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ARTICLE INFO ABSTRACT

Keywords: 2,6-di-tert-butylphenol (2,6-DTBP) ameliorates mechanical allodynia and thermal hyperalgesia produced by
Anti-hyperalgesia partial sciatic nerve ligation in mice, and selectively inhibits HCN1 channel gating. We hypothesized that the
Ilixll(l;lillphenol clinically utilized non-anesthetic dimerized congener of 2,6-DTBP, probucol (2,6-di-tert-butyl-4-[2-(3,5-di-tert-

butyl-4-hydroxyphenyl)sulfanylpropan-2-ylsulfanyl]phenol), would relieve the neuropathic phenotype that re-
sults from peripheral nerve damage, and that the anti-hyperalgesic efficacy in vivo would correlate with HCN1
channel inhibition in vitro. A single oral dose of probucol (800 mg/kg) relieved mechanical allodynia and thermal
hyperalgesia in a mouse spared-nerve injury neuropathic pain model. While the low aqueous solubility of pro-
bucol precluded assessment of its possible interaction with HCN1 channels, our results, in conjunction with
recent data demonstrating that probucol reduces lipopolysaccharide-induced mechanical allodynia and thermal
hyperalgesia, support the testing/development of probucol as a non-opioid, oral antihyperalgesic albeit one of
unknown mechanistic action.

Ion channel
Spared nerve injury

Introduction

Neuropathic pain is characterized by neuronal hyperexcitability and
spontaneous activity (Liu et al., 2002; Woolf and Ma, 2007) — properties
associated with the current, I;, (Santoro and Shah, 2020; Combe and
Gasparini, 2021). I is carried by hyperpolarization-activated, cyclic
nucleotide-regulated (HCN) channels, a four-isoform family (Biel et al.,

tetramers (with only the HCN2 + HCN3 combination being disfavored
(Mistrik et al., 2005)), and are present throughout the nervous system
(Moosmang et al., 1999; Notomi and Shigemoto, 2004). Importantly,
HCN1 mRNA is present in 94% of human sensory neurons whereas
HCN2 is present in only 44%; in mice, HCN1 and HCN2 are present in
71% and 72%, respectively. (Shiers et al., 2020). Consistent with this,
HCN1 mRNA is present at ~ 2-fold that of HCN2 in human sensory

2009; Wahl-Schott and Biel, 2009) that assembles as homo- and hetero- neuron populations, and ~ 11-fold and ~ 29-fold than those of HCN3
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and HCN4, respectively (North et al., 2019). Electrophysiologic analysis
suggests HCN1 is the primary isoform in human sensory neurons (Young
et al., 2014).

Post-injury, HCN channel expression and I increase in sensory
neurons (Chaplan et al., 2003; Yao et al., 2003; Tsuboi et al., 2004;
Kitagawa et al., 2006; Luo et al., 2007; Jiang et al., 2008). The increase
in HCN expression is greater for HCN1 than for HCN2 (Jiang et al.,
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2008), and subunit trafficking is altered (Chaplan et al., 2003; Wells
et al., 2007; Jiang et al., 2008), with axonal (not somatic) accumulation
of channel protein (Jiang et al., 2008). Increased HCN expression is
accompanied by increased I, amplitude and cellular hyperexcitability
(Liu et al., 2002; Chaplan et al., 2003; Tsuboi et al., 2004; Kitagawa
et al., 2006), both of which are inhibited by the HCN channel blocker
ZD7288 (Chaplan et al., 2003; Yao et al., 2003; Lee et al., 2005; Sun

- Sham SNI
' Vehicle —-Oo— —-O—
Probucol —e— —@—
0.8
o 06|
8 o4t
o
L oo02f *
I 1
P 15~
>
[&]
T
w 10
-
(_;“ 5_ *%
o
©
E | | |
= -7 day 7 day 8 day
Behavior test day
F Sham SNI
. Vehicle @) O
Probucol @ o

