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ABSTRACT
Mitochondria are key tumor drivers, but their suitability as a therapeutic target is unknown. Here, we 
report on the preclinical characterization of Gamitrinib (GA mitochondrial matrix inhibitor), a first-in-class 
anticancer agent that couples the Heat Shock Protein-90 (Hsp90) inhibitor 17-allylamino-geldanamycin 
(17-AAG) to the mitochondrial-targeting moiety, triphenylphosphonium. Formulated as a stable 
(≥24 weeks at −20°C) injectable suspension produced by microfluidization (<200 nm particle size), 
Gamitrinib (>99.5% purity) is heavily bound to plasma proteins (>99%), has intrinsic clearance from liver 
microsomes of 3.30 mL/min/g and minimally penetrates a Caco-2 intestinal monolayer. Compared to 17- 
AAG, Gamitrinib has slower clearance (85.6 ± 5.8 mL/min/kg), longer t1/2 (12.2 ± 1.55 h), mean AUC0-t of 
783.1 ± 71.3 h∙ng/mL, and unique metabolism without generation of 17-AG. Concentrations of Gamitrinib 
that trigger tumor cell killing (IC50 ~1-4 µM) do not affect cytochrome P450 isoforms CYP1A2, CYP2A6, 
CYP2B6, CYP2C8 or ion channel conductance (Nav1.5, Kv4.3/KChIP2, Cav1.2, Kv1.5, KCNQ1/mink, HCN4, 
Kir2). Twice weekly IV administration of Gamitrinib to Sprague-Dawley rats or beagle dogs for up to 36 d is 
feasible. At dose levels of up to 5 (rats)- and 12 (dogs)-fold higher than therapeutically effective doses in 
mice (10 mg/kg), Gamitrinib treatment is unremarkable in dogs with no alterations in clinical-chemistry 
parameters, heart function, or tissue histology, and causes occasional inflammation at the infusion site 
and mild elevation of serum urea nitrogen in rats (≥10 mg/kg/dose). Therefore, targeting mitochondria for 
cancer therapy is feasible and well tolerated. A publicly funded, first-in-human phase I clinical trial of 
Gamitrinib in patients with advanced cancer is ongoing (ClinicalTrials.gov NCT04827810)
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Introduction

The rewiring of metabolic pathways, including in 
mitochondria,1 is a ubiquitous cancer trait important for dis
ease progression.2 Accordingly, exploitation of mitochondrial 
bioenergetics,3 buffering of reactive oxygen species (ROS),4 

and inhibition of cell death pathways5 have been implicated 
in tumor growth, acquisition of metastatic competence, and 
resistance to conventional and molecular therapy.6 On this 
basis, mitochondria may provide a unique therapeutic target 
for cancer,7,8 suitable to disable key pathways for tumor main
tenance, regardless of genetic makeup or driver mutation(s). 
As a result, multiple mitochondrial-targeted anticancer agents, 
or mitocans,9 have been developed, and mitochondrial protease 
ClpP agonist, ONC201,10 Complex I inhibitor metformin/ME- 
344,11 antagonist of mitochondrial translation, tigecycline,12 

and PDH/KDH blocker CPI-61313 have entered clinical trials 
in humans.

In addition, there is evidence that mitochondria may be 
uniquely ‘wired’ in cancer compared to normal tissues, poten
tially enabling a broader therapeutic window.14 One example is 
the ubiquitous dependence or ‘addiction’ of tumor mitochon
dria to a heightened protein folding environment,15 essential to 

buffer the proteotoxic stress invariably associated with tumor 
growth, in vivo.16 Mechanistically, this is accomplished by the 
selective accumulation of molecular chaperones, including 
Heat Shock Protein-90 (Hsp90) and its homolog TNF 
Receptor-Associated Protein 1 (TRAP1),17 as well as AAA+ 
proteases18 in tumor mitochondria, compared to normal tis
sues. In turn, Hsp90 chaperoning stabilizes the multifunctional 
mitochondrial proteome in cancer,19,20 including key meta
bolic regulators,21 lowers ROS,22 and prevents cell death.17,23,24

Although targeting chaperone-directed proteostasis in 
mitochondria shows promising antitumor activity,25,26 phar
macologically, this pathway escapes inhibition by small- 
molecule Hsp90 antagonists with geldanamycin (GA) or non- 
GA backbones27 as these agents fail to accumulate in 
mitochondria.28 To overcome this conundrum, we generated 
Gamitrinib (GA mitochondrial matrix inhibitor), a first-in- 
class, mitochondrial-targeted inhibitor of organelle protein 
folding25 that links the GA Hsp90 inhibitor 17-allylamino- 
geldanamyicn (17-AAG, Tanespimycin)27 to an efficient mito
chondrial-import carrier, triphenylphosphonium (TPP).29 Due 
to its unique chemical structure, Gamitrinib selectively accu
mulates in mitochondria28 with a 106-fold enrichment 
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compared to cytosol by mass spectrometry of isolated subcel
lular fractions.30 Once in mitochondria, Gamitrinib triggers 
acute proteotoxic stress,20,23 shuts off multipleorganelle func
tions, including bioenergetics,19 and delivers potent anticancer 
activity with IC50 of 0.16–29 µM in an NCI 60 cell-line screen, 
including cell lines representative of common malignancies, 
such as colon adenocarcinoma (IC50, 0.35–29 µM), breast 
adenocarcinoma (IC50, 0.16–3.3 µM), and melanoma (IC50, 
0.36–2.7 µM).31,32 Strong anticancer activity was also seen in 
a combination of regimens of Gamitrinib plus molecular 
therapy33–35 in models of epithelial and hematopoietic 
malignancies.

