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INTRODUCTION

Activated charcoal (AC) is an adsorbent that can adsorb 
a variety of drugs, poisons, and chemicals. It is widely used 
for accidental or intentional ingestion of these substances as a 
first-line treatment. Many studies have demonstrated the abil-
ity of AC adsorption in vitro and reducing bioavailability in 
vivo. If AC is given within 60 min after ingestion, its efficacy 
is significantly increased.1)

It is well known that AC is an effective agent for acetami-
nophen (APAP) overdose.2–5) APAP is commonly used as an 
antipyretic and an analgesic. It is also a common agent in drug 
overdoses due to its availability in over-the-counter prepara-
tions. Because APAP overdose causes liver injury and often 
death in severe cases, it is important that AC is administered 
soon after APAP ingestion as a first treatment. It is also impor-
tant in N-acetylcysteine (NAC) therapy. NAC is used as a spe-
cific antidote for APAP overdose to help prevent liver injury. 
It is a precursor of glutathione (GSH) that detoxifies N-acetyl-
p-benzoquinone imine (NAPQI), a highly reactive intermedi-
ate from APAP.6,7) It is approved for a 72-h oral regimen, with 
a loading dose of 140 mg/kg, followed by 70 mg/kg every 4 h, 
for an additional 17 doses.8) The earlier the administration of 
NAC, the greater the likelihood of preventing hepatotoxicity. 
It should be started as soon as possible but is effective within 
8–24 h after APAP ingestion.9)

Rumack and Peterson reported the 72-h oral NAC regimen 

approved by the FDA.8) In their study, the protocol did not 
include AC treatment because AC would decrease the absorp-
tion of NAC. Although the evidence is not clear, it is recom-
mended in the package insert that NAC should be adminis-
tered at least 1 h after AC has been given to avoid decreasing 
the absorption of NAC.10) However, the transit time of AC is 
several hours, even though a cathartic is given with the AC 
to enhance the elimination of the charcoal-poisoning com-
plex.11,12) If AC stays in the stomach and intestines, the NAC 
would likely be adsorbed onto the AC. The objective of this 
study was to evaluate the effect of AC on a 72-h oral regimen 
of NAC using in vitro methods.

MATERIALS AND METHODS

Medicinal carbon powder, NAC, NAC oral solution 17.6%, 
and N,N’-diacetyl-L-cystine (DAC) were obtained from  
Nichi-Iko Pharmaceutical Co., Ltd. (Tokyo, Japan), Wako Pure 
Chemical Corporation (Osaka, Japan), Ayumi Pharmaceutical  
Corporation (Tokyo, Japan), and Bachem AG (Bubendorf,  
Switzerland), respectively. All other chemicals or solvents were 
of analytical grades. The Plus shaker EP-1 (Taitec, Saitama,  
Japan), the Thermo minder SM-05N (Taitec), and the pH 
meter F-52 (Horiba, Kyoto, Japan) were used. The filters used 
qualitative filter paper and cellulose acetate membrane fil-
ters (Advantec, Tokyo, Japan). Purified water was prepared by 
Smart2Pure (Thermo Fisher Scientific K.K., Tokyo, Japan).
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Simulated gastric fluid (SGF) at pH 1.2 and simulated 
intestinal fluid (SIF) at pH 6.8 were prepared according to the 
JP XVII. The APAP solution was prepared by dissolving 10 g 
of APAP in 1 L of SGF and SIF, respectively. Stock solutions 
of NAC (0.25, 0.5, 1–10 mg/mL, and 5%) were prepared from 
an NAC oral solution by diluting it with SGF and SIF, respec-
tively. APAP, NAC, and DAC standard solutions for calibra-
tion curves were prepared by dissolving their respective rea-
gents in water (1, 1, and 0.5 mg/mL, respectively) and then 
diluted with 10, 25, 50 μg/mL of APAP and 5, 10, 25 μg/mL of 
each NAC and DAC, respectively.

Calculations of the adsorption of NAC onto AC in the 
SGF and SIF were carried out in vitro. After placing 125-mg 
amounts of AC powder into bottles, 20 mL of each stock solu-
tion of NAC (0.25–10 mg/mL) was added to the bottles. We 
then incubated the suspensions in a shaker at 37°C water bath 
for 1 h and then let them stand still in room temperature for an 
additional hour. The AC was then removed by filtration using 
filter paper and membrane filter. The NAC and DAC con-
centrations in the filtrate were determined using high-perfor-
mance liquid chromatography-ultra violet (HPLC-UV) analy-
sis. These adsorption experiments were performed in triplicate 
for each concentration. The same procedures without AC were 
performed on identical samples as controls. Results were 
expressed as the mean ± SD.

