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Abstract
The imidazoquinolines are immune response modifiers that have potent antiviral and antitumor properties. The mechanism by

which they exert their effects on cell replication has been investigated in vitro and is related to the upregulation of the opioid

growth factor receptor (OGFr) and modulation of opioid growth factor (OGF; [Met5]-enkephalin). The OGF–OGFr axis regulates

cell proliferative events through a cyclin-dependent kinase inhibitory pathway. The present study examined the mechanism

whereby imiquimod repressed cell proliferation in vivo. Using a nude mouse model that has a compromised T-cell immune

system, as well as C57BL/6 mice with an intact immune system, the effects of topical imiquimod (Aldaraw) on DNA

synthesis of basal epithelial cells in skin were examined. Imiquimod’s effects on DNA synthesis were detected 24 h after

application, and could be observed for one week after a single treatment. The magnitude of change in DNA synthesis

following imiquimod was similar for one, three or six applications. Naloxone, an opioid antagonist, blocked the inhibitory

effect of imiquimod. Imiquimod in combination with OGF or a low dose of naltrexone (LDN; known to upregulate the OGF–

OGFr axis) had no greater inhibitory response on DNA synthesis than either OGF or LDN alone. Both OGF and OGFr were

upregulated in basal epithelium after imiquimod treatment. Both nude and C57BL/6 mice exhibited the same repressive

action of imiquimod on epithelial DNA synthesis. Imiquimod was neither an opioid agonist nor antagonist using

nociceptive testing, and did not induce apoptosis or necrosis. Exposure to imiquimod was found to depress DNA

synthesis in cells located in distant epithelium from day 3 and lasted until day 5. These results suggest that the target of

imiquimod on DNA synthesis is dependent on an opioid receptor-mediated pathway, and infers that imiquimod is reliant

on the OGF–OGFr axis for modulating cell proliferation.
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Introduction

Imiquimod (Aldaraw, R-837, S-26308), 1-(2-methylpropyl)-
1H-imidazo[4,5-c]quinolin-4-amine, belongs to the imidazo-
quinoline family, and is a synthetic local immune response
modifier that has potent antiviral and antitumor proper-
ties.1 – 4 Imiquimod is highly efficacious in the treatment of
external and anal warts, basal cell carcinoma, actinic
keratoses, Kaposi’s sarcoma, chronic hepatitis C infection
and intraepithelial carcinoma. This drug is a ligand for toll-
like receptor (TLR)-7 and TLR-8, and increases proinflam-
matory cytokines and chemokines, including interferon
(IFN)-a, IFN-g, tumor necrosis factor-a, interleukin (IL)-1a
and IL-12.3,4 In addition, imiquimod, but not another
imidazoquinoline, resiquimod, has the potential to induce
apoptosis.5,6

In an effort to understand the direct molecular mechan-
ism of imiquimod’s action, Urosevic et al.7 found an upregu-
lation of gene and protein expression for the opioid growth
factor receptor (OGFr).8 OGFr is a 62-kDa protein, with
several nuclear localization signals,8,9 and serves as the
receptor for the opioid growth factor (OGF).8 OGF, chemi-
cally termed [Met5]-enkephalin, is a pentapeptide that is
constitutively expressed, autocrine produced and
secreted.8,10 The action of this inhibitory peptide is tonic,
stereospecific, reversible, and not associated with differen-
tiation, apoptosis, necrosis, migration, invasion or
adhesion.8,10 – 13 The peptide and receptor associate to
form the OGF–OGFr axis that is involved in cell prolifer-
ation, targeting the cyclin-dependent inhibitory kinases
and upregulating p16 and/or p21,14 – 16 which leads to a
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delay in the cell cycle. Zagon et al.,17 using tumor cells in
tissue culture, which eliminated the immune system and
TLRs, showed that imiquimod, as well as resiquimod, not
only upregulates OGFr, but also stimulates the interaction
of the OGF–OGFr axis. Cell proliferation following imiqui-
mod exposure was repressed in a dose-dependent manner.
Neutralization of OGF by antibody to this peptide, or
knockdown of OGFr using siRNA, diminished the effect
of imiquimod.

