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While the anabolic effects of mechanical loading on the intervertebral disc (IVD) have been extensively studied,
inflammatory responses to loading have not been as well characterized. Recent studies have highlighted a sig-
nificant role of innate immune activation, particularly that of toll-like receptors (TLRs), in IVD degeneration.
Biological responses of intervertebral disc cells to loading depend on many factors that include magnitude and

;?;l:mic frequency. The goals of this study were to characterize the inflammatory signaling changes in response to static
Inflammation and dynamic loading of IVD and investigate the contributions of TLR4 signaling in response to mechanical
Cytokines loading. Rat bone-disc-bone motion segments were loaded for 3 hr under a static load (20 % strain, 0 Hz) with or
TAK-242 without an additional low-dynamic (4 % dynamic strain, 0.5 Hz) or high-dynamic (8 % dynamic strain, 3 Hz)

Tir4 strain, and results were compared to unloaded controls. Some samples were also loaded with or without TAK-

Hmgb1 242, an inhibitor of TLR4 signaling. The magnitude of NO release into the loading media (LM) was correlated
with the applied frequency and strain magnitudes across different loading groups. Injurious loading profiles, such
as static and high-dynamic, significantly increased Tlr4 and Hmgb1 expression while this result was not observed
in the more physiologically relevant low-dynamic loading group. TAK-242 co-treatment decreased pro-
inflammatory expression in static but not dynamic loaded groups, suggesting that TLR4 plays a direct role in
mediating inflammatory responses of IVD to static compression. Overall, the microenvironment induced by
dynamic loading diminished the protective effects of the TAK-242, suggesting that TLR4 plays a direct role in
mediating inflammatory responses of IVD to static loading injury.

1. Introduction

Degeneration of the intervertebral disc (IVD), the soft connective
tissue between spinal vertebrae, is often associated with low back pain
(LBP). LBP is a common condition, affecting at least 266 million in-
dividuals worldwide (Frymoyer & Cats-Baril, 1991; Ravindra et al.,
2018). The IVD is normally exposed to multimodal loading (e.g.,
compression, tension, shear, hydrostatic pressure, and osmotic pressure
(Baer et al., 2003; Best et al., 1994; Gu & Yao, 2003; Iatridis et al., 1998;
Nachemson, 1981; Wilke et al., 1999). It is estimated that human lumbar
motion discs experience 4.4-6.7 % axial strain (O’Connell et al., 2007;
O’Connell et al., 2011) and intradiscal pressures ranging from 0.03 to
0.7 MPa (Schultz et al., 1979; Wilke et al., 1999) under physiologic
conditions. However, both frequency and magnitude regulate whether
loading is beneficial or detrimental to disc integrity (MacLean et al.,

2004, 2005; Walsh & Lotz, 2004; Wuertz et al., 2009). Static loading
associated with sedentary posture or dynamic activities that involve
high-frequency loading (e.g. motor vehicle or aircraft operators) have
higher incidence of LBP (Christ & Dupuis, 1966; Dunstan et al., 2012;
Healy et al., 2011; Magnusson, 1992; Matthews et al., 2008; Pope et al.,
1998; Sandover, 1983; Wilder & Pope, 1996). This may be related to the
variable response of the IVD to different loading profiles.

