments in a variety of liver diseases. 
Hepatocytes express several cell death receptors, including the Fas 
receptor (FasR, CD95; Smith et al., 1994). Administration of the anti-
Fas antibody Jo2 to mice results in fulminant acute liver failure due 
to massive hepatocyte cell death (Galle et al., 1995). Fas-induced 
hepatocyte death in vivo occurs through the so-called type II path-
way, which involves the Bcl-2 family protein Bid and results in the 
induction of the mitochondrial death signaling pathway (Walter 
et al., 2008). However, mouse primary hepatocytes cultured on a col-
lagen I matrix undergo Fas-induced death via the type I signaling 
pathway, which does not require Bid (Walter et al., 2008). Apoptosis 
is commonly executed by caspases (Pop and Salvesen, 2009), and a 
subgroup of these proteases are classified as the initiator caspases 
(mainly 8–10), which trigger the apoptosis cascade (Pop and 
Salvesen, 2009; Malhi et al., 2010). The other subgroup, named exe-
cutioner caspases, such as 3, 6, and 7, which are activated by active 
initiator caspases, degrade many intracellular proteins, leading to 
apoptotic cell death (Pop and Salvesen, 2009; Malhi et al., 2010).
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dependent on the genetic background of the mice and correlates 
with lysosomal enzyme activation. Of importance, the findings us-
ing ex vivo cultures were also observed when mice were challenged 
with the Fas ligand (FasL) Jo2 antibody.

RESULTS AND DISCUSSION
Dramatic decrease of caspases 3 and 7 during hepatocyte 
culture parallels a decrease in susceptibility to apoptosis
Isolated mouse primary hepatocytes (FVB/N mice) were cultured for 
0–24 h, followed by analysis of caspases 3, 7, and 8 and poly(ADP-
ribose) polymerase (PARP) levels as compared with protein expres-
sion in intact FVB/N liver. Caspase 3 and 7 levels decreased dra-
matically during hepatocyte culture duration starting from 3 h 
postseeding (Figure 1A). However, levels of caspase 8 and PARP 
were relatively constant throughout the culture duration (Figure 1A).

We then tested the susceptibility of mouse hepatocytes to FasL-
induced apoptosis after different times of culture (Supplemental 
Figure S1). We isolated hepatocytes from FVB/N mice and treated 
them with FasL or left them untreated after the indicated time of cell 
attachment. After 6 h in the presence of FasL, we assessed hepatocyte 
death by trypan blue staining and biochemically. When hepatocytes 
were treated with FasL after only 30 min of cell culture, the majority 
of cells underwent apoptosis (Figure 1B). In contrast, hepatocytes 

Primary hepatocytes provide a robust and potentially physiologic 
ex vivo system in which to study a broad range of hepatocellular 
processes (Elaut et al., 2006; Hewitt et al., 2007). Isolation of primary 
hepatocytes from rodents involves a standard collagenase perfusion 
protocol (Berry and Friend, 1969; Klaunig et al., 1981a,b). The iso-
lated primary hepatocytes resemble their in vivo counterparts, at 
least during the short-term culture period (Elaut et al., 2006; Hewitt 
et al., 2007). However, with long-term culture, hepatocytes dediffer-
entiate and undergo spontaneous cell death due to alterations in 
expression of many genes, limiting their utility for long-term studies 
(Vinken et al., 2011; Fraczek et al., 2013). During our studies of cas-
pase digestion of the keratin cytoskeleton during apoptosis in the 
liver, we noted that mouse hepatocytes cultured ex vivo were rela-
tively resistant to Fas-mediated apoptosis compared with the in vivo 
context (Weerasinghe et al., 2014), although the reason for this resis-
tance was not investigated.

