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Over the past decade, boldine, a naturally occurring alkaloid found in several plant
species including the Chilean Boldo tree, has garnered attention for its efficacy in
rodent models of human disease. Some of the properties that have been
attributed to boldine include antioxidant activities, neuroprotective and
analgesic actions, hepatoprotective effects, anti-inflammatory actions,
cardioprotective effects and anticancer potential. Compelling data now
indicates that boldine blocks connexin (Cx) hemichannels (HCs) and that
many if not all of its effects in rodent models of injury and disease are due to
CxHC blockade. Here we provide an overview of boldine’'s pharmacological
properties, including its efficacy in rodent models of common human injuries
and diseases, and of its absorption, distribution, pharmacokinetics, and
metabolism.
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1 Introduction

Natural compounds like boldine represent a vast reservoir of
chemical diversity that can be explored for drug discovery and
development. Investigating boldine’s mechanisms of action and
potential therapeutic applications could lead to the development
of new pharmaceuticals targeting conditions such as nervous system
injuries and neurodegenerative disorders, liver disease,
inflammation, infections, and cancer. Many traditional medicinal
systems have used plants containing boldine for centuries to treat
various ailments. If boldine or boldine-derived compounds prove
effective in treating or preventing diseases, they could have a
significant public health impact by reducing the burden of illness,
improving patient outcomes, and potentially lowering healthcare
costs associated with treating these conditions. Understanding the
potential benefits of boldine also involves studying its safety profile,
including potential side effects and interactions with other
medications. Comprehensive research can help identify any risks
associated with boldine use and inform healthcare professionals and
consumers about its appropriate use. Here we summarize studies
that provide insights regarding mechanisms by which boldine may
produce its potential benefit in treating human diseases.

Pharmacological properties of the naturally occurring alkaloid
boldine were first studied over 30 years ago when a series of papers
demonstrated a potent ability of boldine to reduce oxidation of
membrane lipids and proteins by reactive oxygen species (Speisky
et al.,, 1991a; Cederbaum et al., 1992; Kringstein and Cederbaum,
1995). This anti-oxidant activity of boldine has been reviewed in
depth elsewhere (O’Brien et al., 2006). The studies conducted in the
last 20 years indicate that boldine may interact with specific
receptors and ion channels, most notably by blocking movement
of small molecules through connexin (Cx) hemichannels (HC). The
current consensus is that boldine’s Cx HC blocking actions
contribute much more to boldine’s therapeutic effects than its
antioxidant activity. Research over the past 12 vyears has
demonstrated that boldine reduces disease severity in various
mouse and rat models simulating human diseases. This article
aims to give a comprehensive summary of the journey of
boldine’s discovery, its characterization, and its properties. It also
intends to bring the reader up-to-date on the ongoing research into
boldine’s medicinal benefits.

2 Boldine as an active ingredient in
herbal remedies

Boldine is believed to be the major active ingredient present in
the leaves and bark of the Boldo tree, which is indigenous to Chile
(Speisky and Cassels, 1994). For more than a century, Boldo
infusions, made by immersing Boldo leaves in hot water, have
been utilized as a natural treatment for digestive disorders
(Speisky and Cassels, 1994). Boldine was first identified in
1872 and was successfully synthesized soon thereafter (Bourgoin
and Verne, 1872). The history of the study of its chemistry, and of
analytical methods for quantification has been described elsewhere
(Speisky and Cassels, 1994).

Whether boldine is the only biologically active molecule present
in boldo is unclear. This uncertainty stems from several gaps in
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knowledge. While Boldo contains other alkaloids, as well as other
organic moieties, much less is known regarding their biological and
physiological activities. Another point of ambiguity arises due to the
low water solubility of the boldine found in Boldo. This is elaborated
further in the subsequent section. It brings up queries regarding the
quantity of boldine that actually gets into the infusions when Boldo
leaves are soaked in hot water. It is possible that other bioactive
molecules are present in Boldo infusions. Because their bioactivities
are not well studied, their properties are not reviewed in this article.

3 Physicochemical properties
of boldine

Boldine (PubChem CID 10154, CAS #476-70-0) is an aporphine
alkaloid substance with a molecular weight of 327.4 g/mol (Figure 1).
Boldine is also known as uniboldina, boldin and (S)-boldine. The
cumbersome ITUPAC name, (S)-1,10-dimethoxy-6-methyl-5,6,6a,7-
tetrahydro-4H-dibenzo [de,g] quinoline-2,9-diol, is rarely used.
While originally identified in the leaves and bark of the Chilean
Boldo plant (Pemus boldus), boldine has subsequently been
identified in other plants including Lindera umbellate and
Damburneya salicifolia. Boldine has a rigid polycyclic, aromatic
structure that is hydrophobic and thus only sparingly water soluble,
with a calculated water-octanol partition coefficient, logP ~ +1.7
(O’Brien et al., 2006).

In terms of chemical reactivity, boldine displays two phenolic
groups and one tertiary amine that are amenable to a wide range of
possibilities for semi-synthetic derivatization (Namballa et al., 2022).
The amine can be protonated under acidic conditions to yield the
HCI salt form, which is somewhat soluble in citrate buffer of acidic
pH (Akotkar et al., 2023). However, the pKa of the conjugate acid
(the protonated tertiary amine group in boldine HCI) is predicted to
be in the range of 9.7-10.8, based on pKa values for the related
tertiary amines trimethyl- and triethylamine. A reliable literature
value for the experimental pKa does not appear to be readily
available. Assuming the predicted value for pKa, the compound
will rapidly equilibrate to almost a completely neutral form in media
of pH 7.4 (e.g., in serum), regardless of whether the HCl salt form or
the neutral species is administered. Thus, the solubility limit in
physiological conditions is presumably low. Hence, most boldine in
serum is presumably protein-bound or may partition into the
hydrophobic core of biomembranes.

Boldine is amenable to N-quaternization as a semi-synthetic
modification that endows a stable cationic charge irrespective of pH,
which greatly increases water solubility. This water-soluble form of
boldine can be obtained by solubilizing boldine in hydrochloric acid
then precipitating it with organic solvents (Urzta, 1983).

