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Abstract
The Gram-negative bacterial lipopolysaccharide (LPS)-induced sepsis has emerged as major concern worldwide due to the 
pressing need to develop its effective treatment strategies which is not available yet. LPS is the major causative agent in 
the pathogenesis of septic shock. In macrophages, LPS interacts with cell surface TLR4 leading to reactive oxygen species 
(ROS), TNF-α, IL-1β production, oxidative stress and markedly activated the MAPKs and NF-kB pathway. Post cell isola-
tion, the macrophages were subjected to administration with neutralizing antibodies to TLR4 and TNFR1 either alone or in 
combination prior to LPS challenge. Subsequently, we performed flow cytometric analysis along with Western blots, reactive 
oxygen species production, and TNF-α, IL-1β release. Outcomes suggested that the dual blockade of TLR4 and TNFR1 was 
indeed beneficial in shifting the LPS-induced M1 polarization towards M2. Both TLR4 and TNFR1 exhibited dependency 
during LPS stimulation. Furthermore, the switch towards the M2 phenotype might be responsible for the decreased levels 
of TNF-α, IL-1β, NO, and superoxide anion and the simultaneous elevation in the activity level of anti-oxidant enzymes 
like SOD, CAT (catalase), and GSH content in the isolated peritoneal macrophages. Simultaneous blocking of both TLR4 
and TNFR1 also showed reduced expression of NF-kB, JNK, and COX-2 by promoting TNFR2-mediated TNF-α signaling. 
The increased arginase activity further confirmed the polarization towards M2. Thus it may be inferred that dual blockade 
of TLR4 and TNFR1 might be an alternative therapeutic approach for regulating of sepsis in future.
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Introduction

Lipopolysaccharide (LPS) has been recognized as a major 
player in the pathogenesis of sepsis and neutralization of 
receptor for LPS, or inhibition of its downstream signaling 
pathway is the new treatment strategy in preclinical experi-
ments [1]. The pathological consequences of sepsis include 
an over-exuberant inflammatory response during which an 
unrestrained, cytokine-mediated immune exhaustion causes 
significant organ damage resulting in septic shock, multi-
ple organ failure, and finally death [2]. Inflammation itself 
is a tightly regulated phenomenon and mainly controlled 
by the signal either leading to the pro-inflammatory or 

anti-inflammatory in nature [3]. An imbalance between these 
two types of signals cause inflammation to go unchecked 
that leads to oxidative stress and cellular damage. So, the 
regulation of these two opposing phenomenon is the greatest 
challenge to the management of LPS-induced sepsis.

The innate immune system serve as the primary defense 
to the host against inflammation and the macrophages are its 
frontline warriors [4]. They display a remarkable amount of 
plasticity in their physiological responses, and by inducing 
the cytokine storm, LPS-pattern recognition receptor (i.e., 
TLR4) shows profound effect to the phenotypic alteration of 
the activated macrophages [5]. On being exposed to inflam-
matory stimuli, macrophages secrete cytokines such as 
TNF-α, IL-1β, IL-6, and IL-8 [6]. Such events lead to exces-
sive ROS generation that accumulates within the cellular 
micro-environment. This directs the macrophages towards 
the classically activated, pro-inflammatory M1 phenotype 
by promoting other inflammatory consequences. On the 
contrary, alternatively activated M2 macrophages express 
higher levels of anti-oxidant enzymes like SOD, catalase, 
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and glutathione reductase which scavenge the accumulated 
ROS/NO, thus resisting cell damage and promote healing 
and tissue repair [7].

It was reported that LPS via binding to Toll like recep-
tor-4 (TLR4) results in pro-inflammatory consequences 
by releasing TNF-α from stimulated macrophages acting 
through TNF receptors [8]. With a wide-range spectrum for 
detection of pathogens by recognizing PAMPs and DAMPs, 
TLR4 is an obvious target for the treatment of LPS-induced 
sepsis [9]. Reports confirm that TLR4 recognizes LPS and 
mediates innate immune responses to the pathogens by regu-
lating the release of pro-inflammatory cytokines. Engage-
ment of both TLRs and TNFRs leads to activation of the 
transcription factor NF-kB and MAPKs, leading to expres-
sion of pro-inflammatory cytokines, chemokines, and micro-
bicidal molecules [10]. It has also been found that TLR4 
knockout murine models are resistant to Gram-negative bac-
teria–induced septic shock [11]. The immune-stimulatory 
activity of LPS depends on binding to LPS-binding protein 
(LBP) and CD14 [12]. Upon investigation of LPS-induced 
sepsis, it has been found that increased TLR4 expression 
aggravates sepsis by promoting IFN-γ expression [13]. Lit-
erature suggests that intraperitoneal LPS administration to 
animals results in systemic inflammation due to the release 
of cytokines such as TNF-α and IL-1β by macrophages [14]. 
Since most of the clinical trials targeting single inflamma-
tory cytokine in the treatment of sepsis failed, therapeutic 
targeting of TLR4 along with neutralization of pro-inflam-
matory cytokine receptor looks promising. There was no 
report available on the dependency of TLR4/TNFR1 at the 
surface of macrophages in modulating M1/M2 switching 
during LPS stimulation. Furthermore, TLR4 signaling path-
way regulates the expression of COX-2 via Myd88 [15]. 
Inhibition of COX-2 impedes prostaglandin production that 
exerts anti-inflammatory responses. Hence, suppression of 
COX-2 can be considered as an indicator of inflammation 
resolution [16].

TNF-α has been reported to act through two different 
cell surface receptors TNFR1 and TNFR2 [17]. They have 
exhibited differential responses upon binding with its natural 
ligand TNF-α. As TNF-α signals through two receptors and 
it is assumed that most pro-inflammatory effects of TNF-α 
are mediated mainly by TNFR1 [18], our concept is to spe-
cifically block this receptor, leaving TNF signaling active 
by keeping TNFR2 intact. In contrary, binding of TNF-α to 
TNFR2 initiates signaling pathways that may offer protec-
tion against infectious diseases [19]. Sepsis results from an 
imbalance between the generation of ROS and their sub-
sequent inadequate clearance by endogenous anti-oxidants 
leading to the oxidative stress [20]. The LPS-TLR4 signaling 
pathway is characterized by excessive ROS production that 
includes  H2O2, superoxide anion and several pro-inflamma-
tory cytokines. Those reactive free radicals are scavenged by 

anti-oxidant enzymes such as SOD, catalase, and glutathione 
peroxidase, thus maintaining the cellular homeostasis [21]. 
The resulting higher expressions of these anti-oxidants 
might give rise to a possible alternative treatment option 
for sepsis. As LPS was reported to be an inducer of M1 
macrophages, our hypothesis would be either single (TLR4/
TNFR1) or dual (TLR4 + TNFR1) receptor blockade before 
LPS stimulation in murine peritoneal macrophages might 
lead to the modulation of phenotypic switching towards anti-
inflammatory M2. Since TLR4 expression was increased in 
macrophages during LPS challenge, particular attention has 
been made to target TLR4 receptor in LPS. It is conceiv-
able that TLR4 antagonism along with pro-inflammatory 
mediator blockade (like TNF alpha) might complement each 
another in search of the most effective therapeutic regimen 
[22].

