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Abstract: Perillyl alcohol (POH) is a naturally occurring dietary monoterpene isolated from the essential oils of la- 
vender, peppermint, and other plants. Medical interest in this compound was generated by research findings show-
ing that POH was able to inhibit the growth of tumor cells in cell culture and exert cancer preventive and therapeutic 
activity in a variety of animal tumor models. Based on this promising preclinical work, POH was formulated in soft 
gelatine capsules and orally administered to cancer patients several times a day on a continuous basis. However, 
such clinical trials in humans yielded disappointing results, also because the large number of capsules that had to 
be swallowed caused hard-to-tolerate intestinal side effects, causing many patients to withdraw from treatment due 
to unrelenting nausea, fatigue, and vomiting. As a result, efforts to treat cancer patients with oral POH were aban-
doned and did not enter clinical practice. Intriguingly, clinical trials in Brazil have explored intranasal POH delivery 
as an alternative to circumvent the toxic limitations of oral administration. In these trials, patients with recurrent 
malignant gliomas were given comparatively small doses of POH via simple inhalation through the nose. Results 
from these studies show this type of long-term, daily chemotherapy to be well tolerated and effective. In this review, 
we will present the vicissitudes of POH’s evaluation as an anticancer agent, and its most recent success in therapy 
of patients with malignant brain tumors.
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Background

Perillyl alcohol (POH; IUPAC name: [4-(prop-1-
en-2-yl)cyclohex-1-en-1-yl] methanol) and its 
precursor limonene are naturally occurring 
monocyclic terpenes derived from the meva- 
lonate pathway in plants. POH is a constituent 
of caraway, lavender and lilac oil, cherries, 
cranberries, sage, spearmint, peppermint, cel-
ery seeds, and certain other plants [1]. 
D-Limonene (1-methyl-4-(1-methylethenyl)-cycl- 
ohexene) is the predominant constituent of 
peel oil from citrus fruits and the essential oils 
of caraway, and an important ingredient of the 
flavor and aroma profiles of anise, black pep-
per, cinnamon, coriander, ginger, lavender, 
mint, nutmeg, rosemary, sage, thyme, and 
some other herbs [1]. It is metabolized to POH 
via hydroxylation by cytochrome P450-type 
enzymes, and this catalytic process has been 
documented in a variety of microbes and in 

microsomal preparations from plants [2, 3]. 
Recently, limonene production and subsequent 
conversion to POH was achieved after engineer-
ing E. coli with a heterologous mevalonate path-
way and limonene synthase, coupled with a 
cytochrome P450 enzyme specifically hydroxy-
lating limonene to produce POH [4]. Chemical 
synthesis of POH, in four steps from commer-
cially available limonene oxide, has been 
accomplished as well [5].

Humans and other mammals produce neither 
limonene nor POH, but do harbor P450 liver 
enzymes for the oxidation of limonene to POH 
and other metabolic products. For instance, 
liver microsomes of humans, mice, rats, guinea 
pigs, rabbits, dogs, and monkeys readily pro-
duce POH after addition of limonene as a sub-
strate [6, 7]. In humans, dogs, and rats, POH 
was shown to be rapidly metabolized to perillyl 
aldehyde (perillaldehyde), perillic acid, and cis- 
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and trans-dihydroperillic acids, followed by glu-
curonidation and excretion primarily in the 
urine and to a lesser extent in bile [8-12] (Figure 
1). 

Traditionally, limonene and POH have a number 
of manufacturing and household uses and are 
common ingredients in cleaning products, cos-
metics, and as fragrance in toiletries [12, 13]. 
They are permitted by the U.S. Food and Drug 
Administration (FDA) as food additives, primar-
ily for the purpose as flavoring agents [14]. 
Most relevant for the following review, limonene 
and POH both have attracted attention from 
the medical community, based on their antican-
cer activity in a number of preclinical models 
(e.g., [15, 16]), with POH generally displaying 
greater activity than limonene [17-20]. In the 
following, we will present the vicissitudes of 
POH’s evaluation as an anticancer agent, and 
its most recent success in therapy of patients 
with malignant brain tumors.

Chemopreventive activity

POH and D-limonene have revealed chemopre-
ventive activity in preclinical animal models of 
breast, colon, lung, pancreas, and skin cancer 
[21, 22]. For instance, dietary POH at 1 or 2 g/
kg greatly reduced the incidence and multiplic-

ity of invasive adenocarci-
nomas of the colon of rats 
injected with the carcino-
gen azoxymethane (AOM) 
[23]. Similarly, when POH 
was injected intraperitone-
ally at a dose of 75 mg/kg 
three times per week in 
mice, it significantly re- 
duced lung tumor forma-
tion triggered by simultane-
ous injection of carcinogen-
ic NNK (4-(methyl-nitro- 
soamino)-1-(3-pyridyl)-1-bu-
tanone) [24, 25]. Similar 
studies indicated preven-
tive activity of POH in a 
hamster pancreatic cancer 
model [26]. 