The quaternized derivative of boldine is sometimes called
“Laurifoline”, which in turn may further undergo ring-opening
via B-elimination to yield the phenanthrene form, also called
boldine methine or N-methyl secoboldinium, under conditions
such as treatment with subcritical water (Borisenko et al., 2020).
Boldine undergoes the same ring-opening process to yield the
phenathrene product upon refluxing in aqueous ammonium
acetate (Lee et al., 1995) This chemical modification does not
abrogate its bioactivity, and may enhance antioxidant activity
relative to native boldine.
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FIGURE 1

The chemical structure of Boldine and its semisynthetic derivatives.

4 Pharmacokinetics of boldine
4.1 Absorption, metabolism and elimination

Blood levels over time were measured in rats after oral doses of
25, 50 or 75 mg/kg in saline (Jimenez and Speisky, 2000). Peak blood
levels were observed within 30 min after administration suggesting
very rapid absorption (Jimenez and Speisky, 2000). Plots of log
boldine concentration versus time revealed similar slopes for the
decay in boldine levels across the three doses suggesting linear
pharmacokinetics within the range of doses tested (Jimenez and
Speisky, 2000). The elimination half-life was about 30-31 min
(Jimenez and Speisky, 2000). Boldine was rapidly metabolized by
suspensions of liver cells or in isolated perfused livers (Jimenez and
Speisky, 2000).

Changes in boldine concentration after intravenous injection of
either 10 or 20 mg/kg of boldine into rats via tail vein injection were
also determined. Slopes for blood boldine concentrations over time
were similar for the two doses and yielded a half-life of about 30 min,
similar to that for oral administration (Jimenez and Speisky, 2000).

Tissue levels were determined for liver, brain and heart at 30 and
60 min after an oral dose of 50 or 75 mg/kg. Tissue levels increased
with dose as expected. By far the highest levels were found in liver
(72 nmol/g tissue at 50 mg/kg) but boldine was detectable in brain
(18 nmol/g tissue at 30 min after 50 gm/kg) and heart (Jimenez and
Speisky, 2000). The authors noted that tissue levels in liver (~72 pM)
were 4- to 5-fold greater than those needed to protect lipid
membranes against peroxidation (Speisky et al, 1991a;
Cederbaum et al., 1992).

A separate study evaluating oral and intravenous injection of
boldine observed a shorter half-life of 12 min (Cermanova et al.,
2016). Elimination of boldine included metabolism via
glucouronidation and sulfation (Cermanova et al, 2016). In
another study, the volume of distribution was estimated at 3.2 L
in Lewis rats, a value much larger than the blood plasma volume,
suggesting significant tissue uptake (Cermanova et al., 2016).

Bioavailability of boldine is likely to be less than 20%, most likely
due to high first pass metabolism in the liver. In one study, peak
blood levels were approximately 28 pM after an intravenous
injection of 20 mg/kg but only 7 uM after oral administration of
25 mg/kg (Jimenez and Speisky, 2000). A second study found that
the AUC for blood boldine levels was difficult to measure after oral
administration but likely smaller than that for intravenous
administration (Cermanova et al., 2016).
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4.2 Tolerability and toxicology

The LDs, for intravenously administered boldine has been
reported for mice as 450 mg/kg with death resulting from low
blood pressure (Leboeuf et al, 1980). Lethal doses for oral
administration of boldine were 1,000, and 1,250 mg/kg for
guinea pigs and dogs, respectively (Speisky and Cassels, 1994).
Lethal oral doses for boldine are thus approximately 20-100 fold
or higher than the doses that are efficacious in animal models of
disease (10-50 mg/kg) that are discussed in more detail below.
Effects of boldine administered orally for 90 days at 50 mg/kg on
liver and renal function and blood glucose were determined
(Almeida et al, 2000). Importantly, long-term boldine
administration did not increase aspartate amino transferase,
alanine aminotransferase, cholesterol or bilirubin (Almeida et al,,
2000). Serum glucose was modestly reduced by boldine, while
creatinine and urea nitrogen levels were unchanged (Almeida
et al., 2000). These studies confirm that at efficacious oral doses
of 10-50 mg/kg, boldine does not have detectable toxicity to liver or
kidney and may have beneficial effects on glucose uptake or
metabolism.

4.3 Mutagenic properties of boldine

The potential of boldine to induce mutations has been evaluated
in standard assays in E. coli, Salmonella, diploid Saccharomyces
cerevisiae and haploid yeast (Moreno et al., 1991). These studies
revealed no mutagenesis in prokaryotes and only rare
recombination events in diploid eukaryotes. Boldine did not
induce chromosome aberrations or chromatin exchanges in
human peripheral blood lymphocytes at concentrations of up to
40 pg/mL; no effect of boldine was observed on mouse bone marrow
cells when a single dose of boldine was administered by gavage at
doses up to 900 mg/kg (Tavares and Takahashi, 1994). Effects on the
fetus were evaluated by determining whether boldine caused fetal
malformations or death in pregnant rats (Almeida et al., 2000). Oral
administration of 500 mg/kg on days 1-5 and 7-12 led to no fetal
deaths, with 1.53% of embryos lacking a tail. At 800 mg/kg/day at
these same time points, 36% of embryo’s were resorbed, with
malformations of the ear and paw occurring in about 3.5% of
embryos. It should be noted that these studies used doses that
were 10-50 fold greater than efficacious doses of 10-50 mg/kg/day
used in the rodent studies described below.
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Molecular targets of boldine. Boldine inhibits connexin hemichannels (Cx HCs), pannexin 1 hemichannels (Panx1 HCs), and the purinergic receptor
P2X7 (P2X7R). This channel blockade significantly reduces Ca2+ influx and K+ efflux, both of which are key activators of the inflammasome. As a result,
boldine reduces the activation of caspase-1, leading to decreased production of IL-1p, a key outcome of inflammasome activation. Importantly, boldine

does not inhibit gap junction channels formed by connexins.

5 Pharmacologic and physiologic
effects of boldine

Based upon literature searches using PubMed, boldine has been
shown to interact with several cell surface proteins, including
receptors and channels (Figure 2; Table 1). Below we have
summarized findings from both in vitro and ex-vivo studies and
activities to be

commented on which of these appear

observed in vivo.

