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Probenecid and N-Acetylcysteine Prevent Loss of
Intracellular Glutathione and Inhibit Neuronal Death

after Mechanical Stretch Injury In Vitro
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Abstract

Probenecid and N-acetylcysteine (NAC) can preserve intracellular levels of the vital antioxidant glutathione (GSH) via

two distinct biochemical pathways. Probenecid inhibits transporter-mediated GSH efflux and NAC serves as a cysteine

donor for GSH synthesis. We hypothesized that probenecid and NAC alone would maintain intracellular GSH concen-

trations and inhibit neuronal death after traumatic stretch injury, and that the drugs in combination would produce additive

effects. Sex-segregated rat primary cortical neurons were treated with probenecid (100 lM) and NAC (50 lM), alone and

in combination (Pro-NAC), then subjected to mechanical stretch (10s-1 strain rate, 50% membrane deformation). At 24 h,

both probenecid and NAC inhibited trauma-induced intracellular GSH depletion, lactate dehydrogenase (LDH) release,

and propidium iodide (PI) uptake in both XY- and XX-neurons. Combined Pro-NAC treatment was superior to probenecid

or NAC alone in maintenance of intracellular GSH and neuronal death assessed by PI uptake. Interestingly, caspase 3

activity 24 h after mechanical trauma was more prominent in XX-neurons, and treatment effects (probenecid, NAC, and

Pro-NAC) were observed in XX- but not XY-neurons; however, XY-neurons were ultimately more vulnerable to me-

chanical stretch-induced injury than their XX counterparts, as was evidenced by more neuronal death detected by LDH

release and PI uptake. In addition, after stretch injury in HT22 hippocampal cells, both NAC and probenecid were highly

effective at reducing oxidative stress detected by dichlorofluorescein fluorescence. These in vitro data support further

testing of this drug combination in models of traumatic neuronal injury in vivo.
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Probenecid and N-acetylcysteine (NAC) can preserve in-

tracellular levels of the vital antioxidant glutathione (GSH) via

two distinct biochemical pathways. Probenecid blocks efflux of

GSH and GSH conjugates via inhibition of the adenosine triphos-

phate (ATP)-binding cassette (ABC) membrane transporter

ABCC1, also referred to as multidrug resistance-associated protein

1 (MRP1), including in neurons.1–3 By maintaining intracellular

stores of GSH, probenecid reduces apoptosis in experimental

models.4 Probenecid also blocks pannexin 1 channels,5 inhibits

pyroptotic neuronal death in vitro,6 and protects against ischemic

damage in mice after middle cerebral artery occlusion7 and in rats

after global cerebral ischemia/reperfusion injury,8 although the

effect of probenecid on GSH levels was not evaluated in these

studies. NAC, on the other hand, can serve as a cysteine donor for

GSH synthesis, thereby functioning as a substrate for the vital in-

tracellular antioxidant.9 Although NAC is felt to be relatively im-

permeable to the intact blood–brain barrier (BBB),9 NAC could

likely cross into the central nervous system (CNS) if the BBB is

disrupted; for example, in cases of traumatic brain injury (TBI)10 or

spinal cord injury (SCI).11 Treatment with NAC has been shown to

improve outcomes in humans after blast-induced TBI,12 as well as

in rodent models of TBI13,14 and SCI,15 alone or in combination

with other drugs.16,17 Modifying NAC via esterification or amida-

tion improves BBB penetration and has also been reported to be
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robustly protective in models of TBI.18,19 Here, we used an in vitro

stretch model of neuronal trauma20 to evaluate the combinational

strategy of probenecid and NAC.

Sex-segregated primary cortical neuron cultures were pre-

pared from 16–17-day-old Sprague–Dawley rat embryos as de-

scribed.21,22 Dissociated cell suspensions were filtered through a

70lm nylon cell strainer, then seeded on silicone membranes

(0.051–0.13 mm thick, Specialty Manufacturing, Inc., Saginaw, MI)

coated with poly-d-lysine (100 lg in 100 lL Hank’s buffered salt

solution [HBSS]) fixed to a stainless steel well at a density of

1.3 · 107 cells/cm2. Neurobasal medium supplemented with B27

(Gibco, Thermo Fisher Scientific, Waltham, MA) and GlutaMaxl

(Sigma, St. Louis, MO) was used to produce neuron-enriched cul-

tures.23 Neurons were incubated at 37�C in a humidified chamber

containing 5% CO2. On the 2nd and 6th day in vitro (DIV), culture

media (3 mL volume per dish) was replaced with fresh media.

