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Article Info Abstract

N-acetylcysteine (NAC) has been proposed as an adjuvant therapy for COVID-19, but evidence from ran-
BY

domized controlled trials (RCTs) remains inconclusive. This systematic review and meta-analysis evaluated

NAC’s efficacy in improving mortality and recovery/discharge rates. Additionally, molecular docking and
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molecular dynamics simulation (MDMS) studies were conducted to assess NAC’s interaction with the SARS-
CoV-2 main protease (Mpro), a key enzyme for viral replication. A systematic search identified 12 RCTs, with
11 trials (1125 patients) included in the mortality analysis. NAC significantly reduced mortality (RR=0.59,
95% CI 0.39-0.88, p=0.01; 1>=62%), indicating a 41% decreased risk of death. Six RCTs (656 patients)
showed improved recovery/discharge rates (RR=1.09, 95% CI 1.03-1.14, p=0.003; 1>=0%). MDMS studies
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demonstrated stable NAC binding at the Mpro catalytic site, interacting with His41 and Cys145, crucial for
enzymatic activity. These findings suggest NAC significantly improves clinical outcomes in COVID-19 and
may inhibit viral replication by targeting Mpro. This integrated evidence substantiates NAC’s potential as a

critical adjuvant therapy.
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1. Introduction

Ever since its emergence, the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) causing corona-
virus disease 2019 (COVID-19), has impacted millions
of deaths. Globally, a total of 768,983,095 confirmed CO-
VID-19 cases including 352,943 newly reported ones in
the past week are reported to the World Health Organiza-
tion (WHO), of which 6,953,743 are the number of deaths
as of 2" August 2023.[1]

Being called the ‘Achilles Heel” of the virus, the SARS-
CoV-2 main protease (MP™), a vital enzyme for viral repli-

cation has been proposed to be one of the most attractive
targets for anti-viral agents against SARS-CoV-2.[2-4]
COVID-19 is characterized by hyper-inflammatory cyto-
kine storm, oxidant-antioxidant dyshomeostasis, immu-
nopathogenic injury, and organ dysfunction causing in-
creased deaths.[5—8] To combat the COVID-19 epidemic,
the scientific community across the world has demonstra-
ted great efforts towards novel medication and adjuvant
therapies involving anti-inflammatory and anti-oxidant
compounds.[9-11]

N-acetylcysteine (NAC), a precursor for cellular gluta-

x Corresponding author.
E-mail address: lifeschemistry@live.com (S. R. Varikasuvu).
Doi: http://dx.doi.org/10.14715/cmb/2025.71.5.13

95



COVID-19 and NAC (CoViNAC study).

Cell. Mol. Biol. 2025, 71(5): 95-102

thione levels shown to exhibit antioxidant and anti-inflam-
matory properties is routinely used for treating acetami-
nophen overdose. As a mucolytic for chronic respiratory
diseases, NAC has been demonstrated to improve immu-
nity, reduce pro-inflammation, and inhibit viral replication.
[12—14] The use of NAC as an adjuvant treatment for CO-
VID-19 has been hypothesized and confirmed in several
case series.[15—18] While there is a strong evidence in the
form of observational cohort studies on the role of NAC in
improving COVID-19 outcomes, quality evidence through
randomized controlled trials (RCTs) and a meta-analysis
of RCTs is still required.[19-23] Many of the registered
trials are active and yet to be completed, there is a greater
need for clinical evidence synthesis based on the available
RCTs using NAC treatment in COVID-19. Therefore, we
aim to conduct this systematic review with a comprehen-
sive meta-analysis of RCTs addressing the efficacy of
NAC treatment mainly in relationship to COVID-19 mor-
tality and recovery/discharge outcomes. Further, we for-
mulated and tested the hypothesis that NAC might interact
and influence the catalytic site of MP® involved in viral
replication, using molecular docking and molecular simu-
lation (MDMS) studies.