Here, we report the preclinical characterization of 
Gamitrinib as the first, subcellularly directed antagonist of 
mitochondrial proteostasis. Based on these findings, 
a publicly funded, first-in-human phase I clinical trial of 
Gamitrinib in patients with advanced cancer is currently 
ongoing (ClinicalTrials.gov, NCT04827810).

Materials and methods

Cell lines

Caco-2 and HEK293 cells were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA) and grown in 
culture according to the supplier’s specifications. In some 
experiments, HEK293 cells were stably transfected with 
hERG cDNA, and polyclonal cultures were maintained in the 
presence of 250 µg/ml geneticin (G418). Cells were maintained 
in a medium containing 10% fetal calf serum at 37°C in 5% 
CO2 and plated on 35 mm dishes at least 24 h prior to the 
experiment.

Chemical synthesis and analysis of Gamitrinib

The complete chemical synthesis, HPLC profile, and mass 
spectrometry of Gamitrinib (GA mitochondrial 
matrix inhibitor) have been described previously.28 The struc
ture of Gamitrinib is combinatorial and contains the Hsp90 
inhibitor 17-AAG linked to triphenylphosphonium as 
a mitochondrial-targeting carrier. The bulk Gamitrinib powder 
is stored at −20°C in the dark.

Formulation development of Gamitrinib

A sequential three-step process was utilized to prepare Good 
Laboratory Practice (GLP) working solutions of Gamitrinib 
(5 mg/mL) for preclinical studies. The formulation workflow 
is as follows: Step 1 – Solubilization of Gamitrinib powder in 
DMSO (2.5%); Step 2 – Dilution in 1.25% (w/v) Polysorbate 80, 
0.31% (w/v) Lecithin (Lipoid S100) and 12.5% (w/v) Sucrose 
(10%) in sterile water for injection; Step 3 – Dilution in 5% 
dextrose (87.5%). Therefore, the final Gamitrinib formulation 
is ~5 mg/mL Gamitrinib, 2.5% DMSO, 0.125% Polysorbate 80, 
0.031% Lecithin, 1.25% Sucrose, and 4.375% Dextrose. For 
Good Manufacturing Practice (GMP) studies, a Gamitrinib 
Injectable Suspension (GIS) was prepared by microfluidization. 
Gamitrinib stock solutions prepared as above were passed 
through a microfluidizer (Dyhydromatics, Acton, MA) with 

the rate of flow set at low, medium, and high. At the end of GIS 
processing, microfluidization was continued at reduced pres
sure (~2000 psi) for 1–2 min. The parameters for GIS micro
fluidization as are follows: ratio of organic to aqueous phase 
(DMSO: aqueous vehicle 1:40 v/v); filter membrane materials 
(PTFE for DMSO, cellulose acetate for aqueous vehicle); 
microfluidizer pressure during mixing organic and aqueous 
phase (28,000 psi); post-mixing pressure in microfluidizer 
(2000 psi); temperature inside interaction chamber (0 to 
−10°C before initiating microfluidization). The final GIS after 
microfluidization is 4.86 mg/mL, with average particle size of 
154 nm, D(0.9) size of 229 nm, pH 6.0.