5.1 Membrane channel effects of boldine

Over the past several years, there has been increasing interest in
effects of boldine on non-selective membrane channels such as Cx
and pannexinl HC as well as purinergic receptors. The first evidence
that boldine blocked
demonstration that boldine blocked dye uptake by a mesangial
cell-derived cell line (MES-13 cells) (Hernandez-Salinas et al.,

such membrane channels was the
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2013). These initial findings were followed by studies in cultured
astrocytes and microglia (Yi et al., 2017), which primarily express
Cx43. This experiment leveraged the previously documented ability
of dyes such as ethidium bromide to pass through open CxHC. A
follow-up experiment documented that boldine blocked dye-uptake
into GFAP-positive cells via CxHC in hippocampal slices indicating
reduced dye uptake by brain astrocytes (Yi et al,, 2017). CxHC
present on microglia were also inhibited in brain slices from mice (Yi
et al., 2017). Because Cx43 is the most abundant Cx in the brain, it
was assumed that much of the activity of boldine against dye uptake
in cultured astrocytes and brain slices was attributable to blockade of
this Cx. Intriguingly, pannexin 1 HC expressed in HeLa cells was
also blocked by boldine (Yi et al., 2017). Subsequent experiments
demonstrated that boldine reduced dye uptake by astrocytes present
in spinal cord slices treated with TNF- a and IL-1f to induce
opening of HC (Toro et al., 2023).

Boldine blocked CxHC in freshly isolated skeletal myofibers
from mice with endotoxemia (Cea et al., 2013). These finding were
recapitulated by a muscle restricted double knockout of Cx43 and
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TABLE 1 Potential targets of boldine.

Receptor

Pharmacologic effect of boldine

10.3389/fphar.2024.1427147

Concentrations or dose Citation

used

Connexin Blocked ethidium bromide uptake by rat mesangial cells incubated with high 100 pM Hernandez-Salinas et al.
hemichannels glucose and cytokines (2013)
Blocked ethidium bromide uptake into hippocampal slices, astrocytes and 50 uM (Yi et al,, 2017)
microglia at without altering gap junction communication
Reduced ethidium bromide uptake in HeLa cells expressing Cx26 or Cx30 50 uM (Toro et al., 2023)
Reduced ethidium bromide uptake in HC present in spinal cord activated by IL- 50 uM (Toro et al., 2023)
18 and TNF-a (mainly Cx43)
Blocked dye uptake by isolated myofibers from mice with endotoxemia 100 pM (Cea et al,, 2013)
(Cx43 and Cx45)
Muscarinic Ach Competitively antagonized acetylcholine-induced contraction of rat ilium pA, of 478 Speisky et al. (1991b)
Nicotinic ACh Blocked Ach-induced twitch of denervated mouse diaphragm ICsp 13.5 yM Kang et al. (1998)
Reversed neuromuscular blockade by alpha-bungarotoxin 200 pM
5-HT3A and 5- Boldine was a competitive antagonist in Ca2+ influx, membrane potential and ~5 uM Walstab et al. (2014)
HT3-AB GF65630-binding assays
Dopamine Reduced SCH 23390 and raclopride binding in striatal slices 0.4 uM for SCH 23390 Asencio et al. (1999)
Did not displace either ligand in vivo when administered at up to 40 mg/kg 0.5 M for raclopride (Asencio et al.,, 1999)
Did not alter apomorphine-induced behaviors (climbing, sniffing, grooming 40 mg/kg
Farnasyl X Boldine increased activity of a Farnysyl X reporter gene construct Dose-response was U-shaped with a Cermanova et al. (2015)
CMax at 5 uM
P2X;R Reduced Benzoyl-ATP induced Ca®* entry 50 uM Toro et al. (2023)
L-type Ca®* Reduced d-cis-diltiazem binding to rat cerebral membranes 1C10 33.28 Ivorra et al. (1993)
channels

Cx45 (Cea et al,, 2013). Unexpectedly, immunofluorescent staining
of muscle from endotoxemic mice treated with boldine revealed that
Cx43 was localized predominatly to the cytoplasm rather than the
sarcolema. This finding suggests that in addition to blocking CxHC,
boldine may alter trafficking of Cx through either greater
internalization of sarcolemmal Cx or diversion from the ER or
Golgi to cytoplamic compartments, the identify of which
remains uncertain.

Moreover, boldine blocks CxHC in vivo and in vitro in skeletal
myofibers of mice with dysfernilopathy (Cea et al., 2020). In the
same work, using HeLa cells as an exogenous expression system, it
was shown that a concentration of boldine that blocks Cx43 and
Cx45 does not block Cx39 HC (Cea et al., 2013), suggesting some
degree of selectivity as an inhibitor of CxHC.

More recently, direct effects of boldine on several membrane
channels were tested in HeLa cell transfectants as these cells do not
normally express Cx. These experiments demonstrated that boldine
reduced dye uptake via Cx26 and Cx30 in the absence of other non-
selective membrane channels permeable to small molecules (Toro
et al.,, 2023).

Boldine also protects against endothelial dysfunction through a
mechanism that has been proposed to result anti-oxidant actions
(Lau et al, 2013a) or inhibition of an angiotensin II-mediated
BMP4-oxidative stress cascade (Lau et al, 2013b). Interestingly,
the antioxidant effect could be the result of the mechanism just
described above; the angiotensin II-mediated oxidative stress
cascade has been shown to be mediated by activation of
Cx43 HC which are blocked by boldine (Goémez et al,, 2018). In
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addition, inhibition of CxHC using peptides or antibodies reverses
endothelial ~ dysfunction induced by high glucose and
proinflammatory cytokines (Siez et al, 2018), supporting the
interpretation that the protective effect of boldine in endothelial
dysfunction could result from inhibition of CxHC.

The ability of boldine to reduce entry of Ca** via the P2X,R, an
ion channel gated by extracellular ATP, was also evaluated. Boldine
reduced benzoyl-ATP-induced Ca**entry via P2X;R in a cell
culture model (Toro et al., 2023). A similar result was recently
reported in which HeLa cells expressing P2X,;R-EGFP cultured in
22.5 mM glucose demonstrated increased Ca®’entry in the
presence of 2 mM ATP that was blocked by 50 puM boldine
(Cea et al., 2023).

