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Abstract
Adrenocortical carcinoma (ACC) is a malignant tumor originating from the adrenal gland cortex with a heterogeneous but 
overall dismal prognosis in advanced stages. For more than 50 years, mitotane has remained a cornerstone for the treatment 
of ACC as adjuvant and palliative therapy. It has a very poor aqueous solubility of 0.1 mg/l and high partition coefficient in 
octanol/water (log P) value of 6. The commercially available dosage form is 500 mg tablets (Lysodren®). Even at doses up 
to 6 g/day (12 tablets in divided doses) for several months, > 50% patients do not achieve therapeutic plasma concentration 
> 14 mg/l due to poor water solubility, large volume of distribution and inter/intra-individual variability in bioavailability. 
This article aims to give a concise update of the clinical challenges associated with the administration of high-dose mito-
tane oral therapy which encompass the issues of poor bioavailability, difficult-to-predict pharmacokinetics and associated 
adverse events. Moreover, we present recent efforts to improve mitotane formulations. Their success has been limited, and 
we therefore propose an injectable mitotane formulation instead of oral administration, which could bypass many of the 
main issues associated with high-dose oral mitotane therapy. A parenteral administration of mitotane could not only help 
to alleviate the adverse effects but also circumvent the variable oral absorption, give better control over therapeutic plasma 
mitotane concentration and potentially shorten the time to achieve therapeutic drug plasma concentrations considerably.

Plain Language summary
Mitotane as tablet form is currently the standard treatment for adrenocortical carcinoma. It has been used for 5 decades but 
suffers from highly variable responses in patients, subsequent adverse effects and overall lower response rate. This can be 
fundamentally linked to the exceedingly poor water solubility of mitotane itself. In terms of enhancing water solubility, a 
few research groups have attempted to develop better formulations of mitotane to overcome the issues associated with tablet 
dosage form. However, the success rate was limited, and these formulations did not make it into the clinics. In this article, 
we have comprehensively reviewed the properties of these formulations and discuss the reasons for their limited utility. 
Furthermore, we discuss a recently developed mitotane nanoformulation that led us to propose a novel approach to mitotane 
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therapy, where intravenous delivery supplements the standard oral administration. With this article, we combine the current 
state of knowledge as a single piece of information about the various problems associated with the use of mitotane tablets, 
and herein we postulate the development of a new injectable mitotane formulation, which can potentially circumvent the 
major problems associated to mitotane’s poor water solubility.

Key Points 

Mitotane is a drug of choice for cancer of the adrenal 
gland. It is administered in tablet dosage form with the 
very high dose of 4–6 g/day.

Because of poor water solubility and low bioavailability, 
mitotane has a unpredictable pharmacokinetic profile 
resulting in high inter-/intra-individual variability and 
severe adverse effects.

It is hypothesized that the transformation of oral mito-
tane to an injectable form could potentially circumvent 
the major problems while providing better control over 
mitotane plasma concentrations and overall improving 
the therapeutic outcomes.

1  Introduction

Advancement in combinatorial chemistries, automated synthe-
sis and high-throughput screening in medicinal chemistry led 
to the development of many hits and leads as drug molecules. 
Unfortunately, poor intrinsic aqueous solubility is common to 
both synthetic pharmacophores and pharmacologically active 
natural compounds [1]. According to an estimate, 40% of the 
drugs on the market and 90% of the drugs in the development 
pipeline are highly hydrophobic [2–4]. For an orally admin-
istered medicine, the oral bioavailability is a crucial charac-
teristic in a target product profile. Low aqueous solubility of 
the active pharmaceutical ingredient is a significant risk factor 
for poor oral absorption because in most cases absorption in 
the aqueous environment of the gastrointestinal tract (GIT) 
requires soluble single molecules or alternative formulations 
from which the drug molecules can be absorbed into systemic 
circulation [5]. Accordingly, formulation plays an essential 
role in controlling the rate and extent of absorption of such 
drug molecules from the GIT. For the molecules with aque-
ous solubility < 1 mg/l, the bioavailability from a conventional 
tablet formulation may be unacceptable [6]. Various strategies 
have been developed to improve the delivery of biopharma-
ceutical classification system (BCS) class II (low solubility 
and high permeability) and class IV drugs (low solubility and 
low permeability) [1]. Hence, for numerous drugs and drug 
candidates, the development of appropriate formulation is of 

paramount importance to achieve therapeutic plasma concen-
trations with limited side effects.

In the pool of hydrophobic drugs, mitotane, being a drug of 
choice for adrenocortical carcinoma (ACC) [7, 8], also suffers 
from intrinsic poor aqueous solubility and low bioavailability 
[9, 10]. Recently, Corso et al. published a review which has 
provided a systematic details about the poor pharmacokinet-
ics and pharmacodynamics of mitotane [11]. Contrarily, our 
article focuses more on the biopharmaceutics of mitotane with 
a special emphasis on development of new formulations and 
dosage forms. In particular, we highlighted the properties and 
limitations of the tablet dosage form that is currently available 
on the market and current therapy principles including high-
dose oral mitotane therapy with the focus on disadvantages 
and adverse effects associated with this regimen. In addition, 
we review the available data about its (population) pharma-
cokinetics profile and mainly discuss the published pharma-
ceutical advancements of mitotane formulations. We also pro-
vide an evidence-based concrete hypothesis that transforming 
the mitotane dosage form from oral to injectable will signifi-
cantly improve the therapeutic outcomes while minimizing 
the adverse effects.

A bibliographical search made in the “PubMed” database 
using “mitotane” as the only search term resulting in around 
800 publications from 2000 until March 2021. In line with 
the aim of this article, the search results were categorized into 
four bins: (1) mitotane delivery, (2) ACC treatment/clinical 
reports, (3) pharmacokinetics, pharmacodynamics and in vitro 
testing, and (4) others (Fig. 1). Apparently, the number of arti-
cles about mitotane are increasing every year but mitotane’s 
poor aqueous solubility and low bioavailability are overlooked 
and rarely addressed (Fig 1, red sections in each bar). Overall, 
only ten articles were related to mitotane delivery, which are 
discussed in the next sections.

2 � Adrenocortical Carcinoma

ACC is the primary malignancy of the adrenal cortex of the 
adrenal gland. It has an estimated incidence of 0.5–2 new cases 
per 1 million people each year [12, 13] with an overall 4-year 
survival rate of < 50% [14, 15]. In approximately 60% of the 
cases, ACC is capable of secreting adrenal steroid hormones, 
which may lead to Cushing’s syndrome, feminization or viri-
lization and is associated with serious morbidity that requires 
active management [16–18]. The patients with non-functional 
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ACC present clinically with abdominal or flank pain and local 
tumor growth/metastasis or are diagnosed incidentally upon 
cross-sectional imaging conducted for other reasons (“inciden-
taloma”). The understanding of the molecular events under-
lying the development of ACC has improved in recent years 
[19], but is still not satisfactory. The two most frequent altera-
tions observed in ACC so far are overexpression of IGF-2 [20, 
21] and constitutive activation of the Wnt/β-catenin pathway 
[22–24]. Complete surgical resection of localized ACC is the 
only therapy with a curative intent. Indeed, median survival 
in patients with unresectable tumors or incomplete tumor 
resection is only 12–15 months [25]. Major advances in the 
field arose from collaborative research networks such as the 
European Network for the Study of Adrenal Tumors (ENSAT) 
and International ACC Conferences held since 2003 [26, 27]. 
These efforts led to harmonized diagnostic workups and a 
new staging classification and attempted to improve thera-
peutic options through international phase III clinical trials 
[17, 27–29].

