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Abstract: Retinoids represent a class of chemical compounds derived from or structurally and function-
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ally related to vitamin A. Retinoids play crucial roles in regulating a range of crucial biological process-
es spanning embryonic development to adult life. These include regulation of cell proliferation, differ-
entiation, and cell death. Due to their promising characteristics, retinoids emerged as potent anti-cancer
agents, and their effects were validated in vitro and in vivo preclinical models of several solid and hema-
tological malignancies. However, their clinical translation remained limited due to poor water solubility,

DoI- photosensitivity, short half-life, and toxicity. The development of retinoid delivery formulations was
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extensively studied to overcome these limitations. This review will summarize some preclinical and

commercial synthetic retinoids in cancer and discuss their different delivery systems.

Keywords: Synthetic retinoid, delivery system, formulation, development, drug, cancer.

1. INTRODUCTION

Retinoids are a set of signaling molecules comprising
both natural and synthetic derivatives of vitamin A. These
compounds play critical roles in embryonic development,
adult physiology, vision, cell proliferation, cell differentia-
tion, reproduction, and immune and neural functions [1].
Accordingly, retinoids target several diseases, particularly
cancer [2, 3]. The chemical structure of vitamin A was first
described in 1931. It consists of cyclic hydrophobic and po-
lar groups separated by a central polyene [4].

Naturally occurring retinoids comprise vitamin A (reti-
nol), retinal, and retinoic acid (RA) [5]. The most common
types of RA include all-trans RA (ATRA, also named tret-
inoin), 9-cis RA (alitretinoin), and 13-cis RA (isotretinoin)
[6-8]. These forms play major roles in cell growth, differen-
tiation, and death [9]. However, poor water solubility, bioa-
vailability, photosensitivity, short half-life, and toxicity were
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documented [10, 11]. Hence, synthetic retinoids were devel-
oped to overcome these disadvantages and increase the
chemotherapeutic ability of natural retinoids [12]. The first
generation of the synthetic derivatives of the RA isomers is
tretinoin, alitretinoin, and isotretinoin [7, 8]. Other synthetic
derivatives (etretinate and its metabolite acitretin) belong to
the second generation. The third generation (bexarotene,
adapalene, and tazarotene) and fourth generation (seletinoid
G) of retinoids were also synthesized [13]. Other commonly
developed synthetic retinoids include N-4-hydroxyphenyl
retinamide (HPR, fenretinide) and the adamantyl retinoids
CD437 and ST1926, among others [14, 15].

In addition to multiple biological activities, retinoids
emerged as potential therapeutic targets in the treatment of
cancer. This was mainly due to the documented deregulated
retinoid signaling in tumorigenesis [12]. Indeed, retinoids
target tumor growth via inhibition of proliferation, induction
of differentiation, and apoptosis [16]. RA exhibited a distinct
role as an anti-cancer agent [17]. ATRA was approved by the
Food and Drug Administration (FDA, USA) to treat and
manage acute promyelocytic leukemia (APL) [18]. However,
the poor aqueous solubility, photosensitivity [11], and re-
duced half-life [10] of ATRA has limited its success as a
single drug in clinical therapy. Hence, new synthetic retin-
oids with reduced toxicity were generated [19]. The problem
of solubility, bioavailability and appropriate targeting of

© XXXX Bentham Science Publishers
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cells of interest was addressed through developing a range of
retinoid delivery formulations based on various systems,
including gels, liposomes, and nanoparticles (NPs) [20, 21].
Recently, Ferreira et al. reviewed retinoid delivery systems,
particularly natural retinoids, in regenerative and therapeutic
medicine [21]. This review will focus on the application and
challenges of synthetic retinoid formulations in various can-
cer types.

1.1. Mechanism of Action of Retinoids

Retinoids are lipophilic compounds that need specialized
proteins for transport and metabolism [22]. The main blood-
circulating retinoid in mammals is retinol, which is trans-
ported to cells by binding to retinol-binding protein (RBP).
The plasma membrane transporter and receptor STRA6 me-
diates the uptake of the RBP-retinol complex to the cytosol,
where retinol binds to cytosolic retinol-binding protein
(CRBP) [23]. Retinol is then converted to ATRA in a two-
step enzymatic process: retinol is first oxidized to retinalde-
hyde which is then oxidized to ATRA. In the cytoplasm,
ATRA binds to the cytosolic retinoic acid binding protein
(CRABP). Two subtypes exist for both groups of proteins:
CRBP I and II and CRABP I and II. There are two families
of retinoid nuclear receptors; the RA receptors (RAR) and
the retinoid X receptors (RXR), and each family is composed
of a, B, and y isoforms [24]. RARs bind to both ATRA and
9-cis RA, while RXRs bind only to 9 cis-RA. In addition,
RARs and RXRs can form heterodimers with each other.

