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Abstract
Background/Aims: Innate immune toll-like receptors (TLRs) are emerging as nutrient sensors. 
Oxidative stress in the adipose tissue in obesity acts as a critical early trigger of altered 
pathophysiology. TLR2/TLR4 adipose upregulation has been associated with insulin resistance 
in humans; however, it remains unclear whether oxidative stress can modulate expression of 
TLR2/4 and related immune-metabolic regulators (IRF3/5) in immune cells. We, therefore, 
assessed their expression along with proinflammatory cytokines in the human PBMC following 
induction of oxidative stress. Methods: PBMC were isolated from blood of healthy donors 
using Ficoll-Paque method and cells were treated with H2O2 to induce oxidative stress. ROS 
was measured by DCFH-DA assay. Target gene and protein expression was determined using 
real-time RT-PCR and flow cytometry/confocal microscopy, respectively. TLR2/4 expression 
by H2O2 in presence of ROS-inhibitors or leptin/LPS/fatty acids was also assessed. Expression 
of phosphorylated/total ERK1/2, c-Jun, p38, and NF-κB was determined by western blotting. 
The data (mean±SEM) were compared using unpaired student’s t-test or ANOVA; all P-values 
<0.05 were considered significant. Results: TLR2/4 mRNA/protein expression was elevated by 
oxidative stress in PBMC compared to controls (P<0.001). This induction was abrogated by 
apocynin/N-acetyl cysteine treatments (P<0.01). H2O2-induced TLR2/4 gene expression was 
further enhanced by leptin, LPS, oleate, or palmitate (P<0.05). Oxidative stress also promoted 
expression of IRF3/5 and proinflammatory cytokines including IFN-γ, IL-1β, IL-6, TNF-α, and 
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MCP-1/CCL2. This oxidative stress in PBMC involved MAPK/NF-κB dependent signaling. 
Conclusion: Taken together, oxidative stress upregulates expression of TLR2/4, IRF3/5 and 
signature proinflammatory cytokines in PBMC, involving MAPK/NF-κB dependent signaling, 
all of which may have implications for metabolic inflammation.

Introduction

The pathogen- and nutrient-sensing toll-like receptors (TLRs), also called pattern 
recognition receptors, are evolutionarily conserved in most species. These transmembrane 
proteins play a key role in the initiation of innate immune responses against microbial 
pathogens or against danger-associated molecular patterns that are expressed during 
cellular stress, malignancy, or viral infection [1]. The TLR family in mammals is so far 
known to comprise of 13 members (11 members in humans) [2]. TLRs are characterized 
by an extracellular leucine-rich repeat domain that engages in ligand recognition and a 
cytoplasmic Toll/IL-1 receptor (TIR) domain that activates downstream signaling (except 
TLR3) through myeloid differentiation (MyD)-88 factor, IL1R-associated kinases (IRAK1, 
IRAK4), tumor necrosis factor receptor-associated factor (TRAF)-6, and IκB kinase complex 
[3, 4]. Activation of these adaptor proteins stimulates multiple signaling cascades including 
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38 mitogen-
activated protein kinase (MAPK), and nuclear factor κB (NF-κB). The activation of these 
signaling pathways results in the upregulation of diverse inflammatory mediators such as 
TH1 cytokines, chemokines, and adhesion molecules, all of which play contributory roles to 
promote inflammation [5].

In addition to their well-established role in innate immunity, TLRs are also involved in 
the pathogenesis of several noninfectious chronic inflammatory conditions such as asthma, 
cancer, rheumatoid arthritis, inflammatory bowel disease, obesity, and type-2 diabetes 
(T2D) [6-9]. In obesity, white adipose tissue stores excessive triglycerides and also secretes a 
myriad of inflammatory cytokines/chemokines (TNF-α, IL-6, IFN-γ, MCP-1/CCL2, RANTES/
CCL5) as well as adipokines (leptin, resistin, visfatin), which lead to a state of chronic low-
grade sterile inflammation called metabolic inflammation [10, 11]. Thus, functionally, 
adipose tissue can be regarded as both a metabolic and immune organ; while histologically, 
it comprises of adipocytes and stromal vascular fraction i.e. extracellular matrix containing 
preadipocytes, fibroblasts, endothelial and immune cells including nearly the full spectrum 
of immune cell types as are found in the peripheral circulation [12]. Notably, in obese states, 
accumulation of excessive fat leads to increase in the number and activity of certain immune 
cell types (especially M1 macrophages, T/B lymphocytes, neutrophils, NK and NKT cells, 
and mast cells) while reductions in others (eosinophils, M2 macrophages, TH2 cells, iNKT 
cells and IL-10 producing FoxP3+ T regulatory cells), together with decreased expression of 
homeostatic protective factors (adiponectin, nitric oxide, or protective prostaglandins) [13]. 
This imbalance of immune cell homeostasis in the white adipose tissue is the forerunner of 
the development of metabolic inflammation.