Therefore, blocking of cell surface TLR4 to prevent LPS-
induced activation along with neutralization of TNFR1 in 
order to minimize the pro-inflammatory effects induced by 
its specific ligand TNF-α seems quite relevant for expecting 
re-polarization of M1 to M2 macrophages as an alternative 
therapeutic option for controlling LPS-induced inflamma-
tion. Moreover, the attenuation of free radical induced dam-
ages by modulating the anti-oxidant enzyme activities was 
also correlated with the phenotypic switching of peritoneal 
macrophages in response to the neutralization strategy.

Materials and methods

Experimental animals and isolation of murine 
peritoneal macrophages

All animal experiments were done in adherence to the proto-
cols approved by the Institutional Animal Ethics Committee 
(IAEC), Department of Physiology, University of Calcutta, 
under the guidance of Committee for the Purpose of Con-
trol and Supervision of Experiments on Animals (CPC-
SEA) [approval number — IAEC-V/P/BB-1/2019 dated 
07.08.2019], Ministry of Environment and Forest, Govern-
ment of India. Male Swiss albino mice (6–8 weeks of age 
with body weight of 20 ± 4 g) were injected intraperitoneally 
with 4% sterile thioglycolate broth, and the resulting peri-
toneal exudates were harvested with endotoxin-free Hanks’ 
solution 4 to 5 days later. Peritoneal macrophages were sus-
pended in 0.83% ammonium chloride solution containing 
10% (v/v) Tris buffer (pH 7.65) to lyse erythrocytes. Then, 
the cells were resuspended in Roswell Park Memorial Insti-
tute Medium (RPMI) 1640 medium supplemented with 10% 
FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin, and 
allowed to adhere. Non-adherent cells had been removed 
[23]. Adherent cells viability was determined by Trypan 
blue dye exclusion technique and when more than 95% of 
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peritoneal macrophages were found to be viable they were 
used for experiments. For our in vitro study, these adherent 
cells were pooled from a minimum of 6 mice to obtain the 
requisite amount of peritoneal macrophages (5 ×  106 cells/
ml).

Antibody blocking and LPS stimulation

Before conducting the experiment, a dose-dependent study 
was undertaken and a dose response curve was plotted 
using different concentrations of LPS. It was found that a 
dose of 100 ng/ml LPS was optimum to elicit inflamma-
tory responses in macrophages, both in terms of free radical 
production as well as M1 polarization. Murine peritoneal 
macrophages (5 ×  106 cells/ml) were pre-treated with pri-
mary antibodies for TLR4 (Abcam, cat no. ab13867) and 
TNFR1 at a dose of 10 μg/ml (Biorbyt, cat no. orb27627) 
[24] either alone or in combination for 30 min prior to LPS 
stimulation followed by washing off the excess antibody by 
changing the cell culture media. Then cells were stimulated 
with LPS (InvivoGen, cat no. tlrl-eklps) at a dose of 100 ng/
ml [25] for the time period of 60 min. Prior to performing 
the FACS analysis, another round of washing was conducted 
to remove excess LPS from the media.

Analysis and sorting of murine peritoneal M1 
and M2 macrophages after LPS stimulation by FACS

Though thioglycolate-elicited macrophages have been 
used in our study as a control, they are metabolically more 
active than naïve peritoneal macrophages. Actually we have 
attempted to elicit the phagocytic capacity and more matu-
ration in our in vitro cultured cells. It is well known that 
mature macrophages have greater functional efficiency than 
naïve cells. Considering this to be the baseline, we have per-
formed all FACS M1/M2 gating. Before sorting the cells, we 
checked the CD1d expression in the isolated cells to ensure 
our cell purity and nullify the presence of monocyte-derived 
DCs, and they were found to be negligible.

We have examined the alteration of M1 and M2 mac-
rophage populations by FACS after LPS stimulation to the 
peritoneal macrophages pre-treated with anti-TLR4 and 
TNFR1 antibodies either alone or in combination. FACS 
analysis and sorting of M1/M2 subpopulations were per-
formed using BD-FACS Aria as described earlier [26]. At 
first pure macrophage population was analyzed by gating 
 CD11b+ cells by using anti-CD11b antibody conjugated with 
PerCP-Cy5.5 (Thermo Fisher Scientific, cat no. 45–0112-
82) and then by using M1-specific marker anti-CD86 anti-
body conjugated with PE (Thermo Fisher Scientific, cat no. 
12–0862-81) and M2-specific marker anti-CD206 antibody 
conjugated with FITC (Thermo Fisher Scientific, cat no. 
MA5-16,870) differential analysis and sorting of M1/M2 

macrophages were performed. The sorted cells (M1 and M2 
macrophages) were centrifuged at 4 °C separately; superna-
tant and cell free lysate were prepared for further analyses.

Assay for quantification of hydrogen peroxide 
 (H2O2) production

After time-dependent LPS stimulation, supernatants were 
collected and cell lysates were prepared from the pellet. 
 H2O2 assay of the supernatant was performed. 70 μl of 
supernatant, 20 μl of Horse Radish peroxidase (HRP) (500 
μg/ml), 70 μl of Phenol red (500 μg/ml) and 40 μl medium 
was added and allowed for incubation for 2 h at 37°C. The 
reaction was stopped by adding 25 μl of 2 N NaOH, and 
the absorbance reading was taken at 620 nm. Control set 
received 40 μl of HBSS in place of supernatant. A standard 
 H2O2 curve was plotted, and  H2O2 release in supernatants 
was evaluated and expressed in μM/106 cells [27].

Assay for quantification of nitric oxide (NO) 
production

The amount of NO release was determined by the Griess 
assay. Of M1/M2 supernatants, 50 μl were incubated sep-
arately in 40 μM Tris (pH 7.9) containing 40 μM of the 
reduced form of b-nicotinamide adenine dinucleotide phos-
phate, 40 μM flavin adenine dinucleotide, and 0.05 U/ml 
nitrate reductase at 37 °C for 15 min. Reduced samples were 
incubated with an equal volume of Griess reagent containing 
of sulphanilamide (0.25% w/v) and N-1-naphthylethylene-
diamine (0.025% w/v), and the mixture was incubated for 
10 min and the absorbance at 550 nm was measured. The 
total NO release was determined by comparison to a reduced 
 NaNO3 standard curve [28].

Assay for quantification of superoxide anion  (O2
−) 

production

Superoxide anion release assay measures the change in color 
of cytochrome C (cyt C), when reduced by  O2

− released 
from the macrophages pre-treated with or without exogenous 
SOD (2.78 μg/ml). The difference between the amounts of 
cyt C reduced in the presence and absence of SOD rep-
resents the amount of superoxide anion generated during 
the incubation. M1 and M2 cell culture supernatants were 
obtained and incubated in presence of cyt C (100 μl at 2 mg/
ml conc.). The production of superoxide anion was moni-
tored spectrophotometrically at 550 nm with reference to 
the blank. The amount of superoxide anion production will 
be calculated by the following formula: nM of superoxide 
anion = (mean absorbance at 550 nm × 15.87) [29].
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Lipid peroxidation (LPO) assay

Elevation of LPO level is considered as an indicator of oxi-
dative stress. Lipid peroxidation of the cell supernatants 
was determined as thiobarbituric acid reactive substances 
(TBARS). Trichloroacetic acid thiobarbituric acid-hydro-
chloric acid (TBA-TCA-HCl) reagent was mixed thoroughly 
with the cell supernatants and heated for 20 min at 80 °C. 
The sample-containing tubes were then cooled down to room 
temperature. After centrifugation at 1200 × g for 10 min at 
room temperature, the absorbance of the pink chromogen 
present in the clear supernatant was measured in a UV–VIS 
spectrophotometer at 532 nm. Tetraethoxypropane was taken 
as a standard, and the values obtained were expressed in 
terms of nM of TBARS per mg protein [30].

