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Abstract
Acute lung injury (ALI) and acute kidney injury (AKI) are major causes of sepsis-induced mortality. The objective of the 
study is to evaluate the effect of tocilizumab (TCZ), an IL-6 receptor inhibitor, in sepsis-induced ALI and AKI using the 
cecal ligation and puncture (CLP) rat model of sepsis. Clinical and experimental studies have demonstrated the importance 
of IL-6 in sepsis; however, the role of TCZ has not been investigated. Rats subjected to CLP developed histological evidence 
of ALI and AKI at 24 h. We found that TCZ alleviated sepsis-induced ALI and AKI as evidenced by improvements in various 
pathological changes, a significant reduction in the lung wet/dry weight ratio and total protein content in bronchoalveolar 
lavage fluid (BALF), and a significant decrease in the elevated serum level of creatinine (CR) and blood urea nitrogen (BUN). 
TCZ induced an increase in the survival rate of treated rats. Additionally, TCZ markedly inhibited sepsis-induced pulmonary 
and renal inflammatory responses. Moreover, we found that treatment with TCZ inhibited oxidative stress and apoptosis 
in lung and kidney tissue. TCZ treatment significantly inhibited NF-κB activation, attenuating JNK signaling pathway and 
significantly up-regulated P-glycoprotein (P-gp) expression in pulmonary as well as in renal tissues. Our data provide novel 
evidence that TCZ has a protective effect against sepsis-induced ALI and AKI by blocking IL-6 receptor signaling. This 
could provide a molecular basis for a new medical treatment for sepsis-induced ALI and AKI.
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Introduction

Sepsis, a common and a serious complication of postop-
erative critically ill patients, is a systemic inflammatory 
response syndrome caused by infection that leads to multiple 

organ dysfunction (Parke et al. 2003). It is a major cause 
of morbidity and mortality in ICU patients. The lung and 
the kidneys are the most vulnerable organs during sepsis 
and approximately 50% of patients with sepsis may experi-
ence acute lung injury (ALI) and acute kidney injury (AKI) 
(Cohen 2002; Uchino et al. 2005). Despite improvements in 
treatments and guidelines for sepsis management, the mor-
tality rate for patients with sepsis-associated ALI and AKI 
is still as high as 70%. Thus, the identification of innovative, 
safe, and effective therapeutic and preventive approaches is a 
pressing need for successful sepsis treatment and avoidance 
of complications.

Although septic shock is the most common trigger of 
ALI and AKI, the underlying mechanisms are not com-
pletely understood. Previous studies have revealed that 
the pathophysiology of ALI and AKI in sepsis is complex 
and multi-factorial, including inflammatory pathways, 
endothelial dysfunction, hemodynamic changes, and 
microcirculatory disorders (Zarjou and Agarwal 2011). 
The inflammatory response as a result of sepsis has been 
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considered a direct causative mechanism for ALI and AKI 
(Matejovic et al. 2011). Growing evidence suggests that 
ALI and AKI in sepsis have a prominent inflammatory 
component during both the initiation and extension phase 
of the lung and kidney injuries (Kinsey et al. 2008). Septic 
shock is characterized by an uncontrolled release of pro-
inflammatory cytokines, especially interleukin-6 (IL-6) 
and tumor necrosis factor-alpha (TNF-α) as well as free 
oxygen radicals (De Backer et al. 2014; Iskander et al. 
2013). This occurs as a consequence of bacterial invasion 
into the blood stream, which leads to activation of the 
complement system. Although bacterial invasion is a com-
mon trigger for complement activation, other pathways 
“aseptic” can lead to the same sepsis outcomes (Gao and 
Yan 2012).

IL-6 is a cytokine with broad-spectrum biological activi-
ties. It is important in controlling the induction of the acute 
phase response and also is critical for B cell and cytotoxic 
T-cell differentiation and maturation, immunoglobulin class 
switching and macrophage and monocyte function. These 
biological activities are pivotal in both in vivo and in vitro 
settings. IL-6 functions as an essential and sensitive indica-
tor of inflammation within the body (Tanaka et al. 2016). 
Several studies among newborns and cancer patients have 
reported that elevated plasma levels of IL-6 may be used as 
a diagnostic marker of sepsis (de Bont et al. 1999; Martin 
et al. 2001). Moreover, elevated IL-6 was associated with a 
negative prognostic outcome for sepsis (Hack et al. 1989). 
Taken together, IL-6 is believed to play a crucial role in 
the pathogenesis of sepsis and associated mortality. Thus 
blocking the signaling pathway(s) activated by IL-6 may 
ameliorate the severity of this condition and provide poten-
tial therapeutic benefits.

Tocilizumab (TCZ) is a humanized monoclonal antibody 
against IL-6 receptor (IL-6R) that was approved in 2010 
for the treatment of rheumatoid arthritis (RA) and juvenile 
idiopathic arthritis. TCZ has a wide range of beneficial 
anti-oxidant, anti-apoptotic, and anti-inflammatory effects 
(Ruiz-Limon et al. 2017; Wang et al. 2016). It has also been 
reported that TCZ improves the total lung injury score in 
a rat model of mechanical ventilation induced lung injury 
(Potito et al. 2017) and improved the histopathological, 
biochemical and physiological parameters in a rat model of 
severe acute pancreatitis and complicating lung injury (Chen 
et al. 2016). However, the effect of TCZ on sepsis-induced 
ALI and AKI and its related molecular mechanism(s) have 
not been studied in detail.

In the light of these previous findings, we investigated 
the possible beneficial effects of TCZ as a therapeutic strat-
egy in a well-established experimental rat model of sepsis 
induced by cecal ligation and puncture (CLP). Furthermore, 
we investigated the possible mechanisms by which TCZ may 
ameliorate CLP-induced ALI and AKI.

Materials and methods

Animals and experimental induction of sepsis

Female albino Wistar rats (200 ± 20 g) were purchased 
from Nahda University at BeniSuef (NUB) Animal House 
(Beni-Suef, Egypt). The animals were kept at 23 °C under 
a 12 h light–dark cycle with free access to food and water 
until the day of the experiment.

