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Abstract

Background

There are no therapies shown to improve outcome after severe traumatic brain injury (TBI)
in humans, a leading cause of morbidity and mortality. We sought to verify brain exposure of
the systemically administered antioxidant N-acetylcysteine (NAC) and the synergistic adju-
vant probenecid, and identify adverse effects of this drug combination after severe TBIl in
children.

Methods

IRB-approved, randomized, double-blind, placebo controlled Phase | study in children 2 to
18 years-of-age admitted to a Pediatric Intensive Care Unit after severe TBI (Glasgow
Coma Scale [GCS] score <8) requiring an externalized ventricular drain for measurement
of intracranial pressure (ICP). Patients were recruited from November 2011-August 2013.
Fourteen patients (n = 7/group) were randomly assigned after obtaining informed consent to
receive probenecid (25 mg/kg load, then 10 mg/kg/dose g6hx11 doses) and NAC (140 mg/
kg load, then 70 mg/kg/dose q4hx17 doses), or placebos via haso/orogastric tube. Serum
and CSF samples were drawn pre-bolus and 1-96 h after randomization and drug
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concentrations were measured via UPLC-MS/MS. Glasgow Outcome Scale (GOS) score
was assessed at 3 months.

Results

There were no adverse events attributable to drug treatment. One patient in the placebo
group was withdrawn due to adverse effects. In the treatment group, NAC concentrations
ranged from 16,977.3+2,212.3 t0 16,786.1£3,285.3 in serum and from 269.3+113.0 to
467.9+262.7 ng/mL in CSF, at 24 to 72 h post-bolus, respectively; and probenecid concen-
trations ranged from 75.4.3+10.0 to 52.9+25.8 in serum and 5.4+1.0 t0 4.6+2.1 yg/mL in
CSF, at 24 to 72 h post-bolus, respectively (meantSEM). Temperature, mean arterial pres-
sure, ICP, use of ICP-directed therapies, surveillance serum brain injury biomarkers, and
GOS at 3 months were not different between groups.

Conclusions

Treatment resulted in detectable concentrations of NAC and probenecid in CSF and was
not associated with undesirable effects after TBI in children.

Trial registration
ClinicalTrials.gov NCT01322009

Introduction

Traumatic brain injury (TBI) is a significant cause of morbidity and mortality worldwide and
the primary cause of death in children in the U.S. [1]. To-date, no primary therapies for TBI
have translated to practice, with a common denominator in failed clinical trials being a lack of
site-specific therapeutic drug monitoring for proposed neuroprotective agents [2, 3]. Therapies
directly targeting pathophysiologic consequences of TBI in order to improve neurological out-
come are desperately needed.

N-acetylcysteine (NAC) is an antioxidant and putative neuroprotective agent [4, 5]. Bio-
chemically, NAC serves as cysteine donor for the synthesis of the intracellular antioxidant glu-
tathione (GSH) and thus has the capacity to increase the cysteine pool available for
replenishment of GSH under conditions of oxidative stress, and can directly function as an
antioxidant via its thiol group.[6] NAC is very hydrophilic (logD -5.4) [6, 7], and current
reports suggest that NAC has limited capacity to passively cross the intact blood-brain barrier
(BBB) [6]. NAC as monotherapy has established clinical utility for prevention of hepatotoxicity
after acetaminophen/paracetamol overdose [8]. NAC has also been evaluated in clinical trials
targeting neurological diseases, including autism [9], major depression [10], neonatal asphyxia
[11], and neurodegenerative disease [12]. Importantly, NAC has shown promise in preventing
sequelae from blast-induced mild TBI, presumably via its antioxidant properties in brain [13].

Probenecid has been used as an antimicrobial adjunct since World War II, increasing sys-
temic exposure of antimicrobial agents via inhibition of drug elimination through membrane
transporters including organic anion transporters 1 and 3 (OAT1 and 3) [14] found in both
brain and kidney [15]. Probenecid can also prevent intracellular depletion of GSH via inhibi-
tion of ATP binding cassette membrane transporter C1 (ABCC1) mediated export of glu-
tathionylated substrates on plasma membranes [16]. We discovered that NAC is a substrate
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for probenecid-inhibitable transporters, and that co-administration of probenecid increases
NAC concentration in both brain and plasma via inhibition of OAT1 and 3 [14], thus offering
additive mechanisms for therapeutic synergy.

Importantly both probenecid and NAC are in clinical use, are approved by the U.S. Food
and Drug Administration (FDA), and have favorable safety profiles. Accordingly, we hypothe-
sized that probenecid could be used as an adjuvant in combination with NAC to increase and/
or maintain NAC concentration in brain after TBI. In this randomized, double-blind Phase I
study we sought to determine whether NAC and probenecid administered systemically
resulted in detectable drug levels in CSF, and whether the drugs used in combination resulted
in attributable adverse events in children after severe TBL

Methods
Study design and participants

We performed a randomized, double-blind, Phase I study of the combination of probenecid
and NAC versus placebos in children 2 to 18 years-of-age after severe TBI (Glasgow Coma
Scale [GCS] score < 8) recruited from November 2011-September 2013 at a single, tertiary
Children’s Hospital. All patients were admitted to the pediatric intensive care unit (PICU) on
the pediatric neurocritical care/trauma service. The study was approved by the University of
Pittsburgh Institutional Review Board and written informed consent was obtained from
parents and/or legal guardians of all children enrolled in the study. In addition, a Data Safety
Monitoring Board from the University of Pittsburgh evaluated the safety of the study through-
out the time of enrollment. The Phase I trial was stopped based on duration of funding (R01
NS069247). The study was registered in ClinicalTrials.gov (Identifier NCT01322009).

The research team screened patients for eligibility for this study. Inclusion criteria included
(i) age > 2 y and < 18, (ii) severe TBI (GCS < 8) after resuscitation, (iii) placement of an
EVD as a part of their standard care, and (iv) placement of a naso/orogastric feeding tube for
medication administration. The trauma Attending Physician was consulted regarding the
safety of administering medications into the stomach prior to approach for informed consent.
Exclusion criteria included (i) examination consistent with brain death after resuscitation, (ii)
documented pregnancy, (iii) contraindications to probenecid (including active status epilepti-
cus, blood dyscrasias, administration of salicylates as standard care, documented urate stones,
hypersensitivity to probenecid, age < 2 years), (iv) contraindications to NAC (known allergy
to NAC), (v) lack of ability to obtain consent from both parents/guardians, and (vi) inability to
start medications within 24 h from the time of injury.

