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Abstract

Aim of the study: N-acetylcysteine (NAC) is the treatment of choice for acetaminophen-induced liver injury. 
However, recent years have witnessed growing interest in its role in the treatment of acute liver failure (ALF) 
due to other aetiologies. This study aims to determine both its safety and efficacy by pooling data from multiple 
studies.

Material and methods: A  search was conducted for all controlled randomized/non-randomized studies that 
measured the efficacy and safety of NAC in adult patients with non-acetaminophen-induced acute liver failure 
(NAI-ALF). Transplant-free survival (TFS) was considered the primary endpoint, while secondary endpoints such 
as length of hospital stay, and incidence of adverse events during treatment, were included in our analysis. Data 
were pooled via a random-effects model, I2 was used as a measure of heterogeneity, and publication bias was 
assessed via a funnel plot.

Results: A total of 3 studies [2 randomized controlled trials (RCTs) and 1 non-randomized cohort] were pooled 
in this meta-analysis. TFS was significantly higher in patients given NAC, when compared to the placebo/control 
(PBO) group (RR = 1.54, CI = 1.19-1.98, p = 0.01, I2 = 0.0%). No secondary endpoint was observed to have 
improved significantly in patients prescribed NAC: length of hospital stay (SMD = –0.405, CI = –1.44-0.63,  
p = 0.445, I2 = 91.1%), renal failure (RR = 1.01, CI = 0.65-1.57, p = 0.967, I2 = 21.3%), infections (RR = 1.18, 
CI = 0.91-1.52, p = 0.208, I2 = 2.3%), pulmonary failure (RR = 1.19, CI = 0.57-2.49, p = 0.649, I2 = 84.6%). 
Minimal side effects were reported in around 10-14% of the patients prescribed NAC.

Conclusions: NAC was shown to significantly improve TFS in adult patients with NAI-ALF, while no significant 
benefit was observed concerning the secondary endpoints of length of hospital stay and incidence of adverse 
effects. 
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Introduction

Acute liver failure (ALF) is a relatively rare life-threat-
ening condition with an annual incidence of around  
80.2 people/million in East-Asian countries such as Tai-
wan [1]. The aetiology of ALF is strongly influenced by 
geographic and ethnic determinants, and comprises a host 

of factors ranging from viruses to alcohol and even tox-
ins. While acetaminophen overdose remains the primary 
cause of ALF in developed countries such as the USA, viral 
hepatitis (particularly hepatitis E) is a far more common 
aetiology in South Asian countries such as Pakistan [2]. 

Given that ALF has no specific treatments, the 
management is primarily dependent on the case sever-
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ity. Initial management comprises mainly treatment to 
address the cause of ALF in tandem with supportive 
care, while liver transplant may be considered down 
the line with progressing disease severity. In most cas-
es, pharmacological therapy is usually ineffective as 
extensive liver damage reduces drug efficacy, thereby 
accounting for the treatment resistance observed in 
this disease. That being said, medication such as nucle-
oside analogues for hepatitis B and corticosteroids for 
autoimmune ALF, given before the onset of severe liver 
damage, have been proven effective in recovery [3, 4]. 

N-acetylcysteine (NAC), a derivative of the amino 
acid cysteine, is a well-known antidote for acetamino-
phen poisoning. It increases glutathione levels in the 
body, thereby helping neutralize the products of acet-
aminophen catabolism [3-5]. However, in recent years 
the role of NAC in treating non-acetaminophen-in-
duced (NAI) ALF has become an area of interest, and 
several studies have been conducted to evaluate its 
safety and effectiveness [6].

A meta-analysis conducted in 2015 by Hu et al. ex-
amined both the safety and efficacy of acetylcysteine in 
patients with NAI-ALF. They included a total of 4 stud-
ies in their meta-analysis, of which 3 were randomized 
controlled trials (RCTs) and 1 was a prospective cohort 
study with historical controls. Of the aforementioned 
studies, 2 were conducted on a paediatric population 
while the others exclusively had adult participants. No 
significant differences between the NAC and placebo 
(PBO) groups were observed in the primary outcome of  
overall survival (RR = 1.16, CI = 0.81-1.67, p = 0.42).  
On the other hand, the secondary outcomes of 
transplant-free survival (RR = 1.61, CI = 1.11-2.34,  
p = 0.01) and post-transplant survival (RR = 2.44,  
CI = 1.11-5.37, p = 0.03) of the NAC group showed 
marked improvement when compared to the PBO 
group. However, as the study population included both 
adult and paediatric age groups, which differ consid-
erably in their physiology, no definite conclusions re-
garding the use of NAC can be drawn from this study.

