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Abstract
Background
The male sexisa risk factor for reactive amyloidogenesisin several disease entities. Environmental,
socioeconomic or genetic factors may underlie this male preponderance. This study was aimed at
discovering whether male sex predisposes to reactive amyloidosis also in mice and to el ucidate some of
the hormonal associations of thisrisk.

M ethods
Male and female Swiss mice were subjected to an established amyloid induction protocol and the amount of
their splenic amyloid was determined and compared. The effect of estrogen, progesterone, testosterone and
adrenalin on amyl oidogenesis was studied in both sexes by administering these hormones during amyloid
induction and comparing the amount of splenic amyloid of the study mice with the control mice which
received the amyloid induction protocol alone.

Results
Amyloid deposition appeared to be more abundant in male mice. This gender difference was not associated
with any of the 3 sex hormones tested. Despite an expected increment, adrenalin caused an attenuation of
amyloid deposition.

Conclusions
The preferential expression of reactive amyloidosisin male mice seems to be unrelated to the common sex
hormones. Increased production of other hormones such as adrenalin, or perhaps an augmented
susceptibility to their effect, may cause gender differences by suppressing female amyloidogenesis. Our
study favors the hypothesis of genetic predisposition as the mechanism leading to sex differencesin
amyloidogenesis. Further validation of our findings in gonadal ablated models and other amyloid induction
protocolsiswarranted.
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Introduction

Reactive amyloidosis is a condition
complicating avariety of infectious, in-
flammatory, malignant and genetic dis-
eases (1-4). It is defined by the deposi-
tion of amyloidA (AA) intissuesandis
characterized by elevated serum levels
of SAA among the other acute phase
proteins (5-8).

Three lines of evidence suggest that in-
dividuals of the male sex harbor an in-
creased risk for the devel opment of am-
yloidosis. First is our experience with
familial Mediterranean fever (FMF), a
periodic febrile disease strongly associ-
ated with AA amyloidosis in untreated
individuals. In our FMF cohort amyloi-
dosis was more common in men (9). A
similar observation has been made by
others (10). Secondly, male predomi-
nance in reactive amyloidosis has been
observed in severa clinica entities in
addition to FMF, including inflamma-
tory bowel disease (11) and psoriasis
(12). Third, in juvenile chronic arthritis
(JCA), dthough much more common
in women, the number of men and wo-
men with reactive amyloidosis is equal
(13), suggesting a male preponderance
in amyloidogenesis in this entity as
well.

The cause of the preferential expression
of reactive amyloidosisin malesis un-
known. Environmental and socioeco-
nomic, as well as genetic factors, may
al play rolesin this finding. A control-
led trial using an animal model of amy-
loidogenesis may shed light on this
enigma.

Indeed, concomitantly with our clinical
observations in men, we also noted (but
never studied systematically) in mouse
models that female mice as compared to
males are |ess prone to develop amyloi-
dosis. The difference was manifested by
lower quantities of amyloid in the spleen
and alarger number of individual mice
that remain amyloid-free. Thisis consis-
tent with another recent noteworthy
observation of suppression of amyloido-
genesis during pregnancy (14).

The present study was therefore under -
taken to find out whether male mice are
indeed at a higher risk to develop amy-
loidosis as compared to female mice
and to explore the factors that may un-
derlie such atrend.

422

Methods

Experimental animals

Male and femae Swiss mice, 8 to 18
weeks old, originating from Survey’s
Veterinary Institute, Beth Dagan, Isra-
el, were used in the current set of ex-
periments. The study was performed in
accordance with the guidelines of the
animal experimentation committee of
our hospital.

Induction of amyloidosis by casein

and quantification of amyloid
deposition

Amyloidosis may be induced experi-
mentally in mice by eliciting chronic
inflammation using two possible ap-
proaches. (a) the classica method, in
which amyloidosisisinduced within 2-3
weeks (7, 15); and (b) afaster method in
which amyloidogenesisis shortened to a
few days. In the present study, classical
amyloidosis was induced by casein ac-
cording to established protocols (15,
16). Briefly, the mice were injected sub-
cutaneously (s.c.) with 0.5 ml/day of
15% vitamin-free casein suspended in
0.02N NaOH for 5 days/week for 3
weeks. Following this treatment the ani-
mals were killed and the presence and
amount of amyloid in their spleens were
studied using the crush-and-smear (C &
S) technique and a 5-grade semi-quanti-
tative scale (16-19).

