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Abstract

Sepsis is a life-threatening organ dysfunction resulting from inflammatory responses instigated by toxins secreted by bacteria.
Immunomodulatory effect of clindamycin is earlier reported in a murine lipopolysaccharide (LPS)-induced sepsis model. There
are no studies demonstrating the immunomodulatory effect of clindamycin in combination with ceftriaxone in a clinically
relevant murine polymicrobial sepsis model induced by cecal ligation and puncture (CLP). Ceftriaxone is combined to control
the bacterial growth. Following 3 h of CLP challenge, Swiss albino mice were administered vehicle, ceftriaxone alone
(100 mg/kg, subcutaneously), and in combination with clindamycin at immunomodulatory dose (200 mg/kg, intraperitoneally).
Survival was assessed for 5 days, and bacterial count and biochemical and physiological parameters were measured after 18 h of
CLP challenge. Ceftriaxone alone caused significant reduction in bacterial count in blood, peritoneal fluid, lung, liver, and kidney
homogenate which was not further substantially reduced by ceftriaxone and clindamycin combination. Day 5 survival was
greatly improved by combination compared with ceftriaxone alone which was also evident through marked drop in blood
glucose, total white blood cell (WBC) count, and body temperature. The combination group significantly mitigated the cytokine
(tumor necrosis factor (TNF)-o and interleukin (IL)-6) and myeloperoxidase (MPO) levels in plasma, lung, liver, and kidney of
CLP-challenged mice, which further helped in significantly suppressing the elevated levels of liver and kidney function param-
eters. Clindamycin at immunomodulatory dose in combination with ceftriaxone attenuated organ damage and improved survival
of septic mice by suppressing infection, inflammatory responses, and oxidative stress.
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Introduction

Sepsis is a life-threatening systemic inflammatory condition
resulting from severe bacterial infection and poor immunity
(Song et al. 2019). This condition is primarily triggered by
bacterial cell wall components or endotoxins released during
infections that are responsible for secreting proinflammatory
cytokines and reactive oxygen species (ROS) implicated in
organ dysfunction and associated mortality (Nau and Eiffert
2002; Wibke et al. 2013; Burkovskiy et al. 2013).
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The murine CLP model of sepsis is mostly used to evaluate
the immunomodulatory activity of drugs as this model closely
resembles the human condition of sepsis (Dejager et al. 2011).
Several publications report the use of ceftriaxone and
clindamycin combination in the murine CLP sepsis model to
improve survival and control bacterial growth (Hollenberg
et al. 2001, 2000; Barichello et al. 2007; Ritter et al. 2004).
Ceftriaxone, a broad-spectrum cephalosporin antibiotic, is
used as it is active against Gram-negative bacteria, while
clindamycin is combined due to activity against aerobic
Gram-positive and anaerobic bacteria. Despite broad coverage
offered by both ceftriaxone and clindamycin in combination,
the survival benefit was not significant in these studies
(Hollenberg et al. 2001, 2000; Barichello et al. 2007; Ritter
et al. 2004). The probable reasons could be inadequate drug
exposures due to lower doses of either drugs or inability to
control the inflammatory responses. It should be noted that
clindamycin besides having antibacterial activity is also
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reported to possess immunomodulatory activity although at
higher doses than currently used in the CLP model.
Clindamycin at doses above 300 mg/kg by intraperitoneal
route has been earlier reported to improve survival and reduce
the proinflammatory cytokine in the LPS-induced sepsis mod-
el (Hirata et al. 2001). It is also reported to suppress the release
of bacterial toxins that are responsible for sepsis and other
secondary complications (Kishi et al. 1999; Béttcher et al.
2004). Since sepsis is a manifestation of inflammatory pro-
cesses, the protective effect of immunomodulatory dose of
clindamycin in combination with subprotective dose of ceftri-
axone was evaluated in a murine CLP-induced polymicrobial
sepsis model by monitoring the survival and inflammatory
markers. Further antibacterial activity of ceftriaxone-
clindamycin combination was also determined.

