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Little information is available regarding whether sub-
stance abuse enhances hepatitis C virus (HCV) repli-
cation and promotes HCV disease progression. We
investigated whether morphine alters HCV mRNA ex-
pression in HCV replicon-containing liver cells. Mor-
phine significantly increased HCV mRNA expression,
an effect which could be abolished by either of the
opioid receptor antagonists, naltrexone or �-funal-
trexamine. Investigation of the mechanism responsi-
ble for this enhancement of HCV replicon expression
demonstrated that morphine activated NF-�B pro-
moter and that caffeic acid phenethyl ester, a specific
inhibitor of the activation of NF-�B, blocked mor-
phine-activated HCV RNA expression. In addition,
morphine compromised the anti-HCV effect of inter-
feron alpha (IFN-�). Our in vitro data indicate that
morphine may play an important role as a positive
regulator of HCV replication in human hepatic cells
and may compromise IFN-� therapy. (Am J Pathol
2003, 163:1167–1175)

Hepatitis C virus (HCV) is a positive-strand RNA virus of
the flavivirus family, which was first molecularly cloned in
1989.1 HCV has at least six distinct but related genotypes
and more than 50 subtypes. Genotype 1 is the most
common type found in the United States, while genotypes
2 and 3 are the most prevalent in Europe and Asia.
Approximately 4 million people in the United States and
170 million people worldwide have been infected with
HCV.1–4 HCV often escapes clearance by the host’s im-
mune system and leads to the establishment of a persis-
tent infection in approximately 70% of infected individu-
als.5,6 A subset of patients with chronic HCV infection
develop cirrhosis, liver failure, and hepatocellular carci-
noma.7–9 Treatment of HCV infection with interferon alpha
(IFN-�) and ribavirin is associated with a sustained re-
sponse rate of less than 50%.6,10,11 The limited therapeu-
tic efficacy of available treatments and the absence of an

effective HCV vaccine to prevent HCV infection under-
score the importance of extensive studies on the immu-
nopathogenesis of HCV disease.

Injection drug users (IDUs) are the single largest group
at risk for HCV infection.12–14 The rates of HCV infection
among past and current IDUs are extremely high, rang-
ing from 70% to over 90% (antibody positive for HCV) in
the United States.15–19 The institution of bloodbank
screening measures in developed countries has greatly
decreased the risk of transfusion-associated hepatitis;
however, new cases continue to occur mainly as a result
of injection drug use that frequently includes abuse of
opiates. Although it is known that injection drug use con-
tributes significantly to HCV transmission, there is little
information available regarding whether drug abuse (in
particular opioid abuse) enhances susceptibility to HCV
infection in HCV-seronegative individuals or adversely
affects HCV disease in HCV-infected IDUs by increasing
HCV replication and/or promoting HCV disease progres-
sion. Lack of knowledge about the impact of drug abuse
on HCV disease is a major barrier to fundamental under-
standing of HCV-related mobility and mortality among
drug abusers and to developing new therapeutic ap-
proaches. Thus, it is critical to investigate the impact of
drugs of abuse on HCV replication in the target host cells,
in particular, liver cells.

Although in vitro HCV replication is extremely robust
(10 trillion virion particles per day),20 growing HCV in in
vitro cell culture systems has been found to be very
difficult. Although there have been a variety of HCV ge-
nome-containing cell culture systems established, the
expression HCV RNA in these cultures is low and unsta-
ble.21 Recent genetic manipulations of the RNA of HCV
virions have produced high levels of replication in cell
lines derived from hepatocytes (Huh7), offering a more
feasible means to study viral RNA and protein synthe-
sis.22,23 The establishment of a subgenomic replicon sys-
tem is an important advance in the investigation of mo-
lecular biology of HCV replication,21–23 and provides the
first effective model cell system for the study of the dy-
namics of virus replication.21 The HCV replicon system
has been used successfully to examine the anti-HCV
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effect of IFN-�.23,24 In this study, we investigated whether
morphine, the active metabolite of heroin, affects HCV
replicon expression and compromises the anti-HCV ef-
fect of IFN-� in HCV replicon-containing hepatic cells.

