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Acute Changes in NADPH Oxidase 4 in Early Post-Traumatic 
Osteoarthritis

Adam M. Wegner, M.D., Ph.D.a, Nestor R. Campos, B.S.a, Michael A. Robbins, M.D.b, 
Andrew F. Haddad, B.S.a, Hailey C. Cunningham, B.S.a, Jasper H.N. Yik, Ph.D.a, Blaine A. 
Christiansen, Ph.D.a, Dominik R. Haudenschild, Ph.D.a

aUniversity of California Davis Medical Center, Sacramento, CA, 95817, USA

bOregon Health & Science University, Department of Orthopaedics and Rehabilitation, Mail Code 
MP240, 3181 S.W. Sam Jackson Park Road, Portland, OR 97239, USA

Abstract

Knee injuries cause structural damage and acute inflammation that initiates the development of 

post-traumatic osteoarthritis (PTOA). NADPH oxidase 4 (Nox4), a member of a family of 

enzymes that generates reactive oxygen species (ROS), plays a pivotal role in normal development 

of the musculoskeletal system, but may increase ROS production to harmful levels after joint 

injury. The role of ROS in both normal joint homeostasis and injury is poorly understood, but 

inhibition of excessive ROS production by Nox4 after joint injury could be protective to the joint, 

decreasing oxidative stress and the initiation of PTOA. Knee injuries were simulated using 

inflammatory cytokines in cultured primary human chondrocytes and a non-invasive mouse model 

of PTOA in C57BL/6N and Nox4 knockout mice. There is an acute decrease in Nox4 activity 

within 24 hours after injury in both systems, followed by a subsequent sustained low-level 

increase, a novel finding not seen in any other system. Inhibition of Nox4 activity by GKT137831 

was protective against early structural changes after non-invasive knee injury in a mouse model. 

Nox4 knockout mice had significant differences in structural and mechanical properties of bone, 

providing further evidence for the role of Nox4 in the development of joint tissues and 

biochemical response after joint injury. Nox4 plays a significant role in the acute phase after joint 

injury, and targeted inhibition of inflammation caused by Nox4 may be protective against early 

joint changes in the pathogenesis of PTOA.
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Introduction

Osteoarthritis (OA) is a disease of the whole joint, affecting the functional unit of articular 

cartilage, subchondral bone, and synovium1; 2. Post-traumatic osteoarthritis (PTOA), 

osteoarthritis that occurs after a joint injury such as an ACL tear, has an incidence of over 

50% at 20 years after ACL tear and reconstruction3; 4. While biomechanical stress on the 

joint is well accepted as an etiologic factor in the development of PTOA5, the cell signaling 

and biochemical factors involved in its pathogenesis are less appreciated. The initial 

inflammatory response after injury, generally thought to be important for healing in the 

body6, may also be harmful to the long-term health of articular cartilage and subchondral 

bone.

One potential component of the biochemical inflammatory response to joint injury is 

aberrant overproduction of reactive oxygen species (ROS). At low baseline levels, ROS are a 

component of cell signaling cascades in normal development and homeostasis of multiple 

body systems7, including tissues of the joint like cartilage and bone8. In the inflammatory 

response, overproduction of ROS is potentially harmful to tissues and may sensitize the joint 

to the development of post-traumatic osteoarthritis. It might follow that inhibition of post 

injury inflammation may protect body tissues from injury. However, results from high 

quality studies investigating non-specific antioxidants as treatments for various diseases 

caused by ROS overproduction have been inconsistent (For review, see9), most likely due to 

off target effects and concomitant inhibition of normal ROS signaling. Therefore, temporally 

and spatially targeted specific inhibition of aberrant ROS signaling in the inflammatory 

response after joint injury may have the potential to protect normal joint tissues and decrease 

early changes associated with the development of post-traumatic osteoarthritis without 

disrupting normal ROS signaling.

