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ABSTRACT
Osteoarthritis and Cartilage Insult: Elucidation of Molecular Interplay and Attempted
Interventions
Brandon James Rose
Department of Cell Biology and Physiology, BYU
Doctor of Philosophy
Osteoarthritis (OA) is a common and incapacitating joint disease beginning with
breakdown of articular cartilage and extending into subchondral bone. At present, the processes
through which the disease occurs are poorly understood, and interventions are limited to pain
relief and eventual joint replacement. OA is commonly associated with obesity and
corresponding pathologies, and as OA is demonstrably not a product of passive erosion of
cartilage over time or under increased loads there must needs be some other mechanistic link
between the two conditions. We hypothesize that the production of ceramides, a hallmark of the
insulin resistance syndrome underlying many obesity-related conditions, acts to induce OA
through its pro-inflammatory and pro-apoptotic activities, as well as directly inhibiting
intracellular mediators of cartilage production and homeostasis. We demonstrate in Wistar rats
that a high-fat, high-sugar (HFHS) diet successfully induces OA and that downregulation of
ceramide synthesis through intraperitoneal myriocin administration does not prevent this
degradation, and that myriocin in conjunction with a standard chow diet actually induces OA.
Alteration in OA biomarkers in this study are discussed. We then tested the efficacy of a topical
regimen of wogonin, an anti-inflammatory, anti-oxidative, and potentially analgesic compound
in a surgical destabilization model (DMM) of OA in mice and demonstrate its disease
modifying anti-OA properties. We further test the efficacy of this compound on the HFHS
model previously established and find it successfully ameliorated the morphology and
biomarker changes associated with OA; based on this data we hypothesize that inhibition of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is the most relevant
physiological target of wogonin in a HFHS-induced OA model. Lastly and separately, we seek
to clarify conflicting data regarding secondhand smoke (SHS), which observational studies
suggest having either deleterious or beneficial effects to preexisting OA. In the first controlled
study on the subject we model we demonstrate in a murine DMM model that SHS accelerates
cartilage degradation and patterns of biomarker expression characteristic of OA, eliminating
the question of any potential benefits of SHS to articular cartilage.

Keywords: osteoarthritis, insulin resistance, metabolic syndrome, type II diabetes mellitus,
ceramide, wogonin, oxidative signaling, inflammation
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CHAPTER 1: Introduction
Osteoarthritis (OA) is a debilitating chronic disease characterized by progressive
degradation of articular cartilage and underlying subchondral bone, pain, diminished joint
function and/or mobility. It is by far the most diagnosed joint disease in the United States and
the leading cause of physical disability worldwide (He et al., 2020). Outdated perspectives on
OA essentially dismiss the condition as an inevitable consequence, attributing its prevalence in
old age and obesity to passive wear and tear over time or under loads exceeding physiological
capacity to bear (Abramoff et al., 2019). It is now generally understood, however, that OA is, in
fact, a metabolically complex, dynamic process in which articular cartilage does not simply
disintegrate under mechanical stress but is actively degraded under the influence of a wide array
of posited local and systemic, inflammatory and oxidative impetuses (Thijssen et al., 2015).
Notwithstanding, insights into the processes by which the disease does occur are sparse, and the
pathogenesis of OA remains, to date, largely unelucidated.
The increasing epidemiological burden of OA are such that the United States Food and
Drug Administration recently classified it as a serious disease (a designation signifying “a
disease or condition associated with morbidity that has substantial impact on day-to-day
functioning”), placing it in the same category as cardiovascular disease and cancer (Hawker,
2019). Despite this, currently available therapeutic interventions are remarkably limited and
focus on ameliorating the pain associated with OA as opposed to legitimate disease modification.
The first line of defense usually occurs in the forms of topical creams often containing menthol
or capsaicin, which have the benefit of being largely bereft of serious side effects and of a
noninvasive nature but have limited definitive evidence to support their usefulness (Argoff et al.,
2013). Over the counter medications such as nonsteroidal anti-inflammatory drugs (NSAIDs)
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and acetaminophen are commonly used and are generally regarded as being effective at relieving
the discomfort associated with OA and safe in the short term (Zeng et al., 2018); that said
evidence of their ability to slow cartilage degradation to even a minimal degree is scant and
unconvincing at best (Paglia et al., 2021). Further, the deleterious effects of long-term
consumption of these drugs are well-documented and include but are not limited to elevation of
systolic blood pressure (McCrae et al., 2018), nephropathy (Lucas et al., 2019), and
gastrointestinal bleeding (García Rodríguez et al., 2016). Prescription opioids are also
commonly used to treat more severe cases of pain due to OA; this course of action, however, is
fraught with hazards. Analgesic efficacy diminishes over time, often prompting increased dosing
and running the risk of life-threatening side effects (Ballantyne et al., 2008), discontinuation
frequently results in added hyperalgesia, and the euphoric potential of these medications renders
them supremely addictive, fueling a nationwide designated crisis that averages 33,000 fatalities
per year (Soelberg et al., 2017). In addition, controlled studies reveal that little evidence of
benefit exists for the superiority of opioids over their nonopioid treatments, rendering the
widespread prescription of this class of analgesics profoundly ill-advised. (Krebs et al., 2018).
Ultimately, the last resort of joint replacement is often seen as an inevitability. These data,
compounded with the already considerable toll OA presently takes on individuals and societies
and the projected future increase in OA prevalence (Marshall et al., 2015), highlights the need to
understand the processes through which OA occur as a means of developing viable, diseasemodifying agents to arrest or even reverse the course of the disease.
Of particular interest to the field of rheumatology is the comorbidity between OA and
obesity. Grossly increased loading upon the joint is insufficient to explain its prevalence, nor
does it justify the patterns in which it appears—while body mass index (BMI) is indeed known to
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correlate weakly with knee OA, it is most strongly correlated with hand OA with no significant
correlation existing between hip OA and BMI (Grotle et al., 2008). Further, while 31% of obese
individuals also have comorbid OA, it is more commonly associated with hypertension (44%
also have comorbid OA), type II diabetes mellitus (T2DM; 47% also have comorbid OA), and
cardiovascular disease (49% also have comorbid OA). In all this it is interesting to note that OA
is not merely consequential; whatever processes are involved in the instigation and progression
of OA also appear to have the ability to feed back into and aggravate other serious conditions
related to obesity. A correlation has been discovered between the severity of OA and all-cause
mortality and serious cardiovascular events in individuals with hip and knee OA (Hawker et al.,
2014). The link is demonstrably not due to a common etiology to cardiovascular disease and
OA; the risks of cardiovascular events in patients with OA have been shown to be ameliorated by
joint replacement surgery (Ravi et al., 2013). One controlled study also demonstrates a
potentially causative link between OA and Alzheimer’s disease; the inducible Col1-IL1βXAT
mouse model, an inducible OA model, accelerated and exacerbated the neuroinflammatory
responses typical of Alzheimer’s disease (Kyrkanides et al., 2011).
The hormone insulin is a peptide secreted by pancreatic β-cells and is responsible for the
postprandial clearance of dietary nutrients. As the primary anabolic hormone of the body, it
governs glucose absorption and glycogenesis, stimulates amino acid uptake and protein
production, and enhances the synthesis and storage of triglycerides and other fatty acids. Insulin
signaling begins at the binding of insulin to the extracellular domain of the tyrosine kinase
insulin receptor, causing it to autophosphorylate. This autophosphorylation activates the kinase
function of the receptor, enable it to phosphorylate and thus activate a family of enzymes known
as insulin receptor substrates (IRSs) (Posner et al., 2017). Phosphorylated IRSs are then able to
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serve as intracellular regulators of a tremendous range of metabolic processes; particularly
noteworthy among these being phosphatidylinositol 3-kinase (PI3K), which catalyzes the
synthesis of inositol triphosphate (IP3) (Whiteman et al., 2002). IP3 as a signaling molecule then
activates protein kinase B (AKT/PKB), a serine/threonine specific protein kinase that promote
glycogenesis, protein synthesis, and translocation of insulin-sensitive GLUT-4 receptors to the
cell membrane.
The phenomenon of insulin resistance (IR) occurs as ordinarily insulin-responsive cells,
under the strain of repeated or prolonged insulin signaling, exhibit diminished responsiveness to
the hormone, prompting the pancreas to amplify the signal through increased production and
secretion as a means of maintaining anabolic homeostasis. While genetic factors such as race
and sex do appear to play a role in predisposing individuals to IR (Brown et al., 2016), the most
significant risk factors are sedentary lifestyles in conjunction with a hypercaloric diet (Volaco et
al., 2018). Teleologically speaking, IR is thought to occur as a protective measure; intracellular
storage capacity for glucose is finite and at higher concentrations glucose metabolism lead to
excess reactive oxygen species production through the electron transport chain (Valko et al.,
2007) resulting in a state of oxidative stress; at high levels of free glucose lipids and proteins also
have the potential to become glycated, resulting in the formation advanced glycation end
products (AGEs) that push oxidative and inflammatory pathways to cytotoxic levels of activity
(Maddux et al., 2002; Moldogazieva et al., 2019; Takata et al., 2019). While suppressing a cell’s
ability to respond to insulin does transiently offer cells protection against these potential
problems, glycation of extracellular proteins and lipids resulting from IR-mediated increases in
plasma glucose is never far behind. This eventually results in the intensification of failing of
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glucose homeostasis by inducing apoptosis in insulin-producing β-cells, leading to pancreatic
islet failure (Wang et al., 2017).
Emerging research indicates that the onset and perpetuation of IR is largely dependent
upon the action of a family of sphingolipids known as ceramides—waxy lipids comprised of a
sphingosine backbone conjugated with a fatty acid molecule of varying length, though the range
of 14 to 36 carbon atoms is most typical (Insausti-Urkia et al., 2020; Maula et al., 2015). Much
the same as other sphingolipids, ceramides possess significant biological activity and have been
implicated in numerous processes. While acting as important hydrophobic components of the
stratum corneum and therefore contributing to the barrier function of the epidermis (Coderch et
al., 2003) and playing pivotal roles in physiological processes such as apoptosis (Ardestani et al.,
2013), differentiation of embryonic stem cells (Wang et al., 2018), cell adhesion and migration
(Canals et al., 2020) and inflammation (Pan et al., 2013) ceramides are most intensely scrutinized
for their roles in disease states. In the pathogenesis of type 2 diabetes mellitus (T2DM) the
theory of ceramide-mediated insulin resistance is supported the greater abundance of ceramides
in LDL particles of obese patients with type 2 diabetes compared with individuals that are
merely obese (Boon et al., 2013) and the reversal of diet-induced insulin resistance in murine
models resulting from disruption of ceramide synthesis (Ussher et al., 2010). Studies suggest
that ceramides directly antagonizes insulin action through three known specific actions. First,
ceramides inhibit insulin receptor-mediated phosphorylation of IRS-1, postulated to occur
indirectly through activation of p38 and c-Jun N-terminal kinase (JNK) which phosphorylate of
S307 on IRS-1 and render it unresponsive to phosphorylation of the S616 residue by the insulin
receptor (Aguirre et al., 2000). Second, ceramides downregulate activity of PI3K in an acid
sphingomyelinase-dependent fashion, though the exact mechanism through which this occurs is
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not clear (Zundel et al., 1998). Lastly, ceramides inhibit the action of AKT by through ceramideactivated protein phosphatase (CAPP), which dephosphorylates the S473 residue and through
this is able to virtually ablate the anabolic activities of insulin (Salinas et al., 2000). Intense
investigation has revealed that all insulin signaling-suppressing activities of ceramide are not of
equal import in the development of insulin resistance; of these three the most physiologically
relevant is ostensibly deactivation of AKT (Hsieh et al., 2014; Longato et al., 2011).
Some commonalities have been noted between the postulated metabolic origins of insulin
resistance and the circumstances within the osteoarthritic joint. Chondrocytes are certainly
responsive to insulin, possessing and utilizing the insulin-sensitive GLUT-4 receptor (Li et al.,
2016). Treatment of chondrocytes with insulin results in increased phosphorylation of AKT and
diminished autophagic markers associated with activity of the mammalian target of rapamycin
(mTOR) (Ribeiro et al., 2016), a mediator regarded as a prospective target in the treatment of
OA (Bao et al., 2020). Mice rendered insulin resistant with a high-fat diet against an obese/type
2 diabetes (ob/t2d) background showed considerably higher levels of tumor necrosis factors
(TNFs) in synovial fluid, linked to increased expression of catabolic metalloproteases MMP-1,
MMP-13, and ADAMTS4. Insulin supplementation in these mice resulted in a 50% decrease in
the expression of these OA biomarkers (Hamada et al., 2015). A lipomic analysis measuring
sphingolipid content of synovial fluid revealed that ceramide levels to be elevated in both early
and late-stage OA compared to controls (Kosinska et al., 2014).
It appears, then, that insulin signaling plays a significant role in suppressing joint
inflammation and cartilage catabolism, and it is probable that insulin resistance in chondrocytes
could result in the rampant inflammation and cartilage degradation observed in OA. Based on
this information we hypothesize that ceramide-mediated insulin resistance via diminished AKT
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phosphorylation is a driving phenomenon in obesity-related OA, and that diminishing ceramide
synthesis by targeting the rate-limiting step of ceramide synthesis (the enzyme serine
palmitoyltransferase) with the compound myriocin will result in the reduction of cartilage
degradation and OA-related biomarker expression.
In addition to this we investigate the possible disease-modifying potential of the flavone
wogonin, a compound originally isolated from the plant Scutellaria baicalensis. S. baicalensis,
known colloquially as Baikal skullcap, Chinese skullcap, simply skullcap, or by its Chinese
name Huangqin, is a member of the sage or mint family Labiatae and has been in use in
traditional Chinese medicine for at least several hundred years (Yun et al., 2014). Traditional
uses include the treatment of T2DM, stroke, cancer, pneumonia, hepatitis, allergy disorders, and
as an antibacterial and antiviral, to name a select few (Song et al., 2020). Most relevant to our
purposes, S. baicalensis is frequently recommended for the treatment of OA, rheumatoid
arthritis, and other nonspecific joint disorders (Arjmandi et al., 2014; Bai et al., 2020;).
Wogonin possesses myriad biological activities relevant to our studies, including inhibition of
the pro-inflammatory transcriptional activator nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) (Dai et al., 2021), activation of the antioxidant defense transcriptional
activator nuclear factor erythroid 2-related factor 2 (NRF2) (Shi et al., 2021) and has potential
analgesic effects through its antagonistic activity on toll-like receptor 4 (TRL4) (Chen et al.,
2015). On the strength of this evidence, we developed a topical cream containing wogonin and
test it against a sham cream lacking the compound in question. We further use this cream as an
intervention in diet-induced OA and attempt to use the results to provide evidence for a
mechanistic link between obesity and OA.
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CHAPTER 2: Intraperitoneal Myriocin Fails to Ameliorate High-fat, High-sugar-Induced
Osteoarthritis and Induces Osteoarthritis in Sham Chow-Fed Wistar Rats
Brandon J. Rose, David L. Kooyman, Ben M. Bikman, Richard K. Watt, Dennis L. Eggett,
Naomi Flindt, Romney B. Hanson, Jacob F. Smith, Evan G. Starr, Johnny B. Wolstenhume, Nate
F. Behrens, Isabelle L. Palmer, Noelle S. Marley