Randomization, masking, and drug administration

After obtaining written consent, children were randomized by the use of a blind envelope sys-
tem to: (1) probenecid (initial: 25 mg/kg/dose; maintenance: 10 mg/kg/dose every 6 h for 11
doses; maximum dose 500 mg) and NAC (initial: 140 mg/kg/dose; maintenance: 70 mg/kg/
dose every 4 h for 17 doses) or (2) placebo of equal volume and timing administered via naso/
orogastric tube. The regimen for NAC was based on dosing for treatment of acetaminophen/
paracetamol overdose, and the regimen for probenecid was based on dosing for use as an anti-
biotic adjuvant. Placebo contents included equal volumes and dosing regimens of lactose pow-
der (for opacity) suspended in Ora-Plus and normal saline. Study drugs or placebo were
prepared by a dedicated Research Pharmacist and administered by the bedside nurse. Clini-
cians caring for the child and all research staff-with the exception of the Research Pharmacist
and the Data Manager at the Data Coordinating Center-remained blinded to study assign-
ment. Research staff remained blinded until all data were entered into the research database

PLOS ONE | https://doi.org/10.1371/journal.pone.0180280 July 7, 2017 3/16


https://doi.org/10.1371/journal.pone.0180280

@° PLOS | ONE

Pro-NAC trial for children with severe traumatic brain injury

and all analyses were performed on clinical samples. Compliance with the timed drug adminis-
tration was monitored by the study team and deviations from expected drug delivery
times > 1 hour were considered a protocol deviation.

Clinical management protocol

All children were treated using a standardized neurocritical care protocol that has been previ-
ously described [17]. Briefly, all children with severe TBI received comprehensive care to rap-
idly stabilize and assess for injuries, mitigate secondary insults and promote optimal
neurological outcome in accordance with published guidelines [18]. This protocol includes
early endotracheal intubation, mechanical ventilation, and rapid correction/normalization of
hemodynamic parameters. Once the children were stabilized, neurological assessment and
imaging studies to determine the extent of injury were performed. All patients were main-
tained in a neutral position with their head midline and the head of the bed elevated 30° to
improve cerebral blood return to the thorax. Placement of intracranial pressure (ICP) moni-
toring devices occurred as soon as was feasible and both intraparenchymal (IP) and external-
ized ventricular drain (EVD) monitors were placed within the same frontal lobe. EVD
monitors were zeroed based at the tragus of the ear and continuously drained at 10 cm above
the midbrain and IP monitors were zeroed at the level of the EVD, and used and maintained
in accordance with the manufacturer’s instructions (Codman Neuro, New Brunswick, NJ).
Other invasive monitoring devices (arterial catheters, central venous catheters) were placed as
part of standard practice, and some children also underwent brain tissue oxygen monitoring
using LICOX (Integra Neurosciences, NJ). The clinical protocol was developed to standardize
practice for periods of ICP crises (generally defined as ICP > 20 mmHg for > 5 minutes).
Step-wise escalations of care were implemented via a protocol, and included analgesia/sedation
(fentanyl), neuromuscular blockade (vecuronium), mild hyperventilation (PaCO, ~ 35 mm
Hg), hyperosmolar therapies (mannitol or 3% NaCl) and barbiturate administration. As men-
tioned above, continuous CSF diversion was employed in all children.

Sample and data collection

Samples (CSF and serum) were collected over 4 days and were obtained prior to initial drug
administration, 1 hour after the first dose, and daily prior to subsequent dosing (trough levels).
An additional CSF sample was obtained at 6 h after drug administration. CSF was immediately
processed by centrifuging at 3000 xg for 10 min and collecting supernatant. Blood was imme-
diately centrifuged at 3000 xg for 10 min and serum was obtained. All processed samples were
frozen at -80°C for batch analysis.

Data including patient demographics, physiological parameters, and adverse events were
recorded and entered into a database. Demographic information included age, patient sex,
and various injury scores (Acute Injury Score, GCS) measured at the appropriate time period.
Physiological parameters included hourly variables (temperature, mean arterial pressure
[MAP], ICP, and cerebral perfusion pressure [CPP]) recorded within the medical record as
well as results of other tests done as part of standard practice (arterial blood gases, electrolyte
values and others) and gross assessment of therapies required for management of ICP [18]. A
priori definitions of adverse events were developed (S1 Table) and the occurrence of these
complications as well as discharge Glasgow Outcome Scale (GOS) score were determined by
the Research Coordinator (RLB) and clinical investigator (M]B) prior to unblinding of the ran-
domization scheme. Available serum was also used to quantify neuron specific enolase (NSE)
and glial fibrillary acidic protein (GFAP), brain-specific biomarkers associated with acute
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brain injury in children, by ELISA [19, 20]. NSE levels were adjusted for hemolysis in serum
samples as previously described [19].

Quantification of NAC and probenecid in serum and CSF

Total NAC and probenecid concentrations were quantified in serum and CSF using ultra-high
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) using vali-
dated assays [14]. NAC samples were prepared by adding deuterated internal standard
(d3-NAC, Cambridge Isotopes, Andover, MA) to 50 pL plasma or CSF and samples were
reduced by adding dithiothreitol, derivatized with n-ethylmaleimide, and proteins were pre-
cipitated with acetonitrile. The supernatant was then dried out under nitrogen and reconsti-
tuted with water before injecting onto the UPLC-MS/MS system. Probenecid samples were
diluted with water, proteins were precipitated with acetonitrile, and ethacrynic acid (Sigma-
Aldrich, St. Louis, MO) was added as an internal standard. NAC chromatographic separation
was achieved using a porous graphitic carbon hypercarb column 3.0 pm (1.0 x 100 mm) and
an acetonitrile-formic acid gradient on an Accela series UPLC system (Thermo, San Jose, CA).
For probenecid, an acetic acid isocratic elution and a BEH C18 1.7 um, 2.1x100 mm column
was used on an Acquity UPLC system (Waters, Milford, MA). MS/MS detection of NAC-NEM
(m/z 289.1—158.1) and probenecid (m/z 284.1—240.1) was performed on a TSQ Quantum
Ultra mass spectrometer with a heated electrospray source (Thermo, San Jose, CA). NAC and
probenecid assay linear ranges (r* > 0.992) in serum and CSF were 10-10,000 ng/mL (NAC
serum), 10-2,500 ng/mL (NAC CSF), 0.25-800 ug/mL (probenecid serum), and 0.25-100 pg/
mL (probenecid CSF). Assays were validated in each matrix to ensure linearity, precision, and
accuracy with acceptable intra-/inter-assay variability (<10.5%).