Sepsis was induced via the CLP method as previously 
described by Deitch (1998). Briefly, rats were anesthetized 
by a mixture of ketamine (50 mg/kg) and xylazine (10 mg/
kg) and an abdominal incision was made in the lower left 
quadrant of the body after shaving and disinfecting the 
abdominal wall using 10% povidone iodine solution. The 
cecum was then exteriorized and ligated with a 0.3-mm 
silk surgical suture thread, and then two punctures were 
made in the cecum by a through-and-through puncture in 
the ligated part using an 18-gauge syringe needle. To mini-
mize variations in the severity of sepsis, the percentage of 
the length of ligated cecum from its tip up to the ileo-cecal 
junction was kept constant through all experiments (75%). 
The ligated cecum was squeezed gently and returned back 
into the abdominal cavity. Abdominal wall sutures were 
made in two layers and the animals received normal saline 
solution (subcutaneously) in a dose of 3 ml/100 gm for 
resuscitation. The sham-operated rats were subjected to 
the same surgical and resuscitation procedures without 
cecal ligation and puncture procedure. Twenty-four hours 
after CLP induction, rats were killed and blood was col-
lected by exsanguination, left for 10 min then centrifuged 
to obtain serum samples. The trachea was intubated and 
lung lavage was performed using cold PBS (0.5 mL three 
times) to obtain the bronchoalveolar lavage fluid (BALF) 
(Wang et al. 2018). The lungs and kidneys were carefully 
dissected, washed and divided into two parts; the left lung 
and kidney were used for histopathological examination, 
while the right lung and kidney were homogenized in 
order to assess the different biochemical markers. All ani-
mal experiments were carried out according to the inter-
national ethical guidelines and the National Institutes of 
Health Guide concerning the Care and Use of Laboratory 
Animals. The experiments were approved by the Ani-
mal Care Committee of Minia University (Council No. 
87-11/2018).

Survival study and experimental groups

TCZ was obtained from Actemra®; F. Hoffmann-La Roche, 
Basel, Switzerland. The survival study was done first in 
order to test the effect of two doses of TCZ on survival. 
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Sixty rats (same weight and sex as previously described) 
were randomly divided into six experimental groups 
(n = 10 per group): sham operated, sham operated plus 
TCZ (4 mg/kg) group, sham operated plus TCZ (8 mg/
kg), untreated septic group, septic rats treated with TCZ 
(4 mg/kg), and septic rats treated with TCZ (8 mg/kg). The 
mortality of rats was observed daily for 15 days. The dose 
that gave a better effect on survival (4 mg/kg) was utilized 
for the mechanistic study. Twenty-four rats were randomly 
divided into four experimental groups (n = 6 per group): 
sham-operated group; sham-operated plus TCZ group; 
sepsis group; sepsis plus TCZ group. TCZ was injected as 
a single intraperitoneal (i.p.) injection (4 mg/kg) 2 h after 
the induction of sepsis.

Histopathological examination

Lung and kidney tissues were processed by standard histo-
logical methods: fixation in 10% buffered formalin (24 h), 
embedding in paraffin, and sectioning through 5 µm thick 
paraffin sections. Sections were prepared and then routinely 
stained with hematoxylin and eosin (H&E) dyes. Stained 
slides were microscopically analyzed using light microscopy 
(Olympus CX 23L).

A blinded pathological assessment was done to lung and 
kidney tissues for each group. Levels of lung injury was 
graded on a scale of 0–4 (0, absent; 1, light; 2, moderate; 
3, strong; 4, intense) for congestion, edema, infiltration of 
inflammatory cells, and hemorrhage. Lung injury score 
was calculated as the mean of the scores for the separate 
parameters. Kidney injury was assessed for the percentages 
of tubules that showed cellular necrosis that were scored as 
follows: 0 = none, 1 = 0–20%, 2 = 20%–50%, 3 = 50%–70%, 
4 = more than 70%. For each animal, at least 10 fields were 
examined.

Lung wet/dry (W/D) weight ratio

Lung W/D weight ratio was assessed to evaluate the lung 
edema (Wang et al. 2018). By using a sensitive electric 
scale, a fresh portion of the lung was weighed and then 
it was dried in an oven at 70 °C for 72 h until the weight 
remained constant. Dry weights were measured, and the 
W/D weight ratios were calculated.

Total leukocytic cell counts in bronchoalveolar 
lavage fluid (BALF)

BALF was concentrated by centrifugation (1000  rpm, 
10 min at 4 °C), and the cell pellet was resuspended in 0.5 ml 
PBS and the total cells were counted using a hemocytometer.

Assessment of total protein in BALF

Total protein level was determined in the supernatant of the 
BALF using a commercial kit (BioMed, Egypt). Total pro-
tein was determined based on its reaction with copper ion 
that produces a blue violet color proportional to the concen-
tration of the protein in the sample.

Assessment of serum creatinine and urea

Serum urea (BUN) and creatinine (CR) levels were deter-
mined using commercial kits obtained from Biodiagnos-
tic, Egypt. BUN and CR were determined according to the 
method of Fawcett and Scott and the method of Bartles et al., 
respectively (Bartels et al. 1972; Fawcett and Scott 1960).

Determination of lung and kidney oxidative stress 
parameters

Lung and kidney tissues were homogenized in ice-cold 
phosphate buffer saline as 10% (0.1 g/ml) using a Polytron 
homogenizer. The crude homogenate has been centrifuged 
for 20 min at 4 °C. The supernatant was then aspirated and 
used for the determination of the following parameters:

•	 Malondialdehyde (MDA), a measure of lipid peroxida-
tion, was determined according to the method of Uchiy-
ama and Mihara (Mihara and Uchiyama 1978).

•	 Nitric oxide (NO) was assayed colorimetrically by meas-
uring the accumulation of its stable degradation products 
total nitrite in lung and kidney tissues using Griess rea-
gent (Green et al. 1982).

•	 Superoxide dismutase activity in kidney and lung 
homogenates was determined spectrophotometrically 
by the method of Mc-Cords and Fridovich (McCord and 
Fridovich 1969).

•	 Lung and kidney tissue catalase activity was determined 
using commercial kits (Biodiagnostic, Egypt), according 
to the method of Fossati et al. (1980).

Determination of total anti‑oxidant capacity

Serum total anti-oxidant capacity (TAC) was determined 
using commercial kits (Biodiagnostic, Egypt). TAC was 
determined colorimetrically at 505 nm (Koracevic et al. 
2001).

Determination of TNF‑α, IL‑6, and IL‑1β

Commercially available ELISA kits were used to measure 
inflammatory cytokines according to the manufacturer’s 
instructions (Elabscience Biotechnology, Houston, Texas, 
USA). Concentrations were calculated by generating a 
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standard curve using standard proteins and were measured 
spectrophotometrically at 450 nm.

