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Abstract: Acute promyelocytic leukemia (APL) is phenotypically characterized by the accumulation
of dysplastic promyelocytes, resulting from a cytogenetic condition due to the balanced chromosomal
translocation t(15;17)(q22;q21). Current first-line treatment of APL includes all-trans retinoic acid (all-
trans RA), with or without arsenic trioxide, combined with chemotherapy, and a chemotherapy-free
approach wherein arsenic trioxide is used alone or in combination with all-trans RA. The usage of
all-trans RA revolutionized the treatment of APL, with survival rates of 80 to 90% being achieved.
The mechanism of action of all-trans RA is based on regulation of gene transcription, promoting
the differentiation of leukemic promyelocytes. Encapsulation technology has been explored as an
innovative strategy to overcome the major drawbacks related to the all-trans RA oral administration
in the APL treatment. The most recently published works on this subject highlight the development
and optimization of carrier-based delivery systems based in microparticle formulations obtained by
spray-drying to be used in the treatment of APL. The ultimate goal is to obtain a controlled delivery
system for RA oral administration capable of providing a slow release of this bioactive compound in
the intestinal lumen.

Keywords: acute promyelocytic leukemia; all-trans retinoic acid; carrier-based delivery systems;
encapsulation technology; promyelocytic gene; retinoic acid receptor α

1. Introduction

Acute promyelocytic leukemia (APL) was first described by the hematologist Hillestad
in 1957. Three patients evidenced a very rapid decline and death (with only a few weeks
duration), which occurred as a result of the accumulation of dysplastic (abnormal) promye-
locytes and severe hemorrhagic conditions due to fibrinolysis and thrombocytopenia.
These key elements enabled APL to be recognized as a subtype of acute myeloid leukemia
(AML) [1–3]. APL was then fully characterized by Bernard in 1959 when twenty patients
evidenced bone marrow infiltration by abnormal promyelocytes, with observation of acute
hemorrhagic episodes and the rapid evolution of disease due to hyperfibrinolysis and/or
disseminated intravascular coagulation [1,3].

APL is known as M3 by the French–American–British classification and accounts for 5
to 10% of AML in adults [4,5]. A recent study performed by Dinmohamed and Visser [6]
updates on the incidence of APL across Europe. The authors pointed out the scarcity of
studies performed over the past few decades regarding this topic in Central and South
America. The incidence of APL was variable across Europe, with the highest incidence in
Spain.
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APL was reported as a rapidly fatal disease until the late 1980s [7]. Currently, it is
considered the most curable subtype of AML with survival rates of 80% to 90%, with the
combination of the all-trans-RA and arsenic trioxide (non-chemotherapy regimen) [8,9].
Eventually, the combination of these compounds and chemotherapy was also considered
in the treatment of APL [7,9–11].

This review provides an overall discussion about the identification, diagnosis and
treatment course of APL. Furthermore, the mechanism of action of all-trans retinoic acid
(all-trans RA), based on the genetic hallmark of APL, is described for the treatment of
this disease. The last section focuses on the most recent strategies to overcome the main
challenges related to the current clinical usage of all-trans RA for the treatment of APL and
includes the encapsulation of all-trans RA into carrier-based delivery systems.

2. Identification and Diagnosis of APL

APL has its origins in the PML/RARA fusion protein due to the balanced translocation
between the promyelocytic (PML) and the retinoic acid receptor α (RARα) genes located on
chromosome 15 and 17, respectively (Figure 1) [4,12,13]. The obtained oncoprotein blocks
the differentiation of leukemic promyelocytes, inducing leukemia [14]. This chromosomal
translocation represents 95 to 98% of APL cases and was recognized by Rowley in 1977 as a
karyotypic change characteristic of this disease [15,16].

APL diagnosis can be first performed by the morphological characterization of APL.
The abnormal promyelocytes can present a typical hyper-granular form, with a bilobed
or reniform nuclear membrane, a densely granulated cytoplasm and Auer rods or Faggot
cells (cells with bundles of Auer rods) [17,18]. In turn, the hypo-granular (microgranular)
form of abnormal promyelocytes—observed with less frequency—presents bilobed nuclei,
several sub microscopic granules and only a few cells with multiple Auer rods. The hyper-
granular form often presents with a leukopenia, while the hypo-granular form commonly
presents with a leukopenia [19–22]. The immunophenotype of blast cells in APL can be also
evaluated for the diagnosis [23,24]. A more accurate approach can be performed at genetic
level considering the cytogenetic characterization of APL, fluorescence in situ hybridization
(FISH), reverse transcription polymerase chain reaction (RT-PCR) and immunofluorescence
with anti-PML antibodies [19,25–27].
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3. Treatment of APL

The pre-therapeutic era of APL occurred between 1940 and 1973, when the promyelo-
cytic cell was first fully recognized. At that time, most of the APL patients died within four
weeks, with only 6% to 14% of cases achieving remission [28].

The first approach proposed for the treatment of APL was based on the administration
of anthracyclines to inhibit the proliferation of malignant cells [3,19]. Herein, patients
treated with daunorubicin evidenced an increased complete remission rate from 13%
to 55% [29]. Treatments based on anthracycline were later proven to be effective and
showed to be dose-dependent, with improvement of remission rates with higher doses of
daunorubicin [30]. Broadly, complete remission rates between 55% and 88% were observed,
with 35% to 45% of patients entering a prolonged remission [19]. In fact, introduction of
chemotherapy for APL treatment markedly changed the course of this disease [31]. The
chemotherapy era lasted from 1973 to 1988.

The knowledge of the differentiation, proliferation and apoptosis of leukemic cells
provided a new perspective for the APL treatment, with identification of some compounds
capable of triggering the differentiation of these cells [3]. Accordingly, in the early 1980s,
retinoic acid (RA) was reported to be capable of inducing morphologic and functional
maturation of HL 60 cells, with identification of the specific response of APL specimens to
RA [32,33]. In 1988, the efficacy of all-trans RA in the treatment of APL was first recognized,
with achievement of complete remission with differentiation of promyelocytes in 23 of
24 patients studied at a dose from 45 to 100 mg·m−2·d−1 [34]. This was the beginning of
the modern era in APL treatment.

The treatment of APL only with all-trans RA enables a complete remission rate of
around 85% [3]. However, due to the continuous treatment with this drug, the patients
become resistance to all-trans RA. Moreover, the amount of all-trans RA in the plasma
greatly decreases, with relapse occurring within 3 to 6 months. At last, an increase in the
amount of white blood cells with fatal RA syndrome (the symptoms of this syndrome
include fever, acute renal failure, pleuro-pericardial effusion, hypotension, dyspnea, inter-
stitial pulmonary infiltrates, peripheral edema and weight gain higher than 5 kg [25,35])
may be observed due to all-trans RA administration [3]. In line with these topics, the
combination of all-trans RA and chemotherapy was proposed for the treatment of APL [25].
The studies indicated rates of cure higher than 80%. The Gruppo Italiano per le Malattie
EMatologiche dell’Adulto (GIMEMA) and the Programa Espanol para el Tratamiento de
las Hemopatias Malignas del Adulto (PETHEMA) used simultaneously all-trans RA and
idarubicin (an anthracycline) as chemotherapy to induce remission, followed by three
cycles of consolidation and maintenance therapy [36–38]. This approach—AIDA—has
become one of the most widely used protocols. In 2000, the original protocols were updated
with the use of less intense chemotherapy schedules for patients of low and intermediate
risk [36,39,40]. The combination of all-trans RA and chemotherapy deals with severe hema-
tologic toxicity, occurring in 2% to 3% of cases deaths in remission together with secondary
myeloid neoplasms [25].

A study performed in 2004 with APL patients for induction therapy compared the
treatment with arsenic trioxide or all-trans RA (each one individually used) or the com-
bination of these two drugs [41]. The obtained results evidenced similar percentages of
complete remission—between 90% and 95.2%—among all the approaches tested. However,
the median time required to achieve complete remission was shorter when the combination
of arsenic trioxide and all-trans RA was considered (25.5 days, instead of 40.5 or 31 days
when all-trans RA and arsenic trioxide were individually used, respectively). All the pa-
tients were then (after induction) subjected to chemotherapy and the only one treated with
the combination of arsenic trioxide and all-trans RA did not relapse. The estimated 5-year
event-free survival and overall survival for patients treated with this combination of drugs
were 89.2% and 91.7%, respectively. These results promoted investigations regarding the
importance of arsenic trioxide in the consolidation of therapy used so far, with registration
of significantly superior event-free survival, 3-year overall survival and 3-year disease free
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survival [42]. The induction therapy also showed the benefit of combining anthracycline
chemotherapy, arsenic trioxide and all-trans RA followed by two consolidation cycles
with the combination of arsenic trioxide and all-trans RA without chemotherapy, causing
an improvement of 2-year freedom from relapse (97.5%), failure-free survival (88%) and
overall survival (93%) [43].