Abstract
Osteoarthritis (OA) is a debilitating chronic illness characterized by pain and loss of joint
function and mobility, the pathogenesis of which remains yet to be elucidated. It is strongly
correlated with obesity, type 2 diabetes mellitus and other manifestations of insulin resistance
syndrome, suggesting a mechanistic common link between the two conditions. Insulin resistance
appears largely dependent on the action of the sphingolipid class of ceramides. Owing to the
pro-inflammatory, pro-apoptotic nature of ceramides and the presence of elevated ceramides in
osteoarthritic synovial fluid we attempted to arrest the development of high-fat, high-sugarinduced OA in rats with intraperitoneal injections of myriocin. We found that the diet
successfully induced OA in Wistar rats, and percentages of cells staining positive for ceramides
reduced. Notwithstanding, myriocin failed to ameliorate the development of OA in rats fed the
high-fat, high-sugar diet, and furthermore we observe that animals fed a control diet but
receiving myriocin also developed OA. We also observed that animals receiving myriocin
experienced statistically significant decreases in percentages of cells staining positive for
transforming growth factor β1 (Tgf-β1). We hypothesize that ceramide may play a role in
cartilage homeostasis through modulation of TGF- β1, and further research is required to
elucidate the exact link between OA and obesity.

Keywords: osteoarthritis, ceramide, myriocin, obesity
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Introduction
Osteoarthritis (OA) is a joint disease characterized by progressive degradation of articular
cartilage and underlying subchondral bone, pain, diminished joint function and mobility. It the
most common diagnosed joint disease and the leading cause of physical disability worldwide (He
et al., 2020). Closely associated with OA are manifestations of metabolic or insulin resistance
(IR) syndrome—31% of obese individuals 44% of hypertensive individuals, 47% of type II
diabetics and 49% of cardiovascular disease patients also have comorbid OA (Hawker et al.,
2014). The textbook explanation of OA in these individuals has long been dismissed as a result
of increased loads placing strain on articular cartilage, an argument derived from outmoded
perspectives on OA characterizing it as a simple wear-and-tear illness. We now know, however,
that OA is a result of active degradation of articular cartilage under the input of myriad factors,
from those as vast and sweeping as those associated with chronic inflammation (Robinson et al.,
2016) and prolonged oxidative signaling (Feng et al., 2019) to those as niche as iron metabolism
(Camacho et al., 2016). Additionally, it has been found that BMI is a poor predictor of OA in
load-bearing joints (Grotle et al., 2008). As both the prevalence of OA and IR are both projected
to increase (Jang et al., 2021; Sarkar et al., 2018), the need to understand the mechanistic link
between the two conditions has never been greater.
Studies into the pathogenesis of IR and subsequent conditions offer up ceramides as
probable effectors, these being waxy sphingolipids involved in a wide array of physiological
roles including regulation of cell growth and differentiation (Toman et al., 2000) and apoptosis
(Haimovitz-Friedman et al., 1997). Their role in pathophysiology have garnered much interest
as of late, particularly in the areas of cardiovascular disease (Butler et al., 2017, Field et al.,
2020) and neurodegenerative disease such as Alzheimer’s (Czubowicz et al., 2019, Grimm et al.,
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2017). Notably, ceramides are found to be elevated in the lipoproteins of insulin resistant
individuals compared to those that are metabolically normal but obese (Boon et al., 2013), and
IR can be ameliorate by limiting the rate-limiting step of ceramide synthesis (serine
palmitoyltransferase) via administration of the fungal compound myriocin (Hodson et al., 2015).
It has also been observed that ceramides are found at elevated levels in OA synovial fluid
(Carlson et al., 2018), and one in vitro study noted increased matrix metalloprotease and
interleukin expression and an increase in apoptosis chondrocytes exposed to ceramides, a
phenomenon ameliorated by administration of myriocin (Ma et al., 2020). Ceramides cause
insulin resistance through three separate mechanisms—inhibition of insulin receptor substrate-1
(IRS-1) (Gao et al., 2015), phosphatidylinositol 3-kinase (PI3K) (Engin et al., 2015), and protein
kinase B (AKT) (Matsuzaka et al., 2020); of these three the inhibition of AKT is considered the
most physiologically relevant (Arboleda et al., 2009).
Owing to the vast array of obesity-related pathologies that are apparently influenced by
ceramides, the pro-inflammatory origin of these sphingolipids and the prevalence of OA in
obesity, we hypothesize that ceramides are integral to the development of obesity-induced OA,
and that myriocin administration will prevent this occurrence. We will use
immunohistochemistry to assess possible changes to AKT and GSK-3β phosphorylation (the
former being decreased and the latter increased in IR) to investigate a possible role of
chondrocyte insulin resistance as a possible part of OA pathology.
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Materials and Methods

Animals, Diet and Treatment
32 Wistar rats of ten weeks of age (Jackson Labs) were divided into four groups equally
comprised of males and females. Two groups of rats were placed on a high-fat, high-sugar
(HFHS) diet comprising TD.08811 (Envigo) and 25% fructose in double-distilled sterilized
drinking water and allowed to consume these diets ad libitum for 16 weeks; the other two groups
received a standard rat chow (SC) comprising LabDiet 5001 (LabDiet) and distilled drinking
water. On the third day following the commencement of assigned diet, treatment began through
intraperitoneal (IP) injections, two groups (one on a standard rat diet and one on a HFHS diet)
receiving myriocin injections and two (one on a standard rat diet and one on a HFHS diet)
receiving IP injection of the vehicle alone. Myriocin (Sigma-Aldrich M1177) was solubilized to
a concentration of 2 mg/mL in methanol and then diluted in 1X PBS to the concentration of 0.3
mg/mL, then filter sterilized prior to administration at a concentration of 0.3 mg/kg. Rats
receiving the vehicle injection received the filter-sterilized equivalent dilution of methanol in 1X
PBS. Injections were administered every other day for the sixteen-week course of the diet.
Pain assessment in rats employed the Brigham Young University rodent pain assessment
Standard Operating Procedure (SOP) developed by the University Veterinarian, based upon
American Veterinary Medical Association (AVMA) guidelines and approved by the University
IACUC. In the group fed the standard chow and receiving an injection of myriocin injections, a
weight loss of 60 g in two days’ time was observed in one female rat after the sixth myriocin
injection, and accordingly a total of two injection cycles for all rats in this group were skipped
pending veterinary examination and weight rebound to ensure that the experiment could be
humanely continued. The weight loss proved transient and following veterinary clearance
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injections resumed no further weight loss or significant signs of pain/discomfort or distress were
observed.

Insulin Tolerance Test
Four days prior to euthanasia, animals enrolled in the study underwent insulin tolerance
testing (ITT) to determine the effect of the HFHS diet and/or myriocin on insulin responsiveness.
Animals were fasted for six hours’ time (6:00 A.M.-12:00 P.M.), receiving only distilled water
during that span. Blood glucose was measured using a Contour 7151H Glucometer and 7097C
test strips (Bayer) immediately before injection of insulin (fasting blood glucose) as well as at
time points 15, 30, 60, 90, and 120 minutes after insulin injection. Novolin R (Novo Nordisk
Medical) was diluted in 1X PBS (Fisher Scientific BP399-500) to a concentration of 0.75 IU/mL
and administered IP at a dosage of 0.75 IU/kg. Following the cessation of ITT, animals resumed
assigned diets and drinking fluids.

Euthanasia, Tissue Harvesting and Histology
At the end of the designated experimental period, animals were sacrificed by carbon
dioxide asphyxiation, cervical dislocation and diaphragmatic puncture prior to tissue harvesting.
Harvested right knees were fixed in 4% paraformaldehyde and decalcified in a 1:1 solution of
45% formic acid and 20% sodium citrate for four weeks; decalcification solution was changed
every other day for the first two weeks and every three days for the subsequent two weeks.
Completion of decalcification was verified by ammonium oxalate (Rosen et al., 1981), and knees
were stored in 50% ethanol overnight prior to embedding in paraffin. Knees were then sectioned
to a thickness of seven µM and harvested tissues were collected with 12-550-20 statically
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charged slides (Fisher Scientific) and 48393-106 slipcovers (VWR Scientific) for histological
analysis.

Safranin-O Staining
To assess the degree of cartilage degradation, slides from each animal were selected and
stained using safranin-O staining protocols, then assessed using modified Mankin and OARSI
scoring systems, scored by two investigators blinded to the diets and treatments administered to
each animal. Mankin scoring was done by summating a set of quantifiable criteria indicating
severity of joint degradation, specifically cartilage erosion (0-6), chondrocyte periphery staining
(0-2), spatial arrangement of chondrocytes (0-3), and background staining intensity (0-3) with 0
representing an unaffected joint and a higher score representing progressively more severe OA.
OARSI scoring was also completed, placing greater emphasis on gross morphological changes
and the spatial arrangements of the chondrocytes in the joints. In both cases scoring focused on
the medial tibial surface of the knee.

Immunohistochemistry—Horseradish Peroxidase
For immunohistochemistry—horseradish peroxidase (IHC-HP), separate slides were
stained with primary antibodies against transforming growth factor β1 (TGF-β1, ab92486,
1:250), matrix metalloprotease 13 (MMP-13, ab39012, 1:200), phosphorylated protein kinase B
(pAKT s473, ab81283, 1:100, 12.5 minutes proteinase K antigen retrieval), glycogen synthase
kinase 3B (GSK-3β s9, ab107166 1:100, 17.5 minutes proteinase K antigen retrieval), ceramide
(c8104-50tst, 1:10), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB,
ab16502 1:100, 10 minutes proteinase K antigen retrieval), nuclear factor erythroid 2-related
factor 2 (NRF2, ab31163 1:100), (all antibodies excluding ceramide Abcam, Cambridge, MA,
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United States; ceramide antibody Sigma Aldrich). Each slide was deparaffinized and then
blocked with 5% bovine serum albumin for 30 minutes. Following the blocking step primary
antibodies, control sections of each slide excepted, were applied, then incubated overnight at
4°C. The subsequent day samples were rinsed with PBS and then incubated with an
avidin/biotin ABC mix (Vectastain). Slides were rinsed again with PBS and incubated with the
species-appropriate secondary antibody (ab64259 for rabbit primary antibodies, ab51929 1:000
for mouse antibodies). After a third rinse, a color reaction was initiated using a NovaRED
peroxidase substrate (Vector Labs). Counting of stained cells and calculation of percentages of
cells staining positive were carried out by an individual blind to the diet and treatment and was
performed using ImageJ (NIH, Bethesda, MD, United States).

Statistical Analysis
Statistical analysis for modified Mankin scoring, OARSI scoring, IHC-HP, and blood
glucose levels employed the Tukey HSD for multiple comparisons and were carried out using
JMP 16. Weights was assessed using multiple regression followed by a Tukey HSD for multiple
comparisons, with weights being assessed as both a function of treatment and sex. Values over
the course of the entirety of the ITT were analyzed with an area under the curve (AUC) analysis
in Prism 8.3.0, as was the one-way ANOVA to determine whether statistically significant
differences existed between groups.
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Results

Validation of HFHS Model of OA
Previous studies assessing HFHS-induced OA in rats have employed proprietary diets to
achieve results (Larrañaga-Vera et al., 2017; Siriarchavatana et al., 2019); for the sake of
simplicity and reproducibility we elected to use a commercially available diet, the composition
of which approximates that of the prior experimentation. Because no prior experiments have
utilized our chosen specific diet, validation of the model was required before we could proceed
with the full experiment. When comparing the HFHS diet-fed rats to those fed a standard chow
diet (both receiving the vehicle injection sans myriocin) we found the HFHS diet-fed rats
presented with statistically significant increases in modified Mankin scores compared to those
fed a standard chow diet, with the average modified Mankin score of those receiving the standard
chow diet/vehicle injections being 3.61 and those receiving the HFHS diet/vehicle injections
being 6.56 (p = 3.37 ꞏ 10-2). By contrast, we were surprised to note that no statistically
significant difference was present in OARSI scores (p = 0.73) (Fig. 1-2).

