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Augmented production of proinflammatory cytokines and accelerated
allotransplantation reactions in heroin-treated mice
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SUMMARY

Heroin treatment or abusive drug addiction influences many physiological functions, including the reac-
tions of the immune system. Although suppression of various manifestations of the immune system after
heroin (or morphine) administration has been reported, we show here that production of proinflam-
matory cytokines and nitric oxide (NO) was enhanced and allotransplantation reactions were acceler-
ated significantly in heroin-treated recipients. Mice were treated by a subcutaneous administration of
heroin (diacetylmorphine) given in one or repeated daily doses. The ability of spleen cells from treated
mice to respond in vitro to alloantigens and to produce IL-2, IL-4, IL-10 and IFN-7, and the production
of IL-13,1L-12 and NO by peritoneal macrophages, were tested. Within 2 h after heroin administration,
proliferative responses to alloantigens and the production of IL-1f, IFN-y, IL-12 and NO were
enhanced significantly. In contrast, the production of anti-inflammatory cytokines IL-4 and IL-10 was at
the same time rather decreased. As a consequence, skin allografts in heroin-treated mice were rejected
more promptly than in untreated or vehicle-treated recipients. Similarly, the growth of allogeneic
tumours induced by high doses of tumour cells was suppressed significantly in heroin-treated mice. The
enhancing effects of heroin on the production of proinflammatory cytokines were antagonized by nal-
trexone, a specific inhibitor of classic opioid receptors. These results show that heroin treatment aug-
ments production of proinflammatory cytokines and accelerates allotransplantation reactions. The
observations thus illustrate the complexity of the effects of heroin on the immune system and should be
taken into account during medical treatment of opiate addicts and in the use of morphine to decrease

pain in various clinical situations.
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INTRODUCTION

Heroin (diacetylmorphine) is the most common opiate drug,
with several million abusers worldwide. It influences different
physiological functions in the body, including the reactions of the
immune system. The complexity of the heroin’s effects results
from the wide distribution of opioid receptors. These receptors
have been demonstrated on various cell types, including cells of
both the nervous and immune system. Heroin can thus regulate
functions of the immune system either directly by acting on the
opioid receptors on lymphocytes and macrophages, or can influ-
ence the reactions of the immune system through its effects on
the nervous system. Previous studies have shown that heroin (or
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morphine) administration depresses many parameters of the
immune system. However, Pacifici et al. [1,2] described that pro-
duction of various cytokines and nitric oxide (NO) was enhanced
within a few minutes after morphine administration but after 24
h a decrease in proliferation of T cells and in the production of
Thl cytokines was observed. Peng et al. [3] demonstrated aug-
mented production of interleukin (IL)-12 and some proinflam-
matory cytokines in mice treated with morphine. Enhancement
of the contact hypersensitivity reaction and increased IFN-y
mRNA levels in the inflamed tissue by acute morphine adminis-
tration was reported by Nelson etal. [4]. Elevated levels of
plasma IL-6 after morphine treatment were observed in various
models [5,6]. Similarly, Roy et al. [7] reported that morphine-
treated mice injected with bacterial lipopolysaccharide (LPS)
had increased production of IL-6 and TNF-a. The same conclu-
sion was reached by Kapasi et al. [8] who showed that morphine
stimulates TNF-a and nitrite production in mouse cells. It thus
appears that the functions of macrophages and production of
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proinflammatory cytokines are augmented after heroin ad-
ministration while T cell-mediated functions are rather dec-
reased [9-11].

Recent studies on transplantation immunity suggest that mac-
rophages, delayed-type hypersensitivity and inflammatory reac-
tions, rather than cytotoxic T cells, are the main effector
mechanisms of allograft and xenograft rejection [12-14]. To anal-
yse the effects of heroin administration on cytokine production in
vitro and on effector transplantation reactions in vivo, we
employed experimental models of skin grafting and allogeneic
tumour growth in mice. We show that acute or subchronic admin-
istration of heroin augmented production of proinflammatory
cytokines and simultaneously depressed secretion of IL-4 and IL-
10. We also show that allotransplantation reactions were signifi-
cantly accelerated in heroin-treated recipients. The effects of
heroin were antagonized by naltrexone, indicating the involve-
ment of classic opioid receptors in heroin-induced augmentation
of transplantation reactions.

