Choi et al. BMC Complementary and Alternative Medicine (2019) 19:325
https://doi.org/10.1186/512906-019-2746-7 BMC Complementary and

Alternative Medicine

RESEARCH ARTICLE Open Access

Cartilage protective and anti-analgesic @
effects of ALM16 on monosodium
iodoacetate induced osteoarthritis in rats

Doo Jin Choi'", Soo-Im Choi?", Bo-Ram Choi', Young-Seob Lee', Dae Young Lee' and Geum Soog Kim'”

updates

Abstract

Background: Osteoarthritis (OA) is an age-related joint disease with characteristics that involve the progressive
degradation of articular cartilage and resulting chronic pain. Previously, we reported that Astragalus membranaceus
and Lithospermum erythrorhizon showed significant anti-inflammatory and anti-osteoarthritis activities. The objective
of this study was to examine the protective effects of ALM16, a new herbal mixture (7:3) of ethanol extracts of A.
membranaceus and L. erythrorhizon, against OA in in vitro and in vivo models.

Methods: The levels of matrix metalloproteinase (MMP)-1, =3 and — 13 and glycosaminoglycan (GAG) in interleukin
(IL)-1B or ALM16 treated SW1353 cells were determined using an enzyme-linked immunosorbent and quantitative
kit, respectively. In vivo, the anti-analgesic and anti-inflammatory activities of ALM16 were assessed via the acetic
acid-induced writhing response and in a carrageenan-induced paw edema model in ICR mice, respectively. In
addition, the chondroprotective effects of ALM16 were analyzed using a single-intra-articular injection of
monosodium iodoacetate (MIA) in the right knee joint of Wister/ST rat. All samples were orally administered daily
for 2 weeks starting 1 week after the MIA injection. The paw withdrawal threshold (PWT) in MIA-injected rats was
measured by the von Frey test using the up-down method. Histopathological changes of the cartilage in OA rats
were analyzed by hematoxylin and eosin (H&E) staining.

Results: ALM16 remarkably reduced the GAG degradation and MMP levels in IL-1(3 treated SW1353 cells. ALM16
markedly decreased the thickness of the paw edema and writhing response in a dose-dependent manner in mice.
In the MIA-induced OA rat model, ALM16 significantly reduced the PWT compared to the control group. In
particular, from histological observations, ALM16 showed clear improvement of OA lesions, such as the loss of
necrotic chondrocytes and cartilage erosion of more than 200 mg/kg b.w., comparable to or better than a positive
drug control (JOINS™ 200 mg/kg) in the cartilage of MIA-OA rats.

Conclusions: Our results demonstrate that ALM16 has a strong chondroprotective effect against the OA model
in vitro and in vivo, likely attributed to its anti-inflammatory activity and inhibition of MMP production.

Keywords: Osteoarthritis (OA), Astragalus membranaceus, Lithospermum erythrorhizon, Matrix metalloproteinases
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Background

Osteoarthritis (OA) is a degenerative disease character-
ized by progressive loss of articular cartilage in local
joints and secondary changes and pain symptoms, espe-
cially in the aging population. Therefore, elderly people
are increasingly interested in healthy foods and drugs
that can be used to prevent or treat OA as the aging so-
ciety is increasing around the world. Several previous
studies have reported that major pathophysiologic fea-
tures of OA are biochemical changes of cartilage and
synovial membrane, formation of osteophytes, abrasions
of articular cartilage, and subchondral bone sclerosis [1,
2]. The cause of OA is associated with the disruption of
cartilage homeostasis, which is a physiological imbalance
of synthesis and degradation in articular cartilage [3].
The articular cartilage destruction in OA, which leads to
chronic pain and functional loss in the joints, is known
to be induced by diverse factors such as excessive syn-
thesis of inflammatory cytokines and activation of mech-
anical factors [4]. Among these factors, the action of
degradative enzymes of all mechanistic classes causes
the loss of extracellular matrix (ECM) components, in-
cluding proteoglycans and collagen, in articular cartilage
[5]. Previous studies have reported that matrix metallo-
proteinases (MMPs) produced by chondrocytes in re-
sponse to inflammatory factors, including interleukin
(IL)-1B, IL-6, and tumor necrosis factor (TNF)-a, play
crucial roles in both tissues remodeling and the develop-
ment of articular cartilage destruction in OA [6]. MMPs
are a family of proteinases that degrade ECM proteins,
including glycoproteins and collagens, and are classified
into five main groups according to their function, struc-
ture and localization: collagenases (MMP-1, -8, and -
13), stromelysins (MMP-3, -7, —10, and - 11), gelati-
nases (MMP-2 and -9), matrilysins and membrane type
(MT)-MMPs [7]. Several studies have reported that in-
hibition of the proteolytic activity and expression of spe-
cific MMPs seems to block the progression of articular
cartilage destruction [8, 9].

