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Introduction

ABSTRACT

Adjuvant-induced arthritis is an experimental immunopathology in rats that is often used as a model
for studying autoimmune chronic inflammation and inflammatory cachexia. In these animals oxidative
stress is quite pronounced in the articular inflammation sites. The purpose of this study was to evaluate
oxidative stress in the liver of arthritic rats in which morphological and metabolic alterations have been
reported to occur. Oxidative injury parameters, levels and production of reactive oxygen species (ROS),
and antioxidant parameters were measured in the total liver homogenate and in subcellular fractions,
namely cytosol, mitochondria, and peroxisomes. Arthritic rats presented higher levels of ROS than
controls in the total homogenate (46% higher) and in all subcellular fractions (51, 38, and 55% higher for
mitochondria, peroxisome, and cytosol, respectively). Arthritic rats also presented higher levels of
protein carbonyl groups in the total homogenate (75%) and in all subcellular fractions (189, 227, and
260%, respectively, for mitochondria, peroxisomes, and cytosol). The TBARS levels of arthritic rats were
more elevated in the total homogenate (36%), mitochondria (20%), and peroxisomes (16%). Arthritic rats
also presented higher levels of NO markers in the peroxisomes (112%) and in the cytosol (35%). The
catalase activity of all cell compartments was strongly diminished (between 77 and 87%) by arthritis,
memd mlicbntlhlincn mmcmerlAdann A Able bl an rirmeea Alenlaliik A Al A __AIA.A,-LAA,:".;’- 7 "70/\ 1nd Cytosol (41%).
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de dismutase and
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cellular compartments (50 to 59% diminution). The results reveal that the liver of rats with adjuvant-
induced arthritis presents a pronounced oxidative stress and that, in consequence, injury to lipids and
proteins is highly significant. The higher ROS content of the liver of arthritic rats seems to be the
consequence of both a stimulated pro-oxidant system and a deficient antioxidant defense with a
predominance of the latter as indicated by the strongly diminished activities of catalase and
glutathione peroxidase.
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cardiovascular complications caused by inflammatory process [1].
The pathophysiology of arthritis involves an intense hyperplasia

Rheumatoid arthritis is an autoimmune disease characterized
by chronic and systemic inflammation that affects the synovial
membranes, articular cartilages, and bones. Rheumatoid arthritis
occurs in 0.5-1.0% of the adult population worldwide and it is
associated with an increased mortality rate, mainly due to

Abbreviations: ROS, reactive oxygen species; GSH, reduced glutathione; GSSG,
oxidized glutathione; TNF-o, tumor necrosis factor o; IL-1, interleukin 1f; SOD,
superoxide dismutase; GRd, glutathione reductase; G6PDH, glucose-6-phosphate
dehydrogenase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
TBARS, thiobarbituric acid-reactive substances
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of the articular cartilage with participation of T cells, B cells,
macrophages, fibroblasts, and proinflammatory cytokines, parti-
cularly interleukin-1 (IL-1B)!, interleukin-6 (IL-6), and tumor
necrosis factor o (TNF-a) [2]. In addition to the cytokines, reactive
oxygen species (ROS) also play an important role in rheumatoid
arthritis. The overproduction of proinflammatory cytokines sti-
mulates neutrophils and activated macrophages to secrete ROS in
the synovial fluid, which act as mediators of tissue injury [3,4].
Superoxide (O3~ ) and its derivates, particularly the hydroxyl
radical (HO"), hydrogen peroxide (H,0,), and peroxynitrite
(ONOO™), the last arising from the reactions of superoxide with
nitric oxide (NO"), are highly reactive and can cause tissue injury
by means of oxidative damage to macromolecules, including DNA,
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proteins, and membrane lipids. Cytokines released into the
synovium may also reach the systemic circulation and act in
other tissues. In accordance, the oxidative stress biomarkers are
increased in both articular inflammation sites and plasma of
patients with rheumatoid arthritis [3-5].

In addition to affecting the articular cartilage, rheumatoid
arthritis also evokes marked inflammatory responses and immu-
nological alterations in other organs, such as lungs, vascular
tissue, liver, and muscles [6-9]. Metabolic alterations are equally
prominent, such as for example the muscle wasting condition
known as rheumatoid cachexia, which is mediated by TNF-o and
IL-1B and occurs in approximately two-thirds of all patients with
rheumatoid arthritis [10]. With respect to the liver, several
alterations caused by arthritis have been reported. Mitochondria
from rats with adjuvant-induced arthritis present higher rates of
oxygen uptake in the absence or presence of exogenous ADP [11].
Consistently, perfused livers from rats with adjuvant-induced
arthritis also present higher rates of oxygen uptake as well as
reduced gluconeogenesis from various substrates, increased gly-
colysis, modifications in the urea cycle, reduced metabolism of
xenobiotics, and reduced albumin synthesis accompanied by
elevation of the serum inflammatory globulins [11-16]. The
adjuvant-induced systemic inflammation also results in higher
activities of hepatic transaminases in the plasma and changes in
the hepatocellular morphology, which shows irregularly shaped
mitochondria and lysosomes [17]. Considering the participation
of ROS in rheumatoid arthritis [3,4], as mentioned above, it is
possible that the hepatic biochemical and histological alterations
are associated with and influenced by changes in the oxidative
state of the liver cells, particularly within the mitochondria and
peroxisomes, which are the organelles directly involved in oxida-
tive metabolism.

Taking this hypothesis into consideration, the present work was
planned to investigate the oxidative status of the liver of rats with
adjuvant-induced arthritis. This is an experimental immunopathol-
ogy in rats that shares many features of human rheumatoid
arthritis and is often used as a model for studying autoimmune
chronic inflammation [18-20]. As mentioned above, several meta-
bolic alterations caused by arthritis have been reported, but no
details are known about the oxidative state of the liver cells in
arthritic rats. It is also of particular interest to know how arthritis
affects the oxidative state of the various cell organelles. This study
aims to fill this gap by providing a detailed picture about the
oxidative state of the rat liver under the influence of adjuvant-
induced arthritis, which in turn, should also allow extrapolations
for the liver of patients with rheumatoid arthritis.

