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Abstract

Objectives

To determine mechanisms involved in endothelial dysfunction (ED) during the course of
arthritis and to investigate the link between cytokines, chemokines and osteoprotegerin.

Approach and Results

Experiments were conducted on aortic rings at day 4 (preclinical), day 11 (onset of disease),
day 33 (acute disease) and day 90 (chronic disease) after adjuvant-induced arthritis (AlA) in
Lewis rats. At day 4, the unique vascular abnormality was a reduced norepinephrine-induced
constriction. At day 11, endothelial function assessed by the relaxation to acetylcholine was
normal despite increased cyclo-oxygenase-2 activity (COX-2) and overproduction of super-
oxide anions that was compensated by increased nitric oxide synthase (NOS) activity. At
day 33, ED apparition coincides with the normalization of NOS activity. At day 90, ED was
only observed in rats with a persisting imbalance between endothelial NOS and COX-2 path-
ways and higher plasma levels of IL-18 and TNFa. Plasma levels of IL-13, TNFa and MIP-1a
negatively correlated with Ach-induced relaxation throughout the course of AlA.

Conclusions

Our data identified increased endothelial NOS activity as an important compensatory
response that opposes the ED in the early arthritis. Thereafter, a cross-talk between endo-
thelial COX-2/NOS pathways appears as an important element for the occurrence of ED.
Our results encourage determining the clinical value of IL-13, TNFa and MIP-1a as biomark-
ers of ED in RA.
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Introduction

Rheumatoid arthritis (RA) is the most common systemic autoimmune disease resulting in
excessive cardiovascular (CV) events and mortality [1]. The CV risk is roughly 2-fold that of
the general population and was recently found to be comparable to the risk in diabetes [2].
Increased incidence of CV mortality is mainly the consequence of accelerated atherogenesis
which is secondary to endothelial dysfunction (ED) [3], a vascular abnormality present in RA
patients [4]. Therefore the understanding of mechanisms involved in ED as well as their time-
course in RA is an important challenge for designing the adequate therapeutic strategy to
reduce CV risk. A few animal studies provided mechanistic data on ED using the widely-used
model of adjuvant-induced arthritis (AIA) in rats. Our systematic literature review reported
increased cyclo-oxygenase-2 (COX-2) activity, overproduction of superoxide anions (O,") and
nitric oxide synthase (NOS) uncoupling as seminal mechanisms involved in ED, at least in the
acute inflammatory phase of AIA [5]. Recently, we reported that ED was absent in the early
symptomatic stages of the disease but became detectable at the time of maximal inflammation
in AIA [6]. However, ED is not a dichotomous parameter (“present” or “not present”) and
develops over a long period of time. Thus the time at which changes in endothelial phenotype
appear during the course of arthritis is not known whereas its knowledge may help to identify
the “window of opportunity” for CV risk prevention in RA. In addition, whether these pheno-
types changes persist when disease activity decreased is unknown.

ED is considered as the consequence of a combination of elements including genetic predis-
position, traditional CV risk factors and systemic inflammation [7]. This latter factor is sus-
pected to be a pivotal contributor of ED in RA because pro-inflammatory mediators such as
IL-1B and TNF-a, that might putatively modify endothelial phenotype, are produced by the
inflamed synovium and released into circulation [8]. The above pro-inflammatory factors up-
regulate the expression of adhesion molecules by endothelial cells and stimulated the release of
chemokines. Therefore it is striking that in RA the contribution of systemic mediators of
inflammation to ED is not yet elucidated [9-11]. Likewise whether such circulating indices of
systemic inflammation could be used as biomarkers of ED is not demonstrated.

The first aim of this study was to investigate the mechanisms of ED from the preclinical to
the late stages of the disease in the model of adjuvant-induced arthritis (AIA) in rats with an
emphasis on the role of NOS, COX-2 and O,". The second aim was to explore the potential
value of various circulating cytokines/chemokines to reflect ED.

Material and Methods
Animals

Six-week-old male Lewis rats (n = 160) were purchased from Janvier (Le Genest Saint Isle,
France). Animals were kept under a 12h-12h light: dark cycle and allowed free access to food
and water. This work is the extended study for our previous report [6] and all experimental
procedures were approved by the local committee for ethics in animal experimentation n°
2012/001-CD) of Franche-Comté University (Besanc¢on, France), and complied with the Guide
for the Care and Use of Laboratory Animal published by the US National Institutes of Health
(NIH publication No. 85-23, revised 2011).

Induction and clinical evaluation of the arthritis model

As previously described [6], adjuvant arthritis was induced by a single intradermal injection at
the tail of Lewis rats, of 120 uL of 1 mg of heat-killed Mycobacterium butyricum (Difco, Detroit,
MI) suspended in 0.1 ml of mineral oil (Freund’s incomplete adjuvant (Difco, Detroit, MI)).
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A group of saline-infused non-arthritic rats was used as controls. Rats were weighed and moni-
tored 5 days per week for clinical signs of arthritis. The scoring system was employed as follows
[12]: arthritis of one finger scores 0.1, weak and moderate arthritis of one big joint (ankle or
wrist) scores 0.5 and, intense arthritis of one big joint scores 1. Tarsus and ankle were consid-
ered as the same joint. Sum of joints scores of 4 limbs leads to an arthritic score of maximum 6
to each rat. Rats were anaesthetized with pentobarbital (60 mg/kg, i.p.) at different days after
inoculation with Mycobacterium or saline corresponding to different stages of the disease [13]:
day 4 that represents the preclinical expression of arthritis and a time during antigen process-
ing; day 11 that represents the clinical onset of arthritis (very early arthritis); day 33 corre-
sponding to severe active disease with severe joint swelling and destruction associated to
macrovascular ED; day 90 that represents a time point at which the disease has been resolved,
based on a lack of inflammation in the affected joints. Blood was withdrawn from the abdomi-
nal artery, immediately centrifuged at 3000g for 10 min at 4°C, and plasma was stored at -80°C
until analysis. Thoracic aorta were removed and immediately used for vascular reactivity stud-
ies. Rats were sacrificed by exsanguination during this procedure.