Given that the mechanism of imiquimod operates through
an upregulation of an endogenous opioid system as recorded
in our in vitro studies,17 the present study addresses the ques-
tion of imiquimod action on cell proliferation in vivo. Using a
nude mouse model with compromised T-cell immunity, as
well as C57BL/6 mice with a complete immune system, the
effects of imiquimod on DNA synthesis in the epithelium
were monitored. The temporal course of activity of imiqui-
mod on DNA synthesis, opioid receptor involvement, as
well as evidence that imiquimod is neither an opioid agonist
nor antagonist were investigated. The results provide com-
pelling evidence that topical application of imiquimod to
the dorsal skin of mice decreases DNA synthesis in the epi-
thelium within circumscribed temporal boundaries and in
an opioid receptor-mediated manner, upregulates OGF and
OGFr, and does not act as an opioid agonist or antagonist.

Materials and methods

Animals

Athymic nu/nu nude mice, 4–5 weeks old, were purchased
from Harlan Laboratories (Indianapolis, IN, USA). C57BL/6
mice, six weeks old, were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). Nude mice were housed in a sterile
environment in flexible film isolators, whereas C57BL/6 mice
were housed under standard laboratory conditions; all
animals had water and Purina 5010 rodent chow available ad
libitum. C57BL/6 mice, but not nude mice, were shaved one
day prior to experimentation. Three independent studies
were performed, and all conformed to the regulations of the
National Institutes of Health and the guidelines of the
Institutional Animal Care and Use Committee of the
Pennsylvania State University College of Medicine.

Imiquimod treatment

Topical applications of 5% imiquimod cream (Aldara; 3M
Pharmaceuticals, St Paul, MN, USA) were placed on the epi-
thelium of the dorsum of the animal using a cotton swab;
approximately 50–100 mL volumes were applied over a
1 cm diameter area on the dorsal surface. Unless otherwise
noted, animals received only one application of imiquimod.
Some mice were treated with a commercial moisturizing
cream (Neutrogena, Johnson & Johnson, Brunswick, NJ,
USA), while other animals received no treatment.

Opioid receptor mediation

To examine opioid receptor mediation of imiquimod action
on DNA synthesis, nude mice received a single

intraperitoneal injection of the opioid antagonist naloxone
hydrochloride (15 mg/kg, Sigma-Aldrich, Indianapolis, IN,
USA) simultaneously with the application of imiquimod
or moisturizing cream. Some mice were given an intraperi-
toneal injection of a low dosage (0.1 mg/kg) of naltrexone
(LDN, Sigma-Aldrich) to investigate the repercussions of
intermittent opioid receptor blockade. To study the effects
of OGF, animals received intraperitoneal injections of
either 10 or 20 mg/kg [Met5]-enkephalin (Sigma-Aldrich)
with or without treatment with imiquimod.

DNA synthesis

BrdU incorporation was used to assess DNA synthesis in the
basal layer of the epithelium in both nu/nu and C57BL/6
mice, as well as the basal epithelial layer of the cornea of
the nu/nu mice. Animals were injected with 100 mg/kg
BrdU intraperitoneally at three and six hours preceding
euthanasia by intraperitoneal injection of pentobarbitol.
Skin that was topically treated with imiquimod, as well as
skin 3 cm from the treated region and considered ‘untreated’
was removed, fixed in 10% neutral buffered formalin for 24 h
and processed for paraffin embedding. Sections were stained
with anti-BrdU-BOD antibodies (Invitrogen, Carlsbad, CA,
USA) followed by visualization and counterstaining with
hematoxylin and eosin. The number of DNA-positive cells
in the basal layer of the epidermis was counted using an
ocular grid and a Nikon BH-2 microscope. Labeling indexes
were computed as the ratio of labeled to total cells. At least
three sections/mouse were evaluated.

Immunohistochemistry

The presence of OGF and its receptor (OGFr) in the epider-
mis of nude and C57BL/6 mice was determined using
well-characterized polyclonal antibodies and published pro-
cedures.17 Levels of peptide and receptor were assessed
with semi-quantitative methodology and Optimas 6.0 soft-
ware (Optimas Corporation, Bothell, WA, USA). At least
three sections/mouse from three mice/group were evalu-
ated, with 10 or more readings recorded per section.

Nociception

To evaluate whether exposure to imiquimod was associated
with a change in nociception, C57BL/6 mice were monitored
for their response (e.g. licking of paws) on an analgesia
meter (558C, Analgesia Meter, Columbia Instruments,
Columbus, OH, USA). Mice were measured at zero hours,
and one, two and four hours after treatment with 12 mg/kg
(intraperitoneal) imiquimod (Sequoia Research Products
Ltd, Panbourne, UK) or an equivalent volume of saline. In
addition, some animals treated with imiquimod or saline
were injected with the opioid agonist morphine (10 mg/kg;
Sigma-Aldrich) and tested one hour after treatment.

