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Abstract—The ability of honeybee venom to suppress Mycobacterium butyricum-induced arthritis was
studied in Lewis rats. Bee venom, 2 mg-kg™!-day™ for 24 days, suppressed but did not abolish the
primary and secondary inflammatory responses to the adjuvant as monitored by decreases in the swelling
of the left and right hind paws respectively. Bee venom itself caused no swelling of the hind paws. The
effects of bee venom and adjuvant-induced arthritis on heme metabolism were also examined. Bee
venom or adjuvant had no effect on hepatic d-aminolevulinic acid synthase, porphyrin content, or
ferrochelatase activity. However, with both treatments cytochrome P-450 and the associated enzymic
activities of ethylmorphine N-demethylase and benzo[a]pyrene hydroxylase were depressed markedly.
In contrast, both treatments caused several-fold enhancement of hepatic microsomal heme oxygenase
activity. Adjuvant-treated rats receiving bee venom showed changes in heme metabolism which were
of a magnitude similar to those observed when either agent was administered to the experimental
animals. Although the bee venom appears to suppress adjuvant-induced arthritis to a greater extent
in female than in male rats, the alterations in heme metabolism were similar in bee venom-treated male
and female rats. The observed changes in heme metabolism elicited by the venom or by the adjuvant
are strongly suggestive of perturbations of the immune system causing alterations in hepatic microsomal

enzymes.

The venom of the honeybee (Apis mellifera) is com-
prised primarily of phospholipase A and melittin, a
complex protein. These two components account for
85% of the total chemical constituents of the bee
venom. Bee venom therapy has been reported to be
effective in the treatment of rheumatoid arthritis in
humans [1], as well as in experimental animals [2].
Bee venom, administered subcutaneously, sup-
pressed carrageenan-induced paw edema and
adjuvant-induced arthritis in the rat [2]. The venom,
but not the individual components, when adminis-
tered subcutaneously, produces early and persistent
increases in corticosterone concentrations {3]. Whole
bee venom has also been shown to produce a sus-
tained increase in plasma cortisol levels in dogs and
monkeys, whereas hypophysectomy prevents bee
venom-induced adrenal stimulation in these animals
[4, 5}

Adjuvant-induced disease in the rat includes a
severe and persistent polyarthritis, which appears
10-14 days after a single intradermal injection of
complete Freund’s adjuvant and is widely accepted
as a useful animal model of the human arthritic
disease [6]. Induction of adjuvant arthritis in rats is
accompanied by a marked decrease in cytochrome
P-450-dependent monooxygenases. Previous studies
have shown that the activity of these enzymes
decreases markedly within the first 24 hr after the
administration of Freund’s adjuvant and stays
depressed throughout the entire inflammatory
response {7, 8]. This rat model responds to a wide

* To whom reprint requests should be addressed.

variety of anti-rheumatic drugs. Aspirin and pred-
nisolone produce complete abolition of the second-
ary inflammatory response, whereas phenylbuta-
zone, gold, and other non-steroidal anti-
inflammatory agents produce a marked suppression
of this response [9-11]. In this study, we have re-
evaluated the effect of bee venom therapy on
adjuvant-induced arthritis. In addition, since a major
fraction of the heme that is synthesized in the liver
serves as a prosthetic group for cytochrome P-450,
the terminal oxidase in the biotransformation of a
variety of drugs, carcinogens and other foreign chem-
icals, we have examined the relationship between
the effect of honeybee venom on adjuvant-induced
arthritis and on heme and drug metabolism in the
rat.

MATERIALS AND METHODS

Animals. Male and female Lewis rats weighing
120-150 g were used in these studies. Crystalline bee
venom was a gift from Mr. Charles Mraz of the
Warren Memorial Arthritis Foundation. Bee venom
solutions were prepared fresh weekly and adminis-
tered subcutaneously on the back of the rats. Rats
were divided into four treatment groups: group 1,
serving as controls, received daily subcutaneous
injections of the vehicle beginning on day zero; group
2 received bee venom administered subcutaneously;
group 3 received a single intradermal injection of
0.25mg of Mycobacterium butyricum (Freund’s
adjuvant), suspended in mineral oil, into the left
hind paw on day zero; and group 4 received the same
intradermal dosage of Freund’s adjuvant and, in
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addition, received daily subcutaneous injections of
bee venom solutions. Dosages of bee venom are
indicated in the text. Body weights were recorded,
and hind paw diameters were determined using a
micrometer. Animals were killed by cervical dislo-
cation 24 hr after the last dose of bee venom or its
vehicle.