A source of ROS is NADPH Oxidase (Nox) 4, a member of the Nox family of proteins, the 

only protein family whose sole function is production of ROS10–12. Elucidating the role of 

Nox4 in the acute inflammatory response after joint injury may provide insight into the 

molecular mechanisms behind the development of post-traumatic osteoarthritis, and 

inhibition of this response is a possible therapeutic target that may decrease the subsequent 

risk of PTOA. Nox4 constitutively produces hydrogen peroxide (H2O2)13and is involved in 

the development and homeostasis of the tissues that compose the normal joint8. However, 

the effects of excess production of H2O2 by Nox4 in the context of joint pathology are 

unknown. It is upregulated in human diseases such as diabetes14; 15, idiopathic pulmonary 

fibrosis16, and inflammatory brain diseases17, and the increase in Nox4 activity in diabetes is 

the target of a currently active phase II clinical trial of a Nox inhibitor, GKT13783118. This 

specific Nox1 and Nox4 inhibitor has a Ki from 100–150 nM in cell free assays19, does not 

inhibit other isoforms of Nox, xanthene oxidase, or the neutrophil oxidative burst, does not 

scavenge ROS, and has been previously shown to reverse fibrosis and improve survival in a 

mouse model of idiopathic pulmonary fibrosis20; 21. Nox4 is also a potential therapeutic 

target in pre-clinical models of disease in many other systems including liver, kidney, brain, 

bone, skin, cardiovascular system, GI tract, and eye, and several forms of cancer22.
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We hypothesized that excess production of H2O2 by Nox4 in the inflammatory response 

after joint injury is detrimental to tissues of the joint and that inhibition of this excess 

production would be protective. First, we characterized the production of H2O2 by Nox4 

after joint injury in vitro in primary human chondrocytes, and in vivo in a non-invasive tibial 

compression mouse model of post-traumatic osteoarthritis. Second, we determined if 

inhibition of Nox4 after injury by GKT137831 is protective to the joint. Third, we 

characterized changes in the musculoskeletal system of Nox4 knockout mice, in relation to 

the role of Nox4 in acute structural changes of early PTOA. We observed acute changes in 

Nox4 expression and activity, supporting a role for Nox4 in the early stages of post-

traumatic OA.

Methods

Human articular chondrocyte culture

Human articular chondrocytes were obtained from young healthy males and females (ages 

13–48) undergoing arthroscopic ACL reconstruction (with Institutional Review Board 

approval and patient consent). Isolation and monolayer culture of human articular 

chondrocytes was modified from a method described by Barbero and Martin designed to 

minimize de-differentiation during passage23. Harvested chondrocytes were digested 

overnight in 0.15% collagenase (Sigma-Aldrich, St. Louis, MO, USA), plated at 10,000 

cells/cm2, and cultured in chondrocyte media: Dulbecco’s Modified Eagle’s medium 

(DMEM) supplemented with 10 mM HEPES buffer, 1% Penicillin/Streptomycin, MEM 

Non-Essential Amino acids, 10% fetal bovine serum (FBS), all from Gibco/Life 

Technologies/ThermoFisher Scientific (Grand Island, NY, USA), and 5 ng/ml FGF (R&D 

Systems, Minneapolis, MN, USA). For experiments, 500,000 chondrocytes that were at 

passage 4 or below were seeded per well in a 12 well dish, and treated with various drugs in 

the above DMEM media without FBS or FGF added: 1mM GKT137831 (a gift from 

Genkyotex S. A., Geneva, Switzerland, dissolved in 1.2 wt% methylcellulose + 0.1% wt% 

Polysorbate 90 in water)21 or cytokines 10 ng/ml of IL-1β, TNF-α, or TGF-β (R&D 

Systems). All chondrocyte experiments were repeated in triplicate and reported as the mean 

± standard deviation.

Hydrogen peroxide assay

500,000 human articular chondrocytes were plated in 12 well dishes and serum starved 

overnight in chondrocyte media with 0.1% FBS. Media was changed to serum free 

chondrocyte media without Phenol Red for experiments. Cells were treated with cytokines 

or drugs for specified periods of time. Assays were performed based on the manufacturer’s 

instructions from the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Life 

Technologies/ThermoFisher Scientific, Waltham, MA, USA). Briefly, Amplex Red was 

added to the media for the last 45 minutes of treatment. 150 ml was transferred to one well 

of a black 96 well plate in duplicate and read on FilterMax F5 Multi-Mode Microplate 

Reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation of 535 nm and emission 

of 590 nm. Each experiment was performed in at least 4 different chondrocyte lines to 

account for variability between human tissue donors. A standard curve was used in each 

experiment to verify that the readings were in the linear range of the assay and relative 
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fluorescence unit (RFU) measurements were converted to H2O2 concentrations (nM to 

single digit uM range). Values were expressed as % change to allow for normalization across 

experiments.