Astragalus membranaceus, known as hwangki in
Korea, is one of the most widely used traditional medi-
cinal herbs in Asian countries. It has been well estab-
lished that A. membranaceus is enriched with triterpene
saponins, flavonoids and polysaccharides [10]. Currently,
more than 200 compounds have been identified from A.
membranaceus, and these compounds have been re-
ported to possess a variety of biological activities such as
immunomodulating, anti-hyperglycemic, anti-tumor,
and anti-neurodegenerative effects [11-14].

Lithospermum erythrorhizon has been used to treat
various symptoms in Asian countries. L. erythrorhizon
mainly contains naphthoquinone pigments, including
shikonin and its derivatives [15]. Extracts of L. erythror-
hizon have been reported to have osteogenic activity by
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modulating osteoblast differentiation, anti-oxidant, anti-
inflammatory and anti-cancer effects [16—19].

In our previous study, we reported that ethanol ex-
tracts of A. membranaceus and an isoflavonoid,
calycosin-7-O-f-D-glucopyranoside (CG) treatment sig-
nificantly inhibited the matrix degradation caused by re-
combinant human IL-1p or hyaluronidase in human
articular cartilage explants and chondrocytes [20]. In
addition, injection of CG injection into cartilage signifi-
cantly alleviated the OA-induced accumulation of pros-
taglandin (PG) and total proteins in synovial fluid and
reduced the severity of the structural damage in cartilage
caused by the pathogenesis of OA-like lesions in a rabbit
model [21]. Shikonin and acetylshikonin isolated from L.
erythrorhizon have also been reported to exhibit chon-
droprotective effects via inhibition of MMP production
[22]. In spite of the health benefits of the two abovemen-
tioned herbs, the synergistic effects of a mixture of ex-
tracts from them have not been studied. Supplementary,
we confirmed that ALM16, which were mixed at an op-
timal ratio, were found to have a higher inhibitory effect
on MMPs levels induced by IL-1B than the individual
source. Thus, this study was designed to clarify the po-
tential applications of two herbal mixtures based on its
synergistic activity, and to evaluate its nociceptive and
protective effects the pathogenesis of articular cartilage
in an OA model in vitro and in vivo. In present study,
ALM16 was evaluated the chondroprotective and syner-
gistic effects on IL-1p treated SW1353 cells by measur-
ing the levels of MMPs and GAGs, and then was further
confirmed the anti-osteoarthritis and analgesic effects
using OA animal models.

Methods

Materials and reagent

Human SW1353 chondrosarcoma cells (ATCC® HTB-94
™) were purchased from the American Type Culture
Collection (Rockville, MD, USA). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS),
penicillin and streptomycin and phosphate buffer saline
(PBS) were purchased from GIBCO-BRL (Grand Island,
NY, USA). Monosodium iodoacetate (MIA), 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), A-carrageenan and acetic acid were purchased
from Sigma-Aldrich (St Louis, MO, USA). The standard
compounds, calycosin, calycosin-7-O-S-D-glucoside and
lithospermic acid, were purchased from the Chem Faces
(Hubei, China).

Experimental animals

Male ICR mice (18-22g, 6 weeks old) and Wistar/ST
rats (120-140 g, 6 weeks old) were obtained from Orient
Bio Co., Ltd. (Seongnam, Korea). ICR mice were used to
evaluate acetic acid-induced writhing response and
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establish the carrageenan-induced paw edema model.
Wistar rats were used for the MIA-induced OA model.
All animals were maintained in a controlled room at
22+05°C and 55+5% humidity with a light/dark
period of 12 h for at least 1 week before used. The pro-
cedures used in this study were in agreement with the
NIH Guidelines for the Care and Use of Laboratory Ani-
mals. The experimental protocol was made efforts to
minimize the number of animals used in experiment
and approved by the Animal Research Ethics Committee
(YD Life Science. Co., Ltd.).

Preparation of ALM16

A. membranaceus and L. erythrorhizon were cultivated
in Jecheon (Chungcheongbuk-do, Korea). An A. membrana-
ceus voucher specimen (MPS005087) and L. erythrorhizon
voucher specimen (MPS004961) were taxonomically
identified by Ph.D. Jeong Hoon Lee (National Institute of
Horticultural and Herbal Science, Rural Development
Administration). Dried roots of A. membranaceus and L. ery-
throrhizon were extracted by a heat reflux method at 80 °C
for 4h with 50 and 70% aqueous fermented ethanol,
respectively, which was repeated 2 times. Each filtrate was
concentrated in vacuum at 60 °C or lower to obtain 50 + 1
and 66 + 1 brix materials, respectively. These extracts were
sterilized at 80—90 °C for 1 h and dried under reduced pres-
sure (—0.08 MPa) at 60-70°C, and then, each dried solid
was pulverized to obtain their extract powders. Each extract
powder was mixed together at a ratio of 7:3 (w/w) to prepare
the final extract mixture (ALM16). The powdered samples
were stored at — 20 °C and used for in vitro experiments after
being dissolved in DMSO.

