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Abstract

1. N-acetylcysteine (NAC) is being investigated as an antioxidant for several conditions 

including traumatic brain injury, but the mechanism by which it crosses membrane 

barriers is unknown. We sought to understand how the transporter inhibitor, 

probenecid, affects NAC pharmacokinetics and to evaluate the interaction of NAC with 

transporters.

2. Juvenile Sprague-Dawley rats were administered NAC alone or in combination with 

probenecid intraperitoneally. Plasma and brain samples were collected serially and 

NAC concentrations were measured. Transporter studies were conducted with human 

embryonic kidney-293 cells that overexpress organic anion transporter (OAT)1 or 

OAT3 and with human multi-drug resistance-associated protein (MRP)1 or MRP4 

membrane vesicles.

3. NAC area under the curve was increased in plasma (1.65-fold) and brain (2.41-fold) by 

probenecid. The apparent plasma clearance was decreased by 65%. Time- and 

concentration-dependent NAC uptake that was inhibitable by probenecid was observed 

with OAT1 and OAT3. No uptake of NAC was observed with MRP1 or MRP4.

4. Our results indicate for the first time that NAC is substrate for OAT1 and OAT3 and 

that probenecid increases NAC plasma and brain exposure in vivo. These data provide 

insight regarding how NAC crosses biological barriers and suggest a promising 

therapeutic strategy to increase NAC exposure.
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Introduction

N-acetylcysteine (NAC) is a thiol-containing, acetylated derivative of cysteine that has been 

in clinical use for over 50 years (Rushworth and Megson, 2014, Samuni et al., 2013, 

Cotgreave, 1997). It acts as an antioxidant by directly scavenging reactive oxygen and 

nitrogen radicals via its thiol group, as well as by acting as a cysteine donor in the 

biosynthesis of glutathione, the most abundant intracellular antioxidant (Samuni et al., 2013, 

Atkuri et al., 2007, Dodd et al., 2008). NAC is FDA-approved for prevention of liver toxicity 

due to acetaminophen/paracetamol overdose and as a mucolytic for patients such as those 

with cystic fibrosis or chronic bronchitis (Grandjean et al., 2000, Prescott et al., 1979, 

Rushworth and Megson, 2014, Hurst et al., 1967). It has also been investigated as a 

cytoprotective agent in several conditions including traumatic brain injury (Hoffer et al., 

2013), contrast-induced nephropathy, cancer chemotherapy, cardiovascular disease, diabetes, 

human immunodeficiency virus infection, neuropsychiatric disorders, and heavy metal 

toxicity (reviewed here, (Cotgreave, 1997, Dodd et al., 2008, Rushworth and Megson, 2014). 

NAC is a hydrophilic molecule (log D = −5.4; (Giustarini et al., 2012)) that is approximately 

30% renally eliminated (Borgstrom et al., 1986). Despite its extensive clinical and research 

use, an understanding of how NAC crosses certain biological barriers and its interactions 

with membrane transporters remains incomplete. Additionally, controversy exists regarding 

the extent to which NAC can enter the central nervous system (CNS) through the blood-

brain barrier (BBB) (Samuni et al., 2013).

Our group is investigating the use of NAC in combination with probenecid, the prototypical 

organic anion transporter inhibitor, in the treatment of pediatric traumatic brain injury 

(Margulies et al., 2016). We proposed that a potentially synergistic interaction between NAC 

and probenecid exists to enhance antioxidant capacity of the brain after injury. While NAC 

acts as donor of cysteine, the rate limiting substrate in biosynthesis of glutathione, 

probenecid has been shown to prevent active efflux of glutathione and its conjugates by 

inhibiting MRP transporters (Versantvoort et al., 1995). Probenecid is known to increase the 

plasma and CNS exposure of a number of drugs such as acyclovir, zidovudine and 

bumetanide by inhibiting transport systems in renal tubules, blood brain barrier (BBB), 

and/or blood-cerebrospinal fluid (CSF) barrier (Laskin et al., 1982, Wong et al., 1993, 

Sawchuk and Hedaya, 1990, Donovan et al., 2015). The objectives of the current study were 

to evaluate the effect of probenecid on the brain and plasma exposure of NAC, and to assess 

the mechanism through which their interaction may be mediated.
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Materials and Methods

Animals

All studies were approved by the Institutional Animal Care and Use Committee at the 

University of Pittsburgh. Healthy, male Sprague-Dawley rats (n=48), were purchased from 

Harlan Laboratories (Indianapolis, Indiana, USA) and acclimated for one week prior to 

study initiation when rats were 17–18 days old. The animals were allowed free access to 

food and water and were housed on a 12 h light/dark cycle.