Gamitrinib pharmacokinetics (PK) in rat plasma

Sprague-Dawley rats (n = 3) were administered with a single 
intravenous (IV) dose of 1 mL Gamitrinib (5 mg/kg) formu
lated as described above without added microfluidization. 
Blood samples were collected via lateral tail vein using K2 
EDTA as an anticoagulant at 0.083, 0.25, 0.5, 1, 2, 4, and 24 h 
post-dose, chilled on ice, and centrifuged at 5000 rpm for 
10 min. Aliquots (0.2 mL) of each plasma sample were stored 
frozen at −20°C. For analysis, 50 µL aliquots of the study 
samples were mixed with 50 µL of ACN/H2O (50:50), extracted 
by protein precipitation using ACN containing the internal 
standard Gamitrinib-d15 (100 ng/mL), and the aliquots of the 
supernatant were mixed with deionized water for Gamitrinib 
determination. Batch samples under analysis included 
a calibration curve, a matrix blank (blank rat plasma), 
a reagent blank, a control zero (blank rat plasma spiked with 
internal standard), and duplicate QC samples at three concen
tration levels (low, medium, and high) in addition to the study 
samples. Within each batch, the study samples were bracketed 
by calibration standards or QC samples. The lowest calibration 
standard served to evaluate system suitability at the beginning 
of each batch. In all batches, the system suitability samples 
displayed adequate separation and acceptable peak shapes, 
retention times, and signal-to-noise ratios. Overall, the con
centration of Gamitrinib was measured in 21 rat plasma sam
ples in 1 analytical batch using LC-MS/MS data acquisition on 
a Shimadzu Nexera LC system coupled with an AB Sciex Triple 
Quad 5500 mass spectrometer. Chromatograms were inte
grated using Analyst 1.6.2 software. A weighted (1/x2, x = con
centration) linear regression was used to generate the 
calibration curve for Gamitrinib. The concentration of 
Gamitrinib was calculated using the peak area ratio of analyte 
to internal standard based on the standard curve. The mean, 
standard deviation, precision, accuracy, and assay variability 
were calculated using Microsoft Excel.

Toxicity in rats

Ninety-six male and female Sprague-Dawley rats (6–7 weeks 
old) were received from Charles River Laboratories (Raleigh, 
NC) catheterized via a femoral vein prior to arrival. Animals 
were acclimated in individual stainless-steel cages with access 
to water and Certified Rodent Diet #2014 C (Envigo RMS) ad 
libitum for 6 d prior to study initiation. Environmental con
trols were set to maintain a temperature range of 20 to 26°C, 
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a relative humidity range of 30 to 70%, eight or greater air 
changes/h, and a 12-h light/dark cycle. Animals were infused 
with sterile isotonic (0.9%) saline for a minimum of 4 d 
(0.20 mL/h for males or 0.15 mL/h for females) during the 
predose phase. At initiation of dosing, animals were 8 to 
9 weeks old, and body weights ranged from 283 to 341 g for 
males and 188 to 238 g for females. Gamitrinib formulated as 
indicated above was administered by IV infusion on d 4, 8, 11, 
15, 18, 22, 25, and 29 of the dosing phase at 1, 10, 25 mg/kg/ 
dose and dose volume of 5 mL/kg. The vehicle control admi
nistered with the same schedule contained 2.5% DMSO, 
0.125% polysorbate 80, 0.031% lecithin, 1.25% sucrose and 
4.375% dextrose. Animals were checked twice daily throughout 
the duration of the study for mortality, abnormalities, and 
signs of pain or distress. Detailed observations were conducted 
for each animal up to two times during the predose phase and 
for each toxicity animal prior to dosing on d 1, 8, 15, 22, and 29 
of the dosing phase and on d 1, 7, and 14 of the recovery phase. 
Blood samples were collected on d. 1, 4 and 29 of the dosing 
phase 5 min, 1 h and 24 h post-dose, maintained on chilled 
cryoracks and centrifuged within 1 h of collection. Tissue 
samples harvested from each animal were embedded in paraf
fin, sectioned, and slides were prepared and stained with hema
toxylin and eosin.

Toxicity in beagle dogs

Eighteen male and female (5–6 mo old) purebred beagle dogs 
(Cumberland, VA) were acclimated for 47 d (20°C to 26°C, 
relative humidity 30–70%, 10 or greater air changes/h, and 
a 12-h light/dark cycle) prior to study initiation. Animals 
were given water ad libitum and Certified Canine Diet 
#5007 (PMI Nutrition International Certified LabDiet®) for 4 
to 5 h each day. At study initiation, animal body weights 
ranged from 8.6 to 11.5 kg for males and 6.0 to 9.4 kg for 
females. At least 1 week prior to initiation of dosing, animals 
were fasted overnight, anesthetized, and a catheter attached to 
a subcutaneous vascular access port was surgically implanted 
into a jugular vein. Animals were acclimated to infusion 
jackets prior to catheter implantation surgery. Animals were 
infused with sterile saline at a dose rate of 5 mL/h when the 
vascular access ports were accessed and when animals were 
connected to the infusion system (except when dosed with the 
test or vehicle control article). The patency of each catheter 
was checked as needed. Prednisolone tablets were adminis
tered orally at 2 mg/kg the night prior to dosing. 
Diphenhydramine (5 mg/kg; IM injection 0.1 mL/kg, 
50 mg/mL) was administered prior to dosing and post the 
start of infusion (d 1 only). Male and female dogs received 
dose levels of Gamitrinib of 1.25, 3.33 and 6.25 mg/kg/dose 
formulated as indicated above during a 1 h infusion on d 1, 8, 
11, 15, 18, 22, 25, 29, 32, and 36 at a volume of 2 mL/kg. The 
vehicle control was as above. During dosing on d 1, multiple 
animals, including controls, were noted with clinical observa
tions of swollen head/body, hypoactivity, twitching, red skin, 
and/or vocalization due to vehicle components. Dosing was 
stopped, and 23 of 24 animals were administered additional 
diphenhydramine, 11 were administered Flunixin meglumine 
and buprenorphine, and 6 were administered acepromazine. 