In contrast to the above 
studies, chemopreventive 
activity of POH could not be 
established in rat models 
of esophageal [27] or he- 

Figure 1. Major components of POH metabolism in mammals. POH, either de-
rived from limonene via hydroxylation by P450 liver enzymes, or administered 
directly into the patient or other mammal, undergoes stepwise oxidation to its 
metabolic end products, followed by glucuronidation by UDP-glucuronyltrans-
ferase and subsequent excretion. (Shown are the (–)-(S)-enantiomers of the 
stereoisomeric molecules).

patic carcinogenesis [28]. In the latter model, 
rats were treated with a single dose of 
N-nitrosomorpholine (NNM), followed by 1 g/kg 
daily POH in the diet. After several months, ani-
mals treated with POH failed to show fewer 
neoplastic liver foci as compared to rats that 
had not received dietary POH, indicating a lack 
of detectable chemopreventive effect of the 
monoterpene in the early stages of rat hepato-
carcinogenesis [28]. Within the context of other 
studies that instead had demonstrated positive 
effects of POH [29, 30], the authors suggested 
that POH perhaps might act differently in the 
early and late stages of carcinogenesis. Overall, 
the potential of POH and other dietary phyto-
chemicals for chemoprevention of hepatocar-
cinogenesis needs to be explored further, pos-
sibly beginning with the phase 0 approach [22, 
31].

In mouse skin tumor models, POH (10 mM) 
applied topically to the ears and shaved dorsal 
surface significantly inhibited tumor develop-
ment in response to exposure to ultraviolet B 
radiation [32] or painting of the skin of TPras 
mice with DMBA (dimethylbenz[a]anthracene) 
[33]. POH was also effective in the classic two-
stage skin carcinogenesis model, where tumor 
initiation with DMBA is followed by tumor pro-
motion with TPA (12-O-tetradecanoylphorbol-
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13-acetate) [34]. The activity of topical POH in 
these preclinical studies encouraged the 
design of a Phase 1 study in participants with 
normal-appearing skin, which showed that a 
cream-based topical formulation of POH [35] 
was well tolerated at a dose of 0.76% (w/w) 
without severe cutaneous toxicities, systemic 
toxicities, or histopathological abnormalities 
[36]. The purpose of a subsequent randomized, 
placebo-controlled, double-blind Phase 2a 
study was to determine whether POH cream, 
applied twice daily to the forearms for three 
months, could reverse actinic (sun) damage. 
Although a modest effect of POH in sun-dam-
aged skin could be detected, the overall out-
come was unimpressive, and the authors pro-
posed that improved delivery to the skin might 
be necessary [37]. 

Chemotherapeutic activity in vivo

Several studies in preclinical animal tumor 
models have characterized POH as a powerful 
chemotherapeutic agent against different can-
cer types, including pancreatic, breast, liver, 
and brain cancers. For example, a diet mixed 
with 2-4% (1.2-2.4 g/kg per day) POH resulted 
in significant reduction of tumor growth in ham-
sters injected with pancreatic carcinoma cells, 
including complete regression in 20% of the 
animals [38]. At the same time, there was no 
observable toxicity in H & E-stained sections  
of the liver, kidney, and normal pancreas. 
Subsequent studies with human pancreatic 
cancer cells implanted into nude mice further 
confirmed the therapeutic activity of POH 
against this tumor type [39]. 

In studies with rats, 2.5% dietary POH resulted 
in regression of 81% of small mammary carci-
nomas and 75% of advanced mammary carci-
nomas initiated by 7,12-dimethylbenz(a)anthra-
cene (DMBA) [18]. In a mouse model with 
orthotopically transplanted human breast car-
cinoma cells, POH at a dose of 75 mg/kg was 
injected intraperitoneally three times a week 
for 6 weeks, which resulted in suppression of 
primary tumor growth and inhibition of meta-
static spread to regional lymph nodes [40]. The 
ability of POH to block metastatic spread was 
also confirmed in the chorioallantoic mem-
brane (CAM) model with the use of the C6 rat 
glioma cell line [41]. 