It is also well established that loading profiles regulate IVD cell
response in a magnitude and frequency dependent manner, where pro-
longed static loading or dynamic loading above 1 Hz promotes matrix
degradation in vivo, and loading at or below 0.5 Hz exhibits anabolic
effects on the disc (Huang & Gu, 2008; Lang et al., 2018; Le Maitre et al.,
2008; Le Maitre et al., 2009; MacLean et al., 2004; MacLean et al., 2003;
Salvatierra et al., 2011; Setton & Chen, 2006; Wuertz et al., 2009; Yao &
Gu, 2006). While the anabolic effects of mechanical loading on the IVD
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have been extensively studied in vitro, resulting inflammatory cascades
have not been well characterized, although studies suggest that they are
also influenced by the loading profile (Korecki et al., 2009; Wang et al.,
2007; Wuertz et al., 2009). Nucleus pulposus (NP) cells secreted inter-
leukin 1f (IL-1B) and tumor necrosis factor-a (TNFa) and upregulated
matrix related genes Type-II-collagen (COL2A1), aggrecan (ACAN), and
matrix metalloproteinase-3 (MMP3) in response to compressive loading
(Korecki et al., 2009; Wang et al., 2007; Wuertz et al., 2009). Zhou et al.
compressed bovine caudal discs 50 % of IVD height using a single
injurious insult and saw increases in MMP expression and NO release
versus physiological loading (Zhou et al., 2021). Additionally, they
observed greater inflammatory responses at 1-day post loading versus 8-
days post loading. Nevertheless, changes in inflammatory cytokine
profiles of whole bone-disc-bone motion segments in response to loading
remain understudied.

Recent studies have highlighted a significant role of innate immune
activation, particularly toll-like receptors (TLRs) in IVD degeneration
(Klawitter et al., 2014; Maidhof et al., 2014; Quero et al., 2013; Rajan
et al., 2013). TLR4 is involved in the pathogenesis of the IVD, where
expression of TLR4 increases with increasing degeneration severity and
mediates catabolic and inflammatory processes (Klawitter et al., 2014;
Maidhof et al., 2014; Quero et al., 2013; Rajan et al., 2013). Activation
of TLR4 has been shown to induce a pro-inflammatory cascade in IVD
cells with subsequent loss of IVD matrix integrity (Rajan et al., 2013).
Additionally, damage associated matrix patterns, such as high-mobility
group box-1 (HMGBL1), have degenerative effects on disc cells mediated
by TLR signaling (Krock et al., 2017; Shah et al., 2019). Furthermore,
HMGBI1 signaling increases expression of TLR4 suggesting a possible
feedback signal (Fang & Jiang, 2016). While these studies identify TLR4
to be a critical regulator of joint pathology, the potential contribution of
TLR4 to mechanically-induced inflammatory signaling of the IVD is
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unknown.

The goals of this study were to characterize the inflammatory
signaling changes in response to IVD static and dynamic loading and
investigate contributions of TLR4 signaling in response to mechanical
loading. We hypothesized that loading profiles would modulate the in-
flammatory response depending on frequency and amplitude, and that
TAK-242, a small molecule inhibitor of TLR4 signaling, would reduce
pro-inflammatory signaling and promote anti-inflammatory gene
expression. Thus, bone-disc-bone motion segments were used in a
loading organ culture model to characterize IVD morphological, in-
flammatory, and histological responses when subjected to distinct
loading profiles with and without TAK-242.

2. Materials and methods (Table S.1 for suppliers)
2.1. Sample isolation and tissue culture of discs

Caudal (Coccygeal/Co) bone-disc-bone motion segments (N = 104)
were isolated from 26 mature male Sprague-Dawley rats (300 — 500 g).
Segments were allocated consistently by level, unloaded: Col13-Col4,
static: Co11-Co12, low dynamic: Co12-Co13, and high-dynamic: Co10-
Coll, and washed in 1x PBS with 1 % antibiotic-antimycotic (AA)
(Fig. 1A). Cuts were made mid vertebral body to separate levels, and
samples were submerged in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10 % FBS and 1 % antibiotics/antimycotics (AA).
Motion segments were then cultured in chemically defined media (CM:
phenol-free DMEM without r-glutamine, 100 ug/mL sodium pyruvate,
50 pg/mL r-proline, 1 % AA and 1 % ITS Premix) (Kelly et al., 2008).
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Fig. 1. Experimental methods. A) Dissection of caudal (bone-IVD-bone) motion segments with intact cartilage end plates (CEPs) from male Sprague-Dawley rats. B)
Loading profiles applied to motion segments for a duration of 3 hr. C) Timeline and study design.
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2.2. Loading conditions