The enhanced metabolic activity and energy demand in the white adipose tissue in 
obesity require additional supply of oxygen and nutrients which leads to neovascularization 
in fat tissue over time [14]. Thus, oxidative stress and redox state of adipose tissue are the 
critical initial triggers for the pathobiological changes associated with metabolic syndrome 
[15]. The adipose tissue microenvironment i.e. adipokines and hypoxia may contribute to 
the recruitment and phenotypic switch in immune cells. Previously, we and others have 
shown the upregulated expression of TLR2 and TLR4 in immune cells and adipose tissue 
in obesity/T2D or metabolic syndrome [16, 17]. Increased TLR2/4 expression in obesity 
has been associated with metabolic inflammation and insulin resistance as the endotoxin 
(LPS) and free fatty acids (especially palmitate) act as TLR2/4 agonists and trigger the TLR-
downstream inflammatory pathways [18-20]. In addition to TLR2/4, interferon regulatory 
factor (IRF)-3 and -5 are also emerging as immunometabolic regulators or stress sensors. 
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IRFs are involved in TLR signaling through MyD88- as well as TRIF-dependent pathways 
[21]. It, however, remains unclear whether oxidative stress can modulate the expression of 
TLR2/4 in immune cells. Herein, we present the data showing that H2O2-mediated oxidative 
stress upregulates TLR2/4 expression and related metabolic regulators (IRF3/5) in the 
human peripheral blood mononuclear cells (PBMC) while the signaling mechanism involves 
MAPK/NF-κB pathways.

Materials and Methods

Blood collection, PBMC isolation, cell culture and stimulation
Peripheral blood samples (30mL each) were collected in EDTA vacutainer tubes following informed 

consent from healthy laboratory support staff at Dasman Diabetes Institute and PBMC were isolated using 
Ficoll-Hypaque density gradient method as described [22]. Briefly, blood samples were diluted (1:2) with 
RPMI 1640 medium (Gibco, Grand Island, NY, USA), gently layered over Ficoll gradient and centrifuged 
at 400×g for 25 min. The buffy coat cells collected at the interface were washed thrice with RPMI 1640 
medium supplemented with 2% decomplemented fetal bovine serum (FBS; Gibco Life Technologies, Grand 
Island, NY, USA) and cells were resuspended in RPMI 1640 medium supplemented with 10 mM HEPES, 
2 mM L-glutamine, penicillin (100U/mL), streptomycin (100μg/mL), and 10% FBS. In culture assays, 
PBMC dispensed in triplicate wells of 12-well plates (106 cells/mL/well) were incubated for 2h at 37°C in 
humidified incubator (5% CO2) for conditioning. Later, cells were treated with hydrogen peroxide (H2O2; 
9.8M, Cat. No. 822287.1000, Merck, USA) at a concentration of 10mM and cells were harvested after 10h 
incubation, unless otherwise stated. For determining optimal concentration of H2O2, a time- and dose-
dependent assay was performed, with superoxide dismutase (SOD) induction and cytotoxicity as outcome 
measures, based on which it was found that 10mM H2O2 concentration for 10h induced a dose- and time-
dependent SOD activity in PBMC. Cell viability was assessed by trypan blue dye exclusion test and was found 
to be >85% (data not shown).

In assays involving treatments with inhibitors of reactive oxygen species (ROS), PBMC were incubated 
with 100μM apocynin (1h) or 5mM N-acetyl cysteine (NAC; 40 min) in designated triplicate wells and 
treated with H2O2 (10mM) for induction of oxidative stress. Cells were harvested after 10h, lysed in 
commercial RLTTM buffer (350μL) and stored at -80°C until use. In assays involving treatments with factors 
related to obesity, PBMC dispensed in triplicate wells of 12-well plates (106 cells/mL/well) were treated 
with leptin (500ng/mL), LPS (10ng/mL), oleate (200μM/mL), or palmitate (200μM/mL), with or without 
H2O2 (10mM). Mock treatment included vehicle only. Cells were harvested after 10h incubation, pellets were 
lysed in RLT buffer and stored at -80°C until use.

Real-time RT-PCR
Total cellular RNA was purified using RNeasy kit and following the manufacturer’s instructions (Qiagen, 

Valencia, CA., USA). Samples (1μg each) were reverse transcribed into cDNA templates as recommended 
by the manufacturer (High Capacity cDNA Reverse Transcription kit; Applied Biosystems, CA, USA). For 
real-time RT-PCR, cDNA (50ng) was amplified (40 cycles) using TaqMan® Gene Expression MasterMix 
(Applied Biosystems, CA, USA) and gene-specific 20Î TaqMan gene expression assays as follows: (TLR2) 
Hs02621280_s1; (TLR4) Hs00152939_m1; (IRF3) Hs01547283_m1; (IRF5) Hs00158114_m1; (IFN-γ) 
Hs00989291_m1; (IL-1β) Hs01555410_m1; (IL-6) Hs00174131_m1; (TNF-α) Hs00174128_m1; (MCP-1/
CCL2) Hs00234140_m1; and (GAPDH) Hs03929097_g1 (Applied Biosystems, CA, USA) containing forward/
reverse primers and target-specific TaqMan® minor groove binder (MGB) probe fluorescein amidite (FAM)-
labeled at 5’ end and non-fluorescent quencher (NFQ)-MGB-labeled at 3’ end and using 7500 Fast Real-
Time PCR System (Applied Biosystems, CA, USA). Each cycle involved the denaturation (15 sec at 95°C), 
annealing/extension (1 min at 60°C) after activation of Uracil-DNA-glycosylase (UDG; 2 min at 50°C) and 
AmpliTaq gold enzyme (10 min at 95°C). GAPDH was used as internal control to normalize the individual 
sample differences. Target gene expression relative to control expression was calculated by using 2-ΔΔCt 
method. The relative mRNA expression was expressed as fold change with regard to average control gene 
expression taken as 1.
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Flow cytometry
PBMC (106/mL/well) cultured in triplicate wells of 12 well plates, as described before, were treated 

