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Amiodarone (AMD), a class  III antiarrhythmic drug, causes 
idiosyncratic hepatotoxicity in human patients. We demonstrated 
previously that tumor necrosis factor-alpha (TNF-α) plays an 
important role in a rat model of AMD-induced hepatotoxicity 
under inflammatory stress. In this study, we developed a model in 
vitro to study the roles of caspase activation and oxidative stress 
in TNF potentiation of AMD cytotoxicity. AMD caused cell death 
in Hepa1c1c7 cells, and TNF cotreatment potentiated its toxicity. 
Activation of caspases 9 and 3/7 was observed in AMD/TNF-
cotreated cells, and caspase inhibitors provided minor protection 
from cytotoxicity. Intracellular reactive oxygen species (ROS) 
generation and lipid peroxidation were observed after treatment 
with AMD and were further elevated by TNF cotreatment. Adding 
water-soluble antioxidants (trolox, N-acetylcysteine, glutathione, 
or ascorbate) produced only minor attenuation of AMD/TNF-
induced cytotoxicity and did not influence the effect of AMD 
alone. On the other hand, α-tocopherol (TOCO), which reduced 
lipid peroxidation and ROS generation, prevented AMD toxicity 
and caused pronounced reduction in cytotoxicity from AMD/TNF 
cotreatment. α-TOCO plus a pancaspase inhibitor completely 
abolished AMD/TNF-induced cytotoxicity. In summary, activa-
tion of caspases and oxidative stress were observed after AMD/
TNF cotreatment, and caspase inhibitors and a lipid-soluble free-
radical scavenger attenuated AMD/TNF-induced cytotoxicity.

Key Words:  amiodarone; tumor necrosis factor-alpha; lipid  
peroxidation; caspase.

Amiodarone [2-butyl-3-(3',5'-diiodo-4'α-diethylamino-
ethoxybenzoyl)-benzofuran] (AMD) is an antiarrhythmic 
drug effective for the treatment of myocardial infarction or 
congestive heart failure (Singh, 1996). The use of AMD has 
been associated with a variety of adverse effects, including 
liver dysfunction, pulmonary complications, thyroid dysfunc-
tion, and ocular disturbance (Rotmensch et  al., 1984). The 
U.S. Food and Drug Administration issued a black box warn-
ing for AMD for its ability to induce idiosyncratic hepatotox-
icity. The frequency of symptomatic liver abnormalities in 

patients receiving AMD is 1–3% (Lewis et al., 1989). Many 
of these reactions are mild, but some can be acute and severe, 
especially during iv administration (Ratz Bravo et al., 2005). 
Fulminant hepatic failure or even death related to AMD treat-
ment was reported (Babatin et al., 2008).

The mechanisms of AMD-induced idiosyncratic 
hepatotoxicity are not clear. Neither the magnitude nor the 
frequency of severe hepatotoxicity is directly related to the 
dose and duration of AMD therapy (Pollak and Shafer, 2004). 
Attempts to establish a model with healthy rodents were 
unsuccessful: neither large-dose, short-term exposure nor 
small-dose, long-term exposure resulted in observable liver 
damage (Young and Mehendale, 1989). The induction of severe 
AMD hepatotoxicity is more likely to be due to a combination 
of AMD and other factors, e.g., inflammatory episodes.

Lipopolysaccharide (LPS) is widely used to induce an 
inflammatory response in animal studies. Results from stud-
ies in rodents indicate that liver injury results from cotreatment 
with LPS and some drugs that are associated with idiosyncratic 
hepatotoxicity in people (Deng et  al. 2006; Luyendyk et  al. 
2003; Waring et al. 2006; Zou et al., 2009). This occurs with 
nontoxic doses of several drugs from different pharmacologic 
classes. One of these drugs is AMD. We reported previously that 
modest inflammation caused by LPS can interact with AMD to 
induce liver damage in rats (Lu et al., 2012). Tumor necrosis 
factor-alpha (TNF-α), a cytokine released upon LPS adminis-
tration, was critically involved in this AMD/LPS-induced liver 
injury model: inhibition of TNF signaling by etanercept signifi-
cantly attenuated AMD/LPS-induced hepatotoxicity (Lu et al., 
2012). Furthermore, TNF potentiated the cytotoxicity of AMD 
in Hepa1c1c7 cells, providing a simplified model with which 
to study the intracellular events involved in the interactions 
between AMD and TNF in hepatocytes in vitro.

The appearance of TNF is one of the earliest events after 
LPS exposure. TNF triggers the expression of other cytokines, 
infiltration and activation of inflammatory cells, impairment 
of the hemostatic system, etc. (Beutler and Kruys, 1995). 
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Furthermore, TNF is cytotoxic to a variety of primary cells or 
transformed cell lines (Fransen et al., 1986). The majority of 
the biological effects from soluble TNF is mediated by TNF 
receptor-1 (TNF-R1). TNF binding to TNF-R1 can lead to the 
activation of a variety of signaling pathways, one of which 
involves procaspase 8 cleavage, which initiates an apoptotic 
cascade. In hepatocytes, mitochondria are involved in bridging 
caspase 8 to caspase 9, and eventually to effector caspases, e.g. 
caspases 3 and 7 (Wullaert et al., 2007). Loss of mitochondrial 
membrane potential, generation of reactive oxygen species 
(ROS), formation of the mitochondrial permeability transition 
pore, and release of cytochrome C are critical to TNF-induced 
hepatocyte apoptosis (Bradham et al., 1998; Colell et al., 2001; 
Hatano et al., 2000).