Drug Administration and Pharmacokinetic Sampling

Rats were administered a single dose of either 163 mg/kg of NAC (Sigma-Aldrich, St. 

Louis, MO, USA) alone or in combination with 150 mg/kg of probenecid (Sigma-Aldrich, 

St. Louis, MO, USA) via intraperitoneal injection. Both drugs were prepared by dissolution 

in NaOH and HCl was added to adjust the pH to ~7.4. The administration volume was 

168μL to 258μL for NAC, and 84μL to 122.5μL for probenecid or vehicle control depending 

on the animal weight. Blood was collected at 0.5, 1, 2, 4, 6 and 8 h after injection by cardiac 

puncture into heparinized tubes, centrifuged immediately to isolate plasma, and frozen at 

−80°C for drug analysis. Similarly, brain tissue was harvested following decapitation at each 

time point and brain hemispheres were isolated carefully to avoid contamination with blood. 

Hemispheres were then homogenized by sonication in brain homogenization buffer 

(containing 137mM of NaCl, 2.7mM of KCl, 10mM of Na2HPO4, 1.8mM KH2PO4 and 

1mM of EDTA dissolved in H2O and adjusted to pH of 7.4) and an aliquot of the 

homogenate was used for LC-MS/MS analysis. Four rats were studied per time point in each 

group. Concentration-time data is reported as mean ± SEM.

Drug Analysis by LC-MS/MS

Total NAC concentrations were quantified in plasma and brain tissue using ultra-

performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). 

Deuterated internal standard (d3-NAC, Cambridge Isotopes (Andover, MA) was added to 

plasma (50 μL) or brain homogenate (50 μL) and samples were reduced by adding 

dithiothreitol, derivatized with n-ethylmaleimide (NEM), and proteins were precipitated with 

acetonitrile. The supernatant was dried out under nitrogen and reconstituted with water 

before injecting onto the UPLC-MS/MS system. Chromatographic separation was achieved 

using a porous graphitic carbon hypercarb column 3.0 μm (1.0 X 100 mm) and an 

acetonitrile-formic acid gradient (A: 0.5% formic acid in water and B: 0.1% formic acid in 

acetonitrile; 95% A and 5% B for 1 min followed by a linear gradient to 30% B from 1–3 

min, a step to 85% B from 3–5 min, then column re-equilibration to initial conditions for 3 

min for a total 8 min run time) on an Accela series UPLC system (Thermo, San Jose, CA). 

MS/MS detection of NAC-NEM (m/z 433.1→304.2) was performed on a Thermo TSQ 

Quantum Ultra mass spectrometer with a heated electrospray source (Thermo, San Jose, 

CA). Calibration curves were linear from 100–10,000 ng/mL (r2 > 0.995). Inter-day 

accuracy (% bias) and precision (RSD) determined at the concentrations of 300, 2000, and 

7000 ng/mL ranged from −1.11% to 10.5% and 1.88% to 7.63%, respectively. All samples 

were diluted as necessary to be within the linear range of the assay.
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Pharmacokinetic Analysis

Pharmacokinetic parameters were estimated using standard noncompartmental methods 

(WinNonlin Phoenix, Certara, St. Louis, MO). Area under the curve (AUC) profiles for 

plasma and brain concentrations were calculated using the trapezoidal rule. The AUC from 

the last measured time point to infinity (AUC0-inf) was estimated by dividing the last 

measured concentration by the elimination rate constant. Apparent plasma clearance was 

calculated by dividing the dose given by AUC0-inf.