with 10mM H2O2 for 10h whereas mock-treated cells served as control. In cell cultures for intracellular 
staining, Golgi protein transport was inhibited by adding 1μL/well Brefeldin-A (BFA) solution (1000×; Cat# 
ab193369, Abcam, USA) at 3h following cell treatments with H2O2 or vehicle. For extracellular staining, cells 
were harvested after a total incubation time of 10h, washed twice with PBS (containing 2% BSA and 0.2% 
sodium azide) and resuspended in 30μL staining buffer. Then, anti-human phycoerythrin (PE)-conjugated 
TLR2 (Cat# NBP2-24909, NOVUS, USA) and fluorescein isothiocyanate (FITC)-conjugated TLR4 (Cat# 
NBP100-56059, NOVUS, USA) antibodies were added, 5μL each. Cells were incubated on wet ice in dark 
for 30 min and mixed gently every 5 min. Cells stained with similarly-labeled isotype-specific antibodies 
served as staining control. For intracellular staining, cells were harvested at 7h following addition of BFA, 
washed/fixed using 250μL fixation solution per sample and incubated for 20 min on wet ice in dark. After 
fixation, cells were washed twice with 1× permeabilization buffer (Cat# BD554714; BD Cytofix/CytopermTM 
Fixation/Permeabilization Solution Kit, BD Biosciences, USA) and then stained for 30 min on wet ice in 
dark with intermittent mixing every 5 min. The staining antibodies included anti-human AF488-conjugated 
interferon regulatory factor (IRF)-3, (Cat# IC4019G, R&D, USA), PE-conjugated IRF5 (Cat# IC4508P, R&D, 
USA), allophycocyanin (APC)-conjugated IFN-γ (Cat# 554702, BD Biosciences, USA), FITC-conjugated IL-1β 
(Cat# 11-7018-42 e-Biosciences, USA), PE-conjugated IL-6 (Cat#12-7069-41, e-Biosciences, USA), FITC-
conjugated TNF-α (Cat#340511, BD Biosciences, USA), and PE-conjugated MCP-1/CCL2 (Cat#554666, 
BD Biosciences, USA), 5μL each. Cells stained with similarly-labeled isotype-specific antibodies served as 
staining control. After staining, cells were washed twice with 1× permeabilization buffer and analyzed by 
flow cytometry (FACSCanto II Flow Cytometer, Becton Dickinson, BD Biosciences, USA). Target protein 
expression was expressed, as appropriate, by mean fluorescence intensity (MFI) or staining index (SI) 
which was calculated as follows: SI = (Median of Experimental – Median of Mock) / (SD of Mock × 2). The 
protein expression of IFN-γ, IL-1β, IL-6, TNF-α, and MCP-1 was compared (histogram overlays) for isotype 
control antibody, mock and H2O2 treatment using BD FACS DIVA software version 6.1.3.

Intracellular ROS assay
Induction of ROS following H2O2-mediated oxidative stress was assessed using commercial ROS assay kit 

(Cat. #KP-06-003 BQC Kit, BioQueChem Inc.), based on the uptake of cell permeant 2’-7’dichlorofluorescein 
diacetate (DCFH-DA) fluorogenic probe. Following cell incubation with probe for 15 min, DCFH-DA is 
hydrolyzed/deacetylated by cellular esterases into DCFH carboxylate anion which is later oxidized by ROS to 
yield a fluorescent product called 2’-7’dichlorofluorescein (DCF), measurable by flow cytometry, fluorescent 
microscopy or fluorimetry (excitation/emission spectra of 495nm/529nm). Briefly, PBMC (106 cells/mL) 
were treated with H2O2 (10mM) for 10h. Later, cells were stained in culture media with 15μM DCFH-DA for 
30 min at 37°C and analyzed (without washing) by flow cytometry. The final product DCF was excited using 
488nm laser and detected at 535nm.

Confocal microscopy
PBMC isolated from healthy donors’ blood were washed and coated (106 cell/mL) on slides using 

cytospin method (500rpm for 3 min). Cells were fixed in 4% formaldehyde, washed thrice in cold PBS, then 
permeabilized using 0.1% Triton X-100 and again washed three times in cold PBS. After blocking for 1h in 
1% bovine serum albumin, cells were incubated overnight at 4°C with primary antibodies including rabbit 
polyclonal anti-human TNF-α antibody (Abcam® ab9635) or rabbit polyclonal anti-human MCP-1/CCL2 
antibody (Abcam® ab9669). Later, cells were washed 3× in PBS containing 0.05% Tween and incubated for 
1h with secondary goat anti-rabbit antibodies including, respectively, Alexa Fluor 647-conjugated antibody 
(Abcam® ab150079; red fluorescence) or Alexa Fluor 488-conjugated antibody (Abcam® ab150077; 
green fluorescence). After at least three washes in PBS, samples were finally treated with 4′,6-diamidino-
2-phenylindole (DAPI; Vectashield, Vector Lab, H1500; counterstain in blue) and mounted with coverslips. 
Confocal images were analyzed using inverted Zeiss LSM710 AxioObsever microscope (Carl Zeiss, 
Gottingen, Germany) and Plan-Apochromat 63 x/1.40 oil DIC M27 objective lens. After laser excitation of 
samples (543nm HeNe laser and 405nm argon ion laser), optimized emission detection bandwidths were 
configured, and fluorescence intensity was calculated (Zeiss Zen 2010 software).
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Western blotting
PBMC in triplicate wells of 12-well plates (1Î106 cells/mL per well) were cultured in RPMI-1640 