Radiographical ex-vivo analysis of joints of ankle and foot

Radiographs of hind paws were performed at each stage of arthritis with a BMA High Resolu-
tion Digital X Ray (40mV, 10mA)-D3A Medical Systems (France). A score of 0 to 20 was
determined for each paw using a grading scale modified from Ackerman et al. (1979) [14]. This
score used the scale: 0 (normal), 1 (slight), 2 (mild), 3 (moderate), and 4 (severe) abnormalities
in the tissue for each of 5 characteristic features of AIA. Radiographs takes into account: (a) the
soft tissue swelling, (b) the osteoporosis as measured by bone density, (c) the loss of cartilage
shown by narrowing of the joint spaces; (d) the bone erosions and (e) the heterotopic ossifica-
tion defined as proliferation of new bone tissue. The maximum score for each rat is 40.

Vascular reactivity

At each time of arthritis course, thoracic aorta was excised, cleaned of connective tissue, and
cut into rings of approximately 2 mm in length. Rings were suspended in Krebs solution (NaCl
118 mmoles/liter, KCl 4.65 mmoles/liter, CaCl, 2.5 mmoles/liter, KH,PO, 1.18 mmoles/liter,
NaHCOj; 24.9 mmoles/liter, MgSO, 1.18 mmoles/liter, glucose 12 mmoles/liter, pH 7.4), main-
tained at 37°C and continuously aerated with 95% O,, 5% CO,, for isometric tension recording
in organs chambers, as previously described [15]. In some rings, endothelium was mechani-
cally removed. The completeness of endothelial denudation was confirmed by the absence of
relaxation to the endothelium-dependent agonist acetylcholine (ACh, 107® moles/liter). After a
90-min-equilibration period under a resting tension of 2g, rings were exposed to high extracel-
lular KCl (100 mmoles/liter) to measure a strong tonic contractile response (expressed in g).
After washing, endothelium-denuded rings were used to determine the vasoconstrictive
response to norepinephrine (NE, 10~''~10"* moles/liter) and to evaluate the endothelium-
independent relaxation to the NO donor sodium nitroprussiate (SNP, 10~"'-10~* moles/liter)
after preconstriction with PE 10~ moles/liter. In parallel rings with intact endothelium were
constricted with phenylephrine (PE, 107° moles/liter) and endothelium-dependent relaxation
was assessed with Ach (107"'~107* moles/liter). The results regarding the effect of Ach-induced
relaxation in AIA and controls have been presented elsewhere [6]. To dissect the mechanisms
involved in endothelial response to Ach, rings were incubated for 30-min either with the non-
selective NO synthase inhibitor Nyy-nitro-L-arginine methyl ester (L-NAME, 10~* moles/liter),
the selective COX-2 inhibitor (NS398, 10~ moles/liter), and the superoxide dismutase mimetic
(SOD) Tempol (107* moles/liter). Contractile responses to NE were calculated as the
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percentage of the maximum response to high KCl, and vasorelaxant responses to ACh and
SNP were calculated as the percentage of relaxation of PE-induced contraction.

Plasma measurements

Plasma levels of pro-inflammatory cytokines (interleukin 1B (IL-1B) and Tumor Necrosis Fac-
tor o (TNFa)), anti-inflammatory cytokines (interleukin 4 (IL-4) and interleukin 10 (IL-10)),
monocyte/macrophage chemokines (Macrophage Inflammatory Protein (MIP-1a), Monocyte
Chemoattractant Protein (MCP-1)) and osteoprotegerin (OPG) were measured by using Milli-
plex magnetic bead panel kits (eBioscience, Vienne, Austria) that were analyzed using a Lumi-
nex MAGPIX system (Luminex Corporation; Houston, TX) and Milliplex Analyst software
(Millipore; St. Charles, MO). The limits of detection provided by the manufacturer for IL-1,
TNFo, IL-4, IL-10, MIP-1a,, MCP-1 and OPG were (pg/mL) 13, 3.78, 0.82, 8.59, 2.32, 18 and 1
respectively.

Data and statistical analysis. Values are presented as means + SEM. Data were analyzed
using GraphPad Prism software (version 5.0). The overall relaxant response to ACh and the
constrictive response to NE were characterized by the area under the curve (AUCs) calculated
from the individual concentration-response curves. Concentration-responses to ACh in the
presence or not of a specific inhibitor were compared by 2-way analysis of variance (ANOVA)
for repeated measures. To better understand the effect of L-NAME in AIA as compared to con-
trol rats, the results were expressed as the percentage of reduction of AUCs between curves of
Ach without and with L-NAME. Comparison of two values between AIA and controls was
assessed by using unpaired Student ¢ test or Mann-Whitney test when data were not normally
distributed. Analysis of the relationship between two parameters was determined by linear
regression analysis and Spearman’s correlation coefficient was calculated between these vari-
ables. P<0.05 was considered statistically significant.

Results
Time-course of clinical and radiographic parameters in AlA rats

Consistent with our earlier study [6], the first clinical signs of arthritis (paw edema, erythema,
stiffness) appeared between day 11 and day 14 after immunization. From day 11 onwards, the
severity of arthritis increased until day 33. After the period of acute clinical inflammation, clini-
cal signs of inflammation spontaneously regressed but joint malformations are still evident.
Consistent with the progression of bone damage in AIA, radiographic score progressively
increased from day 4 to day 90. The means arthritis scores and radiographic score at different
phases of AIA are presented in Table 1.