A chemotherapy-free approach was investigated when arsenic trioxide was used for
induction and consolidation therapy, with observation of significantly better outcomes for
patients with low-risk disease [44,45]. The same approach was studied using the combi-
nation of arsenic trioxide and all-trans RA for induction and consolidation therapy [46].
Herein, complete remission rates and an estimated 3-year overall survival were 92% and
96%, respectively. Moreover, significantly better results were achieved for patients with
low-risk disease. In another study, the Italian cooperative group GIMEMA worked in
collaboration with the German AMLSG and SAL cooperative groups to perform random-
ized studies to compare the combination of all-trans RA and chemotherapy against the
chemotherapy-free approach [47]. Herein, the combination of arsenic trioxide and all-trans
RA was administrated for the induction therapy, followed by four consolidation cycles with
intermittent arsenic trioxide and all-trans RA. The obtained results regarding event-free
survival and overall survival were better when compared to the standard AIDA, in addition
to being associated with significantly less myelosuppression and infections. However, the
combination of arsenic trioxide and all-trans RA enabled an increase in the liver enzymes
and the observation of QTc prolongation, which can be controlled and reversible with tem-
porary drug discontinuation. In line with this study, the NCCN guidelines were updated,
with identification of the combination of arsenic trioxide and all-trans RA as the most
auspicious option for the front-line therapy of APL patients with low and intermediate
risk. Comparing the combination of these drugs with the combination of all-trans RA and
chemotherapy, the first one showed superior results of event-free survival and overall
survival and a significantly lower incidence of relapse [48]. For the APL patients with
a high risk, it was of major importance to compare the combination of arsenic trioxide,
all-trans RA and minimal chemotherapy against AIDA [25]. Some of the most recently
updated recommendations on the management of acute promyelocytic leukemia were
published in 2019 by an expert panel of the European LeukemiaNet [49].

4. Mechanisms of Action of All-Trans RA

The cellular mechanism of all-trans RA in the treatment of APL is based on triggering
the differentiation of immature neoplastic cells into mature granulocytes [50]. Briefly, it
has been considered that all-trans RA acts on two stages of myeloid cell development—
promyelocytes and earlier neoplastic progenitor cells [51]—wherein a differentiation step
induced by this bioactive compound is followed by the apoptosis of the maturing cells
originating from the leukemic clone [50]. A two-step model in the maturation process
explains the differentiation of APL cells by all-trans RA, which includes the proliferation
and simultaneously the cells become competent (RA-dependent step); and cellular terminal
maturation (cyclic adenosine monophosphate (cAMP)-dependent step) [50]. An activation
mechanism involving the nuclear all-trans RA, cAMP and the protein kinase A (PKA)
pathway is proposed here [52].

Retinoids regulate gene transcription mediated through their binding to RA recep-
tors (RARs) and retinoid X receptors (RXRs) [53,54]. In particular, all-trans RA activates
RARs [55]. In the presence of all-trans RA, their binding to the heterodimer RAR/RXR (the
biological active form of RARα) activates a conformation change and the formation of a
ligand receptor complex. The obtained structure binds to RA response elements (RAREs),
with modulation of the transcription regulators of several genes and the production of
specific target peptides [53,56]. Accordingly, the activation of the enzyme histone acetyl
transferase (HAT) is performed, occurring the chromatin decondensation over the promoter
region of the target gene. Afterwards, the transcription is activated [57].
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In APL, the PML/RARA fusion protein maintains the ability to bind to RAR and RXR,
forming homodimers and heterodimers, respectively. Moreover, PML/RARA can also bind
to RAREs and thus mediate the repression of RARα target genes (Figure 2). Herein, the co-
repressor complex which is composed by co-repressor proteins and histone deacetylases is
recruited. Subsequently, the condensation of chromatin and the gene silencing is triggered.
Histone methyltransferases and DNA methyltransferases can be also recruited by the
PML/RARA fusion protein, which leads to transcription prevention. Moreover, this
oncoprotein has the further ability to recruit co-repressor proteins from both PML and
RARα domains, occurring the formation of a stable complex with co-repressor complex.
The physiological RA concentration is not enough to dissociate this complex, whereby
the co-repressor complex acts on blocking the myeloid maturation at the promyelocyte
stage [3,58–62].
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5. Encapsulation Technology as an Ally in the Treatment of APL

Encapsulation arises as an emerging technology capable of promoting the innovation
and the development of new products of industrial interest. The incorporation of bioactive
compounds into carrier-based systems at a nano- and micro-scale has been widely described
in the food [63,64] and pharmaceutical [65,66] sectors, providing scientific, technological
and commercial opportunities to these industries. Most of these compounds are very
sensitive and unstable under specific conditions (light, heat and oxygen, among others), as
well as during processing and storage [67]. Accordingly, the direct integration of food- and
pharmaceutical-grade bioactive compounds and ingredients to produce functional foods,
medical foods and excipient foods can be a challenge for the industry [68–70]. This challenge
increases with the highly lipophilic properties and low and/or variable bioaccessibility
and bioavailability of the bioactive compounds intended to be used in products for oral
ingestion [71–73]. The development of nano- and microstructures capable of protecting the
bioactive compounds against the adverse outside surrounding environment, to promote its
dispersion, to increase the solubility and to beneficiate the controlled release and absorption
of lipophilic molecules at desired locations within the gastrointestinal tract is of major
importance to increase the bioavailability and ultimately to improve the efficacy of target
bioactive compounds in the human body [73–76]. Addressing these formulations for the
addition of bioactive compounds into food and pharmaceutical products may promote the
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preservation, safety, quality and ability of the final product to fulfil the purpose for which
it was designed.

Most of the carrier-based systems proposed for encapsulation of nutraceuticals and
drugs include particles and capsules, nanostructured lipid carriers (NLC), solid lipid
nanoparticles (SLN), hydrogels, liposomes, emulsions and self-emulsifying drug delivery
systems (SEDDS) [77,78]. In some studies, the combination of encapsulating methods is
considered to obtain a structure with specific characteristics according to its final application.
Particles and capsules can be produced by several materials (e.g. biopolymers and synthetic
polymers) using different encapsulation techniques, namely spray-drying technology.
Microencapsulation by spray-drying is one of the oldest encapsulation methods [79] and
is recognized to be simple and economically advantageous. Spray-drying is based on the
atomization of a liquid system (a solution, dispersion or emulsion containing the bioactive
compound(s) to be encapsulated and the encapsulating agent(s)) with the formation of a
dry powder (Figure 3) [80]. This process is very fast (a few seconds), whereby the obtained
nano- and/or microparticles are suitable for the encapsulation of heat-sensitive bioactive
compounds [81]. Accordingly, spray-drying is widely used in the food industry and a
common method applied in the pharmaceutical industry [82,83].
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The incorporation of RA into a carrier-based system has been widely explored to
improve the medical action of this retinoid in the treatment of acne, photoaging, psoriatic,
several malignances (e.g. glioblastoma, lung, gastric, ovarian, prostate, stem cells and
melanoma) and other diseases [84–87]. This strategy aims to provide an effective protection
and stability to RA. In general, retinoids are inadequately soluble in an aqueous environ-
ment and can be damaged due to heat, the presence of oxidants and light [84]. In particular,
RA is highly sensitive to oxidizing compounds, air and UV light. Therefore, a sustained RA
delivery can also be achieved and at the desired place [84]. At last, undesirable side-effects
related to RA administration might be mitigated [88]. The development of a bio-friendly
carrier-based system for RA encapsulation emerges as an alternative approach for oral
administration of this bioactive compound in the APL treatment. The ultimate aim is to
increase the efficiency of RA as pharmaceutical agent. The current approach used for the
RA administration and delivery to patients is an undeniable clinical challenge [84]. Herein,
continuous repetitive RA oral administration (Vesanoid®) leads to a marked decline of RA
half-life in blood and consequent decrease in RA concentration in the plasma [89]. This
behavior can be explained by three hypothesis: (1) biliary excretion that is involved in
the elimination of at least 60% of RA, whereby an unreal malabsorption or a nonspecific
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binding to the intestinal proteins compromises RA oral bioavailability; (2) RARα mutations
can be recorded due to the continued treatment with RA and (3) the cytochrome P450
activity that is involved in RA catabolism to regulate its cellular levels and that can be
induced due to the continuous treatment with this retinoid, avoiding the maintenance of RA
levels in the plasma. Despite the continued treatment, the patients become resistant to RA
(relapses were observed in several patients with APL). The daily dose of Vesanoid®(trade
name of all-trans RA) is 45 mg/m2 body surface (prescribing information). The develop-
ment of an innovative strategy based on carrier-based formulations capable of providing
a slow and continuous RA controlled delivery in the intestine may reduce and prevent
the repetitive administration of this retinoid and consequently may reduce the activity of
cytochrome P450 enzymes. This might increase the RA bioavailability in patients, which
will beneficiate the efficiency and then the anticancer activity of RA. Moreover, the severe
side-effects described when RA is administered (e.g. hypertriglyceridemia, abdominal
pain and headache [84]) might be minimized considering encapsulation technology for the
development of RA controlled-delivery systems for the treatment of APL.