Statistical analysis

Descriptive statistics were summarized as counts (percentages, %) for categorical data,

mean = standard deviation (SD) or median [interquartile range, IR] for normally or non-nor-
mally distributed continuous data as appropriate. Serum and CSF concentrations of NAC are
presented as mean * standard error of the mean (SEM). Fisher’s exact test was used to com-
pare the frequency distribution of categorical variables between the groups. The Wilcoxon-
Mann-Whitney test was performed to assess differences between groups for non-normally dis-
tributed continuous data. Linear mixed models were used to test the main effects of time (base-
line, 1, 24, 48, 72, and 96 hours) and group (placebo and Pro-NAC), and time by group
interactions on the brain injury biomarkers NSE and GFAP. All tests were two-sided and the
significance level was defined at 0.05. Analyses were conducted using SAS, version 9.3 statisti-
cal software (SAS Institute Inc., Cary, NC; Operating System Windows 10).

Results

Patients were recruited from November 1, 2011 to August 31, 2013. Twenty patients were
screened for eligibility, Seventeen patients met inclusion criteria and 14 patients were random-
ized after obtaining informed consent, with seven patients randomized to each group (Fig 1).
Baseline characteristics of the intention-to-treat population were similar (Table 1). All seven
patients receiving probenecid in combination with NAC (Pro-NAC) completed the study.
However, there was attrition of patients in the placebo group related to withdrawal of life sup-
port due to neurological prognosis (n = 1), withdrawal from the study due to development of a
rash occurring after administration of study drug (n = 1), and removal of the nasogastric tube
prior to study completion (n = 1), resulting in four of seven patients completing the course of
drug/placebo administration. Surgical interventions (Table 2) and medications (Table 3) used
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CONSORT 2010 Flow Diagram

[ Enrollment ] Assessed for eligibility (n=20)

Excluded (n=6)

+ Not meeting inclusion criteria (n=3)
| + Declined to participate (n=3)

+ Other reasons (n=0)

Randomized (n=14)

|

Y [ Allocation ] v
Allocated to placebo (n=7) Allocated to probenecid + NAC (n=7)
+ Received allocated intervention (n=7) + Received allocated intervention (n=7)
+ Did not receive allocated intervention (give + Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0)
v [ Follow-Up J v
Lost to follow-up (give reasons) (n=0) Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n=3) Discontinued intervention (give reasons) (n=0)
1 died
1 adverse event (rash)
1 nasogastric tube removed)

Y [ Analysis 1 v
. J
Analysed (n=7) Analysed (n=7)
+ Excluded from analysis (give reasons) (n=0) + Excluded from analysis (give reasons) (n=0)

Fig 1. CONSORT flow diagram. *in one patient support was withdrawn due to poor neurological prognosis;
one patient developed a diffuse rash after administration of study drugs and further administration was
discontinued; in one patient the nasogastric tube was removed after extubation and discontinuation of
mechanical ventilation, and was not replaced as per study protocol preventing further administration of study
drugs.

https://doi.org/10.1371/journal.pone.0180280.9001

for the management of severe TBI were similar between groups. There were no adverse events
attributable to Pro-NAC administration (Table 4). Information regarding protocol compliance
is provided in Table 5. Serum levels of NSE and GFAP, interrogated using linear mixed models
in order to determine if drug therapy was associated with increasing concentration or duration
of these brain injury biomarkers, were not different between treatment groups (NSE F(1,45) =
0.60, P = 0.441; GFAP F(1,45) = 0.29, P = 0.596; Fig 2). Time and group interactions related to
serum biomarker concentrations were also not detected (NSE F(4,45) = 0.08, P = 0.989; GFAP
F(4,45) = 1.06, P = 0.387).

Fig 3A shows serum and CSF NAC concentrations in the two groups. One hour after the
140 mg/kg enteral NAC loading dose, serum NAC concentrations increased to 19,789 + 5,193
ng/mL (mean + SEM) and appeared to reach steady state levels after 24 h (16,977 + 2,212 ng/
mL at 24 h; 18,447 + 2,774 ng/mL at 48 h, and 16,786 + 3,285 ng/mL at 72 h). Six hours after
the NAC loading dose, CSF NAC concentrations increased to 215 + 90 ng/mL and continued
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Table 1. Baseline characteristics in the intention to-treat-population.

Placebo (n =7) Probenecid + NAC (n=7)
Age (years), mean (SD) 9.7 (5.7) 8.6 (4.9)
Height (cm), mean (SD) 131.1 (32.5) 129.0 (31.3)
Weight (kg), mean (SD) 35.4 (20.0) 37.9 (21.3)
Male sex 4 (57%) 6 (86%)
White race 7 (100%) 6 (86%)
Glasgow Coma Scale score®, median (IQR)
Composite 6(3) 6(2)
Eye 1(0) 1(0)
Verbal 1(0) 1(0)
Motor 4(3) 4(2)
Mechanism of injury
Passenger in motor vehicle collision 3 (43%) 2 (29%)
Pedestrian struck by motor vehicle 0 1 (14%)
All-terrain vehicle accident 1(14%) 0
Fall 0 1 (14%)
Other recreational activity 1(14%) 0
Other 2 (29%) 3 (43%)

Data are n (%) unless otherwise stated.
@Score ranges from 1—4 for Eye, 1-5 for Verbal, 1—6 for Motor, and 3—15 for cumulative score.

https://doi.org/10.1371/journal.pone.0180280.t001

to rise during the treatment period to 269 + 113 at 24 h, 304 + 131 at 48 h, and 468 + 263 ng/
mL at 72 h. CSF concentrations representing 1.63%, 1.51%, and 2.52% of simultaneous serum
concentrations were achieved at 24, 48, and 72 h, respectively. Predictably, NAC concentra-
tions were below the lower limits of quantification in serum and CSF from the placebo treated
group, with the exception of one patient who had a serum NAC level of 274 ng/mL (undetect-
able in CSF), in whom aerosolized N-acetylcysteine was being used to mobilize respiratory
secretions while tracheally intubated.