Tibial compression induced knee injury

Female wild-type (WT) C57BL/6N mice and Nox4 knockout (KO) mice (B.6129-

Nox4tm1Kkr/J were obtained from Jackson Labs (Bar Harbor, ME, USA). Female mice were 

used for experiments to eliminate added activity from male fighting and to eliminate the 

effects of isolating aggressive animals to individual housing. Animals were maintained and 

used per the National Institutes of Health Guidelines on the Care and Use of Laboratory 

Animals and all protocols were approved by the University of California Davis Institutional 

Animal Care and Use Committee (IACUC). Nox4 knockout mice were genotyped and bred 

by the University of California, Davis, Mouse Biology Program (MBP).

Animals were kept in a housing facility for a 2-week acclimation period before non-invasive 

mouse knee joint injury was performed at 10 weeks of age as previously described 24; 25. 

Briefly, the right knees of the mice were injured in a single dynamic overload at 1 mm/s to a 

target compressive force of 14 N using an electromagnetic material testing system (ELF 

3200, Bose, Eden Prairie, MN, USA). This rate of loading has previously been shown by our 

group to reliably cause a bony avulsion of the ACL off of the tibia.25 The load was manually 

stopped immediately after rupture of the ACL occurred, which was determined by audible 

click from the knee as well as release of compressive force on the testing system readout.

Pharmacological Inhibition of Nox4

Mice that received GKT137831 were given 20 mg/ml daily through gavage starting on day 0 

immediately after injury through day 7 when the animals were sacrificed. Control animals 

were given gavage of an equal volume of vehicle (1.2% w/v methylcellulose and 0.1% w/v 

Polysorbate 80 prepared in water).

RNA isolation and gene expression analysis

Mice (n=80 total) were euthanized 2, 4, 6, 8, 18, 24, 48, 72, 96, and 168 hours after injury 

with CO2 per IACUC-approved protocol, and injured right knees and control left knees were 

micro-dissected while submerged under RNALater (Qiagen, Valencia, CA, USA) to strip 

muscle down to the knee joint capsule. Bone was cut at the femoral and tibial epiphyses. The 

joint was snap-frozen in liquid N2, and ground in a mortar and pestle under liquid nitrogen. 

Liquid N2 was evaporated at −80°C, and the homogenized joint powder dissolved in 1.5 ml 

Qiazol (Qiagen).

RNA was isolated from human chondrocytes or homogenized mouse knees using the same 

protocol. Qiazol was added to chondrocytes in a 12 well dish (700 μl) or knee homogenates 

(1.5 ml) and agitated with a pipette. The mixture was then run through a QiaShredder 

column (Qiagen) and RNA was then purified using a miRNeasy kit (Qiagen) according to 

provided instructions. The flow-through from the miRNeasy columns was stored at −80C for 

subsequent protein isolation.
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cDNA was generated by reverse transcription using the QuantiTect Reverse Transcription kit 

(Qiagen). 2 μl of cDNA and 5 μl of MasterMix were used in a final volume of 10 μl. 

Samples were run in triplicate on a 7900HT RT-PCR system (Applied Biosystems, Foster 

City, CA, USA). PrimeTime® Std qPCR Assay probes were from Integrate DNA 

Technologies (IDT, Coralville, IA, USA) as follows: Human Nox4 assays Hs.PT.

58.22926436 and HS.PT.58.3866448, Mouse Nox4 assays Mm.PT.58.8820983 and Mm.PT.

58.161191131. All samples were normalized using 18S ribosome control primer from 

Applied Biosystems (Foster City, CA). Probes were used per manufacturer’s instructions. 

mRNA was quantified using the 2−ΔΔCt method26.

Protein purification and western blotting

Protein was isolated from flow-through of the RNA isolation protocol, as recommended by 

Qiagen. Briefly, ethanol was added to the pink organic layer of Qiazol lysate from 

chondrocytes or whole mouse knees, after chloroform extraction was performed, to 

precipitate out DNA, then isopropanol was added to precipitate protein. The protein pellet 

was washed 2 times with 1ml 0.3 M guanidine hydrochloride in 95% EtOH, then re-

suspended in 2 M urea and 1% SDS in PBS. Protein was normalized using the Pierce BCA 

Protein Assay Kit (Thermo Scientific, Rockland, IL, USA) and lanes loaded with equal 

amounts of protein in sample loading buffer (50 mM Tris HCl, pH 6.8, 100 mM 

dithiothreitol, 4% 2-mercaptoethanol, 2% sodium dodecyl sulfate (SDS), and 10% glycerol). 