Additionally, we carried out another adsorption study in 
which NAC was added into AC in the presence of APAP. After 
placing 2.5 g amounts of AC powder into bottles, 0.375 g of 
APAP (37.5 mL of 10 mg/mL APAP solution) was added to the 
bottles. We then incubated them in a 37°C water bath for 1 h. 
Then, 5% NAC solution was added at 1, 5, and 9 h after APAP 
was added. Namely, 7 mL of the 5% NAC solution was added 
into the bottles and incubated for 4 h, followed by 3.5 mL of 
the 5% NAC solution being added into the bottles and incubat-
ed for an additional 4 h. Then, 3.5 mL of the 5% NAC solution 
was added and incubated for another 4 h. We then incubated 
the solutions for yet an additional hour. The bottles were then 
allowed to stand still in room temperature for another hour. 
The AC was then removed from each suspension by filtration. 
The APAP, NAC, and DAC concentrations in the filtrate were 
determined using HPLC-UV analysis. The samples were per-
formed in triplicate. The blank samples without the NAC solu-
tion were run to compare APAP adsorption with and without 
NAC as a control.

NAC and DAC were measured by the reverse-phase HPLC 
consisting of the L-7100 pump, the L-7420 UV-visible detec-
tor, and the D-2500 integrator (Hitachi High-Tech Science 
Corporation, Tokyo, Japan) and the Degasys DG1310 (Senshu 
Scientific Co., Ltd. Tokyo, Japan). Separation was performed 
with the Inertsil ODS-3 column (4.6 mm i.d. × 150 mm; GL 
Sciences Inc., Tokyo, Japan). The mobile phase consisted of 
15 mM phosphate buffer (pH 4.4): acetonitrile = 90: 10 (v/v) 
for the APAP analysis and 12 mM ammonium formate buffer 
(pH 3.0): acetonitrile = 96.5: 3.5 (v/v) for the NAC and DAC 
analysis. At a flow rate of 1.0 mL/min, the eluate was moni-
tored for absorbance of APAP at 254 nm and the same for both 
NAC and DAC at 210 nm. The retention time of APAP was 
5.8 min, and that of NAC and DAC was 6.9 and 21.0 min, 
respectively.

Mass spectrometry of NAC and DAC were measured with a 
JEOL AccuTOF LC-Plus T100LP mass spectrometer equipped 
with an ESI (electrospray ionization) interface (JEOL, Tokyo, 

Japan). HPLC experiments were performed on Agilent1200 
system using Shiseido Capcell Core ADME (2.1 mm i.d. × 
100 mm; Shiseido, Tokyo, Japan) at 40°C. The mobile phase 
consisted of 0.1% formic acid: acetonitrile containing 0.1% 
formic acid = 95: 5 (v/v) was used at a flow rate of 0.3 mL/
min for isocratic separation. The retention time of NAC and 
DAC was 2.1 and 4.3 min, respectively.

The amount of adsorbed NAC was calculated as the amount 
of decreased NAC which was calculated by the difference of 
free NAC between the control and the sample. The amount 
of NAC adsorbed per gram of AC (Q) was obtained by divid-
ing the amount of decreased NAC by the quantity of AC (1). 
So that we estimated the maximum adsorption capacity (Qm), 
using the Langmuir adsorption isotherm in the following equa-
tion (2):

where Q (mg/g) is the amount of NAC adsorbed per gram and 
Qm (mg/g) is the maximum quantity of NAC adsorbed per 
gram of AC. C0 and Cf (mg/mL) are the NAC concentration 
of the control and sample in the liquid phase at equilibrium, 
respectively. V0 and Vf (mL) are the volume of the control and 
sample, respectively. W (g) is the quantity of AC. K (mL/mg) 
is equilibrium adsorption constant.

