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ABSTRACT Sepsis is a life-threatening systemic inflammatory condition triggered as
a result of an excessive host immune response to infection. In the past, immuno-
modulators have demonstrated a protective effect in sepsis. Azithromycin (a macro-
lide antibiotic) has immunomodulatory activity and was therefore evaluated in com-
bination with ceftriaxone in a clinically relevant murine model of sepsis induced by
cecal ligation and puncture (CLP). First, mice underwent CLP and 3 h later were ad-
ministered the vehicle or a subprotective dose of ceftriaxone (100 mg/kg of body
weight subcutaneously) alone or in combination with an immunomodulatory dose
of azithromycin (100 mg/kg intraperitoneally). Survival was monitored for 5 days. In
order to assess the immunomodulatory activity, parameters such as plasma and lung
cytokine (interleukin-6 [IL-6], IL-18, tumor necrosis factor alpha) concentrations, the
plasma glutathione (GSH) concentration, plasma and lung myeloperoxidase (MPO)
concentrations, body temperature, blood glucose concentration, and total white
blood cell count, along with the bacterial load in blood, peritoneal lavage fluid, and
lung homogenate, were measured 18 h after CLP challenge. Azithromycin in the
presence of ceftriaxone significantly improved the survival of CLP-challenged mice.
Further, the combination attenuated the elevated levels of inflammatory cytokines
and MPO in plasma and lung tissue and increased the body temperature and blood
glucose and GSH concentrations, which were otherwise markedly decreased in CLP-
challenged mice. Ceftriaxone produced a significant reduction in the bacterial load,
while coadministration of azithromycin did not produce a further reduction. There-
fore, the survival benefit offered by azithromycin was due to immunomodulation
and not its antibacterial action. The findings of this study indicate that azithromycin,
in conjunction with appropriate antibacterial agents, could provide clinical benefits
in sepsis.
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epsis is characterized by life-threatening organ dysfunction, in which the proin-

flammatory cytokines released by host immune cells in response to infection play
a major role in pathogenesis (1, 2). In septic patients, there is an imbalance of
proinflammatory/anti-inflammatory and oxidant/antioxidant mechanisms, resulting in
the uncontrolled production of proinflammatory cytokines (e.g., interleukin-1 [IL-1p],
IL-6, and tumor necrosis factor alpha [TNF-«]), oxidative enzymes (e.g., myeloperoxidase
[MPQ]), and free oxygen species that induce oxidative stress, inflammation, and direct
mitochondrial damage, precipitating to organ dysfunction (3, 4, 5). Despite recent
advances in our understanding of the pathophysiological mechanism of sepsis and
improved antimicrobial therapy, the rate of mortality from sepsis remains frustratingly
high (6). Unfortunately, many of the therapeutic options for the management of sepsis
proposed over the years have either failed to meet their initial expectations or re-
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mained unproved. For instance, cytokine-targeted therapies failed in clinics primarily
due to their action on a single inflammatory mediator (7). Therefore, current research
employing animal models of sepsis focuses on strategies to minimize the hyperinflam-
matory response associated with sepsis through the use of agents that exhibit a
broader immunomodulatory effect via multiple inflammatory pathways (8).

Macrolides are antibacterial agents, and several reports have also provided evidence
of their immunomodulatory activity (9-11). Macrolides inhibit the production of reac-
tive oxygen species, proinflammatory cytokines, and transcription factors of inflamma-
tion, such as nuclear factor kappa B (NF-kB) and activator protein 1 (AP-1) (12). They are
also known to inhibit expression of adhesion molecules on endothelial cells and,
thereby, infiltration of neutrophils from blood to tissues (13). Macrolides have demon-
strated a beneficial effect in chronic pulmonary inflammatory conditions, such as
diffuse panbronchiolitis, cystic fibrosis, asthma, and bronchiectasis (14, 15). They
have also been shown to produce favorable outcomes in critically ill patients with
community-acquired bacterial pneumonia (16). Considering the diverse immunomodu-
latory mechanisms exhibited by macrolides, we sought to explore their beneficial effect
for the treatment of sepsis. For this purpose, we opted to evaluate azithromycin, a
macrolide antibiotic, in a clinically relevant animal model of sepsis.