MATERIALS AND METHODS

Animals

Mice of inbred strains BALB/c and C57BL/10Sn (B10) of both
sexes at the age of 7-9 weeks were used in the experiments. All
animals were from the breeding unit of the Institute of Molecular
Genetics, Prague.

Drugs

Heroin (6-diacetylmorphine HCI monohydrate) was obtained
from Alltech (State College, PA, USA). Naltrexone HCI was pur-
chased from Sigma Chemical Co. (St Louis, MO, USA). Before
each experiment, the drugs were dissolved freshly at the required
concentrations in phosphate buffered saline (PBS) and a volume
of 0-2 ml was injected subcutaneously (s.c.) on two sides. Control
mice were untreated or treated with the same volume of PBS
administred s.c. If not stated otherwise, heroin was injected at a
dose of 20 mg/kg and naltrexone at a dose of 10 mg/kg.

Skin grafting

Recipient BALB/c mice were grafted with B10 skin according to
the technique of Billingham et al. [15]. The recipients were either
untreated or were treated with daily doses of heroin (20 mg/kg/
day) or PBS from day —14 to day —1 (the day of grafting noted as
0) or were treated with heroin (or PBS) daily from day 1 after
grafting until the grafts were rejected.

Allogeneic tumour growth

BALB/c mice were injected s.c. in a dorsal part of their body with
107 cells of fibrosarcoma MC11 which was induced originally by
methylcholanthrene in a B10 male mouse [16]. The cells were
grown in vitro in tissue culture and were injected in 0-2 ml of PBS.
The size of the growing tumours was measured every other day.
The number of tumour cells was selected on the basis of prelim-
inary experiments showing that 107 is the lowest number of cells
that will ensure the progressive tumour growth in allogeneic
recipients. As we have demonstrated earlier, MC11 sarcomas
induced with 107 cells did not grow in specifically sensitized recip-
ients, but grew rapidly in tolerized or immunosuppressed BALB/
¢ mice [17]. Each individual group of mice was treated with heroin
(or PBS) before or after injection of tumour cells at the same
schedule and on the same doses as the recipients of skin allografts.

One group of mice was injected s.c. with naltrexone (10 mg/kg)
15 min before each treatment with heroin.

Cytokine production and detection

Spleens from control, PBS- or heroin-treated mice were obtained
at the indicated time interval after the last heroin dose and single
cell suspensions were prepared in RPMI-1640 medium (Sigma)
containing 10% heat-inactivated fetal calf serum (Sigma), antibi-
otics (100 U/ml of penicillin, 100 pug/ml streptomycin), 10 mM
HEPES buffer and 5x 10~ M 2-mercaptoethanol (hereinafter
complete RPMI-1640 medium). Spleen cells (1-25 x 10° cells/ml)
from tested BALB/c mice were cultivated in a volume of 1-2 ml of
complete RPMI-1640 medium in 48-well plates (Costar, Corning,
NY, USA) unstimulated or were stimulated with irradiated (3000
R) spleen cells (125 x 10° cells/ml) from B10 mice. The superna-
tants were harvested after 48-h (IL-2 determination), 72-h (IFN-
7) or 96-h (IL-4, IL-10) incubation periods. To produce and detect
IL-1 and IL-12, peritoneal exudate cells (PEC) obtained by wash-
ing the peritoneal cavity of tested mice were adjusted to a con-
centration of 1x10° cells/ml and were stimulated with LPS
(1-5 pg/ml, Difco Laboratories, Detroit, MI, USA) plus mrIFN-y
(400 U/ml). The supernatants were harvested after a 48-h incuba-
tion. The presence of IL-2, IL-4, IL-10 and IFN-yin the superna-
tants was determined by ELISA using sets of cytokine-specific
capture and detection monoclonal antibodies purchased from
PharMingen (San Diego, MA, USA) as we have described previ-
ously [18]. For quantification of cytokine levels, standards for IL-
2, IL-4, IL-10 and IFN-y (all purchased from Genzyme, Boston,
MA, USA) were included in all ELISA determinations. Produc-
tion of IL-1 and IL-12 was measured using ELISA DuoSet kits for
mouse IL-1f and IL-12p40 obtained from R&D System (Minne-
apolis, MN, USA).

