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Abstract—

Hemarthrosis is the primary cause of hemophiliac arthropathy (HA). Pro-

inflammatory cytokines are thought to play an important role in the pathogenesis of HA,
and thus, anti-cytokine approaches may be used as an adjuvant therapy. A novel series of
enaminone compounds (JODI), that contain the N-aryl piperazino motif, have been shown
in vitro to reduce pro-inflammatory cytokines and thus may be efficacious in vivo. In this
report, we will assess whether JODI can suppress multiple cytokines which might be
potentially responsible for joint inflammation in a mouse model of hemarthrosis. The results
showed that JODI significantly improved the survival after LPS treatment, and most pro-
inflammatory cytokines/chemokines were decreased significantly after JODI administration.
In the hemophilia mouse model, hemarthrosis resulted in local cytokine/chemokine changes,
represented by elevated pro-inflammatory (IL-6, MCP-1, MIP-1x, MIP-13) and pro-
angiogenic (VEGF and IL-33) cytokines, and decreased anti-pro-inflammatory cytokines
IL-4 and IL-10. The changes were reversed by administration of JODI, which can be used as a

novel approach to manage hemophilia arthropathy.
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INTRODUCTION

Bleeding into the joints is a major complication
of severe hemophilia. Bleeding can happen at any
site; however, most bleeding occurs internally into
the joints or muscles [1]. The combination of iron
(derived from lysed red blood cells), inflammation,
synovial hypertrophy, and neovascularization results
in a vicious cycle for repeated bleeding. Recurrent
bleeding into joints results in a crippling arthritis,
called hemophilia arthropathy (HA). The associated
chronic pain and joint impairment negatively impact
the quality of life of hemophilia patients [2]. Once
HA is established in a patient, it is essentially irre-
versible [3], especially in patients where bleeding has
already developed in the target joint. Late prophylax-
is on severe hemophilia with pre-existing arthropathy
has been found to lead to decreased bleeding and
pain, but no reduction in structural arthropathy pro-
gression [4]. Indeed, even the current prophylactic
regimens do not fully prevent joint bleeding, and
some patients may still develop joint disease [5, 6].
The management of HA and associated bone damage
is still a major concern, especially in undeveloped
countries [7, 8]. Even if the current prophylactic
regimens do not fully prevent joint bleeding, some
patients may still develop joint disease [5, 6].

The pathophysiology by which joint bleeds
cause articular cartilage and subchondral bone de-
struction remains largely unknown [9]. Nonetheless,
pro-inflammatory cytokines have been suggested to
play an important role in the pathogenesis of HA
[10, 11], whereas anti-cytokine approaches may offer
protection against joint damage after hemarthrosis.

Enaminones represent a novel group of com-
pounds possessing a variety of therapeutic properties
including, but not limited to, anti-inflammatory, anti-
tussive, and anti-epileptic effects [12]. Recent studies
modifying the enaminone scaffold, by adding the N-
aryl piperazine motif, have been extensively explored
in in vitro studies to examine the effect on pro-
inflammatory cytokines as well as chemokine signal-
ing [13, 14]. In this report, we explored the safety
and efficacy of such a novel anti-inflammatory agent,
JODI-19, to reduce pro-inflammatory cytokine and
chemokines in synovial lavage after hemarthrosis in-
duction in a hemophilia mouse model.

MATERIALS AND METHODS

Materials

The chemical synthesis of all JODI compounds was
reported previously [13, 14]. JODI-19 was selected from
the series of compounds as one of the most promising
compounds in vitro and was chosen for the in vivo testing.
JODI-19 was first dissolved with dimethyl sulfoxide
(DMSO); then, normal saline was slowly added by slowly
mixing on vortex until fully dissolved. Lipopolysaccharide
(LPS) (Escherichia coli serotype O111:B4) was obtained
from Sigma-Aldrich (St. Louis, MO, USA) and diluted in
sterile normal saline. A single dose of 5 mg/kg was given
by intraperitoneal injection.

