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and PI3K/Akt/Nrf-2 signaling pathways
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Abstract. Existing in Ranunculaceae Aconitum and tomato,
with the chemical name 1-phydroxybenzyl-1,2,3,4-tetrahy-
droisoquinoline, higenamine is widely distributed in China.
Higenamine's anti-inflammatory, antioxidant and anti-apop-
totic effects have been identified in previous studies. The
present study attempted to determine the protective effect of
higenamine against collagen-induced arthritis through heme
oxygenase-1 (HO-1) and PI3K/Akt/Nrf-2 signaling pathways.
A type II collagen (CII)-induced arthritis (CIA) model was
established and clinical arthritis scores were used to appraise
the curative effect of higenamine. Inflammatory reactions,
oxidative damage and caspase-3/9 activation were detected
using specific ELISA kits. In addition, western blotting
was used to evaluate the expression of HO-1, Akt and Nrf-2
protein in CII-induced CIA mice. In CII-induced CIA mice,
the clinical arthritis scores, inflammatory reactions, oxida-
tion damage and caspase-3/9 activation were increased and
activated. The results demonstrated that treatment with hige-
namine significantly reduced the elevation of clinical arthritis
scores (P<0.01), and suppressed the promotion of inflamma-
tory reactions, oxidation damage and caspase-3/9 activation.
Furthermore, higenamine significantly increased HO-1 protein
expression (P<0.01) and upregulated the PI3K/Akt/Nrf-2
signal pathway in CII-induced CIA mice. Collectively, it is
concluded that higenamine protects against CII-induced CIA
through the induction of HO-1 and the upregulation of the
PI3K/Akt/Nrf-2 signaling pathway. In conclusion, higenamine
may be a beneficial drug for protecting against CIA.
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Introduction

Rheumatoid arthritis (RA) is a type of chronic and systemic
autoimmunity disease that is characterized by erosive joint
synovitis (1). The morbidity of women is 2 fold higher than
men (2). The morbidity of RA is 0.01-0.05% and the nosom-
etry is 0.18-1.07% in different populations worldwide (2). As
a result, RA is a disease which has incapacitated numerous
laborers in China (3). According to the epidemiological
investigation in the United States, the difference between the
mortality rate of patients with RA and healthy individuals is
increasing (4). Nosogenesises of RA is currently unclear, but
heredity, infection, immunity, endocrine and other factors are
possible relevant pathogenic factors (4,5).

Dysfunction of the immune system is the primary cause of
RA, but the underlying mechanisms are unclear (6). Animal
models must be established to determine the mechanism.
There are two types of existing animal models of arthritis; one
is adjuvant-induced arthritis and the other is arthritis induced
by arthrogenic autoantigen, which is the arthritis induced by
collagen (CIA) (7). CIA has been studied frequently, and its
clinical symptoms and pathological characteristics are the
same as RA (8). As a result, CIA is the most commonly used
animal model for RA (8).

Ranunculaceae Aconitum is a traditional Chinese medicine
that is used as a long-term cardiotonic drug, whose active
constituent is a type of alkaloid named higenamine, which
is extracted from Ranunculaceae Aconitum's rhizome (9,10).
However, the mechanism underlying the protective effect of
higenamine on CIA has, to the best of our knowledge, never
been investigated. In the present study, the protective effect
and associated underlying mechanism of higenamine against
CIA is investigated.

Materials and methods

Materials. Higenamine was purchased from Sigma-Aldrich
(Merck Millipore, Darmstadt, Germany); its chemical
structure is presented Fig. 1. Freund's Incomplete Adjuvant,
bovine type II collagen, tumor necrosis factor-o (TNF-a),
interleukin-1p (IL-1p), malondialdehyde (MDA) and gluta-
thione (GSH) ELISA kits were purchased from Tauto Biotech
Co., Ltd (Shanghai, China). Caspase-3/9 florometric assay
kits were purchased from Sigma-Aldrich (Merck Millipore).
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Figure 1. Chemical structure of higenamine.