Since then, the results of 2 new studies by Nabi et al.  
and Darweesh et al. have been published. Both trials 
were exclusively conducted on adult participants, and 
measured transplant-free survival as their primary 
outcome. Various secondary outcomes were also in-
vestigated such as length of hospital stay, overall sur-
vival, adverse effects during the course of the disease, 
and side effects due to treatment. 

This new evidence coupled with the ambigui-
ty regarding the role of NAC in managing adult pa-
tients with NAI-ALF necessitates a  re-evaluation of 
its efficacy in the context of this patient demographic.  

The aim of this study is to bridge this gap by evalu-
ating the mortality benefit of NAC in adult NAI-ALF 
patients who have not undergone transplant, and to 
assess its effect on disease course including system fail-
ure, length of hospital stay and overall survival. 

Material and methods

A protocol for this study was designed and submit-
ted for registration on PROSPERO (CRD42020163877) 
in January 2020, and the review was conducted in ac-
cordance with the PRISMA statement for meta-analy-
sis and systematic reviews-2009 [7].

Search criteria

An exhaustive literature search of the following da-
tabases was conducted: PubMed, Cochrane Library, 
Google Scholar, Clinicaltrials.gov and TRIP database 
(Turning Research into Practice). All prospective 
studies including non-RCTs, RCTs and cohort studies 
published between 1st January 2000 and 1st October 
2020 with full-text articles available in English were 
included. The search and screening were conducted 
independently by 2 reviewers, with a  third one be-
ing consulted in case of any disagreements. A search 
string was constructed using the following key terms: 
“N-acetylcysteine”, “acetylcysteine”, “acetaminophen”, 
“paracetamol”, “acute liver failure”, “liver failure”, 
“acute”, “ALF”, “transplant free survival” (a  detailed 
search strategy is available in the supplement). 

Inclusion and exclusion criteria

The population of the studies selected for meta- 
analysis included patients over the age of 18, diagnosed 
with NAI-ALF as defined by the American Association 
for the Study of Liver Diseases based on the presence 
of clinical signs of coagulopathy [international normal-
ized ratio (INR) ≥ 1.5] and encephalopathy that present 
within 26 weeks of the initial symptoms, in the absence 
of a  pre-existing liver condition [8]. The intervention 
could be either oral or intravenous N-acetylcysteine, 
while the control was supportive treatment with or 
without a placebo. 

Studies conducted on paediatric patients and those 
that did not measure transplant-free survival as an out-
come were excluded from further analysis. Moreover, all 
uncontrolled trials, case reports and case series, abstracts, 
reviews, editorials, conference proceedings, open label  
trials and those with insufficient information regarding the 
study design and outcomes were also excluded.
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Primary and secondary outcomes

The primary outcome of transplant-free surviv-
al was assessed as the proportion of the cohort that 
survived until the end of the specified study period 
without requiring a liver transplant. Multiple second-
ary endpoints such as the length of hospital stay and 
occurrence of adverse events (including renal failure, 
pulmonary failure, and infections) during treatment 
were also evaluated. Contrary to a previously conduct-
ed meta-analysis, overall survival was not included as 
a secondary endpoint as most of the included studies 
lacked information pertinent to transplants (such as 
transplantation rates and post-transplant survival).

Data extraction and risk of bias analysis

A standardized questionnaire was used to extract 
the relevant data required to conduct the systematic 
review and meta-analysis such as year of study, loca-
tion, primary author, population size, demographic 
and clinical characteristics, details of intervention and 
control/supportive treatment, primary and secondary 
outcomes, and side-effects. The risk of bias of indi-
vidual studies was evaluated using the Cochrane risk 
of bias tool (CRoBT) [9] for RCTs, and the modified 
Newcastle-Ottawa Scale (N-OS) [10] for non-random-
ized cohort studies. 

Effect measures and statistical analysis

The Mantel-Haenszel random-effects model was 
chosen to pool data for meta-analysis. Risk ratios and 

Cohen’s d with their 95% confidence intervals were the 
respective effect measures used to compare categorical 
and continuous outcomes between studies. Forest plots 
were also made for all measured endpoints. Study het-
erogeneity was determined using the I2 method, and 
clinical heterogeneity expected between studies could 
be attributed to the variations in aetiologies of liver in-
jury, degrees of encephalopathy, demographic factors 
such as age; and lifestyle factors based on cultural and 
geographical determinants. Moreover, publication bias 
was assessed using funnel plots and Harbord-Egger 
analysis. 