Given the importance of cell death and the genetic background 
in modulating liver injury, we hypothesized that short-term culture 
of normal hepatocytes and their genetic background both modulate 
hepatocyte susceptibility to Fas-mediated apoptosis. Our results 
show that primary hepatocytes, upon short-term culture, become 
resistant to apoptotic stimuli due to decreased levels of caspases 3 
and 7 but not caspase 8. The change in caspase levels is highly 

FIGURE 1: Caspase 3 and 7 levels decrease rapidly with parallel relative resistance to apoptosis during short-term 
mouse hepatocyte culture. (A) Hepatocytes were isolated from FVB/N mice and cultured for the indicated times after 
plating onto collagen-coated plates. Total cell lysates were analyzed by blotting, using antibodies to the indicated 
proteins. A total liver lysate (lane 1) is included to show in situ whole-liver caspase levels, and an actin blot is included 
as a loading control. (B) Hepatocytes were isolated from FVB/N mice, followed by treatment with FasL (0.5 μg/ml, 6 h) 
in the presence of trypan blue (0.04%) after 30 min, 3 h, or 6 h of cell culture (see Supplemental Figure S1 for culture 
conditions). Scale bar, 200 μm. (C) Quantification of percentage of dead cells from the data in B, based on trypan blue 
uptake. A repeat experiment showed essentially identical findings. ***p < 0.001. (D) Total cell lysates were prepared from 
the hepatocytes used in B (just before the addition of FasL), followed by blotting for intact caspases 3 and 7. (E) Culture 
medium from a parallel experiment to that shown in B was concentrated and then analyzed by blotting to assess the 
release of the indicated proteins. A Coomassie stain of the concentrated culture medium is included and shows the 
limited amount of protein released when cells are cultured for 3 and 6 h before the addition of FasL (lanes 3 and 5).
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more susceptible than C3H/He mice to formation of Mallory–Denk 
body inclusions upon liver injury (Hanada et al., 2008) due to genetic 
modifiers that modulate the response to oxidative stress (Snider 
et al., 2011). Of note, formation of these inclusions in humans is a 
marker for poor liver disease outcome (Rakoski et al., 2011).

Isolated hepatocytes were cultured up to 24 h and then analyzed 
biochemically for the expression of caspases 3 and 7. C3H/He hepa-
tocytes maintained relatively constant protein levels of caspases 3 
and 7 as compared with C57BL/6 hepatocytes up to 24 h of culture 
(Figure 2A and Supplemental Figure S2). The dramatic changes in 
caspases 3 and 7 in C57BL/6 hepatocytes (Figure 2A) follow a simi-
lar pattern to that of FVB/N hepatocytes (Figure 1A). We then tested 
whether C3H/He hepatocytes are more susceptible to apoptosis 
due to the sustained expression of caspases 3 and 7 compared with 
C57BL/6 hepatocytes. C3H/He hepatocytes had significantly higher 
FasL-induced cell death at all three tested cell culture times (30 min, 
3 h, and 6 h) compared with C57BL/6 hepatocytes (Figure 2B). In 
agreement with the reduced percentage of cell death observed in 
C57BL/6 hepatocytes during FasL treatment (Figure 2B), C57BL/6 
hepatocytes express relatively lower levels of caspases 3 and 7 after 
3 and 6 h of cell culture compared with CH3/He hepatocytes 

exposed to FasL after 3 or 6 h of culture had significantly reduced 
apoptotic cell death (Figure 1, B and C). In agreement with the re-
duced apoptosis after 3 or 6 h of culture, the expression of caspases 
3 and 7 was markedly reduced compared with that at 30 min 
(Figure 1D). We validated the extent of hepatocyte death by analyz-
ing the hepatocyte culture medium, which showed release of active 
caspases 3/7, lactate dehydrogenase (LDH), and high mobility group 
box 1 protein (HMGB1) primarily after 30 min but much less after 3 
and 6 h of culture (Figure 1E). These results suggest that mouse pri-
mary hepatocytes become more resistant to apoptotic cell death 
even after short-term culture, likely due to reduced expression of 
caspases 3 and 7. Of note, the initiation of the apoptotic signaling 
cascade does not appear to be affected, since caspase 8 remains 
relatively constant throughout the culture duration (Figure 1A).

