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Abstract Adrenocorticotropic hormone (ACTH) and
another pro-opiomelanocortin-derived neuropeptide, �-
endorphin (�-End), are stimulated by corticotropin-
releasing hormone (CRH) at the anterior pituitary. CRH
and �-End have predominantly proinflammatory effects in
peripheral inflammatory sites. We have supposed that in-
flammatory stimuli develop ACTH as well as �-End. In this
study, we investigated the expression of ACTH in inflamed
synovial tissue from patients with rheumatoid arthritis
(RA) and osteoarthritis (OA), and at inflammatory joints
with adjuvant-induced arthritis (AA) in female Lewis
(LEW/N) rats. The expression of ACTH immunostaining
was significantly greater in synovium of RA patients than in
that of OA patients (P � 0.0001), and correlated with the
extent of inflammatory mononuclear cell infiltration. Ex-
tensive and intense intracellular ACTH immunostaining,
which correlated with the advance in arthritis score, was
observed in the synovial lining layer, inflammatory mono-
nuclear cells, and fibroblast-like cells of synovium and
chondrocytes in LEW/N rats with AA. In addition, we per-
formed double immunostaining of the same sections from
arthritic joints in rats with anti-ACTH and anti-CRH anti-
bodies. ACTH and CRH colocalized in inflammatory
mononuclear cells and fibroblast-like cells. ACTH may play
a role in the pathogenesis of RA as well as CRH.
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Introduction

Adrenocorticotropic hormone (ACTH) is a 39-amino acid
peptide from the anterior pituitary, which stimulates the
production of glucocorticoids at the adrenal cortex. Corti-
cotropin-releasing hormone (CRH) stimulates the pituitary
production of ACTH and other pro-opiomelanocortin
(POMC)-derived neuropeptides such as �-endorphin (�-
End).1,2 It has previously been shown that CRH is locally
secreted at inflammatory sites in several animal models, and
in arthritic joints of patients with rheumatoid arthritis
(RA).3–5 The extent and intensity of immunoreactive CRH
expression at inflammatory sites correlated with the extent
and intensity of mononuclear cell infiltration.5,6 More re-
cently, we reported CRH receptor expression in the syn-
ovial lining cell layer, subsynovial stromal cells, blood vessel
endothelial cells, and inflammatory mononuclear cells.7

We have also reported that �-End is also locally secreted
at inflammatory sites of arthritis in model rats and in ar-
thritic joints of patients with RA.8 We also reported that
intraperitoneal administration of anti-CRH antibody and
anti-�-End antibodies suppressed the development of
adjuvant-induced arthritis of Lewis (LEW/N) rats.8 These
findings suggested that CRH and �-End have predomi-
nantly proinflammatory effects in peripheral inflammatory
sites. Immunoreactive ACTH and its receptor are also
present in the cells of several human tissues outside the
brain, such as the spinal cord, adrenal medulla, lung, liver,9

pancreas,10 duodenum,11 and placenta.12 It has been re-
ported that lymphocytes produce ACTH and �-End by
the stimulation of lipopolysaccharide-like Escherichia coli
endotoxin in mice.13 However, the presence of ACTH at
peripheral inflammatory sites has not yet been examined.

In this study, we have demonstrated intense expression
of ACTH in synovial cells from patients with RA, as well as
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in inflammatory joints of rats with adjuvant-induced arthri-
tis (AA).

Materials and methods

Human synovial tissue specimens

Synovial specimens were intraoperatively obtained from
the knees of 20 patients with RA and 12 patients with
osteoarthritis (OA) at arthroscopic biopsy or total joint
replacement.5 All 20 patients with RA met the 1987 revised
criteria for the classification of RA.14 No attempt was made
to segregate RA or OA patients on the basis of disease
duration or clinically assessed disease activity. The speci-
mens were preserved in 10% formalin, embedded in para-
ffin, and sectioned (6 µm) onto gelatin-coated slides.

Adjuvant-induced arthritis specimens

Specific pathogen-free female LEW/N rats, 6 weeks of age,
were inoculated intradermally in the right hind foot with
0.2 µl Mycobacterium butyricum in a suspension of paraffin
oil, or with paraffin oil only (control animals).4 The animals
were weighed daily, and at the same time the diameter of
the tarsal joint of the limbs was measured. The degree of
erythema, swelling, and distortion was graded as a score on
a scale of 0 to 4. The score of each extremity was summed as
the arthritis score.

On days 0, 3, 5, 12, 16, and 18 after the injection of
adjuvant, the arthritic rats and the oil-injected control rats
were killed, and the hind feet were cut off at the tibio-tarsal
joint. The feet were fixed in 10% formalin, decalcified in
10% ethylenediaminetetraacetic acid (EDTA), embedded
in paraffin, and sectioned onto gelatin-coated slides for
immunohistochemical analyses.

