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Abstract

Introduction: Air pollution (AP) significantly contributes to morbidity and mortality worldwide. N-acetylcysteine (NAC)
is a potent antioxidant with potential health benefits to people residing in poor air quality areas. Our study aimed to analyze
animal studies conducted on rats and mice to assess the anti-inflammatory effects of NAC during exposure to air pollutants.
Methods: A systematic search on two large databases was performed. Nineteen studies were included in this review

following a screening of duplicates and a full-text review.

Results: We found that NAC successfully ameliorates some pollution-associated inflammatory pathways.
Discussion: NAC is a potential therapeutic drug against inflammatory pathologies caused by AP, although its role in

human models requires further studies.

Introduction

With the increase in air pollution (AP), understand-
ing its impacts on human health has been gaining
interest in recent years. In 2019, the World Health Or-
ganization (WHO) informed that 99% of the global
population was exposed to low-quality air (WHO,
2021). Moreover, AP is highly associated with mor-
bidity and mortality, causing 4.2 million premature
deaths every year worldwide (WHO, 2021).
Individuals exposed to poor air quality experience
systemic inflammation, and their levels of inflamma-
tory markers are markedly high. The presence of
endothelial microparticles is associated with AP and
elevated levels of inflammation (Pope et al., 2016).
Furthermore, chronic exposure to AP leads to an
increase in oxidative stress, causing inflammation
(Hahad et al., 2020) as indicated by an increase in the
levels of inflammatory markers, such as C-reactive
protein (CRP), interleukin (IL)-6, and tumor necrosis
factor-alpha (TNF-a) (Germolec et al., 2018).
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Antioxidants were suggested to combat the effects
of AP on the lungs, such as oxidative stress (Kelly
et al., 2003). Given that N-acetylcysteine (NAC), a
mucolytic agent, has attracted interest because of
its antioxidant properties to reduce reactive oxygen
species (ROS) levels, thereby decreasing local inflam-
mation (Raghu et al., 2021; Zhitkovich, 2019; Carlson
et al.,, 2018). After deacetylation, NAC protects cells
against ROS by acting as a cysteine donor, replen-
ishing glutathione in functional cells, and reducing
disulfide bonds in proteins (Aldini et al., 2018). This
mechanism of action explains the high antioxidant
activity of NAC, despite its weak direct action against
oxidizing agents (Zhitkovich, 2019). However, these
antioxidant effects have not been widely studied in
human cell models. Most studies on NAC effects in
AP-induced injury have been conducted in animal
models. These preclinical trials have elucidated dif-
ferent mechanisms by which NAC may exert a thera-
peutic role in several conditions caused or aggravated
by AP. Therefore, this review aims to summarize find-
ings from studies reporting the antioxidant effects
of NAC on inflammatory markers in animal models
exposed to harmful air pollutants.

Materials and Methods

We used the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses extension for coping
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Figure 1: Flow diagram of studies assessed for eligibility according to PRISMA criteria.

reviews (PRISMA-ScR) guidelines. The MEDLINE-
PubMed and Embase databases retrieved articles re-
lated to preclinical studies of the NAC effect on in-
flammatory biomarkers in animals exposed to air pol-
lutants excluding other interventions. Free-text and
Medical Subject Headings (MeSH) terms were used.
Eligibility criteria included studies performed in rats
or mice, using at least one mechanism of exposure
to air pollution contaminants, evaluating at least one
inflammatory marker, and using N-acetylcysteine as
an intervention. In the Supplemental document, we
have attached a detailed description of the inclusion
and exclusion criteria and search strategy for which
multiple versions of the terms “inflammation,” “N-
acetylcysteine,” “rat OR mice,” and “air pollution”
were used.