High-performance liquid chromatography (HPLC) analysis
The contents of calycosin and calycosin-7-O-f3-D-gluco-
side from A. membranaceus extract (A extract) and
lithospermic acid from L. erythrorhizon extract (L ex-
tract) were measured by HPLC-DAD as active com-
pounds of each plant sample. For HPLC analysis, a YMC
ODS-AM (4.6 x 250 mm, 5um) column was used at
30 °C with 0.1% formic acid and acetonitrile as the gradi-
ent system of the mobile phase in Water €2695 series
HPLC system (Waters Corporation, Milford, MA, USA).
The mobile phase was maintained at 5% acetonitrile for
3 min, increased to 20% for 3 min and then increased to
28% for 25 min. Then, elution was performed by increas-
ing the mobile phase to 100% acetonitrile for 4 min. The
flow rate was 1 ml/min, and the absorbance of the UV
detector was measured at a wavelength of 254 nm.

SW1353 chondrocyte cell culture and alginate beads

SW1353 cells were cultured in complete medium containing
DMEM, 100 units/ml penicillin, 100 ug/ml streptomycin,
and 10% FBS and were incubated in 5% CO, at 37°C.
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Chondrocytes were prepared for culture in alginate beads
[23]. SW1353 cells were re-suspended at a density of 4 x 10°
cells/ml in a 1.2% (w/v) solution of sterile sodium alginate in
0.15M NaCl. The cell suspension was slowly expressed with
22-gauge needle and dropped into the gel-forming solution
(102mM CaCl,). Beads with approximately 1 x 10* cells/
bead (3 mm in diameter) were allowed to polymerize for 10
min and washed twice with 0.15M NaCl. The hydrogel
beads were then transferred to DMEM (20 beads/well) in a
12-well plate containing 10% FBS. The beads were cultured
with 5% CO, at 37 °C for 2 weeks. The culture medium was
refreshed every 2 days.

Cell cytotoxicity

Cell viability following treatment of SW1353 cells with
AML16 was measured by the MTT reduction assay. For
this experiment, cells were seeded at 1 x 10° cells/well in
96-well plates and cultured in DMEM. After treatment
with ALM16 (25-1000 pg/ml) for 48 h, the medium was
removed from the plate. The cells were washed twice
with PBS and added with MTT solution (5mg/ml in
PBS) at 37 °C with 5% CO, for 4 h. Cell viability was de-
termined by measuring MTT formazan in each well
wavelengths of 570 nm using microplate reader (Multis-
kan™, Thermo Scientific, CA, USA) and calculated rela-
tive to vehicle control cells.

MMP-1, — 3 and — 13 levels in IL-1f3 treated SW1353 cells
To measure the levels of secreted MMP-1, - 3 and — 13
in IL-1pB treated SW1353 cells, cells were seeded at 1 x
10° cells/well in a 6-well plate. At confluence, cells were
pretreated with sample for 30 min alone and further
treated with IL-1p (20ng/ml) for 24h. The culture
media were collected and the activity of MMPs were
quantified using the SensoLyte® ELISA kit (AnaSpec,
Fremont, CA, USA) following the manufacture’s instruc-
tion. The fluorescence of 5-FAM (fluorophore) was mea-
sured at excitation/emission absorbance of 490/520 nm
using a fluorescence microplate reader (BioTek, Winoo-
ski, VT, USA).

GAG contents in IL-1p treated SW1353 cells in alginate
beads

The effects of ALM16 on proteoglycan degradation in
SW1353 cells cultured in alginate beads were investi-
gated. To produce extracellular matrix, SW1353 cells
were cultured for 2 weeks in alginate beads, followed by
the stimulation of IL-1p in the presence of ALM16 for 24
h. Beads were pretreated with various concentrations of
ALM16 for 1h before stimulation with IL-1B (20 ng/ml)
for 24 h, and then, the amount of sulfated-GAG released
in the cell suspension was quantified using a Blyscan™
Glycosaminoglycan assay kit (Biocolor Ltd., UK) ac-
cording to the manufacturer’s instructions.
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Acetic acid induced writhing response in mice
Intraperitoneal injection (IP) of acetic acid causes abdom-
inal contractions and induces a writhing response. The
anti-analgesic activity of ALM16 was assessed by counting
the contractions of the abdominal muscles, such as
stretching, tension to one side, and extension of the hind
legs, in response to an intraperitoneal injection of acetic
acid (0.8%, 10 pl/g b.w.) in mice [24]. After a 1-week adap-
tation period, male ICR mice were randomly assigned to
five groups (1 = 8). After fating for 14 h, mice were orally
administered A (400 mg/kg b.w.), L (400 mg/kg b.w.),
ALM16 (100, 200 and 400 mg/kg b.w.) or celecoxib™ (100
mg/kg b.w.) 1 h prior to the acetic acid injection. All sam-
ples were dissolved in distilled water. The control group
was received distilled water. The number of writhes was
recorded 5 min after the acetic acid injection for 15 min.