GSH assay

Catalase enzymes, SOD, and glutathione (GSH) play sig-
nificant roles in scavenging superoxide anion and hydrogen 
peroxide. These anti-oxidant enzymes resist the production 
of hydroxyl radical, thus protecting the cell and its constitu-
ents from damage due to oxidative stress. SOD performs 
rapid dismutation of the superoxide anion to  H2O2. This 
 H2O2 is then degraded by catalase to produce oxygen and 
water. Depletion in cellular GSH concentration occurs due 
to oxidative damage resulting from stress or inflammation. 
Hence the measurement of cellular GSH is crucial for this 
experimental study. Reduced glutathione content (as acid 
soluble sulfhydryl) was estimated by its reaction with DTNB 
(Ellman’s reagent) following the method of Sedlak and Lind-
say with some modifications. A mixture of 0.3 ml of the 
sample and 0.3 ml 10% TCA was vortexed, and the mixture 
was centrifuged for 10 min at 40 °C at 5000 rpm. A 500 μl 
0.8 M Tris–HCl was added to 250 μl of the cell supernatant. 
Subsequently, 25 μl of 5, 5 -dithiobis-2-nitrobenzoic acid 
(DTNB) was added to the mixture, and the absorbance was 
measured at 412 nm in an UV–VIS spectrophotometer to 
know the GSH content. The observations were expressed in 
terms of nM of GSH per mg protein [31].

Assay of superoxide dismutase (SOD) enzyme 
activity

The estimation of SOD enzyme activity was crucial for this 
experimental design as anti-oxidant balance could influence 
the process of polarization in macrophages through regula-
tion of intracellular ROS by offering protection to the oxi-
dative damage by the modulation of superoxide dismutase 
(SOD) or catalase activity. For this 100 μl of the cell super-
natant was mixed separately with 1.5 ml of a Tris–EDTA-
HCl buffer (pH 8.5). Then 100 μl of 7.2 mM/L pyrogallol 
was added, and the reaction mixture was incubated at 25 °C 

for 10 min. The reaction was stopped by adding 50 μl of 1 M 
HCl and absorbance measured at 420 nm. Enzyme activity 
was expressed in terms of U/mg protein, while one unit was 
taken to be the amount of enzyme that inhibited the oxida-
tion of pyrogallol by 50% [32].

Assay of catalase enzyme activity

LPS stimulation to macrophages generates inflammatory 
cytokines leading to ROS production through activation 
of NADPH oxidase. The host’s defense mechanism is thus 
exhibited by the levels of anti-oxidant enzymes as well as 
their activity. Hence, to determine the role of these anti-oxi-
dant enzymes in the neutralization of ROS, we estimated the 
anti-oxidant enzyme activity in the cell supernatant. Catalase 
activity in the cell supernatant was determined in a spectro-
photometer by measuring the decrease in  H2O2 concentra-
tion at 440 nm. At time zero, 100 μl of the supernatant was 
added separately to 2.89 ml of potassium phosphate buffer 
(pH 7.4) taken in a quartz cuvette. Next, 0.1 ml of 300 mM 
 H2O2 was added, and absorbance was taken at 240 nm for 
5 min at 1 min intervals. Catalase activity was expressed in 
terms of nM/min mg protein [33].

Assay of glutathione reductase enzyme activity

The glutathione reductase activity was measured following 
the oxidation of NADPH to  NADP+ during the reduction of 
oxidized glutathione. The reaction was initiated by the addi-
tion of sample in a quartz cuvette containing 1.5 ml reaction 
mixture of 0.3 mM of NADPH and 3 mM oxidized glu-
tathione in 0.2 M  K2HPO4 buffer (pH = 7.5). The decrease 
in absorbance at 340 nm was recorded for 3 min in the spec-
trophotometer. The glutathione reductase activity was cal-
culated using 6.22, the millimolar extinction coefficient for 
NADPH at 340 nm. The enzyme activity was expressed in 
terms of nM NADPH/min/mg of protein [34].

Arginase enzyme activity assay

From the functional point of view, NO and ornithine, cor-
relating to killing (M1) and repairing function (M2) of mac-
rophages, have been regarded by some investigators as the 
most characteristic molecules of macrophages [35]. After 
time-dependent LPS stimulation following incubation of 
macrophages with antibodies to TLR4 and TNFR1 either 
alone or in combination, supernatants were collected and 
macrophages were lysed with the addition of 100 μl PBS 
containing 0.1% (vol/vol) Triton X-100. After addition of 
100 μl of 25 mM Tris, 1 mM  MnCl2, the collected cell super-
natant was heated to 55 °C for 10 min. Once cooled, 200 μl 
of 0.5 M arginine in PBS (Sigma-Aldrich) was added to the 
sample solution, which was then incubated at 37 °C for 1 h. 
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The arginase reaction was stopped by the addition of 900 μl 
of 44.6 N  H2PO4, 36 N  H2SO4. The reaction solution was 
then incubated for 30 min at 100 °C after the addition of 
40 μl of 9% (vol/vol) isonitrosopropiophenone in ethanol. 
Absorbance was measured at 550 nm. A standard curve gen-
erated using two-fold serial dilutions of 200 mM urea was 
used to quantify the assay [36].

Western blot analysis of TLR4, TNFR1, TNFR2, NF‑kB, 
SAPK/JNK, COX‑2 expressions

The sorting of macrophages with or without TLR4 and 
TNFR1 blocking yielded variable populations of M1 and 
M2 in different groups. Then the equal numbers of M1 and 
M2 macrophages were cultured separately and lysed with 
radioimmunoprecipitation assay (RIPA-NP40) buffer and 
normalized the protein content by Lowry method. Samples 
containing equal amounts of protein in equal volumes of 
sample buffer were separated in a denaturing 10% poly-
acrylamide gel and transferred to a 0.1 mm pore nitrocel-
lulose membrane. Nonspecific binding were blocked with 
5% non-fat dry milk. Membrane was then incubated with 
primary antibodies to TLR4 (Abcam, cat no. ab13867), 
TNFR1 (Biorbyt, cat no. orb27627), TNFR2 (Biorbyt, cat 
no. orb224647), COX-2 (Biorbyt cat no. orb106537), SAPK/
JNK (Biorbyt, cat no. orb14628), and NF-κB (Biorbyt, cat 
no. orb10182224) in TBS with 0.1% Tween 20 (TBST). 
Blots were washed three times in TBST, incubated for 2 h 
with horseradish peroxidase-conjugated secondary antibod-
ies, developed with the Super Signal chemiluminescent sub-
strate (Thermo Scientific, USA) and exposed to X-OMAT 
BT films (Kodak). Beta-tubulin was used as loading control 
to ensure equal loading of samples throughout the gel.