Tissue preparation. Rat livers were perfused in
situ with 50 ml of isotonic KCl, excised, blotted, and
weighed. They were then homogenized in 1.15%
KCl, such that each milliliter contained the equiv-
alent of 250 mg of liver, wet weight. The homogenate
was then centrifuged at 9000g for 20min. The
supernatant fraction was then centrifuged at
105,000 g for 1hr. The 105,000 g supernatant frac-
tion was saved as a source of biliverdin reductase
for heme oxygenase assays. The microsome pellet
obtained was resuspended in 0.1 M potassium phos-
phate buffer, pH 7.4, such that each milliliter con-
tained microsome equivalent to 100 mg of liver, wet
weight. Protein content of the various cell fractions
was determined by the method of Lowry et al. [12]
using bovine serum albumin as a standard.

Enzyme assays. 6-Aminolevulinic acid (ALA)
synthase was determined by the method of Sassa et
al. [13], using liver homogenate equivalent to
37.5mg of liver, wet weight. Porphyrin content of
liver was determined using homogenate equivalent
to 2 mg tissue by the fluorometric method of Granick
et al. [14], using coproporphyrinogen as a standard.
Ferrochelatase activity was assayed by a modification
of the method of Porra and Jones [15], as described
by Eiseman and Alvares [16]. Benzo[a]pyrene
hydroxylase activity was determined using the 9000 g
supernatant fraction, equivalent to 4 mg of liver, wet
weight, as described previously [17]. The phenolic
products formed were measured fluorometrically by
the method of Nebert and Gelboin [18] using 3-
hydroxybenzo[a]pyrene as a standard. Ethylmor-
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phine N-demethylase activity was determined as
described earlier by Alvares and Mannering [19],
except that nicotinamide was deleted from the incu-
bation mixture. NADPH—cytochrome ¢ reductase
activity was determined by the method of Phillips
and Langdon [20]. Cytochrome P-450 content was
determined using the CO-difference spectrum of
liver microsomes by the method of Omura and Sato
[21]. Microsomal heme oxygenase activity was deter-
mined as described previously [16].

RESULTS

Effect of chronic bee venom administration to
Lewis rats on heme metabolism. To determine the
effect of bee venom on heme biosynthesis and catab-
olism, and on the monooxygenase system in the
liver, male Lewis rats were treated with the venom
at various dosages, daily for 24 days. The dosages
are indicated in Table 1. The experimental animals
were killed on day 25, and livers were removed and
assayed for certain key enzymic activities. Following
chronic, subcutaneous, administration of the bee
venom, there were no statistically significant changes
in any of the measured variables of hepatic heme
biosynthesis. ALA synthase, the first and rate-limit-
ing enzyme in the heme biosynthetic pathway, was
slightly higher in all of the groups receiving bee
venom. Total hepatic porphyrin content, as well as
ferrochelatase, the final enzyme in the heme bio-
synthetic pathway, were not altered. A component
of the monooxygenase system, NADPH-cyto-
chrome c¢ reductase activity, was decreased signifi-
cantly only at the highest dose administered. Cyto-
chrome P-450 contents were decreased significantly
by 30-50% in all groups receiving bee venom.
Concomitant with the decrease in the hemeprotein
levels, there were significant decreases in the cyto-
chrome P-450-dependent enzymic activities of
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Fig. 1. Effect of bee venom on changes in body weights of male rats with adjuvant-induced arthritis.
Key: (OJ) control rats received daily subcutaneous injections of saline, 0.5 ml/100 g body wt, and a
single intradermal injection of 0.05 ml mineral oil into the left hind paw on day zero; (O) adjuvant-
treated rats received a single intradermal injection of 0.25 mg adjuvant in 0.05 ml mineral oil into the
left hind paw on day zero, and daily subcutaneous injections of saline, 0.5 ml/100 g body wt; (A) bee
venom-treated rats received subcutaneously the venom at a dose of 2.0 mg - kg™! - day™! for 24 days,
and a single intradermal injection of 0.05 ml mineral oil into the left hind paw on day zero; and (@)
adjuvant, 0.25 mg in 0.05 ml mineral oil, was injected intradermally into the left hind paw on day zero,
and bee venom subcutaneously, 2.0 mg - kg™! - day™! for 24 days. Each value is the mean * S.E. of at
least four rats per group. An asterisk (*) represents a value significantly different from the respective
control value (P < 0.05).