Encapsulation by spray-drying is a suitable technology to produce biocompatible parti-
cles to deliver RA to treat patients with APL in a direct and efficient mode. To the best of our
knowledge, the current number of studies focused on RA encapsulation for the treatment of
APL is scarce. The oldest studies include the incorporation of RA into liposomes to evaluate
the effect of these systems on the cellular metabolism of this bioactive compound [90,91].
Parthasarathy and Mehta [90] observed that rat liver microsomes metabolized liposomal all-
trans RA to a significantly lower extent when compared to free all-trans RA. Similar results
were registered in F9 embryonal teratocarcinoma cells. Accordingly, the incorporation of
RA into a liposomal formulation might impact on the long-term remission in APL patients.
In turn, Ozpolat et al. [91] compared the CYP26A1 expression after administration of free
and liposomal all-trans RA. Liposomal all-trans RA induced lower CYP26A1 expression
as well as lower metabolic activity in HepG2 and NB4 cells. Moreover, the pre-treatment
of cells with free all-trans RA resulted in higher metabolic activity. The obtained results
suggested that the upregulation of CYP26A1 expression and all-trans RA metabolism may
be involved in the clearance of this retinoid after continuous oral administration, whereby
a strategy based on liposomal encapsulation and intermittent administration of all-trans
RA might improve APL treatment. All-trans RA-loaded copolymer nanoparticles based on
polyethylene glycol (PEG)-poly(L-lactide) and PEG-poly(e-caprolactone) were proposed
by Tiwari et al. [92] to compare the differentiation induction potential of HL-60 cells with
free all-trans RA. The obtained nanoparticles evidenced a moderate colloidal stability and
an encapsulation efficiency of around 30%. In vitro release studies showed a RA release
of 71% and 84% over two weeks from nanoparticles based on polyethylene glycol (PEG)-
poly(L-lactide) and PEG-poly(e-caprolactone), respectively. Moreover, a pseudo-zero order
release was evidenced. The encapsulation procedure enabled the increase in the all-trans
RA photostability and showed comparable results to free all-trans RA in inducing HL-60
respiratory burst. Silva et al. [93] investigated cholesteryl butyrate SLN for the assessment
of cell viability and distribution of cell cycle phases for HL-60, Jurkat and THP-1 cell lines.
An increased inhibition of cell viability by all-trans RA-loaded SLN was observed when
compared to free all-trans RA. In addition, an increase in sub-diploid DNA content in the
cell cycle was observed for the encapsulated all-trans RA.

Until 2018, a single study described RA encapsulation using the spray-drying technol-
ogy. Zuccari et al. [94] proposed a formulation based on modified polyvinyl alcohol (PVA)
polymeric micelles for parenteral administration. Controlled release studies evidenced a
very slow release of RA in PBS, whereby a fundamental requirement was fulfilled regarding
the stability of the carrier-based delivery systems towards drug release for at least 24 h.
Moreover, the cytotoxicity of encapsulated all-trans RA was higher against neuroblastoma
cell lines when compared to free all-trans RA. In the most recent years, several studies were
carried for the development and optimization of RA controlled-delivery systems, based on
microparticle formulations obtained by spray-drying, to be used in the treatment of APL.
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An approach based on different types of systems—solutions and emulsions—composed
by biopolymers and synthetic polymers as encapsulating agents (individually used and
as a blend) has been presented for the controlled release of RA in the intestine (oral ad-
ministration). Gonçalves et al. [95] proposed the incorporation of RA into microparticles
individually composed by arabic gum, modified chitosan and alginic acid sodium. Herein,
a RA solution prepared in ethanol was mixed with each biopolymer solution prepared
in ultra-pure water and the final solutions were fed to the spray-dryer. The obtained
microparticles evidenced a spherical form and a variable morphology according to the
biopolymers used as encapsulating agents. Modified chitosan, alginic acid sodium and
arabic gum microparticles exhibited a smooth, slightly rough and rough surface, respec-
tively. Regarding the RA controlled-release studies, the slower release was achieved from
alginic acid sodium-based microparticles (>7 h) in octanol, whereby this encapsulating
agent was shown to be the most promising for RA controlled release. In turn, a faster
release was observed from modified chitosan-based microparticles (99 min). However,
for these formulations a high loss of RA was evidenced over time (48% and 83% from
modified chitosan- and alginic acid sodium-based microparticles, respectively). Moreover,
arabic gum-based microparticles lost the total amount of RA encapsulated. Gonçalves
et al. [96] proposed improved formulations wherein oil-in-water emulsions composed by
RA (dissolved in coconut oil), a biopolymer (alginic acid sodium, modified chitosan, arabic
gum, gelatin and xanthan gum) and the surfactant Tween 80 were spray-dried to produce
RA-loaded–biopolymer-based microparticles. The inlet temperature was optimized for the
modified chitosan-based microparticles and the highest RA encapsulation was observed
at 130 ◦C (65 ± 6%). Among all the microparticles that were produced, the highest RA
encapsulation efficiency was obtained for modified chitosan-based and, in second place, for
alginic acid sodium-based microparticles (62 ± 5%). These microparticles showed a surface
with several concavities, while arabic gum-based microparticles exhibited a smoother
surface. In turn, gelatin- and xanthan-based microparticles evidenced a rough surface.
Regarding controlled release studies, xanthan gum and arabic gum-based microparticles
resulted in a faster release of RA, while the alginic acid sodium-based microparticles again
enabled the registration of the slower release of this retinoid (almost 8 h). The oil-in-water
emulsions proposed by Gonçalves et al. [97] have an overall similar composition to the
emulsions proposed by Gonçalves et al. [96], but contain binary and ternary blends of the
biopolymers that individually enabled the production of RA-loaded microparticles with
the most advantageous characteristics (xanthan gum + alginic acid sodium (50%–50%),
modified chitosan + alginic acid sodium (50%–50%), modified chitosan + xanthan gum
(50%–50%) and modified chitosan + xanthan gum + alginic acid sodium (33.3%–33.3%–
33.3%). A simplex centroid experimental design was used to evaluate the encapsulation
efficiency, loading capacity and release times of RA-loaded microparticles regarding the
blends of biopolymers used as encapsulating agents. The xanthan gum + alginic acid
sodium blend enabled the production of RA-loaded microparticles with the highest en-
capsulation efficiency (76 ± 4%). The microparticles produced evidenced a combination
of characteristics typically exhibited by the microparticles individually composed by the
biopolymers. Most of the microparticles composed by alginic acid sodium also enabled the
RA release to be prolonged for a longer time (almost 7 h). Exceptionally, microparticles com-
posed by the modified chitosan + alginic acid sodium blend resulted in a complete release
of RA after 100 min. Gonçalves et al. [98] proposed two synthetic polymers—ethyl cellulose
(EC) and polyethylene glycol (PEG)—for the development of carrier-based systems for
RA encapsulation using spray-drying technology. RA was mixed in EC and EC + PEG
solutions (both dissolved in absolute ethanol). These formulations enabled a significant
increase in the amount of RA added to the system fed to the spray-dryer when compared to
the biopolymer-based systems previously proposed [95–97]. The encapsulation efficiency
therein obtained was around 100%, which meant that these carrier-based delivery systems
became more suitable for the treatment of APL when compared to the biopolymer-based
microparticles previously presented, due to the increased amount of RA encapsulated in
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the microparticles. The EC- and EC + PEG- based microparticles showed an irregular form
and rough surface. Controlled release studies evidenced that the RA release from these
synthetic polymer-based microparticles was very fast (40 min). Complementary studies
were further performed to investigate the in vitro bioaccessibility and intestinal transport
of RA encapsulated into EC- and EC + PEG-based microparticles. The aim was to evaluate
these microparticles regarding their behavior in the gastrointestinal tract and then evaluate
the EC- and EC + PEG-based microparticles for RA release and delivery in the intestine.
RA bioaccessibility after in vitro static digestion (INFOGEST procedure) of RA-loaded
synthetic polymer-based microparticles, with and without co-ingestion of a reference diet
(Western diet) was significantly affected at intestinal level by the type of microparticles and
the presence of meal. The digestion of EC- and EC + PEG-based microparticles without
diet significantly increased the RA bioaccessibility from 24 ± 6 to 84 ± 1% and 25 ± 5 to 54
± 4%, respectively. Moreover, comparing these both type of microparticles, the bioaccessi-
bility of this retinoid was significantly higher for EC-based microparticles digested without
diet. At last, co-ingestion of EC- and EC + PEG-based microparticles with diet enabled
a similar RA bioaccessibility among both formulations. Regarding intestinal transport,
it was observed that the amount of RA that reached the basolateral compartment was
significantly influenced by the samples used in the experiments. The best results were
obtained from blank digesta spiked with RA. In the most recent study, Gonçalves et al. [99]
proposed the co-encapsulation of RA with curcumin and/or resveratrol. The combination
of all-trans RA and arsenic trioxide is recognized as the most successful strategy for the
therapy of APL patients with low and intermediate risk, as previously described (Section 3),
whereby this approach is included in the front-line therapy. However, several studies have
brought knowledge about new retinoids and the possibility to combine different molecules
with all-trans RA or arsenic trioxide. The aim is to trigger different mechanisms of action
and thus create a synergistic effect on growth control and apoptosis of malignant cells
in APL [62]. Some of these molecules include curcumin and resveratrol. Curcumin is
recognized for its anticancer activity, among other pharmacological functions. In particular,
in APL treatment curcumin acts by inhibiting and arresting the proliferation of leukemic
cells due to the stabilization of the misfolded nuclear receptor co-repressor (N CoR) pro-
tein. The accumulation of the misfolded N-CoR in the cytosol (promoted by PML/RARα)
induces stress in the endoplasmic reticulum and the activation of the unfolded protein
response with cytoprotective or cytotoxic action. Curcumin inhibits some proteases and
the proteasomes that degrade the misfolded N-CoR, increasing stress in the endoplasmic
reticulum and consequently sensitizing APL cells to apoptosis [13]. Some studies highlight
that high concentrations of curcumin may trigger the apoptosis of NB4 and the combination
of all-trans RA and curcumin may increase the differentiation of these cells [13,100–102].
Resveratrol has also received great attention due to its health benefits, namely in cancer
prevention due to the induction of apoptosis and cell cycle arrest [103,104]. Resveratrol
acts against APL by preventing proliferation and inducing apoptosis of cells, which can
be related to the ability of this molecule to upregulate the PTEN expression and to inhibit
the PI3K/AKT pathway activity [104,105]. The activity of resveratrol in the treatment of
APL can be also benefit arsenic trioxide. Their combination and co-administration sig-
nificantly improve the arsenic trioxide action in NB4 cells. Resveratrol can also decrease
the cardiotoxicity and hepatotoxicity due to the administration of arsenic trioxide. In the
co-encapsulation study performed by Gonçalves et al, microparticles loaded with RA, RA +
curcumin, RA + resveratrol and RA + curcumin + resveratrol were produced. Moreover,
two different microparticles’ formulations were considered as co-encapsulation systems:
(i) alginic acid sodium-based microparticles (obtained from oil-in-water emulsion), due to
the relatively high encapsulation efficiency and slow controlled release profiles of RA; and
(ii) EC + PEG-based microparticles, due to the in vitro digestion results and the ability to
encapsulate RA in an amount closer to the current daily dosage administered (this analysis
is based on the previous studies presented here). Encapsulation efficiency was significantly
influenced by the encapsulating agent(s) used in the microparticles’ formulations, whereby
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the biopolymer-based microparticles and synthetic polymers-based microparticles enabled
an encapsulation efficiency for all the bioactive compounds that varied between 26 ± 3-34 ±
1% and 91 ± 6-97 ± 8%, respectively. The bioactive compounds that were co-encapsulated
showed a similar release profile and it prolonged between 48 min and more than 6 h from
alginic acid sodium-based microparticles and stabilized between 60 and 80 min from EC +
PEG-based microparticles.

