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Cigarette smoke (CS) contains a complex mixture of oxidants and 
numerous reactive oxygen species (ROS) predisposing humans to 
several mild- to- severe oral health problems, including oropharyn-
geal candidiasis (OPC) and oral leukoplakia (OLK). OPC, commonly 
referred to as ‘thrush’, corresponds to infections of various oral mu-
cosal sites and is characterized by Candida yeasts overgrowth and 
invasion of superficial tissues while OLK encompasses white patches 
or plaques potentially malignant that develops in the oral cavity. 
Oxidative stress and imbalance of the cellular redox state induced 
by smoking can change the oral microbiome and damage the struc-
ture and function of the oral epithelial barrier, the first- line defence 
against fungal infections.1 Smoking may also promote Candida albi-
cans pathogenicity by enhancing fungal adhesion, growth and bio-
film formation.2 However, the exact metabolic mechanism by which 
smoking increases susceptibility of the oral mucosa to candidiasis 
has not yet been explored. In addition, although CS compounds are 
known to have immunosuppressive effects on the innate immune 

response by decreasing phagocytic activity and affecting chemo-
taxis, kinesis, and cell signalling,3 there is a lack of information on 
the relationship between in vivo immune dysfunction caused by 
smoking and the development of C. albicans oral infection. In a re-
cent issue of The Journal of Cellular and Molecular Medicine, Ye and 
coworkers4 provide new insight into a key role of the nuclear factor 
erythrocyte 2– related factor 2 (Nrf2) signalling pathway in smoking- 
aggravated C. albicans oral infection. Importantly, this study extends 
their previous research,5 which demonstrated that CS suppresses C. 
albicans- induced NOD- like receptor family pyrin domain containing 
3 (NLRP3) inflammasome activation and pro- inflammatory cytokine 
production in a rat model.

A preliminary series of experiments first confirmed what was ex-
pected, reporting that smoking is able to enhance the proliferation of 
C. albicans in experimental and clinical models. The growth of C. albi-
cans was accompanied by a marked oxidative stress on epithelial cells 
revealed not only by an accumulation of ROS and malondialdehyde 
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Abstract
While cigarette smoke compounds are known to have immunosuppressive effects 
on the oral mucosa, the relationship between in vivo immune dysfunction caused by 
smoking and the development of oral Candida infections remains largely unexplored. 
In a recent issue of The Journal of Cellular and Molecular Medicine, Ye and colleagues 
provide evidence that smoking increases oral mucosa susceptibility to Candida albi-
cans infection via the activation of the Nrf2 pathway, which in turn negatively regu-
lates the NLRP3 inflammasome. This opens new perspective in considering Nrf2 as a 
relevant target for smoking- induced C. albicans- related oral diseases.
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but also by a decrease in reduced (GSH) and oxidized (GSSG) gluta-
thione ratio (GSH/GSSG) in both CS extract- treated C. albicans and 
immortalized human oral mucosa epithelial cells (Leuk1) co- culture 
and CS- treated rat infection models. Nrf2 is well documented to act 
in epithelial cells as an oxidative stress– sensing protein that controls 
over 100 genes by recognizing the antioxidant response element en-
hancer sequence. Here, Ye and colleagues found that in response to 
oxidative stress generated by smoking, Nrf2 is phosphorylated and 
translocated into the nucleus allowing the activation of the expres-
sion/activity of its target antioxidant proteins, including NAD(P)H 
dehydrogenase quinone- 1 (NQO- 1), haem- oxygenase- 1 (HO- 1) and 
superoxide dismutase (SOD) (Figure 1). These findings were con-
firmed by silencing Nrf2, which led to an increase in ROS production 
and inhibition in the antioxidative response. In contrast to previous 
reports,6 this study showed that C. albicans infection alone is unable 
to alter ROS levels, GSH/GSSG ratio, Nrf2 status or antioxidant en-
zyme expression in both models. This discrepancy is probably due 
to the difference in C. albicans strains, type of infected cells and 
exposure periods. As reported previously in other bacterial and viral 
infections, Nrf2 may have harmful effects on host immunity. In this 
regard, in vitro experiments then emphasized that Nrf2 not only 
negatively regulates the expression levels of NLRP3 inflammasome 
components and caspase- 1 p20 but also reduces the secretion of 
pro- inflammatory cytokines (IL- 1β, IL- 6, TNF- α and IL- 18), which 
in turn attenuate oral mucosa antifungal immunity and promote 