Force, g

Withdrawal Latency, s

0 10 20
Whole-blood [Probucol], uM

Fig. 1. Probucol attenuates mechanical and thermal hyperalgesia. A. Structures as indicated. B. Representative LC-MS/MS probucol chromatogram. C. Probucol
extraction and detection from spiked samples is quantitative. D-F. Groups of mice (n = 9/ treatment group) underwent surgery (Day 0), behavioral testing (Day 7,
pre-probucol) and, following oral administration of probucol, testing 24 hrs later (Day 8). D. Probucol had no effect on time on rotarod but significantly relieved
mechanical allodynia and thermal hyperalgesia (E) (mechanical: p = 0.0446 comparing SNI probucol treated vs. SNI vehicle treated at the 8 day timepoint, t =
2.2054, df = 14 as indicated by *; and thermal: p = 0.0096 comparing SNI probucol treated vs. SNI vehicle treated at the 8 day timepoint, t = 3.0000, df = 14 as
indicated by **). F. Antihyperalgesic efficacy was independent of whole-blood concentration. Lines are linear regressions. The plus-probucol sham outlier at 1.6 g in

the von Frey data was excluded from the regression.
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et al., 2005; Jiang et al., 2008). Hcnl or Hcn2 deletion attenuates
different aspects of neuropathic pain (Momin et al., 2008; Orio et al.,
2009; Emery et al., 2011; Tsantoulas et al., 2017).

Spontaneous activity in the sciatic nerve ipsilateral to injury is Iy-
dependent (Chaplan et al., 2003; Lee et al., 2005; Sun et al., 2005; Jiang
et al., 2008), and intraperitoneal (ip.) administration of ZD7288 is
antihyperalgesic (Chaplan et al., 2003; Lee et al., 2005; Luo et al., 2007).
As ip. administration is not accompanied by CNS accumulation and
intrathecal ZD7288 is not antihyperalgesic, peripheral HCN channels
appear to be the relevant target (Chaplan et al., 2003; Dalle and Eise-
nach, 2005; Luo et al., 2007; Jiang et al., 2008).

Previously, we demonstrated that: 1) the intravenous general anes-
thetic (GA) 2,6-di-iso-propylphenol (propofol) preferentially inhibits
HCN1 channel gating, with little/no effect on HCN2-4 channels
(Cacheaux et al., 2005), 2) subhypnotic doses of propofol relieve me-
chanical allodynia and thermal hyperalgesia following partial sciatic
nerve ligation in mice, and 3) the non-GA 2,6-di-tert-butylphenol (2,6-
DTBP, Fig. 1A; (James and Glen, 1980; Krasowski et al., 2001)) retains
propofol’s selectivity for HCN1 over HCN2-4 channels as well as its
antihyperalgesic efficacy (Tibbs et al., 2013).

We therefore examined whether the clinically utilized dimerized
congener of 2,6-DTBP, probucol (2,6-di-tert-butyl-4-[2-(3,5-di-tert-
butyl-4-hydroxyphenyl)sulfanylpropan-2-ylsulfanyl]phenol) (Fig. 1A),
relieves neuropathic pain-like behaviors, and whether the anti-
hyperalgesic efficacy in vivo would correlate with HCN1 channel inhi-
bition in vitro.

Material and methods
In vivo experimentation

Animals

To minimize animal use, in this initial survey we considered only
adult (30 gm) males. All animal experiments were carried out with
institutional approval and in accordance with the NIH guide for the care
and use of laboratory animals (NIH Publications No. 8023, revised
1978); all efforts were made to minimize suffering.

Spared nerve injury (SNI) surgery

Animals were randomly assigned to sham-operated and SNI groups;
SNI was performed as described (Decosterd and Woolf, 2000; Pertin
et al., 2007). Adequacy of anesthetic depth (achieved with isoflurane
1-5%) was determined by loss of corneal reflex and withdrawal to toe
pinch.