Profile of plasma cytokines, chemokines and OPG levels during AIA

Data are presented in Table 1. Except IL-4 levels that were not changed by AIA, all cytokines/
chemokines increased during AIA but with a different profile. As compared to controls, IL-10
levels increased in AIA at day 4 and day 11 but not thereafter. MCP-1 levels were increased in
AIA from day 4 to day 33 but not at day 90. IL-1 levels were higher in AIA from day 11 to day
90. The increase in TNFo. and MIP-1a levels occurred later, at day 33 and day 90. OPG was sig-
nificantly elevated at day 11 but not at the other times.

Vascular contractile function in AIA

Before investigating endothelial function and related pathways, we checked whether differences
exist regarding the response of vascular smooth muscle cells (VSMCs) to NE or KCl. As shown
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Table 1. Clinical, radiological characteristics and cytokines/chemokines levels.

Arthritis score AlIA
Radiographic score AlA
IL-1B8 Controls
AlA
TNF-a Controls
AlA
IL-10 Controls
AlA
IL-4 Controls
AlA
MIP-1a Controls
AlA
MCP-1 Controls
AlA
OPG Controls
AlA

Day post-immunization

4 11 33 90

0 1.9+0.1 25%0.2 1.1+0.2
0.8+0.5 3.1+0.6 21.6+2.1 21.9+0.7
23.3+43 15.8+2.9 9.6+3.2 8.7+1.1
38.3+5.5 49.7 £ 6.1* 83.4 + 13.5% 46.8 £9.1*
6.7+1.1 3.8+0.7 27+0.7 24+0.3
7.0+11 54+07 18.0 £ 3.1* 11.9 +2.3*
12.7+1.3 12.7 £ 0.9 13.8+25 13.4+15
21.8 £2.5% 30.6 + 3.4*% 16.6 + 1.6 125+0.9
0.3+0.1 0.3+0.1 0.3+0.1 0.4+0.1
0.5+0.1 0.4+0.0 0.4+0.0 0.4+0.1
132+1.7 9.1+1.1 146 £4.0 6.1+0.8
146+22 11.6+15 31.5+4.7* 17.4 £2.9%
1580 + 155 1365 + 114 1138 + 105 915 + 64
2612 + 208* 3693 + 315* 2046 + 162* 1182+ 113
224 +19 230+ 15 169 £ 15 162 £ 12
262+ 18 537 + 48* 212+ 16 187 £ 35

Clinical data were obtained from all rats (n = 20/group/stage). Plasma cytokines and chemokines levels (pg/mL) measured at day 4, 11, 33 and 90 post-

immunization in AlIA and age-matched controls (n = 11-17 per AIA groups and n = 7-12 per Control groups). Values are the mean + SEM.

*p <0.05 versus age-matched control.

doi:10.1371/journal.pone.0146744.1001

in Fig 1A, as compared to controls, AIA exhibited reduced constrictive response to NE at day 4
post-immunization (p<0.01) but not thereafter. By contrast, no significant difference in maxi-
mal response to KCI was observed between the two groups whatever the stage of arthritis.

Endothelial NOS, COX-2 and superoxide anion pathways during the
course of AIA

To determine at which time of the arthritis course abnormalities in endothelial pathways
appear, the effects of the NOS inhibitor L-NAME, the COX-2 inhibitor NS-398 and the SOD
mimetic Tempol were studied in Ach-relaxed rings from AIA and controls rats.

At day 4, Ach-induced relaxation was not impaired [6] (Fig 2A). Neither NS-398 nor Tem-
pol modified Ach-induced relaxation in controls or in AIA thus indicating a lack of deleterious
COX-2 activity and O, production at this time (Fig 2C-2D). L-NAME significantly blunted
Ach-associated relaxation in both groups, to the same extent (% reduction of AUC: 69 + 10 vs
70 + 2 in controls, NS) (Fig 2B). This indicates no difference in NOS activity between groups.

At day 11 (Fig 3A), endothelial function was normal in AIA rats [6]. However, as a reflec-
tion of enhanced NOS activity in AIA, the reduction of AUC of Ach induced by L-NAME was
significantly greater in AIA (80 + 4%) than in controls (61 + 8%, p<0.05, Fig 2B). Of interest,
NS-398 (Fig 3C) and Tempol (Fig 3D) slightly but significantly improved Ach-induced vasodi-
lation in AIA but not in controls. These data revealed that abnormal overactivation of COX-2
associated with O, production was initially compensated by increased NOS activity.

At day 33, an impaired response to Ach was observed in AIA [6] (Fig 4A). The dysfunctions
regarding COX-2 and O, in AIA observed at day 11 were still evident (Fig 4C-4D) but, as
shown in Fig 4B, NOS activity is no longer increased in AIA as attested by the lack of difference
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Days post-immunization

31 —— Controls
m AA
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4 1 33 90
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Fig 1. Vascular contractile function during the course of AlA. The vasoconstrictive response to
norepinephrine (NE, 10~''-10~* moles/liter) (A) and to 100 mmoles/liter of KCI (B) was assessed on
endothelium-denuded aortic rings. Experiments were performed from AlA and control rats at each stage of
arthritis. The overall response to norepinerphine is expressed as area under the curve (AUC) whereas the
response to KCI was expressed as the maximal contraction (expressed in g). Values are means + SEM of 12
to 20 aortic rings from 12 to 20 rats/group/stage. **p< 0.01 vs controls.

doi:10.1371/journal.pone.0146744.g001

in the effect of L-NAME between AIA and controls (% reduction of AUC: 80 + 4 in AIA vs
72 + 5 in controls, NS).