Protein was resolved on 4–12% SDS-polyacrylamide gels and transferred to Immobilon-P 

PVDF membrane (EMD Millipore, Billerica, MA, USA). Membranes were blocked for 1 

hour with 3% skim milk in TBST (25 mM Tris HCl, pH 7.5, 125 mM NaCl; 0.1% Tween 

20), followed by overnight incubation at 4°C with Nox4 antibody (Novus, Littleton, CO, 

USA). Blots were probed with anti-rabbit horseradish peroxidase (HRP) conjugated 

secondary (PerkinElmer Inc., Waltham, MA, USA) for 1 hour, then visualized with an Alpha 

Innotec FluorChem Digital Imaging System. To normalize loading, blots were then stripped 

with 0.2M NaOH at RT for 5 min, re-blocked with 3% milk, and incubated overnight at 4°C 

with β-actin antibody (Santa Cruz Biotechnology, Dallas, TX, USA), probed with anti-

mouse HRP conjugated secondary, and visualized.

μCT Bone Analysis

Femurs and tibias from uninjured 10-week old WT (n=5) and Nox-4 KO (n=5) mice were 

measured with a micrometer to determine bone length. Bilateral knees of injured mice (n=6/

group) were harvested, fixed at a 90-degree angle per the protocol described in Dyment et al. 

using pins, fixed in 4% paraformaldehyde overnight at 4°C, then preserved at 4°C in 70% 

ethanol27. Femurs from uninjured mice were imaged with micro-computed tomography 

(SCANCO μCT35, Brüttisellen, Switzerland) to quantify trabecular bone structure in the 

distal femoral epiphysis and metaphysis, and cortical bone structure at the mid-diaphysis. 

Knees from injured mice were imaged to quantify trabecular bone microstructure of the 

distal femoral epiphysis. Settings for μCT analysis of rodent bone were as follows: x-ray 

tube potential = 55 kVp, current = 114 μA, integration time = 900 ms, number of projections 

= 1000/180°, with isotropic nominal voxel sizes of 6 μM for uninjured bones and 10 μM for 

injured knees28.
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Data were analyzed as described previously24. Briefly, trabecular bone was analyzed by 

manually drawing contours on 2D transverse slices. The distal femoral epiphysis was 

designated as the region of trabecular bone enclosed by the growth plate and subchondral 

cortical bone plate. The distal femoral metaphysis was designated as the region of trabecular 

bone immediately adjacent to the distal growth plate, extending 150 slices (900 μm) 

proximal. We quantified trabecular bone volume fraction (BV/TV), trabecular thickness 

(Tb.Th), trabecular number (Tb.N), apparent bone mineral density (Apparent vBMD; mg 

HA/cm3 TV), and other structural outcomes using the manufacturer’s analysis tools. Cortical 

bone was analyzed using a 100 slice (600 μm) volume of interest centered at the midpoint of 

the diaphysis. We quantified bending moments of inertia (Imax and Imin), bone area (B.Ar), 

total cross-sectional area (T.Ar), cortical thickness (C.Th), and tissue mineral density 

(vTMD; mg HA/cm3 BV) using the manufacturer’s analysis tools.

Three-Point Bending

Following μCT scanning, femurs were rehydrated for 10–15 minutes in phosphate buffered 

saline (PBS), then mechanically tested in three-point bending with the anterior surface of the 

bone in tension to determine cortical bone material properties. The lower supports had a 

span of 7.45 mm, and the center loading platen was driven at 0.1 mm/sec until failure. 

Resulting force and displacement data were analyzed to determine stiffness and ultimate 

force. Modulus of elasticity and ultimate stress were determined using Euler-Bernoulli beam 

theory.

Statistics

Student’s t-test was used to compare levels of H2O2, protein, and mRNA in primary human 

chondrocytes, μCT data, and Nox4 protein levels. In Figure 2, two methods were used to 

determine significance: Method 1: At each time point, the two-sided t-test was used to test 

H0: μ = 0 versus Ha : μ≠ 0. Method 2: We fit a linear model to the entire data set in which we 

created nine design variables for the ten time courses with 2 hours as a referent to estimate 

the expected delta Ct with respect to the contralateral knee of the same animal to construct 

95% confidence intervals of the expected fold change and used a two-sided t-test to test H0: 

μ = 0 versus Ha : μ ≠ 0 with 72 degrees of freedom (Number of data at all time points – 10 = 

82 −10 = 72). All analyses were performed with SAS version 9.4 (SAS Institute Inc., Cary, 

NC, USA). In Figure 3, one-way ANOVA with post-hoc Tukey HSD test was used to 

ascertain differences between baseline BV/TV and differences before and after injury. p-

value < 0.05 was considered statistically significant in all tests.