Drug dosing and behavioral testing

Probucol is very hydrophobic and bioavailability following enteral
administration in rats (Heeg et al., 1984) and humans (Heeg and
Tachizawa, 1980) is<10 % but when delivered via oil-solvated gavage
(Palin and Wilson, 1984; Fujimura et al., 1992) delivery is efficacious,
consistent with drug uptake by the lymphatic system (Han et al., 2016).
Following enteral admission, peak plasma levels occur 2-18 h after
dosing (Heeg et al., 1984; Palin and Wilson, 1984; Zaitseva et al., 1996),
with a mean retention time of 20 — 58 h (Heeg et al., 1984; Zaitseva
et al., 1996); following a single dose of probucol (10 mg/kg), the ter-
minal t;,5 is 5.6 (oral administration) and 6.1 (intravenous adminis-
tration) days (Heeg et al., 1984). Thus, conducting the behavioral tests
at 24 h following oil-solubilized gavage-dosing is appropriate. Sham and
SNI animals (18 animals/group) were each randomly assigned to receive
vehicle (peanut oil; 0.5 ml) or probucol (800 mg/kg in 0.5 ml of vehicle)
via gavage (Palin and Wilson, 1984; Fujimura et al., 1992) once on day
0 (corresponding to seven days post-surgery). All testing was performed
at 48 hrs prior to surgery and 24 hrs prior to and following probucol (or
vehicle) administration. Blood samples were obtained 24 hrs after
completion of testing by exsanguination. Measurements at later time
points can be considered in future studies.
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To assess mechanical allodynia, a simplified up-down method with
von Frey filaments was used to estimate the 50% withdrawal threshold
(Chaplan et al. 1994; Dixon 1980). To examine thermal hyperalgesia, we
used the Hargreaves method and apparatus (IITC Life Science, Wood-
land Hills, CA) (Hargreaves et al. 1988), and the radiant heat source
intensity was set to evoke a baseline response of 12 s (i.e., 30% intensity,
where 100% represents 150 W) (Tibbs et al., 2013). Paw withdrawal
latency was calculated as the time between when the desired tempera-
ture was reached and the time of withdrawal, shaking or licking of the
subject paw. If the paw was not withdrawn within 30 s, the trial was
terminated and a latency of 30 s was noted. Motor control was tested
using a standard rotarod assay (Karl et al. 2003).

Determination of probucol concentration

Liquid chromatography with tandem mass spectrometry (LC-MS/MS)
LC-MS/MS was performed using a Phenomenex Luna C8(2) column
(30 x 2, 5 um) at 30 °C, an Agilent 1290 Infinity II UPLC system, and an
Agilent 6495 triple quadrupole mass spectrometer in negative electro-
spray ionization mode. The mobile phase profile was formed by com-
bination of solution A (0.1% formic acid, 10 mM ammonium formate,
60% ACN, 40% H50) and solution B (0.1% formic acid with 10 mM
ammonium formate, 10% ACN, 90% isopropanol) as follows: 0-2 min
1% B linearly rising to 80% B; 2-3.5 min held at 80% B; 3.5-4 min
linearly decreasing to 1% B; 4-6 min held at 1% B. The flow rate was 0.5
ml/min. Multiple reaction monitoring was performed using the transi-
tion of m/z of 515.3 — 236.1. The collision energy was 50 V with cell
acceleration voltage of 2 V. Recovery and detection of probucol using
this method was quantitative in all sample types examined (Fig. 1B,C).

LC-MS/MS sample preparation

After addition of LC-MS/MS-grade acetonitrile (ACN), aliquots of
blood (plus citrate anticoagulant), saline or media were vortexed briefly
then nutated at 4 °C overnight. Following spin clarification at room
temperature (RT), samples were diluted 1:10 into HyO:ACN and
immediately analyzed.

Cell culture, in vitro drug delivery, and electrophysiology

HEK293 cells stably transfected with HCN1 were provided by Dr.
Stephanie Fenske (LMU Miinchen, Pharmakologie fiir Natur-
wissenschaften, Germany). Cells were maintained in Gibco DMEM with
Glutamax (plus 0.1% glucose and 110 mg/mL sodium pyruvate; Ther-
moFisher, Cat. #10566016) supplemented with 10% FBS (Thermo-
Fisher, Cat. #A3160402), 1% penicillin/streptomycin (ThermoFisher,
Cat. #15140122), and 0.2 mg/ml G418 (ThermoFisher, Cat.
#10131035) at 37 °C in a humidified 5% CO, incubator. To examine
whether probucol altered the function of HCN1 channels, cells were
incubated for the indicated time in one of three conditions: basal media
(untreated), basal media supplemented with 1% EtOH, or basal media
supplemented with 1% EtOH and probucol (33 uM nominal). Addition of
100 pl of probucol (3.33 mM or higher in EtOH) to 10 ml of complete
media resulted in immediate and obvious drug precipitation. To pro-
mote drug:serum protein association, we slowly added 100 ul of EtOH-
solvated probucol (3.33 mM) to 1 ml of undiluted FBS. To this solution,
we slowly added 9 ml of DMEM with shaking followed by 20 min son-
ication at 35 °C; although mildly cloudy, no overt precipitate was
observed, suggesting probucol was solubilized or micro-dispersed.
Immediately prior to recording, media containing EtOH or EtOH-
solvated probucol was replaced with a protein-free extracellular bath
solution (2 x washes).