Enhanced induction of amyloidosis

The production of amyloid enhancing
factor (AEF) and the induction of en-
hanced amyloidogenesis were perform-
ed as described previously (16,18, 19).
Briefly, AEF was prepared from ace-
tone-treated homogenates of spleens of
pre-amyloidotic mice and injected in-
travenoudly into the studied mice (1 ngy/
animal). AgNO,, an inflammation-
inducing agent, was administered con-
currently to the AEF-primed mice over
3 successive days (2%, 0.5 ml/day, s.c.)
(14,16,18-22). Six days after the first
AgNO; injection, the mice were killed
and their spleens were examined for the
presence and amount of amyloid depo-
sition using the C& S technique. Exper-
iments of shorter duration, lasting 2 to
4 days, which were performed to study
the effect of testosterone (to be describ-
ed later) before ample amyloid deposi-
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tion could interfere with such evalua
tion, were carried out aswell (indicated
inthe text and tables). Similarly, exper-
iments of shorter and longer duration,
in addition to the standard induction
protocol, were used to learn the kinet-
ics of amyloid deposition.

Administration of female sex

hormones

The possible effect of estrogen and pro-
gesterone on amyloidogenesis was stu-
died as described (14). Briefly, 0.5 mg/
day water soluble 17b-estradiol, or 1 mg/
day water soluble progesterone, or the
combined hormones, were injected intra-
peritoneally into male mice beginning
on day 0 of the amyloid induction pro-
tocol until the mice werekilled. Control
mice received the same induction pro-
tocol but with the solvent (cyclodextrin)
alone (without sex hormones) (14).

At the termination of these experiments
the amount of splenic amyloid was
studied as described above. In addition,
serum sex hormone levels were deter-
mined in several experiments using the
immunochemiluminiscent method or a
radioimmunoassay (RIA), as published
(14); these consistently showed a10-20
fold rise in the hormone-treated ani-
mals as compared to the controls (14).

Administration of testosterone
Testosterone enatate (Testoviron De-
pot, Schering AG, Berlin, Germany)
was injected intramuscularly (i.m.), 2
mg in 0.2 ml castor ail (recini oil) into
female mice at the initiation of the en-
hanced protocol, and again after 48h
(concurrently with the third AgNO,
injection). Control animalsreceived the
same regimen but with castor oil only
(without testosterone). At the termina-
tion of this set of experiments, the
amount of splenic amyloid was deter-
mined as described above. In addition,
serum testosterone levels were mea-
sured by a solid-phase RIA kit (Coat-
A-Count Testosterone, DPC, Los An-
geles, CA), with asensitivity of 0.1 ng/
ml and intra- and inter-assay coeffici-
ents of variation of 4% and 10%, re-
spectively. The level of serum testos-
terone in the study animals was found
to be 10-20 times higher than in the
control mice (8-14 mu/ml vs < 1).

Administration of adrenalin

Adrenalin (Teva Pharmaceutical Indus
tries Ltd., Petah Tikva, Israel) was
injected i.p. at adose of 4 ng/0.2 ml sa
line into female mice. In the casein in-
duction protocol, adrenalin was given
twiceaday, 5 days per week over aper-
iod of 3 weeks, while in the enhanced
protocol adrenalin was administered as
above, but only over 3-4 days, accord-
ing to the duration of the experiment as
indicated in the results. Control groups
received the same regimen but with
saline alone, without adrenalin. At the
termination of this set of experiments,
the amount of splenic amyloid was
determined as described above.

Satistical analysis
Statistical analysis was performed us-
ing the Student t-test.

Results

The amount of splenic amyloid was
studied in 3 different sets of experi-
ments, performed more than one month
apart, using the same batch of AEF. In
female mice, the amount of amyloid
was significantly less than in male mice.
The difference between the sexes was
significant in 2 out of the 3 experi-
ments, and remained significant in the
combined results (Table ).

Table Il compares the kinetics of amy-
loid deposition in male and female mice
by evaluating the amount of splenic
amyloid on days4, 5, 6 and 10 after ini-
tiation of the enhanced protocols. The
findings show that at day 6, the day

studied in the Table | experiments, the
female and male mice were already at
the peak of amyloid deposition. Thus,
the study suggests that the reduced
amyloid amount in female mice could
not be attributed to a possible delay in
amyloid deposition.

While it has aready been established
that estrogen and progesterone have no
amyloid inhibitory effects in female
mice (14), their impact on male amy-
loidogenesis was not studied. Thisis of
particular concern, as the possible in-
hibitory influence of female sex hor-
mones in the experimental model used
(female mice) could have been obscur-
ed by the endogenous hormones. How-
ever, asseenin Table I11, even in male
mice amyloid deposition was not re-
duced following exposure to the exoge-
nous female sex steroids.