Effect of Myriocin Administration on Articular Cartilage
Having established that the HFHS diet successfully induced OA in Wistar rats over the
course of 16 weeks of consumption, we set out to determine whether myriocin administration
would have a beneficial effect against HFHS-induced cartilage insult. We found, however, that
there was no statistically significant change in modified Mankin scores in HFHS-fed rats
receiving myriocin compared to HFHS-fed rats simply receiving the vehicle injections, with the
average of those receiving the HFHS diet and vehicle injections being 6.56 and those receiving
the HFHS diet and myriocin injections being 7.41 (p = 0.74). Scores were noted as having
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statistically significantly increased from the standard chow diet, with the average of those
receiving the standard chow diet and vehicle injections being 3.61 and those receiving the HFHS
diet and myriocin injections being 7.41 (p = 2.2 ꞏ 10-3). We found, however, that no statistically
significant differences existed in OARSI scores between either group of HFHS-fed diet and that
fed the standard chow and receiving vehicle injections; the average of the group receiving the
standard chow and vehicle injections was 0.86, the average for the group receiving the HFHS
diet and vehicle injections was 1.44 (p = 0.73) and the average for the group receiving the HFHS
diet and myriocin injections was 1.63 (p = 0.53).
Rather surprisingly, we found that administration of myriocin had a deleterious effect on
articular cartilage in rats fed a standard chow diet, as reflected in modified Mankin scores. We
found that myriocin administration in the absence of a HFHS diet resulted in a statistically
significant increase in modified Mankin scores, with the average of those receiving the standard
chow diet and vehicle injections being 3.61 and those fed the standard chow diet and receiving
myriocin injections being 6.56 (p = 2.74 ꞏ 10-2). This distinction, however, was not observed in
OARSI scoring, with the average of the group receiving the standard chow and vehicle injections
was 0.86, and the average for the group receiving the standard chow diet and myriocin injections
being 1.09 (p = 0.97) (Fig. 1-2)

Weight Data
We found that the HFHS diet successfully increased weights in animals compared to their
respective controls, with the mean weights increasing from (to the nearest gram) 432 G to 546 G
(p = 2.00 ꞏ10-4) in groups receiving vehicle injections and mean weights increasing from 428 G
to 517 G (p = 4.10 ꞏ 10-3) respectively. No statistically significant differences were observed
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between groups on the same diet (p = 0.999 for sham chow-fed groups and p = 0.596 for HFHSfed groups) as a result of differences in treatment

Immunohistochemistry—Horseradish Peroxidase
Our first immunohistochemical efforts were focused on assessing percentages of cells
staining positive for known OA biomarkers, namely Mmp-13, Tgf-β1, Nf-κB and Nrf2. Given
the statistically significant increase in modified Mankin scores discussed above, which is known
to strongly correlate with increased percentages of cells staining positive for Mmp-13, we were
surprised to find that no statistically significant difference between the percentages of cells
staining positive between any of the groups. Similarly, we observed no statistically significant
differences between percentages of cells staining positive for Nrf2 between any of the groups.
Further, in percentages of cells staining positive for Nf-κB, the only finding of statistical
significance between the groups receiving vehicle injections (p = 0.034), the average fraction of
cells staining positive in the group receiving the standard chow diet being 0.33 and the average
fraction of cells staining positive receiving the HFHS diet being 0.59. We were, however,
intrigued to note statistically significant decreases in percentages of cells staining positive in
Tgf-β1 between both groups fed the standard chow diet (p = 4.0 ꞏ 10-4) and both groups fed the
HFHS diet (p = 0.015). Fractions of cells staining positive for Tgf-β1 in sham chow-fed diets
fell from an average of 0.52 in the group receiving vehicle injections to 0.18 in the group
receiving myriocin injections; fractions of cells staining positive for Tgf-β1 in HFHS-fed diets
fell from an average of 0.45 in the group receiving vehicle injections to 0.21 in the group
receiving vehicle injections. No statistically significant differences were observed between the
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two groups receiving vehicle injections regardless of diet (p = 0.77), neither between group
receiving myriocin injections regardless of diet (p = 0.94).
We then set to verify the effect of myriocin administration on ceramide synthesis and the
downstream effects this would have. We found that myriocin injections resulted in statistically
significant decreases in percentages of cells staining positive between both standard chow-fed (P
< 1.0 ꞏ 10-4) and HFHS-fed (P < 1.0 ꞏ 10-4) groups, the fractions being reduced in the standard
chow-fed groups from 0.45 to 0.13 and in the HFHS-fed groups from 0.49 to 0.12. We did
observe, however, that no statistically significant difference existed between groups receiving the
vehicle injection regardless of diet (p = 0.90). Notwithstanding this, we observed no statistically
significant changes between any group in terms of percentages of cells staining positive for
pAkt, and the only finding of statistical significance between percentages of cells staining
positive for Gsk-3β was between the standard chow-fed groups (p = 0.011), with myriocin
injections increasing the fraction of cells staining positive from 0.040 to 0.21.

Effect of Myriocin Administration on Insulin Responsiveness—Blood Glucose
Both groups of rats on the HFHS diet, regardless of treatment, presented with fasting
blood glucose that was elevated to a statistically significant extent compared to the
corresponding standard chow-fed group. The average fasting blood glucose for the standard
chow diet/vehicle group was 83.50 mg/dL and the average for the HFHS diet/vehicle group was
103.38 mg/dL (P < 1.00 ꞏ 10-4); the average for the group receiving the standard chow diet and
myriocin injections was 87.67 mg/dL and the average for the HFHS diet/myriocin group was
102.75 mg/dL (p = 1.10 ꞏ 10-3). No statistically significant difference existed between the fasting
blood glucose between either HFHS-fed group (p = 0.997) or either standard chow-fed group (p
= 0.63).
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Following insulin administration, the decrease in fasting blood glucose was such that the
group receiving the HFHS diet and myriocin injections fell to an average of 59.38 mg/dL, with
no statistically significant difference existing between the group receiving the standard chow diet
and vehicle injections at 56.88 mg/dL (p = 0.96) or the group receiving the standard chow diet
and myrocin injections at 59.50 mg/dL (p = 1.00) and statistically significantly different from the
group receiving the HFHS diet and vehicle injections at 77.63 mg/dL (p = 8.8 ꞏ 10-3). The initial
benefits were, however, transient, as at the timepoints T = 30 and T = 60 there were no
statistically significant differences to be observed between any of the groups.
By the timepoint T = 90, both groups on the HFHS diet had increased. There was a
statistically significant difference in the average blood glucose between the group fed the HFHS
diet and receiving vehicle injections was 80.63 mg/dL compared to 55.63 mg/dL in the group fed
standard chow diet and receiving vehicle injections (p = 0.015); the difference in average blood
glucose between the group fed the HFHS diet and receiving myriocin injections at 81.25 mg/dL
and the group fed the standard chow diet and receiving myriocin injections at 58.83 mg/dL was
barely above the threshold for statistical significance (p = 0.053). At timepoint T = 120 this
trend continued with the only statistically significant difference being between the group fed the
HFHS diet and receiving vehicle injections with the average of 90.38 mg/dL and the group fed
the standard chow diet and receiving vehicle injections with the average of 69.13 (p = 0.016).
The difference between myriocin-treated groups remained statistically insignificant (p = 0.51),
with the group fed the HFHS diet and receiving myriocin injections averaging at 84.63 mg/dL
and the group fed the standard chow diet and receiving myriocin injections averaging at 69.13 (
Table 1, Fig. 5).
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Effect of Myriocin Administration on Insulin Responsiveness—Area Under the Curve
The scientific community is at odds as to what empirically constitutes IR, though AUC
analysis of ITT and statistically significant differences between treatment groups often justifies
the experimenter in using the term IR. We found the AUC for each group to be as follows: SC +
Vehicle = 6411, HFSH + Vehicle = 8403, SC + Myriocin = 6685, HFHS + Myriocin = 7840.
The one-way ANOVA for these yielded a p-value of p = 0.996, indicating no statistically
significant difference between treatment groups and accordingly failing to establish IR in HFHSfed groups.

Conclusion
In this study, we further establish that a HFHS regimen in Wistar rats is a valid avenue
for approaching the study of OA and may be invaluable in the study of the relationship between
obesity and OA. We used this model in studying a possible link between the two conditions and
based on the results we do not believe ceramides to be a mechanistic link between presentations
of IR syndrome and OA. We did, however, observe that myriocin administration increased the
severity of OA in rats fed a standard chow diet, and based on this we hypothesize that ceramide
synthesis is integral to the maintenance of day-to-day cartilage homeostasis. For a probable
mechanism we point towards the modulation of TGF-β1-3 by ceramides themselves and other
sphingolipid species. In articular cartilage, TGF-β1-3 are integral to extracellular matrix (ECM)
production, modulation of chondrocyte proliferation, and suppression of inflammatory signaling
(Thielen et al., 2019). While C(6) ceramide appears to have a stimulatory effect on TGF-βinduced activity on the COL1A2 promoter, stimulating production of type I collagen in the ECM
(Sato et al., 2003) it has also been observed that ceramides also stabilize the interaction between
TGF-β1/2 and the inhibitory protein mothers against decapentaplegic homolog 7 (SMAD7),
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preventing trafficking of the growth factors to the primary cilium, which are ostensibly
indispensable for proper signaling activity of the TGF-β family of proteins (Aspera-Werz et al.,
2019). TGF-β1 also possesses feedback activity on ceramides themselves, though the means
through which it alters sphingolipid metabolism to accomplish this is not presently understood
(Goldkorn et al., 1997). As it is known that functioning primary cilia are integral to cartilage
homeostasis (Covaney et al., 2022; Sheffield et al., 2018; Wann et al., 2012), this appears to be a
most promising link in understanding the role of ceramides in cartilage homeostasis and
pathology.
We note that despite statistically significant differences in modified Mankin scoring, no
statistically significant differences between groups when analyzed using OARSI scoring
methodology. We have previously encountered this issue (Rose et al., 2021), and believe this
repeated occurrence to highlight the importance of using both scoring systems in histological
analysis. OARSI scoring places heavy emphasis on the depth of cartilage degradation, with only
incremental emphasis on finer histological features such as the spatial arrangement of
chondrocytes. In published literature OARSI scoring is frequently used in conjunction with
radiologic analysis (Nigoro et al., 2021; Zhang et al., 2018) consistent with this emphasis on
gross changes in the state of articular cartilage. We contend, however, that modified Mankin
scoring emphasis on features more suited to histological than radiological analysis (cartilage
degradation, peripheral staining of chondrocytes, cellular arrangement, and proteoglycan loss)
are pathophysiologically relevant findings that should be considered when assessing the
occurrence of OA or the therapeutic effect of prospective disease-modifying agents.
The failure to find statistically significant differences in percentages of cells staining
positive for Mmp-13, and Nrf2 should be addressed. The finding of increased percentages of
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cells staining positive for MMP-13 and NF-κB corresponding to increased severity of OA are
well established (Holt et al., 2012; Rose et al., 2021), therefore we expected statistically
significant increases in percentages of cells staining positive in each group compared to the
group fed the standard chow diet and receiving vehicle injections. However, it should be noted
that morphological changes characteristic of OA are preceded in articular cartilage by biomarker
expression (Sheffield et al., 2018) and that these changes begin to occur spontaneously in rodents
between the ages of six and twelve months (Kwok et al., 2016). As the rats in our study
terminated the study at approximately six months of age and the IHC-HP protocols we have
employed have proved reliable in detecting statistically significant changes in these biomarkers
in both rat and mouse models previously it is possible that age is at least partly to blame for the
lack of statistically significant differences between groups in these stains. The lack of changes in
percentages of cells staining positive for NRF2, however, are less definitively explained. The
primary antibody used has been successfully employed previously for IHC-HP; notwithstanding
to our knowledge it application has not been proven in articular cartilage. It is known that NRF2
activity promotes cartilage homeostasis and aids chondrocytes in resisting inflammatory insult
(Chen et al., 2019). Based on this we cannot conclusively say that IHC-HP is a reliable method
of detecting changes in NRF2 expression in the joint, and further experimentation is required
before this method may be considered a valid approach.
While statistically significant differences were observed in fasting blood glucose between
groups exist, we failed to find any statistically significant differences between groups in the
AUC analysis, neither in percentages of cells staining positive for pAKT. Related to this are our
findings regarding GSK-3β. Numerous studies suggest that GSK-3β activity is relevant in the
development of OA (Shu et al., 2020; Weng et al., 2014; Yuan et al., 2017), and it seems
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intuitive that increased phosphorylation of GSK-3β characteristic of IR would be a powerful
pathogenic driver in OA. Our IHC analysis did not support this notion with a general lack of
statistically significant changes between groups, with the only statistically significant difference
both SC-fed groups not being particularly telling. Between these analyses we did not find
evidence of IR in these animals, neither anything to support the hypothesis of IR as a driver in
the pathogenesis of obesity-mediated OA.
We conclude by stating that the mechanistic relationship between OA and obesity
remains largely unexplained and poorly understood, and that elucidating this relationship will be
invaluable in focusing efforts to develop viable noninvasive disease-modifying anti-osteoarthritic
drugs (DMAODs). Based on our findings we do not believe that this link to be ceramide-related,
but we did observe that OA did result from interference of ceramide synthesis in otherwise
healthy rats. Observed elevation of ceramides in OA synovial fluid may therefore not be
causative of cartilage degeneration but may be part of a coordinated effort by the joint to
promote or modulate TGF-β1‐3 signaling and restore cartilage homeostasis. That said, our shortterm, obesity-induced study did not reveal statistically significant changes in percentages of cells
staining positive for ceramides between groups fed either the standard chow or HFHS diet and
receiving vehicle injections and thus does not provide any additional data or insight towards that
hypothesis. Other studies that are of an extended duration or alternative etiology such as
destabilization of the medial meniscus (DMM) may be required to more fully understand how
ceramide synthesis factors into joint homeostasis.
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Figure 2.1: Representative Safranin-O Staining From Experimental Groups. A) standard chowfed, vehicle-treated rats; B) HFHS-fed, vehicle-treated rats; C) standard chow-fed, myriocintreated rats; D) HFHS-fed, myriocin-treated rats.
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Figure 2.2: Mean Modified Mankin and OARSI Scores. A) Modified Mankin scores by group,
B) OARSI scores by group. Each group had statistically significant increases in scores from the
standard chow-fed, vehicle treated rats (chow + vehicle vs. chow + myriocin, p = 2.74 ꞏ 10-2;
chow + vehicle vs. HFHS + vehicle, p = 3.37 ꞏ 10-2; chow + vehicle vs. HFHS + myriocin, p =
2.2 ꞏ 10-3). No statistically significant increases in OARSI scores were observed between
groups.
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Figure 2.3: Analysis of Immunohistochemistry Stains. Graphs showing percentages of cells
staining positive for A) Tgf-β1, myriocin-treated animals experienced statistically significant
decreases compared to corresponding dietary controls (p = 4.0 ꞏ 10-4 between standard chow-fed
groups p = 0.015 between HFHS groups; B) Mmp-13, no statistically significant changes
observed; C) Nf-κB, no statistically significant changes observed; D) Nrf2, no statistically
significant changes observed; E) ceramide, myriocin-treated animals experienced statistically
significant decreases compared to corresponding dietary controls (p < 1.0 ꞏ 10-4 between both
standard chow and HFHS-fed groups); F) pAKT s473, no statistically significant changes
observed; G) Gsk-3β s9, statistically significant increase between standard chow-fed groups (p =
0.011)
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Figure 2.4: Mean Weights of Experimental Groups. Statistically significant increases in mean
weights were observed as a result of the HFHS diet; P = 2.00 ꞏ 10-4 for animals receiving vehicle
injections and P = 4.10 ꞏ 103 for animals receiving myriocin injections. No statistically significant
differences were observed between groups that differed only in treatment.