Cytokines (TNF‑α, IL‑1β) ELISA

TNF-α, IL-1β release were quantified from the cell cul-
ture supernatant of M1 and M2 macrophages by Sandwich 
ELISA technique. The supernatants from different groups 
were normalized to the protein content by Lowry method 
before ELISA and the levels of TNF-α (Cat No. ELM-TNFa) 
and IL-1β (Cat No. ELM-IL1b) were determined in accord-
ance with the manufacturer’s guidelines by using BioRad 
ELISA Reader at 450 nm.

Statistical analysis

Isolated peritoneal macrophages (PMs), from 5 mice, were 
pooled together to obtain the requisite amount of cells 
(5 ×  106 cells/ml), and the different parameters were meas-
ured. This was repeated thrice for each parameter, and the 
mean value of these triplicate experiments was taken for cal-
culation. The number of cells was equal for each assay. Data 

was expressed as mean ± SD. Two-way ANOVA (analysis of 
variance) was performed for comparing all the groups. In all 
the cases the significance level was p < 0.05. Scheffe’s F-test 
had been done as a post hoc test for multiple comparisons of 
different group means when significant F values were found. 
All analyses were done using Origin Pro 8 software.

Results

LPS stimulation promotes M1 phenotype 
while combinatorial blocking of TLR4 and TNFR1 
favors M1 to M2 switching in peritoneal 
macrophages

Flow cytometric sorting data of peritoneal macrophages 
(Fig. 1a) showed that M1 phenotypic population was sig-
nificantly increased in LPS treated cells compared to the 
control macrophages (p < 0.05). The single pre-treatment 
of TLR4 Ab and TNFR1 Ab in LPS stimulated cells mark-
edly reduced M1 population compared to the LPS stimulated 
cells but dual blocking (TLR4Ab + TNFR1Ab + LPS) exhib-
its (Fig. 1b) most potent diminution of M1 phenotype with 
respect to both of single pre-treatments (p < 0.05).

In the case of M2 population opposite scenario 
was observed during TLR4 and TNFR1 blocking. M2 
macrophage population was significantly diminished 
after LPS stimulation (p < 0.05). When cells were pre-
treated with TLR4 Ab and TNFR1 Ab either alone 
(TLR4Ab + LPS, TNFR1Ab + LPS) or in combination 
(TLR4Ab + TNFR1Ab + LPS), a sharp augmentation of 
M2 macrophages was observed in all the cases compared 
to the LPS stimulated cells (p < 0.05). Moreover, combine 
pre-treated cells exhibit highest population of M2 cells 
with respect to the both single pre-treatments (p < 0.05) as 
depicted from Fig. 1c.

LPS induced higher  H2O2, NO and superoxide anion 
production by M1 macrophages are diminished 
after M2 polarization

From Fig. 2a, it is seen that M1 macrophages release high 
amount of hydrogen peroxide on stimulation with LPS 
(p < 0.05). But on blocking of TLR4 and TNFR1 individu-
ally or together,  H2O2 release was significantly decreased 
(p < 0.05). Moreover, the M2-polarized macrophages showed 
significantly lower levels of  H2O2 compared to the M1 popu-
lation (p < 0.05). Dual blocking of TLR4 and TNFR1 in the 
M2-polarized macrophages (TLR4Ab + TNFR1Ab + LPS) 
was observed to significantly diminish  H2O2 production 
(p < 0.05).

M1 macrophages produced significantly higher amounts 
of NO and superoxide anion in response to LPS stimulation 
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(Fig. 2b, c), but in both cases dual blocking of TLR4 and 
TNFR1 in M1 exhibited significantly lower (p < 0.05) 
amounts of those free radical production when comparing 
with the LPS stimulated cells (LPS) as well as single pre-
treated cells (TLR4Ab + LPS, TNFR1Ab + LPS).

LPS‑induced surge in the lipid peroxidation (LPO) 
levels in M1 macrophages plummet after M2 
polarization

The level of lipid peroxidation was found to be significantly 
higher in the LPS treated M1 macrophages in comparison 
to the control group (p < 0.05) (Fig. 3a). On blocking of the 
receptors individually or in combination (TLR4Ab + LPS/ 
TNFR1Ab + LPS or TLR4Ab + TNFR1Ab + LPS) levels 

of lipid peroxidation showed a downfall demonstrating 
decreased oxidative stress (p < 0.05).

The amount of lipid peroxidation was significantly dimin-
ished in all respective groups of M2-polarized cells with 
respect to their M1 counterparts (p < 0.05). Combined pre-
treatment group was found to be most effective in curtail-
ing LPS-induced lipid peroxidation in M2 macrophages 
(p < 0.05).

Reduced glutathione (GSH) content in the M1 
macrophages rises after the phenotypic shift 
towards M2

On single receptor blocking (TLR4Ab + LPS and 
TNFR1Ab + LPS) in the M1 population, cellular GSH 

Fig. 1  Flow cytometric sorting of peritoneal macrophages using 
CD11b-PerCP Cy5.5, CD86-PE and CD206-FITC antibodies after 
single or dual blocking of TLR4 and TNFR1. a Dot plot images of 
M1/M2 macrophage sorting. b Graphical representation of  CD86+ 
M1 population. c Graphical representation of  CD206+ M2 popula-
tion in five different groups. Data were represented as mean ± SD 

from three independent experiments. All the differences were statisti-
cally significant at p < 0.05 level. “*” indicates significant difference 
in comparison to control, “#” indicates significant difference in com-
parison to LPS, “^” indicates significant difference with respect to 
TLR4Ab + LPS, “$” indicates significant difference in comparison to 
TNFR1Ab + LPS
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content showed significant increase compared to the con-
trol group (p < 0.05). But simultaneous blocking of both 
the receptors together (TLR4Ab + TNFR1Ab + LPS) was 
found to be most effective in increasing the levels of cel-
lular GSH (p < 0.05) (Fig. 3b).

Significantly lower levels of GSH were recorded 
in the LPS stimulated M2 population in compari-
son to the controls (p < 0.05). GSH levels were also 
seen to be much greater in combination blockade 
(TLR4Ab + TNFR1Ab + LPS) compared to the controls 
(p < 0.05) in the M2 macrophages. GSH expression was 
significantly increased on dual blocking in comparison to 
single receptor blocking (TLR4 + LPS and TNFR1 + LPS) 
(p < 0.05).

Anti‑oxidant enzyme activities of SOD, catalase, 
and glutathione reductase were upregulated 
in the M2‑polarized macrophages

From Fig. 4a, it was found that activity of superoxide 
dismutase (SOD) in the M1 macrophage population was 
significantly (p < 0.05) lower compared to the M2 popu-
lation. On treatment with LPS, M1 macrophages showed 
decreased SOD activity (p < 0.05). On the other hand, 
LPS-stimulated M2 macrophages exhibited significantly 
lower levels of SOD activity compared to the control group 
(p < 0.05). Furthermore, dual blocking of both the recep-
tors (TLR4Ab + TNFR1Ab + LPS) promoted significant 

Fig. 2  Effect of dual blocking of TLR4 and TNFR1 on the release 
of  H2O2 (a), NO (b), and superoxide anion (c), from both M1- and 
M2-polarized macrophages. Macrophages (5 ×  106 cells/ml) were 
allowed to interact with LPS at 37 °C for 60 min in the presence or 
absence of anti-TLR4 and anti-TNFR1 antibody. Results were repre-
sented as mean ± SD from three independent experiments. The differ-

ences were statistically significant at p < 0.05 level. “*” indicates sig-
nificant difference in comparison to control, “#” indicates significant 
difference in comparison to LPS, “^” indicates significant difference 
with respect to TLR4Ab + LPS, “$” indicates significant difference in 
comparison to TNFR1Ab + LPS, and “@” implies significant differ-
ence between M1- and M2-polarized cells at p < 0.05 level
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increase in the activity of SOD (p < 0.05) compared to 
single receptor blocking.

