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Abstract
Despite significant progress in the past decades, sepsis still lacks a specific treatment. Under normal conditions, leucocytes 
play a critical role in controlling infection and it is suggested that their activity is impaired during sepsis which contribute to 
the dysregulation of immune reactions. Indeed, in response to infection, several intracellular pathways are affected mainly 
those regulating the oxidative- inflammatory axis. Herein, we focused on the contribution of NF-kB, iNOS, Nrf2, HO-1 
and MPO genes in the pathophysiology of septic syndrome, by analyzing the differential expression of their transcripts in 
circulating monocytes and neutrophils, and monitoring the nitrosative/oxidative status in septic syndrome patients. Circulat-
ing neutrophils of septic patients displayed a significant overexpression of NF-kB compared to other groups. In monocytes, 
patients with septic shock expressed the highest levels of iNOS and NF-kB mRNA. However, genes involved in cytoprotec-
tive response had increased expression in patients with sepsis, in particular, the Nrf2 and its target gene HO-1. Moreover, 
patient monitoring indicates that the iNOS enzyme expression and NO plasma levels may play a role in assessing the severity 
of septic conditions. Overall, in either monocytes or neutrophils, we pointed out the major role of NF-κB and Nrf2 in the 
pathophysiological process. Therefore, therapies targeted to redox abnormalities may be useful for better management of 
septic patients.
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Introduction

In intensive care units, sepsis is the leading cause of death 
(Angus et al. 2001; Vincent et al. 2006). Sepsis pathogen-
esis is characterized by an excessive inflammatory response 

associated with the activation of the complement system 
and hyperactivity of cellular innate immune system. In 
fact, as a response to a powerful initial stimulus, neutro-
phils and macrophages produce and respond to cytokines, 
chemokines and complement-activating products. Reactive 
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oxygen species (ROS) and reactive nitrogen species (RNS) 
are also released, further enhancing the inflammatory pro-
cess (Rittirsch et al. 2008). The spectrum of cell aggression 
observed in septic syndrome is a consequence of a dereg-
ulated oxidative-inflammatory response to the infection 
(Mantzarlis et al. 2017). In this context, redox homeostasis 
is critical to the sepsis process. Nuclear factor (erythroid-
derived)-like 2 (Nrf2), is a keystone transcription factor con-
trolling many aspects of cell homoeostasis and inflammation 
(Bryan et al. 2013). It regulates the expression of a number 
of cytoprotective genes through its interaction with anti-
oxidant response elements (ARE) (Innamorato et al. 2009; 
Jazwa and Cuadrado 2010). Some of these genes encode 
antioxidant enzymes such as heme oxygenase-1 (HO-1), 
which is a potent anti-inflammatory target, and NADP(H) 
quinine oxidoreductase, which participates in glutathione 
metabolism (Joshi and Johnson 2012; Hayes and Dinkova-
Kostova 2014). Additionally, the nuclear factor-B (NF-kB) 
has been identified as a transcription factor whose activity is 
influenced by intracellular redox conditions (Sen and Packer 
1996). It is an inductible transcription factor consisting of 
five members involved in the regulation of proinflammatory 
cytokines, adhesion molecules, chemokines, growth factors 
and inducible enzymes genes (Sun et al. 2013; Tak and 
Firestein 2001). It is well recognized that Nrf2 and NF-kB 
pathways coordinate to manage the innate immune cells’ 
behavior and to resolve inflammation. Yet, the molecular 
mechanisms underlying this interaction appear to be cell-
type- and tissue-specific and remain unclear (Wardyn et al. 
2015). With regard to these inflammatory response and 
oxidative processes, Septic syndrome has also been exten-
sively studied. However few studies have investigated the 
genes involved in inflammatory and oxidative connection 
with a cellular approach. Indeed, peripheral blood mono-
nuclear cells (PBMCs) and polymorphnuclear neutrophils 

(PMNs) constitute an important component of both vascu-
lar and immune systems (Ye 2004). Hence, examining the 
expression patterns in cells of patients suffering from the 
septic syndrome would be useful for better management. 
Our study focus on PBMCs and PMNs, as key players in 
septic states, to evaluate the differential expression of genes 
crucial for the regulation of the oxidative-inflammatory axis, 
in particular NF-Kb, iNOS, Nrf2, HO-1 and MPO. Malondi-
aldehyde (MDA) and nitric oxide (NO) measurements have 
been assessed as indicators of the oxidative and nitrosative 
stress states.

Materials and methods

Subjects

This study was approved by the institutional review board of 
Habib Bourguiba University Hospital, and the requirement 
for written informed consent was waived by the ethical com-
mittee (385/2022). We included forty patients hospitalized 
in the medical intensive care unit for an admission period of 
24 h: 20 sepsis, 10 septic shock and 10 non-infected systemic 
inflammatory response syndrome (SIRS). Patients < 18 years 
and patients requiring intensive care stays under 24 h were 
excluded. All the collected data are summarized in Table 1. 
Fifteen subjects (HC) free from any inflammatory and/or 
autoimmune pathology were recruited as healthy controls 
for this study.

Blood samples and cells isolation

Blood samples obtained from patients, at admission (D0: 
within 48 h of admission) and after 7 days of treatment (D7), 
were drawn in tubes containing EDTA as an anticoagulant. 