At day 90, the overall response of AIA to Ach was not different from controls [6] (Fig 5A).
However, the detailed analysis of individual data revealed that two populations of AIA emerged
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Fig 2. Effect of L-NAME, NS398 and Tempol on the response to Ach at the preclinical stage of AlA. (A) The vasodilator response to Ach (expressed as
AUC of Ach) was assessed in aortic rings from AIA and controls at day 4 post-immunization. The same experiment was performed after incubation with

L-NAME (B) (the insert presents AUC of Ach), NS398 (C) and Tempol (D). Results are expressed as means + SEM of 13 to 17 aortic rings from 17 rats/group.
* %%
p<0.001.

doi:10.1371/journal.pone.0146744.9002
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Fig 3. Effect of L-NAME, NS398 and Tempol on response to Ach at the clinical onset of arthritis. (A) The vasodilator response to Ach (expressed as
AUC of Ach) was assessed in aortic rings from AlA and controls at day 11 post-immunization. The same experiment was performed after incubation with

L-NAME (B) (the insert presents AUC of Ach), NS398 (C) and Tempol (D). Results are expressed as means + SEM of 12 to 18 aortic rings from 18 rats/group.
*p<0.05, *** p<0.001.

doi:10.1371/journal.pone.0146744.9003
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Fig 4. Effect of L-NAME, NS398 and Tempol on response to Ach at the acute inflammatory phase of AlA. (A) The vasodilator response to Ach
(expressed as AUC of Ach) was assessed in aortic rings from AIA and controls at day 33 post-immunization. The same experiment was performed after

incubation with L-NAME (B) (the insert presents AUC of Ach), NS398 (C) and Tempol (D). Results are expressed as means + SEM of 12 to 19 aortic rings
from 19 rats/group. ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0146744.9004

on the basis of their response to Ach. One group (55% of rats, “without ED”) did not exhibit
impaired response to Ach (Fig 5B), whereas another group (45% of rats, “with ED”) had
depressed response to Ach (p<0.001, Fig 5C). Of interest, differences in cytokines levels were
found between these 2 groups of rats at day 90. As compared to the AIA group without ED, the
ATA group with ED had higher levels of TNFa and IL-1p (Fig 5D, p<0.05) whereas no differ-
ence was found for the other cytokines or chemokines (Fig 6). By contrast, arthritis (Fig 5E)
and radiographic scores (Fig 5F) did not differ between these two populations. As shown in Fig
7A, in AIA “with ED”, the effect of L-NAME was not different from controls (% reduction of
AUC: 72 £ 4 vs 75 + 5 in controls, NS) whereas its effect was greater in AIA “without ED” com-
pared to controls, thus reflecting enhanced NOS activity in this latter group (% reduction of
AUC: 84 £ 4 vs 75 £ 5 in controls, p<0.05). Likewise, a difference in COX-2 activity was
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doi:10.1371/journal.pone.0146744.g005

observed between AIA “with ED” and “without ED”. In the former, NS-398 still improved the
vasorelaxant effect of Ach as a reflection of persisting deleterious COX-2 activity whereas this
inhibitor was devoid of impact on Ach-relaxation in the latter (Fig 7B). By contrast, Tempol
did not modify the effect of Ach whatever the group (Fig 7C). Above results suggest that the
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doi:10.1371/journal.pone.0146744.9006

presence of ED in AIA rats at the late phase of arthritis did not rely on O, overproduction but
on the persisting imbalance between NOS and COX-2 endothelial pathways.

Endothelium-independent relaxation to SNP in AIA

To ascertain that changes observed in the response to Ach were not due to an impaired
response of VSMCs to NO, the relaxation to the NO donor SNP were compared between con-
trols and AIA. As shown in Fig 8, the relaxing responses to SNP were not different between
both groups at any stage of arthritis.

Correlations between endothelial function and cytokines/chemokines/
OPG plasma levels

To determine whether levels of mediators of inflammation might be used as circulating mark-
ers of ED, we investigated the correlations between Ach-induced relaxations (expressed as
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doi:10.1371/journal.pone.0146744.9007

AUCs) from day 4 to day 90 and the corresponding levels of cytokines/chemokines (Table 1).
The results showed that plasma levels of IL-18, TNFo and MIP-1a negatively correlated with
Ach-induced relaxation (Fig 9). By contrast, no correlation was found between endothelial
function and levels of IL-4 (r = -0.0561, p = 0.953), IL-10 (r = 0.0937, p = 0.441), MCP-1
(r=0.199, p = 0.0966) and OPG (r = 0.169, p = 0.124).

Discussion

The seminal findings of our study in AIA are that 1) increased NOS activity is an important
compensatory response that opposes the ED in the early phase of the disease, 2) plasma levels
of IL-1B, TNFo. and MIP-1a correlate with endothelial function throughout the course of AIA,
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3) impaired response of smooth muscle to vasoconstriction precedes the alterations of endo-
thelial phenotype.

The understanding of the pathogenesis of ED in RA is a prerequisite to propose an adequate
therapeutic strategy for CV risk prevention. Previous analysis of the literature identified
increased COX-2 activity, O, overproduction and NOS decoupling as seminal mechanisms
involved in ED at the acute phase of arthritis [5]. The new findings are that these pathways are
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Fig 9. Correlations between endothelial function and cytokines/chemokines plasma levels. Ach-
induced relaxation (expressed as AUC) and plasma levels of IL-1B (A), TNF-a (B) and MCP-1 levels (C)
negatively correlated throughout the AIA course (from day 4 to day 90 post-immunization).

doi:10.1371/journal.pone.0146744.9g009
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also altered in the very early phase of AIA as well as in the late phase after resolution of inflam-
matory symptoms. Our study demonstrated that despite the lack of detectable ED at the onset
of clinical symptoms, the deleterious O, production and COX-2 activity are initially compen-
sated by increased vascular NOS activity thereby opposing ED. These findings can be related to
those of a clinical study in which the basal forearm blood flow was measured in newly diag-
nosed RA patients in the presence or not of a NOS inhibitor [16]. The authors found a greater
inhibition of blood flow by the NOS inhibitor in RA patients than in controls, which is consis-
tent with a compensatory NOS activation in this early stage of RA. It is striking that this con-
siderable endothelial plasticity is not specific to RA since the same compensatory NOS
upregulation exists in the early phase of models of hypertension [17] or diabetes [18]. These
suggest that common mechanisms are involved in such compensation. As O, has been
involved in NOS pathway upregulation [17] and is overproduced in hypertension or diabetes
[19], its excessive production at the onset of AIA might contribute to the high NOS activity.
However, our results at day 90 showed that increased NOS activity occurs without impaired
O, production, so this mechanism is likely of minor importance. Whatever the mechanisms
involved in NOS upregulation, overall data identify NOS is a pivotal target for the early CV
risk prevention in RA, and encourage the use of therapy aiming to increase NOS activity such
as arginase inhibition or L-arginine supplementation.