Statistical analyses

Labeling indexes, latency times on the hot-plate and mean
gray values for immunohistochemical optical density
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measurements were compared using Student’s unpaired
t-test or analysis of variance with subsequent comparisons
made using Newman-Keuls tests.

Results

DNA synthesis in epithelium after acute imiquimod
application in nude mice

The temporal course of imiquimod’s effect on DNA syn-
thesis was determined in the skin of nude mice. No differ-
ences in labeling index were recorded in the skin of
animals receiving vehicle only (18.4+ 0.9) and mice that
were not subjected to any treatment (16.7+ 0.9). For
further comparisons, mice not subject to any treatment
(i.e. Neutrogena) were considered controls.

In contrast to time zero hour (baseline), wherein an 18%
labeling index was recorded, the levels of DNA synthesis
following an acute application of 5% imiquimod were not
altered at 3, 5, 7, 18 or 20 h (Figure 1a). However, at 24 h,
the labeling index of the skin from imiquimod-treated
mice was decreased 32% from baseline levels. DNA syn-
thesis remained subnormal (decreases from 25% to 43%)
in imiquimod-treated skin for up to one week, but was
comparable to control values on days 10, 14 and 21
(Figure 1b).

Untreated skin 3 cm from the imiquimod exposed area
had labeling indexes on days 1 and 2 that were comparable

to control levels (Figure 1b). However, on days 3, 4 and 5,
DNA synthesis in untreated skin was decreased 27–44%
from control values. On days 7, 10, 14 and 21, the labeling
index of untreated skin was similar to control levels.

The effects of imiquimod on DNA synthesis in the basal
epithelial layer in the cornea of nu/nu mice were assessed
at 72 h after treatment with a single application of imiqui-
mod or control cream (i.e. Neutrogena) on the skin. The
labeling index of peripheral corneal epithelium for mice
exposed to control cream was 12.6+ 1.1% compared with
6.7+ 0.7% for mice treated with imiquimod; this difference
was significant at P , 0.001.

The effect of acute imiquimod treatment
on reducing DNA synthesis is opioid
receptor-mediated

To evaluate whether the decrease in DNA synthesis in the
basal epithelium of imiquimod-treated skin was related to
the opioid receptor pathway, mice simultaneously received
a single topical application of imiquimod as well as a sys-
temic injection of naloxone, a general, short-acting opioid
receptor antagonist. At 24 h, imiquimod-exposed skin had
a decrease of 37% in labeling index from control levels
(Figure 2), whereas imiquimod-treated skin examined
from animals receiving naloxone had levels of DNA syn-
thesis comparable to control levels. The basal layer of epi-
thelium exposed to imiquimod had reductions in DNA
synthesis of 28% and 33%, relative to naloxone-injected
(P , 0.001) or imiquimod þ naloxone-treated (P , 0.001)
mice, respectively.

Figure 1 Inhibition of DNA synthesis in the basal epithelium following a

single topical application of imiquimod to skin of nude mice. Histograms of

BrdU incorporation into basal epithelial cells (a) 3–24 h and (b) 1–21 days fol-

lowing a single topical application of imiquimod (Treated). The untreated skin

of mice receiving topical imiquimod was examined beginning on day 1

(Untreated). BrdU measurements from untreated mice served as control

(Co). Experiments were conducted three times, with at least 2–3 mice/time

point/experiment. Values represent means+SE. Significantly different from

Co at P , 0.05 (�) or P , 0.01 (��)

Figure 2 Inhibition of DNA synthesis in basal epithelium following a single

topical application of imiquimod is mediated by opioid receptors. BrdU incor-

poration in the basal epithelium following topical application of imiquimod to

mice also receiving injection (intraperitoneal) of 15 mg/kg naloxone

(Imiquimod þ naloxone) or saline (Imiquimod). Some mice received intraperi-

toneal injections of only 10 mg/kg naloxone or saline (Co). All tissues were

collected 24 h after injections. Three experiments were conducted, with two

mice/treatment/experiment. Values represent means+SE. Significantly

different from Co at P , 0.001 (���), and from the Imiquimod þ naloxone or

Naloxone only groups at P , 0.001 (þþ þ )
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The combination therapy of topical imiquimod
and OGF displayed inhibitory, but not additive,
effects on DNA synthesis