The screening process for assessing the eligibility
of an article to be included in the review was inde-
pendently performed by two reviewers (MH and CR).
In case of disagreement, additional reviewers partic-
ipated (JD and DR) in the assessment process until
a consensus was reached. Finally, 78 Embase and
21 PubMed titles were identified, of which 19 were
included in the review. Figure 1 shows the flow dia-
gram of the screening process. Bias risk was assessed
using the SYRCLE Risk of Bias tool, an adapted ver-
sion of the Cochrane Collaboration tool for animal
studies (Higgins J, 2011).
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Results

Nineteen preclinical animal studies were included
in the minireview. These were generally performed
to test the anti-inflammatory effect of NAC. The ani-
mal models were generated using different mice and
rat strains (C57BL/6 and BALB). Most studies have
evaluated interleukin expression, cell viability, and
receptor expression inflammation biomarkers. The
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airways and respiratory-related tissues were the most
investigated tissues. The details of these studies are
presented in Table 1.

Omara et al. (2000) investigated the effects of EHC-
93 urban particles (Ottawa dust) on immune func-
tions (cell viability, lymphocyte blastogenesis stimu-
lated by T-cell mitogen or B-cell mitogens, intracel-
lular concentration, IL-2 production, and expression
of receptors for transferrin and IL-2) of peripheral
blood mononuclear cells and splenocytes from male
rats and mice. The addition of NAC completely
abolished the suppressive effect of Ottawa dust on
mitogen-induced lymphocyte proliferation.

Other studies have used diesel exhaust particles
(DEP) to mimic AP exposure. Gowdy et al. (2010)
evaluated the effects of diesel emission particle (DEP)
exposure throughout an influenza infection in mice.
Treatment with NAC (320 mg/kg, intraperitoneal)
reduced glutathione in the lungs and decreased the
number of polymorphonuclear cells earlier than in
untreated mice. Furthermore, in mice exposed only
to DEP but not influenza, NAC treatment reduced
the production of IL-4. Li et al. (2007) exposed 12
mice to low-dose DEP, and following NAC treatment,
a decrease in macrophages, neutrophils, and lym-
phocytes was noted in bronchoalveolar lavage (BAL)
fluid. Li et al. (2009) showed that when BALB/c were
exposed to prolonged low-dose DEP, a markedly in-
creased number of eosinophils and mucous goblet
cells and increased IL-5 and IL-13 expression were
noted. However, following treatment with NAC,
these effects were mitigated.

