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Abstract
Background

Eicosapentanoic acid (EPA) is an antioxidant and omega-3 polyunsaturated fatty acid that reduces
in�ammatory cytokine production. Gelatin hydrogel is a release technology that contains a
physiologically active substance and releases the substance gradually for an average of ~3 weeks.
Therefore, this study aimed to investigate the effect of EPA-incorporating gelatin hydrogels on
osteoarthritis (OA) progression in vivo .

Methods

Ten-week-old male C57BL/6J mice were randomly divided into six groups (six mice each): sham,
destabilization of the medial meniscus (DMM), Corn (DMM + 2 µl corn oil), EPA-I (DMM + 2 µl corn oil + 3
mg/ml EPA), Control (DMM + control gelatin hydrogels), and EPA-G (DMM + 3 mg/ml EPA-incorporating
gelatin hydrogels) groups. Mice were then euthanized 8 weeks after DMM or sham surgery, and subjected
to histological evaluation. Furthermore, MMP-3, MMP-13, IL-1β, p-IKK α/β, CD86, and CD163 was detected
by immunohistochemical staining. F4/80 expression was also assessed using the F4/80 score of
synovitis.

Results

Histologic score was signi�cantly improved in EPA-G compared to in EPA-I. MMP-3-, MMP-13-, IL-1β-, and
p-IKK α/β-positive cell ratio was signi�cantly improved in EPA-G compared to in EPA-I. However, CD86-
and CD163-positive cell ratio was not signi�cantly different between EPA-I and EPA-G. The average-sum
F4/80 score of synovitis in EPA-G was signi�cantly improved compared to in EPA-I.

Conclusions

EPA-incorporating gelatin hydrogels can prevent OA progression in vivo more effectively than single
injection of EPA. Our results suggested that intra-articular administration of controlled-release EPA can be
a new therapeutic approach for treating OA.

Introduction
Eicosapentaenoic acid (EPA) is an antioxidant and a type of n-3 polyunsaturated fatty acid (PUFA)
contained in �sh oil [1]. Currently, n-3 PUFAs are well-known for their anti-in�ammatory and
immunomodulatory properties, and for their e�cacy in reducing production of in�ammatory cytokines [2].
n-3 PUFAs exert their anti-in�ammatory effects through multiple mechanisms, including inhibition of
arachidonic acid conversion to pro-in�ammatory eicosanoids, synthesis of anti-in�ammatory products,
and downregulation of pro-in�ammatory gene expression [3, 4]. In recent years, the effects of n-3 PUFAs
have been extensively studied in cancer, in�ammatory bowel disease, and other autoimmune diseases
such as and rheumatoid arthritis [5, 6]. Regarding OA, we previously reported that EPA treatment inhibits



Page 4/25

chondrocyte apoptosis and MMP expression induced by oxidative stress in vitro, and prevents OA
progression in vivo [7]. However, in that previous study, weekly injection of EPA into the knee joint was
required.

Gelatin hydrogels were developed as a potentially safe drug delivery system that contains physiologically
active substance and releases the substance gradually for an average of less than 3 weeks [8]. It was
reported that the incorporation of a gelatin hydrogel sheet with growth factors and its subsequent
adsorption using electrostatic force preserved the biological activity of the growth factors. Therefore, the
preserved bioactive growth factors can be sustainably released until the gelatin hydrogel sheet is
degraded. Thus, a gelatin hydrogel sheet can be effectively used to deliver mediations to the applied area
owing to its excellent structural and physiological properties while also providing mechanical support to
the applied area [9–11]. The effects of gelatin hydrogels are also proved in the �eld of orthopedic surgery.
Oka et al. reported that simvastatin-conjugated gelatin hydrogels promote tendon-bone healing by
affecting both angiogenesis and osteogenesis [12]. Another study reported that a combination of BMP-2-
releasing gelatin/β-TCP sponge is a promising technique to induce bone regeneration in bone marrow for
treating segmental bone defects induced by X-ray irradiation [13]. These �ndings on the antioxidant
action of EPA and the applicability effect of gelatin hydrogels as an innovative drug delivery system
suggested that gelatin hydrogels containing EPA might have be more effective than EPA alone in
preventing OA progression. We hypothesized that the in vivo effect of gelatin hydrogels containing EPA
would be more potent than that of single EPA injection. Therefore, this study aimed to investigate the
effect of gelatin hydrogels containing EPA on OA progression in vivo.

Materials And Methods
This study was performed in strict accordance with the recommendations from the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA). All procedures
were approved by the Animal Studies Committee of our institute (permit number: P130108).