Immunohistochemistry

Immunoperoxidase staining was done with a Vectastain
ABC kit (Vector Laboratories, Burlingame, CA, USA) as
described previously.3–6,8 All procedures were performed at
room temperature. The sections were deparaffinized, and
endogenous peroxidase activity was exhausted by incubat-
ing in 0.3% peroxide in methanol for 45min. The sections
were preincubated with 0.1% bovine serum albumin
(Sigma, St. Louis, MO, USA) in phosphate buffered saline
(PBS) for 20min, and with diluted goat serum (1 :66.7 dilu-
tion; Vector) in PBS for 20min. This was followed by incu-
bation in a humid chamber with 1 :200 dilution of rabbit
polyclonal anti-rat ACTH antibody (ICN), anti-human
ACTH antibody (Sigma), or normal rabbit serum (Vector).
After 40min, the sections were washed in PBS and incu-
bated with biotinylated goat antirabbit IgG (Vector) for
30min. The sections were further washed in PBS and incu-
bated with an avidin-DH :biotinylated horseradish peroxi-
dase H complex (Vector) for 45min. Finally, the sections

were washed, and color was developed by immersing them
in a solution of 0.05% (wt/vol) 3,3�-diaminobenzidine
tetrahydrochloride (Sigma), 0.04% (wt/vol) nickel chloride,
and 0.01% hydrogen peroxide in 0.05M Tris, pH 7.4, for
5min. The sections were counterstained with 0.5% light
green SF (Sigma).

Positive staining was indicated by brownish-black depos-
its, and the background staining was green.

For each tissue specimen, the extent and intensity of
staining with anti-ACTH antibody was graded on a scale of
0 to 4� by two independent observers on two separate
occasions using coded slides, and an average score was cal-
culated.4–7 Grade 4 implies that all staining was maximally
intense throughout the specimen, whereas grade 0 implies
that staining was absent throughout the specimen.

Double antibody immunostaining

Double antibody immunostaining was performed with the
Vectastatin ABC kit (Vector).15,16 Sections were stained
with anti-rat ACTH antibody (1 :200 dilution) using the
peroxidase method, or 25µg/ml anti-CRH antibody (Santa
Cruz) using the peroxidase method without using 0.04%
(wt/vol) nickel chloride. Control staining was obtained with
normal rabbit serum (Vector). Counterstaining was done
with 0.5% light green.

For immunostaining with anti-rat ACTH antibody, posi-
tive staining was indicated by black deposits for the peroxi-
dase method. For immunostaining with anti-CRH antibody,
positive staining was indicated by brown deposits for the
peroxidase method without using nickel chloride. Positive
staining for double antibody staining was indicated by dark
brownish-black deposits.

Statistical analysis

Statistical analyses of the data were performed using analy-
sis of variance (ANOVA).

Results

Expression of ACTH in the synovial tissues of patients
with RA and OA

To determine the expression of ACTH in the synovial
tissues of patients with RA and OA, we immunohisto-
chemically stained synovial tissues. Diffuse and intense
ACTH staining was observed in the lining cell layer
infiltrating mononuclear cells and fibroblast-like cells of
inflamed synovial specimens from patients with RA (Fig.
1A,C). Control immunostaining with normal rabbit serum
was completely negative in all cases (Fig. 1B). In contrast to
the staining of RA specimens, synovial tissue sections from
patients with OA, stained very weakly on the synovial lining
cell layer and synovial cells (Fig. 1D).

The extent and intensity of staining of the synovial lining
cell layer and synovial cells with ACTH antibody were
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Development of the expression of ACTH in cartilage
after the injection of adjuvant in female Lewis rats

ACTH staining of the cartilage on days 3 and 5 after the
injection of adjuvant was very weakly developed (Fig.
4A,B). ACTH staining of chondrocytes became more in-
tense on day 12 (Fig. 4C), and strongest on day 18 (Fig. 4D).
The arthritis score increased from day 12, and the expres-
sion of ACTH in the synoviocytes and chondrocytes also
developed from day 12 to day 18 (see Table 1).

Double antibody immunostaining with ACTH and CRH
in arthritic joints of female Lewis rats

To determine the specific localization of ACTH and CRH,
we performed double immunostaining on day 18 in the
same sections of joint tissues from rats with adjuvant-
induced arthritis. Staining with anti-ACTH and anti-CRH
antibodies showed intense dark brownish-black deposits in
some of the inflammatory mononuclear cells and fibroblast-
like cells (Fig. 5A). Staining with anti-ACTH antibody and
normal rabbit serum showed black deposits only in some

Fig. 1. Representative adrenocorticotropic hormone (ACTH)
immunoperoxidase-stained sections of inflamed synovial tissue speci-
mens from patients with rheumatoid arthritis (RA) or osteoarthritis
(OA). Synovia from RA and OA patients were immunostained with
ACTH antibody as described. Positive staining is indicated by black

deposits. A, C Representative RA synovium stained with ACTH anti-
body. B RA synovium stained with normal rabbit serum. D Represen-
tative OA synovium stained with ACTH antibody. SN, synovium; SL,
synovial lining layer. Bar 5 µm

graded 0–4� by two independent observers on 20 RA and
12 OA specimens (Fig. 2). In a statistical analysis using
ANOVA, ACTH staining was significantly more extensive
and intense in synovial specimens from RA patients
(n � 20) than on specimens from OA patients (n � 12)
(P � 0.0001).