AMD induces apoptosis and/or necrosis in many differ-
ent cell types (Kaufmann et  al., 2005), including primary 
hepatocytes (Kaufmann et al., 2005) and hepatoma cell lines 
(Shojiro et al., 2004). AMD inhibits the β-oxidation of fatty 
acids (Fromenty et al., 1990b), inhibits complexes I, II, and 
III in the respiratory chain (Spaniol et al., 2001), decreases 
mitochondrial membrane potential (Yano et al., 2008), uncou-
ples oxidative phosphorylation (Fromenty et al., 1990a), and 
increases the mRNA level of the proapoptotic protein bax 
(Choi et al., 2002). All of these events can lead to mitochon-
drial dysfunction and consequent ROS generation and caspase 
activation and eventually result in cell death. Indeed, activa-
tion of caspase cascades, disruption of mitochondrial func-
tion, and generation of ROS are important in AMD-induced 
cytotoxicity in vitro.

As mentioned above, our previous findings demonstrated 
that TNF potentiates the cytotoxicity of AMD (Lu et al., 2012). 
The purpose of this study was to investigate the mechanism of 
this interaction. We explored the roles of caspase activation, 
ROS generation, and lipid peroxidation in the potentiation of 
AMD cytotoxicity by TNF.

MATERIALS AND METHODS

Materials.  Unless otherwise noted, all chemicals were purchased from 
Sigma-Aldrich (St Louis, MO). The concentrations and vehicles of stock 
solutions were as follows: AMD, 10mM in water; TNF, 100  µg/ml in PBS 
with 2% bovine serum albumin; z-VAD-FMK, 40mM in dimethyl sulfox-
ide (DMSO); z-LEHD-FMK, 40mM in DMSO; Ac-DEVD-CHO, 40mM in 
DMSO; CM-H

2
DCFDA, 10mM in DMSO; trolox, 4mM in PBS; glutathione 

(GSH), 100mM in PBS; N-acetyl-l-cysteine (NAC), 100mM in PBS; ascorbic 
acid (ASC), 200mM in PBS; C11-BODIPY581/591, 100mM in DMSO; and 
α-tocopherol (TOCO), 500mM in DMSO.

The murine hepatoma cell line Hepa1c1c7 and human hepatoma cell line 
HepG2 were purchased from American Type Culture Collection (Manassas, 
VA). Recombinant truncated form of murine TNF was purchased from R&D 
Systems (Minneapolis, MN).

Animal experiments.  Male, C57Bl/6J mice (Jackson Laboratory, Bar 
Harbor, ME), 9–11 weeks old, were allowed to acclimate for 1 week in a 12-h 
light/dark cycle before experiments. They were given continuous access to bot-
tled spring water and fed a standard chow (Rodent Chow/Tek 2018, Harlan 

Teklad, Madison, WI). All animals received humane care, and all studies were 
conducted under Michigan State University guidelines.

Mice were fasted 12 h prior to treatment. LPS (2 × 106 EU/kg, ip) or saline 
was given, and 2 h later AMD (300 mg/kg, ip) or its vehicle (0.18% Tween 
80) was administered. Food was returned immediately after AMD administra-
tion. Mice were anesthetized with sodium pentobarbital (50 mg/kg, ip) at 24 h 
after LPS, and blood was drawn into a syringe containing 3.2% sodium cit-
rate. Alanine aminotransferase (ALT) activity was measured in the plasma with 
Infinity ALT reagent (Thermo Electron Corp., Louisville, KY).

Cell culture and assessment of cytotoxicity.  Hepa1c1c7 cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad, CA) 
with 1% antibiotic-antimycotic (Invitrogen) and 10% heat-inactivated fetal 
bovine serum (SAFC Biosciences, Lenexa, KS) in 75-cm2 tissue culture flasks 
at 37°C in a humidified atmosphere of 95% air and 5% CO

2
. Cells were plated 

in 96-well plates at 15,000 cells per well and allowed to attach for 8 h before 
medium was replaced. Various concentrations of AMD and/or TNF were added 
to designated wells, and cells were incubated under maintenance conditions for 
the times indicated in figures and legends. The same conditions were applied to 
experiments with HepG2 cells.

To assess cytotoxicity, the activity of lactate dehydrogenase (LDH) released 
into the culture medium was measured using the Cytotox-One Homogeneous 
Membrane Integrity Assay (Promega, Madison, WI). LDH release reflects loss 
of plasma membrane integrity as an indicator of cytotoxicity. LDH was meas-
ured in the supernatants and the cell lysates. Cell lysate was generated by add-
ing cell-lysing reagent provided in the assay kit. The percent LDH release was 
calculated as (100x) LDH activity in supernatant/(LDH activity in supernatant 
+ LDH activity in cell lysate).

Assessment of cell death using annexin V/propidium iodide stain.  Early 
apoptosis was assessed using annexin V/propidium iodide (AnnV/PI) Apoptosis 
Detection Kit (BD Biosciences, Pharmingen, San Diego, CA) according to the 
manufacturer’s protocol. AnnV is a protein with high affinity for phosphatidyl-
serine, which is translocated from the inner to the outer leaflet of the plasma 
membrane during apoptotic cell death as an early apoptotic change (Koopman 
et al., 1994). PI is a fluorescent DNA dye that is excluded by intact membranes 
of viable cells (Jones and Senft, 1985). Accordingly, AnnV and PI are used in 
combination to determine the state of cell death: cells with AnnV−/PI− stain-
ing are considered healthy and viable; cells with AnnV+/PI− staining are in 
early apoptosis, and cells with AnnV+/PI+ staining are in late apoptosis or are 
already dead.

Hepa1c1c7 cells treated with AMD and/or TNF were removed from tissue 
culture plates by trypsin digestion. After recommended washing steps, 1 × 105 
cells were suspended in 100 µl of buffer with 5µl of AnnV-allophycocyanin 
and 5µl of PI. After 15 min incubation in the dark, 400 µl of labeling buffer was 
added to each sample. Cells treated with 5µM staurosporine (STS) were used as 
a positive control. Stained cells were measured immediately with a BD FACS 
Canto II flow cytometer. All FACS data were analyzed with Kaluza software 
(Beckman Coulter, Brea, CA). Quadrant cutoffs were determined from saline/
saline (Sal/Sal) treated cells (negative control) and STS-treated cells (positive 
control).