To study the repercussion of imiquimod upregulation of
OGFr and the addition of exogenous OGF on DNA syn-
thesis, an acute topical application of imiquimod was com-
bined with intraperitoneal injections of 10 or 20 mg/kg
OGF. In contrast to a 23% decrease in labeled cells recorded
in the epithelium of imiquimod-treated mice compared
with controls, a single exposure to 10 or 20 mg/kg OGF
depressed cells by 70% and 81%, respectively (Figure 3a).
Mice injected with a combination of imiquimod and 10 or
20 mg/kg of OGF were reduced by 49% and 72%, respect-
ively, from animals treated with imiquimod alone.
However, mice given a combination of imiquimod and
OGF did not differ from animals subjected to OGF alone
at either 10 or 20 mg/kg.

Short–term exposure to LDN did not enhance the
inhibitory effects of imiquimod on DNA synthesis

In order to examine whether short-term exposure to
LDN, another pathway that upregulates the OGF–OGFr
axis, has greater efficacy if combined with imiquimod, a
study was performed whereby mice received either one

treatment of LDN (systemically), imiquimod (topically)
or both LDN and imiquimod. Although treatment with
imiquimod alone or LDN alone reduced the labeling
index by 39% and 46%, respectively, from control levels,
the magnitude of decrease in DNA synthesis for mice
exposed to both imiquimod and LDN (44% below control
values) was comparable to that for either agent alone
(Figure 3b).

Multiple applications of imiquimod did not produce
greater inhibitory effects on DNA synthesis

To address the question of whether multiple applications of
imiquimod had a greater effect in reducing DNA synthesis
of basal epithelial cells than only one application, animals
were subjected to three or six treatments with imiquimod
every other day over a one- or two-week period of time.
The results revealed that one, three or six applications of
imiquimod reduced the labeling indexes by 26%, 32% and
19%, respectively, from control values (17.4+ 0.8)
(Figure 4), but did not differ from an acute application of
imiquimod.

OGF and OGFr levels are upregulated in
epithelium of nude mice by imiquimod treatment

The effects of topical application of imiquimod on the levels
of OGF and OGFr in the epidermis were studied by
semi-quantitative immunohistochemistry. Skin sections
from mice receiving a single application of imiquimod, as
well as epithelium from mice that were untreated with
imiquimod, were stained with antibodies to either OGF or
OGFr and compared with the distribution and quantity of
peptide and receptor in control animals 24 and 72 h after
treatment. The results show no differences between groups
in the cellular distribution of staining for OGF or OGFr in
epithelial cells (Figure 5). However, both the treated and
untreated regions of the skin from the imiquimod group
had marked increases in OGF (5- and 2.3-fold, respectively)
and OGFr (2.8- and 2.0-fold, respectively) compared with
control values at 24 h. At 72 h after exposure to imiquimod,
OGF levels were increased in treated and untreated regions
relative to controls, with a �1.5-fold elevation in OGF and a
�2.0-fold elevation in OGFr.

The effects of imiquimod on OGFr and DNA
synthesis are not restricted to nude mice

To determine whether the inhibitory effects of imiquimod
on DNA synthesis recorded in nude mice also occur in
mice with a complete immunological system, C57BL/6
mice were studied. At 24 h following a single application
of imiquimod, the treated skin had a decrease of 43% in
cells undergoing DNA synthesis compared with control
values, with no change recorded in the untreated epithelium
(Figure 6a). Semi-quantitative immunohistochemistry of
OGF and OGFr revealed that at 24 h, both treated and
untreated skin had a 16% and 25%, respectively, increase
in OGFr but OGF levels were comparable to controls
(Figure 6b).

Figure 3 The combination of imiquimod and OGF, or imiquimod and LDN,

depresses DNA synthesis of epithelial cells but not to any extent greater

than OGF or LDN alone. BrdU incorporation into basal epithelial cells in

mice receiving one topical application of imiquimod in combination with (a)

10 or 20 mg/kg OGF and examined 24 h later, or (b) one topical application

of imiquimod in combination with 0.1 mg/kg LDN. Animals were examined

24 h later. Some mice received saline (Co). Experiments were conducted

three times, with three mice/treatment/experiment. Values represent

means+SE. Significantly different from Co at P , 0.05 (�) or P , 0.001 (���).

