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Abstract: Cancer metabolic plasticity, including changes in fatty acid metabolism utilisation, is
now widely appreciated as a key driver for cancer cell growth, survival and malignancy. Hence,
cancer metabolic pathways have been the focus of much recent drug development. Perhexiline is a
prophylactic antianginal drug known to act by inhibiting carnitine palmitoyltransferase 1 (CPT1) and
2 (CPT2), mitochondrial enzymes critical for fatty acid metabolism. In this review, we discuss the
growing evidence that perhexiline has potent anti-cancer properties when tested as a monotherapy
or in combination with traditional chemotherapeutics. We review the CPT1/2 dependent and
independent mechanisms of its anti-cancer activities. Finally, we speculate on the clinical feasibility
and utility of repurposing perhexiline as an anti-cancer agent, its limitations including known side
effects and its potential added benefit of limiting cardiotoxicity induced by other chemotherapeutics.

Keywords: perhexiline; repurposing; anti-cancer; cancer metabolism; cardiotoxicity

1. Introduction

Cancer cells have high metabolic demands and many altered metabolic pathways,
diverting nutrients toward the anabolic processes required to sustain the production of ATP
and macromolecules required for growth and survival in harsh tissue microenvironments.
In particular, various aspects of fatty acid uptake, synthesis, modification and degrada-
tion are altered in cancer cells during tumour development and progression (extensively
reviewed in [1–3]). Alterations in fatty acid β-oxidation (FAO) influence cancer cell prolif-
eration, metastasis, stemness, survival and drug resistance [1]. Therefore, key enzymes or
regulators of FAO are potential targets for cancer therapy.

The carnitine system plays an essential role in FAO, being critical for the transport
of long-chain fatty acids across the mitochondrial membrane to generate energy. The
carnitine system consists of four components: carnitine palmitoyltransferase 1 (CPT1;
3 isoforms CPT1A, CPT1B and CPT1C) and 2 (CPT2), the carnitine-acylcarnitine translocase
and the carnitine acetyltransferase. As key regulators of FAO, these components have
been implicated in cancer progression/survival and are often overexpressed in different
cancer types [4]. Targeting the carnitine system has been proposed as a cancer treatment
strategy [5], but nothing so far has translated into clinical practice.

Multiple CPT inhibitors have been developed, including perhexiline and etomoxir
(reviewed in [6]). The anti-anginal drug perhexiline can inhibit CPT1 and CPT2 [7,8]. Recent
preclinical studies suggest that perhexiline possesses significant anti-tumour activity. It
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has been used as a monotherapy, or in combination therapy with other anti-cancer drugs
to enhance their therapeutic efficacy or reduce drug resistance. Although the activities of
perhexiline have been widely investigated, there remains uncertainty about the underlying
mechanisms of action. This review summarises the potential mechanisms of action of
perhexiline based on reported studies and discusses the potential of re-purposing this drug
as a treatment for cancer.

2. Overview of Perhexiline

Perhexiline maleate (prescribed as Pexsig or Pexid) was originally developed as an
anti-anginal drug in the 1970s (reviewed in [6]). It was an effective treatment for angina, but
reports of severe hepatoxicity and neurotoxicity in a subset of patients resulted in reduced
global usage by the late 1980s [9,10]. Nevertheless, perhexiline continues to be prescribed in
several countries, including Australia and New Zealand, where it is approved for treating
patients with refractory angina pectoris or patients with angina in whom other therapies
are contraindicated [11,12]. Other reported clinically beneficial effects include enhancing
myocardial energetics in heart failure [13] and hypertrophic cardiomyopathy [14].

Perhexiline, 2-(2,2-dicyclohexylethyl) piperidine, is a small, amphiphilic molecule with
a –CH-CH2 carbon chain backbone, two saturated cyclohexane rings and a piperidine ring
(Figure 1). It is a chiral molecule due to asymmetry of the second carbon of the piperidine
ring, and the clinical formulation of perhexiline is a racemic 1:1 mixture of (+)-perhexiline
and (−)-perhexiline enantiomers. Perhexiline is metabolised by the polymorphic enzyme
cytochrome P450 2D6 (CYP2D6). Variable expression of and/or mutations in CYP2D6
can result in highly variable clearance rates, with distinct phenotypes termed ultrarapid,
extensive, intermediate and poor metabolisers [15]. Pharmacokinetic studies suggest that
the perhexiline enantiomers display stereoselective metabolism, with the clearance rate of
(−)-perhexiline greater than (+)-perhexiline [16–18].

The clinical benefits of perhexiline are derived from its ability to inhibit the mito-
chondrial enzymes CPT1 and CPT2 [7,8]. As part of the carnitine system, CPT1 and CPT2
are involved in the translocation of fatty acids across the mitochondrial membranes into
mitochondrial matrix, where they undergo FAO (β-oxidation). The oxidation process
generates acetyl-CoA, nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH2). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle generating
more NADH and FADH2, which are co-enzymes in the electron transport chain, and these
intermediates are used to generate cellular adenosine triphosphate (ATP). In the cardiac
setting, inhibition of the CPTs by perhexiline shifts myocardial metabolism from principally
fatty acid toward a greater carbohydrate metabolism, maintaining myocardial production
of ATP but requiring lower oxygen consumption [19].

Despite its unique mechanism of action and proven efficacy, the clinical use of per-
hexiline is limited owing to its narrow therapeutic index and variable pharmacokinet-
ics [10,20,21]. These factors mean that for long-term clinical use, plasma concentrations
of perhexiline must be monitored and maintained within a therapeutic range of 0.15 to
0.60 mg/L (equivalent to ~0.5 to 2 µmol/L) [22]. With monitoring, the risk of serious toxic-
ity associated with long-term perhexiline dosing can be minimised, without abolition of
the antianginal effects [11,22]. Further, perhexiline toxicity takes several months to develop.
Therefore, much higher doses than normally prescribed can be tolerated if perhexiline is
administered in cycles, provided there are sufficient breaks between the cycles [11,22].
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Figure 1. Proposed anti-cancer effects of perhexiline. Perhexiline inhibition of carnitine palmito-
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Figure 1. Proposed anti-cancer effects of perhexiline. Perhexiline inhibition of carnitine palmitoyl-
transferase 1 (CPT1) and CPT2 restricts the entry of free fatty acids into the mitochondrial matrix,
thereby inhibiting fatty acid oxidation (FAO). This may limit the production of the electron transport
chain (ETC) co-enzymes nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2), which would inhibit oxidative phosphorylation (OXPHOS) and the generation of adeno-
sine triphosphate (ATP). A reduction in ratio of ATP to adenosine monophosphate (AMP) activates
AMP-activated protein kinase (AMPK) by phosphorylation (pAMPK). pAMPK triggers autophagy,
and inhibits cell proliferation by inhibiting mammalian target of rapamycin complex 1 (mTORC1).
Additionally, perhexiline increases the level of reactive oxygen species (ROS), which compromises
mitochondrial membrane integrity, leading to the release cytochrome c and activation caspases that
initiate apoptosis. Created with BioRender.com.

3. Perhexiline Anti-Cancer Studies and Proposed Mechanisms

Multiple studies have demonstrated that perhexiline by itself inhibits the growth
of various cancer cell lines in vitro at micromolar concentrations (Table 1). Rodriguez-
Enriquez et al. reported the half-maximal inhibitory concentrations (IC50) for perhexiline
ranged between 3 and 22 µmol/L for a variety of cancer cell lines, including from the
breast, cervix, colon and lung [23]. Ren et al. reported that the IC50 for multiple breast
cancer cell lines was between 2 and 6 µmol/L [24]. We recently reported that the IC50 for a
panel of colon cancer cell lines was around 4 µmol/L [25]. These IC50 ranges are similar to
the recommended maximum therapeutic plasma concentration of perhexiline of around
2 µmol/L [21]. Small animal studies have demonstrated that perhexiline concentrates fur-
ther within tissues [26]. Thus, there are anti-tumour effects when the plasma concentration
is within the therapeutic range. However, the relationship between the plasma and tumour
perhexiline concentrations has not been explored.
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Table 1. Studies summarising the effects of perhexiline on various cancer cells in vitro.

Study Cancer Cell Lines Key Findings

Ramu et al.
(1984) [27] BCL P388

P388/ADR Re-sensitised DOX-resistant P388/ADR to DOX.

Foster et al.
(1988) [28] BRCA MCF-7

MCF-7/ADR
Re-sensitised DOX-resistant MCF-7/ADR to DOX.

Increased intracellular DOX accumulation.

Balgi et al.
(2009) [29] BRCA MCF-7 Induced autophagy.

Inhibited mTOR signalling.

Ren et al.
(2015) [24] BRCA

MDA-MB-468 Inhibited growth.
SK-BR-3 Induced HER3 internalisation and degradation.
AU565 Synergistic with lapatinib.
BT474 Overcame lapatinib induced resistance.

Rodriguez-
Enriquez et al.

(2015) [23]

BRCA

CAC
CRC
Lung

Fibroblast

MDA-MB-231
MDA-MB-468

MCF-7
HeLa

COLO205
A-549

3T3
CCD-25Lu

Inhibited growth.

Liu et al.
(2016) [30] CLL Primary CLL, normal

lymphocytes

Inhibited growth.
Induced apoptosis.

Did not decrease oxygen consumption.

Batra &
Alenfall

(1991) [31]
CRC HT-29 Inhibited growth.

Dhakal et al.
(2022) [25]

CRC

Fibroblast

COLO205
HCT116
HT-29
SW480
SW620
PDO
HFF

Inhibited growth.
Induced apoptosis.

Wang et al.
(2020) [32]

CRC

GC

HCT116
DLD-1
HGC27

MGC803
GES-1 CCD841

Induced apoptosis associated with decreased FAO,
NADPH/NADP+ ratio, and mitochondrial

transmembrane potential.
Increased ROS levels.

Synergistic with oxaliplatin.

Zhu et al.
(2019) [33] EOC OVCAR3, CAOV3,

OV90
Inhibited Akt/mTOR/S6K.

Increased apoptosis

Kant et al.
(2020) [34] GBM

PN19
MES83
T98G
U251

Anti-tumoral effects of PHX were independent of CPT and
FAO inhibition.

Agren et al.
(2014) [35] HCC HepG2 Inhibited growth.

Brown et al.
(2018) [36] HCC Murine and human

CD4+ T cells Rescued fatty acid-induced apoptosis.

Xu et al.
(2018) [37] HCC Hep3B

Huh7

Showed effects on glycolysis, OXPHOS and FAO.
Inhibited growth.

Induced apoptosis.
Upregulated AMPK.
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Table 1. Cont.

Study Cancer Cell Lines Key Findings

Xu et al.
(2019) [38] MM RPMI8226

OPM2
Decreased viability.
Induced apoptosis.

Vella et al.
(2015) [39] NB

Increased expression of NDM29 ncRNA
Downregulated ABC transporter (ABCA1, ABCA12) and solute

carrier (SLC7A11) expression.
Synergistic with cisplatin.

Rathore et al.
(2021) [40] OSS NOS1

Did not alter oxygen consumption.
Inhibited cell proliferation, induced cell deat, and reduced total

RSP6 and mTOR at higher concentration.
Synergistic with NCT-503.

Ghaffari et al.
(2015) [41] PC, SCC PC-3, A-431 Reduced viability.

