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Abstract: Phloretin is a natural dihydrochalcone found in many fruits and vegetables, especially
in apple tree leaves and the Manchurian apricots, exhibiting several therapeutic properties, such
as antioxidant, antidiabetic, anti-inflammatory, and antitumor activities. In this review article, the
diverse aspects of the anticancer potential of phloretin are addressed, presenting its antiproliferative,
proapoptotic, antimetastatic, and antiangiogenic activities in many different preclinical cancer models.
The fact that phloretin is a planar lipophilic polyphenol and, thus, a membrane-disrupting Pan-
Assay Interference compound (PAIN) compromises the validity of the cell-based anticancer activities.
Phloretin significantly reduces membrane dipole potential and, therefore, is expected to be able to
activate a number of cellular signaling pathways in a non-specific way. In this way, the effects of
this minor flavonoid on Bax and Bcl-2 proteins, caspases and MMPs, cytokines, and inflammatory
enzymes are all analyzed in the current review. Moreover, besides the anticancer activities exerted by
phloretin alone, its co-effects with conventional anticancer drugs are also under discussion. Therefore,
this review presents a thorough overview of the preclinical anticancer potential of phloretin, allowing
one to take the next steps in the development of novel drug candidates and move on to clinical trials.

Keywords: phloretin; chemoprevention; apoptosis; anti-angiogenesis; anti-metastasis

1. Introduction

Despite advances in cell biology and medicinal chemistry, cancer has still been often
considered an incurable disease [1]. Unfortunately, the incidence of this devastating disease
is steadily increasing, outlined by a 47% rise in the global cancer burden expected from
2020 to 2040, implicating 28.4 million new cancer cases in 2040 [2]. Therefore, it is no
surprise that the interest of the scientific community in natural anticancer agents has
considerably increased during the last few decades [3]. Flavonoids are one of the most-
studied plant secondary metabolites, revealing a diverse spectrum of different anticancer
properties, such as anti-inflammatory, antiproliferative, cell-cycle arresting, proapoptotic,
anti-invasive, antimetastatic, and antiangiogenic effects [4]. Based on their structural
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peculiarities, these polyphenolic phytochemicals are usually classified as flavanols or
catechins, flavones, flavonols, flavanones, isoflavones, and anthocyanidins [5]. However,
in addition to these major categories, the so-called minor types of flavonoids also exist,
including aurones, chalcones, dihydrochalcones and dihydroflavonols, or flavononols [6].
Although a number of studies have demonstrated important anticancer activities of minor
flavonoids, the current knowledge about their bioactivities in different malignant model
systems is still much scarcer compared with the major types of flavonoids. Therefore, these
less-studied agents might be even more attractive in studies aimed at identifying novel lead
molecules for further efficient cancer therapeutics and describing new molecular targets for
anticancer compounds.

Phloretin (dihydronaringenin or phloretol) is a dihydrochalcone belonging to the class
of minor flavonoids. This natural polyphenol can be found in apple tree leaves and the
Manchurian apricot [7]. Several studies have pointed to important anticancer properties of
phloretin, describing its inhibitory action on the malignant progression in different preclini-
cal models of lung cancer [8], oral cancer [9], esophageal cancer [7], gastric cancer [10,11],
colon cancer [12,13], liver cancer [14], breast cancer [15,16], cervical cancer [17], and prostate
cancer [18,19]. In doing so, phloretin can attack a number of molecular targets, modulating
different intracellular signaling pathways [20]. In this review article, the cellular targets
through which phloretin exerts its strong anticancer potential, behaving as an antipro-
liferative, proapoptotic, antiangiogenic, and antimetastatic compound, are highlighted.
In addition, the co-effects between phloretin and traditional anticancer drugs currently
used in clinical settings are also presented. Moreover, possible modes to improve the
delivery of phloretin to cancer sites by using modern nanotechnological methods are under
discussion. Hence, it is hoped that the current knowledge about the anticancer activities
of phloretin, thoroughly presented in this review, will encourage further studies on this
promising minor flavonoid, making a contribution to the complicated task of identifying
novel efficient drugs in the fight against cancerous neoplasms.

2. Chemistry of the Molecule

The compound phloretin, i.e., 3-(4′-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)propan-
1-one, is a dihydrochalcone made up of two aromatic rings often referred to as A and B and
containing hydroxy groups at positions 2, 4, 4′, and 6. (Figure 1) [21]. Phloretin has a wide
range of unique biological functions due to its unique structure. Dihydrochalcones (also
known as 1,3-diaryl-2-propen-1-ones) are phenolic compounds having a diphenylpropan
(C6-C3-C6) flavonoid skeleton and no heterocyclic C ring. In fact, the majority of these
secondary metabolites in plants are precursors of flavonoids (Figure 2) [22]. A wide range
of pharmacological actions are produced by two aromatic phenol rings (rings A and B),
hydroxyl groups, and a carbonyl group in phloretin.

Figure 1. Chemical structure of phloretin.