Samples were loaded for 3 hr using a custom-made displacement
control device (Table S.2) to apply static and dynamic loading profiles,
with varying magnitudes and frequencies (Fig. 1B). A tare compressive
strain of ~ 20 % of segment height (1.75 mm) was applied to the static
group to retain contact between the loading platen and sample, elimi-
nating liftoff. The low- and high-dynamic groups were loaded with a 20
% static strain plus an additional dynamic strain (low-dynamic: 4 %
dynamic strain (0.35 mm) applied at 0.5 Hz, high-dynamic: 8 % dy-
namic strain (0.70 mm) applied at 3 Hz). Unloaded segments were
cultured as free-swelling controls. To assess whether inflammatory
signaling persists with recurring, long-term loading, a group of samples
was loaded daily using the above protocol for 5-days (Fig.51,52). To
assess the effect of applied strain magnitude on responses, we also
compared samples loaded under static protocol with samples loaded
under a high-static strain protocol (20 % tare + additional 8 % static
strain) (Fig.S54).

Three segments were loaded simultaneously while submerged in CM.
After collecting loading media (LM), motion segments were then
transferred to individual wells and incubated with fresh CM for 9 hr.
Individual sample incubation media was collected for analysis. IVDs
were snap-frozen, after removal of adjacent vertebrae, for RNA extrac-
tion. Greiss Reagent System Assay was used to measure NO levels in
loading and incubation media.

2.3. Disc height changes

Radiographic analysis of IVDs was performed using a BenchTop
Labscope. Pre- and post-loading images were acquired, and disc height
change from pre-load to post-load for each sample was analyzed using
ImageJ (Schneider et al., 2012). Five equally-spaced measurements
were taken across the width for each sample and averaged to compute
disc height change (%).

2.4. TLR4 inhibitor (TAK-242)

TAK-242, or Resatorvid, was dissolved in DMF and further diluted in
media. A pilot study was conducted to identify an efficacious TAK-242
dose for IVD motion segments. Control segments were cultured with
LPS (1 pg/ml) with or without TAK-242 (at 1 or 10 uM) for 24 hr.
Resulting NO release into the media informed the TAK-242 dosing
selected for loaded IVDs samples. Segments were incubated with TAK-
242 at 1.0 pM throughout the experiment, starting from 1 hr prior to
loading, to during loading, and during 9 hr post-loading incubation
(Fig. 1Q).

2.5. Histology

To evaluate changes in IVD morphology, a subset of samples was
fixed in 10 % buffered formalin phosphate overnight at 4 °C and stored
in 70 % ethanol. Motion segments were decalcified in EDTA for two
weeks. Decalcified discs were paraffin-embedded and sectioned (7 um).
Slides were stained with Alcian Blue (pH = 1.0, glycosaminoglycan
(GAQG)), Picrosirius Red (collagen), and H&E (cellularity). Images were
taken using a Zeiss Axio Observer Z1 using Axiocam 503 color camera.

2.6. qPCR preparation

For RNA extraction, IVD tissues were minced and processed with
TRIzol, and a stick homogenizer followed by phase-lock separation. RNA
precipitation was performed using Qiagen miRNeasy columns. cDNA
was synthesized using iScript cDNA Synthesis Kit. Gene specific master
mixes were prepared using designed primers (Table 1) and iTaq Uni-
versal SYBR Green Supermix. RT-qPCR was run on a QuantStudio™ 6
Flex Real-Time PCR System. Gapdh was used as the housekeeping gene.