Table 1  Demographic, clinical 
and biological characteristics of 
recruited patients

PCT procalcitonin, CRP C-reactive protein, Na + Natremia, K + Kalemia, T trauma, ATB antibiotics, SOFA 
Sequential Organ Failure Assessment, APACHE Acute Physiology and Chronic Health Evaluation

Sepsis
N = 20

Septic shock
N = 10

Uninfected SIRS
N = 10

Age (years) 18–82 27–67 21–75
Gender (M/F) 15/5 6/4 7/3
APACHE II score 5.22 (2–13) 14.42 (3–30) 7.93 (2–16)
SOFA score 5.28 (2–13) 10.2 (2–25) 3.81 (1–8)
Leucocytes/mm3 3700–35,000 2500–59,900 5500–21,500
PCT (µg/L) 6.05 (0.088–100) 10.19 (0.27–56.7) 0.076
CRP (mg/L) 161.62 (40–358) 164.87 (35–309) 93.68 (8–246)
Creatinine (µmol/L) 69.95 (18–243) 136.06 (25–306) 56.36 (30–81)
Na + (mmol/L) 139.21 (126–161) 138.78 (123–154) 139.14 (134–143)
K + (mmol/L) 3.97 (2.7–4.9) 3.94 (2.1–7.4) 4 (3.3–5.5)
Treatment Broad-spectrum ATB High dose of catechola-

mines + broad-spectrum ATB
–
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All samples were subjected to the same transport conditions 
and processing techniques.

PBMCs and PMNs cells were isolated by density gradi-
ent centrifugation (GRANULOSEP; CMSMOP01-0U, euro-
bio®, France) as described previously (Elloumi et al. 2017). 
The osmotic shock was performed to eliminate the remain-
ing red blood cells. Using Turk staining and trypan blue 
dye exclusion tests, respectively, we assessed the purity and 
viability of the PMNs preparation to be greater than 95%.

RNA isolation and reverse transcription

Total RNA was extracted from PBMCs/PMNs cells by using 
the TriZol reagent. The concentration and the quality were 
evaluated using the bioanalyzer (Agilent®, USA). Reverse 
transcription of total RNA was carried out using the FIRE-
Script RT cDNA Synthesis Kit cDNA (Solis Biodyne®).

Quantitative PCR analysis

Q-PCR analyses of selected genes: NF-kB (F: 5′-AAC AGC 
AGA TGG CCC ATA CC-3′; R: 5′- AAC CTT TGC TGG TCC 
CAC AT-3′), iNOS (F: 5′-TGC AGA CAC GTG CGT TAC 
TCC-3′; 5′-R: GGT AGC CAG CAT AGC GGA TG-3′, Nrf2 
(F: 5′-TTC AGC CAG CCC AGC ACA TC-3′; R: 5′-CGT AGC 
CGA AGA AAC CTC ATT GTC -3′), HO-1 (5′-F: TCC GAT 
GGG TCC TTA CAC TC-3′; R 5′-: TAA GGA AGC CAG CCA 
AGA GA-3′) and MPO (F: 5′-GAC AAC ACA GGC ATC ACC 
AC-3′; R: 5′-CAG CCC AGA TAT ACC CCT CA-3′) were 
performed in duplicate using the TAKARA SYBR Green 
PCR Kit according to the manufacturer’s recommendations 
in a StepOnePlus real-time PCR system (Applied Biosys-
tems®, CA, USA). Relative quantification was performed 
by the comparative 2-ΔΔCT method using the endogenous 
gene GAPDH (F: 5′-GCT CTC TGC TCC TCC TGT TC-3′; R: 
5′-CGC CCA ATA CGA CCA AAT CC-3′) as a reference.

ELISA assay

The nuclear protein extracts from PBMCs were obtained 
following the instructions of the nuclear extraction kit (ab 
113,474, Abcam®), and the concentration was determined 
by the BSA calibration curve integrated into the NanoDrop 
(NanoPhotometer P 330, IMPLEN®). Then, 20  µg of 
nuclear protein extract is used to detect Nrf2 and NF-kB 
nuclear translocation using the transcription factor assay 
kit (ab207223, Abcam®) and (ab133112, Abcam®) at OD 
450 nm.

Biochemical analysis

Plasma MDA level was measured by a spectrophotomet-
ric method using the thiobarbituric acid-reactive substance 

(TBARS). The total nitrite  (NO2−) content, indicative of NO 
production, was monitored by the Griess reaction, and the 
final compound was measured at 550 nm.

Statistical analysis

The results were analyzed using SPSS software 20.0. The 
normality assumption and the homogeneity of variance 
assumption are tested before choosing the suitable test. 
The differences in expression between groups were ana-
lyzed using the Kruskal–Wallis nonparametric tests and 
the Mann–Whitney independent sample test. For the results 
analysis of the same patient at different time points, we 
used the nonparametric paired-sample tests, the Friedman 
test and the Wilcoxon test. Spearman’s test was used for 
correlation analysis. Statistical significance was defined as 
a value of p < 0.05. Principal component analysis (PCA) 
was performed using the FactoMineR package. PCA was 
used to help in the interpretation of the data set generated 
in this study with the factoextra package for data visualiza-
tion. Squared Euclidean distance was used as the measure of 
similarity, and Ward method was applied for the agglomera-
tion. All data matrices were auto-scaled before the analysis.

Results

Evaluation of the genes’ relative expression

Our results revealed a significant difference in the NF-kB 
gene expression level in PBMCs and PMNs between 
the septic shock patients group, sepsis patients group, 
uninfected SIRS and HC (H (3) = 8.14, p = 0.043 and H 
(3) = 9.11, p = 0.028, respectively) (Fig. 1A, B). In PBMCs, 
septic shock patients showed a significant increase in the 
NF-kB gene expression compared to septic patients and HC 
(Z = [− 2.30], p = 0.021 and Z = [− 2.30], p = 0.014, respec-
tively) (Fig. 1A). However, in PMNs, the sepsis group pre-
sented the highest level of NF-kB gene expression when 
compared to shock patients, SIRS patients and healthy 
controls groups (Z = [− 2.02], p = [0.043]; Z = [− 2.30], 
p = [0.021] and Z = [− 2.02], p = [0.043], respectively) 
(Fig. 1B).

