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Introduction: N-acetylcysteine (NAC) is an antioxidant that can regenerate glutathione and is primarily
used for acetaminophen overdose. NAC has been tested and used for preventing iatrogenic acute kidney
injury or slowing the progression of chronic kidney disease, with mixed results. There are conflicting
reports that NAC may artificially lower measured serum creatinine without improving kidney function,
potentially by assay interference. Given these mixed results, we conducted a systematic review of the
literature to determine whether there is an effect of NAC on kidney function as measured with serum
creatinine and cystatin C.

Methods: A literature search was conducted to identify all study types reporting a change in serum
creatinine after NAC administration. The primary outcome was change in serum creatinine after NAC
administration. The secondary outcome was a change in cystatin C after NAC administration. Subgroup
analyses were conducted to assess effect of creatinine assay (Jaffe vs. non-Jaffe and intravenous vs. oral).

Results: Six studies with a total of 199 participants were eligible for the systematic review and meta-
analysis. There was a small but significant decrease in serum creatinine after NAC administration over-
all (weighted mean difference [WMD], —2.80 pmol/L [95% confidence interval {CI} —5.6 to 0.0]; P = 0.05).
This was greater with non-Jaffe methods (WMD, —3.24 umol/L [95% CI —6.29 to —0.28]; P= 0.04) than Jaffe
(WMD, —0.51 umol/L [95% CI —7.56 to 6.53]; P = 0.89) and in particular with intravenous (WMD, —31.10
pumol/L [95% CI —58.37 to —3.83]; P = 0.03) compared with oral NAC (WMD, —2.5 pmol/L [95% Cl —5.32 to
0.32]; P = 0.08). There was no change in cystatin C after NAC administration.

Discussion: NAC causes a decrease in serum creatinine but not in cystatin C, suggesting analytic inter-
ference rather than an effect on kidney function. Supporting this, the effect was greater with non-Jaffe
methods of creatinine estimation. Future studies of NAC should use the Jaffe method of creatinine esti-
mation when kidney outcomes are being reported. Even in clinical settings, the use of an enzymatic assay
when high doses of intravenous NAC are being used may result in underdiagnosis or delayed diagnosis of
acute kidney injury.
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using change in serum creatinine levels before and after
NAC treatment as the outcome. The larger subsequent
trials conducted with clinical outcomes have not shown
any benefit, but the reason for the discrepancy be-
tween earlier trials that showed a benefit in serum
creatinine levels and these subsequent trials has not
been clearly established.” * Given the low cost and lack
of side effects, NAC has been recommended for use by

-acetylcysteine (NAC) is an antioxidant that can
N regenerate glutathione and is primarily used for
acetaminophen overdose.' It has also been tested in
prevention of acute kidney injury (AKI) in different
settings, such as postoperative AKI and contrast-
induced AKI (CI-AKI) with mixed results, mainly
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the Kidney Disease: Improving Global Outcomes
(KDIGO) guidelines.” Similarly, a systematic review
from the Agency for Healthcare Research and Quality
also supports its use for CI-AKI prophylalxis.6 At
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present, there are still >20 ongoing trials testing the
efficacy of NAC for prevention of AKI in various set-
tings (e.g., contrast AKI, perioperative AKI, and drug-
induced AKI) as well as in chronic kidney disease (CKD)
for slowing progression or preserving residual kidney
function.” As such, a significant body of research is in
progress despite the evidence so far, and a biologic
mechanism or rationale for a protective effect of NAC
has not been satisfactorily reported.8

A potential reason for the discrepancy between the
effect of NAC on serum creatinine and clinical out-
comes may be assay interference from the effect of NAC
on serum creatinine measurement. An initial report
suggested that NAC lowers serum creatinine, without
having any effect on cystatin C.” However, a subse-
quent larger study could not reproduce these find-
ings.'” A small in vitro analysis suggests that the assay
interference from NAC on serum creatinine may only
occur with the enzymatic assay, and not with the older
colorimetric (Jaffe) method.'"'