2. Material and methods

This systematic review and meta-analysis was conduc-
ted and reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRIS-
MA).[24] The protocol as NACOVID-study was registe-
red on PROSPERO: CRD42022308776. Grading of Re-
commendations Assessment, Development, and Evalua-
tion (GRADE) methodology based on domains including
‘study design’, ‘risk of bias’, ‘inconsistency’, ‘indirect-
ness’, and ‘imprecision’ was used to assess the certainty of
evidence (GRADEpro, Version 20. McMaster University,
2014).[25]

2.1. Literature search strategy and study selection

The literature search was conducted with no lan-
guage restrictions using PubMed/MEDLINE, Cochrane
Library, EMBASE, Web of Science, WHO, and Clini-
calTrials.gov from inception. Literature search was la-
test updated on December 23, 2024. The search strategy
included both the MeSH and broad text-word search
terms: ("acetylcysteine"[Supplementary Concept] OR
"acetylcysteine"[All Fields] OR "n acetylcysteine"[All
Fields] OR "acetylcysteine"[MeSH Terms]) AND ("covid
19"[All Fields] OR "covid 19"[MeSH Terms] OR "covid
19 vaccines"[All Fields] OR "covid 19 vaccines"[MeSH
Terms] OR "covid 19 serotherapy"[All Fields] OR "co-
vid 19 nucleic acid testing"[All Fields] OR "covid 19
nucleic acid testing"[MeSH Terms] OR "covid 19 sero-
logical testing"[All Fields] OR "covid 19 serological
testing"[MeSH Terms] OR "covid 19 testing"[All Fields]
OR "covid 19 testing"[MeSH Terms] OR "sars cov
2"[All Fields] OR "sars cov 2"[MeSH Terms] OR "severe
acute respiratory syndrome coronavirus 2"[All Fields]
OR "ncov"[All Fields] OR "2019 ncov"[All Fields] OR
(("coronavirus"[MeSH Terms] OR "coronavirus"[All
Fields] OR "cov"[All Fields])). The other terms used
for SARS-CoV-2/COVID-19 are Coronavirus and 2019-
nCoV Disease. The bibliographies of published articles
were also hand-searched manually for additional studies.

The inclusion criteria as per the PICO (participants,

intervention, comparator, and outcomes) approach were:
(1) RCTs comparing supplementation of NAC to place-
bo/control in COVID-19; (2) RCTs reporting the use of
NAC supplementation on one or more of the following
clinical outcomes (as defined by the authors as primary
or secondary); need for the ICU admission, need for inva-
sive mechanical ventilation, mortality events, recovery/di-
scharge rates and any adverse events related to NAC sup-
plementation. No pre-specified limitations were applied
for dose, route, and type of NAC supplementation. The
exclusion criteria were: (1) studies with no control/com-
parator group; and (2) study types other than RCTs such
as observational studies and trial protocols. In the case of
duplicate articles, only a recent report with all relevant
information was included. The literature search and study
selection were independently done by two reviewers, and
in case of any discrepancy, the corresponding authors were
contacted for additional information.

2.2. Data extraction and risk of bias assessment

The information extracted from eligible RCTs include:
first author names, study country and setting, sample sizes,
randomization, blinding, NAC form and dose, and number
of events for clinical outcomes (need for ICU admission,
invasive mechanical ventilation, mortality, and recovery/
discharge events) in treatment and comparator groups.
Two investigators (S.R.V. and S.K.) independently extrac-
ted the data and assessed the quality for potential risks of
bias (RoB) in the RCTs using the Cochrane RoB 2.0 tool
[26]. Each study was rated as having either ‘low risk’,
‘high risk’, or ‘some concerns’. Any discrepancies were
resolved upon discussion with professor-level investiga-
tors (S.V. and P.G.).

2.3. Data analysis

For this random-effects meta-analysis of RCTs, the
intention-to-treat population was used to report the effect
sizes as risk ratio (RR) with 95% CI for the dichotomous
clinical outcomes such as need for ICU admission, mecha-
nical ventilation, mortality and recovery events between
treated and control groups. The overall effect size for RR
was presented Z-score. A Z-score with a p-value of <0.05
was considered statistically significant. The between-stu-
dy heterogeneity was examined by the I? statistics and the
values >50% were considered to indicate a high degree
of heterogeneity [27]. We assessed publication bias by
visual inspection of the funnel plot, and by the Begg’s and
Egger’s regression tests for the mortality outcome. The
sub-group analysis was conducted based on route of NAC
supplementation. The sensitivity analysis was performed
by leaving out one study at a time. The methodology of
MDMS studies of NAC with MP is detailed in the Sup-
plementary material; Appendix 1.