Flaig et al.
(2017) [42] PC

22Rv1
MDV3100-resistant

LNCaP
TRAMPC1

Combination treatments synergistically reduced proliferation.

Itkonen et al.
(2017) [43] PC LNCaP

Increased intracellular lipid accumulation.
Decreased proliferation.

Induced apoptosis and incomplete autophagy.
Blocked proliferation in combination with MVD-3100 or ABI.

Nassar et al.
(2020) [44] PC

LNCaP
C4-2B
22RV1

Decreased viability of cells.
Downregulated expression of cell-cycle related genes CDK4,

CDK6, AURKB, CCD20, CCND1, CCNE2, and E2F1
Increased G0–G1 cells.

Increased cleaved PARP levels and apoptotic cells.
Synergistic with AUY922.

Schnell et al.
(2015) [45] T-ALL

HPB-ALL
DND41
JURKAT

CCRF-CEM
CUTLL1

RPMI8402

Induced strong anti-leukemic responses in T-ALL cells with and
without NOTCH1 mutations.

Anti-leukemic in primary human T-ALL.

Perhexiline appears to be moderately selective for cancer cells. The growth of colon
cancer cell lines was inhibited by lower concentrations of perhexiline than human foreskin
fibroblasts, with a selectivity index of approximately three [25]. Likewise, normal liver
organoids were more tolerant of perhexiline than colorectal cancer (CRC) patient-derived
organoids (PDOs) [25]. Metastatic HeLa cells were three times more sensitive than fibroblast
lines (3T3 and CCD-25Lu) and non-metastatic cancer cell lines [23]. Wang et al. reported
that gastric cancer (HGC27, MGC803) and colon cancer (HCT116, DLD-1) cell lines were
more sensitive to perhexiline than cell lines derived from normal gastric (GES-1) and
colonic (CCD 841) epithelium [32]. Perhexiline induced apoptosis in the gastrointestinal
cancer cell lines at 10 µmol/L, while cells derived from normal epithelium were resistant
up to 20 µmol/L. Furthermore, they observed that expression of CPT1B and CPT2 was
generally higher in the cancer cells, raising the possibility that increased CPT expression
levels may contribute to perhexiline sensitivity. Liu et al. demonstrated that patient-derived
chronic lymphocytic leukemia (CLL) cells were more sensitive to perhexiline than normal
lymphocytes and bone marrow stromal cells [30]. They postulated that the turnover rate
of cardiolipin may be higher in CLL than normal cells due to elevated intrinsic levels
of oxidative stress and higher expression of cardiolipin degradation enzymes such as
the phospholipase iPLA2 [46–48]. The high cardiolipin turnover would render CLL cells
dependent on the transport of fatty acids into the mitochondria for cardiolipin synthesis,
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and susceptible to CPT inhibition. Perhexiline selectivity may be dependent on the relative
balance between nutrient availability and requirement. Transient exposure of immortalised
mouse embryo fibroblasts to perhexiline was not toxic in nutrient-rich conditions, but
lead to rapid apoptosis in starvation conditions by mechanisms involving inhibition of the
nutrient sensor, mammalian target of rapamycin complex 1 (mTORC1) [29]. Interestingly,
these perhexiline mediated anti-cancer effects have been reported to involve multiple
cellular processes (Figure 1).

3.1. Perhexiline Activates the Intrinsic Apoptotic Pathway

Multiple studies have reported that the growth inhibition induced in cancer cells by
micromolar concentrations of perhexiline involved the induction of apoptosis [25,30,32–
34,38,43,44,49]. Apoptosis is a highly regulated form of programmed cell death [50], and the
intrinsic (non-receptor mediated) apoptotic pathway is initiated by intracellular cues, such
as oxidative stress [51]. Studies in gastrointestinal cancer cells revealed that perhexiline-
induced apoptosis was associated with decreases in FAO and NADPH production, and
a significant increase in the level of reactive oxygen species (ROS) [32]. These changes
are known to contribute to mitochondrial membrane permeability [51]. Indeed, perhex-
iline induced the loss of mitochondrial membrane integrity, release of cytochrome c, ac-
tivation of caspase-3 and caspase-9, and cleavage of poly (ADP-ribose) polymerase 1
(PARP-1) [25,30,33,43].

In contrast, little is known about the effects of nanomolar concentrations of perhexiline
on apoptosis. Brown et al. demonstrated that the high fat environment of non-alcoholic fatty
liver disease (NAFLD) promoted CD4+ T-cell apoptosis through peroxisome proliferator-
activated receptor alpha (PPARalpha)-mediated upregulation of CPT gene expression [36].
Increased CPT expression promoted mitochondrial uptake of the long chain fatty acid
linoleic acid, resulting in elevated mitochondrial ROS levels and cell apoptosis. Nanomolar
concentrations of perhexiline, 312.5 and 625 nmol/L in murine and human CD4+ T-cells,
respectively, inhibited the linoleic acid-induced apoptosis in vitro. Furthermore, in a
diet-induced transgenic mouse model of NAFLD, perhexiline treatment inhibited the
spontaneous development of hepatocellular carcinoma (HCC). This was associated with a
reduction in apoptotic events in intrahepatic CD4+ T-cells, which are known to play critical
roles in tumour cell surveillance and elimination. However, it is not known if cancer cells
respond in a similar way to nanomolar concentrations of perhexiline.

3.2. Perhexiline Promotes Incomplete AMP-Activated Protein Kinase (AMPK)
Activated Autophagy

Autophagy is a tightly regulated and stress-induced catabolic pathway in which cellu-
lar targets are engulfed by autophagosomes and delivered to lysosomes for degradation
into metabolic substrates [52,53]. Autophagy will be triggered by energy starvation or
starvation of nutrients such as amino acids which act through the 5′-adenosine monophos-
phate (AMP)-activated protein kinase (AMPK) signalling pathway or mammalian target
of rapamycin (mTOR) complex 1 (mTORC1), respectively [54]. Changes in intracellular
AMP/ATP levels promote phosphorylation and activation of AMPK (pAMPK). Once acti-
vated, pAMPK switches off energy-consuming processes, and switches on ATP-generating
mechanisms.

Studies in cardiac tissues have shown that perhexiline (1–10 µmol/L) activates the
phosphorylation of AMPK, but only in the absence of glucose [55]. Meanwhile, Xu et al.
demonstrated that concomitant inhibition of FAO with perhexiline, glycolysis and oxidative
phosphorylation (OXPHOS) resulted in AMPK phosphorylation in hepatocellular carci-
noma cell lines in vitro and in vivo [37]. Interestingly, Bagli et al. identified perhexiline from
a screen of chemicals that were capable of inducing autophagy and inhibiting mTORC1
signalling in an MCF-7 breast cancer cell line maintained in nutrient-rich conditions [29].
Autophagy induction and inhibition of mTORC1 signalling was rapidly reversible upon
perhexiline withdrawal, unlike with the mTOR inhibitor rapamycin. The authors suggested
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that perhexiline most likely inhibited mTORC1 signalling by acting on upstream regulatory
pathways. Itkonen et al. observed that perhexiline induced incomplete autophagy in
LNCaP prostate cancer cells leading to cell death [43].

3.3. Perhexiline Improves Chemotherapy Efficacy

The first description of the anti-cancer potential of perhexiline was published by
Ramu et al. in 1984 [27]. Building on the observation that doxorubicin-resistant and sen-
sitive leukaemia cell lines could be distinguished based on their cell lipid membrane
composition [56], they investigated if perhexiline combined with doxorubicin could over-
come resistance. They observed that perhexiline re-sensitised doxorubicin-resistant murine
B-cell lymphoma cells (P388/ADR) to doxorubicin treatment. Similar results were observed
in doxorubicin-resistant breast cancer cells (MCF-7/ADR) [28]. The increased sensitivity
to doxorubicin in MCF-7/ADR was accompanied by an increase in intracellular doxoru-
bicin accumulation [28], raising the possibility that perhexiline reduced the activity of
ATP-binding cassette (ABC) transporters, which are involved in drug efflux and chemother-
apeutic resistance [57].

Perhexiline improved the efficacy of platinum-based antineoplastics oxaliplatin and
cisplatin in colon, gastric [32], neuroblastoma [39] and epithelial ovarian cancer [33].
Wang et al. reported that oxaliplatin treatment significantly increased expression of CPT1B
and CPT2 in gastric (HGC27 and MGC803) and colon (HCT116 and DLD-1) cancer cells [32].
In comparison, cisplatin and 5-fluorouracil (5-FU) slightly increased the expression of these
enzymes. Expression of CPT1B and CPT2 was elevated in an oxaliplatin-resistant derivative
of HCT116 (HCT116-OxaR). High expression of CPT1B and CPT2, determined by immuno-
histochemistry, was associated with poor response to oxaliplatin-based therapy (FOLFOX
or XELOX) in advanced colorectal cancer patients [32]. Perhexiline (10 to 20 µmol/L) in-
hibited proliferation and induced apoptosis in the gastrointestinal cancer cell lines, but
not in cell lines derived from normal gastric (GES-1) or colonic (CCD841) epithelium. Fur-
thermore, the HCT116-OxaR cells exhibited greater sensitivity to perhexiline than HCT116.
The combination of perhexiline and oxaliplatin greatly inhibited tumour growth of several
gastrointestinal cancer cell lines and patient-derived xenografts (PDXs) [32]. The thera-
peutic response in gastric cancer PDXs correlated with the basal levels of CPT1 and CPT2
expression. Together, these findings raised the possibility that perhexiline could be used to
overcome oxaliplatin resistance in gastrointestinal cancers.

Zhu et al. reported that perhexiline and cisplatin synergistically inhibited epithelial
ovarian cancer cell lines bearing deletions of the NK2 homeobox 8 (NKX2-8) gene [33]. The
NKX2-8 gene is a homeobox-containing developmental regulator that is down-regulated
in multiple cancers and associated with disease progression [58–61]. Deletions in NKX2-8
were associated with reprogramming of fatty acid metabolism, including increased CPT1A
and CPT2 expression, and increased chemoresistance. The combination of perhexiline
and cisplatin markedly reduced the growth of an epithelial ovarian cancer (EOC) cell line
xenograft bearing a deletion in the NK2 homeobox 8 (NKX2-8+/−) gene. This feature may
also contribute to the cancer specificity observed in other studies mentioned above.

Upregulation of HER3 is a major mechanism underlying resistance to epithelial growth
factor receptor (EGFR) and HER2 tyrosine kinase inhibitors, including lapatinib [62–64].
Treatment of HER3+ breast cancer cells with lapatinib induces a transient decrease in activa-
tion of HER3 and downstream Akt signalling [24,63]. Ren et al. observed that the addition
of perhexiline to lapatinib prolonged inhibition of HER3 signalling [24]. Furthermore, the
combination of perhexiline and lapatinib synergistically inhibited proliferation of some
breast cancer cell lines.

Treatment with luminespib (NVP-AUY922), a second-generation heat shock protein
90 (HSP90) inhibitor, increased the abundance of proteins involved in OXPHOS and fatty
acid metabolism in prostate cancer patient-derived explants, and increased mitochondrial
mass and expression of genes associated with fatty acid metabolism processes, including
CPT1A, in prostate cancer cell lines [44]. The combination of luminespib and perhexiline
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synergistically decreased viability of prostate cancer cell lines and increased the efficacy
in explants by inducing cell cycle arrest and apoptosis, and attenuated the heat shock
response, a known mediator of HSP90 treatment resistance.