3 � Mitotane

Mitotane has often been termed an adrenolytic drug which 
implicates tissue specificity of its action for the adrenal 
cortex. Mitotane-induced adrenocortical cell death has 
been firmly established in vitro. On the other hand, the 
recovery of adrenal cortex function is common after dis-
continuation of mitotane suggesting that in vivo viable 
adrenal cortex cells persist. Beyond a cytotoxic effect of 
mitotane, inhibition of steroid cell synthesis is a key event 
that is clinically exploited.

Chemically, mitotane has initially been discovered as a 
by-product of the bulk synthesis of the insecticide dichlo-
rodiphenyl-trichloroethane (DDT) [30, 31]. Mitotane is 
1,1-dichloro-2-(o-chlorophenyl)-2-(p-chlorophenyl)ethane 
(o,p′-DDD) and physically characterized by a very poor 
aqueous solubility (0.1 mg/l), a very high partition coef-
ficient in octanol/water (log P) of 6 [9] and poor oral bio-
availability of 30–40% [10, 32]. Mitotane is the only drug 
approved by the Food and Drug Administration (FDA) and 
European Medicine Agency (EMA) for the treatment of 
ACC [7, 8, 26]. It was introduced for the treatment of ACC 
more than 50 years ago by Cueto et al. [30, 31] and used 
as adjuvant therapy and palliative treatment [14, 33, 34]. 
Depending upon the staging and grading of ACC, vari-
ous treatment strategies can be adopted in many of which 
mitotane has remained an integral part (Fig. 2) [17]. This 
is reflected by the current ACC guideline that emphasizes 
its role as a monotherapy and as a combination partner in 
chemotherapy protocols [17, 18].

Mitotane is available in tablet dosage form under the 
trade name Lysodren®, administered as a racemic mix-
ture with an enantiomeric ratio of 1 (Fig. 3). It is mar-
keted in Europe by HRA Pharma, Paris, France, and in the 
US by Bristol-Myers Squibb, Princeton, NJ. The excipi-
ents in mitotane tablets are microcrystalline cellulose, 
poly(ethylene glycol) (PEG) 3350, silicon dioxide and 
starch. Based on the low prevalence of the disease (0.1 
in 10,000 persons), in 2002, the European commission 
granted orphan designation (EU/3/2/102) to Laboratories 
HRA Pharma, France, for mitotane for the treatment of 
ACC [35, 36]; at that time, mitotane was already marketed 
in the US and Canada. At the end of market exclusivity 
(period of 12 years) in Europe, this product was subse-
quently withdrawn from the community register of des-
ignated orphan medicinal products in 2014 [37]. Despite 
severe safety issues, mitotane is the only drug of choice 
for ACC [14, 16, 38]

Fig. 1   Number of articles published per year using the search string 
“mitotane” (pubmed.org) which were manually categorized into four 
thematic focus areas (color coding): mitotane delivery, adrenocorti-
cal carcinoma (ACC), pharmacokinetics/pharmacodynamics  (PK/
PD/In vitro) and others. Importantly, red sections in each bar indicate 
the studies dealing with mitotane delivery in the context of solubility 
enhancement or delivery
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Fig. 2   Treatment flow chart for patients with adrenocortical carcinoma. EDP etoposide (E), doxorubicin (D) and cisplatin (P). Reprinted with 
permission from [17]. Copyright 2009 Elsevier.

Fig. 3   Schematic representation of mitotane metabolism [59, 60, 65–
67]. p,p′-DDT p,p′ dichlorodiphenyl-trichloroethane, o,p′-DDD o,p′-
dichlorodiphenyl-dichloroethane, o,p′-DDE o,p′-dichlorodiphenyl-

dichloroethene, o,p′-DDAC o,p′-dichlorodiphenyl-acyl chloride, 
o,p′-DDA o,p′-dichlorodiphenyl-acetic acid
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3.1 � Mechanism of Action

Astonishingly, 50 years after the introduction of mito-
tane into the clinics, many uncertainties about mitotane’s 
mechanism of action, pharmacokinetics, biotransformation 
and treatment regimens remain, fueling an ongoing debate 
about its actual efficacy [39]. Despite efforts by several 
groups using multiple technical approaches including 
assessment of genome-wide gene expression [40] and pro-
teome change [41], the actual target of mitotane remains 
unclear. Mitotane has a profound effect on steroidogenesis, 
which has been associated with the inhibition of mitochon-
drial cytochrome p450-dependent enzymes but the specific 
underlying mechanism is not fully understood [42, 43]. 
Involvement of mitochondria has been suggested by the 
analysis of mitochondrial protein expression [44], respira-
tory chain activity and morphofunctional features [45]. 
Recently, Sbiera et al. identified sterol-O-acyltransferase 
1 (SOAT1) to be critically important and suggested it to 
be the key molecular target of mitotane. SOAT1 is respon-
sible for the production of esterified cholesterol, which 
can protect the adrenal cells from the damaging effect 
of free cholesterol. In vitro biologic studies in ACC cell 
lines (NCI-H295) revealed that mitotane causes a rapid 
onset of endoplasmic reticulum (ER) stress, which in turn 
causes protein misfolding in ER, resulting in a signaling 
cascade that limits the effects of ER stress. This situation 
may lead to accumulation of toxic lipids inside ACC cells. 
The downstream signal transduction by the ER stress path-
way through accumulation of toxic lipids was described 
for the first time as a potential underlying mechanism of 
action of an anti-cancer drug (particularly mitotane). This 
cascade leads to the inhibition of SOAT1, cholesterol ester 
depletion and increase of free cholesterol in NCI-H295 
cell lines [46, 47]. Recently, the same group questioned the 
relevance of SOAT1 as the only drug target by demonstrat-
ing lack of association between SOAT1 protein expression 
in ACC tissue and treatment response [48, 49] while others 
reported its relevance [50]. Hence, the specific underlying 
mechanism of action is not fully understood but further 
highlights, can be found in selected articles [11, 19, 38, 
51–53].