complete medium and treated with H2O2 (10mM) while cells treated with vehicle only served as control. 
Samples were collected for analysis at 15 min, 30 min, 2h, and 4h following incubation with H2O2. Incubation 
was not extended up to 10h since optimal phosphorylation times of these signaling proteins are limited. 
Harvested samples were lysed using radioimmunoprecipitation assay (RIPA) Lysis and Extraction buffer 
(Cat# 89900, Thermo Scientific, IL, USA) containing 25mM Tris.HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% 
sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS). Cell lysates were clarified by centrifugation 
(14000rpm, 10 min) and supernatants were collected. Protein concentration was measured using Quickstart 
Bradford Dye Reagent, 1Î Protein Assay kit (Bio-Rad Laboratories, Inc., CA., USA). Samples (20μg each) 
were mixed with loading buffer, heated at 95°C for 5 min and resolved by 12% SDS polyacrylamide gel 
electrophoresis (SDS-PAGE). Cellular proteins were transferred to Immuno-Blot polyvinylidene fluoride 
(PVDF) membrane (Bio-Rad Laboratories, USA) by electro blotting. The membranes were blocked with 
5% non-fat milk in PBS for 1h, followed by overnight incubation with 1:1000 diluted primary antibodies 
(pERK1/2, p-c-Jun, p-p38, p-NF-κB, Total ERK1/2, total c-Jun, total p38, total NF-κB, and β-actin; all 
antibodies were purchased from Cell Signaling Technology Inc. USA). Blots were washed four times with 
Tris-buffered saline (TBS) and incubated for 2h with horse radish peroxidase (HRP)-conjugated secondary 
antibody (Promega, Madison, WI, USA). Immunoreactive bands were developed using Amersham ECLPlus 
Western Blotting Detection System (GE Health Care, Buckinghamshire, UK) and visualized by Molecular 
Imager® VersaDoc™ MP Imaging Systems (Bio-Rad Laboratories, Hercules, CA., USA). Band intensities were 
measured using VersaDoc™ QuantityOne software (Bio-Rad Laboratories, Hercules, CA, USA). A total protein 
expression against respective phosphorylated protein represented loading control. Band intensity data 
were normalized by calculating ratios of phosphorylated over respective total proteins. Phosphorylation 
induction (fold change) in H2O2-treated samples was assessed by comparing with mock-treated control 
taken as 1.

Statistical analysis
Data were expressed as mean±SEM values and statistical analysis was performed using GraphPad 

Prism software (La Jolla, CA., USA). Unpaired Student t-test and analysis of variance (ANOVA) Bartlett’s test, 
with Dunnett’s or Tukey’s tests as applicable, were used to compare group means. All P-values <0.05 were 
considered as statistically significant.

Results

Oxidative stress upregulates expression of TLR2 and TLR4 receptors in PBMC
We asked whether the oxidative stress induced by H2O2 treatment in vitro could modulate 

the expression of TLR2 and TLR4 innate immune and nutrient sensor receptors in the PBMC. 
To this end, our data show that TLR2 and TLR4 gene expression was significantly upregulated 
in PBMC following induction of oxidative stress as compared to mock-treated controls (TLR2 
fold change: 6.63±0.94 vs. 1.0±0.01 & TLR4 fold change: 4.11±0.25 vs. 1.0±0.02) (P<0.001; 
Fig. 1A). As expected, TLR2 and TLR4 protein expression was accordingly enhanced in PBMC 
after H2O2 treatment for oxidative stress compared to mock-treated control (TLR2 MFI: 
412.3±8.4 vs. 239.7±3.7 & TLR4 MFI: 374.0±3.1 vs. 116.7±1.2) (P<0.0001; Fig. 1B). Surface 
expression of TLR2 (SI=3.03) and TLR4 (SI=1.45) in PBMC treated with H2O2, mock (vehicle 
only), and isotype antibody control is also compared by histogram overlays (Fig. 1C & 1D). 
Overall, good agreement was found between gene and protein expression of both TLR2 
(r=0.80, P=0.05) and TLR4 (r=0.83, P=0.04) (Supplementary Fig. S1 - for all supplemental 
material see www.cellphysiolbiochem.com).
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H2O2-induced TLR2/TLR4 gene expression is ROS-dependent and is abrogated by ROS 
inhibitors
To see if H2O2 treatment induced ROS, PBMC were stained using DCFH-DA fluorogenic 

probe to measure intracellular ROS activity and the representative histogram overlay shows 
that H2O2 treatment promoted the intracellular ROS activity compared to mock (SI=18.13; 
Fig. 2A). Next, to see whether oxidative stress driven TLR2/TLR4 expression was ROS-
dependent, PBMC were treated with H2O2 in the presence or absence of ROS inhibitors such 