A significant difference in the Nrf2 expression gene 
was also noted in both PBMCs and PMNs, between the 
different groups (H (3) = 8.68, p = 0.034 and H (3) = 9.06, 
p = 0.028, respectively) (Fig. 1C, D). Indeed, in PBMCs, 
HC significantly express less Nrf2 gene compared to other 
patient groups: sepsis, septic shock and uninfected SIRS 
(Z = [− 2.44], p = 0.011; Z = [− 2.12], p = 0.034; Z = [− 2.30], 
p = 0.029, respectively) (Fig. 1C). In PMNs, septic patients 
displayed an upregulation of gene encoding Nrf2 in com-
parison with patients with septic shock and uninfected SIRS 
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(Z = [− 2.44], p = 0.014 and Z = [− 2.44], p = 0.014, respec-
tively) (Fig. 1D).

The HO-1 expression level assessment demonstrates a 
significant difference between all the patients in both cell 
types: PBMCs and PMNs (H (3) = 10.35, p = 0.016 and H 
(3) = 12.9, p = 0.005, respectively) (Fig. 1 E). Uninfected 
SIRS patients exhibited a highly significant expression 
level of the HO-1 gene compared to patients with sepsis in 
PBMCs (Z = [− 2.30], p = 0.01) and to those in sepsis and 
septic shock in PMNs (Z = [− 2.44], p = 0.01) (Fig. 1F).

The evaluation of the iNOS gene expression level 
revealed a highly significant difference between groups 
in PBMCs (H (3) = 17.34, p = 0.001) (Fig. 1G) but not in 
PMNs (data not shown). Indeed, the septic shock patients 
group showed a highly significant increased expression, 
compared to patients with sepsis, HC and uninfected SIRS 
(Z = [− 3.46], p = [0.001]; [Z = − 2.55], p = [0.01]; and 
Z = [− 2.13], p = [0.03], respectively) (Fig. 1G). The mye-
loperoxidase (MPO) expression in PMNs was significantly 

different between the four studied groups (H (3) = 8.09, 
p = 0.044) (Fig. 1H). For each patients’ group, the radar 
plot revealed distinctive gene expression profiles either in 
PBMCs (Fig. 1I) or PMNs (Fig. 1J).

The monitoring strategy results revealed no significant 
difference in all studied genes in, PBMCs and PMNs, except 
within iNOS gene. Indeed, iNOS gene expression level in 
PBMCs of septic patients was significantly lower in Day 7 
than at admission (48 h) (p = 0.008) (Fig. 2).

Evaluation of NF‑kB and Nrf2 activity

Statistical analysis demonstrated that the NF-kB p65 and 
Nrf2 nuclear fractions differed significantly between the dif-
ferent groups (H (3) = 10.06, p = 0.018 and H (3) = 14.28, 
p = 0.003, respectively) (Fig. 3A). The highest NF-kB p65 
nuclear fraction was observed in septic shock patients com-
pared to uninfected SIRS, and patients with sepsis com-
pared to HC (Z = [− 2.20], p = [0.028] and Z = [− 2.27], 

Fig. 1  Gene expression analysis of oxidative-inflammatory axis 
in PBMCs and PMNs. Gene relative expression was evaluated by 
Q-PCR of A NF-kB, C Nrf2, E HO-1, G iNOS in PBMC, B NF-kB, 
D Nrf2, F HO-1, H MPO in PMN. Radar plot representation of gene 
expression profile in I PBMC and in J PMN of each group. Sepsis 
patients (red line), septic shock patients (blue line), SIRS patients 

(gray line), control group (yellow line). Each bold line represents the 
average of NF-kB, Nrf2, iNOS and HO-1, MPO gene expressions. 
PBMC n = 45 including sepsis n = 20, septic shock n = 10, unin-
fected SIRS n = 5 and controls n = 10. PMN n = 25 including sepsis 
n = 10, septic shock n = 5, uninfected SIRS n = 5 and controls n = 5 
(*p < 0.05; **p < 0.01)
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p = [0.023], respectively) (Fig. 3A-(1)). Similarly, the Nrf2 
nuclear fraction was highly present in the patients with sep-
sis and septic shock PBMCs compared to HC (Z = [− 2.61, 
p = [0.009]) and uninfected SIRS (Z = [− 2.44], p = [0.014]) 
(Fig. 3A-(2)).

Biochemical results analysis

There was a highly significant difference in the total nitrite 
and MDA levels in the plasma between the different patient 
groups and HC (H (3) = 16.68, p = 0.001 and H (3) = 31.55, 
p = 0.0001, respectively) with the highest levels found in 

patients with septic shock and patients with sepsis (p < 0.001 
for all tests) (Fig. 3B-(1), B-(2)).

Principal component analysis PCA

In this study, the PC analysis was applied to a set of variables 
(MDA level, NO level, NF-Kb expression, iNOS expres-
sion, Nrf2 expression, HO-1 expression and MPO expres-
sion). Figure shows the stronger or weaker influence of, 
respectively, original variable on each of the two principal 
components.