Assessment of DNA strand breaks and total DNA content.  One of the 
later steps in apoptosis is endonuclease-mediated degradation of higher order 
chromatin structure into fragments. Loss of DNA fragments from the cell 
results in hypodiploid cells (cells with DNA content less than normal diploid 
cells in G1 phase of the cell cycle). Measuring hypodiploid cells is an alterna-
tive way to assess apoptotic cell death (Nicoletti et al., 1991). A terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Invitrogen) was 
used to detect DNA strand breaks and to assess total DNA content. Briefly, 
Hepa1c1c7 cells treated with AMD and/or TNF for the designated time were 
harvested using trypsin and then fixed in 4% formaldehyde for 30 min at room 
temperature. The cells were then stored in 70% ethanol at −20°C overnight 
for permeabilization. The TUNEL reaction was performed at 4°C overnight by 
addition of reaction mixtures containing bromodeoxyuridine (BrdU) and ter-
minal deoxynucleotidyl transferase (TdT) per the kit instruction. After washing 
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with PBS, the cells were incubated with Alexa Fluor 647-labeled mouse mono-
clonal antibody to BrdU, then with PI. PI was used to determine the total DNA 
content in each cell. Stained cells were measured immediately with a BD FACS 
Canto II flow cytometer. All FACS data were analyzed with Kaluza software. 
The threshold for TUNEL staining was determined according to the positive 
and negative control cells provided in the kit. Gating for the hypodiploid cells 
was determined according to Sal/Sal-treated cells stained with or without PI.

Visualization of cell morphology with modified Wright’s stain.  Hepa1c1c7 
cells were plated in 10-mm culture wells at 750,000 cells per well and allowed 
to attach for 8 h before medium was replaced with medium containing AMD 
and/or TNF. After 48 h, cells were washed three times with PBS, fixed with 4% 
formaldehyde, and stained with modified Wright’s stain. The stained cells were 
examined using light microscopy.

Determination of caspase activity.  The Caspase-Glo8, Caspase-Glo9, and 
Caspase-Glo3/7 assays (Promega) were used to measure the activities of cas-
pase 8, 9, and 3/7, respectively. The cells were treated in 96-well plates under 
conditions described in the figure legend, and addition of the assay reagent 
resulted in cell lysis, cleavage of the substrates, and generation of lumines-
cence. The luminescent signal was measured in a SpectraMax Gemini fluores-
cent plate reader (Molecular Devices, Sunnyvale, CA).

Caspase inhibitors study.  Caspase inhibitors or their vehicles were added 
to AMD- and/or TNF-containing medium for Hepa1c1c7 cell treatment: 40µM 
pan caspase inhibitor z-VAD-FMK (R&D System), 20µM caspase 9 inhibitor 
z-LEHD-FMK (R&D System), or 40µM caspase 3/7 inhibitor Ac-DEVD-CHO 
(Calbiochem, La Jolla, CA). The effectiveness of these caspase inhibitors at the 
doses used has been demonstrated in Hepa1c1c7: z-VAD-FMK (Asare et al., 
2009; Podechard et al., 2011; Shaw et al., 2009); z-LEHD-FMK (Kern et al., 
2006; Wang et  al., 2008); Ac-DEVD-CHO (Kim et  al., 2007; Kwon et  al., 
2002, 2005). After 48 h incubation, cytotoxicity was assessed by measuring 
LDH release as described above.

Evaluation of intracellular ROS.  ROS generation was assessed by fluo-
rescence microscopy of cells in culture to avoid artifactual changes in ROS 
due to trypsinization of cells and to allow visualization of the subcellular dis-
tribution of ROS generation. CM-H

2
DCFDA (5-[and-6]-chloromethyl-2',7' 

-dichlorodihydrofluorescein diacetate, acetyl ester) (Invitrogen) was used. 
Hepa1c1c7 cells were plated in four-well Lab-Tek II chambered cover glass 
(Nalge Nunc International, Rochester, NY) at 15,000 cells per well and allowed 
to attach for 8 h before medium was replaced. After treating with AMD and/or 
TNF for the times indicated, the cells were washed in PBS and stained with 
10µM CM-H

2
DCFDA for 20 min in Hanks’ Balanced Salt Solution (HBSS). 

After one wash with HBSS, cells were photographed on an Olympus IX71 
inverted fluorescent microscope, using green fluorescence filter sets: excitation 
480 ± 30 nm, emission 535 ± 40 nm. Quantification of positive 2',7'-dichloro-
fluorescein (DCF) fluorescence was performed using Image J software and is 
expressed as the integrated intensity, which accounts for both the number of 
pixels and the intensity of each pixel. At least 10 randomly chosen microscope 
fields per well were measured, and the average was calculated as one replicate.

Treatment with water-soluble antioxidants.  6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (trolox) is a water-soluble analogue of 
α-TOCO. GSH is a major endogenous antioxidant produced by cells. NAC 
is a source of sulfhydryl groups and stimulates GSH regeneration. ASC is a 
water-soluble antioxidant. Trolox (400µM), GSH (1mM), NAC (1mM), or 
ASC (2mM) was added to the medium at the same time as AMD and/or TNF. 
After 48 h incubation, percent LDH release was measured as described above.

Evaluation of lipid peroxidation.  BODIPY (C11-BODIPY581/591) 
(Invitrogen) is a fluorescent probe used to detect lipid peroxidation in liv-
ing cells, with excellent spectral separation of the nonoxidized (595 nm) and 
oxidized (520 nm) forms. Hepa1c1c7 cells were plated in four-well, Lab-Tek 
II-chambered cover glass and treated with AMD and/or TNF as indicated in 
figure legends. After incubation, cells were washed with PBS and stained with 
20µM BODIPY in HBSS for 30 min. For the assessment of lipid peroxidation, 

images of the BODIPY-labeled cells were captured using an Olympus IX71 
inverted fluorescence microscope, with green fluorescence filter sets: excita-
tion 480 ± 30 nm, emission 535 ± 40 nm. Quantification of fluorescence was 
performed according to the method described above for ROS and is expressed 
as integrated intensity.