Animals

FIX knockout C57BL/6J (FIX KO) mice were bred
in-house [15]. Wild-type (WT) C57BL/6J mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME).
Given the majority of hemophilia patients are males, only
male mice were used in hemophilia mouse study. Mice at
the age of 8 to 12 weeks were used for the study. All
investigations were approved by the University of North
Carolina at Chapel Hill Institutional Animal Care and Use
Committee. Blood samples were collected from the retro-
orbital plexus into 1:9 parts 3.2% citrated sodium, and the
platelet-poor plasma was stored at — 80 °C before further
measurement.

Safety Studies

Given the well-documented efficacy of JODI com-
pound as inflammatory antagonist in in vitro study, we first
tested the safety of JODI-19 in vivo in WT mice. Animals
were weighed before recruitment into the study; thereafter,
doses ranging from 6 mg/kg (“low dose”), 30 mg/kg
(“middle dose”), to 120 mg/kg (“high dose”) were de-
signed, normal saline containing 12.5% DMSO (a concen-
tration of DM SO used in “high-dose” group) as the control
group. JODI-19 was given daily by subcutaneous (s.c.)
injection for a total of five doses. Three days after the last
dose, whole blood samples were collected for hematolog-
ical and liver/kidney tests.
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Induction of Hemarthrosis and Synovial Lavage
Collection

Hemarthrosis was induced by puncture of the joint
capsule using a Hamilton syringe with a 30.5-G needle via
asmall (~ 0.5 mm) incision of the skin overlying the patella
as described previously [16, 17].

Synovial lavage was collected by immersing the har-
vested joint tissues into normal saline. At each time point,
immediately postmortem, the treated knee joints were col-
lected by sectioning the femur and tibia/fibula 1 cm from
the joint, exposing the joint space by cutting the ligament
and immersing the tissues into an Eppendorf tube contain-
ing 0.5 ml normal saline. The tube was then put on a 2D
rocker (Benchmark, Fisher Scientific) shaking in cool
room for 4 h. Finally, the samples were centrifuged at
350g for 10 min at 4 °C, and the supernatants were har-
vested as the synovial lavage. The samples were stored at
— 80 °C before measurement.

Efficacy of JODI-19 in Hemarthrosis Model

As outlined in Fig. 1, hemarthrosis was induced at DO
and D7 in FIX KO mice. Following two episodes of
hemarthrosis, JODI-19 treatment was initiated with two
doses at the second time joint injury and another dose at
24 h thereafter (4 h time point only one dose of JODI-19).
The dose chosen is 30 mg/kg based on the survival weight
as displayed in Fig. 4. At each defined time point, a pilot of
animals (n =3~8/time point) was sacrificed; plasma and
synovial lavage (“SF”) were collected for cytokine
measurement.

Analysis of Cytokines and Chemokines

Cytokines were measured from samples of plasma
and synovial lavage, including interleukin (IL)-1, IL-4,
IL-6, IL-10, IL-17, IL-33, monocyte chemoattractant pro-
tein (MCP)-1, macrophage inflammatory protein (MIP)-

Hemarthrosis  jop|-19 JODI-19
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Lo, MIP-1f3, vascular endothelial growth factor (VEGF),
and tumor necrosis factor alpha (TNF-). Cytokines were
measured on a Luminex MAGPIX system (Luminex Cor-
poration, Austin, TX, USA), equipped with LUMINEX
xPONENT® software using custom kits (BioRad
Laboratories, Hercules, CA). Cytokine levels were
expressed in picograms per milliliter (pg/ml). Levels
below the detection limit of each cytokine were defined
as 0 pg/ml.

Statistical Analyses

Data are shown as the mean =+ standard error of the
mean. Analysis by one-way analysis of variance for mul-
tiple comparisons was performed using GraphPad Prism
v7 (GraphPad Software, Inc., La Jolla, CA) unless further
defined. A p value of <0.05 was considered statistically
significant.