Only a very limited investigation of the effects of boldine on
other membrane channels has been reported. Specifically, Ivora
and colleagues reported that boldine displaced an L-type Ca®*
channel ligand when added at moderately high concentrations
(Ivorra et al., 1993). However, it is not known whether boldine
blocks L-type Ca** channels. Boldine at very high concentrations
(300 uM) induced muscle contraction, and potentiated effects of
ryanodine (Kang and Cheng, 1998), an agonist for ryanodine
receptors, which are large, calcium-gated calcium channels that
release endoplasmic reticulum stores of calcium as part of
excitation-contraction coupling. Boldine did not block the ATP-
dependent transporter responsible for uptake of cytosolic calcium
into the endoplasmic reticulum (Kang and Cheng, 1998). In sum,
boldine can inhibit other non-selective channels and pore proteins
on the cell membrane.
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5.2 Adrenergic receptors

In studies of rat aortic strips, boldine was found to antagonize

contraction elicited by
1993). boldine
displaced the a-1-adrenergic receptor ligand prazocin from rat

a-1-adrenergic receptor induced

norepinephrine (Ivorra et al, Moreover,
cortical membranes (Ivorra et al.,, 1993). In a follow-up paper
from this same group, it was confirmed that S-(+) boldine blocked
norepinephrine-induced contraction of aortic smooth muscle,
suggesting  that receptor
antagonist (Chulid et al, 1996). Physiological importance of

boldine is an a-1-adrenergic
this effect remains unclear. Hypotension has only been
reported at a dose of 450 mg/kg, which is approximately 10-
fold greater than oral doses used in studies of efficacy of boldine in
rodent disease models. It remains to be studied whether boldine
affects the functional state of other molecules involved in the
contraction response of smooth muscles.

5.3 Acetylcholine receptors

Using rat ileum preparations, boldine was found to

competitively —antagonize acetylcholine-induced contractions
(Speisky et al, 1991b), which are dependent on muscarinic
acetylcholine receptors. Interpretation of these findings should
take into account the fact that smooth muscle contraction also is
influenced by Cx (Bol et al., 2017) and pannexinl HC (Billaud et al.,
2011; Sana-Ur-Rehman et al., 2017), which are blocked by boldine
(Hernandez-Salinas et al, 2013; Yi et al, 2017). At higher
concentrations, boldine has been shown to block acetylcholine-
induced twitches of denervated mouse diaphragm and to reverse
a-bungarotoxin induced neuromuscular blockade, indicative of
nicotinic receptor blockade (Kang et al., 1998). Effects of boldine
on neuromuscular function has not been evaluated in vivo. Most
likely, tissue levels achieved with oral or i.v. dosing at 50 mg/kg are
than block

acetylcholine receptors.

much  lower concentrations  required  to

5.4 Dopaminergic receptors

Effects of boldine on dopamine receptor binding and

apomorphine-induced ~ behaviors =~ have  been  reported.
Apomorphine is an agonist at dopaminergic receptors, as well as
serotonergic and a-adrenergic receptors (Ribari¢, 2012). Studies in
mice found no effect of boldine (40 mg/kg) on apomorphine-
induced climbing, sniffing or grooming (Asencio et al., 1999). In
rats, the highest intraperitoneal dose of boldine tested (40 mg/kg)
reduced apomorphine-induced yawning and penile erection while
lower doses had no effect (Asencio et al., 1999).

Effects of boldine on dopaminergic receptor binding have been
tested. Experiments using rat brain slices demonstrated that boldine
displaced two different dopamine receptor agonists with ICsg, in the
low-micromolar range (Asencio et al., 1999). However, at a dose of
40 mg/kg i.p., boldine did not displace radiolabeled dopaminergic
ligands in vivo (Asencio et al., 1999) although boldine is known to
pass the blood-brain barrier (Jimenez and Speisky, 2000). Thus, in

vivo anti-dopaminergic actions may only be observed at much
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higher doses than the efficacious outcomes discussed in later
sections of this review.

Anti-nociceptive effects of boldine in mice were tested using a
hot plate. Boldine prolonged the time to jumping in 60% of animals
at 0.05-0.5 mg/kg s.c. and by 70% for 2-40 mg/kg s.c (Zetler, 1988).

5.5 Opioid receptors

Boldine has been reported to have weak antinociceptive effects
in healthy mice that were not blocked by opioid receptor antagonists
(Zetler, 1988). Hence, whether boldine binds to or activates opioid
receptors is an open question and yet to be tested.

5.6 Serotonergic receptors

Potential effects of boldine on serotonin (5-HT) receptors were
studied in transfected human embryonic kidney cells. Boldine
displaced the 5-HT ligand GR65630 from both 5-HT3A and 5-
HT3AB receptors and reduced 5-HT-induced calcium ion (Ca®")
entry with ICs, values of about 5 uM (Walstab et al., 2014). To date,

there are no in vivo findings that expand on these results.

5.7 Farnysyl X receptor

The farnysl X receptor (FXR) is a heterodimeric nuclear receptor
that plays critical roles in bile production and lipid metabolism
(Chiang and Ferrell, 2020; Katafuchi and Makishima, 2022; Panzitt
et al, 2022). The role of FXR in mediating boldine actions to
2015) have been
investigated using an FXR reporter gene construct. Boldine

stimulate bile flow (Cermanova et al,
stimulated reporter gene activity with a U-shaped concentration
response curve that demonstrated a maximal effect at 5 uM
(Cermanova et al., 2015).

5.8 Other pharmacological and
physiological actions of boldine

Boldine only weakly blocked contraction induced by KCl or
elevated extracellular Ca®>* (Chulia et al., 1996). Boldine did not
antagonize histamine-induced contraction of tracheal smooth
(Chulid et al, 1996).  Boldine  inhibited
acetylcholinesterase with an IC5y of ~8 uM (Mollataghi et al.,
2012). Boldine reduced activity of phosphodiesterase IV with an
ICs0 106 uM, while the ICs; of phosphodiesterase I-III was >300 uM
(Ivorra et al., 1993).

muscle

6 Therapeutic potential of boldine in
animal models of disease

There has been a growing interest in therapeutic potential of
boldine over the past decade (Akotkar et al., 2023). Research in
mouse and rat models of disease now support potential benefits of
boldine in disorders of the nervous system, skeletal muscles,
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TABLE 2 Benefits of boldine in animal models of disease.