Azithromycin was earlier reported to provide a survival benefit in the lipopolysac-
charide (LPS)-induced murine sepsis model (17). The present study is the first-ever
attempt to evaluate azithromycin in the murine cecal ligation and puncture (CLP)
model of polymicrobial sepsis. The CLP model is the gold standard and widely preferred
sepsis model, as it closely mimics the clinical condition of human sepsis (18). In the CLP
sepsis model, the infection is primarily due to enteric bacteria against which azithro-
mycin lacks activity. As a result, stand-alone azithromycin therapy does not provide a
survival benefit. Therefore, CLP-challenged mice were treated with azithromycin in
combination with a subprotective dose of the broad-spectrum cephalosporin ceftriax-
one, which controls the progression of infection, thereby allowing the study of the
immunomodulatory effect of azithromycin.

Initially, azithromycin was evaluated in an LPS-induced sepsis model to identify the
immunomodulatory dose to be employed in a CLP-induced sepsis model. The dose was
identified on the basis of the survival rate and immunomodulatory activity in terms of
the effect on plasma cytokine (IL-1p, IL-6, and tumor necrosis factor alpha), myeloper-
oxidase (MPO), and glutathione (GSH) concentrations; blood glucose concentrations;
body temperature; and total white blood cell (WBC) count. The dose of azithromycin
chosen was combined with a subprotective dose of ceftriaxone in the CLP-induced
sepsis model, and the survival benefit and immunomodulatory activity were assessed.
A group treated with ceftriaxone alone was included as a control for the combination
treatment group.

RESULTS

Survival in LPS- or CLP-induced sepsis model. In the LPS-induced sepsis model,
administration of azithromycin intraperitoneally (i.p.) 1 h prior to the administration of
a lethal dose of LPS resulted in a dose-dependent improvement in the survival of mice
at 24 h. The highest dose of 100 mg/kg of body weight provided 75% survival, whereas
the rate of survival in the untreated LPS-challenged group was 12.5% (P < 0.05) (Fig.
1). Since a significant survival benefit was observed with the dose of 100 mg/kg,
suggesting the immunomodulatory effect of azithromycin, the same dose was evalu-
ated in the CLP-induced sepsis model. Azithromycin treatment (at 100 mg/kg i.p. 3 h
after the CLP procedure) of CLP-challenged mice provided 37.5% protection; in con-
trast, 75% protection was observed in the LPS-induced sepsis model, indicating that
azithromycin might have little or no effect on the infection associated with CLP-induced
sepsis. In order to control bacterial growth, azithromycin (100 mg/kg i.p.) was combined
with ceftriaxone at a subprotective dose (100 mg/kg subcutaneously [s.c.]). The ceftri-
axone dose was identified from an initial survival study in the CLP-induced sepsis
model, where it showed only 37.5% protection of mice (data not shown). A log-rank test
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FIG 1 Survival in LPS-induced mouse sepsis model. Vehicle (saline) or azithromycin (25, 50, 100 mg/kg
i.p.) was administered to mice (n = 8) 1 h prior to LPS treatment (1,500 ng/mouse i.p.), and survival was
monitored for 24 h. Statistical analysis was performed using Fisher’s exact test. *, P < 0.05 for significance
compared to the LPS control group.

analysis of the 5-day survival curve for the CLP-induced sepsis model showed that the
survival rate for the combination group (75%) was significantly (P < 0.01) higher than
that for the CLP control group (0%) and also better than that for the groups treated
with azithromycin and ceftriaxone alone (Fig. 2).

Effect on circulating cytokine levels. The plasma concentrations of the cytokines
IL-6, IL-1B, and TNF-a observed in the LPS-induced sepsis model are illustrated in Fig.
3. As expected, their concentrations increased severalfold in the LPS-treated control
group at 18 h post-LPS treatment compared to those in the untreated group. Admin-
istration of azithromycin alone to LPS-treated mice produced a dose-dependent reduc-
tion in cytokine levels. When it was administered at 100 mg/kg, these cytokines were
reduced to levels closer to those in the untreated group. Similarly, CLP-challenged mice
showed a statistically significant rise in the plasma cytokine levels compared to those
in the sham-treated group after 18 h of CLP. The mean plasma concentrations of IL-6,
TNF-q, and IL-18 in the CLP control group were 15,892 * 1,250.6, 119.3 = 17.4, and
156.61 * 43.9 pg/ml, respectively. Interestingly, treatment with ceftriaxone alone
significantly reduced the concentrations of all three evaluated cytokines (IL-6, 925 *+
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FIG 2 Survival data for mice that underwent CLP. At 3 h after CLP challenge, mice (n = 8) were
administered vehicle (saline), ceftriaxone alone (100 mg/kg s.c.), azithromycin alone (100 mg/kg i.p.), or
ceftriaxone and azithromycin in combination, and survival was monitored for 5 days. Statistical analysis
was performed using the log-rank test. *, P < 0.05 for significance compared to the CLP control group;
**, P < 0.01 for significance compared to the CLP control group.