In either PBMCs or PMNs, PC analysis revealed the 
significant influence of NF-kB (r = 98% p = 8.44e−39 
and r = 91%, 1.64e−09, respectively) and Nrf2 (r = 94%, 
p = 5.67e−25 and r = 97%, 1.38e−14, respectively) gene 
expression in the stratification variation which is notably 
described by their correlation with dimension 1 (Fig. 4A, B). 
In PBMCs, the two principal components (Dim1 and Dim2) 
explained 50% and 22% of the data variance, respectively 
(Fig. 4A). The sum of the two dimensions explains 72% 
of the likelihood between individuals. However, in PMNs, 
subgroups can rarely be distinguished by variables; indeed, 
the sum of the two dimensions barely exceeds 50% (Dim1 
32.1% and Dim2 18.2%) (Fig. 4B).

Correlation analysis

Patients with sepsis, displayed a positive correla-
tion between the NF-kB and Nrf2 gene expressions at 

Fig. 2  iNOS gene expression follow-up. iNOS relative expression 
follow-up was evaluated by Q-PCR of in PBMC of septic patients 
n = 20, at admission (D0: within 48 h of admission) and day 7 ( D7), 
(p < 0.01)

Fig. 3  Nuclear fractions evalu-
ation and biochemical assay A 
Nuclear fraction evaluation of 
(1) NF-kB and (2) Nrf2 by the 
ELISA-SANDWICH assay in 
PBMC of 15 patients includ-
ing 5 with sepsis, 5 with septic 
shock and 5 uninfected SIRS, 
in comparison with 5 controls. 
B Evaluation of (1) nitric oxide 
NO and (2) MDA levels, by 
Griess reaction and the TBARS 
method, respectively, in plasma 
in 40 patients including 20 with 
sepsis, 10 with septic shock and 
10 uninfected SIRS, in compari-
son with 15 healthy controls. 
The results are expressed in 
μM and presented as mean 
values ± the standard deviation 
(p < 0.05) (** *p < 0.001)
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admission (rs = 0.569, p = 0.023) and on the 7th day 
(rs = 0,94 p = 0.008) (Table 2). Also, the NF-kB gene expres-
sion was positively correlated with the MDA level 
(rs = 0.610, p = 0.042). For septic shock patients, the correla-
tion analysis was limited to results at admission. The NF-kB 
expression correlated negatively with HO-1 gene expres-
sion (rs = − 1, p = 0.027) and positively with the Sequential 
Organ Failure Assessment (SOFA) score (rs = 0.9, p = 0.037) 
(Table 2).

Discussion

There is a complex interplay between different biological 
systems and cell types in sepsis, leading to severe dysregula-
tion of the inflammatory network. Regulatory pathways for 

this network are still emerging, and we are just beginning to 
understand them. In this study, we focus on the molecular 
interactions of the oxidative-inflammatory axis that occur 
during septic syndrome.

Q-PCR and ELISA analysis demonstrated an increase 
in NF-kB gene expression and nuclear fraction in PBMCs 
of septic shock patients compared to those with sepsis and 
HC. This result is in line with existing reports in the litera-
ture indicating a significant increase in the level of activ-
ity of NF-kB in PBMC in septic shock patients (Liu and 
Malik 2006; Arnalich et al. 2000). Indeed, this increase is 
due to the exaggerated inflammatory state characteristic of 
the pathophysiology of septic shock, which strongly acti-
vates the NF-kB pathway in immune cells (Liu and Malik 
2006). A positive correlation was also revealed between the 
SOFA organ dysfunction score and increased expression of 
the NF-kB gene supporting the impact of inflammation in 
tissue damage.

In the same septic inflammatory context, PBMCs in sep-
sis patients also had a higher expression rate and a nuclear 
fraction of NF-kB compared to HC and non-infected SIRS. 
Our results corroborate two previous works showing a high 
nuclear transcription factor NF-kB activity in the PBMCs of 
sepsis patients compared to HC (Arnalich et al. 2000) and 
a high expression of the NF-kB gene in PBMCs in neonatal 
sepsis compared to HC (AbdAllah et al. 2021). This could 
be explained by a functional approach to the involvement 
of infection in the initiation and activation of the NF-kB 

Fig. 4  Results of Principal component analysis: score plot of vari-
ables (MDA level, NO level, NF-Kb expression, iNOS expression, 
Nrf2 expression, HO-1 expression and MPO expression) in PBMCs-

A and PMNs-B for all patients groups, uninfected SIRS and healthy 
controls. Dim1—Dimension 1; Dim2—dimension 3

Table 2  Correlation analysis results

SOFA Sequential Organ Failure Assessment, MDA malondialdehyde

Patients’ group Parameters rs Spearman corre-
lation coefficient

p

Sepsis (48h) NF-kB/MDA 0.610  0.042
NF-kB/Nrf2 0.569  0.023

Sepsis J7 NF-kB/Nrf2 0.94  0.008
Septic shock (48h) NF-kB/HO-1 − 1  0.027

NF-kB/SOFA 0.9  0.037
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pathway. Indeed, the in vitro study showed that the stimu-
lation of macrophages, monocytes, neutrophils with LPS, 
a component of the membrane of Gram-negative bacteria 
or with the components of the Gram-positive bacterial 
membrane, activates the nuclear transcription factor NF-kB 
(Ulevitch 2000, 2001; Beutler 2000). In addition, a trans-
genic mouse model study showed that the administration of 
LPS induces gene expression of NF-kB in several organ sites 
(Blackwell et al. 2000; Carlsen et al. 2002).