Given these mixed results, we conducted a system-
atic review of the literature and determined the effect
of NAC on serum creatinine. The objective of this
study is to determine the effect of NAC on kidney
function as measured by serum creatinine and cystatin
C, in the absence of any confounders. Thus we
excluded NAC use in the setting of AKI prophylaxis,
such as contrast administration or perioperative
setting. We also aimed to identify and potentially
alleviate confounders regarding characteristics of the
patient population including NAC dose and route of
administration, and measurement of serum creatinine
and cystatin C.

METHODS

Search Strategy

The protocol for this systematic review was registered
in PROSPERO (registration no. CRD42017055984) and
has been published.'’ This review is in accordance
with the Preferred Reporting Items for Systematic Re-
views and Meta-Analysis statement.'” A comprehen-
sive literature search was conducted using electronic
databases including MEDLINE, Embase, and the
Cochrane Central Library. In consultation with an in-
formation scientist, databases were searched in all
available time, from the oldest literature to the search
date (i.e., 1947 to October 2018; Supplementary
Table S1). Bibliographies and citations of published
works were cross-referenced for additional potential
studies. To minimize the potential for English-only
language bias, manuscripts written in other languages
encountered via cross-checking for relevance were also
considered.
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Inclusion and Exclusion Criteria

All studies that explored the potential effect of NAC on
kidney function as quantified by baseline and follow-
up serum creatinine, serum cystatin C, and/or glomer-
ular filtration rate (GFR) measurements were considered
for screening. There were no limitations by population,
study design, date, or language. The study participants
were =18 years of age and were receiving NAC with
previous and subsequent serum measurement of
creatinine, cystatin C, and/or GFR. Exclusion criteria
included patients with minimal to no kidney function
such as in end-stage kidney disease. Patient pop-
ulations receiving contrast agents and those simulta-
neously undergoing surgery were excluded from the
study to avoid potential for confounding because of CI-
AKT or other causes of AKI. Existing systematic reviews
and meta-analyses were excluded, but their bibliogra-
phies and more recently cited articles were cross-
referenced to augment the literature search.

Study Selection

Pertinent articles identified by our search strategy were
reviewed systematically in duplicate. Abstracts were
screened independently by 2 authors (BL, OJC, or
JWH), and studies that met exclusion criteria were
excluded in the first-round of analysis. Articles that
were not excluded outright via abstract analysis were
reviewed as full-text documents and subject to full
review (by BL, OJC, or JWH) for inclusion/exclusion
criteria. All disagreement regarding article inclusion
was resolved by an in-person meeting for consensus
and forwarded to reviewer (SH) for
adjudication.

another

Data Collection Process

A data extraction template was developed by the
principal investigator (SH) and modified by feedback
from 2 independent reviewers (OJC and JWH) to
ensure that complete data were obtained. OJC and JWH
performed data extraction from selected manuscripts
and compared for consistency. In cases with disagree-
ment, consensus was attempted via further discussion,
and input by a third reviewer (SH) if necessary. Re-
viewers were not blinded to the authors or journals
during this process.

The following information was extracted from all
included studies: research group, country of origin,
year of publication, funding source, study design,
patient population (i.e., healthy volunteers vs. patients
with CKD, sample size, sex, age, presence of other co-
morbid conditions such as diabetes), NAC details (i.e.,
route of administration, dose, and frequency), and
control group (placebo-controlled vs. no treatment).
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Outcome and Data Synthesis
The primary outcomes of interest were biomarkers of
kidney function. For randomized controlled trials, pa-
tients receiving NAC were compared with those
receiving placebo. For single arm prospective cohort
studies, data on change in creatinine from baseline (i.e.,
before and after NAC administration) were extracted.
The outcome data from included studies were pooled
into a meta-analysis using Comprehensive Meta-
Analysis software (version 3; Biostat Inc., Englewood,
NJ). The weighted mean differences (WMDs) were
calculated for change in creatinine and cystatin C with
NAC using random-effects analysis as described by
DerSimonian and Laird.'” Statistical heterogeneity was
assessed using Cochran Q and I? statistics.