Symptoms subsided in all animals after completion of these 
interventions. As a result of these observations, the polysor
bate levels, which were increased from 0.025% (w/v) to 
0.125% (w/v) to minimize precipitation, were returned to 
the original concentrations; 2 mg/kg prednisone was admi
nistered orally the night prior to dosing; and the diphenhy
dramine pretreatment dose was updated to 5 mg/kg 15 to 
30 min prior to dosing. Detailed observations were conducted 
for each animal up to seven times during the predose phase, 
prior to dosing on d 1, 8, 15, 22, 29, and 36 of the dosing 
phase, and on d 1, 7, and 14 of the recovery phase. Blood 
samples (1 mL) were collected via the cephalic vein 5, 15, and 
30 min and 1, 4, 8, and 24 h post the end of infusion on d 8 
and 36 of the dosing phase. Formalin-fixed and paraffin- 
embedded tissue samples collected at the end of the study 
(d 39) were processed for histologic examination.

Statistical analysis

Levene’s test was used to test for equality of variances between 
groups. Where Levene’s test was not significant (P > .05), 
ANOVA was conducted; where Levene’s test was significant 
(P ≤ .05), a rank transformation was applied before the 
ANOVA was conducted. Where the group effect from the 
ANOVA was significant (P ≤ .05), comparisons between each 
treated group and the control were made using Dunnett’s 
t-test. If the ANOVA was not significant (P > .05), no further 
analyses were conducted.

Results

Chemical synthesis and formulation development of 
Gamitrinib

The chemical synthesis of Gamitrinib containing the Hsp90 
inhibitor 17-AAG linked to the mitochondrial-targeting car
rier, triphenylphosphonium via a hexylamine linker has been 
described.28 Clinical-grade (GMP compliant) Gamitrinib 
synthesized as described in Supplementary Figure S1A28 has 
the chemical formula C52H65F6N3O8P2 (>99.5% purity by 
UPLC), is purple solid (TM.795) and crystalline by X-ray 
powder diffraction, with a molecular weight of 1036.03. 
A 500 MHz1H NMR spectrum (DMSO-d6), 125 
MHz13C NMR spectrum (DMSO-d6) and 282 
MHz19F NMR spectrum (DMSO-d6) are all consistent with 
structure. The water content is 0.7% (Karl Fischer analysis), 
and the residual solvent concentrations (methanol, DCM, 
MTBE, and DIPEA) are all below limit of quantification 
(BLOQ, <3000, <600, <5000, and <3000 ppm, respectively). 
Gamitrinib is formulated using a three-step dilution process 
described in the Materials and Methods section. A sterile, 
Gamitrinib Injectable Suspension (GIS) is prepared for clin
ical use using microfluidization with the schematic flowchart 
shown in Supplementary Figure S1B. The resulting GIS has 
average particle size of 154 nm and D(0.9) size of 229 nm, pH 
6.0. When stored frozen at −20°C, the GIS shows no signifi
cant changes in stability or particle size distribution upon 
analysis at 1, 2, 4, 8, 12, and 24 weeks after manufacturing 
(Table 1).
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In vitro toxicity

Concentrations of Gamitrinib that trigger tumor cell killing in 
culture (IC50 ~1–4 µM)28,30 did not inhibit cytochrome P450 
isoforms CYP1A2 (IC50, 32.9 µM), CYP2A6 (IC50, 24 µM), 
CYP2B6 (IC50, 16 µM), and CYP2C8 (IC50, 8 µM) 
(Supplementary Figure S2). Conversely, Gamitrinib inhibited 
CYP2C9 (IC50, 1.1 µM) and CYP3A4 (IC50, 0.12–0.2 µM) 
(Supplementary Figure S2).

When analyzed for ion channel conductance, high concentra
tions of Gamitrinib (10 µM) inhibited Nav1.5 currents by 
22.3 ± 5.3% (control, 80.3 ± 0.5%; n = 3, pulse 26), Kv4.3/ 
KChIP2 by 6.8 ± 2.2% (control 50.5 ± 2; n = 13), Cav1.2 by 
12.2 ± 1.5% (control, 46.8 ± 0.7%; n = 34, pulse 2), Kv1.5 by 
6.6 ± 1.3% (control 61 ± 1%; n = 15), KCNQ1/mink by 
22.5 ± 1.1% (control 55.7 ± 2.4%; n = 16), hERG by 37.9 ± 1.7% 
(control 42.9 ± 1.2%; n = 16), HCN4 by −0.2 ± 3.7% (control 
60.8 ± 1.2%; n = 16), and Kir2.1 by −7.3 ± 3.4% (control 
79.2 ± 1.9%; n = 15, pulse 10) (Figure 1(a)). The potential effect 
of Gamitrinib on hERG currents was further studied in patch- 
clamp experiments in transfected HEK293 cells (Figure 1(b)). 
Here, concentrations of Gamitrinib of 0.5, 1, 5, and 10 µM inhib
ited hERG currents by −0.68 ± 3.95%, 11.71 ± 6.51%, 
65.95 ± 6.78%, and 81.83 ± 1.88%, respectively (mean ± SD) 
(Figure 1(b)), resulting in a Gamitrinib IC50 of hERG inhibition 
of 3.5 µM (terfenadine IC50 21.7 nM) (Figure 1(c)).