Figure 2. The basic structure of flavone.
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The most common source of glycosylated phloretin derivatives is the apple tree (Malus
spp.), which is a member of the Rosaceae family. Malusdomestica L. (apple) and Fragaria ×
ananassa Duchesne (strawberry), both members of the Rosaceae family, are widely used in
the food industry and are excellent sources of flavonoids and phenolic compounds for the
human diet [23]. Phloretin derivative concentrations can range significantly between apple
fruit varieties and between different portions of the fruit. The apple tree’s leaves, barks,
and roots have all yielded phloretin, which has also been separated from those sources [24].
The structure–activity relation obtained through the analysis of a broad range of flavonoids
(Figure 3) revealed that the C2–C3 double bond and the neighboring di-OH at 3′ and 4′

in the B-ring are crucial for potent antiproliferative action [23]. The high antiproliferative
activity requires both the C3-OH and C8-methoxyl groups in polymethoxylated flavones.
For the efficient inhibition in each of those situations, di-OH3′, 4′, a double bond at C2–C3,
and a carbonyl at C-4 were all necessary. It has been demonstrated that the di-OH 3′ and
4′ on the B-ring selectively affects Cdk2, causing G1 cell arrest [24]. The C2–C3 double
bond, which affects the molecule’s planarity, and the presence and location of hydroxyl/O-
methyl groups on the B-ring and A-ring, therefore, constitute the structural characteristics
of flavonoids that have the greatest impact on cell proliferation [25].

Figure 3. Two-step synthesis of phloretin (i.e., chalcones and dihydrochalcones).

Through a green synthesis, different combinations of these ketones and aldehydes
have been produced utilizing ethanol as the solvent and a catalytic quantity of HCl to
start the Claisen–Schmidt reaction [21] (Figure 4). Dihydrochalcones were created by
hydrogenating (using H2 gas) the corresponding chalcones in ethanol with palladium on
the carbon catalyst. The most popular and often used suitable method for synthesizing
chalcones is the conventional Claisen–Schmidt condensation [26] with aqueous alkaline
bases, Ba(OH)2, LiOH, etc. For the synthesis of chalcones, other well-known methods
include the Photo-Fries rearrangement, Wittig reaction, and Suzuki reaction [27]. Using
zinc nanoferrite as a catalyst, another proficient and flexible solvent-free synthesis of
chalcone derivatives subjected to microwave radiation has been created [28].
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Figure 4. Preparation of chalcones via the (A) Claisen–Schmidt condensation, (B) Photo-Fries rear-
rangement, (C) Wittig reaction, and (D) Suzuki reaction.

3. Absorption and Metabolism of Phloretin Using In Vivo Models

As a natural dihydrochalcone flavonoid, phloretin is present in juicy fruits and root
peels such as apples, pears, etc. It exhibits many pharmacological properties, such as
antidiabetic, antioxidant, anti-inflammatory, antitumor, treating cardiovascular diseases,
etc. The pharmacokinetics of phloretin was observed by oral administration as well as an
intravenous injection in rat models. Such studies have shown the bioavailability of phloretin
to be 8.67% [29]. The absorption and bioavailability of phloretin are poor because of poor
water solubility [30], which is dependent upon factors such as physicochemical factors
(degree of dissociation, stability in the gastrointestinal tract) and physiological factors
(transporters, interaction with serum proteins, pH of the gastrointestinal fluid) [30]. It has
been observed that there are few studies related to the characteristics and the mechanism
of phloretin absorption [29]. A recent study has shown that the oral administration of
phloretin to rats is readily absorbed. It is transported in the plasma and takes nearly 5 h to
eliminate 63.2% of the drug, and the process is controlled by the extra-hepatic tissues [31].
After oral administration, it was observed that the plasma concentration–time curve of
phloretin showed two peaks. This was attributed to the intestinal–hepatic circulation,
double-site absorption, and intestinal efflux [32]. According to an in situ study, the intestinal
permeability of phloretin has been observed to decrease with the increase in concentration
as the pH of the small intestine changes when phloretin passes through it. In the duodenum,
jejunum, and ileum, the pH varies between ~5 and 7 and therefore has various effects on
the absorption of phloretin. Previous studies have shown that phloretin is more stable in
acidic environments [33]. The study conducted on in vivo rat models ranked the intestinal
permeability as colon > duodenum > jejunum > ileum. The absorption of phloretin in the
colon region was significantly better than in other regions of the intestine. It was also noted
that the clearance of phloretin was 5-fold higher than the mean flow of hepatic plasma [29].
A study has highlighted that the T1/2 of phloretin was ~2.82 h, suggesting that it gets
eliminated quickly in in vivo models after oral administration. Research is now being
focused on enhancing the absorption of phloretin in in vivo models by preparing various
dose compositions using nanoemulsion, liposome, and microemulsion [34].
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4. Anticancer Pharmacological Effects of Phloretin
4.1. Apoptotic and Cell Cycle Arrest Mechanisms