1142

& BEE VENOM
® ADJUVANT + BEE VENOM

o CONTROLS
o ADJUVANT

—4 ¥

300

* X *

~
=]
=)

* ¥ ¥ *

BODY WEIGHT, g

100 5 15 2 25
DAYS

Fig. 2. Effect of bee venom on changes in body weights of
female rats with adjuvant-induced arthritis. See legend to
Fig. 1 for description of experimental protocol and symbols.
Each value is the mean = S.E. of at least four rats per
group. An asterisk (*) represents a value significantly dif-
ferent from the respective control value (P < 0.05).

benzo[a]pyrene hydroxylase and ethylmorphine N-
demethylase. Benzo[a]pyrene hydroxylase activity
was decreased to 40% of control activity, whereas
N-demethylase activity was decreased by only 20%
of control activity, in rats receiving 1.0 mg/kg bee
venom. As shown in Table 1, the activity of micro-
somal heme oxygenase, the rate-limiting enzyme in
heme catabolism, was increased 2- to 3-fold in the
livers of all the bee venom-treated animals. The
observed alterations in enzymic activities did not
appear to be dependent on the dose of the venom
administered to the rats. Thus, chronic exposure of
experimental animals to honeybee venom caused no
significant effect on heme biosynthesis, but it did
cause a significant decrease in drug-metabolizing
enzymic activities and a concomitant increase in
hepatic heme oxygenase activity.
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Effect of bee venom therapy on the course of
adjuvant-induced arthritis in male and female rats.
Since the dose-response studies showed that bee
venom had a significant effect on hepatic monooxy-
genases, and since bee venom has been found (1, 2]
to be efficacious in the treatment of arthritis, it was
important to study the interaction between bee
venom treatment and adjuvant-induced arthritis.
Morton and Chatfield [22] had previously shown a
depression in N-demethylase activity and a decrease
in the ability of the liver to form S-glucuronide
conjugates in adjuvant-induced arthritic rats. In the
present studies, Lewis rats were administered
Freund’s adjuvant into the left hind paw. Rats receiv-
ing the adjuvant were then divided into two groups,
one receiving bee venom subcutaneously,
2.0mg - kg™ - day™!, for 24 days and killed on day
25, the other receiving the vehicle, isotonic NaCl.
A fourth group of rats received bee venom only. At
dosages lower than 2mg - kg™' - day™, in data not
shown, no significant effect on adjuvant-induced
arthritis was observed. Body weights and hind paw
diameters were monitored throughout the course of
the experiment.

The changes in body weights in male and female
rats are shown in Figs. 1 and 2 respectively. In
confirmation of previous studies [23], and from data
obtained from growth charts provided by Charles
River Breeding Laboratories, the untreated female
rats gained less body weight than the males during
the 25-day experimental period. As expected,
adjuvant-treated arthritic rats gained significantly
less weight than did the controls. Arthritic rats
receiving bee venom also demonstrated lowered
body weights, particularly after initiation of the sec-
ondary response, which normally occurs 10-14 days
after inoculation of Freund’s adjuvant [24]. Body
weights of adjuvant-treated rats did not differ sig-
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Fig. 3. Effect of bee venom on changes in hind paw diameters of male rats with adjuvant-induced

arthritis. See legend to Fig. 1 for description of experimental protocol and symbols. An asterisk (*)

represents a value significantly different from the respective value obtained with rats receiving adjuvant
only (P < 0.05).
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Fig. 4. Effect of bee venom on changes in hind paw diam-

eters of female rats with adjuvant-induced arthritis. See

legend to Fig. 1 for description of experimental protocol

and symbols. An asterisk (*) represents a value significantly

different from the respective value obtained with rats
receiving adjuvant only (P < 0.05).
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nificantly from body weights of adjuvant rats also
receiving bee venom (Figs. 1 and 2).

