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N-acetylcysteine and fructose-1,6-bisphosphate: 
immunomodulatory effects on mononuclear cell culture 

N-acetilcisteína e frutose-1,6-bisfosfato: efeito imunomodulador em cultura de células mononucleares
 

Ricardo Obalski de Mello1; Adroaldo Lunardelli2; Eduardo Caberlon3; Cristina Machado Bragança de Moraes4; Roberto Christ  
Vianna Santos5; Vinícius Lorini da Costa6; Gabriela Viegas da Silva7; Patrícia da Silva Scherer8; Luiz Eduardo Coimbra Buaes9;  

Márcio Vinícius Fagundes Donadio10; Fernanda Bordignon Nunes11; Jarbas Rodrigues de Oliveira12 

Introduction: Sepsis is a complex syndrome caused by an uncontrolled systemic inflammatory 
response. Inflammatory cytokines play a pivotal role in septic shock pathogenesis. Therapeutic 
strategies have been tested in order to modulate the excessive generation or function of sepsis 
mediators. Objective: The objective of the present study was to investigate the therapeutic effect of 
N-acetylcysteine (NAC) and its association with fructose-1,6-bisphosphate (FBP) on T-lymphocytes 
proliferation, interleukin-1β (IL-1β) and monocyte chemotactic protein-1 (MCP-1) levels. Material 
and methods: Peripheral blood mononuclear cell samples were isolated from healthy individuals. 
T-lymphocytes were stimulated with phytohemagglutinin for 96 hours and submitted to different 
concentrations of NAC or NAC associated with FBP. Results: NAC (10 and 15 mM) and NAC  
(15 mM) associated with FBP reduced T-lymphocytes proliferation.  IL-1β levels rose in the presence 
of both NAC (15 mM) and NAC with FBP (1.25 mM). MCP-1 levels were reduced only by NAC  
(15 mM) associated with FBP (1.25 mM). Conclusion: The results suggest that both NAC itself and 
NAC associated with FBP inhibit cellular proliferation, acting as potent immunomodulatory agents, 
which corroborates its use in the treatment of inflammatory diseases.
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resumo
Introdução: A sepse é uma síndrome complexa causada pela resposta inflamatória sistêmica descontrolada. 
As citocinas inflamatórias representam papel central na patogênese do choque séptico. Têm sido testadas 
estratégias terapêuticas a fim de modular a geração ou a função excessiva de mediadores na sepse. Objetivo: 
O objetivo deste estudo foi investigar o efeito terapêutico da N-acetilcisteína (NAC) e sua associação com 
a frutose-1,6-bisfosfato (FBP) sobre a proliferação de linfócitos T e a geração de interleucina-1β (IL-1β) e 
proteína quimiotática de monócitos 1 (MCP-1) em cultura celular. Material e métodos: Foram isoladas células 
mononucleares de sangue periférico de indivíduos saudáveis. Os linfócitos T foram estimulados por 96 horas 
com fitohemaglutinina e submetidos a diferentes concentrações de NAC ou NAC associada à FBP (1,25 mM). 
Resultados: O tratamento com NAC (10 e 15 mM) ou NAC (15 mM) associado à FBP reduziu a proliferação 
celular. Os níveis de IL-1β aumentaram com a presença de NAC (15 mM) e NAC + FBP. A concentração de 
MCP-1 mostrou-se reduzida apenas no grupo tratado com NAC associada à FBP. Conclusão: Os resultados 
sugerem que tanto a NAC quanto a NAC associada à FBP são capazes de inibir a proliferação celular, atuando 
como potentes agentes imunomoduladores, sugerindo seu uso em doenças inflamatórias.	  
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Introduction

Sepsis is a complex syndrome caused by an uncontrolled 
systemic inflammatory response of the individual, with an 
infectious origin and characterized by multiple manifestations 
that can determine dysfunction or even failure of one or more 
organs(4, 19). The main pathophysiological factors include the 
local of the infection and the coagulation, fibrinolytic and 
inflammatory systems are determinants on its evolution(3). 
Sepsis has been considered a serious epidemiological problem 
for health systems all over the world, both in an economical 
as well as social point of view. Previous study conducted in 
the USA showed that the incidence of sepsis increased from 
82.7 to 240.4/100 thousand inhabitants(17). In Brazil, the 
mortality rate caused by sepsis and its consequences varies 
between 40% to 45%(33).