Material and methods
Chemicals

Dinitrophenylhydrazine (DNPH), 2’,7'-dichlorofluorescein dia-
cetate (DCFH-DA), oxidized dichlorofluorescein (DCF), 1,1’,3,3'-
tetraethoxypropane, horseradish peroxidase, o-phthalaldehyde
(OPT), reduced glutathione (GSH), oxidized glutathione (GSSG),
glutathione reductase (GRd), and nitrate reductase were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA). Commercial
kits for albumin, AST, and ALT were purchased from Gold Analisa
Diagnostica Ltda (Belo Horizonte, Brazil). All other chemicals were
of analytical grade.

Animals and treatments

Male Holtzman rats were fed ad libitum with a standard
laboratory diet (Nuvilab, Colombo, Brazil) and maintained on a

regulated light-dark cycle. For the induction of adjuvant arthritis,
animals weighing 180-210 g were injected in the left hindpaw
with 0.1 ml of Freund’s adjuvant (heat-inactivated Mycobacterium
tuberculosis, derived from the human strain H37Rv), suspended in
mineral oil at a concentration of 0.5% (w/v). Animals showing the
characteristic lesions at 21 days after adjuvant injection were
selected for the experiments [18]. Rats of similar weights were
injected with mineral oil and served as controls. All experiments
of adjuvant arthritis induction were done in accordance with the
worldwide accepted ethical guidelines for animal experimentation
and previously approved by the Ethics Committee for Animal
Experimentation of the University of Maringa (Protocol 062/08-CEEA).

Liver homogenate and subcellular fraction preparations

Rats were fasted for 18 h and then decapitated, and the livers
were immediately removed, freeze-clamped, and stored in liquid
nitrogen. The tissue was then homogenized in a Dounce homo-
genizer with 10 volumes of ice-cold 0.1 M potassium phosphate
buffer (pH 7.4) and an aliquot was separated for use as total
homogenate. The remaining homogenate was centrifuged at
11,000g for 20 min and the supernatant separated as the soluble
fraction of homogenate.

The mitochondrial and peroxisomal fractions were isolated by
differential centrifugation [21]: 600g (10 min) and 7000g (10 min)
for mitochondria, then the supernatant was additionally centri-
fuged at 15,000g (5 min) and 39,000g (10 min) for peroxisome
precipitation. Disrupted mitochondria were obtained by repeated
freeze-thawing procedures in liquid nitrogen. For preparing dis-
rupted peroxisomes, the pellet was treated with Triton X-100
(final concentration of 0.04%).

For obtaining the soluble cytosolic fraction, the liver was
excised in 0.1 M potassium phosphate buffer (pH 7.4) and homo-
genized. The postmitochondrial supernatant was centrifuged at
105,000g for 1 h to precipitate the organelles, and the supernatant
was collected as the soluble cytosolic fraction. Protein content in
homogenates and subcellular fractions was measured as
described by Lowry et al. [22].

Oxidative injury parameters

The liver homogenate, disrupted mitochondria, disrupted
peroxisomes, and soluble cytosolic fraction were assayed for
oxidative damage parameters. Lipid peroxidation was evaluated
by means of the TBARS (thiobarbituric acid-reactive substances)
assay [23]. The amount of lipoperoxides was calculated from the
standard curve prepared with 1,1’,3,3'-etraethoxypropane and the
values were expressed as nmol (mg protein)~!. Protein carbonyl
group contents were measured spectrophotometrically using
DNPH (g370=22 x 10°M~! cm~') and the values were
expressed as nmol (mg protein)~! [24].

Additionally the TBARS production in intact mitochondria was
measured after induction with FeCl; [25]. Briefly, mitochondria
(1 mg protein) were added to 1.5ml of a reaction mixture
containing 250 mM mannitol, 6 mM o-ketoglutarate, 0.2 mM
FeCls, 2 mM ADP, and 10 mM Hepes buffer (pH 7.2). The reaction
mixture was incubated at 37 °C for 20 and 40 min under shaking
and 0.5 ml was transferred to 2 ml of a medium containing 15%
trichloroacetic acid, 0.375% thiobarbituric acid, 0.25 mM HCI, and
0.01% butylated hydroxytoluene. This suspension was incubated
for 15 min at 95 °C and subsequently centrifuged for 10 min at
10,000g. The TBARS in the supernatant were estimated by
spectrophotometry at 532nm (£53,=1.56 x 10°M~! cm™1)
and the values expressed as nmol (mg protein)~ .
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ROS measurement

Reactive oxygen species were assessed in the homogenate
supernatant, disrupted mitochondria, disrupted peroxisomes, and
soluble cytosolic fraction. Total ROS content was quantified via
the DCFH-DA assay as previously described [26]. Acetate groups
of DCFH-DA allow it to enter the organelles. These groups are
removed by esterases producing the reduced DCFH within the
organelle, which can be oxidized by peroxides to the fluorescent
oxidized DCF. The formation of DCF was measured immediately
after stopping the reaction on ice with a spectrofluorimeter (RF-
5301; Shimadzu) in which the excitation and emission wave-
lengths were set at 504 and 529 nm, respectively. A standard
curve with oxidized DCF was used to express the results as nmol
(mg protein)~ .

The rate of mitochondrial ROS production (real-time ROS
production), basically H,0,, was estimated by measuring the
linear fluorescence increase (504 nm for excitation and 529 nm
for emission) due to DCF formation from DCFH via oxidation by
H,0, in the presence of horseradish peroxidase [27]. Briefly,
intact mitochondria (0.5 mg) were suspended in 2 ml of a mixture
containing 250 mM mannitol, 1.36 pM DCFH-DA, 10 mM Hepes
buffer (pH 7.2), and 10 mM succinate or 10 mM o-ketoglutarate
as respiratory substrates. The reaction was initiated by the
addition of 0.4 uM horseradish peroxidase and the fluorescence
recorded for 10 min under agitation. The results were expressed
as nmol min~"' (mg protein)~ .