Western blotting analyses

For estimation of caspase-3 and IL-6 expression, western 
blotting was performed as previously described (Ewees et al. 
2018). Briefly, tissue was homogenized, total protein was 
estimated and then equal amounts of protein from each tis-
sue homogenate was loaded per lane and separated on a 10% 
sodium dodecyl sulfate (SDS)–Tris glycine polyacrylamide 
gel electrophoresis (PAGE) gel. Protein bands were trans-
ferred to a nitrocellulose membrane using a semi-dry blotter 
(Bio-Rad). The blots were subsequently blocked with TBS-T 
buffer containing 5% skim milk powder for 1 h at room tem-
perature. Then, the blots were probed overnight at 4 °C with 
rabbit polyclonal anti-caspase-3 (Neo Markers Co., CA), 
mouse monoclonal anti-IL-6 (Santa-Cruz Co., Germany), 
rabbit monoclonal anti-p-JNK (ThermoFisher scientific Co., 
USA), rabbit monoclonal total JNK (ThermoFisher scien-
tific Co., USA) or mouse monoclonal anti-β-actin antibodies 
(Sigma-Aldrich Co., USA). Subsequently, incubation with 
alkaline phosphatase-coupled secondary antibody (Sigma-
Aldrich Co., USA) was performed for 1 h at room tempera-
ture. Blots were finally analyzed using BCIP/NBT colori-
metric detection method. Protein bands on the blots were 
analyzed using Image-J program (Image J 1.48 V, Wayne 
Rasband National Institutes of Health, USA).

Immunohistochemical assessment of lung 
and kidney NF‑κB p65 and Bcl‑2

For immunohistochemical staining, streptavidin–bio-
tin immunoperoxidase complex procedure was applied. 
5-μm-thick sections were transferred to adhesive slides from 
representative formalin-fixed, paraffin-embedded blocks. 
The sections were deparaffinized in xylene and dehydrated 
through a series of graded alcohols. Endogenous peroxidase 
activity was blocked by incubation with 0.3% hydrogen per-
oxide in methanol for 30 min. Antigen retrieval was done by 
microwave treatment in sodium citrate buffer, pH 6, for both 
NF-κB p65 (nuclear factor kappa-light-chain-enhancer of 
activated B cells) and Bcl-2 (B cell lymphoma-2) for 15 min.

Tissue sections were then incubated with rabbit anti-
NF-κB p65 (Thermo Fisher Scientific, 1:50 dilution) for 1 h 
at room temperature and rabbit anti-Bcl-2 (Thermo Fisher 
Scientific, 1:100 dilution) for 30 min at room temperature. 
This was followed by incubation with a biotinylated anti-
rabbit secondary antibody for 30 min at room temperature. 
The reaction was then visualized with an avidin–biotin com-
plex immunoperoxidase system using 3,3′ diaminobenzidine 
(DAB) as a chromogen. Sections were then counterstained 

with hematoxylin, dehydrated, cleared, and mounted with 
distyrene, plasticizer, and xylene (DPX). For NF-κB p65, 
nuclear ± cytoplasmic staining was considered positive. 
Immunostaining score was performed by counting the num-
ber of positively stained cells in 1000 counted cells selected 
randomly at magnification X 400. For Bcl-2, cytoplasmic 
staining is considered positive. A semiquantitative immune-
scoring for Bcl-2 expression was done using H-score, 
H-score is determined by adding the results of multiplica-
tion of the percentage of positive cells with staining intensity 
ordinal value, scored from 0 (negative staining), 1 + (mild 
staining), 2 + (moderate staining) to 3 + (intense staining) 
with final score ranging from 0 to 300.

Determination of P‑glycoprotein

P-glycoprotein was measured by a commercially available 
ELISA kit according to the manufacturer’s instructions 
(USB Biological Life Science; Massachusetts, USA). Con-
centrations were calculated by generating a standard curve 
using standard proteins and were measured spectrophoto-
metrically at 450 nm.

Statistical analysis

Data were expressed as mean ± SEM. All statistical analyses 
were performed using GraphPad Prism (version 6.0; San 
Diego, CA, USA). Analysis of variance (ANOVA) test was 
used for multiple comparisons followed by Tukey–Kramer 
as a post-ANOVA test. Survival analysis was performed 
using the log-rank Mantel–Cox test. The results were con-
sidered statistically significant if the p values were < 0.05.

Results

Effect of tocilizumab on sepsis‑induced mortality

Sham, septic and TCZ-treated rats were monitored every 
12 h for 15 days after induction of sepsis. The survival rate 
was recorded (Fig. 1). All rats in the CLP group died within 
72 h after the CLP surgery. In contrast, TCZ (4 mg/kg) treat-
ment dramatically reduced mortality by 80% (p < 0.001). In 
addition, TCZ (8 mg/kg) treatment significantly increased 
the survival rate by 30% (p < 0.05). No death of rats was 
observed in the sham or in the sham + TCZ groups. The 
sham + TCZ rats showed no changes in behavior and were 
generally healthy and looked normal. This confirms the 
absence of potential adverse effects of our drug. These 
results confirmed the protective effect of the lower dose of 
TCZ in rats with sepsis. Based on these results we moved 
forward with TCZ (4 mg/kg) in the subsequent experiments.
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Evaluation of serum IL‑6 at different time points 
following sepsis

Next, we evaluated serum IL-6 level, as a direct prognos-
tic marker for morbidity and mortality in sepsis in CLP 
operated rats receiving 4 mg/kg TCZ. The results showed 
a significant (p < 0.001) increase in serum level of IL-6 in 
septic rats (65.5 ± 2.7 pg/ml) compared to their sham con-
trol (41.9 ± 1.9 pg/ml). Administration of 4 mg/kg of TCZ 
normalized this value (Supplementary Table 1).

To tackle time changes in serum IL-6, we performed a 
time course experiment in which both sham and CLP oper-
ated rats with or without 4 mg/kg TCZ administration, have 
been scarified 3, 6 and 24 h following surgical manipulation. 
Results show persistent high serum levels of IL-6 in septic 
rats, the highest value has been reported early after sepsis 
induction. A dose of 4 mg/kg of TCZ, at all recorded time 
points, significantly abolished this elevation to normal con-
trol levels (Supplementary Table 1).

Protective effect of TCZ against sepsis‑induced ALI

Histopathological examination of H&E stained lung sections 
revealed that neither sham nor sham + TCZ groups showed 
pulmonary histological alterations (Fig. 2a). In the CLP 
group, lung tissue showed interstitial infiltration by neutro-
phils and increased alveolar septal thickness. TCZ treatment 
in CLP + TCZ (4 mg/kg) group significantly reduced septal 
thickness and inflammatory cell infiltration in comparison to 
the CLP group. Lung injury scores were significantly higher 
in the CLP group than in the sham and sham + TCZ groups, 
meanwhile, it was markedly reduced in the CLP + TCZ 
group than in the CLP group (Fig. 2a).