The septic shock represents an example of the increased 
inflammatory response. Its systemic effects are caused 
by an excessive production of inflammatory mediators 
(endogenous cytokines), as well as for the intense activity of 
inflammatory cells, resulting in a metabolic disequilibrium(3). 
The shock complications are mainly linked with the release of 
bacterial wall components. Endotoxins (lipopolysaccharides) 
from gram-negative microorganisms (lipid A, mainly) and 
the teichoic acid from Gram-positives microorganisms, 
indirectly induce an inflammatory cascade by increasing the 
production of cytokines by macrophages and monocytes. 
Their activation sequentially produces tumor necrosis factor-
alpha (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6) and 
interleukin-8 (IL-8), that interacts with other cells and cellular 
elements (polymorphonuclear, endothelia cells, fibroblast 
cells, platelets and monocytes), inducing the production and 
release of secondary mediators, contributing to a delayed 
inflammatory response(34). However, the overproduction or 
inappropriate expression of these factors can lead to a variety 
of pathological conditions, including systemic toxicity and 
septic shock(2, 35).

Therefore, therapeutical strategies in order to modulate 
the excessive generation or function of sepsis mediators 
have been tested. The intervention on any step of the 
pathophysiological event sequence that characterize the 
systemic inflammatory sepsis response, in order to modify/
modulate the host reaction, seems to be the most likely 
therapeutical approach to change its evolution in the 
sepsis therapy. Unfortunately, the clinical use of individual 
mediator blockers have failed to reduce the mortality 
associated to sepsis. However, the interruption of the 
pathophysiological response sequence, in many levels, 

seems to be the best chance of reducing the high mortality 
of this pathology(5).

The fructose-1,6-bisphosphate (FBP) is a high-energy 
glycolytic metabolite that is believed to have a protective 
effect against toxic agents based on its ability to inhibit the 
production of inflammatory mediators(16). In a recent study, 
it has been demonstrated that FBP in concentrations of 1.2 to 
10 mM reduced the interleukin-2 (IL-2) soluble receptor levels, 
suggesting that FBP has an immunomodulatory effect(23). The 
possible mechanism involved could be related to the interaction 
of FBP with cellular membranes, leading to changes in the 
ionic permeability. In the presence of FBP, there is a reduced 
K+ efflux by passive and active channels in hepatocytes(30). 
The K+ conductance through the cell membrane is the main 
determinant for the T-lymphocyte electric potential, where 
changes can lead to mitogenesis in these cells(12).

The N-acetylcysteine (NAC), a thiol-compound, has 
been therapeutically used due to its property of being a 
glutathione precursor(27), assuming a key-role in the cellular 
homeostasis, since the glutathione depletion can cause 
cellular death due to lipidic peroxidation and decrease the 
thiol-protein levels(29). NAC has been widely used both in 
vitro and in vivo as an antioxidant(6). It is also efficient  
in the treatment of some pharmacological overdoses, as  
in the one caused by paracetamol(28). NAC can also act in 
the mitochondrial metabolism influencing the oxidative 
phosphorylation through two mechanisms: protecting 
oxidative phosphorylation proteins from the oxidative 
damage through the maintenance of the thiols groups, 
which are essential for the enzymatic activity, and preventing 
the lipidic peroxidation of mitochondrial membranes, that 
could reduce the mitochondrial respiratory chain activity(22). 
Wan et al.(37) showed that NAC inhibits the hydroxyl radical 
formation after d-amphetamine infusion (d-AMPH) in 
rats, suggesting that NAC could protect against induced 
oxidative stress.

Thus, the objective of the present study is to evaluate 
the use of alternative drugs, such as NAC and its association 
with FBP in the T-lymphocytes proliferation and in the IL-1β 
and monocyte chemotactic protein-1 (MCP-1) levels, which 
are involved in the process that can induce the septic shock.