On LPS treatment, catalase activity was remark-
ably dwindled in the M1 macrophages compared to 
the control group (p < 0.05) (Fig.  4b). Single receptor 
blocking (TNFR1Ab + LPS) and combination block-
ade (TLR4Ab + TNFR1Ab + LPS) resulted in significant 
improvement of catalase enzyme activity in the M1 popula-
tion (p < 0.05). In contrast, the M2 macrophages recorded 
elevated SOD activity than the M1 population. LPS-stim-
ulated M2 macrophages were seen to have significantly 
lower SOD expression than the control group (p < 0.05). 
SOD activity was noticeably escalated when both the 

receptors were blocked (TLR4Ab + TNFR1Ab + LPS) in 
comparison to single receptor blocking (TLR4Ab + LPS and 
TNFR1Ab + LPS) (p < 0.05).

Glutathione reductase activity was also measured 
(Fig. 4c). Observations revealed that the expression was 
highly suppressed in M1 macrophages due to oxida-
tive stress but soared up in the M2 population (p < 0.05). 
LPS treatment mitigated glutathione reductase activity 
in the M2 cells compared to the control group but block-
ing of both TLR4 as well as TNFR1 receptors simul-
taneously (TLR4Ab + TNFR1Ab + LPS) resulted in 
the surge of the enzyme activity particularly in the M2 
macrophages(p < 0.05).

Fig. 3  Effect of dual blocking 
of TLR4 and TNFR1 on the 
level of lipid peroxidation (LPO 
activity) (a) and production of 
reduced glutathione (b) from 
both M1- and M2-polarized 
macrophages. Macrophages 
(5 ×  106 cells/ml) were allowed 
to interact with LPS at 37 °C 
for 60 min in the presence or 
absence of anti-TLR4 and anti-
TNFR1 antibody. Results were 
represented as mean ± SD from 
three independent experiments. 
The differences were statisti-
cally significant at p < 0.05 
level. “*” indicates significant 
difference in comparison to 
control, “#” indicates signifi-
cant difference in comparison 
to LPS, “^” indicates signifi-
cant difference with respect to 
TLR4Ab + LPS, “$” indicates 
significant difference in com-
parison to TNFR1Ab + LPS, 
and “@” implies significant 
difference between M1- and 
M2-polarized cells at p < 0.05 
level
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Lower arginase activity in the LPS‑induced M1 
macrophages is elevated after M2 polarization

From Fig.  5, it is seen that LPS stimulation signifi-
cantly downregulated arginase activity in the M1 
population in comparison with the control group 
(p < 0.05). Blocking of the receptors, individually 
(TLR4Ab + LPS and TNFR1Ab + LPS) or in combination 
(TLR4Ab + TNFR1Ab + LPS), led to the significant increase 
in the arginase enzyme activity (p < 0.05).

On the contrary, the macrophages that polarized towards 
the M2 phenotype expressed higher enzyme activity com-
pared to the M1 type (p < 0.05). LPS stimulation to the 
M2 macrophages caused significant lowering of arginase 

enzyme activity compared to the control group (p < 0.05). 
Single (TLR4Ab + LPS and TNFR1Ab + LPS) or dual recep-
tor blockade (TLR4Ab + TNFR1Ab + LPS) in the M2 popu-
lation resulted in increased arginase activity (p < 0.05) in the 
M2 cell population.

Dual blocking of TLR4 and TNFR1 mitigates 
LPS‑induced upregulation of their individual 
expressions along with COX‑2, NF‑kB, and SAPK/JNK 
expressions both in M1 and M2 macrophages

From Fig. 6 it was observed that LPS stimulation signifi-
cantly upregulated both of TLR4 and TNFR1 expression 
in M1 macrophages compared to the control M1 (p < 0.05). 
However, TLR4 blocking and TNFR1 blocking markedly 

Fig. 4  Effect of dual blocking of TLR4 and TNFR1 on the activities 
of SOD (a), CAT (b), and glutathione reductase (c) enzymes from 
both M1- and M2-polarized macrophages. Macrophages (5 ×  106 
cells/ml) were allowed to interact with LPS at 37 °C for 60 min in the 
presence or absence of anti-TLR4 and anti-TNFR1 antibody. Results 
were represented as mean ± SD from three independent experiments. 
The differences were statistically significant at p < 0.05 level. “*” 

indicates significant difference in comparison to control, “#” indicates 
significant difference in comparison to LPS, “^” indicates significant 
difference with respect to TLR4Ab + LPS, “$” indicates significant 
difference in comparison to TNFR1Ab + LPS, and “@” implies sig-
nificant difference between M1- and M2-polarized cells at p < 0.05 
level
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reduced their expressions in respective single pre-treat-
ment groups (TLR4Ab + LPS and TNFR1Ab + LPS) 
compared to the LPS stimulated M1. Dual blocking 
(TLR4Ab + TNFR1Ab + LPS) downregulated both of 
those receptors expression with respect to that of LPS, 
TLR4Ab + LPS, and TNFR1Ab + LPS groups significantly 
(p < 0.05).

Moreover it was also seen that TNFR2 expression sig-
nificantly declined in the single pre-treatment groups 
(TLR4Ab + LPS and TNFR1Ab + LPS) as well as in dual 
blockade (TLR4Ab + TNFR1Ab + LPS) when compared 
to the control groups (p < 0.05). M1 macrophages further 
exhibited reduced expression of COX-2 on blockade of 
TLR4 or TNFR1 singly or both in comparison to the LPS-
treated macrophages. NF-kB expression was also upregu-
lated on LPS stimulation. But dual blockade of both TLR4 
and TNFR1 together showed lower expression of the same. 
Furthermore, dual blocking (TLR4Ab + TNFR1Ab + LPS) 
was effective in reducing SAPK/JNK expression in the M1 
macrophage population in comparison to the single pre-
treatment (TLR4Ab + LPS and TNFR1Ab + LPS) as well 
as the control groups (p < 0.05).

In case of M2-polarized macrophages, the expression of 
TLR4 was significantly downregulated on blocking of both 
receptors simultaneously (TLR4Ab + TNFR1Ab + LPS) 
(Fig. 7). This observation was also found to be valid in 
case of TNFR1 expression (p < 0.05). Individual recep-
tor blocking (TLR4Ab + LPS and TNFR1Ab + LPS) 

as well as simultaneous blocking of the receptors 
(TLR4Ab + TNFR1Ab + LPS) before LPS treatment 
showed higher expression of TNFR2 in the M2-polar-
ized macrophages (p < 0.05). Dual receptor blocking 
(TLR4Ab + TNFR1Ab + LPS) was found to be beneficial 
in suppressing COX-2 expression in the M2-polarized 
macrophages in comparison to the blocking of TLR4 and 
TNFR1 individually. When compared to the control groups, 
NF-kB and SAPK/JNK demonstrated low levels of expres-
sion on single receptor blocking; both the receptors were 
significantly down regulated on simultaneous blocking of 
TLR4 and TNFR1 together (TLR4Ab + TNFR1Ab + LPS) 
that further indicating the switch towards the alternative M2 
phenotype.