Results

Our search identified a  total of 2 RCTs [11, 12] 
and 2 prospective cohort studies [13, 14] that met our 
screening criteria for qualitative synthesis (Fig. 1).  
However, only 3 of these were included in the meta- 
analysis, with the study by Darweesh et al. being  
excluded as it included patients diagnosed with ALF in 
the absence of clinical signs of encephalopathy. 

Table 1 shows a summary of basic study character-
istics, while patient demographics along with relevant 
baseline clinical parameters and drug side-effects for 
each study are documented in Table 2. Demographic 
factors such as age and gender did not vary significant-
ly between the NAC and PBO groups, enabling fair 
comparisons to be made. All studies excluded patients 
with prior history of liver disease. However, the use of 
biopsy to exclude acute-on-chronic liver disease was 
not documented in any study.

Table 3 shows an aetiology wise breakdown of 
each study population. With the exception of Mum-
taz et al. (concerning patients with hepatitis D super-
infection-induced ALF), no significant differences 
between the frequencies of NAC and PBO popula-
tions were reported, with reference to any given ae-
tiology. Data concerning aetiology-wise posttreat-
ment transplant-free survival (TFS) outcomes were 
only reported by Nabi et al. and Lee et al. Nabi et al. 
reported significantly higher TFS in NAC patients 
with non-acetaminophen drug-induced liver fail-
ure (DILF) compared to their placebo counterparts. 
Moreover, Lee et al. reported that compared to their 
PBO counterparts, NAC patients with drug-induced 
or hepatitis B-induced acute liver failure had better 
overall survival and TFS than those with auto-im-
mune or indeterminant ALF. 

The results of the quality assessment of the studies, 
conducted using the CRoBT and N-OS, are shown in 
Supplementary Tables 1-2. The RCT by Lee et al. was 
of good quality with low risk of bias (RoB) in almost 

Records identified through 
database searching (n = 1221)

Additional records identified 
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Full-text articles excluded, 
with reasons (n = 4)
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Fig. 1. PRISMA diagram showing results of the search strategy employed
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all categories, while the RoB in the study by Nabi et al. 
was generally unclear. On the other hand, the Newcas-
tle-Ottawa Scale showed that both cohort studies had 
a low RoB. 

Our pooled analysis showed that N-acetylcysteine 
significantly improved our primary endpoint of TFS 
(RR = 1.54, CI = 1.19-1.98, p = 0.01, I2 = 0.0%) when 
compared to placebo (Fig. 2). However, N-acetylcyste-
ine was not shown to significantly influence any of our 
secondary endpoints, which included length of hos-
pital stay (SMD = –0.405, CI = –1.44-0.63, p = 0.445,  
I2 = 91.1%) (Fig. 3), and incidence of adverse events 
during the course of treatment (Fig. 4). 

While Nabi et al. found an inverse positive cor-
relation between length of hospital stay and use of 
NAC (NAC = 8.2 ±2.1 days, PBO = 10.7 ±3.1 days,  
p = 0.002), such findings were reported by neither 
Mumtaz et al. (NAC = 9.4 ±7.26 days, PBO = 8.39 ±9.55,  

p = 0.56) nor Lee et al. (NAC = 9 days, PBO = 13 days, 
p = 0.056).

With reference to these adverse events, none 
were significantly affected by the administration of 
NAC (renal failure – RR = 1.01, CI = 0.65-1.57, p = 
0.967, I2 = 21.3%, incidence of infections – RR = 1.18,  
CI = 0.91-1.52, p = 0.208, I2 = 2.3%, pulmonary fail-
ure – RR = 1.19, CI = 0.57-2.49, p = 0.649, I2 = 84.6%). 
Regarding the safety of NAC, most studies reported 
side-effects in only a minority of the cohort (Table 2).  
Moreover, depending on the study there was con-
siderable variability in the incidence of side effects 
between control and intervention groups (Table 2). 
The reported side-effects, however, were generally 
not a major cause of concern, being limited to nau-
sea, vomiting, fever, allergic reactions, dyspepsia, and 
rash. The trial conducted by Darweesh et al. was a no-
table exception in this regard as 96.4% of the enrolled 

Study 		  Events	 Events	    % 
ID	 RR (95% CI) 	 N-acetylcysteine 	 Placebo 	 Weight

Mumtaz	 1.72 (0.97, 3.04)	 22/47	 12/44	 19.80

Lee	 1.45 (0.95, 2.23)	 32/81	 25/92	 34.96

Nabi	 1.53 (1.05, 2.23)	 29/40	 19/40	 45.24

Overall (I2 = 0.0%, p = 0.901) 	 1.54 (1.19, 1.98)	 83/168	 56/176	 100.00

Note. Weights are from random effects analysis. 