Material and methods

The study experimental protocol was approved by 
the Ethics Research Committee of Pontifícia Universidade 
Católica do Rio Grande do Sul (PUCRS).
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Peripheral blood mononuclear cells 
preparation

The peripheral blood mononuclear cells (PBMCs) were 
isolated from the blood of healthy humans by gradient 
centrifugation on Ficoll-Paque (Sigma) and re-suspended 
in RPMI 1640 (Invitrogen) supplemented with 0.15% 
garamicin (Schering-Plough) and 20% homologous serum 
at a final cell density of 1.6 × 106 ml-1. Platelet contamination 
of these preparations was < 1%(26). The viability, measured 
by Trypan Blue dye exclusion, was uniformly greater than 
or equal to 90%. All human subjects read and signed an 
informed consent.

Lymphoproliferation

Phytohemagglutinin (PHA) (Invitrogen) was used to 
induce T-lymphocyte proliferation. The NAC and FBP 
solutions used were dissolved in supplemented RPMI 
1640 medium. PBMCs (1.6 x 105 cell/well) were plated 
in 96-well microtiter bottomed flat plates (Nunc) with 
either different isolated NAC concentrations (1 mM;  
5 mM; 10 mM; 15 mM) or associated with FBP (1.25 mM) 
at 37ºC in a 5% CO2-humidified incubator for 96 hours  
(n = 6 for each concentration). PHA (10 µg/ml) was added 
and T-lymphocyte proliferation was determined by MTT 
(3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (Invitrogen) assay(20). In brief, MTT was dissolved 
in RPMI 1640 (5 mg/ml) and added to all assay wells. Plates 
were incubated at 37ºC for 4 hours. Dimethyl sulfoxide 
(Sigma) was added to all wells and mixed thoroughly to 
dissolve the dark blue crystals. After a few minutes, the plates 
were read on a Hyperion MicroReader, using a test wavelength 
of 540 nm and a reference wavelength of 650 nm. The results 
are presented as optical density ± standard error about the 
mean (SEM) . The experiments were performed on different 
days and each experiment was done in triplicate.

Cytotoxicity analysis 

NAC and FBP was dispensed in RPMI 1640 and added 
directly to PBMCs (1.6 × 105 cell/well), which were 
incubated in 96-well microtiter bottomed flat plates at 
37ºC in a 5% CO2 humidified incubator. The cells were 
treated with either isolated NAC concentrations (1 mM;  
5 mM; 10 mM; 15 mM) or associated with FBP (1.25 mM) 
(n = 6 for each concentration). The cellular viability was 
performed by Trypan Blue dye exclusion after 96 hours of 
incubation(26, 32). The results are presented as percentage ± 

SEM. The experiments were performed on different days 
and each experiment was done in triplicate. 

Pro-inflammatory cytokine analysis

Cytokines production was evaluated in the supernatants 
of PBMCs (1.6 x 105 cells/well) incubated in a culture 
medium for 96 hours in 5% CO2 at 37ºC. The cells were 
incubated (n = 6) in 96 wells plate and received the 
following treatments: a) not stimulated; b) stimulated with 
PHA; c) stimulated with PHA plus a 15 mM NAC solution; 
d) stimulated with PHA plus a 15 mM NAC solution 
associated with a 1.25 mM FBP solution; e) not stimulated, 
but treated with a 15 mM NAC solution; f) not stimulated, 
but treated with a 15 mM NAC solution associated with 
a 1.25 mM FBP solution. These concentrations were 
chosen based in the suppressive effect demonstrated in 
the lymphoproliferation assay. After the incubation period, 
the plates were centrifuged 900 G  for 20 minutes and 
the supernatants were removed and stored at -70ºC until 
processed. Commercial enzyme linked immunosorbent 
assay (ELISA) kits (Biosource) were used to measure IL-1β 
and MCP-1 concentrations. All readings were performed in 
the ELISA (Bio-Rad) reader using a 570 nm wave length and 
a reference filter of 650 nm. All samples and standards were 
tested in triplicate. The results were expressed in pg/ml.

Statistical analysis

Statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) version 16.0 software. 
Data were analyzed for significance using one-way analysis of 
variance (ANOVA). The Bonferroni’s post-hoc test was used 
for the multiple group comparisons and significance was 
established when p < 0.05. Data are presented as mean ± SEM.