To further characterize the potential cardiac toxicity of 
Gamitrinib, electrocardiography studies were carried out on bea
gle dogs administered IV Gamitrinib at dose levels of 1.25, 3.3, and 
6.25 mg/kg/dose twice weekly for 36 d plus a 14-d recovery period 
(Supplementary Figure S3). In this analysis, one out of five male 
dogs administered Gamitrinib at 6.25 mg/kg/dose exhibited 
a small (7%) prolongation of QTc interval (17 msec) on d 32 of 
the dosing phase, which reversed during the recovery phase. No 
Gamitrinib-related prolongation of QTc interval was observed in 
female dogs administered 6.25 mg/kg/dose or in both sexes admi
nistered 1.25 or 3.33 mg/kg/dose (Supplementary Figure S3). No 
Gamitrinib-related ECG changes in PR interval, QRS duration, 
QT interval, or heart rate were observed on d 32 of the dosing 
phase in animals administered 1.25, 3.33, or 6.25 mg/kg/dose or on 
d 11 of the recovery phase in animals administered 6.25 mg/kg/ 
dose. No other rhythm abnormalities or qualitative ECG changes 
were observed (Supplementary Figure S3).

PK studies

After the IV administration (5 mg/kg) to Sprague-Dawley rats 
(n = 3), the mean Gamitrinib Cmax was 1175.807 ng/mL 
(Figure 2(a)), with a mean volume of distribution at steady state 
(Vss) of 65.471 L/kg, medium to slow clearance at 
85.656 ± 5.856 ml/min/kg, and mean terminal-phase half-life 
(t1/2) of 12.25 ± 1.55 h (Table 2). Mean AUC0-t and AUCINF values 
were 783.199 and 976.002 h∙ng/mL, respectively (Table 2). 
Gamitrinib metabolism in rats did not generate detectable levels 
of 17-(amino)-17-demethoxygeldanamycin (17-AG) (Figure 2(b), 
Supplementary Table S2), a key metabolite of 17-AAG processing, 
in vivo.36 The IV administration of Gamitrinib to Sprague-Dawley 
rats at dose levels of 1, 10, or 25 mg/kg/dose twice weekly for 29 
d resulted in increased Cmax values from 1 to 25 mg/kg/dose 
followed by a bi-exponential decline (Figure 2(c)). CLSS values 
ranged from 84.83 to 131.33 mL/min/kg and VSS values from 12.2 
to 90.0 L/kg for d 4 and d 29. Gamitrinib Cmax and AUC0–24 values 
were similar on d 4 and d 29, indicating no drug accumulation 
after multiple doses. Accumulation ratio values ranged from 0.045 
to 1.04 for Cmax and from 0.344 to 1.33 for AUC0–24.

Table 1. Stability and particle size distribution of Gamitrinib Injectable Suspension 
(GIS).

Time of storage (2 ml GIS in 4 ml sterile glass vials at −20°C

0 1 wk 2 wk 4 wk 8 wk 12 wk 24 wk

Appearance Purple 
susp

Purple 
susp

Purple 
susp

Purple 
susp

Purple 
susp

Purple 
susp

Purple 
susp

Particle size 
(nm)

200 198 204 203 205 203 212

F/T particle 
size (nm)

197 209 207 216 208 225

Assay (mg/ 
ml)

4.41 4.80 4.57 4.43 4.47 4.47 4.61

Recovery (% 
over T0)

100 109 103 100 101 101 104

Susp, suspension; F/T, freeze-thaw; wk, week.

Figure 1. Ion channel activity. (a) Gamitrinib (10 µM) or relevant control was incubated with the individual channel-containing samples and the % inhibition of 
conductance compared to control was quantified. Mean ± SD. *, p = .02; ***, p < .0001. (b) Recording of hERG currents in the presence of control or the indicated 
increasing concentrations of Gamitrinib. Representative experiment. (c) HEK293 cells were transfected with hERG and analyzed for inhibition of hERG currents in the 
presence of increasing concentrations of Gamitrinib or control terfenadine. The IC50 values for each compound tested are indicated.
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Plasma protein binding, stability, microsome clearance, 
and intestinal penetration