OH
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RXRs can heterodimerize with various receptor families,
including thyroid hormone receptor, dihydroxy vitamin D3
receptor (VDR), androgen receptor, fatty acid receptors, liver
X receptors (LXRs), and peroxisome proliferator-activated
receptors (PPARs) [25]. RAR-RXR heterodimers bind to
DNA sequences, called the retinoic acid response element
[26], promoting the transcription of target genes responsible
for modulating cell growth and differentiation [27]. Ho-
modimers of RXRs [28] can also facilitate gene transcrip-
tion.

1.2. Synthetic Retinoids

Natural retinoids are under intense investigation to en-
hance their efficacy and reduce toxicity. RA administration is
challenging due to its poor solubility (0.21 uM under physio-
logical conditions) in aqueous media [11]. Additionally, RA
has a limited circulation time in plasma [10] which hinders its
use in various biomedical applications. Tumors acquire re-
sistance to natural retinoids, pressing the need for synthetic
analogs that may work through retinoid-receptor-dependent or
independent pathways [29]. Over the past decade, efforts have
been made to develop less toxic, highly stable, and selective
synthetic retinoids [12]. We will focus our review on com-
monly studied and tested synthetic retinoids in cancer, namely
fenretinide, bexarotene, ST1926, and tamibarotene (Fig. 1).
While various side effects also limit synthetic retinoids, differ-
ent drug delivery systems, including liposomes, NPs, micelles,
and microparticles, have been examined.

0”0
H
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Fig. (1). Chemical Structures of Synthetic retinoids: fenretinide, bexarotene, ST1926, and tamibarotene.
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Table 1.  Synthetic retinoids in cancer clinical trials and the clinic.
Synthetic Retinoid Activity Therapeutic Potential Clinical Trial Identifier
Fenretinide Atypical retinoid Peripheral T-cell lymphoma NCT02495415
Relapsed malignancies NCTO01553071
Breast cancer NCTO01479192
Bladder cancer NCT00004154
Cervical neoplasia NCT00003075
Bexarotene Pan agonist Cutaneous T-cell lymphomas FDA approved since 1990
Tamibarotene (Am80) RARo agonist Relapsed acute myeloid leukemia/ NCT02807558
Relapsed myelodysplastic syndrome
Advanced non-small cell lung cancer NCTO01337154
Palovarotene RARy agonist Multiple osteochondromas NCT03442985
Trifarotene RARy agonist Early cutaneous T-cell lymphoma NCTO01804335
AGN194204 RXR agonist Prostate cancer NCTO01540071
UAB30/9-cis-UAB30 RXR agonist Nonmelanoma skin cancer NCT03327064

1.3. Clinical Synthetic Retinoids in Cancer

Synthetic retinoid molecules such as bexarotene have
been FDA approved for therapy, while other synthetic retin-
oids, including fenretinide, tamibarotene, palovarotene,
trifarotene, AGN194204, and UAB30/9-cis-UAB30 are cur-
rently being studied in clinical trials (Table 1). Fenretinide
was examined in many clinical trials and appeared to have a
distinct role in the chemoprevention of different types of
cancers in humans. Bexarotene is a pan retinoid RXR agonist
that has been FDA approved for treating cutaneous T cell
lymphoma. Tamibarotene is a selective RARa agonist ap-
proved for relapsed APL in Japan and is still undergoing
clinical trials in the United States. Palovarotene was synthe-
sized as a RARy agonist and is currently in clinical trials.
Trifarotene is a new molecule with selectivity toward the
RARy agonist. It was FDA-approved for treating acne vul-
garis in patients [30]. AGN194204, an RXR-selective retin-
oid (rexinoid), was studied in clinical trials for the slowing
down of resistant prostate cancer, while UAB30 is currently
examined in clinical trials for nonmelanoma skin cancers.

2. SYNTHETIC RETINOIDS DELIVERY SYSTEMS
FOR CANCER TREATMENT

2.1. Fenretinide

Fenretinide (N-(4-hydroxyphenyl)retinamide; HPR) is a
synthetic analogue of ATRA produced in the 1960s [14].
Substituting the carboxyl group of ATRA with an amide-
linked-4-hydroxyphenyl group in fenretinide had remarkably
reduced side effects and increased anti-cancer efficacy com-
pared to ATRA. Indeed, fenretinide exhibited in vitro cyto-
toxic efficacy against various cancer cells, including neuro-
blastoma [31], colon cancer [32], liver cancer [33], breast
cancer [34], T cell lymphoma, and ovarian cancer [35]. In
animal models, fenretinide showed anti-tumor activity in
endometrial cancer [36] and AML [37]. This potency made

fenretinide one of the most studied synthetic retinoids in
clinical trials [38, 39]. Yet, results were disappointing since
the therapeutic plasma levels of fenretinide were not
achieved due to its low water solubility and poor bioavaila-
bility in some clinical trials [40, 41].