Extensive studies on the anticancer activities of phloretin on different cell lines such
as prostrate, lung, oral, breast, and liver have been explored and documented [35]. The
anticancer activity of phloretin via inducing apoptosis, inhibiting cell growth, and reg-
ulating the cell cycle has been reported by many researchers; further studies have also
reported the role of phloretin in inducing mitochondrial-mediated apoptosis in cancer cell
lines [22,35] (Figure 5). It has been demonstrated that phloretin and phloretin nanoparticles
(PhNPs) induce apoptosis in cancer cell lines via the upregulation of BAX, cytochrome c,
PARP, caspases 3 and 9, apoptotic activating factor (APAF) and by downregulating the
expression of Bcl-2 [15,33]. Mariadoss et al., in their study, demonstrated that positively
charged PhNPs resulted in the mitochondrial outer membrane permeability leading to
the release of proapoptotic proteins and activation of the mitochondrial-derived caspases,
inducing apoptotic cell death [33]. Xu et al., in their study, reported the beneficial effect of
phloretin on human gastric cancer in promoting apoptosis via G2/M cell cycle arrest and
by diminishing the activity of JNK, thereby resulting in the suppression of cell invasion [11].
In another study, a ruthenium phloretin complex resulted in the apoptosis of breast cancer
cells via modulating p53 activity and p53-mediated activation of apoptotic events expe-
dited by the p21, Cyt-C, caspase 9, cleaved caspase 3, Bax signaling and downregulating
the Bcl-2 mediated signaling. This study throws light on the beneficial properties of the
ruthenium phloretin complex in halting the progression of breast carcinoma, thereby acting
as a potential candidate for future cancer chemotherapeutics [15]. Many research groups
have highlighted the role of phloretin in the inhibition of the type 2 glucose transporter
(GLUT2) in cancer cells and in causing apoptosis, thereby halting the process of metasta-
sis [14,16,36]. Authors have shown that GLUT2 inhibition by phloretin caused a G0/G1
cell cycle arrest in cancer cells, implicating the role of phloretin-induced glucose depriva-
tion, thereby leading to ATP depletion and induction of the mitochondrial death pathway
cascade [14]. Different studies on cancer cell lines have shown that phloretin resulted in a
cell cycle arrest at different stages, thereby leading to the apoptosis of cancer cells [18,37].
For example, researchers demonstrated that phloretin treatment on HepG2 cells increased
the populations of cells in G0/G1 and G2/M stages [37]. Furthermore, in another study by
the authors, phloretin treatment to hepatoma cells resulted in a G1 phase arrest, ultimately
resulting in a decreased M phase population, suggesting the potential role of phloretin’s
aromatic structure in interfering with the DNA double helix, thereby preventing DNA
replication, arresting cell cycle, and leading to apoptosis [14]. Studies have thrown light on
the role of phloretin in down-regulating Akt and mTOR-mediated signaling, responsible for
regulating cyclins, which play a crucial role in controlling the action of enzymes essential
for the passage of cells from the G1 to S stages of the cell cycle [13,20,33,38]. In another
study, the treatment of colon cancer cells with phloretin resulted in the increased expression
of Bax and the subsequent release of Cyt C and DIABLO/SMAC in the cytosol, resulting
in the cleavage of caspases-8,9,3,7 and PARP, thereby causing apoptosis of colon cancer
cells [13,39]. Studies have also shown that phloretin induces apoptosis in cancer cells via the
inhibition of Bcl-2 levels and a decrease in the phosphorylation of c-Jun N-terminal kinase
(JNK) and p38 MAPK [7,9,20]. In a study conducted by a group of researchers, phloretin
resulted in a G0/G1 arrest in human glioblastoma cells and increased the expression of p27,
furthering the levels of CDK-2,4,6 and the levels of cyclin D and E that were suppressed,
resulting in apoptosis and reduced cell proliferation [40]. Furthermore, many isolated
studies have confirmed the role of phloretin in inducing apoptosis and cell cycle arrest,
demonstrating its potential benefits in cancer as phytochemical [38,41,42]. In the present
scenario, detailed in vivo studies to elucidate the involved pathways and mechanisms,
and translate the research from bench to bedside, keeping in mind a potent therapeutic
anticancer compound, i.e., phloretin, is needed.



Molecules 2022, 27, 8819 6 of 15

Figure 5. Phloretin (as red star) and its mode of action on apoptosis and cell cycle arrest molecules.
Arrows designate up (↑) and downregulation (↓) of the molecules.