Vella et al. [39] demonstrated that relatively low concentrations of perhexiline (0.01 and
1 µmol/L) increased the expression of neuroblastoma differentiation marker 29 (NDM29),
a non-coding RNA known to induce differentiation and restrict the tumorigenic potential
of neuroblastoma cells [65]. The increased NDM29 expression was associated with a re-
duction in ABC transporter (ABCA1, ABCA12) and solute carrier (SLC7A11) expression.
A non-cytostatic concentration of perhexiline (0.01 µmol/L) enhanced the cytotoxic effect
of cisplatin synergistically in SH-SY5Y neuroblastoma cells. In a mouse neuroblastoma
xenograft model, co-administration of cisplatin and perhexiline was more effective than
either therapeutic alone at inhibiting tumour growth and prolonging survival, demonstrat-
ing the potential for dose reduction of a chemotherapeutic that is commonly associated
with toxicity in patients [39].

3.4. Perhexiline Improves Anti-Androgen Therapy Efficacy

Prostate cancer cells differ from those of many other cancers in that they predom-
inantly utilise fatty acid rather than glucose metabolism, and fatty acid metabolism is
an androgen-regulated process in prostate cancer cells [66]. Studies have shown that im-
proved anti-cancer efficacy can be achieved by co-targeting androgen signalling and FAO,
which may have clinical implications especially in metastatic castrate-resistant prostate
cancer patients [42,43]. Flaig et al. reported that CPT1A expression was increased in
prostate cancer compared to benign tissue. Decreased CPT1A expression was associated
with decreased Akt content and activation. Since lipid oxidation is stimulated by andro-
gens, the effects of combining CPT1A inhibition and anti-androgen therapy was evaluated.
The combination therapy resulted in increased androgen receptor action and increased
sensitivity to the anti-androgen enzalutamide. The combination of FAO inhibitors (per-
hexiline, etomoxir or ranolazine) with enzalutamide produced robust growth inhibition in
prostate cancer cell models including enzalutamide resistant LNCaP and mouse TRAMPC1
cells [42]. Itkonen et al. demonstrated that perhexiline promoted intracellular accumulation
of lipid, inhibited proliferation and induced incomplete autophagy and apoptosis in LNCaP
prostate cancer cell lines [43]. Furthermore, perhexiline combined with the anti-androgens
abiraterone (ABI) or enzalutamide (MDV-3100) almost completely blocked proliferation.

3.5. Perhexiline as Part of a Metabolic Inhibitor Strategy for Cancer

Many cancer cells prefer glycolysis for their energetic needs (Warburg effect). The
hexokinase family consisting of four genes (HK1-4) are rate-limiting enzymes in glycolysis.
While cancer cells can express more than one of these isoenzymes, the majority only use
HK2. Xu et al. recognised that a HK1−HK2+ cancer subset existed among a wide variety
of cancer types, including multiple myeloma (MM) [38] and hepatocellular carcinoma
(HCC) [37]. They demonstrated that perhexiline synergised with the glycolysis inhibitor
2-fluoro-deoxy-D-glucose (FDG) and the OXPHOS inhibitor diphenyleneiodonium (DPI)
to significantly decrease viability of liver cancer cells in vitro and in mouse xenografts [37].
Since glycolysis is an important metabolic process utilised by normal tissues, Xu et al.
further refined this triple combination by replacing FDG with shRNA knockdown of HK2
expression [38]. The triple combination strategy was shown to be more effective for treating
HK2-positive tumours than the dual therapy of HK2-knockdown combined with OXPHOS
inhibition.

Overexpression of 3-phosphoglycerate dehydrogenase (PHGDH), the rate-limiting
enzyme in the biosynthesis of serine from glucose, has been observed in many cancer
types and has been linked to poor patient outcomes including chemotherapy resistance,
shorter progression-free survival, increased rates of metastasis and poorer overall survival
(reviewed in [67]). Rathore et al. observed that PHGDH inhibition in osteosarcoma cell
lines attenuated cellular proliferation without causing cell death, prompting an exten-
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sive metabolic analysis to characterise pro-survival mechanisms [40]. Metabolomic and
lipidomic profiling of the cellular response to PHGDH inhibition revealed the accumulation
of unsaturated lipids, branched chain amino acids and methionine cycle intermediates,
leading to activation of pro-survival mTORC1 signalling. The combination of perhexiline
with a PHGDH small molecule inhibitor (NCT-503) resulted in significant synergistic cell
death in vitro and in vivo, providing preclinical justification for a dual metabolism-based
combination therapy for PHGDH-high cancers.

4. Perhexiline: More than Just CPT Inhibition

While perhexiline is widely considered to act by inhibiting CPT and FAO, a number of
reports suggest that its anti-cancer effects may be mediated by CPT-independent pathways.

4.1. PI3K/Akt/mTOR

The phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR)
signalling pathway coordinates the uptake and utilisation of multiple nutrients, including
lipids, glucose, glutamine and nucleotides, facilitating the enhanced growth and prolifera-
tion of cancer cells. The pathway is one of the most frequently altered in human cancers.
Several studies have demonstrated that perhexiline suppresses the PI3K/Akt/mTOR path-
way [24,33,40,44].

PI3K transduces upstream signals from receptor tyrosine kinases to generate criti-
cal lipid second messengers that activate downstream signalling effectors such as Akt
and mTOR. The conserved serine/threonine-protein kinase, mTOR, belongs to the PI3K
family of protein kinases and constitutes the catalytic component of two distinct multi-
protein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [68].
The mTORC1 complex contains regulatory-associated protein of mTOR (raptor), and the
mTORC2 complex contains the rapamycin-insensitive companion of mTOR (rictor). The
mTORC1 catalyses the phosphorylation of S6 kinase β-1 (S6K) and initiation factor 4E
binding protein 1 (4E-BP1). In contrast, mTORC2 initiates phosphorylation of Akt and
protein kinase C (PKC), thereby regulating nutrient metabolism, protein synthesis, growth
factor signalling, cell growth and migration [69,70].

Balgi et al. identified that perhexiline inhibited mTORC1 signalling, as evidenced by
decreases in S6K and 4E-BP1 phosphorylation, and induced autophagy in the breast cancer
cell line MCF-7 maintained in nutrient-rich conditions [29]. In contrast, perhexiline did
not inhibit mTORC2, suggesting that it did not inhibit mTOR catalytic activity, but rather
inhibited signalling to mTORC1. Similarly, Rathore et al. demonstrated that perhexiline
treatment of an osteosarcoma cell line (NOS1) significantly decreased levels of total mTOR
and total RSP6 [40]. Nassar et al. demonstrated that perhexiline induced modest inhibition
of ERK and Akt phosphorylation in C4-2B prostate cancer cells [44].

Inhibition of the PI3K/Akt/mTOR pathway has been observed with other CPT in-
hibitors [71]. Combination therapy with etomoxir (an irreversible inhibitor of CPT1A), and
orlistat (an irreversible inhibitor of lipases and fatty acid synthase) resulted in a synergistic
decrease in viability of prostate cancer cell lines (LNCaP and VCaP) and patient-derived
benign and prostate cancer cells. These effects were associated with decreased mTOR
signalling, decreased androgen receptor expression, and increased apoptosis. Knockdown
of CPT1A expression in LNCaP cells decreased oxidation of the fatty acid palmitic acid
(C16:0), increased sensitivity to etomoxir, inactivated Akt and activated apoptosis.

4.2. ErbB3 (HER3)

The ErbB family of proteins consist of four structurally related receptor tyrosine
kinases: ErbB1 (HER1, EGFR), ErbB2 (HER2, Neu), ErbB3 (HER3) and ErbB4 (HER4).
Excessive ErbB signalling is associated with the development of various solid tumours
and is associated with poor patient outcomes. Heterodimerisation of HER3 with HER2
activates the PI3K/Akt/mTOR pathway [72], and HER3 knockout impairs the ability of
HER2 to induce tumour formation [73].
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Ren et al. demonstrated that perhexiline inhibited the activation of HER3 and the
proliferation of HER3+ breast cancer cell lines in vitro and in xenografts [24]. The perhex-
iline treatment induced rapid HER3 internalisation and a reduction in phosphorylated
HER3 (pHER3), an active form for HER3 signalling. In contrast, expression of other ErbB
family members (EGFR and HER2) were unaffected by perhexiline treatment. Etomoxir had
no effect on HER3 localisation, providing limited evidence that perhexiline may operate
through mechanisms independent of CPT inhibition. Furthermore, perhexiline inhibited
phosphorylation of Akt and ERK1/2, downstream effectors of HER3 signalling. Similarly,
Zhu et al. demonstrated that perhexiline inhibited phosphorylation of Akt and other down-
stream HER3 activation markers in NKX2-8-deleted (NKX2-8+/−) CAOV3 and OVCAR3
epithelial ovarian cancer (EOC) cells [33].

4.3. FYN

Tyrosine-protein kinase Fyn (FYN) is a membrane-associated non-receptor tyrosine
kinase belonging to the Src family of kinases. It is aberrantly expressed in various cancers
contributing to multifaceted signalling that regulates aspects of tumour progression in-
cluding cellular differentiation, proliferation, antiapoptotic activity, increased migration
and motility [74–78]. FYN negatively regulates AMPK activity, thereby promoting cell
migration and invasion through AMPK/mTOR-mediated signalling [78]. Furthermore,
FYN plays a functional role in modulating redox stress by negatively regulating NAPD
oxidases that inhibit production of ROS [79].

Kant et al. investigated the effects of perhexiline on FYN in glioblastoma [34]. Per-
hexiline induced concentration-dependent cytotoxicity in undifferentiated glioblastoma
stem cells (PN19 and MES83), and these were more sensitive than differentiated cell lines
(T98G and U251). Induced differentiation of PN19 and MES83 increased resistance to
perhexiline. However, in contrast to etomoxir, they observed that 5 µmol/L perhexiline
failed to alter the oxygen consumption rate in MES83 and T98G cells and did not modulate
intracellular lipid dynamics in MES83, leading to the conclusion that the anti-tumour effects
of perhexiline were independent of CPT and FAO inhibition in these cells. To identify
alternative perhexiline targets, they used SwissTargetPrediction in silico analysis [80], and
identified several high probability molecular targets of perhexiline, including FYN, EGFR
and family AG protein-coupled receptors (muscarinic acetylcholine receptor M1, M3-5).
Surprisingly, CPT1 was not a reported high-probability target. Expression of FYN was
high in the perhexiline-sensitive and low in the resistant cell line T98G, unlike the other
top targets. FYN expression was significantly higher in glioblastoma, particularly in the
proneural subtype, than in normal brain. Perhexiline treatment of glioblastoma cell lines
(PN19, MES83 and U251) inhibited FYN activation, as determined by a time-dependent
increase in FYN phosphorylation.