2.1.1. Fenretinide Delivery Systems

Considerable efforts were put into developing fenretinide
formulations to enhance its water solubility and bioavailabil-
ity. Various formulation techniques were investigated, in-
cluding polymeric micelles [42], ion-pairing [43], and amor-
phous solid dispersion. Polymeric micelles are characterized
by a core-shell structure where the inner core is hydrophobic
and the outer shell is hydrophilic [44]. They are widely used
as drug delivery systems because of their relatively high sta-
bility in circulation, low toxicity, and high efficacy in en-
trapping hydrophobic compounds [45]. The outer shell of the
micelle can prevent reticuloendothelial system (RES) uptake
and hydrophobic core aggregation. These micellar character-
istics are favorable for passive delivery [46] and drug release
at the tumor site by enhanced permeability and retention
(EPR) effects [47]. Poly (ethylene glycol) (PEG) is the most
commonly used hydrophilic component of micelles due to its
biocompatibility, solubilizing potential for hydrophobic
drugs, and ability to extend the carrier circulation time in
vivo [48]. Wang et al. prepared a novel self-assembled pro-
drug conjugate by esterifying HPR with methoxy polyeth-
ylene glycol carboxylic acid (mPEGx-COOH) to increase
the HPR aqueous solubility [42]. The cytotoxicity of fenreti-
nide in HPR-PEGk conjugates was enhanced towards ovari-
an and breast cancer cell lines compared to the free retinoid
form. Additionally, tumor growth was significantly reduced
in xenograft mice bearing ovarian cancer treated with the
conjugate micelles compared to those treated with the free
drug [42]. The HPR-PEGyk conjugate micelles demonstrated
potent anti-tumor activity with nominal toxicity in vivo. This
may be due to the effects of PEGylation strategies which
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extended the blood circulation time, increased the accumula-
tion in tumor sites [49], and the EPR effect [50].

A novel nano-formulation of fenretinide, referred to as
“bionanofenretinide (Bio-nFER), was developed to increase
the drug aqueous solubility. This formulation is based on an
ion pairing approach between fenretinide and phosphatidyl-
choline, resulting in a micellar system comprised of a fen-
retinide inner core and a hydrophilic shell formed by phos-
pholipid molecules [43]. The activity of the Bio-nFER for-
mulation was examined both in vitro and in vivo and was
compared to a standard fenretinide formulation [51]. Bio-
nFER demonstrated potent cytotoxic activity against cancer
stem cells of primary melanoma, glioblastoma, lung, and
colon in vitro compared to the standard formulation. In addi-
tion, cancer stem cells derived from different tumors such as
lung, melanoma, and colon xenografts showed a notable de-
cline in tumor growth when treated with Bio-nFER com-
pared to the control group. Importantly, negligible toxicity
was observed in mice. This increased anti-tumor efficacy of
Bio-nFER in vitro and in vivo is due to its improved bioa-
vailability, resulting in higher drug exposure at the tumor site
[43].

Amorphous solid dispersions (ASD) is a formulation
strategy used to enhance the solubility and bioavailability of
active pharmaceutical ingredients. ASD can form supersatu-
rated aqueous drug concentrations compared to the crystal-
line forms of drugs [52]. Many solubility-enhancing excipi-
ents were studied, such as polyvinylpyrrolidone (PVP). PVP
is one of the most common solubility excipients due to its
ability to dissolve in a wide range of solvents [53]. ASD of
poorly soluble drugs with PVP has been shown to enhance
their solubility [54]. PVP-fenretinide solid dispersion tablets
for oral administration were developed to enhance its bioa-
vailability [55]. Poly lactic-co-glycolic acid (PLGA) micro-
sphere formulation of fenretinide showed promising results,
which encouraged further development [56]. However, the
bioavailability of fenretinide was hindered by drug crystalli-
zation. As such, Nieto et al. prepared PVP-HPR ASD, where
the solubility of fenretinide was significantly enhanced.
PVP-HPR ASDS were then loaded into PLGA milli cylinders
for controlled release of fenretinide in vitro and in vivo [57].
The PLGA implants allow local and long-term therapeutics
release, permitting therapeutic levels at the target site in vivo.
The addition of the plasticizer triethyl-o-acetyl-citrate
(TEAC) into the PVP-4HPR PLGA implants showed an in-
crease in the release of drug in comparison to the free im-
plants in vitro [57]. Further study of the local delivery of
PVP-4HPR from PLGA implants will be needed to examine
the chemoprevention ability in rodent oral cancer models in
the future. All in all, the following studies suggest the need
for further examination of improved fenretinide formulations
to improve clinical outcomes.