Fig. 1. Oxidative stress promotes the expression of TLR2 and TLR4 in PBMC. Peripheral blood mononuclear 
cells (PBMC) isolated from healthy individuals were cultured (106 cells/mL/well) in triplicate wells of 12-well 
plates and incubated for 10h with H2O2 (10mM) or vehicle (mock). Total RNA was extracted from harvested 
cells using RNeasy kit following the manufacturer’s instructions and TLR2/4 gene expression was assessed 
using real-time RT-PCR as described in materials and methods. At the same time, harvested samples were 
also stained to determine TLR2/4 receptor expression by flow cytometry. The data (mean±SEM) obtained 
from 5 independent determinations with similar results show the increased: (A) mRNA expression of TLR2 
(6.63±0.94 fold) and TLR4 (4.11±0.25 fold) (P<0.001); and (B) protein expression (MFI) of TLR2 (412.3±8.4) 
and TLR4 (374.0±3.1) (P<0.0001) in H2O2-treated PBMC compared to respective controls (mock).
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Fig. 2. TLR2/4 gene expression is ROS-dependent and is abrogated by ROS inhibitors. PBMC isolated from 
three healthy individuals were cultured (106 cells/mL/well) in triplicate wells of 12-well plates and incubated 
for 10h with H2O2 (10mM) or vehicle only (mock). Intracellular ROS activity was measured using DCFH-DA 
assay. (A) The representative data from 3 independent determinations show the enhanced intracellular 
ROS activity in H2O2- treated cells compared to mock (SI=18.13). In other experiments, PBMC were treated 
with ROS inhibitors/anti-oxidants as well as H2O2 for induction of oxidative stress. Total RNA was extracted, 
and TLR2/4 gene expression was assessed using real-time RT-PCR as described in materials and methods. 
The data (mean±SEM) obtained from 5 independent determinations with similar results show the reduced 
gene suppression of: (B) TLR2 in cells treated with apocynin+H2O2 (6.97±0.12 fold, P=0.008) or N-acetyl 
cysteine+H2O2 (4.2±0.23 fold, P=0.0001); and (C) TLR4 in cells treated with apocynin+H2O2 (3.00±0.27 fold, 
P<0.0001) or N-acetyl cysteine+H2O2 (3.6±0.21 fold, P=0.0001) compared to respective controls treated 
with H2O2 alone.
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as apocynin and NAC. To this end, 
our data show that apocynin 
or NAC suppressed the H2O2-
induced gene expression of TLR2 
(Apocynin+H2O2: 6.97±0.12 
fold P=0.008; NAC+H2O2: 
4.2±0.23 fold P=0.0001; H2O2: 
9.33±0.60 fold; Fig. 2B) and TLR4 
(Apocynin+H2O2: 3.00±0.27 fold 
P<0.0001; NAC+H2O2: 3.6±0.21 
fold P=0.0001; H2O2: 9.50±0.29 
fold; Fig. 2C).

TLR2 and TLR4 gene 
expression is further 
promoted by synergy 
between oxidative stress and 
obesity-related factors
In view of the emerging 

role of innate immune TLRs as 
metabolic sensors in obesity, 
we asked if pathophysiological 
factors associated with obesity/
T2D such as endotoxin (LPS), free 
fatty acids (palmitate/oleate), 
and leptin (a satiety hormone) 
could amplify the effect of 
oxidative stress and further 
promote TLR2/TLR4 expression. 
To this effect, our data show 
that H2O2-induced TLR2 gene 
expression in PBMC was further 
augmented in presence of each of 
leptin (41.53±1.34 fold P=0.01), 
LPS (39.50±3.75 fold P=0.03), 
oleate (40.27±1.18 fold P=0.02), 
and palmitate (45.10±1.07 fold 
P=0.001) compared to TLR2 
expression induced by H2O2 
alone (31.0±0.35 fold) (Fig. 3A). 
Likewise, H2O2-induced TLR4 
gene expression in PBMC was 
also enhanced by each of leptin 
(19.50±1.04 fold P=0.0005), 
LPS (18.40±0.64 fold P=0.002), 
oleate (17.78±0.06 fold P=0.005), 
and palmitate (21.90±1.10 fold 
P<0.0001) compared to TLR4 
expression induced by H2O2 
alone (13.0±0.58 fold) (Fig. 3B).

Fig. 3. TLR2/4 gene expression is enhanced by the synergy 
between oxidative stress and obesity-associated factors. PBMC 
were incubated with leptin, LPS, oleate, or palmitate, with or 
without oxidative stress (H2O2). Total RNA was extracted, and 
TLR2/4 gene expression was assessed by real-time RT-PCR as 
described in materials and methods. The data (mean±SEM) 
obtained from 5 independent determinations with similar results 
show significant upregulation of: (A) TLR2 expression in cells 
treated with leptin+H2O2 (41.53±1.34 fold), LPS+H2O2 (39.50±3.75 
fold), oleate+H2O2 (40.27±1.18 fold), or palmitate+H2O2 
(45.10±1.07 fold); and (B) TLR4 expression in cells treated with 
leptin+H2O2 (19.50±1.04 fold), LPS+H2O2 (18.40±0.64 fold), 
oleate+H2O2 (17.78±0.06 fold), or palmitate+H2O2 (21.90±1.10 
fold) compared to respective controls treated with H2O2 alone.
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Oxidative stress promotes the expression of IRF3 and IRF5
IRF3 and IRF5 are important transcriptional regulators of the innate and adaptive 

