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Abstract

Osteoarthritis (OA) patients undergo cartilage degradation and experience painful joint swelling.
OA symptoms are caused by inflammatory molecules and the upregulation of catabolic genes
leading to the breakdown of cartilage extracellular matrix (ECM). Here, we investigate the
effects of gallic acid (GA) and mechanical stretching on the expression of anabolic and catabolic
genes and restoring ECM production by osteoarthritic human articular chondrocytes (hAChs)
cultured in monolayers. hAChs were seeded onto conventional plates or silicone chambers

with or without 100 pM GA. A 5% cyclic tensile strain (CTS) was applied to the silicone
chambers and the deposition of collagen and glycosaminoglycan, and gene expressions of
collagen types Il (COL2A1), XI (COL11A2), | (COL1A1l), and X (COL10A1), and matrix
metalloproteinases (MMP-1 and MMP-13) as inflammation markers, were quantified. CTS and
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GA acted synergistically to promote the deposition of collagen and glycosaminoglycan in the
ECM by 14- and 7-fold, respectively. Furthermore, the synergistic stimuli selectively upregulated
the expression of cartilage-specific proteins, COL11A2 by 7-fold, and COL2A1 by 47-fold, and,
in contrast, downregulated the expression of MMP-1 by 2.5-fold and MMP-13 by 125-fold.

GA supplementation with CTS is a promising approach for restoring osteoarthritic hAChs ECM
production ability making them suitable for complex tissue engineering applications.

Keywords

Avrticular cartilage tissue engineering; Chondrocytes; Collagen; Cyclic tensile stress; Gallic acid;
Glycosaminoglycan; And inflammation

1. Introduction

Osteoarthritis (OA) is the most common musculoskeletal disorder in the world [1]. It has
been recently considered a major public health concern as it is becoming more prevalent due
to the population aging. OA affects more than 50% of the population above 75-years-old,
and 25% of them cannot perform major life activities [1,2]. Until recently, the disease

was traditionally defined solely as the degradation of articular cartilage (AC) and was

not considered an inflammatory disease [3, 4]. However, studies have revealed this to

be incorrect. Inflammation of the synovial membrane and the presence of inflammatory
markers including interleukins, nitric oxides, and matrix metalloproteinases, have been
observed in a significant portion of OA patients [5,6]. Therefore, AC degradation is not
merely mechanical, but matrix proteases, oxidative stress, and reactive oxygen species
(ROS) are also key players in OA progression [7]. These findings are transforming how
researchers define and develop treatments for OA. OA is known today as a whole joint
disease rather than just a degenerative disease of AC because it also affects the subchondral
bone, synovium, and periarticular muscles [8-10]. What is needed are studies that
investigate chemical and mechanical cues well-known to suppress inflammatory pathways
and evaluate whether osteoarthritic chondrocytes may be used as suitable candidates for
regenerating a healthy extracellular matrix (ECM) upon treatment with these cues while
maintaining their phenotype.

Regulation of inflammatory markers, especially ROS, is key to mitigating OA [11]. ROS are
oxygen-containing free radicals, e.g., the superoxide anion (O,"), naturally produced with
Nicotinamide adenine dinucleotide phosphate (NADP*) in chondrocytes by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase enzymes per the reaction 202 + NADPH
— 20, , NADP™* , H* [12]. The free electrons in radicals lead to the oxidization of
cellular components including DNA. This harmful phenomenon is termed “oxidative stress”
and strongly associated with the upregulation of catabolic events in OA [13]. It is desired

to minimize oxidative stress to prevent OA progression, and nutraceuticals are known to
play a major role as antioxidative molecules. Logically, it is important to determine which
antioxidant works best and if they can restore diseased chondrocyte ability to produce
healthy cartilage.
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Antioxidants, and more specifically, nutraceutical compounds, reduce inflammation through
several mechanisms. Nutraceuticals including gallic acid, vitamins E and C, and other
compounds containing aromatic rings react directly with ROS, accepting or donating and
delocalizing unpaired electrons, and rendering the ROS molecule less reactive and far less
harmful [14]. Other nutraceuticals, including curcumin, act as chelators, binding transition
metals such as iron and copper and preventing their continuous participation in reactions
with hydrogen peroxide that generate ROS [15]. Finally, nutraceuticals have been shown to
interact with enzymes that both produce ROS and act as ROS scavengers [16,17]. Further, in
chondrocytes, various nutraceuticals have been shown to specifically inhibit the downstream
effects of the proinflammatory cytokine interleukin 1-beta (IL-18), found commonly in
osteoarthritic cartilage, which promotes the upregulation of inflammatory and catabolic
pathways and molecules [18].

Chondrocytes, similar to other cells in the musculoskeletal system with a mechanical
function, are mechanosensitive and respond to their mechanical environment starting
from development, to maintenance and to regulation of cell activities [19]. A plethora

of studies have reported enhanced ECM expression by chondrocytes upon exposure to
mechanical loads like compression [20-22], shear [23,24], and hydrostatic pressure [25-
28]. Furthermore, recent findings show that, in contrast to supraphysiological loads,
proper magnitudes of mechanical strain reduce expression of proinflammatory cytokines
in chondrocytes, even when chemically induced by proinflammatory cytokines like TNF-a
and IL-1pB [29]. An important research question then is whether strain and specific anti-
inflammatory nutraceuticals work in concert and what underlying mechanisms for their
effect on ECM production and gene expression may be at play.

In this study, we aim to determine the effects of mechanical strain and nutraceutical
supplementation, applied separately and in concert to osteoarthritic human articular
chondrocytes (hAChs) by examining impacts on ECM protein production and gene
expression of chondrogenic, fibrogenic, and inflammatory markers. While monolayer
culture alone can lead to dedifferentiation of chondrocytes [30] proper levels of mechanical
strain in the two-dimensional space and corresponding fluid shear of overlaying medium
leads to upregulation of chondrogenic indices [31]. Moreover, the ability to finely control
magnitude, frequency, and duration of strain in the two-dimensional space [32] is attractive
and results because chondrocytes and their surrounding matrix is directly attached to

the mechanical surface. Furthermore, we can study these effects in combination with

other chondrogenic promoters such as the nutraceutical in this study and results in two-
dimensional studies provide the basis for more complex three-dimensional studies. To this
end we first present results on the antioxidative power of six different nutraceuticals: gallic
acid, catechin hydrate, ascorbic acid, curcumin, a-tocopherol, and carvacrol. Then, we
assess collagen and glycosaminoglycan deposition, as the major cartilage ECM components,
under supplementation with the most promising nutraceutical from our list and mechanical
strain. Next, we quantify the gene expression of cartilaginous, type Il and XI, and

the fibrogenic and hypertrophic collagens, type | and X, as well as genes for matrix
metalloproteases, MMP-1 and —13, the major catabolic factors in OA. Later, we discuss
signaling pathways through which applied stimuli are likely acting for individual and
simultaneous applications of nutraceutical supplementation and mechanical strain. Finally,
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we address implications about the potential of combined stretching and nutraceutical
treatment in preparing tissues for implantation. The approach we suggest is potentially
useful for rehabilitating osteoarthritic chondrocytes, by enhancing their ability to produce

a healthy ECM, while maintaining their phenotype during the expansion phase, before
manufacturing three-dimensional tissue structures /n vitro and before using chondrocytes in
tissue engineering based OA treatments.

2. Materials and methods

2.1. Ferric reduction antioxidative power (FRAP) assay

To identify the strongest and most potentially useful antioxidative nutraceutical, the

ferric reducing/antioxidant power (FRAP) assay was performed [33] in the absence of
chondrocytes. In the FRAP assay, aqueous ferric tripyridyltriazine (Fe3*-TPTZ) is added

in excess to be reduced by antioxidants. The redox reaction is coupled with a color

change from pale yellow to blue that is maximally absorbed at 593 nm. The higher the
antioxidative power of a nutraceutical, the better its ability to reduce iron from its ferric

to ferrous form, and the larger the measured absorbance. Here, the assay was conducted
following the procedure described by Benzie and Strain [34]. Briefly, the FRAP reagent
was prepared by mixing 10 mL of 0.3 M acetate buffer at a pH of 3.6, with 1 mL of 10

mM tripyridyl-S-triazine (TPTZ) in 40 mM hydrochloric acid (HCI), and 1 mL of 20 mM
ferric chloride. An amount of 100 L of each nutraceutical, i.e. gallic acid, catechin hydrate,
ascorbic acid, curcumin, a-tocopherol, or carvacrol, sample was placed inside a well of a
96-well plate, and to that, 300 uL of FRAP reagent was added. Mixtures were allowed to
react and equilibrate for 6 min at 37 °C. The absorbance was then read at 594 nm using

a Cytation 5 multi-plate reader (BioTek Instruments, Inc). A standard curve was prepared
using an aqueous solution of ferrous sulfate at 7 different dilutions, 50, 100, 250, 500, 170,
and 1000 uM, and deionized water was used as a blank. FRAP values were reported as mM
equivalents of ferrous (Fe2*) species and were calculated using the following equation [35].