3.2 � Pharmacokinetics

Unfortunately, there is very little information available about 
the pharmacokinetics of mitotane, and available studies are 
small and sometimes contradictory. The initial pharmacoki-
netics data came from a study by Moy et al. performed in 
the early 1960s with an assumption that 35–40% of an oral 
dose of mitotane is absorbed from the GIT [10]. The study 
included 18 patients with the average mitotane intake of 10 
g/day. However, other data found absorption of ~ 60% [54] 

and dependency of mitotane absorption on daily dose [55]. 
Moolenaar and colleagues investigated the impact of various 
nutrients on the absorption of mitotane [54]. Patients were 
divided into five groups, and mitotane (a single dose of 2 g) 
was administered as tablets, granules, mitotane powder with 
milk, chocolate and an oil emulsion, respectively. Compared 
to tablets and granules, mitotane administered with milk, 
chocolate and as an emulsion yielded significantly higher 
mean plasma concentrations in the first 5 h (Cmax of 3–4 
mg/l). In a long-term study including seven patients, at a 
total dose of 200 g administered over a 30–60-day period, a 
very long and highly variable plasma elimination half-life 
of 18–159 days was observed. The highest average plasma 
mitotane concentration (18 mg/l, n = 6) was reached after 
milk and lowest (6 mg/l) after tablet administration. To 
improve oral adrenolytic ACC therapy, Hermansson et al. 
performed comparative pharmacokinetic studies of the 
adrenocorticolytic drug 3-methylsulphonyl-DDE (3-MeSO2-
DDE) and mitotane in minipigs [56]. The animals were 
given a single oral dose (30 mg/kg) of both drugs dissolved 
in corn oil by gastric intubation (n = 5 for each drug). Maxi-
mal plasma concentrations were obtained for both drugs 
within 24 h but two times higher for 3-MeSO2-DDE. At 
day 30, 3-MeSO2-DDE concentration was 25-fold higher 
than mitotane in fats. The liver and plasma concentrations 
of mitotane were equal at 180 days while 3-MeSO2-DDE 
was 18-fold higher in liver than plasma. Mitotane had a 45 
times higher clearance rate. 3-MeSO2-DDE was found to be 
an interesting candidate for ACC; however, slow elimina-
tion might make it challenging to design appropriate dosage 
regimens.

Mitotane biotransformation involves two processes, i.e., 
alpha and beta hydroxylation (Fig. 3). Alpha hydroxyla-
tion leads to formation of inactive metabolite, i.e., o,p′-
dichlorodiphenyl-dichloroethene (o,p′-DDE), while in case 
of beta hydroxylation, initially a reactive intermediate acyl 
chloride metabolite is formed, i.e., o,p′-dichlorodiphenyl-
acyl chloride (o,p′-DDAC). With strong affinity for bionu-
cleophiles, o,p′-DDAC can cause acylation of cellular mac-
romolecules. Within adrenal cells, this mechanism is thought 
to contribute to its mechanism of action [57]. This covalent 
bonding can be reversed by glutathione reductase [58] or 
will lead to a water-soluble inactive metabolite, i.e., o,p′-
dichlorodiphenyl-acetic acid (o,p′-DDA) (Fig. 3), which may 
reach much higher plasma concentration compared to mito-
tane [59, 60]. These metabolites are distributed into various 
body tissues with fat-containing tissues functioning as the 
major distribution compartment [61]. It appears there is no 
selective accumulation in the adrenals but high concentra-
tions in the adrenals may be related to their high cholesterol 
content as adrenocortical cells require large amounts of cho-
lesterol for steroidogenesis. Finnegan et al. found high levels 
of mitotane in adipose tissue of both rats and dogs [62]. 
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After discontinuation of mitotane therapy, persistent plasma 
concentrations of mitotane (o,p′-DDD) and metabolites 
(o,p′-DDA and o,p′-DDE) are probably caused by their slow 
redistribution from fat and other tissues. The site of mitotane 
metabolic transformation is unknown but may include both 
the liver and extrahepatic tissues such as the adrenals [59] 
and possibly intestine [63]. Recently, Allegra et al. investi-
gated the sex-related pharmacokinetic parameters which can 
also influence the outcomes of mitotane therapy. The authors 
found that female sex could be a risk factor for the failure of 
treatment. The results were supported by measurement of 
o,p′-DDD and o,p′-DDE in the patient’s blood. In both cases, 
the o,p′-DDD and o,p′-DDE levels were lower in females 
(F) than males (M) (o,p′-DDD; F/M; 7.6/11.0 µg/ml and 
o,p′-DDE; F/M; 0.37/0.82 µg/ml). Accordingly, it was also 
observed that fewer female patients reached and maintained 
the mitotane level in therapeutic range [64].

Mitotane has also shown strong association with serum 
lipoproteins (LPs) [68, 69]. It was previously hypothesized 
that serum LPs can act as Trojan horses which favor the 
entry of mitotane into ACC cells. However, later it was 
found that only free mitotane is therapeutically active [70]. 
Considering the strong association of mitotane with serum 
LPs, high mitotane concentration in chyle was demonstrated 
in a single patient suggesting absorption through chyle into 
the general circulation [63]. The presence of mitotane’s inac-
tive metabolites, o,p′-DDA and o,p′-DDE, in the chyle sug-
gests mitotane biotransformation already before or during 
the resorption through the intestine. In the systemic circula-
tion, the inactive metabolite o,p′-DDA was also found at 
concentrations ten times higher than mitotane [71] while 
o,p′-DDE was much less abundant [60, 66] (Fig. 3). Hescot 
et al. demonstrated that only mitotane can elicit the func-
tional alteration in adrenal cells but not o,p′-DDA [71]. 
The presence of such high levels of o,p′-DDA in chyle and 
blood serum further confirms that mitotane undergoes both 
extrahepatic and hepatic metabolism followed by rapid renal 
excretion due to the comparably good aqueous solubility of 
o,p′-DDA [65]. For further details on pharmacokinetics, the 
readers are referred to a very recent review by Corso and 
colleagues [11].

3.3 � Population Pharmacokinetics

Population pharmacokinetics (popPK) help to understand 
the degree and sources of variability in drug concentration 
among individuals in a group of interest. Kerkhof et al. 
developed a popPK model which confirmed slow clearance 
and large volume of distribution using a three-compartmen-
tal model derived from 29 patients [72]. Assuming an oral 
bioavailability of 30%, clearance and volume of distribu-
tion at steady state (Vss) were estimated at 0.94 ± 0.37 l/h 
and 161 ± 68 l/kg of the lean body mass, respectively. In 

another study, Arshad et al. developed a popPK model and 
found that a model that incorporates enzyme autoinduction 
best described the inter-individual variability IIV [73]. Mito-
tane is a known strong inducer of CYP3A4 potentially via 
pregnane X receptors (PXR). PXR ligands transcriptionally 
induce the activity of various processes in drug metabo-
lism which in turn can also accelerate the metabolism of 
PXR ligands themselves (autoinduction) [74, 75]. Thus, it 
was hypothesized that mitotane metabolism could also be 
affected by autoinduction leading to inter-individual differ-
ences in pharmacokinetics and therefore efficacy and toxic-
ity among the patients. Retrospective data from 76 ACC 
patients were modeled by one-compartment pharmacoki-
netic model assuming an oral bioavailability of 35% leading 
to an estimate for the central volume of distribution (Vc) of 
6086 l (95% Cl 4743–7673 l) with a very high IIV of 77.3%. 
Similar to Kerkhofs et al., they identified BMI as a covariate 
on Vc. Mitotane high-dose regimen and first TDM at day 16 
of the treatment were favored by model simulations to man-
age mitotane toxicity. Cazaubon et al. developed a popPK 
model capable of estimating the probability of target attain-
ment (PTA ≥ 14 mg/l) at different mitotane daily doses up 
to 1500 days of exposition [32]. A one-compartment model 
best described the retrospectively collected data from 38 
ACC patients (at an oral daily dose of 1–7.25 g/day). Due 
to unavailability of intravenous data, the bioavailability of 
mitotane was fixed to 35% knowing the fact that it is highly 
variable depending upon associated food intake [54, 76]. The 
estimates for Vc and Cl were 8900 l (95% CI 6346–13467) 
and 70 l/day (95% CI 59.3–78.6), respectively. IIV in Cl and 
Vc was moderate (29.3%) and high (90.4%), respectively. 
Their model supported a direct relationship among HDL, 
triglyceride (TG) and mitotane clearance. Increased HDL 
and TG both resulted in a reduction of Cl. In addition, they 
identified a so-called latent variable influencing Cl of mito-
tane which the authors interpreted as potentially being the 
genotype of metabolizing enzymes. The PTA at 3 months 
with the doses of 3, 6, 9 and 12 g/day were 10%, 55%, 76% 
and 85%, respectively. These simulations suggested that the 
recommended dosage regimen at initiation of therapy (2–3 
g/day) is not optimal to achieve targeted mitotane plasma 
concentration. However, it must be pointed out that a high 
PTA in this case does not necessarily mean that the patients 
are within the therapeutic range (14–20 mg/l) [77–79].

