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Abstract: Brucea javanica oil (BJO) is widely used in traditional Chinese medicine to treat various types
of cancer and inflammatory diseases. There is significant interest in understanding the medicinal
activities of BJO and its molecular components, especially quassinoids, and in exploring how
they can be incorporated into nanomedicine delivery strategies for improved application prospects.
Herein, we cover the latest progress in developing different classes of drug delivery vehicles, including
nanoemulsions, liposomes, nanostructured lipid carriers, and spongosomes, to encapsulate BJO
and purified quassinoids. An introduction to the composition and medicinal activities of BJO and its
molecular components, including quassinoids and fatty acids, is first provided. Application examples
involving each type of drug delivery vehicle are then critically presented. Future opportunities for
nanomedicine delivery strategies in the field are also discussed and considered within the context of
translational medicine needs and drug development processes.

Keywords: Brucea javanica oil; quassinoid; medicinal activity; nanomedicine; emulsion; liposome;
spongosome; drug delivery

1. Introduction

The field of traditional Chinese medicine (TCM) often incorporates natural products from plant,
animal, and mineral sources as medicinally active ingredients for applications such as anticancer,
anti-inflammatory, and antimicrobial therapy [1]. Given the use of natural products and historical
precedent, there is broad interest in exploring the potential advantages of TCM as an alternative
to modern medicine, and potential benefits include greater efficacy, lower costs, fewer side effects,
and perceived safety when used judiciously [2].

As shown in Figure 1A, Brucea javanica (L.) Merr is a species of evergreen plant shrub from
the Simaroubaceae family that grows abundantly throughout Southern China and Southeast Asia [3].
The bitter fruit of B. javanica is oval-shaped, solid, and has a typical length and diameter of around 8 mm
and 5 mm, respectively [4] (Figure 1B). Listed in the official Chinese Pharmacopoeia that describes TCM
ingredients, the B. javanica fruit is often used to treat medical illnesses such as intestinal inflammation,
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diarrhea, malaria, and different types of cancer [5,6]. It has been claimed that the fruit is also useful to
treat ailments such as abdominal pain, hemorrhoids, hyperkeratosis, and ulcers [7].
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Figure 1. (A) Picture of Brucea javanica plant (Credit: Yercaud Elango under CC BY-SA 4.0 license);
(B) Picture of Brucea javanica fruit (Credit: Ruben C. J. Lim under CC BY-NC-SA 2.0 license); (C) Chemical
structure of a quassinoid molecule, where R denotes a generic substituent group; (D) Chemical structures
of linoleic acid and oleic acid molecules. Reproduced with permission from Ref. [4].

The fruit and especially its seed oil—termed B. javanica oil (BJO)—contain medicinally active
components, including quassinoids as well as fatty acids such as oleic acid and linoleic acid [4,8].
The chemical structures of these compounds are presented in Figure 1C,D. Quassinoids have a tetracyclic
triterpene structure that consists of three six-membered carbon rings and a six-membered lactonic ring,
which has a variable substituent group that defines the quassinoid identity [9]. Notably, quassinoids
are understood to be found exclusively in plants from the Simaroubaceae family [10], a feature that
has heightened interest in BJO due to the wide range and high potency of medicinal activities that
quassinoids can exhibit, as discussed below.

While BJO and its molecular components are medicinally active, they have a poor solubility in
aqueous solutions, which has motivated the development of B. javanica oil emulsion (BJOE) systems
that enable improved solubility [11]. BJOE samples are composed of oil extracts isolated from B. javanica
fruit together with a naturally sourced lipid emulsifier [12]. To date, intravenously administered BJOE
has been used clinically, including in China, as a standalone treatment [13] and in combination with
radiotherapy [14] or chemotherapeutic drugs [15] to improve cancer treatment efficacy and enhance
immune functions [16]. However, BJOE still has shortcomings, such as a relatively low bioavailability
of medicinally active compounds, physicochemical stability issues, and potential administration side
effects such as blood vessel irritation and adverse immune reactions [17,18].

Such challenges have spurred ongoing efforts to develop innovative nanomedicine strategies
that harness the medicinal activity of BJO and its molecular components with nanoparticle carriers.
Key examples of promising nanostructures in various stages of development include nanoemulsions,
liposomes, nanostructured lipid carriers, and spongosomes, which can help to improve bioavailability,
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controlled release, physicochemical stability, drug loading, and encapsulation efficiency. The objective
of this review is to cover the latest progress in the field, starting with an overview of the pharmacological
properties of BJO and its molecular components, followed by a critical presentation of various
types of cutting-edge nanomedicine strategies and how they are being utilized to deliver BJO
and purified quassinoids.

2. Overview of Brucea javanica Oil and Molecular Components

BJO is mainly extracted from B. javanica seeds, and the major molecular components are various
fatty acids and fatty acid derivatives, including around 63% oleic acid and 21% linoleic acid in
free and mono-, di- and triglyceride forms, along with medicinally active quassinoids in lower
concentrations [19]. While oleic acid and linoleic acid constitute a large fraction of BJO contents
by mass, quassinoids are present in lower concentrations but exhibit a rich diversity and can have
highly potent biological activities. To date, over 100 quassinoids have been identified in BJO [20].
Certain classes of quassinoids, such as bruceines, brusatols, and bruceosides, typically exhibit high
levels of biological activity [21]. In this section, we introduce four representative types of medicinal
activity that BJO and its molecular components exhibit. Schematic illustrations of these activities are
presented in Figure 2.
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2.1. Anticancer Activity

Since BJO has been shown to have clinical prospects as a cancer treatment option, there have
been intensive experimental efforts to investigate the anticancer activity of BJO. Accordingly, BJO has
been shown to inhibit leukemia [22], liver [23], and lung [24] cancer cells in vitro. BJO can exhibit
anticancer activity by multiple mechanisms, including by inducing cancer cell apoptosis [25]
and inhibiting the function of enzymes (e.g., DNA topoisomerases) related to chemotherapeutic
drug resistance mechanisms [26]. It has been discussed how BJO-induced cancer cell apoptosis
can involve the upregulated expression of caspase enzymes associated with programmed cell death
and the downregulated expression of other important biological machinery components [27].

Various molecular components of BJO are believed to contribute to anticancer activity. For example,
linoleic acid is reported to inhibit the cyclooxygenase-2 (COX-2) enzyme that is related to tumor
cell invasiveness and angiogenesis [28,29]. In addition, oleic acid can induce cancer cell apoptosis
and autophagy [30]. Importantly, many quassinoids from BJO are also well known for exhibiting
therapeutic activity to treat bone [31], breast [32], pancreatic [33], lung [34], and liver [35] cancers in vitro.
For example, Wang et al. found that the quassinoid bruceine D (BD) induced apoptosis of osteosarcoma
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cells along with inhibiting cancer cell proliferation and migration [31]. These inhibitory activities
involved BD blocking a cell signaling pathway that was implicated in cancer cell malignancy [36].
In addition, BD has been found to inhibit hepatocellular carcinoma by inhibiting signaling pathways
related to liver carcinogenesis and disease progression [35]. Quassinoids are typically more potent
than fatty acids, with 50% inhibitory concentration (IC50) values down to the nanomolar level [37],
and hence most therapeutic focus has been on quassinoids [38,39].

2.2. Anti-Inflammatory Activity

Inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis can affect the small
and large intestines and cause a wide range of symptoms such as bloody diarrhea, vomiting,
and abdominal pain [40]. Hence, there is interest in developing therapeutic strategies to modulate
the activity of inflammatory cells and signaling pathways. Such objectives also demand the delivery of
therapeutics to disease sites such as the colon and rectum in the case of ulcerative colitis, whereas Crohn’s
disease mainly causes inflammation of the gastrointestinal tract, especially in the small intestine [41].
Mechanistically, the nuclear factor-κB (NF-κB) family of transcription factors is an important mediator
of innate and immune responses, which controls the expression of proinflammatory cytokines
and chemokines and modulates immune cell activation [42]. Aberrant NF-κB signaling is also a factor
in cancer initiation [43]. In patients with ulcerative colitis, the NF-κB pathway has a heightened
activity, which can lead to an upregulated cytokine expression that contributes to increased levels of
inflammation [44].