Absorbance at 593 nm o f test sample
Absorbance at 593 nmof ferrous standard

FRAPValue = x ferrous standard concentration in mM

2.2. lIsolation of human chondrocytes (hAChs) from human knees

Human knee AC was aseptically collected post total knee arthroplasty from four consenting
Caucasian study participants (56- and 58- year old males and two 59-year old females,
average BMI of 35.25 + 3.05) under the approval of the Institutional Review Board

at Washington State University. All participants had International Cartilage Regeneration
Society (ICRS) level 4 changes, but cartilage samples were typically harvested from
locations with ICRS grade level 2 and 3 changes. The superficial cartilage layers were
shaved off the bone specimen and cut using No. 15 surgical scalpel blades. The pieces were
then digested in 200 mg/mL collagenase type | (Worthington Biochemical Corporation)

in high glucose Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F-12 (HG-
DMEM/F12) (Gibco®) for 16 h in a shaking incubator at 125 rpm and 37 °C. The digest
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was then filtered through a 40-pm cell strainer (BIOLOGIX) and washed twice with HG-
DMEM/F12 with 10 min centrifugation at 1500 rpm between washes.

2.3. Cell culture and mechanical stimulation

Primary hAChs were suspended at a high density of 1.5 x 107 cell/mL in culture

medium (CM) containing HG-DMEM/F12 (Gibco®), which has 17.25 pg/mL L-proline

in its formulation to support collagen formation, supplemented with 10% fetal bovine
serum (FBS, Gibco®), 1% penicillin-streptomycin (Sigma-Aldrich), and 1% amphotericin b
(Gibco®). To facilitate cell adherence and assure CTS acts on cell membranes, even before
ECM formation, 1X Corning™ Collagen | [Rat] solution was used to coat the bottoms

of cytostretcher chambers, to which chondrocytes strongly adhere [36-39]. Tissues formed
in monolayer cultures were studied with cells seeded into four groups, two in a 96-well
plate for static culture, and two in a 24-well Cytostretcher chamber (Curi Bio Inc.), to be
mechanically stimulated by cyclic tensile stretching (CTS), as shown in Fig. 1. A4 pL
droplet of hACh suspension was placed into each well of either well-plate. In each group,
half of the wells were supplied with CM, and the other half with 100 uM nutraceutical
supplemented CM, a typical concentration for nutraceutical treatment of chondrocytes
[40,41] which showed no adverse effects on chondrocyte viability in our study (data not
shown). The Cytostretcher groups were stretched by 5% at 1 Hz for 2 h/day, a total of
7200 cycles per day for 14 days. This loading protocol was chosen to match the loads to
which knees are exposed /n vivo. Chondrocytes in AC are compressed by 15% under normal
body movement, which leads to 5% tensile strain [31] as the localized indention at one
point in the cartilage stretches the surrounding surface inward to make the indention [31].
All experimental groups were maintained at standard conditions at 37 °C under a 5% CO,
atmosphere, and the medium was changed every two days. In summary, the groups studied
were as follows:

i Static negative control (NCS): Static + CM
ii. Static nutraceutical: Static + CM + 100 uM nutraceutical

iii.  Cyclic tensile strain with no GA (CTS): Stretched by 5% at 1 Hz for 2 h/day +
CM

iv. Cyclic tensile strain with nutraceutical (GA + CTS): Stretched by 5% at 1 Hz for
2 h/day + CM + containing 100 uM nutraceutical

2.4. Quantitative biochemistry

For total collagen quantification, samples were first digested in 0.1 mg/mL pepsin (0.1%
pepsin (Sigma-Aldrich) in 0.5 M acetic acid) at 60 °C for 1 h, followed by incubation at

37 °C for 15 h. Total collagen in the digest was then quantified using the Sircol assay

kit (Biocolor Life Science Assays), following the manufacturer’s directions. For sulfated
glycosaminoglycans and DNA quantification, samples were digested in 125 ug/mL papain
(Sigma-Aldrich) in 100 mM pH 6.5 sodium phosphate buffer containing 10 mM L-cysteine
and 10 mM EDTA at 60 °C for 16 h. The Blyscan assay kit (Biocolor Life Science Assays)
was used to quantify glycosaminoglycans and the Quant-iT™ PicoGreen™ dsDNA Assay
Kit (ThermoFisher) was used to quantify DNA, following the manufacturers’ directions.
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2.5. Real-time quantitative polymerase chain reaction (RT-qPCR)

To quantify the gene expression of chondrogenic markers, COL2A1 and COL11A2,
hypertrophic markers COL1A1 and COL10A1, and catabolic markers MMP-1 and —13,
real-time RT-gPCR was used. Briefly, cells were lysed by adding 250 puL of TRIzol Reagent
(Invitrogen) into each well and homogenized by repetitive pipetting. Then, lysates from

4 identical wells were pooled into a 1.5 mL Eppendorf tube to ensure adequate amounts

of mRNA (>2.5 ug) were collected for each RT-qPCR replicate. Chloroform was then

used for phase separation, and total mMRNA was reverse transcribed into cDNA using
SuperScript® VILO™ Master Mix (Thermo Fisher Scientific). cDNA was amplified with
the TagMan® Gene Expression Master Mix (Applied Biosystems by Life Technologies) on
an ABI 7900HT Sequence Detection System (Applied Biosystems) and probes for beta-actin
(B-actin) as a housekeeping gene, COL2A1, COL11A2, COL1A1, COL10A1, MMP-1, and
MMP-13 were used. For COL1A1, the Hs00164004_m1 probe from ThermoFisher was
used. Primer sequences for the other probes are shown in Table 1. For each experimental
group, triplicates were analyzed and compared to a day zero sample as a reference. The
relative gene expression was calculated using the AACT method, and fold differences were
determined using the 272ACT expression [42].

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.4.3. Two-way analysis of
variance (ANOVA) was used to compare group means. Groups were considered significantly
different when the ANOVA F test had a p-value less than 0.05, in which case, a Fisher’s

test was conducted as a post hoc procedure to determine specific group differences. The
MRNA values in all experiments are compared to the amount present on the final day of
culture relative to a reference sample taken at day 0. Then the relative expression values

on the final day are calculated using the AACT method and compared to those on the

final day for an NCS control group, void of both nutraceutical and CTS. In addition to

the statistical significance analysis, we determined effect sizes or Hedges’ g values as an
indication of practical differences between treatment groups, calculated as the size of the
difference between mean values divided by the pooled standard deviation and multiplied by
a correction factor for sample numbers less than 10 [43]. Effect sizes are often enlightening
when p-statistics, due to small sample sizes, do not reveal significance and in our data where
all or at least 2 of 3 data points are substantially larger or substantially smaller for a given
index, such as for COL2AL1 in this study, than the corresponding index for the control group.

Mean o f expriemental group — Mean o f control group 3

Hedges'gor Ef fect Size = Pooled standard deviation x(1- 4(N =-2)— 1)

where N is the sum of samples from the two groups being compared. The effect size can
be designated as small, medium, large, or very large, and interpreted as a percentage of the
control group (NCS) indices that would have values below or above the average sample
value in the experimental group. Effect sizes in this paper are categorized as follows:

1. Small (V), g= 0.2- 0.5, when the percentage of NCS values above or below is
between 62 and 69%
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2. Medium (™), g= 0.5- 0.8, when the percentage is between 69 and 79%
3. Large ("), g= 0.8- 1.2, when the percentage is between 79 and 88%

ZAVAVAVAN

4, Very Large ("), g> 1.2, when the percentage is between 88 and 99.9%

AYAYAYAY

The effect size relative to the NCS is indicated as " to on all figures, groups connected
by lines are significantly different at a p < 0.05 level, and error bars are standard deviations.

3. Results

3.1. The FRAP value of nutraceuticals

Gallic acid (GA) is the strongest antioxidant among compared nutraceuticals, based on
FRAP assay analyses. As illustrated in Fig. 2, the measured FRAP value of GA was 0.99 +
0.03 (mean £ o) which was statistically higher (p < 0.0001) than those of catechin at 0.82 £
0.01, curcumin at 0.50 + 0.02, ascorbic acid at 0.58 + 0.01, a-tocopherol at 0.48 + 0.01 and
carvacrol at 0.48 + 0.01. Based on its superior reduction capability, 100 uM GA was added
to the growth medium for the cell culture experiment under mechanical strain.

