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Abstract:

Our recent study detected the expression of a tissue Renin-Angiotensin System (tRAS) in human
intervertebral discs (IVDs). The present study sought to investigate the impact of angiotensin II
receptor type 1 (AGTR1) antagonist losartan on human nucleus pulposus (NP) cell inflammation
and degeneration induced by tumor necrosis factor-a (TNF-a).

Human NP cells (4 donors, Pfirrmann grade 2-3, 30-37 years old, male) were isolated and expanded.
TNF-a (10 ng/mL) was used to induce inflammation and degeneration. We examined the impact of
losartan supplementation and measured gene expression of tRAS, anabolic, catabolic, and
inflammatory markers in NP cells after 24 h and 72 h of exposure, respectively. T0070907, a PPAR-
gamma antagonist, was applied to examine the regulatory pathway of losartan.

Losartan (1 mM) significantly impaired TNF-a induced increase of pro-inflammatory (nitric oxide
and TNF-a), catabolic (matrix metalloproteinases), and tRAS (AGTR1a and Angiotensin Converting
Enzyme) markers. Further, losartan maintained the NP cell phenotype by upregulating aggrecan
and downregulating collagen type I expression.

In summary, losartan showed anti-inflammatory, anti-catabolic, and positive phenotype
modulating effects on human NP cells. These results indicate that tRAS signaling plays an important
role in IVD degeneration, and tRAS modulation with losartan could represent a novel therapeutic
approach.

Keywords: Intervertebral Disc, Renin-Angiotensin-System, Degeneration, Regeneration, Spine,
Inflammation
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1. Introduction
Low back pain (LBP) is one of the most prevalent musculoskeletal conditions and a leading cause of

disability worldwide, resulting in an enormous socioeconomic burden [1]. Symptomatic intervertebral
disc degeneration (IDD) is a major contributor to LBP [2]. IVD degeneration features extracellular
matrix (ECM) degradation, the release of pro-inflammatory cytokines, altered spine biomechanics,
angiogenesis, and neoinnervation, altogether causing discogenic pain and disability [3,4]. Pro-
inflammatory cytokines regulate the expression of major catabolic enzymes, leading to progressive
ECM deterioration. Several studies have shown that pro-inflammatory markers, such as tumor
necrosis factor-alpha (ITNF-a) and interleukin (IL)-6, are highly expressed in degenerated and
symptomatic human IVD cells [4,5].

At present, none of the available treatment options addresses the underlying pathologic changes
leading to IDD. Many symptomatic patients in the early stages of IVD degeneration do not benefit
from conservative treatments and, at the same time, do not qualify for surgery [6]. Surgical techniques
such as spinal fusion or total disc replacement have been established and implemented to treat
symptomatic patients, although the long-term benefit compared to conservative therapies remains
elusive [7-10]. In lack of a sufficient self-repair capacity of the IVD and satisfactory treatment options,
new biomolecular therapies targeting the inflammatory and catabolic circles are considered lately [11].
These strategies try to reduce the inflammatory microenvironment of the IVD in order to slow down
the progressive degenerative cascade [12-15].

Recently, we showed that the tissue Renin-Angiotensin System (tRAS) is expressed in human IVDs,
revealing a positive correlation with pro-inflammatory cytokines and catabolic enzymes [16]. The
major effector of tRAS is angiotensin 2 (AngllI), which participates in pro-inflammatory pathways. The
precursor protein angiotensinogen (ATG) is cleaved by the protease renin to form biologically inactive
Angl, which is converted to active Angll by angiotensin-converting enzyme (ACE). RAS inhibitors
belong to the most commonly prescribed drugs globally [17]. Recent research has raised evidence that
ACE inhibitors could diminish TNF-a production in vivo and in vitro [18]. Price et al. demonstrated in
a rodent model of rheumatoid arthritis (RA) that TNF-a release and subsequent knee joint swelling
were significantly inhibited by the application of ACE inhibitors [19]. Other groups confirmed these
findings, revealing beneficial anti-arthritic effects of ACE inhibitors and angiotensin II receptor type
1 blockers (ARBs) by reducing inflammation, neutrophil recruitment, hypernociception, disease
activity, oxidative stress levels, and ultimately joint destruction [20-33]. Moreover, renal injury models
revealed that inhibition or reduction of Angll actions via ACE inhibitors or ARBs reduced proteinuria,
recruitment of pro-inflammatory cells, fibrosis, and catabolic gene expression [34-36].