Gelatin hydrogel incorporating EPA
EPA was provided by Sigma-Aldrich (Saint Louis, MO, USA). Gelatin hydrogels containing EPA were
produced according to a previous report [14]. Brie�y, in the �rst step, L-lactic acid oligomers (LAo) with a
mean molecular weight of 1,000 were synthesized from L-lactide monomers through ring-opening
polymerization with stannous octoate as a catalyst and 1-dodecanol as an initiator. LAo-grafted gelatin
was synthesized by activating the hydroxyl groups of LAo and mixing them with gelatin solution.
EPA/ethanol solution was added to the Lao-grafted gelatin aqueous solution. The reaction mixture was
freeze-dried to obtain EPA water-solubilized by LAo-grafted gelatin micelles (EPA-micelles). EPA-micelle
aqueous solution and gelatin hydrogel aqueous solution were mixed and adjusted to prepare the desired
amount of EPA. Next, 2-ml drops of the mixed solution were placed on a para�lm. Pellets of gelatin
hydrogels containing EPA-micelle were prepared through dehydrothermal crosslinking (140 °C, 24 h) of
gelatin and ethylene oxide gas sterilization. The obtained solid small pellets of gelatin hydrogels
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containing EPA-micelles were used in this study. The small pellets shape hemispherical and have a
diameter of about 1.5 mm. EPA content of the pellets was 125 µg/µL. The gelatin hydrogels were
designed to biodegrade over a period of ~ 3 weeks under in vivo conditions [15].

Release test of EPA from gelatin hydrogel incorporating EPA
To investigate the sustained release of EPA in vitro, gelatin hydrogels incorporating EPA were placed in
1.0 ml phosphate-buffered saline (PBS) with 5.0 mg/ml collagenase. The release test was performed at
37 ℃ and the PBS was exchanged at each time-point until gelatin hydrogel was completely dissolved.
The supernatant was collected and frozen at -40 ℃ until measurement. The amount of EPA in the
supernatant was measured according to previous report using high performance liquid chromatography
(HPLC) [16]. The mass of EPA obtained by HPLC measurement at each time-point was measured, and the
ratio of the mass compared to that at time-point when gelatin hydrogel was completely dissolved was
shown as a graph. This assay repeated 5 times. The sustained release of EPA in vivo, ten-week-old male
C57BL/6J mice (n = 35) were obtained from the Jackson Laboratory. Gelatin hydrogels were placed into
the knee joint cavity. These mice were sacri�ced and the gelatin hydrogels were taken from the knee joint
cavity at 1, 3, 7, 14, 21, and 28 days after surgery. EPA concentration of gelatin hydrogels were measured
by same procedure as in vitro.

In vivo studies
Ten-week-old male C57BL/6J mice (n = 72) were obtained from the Jackson Laboratory (Bar Harbor, ME)
in this experiment. Animals were bred in a mouse house with automatically controlled lightening (12 h on,
12 h off), and a stable temperature of 23 °C was maintained throughout the study. Animals also received
food and water ad libitum. The mice were anesthetized by intraperitoneal injection of medetomidine
(0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg), and destabilization of the medial
meniscus (DMM) was performed on the right knee joint through transection of the anterior attachment of
the medial meniscotibial ligament, as described previously [17, 18]. The control group was subjected to
sham surgery, in which skin and capsule incision and suture were performed on right-knee joints where
the ligaments were intact. We randomly divided 72 mice into 6 groups: sham, DMM, Corn (DMM and
injection of corn oil), EPA-I (DMM and injection of corn oil and EPA), Control (DMM and control gelatin
hydrogels), and EPA-G (DMM and gelatin hydrogels containing EPA). Corn oil (2 µL) alone or corn oil (2
µL) plus EPA (3 mg/ml) was injected once into the knee joint immediately after DMM surgery. Control
gelatin hydrogels (2 µL) or gelatin hydrogels (2 µL) containing EPA (3 mg/ml) were placed into the knee
joint cavity during DMM surgery. The amount of EPA was determined according to a previously reported
method [7]. All mice were sacri�ced and analyzed at 1 and 8 weeks after DMM or sham surgery, and
subjected to histological evaluation. Six mice were analyzed in each group.

Histological evaluation of cartilage degeneration and
synovitis
Mouse knee joints were �xed with 4% paraformaldehyde for 24 h, decalci�ed with 14% EDTA for 7 days,
embedded in para�n. Coronal histological sections were obtained through the joint at 80 µm intervals.
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Cartilage destruction was evaluated by Safranin-O and Fast Green staining. Histological evaluation of OA
was performed using the cartilage OA-histopathology scoring system of the Osteoarthritis Research
Society International (OARSI) [19]. Histological scores were measured in four quadrants (medial femoral
condyle, medial tibial plateau, lateral femoral condyle, and lateral tibial plateau) of knee joints at all
sectioned levels (eight sections per knee) to obtain summed OA scores. Synovitis was also evaluated
using an established scoring system by Lewis et al. and hematoxylin-eosin staining [20]. The average
score for changes in synovial lining thickness and cellular density in the synovial stroma (maximum site
score 6) of each compartment in the coronal slice was obtained as synovitis score.

