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Azithromycin in combination with riboflavin decreases
the severity of Staphylococcus aureus infection induced septic
arthritis by modulating the production of free radicals

and endogenous cytokines
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Abstract

Objective and design To determine alternate therapeutic
measures to combat Staphylococcusaureus induced arthri-
tis. Thus, azithromycin was combined with riboflavin,
which may combat the ROS production and inflammation.
Methods An in vivo model of S. aureus infection-
induced arthritis was set up by infecting mice with 5 x 10°
bacterial cell/mouse. S. aureus was administered intrave-
nously. Azithromycin and riboflavin was injected
intraperitoneally at a single dose of 100 and 20 mg/kg
body, respectively. The mice were sacrificed at 3, 9,
15 days post infection (dpi). TNF-o, IFN-vy, IL-6 and IL-10
from serum and SOD, catalase and reduced glutathione
concentration were observed in hepatic, cardiac, renal and
splenic tissue.

Results CFU was found very prominent in spleen and
joints and reduced in blood at 3 and 9 dpi. However,
treatment with azithromycin and riboflavin completely

Responsible Editor: John Di Battista.

P. Mal - R. Khan - B. Bishayi (IX))

Department of Physiology, Immunology Laboratory,
University of Calcutta, University Colleges of Science
and Technology, 92 APC Road, Calcutta 700009,
West Bengal, India

e-mail: biswa_dev2@yahoo.com

K. Dutta - A. Basu
National Brain Research Centre, Manesar,
Haryana 122051, India

D. Bandyopadhyay

Department of Physiology, Oxidative Stress and Free Radical
Biology Laboratory, University of Calcutta, University Colleges
of Science and Technology, 92 APC Road, Calcutta 700009,
West Bengal, India

eradicated the bacteria from blood and spleen. TNF-a,
IFN-y, IL-6, and MCP-1 were induced due to infection
which were downregulated by treatment with azithromycin
and riboflavin. Infected mice were also found to have
altered antioxidant status, measured in terms of reduced
glutathione and anti-oxidant enzymes such as SOD and
catalase.

Conclusion These changes were found to be ameliorated
when the animals were co-treated with azithromycin and
riboflavin.

Keywords Arthritis - Arthritis models - COX -
Cytokines - Free radical mechanisms

Introduction

Staphylococcusaureus(S. aureus) causes a range of bone
and joint pathologies such as infection of prostheses,
osteomyelitis, septic arthritis and septic bursitis [1]. In case
of staphylococcal arthritis, persistence of S. aureus DNA
was observed in the synovial fluid till 10 weeks post
infection, despite adequate antibiotic treatment [2]. Various
risk factors for development of septic arthritis, such as host
factors (TNF-a, IL-1, IL-10), bacterial proteins, toxins and
enzymes, are reported to be an important determinant of
pathogenesis in mouse models [3]. It was reported that
inoculation of mice with a TSST-1-producing S. aureus
strain induced a higher frequency and severity of arthritis
than the strain which lacks the gene for TSST-1, indicating
its potential arthritogenic role [4]. However, despite the
recognition of this plethora of virulence factors, we are
still far from identifying exactly which factors are neces-
sary for infection and which ones may be targeted by new
therapies [5].
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The current treatment for S. aureus infection of bones
and joints relies on the use of antibiotics such as fluclox-
acillin, oxacillin, ciprofloxacin and methicillin, etc. [6].
However, with the advent of methicillin and vancomycin-
resistant S. aureus, it is imperative to determine alternate
therapeutic measures to combat S. aureus induced arthritis
[7]. One such promising strategy involves the combined
use of antibiotics and immunomodulatory agents in order
to kill the bacteria and simultaneously downregulate the
undesired activation of the immune system [8]. A study in
mice using corticosteroids, in conjunction with antibiotics,
indicates that this approach does lead to decreased mor-
bidity and mortality [9]. By combining antibiotics with
biological agents for therapies, we envision alternatives to
direct microbial killing, such as blocking disease progres-
sion by neutralizing specific virulence factors or boosting
key innate immune defenses [10].

There are many pieces of evidence implicating free
radicals in the pathogenesis of arthritis such as the presence
of different cell types in the inflamed joint which are
known to the same [11]. It has been reported that arthritic
patients are exposed to oxidant stress and lipid peroxida-
tion (LPO) because of a reduced antioxidant defense
system [12]. The highly reactive hydroxyl radicals cause
most damage, attacking a wide range of targets, including
hyaluronic acid in the synovial fluid, causing loss of
lubricant properties and consequently mechanical damage
to the joint [13].

Azithromycin has been reported to be highly bacterici-
dal against strains of S. pneumonia, H. influenza,
L. monocytogenes and S. aureus. It is found to be well
absorbed when administered orally and is also found to
have a good level of tissue distribution in mice, rats, dogs
and monkeys, due to its stability in acidic pH [14]. A single
dose of azithromycin (100 mg/kg body weight, a fair
concentration of the drug and greater than the MIC of the
S. aureus strain used) has been reported in the extravas-
cular fluid even after 5 days [15]. Moreover, reports
suggest macrophages and monocytes also uptake azithro-
mycin well in both in vivo and in vitro conditions [16].

The role of riboflavin as an antioxidant has been
recently recognized [17], although the mechanism under-
lying such antioxidant activity is poorly understood.
Riboflavin is important water-soluble B-vitamin available
through food, and co-enzymes like FAD and FMN derived
from it regulate the activity of many different metabolic
enzymes of the redox pathways associated with energy
production. Pharmacological doses of the vitamin are well
tolerated in humans [18]. The antimicrobial properties of
riboflavin against common pathogens such as S. aureus
have been reported for infective keratitis [19].

In the current investigation, we hypothesize that ribo-
flavin in combination with the antibiotic azithromycin
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(AZI) might be an effective therapy in an experimental
model of septic arthritis where ROS might modulate
synovial inflammation by stimulating the synthesis of
cytokines. In our earlier studies, we have demonstrated the
success of antibiotic—antioxidant co-therapeutic approach
in not only reducing the stress burden in the infected tissues
but also in producing a reduced level of inflammation [20],
even though no ameliorating effect of riboflavin adminis-
tration on arthritis development has been reported to date.

