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N-acetylcysteine (NAC) has shown beneficial effects in both acute kidney disease and chronic kidney
disease (CKD) in preclinical and clinical studies. Different dosage and administration forms of NAC have
specific pharmacokinetic properties that determine the temporal pattern of plasma concentrations of NAC
and its active metabolites. Especially in acute situations with short-term NAC administration, appropriate
NAC and glutathione (GSH) plasma concentrations should be timely ensured. For oral dosage forms,
bioavailability needs to be established for the respective NAC formulation. Kidney function influences NAC
pharmacokinetics, including a reduction of NAC clearance in advanced CKD. In addition, mechanisms of
action underlying beneficial NAC effects depend on kidney function as well as comorbidities, both
involving GSH deficiency, alterations in nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent
signaling, oxidative stress, mitochondrial dysfunction, and disturbed mitochondrial bioenergetics. This
also applies to nonrenal NAC mechanisms. The timing of preventive NAC administration in relation to
potential injury is important. NAC administration seems most effective either preceding, or preceding and
paralleling conditions that induce tissue damage. Furthermore, studies suggest that very high concen-
trations of NAC should be avoided because they could exert reductive stress. Delayed administration of
NAC might interfere with endogenous repair mechanisms. In conclusion, studies on NAC treatment reg-
imens need to account for both NAC pharmacokinetics and NAC molecular effects. Kidney function of the
patient population and pathomechanisms of the kidney disease should guide rational NAC trial design. A
targeted trial approach and biomarker-guided protocols could pave the way for the use of NAC in precision
medicine.
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PHARMACODYNAMICAL ASPECTS
Cysteine and GSH

The acetyl group is cleaved from NAC, resulting in
free cysteine. NAC-deacetylating acylase shows the
highest activity in the kidney, followed by the liver.'
After oral administration, deacetylation mainly takes
place in the intestinal mucosa.” The liver takes up
cysteine via the portal vein, and more than half of the
resorbed cysteine and other sulfur-containing amino
acids are used by the liver to synthesize GSH, which is

N AC has been investigated for reducing kidney
damage and CKD-related morbidity. This compre-
hensive review focuses on NAC effects and mechanisms
of action, timing of NAC administration, and pharma-
cokinetics of NAC and its metabolites with relevance
for kidney disease.

We provide a narrative review without strict in-
clusion and exclusion criteria. The literature search
strategy is outlined in the Supplementary methods.
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exported to the plasma.3 Liver GSH efflux can be
substantially increased by vasopressin or angiotensin
II, contributing to GSH delivery during stress condi-
tions.” GSH is an important cellular reductant, and
redox-signaling is closely related to the ratio of GSH to
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glutathione disulfide (GSSG) and mitochondrial GSH
content. The kidneys take up half of the plasma GSH
originating from the liver.” Normal kidney function is
highly dependent on GSH supply due to the high rate
of aerobic metabolism in tubule cells.” Proximal tubule
cells obtain GSH from the plasma by transport via the
basolateral membrane and by synthesis from
cysteine.’

It has been stressed that NAC’s effectiveness as a
GSH precursor depends on GSH depletion and the
functionality of GSH synthesis pathways.” Both
impaired GSH synthesis and GSH depletion are
observed in kidney disease. In advanced CKD,
mononuclear cell and plasma GSH were significantly
reduced compared to healthy controls and earlier CKD
stages.”® By contrast, in early CKD (CKD Gl-3a),
circulating GSH was not reduced.” The Nrf2 regulates
essential enzymes of GSH metabolism. The state of the
Nrf2 system depends on CKD stage and comorbid-
ities.'” Gene expression of the rate-controlling enzyme
for GSH synthesis (glutamate-cysteine ligase), and of
glycine and cysteine or glutamate transporters
(SLC6A9, SLC7A11), is positively regulated by Nrf2."'
Furthermore, gamma-glutamyltransferase is a posi-
tively regulated Nrf2 target. It mediates cysteine
availability for GSH synthesis. The renal proximal
tubular epithelium shows the highest gamma-
glutamyltransferase activity. The expression of both
Nrf2 and Nrf2 targets is altered in CKD and acute
kidney injury (AKI).">'" In corroboration of the GSH
data above, an endogenous activation of the Nrf2
system is found in earlier stages of CKD, whereas a
suppression is seen in advanced CKD."”"” As a result,
NAC effects are expected to differ between patient
populations.

Methylglyoxal Scavenging and Modulation of
Posttranslational Protein Modifications
Methylglyoxal is an important uremic toxin. NAC,
like metformin and GSH, acts as a methylglyoxal
scavenger. They inhibit methylglyoxal-induced pro-
tein glycation by serving as alternative targets for
glycation processes.ls'l() In addition, administration of
NAC resulted in a substantial increase of native,
reduced transthyretin. Changes in posttranslational
protein modifications of transthyretin were reversible
and a function of the NAC plasma concentration, with
S-cysteinylated transthyretin declining significantly
from 30 pmol/l NAC.”

Antihypertensive and Vasodilatory Effects

NAC has shown antihypertensive effects when added
to angiotensin-converting-enzyme inhibitor therapy
in smokers (600 mg p.o., 3 times daily for 3 weeks)”'
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and was suggested to inhibit angiotensin-converting-
enzyme activity in healthy volunteers (~2.5 g i.v.
over 2 hours).22 In patients with diabetes, vasocon-
striction elicited by physiologic doses of aldosterone
was reduced by NAC (~4 g i.v. over 1 hour).”’ In
healthy subjects and in CKD G3, i.v. NAC increased

renal blood flow (~7 g i.v. over 2 hours).”*

Potential Deleterious Effects

Although excessive oxidants cause cellular damage, a
physiological oxidant level is required for proper redox
signaling. Upon excessive load of reductants, reductive
stress can occur.”” NAC (ECs0 4000 Limol/l) was able to
elicit GSH-dependent reductive stress and cytotox-
icity.% In addition, NAC administration to tumor xe-
nografts increased tumor angiogenesis by reducing
reactive oxygen species signaling (1 g/l NAC in
drinking water for 7 weeks).”” In a mouse model of
AKI-to-CKD progression, the administration of NAC
before and for 21 days after AKI increased cellular
dysfunction and the progression to CKD through an
impairment of the endogenous, Nrf2-mediated antiox-
idant responses.”®

PHARMACOKINETICS

NAC is marketed in solution for i.v., oral, and respi-
ratory administration or as tablets, effervescent tablets,
capsules, granules, and powder for oral administration.
In plasma, NAC is found reduced and oxidized,
including protein bound.”’

Absorption and Bioavailability After Oral NAC
Administration

In healthy subjects, the first-pass metabolism of NAC is
high and mainly represents NAC deacetylation in the
intestinal mucosa.” Oral bioavailability is about 10%
for total NAC (8.3% with 600 mg and 11.6% with 1200
mg effervescent tablet, Mucomyst, Tika’so; 9.1% with
400 mg effervescent tablet, ACO Likemedel™).
Maximal plasma concentrations (Cp,y) for total NAC
after a single dose were approximately 14 Umol/l with
600 mg (effervescent tablet, Mucomyst, Tika, time to
reach Cp,y at ~40 minutes),”’ approximately 17 tmol/l
with 600 mg (uncoated tablets, Fluimucil, Zambon, time
to reach C,,, at ~70 minutes),31 and approximately 15
umol/l with 600 mg (sustained-release formulation,
Jarrow Formulas, time to reach C,,, at ~110 mi-
nutes).”” For a research-related gelatin capsule formu-
lation, a low C,, of 2.5 {mol/l with 1200 mg NAC
indicated a comparatively low bioavailability of this
preparation.”” The effect of repeated dosing in healthy
subjects is not entirely elucidated. A study with 600
mg NAC twice daily for 6 days (effervescent tablet,
Mucomyst, Tikam] did not detect a change in C,,x for
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total NAC. In contrast, a study with 600 mg NAC twice
daily for 6 days (uncoated tablets, Fluimucil, Zambon’')
observed a Cp,y increase. In addition, a study that
analyzed free plasma NAC reported a significant in-
crease for C,,, with 10 days of 600 mg NAC daily
(Fluimucil sachets, Zambon’).

In patients with CKD G5 on dialysis therapy, the
plasma concentrations after oral dosing were pro-
nouncedly higher than in healthy subjects. The Cyax
for total NAC after a single dose was approximately 63
lmol/1 with 600 mg and approximately 125 mol/l with
1200 mg NAC (sustained-release formulation, Jarrow
Formulas, time to reach C,,, at ~160—-180 minutes].32
In another study, the administration of 600 mg NAC
twice daily for 8 weeks to patients receiving peritoneal
dialysis treatment increased the NAC plasma concen-
tration from 2.6 to 24.8 {mol/l.”*

Plasma Concentrations After I.V. NAC
Administration

In healthy subjects, after i.v. administration of 200 mg
NAC over 1 minute, a C,,, of approximately 121 limol/1
total NAC was obtained. After 4 hours, more than 50%
of NAC was covalently bound to plasma proteins.”’

