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Collagen-induced arthritis increases inducible nitric oxide synthase
not only in aorta but also in the cardiac and renal microcirculation
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Introduction

Summary

Rheumatoid arthritis (RA) may promote endothelial dysfunction. This
phenomenon requires further investigation, especially in collagen-induced
arthritis (CIA), as it is considered the experimental model most similar to
RA. The objectives of this study were to identify CIA-induced changes in
noradrenaline (NE) and acetylcholine (ACh) responses in mice aortas that
may suggest endothelial dysfunction in these animals. Moreover, we
characterize CIA-induced modifications in inducible nitric oxide synthase
(INOS) expression in the aortas and cardiac and renal tissues taken from
these mice that may be related to possible endothelial dysfunction. Male
DBA/1] mice were immunized with 100 pg of emulsified bovine collagen
type II (CII) plus complete Freund’s adjuvant. Twenty-one days later, these
animals received a boost of an additional 100 pug plus incomplete Freund’s
adjuvant. Fifteen days after the onset of the disease, aortic rings from CIA
and control mice were challenged with NE and ACh in an organ bath. In
these animals, iNOS was detected through immunohistochemical analysis of
aorta, heart and kidneys. Plasma nitrite concentration was determined using
the Griess reaction. CIA did not change NE or ACh responses in mice aorta
but apparently increased the iNOS expression not only in aorta, but also in
cardiac and renal microcirculation. In parallel, CIA reduced nitrite plasma
concentration. In mice, CIA appears to increase the presence of iNOS in
aorta, as well as in heart and in kidney microcirculation. This iNOS increase
occurs apparently in parallel to a reduction of the bioavailability of NO.
This phenomenon does not appear to change NE or ACh responses in aorta.

Keywords: aorta, endothelium, experimental arthritis, oxidative stress,
rheumatoid arthritis

chronic articular inflammation promotes inflammation in

Rheumatoid arthritis (RA) is a chronic autoimmune dis-
ease with unknown aetiology, which affects mainly synovial
joints and periarticular structures. However, as the average
life expectancy of RA patients is lower than that of the gen-
eral population, it appears that manifestations of the dis-
ease may go beyond the pain and disability related to joint
injury [1-4]. The correlation between systemic inflamma-
tion and increased cardiovascular morbidity and mortality
in RA patients is well established in the literature [3-6],
but the pathophysiological mechanisms involved in these
disturbances remain unclear. Some evidence has suggested
that systemic release of proinflammatory cytokines from

blood vessels, leading to functional [7-13] and structural
[12] modifications in both endothelial and smooth muscle
layers. Based on these findings, some authors have pro-
posed that endothelial dysfunction is actually an early
manifestation of RA, and may be influenced by the inten-
sity and/or duration of the joint inflammatory process as
well as by the action of anti-rheumatic drugs [14,15].

In an attempt to understand more clearly the pathophys-
iological mechanisms that lead to the aforementioned
endothelial dysfunction, several models of experimental
arthritis have been developed. These experimental models
share the objective of simulating with the highest possible
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reliability the inflammatory processes that characterize RA
in humans. In this manner, previous studies have shown
endothelial dysfunction related to arthritis in the adjuvant-
induced arthritis (AIA) model [7,8,10-13,16-21]. Actually,
a significant reduction in endothelial function was
observed, associated with increased oxidative stress due to
increased nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase expression and uncoupling of endothe-
lial nitric oxide synthase (eNOS) in aorta taken from AIA
rat [7,8]. It was also proposed that the increased activity of
inducible nitric oxide synthases (iNOS), as well as the ele-
vated levels of circulating myeloperoxidase, are involved in
the endothelial dysfunction, thereby resulting in attenua-
tion of acetylcholine-induced flow in the forearms of
patients with RA [6]. According to these authors, this
increase in iINOS consumes tetrahydrobiopterin co-factor
(BH,), leading to eNOS uncoupling. Uncoupled, eNOS
produces superoxide anion (O, ) instead of nitric oxide
(NO). Moreover, this O, reacts with NO to produce per-
oxynitrite (ONOO ™), a free radical against which there is
no natural antioxidant defence. This process leads to a
reduction of endothelial NO bioavailability in parallel with
increasing concentrations of ONOO ™ [6,7]. Furthermore,
ONOO™ can oxidize BH, into dihydrobiopterin (BH,),
reducing the bioavailability of this co-factor, which exacer-
bates eNOS uncoupling [22] and contributes to endothelial
dysfunction. Indeed, iNOS may be considered a key
enzyme in this pathophysiological mechanism.