32

Figure 2.5: Concentrations of Blood Glucose. Graphed are concentrations in response to insulin
injection over the course of 120 minutes. While statistically significant differences in blood
glucose concentrations were observed (see Table 2) AUC analysis did not indicate that these
animals were insulin resistant.
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Table 2.1: Immunohistochemistry Statistical Analysis. P-values from Tukey HSD analysis
conducted on cell counting for percentages of cells staining positive for indicated antigens; pvalues of statistical significance indicated by asterisk
SC+VEH vs HFHS+VEH
SC+VEH vs SC+MYR
SC+VEH vs HFHS+MYR
SC+MYR vs HFHS+VEH
SC+MYR vs HFSH+MYR
HFHS+VEH vs HFHS+MYR

TGF-β1
p=0.770
p= 4.00ꞏ10-3*
p=1.70ꞏ10-3*
p=3.60ꞏ10-3*
p=0.940
p=0.0149*

MMP-13
p=0.577
p=0.981
p=0.752
p=0.758
p=0.461
P=0.089
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NF- κB
p=0.034*
p=0.146
p=0.499
p=0.870
p=0.827
p=0.386

NRF2
p=0.758
p=1.00
p=0.930
p=0.817
P=0.978
P=0.962

Ceramide
p=0.899
p=1.0ꞏ10-3*
p=1.0ꞏ10-3*
p=1.0ꞏ10-3*
p=0.993
p=1.0ꞏ10-3*

pAKT
p=0.965
p=0.394
p=0.601
p=0.164
p=0.983
P=0.304

GSK-3β
p=0.735
p=0.011*
p=0.874
p=0.091
p=0.050
p=0.992

Table 2.2: Blood Glucose Statistical Analysis. P-values from Tukey HSD analysis conducted on
plasma blood glucose values collected during insulin tolerance test at designated time points
between groups; p-values of statistical significance are indicated by bold font. SC = standard
chow, HFHS = high-fat, high-sugar, VEH = vehicle, MYR = myriocin.
SC+VEH vs HFHS+VEH
SC+VEH vs SC+MYR
SC+VEH vs HFHS+MYR
SC+MYR vs HFHS+VEH
SC+MYR vs HFSH+MYR
HFHS+VEH vs HFHS+MYR

T=0
p<1.00ꞏ10-4*
p=0.634
p<1.00ꞏ10-4*
p=7.00ꞏ10-4*
p=1.10ꞏ10-3*
p=0.997

T = 15
p=2.70ꞏ10-3*
p=0.966
p=0.963
p=1.73ꞏ10-2*
p=1.00
p=8.80 ꞏ10-3*
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T = 30
p=0.183
p=0.928
p=0.933
p=0.556
p=1.00
p=0.454

T = 60
p=0.428
p=0.996
p=0.672
p=0.365
p=0.583
p=0.977

T = 90
p=0.0152*
p=0.980
p=0.0125*
p=0.0629
p=0.0535
p=1.00

T = 120
p=0.0160*
p=0.861
p=0.109
p=0.144
p=0.506
p=0.816
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Abstract
Osteoarthritis (OA) is a degenerative joint disease characterized by inflammatory
degradation of articular cartilage and subchondral bone. Wogonin, a compound extracted from
the plant Scutellaria baicalensis (colloquially known as skullcap), has previously been shown to
have direct anti-inflammatory and antioxidative properties. We examined the effects of wogonin
when applied as a topical cream. Using a surgical mouse model, we examined the severity and
progression of OA with and without the topical application of wogonin. Using a running wheel
to track activity, we found that mice with wogonin treatment were statistically more active than
mice receiving vehicle treatment. OA progression was analyzed using modified Mankin and
OARSI scoring and direct quantification of cyst-like lesions at the chondro-osseus junction; in
each instance we observed a statistically significant attenuation of OA severity among mice
treated with wogonin compared to the vehicle treatment. Immunohistochemistry revealed
statistically significant improvements in wogonin-treated mice, further bolstering the cartilage
morphology assessments in the form of a decrease in inflammatory and OA biomarkers.

Keywords: osteoarthritis, wogonin, inflammation, NF-κB, TGF-β1, HTRA1, MMP-13
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Introduction
Osteoarthritis (OA) is a chronic disease characterized by cartilage degradation, joint pain,
decreased joint function, and diminished quality of life. Due to the nature and implications of
this disease, the Federal Drug Administration has recently classified OA as a serious disease,
placing it in the same category as cancer and cardiovascular disease (FDA, 2018). Risk factors
include advanced age, genetic predisposition, and obesity (Coggon et al., 2001). It is predicted
that as the populace ages, and with obesity trends significantly increasing, it is likely that a rise
in OA prevalence will follow (Helmick et al., 2008; Lawrence et al., 2008). There is currently
no known cure for OA; current pharmaceuticals such as NSAIDS or selective COX-2 inhibitors
only serve to alleviate the pain, and because they have no beneficial effect on cartilage health,
they are not considered to be adequate disease-modifying drugs (Smith et al., 2016; Rafanan et
al., 2018). Given the severity of the disease, a treatment is necessary that will alleviate, arrest, or
reverse the progression of the disease.
Once dismissed as the result of passive and irreversible wear, the pathogenesis of OA is
now better understood to be characterized by dysregulation of inflammatory and apoptotic
(Hwang and Kim, 2015) pathways; maintaining a careful balance between anti-inflammatory and
pro-inflammatory molecules is integral to joint health. Among the markers and effectors known
to play a role in dysregulated joint inflammation are nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) (Rigoglou and Papavassiliou, 2013), transforming growth factor β1
(TGF-β1) (Huang et al., 2018), high temperature requirement protein A-1 (HTRA1) (Holt et al.,
2012), matrix metalloprotease-13 (MMP-13) (Rose and Kooyman, 2016), along with other
matrix-degrading enzymes that are produced by chondrocytes and contribute to the degradation
of the articular cartilage. Blocking such effectors to promote maintenance of joint homeostasis is
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one viable option to treat OA (Hu et al., 2016). However, many, if not all, of these inflammatory
linked effectors have diverse functions and complete systemic or even local inhibition could lead
to significant consequences in other tissues or organ systems.
Drug treatments for OA are divided into two categories: symptom modifying OA drugs
(SYMOAD), which focus on ameliorating the discomfort associated with OA; or disease
modifying OA drugs (DMOAD), which are drugs administered with the purpose of inhibiting
cartilage degradation (Watt and Gulati, 2017). The current array of SYMOADs include nonsteroidal anti-inflammatory drugs (NSAIDs), steroids, and narcotics. Each of these come with
their own complicated set of side effects, preventing their use as long-term pharmacological
agents (Watt and Gulati, 2017). With the limitations these options present, DMOADs emerge as
the hope of an effective treatment. Wogonin, a compound extracted from the Scutellaria
baicalensis plant, exhibits high anti-inflammatory (Huang X. et al., 2017; Khan et al., 2017) and
antioxidative properties (Chow et al., 2012). In addition, it is known to have an inhibitory effect
on pathways known to be inappropriately upregulated in OA, such as WNT (He et al., 2013;
Usami et al., 2016; Stampella et al., 2017), and NF-κB (Nakamura et al., 2003; Xu et al., 2018);
it is also known that wogonin has an activating effect on the nuclear factor-erythroid 2 (Zhong et
al., 2013; Kim et al., 2016), an endogenous antioxidant defense mechanism known to protect
against OA (Guo et al., 2017). Previous work has demonstrated that after exposure to IL-1β, 1
μM wogonin exhibited a significant reduction in MMP-3 in rabbit articular chondrocytes (Park et
al., 2015). Park et al. (2015), also pre-treated rat knees with intra-articular injection of 50 and
100 μM wogonin prior to injection of IL-1β and observed a significant reduction of MMP-3
expression. The properties of wogonin combined with previous studies formed a basis for its
potential use as a DMOAD. Delivery of a DMOAD directly to an affected joint is an excellent
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treatment modality since it potentially mitigates effects on other tissues. While no current
licensed DMOADs exist, the present study aims to assess the potential of wogonin in topical
form, applied directly to the joint, as a DMOAD.

Materials and Methods

Mice and Joint Destabilization Procedure
Nine-week-old C57B6 mice equally comprised of males and females, were acquired for
this study and randomized for treatment (n = 9) and non-treatment (n = 11). Mice were
anesthetized using VetOne Fluriso Isoflurane USP gas through a Somnosuite Kent Scientific
small animal anesthesia system. The skin surrounding the right knee joint was prepped by
clipping the fur and washing with a Vedco Veradine Providone-Iodine surgical scrub followed
by VetOne Chlorohexidine Gluconate Antiseptic. The procedure was performed under a Wild
Heerbrugg 355110 (Wild Heerbrugg AG, Switzerland) surgical microscope using aseptic
techniques. The medial meniscal ligament was exposed by blunt dissection and subsequently
transected using a number 11 scalpel to allow for displacement (Siebert et al., 2015). The joint
capsule and skin were both closed following visual confirmation of destabilization using 7 -0
absorbable Vicryl suture (Ethicon, Inc., Somerville, NJ, United States). These procedures were
conducted under the protocol 160501 approved by the Brigham Young University Institutional
Animal Care and Use Committee (IACUC), a committee, required by U.S. law that is recognized
and authorized with oversight by the U.S. Office of Laboratory Animal Welfare. To adhere to
the mandate of reducing animal numbers in research, the IACUC required that previous reports
by us (Larkin et al., 2013) and others (Xu et al., 2010) suffice for sham surgery and no surgery
controls. Mice were individually housed in standard open-top cages equipped with a voluntary
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running wheel with 1/8′′ corn cob bedding. A 12-h light–dark cycle was used, with lights turning
on at 6 A.M. Mice had ad libitum access to standard chow (LabDiet 5001) and water.

Wheel Data
After intervention via DMM surgery, mice were isolated in separate cages equipped with
a running wheel to track activity for 4 weeks. 20 μL wogonin cream was applied to the right
knees of mice in the treatment group every third day for 28 days. The cream applied to treated
mice contained a 10 μM wogonin concentration and other natural compounds to aid in
permeation (n = 9; five males, four females). The sham cream applied to untreated mice was
identical to the treatment cream in every respect save for the exclusion of wogonin (n = 11;
seven males, four females). To allow the wogonin time to take full effect, only running wheel
data from the final 14 days of the experiment was used in the statistical analysis.

