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. Compound Information

Common name: Geldanamycin

Structure:
PubChem ID: 5288382 Mol. Formula: C29H40N20g FW: 560.64
CASRN: 30562-34-6 Polar surface area: 163.48 logP: 2.15

IUPAC name: (4E,6Z,8S,95,10E,12S,13R,14S,16R)-13-Hydroxy-8,14,19-trimethoxy-
4,10,12,16-tetramethyl-3,20,22-trioxo-2-azabicyclo[16.3.1]docosa-1(21),
4,6,10,18-pentaen-9-yl carbamate

Other names: —

Drug class: Antibiotic

Medicinal chemistry development potential: Moderate
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Il. Rationale

lla. Scientific Rationale / Mechanism

Geldanamycin (GA) is a selective inhibitor of the heat shock protein (Hsp) Hsp90,
which is constituitively expressed in tissues. GA binds at the N-terminal ATP/ADP
binding domain of Hsp 90, locking it into its ADP-bound conformation and disrupting its
interactions with proteins, including its multiple co-chaperone partners such as other
Hsp’s and p23 (Batulan, 2006; Roe, 1999). Mechanistically key, this primary event
precipitates a cascade of biochemical sequelae that confer the protective effect of that
drug in each of the models of disease states in the literature reviewed. Hsp 90 and its
co-chaperones bind to proteins to (1) facilitate folding into their native conformations, (2)
refold abnormally folded proteins, (3) rescue previously aggregated proteins, and (4)
guide ubiquitination of proteins for subsequent recognition and digestion by the 26S
proteasome (Ouyang, 2005). As such, induction of heat shock pathways can remediate
damage associated with the progression of Parkinson disease, related diseases
involving aberrant amyloidal scaffolds, and other damage caused by protein
aggregation in neurons.

Complexation of the heat shock transcription factor Hsf1 with Hsp 90 keeps Hsf1 in
an inactive state (Batulan, 2006). Hsf1 is the major transcription factor mediating
upregulation of heat shock proteins in response to stress. Activation of Hsf1 is a multi-
step process that requires its release from Hsp90, immunophilins, and p23. When Hsp’s
are diverted to chaperone misfolded proteins during stress, released Hsf1 translocates
to the nucleus and binds as trimers to heat shock elements (HSE). This alone is not
sufficient for activation of heat shock genes, and conversion to the active form, Hsf1act,
requires further steps including hyperphosphorylation of Hsf1. Hsflact induces
expression of key Hsp’s including Hsp90, Hsp70, and Hsp40, the latter two of which are
strongly upregulated by that co-chaperone.

Hsp70 is inducible by stressors and by GA. Hsp70 requires the co-chaperone
Hsp40, which is constituitively expressed, for optimal function (Fan, 2003). Hsp40 both
mediates delivery and ATP-dependent polypeptide binding by Hsp70, and stabilizes
Hsp70/polypeptide complex for efficient refolding (Cheetham, 1998; Cyr, 1994).

Expression of these heat shock chaperones is manifested in biological responses
that can be generally categorized as the interrelated phenomena of protection against
(1) protein aggregation/amyloid protein/a-synuclein toxicity, (2) damage caused by
ischemia/reperfusion injury/stroke/oxygen-glucose deprivation, (3) apoptotic pathways,
and 4) damage to the dopaminergic neurons of the substantia nigra.

Protein aggregates, particularly those involving a-synuclein are commonly implicated
in the etiology of Parkinson disease (PD). a-Synuclein is a major component of Lewey
bodies and Lewey neurites, which are pathological protein aggregates characteristic of
PD, and polymerizes to form 3 -sheet amyloids that comprise fibrils (Auluck, 2002;
Auluck, 2005). Overexpression of Hsp70 protects neural cells from various stressors
(Latchman, 2004; Muchowski, 2005; Yenari, 2002), and has a major role in
processing a -synuclein. It binds and sequesters a -synuclein (Flower, 2005), and
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Il. Rationale (cont.)

shuttles the soluble, toxic, form of the protein into inclusion bodies. The co-chaperone
Hdj-2 functions alone or in concert with Hsp70 to prevent protein aggregation, reducing,
in astrocytes, both apoptosis and necrosis induced by glucose and/or oxygen
deprivation (Giffard, 2004). High expression of Hsp’s by GA treatment was also
neuroprotective in a primary culture cell model of familial amyotrophic lateral sclerosis
linked to mutant forms of super oxide dismutase that aggregate into inclusions and
cause loss of motor neuron viability (Batulan, 2003; Durham, 1997; Roy, 1998; Taylor,
2004). The antiapoptotic action of GA has also been demonstrated in the protection of
cultured neurons challenged with the neurotoxic anti-cancer drugs taxol, cisplatin, and
vincrisitine (Sano, 2001). GA also protects against MPTP-induced dopaminergic
neurotoxicity in mice in a process coincident with induction of Hsp70 (Shen, 2005a).