POH also revealed significant potency against 
diethylnitrosoamine (DEN)-induced liver tumors 

in rats. Two weeks after the removal of DEN, 
the animals were placed on a diet containing 
2% POH for 19 weeks. Compared to control ani-
mals that had not received POH, the liver weight 
of POH-treated rats was 10-fold less, with sub-
stantially smaller tumor tissue present [30]. 
POH also exerted cancer therapeutic activity 
after intranasal delivery, where mice with intra-
cranially xenografted glioblastoma cells re- 
ceived 0.76 or 1.9 mg/kg POH into alternating 
nostrils every other day. Both POH-treated 
groups of animals survived significantly longer 
than control animals treated with vehicle only 
[42]. Similar to the other in vivo studies, histo-
pathological analysis failed to reveal apparent 
pathological abnormalities in POH-treated ani- 
mals. 

Antiangiogenic activity

The potent cancer therapeutic activity of POH 
documented in various preclinical tumor mod-
els appears to result from its dual impact on 
the tumor cells per se, as well as the endothe-
lial cells forming the tumor vasculature. On one 
hand, inhibitory potency of POH against cul-
tured tumor cells has been described in a num-
ber of studies (e.g., [43-50]); on the other hand, 
interference of POH with the process of angio-
genesis has been documented as well. 

POH was able to induce apoptosis of endothe-
lial cells, and prevented new blood vessel 
growth in the chicken CAM assay and in a 
Matrigel model of endothelial tubule formation 
[51, 52]. As well, it differentially modulated the 
release of two important angiogenic regulators, 
vascular endothelial growth factor (VEGF) from 
tumor cells and angiopoietin 2 (Ang2) from 
endothelial cells, resulting in suppression of 
neovascularization and induction of vessel 
regression. In related studies, it was confirmed 
that POH decreased the production of proan-
giogenic growth factors, such as VEGF and 
interleukin-8 (IL-8), in cultured glioblastoma 
cells [42]. 

Phase I trials of oral POH

In seven phase I clinical trials, POH was admin-
istered orally to cancer patients with advanced 
and refractory malignancy. POH was given in 
divided doses ranging from 2,400 to 16,200 
mg per day (equivalent to approximately 40-270 
mg/kg). Treatment duration varied with each 
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patient, but was generally between 2 and 9 
months. Nausea was cited as a common side 
effect, along with other gastrointestinal toxici-
ties such as vomiting, eructation, and satiety, 
which became dose limiting in several of these 
trials. 

Howard Bailey’s group at the University of 
Wisconsin Comprehensive Cancer Center initi-
ated four of these phase I trials. The first one 
[53] involved 18 patients with advanced malig-
nancies for whom no effective standard thera-
py was available. POH was formulated in soft 
gelatin capsules containing 250 mg POH and 
250 mg soybean oil, which were administered 
p.o. on a continuous three-times-a-day basis. 
The dose-escalation scheme started with 800 
mg/m2/dose in four patients and increased up 
to 2,400 mg/m2/dose in seven patients. About 
half the patients in each group remained on 
therapy for ≥ 3 months. The main toxicities, 
which appeared to be dose related, were gas-
trointestinal (GI) and included nausea and vom-
iting, anorexia, unpleasant taste, satiety, and 
eructation, and grade 1-2 fatigue was also 
noted [53]. Two heavily pre-treated ovarian can-
cer patients experienced reversible ≥ grade 3 
granulocytopenia. Disease stabilization for ≥ 6 
months was seen, although not objective tumor 
response was noted. 

The subsequent phase I study from this group 
[9] increased continuous POH dosing from 
three to four times a day. Sixteen patients with 
refractory malignancies received gelatin cap-
sules at 800, 1,200, and 1,600 mg/m2/dose 
four times a day, and several of these patients 
remained on this schedule for ≥ 3 months, with 
one patient in the highest-dose group remain-
ing for ≥ 24 months. As before, the predomi-
nant toxicities seen were GI-related and fatigue. 
No significant problems with myelosuppression 
were seen. Grade 1 leukopenia and neutrope-
nia were observed in several patients, but this 
did not appear to be drug related. Grade 1 ane-
mia and thrombocytopenia were seen in one 
patient at the lowest dose level. No hepatic, 
renal, or neurological toxicities thought to be 
related to the drug were seen. Overall, POH 
appeared to be better tolerated when taken in 
a fed state as opposed to fasting, and it was 
concluded that the maximum tolerated dose of 
POH given continuously four times a day was 
1,200 mg/m2/dose [9]. Several patients pre-
sented with stable disease for ≥ 6 months, and 

one patient with metastatic colon cancer expe-
rienced a near-complete response of > 2 years 
duration. 