Tissue Processing
28 days post-DMM, animals were euthanized via carbon dioxide asphyxiation and
cervical dislocation. The right knee of each was harvested and fixed in 4% paraformaldehyde.
The subsequent decalcification procedure and embedding in paraffin wax were performed
according to the procedure reported (Siebert et al., 2015). Knees were sectioned at 6 μM
thickness using a Heidelberg Microm microtome and the corresponding sections of tissue were
stained with Safranin-O and Fast Green as previously described for histological analysis
(Sheffield et al., 2018). Using a light microscope equipped with a digital camera, photographs
of the stained joint tissue were taken at 10 and 20X magnification.
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Histological Analysis
To quantify the health of the joint, two slides of knee sections for each animal were
selected and analyzed using the Modified Mankin and OARSI scoring system by two
investigators who were blinded to the treatment received by each animal. Modified Mankin
scoring (Mankin et al., 1971) was done using a set of scores indicating severity of joint
degradation, specifically cartilage erosion (0-6), chondrocyte periphery staining (0-2), spatial
arrangement of chondrocytes (0-3), and background staining intensity (0-3) with 0 representing
an unaffected joint and 6 representing severe OA. OARSI scoring was also completed (Glasson
et al., 2010), which emphasizes the cartilage depth and the special arrangements of the
chondrocytes in the joints. OARSI scoring was based on an osteoarthritic damage 0–6 subjective
scoring system applied to all four quadrants of the knee.

Cyst-Like Lesions
Cyst-like lesions (CLLs) are defined as a void space in the matrix at the chondro-osseus
junction in the joint. Cysts in articular cartilage are one sign of OA progression in humans
(Pritzker et al., 2006) and have been reported in OA-induced rats (Beckett et al., 2012). Due to
the ability of CLLs to disrupt the integrity of the articular cartilage matrix, they were included in
our study as a measure of OA progression. Tissue sample sections stained with Safranin-O and
Fast Green were visualized, and pictures were taken at 10 and 20X. CLLs were then counted
blind as to treatment for each of the representative slides using the method explained in the listed
protocol by two investigators who were blinded to the treatment received by each animal (Zhang
et al., 2017).
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Immunohistochemistry Analysis
Immunohistochemistry (IHC) was performed on slides representative of serial sections of
mouse knee joints from all animals. Separate slides were stained with antibodies against TGFβ1 HTRA1, MMP-13, and NF-κB. Each slide was deparaffinized and then blocked with 5%
bovine serum albumin for one hour. Primary antibodies against TGF-β1 (ab92486; 1:250)
(Abcam, Cambridge, MA, United States) HTRA1 (1:100, ab38611) (Abcam, Cambridge, MA,
United States), MMP-13 (1: 200, ab3012) (Abcam, Cambridge, MA, United States), and NF-κB
(ab16502; 1:100, 10 minutes proteinase K antigen retrieval) (Abcam, Cambridge, MA, United
States) were used. All antibodies were applied to specimens, and incubated overnight at 4°C.
On the second day, samples were rinsed with PBS and then incubated with an avidin/biotin ABC
mix (Vectastain elite ABC Kit). Slides were rinsed again with PBS and incubated with a species
appropriate biotinylated goat anti-rabbit secondary antibody. After a third rinse, a color reaction
was initiated using a peroxidase substrate (Vector Labs, NovaRED). Negative controls were
prepared by staining without the addition of primary antibody. Differences in staining intensity
were compared qualitatively with treatment group controls. Blind counting of stained cells was
performed using ImageJ (NIH, Bethesda, MD, United States). The n values for the different
stains are as follows: HTRA1: TC n = 6 and SC n = 9, MMP-13: TC n = 7 and SC n = 9, TGFβ1: TC n = 7 SC n = 10, NF-κB: TC n = 6 and SC n = 7.

ImageJ Analysis
The expression of levels of TGF-β1, HTRA1, MMP-13, and NF-κB were analyzed in a
quantitative analysis by calculating the percentage of positive staining cells for each of the
biomarkers in the joint in a defined 1200 × 280 pixel area of articular cartilage distal to the tibial
plateau. Cell counting was then performed by two investigators who were blinded to the
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treatment received by each animal. The number of animal sections used in each stain group are
previously reported in the IHC methods.

Transdermal Cream Design and Use
The mouse knee was treated to transdermally deliver wogonin. Prior to the first
application, the knee was treated with Nair® to remove all hair. Nair® was reapplied as often as
necessary to keep the knee free of hair. Wogonin (CAS 632-85-9 ≥ 98% by HPLC) (681670,
Sigma, St. Louis, MO, United States) was formulated at the specified concentration of 10 μM in
propylene glycol (PG) based upon previous work we have done (Smith et al., 2019). The cream
design was based upon previously published work, to maximize skin penetration. It consisted of
a mixture of oleic acid (91541, Sigma, St. Louis, MO, United States), methylsulfonylmethane
(MSM) (PHR1346, Sigma, St. Louis, MO, United States), PG (PHR1051, Sigma, St. Louis, MO,
United States), shea butter (REAL African Shea Butter Pure Raw Unrefined From Ghana
“IVORY,” Amazon) and peppermint oil (77411, Sigma, St. Louis, MO, United States) 0.1%
(Zhang et al., 2009; Ezaki et al., 2013; Gobel et al., 2016) containing 10 μM wogonin. Sham
cream was comprised of the exact same constituents in identical proportions, save for the
exclusion of wogonin.

Transdermal Cream Efficacy Testing
In vitro permeation of wogonin through skin was measured in a Franz diffusion cell
utilizing a piece of pig skin harvested from the inside of the ear. Fresh pig ears were obtained
from a local abattoir for each Franz diffusion cell assay as previously described (Ng et al., 2010).
Pig ear skin has a structure and thickness similar to human skin (Ng et al., 2010). Pig ears were
washed, fat removed, and depilated prior to placement as the barrier in the Franz diffusion cell.
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A 200 μL sample of wogonin cream was applied to the pig skin and allowed to incubate until
penetration. The buffer was sampled periodically and the concentration of wogonin in the buffer
measured using ultraviolet (UV) spectrophotometry as previously described (Gao et al., 2008).
Known amounts of wogonin in buffer were used to develop a standard curve down to the level of
0.1 μM wogonin. Permeation efficiency was measured by UV spectrophotometry in Franz
diffusion buffer.

Assessment of Pain
Pain assessment in mice employed the Brigham Young University rodent pain
assessment Standard Operating Procedure (SOP) developed by the University Veterinarian,
based upon American Veterinary Medical Association (AVMA) guidelines and approved by the
University IACUC.

Statistical Analysis
Statistical analysis was performed by the BYU Department of Statistics through the SAS
program using a mixed-models analysis of variance (ANOVA) with a post hoc t-test. The
dependent variables were the OARSI, Mankin scores or biomarker staining for the knee as well
as the running wheel rotation data and CLLs. The independent variables were the treatment
received, with wogonin or a vehicle cream without wogonin. Resulting p-values of < 0.05 were
considered statistically significant.

Power Analysis
The sample size is based upon statistical power calculations, with a significance level of
0.05 and reliability (power) of 0.9. The power analysis output was:
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Analysis: A priori: Compute required sample size Input:
Effect size f = 0.5676471 α err prob = 0.05 Power (1 − β err prob) = 0.9 Number of groups = 2
Number of measurements = 4 Corr among rep measures = 0:31 Output V Non − centrality
parameter
λ = 12.0207630 Critical F = 4.4939985 Numerator df = 1.0000000
Denominator df = 16.0000000 Total sample size = 18 Actual power = 0.9019401 Therefore, 9
would be the lowest possible number of animals per treatment group to use

Results

Wogonin Skin Permeation
A 1 mL aliquot from the 5 mL Franz diffusion cell buffer provided a peak with an area of
4.41818 at a retention time of 8.016, corresponding to wogonin. Using the formula 4.41818 +
0.212/159.186, provided in the HPLC software, we calculated 0.145 uM wogonin in the 5 mL
buffer reservoir. Using a dilution factor of 25 (200 μL into five ml) we determined that the
buffer contained 3.64 μM wogonin. Thus, the efficacy of skin penetration of wogonin was about
36%. Skin permeation increased to 64% when the Franz diffusion assay was extended to 24 h
(data not shown).

OA Progression
Mice treated with wogonin had a significant decrease in OARSI (p < 0.05) and Mankin (p
< 0.01) scores compared to sham mice. As an additional measure of cartilage health, CLLs were
counted. These lesions have recently been shown to be associated with cartilage degradation and
are more prevalent in joints with OA. Mice treated with wogonin had a significant decrease in
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average counts of CLLs present in articular cartilage (p < 0.01). These data suggest that
wogonin limits the progression of OA compared to the control. We noted no differences in
response to treatment from either male or female mice.

Running Wheel Activity and Pain Perception
After destabilization of the medial meniscus (DMM) surgery, we placed the mice in
wheel cages to determine the amount of activity they employed as OA developed. While
measuring daily activity, we proceeded to apply either topical wogonin treatment, or the control
vehicle. On average, we found that mice treated with wogonin had a significant increase in
running wheel activity (p < 0.05), indicating a decrease in pain perception from the control mice.

Biomarkers of OA and Inflammation
Cell counting revealed significant decreases in biomarkers associated with OA and
inflammation in mice treated with wogonin. HTRA1 (SC = 50%, TC = 10%; p < 0.001) and
MMP-13 (SC = 28%, TC = 8%; p < 0.01), biomarkers associated with cartilage degradation,
were decreased in wogonin mice. This is one potential explanation for a decrease in OA severity
noted above. TGF-β1 (SC = 42%, TC = 34%; p = 0.05) and NF-κB (SC = 21%, TC = 4%; p <
0.05), factors associated with inflammation and OA progression, were also decreased in wogonin
mice.

Stability of Wogonin
The short and long-term stability of wogonin has previously been demonstrated in a
variety of in vivo bioavailability and pharmacokinetic studies (Jian-chun et al., 2011; Zhang et

51

al., 2013). We observed no dermal toxicity in our study. A previous study applying a higher
concentration of wogonin similarly demonstrated no dermal toxicity (Kim et al., 2013).

Wogonin Dosage
Wogonin has previously been shown to affect the expression of MMP-1, MMP-13, and
ADAMTS-4 at doses as low as 1 μM (Park et al., 2015). We targeted the dosage of wogonin for
this work at 10 mM as a mid-level dose that considers efficiency of transdermal penetration.
While other doses and pharmacokinetic studies may be appropriate in the future, our study
provides a proof of concept for topical application of wogonin to treat OA.

Wogonin on Joint Health
Both the sham and treatment creams used in this study were identical, with the exception
of wogonin. This includes the presence of the menthol, recognized as both an analgesic and
counterirritant on the U.S. Federal Drug Administration (FDA) DIA-OTC ingredient list (FDA,
2019). As such it is listed as the active ingredient by many SYMOAD products. We conclude,
that application of wogonin in a topical cream significantly prevents joint damage after knee
destabilization surgery (see Figures 1–3). The decrease in OARSI and Mankin scores compared
to those receiving a vehicle control indicate that overall joint health was preserved by topical
application of wogonin. A significant decrease in the presence of CCLs in treated knees
following destabilization surgery is further indication of the ability of wogonin to prevent joint
degradation. Topical application of the compound wogonin, proves the safest and most efficient
mechanism for delivery. The LD50 of wogonin administered I.V. is 286.15 mg/kg (Qi et al.,
2009), many fold higher than mice experienced in this study. Systemic treatment of NSAIDs,
via oral pill or supplement, increases the risk of adverse effects, specifically gastrointestinal
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discomfort, and decreases the effective impact of the drug in comparison to its topical
application (Klinge and Sawyer, 2013). Additionally, topical application allows for targeted
delivery to the location of interest without compromising other bodily processes through
unintended interactions. Another common delivery approach for OA requires the use of
injections into the joint capsule. This mechanical disruption of the tissues can induce further
complications and even compound the damage of OA and cartilage degeneration (GonzalezFuentes et al., 2010). Additionally, the avascular environment of cartilage increases the
difficulty of delivering nutrients or treatment to the chondrocytes through the bloodstream.
While wogonin has proven effective and safe for systemic use (Huang D. S. et al., 2017), we
believe that the ideal delivery method for the treatment of OA is as a topical cream, paired with
other compounds to increase permeation and diffusion into the joint capsule.
Previous work has demonstrated that after exposure to IL-1β, 1 μM wogonin exhibited a
significant reduction in MMP-3 in rabbit articular chondrocytes (Park et al., 2015). We observed
a similar response as Park et al. (2015), when we used doses of wogonin on human chondrocytes
(SCC042, Sigma-Aldrich, St. Louis, MO, United States) to titrate wogonin dose response to IL1β exposure. Park et al. (2015), also pre-treated rat knees with intra-articular injection of 50 and
100 μM wogonin prior to injection of IL-1β and observed a significant reduction of MMP-3
expression.
While further research and human clinical trials are needed to establish this compound as
an appropriate DMOAD, this study, using an in vivo mouse model, shows that wogonin has great
potential in this regard. The following sections discuss potential mechanisms by which wogonin
exerts its chondroprotective effects on the joint.
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Wogonin and Reactive Oxygen Species
Reactive oxygen species (ROS) are involved in many intracellular and extracellular
processes associated with OA, including inflammatory signaling, apoptotic mechanisms, and
extracellular degradation (Lepetsos and Papavassiliou, 2016). Oxidative stress is caused by an
overload of ROS and the decreased ability of a cell to trap and contain free radicals. Oxidative
stress is implicated in the activation of the MAPK (Touyz and Schiffrin, 2004) and NF-κB
pathways (D’Angio and Finkelstein, 2000), which have been described as integral mediators of
OA pathology. Wogonin has been shown to be a powerful free radical scavenger (Gao et al.,
1999), leading to an overall decrease in oxidative stress and subsequent inhibition of mechanisms
leading to OA. Wogonin has also been shown to upregulate nuclear factor (erythroid-derived 2)like 2 (NRF2), a transcription factor whose downstream effects lead to the upregulation of
enzymes that combat the negative effects of oxidative stress (Khan et al., 2017). The ability to
scavenge free radicals and activate NRF-2 makes wogonin a powerful antioxidative agent. It is
possible that these antioxidative properties of wogonin are a major mechanism by which we see
an increase in overall joint health compared to the control. Work is ongoing in our lab to
elucidate the effects that wogonin has on mitigating oxidative stress in vivo.