oropharyngeal candidiasis and OLK (Figure 1). Interestingly, the 
pathophysiological relevance is provided by the observation that 
smokers belonging to both healthy individuals and patients with 
clinically suspected OLK groups showed a similar health outcome, 
displaying an increase in Nrf2 levels associated with a decrease in 
NLRP3, IL- 1β and IL- 18 in their oral mucosal tissues. Albeit the avail-
ability of some studies describing the role of ROS and NQO- 1 to 
regulate the interaction between Nrf2 and NLRP3, the specific mo-
lecular mechanism of this antagonistic relationship remains unclear 
and obviously deserves to be accurately investigated.

In sum, by using three established smoking and C. albicans in-
teraction in vivo and in vitro models, Ye and colleagues show a link 
between the smoking- aggravated oral mucosa susceptibility to C. al-
bicans infection and the activation of the Nrf2 pathway, which in turn 
negatively regulates the NLRP3 inflammasome. Accumulating exper-
imental and clinical evidences showed that the Nrf2 pathway is in-
volved in a wide range of infectious and non- communicable diseases.7 
To potentially prevent diseases, most cases have suggested pharma-
cological activation of Nrf2, with the exception of cancer which, in 
theory, requires inhibition of Nrf2 instead.8 In such a perspective, 
and based on the herein reported findings, the inhibition of the Nrf2 
pathway could be thus considered as a potential therapeutic target to 
prevent oropharyngeal candidiasis among smokers. This enlightening 
article is in line with the current trend pinpointing the modulation of 
the Nrf2 and NLRP3 inflammasome activity as a promising strategy for 
the management of infectious diseases.7- 9 Down- regulation of Nrf2 
coupled with up- regulation of NLRP3 inflammasome and the subse-
quent pro- inflammation appear essential to reduce the pathogenesis 
of C. albicans and prevent smoking- induced infection progression. 
Nevertheless, the suppression of Nrf2 and its associated inflammation 
is a double- edged sword for hosts to defence against fungal infection. 
Therefore, further studies are also needed to determine the bound-
ary between the beneficial and potentially harmful effects of Nrf2 
and NLRP3 activation. Finally, since the frequency of non- albicans 
Candida species is globally increasing,10 similar investigations target-
ing other Candida species, particularly Candida dubliniensis, Candida 
tropicalis and Candida glabrata, are recommended. In this respect, a 
recent transcriptome study revealed distinct Candida species- specific 
pathogenicity and transcriptional patterns influencing the host re-
sponses during infection of human epithelial cells.11

In conclusion, while smoking is well known to compromise the 
immune system of the oral mucosa, few studies focused on the in 
vivo immune dysfunction caused by this bad habit. Nrf2 was sug-
gested as a double- face protein which, on the one hand, protects 
the structure and function of epithelial cells against ROS, and on 
the other hand, attenuates oral epithelial antifungal immunity and 
promotes oral mucosal susceptibility to C. albicans infections. This 
study definitively opens the door for future investigations, not 
only to determine the exact mechanism by which the Nrf2 path-
way regulates the NLRP3 inflammasome in this specific patho-
physiological context but also to figure out Nrf2 as a key regulator 
and potential therapeutic target for smoking and Candida- related 
oral diseases.

F I G U R E  1  Smoking increases oral mucosa susceptibility to 
Candida albicans infection via the activation of the Nrf2 pathway, 
which in turn negatively regulates the NLRP3 inflammasome: a 
proposed model in oral epithelial cells. In response to oxidative 
stress generated by smoking, Nrf2 is phosphorylated and 
translocated into the nucleus allowing the activation of the 
expression/activity of its target antioxidant proteins, including 
NAD(P)H dehydrogenase quinone- 1 (NQO- 1), haem- oxygenase- 1 
(HO- 1) and superoxide dismutase (SOD). Importantly, although 
some studies have described the role of ROS and NQO- 1 in 
regulating the interaction between Nrf2 and NLRP3, the specific 
molecular mechanism of this antagonistic relationship remains 
unclear



    | 9475COMMENTARY

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
Marwan Osman: Writing- original draft (lead). Nicolas Papon: 
Writing- review & editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study

ORCID
Marwan Osman  https://orcid.org/0000-0002-6235-2760 
Nicolas Papon  https://orcid.org/0000-0001-6265-7321 