4.4. HES1

Hairy and enhancer of split-1 (HES1) is one of seven members of the Hes gene family
(HES1-7) that encode basic helix-loop-helix transcription factors which suppress transcrip-
tion. HES1 has a central role in NOTCH1-induced leukaemia suggesting that abrogation
of HES1 activity in leukemia lymphoblasts could be exploited therapeutically. To identify
potential small molecule inhibitors of HES1, Schnell et al. interrogated the Connectivity
Map [81], a large collection of genome-wide transcriptional expression data derived from
cell lines treated with bioactive small molecules, for compounds with transcriptional signa-
tures that overlapped with that induced by HES1 deletion in NOTCH1-induced T-cell acute
lymphoblastic leukaemia (T-ALL) [45]. Perhexiline was identified as a potential therapeutic
agent for T-ALL due to its ability to elicit a gene expression signature resembling that
induced by HES1 deletion in NOTCH1-induced T-ALL. Perhexiline downregulated HES1
expression in CUTLL1 T-ALL cells in vitro. Notably, perhexiline treatment resulted in a
significant anti-tumour response and extended survival in mice bearing NOTCH1-induced
T-ALL, without significant detrimental effects on the hematopoietic system.
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5. Preclinical Studies of Perhexiline-Mediated Tumour Clearance

The in vivo anti-tumour potential of perhexiline has been investigated in mouse stud-
ies for numerous cancer types, including breast [24], chronic lymphocytic leukaemia [30],
colorectal [32], gastric [32], glioblastoma [34], liver [36,37], multiple myeloma [38], neurob-
lastoma [39], osteosarcoma [40], ovarian [33] and T-cell acute lymphoblastic leukaemia [45]
(Table 2). Most studies evaluated xenografts of human cancer cell lines, and occasionally
patient-derived tumour tissue. A spontaneously arising cancer in transgenic immunocom-
petent mice has been studied [36]. Perhexiline was administered as either monotherapy
or combination therapy. The perhexiline dosage varied between studies, with doses from
1 to 400 mg/kg, delivery by oral gavage or intraperitoneal injection and assorted dosing
regimens. The perhexiline dosages appeared to be well tolerated, with minimal toxicity
reported. Perhexiline accumulation was detected in the brain, demonstrating that perhexi-
line can cross the blood brain barrier [34]. However, the perhexiline blood concentration
was not measured in any of these studies. Despite promising anti-tumour findings in
numerous preclinical in vitro and mouse studies, there are currently no registered clinical
trials evaluating the efficacy of perhexiline (Pexsig or Pexid) for the treatment of cancer
in humans.

Table 2. Effects of perhexiline treatment in preclinical murine cancer models.

Study Cancer Mouse Strain Model Treatment Key Findings

Ren et al.
(2015) [24] BRCA SCID MDA-MB-468

xenograft, s.c.

Monotherapy
PHX 400 mg/kg,

intragastric, 5 days/week,
4 weeks.

PHX significantly inhibited
tumour growth, and

decreased HER3 activation
(pHER3).

Liu et al.
(2016). [30] CLL Tcl-1Tg: p53−/−

transgenic
Spontaneous CLL

Monotherapy
PHX 8 mg/kg, i.p., every
other day for 4 injections.

PHX selectively eliminated
CLL cells, significantly

reduced leukemic burden
and prolonged OS.

Wang et al.
(2020) [32] CRC BALB/c nude HCT116, xenograft,

s.c. dorsal flank

Monotherapy and
combination therapy;

CDDP 5 mg/kg, once/week,
4 weeks;

PHX 8 mg/kg, every second
day, 4 weeks.

PHX monotherapy, and
PHX and CDDP

combination therapy
reduced tumour

progression.
PHX and CDDP

combination overcame
resistance in CDDP-resistant

cell line (HCT116/OXA).

CRC/GC NSG PDX, s.c., dorsal
flank

Monotherapy and
combination therapy;

CDDP 5 mg/kg, once/week,
4 weeks;

PHX 8 mg/kg, every second
day, 4 weeks.

PHX and CDDP
monotherapy and

combination therapy
inhibited proliferation
(Ki-67) and increased
apoptosis (TUNEL).

GC BALB/c nude HGC27 xenograft,
s.c. dorsal flank

Monotherapy and
combination therapy;

CDDP 5 mg/kg, once/week,
4 weeks;

PHX 8 mg/kg, every second
day, 4 weeks.

PHX monotherapy, and
PHX and CDDP

combination therapy
reduced tumour

progression.
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Table 2. Cont.

Study Cancer Mouse Strain Model Treatment Key Findings

Kant et al.
(2020) [34] GBM Nu/Nu nude

MES83 xenograft,
s.c. (flank) and

orthotopic (brain).

PHX monotherapy, 80
mg/kg, intragastric,

5 days/week, up to 24 days.

PHX accumulated in the
brain.

PHX significantly reduced
growth of flank and

orthotopic tumours, and
increased overall survival.

Xu et al.
(2018) [37] HCC Nu/nu nude

Hep3B, Huh7, and
HepG2 xenograft,

s.c.;
H460 isogenic

lung, s.c.

Triple combination;
PHX 30 mg/kg, i.p., daily;
DPI 2 mg/kg, i.p., daily.

Triple combination of HK2
knockdown, DPI and PHX

significantly inhibited
tumour growth, increased

apoptosis, decreased
AMPKα and

phosphorylation of S6.

Brown et al.
(2018) [36] HCC

Liver specific
inducible MYC

oncogene
(MYC-ON)

Spontaneous HCC
Monotherapy;

PHX 8 mg/kg, i.p., 3/week,
5 weeks.

PHX decreased incidence of
HCC in NAFLD model.

PHX reduced early
apoptotic events in

intrahepatic CD4+ T cells.

Xu et al.
(2019) [38] MM NSG

OPM-2
(HK1−HK2+) and
U266 (HK1+HK2+)

xenografts, s.c.,
and P3X63Ag

(HK1−HK2+), s.c.

Triple combination therapy;
PHX 30 mg/kg i.p. daily;

HK2-ASO1 50 mg/kg, s.c.;
DPI 2 mg/kg or MET
250 mg/kg, i.p. daily.

Triple combination of
HK2-ASO1, DPI or MET,

and PHX significantly
inhibited tumour

progression, and increased
PARP-1 cleavage in OPM-2
(HK1−HK2+), but not U266

(HK1+HK2+) xenografts.
Triple combination of

murine HK2-ASO1, DPI or
MET, and PHX significantly

inhibited tumour
progression in P3X63Ag

(HK1−HK2+) murine MM
cells, and prolonged OS.

Vella et al.
(2015) [39] NB

NOD-SCID
(NOD.CB17-

Prkdscid)

SK-N-BE(2)
xenograft, s.c.

Monotherapy and
combination therapy;

PHX 1 or 3 mg/kg,
intragastric, 5 days/week;
CDDP 3 or 5 mg/kg, i.p.,

once/week.

PHX monotherapy (1 or
3 mg/kg/dose) did not alter

tumour growth.
PHX (1 mg/kg) and
cisplatin (3 mg/kg)

combination reduced
tumour growth.

PHX (3 mg/kg) and
cisplatin (5 mg/kg)

combination reduced
tumour growth,

significantly increased
progression-free survival,

and inhibited
cisplatin-induced increase in
the NB cell differentiation
marker, neurofilament 68

(NF68).
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Table 2. Cont.

Study Cancer Mouse Strain Model Treatment Key Findings

Rathore
et al.

(2021) [40]
OSS Athymic nude U2OS xenograft,

s.c.

Monotherapy or
combination therapy;

PHX 8 mg/kg, intragastric,
daily for 30 days;

NCT-503 40 mg/kg, i.p.,
daily for 30 days.

PHX monotherapy, but not
NCT-503, moderately

reduced tumour
progression.

PHX and NCT-503
combination therapy

markedly reduced tumour
progression resulting in

sustained inhibition over
30 days.

Zhu et al.
(2019) [33] EOC BALB/c nude

OVCAR
(NKX2-8+/−)
xenograft, i.p.

Monotherapy or
combination therapy;
CDDP 5 mg/kg every

3 days;
PHX 3 mg/kg.

PHX and CDDP
combination therapy

markedly reduced tumour
progression resulting in

sustained inhibition over
6 weeks, prolonged OS and
induced apoptosis (TUNEL

and activated caspase 3).

Schnell et al.
(2015) [45] T-ALL C57BL/6 NOTCH1-induced

murine T-ALL
Monotherapy;

PHX 53.68 mg/kg.

PHX reduced tumour
burden (bone marrow

cellularity and leukaemic
infiltration, spleen weight

and cellularity), and
increased OS.

6. Perhexiline Modulates Tumour-Infiltrating Immune Cells

Most studies investigating the anti-cancer effects of perhexiline have focused solely
on its direct effect on cancer cells with pre-clinical models using immunocompromised
hosts (Table 2). There is now mounting evidence that perhexiline treatment can also af-
fect tumour immune infiltrates. Several groups have studied the effect of perhexiline on
macrophages [82–86]. Macrophages are heterogenous immune cells commonly found in tu-
mours and can dictate both positive and negative outcomes depending on their phenotype
and function. Tumour-associated macrophages are broadly classified into pro-inflammatory
M1-like and anti-inflammatory M2-like macrophages. Infiltration of M2-like macrophages
is associated with increased tumour immune suppression, angiogenesis, cancer outgrowth
and metastasis [87,88]. In contrast, M1-like macrophages release type 1 pro-inflammatory
cytokines that drive anti-tumour immune responses. While M1-like macrophages have
an increased reliance on glycolysis, M2-like macrophages have an elevated requirement
for FAO and OXPHOS [89,90]; thus, influencing macrophage phenotypes by targeting
metabolic pathways is viewed as a promising new cancer treatment [82]. Perhexiline has
been shown to inhibit M2-like and promote M1-like polarization, and can even drive re-
polarization of established M2-like macrophages to M1-like macrophages most likely by
inhibiting FAO [82,83]. Interestingly, perhexiline can also suppress macrophage-mediated
inflammation by downregulating IL-1β [83–85]. How perhexiline affects tumour-associated
macrophages in vivo has yet to be explored. Additionally, in an immunocompetent model
of obesity-associated breast cancer, perhexiline treatment led to significant tumour inhibi-
tion that corresponded with infiltration of interferon-gamma and granzyme b producing
CD8+ T cells [86]. In this study, obesity-induced STAT3 activation on CD8+ T cells led
to a metabolic shift to FAO that produced immune-suppressed CD8+ T cells, which was
reversed by perhexiline treatment. However, FAO inhibition on CD8+ T cells alone did
not completely replicate the extent of tumour inhibition, suggesting that perhexiline may
act through multiple targets to mediate its anti-tumour effects [86]. Together, these results
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suggest that perhexiline has the potential to modulate tumour-infiltrating immune cells,
which may further enhance its anti-tumour efficacy in vivo.

7. Clinical Feasibility of Perhexiline as an Anti-Cancer Agent

Combining perhexiline with platinum compounds in cancer therapeutics is an area of
research that should be expedited. Platinum compounds such as carboplatin, cisplatin and
oxaliplatin exhibit their anti-cancer activity by interfering with normal DNA functions and
are integral to systemic treatment of diverse ranges of solid and haematological cancers [91].
Platinum compounds are one of the most widely used anti-cancer therapeutics. Given
the reported synergy between perhexiline and platinum agents [32,39], perhexiline has
the potential to increase the efficacy of existing platinum-containing cancer therapy regi-
mens for various cancers. Perhexiline has been additionally shown to sensitise epithelial
ovarian cancer cells to cisplatin by counteracting NKX2-8 deletion-induced platinum resis-
tance [33]. Platinum resistance is a well-recognised prognostic factor for ovarian cancer and
its presence predicts worse survival outcomes with reduced systemic therapy options [92].
Combining perhexiline with platinum compounds may overcome the development of
platinum resistance in ovarian cancer management and improve its clinical outlook.