Materials and Methods

Reagents

The following reagents were used in the reported exper-
iments. Morphine sulfate injectable solution (15 mg/ml)
was purchased from Elkins-Sinn, Inc. (Cherry Hill, NJ).
Naltrexone, the opiate receptor antagonist, was obtained
from Sigma-Aldrich (St. Louis, MO). �-funaltrexamine, a
second opiate receptor antagonist, was purchased from
Tocris Cookson Inc. (Ballwin, MO). Recombinant human
IFN-� and the antibodies against IFN-� and IFN-� were
obtained from R & D Systems Inc. (Minneapolis, MN).
Caffeic acid phenethyl ester (CAPE) was purchased from
Calbiochem-Novabiochem Corp. (San Diego, CA).

Cell Lines

Huh.8 and Huh7 cells were obtained from Dr. Charles
Rice (Washington University School of Medicine and Ap-
ath, L.L.C., St. Louis, MO). FCA-1 cells were obtained
from Dr. Christoph Seeger (Fox Chase Cancer Center,
Philadelphia, PA). Huh7, the parental cell line of Huh.8
and FCA-1, is derived from a human hepatoma.25 Huh.8
is a cell clone containing a G418-selectable HCV RNA
replicon with wild-type HCV nonstructural protein NS5A
sequence.23 The replicon in Huh.8 cells contains both the
5� NTR and 3� NTR as well as the open reading frame of
the nonstructural proteins NS3–5B.23 Southern blots are
negative for replicon nucleic acid integrated into the host
chromosome in Huh.8 cells.23 FCA-1 cells contain a sub-
genomic replicon from a known infectious HCV clone24

with several consensus mutations in NS3 as well as in
NS5A (NS3: E177G; NS5A: D1229E, I1299V).24 Huh.8,
FCA-1, and Huh7 cells were maintained in T75 flasks
(Corning Incorporated, Corning, NY) containing Dulbec-
co’s modified Eagle’s medium (Gibco-BRL, Grand Island,
NY) supplemented with 10% (v/v) fetal bovine serum
(HyClone, Logan, UT), 100 U/ml penicillin, 100 �g/ml
streptomycin, 2 mmol/L L-glutamine, and 0.1 mmol/L min-
imum essential medium non-essential amino acids. The
flasks were maintained in a humidified atmosphere of
95% air and 5% CO2 at 37°C. The culture medium for
Huh.8 and FCA-1 cells contained G418 (750 �g/ml).
Cells were passed every 2 or 3 days and seeded in
24-well plates (105 cells/well) or 96-well plates (2 � 104

cells/well). NT2-N cells were derived from NTera2/cl.D1
(NT2) cells, a human teratocarcinoma cell line, and con-
sisted of �95% neuronal cells.26 The total RNA extracted
from NT2-N cells was used as a positive control for �-opi-
oid receptor mRNA.27

Morphine Treatment

Huh.8 and FCA-1 cells were plated in 96-well plates and
incubated with or without morphine (10�10 � 10�6 mol/L)
for up to 96 hours. The selection of morphine concentra-
tions used in the experiments was based on the experi-
ence of the investigators and on the published literature.
Morphine concentrations ranging from 10�6 to 10�16

mol/L have been used in both in vitro and ex vivo model
systems by many investigators.28–30 This range is con-
sistent with reported therapeutic serum concentrations of
morphine and methadone in patients which range from
10�8 to 10�6 mol/L.28 At concentrations of 10�6 mol/L or
lower, there was no cytotoxic effect of morphine on
Huh.8, Huh7, and FCA-1 cells, as demonstrated by
trypan blue dye staining. This result is in agreement with
findings by others which have demonstrated that mor-
phine at concentrations of 10 nmol/L or less did not
produce irreversible damage to human hepatocytes.31

For multiple time-point experiments, cells were re-treated
with morphine every 24 hours. In the experiments requir-
ing combination treatment of cells with morphine and an
opioid antagonist, naltrexone (10�8 mol/L) or �-funaltrex-
amine (10�8 mol/L) was added to the culture 30 minutes
before the addition of morphine (10�6 mol/L). To deter-
mine whether morphine interferes with the anti-HCV effect
of IFN-�, Huh.8 and FCA-1 cells were incubated with
morphine (10�6 mol/L) and/or IFN-� (100 U/ml). We se-
lected the tested dose of IFN-� to be sufficient to have an
anti-HCV effect in the HCV replicon-containing cells.23,24

In the experiments to investigate whether CAPE, a spe-
cific NF-�B inhibitor, suppressed morphine’s effect on
HCV RNA expression, Huh.8 cells were incubated with
CAPE (25 �g/ml) for 30 minutes before morphine treat-
ment. The selected concentration of CAPE was based on
our pilot experiments which showed that CAPE, at con-
centrations of 35 �g/ml or less, had no cytotoxic effect on
Huh.8 cells.