3. Results

We reviewed 402 articles for eligibility, identifying 14
potential studies for inclusion. However, two of these stu-
dies were excluded as they were not RCTs) [28,29]. There-
fore, a total of 12 RCTs were included in the final analysis
[30—41]. The PRISMA flow diagram is presented in Fig.
1. Of these, all are registered clinical trials; one is mul-
ticentric [33], seven are single-center trials, one is open-
labeled [34], two are single-blinded [32,35], and four are
double-blinded [30,31,36,37]. One study reported two
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Fig. 1. The PRISMA flow diagram of this meta-analysis.
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Fig. 2. The Risk of bias assessment of included studies.
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observations as an open-label phase-2 and also a double-
blinded phase-3 trial on two separate patient cohorts [30].
NAC treatment was compared to placebo in six studies
[30,31,33,35-37], and standard treatment alone with no
placebo information in two other studies [32,34]. While
the allocation ratios were 3:1 in two studies [30,33], all
other studies reported an allocation ratio of 1:1. The cri-
teria for inclusion and exclusion, study settings, partici-
pant characteristics and treatment strategies, NAC form,
dosage, and route of supplementation, reported adverse
events and various other study characteristics are pres-
ented in Supplementary Appendix 2. All the studies enrol-
led adult COVID-19 patients aged >18 years with a mini-
mum mean age of 35y to a maximum of 68.5 y across
the individual studies. While COVID-19 diagnosis was
done in six of the trials by laboratory RT-PCR confirma-
tion [30,32-36], no RT-PCR information was available in
one trial [37], whereas both suspected and confirmed cases
were enrolled in one trial [31]. COVID-19 was reported to
be symptomatic mild-moderate in three trials [30,34,36],
and severe in the remaining five trials [31-33,35,37]. The
route of NAC supplementation was oral in four studies

[30,38,39,41], and inhalational in two studies [32,34].
Whereas the remaining six trials used intravenous NAC
[31,33,35-37,40], of which one trial used dendrimer-NAC
conjugate nanotherapy [33]. Of the 12 trials, the overall
ROB was assessed to be low in 6 trials, while others were
assessed to have some concerns as shown in Fig. 2.

3.1. Meta-analysis

The pooled evidence (Fig. 3) from 11 RCTs [31-41]
indicated a decreased mortality rate in the NAC interven-
tion group (90/564 = 15.9%) than in the comparator group
(166/561 = 29.5%). This between-group difference in the
mortality outcome was statistically significant (11 RCTs,
RR=0.59, p=0.01, I>=62%). The results exploring reasons
for heterogeneity through sub-group and sensitivity ana-
lyses are presented in Fig. 4, and Fig. 5, respectively. The
funnel plot analysis (Fig. 6.) with Begg’s (p = 0.05) and
Egger’s tests (p = 0.11) on the mortality outcome indicated
no significant publication bias.

With a statistically significant difference (six observa-
tions from 5 RCTs [30,33,36,37,38], RR = 1.09, p=0.003,
Fig. 7), the recovery/discharge rate was higher (374/436 =
85.7%) in the NAC intervention group than in the compa-
rator group (145/220 = 65.9%), with no significant hete-
rogeneity (I> = 0%). The GRADE assessment of certainty
of evidence for all the outcomes is presented in Table 1.
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Fig. 3. The Forest plot for the mortality outcome between NAC and
control groups.
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Fig. 4. The sub-group analysis based on the route of NAC supple-

mentation.
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Fig. 5. A one-study-leave-out sensitivity analysis.
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Fig. 7. The Forest plot for the Recovery/Discharge outcome between
NAC and Control groups.

The certainty of evidence for the mortality outcome was
assessed to be ‘moderate’ due to serious inconsistency,
whereas the certainty of evidence for recovery/discharge
outcome was assessed as ‘low’ due to serious imprecision
and strongly suspected publication bias.

3.2. Molecular docking and dynamic simulations

As depicted in Fig. 8, NAC showed stable interactions
at the catalytic site of MP®, suggesting its possible thera-
peutic role in affecting the enzyme required for viral repli-
cation. The results of MDMS studies are described in the
supplementary Appendix 1.

4. Discussion

This meta-analysis of randomized controlled trials
(RCTs) reveals noteworthy improvements in clinical out-
comes such as mortality and recovery/discharge rates,
among COVID-19 patients who received N-acetylcysteine
(NAC) as an adjunct to standard treatment, in comparison
to those in the placebo/comparator group.