In patients with CKD G3 and higher, without kidney
replacement therapy (KRT), maximal NAC concentra-
tions were observed approximately 5 minutes after an
i.v. administration over 15 minutes. NAC concentra-
tions increased dose-linearly, reaching a C,,, of
approximately 430 Umol/l with 150 mg/kg NAC, and
2000 ptmol/l with 450 mg/kg.”

In patients with CKD G5 and dialysis therapy, the
steady-state NAC concentration was obtained at the
fourth dose with repeated postdialyzer infusions of 2 g
NAC during the first 3 hours of each hemodialysis
session (3 sessions/wk). These steady-state concentra-
tions reached 86 to 104 [imol/l; the Cy,, of 325 {imol/l
was obtained directly after infusion.”®

Distribution and Elimination

In healthy subjects, the distribution volume in the
steady state of total NAC was reported as 0.47 l1/kg, and
plasma clearance was 0.11 1/h/kg. The terminal half-life
was about 6 hours.” Another study reported a clear-
ance of 0.86 1/h/kg.’' The half-life was between 15 and
19 hours, and the fraction of NAC excreted through the
kidney within 36 hours after administration was
approximately 4%. Finally, a study reported the
excretion for nonprotein bound NAC by the kidney as
approximately 30% of total body clearance.’’

In patients receiving acute hemodialysis either for
paracetamol poisoning or kidney impairment related to
acute liver failure, dialytic clearances were reported.
They were 0.11 1/h/kg (blood flow 300 ml/min)*® and
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0.18 to 0.3 1/h/kg (blood flow 400 ml/min, dialysate
flow 800 ml/min; Fresenius Optiflux 200 and Asahi
Kasei Medical, RX18AX dialyzers”). The mean NAC
extraction was 51% and 73% to 87 %, respectively.
For continuous venovenous hemofiltration, we identi-
fied only 1 report, which found no significant NAC
extraction.”®

In patients with CKD G5 and dialysis therapy, a 90%
reduction of total body clearance for total plasma NAC
after a single oral dose of 600 and 1200 mg was found in
patients with chronic hemodialysis therapy (CKD G5:
~0.06 1/h/kg, healthy: ~0.8 1/h/kg).”” This cannot be
explained by the reduction in renal clearance alone,
which accounts for between 4% and 30% of total body
clearance. It is well-known that nonrenal clearance too
is impaired in advanced kidney disease. Protein bind-
ing of NAC to serum albumin is increased in kidney
failure.”” In addition, uptake in cellular compartments
could be altered. The terminal half-life in CKD G5 was
reported as 35 to 51 hours, representing a 12-fold in-
crease compared to healthy controls.’” Likewise, a low
total body clearance of approximately 0.02 1/h/kg was
reported in another study in CKD G5.”° The dialytic
clearance when infusing NAC i.v. after the dialyzer was
measured as approximately 0.07 1/h/kg in patients with
chronic hemodialysis therapy (blood flow 250 ml/min;
dialysate flow 500 ml/min, Fresenius F8 polysulfone
dialyzer).'“’ Pharmacokinetic parameters have been
compiled in Table 1.

Taken together, obtainable NAC plasma concentra-
tions and their temporal pattern must be considered
when different NAC dosage forms and brands are
clinically investigated. In case of repeated dosing of
NAC, it needs to be established when steady-state
concentrations are reached, and at which concentra-
tions. Data for patients with CKD without KRT are still
lacking.

NAC Metabolites

NAC metabolites seem responsible for at least some of
the observed NAC effects. This includes cysteine, GSH,
other sulfhydryl containing compounds, H,S, and
sulfane sulfur. The knowledge of pharmacokinetics and
tissue uptake of NAC metabolites is scarce.

In healthy subjects, baseline plasma cysteine con-
centration was reported as approximately 3.5 [imol/l.
Following 5 days of oral intake of 600 mg NAC, it
increased significantly to 8.1 Umol/l measured 1 to 3
hours, and 5.3 imol/l measured 16 to 20 hours after the
last NAC dose.”' The same study found a significant
increase of plasma GSH, from approximately 1.7 [imol/l
to approximately 3.5 [imol/l, at 1 to 3 hours after the
last NAC intake, which had again declined 16 to 20
hours after the last NAC dosing. Furthermore, a study
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Table 1. Pharmacokinetic parameters for total NAC
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Pharmacokinetic

parameters Healthy, NAC p.o. CKD G5, dialysis, NAC p.o.
Bioavailability (%) ~10 -

Crnox 14-17 pumol/l with 600 mg 63 pmol/I with 600 mg
i 40-70 min after 160 min after administration

adminisfration; 110 min with with sustained release

sustained release formulation formulation
Repeated dosing Accumulation possible Accumulation was shown
Time fo steady sfafe - -
with repeated dosing
Total body clearance

0.1-0.9 I/h/kg 0.02-0.06 I/h/kg,

Dialytic clearance 0.07 I/h/kg

121 pmol/l with 200 mg

Healthy, NAC i.v. CKD, no KRT, NAC i.v. CKD G5, dialysis, NAC i.v.

100 100 100

430 pmol/l with 150 mg/kg 325 pmol/I with 2 g during 3
and 2000 pumol/l with 4560 h of dialysis
mg/kg over 15 min
measured 5 min affer
administration

(applied over 1 min)

~at administration at end of administration

Accumulation was shown
from 4th dose with 3 dialysis
sessions/wk

0.02-0.06 I/h/kg, dialytic
clearance 0.07 I/h/kg

0.1-0.9 I/hvkg -

CKD G5, last stage of chronic kidney disease, it requires KRT for survival; CKD, chronic kidney disease; Cyax, maximal plasma concentration; i.v., intravenous administration; KRT, kidney
replacement therapy; NAC, N-acetylcysteine; p.o., oral administration; tyay, time to reach Cpax.
The table gives estimates for typical populations. Differences are especially observed with varying oral NAC dosage forms, velocity of i.v. administration, and technical aspects of the

dialysis procedure.

reported a baseline cysteine concentration of approxi-
mately 10 Umol/l, which increased to a mean maximum
concentration of 18.6 Umol/l measured 1 hour after 600
mg NAC (effervescent tablet).”” Another study used
400 mg NAC (Fluimucil sachets, Zambon) and found a
significant increase of plasma NAC after 60 minutes, of
total serum sulfhydryl from 40 to 180 minutes, and of
disulphide-bound thiols after 60 minutes, but no in-
crease of plasma cysteine after single dosing.”’

In patients with CKD G3 and higher without KRT,
there was a dose-linear response of serum GSH to i.v.
NAC administration. With NAC 150 mg/kg, a GSH
concentration of approximately 130 Umol/l was ob-
tained. Peak concentrations for GSH were reached
approximately 10 minutes later than for NAC.”

In patients with CKD G5 and dialysis therapy,
baseline plasma cysteine concentrations are increased.
Two studies that orally administered 600 mg NAC over
2 and 8 weeks, respectively, showed a further nominal
steady state increase of cysteine, which did not become
significant. Furthermore, steady state plasma GSH did
not significantly change in these studies.”” ™

NAC EFFECTS IN CELLULAR AND ANIMAL
MODELS OF KIDNEY DISEASE

Kidney protective effects of NAC are observed in ani-
mal models of renal mass reduction, obstructive and
cytotoxic AKI, and CKD (In Table 2 and Table 3, we
report the experimental details of the studies summa-
rized in the following). NAC reduced the increase of
serum creatinine and blood urea nitrogen and pro-
teinuria.”*® Preventive effects on glomerular filtration
rate are partially related to the preservation of renal
hemodynamics.”’