Tissue inflammation in the form of tissue edema as wet/
dry weight of lung tissue increased significantly (p < 0.001) 
in the CLP group (4.11 ± 0.33 to 6.28 ± 0.44, for sham and 

CLP, respectively). In CLP + TCZ group, TCZ treatment sig-
nificantly reduced lung wet/dry weight ratio compared to the 
CLP group (Fig. 2b) (p < 0.001 in each group).

To further confirm the effect of TCZ on ALI, we meas-
ured the total protein content in BALF. As shown in Fig. 2c, 
the total protein content was significantly higher in CLP rats 
compared to sham and sham + TCZ rats. Treatment of CLP 
animals with TCZ resulted in a lower total protein content, 
measuring almost normal values. Moreover, we detected 
the total number of cells in BALF as shown in Fig. 2d. 
TCZ-treated CLP rats showed significantly lower numbers 
of these cells; similar to the values measured in the sham-
operated animals. In addition, we performed differential leu-
kocyte counts in BALF (supplementary Table 2), and the 
results indicated a significant increase in neutrophil infiltra-
tion in CLP group when compared to the sham and TCZ-
treated ones. These results indicated that TCZ might have a 
protective effect against sepsis-induced ALI.

Protective effect of TCZ against sepsis‑induced AKI

Next, we explored the effect of TCZ on renal integrity and 
function of rats. The H&E-stained renal tissues showed nor-
mal kidney tubules in the sham and sham + TCZ groups. 
In contrast, CLP group showed degenerative and necrotic 
changes (Fig. 3a). These findings were confirmed by signifi-
cantly higher kidney injury scores in the CLP group, which 
were significantly reduced by TCZ treatment (Fig. 3a).

The kidney function parameters; BUN and CR were 
markedly increased in septic rats in comparison to sham ani-
mals (50.52 ± 3.43 and 1.73 ± 0.17 for BUN and CR, respec-
tively). On the other hand, administration of TCZ markedly 
inhibited this increase (22.93 ± 6.57 and 1.04 ± 0.77 for 
BUN and CR, respectively) (Fig. 3b, c).

Tocilizumab improves pulmonary and renal 
oxidative and anti‑oxidant profile in septic rats

Next, we evaluated the effect of TCZ on oxidative stress and 
anti-oxidant defense in lung and renal tissues: lipid peroxida-
tion and total nitrite levels as well as SOD and catalase activ-
ities were evaluated in lung tissues. In addition, serum total 
anti-oxidant capacity was measured. The results, presented 
in Table 1, show that in the CLP group, lung MDA and total 
nitrite levels were elevated compared to sham indicative of 
increased oxidative stress during sepsis. On the other hand, 
the activities of SOD and catalase in lung tissues as well as 
serum total anti-oxidant capacity were lower than those of 
the sham-operated rat group (p < 0.001). TCZ administration 
had protective effects against these alterations. Treatment 
with TCZ was found to significantly reduce the levels of 
MDA and total nitrite to 50%, when compared to the CLP 
group (p < 0.001). Moreover, TCZ significantly increased the 

Fig. 1   Effect of TCZ on CLP-induced mortality. Tocilizumab treat-
ment markedly improved the survival of septic rats. TCZ (4 and 
8 mg/kg) was administered to rats 2 h after CLP. Mortality was moni-
tored daily for 15 days. Data are presented as the survival percentage 
of animals (n = 10 rats per group). *Significant difference at p < 0.05 
compared to CLP group, **significant difference at p < 0.01 vs. CLP 
group, ***p < 0.001 vs. CLP group



220	 Y. F. Ibrahim et al.

1 3



221Tocilizumab attenuates acute lung and kidney injuries and improves survival in a rat model of…

1 3

SOD and catalase activities as well as the total anti-oxidant 
capacity when compared to the CLP group (p < 0.001). Simi-
lar data were obtained in kidney tissues as shown in Table 2.

Tocilizumab modulates IL‑6 and NF‑κB as well as JNK 
expression in pulmonary and renal tissues in septic 
rats

As shown in Fig. 4, the results of western blotting revealed 
that the overexpression of IL-6 caused by CLP in rats was 
totally normalized after TCZ treatment in both lung and 
renal tissues (Fig. 4a, b). In addition, we detected impor-
tant pro-inflammatory cytokines TNF-α and IL-1β in BALF 
(Supplementary Table 2), and the results showed a signifi-
cant increase in both TNF-α and IL-1β in CLP operated 
group as well as a significant decrease in lung tissues after 
TCZ treatment.

Moreover, we detected the protein expression of NF-κB in 
lung and kidney tissues. NF-κB is a key mediator of inflam-
mation in lungs and kidney. An important mutual relation-
ship between IL-6 and NF-κB has been previously detected 
in regulating the protein expression of each other. The 
expression of NF-κB p65 in sham group showed mainly light 
brown immunostaining in cytoplasm and low staining in the 
nuclei, while significant positive expression of NF-κB p65 
was identified as strong brown staining in both cytoplasm 
and nuclei. In lung tissues, the sham group showed mini-
mal NF-κB staining, whereas CLP group showed a signifi-
cantly higher staining (67.50 ± 14.00 versus 301.66 ± 30.60, 
respectively, p < 0.001) (Fig. 4c). On the other hand, the 
CLP + TCZ group showed a significantly lower NF-κB 
immunoexpression compared to the CLP group (p < 0.001) 
(Fig. 4c).

In kidney tissues, as shown in Fig. 4d, CLP group showed 
a significantly higher (p < 0.001) NF-κB immunostaining 

compared to the sham group, whereas a significant reduc-
tion in positive NF-κB immunoexpression was noticed in 
CLP + TCZ group as compared to CLP group (p < 0.001).

Jun N-terminal kinase (JNK) is a major signaling path-
way in mediating inflammation (Waetzig et al. 2005) and 
apoptosis (Dhanasekaran and Reddy 2017). We explored the 
protein expression of p-JNK, the active mediator of JNK 
signaling, normalized to total JNK in CLP groups, and the 
effect of TCZ administration on its signaling activation. 
We demonstrated a significant increase in p-JNK protein 
expression in CLP-treated rats, both in lung and kidney tis-
sues. Administration of TCZ attenuated this activation, and 
decreased the JNK activity almost to basal control levels 
(Supplementary Fig. 1).