6. Conclusions

APL is described as a rare disease. It was first described as a potentially deadly disease,
but the incorporation of chemotherapy increased complete remission rate from 13% to 55%
due to the inhibition of the proliferation of APL cells. The implementation of all-trans
RA in the treatment of APL markedly increased the survival rates to around 80–90%,
being involved in the differentiation of leukemic promyelocytes. The most interesting
option for front-line therapy of APL patients with low and intermediate risk involves
the combination of arsenic trioxide and all-trans RA, with observation of better results
regarding event-free survival and overall survival and a significantly lower incidence of
relapse. The PML/RARA fusion protein in APL acts as a co-repressor of RARα target genes,
with requirement of an increased amount of all-trans RA than physiologically observed
to trigger the leukemic promyelocytes’ differentiation. The development of carrier-based
delivery systems capable of providing a continuous and slow release of all-trans RA in
the intestine has been investigated to increase the bioavailability of this retinoid in the
human body and thus beneficiate the APL treatment. In the last few years, several studies
based on all-trans RA encapsulation using spray-drying technology were reported, wherein
different formulations were proposed for oral administration. A preliminary approach
regarding the effect of RA, curcumin and/or resveratrol co-encapsulation in the co-release
of these bioactive compounds was understood. However, the total number of studies about
all-trans RA encapsulation addressed for the treatment of APL is currently still very low.
Accordingly, it is of great importance that more in vitro and then in vivo protocols will be
developed in this promising research field.

Author Contributions: Investigation, A.G. and B.N.E.; writing—original draft preparation, A.G.;
writing—review and editing, F.R. and B.N.E.; supervision, B.N.E.; project administration, B.N.E.;
funding acquisition, F.R. and B.N.E. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was financially supported by LA/P/0045/2020 (ALiCE), UIDB/00511/2020 and
UIDP/00511/2020 (LEPABE), funded by national funds through FCT/MCTES (PIDDAC); Project
POCI-01-0145-FEDER-028715 (MicroDelivery—Development of controlled delivery functional sys-
tems by microencapsulation of natural and active compounds with therapeutic, nutritional and tech-
nological interest), funded by FEDER funds through COMPETE2020—Programa Operacional Com-
petitividade e Internacionalização (POCI) and by national funds (PIDDAC) through FCT/MCTES.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data Sharing Not Applicable.

Acknowledgments: Antónia Gonçalves acknowledges Fundação para a Ciência e a Tecnologia (FCT)
for the research grant (COVID/BD/152371/2022), co-financed by national funds from the Ministry of
Science, Technology and Higher Education (MCTES) and by the European Social Fund (ESF) and
Por_Norte Programme. In addition, Berta Estevinho acknowledges FCT for the contract based on the
“Lei do Emprego Científico” (DL 57/2016).

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceuticals 2023, 16, 180 11 of 15

References
1. Hillestad, L.K. Acute Promyelocytc Leukemia. Acta Med. Scand. 2009, 159, 189–194. [CrossRef]
2. Zhou, G.-B.; Zhao, W.-L.; Wang, Z.-Y.; Chen, S.-J.; Chen, Z. Retinoic Acid and Arsenic for Treating Acute Promyelocytic Leukemia.

PLoS Med. 2005, 2, e12. [CrossRef] [PubMed]
3. Wang, Z.-Y.; Chen, Z. Acute Promyelocytic Leukemia: From Highly Fatal to Highly Curable. Blood 2008, 111, 2505–2515.

[CrossRef]
4. Lo-Coco, F.; Cicconi, L.; Breccia, M. Current Standard Treatment of Adult Acute Promyelocytic Leukaemia. Br. J. Haematol. 2016,

172, 841–854. [CrossRef] [PubMed]
5. Yanada, M. Treatment for Relapsed Acute Promyelocytic Leukemia. Ann. Hematol. 2022, 101, 2575–2582. [CrossRef]
6. Dinmohamed, A.G.; Visser, O. Incidence of Acute Promyelocytic Leukemia across Europe: Results of RARECAREnet—A

Population-Based Study. Stem Cell Investig. 2019, 6, 37. [CrossRef]
7. Ferrara, F.; Molica, M.; Bernardi, M. Drug Treatment Options for Acute Promyelocytic Leukemia. Expert Opin. Pharmacother. 2022,

23, 117–127. [CrossRef]
8. Kantarjian, H.M.; Jain, N.; Garcia-Manero, G.; Welch, M.A.; Ravandi, F.; Wierda, W.G.; Jabbour, E.J. The Cure of Leukemia through

the Optimist’s Prism. Cancer 2022, 128, 240–259. [CrossRef]
9. Osman, A.E.G.; Anderson, J.; Churpek, J.E.; Christ, T.N.; Curran, E.; Godley, L.A.; Liu, H.; Thirman, M.J.; Odenike, T.; Stock, W.;

et al. Treatment of Acute Promyelocytic Leukemia in Adults. J. Oncol. Pract. 2018, 14, 649–657. [CrossRef]
10. Korsos, V.; Miller Jr, W.H. How Retinoic Acid and Arsenic Transformed Acute Promyelocytic Leukemia Therapy. J. Mol. Endocrinol.

2022, 69, T69–T83. [CrossRef]
11. Teng-Fei, S.; Diyaer, A.; Hong-Ming, Z.; Xin-Jie, C.; Wen-Fang, W.; Yu-Bing, Z.; Xiao-Jing, L.; Wen-Yan, C.; Yang, S. Evolving of

Treatment Paradigms and Challenges in Acute Promyelocytic Leukaemia: A Real-World Analysis of 1105 Patients over the Last
Three Decades. Transl. Oncol. 2022, 25, 101522. [CrossRef]

12. Brown, G.; Marcinkowska, E. Acute Myeloid Leukaemia: New Targets and Therapies. Int. J. Mol. Sci. 2017, 18, 2577. [CrossRef]
13. Ng, A.P.P.; Chng, W.J.; Khan, M. Curcumin Sensitizes Acute Promyelocytic Leukemia Cells to Unfolded Protein Response-Induced

Apoptosis by Blocking the Loss of Misfolded N-CoR Protein. Mol. Cancer Res. 2011, 9, 878–888. [CrossRef]
14. dos Santos, G.A.; Kats, L.; Pandolfi, P.P. Synergy against PML-RARa: Targeting Transcription, Proteolysis, Differentiation, and

Self-Renewal in Acute Promyelocytic Leukemia. J. Exp. Med. 2013, 210, 2793–2802. [CrossRef]
15. Sirulnik, A.; Melnick, A.; Zelent, A.; Licht, J.D. Molecular Pathogenesis of Acute Promyelocytic Leukaemia and APL Variants.

Best Pract. Res. Clin. Haematol. 2003, 16, 387–408. [CrossRef]
16. Rowley, J.; Golomb, H.; Dougherty, C. 15/17 TRANSLOCATION, A CONSISTENT CHROMOSOMAL CHANGE IN ACUTE

PROMYELOCYTIC LEUKAEMIA. Lancet 1977, 309, 549–550. [CrossRef]
17. Sehgal, T.; Sharma, P. Auer Rods and Faggot Cells: A Review of the History, Significance and Mimics of Two Morphological

Curiosities of Enduring Relevance. Eur. J. Haematol. 2023, 110, 14–23. [CrossRef]
18. Cingam, S.R.; Koshy, N.V. Acute Promyelocytic Leukemia; StatPearls Publishing: Tampa, FL, USA, 2022.
19. McCulloch, D.; Brown, C.; Iland, H. Retinoic Acid and Arsenic Trioxide in the Treatment of Acute Promyelocytic Leukemia:

Current Perspectives. Onco. Targets. Ther. 2017, 10, 1585–1601. [CrossRef]
20. Kunak, R.L.; Rojiani, A.; Savage, N.M. Educational Case: Acute Promyelocytic Leukemia With PML-RARA. Acad. Pathol. 2019, 6,

2374289519875647. [CrossRef]
21. Akhtar, K.; Ahmad, S.; Sherwani, R.K. Acute Promyelocytic Leukemia, Hypogranular Variant: A Rare Presentation. Clin. Pract.