RNA Extraction

Total RNA (1 �g) was extracted from Huh.8, FCA-1,
Huh7, and NT2-N cells using Tri-Reagent (Molecular
Research Center, Cincinnati, OH). In brief, total RNA
was extracted by a single-step guanidium thiocyanate-
phenol-chloroform extraction. After centrifugation at
13,000 � g for 15 minutes, the RNA-containing aque-
ous phase was precipitated in isopropanol. RNA pre-
cipitates were then washed once in 75% ethanol and
re-suspended in 30 �l of RNase-free water.

RT-PCR for �-Opioid Receptor mRNA

Total RNA (1 �g), extracted from Huh.8, FCA-1, Huh7, or
NT2-N cells, was subjected to reverse transcription using
the Reverse Transcription System (Promega, Madison,
MI) with primer (antisense, see below) specific for �-opi-
oid receptor for 1 hour at 42°C. The reaction was termi-
nated by incubating the reaction mixture at 99°C for 5
minutes. One-tenth of the resulting cDNA was used as a
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template for PCR amplification. The PCR amplification
was performed for 40 cycles with AmpliTaq Gold
(PerkinElmer, Norwalk, CT) in a GeneAmp PCR System
2400 (PerkinElmer). The PCR reaction mixture contained
0.2 mmol/L of dNTPs, 20 pM each of two primers and 1.5
U of AmpliTaq Gold in 1X reaction buffer. The specific
�-opioid receptor primer pair is 5�-GGTACTGGGAAAAC-
CTGCTGAAGATCTGTG-3� (sense) and 5�-GGTCTC-
TAGTGTTCTGACGAATTCGAGTGG-3� (antisense) and
the anticipated PCR product is 441 bp.32 The primers
were synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA). The PCR program consisted of heat acti-
vation of AmpliTaq Gold for 9 minutes at 95°C followed by
40 cycles of 95°C for 45 seconds, 48°C for 45 seconds,
and 72°C for 90 seconds, and further elongation at 72°C
for 7 minutes. One-fifth (10 �l) of each PCR-amplified
cDNA product was electrophoresed on 2% ethidium-
bromide-stained agarose gels.

Sequencing Analysis

Sequence analysis is an essential step for independent
verification of the identity of PCR-amplified products and
confirmation of lack of cross-contamination in PCR as-
says. Thus, we analyzed the specificity of the PCR-am-
plified �-opioid receptor products by sequence analysis.
PCR amplified �-opioid receptor products visualized in
2% agarose gels by ethidium bromide staining were iso-
lated and purified using the Wizard PCR Preps DNA
Purification System (Promega). Direct sequencing analy-
sis then was performed by the Nucleic Acid Protein Core
Facility at The Children’s Hospital of Philadelphia. Gen-
Bank was used for the nucleotide sequence homology
search.

Real-Time RT-PCR for HCV RNA Quantification

We used a real-time reverse transcription-polymerase
chain reaction (RT-PCR) assay, newly developed in our
laboratory, for the quantification of HCV RNA.33 Cell ly-
sates (4 �l) were added directly to the RT mixture that
contained 50 mmol/L KCl, 10 mmol/L Tris-HCI (pH 9.0), 4
mmol/L MgCl2, 0.1% Triton X-100, 20 U of RNasin ribo-
nuclease inhibitor (Promega), 2 pM of an HCV-specific
antisense primer (AS311, see below for sequences), 200
�mol/L dNTPs, and 7.5 U of avian myeloblastosis virus
reverse transcriptase (Promega) in a final volume of 20
�l. The resultant cDNA was amplified by PCR for 40
cycles. The ABI Prism 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA) was used for real-
time analysis. We designed the primer pair (S130/
AS311), which is specific for the recognition of the highly
conservative 5�-noncoding region (5�-NCR) in HCV ge-
nome.33 These sequences were: 5�-CGGGAGAGCCAT-
AGTGGTCTGCG-3� (S130) and 5�-CTCGCAAGCAC-
CCTATCAGGCAGTA-3� (AS311). The probe (molecular
beacon, MB) sequence was selected within the primer
pair, S130 and AS311, which was designed to be per-
fectly complementary to the target sequence in 5�-NCR
of HCV genome. The following is the sequence of the