Carrageenan induced paw edema in mice

The anti-inflammatory activity of AML16 was evaluated
by the carrageenan injection method [25]. After a 1-
week adaptation period, male ICR mice were randomly
assigned to five groups (n = 8). After 14 h of fating, mice
were orally administered A (400 mg/kg b.w.), L (400 mg/
kg b.w.), ALM16 (100, 200, and 400 mg/kg b.w.) or cele-
coxib™ (100 mg/kg b.w.). All samples were dissolved in
distilled water. The control group was received distilled
water. After 1 h of sample treatment, mice were subcuta-
neously injected with 1% carrageenan in 0.9% saline
(25 pl/animal) into the left hind paw to induce acute
phase inflammation. The thickness of the paw was mea-
sured 5h after injection using a microcaliper. The
change in paw thickness was calculated by subtracting
the paw thickness before the injection from the paw
thickness after the carrageenan injection at each time
point.

MIA-induced OA in rats and treatment

The MIA-induced OA rat model was used to investigate
the protective effect of ALM16 on joint cartilage degrad-
ation. To induce OA, Wister rats were anesthetized with
1.2% avertin (2.5ml/ 100g b.w.) and received a single
intra-articular injection of 1 mg/ 50 ul MIA (in PBS) into
the right knee joint cavity using a Hamilton syringe (26
G) [26]. The control group was injected with an equiva-
lent volume of saline. Seven days after induction of OA,
MIA-injected rats were randomly divided into 8 groups
(n = 8): treated with (1) normal, (2) control, (3) JOINS™
(as a positive control, 200 mg/kg b.w.), (4) A extract
(400 mg/kg b.w.), (5) L extract (400 mg/kg b.w.) and (6—
8) ALM16 (100, 200 and 400 mg/kg b.w., respectively).
All samples (A, L, ALM16 and JOINS™) were dissolved
in distilled water and were orally administered once daily
for 14 days starting from 7 days after the MIA injection.
The normal group was provided distilled water and did
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not receive the MIA injection. The weight of rats was
measured twice per week for 2 weeks.

Measurement of mechanical allodynia (von Frey test)

To measure the paw withdrawal threshold (PWT) for
mechanical allodynia, the hind paw of rats was
assessed using von Frey monofilaments (Bioseb®, Cha-
ville, France). Briefly, rats were placed in a transpar-
ent plastic cage (20 x 12.5 x 20 cm) with a metal mesh
bottom. Then, a von Frey monofilament was applied
to the plantar mid surface of the hind foot for 3—4s.
The strength of the maximum filament used for von
Frey testing was 15g. Stimuli were applied at the
same location with an interval of several seconds. The
50% PWT value of each group was measured using
the up-down method of Dixon [27]. Positive re-
sponses included the abrupt withdrawal of the hind
paw from the stimulus or a flinching behavior imme-
diately following removal of the stimulus. The percent
maximal possible effect (% MPE) of the testing com-
pound was calculated according to the following for-
mula: [(sample treated threshold) - (vehicle treated
threshold)]/[(maximum threshold) - (vehicle treated
threshold)] x 100%, where the maximum threshold
was equal to 15g.

Histopathological analysis

Histological changes were analyzed to assess the effect
of ALM16 on cartilage degeneration in the knee joint of
MIA-induced OA rats. After 14 days of treatment, rats
in all groups were anesthetized by exposure to ether (ap-
proximately 2—4%) presented on gauze inside a desicca-
tor. The rats were removed from the desiccator and
euthanized by cardiac bleeding. The tissue samples were
then collected and subjected to a histological assessment
of the affected medial condyle of each femur and tibia.
Tissue was fixed with 10% formalin and decalcified.
Tissue was then processed and embedded in paraffin
wax. Tissue sections were then examined under a micro-
scope after staining with hematoxylin and eosin (H&E).
The histopathological changes of cartilage were quanti-
tatively expressed simply by summing individual grades
(score from 0 to 5) for subchondral bone changes, chon-
drocyte necrosis, cartilage erosion, osteophytes, and car-
tilage cleft, for a maximum score of 25 per section [28],
where: 0 =normal; 1= minimal, affecting the superficial
zone only; 2 = mild invasion into the upper middle zone
only; 3 =moderate invasion well into the middle zone;
4 = marked invasion into the deep zone but not to the
tidemark; and 5 =severe full-thickness degradation to
the tidemark. All of these histological evaluation proce-
dures were performed by a board certified toxicologic
pathologist in a blind manner.
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Statistical analysis

Semi-quantitative analysis was performed using non-
parametric one-way analysis of variance following
Tukey’s multiple comparison test (Graph-Pad Prism®
Version 4.03). Data of all groups are presented as the
mean values with the standard error of the mean (SEM).
The difference between the data from the control and
treated groups was assessed using non-paired Student’s
t-test or the Mann-Whitney U test (Sigma-Stat version
10). P-values of p < 0.05 were considered significant.