Mouse genetic background influences the susceptibility 
of hepatocytes to apoptosis
We tested the effect of mouse strain background on susceptibility of 
mouse hepatocytes to apoptosis upon culture as related to increas-
ing culture duration. We compared hepatocytes isolated from C3H/
He and C57BL/6 mice, which were selected because C57BL/6 are 

FIGURE 2: The genetic background alters hepatocyte susceptibility to apoptosis ex vivo. (A) Hepatocytes were isolated 
from C3H/He and C57BL/6 mice, followed by culture for the indicated times and then blotting of the lysates. A total 
liver lysate (lane 1 for each strain) is included to show in situ whole-liver protein levels. (B) Hepatocytes were isolated 
from C3H/He and C57BL/6 mice and then treated with FasL (0.5 μg/ml, 6 h) after the indicated times of culture. The 
histogram shows percentage of cell death. ***p < 0.001. (C) Hepatocyte lysates were prepared from duplicate cells to 
those in B, followed by blotting for caspases 3 and 7. An actin blot and Coomassie stain are included to show equal 
protein loading. (D) Hepatocytes were isolated from C3H/He and C57BL/6 mice and treated with FasL (0.1 μg/ml, 6 h) 
after 3 h of cell attachment. Apoptotic cells were visualized using annexin-V staining (green), with counterstaining with 
4′,6-diamidino-2-phenylindole (DAPI; blue) to visualize nuclei. Percentage mean annexin-V+ cells is shown. p < 0.001; 
scale bar, 200 μm. (E) Isolated hepatocytes from C3H/He and FVB/N mice were treated with APAP (1 mM) or FasL 
(0.5 μg/ml, 6h) after 3 h of cell attachment. Concentrated culture medium was analyzed by blotting using antibodies to 
the indicated antigens. The Coomassie stain of the concentrated culture medium shows the increased release of cellular 
proteins in the presence of APAP (dashed lines in lanes 2 and 5) and FasL.
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and 7 in cultured C3H/He hepatocytes correlates with their ob-
served increased susceptibility to apoptosis compared with 
C57BL/6 and FVB/N hepatocytes.

Ex vivo findings of C3H/He versus C57BL/6 and FVB/N 
hepatocyte susceptibility to Fas-mediated apoptosis also 
hold in vivo
We tested C3H/He and C57BL/6 mice for their susceptibility to 
FasL-induced apoptosis to determine whether the ex vivo findings 
represent cell-autonomous effects. Mice were injected with FasL, 
followed by isolation of the livers for biochemical and histologic 
analysis, in addition to testing of serum alanine aminotransferase 
(ALT) levels. There was significant activation of caspases 3 and 7 in 
C3H/He as compared with C57BL/6 livers (Figure 3A). The activa-
tion of caspases 3 and 7 correlated with markedly increased ALT 
and liver damage in C3H/He mice (Figure 3, B–D). The results were 
reproducible using an independent biological replica experiment 
with five mice per strain (unpublished data). Comparison of C3H/
He and FVB/N mice also showed parallel susceptibility to FasL in-
jury to what was observed in the isolated hepatocytes: FVB/N mice 
had markedly less caspase activation and serum ALT and LDH lev-
els compared with C3H/He mice (Figure 3, E and F). These find-
ings, taken together with the hepatocyte ex vivo results, suggest a 

(Figure 2C). We also compared the FasL-induced cell death of 
C57BL/6 and C3H/He hepatocytes by immunostaining. C3H/He he-
patocytes showed marked increase in annexin-V–positive staining 
compared with C57BL/6 hepatocytes (Figure 2D).

We then compared the expression of the FasR and the Bcl-2 
family proteins Bid, Bax, and Bak in primary hepatocytes isolated 
from the mouse strains FVB/N, C57BL/6, and C3H/He. FasR protein 
showed gradual decreases during hepatocyte culture in all three 
strains, whereas the Bcl-2 family members (except Bid) did not man-
ifest the same type of dramatic change noted for caspases 3 and 7 
in the C57BL/6 and FVB/N strains (Supplemental Figure S3A). FasR 
mRNA isolated from hepatocytes of the three mouse strains showed 
a dramatic decrease beginning at 12 h (Supplemental Figure S3B).