Table 1

qPCR Primer Sequences.
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Gene FWD Primer Sequence REV Primer Sequence Amplicon Size
(bp)

Acan GGA TCT ATC GGT GTG AGT GTG TAG CGT GTG 112
AAG TGA TG GAA ATA G

Argl CCA AGC CAA AGC CCA CCA GGC CAG CTTTCC 102
TAG A TTA AT

Collal GCT TGA AGA CCT ATG GGG TGG AGA AAG 89
TGG GTA TAA GAA CAG AAA

Col2al CAT AGG GCC TGT CTG CCA TTC AGT GCA GAT 117
TTT CTT CCT AGA G

Gapdh GCA AGG ATA CTG AGA GGATGG AATTGT GAG 98
GCA AGA G GGA GAT G

Hmgb1 TCG GCC TTC TTC TTG GTT GTT CCA CAT CTC 108
TTC TG TCC TAG TT

Ifng GTG AAC AAC CCA CAG GAA TCA GCACCGACT 111
ATC CA CCTTT

1nio CTG CAG GAC TTT AAG TTT CTG GGC CAT GGT 103
GGT TACT TCT C

I1b TCT GAC AGG CAA CCA CAT CCC ATA CAC ACG 128
CTT AC GAC AA

Il6 GAA GTT AGA GTC ACA GTT TGC CGA GTAGAC 105
GAA GGA GTG CTCATA G

Mmp3 CCT GAT AGC TCT TCC GGT TGA CTG GTG CCA 104
TCT GAA AC TAT GTA

Mmpi2 CTG GTT CGG TTG TTA CCC TGA GCA TAC AGT 90
GGA AGA GGA TAT G

Nos2 CAA CTA CTG CTG GTG AAG GTATGC CCG AGT 107
GTT ACA TCT TTC

Tlr4 CAG AGC CGT TGG TGT AGC AAG GAC TTC TCC 110
ATCTT ACT TTC

Tnfa CCC AAT CTG TGT CCT CAG CGT CTC GTG TGT 105
TCT AACT TTCT

Samples were normalized to the unloaded controls without TAK-242
using 278ACt 1 ethod (Fig. 1C).

2.7. Statistics

One-way ANOVAs with Holm-Sidak post-hoc tests were conducted
comparing changes in disc height and NO release into LM. Spearman
correlations were conducted to analyze the effects of applied strain and
frequency on NO release into LM. Student t-tests were conducted on
gene expression of loaded versus unloaded discs. Student t-tests were
also conducted to compare the effect of TAK-242 in each loading group
versus the no TAK-242 analog. Kruskal-Wallis and Mann-Whitney non-
parametric tests were used with non-normal data as indicated by the
Shapiro-Wilk test. Outliers were detected using robust regression and
outlier removal (ROUT) method with a maximum desired False Dis-
covery Rate (Q) of 1 % (Motulsky and Brown, 2006). Statistical signif-
icance was set at *p < 0.05 where a = 0.05, and any trends where *p <
0.1 were noted, from analyses performed uisng GraphPad Prism 9.2.0.

3. Results
3.1. IVD height changes with loading

The average disc height increased by 8.5 + 9 % in unloaded samples.
Disc height significantly decreased by 17 + 12 %, 36 + 22 %, and 61 +
13 % in static (p = 0.001), low-dynamic (p < 1.0 x 10'4), and high-
dynamic (p < 1.0 x 10™) groups, respectively, versus unloaded group
(Fig. 2E). Disc height change in high-dynamic was significantly greater
than low-dynamic (p = 0.012) and static (p < 1.0 x 10'4), which were
also different from each other (p = 0.022).

3.2. NO and gene expression of loaded IVDs

NO release into low-dynamic (p = 0.016) and high-dynamic (p < 1.0
x 10%) LM was significantly higher compared to unloaded (Fig. 3A). NO
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Fig. 2. Disc height analysis at 3 hr post loading. Representative fluoroscope images of A) an unloaded motion segment , B) a static loaded motion segment, C) a
low-dynamic loaded motion segment, and D) a high-dynamic loaded motion segment acquired pre- and post-load. E) Average IVD height change (%) under each
loading profile (N = 11,8,5,5, respectively). ****p < 0.0001, **p < 0.01, and *p < 0.05.

release during static loading was significantly lower compared to low-
(p = 0.016) and high-dynamic loading (p < 1.0 x 10"*). Low-dynamic
loading released less NO than high-dynamic loading (p = 0.017)
(Fig. 3A). NO release during loading was dependent on both applied
strain (p < 1.0 x 10, r=0.86) and frequency (p < 1.0 x 104, r=10.89)
(Fig. 3Bi-ii.). There were no differences in NO release from individual
discs during incubation (p = 0.67) (Fig. 3C). In the 5-day loading study,
cumulative NO levels increased at a greater rate in high-dynamic versus
static, where both loading profiles resulted in increased NO versus
unloaded (Fig.S1).