Combining perhexiline with cancer therapeutics that share the same site of action is
another proposed approach to further exploring perhexiline’s clinical utility. PI3K, mTOR
and HER3 receptor, previously discussed as potential biological targets of perhexiline, are
recognised sites of action for existing clinically available cancer therapeutics. Alpelisib has
been FDA-approved in combination with fulvestrant for treatment of hormone receptor-
positive HER2-negative breast cancer harbouring PIK3CA mutations [93]. The mTOR
inhibitor everolimus is a systemic treatment option for hormone receptor-positive HER2
receptor-negative advanced breast cancer when co-administered with exemestane, in addi-
tion to renal cell carcinoma and pancreatic neuroendocrine tumours [94]. Pertuzumab, a
humanised monoclonal antibody which inhibits dimerisation of HER2 and HER3 receptors,
is used in conjunction with trastuzumab and chemotherapy for HER2-positive breast cancer
in both locally advanced and metastatic settings [95,96]. Adjunctive use of perhexiline
may increase the inhibition of biological target of interest and result in enhanced overall
anti-cancer efficacy. The observation in animal studies that perhexiline concentrates within
visceral organs [26] and crosses the blood-brain barrier [34] further makes this drug a
favourable cancer therapeutic candidate. It may be a particular benefit for tumours in the
central nervous system where the blood-brain barrier, by restricting the effective delivery of
many cancer drugs, makes treatment of primary brain cancer and central nervous system
metastasis challenging [97].

Perhexiline may also have clinical utility in cancer management, independent of direct
actions on cancer cells, due to its cardioprotective effects. There are an increasing number
of cancer therapeutics the use of which are associated with a risk of cardiovascular adverse
effects. Anthracyclines and anti-Her2 agents, such as trastuzumab, are known to carry
a risk of cardiomyopathy and congestive heart failure and fluoropyrimidines, including
5-fluorouracil and capecitabine, are associated with a risk of cardiac ischaemia [98]. Other
drugs with less common cardiovascular toxicities include alkylating agents such as cy-
clophosphamide and ifosfamide, which are linked to neurohumoral activation-induced
heart failure, and vinca alkaloids such vincristine and vinblastine with a risk of cardiac
ischaemia and congestive heart failure. Anthracyclines, commonly used in the treatment
of breast cancer and sarcoma, are the cancer therapeutics most frequently implicated with
cardiotoxicity. They cause clinically overt cardiotoxicity in 6% of patients receiving the
drugs with an additional 18% of patients experiencing subclinical cardiotoxicity [99]. The
ability of perhexiline to improve cardiac energetics may underly its benefit in alleviating
symptoms of heart failure and angina [6,100]. The co-treatment with perhexiline in patients
prescribed cancer therapeutics associated with cardiovascular toxicities might reduce the
incidence of clinically significant heart failure and cardiac ischaemia.
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8. Conclusions

There is growing appreciation of the anti-cancer properties of perhexiline, with most
studies being published in the last 10 years (Tables 1 and 2). Perhexiline inhibits tumour
growth at concentrations that are achievable and safe for clinical use as a short-term cancer
therapy. While perhexiline was initially described as acting through CPT inhibition, it
is now clear that perhexiline has many other actions. More research is required to deter-
mine if these other effects are specific primary targets of perhexiline or if these could be
downstream effects of CPT inhibition, cell damage or cell death resulting from perhexiline
treatment. Furthermore, the effect of perhexiline on the tumour microenvironment should
be investigated. The potential of perhexiline in combination therapy to enhance the re-
sponse to conventional cytotoxic drugs holds great potential and warrants further research.
With its positive effects on the tumour immune response, perhexiline should also be tested
for synergies with immunotherapies such as immune checkpoint inhibitors. The safety
profile of perhexiline is relatively well understood, suggesting that clinical translation
should be feasible. Perhexiline appears to be a good candidate for repurposing for the
clinical management of cancer patients.
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(cisplatin), CLL (chronic lymphocytic leukaemia), CRC (colorectal cancer), CPT (Carnitine palmi-
toyltransferase), CYP2D6 (Cytochrome P450 2D6), DOX (doxorubicin), DPI (Diphenyleneiodonium
(chloride)), EOC (epithelial ovarian cancer), FADH2 (flavin adenine dinucleotide), FDG (2-fluoro-
deoxy-D-glucose), GBM (glioblastoma), GC (gastric cancer), HCC (hepatocellular carcinoma), HSP90,
(heat shock protein 90), MDV3100 (enzulutamide), MET (metformin), MM (multiple myeloma (MM),
mTOR (mammalian target of rapamycin), NADH (nicotinamide adenine dinucleotide), NB (Neurob-
lastoma), NDM29 (neuroblastoma differentiation marker 29), NOG (NOD/Shi-scid/IL-2Rγnull), NSG
(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ), OS (overall survival), OSS (osteosarcoma), OXPHOS (oxidative
phosphorylation), OX (oxaliplatin), PARP-1 (poly (ADP-ribose) polymerase 1), PC (prostate cancer),
PDO (patient derived organoids), PHGDH (phosphoglycerate dehydrogenase), PI3K (The phos-
phoinositide 3-kinase), PDX (patient derived xenograft), PHX (perhexiline), ROS (reactive oxygen
species), RTKs (receptor tyrosine kinases), SCC (squamous cell carcinoma, epidermoid cancer), T-ALL
(T-cell acute lymphoblastic leukaemia).



Molecules 2023, 28, 3624 16 of 19

References
1. Rohrig, F.; Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat. Rev. Cancer 2016, 16, 732–749. [CrossRef]

[PubMed]
2. Koundouros, N.; Poulogiannis, G. Reprogramming of fatty acid metabolism in cancer. Br. J. Cancer 2020, 122, 4–22. [CrossRef]

[PubMed]
3. Wei, Q.; Qian, Y.; Yu, J.; Wong, C.C. Metabolic rewiring in the promotion of cancer metastasis: Mechanisms and therapeutic

implications. Oncogene 2020, 39, 6139–6156. [CrossRef]
4. Melone, M.A.B.; Valentino, A.; Margarucci, S.; Galderisi, U.; Giordano, A.; Peluso, G. The carnitine system and cancer metabolic

plasticity. Cell. Death Dis. 2018, 9, 228. [CrossRef]
5. Wang, M.; Wang, K.; Liao, X.; Hu, H.; Chen, L.; Meng, L.; Gao, W.; Li, Q. Carnitine Palmitoyltransferase System: A New Target for

Anti-Inflammatory and Anticancer Therapy? Front. Pharmacol. 2021, 12, 760581. [CrossRef] [PubMed]
6. Ashrafian, H.; Horowitz, J.D.; Frenneaux, M.P. Perhexiline. Cardiovasc. Drug Rev. 2007, 25, 76–97. [CrossRef] [PubMed]
7. Kennedy, J.A.; Unger, S.A.; Horowitz, J.D. Inhibition of carnitine palmitoyltransferase-1 in rat heart and liver by perhexiline and

amiodarone. Biochem. Pharmacol. 1996, 52, 273–280. [CrossRef]
8. Kennedy, J.A.; Kiosoglous, A.J.; Murphy, G.A.; Pelle, M.A.; Horowitz, J.D. Effect of perhexiline and oxfenicine on myocardial

function and metabolism during low-flow ischemia/reperfusion in the isolated rat heart. J. Cardiovasc. Pharmacol. 2000, 36,
794–801. [CrossRef]

9. Dally, S.; Lagier, G.; Assan, R.; Gaultier, M. Hypoglycemia in 2 patients treated with perhexiline maleate. Nouv. Presse Med. 1977,
6, 1643–1649.

10. Shah, R.R.; Oates, N.S.; Idle, J.R.; Smith, R.L.; Lockhart, J.D. Impaired oxidation of debrisoquine in patients with perhexiline
neuropathy. Br. Med. J. Clin. Res. Ed. 1982, 284, 295–299. [CrossRef]

11. Cole, P.L.; Beamer, A.D.; McGowan, N.; Cantillon, C.O.; Benfell, K.; Kelly, R.A.; Hartley, L.H.; Smith, T.W.; Antman, E.M. Efficacy
and safety of perhexiline maleate in refractory angina. A double-blind placebo-controlled clinical trial of a novel antianginal
agent. Circulation 1990, 81, 1260–1270. [CrossRef] [PubMed]

12. Inglis, S.; Stewart, S. Metabolic therapeutics in angina pectoris: History revisited with perhexiline. Eur. J. Cardiovasc. Nurs. 2006,
5, 175–184. [CrossRef] [PubMed]

13. Lee, L.; Campbell, R.; Scheuermann-Freestone, M.; Taylor, R.; Gunaruwan, P.; Williams, L.; Ashrafian, H.; Horowitz, J.; Fraser,
A.G.; Clarke, K.; et al. Metabolic modulation with perhexiline in chronic heart failure: A randomized, controlled trial of short-term
use of a novel treatment. Circulation 2005, 112, 3280–3288. [CrossRef] [PubMed]

14. Abozguia, K.; Elliott, P.; McKenna, W.; Phan, T.T.; Nallur-Shivu, G.; Ahmed, I.; Maher, A.R.; Kaur, K.; Taylor, J.; Henning, A.;
et al. Metabolic modulator perhexiline corrects energy deficiency and improves exercise capacity in symptomatic hypertrophic
cardiomyopathy. Circulation 2010, 122, 1562–1569. [CrossRef] [PubMed]

15. Zanger, U.M.; Fischer, J.; Raimundo, S.; Stuven, T.; Evert, B.O.; Schwab, M.; Eichelbaum, M. Comprehensive analysis of the
genetic factors determining expression and function of hepatic CYP2D6. Pharmacogenetics 2001, 11, 573–585. [CrossRef]

16. Gould, B.J.; Amoah, A.G.; Parke, D.V. Stereoselective pharmacokinetics of perhexiline. Xenobiotica 1986, 16, 491–502. [CrossRef]
[PubMed]

17. Davies, B.J.; Coller, J.K.; Somogyi, A.A.; Milne, R.W.; Sallustio, B.C. CYP2B6, CYP2D6, and CYP3A4 catalyze the primary oxidative
metabolism of perhexiline enantiomers by human liver microsomes. Drug Metab. Dispos. 2007, 35, 128–138. [CrossRef]

18. Chong, C.R.; Drury, N.E.; Licari, G.; Frenneaux, M.P.; Horowitz, J.D.; Pagano, D.; Sallustio, B.C. Stereoselective handling of
perhexiline: Implications regarding accumulation within the human myocardium. Eur. J. Clin. Pharmacol. 2015, 71, 1485–1491.
[CrossRef]

19. Horowitz, J.D.; Chirkov, Y.Y.; Kennedy, J.A.; Sverdlov, A.L. Modulation of myocardial metabolism: An emerging therapeutic
principle. Curr. Opin. Cardiol. 2010, 25, 329–334. [CrossRef]

20. Singlas, E.; Goujet, M.A.; Simon, P. Pharmacokinetics of perhexiline maleate in anginal patients with and without peripheral
neuropathy. Eur. J. Clin. Pharmacol. 1978, 14, 195–201. [CrossRef]

21. Killalea, S.M.; Krum, H. Systematic review of the efficacy and safety of perhexiline in the treatment of ischemic heart disease. Am.
J. Cardiovasc. Drugs 2001, 1, 193–204. [CrossRef]