Electrophysiology: Whole-cell patch clamp recordings from single
cells were performed at RT and acquired using a Molecular Devices (San
Jose, CA) Axopatch 200B amplifier. The 5 kHz output was digitized at
10 kHz using an ITC-18 interface (Instrutech Corp., Port Washington,
NY) controlled by Axoclamp software (Molecular Devices). Whole cell
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capacity and series resistance compensation was applied with predic-
tion, lag and correction routinely at 80%, 20 ps, and 95%, respectively.
Series resistance was 4-8 MQ (control 5.6 & 0.3, n = 7; vehicle 4.7 &+
0.2, n = 32; probucol 6.5 + 0.6, n = 35).

Patch electrodes (thin-wall borosilicate glass) were coated with
Sylgard (Dow Corning Corp., Midland, MI) and had a resistance of 1-2
MQ when filled with intracellular solution, which contained (in mM):
NaCl 10, KCI 130, MgCl, 0.5, EGTA 1, HEPES 5, ATP-Mg 3, GTP-Na 0.5,
pH 7.4 (with KOH). Extracellular bath contained (in mM): NaCl 110, KCI
30, CaCl, 1.8, MgCl, 0.5, HEPES 5, pH 7.4 (with NaOH).

Paradigms and analysis: The holding potential was —30 mV. Tail
currents were recorded at 0 mV (see (Riegelhaupt et al., 2018) for
approach to mitigate collection and analysis bias). Tail current ampli-
tudes were measured in ClampFit; activation cures were fit in IgorPro
(Wavemetrics Corporation, Lake Oswego, OR) with the Boltzmann
function (where A; is the current offset, A, the maximal amplitude and V
the step voltage):

(V) =A+Ay/ (1 +exp[(V—=Vi52) /5]) (@))

yielding the activation mid-point (V;,2) and slope factor (s, equal to
RT/zF where R, T and F have their usual thermodynamic meaning and z
is the effective gating valence).

Fluorescence quench measurement of bilayer modification

Large unilamellar vesicles (LUVs), loaded with the disodium salt of 8-
aminonaphthalene-1,3,6-trisulfonic acid (ANTS), were prepared from
1,2-dierucoyl-sn-glycero-3-phosphocholine using freeze-thawing and
extrusion through a 0.1 um pore diameter polycarbonate filter. The
LUVs were doped with the naturally occurring mixture of gramicidins
(gA) from Bacillus brevis (gA/lipid mole ratio ~ 1:2,000) and DMSO or
DMSO-solvated probucol then incubated for 20-24 hrs at 12.5 °C. To
measure the fluorescence quench rate (at 25 °C), the ANTS-loaded LUVs
were mixed with TI* quencher using a stopped-flow spectrofluorometer
(SX.20; Applied Photophysics, Surrey, UK); fluorescence quench rate
was determined as described (Ingolfsson and Andersen, 2010; Ingolfsson
et al., 2010; Tibbs et al., 2013).

Dynamic light scattering (DLS)

To examine probucol solubilization, saline or LUV-containing saline
were incubated with probucol for 24 h and then assessed using dynamic
light scattering (Anton Paar, Litesizer 500, Graz, Austria).

Data blinding and statistical analysis

In vivo studies

The experimenter performing surgeries and assigning animals to
experimental groups was blinded with respect to the baseline (pre-sur-
gical) and post-surgical behavioral profile. A second experimenter,
blinded to surgical and drug status, performed the behavioral tests. A
third experimenter blinded to all of the above performed the blood an-
alyses and the data analysis. All animals and samples were examined and
tabulated prior to unblinding. Data are presented as either scatter plots
or mean + SD. For continuous behavioral data (Hargreaves) multiple
groups were compared by repeated measures ANOVA, followed by
Tukey’s post hoc testing with Bonferroni adjustment for multiple com-
parisons. Test for mechanical allodynia yield ordinal data and were
assessed by Friedman’s test with Dunn’s post hoc test.

In vitro studies

To examine solvation and chemical availability directly, probucol
was dispersed at a nominal concentration of 33 uM into three different
media: oocyte bath saline, DMEM, and DMEM supplemented with 10%
FBS. To promote equilibration of solvation in a manner that would be
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consistent with cell biological analysis, aliquots of media were incu-
bated at 37 °C for 6 days. They were then either analyzed directly;
filtered through a 0.2 um nylon spin filters (VWR 82031-358); or filtered
then subjected to dialysis through 10 kDa spin dialysis membranes
(Corning Spin-X UF 431478).