To avoid the large amounts of ingested soybean 
oil, the following phase I trial from the Bailey 
group [54] used a new formulation with 700 mg 
capsules containing 650 mg POH, in an effort 
to improve POH dose and metabolite concen-
tration. A total of 19 patients with refractory 
solid malignancies received escalating dose 
levels/dose of 1,350 mg, 2,025 mg, 2,700 mg, 
3,375 mg, or 4,050 mg, administered orally 
four times a day in a 28-day cycle. Within the 
first four dose levels, no dose-limiting toxicity 
occurred, but at the highest dose level one 
patient (out of 6) experienced grade 3 vomiting. 
Overall, as before, GI toxicities predominated, 
with nausea and vomiting in 63% of patients 
(12/19). The same proportion of patients 
(12/19) experienced heartburn and indiges-
tion, primarily grade 1. Although the side effects 
were mild in nature, three patients withdrew 
from treatment, citing intolerable GI toxicity. 
The authors concluded that this reformulation 
of POH appeared to represent an improvement 
upon prior formulation, by reducing the number 
of capsules ingested and the degree of GI toxic-
ity per dose, where a dose of 2,050 mg admin-
istered four times a day was easily tolerated 
[54].

The fourth phase I trial by the Bailey group, per-
formed in collaboration with a team at the 
University of Iowa Holden Comprehensive 
Cancer Center [55], tested the original 500 mg 
capsules (250 mg POH and 250 mg soybean 
oil) in an interrupted 28-day schedule, consist-
ing of 14 continuous days of treatment followed 
by 14 rest days, for up to three cycles. The ratio-
nale was to examine whether an interrupted 
administration schedule could possibly lead to 
increased tolerability with reduced severity of 
POH side effects. POH was administered orally 
to 20 patients four times a day at doses 
between 1,200 and 2,000 mg/m2/dose. As 
before, the most common toxicities were nau-
sea, GI distress, and fatigue. Other toxicities 
noted were hypokalemia and one incidence of 
pancreatitis. Due to these toxicities, four 
patients declined further treatment during or 
after the second cycle. No objective responses 
were observed, and the authors concluded that 
an interrupted administration schedule of POH 
did not reveal significant advantages over con-
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tinuous dosing schedules, as the associated 
toxicities of drug treatment did not seem to 
lessen as compared to continuous daily dosing 
[55]. 

A similar cycle of 14 days on/14 days off was 
also investigated at the Fox Chase Center in 
Philadelphia, PA, where 17 patients received 
POH at 1,600, 2,100, and 2,800 mg/m2/dose 
three times a day [8]. They observed increasing 
GI toxicity starting at the initial dose of 1,600 
mg/m2/dose, and dose-limiting nausea and 
fatigue at the highest dose. Grade 1-2 hypoka-
lemia was common at 2,100 and 2,800 mg/
m2/dose. In comparison, this three-times-daily 
dosing of POH seemed better tolerated than 
the four-times-daily dosing reported by Bailey 
et al., 2004, which was also given on a 14 days 
on/14 days off cycle [55]. 

A phase I study performed by a team at the Yale 
Cancer Center in New Haven, CT, had 21 
patients treated with POH orally three times a 
day on a continuous schedule [56]. The aver-
age number of days that patients remained on 
the study was 48 (range 11-172). Soft gelatin 
capsules (250 mg POH, 250 mg soybean oil) 
were used, with a starting dose of 600 mg/m2/
dose on an empty stomach, with escalation to 
2,800 mg/m2/dose, where fatigue and nausea 
became dose limiting. Reversible neutropenia 
occurred in a small minority of the patients. 
Central nervous system (CNS) toxicities, mani-
fested as mild disorientation, loss of balance, 
and impaired ability to concentrate, were 
observed in 11 patients; one patient on the 
highest dose level developed slurred speech. 
All CNS toxicities resolved upon withdrawal of 
the drug. Stabilization of disease was observed 
in one of the 16 patients evaluable for response 
[56]. 

Finally, a phase I study performed by a team at 
Memorial Sloan-Kettering Cancer Center in 
New York [57] investigated POH delivered orally 
as soft gelatin capsules, four times daily, on a 
continuous schedule at doses ranging from 
1,200 to 2,800 mg/m2/dose. The median time 
on study was 4 weeks. The dose-limiting toxici-
ties in this trial were nausea and vomiting, 
encountered in all patients at the highest dose 
level. Overall, there were no objective tumor 
responses. Five patients continued on the 
study for 2 months or more with stable disease, 
including one patient with stage IV non-small-
cell lung cancer metastatic to lung and lymph 

nodes, who remained on the study for 13 
months [57]. 