22. Horowitz, J.D.; Sia, S.T.; Macdonald, P.S.; Goble, A.J.; Louis, W.J. Perhexiline maleate treatment for severe angina pectoris–
correlations with pharmacokinetics. Int. J. Cardiol. 1986, 13, 219–229. [CrossRef] [PubMed]

23. Rodriguez-Enriquez, S.; Hernandez-Esquivel, L.; Marin-Hernandez, A.; El Hafidi, M.; Gallardo-Perez, J.C.; Hernandez-Resendiz,
I.; Rodriguez-Zavala, J.S.; Pacheco-Velazquez, S.C.; Moreno-Sanchez, R. Mitochondrial free fatty acid beta-oxidation supports
oxidative phosphorylation and proliferation in cancer cells. Int. J. Biochem. Cell. Biol. 2015, 65, 209–221. [CrossRef] [PubMed]

24. Ren, X.R.; Wang, J.; Osada, T.; Mook, R.A.; Jr Morse, M.A.; Barak, L.S.; Lyerly, H.K.; Chen, W. Perhexiline promotes HER3 ablation
through receptor internalization and inhibits tumor growth. Breast Cancer Res. 2015, 17, 20. [CrossRef] [PubMed]

25. Dhakal, B.; Li, C.M.Y.; Li, R.; Yeo, K.; Wright, J.A.; Gieniec, K.A.; Vrbanac, L.; Sammour, T.; Lawrence, M.; Thomas, M.; et al. The
Antianginal Drug Perhexiline Displays Cytotoxicity against Colorectal Cancer Cells In Vitro: A Potential for Drug Repurposing.
Cancers 2022, 14, 1043. [CrossRef] [PubMed]

26. Licari, G.; Milne, R.W.; Somogyi, A.A.; Sallustio, B.C. Enantioselectivity in the tissue distribution of perhexiline contributes to
different effects on hepatic histology and peripheral neural function in rats. Pharmacol. Res. Perspect. 2018, 6, e00406. [CrossRef]

https://doi.org/10.1038/nrc.2016.89
https://www.ncbi.nlm.nih.gov/pubmed/27658529
https://doi.org/10.1038/s41416-019-0650-z
https://www.ncbi.nlm.nih.gov/pubmed/31819192
https://doi.org/10.1038/s41388-020-01432-7
https://doi.org/10.1038/s41419-018-0313-7
https://doi.org/10.3389/fphar.2021.760581
https://www.ncbi.nlm.nih.gov/pubmed/34764874
https://doi.org/10.1111/j.1527-3466.2007.00006.x
https://www.ncbi.nlm.nih.gov/pubmed/17445089
https://doi.org/10.1016/0006-2952(96)00204-3
https://doi.org/10.1097/00005344-200012000-00016
https://doi.org/10.1136/bmj.284.6312.295
https://doi.org/10.1161/01.CIR.81.4.1260
https://www.ncbi.nlm.nih.gov/pubmed/2180591
https://doi.org/10.1016/j.ejcnurse.2006.01.001
https://www.ncbi.nlm.nih.gov/pubmed/16469541
https://doi.org/10.1161/CIRCULATIONAHA.105.551457
https://www.ncbi.nlm.nih.gov/pubmed/16301359
https://doi.org/10.1161/CIRCULATIONAHA.109.934059
https://www.ncbi.nlm.nih.gov/pubmed/20921440
https://doi.org/10.1097/00008571-200110000-00004
https://doi.org/10.3109/00498258609050254
https://www.ncbi.nlm.nih.gov/pubmed/3739369
https://doi.org/10.1124/dmd.106.012252
https://doi.org/10.1007/s00228-015-1934-8
https://doi.org/10.1097/HCO.0b013e328339f191
https://doi.org/10.1007/BF02089960
https://doi.org/10.2165/00129784-200101030-00005
https://doi.org/10.1016/0167-5273(86)90146-4
https://www.ncbi.nlm.nih.gov/pubmed/3793279
https://doi.org/10.1016/j.biocel.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26073129
https://doi.org/10.1186/s13058-015-0528-9
https://www.ncbi.nlm.nih.gov/pubmed/25849870
https://doi.org/10.3390/cancers14041043
https://www.ncbi.nlm.nih.gov/pubmed/35205791
https://doi.org/10.1002/prp2.406


Molecules 2023, 28, 3624 17 of 19

27. Ramu, A.; Fuks, Z.; Gatt, S.; Glaubiger, D. Reversal of acquired resistance to doxorubicin in P388 murine leukemia cells by
perhexiline maleate. Cancer Res. 1984, 44, 144–148.

28. Foster, B.J.; Grotzinger, K.R.; McKoy, W.M.; Rubinstein, L.V.; Hamilton, T.C. Modulation of induced resistance to adriamycin
in two human breast cancer cell lines with tamoxifen or perhexiline maleate. Cancer Chemother. Pharmacol. 1988, 22, 147–152.
[CrossRef] [PubMed]

29. Balgi, A.D.; Fonseca, B.D.; Donohue, E.; Tsang, T.C.; Lajoie, P.; Proud, C.G.; Nabi, I.R.; Roberge, M. Screen for chemical modulators
of autophagy reveals novel therapeutic inhibitors of mTORC1 signaling. PLoS ONE 2009, 4, e7124. [CrossRef] [PubMed]

30. Liu, P.P.; Liu, J.; Jiang, W.Q.; Carew, J.S.; Ogasawara, M.A.; Pelicano, H.; Croce, C.M.; Estrov, Z.; Xu, R.H.; Keating, M.J.; et al.
Elimination of chronic lymphocytic leukemia cells in stromal microenvironment by targeting CPT with an antiangina drug
perhexiline. Oncogene 2016, 35, 5663–5673. [CrossRef]

31. Batra, S.; Alenfall, J. Effect of diverse categories of drugs on human colon tumour cell proliferation. Anticancer Res. 1991, 11,
1221–1224.

32. Wang, Y.; Lu, J.H.; Wang, F.; Wang, Y.N.; He, M.M.; Wu, Q.N.; Lu, Y.X.; Yu, H.E.; Chen, Z.H.; Zhao, Q.; et al. Inhibition of fatty
acid catabolism augments the efficacy of oxaliplatin-based chemotherapy in gastrointestinal cancers. Cancer Lett. 2020, 473, 74–89.
[CrossRef]

33. Zhu, J.; Wu, G.; Song, L.; Cao, L.; Tan, Z.; Tang, M.; Li, Z.; Shi, D.; Zhang, S.; Li, J. NKX2-8 deletion-induced reprogramming of
fatty acid metabolism confers chemoresistance in epithelial ovarian cancer. eBioMedicine 2019, 43, 238–252. [CrossRef] [PubMed]

34. Kant, S.; Kesarwani, P.; Guastella, A.R.; Kumar, P.; Graham, S.F.; Buelow, K.L.; Nakano, I.; Chinnaiyan, P. Perhexiline Demonstrates
FYN-mediated Antitumor Activity in Glioblastoma. Mol. Cancer Ther. 2020, 19, 1415–1422. [CrossRef] [PubMed]

35. Agren, R.; Mardinoglu, A.; Asplund, A.; Kampf, C.; Uhlen, M.; Nielsen, J. Identification of anticancer drugs for hepatocellular
carcinoma through personalized genome-scale metabolic modeling. Mol. Syst. Biol. 2014, 10, 721. [CrossRef] [PubMed]

36. Brown, Z.J.; Fu, Q.; Ma, C.; Kruhlak, M.; Zhang, H.; Luo, J.; Heinrich, B.; Yu, S.J.; Zhang, Q.; Wilson, A.; et al. Carnitine
palmitoyltransferase gene upregulation by linoleic acid induces CD4(+) T cell apoptosis promoting HCC development. Cell.
Death Dis. 2018, 9, 620. [CrossRef] [PubMed]

37. Xu, S.; Catapang, A.; Braas, D.; Stiles, L.; Doh, H.M.; Lee, J.T.; Graeber, T.G.; Damoiseaux, R.; Shirihai, O.; Herschman, H.R. A
precision therapeutic strategy for hexokinase 1-null, hexokinase 2-positive cancers. Cancer Metab. 2018, 6, 7. [CrossRef]

38. Xu, S.; Zhou, T.; Doh, H.M.; Trinh, K.R.; Catapang, A.; Lee, J.T.; Braas, D.; Bayley, N.A.; Yamada, R.E.; Vasuthasawat, A.; et al. An
HK2 Antisense Oligonucleotide Induces Synthetic Lethality in HK1(-)HK2(+) Multiple Myeloma. Cancer Res. 2019, 79, 2748–2760.
[CrossRef]

39. Vella, S.; Penna, I.; Longo, L.; Pioggia, G.; Garbati, P.; Florio, T.; Rossi, F.; Pagano, A. Perhexiline maleate enhances antitumor
efficacy of cisplatin in neuroblastoma by inducing over-expression of NDM29 ncRNA. Sci. Rep. 2015, 5, 18144. [CrossRef]

40. Rathore, R.; Caldwell, K.E.; Schutt, C.; Brashears, C.B.; Prudner, B.C.; Ehrhardt, W.R.; Leung, C.H.; Lin, H.; Daw, N.C.; Beird, H.C.;
et al. Metabolic compensation activates pro-survival mTORC1 signaling upon 3-phosphoglycerate dehydrogenase inhibition in
osteosarcoma. Cell. Rep. 2021, 34, 108678. [CrossRef]

41. Ghaffari, P.; Mardinoglu, A.; Asplund, A.; Shoaie, S.; Kampf, C.; Uhlen, M.; Nielsen, J. Identifying anti-growth factors for human
cancer cell lines through genome-scale metabolic modeling. Sci. Rep. 2015, 5, 8183. [CrossRef] [PubMed]

42. Flaig, T.W.; Salzmann-Sullivan, M.; Su, L.J.; Zhang, Z.; Joshi, M.; Gijon, M.A.; Kim, J.; Arcaroli, J.J.; Van Bokhoven, A.; Lucia,
M.S.; et al. Lipid catabolism inhibition sensitizes prostate cancer cells to antiandrogen blockade. Oncotarget 2017, 8, 56051–56065.
[CrossRef]

43. Itkonen, H.M.; Brown, M.; Urbanucci, A.; Tredwell, G.; Ho Lau, C.; Barfeld, S.; Hart, C.; Guldvik, I.J.; Takhar, M.; Heemers, H.V.;
et al. Lipid degradation promotes prostate cancer cell survival. Oncotarget 2017, 8, 38264–38275. [CrossRef] [PubMed]

44. Nassar, Z.D.; Mah, C.Y.; Centenera, M.M.; Irani, S.; Sadowski, M.C.; Scott, J.S.; Nguyen, E.V.; Nagarajan, S.R.; Moldovan, M.;
Lynn, D.J.; et al. Fatty Acid Oxidation Is an Adaptive Survival Pathway Induced in Prostate Tumors by HSP90 Inhibition. Mol.
Cancer Res. 2020, 18, 1500–1511. [CrossRef] [PubMed]

45. Schnell, S.A.; Ambesi-Impiombato, A.; Sanchez-Martin, M.; Belver, L.; Xu, L.; Qin, Y.; Kageyama, R.; Ferrando, A.A. Therapeutic
targeting of HES1 transcriptional programs in T-ALL. Blood 2015, 125, 2806–2814. [CrossRef] [PubMed]

46. Zhou, Y.; Hileman, E.O.; Plunkett, W.; Keating, M.J.; Huang, P. Free radical stress in chronic lymphocytic leukemia cells and its
role in cellular sensitivity to ROS-generating anticancer agents. Blood 2003, 101, 4098–4104. [CrossRef]

47. Trachootham, D.; Zhou, Y.; Zhang, H.; Demizu, Y.; Chen, Z.; Pelicano, H.; Chiao, P.J.; Achanta, G.; Arlinghaus, R.B.; Liu, J.; et al.
Selective killing of oncogenically transformed cells through a ROS-mediated mechanism by beta-phenylethyl isothiocyanate.
Cancer Cell 2006, 10, 241–252. [CrossRef]

48. Zhang, W.; Trachootham, D.; Liu, J.; Chen, G.; Pelicano, H.; Garcia-Prieto, C.; Lu, W.; Burger, J.A.; Croce, C.M.; Plunkett, W.; et al.
Stromal control of cystine metabolism promotes cancer cell survival in chronic lymphocytic leukaemia. Nat. Cell Biol. 2012, 14,
276–286. [CrossRef]

49. Xu, S.; Herschman, H.R. A Tumor Agnostic Therapeutic Strategy for Hexokinase 1-Null/Hexokinase 2-Positive Cancers. Cancer
Res. 2019, 79, 5907–5914. [CrossRef]

50. Carneiro, B.A.; El-Deiry, W.S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [CrossRef]
51. Fulda, S.; Debatin, K.M. Extrinsic versus intrinsic apoptosis pathways in anticancer chemotherapy. Oncogene 2006, 25, 4798–4811.