immunity and recent evidence suggests that TLR-associated pathogenic or stress responses 
also act as IRF activators. Therefore, we wanted to know if oxidative stress, in addition to 
upregulating the TLR2/4 expression, could also modulate the IRF3/IRF5 expression as 
both these transcriptional regulators have been implicated with metabolic stress sensing 
and inflammation. Our data show that H2O2 promoted the gene/protein expression of IRF3 
(mRNA: 4.0±0.31 fold vs. 1.0±0.02 fold P=0.0006; Protein: SI=2.50) (Fig. 4 A, B) and IRF5 
(mRNA: 1.60±0.06 fold vs. 1.0±0.02 fold P=0.0008; Protein: SI=1.48) as compared to mock 
(Fig. 4 C, D). Besides, as shown in Supplementary Fig. S2, gene expression of MyD88 which 
is the TLR downstream adaptor and FOXO1 which is a key regulator of cellular stress and 
nutrient/energy homeostasis was also upregulated by oxidative stress (MyD88H2O2: 1.63±0.06 
fold, MyD88Mock: 1.0±0.03 fold, P=0.0007) and FOXO1 (FOXO1H2O2: 3.29±0.12 fold, FOXO1Mock: 
1.0±0.01 fold, P<0.0001).

Fig. 4. Oxidative stress promotes the expression of IRF3 and IRF5. PBMC were treated with H2O2 for 
induction of oxidative stress or with vehicle (mock). Total RNA was extracted, and IRF3/5 gene expression 
was determined using real-time RT-PCR as described in materials and methods. At the same time, harvested 
cells were also stained intracellularly to assess the IRF3/5 protein expression (Staining Index) by flow 
cytometry. The data (mean±SEM) obtained from 5 independent determinations with similar results show 
the increased IRF3 expression (P<0.05) in H2O2-treated PBMC at: (A) mRNA (4.0±0.31 fold); and (B) protein 
(SI=2.50) levels compared to respective controls (mock). Similarly, H2O2 treatment enhanced the IRF5 
expression (P<0.05) in PBMC at: (C) mRNA (1.60±0.06 fold); and (D) protein (SI=1.48) levels compared to 
respective controls (mock).
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Fig. 5. Oxidative stress promotes the expression of proinflammatory cytokines/chemokine. PBMC were 
treated with H2O2 for induction of oxidative stress or with vehicle (mock). Total RNA was extracted and 
IFN-γ, IL-1β, IL-6, TNF-α, and MCP-1 gene expression was determined using real-time RT-PCR as described 
in materials and methods. At the same time, harvested cells were also stained intracellularly to assess 
protein expression of these cytokines/chemokine by flow cytometry (SI) and/or confocal microscopy. (A) 
The data (mean±SEM) obtained from 5 independent determinations with similar results show that H2O2 
treatment promoted mRNA expression of IFN-γ (2.0±0.21 fold), IL-1β (3.81±0.02 fold), IL-6 (4.23±0.04 
fold), TNF-α (5.10±0.18 fold), and MCP-1 (15.47±0.22 fold) compared to mock. As expected, oxidative stress 
also enhanced protein expression of (B) IFN-γ (SI=1.10), (C) IL-1β (SI=1.0), (D) IL-6 (SI=4.36), (E) TNF-α 
(SI=11.08), and (F) MCP-1 (SI=3.34) compared to mock. (G) Confocal microscopy images (40× magnification; 
inset at 100× magnification) show the elevated TNF-α and MCP-1 expression in PBMC treated with H2O2 as 
compared to mock, two donors each.
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Fig. 6. H2O2-mediated oxidative stress involves MAPK/NF-κB dependent signaling. PBMC were treated with 
H2O2 for induction of oxidative stress or with vehicle (mock). Samples were collected at 15 min, 30 min, 2h, 
and 4h time intervals following H2O2-treatment and extracted proteins were analyzed by western blotting 
as described in materials and methods to detect phosphorylated vs. total ERK1/2, c-Jun, p38, and NF-κB. 
Incubation was not extended up to 10h since optimal phosphorylation times of these signaling proteins 
are limited. (A) Western blots depict the expression of phosphorylated and total signaling proteins at 15 
min, 30 min, 2h, and 4h intervals following H2O2 treatment. Densitometry data (mean±SEM) were used to 
calculate phosphorylated to total protein ratios. H2O2 induced the optimal phosphorylation of (B) ERK1/2 
(17.32±0.17 fold), (C) c-Jun (4.20±0.05 fold), (D) p38 (14.13±0.19 fold), and (E) NF-κB (2.10±0.01 fold) at 
30 min, 15 min, 2h, and 30 min, respectively, as compared to mock (P<0.0001).
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Oxidative stress drives the expression of proinflammatory cytokines/chemokine
We sought to know further implications of H2O2-induced oxidative stress in PBMC by 

determining expression of proinflammatory cytokines/chemokine. To this end, the data 
show that H2O2 treatment promoted the gene expression of signature proinflammatory 
cytokines/chemokine in PBMC including IFN-γ (2.0±0.21 fold; P=0.002), IL-1β (3.81±0.02 
fold; P<0.0001), IL-6 (4.23±0.04 fold; P<0.0001), TNF-α (5.10±0.18 fold; P<0.0001), and MCP-
1 (15.47±0.22 fold; P<0.0001) as compared to mock (Fig. 5A). As expected, oxidative stress 
in PBMC also elevated protein expression of IFN-γ (SI=1.10), IL-1β (SI=1.0), IL-6 (SI=4.36), 
TNF-α (SI=11.08), and MCP-1 (SI=3.34) compared to mock (Fig. 5 B-F). H2O2-induced protein 
expression in PBMC was also confirmed by confocal microscopy (40× magnification, inset 
at 100×), shown herein for TNF-α and MCP-1, two donors each (Fig. 5G). TNF-α and MCP-
1 protein expression detected by confocal microscopy (expressed as MFI) is also shown 
graphically, comparing between H2O2 (MFITNF-α 37.94±0.69; MFIMCP-1 28.89±1.24) and mock 
(MFITNF-α 23.20±0.95; MFIMCP-1 15.99±0.61) treatments (Supplementary Fig. S3).