However, evidence of vascular impairment related to
collagen-induced arthritis (CIA)—an experimental model
that reproduces the inflammatory mechanisms of RA with
greater accuracy than other experimental models used for
this purpose [16,18,21,23-25] —is scarce in the literature.
CIA-related endothelial dysfunction was demonstrated in
mice aorta [26] as well as in sheep coronaries and digital
arteries [27]. Conversely, Reynolds et al. [25] failed to show
CIA-induced endothelial dysfunction in mice aorta at the
moment of onset of the earliest signs of joint inflammation.
This contradiction merits further investigation in order to
establish bridges between the mechanism of endothelial
dysfunction described in animal models and in RA
patients. Furthermore, this investigation should be con-
ducted in both macrovasculature and microvasculature, as
the impact of RA on endothelial function may differ
between these vascular beds [28]. Moreover, it was
observed in AIA animals that the course of microvascular
endothelial dysfunction does not exactly mirror the macro-
vascular endothelial dysfunction [29].

Thus, the aim of the present study was to identify
changes in noradrenaline (NE) and acetylcholine (ACh)
responses induced by CIA in mice aortas that may suggest
endothelial dysfunction in these animals. Moreover, the
present study also sought to characterize CIA-induced
changes in iNOS expression in the aorta, cardiac and renal

tissues of these animals; changes which may be related to
endothelial dysfunction.

Materials and methods

Animals

Eighty male DBA/1J mice (102 weeks old; 18-22g),
sourced from the Experimental Biotherium of Marilia
Medical School, were housed in temperature-controlled
rooms (22 = 2°C) under a 12-h light/dark cycle, with free
access to food and water. All procedures were carried out
with the approval of the Ethics Committee on Animal Use
of Marilia Medical School (protocol no. 829/12). All
experiments were performed in accordance with interna-
tional guidelines for the care and use of laboratory animals.

Induction and assessment of CIA

Animals received 100 pg bovine type II collagen (CII; 4 mg/ml;
Sigma-Aldrich, St Louis, MO, USA) dissolved in 25pul of
5X 10 °mol/l acetic acid and emulsified with an equal
volume of complete Freund’s adjuvant (CFA; 10 mg/ml of
Mycobacterium tuberculosis; Difco, Detroit, MI, USA) by
intradermal injection into the tail (day 0). On day 21 each
animal received a similar treatment (boost), differing only
in that incomplete Freund’s adjuvant (IFA; Sigma-Aldrich)
replaced CFA. The control group (sham-immunized)
received the same CFA and IFA injection regimens, only
without type II collagen administration. The onset of the
earliest signs of CIA was characterized by mild erythema
and/or paw swelling, usually observed 26-33 days post-
immunization. Once these early signs of inflammation
were identified the animals were followed for a period of
15 days, until the end of the experimental protocol. On day
15 of the inflammatory process (i.e. days 41-48 post-
immunization), a scoring system was implemented to
quantify the subjective evaluation of arthritic severity [24].
Each paw was rated individually for its degree of inflamma-
tion on a scale of 0—4, making 16 the highest possible total
score for a single animal. The rating system for severity of
inflammation was defined as follows: 0 (no evidence of ery-
thema or swelling); 1 (erythema and mild swelling con-
fined to the tarsals or ankle joint); 2 (erythema and mild
swelling extending from the ankle to the tarsals); 3 (ery-
thema and moderate swelling extending from the ankle to
metatarsal joints); and 4 (erythema and severe swelling
encompass the ankle, foot and digits or ankylosis of the
limb). At the end of this assessment, the animals were
euthanized in a CO, chamber in order to obtain the aortas,
joints, kidneys, hearts and plasma needed. We excluded
animals that showed no inflammatory signs 33 days post-
immunization. In the present study, 80% of the animals
immunized with collagen developed arthritis, thereby per-
mitting their inclusion into the CIA group.
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Histopathological assessment of arthritis