Immunohistochemistry
Depara�nized sections were digested with proteinase (Dako, Glostrup, Denmark) for 10 min and treated
with 3% hydrogen peroxide (Wako Pure Chemical Industries, Osaka, Japan) to block endogenous
peroxidase activity. We assessed F4/80 expression using a previously reported scoring system for
immunohistochemistry analysis of immune and in�ammatory cell marker [21]. We evaluated CD86 as an
M1 macrophage marker and CD163 as an M2 macrophage marker. The sections were treated with a 1:50
dilution of anti-F4/80 (AbD Serotec, Kidlington, UK), anti-CD86 (Bioss Antibodies, Woburn, MA, USA), anti-
CD163 (Bioss Antibodies), anti-IL 1β (Abcam, Cambridge, UK), phosphor-IkB kinase complex (p-IKK) a/b
(Cell Signaling Technology, Danvers, MA, USA), anti-MMP-3 (Santa Cruz Biotechnology, Dallas, TX, USA),
or anti-MMP-13 (Abcam) antibody at 4 °C for 12 h, and subsequently treated with peroxidase-labeled anti-
rabbit or rat immunoglobulin (Histo�ne Simple Stain MAX PO; Nichirei Bioscience, Tokyo, Japan) at 25 °C
for 30 min. The signal was developed as a brown reaction-product by using peroxidase substrate 3,3′-
diaminobenzidine (Histo�ne Simple Stain DAB solution; Nichirei Bioscience). Hematoxylin was used as a
counterstain, and then the sections were examined microscopically. One section at the center of the most
severe OA lesion in coronal slice was scored. Number of stained cells was counted in three regions, which
was randomly de�ned by one blinded observer, with high magni�cation �elds (40×) in both the super�cial
and deep zones of cartilage tissue by triple-blinded observers. The range of number of counted cells were
about from 60 to 100 in each region. The average percentage of IL-1β-, MMP-3-, MMP-13-, p-IKKα/β-,
CD86-, and CD163-positive cells per total cells was calculated. We also assessed F4/80 expression using
F4/80 score [22, 23]. F4/80 positive cells were scored based on numbers of cells as follows: 0 = no
staining, 1 = minimal to few faintly positive cells, 2 = scattered single positive cells, 3 = clusters of two or
more positive cells, 4 = larger clusters of positive cells, multifocal to coalescing. The scores were
indicated as the total of four different areas of the synovial membrane (super�cial layer and deep layer of
medial or lateral region in coronal slice).

Cell Culture
Normal human articular chondrocytes isolated from the knee (NHAC-kn; Lonza Group Ltd., Walkersville,
MD, USA) were cultured in 10 ml of Dulbecco’s modi�ed Eagle’s medium (DMEM) (Gibco; Thermo Fisher
Scienti�c, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (BioWhittaker; Lonza
Group Ltd., Basel, Switzerland) and 100 units/ml of penicillin-streptomycin at 37 °C in a 5% CO2

atmosphere. Cells at passages 3‐5 were used in the experiments.



Page 7/25

Western blotting analysis
First, 3.0 × 105 chondrocytes were seeded on 6-well plates and cultured at 37 °C for 24 h. Next, the
medium was replaced with fresh medium, and the cells were incubated for another 24 h. After that, the
chondrocytes were treated with or without 10 ng/ml recombinant human IL-1β (R&D Systems, McKinnley,
MN, USA) for 5, 10, 15, 30, and 60 min. Stimulation time of IL-1β was determined with reference to
previous report [24]. The chondrocytes were washed with Tris-buffered saline with Tween-20 (TBST) and
then lysed in a buffer containing 25 mM Tris, 1% Nonidet P-40, 150 mM NaCl, 1.5 mM EGTA, and a
protease/phosphatase inhibitor mix (Roche Diagnostics, Basel, Switzerland). Lysates were centrifuged at
4 °C at 15,000 × g for 10 min to remove cellular debris. Next, the lysates with cellular debris removed were
collected and mixed with 4 × electrophoresis sample buffer. 15 µl of cell lysates at 1.0 × 107 cells per ml
were electrophoresed on a 7.5‐15% SDS‐polyacrylamide gradient gel (Biocraft, Tokyo, Japan), and
electrically transferred onto a polyvinylidene di�uoride blotting membrane (GE Healthcare Life Sciences,
Little Chalfont, UK). The membrane was blocked with 5% skimmed milk in TBST at 25 °C for 30 min,
incubated with antibodies against anti‐p-IKKα/β (Cell Signaling Technology) at 4 °C for 12 h, and
incubated with horseradish peroxidase‐conjugated goat anti‐rabbit immunoglobulin G secondary
antibody at 25 °C for 30 min. Proteins were subsequently visualized using ECL Plus reagent (GE
Healthcare Life Sciences) in a chemilumino analyzer (LAS‐3000 mini; Fuji�lm, Tokyo, Japan).