Results

HPLC-DAD quantification of AML16

HPLC-based quantitative profiling of the active com-
pounds from ALM16 was performed by comparing the
retention time and UV spectra of standard compounds
with those of ALM16 (Fig. 1). The contents of calycosin,
calycosin-7-O-B-D-glucoside and lithospermic acid from
ALM16 were measured to be 0.571, 0.809 and 0.168 mg/
g, respectively (Fig. 1).
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Cell cytotoxicity of ALM16 on SW1353 cells

The cell cytotoxic effects of ALM16 on SW1353 cells
after treating them with different concentrations of
ALM16 were determined by the MTT reduction assay.
As shown in Fig. 2, there was no significant difference
on cell viability in all groups treated with ALM16 com-
pared to vehicle control.

Effects of ALM16 on the MMPs activities in IL-1f treated
SW1353 cells

To investigate the inhibitory effects of ALM16 against
the increase of catabolic cartilage enzyme activities by
IL-1B induction, the MMP concentrations in the cul-
ture supernatants of IL-1f (20 ng/ml)-induced
SW1353 cells were calculated and are presented as ng
total MMPs/1 x 10° cells to standardize amounts be-
tween cultures. As shown in Fig. 3, treating cells with
IL-1B remarkably increased (p <0.001) the activation
of MMPs (-1, -3 and - 13) compared with untreated
cells. However, all of samples tested reduced these
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Fig. 1 HPLC-DAD analysis of active compounds from ALM16. a HPLC chromatogram of (a) mixtures of authentic standard and (b) ALM16,
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Fig. 2 Cell cytotoxicity of ALM16 on SW1353 cells. Cells were seeded at 1x 10° cells/well in 96-well plates, and ALM16 (25-1000 pg/ml) was used
to treat SW1353 cells for 48 h. Cell viability was investigated using the MTT assay. The results are expressed as the mean + S.EM of
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MMP activities in a dose-dependent manner. In particular,
at concentrations above 100 pg/ml, ALM16 treatment
dramatically reduced MMP activation, with an approxi-
mately 95% decrease (p <0.001) compared with IL-1pB-
treated control cells. The ICs, values of ALM16 on MMP-
1, - 3 and - 13 production were 54.36 + 4.81, 69.69 + 4.33
and 74.22 + 9.90 ng/ml, respectively.

Effects of ALM16 on GAG release in IL-1f3 treated SW1353
bead cells

We investigated whether ALM16 could inhibit GAG
degradation via IL-1p induction. Figure 4 shows that IL-
1B (20ng/ml) stimulation significantly increased GAG
degradation (p <0.001) from the cell supernatant of al-
ginate beads compared to the unstimulated control.
However, the degree of GAG degradation was signifi-
cantly decreased in all sample treatment (p <0.001). In
the group treated with only IL-1p (4.48 £ 1.44 pg), the
content of released GAGs was significantly greater than
that of normal control (0.22 +0.19 pug). On the other
hand, cells treated with A, L and ALM16 strongly inhib-
ited the decomposition of GAG. The GAG levels ob-
tained at the concentrations of ALM16 100 and 200 pg/
ml of ALMI16 were 0.26+0.02 and 0.23 +0.05 pug,
respectively.

Anti-analgesic effect of ALM16 on the acetic acid-induced
writhing response in mice

The analgesic effects of ALM16 were investigated ac-
cording to the writhing response in acetic acid-
induced mice. As shown in Fig. 5a, administration of

400 mg/kg A extract and ALM16 reduced the writh-
ing response (p <0.05), which was caused by abdom-
inal contractions for 10 and 15min, respectively. In
Fig. 5b, ALM16 showed 23.9, 35.7% (p<0.05) and
49.4% (p <0.01) inhibition of writhing at doses of 100,
200 and 400 mg/kg b.w., respectively, as a percentage
of the control 15min after acetic acid injection.
Celecoxib™ (100 mg/kg, b.w.), as a positive control, de-
creased writhing response by 27.2% (p <0.05) and 34.7%
(p <0.05) for 10 and 15 min, respectively (Fig. 5b). This re-
sult suggests that ALM16 has a strong antinociceptive ef-
fect on the acetic acid-induced writhing response.