The peroxisomal H,0, production was assessed by the acyl-
CoA oxidase activity as described previously [28], with modifica-
tions. Briefly, intact peroxisomes (0.4 mg) were suspended in
2.0ml of a medium containing 11 mM potassium phosphate
buffer (pH 7.4), 0.04% Triton X-100, 1 mM NAD*, 26 uM DCFH-
DA, and 2 U of horseradish peroxidase. After 5 min incubation in
the dark, the reaction was initiated with 30 pM palmitoyl-CoA
and the fluorescence (495 nm for excitation and 520 nm for
emission) was monitored for 10 min. Peroxisomal degradation
of fatty acids produces H,0, and other oxygen radicals, which
oxidize DCFH. The results were calculated using a standard
curve with oxidized DCF and the values expressed as nmol
(mg protein)~ 1.

Glutathione assay

GSH and GSSG were measured in the total homogenate,
soluble cytosolic fraction, disrupted mitochondria, and disrupted
peroxisomes. The GSH and GSSG contents were measured spec-
trofluorimetrically (excitation 350 nm and emission 420 nm) by
means of the OPT assay as described previously [29]. The
fluorescence was estimated as GSH. For the GSSG assay, the
sample was previously incubated with 10 mM N-ethylmaleimide
and subsequently with a mixture containing 1 M NaOH and
0.4 uM OPT to detect the fluorescence. The results were calcu-
lated using a standard curve prepared with GSH or GSSG and the
values were expressed as pmol (g liver)~! or, alternatively, as
nmol (mg protein)~ 1.

Nitrite plus nitrate contents

The nitrite+nitrate contents were measured in the total
homogenate, disrupted mitochondria, disrupted peroxisomes,
and soluble cytosolic fraction. Nitrate was first converted into
nitrite by adding the enzyme nitrate reductase and the total
nitrite was quantified by the Griess method [30]. The results were
expressed as nmol (mg protein)~!.

Enzyme assays

Antioxidant enzymatic activities were assessed in the homo-
genate supernatant, cytosolic fraction, and supernatant of both
disrupted mitochondria and disrupted peroxisomes. The catalase
activity was estimated by measuring changes in absorbance at
240 nm using H,0, as substrate and expressed as pmol min !
(mg protein)~! [31]. The GRd activity was estimated by measur-
ing changes in absorbance at 340 nm using NADPH and GSSG as
substrates and expressed as nmol min~' (mg protein) ! [31]. The
superoxide dismutase (SOD) activity was estimated by its capa-
city to inhibit pyrogallol autoxidation in alkaline medium. This
was measured at 420 nm [32]. One SOD unit was considered the
quantity of enzyme that was able to promote 50% inhibition and
the results were expressed as U (mg protein)~!. The glucose-6-
phosphate dehydrogenase (G6PDH) activity was estimated by
measuring the increase in absorbance at 340 nm due to NADP*-
dependent glucose 6-phosphate transformation and expressed as
nmol min~! (mg protein)~! [31]. The glutathione peroxidase
activity was estimated by measuring changes in absorbance at
340 nm due to NADPH consumption in the presence of H,0,, GSH,
and glutathione reductase and expressed as nmol min~!
(mg protein)~' [33]. The cytochrome c oxidase activity was
measured in mitochondria disrupted by freeze-thawing [34].
The oxidation rate of ferrocytochrome ¢ was monitored at
550 nm and quantified using the molar extinction coefficient
€550 nm=19,000cm~! M~'. The results were expressed as nmol
min~! (mg mitochondrial protein)~!. The activity of nitric oxide
synthase was measured spectrophotometrically by following the
oxidation of oxyhemoglobin to methemoglobin (401-—411 nm;
£=38,600 M~ ! cm~') and the results were expressed as nmol NO
min~! (mg protein)~! [35]. The activity of constitutive and mito-
chondrial nitric oxide synthase was measured in the presence of
1.0 mM CaCl;, and the inducible nitric oxide synthase in the absence
of CaCl, and presence of 20 mM EGTA [36]. For determination in the
total homogenate, the liver was previously perfused with 0.9% NaCl to
remove the excess of blood.

Plasma analytical assays

Albumin, total protein, and AST and ALT activities were
assessed in the plasma. The peritoneal cavity of anesthetized rats
was exposed and blood was collected from the vena cava. After
centrifugation at 3000g for 10 min, albumin and the enzymatic
activities were measured by spectrophotometry using commercial
kits. Total protein was assayed as described by Lowry et al. [22].

Statistical analysis

The error parameters presented in graphs and tables are
standard errors of the mean. Statistical analysis was done by
means of the GraphPad Prism software (version 5.0). The Student
t test was applied and the 5% level (p <0.05) was adopted as a
criterion of significance.

Results
Characterization of the experimental model

The first measurements consisted in indicators of cachexia and
chronic inflammation in the rats after 21 days of adjuvant
injection. The ALT and AST activities were also assessed in the
plasma to evaluate the degree of liver damage. The results are
shown in Table 1. The weight of the arthritic rats was 60% of that
of the healthy controls at similar age and kept under the same
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Table 1
Parameters of cachexia, chronic inflammation, and liver involvement in rats with
adjuvant-induced arthritis.

Parameter Controls Arthritis
Cachexia

Rat weight (g) 295.7 + 5.6 175.3 + 2.6*
Liver fresh weight (g) 7.51+0.36 7.35+0.38
Chronic inflammation

Total plasma protein (mg/ml) 59.34 + 1.82™* 67.45 + 0.61**
Plasma albumin (mg/ml) 20.00 + 0.85* 11.42 +0.51*
Plasma globulin (mg/ml) 39.36 +1.73* 56.03 + 0.31*
Albumin/globulin ratio 0.51 + 0.04* 0.20 + 0.01*
Liver involvement

AST (U/L) 69.6 + 4.8 99.8 +£9.2™*
ALT (U/L) 31.1+05 29.8+2.6

Total protein, albumin, AST, and ALT were assessed in the plasma as described
under Material and methods. Plasma globulin was calculated by subtraction of
albumin from the total protein concentration. The values represent the mean-
s + standard errors of the mean of five or six observations for each experimental
condition.