September 2018 Volume 62 Issue 9 e00752-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 3


http://aac.asm.org

Patel et al.

>
w

400 i 150+
#Hi#
~ &)
2
= 300 g
) 2 1004
2 £100
g 3
- ]
= 200 z ##
] = *k%k #
£ s 504
2 #it# ## £ = Kk
£ 100 o i g
&~
0 1 I T l | Y I 0 I T 1 T
Normal LPS 50 mg/kg 100 mg/kg Normal LPS 50 mg/kg 100 mg/kg
Control  Control  Azithromycin+LPS Control  Control itk omycin+LPS
C 1300, s
=) 900+
£
2 5001
= 100
- 80
< 601
E *kk
E 40 - *kk
¥ 20
0 | — | I I

Normal LPS 50 mg/kg 100 mgkg
Control  Control Azithromycin+LPS

FIG 3 Effect of LPS treatment on mouse plasma cytokine IL-6 (A), TNF-« (B), and IL-1p (C) levels. Mice (n =
8) were administered vehicle (saline) or azithromycin (50 and 100 mg/kg i.p.) 1 h prior to LPS challenge
(1,000 pg/mouse ip.), and plasma cytokine levels were measured 18 h after LPS injection. Data are
expressed as the mean = SEM (n = 6). #, P < 0.05 for significance versus the normal control group; ##, P <
0.01 for significance versus the normal control group; ###, P < 0.001 for significance versus the normal
control group; ***, P < 0.001 for significance versus the LPS control group.

154.5 pg/ml; TNF-o, 41.03 = 3.9 pg/ml; IL-1B8, 5219 = 6.2 pg/ml; n = 6). The
azithromycin-ceftriaxone combination further marginally reduced their levels (IL-6,
565 * 25.8 pg/ml; TNF-o, 23.10 = 1.2 pg/ml; IL-183, 36.23 = 3.4 pg/ml; n = 6) (Fig. 4).

The lung concentrations of IL-6, TNF-e, and IL-1B in CLP-challenged mice (n = 6)
were 466, 251.2, and 526.6 pg/ml, respectively, whereas no levels of these cytokines
were observed in the sham-treated group (data not shown). Unlike the observation
with plasma, ceftriaxone treatment of CLP-challenged mice did not reduce the lung
cytokine levels, while the azithromycin-ceftriaxone combination treatment brought
about significant reductions (IL-6, 57.06 = 4.07 pg/ml; TNF-«, 67.17 = 13.08 pg/ml;
IL-1B, 316.53 *+ 21.94 pg/ml; n = 6) (Fig. 5).

Effect on GSH and MPO levels. In LPS-treated mice, a significant suppression of
plasma GSH levels and a significant elevation in plasma MPO levels compared to those
in the untreated group were observed at 18 h. LPS-treated mice administered azithro-
mycin produced a dose-dependent incremental rise in the GSH level and a considerable
decrease in MPO levels. However, the effect was significant (P < 0.05) only at 100
mg/kg (Fig. 6A and B).

Similar to the findings with the LPS-induced sepsis model, the plasma GSH level was
significantly reduced while the plasma MPO level was significantly increased in the CLP
control group compared to the sham-treated group (GSH concentration, 1.02 = 0.1
mg/ml in the CLP control group versus 2.08 = 0.2 mg/ml in the sham-treated group
[P < 0.01]; MPO concentration, 620.64 * 45.9 uM/min/ml in the CLP control group
versus 105.84 * 33.8 puM/min/ml in the sham-treated group [P < 0.01]; n = 8).
Ceftriaxone treatment did not cause a significant change in the GSH and MPO levels
compared to those in the CLP control group, while the combination treatment group
had significantly elevated GSH levels (1.98 = 0.3 mg/ml; P < 0.01; n = 8) and decreased
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FIG 4 Effect of ceftriaxone (CTX) and ceftriaxone (CTX)-azithromycin (AZM) on plasma IL-6 (A), TNF-« (B),
and IL-18 (C) levels in mice that underwent CLP. At 3 h after CLP challenge, mice were treated with vehicle,
ceftriaxone (100 mg/kg, s.c.), or ceftriaxone (100 mg/kg, s.c.) plus azithromycin (100 mg/kg, i.p.), and the
plasma cytokine levels were measured 18 h after CLP (n = 6). Data are expressed as the mean = SEM (n =
6). ##, P < 0.01 for significance versus the sham-treated group; ###, P < 0.001 for significance versus the
sham-treated group; *, P < 0.05 for significance versus the CLP group; **, P < 0.01 for significance versus
the CLP group; ***, P < 0.001 for significance versus the CLP group.