Fig 3B shows serum and CSF probenecid concentrations in the two groups. One hour after
the 25 mg/kg enteral probenecid loading dose, serum probenecid concentrations increased to
13.1 £ 3.1 pg/mL (mean + SEM) and appeared to reach steady state after 24 h (75.4 £ 210.0 pg/
mL at 24 h; 75.1 £ 20.9 ug/mL at 48 h; and 52.9 + 25.8 pug/mL at 72 h). Six hours after the pro-
benecid loading dose, CSF probenecid concentrations increased to 1.1 + 0.2 pg/mL. CSF pro-
benecid concentrations followed a similar concentration-time course as serum and were
54+1.0,6.2+1.7,and 4.6 £ 2.1 ug/mL at 24, 48, and72 h, respectively. CSF concentrations
representing 7.33%, 7.64%, and 10.16% of simultaneous serum concentrations were achieved
at 24, 48, and 72 h, respectively. Predictably, probenecid levels were below the lower limits of
quantification in serum and CSF from the placebo treated group.

In addition to adverse events and drug concentrations in serum and CSF, physiologic and
other clinical variables were also recorded. There were no differences between groups in rectal
temperature, MAP, ICP, or CPP during the study period (Fig 4). Note that ICP values in the
placebo group are driven by a single patient with refractory intracranial hypertension as evi-
denced by 95 hourly ICP recorded values > 20 mmHg, and to a lesser extent two other patients
with 14 and 21 hourly ICP recorded values > 20 mmHg. In contrast, none of the patients in
the Pro-NAC group had more than 10 ICP recorded values > 20 mmHg. There were no differ-
ences between groups in GOS recorded upon hospital discharge or at 3 month follow up
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Table 2. Surgical interventions.

Placebo (n =7) Probenecid + NAC (n=7)
External ventricular drain placement 7 (100%) 7 (100%)
Evacuation of hematoma/lesion 1(14%) 3 (43%)
Decompressive craniectomy
Unilateral 1(14%) 3 (43%)
Bilateral 2 (29%) 0

Data are n (%).

https://doi.org/10.1371/journal.pone.0180280.t002

(Table 6). Two patients in each group were lost to follow up at 3 months. There were also no
differences between groups in PICU or hospital length of stay (Table 6).

Discussion

It has been estimated that the average time for translation of therapies from laboratory to
patient is 17 years, a gap that is being scrutinized as being unacceptably wide [21]. Our ratio-
nale for fast-tracking the combination of probenecid and NAC for pediatric TBI was as fol-
lows: 1) each drug has been shown to be neuroprotective on its own [4, 5, 22, 23]; 2) the
combination has the potential to be synergistic as probenecid and NAC preserve intracellular
GSH through distinct mechanisms, i.e. preventing efflux of GSH via inhibition of ABCC1 [16]

Table 3. Medical interventions.

Placebo (n =7) Probenecid + NAC (n =7)
Muscle relaxants: vecuronium 7 (100%) 7 (100%)
Narcotics: fentanyl 7 (100%) 7 (100%)
Anticonvulsants: phenytoin, fosphenytoin 7 (100%) 7 (100%)
Vasoactive medications: epinephrine, norepinephrine, phenylephrine 4 (57%) 4 (57%)
Mannitol (g)*, median (IQR)
Day 1 25.0(9.5) 60.0 (50.0)
Day 2 50.0 (0.0) 0
Day 3 0 0
Day 4 0 0
Day 5 0 0
3% hypertonic saline (ml)?, median (IQR)
Day 1 510.0 (1652.0) 645.0 (922.0)
Day 2 242.5 (411.0) 776.0 (699.0)
Day 3 605.0 (702.5) 663.0 (734.0)
Day 4 395.0 (515.0) 817.5 (453.0)
Day 5 360.0 (295.0) 780.0 (910.0)
Pentobarbital (mg)?, median (IQR)
Day 1 1075.3 (549.4) 507.0 (614.0)
Day 2 1590.8 (1945.0) 0
Day 3 737.5(96.2) 250.0 (0.0)
Day 4 2225.0 (0.0) 450.0 (700.0)
Day 5 3050.0 (0.0) 1027.0 (2310.0)

Data are n (%) unless otherwise stated.
@Cumulative daily dose for all patients in group.

https://doi.org/10.1371/journal.pone.0180280.t003
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Table 4. Adverse events and complications.

Placebo (n =7) | Probenecid + NAC (n=7)
Serious adverse event

Death after redirection of care and withdrawal of life support 1(14%) 0
CNS-related adverse event/complication

Refractory intracranial hypertension 1(14%) 0
Ruptured aneurysm 0 1(14%)
Hydrocephalus 0 1(14%)
Vocal cord paralysis 1(14%) 0
Diabetes insipidus 1(14%) 0
Other adverse events/complication

Acute renal failure related to vancomycin toxicity 2 (29%) 0
Pneumonia 1(14%) 1(14%)
Tracheitis 3 (43%) 2 (29%)
Rash 1 (14%) 0
Refractory hypotension 1(14%) 0
Pneumothorax 1(14%) 0
Deep venous thrombosis 1(14%) 3 (43%)

Data are n (%).

https://doi.org/10.1371/journal.pone.0180280.t004

and serving as a cysteine donor for synthesis of GSH [6], respectively; 3) probenecid increases
systemic and brain exposure of NAC via inhibition of OAT1 and OATS3 [14] in the kidney and
brain, respectively; and 4) both probenecid and NAC are FDA approved and have favorable
safety profiles, justifying repurposing for use in severe TBI given its considerable mortality and
morbidity [1]. This study provides proof-of-concept that treatment with the combination of
NAC and probenecid is feasible and results in readily detectable CNS concentrations of both
drugs in children with severe TBI. In addition, no adverse effects or undesirable physiological
derangements related to administration of the drug combination were observed in this study,
although sample sizes were limited.

Table 5. Information on protocol compliance.