Pairs of values in the same line labeled with asterisks are statistically different:

* p<0.0001
**p<0.05
§ 25 1 " # W Control
o i ] [ Arthritis
a 2.0 1
o
£
s 151
o
° 4
g 1.0
=
% 0.5 4
- . [
Homeogenate Mitochondria Peroxisomes Cytosol

Fig. 1. Lipoperoxide levels in the homogenate and subcellular fractions of livers
from control and arthritic rats. Lipid peroxidation was evaluated by means of the
TBARS assay in the total homogenate, disrupted mitochondria, disrupted peroxi-
somes, and cytosolic soluble fraction. The amount of lipoperoxides was calculated
from the standard curve prepared with 1,1’,3,3'-tetraethoxypropane and the
values are expressed as nmol (mg protein)~'. The values are the means + standard
errors of the mean of four to six animals for each experimental condition. Labeled
pairs of columns represent statistically different observations: *#p < 0.05.

conditions. However, no difference was noted in the fresh weight
of the livers. The chronic inflammation was evidenced by the
levels of the plasma proteins and the albumin/globulin ratio.
Arthritic animals showed a reduction of 43% in the plasma
albumin levels and an increase of 42% in the plasma globulins.
It can also be observed that the plasma total proteins were 13%
higher in the arthritic rats. The AST activity was only slightly
increased in the plasma of arthritic rats (43%) but no changes
were found in the ALT activity. The latter is usually regarded as a
specific indicator for hepatic damage, whereas AST may be elevated
in diseases of other organs such as the heart or muscle [37]. It should
be mentioned that AST elevations under 100% are considered discrete
and not indicative of serious liver damage [37].

Tissue oxidative stress

Oxidative stress in the liver was evaluated by measuring the
levels of TBARS and protein carbonyl groups in the total homo-
genate, isolated mitochondria, isolated peroxisomes, and soluble
fraction of the cytosol. The TBARS levels shown in Fig. 1 were
referred to the protein content of each cell fraction. This proce-
dure seems reasonable because the ratios of fresh liver weight
per protein content in the homogenate were similar for the

75 -
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#
3.0
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H
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D, "
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Fig. 2. Protein carbonyl contents in the homogenate and subcellular fractions of
livers from control and arthritic rats. The protein carbonyl contents were
measured in the total homogenate, disrupted mitochondria, disrupted peroxi-
somes, and soluble fractions of the cytosol. Measurements were done spectro-
photometrically using DNPH (g370=22 x 10°M~! cm~') and the values were
expressed as nmol (mg protein)~' as described under Material and methods. The
values are the means + standard errors of the mean of four to six animals for each
experimental condition. Labeled pairs of columns represent statistically different
observations: sp < 0.0001, s%p < 0.001, #p < 0.01.

control and arthritic conditions, i.e., 534+0.22 and 5.91 +
0.28 g/g (p=0.1362), respectively. Arthritic rats presented higher
levels of TBARS in the total homogenate (36%), mitochondria
(20%), and peroxisomes (16%). No difference in the cytosolic
TBARS was observed. It is worth mentioning that the TBARS
contents of the cytosolic fraction are the smallest of all examined
fractions.

Fig. 2 shows the results of the measurements of protein
carbonyl groups. Arthritic rats presented higher levels of protein
carbonyl groups in the total homogenate (75%) and in all
subcellular fractions (189, 227, and 260%, respectively, for mito-
chondria, peroxisomes, and cytosol). For this parameter the
differences between arthritic and control rats were more pro-
nounced than those found for the TBARS levels.

It is possible to induce ROS generation in isolated mitochon-
dria by using FeCls and, consequently, producing lipoperoxides
in vitro. Because the levels of TBARS were increased in the liver
mitochondria of arthritic rats, experiments were planned to
quantify the TBARS generation in isolated mitochondria after
the addition of FeCls. The results are shown in Fig. 3. The TBARS
generation in the absence of FeCl; was minimal. In the presence of
FeCl; the TBARS generation increased with time and was more
pronounced in mitochondria from arthritic rats (Fig. 3A). The
same experiments were done in the presence of rotenone,
because inhibition of complex I of the respiratory chain tends to
increase ROS generation [38]. Under these conditions the TBARS
generation was increased in mitochondria from both control
(32%; p=0.011) and arthritic rats (27%; p=0.001) after 40 min
incubation. Also in the presence of rotenone, however, the TBARS
generation was clearly higher in mitochondria from arthritic rats
(Fig. 3B). It should be stressed that the adjuvant-induced arthritis
does not modify the viability of the mitochondria, as can be
judged from the respiratory control and ADP/O ratios [11].

ROS content and generation

Total ROS content was assessed in the total homogenate and in
all subcellular fractions. The results are shown in Fig. 4. Arthritic
rats presented higher levels of ROS than controls in the total
homogenate (46% higher) and in all subcellular fractions (51, 38,
and 55% higher for mitochondria, peroxisomes, and cytosol,
respectively). Real-time ROS generation was measured in mito-
chondria and peroxisomes and the results are shown in Table 2.
Basal ROS generation was relatively low, but most additions
(substrates, aminotriazole and rotenone, as specified) to either
system, mitochondria or peroxisomes, resulted in increases in
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Fig. 3. Production of TBARS induced by FeCl; in isolated liver mitochondria from
control and arthritic rats. The mitochondrial TBARS generation was determined at
20 and 40 min of incubation in (A) the absence and (B) the presence of rotenone as
described under Material and methods. The incubation conditions were 10 mM
Hepes buffer (pH 7.2), 250 mM mannitol, 6 mM a-ketoglutarate, 0.2 mM FeCls,
2 mM ADP, 10 uM rotenone, and mitochondria (0.67 mg protein/ml). The values
are the means + standard errors of the mean of four animals for each experimental
condition. Asterisks indicate statistical significance of the differences between
control and arthritis (sp < 0.01; Student’s t test).
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Fig. 4. Reactive oxygen species content of the homogenate and subcellular
fractions of livers from control and arthritic rats. The ROS content was measured
in the total homogenate, disrupted mitochondria, disrupted peroxisomes, and
cytosolic soluble fraction. The ROS contents were quantified via the DCFH-DA
assay. The formation of DCF was measured fluorimetrically (excitation and
emission wavelengths were set at 504 and 529 nm). A standard curve with
oxidized DCF was used to express the results as nmol (mg protein)~'. The values
are the means + standard errors of the mean of four to six animals for each
experimental condition. Labeled pairs of columns represent statistically different
observations: skp <0.001, *#p<0.05 for difference between control and
arthritic rats.