Paradoxially, in septic shock patients PMN cells, the 
expression low level of the NF-kB gene is decreased. This 
could be a state of immunoparalysis. Indeed, in septic shock, 
the overactivation of the immune system leads to an initial 
high activation of the NF-kB pathway; however, the pro-
longed exposure to high level of proinflammatory cytokines 
and the prolonged activation of NF-kB leads to the exhaus-
tion of this pathway, leading to decreased expression of 
NF-kB and the immunoparalyzed phenotype. This makes 
the cells less able to respond to invading pathogens and can 
prolong the recovery time from sepsis (Frazier and Hall 
2008). This speculation is sustained by several researchers 
showing a phenomenon of tolerance of PBMCs, and espe-
cially PMNs, in front of bacterial toxins in an acute phase 
of inflammation reflected by an exhaustion state in PMNs, 
hence the decrease in gene expression at this stage (Sonego 
et al. 2016; McCall et al.1993; Adib-Conquy et al. 2000). 
On the other hand, the expression level of the NF-kB gene 
revealed in our patients in shock could be downregulated 
under high-dose catecholamines. Indeed, circulating cat-
echolamines targeting adrenergic receptors on immune cells 
highly impact NF-κB (Bauer-Dorries et al. 2017). Particu-
larly for neutrophils, adrenergic agents are proved to reduce 
PMNs responses mainly through B-adrenergic receptors 
(Wenischet al.1996; Abraham et al. 1999; Farmer and Pugin 
2000; Scanzano and Cosentino 2015).

Subsequently, the activation of the NF-kB pathway 
induces the transcription of the iNOS gene, an enzyme that 
produces nitric oxide (NO), a molecule with potent anti-
microbial properties (Cauwels 2007). Evaluation of iNOS 
expression in PBMC showed similarity with NF-kB gene 
expression profile with the highest expression level within 
septic shock patients as well as a high state of nitrosative 
stress. Actually, an increased expression of the iNOS gene 
in septic leukocytes is a characteristic feature of the immune 
response in sepsis (Welters et al. 2000; Kumar et al. 2019). 
In this state, the immune system over-produces NO in an 
attempt to fight off the infection. However, excessive NO 
production can lead to a phenomenon known as “NO toxic-
ity,” which can damage host tissues and contribute to the 
development of organ dysfunction in sepsis. Indeed, the 
severity of septic states is closely linked to the toxic overpro-
duction of NO (Vincent et al. 2000; Winkler et al. 2017) and 
the total nitrite plasma level could be considered as a marker 

of septic severity and organ dysfunction (Kumar et al. 2019; 
Kothari et al. 2012; Yu et al. 2018). This increased oxida-
tive stress state in patients with septic syndrome leads to 
an increase in free radicals and an increase in lipid peroxi-
dation, which is obviously demonstrated by plasma meas-
urement of a lipid peroxidation marker, the MDA in our 
patients. In fact, elevated MDA levels in sepsis are asso-
ciated with poor outcomes and increased mortality. MDA 
levels can be used as a marker to evaluate the severity of 
sepsis and to monitor the efficacy of treatment (Lorente 
et al. 2013; Weiss and Deutschman 2014; Fratta Pasini et al. 
2016). However, it is important to note that MDA is not a 
specific marker for sepsis, but a marker of oxidative stress 
and lipid peroxidation in general. Furthermore, a positive 
correlation between MDA levels and NF-kB gene expres-
sion level in septic patients was revealed confirming that 
activation and persistence of inflammation are associated 
with oxidative damage. The main cause of these oxidative 
damages could be due to the excessive production of pro-
oxidants generated from microbicide activity observed in 
PMN, notably by the production of bactericidal granules 
called myeloperoxidase (MPO) (Winterbourn and Kettle 
2013). Our results showed a significant difference in MPO 
gene expression between the different groups of patients and 
HC. We observed a higher relative expression of MPO in 
septic shock patients’ PMN compared to that of sepsis and 
non-infected SIRS patients, but it remains statistically non-
significant. Similarly, a previous work has shown that MPO 
could be a useful marker to differentiate septic states from 
uninfected SIRS (Schrijver et al. 2017). This nonsignificant 
difference can be explained, on the one hand, by the small 
sample size and, on the other hand, by the prescribed treat-
ment. Indeed, all of our patients included in the sepsis and/
or septic shock group received broad-spectrum antibiotics. 
To defend itself against oxygenated and nitrogenous toxic 
substances, the Nrf2 pathway is activated in the immune 
cells. Real-time PCR analysis and ELISA studies indicated 
a significant increase in Nrf2 expression in PBMC of sep-
sis, septic shock and SIRS patients compared to HC. Our 
results are consistent with several studies showing that in 
the presence of an imbalance redox status, Nrf2 tends to be 
more activated (Fratta Pasini et al. 2016; Zhang et al. 2018; 
Zaza et al. 2013).

Indeed, PMNs showed the same expression profile previ-
ously reported with NF-kB; the septic patient group highly 
express Nrf2 compared to other groups.

When evaluating expression levels in PBMC and PMN, 
obtained from sepsis patients and septic shock patients, a 
higher expression of Nrf2 was found in PMN as compared to 
PBMC. Existing reports in the literature demonstrate that the 
resultant imbalance due to the overproduction of (ROS/RNS) 
strongly activates the expression of the Nrf2 gene at the PMN 
cell type (Joshi and Werner 2017). Thimmulappa et al. (2006a, 
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b), reported that Nrf2 functions as a critical factor for sepsis 
survival in mouse models, focusing on the protective role of 
Nrf2 in regulating the innate immune response by mitigating 
the oxidative stress generated, in particular, by the oxygen-
dependent microbicide activity observed in PMN. Besides, a 
reciprocal relationship was observed linking NF-kB to Nrf2 in 
monocytes, which was confirmed by the positive correlation 
revealed between nuclear fractions/gene expression of NF-kB 
and Nrf2 during the first phase of the septic syndrome (sep-
sis and septic shock). Indeed, several previous studies have 
consolidated the concept of cross talk between these two fac-
tors (Wardyn et al. 2015; Kostyuk et al. 2018; Buelna-Chontal 
and Zazueta 2013). This reciprocal relationship reflects the 
regulation of NF-kB activity by Nrf2, and vice versa, with a 
mechanism that is not yet well understood.