MB: 5�-FAM-GCGAGCCACCGGAATTGCCAGGACGACC-
GCTCGCDABCYL-3�. The stem sequence (underlined) of the
MB does not complement the sequences within the loop re-
gion. The length of the MB was designed to withstand a slightly
higher annealing temperature compared with that of the prim-
ers. The MB was labeled at the 5� end with 6-FAM and the
quencher 4-(4�-dimethylaminophenylaso) benzoic acid (DAB-
CYL) at the 3� end. Both primers and MB were suspended in
TE buffer, and stored at �30°C. Thermal cycling conditions
were designed as follows: initial denaturation at 95°C for 10
minutes, followed by 40 cycles of 95°C for 15 seconds, and
60°C 60 seconds. Fluorescent measurements were recorded
during each annealing step. At the end of each PCR run, data
were automatically analyzed by the system and amplification
plots were generated. For each PCR reaction, 2 �l of cDNA
template was added to 48 �l of PCR Master mixture (5 �l of 1X
PCR buffer II, 5 mmol/L MgCl2, 300 nmol/L dNTP, 400 nmol/L
of each primer, 1.5 U of AmpliTaq Gold DNA polymerase, 400
nmol/L of molecular beacons, and 24.7 �l of water). The PCR
buffer contained 5-carboxy-X-rhodamine (5-ROX) (500
nmol/L) as the reference dye for normalization of the reactions.
Any possible fluctuations in ROX signal are used to correct the
sample signal. All amplification reactions were performed in
triplicate. A standard curve was generated with 10-fold dilu-
tions of HCV 5�-NCR RNA control that had been pre-quantified
by a spectrophotometer (Eppendorf Scientific Inc., Westbury,
NY). GAPDH RNA expression is used to normalize the RNA
concentration in each sample tested.

Immunoblot Assay

Total cell lysates were prepared from Huh.8 cells (105

cells/well in a 24-well plate) treated with or without mor-
phine (10�6 mol/L) using a lysis buffer (Promega). The
protein concentration was determined by detergent-com-
patible (DC) protein assay kit (Bio-Rad, Hercules, CA).
The immunoblot analysis of HCV NS5 protein was per-
formed using a Bio-Dot SF apparatus as described by the
manufacturer (Bio-Rad). Briefly, total protein (0.5 �g) ex-
tracted from Huh.8 cells and treated with or without mor-
phine (10�6 mol/L) was applied onto a nitrocellulose (NC)
membrane. After being blocked with PBS containing 5%
nonfat dry milk for 1 hour at room temperature, the mem-
brane was incubated with a mouse monoclonal anti-HCV
NS5 antibody (a gift from Dr. Bill Sun of Thomas Jefferson
University, Philadelphia, PA) at 4°C overnight. After being
washed three times with PBS, the NC membrane was
incubated with horseradish peroxidase-conjugated goat
anti-mouse IgG for 1 hour. Bound antibody was visual-
ized by developing the membrane in SuperSignal West
Pico Chemiluminescent Substrate Kit (PIERCE, Rockford,
IL). The results were recorded on film (Eastman Kodak,
Rochester, NY).

NF-�B Promoter Activation Assay

We used the plasmid (pNF-�B-Luc) containing NF-�B
promoter linked with a luciferase gene that was devel-
oped by Dr. Petrak (Laboratory of Immune Cell Biology,
National Cancer Institute, National Institutes of Health,
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Bethesda, MD).34 Two copies of the mouse � light chain
enhancer35 were cloned into pBLCAT3 vector,36 and
then the construct was modified by replacing the CAT
reporter with the luciferase gene obtained from pGEM-
Luc.34 Plasmid DNA was prepared by Miniprep tech-
niques, according to the manufacturer’s instruction (Wiz-
ard Plus Minipreps, Promega) and used in the
transfection experiments. For each transfection experi-
ment, the Huh.8 and Huh7 cells were seeded in a 6-well
tissue culture plate at the density of 3 � 105 cells/well 1
day before the transfection. The cells were transfected
with the pNF-�B-Luc using FuGENE 6 Transfection Re-
agent (Roche Molecular Bilchemicals, Indianapolis, IN)
with a ratio of FuGENE 6: plasmid 6:1 (�l:�g). Six hours
after the transient transfection, the cells were incubated
with or without morphine (10�6 mol/L) for 24 hours. At the
termination of the experiments, cells were harvested and
washed twice with PBS by centrifugation at 3,300 � g for
3 minutes at room temperature. The cell pellets were
lysed with 0.25 ml of 1X Reporter Lysis Buffer (Promega)
and a cycle of freezing and thawing in dry ice. Cell-free
lysates were obtained by centrifugation at 10,000 � g for
30 seconds at room temperature. The effects of morphine
on the activation of NF-�B promoter in these transiently
transfected cells were determined by NF-�B promoter-
driven luciferase activity. Luciferase activity in cell lysate
(50 �l/sample) was quantified using a Luciferase Assay
System (Promega) and a Luminometer. The results were
presented as relative light units.