When looking at gene expression in loaded IVDs, pro-inflammatory
genes Nos2 (p = 0.025), Tnfa (p = 1.0 x 10™), and Il1b (p = 0.020)
were upregulated in the high-dynamic loaded discs versus unloaded.
Tir4 (p = 0.028) and Hmgb1 (p = 3.0 x 10"*) expression also increased in
high-dynamic group versus unloaded. Anti-inflammatory 1110 (p =
0.0036) and Argl (p = 0.023) expression also significantly increased in
high-dynamic versus unloaded (Fig. 3D-F,H-I,K-L). Expression of ECM
genes Collal (p = 0.032), Col2al (p = 0.0019), Acan (p = 0.0011), and
Mmp3 (p = 0.030) was downregulated in high-dynamic loading versus
unloaded discs (Fig. 3M). Under static loading, gene expression of Nos2
(p = 0.030), Tnfa (p = 0.0026), Il1b (p = 0.046), Ifng (p = 0.0098), Tlr4
(p = 0.012), Hmgbl (p = 0.0079), 1110 (p = 0.0073), and Argl (p =
0.017), was upregulated versus unloaded discs (Fig. 3D-F,H,LK,L).
Expression of Collal (p = 0.0071), Col2al (p = 0.0022), Acan (p = 8.0 x
10, and Mmp3 (p = 0.018) was also downregulated under static
loading versus unloaded (Fig. 3M). Low-dynamic loading had signifi-
cantly lower expression of Argl (p = 0.033) and Acan (p = 0.032) versus
unloaded (Fig. 3L,M). Overall, inflammatory gene expression was more
upregulated in response to 1-day of loading, when compared to 5-day
loading, and inhibition in ECM gene expression due to loading
appeared to recover with 5-day loading (Fig.S51,5S2), suggesting that 5-
day loading simulated IVD remodeling.

3.3. Effects of TAK-242 on loading response

In unloaded discs stimulated with LPS, TAK-242 reduced NO pro-
duction at both 1 and 10 uM (p = 0.0020) (Fig. 4A). The addition of TAK-
242 to the media of the unloaded discs did not affect NO release in the
first 3 hr (p = 0.23) (Fig. 4B), but it reduced subsequent NO release in

the incubation media (p = 2.0 x 104 (Fig. 4C). Unloaded + TAK242
significantly decreased IlI6 (p = 0.0023) and Argl (p = 0.027) versus
unloaded discs (Fig. 4D). ECM genes Collal (p = 0.037), Col2al (p =
0.0037), and Acan (p = 0.0028) were also significantly downregulated
(Fig. 4E).

TAK-242 did not alter NO release into the static LM (p = 0.26)
(Fig. 5A), but reduced NO release into the post static loading incubation
media (p = 0.021) (Fig. 5B). Tlr4 (p = 0.018), Tnfa (p = 0.020), and Ifng
(p =0.010) expression significantly decreased in static + TAK242 versus
static (Fig. 5C). Argl (p = 0.039), Collal (p = 0.0079), Col2al (p =
0.026), Acan (p = 0.016), Mmp3 (p = 0.0065), and Mmp12 (p = 0.045)
expression significantly increased in static + TAK242 versus static
(Fig. 5C-D).

During low- and high-dynamic loading, NO release into LM (p =
0.81, p = 0.85) (Fig. 5E,I) and incubation media (p = 0.22, p = 0.22)
(Fig. 5F,J) was not significantly different from their no TAK-242 coun-
terparts. However, there were significant increases in 116 (p = 0.0063)
and Argl (p = 9.5 x 10"*) gene expression in high-dynamic + TAK242
versus high-dynamic (Fig. 5K).