We hypothesize that in human IVD cells, the expression of local RAS components might contribute to
disc degeneration, inflammation, and discogenic pain. As inflammation contributes to IDD, the
present study sought to investigate whether inhibition of the angiotensin II receptor type 1 (AGTR1)
would have a protective effect on IVD tissue biology. Specifically, we investigated potential protective
effects of angiotensin II receptor type 1 antagonist losartan on human nucleus pulposus (NP) cell

inflammation and degeneration induced by TNF-a.
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2. Materials and Methods

Isolation and expansion of human NP cells

Human NP waste tissue was collected from patients who underwent spinal surgeries with written
consent (4 donors, male, 31-37 years old, Pfirrmann grade II). The collected NP tissue was incubated
with red blood cell lysis buffer (155 mM NH:Cl, 10 M KHCOs, and 0.1 mM EDTA in Milli-Q water)
for 5 min on a shaker at room temperature, then washed with phosphate-buffered saline (PBS).
Chopped tissue was then enzymatically digested with 0.2 % w/v pronase (Roche) in Alpha Minimum
Essential Medium («MEM, Gibco) for 1 h, followed by 65 U/mL collagenase type II (Worthington) in
aMEM/10 % Fetal Calf Serum (FCS, Corning) at 37 °C for 12-14 h. A single-cell suspension was
obtained by filtering through a 100 pum cell strainer. Next, cells were seeded at a density of 10,000
cells/cm? and expanded with aMEM supplemented with 10 % FCS, 100 U/mL penicillin and 100
mg/mL streptomycin (1 % P/S, Gibco). Cells were cultured at a hypoxic condition of 2 % O:. The
culture medium was changed twice a week, and cells were detached at approximately 80 %
confluence using a dissociation buffer composed of 0.05 % trypsin/EDTA (Gibco) for 5 min at 37 °C.
Cells were sub-cultured at a cell density of 3,000 cells/cm? for expansion. Passage 1 NP cells were
cryopreserved in liquid N2. After thawing, NP cells were expanded with high glucose Dulbecco’s
Minimum Essential Medium (high glucose DMEM, Sigma-Aldrich, St. Louis, MO, USA) and 10%
FCS. Passage 3 NP cells were used in the present study.

Cytotoxicity test of Losartan

Cytotoxicity studies were performed to test whether losartan induced cell death of human NP cells
at different doses and time points. Human NP cells were seeded in 96-well plates at a density of 2000
cells per well for cell viability analysis. Two donors with three technical replicates per donor were
used for analysis. The control group was exposed to DMEM with 1% ITS+, 1% non-essential amino
acids (Sigma-Aldrich, St. Louis, MO, USA), and 50 pg/mL L-ascorbic acid 2-phosphate (Sigma-
Aldrich, St. Louis, MO, USA). After 24 h, Losartan (Tocris Bioscience, Bristol, UK) was added to the
treatment groups at a concentration of 100 — 250 - 500 — 750 — 1000 pM. After 24 h, 48 h, and 72 h
incubation time, the cells were washed with PBS and then exposed to the Cell Titer Blue® reagent
(Promega Corporation, Madison, WI, USA) diluted 1:5 in DMEM. Fluorescence intensity was
determined with the Viktor 3 plate reader (Perkin Elmer, Waltham, MA, USA) after 4 h of incubation
(ex/em 560/590 nm).

Effect of Losartan on human NP cells

Passage 3 NP cells were seeded in 12-well plates at a density of 20 000 cells/well. Overall, four donors
with three replicates per donor were assessed in this experiment. Additionally, three wells per group
and donor were assessed for DNA content. Cells were seeded in 2 mL DMEM with 10% FCS to allow
cell attachment. On the day of seeding the 12-well plates (Day 0 (baseline)), samples were taken for
normalization. After 24 h, the medium was changed to the experiment medium with six groups. The
control group was cultured with 2 mL DMEM, 1% non-essential amino acids, 50 pg/mL L-ascorbic
acid 2-phosphate, and 1% ITS+. We prepared high dose (1000 pM) and low dose (100uM) stock
solutions of Losartan by dissolving 47.9 mg Losartan Pottassium and 4.79 mg, respectively, in ImL

PBS. After filtering sterile with a 0.2um filter, we prepared 250 uL aliquots and stored them at
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-20 °C. Losartan at a concentration of 100 uM and 1000 pM in PBS was then added to the medium
for the experiments. Human recombinant TNF-a (10 ng/mL) was added simultaneously to induce a

pro-inflammatory stimulus in human NP cells.