Huang et al. reported that BJOE could have therapeutic benefits in an experimental rat model of
Crohn’s disease and inhibited the activation of the NF-κB pathway, resulting in decreased levels of
proinflammatory cytokines and increased levels of anti-inflammatory cytokines [41]. In a mouse model
of ulcerative colitis, it was also reported that BJOE exhibited therapeutic activity by inhibiting the NF-κB
pathway [45]. Li et al. further identified that BJOE administration also helped to reduce the incidence
of inflammation-related gastric ulcers in mouse and rat models in a dose-dependent manner [46].
These experimental results have been obtained using BJOE in various animal models, while there have
also been efforts to better understand which molecular components are responsible for therapeutic
effects. For example, it has been identified that components such as the quassinoid brusatol (BR) can
be useful for treating inflammatory diseases [47]. Indeed, a wide range of quassinoids, including
BR, have been observed to inhibit induced inflammation and arthritis in rat models [48]. The oral
administration of oleic or linoleic acids in rats has also been observed to decrease the production of
inflammatory mediators by primary macrophages [49], suggesting that anticancer properties might be
related to preventing excessive inflammation.

2.3. Anti-Diabetic Activity

While it has long been suggested that BJO is useful for treating diabetes mellitus [50], more recent
work has investigated which molecular components in BJO are responsible for antidiabetic activity.
Ablat et al. tested fractions of a BJO extract—which contained different molecular components that
had been separated by using various solvents with distinct polarities—to evaluate the therapeutic
activity in a rat model of diabetes and identified that certain fractions could reduce blood glucose
levels along with more favorable insulin and glycogen results and decreased levels of oxidative stress
markers and inflammation [51]. Oxidative stress is associated with a diabetic phenotype, including
a reduced glucose tolerance and insulin resistance, so reducing its prevalence is beneficial from a
treatment perspective [52].

NoorShahida et al. extracted various fractions of medicinally active compounds from BJO
and observed that the oral or intraperitoneal administration of BJO fractions could reduce blood
glucose levels in normoglycemic mice [53]. Further investigation revealed that the extracted fraction
that contained the BD quassinoid had the greatest effects, which prompted the isolation and further
examination of BD. Dose-dependent reductions in the blood glucose levels of normoglycemic mice upon
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intraperitoneal administration of BD were observed. Notably, to achieve a reasonable solubility, the BJO
fractions and isolated quassinoids had to be formulated with the organic solvent dimethylsulfoxide
(DMSO) or with poly(ethylene glycol) (PEG) polymer chains, highlighting the need to further develop
effective delivery strategies, as discussed below.

2.4. Antiviral Activity

Plant viruses are a major threat to agricultural production [54] and have led to the exploration of
quassinoids from BJO as a potential antiviral solution. Crude extracts of BJO were first reported to
inhibit tobacco mosaic virus (TMV) infection and replication [55]. A follow-up study tested different
BJO fractions and identified that the BD quassinoid had a particularly high antiviral activity against
TMV, could be used as a foliar spray to inhibit the systemic TMV infection of plants, and also
inhibited potato virus Y (PVY) and cucumber mosaic virus (CMV) [56]. It has been suggested that
quassinoids might help to enhance plant resistance to viral infection, which could also potentially
relate to immunomodulatory activities [57].

Using a leaf-based assay, Ryu et al. further investigated the antiviral properties of various
quassinoids to inhibit pepper mottle virus (PepMOV), which affects pepper plants (Capsicum spp.)
and can impair pepper production quality and yield [58]. It was discovered that a BJO extract
and various quassinoids therein, including brucein A, inhibited the PepMOV infection of plant leaves
based on a fluorescence reporter assay, in which case PepMOV-infected leaves exhibited fluorescence
under ultraviolet (UV) light. In marked contrast to this result, leaves treated with BJO extract or
brucein A quassinoid did not exhibit fluorescence, indicating an effective antiviral activity. Real-time
polymerase chain reaction (RT-PCR) and Western blot data further indicated the lack of viral coat
protein for the treated samples, in alignment with the negative control data without virus and in
contrast to the virus-only positive control data.

In addition to plant viruses, certain quassinoids have also been reported to inhibit certain human
viruses, such as human immunodeficiency virus (HIV) along with herpes simplex, Semliki forest,
and Coxsackie viruses [59,60].

3. Nanomedicine Delivery Strategies

BJOE formulations have demonstrated clinical utility as a means of utilizing the medicinal
activities of BJO for anticancer applications. However, BJOE formulations have drawbacks, such as low
bioavailability, physicochemical stability issues, and potential administration side effects, as described
above. To overcome these issues, nanoparticle carriers have been widely explored to improve solubility
and formulation properties, increase bioavailability, and extend circulation time [4]. Extensive progress
has been achieved in recent years with various classes of self-assembled nanostructures, which have
been utilized to encapsulate not only BJO but also purified molecular components with a high medicinal
activity, such as particular quassinoids. The latest results are described below and organized according
to nanostructure class. Where applicable, the results are divided between nanomedicine strategies that
utilize whole BJO vs. purified quassinoids extracted from BJO.

3.1. Nanoemulsions

There have been extensive efforts aimed at developing oil-in-water emulsions that are composed
of a mixture of BJO or quassinoids plus different types and amounts of surfactants and cosurfactants.
Depending on the specific preparation conditions, the nanoemulsions have typical particle sizes of
around 10 to 300 nm [61,62].

3.1.1. BJO Encapsulation

Yang et al. reported the development of a BJO nanoemulsion formulation with an improved
safety profile for intravenous administration [63]. A phase diagram of BJO and isopropyl myristate
(IPM) plus different surfactants and cosurfactants in varying ratios was constructed to distinguish
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systems that formed nanoemulsions vs. those that formed microemulsions. Transmission electron
microscopy (TEM) images of the lead composition showed spherical particles with a diameter of
around 24 nm, which is indicative of nanoemulsions. In vitro hemolysis testing further confirmed that
the nanoemulsions did not cause hemolysis, while some hemolysis was observed at high concentrations
of BJOE tested in parallel. Vein injection testing in rabbits further showed that the nanoemulsions had
more favorable outcomes than BJOE, with a lower likelihood of vein irritation. The nanoemulsions
also exhibited a more potent in vitro cytotoxicity against a human cervical cancer cell line than BJOE.

Wang et al. reported another BJO nanoemulsion formulation that consisted of oil-in-water emulsions
with a diameter of approximately 41 nm [64]. A 70-mg/kg dose of nanoemulsions or a refined BJO
control sample was orally administered to beagle dogs, and pharmacokinetic studies revealed that
the nanoemulsions had a nearly twofold greater maximum BJO concentration and circulation half-life.
These findings supported that the nanoemulsion formulation enabled greater oral bioavailability.
In vitro cancer cell cytotoxicity testing showed that the nanoemulsions also had an appreciably
more potent inhibitory activity against multiple cancer cell lines than a commercial BJOE sample.
The improved activity was suggested to be the result of the nanoemulsion’s size, which might have
increased the cancer cell contact area. In a cancer mouse model bearing sarcoma tumors, the intragastric
administration of the nanoemulsions and BJOE showed that the nanoemulsions had a superior
treatment performance, as indicated by a greater reduction in the tumor weight.

It is also possible to develop BJO nanoemulsions with liquid or solid granule formulations of
around ~35 nm in diameter, which can be useful for oral delivery applications [65]. Huang et al.
also reported the successful encapsulation of BJO in a solidified form, and the BJO nanoparticles had
an average diameter of around 277 nm [66]. Importantly, the nanoparticles exhibited a significantly
greater inhibitory activity against lung and prostate cancer cell lines in vitro than BJOE, and they also
inhibited cancer cell invasion. There has also been exploration of cationic emulsions incorporating BJO
and chitosan that had an average particle diameter of around 42 nm and that exhibited a more effective
treatment than BJOE in a mouse model of lung cancer, in addition to exhibiting a synergistic activity
together with chemotherapeutic drugs [67].

3.1.2. Quassinoid Encapsulation

In addition to using compositionally diverse BJO, there have recently been more focused efforts
to develop nanoemulsions containing highly active quassinoids extracted from BJO. Nanoemulsions
containing the BR quassinoid were used to treat ulcerative colitis in mice [68]. The nanoemulsions
had a diameter of around 26 nm and had a 95% BR encapsulation efficiency, and they were tested
in parallel with an aqueous BR formulation control. The aqueous formulation was prepared using
a sodium carboxymethyl cellulose solution, although there was a poor solubility of BR and high
turbidity. The bioavailability levels of BR in the nanoemulsions and aqueous suspension were measured
in rats, and the nanoemulsion delivery platform enabled a longer circulation half-life and higher
maximum concentration of BR in plasma. Treatment with 0.25-, 0.5-, and 1.0-mg/kg doses of orally
administered BR in nanoemulsions showed a dose-dependent efficacy in terms of clinically relevant
disease parameters, tissue morphology, and inflammatory markers in a mouse model of chemically
induced colitis.

