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Summary

Carnosine (CARN) is an anti-glycating agent able to quench
superoxide, and to neutralize 4-hydroxynonenal. Trolox-carnosine
(CARN-T) was synthesized because of its resistance against
degradation and to improve CARN antioxidant capacity. We
evaluated the impact of trolox (TRO), CARN and its derivative
CARN-T on oxidative stress (OS) in brain during rat adjuvant
arthritis (AA). The experiments were done on healthy, control
arthritic and arthritic animals with administration of CARN
150 mg/kg b.w., TRO 41 mg/kg b.w. and CARN-T 75 mg/kg b.w.
in a daily dose during 28 days. Antioxidants did not affect the
body weight on day 14, but on day 28 TRO enhanced the weight
reduction. On day 14 and 28 CARN-T and TRO reduced arthritic
score. IL-1beta, MCP-1 and MMP-9 were measured in plasma on
day 14. MCP-1 was decreased by CARN-T and TRO. All
IL-lbeta and  MMP-9
Malondialdehyde, 4-hydroxynonenal and protein carbonyls were
increased in brain. CARN, CARN-T and TRO prevented higher
lipid and protein oxidation in brain. CARN and CARN-T caused no

antioxidants reduced levels.

weight reduction like TRO that has an advantage in inflammatory
arthritis. Moreover the antioxidants administered had a similar
therapeutic effects on arthritic score, markers of inflammation in
plasma and OS in brain.
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Introduction

Carnosine (CARN) is dipeptide consisting of
B-alanine and L-histidine. It was shown to be a specific
constituent of excitable tissues of all vertebrates
exceeding that of ATP
(Boldyrev and Severin 1990). The antioxidant capacity of

accumulating in amounts
this compound is well documented, as well as its pH
buffering, osmoregulating, and metal-chelating abilities
(Boldyrev 1990). We previously showed inhibitory
properties of CARN against degradation of hyaluronan
solutions at experimental conditions in vitro. In the
reaction system with the prevalence of *OH and/or
peroxy-type radicals, CARN in 200 pmol/l concentration
tested exerted a protective action on hyaluronan
degradation (Drafi et al. 2010). A potentially useful
characteristic of CARN is its ability to act as an anti-
glycating agent (Hipkiss and Brownson 2000), to quench
superoxide anion and hydroxide radical (Rubtsov et al.
1991, Pavlov et al. 1993), and to neutralize 4-hydroxy-
nonenal (HNE) and other toxic aldehydes (Aldini et al.
2002). Trolox (TRO) — a water-soluble analog of
vitamin E is used in biological applications to reduce
oxidative stress or damage and was selected for addition
with CARN. (CARN-T) was
synthesized because of its resistance against degradation

Trolox-carnosine

by carnosinase and to improve its antioxidant capacity.
CARN-T improved the long-term memory and unlike
carnosine may increase the life span of both male and
female fruit flies (Stvolinsky et al. 2012). At the same
time, CARN-T is more stable against human serum
carnosinase attack and may circulate longer in the blood
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stream (Stvolinsky et al. 2010). In combination with its
more hydrophobic nature one can expect that CARN-T
possibly can more easily penetrate the membrane barrier
and to be more potent as a membrane protector and anti-
stressing agent compared to carnosine.

The aim of this study was to evaluate the
therapeutic potential of antioxidants, i.e. trolox,
carnosine, and its acylated derivative — trolox-carnosine
in rat adjuvant arthritis and their ability to prevent brain

tissue from oxidative stress.
Methods

Animal protocol

Adult male Lewis rats weighing 160-180 g were
obtained from Breeding Farm Dobra Voda (Slovakia).
The rats had free access to standard pellet diet and tap
water. The experimental protocol was approved by the
Ethics Committee of the Institute of Experimental
Pharmacology and Toxicology and by the Slovak State
Veterinary and Food Administration in accordance with
the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes and with Slovak legislation. AA was induced by
asingle intradermal injection of heat-inactivated
Mycobacterium  butyricum in incomplete Freund's
adjuvant (Difco Laboratories, Detroit, MI, USA) near the
tail base (Bauerova ef al. 2011a,b). Rats were randomized
into five groups (in each group 8 animals): CO — healthy
animals not treated, AA — untreated adjuvant-induced
arthritis group, arthritic groups treated by: carnosine
(CARN) 150 mg/kg b.w., trolox (TRO) 41 mg/kg b.w.
and trolox-carnosine (CARN-T) 75 mg/kg b.w. in a daily
oral dose during 28 days. Body weight of rats was
regularly measured before each administration of
substances to calculate the precise application doses.
During experiment on day 14 blood samples were
withdrawn from retroorbital plexus under
Zoletil®/xylasine anesthesia. After the animals were
sacrificed, blood for plasma preparation and brain was
taken at the end of the experiment (day 28). All plasmatic

samples were stored at —80 °C until biochemical analysis.