Gamitrinib was heavily bound to plasma proteins 
(99.3 ± 0.07%) with an average free fraction of 0.7 ± 0.07%, 
comparable to control warfarin (bound, 98.3 ± 0.22%, free 
fraction, 1.68 ± 0.22%). The stability of Gamitrinib in human 
plasma was 91.4% with an average recovery of 82.8 ± 3% (war
farin, 88.3 ± 2.9%). At a concentration of 0.5 µM, the elimina
tion rate constant (k) of Gamitrinib in phase I, cytochrome 
P450-mediated human liver microsome metabolism was 0.041 
(control Midazolam, k = 0.04) with half-life (t½) of 16.7 min 
(Midazolam, t½ = 17 min) and intrinsic clearance (CLint) of 
3.30 mL/min/g (Midazolam, 3.23 mL/min/g). Gamitrinib 
showed negligible penetration across a monolayer of Caco-2 
intestinal cells with an apparent permeability coefficient (Papp’) 
of 1.90 nm/s in the A-to-B direction and 10.94 nm/s in the 
B-to-A direction with a Papp Efflux Ratio (ER) of 5.77 
(Supplementary Table S1).

Toxicity in Sprague-Dawley rats

Male rats administered Gamitrinib IV (1 h infusion) at dose 
levels of 1, 10, or 25 mg/kg/dose twice weekly on d 1, 4, 8, 11, 
15, 18, 22, 25, and 29 (dosing phase) exhibited a small, fully 
recoverable and not adverse reduction in mean body weights at 
10 (−5.5%) or 25 (−5.7%) mg/kg/dose (Figure 3). Gamitrinib- 
related clinical observations involved animals administered 
≥10 mg/kg/dose and included inguinal swelling, piloerection, 

hypoactivity, and sensitivity to touch at the infusion site. This 
is correlated with microscopic findings of mixed cell inflam
mation at the catheter/infusion site, which increased in inci
dence and/or severity in animals administered ≥10 mg/kg/dose 
(both sexes) and persisted through recovery. Alterations in 
clinical chemistry parameters, such as mildly to moderately 
higher neutrophil, and platelet (Plts) counts, minimally pro
longed partial thromboplastin time (PT), lower albumin, 
higher globulin, and alkaline phosphatase concentrations 
were observed at the highest Gamitrinib dose level tested 
(Figure 3(a)) and likely related to inflammation, accompanied 
by histologic evidence of spleen and liver extramedullary 
hematopoiesis. Minimally to mildly higher serum urea nitro
gen (UN) and creatinine concentrations in animals receiving 
Gamitrinib at 25 mg/kg/dose (Figure 3(a)) correlated with 
increased kidney weight and microscopic findings of tubular 
degeneration/regeneration (Figure 3(b)), which persisted to the 
end of the recovery phase. No effects on urinalysis or ophthal
mic changes were identified. Gamitrinib-related mortality due 
to severe inflammation and marked hemorrhage at the infu
sion site occurred in two males, one female administered 
25 mg/kg/dose and one male administered 10 mg/kg/dose. 
All other toxicity animals survived to their scheduled sacrifice. 
Gamitrinib-related mortality also occurred in two toxicoki
netic females administered 10 mg/kg/dose and one toxicoki
netic female administered 25 mg/kg/dose. Based on these 
findings, the non-observed adverse effect level (NOAEL) of 
Gamitrinib in rats is 1 mg/kg/dose, corresponding to Cmax and 
AUC0–24 values of 87.1 ng/mL and 174 ng∙h/mL, respectively, 

Figure 2. Gamitrinib PK in rats. (a) Gamitrinib (5 mg/kg) was injected IV in Sprague-Dawley rats and blood samples collected at the indicated time intervals were 
analyzed for Gamitrinib concentrations (Cmax). Data from three individual animals and t1/2 values (mean ± SD) are shown. (b) The conditions are as in (A) and plasma 
samples from rats administered IV Gamitrinib were analyzed for Gamitrinib or 17-AG concentrations. LLOQ, lower limit of quantification. (c) Male and female Sprague- 
Dawley rats administered Gamitrinib IV at three dose levels (1, 10 and 25 mg/kg/dose) twice weekly were analyzed for Gamitrinib concentrations (Cmax) on d 1, 4 and 29 
of the dosing phase (mean ± SD). LLOQ, lower limit of quantification.
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on d 29 of dosing. Due to non-severely toxic effects or mortal
ity in fewer than 10% of the animals administered 10 mg/kg/ 
dose, the severely toxic dose in 10% of the animals (STD 10) is 
10 mg/kg/dose, corresponding to Cmax and AUC0–24 values of 
311 ng/mL and 1300 ng∙h/mL, respectively, on d 29.