Significantly different from mice receiving only imiquimod at P , 0.001

(þþþ). OGF, opioid growth factor; LDN, naltrexone; Co, control
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Imiquimod does not act as either an opioid
receptor antagonist or opioid agonist with
respect to nociception

To investigate whether imiquimod acts as an opioid agonist,
nociception was monitored after a topical application of imi-
quimod. At one, two and four hours after treatment with
imiquimod, baseline and treated values of nociception
were similar (Figure 7). In order to address whether imiqui-
mod was an opioid antagonist, imiquimod-treated mice
received an injection of morphine. The mice exposed to imi-
quimod and challenged with morphine had a marked
elevation in nociception time compared with baseline
values, but exhibited no difference from control animals
subjected to morphine.

Discussion

This study shows for the first time that imiquimod, a clini-
cally important drug, represses cell proliferation in the
epithelium of the skin by an opioid receptor-mediated
mechanism. Imiquimod’s effects on DNA synthesis
occurred 24 h after application, and could be observed for
as long as one week after a single treatment. The decrease
and magnitude of change in DNA synthesis from exposure
to imiquimod was not dependent on the number of appli-
cations of this drug. The effect of imiquimod on cell replica-
tive events, however, was receptor-mediated, with the
opioid antagonist naloxone blocking imiquimod activity at
a dosage of naloxone that had no effect by itself. Despite
the fact that imiquimod is known to upregulate OGFr, the
combination of imiquimod and OGF were not additive in
depressing cell proliferation beyond OGF alone, but did
decrease DNA synthesis relative to imiquimod treatment
alone. These data could suggest that the amount of exogen-
ous OGF optimizes the OGF–OGFr pathway, and any

additional alterations (e.g. imiquimod stimulation of
OGFr) are not capable of producing an even greater inhibi-
tory effect. Indeed, modulation of the opioid system by imi-
quimod and LDN (known to upregulate OGFr and OGF)
also was no more effective than either LDN or imiquimod
alone. Both OGF and OGFr were detected in the epithelium,
and were markedly increased from baseline in animals
exposed to imiquimod, indicating that the receptor as well
as the peptide is altered by this agent. The effect of imiqui-
mod on cell proliferation was ubiquitous and not just

Figure 4 Application of imiquimod one, three or six times depresses DNA

synthesis to a similar magnitude. BrdU incorporation in the basal epithelium

24 h following topical application of imiquimod once, three or six times.

Experiments were conducted twice with two mice/treatment/experiment.

Values represent means+SE. Significantly different from Co at P , 0.001

(���). OGF, opioid growth factor; OGFr, opioid growth factor receptor; Co,

control

Figure 5 Imiquimod upregulates OGFr and OGF in the epithelium as

detected by immunohistochemistry and semi-quantitative analysis. Mice

received a single topical application of imiquimod and skin sampled at 24

and 72 h. The untreated skin of mice receiving topical imiquimod was included

for examination (Untreated). Sections were stained with antibodies to OGF or

OGFr, or secondary antibodies only (inset in Co). Because of the intense stain-

ing with OGFr antibodies from sections of imiquimod-treated mice, exposure

time was restricted to show cellular details (inset of Treated). Sections from

three mice/group were stained. Values (10 or more readings/section) rep-

resent mean gray values+SE. Significantly different from Co at P , 0.01 (��)

or P , 0.001 (���). Bar ¼ 30 mm. OGF, opioid growth factor; OGFr, opioid

growth factor receptor; Co, control (A color version of this figure is available

in the online journal)
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related to nude mice, which are hairless and have a compro-
mised immune system. Furthermore, C57BL/6 mice, with
an intact immune system, responded to imiquimod in a
similar manner to that of nude animals. Finally, testing of
nociception – with and without a challenge by the opioid
agonist morphine – demonstrated that imiquimod had no
effect on sensitivity to perception of heat. These results

imply that imiquimod did not act as either an opioid
agonist or an antagonist. Thus, our investigation supports
the novel finding that imiquimod depresses cell prolifer-
ation in an opioid-dependent manner in vivo, and does so
in animals with complete or compromised (T-cell deficient)
immune systems.