Quality Assessment

The quality of studies and potential for biases were
assessed independently by 2 authors (OJC and JWH)
using standard tools, the Cochrane Risk of Bias for
randomized studies and Newcastle-Ottawa Scale for
observational studies.'® '® Stars were awarded on 3
domains: selection, comparability, and outcome. Good
quality studies received 3 or 4 stars in the selection
domain, 1 or 2 stars in the comparability domain, and 2
or 3 stars in the outcome domain. Medium quality
studies received 2 stars in the selection domain, 1 or 2
stars in the comparability domain, and 2 or 3 stars in
the outcome domain. Poor quality studies were awar-
ded 0 or 1 star in the selection domain, O stars in the
comparability domain, and 0 or 1 star in the outcome
domain.

Subgroup Analysis and Metaregression

With regard to meta-bias assessment, univariate meta-
regression analyses were conducted to assess the
effects of clinical factors (e.g., dose of NAC) on the meta-
analysis estimates, when applicable. Subgroup analyses
were conducted based on route of NAC (oral vs. intra-
venous [i.v.]), method of creatinine measurement (Jaffe
vs. non-Jaffe methods), and study population (CKD vs.
healthy volunteers). Funnel plot methodology, using
visualization of the asymmetry and the Egger statistic,
were used to identify publication bias."’

RESULTS

Study Selection

The literature search identified 628 articles collectively
from MEDLINE, Embase, and the Cochrane Central
Library, citation tracking, and gray literature search.
Five hundred seventy-eight articles were excluded af-
ter primary screening based on title and abstract. A
full-text review of the remaining 50 articles resulted in
the further exclusion of 43 articles, primarily because
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these studies examined the effects of NAC on kidney
function in the context of CI-AKI or surgerie-
s/procedures that involved contrast agents. During the
data extraction phase, 1 article was excluded because
the patient population of interest were individuals
with end-stage kidney disease. A total of 6 studies
involving 199 patients were included in the primary
meta-analysis™'"***’ (Figure 1). Four studies also
reported changes in cystatin C change after NAC
treatment, and these were analyzed for the secondary

9,10,20,21
outcome.

Study Characteristics

The clinical characteristics of the 6 studies are shown in
Table 1. Overall, these studies are small, with a median
sample size of 30 (range, 10-60). The proportion of men
ranged from 48% to 83%. The mean patient age ranged
from 33 to 71 years. Five studies included patients with
stable CKD, while 1 study recruited healthy volunteers.
In terms of study design, 4 studies were before/after
single-arm prospective trials, and 2 were parallel ran-
domized controlled trials, comparing NAC against
placebo. The follow-up periods were mostly short (i.e.,
48 hours after the last dose of NAC treatment), except 1
study with a 2-year study period.

In terms of NAC regimen, 600 mg of oral NAC was
provided twice daily for 2 daysin 1 studyg while another
study provided 1 dose.”” Two studies used a shorter and
higher dose of oral NAC at 120 Omg twice daily for 2
days,m’21 while another study used a longer and lower
protocol of dose once a day for a total of 8 weeks.”” Lastly,
one study used an i.v. NAC at a dose typically used for
acetaminophen overdose at 100 mg/kg.”’

Change in Serum Creatinine

Meta-analyses of the 6 studies are presented in Figure 2.
All studies showed a varying degree (i.e., ranging
from —0.35 to —31.1 [imol/l) of reduced serum creatinine
change after NAC dosing with respect to the baseline
measurement. The WMD was —2.80 [imol/l (95% confi-
dence interval [CI], —5.6 to 0.0; P = 0.05), suggesting a
small, statistically significant decrease in serum creati-
nine after NAC. The heterogeneity was not statistically
significant, with a Cochran Q of 4.7 (P = 0.45).