Second, 3.0 × 105 chondrocytes were seeded on 6-well plates and cultured at 37 °C for another 24 h. Next,
the medium was replaced with fresh medium, and the cells were incubated for another 24 h. The
chondrocytes were then cultured in three settings: under treatment with 10 ng/ml recombinant human IL-
1β for the duration that showed the highest p-IKKα/β level in the above procedure; under the same
stimulation for the same duration after pretreatment with 30 µg/ml EPA (Sigma-Aldrich) for 30 min; and
without stimulation. The chondrocytes were subsequently subjected to the same procedure as described
above.

Finally, 3.0 × 105 chondrocytes were seeded on 6-well plates and cultured at 37 °C for 24 h. The medium
was replaced with fresh medium, and the cells were incubated for another 24 h. After that, the
chondrocytes were subjected to �ve different treatments: treatment with 10 ng/ml recombinant human IL-
1β for 24 h; the same treatment for 24 h after pretreatment with EPA (Sigma-Aldrich) at 10 (low dose), 30
(medium dose), or 50 µg/ml (high dose) for 30 min; or without treatment. Next, the chondrocytes were
subjected to the same procedure as described above, except that membranes were incubated with
antibodies against anti-MMP-13 instead of antibodies against anti‐p-IKKα/β. The expression of alpha-
tubulin protein was detected using rabbit anti-alpha-tubulin polyclonal antibody (Abcam) as a primary
antibody. Protein expression was determined through semi-quanti�cation of proteins in digitally captured
images using the National Institutes of Health ImageJ software (National Institutes of Health, Maryland,
USA, http://imagej.nih.gov/ij/). The number of each sample was 5.

Statistical analysis
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Statistical analysis was performed using one-way or two-way analysis of variance with Tukey’s post-hoc
test for multiple comparisons of paired samples. The Mann-Whitney U test was used to compare between
two groups. Results are presented as mean values with standard deviation (S.D). Differences in mean
values were considered statistically signi�cant at p < 0.05.

Results

Release and degradation EPA from gelatin hydrogels
containing statin micelles
Figure 1A shows the time pro�les of EPA release from gelatin hydrogels containing EPA micelles in PBS
with collagenase. In the presence of collagenase, EPA was released with time from the gelatin hydrogels.
As shown in Fig. 1A, the gelatin hydrogels were biodegraded over a period of ~ 3 weeks in vivo, in
accordance with their design. Figure 1B shows the time pro�les of EPA release from gelatin hydrogels
containing EPA micelles in the joints of mice. According to Fig. 1B, the gelatin hydrogels were also
biodegraded over a period of ~ 4 weeks in vivo.

EPA prevented OA progression in mice
The average sum of cartilage OA histopathology scores at 1 week in the sham, DMM, Corn, EPA-I, Control,
and EPA-G groups were 0.42 ± 0.19, 1.3 ± 0.19, 1.2 ± 0.27, 0.67 ± 0.12, 1.3 ± 0.22, and 0.75 ± 0.14,
respectively (Fig. 2I), with no signi�cant difference between the EPA-I and EPA-G groups (Fig. 2B, D). The
average sum scores at 8 weeks in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 0.96 ± 
0.17, 3.2 ± 0.37, 2.8 ± 0.22, 2.4 ± 0.35, 2.9 ± 0.19, and 1.2 ± 0.27, respectively (Fig. 2J), with signi�cant
difference EPA-I and EPA-G groups (Fig. 2F, H), with no signi�cant difference between the sham and EPA-
G groups (Fig. 2E, H). No serious adverse event was observed throughout this study.

EPA prevented severe synovitis during OA progression
The average sum of synovitis severity scores at 1 week after surgery in the sham, DMM, Corn, EPA-I,
Control, and EPA-G groups were 0.83 ± 0.37, 5.7 ± 0.47, 5.0 ± 0.58, 2.3 ± 0.47, 5.3 ± 0.47, and 2.2 ± 0.37,
respectively (Fig. 3I), with no signi�cant difference between the EPA-I and EPA-G groups (Fig. 3B, D). The
average-sum scores at 8 weeks after surgery in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups
were 1.5 ± 0.5, 4.0 ± 0.58, 3.8 ± 0.69, 3.8 ± 0.69, 4.0 ± 0.58, and 1.8 ± 0.69, respectively (Fig. 3N), with
signi�cant difference between the EPA-I and EPA-G groups (Fig. 3F, H), with no signi�cant difference
between the sham and EPA-G groups (Fig. 3E, H).

EPA prevented macrophage in�ltration in synovial tissues
Results of immunohistochemistry analysis showed that the average sum of F4/80 synovitis scores at 1
week after surgery in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 0.83 ± 0.69, 10.2 ± 1.3,
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8.2 ± 0.69, 3.3 ± 0.47, 9.2 ± 0.69, and 2.8 ± 0.69, respectively (Fig. 4I), with no signi�cant difference
between the EPA-I and EPA-G groups (Fig. 4B, D). The average sum scores at 8 weeks after surgery in the
sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 1.3 ± 0.47, 7.3 ± 0.94, 5.7 ± 0.47, 5.2 ± 0.69, 6.5 ± 
0.96, and 2.7 ± 0.74, respectively (Fig. 4J), with signi�cant difference between the EPA-I and EPA-G groups
(Fig. 4F, H).