Wogonin on the Primary Cilium
We have previously reported that wogonin affects BBS3 expression (Smith et al., 2019),
known to traffic proteins to primary cilia (Su et al., 2014). The primary cilium is known to play
a critical role in proper cartilage development, including mediation of chondrogenesis (Buscher
et al., 1997) and development of planar cell polarity. The importance of these early
developmental processes to adult homeostasis is apparent from deformation of articular cartilage
in mutant animals with non-functional ciliary components intraflagellar transport protein-88
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(IFT-88) (Chang et al., 2012), Polaris (McGlashan et al., 2007), divers Bardet–Biedl syndrome
(BBS) proteins (Kaushik et al., 2009) and early-onset OA in these mutants. It has been found
that pathways controlled by the primary cilium in early development such as sonic hedgehog
(SHH) (Stott and Chuong, 1997) and WNT signaling (Stampella et al., 2017) are dysregulated in
OA, alluding to a role of a yet uncharacterized failure of ciliary function in the development of
OA. As an inflammatory disease it is known that the transcription factor NF-κB plays a
significant role in coordinating chondrocyte responses to inflammatory stimuli (Saito and
Tanaka, 2017). We show in this study that wogonin has the effect of diminishing the expression
of NF-κB in osteoarthritic chondrocytes (see Figure 3).
It has been demonstrated that primary cilia promote ubiquitination and proteasomal
degradation of active NF-κB through the activity of inhibitor of κB kinase (IKK) (Wann et al.,
2014). It is also known that wogonin inhibits the phosphorylation of IκB and IKKα/β, processes
documented to be coordinated by the primary cilium (Yao et al., 2014). Owing to this data, we
believe that the diminished NF-κB activity demonstrated in this and separate (Xu et al., 2017)
instances caused by wogonin comes through a modulatory effect on ciliary signaling. In addition
to this data, it is known that wogonin has been demonstrated in separate instances to have
inhibitory activity on SHH (Owen et al., 2017) and WNT signaling (Song et al., 2015), processes
which are upregulated in OA (Luyten et al., 2009; Chang et al., 2012) and mediated by the
primary cilium. The fact that wogonin directly counters these pathways with strong connections
to the primary cilia and possesses antiosteoarthritic activity strongly suggests that wogonin exerts
some sort of corrective action on the primary cilia, and future research should focus on
interactions between wogonin and ciliary homeostasis.

55

Conclusion
Decreased expression of MMP-13, TGF-β1, NF-κB and HTRA1 in the joint, paired with
fewer CLLs, lower OARSI and Mankin scores, with significantly greater joint use on the running
wheel after knee destabilization surgery suggests that the treatment cream, containing wogonin,
interrupts the important OA related pathways, and reduces inflammatory and catabolic markers.
Thus, demonstrating a rescue of the arthritic joint from cartilage degradation while promoting
homeostasis. This work does not demonstrate that topical application of wogonin has disease
modifying properties in the sense that damage is reversed. Further studies will be required to
assess disease reversal. Rather, the model used and experimental design show that topical
application of wogonin does significantly slow or abrogate joint damage progression. Wogonin
exhibits anti-inflammatory, anti-oxidative protective effects modulated, in part, through primarycilium. A modest dose of wogonin in a topical cream promotes joint health in mice and
represents a novel treatment for the disease of OA.

Strengths and Limitations
This paper demonstrates the DMOAD capability of topical application of wogonin. We
know of no other such report for wogonin or any other topically applied agent. Some significant
and important findings in this work are that wogonin appears to be able to cross the skin barrier
and retain biological activity. This paper, like virtually all scientific studies, leaves some
unanswered questions. For instance, if wogonin is doing more than just treating inflammation,
what else might it be doing and through which metabolic pathways? Pharmacokinetic studies
need to be performed regarding the topical application of wogonin, including dose optimization.
Additionally, this work needs to be repeated in a larger animal model so that knee joint related
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tissues such as synovial fluid, fat pad and cartilage can be studied for both wogonin
concentration and important biomarkers associated with OA.
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Figure 3.1: Cartilage Morphology Data Analysis and Stains. Tissues harvested from sham and
wogonin mice were analyzed using A) modified Mankin and B) OARSI scoring systems and
CLL counts. OARSI and Mankin scoring revealed a significant decrease in OA severity in
wogonin mice. C) Representative Safranin-O staining of tissues used for OARSI and Mankin
scoring and CLL counting. Arrows indicate typical CLLs. D) Wogonin mice had significantly
less CLLs present in articular cartilage than sham mice. ∗: p < 0.05; **: p < 0.01.
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Figure 3.2: Comparison of Running Wheel Activity. Average daily activity as recorded on a
running wheel by sham and wogonin mice. After DMM surgery and concurrent with treatment,
all mice were housed in individual wheel cages that measured daily activity. On average,
wogonin mice ran significantly more than sham mice. *: p < 0.05.
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Figure 3.3: Representative IHC Images. Shown are the results of the immunohistochemical and
histological staining performed to analyze the presence of OA biomarkers. Mice treated with
wogonin showed significant decreases in the percentage of cells stained positive compared to
controls, including NF-κB p < 0.05, n = 6 (TC), 9 (SC); TGF-β1 p = 0.05, n = 7 (TC), 10 (SC);
HTRA1 p < 0.001, n = 6 (TC), 9 (SC) and MMP-13 p < 0.01, n = 7 (TC), 9 (SC). A) Sham
Cream NF-κB; B) sham cream TGF-β1; C) cham cream HTRA1; D) Sham Cream MMP-13; E)
treatment cream NF-κB; F) treatment cream TGF-β1; G) treatment cream HTRA1; H) treatment
cream MMP-13. Arrows indicate representative positively stained cells.
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Abstract
Osteoarthritis (OA) is a chronic illness characterized by breakdown of articular cartilage
and underlying subchondral bone. While the notion that cartilage simply wears out over time
and under increased loads has been largely discredited, the mechanisms of pathogenesis remain
unclear. It has previously been demonstrated that topical wogonin is effective in ameliorating
OA in a mouse destabilization model, though it remained untested in others. We determined that
wogonin treatment was successful in ameliorating OA induced by a high-fat, high-sugar (HFHS)
diet in Wistar rats, and that statistically significant decreases in percentages of cells staining
positive for activated Nf-κB occurred in response to treatment. We were surprised to observe,
however, that there was a statistically significant decrease in percentages of cells staining
positive for Nrf-2. Based on our findings we postulate that amelioration of inflammation is the
more relevant mechanistic target in treating obesity-induced OA.

Keywords: osteoarthritis, obesity, antioxidant, anti-inflammatory, wogonin
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Introduction
Osteoarthritis (OA) is a debilitating joint disease characterized by degradation of articular
cartilage and subchondral bone, pain, and decreased function. Such is the epidemiological
burden that the United States Food and Drug Administration recently classified it as a serious
disease—placing it in the same category as cardiovascular disease and cancer (Hawker et al.,
2019). Complicating and compounding the significance of the disease is its comorbidity
between insulin resistance or metabolic syndrome—49% of individuals with heart disease, 47%
with type II diabetes mellitus, 44% with hypertension and 31% of obese individuals also have
comorbid OA (Barbour et al., 2013). This link is not simply a function of increased load
bearing; while body mass index (BMI) is correlated with knee OA it is most strongly correlated
with hand OA, and no significant correlation exists between hip OA and BMI (Grotle et al.,
2008). There likewise appears to be a feedback relationship between OA and other serious
conditions related to insulin resistance; a correlation has been discovered between the severity
OA and all-cause mortality and serious cardiovascular events in individuals with hip and knee
OA (Hawker et al., 2014), a risk ameliorated, at least as far as cardiovascular events are
concerned, by joint replacement surgery (Ravi et al., 2013). One controlled study also
demonstrates a potentially causative link between OA and Alzheimer’s disease; the inducible
Col1-IL1βXAT mouse model, an inducible OA model, accelerated and exacerbated the
neuroinflammatory responses typical of Alzheimer’s disease (Kyrkanides et al., 2011). There is,
therefore, an urgent need to find disease modifying treatments for OA beyond available and
mainstream pain relief strategies.
To date, the only demonstrated disease modifying anti-osteoarthritic drug (DMAOD) is
wogonin, a flavonoid extracted from the plant Scutellaria baicalensis (colloquially known as
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skullcap). It has been demonstrated that wogonin not only reduces joint pain in mice subject to a
destabilization of the medial meniscus (DMM) model of OA, but also ameliorates the cartilage
degradation and alter expression of biomarkers typical of the disease (Smith et al., 2020). Its
efficacy in this area suggests several potential mechanisms of action and lend insight into the
actual pathogenesis of OA. Dysregulation of redox homeostasis has been intensely investigated
as a possible etiology of OA (Elmazoglu et al, 2021; Fernández-Torres et al, 2021; GomezContreras et al., 2021); wogonin is known to activate the oxidative defense transcription factor
NRF2 (Yu et al., 2020) by interfering with the functioning of KEAP-1, a protein that under
homeostatic conditions binds to and targets NRF2 for ubiquitination and proteasomal
degradation (Khan et al., 2017). Inflammatory components have been similarly studied and
posited to be drivers of cartilage degradation (Larkin et al., 2013; Lu et al., 2021; Matías et al,
2016); wogonin specifically targets several components of known inflammatory pathways,
including but not limited to NF-κB (Ju et al., 2020) MAPK (Chu et al., 2020), and JAK-STAT
(Liao et al., 2021). Pain relief is suspected to be a function of GABAA-mediated nociception
(Hong et al, 2018).
Similarly, oxidative (Carter et al, 2020; Pilch et al., 2021; Xu et al., 2021) and
inflammatory (Cho et al., 2021; Li et al., 2021; Sakane et al., 2021) components of type II
diabetes mellitus and obesity have been studied and postulated to be targets for therapeutic
intervention. These processes are also believed to encroach on cartilage homeostasis and
instigate the osteoarthritic processes (Vaamonde-Garcia et al., 2017; Yen et al., 2021). The frank
antioxidant and anti-inflammatory properties of wogonin may serve to counter these processes at
work, arresting cartilage degradation and ameliorating pain as a means of enabling individuals to
make lifestyle adjustments to help counter the source of the insults. We hypothesize that, in
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keeping with the disease-modifying properties of wogonin in DMM-induced OA in mice, that it
will be similarly successful in preventing cartilage degradation in high-fat, high-sugar (HFHS)
fed Wistar rats. A previous study demonstrated that rats fed a proprietary HFHS diet with 25%
fructose in drinking water successfully induced OA after 16 weeks of consumption (Sun et al.,
2017). We based our study on this approach and used a commercially available diet to explore
the mechanisms through which HFHS-induced OA occur.

Materials and Methods

Animals and Diet
16 Wistar rats of 10 weeks of age were divided into two groups equally comprised of
males and females. These rats were placed on a high-fat, high-sugar diet comprising Engivo
TD.08811 and 25% fructose in drinking water and allowed to consume these diets ad libitum for
16 weeks. The same day rats began consumption of their respective diets, each group began
treatment, receiving either topical wogonin (Arthritis Wonder, G2 Products) or a sham cream
identical to the first in every respect apart from wogonin being excluded; treatments were applied
once every weekday for the duration of the study. After this time, animals were sacrificed by
carbon dioxide asphyxiation and cervical dislocation prior to tissue harvesting. Harvested right
knees were fixed in 4% paraformaldehyde and decalcified in a 1:1 solution of 45% formic acid
and 20% sodium citrate for four weeks; decalcification solution was changed every other day for
the first two weeks and every three days for the subsequent two weeks. Completion of
decalcification was verified by ammonium oxalate29, and knees were stored in 50% ethanol
overnight prior to embedding in paraffin. Knees were then sectioned to a thickness of seven µM.
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Safranin-O Staining
To assess the degree of cartilage degradation, slides from each animal were selected and
stained using safranin-O staining protocols, then assessed using modified Mankin and OARSI
scoring systems, scored by two investigators blinded to treatment administered to each animal.
Mankin scoring was done by summating a set of quantifiable criteria indicating severity of joint
degradation, specifically cartilage erosion (0-6), chondrocyte periphery staining (0-2), spatial
arrangement of chondrocytes (0-3), and background staining intensity (0-3) with 0 representing
an unaffected joint and higher scores representing progressively more severe OA. OARSI
scoring was also completed, placing greater emphasized the cartilage depth and the spatial
arrangements of the chondrocytes in the joints. In both cases scoring focused on the medial
tibial surface of the knee. The sample size for each stain was n = 13, three knees having been
lost due to improper harvesting by inexperienced technicians.