4.2. Antiangiogenic and Antimetastatic Action

Metastasis being a multistep process is one of the hallmarks of cancer cells. This
process starts with gaining the property of mobility, following next is the detachment of
tumor cells and the degradation of the extracellular matrix (ECM) and local invasion, and
finally, gaining entry into systemic circulation and extravasation. Different proteins such as
MMPs and signaling molecules are involved in the process of metastasis [43]. Angiogenesis
under pathological conditions plays an important role in the process of growth, prolifer-
ation, and metastasis of cancer cells. Studies targeting angiogenic and metastatic events
using different herbal compounds have shown promising results in checking the progres-
sion of cancer [43,44]. Different researchers have demonstrated the potential benefits of
phloretin in halting the progression of cancer by targeting these angiogenic and metastatic
processes [8,20,45] (Figure 6). Numerous studies have reported that phloretin demon-
strated protective effects on different cancer cells by significantly decreasing the ability of
invasion, migration, activities, and expression of MMP-2, MMP-3 and cathepsin [20,45].
Studies also demonstrated that phloretin affected and reversed the epithelial-mesenchymal
transition (EMT), an important step in tumor migration induced by TGF-β1, and also
downregulated the levels of Rho A, fibronectin, and p-Src [17]. Studies have reported
that phloretin suppressed the expression of VEGF and CD31 in tumor cells, suggesting
its role in influencing the process of angiogenesis in cancer. Different studies have shown
that phloretin significantly affects the activity of cancer stem cells via targeting different
stemness pathways and markers, such as ALDH 1, CD44, CD31, VEGF, Sox-2 etc., thereby
diminishing the clonal property of cancer stem cells and reducing angiogenesis, tumor
growth, and metastasis [11,16,17]. In another study by Min et al. on lung epithelial cancer
cells, a prior incubation with phloretin diminished the migration potential of cancer cells in
a concentration-dependent manner via down-regulating the expression of NF-κB and MMP-
9 [8]. Similarly, in another study on non-small cell lung cancer cells, phloretin treatment
resulted in the suppression of MMP-2 and -9 levels, thereby decreasing the migration poten-
tial [46]. In a study conducted by the authors, phloretin and the ruthenium complex halted
the process of angiogenesis via down-regulating the EGFR and VEGF signaling in breast
carcinoma [13,15]. Studies on different cancer cell lines have demonstrated that phloretin
attenuates cell invasion via blocking or decreasing the phosphorylation of MAP kinases,
focal adhesion kinases, and Src kinases [16,47]. Phloretin, a polyphenol that is present
in apples and in numerous fruits and vegetables, has demonstrated potential benefits in
deaccelerating the process of metastasis and angiogenesis in cancer cell lines. However,
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more in vivo exploratory studies on the potential benefits of phloretin in malignant tissues
are needed to validate the long-term applications of phloretin.

Figure 6. The role of phloretin (as red star) in inhibiting angiogenesis and metastatic spread of cancer
cells. Inhibition of the signaling is designated by blockage (⊥) sign.

4.3. Anti-Inflammation and Antioxidative Mechanisms of Phloretin

Numerous preclinical studies have indicated that phloretin has significant anti-
inflammatory and antioxidant activity due to its flavonoid structure that has four O-H
bonds [20,48] (Figure 7). It is well known that the antioxidant capacities of compounds
can be evaluated depending on their bond dissociation enthalpy (BDE) and ionization
potentials (IPs) according to the density functional theory (DFT) [19]. Although IPs refer
to the energy required to deprive an electron of its quiescent atoms or molecules, BDE is
known as a part of the endothermic process and indicates the energy required to break
a bond into two isolated atoms or molecules. Therefore, IPs provide information on the
efficiency of singlet-oxygen quenching and scavenging of free radicals, and molecules
with a low BDE have a better antioxidant capacity and break bonds easily. Considering
the BDE and IPs of phloretin, removing an electron from phloretin in water to quench
singlet oxygen and scavenge free radicals costs very little energy, allowing it to exhibit
an incredible antioxidant capacity [19,49]. It has been shown that phloretin can scavenge
peroxynitrite radicals and inhibit lipid peroxidation due to the 2,6-dihydroxyacetone moi-
ety in its chemical structure, and it has been determined that the hydroxyl group at the
20 position of phloretin is an essential pharmacophore for lipid peroxidation and radical
scavenging activities [20,50,51]. Moreover, studies to elucidate the molecular mechanisms
of phloretin’s antioxidant activity have shown that cellular levels of antioxidant enzymes,
such as glutathione (GSH) and heme oxygenase-1 (HO-1), are restored by phloretin due to
its significant activity on the redox-regulated transcription factors such as nuclear factor-
erythroid related factor-2 (Nrf2) and extracellular signal-regulated kinase (ERK) [52,53]. On
the other hand, phloretin also exerts significant anti-inflammatory activity through multiple
pathways such as the inhibition of pro-inflammatory signaling pathways and the regulation
of inflammation-related transcription factors [54,55]. For example, it has been reported by
several studies that phloretin downregulates the activity of inflammation-related factors
such as the mitogen-activated protein kinases (MAPKs), the extracellular signal-regulated
kinase (ERK) 1/2, the c-Jun N-terminal kinase (JNK), activator protein 1 (AP-1), nuclear
factor kappa-light-chain enhancer of activated B cells (NF-κB), signal transducer and ac-
tivator of transcription 1 (STAT1), and p38 [56–60] (Figure 7). Additionally, the nuclear
translocation of Nrf2 has been shown to be increased depending on the activity of phloretin
in different experimental models [58,60,61]. Besides enhancing the nuclear translocation of
Nrf2, the pretreatment of phloretin in a mouse model of LPS-induced lung injury has also
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been determined to significantly decrease pro-inflammatory cytokines by reducing p65
and the phosphorylation of the MAP kinases, p38, ERK 1/2, and JNK [54,60]. Furthermore,
being associated with the blocking activity of phloretin on the nuclear translocation of
NF-κB and the phosphorylation of Akt and MAP kinases, pretreatment of phloretin inhibits
the secretion of inflammatory markers such as IL-6, PGE2, TNF-α, and NO and reduces the
expression of COX-2, ICAM-1, CCL5, MCP1, and iNOS [57,59,60,62–64] (Figure 7). Conse-
quently, phloretin has incredible antioxidant activity due to the O-H bonds in its chemical
structure and shows significant anti-inflammatory activity through multiple pathways.