Reiprich et al. (2013) evaluated the effects of en-
dotoxins before ovalbumin (OVA) sensitization on
the development of allergic asthma in the offspring
of exposed pregnant mice. The results suggest that
NAC treatment before perinatal lipopolysaccharides
exposure decreases airway inflammation, eosinophils
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Primary Outcome Control Adverse effects
First author (year)  Population and disease  Study Characteristics (preparation, type, dose, (type, dose, and Main outcome results : Author’s conclusions
Measure (scale) ) : (curcumin vs control)
and duration) duration)
Agarwal ctal. 2011) n=50 RCT, two arms, single- Post-operative pain (VAS)  Curcumin Matching Placebo 500 mg  VAS change No CR improves postoperative
=41, m=9 blinded, single center 500mg 4x /day 4x/day 3 weeks CR 545.204; pain
mean age 38.44 + 12.7 years. 3 weeks PL30 £13;
Laparoscopic cholecystectomy p=0.000
AlAdaretal, 2022)  n=91 RCT, two arms, single- Post.operative pain (NRS)  Curcumin Mefenamic acid 500 mg ~ NRS NS Compared with MA, curcumin
=54, m=37 blinded, single center 400 g 3x/day 3x/day No sudsically significant is ineffective for pain and
CR58.4+7.3; 3 days 3 days difference discomfort management
PL 57.2 £ 5.2 years after SPT.
Surgical periodontal therapy
Asadi etal. 2019) n=80 RCT, double-blinded, Sensorimotor Nano-curcumin capsules Placebo Neuropathy score (TCNS) 2 cases of Gl side effects  Improvement and reduction
age 30-60 years old placebo- controlled, 80 mg 1x/day 1x/day CR -2.07.1); of severity of DSPN
Non-insulin-dependent single center (TCNS) 8 weeks 8 weeks PL —0.60(1.5)
Diabetes Mellitus
Brinkhaus etal. (2005) n=106 RCT, triple arms, double- IBS-related pain (VAS) Curcuma xanthorrhiza Placebo No significant difference  No significant differences
age 48+12 years blinded, parallel, placebo 60 mg 3x/day 3x/day or between arms regarding  between groups
1B ~controlled, single center 18 weeks Fumitory olerability
500mg 3x/day
18 weeks
Gomes etal. (2021) n=24 RCT, triple arm, parallel, 'VAS and WOMAC Curcuma longa 500 mg 2x/day, ~Miconia Albicans 'VAS reduction NS Herbal medicine can interfere
64+11.22 open-label, group trial, 30 days 500mg 2x/day day 0:7.25; in the pain and function of
OA single center Tbuprofen day 30: 3.88; patients with knee osteoarthritis
1200mg/day p=0.002
Hesami etal. (2021) n=128 women RCT, double-blinded, Dysmenorrhea (VAS) Curcumin 500 mg Placebo VAS change NS CR decrease pain, combination
CR: 22.11£2.09; 2X2 factorial design Curcumin+ Mefenamic acid 500mg 1x/day CR 7.1440.63 t0 5.67+0.8; is more effective
PL: 23.19+ 1.99; 500/250 mg 5 days CR+ Mefenamic acid 7.35+0.75
CR+ Mefenamic acid: 22.37 + 2.41 Mefanic acid 250 mg. to 4.86+0.1; Mefenamic acid
Mefenamic acid: 23.01 + 3.02 1x/day 7.840.92 10 6.14+0.19
Healthy women 5 days p=0.0392
Kia etal. 2021) n=50 RCT, double-blinded, Oral mucositis (NRS) Nano-micelle curcumin Placebo NRS difference NS CR is effective in preventing
age 55.96+1.10 placebo-controlled, single capsules, 80 mg 2x/day 2x/day CR5.28 +0.75; sadiotherapy- induced OM and
Post-radiation with/without head/  center 7 weeks 7 weeks PLG6.16 £2.13 decrease severity in pain
neck cancer compared to placebo
p< 0.001
Kia etal. (2020) n=57 RCT, two arms, double- OLP related pain (VAS) Nano-curcumin capsule Prednisolone VAS change NS No significant differences
CR 51.86+9.94; blinded, parallel, placebo- 80 mg 1x/day 10 mg 1x/day CR 2.69+2.89; between groups
PL 53.6748.90 years controlled, single center 4veeks 4veeks PL233+2.03
orp p= 0,001
Kuptniratsaikul etal. 2009) n=107, RCT, two-arms Knee pain on walkingand ~ Curcuma extracts 500mg 4x/day  Tbuprofen Pain on level walking CR 2.742.6;  No significant difference  CR noninferior to 1B in
CR61.448.7; single center on stairs (aumerical rating 6 weeks 400 mg 2x /day 1B20+2.3; between arms, both GI efficacy and safety for the
PL 60.0£8.4 years scale) 6 weeks p=0.2 twact mild AE weatment of knee OA
Pain on stairs
OA CR 2.5£2.2;
1B 2.5+2.60;
p=092
Kuptniratsaikul etal. 2014) n=367 RCT, two-arms, double- Knee pain (WOMAC pain Ethanolic extracts of turmeric - ITbuprofen WOMAC pain Abdominal distention CR noninferior to IB regarding