The present study shows that imiquimod inhibits pro-
cesses of cell proliferation (i.e. DNA synthesis) in the epi-
thelium. A number of previous reports also have reported
a similar decrease in cell replication, such as in mouse
hemangioendothelioma,18 human melanocytes19 and
human squamous cell carcinoma.5 However, these earlier
studies found an increase in apoptosis in cells exposed to
imiquimod, presumably accounting for at least part of the
depression in cell number. Previous in vitro studies demon-
strated that imiquimod depressed DNA synthesis in the
absence of altering apoptosis or necrosis.17 In the present
study, the effect of imiquimod on reducing DNA synthesis
was neutralized by concomitant treatment with the opioid
antagonist naloxone.

An unexpected effect of topical imiquimod was that
epithelium in locations distant from the drug application
exhibited a subnormal number of cells undergoing DNA
synthesis. This decrease in DNA synthesis was initially
noted three days after a single imiquimod treatment, and
extended until at least day 5. By day 7, the reduction in
cells exhibiting DNA synthesis in epithelium located
distant from the site of imiquimod treatment was extin-
guished, and the labeling index of these cells was compar-
able to that of cells from animals that were not treated
with imiquimod. Although this is the first time that such a
‘bystander’ effect has been reported with imiquimod, it is
of interest to note that imiquimod is known to exacerbate

Figure 6 Topical application of imiquimod depresses DNA synthesis, and elevates the levels of OGFr, in the epithelium of C57BL/6 mice at 24 h. The labeling

index of BrdU (a) and mean gray values for semi-quantitative densitometry for OGF and OGFr (b). The untreated skin of mice receiving topical imiquimod was

included (Untreated). Three mice/treatment were examined. Values represent means+SE. Significantly different from Co at P , 0.01 (��) or P , 0.001 (���).

OGF, opioid growth factor; OGFr, opioid growth factor receptor; Co, control

Figure 7 Imiquimod is neither an opioid agonist nor antagonist as deter-

mined by nociceptive response. Nociception in C57BL/6 mice was monitored

by the hot-plate test at zero hours (baseline), and one, two or four hours after

injection with 12 mg/kg imiquimod (postimiquimod). Some mice were

injected with 10 mg/kg morphine or an equivalent volume of saline (Co) and

examined one hour later (postmorphine). n ¼ 5 mice/group. Values represent

means+SE. Significantly different from baseline at P , 0.001 (���). Co,

control
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psoriasis at distant skin sites.20 – 23 The mechanism under-
lying the bystander effect of imiquimod as to altering cell
proliferation is unclear but our experiments showed that
the corneal epithelium also was subnormal in DNA syn-
thesis. Thus, the effect of imiquimod beyond the site of
application may be due to systemic absorption. However,
further studies are needed to clarify the mechanism of the
bystander effect with imiquimod.

Our findings in the present study showing that imiqui-
mod depresses cell proliferation of epithelial cells in an
opioid-receptor-dependent manner under in vivo conditions
extends previous observations17 on imiquimod, as well as
this drug’s relationship to endogenous opioid systems, in
the epithelium. OGF and OGFr have been documented
in the epithelium, and this peptide-receptor complex main-
tains homeostasis of cellular renewal through an inhibitory
pathway to DNA synthesis.24,25 The interaction of imiqui-
mod with OGFr was discovered by Urosevic et al.7 initially
by microarray analysis and subsequently by protein assess-
ment that documented a notable elevation in OGFr with
imiquimod exposure. Zagon et al.17 demonstrated that imi-
quimod’s elevation in OGFr enhanced the interaction of
OGF with OGFr and produced a robust inhibitory response
that repressed cell proliferation using a tissue culture model.
Moreover, the decrease in cell replication found to be associ-
ated with an increase in apoptosis related to imiquimod
treatment, was not detected by Zagon et al.17 Additionally,
resiquimod, which also depresses cell proliferation but does
not cause apoptosis,17 functioned through the OGF–
OGFr axis. A defining experiment in these previous studies
was documenting that the knockdown of OGFr using
siRNA technology diminished the inhibitory effect of imiqui-
mod on cell proliferation. The present investigation has taken
this earlier information a step further by showing that imiqui-
mod action is dependent on opioid receptor mediation in vivo.
Thus, placing all of these previous studies into perspective,
the present results can be explained by an upregulation of
OGFr by imiquimod that leads to an intensification of
OGF–OGFr interactions, which in turn produces an exagger-
ation in function: depression of cell proliferation.