Materials and methods
Animal model

Male Swiss albino mice, 6-8 weeks of age with body
weight 20 & 4 g, were purchased from the regular animal
suppliers to our department. Upon arrival, the mice were
randomized into plastic cages with filter bonnets and
sawdust bedding, followed by a 1-week quarantine period.
Six mice were housed per cage with food and water
ad libitum. Animal holding rooms were maintained at
21-24 °C and 40-60 % humidity with a 12-h light-dark
cycle. The mice were fed a normal rodent diet. Six mice
were used per experiment in each group.

Preparation of bacteria

S. aureus (strain # AG-789) was obtained from Apollo
Gleneagles Hospital, Calcutta, and was maintained in our
laboratory and tested for antibiotic sensitivity. We have
extensively used a few clinical isolates of S. aureus in a
mouse model of arthritis with a short-term but non-lethal
infection [20-22]. Bacteria were cultured on blood agar
(5 % human erythrocytes) for 24 h and then re-incubated
on blood agar for another 24 h. Before experimentation,
bacteria were grown overnight at 37 °C in 5 ml of Luria—
Bertani (LB) broth, and were then diluted in fresh broth
and cultured until the mid-logarithmic phase of growth.
Bacteria were harvested, washed in sterile phosphate buf-
fered saline (PBS), and adjusted to the desired inoculums
[23] spectrophotometrically before infection (ODgyy =
0.2 =5 x 107 cells/ml for S. aureus). The colony forming
units (CFU) were confirmed by serial dilution and culture
on blood agar.

Treatment of S. aureus infected mice with antibiotic
(AZI) followed by riboflavin

In a separate set of experiments, starting at day zero
after intravenous injection of S. aureus (AG-789)
(5 x 10° cells/ml), AZI (dissolved in sterile PBS) was
injected intraperitoneally into mice at a single dose of
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100 mg/kg after 24 h of infection [24]. AZI was chosen as
an antibiotic since it was shown that a single dose of
erythromycin or penicillin G could not prevent arthritis,.
whereas AZI was known to give the best results. A fresh
solution of riboflavin was then prepared on the day of
antibiotic treatment, and 160-200 pl of riboflavin, corre-
sponding to 20 mg/kg body weight in mice (approx 19 mg
of vitamin B2), were given intraperitoneally to the same
mice after 2 h of antibiotic treatment [25]. Then these mice
were sacrificed at 3, 9, and 15 days post infection.

Determination of number of viable S. aureus cells
in blood and organs (spleen and synovial tissue)

Blood samples from mice of different groups were obtained by
cardiac puncture under ether anesthesia at selected intervals.
Spleen tissues were aseptically removed and homogenized
with 3 ml of sterile RPMI-1640. All wrist and ankle joints
from each mouse were removed, weighed, and homogenized
in RPMI-1640 medium (1 ml/100 mg joint weight). Blood
and tissue homogenates were then spread on mannitol agar
plates and viability of S. aureus was determined by the method
described earlier [21].

Induction and assessment of septic arthritis

Individual mice were observed daily for up to 15 days,
blind to genotype or infection status. Swelling of wrist and
ankle joints were used to determine the level of the
inflammatory response in mice challenged with S. aureus.
Prior to experimentation, the paws of randomly selected
and age-matched mice were measured to determine the
baseline paw size. After infection, the mice were measured
every other day for 15 days with a dial-type vernier caliper,
graduated 0.1 cm increments, by carefully measuring the
width and thickness of each wrist and ankle joint. The daily
mean value for each of the groups was determined by the
number of wrists or ankles measured in each group. This
average value represented the severity of wrist and ankle
joint swelling [26].

Percentage reduction in arthritis per group of treated
animals was calculated as follows: [(Mean diameter of
swelling of wrist or ankle on day 15 — swelling of wrist or
ankle on day 15 after treatment)/Mean diameter of swelling
of wrist or ankle on day 15] x 100].

Differences in the reduction of joint (wrist or ankle)
swelling between groups of drug treated and untreated
arthritic mice were evaluated statistically [27].

Sample preparation for cytokine measurement

Blood samples from mice of different groups were
obtained by cardiac puncture under ether anesthesia at

selected intervals. In each experiment, the mice were coded
to ensure that the observer was blinded. The serums from
different groups were normalized to the protein content by
the Bradford method before the assay and the levels of
cytokines were determined. A mouse cytokine bead array
(CBA) kit (BD Biosciences, CA, USA) was used as per
manufacturers’ instructions to quantitatively measure pro-
inflammatory cytokine/chemokine levels in serum from all
treatment groups. Data were acquired using Cell Quest Pro
Software in FACSCalibur and analyzed using BD CBA
software [21].

Articular neutrophil accumulation

Myeloperoxidase (MPO) enzyme activity was analyzed as
an index of neutrophil infiltration in the synovial tissue,
using O-dianisidine dihydrochloride as substrate by a
method described in our earlier study [21]. Protein levels in
the tissue homogenates were determined by Bradford
method. MPO enzyme activity has been defined as the
concentration of enzyme degrading 1 pM of peroxide/min
at 37 °C and was expressed as change in absorbance/
min mg of protein.

Measurement of LPO level

The weighed amount of the cardiac, hepatic, renal and
splenic tissue was homogenized (10 %) in ice-cold 0.9 %
saline (pH 7.0) with a Potter Elvejhem all-glass homoge-
nizer (Belco Glass Inc., Vineland, NJ, USA) for 30 s, and
the levels of the lipid peroxidation products in the
homogenate was determined by thio-barbituric acid reac-
tive substances (TBARS) assay. In brief, the homogenates
were mixed with trichloro acetic acid—thiobarbituric acid—
hydrochloric acid (TBA-TCA-HCI) reagent and heated for
20 min at 80 °C. The tubes containing the samples were
then cooled to room temperature. The absorbance of the
pink chromogen present in the clear supernatant after
centrifugation at 1,200 x g for 10 min at room tempera-
ture was measured at 532 nm using a UV-Vis
spectrophotometer (SmartSpec Plus, BioRad, CA, USA).
Tetraethoxypropane (TEP) was used as standard. The val-
ues were expressed as nmoles of TBARS per mg protein
[28].