Table 2
ROS generation in isolated liver mitochondria and peroxisomes from control and
arthritic rats.

Substrate Control Arthritis
Mitochondrial ROS generation (mmol/min per mg protein)

No additions 0.097 +0.021 0.085 4+ 0.011
Succinate 0.205 +0.017 0.157 +0.024
Succinate + rotenone 0.336 +0.014 0.352 +0.058
Succinate+aminotriazole 0.364 + 0.045 0.404 +0.018
o-Ketoglutarate 0.188 + 0.024 0.176 + 0.045
o-Ketoglutarate + rotenone 0.161 + 0.030 0.173+0.014
o-Ketoglutarate + aminotriazole 0.295 + 0.036 0.330+0.034
Peroxisomal ROS generation (mmol/min per mg protein)

No additions 0.447 + 0.054 0.3734+0.031
Palmitoyl-CoA 0.669 + 0.066 0.558 + 0.040
Palmitoyl-CoA+aminotriazole 1.125 + 0.099 1.194 +0.080

The generation of reactive oxygen species, predominantly H,0,, was measured in
isolated mitochondria and peroxisomes as described under Material and methods.
Rotenone (10 utM) and aminotriazole (a catalase inhibitor; 40 mM) were added to
enhance the ROS production. The values represent the means + standard errors of
the mean of four or five animals for each experimental condition.

ROS generation. The exception was the addition of rotenone in the
presence of a-ketoglutarate, which did not produce an increase in
ROS generation. In no case, however, was there any significant
difference between the control and the arthritic condition.

Enzyme activities

The activities of the enzymes catalase, glutathione peroxidase,
glutathione reductase, SOD, G6PDH, cytochrome c oxidase, and
NO synthase were measured in the total homogenate and sub-
cellular fractions. Table 3 shows the enzymatic activities mea-
sured in the total homogenate. The results are presented per gram
of fresh tissue and per milligram of protein. The latter corre-
sponds to the specific activity. No differences were found for the
SOD and glutathione reductase activities, but the catalase and
glutathione peroxidase activities were lower in the arthritic
condition. The difference was more pronounced for the catalase
activity, the arthritic condition presenting only one-third of
the activity found for the control condition. On the other hand,
the G6PDH activity was clearly higher in the arthritic condition.
The activity of the constitutive NO synthase in the total homo-
genate was not different between control and arthritic rats, but
the inducible form was 64% higher in the arthritic condition.

The results obtained with the subcellular fractions are shown
in Table 4. Here again no significant differences between arthritic
and control rats were found for the SOD activity. The glutathione
reductase activity was clearly lower in the cytosolic fraction of
arthritic rats. The catalase activity was considerably lower for the
arthritic condition in all subcellular fractions: 86, 87, and 77% less,
respectively, in the mitochondria, peroxisomes, and cytosol. The
glutathione peroxidase activity of arthritic rats was also lower in
the mitochondria and cytosol from arthritic rats, but in the
peroxisomes it was approximately equal to the corresponding
activity found for the control rats. The cytosolic glucose-6-
phosphate dehydrogenase activity was higher in the cytosolic
fraction from arthritic rats, an observation that is consistent with
the measurements in the whole liver homogenate (Table 3) if one
considers the notion that this enzyme is mainly cytosolic. The
cytochrome c oxidase activity, which is restricted to the mito-
chondria, was revealed to be considerably increased in the
arthritic condition (+62%). The peroxisomes were revealed to
possess the highest activities of both constitutive and inducible
NO synthases [36]. In the arthritic condition these activities were
clearly higher, 119.3% in the case of the constitutive enzyme.
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Table 3
Activities of antioxidant enzymes, respiratory enzymes, and NO synthases (constitutive and inducible) in the liver homogenate of control and arthritic rats.

Parameter Referred to wet tissue weight Referred to protein content
Control Arthritis Control Arthritis

Catalase 88.61 + 3.20™ mmol/min per g 29.43 + 1.10* mmol/min per g 868.0 + 65.7** mmol/min per g 327.9 + 33.1** mmol/min per g
Glutathione reductase  4.78 + 0.18% mmol/min per g 3.99 + 0.13* mmol/min per g  48.4 + 2.2 mmol/min per g 38.7 + 3.6 mmol/min per g
SOD 226.5+129 Ujg 184.9+17.U/g 2.32+0.13 U/mg 2.15+0.14 U/mg
Glutathione peroxidase 25.83 + 1.67** mmol/min per g 14.52 + 1.20" mmol/min per g 258.8 +24.5** mmol/min per g 172.9 +22.7** mmol/min per g
G6PDH 2.39 + 0.28** mmol/min per g 3.56 + 0.30"* mmol/min per g 22.8 +3.2** mmol/min per g  40.2 + 1.9 mmol/min per g
Constitutive NOS 0.328 + 0.03 mmol/min per g 0.359 + 0.01 mmol/min per g 1.96 + 0.05 mmol/min per g 1.58 + 0.15 mmol/min per g
Inducible NOS 0.54 + 0.03* mmol/min per g 0.88 + 0.02** mmol/min per g 0.173 + 0.01** mmol/min per g 0.298 + 0.02* mmol/min per g

NOS, nitric oxide synthase. The enzymatic activities were measured in the liver as described under Material and methods and expressed per gram of wet tissue and per milligram of
protein in the homogenate supernatant (specific activity). The values represent the means + standard error of the mean of five to seven animals for each experimental condition.
Pairs of values in the same line labeled with superscripts are statistically different according to Student’s ¢ test:

*.

p <0.0001.

**p<0.001.

#p<0.01.

## p <0.05.

Table 4
Activities of antioxidant enzymes, respiratory enzymes, and NO synthases (constitutive and inducible) in the subcellular fractions of livers from control and arthritic rats.