Expression of ACTH in the synovium of female Lewis
rats with adjuvant-induced arthritis

Chronic polyarthritis clinically appears in female Lewis rats
on days 10–12 after adjuvant injection (Table 1).

ACTH immunostaining was negative in synovial cells
of Lewis rats on day 1 after the injection of adjuvant
(Fig. 3A). Diffuse and intense ACTH staining was observed
in the synovial lining cell layer, inflammatory mononu-
clear cells, fibroblast-like cells of inflamed synovium, and
chondrocytes in Lewis rats on day 18 after the injection
of adjuvant (Fig. 3B). Control immunostaining with anti-
ACTH antibody preabsorbed with ACTH polypeptides or
normal rabbit serum was completely negative in all cases
(Fig. 3C).
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mononuclear inflammatory cells (Fig. 5B). Staining with
anti-CRH antibody and normal rabbit serum showed brown
deposits only (Fig. 5C). Control staining with normal rabbit
serum was uniformly negative (Fig. 5D). These findings
showed the colocalization of ACTH and CRH in synovial
cells.

Discussion

ACTH production and secretion from POMC is promoted
by CRH. We have previously reported the expression of
CRH in the joints of RA patients, and the proinflamatory
effect of CRH in the synovial cells of RA patients.4,5 How-
ever, the existence and participation of ACTH in the joints
of RA patients has not been reported.

In this study we showed the existence of ACTH in the
synovial lining cell layer, mononuclear cells, and fibroblast-
like cells of the inflamed synovium and in chondrocytes
of female LEW/N rats with adjuvant-induced arthritis, as
well as in inflamed synovial cells from patients with RA.
The intense immunoreactive (ir)- ACTH was expressed
after the injection of complete Freund’s adjuvant, and the
most intensive staining was expressed in the synovial lining
cell layer, mononuclear cells, fibroblast-like cells, and
chondrocytes on day 18. A comparison of the ACTH stain-
ing of synoviocytes and chondrocytes and the arthritis score

Table 1. Relationship between arthritis score and ACTH expression in joints of adjuvant-
injected rats

Day 1 Day 3 Day 5 Day 7 Day 12 Day 14 Day 16 Day 18

Arthritis scorea 1.0 1.5 1.5 3.0 6.0 9.0 10.0 12.0
ACTH expressionb

Synoviocytes 0.0 0.5 0.5 0.5 2.5 3.25 3.5 3.5
Chondrocytes 0.0 0.5 1.0 1.0 1.2 3.0 3.0 3.0

a The degree of erythema, swelling, and distortion was graded on a scale of 0–4. The score for each
extremity was summed to obtain the arthritis score (0–16)
b The extent and intensity was graded from 0 to 4 by two independent observers. The average
score for ACTH expression is shown

Fig. 2. Statistical analysis of ACTH immunostaining of synovial cells
from patients with RA or OA. The extent and intensity of
immunostaining with anti-ACTH antibody in synovial cells from RA
and OA patients were graded 0–4 by two independent observers.
ACTH immunostaining was significantly more extensive and intensive
in synovial cells from RA patients (n � 20) than in those from OA
patients (n � 12) by analysis of variance (P � 0.0001)

Fig. 3. Representative ACTH
immunoperoxidase-stained
sections of inflamed synovial
specimens from female Lewis
(LEW/N) rats with adjuvant-
induced arthritis (AA) on days 1
and 18. A Synovium stained
with ACTH antibody on day 1
after the injection of adjuvant in
Lewis rats. B Representative
inflamed synovium stained with
ACTH antibody on day 18 after
the injection of adjuvant in
Lewis rats. C Representative
inflamed synovium stained with
ACTH antibody preabsorbed
with ACTH on day 18 after the
injection of adjuvant in Lewis
rats. C, cartilage. Bar 5 µm
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showed that both the extent and intensity of ACTH staining
was correlated with arthritis score.

These data suggest that the production of ACTH
increases during inflammation, as does the production of
CRH. We also showed the expression of both ACTH and
CRH in some inflamed synoviocytes in LEW/N rats with
AA.