Clinical parameters. arthritic score and body weight

The arthritic score was measured as the total
score of hind paw volume (ml, max. points 8) plus paw
diameter of forelimb (mm, max. points 5) plus diameter
of scab in the site of Mycobacterium butyricum

application, measured parallel to the spinal column

(mm, max. points 5) for each animal (Kuncirova et al.
2014). Change of body weight (CBW; g) was measured
on days 1, 14 and 28. CBW was calculated as the
difference of the body mass measured on days 14 and 28
and the body weight measured at the beginning of the
experiment (day 1).

Measurement of monocyte chemotactic
(MCP-1), interleukin 1  (IL-1f)
metalloproteinase 9 (MMP-9) in plasma

For determination of MCP-1, IL-1 and MMP-9
concentration in plasma, ELISA kits from eBioscience®

protein-1

and  matrix

were used. Assay procedures were applied as described in
the product manual. Measured rat protein present in the
samples binds to anti-rat chemokine antibodies adsorbed
to the
biotinconjugated

microwells. The reaction of secondary

anti-rat chemokine antibody was
evaluated by streptavidin-HRP. Tetramethyl-benzidine
reaction with HRP bound to immune complex was
measured at 450 nm in comparison with reference
wavelength 620 nm (microplate reader MRX II, Dynex,
USA). The results were calculated from standard

calibration curve on internal standards.

Chemiluminescence measurement of plasma antioxidant
capacity

The method used is based on the measurement
of chemiluminescence in the brain homogenates and
blood plasma of experimental animals being oxidized by
Fe” ions added in excess to reaction medium (Fedorova
et al. 1999). To initiate lipid peroxidation (LPO) we add
2.5 mM Fe®' ions. The initial chemiluminescence burst
(h, mV) represents the level of preexistent LPO products
(reflects the stationary level of lipid hydroperoxides), the
lag period of Fe*'-induced oxidation (t, s) characterizes
the resistance of the sample against oxidation being
dependent on intrinsic antioxidant capacity of a biological
sample. Chemiluminescence signal was monitored using
LKB 1251 Chemiluminometer (Sweden) and was
expressed in mV (Dobrota et al. 2005).

Measurement of malondialdehyde, 4-hydroxynonal and
protein carbonyls in plasma and brain homogenates
Protein carbonyl ELISA Kit (Immundiagnostik
AG cat Ne K7822) for the determination of protein
carbonyls in biological samples was used. Principle of the
test: samples containing protein reacted with dinitro-
(DNPH); then the
constituents and unconjugated DNPH were separated by

phenylhydrazine non-protein
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ultracentrifugation. The proteins were adsorbed to an
ELISA plate and incubated with anti-DNPH antibody-
linked horseradish peroxidase. Absorbance was related to
a standard curve with oxidized serum albumin.

Malondialdehyde (MDA) ELISA Kit (Cusabio
cat Ne CSB-E08557h) for the quantitative determination
of endogenic MDA concentrations in plasma and tissue
homogenates was used. Principle of the assay: the assay
employs inhibition enzyme immunoassay technique.
Antibody specific for MDA has been pre-coated onto
a microplate. Standards and samples are pipetted into the
wells with a horseradish-peroxidase (HRP) conjugated
MDA. A competitive inhibition reaction between MDA
(standards and samples) and HRP-conjugated MDA with
the pre-coated antibody specific for MDA was launched —
the more amount of MDA in samples, then less antibody
bound by HRP-conjugated MDA will bind. Following
awash to remove any unbound reagent, a substrate
solution is added to the wells and color was developed.
The color development was stopped and the intensity was
measured.

4-hydroxynonenal (HNE) ELISA Kit (Cusabio
cat Ne CSB-E16214h) for the quantitative determination
of endogenic 4-hydroxynonenal (HNE) concentrations in
plasma and tissue homogenates was used. Principle of the
assay: this assay employs the quantitative sandwich
enzyme immunoassay technique. Antibody specific for
HNE has been pre-coated onto a microplate. Standards
and samples are pipetted into the wells and any HNE
present is bound by the immobilized antibody. After
removing any unbound substances, a biotin-conjugated
antibody specific for HNE is added to the wells. After
washing, avidin HRP is added to the wells. Following
a wash to remove any unbound avidin-enzyme reagent,
a substrate solution is added to the wells and color
develops in proportion to the amount of HNE bound in
the initial step. The color development is stopped and the
intensity of the color is measured.