The maximum tolerated dose (MTD) of POH in 
this latter study by Azzoli et al. ([57] was deter-
mined to be 8,400 mg/m2 per day [57], which 
was higher than what was observed in other 
four-times-a-day dosing trials, such as the ones 
by Ripple et al. [9] and Bailey et al. [55] that 
reported MTDs of 4,800 and 6,400 mg/m2 per 
day, respectively. In comparison, the three-
times-a-day treatment schedule used by Hudes 
et al. [8] and Murren et al. [56] resulted in an 
MTD of 6,300 mg/m2 per day, 

The variable MTDs of POH presumably are 
attributable to the nonspecific and subjective 
GI side effects of the drug, where considerable 
interpatient variability was noted, and where 
measures to ameliorate the toxicity were of lit-
tle help for some and no help for others. In fact, 
the unremitting nature of drug side effects was 
significant enough to result in several subjects 
declining to participate further in the trials. 
Another consistently noted issue with oral dos-
ing of POH was the number of capsules required 
(15-20 capsules four times a day at higher 
doses). A different formulation with more con-
centrated capsules used by Morgan-Meadows 
et al. [54] presented an improvement and 
resulted in a high, tolerated dose of 8,200 mg 
per day, although it did not appear to offer any 
metabolite pharmacokinetic advantage. 

Phase II trials of oral POH

The above-mentioned phase I studies demon-
strated that POH was reasonably well tolerated, 
with the exception of mild to moderate toxici-
ties, most commonly gastrointestinal symp-
toms and fatigue. Doses up to 2,400 mg/m2 
p.o. three times a day did not reach the MTD; 
however, a dose of 1,200 mg/m2 p.o. four times 
a day was recommended for phase II trials that 
examined perillyl alcohol in patients with 
advanced ovarian cancer [58], metastatic 
colorectal cancer [59], androgen-independent 
prostate cancer [60], and treatment-refractory 
metastatic breast cancer [61]. In two of these 
trials, patients tolerating the initial dose were 
dose-escalated to 1,500 mg/m2 [61] and 
1,600 mg/m2 [59]. 

The results of all four studies were disappoint-
ing, with the uniform conclusion that this POH 
treatment regimen did not exhibit objective 
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clinical antitumor activity. As well, tolerance to 
this regimen was poor, which contributed to 
suspension of enrollment short of planned 
accrual, or early withdrawal of patients from 
therapy due to the unpleasant experience. In 
some cases, even grade 2 toxicity was not tol-
erable when it was chronic and unremitting, 
which also limited the ability to escalate the 
dose beyond 1,200 mg/m2 [58-61]. 

Intranasal delivery of POH

While efforts are underway to create high-dose 
formulations of oral POH that might reduce GI 
toxicities, an alternative delivery method was 
explored in clinical trials performed in Brazil. In 
these trials, POH was administered via nasal 
inhalation to patients with recurrent malignant 
glioma (see below). The rationale behind intra-
nasal delivery of POH to brain cancer patients 
included the idea that direct nose-to-brain 
transport might support increased drug access 
to the intracranial tumor site. Other advantages 
of nasal drug uptake are based on the highly 
vascularized epithelium of nasal mucosa and 
its high total blood flow, its large surface area, 
and its lower enzyme levels as compared to 
gastrointestinal tract and liver. In general, these 
features enable easy accessibility, rapid drug 
absorption that avoids first-pass hepatic 
metabolism, altogether resulting in enhanced 
bioavailability and quick onset of drug action 
[62-66]. 

Intranasal drug delivery is a rapidly developing 
field that seeks to deliver a wide range of thera-
peutic agents to target a variety of medical con-
ditions from rhinitis to neurological disorders 
such as Alzheimer’s, migraine, or schizophrenia 
[62, 65, 67, 68]. However, the exact drug trans-
port mechanisms and processes involved are 
incompletely understood [69]. For instance, 
while the determination of drug concentrations 
in the brain after intranasal delivery can be 
achieved via measurements of cerebrospinal 
fluid (CSF), it is substantially more difficult to 
establish the tracks of drug movement between 
nose and brain, as there appear to exist several 
direct and indirect pathways that can be uti-
lized by drugs to reach the CSF. These pathways 
include direct brain entry via the olfactory path-
way or the trigeminal nerve pathway, or indirect 
routes via the blood vasculature and lymphatic 
system [63, 68, 70, 71].