The occurrence of ED at the acute inflammatory phase of arthritis (day 33) coincides with
loss of NOS compensation and enhancement of COX-2/0, " impairments. Given the recog-
nized cross-talk between COX-2 and NOS pathways [20, 21], decreased NOS activity might
result from COX-2 overactivity but in turn itself enhance COX-2 activity in a vicious circle. Of
interest at this time of arthritis, plasma IL-18 and MCP-1 levels are elevated in AIA like at day
11, but additionally TNF-o. and MIP-1a increased. It could be hypothesized that TNF-o might
contribute to the loss of NOS compensation. Indeed, whilst both TNF-o and IL-1f have been
reported to acutely induce ED [22, 23], only TNF-o. was reported to decrease endothelial NOS
expression [24]. The putative role of IL-18 and TNF-a, the two dominant mediators of
immune-mediated joint disease in RA patients and experimental animals [25], in arthritis-
associated ED is further suggested by the results obtained at day 90. At this time, the rats exhib-
iting ED are those with the highest IL-1B and TNF-a levels. However, the present study was
not designed for determining the causal link between plasma cytokines/chemokines and ED,
and further research is required to elucidate whether these cytokines/chemokines act solely as
biomarkers as evidenced by our results or might play a causal role in ED. Notably, the two pop-
ulations of rats at day 90, with and without ED, had no significant differences in disease sever-
ity and joint damage, suggesting that the levels of systemic pro-inflammatory cytokines are
more predictive of ED than the severity of the disease. Consistent with this, a recent study
reported that changes in disease activity (DAS28 score) did not correlate with endothelial func-
tion in RA patients [26].

At present, efforts to characterize endothelial function by measuring soluble plasma bio-
markers in RA patients have been largely unsuccessful. Strikingly, albeit a role for inflamma-
tion in arthritis-induced ED is highly suspected, reports on the association between systemic
inflammation and ED in RA patients are inconsistent. A positive relationship between circulat-
ing markers of inflammation and ED was reported by some authors [27-29] whereas others
showed no associations both in early [30] and long-term RA [11]. In the present study, we
demonstrated that plasma levels of IL-1B and TNF-o. correlated with ED throughout the arthri-
tis course. Of interest plasma levels of MIP-1o also correlated with ED. MIP-10. is a chemotac-
tic factor for monocytes and T lymphocytes mainly secreted by synoviocytes in RA [31]. To the
best of our knowledge, while high MIP-1o. levels have been reported in RA patients [31], its
potential role on ED has never been explored and warrants further investigation. Our data
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revealed that plasma levels of MCP-1 did not correlate with ED, in agreement with the findings
of Sédergen [27] in RA patients. These data are not consistent with a recent study conducted in
collagen-induced arthritis in mice (mCIA) [32] in which an inverse correlation between serum
MCP-1 levels and Ach-induced vasodilation was found. However, the study was performed
only at the time of maximal clinical inflammation and whether MCP-1 levels reflected ED dur-
ing the whole course of mCIA was not investigated. Emerging data highlighted OPG as a new
promising biomarker of ED in various diseases [33, 34]. This protein of utmost importance for
bone remodelling is expressed in other tissues including vessels [35]. In our study, no associa-
tion was found between OPG and endothelial function in ATA. A few studies in RA patients
reported an association between high plasma OPG levels and indices of carotid atherosclerosis
[36, 37]. Our results encourage performing further studies to investigate the link between OPG
levels and endothelial function in RA.

The present study demonstrated that modifications of endothelial phenotype occur at the
first clinical symptoms of arthritis. However, a few clinical studies demonstrated that increased
CV risk precedes RA onset [38, 39]. In our study, the unique detectable vascular dysfunction at
the preclinical stage was a depressed contractile response to NE without alteration of the con-
tractile response to KCl. As this finding was obtained in endothelium-denuded rings, the prob-
lem relies on VSMCs and not on endothelial cells. Our result obtained in AIA rats resonates
with the recent finding of Reynolds et al [40] showing impaired contractile response to serotonin
in the very early stage of development of mCIA that was, like in our study, unrelated to endothe-
lial function. We added the new information that this contractile dysfunction is only transient
during the course of arthritis. At present it is difficult to speculate on the underlying mecha-
nisms. A role of pro-inflammatory cytokines can be discarded because TNF-o. and IL-1f levels
are not elevated at this time of arthritis. From a clinical perspective, our data give arguments to
focus interest on the vascular contractile response for an early diagnostic of vascular dysfunction
in RA, using for instance “low-flow mediated constriction” (L-FMC), a new technique intro-
duced to assess in humans the conduit artery constrictor response to decreased flow [41].

In conclusion, the present study in AIA rats provided new insights in the mechanisms of
ED in RA, and showed that a dysregulation of vasodilator and vasoconstrictor responses occurs
with a distinct time course in RA progression. From a diagnostic perspective, they identified
plasma IL-1B, TNF- o and MIP-1o as promising biomarkers of ED in RA. From a therapeutic
perspective, they emphasized a seminal role for the cross-talk between NOS and COX-2 in RA-
associated ED that encourage investigating the potential of new drugs such as NO-releasing
NSAIDs [42] to decrease CV risk in RA.