Anti-inflammatory effect of AML16 on carrageenan-
induced paw edema in mice

Following treatment with each extract, ALM16 and cele-
coxib™, the thickness change of the paw in mice after
carrageenan injection is shown in Fig. 6. In Fig. 6a,
ALM16 led to a 20.6% (p < 0.01) reduction of paw thick-
ness compared to the control 5h after injection, which
was time dependent. Celecoxib™ (100 mg/kg, b.w.), as a
positive control, reduced paw thickness by 33.1% 5h
after injection. However, the A and L extracts had in-
hibitory effects of 15.2 and 12.1% 5h after injection, re-
spectively. Thus, administration of ALM16 was more
effective than that of each individual extracts (A or L)
treatment. In Fig. 6b, the rate of reduction of the thick-
ness of the paw edema as a percentage of the control
was 12.5, 19.5% (p < 0.01), and 20.3% (p < 0.01) for 100,
200 and 400 mg/kg b.w. ALM16, respectively, with dose
dependence. From these results, the anti-inflammatory
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activity of ALM16 is shown to be caused by the synergis-
tic effect of each extract.

Change of mechanical allodynia in MIA-induced OA rats

The mechanical threshold was measured using cali-
brated von Frey monofilaments, and the PWT was de-
termined by increasing and decreasing the stimulus

intensity and was estimated using Dixon’s up-down
method. Changes in the PWT value of the hind paw in
MIA-induced OA rats on days 0, 7 and 14 are shown in
Fig. 7. The PWT was lower in the MIA-treated group
than in the normal group, which had received a D.W.
solution injection instead of MIA. The decrease in the
PWT value of the control group (MIA-injected and
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D.W. solution-injected rats) continued throughout the
trial period day 28. Treatment of MIA-injected rats with
ALM16 dose-dependently increased the PWT value
compared to the control groups at days 7 and 14. In
addition, the ALM16 groups demonstrated a maximum
effect (p<0.05) of the PWT value compared with
JOINS™ and each extract-treated group, and no signifi-
cant difference was observed between doses of 200 and
400 mg/kg b.w. 14 days after the injection of MIA, the
PWT value in the ALMI16-treated groups was signifi-
cantly higher than in the only MIA-treated group (p <
0.05). The ALM16 group had more potent analgesic ef-
fects than either extract (A or L) group. These results
suggest that ALM16 has the ability to reduce mechanical
allodynia and to exert synergistic actions.

Histopathological pathogenesis in MIA-induced OA rats

The cartilage histology was evaluated in all groups of an-
imals on day 21 in H&E-stained sections, and the re-
spective microphotographs are shown in Fig. 8. The
normal group did not show any remarkable lesions of
arthritis histopathology. However, the MIA-injected con-
trol group had an irregular surface and extensive chon-
drocyte degeneration in the tibial plateau, collapse of
necrotic articular cartilage, loss of chondrocyte cellular
details, a focally extensive area of cartilage loss and de-
generation in the femoral condyle. The subchondral
bone in the tibial plateau showed increased osteoclastic
activity, collapse and fragmentation with replacement by
fibrous tissue. Compared to the arthritis score of control

group (14.0 £ 2.5), each individual extract (A and L) and
ALM16 treated groups (400 mg/kg) showed the low
score on arthritis grade with no significant difference
(11.3+2.2, 10.8+3.3 and 10.8 £+ 0.8, p > 0.05). However,
the ALMI16 groups (100 and 200mg/kg) had
significantly lower scores (9.4+2.8, p<0.05 and 8.8+
3.0, p<0.01) for the arthritis grade, which was lower
than the arthritis score of JOINS™ 200 mg/kg group
(9.8 £ 3.6, p<0.05). These results showed that adminis-
tration of 200 mg/kg ALM16 for a period of 2 weeks is
demonstrably efficient at relieving histopathological
changes in the MIA-induced OA rat.

Discussion

OA is a degenerative chronic joint disease that causes
joint pain, functional disabilities and progressive loss of
articular cartilage induced by diverse factors [1]. This
study demonstrated these properties using IL-1p-
induced chondrocytes and an MIA-induced OA animal
model, and the results showed that ALM16 significantly
reduced pain, paw edema and OA pathological changes.
Previous studies have reported health benefits of A.
membranaceus, as a single extract or herbal mixtures, in
various biological activities such as osteoprotective and
anti-allergic rhinitis effects [29, 30]. In addition, our pre-
vious study showed that shikonin and acetylshikonin iso-
lated from L. erythrorhizon had chondroprotective
effects on MIA-induced OA rats [22]. Pseudoshikonin I
isolated as a new compound from L. erythrorhizon
showed also the inhibitory effect on MMPs [31].
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However, none of the synergistic chondroprotective ef-
fects of the combination of A. membranaceus and L. ery-
throrhizon on OA have been studied. Therefore, in the
present study, we examined the chondroprotective activ-
ity of a mixture of these medicinal herbal extracts and
whether it had a synergistic effect on OA in vitro and
in vivo.

Pro-inflammatory cytokines, such as IL-1pB, are known
to mediate the degradation of matrix proteins, such as
proteoglycans and collagen, by activating of MMPs and
apoptosis in chondrocytes. Previous studies have re-
ported that the activities and/or gene expression of
MMPs are key factors in the pathogenesis of OA.