We also compared the susceptibility to acetaminophen (APAP)-
induced necrosis in C3H/He versus FVB/N hepatocytes. After 3 h 
of cell attachment, hepatocytes were treated with APAP or FasL or 
left untreated. Again, caspase activation was more prominent in 
C3H/He versus FVB/N hepatocytes upon FasL treatment, but cel-
lular protein release into the medium upon APAP exposure in the 
absence of detectable caspase activation, which we take as a mea-
sure of necrosis, was similar in hepatocytes from both strains 
(Figure 2E, compare lanes 2 and 5 in the Coomassie-stained gel). 
Our results indicate that the sustained expression of caspases 3 

FIGURE 3: Effect of mouse genetic background on susceptibility to hepatocyte apoptosis in vivo. (A) C57BL/6 and 
C3H/He male mice (five mice/strain, 12 wk old) were injected with FasL. After 5 h, the livers were removed, followed by 
blotting of the liver lysates with antibodies to active caspase 3 (cas-3), caspase 7 (cas-7), and actin (loading control). 
Densitometry scanning was done to estimate the level of active caspases; mean and SEM, ***p < 0.001, *p < 0.05. Each 
lane represents an individual liver. (B) Serum ALT from the mice used in A. *p < 0.05. (C, D) Representative hematoxylin 
and eosin images (scale bar, 200 μm) and quantification of the hemorrhage. The percentage area of the hemorrhage, 
as compared with the total area of the liver, is shown. Two representative fields/liver per mouse were used for 
quantification. ***p < 0.001. (E) FVB/N and C3H/He (five male mice/strain, 10–11 wk old) were compared for their 
susceptibility to Fas-L–mediated liver injury. Liver lysates were blotted, followed by analysis as in A; ***p < 0.001. 
(F) Sera from mice used in E were analyzed (four mice/strain; blood could not be obtained from one mouse/strain) for 
release of LDH and ALT; *p < 0.05. Coomassie stain of the serum is included as a loading control.
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caspase mRNA levels and testing the effect of inhibiting several 
protein degradation pathways in hepatocytes isolated from 
FVB/N, C57BL/6, and C3H/He mice. By 12 h of culture, caspase 
7 mRNA decreased more rapidly than that of caspase 3 in FVB/N 
hepatocytes (Figure 5A). Consistent with the decreased mRNA 
levels, caspase 3 and 7 protein levels from the same FVB/N hepa-
tocytes also decreased markedly after 12 h of culture (Figure 5B). 
Similar patterns of caspase 3 and 7 mRNA degradation occurred 
in C3H/He and C57BL/6 hepatocytes by 12 h of culture (Supple-
mental Figure S4).

We then examined whether caspase 3 and 7 protein degrada-
tion occurs via the proteasome by incubating cultured FVB/N hepa-
tocytes with the proteasome inhibitors MG132 (Adams et al., 1998) 
and epoxomycin (Kim et al., 1999). As expected, both inhibitors 
enhanced protein ubiquitination after 24 h but did not rescue cas-
pase 3 and 7 degradation (Supplemental Figure S4C, lanes 6 and7). 
Inhibition of autophagy using 3-methyladenine (3MA; Wu et al., 
2010) also had no effect on caspase degradation (Figure 5C). In 
contrast, isolated cultured hepatocytes in the presence of the lyso-
somal protease inhibitor leupeptin (Hausott et al., 2012) or/and 
pepstatin-A (Marciniszyn et al., 1976) led to partial rescue of caspase 
3 and 7 degradation in FVB/N (Figure 5C) and C57BL/6 hepatocytes 
(Figure 5D). These results indicate that RNA degradation and the 
lysosomal protein degradation pathway contribute to the depletion 
of caspases 3 and 7 in cultured mouse primary hepatocytes.

Discussion
Our findings provide a hitherto-unappre-
ciated marked difference in mouse hepa-
tocyte susceptibility to apoptosis upon 
short-term culture in a manner that de-
pends on the mouse strain and provide an 
association of these differences with dra-
matic changes in the levels of some cas-
pases due to protein and mRNA turnover. 
C3H/He mouse hepatocytes retain much 
of their in vivo properties in terms of sus-
ceptibility to FasL-mediated apoptosis, 
whereas FVB/N and C57BL/6 hepatocytes 
undergo dramatic degradation of caspase 
3 and 7 but not caspase 8 protein. All 
three strains showed a prominent decrease 
in caspase 7 mRNA. The importance of 
caspase loss is supported by studies show-
ing that administration of small interfering 
RNA (siRNA) to caspase 8 protected mice 
from FasL-induced liver injury (Zender 
et al., 2003) and of siRNA to caspase 3 or 
8 protected mice from ischemia–reperfu-
sion injury (Contreras et al., 2004). The 
consequences of caspase inhibition are 
likely to be compartment specific, given 
the observed different subcellular distribu-
tion of caspases 3 and 7 after Fas-induced 
apoptosis in mouse liver (Chandler et al., 
1998). Our findings also show that caspase 
inhibition protected the cultured hepato-
cytes from undergoing apoptosis (Figure 
4, B and C).