Combined blocking of TLR4 and TNFR1 shows 
attenuation of LPS‑induced TNF‑α, IL‑1β production 
in M2 macrophages compared to the single blocking

From Fig. 8, it could be said that pro-inflammatory cytokines 
like TNF-α and IL-1β showed almost identical patterns of 
free radical release assay. Briefly, the LPS-induced release of 
TNF-α and IL-1β was drastically reduced after dual receptor 
(TLR4 and TNFR1) blocking in both M1 and M2 cells. Simi-
larly, a significant reduction of those cytokines was observed 
in all the groups of M2-polarized macrophages with respect 
to their M1 counterparts (p < 0.05). The combined blocking 

Fig. 5  Effect of dual blocking of 
TLR4 and TNFR1 on the activ-
ity of arginase enzyme from 
both M1- and M2-polarized 
macrophages. Macrophages 
(5 ×  106 cells/ml) were allowed 
to interact with LPS at 37 °C 
for 60 min in the presence or 
absence of anti-TLR4 and anti-
TNFR1 antibody. Results were 
represented as mean ± SD from 
three independent experiments. 
The differences were statisti-
cally significant at p < 0.05 
level. “*” indicates significant 
difference in comparison to 
control, “#” indicates signifi-
cant difference in comparison 
to LPS, “^” indicates signifi-
cant difference with respect to 
TLR4Ab + LPS, “$” indicates 
significant difference in com-
parison to TNFR1Ab + LPS, 
and “@” implies significant 
difference between M1- and 
M2-polarized cells at p < 0.05 
level
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group (TLR4Ab + TNFR1Ab + LPS) was also proved to be 
most efficient in controlling pro-inflammatory cytokines 
production (both TNF-α and IL-1β) compared to the single 
blockings (TLR4Ab + LPS, TNFR1Ab + LPS).

Discussions

LPS stimulation leads to the induction of systemic inflam-
mation that mimics a number of clinical features of sep-
sis including extensive production of pro-inflammatory 
cytokines such as TNF-α, and IL-1β. Despite significant 
advancements in the healthcare sector in the modern era, 
sepsis still poses a major threat to medical professionals 
and researchers alike. Epidemiological studies have dem-
onstrated that sepsis accounts for more patient admissions 

than those for diseases like myocardial infarction and stroke 
[37]. Sepsis, further, is one of the leading causes of death 
in intensive care units of hospitals around the world due 
to its high morbidity and mortality [38]. Thus it is abso-
lutely necessary to develop effective strategies against 
sepsis. Administration of widely accepted broad spectrum 
antimicrobials have resulted in multiple side effects such 
as kidney damage among other complicacies [39]. The use 
of conventional antibiotics, anti-endotoxin antibodies, and 
other therapeutic options were found to be insufficient for 
septic patients [40] which opens room for further investi-
gation in this area in search of an alternative therapeutic 
approach to treat and cure LPS-induced fatal diseases. The 
paramount role of macrophages is well known in sepsis. LPS 
stimulation is capable of causing heterogeneous phenotypic 
alterations in macrophage populations [41]. The classically 

Fig. 6  Western blot analysis of TLR4, TNFR1, TNFR2, COX-2, 
NF-kB, and SAPK/JNK expression from sorted M1 macrophages. 
Receptor expression patterns of M1-polarized macrophages. Whole 
cell lysates were prepared for analysis of TLR4, TNFR1, TNFR2, 
COX-2, NF-kB, and SAPK/JNK expression after 60  min of LPS 
stimulation. All the samples were probed using β-tubulin to ensure 

equal protein loading. The differences were statistically significant at 
p < 0.05 level. “*” indicates significant difference in comparison to 
control, “#” indicates significant difference in comparison to LPS, “^” 
indicates significant difference with respect to TLR4Ab + LPS, “$” 
indicates significant difference in comparison to TNFR1Ab + LPS
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activated M1 macrophages are characterized by the inflam-
matory responses resulting to their destructive nature, while, 
on the other hand, the M2 phenotype is considered to be 
the “repair” type macrophages involved in tissue repair and 
resolving inflammation.

TLR4 recognizes LPS and is involved in the regulation 
of pro-inflammatory cytokines like TNF-α. Signaling of 
TNF-α via TNFR1 is believed to mediate majority of the 
pro-inflammatory effects, while TNFR2 diminishes inflam-
matory responses and promotes survival [42]. We did not 
find any report on dependency of TLR4/TNFR1 or any cross 
talking at the surface of macrophages and its role on M1/
M2 polarization of LPS-stimulated macrophages. However, 
both of TLR4 and TNFR1 are involved in LPS-mediated 
signaling in macrophages and might have some roles on M1/
M2 switching in macrophages. In our study, we attempted 
to regulate the severity of LPS-induced inflammation by 

in vitro blocking of cell surface TLR4 and TNFR1 in murine 
peritoneal macrophages. We also analyzed whether single 
(TLR4/TNFR1) or dual (TLR4 + TNFR1) receptor blocking 
could facilitate the switching of the LPS-induced M1 mac-
rophages to the immunomodulatory M2 phenotype by signif-
icantly suppressing the production of additional inflamma-
tory mediators like cytokines and free radicals. LPS binding 
to TLR4 activates NF-kB causing the generation of several 
inflammatory molecules [43]. Since most of the clinical tri-
als targeting single inflammatory cytokine in the treatment 
of sepsis failed, therapeutic targeting of Toll-like receptor 4 
looks promising [44, 45]. However, analysis of mice with 
targeted disruptions in their tlr2 or tlr4 genes revealed that 
TLR4 knockouts, but not TLR2 knockouts, are LPS unre-
sponsive again suggesting in favor of targeting TLR4 in LPS 
sepsis [46]. One possible explanation for the discrepancies 
related to TLR2 use by LPS has also been reported [47]. 

Fig. 7  Western blot analysis of TLR4, TNFR1, TNFR2, COX-2, 
NF-kB, and SAPK/JNK expression from sorted M2 macrophages. 
Receptor expression patterns of M2-polarized macrophages. Whole 
cell lysates were prepared for analysis of TLR4, TNFR1, TNFR2, 
COX-2, NF-kB, and SAPK/JNK expression after 60 min of LPS stim-
ulation. All the samples were probed using β-tubulin to ensure equal 

protein loading. “*” indicates significant difference in comparison to 
control, “#” indicates significant difference in comparison to LPS, “^” 
indicates significant difference with respect to TLR4Ab + LPS, “$” 
indicates significant difference in comparison to TNFR1Ab + LPS. 
All the differences were statistically significant at p < 0.05 level
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Therefore, our approach towards neutralization of TLR4 
in macrophages during LPS stimulation and its effects on 
M1/M2 polarization is relevant in the sense of regulating 
LPS-TLR4 signaling in macrophages. It is well-established 
that cell surface CD86 is a M1 marker, while CD206 is an 
exclusive marker for M2 macrophages [48]. Flow cytometric 
sorting data implied that LPS stimulation promotes  CD86+ 
M1 switching possibly by increasing the free radicals like 
NO, superoxide anion production. Moreover, the higher lev-
els of TNF-α, IL-1β also supported the inflammatory cel-
lular micro-environment [49]. Elevated levels of  H2O2 in the 
M1 macrophages and higher lipid peroxidation (LPO) levels 
indicate the ROS generation due to the bactericidal inflam-
matory reaction brought about by the M1 macrophages 
[50]. NF-kB plays a vital role in inflammatory responses 
which makes it a potential target for the development of 
anti-inflammatory drugs and therapies. In fact, it has been 