Joints from these animals were removed, fixed in 2% glutar-
aldehyde and 4% paraformaldehyde in Sorensen phosphate
buffer 10~ mol/l pH 7-0, and subjected to descaling solution
(NaCl 2-16 g; acetic acid 30 ml; formaldehyde 30 ml; distilled
water 240 ml). Sections (5 um) were stained with haematoxy-
lin and eosin (H&E), toluidine blue and Masson’s trichrome.
A subjective score of 0-3 was employed to perform the histo-
pathological assessment of these joints, wherein 0 represented
an absence of inflammation, 1= mild, 2 = moderate and
3 =severe. Severity was determined using the following
parameters: intensity of the inflammatory exudate (neutro-
phils and lymphocytes), impairment of the inflammatory
exudate (perivascular and synovial) and presence of pyoar-
thritis and initial fibroplasia.

Study of vascular responsiveness

Segments of thoracic aortas were dissected carefully and
cleaned of perivascular adipose tissues. From this segment
of thoracic aorta three rings were obtained (3-5mm).
These rings (two with intact endothelium and the other
one without endothelium, removed mechanically) were then
placed into 2ml organ baths containing Krebs—Henseleit
solution (composition in mmol/l: NaCl 130; KCI 4-7; CaCl,
1-6; KH,PO, 1-2; MgSO, 1-2; NaHCO; 15; glucose 11-1).
The solution was adjusted to a pH of 7-4 and bubbled con-
tinuously at 37°C with a mixture of 95% O, and 5% CO,. In
the organ bath, the rings were arranged between two steel
hooks inserted into the lumen, with one attached to a sta-
tionary support and the other connected to an isometric
force transducer. Tension was monitored and recorded using
a Powerlab 8/30 data-acquisition system (AD Instruments,
Castle Hill, NSW, Australia). Prior to administering drugs,
rings were equilibrated for 60min at a resting tension
of 0-5¢.

All preparations were precontracted with 107> mol/l
phenylephrine and then challenged with 10> mol/l ACh to
verify endothelial integrity. Preparations that had their
endothelium removed mechanically did not show 107>
mol/l ACh-induced relaxation. Later, intact preparations
were challenged with cumulative concentrations of NE
(107'°=10"* mol/l) or with ACh (10~ '°—10"* mol/l)
after 107> mol/l NE-induced precontraction. In parallel,
the endothelium-denuded preparation was challenged with
cumulative concentrations of NE (10~ '°—10"* mol/l). All
drugs were added directly to the organ bath. The responses
evoked (in g) by the cumulative addition of the aforemen-
tioned vasoactive agents into the organ bath were plotted
to obtain concentration-response curves. Non-linear
regressions (variable slope) for these curves revealed the
Rpnax (maximal response; highest point of each concentra-
tion—response curve) and the pEC5, (negative logarithm of
the concentration that evoked 50% of the maximal

Arthritis and vascular injury

response). The pECs is indicative of the system sensitivity
to the studied drug.

Immunohistochemical analysis

Paraffin-embedded sections (3 um) of aorta, heart and
renal tissue collected from six euthanized animals/group
were incubated for 20 min at 96°C with sodium citrate.
Later, these sections were treated with 3% hydrogen perox-
ide diluted in methanol for 30 min. Subsequently, these sec-
tions were incubated overnight at 4°C with monoclonal
anti-NOS2 antibody (SC-7271; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) (1:50). Non-specific protein bind-
ing was blocked by simultaneous incubation with 1%
bovine serum albumin (BSA) in phosphate-buffered saline
(PBS). Negative controls were incubated with an equivalent
concentration of 1% PBS-BSA instead of primary antibody
(control of reaction). Subsequently, the sections were incu-
bated for 30 min with a biotinylated secondary antibody,
followed by avidin-conjugated horseradish peroxidase
(959943B Histotain SP kit; Invitrogen, Camarillo, CA,
USA). The sections were then enhanced with diaminoben-
zidine (DAB) chromogenic substrate (002014 liquid DAB
substrate ki; Invitrogen) at room temperature. The sections
were counterstained with haematoxylin, dehydrated and
mounted. The analysis of the fragments was performed
with Zeiss Axioskop 2 (Zeiss, Jena, Germany). All fields of
the kidney, heart and aorta fragments were analysed using
the densitometric method. For this, 20 different points
were analysed in each field studied to obtain an average
related to the intensity of immunoreactivity. The values
were obtained as arbitrary units (a.u.) using AxioVision
software (Carl Zeiss). An observer blinded to the treatment
groups evaluated all the slides at random.