The collective evidence from 11 RCTs [31-41] indica-
ted a significantly lower mortality risk in the NAC-treated
group as compared to the comparator group (RR=0.59,
p=0.01), however with a significant between-study hete-
rogeneity (I>=62%, p=0.003). We speculate that this high
heterogeneity could be due to different routes of NAC
administration. Accordingly, the sub-group analysis indi-
cated that the route of NAC intervention (intravenous or
inhalation or oral) is the main source of moderate hete-
rogeneity observed (I>=62%). Two studies [32,34] using
inhalational NAC are the source of heterogeneity. A repea-
ted meta-analysis combining these two studies yielded an
I? value of 95%, and a statistically non-significant RR of
0.28 (95% CI: 0.03-2.99, p=0.29). The sub-group meta-
analysis including three studies [38,39,41] using oral
NAC, showed no statistically significant difference in RR
for the mortality outcome (RR=0.30, 95% CI: 0.07-1.30,

=
)
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o Charged (negative) Pl
) Charged (positie) @ Unspecified residue -
Glycine Waber -
Hydrophobic Hgdration ske —  Metal coordination
o Hetal X Hydration ske (deplwed) * PR stacking

Fig. 8. The molecular docking and dynamics simulation of Mpro with
NAC. (A). The superimposed structures depict the molecular inte-
ractions of Mpro (cyan) with NAC (blue) after the docking process
and the interactions of Mpro (red) with NAC (green) after conducting
molecular dynamics (MD) simulations. The root mean square devia-
tion (RMSD) values of the post-docking and dynamics simulation for
Mpro are 2.96 A and for NAC, are 3.86 A. (B). The active site of the
Mpro with NAC (C). Post-docking interactions (D). Post-dynamics
simulations interactions

p=0.11), with no heterogeneity (I>=0%). Notably, the sub-
group meta-analysis including six studies using intrave-
nous NAC [31,33,35-37,40], showed a statistically signi-
ficant mortality reduction in NAC group (RR=0.76, 95%
CIL: 0.59-0.99, p=0.04), with no heterogeneity (I1>=0%).
These findings collectively suggest that, while the studies
in the inhalational NAC subgroup are significant contri-
butors to the observed heterogeneity, intravenous route of
NAC intervention was found to be effective in reducing
mortality.

The sensitivity analysis (Fig. 5) revealed that excluding
the study by Panahi et al. [34] reduced the overall I> for
heterogeneity from 62% to 0%, indicating that this study
was the primary contributor to the observed heterogeneity.
Therefore, we further examined the forest plot to assess
study weight distributions and various characteristics
of Panahi et al.'s study [34] that might have influenced
heterogeneity and the overall outcome. As shown in the
forest plot (Fig. 2), this study was assigned a weight of
9%, which falls within the midrange compared to other
studies. A closer inspection of the forest plot revealed a
substantially higher number of events in the control arm
(49/125) compared to the intervention arm (4/125), which
likely contributed to the heterogeneity. Although Panahi et
al.'s study [34] was the primary source of heterogeneity, its
exclusion did not alter the overall pooled outcome (RR =
0.79, 95% CI = 0.64—0.98). Moreover, the statistical signi-
ficance for mortality (P = 0.03) was retained even after
excluding this study, demonstrating the robustness of the
meta-analysis.
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Table 1. The GRADE assessment of certainty of evidence

Certainty assessment

Summary of findings

. Overall Study event rates (%) . Anticipated absolute effects
Participants Risk of Publication certainty With Relative Risk Risk diff
(studies) . Inconsistency Indirectness Imprecision . With it effect {s 1's Herence
bias bias of NAC and o with with NAC and
Follow-up . placebo 95% CI)
evidence COVID-19 placebo COVID-19
Mortality
1125 not serious serious® not serious not serious none ©00 O 166/561 00/564 I({()R 3(9)?(? 166/561 l(zf:ofli“i%l;)ple\;v:},rot(z)o
a 0, 0 : 0,
(11 RCTs) Moderate®  (29.6%) (16.0%) 0.88) (29.6%) 36 fewer)
Recovery/Discharge
publication
636 not serious  not serious not serious serious® bias ©d00 145220 374/436 1(111102309 145/220 (??ogglgrll)lgel;g%%
(5 RCTs) strongly Low®¢ (65.9%) (85.8%) ' (65.9%)
1.14) more)
suspected®

CI: confidence interval; RR: risk ratio
Explanations

a. I-squared value of 62%. The main source of heterogeneity is coming from studies using Inhalational NAC, particularly a study by