Treatment with a lipid-soluble antioxidant.  α-TOCO (vitamin E) is a 
lipid-soluble free radical scavenger. Because lipid peroxyl radicals react more 
rapidly with TOCO than with polyunsaturated fatty acids, TOCO can terminate 
the chain reactions of lipid peroxidation and thereby protect cellular membrane 
systems (Traber, 2007). TOCO was included, at the concentrations indicated, 
in the incubation medium together with AMD and/or TNF. ROS generation, 
lipid peroxidation, LDH release, and caspase 3/7 activation were measured as 
described above.

Statistical analyses.  The results are expressed as means ± SEM. Two-
way or three-way ANOVA was applied as appropriate; Tukey’s method was 
employed as a post hoc test. At least three biological repetitions (cells grown at 
different passages or started from different frozen batches) were performed for 
each experiment. P < 0.05 was set as the criterion for statistical significance.

RESULTS

Concentration-Response and Time Course of TNF 
Potentiation of AMD-Induced Apoptotic Cell Death

Given that cotreatment with AMD and LPS caused hepato-
toxicity in both rats (Lu et al., 2012) and mice (Supplementary 
fig. 1), the murine hepatoma cell line Hepa1c1c7 was chosen 
for initial evaluation. Hepa1c1c7 cells were treated with various 
concentrations of AMD and/or TNF for 48 h. TNF alone at con-
centrations up to 3 ng/ml (176pM) did not cause any increase 
in LDH release. AMD induced cytotoxicity at both 30 and 
40µM. TNF cotreatment significantly increased the cytotoxicity 
caused by AMD at all concentrations of AMD and of TNF tested 
(Fig. 1A). Concentrations of 35µM AMD and 3 ng/ml TNF were 
chosen for subsequent experiments. AMD-induced cytotoxicity 
was apparent by 12 h and increased only slightly through 48 h. 
TNF potentiation of AMD-induced cytotoxicity started by 24 h 
and continued to increase through 48 h (Fig. 1B).

Similar results were observed in human HepG2 cells 
(Supplementary fig. 2), although the response to AMD alone 
and potentiation by TNF were less robust. In addition, the 
concentrations effective in the Hepa1c1c7 cells were more rel-
evant to the concentrations of AMD and TNF that interacted 
to produce hepatotoxicity in the rat model (Lu et  al., 2012) 
as well as those observed in human patients (Pollak et  al., 
2000). Accordingly, subsequent studies were conducted using 
Hepa1c1c7 cells.

AnnV/PI Staining After AMD and/or TNF Treatment

AnnV/PI, TUNEL, and modified Wright’s staining were 
employed to differentiate the cell death pathways in this model 
of AMD/TNF-mediated cytotoxicity. For the AnnV/PI stain-
ing, representative dot plots from flow cytometric analysis of 
cells treated with AMD and/or TNF are shown in Figure 2A. 
Cells treated with Sal/Sal distributed mainly in the AnnV−/
PI− quadrant and remained unchanged from 24 to 48 h. Similar 
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findings were observed in Sal/TNF-treated cells. Cells treated 
with AMD/Sal or AMD/TNF distributed less in the AnnV−/PI− 
quadrant and more in the AnnV+/PI− and AnnV+/PI+ quad-
rants. A  trend of cells moving from AnnV−/PI− to AnnV+/
PI− and eventually to AnnV+/PI+ quadrant from 24 to 48 h was 
observed after AMD/Sal and AMD/TNF treatments. A  small 
percentage of cells appeared in the AnnV−/PI+ quadrant: this 
percentage was similar in all treatment groups at both time 
points, indicating that this quadrant of cells was not affected 
by treatment.

Percentages of cells distributed in AnnV+/PI− and AnnV+/
PI+ quadrants were calculated and plotted in Figure 2B. The 
percent of Sal/Sal-treated cells in these two quadrants was 
small (< 7%) at both times. Treatment with Sal/TNF did not 
change the percentage of the AnnV+/PI− cells or the AnnV+/
PI+ cells. At 24 h, AMD/Sal treatment caused a slight increase 
in AnnV+/PI− cells but did not affect the percentage of AnnV+/
PI+ cells. At 48 h, AMD/Sal increased the percent of both 
AnnV+/PI− cells and AnnV+/PI+ cells. TNF enhanced the 
AMD-induced elevation of AnnV+/PI− cells and AnnV+/PI+ 
cells at both times.

DNA Strand Breaks and Total DNA Content Assessment 
After AMD and/or TNF Treatment

Dot plots for TUNEL staining versus total DNA content and 
corresponding histograms for total DNA content in Hepa1c1c7 
cells treated with AMD and/or TNF are shown in Figure 3. Very 
few TUNEL-positive cells were observed in the Sal/Sal and 
Sal/TNF treatment groups (< 2%) at either 24 or 48 h. AMD 
alone increased the percentage of TUNEL-positive cells at 24 h 

(~11%) and 48 h (~33%), and TNF cotreatment significantly 
enhanced these values (17% at 24 h and 75% at 48 h). A similar 
trend was observed in the percentage of hypodiploid cells. Sal/
Sal- and Sal/TNF-treated groups had very few of these cells 
(< 2%). TNF cotreatment enhanced the AMD-induced effect 
to increase the percentage of hypodiploid cells at both 24 h 
(7 to 14%) and 48 h (14 to 33%).