Placebo (n =7) Probenecid + NAC (n=7)

Prematurely exited the study 3 (43%) 0
Death® 1(14%) 0
Adverse event—rash® 1 (14%) 0
Nasogastric tube discontinued® 1(14%) 0
Drug administration error 4 (57%) 5(71%)
Administered at wrong time 2 (29%) 5(71%)
Drugs not dispensed by pharmacy 0 1(14%)
Patient in operating room during administration time 1(14%) 0

Data are n (%).

aSupport withdrawn due to poor neurological prognosis

PDeveloped a diffuse rash after administration of study drugs and further administration was discontinued.
°Nasogastric tube was removed after extubation and discontinuation of mechanical ventilation, and was not
replaced as per study protocol preventing further administration of study drugs.

https://doi.org/10.1371/journal.pone.0180280.t005
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Fig 2. Serum brain injury biomarkers neuron specific enolase (NSE) and glial fibrillary acidic protein
(GFAP) during study period. Individual NSE corrected for the degree of hemolysis (A) and GFAP (B) values
for patients in the placebo (red circles) and probenecid + NAC (Pro-NAC; open blue squares) groups during
the study period. There were no differences between groups for NSE (P=0.441) or GFAP (P=0.596). Time 0
is in reference to drug administration. Both groups started with seven patients/group. Sample attrition due to
patient death, discontinuation of continuous monitoring, or insufficient quantity of serum available to perform
the assay.

https://doi.org/10.1371/journal.pone.0180280.g002

NAC has been, or currently is being, evaluated in clinical trials targeting neurological dis-
eases including TBI [9-13], despite the fact that NAC is very hydrophilic (logD -5.4) [6, 7] and
therefore would be predicted to have limited capacity to cross the intact BBB. In the present
study, NAC achieved apparent steady state in serum rapidly (Fig 3), consistent with known
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Fig 3. Serum and cerebrospinal fluid (CSF) N-acetylcysteine (NAC) and probenecid concentrations
during study period. NAC (A) and probenecid (B) concentrations measured using ultra-high performance
liquid chromatography-mass spectrometry (MS)/MS are shown for the placebo (red circles) and probenecid
+ NAC (Pro-NAC; open blue squares) groups. Data are mean and SEM; sample sizes noted in parentheses
(n); LOQ = lower limit of quantification for the assay. Hashed lines represent drug administration times.
'Sample attrition due to patient death, premature withdrawal from study due to adverse event (rash), inability
to continue enteric administration of study drugs after removal of nasogastric tube, and/or removal of or
inability to obtain CSF from externalized ventricular drain.

https://doi.org/10.1371/journal.pone.0180280.9003

terminal half-lives of NAC [24, 25]. While it was anticipated based on pharmacokinetic data in
healthy adults [26] that probenecid would also approach steady state, this was not the case.
Probenecid concentrations were quite variable between patients, particularly at 72 h (Fig 3).
Inter-individual variability in serum probenecid concentration compared with NAC could be
explained by the weight-based dosing maximum of 500 mg, longer half-life, and/or frequency
of dosing. Furthermore, variable pharmacokinetics in these critically ill children would not be
unexpected due to their heterogeneous injuries and multifaceted pharmacologic and non-
pharmacologic interventions in the PICU, expected to impact clearance and/or enteral
absorption.

For probenecid, the CSF concentration-time profile mirrors that seen in serum, but this
was not the case for NAC. This apparent lag from serum to CSF observed for NAC is consis-
tent with poor BBB permeability or transporter interactions. With co-administration of pro-
benecid in rats, NAC levels are detectable for up to 8 h in normal brain and the area under the
curve (AUC) for NAC in brain is 2.4-fold (and in serum 1.7-fold) higher versus administration
of NAC alone, suggesting that NAC is a substrate for transporters inhibited by probenecid,
later revealed to be OAT1 and OAT3 [14], found in both brain and kidney [15]. Accordingly,
in addition to increasing GSH levels via distinct mechanisms, the combination of probenecid
and NAC appear to increase blood and brain exposure of NAC via reduced renal excretion
and transport-mediated brain efflux.
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Fig 4. Mean arterial pressure (MAP), intracranial pressure (ICP), and cerebral perfusion pressure
(CPP) during study period. MAP (A), ICP (B), and CPP (C) in the placebo (red circles) and probenecid

+ NAC (Pro-NAC; open blue squares) groups during the study period. Time O refers to pediatric intensive care
unit admission. Median time [range] to first drug dose for the placebo group was 20.5 [14.6—26.0] h and for the
Pro-NAC group was 16.5 [8.8—22.0] h. Data are mean and SD; Both groups started with seven patients/group.

Sample attrition due to patient death or discontinuation of continuous monitoring.

https://doi.org/10.1371/journal.pone.0180280.9004
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Table 6. Patient outcomes.

Placebo (n =7) Probenecid + NAC (n=7) P

Glasgow outcome scale score on hospital discharge 1.000
Good recovery 1(14%) 1(14%)

Moderate disability 3 (43%) 4 (57%)

Severe disability 2 (29%) 2 (29%)

Vegetative state 0 0

Death 1 (14%) 0

Unknown 0 0

Glasgow outcome scale score at 3 month follow up 0.532
Good recovery 3 (43%) 1(14%)

Moderate disability 0 2 (29%)

Severe disability 1(14%) 2 (29%)

Vegetative state 0 0

Death 1(14%) 0

Unknown 2 (29%) 2 (29%)

PICU length of stay (days), median (IQR) 10.0 (3.0) 13.0 (16.0) 0.485
Hospital length of stay (days), median (IQR) 15.0(11.0) 21.0(19.0) 0.533

Data are n (%) unless otherwise stated.

https://doi.org/10.1371/journal.pone.0180280.t006

To our knowledge, only one other published study has reported CSF NAC concentrations

in humans. Katz et al. treated 12 patients with Parkinson’s disease with oral NAC doses rang-
ing from 7 to 70 mg/kg twice daily for two days [27]. Peak CSF NAC concentrations observed
90 min after the final dose in the 70 mg/kg treated group of adults in that study were approxi-
mately 4-fold higher than what we observed at steady state in children (Fig 2). However, in the
Parkinson’s disease study [27], NAC peaks were measured and given NAC elimination is two-
compartmental, levels between studies are not readily comparable. Furthermore, the regimen
for NAC in the present study was based on oral dosing for treatment of acetaminophen/para-
cetamol overdose. Steady state trough serum NAC concentrations achieved in our study are
expected to be higher than in other studies of NAC alone based on reduced renal excretion
related to probenecid sensitive transporters.