2011, 1, e11. [CrossRef]
22. Verma, S.; Singhal, P.; Singh, S.; Das, S. Atypical Morphology and Aberrant Immunophenotypic Expression: A Diagnostic

Dilemma in Acute Promyelocytic Leukemia. J. Appl. Hematol. 2022, 13, 63. [CrossRef]
23. Orfao, A.; Chillón, M.C.; Bortoluci, A.M.; López-Berges, M.C.; García-Sanz, R.; Gonzalez, M.; Tabernero, M.D.; García-Marcos,

M.A.; Rasillo, A.I.; Hernández-Rivas, J.; et al. The Flow Cytometric Pattern of CD34, CD15 and CD13 Expression in Acute
Myeloblastic Leukemia Is Highly Characteristic of the Presence of PML-RARalpha Gene Rearrangements. Haematologica 1999, 84,
405–412. [PubMed]

24. Fang, H.; Wang, S.A.; Hu, S.; Konoplev, S.N.; Mo, H.; Liu, W.; Zuo, Z.; Xu, J.; Jorgensen, J.L.; Yin, C.C.; et al. Acute Promyelocytic
Leukemia: Immunophenotype and Differential Diagnosis by Flow Cytometry. Cytom. Part B Clin. Cytom. 2022, 102, 283–291.
[CrossRef] [PubMed]

25. Cicconi, L.; Lo-Coco, F. Current Management of Newly Diagnosed Acute Promyelocytic Leukemia. Ann. Oncol. 2016, 27,
1474–1481. [CrossRef] [PubMed]

26. Leal, A.M.; Kumeda, C.A.; Velloso, E.D.R.P. Características Genéticas Da Leucemia Promielocítica Aguda de Novo TT—Genetics
Characteristics of de Novo Acute Promyelocytic Leukemia. Rev. Bras. Hematol. Hemoter. 2009, 31, 454–462. [CrossRef]

27. Guarnera, L.; Ottone, T.; Fabiani, E.; Divona, M.; Savi, A.; Travaglini, S.; Falconi, G.; Panetta, P.; Rapanotti, M.C.; Voso, M.T.
Atypical Rearrangements in APL-Like Acute Myeloid Leukemias: Molecular Characterization and Prognosis. Front. Oncol. 2022,
12, 1–11. [CrossRef]

28. Sanz, M.A.; Barragán, E. History of Acute Promyelocytic Leukemia. Clin. Hematol. Int. 2021, 3, 142. [CrossRef]
29. Bernard, J.; Weil, M.; Boiron, M.; Jacquillat, C.; Flandrin, G.; Gemon, M.-F. Acute Promyelocytic Leukemia: Results of Treatment

by Daunorubicin. Blood 1973, 41, 489–496. [CrossRef]

http://doi.org/10.1111/j.0954-6820.1957.tb00124.x
http://doi.org/10.1371/journal.pmed.0020012
http://www.ncbi.nlm.nih.gov/pubmed/15696202
http://doi.org/10.1182/blood-2007-07-102798
http://doi.org/10.1111/bjh.13890
http://www.ncbi.nlm.nih.gov/pubmed/26687281
http://doi.org/10.1007/s00277-022-04954-0
http://doi.org/10.21037/sci.2019.10.03
http://doi.org/10.1080/14656566.2021.1961744
http://doi.org/10.1002/cncr.33933
http://doi.org/10.1200/JOP.18.00328
http://doi.org/10.1530/JME-22-0141
http://doi.org/10.1016/j.tranon.2022.101522
http://doi.org/10.3390/ijms18122577
http://doi.org/10.1158/1541-7786.MCR-10-0545
http://doi.org/10.1084/jem.20131121
http://doi.org/10.1016/S1521-6926(03)00062-8
http://doi.org/10.1016/S0140-6736(77)91415-5
http://doi.org/10.1111/ejh.13872
http://doi.org/10.2147/OTT.S100513
http://doi.org/10.1177/2374289519875647
http://doi.org/10.4081/cp.2011.e11
http://doi.org/10.4103/joah.joah_42_21
http://www.ncbi.nlm.nih.gov/pubmed/10329918
http://doi.org/10.1002/cyto.b.22085
http://www.ncbi.nlm.nih.gov/pubmed/35716019
http://doi.org/10.1093/annonc/mdw171
http://www.ncbi.nlm.nih.gov/pubmed/27084953
http://doi.org/10.1590/S1516-84842009005000088
http://doi.org/10.3389/fonc.2022.871590
http://doi.org/10.2991/chi.k.210703.001
http://doi.org/10.1182/blood.V41.4.489.489


Pharmaceuticals 2023, 16, 180 12 of 15

30. Head, D.; Kopecky, K.; Weick, J.; Files, J.; Ryan, D.; Foucar, K.; Montiel, M.; Bickers, J.; Fishleder, A.; Miller, M. Effect of Aggressive
Daunomycin Therapy on Survival in Acute Promyelocytic Leukemia. Blood 1995, 86, 1717–1728. [CrossRef]

31. Xu, Z.-L.; Huang, X.-J. Therapeutic Approaches for Acute Promyelocytic Leukaemia: Moving Towards an Orally Chemotherapy-
Free Era. Front. Oncol. 2020, 10, 1–6. [CrossRef]

32. Breitman, T.; Collins, S.; Keene, B. Terminal Differentiation of Human Promyelocytic Leukemic Cells in Primary Culture in
Response to Retinoic Acid. Blood 1981, 57, 1000–1004. [CrossRef]

33. Breitman, T.R.; Selonick, S.E.; Collins, S.J. Induction of Differentiation of the Human Promyelocytic Leukemia Cell Line (HL-60)
by Retinoic Acid. Proc. Natl. Acad. Sci. USA 1980, 77, 2936–2940. [CrossRef]

34. Huang, E.J.; Ye, Y.C.; Chen, S.R.; Chai, J.R.; Lu, J.X.; Zhoa, L.; Gu, L.J.; Wang, Z.Y. Use of All-Trans Retinoic Acid in the Treatment
of Acute Promyelocytic Leukemia. Blood 1988, 72, 567–572. [CrossRef]

35. Jimenez, J.J.; Chale, R.S.; Abad, A.C.; Schally, A.V. Acute Promyelocytic Leukemia (APL): A Review of the Literature. Oncotarget
2020, 11, 992–1003. [CrossRef]

36. Sanz, M.A.; Montesinos, P.; Rayón, C.; Holowiecka, A.; de la Serna, J.; Milone, G.; de Lisa, E.; Brunet, S.; Rubio, V.; Ribera, J.M.;
et al. Risk-Adapted Treatment of Acute Promyelocytic Leukemia Based on All-Trans Retinoic Acid and Anthracycline with
Addition of Cytarabine in Consolidation Therapy for High-Risk Patients: Further Improvements in Treatment Outcome. Blood
2010, 115, 5137–5146. [CrossRef] [PubMed]

37. Sanz, M.A.; Martín, G.; Rayón, C.; Esteve, J.; González, M.; Díaz-Mediavilla, J.; Bolufer, P.; Barragán, E.; Terol, M.J.; González, J.D.;
et al. A Modified AIDA Protocol with Anthracycline-Based Consolidation Results in High Antileukemic Efficacy and Reduced
Toxicity in Newly Diagnosed PML/RARalpha-Positive Acute Promyelocytic Leukemia. PETHEMA Group. Blood 1999, 94,
3015–3021. [CrossRef] [PubMed]

38. Mandelli, F.; Diverio, D.; Avvisati, G.; Luciano, A.; Barbui, T.; Bernasconi, C.; Broccia, G.; Cerri, R.; Falda, M.; Fioritoni, G.;
et al. Molecular Remission in PML/RAR Alpha-Positive Acute Promyelocytic Leukemia by Combined All-Trans Retinoic Acid
and Idarubicin (AIDA) Therapy. Gruppo Italiano-Malattie Ematologiche Maligne Dell’Adulto and Associazione Italiana Di
Ematologia Ed Oncologia Pe. Blood 1997, 90, 1014–1021. [CrossRef] [PubMed]

39. Sanz, M.A.; Lo Coco, F.; Martin, G.; Avvisati, G.; Rayon, C.; Barbui, T.; Diaz-Mediavilla, J.; Fioritoni, G.; Gonzalez, J.D.; Liso, V.;
et al. Definition of Relapse Risk and Role of Nonanthracycline Drags for Consolidation in Patients with Acute Promyelocytic
Leukemia: A Joint Study of the PETHEMA and GIMEMA Cooperative Groups. Blood 2000, 96, 1247–1253. [CrossRef] [PubMed]