Changes in mRNA levels upon ex vivo 
culture of hepatocytes have been described, 
but, to our knowledge, not in the context of 
specific caspases and unique mouse strains. 

cell-autonomous effect and that genetic modifiers in the hepato-
cytes are likely to account for their dramatic difference in suscepti-
bility to Fas-mediated apoptosis.

Caspase inhibition rescued FasL-induced hepatocyte 
apoptosis
We tested whether the observed susceptibility of isolated hepato-
cytes to apoptosis during culture is caspase 3 and 7–dependent 
by assessing the effect of caspase inhibition. We treated hepato-
cytes from FVB/N and C3H/He mice, after 3 h of attachment, with 
FasL with or without the pancaspase inhibitor Z-VAD-FMK for 6 h. 
Both FVB/N and C3H/He hepatocytes showed no detectable cas-
pase 3 and 7 activation when hepatocytes were challenged with 
FasL in the presence of the caspase inhibitor (Figure 4A). Apopto-
sis was also assessed by annexin-V staining, which showed marked 
reduction of annexin-V+ cells in the presence of the caspase inhibi-
tor compared with cells treated with FasL alone (Figure 4, B and 
C). These results suggest that the resistance of cultured hepato-
cytes to FasL-mediated apoptosis is, at least in part, a caspase-
dependent phenomenon.

mRNA turnover and lysosomal protein degradation 
contribute to the reduced levels of caspases 3 and 7
We tested the potential underpinnings for the observed changes 
in caspase 3 and 7 levels upon hepatocyte culture by measuring 

FIGURE 4: Resistance to hepatocyte apoptosis during culture is caspase dependent. 
(A) Hepatocytes were isolated from FVB/N and C3H/He mice and treated with FasL (0.5 μg/ml, 
6 h) ± the caspase inhibitor Z-VAD-FMK (10 μM) after 3 h of cell attachment. Total cell lysates 
were analyzed by blotting for the indicated antigens. (B) Apoptotic cells were visualized using 
annexin-V staining (green), with counterstaining using DAPI (blue) to visualize nuclei. Scale bar, 
400 μm. (C) Quantification of percentage of annexin-V+ cells in B.
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of a subset of caspases at the protein and mRNA levels in a cas-
pase-selective manner, which explains the shift toward marked 
resistance of the cultured hepatocytes to undergoing apoptosis. 
We did not carry out an exhaustive analysis of changes in all 
apoptosis-related proteins, but testing of FasR and the Bcl-2 fam-
ily proteins Bax, Bid, and Bak showed variable alterations that 
were not as dramatic as observed in caspases 3 and 7 in primary 
hepatocytes or intact livers. The mouse strain C3H/He is relatively 
refractory to changes in the caspases and therefore offers an al-
ternative, more robust mouse system in which to study hepato-
cyte apoptosis ex vivo. The C3H/He strain has an additional 
unique property in terms of injury models, namely resistance to 
endotoxin due to a mutation in the Toll-like receptor 4 (Hoshino 
et al., 1999). The mechanism of how the genetic background in 
the mouse lines we tested influences Fas-mediated apoptosis in 
vivo remains to be investigated.