Measurement of reduced glutathione level

Reduced glutathione content (as acid soluble sulfhydryl)
was estimated by its reaction with DTNB (Ellman’s
reagent) following the method of Sedlac and Lindsey with
some modifications. The weighed amounts of the cardiac,
hepatic, renal and splenic tissue were homogenized (10 %)
in 2 mM ice-cold ethylenediaminetetraacetic acid (EDTA).

@ Springer



262

P. Mal et al.

The homogenates were mixed with Tris—HCIl buffer, pH
9.0, followed by the addition of DTNB for colour devel-
opment. The absorbance was measured at 412 nm using a
UV-Vis spectrophotometer to determine GSH content. The
values were expressed as nmoles of GSH per mg protein
[29].

Measurement of activity of antioxidant enzymes

Superoxide dismutase (Cu—Zn SOD) activity was measured
by hematoxylin auto oxidation method of Martin et al. In
brief, the weighed amounts of the hepatic tissue were
homogenized (10 %) in ice-cold 50 mM phosphate buffer
containing 0.1 mM EDTA pH 7.4. The homogenates were
then centrifuged at 12,000 x g for 15 min and the super-
natant was carefully collected. The inhibition of
hematoxylin auto oxidation by the cell free supernatant was
measured at 560 nm using a UV-Vis spectrophotometer.
The enzyme activity was expressed as units per mg tissue
protein [30].

Catalase was assayed by measuring the breakdown of
hydrogen peroxide (H,O,) according to the method of
Beers and Sizer [31]. The weighed amounts of the hepatic
tissue were homogenized in 5 % ice-cold 50 mM phos-
phate buffer pH 7.2. The homogenates were then
centrifuged at 12,000 x g for 12 min. The supernatant thus
obtained was then carefully collected and incubated with
0.01 ml of absolute ethanol at 4 °C for 30 min. Thereafter,
10 % Triton X-100 was added to have a final concentration
of 1 %. The sample, thus obtained, was used to determine
the catalase activity by measuring the breakdown of H,O,
spectrophotometrically at 240 nm. The enzyme activity
was expressed as micromoles of H,O, consumed per min
per mg of protein.

Expression of cyclooxegenase-2 in synovial tissue

Expression of cyclooxegenase-2 (Cox-2) in synovial tis-
sues was determined by immunoblotting. Protein levels in
the tissue homogenates were determined by the Bradford
method. Samples containing 20 g of protein were elec-
trophoresed on polyacrylamide gel and transferred onto
nitrocellulose membrane. After blocking with 7 % skim-
med milk, the blots were incubated overnight at 4 °C with
primary antibodies against Cox-2 (1:1,000; Chemicon,
USA). After extensive washes in PBS—-Tween, blots were
incubated with appropriate secondary antibodies conju-
gated with peroxidase (Vector Laboratories). The blots
were again washed in PBS-Tween and processed for
development using chemiluminescence reagent (Millipore,
USA). The images were captured and analyzed using
Chemigenius, Bioimaging System (Syngene, Cambridge,
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UK). The blots were then stripped (30 min at 50 °C in
62.5 mmol/l Tris—HC1 pH 6.8, 2 % sodium dodecy] sulfate,
and 100 mM B-mercaptoethanol) and reprobed with anti-3-
tubulin (Santa Cruz Biotechnology, CA, USA) to deter-
mine equivalent loading of samples [32].

DNA isolation from S. aureus recovered from synovial
tissue

Bacterial cultures were grown in brain heart infusion broth
prior to extraction of total DNA. Total DNA was isolated
from 2.5 ml of brain heart infusion broth culture grown
overnight for all the bacterial strains used in the study. The
procedure used for DNA isolation has been described
previously [33]. DNA samples were dissolved in Tris—
EDTA buffer (10 mM Tris chloride, 1 mM EDTA [pH
8.0]), and the concentration was determined as micrograms
per milliliter according to A,gp values. Template DNA in
amounts ranging from 10 to 1,000 ng was used in the
study.

Polymerase chain reaction amplification and agarose
gel electrophoresis

Primers for polymerase chain reaction (PCR) were syn-
thesized by Osmium Biosolutions on sequence published
by Becker et al.,, 1998 for Coa gene. The sequence of
forward primer used for amplification was 5’CGAGACC
AAGATTCAACAAG and the reverse primer was
5’AAAGAAAACCACTCACATCA. The PCR amplifica-
tions were performed in a volume of 25 pl containing
20-90 ng/ul DNA, 1 x PCR buffer, 3 mM MgCl,,
200 uM dNTPs, 20 pmols primers and 1.25 IU TAQ
polymerase. An initial cycle of 96 °C for 5 min was fol-
lowed by 35 cycles of 94 °C, 2 min at 54 °C and 1 min at
72 °C. Final extension was performed at 72 °C for 7 min.
The tubes were placed in a BioRad, MJ-Mini thermocycler.
PCR products were visualized on a 2 % agarose gel stained
with ethidium bromide and the size of the product was
estimated using 100 bp DNA ladder [34].