RESULTS

In Vivo Safety Profiles of JODI-19

First, to investigate the safety of this novel compound
in vivo, WT mice received 5 consecutive doses of JODI-19,
doses ranging from low dose of 6 mg/kg to the highest dose
of 120 mg/kg. Compared with the control group that re-
ceived the solvent to prepare JODI compound, the treat-
ment group showed no change for all hematological pa-
rameters, including body weight (Fig. 2a) as well as kidney
and liver functions (Fig. 3). No significant changes in body
weight were seen in the mice from the start of the study to
the last day 3 days after their fifth dose (Fig. 2b). The result
showed that this novel compound has a relatively wide
window of safety for use in vivo.

induction 1stdose 2™ dose Sacrifice
A A A A A A A A
DO D7 +4hr +24hr  +48hr +D7 +D14 +D28

Fig. 1. Study design for in vivo efficacy of JODI on hemarthrosis. In FIX KO mice, hemarthrosis was induced at DO and D7. Following two episodes of
hemarthrosis, JODI treatment was initiated with two doses at the second time joint injury and another dose at 24 h thereafter (4 h time point only one dose of
JODI). The dose chosen is 30 mg/kg. A pilot of animals (» = 3~8/time point) were sacrificed at each defined time point. Plasma and synovial lavage (“SF”)

were collected for cytokine measurement.
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Fig. 2. In vivo safety profile of JODI compound: hematological tests and body weight. WT mice received JODI 19 subcutaneous (s.c.) injection daily for a
total of 5 doses. a Three days after the last dose, whole blood was collected for hematological tests. b Mice were weighed before recruitment into the study and
at the end of the observation for body weight change. “Control”: normal saline containing 12.5% DMSO (concentration of DMSO used in “high-dose”

group); “low dose”: 6 mg/kg; “middle dose” =30 mg/kg; “high dose” = 120 mg/kg. Each value represents the mean + SD (n=15).

JODI-19 Improved the Survival of LPS Treatment by
Decreasing Pro-inflammatory Cytokines/Chemokines

Given the high safety profiles of JODI in WT mice,
we sought to determine whether JODI can improve cyto-
kine and chemokine profiles following LPS-induced
endotoxemia. FIX KO mice were injected with LPS
(5 mg/kg, i.p.) first, immediately followed by a single dose
of subcutaneous injection. Then, JODI was injected at
different doses. Four hours later, blood was collected for
cytokine measurement. At 48 h, the experiment was termi-
nated due to some treatment animals losing > 30% of their
body weight. Results showed that administration of JODI
significantly improved the survival in LPS-treatment
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hemophilia mice as shown in Fig. 4. The benefit of protec-
tion might be from blockage of pro-inflammatory cyto-
kines or chemokines, as most cytokines at 4 h post-LPS
treatment, including IL-1, IL-6, MCP-1, MIP-1«, MIP-13,
and TNF-«, decreased significantly after JODI administra-
tion (Fig. 5). IL-10, a putative anti-inflammatory cytokine,
was not significantly impacted. Although we did not see
statistical significance, there is a slight trend that a dose-
response pattern exists between cytokine reduction
and JODI dose (Fig. 4). At 48 h, cytokine levels
were also detected in animals that survived, as shown
in Fig. 6; most of the cytokines returned to baseline
or relatively lower levels.
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Fig. 3. Invivo safety profile of JODI compound: kidney function tests. WT mice received JODI 19 subcutaneous (s.c.) injection daily for a total of five doses.
Three days after the last dose, whole blood was collected for liver/kidney test. Each value represents the mean + SD (n=15).
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Fig. 4. JODI improved the survival of LPS treatment. FIX KO mice were injected with LPS (5 mg/kg, i.p.), immediately followed by a single dose of s.c.
JODI at different doses. Because some treated animals lost > 30% weight, the experiment was terminated at 48 h. “NS control”: normal saline i.p., followed
by JODI dissolvent (NS with DMSO); “LPS control”: LPS 5 mg/kg, i.p. injection, followed by JODI dissolvent (normal saline with DMSO); “LPS + LD”:
LPS 5 mg/kg, i.p., followed by low dose (LD) of JODI-19 at 10 mg/kg s.c.; “LPS + MD”: LPS 5 mg/kg, i.p., followed by middle dose of JODI-19 at
30 mg/kg s.c.; “LPS + HD”: LPS 5 mg/kg, i.p., followed by high dose of JODI-19 at 100 mg/kg s.c. Each value represents the mean + SD (n=5).