There was no signi�cant difference in the ratio of CD86-positive cells at 1 week after surgery between the
EPA-I and EPA-G groups (Fig. 5B, D). In addition, the ratio of CD86-positive cells at 8 weeks after surgery
showed no signi�cant difference in the EPA-I and EPA-G groups (Fig. 5F, H). Moreover, the ratio of CD163-
positive cells at 1 week after surgery showed no signi�cant difference in the EPA-I and EPA-G groups
(Fig. 6B, D). Furthermore, the ratio of CD163-positive cells at 8 weeks after surgery showed no signi�cant
difference in the EPA-I and EPA-G groups (Fig. 6F, H).

EPA prevented OA progression by suppressing IL-1β, p-
IKKα/β, and MMP levels
The results of immunohistochemical analysis showed that the ratio of IL-1β-, p-IKKα/β-, MMP-3-, and
MMP-13-positive cells at 1 week after surgery showed no signi�cant difference between the EPA-I and
EPA-G groups (Supplemental Fig. S1B, D, F, H, J, L; Fig. S2B, D). The ratios of IL-1β-, p-IKKα/β-, MMP-3-,
and MMP-13-positive cells at 8 weeks after surgery showed signi�cant difference in the EPA-I and EPA-G
groups (Supplemental Fig. S1B, D, F, H, J, L; Fig. S2F, H).

Mice were obtained from the Jackson Laboratory, and all obtained 72 mice were used in this experiment.
There was no adverse event after sham or DMM surgery. Primary antibody negative controls for
immunohistochemical analysis were shown in Fig. S3.

Enhanced expression of in�ammatory transcription factors
in response to IL1β stimulation in vitro
To investigate the role of EPA in signal transduction, phosphorylation of IKKα/β in NHAC-kn treated with
10 ng/ml IL1β was assessed. The results con�rmed timedependent IL1β-induced phosphorylation of
IKKα/β. Particularly, p-IKKα/β level markedly increased at 15 min after treatment (Fig. 8A). Therefore,
NHAC-kn was treated with IL1β for 15 min in the subsequent experiment. Western blotting results showed
that the level of phosphorylated IKKa/b, which is a kinase necessary for the activation of nuclear factor
NF-κB, was signi�cantly higher following treatment without EPA than following treatment with EPA
(Fig. 8B). Moreover, MMP-13 level following treatment without EPA was signi�cantly higher than that
following treatment with EPA. Furthermore, the effect was dose-dependent; the higher the dose, the more
remarkable the effect (Fig. 8C). These results indicated that EPA suppressed IL-1β-induced
phosphorylation of IKKa/b, and thus prevent the activation of the NF-κB signaling pathway.
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Discussion
The most important �nding in this study was that the in vivo effect of gelatin hydrogels containing EPA
was more potent than that of a single EPA injection, which supported our study hypothesis.

In the current study, immunohistochemical analysis showed that the ratio of IL-1β-positive cells at 1 week
after surgery was signi�cantly reduced in the EPA-I and EPA-G groups. Furthermore, IL-1β-induced
increases in p-IKKa/b and MMP-13 levels were signi�cantly suppressed by treatment with EPA, compared
with those after treatment without EPA at 1 week after surgery. However, there was no signi�cant
difference in macrophage in�ltration and expression of IL1-β, p-IKK, and MMPs between the group treated
with corn oil and single EPA injection at 8 weeks after surgery, although there were signi�cant differences
between the group treated with control gelatin hydrogels and EPA-incorporating hydrogels. Here, IL-1β
expression increased with OA progression, and increased IL-1β expression causes the activation of the
NF-κB pathway and expression of MMP-3 and − 13, ultimately causing matrix degradation of articular
cartilage. Taken together, EPA suppressed IL-1β expression, thus inhibiting the activation of the
downstream pathways of IL-1β and ultimately preventing matrix loss. However, the in�ammation
inhibitory effect of single EPA injection was diminished at 8 weeks after surgery. In contrast, the effect of
EPA-incorporating hydrogels was prolonged up to 8 weeks after surgery. Although we previously reported
that EPA treatment prevents OA progression in vivo [7], weekly injection of EPA into the knee joint was
required. This weekly injection was thought to be highly invasive in clinical applications, so we examined
the effects of single intervention. As a result, there was no signi�cant difference in prevention of OA
progression at 8 weeks after DMM surgery between weekly injection of EPA and once placement of
gelatin hydrogel incorporating EPA. The MMP-13 level of chondrocytes following treatment with IL-1β
under existence of EPA depended on EPA dose. Furthermore, several papers have been reported on the
possibility that increasing EPA intake may have systemic bene�cial effects [25, 26]. Therefore, the effect
of EPA was considered to be dose-dependent in both local and systemic environment, and it is necessary
to carefully examine the optimal amount in case of clinical application.