Imiquimod is an important drug in the clinical setting,1 – 5

and is ranked as the 101st pharmaceutical drug in 2009 with
sales at over $366 million dollars (Drugs.com). The infor-
mation from the present study offers a number of insights
into the mechanism – and utilization – of this agent.
First, we now understand that though imiquimod is an
immune response modifier, this drug works through an
endogenous opioid system. As such, problems in the path-
ways of the OGF–OGFr axis (e.g. p16, karyopherin b) will
reflect upon the efficacy of imiquimod in patients. Second,
though imiquimod is usually administered a few times/
week, in fact we now see that drug action can persist up
to seven days after a single administration. This would
suggest that to minimize problems (e.g. ulcers) that may
occur with imiquimod, a longer interval (once or twice a
week) between applications may avoid these complications.
Third, individuals on naltrexone therapy for substance
abuse may not benefit from imiquimod treatment since
the upregulation of opioid receptors would be negated
because of opioid receptor blockade by this drug. Fourth,

OGF is an immunosuppressant so that exacerbation of the
OGF–OGFr axis by imqiuimod may neutralize agents that
are immunostimulants. Moreover, to avoid problems from
chronic immunosuppression, less frequent application of
imiquimod would be preferable. Fifth, the concentrations
of imiquimod used for clinical practice may not be necess-
ary, and investigation of a reduction in dosages should be
explored. Sixth, there is no benefit from combining imiqui-
mod with OGF or LDN to enhance imiquimod action.
Seventh, at least for the two and one-half weeks tested,
there is no tolerance of imiquimod’s effects on cell replica-
tion. Eighth, imiquimod is neither an opioid agonist nor
an opioid antagonist so there is no concern for accompany-
ing problems such as physical dependence (in the case of an
opioid agonist) or withdrawal (in the case of an opioid
antagonist used in individuals with chronic consumption
of opioids). Ninth, the bystander effect of imiquimod may
suggest that an application of drug at one site holds signifi-
cance at distant locations. Thus, application of imiquimod at
one site may suffice for treatment of skin abnormalities
located at some distance from this location.

Author contributions: All authors participated in the
conception and overall design of the experiments. PJM con-
ducted the experiments and supervised other laboratory
personnel. PJM analyzed data presented in this manuscript.
ISZ and PJM interpreted the results and wrote the
manuscript.

ACKNOWLEDGEMENTS

This work was supported by the American Diabetes
Association (PJM) and the Paul K and Anna E Shockey
Family Foundation (ISZ). We acknowledge the technical
assistance of Cara Keiper, Jennifer Wentzel, Mary Ann
Carrillo and Jody Hankins.

REFERENCES

1 Miller RL, Gerster JF, Owens ML, Slade HB, Tomai MA. Imiquimod
applied topically: a novel immune response modifier and new class of
drug. Int J Immunopharmacol 1999;21:1–14

2 Tyring S, Conant M, Marini M, van der Meijden W, Washenik K.
Imiquimod: an international update on therapeutic uses in dermatology.
Int J Dermatol 2002;41:810–16

3 Schon MP, Schon M. Imiquimod: mode of action. Br J Dermatol
2007;157:8–13

4 Huang SJ, Hijnen D, Murphy GF, Kupper TS, Calarese AW, Mollet IG,
Schanbacher CF, Miller DM, Schmults CD, Clark RA. Imiquimod
enhances IFN-g production and effector function of T cells infiltrating
human squamous cell carcinomas of the skin. J Invest Dermatol
2009;129:2676–85

5 Schön M, Bong AP, Drewniok C, Herz J, Geilen CC, Reifenberger J,
Benninghoff B, Slade HB, Gollnick H, Schön MP. Tumor-selective
induction of apoptosis and the small-molecule immune response
modifier imiquimod. J Natl Cancer Inst 2003;95:1138–49

6 De Giorgi V, Salvini C, Chiarugi A, Paglierani M, Maio V, Nicoletti P,
Santucci M, Carli P, Massi D. In vivo characterization of the inflammatory
infiltrate and apoptotic status in imiquimod-treated basal cell carcinoma.
Int J Dermatol 2009;48:312–21

7 Urosevic M, Oberholzer PA, Maier T, Hafner J, Laine E, Slade H,
Benninghoff B, Burg G, Dummer R. Imiquimod treatment induces
expression of opioid growth factor receptor: a novel tumor antigen
induced by interferon-a? Clin Cancer Res 2004;10:4959–70