MATERIALS AND METHODS
Isolation and treatment of primary mouse hepatocytes
Hepatocytes were isolated from age-matched male (FVB/N, 
C3H/He, or C57BL/6; Jackson Laboratory, Bar Harbor, ME) mice 
for primary culture as described (Weerasinghe et al., 2014), with 
the following modifications. The liver was perfused with 1–2 ml of 

For example, short-term culture of C75BL/6 hepatocytes (up to 24 
h) is accompanied by a dramatic decrease in major urinary protein 
mRNA within 6 h, whereas albumin mRNA remains relatively stable 
(Clayton and Darnell, 1983). However, longer-term cultures, beyond 
24 h, result in a progressive decrease in albumin mRNA levels 
(Clayton and Darnell, 1983).

It remains to be determined whether the strain-dependent dif-
ferences in isolated hepatocyte susceptibility to apoptosis, which 
were also noted in intact C3H/He, C57BL/6, and FVB/N mice, are 
also present in hepatocytes from humans of different races or eth-
nic backgrounds. Our findings suggest the effects we observed 
are cell autonomous, in that they were found in both hepatocytes 
and intact livers. Cell interactions with extracellular matrix com-
ponents are critical for isolated cells and intact liver (Maher and 
Bissell, 1993). Furthermore, the type of matrix (e.g., dried, stiff 
collagen, as is the case in coated plates vs. gelled collagen) is 
critical for susceptibility of cultured mouse hepatocytes to apop-
tosis, as noted for transforming growth factor-β–induced apopto-
sis (Godoy et al., 2010). Most studies that involve isolation of 
mouse hepatocytes involve a standard two-step perfusion of the 
liver, followed by culturing for short-term or longer-term experi-
ments (Li et al., 2010). An important caveat, based on the findings 
here, is that cultured mouse hepatocytes undergo dramatic loss 

FIGURE 5: mRNA and lysosomal protein degradation contribute to the depletion of caspases 3 and 7 in short-term cultured 
hepatocytes. Hepatocytes were isolated from FVB/N mice, and cells were collected at the indicated times and then 
processed to obtain total mRNA and total cell lysates. (A) Relative expression of caspase 3 and 7 mRNA compared with the 
0-h baseline levels. *p < 0.05. (B) Cell lysates were analyzed by blotting. (C, D) Hepatocytes were isolated from FVB/N mice 
(C) and C57BL/6 mice (D) and then cultured with or without the autophagy inhibitor 3MA (5 mM, C) and the lysosomal 
protease inhibitor leupeptin (Leu; 40 μM) or pepstatin-A (PA; 10 μM; C and D). Hepatocytes were collected after 9 h of 
treatment, and total cell lysates were analyzed by blotting. (E) Schematic summarizing the overall findings. Short-term 
culture of mouse hepatocyte results in marked down-regulation of caspases 3 and 7 but not caspase 8. This down-regulation 
is accompanied by resistance to Fas-medicated apoptosis in a manner dependent on mouse genetic background.



Volume 27 October 15, 2016 Mouse hepatocyte susceptibility to apoptosis | 3011 

GCGACAGGT-3′ and 5′-GGTCCTCCTCAGAGGCTTTT-3′, and the 
Fas receptor primers 5′-AGCTGAGGAGGCGGGTTCGTG-3′ and 
5′- CATGGGGCGCAGGTTGGTGTA-3′, using quantitative real-time 
PCR (MyiQ real-time PCR detection system; Bio-Rad Laboratories). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 
an internal control. The relative mRNAs of caspases 3 and 7 and Fas 
receptor for each culture time point relative to GAPDH were normal-
ized to that of the 0-h isolation (which was set to be 1.0) to calculate 
the mRNA fold change.

In vivo FasL administration and liver damage analysis
C57BL/6, FVB/N, and C3H/He mice (Taconic Biosciences, Rensse-
laer, NY; 10- to 12-wk-old males) were fasted overnight (with water 
provided ad libitum) and then injected intraperitoneally with FasL 
(0.5 μg/g body weight). Mice (five mice/strain) were killed after 4 h, 
and liver damage was assessed biochemically, serologically, and 
histologically. Serum ALT levels were measured using a commercial 
kit (Pointe Scientific) per manufacturer’s instructions. Hemorrhage 
quantification was done using ImageJ software. Repeat indepen-
dent experiments were done using five mice/strain.