Probenecid was developed as an antibiotic adjuvant during World War II to reduce OAT-
mediated renal excretion of penicillin for treatment of wound infections in soldiers [28]. In
human kidney slices the inhibitory constant (Ki) values for probenecid tested with a specific
OATS3 probe (benzylpenicillin) was 3.6 pg/mL [29]. Probenecid concentrations observed in
our pediatric patients superseded this in both serum and CSF (Fig 3). Thus, probenecid levels
in serum and CSF appear sufficient to achieve inhibition of OATs impacting pharmacokinetics
of NAC. One important caveat related to the use of probenecid is that it would inhibit trans-
port of a spectrum of endogenous organic anion or xenobiotic substrates of OAT1 and OATS3.
The endogenous organic anions could represent both desirable and undesirable substances in
the CSF and thus may impact the brain’s extracellular biochemical milieu. A comprehensive
metabolomics profile using remaining CSF from this study is underway to begin to address
this.

Given that this study was appropriately powered to serve as a phase I pharmacokinetic
study, the sample size was sufficient to define the primary goal of drug levels, but it was not
designed to be able to inform on acute or chronic outcomes, and is thus only exploratory for
those parameters. Another limitation to the present study includes measurement of total NAC
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and not reduced NAC. Thus, our measurements include oxidized NAC and all NAC conju-
gates. Reduced NAC levels may be more pharmacologically active. However, the pharmacoki-
netic portion of our study was specifically designed to determine overall exposure following
dosing, and total NAC measurement is ideal in this regard. Finally, we did not include a NAC-
only treatment arm in this pilot study, and given the number of studies using NAC for treat-
ment of neurological disease [9-13], follow up trials for severe TBI should include a NAC
alone arm in either a balanced or response-adaptive design.

To our knowledge, this study represents: 1) the first reported use of probenecid as an adju-
vant for medications unrelated to their antimicrobial activity; 2) the first CNS pharmacokinetic
study of NAC and/or probenecid in children; and 3) the first CNS pharmacokinetic trial in
pediatric TBI of any kind. Treatment with the combination of NAC and probenecid resulted
in readily detectable CNS levels of both drugs in children with severe TBI. Given that adverse
effects including undesirable physiological derangements and alterations in contemporary
brain injury biomarkers related to administration of the drug combination were not observed,
progression to a phase II/III trial appears warranted.

Supporting information

S1 Table. Pre-defined adverse events.

(DOCX)

S1 Fig. Pro-NAC CONSORT flow diagram.
(DOCX)

S1 Checklist. Pro-NAC CONSORT checklist.
(DOC)

S1 Protocol. Pro-NAC clinical study protocol.
(PDF)

Acknowledgments

We thank Rachelle L. Bell, BS, RN, University of Pittsburgh, for expertly serving as study coor-
dinator; Nicole Toney, MPH, University of Pittsburgh, for assistance with sample manage-
ment; and the nurses, residents, fellows, pharmacists, and therapists in the PICU for first-rate
clinical care.

Author Contributions

Conceptualization: Robert S. B. Clark, Philip E. Empey.

Data curation: Bedda L. Rosario, Stephen R. Wisniewski.

Formal analysis: Bedda L. Rosario, Christopher M. Horvat, Stephen R. Wisniewski.
Funding acquisition: Robert S. B. Clark.

Investigation: Robert S. B. Clark, Philip E. Empey, Hiilya Bayir, Samuel M. Poloyac, Thomas
D. Nolin, Alicia K. Au, Michael J. Bell.

Methodology: Robert S. B. Clark, Philip E. Empey, Patrick M. Kochanek.
Project administration: Robert S. B. Clark, Michael J. Bell.

Resources: Robert S. B. Clark, Philip E. Empey, Hiilya Bayir, Samuel M. Poloyac, Patrick M.
Kochanek, Thomas D. Nolin, Michael J. Bell.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180280 July 7, 2017 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180280.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180280.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180280.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180280.s004
https://doi.org/10.1371/journal.pone.0180280

@° PLOS | ONE

Pro-NAC trial for children with severe traumatic brain injury

Supervision: Robert S. B. Clark, Michael J. Bell.
Validation: Robert S. B. Clark, Michael J. Bell.
Visualization: Robert S. B. Clark.

Writing - original draft: Robert S. B. Clark.

Writing - review & editing: Robert S. B. Clark, Philip E. Empey, Hiilya Bayir, Bedda L. Rosa-

rio, Samuel M. Poloyac, Patrick M. Kochanek, Thomas D. Nolin, Alicia K. Au, Christopher
M. Horvat, Stephen R. Wisniewski, Michael J. Bell.

References

10.

1.

12

13.

14.

CDC. 2015. http://www.cdc.gov/nchs/fastats/child-health.htm.

Tolias CM, Bullock MR. Critical appraisal of neuroprotection trials in head injury: what have we learned?
NeuroRx: The journal of the American Society for Experimental NeuroTherapeutics. 2004; 1(1):71-9.
Epub 2005/02/18. https://doi.org/10.1602/neurorx.1.1.71 PMID: 15717008;

Wright DW, Yeatts SD, Silbergleit R, Palesch YY, Hertzberg VS, Frankel M, et al. Very early administra-
tion of progesterone for acute traumatic brain injury. N Engl J Med. 2014; 371(26):2457—66. Epub 2014/
12/11. https://doi.org/10.1056/NEJMoa1404304 PMID: 25493974.

Du L, Empey PE, Ji J, Chao H, Kochanek PM, Bayir H, et al. Probenecid and N-Acetylcysteine Prevent
Loss of Intracellular Glutathione and Inhibit Neuronal Death after Mechanical Stretch Injury In Vitro. J
Neurotrauma. 2016; 33(20):1913-7. https://doi.org/10.1089/neu.2015.4342 PMID: 26830358;

Farr SA, Poon HF, Dogrukol-Ak D, Drake J, Banks WA, Eyerman E, et al. The antioxidants alpha-lipoic
acid and N-acetylcysteine reverse memory impairment and brain oxidative stress in aged SAMP8 mice.
J Neurochem. 2003; 84(5):1173-83. PMID: 12603840.