Bicinchoninic Acid (BCA) assay was purchased from
Beyotime Institute of Biotechnology (Nanjing, China).

Animals. Nine week-old male DBA/1J mice (5 weeks-old;
weight, 18-20 g) were purchased from Shanghai Cell Bank
of Chinese Academy of Sciences (Shanghai, China). The
animals were housed in a controlled environment, 23+1°C,
12 h light/dark cycle, relative humidity between 40 and 70%,
and provided with standard rodent chow and tap water. All of
the animal experiments conducted were performed in compli-
ance with the guidelines and regulations for the use and care
of animals established by Jingdu Hospital (Nanjing, China).

Induction of CIA and study design. DBA/1] mice were
divided into four groups: Sham; higenamine; CIA model,
and CIA + higenamine (each group, n=6). Sham and hige-
namine mice were sham-injected with saline or higenamine
(10 mg/kg) for 2 weeks. CIA model and CIA + higenamine
mice received injections of Freund's Incomplete Adjuvant with
2 mg/ml bovine type II collagen at the base of the tail and two
sites on the back at O and 6 days. Clinically apparent disease
onset typically occurs at 10 days. Then, the CIA model and
CIA + higenamine mice were sham-injected with saline or
higenamine (10 mg/kg) for 2 weeks.

CIA progression clinical arthritis scores. Arthritis severity
was evaluated with a clinical scoring system of 0-4 for each
paw: No signs of arthritis, 0; swelling and/or redness in one
joint, 1; swelling and/or redness in more than one joint, 2;
swelling and/or redness in the entire paw, 3; and severe
swelling of the entire paw with deformity and/or ankylosis, 4.
The total arthritis score produced a maximum score of 16, as
the sum of each score of the four limbs.

TNF-a, IL-15, MDA, SOD, CAT and GSH-PX activities. The
blood samples from all mice were permitted to clot for 2 h
were collected via intracardiac puncture after treatment for
2 weeks, and centrifuged at 2,000 x g at 4°C for 10 min. The
activities of TNF-a, IL-1, MDA and GSH were measured
using specific ELISA kits in accordance with the manufac-
turer's instructions.

Caspase-3/9 activities. Under anesthetization by injec-
tion of rumpun (15 mg/kg) and ketamine (75 mg/kg), the
mice were sacrificed using cervical dislocation, and then
the arthritis tissue samples from all mice were permitted
to clot for 2 h after treatment for 2 weeks. Then they were
homogenized using 100 pl tissue lysis buffer (Beyotime
Institute of Biotechnology) and a protease inhibitor cocktail
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Figure 2. Protective effect of HIG on CIA progression clinical arthritis scores.
P<0.01 vs. the sham group; “P<0.01 vs. the model group. HIG, higenamine.

(Sigma-Aldrich; Merck Millipore) for 30 min on ice and
centrifuged at 2,000 x g at 4°C for 10 min. The concentra-
tion of protein was determined using a BCA assay. An equal
quantity of protein (10 p#g) from every sample was separated
using the caspase-3/9 florometric assay Kkits, according to the
manufacturer's instructions.