[CrossRef]

https://doi.org/10.1007/BF00257313
https://www.ncbi.nlm.nih.gov/pubmed/3409446
https://doi.org/10.1371/journal.pone.0007124
https://www.ncbi.nlm.nih.gov/pubmed/19771169
https://doi.org/10.1038/onc.2016.103
https://doi.org/10.1016/j.canlet.2019.12.036
https://doi.org/10.1016/j.ebiom.2019.04.041
https://www.ncbi.nlm.nih.gov/pubmed/31047858
https://doi.org/10.1158/1535-7163.MCT-19-1047
https://www.ncbi.nlm.nih.gov/pubmed/32430486
https://doi.org/10.1002/msb.145122
https://www.ncbi.nlm.nih.gov/pubmed/24646661
https://doi.org/10.1038/s41419-018-0687-6
https://www.ncbi.nlm.nih.gov/pubmed/29795111
https://doi.org/10.1186/s40170-018-0181-8
https://doi.org/10.1158/0008-5472.CAN-18-2799
https://doi.org/10.1038/srep18144
https://doi.org/10.1016/j.celrep.2020.108678
https://doi.org/10.1038/srep08183
https://www.ncbi.nlm.nih.gov/pubmed/25640694
https://doi.org/10.18632/oncotarget.17359
https://doi.org/10.18632/oncotarget.16123
https://www.ncbi.nlm.nih.gov/pubmed/28415728
https://doi.org/10.1158/1541-7786.MCR-20-0570
https://www.ncbi.nlm.nih.gov/pubmed/32669400
https://doi.org/10.1182/blood-2014-10-608448
https://www.ncbi.nlm.nih.gov/pubmed/25784680
https://doi.org/10.1182/blood-2002-08-2512
https://doi.org/10.1016/j.ccr.2006.08.009
https://doi.org/10.1038/ncb2432
https://doi.org/10.1158/0008-5472.CAN-19-1789
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1038/sj.onc.1209608


Molecules 2023, 28, 3624 18 of 19

52. Xia, H.; Green, D.R.; Zou, W. Autophagy in tumour immunity and therapy. Nat. Rev. Cancer 2021, 21, 281–297. [CrossRef]
53. Levy, J.M.M.; Towers, C.G.; Thorburn, A. Targeting autophagy in cancer. Nat. Rev. Cancer 2017, 17, 528–542. [CrossRef] [PubMed]
54. He, L.; Zhang, J.; Zhao, J.; Ma, N.; Kim, S.W.; Qiao, S.; Ma, X. Autophagy: The last defense against cellular nutritional stress. Adv.

Nutr. 2018, 9, 493–504. [CrossRef]
55. An, D.; Pulinilkunnil, T.; Qi, D.; Ghosh, S.; Abrahani, A.; Rodrigues, B. The metabolic “switch” AMPK regulates cardiac

heparin-releasable lipoprotein lipase. Am. J. Physiol.-Endocrinol. Metab. 2005, 288, E246–E253. [CrossRef] [PubMed]
56. Beck, W.T.; Mueller, T.J.; Tanzer, L.R. Altered surface membrane glycoproteins in Vinca alkaloid-resistant human leukemic

lymphoblasts. Cancer Res. 1979, 39, 2070–2076. [PubMed]
57. Choi, Y.H.; Yu, A.M. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development. Curr.

Pharm. Des. 2014, 20, 793–807. [CrossRef]
58. Lin, C.; Song, L.; Gong, H.; Liu, A.; Lin, X.; Wu, J.; Li, M.; Li, J. Nkx2-8 downregulation promotes angiogenesis and activates

NF-kappaB in esophageal cancer. Cancer Res. 2013, 73, 3638–3648. [CrossRef] [PubMed]
59. Yu, C.; Zhang, Z.; Liao, W.; Zhao, X.; Liu, L.; Wu, Y.; Liu, Z.; Li, Y.; Zhong, Y.; Chen, K.; et al. The tumor-suppressor gene Nkx2.8

suppresses bladder cancer proliferation through upregulation of FOXO3a and inhibition of the MEK/ERK signaling pathway.
Carcinogenesis 2012, 33, 678–686. [CrossRef]

60. Qu, X.K.; Qiu, X.B.; Yuan, F.; Wang, J.; Zhao, C.M.; Liu, X.Y.; Zhang, X.L.; Li, R.G.; Xu, Y.J.; Hou, X.M.; et al. A novel NKX2.5
loss-of-function mutation associated with congenital bicuspid aortic valve. Am. J. Cardiol. 2014, 114, 1891–1895. [CrossRef]

61. Kajiyama, Y.; Tian, J.; Locker, J. Regulation of alpha-fetoprotein expression by Nkx2.8. Mol. Cell. Biol. 2002, 22, 6122–6130.
[CrossRef]

62. D’Amato, V.; Raimondo, L.; Formisano, L.; Giuliano, M.; De Placido, S.; Rosa, R.; Bianco, R. Mechanisms of lapatinib resistance in
HER2-driven breast cancer. Cancer Treat. Rev. 2015, 41, 877–883. [CrossRef]

63. Sergina, N.V.; Rausch, M.; Wang, D.; Blair, J.; Hann, B.; Shokat, K.M.; Moasser, M.M. Escape from HER-family tyrosine kinase
inhibitor therapy by the kinase-inactive HER3. Nature 2007, 445, 437–441. [CrossRef]

64. Huang, S.; Li, C.; Armstrong, E.A.; Peet, C.R.; Saker, J.; Amler, L.C.; Sliwkowski, M.X.; Harari, P.M. Dual targeting of EGFR
and HER3 with MEHD7945A overcomes acquired resistance to EGFR inhibitors and radiation. Cancer Res. 2013, 73, 824–833.
[CrossRef] [PubMed]

65. Castelnuovo, M.; Massone, S.; Tasso, R.; Fiorino, G.; Gatti, M.; Robello, M.; Gatta, E.; Berger, A.; Strub, K.; Florio, T.; et al. An
Alu-like RNA promotes cell differentiation and reduces malignancy of human neuroblastoma cells. FASEB J. 2010, 24, 4033–4046.
[CrossRef] [PubMed]

66. Butler, L.M.; Centenera, M.M.; Swinnen, J.V. Androgen control of lipid metabolism in prostate cancer: Novel insights and future
applications. Endocr. Relat. Cancer 2016, 23, R219–R227. [CrossRef]

67. Rathore, R.; Schutt, C.R.; Van Tine, B.A. PHGDH as a mechanism for resistance in metabolically-driven cancers. Cancer Drug
Resist. 2020, 3, 762. [CrossRef] [PubMed]

68. Zheng, X.F.; Florentino, D.; Chen, J.; Crabtree, G.R.; Schreiber, S.L. TOR kinase domains are required for two distinct functions,
only one of which is inhibited by rapamycin. Cell 1995, 82, 121–130. [CrossRef]

69. Laplante, M.; Sabatini, D.M. mTOR signaling at a glance. J. Cell. Sci. 2009, 122, 3589–3594. [CrossRef]
70. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 169, 361–371. [CrossRef]
71. Schlaepfer, I.R.; Rider, L.; Rodrigues, L.U.; Gijon, M.A.; Pac, C.T.; Romero, L.; Cimic, A.; Sirintrapun, S.J.; Glode, L.M.; Eckel, R.H.;

et al. Lipid catabolism via CPT1 as a therapeutic target for prostate cancer. Mol. Cancer Ther. 2014, 13, 2361–2371. [CrossRef]
72. Mattoon, D.R.; Lamothe, B.; Lax, I.; Schlessinger, J. The docking protein Gab1 is the primary mediator of EGF-stimulated

activation of the PI-3K/Akt cell survival pathway. BMC Biol. 2004, 2, 24. [CrossRef]
73. Ruiz-Saenz, A.; Dreyer, C.; Campbell, M.R.; Steri, V.; Gulizia, N.; Moasser, M.M. HER2 Amplification in Tumors Activates

PI3K/Akt Signaling Independent of HER3. Cancer Res. 2018, 78, 3645–3658. [CrossRef] [PubMed]
74. Saito, Y.D.; Jensen, A.R.; Salgia, R.; Posadas, E.M. Fyn: A novel molecular target in cancer. Cancer 2010, 116, 1629–1637. [CrossRef]

[PubMed]
75. Schenone, S.; Brullo, C.; Musumeci, F.; Biava, M.; Falchi, F.; Botta, M. Fyn kinase in brain diseases and cancer: The search for

inhibitors. Curr. Med. Chem. 2011, 18, 2921–2942. [CrossRef] [PubMed]
76. Lee, G.H.; Yoo, K.C.; An, Y.; Lee, H.J.; Lee, M.; Uddin, N.; Kim, M.J.; Kim, I.G.; Suh, Y.; Lee, S.J. FYN promotes mesenchymal

phenotypes of basal type breast cancer cells through STAT5/NOTCH2 signaling node. Oncogene 2018, 37, 1857–1868. [CrossRef]
[PubMed]

77. Yu, J.; Zhou, Z.; Wei, Z.; Wu, J.; OuYang, J.; Huang, W.; He, Y.; Zhang, C. FYN promotes gastric cancer metastasis by activating
STAT3-mediated epithelial-mesenchymal transition. Transl. Oncol. 2020, 13, 100841. [CrossRef] [PubMed]

78. Lyu, S.C.; Han, D.D.; Li, X.L.; Ma, J.; Wu, Q.; Dong, H.M.; Bai, C.; He, Q. Fyn knockdown inhibits migration and invasion in
cholangiocarcinoma through the activated AMPK/mTOR signaling pathway. Oncol. Lett. 2018, 15, 2085–2090. [CrossRef]

79. Matsushima, S.; Kuroda, J.; Zhai, P.; Liu, T.; Ikeda, S.; Nagarajan, N.; Oka, S.; Yokota, T.; Kinugawa, S.; Hsu, C.P.; et al. Tyrosine
kinase FYN negatively regulates NOX4 in cardiac remodeling. J. Clin. Investig. 2016, 126, 3403–3416. [CrossRef] [PubMed]