CR 603468 blinded, active controlled,  subscale) curcuminoids 75- 85% 1200 mg/day CR347+1.98; sgnificantly higherin 1B pain control and functionality,
1B 60.9%6.9 years multicenter 1500 mg 1x/day 4 weeks 1B 3.2542.11; arm w/ fewer GI side-cffects
on 4 wecks p=0018 for CR
Loprest ctal. (2022) =101 RCT, two-arms, double-blind,  Knee pain (KOOS pain Curcuminoids extract - Placcbo KOOS pain change No significant difference  CR effective for pain compared
CR 59.5040.92; placcbo- controlled, single-  subscale) curcuminoids 50% (Curcugen®)  2x /day CR11.98 (73816595 PL 5,52 between arms ©PL, but o changes in
PL 57.920.88 years center 500mg 2x/day 8 weeks (0.75-10.28); p=0.009 functionality scores
on 8 wecks
Madhu ctal. 2013) n=120 RCT, single-blind, parallel,  Knce pain (VAS) NR-INF-02 (extract from Placebo VAS change 6.6% reported AE, all of  CR showed a sutisically
PL 56.77+9.98; placebo- controlled, single- Curcuma longa Turmacin™) 400 mg 2x/day CR 19.48+17.84; them being dyspepsia significant decrease in knee
CR 56.63+10.58 years center 500mg 2x /day 42 days PL 46.03+20.84; OA pain
OA 42 days p<0.01
Maulina etal. (2018) n=90 RCT, double-blinded, Oral pain (NRS) 500 mg amoxicillin + 200 mg 500 mg amoricillin + 500 mg NRS reduction: NS Intervention group significantly
=46, m=44 parallel, single center curcumin capsule, 3x /day mefenamic acid 3x/day 1stCR -2.31, PL -1.49; less pain as control group
age 18-40 years. 24 hours 24 hours 2nd CR -4.11, PL -2.9:
Post-surgical removal of molars 3rd CR -5.87, PL -4.53; p=0.001
Nicol etal. (2015) n=19 RCT, double-blind Muscle Soreness (VAS) Curcumin Placebo Single-leg No CR supplementation priot to
age 18-39 years randomized-controlled 2.5g 2x/day for 2.5 days prior  2x/day 2.5 days prior to Post-exercise baseline 0.9 + 1.0; and following heavy eccentric
Healthy men unilateral crossover trial, o exercise, then 5 capsules exercise, then 5 capsules 24 h-bascline exercise in healthy men
single center 2x/day for 2.5 days after 2x/day for 2.5 daysafter  —0.5 £ 1.0; lowered subsequent pain
exercise exercise 48 h-baseline
—08+1.2;
24h post exercise
-1.4£1.0;
48 h-post-exercise
-1.7+1.0
Panda etal. (2018) n=50 RCT, double- blinded, placebo- Knee pain (WOMAC total  Curcuma extracts (Curene®) Placebo WOMAC pain No ‘Therapeutic efficacy and safety
age 40-75 years controlled, single center score) 500mg. 1x/day CR -19.44+3.74; PL -6.6£3.66; of CR over PLin the
oA 1x/day p<0.05 ‘management of symptoms of
OA
Raj etal. 2020) n=90 RCT, triple arm, double-blind, ~ Knee pain (VAS) Turmacin Placebo Pain scores Heartburn in 4/90 (4 in  CR (0.5 and 1 ) effectve when
Knee joint pain placebo- controlled, single 1g2x/day or 2x/day CR 1gcompared to PL -1.33+2.25; the PL. group and % in compared to PL in increasing
center 0.5g2x/day 12 weeks p=0.004; CR 1 g group) the pain threshold and knee
12 weeks CR 0.5g vs PL -1.47+1.97; ROM in healthy pardcipants
p<0.001
Shep etal. (2019) n=149 RCT, two-arms, open-labeled, ~ Knee pain (VAS) Curcumin BCM-95® - Diclofenac sodium 'VAS change Fewer Gl side effects CR similar to DI regarding
CR 53.00+4.17; active controlled, single center curcuminoids 95% 50mg 2x/day CR -5.93£0.99; CR group pain relief, but better safety
DI72.1443.76 years 500mg 3x/day 28 days p<0.01; profile
OA 28 days DI -5.61+0.88;
p<0.01
CR noninferior to paracetamol
Singhal etal. (2021) n=144 RCT, two arms, single center,  Knce pain (WOMAC pain)  turmeric extract 500mg 2x/day  Paracetamol 650 mg 3x/day  WOMAC pain 5.48% (restlessness (4.11%),  in improving the physical
£=107, m=37 non-inferiority 6 weeks 6 weeks =0.00004 tingfing sensation (1.37%)  function and alleviating pain
CR 53.1 (10.9); and stiffness of OA
PA:50.8 0.9)
OA
CR capable of alleviating
Thanawala ctal. 2021) RCT, double- blinded, placebo- Knee pain (VAS) WDTEGON (water-dispersible  Placebo capsules VAS reduction chronic knee pain.
controlled, mulicenter wrmeric extract 250mg/day, CR-15+0.7; NS
90 days PL-0.6£0.8;
p=0.0001
Curcuma was more cffective
Wangetal. 2020) =70 RCT, two arms, single center  Knee pain (VAS) Curcuma extract 2 x 500-mg Placebo VAS change No than placebo for knee pain but
=18, m=52 capsules per day, 12 weeks 2x/day 3 (298 0-17.7) did ot affect knee effusion-
mean age 61.5 years 12 wecks CR-14.6 (-20.8 t0 -8.5) synovitis.
SDCL8.5
SDPL8S =039
OA