Western blot analysis. The arthritis tissue samples from
all mice were permitted to clot for 2 h. Then they were
homogenized using 100 pl tissue lysis buffer (Beyotime
Institute of Biotechnology) and a protease inhibitor cocktail
(Sigma-Aldrich; Merck Millipore) for 30 min on ice and
centrifuged at 2,000 x g at 4°C for 10 min. The concentra-
tion of protein was determined using a BCA assay. An equal
quantity of protein (50 ug) from every sample was separated
by 10-12% SDS-PAGE and transferred to polyvinylidene
floride membranes. The membranes were blocked with 5%
fat-free dry milk in tris-buffered saline with Tween-20 for 2 h
at room temperature and incubated with anti-HO-1 (1:500;
cat. no. sc-136960; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), anti-Akt (1:500; cat. no. sc-271149; Santa Cruz
Biotechnology, Inc.), anti-p-Akt (1:500; cat. no. sc-293125;
Santa Cruz Biotechnology, Inc.), anti-nuclear factor
(erythroid-derived 2)-like 2 (Nrf-2) (cat. no. sc-365949;
1:1,500; Santa Cruz Biotechnology, Inc.) and p-actin (1:500;
cat. no. BB-2116-1; BeastBio, Shanghai, China) overnight
at 4°C. The membranes were then blocked with appropriate
secondary antibodies (1:2,000; cat. no. C2221; Applygen
Technologies, Inc., Beijing, China) for 1 h at room temperature
and ECL (Applygen Technologies, Inc.) was applied. The blots
were quantified using Image J software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis. Data were expressed as the mean + stan-
dard error and analyzed by Student's t-test or analysis of
variance with post-hoc (Bonferroni) correction for multiple
comparisons, or one-way analysis of variance for multiple
comparisons. SPSS 17.0 (SPSS, Inc., Chicago, IL. USA) was
used to analyze the data. P<0.05 was considered to indicate a
statistically significant difference.

Results

Protective effect of higenamine on CIA progression clinical
arthritis scores. In order to evaluate the protective effect of
higenamine on CIA mice, the progression clinical arthritis
scores were evaluated. The results demonstrate that clinical
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Figure 3. Protective effect of HIG on the (A) TNF-a and (B) IL-1p activities. "P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine;

TNF-a, tumor necrosis factor-a; IL-1, interleukin-1f3.
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Figure 4. Protective effect of HIG on the (A) MDA and (B) GSH activities. “/P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine;

MDA, malondialdehyde; GSH, glutathione.

A 40
L 3 4
ZE 30
= 2 s
§g 25
7 =20
go’:nlz
g E 15
2 5
& £ 10
© 5

Sham HIG Model Model + HIG

B

Caspase-9 activity
(ng/mg protein)

=11

Sham HIG Model Model + HIG

Figure 5. Protective effect of HIG on the (A) caspase-3 and (B) caspase-9 activities. ”/P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine.

arthritis scores of the sham group were similar to those of
the higenamine group (Fig. 2). The clinical arthritis scores of
CIA mice were significantly higher compared with those of
the sham group (P<0.01; Fig. 2). The progression of clinical
arthritis scores of CIA mice were significantly reduced by
treatment with higenamine (P<0.01; Fig. 2).

Protective effect of higenamine on the TNF-a and IL-1f
activities. To determine the mechanism by which higenamine
treatment exerts an anti-inflammatory effect on CIA mice, the
activities of TNF-a and IL-1p were measured. TNF-a and
IL-1pB activities in sham group mice were similar to those of
mice in the higenamine group (Fig. 3). CIA mice had signifi-
cantly increased inflammation factors compared with mice
in the sham group (P<0.01; Fig. 3). However, treatment with
higenamine significantly reduced these CIA-induced inflam-
mation factors in CIA mice (P<0.01; Fig. 3).

Protective effect of higenamine on tMDA and GSH activities.
To investigate the mechanism of higenamine on oxidative
stress in CIA mice, MDA and GSH activities were measured
in each group. The MDA and GSH activities of sham mice
were similar to those in mice in the higenamine group (Fig. 4).
Compared with the sham group, CIA significantly increased
the MDA activity and suppressed GSH activity in CIA mice

(P<0.01; Fig. 4). Meanwhile, higenamine treatment signifi-
cantly recovered abnormal MDA and GSH activities in CIA
mice (P<0.01; Fig. 4).

Protective effect of higenamine on caspase-3/9 activities. In
order to ascertain the anti-apoptotic effect of higenamine on
CIA mice, the caspase-3/9 activities were detected in different
groups. The caspase-3/9 activities of the sham group were
equipotent to those of mice in the higenamine group (Fig. 5).
There was a significant increase in caspase-3/9 activities of
CIA mice without higenamine treatment (Fig. 5). However,
pretreatment with higenamine significantly weakened
CIA-induced caspase-3/9 activities of CIA mice, as compared
with the CIA model group (P<0.01; Fig. 5).