Statistical Analysis

All variables were tested in triplicate and experiments
were repeated at least three times. Triplicate wells had
variability of less than 15%. One-way analysis of variance
was used to test for differences in means and a posthoc
t-test was used for comparisons. Differences were con-
sidered significant if P � 0.05.

Results

Huh.8, FCA-1, and Huh7 Cells Express
�-Opioid Receptor

The biological functions of morphine are mediated by
�-opioid receptors. Thus, it is important to determine
whether Huh.8, FCA-1, and Huh7 cells express �-opioid
receptors. Since the liver produces endogenous opiates
and expresses their receptors,37,38 we examined whether
�-opioid receptors also are present in Huh.8, FCA-1,
and Huh7 cells. We performed a conventional RT-PCR
assay using a primer pair specific for �-opioid receptor
detection in Huh.8, FCA-1, and Huh7 cells. Ethidium bro-
mide staining of RT-PCR-amplified products from Huh.8,
FCA-1, and Huh7 cells showed a visible 441-bp band
that was identical to the band amplified from RNA
isolated from NT2-N cells, a human neuronal cell line
(Figure 1).

Effect of Morphine on HCV Replicon Expression

To evaluate the effect of morphine on HCV RNA expres-
sion in Huh.8 and FCA-1 cells, we incubated these cells
with or without morphine at different concentrations
(10�10 to 10�6 mol/L). Cell lysates then were subjected to
real-time RT-PCR for the analysis of HCV RNA levels at 72
hours after morphine treatment. The addition of morphine
to Huh.8 and FCA-1 cells enhanced HCV RNA expres-
sion in a concentration-dependent fashion (Figure 2). To
determine whether the effect of morphine on HCV RNA
expression was time-dependent, we incubated Huh.8
and FCA-1 cells with morphine (10�6 mol/L) and col-
lected cells lysates for HCV RNA quantification at 3 dif-
ferent time points (48 hours, 72 hours, and 96 hours) post
morphine treatment. The maximum HCV RNA expression
in morphine-treated Huh.8 cells was observed at 72
hours post treatment (Figure 3). Because NS5 protein
plays a critical role in HCV replication, we also examined
whether morphine altered HCV NS5 protein expression in
Huh.8 and FCA-1 cells using an immunoblot assay. Com-
pared with untreated Huh.8 and FCA-1 cells, morphine
(10�6 mol/L)-treated cells expressed higher levels of NS5
protein, as demonstrated by the enhanced intensity of the
protein band (Figure 4).

Opioid Receptor Antagonists Abrogate
Morphine’s Effect on HCV Replicon Expression

Since we were able to demonstrate that �-opioid receptor
is present in Huh.8 and FCA-1 cells (Figure 1), we hy-
pothesized that the effect of morphine on HCV RNA ex-
pression in these cells is mediated through the �-opioid
receptor. To test this hypothesis, we first pre-treated the
Huh.8 and FCA-1 cells with naltrexone, the pan-opioid
receptor antagonist, for 30 minutes before the addition of
morphine. Naltrexone completely abrogated the enhanc-
ing effect of morphine on HCV RNA expression, while
naltrexone alone had little effect on HCV RNA expression
(Figure 5). Since morphine has a high affinity for the
�-opioid receptor, we examined whether the �-opioid
receptor was responsible for this morphine-mediated ac-
tion. Thus, we tested the effect of �-funaltrexamine, a
specific �-opioid receptor antagonist, on HCV RNA ex-