3.4. Histology

In unloaded discs, the NP appeared round and constituted much of
the disc cross-sectional area (Fig. 6A-C). About 80 % of NP cells were
large and vacuolated, surrounded by a GAG-rich matrix (Fig. 6D). The
NP-AF border was distinct (Fig. 6A-C). The AF was composed of well-
organized collagen-rich discrete lamellae bulging outward (Fig. 6E).
Under static loading, the NP region appeared compacted and displaced
by AF-like collagen matrix, with little evidence of NP vacuolated cells
(Fig. 6D). The AF lamellae were distorted (serpentine) or ruptured, and
the NP-AF border was indistinguishable (Fig. 6E). In low- and high-
dynamic groups, the NP appeared round but asymmetric and convex
(Fig. 6D), with a pronounced irregular shape observed in high-dynamic.
Fewer clustered vacuolated cells were observed in low-dynamic versus
unloaded, while the AF appeared to be distorted, with observations of
lamella infolding and NP-AF border disruptions (Fig. 6A-C). In high-
dynamic, the NP was full of GAG-rich clusters and was surrounded by
a mildly disrupted inner AF (Fig. 6D). The outer AF exhibited disruption
in collagen lamellae with increased fissures (Fig. 6E).
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Fig. 3. Inflammatory cytokine profiles of loaded discs. A) NO released into loading media of unloaded, static, low-dynamic, and high-dynamic conditions (N =
4,3,3,5), B) NO release as a function of applied i. strain and ii. frequency (N = 3-5). C) NO release into media 9 hr post-loading (N = 5). Gene expression 9 hr post-
loading of D) Nos2 (N = 5), E) Tnfa (N = 5), F) Il1b (N = 5), G) Ifng (N = 4,5,5,5), H) Tlr4 (N = 4,5,5,5), I) Hmgbl (N = 5), J) Il6 (N = 5), K) I110 (N = 5), L) Argl (N
= 5,5,4,5), in addition to ECM genes M) Collal, Col2al, Acan, Mmp3, and Mmp12 (N = 5). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and #p < 0.1.

In unloaded + TAK242, the NP maintained its round, oval shape
(Fig. 6F-H) with ~ 60 % of NP cells appearing large and vacuolated
(Fig. 6I), and AF morphology remained intact. In static + TAK242, NP
shape was round and vacuolated, while the AF appeared less distorted

than in static. In dynamic + TAK242 loaded discs, there were no qual-
itative differences observed versus no TAK242 counterparts.
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loading (N = 5). D) Inflammatory gene expression (N = 5) and E) ECM gene expression 9 hr of unloaded discs + 1 uM TAK-242 (N = 5). ***p < 0.001, **p < 0.01, *p

< 0.05, and #p < 0.1.

4. Discussion

The goals of this study were to characterize the inflammatory
expression changes in response to static and dynamic loading and to
investigate the contributions of TLR4 to mechanically-induced inflam-
matory signaling using an organ culture model of bone-disc-bone motion
segments. NO release into the LM was highly correlated with applied
frequency and strain magnitude across different loading profiles. Static
and high-dynamic loading significantly increased Tlr4 and Hmgb1 gene
expression, which was not observed in the more physiologically relevant
low-dynamic loading. The current study also investigated the efficacy of
TAK-242, a drug that inhibits pro-inflammatory TLR4 signaling. While
co-treatment with TAK-242 significantly decreased NO release in
unloaded groups, its effects on loaded IVDs differed by loading profiles,
where TAK-242 decreased pro-inflammatory expression in static but not
dynamic loaded groups. This suggests that TLR4 plays a direct role in
mediating inflammatory responses of IVD to static compression.