Author Contributions

Conceived and designed the experiments: PT KMG DW CD. Performed the experiments: PT
KMG MN. Analyzed the data: PT KMG CD. Contributed reagents/materials/analysis tools: PT
KMG MN. Wrote the paper: PT KMG DW CD.

References

1. del Rincén ID, Williams K, Stern MP, Freeman GL, Escalante A. High incidence of cardiovascular
events in a rheumatoid arthritis cohort not explained by traditional cardiac risk factors. Arthritis Rheum.
2001; 44: 2737-45. PMID: 11762933

2. Stamatelopoulos KS, Kitas GD, Papamichael CM, Chryssohoou E, Kyrkou K, Georgiopoulos G, et al.
Atherosclerosis in rheumatoid arthritis versus diabetes: a comparative study. Arterioscler Thromb Vasc
Biol. 2009; 2910: 1702—-1708.

3. Mudau M, Genis A, Lochner A, Strijdom H. Endothelial dysfunction: the early predictor of atherosclero-
sis. Cardiovasc J Afr. 2012; 23: 222—-231. doi: 10.5830/CVJA-2011-068 PMID: 22614668

PLOS ONE | DOI:10.1371/journal.pone.0146744 January 13,2016 15/17


http://www.ncbi.nlm.nih.gov/pubmed/11762933
http://dx.doi.org/10.5830/CVJA-2011-068
http://www.ncbi.nlm.nih.gov/pubmed/22614668

@’PLOS ‘ ONE

Endothelial Dysfunction in Rheumatoid Arthritis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Prati C, Demougeot C, Guillot X, Godfrin-Valnet M, Wendling D. Endothelial dysfunction in joint dis-
ease. Joint Bone Spine. 2014; 81: 386-91. doi: 10.1016/j.jbspin.2014.01.014 PMID: 24565889

Totoson P, Maguin-Gaté K, Prati C, Wendling D, Demougeot C. Mechanisms of endothelial dysfunction
in rheumatoid arthritis: lessons from animal studies. Arthritis Res Ther. 2014; 16: R22.

Totoson P, Maguin-Gaté K, Nappey M, Prati C, Wendling D, Demougeot C. Microvascular Abnormali-
ties in Adjuvant-Induced Arthritis: Relationship with Macrovascular Endothelial Function and Markers of
Endothelial Activation. Arthritis Rheumatol. 2015; 67: 1203—1213. doi: 10.1002/art.39065 PMID:
25708190

van Breukelen-van der Stoep DF, Klop B, van Zeben D, Hazes JM, Castro Cabezas M. Cardiovascular
risk in rheumatoid arthritis: how to lower the risk? Atherosclerosis. 2013; 231: 163—72. doi: 10.1016/j.
atherosclerosis.2013.09.006 PMID: 24125429

Sattar N, McCarey DW, Capell H, McInnes IB. Explaining how “high-grade” systemic inflammation
accelerates vascular risk in rheumatoid arthritis. Circulation. 2003; 108: 2957-2963. PMID: 14676136

Mason JC, Libby P. Cardiovascular disease in patients with chronic inflammation: mechanisms under-
lying premature cardiovascular events in rheumatologic conditions. Eur Heart J. 2015; 36: 482—489.
doi: 10.1093/eurheartj/ehu403 PMID: 25433021

Klimek E, Skalska A, Kwasny-Krochin B, Surdacki A, Sulicka J, Korkosz M, et al. Differential associa-
tions of inflammatory and endothelial biomarkers with disease activity in rheumatoid arthritis of short
duration. Mediators Inflamm. 2014; 2014: 681635. doi: 10.1155/2014/681635 PMID: 24864133

Sandoo A, Kitas GD, Carroll D, Veldhuijzen van Zanten JJ. The role of inflammation and cardiovascular
disease risk on microvascular and macrovascular endothelial function in patients with rheumatoid
arthritis: a cross-sectional and longitudinal study. Arthritis Res Ther. 2012; 14: R117. doi: 10.1186/
ar3847 PMID: 22594788

Sakaguchi N, Takahashi T, Hata H, Nomura T, Tagami T, Yamazaki S, et al. Altered thymic T-cell
selection due to a mutation of the ZAP-70 gene causes autoimmune arthritis in mice. Nature. 2003;
426: 454—60. PMID: 14647385

Carter JL, Lubahn C, Lorton D, Osredkar T, Der TC, Schaller J, et al. Adjuvant-induced arthritis induces
c-Fos chronically in neurons in the hippocampus. J Neuroimmunol. 2011; 230: 85—94. doi: 10.1016/j.
jneuroim.2010.09.005 PMID: 20950869

Ackerman NR, Rooks WH 2nd, Shott L, Genant H, Maloney P, West E. Effects of naproxen on connec-
tive tissue changes in the adjuvant arthritic rat. Arthritis Rheum. 1979; 22: 1365-1374. PMID: 518718

Bagnost T, Berthelot A, Bouhaddi M, Laurant P, André C, Guillaume Y, et al. Treatment with the argi-
nase inhibitor N(omega)-hydroxy-nor-L-arginine improves vascular function and lowers blood pressure
in adult spontaneously hypertensive rat. J Hypertens. 2008; 26: 1110—1118. doi: 10.1097/HJH.
0b013e3282fcc357 PMID: 18475148

Yki-Jarvinen H, Bergholm R, Leirisalo-Repo M. Increased inflammatory activity parallels increased
basal nitric oxide production and blunted response to nitric oxide in vivo in rheumatoid arthritis. Ann
Rheum Dis. 2003; 62: 630—4. PMID: 12810424

Vaziri ND, Ding Y, Ni Z. Compensatory up-regulation of nitric-oxide synthase isoforms in lead-induced
hypertension: reversal by a superoxide dismutase-mimetic drug. J Pharmacol Exp Ther. 2001; 298:
679-85. PMID: 11454931