Matsuzaki et al. reported that gelatin hydrogels incorporating rapamycin gradually release rapamycin
within approximately 2 days in vitro, but they release rapamycin for approximately 10 weeks in vivo [14].
Furthermore, gelatin hydrogels incorporating simvastatin have been reported to exhibit sustained release
for at least 3 weeks in vitro and 4 weeks in vivo [15, 27]. The present study involved a formulation of
hydrogel incorporating EPA solubilized in water into gelatin micelles. The in vitro sustained release test
showed that EPA was released after the decomposition of the gelatin hydrogel. This indicated that the
decomposition of gelatin is a rate-limiting step for the release of EPA from hydrogel, allowing EPA to be
released slowly over a long period in vivo. Consequently, the EPA-incorporating gelatin hydrogel prevented
OA progression in vivo more effectively than a single injection of EPA did.

There are two opposite responses elicited by activated macrophages. Macrophages are known to induce
pro- and anti-in�ammatory responses that mediate matrix destruction or deposition [28, 29]. The pro-
in�ammatory M1 macrophage produce cytokines, such as tumor necrosis factors, IL-1 and IL-6,
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chemokines monocyte chemoattractant protein-1, and growth factors, such as vascular endothelial
growth factor. It also enhances oxidative stress promoters, such as reactive oxygen species and reactive
nitrogen species, which in turn activates the NFκB signaling pathway, causing destruction of cartilage
matrix [30]. In contrast, the anti-in�ammatory M2 macrophage secretes high levels of anti-in�ammatory
mediators, such as IL-10, which are necessary to regulate in�ammation [31]. In the current study, EPA
suppressed the number of M1 macrophages at 1-week after surgery, whereas gelatin hydrogels
containing EPA suppressed the number of M1 macrophages even at 8 weeks after surgery. However, EPA
did not affect the number of M2 macrophages. Thus, EPA was thought to prevent OA progression by
suppressing pro-in�ammatory action and inhibiting both the IL-1β and NF-κB pathways.

Conclusions
We investigated the effect of gelatin hydrogels containing EPA on OA progression in vivo. The EPA-
containing gelatin hydrogels could prevent OA progression more effectively than a single injection of EPA
in vivo in a DMM mouse model. Our results suggested that intra-articular administration of controlled-
release EPA can be a new therapeutic approach for treating patients with OA.
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Supplementary Fig. S1 Immunohistochemical analysis showed the average-sum ratio of IL-1β-, p-IKKα/β-,
and MMP-13-positive cells
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Immunohistochemical analysis showed the average-sum ratio of IL-1β-, p-IKKα/β-, and MMP-13-positive
cells at 1 week after surgery. The ratio of IL-1β-positive cells at 1 week in the sham, DMM, Corn, EPA-I,
Control, and EPA-G groups were 9.3 ± 1.5, 24.5 ± 1.4, 19.9 ± 1.8, 12.2 ± 1.4, 23.7 ± 1.9, and 14.0 ± 1.7,
respectively. The ratio of p-IKKα/β-positive cells at 1 week in the sham, DMM, Corn, EPA-I, Control, and
EPA-G groups were 7.5 ± 1.5, 21.4 ± 2.4, 19.5 ± 2.4, 13.2 ± 2.0, 21.1 ± 3.2, and 14.6 ± 1.5, respectively. The
ratio of MMP-13-positive cells at 1 week in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were
9.5 ± 1.0, 26.8 ± 1.1, 21.6 ± 3.4, 11.9 ± 1.9, 23.6 ± 1.8, and 11.4 ± 0.94, respectively. The ratios of IL-1β-, p-
IKKα/β-, and MMP-13-positive cells at 1 week showed signi�cant difference between the sham and DMM
groups, Corn and EPA-I groups, and Control and EPA-G groups, and no signi�cant difference between the
EPA-I and EPA-G groups. Immunohistochemical evaluation of IL-1β, p-IKKα/β and MMP-13 revealed a
signi�cant decrease in OA after EPA treatment.

Results are presented as mean values with standard deviation.

DMM: destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid

Supplementary Fig. S2 Immunohistochemical analysis using the average-sum ratio of MMP-3-positive
cells

Immunohistochemical analysis showed the average-sum ratio of MMP-3-positive cells at 1 week and 8
weeks after surgery. The ratio of MMP-3-positive cells at 1 week in the sham, DMM, Corn, EPA-I, Control,
and EPA-G groups were 8.7 ± 1.0, 19.5 ± 1.9, 17.8 ± 1.2, 11.4 ± 3.1, 19.2 ± 1.4, and 12.9 ± 1.3, respectively,
with signi�cant difference between the sham and DMM groups, Corn and EPA-I groups, and Control and
EPA-G groups, no signi�cant difference between the EPA-I and EPA-G groups. The ratio of MMP-3-positive
cells at 8 weeks in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 14.8 ± 3.0, 38.7 ± 3.5,
37.0 ± 5.1, 29.8 ± 6.2, 38.0 ± 3.8, and 16.2 ± 2.5, respectively, with signi�cant difference between the
sham and DMM groups, and Control and EPA-G groups, no signi�cant difference between the Corn and
EPA-I groups, and EPA-I and EPA-G groups. Immunohistochemical evaluation of MMP-3 revealed a
signi�cant decrease in OA after EPA treatment especially in the group treated with EPA-incorporating
gelatin hydrogels at 8 weeks after surgery.