Immunohistochemistry—Horseradish Peroxidase
For immunohistochemistry—horseradish peroxidase (IHC-HP), separate slides were
stained with primary antibodies against NRF2 (ab31163, 1:00), NF-κB (ab16502, 1:100, 10
minutes proteinase K antigen retrieval), IKK (ab178870, 1:50), I IκBα (ab32518, 1:100 7.5
minutes proteinase K antigen retrieval), MMP-13 (ab39012, 1:200) and TGF-β1 (ab92486,
1:250) (all antibodies Abcam, Cambridge, MA, United States). Each slide was deparaffinized
and then blocked with 5% bovine serum albumin for 30 minutes. Following the blocking step
primary antibodies, control sections of each slide excepted, were applied and incubated overnight
at 4°C. The subsequent day samples were rinsed with PBS and then incubated with an
avidin/biotin ABC mix (Vectastain elite ABC Kit). Slides were rinsed again with PBS and
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incubated with the species-appropriate secondary antibody (ab6426). After a third rinse, a color
reaction was initiated using a peroxidase substrate (Vector Labs, NovaRED). Blind counting of
stained cells and calculation of percentages of cells staining positive was performed using
ImageJ (NIH, Bethesda, MD, United States). The sample size for each stain was n = 13.

ImageJ Analysis
The expression of levels of NRF-2, NF-κB, IKK, IκBα, TGF-β1, and MMP-13, were
analyzed in a quantitative analysis by calculating the percentage of positive staining cells for
each of the biomarkers in the joint in a defined 1600 × 500 pixel area of articular cartilage distal
to the tibial plateau. Cell counting was then performed by two investigators who were blinded to
the treatment received by each animal.

Statistical Analysis
Statistical analysis of modified Mankin, OARSI, blood glucose, and IHC were carried out
using a Tukey HSD analysis for multiple comparisons using JMP (JMP, version 16.1) software.
Analysis of ITT was carried out using an AUC analysis using Prism (Prism, version 9.3.1)
software.

Assessment of Pain
Pain assessment in mice employed the Brigham Young University rodent pain
assessment Standard Operating Procedure (SOP) developed by the University Veterinarian,
based upon American Veterinary Medical Association (AVMA) guidelines and approved by the
University IACUC.
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Results

Cartilage Health
Untreated rats on the HFHS diet developed severe OA, with the average Mankin score
for those receiving the sham cream being 8.14 and the average OARSI score for said group being
3.07. We found a statistically significant decrease in these scores in rats treated with topical
wogonin, with Mankin and OARSI scores being reduced to 3.83 and 1.58 respectively (p = 1.43
ꞏ 10-3 and p = 1.44 ꞏ 10-3) (Fig. 1).

Immunohistochemistry—Horseradish Peroxidase
We found application of wogonin resulted in a statistically significant decrease in the
percentage of cells staining positive for Nf-κB (p = 4.70 ꞏ 10-4), through no statistically
significant difference in percentages of cells staining positive for Ikk and IκBα (p = 0.97 and p =
0.56 respectively). In terms of frank OA markers our stain for Tgf-β1 revealed an expected
decrease in percentages of cells staining positive, though not statistically significant (p = 0.089);
percentages of cells staining positive for Mmp-13 revealed a statistically significant increase (p =
3.62 ꞏ 10-4). Surprisingly, however, application of topical wogonin resulted in a statistically
significant decrease in the percentage of cells staining positive for Nrf2 (p = 1.83 ꞏ 10-3),
suggesting though not confirming that activation of Nrf2 may not be the most physiologically
relevant target for wogonin in HFHS diet-induced OA (Fig. 2).
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Discussion
Wogonin application was successful in lowering both Mankin and OARSI scores in a
Wistar rat diet-induced OA model and presented with statistically significant decreases in
percentages of cells staining positive for Mmp-13, Nf-κB, and Nrf2. Of these, the reduction in
Nrf2 was unexpected given previous findings by our lab in cell culture, in which RT-qPCR
revealed that TC28a2 human chondrocytes (MilliporeSigma #SCC042, MilliporeSigma, 400
Summit Drive, Burlington, MA 01803, United States) in cell culture treated with wogonin
presented with a statistically significant increase in production of NRF2 mRNA. While the
increased prevalence of mRNA does not definitively translate to increased protein, our IHC
findings remain puzzling.
The oxidative (Brahma et al., 2021; Flensted-Jensen et al., 2021; Liu et al, 2021) and
inflammatory (Dai et al., 2021; Goodarzi et al., 2021; Li et al., 2021) components of obesity and
type II diabetes mellitus are well-documented. Further, the role of both processes in OA has
been extensively studied (Guo et al., 2017; Wei et al., 2018; Yao et al., 2020). The inability of
non-steroidal anti-inflammatory drugs (NSAIDS) to effectively ameliorate cartilage degradation
(D’Arcy et al., 2021; Kedor et al., 2021) despite the pain relief afforded led us to initially
suppose that the oxidative component would be the more physiologically relevant phenomenon.
Additionally, wogonin is well-known for its NRF2 activating activities via inhibition of KEAP-1
(Khan et al., 2017; Shi et al., 2021). It was therefore a surprise for us to observe a statistically
significant decrease in the percentage of cells staining positive for NRF2 in wogonin-treated
knees; the significant decrease in the percentage of cells staining positive for NF-κB was
consistent with our expectations. We hypothesize that these findings may be explained by
modulatory effects of wogonin on NF-κB. Wogonin specifically inhibits the phosphorylated p65
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subunit of NF-κB (Ji et al., 2020), which in turn diminishes its efficacy as a transcriptional factor
and largely prevents transcription of the NFE2L2, the gene coding for NRF2 (Wardyn et al.,
2015). NF-κB also plays a role in aiding nuclear translocation of Keap-1, a process essential for
nuclear export of NRF2 (Hu et al., 2020) into the cytosol. Through these mechanisms there
exists a physiological precedent by which a downregulation of NF-κB can lead to the observation
of diminished NRF2.
While telling, the present study is not without limitations. Our technique of cell counting
in IHC-HP, while accepted for studying and reporting patterns in osteoarthritic tissue and for
publication, does not necessarily to translate to increased expression of biomarker in question.
The shortcomings of this method are especially apparent in our attempts to assess NRF2 in
tissues. We stand by our findings that show a statistically significant decrease in percentages of
cells staining positive for NRF2 when treated with wogonin. The antibody used, however, stains
for total NRF2, and is not specific to active/inactive NRF2, nor does it allow for us to distinguish
between cytosolic/nuclear locality. As, such, we cannot conclusively say that the decreased
percentage of cells staining positive directly translates to diminished activity NRF2 nor reduced
translocation to the nucleus. We believe, however, that it is possible that the decreased
percentage observed may suggest increased ubiquitination/proteasomal degradation of NRF2, a
phenomenon observed in cells not subject to the stresses of increased oxidative signaling.
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Figure 4.1: Representative Safranin-O Staining and Data Analysis. Shown are A) sham creamtreated B) and wogonin-treated Wistar rats; C) OARSI and D) modified Mankin scoring for both
groups.
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Figure 4.2: Immunohistochemical Analysis. Shown are percentages of cells staining positive for
A) Tgf-β1, B) Mmp-13, C) Ikk, D) IκBα, E), Nf-κB, and F) Nrf-2.
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Abstract
Osteoarthritis (OA), formerly understood to be a result of passive wear, is now known to
be associated with chronic inflammation. Cigarette smoking promotes systemic inflammation
and has been implicated in increased joint OA incidence in some studies, though the recent
observational data on the association are contradictory. We hypothesize that second-hand smoke
(SHS) treatment will increase the incidence of OA in a mouse model that has been subjected to a
surgical destabilization of the medial meniscus (DMM). To test this hypothesis, we applied
either SHS treatment or room air (RA) to mice for 28 days post-DMM surgery. Histopathology
findings indicated that the knees of SHS mice exhibited more severe OA than their control
counterparts. Increased expression of matrix metalloprotease-13 (MMP-13), an important
extracellular protease known to degrade articular cartilage, and nuclear factor kappa-lightchainenhancer of activated B cells (NF-κB), an intracellular effector of inflammatory pathways,
were observed in the SHS group. These findings provide greater understanding and evidence for
a detrimental role of cigarette smoke on OA progression and systemic inflammation.

Key words: second-hand smoke, osteoarthritis, destabilization of the medial meniscus
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Introduction
Osteoarthritis (OA) is a progressive degenerative disease that affects joint homeostasis. It
is characterized by chronic pain, structural damage to articular cartilage and underlying
subchondral bone and loss of joint function. In 2013, it was estimated in the Global Burden of
Disease that over 242 million (Cross et al., 2014) people worldwide suffer from symptomatic
knee and hip OA, with incidences increasing each year. While OA has traditionally been
thought of as a wear-and-tear disease, more recently OA has been found to be closely related to
chronic systemic inflammation (Berenbaum, 2013). For example, obese individuals have a
higher occurrence of OA in the hand and hip vs. the knee (Visser et al., 2014), thus helping to
dispel the wear and tear model. Thus, OA is clearly not a simple wear and tear disease. Many
other serious diseases such as insulin resistance, hypertension, and Alzheimer’s disease are
closely related to systemic inflammation and are strong risk factors for the development of OA
(Puenpatom and Victor 2009; Ferreira et al., 2014; Caillon and Schiffrin, 2016; Wang et al.,
2018). Additionally, biomarkers associated with OA (TGF-β1, HTR-A1, DDR2, MMP13 and
NF-κB) are linked to inflammation (Larkin et al., 2013; Yessica Eduviges et al., 2020; MartinezNava et al., 2020).
Individuals who smoke cigarettes exhibit local and systemic inflammation (Zhang et al.,
2002, van der Vaart et al., 2004, Madani et al., 2018). Starting in lung tissues, cells exhibit a
local inflammatory response (Reynolds et al., 2011). This response is, at least in part, dependent
on the receptor for advanced glycation end products (RAGE) (Wood et al., 2014) in resident lung
tissue. This pulmonary response to smoke then leads to the release of extracellular vesicles that
systemically carry pro-inflammatory cytokines to every tissue in the body (Feller et al., 2018).
Systemic inflammation resulting from the elaboration of pro-inflammatory mediators may be a
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major reason that smoking is a risk factor for many serious diseases (Ambrose and Barua, 2004;
Greene and Loeser, 2015; Straub and Schradin, 2016).
The effects of cigarette smoke on OA have not yet been completely elucidated. A more
complete understanding may provide additional insights into the mechanisms involved in OA
generally, as well as the relationship between OA and chronic inflammation. In several
observational studies, smoking has been seen to correlate with higher and lower incidence of
OA, depending on the population and the methodologies. In a Korean cross-sectional study, a
weak association was found between indirect smoking and higher OA (Kang et al., 2016).
Conversely, researchers in America found a small protective effect among heavy smokers
compared to their nonsmoking counterparts, after adjusting for covariates such as age, sex, and
weight (Felson et al., 1989). Likewise, other researchers have observed through cohort or metaanalysis studies that smoking protects against joint OA (Kong et al., 2017). Although avascular,
the knee joint is responsive to system wide physiological changes (Sokolove and Lepus, 2013).
Environmental factors also play a role as in the case of rheumatoid arthritis (RA), in which case
cadmium (Cd) exacerbates the homeostasis imbalance in cartilage (Reyes-Hinojosa et al., 2019).
Furthermore, Cd can negatively affect the presence of essential elements such as zinc (Zn), iron
(Fe), manganese (Mn), nickel (Ni) and chromium (Cr) in cartilage and this possibly favors
cartilage degeneration through the decrease of the extracellular matrix of cartilage including
proteoglycans and glycosaminoglycans (Martinez Nava et al., 2020). It is important to consider
that tobacco contains 1- 2 μg/g of Cd. Therefore, it is an important source of exposure to this
toxic metal and may account for the effect of tobacco on the progression of OA. Therefore, we
hypothesize that pulmonary exposure to second-hand smoke will disrupt joint tissue homeostasis
and exacerbate the degradation of articular cartilage in the knee.
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Materials and Methods

Mouse Model and Induction of OA
Female mice of C57BC6 background (n = 14) were obtained at eight weeks of age, at
which time the medial meniscus was destabilized to induce OA through a surgical transection of
the medial meniscotibial ligament according to previously reported protocol (Larkin et al., 2013).

Smoke Administration
Mice were divided into room air group (RA; n = 7) and second-hand smoke group (SHS;
n = 7). Commencing three days after surgical transection, SHS mice were given a second-hand
smoke treatment using a nose-only delivery system (Scireq Scientific, Montreal, Canada) for 30
minutes each weekday for 4 weeks. For a given treatment, smoke was generated from three
Kentucky 3R4F research cigarettes. Each treatment was administered according to previous
protocol (Wood et al., 2014). RA mice were handled similarly but with room air in the
apparatus.

Running Wheel Cages
Mice were housed in cages equipped with running wheels that allow for and record
voluntary activity. Running wheel data is a valuable way for researchers to assess physical
performance and mental well-being of mice (Novak et al., 2012). Both SHS and RA mice were
held in individual cages which allowed data for each animal to be gathered independently.
Activity was measured in running wheel cages. Mice were housed in a running wheel cage
beginning at the initiation of smoking treatment, three days after DMM surgery and remained
until sacrifice 28 days later.
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Tissue Fixation and Preparation
Knee tissues were harvested and fixed overnight in 4% paraformaldehyde. Knees were
decalcified using a formic acid solution that was changed every other day for the first week and
every three days for the second week, ending only after a negative ammonium oxalate test. The
knees were then processed using an automatic tissue processor (ThermoFisher Scientific, MA,
USA) and embedded in paraffin wax with the anterior tibial surface flush with the cutting plane.