Subgroup Analyses and Metaregression

Subgroup analyses was performed to compare the 6
included studies that used different serum creatinine
determination methodology, study population, and
route of NAC administration (Table 2). The decrease in
serum creatinine was statistically significant with the
non-Jaffe method (—3.24 pmol/l [95% CI, —6.29
to —0.18]; P = 0.04) compared with the Jaffe method
(—0.51 umol/1 [95% CI, —7.56 to 6.53]; P = 0.89). There

Kidney International Reports (2021) 6, 396-403



JW Huang et al.: Effect of NAC on Serum Creatinine

CLINICAL RESEARCH

Medline Embase Cochrane Pubmed
1947- October 2018 1947- October 2018 1947- October 2018 1947- April 2016
327 Citation(s) 514 Citation(s) 348 Citation(s) 14 Citation(s)

e

628 Non-Duplicate
CitationsScreened

Inclusion/Exclusion
Criteria Applied

50 Articles Retrieved

Inclusion/Exclusion
Criteria Applied

578 Articles Exclude
After Title/Abstract Screen

6 Articles Included

.

43 Articles Excluded 1 Article Excluded
After Full Text Screen During Data Extraction

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis flow diagram of literature search and study selection.

also was a greater decrease in serum creatinine with the
route of i.v. NAC (—31.10 {mol/l [95% CI, —58.37
to —3.83]; P = 0.03) compared with oral NAC (—2.5
pUmol/l [95% CI, —5.32 to 0.32] P = 0.08). The uni-
variable metaregression analysis did not show a sig-
nificant effect of NAC dose, baseline creatinine, or
other demographic characteristics studied on mean
serum creatinine.

Change in Cystatin C

Meta-analyses of the 4 studies that reported pre- and
post-NAC serum cystatin C are presented in Figure 3.
No changes were demonstrated in cystatin C change

post—NAC dosing with respect to the baseline mea-
surement, with a WMD of —0.84 umol/l (95%
CI, —3.14 to 1.47]; P = 0.48). Heterogeneity for NAC
and cystatin C was not significant (Cochran Q = 0.13,
I2 =0; P=0.99).

Publication Bias

There was evidence of publication bias by visual ex-
amination of the funnel plot for the outcome of serum
creatinine (Figure 4). One study was imputed which
changes the pooled WMD estimate to —2.50 [imol/l
(95% CI, —5.29 to 0.29; Figure 4). The Egger regression
intercept was not significant (P = 0.32). There was no

Table 1. Study characteristics of the included studies and route, dose, and regimen of NAC

Sefting/ Sample Men, Mean Patients with
Study Country  Year Study design population Dose and regimen size, n % age, yrs  diabetes, % Follow-up
Hoffmann ef a.’ Germany 2004  Before/affer single arm Healthy 4 doses of oral NAC (each 600 mg) af 12-hr 50 48 32.8 N/A 48 hrs after
volunteers infervals for 2 days last NAC
Mainra ef al”®  Canada 2007  Before/after single arm Patients 1 dose of oral NAC (600 mg) for 1 day 30 833 66 N/A 48 hrs affer
with CKD last NAC
Moist ef al.'® Canada 2010 Double blind, randomized  Patfients 4 doses of oral NAC (each 1200 mg) at 12-hr 60 76.7 68.6 50 48 hrs after
controlled trial with CKD infervals for 2 days last NAC
Rehman ef al.' us 2008  Before/after single arm Patients 4 doses of oral NAC (each 1200 mg) at 12-hr 30 60 65.3 38 48 hrs after
with CKD infervals for 2 days last NAC
Renke ef al.? Poland 2010 Placebo and randomized ~ Patients 2 doses of oral NAC (each 1200 mg) perday 20 60 394 0 N/A
controlled with CKD for 8 weeks
Sochman and Czech 2006  Before/after single arm Patients 1 dose of i.v. NAC (100 mg) for 1 day 10 70 71 10 24 hrs after
Krizova?® Republic with CKD last NAC
CKD, chronic kidney disease; i.v., intravenous; N/A, not available; NAC, N-acetylcysteine; US, United States.
Kidney International Reports (2021) 6, 396-403 399
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Study Year N Difference Lower Upper p-Value Difference in means and 95% Cl
inmeans limit limit
Hoffmann 2004 50 -2.65 597 066 0.12 +