Results are presented as mean values with standard deviation.

DMM: destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid

Supplementary Fig. S3 Primary antibody negative controls for immunohistchemical analysis.

Figures
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Figure 1

1 Time pro�les of eicosapentaenoic acid (EPA) release in vitro and in vivo (A) Time pro�les of EPA release
from EPA micelle incorporating gelatin hydrogels in PBS containing collagenase. The gelatin hydrogels in
this study were designed to biodegrade over a period of ~3 weeks under in vivo conditions. (B) Time
pro�les of EPA release from gelatin hydrogels containing EPA micelles in the joints of mice. The gelatin
hydrogels were also biodegraded over a period of ~4 weeks in vivo.
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Figure 2

Histologic features for calculation of summed OA scores by the OARSI histological score Histologic
features in coronal slice of the knee joints at 1 week and 8 weeks after surgery for calculation of summed
OA scores by the OARSI histological score. The average sum scores at 1 week showed signi�cant
differences between the sham and DMM groups, Corn and EPA-I groups, and Control and EPA-G groups,
and no signi�cant difference between the EPA-I and EPA-G groups. The average sum scores at 8 weeks
showed signi�cant difference between the sham and DMM groups, Control and EPA-G groups, and EPA-I
and EPA-G groups, and no signi�cant difference between the Corn and EPA-I groups, and sham and EPA-G
groups. Histologic evaluation revealed a signi�cant decrease in OA after EPA treatment, especially in the
group treated with EPA-incorporating gelatin hydrogels at 8 weeks after surgery. DMM: destabilization of
the medial meniscus, OA: osteoarthritis, OARSI: Osteoarthritis Research Society International, EPA:
eicosapentaenoic acid
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Figure 3

Synovitis evaluations using OARSI-recommended scoring systems Synovitis in hematoxylin and eosin-
stained sections was evaluated using OARSI-recommended scoring systems. The average score of each
compartment in the coronal slice was obtained from synovitis scores at 1 week and 8 weeks after
surgery. The average sum scores at 1 week showed signi�cant difference between the sham and DMM
groups, Corn and EPA-I groups, and Control and EPA-G groups, and no signi�cant difference between the
EPA-I and EPA-G groups. The average sum scores at 8 weeks showed signi�cant difference between the
sham and DMM groups, Control and EPA-G groups, and EPA-I and EPA-G groups, and no signi�cant
difference between the Corn and EPA-I groups, and sham and EPA-G groups. Synovitis evaluation
revealed a signi�cant decrease in OA after EPA treatment, especially in the group treated with EPA-
incorporating gelatin hydrogels at 8 weeks after surgery. DMM: destabilization of the medial meniscus,
OARSI: Osteoarthritis Research Society International OA: osteoarthritis, EPA: eicosapentaenoic acid
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Figure 4

Immunohistochemical analysis using F4/80 score of synovitis EPA was disposed to prevent macrophage
in�ltration in synovial tissues. Immunohistochemical analysis showed the average-sum F4/80 score of
synovitis at 1 week and 8 weeks after surgery. The average sum scores at 1 week showed signi�cant
difference between the sham and DMM groups, Corn and EPA-I groups, and Control and EPA-G groups,
and no signi�cant difference between the EPA-I and EPA-G groups. The average sum scores at 8 weeks
showed signi�cant difference between the sham and DMM groups, Control and EPA-G groups, and EPA-I
and EPA-G groups, and no signi�cant difference between the Corn and EPA-I groups.
Immunohistochemical evaluation of F4/80 revealed a signi�cant decrease in OA after EPA treatment,
especially in the group treated with EPA-incorporating gelatin hydrogels at 8 weeks after surgery. DMM:
destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid
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Figure 5

Immunohistochemical analysis using the average-sum ratio of CD86-positive cells Immunohistochemical
analysis showed the average-sum ratio of CD86-positive cells at 1 week and 8 weeks after surgery. The
ratio of CD86-positive cells at 1 week in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 3.3
± 2.7, 23.3 ± 5.4, 19.9 ± 2.3, 6.6 ± 5.7, 21.1 ± 4.2, and 6.8 ± 3.9, respectively, with signi�cant difference
between the sham and DMM groups, Corn and EPA-I groups, and Control and EPA-G groups, no
signi�cant difference between the EPA-I and EPA-G groups. The ratio of CD86-positive cells at 8 weeks in
the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 6.2 ± 1.7, 13.2 ± 1.2, 12.1 ± 4.2, 10.6 ± 1.3,
12.9 ± 3.6, and 7.8 ± 2.9, respectively, with signi�cant difference between the sham and DMM groups, and
Control and EPA-G groups, no signi�cant difference between the Corn and EPA-I groups, EPA-I and EPA-G
groups, and sham and EPA-G groups. Immunohistochemical evaluation of CD86 revealed a signi�cant
decrease in OA after EPA treatment. Results are presented as mean values with standard deviation. DMM:
destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid
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Figure 6