Cell Uptake Studies

Human embryonic kidney cell lines stably transfected with human OAT3 (HEK-OAT3), 

human OAT1 (HEK-OAT1), and the corresponding HEK-empty vector (HEK-EV, control 

cells) were kindly provided by Professor Kathleen Giacomini (University of California, San 

Francisco, CA, USA). Cell lines were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) high glucose (4.5g/L) supplemented with L-glutamine (Life Technologies, Long 

Island, NY, USA), 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 

Hygromycin-B (100 μg/mL, Corning, Corning, NY) and penicillin-streptomycin (100 

μg/mL, Mediatech Inc., Manassas, VA) at 37°C in a humidified atmosphere with 5% CO2. 

Cells were plated in 6-well, poly-D-lysine coated tissue culture plates (Corning, Corning, 

NY, USA) 48–72 hours before the uptake study. On the day of the experiment, medium was 

removed and cells were washed twice with warm Dulbecco’s Phosphate Buffered Saline 

containing calcium and magnesium (DPBS, Mediatech Inc., Manassas, VA, USA). Cells 

were then incubated in a DPBS solution containing 5mM of the transporter activator glutaric 

acid (Acros Organics, Geel, Belgium) for 30 minutes at 37°C. This solution was then 

replaced with incubation buffer (containing 128mM NaCl, 4.73mM KCl, 1.25mM CaCl2, 

1.25mM MgSO4 and 5mM HEPES in H2O and adjusted to pH 7.4) for 10 minutes as 

previously described (Erdman et al., 2006). Uptake was initiated by adding 14C–Acetyl-L-

Cysteine (14C-NAC; specific activity 0.0581 Ci/mmol or 0.054 Ci/mmol; Moravek 

Biochemicals, Brea, California) and unlabeled NAC (Sigma-Aldrich, St. Louis, MO, USA) 

followed by incubation at 37°C for the indicated period of time. Uptake studies were 

terminated by removing the incubation solution and washing cells with ice-cold DPBS three 

times. Cells were then lysed with a solution of 0.1N NaOH containing 0.1% sodium dodecyl 

sulfate. Lysate radioactivity was then measured using a LS 6500 Scintillation System 

(Beckman Coulter, Brea, CA). Protein concentration was also assayed using the BCA 

Protein Assay Kit (Pierce, Rockford, IL, USA) per the manufacturer’s protocol. The 

resultant uptake rates were normalized for protein content to account for differences in cell 

number between plates. Inhibition experiments were performed as described above except 

that cells were pre-incubated with 200 μM of probenecid in incubation media for 5 minutes. 

For the concentration-dependent uptake study, varying amounts of unlabeled NAC were 

added to the loading buffer containing a fixed amount of radiolabeled NAC to give total 

NAC concentrations ranging from 1 μM to 10 mM. All experiments were conducted in 

triplicate and means ± SD were calculated. Uptake activity due to OAT1 and OAT3 was 

calculated by subtracting NAC uptake in HEK-EV cells from that of HEK-OAT1 and HEK-

OAT3 at each of the corresponding concentrations. Michaelis-Menten kinetic analysis of the 

uptake data was conducted using Prism 5.04 (Graphpad Software, La Jolla, CA). Data were 

first plotted and then the best-fit curve was fit using the following equation: V = Vmax · 
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[S]/(Km + [S]), where V is the rate of uptake activity, Vmax is the maximum rate of uptake 

activity, [S] is the substrate concentration and Km is the concentration of the substrate where 

rate of uptake activity is half of the maximum.