................................................................................................................................................
1298 Experimental Biology and Medicine Volume 235 November 2010



8 Zagon IS, Verderame MF, McLaughlin PJ. The biology of the opioid
growth factor receptor (OGFr). Brain Res Rev 2002;38:351–76

9 Cheng F, McLaughlin PJ, Verderame MF, Zagon IS. Dependence on
nuclear localization signals of the opioid growth factor receptor in the
regulation of cell proliferation. Exp Biol Med 2009;234:532–41

10 Donahue RN, McLaughlin PJ, Zagon IS. Cell proliferation of human
ovarian cancer is regulated by the opioid growth factor-opioid growth
factor receptor axis. Am J Physiol Regul Integr Comp Physiol
2009;296:R1716–25

11 Zagon IS, McLaughlin PJ. Opioids and the apoptotic pathway in human
cancer cells. Neuropeptides 2003;37:79–8818

12 Zagon IS, McLaughlin PJ. Opioids and differentiation in human cancer
cells. Neuropeptides 2005;39:495–505

13 Zagon IS, Rahn KA, McLaughlin PJ. Opioids and migration chemotaxis,
invasion, and adhesion of human cancer cells. Neuropeptides
2007;41:441–52

14 Cheng F, McLaughlin PJ, Verderame MF, Zagon IS. The OGF–OGFr axis
utilizes the p21 pathway to restrict progression of human pancreatic
cancer. Mol Cancer 2007;7:5–17

15 Cheng F, McLaughlin PJ, Verderame MF, Zagon IS. The OGF–OGFr axis
utilizes the p16INK4a and p21WAF1/CIP1 pathways to restrict normal cell
proliferation. Mol Biol Cell 2009;20:319–27

16 Cheng F, Zagon IS, Verderame MF, McLaughlin PJ. The OGF–OGFr axis
utilizes the p16 pathway to inhibit progression of human squamous cell
carcinoma of the head and neck. Cancer Res 2077;67:10511–18

17 Zagon IS, Donahue RN, Rogosnitzky M, McLaughlin PJ. Imiquimod
upregulates the opioid growth factor receptor to inhibit cell proliferation
independent of immune function. Exp Biol Med 2008;233:968–79

18 Sidbury R, Neuschler N, Neuschler E, Sun P, Wang X, Miller R, Tomai
M, Puscasiu E, Gugneja S, Paller AS. Topically applied imiquimod
inhibits vascular tumor growth in vivo. J Invest Dermatol 2003;121:1205–9

19 Kang HY, Park TH, Jin SH. Imiquimod, a Toll-like receptor 7 agonist,
inhibits melanogenesis and proliferation of human melanocytes. J Invest
Dermatol 2009;129:243–6

20 Van der Fits L, Mourits S, Voerman JSA, Kant M, Boon L, Llaman JD,
Cornelissen F, Mus A-M, Florencia E, Prens EP, Lubberts E.
Imiquimod-induced psoriasis-like skin inflammation in mice is mediated
via the IL-23/Il-17 axis. J Immunol 2009;182:5836–45

21 Wu JK, Siller G, Strutton G. Psoriasis induced by topical imiquimod.
Australas J Dermatol 2004;45:47–50

22 Rajan N, Langtry JA. Generalized exacerbation of psoriasis associated
with imiquimod cream treatment of superficial basal cell carcinoma. Clin
Exp Dermatol 2006;31:140–1

23 Fanti PA, Dika E, Vaccari S, Miscial C, Varotti C. Generalized psoriasis
induced by topical treatment of actinic keratosis with imiquimod. Int J
Dermatol 2006;45:1464–5

24 Zagon IS, Wu Y, McLaughlin PJ. The opioid growth factor,
[Met5]-enkephalin, and the z (zeta) opioid receptor are present in human
and mouse skin and tonically act to inhibit DNA synthesis in the
epidermis. J Invest Dermatol 1996;106:490–7

25 Wilson RP, McLaughlin PJ, Lang CM, Zagon IS. The opioid growth
factor, [Met5]-enkephalin, inhibits DNA synthesis during recornification
of mouse tail skin. Cell Prolif 2000;33:63–73

(Received July 1, 2010, Accepted August 9, 2010)

................................................................................................................................................
McLaughlin et al. Imiquimod depresses DNA synthesis in skin 1299