Tocilizumab reduces sepsis‑induced apoptosis 
in pulmonary and renal tissues of septic rats

Cytoplasmic expression of Bcl-2 was investigated as a 
marker of cellular anti-apoptotic signals in lung and kidney 
tissue. In lung tissues, as shown in Fig. 5, compared with 
the sham group, Bcl-2 cytoplasmic immunoexpression in 
alveolar epithelial and pulmonary vascular endothelial cell 
was significantly reduced in the sepsis group. TCZ treatment 
in CLP + TCZ group caused a significant elevation in Bcl-2 
expression compared to CLP group (p < 0.01). Also in kid-
ney tissues, a significantly reduced Bcl-2 immunostaining 
was identified in CLP group compared to the sham group 
(p < 0.001), whereas significantly increased Bcl-2 expression 
was identified in CLP + TCZ group as compared to sepsis 
group (p < 0.001) as shown in Fig. 5B.

In addition, we assessed the expression of caspase-3 as an 
essential apoptosis-related protein using western blotting. As 
shown in Fig. 5c, d, the expression of caspase-3 protein was 
statistically higher in the sepsis group, while administration 
of TCZ completely normalized its expression in CLP + TCZ 
rats, both in lung as well as kidney tissues, compared to CLP 
rats (p < 0.01 and p < 0.001, respectively).

Tocilizumab attenuation of ALI and AKI in septic 
rats might be mediated by the up‑regulation 
of P‑glycoprotein in lung and kidney tissues

P-glycoprotein (P-gp) is a phosphoglycoprotein, encoded 
by mdr-1a and mdr-1b genes in rodents. It protects against 
xenobiotics and endogenous compounds and prevents drug 
accumulation and toxicity at the site of P-gp expression. In 
order to investigate the possible role of P-gp in sepsis and 
in TCZ ameliorative effect, we have explored its expres-
sion in rat lung and kidney tissues. P-gp expression has 
been significantly decreased by almost 50% in rat showed 
a significant group, in comparison to the sham group 

Fig. 2   Protective effect of TCZ against sepsis-induced ALI. a TCZ 
treatment reduces sepsis-induced histopathological lesions in rat 
lungs (H&E stain, 200 ×). The sham group (i) showed normal lung 
alveoli lined with normal alveolar epithelium (arrow indicates termi-
nal bronchiole lined with columnar epithelium). Sham + TCZ group 
(ii) showed normal alveoli lined with normal alveolar epithelium 
(arrowhead). CLP group (iii) showed increased alveolar septal thick-
ness (arrow) associated with perivascular mononuclear cells infiltra-
tion (arrowhead). CLP + TCZ group (iv) showed increase of alveolar 
spaces and decrease the thickness of the interstitial tissue (arrow-
heads) with a significant reduction in the histopathological lesions. 
Analysis of lung injury score (v). b The W/D weight ratio of lung tis-
sue from different groups. c The total protein content of BALF from 
different groups. d The total number of cells in BALF from different 
groups. The results shown are representative of at least three inde-
pendent experiments. Each bar represents the mean ± SEM (n = 6). *, 
** and *** significant difference at p < 0.05, p < 0.01 and p < 0.001 
compared to CLP. Scale, 100 μm
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(Fig. 6). Interestingly, TCZ administration in CLP + TCZ 
group significantly up-regulated P-gp expression to levels 
close to the sham group. These data suggest a possible 
protective role for P-glycoprotein in lungs and kidneys, a 
mechanism that is disturbed under septic conditions and 
effectively restored by using TCZ.

Discussion

The purpose of the present study was to evaluate the effect 
of TCZ, an IL-6 receptor blocker, on survival as well as 
ALI and AKI associated with sepsis. We found that TCZ 
in two different doses (4 and 8 mg/kg) resulted in reduced 

Fig. 3   Protective effect of 
TCZ against sepsis-induced 
AKI. a TCZ treatment reduces 
sepsis-induced histopatho-
logical lesions in rat kidneys 
(H&E stain, 200 ×). The sham 
group (i) showed normal renal 
glomeruli and tubules (arrow-
head and arrow, respectively). 
Sham + TCZ group (ii) showed 
normal looking renal glo-
meruli (arrowhead) and tubules 
(arrow), CLP group (iii) showed 
degenerative changes within 
the lining epithelium of the 
medullary renal tubules (arrow), 
CLP + TCZ (iv) group showed 
normal looking renal glomeruli 
(arrowhead) with marked 
diminished CLP-induced 
epithelial degeneration (arrow). 
Analysis of kidney injury score 
(v). Effect of TCZ on serum 
BUN (b) and on serum CR (c). 
The results shown are represent-
ative of at least three independ-
ent experiments. Each value 
represents the mean ± SEM 
(n = 6). *, ** and *** significant 
difference at p < 0.05, p < 0.01 
and p < 0.001 compared to CLP. 
Scale, 100 μm
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mortality, however, the lower dose showed a more robust 
effect on survival. We continued our study using the 
4 mg/kg dose to investigate the pathways involved in the 
observed protective effect of TCZ focusing on lung and 
kidney status in septic animals. Septic animals treated with 
TCZ showed an overall improvement in kidney and lung 
functions. TCZ was found to attenuate elevated oxidative 
stress associated with sepsis. It also improved anti-oxidant 
defense in the form of increased activity of pulmonary 
and renal catalase and SOD enzymes as well as increased 
serum total anti-oxidant capacity. Moreover, TCZ treat-
ment resulted in a diminished inflammatory response 
evident in reduction of tissue IL-6 and NFκB expression. 
Reduction of sepsis-induced apoptosis was also observed 
in the form of increased expression of the anti-apoptotic 
signal Bcl2 and reduced Caspase-3 level. A role of P-gly-
coprotein in sepsis was for the first time demonstrated in 
our study, with a reduced level in the kidneys and lungs 
of septic animal that was reversed by TCZ treatment. We 
employed the CLP model, which is currently considered 
as the gold standard for sepsis-related studies and closely 
resembles the pathophysiology of human sepsis (Hubbard 
et al. 2005).

In our study, better survival was achieved using the low 
dose of TCZ (4 mg/kg) versus its high dose (8 mg/kg). 
One explanation of this finding is that a minimal level of 
IL-6 signaling is probably required to maintain some bal-
ance in the immune system especially in the acute phase 

of the early septic events. Indeed, the risk of infection 
from TCZ administration has been reported to increase 
with the high dose (8 mg/kg compared to 4 mg/kg), while 
it remains stable with prolonged treatment (Delaloye and 
Ribi 2017). In 2003, a study examining the effect of a dif-
ferent IL-6 neutralizing antibody reported that a higher 
dose of the antibody resulted in lower survival compared 
to a lower dose (Riedemann et al. 2003). Similar results 
were shown in a previous study examining the effect of 
TCZ on a model of pancreatitis and lung injury where 
lower doses were associated with better outcomes (Chen 
et al. 2016). In the same study, the authors examined the 
safety of relatively high doses of TCZ and found no organs 
pathology or adverse effects.