H2O2-induced oxidative stress involves MAPK/NF-κB dependent signaling
Next, we asked which signaling mechanism was involved in H2O2-induced oxidative 

stress in PBMC. Densitometry data of western blots, shown in Fig. 6A, were used to calculate 
phosphorylated to total protein ratios. As compared to mock (1.0±0.01 fold), H2O2-induced 

Fig. 7. A schematic illustration of the “feed forward model” of metabolic inflammation. The key findings 
(text in red) of our study support a suggested “feed forward model” (solid black arrows) of chronic low-
grade inflammation, also called metaflammation, in which, oxidative stress induced experimentally in 
human PBMC by H2O2 treatment drives the intracellular ROS which promotes the cellular expression of 
immunometabolic stress sensors or regulators including TLR2, TLR4, IRF3 and IRF5 (as well as MyD88 
adaptor protein and FOXO1 metabolic regulator: presented as supplemental data). Our data show that 
TLR2/4 expression in PBMC can be further amplified by a cooperative interaction between ROS (H2O2) 
and obesity-associated factors such as leptin, endotoxin (LPS), oleate, and palmitate (dashed black arrow). 
These changes are paralleled by activation of proinflammatory transcription factors related to NF-κB/MAPK 
signaling pathways, reminiscing a state of cellular activation to support inflammatory gene expression. 
Hence, ROS-stressed PBMC display the upregulated expression of signature proinflammatory cytokines/
chemokine including TNF-α, IL-1β, IL-6, IFN-γ, and MCP-1 which is consistent with a state of metabolic 
inflammation. As supported by other studies, proinflammatory cytokines such as TNF-α, IL-1β, and IFN-γ can 
also elevate expression of the mitochondrial ROS to promote oxidative stress and metabolic inflammation. 
Note: Dashed red arrows represent other possible interactions in this metaflammatory loop, supported by 
existing evidence (the references are cited already in the text).
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phosphorylation of ERK1/2 (17.32±0.17 fold; Fig. 6B), c-Jun (4.20±0.05 fold; Fig. 6C), p38 
(14.13±0.19 fold; Fig. 6D), and NF-κB (2.10±0.01 fold; Fig. 6E) was observed at 30 min, 15 
min, 2h, and 30 min, respectively (P<0.0001). As supported by our key findings, a schematic 
illustration of the “feed forward model” of metabolic inflammation is also presented (Fig. 7).

Discussion

Toll-like receptors are emerging as a potential link between metabolism and 
inflammation. This study reports, for the first time to our knowledge, that the expression of 
TLR2 and TLR4 immunometabolic receptors is significantly upregulated by H2O2-induced 
oxidative stress in PBMC. Increased expression of TLR2 and TLR4 innate immune receptors 
has been reported in the adipose tissue in obesity/T2D [16, 23, 24], both in diabetic patients 
and animal models [25, 26]. Nevertheless, it remains unclear which factor(s) may lead to 
changes in the TLR2/4 expression in obesity/T2D. Both human and animal studies have 
shown an association between hyperglycemia and upregulation of TLR2/TLR4 [27, 28]. 
However, during the initial stages of obesity, inadequate vascularization in the expanding 
adipose tissue leads to a milieu of hypoxia-induced oxidative stress which precedes 
hyperglycemia and insulin resistance. We, therefore, asked whether oxidative stress 
induction could upregulate the TLR2/TLR4 expression in PBMC. Herein, we report that 
H2O2-induced oxidative stress promotes the gene/protein expression of TLR2/4 in PBMC. 
H2O2 is produced in vivo by inflammatory and vascular cells and it gets engaged in oxidative 
stress mechanisms at organismal level for being the most stable and long-lasting component 
of ROS [29]. Our results showing the TLR2/4 upregulation by oxidative stress are consistent, 
at least in part, with our previous study showing similar changes in the TLR10 expression in 
THP-1 human monocytic cells [30].

Our data further show that H2O2 exposure induces/promotes the intracellular ROS in 
PBMC. As expected, TLR2/4 expression was potentially abrogated when cells were exposed 
to H2O2 in presence of an antioxidant (NAC) or a ROS inhibitor (apocynin). H2O2 treatment 
compromises the intrinsic antioxidant potential of cells by blunting catalase activity and 
results in oxidative stress due to ROS accumulation. Consistent with results of our in vitro 
study, a pervious study showed TLR2/4 suppression by NAC administration in mice [31]. 
Apocynin by acting as a NADPH oxidase inhibitor prevents the formation of superoxide 
radical and alleviates oxidative stress which explains the TLR2/4 suppression in cells 
treated with this agent. In agreement with these findings, another study also demonstrated 
that treatments with apocynin or NAC reduced the TLR2/4 expression in human retinal 
endothelial cells [32]. Collectively, these studies support a role of oxidative stress in TLR2/4 
induction or upregulation in human cells.