Toxicity in beagle dogs

Male and female beagle dogs administered IV Gamitrinib at 
dose levels of 1.25, 3.33, and 6.25 mg/kg/dose on d 1, 8, 15, 22, 
29, and 36 of the dosing phase showed no alterations in body 
weight or other clinical observations (Supplementary Table 
S3). Bone marrow and liver parameters were unremarkable in 
all group levels, and only a trend of increased serum urea 
nitrogen and creatinine was observed in animals (both sexes) 
receiving the highest dose level of Gamitrinib of 6.25 mg/kg/ 
dose (Figure 4). This correlated with microscopic findings of 
slight to moderate kidney tubular degeneration/regeneration, 
which was reversible during the recovery period. In addition, 
similar findings were present in one recovery sacrifice control 
male, making their relationship to Gamitrinib uncertain. No 
Gamitrinib-related changes in organ weight were observed and 
electrolyte, calcium, and phosphorus levels were unchanged in 
the various groups (Figure 4). Catheter and infusion site find
ings were similar in control and Gamitrinib-treated animals. 
Based on these findings, the NOAEL of Gamitrinib in dogs was 
3.33 mg/kg/dose (Cmax, 560 ± 404 ng/mL; AUC0–24, 1740 ± 713 
ng∙h/mL on d 36 of dosing, both sexes). In the absence of 
effects on the overt well-being of the animals and evidence of 
reversibility of Gamitrinib-related findings, 6.25 mg/kg/dose is 
considered the highest non-severely toxic dose (HNSTD). This 
dose level corresponds to Cmax and AUC0–24 values of 
1260 ± 556 ng/mL and 3290 ± 1090 ng∙h/mL, respectively 
(both sexes), on d 36 of the dosing phase.

Discussion

In this study, we have shown that Gamitrinib, a first-in-class 
mitocan inhibitor of mitochondrial protein folding, can be 
synthesized as a clinical-grade material, formulated as 
a sterile, stable injectable suspension and administered IV to 
two animal species for up to 36 d. In line with its unique 
mechanism of action of subcellular organelle targeting, 
Gamitrinib drug-like properties differ from those of non- 
mitochondrial-targeted 17-AAG (Tanespimycin) with slower 

clearance, longer half-life, and unique metabolism without 
generation of 17-AG. Finally, prolonged IV administration of 
Gamitrinib is essentially unremarkable in beagle dogs and 
causes occasional inflammation at the infusion site and modest 
alterations of kidney function in Sprague-Dawley rats.

Although rewiring of metabolic pathways is a key tumor 
driver,1 and mitochondria provide an actionable, multifunc
tional therapeutic target,7,8 the (pre)clinical development of 
mitocans is mostly in infancy.9 The most visible conclusion of 
these studies is the encouraging preclinical safety of 
Gamitrinib, the first mitocan to disrupt a Hsp90 mitochondrial 
proteome in cancer.19 When administered to dogs, concentra
tions of Gamitrinib up to 12.8-fold higher than therapeutically 
active doses in mice (10 mg/kg) did not elicit the extensive 
alterations of bone marrow, liver, and gastrointestinal tract 
functions seen with non-mitochondrial targeted 17-AAG37 

and its derivatives, 17-DMAG,38 and IPI-504.39 The only 
reportable observation in our study was that the highest dose 
level of Gamitrinib of 6.25 mg/kg caused only modest elevation 
of urea nitrogen and creatinine concentrations, with micro
scopic evidence of kidney tubule degeneration/regeneration, 
which was reversed during the 14-d recovery phase. The poten
tial cardiac liability of Gamitrinib, prompted by the role of 
Hsp90 in hERG protein folding40 was also unremarkable. 
Gamitrinib IC50 for hERG conductance in patch-clamp studies 
(3.5 µM) was up to 20-fold times higher than the IC50 of 
inhibition of tumor growth observed in an NCI 60-cell line 
screen,28 and only 1 out of 10 animals exhibited a small, 7% 
prolongation of QTc interval (17 msec) fully reversed during 
the recovery phase. In the rat study, Gamitrinib concentrations 
(25 mg/kg) up to 5-fold higher than the efficacious antitumor 
dose in mice, produced only occasional inflammation at the 
infusion/catheter site, accompanied by mild elevation of urea 
nitrogen and evidence of kidney tubule degeneration/ 
regeneration.

The molecular basis for the significantly more favorable 
safety of Gamitrinib compared to non-mitochondrial- 
targeted Hsp90 inhibitors37–39 remains to be elucidated. 
Previous data have suggested that Hsp90 may have greater 
affinity in tumors compared to normal tissues,14 which when 
combined with the selective accumulation of TRAP1 and 
Hsp90 in tumor mitochondria,17 may make the therapeutic 
inhibition of mitochondrial chaperones15 more efficient in 
cancer than normal tissues. It is also possible that the rapid 
intracellular transfer of Gamitrinib followed by its stable 

Table 2. Gamitrinib (5 mg/kg IV) PK in Sprague-Dawley rats.