Statistical analysis

One-way model 1 ANOVA was performed between the
groups. In ANOVA observed variance is partitioned into
components due to different explanatory variables. A level
of P<0.05 or P<0.001 was considered significant.
Significant differences of the means between the groups
were performed by one-way ANOVA. Scheffe’s F' test had
been done as post hoc test for multiple comparisons of
means of different groups when significant F' value was
found [35].
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Azithromycin +

Riboflavin
Riboflavin

Azithromycin

Azithromycin +

Riboflavin
Riboflavin

Azithromycin

4.37 £+ 0.03
4.18 £ 0.03
4.13 £0.03

395 %

4.18 £ 0.01
4.28 £+ 0.02
4.14 £ 0.02

372 %

4.28 + 0.16
4.19 £ 0.04
420 £ 0.04

232 %

4.49 £+ 0.01

3.26 £ 0.01

3.26 + 0.05
3.05 £ 0.03
3.13 £ 0.04

17.41 %

3.33 £ 0.03
3.39 £ 0.02
3.47 £0.27

8.44 %

3.29 £ 0.02
3.11 £ 0.04
341 £0.21
10.26 %

3.36 £ 0.01
3.52 £ 0.13
3.79 £ 0.26

2.34 £ 0.11
3.03 £ 0.01
3.17 £ 0.07

Day 3

4.17 £0.04 433 £0.03

4.13 £ 0.08

Day 9

4.30 £+ 0.04

Day 15

%Reduction in arthritis

at 15 dpi

The severity of arthritis in each wrist and ankle joint was quantified daily by an experimental assessment of swelling of the joint tissues as described in the methods section. Measurements were

performed with a dial gauge caliper in millimeters. Swelling of wrist and ankle joints in mice was shown. Each result is the mean + standard deviation for a group of six mice. The difference

was statistically significant (P < 0.05)

* Swelling of wrist joint at 3, 9 and 15 dpi; S. aureus (AG-789) versus S. aureus + azithromycin, significant at P > 0.05

® Swelling of ankle joint at 3 and 9 dpi; S. aureus versus S. aureus + azithromycin + riboflavin, significant at P < 0.05

MCP-1, IL-6 at day 3, 9 and 15. However, AZI alone or in
combination with riboflavin could also increase the serum
IL-12p70 and IL-10 significantly at day 3, 9and 15 (Fig. 1).

Synovial tissue MPO enzyme activity

The activity of MPO enzyme which is an indicator for
neutrophil infiltration, it was observed that, at 3 and 9 dpi,
synovial tissue MPO enzyme activity was significantly
higher only for the pathogenic strain—S. aureus (AG-789)
than the vehicle group. When AZI was administered alone
or in combination with riboflavin it caused significant
(P < 0.05) reduction of tissue MPO enzyme activity in
case of the pathogenic strain SCRL-28 infected group only
at day 9 after infection (Fig. 2).

Effect of AZI and riboflavin treatment on synovial
tissue cyclooxygenase-2 level in the S. aureus-infected
mice

Immunoblot analysis of synovial tissue homogenate
showed that Cox-2 level was significantly increased after
3 dpi in case of the AG-789 S. aureus. After AZI treatment
Cox-2 was found to be significantly decreased. After AZI
treatment in combination with riboflavin the Cox-2 level
was significantly decreased on day 3 (Fig. 3).

Effects of AZI-riboflavin co-therapy against S. aureus-
infection induced oxidative stress in various tissues

of mice and its relation with progression of septic
arthritis

Cardiac tissue: Figure 4a demonstrates that there occurred
a significant decrease in the level of cardiac GSH in mice
infected with S. aureus compared to control at 3, and
15 dpi indicating severe oxidative stress following infec-
tion with S. aureus. However, when the mice were treated
with AZI along with riboflavin, the GSH level of the car-
diac tissue at 3 dpi was found to be increased severalfold
compared to the S. aureus treated group. The tissue GSH
level was also found to be increased significantly at days 9
and 15 in the AZI and riboflavin co-treated group com-
pared to S. aureus alone. The results indicate that the AZI
and riboflavin combination is more effective than when
they were administered alone.

Figure 4b demonstrates the severalfold increase in the
level of lipid peroxidation products in the cardiac tissue of
mice at 3, 9 and 15 dpi compared to control. This elevation
in the level of LPO was significantly decreased when mice
were treated with either AZI or riboflavin, but not to the
basal levels. However, when the S. aureus infected mice
were treated with AZI along with riboflavin, the level of
tissue LPO returned to that observed in the control mice,
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Fig. 1 Serum levels of MCP-1, TNF-e<, IL-6, IFN-Y, IL-12p70 and
IL-10 in different groups of mice at 3, 9 and 15 days post infection
levels of MCP-1 (a), TNF-a (b), IL-6 (¢), IFN-y (d), IL-12 p70
(e) and IL-10 (f) in serum from S. aureus-infected mice treated with
AZI alone or in combination with riboflavin after Staphylococcal
infection and from non-infected control animal were determined by
utilizing CBA according to the manufacturer’s recommendations and
were expressed from triplicate experiments as mean + SD. Without

indicating that the combination is more effective in
decreasing oxidative stress in the infected mice.

Infection of mice with S. aureus caused an about
threefold increase in the activity of cardiac SOD, one of the
key antioxidant enzymes, at 3, 9, and, 15 dpi indicating the
generation of oxidative stress Fig. 4c. Here again, when
the infected mice were treated with AZI and riboflavin, the
enzyme activity was restored significantly, although they
did not reach the control value indicating that the combi-
nation is more effective.

In Fig. 4d, an elevation of catalase activity, another
important antioxidant enzyme, was observed to several fold
at each time-point following infection of the mice with
S. aureus. Here also, when the mice were treated with a
combination of AZI and riboflavin, the catalase activity was
restored almost toward control level at 3, 9, and, 15 dpi.
Although, catalase activity was significantly restored at each
time-point, the combination seems to be more effective.