Results

NAC and FBP immunomodulatory effect in PHA 
stimulated T-lymphocytes

The immunomodulatory effects of NAC and FBP in PHA 
(10 mg/ml) stimulated T-lymphocytes were evaluated. 
Figure 1 shows that NAC in concentrations of 10 mM and 
15 mM significantly reduced (p < 0.05) the lymphocytic 
proliferation. On the other hand, when associated with 
FBP (1.25 mM), NAC significantly reduced the lymphocytic 
proliferation in concentrations of 1 mM and 15 mM  
(p < 0.05), as demonstrated in Figure 1.
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Figure 1 – NAC alone and associated with FBP (1,25 mM) immunomodulatory effects 
of in PHA stimulated T-lymphocytes. The results were evaluated by optical density 
in triplicate cultures and expressed as mean ± SEM

NAC: N-acetylcysteine; FBP: fructose-1,6-bisphosphate; PHA: phytohemagglutinin; 
SEM: standard error about the mean ; $: a significant difference compared to the 
control group (p < 0.05); *: a significant difference compared to the PHA group 
(p < 0.05).

Figure 2 – NAC alone and associated with FBP (1.25 mM) cytotoxic effects in 
PBMCs. The results are presented in absolute values in triplicate cultures and 
expressed as mean ± SEM

NAC: N-acetylcysteine; FBP: fructose-1,6-bisphosphate; PBMCs: peripheral blood 
mononuclear cells; SEM: standard error about the mean ; $: a significant difference 
compared to the control group (p < 0.05).

Figure 3 – Effects of NAC (15 mM) and FBP (1.25 mM) in the IL-1β levels. The results 
are presented in absolute values in triplicate cultures and expressed as mean ± SEM

NAC: N-acetylcysteine; FBP: fructose-1,6-bisphosphate; IL-1β: interleukin-1β; SEM: 
standard error about the mean ; PHA: phytohemagglutinin; $: a significant difference 
compared to the control group (p < 0.05); *: a significant difference compared to 
the PHA group (p < 0.05).

Figure 4 – Effects of NAC (15 mM) and FBP (1.25 mM) in MCP-1 levels. The results 
are presented in absolute values in triplicate cultures and expressed as mean ± SEM

NAC: N-acetylcysteine; FBP: fructose-1,6-bisphosphate; MCP-1: monocyte 
chemotactic protein-1; IL-1β: interleukin-1β; SEM: standard error about the mean ; 
PHA: phytohemagglutinin; $: a significant difference compared to the control group  
(p < 0.05); *: a significant difference compared to the PHA group (p < 0.05).

NAC and FBP cytotoxic effects in PBMCs

In order to evaluate if the lymphoproliferative inhibitory 
effect of NAC alone and associated with FBP could be a 
result of cellular death, which would be a toxic effect, 
the cellular viability was also evaluated. Figure 2 shows 
that when the same concentrations of NAC alone were 
used, no cellular cytotoxicity was demonstrated. However, 
when 1.25 mM of FBP was associated with 1 mM of NAC, 
a significant reduction (p < 0.05) in the cellular viability 
was demonstrated (Figure 2), excluding its use in the 
lymphoproliferative evaluation.

Evaluation of IL-1β and MCP-1 levels

In order to evaluate a possible mechanism for the 
NAC (15 mM) immunomodulatory effects, either isolated 
or associated with 1.25 mM FBP, the levels of IL-1β and 
MCP-1 were measured with or without PHA stimulation. 
As showed in Figure 3, both NAC used isolated or 
associated with FBP, significantly increased IL-1β levels with 
or without PHA stimulation (p < 0.05). When the MCP-1 
levels were evaluated, a significant reduction (p < 0.05) was 
demonstrated when NAC associated with FBP, but without 
PHA stimulation, was tested (Figure 4).

Discussion

The objective of the present study was to investigate the 
possible effects of both NAC alone or associated with FBP, 
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that already has a well known immunomodulatory effect, 
on the proliferation of T-lymphocytes, which could help in 
the development of alternative drugs for the septic shock 
treatment. Moreover, it also aims at explaining possible 
immunomodulatory mechanisms, through the evaluation 
of pro-inflammatory cytokine (IL-1β and MCP-1).