Disease model

Dose (mg/kg) or

concentration/Route

Observed effects

10.3389/fphar.2024.1427147

Citation

Nervous System

APPswe/PS1dE9 AD Mice

Spinal cord contusion
Mice

30 per day in water

50 per day orally

Blocked astrocytic Ca®* increase, ATP and
glutamate release, mitochondrial ROS

Boldine increased hindlimb function at
every time point from 7 days on and
reduced tissue loss

Yi et al. (2017)

Toro et al. (2023)

Spinal cord transection
Mice

50 per day orally

Boldine preserved muscle levels of glucose
and amino acids and suppressed genes for
protein ubiquitination/degradation

Potter et al. (2023)

Spinal cord transection
Mice

Middle cerebral artery occlusion
Mice

Traumatic brain injury

50 per day orally

8, 16 or 25 i.p

10, 20 or 30 i.p

Boldine markedly altered lipid profiles in
serum 7 days after transection and showed
smaller changes in levels of circulating
metabolites

Smaller infarct, better memory function

In a weight drop model of TBI boldine

Graham et al. (2023)

de Lima et al. (2017)

Qiu et al. (2017)

Mice reduced brain water and apoptosis in the

cortex as well as slightly reducing cleaved

caspase 3
Seizure 1, 5, 10, 25 and 50 i.p Boldine raised seizure threshold at Moezi et al. (2019)
Mice 25-50 mg/kg

Muscle denervation and delayed nerve

50 or 100 per day orally

Boldine reduced fiber atrophy after nerve

Burrell et al. (2023)

repair transection for up to 4 weeks and elevated

Rats electrophysiologic response after nerve
repair

Skeletal Muscle

Dysferlin-deficient myogenic precursors
and bLAJ mice (lacking dysferlin)

50 uM in vitro

Boldine reduced adipogenic differentiation
of human myogenic progenitors and
restored their ability to form myotubes
Boldine improved Rotarod and 4-paw wire
hanging performance

Cea et al. (2020)

STZ-induced diabetes
Rats

50 per day by gavage

Boldine prevented myofiber atrophy (TA
muscle) and reduced blood glucose 20%

Cea et al. (2023)

Renal Disease

in vitro

Goldblatt 2K1C model
Rats

50 per day by gavage

Reduced urinary proteinurea, histologic
evidence of kidney damage and ACE-1
expression

Goémez and Velarde (2018)

Streptozotocin-induced diabetes
Rats

50 per day by gavage

Boldine prevented hyperglycemia and
blood pressure and urinary
hyperproteinemia. In cultures of mesangial
cells, boldine prevented hyperglycemia-
induced increase in oxidative stress and
CxHC activity

Hernandez-Salinas et al. (2013)

Gastrointestinal Disease

Dextran-sulfate-induced colitis Mice

Acetic acid-induced colitis
Rats

Ethanol-indomethacin-induced gastric
erosions
Mice

Tert-butyl hydroperoxide damage
Rats

50 per day orally

100 intrarectally 30 min prior to instilling
acetic acid (single dose)

10, 100 or 1,000 orally

200 uM in vitro

Boldine reduced shortening of the colon

Boldine reduced edema, increased colonic
fluid transport

Boldine lowered gastric lesion area at 1 h
after ethanol-HCI instillation into the
stomach for the 10 and 100 mg/kg doses

Using isolated rat hepatocytes, boldine
reduced lipid peroxidation but did not
increase cell survival

Pandurangan et al. (2016)

Gotteland et al. (1997)

Boeing et al. (2020)

Bannach et al. (1996)

Frontiers in Pharmacology

07

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1427147

Saez et al.

TABLE 2 (Continued) Benefits of boldine in animal models of disease.

Disease model Dose (mg/kg) or

concentration/Route

10.3389/fphar.2024.1427147

Observed effects Citation

Acetaminophen-induced damage 20 orally (single dose) Boldine reduced serum AST and ALT as | Ezhilarasan and
Mice well as hepatic lipid peroxidation and Raghunandhakumar (2021)
expression of pro-inflammatory cytokines

Skeleton

Collagen-induced arthritis Mice 2 or 4 per day orally Boldine reduced arthritis score Zhao et al. (2017)

Ligature-induced periodontitis 10, 20 or 40 per day orally Boldine reduced bone resorption, Cafferata et al. (2021)

Mice osteoclast number

Cancer

HCT-116 and Saos-2 cell lines 5-80 ug/mL in vitro Slowed cancer cell growth Chandan et al. (2023)

T24 bladder cancer cells Minimum effective concentration 200 uM Reduced cell growth and cell viability Gerhardt et al. (2014)
in vitro

Human MDA-MB-231 and MDA-MB- IC 50-50 uM in vitro Slowed cell proliferation Paydar et al. (2014)

468 breast cancer cells 50 or 100 ip

Rat LA7 mammary carcinoma

Rats

MCEF-7 Bread cancer cells 5-80 ug/mL in vitro

gastrointestinal system, bone and joint diseases and diabetes.
Evidence of efficacy for treatment of disorders of these systems is
summarized in Table 2 and discussed in more detail below. This
listing includes all publications in which a functional endpoint was
beneficially altered by boldine. As such, a small number of
publications reporting in vivo effects of biochemical outcomes
only are not discussed.