The experimental groups were:

- Control

- Losartan 100 uM

- Losartan 1000uM

- TNF-a 10 ng/mL

- TNF-a 10 ng/mL + Losartan 100 pM
- TNF-a 10 ng/mL + Losartan 1000 uM

After 72 h of treatment, the medium was collected and analyzed for nitric oxide (NO) content. Three
wells/group were digested with 0.5mg/mL proteinase K (Sigma-Aldrich, St. Louis, MO, USA) to
measure DNA content in the monolayer. Three wells/group were lysed in TRI reagent (Molecular
Research Center, Cincinnati, OH, USA) and PolyAcrylCarrier (Molecular Research Center,

Cincinnati, OH, USA) and stored at — 80 °C for gene expression analysis.

Pathway study with the peroxisome proliferator-activated receptor-gamma (PPARY) antagonist
T0070907 under inflammatory conditions
To determine a potential pathway involved in the anti-inflammatory action of losartan, we conducted
a pathway study with the PPARy antagonist T0070907 (Tocris Bioscience, Bristol, UK). Human
recombinant TNF-a (10 ng/mL) was used as an inducer of inflammation. T0070907 was added to the
medium to investigate if losartan’s anti-inflammatory effect would be inhibited by blocking PPARYy.
DMSO was used to solubilize T0070907, and the same amount (1pL/mL medium) was also added to
the other groups to provide equivalent culture conditions. As before, the cells were seeded on day 0
and exposed to the experimental group medium after 24 h. Gene expression analysis was performed
after 24 h and 48 h of exposure, respectively. The experimental groups were:

- Control

- TNF-a 10 ng/mL

- TNF-a 10 ng/mL + T0070907 1 uM

- TNF-a 10 ng/mL + Losartan 1 mM

- TNF-a 10 ng/mL + Losartan 1 mM + T0070907 1 uM

Gene expression analysis

Total RNA was extracted with 1-bromo-3-chloropropane (Sigma Aldrich) followed by RNA
precipitation using isopropanol and high salt precipitation solution (0.8 M sodium citrate and 1.2 M
NaCl). RNA was washed with ethanol and quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific Inc.). Reverse transcription was performed with SuperScript VILO cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA), followed by quantitative real-time PCR using the
TagMan™ method with 10 pL reaction volume.

qRT-PCR was performed to assess the gene expression of matrix metalloproteinase-1 and -3 (MMP-1,
-3), interleukin 6 and 8 (IL-6, -8), TNF-a, and PPARy as markers for inflammation and matrix
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degradation. Aggrecan (ACAN), collagen I, and collagen II (COL I, II) were analyzed as markers for

ECM production and cell phenotype identification. The mRNA expression levels of the following

components of tRAS were also quantified: Angiotensin-Converting Enzyme (ACE), renin-like tRAS

equivalent Cathepsin D, Angiotensinogen (AGT), and the Angiotensin II receptor type I (AGTR1).

RPLPO was used as a housekeeping gene in each sample (Table 1). The comparative CT method was

applied for relative quantification with RPLPO as the endogenous control.

Table 1. Characteristics of custom-designed primer-probes and Gene Expression Assays (Applied

hRPLPO

hACAN

hACE

hAGTRI1a

hCTSD

hCOL1A1

hCOL2A1

hIL6

Biosystems) used for gene expression analysis

Human 608 acidic

ribosomal protein PO

Human Aggrecan

133 (48.90)
Human angiotensin-II
receptor type 1
Human cathepsin D
Human collagen type

1 alpha 1 chain

Human collagen type

2 alpha 1 chain

Human Interleukin 6

Forward seq.: 5-TGG
GCA AGA ACA CCA
TGA TG-3
Reverse primer seq.:
5'CGG ATA TGA GGC

AGC AGT TTC-3

Forward seq.: 5-AGT CTT

CAA GCCTCCTGT ACT
CA3
Reverse primer seq.:
5'CGG GAA GTG GCG

GTA ACA-3

Hs01586213_m1

Hs00258938_m1

Hs00157205_m1
Forward seq.: 5'-CCC
TGG AAA GAATGG

AGATGAT-3

Reverse primer seq.:
5 ACT GAA ACCTCT
GTG TCC CIT CA’3
Forward seq.: 5-GGC
AAT AGC AGG TTC
ACGTAC A-3
Reverse primer seq.:
5'GAT AAC AGT CTT
GCC CCACTT ACC-¥

