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Purpose: Joint pain is one of the most commonly reported pain types in the United States. In the case of patients suffering from 
inflammatory diseases such as osteoarthritis (OA) and gout, persistent inflammation due to long-term overexpression of several key 
cytokines has been linked to neuronal hypersensitivity and damage within the joints. Ultimately, a subset of patients develop chronic 
pain. Pharmacologic treatment of joint pain involves the use of analgesics such as acetaminophen, non-steroidal anti-inflammatory 
drugs (NSAIDs), opioids, antidepressants, as well as intra-articular injections of corticosteroids and hyaluronic acid. However, 
NSAIDs are short-acting and fail to alleviate severe pain, opioids are generally ineffective at managing chronic pain, and all 
therapeutic options involve increased risks of serious side effects.
Methods: We explored the therapeutic and analgesic effects of transforming growth factor-β-activated kinase 1 (TAK1) inhibition in 
both the monoiodoacetate (MIA) and monosodium urate (MSU) models of joint pain as an innovative strategy for alleviating chronic 
inflammatory pain. Mechanical allodynia (Von Frey), weight-bearing and histological changes were measured in separate groups of 
rats receiving either the selective TAK1 inhibitor, HS-276, gabapentin or vehicle.
Results: Our data support that TAK1 inhibition effectively prevented the development of mechanical allodynia and differential 
weight-bearing in the MIA model. In the MSU model of gouty arthritis, treatment with HS-276 significantly reduced mechanical 
allodynia and knee edema in female rats, but not male rats. Histological evaluation of effected joints in both models showed that HS- 
276 treatment significantly reduced disease-induced degradation of the joint.
Conclusion: Our results support that TAK1 is a critical signaling node in inflammatory joint diseases such as OA and gouty arthritis. 
Selective pharmacological inhibition significantly attenuated several aspects of the disease, including joint degeneration and mechan-
ical pain. Thus, TAK1 is a novel therapeutic target for the treatment of painful inflammatory joint diseases.
Perspective: This article reports on the therapeutic potential of TAK1 in the treatment of chronic inflammatory joint diseases such as 
OA and gout. Using the selective TAK1 inhibitor, HS-276, we show the therapeutic and analgesic effects of TAK1 inhibition in two 
preclinical murine models of inflammatory joint pain.
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Introduction
The origins of pain are tightly linked to the expression of pro-inflammatory cytokines such as tumor necrosis factor 
(TNF), interleukin-6 (IL-6) and interleukin-1β (IL-1β) which can lead to neuronal hypersensitivity and increased pain 
states in patients.1,2 In many chronic inflammatory joint diseases such as osteoarthritis (OA) and gout, hyperactive 
immune cells within the joints cause increased expression of pro-inflammatory cytokines, leading to the further 
recruitment of inflammatory immune cells into the joint – ultimately causing progressive bone and cartilage 
degeneration.3,4 To this end, previous research has shown that continual expression of inflammatory cytokines can 
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modulate nociceptor activity through intracellular changes in ERK and MAPK phosphorylation, leading to heightened 
nociceptor activity and spontaneous neuronal firing.5–7 In addition to immune cells, other cells within the joint such as 
chondrocytes and synoviocytes can modulate the inflammatory microenvironment that contributes to nociceptor sensi-
tivity and the recruitment of other immune cells.8,9 Other mechanisms leading to the development of neuropathic pain 
include the degeneration of the joint anatomy over time, causing direct neuronal damage through pinching, nerve 
shearing and stretching, which can damage the nociceptor terminals and axons in the joint. The expression of 
inflammatory cytokines/chemokines and direct tissue damage act in a positive feed-forward mechanism leading to 
continual joint deterioration and cytokine expression.