Results

Articular Chondrocyte Assays

Production of hydrogen peroxide by Nox4 is hypothesized to be a component of the 

inflammatory response to injury, but the kinetics of Nox4 activation after joint injury remain 

unknown. A simulated joint injury was performed on cultured primary human chondrocytes 

through treatment with catabolic cytokines (IL-1β or TNF-α). We consistently observed an 

acute initial decrease in H2O2 production, Nox4 mRNA expression, and Nox4 protein 

expression immediately after treatment with either IL-1β or TNF-α (Fig. 1A, 1B). 
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Treatment with an anabolic cytokine (TGF-β) has the opposite effect acutely on H2O2 

production and Nox4 mRNA and protein levels (Fig. 1C). The increase in H2O2 production 

elicited by TGF-β was inhibited by the Nox1/4 specific inhibitor GKT137831 (Fig. 1D). 

H2O2 production was in the micromolar range.

Mouse Knee Injury Results

Early changes in Nox4 were studied in a mouse model of joint injury, in which a single tibial 

compression causes ACL-rupture and consistently leads to PTOA within a 4–8 week 

timespan. This non-invasive model is advantageous because it allows for assessment of acute 

biochemical changes in the joint immediately after injury. The uninjured contralateral left 

knees served as a control for injured right knees and were used to normalize Nox4 mRNA or 

protein levels. A significant decrease in Nox4 mRNA was seen as early as two hours after 

joint injury (Fig. 2A). This decrease was sustained up to 24 hours, after which Nox4 

expression increased above the pre-injury levels. A peak in Nox4 mRNA levels was 

observed at 48 hours (p < 0.05), and Nox4 mRNA levels remained significantly elevated out 

to 72 hours post-injury (p < 0.05), and slightly elevated out to 4 and 7 days. A similar trend 

was seen with Nox4 protein levels (Fig. 2B).

μCT Results

Since we observed this sustained low level of increased Nox4 expression during the first 2–7 

days after injury, we next examined whether a lack of Nox4 activity in Nox4 KO mice or a 

Nox4 inhibitor (GKT137831) in WT mice would affect the injury-induced changes in joint 

structures. We treated C57Bl/6 mice with vehicle or a Nox4 inhibitor (GKT137831) daily by 

gavage after joint injury. Subchondral bone was examined by high-resolution μCT at 7-days 

post-injury, a time point where maximal changes in subchondral bone density (BV/TV) were 

previously observed24. A decrease in subchondral bone density is one of the early acute 

structural changes of the joint that may lead to eventual PTOA. The mean baseline BV/TV 

in Nox4 KO mice (0.28) was significantly less than in WT mice (0.32) and WT mice treated 

with Nox4 inhibitor for 7 days (0.33) (Fig. 3). Wild-type mice treated with vehicle (0.07) 

and Nox4 KO mice (0.08) had a statistically significant decrease in subchondral bone 

density (BV/TV), while injured knees from Wild-type mice treated with Nox4 inhibitor did 

not (0.04) (Fig. 3).

In order to determine the effect of a lack of Nox4 activity on the homeostasis of bone and 

how that might elucidate the role of Nox4 in early structural changes to the joint after injury, 

we performed a characterization and comparison of structural and mechanical properties of 

bones from WT and Nox4 KO mice. The KO mice had no gross phenotype, which is in 

accordance with previous studies29. KO mice had significantly decreased epiphyseal and 

metaphyseal BV/TV and trabecular number, with increased trabecular thickness in the 

epiphysis, and increased Tissue Mineral Density (TMD) in the mid-diaphysis (Fig. 4), all 

indicating changes in bone quality of the Nox4 knockout mice.

Mechanical Testing Results

In mechanical testing, bone from Nox4 knockout mice was stiffer than bone from WT mice, 

with no difference in ultimate force, modulus, or ultimate stress (Fig. 5). The femurs of WT 
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mice (14.47 ± 0.31) are slightly shorter than those of Nox4 KO mice (14.93 ± 0.51), but 

there was no difference in tibial length (17.78 ± 1.63 vs. 17.99 ± 0.96).