Materials and methods

Female Swiss albino mice (weighing 25-30 g) were ob-
tained from Wockhardt’s animal breeding facility. They
were housed under specific pathogen-free conditions at a
constant temperature of 18-22 °C and humidity of 40—
70% with a 12-h light/dark cycle. They were allowed free
access to standard rodent diet and pure water. All exper-
iments were performed as per guidelines for the care and
use of laboratory animals and were approved by the
Institutional Animal Ethics Committee.

Induction of polymicrobial sepsis

Mice were anesthetized with intraperitoneal injection of
co-mixed solution of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Under sterile conditions, a small mid-
abdominal incision was made to expose the cecum. The
distal portion of the cecum was completely ligated 1 cm
from the end with a 3—0 silk suture, punctured twice with
an 18-gauge needle and gently squeezed until small quan-
tity of feces extruded through them. The cecum was then
placed back in the abdominal cavity, and then the incision
was closed with sutures. A 1-mL injection of sterile saline
(0.9%) was administered subcutaneously to all mice after
surgery. Sham control underwent abdominal incision and
cecal exposure without ligation and puncture. After the
procedure, mice had free access to water and feed.
Survival was monitored for 5 days, while parameters such
as bacterial count, body temperature, blood glucose, total
WBC count, cytokines, MPO, glutathione (GSH), alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine, and blood urea nitrogen (BUN) were
measured after 18 h of CLP challenge.
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Treatment groups

From the initial survival studies performed in CLP mice
(data not shown), a subprotective dose of ceftriaxone
(100 mg/kg, s.c.) providing protection in 37.5% of mice
was determined. The survival study included a sham
group, CLP mice treated with vehicle (saline), ceftriaxone
(100 mg/kg, s.c.), clindamycin (200 mg/kg, i.p.), and both
in combination. For estimation of biochemical and other
parameters, groups included were sham control, CLP
mice treated with vehicle (saline), ceftriaxone (100 mg/kg,
s.c.), and ceftriaxone (100 mg/kg, s.c.) plus clindamycin
(200 mg/kg, i.p.), all administered 3 h post CLP
challenge.

Experimental protocol

For estimation of various parameters, 34 mice were in-
cluded in each treatment group. Mice were made septic
by CLP technique and 18 h later body temperature (n = 8)
and blood glucose (n = 8) were measured. Subsequently, 6
mice were bled through the retro-orbital sinus in EDTA
tubes for total WBC count, and other 6 mice were bled in
heparinized tubes to obtain plasma for estimation of cyto-
kines, MPO, and GSH. The remaining 6 mice were bled
to obtain serum for estimation of ALT, AST, BUN, and
creatinine. The lung, liver, and kidneys were harvested
from CLP mice (n = 14), rinsed with saline, and weighed.
Tissues collected from 6 mice were individually homoge-
nized with chilled saline to obtain 20% homogenate and
then centrifuged (15,000 rpm for 10 min at 4 °C) for
cytokine measurements. Tissues from remaining mice
(n=8) were individually homogenized with 50 mM po-
tassium phosphate buffer (pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide, sonicated, and
centrifuged to obtain supernatant for MPO estimation.

Measurements

Body temperature and blood glucose

Rectal temperature and blood glucose were measured using a
digital thermometer (CareTouch®) and a calibrated Bayer
Contour® TS glucometer, respectively.

Total WBC count in blood

Blood samples collected in EDTA were analyzed on an auto-

matic blood cell counter (Sysmex hematology analyzer) for
assessing the total WBC count.
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Cytokine levels in plasma and tissue homogenates

TNF-oc and IL-6 were estimated using commercially available
enzyme-linked immunosorbent assays (ELISAs), according to
manufacturer’s instruction (R&D Systems Inc., USA).