Additionally, there is a need for novel, effective, and safe
pharmacological strategies to prevent the development of
breast cancer. As such, a phosphatidylcholine-based non-
aqueous microemulsion (ME) delivery system capable of
phase transformation and gelling in the mammary tissue to
prolong the release of fenretinide has been developed [58].
Upon incorporation in water, the ME underwent phase trans-
formation and slowly released fenretinide in vitro, possibly

Assi et al.

due to the high affinity of fenretinide to the formulation. In
line with the slow release of fenretinide, the ME formed a
local depot in cell cultures and increased the ICs, values in
breast cancer cell lines compared to the free drug solution.
The ME formulation reduced cell migration and spheroid
viability in vitro, despite the increased reported ICsy values.
The efficiency of the formulation was then evaluated in -
nitrous-N-methyl urea (NMU) induced carcinogenic animal
models. The results revealed a significant reduction in the
incidence of tumors in rats upon treatment with fenretinide
ME compared to other rat groups. The reduction in the inci-
dence of tumors is reported without altering the breast tissue
architecture in proximity to the injection site, which indicates
that the breast tissue site around the administration is con-
served. No local irritation or changes in the leukocyte count
were reported, indicating the safety of the proposed fenreti-
nide ME formulation. Additionally, levels of collagen type
III were increased in rats treated with fenretinide ME com-
pared to other groups, which indicates that the ME formula-
tion limits the spread and development of the disease [58].

Fenretinide formulations were also investigated in clini-
cal trials. A novel lipid matrix, called LYM-X-SORB™
(LXS), was used to formulate fenretinide, increasing its bio-
availability and plasma level concentrations [59, 60]. Fen-
retinide/LXS oral powder is currently being examined in
clinical trials for recurrent ovarian cancers, solid tumors and
lymphomas (NCT01535157, NCT00589381). Additionally,
an intravenous lipid emulsion formulation of fenretinide was
developed using a mixture of egg phospholipids, glycerin,
alcohol, and soybean oil [61] and was recently evaluated in a
phase I study [38]. This research was performed to determine
the safety profile, maximum tolerated dose, pharmacokinetic
parameters, and initial anti-tumor activity of fenretinide in
patients with malignant tumors. Fenretinide emulsion in
adult subjects showed a compliant safety profile and resulted
in higher plasma concentrations of fenretinide compared to
previous capsule formulations [38]. While single administra-
tion of fenretinide exhibited minimal activity in this cohort
study, further development of fenretinide emulsion and ex-
amining its effect with synergistic agents could improve clin-
ical outcomes.

2.1.2. Fenretinide Delivery Systems in Combination Thera-
py

Drug combination therapy is a highly promising ap-
proach to cancer treatment [62]. Therefore, the co-
administration of two or more anti-tumor drugs can display
synergistic effects, better tolerability, improved therapeutic
effect, decreased side effects and reduced resistance rates.

Retinoids trigger immunogenic cell death and sensitize
breast and ovarian cancer cells to death following induction
by drugs such as paclitaxel (PTX) [63]. PTX acts by stabiliz-
ing microtubules and reducing their dynamic nature, causing
a mitotic arrest [64]. However, the clinical application of
PTX formulated as Taxol” is limited due to its low aqueous
solubility, severe toxicity, and chemoresistance [65]. The
combination of fenretinide and PTX is an effective strategy
for controlling the growth of glioblastoma cell lines [66]. A
nano-drug delivery system was developed for the coadmin-
istration of fenretinide and PTX using two biocompatible
copolymers of the polyvinyl caprolactam-polyvinyl acetate-
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polyethylene glycol graft copolymer (Soluplus™) and D-a-
tocopheryl polyethylene glycol 1000 succinate (TPGS) as
vehicles. The TGPS-Soluplus® mixed micelles represent
promising drug delivery systems for cancer treatment [67].
These polymers can form micelles with a low critical micel-
lar concentration and improve the bioavailability and anti-
tumor activity of PTX in vitro and in vivo [68]. A recent
study has examined the anti-tumor activity of co-
administrating fenretinide and PTX using the TGPS-
Soluplus® as vehicles in ovarian cancer models. The anti-
tumor activity was enhanced in ovarian cancer cells treated
with mixed polymeric micelles loaded with PTX and fenreti-
nide compared to the free drug groups in vitro. Additionally,
the tumor growth was significantly inhibited in mice bearing
ovarian cancer xenografts injected with mixed polymeric
micelles loaded with PTX and fenretinide in comparison to
the free combination drug group [69].

Nanoencapsulation of fenretinide in various drug delivery
systems increased drug solubility, bioavailability, and perme-
ability at tumor sites [43, 70], as mentioned previously. Fen-
retinide encapsulation in combination with anti-tumor drugs
might pave the way for novel therapeutic systems that can
generate successful therapeutic outcomes in vivo, bypassing
the need for single drug therapies and their related side effects.
For instance, nano micelles containing fenretinide combined
with lenalidomide were developed to examine their anti-tumor
activity in a neuroblastoma model. Lenalidomide is the stand-
ard treatment regimen for multiple myeloma and other types
of cancer [71-73]. It was chosen as a combinatory drug with
fenretinide due to its anti-angiogenic properties and favorable
toxicity profile. While the anti-angiogenic effects of lenalido-
mide were not examined in neuroblastoma models, it remains
a promising drug due to its effect on enhancing the activation
and overcoming the suppression of natural killer cells in the
neuroblastoma milieu [74]. The nanomicelles containing fen-
retinide and the lenalidomide combination demonstrated a
significant anti-tumor effect compared to the nanomicelles
containing fenretinide alone in vivo. This observed enhanced
anti-tumor effect is attributed to the antiangiogenic outcome of
lenalidomide and the cytotoxic properties of fenretinide in
tumor cells [75].