Injection of the adjuvant in the left hind paw of
the rat caused a “primary” swelling of the injected
foot with a maximum response occurring 2-3 days
after injection. The “secondary” response, which
occurred 10-14 days after injection, was manifested
by swelling of the non-injected right hind paw and
tail. The forepaws are usually less affected than the
hind paws and the tail [25]. Hind paw diameters of
male and female rats were recorded in untreated,
bee venom-treated, and arthritic rats that received
or did not receive bee venom, 2 mg - kg™! - day ! for
24 days. The data for the male and female rats are
shown in Figs. 3 and 4 respectively. The primary
response to the adjuvant, as determined by an
increase in the left hind paw diameter, was evident
in the adjuvant rats as well as the adjuvant rats
receiving bee venom. Bee venom caused a significant
decrease in both the mean right and left hind paw
diameters in the arthritic rats during the secondary
response. The beneficial effect of bee venom
appeared to be more pronounced in the female rat
(Fig. 4) than in the male rat (Fig. 3). The paw

Cytochrome P-450
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I
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Microsomal heme oxygenase
8 * * ¥*
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Fig. 5. Effect of bee venom on hepatic heme metabolism in control and adjuvant-induced arthritic male

rats. Animals were treated as described in the legend to Fig. 1 for 24 days. Rats were killed on day 25

and livers were assayed. Each bar is the mean + S.E. of at least four rats per group. An asterisk (*)
represents a value significantly different from the control value (P < 0.05).
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Fig. 6. Effect of bee venom on hepatic heme metabolism in control and adjuvant-induced arthritic

female rats. Rats were treated as described in the legend to Fig. 1 for 24 days. Rats were killed on day

25 and livers were assayed. Bach bar is the mean + S.E. of at least four rats per group. An asterisk
(*) represents a value significantly different from the control value (P < 0.05).

diameters of rats receiving bee venom only were
similar to the paw diameters of the control rats
receiving the vehicle. Thus, these data demonstrate
that the bee venom possesses the ability to suppress,
but not to abolish, the inflammatory response elicited
by adjuvant administration.

Effect of bee venom administration on heme metab-
olism in the livers of adjuvant-pretreated rats. Bee
venom was administered to control rats and to rats
that received Freund’s adjuvant on day zero. The
venom was administered subcutaneously daily for 24
days, and rats were killed 24 hr after the last injec-
tion. Heme biosynthesis and catabolism, and the
functional capacity of the cytochrome P-450 system,
were determined in the livers of the male (Fig. 5)
and female (Fig. 6) rats. Bee venom administered
to control rats or arthritic rats had no effect on ALA
synthase and ferrochelatase activities or porphyrin
concentrations in the heme biosynthetic pathway in
theliver. However, both the adjuvant and bee venom
caused significant decreases in NADPH-cytochrome
¢ reductase activities and cytochrome P-450 content
of liver microsomes. As a consequence, ethylmor-
phine N-demethylase and benzo[a]pyrene hydroxyl-
ase activities were decreased markedly. Microsomal

heme oxygenase activity was enhanced 4- to 6-fold
in the male rat (Fig. 5) and 2- to 3-fold in the female
rat (Fig. 6). In all variables measured, adjuvant-
treated rats receiving bee venom showed changes
which were of a magnitude similar to those observed
when either agent was administered to the male or
female rat.

DISCUSSION

Adjuvant arthritis is inducible following the injec-
tion of a fine dispersion of a heat-killed M. butyricum
in mineral oil into the footpad of a rat. Not all strains
of rats are susceptible to the adjuvant. The Lewis
strain of rats has been reported to be a particularly
good responder [7], and studies from several lab-
oratories have shown impaired drug metabolism in
adjuvant-induced arthritic rats {7, 8, 22]. Other evi-
dence implicating hepatic involvement includes a
reduction in serum albumin [26] and a rise in cir-
culating fibrinogen [27]. Studies by Cawthorne et al,
[8], and Whitehouse and Beck [7], have shown that,
in these rats, the impairment of the drug-metaboliz-
ing enzymes is not necessarily dependent on the
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development of arthritic lesions, indicating that the
two phenomena may not necessarily be related.

Recent studies [3] have indicated that bee venom
suppresses Mycobacterium  tuberculosis-induced
arthritis in rats. Our studies demonstrate that bee
venom did have a suppressive effect on adjuvant-
induced arthritis, but the time—course studies showed
that this was a delayed response. The suppressive
effects were statistically significant only at 2-3 weeks
following the administration of the adjuvant to the
rats. Further, there appeared to be a sex difference
in the suppressive effect of bee venom on the adju-
vant arthritis, as determined by monitoring of the
hind paw diameters.