Hs00985639_m1

FAM/TAMRA

FAM/TAMRA

FAM/NFQ-MGB

FAM/NFQ-MGB

FAM/NFQ-MGB

FAM/TAMRA

FAM/TAMRA

FAM/NFQ-MGB
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hIL8 Human Interleukin 8 Hs00174103_m1 FAM/NFQ-MGB

hMMP1 Human matrix- Hs00899568_m1 FAM/NFQ-MGB
metalloproteinase 1

hMMP3 Human matrix- Hs00968305_m1 FAM/NFQ-MGB
metalloproteinase 3

hPPARy Human peroxisome Hs00234592_m1 FAM/NFQ-MGB

proliferator-activated
receptor-gamma
hTNFa Human tumor Hs00174128_m1 FAM/NFQ-MGB

necrosis factor a

Biochemical analysis

DNA content was measured after overnight digestion with 0.5 mg/mL proteinase K (Sigma-Aldrich,
St. Louis, MO, USA) at 56°C. DNA quantification was performed with Hoechst 33258 (Sigma-Aldrich,
St. Louis, MO, USA) dye and CalfThymus DNA (Sigma-Aldrich, St. Louis, MO, USA) as standard.
Nitric oxide (NO) as a marker for oxidative stress was indirectly measured by spectrophotometrical
quantification of nitrite, a non-volatile breakdown product, in the sampled medium of all wells by

Griess assay (Promega, Madison, WI, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 software (GraphPad Software, Inc., La
Jolla, CA, USA) and Stata Statistical Software Release 15 (StataCorp. 2011, College Station, TX, USA).
Data was assessed with the Shapiro-Wilk normality test. For normally distributed data, the
differences were assessed using t-test or ANOVA, as appropriate. The Kruskal-Wallis test, followed
by the Mann-Whitney-U-test for pairwise comparisons, was used for non-parametric testing. A two-

sided p-value <0.05 was considered significant.
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3. Results
3.1. Losartan does not show cytotoxic effects on human NP cells

Losartan at a concentration between 100 pM and 1000 uM did not significantly affect the cell viability
of human NP cells (Figure 1). We observed an increase in viable cell numbers from 24 h to 72 h for
the control group and all losartan groups examined. This increase in cell count was not different
between different concentrations of losartan. These results indicate no cytotoxic effects of 100 uM-
1000 pM losartan on human NP cells between 24 h and 72 h of exposure. We used losartan at a
concentration of 100 uM and 1 mM for subsequent experiments based on the cytotoxicity study

results.

Cell Titer Blue
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Figure 1. Relative viable cell count of human NP cells after 24 h, 48 h, and 72 h of losartan exposure.

Means+standard deviations are shown. Data from 2 donors assessed in triplicates are shown (n=6).

3.2. Effect of losartan on human NP cells proliferation and NO release

The different experimental media did not alter the DNA content of the human NP cells after 72 h of
exposure. As expected, we observed a significant increase in NO release from the cells of the
experimental groups containing TNF-a (p<0.001). Losartan addition did not significantly affect NO
release than the TNF-a only group after 72 h of exposure (Figure 2).
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Figure 2. Effect of losartan and TNF-a on DNA content of human NP cells (A) and NO concentration
in conditioned medium (B). Median and interquartile ranges (IQR) are shown. Dots represent
outliners. Data from 4 donors assessed in triplicates are shown (n=12).

LL: Losartan 100 uM; LH: Losartan 1000 pM. *p<0.05; **p<0.01, **p<0.001, ***p<0.0001.