MPO levels (275.13 = 50.4 uM/min/ml; P < 0.01; n = 8) compared to those in the CLP
control group (Fig. 7A and B). In lung tissue, MPO levels in CLP-challenged mice
increased significantly compared to those in the sham-treated group (60.27 versus 8.51
U/g of tissue; P < 0.001; n = 8). Ceftriaxone did not have any effect on the lung tissue
MPO level (52.04 U/g), while the ceftriaxone-azithromycin combination treatment
considerably reduced its level (44.20 U/g) (P < 0.05; n = 8) compared to that in the CLP
control group (Fig. 7Q).

Effect on blood glucose levels, body temperature, and total WBC count. In the
LPS-induced sepsis model, the mean blood glucose level and body temperature in the
untreated group were 119.5 £ 2.4 mg/dl and 99.2 = 0.7°F, respectively, and these
dropped significantly to 20.67 = 2.1 mg/dl (P < 0.001; n = 6) and 92.0 = 0.7°F (P <
0.001; n = 6), respectively, in the LPS-challenged group. Azithromycin (100 mg/kg i.p.)
treatment resulted in a significant reversal in the blood glucose level (51.5 = 9.0 mg/dl;
P < 0.001; n = 6) and body temperature (96.28 + 0.4°F; P < 0.01; n = 6) compared to
those in the LPS control group (Fig. 8A and B). The WBC count was significantly (P <
0.001; n = 6) reduced in the LPS control group (2.77 X 103 = 0.14 X 103/ul) compared
to the untreated group (7.02 X 10® = 0.63 X 103/ul), and this reduction was not
reversed by treatment with azithromycin (Fig. 8C).

In the CLP-induced sepsis model, CLP treatment caused a significant reduction in
the blood glucose concentration (from 99.55 * 3.3 to 29.0 = 13.0 mg/dl; P < 0.001;
n = 6) and body temperature (from 99.33 = 0.4 to 92.97 = 1.1°F; P < 0.001; n = 6)
compared to those in the sham-treated group. Treatment with ceftriaxone significantly
reversed the blood glucose concentration (54.0 = 7.6 mg/dl, P < 0.05; n = 6) as well
as the body temperature (96.33 = 0.4°F; P < 0.01; n = 6) in the CLP-challenged mice.
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FIG 5 Effect of ceftriaxone (CTX) and ceftriaxone plus azithromycin (CTX+AZM) on lung IL-6 (A), TNF-« (B),
and IL-18 (C) levels in mice that underwent CLP. At 3 h after CLP challenge, mice were treated with vehicle,
ceftriaxone (100 mg/kg s.c.), or ceftriaxone (100 mg/kg s.c.) plus azithromycin (100 mg/kg i.p.), and the
plasma cytokine levels were measured 18 h after CLP. Data are expressed as the mean * SEM (n = 6). **,
P < 0.01 for significance versus the CLP group.

Azithromycin in combination with ceftriaxone caused a further elevation in the blood
glucose concentration (72.7 = 6.5 mg/dl; P < 0.01; n = 6) compared to that in the
group receiving ceftriaxone alone, but the animals exhibited no change in body
temperature (97.0 = 0.5°F; P < 0.01; n = 6) (Fig. 9A and B).
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FIG 6 Effect of LPS treatment mice on plasma GSH (A) and MPO (B) levels. Mice (n = 8) were administered
vehicle (saline) or azithromycin (50 and 100 mg/kg i.p.) 1 h prior to LPS challenge (1,000 ng/mouse i.p.), and
the plasma GSH and MPO levels were measured 18 h after LPS injection. Data are expressed as the mean =
SEM (n = 8). #, P < 0.05 for significance versus the normal control group; ##, P < 0.01 for significance versus
the normal control group; ###, P < 0.001 for significance versus the normal control group; *, P < 0.05 for
significance versus the LPS control group.
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FIG 7 Effect of ceftriaxone (CTX) and ceftriaxone plus azithromycin (CTX+AZM) on plasma GSH (A), plasma
MPO (B), and lung MPO (C) levels in mice that underwent CLP. Vehicle (saline), ceftriaxone (100 mg/kg s.c.),
or ceftriaxone (100 mg/kg s.c.) plus azithromycin (100 mg/kg i.p.) was administered 3 h after CLP, and
plasma GSH and plasma and lung MPO levels were measured after 18 h of CLP. Data are expressed as the
mean = SEM (n 8). #, P < 0.05 for significance versus the sham-treated group; ##, P < 0.01 for
significance versus the sham-treated group; ###, P < 0.001 for significance versus the sham-treated group;
*, P < 0.05 for significance versus the CLP group; **, P < 0.01 for significance versus the CLP group.