In the context of OA and gout, a suite of inflammatory cytokines has been implicated in the etiology of joint pain. 
Notably, TNF is recognized as a key modulator of inflammatory responses and plays an integral role in the pathogenesis 
of these conditions. Recent studies have highlighted that TNF levels and those of other pro-inflammatory cytokines are 
significantly elevated in many chronic inflammatory diseases, including OA and gout.10,11 While no anti-TNF therapies 
to date have been approved to treat chronic inflammatory pain conditions, the IL-1β antagonist canakinumab has been 
approved for gout flares in adults who are contraindicated, intolerant to, or experience an inadequate response to 
NSAIDs.12 In OA, canakinumab has shown promising efficacy in slowing the progression of joint deterioration in 
these patients, leading to a decrease in the incidence of patients needing hip and knee replacements by 40% and 47%, 
respectively.13 This evidence indicates that the strategic inhibition of pro-inflammatory cytokines offers a logical and 
innovative method for formulating advanced therapies for chronic inflammatory diseases, including OA and gout.

For the treatment of OA and gout pain, prevailing clinical guidelines largely involve the administration of 
NSAIDs.14,15 These agents exert their anti-inflammatory action by curtailing the synthesis of prostaglandins, through 
the inhibition of cyclooxygenase enzymes, mainly COX-1 and COX-2.16–18 Suppression of prostaglandin production has 
been shown to not only modulate inflammation but also diminish pain perception by reducing nociceptor sensitivity to 
noxious stimuli.19,20 Emerging research indicates that NSAID therapy in OA may also downregulate the production of 
pivotal pro-inflammatory cytokines such as TNF. This has been shown through the modulation of signaling pathways 
including ERK, JNK, p38, and RAS, suggesting a potential immunomodulatory effect of NSAIDs that extends beyond 
their analgesic roles.21 However, NSAIDs are short-acting and fail to alleviate severe pain and ultimately many patients 
are frequently prescribed opioids for pain management.14,22,23 Despite their widespread use, opioids have shown limited 
efficacy in the long-term management of chronic pain and are associated with significant safety concerns, including high 
risks of respiratory depression, gastrointestinal constipation, addiction and overdose.22–25 These challenges have cata-
lyzed a series of initiatives, both public and private, aimed at mitigating opioid misuse and encouraging the investigation 
of non-opioid analgesic alternatives.26,27 Therefore, it is imperative to further investigate the role of novel drug targets in 
the inflammatory processes and pain associated with chronic joint diseases like OA and gout.

Recent discovery of transforming growth factor-β-activated kinase 1 (TAK1) in the TNF signaling pathway has 
identified a novel target for the treatment of inflammatory joint-associated pain. TAK1 functions as a pivotal signaling 
hub within biochemical signaling pathways that regulate the production of various cytokines including TNF, IL-6 and IL- 
1β.28–30 When activated, TAK1 triggers the production of inflammatory cytokines and promotes pro-survival gene 
expression through NF-κβ.31 Recent data has identified that TAK1 plays a critical role in the development of chronic 
pain.32 Previous work has shown that TAK1 inhibition can block the expression of several key cytokines in the dorsal 
root ganglia and prevent the development of mechanical pain in three models of inflammatory, neuropathic and 
functional pain.32 Additionally, work in the central nervous system (CNS) has shown that TAK1 expression in astrocytes 
and microglia can contribute to CNS inflammation and the development of chronic pain, and that reduction of TAK1 
expression in the CNS by antisense oligodeoxynucleotide intrathecal administration significantly prevented and reversed 
peripheral nerve injury.33–35

Despite this work validating TAK1 as a novel analgesic target, limitations of our earlier work stemmed from the use of 
takinib, which was a selective and low nM (IC50 = 9nM) inhibitor of TAK1 but lacked oral bioavailability.36 Recently, our 
group performed structure activity relationship studies that identified a promising analog of takinib, HS-276, which is 
a highly potent (IC50 = 2.5nM) and exquisitely selective (kinase selectivity score = 0.04) inhibitor of TAK1 with high oral 
bioavailability (%F = 98%).37 Here, we evaluate the ability of HS-276 to attenuate mechanical allodynia in the rat MSU 
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gouty arthritis model as well as the rat MIA osteoarthritis model. Our work indicates that TAK1 inhibition with HS-276 
attenuates mechanical allodynia and dynamic weight-bearing in male and female rats in the MIA model of OA, accompanied 
by a significant reduction in MIA-induced joint degeneration measured by knee histology. Furthermore, in the MSU model of 
gouty arthritis, TAK1 inhibition leads to a significant reduction in knee edema and mechanical allodynia in female rats but 
not male rats. These results suggest that our novel, potentially first-in-class, orally bioavailable anti-TNF therapeutic could 
provide a more effective and/or safer alternative to current joint-targeted pain treatments.