In mild or moderate stress, Nrf2 seems to be more active 
than NF-kB in case of sepsis. However, when stress increases, 
NF-kB becomes more active than Nrf2 in septic shock patients 
(Kostyuk et al. 2018; Buelna-Chontal and Zazueta 2013). Our 
results indicate that PBMC of septic shock patients expressed 
weakly the Nrf2 and highly NF-kB, contrary to sepsis patients. 
The work of Neilson et al. (2020) reported a decrease in Nrf2 
expression in PBMC along with the progression of inflamma-
tory diseases. Indeed, the ability of Nrf2 to rebalance the redox 
homeostasis becomes outdated in the face of a worsening state 
of oxidative stress. NF-kB, being the most potent in this case, 
is more activated and inhibits the expression of the Nrf2 gene 
and, subsequently, the transcription of these target genes, such 
as HO-1, by increasing the abundance of Keap1 nuclear levels 
(Yu et al. 2011). This was supported by the negative correla-
tions revealed between the expression of the HO-1 and NF-kB 
genes in patients in shock and the expression of the HO-1 
gene and MDA levels in non-infected SIRS patients. These 
data corroborate with later research reporting the inhibition 
of NF-kB activity by HO-1 (Brown and Jones 2004) and that 
the presence of ROS/RNS is accompanied by an increase in 
Nrf2 activity, followed by an increase in HO-1(Zhang et al. 
2018). PC analysis shows that Dim-1 is in agreement with 
our experimental results and confirms a clinically relevant 
implication of NF-kB and Nrf2 transcription factors in sepsis 
pathogenesis which is in conjunction with many lines of evi-
dence obtained from several experimental and clinical studies 
thus far reported. These preliminary results would be of a high 
clinical pertinence if correlated with clinical outcome, so that 
we may target the more useful cell type for gene analysis to 
predict the clinical outcome.

Conclusions for future biology

Overall, our findings confirm a failure in the antioxidant 
defenses and an impaired innate immune response mainly 
in the septic shock state. This result supports our belief that 

administering immunostimulatory agents to septic shock 
patients. We suppose that administering immunostimulatory 
agents to septic shock patients may be beneficial. Immune 
monitoring protocols are thus required in order to identify 
patients who may benefit from immunomodulatory trials.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42977- 023- 00168-1.

Acknowledgements The authors acknowledge the financial support 
provided by Habib Bourguiba University hospital of Sfax in Tunisia.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

References

AbdAllah NB, Toraih EA, Al Ageeli E, Elhagrasy H, Gouda NS, Fawzy 
MS, Helal GM (2021) MYD88, NFKB1, and IL6 transcripts over-
expression are associated with poor outcomes and short survival 
in neonatal sepsis. Sci Rep 11(1):13374. https:// doi. org/ 10. 1038/ 
s41598- 021- 92912-7

Abraham E, Kaneko DJ, Shenkar R (1999) Effects of endogenous and 
exogenous catecholamines on LPS-induced neutrophil trafficking 
and activation. Am J Physiol 276(1):L1–L8. https:// doi. org/ 10. 
1152/ ajplu ng. 1999. 276.1. L1

Adib-Conquy M, Adrie C, Moine P, Asehnoune K, Fitting C, Pinsky 
MR, Dhainaut JF, Cavaillon JM (2000) NF-kappaB expression in 
mononuclear cells of patients with sepsis resembles that observed 
in lipopolysaccharide tolerance. Am J Respir Crit Care Med 
162(5):1877–1883. https:// doi. org/ 10. 1164/ ajrccm. 162.5. 20030 58

Arnalich F, Garcia-Palomero E, López J, Jiménez M, Madero R, Renart 
J, Vázquez JJ, Montiel C (2000) Predictive value of nuclear factor 
kappaB activity and plasma cytokine levels in patients with sepsis. 
Infect Immun 68(4):1942–1945. https:// doi. org/ 10. 1128/ IAI. 68.4. 
1942- 1945. 2000

Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, 
Pinsky MR (2001) Epidemiology of severe sepsis in the United 
States: analysis of incidence, outcome, and associated costs of 
care. Crit Care Med 29(7):1303–1310. https:// doi. org/ 10. 1097/ 
00003 246- 20010 7000- 00002

Bauer-Dorries A, De Cupis S, Liaudet L (2017) Potential role of nor-
epinephrine in the immune dysfunction associated with sepsis. 
Rev Med Suisse 13(569):1350–1353

Beutler B (2000) Endotoxin, toll-like receptor 4, and the afferent limb 
of innate immunity. Curr Opin Microbiol 3(1):23–28

Blackwell TS, Christman JW, Sadowska-Krowicka H et al (2000) Mul-
tiorgan nuclear factor kappa B activation in a transgenic mouse 
model of systemic inflammation. Am J Respir Crit Care Med 
162(3 Pt 1):1095–1101

Brown MA, Jones WK (2004) NF-kappaB action in sepsis: the innate 
immune system and the heart. Front Biosci 9:1201–1217