NO assay

PEC were obtained by washing the peritoneal cavity of individual
control or heroin-treated mice. For NO production, PEC (1 x 10°
cell/ml) were incubated in 0-4 ml of complete RPMI-1640
medium in 48-well tissue culture plates (Costar) unstimulated or
were stimulated with LPS (1-5 ug/ml) plus mrIFN-y (400 U/ml).
The concentrations of NO in the supernatants were measured
after 48-h incubation by spectrophotometry using the Griess
reaction [19].

Statistics
The statistical significance of the difference between the control
and experimental groups was calculated using the Student’s #-test.

RESULTS

Enhanced production of proinflammatory cytokines in
heroin-treated mice

Mice were injected s.c. with heroin (20 mg/kg) or PBS and the
ability of their spleen cells or PEC to produce cytokines was
determined after 20 min. This time interval was selected on the
basis of preliminary experiments which showed the peak of
enhanced cytokine production between 15 and 30 min after her-
oin administration and a decline in the cytokine production until
2 h after the treatment (data not shown). The production of proin-
flammatory cytokines IFN-y, IL-12 and IL-1f was enhanced sig-
nificantly, while production of IL-4 and IL-10 was decreased
(Fig. 1). Secretion of IL-2 was comparable in the PBS- and
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Fig. 1. Production of IFN-y, IL-12, IL-1, IL-4 and IL-10 by mouse spleen cells 20 min after treatment with heroin. BALB/c mice were
treated with heroin ((J) or PBS (M) and their spleen cells were stimulated with irradiated allogeneic cells (production of IFN-y, IL-4 and
IL-10) or their PEC were stimulated with LPS/IFN-y (production of IL-12 and IL-1B). The production of IL-12 and IL-1 was measured
after 48-h stimulation, IFN-y after 72 h stimulation and IL-4 and IL-10 after 96-h stimulation by ELISA. Each bar represents the mean £
s.e. from three independent experiments. Values with asterisks represent significant (*P < 0-05, **P <0-01) difference between PBS and
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Fig. 2. Effect of treatment with naltrexone on heroin-induced enhance-
ment of IL-12 production. BALB/mice were untreated () or treated with
PBS (W), heroin ([J) or with naltrexone 15 min before heroin injection
(E). PEC were harvested 20 min after the heroin administration and were
stimulated with LPS/IFN-y. The production of IL-12 was determined after
48 h by ELISA. Each bar represents the mean = s.e. from three experi-
ments. Value with asterisk represents statistically significant (P < 0-01)
enhancement of IL-12 production in comparison with control untreated
mice.

heroin-treated groups (not shown). To test whether the enhancing
effect of heroin on IL-12 production was mediated through classic
opioid receptors the mice were injected with naltrexone, an opi-
oid receptor antagonist, 15 min before treatment with heroin.
Figure 2 shows that treatment with naltrexone abolished the
enhancing effect of heroin on IL-12 production.
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Fig. 3. Enhanced NO production after heroin administration. BALB/c
mice were untreated ([4) or treated with PBS (M) or heroin ([J) and their
PEC were harvested after 20 min. The cells were stimulated with LPS/IFN-
yand the presence of NO in the supernatants was detected after 48 h using
a Griess reaction. Each bar represents the mean = s.e. from three experi-
ments. Values with asterisk represent NO production that was statistically
different (P < 0-01) from untreated controls.