Joshi A, Woodman OL. Increased nitric oxide activity compensates for increased oxidative stress to
maintain endothelial function in rat aorta in early type 1 diabetes. Naunyn Schmiedebergs Arch Phar-
macol. 2012; 385: 1083-94. doi: 10.1007/s00210-012-0794-3 PMID: 22965470

Cohen RA, Tong X. Vascular oxidative stress: the common link in hypertensive and diabetic vascular
disease. J Cardiovasc Pharmacol. 2010; 55: 308—16 PMID: 20422735

Clancy R, Varenika B, Huang W, Ballou L, Attur M, Amin AR, et al. Nitric oxide synthase/COX cross-
talk: nitric oxide activates COX-1 but inhibits COX-2-derived prostaglandin production. J Immunol.
2000; 165: 1582—1587. PMID: 10903767

Hink U, Miinzel T. COX-2, another important player in the nitric oxide-endothelin cross-talk: good news
for COX-2 inhibitors? Circ Res. 2006; 98: 1344—1346 PMID: 16763169

Jiménez-Altayoé F, Briones AM, Giraldo J, Planas AM, Salaices M, Vila E. Increased superoxide anion
production by interleukin-1beta impairs nitric oxide-mediated relaxation in resistance arteries. J Phar-
macol Exp Ther. 2006; 316:42-52 PMID: 16183707

Wimalasundera R, Fexby S, Regan L, Thom SA, Hughes AD. Effect of tumour necrosis factor-alpha
and interleukin 1beta on endothelium-dependent relaxation in rat mesenteric resistance arteries in
vitro. BrJ Pharmacol. 2003; 138: 1285-94. PMID: 12711629

PLOS ONE | DOI:10.1371/journal.pone.0146744 January 13,2016 16/17


http://dx.doi.org/10.1016/j.jbspin.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24565889
http://dx.doi.org/10.1002/art.39065
http://www.ncbi.nlm.nih.gov/pubmed/25708190
http://dx.doi.org/10.1016/j.atherosclerosis.2013.09.006
http://dx.doi.org/10.1016/j.atherosclerosis.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24125429
http://www.ncbi.nlm.nih.gov/pubmed/14676136
http://dx.doi.org/10.1093/eurheartj/ehu403
http://www.ncbi.nlm.nih.gov/pubmed/25433021
http://dx.doi.org/10.1155/2014/681635
http://www.ncbi.nlm.nih.gov/pubmed/24864133
http://dx.doi.org/10.1186/ar3847
http://dx.doi.org/10.1186/ar3847
http://www.ncbi.nlm.nih.gov/pubmed/22594788
http://www.ncbi.nlm.nih.gov/pubmed/14647385
http://dx.doi.org/10.1016/j.jneuroim.2010.09.005
http://dx.doi.org/10.1016/j.jneuroim.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20950869
http://www.ncbi.nlm.nih.gov/pubmed/518718
http://dx.doi.org/10.1097/HJH.0b013e3282fcc357
http://dx.doi.org/10.1097/HJH.0b013e3282fcc357
http://www.ncbi.nlm.nih.gov/pubmed/18475148
http://www.ncbi.nlm.nih.gov/pubmed/12810424
http://www.ncbi.nlm.nih.gov/pubmed/11454931
http://dx.doi.org/10.1007/s00210-012-0794-3
http://www.ncbi.nlm.nih.gov/pubmed/22965470
http://www.ncbi.nlm.nih.gov/pubmed/20422735
http://www.ncbi.nlm.nih.gov/pubmed/10903767
http://www.ncbi.nlm.nih.gov/pubmed/16763169
http://www.ncbi.nlm.nih.gov/pubmed/16183707
http://www.ncbi.nlm.nih.gov/pubmed/12711629

@’PLOS ‘ ONE

Endothelial Dysfunction in Rheumatoid Arthritis

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Anderson HD, Rahmutula D, Gardner DG. Tumor Necrosis Factor-a Inhibits Endothelial Nitric-oxide
Synthase Gene Promoter Activity in Bovine Aortic Endothelial Cells. J Biol Chem. 2004; 279: 963-9.
PMID: 14581470

Stolina M, Bolon B, Middleton S, Dwyer D, Brown H, Duryea D, et al. The evolving systemic and local
biomarker milieu at different stages of disease progression in rat adjuvant-induced arthritis. J Clin
Immunol. 2009; 29: 158-74. doi: 10.1007/s10875-008-9238-8 PMID: 18726678

de Groot L, Jager NA, Westra J, Smit AJ, Kallenberg CG, Posthumus MD, et al. Does reduction of dis-
ease activity improve early markers of cardiovascular disease in newly diagnosed rheumatoid arthritis
patients? Rheumatology (Oxford). 2015; 54: 1257-61.

Sddergren A, Karp K, Boman K, Eriksson C, Lundstrom E, Smedby T, et al. Atherosclerosis in early
rheumatoid arthritis: very early endothelial activation and rapid progression of intima media thickness.
Arthritis Res Ther. 2010; 12: R158. doi: 10.1186/ar3116 PMID: 20712865

Del Rincon |, Williams K, Stern MP, Freeman GL, O'Leary DH, Escalante A. Association between
carotid atherosclerosis and markers of inflammation in rheumatoid arthritis patients and healthy sub-
jects. Arthritis Rheum. 2003; 48: 1833—40. PMID: 12847676

Dessein PH, Joffe BI, Singh S. Biomarkers of endothelial dysfunction, cardiovascular risk factors and
atherosclerosis in rheumatoid arthritis. Arthritis Res Ther. 2005; 7: R634—43. PMID: 15899050

Foster W, Lip GY, Raza K, Carruthers D, Blann AD. An observational study of endothelial function in
early arthritis. Eur J Clin Invest. 2012; 42: 510-516. doi: 10.1111/j.1365-2362.2011.02607.x PMID:
21985471