6.1 Nervous system disorders

A series of papers have reported diverse beneficial effects of
boldine in models of diseases and injuries to the nervous system.
Using a mouse APPswe/PS1dE9 model of Alzheimer’s disease (AD),
boldine was shown to reduce several changes observed in cultured
brain slices including blocking an increase in astrocyte cytosolic
Ca®", and release of ATP and glutamate (Yi et al., 2017). Using
mitoSox, a mitochondrial-specific oxidative stress reporter, boldine
reduced mitochondrial release of reactive oxygen species (ROS).
Boldine reduced reticulon 3 immunostained dystrophic neurites, a
finding interpreted as indicating reduced neuronal damage. While
boldine did not appear to reduce glial reaction or amyloid
accumulation, this paper established that boldine blocked
astrocytic and microglial CxHC and the release of ATP and
glutamate through them, thus reducing mitochondrial oxidative
stress and neuronal damage. Cx have been implicated in other
research investigating AD pathogenesis. Cx43 (GJAl) was
identified as a key driver gene. Its expression was increased in
post-mortem brain from AD patients (Kajiwara et al., 2018). Studies
of cultured astrocytes expressing or lacking Cx43 revealed that the
knockout altered many genes linked to AD, including some genes
involved in metabolism of amyloid beta (Kajiwara et al., 2018). The
Cx43 astrocytic knockout impaired amyloid beta phagocytosis
(Kajiwara et al.,, 2018). Furthermore, boldine was shown to bind
amyloid beta, to prevent amyloid beta-induced increases in cytosolic
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Reduced tumor size

Higher doses slowed tumor progression Tomsik et al. (2016)

and endoplasmic reticulum levels of calcium ions (Toledo et al.,
2021). While the specific roles of CxHC in the elevated levels of
cytosolic calcium ions were not tested, results discussed elsewhere in
this review suggest that amyloid beta could induce formation of HC
on the cytoplasmic membrane of neurons.

The possible ability of boldine to reduce ischemia-related damage to
the brain has been evaluated using a middle cerebral occlusion model in
mice. Effects of administration of boldine 30 min before occlusion and
daily for 5 days thereafter were evaluated (de Lima et al., 2017). Boldine
improved aversive memory and novel object recognition at 25 mg/kg,
associated with reduced infarct area and lower numbers of TNF-a and
iNOS positive cells in the cortex and striatum.

The question of whether boldine would reduce indices of trauma
in a mouse weight drop model of traumatic brain injury has been
investigated. Boldine was administered 30 min after weight drop in
these studies (Qiu et al, 2017). Indices of brain injury were
determined 24 h after weight drop. Boldine reduced brain water
content and levels of cleaved caspase 3 suggesting a protective effect.
A behavioral test for grip strength was employed which
demonstrated trends toward higher grip strength at early time
points after brain trauma for boldine-treated groups although
this difference was not statistically significant.

The impact of boldine on seizure threshold was assessed using a
mouse model induced by pentylenetetrazole injection (Moezi et al.,
2019). Boldine administration at doses of 25 or 50 mg/kg elevated
seizure threshold and shortened the duration of myotonic
contractions. This effect resembles that of vitamin C, suggesting a
redox-based antiepileptic action. Another possibility is that both
boldine and vitamin C decrease CxHC activity, albeit through
different mechanisms: boldine may act as an inhibitor, while
vitamin C could reverse the nitrosylation state of CxHC (Retamal
etal., 2006; Retamal et al., 2007), reducing their activity, particularly
in pathological conditions (Lillo et al., 2023). Recent evidence
supports boldine’s antiepileptic action through inhibition of
CxHC, as demonstrated by the significant reduction in
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neuroinflammation and physiological changes in temporal lobe
epilepsy with the use of D4, a potent and selective CxHC blocker
(Guo et al., 2022).

Effects of boldine on outcomes after spinal cord injuries (SCI)
have also been evaluated. In one study, boldine was administered
orally beginning 3 days after a moderate severity mid-thoracic spinal
cord contusion in mice (Toro et al., 2023). Boldine-treated animals
showed higher levels of function on the Basso mouse scale and
horizonal ladder rung walk tests. Boldine increased spared white
matter, a critical determinant of function after contusion SCI, and
reduced immunofluorescence staining intensity for glial acidic
Ibal.
demonstrated that boldine also increased immunolabeling of

fibrillary ~protein and Confocal microscopy studies
proteins involved in axon growth and synaptic function.

A separate study evaluated effects of boldine on skeletal muscle
following complete transection of the mid-thoracic spinal cord
resulting in paralysis of hindlimb muscles (Potter et al, 2023).
Again, boldine was administered orally at 50 mg/kg/day beginning
3 days after SCI. Effects of boldine on muscle were evaluated using
transcriptomics, DNA methylomics, and metabolomics. Effects of
boldine were most pronounced at 7 days after SCI. While boldine did
not reduce muscle atrophy based on muscle wet weights, it did largely
prevent alterations in skeletal muscle levels of glucose and several
amino acids associated with prevention of the upregulation of gene
expression involved in the ubiquitin-proteasome system, suggesting
reduced protein turnover.

Effects of boldine on serum biomarkers at 7 days after SCI, the
time at which the largest changes in muscle multiomic outcomes were
observed, was investigated in a separate publication (Graham et al.,
2023). In these studies, serum profiles of lipids and metabolites were
evaluated using unbiased mass spectrometry techniques. Boldine
mitigated SCI-induced changes in approximately 50 serum lipids
including several phospho-inositols and ceramide. While boldine’s
effects on levels of circulating metabolites were less robust, but some
interesting trends were observed, including reduced serum serotonin.

Potential utility of boldine to mitigate the harmful effects of
prolonged muscle denervation has been examined in a rodent model
of delayed nerve repair. Effects of once daily oral boldine on
magnitude of a compound muscle action potential and muscle
fiber area of the
investigated (Burrell et al., 2023). Boldine increased the evoked

denervated tibialis anterior muscle were

compound muscle action potential and reduced fiber atrophy up to
4 weeks after common peroneal nerve transection. Interestingly,
boldine treatment decreased the intraneural Schwann cell
expression of Cx43 in denervated nerves at 4 weeks post injury.
In addition, boldine appeared to increase nerve electrophysiologic
recovery and reinnervated muscle fiber size following delayed nerve
repair. Collectively, these findings suggest boldine may prevent
injury,
increasing the likelihood for functional recovery following

denervation-induced muscle atrophy after nerve

delayed nerve repair. Addition work is necessary to elucidate
potential direct axonal effects of boldine after nerve injury.