Panahi et al., which contributes to the heterogeneity.
b. the lower level of 95% ClI is 1.03, which is very close to the line of no effect

c. The Begg's test and Egger's test for funnel plot asymmetry show statistically significant p-values of 0.03 and 0.04, respectively.
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We conducted a detailed analysis of study characte-
ristics to identify potential contributors to heterogeneity
and overall outcomes. Clinical heterogeneity due to CO-
VID-19 severity, variations in standard treatments, morta-
lity events, and NAC dosage/forms could not be ruled out.
Among studies using intravenous NAC, dosing and formu-
lation varied across severe and mild-moderate COVID-19
cohorts. Standard treatment protocols and mortality rates
also differed. Two studies reported similar mortality rates
between NAC and control groups [31,37]. Notably, a re-
cent study using dendrimer-NAC nanotherapy improved
clinical outcomes (mechanical ventilation or death up to 60
days) in severe COVID-19 [33], possibly due to enhanced
NAC bioavailability, overcoming its sulthydryl group bin-
ding limitations [42,43]. For NAC inhalation therapy, one
study [34] found a significant mortality reduction despite
higher age in the NAC group, whereas another [32] re-
ported no effect, potentially due to all patients being on
mechanical ventilation. NAC inhalation primarily acts as a
mucolytic in the lower respiratory tract, while other routes
provide antioxidant effects. Additionally, it has been lin-
ked to improved oxidative balance [44,45], better venti-
latory function, higher SpO., and reduced lung damage in
COVID-19 patients [28,34].

The overall findings of this meta-analysis support the
beneficial role of NAC as an adjuvant therapy in reducing
mortality, further reinforced by the significantly higher re-
covery/discharge rates in NAC-treated COVID-19 patients
compared to the control group. Evidence from six obser-
vations across five RCTs [30,33,36-38] demonstrated a
significantly higher recovery/discharge rate (P = 0.003)
in the NAC group, with no significant heterogeneity (I
= 0%). Notably, this meta-analysis excludes RCTs using
inhalational NAC [32,34] but includes a study evaluating
oral NAC combined with metabolic activators (L-serine,
L-carnitine, and nicotinamide riboside) [30].

The literature extensively describes NAC as a safe pre-
cursor for restoring cellular GSH levels, enhancing T-lym-
phocyte response, modulating inflammatory pathways,
and protecting cells. Its therapeutic potential in blocking
nuclear factor kappa-light-chain-enhancer of B cells (NF-
kB) activation, mitigating cytokine storms, and allevia-
ting respiratory distress in COVID-19 has been reported
[17,34,36]. Additionally, as an NF-kB inhibitor, NAC ex-
hibits antiviral properties by preventing RNA virus repli-
cation, including SARS-CoV-2 [33,46]. Considering the
promising findings of our meta-analysis and evidence that
SARS-CoV-2 main protease (Mpro), essential for viral
replication, could be a potential NAC target, we conduc-
ted molecular docking and dynamic simulations (Supple-
mentary Material). The results revealed stable hydrogen
bond formations and van der Waals interactions (VdWi)
between NAC and key amino acids of Mpro. Notably, af-
ter MD simulations, NAC maintained stable interactions
with key residues across all five catalytic sub-pockets, in-
cluding His41 and Cys145, which form the catalytic dyad
of Mpro. Additionally, since nucleophilic water mainte-
nance by His164 and Aspl87 is crucial for zwitter acti-
vation and resetting of the catalytic dyad (Cys145-His41)
[4], NAC’s water-mediated interactions with His41 and
VdWi with His164 suggest its potential to bind Mpro and
interfere with viral replication. Furthermore, NAC’s favo-
rable safety profile, with no serious adverse effects, may
be attributed to the absence of Mpro homologs in humans,

minimizing interactions with human proteases and redu-
cing the likelihood of side effects.

This study uniquely integrates a comprehensive meta-
analysis with molecular docking and dynamic simulations
of NAC with Mpro. However, certain limitations exist.
While heterogeneity was addressed through subgroup
and sensitivity analyses, clinical variability in COVID-19
severity, comorbidities, sample sizes, study settings, ran-
domization, blinding, data collection, and treatment pro-
tocols remains an inherent factor. Notably, none of the
included trials reported significant loss to follow-up or
severe adverse events related to NAC supplementation
(Supplementary Appendix 1). This, along with NAC’s
favorable safety profile, reinforces its potential as a well-
tolerated intervention.

In summary, this meta-analysis demonstrated that ad-
ding N-acetylcysteine (NAC) to standard treatment impro-
ved both mortality and recovery/discharge rates in CO-
VID-19 patients. These findings are further supported by
molecular docking and simulation studies, which highlight
NAC’s potential to target key residues in the catalytic site
of Mpro (Cys145 and His41) and influence its activation
(Cys145-His41) and resetting (His164). However, given
the variability and limited number of trials across oral,
intravenous, and inhalational NAC therapies, further well-
designed studies with larger sample sizes are warranted.
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