Iwamoto T, Okamoto H, Toyama Y, Momohara S. Molecular aspects of rheumatoid arthritis: chemo-
kines in the joints of patients. FEBS J. 2008; 275: 4448-55. doi: 10.1111/j.1742-4658.2008.06580.x
PMID: 18662305

He M, Liang X, He L, Wen W, Zhao S, Wen L, et al. Endothelial dysfunction in rheumatoid arthritis: the
role of monocyte chemotactic protein-1-induced protein. Arterioscler Thromb Vasc Biol. 2013; 33:
1384-91. doi: 10.1161/ATVBAHA.113.301490 PMID: 23580143

Wang HH, Xiang GD. Changes of plasma concentration of osteoprotegerin and its association with
endothelial dysfunction before and after hypouricemic therapy in patients with hyperuricemia. Mod
Rheumatol. 2015; 25: 123—7 doi: 10.3109/14397595.2014.926852 PMID: 24947824

Pepene CE, llie IR, Marian |, Duncea I. Circulating osteoprotegerin and soluble receptor activator of
nuclear factor kB ligand in polycystic ovary syndrome: relationships to insulin resistance and endothe-
lial dysfunction. Eur J Endocrinol. 2011; 164: 61-8. doi: 10.1530/EJE-10-0720 PMID: 20974706

Montagnana M, Lippi G, Danese E, Guidi GC. The role of osteoprotegerin in cardiovascular disease.
Ann Med. 2013; 45: 254—64. doi: 10.3109/07853890.2012.727019 PMID: 23110639

Lépez-Mejias R, Ubilla B, Genre F, Corrales A, Hernandez JL, Ferraz-Amaro |, et al. Osteoprotegerin
concentrations relate independently to established cardiovascular disease in rheumatoid arthritis. J
Rheumatol. 2015; 42: 39-45. doi: 10.3899/jrheum.140690 PMID: 25362655

Dessein PH, Lépez-Mejias R, Gonzélez-Juanatey C, Genre F, Miranda-Filloy JA, Llorca J, et al. Inde-
pendent relationship of osteoprotegerin concentrations with endothelial activation and carotid athero-
sclerosis in patients with severe rheumatoid arthritis. J Rheumatol. 2014; 41: 429-36. doi: 10.3899/
jrheum.131037 PMID: 24488413

van Halm VP, Nielen MM, Nurmohamed MT, van Schaardenburg D, Reesink HW, Voskuyl AE, et al.
Lipids and inflammation: serial measurements of the lipid profile of blood donors who later developed
rheumatoid arthritis. Ann Rheum Dis. 2007; 66: 184—8. PMID: 16760255

Maradit-Kremers H, Crowson CS, Nicola PJ, Ballman KV, Roger VL, Jacobsen SJ, et al. Increased
unrecognized coronary heart disease and sudden deaths in rheumatoid arthritis: a population-based
cohort study. Arthritis Rheum. 2005; 52: 402—11. PMID: 15693010

Reynolds SI, Williams AS, Williams H, Smale S, Stephenson HJ, Amos N, et al. Contractile, but not
endothelial, dysfunction in early inflammatory arthritis: a possible role for matrix metalloproteinase-9. Br
J Pharmacol. 2012; 167: 505—14. doi: 10.1111/j.1476-5381.2012.01988.x PMID: 22506619

Gori T, Parker JD, Miinzel T. Flow-mediated constriction: further insight into a new measure of vascular
function. Eur Heart J. 2011; 32: 784—7. doi: 10.1093/eurheartj/ehg412 PMID: 21169282

Kog And E, Klglikglzel SG. Medicinal chemistry and anti-inflammatory activity of nitric oxide-releasing
NSAI drugs. Mini Rev Med Chem. 2009; 9: 611-9. PMID: 19456291

PLOS ONE | DOI:10.1371/journal.pone.0146744 January 13,2016 17/17


http://www.ncbi.nlm.nih.gov/pubmed/14581470
http://dx.doi.org/10.1007/s10875-008-9238-8
http://www.ncbi.nlm.nih.gov/pubmed/18726678
http://dx.doi.org/10.1186/ar3116
http://www.ncbi.nlm.nih.gov/pubmed/20712865
http://www.ncbi.nlm.nih.gov/pubmed/12847676
http://www.ncbi.nlm.nih.gov/pubmed/15899050
http://dx.doi.org/10.1111/j.1365-2362.2011.02607.x
http://www.ncbi.nlm.nih.gov/pubmed/21985471
http://dx.doi.org/10.1111/j.1742-4658.2008.06580.x
http://www.ncbi.nlm.nih.gov/pubmed/18662305
http://dx.doi.org/10.1161/ATVBAHA.113.301490
http://www.ncbi.nlm.nih.gov/pubmed/23580143
http://dx.doi.org/10.3109/14397595.2014.926852
http://www.ncbi.nlm.nih.gov/pubmed/24947824
http://dx.doi.org/10.1530/EJE-10-0720
http://www.ncbi.nlm.nih.gov/pubmed/20974706
http://dx.doi.org/10.3109/07853890.2012.727019
http://www.ncbi.nlm.nih.gov/pubmed/23110639
http://dx.doi.org/10.3899/jrheum.140690
http://www.ncbi.nlm.nih.gov/pubmed/25362655
http://dx.doi.org/10.3899/jrheum.131037
http://dx.doi.org/10.3899/jrheum.131037
http://www.ncbi.nlm.nih.gov/pubmed/24488413
http://www.ncbi.nlm.nih.gov/pubmed/16760255
http://www.ncbi.nlm.nih.gov/pubmed/15693010
http://dx.doi.org/10.1111/j.1476-5381.2012.01988.x
http://www.ncbi.nlm.nih.gov/pubmed/22506619
http://dx.doi.org/10.1093/eurheartj/ehq412
http://www.ncbi.nlm.nih.gov/pubmed/21169282
http://www.ncbi.nlm.nih.gov/pubmed/19456291