Figure 1. �-Opioid receptor expression in Huh.8, FCA-1, and Huh7 cells.
RT-PCR analysis of �-opioid receptor gene expression. Total RNA was ex-
tracted from Huh.8, FCA-1, and Huh7 cells and subjected to RT-PCR using
specific primers for �-opioid receptor. Sizes are estimated from DNA ladder
(100-bp fragments) co-electrophoresed as markers. Lane 1: Markers; lane 2:
Huh.8 cells; lane 3: FCA-1 cells; lane 4: Huh7 cells; lane 5: NT2-N cells as
a positive control (�); lane 6: negative control (-, the same cells as used in
the positive control but processed without reverse transcriptase).
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pression. �-funaltrexamine completely blocked the mor-
phine-mediated up-regulation of HCV RNA expression in
Huh.8 and FCA-1 cells, while the addition of �-funaltrex-
amine alone into Huh.8 and FCA-1 cell cultures did not
affect HCV RNA expression (Figure 5).

Morphine Compromises the Anti-HCV Effect of
IFN-�

Anti-HCV therapy with IFN-� is ineffective in about 70% of
treated patients.39–41 The mechanism responsible for the
failure of IFN-� to inhibit HCV replication is largely un-
known. Since IDUs are the primary group at risk for HCV
infection,12–14 it is important to understand whether
abuse of injection drugs such as opioids plays a role in
resistance to IFN-� therapy. Thus, we examined whether
morphine had a negative impact on the anti-HCV effect of
IFN-� in Huh.8 and FCA-1 cells. As expected, IFN-�,
when added to Huh.8 and FCA-1 cell cultures, signifi-
cantly inhibited HCV RNA expression in both Huh.8 and

FCA-1 cells (Figure 6). The inhibitory effect of IFN-� on
HCV RNA expression in these cells, however, was signif-
icantly compromised by morphine (Figure 6).

Morphine Activates NF-�B

To investigate the possible mechanism(s) responsible for
morphine-mediated up-regulation of HCV RNA expres-

Figure 2. Effect of morphine on HCV RNA expression in Huh.8 (A) and
FCA-1 (B) cells. Huh.8 and FCA-1 cells (2 � 104 cells/well) in a 96-well plate
were incubated with or without morphine at indicated concentrations for 72
hours and cell lysates were then subjected to real-time RT-PCR for HCV and
GAPDH RNA quantification. The data are expressed as HCV RNA levels
relative (Fold) to untreated control, which is defined as 1.0. The results
shown are the mean � SD of triplicate cultures, representative of five
independent experiments (*, P � 0.05; **, P � 0.01).

Figure 3. Effect of morphine on HCV RNA expression in Huh.8 (A) and
FCA-1 (B) cells at different time points. Huh.8 cells and FCA-1 (2 � 104

cells/well) in a 96-well plate were incubated with or without morphine at
10�6 mol/L. Cell lysates were then subjected to real-time RT-PCR for HCV
and GAPDH RNA quantification at the indicated time points post-treatment.
The data are expressed as HCV RNA levels relative (Fold) to untreated
control, which is defined as 1.0. The results shown are the mean � SD of
triplicate cultures, representative of five independent experiments (*, P �
0.05; **, P � 0.01).

Figure 4. Effect of morphine on HCV NS5 protein expression in Huh.8 (A)
and FCA-1 (B) cells. Huh.8 and FCA-1 cells (105 cells/well) plated in a
24-well plate were incubated with or without (Control) morphine at 10�6

mol/L for 72 hours. Cell lysates were quantified by DC protein assay kit.
Equal amounts (0.5 �g) of protein extracted from treated and untreated
Huh.8 and FCA-1 cells were applied onto a NC membrane for immunoblot
assay. The results were recorded on the film (2 minutes exposure). One
representative result from three experiments is shown.

Morphine Enhances HCV Replicon 1171
AJP September 2003, Vol. 163, No. 3



sion, we examined whether morphine activates NF-�B, an
important nuclear transcription factor that controls viral
replication and cytokine production.42–44 Huh7 cells (the
parental cell line for Huh.8 and FCA-1) were transfected

with the plasmid (pNF-�B-Luc) that contains NF-�B pro-
moter linked to a luciferase gene. The transfected Huh7
cells then were incubated with or without morphine. As
shown in the Figure 7A, morphine enhanced the NF-�B
promoter-directed luciferase activity in Huh7 cells. To
determine further whether NF-�B was directly involved in
morphine-induced HCV RNA expression, we examined
whether CAPE, a specific NF-�B inhibitor, blocked mor-
phine’s action on Huh.8 cells. CAPE not only inhibited
HCV RNA expression in Huh.8 cells but also abolished
the enhancing effect of morphine on HCV RNA expres-
sion (Figure 7B).