NO release may also be affected by solute transport associated with

different loading profiles. The cyclic nature of dynamic loading may be
modulating the transport of cytokines into the media, possibly through
convection-aided transport (Ferguson et al., 2004; Walter et al., 2015;
Gullbrand et al., 1976). NO release was higher in low- and high-dynamic
loading conditions, which may be due to higher NO production and/or
greater solute convection at these frequencies. Despite the significant
increase in Nos2 gene expression with static loading, NO media levels
did not change, potentially due to the lack of fluid flow convection.
Matrix compaction due to static loading may have also hindered the
diffusion of NO from disc into the media (Evans & Quinn, 2006).
Although motion segments largely recovered back to pre-load height
during incubation (Fig.S3), NO release during incubation was similar
across loading groups. Over time, 5-day loading led to a nonlinear in-
crease in cumulative NO release, driven primarily by increases in NO
levels during earlier loading events (Fig.S1).

The catabolic IVD tissue response to static and high-dynamic loading
suggests that non-physiological loading elicits a similar, molecular
profile, including significant increases in Tnfa and I11b expression. TNFa
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Fig. 5. Effect of TAK242 on Inflammatory and ECM changes in static, low-dynamic, and high-dynamic discs. Static loading + 1 uM TAK-242 effects on A)
loading media NO release (N = 3), B) incubation media NO release (N = 5), C) inflammatory gene expression (N = 4-5), and D) ECM gene expression. Low-dynamic
loading + 1 uM TAK-242 effects on E) loading media NO release (N = 3), F) incubation media NO release (N = 5), G) inflammatory gene expression (N = 3-5), and
H) ECM gene expression (N = 3-5). High-dynamic loading + 1 uM TAK-242 effects on I) loading media NO release (N = 3-5), J) incubation media NO release (N =
5), K) inflammatory gene expression (N = 4-5), and L) ECM gene expression (N = 5). ***p < 0.001, **p < 0.01, *p < 0.05, and #p < 0.1.

and IL-1p are key pro-inflammatory cytokines elevated in human sam-
ples of degenerated discs (Le Maitre et al., 2007). Though IL-6 is also
associated with advanced degeneration (Capossela et al., 2014; Risbud
& Shapiro, 2014; Svensson, 2010), significant differences in 116 expres-
sion were not observed in either short- or long-term loading protocols
(Fig.S1,S2). TNFa also promotes IL-10 secretion which serves as a
negative feedback on pro-inflammatory cytokines to mitigate damage
(Wanidworanun and Strober, 1993). Indeed, we observed Tnfa upre-
gulation along with I110 upregulation in injurious loading conditions.
However, the 5-day loading study showed decreased Tnfa inflammatory
gene expression compared to 1-day loading (Fig.S2D), which may be a
consequence of IL-10 feedback. Since 1110 was upregulated in static and
high-dynamic loading, this suggests that anti-inflammatory signaling is
activated in the same post-loading timeline as pro-inflammatory
activation.

Static and high-dynamic loading resulted in similar alterations of
pro-inflammatory cytokines and ECM gene expression, whereas the low-

dynamic group was considered more physiologically relevant since it
did not lead to significant pro-inflammatory upregulation of cytokines.
When assessing the impact of loading magnitude, the high-static group
also exhibited a similar profile of elevated inflammatory genes to static
and high-dynamic groups (Fig. S4). Interestingly, Ifng expression
increased in static and high static, but not high dynamic loading. IFNG is
an important mediator of immunity and inflammation (Brierley & Fish,
2002). The results of this study differ from literature which found
distinct inflammatory responses to static and dynamic loading. In Wang
etal., greater levels of IL1B and TNFA expression were found under static
loading (0.5 MPa) compared to dynamic loading (0.5 — 1.0 MPa with
either 0.1 or 1 Hz) (Wang et al., 2007). These findings are consistent
with our findings using low-dynamic loading. Some studies show that
dynamic loading was more detrimental to IVD integrity than static
loading, where higher applied loading frequencies led to greater cell
death, which was not examined directly in the current study (Paul et al.,
2017; Paul et al., 2013). We observed differences in histological changes
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Fig. 6. Effect of TAK-242 on histological changes in loaded discs. Histology on discs post loading A-E) without TAK-242 and F-J) with TAK-242 from unloaded,
static, low-dynamic, and high-dynamic conditions. A,F) Alcian Blue, B,G) Picrosirius Red, C,H) H&E. Higher magnification images of Alcian blue stained slides from
the D,I) NP region, and E,J) AF region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of the IVD in static and high-dynamic versus unloaded, although their
pro-inflammatory profiles were similar. Specifically, static loading led to
more morphological disruption than low-and high-dynamic discs versus
unloaded discs. This suggests that fluid pressurization from dynamic
loading may have protected against NP cell or tissue rupture.