Figure 7. Molecular targets of the anti-inflammatory and antioxidant activities of phloretin.

5. Synergistic Effects with Other Drugs

The synergistic response between phloretin, palmitoylcarnitine, and ionophore has
shown positive results indicating the stimulation of protein kinase C and that it plays a
role in the cell cycle [65]. The synergistic effect on breast cancerous cells, such as MCF-7
and MDA435/LCC6, by using phloretin with other flavonoids has been studied on cell
cycle proteins [66]. A study has shown that the use of phloretin along with radiotherapy
significantly reduces the proliferation of lung tumor tissues. It also enhanced apoptosis
and delayed tumor growth [67]. Phloretin and atorvastatin together were observed to
produce a powerful synergistic interaction and suppressed colon cancer cell growth. They
synergistically induced apoptosis and cell cycle arrest at the G2/M phase [39]. Synergism
between phloridzin and phloretin has been observed. Together they act as antineoplastic
agents and are being further analyzed to be used as drug candidates [68]. Another study
has highlighted the use of phloretin with cisplatin, similarly enhancing apoptosis and cell
cycle arrest in the lung cancer A549 cell line. It significantly decreased the levels of Bcl-2
and increased the levels of caspases [69]. The use of phloretin with daunorubicin has been
associated with decreasing the levels of HIF-1α and increasing apoptosis in in vitro colon
cancer and myeloid leukemia systems [70]. Phloretin with doxorubicin also showed similar
effects. The use of phloretin with chaperones (HSP inhibitors) has been associated with
enhanced anticancerous activity in myeloid leukemia in murine models [71]. Berbamine
with phloretin effectively showed antitumor effects in two SORA-resistant hepatocellular
carcinoma cell lines by increasing SHP-1-mediated STAT3 inactivation [72]. Phloretin
with chemotherapeutic agents such as tamoxifen and doxorubicin, significantly induced
cytoprotective autophagy in the cell lines of breast cancer. It increased the inhibitory effects
of cell growth by regulating the mTOR/Akt pathway [41].
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6. Nano Delivery Studies of Phloretin

Lately, there has been an emphasis on studies related to the nanodelivery of phloretin.
A study has shown phloretin loaded with chitosan nanoparticles (NPs) that resulted in
pH-dependent mitochondrial-mediated intrinsic apoptosis in human oral cancer cell lines
(YD-9, CA9-22). It affected the release of Bax, cytochrome-c, and caspases-3 and -9 [73]. It
also influenced the mitochondrial-mediated apoptotic mechanism by stimulating oxidative
stress [33]. The development of a fast-dissolving nanofiber (NF) of phloretin has shown
>90% drug delivery efficiency in the treatment of oral cancers. Higher levels of apoptosis
were observed in cancer cell lines treated with a PVA/TPGS/phloretin NF group compared
to phloretin alone [74]. Phloretin conjugated with AuNPs showed enhanced antineoplastic
activity in the human cervical cancer HeLa cell line [68]. Encapsulation of phloretin into
the PLGA-NH2 NPs has been used for tumor-targeted delivery in Hep-2 cells (human
laryngeal carcinoma) [75]. In another study, chitosan-coated NPs containing phloretin
(CS–PLGA/Phl) were tested in mouse melanoma cells (B16F10) and in vivo models [76].
Nanostructured lipid carriers for the encapsulation of phloretin have been proven to be
beneficial as they enhance the solubility and efficiency of the drug [77]. Phloretin in the
form of an NLC showed a sustained pattern of drug release and absorption in in vitro [77].
Recently, an innovative hydrogel containing polymeric nanocapsules loaded with phloretin
has been developed, which enhanced skin penetration and adhesion, and was therefore
used to treat skin cancer-related issues without showing any side effects [76]. Recently,
cross-linked poly(cyclotriphosphazene-co-phloretin) microspheres have been developed
and are being tested for their application for controlled drug delivery in the treatment of
cancer [78].

7. Phloretin as a Membrane-Disrupting Pan-Assay Interference Compound (PAIN)

Recently, phloretin was identified as a Pan-Assay Interference compound (PAIN)
based on its ability to interfere with bioassays through many different mechanisms [79].
Indeed, it was shown that phloretin could absorb into lipid surfaces and modify the dipole
potential of lipid layers, particularly in cholesterol-rich domains, leading to disruption of
cell membrane homeostasis and alterations in membrane permeability for a wide range
of compounds [80–83]. Therefore, it is possible that phloretin-induced changes in the
transmembrane protein conformation and function may somewhat also impact the results
of different cell-based anticancer assays. Interestingly, the introduction of a C-glucoside
moiety into a phloretin molecule resulted in a derivative, nothofagin, with no ability to alter
the membrane dipole potential [83]. Although nothofagin has been characterized by its
anti-inflammatory [84,85], diuretic [86], and nephroprotective properties [87], no anticancer
activities have been published for this compound so far. Another possibility to overcome
the cell membrane disruptive effects of phloretin is to incorporate this dihydrochalcone
into nanocarrier-based drug delivery systems. As described in Section 6, this strategy has
successfully generated a number of promising results against different cancer types.