Methods
Animal Care
All animal experiments were approved and carried out in accordance with the Inotiv Boulder Institution Animal Care and 
Use Committee (IACUC; protocol number IB-040) and conformed to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. 
IACUC approval was obtained by Inotiv Boulder (contract research organization) to comply with current animal care 
standards. Rats were fed at libitum with Harlan Teklad #8640 and tap water. Continual temperature and humidity were 
monitored in the animal housing and rats maintained on a 12hr/12hr light/dark cycle.

General Experimental Design for MSU Model
Upon arrival, animals were acclimated to the mechanical and thermal testing apparatus.

Prior to the study initiation, animals were allocated to groups and baseline caliper and behavior measurements 
were taken. On study day 0, the animals began treatment with HS-276 via oral gavage. i.a. injections of PBS or 
MSU were administered 1 hour after the first dose, and again on study day 1. Animal body weights were 
measured, and interim blood was collected. Knee caliper measurements were taken as described below. Von 
Frey, dynamic weight-bearing, and Hargreaves testing were performed as described below. Animals were necrop-
sied after the final behavioral assessments (approximately 24h following the second i.a. injection). The evaluation 
of efficacy was based on knee caliper measurements, pain testing, weight-bearing, and knee histopathology.

Mechanical Von Frey Measurements
Von Frey analysis was conducted on study days −4 (baseline), −1, 0, 1, and 2 for the animals. Before enrollment, rats were 
acclimated to the animal colonies and familiarized with the testing rack through two to three sessions. Our Von Frey testing 
kit included hairs ranging from 3.16 to 5.18 grams, representing the absolute threshold for rats. To ensure consistency, each 
researcher utilized the same set of hairs, preventing variability between kits. Data was entered into a spreadsheet, and the 
PsychoFit program was employed to convert the 100% response rate into a 50% threshold for reporting results.

The testing procedure was initiated with three applications of the 4.31 hair. A recorded response indicated an 
observable reaction, such as lifting the hind paw from the grate to alleviate pressure. Responses were documented as 
either 0 (no response) or 1 (response) on a template. If the animal did not respond to the hair in three consecutive 
trials, the next larger hair in the kit was applied, and the process was reiterated until the animal responded three times 
consecutively. Following a response, the previous filament was re-tested to confirm the absence of response. 
Conversely, if the animal responded, the next smaller filament was applied and the process continued until the animal 
no longer responded. Once a lack of response was confirmed, the previous filament was retested to verify the 
response.

Testing specifically targeted the hind portions of the hind paw, as the heel was deemed to provide a more reliable and 
sensitive response. Testers observed animals for hyper-responding or freezing, in which case the animals were left 
undisturbed until they calmed down.

Knee Caliper Measurements
Caliper measurements were conducted employing a Mitutoyo Digimatic Micrometer Series 293. Initial knee caliper 
measurements were obtained from a single knee, and the values were rounded to one-thousandth (0.001) of a millimeter. 
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To ascertain clinical normalcy, these measurements were cross-referenced with historical values for rats, taking into 
account various body weights. Subsequently, the baseline measurements were extended to encompass both knees, and 
these values were retained as long as the joint exhibited clinical normalcy without any signs of inflammation. The 
disparity between the right (injected) and left (non-injected) knees was then computed.