6.2 Skeletal muscle diseases and disorders

Emerging evidence supports the view that boldine reduces
deleterious effects of at least some of the mutations that result in
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muscular dystrophy. In one study, a mix of cell culture and in vivo
studies was performed (Cea et al., 2020). Using cells from human
dysferilinopathy patients, boldine was found to switch the cell fate
than
differentiation and to increase fusion potential of these precursor

toward myogenic differentiation rather adipogenic
cells. This action of boldine was linked to lower expression of the
adipogenic differentiation factor PPARy. In bLAJ mice lacking
dysferlin, 8-weeks of boldine reduced fatty accumulation in
muscle, lowered PPARY, increased performance on RotaRod and
4-paw wire hanging tests and reduced serum creatine kinase activity.

A separate study screened for the ability of boldine as a drug
candidate for myotonic dystrophy (Alvarez-Abril et al., 2023). Using
a Drosophilla reporter gene system, boldine lowered activity of the
reporter and the number of ribonuclear foci, two indicators of
myotonic dystrophy pathogenesis in this system. Boldine also
reduced numbers of ribonuclear foci in cell lines derived from
myotonic dystrophy patients. In further studies using a mouse
model, boldine reduced ribonuclear foci, splicing modulation of
the sarcoplasmic reticulum Ca** ATPase 1 (Serca) or the chloride
channel (Clenl), and myotonia when injected intramuscularly but
not upon systemic administration.

The ability of boldine to reduce myofiber atrophy in diabetes has
also been tested. Myofiber atrophy measured at 5 weeks after
streptozotocin injection was significantly reduced by treatment
with boldine (Cea et al., 2023) associated with a slight reduction
in plasma glucose, possibly due to an incomplete CxHC inhibition.
Culture of primary myofibers in 8 mM glucose increased ethidium
bromide uptake; this increased membrane permeability was blocked
by the CxHC blocker lanthanum ion and was prevented by boldine
(Cea et al., 2023).

6.3 Renal diseases

The ability of boldine to slow kidney disease has been evaluated
in rodent models of hypertension and diabetes. In a rat model of
hypertension caused by placing a clip around one renal artery,
administration of boldine once daily by gavage improved creatinine
clearance and reduced proteinuria while reducing chronic changes
in the kidney including deposition of collagen (Gomez and Velarde,
2018). In addition, boldine blocked hypertension-induced increased
angiotensin converting enzyme-1 expression and increased TGF-3
expression (Gomez and Velarde, 2018).

Effects of boldine on the progression of diabetic kidney disease
have also been tested in a rat model of streptozotocin-induced
diabetes. Boldine prevented proteinuria and reduced histologic
evidence of glomerulosclerosis (Hernandez-Salinas et al., 2013).
Of interest, boldine was found to block ethidium bromide entry
into cultured mesangial cells when these cells were incubated under
high glucose conditions in the presence of TNF-a and IL-183
indicating reduced movement of this dye through CxHC
(Hernandez-Salinas et al., 2013).

6.4 Gastrointestinal diseases
Boldine was found to mitigate changes to the gastrointestinal

system in several animal models. In one, boldine attenuated gross

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1427147

Saez et al.

anatomical changes of the colon induced by dextran-sulfate
ingestion (Pandurangan et al, 2016). In another study, pre-
treatment with boldine reduced tissue edema and loss of colonic
fluid transport resulting from acetic acid (Gotteland et al., 1997).
Boldine also reduced damage to the stomach lining caused by
ethanol and indomethacin (Boeing et al., 2020).

6.5 Hepatoprotective effects

Early studies reported hepatoprotective effects of boldine in
several experimental systems. In an animal model of hepatotoxicity
caused by acetaminophen overdose, boldine reduced the elevation of
blood levels of liver enzymes and reduced lipid peroxidation in liver
(Ezhilarasan and Raghunandhakumar, 2021). Consistent with these
findings, boldine reduced lipid peroxidation caused by tert-butyl
hydroperoxide in primary hepatocyte cultures (Bannach et al,
1996). In addition, boldine, has demonstrated hepatoprotective
effects in rat models of non-alcoholic fatty liver disease
(Zagorova et al,, 2015), cholestasis and cirrhosis (Heidari et al,
2017), and diethylnitrosamine-induced hepatocarcinogenesis
(Subramaniam et al., 2019).

While use of boldo (from which boldine is isolated) is generally
regarded as safe (Speisky and Cassels, 1994), there have been at least
three case reports suggesting that hepatotoxicity might result from
boldo consumption (Piscaglia et al., 2005; Ribeiro et al., 2017;
Oliveira Sa et al,, 2020). Given that boldo contains numerous
alkaloids, the relevance of these case reports to the safety of
boldine remains unclear. For example, boldo essential oil
contains a toxic compound known as ascaridiol; boldo essential
oil is therefore contraindicated for individuals with gallbladder
stones or liver issues. Hepatotoxicity of long-term administration
of boldine at doses found to be efficacious in rats (Table 2) did not
appear to have hepatotoxic effects.

6.6 Diseases of the joints and skeleton

The literature suggests protective effects of boldine on bones and
joints. An evaluation of effects of boldine on changes induced by
intra-articular injection of collagen found that boldine reduced
arthritis scores in this mouse model of inflammatory arthritis
(Zhao et al, 2017). This protective effect was attributed to
suppression of osteoclast formation based on a network
pharmacology analysis (Zhao et al., 2017), a result that needs to
be confirmed experimentally.

Effects of boldine on erosion of bone of the mandible was
evaluated using a ligature-induced periodontitis model in mice.
In these studies, boldine reduced bone resorption and osteoclast
number (Cafferata et al., 2021).