Discussion

The first goal of this study was to use in vitro human and in vivo mouse models to 

characterize the role of Nox4 and H2O2 in the early inflammatory response to joint injury. 

We hypothesized that Nox4 would produce an excessive amount of H2O2 in the initial 

inflammatory phase, that this excessive H2O2 production may lead to initiation of changes 

consistent with post-traumatic osteoarthritis, and that targeted inhibition of this initial 

inflammatory response may be protective. We observed an unexpected initial decrease in 

Nox4 protein and activity in the first 48 hours followed by a sustained increase that was 

observed in both in vivo mouse knees and in vitro human chondrocytes.

Although the initial decreases in Nox4 activity, mRNA, and protein were not predicted by 

results from other systems14–17, these results were reproducible and consistent between in 
vitro and in vivo experiments. We also observed an overall consistency between Nox4 

enzymatic functional assays and its mRNA and protein levels, which was expected since 

Nox4 is constitutively active30. The non-invasive aspect of the murine tibial compression 

induced post-traumatic osteoarthritis model allows for assessment of the early acute time 

points in vivo required to observe this initial decrease. This model also allows for study of 

the entire knee joint between the subchondral bone of the distal femur to the subchondral 

bone of the proximal tibia. The in vitro studies used primary human chondrocytes, a unique 

model that allows for the closest approximation to the human condition without obtaining 

actual injured human knee joints.

The second goal of the study was to determine if inhibition of Nox4 after injury was 

protective to the joint. Inhibition of Nox4 after injury in vitro abrogated the excess 

production of H2O2 and in vivo it attenuated an early decrease in subchondral bone density, 

suggesting that it may be protective against early changes in the development of post-

traumatic osteoarthritis. Finally, characterization of a Nox4 knockout mouse indicated 

significant effects of a lack of Nox4 on bone structure, providing further evidence for a 

possible role of Nox4 in the pathogenesis of PTOA.

One limitation of this study is that it was focused on the acute changes after knee joint 

injury. Time points longer than several days in chondrocytes and time points longer than one 

week in mice were not obtained. Due to temporal limitations in the health of the primary 

human chondrocyte, longer in vitro time points may not be feasible. Future studies may be 

performed in mice to observe the longer-term biochemical and structural effects of joint 

injury and inhibition of Nox4. Another limitation of the study is the inability to perform 

functional Nox4 assays in whole joint tissue. It is also not possible to obtain whole human 

knees, so the mouse model must be used as a surrogate. The limitation of the mouse Nox4 

knockout is that there is no tissue specific or temporal specific knockout. There is also the 

potential for compensation or redundancy in the Nox4 system, and although we did not 

investigate that possibility in the current study, several previous studies demonstrate that 

there are no compensatory changes in other Nox family members however31; 32. Nox4 is 
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involved in osteoblastogenesis and osteoclastogenesis8, so the effect of a lack of Nox4 

activity on bone development vs. homeostasis was not able to be ascertained in this study. 

Therefore, the etiology of decreased baseline BV/TV and susceptibility of BV/TV to joint 

injury in the Nox4 KO versus wild-type is unknown. Other joint tissues such as articular 

cartilage and synovium were also not studied. Finally, only female mice were used in the 

study, so the broad applicability to males is unknown and further study of both sexes may 

further clarify the role of Nox4 in bone development and maintenance and post-traumatic 

osteoarthritis.

There are two previous reports of a potential role for Nox4 in osteoarthritis. IL-1B 

stimulation in an immortalized human chondrocyte cell line (C-20/A4 cells) overexpressing 

Nox4 generated increased H2O2 production and matrix metalloproteinase activity (MMP1) 

compared to normal cells33. Our results corroborate and extend this study in a more 

physiological system without overexpression of Nox4 and in both murine and human 

models. A second study in primary human articular chondrocytes from femoral heads found 

that 24h of IL-1B stimulation increased production of H2O2
34. This is in contrast to 

decreased in Nox4 activity, mRNA, and protein observed here at 24h. The difference may 

potentially be explained by the fact that chondrocytes from this study are from knees rather 

than femoral heads. Our results were consistent across H2O2 production, Nox4 mRNA 

levels, and Nox4 protein levels, as well as our in vivo experiments in mice. Further work 

will be needed to reconcile the discrepancy between these two reports.