Vesicular Uptake Assay

Human MRP1 and MRP4 membrane vesicles, negative control vesicles, and ABC Transport 

Assay Reagent Kit were purchased from Life Technologies (Carlsbad, CA, USA). A positive 

control substrate, 3H-estradiol-17β-D- glucuronide (E217βG; 41.4 Ci/mmol) was obtained 

from Perkin Elmer, Inc. (Boston, MA, USA). MultiScreenHTS 96-well glass fiber filter 

plates were purchased from EMD-Millipore Corporation (Billerica, MA, USA). ATP-

dependent and independent uptake was measured using either 50 μg of control, MRP1, or 

MRP4 baculovirus-transfected Sf9 insect cells. Assays were performed at 37°C in a final 

volume of 50 μl in a reaction mixture containing either 4 mM ATP or AMP, 2 mM 

glutathione, 10 μM cold E217βG, 200 nM of 3H-E217βG (for MRP1) or 100 nM of 3H-

E217βG (for MRP4). The reaction was initiated by adding vesicles to reaction mix, 

incubating for 0.5, 1, 2.5, or 5 minutes, and stopped by adding 200 μl ice-cold buffer. 

Samples were added to glass fiber filter plates and rapid filtration was performed using a 

Bio-Rad vacuum filtration unit. Wells were washed 5 times, filters collected, and counted 

using the liquid scintillation counter. Additional experiments were performed using varying 

concentrations of the known MRP1/MRP4 substrate E217βG (0.25–100 μM) for 0.5 minutes 

as described above. Radioactivity counts in wells without membrane vesicles were 

subtracted to account for any 3H-E217βG bound to the filter. ATP-dependent uptake was 

determined by subtracting uptake in presence of AMP from uptake in the presence of ATP at 

each concentration. Michaelis-Menten kinetic analysis was conducted using as performed in 

the cellular uptake experiments. NAC assays were similarly performed using MRP1 or 

MRP4 vesicles with ATP or AMP, using 15 μM cold NAC and 10 μM of radiolabeled NAC 

for a final concentration of 25 μM. ATP- or AMP-dependent NAC uptake rate was compared 

an F-test to determine if there was an ATP-dependent, transporter specific uptake of NAC.

Statistical Analysis

Between groups comparisons were made using unpaired Student’s t tests. p < 0.05 was 

considered significant. All analyses were conducted using Graphpad Prism 5.04 (Graphpad 

Software, La Jolla, CA).

Results

Probenecid increased NAC plasma and brain exposure and decreased apparent plasma 
clearance

The impact of probenecid co-administration on NAC plasma and brain levels was first 

investigated. NAC plasma concentrations were increased significantly in the presence of 

probenecid starting at 2 h after administration compared to when NAC was given alone 

(Figure 1A). Moreover, the NAC AUC was increased by 1.65 fold by probenecid co-

administration (Figure 1B). Probenecid reduced apparent plasma clearance of NAC by 65% 

(CL/F: 1113±29 vs 674±8.2 mL/h/kg; p < 0.001).
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Similarly, NAC brain concentration-time profile was significantly increased by probenecid 

(Figure 2A). Differences were observed starting from 1 h up to the 4 h time point. While 

NAC levels remained measurable until the last sampling time point (8 h) in the group that 

received both NAC and probenecid, NAC levels were below the limit of quantificaiton at the 

6 h and 8 h time points in the group that received NAC only. Figure 2B shows that NAC total 

brain exposure was signifcantly increased by 2.46 fold by probenecid co-administration. 

Interestingly, the proportional increase in NAC total brain exposure with co-administration 

of probenecid was higher than that observed in plasma (2.46 vs 1.65 fold increase, 

respectively).

NAC uptake by OAT3 and OAT1

To understand the mechanism of interaction between NAC and probenecid, we examined the 

time- and concentration-dependent uptake of NAC by transporters known to be inhibited by 

probenecid. OAT3- and OAT1-mediated transport activities were evaluated using cell lines 

that stably express those transporters and their negative controls (cell lines stably transfected 

with the empty vector). Figure 3 shows that the uptake of NAC by OAT3- and OAT1-

overexpressing cells is linear up to at least 15 and 42.5 (latest time point measured) minutes, 

respectively. At 25 μM NAC, update rates were 37.7±1.9 and 4.2±0.1 pmol/mg/min 

respectively. Subsequent concentration dependent uptake studies were then examined within 

the established linear range, 25 minutes for OAT1 and 10 minutes for OAT3. NAC uptake by 

either of the transporter overexpressing cell lines was concentration-dependent, but did not 

reach saturation even at very high substrate concentration of 10 mM (Figure 4). Figure 5 

shows that probenecid significantly decreased NAC uptake by both OAT1 (59% decrease, n 
= 3; p < 0.01) and OAT3 (93.9% decrease, n = 3; p < 0.001). There was no difference in 

NAC uptake by control cells in the presence or absence of probenecid (n = 3; N.S.).