	 0.329 	 1	 3.04
	 Favours placebo		  Favours N-acetylcysteine

Study 		  % 
ID	        	 SMD (95% CI)	 Weight

Mumtaz	 0.12 (–0.29, 0.53) 	 50.52

Nabi 	 –0.94 (–1.40, –0.48) 	 49.48

Overall 
(I2 = 91.1%, p = 0.001)	 –0.41 (–1.44, 0.63) 	 100.00

Note. Weights are from random effects analysis. 

	 –1.44	 0	 1.44
	 Favours placebo		  Favours N-acetylcysteine

Fig. 2. Comparison of the primary outcome (transplant-free survival) between NAC and PBO groups

Fig. 3. Comparison of length of hospital stay between NAC and PBO groups
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patients suffered from prolonged cholestasis, which 
the authors attributed to NAC administration. 

A funnel plot was made to evaluate the risk of bias 
across studies (Fig. 5) and Harbord’s modified test 
for small study effects was performed, with no sig-
nificant bias, across studies, being found (bias = 1.08,  
CI = –13.6-14.7, p = 0.521). 

Discussion

Results of the meta-analysis revealed that adminis-
tration of NAC significantly improved the TFS in NAI-
ALF patients. This was found to be consistent with 
both a  previously conducted meta-analysis by Hu et 
al. and the individual findings of the included studies. 

Study 		  Events 	  Events	     % 
ID	 RR (95% CI)     N-acetylcysteine    Placebo   Weight

Mumtaz	 1.06 (0.71, 1.59)	 25/47	 22/44	 39.32

Lee	 1.59 (0.97, 2.60)	 28/81	 20/92	 26.33

Nabi	 1.05 (0.68, 1.61)	 21/40	 20/40	 34.35

Overall (I2 = 2.3%, p = 0.359) 	 1.18 (0.91, 1.52)	 74/168	 62/176	 100.00

Note. Weights are from random effects analysis. 

	 0.385	 1	     2.6
Favours N-acetylcysteine	 Favours placebo

Fig. 4. Comparison of adverse events between NAC and PBO groups during treatment. A) Incidence of renal failure, B) incidence of infections, C) incidence od 
renal failure  

Study 		   Events 	  Events	       % 
ID	 RR (95% CI)     N-acetylcysteine    Placebo   Weight

Mumtaz	 0.77 (0.35, 1.67)	 9/47	 11/44	 26.17

Lee	 1.33 (0.83, 2.13)	 27/81	 23/92	 54.59

Nabi	 0.67 (0.26, 1.70)	 6/40	 9/40	 19.24

Overall (I2 = 21.3%, p = 0.281)	 1.01 (0.65, 1.57)	 42/168	 43/176	 100.00

Note. Weights are from random effects analysis. 

	 0.262	 1	 3.82
	 Favours N-acetylcysteine		  Favours placebo

Study 		  Events	  Events	       % 
ID	 RR (95% CI)     N-acetylcysteine    Placebo   Weight

Mumtaz	 2.11 (1.38, 3.21)	 36/47	 16/44	 38.66

Lee	 0.84 (0.64, 1.11)	 40/81	 54/92	 41.58

Nabi	 0.80 (0.23, 2.76)	 4/40	 5/40	 19.77

Overall (I2 = 84.6%, p = 0.002)	 1.19 (0.57, 2.49)	 80/168	 75/176	 100.00

Note. Weights are from random effects analysis. 

             	 0.232	  1	 4.32
	 Favours N-acetylcysteine		  Favours placebo

A

B

C
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However, it should be noted that Lee et al. reported 
a  survival benefit of NAC in only patients with en-
cephalopathy grades 1 and 2 (NAC = 52%, PBO = 30%,  
p = 0.010). Furthermore, no significant correlation was 
found between our secondary end point of duration 
of hospital stay, with administration of NAC. The re-
sults of this meta-analysis should, however, be inter-
preted with caution in light of the high heterogene-
ity observed (I2 = 91.1%). This heterogeneity may be 
attributed to two main factors: exclusion of Lee et al.  
from the pooled analysis as it reported outcomes as 
medians, and the study design limitations of Mumtaz 
et al. (cohort with retrospective controls). Use of retro-
spective controls may have introduced a degree of bias 
in the comparison, as treatment standards and clini-
cal protocols evolve over time, resulting in potentially 
shorter durations of hospital stay. 

While certain aetiologies of ALF have a better prog-
nosis than others [8], the question whether patients of 
specific aetiologies respond more favourably to NAC 
remains unclear. Both Nabi et al. and Lee et al. report-
ed that NAC patients in the DILF subpopulations had 
better TFS than PBO. Moreover, according to Lee et al. 
the same was also true concerning patients with hepa-
titis B-induced ALF. However, no firm conclusions can 
be drawn upon these findings as the sample popula-
tion in either case is too small. 