Our results demonstrate that 10 and 15 mM NAC 
administrated alone and 15 mM associated with  
1.25 mM FBP presented an important immunomodulatory 
effect. However, Hadzic et al.(13) showed that in an 
inhibited lymphocyte proliferation model induced by a 
glutathione (GSH) blockage, NAC induced an increase in 
the T-lymphocytes proliferation, suggesting that the thiol 
groups would participate in the T-lymphocytes proliferation 
regulation. On the other hand, 1 mM NAC associated with 
FBP significantly reduces the cellular viability, suggesting 
that this association would have a cellular toxic effect. 
Furthermore, when NAC concentrations are increased, 
either isolated or associated with FBP, a proportional 
reduction in the T-lymphocytes proliferation was seen. 
Karlsson et al.(14) indicates that NAC may have dual and 
opposing effects on immunity, depending on the dose 
and kinetics, showing that PBMCs exposed to high 
concentrations of NAC are not proliferative with a primary 
stimulation, but respond strongly when re-stimulated in 
the absence of the drug.

Previous studies in vivo of our group showed a reduction 
in mortality of animals subjected to experimental sepsis 
when treated with FBP(24) and NAC(21), confirming an 
important role of both drugs in the treatment of sepsis. On 
the other hand, when rats were treated with combination 
of NAC and FBP, there was not improvement of the 
picture(21). Extensive evidence in the literature demonstrates 
a correlation between the increased proinflammatory 
cytokines production and the sepsis mortality rate, both in 
humans and experimental models, being the IL-1 and IL-6 
cytokines suggested to play a key role. Therefore, many 
recent clinical therapies are evaluating the security and 
effectiveness of the anti-cytokine use either isolated or in 
association with other compounds(8).

IL-1 is formed by two different molecules: IL-1α 
and IL-1β. It induces an increase in the concentration 
of colony-stimulating factors, IL-6, MCP-1, acute phase 
hepatic proteins, bone reabsorption, collagen synthesis and 
lipoprotein lipase inhibition(9, 31). The IL-1 natural mechanism 
of inhibition involves blocking the receptor binding trough 

the use of cytokines receptor antagonists, as IL-1 receptor 

antagonist (IL-1Ra) . IL-1Ra is a protein from the interleukins 

family, originally described as a molecule secreted by 

monocytes and macrophages, that modulate many immune 

and inflammatory responses related to the IL-1(1, 15). The 

IL-1 participation in the sepsis physiopathology was mostly 

studied through the use of this antagonist (IL-1Ra), which 

reduces the mortality caused by endotoxin administration(25) 

or E. coli(36). Present study shows an increase in the IL-1β 

levels, either when isolated NAC or in association with FBP 

were used with or without PHA stimulation, suggesting 

that the NAC (and/or its association with FBP) protective 

role may be due to its immunomodulatory effect and not 

to its anti-inflammatory effect. However, some studies in 

the literature, have shown a reduction in the IL-1β levels 

after NAC treatment(7, 11).

MCP-1 has the ability to attract circulating monocytes 

to become macrophages in the adipose tissue. These 

macrophages are a source of cytokines with inflammatory 

activity. Pre-adipocytes and adipocytes produce MCP-1 

(among others) in response to several stimuli: nitric oxide 

(NO) and TNF-α, IL-1β, IL-4 and interferon-γ (IFN-γ)(10). 

Our study demonstrates, in spite of the IL-1β increase, 

a MCP-1 reduction when NAC was used in association 

with FBP without PHA stimulation, suggesting that 

this would probably be a FBP effect, since when NAC 

was administered alone no significant differences were 

demonstrated. However, Maruno et al.(18) showed a 

reduction in the MCP-1 levels when NAC treatment was 

used after vascular endothelial growth factor induction, 

indicating that NAC itself may have an effect on this 

cytokine production.

Taken together, our results suggest that either NAC 

alone or in association with FBP can inhibit the cellular 

proliferation, acting as major immunomodulatory agents 

and suggesting their use in inflammatory processes, 

including sepsis. The IL-1β and MCP-1 production does not 

explain the immunomodulatory action in T-lymphocytes 

cell cultures stimulated with PHA, since no reductions in 

their levels were seen. On the other hand, the NAC and 

its association with FBP in T-lymphocytes cell cultures 

without PHA stimulation reduced the MCP-1 levels, 

suggesting that there is a modulation in the interleukins 

synthesis and that this response can be related to its 

immunomodulatory effect.
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