Statistical analyses

Mean and SEM values were calculated for each
parameter in each group (8 animals per experimental
group). Statistically significant differences among treated
group, untreated group and control groups were tested
of Variance (ANOVA).
Post-hoc test (Tukey-Kramer) was applied in situation

using parametric Analysis

where differences among groups were significant at level
of significance 0<0.05. After post-hoc testing the following

significance designations were specified as follows:

significant  (p<0.001), highly significant
(p<0.01), significant (p<0.05), not significant (p>0.05).

extremely

Results

Clinical parameters

Body weight of animals decreased during the
experiment. The most noticeable weight reduction was on
day 21,
substances administered did not affect the change of body

when compared to healthy animals. All

weight on experimental day 14 and 21, but on day 28
TRO (p<0.01) increased the weight reduction caused by
AA (Fig. 1B). On day 14 CARN-T (p<0.01) and TRO
(p<0.05) reduced the arthritic score of animals. On
day 21 only TRO (p<0.01) had this effect and on day 28
all substances administered (CARN p<0.05, CARN-T
p<0.001 and TRO p<0.001) were effective in decreasing
the arthritic score (Fig. 1A).

Arthritic score A
CO WAA OCARN BCARN-T BTRO

*
¥ *
*

Day 14 Day 21

Body weight B

CO mAA OCARN BCARN-T @TRO
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40
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Day 21 Day 28

Day 14

Fig. 1. Clinical parameters during adjuvant arthritis (A — Time
profile of arthritic score; B — Change in body weight). Data are
expressed as mean + SEM. *** p<0.001 vs. CO - healthy
control, + p<0.05 vs. AA — adjuvant arthritis, ++ p<0.01 vs. AA,
+++ p<0.001 vs. AA.

Markers of inflammation in plasma on day 14
The plasmatic level of IL-1p during AA on
day 14 increases more than 11-times. Levels of IL-1P
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were significantly decreased by all substances
administered (p<0.001) (Fig 2A). CARN-T (p<0.05) and
TRO (p<0.01) reduced the levels of MCP-1 in plasma
(Fig. 2B). Moreover CARN, CARN-T and TRO were
effective in reducing the MMP-9 levels (p<0.001)
(Fig. 20).

Levels of IL-1f in plasma A
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Lewvels of MCP-1 in plasma B
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a
-
I

CARM-T TRO

Fig. 2. Inflammatory markers measured in plasma on day 14
(A - IL-1B; B — MCP-1; C — MMP-9). Data are expressed as mean
+ SEM. *** p<0.001 vs. CO — healthy control, + p<0.05 vs.
AA — adjuvant arthritis, ++ p<0.01 vs. AA, +++ p<0.001 vs. AA.

Markers of oxidative stress in plasma and brain tissue
homogenate

Plasma: Neither the AA nor the substances
administered changed the Fe®™-induced chemilumi-
nescence signal intensity (h). However, AA significantly
reduced the lag time of chemiluminescence (t) and all the
substances administered were able to effectively increase

it (p<0.001). Oxidation of plasmatic proteins was
measured as protein carbonyls. Protein carbonyls were
increased by AA. CARN (p<0.01) and TRO (p<0.01)
effectively decreased the protein carbonyls to control
level. AA increased oxidation of lipids in plasma was
detected as levels of MDA. CARN (p<0.001) and
CARN-T (p<0.001) reduced the levels of MDA. Another
marker of lipid oxidation — HNE was also increased
by AA. All substances administered were able to decrease
this marker to control level (p<0.001) (Table 1).

Brain: AA increased the Fe*'-induced chemi-
luminescence signal intensity (h) only slightly. CARN
(p<0.05) and TRO (p<0.05) decreased significantly this
signal. AA significantly reduced the lag time of
chemiluminescence (t) and all the substances
administered were able to effectively increase it (CARN
and CARN-T p<0.001, TRO p<0.01). Protein carbonyls
were increased during AA in brain not significantly and
all substances administered decreased the protein
carbonyls only slightly. AA increased the oxidation of
(MDA)
administered reduced the levels of MDA to control level
(p<0.001). HNE was also increased by AA. All
substances administered were able to decrease this
marker (CARN p<0.01, CARN-T and TRO p<0.05)

(Table 2).