Plasma and tissue MPO activity and plasma GSH levels

MPO activity was determined by o-dianisidine method and
GSH was estimated using Ellman’s reagent (5,5'-dithiobis
(2-nitrobenzoic acid) or DTNB] with modification for 96-
well plates as described previously (Patel et al. 2018). For
MPO estimation, absorbance was recorded at 460 nm per
minute for a period of 10 min, and for GSH estimation, the
absorbance was read after 10-min incubation at 412 nm fol-
lowing addition of all reagents using a spectrophotometer
(SpectraMax® Plus 384 microplate reader). One unit of
MPO was defined as that degrading 1 pmol of hydrogen per-
oxide per minute at 25 °C. A molar extinction coefficient of
10,062 M ™' cm ™" of oxidized o-dianisidine was used for cal-
culation. MPO activity was expressed in uM/min/mL of plas-
ma and in U/g of tissue. The GSH concentration was estimat-
ed using a standard curve of L-glutathione (Sigma-Aldrich).

Biochemical parameters

Markers of kidney and liver damage such as BUN, creatinine,
ALT, and AST were analyzed in fresh serum samples using a
semi-automated chemistry analyzer (LabLife ChemMaster).

Bacterial clearance

In brief, mice were anesthetized with ketamine and xylazine
solution after 18 h of CLP challenge. The blood samples were
collected through the retro-orbital sinus in heparinized tubes,
mixed, and placed on ice bath. Mice were later injected with
2 mL of sterile saline intraperitoneally, and the abdomen was
gently massaged. The dorsal region of the mice was cleansed
with 70% alcohol, and the abdomen was cut open to expose
the peritoneal cavity to collect the peritoneal lavage fluid. The
lung, liver, and kidneys were then harvested aseptically and
homogenized with 3 times volume of tissue weight using ster-
ile saline. Eppendorf containing 100 pL of peritoneal lavage
fluids, blood, and tissue homogenates was kept on ice and
serially diluted with sterile saline. Ten microliters of each di-
luted 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 colony-forming units (CFU) per milliliter
of blood or peritoneal lavage and CFU per gram of tissue.

Statistical analyses

The values in all figures are represented as mean + SEM,
except for the survival curve. Statistical analyses were done
using GraphPad Prism software (version 5), where P <0.05
was considered statistically significant. Percent survival be-
tween groups was compared using log rank test, while all
other parameters were compared using one-way analysis of
variance (ANOVA) followed by Dunnett’s post hoc test.

Results

Effect on survival, blood glucose, WBC count,
and body temperature

Significant improvement in survival was noticed when ceftri-
axone (100 mg/kg) was combined with clindamycin at immu-
nomodulatory dose (200 mg/kg), resulting in 5-day survival of
75% compared with 0% in the CLP control group, whereas
the ceftriaxone and clindamycin alone group provided protec-
tion in 37.5% of mice. The high-dose clindamycin combina-
tion in our study provided better protection compared with
combination of ceftriaxone with low-dose clindamycin as re-
ported earlier (Hollenberg et al. 2001; Hollenberg et al. 2000;
Barichello et al. 2007; Ritter et al. 2004). The CLP control
group showed significant (P <0.001) decrease in blood glu-
cose (26.3+3.4 mg/dL), WBC count (1.17 x 103 /uL +0.1),
and body temperature (92.8 + 1.1 °F) compared with 99.0 +
1.2 mg/dL, 6.07 x 103/uL +0.2, and 98.8 £0.3 °F in the sham
group, respectively. Although ceftriaxone alone increased the
glucose level and body temperature, the effect was more pro-
nounced in the ceftriaxone and clindamycin combination
groups. The combination significantly elevated the blood glu-
cose (62.0+8.4 mg/dL; P<0.01), WBC count (3.25 x 10/
puL+0.4; P<0.01), and body temperature (97.1 +£0.5 °F;
P <0.001) compared with the CLP control (Fig. 1).