reported that small molecules that inhibit NF-kB activation 
are potential targets for therapeutic interventions [51]. LPS 
binding to TLR4 initiates downstream signaling pathways 
including c-Jun N-terminal kinase (JNK) besides NF-kB 
which is evident from the increased expressions of these 
proteins in the Western blot analysis data obtained from the 
 CD86+ population. Depletion in the anti-oxidant enzyme 
levels like SOD, catalase, and glutathione reductase in M1 
macrophages further indicates increased oxidative stress in 
the cell population proving the inflammatory circumstances.

Binding of TNF-α to TNFR1 activates the NF-kB and 
JNK pathways, leading to transcriptional activation of genes 
encoding pro-inflammatory proteins [52–54], thereby sug-
gesting an implication of TNFR1/ TNF-α signaling in the 
modulation of M1/M2 polarization in LPS-induced sepsis. 
Although TNF-α is produced during early LPS sepsis and 
TNF-α can contribute to M1/M2 switching via the TNFR1 

Fig. 8  Effect of dual blocking of TLR4 and TNFR1 on the produc-
tion of TNF-α and IL-1β, from both M1- and M2-polarized mac-
rophages. Macrophages (5 ×  106 cells/ml) were allowed to interact 
with LPS at 37 °C for 60 min in the presence or absence of anti-TLR4 
and anti-TNFR1 antibody. Results were represented as mean ± SD 
from three independent experiments. The differences were statisti-

cally significant at p < 0.05 level. “*” indicates significant difference 
in comparison to control, “@” indicates significant difference in com-
parison to LPS, “#” indicates significant difference with respect to 
TNFR1Ab + LPS, and “$” indicates significant difference in compari-
son to TLR4Ab + LPS at p < 0.05 level
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signaling pathway, but whether blockade of TNFR1 sign-
aling or TNFR1 deficiency could also affect LPS-induced 
polarization of M1/M2 macrophages in mice has not been 
done so far. Therefore blocking of TLR4 to prevent its acti-
vation by the signature ligand LPS, along with neutralization 
of TNFR1 in order to minimize the pro-inflammatory effects 
induced by its specific ligand TNF alpha, seems quite rel-
evant for studying M1/M2 switching during LPS sepsis and 
might not demand alternative options. However, in ongo-
ing studies, some relevant alternative options will be defi-
nitely taken care of for better understanding the underlining 
mechanism. By blocking the TLR4 and TNFR1 receptors 
individually or together, we observed a rise in the  CD206+ 
cell population. This is a clear indication of the switching 
towards the M2 phenotype [55]. The data obtained from the 
flow-cytometric sorting further establishes the fact that dual 
blocking of the receptors (TLR4Ab + TNFR1Ab) results in 
the polarization of M2 at the optimum level. The block-
ing of TLR4 and TNFR1, individually or together, aids the 
polarization of the macrophages towards M2 is also evident 
from the protein expressions obtained by the Western blot 
analysis. TNFR2, which is known to be involved in immu-
nosuppression, showed significantly elevated expressions 
in the  CD206+ M2 population on single or dual blocking 
of the receptors. The shift towards the immunomodulatory 
M2 type can also be approved by the reduced expression 
of pro-inflammatory indicators like SAPK/JNK and COX-2 
which are highly suppressed in the macrophages subjected 
to combined blockade. The anti-oxidative enzymes showed 
increased concentrations in the  CD206+ population indi-
cating reduction in the oxidative stress that led to the fall 
in the cellular lipid peroxidation. Measuring the arginase 
enzyme activity in both macrophage populations, the M1 
macrophage cells exhibited lower levels compared to the 
M2-polarized cells which establishes further the switch 
over to M2 [55]. Literature suggests that the metabolism of 
L-arginine is a key player in macrophage polarization. That 
the anti-inflammatory M2-type macrophages produce sig-
nificant levels of ornithine via arginase [50] can be predicted 
from the increased arginase activity in the M2-polarized cell 
population. L-arginine is the sole physiological substrate for 
nitric oxide synthase (NOS) reaction which makes the regu-
lation of its availability as a determining factor in the cellular 
production of NO [56]. Though we have not measured the 
levels of IFN-γ in M1 or M2-polarized macrophages, it was 
reported that in vitro stimulation of LPS along with IFN-γ 
could lead to the classically activated (M1) macrophages 
[57]. However, Gordon’s group proved that microbial LPS 
and IFN-γ polarize macrophages to M1 [58]. We have found 
lower levels of TNF-α and IL-1β after the dual blockade of 
TLR4 and TNFR1 that might be responsible for the pheno-
typic switching towards anti-inflammatory M2. So, it could 
be speculated that IFN-γ level might also be diminished 

in M2 macrophages compared to the classically activated 
M1 type. It was also reported that LPS and IFN-γ probably 
works synergistically in favor of M1 switching [59]. There-
fore, in our current study dual receptors block might able to 
attenuate the LPS induced excessive production of IFN-γ 
like TNF-α and IL-1β to facilitate the M2 switching.

Western blot analysis also confirmed the successful 
blocking of individual receptors and indicated interdepend-
ency between TLR4 and TNFR1 by attenuating each other’s 
expression during LPS stimulation as supported by a previ-
ous literature indicating dynamic crosstalk between TLR4, 
TNFR1, and IL-1R signaling via NF-kB [60]. The downreg-
ulation of TLR4 and TNFR1 receptors warranted protection 
in terms of reduced  H2O2, NO, and superoxide anion release 
as well as lower cytokine levels. The diminished levels of 
these pro-inflammatory cytokines upholds the fact that the 
M1 macrophages shifted towards M2 delivering protection 
against LPS-induced inflammation [61]. Previous investiga-
tions also confirm inverse functions of iNOS and arginase 
towards inflammatory responses. High levels of ornithine 
production via arginase promote cell proliferation and heal 
tissue damage by repair type responses. Thus dominant orni-
thine production can be predicted from increased arginine 
enzyme activity in the M2 macrophages [62]. Low levels of 
SOD and catalase in the LPS-induced M1 population and the 
upregulated expression of the same in the  CD206+ popula-
tion were also observed during dual receptor blocking which 
further confirms that a shifting took place causing a rise 
in the levels of these anti-oxidant enzymes [26]. High NO 
levels further depleted cellular GSH levels and glutathione 
reductase activity due to increased oxidative stress [63], but 
these effects were mitigated, and remarkably higher levels of 
GSH and glutathione reductase were confirmed that block-
ing of the receptors (TLR4, TNFR1) led to the phenotypic 
switching from the pro-inflammatory M1 towards the anti-
inflammatory M2 type. In a nutshell, the M1 macrophages 
exhibited lower expression of anti-oxidants like SOD and 
CAT which failed to control the accumulation of ROS due 
to its excessive production compared to the anti-oxidant 
enzymes. As a consequence, the lipid peroxidation in the 
cell membrane hiked leading to cellular damage as well as 
stimulation of inflammatory pathways mediated through 
NF-kB which is evident from the Western blot analyses. On 
the contrary, we found a higher M2-polarized cell population 
following dual blockade of both receptors (TLR4 + TNFR1). 
It leads to increased cellular arginase activity that inhibits 
the NO pathway probably by the suppression of iNOS. This 
further triggers the activity of glutathione reductase that 
converts oxidized glutathione to its reduced form (GSH).