3.3. Losartan positively modulates the phenotype of human NP cells under a pro-inflammatory
condition

A significant upregulation of the pro-inflammatory cytokines IL-6 and IL-8 mRNA expression was
observed under inflammatory conditions, which was unaltered by supplementation with losartan
(Figure 3A). Gene expression of TNF-a was upregulated following the addition of TNF-a (p<0.01), a
trend that could be decreased by the addition of 1000 uM losartan (p<0.01). Further, we found that
the combination of 1000 pM losartan (p<0.001) and 100 uM Losartan (p<0.01) with TNF-a induced
increase of PPARYy gene expression compared to the control group, indicating that the angiotensin II
receptor type 1 was involved in the regulation of PPARY expression through AGTR1 in inflammatory
settings. TNF-a significantly increased pro-inflammatory tRAS markers ACE (p<0.05) and AGTR1
(p<0.01). This effect was downregulated by blocking the AGTR1 receptor with 1000 uM losartan,
which also downregulated AGT expression (TNF-a+Losartan vs. Control, p<0.01), indicating that this
upregulation of pro-inflammatory tRAS markers was mediated through the AGTR1 receptor under
inflammatory situations (Figure 3B). TNF-a also upregulated the expression of Cathepsin D (p<0.01),
which was not altered by losartan addition. TNF-a induced upregulation of MMP-3 showed
decreasing trends upon the addition of 1000 pM losartan, indicating an antidegenerative effect of
high doses losartan. However, this finding failed to reach significance (p=0.2676) for the comparison

TNF-a vs. TNF-ar+ 1000 uM Losartan. Interestingly, when TNF-a was present, the addition of losartan
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significantly upregulated the gene expression of ACAN (TNF-a+ 1000 uM Losartan vs. TNF-a p<0.05)
and downregulated collagen I expression (TNF-a+ 1000 uM Losartan vs. TNF-a, p<0.05), indicating

a positive phenotype modifying effect of losartan under inflammatory conditions (Figure 3C).
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Figure 3. Gene expression of inflammatory (A), tissue remodeling (B), and tRAS markers (C) among
the experimental groups. Gene expression was normalized to Day 0 (baseline) values. Data from 4
donors assessed in triplicates are shown (n=12).

#: compared to control; +: compared to Losartan 100 uM; t: compared to Losartan 1000 puM; i:
compared to TNF-a; § compared to TNF-a + Losartan 100 pM; *p<0.05; **p<0.01; **p<0.001;
*#**p<0.0001.

3.5. Pathway study in human NP cells treated with the PPARY antagonist T0070907 under
inflammatory conditions
As we found potential interactions between AGTR1 inhibition and PPARY gene expression changes,

we evaluated whether losartan could directly interact with the PPARY receptor. Therefore, we
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examined the impact of an additional group containing the PPARY antagonist T0070907 on respective
genes after 24 (Figure 4) and 72 h (Figure 5) of exposure. For the inflammatory markers IL-6 (p<0.01)
and TNF-a (p<0.05), a significant upregulation of gene expression could be observed in the
inflammatory groups compared to the control group after 24 h, confirming the findings of the
previous experiments (Figure 3). In accordance with the previous experiments, this increase was not
attenuated by losartan for IL-6. For TNF-a, a marked decrease was observed, which barely missed
statistical significance (TNF-a vs. TNF-a + Losartan, p=0.0883). The suppression of TNF-a induced
inflammation by the PPARYy antagonist T0070907 was not significant. A noticeable trend could be
observed in the gene-expression analysis of the catabolic marker MMP1. Here, significant
upregulation was observed between the control group and inflammatory groups (Control vs. TNF-a
p<0.0001), which could be decreased by the addition of losartan (TNF-a vs. TNF-at + Losartan p
<0.0001). This effect was reversed with T0070907 in the medium (TNF-a + Losartan vs. TNF-ax +
Losartan + T0070907 p <0.0001), indicating a partial agonism and anti-degenerative effects of losartan
via the PPARy receptor in human NP cells. TNF-a also led to a significant increase of ACAN.
However, we did not observe any differences for the other experimental groups. Further, losartan
reduced collagen I gene expression in TNEF- a treated NP cells (INF-a vs. TNF-a + Losartan p <0.001).
T0070907 intervention seemed to attenuate this effect of losartan; although the difference was not

significant (p=0.1990).

Concerning the expression of the tRAS genes, we observed an upregulation of the gene expression of
AGTRI1a, ACE, AGT, and Cathepsin D in inflammatory conditions (control vs. TNF-a:: ACE p<0.0001,
AGT p=<0.0001, AGTR1a p<0.01; Figure 4). Losartan significantly reduced the upregulation of tRAS
genes, which was reversed by the PPARy antagonist T0070907 for ACE (TNF-a + Losartan vs. TNF-
a +Losartan + T0070907 p< 0.01), Cathepsin D (TNF-a + Losartan vs. TNF-a + Losartan + T0070907
p<0.01) and AGT (TNF-a + Losartan vs. TNF-a + Losartan + T0070907 p<0.001; Figure 4). This trend
seemed to be consistent for the angiotensin II receptor type 1, although not significant (p=0.4913).
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Figure 4. Influence of the PPARy pathway on losartan induced gene expression changes of
inflammatory and tissue degeneration markers (A), tRAS markers (B), and cell phenotype markers
(C) in human NP cells after 24 h of intervention. Gene expression was normalized to Day 0 (baseline)

values. Data from 2 donors assessed in triplicates are shown (n=6); *p<0.05; **p<0.01; **p<0.001;
#%p<0.0001.