The most commonly reported CYP enzymes involved in 
the metabolism of mitotane are CYP3A4 and CYP2B6 [80, 
81]. With their recent popPK analysis, Yin et al. introduced 
a pharmacogenetic explanation for IIV in mitotane Cl [82]. 
Mitotane plasma concentration data and genetic informa-
tion from 48 ACC patients were incorporated in a two-
compartment model with first-order absorption and linear 
elimination. In contrast to other modeling approaches, Yin 
et al. did not fix oral bioavailability to an arbitrary value, but 
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rather reported apparent values for pharmacokinetic param-
eters. Genetic variants in the genes encoding for CYP2C19 
and the solute carrier organic anion transporters (SLCO) 
1B1 and 1B3 were found to explain a large proportion of 
IIV in apparent clearance (Cl/F). Additionally, lean body 
weight (LBW) was a significant covariate on Cl. Body fat 
was identified as a predictor of apparent volume of the cen-
tral compartment (Vc/F). The estimates for Cl/F and Vc/F 
in the final model were 298 l/day (95% CI 200.5–398.4) 
and 6210 l (95% CI 32,818–10,752), respectively, including 
large IIV for apparent volume of the peripheral compart-
ment (Vp/F) and apparent inter-compartmental clearance 
(Q/F). IIV in Cl/F and Vc/F were 43.0% and 47.2%, respec-
tively. In conclusion, the most important known sources of 
variability in the pharmacokinetics of mitotane seem to be 
body constitution (represented by LBW, fat mass or BMI), 
HDL and TG. Genetic variability in transporter proteins 
and metabolizing enzymes as well as (auto) induction of 
metabolizing enzymes are more recently discovered possi-
ble explanations for between-subject variability. However, 
there is still a large proportion of unexplained IIV. With 
this, to the best of our knowledge, we have summarized all 
the published data that dealt with the pharmacokinetics of 
mitotane. It is clear that pharmacokinetics of mitotane not 
only exhibit strong IIV, but despite mitotane being in clinical 
practice for decades, more detailed pharmacokinetic stud-
ies would still be required to fully understand the mitotane 
absorption, distribution, metabolism and excretion. Owing 
to the latency of action of mitotane associated with the time 
needed to reach the therapeutic target (14–20 mg/l) [77–79] 
and high IIV, it remains very challenging for the clinician to 
predict whether and within which time period mitotane tar-
get concentration will be reached. Hence, judgment is highly 
dependent on experience and remains subjective. Using the 

model of Arshad et al. [83] to reproduce their analysis, the 
time to reach the therapeutic target of 14–20 mg/l assum-
ing 6 g mitotane daily dosing (Fig. 4) while some patients 
could reach the target concentration as early as 2 weeks on 
therapy; this will not be the case even after 26 weeks in 
others. Median time to reach the lower therapeutic target 
concentration is 8 weeks according to the simulation, and 
a steady state is reached after about half a year in a typical 
patient. If higher doses are not tolerated, patients have only 
a minor chance to reach the target if they are not in range by 
week 26. Hence, this can assist in deciding about continu-
ation or discontinuation of mitotane after 26 weeks while 
considering clinical factors such as response to mitotane 
treatment and hormone excess.

In practice, many patients with advanced ACC receive 
mitotane indefinitely owing to lack of clear rules for its dis-
continuation. However, this might lead to severe side effects 
without any therapeutic effect in the case that effective 
serum levels are not achieved. In conclusion, all available 
popPK analyses reveal a large uncertainty and high degree 
of unexplained IIV regarding the pharmacokinetics of mito-
tane. As the absolute bioavailability and food effects were 
never thoroughly assessed because of the poor solubility and 
uncommonly slow pharmacokinetics, part of this uncertainty 
could be attributed to the oral application (i.e., first-pass 
metabolism, non-linear kinetics due to high mitotane con-
centrations in the intestine). To decrease this unacceptable 
degree of insecurity in this critical indication, alternative 
dosage forms bypassing the GIT could be beneficial.

3.4 � Clinical Dosing Regimens

A plethora of clinical studies report that serum mitotane 
concentrations of 14–20 mg/l are needed for an optimal ther-
apeutic response [77, 78, 84]. While mitotane serum con-
centrations below this therapeutic range are associated with 
a higher risk of non-response, concentrations > 20 mg/l are 
correlated with increased toxicity. However, in some cases, 
dose-limiting toxicity is reported within the therapeutic 
range or even below [28]. So, the administration of opti-
mal mitotane dose depends on the patient’s characteristics, 
which are nevertheless often the subjective experience of the 
individual physician. The usual recommended starting dose 
of mitotane is 1.5 g/day. Depending on local practice and 
patient characteristics, regimens with rapid dose increase to 
6 g/day (high-dose regimen) or a low-dose regimen are used 
[14, 18]. Even at high cumulative doses of 450 g (4–6 g/day 
for 3 consecutive months), more than half of the patients 
do not achieve the target plasma concentration, and no dif-
ferences between the two regimens were observed [85]. 
Recently, Puglisi et al. systematically showed that mitotane 
therapeutic plasma concentration has a significant influence 
on the patient’s outcomes with advanced ACC by assessing 

Fig. 4   Employing the model of Arshad et al. [83], the development of 
mitotane (MT) plasma concentrations over time was simulated using 
a Monte Carlo simulation; 5000 virtual patients received 1.5, 3.0 and 
4.5 g mitotane during the first 3 days, followed by 6 g/day. (Repro-
duction of analysis of Figure 5A in [83] with longer time frame)
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the time in target range (TTR: the number of months in 
which the mitotane concentration was > 14 mg/l). The data 
from the 80 patients with advanced ACC not amenable to 
surgical resection, coming from 12 different tertiary centers 
in Italy between 2005–2017, were obtained from the TDM 
database provided by the pharmaceutical company as part 
of the marketing license and were retrospectively analyzed 
for the mitotane plasma concentration. This study gave an 
interesting finding that higher TTR value can be used as 
predictor for increased survival, corroborating the regular 
investigation of mitotane plasma concentrations [86].