R E FE R E N C E S
 1. Naglik JR, König A, Hube B, Gaffen SL. Candida albicans – epithelial 

interactions and induction of mucosal innate immunity. Curr Opin 
Microbiol. 2017;40:104- 112. 10.1016/j.mib.2017.10.030

 2. Alanazi H, Semlali A, Perraud L, Chmielewski W, Zakrzewski 
A, Rouabhia M. Cigarette smoke- exposed Candida albi-
cans increased chitin production and modulated human fi-
broblast cell responses. Biomed Res Int. 2014;2014:963156. 
10.1155/2014/963156

 3. Yamaguchi NH. Smoking, immunity, and DNA damage. Transl Lung 
Cancer Res. 2019;8(Suppl 1):S3- S6. 10.21037/ tlcr.2019.03.02

 4. Ye P, Chen W, Huang F, et al. Smoking increases oral mucosa sus-
ceptibility to Candida albicans infection via the Nrf2 pathway: In 
vitro and animal studies. J Cell Mol Med. 2021;25(16):7948- 7960. 
10.1111/jcmm.16724

 5. Ye P, Wang X, Ge S, Chen W, Wang W, Han X. Long- term ciga-
rette smoking suppresses NLRP3 inflammasome activation in oral 
mucosal epithelium and attenuates host defense against Candida 
albicans in a rat model. Biomed Pharmacother. 2019;113:108597. 
10.1016/j.biopha.2019.01.058

 6. Ren T, Zhu H, Tian L, Yu Q, Li M. Candida albicans infection dis-
turbs the redox homeostasis system and induces reactive oxygen 
species accumulation for epithelial cell death. FEMS Yeast Res. 
2019;20(4):foz081. 10.1093/femsy r/foz081

 7. Battino M, Giampieri F, Pistollato F, et al. Nrf2 as regulator of in-
nate immunity: a molecular Swiss army knife! Biotechnol Adv. 
2018;36(2):358- 370. 10.1016/j.biote chadv.2017.12.012

 8. Robledinos- Antón N, Fernández- Ginés R, Manda G, Cuadrado A. 
Activators and inhibitors of NRF2: A review of their potential for 
clinical development. Oxid Med Cell Longev. 2019;2019:9372182. 
10.1155/2019/9372182

 9. Zhao C, Zhao W. NLRP3 Inflammasome— A key player in antiviral re-
sponses. Front Immunol. 2020;11:211. 10.3389/fimmu.2020.00211.

 10. Papon N, Courdavault V, Clastre M, Bennett RJ. Emerging and 
emerged pathogenic Candida species: beyond the Candida albi-
cans paradigm. PLoS Pathog. 2013;9(9):e1003550. 10.1371/journ 
al.ppat.1003550.

 11. Pekmezovic M, Hovhannisyan H, Gresnigt MS, et al. Candida patho-
gens induce protective mitochondria- associated type I interferon 
signalling and a damage- driven response in vaginal epithelial cells. 
Nat Microbiol. 2021;6(5):643- 657. 10.1038/s4156 4- 021- 00875 - 2

How to cite this article: Osman M, Papon N. Smoking- 
aggravated oral candidiasis: Nrf2 pathway dampens NLRP3 
inflammasome. J Cell Mol Med. 2021;25:9473– 9475. https://
doi.org/10.1111/jcmm.16901

https://orcid.org/0000-0002-6235-2760
https://orcid.org/0000-0002-6235-2760
https://orcid.org/0000-0001-6265-7321
https://orcid.org/0000-0001-6265-7321
https://doi.org/10.1016/j.mib.2017.10.030
https://doi.org/10.1155/2014/963156
https://doi.org/10.21037/tlcr.2019.03.02
https://doi.org/10.1111/jcmm.16724
https://doi.org/10.1016/j.biopha.2019.01.058
https://doi.org/10.1093/femsyr/foz081
https://doi.org/10.1016/j.biotechadv.2017.12.012
https://doi.org/10.1155/2019/9372182
https://doi.org/10.3389/fimmu.2020.00211
https://doi.org/10.1371/journal.ppat.1003550
https://doi.org/10.1371/journal.ppat.1003550
https://doi.org/10.1038/s41564-021-00875-2
https://doi.org/10.1111/jcmm.16901
https://doi.org/10.1111/jcmm.16901