Figure 5 illustrates the gene expression results of the experimental groups after 72 h of exposure to
the experimental groups medium. There seemed to be a lower effect of all interventions on the
examined genes with an increase of experimental duration. In contrast to the results after 24 h of
exposure, we observed a downregulation of ACAN for the TNF-a group, which was neutralized in
the TNF-a + Losartan group. PPARy antagonist T0070907 increased the gene expression for the tRAS
genes cathepsin D (TNF-a + Losartan vs. TNF-a + Losartan + T0070907, p<0.01) and ACE (TNF-a +
Losartan vs. TNF-a + Losartan + T0070907, p<0.001), but not AGT and AGTR1 after 72 h of exposure.
Further, T0070907 also reversed the anti-inflammatory effects of losartan with respect to TNF-a
expression-after 72 h of exposure (p<0.05).

d0i:10.20944/preprints202011.0456.v1
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Figure 5. Influence of the PPARy pathway on losartan induced gene expression changes of
inflammatory and tissue degeneration markers (A), tRAS markers (B), and cell phenotype markers
(C) in human NP cells after 72 h of intervention. Gene expression was normalized to Day 0 (baseline)
values. Data from 2 donors assessed in triplicates are shown (n=6); *p<0.05; **p<0.01; **p<0.001;
#4<0.0001
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4. Discussion

The present study sought to investigate the protective effect of the AGTR1 antagonist losartan on
human NP cell inflammation and degeneration induced by TNF-a. Outcomes revealed that TNF-a
induced the expression of pathologic tRAS molecules and led to pro-inflammatory and catabolic
effects in human NP cells. Inhibition of AGTR1 with losartan could partly inhibit the inflammatory
and catabolic interaction. Therefore, present results suggest that TNF-a induced disc degeneration
may partially be mediated through AGTR1 signaling. Treatment with AGTR1 antagonist losartan
could inhibit the TNF-a induced degenerative state and maintain the NP cell phenotype.

In accordance with previous studies, we found that losartan interacted with the PPARYy pathway
[37]. Inhibition with the PPARy inhibitor TO070907 partly abolished the effects of losartan on
nucleus pulposus cells. This implies that this interaction contributes to losartan’s anti-inflammatory
effects, as also suggested by Price et al. [19]. Our results also indicate that losartan has an impact on
the gene expression of extracellular matrix related components. Losartan has been reported to affect
TGF-beta expression and reduce collagen I production in human fibroblasts [38]. Additionally, the
interaction of losartan with TGF-beta signaling was confirmed by other workgroups [39].

Targeting the tissue renin-angiotensin system may have significant therapeutic potential in
modulating the metabolism of the degenerative IVD, which may potentially translate into a
reduction of discogenic pain.

The tissue Renin-Angiotensin Systems — AnglI as a pro-inflammatory and catabolic hormone

The renin-angiotensin-system (RAS) plays an important role in the induction and progression of

tissue injuries in the cardiovascular system [40]. During previous years, a diversity of locally acting

renin-angiotensin systems were identified in multiple tissues such as skin, kidney, liver, vulva,

gastrointestinal tract, nervous system, lymphatic tissue, and bone, revealing participation in

inflammatory and nociceptive processes [41,42]. While Angll is well accepted as a classical

cardiovascular hormone inducing vasoconstriction, the latest findings also demonstrated

inflammatory cells to express RAS components generating Angll, inducing axon sprouting and nerve

growth [43-47]. Morimoto et al. and Price et al. were the first to describe local renin-angiotensin

systems and their contribution to inflammation in the rat musculoskeletal system [19,48]. Recent

research supports the hypothesis that the RAS and specifically Angll may be considered as a locally-

acting modulator of tissue homeostasis and regeneration, especially in the cardiovascular and

nervous systems [49]. Furthermore, Angll induces the production of pro-inflammatory markers, such

as IL-6, TNF-a, and adhesion molecules, and functions as a true pro-inflammatory mediator that

regulates inflammation, growth, and fibrosis [50-54].