Discussion

In this study, we examined the overall hypothesis that
opioids play a role as a cofactor in promoting HCV rep-

Figure 5. Antagonizing effect of naltrexone or �-funaltrexamine on mor-
phine-induced HCV RNA expression in Huh.8 (A) and FCA-1 (B) cells. Huh.8
cells (2 � 104 cells/well) plated in a 96-well plate were incubated with
naltrexone (10�8 mol/L) or �-funaltrexamine (10�8 mol/L) for 30 minutes
before the addition of morphine (10�6 mol/L). Cell lysates then were sub-
jected to real-time RT-PCR for HCV and GAPDH RNA quantification 72 hours
after morphine treatment. The data are expressed as HCV RNA levels relative
(Fold) to untreated control, which is defined as 1.0. The results shown are the
mean � SD of triplicate cultures, representative of five independent exper-
iments (*, P � 0.01).

Figure 6. Effect of morphine on the anti-HCV activity of IFN-� in Huh.8 and
FCA-1 cells. Huh.8 and FCA-1 cells (2 � 104 cells/well) in a 96-well plate
were incubated with or without morphine (10�6 mol/L) and/or IFN-� (100
U/ml) for 72 hours. Cell lysates then were subjected to real-time RT-PCR for
HCV and GAPDH RNA quantification. The data are expressed as HCV RNA
levels (% inhibition) relative to untreated control that is defined as 0. The
results shown are the mean � SD of triplicate cultures, representative of five
independent experiments.

Figure 7. The role of NF-�B in morphine-mediated HCV RNA expression. A:
Effect of morphine on NF-�B promoter in pNF-�B-Luc-transfected Huh7
cells. Huh7 cells in 6-well plate were transfected with pNF-�B-Luc for 24
hours and then incubated with or without morphine (10�6 mol/L) for 24
hours. NF-�B promoter-directed luciferase activity quantitated from the cell-
free lysates were normalized using the total protein of the cell-free lysates.
The data are means of triplicate cultures � SD, representative of three
independent experiments. B: Effect of CAPE on morphine-enhanced HCV
RNA expression in Huh.8 cells. Huh.8 cells (2 � 104 cells/well) in a 96-well
plate were incubated with or without CAPE (25 �g/ml) and/or morphine
(10�6 mol/L). CAPE was added to the cell cultures 30 minutes before the
addition of morphine. Cell lysates were then subjected to real-time RT-PCR
for HCV and GAPDH RNA quantification 72 hours after morphine treatment.
The data are expressed as HCV RNA levels relative (Fold) to untreated
control, which is defined as 1. The results shown are the mean � SD of
triplicate cultures, representative of five independent experiments (*, P �
0.01).
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lication in liver cells. We also investigated whether mor-
phine has a negative effect on the therapeutic, anti-HCV
effect of IFN-�, the only cytokine approved for HCV ther-
apy. We used recently developed HCV replicon-contain-
ing cell lines for this study. Huh.8, derived from a human
hepatoma cell line (Huh7), is a cell clone containing a
G418 selectable HCV RNA replicon with wild-type HCV
nonstructural protein NS5A sequence.23 We also used
the FCA-1 line24 that also was generated from Huh7 cells.
FCA-1 cells containing a subgenomic replicon derived
from a known infectious HCV clone also were used.24

Since FCA-1 cells were established for testing the mech-
anism(s) of the IFN-� response against HCV,24 we inves-
tigated whether morphine has the ability to compromise
the anti-HCV activity of IFN-� in these cells. It should be
noted that, although these cell clones mimic only some
aspects of HCV replication, they offer an important
means to study viral RNA and protein synthesis.21–23 The
HCV replicon system has been used successfully to ex-
amine the anti-HCV effect of IFN-�,23,24 although the
mechanism responsible for therapeutic action of IFN-� in
this system is still obscure.24