8. Safety Studies with Phloretin

Phloretin safety concerns cannot currently be stated due to a lack of sufficient data.
In fact, only a few experimental studies have been performed with structural derivatives
of phloretin (and not the parent compound itself) to confirm this presumption. Both the
acute oral toxicity test in Kunming mice and the 30-day feeding subchronic oral toxicity
test on Sprague Dawley rats showed no toxicity of aminoethyl-phloretin, a water-soluble
derivative of phloretin. In the first experiment, this derivative was injected intragastrically
to mice at doses of 2, 4, and 8 g/kg body weight; in the subacute toxicity test, aminoethyl-
phloretin was administered by intragastric injection to rats at concentrations of 10, 50,
and 100 mg/100 g body weight [88]. No adverse reactions were also observed when
a semisynthetic derivative of phloretin, phloretin 3′,3-disulfonate (0.1%), was topically
applied to human skin [89]. Another study has revealed that the LD50 dose was 400 mg/kg
of the ruthenium-phloretin complex [36]. Another study has shown that phloretin showed
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comparatively less cytotoxicity on gastric GES-1 cells, with an IC50 of 120 µM [90]. Similarly,
phloretin suppressed the proliferation rate of the human SCC-1 oral cancer cells and showed
an IC50 of 12.5 µM [9]. Without any doubt, further studies focusing on the safety issues
of the parent phloretin are highly required before any clinical trials can be introduced to
assess the anticancer potential of this bioactive dihydrochalcone in human beings. Table 1
represents a summary of various anticancer studies of phloretin.

Table 1. Representation of various anticancer studies of phloretin. Arrows designate up (↑) and
downregulation (↓) of the molecules.

S. No Types of Cancer Cell Culture Model Mechanisms Dose/
Concentration Used Ref.

1 Human breast
tumor cells H-Ras MCF10A Apoptosis induction

↑p53, ↑Bax, and ↑ cleavage
of poly (ADP)-ribose

polymerase
100 µM [91]

2
Human

triple-negative
breast cancer

MDA-MB-231 and
BALB/c nude mice

Anti-proliferative and
inhibited migration

↓paxillin/FAK, ↓Src,
↓GLUTs, ↑p53, ↑p21,
↑E-cadherin

50–150 µM [16]

3 Human cervical
cancer

SiHa, and nude mice
(in vivo)

Anti-metastasis and
anti-angiogenesis

↓invasion, ↓MMP-2
↓MMP-3, ↓cathepsin S

60 µM, 100 µM
(in vitro cell lines);

10 or 20 mg/kg
(in vivo model)

[17]

4 Human colon
cancer HT-29-Luc cells Apoptosis induction ↓BCL2, TRAIL - [12]

5 Human colorectal
cancer

COLO 205 and HT-29
and in vivo BALB/c

nude mice

Inhibit cell
invasiveness ↓Glucose transporters, ↑p53 12.5, 25, 50, 100, and

200 µM [36]

6 Human
esophageal cancer EC-109 cells Apoptosis induction

↓B-cell lymphoma 2 (bcl-2),
↑p53, ↑apoptotic protease

activating factor-1

60, 70, 80, 90, and
100 µg/mL [7]

7 Human Gastric
Cancer AGS Apoptosis induction

and cell cycle arrest ↑G2/M phase arrest - [11]

8 Human
glioblastoma cells U87 and U251 Apoptosis induction

and cell cycle arrest

↑p27, ↓cdk2, ↓cdk4, ↓cdk6,
↓cyclin D and ↓cyclin E,
↓PI3K/AKT/mTOR

200 µM [38]

9 Human leukemia
cells HL60 Apoptosis induction ↓protein kinase C 0.1–0.2 mM [92]

10 Hepatocellular
carcinoma

HepG2, SK-Hep1, Sor
resistant HepG2SR,

Huh7SR

xenografts

anti-proliferative anti-
angiogenesis,

↓STAT3,
↓AKT/mTOR/JAK2/VEGFR2 50 µM [93]

11 Human liver
cancer

HepG2 cells as well
in vivo mice models Apoptosis induction ↓Akt and Bcl-2, GLUT2 200 µM [14]

12
Non-small cell

lung cancer
(NSCLC) cells

A549 Apoptosis induction ↑BAX, ↑cleaved caspase-3
and -9, ↑ PARP, ↓Bcl-2

20 mg/kg
(administered to
in vivo models)

[8]

13 Human oral
cancer SCC-1 Cell cycle arrest

↑G0/G1 cell cycle arrest,
↓cyclin D1, ↓CDK4 and
↓CDK6, ↑ROS

- [9]

14 Human Prostate
Cancer

LNCaP, CWR22Rv1,
PC-3, and DU145 Apoptosis induction ↓Sp3/4, VEGF, Survivin 20, 50, and 100 µM [94]