Protective effect of higenamine on HO-I protein expression.
To investigate the mechanisms underlying the effect of hige-
namine on CIA mice, HO-1 protein expression was measured
using western blot analysis. The results demonstrate that HO-1
protein expression in the sham group was similar to that of
the higenamine group (Fig. 6). Fig. 6 clearly demonstrated that
HO-1 protein expression in the CIA was significantly lower
compared with that in the sham group (P<0.01). In addition,
higenamine significantly enhanced the suppression of HO-1
protein expression in CIA mice (P<0.01; Fig. 6).
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Figure 6. Protective effect of HIG on the HO-1 protein expression by (A) western blotting assays and (B) statistical analysis of HO-1 protein expression.
#P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine; HO-1, heme-oxygenase-1.
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Figure 7. Protective effect of HIG on the p-Akt/Akt protein expression by (A) western blotting assays and (B) statistical analysis of p-Akt/Akt protein expres-
sion. #P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine; p-Akt, phosphorylated Akt.
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Figure 8. Protective effect of HIG on the Nrf-2 protein expression by (A) western blotting assays and (B) statistical analysis of Nrf-2 protein expression.
"P<0.01 vs. the sham group, “P<0.01 vs. the model group. HIG, higenamine; Nrf-2, nuclear factor (erythroid-derived 2)-like 2.

Protective effect of higenamine on Akt protein expression.
To confirm the effect of higenamine on Akt protein expres-
sion, western blot analysis was used to analyze the Akt
and p-Akt protein expression in CIA mice. No significant
changes in p-Akt/Akt protein expression between the sham
and higenamine group were identified (Fig. 7). CIA signifi-
cantly suppressed p-Akt/Akt protein expression of CIA mice,
compared with the sham group (P<0.01; Fig. 7). In addi-
tion, higenamine significantly activated the suppression of
p-Akt/Akt protein expression in CIA mice (P<0.01; Fig. 7).

Protective effect of higenamine on Nrf-2 protein expression.
To investigate the mechanisms underlying the effect of hige-
namine on CIA mice, Nrf-2 protein expression was observed
using western blot analysis. It was identified that Nrf-2 protein
expression in the sham group was similar to that in the hige-
namine group (Fig. 8). CIA mice had significantly reduced
Nrf-2 protein expression compared with that in the sham group
(P<0.01; Fig. 8). As expected, Nrf-2 protein expression was
significantly increased by treatment with higenamine in CIA
mice (P<0.05; Fig. 8).

Discussion

RA is a type of chronic and systemic autoimmune disease that
is characterized by erosive joint synovitis, which harms body
systems and organs, such as joints, the heart and the kidney (11).
RA attacks facet joints symmetrically, for instance, articulati-
ones digitorum manus, articulationes digitorum pedis and wrist
joints (12). In the advanced stage of RA, ankylosis, malforma-
tion and dysfunction of these facet joints will arise. In addition,
fever, anemia, scleritis and pericarditis are likely to develop (13).
In the present study, treatment with higenamine effectively
inhibited the promotion of clinical arthritis scores of CIA mice.

According to a previous pathological study, histopatho-
logic features of RA are pannus formation and destruction of
cartilage and bone, as well as leukopedesis and lymphocyte
infiltration (particularly T-lymphocytes) in affected articular
tissue (14). The high expression level of IL-1f and TNF-a in
the blood of patients with RA suggests that these two factors
are associated with RA. Secreted by synovial cells, in auto-
crine and paracrine forms, TNF-a can promote inflammatory
mediator secretion, such as prostaglandin E2 (PGE2), by which