Dou et al. reported another nanoemulsion delivery platform for quassinoids, which they termed
a self-nanoemulsifying drug delivery system [69]. The nanoemulsions were used to encapsulate
BD quassinoid and were orally administered to treat ulcerative colitis in rats. Different excipients
were tested as candidates to improve the BD solubility in water, and Solutol HS-15 and propylene
glycol were identified as high-performing ones (Figure 3A). Various oils were also tested to improve
the BD solubility, and a medium-chain triglyceride (MCT) oil was the best performing one. As such,
nanoemulsions comprising BD in a mixture of MCT oil, Solutol HS-15, and propylene glycol were
fabricated (Figure 3B,C). The BD nanoemulsions had typical diameters of around 20 nm and remained
stable after various processing conditions such as heating, cooling, and repeated freeze-thawing, as well
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as upon dilution in aqueous solutions with different pH conditions. In vitro release profile testing in
simulated intestinal (pH 6.8) and gastric (pH 1.2) fluid conditions showed that the BD nanoemulsions
enabled a greater release in near-neutral pH conditions, with a total release of around 86% over an
approximately 12-h time period (Figure 3D).
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Figure 3. (A) Solubility of bruceine D (BD) in different excipients; (B) Schematic diagram of BD in
the self-nanoemulsifying drug delivery system, which was termed BD-SNEDDS and consisted of BD
in medium-chain triglyceride (MCT) oil and encapsulated within PEG-15-hydroxystearate (HS-15)
and propylene glycol cosurfactants; (C) Transmission electron microscopy (TEM) image of BD-SNEDDS
nanoemulsions; (D) In vitro release profiles of BD in BD-SNEDDS nanoemulsions and in an aqueous
suspension in simulated intestinal fluid comprising phosphate-buffered saline (PBS) (pH 6.8) and in
simulated gastric fluid comprising HCl (pH 1.2) conditions; (E) Mean concentration of BD in rat plasma
at different time points following oral administration of BD-SNEDDS nanoemulsions and aqueous
BD. The inset shows a magnified view between 0 and 6 h postadministration. ** indicates p < 0.01 vs.
BD-suspension group; (F) Colon lengths of rats in an experimental colitis model with the following
test groups: Intact: no treatment; Vehicle: treatment without drug; AZA: treatment with azathioprine;
BD-suspension: BD in PBS; BDL-SNEDDS, BDM-SNEDDS, and BDH-SNEDDS are treatments with low,
medium, and high doses of BD-SNEDDS, respectively. ## indicates p < 0.01 vs. Intact group. * and **
indicate p < 0.05 and p < 0.01 vs. Vehicle group, respectively. I and II indicate p < 0.05 and p < 0.01 vs.
BD-suspension group, respectively. Reproduced with permission from [69].

The in vivo pharmacokinetics of BD in the nanoemulsions vs. free BD in an aqueous sodium
carboxymethyl cellulose solution were compared upon oral administration of a 3-mg/kg dose in rats
(Figure 3E). The nanoemulsion formulation yielded a more than twofold higher maximum concentration
of BD in plasma compared to the aqueous BD suspension, along with a longer circulation half-life of
around 2.6 h vs. 1.5 h. In a rat model of chemically induced colitis, 0.75-, 1.5-, and 3.0-mg/kg doses of
the BD nanoemulsions were orally administered and improved clinically relevant disease parameters,
for instance through reductions in diarrhea, bloody stool, and colon mucosal damage as well as
the prevention of colon length shortening (Figure 3F). The results were comparable to or exceeded
those of azathioprine (AZA), which is a medication used to treat colitis and various other ailments.
The BD nanoemulsions also reduced the levels of proinflammatory cytokines, increased the levels of
anti-inflammatory cytokines, and suppressed oxidative stress associated with colon inflammation.
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3.2. Liposomes

Liposomes are another useful nanoparticulate delivery system and are comprised of spherical lipid
bilayers that can entrap hydrophilic molecules in the aqueous interior and/or hydrophobic molecules
in the lipid bilayer [70]. Compared to nanoemulsions, one potential advantage of liposomes is that
they have a greater loading capacity, which means that they require the use of fewer surfactant-like
molecules and can hence have a greater biocompatibility [71]. Moreover, BJO-loaded liposomes can be
functionalized with molecular ligands that bind to receptors that are overexpressed on cancer cells,
and one such system based on targeting abundantly expressed receptors present on ovarian cancer cell
surfaces led to an increased intracellular uptake of BJO-loaded liposomes, an enhanced cancer cell
inhibition, and a greater apoptosis [72].

Cui et al. reported the development of a BJO liposome system comprising 80% phospholipid,
12% cholesteryl, and 8% BJO [17]. The liposomes had an average diameter of around 108 nm.
Notably, the BJO liposome sample had a much less acute toxicity than a BJOE sample upon intravenous
administration in mice. Pharmacokinetic studies were also conducted for intravenously administrated
BJO liposome and BJOE samples, and the liposomes had an appreciably longer circulation time
(Figure 4A). In vitro testing of the BJO liposomes and BJOE against a human liver tumor cell line also
showed that the liposomes had a more potent inhibitory activity (Figure 4B). A similar performance
was also observed in a mouse model with Lewis lung cancer, and the treatment outcomes were judged
by tumor weight. An intravenous administration of BJO liposomes led to significant reductions in
the tumor weight at 120- and 180-mg/kg doses, while BJOE only caused a reduction at a 180-mg/kg
dose (Figure 4C).
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Figure 4. (A) Concentration of Brucea javanica oil (BJO) in mouse plasma at different time points after
the intravenous administration of BJO-containing liposomes (BJO-LIP) or emulsions (BJO-EMU);
(B) Concentration-dependent inhibitory effects of BJO-containing liposomes and emulsions on
human liver tumor cells in vitro; (C) Effects of BJO-containing liposome and emulsion treatments on
the post-treatment weight of tumors in a mouse model. Treatment conditions and doses are as follows:
A: Control, B: Cyclophosphamide at 25 mg/kg, C: Emulsions at 180 mg/kg, D: Liposomes at 60 mg/kg,
E: Liposomes at 120 mg/kg, F: Liposomes at 180 mg/kg. * and ** indicate p < 0.05 and p < 0.01 vs.
Control group A, respectively. Adapted with permission from [17].

Yue et al. also investigated the effects of BJO liposomes on cancer cells in vitro and reported
a greater inhibitory activity compared to that of a BJOE sample tested in parallel [73]. The higher
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potency of the BJO liposomes also translated into better success at preventing intrahepatic metastasis
in tumor-bearing mice in vivo. A fivefold lower dose of intraperitoneally administered BJO-loaded
liposomes inhibited intrahepatic metastasis by almost 99%, while the BJOE sample only demonstrated
a 75% inhibition.

3.3. Nanostructured Lipid Carriers

Other lipid nanostructures such as nanostructured lipid carriers (NLCs) have also been explored
and have an imperfect crystalline structure that enables high drug loading [74]. Hence, NLCs have
been explored for the encapsulation of BJO by itself and in combination with other chemotherapeutic
drugs for anticancer applications.

Lv et al. developed an NLC carrier based on a combination of solid- and liquid-phase
lipids and other materials to encapsulate BJO [75]. The mixture was processed using high-pressure
homogenization, resulting in the formation of BJO-loaded NLCs with a typical diameter of around 182
nm. The NLCs exhibited a high physical stability after a 30-day storage, and transmission electron
microscopy (TEM) identified that the NLCs were mainly spherical or moderately elongated (Figure 5A).
Small angle X-ray scattering (SAXS) experiments supported the presence of a dense particle core
and the loading of BJO within the particles rather than on the particle surface. These morphological
observations were consistent with the measured encapsulation efficiency and drug-loading values of
99% and 10%, respectively. These values indicated a high loading performance, which was attributed
to defects within the crystal structure [76,77] and a suitable lipid environment [78] for entrapping BJO.
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Figure 5. (A) Transmission electron microscopy (TEM) image of nanostructured lipid carrier
(NLC)-encapsulated Brucea javanica oil (BJO) in phosphate-buffered saline (PBS) (pH 7.4). Red
circles indicate representative NLC particles with spherical or elongated shapes; (B) Effects of blank
NLCs as well as free and NLC-encapsulated BJO on the viability of human lung cancer cells after 48 h of
incubation. Reproduced with permission from [75]. (C) Schematic illustration of pH-dependent changes
in the lipid crystalline nanoparticle (LCNP) morphology for anticancer applications. (D) pH-dependent
in vitro release of doxorubicin (DOX) from LCNPs coloaded with DOX and BJO. Reproduced with
permission from [79].
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NLC loading markedly slowed the BJO release, and slightly more than 50% of BJO was gradually
released over a roughly four-day period, as opposed to a rapid release within 10 h for free BJO. In vitro
cell cytotoxicity testing against human lung cancer cells further demonstrated that NLCs without BJO
did not have an inhibitory activity, while free and NLC-encapsulated BJO exhibited a dose-dependent
inhibition (Figure 5B). The NLC-encapsulated BJO had the greatest inhibitory potency and caused
the most extensive changes in the cell morphology, along with inducing higher rates of cell apoptosis.