3.2. Deposition of glycosaminoglycans and collagen by engineered AC tissues

Moving forward with our strongest antioxidant nutraceutical GA, when chondrogenic
biochemical indices were quantified, we observed that simultaneous stretching of hACh

and GA supplementations, compared as always throughout the manuscript to a control
group without stretching or nutraceutical, worked in synergy, remarkably enhancing the
production of glycosaminoglycans (GAG) and collagen (Col) normalized to DNA content
over the increases observed when each factor was applied individually and when compared
to the negative control without any stimulation whatsoever. As shown in Fig. 3a, progressive
improvements were observed over the control in GAG content in hAChs treated with GA,
subjected to stretching without GA, and then hAChs treated with a combination of GA and
stretching. Compared to the NCS group, GAG production was enhanced by 2.6-fold with
GA treatment (p = 0.0002; g = 1.4), 3.6-fold with stretching (p < 0.0001; g = 1.5), and by
6.6-fold (p = 0.021; g = 1.4) when GA treatment and stretching were combined. Similarly,
increases were observed in Col/DNA content when GA and CTS were applied as shown in
Fig. 3b. Compared to the NCS, the collagen content increased by 1.7-fold with CTS and no
GA (p <0.001; g = 1.2) and by 3.0-fold with GA treatment (p < 0.001; g = 1.3), but without
CTS. However, there is a large and significant increase in Col production over the NCS,

by more than 14- fold (p < 0.0001; g = 1.5), when both GA and CTS were simultaneously
applied. In all cases differences show very large effect sizes. The interaction effects were
found significant through the two-way ANOVA analysis, suggesting a synergistic, i.e., more
than the sum of two individual impacts, and not just additive, effect of GA and CTS on
improving GAG and Col contents.

3.3. Gene expression of cartilaginous collagens

The respective expressions of the articular cartilage-specific collagen genes, COL11A2 and
COL2A1, are shown in Fig. 4a&b. COL2A1 encodes for the alpha-1 chain of type II
collagen, which makes up 80-90% of the collagen in AC, and COL11A2 encodes for the
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alpha-2 chain of type XI collagen, which constitutes 3-10% of the collagen in AC [44].
Data in Fig. 4a for COL11A2 show up-regulation that is both significant and with very large
effect sizes with 4.9-fold increases on average with CTS (p = 0.0007; g = 1.3), GA has no
significant effect on COL11A2 expression, but it increased with a very large effect size by
2.3-fold 4.9-fold (p = 0.081; g = 1.3), and by 6.8-fold (p = 0.748; g = 1.4) with simultaneous
GA and CTS. We note how use of the effect size adds to our arguments, i. e. Hedges’ g
values indicate that 92, 90, and 92% of the NCS data are likely to fall below the mean values
for the respective treatments.

As shown in Fig. 4b, COL2AL1 expression was upregulated by 3.2-fold with very large effect
sizes with GA treatment (p = 0.406 g = 1.4), significantly by 6.1-fold by CTS (p = 0.011;

g = 1.0), and a synergistic 47.5-fold (p = 0.354; g = 0.8) increase with GA treatment under
CTS. We note in all cases effect size calculations reveal that 92%, 84% and 79% of the

NCS samples are likely to fall below the average values for the GA, CTS and GA + CTS
treatment groups, respectively, though p- statistics, due to the small sample sizes (N = 3) and
large relative standard deviations do not show p-values less than 0.05. This is corroborated
by reviewing the raw data collectively where 8 of 9 COL2A1 values for the entire set of
treatment groups are substantially above the 0.130 £ 0.029 COL2A1 level for the NCS
group, i.e. 1.9 — 114- fold higher, and the remaining 1 of 9 falls in the upper bracket of the
standard deviation for the NCS group. More specifically, for the GA only static experiments,
COL2A1 values ranged from 1.93 to 2.4-fold higher than the NCS without GA, and for

the stretching only group 0.8, 4.5 and 9.8-fold higher. For the GA + CTS experiment two

of three replicates that constitute the average 46.5-fold average increase in COL2A1 show
substantial increases over the NCS by 25.7- and 114-fold with just one value on par with the
NCS yet with a 0.11-fold increase over the average and hence within the higher end of the
standard deviation brackets for the NCS data.

3.4. Gene expression of fibrogenic and hypertrophic collagens

Fibrogenic COL1A1 and the hypertrophic COL10AL collagens are typically expressed by
dedifferentiated chondrocytes or in fibrillated and osteoarthritic cartilage [45] and both

were nearly constant, decreased or showed only small increases with GA, CTS, or their
combination, as shown in Fig. 5 a&b. COL1A1 mRNA data show a decrease or at least a
non-significant change with GA and CTS with a 1.3-fold decrease and small effect size with
GA (p =0.689 g = 0.3) and 4-fold decrease with an insignificant but large effect size for
CTS without GA (p = 0.418; g = 1.0) and 1.2-fold decrease with a small effect size for GA +
CTS (p = 0.358; g = 0.2). Similar results are shown for COL10A1 changes with GA or CTS
with a significant 1.7-fold increase and a very large effect size (p = 0.882, g = 1.3) with GA
and a nonsignificant 1.3-fold increase with CTS (p = 0.341, g = 0.2), and a nonsignificant
1.4-fold decrease (p = 0.145; g = 0.5) is observed in the GA + CTS group with medium
effect size. Interestingly, GA and CTS do not enhance the production of all types of collagen
fibers, but genes encoding collagens of interest to AC, i.e. COL11A2 and COL2A1, are
upregulated selectively while fibrinogenic and hypertrophic genes, COL1A1 and COL10A1
do not change with statistical significance and even when effect sizes are large or large or
very large the relative magnitudes of change are on the order of 1.3 — 1.7-fold in contrast

to the 1.93 — 114-fold increases in a favorable direction for chondrogenic indices along
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with large and often very large effect sizes. From the effect size analysis, we see that 62%
and 76% of GA + CTS samples express less COL1A1 and COL10AL, respectively, than an
average NCS sample.

3.5. Gene expression of matrix metalloproteases

MMP-1 and MMP-13 are critical players in cartilage destruction in OA patients [46—-49]. In
fact, MMP-13 is considered the principal catabolic factor in OA due to its destructive action
of degrading collagen type Il [50,51], which is the dominant collagen species in healthy
articular cartilage. While we expect antioxidants to reduce ROS and MMPs, as illustrated in
Fig. 6 a&h, we observed with GA alone, a non-significant yet 1.4-fold increases in MMP-1
(p =0.416; g = 0.8) and in MMP-13 (p = 0.525; g = 0.5) expression compared to NCS. The
two-way ANOVA results indicate that GA causes 0.087% of the variation only (p = 0.884).
However, CTS is the source for 52% of variations (p = 0.006) resulting in nonsignificant
decreases with large effect sizes observed when CTS is introduced. MMP-1 and MMP-13
expressions were downregulated by 1.4- (p = 0.299, g = 0.7) and 2-fold (p = 0.646, g = 0.6)
in the CTS group. In the GA + CTS group, the interaction term caused significant 18% of
the variations (p = 0.044) with further downregulations of very large and large effect sizes
are observed, resulting in a statistically significant decrease (p = 0.035; g = 1.2) of 2.6-fold
for MMP-1 and though non-significant a large 131-fold decrease for MMP-13 (p = 0.067, g
= 1.1). We observe from the effect size analysis that 88% and 86% of NCS samples would
express more MMP-1 and MMP-13, respectively, than an average GA + CTS sample.

3.6. Summative results

In Table 2 we summarize the above results indicating the fold changes, p-statistics, Hedges’
g effect sizes and corresponding percent of experimental data points expected to be higher
than the NCS control. We do this for the four chondrogenic indices, total GAG and Col,

and COL11A2 and COL2A1 mRNA, and the four non-chondrogenic indices COL1AL,
COL10A1, MMP-1 and MMP-13. Indices with positive increases over NCS are indicated
by A for small increases in the 1 to 5-fold range, & A for large increases above 5-fold,

and A A A for very large increases above 10-fold, and decreases indicated by ¥ for small
decreases in the 1-5 range, and ¥ ¥ ¥ for very large decreases greater than 10-fold. There
were no decreases in the 5 to 10-fold range. All chondrogenic parameters show increases
with CTS and GA, being substantially larger for the combined influences of both parameters
acting in concert. In three of eight instances for either CTS or GA non-chondrogenic indices
are decreased, and for combined CTS and GA all non-chondrogenic indices are decreased.
The collective information creates a compelling visual picture that will support conclusive
statements described in the Discussion section.