Accordingly, a number of studies have focused on iden-
tifying natural compounds that have potential inhibitory
effects on gene expression or/and the catalytic activity of
MMPs [9, 32]. It is also known that MMP-1, -3 and
MMP-13 are highly expressed in the articular cartilage
of human OA patients. MMP is an enzyme involved in
the reconstruction of the articular cartilage during
growth, but in the case of arthritis, it is involved in the
destruction of cartilage by inflammation responses.
MMP-1 is the largest member of the MMP family and is
synthesized by chondrocytes or fibroblasts in connective
tissue. It is mainly degrading type II collagen in cartilage.
MMP-3 (stromelysin-1) is secreted from chondrocytes
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and synovial cells and can cleaves a variety of matrix
components by activating proMMP-1, resulting in fibril-
lation, erosion, cracking of cartilage tissue. MMP-13 is
known as collagenase-3 and is increased during the
process of early-onset OA. It has been reported that an
MMP-13 target inhibitor efficiently blocks the matrix
degradation in human OA cartilage, which is considered
an effective target for OA [33]. IL-1p is known to upreg-
ulate the gene expression level of MMPs in chondrocytes
and facilitates the progression of OA [34]. Gebauer et al.
[35] reported that after IL-1p treatment, the human
chondroma cell line SW1353 and human chondrocytes
showed similar gene expression profiles, particularly for
MMP-1, -3 and - 13, which were strongly induced. In

our previous study, we selected the effective ratio (7:3,
ALM16) of combinations of two extracts using screening
methods to measure the MMP-1, - 3 and - 13 activities
[36]. ALM16 significantly and dose-dependently inhib-
ited the increase in MMP activities caused by the IL-1B
treatment in chondrocytes (Fig. 3). Interestingly, treat-
ment of chondrocytes with ALM16 (100 and 200 pg/ml)
significantly decreased the MMP-13 activity more than
each extract individually. This result suggests that the
chondroprotective effect of ALM16 may be due to inhib-
ition of activities of MMP-1, — 3 and - 13.

The inhibitory activity of ALM16 on MMPs can be at-
tributed to the individual or combined activities of the
active compounds in ALM16. In this study, calycosin
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and calycosin-7-O-B-D-glucopyranoside from A. mem-
branaceus were analyzed as the major active compounds
in ALM16 based on the previous studies on anti-
inflammatory and anti-arthritis effects [15, 16, 37].
Lithospermic acid was also evaluated as a major active
compound of L. erythrorhizon in ALM16 on the basis of
the reports on anti-inflammatory and MMP inhibitory
effects [38, 39].

To determine where ALM16 protect structural break-
down of cartilage cell and matrix by MMPs reducing ac-
tivity, the level of GAG dissolved from culture
supernatant in chondrocyte alginate beads stimulated by
IL-1p was quantified and compared. The concentration
of each sample treatment is above 100 pg/ml, indicating
the effect of inhibition of MMP activities. A, L and
ALM16 treatment displayed strong GAG degradation in-
hibitory activity similar to those of normal group with-
out IL-1f stimulation, which was the same result pattern
as MMPs suppression activity. It is well recognized that
IL-1B leads to cartilage damage via a large cascade of
events [40]. Previous studies reported that treating chon-
drocytes with IL-1p increase GAGs degradation and re-
lease via increase MMPs activation [41, 42]. Therefore,
these results clearly suggested that ALM16 has the abil-
ity to prevent the GAGs degradation as caused by IL-1p
stimulation via inhibition of activities of MMP-1, -3
and - 13.

Several analgesic drugs, including nonsteroidal anti-
inflammatory drugs (NSAIDs), are commonly available
for the treatment of pain and inflammation, but