Efficacy of JODI-19 in Hemarthrosis Model

Pro-inflammatory cytokines, IL-13, IL-6,
keratinocyte-derived cytokines, and MCP-1 in synovial
fluid have been reported to be involved in the development
of hemophilic arthropathy [3, 4].We hypothesized that the
novel JODI compound can prevent the excessive pro-
inflammatory cytokine/chemokine product after joint
bleeding in a hemophilia mouse model. Given that VEGF
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has been recognized as a strong pro-angiogenic cytokine to
promote neo-angiogenesis, in this setting of cytokine mea-
surement, VEGF was added.

As shown in Fig. 7, in the circulation (plasma),
only IL-6 at the early time point (4 h) was found
elevated. JODI treatment was found to decrease IL-6
levels significantly. The majority of the cytokines/
chemokines were not affected systemically.
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Fig. 5. JODI decreased pro-inflammatory cytokines/chemokines after LPS treatment. Blood was collected 4 h later from FIX KO mice with LPS treatment.
Multiple cytokine measurements were performed. “Naive control”: plasma from untreated FIX KO mice. *p <0.05, *#*p <0.01, ***p <0.001. Each value

represents the mean + SD (n=5).
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In contrast to what was found in the circulation,
cytokines and chemokines in synovial lavage showed
mixed patterns as shown in Fig. 8. Cytokines/
chemokines were increased at early time points and
gradually dropped, which represent the acute phase
reaction after the induction of hemarthrosis. These
include IL-6, MCP-1, MIP-1«x, and MIP-1(3. Elevated
cytokines/chemokines persisted relatively with fluctu-
ation at certain time points (W1 or W2), which were
represented by IL-1, TNF-«, and IL-17. Strikingly
different to other cytokines/chemokines, there was a
steady increase with time as seen for VEGF and IL-
33. In any situation, in which cytokines/chemokines
increased following hemarthrosis, JODI administration
has suppressed the increase. On the contrary to
cytokine/chemokine elevation following hemarthrosis,
it is also interesting to see a very different pattern in
which levels of IL-4 and IL-10 dropped sharply at
week 2, while the drop was reversed by JODI admin-
istration. As the hemophilic mice developed markedly
increased joint diameter after first hemarthrosis induc-
tion and a further increase after second hemarthrosis,
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JODI administration significantly prevented the joint
swollen as shown in Fig. S1.

The result clearly showed that in the hemophilia
mouse model, hemarthrosis resulted in local cytokine/
chemokine changes, represented by elevated pro-
inflammatory (IL-6, MCP-1, MIP-1&, MIP-1[3) and pro-
angiogenic (VEGF and IL-33) cytokines, and decreased
anti-inflammatory cytokines IL-4 and IL-10. Both changes
were reversed by JODI administration.