To evaluate whether NAC is a substrate for probenecid-sensitive efflux transporters that are 

expressed in the renal proximal tubules and in the brain, NAC uptake in MRP1- and MRP4-

overexpressing membrane vesicles was evaluated. However, ATP-dependent, transporter-

mediated uptake rate of NAC by either of the transporters was not statistically different from 

that of AMP-dependent (i.e., negative control) (Figure 6 C and D). This is despite observing 

saturable uptake of E217βG, a well established substrate for both transporters, as a positive 

control (Figure 6 A and B).

Discussion

We report the novel finding that probenecid increases NAC plasma and brain exposure in 

vivo (Figures 1 and 2), which suggests that NAC is a likely putative transporter susbstrate. 

Further, we demostrated that NAC is an OAT1 and OAT3 (Figures 3, 4 and 5), but not an 

MRP1 and MRP4 (Figure 6), substrate. NAC has been touted as a potential therapeutic agent 

for a number of ailments, including CNS injuries, but the process by which this hydrophilic 

molecule (log D = −5.4; (Giustarini et al., 2012)) crosses certain biological barriers is poorly 

understood.

NAC plasma exposure was significantly increased and its apparent clearance was 

signficantly decreased by probenecid co-administration in the rat(Figure 1). Probenecid is a 
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well-established organic anion transport inhibitor and has been used both clinically and 

preclinically (in rats) to determine the role of OAT1 and OAT3 in the clearance of renally-

excreted drugs. Human and rat forms of both OAT3 and OAT1 show overlapping substrate 

specificity and comparable level of activity (Minematsu et al., 2008, Kikuchi et al., 2003). 

This is suggestive that these transporters mediate the uptake of NAC into the renal tubule for 

eventual secretion into the urine. In order to determine if NAC is substrate for OAT1 and/or 

OAT3, we conducted an in vitro uptake study of NAC with HEK-293 cell lines that 

overexpress human OAT1 or OAT3 transporters.

In vitro uptake and inhibition experiments confirm that NAC is a substrate for OAT1 and 

OAT3(Figures 3, 4, and 5). However, OAT1 and OAT3 concentration-dependent uptake did 

not reach saturation even after incubation with 10 mM of NAC (Figure 5). One possible 

explanation for the apparent lack of saturability is that NAC may exist in various chemical 

forms following admininistration. Once NAC enters the systemic circulation, it exists in a 

reduced form and in various oxidized forms that are products of redox reactions between 

NAC, cysteine, glutathione and proteins (Olsson et al., 1988, Harada et al., 2001). Consistent 

with the possibility that some conjugate forms of NAC could be the substrates for OAT1 and 

OAT3, previous reports have demonstrated that endogenous and exogenous mercapturic acid 

conjugates of NAC as well as methylmercury conjugates of NAC are substrates of OAT1 in 

Xenopus Laevis oocytes that overexpress rat Oat1 (Koh et al., 2002, Pombrio et al., 2001). 

Further investigation is warranted in order to elucidate which among the different froms of 

NAC are substrates of OAT1 and OAT3. Furthermore, since probenecid is also known to 

inhibit organic anion transporting polypeptide(OATP) transporters, albeit less potently 

(Maeda et al., 2014, Tahara et al., 2006, Shimizu et al., 2005, Minematsu et al., 2008), future 

studies should investigate whether NAC or any of its derivatives are substrates of the OATPs.

Adequate brain penetration is of paramount importance for treating CNS pathologies such as 

traumatic brain injury. Prior to our study, contradictory reports have been published 

regarding the capacity of NAC to cross the BBB. Following administration of a single dose 

of NAC IP or IV into the tail vein of mice, NAC levels in the brain and spinal cord are below 

the lower limit of quantification (McLellan et al., 1995, Zhou et al., 2015). However, Offen 

et al administered NAC and N-acetylcysteine amide both IP and orally and were able to 

detect N-acetylcysteine amide but not NAC in the brain of mice (Offen et al., 2004). 