In our previous work, we confirmed the expression of Angll in tissue samples of degenerated and
symptomatic discs by gene expression analysis and immunohistochemistry [16]. Disc tissue samples
that expressed more tRAS factors revealed significantly higher gene expression levels of pro-
inflammatory (IL-6 and TNF-a) and catabolic genes (ADAMTS 4 and 5), indicating that tRAS
contributes to the inflammatory processes operant in IDD. These findings were supported by the fact,
that the gene expression of the NP phenotype, such as ACAN and COL2, was reduced in increased
tRAS expressing discs. Furthermore, disc tissues with highly positive tRAS expression revealed lower

glycosaminoglycan (GAG)/DNA ratios, implying the accelerated state of catabolism due to IDD.

Our present work indicates that Angll has the potential to influence IVD matrix degradation, as the

inhibition of its receptor, AGTRI, led to significant changes in the gene expression of relevant
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extracellular matrix genes. The presence and contribution of ACE and AGTR1 to inflammatory
processes have recently been demonstrated in synovium samples from RA patients [19,55,56].
Furthermore, our findings are supported by previous work showing increased tRAS activity found in
blood monocytes, nodules, synovial fluid, and synovial tissue of patients with RA [57-59]. Price and
coworkers analyzed the protective potential of losartan in rats having RA [19]. Chronic joint
inflammation was induced by intraarticular and periarticular injection of Freund’s complete adjuvant
of heat-killed Mycobacterium tuberculosis into the knee joint. Acute joint inflammation was induced
by intraarticular injection of A-carrageenan and kaolin. Western blot analysis and
immunohistochemistry reflected the elevated concentrations of Angll protein and AGTR1 in
synovium from animals with acute and chronic joint inflammation. Losartan substantially reduced
joint swelling and suppressed TNF-a generation in a dose-dependent manner. Morimoto et al.
examined the biological role of Angll in rat annulus fibrosus cells in monolayer culture by real-time
polymerase chain reaction [48]. Stimulation of rat IVD cells with Angll increased the mRNA

expression of ADAMTS-5 significantly, indicating extracellular matrix degradation.

In summary, along with other recent investigations on musculoskeletal tissues, our present work
provides strong evidence that factors of the renin-angiotensin system are likely to contribute to the
inflammatory processes that are operant in IDD and therefore provide a novel therapeutic target to

combat the disabling symptoms of active discopathy.

Anti-inflammatory therapies via RAS inhibition — a potential target in IDD?

Recent data underline that RAS inhibitors have anti-inflammatory effects in various tissues and
organs and have beneficial effects in inflammatory musculoskeletal diseases [20-23,25-33,60].
Fukuzawa and coworkers demonstrated that oral administration of ACE inhibitors in mice reduced
LPS induced TNF-a production, though high concentrations were needed to reach a meaningful
effect [18]. In the kidney, RAS inhibitors completely suppressed LPS-induced IL-6 and TNF-a mRNA
levels [61]. Renal Angll is a key factor in mediating various components of the immune and
inflammatory responses and acts as a pro-inflammatory agent [54,62]. This suggests that the
administration of RAS inhibitor in therapeutic dosages to humans with hypertension may also
suppress cytokines levels. The angiotensin-converting enzyme inhibitor Enalapril inhibits Angll
synthesis from Angl and may suppress pro-inflammatory cytokine production, as previously shown
in vitro [63,64]. Besides this, Captopril is additionally known to have antirheumatic effects
comparable to D-penicillamine [20,65,66]. Therefore, Captopril was considered a valuable drug in
patients with hypertension and RA, especially due to the favorable benefit/risk ratio as Captopril
lacks serious side effects [66]. Cardoso et al. demonstrated that losartan, but not Enalapril and
Valsartan, inhibits the expression of IFN-vy, IL-6, IL-17F, and IL-22 in PBMCs from RA patients

suggesting losartan could be a better option for hypertension treatment in RA patients [67].