Hepatic tissue: In Fig. 5a an about twofold decrease in
the level of hepatic GSH at 3, 9 and 15 dpi was observed in
mice infected with S. aureus. AZI and riboflavin co-treated
groups were found to have higher hepatic GSH compared
to the group of infected mice, indicating that the

DAY 9
Days post infection
= S.AUREUS + RIBOFLAVIN

DAY 15 DAY 3 DAY 0
Days post infection

=S AURUS + AZITHROMYCIN + RIBOFLAVIN

DAY 15

infection control versus S. aureus AG-789 alone, significant increase
in MCP-1, TNF-o and IFN-y ("P < 0.05), but decrease in IL-12p70
and IL-10 (*P < 0.05; S. aureus AG-789 alone versus S. aureus AG-
789 + azithromycin, significant decrease in MCP-1, TNF-a, IL-6,
IFN-y (¥*P < 0.05) and increase in IL-12p70IL-10 (*P < 0.05); S.
aureus AG-789 alone versus S. aureus AG-789 + azithromy-
cin + riboflavin, significant decrease in MCP-1, TNF-a, IL-6,
IFN-y (*P < 0.05) and increase in IL-12p70 and IL-10 (*P < 0.05)

combination can promote the synthesis of GSH, although
the antibiotic and the riboflavin individually can also
stimulate the GSH biosynthesis, but to a lesser degree.
Figure 5b demonstrate more than twofold increase in the
level of LPO in the hepatic tissue of mice infected with S.
aureus at days 3, 9 and 15 compared to respective controls.
However, when these infected mice were co-treated with
AZI and riboflavin, the LPO levels came down to the
control levels compared to infected mice. This indicates
that AZI and riboflavin co-treatment has the ability to
reduce the oxidative stress imposed by S. aureus infection.
Figure 5c demonstrates an elevation of twofold in the
activity of superoxide dismutase of the hepatic tissue of
infected mice at days 3 and 9, and onefold increase of SOD
activity at day 15, when compared to respective control.
When the infected mice were co-treated with AZI and
riboflavin, the level of activity of this important anti-oxi-
dant enzyme was protected from getting increased although
individually, the antibiotic or riboflavin appear to be
effective but the combination was found more effective.
Similarly, Fig. 5d demonstrates catalase activity at the
three time-points. The activity of this enzyme was found to
be elevated by twofold in mice infected with S. aureus at
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index of neutrophil infiltration in the synovial tissue. The rate of
change in absorbance was measured spectrophotometrically at
405 nm. MPO activity has been defined as the concentration of
enzyme degrading 1 pmole of peroxide/min at 37 °C and was
expressed as change in absorbance/min mg of protein. Without
infection control versus S. aureus (AG-789) alone, significant
increase, MP < 0.05 at 3, 9 and 15 dpi; S. aureus AG-789 alone
versus S. aureus AG-789 + azithromycin + riboflavin, significant
decrease, *P < 0.05 at day 3 and 9 post infection

days 3, 9, 15 compared to control. Co-treatment of infected
mice with AZI and riboflavin caused the restoration of
activity of the enzyme to control levels at day 9 and 15.
The activity was found to be somewhat decreased com-
pared to control at day 3. The results are indicative of a
protective role of this combination against the oxidative
stress induced in the organ due to S. aureus infection.

Renal tissue: Fig. 6a demonstrates infection of mice with
S. aureus caused oxidative stress in the organ, which is evident
from the fact that kidney tissue GSH level was found to
decrease severalfold at 3, 9 and 15 dpi compared to control
mice. At each time point, the GSH level of the tissue was
found to be completely restored when the infected mice were
co-treated with AZI and riboflavin. Here again, neither AZI
nor riboflavin was found to be effective in complete amelio-
ration of oxidative stress in the infected mice.

Figure 6b demonstrates a four-fold increase in the level
of LPO in the renal tissue of infected mice compared to
control at 3, 9 and 15 dpi. However, when the animals were
co-treated with AZI and riboflavin, the level of LPO was
restored to control levels at all time points studied indi-
cating that the combination of the antibiotic and the
vitamin is capable of ameliorating the oxidative stress
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Fig. 3 Expression of Cox-2 after treatment with azithromycin in
combination with riboflavin in synovial tissue. Expression of Cox-2
was measured in terms of fold change over control. Highest level of Cox-
2 was found on day 3 of infection. Reduction in Cox-2 level was found
after treatment with AZI alone or in combination with riboflavin at 3 dpi.
Control versus S. aureus AG-789 at 3 dpi (*P < 0.01 with respect to
control); S. aureus AG-789 alone versus S. aureus + azithromycin,
S. aureus AG-789 alone versus S. aureus + riboflavin, S. aureus AG-789
alone versus S. aureus + azithromycin + riboflavin (*P < 0.01 with
respect to 3 dpi-infected sample)

caused due to infection. It is interesting to note that either
the antibiotic or the vitamin alone is not sufficient to mit-
igate the level of oxidative stress in the renal tissue
following infection with the bacteria.

Figure 6¢ demonstrate up to threefold increase in the
activity of SOD of renal tissue of the infected mice com-
pared to controls, indicating again the elevated levels of
oxidative stress following infection with the bacteria at all
the three time-points studied. The level of activity of
superoxide dismutase was restored to normal at all the
three time-points studied when the mice were co-treated
with AZI and riboflavin. However, in this particular tissue,
AZI or riboflavin alone appears not much effective in the
restoration of the SOD activity to the level that seen in
the control mice. This again establishes the efficacy of the
combined treatment.

Figure 6d demonstrates a twofold increase of the renal
catalase activity following infection of mice with S. aureus,
compared to control, at the each time-point studied.
However, when the mice were co-treated with AZI and
riboflavin, the catalase activity was restored to control
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Fig. 4 Alteration in the anti-oxidant status like reduced glutathione
level and the activities of the anti-oxidant enzymes such as SOD and
catalase cardiac tissue of mice a GSH, without infection control
versus S. aureus alone, significant decrease at 3, 9 and 15 dpi
(P < 0.05); S. aureus alone versus S. aureus + azithromycin,
significant increase at 3, 9, and 15 dpi ($P < 0.05); S. aureus alone
versus S. aureus + riboflavin, significant increase at 3, 9, 15 dpi
($P < 0.05); S. aureus alone versus S. aureus + azithromy-
cin + riboflavin, significant increase at 3, 9, 15 dpi ($P < 0.05).
b LPO, without infection control versus S. aureus alone, significant
increase at 3, 9, 15dpi (*P < 0.05); S. aureus alone versus
S. aureus + azithromycin, significant decrease at 3, 9 and 15 dpi
(#P < 0.05); S. aureus alone versus S. aureus + riboflavin, signifi-
cant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone versus

level. Here again, the combined dose of the antibiotic and
the riboflavin seems to be more effective when compared
to the values obtained when they were administered alone.