Simultaneous blocking of both TLR4 and TNFR1 also 
showed reduced expression of NF-kB, JNK, and COX2 by 
promoting TNFR2 mediated TNF-α signaling. All these 
events together ultimately maintains a redox balance 
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within the cellular environment (Fig. 9). Therefore the 
polarization of M2 macrophages was found to be benefi-
cial in terms of LPS-induced regulation of inflammation 
and in protecting the host from sepsis. Figure 9 (schematic 
representation) describes the possible mechanism of mac-
rophage M2 switching after neutralization of TLR4 and 
TNFR1 prior to the LPS stimulation. During LPS stimu-
lation, it binds to the surface TLR4 leading to the release 
of TNF-α from the macrophages. The TNF-α then binds 
to the TNFR1 as well as the TNFR2 receptors. This LPS-
TLR4, TNF-α-TNFR1 bindings lead to the excessive ROS 
and pro-inflammatory cytokine production within the cell. 
Such events trigger inflammatory consequences ultimately 
leading to the activation of the transcription factor NF-kB. 
The expression of TNFR2 is found to be diminished. How-
ever, the accumulation of ROS/NO in the cellular micro 
environment increases the level of lipid peroxidation due 
to the lower anti-oxidant scavenging of  H2O2, NO and 
superoxide  (O2

−) anion. Moreover, the resulting oxidative 
stress could promote M1 switching and causes cellular 
damage which ultimately leads to septic shock. On the 
other hand, the binding of LPS and TNF-α in peritoneal 

macrophages is hampered by the neutralization of TLR4 
and TNFR1. The TNFR2 pathway is kept functional and 
showed increased activity via binding with TNF-α. The 
dual blocking of receptors lead to the higher activities of 
anti-oxidant enzymes like SOD, CAT, and GRx which 
efficiently scavenge the ROS and resulting in reduced 
oxidative stress. Lipid peroxidation level thus falls. The 
arginase enzyme activity is also increased, thereby sup-
pressing NO production as well as NF-kB activation. All 
these anti-inflammatory events confer protection via trig-
gering macrophage M2 switching which might be crucial 
for the treatment of LPS sepsis.

There might be other alternative option to block IFN-γ/
IFN-γR interaction along with TLR4 blocking as a regula-
tory mechanism of sepsis. As IFN-γ and LPS have some 
synergistic interaction in the promotion of M1 phenotype 
[59], blocking of these two important receptors (TLR4 and 
IFN-γR) might able to potentiate M2 switching. However, 
the degree or nature of M2 polarization may differ from our 
current study. In our future study we will definitely consider 
the IFN-γ-mediated immunomodulation in terms of mac-
rophage polarization. Moreover, we are trying to develop an 

Fig. 9  Schematic representation of the experimental study. From the 
figure, it is seen that isolated peritoneal macrophages are stimulated 
with LPS. Two phenotypically distinct cell populations arise -M1 and 
M2. The TLR4 and TNFR1 receptors in the M2 macrophages are 
blocked with their respective antibodies, while those in the M1 mac-
rophages are left undisturbed. The M1 macrophages exhibit inflam-
matory responses causing excessive free radicals and inflammatory 
cytokine production leading to increased lipid peroxidation levels 

and ROS generation and ultimately promoting inflammation via the 
NF-kB pathway. On the contrary, receptor blocking on the M2 mac-
rophages suppresses ROS generation and rise in the activities of anti-
oxidant enzymes which scavenge the free radicals and decrease oxi-
dative stress by promoting cell survival. Furthermore, simultaneous 
blocking of both TLR4 and TNFR1 also showed reduced expression 
of NF-kB, JNK, and COX2 by promoting TNFR2-mediated TNF-α 
signaling leading to the shifting towards M2 polarization
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in vivo sepsis model to validate this IFN-γ/IFN-γR-related 
aspect in future.

Gram-negative bacterial infection caused accumulation 
of substantial amounts of IFN-γ within a 3-h time frame 
in the sera of mice in a TLR4-dependent manner. Moreo-
ver, TLR4-specific blockade impedes IFN-γ release from 
human monocytes upon Gram-negative bacterial infection. 
It has been suggested that time-dependent accumulation of 
inflammatory TLR signals encompassing one signal that “ 
switches on” second-line TLR2-specific sensitivity, which 
might depend on first-line TLR4 activation upon a Gram-
negative bacterial insult, again suggesting initial blocking 
of TLR4 [64]. Therefore, effective interference with pattern 
recognition concomitant with mediator blockade might be 
possible in LPS sepsis after infection. It is conceivable that 
TLR4 antagonism (as hypothesized in our study), as well as 
mediator blockade (for TNF-α) and other concepts of LPS 
sepsis pathology inhibition might have to match with each 
other or complement one another in search of the most effec-
tive therapy.

Hence our study demonstrates a redox balance that might 
be incorporated as a therapeutic strategy in terms of receptor 
neutralization. The overall reduction of the pro-inflamma-
tory mediators might be responsible for M1 to M2 switch-
ing in macrophages and ultimately confers protection from 
LPS induced inflammation. This M1/M2 polarization may 
be considered to be the alternative therapeutic approach in 
contrast to the existing remedies. Hence, it can be concluded 
that blocking of TLR4 along with TNFR1 might be an alter-
native option for regulating LPS-induced inflammation via 
targeting M1 to M2 switching.

Conclusions

As discussed above, the M1/M2 paradigm also applies to 
immune regulation, with M1 inducing and M2 preventing 
inflammatory diseases, respectively. An imbalance of mac-
rophage M1–M2 polarization has been reported to be asso-
ciated with LPS sepsis. Therefore, from the in vitro study, 
we are interested to figure out the molecules associated with 
the dynamic changes of M1/M2 polarization and to under-
stand the effects of dual receptor blocking particularly for 
TLR4 (for LPS sensor) and TNFR1 (for TNF-α) before LPS 
stimulation. Then to further elucidate the effects of M1/M2 
switching in LPS sepsis progression, we will definitely test 
this hypothesis in an animal model of sepsis for designing 
novel macrophage-mediated therapeutic strategies against 
sepsis. Limited information is available regarding the exact 
pathways and causative factors promoting one phenotype 
over the other which might be exploited for the therapeu-
tic gain of septic shock patients. Though we have not ana-
lyzed the additional parameters like IL-10, iNOS activity/

expression outcomes of these parameters would be helpful 
in determining the inflammatory as well as its regulatory 
mechanisms more clearly. Further studies might be required 
in in vivo sepsis model post the neutralization of TLR4 and 
alternate blocking of TNFR1/TNFR2 receptors to extrapo-
late our current findings.
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