PK Parameters Unit Rat 1 Rat 2 Rat 3 Mean SD CV (%)

t1/2 h 11.623 11.107 14.022 12.250 1.555 12.7
Cmax ng/mL 1153.712 829.668 1544.041 1175.807 357.699 30.4
CL mL/min/kg 79.233 87.035 90.700 85.656 5.856 6.8
MRT h 5.539 5.411 5.524 5.492 0.0702 1.3
Vz L/Kg 79.715 83.678 110.085 91.159 16.509 18.1
Vss L/Kg 58.230 60.052 78.131 65.471 11.001 16.8
AUClast h∙ng/mL 851.441 789.045 709.112 783.199 71.344 9.1
AUCINF h∙ng/mL 1051.752 957.472 918.784 976.002 68.394 7.0

AUCINF; area under concentration vs. time curve from time 0 to infinity; AUClast, area under concentration vs. time curve from time 0 to last quantifiable concentration; 
Cmax, maximum-observed concentration; CL, clearance; MRT, mean residence time; t1/2, terminal half-life; Vz, apparent volume of distribution; Vss, volume of 
distribution at steady-state.
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sequestration in mitochondria30 prevents a meaningful inhi
bition of cytosolic Hsp90, likely responsible for the toxicity 
of non-mitochondrial-targeted Hsp90 antagonists.37–39 This 
is consistent with other data showing that Gamitrinib treat
ment does not induce downregulation of Hsp90 client 
proteins,31 or a heat shock response, i.e. elevation of 
Hsp70, two hallmarks of Hsp90 inhibition in the cytosol.27

In addition to improved safety, Gamitrinib exhibited unique 
drug-like properties compared to 17-AAG. These included 
slower clearance (85.65 ± 5.85 mL/min/kg), much longer term
inal-phase half-life (t1/2, 12.25 ± 1.55 h), and no generation of 
17-AG, a key metabolite of 17-AAG processing.36 The 

structural basis for the increased Gamitrinib stability in vivo 
is currently not known. However, these data are reminiscent of 
the greater stability of 17-DMAG compared to 17-AAG,41 and 
it is possible that the presence of the triphenylphosphonium 
side chain reduces the oxidative metabolism of Gamitrinib,41 

causing slower drug clearance and longer t1/2.
Despite the promise of Hsp90 as a hub of many onco

genic pathways,42 the clinical response to GA or non-GA 
Hsp90 antagonists has been disappointing.27 Although fea
sible, Hsp90-directed therapy has shown marginal, if any, 
patient responses as a single agent or in combination, ham
pered by unacceptable toxicity, including treatment-related 

Figure 3. Gamitrinib toxicity in rats. (a) Males and females Sprague-Dawley rats were administered IV Gamitrinib at the indicated dose levels of 1, 10 and 25 mg/kg twice 
weekly for 29 d (dosing phase) weighed and blood samples collected at the end of the dosing phase were analyzed for the indicated clinical-chemistry parameters 
(mean ± SD). *, p = .01–0.03; **, p = .001–0.002; ***, p = .0004-<0.0001; ns, not significant. (b) Kidney histology of study rats (animal numbers in parentheses) 
administered vehicle or Gamitrinib IV (25 mg/kg/dose). Vehicle (#0001), normal kidney; Vehicle (#0004), minimal kidney degeneration/regeneration; Gamitrinib (#0306), 
slight kidney tubule degeneration/regeneration; Gamitrinib (#304), marked kidney tubule degeneration/regeneration. Representative images. Scale bar, 300 µm.
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deaths.37–39 These negative results have brought into ques
tion the validity of Hsp90 as a therapeutic target. Our data, 
combined with the preclinical anticancer activity of 
Gamitrinib,31–35 suggest a different scenario, where only 
a few, selected chaperone functions out of likely hundreds, 
are exploited for tumor growth.42 In this context, “untar
geted,” global Hsp90 inhibition as previously pursued in the 
clinic,27 may exacerbate organ and tissue toxicity while para
doxically narrowing the therapeutic window. The pool of 
Hsp90 compartmentalized in tumor mitochondria,19 which 
escapes inhibition by “untargeted” Hsp90 antagonists,28,30 

may provide one such key chaperone function exploited 

for tumor growth: preserving a multifunctional mitochon
drial proteome highly vulnerable to oxidative and proteo
toxic stress.

Based on the findings presented here, the feasibility and 
safety of Gamitrinib are currently being evaluated in a first- 
in-human, phase I clinical trial in patients with advanced 
cancer as part of a publicly funded academic effort 
(NCT04827810). In addition to validating mitochondrial 
proteostasis and Hsp90 as actionable therapeutic targets, 
the clinical development of Gamitrinib suggests that other 
mitochondrial functions exploited in cancer, such as one- 
carbon metabolism43 and DNA transcription,44 may also be 

Figure 4. Gamitrinib toxicity in dogs. Male and female beagle dogs were administered IV Gamitrinib at the indicated dose levels of 1.25, 3.33 and 6.25 mg/kg twice 
weekly for 36 d and blood samples collected prior to the initiation of dosing (predose) and on d 36 of the dosing phase (dosing) were analyzed for the indicated clinical- 
chemistry parameters (mean ± SD). *, p = .01–0.04; ***, p = .001; ns, not significant.
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druggable using a similar, “targeted” approach of subcellu
lar drug delivery.7,8
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