4. Discussion

Our discussion begins with analyzing the FRAP assay results to justify the selection of the
best nutraceutical candidate for restoring ECM production by osteoarthritic chondrocytes.

We then move to the analysis of ECM matrix components changes in concert with up

or down-regulation of chondrogenic, hypertrophic, and catabolic genes. Finally, we review
cellular mechanisms known to be influenced by antioxidants and cellular stretching to
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provide support for the findings observed from a fundamental physiological standpoint. We
conclude with a section stressing the implications of our findings for cartilage regenerative
therapies.

Our FRAP assay results agree with the findings of Soobrattee et al., where GA had a
significantly higher antioxidant activity when compared to catechin, Trolox, a water-soluble
a-tocopherol analog, and ascorbic acid [52]. The high antioxidant activity of GA is
hypothesized to be correlated to several features of its structure. GA has three hydroxyl
groups organized in an ortho position with respect to each other, which allows stabilization
after free radical scavenging via short intramolecular hydrogen bonds. Further, GA has a
carboxylic acid group at the para position, which, due to its tendency for hydrogen donation,
has been shown to positively contribute to its antioxidant properties [53]. At physiological
pH, a computational study showed that GA reacts with OOH radicals primarily through
sequential double proton loss electron transfer reactions at the carboxylic acid and phenolic
OH groups, while reaction with OH radicals can proceed through several mechanisms [53].
Experimental work shows that phenoxyl-type radicals are formed upon reaction of GA with
OH radicals at a near-physiological pH (37). These studies, along with our corroborating
data, provide strong evidence that GA does indeed neutralize ROS and is an obvious choice
for studies on synergistic influences when combined with stretching.

Moving to GA + CTS experiments, collectively Table 2 summary data unequivocally
support our premise that each factor promotes chondrogenesis individually and, when
combined, synergistically. While histological staining studies are the norm in many
chondrogenic studies, this is not possible to accomplish within non-transparent cytostretcher
wells. We therefore rely on total collagen and GAG content, which is more quantitative. And
corroborate these findings with gene expression data. To confirm that gene presence leads

to deposition of corresponding extracellular matrix proteins Western blots could be done.
However, the enhanced production of total collagen along with upregulation of the requisite
genes for COL2A1 and COL11A1 with corresponding reductions in COL1A1 and COL
10A1 are in strong support that enhanced total collagen is indeed related to an increased
chondrogenic phenotype. The four chondrogenic indices, total GAG and Col, and COL11A2
and COL2A1 mRNA, have positive 1.7 — 6.1-fold increases over NCS, as indicated by A
for increases, A A for large increases above 5-fold, and A A A for very large increases
above 10-fold. All are statistically significant except for CTS effects on COL2A1, which is
approaching significance (p = 0.248), and importantly all have large to very large effect sizes
including that for COL2A1. Combined applications of both GA and CTS strongly suggest
the individual effects are additive for total Col, and COL11A2 mRNA, and more importantly
that there is a large second order multiplicative effect for GAG, being nearly 4 times the
sum of the individual effects, and for mMRNA coding for COL2AL1, the more prominent
proteins in the extracellular matrix, being 5 times the sum of the individual effects. When
viewing the undesirable non-chondrogenic indices there are a mixed set of negative, 1.3 —
5-fold decreases for mMRNAs coding for fibrogenic COL1A1 with both GA and CTS, and

for catabolic MMP-1 with CTS, and positive 1.3 — 1.7 increases for mRNAs coding for
hypertrophic COL10A1 and catabolic MMP-1, and MMP-13. Yet, when the two treatments
are combined all non-chondrogenic indices in this study decline in the 1.35 - 2.5-fold

range with mRNA coding for catabolic MMP-13 falling by 125-fold. While one p-statistic
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approaches p < 0.05 significance, two are nearly so, and all have meaningful effect sizes —
of importance is that mMRNA coding for COL1A1 has a large effect size and that for MMP-1
and MMP-13 have very large effect sizes in the negative direction.

The findings for the individual indices are consistent with the literature, and yet the
synergisms go beyond what has been reported.

We note that while GAG enhancement through GA treatment was not found significant in
a previous study by Lu et al. [54] where GA supplementation in medium did not cause
significant changes in glycosaminoglycan production by rat AChs, there was a significant
2-fold increase in our studies. Our results observed with stretching alone agree exactly
with the work by Fukuda et al. [37], where exposing calf AChs to 5% strain led to an
increase of proteoglycan synthesis by 1.7-fold as measured by assessing the incorporation
of [35S]-sulfate into cetylpyridinium chloride (CPC) precipitable material. However, in our
study when GA was added to stretched cultures, it caused a significant non-linear 14.3-fold
increase in GAG deposition with a large effect size. These results observed with stretching
in combination with GA hAChs are unique and suggest that two mechanisms are involved
with interplay between them and that GA and CTS use in concert is important for optimizing
cartilage formation /n vitro.

Regarding collagen, other studies show mixed results with GA, but that it does have

a protective effect. GA did not significantly increase collagen expression in healthy
chondrocytes as shown by Lu et al., where cytoplasmic collagen |1 levels were 1.2-fold
lower in healthy rabbit chondrocytes treated with GA alone than in a negative control [54].
In contrast, GA is shown to protect cells from collagen degradation caused by inflammation
as shown by Wen et al., where GA increases collagen Il expression in a dose-dependent
manner in inflamed rabbit chondrocytes, approaching the level expressed in healthy cells at
a concentration of 80 UM [55]. From these studies, it can be inferred that while GA alone
may not promote the synthesis of new collagen, it can play a protective role in preventing
the degradation of existing collagen. Because our study shows the combination of GA and
CTS leads to a significant increase in total collagen and COL11A2 mRNA and an increase
with a large effect size for COL2A1 mRNA, the collective information, between our data
and the literature suggests that the protective effect for GA when combined with a stimulator
effect from the mechanical loading enhances chondrogenic indices beyond the sum of the
two factors alone.

Not only does our study provide strong evidence that combining CTS and GA enhances
production of cartilaginous collagens, but that the combination also downregulates

the expression of matrix metalloproteases (MMPs) a crucial factor in preventing OA
progression. The tendency for GA alone to reduce MMP levels in inflamed chondrocytes

is not supported by our work as there is an apparent increase in MMP-1 and -13 with
medium effect sizes, but there are large to very large effect sizes for a drop when CTS

is applied in concert with GA. This is in agreement with several reports comparing the
anti-inflammatory properties of GA and synthetic GA derivatives that show GA alone is
ineffective in preventing the upregulation of MMP-1, -3, and —13 in chondrocytes inflamed
through IL-1p stimulation [56]. Yet there is evidence that GA has a regulatory inhibitory
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impact on MMP production as supported in a study by Pang et al. showing GA effectively
reduced MMP-1 mRNA by 2-fold and corresponding protein levels by 2.4-fold in human
carcinoma cells [57], and a study by Yoon et al. showing that GA reduced MMP-9 mRNA
levels in fibroblast-like synoviocytes [58]. This suggests that cell culture in the presence of
GA conditions cells for when CTS is applied.

Gene expression data strongly reveal that chondrogenic indices are displayed in deposition
studies confirming that CTS and GA supplementation allow the desired chondrogenic
phenotype to be maintained and do not induce cartilage hypertrophy. When taking the

data collectively, there is strong support that the 47.5-fold increase in COL2A1 mRNA and
6.8-fold increase in COL11A2 indeed are the major factors contributing to the statistically
significant 14.3-fold increase in total collagen deposition. We base our argument on the

fact that the 1.35-fold COL1A1 decrease nearing significance and bordering on a very

large effect size and the decrease in COL10A1 with a medium effect size suggest an

overall decrease in the corresponding fibrogenic and hypertrophic ECM proteins inferring
that the COL1A1 and COL11AZ2 are solely responsible for the increase in total collagen

in the ECM when combining GA and CTS. Since COL2A1 typically constitutes 80-85%

of the total articular collagen, and COL11A2 a mere 3-10% of the statistically significant
~7-fold in COL11A2, which is associated with enhanced chondrogenesis, gives credence to
the 47.5-fold increase and large effect size for COL2A1 though the p-value is not <0.05.
Moreover, this corresponding deposition of COL2A1 along with COL11A2 has been shown
by many studies [59-61]. These findings, when taken together with the reduction in MMP-1
and MMP-13 mRNA levels under combined stimuli, strongly suggest that GA and CTS
together have a positive, synergistic effect on the production and maintenance of collagen
proteins in the ECM of diseased chondrocytes.