AMD/TNF-Induced Morphological Changes  
in Hepa1c1c7 Cells

Morphological changes after 48 h treatment with AMD and/
or TNF were observed in cells stained with modified Wright’s 
stain (Figs. 4A1–4A4). The majority of the Sal/Sal-treated cells 
were stellate-shaped with small nucleus-to-cytoplasm ratio and 
prominent nucleoli. A very small portion (red arrow) of the Sal/
Sal-treated cells were smaller in size and relatively round-shaped 
(less stellate), with a large nucleus-to-cytoplasm ratio, darkly 
stained cytoplasm and indistinct nucleoli (Fig.  4A1). Similar 
observations were found in Sal/TNF-treated cells (Fig. 4A2). In 
the AMD/Sal-treated group, there was an obvious decrease in 
the number of larger, normally stained, stellate-shaped cells and 
an increase in the smaller, darkly stained, round-shaped cells 
(Fig. 4A3). In the AMD/TNF-treated group, most of the cells 
were smaller, darkly stained, and round-shaped (Fig. 4A4).

Cell size and granularity changes were assessed from flow 
cytometry plots of forward scatter (FSC) versus side scatter (SSC) 
(Figs. 4B1–4B4). Two populations of cells were observed: the 
population indicated in green in Figure 4 had greater FSC read-
ings, indicating a larger cell size. The   population indicated in 
red in Figure 4 had a lesser FSC reading, indicating a smaller cell 
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FIG. 1.  TNF potentiation of AMD cytotoxicity. (A) Hepa1c1c7 cells were treated with AMD and TNF at the concentrations indicated. After 48 h incubation, 
the release of LDH was determined as described in Materials and Methods section. (B) Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF, and 
the release of LDH was measured at the indicated times. Data were analyzed by two-way ANOVA; for Panel B, data were compared within each time point. 
*Significantly different from the same treatment without TNF. #Significantly different from the same treatment without AMD. Significant interaction between 
AMD and TNF was observed for all TNF concentrations. p < 0.05, n = 4–6.
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size. Moreover, part of the “red” population showed decreased 
SSC reading, indicating that some cells in this population were 
losing their granularity. According to their size, granularity, and 
relative abundance, we postulated that the “green” population 
represented the larger, normally stained, stellate cells shown in 
Panel 4A, and the red population represented the smaller, darkly 
stained, round cells identified by red arrows in Panel 4A.

The distribution of red and green populations in AnnV/
PI plots was also analyzed (Figs. 4C1–4C4). The majority 
(~84%) of the Sal/Sal-, Sal/TNF-treated cells localized to the 
green population, and they appeared AnnV−/PI−, suggesting 
these were viable cells. A  small portion of the Sal/Sal-, Sal/
TNF-treated cells localized to the red population, and these 
were mostly AnnV+/PI+ (Figs. 4B1, C1, B2, and C2). In the 

FIG. 2.  AnnV/PI staining after AMD and/or TNF treatment. Hepa1c1c7 cells were exposed to 35µM AMD and/or 3 ng/ml TNF for 24 or 48 h and then stained 
with AnnV and PI as described in Materials and Methods section. Quadrant cutoffs were determined from Sal/Sal-treated cells (negative control) and STS-treated 
cells (positive control). (A) Representative dot plots at 24 and 48 h. (B) Percent of AnnV+/PI− cells. (C) Percent of AnnV+/PI+ cells. Two-way ANOVA was applied 
at each time point. *Significantly different from the same treatment without TNF. #Significantly different from the same treatment without AMD. p < 0.05, n = 4.
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FIG. 3.  TUNEL staining after AMD and/or TNF treatment. Hepa1c1c7 cells were exposed to 35µM AMD and/or 3 ng/ml TNF for 24 or 48 h and then stained 
with TUNEL as described in Materials and Methods section. Dot plots (TUNEL vs. Total DNA) and corresponding histogram plots (cell count vs. total DNA) at 
24 h (A) and 48 h (B).
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FIG. 4.  Morphological changes after AMD and/or TNF treatment. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF for 48 h. (A) Cells were 
stained by modified Wright’s method as described in Materials and Methods section. Images from light microscopy were collected. Red arrows denote cells with 
smaller size, round-shape (less stellate), a larger nucleus-to-cytoplasm ratio, darkly stained cytoplasm and less distinct nucleoli. (B) and (C) Cells were stained 
with AnnV/PI as described in Materials and Methods section. (B) Dot plots for FSC versus SSC. Gates distinguishing the small (RED) and large (GREEN) sub-
groups were drawn based on Sal/Sal treatment. (C) Dot plots for AnnV versus PI. Quadrant cutoffs were determined from Figure 2. GREEN and RED colors were 
derived from corresponding groups in plot B (Row1, Sal/Sal; Row2, Sal/TNF; Row3, AMD/Sal; Row4, AMD/TNF).
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AMD/Sal-treated group, a smaller percentage of cells was 
in the green group (24%) compared with the red population 
(73%) (Fig. 4B3). The green population in this group appeared 
AnnV−/PI−. The red population distributed in AnnV−/PI−, 
AnnV+/PI−, and AnnV+/PI+ quadrants (Fig.  4C3), suggest-
ing that they were transitioning through stages of the cell death 
process (healthy, early apoptosis, or late apoptosis/necrosis). In 
the AMD/TNF-treated group, the green population was almost 
absent (1.5%), and the majority of the cells were in the red 
population (Fig. 4B4). They were located in both AnnV+/PI− 
and AnnV+/PI+ quadrants (Fig. 4C4), indicating that they were 
in the early apoptotic or late apoptotic/necrotic stages of cell 
death process.

FIG. 5.  Activities of caspases after AMD and/or TNF treatment. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF for 1, 12, 24, or 48 h, and 
activities of caspase 9 (A) and caspase 3/7 (B) were measured as described in Materials and Methods section. Results were presented as fold changes from Sal/
Sal group. Data within each time point were analyzed by two-way ANOVA. *Significantly different from the same treatment without TNF. #Significantly different 
from the same treatment without AMD. p < 0.05, n = 3–5.