40. Lo-Coco, F.; Avvisati, G.; Vignetti, M.; Breccia, M.; Gallo, E.; Rambaldi, A.; Paoloni, F.; Fioritoni, G.; Ferrara, F.; Specchia, G.; et al.
Front-Line Treatment of Acute Promyelocytic Leukemia with AIDA Induction Followed by Risk-Adapted Consolidation for
Adults Younger than 61 Years: Results of the AIDA-2000 Trial of the GIMEMA Group. Blood 2010, 116, 3171–3179. [CrossRef]

41. Shen, Z.X.; Shi, Z.Z.; Fang, J.; Gu, B.W.; Li, J.M.; Zhu, Y.M.; Shi, J.Y.; Zheng, P.Z.; Yan, H.; Liu, Y.F.; et al. All-Trans Retinoic
Acid/AS2O3 Combination Yields a High Quality Remission and Survival in Newly Diagnosed Acute Promyelocytic Leukemia.
Proc. Natl. Acad. Sci. USA 2004, 101, 5328–5335. [CrossRef]

42. Powell, B.L.; Moser, B.; Stock, W.; Gallagher, R.E.; Willman, C.L.; Stone, R.M.; Rowe, J.M.; Coutre, S.; Feusner, J.H.; Gregory,
J.; et al. Arsenic Trioxide Improves Event-Free and Overall Survival for Adults with Acute Promyelocytic Leukemia: North
American Leukemia Intergroup Study C9710. Blood 2010, 116, 3751–3757. [CrossRef] [PubMed]

43. Iland, H.J.; Collins, M.; Bradstock, K.; Supple, S.G.; Catalano, A.; Hertzberg, M.; Browett, P.; Grigg, A.; Firkin, F.; Campbell, L.J.;
et al. Use of Arsenic Trioxide in Remission Induction and Consolidation Therapy for Acute Promyelocytic Leukaemia in the
Australasian Leukaemia and Lymphoma Group (ALLG) APML4 Study: A Non-Randomised Phase 2 Trial. Lancet Haematol. 2015,
2, e357–e366. [CrossRef] [PubMed]

44. Mathews, V.; George, B.; Chendamarai, E.; Lakshmi, K.M.; Desire, S.; Balasubramanian, P.; Viswabandya, A.; Thirugnanam,
R.; Abraham, A.; Shaji, R.V.; et al. Single-Agent Arsenic Trioxide in the Treatment of Newly Diagnosed Acute Promyelocytic
Leukemia: Long-Term Follow-up Data. J. Clin. Oncol. 2010, 28, 3866–3871. [CrossRef] [PubMed]

45. Ghavamzadeh, A.; Alimoghaddam, K.; Rostami, S.; Ghaffari, S.H.; Jahani, M.; Iravani, M.; Mousavi, S.A.; Bahar, B.; Jalili, M.
Phase II Study of Single-Agent Arsenic Trioxide for the Front-Line Therapy of Acute Promyelocytic Leukemia. J. Clin. Oncol.
2011, 29, 2753–2757. [CrossRef] [PubMed]

46. Ravandi, F.; Estey, E.; Jones, D.; Faderl, S.; O’Brien, S.; Fiorentino, J.; Pierce, S.; Blamble, D.; Estrov, Z.; Wierda, W.; et al. Effective
Treatment of Acute Promyelocytic Leukemia with All-Trans-Retinoic Acid, Arsenic Trioxide, and Gemtuzumab Ozogamicin. J.
Clin. Oncol. 2009, 27, 504–510. [CrossRef]

47. Lo-Coco, F.; Avvisati, G.; Vignetti, M.; Thiede, C.; Orlando, S.M.; Iacobelli, S.; Ferrara, F.; Fazi, P.; Cicconi, L.; Di Bona, E.; et al.
Retinoic Acid and Arsenic Trioxide for Acute Promyelocytic Leukemia. N. Engl. J. Med. 2013, 369, 111–121. [CrossRef]

48. Platzbecker, U.; Avvisati, G.; Cicconi, L.; Thiede, C.; Paoloni, F.; Vignetti, M.; Ferrara, F.; Divona, M.; Albano, F.; Efficace, F.; et al.
Improved Outcomes with Retinoic Acid and Arsenic Trioxide Compared with Retinoic Acid and Chemotherapy in Non-High-Risk
Acute Promyelocytic Leukemia: Final Results of the Randomized Italian-German APL0406 Trial. J. Clin. Oncol. 2017, 35, 605–612.
[CrossRef]

49. Sanz, M.A.; Fenaux, P.; Tallman, M.S.; Estey, E.H.; Löwenberg, B.; Naoe, T.; Lengfelder, E.; Döhner, H.; Burnett, A.K.; Chen,
S.J.; et al. Management of Acute Promyelocytic Leukemia: Updated Recommendations from an Expert Panel of the European
LeukemiaNet. Blood 2019, 133, 1630–1643. [CrossRef]

http://doi.org/10.1182/blood.V86.5.1717.bloodjournal8651717
http://doi.org/10.3389/fonc.2020.586004
http://doi.org/10.1182/blood.V57.6.1000.1000
http://doi.org/10.1073/pnas.77.5.2936
http://doi.org/10.1182/blood.V72.2.567.567
http://doi.org/10.18632/oncotarget.27513
http://doi.org/10.1182/blood-2010-01-266007
http://www.ncbi.nlm.nih.gov/pubmed/20393132
http://doi.org/10.1182/blood.V94.9.3015
http://www.ncbi.nlm.nih.gov/pubmed/10556184
http://doi.org/10.1182/blood.V90.3.1014
http://www.ncbi.nlm.nih.gov/pubmed/9242531
http://doi.org/10.1182/blood.V96.4.1247
http://www.ncbi.nlm.nih.gov/pubmed/10942364
http://doi.org/10.1182/blood-2010-03-276196
http://doi.org/10.1073/pnas.0400053101
http://doi.org/10.1182/blood-2010-02-269621
http://www.ncbi.nlm.nih.gov/pubmed/20705755
http://doi.org/10.1016/S2352-3026(15)00115-5
http://www.ncbi.nlm.nih.gov/pubmed/26685769
http://doi.org/10.1200/JCO.2010.28.5031
http://www.ncbi.nlm.nih.gov/pubmed/20644086
http://doi.org/10.1200/JCO.2010.32.2107
http://www.ncbi.nlm.nih.gov/pubmed/21646615
http://doi.org/10.1200/JCO.2008.18.6130
http://doi.org/10.1056/NEJMoa1300874
http://doi.org/10.1200/JCO.2016.67.1982
http://doi.org/10.1182/blood-2019-01-894980


Pharmaceuticals 2023, 16, 180 13 of 15

50. Zhou, G.-B.; Zhang, J.; Wang, Z.-Y.; Chen, S.-J.; Chen, Z. Treatment of Acute Promyelocytic Leukaemia with All-Trans Retinoic
Acid and Arsenic Trioxide: A Paradigm of Synergistic Molecular Targeting Therapy. Philos. Trans. R. Soc. B Biol. Sci. 2007, 362,
959–971. [CrossRef]

51. Warrell, R.P.; de The, H.; Wang, Z.-Y.; Degos, L. Acute Promyelocytic Leukemia. N. Engl. J. Med. 1993, 329, 177–189. [CrossRef]
52. Zhu, D.; McCarthy, H.; Ottensmeier, C.H.; Johnson, P.; Hamblin, T.J.; Stevenson, F.K. Acquisition of Potential N-Glycosylation

Sites in the Immunoglobulin Variable Region by Somatic Mutation Is a Distinctive Feature of Follicular Lymphoma. Blood 2002,
99, 2562–2568. [CrossRef]

53. Huen, A.O.; Kim, E.J. The Role of Systemic Retinoids in the Treatment of Cutaneous T-Cell Lymphoma. Dermatol. Clin. 2015, 33,
715–729. [CrossRef]

54. Thompson, B.; Katsanis, N.; Apostolopoulos, N.; Thompson, D.C.; Nebert, D.W.; Vasiliou, V. Genetics and Functions of the
Retinoic Acid Pathway, with Special Emphasis on the Eye. Hum. Genomics 2019, 13, 1–15. [CrossRef]

55. Abdelaal, M.R.; Soror, S.H.; Elnagar, M.R.; Haffez, H. Revealing the Potential Application of EC-Synthetic Retinoid Analogues in
Anticancer Therapy. Molecules 2021, 26, 506. [CrossRef]

56. Marill, J.; Idres, N.; Capron, C.C.; Nguyen, E.; Chabot, G.G. Retinoic Acid Metabolism and Mechanism of Action: A Review. Curr.
Drug Metab. 2003, 4, 1–10. [CrossRef]

57. Hunsu, V.O.; Facey, C.O.B.; Fields, J.Z.; Boman, B.M. Retinoids as Chemo-preventive and Molecular-targeted Anti-cancer
Therapies. Int. J. Mol. Sci. 2021, 22, 7731. [CrossRef]

58. Villa, R.; De Santis, F.; Gutierrez, A.; Minucci, S.; Pelicci, P.G.; Di Croce, L. Epigenetic Gene Silencing in Acute Promyelocytic
Leukemia. Biochem. Pharmacol. 2004, 68, 1247–1254. [CrossRef]

59. Matsushita, H.; Scaglioni, P.P.; Bhaumik, M.; Rego, E.M.; Lu, F.C.; Majid, S.M.; Miyachi, H.; Kakizuka, A.; Miller, W.H.; Pandolfi,
P.P. In Vivo Analysis of the Role of Aberrant Histone Deacetylase Recruitment and RARα Blockade in the Pathogenesis of Acute
Promyelocytic Leukemia. J. Exp. Med. 2006, 203, 821–828. [CrossRef]