Neurons were subjected to severe, mechanical stretch on DIV 10 as

described.24,25 Briefly, neurons grown on silicone membranes were

placed in a custom-made, metal sealed chamber. The pressure within

the chamber was rapidly increased, resulting in stretching of neurons

adherent to the compliant membrane. The intake pressure was ad-

justed to reach a target strain rate of 10s-1 and 50% membrane

deformation. Pressure waveforms were measured and collected on a

data acquisition system to verify that these parameters were

achieved. Probenecid (100lM buffered to pH 7.4), NAC (50 lM

dissolved in HBSS), or 100lM probenecid plus 50 lM NAC (Pro-

NAC), were added to media immediately before stretch-induced or

sham injury. Intracellular GSH, lactate dehydrogenase (LDH) re-

lease, caspase 3 activity, and propidium iodide (PI) labeling (flow

cytometry) were determined in neurons 24 h after stretch injury and

in control neurons grown on silicone membranes as described.21,25

Data are presented as mean – standard deviation (SD), and analyzed

using two factor analysis of variance (ANOVA) with Tukey’s post-

hoc test, with treatment group and sex as the two factors.

We first sought to establish whether probenecid and NAC, alone

and in combination, prevent depletion of intracellular GSH after

FIG. 1. Effects of N-acetylcysteine (NAC) (50 lM) and probenecid (100 lM), alone and in combination (Pro-NAC), on intracellular
glutathione (GSH) stores and cell death when administered to sex-segregated primary cortical neurons immediately prior to mechanical
stretch (10s-1 strain rate, 50% membrane deformation) or sham injury. (A) Intracellular GSH (n = 4/sex/group). (B) Lactate dehydro-
genase (LDH) release (n = 5-8/sex/group). (C) Caspase 3/7-like activity (n = 4/sex/group). (D) Propidium iodide (PI) staining measured
by flow cytometry (n = 4/sex/group). XY neurons harvested from male rats, XX neurons harvested from female rats; mean – SD;
*p < 0.01 versus control; {p < 0.04 versus vehicle; {p < 0.03 versus Pro-NAC; {p < 0.02 versus XY neurons.
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dynamic stretch-induced injury in neurons. Dishes were washed in

phosphate-buffered saline (PBS), adherent neurons were scraped

off membranes 24 h after stretch or sham injury, and protein con-

centration was measured for each sample using a standard assay

and a spectrofluorophotometer capable of reading 96 well plates.

GSH content in each cell homogenate was determined using a

fluorescence assay (ThioGlo-1, EMD Millipore, Bedford, MA) and

detected using a FilterMaxF5 Multi-Mode Microplate reader

(Molecular Devices, Sunnyvale, CA) at excitation/emission wave-

lengths of 388 nM/500 nM. Stretch-injury reduced intracellular GSH

levels by*50% in neurons from both male (XY-neurons) and female

(XX-neurons) rats compared with sex-matched controls (Fig. 1A)

(n = 4 independent wells/sex/group; both p < 0.001). Group differ-

ences were observed (F[4, 28] = 46.98, p < 0.0001). Intracellular GSH

levels were partially preserved in both XY- and XX-neurons when

treated with probenecid or NAC alone, and this effect was additive

when the two drugs were used in combination ( p = 0.007 probenecid

alone vs. Pro-NAC; p = 0.023 NAC alone vs. Pro-NAC). A difference

between XY- and XX-neurons in GSH was not observed (F[1, 28] =
0.150, p = 0.701).