NAC protective effects have been associated with
its capacity to induce GSH synthesis, including
mitochondrial GSH.””” As a result, reduced renal
Tissue oxidative stress markers, such as thiobarbituric
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acid reactive substances, advanced glycation end
products, and 8-hydroxy-2’-deoxyguanosine have
been observed.”””'”’ Furthermore, recent reports
showed a reduction in renal reactive oxygen species
production by NADPH oxidase and mitochondria,
especially in the proximal tubule.”””” Mitochondrial
dysfunction is a common feature in many kidney
diseases, favoring inflammation, fibrosis, and lipid
accumulation. Aparicio-Trejo et al.*””° have shown
that NAC can specifically prevent mitochondrial
dysfunction in AKI, as well as the progression to CKD,
by maintaining mitochondrial integrity and redox
balance.”
ischemia- or reperfusion-induced, unilateral ureteral
obstruction-induced, and bisphenol A-induced renal
damage models,”*”""”” suggesting that NAC has
focused effects on renal mitochondrial bioenergetics.
In fact, mitochondrial complexes I and III protection
has been associated with NAC renal protection.”””’
Several models showed that NAC induces the upre-
gulation of mitochondrial biogenesis factors such as 5
AMP-activated protein kinase, sirtuins 1 and 3,
peroxisome proliferator-activated receptor gamma
coactivator 1l-alpha and -beta, and mitochondrial
transcription factor A."”*’" NAC also induces the
removal of damaged mitochondria. The mitochondrial
bioenergetics and biogenesis restoration by NAC
directly regulates fatty acid beta-oxidation, avoiding
lipid accumulation and lipotoxicity.”””” In line with
this, several studies have shown that NAC can reduce
lipid peroxidation in Wistar rats with 5/6 nephrec-
tomy, which contributes to the prevention of athero-
genesis in CKD.”*”” This suggests that NAC can
reduce cardiovascular complications associated with
CKD by mitigating systemic lipid peroxidation, as well
as vascular smooth muscle cell senescence."®

The mitochondrion is also a hub center in the
regulation of inflammation and cell death. NAC can be

Similar effects have been reported for

Kidney International Reports (2024) 9, 2883-2903



EY Hernéandez-Cruz et al.: NAC in Kidney Disease REVIEW
Table 2. NAC protective effects in kidney damage models in cell lines
Time points and
(NAC) scheme of
Pathology Cell model Damage scheme IC50/EC50 application Protective effects Other effects Ref.
Nephrotoxicity and  Raf kidney proximal 1.5 uM of cadmium 10000 pmol/I Pretreatment 1 Cell viability Senescence: 1 Cells in Dong ef al.®’
obsfructive fubule (NRK-62E)  in DMEM containing for 1 h | Infracellular and mitochondrial  cell cycle phases GO/G1
nephropathy cell line 2% FBS for 24 h. ROS | Cells in cell cycle
- Restored mitochondrial phases S and G2/M
morphology | SA-B-Gal-positive areas
1 SIRT1 | pb3 and p21
1 PGC-1 (o and B)
HK-2 and NRK-62E  High levels of folic 25 umol/l Coincubafion  Restored PARP1 and 1 cyclin D1, | FA-induced genotoxicity ~Kandel ef af.®*
cell lines acid (=200 pM) for for 72 h Bcl-2, GPx 1, and MnSOD
3-6 mo expression
| Epithelial-mesenchymal
fransition
Nephrofoxicity HK-2 cell line 0,625-10 puM of 5000 pmol/l Prefreatment 1 Cell viability Yu et al®'
vancomycin for 24 h. for2 h 1 KIM-1
To measure ROS, if 1 NGAL
was 6 h | Bax/Bcl-2
| Caspase 3
| ROS
| p-P38
1 p-JNK
NRK-52E cells line 300-600 pM of 2000 pmol/l Pretreatment | Apoptosis Hu ef a/.%®
uranyl acetate for 6, for 1 h | ROS
12, 18, and 24h | GRP78
| CHOP
| Caspase 12
| Caspase 3
1 p-PI3K
PK15 cell line Fusarium toxins 500 umol/l  Coadministration | Cell death Zhang ef al®®
(0.25-8 uM of DON, for 24 h T GR
5-160 uM ZEN, and 1 SOD
5-160 uM FB1) in | MDA
serum-free media for | ROS
24 h. | mMRNA levels of Bax
1 mRNA levels and expression of
Bel-2
| MRNA levels and expression of
caspase-3
| mRNA levels of caspase-9
| MRNA levels of cyfochrome-c
| MRNA levels of p53
Kidney injury and  NRK-b2E cells line  High concenfrations 2000 pmol/I Pretreatment 1 ROS Guo ef al*?
diabetic kidney starved for 6h of glucose (30 mM) for 48 h. 1 p-RIPK1 and p-RIPK3
disease for 48 h | mRNA level of MCP-1
L IL-1B
Senescence NRK-52E cell line 20 uM of cisplatin for - 10000 pmol/I Prefreatment 1L IL-1B Senescence: | SA-B-Gal- Li et al*’
6h for T h | IL-6 positive area
1 TNF-a. | pb3
| Intracellular and mitochondrial 1 p21
ROS

1 PGC-1 (o and B)
1 mRNA levels of UCP2, COX-IV,
ATP50, TFAM, NRF1
1 SIRT1
| acetyl-pb3

(acetyl) p53, (acetylated) tumor suppressor P53; (Mn)SOD, (manganese) superoxide dismutase; (p)-JNK, (phosphorylated) c-Jun N-terminal kinases; (p)-RIPK1, (phosphorylated) receptor-
interacting protein kinase 1; (p)-RIPK3, (phosphorylated) receptor-interacting protein kinase 3; (p)-PI3K, (phosphorylated) phosphatidylinositol 3-kinase; (NAC), N-acetylcysteine concen-
tration; ATP, adenosine triphosphate; ATP5a, ATP synthase F1 subunit alpha; Bax, Bcl-2 associated X-protein; Bcl-2, B-cell lymphoma (2); CHOP, C/EBP homologous protein; COX-IV, cy-
tochrome ¢ oxidase IV; DMEM, Dulbecco’s Modified Eagle Medium; DON, deoxynivalenol; FA, Fatty acids; FB1, fumonisin B1; FBS, fetal bovine serum; GPx 1, glutathione peroxidase 1; GR,
glutathione reductase; GRP78, glucose-regulated protein 78; HK-2, proximal tubule epithelial cell line; IL-1B, interleukin-1-beta; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; MCP-1,
monocyte chemoattractant protein 1; MDA, malondialdehyde; NAC, N-acetylcysteine; NGAL, neutrophil gelatinase associated lipocalin; NRF1, nuclear respiratory factor 1; NRK-52E, rat
kidney proximal tubule cells; p21, cyclin-dependent kinase inhibitor 1; PARP1, poly (ADP-ribose) polymerase 1; PGC-1 (o. and f), peroxisome proliferator-activated receptor-gamma coac-
tivator; p-P38, phosphorylated P38 mitogen-activated protein kinase; ROS, reactive oxygen species; SA-B-Gal, senescence-associated beta-galactosidase; SIRT1, sirtuin 1; TDCPP, Tris(1,3-
dichloroisopropyl) phosphate; TFAM, mitochondrial transcription factor A; TNF-a, tumor necrosis factor alpha; UCP2, uncoupling protein 2; ZEN, zearalenone.

effective in this pathway.”’ For example, studies con-
ducted by Yu et al.® and Guo et al.”* have shown that
NAC inhibits apoptosis and inflammation, thereby
protecting against vancomycin-induced and diabetes-

Kidney International Reports (2024) 9, 2883-2903

related kidney damage. In line with the role of mito-
chondria in the activation and assembly of inflamma-
some complexes such as NLR family pyrin domain
containing 3, NAC mitochondrial effects were

2887
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Table 3. NAC protective effects in animal models of kidney disease

Pathology

Nephrotoxicity and
obstructive
nephropathy

Nephrotoxicity

Nephrotoxicity

Renal mass reduction
and lipotoxicity

Polycystic kidney
disease

Renal Ischemia

Renal mass reduction

Animal model

Folic acid (2-28 d)

Cisplafin (8-12 wk)

CdCl,

Human VSMCs freated
with serum from left
nephrectomy and ApoE-/-
mice with high fat diet.
Cy/+ rats (autosomal
dominant mutation in
Anks6 gene)

20 min of I/R affer a 21-
d evolution of bilateral IR.

5/6 nephrectomy
5/6 nephrectomy plus
gadolinium-chelate

NAC concentration/
administration way

300 mg/kg infragastric

500 mg/kg infragastric

0.4 mg/l in drinking water
for 1 mo

5000 pmol/I

80 mg/kg

5% in normal powdered
chow
300 mg/kg intraperitoneal

80 mg/kg in drinking
water
600 mg/l in drinking
water
4.8 g/l in drinking water

Time points and scheme of
administration

2 doses, 24 and 2 h before
renal damage induction

From 7 d prior fo cisplatin up
fo 12 wk (every 2 d).