Bryan HK et al (2013) The Nrf2 cell defense pathway: Keap1-depend-
ent and -independent mechanisms of regulation. Biochem Phar-
macol 85(6):705–717

Buelna-Chontal M, Zazueta C (2013) Redox activation of Nrf2 & NF-
kappaB: a double-edged sword? Cell Signal 25(12):2548–2557

Carlsen H et al (2002) In vivo imaging of NF-kappa B activity. J Immu-
nol 168(3):1441–1446

Cauwels A (2007) Nitric oxide in shock. Kidney Int 72(5):557–565

https://doi.org/10.1007/s42977-023-00168-1
https://doi.org/10.1038/s41598-021-92912-7
https://doi.org/10.1038/s41598-021-92912-7
https://doi.org/10.1152/ajplung.1999.276.1.L1
https://doi.org/10.1152/ajplung.1999.276.1.L1
https://doi.org/10.1164/ajrccm.162.5.2003058
https://doi.org/10.1128/IAI.68.4.1942-1945.2000
https://doi.org/10.1128/IAI.68.4.1942-1945.2000
https://doi.org/10.1097/00003246-200107000-00002
https://doi.org/10.1097/00003246-200107000-00002


Biologia Futura 

1 3

Elloumi N et al (2017) Differential reactive oxygen species production 
of neutrophils and their oxidative damage in patients with active 
and inactive systemic lupus erythematosus. Immunol Lett 184:1–6

Farmer P, Pugin J (2000) beta-adrenergic agonists exert their “anti-
inflammatory” effects in monocytic cells through the IkappaB/
NF-kappaB pathway. Am J Physiol Lung Cell Mol Physiol 
279(4):L675–L682

Fratta Pasini AM et al (2016) Nrf2 expression is increased in peripheral 
blood mononuclear cells derived from mild-moderate ex-smoker 
COPD patients with persistent oxidative stress. Int J Chron Obstr 
Pulm Dis 11:1733–1743

Frazier WJ, Hall MW (2008) Immunoparalysis and adverse outcomes 
from critical illness. Pediatr Clin North Am 55(3):647–668

Hayes JD, Dinkova-Kostova AT (2014) The Nrf2 regulatory network 
provides an interface between redox and intermediary metabo-
lism. Trends Biochem Sci 39(4):199–218

Innamorato NG, Lastres-Becker I, Cuadrado A (2009) Role of micro-
glial redox balance in modulation of neuroinflammation. Curr 
Opin Neurol 22(3):308–314

Jazwa A, Cuadrado A (2010) Targeting heme oxygenase-1 for neuro-
protection and neuroinflammation in neurodegenerative diseases. 
Curr Drug Targets 11(12):1517–1531

Joshi G, Johnson JA (2012) The Nrf2-ARE pathway: a valuable ther-
apeutic target for the treatment of neurodegenerative diseases. 
Recent Pat CNS Drug Discov 7(3):218–229

Joshi N, Werner S (2017) Nrf2 is highly expressed in neutrophils, but 
myeloid cell-derived Nrf2 is dispensable for wound healing in 
mice. PLoS ONE 12(10):e0187162

Kostyuk SV et al (2018) Changes of KEAP1/NRF2 and IKB/NF-kap-
paB expression levels induced by cell-free DNA in different cell 
types. Oxid Med Cell Longev 2018:1052413

Kothari N et al (2012) Role of active nitrogen molecules in progression 
of septic shock. Acta Anaesthesiol Scand 56(3):307–315

Kumar S et al (2019) Nitrosative stress and cytokines are linked with 
the severity of sepsis and organ dysfunction. Br J Biomed Sci 
76(1):29–34

Liu SF, Malik AB (2006) NF-kappa B activation as a pathological 
mechanism of septic shock and inflammation. Am J Physiol Lung 
Cell Mol Physiol 290(4):L622–L645

Lorente L et al (2013) Prognostic value of malondialdehyde serum lev-
els in severe sepsis: a multicenter study. PLoS ONE 8(1):e53741

Mantzarlis K, Tsolaki V, Zakynthinos E (2017) Role of oxidative stress 
and mitochondrial dysfunction in sepsis and potential therapies. 
Oxid Med Cell Longev 2017:5985209

McCall CE et al (1993) Tolerance to endotoxin-induced expression of 
the interleukin-1 beta gene in blood neutrophils of humans with 
the sepsis syndrome. J Clin Invest 91(3):853–861

Neilson LE, Quinn JF, Gray NE (2020) Peripheral blood NRF2 expres-
sion as a biomarker in human health and disease. Antioxidants 
10(1):28. https:// doi. org/ 10. 3390/ antio x1001 002

Rittirsch D, Flierl MA, Ward PA (2008) Harmful molecular mecha-
nisms in sepsis. Nat Rev Immunol 8(10):776–787

Scanzano A, Cosentino M (2015) Adrenergic regulation of innate 
immunity: a review. Front Pharmacol 6:171

Schrijver IT et al (2017) Myeloperoxidase can differentiate between 
sepsis and non-infectious SIRS and predicts mortality in intensive 
care patients with SIRS. Intensive Care Med Exp 5(1):43

Sen CK, Packer L (1996) Antioxidant and redox regulation of gene 
transcription. FASEB J 10(7):709–720. https:// doi. org/ 10. 1096/ 
fasebj. 10.7. 86210 66

Sonego F, Castanheira FV, Ferreira RG, Kanashiro A, Leite CA, Nas-
cimento DC (2016) Paradoxical roles of the neutrophil in sepsis: 
protective and deleterious. Front Immunol 7:155. https:// doi. org/ 
10. 3389/ fimmu. 2016. 00155