We then evaluated the capacity for probenecid and NAC, alone

and in combination, to prevent neuronal death after stretch injury as

detected by LDH release, caspase 3 activity, and PI labeling. LDH

release was quantified (LDH Cytotoxicity Detection Kit, Takara

Bio, Mountain View, CA) in cell culture supernatant at 24 h after

stretch or sham injury as previously described.16 Stretch injury re-

sulted in 38% cell death in XY-neurons and 24% cell death in XX-

neurons assessed by LDH release (Fig. 1B) (n = 5–8 independent

wells/sex/group; p = 0.001 XY- vs. XX-neurons). Group (F[3,

43] = 17.38, p < 0.0001) and sex-dependent (F[1, 43] = 6.76, p =
0.013) differences were observed. LDH release was attenuated in

both XY- and XX-neurons when treated with NAC alone and the

two drugs used in combination (XY-neurons p < 0.001 vs. vehicle;

XX-neurons p < 0.04 vs. vehicle). Probenecid alone attenuated

LDH release in XY- but not XX-neurons ( p < 0.001 and p = 0.135,

respectively). Caspase 3-like activity was calculated using a fluo-

rescent assay (Apo-ONE, Promega, Madison, WI) in cell homog-

enates as previously described.19 Stretch injury resulted in

increased caspase 3 activity; however, in contrast to LDH release,

the increase was more robust in XX-neurons (Fig. 1C) (n = 4 in-

dependent wells/sex/group; p < 0.001 XX- vs. XY-neurons). Group

(F[4, 30] = 53.11, p < 0.0001) and sex-dependent (F[1, 30] = 36.18,

p < 0.0001) differences were observed. Caspase 3 activity was at-

tenuated only in XX-neurons when treated with probenecid or NAC

alone, or the two drugs in combination, with equal effect ( p < 0.001

vs. vehicle). Probenecid alone, NAC alone, or Pro-NAC in com-

bination attenuated caspase 3 activation in XY-neurons ( p > 0.05

vs. vehicle).

Neuronal cell death was confirmed using flow cytometry as

previously described.16 Briefly, neurons were harvested from sili-

cone membranes using trypsin- ethylenediaminetetraacetic acid

(EDTA), labeled with PI (5 lg/mL; Sigma, St. Louis, MO), and

analyzed using a tri-laser FACSCalibur flow cytometer (BD Bios-

ciences, Franklin Lakes, NJ). Stretch injury resulted in 34% cell

death in XY-neurons and 22% cell death in XX-neurons assessed by

PI labeling (Fig. 1D) (n = 4 independent wells/sex/group; p < 0.001

XY- vs. XX-neurons). Group (F[4, 35] = 128.2, p < 0.0001) and sex-

dependent (F[1, 35] = 15.56, p = 0.0004) differences were ob-

served. Cell death assessed by PI labeling was attenuated in both

XY- and XX-neurons when treated with probenecid alone, NAC

alone, or the two drugs used in combination in both XY- and XX-

neurons ( p < 0.001 vs. vehicle). This effect was additive when the

two drugs were used in combination ( p = 0.015 probenecid alone

vs. Pro-NAC; p = 0.017 NAC alone vs. Pro-NAC). A group dif-

ference between XY- and XX-neurons in PI uptake was observed

( p < 0.001).

FIG. 2. Effects of N-acetylcysteine (NAC) (50 lM) and probenecid (100 lM), alone and in combination (Pro-NAC), on intracellular
reactive oxygen species (ROS) production detected by dichlorodihydrofluorescein (DCF) fluorescence in HT22 hippocampal cells 2 h
after stretch injury (n = 3/group for treatments, n = 2 for control cells). The percentage of DCF positive cells was measured using flow
cytometry (mean – SD; {p < 0.05 vs. vehicle). Representative fluorescent images of HT22 cells for each group are shown.
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The effect of probenecid and NAC, alone or in combination, on