For 1 mo before CdCl,

pre-incubated by 1 h before
serum freatment

5 wk

1 wk before bilateral IR and for
21 d affer IR
4 h before the operation and af
the beginning of reperfusion

Orally in drinking water af 3, 8,
or 19 wk affer nephrecfomy
During 60 d after 7 d of
nephrectomy
From d 7 after nephrectomy to
d21
From d 60 affer nephrectomy

Kidney effects

1 Serum BUN and creatinine and kidney weight/
fotal rat weight
| Renal injured and fibrotic area, necrotic

fubules number

| Renal vascular resistance

1 GFR and renal blood flow

| Lipoperoxidation markers

1 PGC-1a. and TFAM levels

1 NOX and NOS ROS production in proximal
and distal fubule.
1 LC3-Il, LC3-I and PINK levels.

| Serum BUN and creatinine
Prevent premature renal senescence
| pb3 and p21 protein and IL-6, IL-18,
fibronectin, aSMA and TNFo. mRNA levels
| Fibrosis
| Serum BUN and creatinine
| SABG-positive areas
| The expression of senescence proteins and 1
cell proliferation
| a-SMA, collagen |, MMP2, and TGF- mRNA
levels and renal fibrosis
1 Sirt1 and PGC-1a. levels
| Apoptosis in tubular cells

| Serum BUN and cregtinine

| phosphorus, TBARS and 1 calcium serum
levels

| Tubular epithelial apoptosis and 1 HO-1 in
acute sfage
1 Apoptosis and 8-OhdG positive cells, and 1
NADH fluorescence in the cortex in CKD stage
| BUN and creatinine
1 SOD and GPx activities
| Renal MDA, inferstitial inflammation and
nitrate/nitrite rate

Delay of systolic blood pressure increase
| Ureaq, creatinine, total cholesterol and
friglyceride levels in plasma and systolic blood
pressure
| Total AGE and TBARS

1 Mean body weight and inulin clearance.
| Proteinuria, urinary TBARS excrefion, blood

pressure, fraction of potassium expression,

Other effects Ref.

Aparicio-Trejo
et al.,*® Aparicio-
Trejo ef al.>°

1 Mitochondrial glutathione fofal and reduced
levels
1 Mitochondrial complex | and Il activities
1 Mitochondrial
B-oxidation
| Mitochondrial
ROS production
1 Mitochondrial
ATP production and coupling
1 Prevent mifochondrial membrane pofential
(Aym) depolarization.
Prevent the shift of mitochondrial dynamics
fowards fission
Preserve mitochondria ultrasfructure

1 Sirt1 levels Li et al®’

Preserve mitochondria ulfrastructure Dong ef al.®’
1 UCP2, ATP5A, TFAM, NRF1, PGC-1a, and

PGC-1B mRNA levels

| ROS levels, p38-MAPK activation, lamin B1 Wang ef al*®
and p53 levels in HVSMCs

| SABG staining in HYSMCs

| Total bone levels of AGE Allen ef al.>?

Small et a/.®
Kizilgun ef al.’’

| Aspartate aminotransferase in serum

Ware ef al.%*
Machado ef al.*®
Pereira ef al.,*®

Shimizu et a/.*°

| Endoplasmic reficulum siress proteins:
Grp78, Grp94 and PDI.
| Apo A-lI-mediated cholesterol efflux and ABCA-
1 levels in Macrophages.
| Heart weight
| Serum ferritin and transferring saturation levels

(Continued on following page)
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Table 3. (Continued) NAC protective effects in animal models of kidney disease

Pathology Animal model
Nephrotoxicity Vancomycin-induced
nephrotoxicity
Obstructive Unilateral ureteral
nephropathy obstruction (UUO)

Confrast-induced Confrast-induced

nephropathy nephropathy
Nephrotoxicity Lithium chloride
Uremic toxin Bisphenol A (BPA)

associated renal

disease
Nephrotoxicity [fosfamide

NAC concentration/
administration way

10 or 30 mg/kg
intraperitoneal

250 mg/kg intraperitoneal

1560 mg/kg intraperitoneal

10 mg/kg
Intraperitoneal

100 mg/kg infragastric
200 mg/kg infragastric

1.2 g/kg infraperitoneal

Time points and scheme of

administration

fod 120
2 d before gadolinium

8 d starting 1 d before
vancomycin

7d

For 4 consecutive d

Twice daily/5 wk

Daily for 4 wk after BPA
induced CKD
Daily for 5 wk

Daily for 6 d before IFO
Daily for 3 d after IFO

Kidney effects

urinary sodium/ potassium ratio, Serum
aldosterone and glomerulosclerosis index
| Proteinuria,
Prevention of the glomerular filtration decrease

| BUN and creatinine levels, and inferstitial
edema and inflammatory cell infiliration.
| KIM-1, NGAL, Bax and caspase-3 and BCL2
1 expression.
| MDA and tGSH levels, 1 SOD and CAT
acfivities.

| Fibronectin, collagen | a-SMA and TGF-B
fibrotic marker and ROS levels and angiofensin-Il
pathway
1 Serum BUN, creatinine, cystatin-C, N-acetyl-f-
glucosaminidase and urinary y-glutamyl
franspeptidase levels.
| Tubular epithelial cell apoptosis, swelling of
mitochondria, fracture of cristae, and shedding
of microvilli of cell cavity.
Preserved SOD activity, MDA and GSH levels,

1 BUN and creatinine in plasma and fubular
necrosis
1 GFR

1 BUN, creatinine, profeinuria, apopfotic cells in
proximal tubule and podocyte structure damage
1 Creatinine clearance.
| Nitric oxide and MDA levels, Bax/Bcl-2 ratio
and caspase acfivation
Restore GSH balance and SOD activity
1 p-AMPK/AMPK ratfio, PGC-1a and Sirt3 levels
and | Ac-SOD2/SOD2 ratio
| BUN, glomerular and tubular damage
1 Nitric oxide, MDA and NF-kB levels and NOS-
immunostaining
1 GSH, IL-4, Nrf2
Prevent IFO-induced
Nephrotoxicity measured by BUN and creatinine
levels

Other effects

1 P38-MAPK and JNK phosphorylation.

Prevented p38-MAPK and ASK1 acfivation and

1 Trx1 mRNA and profein levels.

| Mifochondria swollen, fragmentation and
cristae disruption and ROS production
1 Mitochondria number
Restore Agm

Did not affect IFO tumor growth inhibition

Ref.

Yu et al®'

Shen ef al.>®

Gong ef al.*®

Efrati ef al.**

Kobroob et a/.°®
Abdelrazik ef al.%®

Hanly ef al.**

8-0hdG, 8-hydroxy-2' -deoxyguanosine; ABCA-1, ATP-binding cassette transporter-1; Grp94, heat shock protein 90kDa beta member 1; Grp78, 78 kDa glucose-regulated protein; AGE, advanced glycation end products; AMPK, AMP-activated protein
kinase; Apo A-l, apolipoprotein A-I; ApoE, apolipoprotein E; ASK1, apoptosis signal-regulating kinase 1; ATP, adenosine triphosphate; ATP5a, ATP synthase F1 subunit alpha; Bax, Bcl-2 associated X-protein; Bcl2, B-cell lymphoma 2; BPA, bisphenol A;
BUN, blood urea nitrogen; Ca0x, calcium oxalate; CAT, catalase; CdCl,, cadmium chloride; CKD, chronic kidney disease; GFR, glomerular filtration rate; GPx, glutathione peroxidase; GSH, glutathione; HO-1, heme oxigenase; I/R, ischemia-reperfusion;
IFO, Ifosfamide; IL-4, interleukin-4; IL-6, interleukin-6; IL-1B, interleukin-1-beta; JNK, c-Jun N-terminal kinases; KIM-1, kidney injury molecule 1; LC3 (I and Il), Microtubule-associated protein 1A/1B-light chain 3 | and II; (p38)-MAPK, (p38) mitogen-
activated protein kinases; MDA, malondialdehyde; MMP2, matrix metallopeptidase 2; mRNA, messenger RNA; mTOR, mammalian target of rapamycin; NADH, nicotinamide adenine dinucleotide reduced; NF-kB, Nuclear factor kappa B; NGAL,
neutrophil gelatinase associated lipocalin; NOS, nitric oxide synthases; NOX, NADPH oxidase; NRF1, nuclear respiratory factor 1; Nrf2, nuclear factor erythroid 2—related factor 2; p53, tumor suppressor P53; PDI, protein disulfide isomerase; PGC-1 (o
and ), peroxisome proliferator-activated receptor-gamma coactivator; PINK, phosphatase and tensin homologue-induced kinase 1; ROS, reactive oxygen species; SABG, senescence-associated beta-galactosidase; Sirt1, sirtuin 1; SOD, superoxide
dismutase; TBARS, thiobarbituric acid reactive substances; TFAM, mitochondrial transcription factor A; TGF-p, transforming growth factor-beta; TNFa,, tumor necrosis factor alpha; Trx1, thioredoxin 1; UCP2, uncoupling protein 2; aSMA, alpha smooth
muscle actin; Agm, mitochondrial membrane potential; VSMCs, vascular smooth muscle cells.
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Figure 1. Protective effects of N-acetylcysteine (NAC) on renal damage. The figure illustrates reported effects of NAC. NAC enhances
glutathione (GSH) levels by restoring S-glutathionylation in mitochondria, thereby preventing the production of mitochondrial reactive
oxygen species (mtROS) and lipid peroxidation. Decreased mtROS levels reduce inflammation, fibrosis, and ultimately apoptosis.
Restoration of the electron transport chain (ETC) function also improves mitochondrial dynamics. NAC additionally activates sirtuins 1 and
3 (Sirt1 and 3) and AMP-activated protein kinase (AMPK), promoting mitochondrial biogenesis and further restoring mitochondrial dy-
namics. Aymt, mitochondrial membrane potential; 4-HNE, 4-hydroxynonenal; ARE, antioxidant response element; GSSG, glutathione
disulfide; MDA, malondialdehyde; NF-kB, nuclear factor kappa B; NLRP3, NLR family pyrin domain containing 3; Nrf2, nuclear factor
erythroid 2-related factor 2; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator; TFAM, mitochondrial transcription
factor A. Image created with Biorender.com.