Expanding on this concept, Li et al. developed pH-responsive lipid nanoparticles with liquid
crystalline properties, which were loaded with BJO and doxorubicin (DOX), a widely used anticancer
medication [79]. The lipid nanoparticles (termed LCNPs for lipid crystalline nanoparticles) were
composed of BJO and DOX plus monoolein and oleic acid, and they exhibited pH-dependent
morphological properties, including inverted hexagonal, cubic, and emulsified microemulsion phases
at pH 7.4, 6.8, and 5.3, respectively (Figure 5C). The LCNPs had an average diameter of around 180 nm.

The pH range around which the LCNPs exhibited morphological changes was relevant to
the conditions found near and in tumor microenvironments, and the rate of in vitro release of DOX
from the dual-loaded DOX-BJO LCNPs depended on the solution pH. An appreciably quicker release
rate was observed at pH 5.3 vs. pH 7.4, and it was noted that the presence of a liquid crystalline structure
tended to slow down the drug release (Figure 5D). In vitro cell cytotoxicity testing against a human
breast cancer cell line revealed that blank LCNPs had no inhibitory activity, while LCNPs containing
DOX and BJO had a more potent inhibitory activity than free DOX and BJO in combination without
the nanocarrier. Importantly, the LNCPs also enabled inhibition against previously DOX-resistant
cancer cells.

3.4. Spongosomes

There has also been an ongoing exploration of sponge-type nanocarriers that are called
spongosomes, which are liquid crystalline lipid nanocarriers that exhibit a high encapsulation efficiency
and controlled release, and that can protect active ingredients from degradation. Spongosomes typically
lack a solid inner core structure, which allows them to function as spongy materials, and they are
endowed with stabilizing molecules on the outer surface to support colloidal stability [80]. Compared to
liposomal carriers that also lack a solid, inner core and are filled with an aqueous medium, a useful
advantage of the sponge-like architecture of spongosomes is that it can encapsulate a wider range of
drugs with varying hydrophilic and hydrophobic properties.

Zou et al. reported the fabrication of BJO-loaded spongosomes and conducted a detailed
structural characterization using cryogenic TEM (Cryo-TEM), SAXS, and dynamic light scattering
(DLS) techniques [81]. The spongosomes had sizes in the range of 120 to 200 nm in diameter. Due to
the alginate coating, the colloidal properties of each spongosome sample were stable over a 30-day
storage period. From a drug delivery perspective, it was noted that spongosomes containing 2 mg/mL
BJO maintained a high encapsulation efficiency of around 90% even after 30 days. In vitro cancer cell
testing showed that the spongosomes containing 2 mg/mL BJO had the most potent inhibitory effect.
The IC50 values of free BJO and spongosomes containing 2 mg/mL BJO were around 68 and 28 µg/mL,
respectively, while the spongosome without BJO was nontoxic.

In another effort, Chen et al. reported the development of poly(ethylene glycol)-coated
spongosomes that encapsulated both BJO and baicalin (BAI), which is a small-molecule flavonoid
with anticancer properties [80]. The coloaded spongosomes had a relatively large polydispersity,
with the two main populations of sponges exhibiting around 60- and 310-nm diameters, respectively.
Cryo-TEM images of spongosomes without drug, spongosomes containing BAI only, and spongosomes
containing both BJO and BAI are presented in Figure 6A–C, and they support that the internal region of
the spongosomes consisted of sponge-like lipid assemblies. In the presence of BJO, the encapsulation
efficiency and drug-loading values of BAI were maintained at around 70% and 19%, respectively,
and remained stable over time (Figure 6D). The spongosome vehicle also helped ensure the controlled
release of BAI, while the inclusion of BJO had a modest tendency to improve the amount of released BAI
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(Figure 6E). Importantly, the dual-loaded spongosomes containing both BJO and BAI also demonstrated
a superior inhibition of cancer cells in vitro as compared to spongosomes containing either drug alone.
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Figure 6. Cryo-TEM images are presented for spongosomes (A) without baicalin (BAI) or Brucea javanica
oil (BJO), (B) with BAI only, and (C) with BAI and BJO; (D) Encapsulation efficiency (EE)
and drug-loading (DL) values of the spongosomes containing BAI only or both BAI and BJO after
different storage time periods postfabrication; (E) In vitro release profiles of BAI in phosphate-buffered
saline (PBS) for spongosomes containing BAI only or both BAI and BJO, as compared to free BAI.
Adapted with permission from [80].

4. Conclusions and Outlook

While there has long been interest in harnessing the medicinal properties of BJO and its molecular
components in order to treat a wide range of medical diseases, recent progress in nanomedicine
strategies has greatly advanced the field by realizing the potential to not only improve the solubility
of BJO and its molecular components but also to achieve greater performance outcomes in terms of
treatment efficacy and pharmacological properties. To date, a large number of proof-of-concept studies
have been performed with many different types of nanoparticle-like delivery vehicles, and the results
have set important precedents, especially with nanoemulsions. Table 1 summarizes the current status
of technology development for different nanoparticle carrier types.
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Table 1. Status of different nanomedicine delivery strategies under development for BJO and/or purified
quassinoid encapsulation.

Nanomedicine Class Development Status Main Effects

Nanoemulsions In vivo treatment efficacy
in mouse and rat models

- Loaded BJO or pure quassinoid in
nanoemulsions with a 20- to 40- nm
diameter, and could be developed into
liquid or solid formulations.

- BJO nanoemulsions had a reduced toxicity
in vitro and side effects in vivo compared to
BJOE, along with a greater bioavailability
and circulation time.

- BJO nanoemulsions had a greater treatment
performance against cancer cells in vitro
and mouse tumors in vivo than BJOE, as
well as an improved anti-inflammatory
performance in vivo.

Liposomes In vivo treatment efficacy
in mouse model

- BJO liposomes with a ~110-nm diameter
had a lower toxicity and greater circulation
time in mice than BJOE.

- BJO liposomes had a greater treatment
performance against cancer cells in vitro
and mouse tumors in vivo than BJOE.

Nanostructured Lipid
Carriers

In vitro drug release
and cancer cell inhibition

- Loaded BJO with stable encapsulation in
~180-nm diameter nanostructures,
pH-dependent changes in morphological
structure, and slow drug release.

- Loaded BJO had a greater inhibitory
potency than free BJO and induced cancer
cell apoptosis.

Spongosomes In vitro drug release
and cancer cell inhibition

- -Loaded BJO with stable encapsulation in
60- to 300-nm diameter nanostructures.

- -BJO in spongosomes had a greater
inhibitory activity than free BJO.

At the same time, there is an outstanding need to continue translational efforts by focusing on
specific nanomedicine strategies that have the best potential for targeted applications and envisioned
administration routes. For example, a suitable nanoparticle delivery vehicle for oral administration
possibly has distinct properties from a suitable one for intravenous administration. Future efforts
directed at creating nanomedicine delivery strategies that incorporate molecular components of BJO in
a biomimetic manner would be useful, along with a deeper focus on characterizing and optimizing
the physicochemical properties of specific nanoparticle-like delivery vehicles. Such work is needed
in order to ultimately translate promising nanomedicines into viable clinical treatment options,
and additional preclinical research directed at defining acute toxicity and other relevant pharmacological
parameters through dose-escalation studies in animal models would also be beneficial as a key step
towards eventual human clinical trials. Considering the clinical importance of BJO and emulsion-type
BJOE systems already demonstrated in certain parts of the world, there is an enormous worldwide
potential to continue pursuing nanomedicine delivery strategies to enhance the prospects of BJO and its
molecular components as viable treatment options for a wide range of medical conditions, including
various types of cancer and anti-inflammatory diseases.
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There is also a significant opportunity to further explore how nanomedicine formulations of
quassinoids might be used treat additional types of diseases, since quassinoids have been shown
potentially useful in treating neurodegenerative diseases such as spinal muscular atrophy [82],
in stimulating lipolysis in adipocyte cells that could be useful for combating obesity [83], in inhibiting
insect pests [84], and in treating parasitic infections [85]. Since quassinoids are found in a wide range of
plants, the nanomedicine delivery strategies discussed herein could be further explored to encapsulate
various types of seed oils and purified quassinoids with distinct medicinal activities. Such possibilities
would open the door to developing broadly effective nanomedicine delivery strategies that could
combine the benefits of naturally evolved molecules with targeted biological functions and nanoparticle
carriers with tunable structural properties in order to realize new application opportunities across
human medicine, biotechnology, and agricultural science.