Samuni Y, Goldstein S, Dean OM, Berk M. The chemistry and biological activities of N-acetylcysteine.
Biochim Biophys Acta. 2013; 1830(8):4117-29. Epub 2013/04/27. https://doi.org/10.1016/j.bbagen.
2013.04.016 PMID: 23618697.

Giustarini D, Milzani A, Dalle-Donne |, Tsikas D, Rossi R. N-Acetylcysteine ethyl ester (NACET): a
novel lipophilic cell-permeable cysteine derivative with an unusual pharmacokinetic feature and remark-
able antioxidant potential. Biochem Pharmacol. 2012; 84(11):1522—33. Epub 2012/09/25. https://doi.
org/10.1016/j.bcp.2012.09.010 PMID: 23000913.

Smilkstein MJ, Knapp GL, Kulig KW, Rumack BH. Efficacy of oral N-acetylcysteine in the treatment of
acetaminophen overdose. Analysis of the national multicenter study (1976 to 1985). N Engl J Med.
1988; 319(24):1557—62. Epub 1988/12/15. hitps://doi.org/10.1056/NEJM198812153192401 PMID:
3059186.

Nikoo M, Radnia H, Farokhnia M, Mohammadi MR, Akhondzadeh S. N-acetylcysteine as an adjunctive
therapy to risperidone for treatment of irritability in autism: a randomized, double-blind, placebo-con-
trolled clinical trial of efficacy and safety. Clinical neuropharmacology. 2015; 38(1):11-7. Epub 2015/01/
13. https://doi.org/10.1097/WNF.0000000000000063 PMID: 25580916.

Berk M, Dean OM, Cotton SM, Jeavons S, Tanious M, Kohlmann K; et al. The efficacy of adjunctive N-
acetylcysteine in major depressive disorder: a double-blind, randomized, placebo-controlled trial. The
Journal of clinical psychiatry. 2014; 75(6):628-36. Epub 2014/07/09. https://doi.org/10.4088/JCP.
13m08454 PMID: 25004186.

Wiest DB, Chang E, Fanning D, Garner S, Cox T, Jenkins DD. Antenatal pharmacokinetics and placen-
tal transfer of N-acetylcysteine in chorioamnionitis for fetal neuroprotection. J Pediatr. 2014; 165
(4):672—7 e2. Epub 2014/07/30. https://doi.org/10.1016/j.jpeds.2014.06.044 PMID: 25064164,

Levin SW, Baker EH, Zein WM, Zhang Z, Quezado ZM, Miao N, et al. Oral cysteamine bitartrate and N-
acetylcysteine for patients with infantile neuronal ceroid lipofuscinosis: a pilot study. The Lancet Neurol-
ogy. 2014; 13(8):777-87. Epub 2014/07/07. https://doi.org/10.1016/S1474-4422(14)70142-5 PMID:
24997880;

Hoffer ME, Balaban C, Slade MD, Tsao JW, Hoffer B. Amelioration of acute sequelae of blast induced
mild traumatic brain injury by N-acetyl cysteine: a double-blind, placebo controlled study. PLoS One.
2013; 8(1):e54163. Epub 2013/02/02. https://doi.org/10.1371/journal.pone.0054163 PMID: 23372680;

Hagos FT, Daood MJ, Ocque JA, Nolin TD, Bayir H, Poloyac SM, et al. Probenecid, an organic anion
transporter 1 and 3 inhibitor, increases plasma and brain exposure of N-acetylcysteine. Xenobiotica.
2016:1-8. https://doi.org/10.1080/00498254.2016.1187777 PMID: 27278858.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180280 July 7, 2017 15/16


http://www.cdc.gov/nchs/fastats/child-health.htm
https://doi.org/10.1602/neurorx.1.1.71
http://www.ncbi.nlm.nih.gov/pubmed/15717008
https://doi.org/10.1056/NEJMoa1404304
http://www.ncbi.nlm.nih.gov/pubmed/25493974
https://doi.org/10.1089/neu.2015.4342
http://www.ncbi.nlm.nih.gov/pubmed/26830358
http://www.ncbi.nlm.nih.gov/pubmed/12603840
https://doi.org/10.1016/j.bbagen.2013.04.016
https://doi.org/10.1016/j.bbagen.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23618697
https://doi.org/10.1016/j.bcp.2012.09.010
https://doi.org/10.1016/j.bcp.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23000913
https://doi.org/10.1056/NEJM198812153192401
http://www.ncbi.nlm.nih.gov/pubmed/3059186
https://doi.org/10.1097/WNF.0000000000000063
http://www.ncbi.nlm.nih.gov/pubmed/25580916
https://doi.org/10.4088/JCP.13m08454
https://doi.org/10.4088/JCP.13m08454
http://www.ncbi.nlm.nih.gov/pubmed/25004186
https://doi.org/10.1016/j.jpeds.2014.06.044
http://www.ncbi.nlm.nih.gov/pubmed/25064164
https://doi.org/10.1016/S1474-4422(14)70142-5
http://www.ncbi.nlm.nih.gov/pubmed/24997880
https://doi.org/10.1371/journal.pone.0054163
http://www.ncbi.nlm.nih.gov/pubmed/23372680
https://doi.org/10.1080/00498254.2016.1187777
http://www.ncbi.nlm.nih.gov/pubmed/27278858
https://doi.org/10.1371/journal.pone.0180280

@° PLOS | ONE

Pro-NAC trial for children with severe traumatic brain injury

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Nigam SK, Bush KT, Martovetsky G, Ahn SY, Liu HC, Richard E, et al. The organic anion transporter
(OAT) family: a systems biology perspective. Physiological reviews. 2015; 95(1):83—123. Epub 2014/
12/30. https://doi.org/10.1152/physrev.00025.2013 PMID: 25540139;

Hammond CL, Marchan R, Krance SM, Ballatori N. Glutathione export during apoptosis requires func-
tional multidrug resistance-associated proteins. J Biol Chem. 2007; 282(19):14337—-47. https://doi.org/
10.1074/jbc.M611019200 PMID: 17374608.

Exo J, Kochanek PM, Adelson PD, Greene S, Clark RS, Bayir H, et al. Intracranial pressure-monitoring
systems in children with traumatic brain injury: combining therapeutic and diagnostic tools. Pediatr Crit
Care Med. 2011; 12(5):560-5. Epub 2010/07/14. https://doi.org/10.1097/PCC.0b013e3181e8b3ee
PMID: 20625341.