Effect on plasma parameters

Figure 2 demonstrates the effect of treatment groups on plas-
ma cytokines, MPO, and GSH. As expected, the CLP group
showed significant (P <0.001) increase in TNF-ox (121.5+
16.7 pg/mL), IL-6 (13,858.3+1419.7 pg/mL), and MPO
(647.9+41.5 uM/min/mL) levels compared with the sham
group (TNF-«, 8.9+ 1.0 pg/mL; IL-6, 33.6 + 8.7 pg/mL; and
MPO, 72.7 £ 12.6 uM/min/mL). In contrast, there was signif-
icant (P <0.001) decrease in the GSH level in the CLP group
(1.04 +£0.1 mg/mL) compared with the sham group (2.5+
0.4 mg/mL). Ceftriaxone alone demonstrated significant re-
duction in TNF-« and IL-6 levels but had no significant effect
on the MPO and GSH. While, the combination group exhib-
ited substantial (P <0.001) drop in plasma TNF-« (25.0 +
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Fig. 1 Effect of ceftriaxone (CTX) + clindamycin (CLI) combination on
survival, total WBC, blood glucose, and body temperature: Following 3 h
of CLP, mice were administered vehicle, CTX (100 mg/kg, s.c.), CLI
(200 mg/kg, i.p.), and CTX (100 mg/kg, s.c.) + CLI (200 mg/kg, i.p.).
For survival effect, mice (n=8) were observed for 5 days for mortality,
and the statistical analysis was performed using the log rank test, whereas

1.5 pg/mL), IL-6 (680.8 + 141.9 pg/mL), and MPO (147.2 +
18.3 uM/min/mL) and elevated the plasma GSH (2.16 +
0.2 mg/mL) levels.

Effect on lung parameters

The lung cytokine concentration in the sham control group
was undetectable due to levels below quantification. The lung
IL-6 and TNF-« levels for the CLP control group were 468.7
+105.4 pg/mL and 252.3 +48.9 pg/mL, respectively, while
the lung MPO level was 63.1+4.7 U/g, which was signifi-
cantly (P < 0.001) higher than the sham group (8.7 +0.7 U/g).
Ceftriaxone alone had no significant effect on lung cytokine
and MPO levels, while the combination group significantly
attenuated the IL-6 (126.2+17.2 pg/mL), TNF-«x (40.3 +
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for blood glucose (n = 8), body temperature (n = 8), and total WBC count
(n = 6), estimations were performed 18 h after CLP challenge. Each value
is represented as mean + SEM. ###P < 0.001 for significance versus the
sham group and *P < 0.5, **P <0.01, and ***P <(.001 for significance
versus CLP control

15.6 pg/mL), and MPO (36.8 + 5.4 U/g) levels compared with
the CLP control group (Fig. 3).

Effect on liver parameters

There were no detectable levels of IL-6 and TNF-« in the liver
of the sham group. In the case of CLP control, the liver IL-6
and TNF-« concentrations were 610.6 +93.6 pg/mL and
294.2 £56.1 pg/mL, respectively. The liver MPO, serum
ALT, and AST levels in the CLP group were 10.7+1.2 U/g,
230.4 +12.9 TU/L, and 505.1 +20.6 TU/L, respectively, which
were significantly (P <0.001) higher than those of the sham
group (MPO, 0.76 £0.2 U/g; ALT, 63.5+7.9 IU/L; and AST,
134.8£8.4 TU/L). Ceftriaxone alone showed significant de-
crease in liver cytokine levels. However, it had no significant
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Fig. 2 Effect of ceftriaxone (CTX) + clindamycin (CLI) combination on
plasma IL-6, TNF-, MPO, and GSH: Following 3 h of CLP, mice were
administered vehicle, CTX (100 mg/kg, s.c.), or CTX (100 mg/kg, s.c.) +
CLI (200 mg/kg, i.p.), and plasma cytokines, MPO, and GSH were

effect on liver MPO, ALT, and AST levels. The combination
group brought about significant decrease in IL-6 (62.0
3.9 pg/ml), TNF-« (64.5+4.6 pg/mL), MPO (5.2+1.0 U/
g), ALT (159.7+6.7 TU/L), and AST (347.0+27.8 TU/L)
compared with the CLP control (Fig. 4).
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Fig. 3 Effect of ceftriaxone (CTX) + clindamycin (CLI) combination on
lung IL-6, TNF-«, and MPO: Following 3 h of CLP, mice were admin-
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estimated post 18 h of CLP challenge. The graphs depict values in mean
+ SEM. ###P <0.001 for significance versus the sham group and
*#%P < 0.001 for significance versus CLP control