Determination of plasma nitrite concentration

The analysis of nitrite in plasma by assay based on the Gri-
ess reaction was performed according to a previously
described protocol, with some modifications [30]. On this
occasion, 150 pul of plasma were deproteinized with 30 pl of
sulphosalicylic acid (C;HgOg4S; 35%) and maintained for
30 min at room temperature. Thereafter, samples were sub-
mitted to centrifugation (11,200g for 15min) and the
supernatant was collected for nitrite determination. Before
continuing the analysis the supernatants (100 pl) were neu-
tralized with 150 pl of ammonium chloride (NH4Cl; 5%)
and 30 pl of sodium hydroxide (NaOH; 5%). The determi-
nation of chromophore compound generated by sample
chemical reaction required: mixture of sodium phosphate
buffer 20 mM; mixture of co-factors (final concentration
NADPH 100 mM and FAD 5mM) and nitrate reductase
enzyme 0-1 U/ml. The samples were then incubated for a
period of 3h in a microplate reader at 37°C. After this
period, Griess reagent sulphanilamide (C4HgN,O,S — 1%)
and phosphoric acid (H3POy; 5%) were added, followed by
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Table 1. Paw weight detected on the day of euthanasia.

Weight (g) Control (n=9) CIA (n=13)
Right front paw 3:02 021 5-50 & 1-15**
Left front paw 2:85+0-21 5-03 £ 1-48%*
Right back paw 6:70 + 0-42 11-84 = 2.09%*
Left back paw 6-74 £ 0-27 12.04 +£2.23**

**P<0-001 versus control group. Values represent means = stan-
dard deviation. CIA = collagen-induced arthritis.

Griess reagent naphtylethylenediamine (C;,H;,CLN,; 0-1%).
Samples were read at 540 nm. The nitrite values were calcu-
lated for each sample and compared to AA540 nm of a sodium
nitrite (NaNO,) standard solution of known concentrations
(20mM), which was tested in parallel. Standard regression
coefficients were calculated from the calibration curve.

Statistical analysis

The data were expressed as mean =* standard deviation
(s.d.). Control and CIA groups were compared by Student’s
t-test. Only the animal weights throughout the experimen-
tal protocol were compared by one-way analysis of variance
(anova) followed by Bonferroni’s post-test. P < 0.05 was
considered statistically significant.

Results

Characterization of CIA

No significant difference in body weight was observed
between the CIA and control groups, neither on the day of
the first immunization (22-4 = 2-7; n=11 and 20-8 = 1-8;
n =13, respectively) nor at the boost on day 21 (21-3 * 1-0;
n=11 and 20-3*2.3; n=11, respectively). However,
immediately before euthanasia, the CIA group had a signifi-
cantly (P<0-001) lower body weight (21-1*+ 1-8; n=13)
than the controls (25-3 = 1-0; n = 11), as well as intense paw
erythema and oedema (scored between 7 and 16). The paw

weights, determined immediately after euthanasia, were also
higher in CIA animals compared to those of the controls
(Table 1). In the histopathological assessment, all CIA ani-
mals presented a maximum score of 3 on joint inflammation
analysis, while control animals presented scores of 0.

Vascular responsiveness

CIA did not alter NE responses significantly in either intact
(Fig. la) or endothelium-denuded aortas (Fig. 1b).
Moreover, CIA also did not alter significantly ACh
responses determined in mice aortas (Fig. 1c).