15 Mouse melanoma 4A5 cells Apoptosis induction ↑Bax, ↑caspases activation 0.1–0.2 mM [92]

9. Conclusions and Future Perspectives

In this review article, the current knowledge about diverse types of anticancer effects of
a minor flavonoid, phloretin, was compiled, demonstrating antioxidant, anti-inflammatory,
antiproliferative, apoptotic, antimetastatic, and antiangiogenic activities of this dihydrochal-
cone. The multitargeted anticarcinogenic abilities of phloretin clearly show that besides a
huge number of common flavonoids, minor flavonoids (including chalcones, aurones, di-
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hydrochalcones, and dihydroflavonols) deserve much more attention, harboring promising
therapeutic potential. Safety aspects and caution regarding the PAINS issue strongly com-
promise the potential of phloretin and its structurally close derivatives to becoming drug
candidates for clinical trials. Moreover, by analyzing the structure–activity relationships
and relying on the modern synthetic metal complexation (Figure 8), it could be possible in
the future to attain a phloretin-based drug candidate for fighting against different cancer
types. Further investigations into the C-glucosylated derivative of phloretin, nothofagin,
are also highly encouraged; differently from the parent compound, this derivative has
no modifying effects on the cell membrane dipole potential. Ultimately, considering the
ever-increasing incidence of malignant disorders all over the world, the importance of all
these studies cannot be emphasized enough.

Figure 8. Ruthenium metal complexation of phloretin [36].

Author Contributions: H.S.T., P.R., A.C., S.R., K.V., K.S., M.V., V.S.J., S.H.—writing of the manuscript,
K.S.—writing, final editing, and proofreading. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Maharishi Markandeshwar (Deemed to be
University) for providing the requisite facilities.

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

References
1. Zarros, A.; Ye, Y.; John, D.; Lane, R.; Salomone, S.; Falzone, L.; Libra, M. Evolution of Cancer Pharmacological Treatments at the

Turn of the Third Millennium. Front. Pharmacol. 2018, 9, 1300. [CrossRef]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. Talib, W.H.; Daoud, S.; Mahmod, A.I.; Hamed, R.A.; Awajan, D.; Abuarab, S.F.; Odeh, L.H.; Khater, S.; Al Kury, L.T. Plants as a
Source of Anticancer Agents: From Bench to Bedside. Molecules 2022, 27, 4818. [CrossRef] [PubMed]

4. Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457.
[CrossRef] [PubMed]

5. Sak, K. Cytotoxicity of dietary flavonoids on different human cancer types. Pharmacogn. Rev. 2014, 8, 122–146. [CrossRef]
6. Ninomiya, M.; Koketsu, M. Minor flavonoids (chalcones, flavanones, dihydrochalcones, and aurones). In Natural Products;

Springer: Berlin/Heidelberg, Germany, 2013; pp. 1867–1900. [CrossRef]
7. Duan, H.; Wang, R.; Yan, X.; Liu, H.; Zhang, Y.; Mu, D.; Han, J.; Li, X. Phloretin induces apoptosis of human esophageal cancer via

a mitochondria-dependent pathway. Oncol. Lett. 2017, 14, 6763. [CrossRef]

http://doi.org/10.3389/FPHAR.2018.01300
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3390/molecules27154818
http://www.ncbi.nlm.nih.gov/pubmed/35956766
http://doi.org/10.3390/nu12020457
http://www.ncbi.nlm.nih.gov/pubmed/32059369
http://doi.org/10.4103/0973-7847.134247
http://doi.org/10.1007/978-3-642-22144-6_62/COVER
http://doi.org/10.3892/ol.2017.7037


Molecules 2022, 27, 8819 12 of 15

8. Min, J.; Li, X.; Huang, K.; Tang, H.; Ding, X.; Qi, C.; Qin, X.; Xu, Z. Phloretin induces apoptosis of non-small cell lung carcinoma
A549 cells via JNK1/2 and p38 MAPK pathways. Oncol. Rep. 2015, 34, 2871–2879. [CrossRef]

9. Yang, G.; Yin, X.; Ma, D.; Su, Z. Anticancer activity of Phloretin against the human oral cancer cells is due to G0/G1 cell cycle
arrest and ROS mediated cell death—PubMed. J Buon. 2020, 25, 344–349.

10. You, Q.; Xu, J.; Zhu, Z.; Hu, Z.; Cai, Q. Phloretin flavonoid exhibits selective antiproliferative activity in doxorubicin-resistant
gastric cancer cells by inducing autophagy, inhibiting cell migration and invasion, cell cycle arrest and targeting ERK1/2 MAP
pathway—PubMed. J. Buon. 2020, 25, 308–313.

11. Lu, M.; Kong, Q.; Xu, X.; Lu, H.; Lu, Z.; Yu, W.; Zuo, B.; Su, J.; Guo, R. Evaluation of apoptotic and growth inhibitory activity of
phloretin in BGC823 gastric cancer cell. Trop. J. Pharm. Res. 2015, 14, 27–31. [CrossRef]

12. Kim, J.L.; Lee, D.H.; Pan, C.H.; Park, S.J.; Oh, S.C.; Lee, S.Y. Role of phloretin as a sensitizer to TRAIL-induced apoptosis in colon
cancer. Oncol. Lett. 2022, 24, 321. [CrossRef]

13. Lin, S.T.; Tu, S.H.; Yang, P.S.; Hsu, S.P.; Lee, W.H.; Ho, C.T.; Wu, C.H.; Lai, Y.H.; Chen, M.Y.; Chen, L.C. Apple Polyphenol
Phloretin Inhibits Colorectal Cancer Cell Growth via Inhibition of the Type 2 Glucose Transporter and Activation of p53-Mediated
Signaling. J. Agric. Food Chem. 2016, 64, 6826–6837. [CrossRef]