RCT, randomized controlled tial; OA, osteoarthritis; CR, curcumin; DI, diclofenac sodium; PA, paracetamol; IB, ibuprofen; KOOS, knee injury and osteoarthritis outcome score; VAS, visual analog sale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; GI, gastro-intestinal;
NRS, numeric rating scale, NS not stated, ORL oral lichen planus, RA, Rheumatoid Arthritis; IBS, Irritble bowel syndrome; AE, Adverse effect; m, male; £, female

Table 1: Descriptive characteristics of all selected studies.
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count, OVA-specific immunoglobulin E levels, and
T-helper (Th2) cytokine expression.

Hu et al. (2017) found that the exposure of mice to
particulate matter less than 2.5 ym (PM2.5) increased
the levels of IL-6, transforming growth factor (TGF)-
B, TNF-a, and macrophage infiltration in mouse lung
tissue in a dose-dependent manner. However, in
the NAC treatment group, no considerable changes
were observed in the proinflammatory biomarkers
in the blood serum. Wang et al. (2017) showed
that following PM2.5 exposure, BAL fluid obtained
from mice showed increased IL-18, IL-6, IL-8, cy-
clooxygenase (COX)-2, and matrix metalloproteinase
(MMP)-9 expression levels. Moreover, NAC pretreat-
ment was correlated with the downregulation of in-
flammatory markers. Steerenberg et al. (2004) used
mice with natural resistance-associated macrophage
protein activity, with NAC pre-treatment, deficient
inducible nitric oxide synthase, and deficient IL-4 ex-
pression, which were co-exposed to OVA and Ottawa
dust. This experiment showed no differences in histo-
logical inflammation or immunoglobulin formation.
These conflicting results may arise from differences
in follow-up and choice of the biological sample.

Ping et al. (2019) investigated the effect of NAC on
Wistar rat models. Lung injury was induced in the
rats by exposure to PM2.5 via inhalation. The ones
exposed to particulate matter showed destruction of
the typical lung tissue architecture, increased mucus
secretion, and enhanced IL-6. In contrast, the NAC
group showed lower lung tissue injury mediated by
reduced activation of the mitogen-activated protein
kinase (MAPK) pathway. This finding seemed to
be directly related to the administered NAC dose.
This relationship was also addressed by Lin et al.
(2022), who concluded that treatment with NAC via
intratracheal spraying substantially attenuated the
recruitment of neutrophils and Ly6C monocytes into
the lung alveoli in PM2.5-exposed mice in a dose-
dependent manner.

Similarly, Wang et al. (2020) investigated ROS-
induced lung injury after exposure to PM2.5 in vivo.
They found that NAC treatment could attenuate the
accumulation of inflammatory cells, the thickening
of the alveolar walls, and the degree of lung injury
via the NOD-, LRR-, and pyrin domain-containing
protein three pathways. Liu et al. (2018) also re-
viewed the effect of particulate matter on the respira-
tory system, finding that this exposure produced a
marked increase in ROS and intercellular adhesion
molecule-1 (ICAM-1) levels, which IL-6 mediated via
the IL-6/AKT/STAT3/NF activation pathway. Fur-
thermore, they found a reduction of these markers
in cultures primed with NAC before exposure.