Several existing and emerging nasal delivery 
devices and dispersion technologies are 

explored for optimal nasal delivery and clinical 
performance, including conventional inhalers, 
mechanical spray pumps, gas driven or electri-
cally powered nebulizers, and a variety of pow-
der devices [72, 73]. For example, ViaNaseTM, a 
hand-held electronic atomizer developed by 
Kurve Technology [74], allows for control of 
droplet size, velocity and trajectories, and 
enables targeted deposition of pharmaceuti-
cals to the entire nasal cavity, including the 
olfactory regions and the paranasal sinuses 
[75, 76].

In the meantime, clinical trials in Brazil already 
have demonstrated therapeutic efficacy and 
easy tolerability of POH when administered four 
times a day via nasal inhalation. In an initial 
phase I/II study [77], 37 patients with recurrent 
malignant glioma received 0.3% v/v POH (55 
mg) per dose, totaling 220 mg per day. It was 
reported that no patient presented with signs 
of toxicity, inclusive of 4 patients with more 
than 1 year of daily POH treatment, and no 
dose reduction or drug discontinuation was 
required for any of the study participants. At the 
same time, this novel delivery strategy led to  
an increase in progression-free survival and 
decrease in tumor size in several patients [77].

Two follow-up reports [78, 79] presented data 
on the long-term outcome of POH intranasal 
delivery to a cohort of 198 patients, including 
155 with recurrent glioblastoma multiforme 
(GBM), 27 with grade III astrocytoma (AA), and 
16 with anaplastic oligodendroglioma (AO). All 
patients were only under palliative symptomat-
ic treatment because they had failed current 
standard of care for malignant glioma recur-
rence. For therapy of these patients, POH was 
diluted in mineral water with pH above 7 (in an 
attempt to alkalinize the acidity of peritumoral 
edema) and was administered in a common 
nebulizer by intranasal inhalation four times a 
day. The initial individual doses were 67 mg qid 
(268 mg total per day), which were escalated 
up to 133 mg (533 mg total). Clinical toxicity 
and overall survival following treatment were 
compared with tumor size, topography, extent 
of peritumoral edema, and histological classifi-
cation (see representative examples in Figure 
2). 

It was noted that adhesion to the protocol was 
high (> 95%). At the highest dose, POH occa-
sionally caused nose soreness and in rare 
instances nose bleed. After 4 years under con-
tinuous, exclusive POH treatment, 19% of 
patients still remain in clinical remission, while 
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drug side effects were almost non-existent. It 
was concluded that long-term POH inhalation 
therapy is a safe and non-invasive strategy with 
efficacy against recurrent malignant glioma 
[78, 79]. 

Pharmacokinetics 

Pharmacokinetic studies of oral perillyl alcohol 
have been challenging due to high inter- and 
intrapatient variability. The two main metabo-
lites in humans were identified as perillic acid 
(PA) and dihydroperillic acid (DHPA), which were 

present in a ratio similar to 
that observed in dog stud-
ies [80], and minor metab-
olites included perillalde-
hyde. In contrast, the par-
ent drug POH was not 
detectable in the plasma. 
Peak levels were noted 2-3 
hours post-ingestion for PA 
and 3-5 hours post-inges-
tion for DHPA [8, 9, 53-57]. 
Metabolite half-lives mea-
sured from 1-4 hours for 
each metabolite [9, 53-55], 
although one study report-
ed a half-life for PA of less 
than one hour [56]. 
Consistently, there was no 
evidence of drug accumu-
lation in the blood with 
time, supporting the neces-
sity for frequent dosing. 
POH, PA, and DHPA were 
detectable in the urine of 
patients at higher dose lev-
els. Independent of the 
administered dose, about 
9-10% of the total dose 
was recovered in the first 
24 hours, with PA as the 
major component, DHPA as 
a lesser component, and 
only a very small fraction 
(less than 1%) as POH [9, 
53, 55]. 

The single-dose AUC0-6h val-
ues for both PA and DHPA 
were similar to those seen 
on a TID or QID schedule at 
comparable doses, sug-
gesting more consistent 
exposure to higher circulat-

Figure 2. Representative MRIs of POH-treated patients. (A) MRIs of patient with 
astrocytoma grade II under treatment with four times daily intranasal POH at 
66.7 mg/dose (266.8 mg/day). Note persistent tumor size in initial MRI (a), 
and after 3 years (b) of continuous treatment. (B) MRIs of patient with recurrent 
glioblastoma multiforme under treatment with same intranasal POH schedule 
(66.7 mg qid). Note mild reduction of tumor size from initial MRI (a) to 2 years 
(b) and 4 years (c) of daily treatment. (C) MRIs of patient with recurrent glioblas-
toma multiforme under treatment with same intranasal POH schedule (66.7 mg 
qid) in combination with temozolomide. Note mild reduction of tumor size from 
initial MRI (a) to 2 years (b) and 3 years (c) of daily POH treatment.