The present study reports that TCZ reduced the lung W/D 
weight ratio induced by the CLP protocol. Histological anal-
ysis of lung tissue in rats with CLP-induced ALI supported 
this finding by showing increased interstitial infiltration by 
neutrophils and alveolar septal thickness, which was attenu-
ated by TCZ administration. These findings indicated that 
TCZ could prevent the development of pulmonary edema 
and inflammatory cells infiltration into the lungs, a critical 
characteristic in the pathogenesis of ALI (Abraham 2003).

Similarly, histopathological examination of the kidneys 
showed renal tubular epithelial cell degeneration with 
obvious necrotic changes in CLP group. Treatment with 
TCZ, however, decreased the severity of the lesions, allevi-
ated the extent of renal injury, and reduced the infiltration 

Table 1   Tocilizumab improves pulmonary oxidative and anti-oxidant profile and the total anti-oxidant capacity in serum in septic rats

Data were analyzed with one-way ANOVA followed by Tukey–Kramer test for multiple comparisons post-test. n = 6 for the groups. 
*denotes significant difference compared to sham. #denotes significant difference between compared to CLP (*, #p < 0.05; **,##p < 0.01; 
***,###p < 0.001)

Groups Amount of MDA 
(nmol/g tissue)

Amount of total 
nitrite (nmol/g 
tissue)

SOD activity (U/g tissue) Catalase activity (U/g tissue) Total anti-oxidant 
capacity in serum 
(mM/L)

Sham 3.24 ± 0.20 11.39 ± 0.09 1047 ± 42.61 50.93 ± 1.15 1.12 ± 0.06
Sham + TCZ 4.28 ± 0.32 12.45 ± 0.11 930.2 ± 39.33 47.95 ± 1.48 1.03 ± 0.03
CLP 8.97 ± 0.58*** 33.35 ± 0.68*** 592.5 ± 41.56*** 20.97 ± 1.45*** 0.39 ± 0.02***
CLP + TCZ 5.44 ± 0.24**,### 17.94 ± 0.55### 853.2 ± 54.08*,## 39.93 ± 2.50**,### 0.80 ± 0.08**,###

Table 2   Tocilizumab improves renal oxidative and anti-oxidant profile in septic rats

Data were analyzed with one-way ANOVA followed by Tukey–Kramer test for multiple comparisons post-test. n = 6 for the groups. *denotes 
significant difference compared to sham. #denotes significant difference compared to CLP (*,#p < 0.05; **,##p < 0.01; ***,###p < 0.001)

Groups Amount of MDA 
(nmol/g tissue)

Amount of total nitrite 
(nmol/g tissue)

SOD activity (U/g tissue) Catalase activity (U/g tissue)

Sham 2.81 ± 0.05 1.01 ± 0.09 859.9 ± 55.17 15.32 ± 0.49
Sham + TCZ 2.89 ± 0.13 1.31 ± 0.12 908.9 ± 38.68 14.00 ± 0.74
CLP 4.52 ± 0.14*** 8.32 ± 0.68*** 453.9 ± 37.72*** 5.150 ± 0.28***
CLP + TCZ 3.29 ± 0.20### 4.44 ± 0.55***,### 627.4 ± 36.44**,# 10.77 ± 0.75***,###
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of inflammatory cells. These findings were supported by 
an ameliorative effect of TCZ on CLP induced elevation in 
BUN and CR levels. Taken together, TCZ treatment results 
in improved kidney function in sepsis.

To further evaluate the therapeutic effect of TCZ on CLP-
induced ALI and AKI, we evaluated oxidative stress sta-
tus in the lung and kidney tissues. TCZ treatment showed 
a reduction of oxidative stress and improvement of anti-
oxidant mechanisms. These results support our finding of 
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a protective effect of TCZ on sepsis as endothelial damage, 
neutrophil enhancement, cytokine release, and mitochon-
drial injury are among the proinflammatory effects of ROS 
(Andrades et al. 2009; Hotchkiss and Karl 2003; Barichello 
et al. 2006), which lead to microvascular dysfunction and 
organ dysfunction (Peralta et al. 1993). Decreased SOD and 
CAT activities were also reported in sepsis (Maurya et al. 
2014). Ritter et al. demonstrated that high MDA and SOD 
levels are taken as markers of early mortality in rats with 
sepsis (Ritter et al. 2003). Collectively, the reduced mortality 
associated with TCZ use can be explained by its ability to 
improve the oxidative stress status induced by sepsis. Moreo-
ver, the ability of TCZ to abort the IL-6 signaling may be a 
direct contributing mechanism for its impressing restoration 
for the anti-oxidant/oxidant balance in septic rats. Our data 
are in accordance with the literature reporting the alleviation 
of the oxidative stress and tissue damage in patients with 
RA upon the treatment with TCZ (Ruiz-Limon et al. 2017).

Cell apoptosis in pulmonary and renal tissues is involved 
in the development and progression of lung and kidney inju-
ries during sepsis (Chang et al. 2012; Kockara and Kayatas 
2013). Research shows that the activation of caspase-3 plays 
a critical role in the apoptosis of lung and kidney tissue cells. 
Bcl-2, among the Bcl family members, is an important regu-
latory factor of apoptosis (Low et al. 2011). Bcl-2 can pre-
vent activation of the pro-apoptotic protein Bax (Postolow 
et al. 2011; Rigoulet et al. 2011). Our data demonstrated that 
TCZ inhibits lung and kidney apoptosis via normalization of 

the increased level of caspase-3 protein expression in septic 
rat lung and kidney tissues. Our results showed also that 
TCZ increased the survival of pulmonary alveolar epithe-
lial and the renal tubular cells through up-regulation of the 
survival mediator Bcl2 evident in immunostaining of lung 
tissue.