FIG. 6.  Effect of caspase inhibition on AMD/TNF-induced cytotoxicity. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF for 48 h and with 
different caspase inhibitors or their vehicles: (A) 40µM pancaspase inhibitor z-VAD-FMK; (B) 20µM caspase 9 inhibitor z-LEHD-FMK; (C) 40µM caspase 3/7 
inhibitor Ac-DEVD-CHO. LDH release was measured as described in Materials and Methods section. Three-way ANOVA was applied. *Significantly different 
from the same treatment without TNF. #Significantly different from the same treatment without AMD. @Significantly different from the same treatment without 
caspase inhibitor. p < 0.05, n = 3–6.

Activation of Caspases and Effect of Caspase Inhibitors

Activities of caspase 8, 9, and 3/7 were measured after 1, 12, 
24, and 48 h of incubation. Caspase 9 activity was unaffected by 
treatment with AMD or TNF alone (Fig. 5A). Cotreatment with 
AMD/TNF caused a twofold increase in caspase 9 activity by 
12 h that was sustained through 48 h. AMD alone caused a less 
than twofold increase in caspase 3/7 activity from 12 through 
48 h (Fig. 5B). TNF alone did not affect caspase 3/7 activity but 
greatly increased caspase 3/7 activation caused by AMD. The 
AMD/TNF-induced increase in caspase 3/7 activity remained 
about threefold from 12 to 24 h and reached sevenfold by 48 h 
(Fig. 5B). Caspase 8 activity was unchanged by any of the treat-
ments at any time (Supplementary fig. 3).
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The effects of three different caspase inhibitors on AMD/
TNF-induced cytotoxicity were evaluated (Fig. 6). Without the 
caspase inhibitors, baseline LDH release from Sal/Sal groups 
was around 20%. AMD alone or TNF alone caused a mild 
increase in LDH release (to ~30%), and AMD/TNF cotreat-
ment enhanced LDH release (to ~70%). Caspase inhibitors did 
not cause any cytotoxicity by themselves and did not affect the 
cytotoxicity caused by AMD alone. z-VAD (pancaspase inhibi-
tor) or Ac-DEVD (caspase 3/7 inhibitor) slightly attenuated the 
cytotoxicity caused by TNF alone. z-VAD, z-LEHD (caspase 
9 inhibitor), or Ac-DEVD slightly decreased the AMD/TNF-
induced LDH release by 5–10% (Figs. 6A–6C).

ROS Generation and Effect of Water-Soluble Antioxidants 
on AMD/TNF-Induced Cytotoxicity

TNF alone did not cause an increase in ROS generation com-
pared with Sal/Sal treatment (Fig. 7A). Elevated ROS produc-
tion in the AMD-treated group started between 1 and 6 h and 
remained at the same level through 24 h. TNF potentiated AMD-
induced ROS at all times from 6 through 24 h. Representative 
fluorescence photomicrographs for each treatment group at 6 h 
are shown in Figure 7B: bright green fluorescence from DCF 
was evenly spread throughout entire cells in AMD- and AMD/
TNF-treated groups.

TNF alone or AMD alone caused minor LDH release, 
whereas TNF/AMD cotreatment caused a more pronounced 
increase (Fig. 8). Water-soluble antioxidants caused very minor 
changes in Sal/Sal-, Sal/TNF-, or AMD/Sal-induced LDH 
release. Trolox slightly increased LDH release from Sal/Sal 
and Sal/TNF treatments; NAC decreased LDH release from 
Sal/TNF treatment; and ASC decreased LDH release from Sal/
TNF and AMD/Sal treatments. All four water-soluble anti-
oxidants decreased AMD/TNF-induced LDH release, but the 
decreases were minor (5–10%).

Lipid Peroxidation and the Effect of Lipid-Soluble 
Antioxidant on AMD/TNF-Induced Cytotoxicity

Lipid peroxidation was assessed by measuring changes in 
BODIPY fluorescence (Fig. 9A). TNF alone did not increase 
BODIPY fluorescence compared with Sal/Sal treatment. 
AMD alone caused a twofold increase by 6 h, which was sus-
tained through 24 h. TNF enhanced AMD-induced changes in 
BODIPY fluorescence from 6 through 24 h. Representative 
images at 6 h are presented in Figure  9B. Sal/Sal- and Sal/
TNF-treated cells were dim and homogeneous. Intracellular 
bright spots with greater intensity were seen after treatment 
with AMD alone, and these were more pronounced in AMD/
TNF-treated cells.

Lipid peroxidation and ROS generation were quantified after 
the addition of the lipid-soluble antioxidant, TOCO. Lipid per-
oxidation was not observed in Sal/Sal- and Sal/TNF-treated 
cells, and addition of TOCO was without effect (data not 
shown). In AMD/Sal and AMD/TNF groups, elevation of lipid 
peroxidation (BODIPY fluorescence) was observed at 6, 12, 

and 24 h (Fig. 9A). Accordingly, the effect of TOCO on lipid 
peroxidation was assessed at these times. The lipid peroxida-
tion caused by AMD alone and by AMD/TNF was completely 
prevented by addition of TOCO (Fig. 10A). There was no ROS 
generation in the absence of AMD and no change with TOCO 
(data not shown). TOCO attenuated the ROS generation in cells 
treated with AMD alone or AMD/TNF (Fig. 10B).

The effects of TOCO on AMD- and/or TNF-induced cyto-
toxicity were evaluated at 48 h (Fig. 10C). TOCO, at concen-
trations of 100 and 200µM, significantly reduced (40–90%) 
the cytotoxicity caused by AMD alone. At concentrations of 
50–200µM, TOCO diminished AMD/TNF-induced cytotoxic-
ity by 40–60%.

The effect of TOCO on caspase 3/7 activation was measured 
at 48 h (Fig. 10D). TOCO did not affect the minor activation of 
caspase 3/7 caused by TNF alone, but it slightly increased the 
activation of caspase 3/7 in cells treated with either AMD alone 
or AMD/TNF. The result that TOCO did not reduce the cas-
pase 3/7 activity suggested that TOCO did not attenuate AMD/
TNF cytotoxicity through inactivation of caspase cascades. 
Therefore, the effect of TOCO on caspase 9, which is upstream 
of caspase 3/7, was not evaluated.