Electrophysiologic data were collected and analyzed independently
by two experimenters and recordings were randomly selected for inde-
pendent reanalysis. Data are presented as either scatter plots or mean +
SD. Tests of significance were performed using Kruskal-Wallis one way
analysis of variance on ranks with all pairwise comparisons done using
Dunn’s method; P value < 0.05 was considered significant.

Chemicals

Salts were from Sigma-Aldrich (St. Louis, MO); ANTS was from
Invitrogen/Thermofisher (Waltham, MA: Cat. #A350; probucol was
from Tocris (Minneapolis, MN: Cat. #6199). Stock solutions were pre-
pared in 100% EtOH or DMSO at concentrations up to 300 mM. Visual
inspection indicated that EtOH was the preferred vehicle for dispersion
into balanced salt solutions (BSSs), but analysis of solvation revealed
that, in the absence of protein binding, the free concentration was below
the limit of detection (see Results).

Results

3.1 Following a single dose of probucol, there was no evidence of
motor impairment (Fig. 1D) but a significant attenuation of mechanical
allodynia and thermal hyperalgesia was observed (Fig. 1E). Across all
drug-treated mice, the whole blood probucol concentration was 7.6 +
1.6 uM (n = 18; range [min, max], 0.6, 23.3). Neither the latency before
paw withdrawal in response to thermal stimulation nor the force
required to elicit withdrawal in response to mechanical stimulation were
dependent on the probucol whole-blood concentration across the
observed range (Fig. 1F).

3.2 Pilot experiments examining the effect of probucol on gating of
HCN1 channels heterologously expressed in Xenopus oocytes (per our
analysis of 2,6-DTBP; (Tibbs et al., 2013)) failed to detect an effect (not
shown). Despite reports indicating probucol could be examined at con-
centrations up to 100 uM in BSSs (Hayashi et al., 2004; Aubert et al.,
2006; Guo et al., 2007; Guo et al., 2011; Taniguchi et al., 2012; Hihara
et al., 2013; Zhang et al., 2018; Guo et al., 2023), visual examination of
bath solution revealed significant drug precipitation suggesting the
absence of an effect could reflect poor bioavailability, not ineffective-
ness. Concordantly, in the absence of a high concentration of serum
proteins (i.e., oocyte bath saline, DMEM alone) the concentration of
solvated probucol was below the limit of detection (~3 nM) but in the
presence of 10% FBS, probucol is solvated at micromolar concentrations
albeit protein bound (Fig. 2A). These data are consistent with the highly
hydrophobic nature of probucol (calculated LogP = 10.27; Percepta
software v2018.1, ACD Labs, Toronto, Canada) and a previously re-
ported maximal aqueous solubility of 4 — 10 nM at 25 °C (Yagi et al.,
1996). Supplementation of oocyte saline with BSA (up to 3 % “/y;
(Midwinter et al., 2012)) did not reveal a probucol-effect on HCN1
channel gating suggesting it is stably bound and chemically unavailable
during acute (20 min) exposure (data not shown).

3.3 Oocytes are not ideal for chronic exposure experiments;
accordingly, we addressed this using HEK293 cells stably transfected
with HCN1 and whole-cell patch clamp recordings. Fig. 2B shows cur-
rent records from two representative whole-cell patch clamp recordings
following 6 days in the presence or absence of probucol (nominally 33
uM). Fig. 2C shows tail current activation curves from these cells and a
vehicle control. With prolonged probucol exposure, there was a depo-
larizing drift in channel gating (Fig. 2D). At days 4-6 the V5 in the
presence of probucol was —60.8 + 3.38 mV (n = 17); corresponding
values in control and vehicle were, respectively, —69.8 + 1.4 mV (n = 7)
and —69.9 + 4.7 mV (n = 21) (P < 0.05, One-way ANOVA - Dunn’s
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Fig. 2. Probucol solubility is too low to permit examination of acute effects on HCN1 channel function in vitro.A. Following probucol dispersal at 33 uM (nominal),
saline and DMEM (+FBS) samples were equilibrated for 6 days at 37 °C and concentration measured (per Methods). B. Representative whole cell recordings of HCN1
channels obtained from stably-transfected HEK293 cells following incubation in the absence or presence of probucol (33 pM nominal) in DMEM-10% FBS for 6 days.
Records (left) are at voltages between —15 mV and —125 mV (scale bars: 1nA, 500 ms). Records (right) are tail currents at 0 mV (scale bars: 100 pA, 50 ms). Sweeps
in red are those obtained with activation at —65 mV. C. Normalized activation curves constructed from the cells in A plus a vehicle control; smooth lines are fits of the
Boltzmann equation. D. V; » as function of days of exposure to DMEM-10% FBS supplemented with either 1% EtOH or 1% EtOH plus probucol (33 pM nominal). E.
Vi,2 vs. maximal tail current amplitude. F. Photographs of HEK cells stably-transfected with HCN1 following 6 days of culture in basal media or basal media
supplemented with 1% EtOH + probucol (33 pM nominal). Arrowheads highlight small bright and dark flecks in the probucol-treated panel. (G) T1™ flux as a function
of pre-equilibration of LUVs. (H) Dynamic light scattering intensity as a function of particle size. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