Splenic tissue: Figure 7a demonstrates a more than
fourfold decrease in tissue GSH level following infection
of mice with S. aureus compared to control mice indicating
generation of severe oxidative. On co-treatment of the
infected mice with AZI and riboflavin, the tissue level of
GSH was found to be restored to that found in the control
mice indicating amelioration of oxidative stress. However,

S. aureus + azithromycin + riboflavin, significant decrease at 3, 9
and 15 dpi (#P < 0.05). ¢ SOD, without infection control versus S.
aureus alone, significant increase at 3, 9 dpi (*P < 0.05); S. aureus
alone versus S. aureus + azithromycin, significant decrease at 3, 9
and 15 dpi (#P < 0.05); S. aureus alone versus S. aureus +riboflavin,
significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone
versus S. aureus + azithromycin + riboflavin, significant decrease at
15 dpi (#P < 0.05). d CAT, without infection control versus S.
aureus alone, significant increase at 3, 9 and 15 dpi (*P < 0.05); S.
aureus alone versus S. aureus + azithromycin, significant decrease at
3,9 and 15 dpi (#P < 0.05); S. aureus alone versus S. aureus + ribo-
flavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus
alone versus S. aureus + azithromycin 4+ riboflavin, significant
decrease at 3, 9 and 15 dpi (#P < 0.05)

here again, neither AZI nor riboflavin alone was found to
be effective completely when administered alone.

Figure 7b demonstrates up to fourfold increase in the
level of LPO in the splenic tissue infected with S. aureus
the days 3, 9 and 15, compared to respective controls.
However, when the mice were co-treated with AZI and
riboflavin, the levels of tissue LPO were found to be
restored to that observed in the control mice. Particularly
on days 9 and 15, the levels of LPO were found even to be
below basal level. Although the antibiotic and the vitamin
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Fig. 5 Alteration in the antioxidant status like reduced glutathione
level and the activities of the antioxidant enzymes such as SOD and
catalase hepatic tissue of mice a GSH, without infection control
versus S. aureus alone, significant decrease at 3, 9 and 15 dpi
(P < 0.05); S. aureus alone versus S. aureus + azithromycin,
significant increase at 3, 9, and 15 dpi ($P < 0.05); S. aureus alone
versus S. aureus + riboflavin, significant increase at 3, 9, 15 dpi
($P < 0.05); S. aureus alone versus S. aureus + azithromy-
cin + riboflavin, significant increase at 3, 9, 15 dpi ($P < 0.05).
b LPO, without infection control versus S. aureus alone, significant
increase at 3, 9, 15dpi (*P < 0.05); S. aureus alone versus S.
aureus + azithromycin, significant decrease at 3, 9 and 15 dpi
(#P < 0.05); S. aureus alone versus S. aureus + riboflavin, signifi-
cant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone versus

were found not to be effective at least at 3 and 15 dpi when
they were administered alone.

Figure 7c demonstrates up to threefold increase in the
activity SOD of the S. aureus infected mice, compared to
control, at all the time points studied. When the infected
mice were co-treated with AZI and riboflavin, the activity
of SOD was found to be restored completely to the level
observed in the control mice at all the three time-points
studied. In this case also, neither AZI nor riboflavin was
found to be effective alone in reducing the activity of this
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S. aureus + azithromycin + riboflavin, significant decrease at 3, 9
and 15 dpi (#P < 0.05). ¢ SOD, without infection control versus S.
aureus alone, significant increase at 3, 9 and 15 dpi (*P < 0.05); S.
aureus alone versus S. aureus + azithromycin, significant decrease at
3,9 and 15 dpi (#P < 0.05). S. aureus alone versus S. aureus + ribo-
flavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus
alone versus S. aureus + azithromycin + riboflavin, significant
decrease at 3, 9 and 15 dpi (#P < 0.05). d CAT, without infection
control versus S. aureus alone, significant increase at 3, 9 and 15 dpi
(*P < 0.05); S. aureus alone versus S. aureus + azithromycin,
significant decrease at 3, 9 and 15 dpi (#P < 0.05). S. aureus alone
versus S. aureus + riboflavin, significant decrease at 3, 9 and 15 dpi
(#P < 0.05); S. aureus alone versus S. aureus + azithromy-
cin + riboflavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05)

crucial anti-oxidant enzyme to the control level indicating
and establishing again the efficacy of the co-therapy.

The results presented in the Fig. 7d demonstrates a
twofold increase in the activity of splenic catalase in the
mice infected with S. aureus, compared to control, at each
of the time-points studied. However, when the mice were
co-treated with AZI and riboflavin, the level of activity of
catalase was found to be restored completely to that
observed in the control mice at 9 and 15 dpi. The levels of
activity of catalase, at 3 dpi in the co-treated mice were
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Fig. 6 Alteration in the antioxidant status like reduced glutathione
level and the activities of the antioxidant enzymes such as SOD and
catalase renal tissue of mice a GSH, without infection control versus
S. aureus alone, significant decrease at 3, 9 and 15 dpi (*P < 0.05);
S. aureus alone versus S. aureus + azithromycin, significant increase
at 3, 9, and 15dpi ($P <0.05); S. aureus alone versus S.
aureus + riboflavin, significant increase at 3, 9 and 15 dpi
($P < 0.05); S. aureus alone versus S. aureus + azithromy-
cin + riboflavin, significant increase at 3, 9, 15 dpi ($P < 0.05).
b LPO, without infection control versus S. aureus alone, significant
increase at 3, 9, 15 dpi (*P < 0.05); S. aureus alone versus S.
aureus + azithromycin, significant decrease at 3, 9 and 15 dpi
(#P < 0.05); S. aureus alone versus S. aureus + riboflavin, significant
decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone versus S.

found even to come below the basal level. Here also, the
antibiotic or the vitamin alone was found not to be effec-
tive to restore the activity of the enzyme to the control
level.