associated with the reduction of inflammatory cyto-
kines interleukin 1B and interleukin 6, and tumor ne-
crosis factor alpha.””*” The regulation of inflammatory
and mitochondrial bioenergetic processes by NAC is
strongly associated with the prevention of fibrosis
development.””*”?*””  NAC inhibited premature

significantly improve bone architecture in a pro-
gressive CKD model. Ware et al.”” observed that NAC
did not prevent but only delayed warfarin-induced
renal hypertension. Interestingly, these authors
demonstrated that NAC with administration in
warfarin-induced kidney damage, though it was not

senescence and renal fibrosis through the sirtuin 1-
tumor suppressor p53 pathway and delays CKD pro-
gression induced by cadmium and cisplatin, respec-
tivelyf”’57 Finally, a recent study suggested that NAC
modulates the transcription factor Nrf2,”” inducing the
antioxidant response in kidney cells (Figure 1).
Despite these promising findings, some studies
have yielded mixed results or demonstrate lack of
protection by NAC in kidney disease models. For
example, Allen et al.’> found that NAC did not

2890

able to significantly decrease hematuria, mitigated
acute tubular injury, interstitial fibrosis, tubular at-
rophy, and the related increase in serum creatinine
by reducing kidney oxidative stress.””®’ Some of the
discrepancies are explained by the differing treat-
ment schedules used. To achieve direct protective
effects through intracellular GSH synthesis, effective
concentration of NAC is of vital importance because
GSH is present in mM concentrations in the intra-
cellular compartment.

Kidney International Reports (2024) 9, 2883-2903
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NAC EFFECTS IN CLINICAL STUDIES

AKI or Acute Kidney Toxicity

NAC effects in AKI depend on the following 4 critical
aspects: cause of AKI, timing of the NAC administra-
tion in relation to presence of the damaging factor,
route of NAC administration with the resulting dif-
ferences in concentrations of NAC and its metabolites,
and characteristics of the patient population.

Impaired Liver Function

Despite the well-known significance of liver-derived
GSH for kidney function, only a few studies investi-
gated NAC effects on kidney function in the setting of
pronounced liver function impairment. In an uncon-
trolled study of hepatorenal syndrome, i.v. NAC 150
mg/kg over 2 hours, followed by 100 mg/kg over 5
days was applied. An improvement of kidney function
(urine output, sodium output, and glomerular filtration
rate) was observed.”” A randomized controlled trial
(RCT) investigated i.v. NAC during orthotopic liver
transplantation. A loading dose of 140 mg/kg was
given at the start of surgery, followed by 70 mg/kg
every 4 hours for approximately 2 days. This regimen
did not generally prevent kidney function impairment.
The risk of AKI was reduced in those patients who
responded with a GSH increase during the NAC treat-
ment.”” In a randomized study of 60 patients with liver
cirrhosis, i.v. NAC 1200 mg/12 hour was given, start-
ing immediately before surgery and until 72 hours
postoperatively. A significantly higher postoperative
glomerular filtration rate was observed in the inter-
vention group.”’ Finally, another RCT investigated
NAC infusion in patients with liver cirrhosis and var-
iceal bleeding. A loading dose of 150 mg/kg/h was
given for 1 hour, followed by 12.5 mg/kg/h for 4 hours,
and finally 6.25 mg/kg/h for 67 hours. This regimen
resulted in a significant reduction of AKI."'

As a result, the administration of NAC to reduce
liver dysfunction-related AKI may be considered if
GSH synthesis can be activated. Further -clinical
research is necessary, and alterations of NAC pharma-
cokinetics in chronic liver disease need to be accounted
for.”

Paracetamol (Acetaminophen)
Poisoning-Related AKI

Paracetamol poisoning-related AKI occurs in approxi-
mately 2% of all paracetamol intoxications.

It seems to be more frequent with severe overdoses,
but patients seldom need hemodialysis treatment.”’
Although NAC, when administered early, is highly
effective in the prevention of severe liver injury
in relation to paracetamol poisoning, its effectiveness
in paracetamol poisoning-related AKI has been

Kidney International Reports (2024) 9, 2883-2903
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questioned.74 The mechanisms underlying this AKI
entity have only partially been resolved, and experi-
mental studies suggested that NAC treatment was not
effective for acute paracetamol-induced kidney
toxicity.””’® Therefore, patients with very severe
paracetamol overdoses might benefit from treatment
with fomepizole, which blocks the generation of toxic
paracetamol metabolites;”> however, further research
is warranted.

Cardiac Surgery

Cardiac surgery-associated AKI pathogenesis is multi-
factorial. Cardiopulmonary bypass (“on-pump sur-
gery”’) is associated with contact activation by bypass
circuit materials stimulating proinflammatory path-
ways. Reperfusion to hypoxic tissues after aortic cross-
clamping generates reactive oxygen species and
damage-associated molecular pattern-induced inflam-
mation.”” These mechanisms are not strictly limited to
the intraoperative period but persist to a varying
extent postoperatively.

Our overview of studies with NAC use in patients
undergoing cardiac surgery (Table 4) lists the studies in
the approximate order of decreasing kidney function,
and beneficial effects of NAC were mainly observed in
patients with preexisting CKD.’®” Because alterations
in the Nrf2 system and GSH-related disturbances, both
in renal and extrarenal cells, in patients with CKD have
been reported, such alterations could contribute to the
observed differences between the study populations. '’
Positive effects on kidney function and on the post-
operative course in patients with cardiac surgery were
reported.”””” The most effective dosing regimen cannot
be deduced from the current data. As the studies
indicated, both oral and i.v. administration showed
benefits in patients with preexisting CKD. Combined
administration of both forms should be investigated.
High i.v. dosing per se did not improve effectiveness,”
and pharmacokinetics need to be considered for dose
determination. The administration of NAC already on
the preoperative day appeared effective,””” and a
cautious continuation after surgery seemed beneficial.

Nephrotoxic Substances

An RCT studied oral NAC (600 mg twice daily,
Mucomyst, Apothecon) applied for 7 days in patients
with CKD G3-4 preceding i.v. iron infusion. This NAC
pretreatment reduced oxidative stress but did not
reduce the drug-induced kidney toxicity.”’

With respect to cisplatin-induced nephrotoxicity,
we identified 2 case reports that had used i.v. NAC as
kidney rescue therapy. Both reported concomitant
improvements in kidney function.””” For protection
against nephrotoxic substances such as cisplatin or
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Table 4. Different NAC dosing regimen used in cardiac surgery, with emphasis on the preexistence of CKD, start of treatment, and treatment

duration
Number of
Type of surgical participants:
intervention and blood overall
Study NAC dose, dosage form, and regimen CKD Study design circulation support (receiving NAC) Effects of NAC

Mostly no preexisting CKD

Bumns ef al.’® NAC i.v., 600 mg after start of anesthesia,
after weaning from CPB, affer 12 h, after