Since opioids exert their biological functions through
the activation of opioid receptors, it is important to deter-
mine whether liver cells express the �-opioid receptor. In
this study, we demonstrated that both Huh.8, FCA-1, and
Huh7 cells expressed �-opioid receptor mRNA (Figure
1). Our finding is in agreement with other reports showing
that the liver produces endogenous opiates and ex-
presses �� and �-opioid receptors.37,38 Because of low
level expression of membrane opioid receptor on non-
neuronal cells and the lack of commercially available
antibody that is appropriate for detecting surface �-opi-
oid receptor by immunofluorescence or Western blot as-
says, we were unable to determine whether Huh.8 and
Huh7 cells express �-opioid receptor at the protein level.
To determine whether opioids such as morphine act
through a biological receptor-mediated mechanism to
promote HCV replication, we examined whether naltrex-
one, a pan-opioid receptor antagonist, blocked the pro-
moting effect of morphine on HCV RNA expression in
Huh.8, and FCA-1 cells (Figure 5). Since morphine has a
high affinity and selectivity for the �-opioid receptor,45–47

we further investigated whether �-opioid receptor medi-
ates morphine’s action. We examined whether �-funal-
trexamine, a specific �-opioid receptor antagonist,
blocks morphine-mediated HCV RNA up-regulation. Our
data showed that �-funaltrexamine abrogated the en-
hancing effect of morphine on HCV RNA expression in
both Huh. 8 and FCA-1 cells (Figure 5). These data
strongly support the notion that the �-opioid receptor
mediates morphine-induced HCV RNA expression in
HCV replicon-containing cells.

We further investigated the possible mechanism(s) re-
sponsible for morphine-mediated up-regulation of HCV
RNA expression. Since NF-�B is a critical nuclear tran-
scription factor involved in the activation of viral replica-
tion and cytokine production,42–44 we investigated
whether morphine, through the activation of NF-�B, en-
hances HCV expression in Huh.8 cells. We first examined
whether morphine activates NF-�B promoter. Because

Huh.8 cells contain a HCV replicon that may affect NF-�B
promoter activity, we used the parental cell line (Huh7) of
Huh.8 to define the role of morphine in the activation of
NF-�B promoter. We demonstrated that morphine en-
hanced NF-�B promoter-directed luciferase activity in
Huh7 cells (Figure 7A). We further confirmed that NF-�B
is directly involved in morphine-mediated up-regulation
of HCV RNA expression by demonstrating that CAPE, a
specific inhibitor for NF-�B,48 could block the enhancing
effect of morphine on HCV RNA expression. We found
that CAPE not only inhibited HCV RNA expression in
Huh.8 cells but also abolished the enhancing effect of
morphine on HCV RNA expression (Figure 7B). Our find-
ings indicate that NF-�B activation may be critical in
regulation of HCV RNA expression in Huh.8 cells and
may be one of the mechanisms responsible for mor-
phine’s action. Further investigation into mutual interac-
tions between NF-�B expression and HCV replication will
provide insight into factors that control HCV gene expres-
sion and NF-�B activation.

The HCV subgenomic replicon-containing cell line is
an excellent in vitro model24 to investigate whether opi-
oids such as morphine interfere with IFN-� treatment.
Clinical trials indicate a therapeutic benefit of IFN-� treat-
ment in chronic HCV infection.49,50 In fact, IFN-�, with or
without ribavirin, is the only compound approved for the
treatment of chronic HCV infection. IFN-� has been
shown to inhibit HCV RNA expression in Huh.8 cells as
demonstrated by a reduction in HCV RNA expression
over time.23 IFN-� also reduced HCV replicon expression
in FCA-1 cells.24 Our data (Figure 6) showing that IFN-�
significantly inhibited HCV RNA expression in both Huh.8
and FCA-1 cells confirm these observations. The cur-
rently available combination therapy with IFN-� and riba-
virin is effective in less than 50% of treated sub-
jects.6,10,11 The mechanism responsible for resistance
against IFN-� therapy is not understood. Thus, it is im-
portant to identify factor(s) responsible for the failure of
IFN-� treatment in IDUs, the subgroup of the population
that comprise the single largest risk group for HCV infec-
tion.12–14 We hypothesized that morphine may have a
negative impact on the anti-HCV effect of IFN-�. Our
data, showing that morphine compromised the anti-HCV
effect of IFN-� in both Huh.8 and FCA-1 cells (Figure 6),
supported this hypothesis. These in vitro observations
suggest that abuse of drugs such as heroin, or therapeu-
tic use of morphine, may undermine the anti-HCV effect
of IFN-�-based therapy in vivo. Further epidemiological
studies are necessary to confirm the in vivo impact of
opioid abuse on the development of chronic HCV infec-
tion and resistance to IFN-� therapy.
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