Discussion

Septic arthritis is triggered by the hematogenous spread of
bacteria from an initial nidus to the joint spaces. We

aureus + azithromycin 4 riboflavin, significant decrease at 3, 9 and
15 dpi (#P < 0.05). ¢ SOD, without infection control versus S. aureus
alone, significant increase at 3, 9 and 15 dpi (*P < 0.05); S. aureus
alone versus S. aureus + azithromycin, significant decrease at 3, 9 and
15 dpi (#P < 0.05); S. aureus alone versus S. aureus + riboflavin,
significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone
versus S. aureus + azithromycin + riboflavin, significant decrease at
3,9 and 15 dpi (#P < 0.05). d CAT, without infection control versus
S. aureus alone, significant increase at 3, 9 and 15 dpi *P < 0.05; S.
aureus alone versus S. aureus + azithromycin, significant decrease at
3,9 and 15 dpi (#P < 0.05); S. aureus alone versus S. aureus + ribo-
flavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus
alone versus S. aureus + azithromycin 4+ riboflavin, significant
decrease at 3, 9 and 15 dpi (#P < 0.05)

studied the pathogenesis of S. aureus septic arthritis in a
murine model in which bacteria are injected intravenously,
seed to the joints and cause the disease that clinically
resembles septic arthritis in humans. Since there was no
death in the S. aureus infected mice at different time points
post infection, it can be inferred that the dose of S. aureus
cells were non-lethal yet sufficient to induce arthritis.
Circulating staphylococci disseminate to virtually all tis-
sues, but within less than a week they are cleared from the
blood, with the exception of the spleen and joints. It has
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Fig. 7 Alteration in the antioxidant status like reduced glutathione
level and the activities of the antioxidant enzymes such as SOD and
catalase splenic tissue of mice a GSH, without infection control versus
S. aureus alone, significant decrease at 3, 9 and 15 dpi (*"P < 0.05); S.
aureus alone versus S. aureus + azithromycin, significant increase at 3,
9, and 15 dpi ($P < 0.05); S. aureus alone versus S. aureus + ribo-
flavin, significant increase at 3, 9 and 15 dpi ($P < 0.05); S. aureus
alone versus S. aureus + azithromycin + riboflavin, significant
increase at 3,9, 15 dpi ($P < 0.05). b LPO, without infection control
versus S. aureus alone, significant increase at 3, 9, 15 dpi (*P < 0.05);
S. aureus alone versus S. aureus + azithromycin, significant decrease
at3,9and 15 dpi (#P < 0.05); S. aureus alone versus S. aureus + ribo-
flavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05); S. aureus
alone versus S. aureus + azithromycin + riboflavin, significant

been shown previously that the degree of arthritis and
inflammation under normal circumstances are dependent
on the amount of bacteria injected and the ability of the
host to clear the bacteria [36]. Interestingly, it is not the
staphylococci per se but rather the immune response
evoked, as measured by the level of proinflammatory
cytokines, that are related to the progression and devel-
opment of arthritis.
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decrease at 3, 9 and 15 dpi (#P < 0.05). ¢ SOD, without infection
control versus S. aureus alone, significant increase at 3, 9 and 15 dpi
(*P < 0.05); S. aureus alone versus S. aureus + azithromycin decrease
significantly at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone versus S.
aureus + riboflavin decrease significantly at 3, 9 and 15 dpi (#
P < 0.05); S. aureus alone versus S. aureus + azithromycin 4 ribo-
flavin, significant decrease at 3, 9 and 15 dpi (#P < 0.05). d CAT,
without infection control versus S. aureus alone, significant increase at
3, 9 and 15dpi (*P <0.05); S. aureus alone versus
S. aureus + azithromycin decrease significantly at 3, 9 and 15 dpi
(#P < 0.05); S. aureus alone versus S. aureus + riboflavin decrease
significantly at 3, 9 and 15 dpi (#P < 0.05); S. aureus alone versus
S. aureus + azithromycin + riboflavin, significant decrease at 3,9 and
15 dpi (#P < 0.05)

S. aureus (AG-789) is found sensitive to AZI and we
observed that early administration of antibiotic alone, or in
combination with riboflavin, eradicates the bacteria from
blood and tissues that also correlated with joint inflam-
mation. The 100 mg/kg dose was selected in order to
maintain high antibiotic levels for longer periods of time.
AZI, with its prolonged ¢1/2 and high concentrations in
tissue, was reported to be a very promising drug for the



Effect of co-therapeutic treatment on S. aureus septic arthritis

271

cure of acute and chronic Group B type IV Streptococci
infections. It has been reported that plasma concentrations
of AZI were consistently higher at 2 h interval after i.v.
administration [24]. Hence, we administered riboflavin just
after 2 h of antibiotic treatment. Although a high intra-
cellular concentration of a given antibiotic does not
guarantee effective intracellular antimicrobial activity,
what counts is the concentration of free active antibiotic at
the site of bacterial presence.

During our study we observed a three-step pathogenic
process in S. aureus arthritis: (1) During the first 3 days of
infection, bacteria recruited and bind selectively to differ-
ent target organs, namely spleen and synovial tissue, (2)
once in the joint, an unspecific inflammatory process takes
during the first 6 days (i.e., 9 dpi), primarily with phago-
cytosis of bacteria by PMNs and macrophages. The
bacterial burden and host phagocytic properties are
important for progression of disease at this stage, (3) at
15th dpi, although no bacteria are found in the joint,
swelling is still prominent in the infected group. At this
stage, coagulase or TSST-1 produced during the initial
6 days could promote T cell proliferation leading to
induction of cytokine production. In these experiments
performed in mice treated with AZI and riboflavin, the final
result is that the staphylococci were cleared faster from the
blood and spleen, supporting the combined use of ribofla-
vin and AZI in the prevention of infection produced by
S. aureus (AG-789).