method) but vehicle and control were no different from each other.
Series resistance was comparable between the groups (see Methods)
and there is no marked correlation between current amplitude and Vi /5
(Fig. 2E), suggesting the effect of probucol is not the result of systematic

voltage clamp errors.

3.4 While a modest, anomalous, depolarizing effect on gating cannot
be discounted, visual inspection of the cells suggested a more prosaic
explanation. After six days in culture with probucol, there was a lower
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cell density and a greater number of rounded-up (dead and dying) cells
(Fig. 2F). Complete insensitivity of gramicidin-mediated TI" flux
(Rateprobucol/Ratecontrol was 0.97 + 0.04, 1.01 + 0.01 and 1.0 + 0.03 at
nominal concentrations of 10, 20 and 100 uM, respectively) suggests
membrane accumulation (if any) does not account for the observed
cytotoxicity (Fig. 2G). Importantly, the dynamic light scattering data
presented in Fig. 2H show that, in the absence of LUVs, probucol is
present as a heterogenous population of particles of diameter > 0.4 pm
but in the presence of LUVSs, precipitated probucol is absent, indicating it
is fully incorporated into the TI" flux LUV membranes. The sizes of the
precipitated probucol as determined in the DLS assay is consistent with
the near or complete removal of probucol from protein-free solutions by
0.2 um filtration (Fig. 2A) and the presence of micron-sized bright and
dark flecks in the probucol treated cell culture micrograph (Fig. 2F).

Discussion
Probucol is antihyperalgesic in multiple pathologic pain models

Probucol provides rapid antihyperalgesia in a mouse SNI model of
neuropathic pain (Fig. 1E). The mechanism of the SNI antihyperalgesia
here was examined but not resolved. Does the slow change in HCN1
channel gating upon chronic exposure to probucol exclude a direct drug:
channel interaction (Fig. 2)? Probably not. Given the low aqueous sol-
ubility (Fig. 2), the effect of the drug could take time to develop due to
the slow transfer of drug from the media into the cell and accumulation
in hydrophobic compartments in the cell (Gingrich et al., 2009); equally,
we cannot rule out that the change in gating is secondary to a slow
change in cell physiology. Prolonged incubation in probucol compro-
mised cell viability, which could be indicative of a cellular change that
secondarily alters channel gating.

In adult male Swiss mice, probucol (3 mg/kg, oral administration)
reduces lipopolysaccharide- and carrageenan-induced mechanical allo-
dynia and thermal hyperalgesia (Zucoloto et al., 2017a; Zucoloto et al.,
2017b). These effects were accompanied by reduced leukocyte influx
and cytokine production in both paw skin and peritoneum exudate.
Interestingly, probucol did not alter lipopolysaccharide-induced tissue
oxidative stress at an anti-inflammatory/analgesic dose. Probucol did,
however, inhibit lipopolysaccharide-induced NF-kB activation in paw
tissue as well as NF-xB activity in cultured macrophages in vitro (but note
the caveat discussed below regarding in vitro drug concentrations);
probucol also inhibited carrageenan-induced IL-1f, TNF-a, and CXCL1
production as well as NF-kB activation (Zucoloto et al., 2017a; Zucoloto
et al., 2017b). In mice, probucol (3 mg/kg) also limits Complete
Freund’s Adjuvant (CFA)-induced changes in neutrophil activity, cyto-
kine levels, as well as NF-kB, microglial, and astrocyte activation
(Zucoloto et al., 2019). In the sciatic nerve chronic constriction injury
(CCID) neuropathic pain model, probucol - in a dose-dependent manner
(8 and 16 mg/kg, oral administration) - significantly relieved thermal
hyperalgesia towards both hot and cold stimuli in adult male Sprague
Dawley rats; the observed antihyperalgesic effects were accompanied by
attenuation of CCl-induced changes in oxidative/nitrosative stress
markers (glutathione, malondialdehyde), inflammatory markers [tumor
necrosis factor alpha (TNF-a), interleukin-6 (IL-6)], as well as NF-kB/
NIrp3 and Nrf-2 signalling pathways (Derangula et al., 2022). These
results indicate that probucol possesses analgesic and anti-inflammatory
activities that likely arise from multiple mechanisms. Nonetheless, and
irrespective of mechanism, these effects are likely to be peripheral,
rather than central, in origin as CNS penetration of probucol is poor
(despite its high LogP) (Choisy and Millart, 1980).