2.2. Rexinoid Bexarotene

Bexarotene, sold under the brand Targretin, is an RXR
agonist which selectively activates all three RXR subtypes
[76]. Bexarotene plays an important role in regulating gene
expression, modulating cell growth, activating cell apoptosis,
and regulating tumor development [77, 78]. It was FDA ap-
proved to treat cutaneous T-cell lymphoma [79]. Additional-
ly, it exhibited promising anticancer activity against AML
[80], non-small cell lung cancer (NSCLC) [76], and breast
cancer [81]. However, the clinical utilization of bexarotene is
limited due to its limited water solubility and slow dissolu-
tion behavior, leading to poor drug bioavailability. Oral ad-
ministration of bexarotene can cause adverse side effects,
including hypothyroidism and hypertriglyceridemia [82].

2.2.1. Bexarotene Delivery Systems

Various strategies were developed to increase the bioa-
vailability of bexarotene, including albumin-based drug de-
livery systems [83] and mesoporous silica systems [84]. Ad-
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ditionally, nanocrystals emerged in the early nineties as a
new drug delivery system to enhance oral bioavailability and
overcome the solubility issue for many drugs [85], including
bexarotene [86]. Nanocrystals are solid nanosized drug
particles, stabilized eitherby surfactants, polymers or both
[87]. Since the surface area of the nanocrystals is enlarged,
the dissolution velocity and saturation velocity are increased,
thus improving the bioavailability of poorly water-soluble
drugs. The FDA has approved many nanocrystal drug prod-
ucts since 1995 for several indications, and other products
are still in clinical trials [88]. Chen ef al. were the first group
to prepare bexarotene nanocrystals for oral and parenteral
application [89]. The saturation solubility and dissolution
rate of the bexarotene nanocrystals were significantly im-
proved compared to bexarotene alone in the in vitro studies.
The in vivo pharmacokinetic studies were carried out in rats
and showed that the bexarotene nanocrystals increased the
bioavailability of bexarotene compared to the drug alone
after oral and intravenous administration [89]. Moreover,
bexarotene nanocrystals were prepared as a drug delivery
system for the treatment of lung cancer. The retention time
of the drug was amplified in mice treated with bexarotene
nanocrystals compared to those treated with free bexarotene
after oral administration. As such, the efficacy and durability
of the drug in the lung increased, and the cardiac toxicity
decreased. Additionally, the biodistribution of bexarotene
became modified, resulting in higher in vivo bioavailability
in both the blood and the lung. The anti-tumor activity of
bexarotene nanocrystals was enhanced compared to bexaro-
tene alone in xenograft animal models. Baxarotene nanocrys-
tals serve as a promising formulation for the treatment of
lung cancer [90].

The preparation of amphiphilic prodrugs as a formulation
strategy gained much attention recently. Conjugation of a
hydrophobic drug to hydrophilic segment results in an am-
phiphilic prodrug that can assemble into NPs [91]. Dual bex-
arotene-tailed phospholipid (DBTP) conjugate-based nano-
vesicles were shown to be internalized by cancer cells and
release bexarotene. Additionally, the bexarotene DBTP
nanoconjugates demonstrated higher anti-tumor activity
against several cancer cells in vitro compared to free bexaro-
tene, providing the potential for further development of the
formulation [92].

The administration of oral bexarotene is limited by side
effects of hypothyroidism and hypertriglyceridemia, which
is, in turn, associated with atherosclerosis increasing the risk
for cardiovascular diseases. Therefore, formulation strategies
are needed to minimize the side effects of administering bex-
arotene orally. Aerosol bexarotene formulation demonstrated
strong chemopreventive activity against subtypes of lung
cancer, squamous cell carcinoma, and adenocarcinoma in
vivo models. The plasma triglycerides and cholesterol levels
were not increased due to the new formulation, and no tox-
icity was observed [93]. In summary, the aerosol administra-
tion of bexarotene provides favorable outcomes compared to
its oral administration, which could have potential in future
clinical trials.

2.3. Atypical Adamantyl Retinoid ST1926

ST1926, known as Adarotene, is a synthetic adamantyl
retinoid that belongs to the class of atypical retinoids. It was
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developed as a 6-[3-(1-adamantyl)-4-hydroxyphenyl]- 2-
naphthalene carboxylic acid (CD437) analog and demon-
strated to be stable and orally bioavailable [94]. ST1926
demonstrated anti-cancer activities against various tumor
models including AML [95], neuroblastoma [96], rhabdo-
myosarcoma [97], ovarian cancer [98], adult T cell leukemia
[99], chronic myeloid leukemia [100], primary effusion lym-
phoma [101], breast cancer [102], and prostate cancer [103].
Moreover, ST1926 inhibited the proliferation of human colo-
rectal cancer cells in vifro and reduced tumor progression in
xenograft colorectal cancer mouse models [104]. Important-
ly, ST1926 inhibited the growth of various ATRA-resistant
AML cell lines and primary AML patients-derived blasts,
prolonged survival and reduced tumor burden in AML xeno-
graft mice. Due to its promising properties, ST1926 entered
phase I clinical trials for patients with ovarian cancer [105].
However, ST1926 clinical development was hindered since
it underwent rapid glucuroconjugation, significantly reduc-
ing its bioavailability [106].