While gender differences in mouse am
yloidogenesis are probably unrelated to
female sex steroids, the role of testos-
terone has never been studied before.
Table IV shows that testosterone does
not promote amyloid production in the
enhanced model, even though shorter
duration (more sensitive) protocols
were applied to alow small increments
to become evident (see Methods).
Findly, as male mice more readily fight
each other in captivity cages, it was
speculated that the higher amyloido-
genic susceptibility in male mice might
be due to increased secretion of adren-
ergic hormones. However, as seen in
Table V, adrenalin given to female mice
was found to have more of an inhibito-

Tablel.Amyloid deposition is reduced in female mice*.

Experiment Gender Positive mice Mean amount of Pvalues**
of total amyloid (+SD)

1 Male 20/20 3.87+0.39

Female 15/16 2.75+1.00 0.00005
2 Mae 6/6 3.93+0.22

Female 717 357+0.31 0.035
3 Male 9/9 4.06+0.21

Female 12/12 3.80+£0.33 N.S.
Total Male 35/35 3.93+0.33

Female 34/35 3.27+£0.86 0.000075

*The experiments were performed similarly, at different points in time. All experiments were per-
formed using the enhanced amyloid induction protocol. The duration of al experiments was 6 days.

** Pyalues were computed using the Student t test.
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Tablell.Amyloid deposition is already at a plateau level on day 6*.

Experiment no.  Gender Duration of Positivemice  Mean amount of
experiment (days) of total amyloid (+ SD)  Pvalues**

1 Mae 4 9/9 357+041

Female 4 10/10 3.68+ 043 N.S.
2 Mae 5 8/8 3.76 £ 0.32

Female 5 9/9 3.69+0.31 N.S.
3 Male 6 6/6 393+0.22

Female 6 77 357+0.31 0.035
4 Male 10 9/9 3.96+0.29

Female 10 9/9 3.56+0.44 0.045

* All experiments were performed using the enhanced amyloid induction protocol.

** Pvalues were computed using the Student t-test.

Tablelll. Female sex hormones do not suppress amyloidogenesisin male mice*.

Type of Material injected Daily amount** Positive mice Mean amount
experiment (intraperitoneal) mice of total of amyloid ™
(+SD)
Study 1 Estradiol (water soluble) 0.5mg 8/8 354+ 044
Study 2 Progesterone (water soluble) 1mg 8/8 3.74£0.39
Study 3 Estradiol + Progesterone 0.5mg+1mg 8/8 3.80+0.44
Control * Cyclodextrin alone 22mg 8/8 3.80+£0.21

* All experiments were performed using the enhanced amyloid induction protocol with a 6-day dura

tion.

** The amounts of hormones represent the pure hormone content. The amount of the cyclodextrin is
similar to the content of cyclodextrin in Study 1 to 3 experiments.
T Control mice received the enhanced amyloid induction protocol with the diluent (cyclodextrin) alone

(without sex hormone).

™ The differences between the study and control mice were not significant (by the Student t-test).

TablelV. Exogenous testosterone does not promote amyloidogenesis in female mice*

Type of Duration of Material injected Amount Positivemice  Mean amount
experiment  experiment injected** of total of amyloid****
(days) (intramuscular) (+ SD)
Study 1 4 Testosterone 2mg 77 384+ 044
Control 1*** 4 Castor oil 0.2ml 77 3.74+ 045
Study 2 3 Testosterone 2mg 6/6 3.62+0.37
Control 2 3 Castor oil 0.2ml 6/6 342+0.28
Study 3 2 Testosterone 2mg 7112 0.45+ 0.55
Control 3 2 Castor oil 02ml 6/12 0.50+ 0.86

* All experiments were performed using the enhanced amyloid induction protocol.
** Testosterone in castor oil (study mice) or castor oil aone (control mice) was administered in the

amount indicated at day O, and again after 48 hrs.

***Control mice received the enhanced amyloid induction protocol with the diluent (castor oil) alone
(without testosterone), in the same volume asin the study mice.
**x* The differences between the study and control mice from each group were not significant (by the

Student t-test).

ry than a stimulatory effect on amy-
loidogenesis in the longer (casein)
induction protocol. An inhibition trend
was aso observed in the 3-day short-

ened (AEF) protocol which, as noted in
the Methods section, was carried out to
increase the sensitivity of this tech-
nique.
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Discussion

In this set of experiments, aimed at the
elucidation of the existence and causes
of gender differences in murine amy-
loidogenesis, it was found that amyloid
deposition is more abundant in male
mice as compared to female mice. This
gender difference was not associated
with either a retarded amyloid deposi-
tion in female mice, or with an inhibi-
tory effect of female sex hormones, or
an aggravating effect of testosterone.
Adrenalin, however, which was
thought to be associated with increased
amyloidogenesis in male mice, was
unexpectedly found to attenuate amy-
loid deposition.