DISCUSSION

In this report, the safety of JODI was first validat-
ed in WT mice that received five consecutive doses of
JODI-19, ranging from a lower dose of 6 mg/kg to the
high dose of 120 mg/kg. In FIX KO mice, JODI sig-
nificantly improved survival after LPS-induced
endotoxemia possibly by decreasing pro-inflammatory
cytokines including IL-1, IL-6, and IL-17. Furthermore,
FIX KO mice were subjected to two episodes of
hemarthrosis (at DO and D7), and JODI treatment
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Fig. 8. Efficacy of JODI-19 in hemarthrosis model: cytokine/chemokine changes in synovial lavage. Synovial lavage was collected at each defined time
point shown in Fig. 1. Multiple cytokine measurements were performed. *» <0.05, **» <0.01, ***» <0.001. Each value represents the mean + SD (n =5).
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started after the second joint injury. At different time
points from 4 h to 4 weeks after hemarthrosis, plasma
and synovial lavage were collected. Even though the
majority of the cytokines/chemokines (except for IL-6)
were not impacted in the circulation, cytokines/
chemokines in synovial lavage showed a strikingly
different and mixed pattern. In synovial lavage, pro-
inflammatory (IL-6, MCP-1, MIP-1, MIP-1f3) and
pro-angiogenic (VEGF and IL-33) cytokines were in-
creased following hemarthrosis, while JODI adminis-
tration suppressed this increase. On the contrary, anti-
pro-inflammatory cytokines IL-4 and IL-10 dropped
sharply at week 2 following hemarthrosis; the drop
was reversed by JODI administration. Given our
in vivo findings, JODI-19 may be a novel approach to
manage hemophilia arthropathy and its associated bone
damage.

Development of HA is characterized traditionally
by two major processes, i.e., synovial inflammation and
cartilage degeneration [18]. In this respect, HA shares
the same features with inflammatory joint diseases such
as rheumatoid arthritis (RA). Synovial joints are sus-
ceptible to spontaneous bleeds due to the high vascu-
larization of the synovium. The unique characteristics of
local hemostasis in a joint make the joint a vulnerable
tissue for spontancous bleeding, specifically low coag-
ulation cascade and increased fibrinolysis following
hemarthrosis [19, 20]. For either pathway, the
synovial-derived pro-inflammatory cytokines, plasmin,
and matrix metalloproteinases (MMPs) play important
roles in the degenerative processes. Bone remodeling,
particularly following injury, can be rapidly modulated
by a number of factors including pro-inflammatory me-
diators present due to injury and the final molecular
effector receptor activator of nuclear factor B
(RANK), RANK ligand (RANKL), and osteoprotegerin
(OPQG), the natural decoy receptor for RANKL [21]. The
OPG/RANKL ratio therefore signifies the sum of bone
remodeling influences at a given time, where increases
in the OPG/RANKL ratio indicate a pro-bone formation
state. Any influence that uncouples this process can
result in an overall change in bone density [22]. Pro-
inflammatory cytokines released by local inflammatory
cells in response to injury, like IL-6, negatively regulate
osteoblast differentiation and bone resorption through
osteoblastic production of downstream effectors such as
RANKL that activate osteoclasts [23, 24].

Over-expression of cytokines/chemokines perpetu-
ates the inflammatory response by recruiting additional
innate immune cells, such as monocytes and neutrophils,
inducing T cell differentiation. In an in vitro study,
inhibiting IL-13 by recombinant human IL-13 monoclo-
nal antibody or IL-1 receptor antagonist had a protective
effect on blood-induced cartilage damage in a dose- and
time-dependent manner [25]. Blocking IL-1 has been a
successful treatment for RA and gout as well as other
auto-inflammatory syndromes [26, 27]. Previous studies
from our lab have found that administration of an IL-6
receptor antagonist in addition to clotting factor replace-
ment after joint bleeding led to protection against bleed-
induced joint damage in the hemophilia A mouse model
[28], represented by a significant decline in synovial hy-
perplasia, hemosiderin deposits, and infiltration of macro-
phages; such protection can also be achieved in the hemo-
philia B mouse using an anti-TNF-« approach [29]. Inter-
estingly, the efficacy of anti-TNF-« to decrease the syno-
vitis and hemarthrosis has been reported in hemophilia
arthropathy patients [30].