Sochman 2006 10 -31.10 -58.37 -3.83 0.03 ——
Mainra 2007 30 -2.00 -2458 20.58 0.86 t
Rehman 2008 30 -3.54 -2552 18.45 0.75 t

Moist 2010 60 -0.35 -7.77 7.06 0.93 ——
Renke 2010 19 442 -13.31 4.47 0.33 — T
Weighted mean difference  -2.80 -5.61  -0.00 0.05 ’|

Heterogeneity Cochran Q= 4.7 1>=0 p=0.45

Figure 2. Forest plot of randomized trials meeting inclusion criteria
N-acetylcysteine.

evidence of publication bias both by visual examina-
tion or the Egger test for the analysis of NAC and
cystatin C.

Quality Assessment

Table 3 presents the Newcastle-Ottawa Scale quality
assessment scores of the 6 included studies. Overall, 1
study achieved a total score of 8 (out of 9), 4 studies
scored 5 points, and 1 study scored 4. In terms of se-
lection, all but 1 study incorporated the before/after
single-arm design, and therefore did not include a
matched control group for comparison. All studies used
secure medical records for ascertainment of exposure.
In terms of comparability, 5 studies did not report
adjustment for potential confounding variables in their
respective methodologies. The lone study with a
matched control group showed statistical comparisons
of baseline characteristics. In terms of outcome, 4
studies received a score of 2 for appropriate assessment
of outcome and an adequate proportion of patients with
follow-up. Finally, 5 studies lost a point for short
duration of follow-up (e.g., 48 hours after last dose of
NAQ).

DISCUSSION

This systematic review was conducted to determine the
effect on kidney function, namely serum creatinine and
cystatin C, while excluding studies in the setting of
contrast administration and patients undergoing sur-
geries/procedures to avoid confounding caused by
concomitant AKI. This study identified 6 prospective
studies, with the pooled estimate of a small but statis-
tically significant effect of NAC on lowering serum
creatinine of —2.8 Umol/l. Moreover, on subgroup
analysis, the effect was greater when pooling the
studies that did not use the Jaffe method of creatinine
estimation. In addition, i.v. NAC also resulted in a
greater lowering of serum creatinine then oral NAC. In
contrast, there was no effect of NAC on cystatin C
measurement. This implies that the effect of NAC on
serum creatinine is a result of analytic interference and
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for change in serum creatinine. Cl, confidence interval; NAC,

was greater with the enzymatic assay compared with
the Jaffe method.

These findings support the initial report from
Hoffman et al.,’ which suggested that NAC causes a
change in serum creatinine without truly having an
effect on kidney function. In vitro analysis does sug-
gest that at extremely high concentration, NAC may
interfere with the enzymatic assay, causing a falsely
lower serum creatinine.”* The concentration of NAC
achieved in the serum with oral administration of NAC,
as is done in clinical trials, rarely achieves these high
concentrations. However, this concentration will be
achieved with i.v. NAC administration, which is
coherent with the analysis from the present study
showing a greater effect (—31 Umol/l) with i.v. NAV
compared with oral (—2.5 [imol/l). In addition, though
the decrease in serum creatinine with oral NAC does
not seem clinically significant, it may still result in a
difference in CI-AKI events with NAC compared with
placebo if these are only measured in terms of change
in creatinine. This may explain the discrepancy be-
tween the beneficial effect of NAC as reported in some
trials but not others.” More specifically, this finding—
that the effect of NAC is an artifact of assay
interference—explains the null finding of more recent
large clinical trials of NAC.?”*°

Table 2. Subgroup analysis of Jaffe vs. non-Jaffe, oral vs. i.v., and
CKD vs. non-CKD

Study subgroups

Weighted mean difference (95% CI) P value

Method of creatinine measurement

Jaffe —0.561(—7.56 10 6.53) 0.89

Non-Jaffe —3.24(-6.29 10 —0.18) 0.04
NAC route

Oral —2.60(-5.32 10 0.32) 0.82

iv. —31.10(—58.37 fo —3.83) 0.03
Study population

CKD —3.19(-8.44 t0 2.07) 0.24

Non-CKD —2.65(—5.97 t0 0.66) 0.12

CKD, chronic kidney disease; i.v., intravenous; NAC, N-acetylcysteine.