ing metabolite levels on the more frequent dos-
ing schedule [9]. Metabolite levels seen in ran-
dom samples from rats at dietary levels of POH 
shown to be effective at inducing tumor regres-
sion were 390-480 µM for PA and 110-230 µM 
for DHPA [18]. In comparison, in patients the 
peak levels (Cmax) of PA were similar after 
patients received 1,200 mg/m2/dose, and 
reached even higher values (600 and 774 µM) 
after treatment with 2,000 or 2,800 mg/m2/
dose, respectively [8, 9, 55]. However, Cmax for 
DHPA remained well below the range measured 
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in rats, even at a human dose of 2,800 mg/m2, 
possibly because of known species differences 
in metabolism [7-9, 55]. 

Taking the drug in a fed vs. fasting state did not 
have a substantial impact on metabolite levels 
(AUC) within any given dose level [9, 53], 
although fasting patients appeared to reach 
Cmax somewhat faster [57], and in most cases 
had slightly higher 24-h AUC and Cmax at 1,200 
mg/m2 and 1,600 mg/m2 dose levels, although 
not at 2,000 mg/m2/dose [55]. However, high 
inter- and intrapatient variability in all trials of 
oral POH allowed few conclusions regarding the 
relationship of AUC and toxicity. 

Measuring POH turnover and metabolite levels 
represents a critical component of POH clinical 
studies, also because metabolites themselves 
may exert pharmacological activity. Several in 
vitro studies, for instance, have demonstrated 
tumor cell killing by perillyl aldehyde (perillalde-
hyde) [11, 20, 81]. In one study with rat PC12 
pheochromocytoma cells [11], perillyl aldehyde 
exerted stronger effects than POH and caused 
apoptosis at 200 µM. In comparison, POH 
required 500 µM for the same outcome, where-
as perillic acid was inactive in these assays. In 
related studies with murine B16 melanoma 
cells [20], the IC50 for growth inhibition by 
perillyl aldehyde and POH was 120 µM and 250 
µM, respectively. In contrast to these previous 
studies, another study [81] with human carci-
noma cell lines demonstrated that POH exerted 
stronger apoptosis-inducing potency than peril-
lyl aldehyde. Thus, while cell-type specific 
responses might influence the overall potency 
of POH as compared to its metabolites, these 
studies nonetheless revealed cytotoxic potency 
of perillyl aldehyde. 

Cellular targets and mechanism of action

The mechanisms of action of monoterpenes 
are not clearly defined. Several investigators 
have suggested cellular effects, such as G1 
block causing cytostasis or differentiation, 
induction of apoptosis, or aggravation of endo-
plasmic reticulum (ER) stress [29, 30, 42, 43, 
49, 82]. Biochemical effects, such as altera-
tions in mevalonate metabolism and inhibition 
of isoprenylation, might be involved as well [83-
86]. More specifically, POH might target key 
components of signal transduction pathways, 
such as the Ras oncoprotein [87-89], trans-

forming growth factor beta (TGFβ) receptor 
[29], nuclear factor kappa B (NF-κB) [90], c-fos 
and c-jun proto-oncogenes [91], or components 
of the cell cycle machinery [44, 46, 47, 49, 82] 
and appears to inhibit certain cellular enzymes, 
such as telomerase [92, 93] and sodium/
potassium adenosine triphosphatase (Na/K-
ATPase) [94]. The chemopreventive effects of 
POH may be related to induction of phase I and 
phase II liver enzymes, resulting in carcinogen 
detoxification [95, 96]. However, the contribu-
tion of all of these components to the biological 
and clinical impact of POH treatment remains 
to be fully characterized. 

Role of Ras as a proposed target of POH

Early studies on POH function suggested that 
POH might act as an inhibitor of farnesyl-pro-
tein transferase (FPTase) and geranylgeranyl-
protein transferases (GGPTases) [17, 84-86]. 
Such interference with the mevalonate pathway 
generated substantial excitement, because 
posttranslational prenylation had been recog-
nized as a critical modification of Ras oncopro-
teins, single-unit GTPases of molecular weight 
21 (p21). Ras genes are well established as the 
most frequently mutated oncogenes in human 
cancer, and posttranslational farnesylation or 
geranylation is required for normal activity, as 
well as transforming function, of all three Ras 
protein isoforms (H-Ras, K-Ras, N-Ras) [97, 98]. 
It was therefore postulated that POH might ex-
ert its anticancer effects via inhibition of Ras 
activity, resulting from the blockage of the 
proteins’ posttranslational modifications [99, 
100]. 