Megerle et al. presented a study analyzing the effect of 
mitotane monotherapy (at median maximal dosing of 7.5 g/
day) in 127 patients with advanced ACC [79]. All the data 
were retrieved from the German ACC Registry and the Euro-
pean Network for the Study of Adrenal Tumors (ENSAT) 
Registry. According to the authors, the objective response 
was slightly lower compared to previous reports, but mito-
tane monotherapy was able achieve clinical benefits. Out of 
127 patients, 3 never reached a mitotane plasma concentra-
tion > 14 mg/l, but objective response was observed in these 
patients showing that lower plasma levels do not necessarily 
preclude the clinical benefit. This study also suggests that 
patients with less aggressive tumors are good candidate for 
mitotane monotherapy while patients with a more aggressive 
clinical course would require more aggressive management. 
Given that there were no significant differences observed 
in progression-free and overall survival between patients 
with and without cortisol-producing ACC, the authors rec-
ommended the administration of mitotane for both func-
tioning and non-functioning tumors. A study by Faggiano 
et al. further suggests that high-dose mitotane therapy with 
acceptable toxicity may shorten the time required to reach 
plasma therapeutic levels from 3–5 months to 4 weeks. This 
suggests that an i.v. dosage form may be very beneficial to 
rapidly achieve the desired plasma levels followed by oral 
dosing for maintenance. However, the results are based on 
data obtained from a small study of four ACC and two Cush-
ing’s disease patients [87].

3.5 � High‑Dose Therapy’s Adverse Effects

Adverse effects of mitotane treatment are manifold and com-
mon. About 80% of the patients suffer from GIT side effects 
like anorexia, nausea or vomiting and in some cases diarrhea 
with the threshold plasma concentration of 5 mg/l, mean-
ing that these side effects start significantly before thera-
peutic plasma levels are reached. The most worrisome side 
effects involve the central nervous system (CNS), occurring 
in about 40% of the patients, and include ataxia, confusion, 
fatigue, dizziness, paresthesia and polyneuropathy [7, 26]. A 
reversible brain function impairment can also arise after pro-
longed use of high doses of mitotane. These effects appear 

preferentially but not exclusively in patients with mitotane 
plasma levels > 20 mg/l. The appearance of severe CNS and 
GIT side effects can require the interruption of therapy until 
improvement of the symptoms.

Due to its adrenal toxicity, mitotane treatment induces 
adrenal insufficiency in virtually all patients. Changes in 
hepatic gamma-glutamyl-transferase levels are also com-
monly observed. In a few cases, serious hepatotoxicity and 
even liver failure have been reported [88]. Importantly, mito-
tane severely alters lipid metabolism. It has been known for 
many years that mitotane induces high LDL cholesterol 
production, but also HDL cholesterol and sometimes tri-
glyceride concentrations [89] as well. The actual mechanism 
underlying these lipid abnormalities is unknown. Recently, it 
has also been observed that high dosage of mitotane causes 
precocious puberty [90] and encephalopathy [91, 92]. Hypo-
thyroidism and gynecomastia have also been reported in 
adult patients [17, 93]. To minimize adverse drug effects, 
the patients require corticosteroid replacement therapy, and 
TDM [94] including blood testing for various markers is 
persistently required [18]. As ACC is a rare but aggressive 
tumor, the available studies cannot give a clear picture of 
the impact of high-dose and long-term mitotane therapy on 
severity and probability of adverse events. Much of the data 
is obtained from small case series, which limit the knowl-
edge on adverse effects associated with chronic treatment, 
and thus the resulting dose-effect relationship remains 
unclear and unpredictable.

The maintenance of mitotane plasma concentration in the 
therapeutic range (14–20 mg/l) [78, 81, 84] while limiting 
side effects is therefore a clinical challenge. Severe adverse 
effects might require dose reduction or complete cessation, 
jeopardizing the potential therapeutic benefit while the 
patient’s quality of life may nevertheless be impaired for 
prolonged periods of time as changes in dosage regimen 
have long lag times before they actually reflect in plasma 
mitotane levels. It is obvious that achievement of therapeutic 
mitotane plasma concentration is hampered by a combina-
tion of poor aqueous solubility and unknown, potentially 
highly variable bioavailability [95] and an unfavorable phar-
macokinetics profile [96] resulting in long plasma equilibra-
tion time. Significant efforts have been made to offset these 
therapeutic limitations of mitotane therapy by investigating 
combination therapies.

4 � Pharmaceutical Advancements 
for Mitotane Formulations

In the following chapter, we have summarized the efforts 
which have been undertaken to increase the aqueous solubil-
ity of mitotane, which is arguably one of the main limiting 
factors responsible for mitotane poor bioavailability [10]. 
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As is well known for many drugs, Lin et al. showed that 
mitotane dissolution rate can also be increased by microniza-
tion [97], although this does not overcome the low solubility 
per se. The O/W microemulsions were prepared by using 
water, benzyl alcohol or sodium dodecyl sulphate (SDS) at 
different concentrations followed by crystallization (cool-
ing at 10 °C) or butyl-lactate, water, lecithin, ethanol and 
taurodeoxycholic followed by crystallization using solvent 
diffusion technique (addition of excess water). The dimen-
sions of commercial mitotane particles were 50–200 µm in 
length and 30–80 µm in width, while with micronization, 
it was reduced to 6–14 µm in length and 1–3 µm in width 
(recrystallization by cooling) and appeared as needles and 
granules of 1 µm (recrystallization by solvent diffusion) 
(Fig. 5a, b). An increase in SDS concentration also led to 
morphology transition from needles to lumps. For the com-
mercial mitotane, only 11% of the particles were dissolved 
after 5 min of dissolution while the recrystallized mitotane 
dissolved 44% and 55% from cooling and solvent diffusion 
processes, respectively (Fig. 5c). In this study, the mitotane 
recrystallization from microemulsion was studied in detail. 
The major focus was to increase the mitotane dissolution rate 
by this process. In vitro and in vivo experiments would be 
interesting to perform with this formulation but no follow-up 
studies have been reported by these authors.

Self-microemulsifying drug delivery systems (SMEDDS) 
rapidly form microemulsions upon mixing with water. They 
are isotropic mixtures of surfactants, co-surfactants, lipids 
and drugs. Attivi et al. reported SMEDDS of mitotane to 
reduce the long plasma equilibration time and gastrointesti-
nal side effects by increasing the solubility and thus bioavail-
ability of mitotane. Mitotane was dissolved in different oils 
and surfactants (1:16 ratio) individually or in binary and ter-
nary mixtures [e.g., 33% caproyl (= propylene glycol mono-
caprylate), 33% Tween 20 and 33% cremophor EL)]. Differ-
ent combinations were prepared with the loading capacity 

(LC) ranging between 6.25 and 25 wt%. Drug permeation 
studies (with an Ussing type apparatus using jejunal mucosa 
of Wistar rat) showed five times higher permeation rate of 
oil-based SMEDDS than mitotane solution. The mitotane-
SMEDDS showed the highest and fastest release after 48 
h compared to Lysodren tablets and mitotane dissolved in 
capryol (62 ± 3%, 12 ± 5% and 3 ± 0.3%, respectively) 
(Fig. 6a). Comparative pharmacokinetic studies were per-
formed for mitotane-SMEDDS, Lysodren tablets and mito-
tane in caproyl in rabbits (n = 3). The plasma levels of mito-
tane for SMEDDS were found to be 2 ± 1 mg/l (Fig. 6b). 
The relative bioavailability (in rabbits at a dose of 100 mg/
kg body weight as single oral administration) was increased 
by a factor of 3.4 for the mitotane-SMEDDS [98]. However, 
clinical studies would have to elucidate the impact of this 
formulation on GIT.