There is also strong support in the literature for the increases in chondrogenic collagen and
decreases in the MMP protein enzymes in response to GA. An illustration adapted from
Dossumbekova et al. [62], simplified and modified by us to include the mechanisms of
action of GA, is shown in Fig. 7. Huang et al. recently studied the mechanism of action of
GA in nucleus pulposus cells, which, similar to chondrocytes, produce both collagen type
Il and proteoglycans [63]. They found that GA significantly reduces protein and mRNA
levels of a disintegrin and metalloproteinase with thrombospondin motifs-4 (ADAMTSA4),
a metalloproteinase that degrades proteoglycans, through inhibition of the nuclear factor-
kappa betta (NF-xB) inflammatory pathway in cells exposed to tumor necrosis factor-alpha
(TNF-a). Their study reveals that GA reduces the phosphorylation of p65, one of many
NF-xB transcription factors which form dimers with other NF-xB transcription factors in
the cytosol, and decreases the activity of several histone acetyltransferases (HATS) which
acetylate p65 and limit the ability for the complex to be transported out of the nucleus.

The role of p65 in the NF-xB pathway is complex. In healthy cells, NF-xB transcription
factor dimers are maintained in an idle state by the inhibitor of NF-xB (I- xB). Upon
disassociation from I-xB, which is phosphorylated and degraded during inflammation, these
dimers are free to translocate to the nucleus, as shown in Fig. 7. Once in the nucleus,

they induce the transcription of target inflammatory genes, including MMPs [56]. Given
this information, it is surprising that GA was unable to decrease the production of MMP-1
and MMP-13 mRNA in the static study results, as these enzymes are regulated through
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p65 activity [64]. However, it is also possible that MMP-1 and MMP-13 production were
induced v7a other known inflammatory pathways, including mitogen-activated protein kinase
(MAPK) and that GA had no inhibitory effect on these alternative pathways [65,66].

Regarding mechanical loads associated with chondrocyte cultures, they are shown to act in a
magnitude-dependent fashion either as pro- inflammatory or anti-inflammatory signals. This
is shown by studies in Agarwal [62] and Athanasiou labs [62,67,68]. Loads of physiological
magnitudes are anti-inflammatory; they upregulate matrix synthesis and suppress the
actions of cytokines including IL-1p and TNF-a [29,62,69]. In chondrocytes, mechanical
signals are transduced through integrin-p1, a cell surface receptor that links the ECM to

the cytoskeleton [70]. When integrins are stimulated, they activate several cytoskeleton
proteins, including focal adhesion kinase, and act through the NF-xB pro-inflammatory
signal transduction pathway [71]. Mechanical tension of appropriate magnitudes attenuates
inflammation by acting on three sites in the NF-xB signal transduction pathway, as shown
in Fig. 7. First, it inhibits the translocation of NF-xB from the cytosol to the nucleus,
thereby hindering its mechanistic effect beyond the nucleus. Second, it protects I-xB from
degradation by cytoplasmic phosphorylation, thereby rendering NF-xB inactive. Finally, it
downregulates I-xB kinase activity, thereby inhibiting phosphorylation reactions. The results
shown previously in Fig. 6 a&b and Table 2, show stretching, combined with GA, leads

to greater reduction in MMP-1 and MMP-13 gene expression than either stimulus alone,
presumably because of the combination of mechanisms explained above.

Moving to the effect of GA and CTS on COL2A1 and COL11A2 expressions, we observe
that both treatments upregulate the expressions of these chondrogenic collagens. To our
knowledge, the effect of GA on COL11A2 production by inflamed chondrocytes has not
been previously reported. Interestingly, it has also been shown that COL2A1 expression

is downregulated in response to inflammation. Specifically, members of the Erythroblast
Transformation Specific (ETS) transcription factor family, including epithelium-specific
Ets-like factor-1 (ESE-1) and E74-like factor-3 (ELF-3) which are activated during the NF-
xB pathway, suppress the promoter of COL2AL1, leading to reduced COL2AL transcription
[72]. Sex determining region Y- box 9 (SOX-9), a critical regulator of COL2A1, COL11A2,
and aggrecan gene transcription, are sequestered and inhibited by excess ELF-3 [73]. This
further explains why COL2A1 and COL11A2 mRNA expression in this study were highest
in groups where NF- xB activity was likely lowest as indicated by a reduction in MMP
mMRNA expression.

Results presented in this paper are important for the clinical implications of articular
cartilage tissue engineering. Current surgical treatments of OA including the state of the
art, autologous chondrocyte implantation (ACI), can temporarily relieve the pain associated
with OA. However, it does not fully restore the functionality of articular cartilage [74].
ACI induces the formation of a fibrocartilaginous tissue that is consisted of collagen type

| instead of type 11, which holds 50-100% less water, making cartilage less resistant

to compression [75,76]. In ACI, chondrocytes are harvested from articular cartilage,
expanded /n vitro, and re-implanted in the cartilage defect; clinical shortcomings are due
to chondrocyte de-differentiation, and loss of phenotype during expansion [77,78]. In this
work, we suggest using combined CTS and GA to treat chondrocytes during the expansion
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phase to enhance the overall outcome for procedures like ACI. The rationale behind our
suggestion is that the tendency for chondrocytes to lose their phenotype upon expansion

and passaging in traditional static culture is a well-recognized challenge in cartilage tissue
engineering [79]. Levels of collagen type Il and aggrecan typically decrease in cells cultured
viatraditional static methods [80]. This is a critical issue, as both collagen type 11 and
aggrecan play important roles in the structural properties of cartilage and its ability to
absorb loads. Furthermore, chondrocytes isolated from osteoarthritic knees are more active
catabolically and express larger amounts of inflammatory markers compared to normal
chondrocytes [81]. The results of this study provide a promising alternative to the traditional
expansion of diseased chondrocytes; our data suggest that use of CTS and GA will
downregulate the expression of catabolic genes, upregulate expression of cartilage specific
proteins, and maintain chondrocyte phenotype. We hypothesize that better ACI outcomes
will occur if the chondrocytes used in the procedure are prepared with our GA + CTS
approach instead of using the conventional 2D expansion protocols.

In conclusion, our data are in support of a strong synergistic impact of GA and CTS first
from composition data for the resulting ECM and then from the mRNA profile, which
regulates cell physiology. It is worth noting that this is the first study that reports enhanced
ECM matrix for osteoarthritic human knee chondrocytes upon exposure to appropriate
CTS and anti-inflammatory treatment making them more suitable for tissue engineering
applications. At a concentration of 100 uM, GA is shown to be a more potent anti-oxidant
based on its ferric reducing ability compared to curcumin, catechin hydrate, carvacrol,
ascorbic acid, and a-tocopherol, all of which are naturally occurring and recommended
for degenerative diseases. We also show that combining CTS and GA results in the
greatest downregulation of catabolic, matrix-degrading enzymes present in osteoarthritic
tissue, and critically, the greatest upregulation of COL2A1, COL11A2, and total collagen
and glycosaminoglycan deposition in the ECM. Taken together, our results suggest that
mechanical stimuli and nutraceuticals can be used synergistically as a pre-treatment to
inhibit the downstream negative effects of the NF-kB signaling pathway, such as increased
production of matrix- degrading enzymes, downregulation of cartilage specific-collagens,
and destruction of ECM proteins, in inflamed cells. We recommend further /n vivo studies
to explore the properties of engineered cartilage produced using chondrocytes pre-treated in
this manner compared to freshly harvested chondrocytes.

Acknowledgements

This work was supported financially by a National Science Foundation GOALI grant No. 1606226 and Haneen
Abusharkh was partially supported by a National Institute of Health T32 Protein Biotechnology Training Program,
through grant No. GM008336-31. The authors would like to thank: 1) Alia Mallah, Mahmoud Amr, and Samina
Yasmeen for their contributions to discussions of principles tangentially related to this work; 2) Trey Reppe, an NSF
REU research assistant, who received training and experience in isolating human chondrocytes from tissues to the
extent he was able to provide the bulk of the chondrocytes used in this study; 3) the consenting study participants
who donated cartilage post-TKA surgery for the research; 4) Curi Bio Inc. for an academic discount on the lease

for the Cytostretcher; and 5) Hyon Kim and the DNA Core at Regeneron Pharmaceuticals, Inc. for RT-gPCR
processing.

Abbreviations

ACI autologous chondrocyte implantation

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abusharkh et al.