Parameter Mitochondria Peroxisomes Cytosol

Control Arthritis Control Arthritis Control Arthritis
Catalase (mmol/min per g) 4786.2 + 512.9* 676.7 + 96.8* 958.0 + 138.2* 127.1+17.8* 1265.2 +57.8* 291.8 +49.3*
Glutathione reductase (mmol/min per g) 13.24 +1.76 11.00 + 0.60 252 +1.6 183 +2.7 110.0 + 4.5% 80.5 + 4.6%
SOD (U/mg) 2.184+0.10 230+0.14 1.05+0.13 0.89+0.15 4.07 +£0.25 3.48 +0.10
Glutathione peroxidase (mmol/min per g) 206.6 + 16.7%# 136.8 + 4.9%* 75.20 + 8.47 69.23 +7.19 501.9 +19.6* 296.1 +13.2*
G6PDH (mmol/min per g) — — — — 30.79 + 1.50%# 48.60 + 4.95%*
Cytochrome c oxidase (mmol/min per g) 290.9 + 46.5%# 471.6 + 45.7%* — — — —
Constitutive NOS (mmol/min per g) 0.10 + 0.01%# 0.40 +0.12%# 1.41+0.69 3.11+0.88 Not detected Not detected
Inducible NOS (mmol/min per g) Not detected Not detected 1.24 + 0.29%# 2.72 +0.41%# 0.063 + 0.02** 0.30 +0.03**

NOS, nitric oxide synthase. The enzyme activities in the various subcellular fractions were measured as described under Material and methods and referred to the protein
content. The values represent the means + standard errors of the mean of four to six animals for each experimental condition.
Pairs of values in the same line labeled with superscripts are statistically different according to Student’s t test:

*p < 0.0001

** p<0.001.

#*p<0.01.

## p <0.05.

The mitochondrial NO synthase, which is constitutive, revealed 50 - #
only a discrete activity that was three times higher in the arthritic

condition, whereas the inducible enzyme was not detected in this 40 El Control #
organelle. The opposite was found in the cytosol: no constitutive [ Arthitis
NO synthase activity was detected, but a relatively low inducible 30

NO synthase activity was detected, which was four times higher
in the arthritic condition.

Nitrite plus nitrate levels

Nitrate + nitrite contents
(nmol per mg protein)

The indirect markers of NO, its decomposition products nitrate

20 -
#
10
and nitrite, were measured in the total homogenate and in all 0. -

subcellular fractions. The results are shown in Fig. 5. The nitri- é@ $& 2 e°\
te+nitrate contents were 112 and 35% higher, respectively, in the &“ & . 6)o‘° (ﬁ’)@
peroxisomes and in the cytosol of arthritic rats compared to the S ° .\o‘}\ @-\-‘
controls. No difference was found in the mitochondria. Surpris- > » Q®
ingly, in the total homogenate of arthritic rats the nitrite + nitrate
levels were 32% lower Fig. 5. Nitrite+ nitrate concentrations in the homogenate and subcellular fractions of
: control and arthritic rat livers. The nitrite+ nitrate contents were measured in the
X total homogenate, disrupted mitochondria, disrupted peroxisomes, and cytosolic
Glutathione levels soluble fraction as described under Material and methods. The values are the
means + standard error of the mean of three to four animals in each experimental
Table 5 shows the levels of oxidized and reduced glutathione condition. *p < 0.05 for the difference between control and arthritic rats.

that were found in the liver homogenate. Here again the results

were referred to the liver fresh weight and, alternatively, to the considerably diminished in the arthritic condition (arthritic
protein content. Irrespective of the way in which the contents around 40% of the control). This was the consequence of both a
were calculated it turns out that the GSH/GSSG ratio was diminution of the GSH content and an increase in the GSSG
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Table 5

Reduced (GSH) and oxidized (GSSG) glutathione contents in the liver homogenate of control and arthritic rats.

Parameter Referred to wet tissue weight Referred to protein content
Control Arthritis Control Arthritis
GSH 3.39 +0.22** umol/g 1.84 + 0.17** umol/g 15.84 + 1.10** nmol/mg 10.93 + 1.59** nmol/mg
GSSG 0.365 + 0.025** pmol/g 0.515 + 0.053** pmol/g 1.78 + 0.24*# nmol/mg 3.00 + 0.34** nmol/mg
GSH+(2 x GSSG)  4.12+0.23*# pmol GSH units/g ~ 2.87 + 0.15** umol GSH units/g ~ 19.40 + 1.50 nmol GSH units/mg  17.93 + 1.86 nmol GSH units/mg
GSH/GSSG 9.28 +0.92** 3.57 + 0.60™* 8.89+0.90 3.64 + 0.57**

Measurements are described under Material and methods. The results are expressed per gram of wet tissue and per milligram of protein in the homogenate. The values
represent the means + standard error of the mean of five animals in each experimental condition.

Pairs of values in the same line labeled with superscripts are statistically different:

** p <0.001.
## < 0.05.

Table 6

Reduced and oxidized glutathione content in the subcellular fractions of livers from control and arthritic rats.

Parameter Mitochondria Peroxisomes Cytosol

Control Arthritis Control Arthritis Control Arthritis
GSH (nmol/mg) 5.07 +0.36™* 2.51+0.36™ 1.27 +0.23%# 0.52 + 0.07*# 20.37 +2.80%# 11.06 + 1.00%*
GSSG (nmol/mg) 1.12+0.10* 2.02 + 0.08* 0.38 +0.05 0.47 +0.05 9.19 + 0.47%# 11.67 + 0.84%*
GSH+(2 x GSSG) (nmol GSH units/mg) 7.31+0.52 6.53 +0.45 2.03 +£0.55 1.46 + 0.38 38.75+2.08 34.40 + 1.96
GSH/GSSG 4.52 +0.38* 1.24+0.18* 3.34 +1.03 1.11+0.25 2.21 +0.41%# 0.95 + 0.19%#

Measurements are described under Material and methods. The results are expressed per milligram of protein. The values represent the means + standard error of the mean

of five or six animals in each experimental condition.
Pairs of values in the same line labeled with superscripts are statistically different:

* p < 0.0001.
** p <0.001.
## < 0.05.

content. The total content of both forms, i.e., GSH+GSSG, may
have slightly decreased in the arthritic condition, but a statisti-
cally significant difference was found only when the contents
were expressed in terms of the fresh liver weight. Similar
decreases in the GSH/GSSG ratio for the arthritic condition were
found in mitochondria, peroxisomes, and cytosol, as revealed by
Table 6. In peroxisomes this was the consequence of a diminished
GSH content. In the mitochondria and in the cytosol it was the
result of both diminished GSH content and increased GSSG
content. The total content, i.e., the sum GSH+ GSSG, presented
no significant differences in the cellular fractions analyzed.