In vivo bioavailability
A probucol concentration in whole-blood of ~ 8 uM after a single

dose is comparable to the concentration reported 48 h after once daily
dosing (800 mg/kg in olive oil) for seven days (~12 pM; (Fujimura et al.,
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1992)). However, the free concentration is likely no higher than the
reported aqueous solubility (4 — 10 nM (Yagi et al., 1996)), with most of
the total probucol likely bound to protein and lipid (Urien et al., 1984).
As such, the potency of probucol at its antihyperalgesic effector site is
uncertain. If probucol acts on a soluble protein it is likely effective at nM
concentrations; if, on the other hand, probucol acts on a membrane-
embedded protein its actual potency is likely markedly lower (reflect-
ing accumulation in the lipid membrane) albeit that accumulation is not
readily apparent in our in vitro studies. The lack of a concentration
dependence suggests probucol potency is higher than indicated but the
delay between the behavioral experiments and the blood draw precludes
assessment of its lower limit.

Probucol: In vitro bioavailability

Our observations of micro-dispersed precipitates accords with the
reported aqueous solubility of < 10 nM (Yagi et al., 1996) and are not
consistent with reports that 1-100 pM probucol are readily achievable in
aqueous media (Hayashi et al., 2004; Aubert et al., 2006; Guo et al.,
2007; Guo et al., 2011; Taniguchi et al., 2012; Hihara et al., 2013;
Zucoloto et al., 2017b; Zhang et al., 2018; Guo et al., 2023). Two im-
plications of this finding are: 1) where an effect of acute probucol
exposure has been reported, it is likely that probucol has a higher po-
tency than appreciated, and 2) where authors report concentration
dependence in the 1-100 uM range, absent demonstration that the drug
is solvated and bioavailable, the accuracy of the concentration-response
relationship is questionable. While some studies included BSA as an
excipient, our experience is that while dispersal of EtOH- or DMSO-
solvated probucol into a BSA-rich culture medium may enhance disso-
lution, but the free concentration is vanishingly small. As such, and
given that the exchange between the protein-bound and the free pools is
likely very slow, the bound probucol is unlikely to contribute to reported
acute experimental effects. As such, the findings presented here raise
concerns with regard to earlier cell biological examination of the
mechanism of action of probucol.

Conclusions

Our results, along with those demonstrating that probucol can
reduce lipopolysaccharide- carrageenan-, and CFA-induced mechanical
allodynia and thermal hyperalgesia (Zucoloto et al., 2017a; Zucoloto
etal., 2017b; Zucoloto et al., 2019), as well as the neuropathy produced
by chronic constriction nerve injury (Derangula et al., 2022), suggest
probucol (or its congener, succinobucol (4-[2,6-di-tert-butyl-4-[2-(3,5-
di-tert-butyl-4-hydroxyphenyl)sulfanylpropan-2-ylsulfanyl]phenoxy]-4-
oxobutanoic acid; probucol with a succinate adduct in the 4-position of
the second 2,6-DTBP group) may be an effective, non-opioid, oral
antihyperalgesic. That probucol can be chronically and safely orally
administered to humans (Yamashita and Matsuzawa, 2009) and succi-
nobucol has completed Phase III clinical trials (Tardif et al., 2003; Tardif
et al., 2008b; Tardif et al., 2008a) suggests testing either drug could
proceed expeditiously.
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