Effect on kidney parameters

The increase in kidney IL-6, TNF-, MPO, serum BUN, and
creatinine was significant in the CLP control group measuring
647.4+95.2 pg/mL, 843 +5.3 pg/mL, 34.9+0.78 U/g, 94.7+
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18 h of CLP challenge. The graphs depict values in mean = SEM.
###P < 0.001 for significance versus the sham group and **P < 0.01 for
significance versus CLP control
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4.3 mg/dL, and 0.80+0.04 mg/dL, respectively. Cefiriaxone
alone showed significant reduction in kidney IL-6, TNF-«, se-
rum BUN, and creatinine levels vs CLP control; however, it had
no effect on kidney MPO activity. The combination group further
suppressed the kidney IL-6 (65.6+11.0 pg/mL; P<0.001),
TNF-a (35.9+5.0 pg/mL; P<0.001), MPO (26.0+3.1 Ul/g;
P <0.001), BUN (31.1 £4.0 mg/dL; P<0.001), and creatinine
(0.53 £0.03 mg/dL; P<0.01) (Fig. 5).

Effect on bacterial clearance

Both ceftriaxone alone and ceftriaxone in combination with
clindamycin significantly reduced the bacterial count in blood,
peritoneal lavage fluid, lung, liver, and kidney homogenates.
Although statistically the antibacterial effect of combination
appeared similar to the ceftriaxone alone group, the combina-
tion group did exhibit further reduction in bacterial count in
blood, lung, liver, and kidney tissues suggesting some syner-
gism between both the drugs (Fig. 6).

Discussion

Currently, there are no treatment options available to counter-
act the overwhelming inflammatory response encountered

during sepsis which is the major factor responsible for health
deterioration of such patients. The only treatment option for
severe sepsis is timely administration of intravenous broad-
spectrum antibiotics either alone or in combination with other
antibiotics along with supportive treatment measures (Rello
et al. 2017). Considering the role of immune responses in
sepsis pathogenesis, research for treatment of sepsis is nowa-
days directed towards immunomodulatory agents (Delano and
Ward 2016).

Ceftriaxone is one of the preferred antibiotics to treat sepsis
caused by Gram-negative pathogens, whereas clindamycin is a
lincosamide antibiotic primarily used in combination with ami-
noglycoside to treat dental, respiratory tract, skin, and soft tissue
infection and peritonitis. As a result of its anti-inflammatory or
immunomodulatory action, clindamycin has been reported to
provide benefit in relieving the symptoms of dermatological
conditions in humans (Pradhan et al. 2016). It is also reported
to suppress the endotoxin released by Escherichia coli on treat-
ment with ceftazidime in an in vitro assay employing THP-1
cells (Kishi et al. 1999). The present study aimed to assess the
beneficial role of immunomodulatory effect of clindamycin in
protecting the mice from lethal effect of polymicrobial sepsis
induced by CLP. For this purpose, clindamycin was adminis-
tered at an immunomodulatory dose identified from the previ-
ous LPS-induced sepsis model (Hirata et al. 2001). During an
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Fig. 4 Effect of ceftriaxone (CTX) +clindamycin (CLI) combination on
liver IL-6, TNF-&, MPO, serum ALT, and AST: Following 3 h of CLP,
mice were administered vehicle, CTX (100 mg/kg, s.c.), or CTX
(100 mg/kg, s.c.) + CLI (200 mg/kg, i.p.), and liver cytokines, MPO,
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serum ALT, and AST were estimated post 18 h of CLP challenge. The
graphs depict values in mean + SEM. ##P < 0.001 for significance ver-
sus the sham group and *P <0.05, **P<0.01, and ***P<0.001 for
significance versus CLP control
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Fig. 5 Effect of ceftriaxone (CTX) + clindamycin (CLI) combination on
kidney IL-6, TNF-ot, MPO, serum BUN, and creatinine: Following 3 h of
CLP, mice were administered vehicle, CTX (100 mg/kg, s.c.), or CTX
(100 mg/kg, s.c.) + CLI (200 mg/kg, i.p.), and kidney cytokines, MPO,

initial survival study in the CLP-induced sepsis model,
clindamycin alone at the immunomodulatory dose did not offer
survival benefit, possibly due to lack of activity against the
enteric bacteria. Therefore, to evaluate the benefits of immuno-
modulatory action of clindamycin in sepsis, it was combined
with a subprotective dose of ceftriaxone to retard the bacterial
growth. As the clindamycin alone group showed no substantial
effect on survival of CLP-challenged mice and also considering
our objective of assessing the immunomodulatory activity of
clindamycin that was possible only in combination with ceftri-
axone, the clindamycin alone group was not included in subse-
quent studies.