In the musculoskeletal system, Nox4 has been studied as a drug target in several preclinical 

models of osteoporosis22. Goettsch et al. found that the distal femur of Nox4 knockout mice 

had higher trabecular bone density, weight, and thickness, similar trabecular number and 

separation, and reduced osteoclasts35. This is in contrast to our study of the epiphyseal bone 

of Nox4 knockout mice, where we found decreased bone density and quality in Nox4 KO 

mice. The mice used in the previous study are of unknown age, whereas the mice in this 

study were young (10 wks). This young age was chosen because knee injuries that lead to 

post-traumatic arthritis often occur at a relatively young age, and 10 weeks of age in mice is 

approximately equivalent to a young adult. Further studies should investigate the effect of 

Nox4 knockout as well as the effect of knee injury in all ages of mice. Our measurements 

were also obtained using μCT and limited to the epiphysis, which may be more relevant to 

changes in post-traumatic osteoarthritis, whereas the measurements in the previous study 

were from histomorphometry and taken of the entire distal femur.

The decrease in subchondral bone density in post-traumatic osteoarthritis has been a 

therapeutic target in several preclinical studies in rabbits. This is a natural extension of work 

implicating Nox4 in osteoporosis8. These studies provide an important first step in 

understanding changes after knee injury that may lead to PTOA, but this single parameter of 

a decrease in subchondral bone density is one small aspect of the whole joint inflammatory 

response. Inhibition of this inflammatory response, such as production of free radicals by 

Nox4 that results in a decrease in subchondral bone density, among other detrimental 

changes, may more broadly decrease the early changes of PTOA, although further study is 

warranted.
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Figure 1. 
Nox4 activity, protein, and mRNA expression in primary human chondrocytes after cytokine 

treatment with or without Nox4 inhibition. Kinetics of hydrogen peroxide production (top), 

Nox4 protein (middle), and Nox4 mRNA expression (bottom) in response to catabolic 

cytokines: (A) 10 ng/ml IL-1β treatment or (B) 10 ng/ml TNF-α treatment. (C) Kinetics of 

Nox4 activity and expression after addition of 10 ng/ml TGF-β, an anabolic cytokine. (D) 

Suppression of the TGF-B mediated increase in hydrogen peroxide production and Nox4 

protein levels in response to TGF-β and TGF-β + 1 mM GKT137831 treatment. In all 

experiments, percent change from baseline H2O2 production was measured by Amplex Red 

Assay, fold change in mRNA expression was measured by quantitative reverse transcription–
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polymerase chain reaction, and protein was measured by western blot and is in comparison 

to vehicle treated cells. * indicates p < 0.05 compared to vehicle treated control.
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Figure 2. 
Kinetics of Nox4 mRNA expression as measured by RT-PCR (A) and protein as measured 

by western blot (B) after non-invasive ACL rupture of right knees of 10-week old female 

C57Bl/6 mice compared to control left knees from the same animals. * indicates p < 0.05.
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Figure 3. 
μCT assessment of bone density (bone volume/total volume) 7 days after non-invasive joint 

injury in untreated wild-type mice, Nox4 knockout mice, and wild-type mice treated with 

the Nox4 inhibitor GKT137831. Mouse knee μCT 3-D reconstructions (top) and graphs of 

BV/TV of left/right pairs of knees (bottom) from female B57Bl/6 mice 7 days after non-

invasive knee injury. Mice were treated with either GKT137831 compound or vehicle by 

gavage on the day of injury and every day thereafter. n=7 per condition. * indicates p < 0.05.
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Figure 4. 
μCT analysis of young (10 week old) wild type vs. Nox4 knockout mice. Quantification of 

epiphyseal and metaphysis bone volume over total volume (BV/TV) and trabecular number 

(Tb. Number), epiphyseal trabecular thickness (Tb. Thickness), and mid-diaphyseal tissue 

mineral density (TMD) shows significant differences in the knockout mice for all 

characteristics. * indicates p < 0.05.
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Figure 5. 
Mechanical testing of young (10 week old) wild type vs. Nox4 knockout mice. Femurs from 

WT mice are significantly less stiff, with similar ultimate force, modulus, and ultimate stress 

in 3-point bending tests. * indicates p < 0.05 compared to wild-type.
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