24 h

NAC i.v., 100 mg/kg bolus in the CPB
prime, then 20 mg/kg/h during CPB

mostly no CKD

Tossios ef al.,”® no CKD

Fischer ef a/.°

Haase et al®' NAC i.v. 300 mg/kg over 24 h, sfarted
affer anesthesia
NAC i.v. 150 mg/kg bolus after start of

anesthesia, then 150 mg/kg/d over 24 h

mostly no CKD

Song et al.®? mostly no CKD

Prasad ef al.%® NAC p.o. 600 mg twice daily on the
preoperative d, then NAC i.v. 600 mg
before anesthesia, then twice daily fo

post-operative d 2

NAC 600 mg p.o. twice daily; 1 d before

and 2 d after surgery

Preexisting CKD or reduced kidney function

mostly no CKD

Amini ef al.® mostly no CKD

Wijeysundera NAC i.v., bolus 100 mg/kg after start of ~85% CKD
et al®>%° anesthesia, then 20 mg/kg/h until 4 h ~ G3a,b; ~15%
after CPB CKD = G4
Adabag ef al®’ NAC p.o. 600 mg twice daily (non- CKD G3-5
commercial NAC solufion mixed with fruit
juice), 3 doses before surgery, 11 doses
after surgery
Sisillo ef al.%® NAC i.v. 1200 mg, before anesthesia, CKD ~G3
then affer 12 h, 24 h, and 36 h
Santana-Santos NAC i.v. 160 mg/kg over 2 h before CKD G3, 4

et al®® surgery, then 50 mg/kg over 6 h
Javaherforooshzadeh NAC i.v. 100 mg/kg bolus affer partially impaired
et al.®° anesthesia, then 100 mg/kg over 4 h,  eGFR, in mean on
finally 100 mg/kg over 16 h upper limit fo CKD
G3
Barr ef a/.°" NAC p.o. 600 mg twice daily, 3 doses CKD = G3b
before surgery, 1 dose after surgery
Navaratnarajah NAC p.o. 600 mg twice daily on the partially impaired
et al®? preoperative d and 2 d after eGFR, in mean on

upper limit to CKD
G3

RCT elective and urgent CABG, 295 (148) - No prevention of postoperative
on-pump kidney dysfunction
- No effect on mortality
RCT elective and urgent CABG, 40 (20) - Reduced decline in eGFR on
on-pump postoperative d 1
- Reduced markers of myocardial
sfress. (nifrotyrosine, 8-
isoprostane)
RCT mostly elective CABG and/ 61 (31) - No reduction of post-operative
or valve surgery, on-pump €GFR decline.
RCT elective CABG, off-pump 117 (60) - No prevention of AKI.
- Significantly reduced
postoperative urinary output.
randomized, CABG, off-pump 70 (35) - No effect on incidence of renal
open label dysfunction.
RCT elective CABG, off-pump 291 (73) - No prevention of AKI.
RCT elective CABG and/or valve 175 (88) - No effect on eGFR.
surgery, on-pump - Increased chest-tube blood-loss
and need for fransfusions.
- Reduced all-cause mortality.
RCT elective CABG and/or valve 102 (60) - No effect on risk for AKI.
surgery, mostly on-pump - Tendency fo shorter sfay at ICU
(P =0.06)
RCT mostly elective CABG and/ 254 (129) - Tendency to reduced AKI
or valve surgery, mostly (p = 0.06)
on-pump - Reduced mortality associated o
AKI.
- Shorter stay at ICU.
RCT CABG, on and off-pump 70 (35) - Reduction of AKI.
- Reduction of oxidative stress
measures.
RCT Elective CABG, on-pump 60 (30) - Improved eGFR on post-
operative d 2.
- Lower post-operative bleeding
and need for blood products .
RCT cardiac surgery at a 39 (20) - Reduced decline in eGFR on
community hospital, postoperative d 3.
mostly on-pump
prospective  Transcathefer aortic valve 105 (60) - Reduction of AKI.
cohort study  implantation, including

use of confrast agent
(~120 ml)

AKI, acute kidney injury; CABG, coronary artery bypass graft; CKD, chronic kidney disease; CKD Gx, indicated respective (x) stage of CKD; CPB, cardiopulmonary bypass; eGFR,
estimated glomerular filtration rate; NAC, N-acetylcysteine; on-/off-pump, with/without use of a cardiopulmonary bypass machine during surgery; RCT, randomized controlled trial.

vancomycin, renal dipeptidase-1 is important, which
is highly expressed in the proximal tubular brush
border epithelial cells. The enzyme is involved in
tubular reuptake of cisplatin; vancomycin; and ami-
noglycosides such as gentamicin or amikacin. It me-
diates cilastatin-dependent  protection against
cisplatin toxicity.” Dipeptidase-1 also hydrolyzes
intratubular GSH after its glomerular filtration. GSH
could therefore influence reuptake and tubular
accumulation of nephrotoxic substances such as
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cisplatin that show an affinity to dipeptidase-1. In
this way, renal protection by NAC would require
obtaining sufficient GSH concentrations in plasma
available for glomerular (filtration during, for
example, the cisplatin treatment, which should be
tested in clinical studies.

Contrast Media
Contrast-induced AKI (CI-AKI) describes a reduction in
kidney function after intravascular administration of

Kidney International Reports (2024) 9, 2883-2903
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iodinated contrast media and that is not explained by
other causes. CI-AKI often is mild and transient. It can
be associated with proteinuria and tubular damage.’’
The incidence of CI-AKI depends on the clinical
setting. It was reported to be 1% to 2% in patients
with normal kidney function and may be as high as
30% in patients with compromised kidney function
and diverse comorbidities.”® The responsible use of the
contrast agent has priority. CI-AKI pathogenesis is
multifactorial. Renal medullary ischemia and tubular
toxicity can develop, including generation of reactive
oxygen species. It was shown that CI-AKI involved
resident and infiltrating renal macrophages and resul-
ted in NLRP3 inflammasome-dependent inflammation.
The process involved tubular reabsorption of the
contrast agent by dipeptidase-1,”" the brush-border
enzyme that is responsible for GSH hydrolysis after
glomerular filtration. An important aspect for the pre-
vention of CI-AKI is the temporal pattern of involved
pathomechanisms. By using multiphoton intravital
microscopy, it was observed that already 6 hours after
contrast administration, different inflammatory cell
types had been recruited to the kidney.”

Our analysis of selected RCTs that tested NAC for
the mitigation of CI-AKI focuses on dosage forms,
timing, and duration of NAC administration. In
Table 5, we list the studies in the approximate order of
decreasing kidney function and group the studies ac-
cording to favorable or no effects of NAC administra-
109121 The study populations differed by the
volume of contrast agent used and the degree of pre-
existing kidney function impairment, ranging from
patients without CKD to populations with advanced
CKD stages. The NAC regimens varied substantially,
including i.v. and oral dosing, and NAC administration
mainly before or mainly after the contrast intervention.

We were not able to draw reliable conclusions as to
why NAC regimens showed favorable effects in some
and not in other studies; however, some interesting
aspects require consideration. First, almost none of the
studies that administered NAC orally reported dosage
forms and brand names. Bioavailability, maximal NAC
concentrations, and the time when peak concentrations
occurred in these studies are therefore unclear. Second,
with respect to GSH-mediated effects, timing and
duration of NAC administration matter. Oral NAC,
absorption- and dose-dependently, can effectively
support GSH synthesis by the liver, which thereafter
provides systemic GSH. In clinical settings of GSH
deficiency, as in advanced CKD, it therefore seems
reasonable to allow for GSH synthesis over a period
before the administration of the contrast agent. In
addition, when we consider the effect of glomerular
filtrated GSH at the tubular dipeptidase-1, an effective

tion.

Kidney International Reports (2024) 9, 2883-2903
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GSH plasma concentration is required during the time
when the contrast agent is present in the renal tubule.
This will be more effectively obtained by i.v. admin-
istration. It should be remembered that the GSH peak
lags the NAC peak by approximately 10 minutes with
i.v. NAC administration.”” A continuous infusion may
be more effective than a bolus administration alone,
because both NAC and GSH plasma concentrations
decline fast again due to renal clearance. Third, if NAC
is applied during the repair phase after a tissue injury,
a disadvantageous suppression of endogenous defense
mechanisms of the Nrf2 system was reported.”®

In the future, with the development of better pre-
diction models for AKI, more precise and personalized
prevention methods can be expected, which will
benefit high-risk patients. For CI-AKI it was shown that
albuminuria predicted AKI occurrence independent of
risk factors and comorbidities.'”” An attenuation of
contrast-induced albumin excretion after NAC admin-
istration, independent from effects on creatinine, has
been reported.'”’ Albuminuria might therefore be a
valuable parameter to add to CI-AKI and other AKI
prediction models that could guide individualized
prevention, which might also include reasonably timed
NAC administration.

NAC Administration in Patients With CKD

CKD Without KRT

Two RCTs investigated the effect of oral NAC 600 mg
twice daily (1 study with effervescent tablets, ACC 600,
Hexal) as add-on therapy to renin-angiotensin-
aldosterone system blockade for 2 months. These
studies, in approximately CKD G1-2 and in approxi-
mately CKD G3, did not detect NAC effects on pro-
teinuria.'>”'** A study with a nonintervention control
group (~CKD Gl-2), using oral NAC 600 mg twice
daily for 2 months, suggested a significant reduction in
systolic blood pressure and proteinuria.'”’ Finally, a
retrospective cohort study analyzed data from
approximately 124,000 patients with CKD and a follow-
up period of 10 years. The authors found a reduced risk
of CKD progression to CKD G5 and dialysis therapy
with NAC use for longer than 3 months. Risk reduction
was highly significant in women and patients with
hypertension.'** These results are interesting; howev-
er, they disclose unresolved questions. The CKD stages
for which a long-term treatment with NAC could in-
fluence CKD progression are not known, and effec-
tiveness compared to existing therapies, such as renin-
angiotensin-aldosterone system blockade or sodium-
glucose transport protein 2 inhibition, is unclear and
needs to be studied. Furthermore, unwanted effects of
long-term treatment with NAC need adequate
investigation.'”’
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Table 5. Different NAC dosing regimen investigated for the reduction of contrast-induced AKI (CI-AKI), with emphasis on the preexistence of CKD, start of treatment and treatment duration in

relation to administration of the contrast medium, and NAC dosing and dosage forms

Study

Mostly no preexisting CKD
No favorable effects of NAC
Thiele ef al.'®

Traub ef al."®’

Thayssen ef al.'%?