However, a number of experimental observa-
tions contradict the above model and greatly 
minimize a role, if any, of Ras proteins in POH-
mediated anticancer effects. For instance, in 
vitro enzyme experiments revealed that POH 
concentrations required to inhibit FPTase and 
GGPTase activity were generally higher than 
those that impacted cell proliferation and sur-
vival [85, 101, 102]. As well, the observed 
decrease in farnesylated Ras levels upon treat-
ment of cells with high concentrations of POH 
did not correlate with greater levels of cytosolic 
Ras, but rather appeared to be a consequence 
of decreased de novo synthesis of the protein 
[102, 103]. While one study [104] did not detect 
lower activity of Ras downstream targets, such 
as p42/44 MAP kinase/ERK or collagenase 
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promoter, another study [105] did find inhibi-
tion of MAPK/ERK, as well as upstream MAP 
kinase kinase (MEK), by POH. Inhibition of MEK 
and MAPK/ERK closely correlated with cell 
growth inhibition by POH, but was determined 
to be entirely independent of any involvement 
of Ras [105]. 

In an effort to gauge the impact of POH on Ras 
activity in patients, Hudes et al. [8] used PBMCs 
as an easily accessible surrogate tissue from 
six patients receiving 2,800 mg/m2/dose three 
times daily. Samples from day 1 (pre-treatment) 
and days 8 and 15 were compared for p21 Ras 
expression levels, but no consistent changes 
were found. These authors also treated cul-
tured MCF-7 breast carcinoma and DU145 
prostate carcinoma cells with the POH metabo-
lites PA and DHPA at concentrations that 
exceeded those achieved in patient plasma 
after POH treatment; yet, no change in p21 Ras 
expression or its isoprenylation status could be 
detected [8], indicating that growth inhibition of 
these tumor cells was not related to altered 
Ras activity, consistent with in vitro results by 
others [103]. A lack of Ras processing in periph-
eral blood cells was also documented in a sep-
arate study with patients receiving a four-times-
a-day schedule of POH at 1,200 mg/m2/dose 
[55]. Hudes et al. concluded that “Ras function 
may be neither a relevant target for POH nor a 
suitable intermediate end point in the dose 
range tolerated by humans” [8]. 

Altogether, a significant involvement of Ras pro-
tein in mediating the anticancer effects of POH 
seems rather unlikely, as the majority of more 
recent studies are not supportive of this model. 
In the meantime, a large number of additional 
POH targets have emerged, and many of them 
seem reasonable candidates for mediating the 
antiproliferative effects of POH. However, the 
validation of their precise roles in these events 
remains to be established. 

Summary 

The naturally occurring monoterpene POH 
exerts cytotoxic effects when added to tumor 
cells in culture. Early on, it was surmised that 
the key mechanism by which POH triggers cell 
death was through the inhibition of the Ras 
oncoprotein; however, later studies could not 
convincingly establish this model. Subsequently, 
a growing number of cellular targets of POH 
were identified. While the precise contribution 

of each of these additional components 
remains to be established, it appears that POH 
might cause tumor cell death through pleiotro-
pic effects impacting a variety of cellular 
functions. 

When investigated in vivo, POH exerted con-
vincing therapeutic activity in different animal 
tumor models. However, in clinical trials that 
followed, POH initially did not fulfill its promise 
as a novel cancer therapeutic when it was 
administered orally to patients with different 
types of neoplasms. Among the challenges of 
these trials was the observation that the inges-
tion of large gram dosages of POH caused 
intestinal toxicities, causing many patients to 
withdraw from treatment due to unrelenting 
nausea, fatigue, and vomiting. As a result, oral 
POH was abandoned and did not enter clinical 
practice.

Clinical trials in Brazil spearheaded an alterna-
tive mode of POH delivery to patients. Here, 
sub-gram daily quantities of POH were adminis-
tered through nasal inhalation to recurrent glio-
ma patients, who previously had become unre-
sponsive to standard cancer therapeutic regi-
mens and faced dismal prognosis. Intriguingly, 
these studies not only demonstrated clinical 
activity of POH, but also revealed that long-term 
intranasal inhalation of the compound was very 
well tolerated over several years of daily use. In 
the United States, the FDA (Food and Drug 
Administration) has accepted IND (investiga-
tional new drug) filing of NEO100, a highly puri-
fied form of POH, and clinical trials to treat 
recurrent glioblastoma patients with this com-
pound are anticipated to begin sometime dur-
ing the year 2015.
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