General Experimental Design for the MIA Model
Animals were weighed and randomized by body weight on study day −3 and underwent baseline electronic Von Frey and 
dynamic weight-bearing testing prior to study initiation. On study day 0, animals were anesthetized, their right knees 
shaved and prepped with 70% EtOH and then injected with saline (disease control) or 2 mg Mono-Iodo Acetate (Sigma 
Cat #: I2512-25G) into the right knee joint to induce disease. On study day 1, animals were dosed with either HS-276 30 
or 50 mg/kg P.O. BID or vehicle (sterile water). Behavior assessment involving electronic Von Frey (eVF) and dynamic 
weight-bearing were performed by a blinded evaluator on days 4,7,14,21 and 28. After pain testing on day 28, animals 
were sacrificed by isoflurane anesthesia following a bilateral pneumothoracotomy.

Dynamic Weight-Bearing
Prior to testing, the force sensor is cleaned lightly with 70% isopropyl alcohol and wiped clean of any debris. The lid is 
placed on the dynamic weight-bearing chamber, and the camera was checked for proper alignment and adjusted as 
necessary. Rats were placed into the dynamic weight-bearing testing chamber (BioSeb Cat. #: BIO-DWB-DUAL) and 
allowed to move freely for 2 minutes. Approximately one minute of video was used for data analysis. Animals were 
assessed for the amount of weight placed on the left and right hind paws (in grams), and data reported as grams of 
difference between each foot.

Electric Von Frey Measurements
Rats were habituated to animal colonies for one week and handled four times for five minutes each after one week of 
habituation. Rats were habituated to the testing rack three times during this process. Rats were tested using an Almemo 
2490 electronic Von Frey testing device. After a minimum of 5 minutes of acclimation, the instrument was zeroed out 
and then gentle pressure applied with the rigid tip to the testing area (between the foot pads/palm of the injected hind 
limb) at a 90° angle. Constant pressure was applied until the rat raised its foot in response to the stimulus. If it was 
unclear if the rat moved, rather than a true response, the rat was re-tested after the prescribed waiting period. Each rat was 
tested 3 times with a minimum of 8 minutes between testing events. The force applied for each response was averaged 
for each animal.

Cytokine Analysis
Baseline, interim, and terminal serum samples, along with synovial lavage fluid, were gathered from each group of 
animals and subjected to analysis using Luminex 200TM. The cytokines MIP-1α, IL-1β, IL-2, IL-6, IFNγ, and TNF were 
specifically targeted. The EMD Milliplex MAP Rat Cytokine/Chemokine Magnetic Panel (Kit catalogue No. 
RECYTMAG-65K, lot No. 3819884) was employed for cytokine analysis. To initiate the process, 200μL of wash buffer 
was introduced into each plate well, which was then sealed and mixed on a plate shaker for 10 minutes at room 
temperature (20–25°C). Following this, the wash buffer was decanted, and any residual amount was removed by 
inverting the plate and tapping it onto absorbent towels. Standard or control solutions (50 μL each) were added to the 
appropriate wells, with the serum matrix serving as the background for the 0 pg/mL standard. Subsequently, 25μL of 
assay buffer was added to the sample wells, and 25μL of the sample was introduced into the appropriate wells.

The plate was then sealed, wrapped in foil, and incubated with agitation on a plate shaker overnight (16–18 hours) at 
2–8°C. After gently removing the well contents, the plate was washed three times following kit instructions. To continue 
the process, 25 μL of detection antibodies were added to each well, which was then sealed, covered with foil, and 
incubated with agitation on a plate shaker for 1 hour at room temperature (20–25°C). Subsequently, 25 μL of 
streptavidin-phycoerythrin was added to each well containing the detection antibodies. The wells were once again 
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sealed, covered with foil, and incubated with agitation on a plate shaker for 30 minutes at room temperature (20–25°C). 
After gently removing the well contents, the plate underwent three washes according to kit instructions.

Following this, 150 μL of Sheath Fluid was added to all wells, and the beads were resuspended on a plate shaker for 5 
minutes. The plate was then run on Luminex 200TM, and the absolute expression was determined by a standard curve of 
known analyte expression. The data were expressed as cytokine concentration (pg/mL).