Battung and coworkers disclosed another mitotane-
SMEDDS formulation, based on caproyl, propylene glycol 
dicaprate and polyoxyethylene sorbitan monooleate. The 
solubility of mitotane was found to be 0.4 g per gram of 
oily vehicle (LC = 28 wt%). In vivo studies were conducted 
in Beagle dogs (n = 3) in fasted and fed conditions, and the 
relative bioavailability was increased by a factor of 3.2 com-
pared to Lysodren tablets [99]. This increase is similar to the 
previously mentioned increase using milk.

Trotta et  al. reported the development of a mitotane 
nanosuspension by solvent quenching technique to increase 
the surface area, thus increasing its solubility. This was 
achieved by first preparing an oil/water (O/W) emulsion to 
which excess water was added. Subsequently, the solvent 
was removed to obtain a nanosuspension. Mitotane was dis-
solved in benzyl alcohol, butyl lactate or triacetin followed 
by its addition into the water phase containing emulsifier 
(Tween 80, caprylyl-capryl glucoside or lecithin). Using 
high-pressure homogenization and subsequent addition 
of excess water, microdroplets were converted into solid 

Fig. 5   a Scanning electron microscopy (SEM) images of the com-
mercial mitotane (lump) and b recrystallized mitotane from microe-
mulsion of water/benzyl alcohol/SDS mixtures (92.2/7.8/6) (needles). 
c Dissolution profile of commercial mitotane (open circle), mitotane 

recrystallized by cooling (open triangle) and by solvent diffusion 
(open diamond). SDS  sodium dodecyl sulphate. Reprinted with per-
mission from [97]. Copyright 2011 Elsevier



584	 M. S. Haider et al.

particles. The nanosuspension obtained from butyl lactate 
emulsion (47 mg/l of mitotane was dispersed in 4.85% butyl 
lactate in water) showed the smallest size (80 ± 8 nm) and 
the fastest dissolution compared to commercially available 
mitotane [100] (Fig. 7). Similar to previous study by Lin 
and colleagues [97], this study also focuses only on dissolu-
tion rate enhancement of mitotane. The dissolution profile 
of resultant nanosuspensions was obtained at 1 h; however, 
longer dissolution times at simulated GIT conditions would 
have given a more realistic picture. This study also lacks 
discussion on biologic aspects of this kind of formulation.

As previously discussed, mitotane is administered as race-
mic mixture of S-(−)-mitotane and R-(+)-mitotane (Fig. 3). 
Asp et al. demonstrated that the racemic mixture produced 
higher cytotoxicity than two individual enantiomers (in 

H295R cell lines). For hormone production, the effect of 
racemic mixture was largely the sum of two individual enan-
tiomers at corresponding concentration. In conclusion, the 
authors suggested that racemic mixture is important for ther-
apeutic efficacy of mitotane [67]. In contrast, Menaa et al. 
suggested the synthesis and use of mitotane (S-(−)-mitotane) 
enantiomer or chiral separation of racemic mixture of com-
mercially available mitotane [101]. The latter is rational-
ized by studies which have shown that S-(−)-mitotane is 
more potent than R-(+)-mitotane [102, 103]. At this point, 
the issue of racemic vs. enantiopure mitotane seems incon-
clusive. Menaa et al. also suggested the development of 
lipid based mitotane nanoformulations [101]. For the solu-
bility enhancement and controlled release, Severino et al. 
reported a mitotane loaded solid lipid nanoparticle (SLN) 

Fig. 6   a Cumulative percent of mitotane release by dialysis from 
SMEDDS of mitotane (red) and Lysodren tablets (blue) and from 
capryol (green) in phosphate buffer saline of pH 6.8 (n = 3). b Plasma 
concentration of mitotane after administration of 100 mg/kg (single 

dose, orally) of mitotane SMEDDS (red), Lysodren (blue) and from 
capryol (green) (n = 3). SMEDDS self-microemulsifying drug deliv-
ery systems. Reprinted with permission from [98]. Copyright 2010 
Taylor and Francis

Fig. 7   a Photomicrograph of the emulsion containing butyl lactate 
and 0.2% Tween 80, passed through a high pressure homogenizer. b 
Mitotane dissolution profile of commercial wetted product (×), ref-
erence solution (■) (water-mitotane suspension obtained by dispers-

ing 10 mg of mitotane in 1 ml of water containing 0.01% Tween 80), 
nanosuspension obtained from emulsion of benzyl alcohol (●), butyl 
lactate (♦) and triacetin (▲). Reprinted with permission from [100]. 
Copyright 2001 Elsevier
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formulation and nanostructured lipid carriers (NLCs). How-
ever, the reported loading capacity [LC = (mass of drug)/
(mass of drug + mass of excipient) × 100%] of 0.92% and 
0.84%, respectively, was very low. The formulations were 
only characterized for size, zeta potential and polydisper-
sity index (PDI) (SLNs and NLCs with mean particle size 
of 150 and 250 nm and PDI of 0.2 and 0.3, respectively). 
Unfortunately, no further data regarding drug release, more 
detailed physico-chemical characterization of formulation 
and in vitro experiments were provided [104].

Furthermore, Grando et al. prepared mitotane-loaded 
SLNs of cetyl-palmitate and NLCs of binary mixture of 
polyoxyethylene stearate and triglycerides of capric/caprylic 
acid. Tween 80 and Span 85 were used as surfactant. SLNs 
and NLCs had mean size of 98 and 118 nm, but this for-
mulation also had extremely poor drug loading of 0.05 and 
0.25%, respectively. The encapsulation efficiency dropped 
down to < 1% for both SLNs and NLCs within 15 days. 
Accordingly, further translational steps for this kind of mito-
tane formulation were not discussed [105].

In another attempt to increase the solubility and bioa-
vailability of mitotane, Alfonsi et al. prepared the inclusion 
complexes of mitotane with cyclodextrin [i.e., randomly 
methylated-β-cyclodextrin (RAMβCD) and dimethyl-β-
cyclodextrin (DMβCD)]. The inclusion mechanism of mito-
tane and its isomers into the cyclodextrin were studied using 
a phase-solubility diagram and further analyzed by ROESY 
NMR spectroscopy. The results suggested that the aromatic 
rings in mitotane can be complexed by two DMßCD mol-
ecules (Fig. 8). A detailed analytical procedure helped to 
understand the inclusion mechanism but no further direc-
tions or a discussion were given on how this system can 
improve the bioavailability of mitotane was provided [106].