Effect of Combined Inhibition of Caspase Activation and 
Lipid Peroxidation on AMD/TNF-Induced Cytotoxicity

The effect of combined treatment with TOCO and z-VAD 
was explored at 48 h in cells treated with AMD and/or TNF. As 
seen in Figure  11, z-VAD slightly attenuated the cytotoxicity 
caused by TNF alone or AMD alone. TOCO abolished the cyto-
toxicity of AMD alone, but did not affect the cytotoxicity of 
TNF. Combination of the two completely abolished the cytotox-
icity caused by AMD/TNF, in which TOCO provided a major 
contribution, and z-VAD contributed less to the reduction.

Discussion

In our rodent studies, AMD/LPS cotreatment induced liver 
injury both in mice (Supplementary fig. 1) and rats (Lu et al., 
2012). Further studies revealed that TNF is necessary for liver 
injury caused by AMD/LPS cotreatment in rats (Lu et  al., 
2012). In studies presented here, the interaction between AMD 
and TNF leading to cell death was investigated in a cell culture 
system. It has been reported that AMD caused cytotoxicity in 
primary hepatocytes (Kaufmann et al., 2005; Ruch et al., 1991) 
and hepatoma cell lines (Golli-Bennour et  al., 2012; Shojiro 
et  al., 2004) at concentrations relevant to those observed in 
vivo. Similar cell death pathways, e.g. mitochondrial dysfunc-
tion and oxidative stress, were triggered in primary cells and 
cell lines. Similarly, in our studies, AMD alone was cytotoxic 
to Hepa1c1c7 cells at clinically relevant concentrations (Fig. 1), 
and interestingly, TNF enhanced this cytotoxicity.

TNF administered together with certain other agents causes 
death in many cell types, including hepatocytes (Leist et al., 
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1994). TNF induces cell death mainly through an apoptotic 
pathway (Hentze et al., 2004; Jones et al., 2000). On the other 
hand, AMD induces cell death through pathways that vary 
among different cell types (Kaufmann et  al., 2005; Mulder 
et al., 2011). Activation of caspases, TUNEL-positive staining, 
and observation of hypodiploid cells (Figs. 2, 23, and 5) sug-
gested that apoptosis occurred in cells treated with AMD alone 
or with AMD/TNF. Morphological changes, such as cytosolic 
shrinkage and nuclear fragmentation, supported this inter-
pretation (Fig.  4). Similar findings were reported in AMD-
treated (100µM, 8 h) rat hepatocytes, in which cytochrome C 
release, chromatin condensation, chromatin fragmentation, and 
AnnV+/PI+ staining all suggested an apoptotic cell death path-
way (Kaufmann et al., 2005). However, both AnnV+/PI+ and 
TUNEL-positive staining can be observed in necrotic cells; 
therefore, the possibility of some level of oncotic cell death 
related to treatment cannot be eliminated.

The observation that cells in vitro die by apoptotic pathways 
differs from the results of the LPS/AMD model in vivo, in 
which TNF played a critical role but oncotic necrosis was the 
primary observation (Lu et al., 2012). The mode of cell death 
can be controlled by a variety of factors, e.g. pO

2
, cellular ATP 

(energy status), cytokines, etc. In many of the studies in vitro 
using primary rat or mouse hepatocytes, AMD caused only 
apoptosis (Kaufmann et al., 2005) or both necrosis and apop-
tosis (Ouazzani-Chahdi et al., 2007; Waldhauser et al., 2006). 
Therefore, although differences were observed between the rat 
model in vivo and studies in vitro in Hepa1c1c7 cells, these 

differences do not necessarily preclude this study from provid-
ing mechanistic information about the intracellular interaction 
between TNF and AMD.

Apoptosis induced by TNF in the presence of an inhibitor of 
NF-κB or an inhibitor of transcription has been associated with 
activation of caspases 8 and 3/7 (Jones et al., 1999). AMD can 
also induce caspases 8 and 3/7 in a variety of cell types (Isomoto 
et al., 2006; Yano et al., 2008). In hepatocytes, activated cas-
pase 8 uses a mitochondrial pathway to activate downstream 
caspase 9 or 3/7 (Wullaert et al., 2007). Activated caspase 8 can 
cleave the BH3-interacting domain death agonist (BID) into its 
truncated and active form, tBID, which in turn leads to release 
of cytochrome C and other proapoptotic mediators from mito-
chondria. These mitochondrial factors can then activate caspase 
9 and eventually caspase 3/7. In this study, caspases 9 and 3/7 
were activated after AMD/TNF cotreatment, whereas caspase 
8 was not (Fig. 5, Supplementary fig. 3). Mitochondrial dam-
age, which is the bridging step between activation of caspase 
8 and of caspase 9 in TNF-induced apoptosis (Wullaert et al., 
2007), is the most probable locus where AMD and TNF had 
interaction.

Inhibition of caspase activation attenuated cell death in Type 
II pneumocytes exposed to AMD (Bargout et  al., 2000) and 
in a hepatocyte cell line exposed to TNF in the presence of an 
inhibitor of NF-κB (Jones et al., 1999). These results contrast 
with those presented here in which a pancaspase inhibitor did 
not affect the AMD-induced cytotoxicity and had only a minor 
effect against the cytotoxicity caused by AMD/TNF. Similarly, 

FIG. 7.  ROS generation in cells treated with AMD and/or TNF. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF for 1, 6, 12, or 24 h and 
stained with CM-H

2
DCFDA for intracellular ROS generation as described in Materials and Methods section. (A) DCF fluorescence presented as fold change from 

Sal/Sal group; (B) representative fluorescence photomicrographs for each treatment group at 6 h. Data within each time point were analyzed by two-way ANOVA. 
*Significantly different from the same treatment without TNF. #Significantly different from the same treatment without AMD. p < 0.05, n = 3.
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FIG. 8.  Effect of water-soluble antioxidants on AMD/TNF-induced cytotoxicity. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF for 48 h 
in the presence of different water-soluble antioxidants or saline: (A) 400µM trolox; (B) 1mM GSH; (C) 1mM N-acetylcysteine (NAC); and (D) 2mM l-ASC. LDH 
release was measured as described in Materials and Methods section. Three-way ANOVA was applied. *Significantly different from respective groups not given TNF. 
#Significantly different from the same treatment without AMD. @Significantly different from the same treatment without antioxidant. p < 0.05, n = 3–6.