2.3.1. ST1926 Delivery Systems

The main approach studied so far to improve the bioa-
vailability of ST1926 is by formulating it into NPs [107].
Nanomedicine has gained significant interest over the years
as it provides effective drug delivery, enhanced stability,
bioavailability, and permeability, thereby minimizing drug
dosage and toxicity [108]. The use of NP formulations in
drug delivery has been applied in various cancer models and
was demonstrated to advance the ability of drugs to reach
specifically targeted sites in a controlled manner. The FDA
has approved several NP formulations that are currently used
in the clinic [109], including Doxil, which is used to treat
ovarian cancer and Kaposi’s sarcoma [110], and Abraxane,
which is used to treat NSCLC, and pancreatic cancer [111,
112]. PLGA-based NPs were efficient in delivering ATRA in
AML cells [113]. In addition to AML cells, this latter formu-
lation improved ATRA’s anti-cancer activity and bioavaila-
bility in comparison to its free form in liver carcinoma in
vitro and in vivo [114]. We studied the preclinical efficacy of
ST1926-NP in AML in vitro and in vivo models [107].
ST1926-NP significantly improved survival and reduced
tumor burden in AML xenografted mice. Noteworthy,
ST1926-NP prolonged survival of AML xenografted mice at
four-fold lower concentrations than the free retinoid form
without detecting any toxicity [107]. Further development of
this formulation might pave the way for its use in the clinic.

2.4. Tamibarotene

Tamibarotene (formerly referred to as Am80) is a selec-
tive RARa agonist, synthesized in 1984 and approved for
APL treatment in Japan [115]. Tamibarotene was developed
to overcome ATRA resistance due to its selectivity as a
RARa« agonist, unlike ATRA, which also binds to RARJ and
RARy [116]. As such, the administration of tamibarotene is
likely to result in fewer side effects than ATRA. Ta-
mibarotene is more potent than ATRA in inducing in vitro
differentiation in human leukemic cell lines [117]. Addition-
ally, tamibarotene may achieve higher plasma concentrations
than ATRA since it has a low affinity for CRABP, making it
an effective treatment in patients with ATRA-resistant APL
[118]. Tamibarotene showed beneficial effects over ATRA
in a maintenance therapy study of patients newly diagnosed
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with APL [119]. It has also demonstrated efficacy in treating
hepatocellular carcinoma [120, 121]. However, when orally
administered, tamibarotene is limited by its poor solubility
and absorption, and as such, it has low bioavailability.
Therefore, formulation strategies are being examined to im-
prove its bioavailability for further clinical development
[122].

2.4.1. Tamibarotene Delivery Systems

Microspheres were used to improve the solubility of ta-
mibarotene [120]. Microspheres are a common controlled
drug delivery system that releases drugs slowly at the desired
rate. They can encapsulate different drugs released by differ-
ent mechanisms such as dissolution, osmotic pressure, and
degradation [123]. This strategy is useful in improving the
efficacy of drugs and reducing their related side effects.
PLGA is the most widely used carrier for microencapsula-
tion and delivery of drugs. It is a synthetic copolymer con-
taining both lactic acid and glycolic acid. By tuning the ratio
of lactic acid to glycolic acid, the degradation time can be
tailor-made to match that of the tissue regeneration
timeframe. PLGA microspheres have received significant
attention lately due to their biocompatibility and biodegrada-
bility. Tamibarotene-loaded PLGA microspheres for intra-
tumoral injections were developed by the emulsion solvent
evaporation method, and their anti-tumor activity was exam-
ined in a hepatocellular carcinoma model [120]. The newly
developed formulation had favorable characteristics such as
high encapsulation efficiency, drug loading capacity, and
uniform distribution and size. For the pharmacokinetics
study, mice injected with tamibarotene-loaded PLGA micro-
spheres had a higher drug concentration in the tumor site
than those injected with free tamibarotene. This implies that
the encapsulation of tamibarotene into microspheres can
prolong the retention time of the drug in tumors and improve
the therapeutic outcome. Moreover, the pharmacodynamics
studies showed that tamibarotene-loaded PLGA micro-
spheres had a sustained inhibitory effect on the growth of
tumors, increasing the efficacy of tamibarotene [120]. The
different synthetic retinoid formulations discussed are sum-
marized in Fig. (2) and Table 2.