Statistical analysis
Statistical analysis was performed using analysis of variance or t test 
(for cell count experiments and RNA comparison) using GraphPad 
Prism 6 statistical software.

perfusion medium through the portal vein with a flow rate of 
3 ml/min, followed by perfusion with 10–15 ml of digestion me-
dium containing 150 U/ml collagenase-II (Worthington Biochemi-
cal Corporation, Lakewood, NJ) at the same flow rate. After the 
first wash, the cell pellet was suspended in 6 ml of ice-cold wash 
medium and separated on a Percoll gradient (Sigma-Aldrich, St. 
Louis, MO; 15% in phosphate-buffered saline, pH 7.4, 4°C, 
500 rpm, 10 min) to remove dead cells. The cell pellet was washed 
with ice-cold wash medium and suspended in culture medium 
(William’s medium E supplemented with 10% heat-inactivated fetal 
bovine serum and 1% penicillin-streptomycin, 37°C) and plated 
(2 × 105 cells/ml on collagen-I–coated six-well plates; BD BioCoat, 
San Jose, CA) for subsequent analysis of the released proteins and 
the biochemical experiments. After 30 min (37°C, 5% CO2) to al-
low attachment, the cell culture medium was replaced (to remove 
any debris or unattached cells) with fresh medium and cultured for 
indicated times (37°C, 5% CO2) or treated with Fas ligand (FasL; 
Jo2 antibody, 0.5 μg/ml; BD Biosciences PharMingen; Supplemen-
tal Figure S1) or with APAP (1 mM; Sigma-Aldrich). To calculate the 
percentage cell death after FasL, the number of round (apoptotic) 
cells and the total number of cells were counted under bright field 
(40× magnification). The percentage dead cell count was calcu-
lated with respect to total number of cells, using up to 15 fields for 
each time point.

Preparation of liver and hepatocyte lysates and biochemical 
analysis
Total hepatocyte and liver tissue lysates were prepared by homog-
enizing the cells or liver tissues, respectively, using 2× Tris-glycine 
SDS-containing sample buffer (under reducing conditions that in-
clude 5% β-mercaptoethanol). Proteins were separated using SDS–
PAGE and then stained with Coomassie blue or transferred to poly-
vinylidene fluoride membranes, followed by blotting with antibodies 
to intact caspases 3 and 7, active caspases 3 and 7, PARP (Cell 
Signaling Technology, Boston, MA), HMGB1 (Abcam, Cambridge, 
MA), actin (Lab Vision), Fas receptor, Bax (Santa Cruz Biotechnology, 
Fremont, CA), Bid (R&D Systems, Minneapolis, MN), Bak (Neo-
Markers, Fremont, CA), annexin-V (Clontech, Mountain View, CA), 
and LDH (LifeSpan BioSciences, Seattle, WA). Protein degradation 
pathways were assessed using 3MA, leupeptin, and pepstatin-A 
(Sigma-Aldrich), epoxomycin (BostonBiochem, Cambridge, MA), 
and MG132 (Cayman Chemical Company, Ann Arbor, MI). Caspase 
inhibition was performed using Z-VAD-FMK, a cell-permeable and 
irreversible pancaspase inhibitor (R&D Systems). Annexin-V staining 
was performed using ApoAlert Annexin V-FITC Apoptosis Kit 
(Clontech).

Analysis of the medium of cultured cells
After FasL treatment, culture plates were centrifuged (1200 rpm, 
5 min), followed by collection of the culture medium without 
disturbing the cells. The collected medium was recentrifuged 
(1200 rpm, 10 min), and the supernatant was concentrated using 
Centricon YM-10 filters (Millipore) and then mixed with 4× SDS–
PAGE sample buffer for subsequent immunoblotting.

Isolation of RNA and quantitative PCR analysis
Total RNA was isolated from cultured hepatocytes using an RNeasy 
kit (Qiagen). RNA was translated into cDNA using the TaqMan re-
verse transcription kit (Applied Biosystems). cDNA was amplified by 
Brilliant SYBR Green Master Mix using the mouse-specific caspase 3 
primers 5′-TGGGCCTGAAATACCAAGTC-3′ and 5′-TCCCATAAAT-
GACCCCTTCA-3′, the caspase 7 primers 5′-ACTTCGAC AAA-
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