Author Contributions: J.A.J. designed the project scope. B.K.Y., Z.Y.L., W.-Y.J., and J.A.J. collected the literature
and prepared the manuscript. B.K.Y., Z.Y.L., W.-Y.J., N.-J.C., J.H.K., and J.A.J. provided critical comments for
revisions of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the SKKU-SMC Future Convergence Research Program and by National
Research Foundation of Korea (NRF) grants funded by the Korean government (MSIT) (No. 2020R1C1C1004385
and No. 2020R1C1C1005523). In addition, this study was supported by the Korea Research Fellowship
Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science
and ICT (2019H1D3A1A01070318). The Figure 2 graphics were created with BioRender.com under an academic
lab subscription.

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

References

1. Man, S.; Gao, W.; Wei, C.; Liu, C.-X. Anticancer drugs from traditional toxic Chinese medicines. Phytother. Res.
2012, 26, 1449–1465. [CrossRef] [PubMed]

2. Ablat, A.; Mohamad, J.; Awang, K.; Shilpi, J.A.; Arya, A. Evaluation of antidiabetic and antioxidant properties
of Brucea javanica seed. Sci. World J. 2014, 2014, 86130. [CrossRef] [PubMed]

3. Zhao, L.; Li, C.; Zhang, Y.; Wen, Q.; Ren, D. Phytochemical and biological activities of an anticancer plant
medicine: Brucea javanica. Anti-Cancer Agents Med. Chem. 2014, 14, 440–458. [CrossRef] [PubMed]

4. Chen, M.; Chen, R.; Wang, S.; Tan, W.; Hu, Y.; Peng, X.; Wang, Y. Chemical components, pharmacological
properties, and nanoparticulate delivery systems of Brucea javanica. Int. J. Nanomed. 2013, 8, 85–92. [CrossRef]

5. Yan, Z.; Guo, G.-F.; Zhang, B. Research of Brucea javanica against cancer. Chin. J. Integr. Med. 2017, 23,
153–160. [CrossRef]

6. Tang, W.; Eisenbrand, G. Brucea javanica (L.) Merr. In Chinese Drugs of Plant Origin: Chemistry, Pharmacology,
and Use in Traditional and Modern Medicine; Tang, W., Eisenbrand, G., Eds.; Springer: Berlin, Germany, 1992;
pp. 207–222. ISBN 978-3-642-73739-8.

7. Samy, J.; Sugumaran, M.; Lee, K.L.W. Herbs of Malaysia: An Introduction to the Medicinal, Culinary, Aromatic
and Cosmetic Use of Herbs; Wong, K.M., Ed.; Times Editions: Shah Alam, Malaysia, 2005; ISBN 9833001793.

8. Yan, Z.; Zhang, B.; Huang, Y.; Qiu, H.; Chen, P.; Guo, G.F. Involvement of autophagy inhibition in
Brucea javanica oil emulsion-induced colon cancer cell death. Oncol. Lett. 2015, 9, 1425–1431. [CrossRef]

9. Vieira, I.J.C.; Braz-Filho, R. Quassinoids: Structural diversity, biological activity and synthetic studies.
In Studies in Natural Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier: Amsterdam, The Netherlands, 2006;
Volume 33, pp. 433–492. ISBN 978-0-444-52717-2.

10. Alves, I.A.; Miranda, H.M.; Soares, L.A.; Randau, K.P. Simaroubaceae family: Botany, chemical composition
and biological activities. Rev. Bras. Farmacogn. 2014, 24, 481–501. [CrossRef]

11. Yu, Y.-L.; Lu, Y.; Tang, X.; Cui, F.-D. Formulation, preparation and evaluation of an intravenous emulsion
containing Brucea javanica oil and Coix seed oil for anti-tumor application. Biol. Pharm. Bull. 2008, 31, 673–680.
[CrossRef]

12. Fuhong, D.; Xiang, G.; Haiying, L.; Jiangye, W.; Xueming, G.; Wenxiao, C. Evaluation of efficacy and safety
for Brucea javanica oil emulsion in the control of the malignant pleural effusions via thoracic perfusion.
BMC Cancer 2018, 18, 411. [CrossRef]

BioRender.com
http://dx.doi.org/10.1002/ptr.4609
http://www.ncbi.nlm.nih.gov/pubmed/22389143
http://dx.doi.org/10.1155/2014/786130
http://www.ncbi.nlm.nih.gov/pubmed/24688431
http://dx.doi.org/10.2174/18715206113136660336
http://www.ncbi.nlm.nih.gov/pubmed/24066797
http://dx.doi.org/10.2147/IJN.S31636
http://dx.doi.org/10.1007/s11655-016-2501-6
http://dx.doi.org/10.3892/ol.2015.2875
http://dx.doi.org/10.1016/j.bjp.2014.07.021
http://dx.doi.org/10.1248/bpb.31.673
http://dx.doi.org/10.1186/s12885-018-4328-3


Molecules 2020, 25, 5414 14 of 17

13. Xunyi, N.; Dalin, H.; Jiangong, D. Treatment of prostatic carcinoma (stage C to D) with fructus bruceae
emulsion. J. Clin. Urol. 1998, 12, R737.25.

14. Shan, G.-Y.; Zhang, S.; Li, G.-W.; Chen, Y.-S.; Liu, X.-A.; Wang, J.-K. Clinical evaluation of oral Fructus bruceae
oil combined with radiotherapy for the treatment of esophageal cancer. Chin. J. Integr. Med. 2011, 17, 933–936.
[CrossRef] [PubMed]

15. Ji, Z.-Q.; Huang, X.-E.; Wu, X.-Y.; Liu, J.; Wang, L.; Tang, J.-H. Safety of Brucea javanica and Cantharidin
combined with chemotherapy for treatment of NSCLC patients. Asian Pac. J. Cancer Prev. 2014, 15, 8603–8605.
[CrossRef] [PubMed]

16. Wu, J.-R.; Liu, S.-Y.; Zhu, J.-L.; Zhang, D.; Wang, K.-H. Efficacy of Brucea javanica oil emulsion injection
combined with the chemotherapy for treating gastric cancer: A systematic review and meta-analysis.
Evid. Based Complement. Alternat. Med. 2018, 2018, 6350782. [CrossRef] [PubMed]

17. Cui, Y.; Wu, Z.; Liu, X.; Ni, R.; Zhu, X.; Ma, L.; Liu, J. Preparation, safety, pharmacokinetics,
and pharmacodynamics of liposomes containing Brucea javanica oil. AAPS PharmSciTech 2010, 11, 878–884.
[CrossRef]

18. Xiang, Q.; Zhou, L.; Zhang, H.; Zhang, H.; Yao, C.; Hang, Y. The pharmacokinetic studies of Brucea javanica
oil microemulsions in rats. Zhongyaocai 2007, 30, 1113–1115.

19. Zhang, Y.; Zhang, L.; Zhang, Q.; Zhang, X.; Zhang, T.; Wang, B. Enhanced gastric therapeutic effects
of Brucea javanica oil and its gastroretentive drug delivery system compared to commercial products in
pharmacokinetics study. Drug Des. Devel. Ther. 2018, 12, 535–544. [CrossRef]

20. Tan, T.; Lai, C.-J.-S.; Zeng, S.-L.; Li, P.; Liu, E.-H. Comprehensive profiling and characterization of quassinoids
from the seeds of Brucea javanica via segment and exposure strategy coupled with modified mass defect filter.
Anal. Bioanal. Chem. 2016, 408, 527–533. [CrossRef]

21. Ye, Q.-M.; Bai, L.-L.; Hu, S.-Z.; Tian, H.-Y.; Ruan, L.-J.; Tan, Y.-F.; Hu, L.-P.; Ye, W.-C.; Zhang, D.-M.; Jiang, R.-W.
Isolation, chemotaxonomic significance and cytotoxic effects of quassinoids from Brucea javanica. Fitoterapia
2015, 105, 66–72. [CrossRef]

22. Zhang, H.; Yang, J.Y.; Zhou, F.; Wang, L.H.; Zhang, W.; Sha, S.; Wu, C.F. Seed oil of Brucea javanica induces
apoptotic death of acute myeloid leukemia cells via both the death receptors and the mitochondrial-related
pathways. Evid. Based Complement. Alternat. Med. 2011, 2011, 965016. [CrossRef]

23. Chen, J.-H.; Kim, S.-H.; Fan, P.-W.; Liu, C.-Y.; Hsieh, C.-H.; Fang, K. The aqueous extract of Chinese medicinal
herb Brucea javanica suppresses the growth of human liver cancer and the derived stem-like cells by apoptosis.
Drug Des. Devel. Ther. 2016, 10, 2003–2013.