A liposomal formulation was reported using a phos-
pholipid/mitotane combination (3.34/1) [107]. The mean 

hydrodynamic diameter was around 1 µm, limiting its appli-
cation to parenteral use. Liposomal mitotane (mitotane-L) 
was compared by dissolving mitotane with (mitotane-T) 
and without (mitotane-N) triglyceril®CM. The intestinal 
permeation of mitotane was evaluated using an everted gut 
sac model utilizing a duodenal segment of the Wistar rat 
intestine. The internal segment of the gut sac model showed 
3.8%, 10% and 44.8% of mitotane for mitotane-N, mitotane-
T and mitotane-L, respectively, showing the higher permea-
tion capacity of mitotane-L. To compare the oral bioavail-
ability, the dose of mitotane-L was kept five times (2.1 mg) 
lower than the dose of mitotane-N and mitotane-T (10 mg). 
In vivo studies in Wistar rats demonstrated the plasma con-
centrations at day 21 were 4.6 µg/l (mitotane-L), 6.4 µg/l 
(mitotane-N) and 5.3 µg/l (mitotane-T). The results revealed 
that liposomal encapsulation of mitotane was able to con-
trol the mitotane plasma concentrations and comparatively 
improved bioavailability even at lower doses. However, it 
should be noted that while some improvement is seen, the 
observed plasma concentrations are much lower than desired 
and needed.

To the best of our knowledge, only these few reports on 
(nanotechnology/lipid-based) alternative pharmaceutical 
dosage forms to improve solubility and oral bioavailability 
of mitotane are available. The majority of the reports solely 
focus on physicochemical characterization of the developed 
formulation without addressing biologic/clinical aspects of 
mitotane. The few reports that do involve in vivo studies 
have shortcomings in pharmacokinetics, biodistribution, 
efficacy and safety of the developed formulation. Addition-
ally, no follow-up studies from any of the authors have been 
reported since. Therefore, it remains unclear whether these 
alternatives could prevent GIT toxicity caused by high-dose 
mitotane therapy or will bring greater benefit over pristine 
mitotane in preclinical studies and are capable of overcom-
ing the limitations associated with the use of the current 
tablet dosage form.

5 � Mitotane: From Oral to Injectable, 
Potential Advantages

Any route of administration which enables the medication 
to achieve the plasma drug concentration which is optimum 
for therapeutic response with the least adverse effects is 
considered the safest route [5]. Unfortunately, frequently 
prescribed mitotane with its commercially available tablet 
dosage form has serious limitations as discussed in previous 
sections. Compared to oral administration, direct adminis-
tration to systemic circulation could reduce the IIV consid-
erably, allowing for 100% bioavailability and rapid onset 
of action, and most importantly give the physician greater 
control over pharmacokinetics [108].

Fig. 8   Suggested molecular model of DMßCD/o,p-DDD derived 
from 2D-ROESY experiments.  DMβCD dimethyl-β- cyclodex-
trin, o,p′-DDD o,p′-dichlorodiphenyl-dichloroethane. Reprinted with 
permission from [106]. Copyright 2013 Elsevier MASSON
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Generally speaking, the oral route for drug administration 
is the preferred and simplest route not only for patients but 
also for formulation scientists [109]. Nevertheless, the oral 
delivery of many therapeutic agents is limited by many fac-
tors. We postulate that i.v. administration of mitotane could 
resolve some of the major issues associated with mitotane 
as a therapeutic agent. To the best of our knowledge, no 
previous studies have ever addressed the i.v. administration 
of mitotane. For such administration, a suitable formulation 
is needed. Recently, we have reported a poly(2-oxazoline)
s (POx)-based [110] mitotane-loaded micellar formulation 
developed by thin-film hydration method with very high 
LC of 36 wt% (mitotane solubility ≈ 6 g/l), which could 
potentially be explored as an injectable formulation [111] 

(Fig. 9a–d). The lead amphiphile in this study was an ABA 
triblock copolymer, in which A and B comprised hydro-
philic poly(2-methyl-2-oxazoline) (pMeOx) and moderately 
hydrophobic poly(2-butyl-2-oxazoline) (pBuOx) (pMeOx-b-
pBuOx-b-pMeOx), respectively. A detailed physico-chem-
ical characterization of the POx-based mitotane formula-
tions showed excellent stability despite the high loading. 
Moreover, the formulation can be stored as a lyophilized 
powder ready for redispersion, as needed. The formula-
tion also exhibited excellent activity in vitro in 2D and 3D 
adrenocortical cell cultures (NCI-H295R tumor cell line). 
The obtained IC50 values in conventional 2D monolayer cell 
culture were comparable for mitotane dissolved in ethanol 
and POx micelles (15 and 19 µM, respectively).

Fig. 9   a Schematic representation of polymer (pMeOx-b-pBuOx-
b-pMeOx) as best solubilizer for mitotane. b Chemical structure of 
mitotane. c Long-term stability of mitotane formulation depending on 
mitotane feed concentration (polymer 10 g/l, mitotane 2–10 g/l). Data 
are given as means ± SD (n = 3). d Schematic illustration of thin film 
hydration method used for formulation development. e Cell viability 

and corresponding IC50 values of mitotane dissolved in ethanol (red) 
and as micelle formulation (blue) in NCI-H295R monolayer after 
incubation for 24 and 48 h (left vertical panel) and 3D tumor sphe-
roids at 24 h and 48 (right vertical panel) (n = 3 ± SD). Modified 
with permission from [111]
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In case of 3D tumor spheroids, the IC50 values at 24 h 
were 75 and 65 µM while a time-dependent decrease in IC50 
values (at 48 h) was observed (i.e., 47 and 43 µM for mito-
tane in ethanol and POx micelles, respectively) (Fig. 9e). 
The pure polymer excipient was proven to be highly cyto-
compatible even at extremely high concentration of 100 g/l 
in NCI-H295R and HepG2 cell lines (cell viability > 95%). 
In general, POx-based amphiphiles have shown tremendous 
potential for formulation development [110, 112–117]. Uti-
lizing the same amphiphile, i.e., pMeOx-pBuOx-pMeOx, 
Luxenhofer et al. previously reported the ultra-high pacli-
taxel -loaded formulations with the LC of 50 wt% [118]. 
The paclitaxel/pMeOx-pBuOx-pMeOx formulation showed 
superior antitumor efficacy (i.v. injection in mice) with a 
maximum tolerated dose (MTD) of 150 mg/kg compared 
to commercially available formulations, i.e., Taxol and 
Abraxane (MTD being 20 and 90 mg/kg, respectively) 
[119]. Exploring further, Wan et al. reported an etoposide 
and hydrophobized cisplatin/pMeOx-b-pBuOx-b-pMeOx 
coformulation (i.v. injection in mice), which has demon-
strated superior antitumor efficacy on various small cell and 
non-small cell lung cancer models compared to single for-
mulations [120]. Very recently, Hwang et al. reported the 
vismodegib (VSM)/pMeOx-b-pBuOx-b-pMeOx formulation 
to overcome the off-target toxicities and resistance during 
treatment of medulloblastoma. When compared to conven-
tional VSM, VSM/POx formulation (administered by oral 
gavage or IP injection) showed improved central nervous 
system pharmacokinetics and reduced systemic toxicity in 
transgenic mice engineered to develop endogenous medul-
loblastoma [121]. Concerning in vivo administration, the 
safety of the polymer excipient is of utmost importance. The 
cytocompatibility of POx-based amphiphiles has been repet-
itively established [111, 118, 122, 123], and the polymers 

are generally well tolerated at relevant doses after repeated 
injections.