Enhanced NO production after heroin treatment

Production of NO by LPS/IFN-y stimulated PEC from heroin-
treated mice was enhanced 20 min after the treatment (Fig.3).
The enhanced production of NO lasted for 2 h and was no longer
detectable after 4, 8 or 24 h (data not shown).
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Effect of heroin treatment on skin allograft rejection

A group of mice was treated daily with heroin (or PBS) from days
—14 to —1 (day of transplantation noted as 0) and other groups of
mice were treated with heroin (or PBS) from day 1 after trans-
plantation until the grafts were rejected. As demonstrated in
Fig. 4, heroin-treated mice rejected allografts more promptly than
mice treated with PBS. The mean graft survival times for mice
treated before transplantation were 10-9 £ 0-4 and 12-8 £ 0-5 days
for mice treated with heroin and PBS, respectively, and 11-3 £ 0-6
and 12-4 + 0-4 days for mice treated with heroin and PBS, respec-
tively, after transplantation. Although these differences were rel-
atively small, they were statistically significant: P < 0-01 for mice
treated with heroin before transplantation and P < 0-05 for mice
treated after grafting. Also repeated experiments confirmed the
accelerated skin allograft rejections in heroin-treated mice.

Retarded growth of allogeneic tumours in heroin-treated mice
Mice were treated with heroin (or PBS) for two weeks before or
after inoculation of 107 allogeneic tumour cells. As demonstrated
in Fig. 5a, treatment with heroin before inoculation of tumour
cells significantly (P < 0-001) inhibited tumour growth. Similarly,
treatment of mice with heroin after tumour cell inoculation
resulted in a suppression of tumour growth (P <0-01) (Fig. 5b).
Figure 5b also shows that treatment with naltrexone 15 min
before administration of heroin significantly (P < 0-05) reduced
the effect of heroin.

DISCUSSION

The increased incidence of various infections and other diseases
in heroin addicts has led to the conclusion that heroin adminis-
tration suppresses the protective functions of the immune system
[20]. This was supported by the numerous observations that her-
oin (or morphine) inhibits proliferation of T lymphocytes in vitro
and that mice or rats treated with morphine had decreased
responsiveness of lymphocytes and NK cells in vitro [9,10]. Tt was
shown in vivo that treatment with morphine resulted in a decrease
in thymus and spleen weight [21] and in reduced resistance to oral
Salmonella typhimurium infection [22]. However, using y opioid
receptor KO mice Roy et al. [23] showed that at least some of
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Fig. 4. Effects of heroin treatment on rejection of skin allografts. BALB/
¢ mice were grafted with B10 skin and were treated daily with PBS (@) or
with 20 mg/kg/day of heroin (O) for 2 weeks before transplantation, or
with daily doses of PBS (A) or heroin (A) after transplantation until the
grafts were rejected. Each group consisted of 7-8 mice.

these inhibitory effects of morphine were not mediated through u
opioid receptors.

Recent studies show that some functions of the immune sys-
tem, especially those dependent on macrophages or in which
inflammatory reactions are involved, are enhanced after mor-
phine administration[3-8]. We confirmed the results of Pacifici
etal. [1,2], who described augmented production of cytokines
after mitogen stimulation of spleen cells from mice treated with
morphine. We extended their results to other cytokines and for
antigen-specific system (alloantigens). We showed that while
the production of proinflammatory cytokines was enhanced, pro-
duction of anti-inflammatory cytokines IL-4 and IL-10 was
decreased. The alterations in cytokine production were limited to
the first 2 h after heroin treatment. However, we have never
observed such profound suppression of cytokine production at
the later time intervals (24 h), as described by Pacifici ez al. [1]. We
suggest that the significantly enhanced production of IL-12 (a
cytokine responsible for determination of the Thl type of the
immune response) observed after heroin administration might be
responsible for pushing the immune response to the Thl direction
and for accellerated allograft rejection. This is also supported by
our observation that heroin treatment for a longer time period
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Fig. 5. Effects of heroin treatment on the growth of allogeneic tumours.
BALB/c mice were treated daily with PBS (@) or with 20 mg/kg/day of
heroin (O) for 2 weeks before inoculation of 107 cells of MC11 sarcoma
(a), or were treated with PBS (@), 20 mg/kg/day of heroin (O) or with
naltrexone (10 mg/kg/day) plus heroin (A) after inoculation with 107
MC11 tumour cells. Each group consisted of 8-10 mice.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:40—45