With respect to the total WBC count, it was significantly lower in CLP-challenged
mice than in the sham-treated group (1.13 X 103 = 0.14 X 103/ul versus 6.18 X 103 =
0.25 X 103/ul; P < 0.001; n = 6). Treatment with ceftriaxone alone or treatment with
ceftriaxone in combination with azithromycin did not significantly reverse the WBC
count (Fig. 9Q).

Effect on bacterial clearance. In order to determine whether the protective effect
of the combination treatment in the CLP model was due to synergistic antimicrobial
activity, the number of bacterial CFU in the blood, peritoneal lavage fluid, and lung
homogenate was estimated 18 h after CLP challenge. Ceftriaxone produced a signifi-
cant reduction in the bacterial count in blood, lung homogenate, and peritoneal lavage
fluid, while azithromycin in combination with ceftriaxone provided no further reduction
compared to that in the CLP control group. This observation suggests that azithromycin
did not have a synergistic effect in this polymicrobial sepsis model (Fig. 10).

DISCUSSION

In the present study, azithromycin was evaluated in combination with ceftriaxone in
a clinically relevant animal model of sepsis (18). As azithromycin lacks antibacterial
activity against the enteric bacteria which lead to mortality in mice, the LPS-induced
sepsis model was used to identify the immunomodulatory dose of azithromycin that
was later employed in the CLP-induced sepsis model. Treatment with an azithromycin
dose of 100 mg/kg, which led to 75% survival of mice in the LPS sepsis model, was
chosen as the immunomodulatory dose and is in the therapeutic range of azithromycin
(19). As expected, the same dose did not provide equivalent protection in the CLP-
induced sepsis model, suggesting its inability to stop the progression of infection. In
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FIG 8 Effect of LPS treatment on blood glucose concentration (A), body temperature (B), and WBC count
(C). Mice (n = 8) were administered azithromycin (50 and 100 mg/kg i.p.) or vehicle (saline) 1 h prior to LPS
treatment (1,000 pg/mouse, i.p.), and the body temperature, blood glucose concentration, and WBC count
were determined 18 h after LPS injection. Data are expressed as the mean = SEM (n = 6). ##, P < 0.01
for significance compared to the normal control group; ###, P < 0.001 for significance compared to the
normal control group; *, P < 0.05 for significance compared to the LPS control group; **, P < 0.01 for
significance compared to the LPS control group; ***, P < 0.001 for significance compared to the LPS
control group.

order to investigate the survival benefit of azithromycin, it was necessary to combine
it with ceftriaxone at a dose that by itself did not provide a survival benefit but that in
combination helped to control the spread of infection, thereby enabling assessment of
the survival benefit of azithromycin. Treatment with ceftriaxone at a dose of 100 mg/kg
led to only 37.5% survival, even though it produced a significant reduction in the
bacterial load. Azithromycin in combination with ceftriaxone was able to provide a
protection rate comparable to that observed with azithromycin alone in the LPS-
induced sepsis model, thus experimentally demonstrating its immunomodulatory
effect in the CLP-induced sepsis model. Such an effect was not based on antibac-
terial synergy between these two agents, as evidenced from a lack of an effect of
azithromycin on the bacterial load. These observations suggest that for a survival
benefit in the CLP model of sepsis, it is important to manage both infection and
inflammation (20).