Discussion
Oxidative damage and ROS contents

The results of this investigation reveal that the oxidative stress
is increased in the liver of rats with adjuvant-induced arthritis
compared with normal healthy animals. This can be concluded
from the higher levels of TBARS and protein carbonyl groups
found in the total liver homogenate as well as in the mitochon-
dria, peroxisomes, and cytosol. This conclusion is also allowed by
the clearly higher levels of ROS in the whole liver and of the NO
markers nitrite+nitrate in the cytosol and peroxisomes. These
observations are highlighted in Fig. 6, which attempts to repre-
sent in a schematic way the events that could have led arthritic
rats to (1) increased hepatic production of reactive oxygen and
nitrogen species coupled to a (2) diminished capacity of detox-
ification via the ROS scavenger system. These two aspects are
discussed separately in the following paragraphs. Concerning
more specifically the observations about oxidative damage,
higher TBARS levels in the total liver homogenate had already
been reported [39]. In the present study we have extended the
experimental approach by measuring also protein carbonyl

groups, which allows a more complete and reliable evaluation
of oxidative stress. The protein carbonyl groups should be
preferred when oxidative stress is evaluated in isolated organelles
because the protein content is almost unaffected during the
isolation procedures, whereas TBARS are protein-independent
and can get lost. An increase in protein carbonyl groups has been
also demonstrated in the articular fluids of patients with rheu-
matoid arthritis [40].

Although ROS have rather short half-lives, the technique used
in this work for their detection, the DCFH-DA probe, has been
employed successfully in several studies [41]. Even under appro-
priate conditions, H,O, and other ROS are normally decomposed
or lost during the organelle isolation, mainly because of mem-
brane diffusion or inactivation. Thus, the ROS contents found in
the mitochondria, peroxisomes, and cytosolic fractions do not
represent the situation just after extraction. However, the higher
levels that were found in hepatic cellular fractions from arthritic
rats may be reflecting the fact that the fractional loss and
inactivation of ROS are independent of their concentrations so
that higher levels at a given time also represent higher initial
levels. On the other hand, it is important to highlight that the
DCFH probe is not specific for H,0, and ROS, because it also reacts
with other reactive species, including lipid hydroperoxides [42].
Moreover, DCFH can also be oxidized in a ROS-independent
manner by cytochrome c and Fe*?2 [42]. For this reason the ROS
contents as measured by the DCFH probe must always be
examined in the context of the other oxidative stress indicators.

The enhanced ROS generation

The scheme in Fig. 6 proposes that the increased oxidative
metabolism in the liver of arthritic rats is at least partly respon-
sible for an increased generation of reactive oxygen species. The
rats used in this study revealed many signs of cachexia and
chronic inflammation (see Table 1 and [10]), including diminished
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Factors determining oxidative stress in the liver cells of
arthritic rats
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Fig. 6. Schematic representation of the events leading to increased oxidative stress in the liver cells of rats with adjuvant arthritis. The scheme is discussed in the text and
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plasma albumin and increased plasma globulins and elevated
levels of plasma TNF-a, IL-18, and IL-6, which are well-known
metabolic regulators [13]. High catabolic activity is characteristic
of cachexia and work published over the past years has confirmed
that the oxidative metabolism is considerably enhanced in the
liver of adjuvant-induced arthritic rats [11,14,15,43]. Fig. 6 illus-
trates the most important observations. Livers from arthritic rats
present higher activity of glucokinase and a diminished activity of
glucose 6-phosphatase, a combination that leads to higher levels
of glucose 6-phosphate and also to higher rates of glycolysis
[15,43]. The pentose-monophosphate shunt should be also
increased, as can be expected from the higher levels of glucose
6-phosphate [43] combined with the increased activity of
glucose-6-phosphate dehydrogenase observed in this work. It
should be mentioned that the higher activity of glucose-6-
phosphate dehydrogenase in arthritic rats is in accordance with
the induction of both activity and expression of this enzyme by
agents that promote oxidative stress in the rat liver, such as
hydrogen peroxide and t-butylhydroperoxide [44]. Furthermore,
the glucose-6-phosphate dehydrogenase activity is increased in
the liver of rats with cachexia induced by TNF-a [45]. Perfused
livers from arthritic rats are generally characterized by higher
rates of oxygen uptake under several conditions [11]. Although
this can be brought about by an increased flux of reducing
equivalents from the cytosol in the case of increased glycolysis,
there is equally evidence for an increased activity of the mito-
chondrial respiratory chain. In fact, isolated mitochondria from
arthritic rats respire more intensely in both the presence and the
absence of ADP [11], an observation that is consistent with the
increased cytochrome c activities found in this work. Taken as a
whole all these observations are consistent with a more intense

oxidative metabolism in the liver of arthritic rats, a phenomenon
that should also generate a more oxidizing environment and a
more intense production of ROS.

Another factor that can also be responsible for the increased
generation of both reactive oxygen species and reactive nitrogen
species in arthritis is the enhanced NO-synthase activity (Fig. 6).
The same agents that also increase oxidative metabolism, TNF-o,
IL-1B, IL-6, and others [13], are equally responsible for increasing
the activity of the inducible NO synthase in several tissues.
Increased tissue levels of NO result in the formation of reactive
nitrogen species such as peroxynitrite, equally able to produce
oxidative tissue injury by itself or to generate reactive oxygen
species [46]. It should be remarked that our observations with
respect to the NO levels (as indicated by the nitrate+ nitrite
contents) and NO-synthase activities are compatible with the
enhanced nitrate excretion and the increased expression of NO
synthase mRNA found in the liver and joints of adjuvant- and
collagen-induced arthritic rats [47]. It should be recalled, how-
ever, that we found considerably higher nitrate +nitrite levels in
the peroxisomes and cytosol of arthritic rats, but a smaller
content of these markers in the total homogenate, which includes
also nuclei and extra- and intracellular membranes. This observa-
tion can also be indicating a drastic change in the compartmenta-
tion of NO in the liver of arthritic rats, a matter certainly
deserving clarification by future work.