Our results reflect previous findings that found downregulations of inflammatory markers in
inflammatory cell culture models after AGTR1 blockade or knockdown [68,69]. In contrast to our
experiments, these studies used lipopolysaccharides to stimulate inflammation in the respective cell
cultures and might not be fully comparable. However, our workgroup recently validated the superior

potential of TNF-a-induced inflammatory cell culture models to examine degenerative disc diseases
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[14]. Further, we showed that PPARYy pathway stimulation through losartan has protective effects on
human NP cells for the first time. Losartan seems to exhibit at least some of its effect through the
PPARYy pathway, as the inhibition of PPARY partly diminished the protective effects of losartan. In
accordance with the present results, several studies reported that losartan could get internalized
through the AGTR1 receptor and act as a partial PPARY agonist [68,70,71]. Noticeably, the PPARYy
effects of ARBs might be too small regarding the reachable tissue levels to exert a significant anti-
inflammatory effect. Therefore, new drug delivery methods, the development of new ARBs with
more potent PPARYy activation properties, or other PPARY agonists might be needed if PPARYy
stimulation is the target of interest [72]. PPARY activation properties of ARBs can be more seen as a
beneficial effect in addition to the inhibition of the pathological tRAS arm. Overall, more details about
the interactions of the tRAS, PPARy pathway, and ARBs in human IVD cells are warranted in the

future.

Interestingly, inhibition of AGTR1 receptors through losartan reduced TNF-a-induced ACE and
AGTR1 upregulation. The upregulation of ACE through AGTR1 was already shown before by Koka
et al. [73]. They also could inhibit this upregulation through losartan addition, which is compliant
with our data. Notably, the inflammatory environments stimulate ACE and AGTR1 expression, as
seen in our data, which indicates stimulation of the pathological arm of the tRAS in inflammatory
settings. This was also shown by Takeshita et al., who suggested a previously unknown cross-talk
between the TNF-a and the tRAS [74]. Therefore, the reproducible induction of the pathological arm
of the tRAS by TNF-a for all examined donors in the present work suggests an important role in
inflammatory and degenerative processes in IVDs. As shown by our data (Figure 3), losartan is
especially effective in inflammatory settings, supporting its therapeutic potential in degenerative disc

diseases.

Strengths and Limitations

The present study is associated with several strengths. The present experiments are the first pathway
studies of the tRAS for IVD cells. As we used human NP cells from patients' IVDs in this study, these
findings could directly impact clinical and therapeutical strategies in contrast to preclinical studies
in other species that often need to be verified in humans first. We provided novel evidence that
treatment with losartan suppresses pro-inflammatory and degenerative responses to inflammatory
stimuli in human NP cells. We further revealed an interaction of the tRAS with the PPARy pathway,
which could be of potential interest for future pathway studies.

Some limitations need to be addressed to interpret the results adequately. These studies were
conducted in vitro with 2-dimensional monolayer cell culture, and in vivo interactions can not be
perfectly simulated with this methodological approach and the concentrations used for the
intervention arms. The concentrations of losartan chosen in this experiment was based on previous
in vitro pathway studies with other human cell types, as evidence for intervertebral disc cells is scarce
[68,75,76]. Therefore, the concentration in our cell cultures might not reflect the available tissue
concentrations in humans after usual orally available doses of losartan. However, the present

preclinical experiments help to understand the role of the tRAS and its inhibition in human NP cells
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and support future planning of in vivo studies that will need to be conducted to confirm these results.
Furthermore, we observed differences in outcome effects sizes regarding the two timepoints,
indicating that genes might be differently affected by tRAS modulation depending on exposure time.
For example, tRAS gene expressions (ACE, AGT, CTSD, AGTR1) seem to be more affected by 24 h of
losartan exposure than 72 h. Future studies could include more time points and genes to ensure not
to overlook effects on relevant genes. Moreover, other therapeutic approaches of tRAS modulation,
such as comparison of RAS inhibitors and stimulation of the protective tRAS arm, could be conducted
and compared to evaluate the best therapeutic approach. Finally, an expansion of methodological
techniques to quantify and visualize receptor expression changes is recommended and already

planned by our group to characterize the nature of tRAS in the IVD.

5. Conclusions

TNF-a induced the expression of tRAS molecules and led to pro-inflammatory and catabolic effects
in human NP cells. Inhibition of the angiotensin II receptor type 1 with losartan could inhibit this
inflammatory and catabolic response. Further, we uncovered an interaction of losartan with the
PPARy pathway in human NP cells. These results demonstrate that TNF-a induced disc degeneration
may partially be mediated through AGTRI signaling. Treatment with AGTR1 antagonist losartan
could inhibit the TNF-a induced degeneration process and maintain the NP cell phenotype. The
inhibition of the pathological tRAS pathway with angiotensin II receptor type 1 blockers could be a
novel therapeutic strategy for discogenic back pain caused by intervertebral disc degeneration.
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