lipids in brain 2-times. All substances

Discussion

ROS produced during RA and AA in the course
of cellular oxidative phosphorylation and by activated
phagocytic cells during oxidative bursts exceed the
physiological buffering capacity and result in oxidative
stress. They also serve as important intracellular signaling
molecules that amplify the synovial inflammatory-
proliferative response (Hitchon and El-Gabalawy 2004).
One approach to counteract this situation is the use of
antioxidants as therapeutic agents. To verify this
hypothesis we selected for treatment of adjuvant arthritis
carnosine (an effective natural endogenous antioxidant),
its novel derivative (S)-6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carbonyl-B-alanyl-L-histidine, ~which was
synthesized by condensing the B-amino group of
L-carnosine and the carboxyl group of a lipophilic
antioxidant (S)-Trolox'” and a standard antioxidant
trolox (Stvolinsky er al. 2012). Rat adjuvant arthritis
(AA) is a good model for studying substances with
antioxidant properties, because systemic oxidative stress

is present and induces damage to many tissues (Bauerova
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et al. 2011, Gardi et al. 2015). Arthritis induced in rats
with
mycobacteria is

intradermal injection of adjuvants containing
an animal model often used for

evaluation of potential anti-rheumatic drugs. AA in rats

Table 1. Markers of oxidative stress measured in plasma on day 28.

shares many features with human arthritis, including
genetic linkage, synovial CD4" cells and T cell
dependence (Joe et al. 1999).

Plasma Cco AA CARN CARN-T TRO
Chemiluminescence h (mV) 62.0+2.7 69.7+2.7 69.8+2.0 62.0+3.0 64.1+1.4
Chemiluminescence lag time t (s) ~ 97.14+3.42  55.0+1.9 7 98.33+3.8 7" 100.8+2.44""  833+7.15 "
Carbonyls (ug/ml) 391.2414.34  457.72+11.09 7 393.36+2.217 415.96+£12.0  391.6+15.0"
MDA (ug/ml) 2.4+0.39 5.79+0.44 77 2.9+025" 3524027 4.58+0.17
HNE (ng/ml) 1.54+0.16 2.5£0.19 ™ 1.5+0.07 7" 1.45+0.06 77" 1.1+0.11

Data are expressed as mean + SEM. ** p<0.01 vs. CO — healthy control, *** p<0.001 vs. CO, ++ p<0.01 vs. AA — adjuvant arthritis,

+++ p<0.001 vs. AA.

Table 2. Markers of oxidative stress measured in brain on day 28.

Brain Cco AA CARN CARN-T TRO
Chemiluminescence h (mV) 73.33+1.8 76.12+3.0 65.6+1.8 " 67.62+2.6 66.3+1.1 "
Chemiluminescence lag time t (s) 103.33%8.1 66.9+3.12°7  105.7+63 7" 109.3+2.6 7 95.043.5 "
Carbonyls (ug/ml) 548.07£15.0  606.12+74.2  475.4+10.6 473.245.6 470.4+10.03
MDA (ug/ml) 5.38+0.73 10.1241.01 ™ 3.45+023 ™ 4.95+028 7" 4.8+0.43 "
HNE (ng/ml) 3.26+0.17 4.78+0.5 " 3.22+0.157°  3.6£02° 3.6+0.18 *

Data are expressed as mean + SEM. ** p<0.01 vs. CO — healthy control, ***p<0.001 vs. CO, + p<0.05 vs. AA — adjuvant arthritis,

++ p<0.01 vs. AA, +++ p<0.001 vs. AA.

For monitoring of AA progression change of
body weight and arthritic score are used very often.
Cachexia is present during this disease mainly due to
high level of TNF-o (McGrath and Young 2015). On
day 28 all substances administered were effective in
decreasing the arthritic score. There were no significant
differences among the antioxidants in reducing arthritic
score. Interestingly, even if TRO decreased arthritic
score, it had a cachectic effect on arthritic rats and
intensified the weight loss when compared to AA. This is
a first report in literature of negative activity of TRO on
body weight of rats with experimental arthritis. Although,
immunosuppressants used for the treatment of RA
usually have a good clinical outcome, they have also
many side effects. Methotrexate (MTX) has become the
main immunosuppressive substance used in the treatment
of patients with RA. However, the use of MTX has to be
limited due to its toxic manifestations, e.g. abdominal
disorder, alopecia, oral ulcers, and cytopenia (Alarcon et

al. 1989). During the administration of CARN and
CARN-T we did not observe side effects, thus this
substances might be interesting also for patients with RA.
Also our previous results report a safe use of natural
substances with antioxidative properties for treatment
of AA (Gardi et al. 2015, Drafi et al. 2012).