Kochanek PM, Carney N, Adelson PD, Ashwal S, Bell MJ, Bratton S, et al. Guidelines for the acute
medical management of severe traumatic brain injury in infants, children, and adolescents—second edi-
tion. Pediatr Crit Care Med. 2012; 13 Suppl 1:S1-82. Epub 2012/01/11. https://doi.org/10.1097/PCC.
0b013e31823f435c PMID: 22217782.

Berger RP, Beers SR, Richichi R, Wiesman D, Adelson PD. Serum biomarker concentrations and out-
come after pediatric traumatic brain injury. J Neurotrauma. 2007; 24(12):1793-801. Epub 2007/12/28.
https://doi.org/10.1089/neu.2007.0316 PMID: 18159990.

Papa L, Mittal MK, Ramirez J, Ramia M, Kirby S, Silvestri S, et al. In Children and Youth with Mild and
Moderate Traumatic Brain Injury, Glial Fibrillary Acidic Protein Out-Performs S100beta in Detecting
Traumatic Intracranial Lesions on Computed Tomography. J Neurotrauma. 2016; 33(1):58—64. Epub
2015/03/11. https://doi.org/10.1089/neu.2015.3869 PMID: 25752485;

Morris ZS, Wooding S, Grant J. The answer is 17 years, what is the question: understanding time lags
in translational research. Journal of the Royal Society of Medicine. 2011; 104(12):510-20. Epub 2011/
12/20. https://doi.org/10.1258/jrsm.2011.110180 PMID: 22179294

Abdel Baki SG, Schwab B, Haber M, Fenton AA, Bergold PJ. Minocycline synergizes with N-acetylcys-
teine and improves cognition and memory following traumatic brain injury in rats. PLoS One. 2010; 5(8):
€12490. Epub 2010/09/09. https://doi.org/10.1371/journal.pone.0012490 PMID: 20824218;

Nozaki K, Beal MF. Neuroprotective effects of L-kynurenine on hypoxia-ischemia and NMDA lesions in
neonatal rats. J Cereb Blood Flow Metab. 1992; 12(3):400-7. Epub 1992/05/01. https://doi.org/10.
1038/jcbfm.1992.57 PMID: 1569135.

Borgstrom L, Kagedal B, Paulsen O. Pharmacokinetics of N-acetylcysteine in man. Eur J Clin Pharma-
col. 1986; 31(2):217-22. Epub 1986/01/01. PMID: 3803419.

Olsson B, Johansson M, Gabrielsson J, Bolme P. Pharmacokinetics and bioavailability of reduced and
oxidized N-acetylcysteine. Eur J Clin Pharmacol. 1988; 34(1):77-82. Epub 1988/01/01. PMID:
3360052.

Selen A, Amidon GL, Welling PG. Pharmacokinetics of probenecid following oral doses to human volun-
teers. Journal of pharmaceutical sciences. 1982; 71(11):1238—42. Epub 1982/11/01. PMID: 7175716.

Katz M, Won SJ, Park Y, Orr A, Jones DP, Swanson RA, et al. Cerebrospinal fluid concentrations of N-
acetylcysteine after oral administration in Parkinson’s disease. Parkinsonism & related disorders. 2015;
21(5):500-3. Epub 2015/03/15. https://doi.org/10.1016/j.parkreldis.2015.02.020 PMID: 25765302.

Burnell JM, Kirby WM. Effectiveness of a new compound, benemid, in elevating serum penicillin con-
centrations. J Clin Invest. 1951; 30(7):697—-700. Epub 1951/07/01. https://doi.org/10.1172/JCI102482
PMID: 14850548;

Maeda K, Tian Y, Fujita T, Ikeda Y, Kumagai Y, Kondo T, et al. Inhibitory effects of p-aminohippurate
and probenecid on the renal clearance of adefovir and benzylpenicillin as probe drugs for organic anion
transporter (OAT) 1 and OAT3 in humans. European journal of pharmaceutical sciences: official journal
of the European Federation for Pharmaceutical Sciences. 2014; 59:94—103. Epub 2014/04/22. https://
doi.org/10.1016/j.ejps.2014.04.004 PMID: 24747579.

PLOS ONE | https://doi.org/10.1371/journal.pone.0180280 July 7, 2017 16/16


https://doi.org/10.1152/physrev.00025.2013
http://www.ncbi.nlm.nih.gov/pubmed/25540139
https://doi.org/10.1074/jbc.M611019200
https://doi.org/10.1074/jbc.M611019200
http://www.ncbi.nlm.nih.gov/pubmed/17374608
https://doi.org/10.1097/PCC.0b013e3181e8b3ee
http://www.ncbi.nlm.nih.gov/pubmed/20625341
https://doi.org/10.1097/PCC.0b013e31823f435c
https://doi.org/10.1097/PCC.0b013e31823f435c
http://www.ncbi.nlm.nih.gov/pubmed/22217782
https://doi.org/10.1089/neu.2007.0316
http://www.ncbi.nlm.nih.gov/pubmed/18159990
https://doi.org/10.1089/neu.2015.3869
http://www.ncbi.nlm.nih.gov/pubmed/25752485
https://doi.org/10.1258/jrsm.2011.110180
http://www.ncbi.nlm.nih.gov/pubmed/22179294
https://doi.org/10.1371/journal.pone.0012490
http://www.ncbi.nlm.nih.gov/pubmed/20824218
https://doi.org/10.1038/jcbfm.1992.57
https://doi.org/10.1038/jcbfm.1992.57
http://www.ncbi.nlm.nih.gov/pubmed/1569135
http://www.ncbi.nlm.nih.gov/pubmed/3803419
http://www.ncbi.nlm.nih.gov/pubmed/3360052
http://www.ncbi.nlm.nih.gov/pubmed/7175716
https://doi.org/10.1016/j.parkreldis.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/25765302
https://doi.org/10.1172/JCI102482
http://www.ncbi.nlm.nih.gov/pubmed/14850548
https://doi.org/10.1016/j.ejps.2014.04.004
https://doi.org/10.1016/j.ejps.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24747579
https://doi.org/10.1371/journal.pone.0180280