For early and late stage disease patients, mitotane alone 
[124] or in combination with chemotherapeutic regimens 
including etoposide (E), doxorubicin (D) and cisplatin (P) 
(EDP-mitotane) has been established as standard treatment 
[17, 27, 39, 125]. Attempts to find alternative strategies 
of ACC treatment [126, 127], e.g., by targeting cellular 
receptors involved in tumor growth and survival [128] like 
insulin-like growth factors receptors (IGF1 and IGF2) or 
vascular endothelial growth factor receptor (VEGFR) with 
targeted drugs like cixutumumab [129], linsitinib [130], bev-
acizumab plus capecitabine [131], sunitinib [132], thalido-
mide [133] and axitinib [134], have largely remained unsuc-
cessful. However, with some drugs such as cabozantinib 
[135] minor clinical efficacy has been observed and these 
are now under further investigations [126]. Attempts uti-
lizing improved formulations of cytostatic drugs have been 
reported. Hantel et al. investigated the therapeutic efficacy 
of EDP-mitotane compared to a paclitaxel modified scheme, 
i.e., paclitaxel, doxorubicin, cisplatin and mitotane (PDP-
mitotane) in in vitro and in vivo tumor models (NCIH-295R 
xenografts in NMRI nu/nu mice) [136]. In addition, lipo-
somal variants of the similar regimen were also evaluated 
including liposomal doxorubicin [137], liposomal cisplatin 
and nanoparticle albumin bound paclitaxel (nab-PTX). In a 
mouse model, the liposomal formulations were administered 
intravenously (i.v.) while mitotane was dissolved in corn oil 
and injected intraperitoneally (i.p.). In vitro PDP-mitotane 
showed higher apoptotic and anti-proliferative effect while 
in vivo liposomal EDP-mitotane demonstrated sustained 
anti-tumoral effects. This study indicates that nanoformula-
tions such as liposomal encapsulation of certain anticancer 
drugs in combination with mitotane could represent a prom-
ising treatment option for ACC [138]. Interestingly, drug 

Scheme 1.   Summary of mitotane potential advantages as injectable dosage form compared to oral
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combinations have been repeatedly established using a POx 
based polymer platform [139], which could potentially be 
utilized to realize mitotane-combination formulation, for 
example, novel combination formulations of the previously 
mentioned paclitaxel, doxorubicin, cisplatin with mitotane 
(PDP-mitotane).

An i.v. administration of POx-based mitotane formulation 
could be highly beneficial for several reasons (Scheme 1). 
First, we expect a significant reduction in the administered 
dose and potentially the dosing frequency (the usual dose is 
4–6 g/day). The estimated bioavailability ranges from 30 to 
40%; thus, a dose reduction by up to 70% might be achieva-
ble, since i.v. infusion by definition yields 100% bioavailabil-
ity. Because the absorption from the intestine is comparably 
slow, inefficient and subject to large IIV, an i.v. formulation 
would help to reduce the variability associated with mitotane 
pharmacokinetics and increase the patients’ chance to reach 
the therapeutic target and therefore improve the clinical out-
come. In addition, doing without oral administration poten-
tially reduces gastrointestinal adverse reactions and reduces 
the amount of unabsorbed, unusable mitotane excreted with 
feces into the environment (roughly 3–4 g of polychlorin-
ated aromatic compound per day!). Moreover, considering 
the poor bioavailability after oral administration, it can be 
hypothesized that the drug reaches the circulation slowly in 
comparably small increments, facilitating re-distribution into 
the excessively large volume of distribution (161 l/kg lean 
body mass [72]). Furthermore, incorporation into chylomi-
crons should be reduced, again potentially affecting biodis-
tribution. Finally, when injecting a comparably large amount 
i.v. in a single bolus, it can be assumed that redistribution 
is not immediate, and biodistribution and protein binding 
could be affected as previously described for paclitaxel for-
mulated in the similar nanoformulations [123]. Hence, we 
postulate that the injected polymer micelles could avoid to 
some extent the predisposition of the drug to accumulate in 
the liver and other compartments or at least delay it. How-
ever, to assess this, thorough pharmacokinetic studies will be 
needed to better understand particularly the mitotane biodis-
tribution after i.v. administration. Second, in the long term, 
higher patient compliance may be achievable if mitotane is 
administered intravenously at least during the initial phase 
of saturation. Currently, oral mitotane dose is limited by 
feasibility of administration which is up to 12 tablets daily.

Third, with an injectable mitotane, extra-hepatic metabo-
lism in the intestine and/or chyle as well as first-pass effect 
will be avoided. In case of oral administration, the concen-
tration of many drugs can significantly reduce before reach-
ing systemic circulation. Such losses happen during absorp-
tion through the gut wall and/or first pass effect (exposition 
to liver for metabolism) while injectable mitotane could 
potentially avoid this issue. Fourth, we expect a drastic 
reduction in the time needed to achieve therapeutic plasma 

concentrations, possibly down to a few days, when adequate 
administration regimes could be applied. Finally, because 
i.v. application should overcome the IIV of absorption and 
first pass metabolism, we can anticipate a higher propor-
tion of patients to attain therapeutic plasma concentrations. 
Response to monotherapy could be assessed with more 
confidence and hence this would potentially also reduce the 
proportion of patients who receive mitotane indefinitely. 
Accordingly, an improved therapeutic outcome with sig-
nificantly improved quality of life for the patients may be 
within reach.

6 � Closing Remarks

As there is lack of other compounds with antisecretory and 
antitumor activity, mitotane is the only drug used for the 
treatment of ACC. It is apparent that after 50 years of mito-
tane use in clinics and a large body of literature research, 
the safest and most effective use of mitotane may still not be 
established. This article provides an overview of the prob-
lems (i.e., first-pass metabolism, unpredictable pharmacoki-
netics profile, inter-individual variability, tissue accumula-
tion and associated side effects, etc.) which can be directly 
correlated to the physico-chemical properties of mitotane 
and its route of administration. Additionally, a critical evalu-
ation of the pharmaceutical advancements (with respect to 
dosage form development) is also provided along with the 
summary and outlook, i.e., the development of a mitotane 
injectable dosage form as a possible pharmaceutical inter-
vention to circumvent these issues. We postulate, besides 
addressing these issues, the injectable mitotane formulation 
will also shorten the excessive lag time, which is the big-
gest problem of mitotane in the clinics. As previously dis-
cussed, as a proof of concept, recently we have reported on a 
POx-based mitotane micellar formulation which can poten-
tially be used as an injectable formulation. Currently, this 
hypothesis is substantiated only from the side of formulation 
development, its extensive characterization and in vitro data; 
however, in vivo studies will be needed to prove our hypoth-
esis. Currently, we are working on a protocol design and its 
implementation, which should address the specific issues 
of current mitotane treatment modalities. We hope that by 
developing an injectable mitotane formulation, an improved 
understanding of the pharmacokinetic properties, reduction 
in dose and adverse events might be possible, which would 
be important steps towards an improved ACC therapy. Addi-
tionally, the alternative administration will provide us with 
novel insights into the association of mitotane with serum 
LPs and potential changes in elimination half-life and tissue 
distribution. In the current scenario, where pharmaceutical 
industries are reluctant to invest in such a fragmented market 
of very little commercial interest [35, 37], scientists around 
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the globe are nevertheless continuously working on various 
aspects of mitotane therapy. However, these efforts are yet 
to significantly impact the pharmacologic properties of the 
drug and improve efficacy and tolerability of mitotane for 
treatment of ACC.
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