Previous studies have demonstrated that the proinflammatory cytokines TNF-q,
IL-1B, and IL-6 are the key contributors to the pathogenesis of sepsis (21, 22). In
CLP-challenged mice, the plasma levels of IL-6, IL-B, and TNF-« significantly increased
by 18 h. Treatment with ceftriaxone alone caused a significant decline in the cytokine
levels, and no further significant drop was observed when it was used in combination
with azithromycin. Therefore, we could not assess the contribution of azithromycin to
the reduction of the plasma cytokine levels without the confounding effect of ceftri-
axone. The decline in the plasma cytokine levels produced by ceftriaxone could be the
result of its antibacterial activity. It should be noted that in the LPS-induced sepsis
model, azithromycin alone elicited a significant decline in the levels of these cytokines
in plasma.
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However, in lung tissues, only a subdued effect of ceftriaxone on both the bacterial
count and the measured cytokine levels was seen, enabling assessment of the effect of
azithromycin in the presence of ceftriaxone. This subdued effect of ceftriaxone could be
attributed to lower lung concentrations of ceftriaxone, as this drug is highly plasma
protein bound (23). Compared to treatment with ceftriaxone alone, the addition of
azithromycin remarkably suppressed the levels of these cytokines in lung tissue, thus
demonstrating its immunomodulatory effect.
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FIG 10 Effect of ceftriaxone (CTX) and ceftriaxone (CTX) plus azithromycin (AZM) on the bacterial count in blood (A), peritoneal lavage
fluid (B), and lung tissue (C) in mice that underwent CLP. At 3 h after CLP, mice (n = 6) were treated with ceftriaxone (100 mg/kg s.c.)
or ceftriaxone (100 mg/kg s.c.) plus azithromycin (100 mg/kg i.p.), and the bacterial counting was done 18 h after CLP challenge. Data are
expressed as the mean = SEM (n = 5). **, P < 0.01 for significance versus the CLP control group; ***, P < 0.001 for significance versus
the CLP control group.
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The immunomodulatory effect of azithromycin was further observed in the LPS-
and CLP-induced sepsis models through a significant reversal of the plasma MPO
and GSH levels. As part of the innate immune response, during a normal infection,
MPO is secreted by activated neutrophils, which help in bacterial killing. However,
in sepsis, there is an LPS-mediated abnormal hyperproduction of MPO, a potent
oxidative enzyme which causes the peroxidation of cell membrane lipids and a
decrease in the levels of the antioxidant GSH, leading to tissue dysfunction (24-27).
The present study demonstrated that azithromycin could reverse this imbalance in
the oxidant and antioxidant response and potentially minimize tissue injury in
sepsis. It should be noted that therapy with ceftriaxone alone did not reverse the
plasma MPO and GSH levels in the CLP sepsis model. Therefore, the effect of the
combination treatment was primarily due to azithromycin. In lung tissue, we could
measure only the MPO concentration, and unlike the findings in plasma, treatment
with azithromycin in combination with ceftriaxone produced only a marginal
reversal of the MPO concentration. Further investigation is required to understand
this phenomenon.

LPS- and CLP-challenged mice experienced a significant reduction in the WBC count
compared to that in the sham-treated group, possibly due to the immunosuppression
observed during the later phase of sepsis. A similar decrease in the leukocyte count was
also noted in previous publications (28, 29). In both models, azithromycin neither
elevated nor further suppressed the WBC count, which may suggest that it has no
immunosuppressive property.

Sepsis is reported to produce a hypodynamic state by reducing the body temper-
ature and blood glucose concentration (30). Therefore, these parameters were mea-
sured in all the groups. As expected, mice subjected to LPS treatment or CLP challenge
showed a significant reduction in the blood glucose concentration and body temper-
ature, while mice treated with azithromycin alone in the endotoxemia model, with
ceftriaxone alone, and with ceftriaxone in combination with azithromycin in the CLP
challenge model exhibited a significant reversal of these parameters. The involvement
of the excessive release of IL-18 and TNF-« in the pathogenesis of hypothermia and
hypoglycemia during sepsis has been postulated previously (22, 31). Reversal of these
parameters could be a result of inhibition of these cytokines in plasma. However,
treatment with the combination had a relatively better effect in reversing the blood
glucose level than treatment with ceftriaxone alone in the CLP model.

This is the first-ever study in which azithromycin in combination with ceftriaxone,
through its immunomodulatory property, produced a survival benefit in a murine
CLP-induced sepsis model.