3. CHALLENGES AND PERSPECTIVES

The clinical translation of synthetic retinoid formulations
is low despite extensive investigations of several drug deliv-
ery systems in preclinical models. However, the field has
great potential, especially with tremendous advances in so-
phisticated formulation design and understanding of in vivo
behavior over the years. Each type of drug delivery formula-
tion will encounter different challenges during its clinical
translation, yet most formulations will face similar obstacles.
In the case of NP-based systems in clinical translation, bio-
logical and technical aspects present challenges to drug de-
livery. Biological challenges include a limited ability to cross
biological barriers, the ability for nanomedicines to reach
their target cells, increased accumulation, and heterogeneity
between animal models and humans. Pegylation is a strategy
used to improve the penetration of biological barriers, in-
cluding limiting interactions and clearance by immune cells
and improving delivery [48]. This results in an increased
circulation time and the chance for NPs to reach their target
site. In addition, polysaccharides such as dextran have been
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Table 2.  Synthetic retinoid formulations under study in the context of cancer.
theti Deli Refi
Syn‘ e.lc Formulation elivery Cancer Models Key Findings eferences/
Retinoid System Country
- Higher in vitro cytotoxicity to A2780 and
Ovarian cancer cells (A2780) MCEF-7 cells
Pol i Breast 1ls (MCE- - Reduced plasma elimination clearance of 4-
4-HPR-PEG2K o ‘ymerlc reast cancer cells (MCF-7) HPR in vive [42)/ China
micelles BALB/c nude mice xenograft bear-
ing A2780 cells - Increased systemic circulation time
- Enhanced anti-tumor efficacy in vivo
Patient-derived CSC lines from - Increased toxicity against lung CSCs in vitro
primary melanoma, glioblastoma, - Improved plasma exposure
lung and colon cancers . S -
I NOD SCID b - Broad anti-tumor activity in vitro and in vivo
Mi . ‘ .
Bio-nFeR teetat . e )‘(enogra carng - Reduced tumor cell proliferation [43])/ Italy
system either colon CSC lines or melanoma
CSC lines -Induced apoptosis
NSG mice xenograft model bearing -Modulation of lipid metabolism
lung CSC lines -Decreased CSC features
Fenretinide
- Reduced cancer cell viability, migration and
Breast cancer cells (MCF-7 and T- proliferation
. 47) - Reduced spheroid viability .
Fenretinide ME ME . . . [58]/ Brazil
NMU-induced breast cancer model - The increased ability for the drug to accumu-
of SD rats late in the tissue
- Increased anti-tumor efficacy in vivo
- Higher plasma levels than the previously used
Human patients with relapsed neu- capsule formulation [59) United
4-HPR/LXS Lipid matrix .. . - .. States of
roblastoma (Phase I clinical trials) - Minimal toxicity .
America
- Anti-tumor activity.
. . . - Higher plasma steady-state concentrations [38]/ United
Intravenous 4- Emulsion Human patients with malignant than previous capsule formations States of
HPR emulsion v solid tumors (Phase I clinical trials) .
Manageable safety profile America
- Successful internalization and intracellular
Breast 1ls (MCEF-
. reast cancer cells (MCF-7) release of DBTP nanovesicles .
DBTP Nanovesicles Non--small lung cancer cells . L .. . [92}/ China
-Higher in vitro cytotoxicity against breast and
(A549)
lung cancer cells
- Chemopreventive effect against lung cancer in
Bexarotene Lung cancer cells (H226 and H520) Vivo
Aerosol bexaro- Aerosol Lung AC model (,)f p33 mutant A/J - No visible signs of toxicity [93)/ United
. mice . . States of
tene delivery . - Plasma triglycerides or cholesterol levels were .
Lung SCC Model of NIH Swiss . America
R not increased
mice . .
- Increased tumor-infiltrating T cells
Human AML cells (THP-1, KG1-
o, MOLM-13, ML-2 and HEL) L
) ] Enhanced growth inhibitory effects
Primary AML cells from patients o .
PBMCs from healthy d Diminished leukemia bone marrow burden 107V Leb
s from heal onors eb-
ST1926 ST-NP NPs NOD SCID mi Y fbeari Prolonged survival and reduced peritoneal [ ar]lon
OD SCID mice xenograft-bearing volume of AML xenografted mice
AML cells K
. . . Drug loading content: 7.5 mg/kg ST1926-NP
NSG mice orthotopic bearing THP-
1 cells
Tamibarotene- K . . & beari Slow and constant release of tamibarotene from
Tamibarotene loaded PLGA Microspheres unmman(ljl(c:eI_)I(;;mgrlzli ¢ bearing formulation for a longer period of time [120)/ China
. cells
microsphere Improved inhibitory effects in HCC models

Abbreviations: PEG, polyethylene glycol; BALB/c, Bagg albino; Bio-nFER, Bionanofenretinide; CSC, cancer stem cell; NOD-SCID, non-obese diabetic/severe combined immuno-
deficiency; NSG, NOD SCID gamma; ME, microemulsion; NMU, N-nitrous-Nmethylurea; SD, sprague dawley; LXS, LYM-X-SORB™; DBTP, dual bexarotene-tailed phospholip-
id; AC, adenocarcinoma; SCC, squamous cell carcinoma; NIH, national institute of health; NP, nanoparticle; AML, acute myeloid leukemia; PBMC, peripheral blood mononuclear
cells; PLGA, poly (lactic-co-glycolic acid); HCC, hepatocellular carcinoma.
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Fenretinide
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4-HPR-PEG,,