As has already been discussed by us
recently, female sex hormones may ei-
ther provoke or attenuate inflammation
by several mechanisms (14). Yet, if ad-
ministered to female mice, female sex
hormones do not affect amyloidogene-
sis (14). Because a possible inhibitory
effect of the exogenous female sex hor-
mones on amyloidogenesis could have
been concealed by the preceding activ-
ity of endogenous sex hormones, and
because male mice have estrogen and
progesterone receptors in various tis
sues (23-29), we studied the effect of
these hormones as well in male mice.
However, even under these circumstan-
ces neither estrogen nor progesterone
administration led to a reduction in
splenic amyloid, suggesting that unre-
sponsiveness to exogenous hormones
in female mice is not due to a possible
preliminary effect of the endogenous
female sex hormones.

The lack of a proamyloidogenic effect
of testosterone displayed in this study
is not surprising and is consistent with
itstraditional protecting role in inflam-
mation. Thus, the anti-inflammatory
qualities of testosterone are thought to
play arole in female predominance in
lupus (30-34), and rheumatoid arthritis
(35-37), aswell asin female preference
in severa different mouse models of
inflammation, including interstitial lung
disease (32), rheumatoid arthritis (38),
cartilage-breakdown (39) and Sjogren-
syndrome (40).

Catacholamines are strongly associated
with stress, aggression, irritability and
vigilance (41-44), features more typical
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TableV. Adrenalin may reduce amyloidogenesisin female mice'.

Type of Duration of Material Amount Positive Mean  Pvalues'
experiment experiment injected administered  mice of amount of
(days) (intraperitoneal) twice aday total amyloid
(= SD)
Study 1 21 Adrenalin 4ny 17/20 3.00+ 1.60
(Casein)
Control 1 21 Saline 02ml 16/17 396+118 0.047
(Casein)
Study 2 4 Adrenalin 4ny 9/9 330+ 043
(AEF + AgNO,)
Control 2 4 Saline 0.2ml 8/8 339+067 N.S
(AEF+AgNO,)
Study 3 3 Adrenalin 4ny 12/14 1.80+1.01
(AEF + AgNO,)
Control 3
(AEF + AgNO,) 3 Saline 0.2ml 1111 233+£098 <01

"Pvalues were computed using the Student t-test.

to male rather than femae mice (45,
46). It was therefore expected that male
mice, clustered in a cage and undergo-
ing daily insults (injections), would re-
spond by secreting high levels of cata
cholamine, and that this response, which
is known to exert and occasionally be
associated with pro-inflammatory acti-
vity (47-50), would underlie the gender
differences in amyloidogenesis. Surpri-
singly, however, in female mice receiv-
ing adrenalin, splenic amyloid deposi-
tion was found to be less abundant than
in the control group (Table V). Itisthere-
fore possible that the lower propensity
for amyloidosis in female mice stems
from a protective effect of certain hor-
mones such as adrenalin. Adrenalin may
decrease splenic amyloid deposition by
non-inflammatory mechanismsto which
female mice may be more susceptible,
such as splenic shrinkage (51,52), lead
ing to the redistribution of circulating
blood and the depletion of white cells
from the spleen (53), which in turn de-
prive the supply of SAA and proteo-
Iytic enzymes from the spleen, and lead
to the decrement of splenic amyloid in
female mice.

In conclusion, in a murine model male
amyloidogenesisis quantitatively more
pronounced than that in females. Hor-
monal factors possibly implicated in
these findings include cathecholamines
(e.g.,adrenalin) that may reduce female
amyloidogenesis. As per previous and
the current set of experiments, estro-

gen, progesterone and testosterone pro-
bably contribute only negligibly to this
variation. However, additional experi-
ments using models involving gonadal
ablation with and without relevant hor -
monal supplement, and using more
sensitive amyloidogenesis protocols,
are needed to validate our findings.
Gender differences in amyloidogenesis
in animal models are consistent with
male predominance in human reactive
amyloidosis and suggest that genetic
more than environmental or socioeco-
nomic factors play a major role in this
phenomenon.
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