The clinical relevance of bee venom therapy in the
treatment of human rheumatoid arthritis is ques-
tionable. The dosage of the venom employed in our
studies, 2 mg/kg, was rather high. At lower dosages,
in data not shown, no significant suppressive effect
on adjuvant arthritis was noted. The average honey-
bee sting contains about 50 ug solids [28]. A recent
study of active beekeepers who received a mean of
10 stings per day showed no gross changes in blood
chemistry or incidence of urine abnormalities [29].
In a recent study, Billingham ez al. [30] reported the
isolation of a polypeptide from honeybee venom
which was found to be 100 times more active than
hydrocortisone in inhibiting carrageenin-induced
edema in paws of Wistar rats. This fraction of bee
venom may be an effective anti-arthritic agent. Two
major components of bee venom, melittin and phos-
pholipase A, were shown previously to have no
significant effect on adjuvant-induced polyarthritis
[3].

It was of interest to note from data obtained in
our studies that injection of bee venom or treatment
of rats with adjuvant resulted in very similar effects
on heme metabolism. Both agents had no significant
effect on heme biosynthesis, even though a marked
decrease in the hemeprotein cytochrome P-450 con-
tent was observed in the liver microsomal prep-
arations of the treated rats. The decrease in heme-
protein content was accompanied by decreases in
the cytochrome(s) P-450-associated enzymic activi-
ties of ethylmorphine N-demethylase and
benzo[a]pyrene hydroxylase. Another major com-
ponent of the hepatic monooxygenase system is
NADPH-cytochrome ¢ reductase, also known as
cytochrome P-450 reductase. In both male and
female rats, bee venom treatment or induction of
adjuvant arthritis caused a 40-50% decrease in the
activity of this flavoprotein. It would be of interest
to determine if beekeepers, who are chronically
stung by honeybees, or patients with rheumatoid
arthritis, have impaired drug-metabolizing capaci-
ties, particularly those reactions which are dependent
on cytochrome P-450. Our present data also indicate
that administration of bee venom to adjuvant-treated
rats did not enhance the effects observed when either
agent was administered alone. Further, the decrease
in heme content as reflected by a decrease in cyto-
chrome P-450 content did not, under our experi-
mental conditions, result in an induction of ALA
synthase, the rate-limiting enzyme in the heme bio-
synthetic pathway. It is possible that a transient
elevation of ALA synthase may have occurred
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initially and the activity of this enzyme may have
returned to control levels by the time the animals
were killed.

The decrease in the hemeprotein content may have
been related to a marked increase in microsomal
heme oxygenase observed with liver obtained from
rats treated with bee venom, adjuvant, or both
agents. The enzyme, which catalyzes the metabolism
of heme to biliverdin, was enhanced 4- to 6-fold in
the male rat and 2- to 3-fold in the female rat.
Previous studies have shown that endotoxins stimu-
late heme oxygenase in the liver [31,32], block
stimulation of ALA synthase by porphyrinogenic
agents {32, 33], and exert an adjuvant-like effect on
antibody response [34]. Since phospholipases in vitro
inhibit monooxygenases and inactivate cytochrome
P-450 to P-420 [35], the possibility exists that the
decreases in cytochrome P-450 and associated
enzymic activities observed with bee venom-treated
rats may have been due to the administration of
phospholipase A, a major component of bee venom
[3]. Endotoxin has also been shown to be a potent
depressor of cytochrome(s) P-450 [36]. Endotoxins
also induce interferon [37]. Antigens, mitogens, or
antigen—antibody complexes may stimulate immune
(type II) interferons, and interferons have also been
found in the sera of patients with rheumatoid arthritis
[38]. In addition to causing decreases in cytochrome
P-450 and associated enzymic activities, interferon-
inducing agents have been shown to cause a marked
increase in microsomal heme oxygenase within the
24 hr following the administration of an interferon-
inducing agent [39]. The depression of cytochrome
P-450-dependent enzymic activities by venom anti-
gens or by M. butyricum may have been due to a
perturbation of one or more components of the
immune system. Barnes et al. [40] have suggested
previously that decreased hepatic monooxygenase
activity may be a common property of all
immunomodulators.
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