oxidative stress after stretch injury was evaluated in HT22 hippo-

campal cells cultured in Dulbecco’s modified Eagle’s medium

(ThermoFisher Scientific, Waltham, MA). Silicone membranes were

coated with poly-d-lysine, seeded at a density of 2 · 106 cells/

membrane, and incubated until 70% confluent. HT22 cells were

subjected to stretch injury as described. Oxidative stress was evalu-

ated by assessing redox sensitive intracellular conversion of di-

chlorodihydrofluorescein diacetate (DCFH-DA) (Cayman Chemical,

Ann Arbor, MI; added with drug treatments) to dichlorofluorescein

(DCF). Two hours after stretch injury, cells were harvested by tryp-

sinization, re-suspended in PBS, and analyzed using flow cytometry

(488 nm excitation/525 nm emission wavelengths for DCF). After

stretch injury, 84% of HT22 cells were DCF positive versus 5.1% in

control cells. All treatments reduced the number of DCF positive cells

versus vehicle 2 h after stretch injury (Fig. 2) (n = 3 independent

wells/treatment; F[4, 9] = 80.1, p < 0.0001; p < 0.05 NAC, probene-

cid, and Pro-NAC vs. vehicle). These data are consistent with oxi-

dative stress after stretch injury in neural cells that is effectively

inhibited by both NAC and probenecid in culture.

Doses for probenecid2 and NAC21 were based on previous

in vitro studies, and each alone was protective at the doses chosen.

When used in combination, effects on intracellular GSH concen-

tration and prevention of neuronal death assessed by PI uptake were

additive and effective in neurons cultured from both male and fe-

male rats. Consistent with previous studies,21,22 sex-dependent

effects were seen in the current study. XY-neurons, shown to be

more vulnerable to oxidative stress and excitoxicity, were more

vulnerable to stretch injury than their XX counterparts. In addition,

caspase 3 activity was more robust in XX- than in XY-neurons after

stretch injury, similar to XX- and XY-neurons exposed to the

apoptosis-inducing agent staurosporine.21 Also of interest were the

findings that probenecid and NAC alone and in combination were

equally effective in terms of inhibiting caspase 3 activity in XX-

neurons, but all were ineffective in terms of inhibiting caspase 3

activity in XY-neurons after stretch injury. This could be explained

by initiation of multiple regulated cell death pathways in addition to

apoptosis contributing to cell death after neural trauma, including

pyroptosis, necroptosis, and ferroptosis;26 with synergy of pro-

benecid and NAC in combination involving nonapoptotic cell death

pathways, particularly in neurons from male rats. Alternatively, the

temporal pattern of apoptosis after stretch injury may be sex de-

pendent, and evaluating later time points after injury would be

valuable. To our knowledge, other studies examining neuronal

apoptosis after mechanical trauma have not utilized sex-segregated

cultures. These data are consistent with a more prominent role for

apoptosis in females after traumatic neuronal injury, with NAC and

probenecid as potential therapies in both sexes.

Both probenecid and NAC are in clinical use and have favorable

safety profiles, making them appealing in terms of ‘‘repurposing’’

for diseases involving neuronal trauma, such as TBI and SCI.

Probenecid is currently in clinical use to treat uric acidemia and as

an antibiotic adjunct, and was developed during World War II

(Benemid) to increase the bioavailability of penicillin, in short

supply at the time, to wounded soldiers.27,28 NAC is the antidote for

acetaminophen/paracetamol overdoses, reducing the risk of hepatic

necrosis and fulminant liver failure.29 A randomized clinical trial of

systemically administered NAC after TBI has shown positive re-

sults.12 No previous experimental or clinical studies to our

knowledge have reported probenecid and NAC in combination,

although we have recently completed enrollment for a phase I

pharmacokinetic study for the combination in pediatric TBI

(ClinicalTrials.gov identifier NCT01322009) and results are

forthcoming. With the obvious impact of the BBB in the intact

brain, evaluation of these treatments on reactive oxygen species

(ROS) production, neuronal death, and behavioral outcome after

TBI and SCI in vivo, appears warranted. In the present study, the

efficiency of NAC to cross the BBB and penetrate into the CNS is

bypassed in vitro. Finally, given the presence of multiple trans-

porters inhibited by probenecid on the BBB (e.g., organic anion

transporters 1 and 3, ABCC1/MRP1) and cells in the CNS in

mammals including humans,30,31 probenecid would have effects on

multiple cell types and barriers after brain injury in vivo, which may

result in synergistic or diametrically opposing actions.

In conclusion, these data provide proof of principle supporting

the combination of probenecid and NAC as a neuroprotective

strategy targeting preservation of intracellular GSH after traumatic

neural injury. The results of these in vitro studies may extrapolate to

in vivo models of TBI as well as models of SCI.
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