RESULTS

The adsorption isotherm is shown in Fig. 1. The adsorp-
tion of NAC onto the AC was saturated at both pHs. We 
then calculated the Qm to evaluate how much NAC the AC 
could adsorb. The Qm (apparent) in SGF was 400.00 mg/g, 
and that in SIF was 714.29 mg/g. Interestingly, two peaks at  
6.9 min and 21.0 min appeared on the chromatogram of the 
sample solution using HPLC-UV (Fig. 2A), while the sec-
ond peak was small in the control solution (Fig. 2B). We then 
performed liquid chromatography/mass spectrometry (LC/
MS) analyses of the samples and identified the second peak 
as DAC, which was the disulfide form of NAC (NAC m/z 
164.041 [M + H]+, m/z 162.055 [M – H]–, DAC m/z 325.059 
[M + H]+, m/z 323.104 [M – H]–). We then simultaneously 
determined the concentrations of NAC and DAC. Because it 
was revealed that the amount of the decreased NAC, includ-
ing the amount of adsorption onto AC, and the amount of con-
version to DAC, we then recalculated the actual amount of 
adsorption by subtracting the amount of conversion to DAC 
from the amount of decreased NAC. We treated DAC as an 
NAC equivalent in the present study (NAC equivalent = DAC 
× 1.00617). Based on the actual amount of adsorption, the Qm 
(actual) in SGF was 294.12 mg/g, and that in SIF was 59.17 
mg/g (Table 1).

We then evaluated whether or not the adsorption of APAP 
and NAC onto AC competed with each other. Because the gas-
trointestinal transit time of AC was about 7 h,11) NAC was add-
ed to the AC and APAP mixed suspension in 3 parts corre-
sponding to the loading dose and 2 times of the maintenance 
doses. The adsorption rate of APAP with NAC in SGF was 
≥97.88%, and that in SIF was 99.00%. That of APAP with-
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out NAC was ≥99.95% in both medias. We then calculated 
the residual rate of NAC, the conversion rate to DAC and the 
adsorption rate onto AC after AC adsorbed APAP. The residu-
al rate of NAC in SGF was 2.09 ± 2.07% and that in SIF was 
0.25 ± 0.43%. The conversion rate to DAC and the adsorption 
rate onto AC in SGF were 30.28 ± 2.08% and 67.64 ± 0.31%, 
respectively. On the other hand, those in SIF were 90.35 ± 
2.92% and 9.40 ± 2.67%, respectively (Fig. 3).

DISCUSSION

AC can adsorb a variety of drugs and toxins. However, it 
may also adsorb oral antidotes if the antidotes are adminis-
tered simultaneously or soon after the AC is given. We eval-
uated the adsorption of NAC onto AC in vitro. We first cal-
culated the maximum adsorption amount of NAC by the 
Langmuir isotherm (Fig. 1). The Qm was higher in SIF. It was 
different from what we expected in that the Qm was higher 
in SGF. Because AC has a nonpolar and hydrophobic surface, 
it is more likely to adsorb the nonionized form than the ion-
ized form.13) We estimated the rate of the nonionized form of 
NAC in gastric and intestinal fluids. NAC has two function-
al groups, which are carboxylic acid and thiol. The pKa1 (car-
boxylic acid) and pKa2 (thiol) are 3.20 and 9.62, respectively. 
The percentage of nonionized form of NAC in SGF (pH 1.2) 
is 99.0% and that in SIF (pH 6.8) is 0.03%. Thus, we predicted 
that NAC would be more adsorbed in SGF.

It is well known that thiols such as GSH, cysteine and 
NAC have antioxidant effects and high reactivity. It is also 
known that they are easily converted to the disulfide form. We 
observed a second peak on the chromatogram in samples using 
HPLC-UV and proved that the peak indicated the disulfide 
form of NAC using LC/MS (Fig. 2). Because the amount of 
DAC in the samples was significantly increased, we recalcu-
lated the amount of actual adsorption. The Qm (actual) in SGF 
was 294.12 mg/g, and that in SIF was 59.17 mg/g (Table 1). 
This proved that AC adsorption is greater for the nonionized 

form of NAC. Therefore, the experiment concluded as expect-
ed.

NAC was significantly oxidized if AC was presented, 
especially in SIF. The oxidation may occur by either or both 

Fig. 1.   Langmuir Isotherm for Apparent Adsorption of NAC onto AC in 
SGF (●) and SIF (○)

Adsorption isotherm data was calculated using the concentration of NAC in the 
control and the equilibrium concentration of NAC in a sample after the adsorption ex-
periment. The concentration of NAC was measured using HPLC-UV. Initial concentra-
tion: 0.25–10 mg/mL, Solvent volume: 20 mL, AC: 125 mg, Temperature: 37°C, pH 
in solution: 1.2 (SGF) and 6.8 (SIF). The data are expressed as the mean ± SD (n = 3).