24. Chen, C.; Wang, B. Brucea javanica oil emulsion alleviates cachexia induced by Lewis lung cancer cells in
mice. J. Drug Target. 2018, 26, 222–230. [CrossRef] [PubMed]

25. Wang, F.; Cao, Y.; Liu, H.-Y.; Fu, Z.-D.; Han, R. Experimental studies on the apoptosis of HL-60 cells induced
by Brucea javanica oil emulsion. Zhongguo Zhongyao Zazhi 2003, 28, 759–762. [PubMed]

26. Tang, T.; Meng, L.; Chen, L.; Ding, J. Reversal of multidrug resistance and inhibition of DNA topoisomerase
II by emulsion of seed oil of Brucea Javanica. Chin. Pharmacol. Bull. 2001, 17, 534–539.

27. Lou, G.-G.; Yao, H.-P.; Xie, L.-P. Brucea javanica oil induces apoptosis in T24 bladder cancer cells via
upregulation of caspase-3, caspase-9, and inhibition of NF-κB and COX-2 expressions. Am. J. Chin. Med.
2010, 38, 613–624. [CrossRef]

28. Pazouki, S.; Baty, J.; Wallace, H.; Coleman, C. Utilization of extracellular lipids by HT29/219 cancer cells in
culture. Lipids 1992, 27, 827–834. [CrossRef]

29. Ringbom, T.; Huss, U.; Stenholm, Å.; Flock, S.; Skattebøl, L.; Perera, P.; Bohlin, L. COX-2 inhibitory effects of
naturally occurring and modified fatty acids. J. Nat. Prod. 2001, 64, 745–749. [CrossRef]

30. Jiang, L.; Wang, W.; He, Q.; Wu, Y.; Lu, Z.; Sun, J.; Liu, Z.; Shao, Y.; Wang, A. Oleic acid induces apoptosis
and autophagy in the treatment of tongue squamous cell carcinomas. Sci. Rep. 2017, 7, 11277. [CrossRef]

31. Wang, S.; Hu, H.; Zhong, B.; Shi, D.; Qing, X.; Cheng, C.; Deng, X.; Zhang, Z.; Shao, Z. Bruceine D inhibits
tumor growth and stem cell-like traits of osteosarcoma through inhibition of STAT3 signaling pathway.
Cancer Med. 2019, 8, 7345–7358. [CrossRef]

32. Luo, C.; Wang, Y.; Wei, C.; Chen, Y.; Ji, Z. The anti-migration and anti-invasion effects of bruceine D in human
triple-negative breast cancer MDA-MB-231 cells. Exp. Ther. Med. 2020, 19, 273–279. [CrossRef]

http://dx.doi.org/10.1007/s11655-011-0953-2
http://www.ncbi.nlm.nih.gov/pubmed/22139545
http://dx.doi.org/10.7314/APJCP.2014.15.20.8603
http://www.ncbi.nlm.nih.gov/pubmed/25374175
http://dx.doi.org/10.1155/2018/6350782
http://www.ncbi.nlm.nih.gov/pubmed/29853964
http://dx.doi.org/10.1208/s12249-010-9454-4
http://dx.doi.org/10.2147/DDDT.S155244
http://dx.doi.org/10.1007/s00216-015-9120-5
http://dx.doi.org/10.1016/j.fitote.2015.06.004
http://dx.doi.org/10.1155/2011/965016
http://dx.doi.org/10.1080/1061186X.2017.1354003
http://www.ncbi.nlm.nih.gov/pubmed/28701059
http://www.ncbi.nlm.nih.gov/pubmed/15015362
http://dx.doi.org/10.1142/S0192415X10008093
http://dx.doi.org/10.1007/BF02535858
http://dx.doi.org/10.1021/np000620d
http://dx.doi.org/10.1038/s41598-017-11842-5
http://dx.doi.org/10.1002/cam4.2612
http://dx.doi.org/10.3892/etm.2019.8187


Molecules 2020, 25, 5414 15 of 17

33. Lau, S.T.; Lin, Z.-X.; Liao, Y.; Zhao, M.; Cheng, C.H.; Leung, P.S. Brucein D induces apoptosis in pancreatic
adenocarcinoma cell line PANC-1 through the activation of p38-mitogen activated protein kinase. Cancer Lett.
2009, 281, 42–52. [CrossRef]

34. Xie, J.H.; Lai, Z.Q.; Zheng, X.H.; Xian, Y.F.; Li, Q.; Ip, S.P.; Xie, Y.L.; Chen, J.N.; Su, Z.R.; Lin, Z.X. Apoptosis
induced by bruceine D in human non-small-cell lung cancer cells involves mitochondrial ROS-mediated
death signaling. Int. J. Mol. Med. 2019, 44, 2015–2026. [CrossRef] [PubMed]

35. Cheng, Z.; Yuan, X.; Qu, Y.; Li, X.; Wu, G.; Li, C.; Zu, X.; Yang, N.; Ke, X.; Zhou, J. Bruceine D inhibits
hepatocellular carcinoma growth by targeting β-catenin/jagged1 pathways. Cancer Lett. 2017, 403, 195–205.
[CrossRef] [PubMed]

36. Groner, B.; von Manstein, V. Jak Stat signaling and cancer: Opportunities, benefits and side effects of targeted
inhibition. Mol. Cell. Endocrinol. 2017, 451, 1–14. [CrossRef] [PubMed]

37. Moon, S.J.; Jeong, B.C.; Kim, H.J.; Lim, J.E.; Kim, H.-J.; Kwon, G.Y.; Jackman, J.A.; Kim, J.H. Bruceantin
targets HSP90 to overcome resistance to hormone therapy in castration-resistant prostate cancer. Theranostics
2021, 11, 958–973. [CrossRef]

38. Fiaschetti, G.; Grotzer, M.; Shalaby, T.; Castelletti, D.; Arcaro, A. Quassinoids: From traditional drugs to new
cancer therapeutics. Curr. Med. Chem. 2011, 18, 316–328. [CrossRef]

39. Yu, X.-Q.; Shang, X.-Y.; Huang, X.-X.; Yao, G.-D.; Song, S.-J. Brusatol: A potential anti-tumor quassinoid from
Brucea javanica. Chin. Herb. Med. 2020. [CrossRef]

40. Baumgart, D.C.; Sandborn, W.J. Inflammatory bowel disease: Clinical aspects and established and evolving
therapies. Lancet 2007, 369, 1641–1657. [CrossRef]

41. Huang, Y.-F.; Li, Q.-P.; Dou, Y.-X.; Wang, T.-T.; Qu, C.; Liang, J.-L.; Lin, Z.-X.; Huang, X.-Q.; Su, Z.-R.;
Chen, J.-N. Therapeutic effect of Brucea javanica oil emulsion on experimental Crohn’s disease in rats:
Involvement of TLR4/NF-κB signaling pathway. Biomed. Pharmacother. 2019, 114, 108766. [CrossRef]

42. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2,
17023. [CrossRef]

43. Hoesel, B.; Schmid, J.A. The complexity of NF-κB signaling in inflammation and cancer. Mol. Cancer 2013,
12, 86. [CrossRef]

44. Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-κB pathway in the treatment of
inflammation and cancer. J. Clin. Investig. 2001, 107, 135–142. [CrossRef] [PubMed]

45. Huang, Y.-F.; Zhou, J.-T.; Qu, C.; Dou, Y.-X.; Huang, Q.-H.; Lin, Z.-X.; Xian, Y.-F.; Xie, J.-H.; Xie, Y.-L.; Lai, X.-P.
Anti-inflammatory effects of Brucea javanica oil emulsion by suppressing NF-κB activation on dextran sulfate
sodium-induced ulcerative colitis in mice. J. Ethnopharmacol. 2017, 198, 389–398. [CrossRef]

46. Li, Q.; Yang, L.; Fan, L.; Liang, C.; Wang, Q.; Wen, H.; Dai, J.; Li, X.; Zhang, Y. Activity of Brucea javanica oil
emulsion against gastric ulcers in rodents. Asian J. Pharm. Sci. 2018, 13, 279–288. [CrossRef] [PubMed]

47. Zhou, J.; Wang, T.; Dou, Y.; Huang, Y.; Qu, C.; Gao, J.; Huang, Z.; Xie, Y.; Huang, P.; Lin, Z. Brusatol ameliorates
2, 4, 6-trinitrobenzenesulfonic acid-induced experimental colitis in rats: Involvement of NF-κB pathway
and NLRP3 inflammasome. Int. Immunopharmacol. 2018, 64, 264–274. [CrossRef] [PubMed]

48. Hall, I.H.; Lee, K.H.; Imakura, Y.; Okano, M.; Johnson, A. Anti-inflammatory agents III: Structure–activity
relationships of brusatol and related quassinoids. J. Pharm. Sci. 1983, 72, 1282–1284. [CrossRef]

49. Magdalon, J.; Vinolo, M.A.; Rodrigues, H.G.; Paschoal, V.A.; Torres, R.P.; Mancini-Filho, J.; Calder, P.C.;
Hatanaka, E.; Curi, R. Oral administration of oleic or linoleic acids modulates the production of inflammatory
mediators by rat macrophages. Lipids 2012, 47, 803–812. [CrossRef]

50. Shamsul, K.; Tajuddin, A.; Mazina, M. Tumbuhan Ubatan Tradisional Malaysia; Institut Biosains Universiti
Pertanian Malaysia: Serdang, Malaysia, 2003.