Clindamycin due to activity against anaerobic bacteria was
expected to provide synergistic antimicrobial activity with
ceftriaxone. However, the assessment of bacterial load in
blood, peritoneal fluid, and tissue homogenate suggested no
statistically significant reduction in bacterial count by the
combination group compared with ceftriaxone alone.
Although not significant, the combination group showed little
synergistic antibacterial effect in the blood, lung, liver, and
kidney as observed through further lowering of bacterial count
compared with the ceftriaxone group. Despite ceftriaxone
having antibacterial activity, it was not able to provide much
required survival benefit, while its combination with
clindamycin offered improved survival. This demonstrates

serum BUN, and creatinine were estimated post 18 h of CLP challenge.
The graphs depict values in mean + SEM. ##H#P < 0.001 for significance
versus the sham group and *P <0.05, **P <0.01, and ***P < 0.001 for
significance versus CLP control

that combined immunomodulatory and antibacterial activity
is a requisite for improved survival benefits in sepsis. It is
commonly noted that the sepsis condition is accompanied
with lowering of WBC count, body temperature, and blood
glucose (Brooks et al. 2007). The CLP-challenged mice
showed significant reduction in WBC count, blood glucose,
and body temperature, while the treatment with combination
considerably improved their levels. Earlier reports have dem-
onstrated significant elevation in levels of proinflammatory
cytokines (IL-6, TNF-«) and MPO (an indirect measure of
neutrophil migration) in sepsis (Aziz et al. 2013; Schrijver
et al. 2017). In our study also, we found significant rise in
plasma and tissue levels of IL-6, TNF-&, and MPO in the
CLP control group. Ceftriaxone was found to suppress the
cytokine levels in plasma, liver, and kidney but not in lung
tissue, while the treatment with combination brought about
further reduction in cytokine levels in all the tissues including
lung. Surprisingly, ceftriaxone had no effect on the augmented
plasma and tissue MPO and low plasma GSH (endogenous
antioxidant) levels. The antibiotic combination significantly
suppressed the tissue MPO activity and improved the plasma
GSH levels. GSH, an endogenous antioxidant, protects tissues
against damage by reactive oxygen species and also helps in
inhibiting the release of inflammatory cytokines (Villa et al.
2002). Excessive secretion of proinflammatory cytokines,
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Fig. 6 Effect of ceftriaxone (CTX) + clindamycin (CLI) combination on
bacterial burden in blood, peritoneal lavage fluid, lung, liver, and kidney:
Following 3 h of CLP, mice were administered vehicle, CTX (100 mg/kg,
s.c.), or CTX (100 mg/kg, s.c.) + CLI (200 mg/kg, i.p.), and bacterial

reactive oxygen species, and myeloperoxidase is implicated in
multiple organ dysfunctions via inflammation and oxidative
stress (Ismail et al. 2020). Ceftriaxone-clindamycin combina-
tion significantly inhibited the levels of plasma and tissue
cytokines and myeloperoxidase and also improved plasma
GSH content; the cumulative effect of all resulted into lower-
ing of liver and kidney damage as observed through recovery
of elevated hepatic and renal function parameters in CLP
mice.

The ceftriaxone-clindamycin combination group was found
to demonstrate protective effect in sepsis; however, the absence
of the clindamycin alone group in this study limited proper
analysis of the results with respect to clindamycin contribution.

Overall, it can be concluded that the administration of
clindamycin at the immunomodulatory dose in conjunction with
ceftriaxone exhibited beneficial outcome in the murine sepsis
model possibly by suppressing the bacterial growth, inflamma-
tory response, neutrophil infiltration, and oxidative stress.
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