FIG. 9.  Lipid peroxidation in cells treated with AMD and/or TNF. Hepa1c1c7 cells were exposed to 35µM AMD and/or 3 ng/ml TNF for 1, 6, 12, or 24 h 
and stained with C11-BODIPY581/591 as described in Materials and Methods section. The fluorescence from oxidized BODIPY was quantified as an indication 
of lipid peroxidation. (A) Fluorescence from oxidized BODIPY represented as fold changes from Sal/Sal group; (B) representative fluorescence photomicro-
graphs for each treatment at 6 h. Data within each time point were analyzed by two-way ANOVA. *Significantly different from the same treatment without TNF. 
#Significantly different from the same treatment without AMD. p < 0.05, n = 3.
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inhibitors of caspases 9 and 3/7 had little effect on the cytotox-
icity of AMD/TNF (Fig. 6). These results suggest that caspase 
activation plays a minor role in AMD/TNF-induced cytotox-
icity. Although we speculate that enhanced mitochondrial 
alterations were the cause of downstream caspase activation, 
it is possible that other effectors from mitochondrial damage, 
e.g., ROS generation, act as major contributors to AMD/TNF-
induced cytotoxicity.

In hepatocytes, increased ROS production is important to 
the cytotoxic effect of TNF, and the respiratory chain on the 
inner membrane of mitochondria is the major source of TNF-
induced ROS (Corda et al., 2001). The cytotoxicity of AMD 
is also linked to its ability to alter mitochondrial function and 
induce ROS generation. AMD can inhibit both complex I- and 

II-mediated respiration (Bolt et  al., 2001), induce mitochon-
drial swelling and permeability transition (Varbiro et al., 2003), 
and decrease mitochondrial membrane potential (Yano et al., 
2008). In this study, TNF alone did not induce ROS production, 
but it significantly potentiated the ROS generation caused by 
AMD (Fig. 7). There are a variety of pathways in mitochon-
dria that can lead to degradation or dismutation of normally 
generated ROS (Feissner et al., 2009). It is possible that TNF 
caused a small increase in ROS that was rapidly inactivated by 
the mitochondrial antioxidative enzymes.

The observation that water-soluble antioxidants caused only 
a small reduction in AMD/TNF-induced cytotoxicity (Fig. 8) 
suggested that water-soluble oxidants played a minor role in this 
cytotoxicity. TNF enhanced AMD-induced lipid peroxidation 

FIG. 10.  Protective effect of α-TOCO on AMD/TNF-induced cytotoxicity. Hepa1c1c7 cells were treated with 35µM AMD and/or 3 ng/ml TNF, together with 
α-TOCO (100µM) or its vehicle. After incubation for the indicated time, ROS generation (A) and lipid peroxidation (B) were measured as described in Materials 
and Methods section. (C) TOCO was added to the medium at the concentrations indicated, and LDH release was measured after 48 h. (D) TOCO (100µM) or 
vehicle was added to the medium, and caspase 3/7 activity was measured after 48 h. Three-way ANOVA was applied. *Significantly different from the same treat-
ment without TNF. #Significantly different from the same treatment without AMD. @Significantly different from the same treatment without antioxidant. p < 0.05, 
n = 3–5.
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(Fig. 9), and the major protective role of a lipid-soluble radical 
scavenger (TOCO) (Fig. 10) suggested that radicals generated 
from peroxidized lipids were major contributors to the cytotox-
icity. The protective effect of TOCO on AMD-induced cyto-
toxicity was also observed in human peripheral lung epithelial 
HPL1A cells (Nicolescu et  al., 2008), suggesting that AMD 
might work by similar mechanisms in these two cell types.

It has been reported by Honegger et al. (1995) and Scuntaro 
et al. (1996) that TOCO reduces the accumulation of AMD in 
fibroblasts. In both studies, 50µM TOCO caused a significant 
(~60%) reduction of AMD accumulation after 8 days in cul-
ture but less than 10% reduction at day 2. In our study, 50µM 
TOCO reduced TNF/AMD-induced cytotoxicity by 60% at day 
2 (Fig.  10C). Therefore, the effect of TOCO in our study is 
unlikely to be explained by reduced accumulation of AMD in 
the cells.

As is shown in Figure 5B, the greatest increase in activity of 
caspase 3/7 was observed at 48 h in both AMD/TNF and AMD/
Sal groups. Based on this time course, 48 h was selected as the 
time to measure the effect of TOCO on caspase 3/7 activation. 

The observation that TOCO significantly reduced cell death 
without reducing the activation of caspase 3/7 at its peak time 
suggests that lipid peroxidation contributed to AMD/TNF-
induced cell death independently of caspase 3/7 activation. 
Treatment with TOCO and the pancaspase inhibitor together 
led to full protection against AMD/TNF-induced cytotoxicity 
(Fig. 11), suggesting that lipid peroxidation and activation of 
caspases contribute to AMD/TNF-induced cytotoxicity, prob-
ably through different pathways.

In summary, TNF cotreatment potentiated the cytotoxicity 
induced by AMD in Hepa1c1c7 cells. Enhanced activation of 
caspases and lipid peroxidation were two separate contribu-
tors to AMD/TNF-induced cytotoxicity, and lipid peroxidation 
played a major role. These findings increase our understanding 
of the intracellular events that contribute to the potentiation of 
AMD cytotoxicity by TNF, a phenomenon that might underlie 
AMD-induced idiosyncratic liver injury in humans.
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