Immunohistochemical analysis of iNOS

CIA increased iNOS immunolabelling significantly in
aorta. In these preparations, CIA increased iNOS detection
not only in the endothelium but also in the media layer
(Fig. 2). The CIA also increased iNOS immunolabelling in
the cardiac tissues, either in cardiomyocytes or in the endo-
thelial layer of arterioles (diameter between 10 and 20 pm;
Fig. 3). In the kidneys, iNOS immunolabelling was also
increased in the glomeruli and interstitium, as well as in
the endothelial layers of microvessels of the cortex (Fig. 4).
In the medullary portion, a significant increase of iNOS
immunolabelling was observed, mainly in the interstitium
(Fig. 5).

Determination of plasma nitrite concentration

CIA reduced plasma nitrite concentrations significantly
(Fig. 6).

Discussion

Endothelial dysfunctions are described commonly in AIA
[7,8,10-13,16-21]. However, this pathophysiological process
has been scarcely studied in collagen-induced models, which
reproduce the inflammatory mechanisms of human RA with
greater accuracy [16,18,21,23-25]. In the present study, CIA
has not modified the NE or ACh responses in aortas of DBA/

(a) (b) ()
1:0=e- Control (n=7; 6-64 = 0-3) 1-0y=e~ Control (n=7; 6:46 +0-7) 1:04=e~ Control (n=8; 5,810,7)
-e= CIA (n=9; 6-45 +0-48) —e— CIA (n=9; 6-33 £ 0-45) |-e— CIA (n=7;5,78+0,3)
081 E+ 084 E- 08/
s 06 e 06 &
8 s 5 06
£ 0.4 £ 04 g
] & o
[=4
= = o)
0-2 02
00 b bt T T 1 0-0+4 0-2 T T T T y 1
12 -10 -8 -6 -4 -2 -2 -10 6 -4 -2 9 8 -7 6 5 4 3
Norepinephrine Log [mol/L] Norepinephrine Log [mollL] ACh Log [mollL]

Fig. 1. Concentration-response curves determined with norepinephrine (a) and acetylcholine (c) in intact (with endothelium; E+), as well as

with norepinephrine (b) in denuded (without endothelium; E—) aorta preparations taken from control (O) and collagen-induced arthritis

(CIA) () animals. Values represent mean = standard deviation (s.d.). The last point of each concentration—response curve is equivalent to R,y

response. The number of independent determinations made in aorta rings, taken from different animals, and the values of pECs, are shown in

parentheses.
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Fig. 2. The aorta from arthritic animals
presented enhancement of inducible nitric
oxide synthase (iNOS) immunolabelling.
(b) The collagen-induced arthritis (CIA)
group presents increased iNOS
immunolabelling in endothelium and
smooth muscle, compared to the control
group (a). The details show enlargement
of the highlighted areas in figures. (c)
Control of reaction (CR). Counterstain:
haematoxylin. Bars: 5pum. (d)
Densitometric analysis (arbitrary units,
a.u.). Bars express mean * standard
deviation (1 = 6; one-way analysis of
variance (aNova) followed by Bonferroni’s
post-test; ***P < 0-0001).

1J mice. As endothelial dysfunction normally increases
NE-induced vasoconstriction [31] and/or reduces the ACh-
induced relaxation [7,8,11-13] in isolated aortas, the data
presented suggest a normal endothelial function in these CIA
mice aortas. The present study, however, does not rule out
possible modifications of NE or ACh responses in
atherogenic-prone sites of mice aorta. Indeed, it has been
proposed that sites exposed to turbulent blood flow, such as

Fig. 3. Enhancement of expression of
inducible nitric oxide synthase (iNOS) in
arthritic cardiac tissue. (b) The collagen-
induced arthritis (CIA) group presents
increase in the expression of iNOS
compared to the control group (a).
Immunolabelling in cardiomyocytes (black
arrow) and in the arteriole endothelium
(red arrow). (c) Control of reaction (CR).
Counterstain: haematoxylin. Bars: 20 pm.
(d) Densitometric analysis (arbitrary
units, a.u.). Bars express mean = standard
deviation (1 = 6; one-way analysis of
variance (aNova) followed by Bonferroni’s
post-test; ***P < 0-0001).