Data to characterize novel anti-inflammatory agent
enaminone E121 have shown a marked decrease in the
release of pro-inflammatory cytokines including TNF-« in
macrophages stimulated with LPS [14]. Literature has
described that it is able to increase the CCR2 antagonistic
activity when an N-alkylated piperazine motif is added to
the terminal end of the lead compound. It was assumed that
incorporating the N-alkylated piperazine motif into the
existing E121 enaminone pharmacophore could lead to a
ligand with dual functionality as a cytokine inhibitor and
chemokine receptor antagonist [14].

It is interesting to see VEGF and IL-33 in synovial
lavage steadily increase with time while JODI administra-
tion prevented the increase. VEGF is a strong pro-
angiogenetic cytokine that mediates neo-angiogenesis by
sprouting of capillaries from existing blood vessels into the
wound bed. Neo-angiogenesis is vital for healing and
repair; however, in hemophilia, it has been well character-
ized that perivascular tissue factor expression is downreg-
ulated, and the newly formed vessels are tissue factor
deficient (“fragile vessels”) during wound healing. This
renders hemophiliacs vulnerable to hemorrhage and cre-
ates a vicious circle of bleeding and rebleeding during
healing [31]. In hemophilia patients with arthropathy, the
number of proangiogenic macrophage/monocyte cells in
the synovium was significantly elevated [32]. Indeed, an
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open clinical trial by Intra-articular administration of anti-
VEGF antibody for the Recurrent Hemarthroses caused
Target Joints is ongoing (ClinicalTrials.gov identifier:
NCT02060305). IL-33 is a newly discovered member of
the IL-1 family and plays an important role in matrix
synthesis and neovascularization [33]. In osteoarthritis
and chronic inflammatory joint diseases, IL-33 and other
endogenous molecules have deleterious effects on joints by
recruiting immune cells to inflamed synovia and perpetu-
ating the disease progression [34]. In the hemophilia mouse
model following hemarthrosis, a temporary increase in M1
monocytes and more sustained increase in M2 monocytes
have been noted in the joint lavage [35]. We hypothesized
this can contribute to the continuous IL-33 production
given the rebleeding chances can be greatly increased by
which disruption of vessels facilitated IL-33 release and
attendant inflammation.

It is also noteworthy to see that in JODI-treated
animals, IL-4 and IL-10 levels were significantly in-
creased instead of decrease for the rest of cytokines,
especially at the week 2 time point. IL-4 and IL-10
have been recognized with the anti-inflammatory/regu-
latory characteristics that can play a role to “re-
balance” the microenvironment in the joint space to-
ward a “calm” joint. IL-4 and IL-10 can prevent carti-
lage damage upon blood exposure in vitro [36, 37], and
intra-articular injection with the combination of IL-4
and IL-10 after induction of hemarthrosis is able to
alleviate cartilage damage [38]. As we saw the elevated
cytokines/chemokines persisted relatively with the fluc-
tuation of IL-1, TNF-«, and IL-17 especially at W1 or
W2, we hypothesized that re-bleeding may occur from
the inflamed and hyper-vascularized synovium, which
has been attributed to the pathogenicity of hemophilia
arthropathy.

CONCLUSION

In the present study, a novel enaminone com-
pound JODI-19 suppressing multiple cytokines re-
sponsible for joint inflammation was explored in a
mouse model of hemarthrosis. Hemarthrosis resulted
in local cytokine/chemokine changes, represented by
elevated pro-inflammatory (IL-6, MCP-1, MIP-1«,
MIP-1$3) and pro-angiogenic (VEGF and IL-33) cy-
tokines, and decreased anti-pro-inflammatory

cytokines IL-4 and IL-10. Both changes can be re-
versed by JODI administration to demonstrate that
JODI-19 may be a promising and effective therapeu-
tic avenue to manage hemophilia arthropathy.
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