Kidney International Reports (2021) 6, 396-403
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Study Year N  Difference Lower Upper

inmeans limit limit
Hoffmann 2004 50 -0.88 -3.22 1.46
Mainra 2007 30 0.00 -21.67 21.67
Rehman 2008 30 265 -17.62 22.92
Moist 2010 60 -2.39  -30.14 25.36
Weighted mean difference  -0.83 -3.14 147

Heterogeneity Cochran Q=0.13 1>=0 p=0.99
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p-Value Difference in means and 95% CI
0.46 +
1.00 E—
0.80 L —
0.87
0.48 ¢
-50.00 -25.00 0.00 25.00 50.00

NAC lowers CystatinC ~ NAC increases Cystatin C

Figure 3. Forest plot of randomized trials meeting the inclusion criteria for change in cystatin C. Cl, confidence interval; NAC, N-acetylcysteine.

One may wonder about the clinical significance of
these findings, given that the most recent large RCTs
have shown clearly that NAC has no benefit in the
setting of CI-AKI. However, NAC is still being studied
in other settings, with 30 ongoing trials to prevent AKI
and the progression of CKD.”” It is important that
serum creatinine measurement be performed in these
trials with an assay (such as the Jaffe method) that does
not interfere with NAC administration. Alternately, the
investigators could validate the creatinine measure-
ments using both enzymatic and Jaffe methods in a
subset of participants both before and after NAC
administration. This consideration is especially valid
with i.v. NAC administration. The effect reported in
the present study was strongest with high doses of
NAC administered. Oral NAC has poor oral bioavail-
ability, so the higher effect seen with i.v. NAC may
reflect greater serum NAC concentrations and subse-
quent interference. High doses of i.v. NAC are used in
the setting of acetaminophen overdose and in patients
with alcoholic hepatitis.l A falsely low serum creati-
nine, when measured with the enzymatic assay, may
mask the development of AKI in this clinical setting.

The change in serum creatinine with i.v. NAC was —31
umol/l, which is certain to result in a significant dif-
ference in AKI count in any trial if using the Kidney
Disease: Improving Global Outcomes staging (stage 1
being 26.5 Umol/l). This will also likely result in the
underdiagnosis or delayed of clinically significant AKI
occurrence in these settings of i.v. NAC use, which is
typically used as an antidote.

This systematic review has certain limitations. The
sample size of the individual studies was small, but that
is typical for mechanistic studies of this nature. The
change in creatinine was small but statistically signif-
icant and contrasts with the lack of change in cystatin
C. There is publication bias, with the imputation of a
study shifting the pooled estimate to the null. Lastly,
the overall quality of the studies included was not
high.

In conclusion, the systematic review reports a
small but significant decrease in serum creatinine
with NAC administration but not in cystatin C. This
effect to be higher
measured with the enzymatic assay and with i.v.
NAC administration.

seems when creatinine is

10

Standard Error

12

14 0

10 20 30 40 50

Difference in means

Figure 4. Funnel plot displaying the difference in means on the x axis and the standard error on the y axis.
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Table 3. Newcastle-Ottawa quality assessment score of the 6
studies

Study Year Selection Comparability Outcome Total score
Hoffmann ef al.° 2004 ok . -
Mainra ef a/.?° 2007 ok - —
Moist ef G/.]O 2010 oKk * Fokok sk ofesk Rk Kok
Rehman ef af.?! 2008 P . .
Renke ef al.*? 2010 Hkk * ook
Sochman and Krizova®® 2006 ok *ok -

The * represent the quality of the study by each domain mentioned in the column. More
* refers to higher quality and absence of * or less * denote a lower quality. See "quality
assessment" section in methods for details.
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