As we are unable to ensure initiation of antibiotic
therapy based on Gram-stain results of joint fluid from
mice, we recovered the bacteria from blood and spleen
after time-dependent infection by the colony counting
method. A number of bacterial CFU obtained from either
blood or spleen were not false positive, since bacterial
presence was defined as 15 CFU or more for blood or
tissue, and are even higher in our case (6). After 3 and
9 dpi, bacterial burden was completely cleared from blood
and spleen due to combinatorial treatment, but were still
prominent in the joint, which is again cleared at 15 dpi.
Thus early treatment of AZI alone or in combination with
riboflavin protects the host from widespread dissemination
of bacteria into different tissues and is also correlated with
joint inflammation.

Thus, the signs of arthritis suggested that the swelling
may not be directly due to the bacterial burden in the blood
or tissues, but might be due to the TSST-1 or coagulase
induced during the course of infection. Therefore, the
occurrence, even in the treated mice, is not surprising,
bearing in mind that treatment was started 24 h post
inoculation with bacteria. Owing to the fact that there is
such a short time difference between infection and antibi-
otic treatment, it may be questioned whether this has any
physiological significance. We believe that currently the

focus should be on the effect, rather than the time schedule.
If the drug is found to be effective, then its effect may be
extended up to longer time periods.

Among the different cytokines implicated in inflamma-
tion and septic shock, TNF-o, IFN-y and IL-6 are pro-
inflammatory and IL-10 and IL-12p70 are anti-inflamma-
tory. Indeed, mice inoculated with S. aureus AG-789
displayed significantly higher levels of TNF-a, IFN-v, IL-6
and MCP-1 than the control animals. Several cytokines,
including IL-10, TNF-o, and IL-6, have been reported to
stimulate bone resorption. It was also reported that IL-10 is
an important endogenous suppressor of infection-stimu-
lated bone resorption in vivo, likely acting via inhibition of
IL-1a expression [37]. Our results are also supported by
earlier studies suggesting that the elevated TNF-o, IFN-y
and IL-6 levels induced by S. aureus infection may be
related to bone damage mainly in the early phase of
infection [38].

Indeed, higher bacterial counts in blood and spleens of
infected mice early during infection (3 dpi) support the
notion that mice producing TNF-o, IFN-y and IL-6 may be
sicker in the early stages of infection. It may be suggested
that non-phagocytosed, synovial-tissue-bound bacteria, or
more importantly their exotoxins, activate macrophages
and monocytes to release TNF-o, IFN-y and IL-6 which
enter the circulation and trigger a general inflammatory
response. Moreover, we found elevated MCP-1 in the
serum of S. aureus infected mice, indicating recruitment of
monocytes to the synovial tissue to regulate inflammation.

In serum, which reflects the primary site of inflamma-
tion in this model, IL-10 continues to increase even at 15
dpi after treatment of mice with AZI and riboflavin. The
sustained production of regulatory mediators is likely an
important aspect relating to in vivo cytokine balance,
which dictates the resolution of inflammation and may be a
positive prognostic indicator for recovery and survival due
to the combined therapy. Previous observations have
demonstrated a protective role for IL-10 in animal models
of septic inflammatory response and also found it to inhibit
the production of ROS and reactive nitrogen intermediates
when monocyte/macrophages are activated by IFN-y [39].
Thus the suppressive effects of IL-10 on host responses
might be predominantly mediated by antioxidant—antibiotic
co-therapy. IL-12 is protective in several experimental
models of bacterial infections [40]. In our study we also
found elevated IL-12p70 at 3, 9 and 15 dpi when mice
were treated with AZI followed by riboflavin after S.
aureus infection, suggesting the protective effect of
endogenously circulating IL-12, which happens to down-
regulate staphylococcal growth.

Our studies revealed that infection of mice with
S. aureus caused the generation of severe oxidative stress
in cardiac, hepatic, renal and splenic tissues (Figs. 4, 5, 6,
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7). The level of oxidative stress was found to be high at all
the time-points studied. The increased level of tissue lipid
peroxidation (LPO) and reduction in the level of reduced
glutathione (GSH), two important bio-markers, indicated
generation of severe oxidative stress following infection.
However, when the mice were co-treated with AZI, the
antibiotic, and the B-vitamin, riboflavin, the level of LPO
was found to be restored to almost near control values in all
the tissues studied. Similarly, tissue reduced GSH level was
also restored to control level following the co-treatment. In
our studies, in mouse liver, kidney, heart and spleen, the
antibiotic and the vitamin co-treatment seemed to stimulate
glutathione biosynthesis. There were previous reports that
antioxidant(s) stimulate glutathione biosynthesis in the
mouse tissues [20]. The results indicate that the co-treat-
ment has the ability to provide protection against oxidative
stress in mouse tissues following infection with S. aureus.
It is interesting to note, however, that neither AZI nor
riboflavin alone is capable of completely ameliorating the
oxidative stress following infection of the mice with the
bacteria.

Generation of oxidative stress following infection of the
mice with S. aureus was further confirmed by studying the
activities of the two key antioxidant enzymes of heart,
liver, kidneys and the spleen tissues. The activity of SOD
(Cu—Zn-type) and catalase was found to be increased
compared to control by more than twofold in all the tissues
studied. The increase in SOD and catalase activity at all
time-points studied may be an adaptive response of the
tissue against the elevated levels of superoxide anion free
radicals and hydrogen peroxide generated within the tissue
following infection of the mice with S. aureus. However,
when the mice were co-treated with azithromycin and
riboflavin, the activity of SOD and catalase was found to be
restored to near normal, indicating that the co-therapy with
antibiotic and the vitamin was effective in combating
oxidative stress following infection with the bacteria.

We also found similar results in our previous studies with
different strains of S. aureus and different combination of
antibiotic (ampicillin and gentamicin) and antioxidant (ribo-
flavin and ascorbic acid) [20, 41]. In an ongoing project we are
also doing experiments with a macrolide-resistant strain,
which will give a clear idea about the effect of the antibiotic in
the present results. The information obtained through our
present studies relating to the efficacy of antibiotic-antioxi-
dant co-therapeutic approach in ameliorating the oxidative
stress induced due to infection of the mice with S. aureus may
be important and useful in the treatment of human inflam-
matory conditions associated with bacterial infection, and
needs further studies.
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