44 V. Holdri et al.

before transplantation had more profound effect on the allograft
rejection than the treatment after grafting. Simultaneously, we
showed that production of anti-inflammatory cytokines 1L.-4 and
IL-10, which are representative of Th2 type of the immune
response, was decreased. These alterations in cytokine production
could be responsible for the modulations of allotransplantation
reactions that we described. We also showed that the growth of
allogeneic tumours induced by high doses of allogeneic tumour
cells was retarded significantly in heroin-treated mice. The finding
of augmented proinflammatory reactions and of consequently
accelerated allograft rejections after heroin treatment is consis-
tent with the recent observations that delayed-type hypersensitiv-
ity and inflammatory reactions represent one of the most
important mechanisms of allograft rejection [13,14].

The complexity of the actions of opiates on the functioning of
the immune system might be associated with the different levels
on which they act. The opiates can affect cells of the immune sys-
tem directly through opioid receptors which have been demon-
strated on lymphocytes and macrophages [24]. In addition,
opiates can regulate the functions of the immune system through
the nervous system [25,26]. It has been shown that enhanced
production of IL-6 depends on the activity of the hypothalamic—
pituitary—adrenal (HPA) axis and can be blocked by adrenalec-
tomy [6]. On the contrary, the suppression by morphine of
lymphocyte proliferation appeared to be independent of the HPA
axis and was resistant to adrenalectomy [6]. In this respect it has
been shown that natural anti-inflammatory effects of the HPA
axis mediated through corticosteroids are disrupted by IL-1p, the
levels of which are increased after heroin treatment [27]. We
showed that immunostimulatory effects of heroin were antago-
nized by naltrexone, a classic opioid receptor antagonist. All the
effects of heroin in our model were thus mediated through opioid
receptors, but some actions may result from direct effects of her-
oin on the immune system and some may be mediated indirectly
through the effects of heroin on the nervous system.

Finally, our results show clearly that allotransplantation reac-
tions are accelerated in heroin-treated recipients. This is in accor-
dance with the observation that heroin treatment prolongs
survival time and retards tumour growth in mice [28]. Augmen-
tation of immune functions and modifications of cytokine
responses in morphine-treated patients during postoperative
periods have been also reported [29]. We suggest that inflamma-
tory and contact hypersensitivity reactions, which are enhanced
after heroin or morphine treatment, are responsible for the
observed stronger allotransplantation reaction. In addition to the
proinflammatory cytokines, the production of NO was signifi-
cantly enhanced in heroin-treated mice. It has been demonstrated
that the levels of NO produced by macrophages are sufficiently
high to kill surrounding cells [30] and NO was shown as an impor-
tant effector molecule in allograft rejection [12]. In addition to its
function as a toxic effector molecule, NO can modulate immune
reactions [31]. It has been shown that the inhibition of T cell func-
tion described after high-dose morphine was associated with an
increase in the inducible NO synthase mRNA expression [32] and
NO was suggested to be responsible for the depression of T cell-
mediated functions described in various models after morphine
treatment [33]. Thus, although the expression of some T cell func-
tions is depressed after heroin application, production of effector
molecules, such as IL-18, TNF-o and NO, is increased. These mol-
ecules may be responsible for the accelerated rejections of skin or
tumour allografts in heroin-treated recipients.

At the present time it is difficult to compare doses of heroin
used in animal studies and in humans. Doses used in mice were
more than 10 times higher than those used in humans. In our
parallel studies (unpublished results) we compared cytokine pro-
duction of peripheral blood leucocytes from 12 human heroin
addicts and 10 controls. No suppression of cytokine production
in heroin addicts was found. Rather, a slight enhancement in the
production of some cytokine and a significant increase in IL-6
secretion was recorded. Similarly, Kim etal. [29] observed
enhancement of cytokine production in patients treated with
morphine to decrease pain after abdominal hysterectomy. Our
recent results and the observations of others thus show that the
phenomenon of enhanced cytokine production after heroin (or
morphine) treatment is common in both humans and in experi-
mental models.
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