ADAMTSA
CM

CoL
COL10A1
COL11A2
COL1A
COL2A1
CTS
ECM
ELF-3
ESE-1
FRAP
GA

GAG
hAChs
I-xB
ICRS
IL-1B
MAPK
MMP-1
MMP-13
NADP+
NADPH
NF-xB
OA

ROS
RT-gPCR

TNF-a

a disintegrin and metalloproteinase with thrombospondin motifs-4

Control Medium

collagen

collagen type X chain alpha 1

collagen type XI chain alpha 2

collagen type | chain alpha 1

collagen type Il chain alpha 1

cyclic tensile strain

extracellular matrix

E74-like factor-3

epithelium-specific Ets-like factor-1

ferric reduction antioxidative power

gallic acid

glycosaminoglycan

human articular chondrocytes

inhibitor of NF- xB

International Cartilage Regeneration Society
interleukin I beta

mitogen-activated protein kinase

matrix metalloproteinase-1

matrix metalloproteinase-13

nicotinamide adenine dinucleotide phosphate
nicotinamide adenine dinucleotide phosphate
nuclear factor-kappa betta

osteoarthritis

reactive oxygen species

real-time quantitative polymerase chain reaction

tumor necrosis factor alpha

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abusharkh et al.

Page 16

References

[1]. Litwic A, Edwards MH, Dennison EM, Cooper C, Epidemiology and burden of osteoarthritis, Br.
Med. Bull. 105 (2013) 185-199. [PubMed: 23337796]

[2]. Brooks PM, Impact of osteoarthritis on individuals and society: how much disability? Social
consequences and health economic implications, Curr. Opin. Rheumatol. 14 (5) (2002) 573-577.
[PubMed: 12192258]

[3]. Berenbaum F, Osteoarthritis as an inflammatory disease (osteoarthritis is not osteoarthrosis!),
Osteoarthritis Cartilage 21 (1) (2013) 16-21. [PubMed: 23194896]

[4]. Rahmati M, Mobasheri A, Mozafari M, Inflammatory mediators in osteoarthritis: a critical review
of the state-of-the-art, current prospects, and future challenges, Bone 85 (2016) 81-90. [PubMed:
26812612]

[5]. Laavola M, Leppénen T, Hamél&inen M, Vuolteenaho K, Moilanen T, Nieminen R, Moilanen E,
IL-6 in osteoarthritis: effects of pine stilbenoids, Molecules 24 (1) (2018).

[6]. Studer R, Jaffurs D, Stefanovic-Racic M, Robbins PD, Evans CH, Nitric oxide in osteoarthritis,
Osteoarthritis Cartilage 7 (4) (1999) 377-379. [PubMed: 10419772]

[7]. Abramoff B, Caldera FE, Osteoarthritis: pathology, diagnosis, and treatment options, Med. Clin.
104 (2) (2020) 293-311.

[8]. Liu-Bryan R, Synovium and the innate inflammatory network in osteoarthritis progression, Curr.
Rheumatol. Rep. 15 (5) (2013) 323. [PubMed: 23516014]

[9]. Levinger I, Levinger P, Trenerry MK, Feller JA, Bartlett JR, Bergman N, McKenna MJ, Cameron-
Smith D, Increased inflammatory cytokine expression in the vastus lateralis of patients with knee
osteoarthritis, Arthritis Rheum. 63 (5) (2011) 1343-1348. [PubMed: 21538317]

[10]. Goldring MB, Goldring SR, Articular cartilage and subchondral bone in the pathogenesis of
osteoarthritis, Ann. N. Y. Acad. Sci. 1192 (2010) 230-237. [PubMed: 20392241]

[11]. Lepetsos P, Papavassiliou AG, ROS/oxidative stress signaling in osteoarthritis, Biochim. Biophys.
Acta 1862 (4) (2016) 576-591. [PubMed: 26769361]

[12]. Lambeth JD, NOX enzymes and the biology of reactive oxygen, Nat. Rev. Immunol. 4 (3) (2004)
181-189. [PubMed: 15039755]

[13]. Henrotin YE, Bruckner P, Pujol JP, The role of reactive oxygen species in homeostasis and
degradation of cartilage, Osteoarthritis Cartilage 11 (10) (2003) 747-755. [PubMed: 13129694]

[14]. LG JM, Lin PH, Yao Q, Chen C, Chemical and molecular mechanisms of antioxidants:
experimental approaches and model systems, J. Cell Mol. Med. 14 (4) (2010) 840-860.
[PubMed: 19754673]

[15]. Jiao Y, Wilkinson J, Christine Pietsch E, Buss JL, Wang W, Planalp R, Torti FM, Torti SV, Iron
chelation in the biological activity of curcumin, Free Radic. Biol. Med. 40 (7) (2006) 1152-1160.
[PubMed: 16545682]

[16]. Milisav I, Ribari¢ S, Poljsak B, Antioxidant vitamins and ageing, Subcell. Biochem. 90 (2018)
1-23. [PubMed: 30779004]

[17]. Darlington LG, Stone TW, Antioxidants and fatty acids in the amelioration of rheumatoid
arthritis and related disorders, Br. J. Nutr. 85 (3) (2001) 251-269. [PubMed: 11299072]

[18]. Leong DJ, Choudhury M, Hirsh DM, Hardin JA, Cobelli NJ, Sun HB, Nutraceuticals: potential
for chondroprotection and molecular targeting of osteoarthritis, Int. J. Mol. Sci. 14 (11) (2013)
23063-23085. [PubMed: 24284399]

[19]. O’Conor CJ, Case N, Guilak F, Mechanical regulation of chondrogenesis, Stem Cell Res. Ther. 4
(4) (2013) 61.

[20]. Dolzani P, Assirelli E, Pulsatelli L, Meliconi R, Mariani E, Neri S, Ex vivo physiological
compression of human osteoarthritis cartilage modulates cellular and matrix components, PloS
One 14 (9) (2019), e0222947.

[21]. Kisiday JD, Jin M, DiMicco MA, Kurz B, Grodzinsky AJ, Effects of dynamic compressive
loading on chondrocyte biosynthesis in self-assembling peptide scaffolds, J. Biomech. 37 (5)
(2004) 595-604. [PubMed: 15046988]

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abusharkh et al.

Page 17

[22]. Valhmu WB, Stazzone EJ, Bachrach NM, Saed-Nejad F, Fischer SG, Mow VC, Ratcliffe A,

Load-controlled compression of articular cartilage induces a transient stimulation of aggrecan
gene expression, Arch. Biochem. Biophys. 353 (1) (1998) 29-36. [PubMed: 9578597]

[23]. Bueno EM, Bilgen B, Barabino GA, Wavy-walled bioreactor supports increased cell proliferation

and matrix deposition in engineered cartilage constructs, Tissue Eng. 11 (11-12) (2005) 1699-
1709. [PubMed: 16411815]

[24]. Raimondi MT, Candiani G, Cabras M, Cioffi M, Lagana K, Moretti M, Pietrabissa R, Engineered

cartilage constructs subject to very low regimens of interstitial perfusion, Biorheology 45 (3-4)
(2008) 471-478. [PubMed: 18836246]

[25]. Angele P, Yoo J, Smith C, Mansour J, Jepsen K, Nerlich M, Johnstone B, Cyclic hydrostatic

pressure enhances the chondrogenic phenotype of human mesenchymal progenitor cells
differentiated in vitro, J. Orthop. Res. 21 (3) (2003) 451-457. [PubMed: 12706017]

[26]. Nazempour A, Quisenberry CR, Abu-Lail NI, Van Wie BJ, Combined effects of oscillating

hydrostatic pressure, perfusion and encapsulation in a novel bioreactor for enhancing
extracellular matrix synthesis by bovine chondrocytes, Cell Tissue Res. 370 (1) (2017) 179-193.
[PubMed: 28687928]

[27]. Correia C, Pereira AL, Duarte AR, Frias AM, Pedro AJ, Oliveira JT, Sousa RA, Reis RL,

Dynamic culturing of cartilage tissue: the significance of hydrostatic pressure, Tissue Eng. 18
(19-20) (2012) 1979-1991.

[28]. Puetzer J, Williams J, Gillies A, Bernacki S, Loboa EG, The effects of cyclic hydrostatic pressure

on chondrogenesis and viability of human adipose- and bone marrow-derived mesenchymal stem
cells in three-dimensional agarose constructs, Tissue Eng. 19 (1-2) (2013) 299-306.

[29]. Ohtsuki T, Shinaoka A, Kumagishi-Shinaoka K, Asano K, Hatipoglu OF, Inagaki J, Takahashi

K, Oohashi T, Nishida K, Naruse K, Hirohata S, Mechanical strain attenuates cytokine-induced
ADAMTS9 expression via transient receptor potential vanilloid type 1, Exp. Cell Res. 383 (2)
(2019) 111556.