51. Ablat, A.; Halabi, M.F.; Mohamad, J.; Hasnan, M.H.H.; Hazni, H.; Teh, S.-H.; Shilpi, J.A.; Mohamed, Z.;
Awang, K. Antidiabetic effects of Brucea javanica seeds in type 2 diabetic rats. BMC Complement. Altern. Med.
2017, 17, 94. [CrossRef]

52. Auberval, N.; Dal, S.; Bietiger, W.; Seyfritz, E.; Peluso, J.; Muller, C.; Zhao, M.; Marchioni, E.; Pinget, M.;
Jeandidier, N. Oxidative stress type influences the properties of antioxidants containing polyphenols in
RINm5F beta cells. Evid. Based Complement. Alternat. Med. 2015, 2015, 859048. [CrossRef]

53. NoorShahida, A.; Wong, T.W.; Choo, C.Y. Hypoglycemic effect of quassinoids from Brucea javanica (L.) Merr
(Simaroubaceae) seeds. J. Ethnopharmacol. 2009, 124, 586–591. [CrossRef]

http://dx.doi.org/10.1016/j.canlet.2009.02.017
http://dx.doi.org/10.3892/ijmm.2019.4363
http://www.ncbi.nlm.nih.gov/pubmed/31638181
http://dx.doi.org/10.1016/j.canlet.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28645563
http://dx.doi.org/10.1016/j.mce.2017.05.033
http://www.ncbi.nlm.nih.gov/pubmed/28576744
http://dx.doi.org/10.7150/thno.51478
http://dx.doi.org/10.2174/092986711794839205
http://dx.doi.org/10.1016/j.chmed.2020.05.007
http://dx.doi.org/10.1016/S0140-6736(07)60751-X
http://dx.doi.org/10.1016/j.biopha.2019.108766
http://dx.doi.org/10.1038/sigtrans.2017.23
http://dx.doi.org/10.1186/1476-4598-12-86
http://dx.doi.org/10.1172/JCI11914
http://www.ncbi.nlm.nih.gov/pubmed/11160126
http://dx.doi.org/10.1016/j.jep.2017.01.042
http://dx.doi.org/10.1016/j.ajps.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/32104401
http://dx.doi.org/10.1016/j.intimp.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30218953
http://dx.doi.org/10.1002/jps.2600721111
http://dx.doi.org/10.1007/s11745-012-3687-9
http://dx.doi.org/10.1186/s12906-017-1610-x
http://dx.doi.org/10.1155/2015/859048
http://dx.doi.org/10.1016/j.jep.2009.04.058


Molecules 2020, 25, 5414 16 of 17

54. Pallas, V.; García, J.A. How do plant viruses induce disease? Interactions and interference with host
components. J. Gen. Virol. 2011, 92, 2691–2705. [CrossRef]

55. Shen, J.-G.; Zhang, Z.; Wu, Z.; Xie, L.; Lin, Q. Antiviral effect of Ailanthus altissima and Brucea javanica on
tobacco mosaic virus. Zhongguo Zhongyao Zazhi 2007, 32, 27–29.

56. Shen, J.G.; Zhang, Z.K.; Wu, Z.J.; Ouyang, M.A.; Xie, L.H.; Lin, Q.Y. Antiphytoviral activity of bruceine-D
from Brucea javanica seeds. Pest Manag. Sci. 2008, 64, 191–196. [CrossRef]

57. Yan, X.-H.; Chen, J.; Di, Y.-T.; Fang, X.; Dong, J.-H.; Sang, P.; Wang, Y.-H.; He, H.-P.; Zhang, Z.-K.; Hao, X.-J.
Anti-tobacco mosaic virus (TMV) quassinoids from Brucea javanica (L.) Merr. J. Agric. Food Chem. 2010, 58,
1572–1577. [CrossRef] [PubMed]

58. Ryu, S.M.; Kwon, J.; Seo, Y.H.; Song, E.G.; Hong, S.S.; Kim, B.S.; Hong, J.S.; Ryu, K.H.; Lee, D. Quassinoids
isolated from Brucea javanica inhibit pepper mottle virus in pepper. Virus Res. 2017, 227, 49–56. [CrossRef]
[PubMed]

59. Okano, M.; Fukamiya, N.; Tagahara, K.; Cosentino, M.; Lee, T.T.-Y.; Morris-Natschke, S.; Lee, K.-H. Anti-HIV
activity of quassinoids. Bioorg. Med. Chem. Lett. 1996, 6, 701–706. [CrossRef]

60. Apers, S.; Cimanga, K.; Berghe, D.V.; Van Meenen, E.; Longanga, A.O.; Foriers, A.; Vlietinck, A.; Pieters, L.
Antiviral activity of simalikalactone D, a quassinoid from Quassia africana. Planta Med. 2002, 68, 20–24.
[CrossRef] [PubMed]

61. Kreilgaard, M. Influence of microemulsions on cutaneous drug delivery. Adv. Drug Deliv. Rev. 2002, 54,
S77–S98. [CrossRef]

62. Lawrence, M.J.; Rees, G.D. Microemulsion-based media as novel drug delivery systems. Adv. Drug Deliv. Rev.
2000, 45, 89–121. [CrossRef]

63. Yang, F.; Yu, X.H.; Qiao, F.; Cheng, L.H.; Chen, G.; Long, X.; Wang, X.R.; Li, X.L.; Liang, R.C.; Chen, Y.Z.
Formulation and characterization of Brucea javanica oil microemulsion for improving safety. Drug Dev.
Ind. Pharm. 2014, 40, 266–277. [CrossRef]

64. Wang, Y.; Li, Y.; Wu, J.; Shen, Q. Characterisation and evaluation of self-microemulsifying drug delivery
system of Brucea javanica oil. Micro Nano Lett. 2012, 7, 256–261. [CrossRef]

65. Shao, A.; Chen, G.; Jiang, N.; Li, Y.; Zhang, X.; Wen, L.; Yang, F.; Wei, S. Development and evaluation of
self-microemulsifying liquid and granule formulations of Brucea javanica oil. Arch. Pharmacal Res. 2013, 36,
993–1003. [CrossRef] [PubMed]

66. Huang, W.; Su, H.; Wen, L.; Shao, A.; Yang, F.; Chen, G. Enhanced anticancer effect of Brucea javanica oil
by solidified self-microemulsifying drug delivery system. J. Drug Deliv. Sci. Technol. 2018, 48, 266–273.
[CrossRef]

67. Liu, T.-T.; Mu, L.-Q.; Dai, W.; Wang, C.-B.; Liu, X.-Y.; Xiang, D.-X. Preparation, characterization, and evaluation
of antitumor effect of Brucea javanica oil cationic nanoemulsions. Int. J. Nanomed. 2016, 11, 2515–2529.
[CrossRef] [PubMed]

68. Zhou, J.; Tan, L.; Xie, J.; Lai, Z.; Huang, Y.; Qu, C.; Luo, D.; Lin, Z.; Huang, P.; Su, Z. Characterization
of brusatol self-microemulsifying drug delivery system and its therapeutic effect against dextran sodium
sulfate-induced ulcerative colitis in mice. Drug Deliv. 2017, 24, 1667–1679. [CrossRef] [PubMed]

69. Dou, Y.-X.; Zhou, J.-T.; Wang, T.-T.; Huang, Y.-F.; Chen, V.P.; Xie, Y.-L.; Lin, Z.-X.; Gao, J.-S.; Su, Z.-R.;
Zeng, H.-F. Self-nanoemulsifying drug delivery system of bruceine D: A new approach for anti-ulcerative
colitis. Int. J. Nanomed. 2018, 13, 5887–5907. [CrossRef] [PubMed]