Tlr4 expression was upregulated in static and high-dynamic loading
versus unloaded discs. Activation of TLR4 can enhance the production of
mediators such as HMGB1 which can also augment the inflammatory
response (He et al., 2018; Rajan et al., 2013). High HMGBI1 levels can
promote GAG loss in discs, which may be contributing to the GAG loss
observed in the histological analyses of static and high-dynamic loading
(Shah et al. 2019).

The current study also investigated the efficacy of TAK-242, a drug
that inhibits intracellular TLR4 signaling and decreases downstream NF-
kB activation in response to inflammatory stimuli (Feng et al., 2017;

Matsunaga et al., 2011). While co-treatment with TAK-242 post-injury
significantly decreased NO release in unloaded discs, its effects on
loaded IVD motion segments differed by loading profiles. TAK-242 co-
treatment decreased pro-inflammatory expression in unloaded and
static, but not dynamic loaded groups, suggesting that TLR4 plays a
direct role in mediating inflammatory responses of IVD to static loading.
There was a slight qualitative difference in the representative histology
of 4+ TAK static loaded discs in which the ECM was better conserved
compared to the -TAK counterpart. This is consistent with gene
expression results where effects of static loading were mitigated by TAK-
242. However, during loading, NO release was not affected by TAK-242.
Thus, TLR4 may mediate post-injury, rather than during injury, in-
flammatory responses. Some possible reasons for this may be that the
loading period is too short for the drug to penetrate and influence cells
within a compacted ECM during compression.
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Findings indicated that TAK-242 effectively mitigated post-injury
response when loading increased TIr4 levels (i.e. static loading).
Indeed, TAK-242 significantly decreased levels of Tlr4 and decreased
pro-inflammatory cytokines Tnfa and Ifng gene expression under static
loading. A concomitant increase in macrophage related factors, Argl and
Mmp12, was observed in TAK-242 treated static loaded discs. Collal,
Col2al, and Acan gene expression also increased significantly with TAK-
242, suggesting Tlr4 inhibition also promoted an anabolic remodeling
response due to an increase in Mmp3 expression. Findings are consistent
with our prior study that showed how TAK-242 abrogated HMGB1-
induced MMP1 expression in addition to mitigating NF-kB signaling in
human NP cells in vitro (Shah et al., 2019). The increase in Argl
expression also supports additional anti-inflammatory effects of Tir4
inhibition (Adhikari et al., 2007; Matsunaga et al., 2011), further
demonstrating the potential of decreasing the pro-inflammatory
response to static loading.

Some limitations of this study include the use of discs after soft tissue
removal during dissection, discs being exposed to different loading
profiles and orientations compared to an in vivo setting, and the absence
of systemic circulation in vitro. Furthermore, gene expression reported in
this study represents contributions of heterogenous IVD tissue, including
NP, AF, and CEPs, with media analyses including contributions of sur-
rounding vertebral bone. Maintenance of the intact IVD, including un-
interrupted CEP to bone interface, was necessary to maintain motion
segment integrity for applied loading. We aimed to minimize the po-
tential for herniation of the NP from the loaded IVD by keeping an intact
interface with surrounding bone. However, bone presence may have
interfered with diffusion of molecules in or out of the tissue.
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