Similarly, low levels of NAC were measurable in the brain of mice after IP administration 

and were significantly increased with coadministration of lipopolysaccharide (Erickson et 

al., 2012). Route of administration also appears to impact NAC brain distribution. Farr et al 

reported that NAC crosses BBB readily and accumulated in the brain after administration via 

jugular vein in mice (Farr et al., 2003) while Neuwelt et al showed that NAC can cross the 

BBB when given into the carotid artery in rats (Neuwelt et al., 2001).

In the current study, we show that NAC is detectable in the brain of juvenile rats after single 

IP administration using ultra sensitive methods; but that brain clearance of NAC is rapid 

with undetectable levels by 4 h (Figure 2). Importantly, we also report that NAC brain 

penetration can be enhanced with probenecid coadministration. NAC brain exposure 

increased by nearly 2.5 fold and an additional 46% over that expected by the increase in 

plasma exposure alone, suggesting a possible transporter effect at the BBB or blood-CSF 
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barrier. In addition to renal tubules, OAT3 is expressed in the basolateral side of the 

endothelial cells on the BBB and epithelial cells of the choroid plexus. Uptake transporters 

such as OAT3 that are expressed in the basolateral side of the endothelial cells on the BBB 

and the apical side of the choroid plexus epithelial cells that constitute the blood-CSF barrier 

have been implicated as initiators of a vectorial transport process that transfers molecules out 

of the brain into the circulating blood (Kusuhara and Sugiyama, 2005). Such a mechanism 

has been proposed in the clearance of PGE2, zidovudine and bumetanide from the brain 

tissue through the choroid plexus and/or BBB (Sawchuk and Hedaya, 1990, Wong et al., 

1993, Tachikawa et al., 2012, Donovan et al., 2015). Inhibitors of OAT3 decreased the 

clearance of PGE2, zidovudine, and bumetanide from the CSF and increased levels of these 

molecules in the brain. The enhanced NAC brain exposure following administration of 

OAT3 inhibitor probenecid could be explained by the same mechanism. Although we 

explored the possibility of involvement of MRP1 and MRP4 given their known expression in 

the brain and probenecid-sensitivity (Löscher and Potschka, 2005), our in vitro data suggest 

that NAC is not a substrate of these transporters (Figure 6).

Recently, clinical modulation of efflux transporters at the BBB as a therapeutic strategy to 

increase CNS drug levels has been ruled improbable (Kalvass et al., 2013). The findings in 

this study are provocative in that they support the possibility of increasing the brain exposure 

of certain drugs by inhibiting uptake transporters at the BBB and/or choroid plexus using an 

FDA-approved drug with a favorable safety profile. A Phase I/II study is underway 

(ClinicalTrials.gov Identifier #NCT01322009) to test the safety of NAC and probenecid co-

administration in children with TBI as a first step to evaluate this potential therapeutic 

strategy.

Limitations to the study should be noted. The NAC LC-MS/MS assay used employs sample 

reduction and derivitization to achieve high sensitivity to detect NAC in biological matrices. 

While this approach is ideal to measure overall exposure following NAC administration, it 

cannot distinguish potential downstream forms of NAC such as conjugates. Similarly, an 

inherant limitation to radiolabeled-based assays is they cannot differentiate between parent 

molecules such as NAC and conjugates or degradation products. The work was also 

conducted in control animals and it is also possible or even likely that NAC 

pharmacokinetics and/or brain penetration may differ is disease conditions or following 

injury. Future work will focus on interactions between probenecid and OAT1/3 on NAC 

renal clearance, systemic exposure and brain penetration following traumatic brain injury.