Monitoring of pro-inflammatory cytokines and
chemokines is necessary for analyzing the progression of
inflammatory diseases and for evaluation of the
effectivity of the treatment. IL-1p is produced by
which

proteolytically processed to its active form by caspase-1

activated macrophages as a proprotein, is
and is involved in a wvariety of cellular activities,
including cell proliferation, differentiation, apoptosis and
induction of cyclooxygenase-2. A significant body of
the

in the pathogenesis

experimental evidence has implicated
proinflammatory cytokine IL-1
of RA. For example, IL-1pB overexpression in rabbit knee

joints causes arthritis with clinical and histological
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features characteristic of RA, whereas IL-1 deficiency is
associated with reduced joint damage (Kay and Calabrese
2004). All substances administered decreased the IL-1P
to basal level. It is possible that CARN and CARN-T are
affecting the function of macrophages (main producers of
IL-1B). Expression of MCP-1 has been detected in
anumber of pathologic conditions associated with
monocyte aggregation, including atherosclerosis, arthritis,
and glomerulonephritis (Rollins 1996). The synovial fluid
(SF) and serum MCP-1 concentrations are significantly
higher in RA patients. Increased SF over serum
concentrations suggest that MCP-1 is mainly produced
locally by activated cells where it may exacerbate and
sustain inflammation by attracting proinflammatory
leukocytes, predominantly monocytes (Stankovic ef al.
2009). Substances that can suppress the production of
MCP-1 have shown beneficial effect in animal models of
arthritis (Guglielmotti et al. 2000, Inoue ef al. 2001). On
day 14 CARN-T and TRO, but not CARN, significantly
decreased the levels of MCP-1. It seems that addition of
trolox molecule to CARN increases its ability to reduce
MCP-1 during AA development. MMP-9 plays several
important functions within neutrophil action, such as
degrading extracellular matrix, activation of IL-1f, and
cleavage of several chemokines. MMP-9 was found
elevated in patients sera and SF and could be referred as
good laboratory marker for RA (Gruber ef al. 1996). Our
experimental substances were all effective in reducing
this marker. This ability of antioxidants tested might be
also involved in the reduction of IL-1f to basal values.
Unfortunately the arthritic score and body weight of
animals for CARN and CARN-T do not correspond well
with the intensive decrease of IL-1P plasmatic levels on
day 14. However, not only IL-1f, but also TNF-a and
IL-6 play an important role in joint inflammation and
swelling (Choy and Panayi 2001).

Increased oxidative stress during RA (Hitchon
and El-Gabalawy 2004, Chandankhede and Gupta 2013)
and in animal models of RA (Wruck et al. 2011,
Bauerova et al. 2015, Gardi et al. 2015) is well
documented. Our present results support these findings.
AA in plasma significantly increased the lag time of
chemiluminescence, protein carbonyls, MDA and HNE
levels. CARN, CARN-T and also TRO protected the
proteins and lipids in plasma against oxidation and
confirmed as good antioxidants. There are only few

information about oxidative stress and brain damage in
the literature (Skurlova et al. 2010, 2011). For the first
time we evidenced increased HNE, protein carbonyls and
reduced lag time of chemiluminescence in rat brain
during AA. Although RA is not a typical CNS
involvement disease, brain dysfunctions occur in 20 to
30 % of rheumatic patients. Sickness behavior may
vary from neurological disorders and psychosis to
deficits
2004). Depression and anxiety

headaches, mood changes and cognitive
(Appenzeller et al
correlate with plasma levels of C-reactive protein (CRP),
suggesting that brain dysfunction is related to over-
activation of the immune system and not only to pain
associated with the disecase (Kojima ef al. 2009).
AA displays

behavioral changes even in its early phase: peak levels of

various neuroendocrine, immune and
pro-inflammatory cytokines and enhanced C-reactive
protein (CRP) in plasma have been described on day 1 of
1997),

production of NO radical on day3 (Ling and Jamali

the disease (Philippe et al. and enhanced
2005). In the hippocampus, upregulation of mRNA for
IL-1B, IL-6, and markers of oxidative stress-inducible
NO synthase iNOS and NADPH oxidase-1 were
observed within four days. The changes correlated with
2011). All
antioxidants studied showed also neuroprotective ability

anxiety-like behavior (Skurlova et al
and prevented lipid oxidation and decrease of lag time of
chemiluminescence in brain.
In conclusion, our results underlined the
importance of oxidative stress in brain during AA.
CARN, CARN-T and TRO have

ability  particularly

shown good

neuroprotective against  lipid
oxidation. These substances might be beneficial also for
arthritic patients in preventing mood changes, cognitive
deficits and depression. Antioxidants administered also
alleviated the clinical signs of AA (arthritic score).
CARN and CARN-T caused no weight reduction like

TRO that has an advantage in inflammatory arthritis.
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