It has been reported ACTH influences the immune sys-
tem. Mitogen-activated lymphocytes release ir-ACTH that
stimulates the in vitro release of corticosterone from rat
adrenal cells.17 It is suggested that ACTH released from
immunomodulatory cells such as mitogen-activated lym-
phocytes may exert an anti-inflammatory effect throughout
the whole body during immune activation such as the acti-
vation of adrenal cells.18 Lolait et al.19,20 have also reported
that �-End and ACTH may be synthesized in a subpopula-
tion of mouse spleen macrophages. These, or related, pep-
tides may modulate lymphocyte function in the specific
microenvironment of the spleen. Harbour et al.13 reported
that CRH induces B lymphocytes from C3HeB/FeJ bacte-
rial lipopolysaccharide (LPS) (i.e., Escherichia coli endot-
oxin)-sensitive mice to produce ir-ACTH 1-39 and �-End,
whereas LPS induces these lymphocytes to process and pro-

duce ir-ACTH 1-23 to 1-26, and α- or γ-End from ACTH 1-
39 and �-End.

Cells of the immune system also produce ACTH in hu-
mans.21 Mononuclear cells in human peripheral blood syn-
thesize and release ACTH and endorphin-like peptides
when stimulated with some substances.22–26 ACTH-like im-
munoreactivity was detected in some cell lines derived from
patients with lymphoid and myeloid malignancies.21

It has been reported that leukocytes in human peripheral
blood produce ir-ACTH 1-39 and �-End after stimulation
with Newcastle disease virus or CRH, and they also pro-
duce ir-ACTH 1-24 and α- or γ-End by stimulation with
LPS.22 B lymphocytes from C3H/HeJ LPS-resistant mice
expressed but did not process POMC after LPS or CRH
treatment.13,22 It was hypothesized that LPS induces a pro-
teolytic enzyme that cleaves ACTH 1-39 and �-End into the
smaller ACTH and endorphin species.27 These POMC pep-
tides have different immunoregulatory activities.13 �-End is
an enhancer of in vitro antibody production, while α-End is
a suppressor of the in vitro antibody response. ACTH 1-39
suppresses the antibody response, but ACTH 1-24 has no
effect. It was hypothesized that the processing and produc-
ing of different POMC peptides such as ACTH 1-39, ACTH

Fig. 4. Representative ACTH immunoperoxidase-stained sections of
cartilage specimens from adjuvant-injected Lewis rats on days 3, 5, 12,
and 18. A Representative cartilage stained with ACTH antibody on
day 3 after the injection of adjuvant. B Representative cartilage stained

with ACTH antibody on day 5. C Representative cartilage stained with
ACTH antibody on day 12. D Representative cartilage stained with
ACTH antibody on day 18. Bar 5 µm
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Fig. 5. Representative double antibody immunostaining of inflamed
joint specimens from female Lewis rats with AA on day 18 after the
injection of aduvant. ACTH and CRH were immunostained in adju-
vant-injected Lewis rats on day 18, as described. A Representative
inflamed joint specimens stained with ACTH and CRH antibodies
(brownish-black deposits). The cells indicated by arrows show double

staining with ACTH and CRH antibodies. B Representative inflamed
joint specimens stained with ACTH antibody and normal rabbit serum
(black deposits). C Representative inflamed joint specimens stained
with CRH antibody and normal rabbit serum (brown deposits).
D Representative inflamed joint specimens stained with normal
rabbit serum. Bar 5 µm

1-24, �-End, and α-End, caused by various stimuli such as
CRH, might play an important role in modulating the im-
mune response in RA.

These findings suggest the possibility of immunomo-
dulatory effects of the ACTH expressed in the synovial cells
of RA and AA in LEW/N rats.

However, Jessop et al.28 have reported that, unlike the
hypothalamus–pituitary–adrenal (HPA) axis, immune
POMC activation is not necessarily consequent in immune
CRH in the spleen of rats with adjuvant-induced arthritis.
They showed an increase in thymic CRH on day 11, which
was followed by an increase in ACTH on day 14. Con-
versely, changes in splenic ACTH content were evident by
day 3 after the injection of adjuvant, whereas the increase in
CRH became apparent only by day 14. It was considered
that splenic POMC activation is probably independent of
CRH and does not require stimulation by CRH, but it is not
yet clear whether all of the POMC-related peptides re-
leased from immunomodulatory cells have the ability to
respond to CRH.

Recently, we reported that CRH receptor and urocortin
(in the CRH family) are expressed in synovial cells, and that

urocortin stimulates IL-1� and IL-1 secretion by human
peripheral mononuclear cells.7 In this study, we showed
colocalization of ACTH and CRH in the synoviocytes of
arthritic joints. However, the immunological role of ACTH
in arthritis is still unclear. ACTH may play an important
role in the pathogenesis of arthritis as well as CRH.
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