Yang ef al.'®®

Aslanger ef al.'®*

Carbonell ef al.'%®

Favorable effects of NAC
Kim ef al.'%®

Biernacka-Fialkowska ef al.'®’

Marenzi ef al.'%®

NAC dose and regimen

NAC i.v. 1200 mg bolus before the procedure, then
i.v. twice daily affer the procedure for 48 h

NAC i.v. 3 g over 30 min before conirast, then affer
contrast 200 mg/h for between 2 h and 15 h

NAC p.o. 1200 mg before the procedure, then 1200
mg daily for 48 h

NAC p.o. 600 mg (Hainan Zambon Pharmaceutical
Co.) twice daily on the d before and after conirast

NAC i.v. and p.o. (1200 mg bolus injection during
the procedure, then 1200 mg p.o. twice a d for 48 h
after the procedure); or infrarenal and p.o. (600 mg
bolus in each renal arfery before confrast
administration, then 1200 mg p.o. twice a d for 48 h
after the procedure)

NAC i.v. 600 mg over 30 min twice daily in 4 doses,
started at least during 6 h before the procedure

NAC p.o. 600 mg twice daily on the d before and on
the d of the procedure

NAC i.v. 600 mg 12 h before and on the moming
before the procedure, then on the evening after the
procedure and twice the d after
NAC i.v. 600 mg bolus before the procedure, then
600 mg p.o. twice daily for 48 h; or NAC i.v. 1200
mg bolus before the procedure, then 1200 mg p.o.
twice daily for 48 h

Preexisting CKD or reduced kidney function

No favorable effects of NAC
Jaffery et al.'*®

ACT investigators' '°

NAC i.v. 1200 mg bolus, then 200 mg/h for 24 h

NAC p.o. 1200 mg (powder, Medley, Brazil), 2
doses before the procedure, 2 doses affer the
procedure every 12 h.

CKD

mostly no CKD

mostly no CKD

mostly no CKD
Mostly no CKD

Mostly no CKD

Mostly no CKD

No CKD

Mostly no CKD

Mostly no CKD

Mostly no CKD,

~25% CKD G3 or

higher

50% no CKD,

~43% CKD G3,
~6% = CKD G4

Study design

RCT

RCT

RCT
RCT

RCT

RCT

RCT

RCT (single
blinded)

RCT

RCT

RCT

Type of contrast agent’, ml of
contrast agent

Low-osmolal, nonionic (Ultravist-
iopromide), ~160-180 ml

Isovue, Optiray, Visipaque
(iopamidol, ioversol, iodixanol;
low- and iso-osmolar, nonionic),
~115ml
Iso-osmolar, nonionic (Visipaque
iodixanol), ~140-150 ml
~125-130 ml

Low-osmolal, ionic (Hexabrix
ioxaglate), ~195-205 ml

Low-osmolal, non-ionic (Ultravist
iopromide), ~180-190 ml

iodixanol, iobitridol, iopamidol
(low- and iso-osmolal, non-ionic)
(Ultravist-iopromide), ~200-215
ml
Low- and iso-osmolal, non-ionic,
~200 ml

Low-osmolal, non-ionic
(Omnipaque iohexol), ~250-270
ml

Isotonic, non-ionic (Visipaque
iodixanol) ~160-170 ml

Mostly low-osmolarity, ~100 ml

Number of
participants: overall
(receiving NAC)

251 (126)

399 (200)

357 (176)
627 (157)

312 (108/105)

216 (107)

166 (80)

222 (108)

352 (115/118)

398 (192)

2308 (1172)

Effects of NAC

- No effect on occurrence of more than 25% increase of
creatinine concentration
- No effect on myocardial reperfusion injury
-Reduction of oxidized LDL and AOPPs

- No beneficial effects

- No effect on occurrence of more than 25% increase of
creatinine concentration within 72 h

- No effect on occurrence of more than 26% increase of
creatinine concentrafion within 72 h

- No prevention of occurrence of more than 256%
increase of creatinine concentration within 72 h
postprocedure

- No prevention of occurrence of more than 25%
increase of creafinine or a creatinine increase = 44
umol/I within 48 h postprocedure

- Reduced occurrence of more than 25% increase of
cystatin C or a cystatin C increase = 0.5 mg/dl within
48 postprocedure

- Reduced occurrence of more than 25% increase of
creafinine or a creatinine increase = 44 pmol/l within
48-72 h postprocedure
- Reduced occurrence of more than 25% increase of
creatinine within 72 h post-procedure.

- Lower number of in-hospital deaths.

- No effect on occurrence of more than 25% increase of
creatinine concentration within 72 h
- Tendency fo higher post-procedure cystatin C in the
NAC group (P = 0.07)
- No effect on occurrence of more than 25% increase of
creatinine concentration within 48-96 h, also not if
stratified into CKD stage subgroups.

(Continued on following page)
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Table 5. (Continued) Different NAC dosing regimen investigated for the reduction of contrast-induced AKI (CI-AKI), with emphasis on the preexistence of CKD, start of treatment and treatment

duration in relation to administration of the contrast medium, and NAC dosing and dosage forms

Study
Weisbord ef al."""

Reinecke ef al.''?

Khatami ef al.'"®

Brueck ef al.''"*

Ferrario ef al.''®

Erturk ef al.''®

Favorable effects of NAC
Hsu efal.'"”

Kay efal.''®

Webb ef af,,'?
Levin ef al.'?°

Tepel ef al.'?’

NAC dose and regimen

NAC p.o., 1200 mg (capsuled powder,
noncommercial study preparation) 1 dose ~1 h
before the procedure, then again 1 dose 1 h after the
procedure, then twice daily for the following 4 d after
the procedure.

NAC p.o. 600 mg on the evening and morning before
the procedure, and on the evening and morming
thereafter.

NAC p.o. 600 mg twice daily from the d before the
procedure, confinued for 3 d; or NAC i.v. 1200 mg
30 min before the procedure
NAC i.v. 600 mg 24 h and 1 h before contrast

NAC p.o. 600 mg, 2 doses on the d before and 1
dose on the morning before the procedure, 1 dose on
the evening affer the procedure
NAC i.v. 2400 mg over 1 h before the procedure,
then 4800 mg within 4-6 h after the procedure; or
NAC p.o. 1200 mg (Asist sachet, Husnu Arsan
Company) 2 doses within 24 h before the procedure
and 4 doses within 48 h after the procedure

NAC i.v. 600 mg over 1 h before confrast

NAC p.o. 600 mg (Fluimucil, Zambon), 2 doses on
the d before the procedure, then 1 more dose before
and 1 dose affer the procedure.

NAC i.v. 500 mg over 15 min within 1 h before sfart
of the procedure

NAC p.o. 600 mg, 2 doses on the d before and 1
dose on the morning before the procedure, 1 dose on
the evening after the procedure

CKD
In median CKD 3a

In mean ~CKD G3a

In mean ~CKD G3b.

in median ~CKD
G3b

In mean ~CKD G3b.

92.5% CKD G3;
7.5% CKD G4

In mean ~CKD G3a

In median ~CKD G3

In median ~CKD G3

in mean ~CKD G4

Study design
RCT

RCT

RCT

RCT

RCT

RCT

Matched case-
contfrol

RCT

RCT

RCT

Type of contrast agent”, ml of
contrast agent

Low- and iso-osmolal, non-ionic,
~85 ml

Iso-osmolar nonionic (Ultravist
jopromide), ~ 190-200 ml

Iso-osmolar, nonionic (Visipaque
iodixanol), ~110-120 ml

low-osmolal, non-ionic (Ultravist
iopromide), ~110 ml
Iso-osmolar, nonionic (Visipaque
iodixanol), ~170-180 ml.