6.7 Possible common mechanisms of
boldine across disease models

It is noteworthy that many effects of conditional CX knockouts

or CxHC blockers such as peptide 5 are phenocopied by boldine. For
example, the ability of boldine to reduce myofiber atrophy of the
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tibialis anterior muscle after common peroneal nerve transection
(Burrell et al., 2023) parallels the protection against denervation
atrophy of fast muscle fibers resulting from a conditional knockout
of Cx43 and Cx45 in skeletal muscle (Cea et al.,, 2013). Similarly,
both the double knockout and boldine attenuated diabetes-induced
myofiber atrophy (Cea et al., 2023). In another example related to
skeletal muscle, physical performance of mice lacking dysferlin was
improved by conditional knockouts of Cx43 and Cx45 and by
boldine (Fernandez et al., 2020). A common feature of these
muscle disorders is increased sarcolemmal CxHC expression and
increased membrane permeability to ethidium bromide and Ca**
(Cea et al., 2013; Fernandez et al., 2020; Cisterna et al., 2020). Other
examples also exist. Peptide 5, inhibitory monoclonal antibodies
against Cx43, boldine and conditional knockouts of Cx30 and
Cx43 in astrocytes all reduced tissue injury and improved
functional outcomes after spinal cord contusion (Toro et al,
2023; O’Carroll et al., 2013; Huang et al., 2012; Zhang et al., 2021).

Common mechanisms downstream of open CxHC may also be
regulated as a consequence of blocking passage of Ca®', ATP,
glutamate and other small molecules through open CxHC by
boldine. Cea and colleagues suggested that activated sarcolemmal
HC trigger the inflammasome, leading to the expression and release
of IL-188 and TNF-a (Cea et al., 2013). Elevated cytosolic Ca** levels
have been observed in various skeletal muscle disease models, with
genetic deletion of Cx43 and Cx45 preventing these increases (Cea
et al., 2013; Ferndndez et al., 2020; Cisterna et al., 2020). Boldine has
been shown to decrease the expression of pro-inflammatory
cytokines in various disease models, such as SCI (Toro et al,
2023) and acetaminophen-induced liver damage (Ezhilarasan and
Raghunandhakumar, 2021).

It has been shown that boldine reduces the circulating levels of
glucose and part of effect might result from Its inhibitory action
starting at concentrations below 50 uM on at least three enzymes of
the gluconeogenic pathway: phosphoenolpyruvate carboxykinase,
fructose-bisphosphatase-1, and glucose 6-phosphatase. Conversely,
boldine also increased glycolysis from glycogen-derived glucosyl
units. Therefore, it has been proposed that the direct inhibition of
hepatic gluconeogenesis by boldine, combined with the increase of
glycolysis, could be an important event behind the diminished
hyperglycemia observed in boldine-treated diabetic rats (Silva
et al., 2023). Nevertheless, it remains to be demonstrated that
inhibition of gluconeogenic enzymes and activation of glycolysis
reproduce the boldine-induced outcome. On the other hand, it was
recently demonstrated that skeletal myofibers of diabetic mice
express Cx43 and Cx45 and form functional HC in the
sarcolemma (Cea et al, 2023). Interestingly, treatment with
boldine reduced the activity of these HC in vivo and in vitro, and
reduced the glycemia as well (Cea et al.,, 2023). Since skeletal muscle
comprise about 40% of the body mass of a young adult, it is logical to
propose that by recovering the optimal functional state of the
skeletal muscle, more glucose could be taken up from the
circulation and consumed such that glycemia would be
drastically reduced. In agreement with the effect of boldine on
CxHC, it was demonstrated that diabetic mice deficient in
Cx43 and Cx45 expression in myofibers also demonstrate a
drastic reduction in glycemia (Cea et al., 2023).

The signal that triggers the opening of CxHC may vary
depending on the disease model, potentially involving factors
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such as hyperglycemia (Hernandez-Salinas et al., 2013), FGF-1
(Garré et al, 2010), and IL-1f3 combined with TNF-a (Toro
et al, 2023). Once CxHC are opened, a feed-forward loop is
initiated, potentially amplifying the original signal through
various parallel mechanisms. ATP release could activate P2X;R
or other purinergic receptors, enhancing the initial inward Ca®*
current. Elevated cytosolic Ca*" levels may trigger increased
mitochondrial respiration, release of signaling lipids, and
activation of NOS, leading to oxidative stress. This oxidative
stress, combined with high cytosolic Ca**, could activate the
inflammasome, increase transcription and release of pro-
inflammatory mediators, thus perpetuating the initial signal.
Notably, both boldine (Toro et al, 2023; Pandurangan et al,
2016) and conditional Cx knockouts (Cea et al., 2013) have been
shown to reduce NF-kB signaling, providing evidence for this model.
It is important to consider that the initial signal may be either
extrinsic or intrinsic. For instance, denervation-induced atrophy
exemplifies an intrinsic signal, where the loss of low-level tonic
acetylcholine release from the motor neuron triggers de novo
of CxHC, permeability,

activation of NF-kB, and elevated cytokine expression (Cisterna

expression increased membrane
et al, 2020). In tissue trauma models such as SCI, circulating
immune cells gain access to tissues because of damage to the
blood brain barrier, while resident immune cells (e.g., microglia)
are activated by tissue debris, resulting in local release of IL-1f3 and
TNF-a. While much of this model remains to be tested, it provides a
conceptual, unifying framework for interpreting the growing
number of studies of roles of CxHC in disease and of the
mechanism and efficacy of boldine for treating medical conditions.

7 Concluding remarks

Boldine, an orally active alkaloid found in nature that has
demonstrated good tolerability in rodents at doses up to
100 mg/kg when administered orally or parenterally. Its efficacy
has been shown across various animal models of disease or injury to
the nervous system, skeletal muscle, bone, gastrointestinal system,
and kidney. In every case tested, open CxHC have been discovered in
the cytoplasmic membranes of cells in the diseased tissue or organ,
and conditional knockouts of the Cx expressed in these tissues
recapitulates the effects of boldine. While the mechanisms by which
CxHC appear in the cytoplasmic membrane vary, there are universal
consequences of HC that include increased cytosolic calcium and
inflammasome activation, together with release of ATP. Boldine
blocks this cascade of deleterious signals, blunting or blocking
expression and release of pro-inflammatory mediators which
provide a feed-forward signal to amplify and perpetuate the
deleterious changes induced by initial opening of CxHC.
Accumulation of extracellular ATP may further amplify this
initial signal by binding to purinergic receptors such as P2X;
receptor thereby increasing the inward flow of calcium ions.
Boldine is thus an attractive and exciting candidate for continued
investigation as a therapeutic agent.
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