Conclusion

In summary, we report that co-administration of probenecid reduces the clearance of NAC 

and increases both plasma and brain levels of NAC in the rat. In vitro data reveal that the 

mechanism of interaction between probenecid and NAC include transport by OAT1 and 

OAT3. To the best of our knowledge, this is the first study to report the interaction of NAC 

with OAT1 and OAT3 transporters, and the effect of probenecid on the NAC 

pharmacokinetics mediated through these transporters. With expanding interest in the use of 

NAC as an antioxidant therapy for several pathologies, including those within the CNS, 

these findings have particular relevance for understanding how NAC crosses certain 
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biological barriers. Repurposing the FDA-approved transporter inhibitor, probenecid, is a 

promising therapeutic strategy to increase NAC exposure.
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Figure 1. 
NAC plasma concentration-time profile and total plasma exposure (AUC) with or without 

co-administration of probenecid. Sprague-Dawley rats were administered a dose of either 

NAC (163 mg/kg) alone or in combination with probenecid (150 mg/kg) intraperitoneally 

and serial NAC plasma concentrations were measured. (A) Probenecid increased NAC 

plasma concentration-time profile after 2h (mean±SEM, n=4 per time point; *p<0.05). (B) 

Probenecid increased NAC plasma AUC0–inf by 1.65-fold (mean±SEM; p<0.01).
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Figure 2. 
NAC brain concentration–time profile and total brain exposure (AUC) of NAC, with or 

without co-administration of probenecid. Sprague-Dawley rats were administered a dose of 

either NAC (163 mg/kg) alone or in combination with probenecid (150 mg/kg) 

intraperitoneally and brain hemispheres were collected at several time points for NAC 

analysis. (A) Probenecid increased NAC brain concentrations starting from 1 h up to the 4 h 

time point. NAC levels were measurable until the last sampling time (8 h) in the group that 

received both NAC and probenecid, but were below limit of quantification at 6 h and 8 h in 

the group that received NAC only (mean±SEM, n=4 per time point, *p<0.05). (B) 

Probenecid increased brain AUC0–inf of NAC 2.46-fold (mean±SEM; p<0.01).
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Figure 3. 
Time-dependent Uptake of NAC by OAT1- and OAT3-overexpressing cells. HEK-OAT1 

(A), HEK-OAT3 (B) and HEK-EV (C) cells were incubated in transport buffer containing 25 

mM of NAC traced with 14C-acetyl-L-cysteine at 37 °C for designated incubation times. 

Each value represents the mean ±SD of three determinations.
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Figure 4. 
Concentration-dependent NAC uptake by OAT1- and OAT3-overexpressing cells. HEK-

OAT3 (A) and HEK-OAT1 (B) cells were incubated in transfer buffer for 10 min (HEK-

OAT3), 25 min (HEK-OAT1) with increasing concentrations of NAC traced with 14C-acetyl-

L-cysteine. Nonspecific uptake was accounted for by subtracting uptake activity in HEK-EV 

cells from that of HEK-OAT1 or HEK-OAT3. The rate of uptake of NAC did not reach 

saturation even at high substrate concentrations. Each value represents the mean ±SD of 

three determinations.
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Figure 5. 
Inhibition of OAT1- and OAT3-mediated NAC uptake by probenecid. Uptake of 25 mM of 

NAC traced with 14C-acetyl-L-cysteine was evaluated in human OAT1-, OAT3- and EV-

HEK291 cells with or without 200 mM of probenecid for 10 min (HEK-OAT3), 25 minutes 

(HEK-OAT1) and 25 minutes (HEK-EV). NAC uptake activity was reduced in HEK-OAT1 

and HEK-OAT3, but not HEK-EV cells following pre-incubation with probenecid. Each 

value represents the mean ±SD of three determinations. **p<0.01. ****p<0.001.
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Figure 6. 
Effect of MRP1 or MRP4 on NAC uptake in membrane vesicles. ATP-dependent uptake of 

E217βG by membrane vesicles expressing MRP1 (A) or MRP4 (B) was determined by 

substracting uptake (30 s at 37 °C) in the presence of AMP from that in the presence of ATP. 

Time-course of 25 mM NAC (15 mM cold+10 mM 14C-NAC) uptake was not significantly 

different in presence of AMP or ATP by either MRP1 (C) and MRP4 (D) membrane 

vesicles. Each value represents the mean ±SD of at least two determinations.
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