Sun SC, Chang JH, Jin J (2013) Regulation of nuclear factor-kappaB 
in autoimmunity. Trends Immunol 34(6):282–289. https:// doi. org/ 
10. 1016/j. it. 2013. 02. 001

Tak PP, Firestein GS (2001) NF-kappaB: a key role in inflammatory 
diseases. J Clin Invest 107(1):7–11. https:// doi. org/ 10. 1172/ JCI11 
830

Thimmulappa RK, Lee H, Rangasamy T, Reddy SP, Yamamoto M, 
Kensler TW, Biswal S (2006a) Nrf2 is a critical regulator of the 
innate immune response and survival during experimental sepsis. 
J Clin Invest 116(4):984–995. https:// doi. org/ 10. 1172/ JCI25 790

Thimmulappa RK, Scollick C, Traore K, Yates M, Trush MA, Liby 
KT, Kensler TW (2006b) Nrf2-dependent protection from LPS 
induced inflammatory response and mortality by CDDO-Imida-
zolide. Biochem Biophys Res Commun 351(4):883–889. https:// 
doi. org/ 10. 1016/j. bbrc. 2006. 10. 144

Ulevitch RJ (2000) Molecular mechanisms of innate immunity. Immu-
nol Res 21(2–3):49–54. https:// doi. org/ 10. 1385/ IR: 21:2- 3: 49

Ulevitch RJ (2001) New therapeutic targets revealed through investi-
gations of innate immunity. Crit Care Med 29(7 Suppl):S8–S12. 
https:// doi. org/ 10. 1097/ 00003 246- 20010 7001- 00003

Vincent JL, Abraham E, Kochanek P, Moore FA, Fink MP, Sweeney 
DA (2000) Effects of nitric oxide in septic shock. Am J Respir 
Crit Care Med 161(6):1781–1785. https:// doi. org/ 10. 1164/ ajrccm. 
161.6. 99061 10

Vincent JL, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H 
et al (2006) Sepsis in European intensive care units: results of the 
SOAP study. Crit Care Med 34(2):344–353

Wardyn JD, Ponsford AH, Sanderson CM (2015) Dissecting molecu-
lar cross-talk between Nrf2 and NF-kappaB response pathways. 
Biochem Soc Trans 43(4):621–626

Weiss SL, Deutschman CS (2014) Elevated malondialdehyde levels in 
sepsis—something to ‘stress’ about? Crit Care 18(2):125

Welters ID et al (2000) NF-kappaB, nitric oxide and opiate signaling. 
Med Hypotheses 54(2):263–268

Wenisch C et al (1996) High-dose catecholamine treatment decreases 
polymorphonuclear leukocyte phagocytic capacity and reactive 
oxygen production. Clin Diagn Lab Immunol 3(4):423–428

Winkler MS et al (2017) Markers of nitric oxide are associated with 
sepsis severity: an observational study. Crit Care 21(1):189

Winterbourn CC, Kettle AJ (2013) Redox reactions and microbial 
killing in the neutrophil phagosome. Antioxid Redox Signal 
18(6):642–660

Ye RD (2004) Leukocyte inflammatory mediators and lung patho-
physiology: an update. Am J Physiol Lung Cell Mol Physiol 
286(3):L461–L462

Yu M et al (2011) Nuclear factor p65 interacts with Keap1 to repress 
the Nrf2-ARE pathway. Cell Signal 23(5):883–892

Yu MH et al (2018) Prognostic value of the biomarkers serum amyloid 
A and nitric oxide in patients with sepsis. Int Immunopharmacol 
62:287–292

Zaza G et al (2013) Downregulation of nuclear-encoded genes of oxi-
dative metabolism in dialyzed chronic kidney disease patients. 
PLoS ONE 8(10):e77847

Zhang H et al (2018) Gastrodin induced HO-1 and Nrf2 up-regulation 
to alleviate  H2O2-induced oxidative stress in mouse liver sinusoi-
dal endothelial cells through p38 MAPK phosphorylation. Braz J 
Med Biol Res 51(10):e7439

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3390/antiox1001002
https://doi.org/10.1096/fasebj.10.7.8621066
https://doi.org/10.1096/fasebj.10.7.8621066
https://doi.org/10.3389/fimmu.2016.00155
https://doi.org/10.3389/fimmu.2016.00155
https://doi.org/10.1016/j.it.2013.02.001
https://doi.org/10.1016/j.it.2013.02.001
https://doi.org/10.1172/JCI11830
https://doi.org/10.1172/JCI11830
https://doi.org/10.1172/JCI25790
https://doi.org/10.1016/j.bbrc.2006.10.144
https://doi.org/10.1016/j.bbrc.2006.10.144
https://doi.org/10.1385/IR:21:2-3:49
https://doi.org/10.1097/00003246-200107001-00003
https://doi.org/10.1164/ajrccm.161.6.9906110
https://doi.org/10.1164/ajrccm.161.6.9906110

	Genes regulating oxidative-inflammatory response in circulating monocytes and neutrophils in septic syndrome
	Abstract
	Introduction
	Materials and methods
	Subjects
	Blood samples and cells isolation
	RNA isolation and reverse transcription
	Quantitative PCR analysis
	ELISA assay
	Biochemical analysis
	Statistical analysis

	Results
	Evaluation of the genes’ relative expression
	Evaluation of NF-kB and Nrf2 activity
	Biochemical results analysis
	Principal component analysis PCA
	Correlation analysis

	Discussion
	Conclusions for future biology
	Anchor 20
	Acknowledgements 
	References