70. Allen, T.M.; Hansen, C.B.; de Menezes, D.E.L. Pharmacokinetics of long-circulating liposomes. Adv. Drug
Deliv. Rev. 1995, 16, 267–284. [CrossRef]

71. Gao, W.; Hu, C.-M.J.; Fang, R.H.; Zhang, L. Liposome-like nanostructures for drug delivery. J. Mater. Chem. B
2013, 1, 6569–6585. [CrossRef]

72. Ye, H.; Liu, X.; Sun, J.; Zhu, S.; Zhu, Y.; Chang, S. Enhanced therapeutic efficacy of LHRHa-targeted
Brucea javanica oil liposomes for ovarian cancer. BMC Cancer 2016, 16, 831. [CrossRef]

73. Yue, Y.; Yang, Y.; Shi, L.; Wang, Z. Suppression of human hepatocellular cancer cell proliferation by
Brucea javanica oil-loaded liposomes via induction of apoptosis. Arch. Med. Sci. 2015, 11, 856–862. [CrossRef]

74. Huang, Z.-R.; Hu, S.-C.; Yang, Y.-L.; Fang, J.-Y. Development and evaluation of lipid nanoparticles for
camptothecin delivery: A comparison of solid lipid nanoparticles, nanostructured lipid carriers, and lipid
emulsion. Acta Pharmacol. Sin. 2008, 29, 1094–1102. [CrossRef]

http://dx.doi.org/10.1099/vir.0.034603-0
http://dx.doi.org/10.1002/ps.1465
http://dx.doi.org/10.1021/jf903434h
http://www.ncbi.nlm.nih.gov/pubmed/20050684
http://dx.doi.org/10.1016/j.virusres.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27686478
http://dx.doi.org/10.1016/0960-894X(96)00096-0
http://dx.doi.org/10.1055/s-2002-19870
http://www.ncbi.nlm.nih.gov/pubmed/11842321
http://dx.doi.org/10.1016/S0169-409X(02)00116-3
http://dx.doi.org/10.1016/S0169-409X(00)00103-4
http://dx.doi.org/10.3109/03639045.2012.756887
http://dx.doi.org/10.1049/mnl.2012.0091
http://dx.doi.org/10.1007/s12272-013-0113-7
http://www.ncbi.nlm.nih.gov/pubmed/23595551
http://dx.doi.org/10.1016/j.jddst.2018.10.001
http://dx.doi.org/10.2147/IJN.S101918
http://www.ncbi.nlm.nih.gov/pubmed/27330293
http://dx.doi.org/10.1080/10717544.2017.1384521
http://www.ncbi.nlm.nih.gov/pubmed/29078713
http://dx.doi.org/10.2147/IJN.S174146
http://www.ncbi.nlm.nih.gov/pubmed/30319255
http://dx.doi.org/10.1016/0169-409X(95)00029-7
http://dx.doi.org/10.1039/c3tb21238f
http://dx.doi.org/10.1186/s12885-016-2870-4
http://dx.doi.org/10.5114/aoms.2015.53306
http://dx.doi.org/10.1111/j.1745-7254.2008.00829.x


Molecules 2020, 25, 5414 17 of 17

75. Lv, W.; Zhao, S.; Yu, H.; Li, N.; Garamus, V.M.; Chen, Y.; Yin, P.; Zhang, R.; Gong, Y.; Zou, A. Brucea javanica
oil-loaded nanostructure lipid carriers (BJO NLCs): Preparation, characterization and in vitro evaluation.
Colloids Surf. Physicochem. Eng. Aspects 2016, 504, 312–319. [CrossRef]

76. Müller, R.; Radtke, M.; Wissing, S. Nanostructured lipid matrices for improved microencapsulation of drugs.
Int. J. Pharm. 2002, 242, 121–128. [CrossRef]

77. Jia, L.-J.; Zhang, D.-R.; Li, Z.-Y.; Feng, F.-F.; Wang, Y.-C.; Dai, W.-T.; Duan, C.-X.; Zhang, Q. Preparation
and characterization of silybin-loaded nanostructured lipid carriers. Drug Deliv. 2010, 17, 11–18. [CrossRef]
[PubMed]

78. Bondì, M.L.; Craparo, E.F.; Giammona, G.; Cervello, M.; Azzolina, A.; Diana, P.; Martorana, A.;
Cirrincione, G. Nanostructured lipid carriers-containing anticancer compounds: Preparation, characterization,
and cytotoxicity studies. Drug Deliv. 2007, 14, 61–67. [CrossRef] [PubMed]

79. Li, Y.; Angelova, A.; Hu, F.; Garamus, V.M.; Peng, C.; Li, N.; Liu, J.; Liu, D.; Zou, A. pH responsiveness of
hexosomes and cubosomes for combined delivery of Brucea javanica Oil and Doxorubicin. Langmuir 2019, 35,
14532–14542. [CrossRef] [PubMed]

80. Chen, Y.; Angelova, A.; Angelov, B.; Drechsler, M.; Garamus, V.M.; Willumeit-Roemer, R.; Zou, A. Sterically
stabilized spongosomes for multidrug delivery of anticancer nanomedicines. J. Mater. Chem. B 2015, 3,
7734–7744. [CrossRef] [PubMed]

81. Zou, A.; Li, Y.; Chen, Y.; Angelova, A.; Garamus, V.M.; Li, N.; Drechsler, M.; Angelov, B.; Gong, Y.
Self-assembled stable sponge-type nanocarries for Brucea javanica oil delivery. Colloids Surf. B Biointerfaces
2017, 153, 310–319. [CrossRef] [PubMed]

82. Baek, J.; Jeong, H.; Ham, Y.; Jo, Y.H.; Choi, M.; Kang, M.; Son, B.; Choi, S.; Ryu, H.W.; Kim, J. Improvement
of spinal muscular atrophy via correction of the SMN2 splicing defect by Brucea javanica (L.) Merr. extract
and bruceine D. Phytomedicine 2019, 65, 153089. [CrossRef] [PubMed]

83. Lahrita, L.; Moriai, K.; Iwata, R.; Itoh, K.; Kato, E. Quassinoids in Brucea javanica are potent stimulators of
lipolysis in adipocytes. Fitoterapia 2019, 137, 104250. [CrossRef]

84. Mao, G.; Tian, Y.; Sun, Z.; Ou, J.; Xu, H. Bruceine D isolated from Brucea javanica (L.) Merr. as a systemic
feeding deterrent for three major lepidopteran pests. J. Agric. Food Chem. 2019, 67, 4232–4239. [CrossRef]

85. Nakao, R.; Mizukami, C.; Kawamura, Y.; Bawm, S.; Yamasaki, M.; Maede, Y.; Matsuura, H.; Nabeta, K.;
Nonaka, N.; Oku, Y. Evaluation of efficacy of bruceine A, a natural quassinoid compound extracted from a
medicinal plant, Brucea javanica, for canine babesiosis. J. Vet. Med. Sci. 2009, 71, 33–41. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.colsurfa.2016.05.068
http://dx.doi.org/10.1016/S0378-5173(02)00180-1
http://dx.doi.org/10.3109/10717540903431586
http://www.ncbi.nlm.nih.gov/pubmed/19941406
http://dx.doi.org/10.1080/10717540600739914
http://www.ncbi.nlm.nih.gov/pubmed/17364869
http://dx.doi.org/10.1021/acs.langmuir.9b02257
http://www.ncbi.nlm.nih.gov/pubmed/31635451
http://dx.doi.org/10.1039/C5TB01193K
http://www.ncbi.nlm.nih.gov/pubmed/32264582
http://dx.doi.org/10.1016/j.colsurfb.2017.02.031
http://www.ncbi.nlm.nih.gov/pubmed/28285062
http://dx.doi.org/10.1016/j.phymed.2019.153089
http://www.ncbi.nlm.nih.gov/pubmed/31563042
http://dx.doi.org/10.1016/j.fitote.2019.104250
http://dx.doi.org/10.1021/acs.jafc.8b06511
http://dx.doi.org/10.1292/jvms.71.33
http://www.ncbi.nlm.nih.gov/pubmed/19194074
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Overview of Brucea javanica Oil and Molecular Components 
	Anticancer Activity 
	Anti-Inflammatory Activity 
	Anti-Diabetic Activity 
	Antiviral Activity 

	Nanomedicine Delivery Strategies 
	Nanoemulsions 
	BJO Encapsulation 
	Quassinoid Encapsulation 

	Liposomes 
	Nanostructured Lipid Carriers 
	Spongosomes 

	Conclusions and Outlook 
	References