d 2| SPANDIDOS
5 PUBLICATIONS

inflammation will be stimulated and the cartilago articularis
will be destroyed (15). As a result, TNF-a becomes a factor
reflecting the activity and severity of RA. IL-1f, another
inflammatory mediator, is secreted by monocyte-macro-
phages, and can induce synovial and cartilage cells to produce
collagenase and PGE2, which leads to inflammation of the
synovium and disintegration of the mesochondrium (16). At
the same time, PGE2 can stimulate neutrophil, macrophage
and lymphocyte aggregation in the articular cavity so that the
arthritis will be exacerbated, which is a vicious cycle. The
results of the present study demonstrated that higenamine
effectively reduces CIA-induced TNF-a and IL-1f activities
in CIA mice. Ha ef al (17) reported that higenamine reduces
HMGBI during hypoxia-induced brain injury by the induction
of inflammation.

MDA is an end product of lipid oxidation, the expression
level of which can reflect the severity of oxidative damage.
According to clinical research, the peroxide levels of patients
with RA is raised and their antioxidant capacity is reduced,
suggesting that there is a higher MDA expression level in
patients with RA compared with healthy individuals. GSH can
protect cells from oxidative damage, so the expression level
of GSH can reflect the state of RA. Individuals with lower
activity levels of GSH have a lower antioxidative ability. The
present study demonstrated that pretreatment with higenamine
significantly recovered abnormal CIA-induced MDA and
GSH activities in CIA mice. Lee et al (18) concluded that
higenamine reduces apoptotic cell death through suppression
of oxidation in rat myocardial ischemia-reperfusion injury.

Different from necrosis, apoptosis is an active process
which is concerned with gene activation, expression and
control. Mitochondria are stimulated by numerous signals and
when their functions are depressed they eventually release
apoptotic factors. Caspase is activated by the mitochondria's
morphologic and functional change, which results in the release
of cytochrome c. The present data clearly demonstrate that
higenamine significantly weakens CIA-induced caspase-3/9
activities of CIA mice. In addition, Lee et al (18) concluded
that higenamine reduces apoptotic cell death through suppres-
sion of oxidation and caspase-3 activity in rat myocardial
ischemia-reperfusion injury.

As one of the rate-limiting enzymes of the heme oxygenase,
HO-1 expression will be increased in stress, which is associated
with the combination of NF-kB and genomic accessible sites of
HO-1 (19). HO-1 is involved in anti-inflammatory, antioxidant
and anti-apoptosis pathways (20). Research aimed at evaluating
the possibility of using HO-1 to diagnose RA has demonstrated
that HO-1, which is potentially associated with RA, is found
in the synovial tissues of patients with RA (20). This suggests
that higenamine significantly enhanced the suppression of HO-1
protein expression of CIA mice. Zhang et al (21) reported that
higenamine promotes M2 macrophage activation via induction
of HO-1 in spinal cord injury.

As one of the important intracellular transduction signal
pathways, the PI3K/Akt signaling pathway regulates cell divi-
sion, differentiation, apoptosis and other cell activities (22). The
loss and activation failure of Nrf-2 can result in the increase of
sensibility to stressors, the extension of inflammation repair
time and the promotion of cancer and cell apoptosis (23). HePG2
cells are stimulated by capsaicin to increase the expression of
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HO-1, and this is achieved by increasing the nuclear transloca-
tion of Nrf-2 to activate the PI3K/Akt signaling pathway (24).
This regulation of activation serves an important role in the
induction and maintenance of the expression of metabolizing
and antioxidant enzymes. In addition, this regulation can
protect cells from oxidative injury (25). In the present study,
it was demonstrated that higenamine activates the suppression
of p-Akt/Akt and Nrf-2 protein expression in CIA mice. In
addition, Ha et al (17) demonstrated that higenamine reduces
HMGBI via the PI3K/Akt/Nrf-2 signaling pathway in rats
with hypoxia-induced brain injury.

In conclusion, the current study demonstrates that the
protective effect of higenamine ameliorates collagen-induced
arthritis through the induction of HO-1 and PI3K/Akt/Nrf-2
signaling pathways. Thus, higenamine may be an important
novel therapeutic agent for the treatment of CIA.
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