Fig. 3.   The Conversion Rate to DAC and the Adsorption Rate on AC of 
NAC after AC Adsorbed APAP

The conversion rate to DAC (■) and the adsorption rate (□) is 30.28% and 67.64% 
in SGF, 90.35% and 9.40% in SIF. APAP: 0.375 g, AC: 2.5 g, NAC (total): 0.7 g, Tem-
perature: 37°C, pH in solution: 1.2 (SGF) and 6.8 (SIF). The data are expressed as the 
mean (n = 3).

Fig. 2.   Chromatograms of NAC Solution after AC Adsorption Experiment 
Using HPLC-UV

(A) NAC solution after AC adsorption experiment (B) NAC solution without AC 
(control). The retention times of NAC and DAC are 6.9 min and 21.0 min, respec-
tively. Initial concentration of NAC: 8 mg/mL, Solvent volume: 20 mL, AC: 125 mg, 
Temperature: 37°C, pH in solution: 6.8.

Table 1.   Langmuir Parameters for the Adsorption of NAC onto AC

pH
Apparent adsorption Actual adsorption

Qm 
(mg/g)

K 
(mL/mg)    r Qm 

(mg/g)
K 

(mL/mg)    r

1.2 400.00   3.13 0.990 294.12 17.00 0.995

6.8 714.29 233.43 0.999     59.17 18.83 0.665

The values of Qm and K were obtained from the Langmuir equation. The 
Qm and K are maximum adsorption capacity (mg/g) and the equilibrium 
adsorption constant (mL/mg), respectively. Apparent adsorption was 
calculated from the amount of decreased NAC, and actual adsorption was 
calculated from the amount of adsorption by subtracting the amount of 
conversion to DAC from the amount of decreased NAC.
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of two mechanisms, one of which was affected by pH. In an 
alkaline condition, thiolate anions are generated more. Thi-
ols exhibited dose loss of protons in an alkaline condition, fol-
lowed by oxidation to a free radical and radical coupling.14) 
Thus, the conversion rate to DAC was increased more in SIF. 
Another mechanism was via an oxidation catalysis. Hayashi 
et al. showed that oxidative conversion of aliphatic and aro-
matic thiols to disulfides was promoted by AC.15) Howev-
er, this mechanism remains unclear. The surface of AC has 
a few functional groups, such as carbonyl, carboxyl, phenol-
ic hydroxyl, lactone, and quinone groups though AC consists 
almost entirely of carbon. These functional groups could cata-
lyze the oxidation of NAC. Pereira et al. reported a good cor-
relation between the catalytic activity and the concentration of 
carbonyl/quinone groups on the surface of AC.16) In addition, 
AC contains heavy metals, and its content does not exceed 50 
ppm as defined by the JP XVII. It is known that several heavy 
metals catalyze thiol oxidation.14) Hence, the metals contained 
in the AC may act as a catalyst. The oxidation of NAC may 
occur in higher pH and by these catalytic mechanisms.

We showed the apparent and actual Qm. Chinouth et al. 
showed the Qm in SIF at pH 7.5 was 746.9 mg/g.17) Rybolt 
et al. also reported that the Qm in SGF was 243.2 mg/g, and 
that in SIF at pH 7.0 was 643.0 mg/g.18) Although these results 
have not taken in the consideration of the conversion to DAC, 
they do support our apparent adsorption data. Based on the 
decreased amount of NAC in our study, the 50-g standard 
treatment dose of AC would decrease NAC by between 20 g 
and 35 g. This suggested that AC affected not only the loading 
dose but also the maintenance doses of NAC.

In the treatment of APAP poisoning (toxic dose ≥7.5 g), 
AC is first administered (treatment dose is 50 g), followed by 
NAC administered according to a 72-h oral regimen (a load-
ing dose of 140 mg/kg, followed by 70 mg/kg every 4 h, for 
an additional 17 doses) at least 1 h after AC is given. We then 
evaluated whether or not the adsorption of APAP and NAC 
onto AC competed with each other. Because the gastroin-
testinal transit time of AC with a cathartic was within about  
7 h,11) we added NAC up to the second maintenance dose in the 
present study. We conducted the adsorption study in one twen-
tieth dose of clinical situation. The adsorption rate of APAP 
with and without NAC was ≥97.88% in both SGF and SIF. 
NAC did not affect the APAP adsorption onto AC. We then 
determined the NAC concentration. The residual rate of NAC 
in SGF was 2.09% and that in SIF was 0.25%. The cause of 
reduction was mainly the conversion to DAC in SIF (Fig. 3).  
In either case, the loading and maintenance doses of NAC was 
almost completely decreased both in SGF and SIF even if the 
AC adsorbed APAP.