Another important finding of the present study was that 
TCZ attenuated the up-regulation of the proinflammatory 
cytokine IL-6. Because IL-6 is extensively produced in the 
lung, the level of IL-6 is taken as a good index to assess 
the early injury of the lung (Spooner et al. 1992). Elevated 
lung IL-6 can be attributed to neutrophil infiltration evi-
dent in H&E stained lung sections. Neutrophils have been 
shown in previous studies to be an important source of IL-6 
(Rincon and Irvin 2012). Interestingly, IL-6 can be also pro-
duced from primary lung epithelial cells where constitutive 
increase in IL-6 mRNA is observed (Neveu et al. 2011). 
When these cells are subjected to different stimuli including 
elevated oxidative stress, these cells produce a large amount 
of IL-6, which contributes to pulmonary dysfunction and 
hence development of ALI (Rincon and Irvin 2012).

In the kidneys, for every tenfold increase in IL-6, the risk 
for AKI increased by 16% in sepsis patients (Chawla et al. 
2007). Similar to the lungs, neutrophil infiltration is not the 
only source for elevated kidney IL-6. Other kidney cells 
including endothelial cells, podocytes, mesangial cells, and 
tubular epithelial cells are capable of secreting IL-6 under 
certain conditions (Su et al. 2017).

IL-6 levels were previously shown to increase in the 
lungs and kidneys, and contribute to the progression of 
sepsis in a murine CLP model (Yeh et al. 2005). Our data 
showed a remarkable decrease in IL-6 protein expression 
in both lung and kidney of septic rats with administration 
of TCZ. This finding is in accordance with previous stud-
ies in patients with RA, which demonstrated a reduction 
in IL-6 serum levels with TCZ administration (Nishimoto 
et  al. 2014). Previous studies have reported that TCZ 
rebalances the production of different immune cells in 
RA patients, favoring a protective response in the context 
of inflammatory disease (Samson et al. 2012; Pesce et al. 
2013). TCZ suppresses Th17 cells, which are involved in 
IL-6 production (Mills 2008). Thus in our results, the suc-
cess of TCZ treatment to reduce the intrinsic production of 
IL-6 during sepsis might be attributed to Th17 cells sup-
pression and can be considered as an important biologic 
finding with major beneficial consequences in the septic 
cascade. We report the maximal increase in serum IL-6 to 
occur early in sepsis, thus success to decrease its level and 
to neutralize its deleterious effects may be of the highest 
benefit if it is in early stages when there is an exaggerated 
inflammatory response with excessive secretion of pro-
inflammatory cytokines. This data is in accordance with 
previous observations by Riedemann et al. (2003).

Fig. 4   TCZ attenuated the inflammation in sepsis-induced ALI 
and AKI. Effect of TCZ on lung expression levels a and on kidney 
expression levels b of IL-6 relative to β-actin expression by western 
blotting analysis. c Effect of TCZ on the expression of NF-ĸB p65 
in lung tissues of CLP-treated rat. Sham group (i) showing mild 
expression of NF-ĸB mostly within the cytoplasm of the alveolar 
lining epithelium, NF-ĸB-p65 IHC, X400, Sham + TCZ group (ii) 
showing mild cytoplasmic expression of NF-ĸB within alveolar lin-
ing epithelium, CLP group (iii) showing marked increase of NF-ĸB 
expression (nuclear and cytoplasmic) within both alveolar lin-
ing epithelium and the interstitial inflammatory cells, NF-ĸB-p65 
IHC, X400, CLP + TCZ group (iv) showing marked decrease of 
NF-ĸB expression within the alveolar lining epithelium, NF-ĸB-p65 
IHC, X400, Analysis of NF-ĸB immunoexpression among differ-
ent groups (v). d Effect of TCZ on the expression of NF-ĸB p65 in 
kidney tissues of CLP-treated rat. Sham group (i) showing mild cyto-
plasmic expression of NF-ĸB mostly within the renal tubular lining 
epithelium, NF-ĸB-p65 IHC, X200, Sham + TCZ group (ii) show-
ing mild cytoplasmic expression of NF-ĸB within the renal tubular 
lining epithelium, NF-ĸB-p65 IHC, X200, CLP group (iii) show-
ing marked increase of NF-ĸB expression within nucleus and cyto-
plasm of the renal tubular epithelial lining, NF-ĸB-p65 IHC, X200, 
CLP + TCZ group (iv)showing marked decrease of both cytoplasmic 
and nuclear expression of NF-ĸB within the renal tubular epithelial 
lining, NF-ĸB-p65 IHC, X200, Analysis of NF-ĸB immunoexpres-
sion among different groups (v). The results shown are representative 
of at least three independent experiments. Each value represents the 
mean ± SEM (n = 6). *, ** and *** significant difference at p < 0.05, 
p < 0.01 and p < 0.001 compared to CLP
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NF-κB is one of the most important transcription fac-
tors controlling genes that encode for many pro-inflam-
matory cytokines, such as IL-6, IL-1β and MCP-1, and is 
involved in the gene expression of sepsis-induced inflam-
mation response and the pathophysiology in ALI and AKI 
(Liu and Malik 2006; Sanz et al. 2010; Souza et al. 2012). 
IL-6 has been shown to induce NF-κB activation and 
nuclear translocation in the intestinal epithelium (Wang 
et  al. 2003). In order to explore whether TCZ affects 
NF-κB activity under septic conditions, we determined 
its relative protein expression through immunostaining of 
lung and kidney tissues of septic rats, with and without the 
treatment of TCZ. Our study has demonstrated that NF-κB 
expression and nuclear translocation was increased during 
sepsis, while treatment with TCZ significantly decreased 
its expression and dampened its activity as evidenced by 
its minimal cytoplasmic expression. These data provide a 
strong anti-inflammatory effect for TCZ, possibly through 
inhibiting a crucial molecule that can promote the expres-
sion of other inflammatory cytokines and augments the 
inflammatory response in sepsis both in ALI and in AKI. 
Attenuated NF-κB signaling has been shown previously to 
mediate protection against sepsis (Zou et al. 2018).

JNK is a critical signaling pathway in mediating inflam-
mation and apoptosis. Activation of JNK signaling was 
reported upon LPS (Lipopolysaccharide) injection (Waetzig 
et al. 2005) and in CLP model in rodents (Pizzino et al. 
2015). Using a JNK signaling inhibitor ameliorated the early 
and late steps of the inflammatory and apoptotic cascade in 
a murine model of CLP-induced sepsis (Pizzino et al. 2015). 
Moreover, an interesting relation has been documented 

between IL-6 action and JNK signaling pathway. IL-6 action 
in regulating iron-related proteins in BV2 microglial cell 
lines was promoted through JNK kinase activation (Zhou 
et al. 2017). Also, IL-6 activity in promoting cell migra-
tion in oral squamous cell carcinoma was mediated by JNK 
activation, and using IL-6R monoclonal antibody signifi-
cantly abolished such activation (Chuang et al. 2014). In 
the present study, there was a marked stimulation of the 
JNK cascade in CLP group, while TCZ administration in 
CLP + TCZ group significantly reduced the JNK activation 
to almost its basal activity. This may imply that TCZ medi-
ated its anti-inflammatory and its anti-apoptotic beneficial 
effects, through limiting IL-6 signaling and attenuating JNK 
signaling pathway in CLP operated rats.