Low-osmolal, nonionic (Ultravist
iopromide), ~125 ml

Low-osmolar nonionic
(Omnipaque iohexol, Xenetix
iobitridol, Ultravist iopromide),

~90 ml

Low-osmolal, nonionic

(iopamidol), ~120-130 ml

Low-osmolar, nonionic (Optiray
joversol), ~120 mL

Low-osmolal, nonionic (Ultravist
iopromide), 75 ml

Number of
participants: overall
(receiving NAC)

4993 (2495)

286 (146)

434 (149/145)

397 (199)

200 (99)

315 (105/105)

209 (106)

200 (102)

447 (220)

83 (41)

Effects of NAC

- No prevention of death, need for dialysis, or persistent
decline in kidney function at 90 days
- No prevention of occurrence of more than 25%
increase of creatinine or a creatinine increase
= 44 pmol/L between day 3 and 5 post-procedure

- No reduction of eGFR decline 72 h post-procedure

- No effect on occurrence of more than 256% increase of
creatinine or a creafinine increase = 44 pmol/l 48 h
postprocedure.

- No prevention of AKI

- No prevention of occurrence of more than 25%
increase of creatinine or a creatinine increase = 44
umol/I within 72 h postprocedure.

- No prevention of occurrence of more than 25%
increase of creatinine or a creatinine increase = 44
umol/l at 48 h postprocedure
- No prevention of cystatin C increase.

- No reduction of death or need for dialysis after 30
dand 1yr.

- Reduced eGFR decline 48-72 h post-procedure.
- No effect on need for dialysis.

- Reduced occurrence of more than 25% increase of
creatinine concentration within 48 h postprocedure.
- Effect persisted for af least 7 d
- Shorter length of hospitalization.

- No prevention of GFR decline or occurrence of more
than 25% increase of creatinine or a creatinine
increase = 44 pmol/l between d 2 and 8
postprocedure.

- Subgroup analysis of patients with urine samples
available (n = 125) showed attenuation of confrast-
induced albumin excretion.

- Reduced incidence of a creatinine increase = 44
umol/l 48 h postprocedure.

AKI, acute kidney injury; AOPP, advanced oxidation protein product; CKD, chronic kidney disease; CKD Gx, indicated respective (x) stage of CKD; eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; NAC, N-acetylcysteine; RCT,
randomized controlled trial,.

*The classification of the contrast-agent with respect to osmolality is given as classified in the original publication if reported there.
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CKD With KRT (Hemodialysis and Peritoneal
Dialysis)
1.V. NAC Administration
One study tested the administration of 2 g NAC during
hemodialysis, directly preceding an infusion of either 50
mg iron sucrose over 30 minutes or 100 mg over 60
minutes. This NAC pretreatment regimen decreased the
iron-induced rise of the lipid peroxidation product
malondialdehyde with 50 mg, but not with 100 mg iron
sucrose.'® In addition, in peritoneal dialysis patients,
NAC infusion prior to i.v. iron administration (200 mg
iron isomaltoside-100) was investigated. NAC pretreat-
ment significantly reduced iron-induced rise of inflam-
matory mediators in patients’ peritoneal dialysate.'*’
Our group used a randomized placebo-controlled
cross-over design with continuous i.v. infusion of 5 g
NAC over 4 hours during hemodialysis. NAC treatment
resulted in significant changes in the posttranslational
modification pattern of the plasma protein trans-
thyretin.”’ Furthermore, the intradialytic presence of
NAC resulted in considerable effects on patients’
mononuclear leucocytes, with an increased protein
amount of nonselective cation channels (transient re-
ceptor potential canonical type 6 channel [TRPC6]) and
increases in calcium influx and intracellular calcium
storage.' ™ Clinical effects observed during this treat-
ment regimen included improved peripheral vascular
function using reactive hyperemia tests.'’""'** Another
effect of i.v. NAC during hemodialysis is a pronounced
increase of hemodialysis-induced homocysteine reduc-
tion."”"""?"** This effect seems transient, implying
homocysteine replenishment.'” Long-term treatment
data for i.v. NAC treatment are lacking, and studies
would need careful NAC drug titration.

Oral NAC Administration
The 2022 update on the prevention and treatment of
peritonitis in patients with peritoneal dialysis suggests

EY Hernandez-Cruz et al.: NAC in Kidney Disease

that adjunctive oral NAC may reduce aminoglycoside
ototoxicity.'”> One study center performed 3 RCTs
with 600 mg NAC (Asist, Bilim Ilac Sanayi Ticaret A.S.)
twice daily for 2 to 4 weeks, paralleling intraperitoneal
amikacin therapy. These studies reported better hear-
ing parameters after 1 week and 4 weeks in NAC-
treated patients. One year later, the difference be-
tween the NAC-treated and the nontreated group was
no longer significant, although a nominal improvement
persisted.'*"*® Tt is not completely clear if NAC
reduced amikacin ototoxicity or improved hearing
function during the administration period, or both. In
patients with CKD G5 and on hemodialysis treatment,
an RCT tested NAC 600 mg (Siran tablets, Temmler
Pharma) twice daily for the reduction of gentamycin-
induced ototoxicity. The reduction in hearing func-
tion was significantly lower in the NAC group, with
the greatest otoprotective effect in the high audiometric
tone frequencies.'”’

Another effect that was suggested of NAC is the
improvement of residual renal function. Using 1200 mg
NAC twice daily for 2 to 4 weeks improved residual
renal function in patients with hemodialysis and peri-
toneal dialysis treatment, *”'*' though we could not
identify respective RCTs.

Effects of oral NAC on cardiovascular risk factors in
CKD G5 have been investigated. A significant reduc-
tion of plasma homocysteine was observed after 2
weeks of treatment with 600 mg or 1200 mg twice
daily (sustained release formulation, Jarrow For-
mulas)’ and 1200 mg twice daily for 4 weeks (Twin
Iaboratories).w2 In the latter small, randomized trial,
the reduction in the treatment group was only
borderline significant compared to the control group
(P = 0.07). Interestingly, the mechanism of homo-
cysteine reduction did not seem related to increased
dialyzability, but to increased homocysteine meta-
bolism.'”’ Studies that tested inflammatory and

Table 6. Effects of oral NAC administration on markers of inflammation and oxidative stress in CKD G5

NAC dosage form, Duration of
Study NAC dose brand study (d)
Trimarchi ef a/.'** 600 mg 2x/d Effervescent tablet, 30
Acemuk, Betapharm
Hsu ef al.'*® 200 mg 3x/d Capsule, Flutafin, 90
Shiteh Organic
Pharmaceutical
Nascimento ef al.>* 600 mg 2x/d - 60
Swarnalatha ef al.'“® 600 mg 2x/d - 10
Saddadi ef al.'*’ 600 mg 2x/d Tablet, Zambon 90
Giannikouris'“® 600 mg 2x/d - 180

Number of
participants: overall
(receiving NAC)

Study design Effects of NAC

RCT 24 (12) | MDA
Nested case-control study 227 (38) | 8-isoprostane
Placebo-controlled 30 (15) | IL-6 unchanged: IL-10, hs-CRP,
ADMA, AOPP, sulthydryl,
homocysteine
RCT (cross-over design) 14 (7) | MDA unchanged: hs-CRP
uncontrolled 24 (24) | IL-6, hs-CRP, ferritin, calcium
uncontrolled 48 (48) | MDA, CRP
1 albumin

ADMA, asymmetric dimethylarginine; AOPP, advanced oxidation protein product; hs-CRP, high-sensitivity C-reactive protein; IL-10, interleukin-10; IL-6, interleukin-6; MDA, malondial-

dehyde; NAC, N-acetylcysteine; RCT, randomized controlled trial.
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oxidative stress markers showed favorable reductions
during NAC administration. These studies were often
small and not always controlled (Table 6).144’148
Finally, an RCT investigated 134 patients on hemodi-
alysis therapy with a median follow-up of 435 days.
Patients received NAC 600 mg twice daily. The results
showed a reduction in a combined cardiovascular end
point, but no reduction of total or cardiovascular
mortality.149 As for long-term i.v. treatment studies,
careful NAC drug titration and monitoring of adverse
events will be required.

CONCLUSIONS

In summary, NAC is still an interesting, but not fully
understood, therapeutic agent for protecting against
kidney damage and CKD-related morbidity, partially
due to its diverse antioxidant effects, its anti-
inflammatory and antiapoptotic properties, as well as
its ability to preserve mitochondrial function and
modulate key cell signaling pathways.

However, targeted clinical studies are needed to
define the efficacy and safety of NAC administration in
specific patient populations and clinical situations. A
“one-size-fits-all” NAC treatment regimen cannot be
expected. Future clinical trials of NAC primarily need
to start from the pathomechanisms of the clinical con-
dition to be mitigated and the kidney function of the
target patient population. Furthermore, it is essential to
account for NAC pharmacokinetics of the employed
NAC formulations and doses, the timing of NAC
administration in relation to the damaging event, and
the frequency and duration of NAC treatment. Finally,
biomarker-guided protocol designs would be helpful
on the way to individual patient precision medicine.
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