However, due to the acute nature of the infection in the present model, the
beneficial role of repeated doses of azithromycin could not be evaluated. The study
results form the basis for undertaking further nonclinical and clinical investigations of
azithromycin for its therapeutic role in the management of sepsis. As azithromycin
exhibits a narrow spectrum of antibacterial activity, it is imperative to use a potent
antibiotic to which the infecting pathogen is susceptible. Clinically, the early phase of
sepsis is characterized by an excessive proinflammatory response, while the later phase
is associated with immunosuppression (32, 33). The present study showed the survival
benefit of the combination of azithromycin and ceftriaxone, which were administered
early during the progression of sepsis. In the clinical setting, mortality occurs at the later
phase of sepsis; therefore, early intervention with antibiotics in combination with
immunomodulatory agents, such as azithromycin, is likely to provide a better outcome.
Moreover, the azithromycin dose employed in mice, 100 mg/kg, is within the thera-
peutic scope of the drug.

The findings of this study indicate that combination therapy with azithromycin and
potent antibacterial agents has the potential to improve survival in critically ill patients
with bacterial infection.
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MATERIALS AND METHODS

All the experimental protocols were approved by the Institutional Animals Ethics Committee (IAEC)
of the Wockhardt Research Centre, Aurangabad, Maharashtra, India. Female Swiss albino mice weighing
25 to 30 g were used for the entire study. Mice were housed in cages, with standard rodent feed and
drinking water being provided ad libitum. The light cycle was controlled automatically (lights on at 7:00
a.m. and off at 7:00 p.m.), and the room temperature was regulated at a temperature of 18 to 22°C with
40 to 70% humidity.

LPS-induced sepsis model. The purpose of evaluating azithromycin in this model was to determine
its immunomodulatory dose in our experimental setup. LPS derived from Escherichia coli serotype
0127:B8 (Sigma-Aldrich) was dissolved in saline and injected intraperitoneally (i.p.) in a fixed volume of
0.25 ml to induce sepsis in mice. Two different LPS doses were used: a lethal dose of 1,500 wg/mouse
for the survival study, in which monitoring was done for up to 24 h, and a sublethal dose of 1,000
ng/mouse for estimation of the body temperature, blood glucose concentration, total white blood cell
(WBC) count, and plasma cytokine, myeloperoxidase (MPO), and glutathione (GSH) levels.

Treatment groups for the LPS-induced sepsis model. For the survival experiment, at 1 h prior to
administration of a lethal dose of LPS, vehicle (saline) or azithromycin (Azithral; Alembic Pharmaceutical)
at a dose of 25, 50, or 100 mg/kg i.p. was administered to mice (n = 8) only once. From this survival study,
two effective doses of azithromycin were selected to further assess the biochemical and physiological
parameters in mice exposed to a sublethal dose of LPS.

CLP-induced sepsis model. The CLP procedure was performed as described previously (34). Mice
were anesthetized with a mixture of ketamine and xylazine (100 and 10 mg/kg i.p., respectively), and the
abdomen was disinfected with iodine. A small midabdominal incision was made to expose the cecum.
A distended portion of the cecum just distal to the ileocecal valve was isolated and ligated with a 3-0 silk
suture in a manner not to disrupt bowel continuity. The ligated portion of the cecum was punctured
twice with an 18-gauge needle. To ensure the patency of the punctured portion, the cecum was gently
squeezed until a small quantity of feces extruded through it. The cecum was placed back in the
abdomen, and the incision was closed with sutures. The mice were then resuscitated with 1 ml of saline
injected subcutaneously and returned to their cages with free access to feed and water. Sham-operated
controls were treated in an identical manner, but without ligation and puncture. Survival was assessed
twice a day for 5 days. In a separate study, parameters like body temperature, blood glucose concen-
tration, total WBC count, and plasma GSH, cytokine, and MPO levels in plasma and lung tissue, along with
the bacterial count in blood, peritoneal lavage fluid, and lung homogenate, were measured 18 h after
CLP challenge.

Treatment group for the CLP-induced sepsis model. From the initial survival studies performed in
mice that had undergone CLP (data not shown), it was determined that a subprotective dose of
ceftriaxone (100 mg/kg s.c.) provided protection in 37.5% of mice. The survival study included a
sham-treated group and mice that had undergone CLP treated with vehicle (saline), ceftriaxone (100
mg/kg s.c.), azithromycin (100 mg/kg i.p.), or both ceftriaxone and azithromycin in combination. For the
estimation of biochemical and other parameters, the groups included were sham-treated controls and
mice that had undergone CLP treated with vehicle (saline), ceftriaxone (100 mg/kg s.c.), and ceftriaxone
(100 mg/kg s.c.) plus azithromycin (100 mg/kg i.p.). The drug treatments were done only once and
consisted of a single dose administered 3 h after CLP.