With regards to the adverse events included in the 
analysis (renal failure, infections and pulmonary fail-
ure), none were shown to differ significantly between 
the NAC and PBO groups. These results are in accor-
dance with previous studies that report no significant 
effect of NAC on improving renal function [15]. This 
is because kidney injury in NAI-ALF is primarily at-
tributed to hypoperfusion, which is not reported to be 
ameliorated by NAC [15]. Similarly, individual studies 
reported conflicting findings regarding the relation-

ship between NAC and pulmonary failure, which may 
be potentially explained by the difference in diagnostic 
criteria for pulmonary failure used by the studies, as 
this information was not reported. 

While not included in the meta-analysis, a multi-
centre, prospective cohort study with historical con-
trols was published by Darweesh et al. in 2017. As pa-
tients without signs of encephalopathy at the time of 
presentation were also included in the study, it was re-
moved from the meta-analysis to allow for a fair pool-
ing of results. This study reported a significantly higher 
TFS in NAC patients (96.4%) compared to the control 
(23.3%), in accordance with the meta-analysis. More-
over, overall survival (NAC = 96.7%, control = 76.7%, 
p < 0.01) and length of hospital stay (NAC = 10.1 days, 
control = 28 days, p < 0.01) were also reported to be 
significantly better in the NAC groups compared to the 
control. 

Although the exact mechanism of action for NAC 
in patients with NAI-ALF still remains unclear, a  re-
cent study by Stravitz et al. [16] provided some new 
insights into the subject. In accordance with previous 
research, this study reported that ALF patients had 
increased levels of proinflammatory cytokines such 
as interleukin (IL)-1β, IL-2, IL-6, IL-10, IL-13, IL-17,  
interferon γ (IFN-γ), and tumor necrosis factor α 
(TNF-α). However, the novel finding of this recent 
study was that only IL-17 levels significantly influ-
enced the transplant-free survival and transplantation 
rate (OR = 3.46, p = 0.016) in such patients. Studies 
have shown that IL-17 promotes a pro-inflammatory 
response of neutrophils and potentiates the secretion 
of cytokines via positive feedback loops in the liver 
[17, 18]. It is also reported to enhance the permeabil-
ity of the blood-brain barrier to both cytokines and 
T-lymphocytes, thereby providing a  possible link to 
encephalopathy [19]. Stravitz et al. also reported that 
in patients given NAC, IL-17 decreased to undetect-
able levels over the course of treatment (p = 0.042), 
and was significantly lower than that observed in the 
PBO group (p = 0.045). While no other study to our 
knowledge has reported a mechanism of action for the 
decrease in IL-17 due to NAC, similar findings were 
reported by a study based on mice [20].

Regarding the adverse effects of NAC, studies re-
ported it to be relatively safe with minimal side-ef-
fects (Table 2). Most studies reported that these side 
effects either resolved spontaneously with little to no 
treatment or were attributed to progressing ALF rath-
er than NAC administration. A  notable exception to 
this was the study by Darweesh et al., who reported 
prolonged cholestasis in a  considerable number of 
patients (96.4%). However, this could easily be a con-

Fig. 5. Funnel Plot for assessment of publication bias in the primary outcome
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sequence of the disease itself or the use of historical 
controls, leaving the exact role of NAC uncertain.

It should be noted that certain limitations need to 
be considered before drawing any concrete conclu-
sions from this meta-analysis. Firstly, there were dis-
crepancies in the study design, follow-up durations, 
population demographics, and baseline clinical char-
acteristics of the studies from which data were pooled. 
Secondly, the influence of variables such as the grade 
of encephalopathy and aetiology of ALF should be 
considered when evaluating the role of NAC in in-
creasing TFS. Thirdly, there is an inadequate amount 
of high-quality published evidence examining both 
overall survival (including post-transplant survival) 
and transplant-free survival, thereby hindering a me-
ta-analysis of the overall survival outcome. Therefore, 
further research needs to be conducted on this subject 
for a definitive conclusion to be reached.

Conclusions

The findings of this study suggest NAC has a prov-
en positive impact on TFS in adult patients with NAI-
ALF. Its use is relatively safe, with minimal side-effects, 
and no significant increase in the incidence of major 
adverse events (renal failure, infections, and pulmo-
nary failure). However, more randomized trials need 
to be conducted to conclusively ascertain its role in im-
proving overall survival and duration of hospital stay.
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