Zhang et al. (2018) found increased neutrophil
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counts and oxidative stress marker HO-1 levels in
mouse lung tissues exposed to fine chalk dust. More-
over, TNF-«, IL-6, TGF-$1, inducible nitric oxide
synthase, and (ICAM)-1 mRNA transcripts were el-
evated. On the other hand, NAC exposure in the
same mouse population decreased the levels of in-
flammatory markers, which was probably mediated
by decreased p38 levels and extracellular regulated
proteinase (ERK) and MAPK signaling mechanisms.
Finally, Dong et al. found a relationship between
exposure to PM2.5 and cardiovascular morbidity
and mortality. Using these data, they investigated
the histopathological effects of various inflammatory
markers in the heart tissues of mice intratracheally
exposed to particulate matter. They reported an in-
crease in ROS and intracellular free calcium levels.
They also mentioned that NAC treatment with es-
sential oils in mice markedly reduced these inflam-
matory markers. These findings suggest that NAC
treatment could tackle other organs not directly ex-
posed to inspired poor-quality air.

Discussion

Since the approval of NAC for use in humans in
1963 by the Food and Drug Administration, it has
highly contributed to human research involving res-
piratory conditions such as asthma, pneumonia, tra-
cheobronchitis, and cystic fibrosis (WHO, 2019; Hu
et al., 2017). This can be attributed to its multiple
mechanisms of action, including its antioxidant and
anti-inflammatory effects mediated by a downregu-
lation of ROS expression and its mucolytic capacity
(Zhitkovich, 2019; Carlson et al., 2018). These charac-
teristics have led to the evaluation of NAC, mainly
in animal models, as a potential modulator agent for
treating AP effects (Arias-Pérez et al., 2020).

The principal finding of this review is that NAC is
efficacious in reducing, to some extent, the inflamma-
tory effects of AP in animal models. Inflammation
measurement was done generally through the levels
of IL-6, TNF-«, and the presence of inflammatory
cells. This beneficial effect has been tested in vari-
ous respiratory conditions (e.g., influenza infection,
emphysema, and lung fibrosis) and PM2.5-induced
acute heart injury. In AP-induced lung inflamma-
tion, recent studies showed that NAC inhibits two
critical mechanisms by which air pollutants induce
an inflammatory response, the ROS-mediated activa-
tion of MAPK and nuclear factor kappa B (NF-kB)
signaling pathways (Wang et al., 2017; Ping et al,,
2019). Regarding the regulation of pro-inflammatory
cytokines, most studies assessed the BAL fluid and
lung tissue and found that NAC decreased the levels
of IL-18, IL-6, and TNF-« (Wang et al., 2015; Wang et
al., 2017; Zhang et al., 2018; Ping et al., 2019; Wang
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C. et al.,, 2020; Wang J. et al., 2020). NAC was also
beneficial in downregulating ICAM-1 expression (Liu
et al., 2018). The anti-inflammatory effects of NAC
measured by TGF-g, IL-6, and TNF-« not specified
by pathways were seen in mice BAL fluid, even after
four weeks, along with increased survival (Hu et al,,
2017).

To our knowledge, this review is the first to summa-
rize the current evidence on the association between
NAC and inflammatory markers in animal models ex-
posed to AP. The strengths of our study are as follows:
1) comprehensive search of Medline and Embase
databases, with no language or publication date fil-
ters, and 2) low variability found in the inflammatory
markers and biological samples used in the included
studies. Although very promising, the animal model
design, nature of the studies, overall poor report-
ing of methodological details, and the heterogene-
ity in the exposure type and intervention (dosage,
presentation, route of administration) exhort caution-
ary conclusions. Furthermore, because inflammatory
markers can have intercorrelated chain reactions, the
individual effect of NAC can diverge among diseases
with significant oxidant/inflammatory repercussions.
Last, the preclinical literature on animal models does
not allow for generalization to human populations
but calls for studies to confirm the mechanisms pre-
sented here.

Conclusions

In summary, NAC is a potential therapeutic drug
against inflammatory pathologies caused by AP, as
shown in preclinical animal models. However, due
to heterogeneity in inflammation surrogate biomark-
ers measurements, the diverse constituents present
in polluted air, and the degree of the AP impact
that is attributed to respiratory and cardiovascular
diseases, to discover whether NAC can produce con-
siderable anti-inflammatory responses in humans,
further studies are required, as justified by the com-
pelling findings of our current review. Therefore,
using other biomarkers such as CRP, ESR, free iron
or homocysteine, and comparison with placebo in
settings with AP are encouraged.
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