Klein-Schwartz and Oderda reported in vitro adsorp-
tion experiments.19) When 1 g of NAC and 6 g of AC (equate  
10 g of NAC and 60 g of AC) were mixed for 5 min, the aver-
age adsorption rate was 96.2%. We acquired the same results 
as those with the reduction rate. Ekins et al. compared the 
level of NAC in 19 volunteers who were administered NAC 
alone and with both AC and NAC. When both AC and NAC 
were administered, AUC and Cmax of NAC were reduced by 
39% and 29%, respectively.20) Chamberlain et al. evaluated 
high doses of NAC in a volunteer study.21) Ten healthy adults 
were administered 3 g of APAP and 1 h later 60 g of AC and  
235 mg/kg of NAC. The AUC of NAC was increased by 38% 
compared with those of subjects who had been administered 

with 140 mg/kg doses of NAC alone. Thus, it could not be 
expected that NAC prevent the liver injury caused by APAP if 
AC stays in the gastrointestinal gut and contacts NAC. How-
ever, high doses of NAC with AC treatment would improve 
the bioavailability.

It was unclear that AC affected the outcomes of APAP 
overdosed patients treated with the 72-h oral NAC because 
Rumack and Peterson excluded patients given AC so as to 
avoid the decreasing absorption of NAC.8) Spiller et al. com-
pared the outcomes of APAP overdosed patients who received 
both AC and NAC or NAC alone.22) In their study, the treat-
ment group with both AC and NAC decreased the odds ratio 
(0.15, 0.03–0.59) of the frequency of elevated AST (>125 
IU/L) compared with the treatment group with NAC alone. 
Spiller and Sawyer also compared the outcomes between 
the treatment group of both AC and NAC and the treatment 
group with NAC alone using the TESS (Toxic Exposure Sur-
veillance System) database (1993–2004) of the United States 
Addiction Control Center for APAP overdosed patients.23) The 
odds ratios of morbidity and mortality, AST/ALT, hypoglyce-
mia, prolonged prothrombin time, increased creatinine, renal 
failure, oliguria/anuria were significantly reduced in the treat-
ment group with both AC and NAC, compared with the treat-
ment group with NAC alone. Spiller et al. concluded that the 
use of AC, in addition to NAC therapy, may provide improved 
patient outcomes.22,23)

It is better that both AC and NAC are administered for 
APAP poisoning to improve the outcomes. It is also impor-
tant that each agent is administered early so as to be more 
effective. But the effect of AC on NAC could not be mistaken 
based on the in vitro and in vivo studies. From our results, AC 
would affect the loading dose and maintenance doses of NAC. 
Oral NAC in a total dose of 1,330 mg/kg over 72 h is the only 
current regimen in Japan. Hence, the regimen should be mod-
ified to a higher dose and a shorter protocol so that the effect 
of AC on NAC is minimized. Intravenous formulas of NAC 
are available in the United States and Europe.24) The total dos-
age and the term of IV NAC protocol is 300 mg/kg over 21 h. 
Because the bioavailability of NAC is about 11.6%,25) the total 
dosage of IV NAC corresponds to 2,600 mg/kg of oral NAC. 
Although the saturation of absorption is unclear, the oral regi-
men can potentially be improved as a high dose and short-term 
regimen if the patient is tolerant. The shorter regimen has the 
benefit of a shorter hospital stay and resultant lower cost.

We evaluated the adsorption of NAC onto AC after APAP 
was adsorbed. The present study suggests that AC decreases 
the amount of NAC by adsorption and the oxidation catalyt-
ic effect. Oxidation of NAC occurred especially in SIF. Over-
all, if AC stays in the stomach and intestines, it may reduce 
the effect of both the loading and maintenance doses of NAC. 
Therefore, a cathartic should always be administered with AC 
therapy so as to enhance the elimination of the AC. In addi-
tion, the higher loading and maintenance doses should be 
given at least until AC is detected in the stool. Based on the 
IV protocol of 300 mg/kg over a 21-h period, the oral dose 
of NAC could be increased up to a total of 2,600 mg/kg, and 
the term could be shortened down to 21 h if the patient is tol-
erant. To combat what could otherwise be a fatal toxic drug 
overdose, these results suggest that the pharmacological clini-
cal application of this methodology would allow shorter ther-
apeutic regimens, shorter stays in hospitals, and significantly 
improve patient outcomes.
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