Histology
The knees that received injections from all animals were harvested, had their skin removed, were trimmed of muscle, and 
then preserved in 10% neutral buffered formalin (NBF) for histological examination. The injected knees were bisected into 
approximately equal halves along the frontal plane and subsequently embedded in paraffin. From each paraffin-embedded 
block, sections were cut and stained with toluidine blue. Microscopic analysis was conducted on the tissues, with scoring 
performed for inflammation, pannus formation, cartilage damage, and bone resorption. The individual scores for these 
histopathological features were then summed to calculate a comprehensive histopathology score for each joint.

Scoring Criteria
The following scoring system was used to evaluate the histopathological changes observed in the joints.

Inflammation Score: 0 = normal; 0.5 = very minimal, generally focal or multifocal very minor inflammation; 1 = 
minimal, multifocal, minor infiltration of inflammatory cells in

synovium/periarticular tissue, no obvious distension of joint capsule; 2 = mild infiltration, diffuse mild infiltration of 
entire synovium, minor if any distension of joint capsule; 3 = moderate infiltration with moderate edema, diffuse with 
moderate distension of joint capsule usually on both medial and lateral sides; 4 = marked infiltration with marked edema, 
diffuse with marked distension of joint capsule on both medial and lateral sides or may have just one side severely 
distended and the other is milder; 5 = severe infiltration with severe edema, diffuse with severe distension of joint capsule 
on both medial and lateral sides; 6 = very severe infiltration with very severe edema, diffuse with very severe distention 
of joint capsule on both medial and lateral sides.

Pannus Score: 0 = normal; 0.5 = minimal infiltration of pannus in cartilage and subchondral bone, affects only 
marginal zones and affects only a few focal areas, less than 1% of area at risk

Affected; 1 = minimal infiltration of pannus in cartilage and subchondral bone, approximately 1–10% of cartilage 
surface or subchondral bone affected; 2 = mild infiltration (extends over up to 1/4 of surface or subchondral area of tibia 
or femur), approximately 11–25% of cartilage surface or subchondral bone affected, 3 = moderate infiltration (extends 
over >1/4 but <1/2 of surface or subchondral area of tibia or femur), approximately 26–50% of cartilage surface or 
subchondral bone affected; 4 = marked infiltration (extends over 1/2 to 3/4 of tibial or femoral surface) approximately 
51–75% of cartilage surface or subchondral bone affected; 5 = severe infiltration, approximately 76–100% of cartilage 
surface or subchondral bone affected

Cartilage Damage Score: 0 = normal; 0.5 = minimal decrease in toluidine blue staining, affects only marginal zones; 1 
= minimal to mild loss of toluidine blue staining with less than 1%

cartilage loss on all combined surfaces; 2 = mild loss of toluidine blue staining with focal mild (superficial) 
chondrocyte loss and/or collagen disruption, may have few small areas

of 50% depth of cartilage affected, 1–10% cartilage loss on all combined surfaces; 3 = moderate loss of toluidine blue 
staining with multifocal to diffuse moderate (depth to middle zone) chondrocyte loss and/or collagen disruption, may 
have several areas of full thickness loss, 11–25% cartilage loss on all combined surfaces; 4 = marked loss of toluidine 
blue staining with multifocal to diffuse marked (depth to deep zone) chondrocyte loss and/or collagen

disruption, total overall loss 26–50% of all combined surfaces; 5 = severe diffuse loss of toluidine blue staining with 
multifocal severe (depth to tide mark), total overall loss greater than 50% of width of all surfaces combined.

Bone Resorption Score: 0 = normal; 0.5 = minimal resorption affects only marginal zones, less than 1% of area at risk 
affected; 1 = small areas of resorption, not readily apparent on low magnification, approximately 1–10% of total joint 
width of subchondral bone affected; 2 = more numerous areas of resorption, definite loss of subchondral bone, 
approximately 11–25% of total joint width of subchondral bone affected; 3 = obvious resorption of subchondral bone 
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approximately 26–50% of total joint width of subchondral bone affected; 4 = obvious resorption of subchondral bone 
approximately 51–75% of total joint width of subchondral bone affected; 5 = distortion of entire joint due to destruction 
approximately 76–100% of total joint width of subchondral bone affected.