- Formulated via an
esterification reaction
- EDCI/HOBt/DMAP
used as a catalyst

Fenretinide ME

-. Non-aqueous MEs
were obtained using
T as the oil phase,
PG as the polar

4-HPR/LXS

- HPR/LXS oral
powder was
formulated as an oral
powdered lipid matrix

phase, and PC as the

surfactant

ST1926

g |

@ #
ké'*“ s

ST1926-NP Aerosol bexarotene
- r;;ehpared by - Particles were
NanoPrecipitation generated by a custom-

Bexarotene

built Collison atomizer

Tamibarotene
o
Q.. o
o)e)

Tamibarotene loaded
PLGA microsphere

- Prepared by
emulsion-solvent
evaporation method

Fig. (2). Synthesis and Preparation of Synthetic Retinoid Formulations. 4-HPR, fenretinide; PEG, polyethylene glycol; EDCI, (3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride; HOBt, 1-Hydroxybenzotriazole; DMAP, 4-dimethylaminopyridine; ME, micro-
emulsion; T, tricaprylin; PG, propylene glycol; PC, phosphatidylcholine; LXS, LYM-X-SORB™; NP, nanoparticle; PLGA, poly lactic-co-
glycolic acid (Adapted by BioRender.com). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

widely used in drug delivery applications due to their bio-
compatibility and bioavailability [124]. In fact, dextran-
coated NPs have been clinically approved to treat anemia
[125]. Currently, antibodies conjugated to the surface of NPs
against epidermal growth factor receptor and transferrin re-
ceptor are being tested in clinical trials [125]. If approved,
these drug delivery systems will ease the way for additional
antibody-targeted NP systems to reach the clinic.

Among the technical challenges, the scale-up of drug
delivery formulations is a major hurdle in pharmaceutical
development since most NPs used in preclinical models are
synthesized in small batches. Translating a scientific discov-
ery from bench to bedside requires a consistent and highly
reproducible formulation process. In many cases, the process
of NP formulation requires multiple steps, including homog-
enization, emulsification, centrifugation, and cross-linking.
At the small-scale development of NPs, it would be benefi-
cial to pinpoint and optimize critical parameters and deter-

mine the best approach to use if the product were scaled up.
Demonstrating process scale-up is key to moving promising
formulations from proof-of-concept toward commercial de-
velopment.

Despite extensive research in this area, further preclinical
and clinical studies need to address the pharmacokinetics and
pharmacodynamics nature of synthetic retinoid formulations.
This requires the development of synthetic retinoid nano
theranostics systems combining imaging, responsiveness,
and therapy in a single platform. Some studies worked on
developing drug delivery systems containing synthetic retin-
oids and other drugs. However, further efforts need to be
done in this area to control the half-life of each drug in pre-
clinical models as it can pave the way for novel therapeutic
approaches. Cancer is a complex and multifactorial disease
caused by genetic and epigenetic factors [126]. Therefore,
cancer clinical outcomes can be significantly enhanced by
administering two or more drugs and fine-tuning their design
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in the delivery system. The clinical use of synthetic retinoids
can be greatly enhanced by choosing the right parameters,
including suitable carriers, polymers, and drug delivery sys-
tems. The destabilization phenomena can be avoided by en-
capsulating retinoids in different drug delivery systems.

CONCLUSION

Synthetic retinoids are an important class of compounds
used to treat various medical conditions, including cancer.
However, they are limited by their low bioavailability and
other related side effects. The development of retinoid for-
mulations provided several advantages for clinical transla-
tion, including enhanced bioavailability, photostability, effi-
cacy, and decreased toxicity. In addition to reducing the side
effects of retinoids, formulation strategies also improved
their pharmacological properties. By altering the different
parameters of retinoid formulations, they can be targeted to
specific body compartments. Encapsulation of retinoids in
different drug delivery systems holds great potential as stud-
ies have shown that retinoids are protected and highly stable.
Their efficiency was improved in controlled release studies
as their bioavailability in the human body was increased.

Studies demonstrated that the anti-tumor activity of ret-
inoids is greatly enhanced with formulations that increase
their in vivo half-life at tumor sites [127]. The efficacy of
synthetic retinoids in cancer treatment has improved through
polymeric micelles, NPs, microemulsions, and microspheres,
among others. However, the clinical translation of both natu-
ral and synthetic retinoids is still lagging. While several hur-
dles need to be overcome before synthetic retinoid formula-
tions reach the clinic, there is a huge potential for this field in
the near future.

LIST OF ABBREVIATIONS

ASD = Amorphous Solid Dispersions

EPR = Enhanced Permeability and Retention
PEG = Poly (Ethylene Glycol)

RA = Retinoic Acid
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