Obesity is associated with increased circulatory levels of leptin, LPS, palmitate, and 
oleate [33-36]. We next asked if these factors could amplify the effect of oxidative stress and 
further drive the expression of TLR2/4 in PBMC. Our data show that each of these agents 
could cooperatively enhance the effect of H2O2 treatment and promote TLR2/4 expression in 
PBMC. These data are corroborated, at least in part, by previous studies showing enhanced 
expression of TLRs in response to oxidative stress in presence of LPS, palmitate or other 
obesity-associated factors; increased TLR expression was further linked to inflammatory 
responses [37-40]. Such cooperative inflammatory mechanisms could explain the diverse 
oxidative stress-driven pathologies related to obesity, T2D, or metabolic syndrome.

IRFs are poised at the crossroads of immunity, metabolism and disease. Emerging 
evidence indicates that IRFs play key roles as stress sensors in metabolism and 
as transcriptional regulators of adipogenesis [21, 41]. Many IRFs are regulated by 
posttranslational modifications downstream of pattern recognition receptors such as TLRs. 
IRFs, especially IRF1, IRF3, IRF5, IRF7, and IRF9 have been implicated in disease pathogenesis 
and development of several inflammatory conditions [42, 43]. IRF3 has been related to 
metabolic stress, adipose inflammation and insulin resistance [44] while IRF5 is found to 
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be positively modulated by obesity (our unpublished data). Therefore, we investigated if 
oxidative stress could promote the IRF3/IRF5 expression in PBMC. To this end, our data 
show that the mRNA and protein expression of both IRF3 and IRF5 was enhanced following 
H2O2 treatment. It implies that oxidative stress, in addition to upregulating expression of 
nutrient sensors (TLR2/4), could also promote the expression of metabolic stress sensors/
transcriptional regulators including IRF3/5 in PBMC. Alluding to TLR4-IRF3 connection, 
TLR4 downstream signaling activates IRF3 via TRAF3-TBK1 recruitment. While, several 
IRFs e.g. IRF-1, -2, -4, -5, -6, and -8 are involved in TLR signaling [45], IRF5 is activated by 
downstream signaling through several TLRs such as TLR-3, -4, -5, -7, -8, and -9 [46, 47]. 
Our data further show that H2O2 treatment led to the enhanced mRNA/protein expression 
of proinflammatory cytokines including IFN-γ, IL-1β, IL-6, TNF-α, and MCP-1 in PBMC. 
Notably, these cells also display the increased surface expression of TLR2/4 which is further 
augmented by a cooperative interaction between oxidative stress and various TLR2/4 
agonists such as LPS, palmitate, and oleate. This is in line with the paradigm that oxidative 
stress and proinflammatory processes are closely intertwined [48, 49]. Our data showing 
elevated expression of IFN-γ, IL-1β, IL-6, TNF-α, and MCP-1 in response to ROS induction/
oxidative stress are in agreement with other studies [50, 51]; however, expression of these 
inflammatory proteins could have resulted from activation of the TLR2/4 downstream 
signaling cascades and not as a direct consequence of the induction of ROS/oxidative stress. 
Furthermore, induction of ROS by IFN-γ, IL-1β, and TNF-α has also been documented [52-
54]. Taken together, ROS and proinflammatory cytokines can promote each other through a 
feed forward model of metaflammation, as depicted in our schematic illustration.

Regarding signaling mechanism(s) involved in H2O2-mediated ROS induction and/
or TLR2/4 upregulation in PBMC, phosphorylation of ERK1/2, c-Jun, p38, and NF-κB was 
observed at the optimal timing of 30 min, 15 min, 2h, and 30 min incubation, respectively. In 
agreement with these findings, activation of the MAP kinases (ERK1/2, p38), JNK, and NF-
κB was reported during oxidative stress, obesity, TLR engagement, metabolic inflammation, 
or insulin resistance [55-58]. Notably, metabolic stress may involve both ROS and reactive 
nitrogen species (RNS). Besides inflicting a direct macromolecular damage to DNA, proteins 
and lipids, ROS/RNS may also indirectly damage tissues/organs by activating the cellular 
stress pathways including p38 MAPK, JNK, and NF-κB [59]. Nonetheless, the present study is 
limited by certain caveats e.g. changes specific to different cell types present in PBMC as well 
as effect of H2O2-induced oxidative stress on insulin signaling or glucose transport remain 
unclear which will be preferentially addressed in our subsequent investigations.

Conclusion

Taken together, our data show the elevated mRNA/protein expression of TLR2/4 
following H2O2-induced oxidative stress in PBMC. Leptin, LPS, oleate, and palmitate, each, 
interacts cooperatively with H2O2 to accentuate oxidative stress and further promote TLR2/4 
expression. These changes are paralleled by enhanced expression of IRF3/5 and signature 
proinflammatory cytokines. H2O2-induced ROS-driven oxidative stress in PBMC involves the 
MAPK/NF-κB dependent signaling. We speculate that TLR2/4 upregulation in PBMC may 
represent an additional hypoxia-sensitive target for ROS-suppressive/anti-oxidant strategies 
to alleviate metabolic inflammation.
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