Osteophyte Measurement and Score
Osteophyte expansion in the marginal zones was assessed utilizing an ocular micrometer. The area with the most 
extensive proliferation (considered the worst-case scenario) was quantified and subsequently evaluated based on the 
following criteria: Grade 0 = None, Grade 1 = 200–399μm, Grade 2 = 400–599μm, Grade 3=600-799μm, Grade 4 = 800– 
999 μm, Grade 5 ≥ 1000μm.

Statistical Analysis
GraphPad Prism 9 software was used for all statistical tests and graph presentations. Statistical tests for each assay are 
mentioned in the figure legends.

Results
We evaluated the anti-inflammatory and analgesic effects of TAK1 inhibition by HS-276 in both the MIA model of 
osteoarthritis and MSU model of gouty arthritis. In the MIA model, male and female rats developed prominent hypersen-
sitivity to mechanical stimuli (Von Frey filaments) on the ipsilateral hind paw persisting for 28 days post-monoiodoacetate 
intra-articular injection (naïve vs vehicle comparison; males p = 0.001, females p = 0.009) (Figure 1a and b). Both male and 

Figure 1 TAK1 inhibition blocks MIA-induced mechanical hyperalgesia in male and female Sprague Dawley rats. Compared to rats receiving vehicle, both male (a) and female 
(b) rats treated with HS-276 at 30 and 50 mg/kg Bid P.O. showed significant reduced mechanical allodynia. Analysis of dynamic weight-bearing differential between injured 
(right) and non-injured (left) hind legs showed HS-276 treatment at 30 and 50 mg/kg significantly reduced male (c) and female (d) dynamic weight bearing scores. N=5-8 rats/ 
group. AUC= area under curve. Data are shown as Mean±SEM. Data analyzed by 2-Way-ANOVA with Dunnett’s multiple comparisons test. Significance symbols of 
treatment group compared to vehicle *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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female rats treated with HS-276 at 50 mg/kg P.O. BID showed significant attenuation of monoiodoacetate-induced 
mechanical hyperalgesia compared to vehicle-treated rats (males F3,149=75.28 p < 0.0001, females F3,92=35.07 p < 
0.0001) (Figure 1a and b).

Clinically, OA often presents with non-symmetric joint degeneration between the left and right knees leading to changes 
in a patient’s gait.38,39 This compensation can often be directly related to the pain severity reported in the joint, leading 
patients to avoid placing pressure on the affected joint. Here, we analyzed the changes in weight-bearing between the OA 
injured (right) and non-injured (left) hind legs. Analysis of dynamic weight-bearing in male and female rats showed that 
intra-articular injection of MIA in rats treated with vehicle (water) significantly increased the differential in weight-bearing 
between injured (right) and non-injured (left) hind legs compared to naïve animals (males p < 0.0001, females p < 0.0001) 
(Figure 1c and d). Treatment with HS-276 reduced the differential weight-bearing score in both 30 and 50 mg/kg treated 
groups for both males (p = 0.0012, p < 0.0001) and females (p = 0.0007, p = 0.002) (Figure 1c and d). Throughout the study, 
both male and female rats showed no significant or dose-dependent weight loss (Supplemental Figure 1a and b).

We have previously seen that TAK1 inhibition can block the infiltration of immune cells into the affected joint(s) in 
models of rheumatoid arthritis.37,40 We next sought to explore the pathological effects of TAK1 inhibition on the MIA- 
treated knees at the study terminus (Day 28). Vehicle-treated animals showed histopathological changes consistent with 
the MIA model, including increased synovial inflammation, fibrosis, bone resorption and osteophyte formation 
(Figure 2a). Evaluation of histological scores in males showed HS-276 treated animals exhibited significantly reduced 
synovial inflammation (45%, p = 0.009), synovial fibrosis (39%, p = 0.001), osteophyte score (46%, p=0.03), and 
osteophyte width (28%) (Figure 2b). Similarly, female HS-276 treated animals showed a significant reduction in synovial 
fibrosis (55%, p = 0.008), bone and cartilage resorption (50%, p < 0.001) and osteophyte width (41%, p = 0.02) 
compared to vehicle-treated (Figure 2c).