80. Daina, A.; Michielin, O.; Zoete, V. SwissTargetPrediction: Updated data and new features for efficient prediction of protein targets
of small molecules. Nucleic Acids Res. 2019, 47, W357–W364. [CrossRef]

https://doi.org/10.1038/s41568-021-00344-2
https://doi.org/10.1038/nrc.2017.53
https://www.ncbi.nlm.nih.gov/pubmed/28751651
https://doi.org/10.1093/advances/nmy011
https://doi.org/10.1152/ajpendo.00211.2004
https://www.ncbi.nlm.nih.gov/pubmed/15328075
https://www.ncbi.nlm.nih.gov/pubmed/571759
https://doi.org/10.2174/138161282005140214165212
https://doi.org/10.1158/0008-5472.CAN-12-4028
https://www.ncbi.nlm.nih.gov/pubmed/23604637
https://doi.org/10.1093/carcin/bgr321
https://doi.org/10.1016/j.amjcard.2014.09.028
https://doi.org/10.1128/MCB.22.17.6122-6130.2002
https://doi.org/10.1016/j.ctrv.2015.08.001
https://doi.org/10.1038/nature05474
https://doi.org/10.1158/0008-5472.CAN-12-1611
https://www.ncbi.nlm.nih.gov/pubmed/23172311
https://doi.org/10.1096/fj.10-157032
https://www.ncbi.nlm.nih.gov/pubmed/20581224
https://doi.org/10.1530/ERC-15-0556
https://doi.org/10.20517/cdr.2020.46
https://www.ncbi.nlm.nih.gov/pubmed/33511334
https://doi.org/10.1016/0092-8674(95)90058-6
https://doi.org/10.1242/jcs.051011
https://doi.org/10.1016/j.cell.2017.03.035
https://doi.org/10.1158/1535-7163.MCT-14-0183
https://doi.org/10.1186/1741-7007-2-24
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://www.ncbi.nlm.nih.gov/pubmed/29760043
https://doi.org/10.1002/cncr.24879
https://www.ncbi.nlm.nih.gov/pubmed/20151426
https://doi.org/10.2174/092986711796150531
https://www.ncbi.nlm.nih.gov/pubmed/21651487
https://doi.org/10.1038/s41388-017-0114-y
https://www.ncbi.nlm.nih.gov/pubmed/29348460
https://doi.org/10.1016/j.tranon.2020.100841
https://www.ncbi.nlm.nih.gov/pubmed/32763503
https://doi.org/10.3892/ol.2017.7542
https://doi.org/10.1172/JCI85624
https://www.ncbi.nlm.nih.gov/pubmed/27525436
https://doi.org/10.1093/nar/gkz382


Molecules 2023, 28, 3624 19 of 19

81. Lamb, J.; Crawford, E.D.; Peck, D.; Modell, J.W.; Blat, I.C.; Wrobel, M.J.; Lerner, J.; Brunet, J.-P.; Subramanian, A.; Ross, K.N. The
Connectivity Map: Using gene-expression signatures to connect small molecules, genes, and disease. Science 2006, 313, 1929–1935.
[CrossRef] [PubMed]

82. Oyarce, C.; Vizcaino-Castro, A.; Chen, S.; Boerma, A.; Daemen, T. Re-polarization of immunosuppressive macrophages to
tumor-cytotoxic macrophages by repurposed metabolic drugs. Oncoimmunology 2021, 10, 1898753. [CrossRef] [PubMed]

83. Dhakal, B.; Li, C.M.Y.; Ramezanpour, M.; Houtak, G.; Li, R.; Bouras, G.; Collela, A.; Chegeni, N.; Chataway, T.K.; Drew, P.
Proteomic characterisation of perhexiline treatment on THP-1 M1 macrophage differentiation. Front. Immunol. 2023, 14, 1030.
[CrossRef] [PubMed]

84. Wang, H.; Guo, Y.; Lu, H.; Luo, Y.; Hu, W.; Liang, W.; Garcia-Barrio, M.T.; Chang, L.; Schwendeman, A.; Zhang, J. Krüppel-like
factor 14 deletion in myeloid cells accelerates atherosclerotic lesion development. Cardiovasc. Res. 2022, 118, 475–488. [CrossRef]

85. Yuan, Y.; Fan, G.; Liu, Y.; Liu, L.; Zhang, T.; Liu, P.; Tu, Q.; Zhang, X.; Luo, S.; Yao, L. The transcription factor KLF14 regulates
macrophage glycolysis and immune function by inhibiting HK2 in sepsis. Cell. Mol. Immunol. 2022, 19, 504–515. [CrossRef]

86. Zhang, C.; Yue, C.; Herrmann, A.; Song, J.; Egelston, C.; Wang, T.; Zhang, Z.; Li, W.; Lee, H.; Aftabizadeh, M. STAT3 activation-
induced fatty acid oxidation in CD8+ T effector cells is critical for obesity-promoted breast tumor growth. Cell Metab. 2020, 31,
148–161. [CrossRef]

87. Poh, A.R.; Ernst, M. Targeting macrophages in cancer: From bench to bedside. Front. Oncol. 2018, 8, 49. [CrossRef]
88. Duan, Z.; Luo, Y. Targeting macrophages in cancer immunotherapy. Signal. Transduct. Target. Ther. 2021, 6, 127. [CrossRef]
89. Viola, A.; Munari, F.; Sánchez-Rodríguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front.

Immunol. 2019, 10, 1462. [CrossRef]
90. Kolliniati, O.; Ieronymaki, E.; Vergadi, E.; Tsatsanis, C. Metabolic Regulation of Macrophage Activation. J. Innate Immun. 2021, 14,

51–68. [CrossRef]
91. Rottenberg, S.; Disler, C.; Perego, P. The rediscovery of platinum-based cancer therapy. Nat. Rev. Cancer 2021, 21, 37–50. [CrossRef]
92. Previs, R.A.; Bevis, K.S.; Huh, W.; Tillmanns, T.; Perry, L.; Moore, K.; Chapman, J.; McClung, C.; Kiet, T.; Java, J.; et al. A prognostic

nomogram to predict overall survival in women with recurrent ovarian cancer treated with bevacizumab and chemotherapy.
Gynecol. Oncol. 2014, 132, 531–536. [CrossRef] [PubMed]

93. Leenhardt, F.; Alexandre, M.; Jacot, W. Alpelisib for the treatment of PIK3CA-mutated, hormone receptor-positive, HER2-negative
metastatic breast cancer. Expert. Opin. Pharmacother. 2021, 22, 667–675. [CrossRef]

94. Zou, Z.; Tao, T.; Li, H.; Zhu, X. mTOR signaling pathway and mTOR inhibitors in cancer: Progress and challenges. Cell. Biosci.
2020, 10, 31. [CrossRef] [PubMed]

95. Swain, S.M.; Miles, D.; Kim, S.B.; Im, Y.H.; Im, S.A.; Semiglazov, V.; Ciruelos, E.; Schneeweiss, A.; Loi, S.; Monturus, E.; et al.
Pertuzumab, trastuzumab, and docetaxel for HER2-positive metastatic breast cancer (CLEOPATRA): End-of-study results from a
double-blind, randomised, placebo-controlled, phase 3 study. Lancet Oncol. 2020, 21, 519–530. [CrossRef]

96. Gianni, L.; Pienkowski, T.; Im, Y.H.; Tseng, L.M.; Liu, M.C.; Lluch, A.; Staroslawska, E.; de la Haba-Rodriguez, J.; Im, S.A.; Pedrini,
J.L.; et al. 5-year analysis of neoadjuvant pertuzumab and trastuzumab in patients with locally advanced, inflammatory, or
early-stage HER2-positive breast cancer (NeoSphere): A multicentre, open-label, phase 2 randomised trial. Lancet Oncol. 2016, 17,
791–800. [CrossRef]

97. Arvanitis, C.D.; Ferraro, G.B.; Jain, R.K. The blood-brain barrier and blood-tumour barrier in brain tumours and metastases. Nat.
Rev. Cancer 2020, 20, 26–41. [CrossRef]

98. Albini, A.; Pennesi, G.; Donatelli, F.; Cammarota, R.; De Flora, S.; Noonan, D.M. Cardiotoxicity of anticancer drugs: The need for
cardio-oncology and cardio-oncological prevention. J. Natl. Cancer Inst. 2010, 102, 14–25. [CrossRef]

99. Lotrionte, M.; Biondi-Zoccai, G.; Abbate, A.; Lanzetta, G.; D’Ascenzo, F.; Malavasi, V.; Peruzzi, M.; Frati, G.; Palazzoni, G.
Review and meta-analysis of incidence and clinical predictors of anthracycline cardiotoxicity. Am. J. Cardiol. 2013, 112, 1980–1984.
[CrossRef]

100. Beadle, R.M.; Williams, L.K.; Kuehl, M.; Bowater, S.; Abozguia, K.; Leyva, F.; Yousef, Z.; Wagenmakers, A.J.; Thies, F.; Horowitz, J.;
et al. Improvement in cardiac energetics by perhexiline in heart failure due to dilated cardiomyopathy. JACC Heart Fail. 2015, 3,
202–211. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.1132939
https://www.ncbi.nlm.nih.gov/pubmed/17008526
https://doi.org/10.1080/2162402X.2021.1898753
https://www.ncbi.nlm.nih.gov/pubmed/33796407
https://doi.org/10.3389/fimmu.2023.1054588
https://www.ncbi.nlm.nih.gov/pubmed/36993962
https://doi.org/10.1093/cvr/cvab027
https://doi.org/10.1038/s41423-021-00806-5
https://doi.org/10.1016/j.cmet.2019.10.013
https://doi.org/10.3389/fonc.2018.00049
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1159/000516780
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1016/j.ygyno.2014.01.036
https://www.ncbi.nlm.nih.gov/pubmed/24472410
https://doi.org/10.1080/14656566.2021.1873952
https://doi.org/10.1186/s13578-020-00396-1
https://www.ncbi.nlm.nih.gov/pubmed/32175074
https://doi.org/10.1016/S1470-2045(19)30863-0
https://doi.org/10.1016/S1470-2045(16)00163-7
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1093/jnci/djp440
https://doi.org/10.1016/j.amjcard.2013.08.026
https://doi.org/10.1016/j.jchf.2014.09.009
https://www.ncbi.nlm.nih.gov/pubmed/25650370

	Introduction 
	Overview of Perhexiline 
	Perhexiline Anti-Cancer Studies and Proposed Mechanisms 
	Perhexiline Activates the Intrinsic Apoptotic Pathway 
	Perhexiline Promotes Incomplete AMP-Activated Protein Kinase (AMPK) Activated Autophagy 
	Perhexiline Improves Chemotherapy Efficacy 
	Perhexiline Improves Anti-Androgen Therapy Efficacy 
	Perhexiline as Part of a Metabolic Inhibitor Strategy for Cancer 

	Perhexiline: More than Just CPT Inhibition 
	PI3K/Akt/mTOR 
	ErbB3 (HER3) 
	FYN 
	HES1 

	Preclinical Studies of Perhexiline-Mediated Tumour Clearance 
	Perhexiline Modulates Tumour-Infiltrating Immune Cells 
	Clinical Feasibility of Perhexiline as an Anti-Cancer Agent 
	Conclusions 
	References