Experimental protocol. For estimation of biochemical and other parameters, 16 mice were included
in each group. Mice were made septic by treatment either with LPS or by the CLP technique, and 18 h
later the body temperature was measured. Six mice were bled through the tail vein for glucose
concentration estimation, followed by the collection of blood, which was placed in EDTA-containing
tubes, through the retroorbital sinus for determination of the total WBC count. To obtain plasma for
estimation of cytokine, MPO, and GSH levels, the remaining mice (n = 8) were bled through the
retroorbital sinus and the blood was placed in heparinized tubes. In addition, lungs harvested from
CLP-challenged mice were rinsed with saline, dried, and weighed. Lungs from six mice were homoge-
nized with chilled saline and centrifuged at 15,000 rpm for 10 min at 4°C to obtain a supernatant for
cytokine measurements. Lungs from eight other mice were homogenized with 50 mM potassium
phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide, sonicated, and
centrifuged to obtain a supernatant for MPO estimation.

Measurements. (i) Estimation of body temperature, blood glucose concentration, and total
WBC count. The rectal temperature and blood glucose concentration were measured using a digital
thermometer (CareTouch) and a calibrated Bayer Contour TS glucometer, respectively. The total white
blood cell count was determined from EDTA-containing blood samples using a Sysmex hematology
analyzer.

(i) Estimation of plasma and lung cytokine levels. Tumor necrosis factor alpha (TNF-a),
interleukin-6 (IL-6), and IL-1p levels were estimated using commercially available enzyme-linked immu-
nosorbent assays (ELISAs), according to the manufacturer’s instructions (R & D Systems Inc., USA).

(iii) Measurement of MPO activity in plasma and lung. MPO activity was determined by the
o-dianisidine method, with modification for 96-well plates. The assay mixture consisted of 30 ul of 0.1 M
phosphate buffer (pH 6), 30 ul of 0.01 M hydrogen peroxide (Merck), 20 ul plasma and lung supernatant,
170 ul deionized water, and 50 ul of freshly prepared 0.02 M o-dianisidine (Sigma-Aldrich) solution. The
o-dianisidine solution was added last, and the absorbance at 460 nm was recorded each minute for a
duration of 10 min using a spectrophotometer (SpectraMax Plus 384 Microplate Reader). MPO activity
was expressed in micromolar per minute per milliliter of plasma and in units per gram of tissue.
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(iv) Determination of plasma GSH content. The GSH content was determined using Ellman’s
reagent [5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)]. The reaction mixture consisted of 50 ul of clear
plasma, 250 ul of 0.1 M phosphate buffer (pH 6), and 25 ul of DTNB reagent (4 mg/ml dissolved in 1%
sodium citrate). This mixture was incubated for 10 min at 37°C, and the absorbance at 412 nm was read
using a spectrophotometer. The GSH concentration was determined using a standard curve constructed
with different concentrations of reduced L-glutathione (Sigma-Aldrich).

(v) Evaluation of bacterial clearance. The bacterial load in blood, lung homogenate, and peritoneal
lavage fluid of CLP-challenged mice was determined following vehicle and drug treatments. In brief, mice
were anesthetized with ketamine-xylazine after 18 h of CLP. The blood samples were collected through
the retroorbital sinus and placed in heparinized tubes, the contents of the tubes were mixed, and the
tubes were placed on an ice bath. The mice were then injected with 2 ml sterile saline intraperitoneally,
and the abdomen was gently massaged, cleansed with 70% alcohol, and cut open to expose the
peritoneal cavity to collect the peritoneal lavage fluid and lungs. Lung homogenate (20%) was prepared
in sterile saline. Later, the peritoneal lavage fluid, blood, and lung homogenate (100 wl) were placed on
ice and serially diluted with sterile saline. Ten microliters of each diluted sample was placed on Trypticase
soy agar plates (BD Biosciences, San Diego, CA) and incubated at 37°C for 24 h. The numbers of bacterial
colonies were then counted and expressed as the number of CFU per milliliter of blood and peritoneal
lavage fluid and the number of CFU per milligram of lung tissue.

Statistics. Survival data were analyzed using the log rank test and Fisher's exact test. Data are
represented as the mean = standard error of the mean (SEM). Differences among groups were assessed
using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple-comparison post hoc test.
A probability (P) value of <0.05 was considered significant. All statistical analyses were performed using

Antimicrobial Agents and Chemotherapy

GraphPad Prism statistical software (version 5).
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