60. Lo-Coco, F.; Ammatuna, E. The Biology of Acute Promyelocytic Leukemia and Its Impact on Diagnosis and Treatment. Hematology
2006, 2006, 156–161. [CrossRef]

61. Hormaeche, I.; Licht, J.D. Chromatin Modulation by Oncogenic Transcription Factors: New Complexity, New Therapeutic Targets.
Cancer Cell 2007, 11, 475–478. [CrossRef]

62. Noguera, N.; Catalano, G.; Banella, C.; Divona, M.; Faraoni, I.; Ottone, T.; Arcese, W.; Voso, M. Acute Promyelocytic Leukemia:
Update on the Mechanisms of Leukemogenesis, Resistance and on Innovative Treatment Strategies. Cancers 2019, 11, 1591.
[CrossRef] [PubMed]

63. Hadidi, M.; Pouramin, S.; Adinepour, F.; Haghani, S.; Jafari, S.M. Chitosan Nanoparticles Loaded with Clove Essential Oil:
Characterization, Antioxidant and Antibacterial Activities. Carbohydr. Polym. 2020, 236, 116075. [CrossRef] [PubMed]

64. Ban, Z.; Zhang, J.; Li, L.; Luo, Z.; Wang, Y.; Yuan, Q.; Zhou, B.; Liu, H. Ginger Essential Oil-Based Microencapsulation as an
Efficient Delivery System for the Improvement of Jujube (Ziziphus Jujuba Mill.) Fruit Quality. Food Chem. 2020, 306, 125628.
[CrossRef] [PubMed]

65. Vinner, G.; Rezaie-Yazdi, Z.; Leppanen, M.; Stapley, A.; Leaper, M.; Malik, D. Microencapsulation of Salmonella-Specific
Bacteriophage Felix O1 Using Spray-Drying in a PH-Responsive Formulation and Direct Compression Tableting of Powders into
a Solid Oral Dosage Form. Pharmaceuticals 2019, 12, 43. [CrossRef] [PubMed]

66. Juère, E.; Florek, J.; Bouchoucha, M.; Jambhrunkar, S.; Wong, K.Y.; Popat, A.; Kleitz, F. In Vitro Dissolution, Cellular Membrane
Permeability, and Anti-Inflammatory Response of Resveratrol-Encapsulated Mesoporous Silica Nanoparticles. Mol. Pharm. 2017,
14, 4431–4441. [CrossRef]

67. de Abreu Figueiredo, J.; de Paula Silva, C.R.; Oliveira, M.F.S.; Norcino, L.B.; Campelo, P.H.; Botrel, D.A.; Borges, S.V. Microencap-
sulation by Spray Chilling in the Food Industry: Opportunities, Challenges, and Innovations. Trends Food Sci. Technol. 2022, 120,
274–287. [CrossRef]

68. Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioactive-Loaded Nanocarriers for Functional Foods: From Designing to
Bioavailability. Curr. Opin. Food Sci. 2020, 33, 21–29. [CrossRef]

69. McClements, D.J. Encapsulation, Protection, and Delivery of Bioactive Proteins and Peptides Using Nanoparticle and Microparticle
Systems: A Review. Adv. Colloid Interface Sci. 2018, 253, 1–22. [CrossRef]

70. Abuhassira-Cohen, Y.; Livney, Y.D. Enhancing the Bioavailability of Encapsulated Hydrophobic Nutraceuticals: Insights from in
Vitro, in Vivo, and Clinical Studies. Curr. Opin. Food Sci. 2022, 45, 100832. [CrossRef]

71. Shield, J.; Kuler, J.; Gurnani, A. Regulatory Constraints on New Product Development and Approval Procedures in the United
States. In Developing New Functional Food and Nutraceutical Products; Elsevier: Amsterdam, The Netherlands, 2017; pp. 123–148.
ISBN 9780128027790.

72. McClements, D.J.; Li, Y. Structured Emulsion-Based Delivery Systems: Controlling the Digestion and Release of Lipophilic Food
Components. Adv. Colloid Interface Sci. 2010, 159, 213–228. [CrossRef]

73. Delshadi, R.; Bahrami, A.; Tafti, A.G.; Barba, F.J.; Williams, L.L. Micro and Nano-Encapsulation of Vegetable and Essential Oils to
Develop Functional Food Products with Improved Nutritional Profiles. Trends Food Sci. Technol. 2020, 104, 72–83. [CrossRef]

74. Soukoulis, C.; Bohn, T. A Comprehensive Overview on the Micro- and Nano-Technological Encapsulation Advances for Enhancing
the Chemical Stability and Bioavailability of Carotenoids. Crit. Rev. Food Sci. Nutr. 2018, 58, 1–36. [CrossRef]

http://doi.org/10.1098/rstb.2007.2026
http://doi.org/10.1056/NEJM199307153290307
http://doi.org/10.1182/blood.V99.7.2562
http://doi.org/10.1016/j.det.2015.05.007
http://doi.org/10.1186/s40246-019-0248-9
http://doi.org/10.3390/molecules26020506
http://doi.org/10.2174/1389200033336900
http://doi.org/10.3390/ijms22147731
http://doi.org/10.1016/j.bcp.2004.05.041
http://doi.org/10.1084/jem.20050616
http://doi.org/10.1182/asheducation-2006.1.156
http://doi.org/10.1016/j.ccr.2007.05.005
http://doi.org/10.3390/cancers11101591
http://www.ncbi.nlm.nih.gov/pubmed/31635329
http://doi.org/10.1016/j.carbpol.2020.116075
http://www.ncbi.nlm.nih.gov/pubmed/32172888
http://doi.org/10.1016/j.foodchem.2019.125628
http://www.ncbi.nlm.nih.gov/pubmed/31629297
http://doi.org/10.3390/ph12010043
http://www.ncbi.nlm.nih.gov/pubmed/30909381
http://doi.org/10.1021/acs.molpharmaceut.7b00529
http://doi.org/10.1016/j.tifs.2021.12.026
http://doi.org/10.1016/j.cofs.2019.11.006
http://doi.org/10.1016/j.cis.2018.02.002
http://doi.org/10.1016/j.cofs.2022.100832
http://doi.org/10.1016/j.cis.2010.06.010
http://doi.org/10.1016/j.tifs.2020.07.004
http://doi.org/10.1080/10408398.2014.971353


Pharmaceuticals 2023, 16, 180 14 of 15

75. Montané, X.; Bajek, A.; Roszkowski, K.; Montornés, J.M.; Giamberini, M.; Roszkowski, S.; Kowalczyk, O.; Garcia-Valls, R.;
Tylkowski, B. Encapsulation for Cancer Therapy. Molecules 2020, 25, 1605. [CrossRef]

76. Reque, P.M.; Brandelli, A. Encapsulation of Probiotics and Nutraceuticals: Applications in Functional Food Industry. Trends Food
Sci. Technol. 2021, 114, 1–10. [CrossRef]

77. Gonçalves, A.; Nikmaram, N.; Roohinejad, S.; Estevinho, B.N.B.N.; Rocha, F.; Greiner, R.; McClements, D.J. Production, Properties,
and Applications of Solid Self-Emulsifying Delivery Systems (S-SEDS) in the Food and Pharmaceutical Industries. Colloids
Surfaces A Physicochem. Eng. Asp. 2018, 538, 108–126. [CrossRef]

78. Gonçalves, A.; Estevinho, B.N.; Rocha, F. Methodologies for Simulation of Gastrointestinal Digestion of Different Controlled
Delivery Systems and Further Uptake of Encapsulated Bioactive Compounds. Trends Food Sci. Technol. 2021, 114, 510–520.
[CrossRef]

79. Shahidi, F.; Han, X.Q. Encapsulation of Food Ingredients. Crit. Rev. Food Sci. Nutr. 1993, 33, 501–547. [CrossRef]
80. Assadpour, E.; Jafari, S.M. Advances in Spray-Drying Encapsulation of Food Bioactive Ingredients: From Microcapsules to

Nanocapsules. Annu. Rev. Food Sci. Technol. 2019, 10, 103–131. [CrossRef]
81. Di Battista, C.A.; Constenla, D.; Ramírez Rigo, M.V.; Piña, J. Process Analysis and Global Optimization for the Microencapsulation

of Phytosterols by Spray Drying. Powder Technol. 2017, 321, 55–65. [CrossRef]
82. Shishir, M.R.I.; Chen, W. Trends of Spray Drying: A Critical Review on Drying of Fruit and Vegetable Juices. Trends Food Sci.

Technol. 2017, 65, 49–67. [CrossRef]
83. Arpagaus, C.; Collenberg, A.; Rütti, D.; Assadpour, E.; Jafari, S.M. Nano Spray Drying for Encapsulation of Pharmaceuticals. Int.