Arthritis and vascular injury

O contror Il cia
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areas of branching or high vessel curvature, are highly suscep-
tible to the development of atherosclerotic lesions [32]. In
this regard, it has been demonstrated that turbulent shear
stress may change the endothelial production of a large num-
ber of substances involved in either vascular tonus modula-
tion or atherosclerotic lesions [33].

The absence of modification in NE or ACh responses
observed in the present study cannot be justified by a
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Fig. 4. Increased inducible nitric oxide
synthase (iNOS) immunolabelling in

Hokok

Densitometry (a.u.)

O contror 1M cia

arthritic kidney cortex. (b) The collagen-
induced arthritis (CIA) group presents
Hokok increased iNOS immunolabelling in
glomeruli (red arrows), in the interstitium
(white arrows) and in the vascular
endothelium (detail), compared to the
control group (a). (c) Control of reaction
(CR). Counterstain: haematoxylin. Bars:
20 um. (d) Densitometric analysis
(arbitrary units, a.u.). Bars express

Glomeruli

Vascular mean * standard deviation (n = 6; one-
way analysis of variance (anova) followed
by Bonferroni’s post-test; ***P < 0-0001).

failure in the development of the CIA-related inflammatory
process. In fact, joint inflammation was confirmed by the
high paw inflammation scores obtained through the afore-
mentioned scoring system for subjective evaluation of
arthritic severity. Furthermore, the swelling in the CIA
group was confirmed by the increases in paw weight. In

3 control 1M cIA

2004

150+

1004

504

Densitometry (a.u.)

addition, the weight gain observed between the boost and
euthanasia was lower in CIA animals. Moreover, the histo-
pathological assessment revealed the presence of pyoarthri-
tis (through the intensity and the severity of the
inflammatory exudate) and initial fibroplasia in CIA ani-
mals, but not in the controls. In fact, all the CIA animals

Fig. 5. Increased inducible nitric oxide
synthase (iNOS) immunolabelling in
arthritic kidney medulla. (b) The
collagen-induced arthritis (CIA) group
presents increased iNOS immunolabelling
in the interstitium (red arrows), compared
to the control group (a). Counterstain:
haematoxylin. Bars: 20 pm. (c)
Densitometric analysis (arbitrary units,
a.u.). Bars express mean * standard
deviation (n = 6; one-way analysis of
variance (aNova) followed by Bonferroni’s
post-test; *P < 0-01).
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Fig. 6. Plasma concentrations of nitrite in control and the collagen-
induced arthritis (CIA) group. Values are expressed as

mean * standard deviation (Student’s #test; **P < 0-001). The
numbers of independent determinations are shown in parentheses.

presented scores of 3 for joint inflammation. These articu-
lar injuries are consistent with previously reported observa-
tions in joints of CIA mice, thereby corroborating the
effectiveness of this experimental model [16,18,21,23-25].

Histological analysis also revealed cartilage injuries and
bone erosions. Indeed, these physiopathological features
indicate that the CIA-induced inflammatory process is fully
established [34]. Moreover, it was shown that the expres-
sion peak of interleukin IL-2, IL-6, macrophage inflamma-
tory protein-2 (MIP-2) and IL-1 in joints of CIA animals
has ended 15 days after the onset of the earliest signs of
inflammation [35]. Further, the arthritis score reaches the
plateau approximately 7 days after the onset of the earliest
signs of inflammation [34]. Collectively, these information
indicate that the present study was performed in a subse-
quent phase to the maximum acute inflammatory period
of CIA.