Immunohistochemical analysis using the average-sum ratio of CD163-positive cells
Immunohistochemical analysis showed the average-sum score ratio of CD163-positive cells at 1 week
and 8 weeks after surgery. The ratio of CD163-positive cells at 1 week in the sham, DMM, Corn, EPA-I,
Control, and EPA-G groups were 2.8 ± 2.6, 11.9 ± 3.7, 9.6 ± 3.3, 8.0 ± 4.4, 9.3 ± 2.0, and 8.1 ± 1.4,
respectively, with signi�cant difference between the sham and DMM groups, no signi�cant difference
between the Corn and EPA-I groups, Control and EPA-G groups, and EPA-I and EPA-G groups. The ratio of
CD86-positive cells at 8 weeks in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups were 4.7 ± 1.3,
13.3 ± 3.1, 12.5 ± 3.0, 9.7 ± 2.2, 11.7 ± 3.4, and 8.3 ± 2.0, respectively, with signi�cant difference between
the sham and DMM groups, no signi�cant difference between the Corn and EPA-I groups, Control and
EPA-G groups, and EPA-I and EPA-G groups. Immunohistochemical evaluation of CD163 revealed no
signi�cant decrease in OA after EPA treatment. Results are presented as mean values with standard
deviation. DMM: destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid
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Figure 7

Immunohistochemical analysis using the average-sum ratio of IL-1β-, p-IKKα/β-, and MMP-13-positive
cells Immunohistochemical analysis showed the average-sum ratio of IL-1β-, p-IKKα/β-, and MMP-13-
positive cells at 8 weeks after surgery. The ratio of IL-1β-positive cells at 8 weeks in the sham, DMM, Corn,
EPA-I, Control, and EPA-G groups were 15.6 ± 0.66, 35.6 ± 3.6, 33.8 ± 6.8, 27.8 ± 3.0, 34.1 ± 3.3, and 20.7 ±
2.1, respectively. The ratio of p-IKKα/β-positive cells at 8 weeks in the sham, DMM, Corn, EPA-I, Control,
and EPA-G groups were 9.4 ± 2.3, 30.6 ± 4.4, 27.1 ± 1.8, 25.3 ± 4.9, 27.6 ± 2.0, and 15.9 ± 1.5, respectively.
The ratio of MMP-13-positive cells at 8 weeks in the sham, DMM, Corn, EPA-I, Control, and EPA-G groups
were 18.0 ± 1.5, 40.1 ± 2.3, 32.0 ± 2.6, 25.9 ± 2.7, 38.3 ± 2.8, and 18.7 ± 1.9, respectively. The ratios of IL-
1β-, p-IKKα/β-, and MMP-13-positive cells at 8 weeks showed signi�cant difference in the sham and DMM
groups, Control and EPA-G groups, and EPA-I and EPA-G groups, no signi�cant difference in the Corn and
EPA-I groups. Immunohistochemical evaluation of IL-1β, p-IKKα/β and MMP-13 revealed a signi�cant
decrease in OA after EPA treatment. Results are presented as mean values with standard deviation. DMM:
destabilization of the medial meniscus, OA: osteoarthritis, EPA: eicosapentaenoic acid
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Figure 8

Enhanced expression of in�ammatory transcription factors in response to IL 1β stimulation in vitro (A)
Phosphorylation of p-IKKα/β in NHAC-kn treated with 10 ng/ml IL 1β was assessed. The results
con�rmed the time dependent change in the phosphorylation of p-IKKα/β following IL 1β stimulation, and
that the phosphorylation levels of p-IKKα/β were markedly elevated at 15 min after treatment. X-axis
showed that the time of incubation time with IL-1β stimulation. (B) The IL-1β-induced expression of p-
IKKα/β after incubation without EPA was signi�cantly higher compared with that after incubation with
EPA. X-axis showed p-IKKα/β expressions among three groups; without IL-1β stimulation and EPA
incubation, with IL-1β stimulation and without EPA incubation, and with IL-1β stimulation and EPA
incubation. (C) The IL-1β-induced expression of MMP-13 after incubation without EPA was signi�cantly
higher than that after incubation with EPA. Furthermore, the effect was dose-dependent; the higher the
dose, the more remarkable the effect. X-axis showed MMP-13 expressions among �ve groups; without IL-
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1β stimulation and EPA incubation, with IL-1β stimulation and without EPA incubation, with IL-1β
stimulation and low-dose EPA incubation, with IL-1β stimulation and medium-dose EPA incubation, and
with IL-1β stimulation and high-dose EPA incubation. EPA: eicosapentaenoic acid
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