J. Pharm. 2018, 546, 194–214. [CrossRef] [PubMed]
84. Gonçalves, A.; Estevinho, B.N.; Rocha, F. Formulation Approaches for Improved Retinoids Delivery in the Treatment of Several

Pathologies. Eur. J. Pharm. Biopharm. 2019, 143, 80–90. [CrossRef]
85. Bahlool, A.Z.; Fattah, S.; O’Sullivan, A.; Cavanagh, B.; MacLoughlin, R.; Keane, J.; O’Sullivan, M.P.; Cryan, S.-A. Development of

Inhalable ATRA-Loaded PLGA Nanoparticles as Host-Directed Immunotherapy against Tuberculosis. Pharmaceutics 2022, 14,
1745. [CrossRef] [PubMed]

86. Lee, W.-R.; Huang, T.-H.; Hu, S.; Alalaiwe, A.; Wang, P.-W.; Lo, P.-C.; Fang, J.-Y.; Yang, S.-C. Laser-Assisted Nanoparticle Delivery
to Promote Skin Absorption and Penetration Depth of Retinoic Acid with the Aim for Treating Photoaging. Int. J. Pharm. 2022,
627, 122162. [CrossRef] [PubMed]

87. Ture, N.; Govardhane, S.; Shende, P. Retinoic Acid Core-Shell Lipoplexes for the Treatment of Colorectal Cancer. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 609, 125671. [CrossRef]

88. Ferreira, R.; Napoli, J.; Enver, T.; Bernardino, L.; Ferreira, L. Advances and Challenges in Retinoid Delivery Systems in
Regenerative and Therapeutic Medicine. Nat. Commun. 2020, 11, 1–14. [CrossRef]

89. Giuli, M.V.; Hanieh, P.N.; Giuliani, E.; Rinaldi, F.; Marianecci, C.; Screpanti, I.; Checquolo, S.; Carafa, M. Current Trends in ATRA
Delivery for Cancer Therapy. Pharmaceutics 2020, 12, 707. [CrossRef]

90. Parthasarathy, R.; Mehta, K. Altered Metabolism of All-Trans-Retinoic Acid in Liposome-Encapsulated Form. Cancer Lett. 1998,
134, 121–128. [CrossRef]

91. Ozpolat, B.; Mehta, K.; Lopez-Berestein, G. Regulation of a Highly Specific Retinoic Acid-4-Hydroxylase (CYP26A1) Enzyme and
All- Trans -Retinoic Acid Metabolism in Human Intestinal, Liver, Endothelial, and Acute Promyelocytic Leukemia Cells. Leuk.
Lymphoma 2005, 46, 1497–1506. [CrossRef]

92. Tiwari, M.D.; Mehra, S.; Jadhav, S.; Bellare, J.R. All-Trans Retinoic Acid Loaded Block Copolymer Nanoparticles Efficiently Induce
Cellular Differentiation in HL-60 Cells. Eur. J. Pharm. Sci. 2011, 44, 643–652. [CrossRef]

93. Silva, E.L.; Lima, F.A.; Carneiro, G.; Ramos, J.P.; Gomes, D.A.; de Souza-Fagundes, E.M.; Miranda Ferreira, L.A. Improved In
Vitro Antileukemic Activity of All-Trans Retinoic Acid Loaded in Cholesteryl Butyrate Solid Lipid Nanoparticles. J. Nanosci.
Nanotechnol. 2016, 16, 1291–1300. [CrossRef]

94. Zuccari, G.; Carosio, R.; Fini, A.; Montaldo, P.G.; Orienti, I. Modified Polyvinylalcohol for Encapsulation of All-Trans-Retinoic
Acid in Polymeric Micelles. J. Control. Release 2005, 103, 369–380. [CrossRef]

95. Gonçalves, A.; Estevinho, B.N.; Rocha, F. Characterization of Biopolymer-Based Systems Obtained by Spray-Drying for Retinoic
Acid Controlled Delivery. Powder Technol. 2019, 345, 758–765. [CrossRef]

96. Gonçalves, A.; Estevinho, B.N.; Rocha, F. Spray-Drying of Oil-in-Water Emulsions for Encapsulation of Retinoic Acid:
Polysaccharide- and Protein-Based Microparticles Characterization and Controlled Release Studies. Food Hydrocoll. 2022, 124,
107193. [CrossRef]

97. Gonçalves, A.; Estevinho, B.N.; Rocha, F. Microencapsulation of Retinoic Acid by Atomization into Biopolymeric Matrices: Binary
and Ternary Blends of Alginic Acid Sodium, Xanthan Gum and Modified Chitosan. Food Hydrocoll. 2022, 124, 107310. [CrossRef]

98. Gonçalves, A.; Rocha, F.; Estevinho, B.N. Application of Ethyl Cellulose and Ethyl Cellulose + Polyethylene Glycol for the
Development of Polymer-Based Formulations Using Spray-Drying Technology for Retinoic Acid Encapsulation. Foods 2022, 11,
2533. [CrossRef]

99. Gonçalves, A.; Rocha, F.; Estevinho, B.N. Co-Encapsulation of Retinoic Acid, Curcumin and Resveratrol by Spray-Drying of
Alginic Acid Sodium-Based Emulsions and Ethyl Cellulose-Based Solutions: Impact on the Co-Delivery Profiles. Int. J. Biol.
Macromol. 2023, 224, 1217–1227. [CrossRef]

http://doi.org/10.3390/molecules25071605
http://doi.org/10.1016/j.tifs.2021.05.022
http://doi.org/10.1016/j.colsurfa.2017.10.076
http://doi.org/10.1016/j.tifs.2021.06.007
http://doi.org/10.1080/10408399309527645
http://doi.org/10.1146/annurev-food-032818-121641
http://doi.org/10.1016/j.powtec.2017.08.008
http://doi.org/10.1016/j.tifs.2017.05.006
http://doi.org/10.1016/j.ijpharm.2018.05.037
http://www.ncbi.nlm.nih.gov/pubmed/29778825
http://doi.org/10.1016/j.ejpb.2019.08.014
http://doi.org/10.3390/pharmaceutics14081745
http://www.ncbi.nlm.nih.gov/pubmed/36015371
http://doi.org/10.1016/j.ijpharm.2022.122162
http://www.ncbi.nlm.nih.gov/pubmed/36122617
http://doi.org/10.1016/j.colsurfa.2020.125671
http://doi.org/10.1038/s41467-020-18042-2
http://doi.org/10.3390/pharmaceutics12080707
http://doi.org/10.1016/S0304-3835(98)00226-2
http://doi.org/10.1080/10428190500174737
http://doi.org/10.1016/j.ejps.2011.10.014
http://doi.org/10.1166/jnn.2016.11677
http://doi.org/10.1016/j.jconrel.2004.12.016
http://doi.org/10.1016/j.powtec.2019.01.062
http://doi.org/10.1016/j.foodhyd.2021.107193
http://doi.org/10.1016/j.foodhyd.2021.107310
http://doi.org/10.3390/foods11162533
http://doi.org/10.1016/j.ijbiomac.2022.10.207


Pharmaceuticals 2023, 16, 180 15 of 15

100. Tan, T.W.; Tsai, H.R.; Lu, H.F.; Lin, H.L.; Tsou, M.F.; Lin, Y.T.; Tsai, H.Y.; Chen, Y.F.; Chung, J.G. Curcumin-Induced Cell Cycle
Arrest and Apoptosis in Human Acute Promyelocytic Leukemia HL-60 Cells via MMP Changes and Caspase-3 Activation.
Anticancer Res. 2006, 26, 4361–4371.

101. Tan, K.L.; Koh, S.B.; Ee, R.P.L.; Khan, M.; Go, M.L. Curcumin Analogues with Potent and Selective Anti-Proliferative Activity on
Acute Promyelocytic Leukemia: Involvement of Accumulated Misfolded Nuclear Receptor Co-Repressor (N-CoR) Protein as a
Basis for Selective Activity. ChemMedChem 2012, 7, 1567–1579. [CrossRef]

102. Kini, A.R.; Nagabhushan, M.; Tallman, M.S.; Roychowdhury, S. Curcumin Enhances Differentiation of All-Trans Retinoic Acid
(ATRA)-Sensitive and ATRA-Resistant Acute Promyelocytic (APL) Cells. Blood 2005, 106, 4456. [CrossRef]

103. Cardoso, T.; Gonçalves, A.; Estevinho, B.N.; Rocha, F. Potential Food Application of Resveratrol Microparticles: Characterization
and Controlled Release Studies. Powder Technol. 2019, 355, 593–601. [CrossRef]

104. Czop, M.; Bogucka-Kocka, A.; Kubrak, T.; Knap-Czop, K.; Makuch-Kocka, A.; Galkowski, D.; Wawer, J.; Kocki, T.; Kocki, J.
Imaging Flow Cytometric Analysis of Stilbene-Dependent Apoptosis in Drug Resistant Human Leukemic Cell Lines. Molecules
2019, 24, 1896. [CrossRef] [PubMed]

105. Meng, J.; Liu, G.J.; Song, J.Y.; Chen, L.; Wang, A.H.; Gao, X.X.; Wang, Z.J. Preliminary Results Indicate Resveratrol Affects
Proliferation and Apoptosis of Leukemia Cells by Regulating PTEN/PI3K/AKT Pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23,
4285–4292. [CrossRef]

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

http://doi.org/10.1002/cmdc.201200293
http://doi.org/10.1182/blood.V106.11.4456.4456
http://doi.org/10.1016/j.powtec.2019.07.079
http://doi.org/10.3390/molecules24101896
http://www.ncbi.nlm.nih.gov/pubmed/31108853
http://doi.org/10.26355/eurrev_201905_17933

	Introduction 
	Identification and Diagnosis of APL 
	Treatment of APL 
	Mechanisms of Action of All-Trans RA 
	Encapsulation Technology as an Ally in the Treatment of APL 
	Conclusions 
	References