Also, no modifications of ACh responses in mice aorta
were observed in an earlier phase of CIA at the moment of
onset of the earliest signs of joint inflammation [25]. Con-
versely, it was observed that CIA attenuated the ACh-induced
relaxation in mice aorta, probably through an impairment of
mechanisms related to NO [26]. These authors, however,
assessed the ACh responses at a later phase of CIA in compar-
ison to the present study (at day 56 post-immunization ver-
sus at days 41-48 post-immunization in the present study).
Indeed, collectively, these studies indicate that endothelial
dysfunction may establish itself over time. Moreover,
increased concentrations of NO, /NOj; in urine and plasma
were observed 12 weeks after the first immunization (about
56 days after the onset of the earliest signs of arthritis) [23].
Perhaps the aforementioned endothelial dysfunction may be
in spontaneous regression in this later phase of CIA, thereby
reinforcing that such mechanisms can be modified over time.
Therefore, as proposed in the AIA model [29], the time
allowed for CIA to develop should always be taken into con-
sideration when analysing endothelial function within this
experimental model.

Arthritis and vascular injury

Assuming that endothelial dysfunction is ongoing in
these animals, we decided to investigate iNOS presence in
the aorta as well as in the cardiac and renal tissues. We
chose to focus our study on iNOS because, as stated previ-
ously, this enzyme may be involved in the genesis of endo-
thelial dysfunction. In fact, the increased iNOS in the
endothelium may consume BH4, leading to eNOS uncou-
pling. When uncoupled, eNOS produces O, instead of
NO, leading to oxidative stress in these tissues. This process
reduces endothelial NO bioavailability and, consequently,
leads to endothelial dysfunction [6,7]. From this, it was
posited that a reduction in nitric oxide bioavailability,
attributed to increased generation of iNOS, was responsible
for decreased nitrite plasma levels in rats exposed to
restraint stress [31].

In the present study, CIA significantly augmented iNOS
immunolabelling in aortas, either in the endothelium or in
the smooth media layer. Is worth stressing that the immu-
nohistochemical technique permits only semiquantitative
analysis. Thus, although the obtained results suggest an
increase of iNOS expression, they do not indicate accu-
rately the magnitude of this phenomenon. In parallel, a sig-
nificant reduction in nitrite (NO; ) plasma concentration
was observed in the CIA group. These findings suggest that
even though modifications in NE and ACh responses were
not observed in aorta, a vascular inflammatory process
already exists in these CIA-submitted animals. In this
regard, nitrite anions have been considered an important
vascular storage pool and source of NO [36,37]. Therefore,
a reduction in nitrite plasma concentration in the CIA
group may indicate a reduction in NO bioavailability.
However, it is necessary to emphasize that although NO is
an important endothelium-derived mediator, the endothe-
lial function, mainly in arteries of resistance, involves other
mechanisms beyond those NO-related. In fact, elevations
in plasma nitrite concentrations are not always accompa-
nied by increases in vasodilator responses induced by ACh
in the microcirculation [38]. The assessment of NE and
ACh responses in cardiac or renal microcirculation would
allow for more precise conclusions. However, this assess-
ment was not possible due to methodological limitations.

The data obtained suggest an increase of iNOS expres-
sion not only in cardiomyocytes but also in the endothe-
lium layer of cardiac arterioles of resistance (diameter
between 10 and 20 pum), taken from CIA mice. The data
presented also suggest an increase of iNOS expression in
renal tissues in either the cortical or medullary portion,
including in its microcirculation, thereby suggesting a
greater presence of iNOS in these tissues. Coincidentally, it
has been affirmed that microcirculatory abnormalities are
the first vascular manifestations of RA [39,40]. According
to these authors, RA patients normally present functional
vascular changes followed by progressive anatomical modi-
fications in these vessels, characterized by an increase of the
intima-media thickness leading to increased cardiovascular
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disease. Therefore, the vascular manifestations observed in
the present study appear to reflect the vascular injuries
related to RA. These results also reinforce the need for par-
ticular care being given to cardiac and renal microcircula-
tion in the treatment of patients with RA.

Conclusion

The results of this study suggest that, in mice, CIA induces
an increase in iNOS expression in aorta, as well as in car-
diac and renal microcirculation. These increases in iNOS
expression occur in parallel to a reduction in nitrite plasma
concentration, thereby suggesting CIA-induced reduction
of NO bioavailability. This change in iNOS expression,
however, apparently does not attenuate endothelial func-
tion in aorta, at least not by approximately 15 days after
the onset of the earliest signs of arthritis.
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