[30]. Aulthouse AL, Beck M, Griffey E, Sanford J, Arden K, Machado MA, Horton WA, Expression of

the human chondrocyte phenotype in vitro, Vitro Cell Dev. Biol. 25 (7) (1989) 659-668.

[31]. Liu Q, Hu X, Zhang X, Duan X, Yang P, Zhao F, Ao Y, Effects of mechanical stress on

chondrocyte phenotype and chondrocyte extracellular matrix expression, Sci. Rep. 6 (2016)
37268. [PubMed: 27853300]

[32]. Brown TD, Techniques for mechanical stimulation of cells in vitro: a review, J. Biomech. 33 (1)

(2000) 3-14. [PubMed: 10609513]

[33]. Benzie IF, Strain JJ, The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant

power”: the FRAP assay, Anal. Biochem. 239 (1) (1996) 70-76. [PubMed: 8660627]

[34]. Benzie IF, Strain JJ, Ferric reducing/antioxidant power assay: direct measure of total antioxidant

activity of biological fluids and modified version for simultaneous measurement of total
antioxidant power and ascorbic acid concentration, Methods Enzymol. 299 (1999) 15-27.
[PubMed: 9916193]

[35]. Benzie IF, Choi SW, Antioxidants in food: content, measurement, significance, action, cautions,

caveats, and research needs, Adv. Food Nutr. Res. 71 (2014) 1-53. [PubMed: 24484938]

[36]. Doi H, Nishida K, Yorimitsu M, Komiyama T, Kadota Y, Tetsunaga T, Yoshida A, Kubota

S, Takigawa M, Ozaki T, Interleukin-4 downregulates the cyclic tensile stress-induced matrix
metalloproteinases-13 and cathepsin B expression by rat normal chondrocytes, Acta Med.
Okayama 62 (2) (2008) 119-126. [PubMed: 18464888]

[37]. Fukuda K, Asada S, Kumano F, Saitoh M, Otani K, Tanaka S, Cyclic tensile stretch on bovine

articular chondrocytes inhibits protein kinase C activity, J. Lab. Clin. Med. 130 (2) (1997) 209—
215. [PubMed: 9280149]

[38]. Matsukawa M, Fukuda K, Yamasaki K, Yoshida K, Munakata H, Hamanishi C, Enhancement

of nitric oxide and proteoglycan synthesis due to cyclic tensile strain loaded on chondrocytes
attached to fibronectin, Inflamm. Res. 53 (6) (2004) 239-244. [PubMed: 15167970]

[39]. Long P, Gassner R, Agarwal S, Tumor necrosis factor alpha-dependent proinflammatory gene

induction is inhibited by cyclic tensile strain in articular chondrocytes in vitro, Arthritis Rheum.
44 (10) (2001) 2311-2319. [PubMed: 11665971]

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abusharkh et al.

Page 18

[40]. Derfoul A, Miyoshi AD, Freeman DE, Tuan RS, Glucosamine promotes chondrogenic phenotype

in both chondrocytes and mesenchymal stem cells and inhibits MMP-13 expression and matrix
degradation, Osteoarthritis Cartilage 15 (6) (2007) 646-655. [PubMed: 17337215]

[41]. Li X, Feng K, Li J, Yu D, Fan Q, Tang T, Yao X, Wang X, Curcumin inhibits apoptosis of

chondrocytes through activation ERK1/2 signaling pathways induced autophagy, Nutrients 9 (4)
(2017).

[42]. Livak KJ, Schmittgen TD, Analysis of relative gene expression data using real-time quantitative

PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (4) (2001) 402-408. [PubMed:
11846609]

[43]. Nakagawa S, Cuthill IC, Effect size, confidence interval and statistical significance: a practical

guide for biologists, Biol. Rev. Camb. Phil. Soc. 82 (4) (2007) 591-605.

[44]. Eyre D, Collagen of articular cartilage, Arthritis Res. 4 (1) (2002) 30-35. [PubMed: 11879535]
[45]. Shen G, The role of type X collagen in facilitating and regulating endochondral ossification of

articular cartilage, Orthod. Craniofac. Res. 8 (1) (2005) 11-17. [PubMed: 15667640]

[46]. Wu H, Du J, Zheng Q, Expression of MMP-1 in cartilage and synovium of experimentally

induced rabbit ACLT traumatic osteoarthritis: immunohistochemical study, Rheumatol. Int. 29
(1) (2008) 31-36. [PubMed: 18597092]

[47]. Saito S, Katoh M, Masumoto M, Matsumoto S, Masuho Y, Involvement of MMP- 1 and MMP-3

in collagen degradation induced by IL-1 in rabbit cartilage explant culture, Life Sci. 62 (22)
(1998) 359-365.

[48]. Kozaci LD, Brown CJ, Adcocks C, Galloway A, Hollander AP, Buttle DJ, Stromelysin 1,

neutrophil collagenase, and collagenase 3 do not play major roles in a model of chondrocyte
mediated cartilage breakdown, Mol. Pathol. 51 (5) (1998) 282-286. [PubMed: 10193524]

[49]. Evans CH, The role of proteinases in cartilage destruction, Agents Actions Suppl. 32 (1991)

135-152. [PubMed: 2069082]

[50]. Li H, Wang D, Yuan Y, Min J, New insights on the MMP-13 regulatory network in the

pathogenesis of early osteoarthritis, Arthritis Res. Ther. 19 (1) (2017) 248. [PubMed: 29126436]

[51]. Rose BJ, Kooyman DL, A tale of two joints: the role of matrix metalloproteases in cartilage

biology, Dis. Markers 2016 (2016) 4895050.

[52]. Soobrattee MA, Neergheen VS, Luximon-Ramma A, Aruoma Ol, Bahorun T, Phenolics as

potential antioxidant therapeutic agents: mechanism and actions, Mutat. Res. 579 (1-2) (2005)
200-213. [PubMed: 16126236]

[53]. Marino T, Galano A, Russo N, Radical scavenging ability of gallic acid toward OH and OOH

radicals. Reaction mechanism and rate constants from the density functional theory, J. Phys.
Chem. B 118 (35) (2014) 10380-10389. [PubMed: 25119432]

[54]. Lu Z, Wei S, Wu H, Lin X, Lin C, Liu B, Zheng L, Zhao J, A novel synthesized sulfonamido-

based gallic acid—-LDQN-C: effects on chondrocytes growth and phenotype maintenance, Bioorg.
Chem. 57 (2014) 99-107. [PubMed: 25305720]

[55]. Wen L, Qu TB, Zhai K, Ding J, Hai Y, Zhou JL, Gallic acid can play a chondroprotective role

against AGE-induced osteoarthritis progression, J. Orthop. Sci. 20 (4) (2015) 734-741. [PubMed:
25824985]

[56]. Vincenti MP, Brinckerhoff CE, Transcriptional regulation of collagenase (MMP-1, MMP-13)

genes in arthritis: integration of complex signaling pathways for the recruitment of gene-specific
transcription factors, Arthritis Res. 4 (3) (2002) 157-164. [PubMed: 12010565]

[57]. Pang JS, Yen JH, Wu HT, Huang ST, Gallic acid inhibited matrix invasion and AP-1/ETS-1-

mediated MMP-1 transcription in human nasopharyngeal carcinoma cells, Int. J. Mol. Sci. 18 (7)
(2017) 1-14.

[58]. Yoon CH, Chung SJ, Lee SW, Park YB, Lee SK, Park MC, Gallic acid, a natural polyphenolic

acid, induces apoptosis and inhibits proinflammatory gene expressions in rheumatoid arthritis
fibroblast-like synoviocytes, Joint Bone Spine 80 (3) (2013) 274-279. [PubMed: 23058179]

[59]. Carafoli F, Bihan D, Stathopoulos S, Konitsiotis AD, Kvansakul M, Farndale RW, Leitinger B,

Hohenester E, Crystallographic insight into collagen recognition by discoidin domain receptor 2,
Structure 17 (12) (2009) 1573-1581. [PubMed: 20004161]

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abusharkh et al. Page 19

[60]. Blaschke UK, Eikenberry EF, Hulmes DJ, Galla HJ, Bruckner P, Collagen XI nucleates self-
assembly and limits lateral growth of cartilage fibrils, J. Biol. Chem. 275 (14) (2000) 10370-
10378. [PubMed: 10744725]

[61]. Hagg R, Bruckner P, Hedbom E, Cartilage fibrils of mammals are biochemically heterogeneous:
differential distribution of decorin and collagen 1X, J. Cell Biol. 142 (1) (1998) 285-294.
[PubMed: 9660881]

[62]. Dossumbekova A, Anghelina M, Madhavan S, He L, Quan N, Knobloch T, Agarwal S,
Biomechanical signals inhibit IKK activity to attenuate NF-kappaB transcription activity in
inflamed chondrocytes, Arthritis Rheum. 56 (10) (2007) 3284-3296. [PubMed: 17907174]

[63]. Huang Y, Chen J, Jiang T, Zhou Z, Lv B, Yin G, Fan J, Gallic acid inhibits the release of
ADAMTS4 in nucleus pulposus cells by inhibiting p65 phosphorylation and acetylation of the
NF-xB signaling pathway, Oncotarget 8 (29) (2017) 47665-47674. [PubMed: 28512264]

[64]. Kiernan R, Brés V, Ng RW, Coudart MP, El Messaoudi S, Sardet C, Jin DY, Emiliani S,
Benkirane M, Post-activation turn-off of NF-kappa B-dependent transcription is regulated by
acetylation of p65, J. Biol. Chem. 278 (4) (2003) 2758-2766. [PubMed: 12419806]

[65]. Chow YY, Chin KY, The role of inflammation in the pathogenesis of osteoarthritis, Mediat.
Inflamm. 2020 (2020) 8293921.