A new role of P-glycoprotein (P-gp) was introduced in our 
study. P-glycoprotein is an ATP-dependent efflux transporter. 
It is overexpressed at the origin of multiple drug resistance 
(MDR) phenomenon occurring during tumor chemotherapy 
(Juliano and Ling 1976). Its protein expression is also influ-
enced by a number of xenobiotic (Thiebaut et al. 1987), and 
endogenous compounds (Sukhai and Piquette-Miller 2000), 
and it is reported to prevent drug accumulation and toxic-
ity at the site of P-gp expression (Thiebaut et al. 1987). We 
investigated whether severe inflammation under septic con-
ditions can influence P-gp protein expression in lung and 
kidneys barriers, and whether P-gp can be regulated by the 
treatment of TCZ. Our data has shown a reduction in both 
lung and kidney P-gp expression in septic rats. TCZ-treated 
rats had levels comparable to non-septic rats, suggesting 
that TCZ can stimulate the expression of P-gp or prevent 
the inhibition of P-gp, which is consistent with its protec-
tive role in extruding toxins and harmful elements during 
sepsis. Our data are in accordance with the literature; P-gp 
expression was reported to be strongly reduced in the gut 
mucosa of individuals with active inflammation compared 
with controls and was negatively correlated with the levels 
of IL-6 mRNA (Englund et al. 2007). A direct link between 
IL-6 signaling and P-gp expression was shown in previous 
studies performed in vitro on cultured hepatocytes in which 
incubation with IL-6 resulted in a higher expression of P-gp 
(Sukhai et al. 2001). Several research groups also demon-
strated a decrease in P-gp protein expression in various dis-
ease states, as in kidneys of rats with chronic renal failure, in 
the mucosa of patients with active ulcerative colitis, as well 
as in human striatum in Parkinson’s disease when compared 
to the normal control group (Gutmann et al. 2008; Naud 
et al. 2011; Westerlund et al. 2008). These data provides a 
novel finding for the role of P-gp in the pathogenesis of sep-
sis and adds an important insight to the protective efficacy 
of TCZ in sepsis-induced ALI and AKI.

While a previous study investigated the possible role for 
IL-6 in the biology of sepsis by neutralizing circulating IL-6 
using an anti-IL-6 AB (Riedemann et al. 2003), it is worth 

Fig. 5   TCZ inhibited ALI and AKI-induced apoptosis in lung and 
kidney tissue. a TCZ treatment increased Bcl2 in lung tissues of 
CLP-treated rat. Sham group (i) showing high cytoplasmic expres-
sion of Bcl2 within the alveolar lining epithelium, Bcl2 IHC, X400, 
Sham + TCZ group (ii) showing high Bcl2 immunoexpression within 
alveolar lining epithelium, Bcl2 IHC, X400, CLP group (iii) show-
ing marked decrease of Bcl2 expression within the alveolar lining 
epithelium, Bcl2 IHC, X400, CLP + TCZ group (iv) showing increase 
of Bcl2 expression within the alveolar lining epithelium, Bcl2 IHC, 
X400, Analysis of Bcl2 immunoexpression among different groups 
(v). b TCZ treatment increased Bcl2 in the kidney tissues of CLP-
treated rat. Sham group (i) showing marked cytoplasmic expres-
sion of Bcl2 within renal tubular epithelial lining, Bcl2 IHC, X200, 
Sham + TCZ group (ii) showing high Bcl2 immunoexpression within 
renal tubular epithelial lining, Bcl2 IHC, X200, CLP group (iii) 
showing marked decrease of Bcl2 expression within renal tubular 
epithelial lining, Bcl2 IHC, X200, CLP + TCZ group (iv) showing 
increased Bcl2 cytoplasmic expression within renal tubular epithelial 
lining, Bcl2 IHC, X200, Analysis of Bcl2 immunoexpression among 
different groups (v). The apoptosis-related protein, caspase-3, was 
detected by western blotting in lung c and in kidney d tissues. β-actin 
was used as a loading control. The results shown are representative 
of at least three independent experiments. Each value represents the 
mean ± SEM (n = 6). *, ** and *** significant difference at p < 0.05, 
p < 0.01 and p < 0.001 compared to CLP
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mentioning that our study is the first one which demonstrates 
the effect of IL-6 signaling in a model of sepsis by using the 
monoclonal antibody approved drug, TCZ. It is important 
to state that being a humanized antibody, involvement of 
other off-targets for TCZ in addition to IL-6 is possible and 
warrants further research to be evaluated.

The results of this study, as well as previous studies 
on the effects of anti-inflammatory antibodies during 
experimental sepsis, introduce a glimpse of hope for sep-
sis patients. Unfortunately, clinical trials examining the 
effect of anti-cytokine therapy (for example anti-TNF-
alpha) found either no significant benefit or a very small 
increase in survival in septic patients (Reinhart et al. 2001; 
Gallagher et al. 2001; Panacek et al. 2004). Interestingly, 
most of these studies used plasma IL-6 as a marker for 
initiation of this therapy suggesting an important role of 

IL-6 in this regard. Identification of the exact time point(s) 
at which anti-cytokine intervention should be initiated is 
a critically important factor that should be the focus of 
future studies.

Conclusion

In conclusion, we have demonstrated that treatment with 
TCZ attenuates sepsis-induced acute lung and acute kid-
ney injuries, so that it has a significant protective effect on 
the development and progression of septic ALI and AKI. 
The underlying mechanism of TCZ on sepsis-induced lung 
and kidney injuries may be closely related to its block-
ing effects to the IL-6 receptor with its anti-oxidant, anti-
apoptotic, and anti-inflammatory roles. TCZ could inhibit 
the production of the pro-inflammatory IL-6 and attenuate 
cellular infiltration by decreasing the activation of NF-κB, 
attenuating the JNK signaling pathway and restoring the 
normal expression of P-gp in order to prevent tissue dam-
age secondary to the septic cascade. Timing and dosing of 
TCZ is necessary to keep a balanced level of IL-6 serum 
content during early sepsis, which may thereby be a key 
for successful therapy of these patients.
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