The fact that no increased ROS production was found in
isolated hepatic mitochondria and peroxisomes from arthritic
rats does not disprove that the phenomenon occurs in vivo
because incubations with isolated organelles do not reproduce
the in vivo conditions, as inflammatory agents, for example, are
absent. In fact, isolated mouse hepatocytes presented higher
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mitochondrial ROS production in response to proinflammatory
cytokines [48] and it has also been demonstrated in rats that
inflammatory liver injuries correlate with increases in ROS
production and cytokine release [49].

Impaired ROS scavenging and low GSH/GSSG ratios due to arthritis

The results of this work strongly indicate that the ROS-
scavenging system is at least partly impaired in the liver of
arthritic rats. The superoxide dismutase activity is practically
normal in the liver of arthritic rats. If one takes into account the
likely possibility discussed above of an accelerated oxidative
metabolism in the liver of arthritic rats this could equally mean
higher rates of hydrogen peroxide production (1respiratory
activity —» 03~ — H,0,). Decomposition of H,0,, in turn, can be
expected to be impaired in the arthritic condition by virtue of the
marked deficiency in catalase, which is reduced by at least 70% in
the arthritic condition. In the case of the GSH peroxidase reaction,
decomposition of H,0, is possibly further impaired by the fact
that the GSH concentration and the GSH/GSSG ratio were revealed
to be considerably lower in the arthritic condition. The catalase
found in mitochondrial preparations deserves a few comments.
The presence of this enzyme in mitochondria is controversial and
it is not clear if catalase is an intrinsic component of the
mitochondrial antioxidant system [50] or if its presence in
mitochondrial preparations results from a contamination by
peroxisomes [51]. We tend to believe that the catalase activity
found in the mitochondrial preparations represents at least partly
the mitochondrial enzyme rather than a peroxisomal contamina-
tion because higher activities were found in the mitochondria.

The levels of GSH and GSSG found in this work in the total liver
homogenate are very close to those reported previously for
freeze-clamped livers from fasted rats [52]. These levels reflect,
thus, most probably the true physiologic conditions. Losses of
GSH occur during tissue processing [52] so that the absolute
levels found in the various cell fractions do not reflect the
physiologic conditions. Both the GSH contents and the GSH/GSSG
ratios in the arthritic condition were, however, consistently lower
in all cell fractions that were examined so that, in comparative
terms, they are possibly still reflecting the difference between the
healthy and the arthritic condition.

The lower GSH/GSSG ratio in the liver cells of arthritic rats is
caused mainly by the oxidation of GSH to GSSG without reduction
back to GSH, as can be deduced from the observation that the sum
(GSH+(2 x GSSG)) was much less affected by arthritis than the
individual GSH or GSSG contents. In principle the low GSH/GSSG
ratios may have several causes. High rates of transformation of
GSH into GSSG by the GSH peroxidase is one of these causes.
However, the catalytic activity of the hepatic GSH peroxidase in
arthritic rats is lower. This fact would require considerably higher
concentrations of the second substrate, namely H,0,, to produce
higher reaction rates. The kinetics of GSH peroxidase is complex,
but the general belief is that the enzyme is predominantly in the
reduced form in the presence of physiological concentrations of
the substrates [53,54]. Under such conditions the rate of H,0,
decomposition is given by the product k, [Ep][H>0-], where k_
is a second-order rate constant and [Eg] is the total GSH perox-
idase concentration [53]. Recent studies have shown that this
relation holds unless the H,0, concentration increases to con-
siderably high levels so as to exceed [Eg] [55], an improbable
situation in this study. Arthritis reduces [Ep] to 56.2% of its normal
levels so that equal rates of H,O, decomposition in the normal
and arthritic conditions would require correspondingly higher
H,0, concentrations. The required [H205 ]arthritic/[H202 Inormar ratio
for equal rates of H,0, decomposition in normal and arthritic rats
can be calculated from the GSH peroxidase activities given in

Table 3as

[HZOZ]arthritic _ [EO]normal — 25.83
[H202]normal [EO]arthritic 14.52

A [HZOZ]arthritic/[HZOZ]nOrmal ratio hlgher than 1.77 would thus
be required to produce in the liver of arthritic rats a higher net
flux through the GSH peroxidase. This is not very likely if one
takes into account the ROS contents of livers from arthritic rats,
which were revealed to be approximately 1.44 higher than those
in healthy rats (see Fig. 3). It is thus probable that the actual flux
through the glutathione peroxidase is lower in the liver of
arthritic rats so that it is also unlikely that its reaction is an
important cause of the low GSH/GSSG ratios. More important is
possibly the GSSG reduction catalyzed by the GSH reductase. The
hepatic activity of this enzyme is almost normal in arthritic rats,
but the more oxidized environment, suggested by a number of
observations discussed above, could be producing lower NADPH/
NAD™ ratios, thus reducing the substrate availability for the GSH
reductase. This enzyme works far from equilibrium in vivo and
the velocity of GSSG reduction is known to be dependent only on
the availability of the substrates GSSG and NADPH [52,56]. It is
thus possible that the low GSH/GSSG ratios reflect the general
more oxidized state of the arthritic liver, although other causes
cannot be excluded.

=1.77.

Concluding remarks

In conclusion it can be said that the results of this study reveal
that the liver of rats with adjuvant-induced arthritis present a
pronounced oxidative stress and that, in consequence, injury to
lipids and proteins is highly significant. The higher ROS content of
the liver of arthritic rats seems to be the consequence of both a
stimulated pro-oxidant system and a deficient antioxidant
defense with a predominance of the latter as indicated by the
strongly diminished activities of catalase and glutathione perox-
idase. This is an unbalanced situation that certainly contributes to
the malignancy and morbidity of the arthritis disease.
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