[66]. Saklatvala J, Inflammatory signaling in cartilage: MAPK and NF-kappaB pathways in
chondrocytes and the use of inhibitors for research into pathogenesis and therapy of
osteoarthritis, Curr. Drug Targets 8 (2) (2007) 305-313. [PubMed: 17305508]

[67]. Natoli RM, Athanasiou KA, Traumatic loading of articular cartilage: mechanical and biological
responses and post-injury treatment, Biorheology 46 (6) (2009) 451-485. [PubMed: 20164631]

[68]. Agarwal S, Deschner J, Long P, Verma A, Hofman C, Evans CH, Piesco N, Role of NF-kappaB
transcription factors in antiinflammatory and proinflammatory actions of mechanical signals,
Arthritis Rheum. 50 (11) (2004) 3541-3548. [PubMed: 15529376]

[69]. Lahiji K, Polotsky A, Hungerford DS, Frondoza CG, Cyclic strain stimulates proliferative
capacity, alpha 2 and alpha 5 integrin, gene marker expression by human articular chondrocytes
propagated on flexible silicone membranes, In Vitro Cell. Dev. Biol. Anim. 40 (5-6) (2004)
138-142. [PubMed: 15479117]

[70]. Tian J, Zhang FJ, Lei GH, Role of integrins and their ligands in osteoarthritic cartilage,
Rheumatol. Int. 35 (5) (2015) 787-798. [PubMed: 25261047]

[71]. Deschner J, Hofman CR, Piesco NP, Agarwal S, Signal transduction by mechanical strain in
chondrocytes, Curr. Opin. Clin. Nutr. Metab. Care 6 (3) (2003) 289-293. [PubMed: 12690261]

[72]. Goldring MB, Otero M, Inflammation in osteoarthritis, Curr. Opin. Rheumatol. 23 (5) (2011)
471. [PubMed: 21788902]

[73]. Otero M, Peng H, Hachem KE, Culley KL, Wondimu EB, Quinn J, Asahara H, Tsuchimochi K,
Hashimoto K, Goldring MB, ELF3 modulates type Il collagen gene (COL2A1) transcription in
chondrocytes by inhibiting SOX9-CBP/p300-driven histone acetyltransferase activity, Connect.
Tissue Res. 58 (1) (2017) 15-26. [PubMed: 27310669]

[74]. Minas T, Gomoll AH, Rosenberger R, Royce RO, Bryant T, Increased failure rate of autologous
chondrocyte implantation after previous treatment with marrow stimulation techniques, Am. J.
Sports Med. 37 (5) (2009) 902-908. [PubMed: 19261905]

[75]. Minas T, Gomoll AH, Solhpour S, Rosenberger R, Probst C, Bryant T, Autologous chondrocyte
implantation for joint preservation in patients with early osteoarthritis, Clin. Orthop. Relat. Res.
468 (1) (2010) 147-157. [PubMed: 19653049]

[76]. Grynpas MD, Eyre DR, Kirschner DA, Collagen type Il differs from type I in native molecular
packing, Biochim. Biophys. Acta 626 (2) (1980) 346-355. [PubMed: 7213652]

[77]. Huang YZ, Xie HQ, Silini A, Parolini O, Zhang Y, Deng L, Huang YC, Mesenchymal stem/
progenitor cells derived from articular cartilage, synovial membrane and synovial fluid for
cartilage regeneration: current status and future perspectives, Stem Cell Rev Rep 13 (5) (2017)
575-586. [PubMed: 28721683]

[78]. Rackwitz L, Djouad F, Janjanin S, Noth U, Tuan RS, Functional cartilage repair” capacity of de-
differentiated, chondrocyte- and mesenchymal stem cell-laden hydrogels in vitro, Osteoarthritis
Cartilage 22 (8) (2014) 1148-1157. [PubMed: 24887551]

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abusharkh et al. Page 20

[79]. Darling EM, Athanasiou KA, Rapid phenotypic changes in passaged articular chondrocyte
subpopulations, J. Orthop. Res. 23 (2) (2005) 425-432. [PubMed: 15734258]

[80]. Aurich M, Hofmann GO, Best N, Rolauffs B, Induced Redifferentiation of human chondrocytes
from articular cartilage lesion in alginate bead culture after monolayer dedifferentiation: an
alternative cell source for cell-based therapies? Tissue Eng. 24 (3—4) (2018) 275-286.

[81]. Fan Z, Bau B, Yang H, Soeder S, Aigner T, Freshly isolated osteoarthritic chondrocytes are
catabolically more active than normal chondrocytes, but less responsive to catabolic stimulation
with interleukin-1 beta, Arthritis Rheum. 52 (1) (2005) 136-143. [PubMed: 15641077]

Exp Cell Res. Author manuscript; available in PMC 2022 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abusharkh et al.

Page 21

Cell Culture
Incubator

37 °C, 5% CO.

Computer

M Stretched
Fig. 1.

Schematic view of the cell stretching apparatus. The loading protocol is designed on the
NanoSurface Operational Mechanics Interface (NaOMI) and is transferred from a computer
to the Cytostretcher, where the stretchable silicone cell culture plates are inserted. The
Cytostretcher is placed on top of a cooling plate that prevents Cytostretcher from over-
heating and maintains the unit at 37 °C. A top view of the relaxed (top) and stretched
(bottom) 24-well Cytostretcher chambers are shown to the left.
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Fig. 2.

FRAP value (antioxidative power) of nutraceuticals at 100 UM concentrations. Error bars
represent the standard deviation, and connected columns represent significant differences (N
=3,p<0.01).
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Fig. 3.

To%al GAG and collagen data. a) normalized sulfated glycosaminoglycan (ug GAG/ug DNA)
and b) normalized collagen content (ug Col/ug DNA) for chondrocytes in static culture
plates and under CTS with and without GA. Error bars represent the standard deviation and
connected columns represent significant differences (N = 4, p < 0.05). Column labels as *"*"
show very large effect sizes compared to NCS.
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Fig. 4.

Relative mRNA gene expression of cartilage-specific collagens. a) COL11A2 and b)

COL2A1 for the CTS and GA groups each ratioed to the NCS group without GA on the last
day of culture. Error bars represent the standard deviation, and connected columns represent
significant differences (N = 3, p < 0.05). Column labels show effect sizes compared to NCS,

" for large, and *"*" for very large effect sizes.
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Fig. 5.

Reglative MRNA gene expressions of cartilage-specific collagens. a) COLA1L and b)
COL10AL1, for the CTS and GA groups normalized to the negative control static (NCS)
group in the static plates without GA. Error bars represent the standard deviation (N = 3).
Column labels show effect sizes compared to NCS, " for small, ™" for medium, """ for large,
and """ for very large effect sizes.
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Fig. 6.
Relative mRNA gene expression of matrix metalloproteases. a) MMP-1 and b) MMP-13,

for the CTS and GA groups normalized to the negative control static (NCS) group in

the static plates without GA. Error bars represent the standard deviation, and connected
columns represent significant differences (N = 3, p < 0.05). Column labels show effect sizes
compared to NCS, " for small, ™ for medium, and """ for large effect sizes.
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Page 27

The NF-xB signal transduction pathway during inflammation and the inhibitory roles of
CTS and GA. CTS attenuates inflammation through the NF-xB signal transduction pathway
by inhibiting I-xb kinase, I-xb degradation, and NF-xB translocation. GA works together
with CTS to inhibit I-xb degradation and inhibits the activation of NF-xB by acetylation

inside the nucleus.
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