We next sought to validate the analgesic effects of HS-276 in another model of joint pain – gouty arthritis. Gouty 
arthritis is characterized by the buildup of uric acid crystals in the joints leading to a chronic inflammatory state and 
continual joint degeneration.41 In this model, male and female rats received i.a. injections of monosodium urate on days 1 
and 3. Knee edema was measured 2 hours post-MSU injection in vehicle, gabapentin and HS-276 treated groups. Female 
HS-276 (50 mg/kg) treated animals showed a significant reduction in knee edema 2 hours post-2nd MSU i.a. injection 
(p = 0.003), with no significant reduction in edema observed in gabapentin (150 mg/kg) treated animals (p = 0.12) 
(Figure 3a). Male rats showed less edema overall following both 1st and 2nd MSU injections, with no significant 
reduction in knee edema observed in HS-276 or gabapentin-treated animals (Figure 3b). Evaluation of mechanical 
allodynia in female rats showed HS-276 significantly attenuated mechanical allodynia, measured by Von Frey filaments 
(p = 0.013) (Figure 3c). Male rats showed a similar trend of reduced mechanical allodynia in HS-276 treatment groups, 
however this was not statistically significant (Figure 3d).

Morphological evolution of the knees from naïve and MSU-treated animals showed MSU i.a. injections significantly 
increased inflammation that ranged from minimal to severe as well as significant cartilage damage scores (Figure 4a–c). 
Treatment with HS-276 significantly reduced the mean Histology score in female (p = 0.01; Figure 4b) but not male (p = 
0.79; Figure 4d) rats. Furthermore, serum analysis from vehicle, HS-276 and gabapentin-treated animals showed that 
female rats had decreased TNF and IL-1β serum cytokine expression (Supplemental Figure 2).

Discussion
Identifying novel drug targets for the treatment of chronic joint pain such as OA and gout is essential to developing safer 
and more effective treatment options. Here, we explored the therapeutic potential of selective TAK1 inhibition with the 
small molecule TAK1 inhibitor, HS-276, in modulating joint pain in two distinct rodent models of OA (MIA) and gout 
(MSU). In our OA studies, we employed the MIA model, which has been shown to induce a significant pro-inflammatory 
microenvironment in the joints.42–44 Compared to other models such as the destabilization of the medial meniscus 
(DMM), the induction of inflammation through selective chondrocyte depletion by MIA creates an inflammatory 
phenotype in the knee leading to neovascularization and subchondral bone necrosis. As a known inflammatory target, 
studying TAK1 in this model demonstrates the immune modulatory and analgesic potential of TAK1 inhibition. Future 
studies exploring the efficacy of TAK1 inhibition in joint degeneration and analgesia in the DMM model will be 
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Figure 2 TAK1 inhibition significantly reduced MIA-induced histological changes in the knee. Representative photo pictographs of ipsilateral knees from vehicle and HS-276 
treated male and female rats (a). Effects of HS-276 (30m/kg) treatment on synovial inflammation, synovial fibrosis, bone calcification and cartilage resorption, osteophyte 
score and osteophyte measure in both male (b) and female (c) rats on day 28, post-MIA. N=5-8 rats/group. Data are shown as Mean±SEM. Data analyzed by students T-test. 
*p<0.05, **p<0.01, ***p<0.001.
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Figure 3 Effects of TAK1 inhibition on knee inflammation and mechanical allodynia in the MSU rat model of gouty arthritis. Knee edema in male and female rats prior to and 
following 1st and 2nd i.a. injection of MSU (a and b). HS-276 (50 mg/kg) attenuation of MSU-induced mechanical allodynia in female and male rats compared to vehicle 
control and gabapentin (150 mg/kg) treated animals (c and d). N= 6/sex per group, data presented as mean±SEM. Data analyzed by 2-way ANOVA. Significance symbols of 
treatment group compared to vehicle *p<0.05, **p<0.01.