prolonged use of these drugs is associated with side
effects such as gastric ulceration, nausea, and vomit-
ing [34]. To discover new analgesic and osteoarthritis
agents, extensive research is required to identify ef-
fective natural substances that do not have side ef-
fects. Thus, we evaluated the analgesic activity of
ALM16 using an acetic acid-induced writhing model.
It is well known that acetic acid induces abdominal
contractions or writhing in mice because it leads to
increased levels of pain mediators, such as PGE,. The
acetic acid writhing model has been used to study the
peripheral analgesic effects of drugs or as a screening
model for assessing anti-inflammatory agents. The in-
jection of an acetic acid solution into the abdominal
cavity induces the release of endogenous mediators
that stimulate the nociceptive neurons and indirectly
acts as a cause for pain [43]. In our study, it was ob-
served that when acetic acid-induced writhing mice
were orally administered ALM16, the number of
writhes was time-dependently decreased, and this ef-
fect was similar to that of celecoxib™ administration.
Celecoxib™, which is a drug that relieves pain and in-
flammation by inhibiting MMP and nitric oxide (NO)
production and improving joint function, is a selective
NSAID used for symptomatic management of OA pa-
tients [44]. Additionally, the anti-inflammatory activity
of ALM16 was further evaluated by its ability to in-
hibit paw edema induced by a carrageenan injection
in mice. The carrageenan-induced paw edema model
is widely accepted for wuse in evaluating anti-
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inflammatory effects. When the carrageenan is
injected into the paw, muscles and joints, it causes
early acute inflammation and converts to chronic in-
flammation after about 2 weeks [45, 46]. In this
study, ALM16 administration markedly reduced the
thickness of the paw edema induced by carrageenan
after 3 and 5h. Interestingly, ALM16 was more ef-
fective than administration of each extract alone.
Therefore, in parallel with these findings, our results
demonstrate that ALM16 attenuates pain symptoms
and paw edema, thereby improving the articular car-
tilage in the local joints in OA animals. Recently,
many studies have reported that the similar extracts
from natural products can exert enhanced analgesic
and anti-inflammatory activities [47, 48]. The

mechanism underlying the synergistic effect is un-
known, and further studies into the mechanism of
cross-reaction or cross-acting of ALM16 are required.
However, the synergistic or additive effect of ALM16
might be due to the combination ratio and concentra-
tion of the two extracts.

Recent studies have reported that natural com-
pounds that have inhibitory effect on MMP expres-
sion and/or activities in chondrocytes can exert
chondroprotective effects and potentially reduce joint
pain in MIA-injected rats [49, 50]. An intra-articular
injection of MIA, an inhibitor of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) that induces
dysfunction of chondrocytes, such as disruption of
glycolysis and loss of chondrocytes, in articular
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cartilage produces symptoms of OA that are caused
by progression of cartilage degeneration [51]. There-
fore, the MIA-induced OA rat model is commonly
used to study anti-osteoarthritis effects in preclinical
studies. In this study, a 1 mg injection MIA was used
identifying the OA degree based on our preliminary
studies. MIA-injected OA rats were measured for
body weight, the PWT value, and histopathological
changes after oral administration of ALM16. Changes
in body weight were monitored during the oral ad-
ministration of all samples. None of the treated
groups had significant differences in body weight
compared with the control group during the experi-
mental period (Additional file 1: Figure S1). This re-
sult indicates that oral administration of ALM16 does
not have a toxic effect. Additionally, the analgesic ef-
fects of ALM16 against secondary mechanical hyper-
sensitivity in OA were determined by the von Frey
test. Our results demonstrated that administration of
ALM16 at 200 and 400 mg/kg b.w. in the MIA-
induced OA pain model significantly increased the re-
duction of the PWT values and was more effective at
increasing the PWT values than the other treatment
groups (A, L and JOINS™ groups). Several studies
have reported that JOINS™, a drug combining the ex-
tracts of oriental herbs that are commonly and trad-
itionally used for the treatment of OA patients in
Korea, has cartilage protective effects by inhibiting
ECM component degradation via inhibiting MMP ex-
pression and activity [52]. Therefore, these results
support the evidence that ALM16 has a potential car-
tilage protective effect via analgesic actions in OA
patients.

The MIA-injected OA model is known to have degen-
erative changes in cartilage containing subchondral bone
changes, chondrocyte necrosis, cartilage erosion, osteo-
phytes and cartilage clefts [28]. In this study, histopatho-
logical ~examination showed that MIA induced
remarkable lesions in OA, including chondrocyte degen-
eration, collapse and fragmentation of subchondral bone,
loss of chondrocytes, a focally extensive area of cartilage
loss and degeneration in the femoral condyle. However,
oral administration of ALMI16 significantly mitigated
MIA-induced histopathological lesions in cartilage. In
particular, administration of ALM16 at a dose of 200
mg/kg led to a significantly lower histopathological score
(for grade 5 major lesions) than the JOINS™ treated
group. These results suggest that ALM16 has a potent
protective effect on articular cartilage and that a dose of
200 mg/kg is effective in MIA-induced OA rats.

Conclusions
Taken collectively, the results of the present studies sug-
gest that application of ALM16 was not only be able to
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inhibit IL-1p induced increasing of MMPs activities in
chondrocytes, but also mitigate as well as symptoms of
OA including spontaneous pain, mechanical allodynia,
paw edema and histopathological changes in established
in vivo models. Although, whether it is necessary to fur-
ther study on exact mechanism and on equally effects in
clinical studies on anti-osteoarthritis effect of ALM16
against OA, based on these results, the ALM16 could be
a potent candidate material for development of func-
tional food that prevent or/and improve OA.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512906-019-2746-7.

Additional file 1: Figure S1. Effects of ALM16 on the change of body
weight in MIA-induced OA rats. Body weight was measured twice a week
for 24 days. The results are expressed as the mean + SEM (n=6).
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