llb. Consistency
n/a

CINAPS Dossier: Geldanamycin (3/29/2009) 3



lll. Efficacy (Animal Models of Parkinson’s Disease)

llla. Animal Models: Rodent

GA is poorly soluble in water and routes of administration are limited to intravenous
(i.v.) and intracerebroventricular (i.c.v.), which may have discouraged experimentation in
animals and consequently limited the amount of literature available (see also Section
V1a, General ADME). Administered i.c.v. 24 h prior to a 2-h middle cerebral artery
occlusion, GA protects rat brain from focal ischemia (Lu, 2002). GA (1 yg/kg) decreased
infarct volumes by 56%, improved behavioral outcomes, and reduced brain edema. This
treatment regimen markedly upregulated heat shock proteins and co-chaperones
(Hsp70, Hsp25, etc.) described in the Scientific Rationale/Mechanism section for the
sequelae of dissociation of Hsf1 from Hsp90 that results from GA binding.

Similarly, GA also protects against MPTP-induced dopaminergic neurotoxicity in
mice in a process coincident with induction of Hsp70 (Shen, 2005c¢). An i.c.v. injection of
GA (1 and 10 pg/kg) 24 h prior to administration of MPTP increased residual dopamine
content and tyrosine hydroxylase immunoreactivity in the striatum in a process initiated
by inhibition of Hsp90.

Drosophila have been used as a convenient model for the pathology of Huntington’s
disease and of a-synuclein toxicity. GA protected against the neuronal toxicity of a-
synuclein in flies in which there was directed expression of the protein (Auluck, 2005).
Similarly, GA protected against Huntington disease-like pathology in flies expressing
mutant human huntingtin protein (Agrawal, 2005).

llib. Animal Models: Non-human primates
n/a
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IV. Efficacy (Clinical and Epidemiological Evidence)

IVa. Clinical Studies
n/a

IVb. Epidemiological Evidence
n/a
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V. Relevance to Other Neurodegenerative Diseases

Parkinson disease shares with Huntington’s disease, amyotrophic lateral sclerosis
(ALS), and Alzheimer’s disease an etiology that involves aggregation of neurotoxic
forms of abnormal proteins to form fibrils and inclusion bodies that lead to the death of
neurons (Taylor, 2002). The therapeutic mechanism of GA in mediating the damage by
these proteins has in common induction of Hsp’s and other cochaperones secondary to
binding of GA to Hsp90. These protein chaperones guide repair, degradation, and
shuttling of these proteins into matrices not associated with neuropathology.

In Parkinson disease loss of dopaminergic neurons in the substantia nigra is
associated with Lewy bodies, a major component of which is the neurotoxic protein a-
synuclein. a-Synuclein polymerizes to form B-sheet amyloid fibers characteristic of the
disease. The therapeutic mechanism of GA in Parkinson disease has been attributed to
induction of Hsp70, and its shuttling of potentially toxic, soluble forms of a-synuclein into
nonpathological inclusions.

In the case of Huntingdon’s disease, an aberrant protein, huntingtin, forms insoluble
aggregates with fibrillar amyloid-type morphology that are associated with the
progressive neuropathology of the disease (Sittler, 2001). GA induces Hsp forms that
inhibit this aggregation.

In a familial form of ALS caused by a mutant form of superoxide dismutase (SOD),
GA protected cultured motor neurons by reducing aggregation of the mutant protein into
inclusions (Batulan, 2006).

Hyperstimulation of glutamate receptors was also described as a key mechanism in
the neurodegeneration in Parkinson disease, as well as Huntington’s disease and
Alzheimer’s disease (Gorbacheva, 2008). GA prevents thrombin-induced changes in
the astrocyte skeleton in a process that requires Hsp90 (Pai, 2001).