Histological Analysis
Tissues sections were stained using Safranin-O and Fast Green to visually determine
histological integrity. Photographs of each knee joint were taken at 10X and 20X magnifications
using a light microscope equipped with a digital camera (Olympus America Inc., Center Valley,
PA, USA). The articular cartilage from each stained slide was analyzed using both OARSI
(Pritzker et al., 2006) and modified Mankin (Mankin et al., 1971) scoring systems to quantify the
pathological state of each joint. In OARSI scoring, a score of 0 represents unaltered articular
cartilage and 6 represents severe OA. The modified Mankin system uses a scale of 0-14, with 0
being unaltered cartilage. Tissue scoring was performed by three researchers who were blinded
to the treatment given, and scores were averaged for each joint.

IHC Staining and Scoring
Immunohistochemical staining was performed on serial sections of the right knee joint
from each mouse. Distinct slides were stained with antibodies against TGF-β1, NF-κB, HTRA1,
DDR2, or MMP-13. First, each slide was deparaffinized and blocked using 5% bovine serum
albumin for 30 minutes. Primary antibodies against TGF-β1 (ab92486) (Abcam, Cambridge,
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MA, United States), NF-κB (ab16502) (Abcam, Cambridge, MA, United States), HTRA-1
(ab38611) (Abcam, Cambridge, MA, United States), DDR-2 (SC-8989) (Santa Cruz
Biotechnology, Santa Cruz, CA, United States), and MMP-13 (AB8120) (Chemicon, Temecula,
CA, United States) were used. All antibodies were diluted 1:200 except for MMP-13, which was
diluted 1:100. Slides were incubated overnight at 4°C. Samples were rinsed with PBS and
incubated with a goat anti-rabbit biotinylated secondary antibody. Slides were rinsed again with
PBS and incubated with an avidin/biotin ABC mix (Vectastain elite ABC Kit). After another
PBS rinse, peroxidase substrate (Vector Labs, NovaRED) was added to produce a colored
product, followed by Fast Green staining. Negative controls were prepared by staining without
the addition of primary antibody. Photographs of slides were taken as described above. Counting
of stained cells vs. total cells was performed using ImageJ by a blinded investigator (NIH,
Bethesda, MD, United States).

Statistical Analysis
Statistical analyses were performed by the Statistics Department at Brigham Young
University through the SAS software using a mixed-models analysis of variance (ANOVA) with
a post-hoc t-test. The dependent variables were the running wheel.

Results

Running Wheel
After housing all mice in a running wheel cage for four weeks, we quantitatively
compared physical activity between SHS and RA groups. Fig. 1 shows average daily totals for
each treatment group. All animals displayed a period of low activity immediately following
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DMM surgery prior to rebounding to normal activity for a mouse after the surgery. We did not
find a statistical difference between animals in the SHS or control groups. Similar voluntary
activity between the groups demonstrates that voluntary active mobility of SHS mice was not
significantly affected by SHS treatment, and that all animals experienced similar pain levels, as
increased pain typically causes mice to run significantly less.

Histological Analysis
Using a Safranin-O/Fast Green stain, we analyzed the right knee of each animal to
determine OA progression. We utilized both OARSI and modified Mankin scoring criteria to
quantify joint degradation, the results of which are shown in Fig. 2. Both SHS and RA mice
displayed joint damage as a result of the DMM surgery. Through OARSI scoring, we found no
degradative difference in SHS mice compared to control (Fig. 2A). However, using modified
Mankin scoring, we observed increased joint tissue degradation in SHS mice compared to RA
controls (Fig. 2A, p < 0.05). Articular cartilage of SHS mice displayed decreased proteoglycan
levels, increased chondrocyte clustering, and apical fibrillation compared to RA controls (Fig.
2B) (Fig. 2A, p < 0.05).

OA Biomarkers
We chose five canonical biomarkers of OA: TGF-β1, HTR-A1, DDR2, MMP-13, and
NF-κB. Fig. 3 shows a graph of the expression profiles for each biomarker. We observed
reduced TGF β1 expression (p < 0.05) and increased NF-κB and MMP-13 expression (p < 0.05)
in the SHS group compared to RA controls. No differences were observed in HTR-A1 and
DDR2 expression in SHS knee chondrocytes. Increased MMP-13 expression indicates activation
of proinflammatory pathways, leading to more rapid cartilage degradation.
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Discussion
Traditionally, understanding the effect of cigarette smoking on OA has been elusive. The
controversy over whether smoking is detrimental or beneficial to joint health overall has been
due to a reliance on observational research alone. In the present study, we report that SHS
exposure exacerbates the progression of OA in a murine DMM model. This conclusion is
supported by modified Mankin score data and differential TGF-β1, NF-κB and MMP-13
expression, as seen in Figs. 2 and 3.
Mankin scoring is useful in determining joint tissue histopathology. The criteria consider
important aspects of joint homeostasis including cartilage erosion, chondrocyte periphery
staining, chondrocyte spatial arrangement, and proteoglycan staining. Because many factors are
involved in maintaining cartilage health, Mankin scoring is a valuable tool for evaluating joint
health. OARSI scoring is similarly valuable, but it only compares joint tissues on a structural
level while not delving into metabolic stress effects. Higher Mankin scores among SHS knees
indicate inflamed and distressed chondrocytes, no longer able to maintain the extracellular
matrix and avoid apoptosis. No difference in OARSI scores were observed, indicating that no
structural differences were present between SHS and RA knees. In the SHS mice, physical
activity measured by the running wheel cages led to the observation that behavior indicative of
greater pain was not indicated compared to the RA mice.
The HTRA1-DDR2-MMP-13 axis is commonly assessed in the study of OA. We tested
for differential expression along this axis to determine OA status. MMP-13, an important matrix
metalloproteinase (Li et al., 2017), showed elevated expression in SHS mice compared to
control. This provides a likely explanation for the increased tissue damage supported by the
modified Mankin scores. MMP-13 and elevated Mankin scores suggest that OA is more
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progressive as a result of smoke treatment. In addition to SHS-mediated increases in MMP-13
expression, NF-κB was another biomarker increased in SHS mice. Interestingly, both are
associated with inflammation (Goldring and Otero, 2011). SHS chondrocytes tended to express
HTRA1 and DDR2 less than RA controls, but this difference was not significant. These
observations do not disprove the possibility that MMP-13 was upregulated by additional
pathways. Proinflammatory pathways that increase MMP-13 expression in mice include: RAGE
(Larkin et al., 2013), NF-κB, p38, JNK, and TNF-α (Rose et al., 2016). More research is needed
to understand to what extent parallel and/or divergent pathways are involved in increasing the
expression of this important metalloprotease.
In lung tissue, cigarette smoking increases RAGE activation, which culminates in greater
expression of pro-inflammatory NF-κB (Reynolds et al., 2011). Individuals who smoke
cigarettes exhibit local and systemic inflammation (Zhang et al., 2002, van der Vaart et al., 2004;
Madani et al., 2018). Smoking has been shown to explain the development of more than 35% of
positive cases of rheumatoid arthritis and the relative risk of developing RA persisted 15 years
after people stopped smoking (Hutchinson, 2015). This suggests that heavy metals resulting
from the low temperature combustion of tobacco may remain in the body long-term exerting
biological activity.
Systemic inflammation induced by cigarette smoking results in part from RAGE
signaling, which upregulates NF-κB in chondrocytes. NF-κB expression leads to an increase in
matrix metalloproteinases, including MMP-13 (Vincenti and Brinckerhoff, 2002). SHS mice
exhibited a marked increase in NF-κB expression as compared to RA mice, which may further
explain the observed increased in MMP-13 expression.
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TGF-β1 is involved in many cellular pathways; however, its effect on knee OA is
unclear. As has been observed, TGF-β1 expression can follow an inverse trend to HTRA1
(Larkin et al., 2013). Many have observed the chondrogenic role for TGF-β1 (Bauge et al.,
2014), arguing that it is initially upregulated to promote tissue homeostasis. Importantly, this
observation is consistent with our discovery that TGF-β1 expression is lower in SHS mice.
TGF-β1 levels are high in an effort to heal and recover, while MMP-13 is generally released in
response to the metabolic stress itself. Competing pathways like these are common in complex
biological systems. More investigation is required to further understand the pro- or antiinflammatory effects of differential expression of TGFβ1 in response to SHS treatment.
As has been discussed, smoking increases local inflammation in several joint tissues, as
well as in lung tissue and smooth muscle cells. The RAGE pathway has been implicated in this
pro-inflammatory response (Reynolds et al., 2011). A RAGE knockout model exhibits reduced
MMP-13 expression as well as increased TGF-β1 in joint tissues (Matias et al., 2016). RAGE
targeting reveals an intriguing connection between RAGE, MMP-13, TGF-β1, and NF-κB that
supports our current observations. Typically, we would predict a level of synergy between these
and other pathways, but it appears that cigarette smoking does not exhibit a pro-inflammatory
response through the HTRA1-DDR2-MMP-13 pathway directly. Further investigations are
needed to reveal other pathways that may be involved in the observed biomarker level
differences.
While the animals’ physical activity was similar, SHS mice exhibited increased OA
progression compared to RA mice, as indicated by the increased Mankin scores and upregulated
MMP-13. Through these observations, we report that SHS threatens tissue homeostasis in the
knee joint. The toxicity of cigarette smoking has been well established, and smoking is
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accordingly broadly discouraged. We reiterate that any perceived benefit of smoking,
demonstrated in past or current research is far outweighed by the health risks it imposes. As
determined by this study, we report that, contrary to some previously reported literature, smoking
has a deleterious effect on joint health.

Limitations and Future Directions
It was not deemed humane to perform DMM surgery on both knees simultaneously such
that one might be used for gene expression analysis and the other for
histology/immunohistochemistry. We recognize that mice are physiologically different than
humans and the direct comparison of this study to human observational studies is uncertain. We
have not yet analyzed an exhaustive list of markers for OA or inflammation. Now that we have
characterized the histological differences between SHS and RA treatments in DMM mice, a
logical next step would be to collect knee tissues for actual gene expression analyses. These
could include additional pathways associated with inflammation and RAGE signaling.
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Figure 5.1: Average Daily Activity by RA and SHS Mice. After DMM surgery and concurrent
with treatment, all mice were housed in individual wheel cages that measure daily activity. SHS
mice did not run more than RA mice on average (p > 0.05).
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Figure 5.2: Safranin-O Staining and Morphology Scoring. Articular cartilage was analyzed
using OARSI and Mankin scoring systems. A. OARSI scoring revealed no significant difference
while Mankin scoring showed a significant difference, with SHS mice displaying more
progressed OA. B. Safranin-O staining revealed slightly more progressed OA in SHS mice. *: p
< 0.05.
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Figure 5.3: IHC Staining for Common OA Biomarkers. A. Cell counting was used to
quantitatively compare RA and SHS mice. TGF-β1, NF-κB and MMP-13 levels were
differentially expressed in SHS mice. B. Sample images from both RA and SHS mouse tissues.
*: p < 0.05; **: p < 0.01.
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CHAPTER 6: Conclusion
Based on the experiments performed over the course of this program of study we do not
believe the link between obesity and osteoarthritis (OA) to be ceramide-mediated.
Intraperitoneal myriocin administration offered no benefit as manifest through modified Mankin
scores and biomarker expression, therefore we conclude that other mechanisms exist through
which obesity effects changes in cartilage homeostasis. Indeed, we uncovered evidence that in a
resting state, ceramides may be beneficial in day-to-day cartilage homeostasis as their
downregulation resulted in statistically significant increases in modified Mankin scores. We
submit alterations to transforming growth factor β1 (TGF-β1) signaling at the primary cilium to
be probable effectors of these changes; nevertheless further research will be required to
definitively state what roles ceramides carry out in maintenance of articular cartilage.
The work also documents the first evidence of disease-modifying anti-OA activity of
wogonin and presents a noninvasive method of administration for the compound. Wogonin not
only successfully ameliorated the progression of surgically-induced OA in mice, but also
provides significant progression in diet-induced OA in Wistar rats. Immunohistochemical
analysis in these rats showed statistically significant decreases in OA biomarkers, as well as
percentages of cells staining positive for nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) and nuclear factor erythroid 2-related factor 2 (NRF2). The NRF2 stain
presented a conundrum; cell culture work indicates that wogonin increases NRF2 expression.
Repeating the stain, however, yielded the same results. As downregulation of NF-κB has a
suppressive effect on NRF2, we postulate that wogonin attenuates HFHS-induced OA through
suppression of NF-κB signaling.
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Chronic systemic inflammation is considered to be a major hallmark of obesity and is
considered a major effector of obesity-related pathologies, including increased prevalence of
cancer (Iyengar et al., 2016), diminished fertility in females (Snider et al., 2019), atherosclerosis
(Rocha et al., 2009). Further, NF-κB signaling has been definitively implicated obesity-related
pathologies, including hypothalamic inflammation (Douglass et al., 2017), atherosclerosis (Ben
et al., 2019), and liver fibrosis (Kang et al., 2017). It should therefore come as no surprise that
NF- κB signaling could result in OA in obese individuals, or that suppression of signaling would
have the potential to ameliorate cartilage degradation.
While the data presented are telling, further research is required to definitively link NFκB signaling to obesity-induced OA. In addition to being a viable therapeutic, wogonin has
potential as a research tool to further elucidate molecular pathways underlying the pathogenesis
of OA. We submit that challenging potential biological activity of wogonin with upregulated
inflammatory pathways such as constitutively activated NF-κB signaling pathways or deficient
antioxidant defenses such as would be found in a NRF2 KO would be telling in determining
which pathways and processes are the most relevant in the development of OA.
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