Figure 4 Histological effects of HS-276 treatment in the knees of male and female rats. HS-276 (50mg/kg) significantly reduced MSU-induced knee inflammation in female 
rats (a and b). No significant change in knee histology was observed in male rats (c and d). N=6/group for vehicle and HS-276 and N=3 for PBS (disease control) rats. Data 
represent mean ±SEM. Data analyzed by 2-Way ANOVA. *p<0.05. (S) indicates inflammation, arrow represents cartilage damage within the knee.
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conducted to identify overlapping mechanisms of analgesia between both an inflammatory and traumatic injury model. In 
these studies, using OA and gouty arthritis models, we showed that HS-276 significantly blocked disease development 
and provided analgesic relief in animals receiving treatment. Furthermore, we showed that HS-276 treatment was able to 
block histological deterioration of the joints induced by disease onset.

Joint degeneration and subsequent pain in the knees often advances non-symmetrically, leading to patients developing 
gait issues. These changes in gait contribute to both structural changes in the joint such as changes in the collagenous 
networks in the posterior meniscal horn, as well as thickening of fibers within the superficial and deep zones of the 
articular cartilage leading to tissue degradation as well as neuronal sensitivity, causing patients to avoid excessive weight- 
bearing on an injured knee.45,46 Our work herein has identified that TAK1 inhibition significantly blocked MIA-induced 
joint degeneration leading to a significant prevention of differential weight-bearing in HS-276 treated groups. Prevention 
or slowing of knee degeneration is expected to impact the development of chronic pain in patients, either delaying its 
onset or reducing the pain levels reported. As the knee joint continues to lose cartilage and bone stability, primary nerve 
afferents innervating the knee become hypersensitized by inflammatory mediators present. In addition to hyper- 
nociceptor activity induced by aberrant inflammatory signaling, severe joint degeneration can cause nerve entrapment, 
crushing and die back due to continual mechanical pressure in the joint. Data provided herein and previously by our 
group support that TAK1 sits at the crossroads of both these processes and can prevent disease progression as well as 
limit the expression of inflammatory cytokines.

A primary hypothesis of our work is that TAK1 inhibition in part works by blocking the expression of several 
key inflammatory cytokines that regulate joint degeneration and pain states. While our data supported that treatment 
with HS-276 reduced the expression of these cytokines, the data were not significant. There can be many reasons for 
this result, for example, our group has previously seen that measuring cytokines in pre-clinical models of disease can 
have varied expression patterns during the acute and chronic stages of disease. Often the expression of inflammatory 
mediators in the acute stage is greater than in the chronic stage (where we sampled cytokines), and thus it is 
plausible we missed the greatest expression time of cytokines. Furthermore, because these are targeted disease 
inductions via i.a. injections, systemic cytokine measurements from serum may not be the best surrogate to 
understand the expression levels at the site of active diseases. Future sampling of synovial knee fluid from both 
the injured and non-injured knees may elucidate greater tissue site-specific changes in cytokines as a result of HS- 
276 treatment.

Current treatments for OA and gout aim to alleviate pain and improve joint function, which ranges from non- 
pharmacological approaches such as exercise, weight loss and other lifestyle changes to pharmacologic interven-
tions depending on pain intensity.47,48 While many treatments are effective, all carry a variety of shortcomings 
including both marginal efficacy and/or significant safety risks. Patients who report chronic pain are often 
prescribed NSAIDs and opioid treatments, the latter of which carry long-term safety concerns including addiction 
and overdose risks due to misuse.49 Currently, there is a large unmet need to develop new drug targets for the 
treatment of OA that can adequately prevent and reduce the chronic pain observed in many patients. Thus, patients 
with chronic pain from OA continue to suffer severe physiological and psychological outcomes, with current 
treatment options showing limited clinical benefit over the long term, especially for chronic opioid users. Recent 
work on TAK1 has further elucidated its role in TNF signaling as well as autoimmune diseases, providing greater 
context to the potential therapeutic effects of this target.31,50 The development of a novel, highly selective and 
potent, orally bioavailable inhibitor of TAK1 could provide OA and gout pain patients a safer and more effective 
alternative to current treatment options.
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