GA attenuates damage due to oxidative stress such as that associated with the
related processes involved in ischemia, reperfusion injury, stroke, oxygen-glucose
deprivation, and reactive oxygen species mediated by a-synuclein (Giffard, 2004; Lu,
2002; Ouyang, 2005). Although the mechanism is not well understood (Giffard, 2004),
repair and/or catabolism of denatured proteins by Hsp are likely mechanisms.
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VI. Pharmacokinetics

Vla. General ADME

Only one comprehensive investigation of the pharmacokinetics of GA in mammals
was found (Supko, 1995). In that study, GA was administered intravenously to mice at 9
and 21 mg/kg, and to dogs at 2 and 4 mg/kg. The authors noted that pharmacokinetics
and toxicology of GA in preclinical animal models had not been previously reported. Not
unexpected for such a narrow dosing range, the pharmacokinetics were linear for the
two dose levels in mice and dogs. The half-life in mouse was longer (78 min) than that
of dog (58 min), but mean residence time (MRT; a measure of the average time a
molecule of GA is in the central compartment) was twice as long in dog (47 min) than in
mouse (21 min). GA was cleared from plasma faster in dog (49 mL/min per Kg) than
mouse (31 mL/min per kg). The volume of distribution (Vss) in mouse was unusually low
(0.68 L/kg) given the lipophilicity of GA, indicating minimal redistribution into peripheral
tissues; the authors attributed this to high plasma protein binding. Vss in dog was higher
(2.3 L/kg). In both dog and mouse, plasma concentrations remained above the
concentration (0.1 p g/mL) which is typically effective against neoplastic cell lines
responsive to GA in vitro (Supko, 1995).

There was a paucity of data regarding general ADME of GA, likely due to the limited
means of administering the drug (i.v. and i.c.v.). Although there were detailed reports of
the disposition of GA analogues, including tissue distribution, after administration of
analogues of GA possessed of better “drug-like properties” (Xiong, 2008), equivalent
data for GA was not found. The pharmacokinetics of GA in mice and dogs following i.v.
dosing was comprehensively covered in (Supko, 1995) as described above. The
significant activity of GA as an inhibitor and substrate of P-glycoprotein (Huang, 2007)
would indicate potential for facilitating uptake of drugs with which it is coadministered,
and for which efflux transport by that carrier has appreciable impact.

Novel approaches to delivery (e.g., formulation of a lipophilic GA prodrug in micelles)
are under investigation in animal models and could eventually lead to improved
tolerability and pharmacokinetics (Xiong, 2008).

Vib. CNS Penetration

There was no indication in the literature reviewed that GA crosses the blood-brain
barrier. The contrary is inferred by the use of the i.v.c. route of administration of GA
in rats (Lu, 2002) and mice (Shen, 2005b), the authors of the latter work noting that this
was to “circumvent poor central nervous system permeability”. GA is a substrate of the
efflux transporter MDR1 (P-glycoprotein), which is a key transporter limiting penetration
of the blood-brain barrier (Huang, 2007). This may be a significant mechanism for
diminished penetration of GA into the CNS.

Vic. Calculated log([brain]/[blood]) (Clark Model): 0.22
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VIl. Safety, Tolerability, and Drug Interaction Potential

Vlla. Safety and Tolerability

While there were frequent references to the “severe hepatotoxicity” of GA in the
literature, there was only one comprehensive investigation of its toxicity in mammals
(Supko, 1995). In that study, GA was administered intravenously to mice at 9 and 21
mg/kg, and dogs at 2 and 4 mg/kg. The authors noted that liver appeared to be the
principal target of acute drug toxicity in the dog. Typical markers of hepatotoxicity were
measured in serum, and the highest ALT and AST values (measured 4-7 days
postdosing) were 30-40 times control, with a more modest increase in LDH and BUN;
alkaline phosphatase increased about 20-fold. Additional toxic effects were limited to
symptoms of minor gastrointestinal aggravation and less severe indications of
nephrotoxicity (modest increases in BUN). All clinical values returned to baseline within
1 month, suggesting that the toxicity was reversible. A maximum tolerated dose (MTD)
of 4 mg/kg for dog, and 20 mg/kg for mice was estimated in these studies.

Vllb. Drug Interaction Potential

Aside from the ancillary action of GA in inducing heat shock proteins and other
chaperones that may modulate the biological responses of coadministered drugs, there
were no drug interaction studies reported in the literature. However, a recent report
(Huang, 2007) concluded that GA is both a substrate and inhibitor of the efflux
transporter MDR1 (P-glycoprotein), which is a key transporter limiting penetration of the
blood-brain barrier. Therefore, drugs coadministered with GA that are also substrates for
this efflux transporter may have increased uptake into the CNS.
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