14. Wu, C.H.; Ho, Y.S.; Tsai, C.Y.; Wang, Y.J.; Tseng, H.; Wei, P.L.; Lee, C.H.; Liu, R.S.; Lin, S.Y. In vitro and in vivo study of
phloretin-induced apoptosis in human liver cancer cells involving inhibition of type II glucose transporter. Int. J. Cancer 2009, 124,
2210–2219. [CrossRef]

15. Roy, S.; Mondru, A.K.; Chakraborty, T.; Das, A.; Dasgupta, S. Apple polyphenol phloretin complexed with ruthenium is capable
of reprogramming the breast cancer microenvironment through modulation of PI3K/Akt/mTOR/VEGF pathways. Toxicol. Appl.
Pharmacol. 2022, 434, 115822. [CrossRef]

16. Wu, K.H.; Ho, C.T.; Chen, Z.F.; Chen, L.C.; Whang-Peng, J.; Lin, T.N.; Ho, Y.S. The apple polyphenol phloretin inhibits breast
cancer cell migration and proliferation via inhibition of signals by type 2 glucose transporter. J. Food Drug Anal. 2018, 26, 221–231.
[CrossRef]

17. Hsiao, Y.H.; Hsieh, M.J.; Yang, S.F.; Chen, S.P.; Tsai, W.C.; Chen, P.N. Phloretin suppresses metastasis by targeting protease and
inhibits cancer stemness and angiogenesis in human cervical cancer cells. Phytomedicine 2019, 62, 152964. [CrossRef]

18. Kim, U.; Kim, C.Y.; Lee, J.M.; Oh, H.; Ryu, B.; Kim, J.; Park, J.H. Phloretin Inhibits the Human Prostate Cancer Cells Through the
Generation of Reactive Oxygen Species. Pathol. Oncol. Res. 2020, 26, 977–984. [CrossRef]

19. Yang, C.H.; Ou, Y.C.; Lin, C.C.; Lin, Y.S.; Tung, M.C.; Yu, C.C.; Lin, J.T.; Wen, C.Y. Phloretin in Benign Prostate Hyperplasia and
Prostate Cancer: A Contemporary Systematic Review. Life 2022, 12, 1029. [CrossRef]

20. Choi, B.Y. Biochemical Basis of Anti-Cancer-Effects of Phloretin—A Natural Dihydrochalcone. Molecules 2019, 24, 278. [CrossRef]
21. Minsat, L.; Peyrot, C.; Brunissen, F.; Renault, J.-H.; Allais, F.; Brunissen, F.; Renault, J.-H.; Allais, F.; Hossain, M. Synthesis

of Biobased Phloretin Analogues: An Access to Antioxidant and Anti-Tyrosinase Compounds for Cosmetic Applications.
Antioxidants 2021, 10, 512. [CrossRef]

22. Behzad, S.; Sureda, A.; Barreca, D.; Nabavi, S.F.; Rastrelli, L.; Nabavi, S.M. Health effects of phloretin: From chemistry to medicine.
Phytochem. Rev. 2017, 16, 527–533. [CrossRef]

23. Teodor, E.D.; Ungureanu, O.; Gatea, F.; Radu, G.L. The Potential of Flavonoids and Tannins from Medicinal Plants as Anticancer
Agents. Anticancer. Agents Med. Chem. 2020, 20, 2216–2227. [CrossRef] [PubMed]

24. Mintie, C.A.; Singh, C.K.; Ahmad, N. Whole Fruit Phytochemicals Combating Skin Damage and Carcinogenesis. Transl. Oncol.
2020, 13, 146–156. [CrossRef] [PubMed]

25. Jacob, V.; Hagai, T.; Soliman, K. Structure-Activity Relationships of Flavonoids. Curr. Org. Chem. 2011, 15, 2641–2657. [CrossRef]
26. Farooq, S.; Ngaini, Z. Recent Synthetic Methodologies for Chalcone Synthesis (2013-2018). Curr. Organocatal. 2019, 6, 184–192.

[CrossRef]
27. Mulugeta, D. A Review of Synthesis Methods of Chalcones, Flavonoids, and Coumarins. Sci. J. Chem. 2022, 10, 41. [CrossRef]
28. Borade, R.M.; Somvanshi, S.B.; Kale, S.B.; Pawar, R.P.; Jadhav, K.M. Spinel zinc ferrite nanoparticles: An active nanocatalyst for

microwave irradiated solvent free synthesis of chalcones. Mater. Res. Express 2020, 7, 016116. [CrossRef]
29. Zhao, Y.; Fan, Y.; Wang, M.; Wang, J.; Cheng, J.; Zou, J.; Zhang, X.; Shi, Y.; Guo, D. Studies on pharmacokinetic properties and

absorption mechanism of phloretin: In vivo and in vitro. Biomed. Pharmacother. 2020, 132, 110809. [CrossRef]
30. Sharifi-Rad, A.; Mehrzad, J.; Darroudi, M.; Saberi, M.R.; Chamani, J. Oil-in-water nanoemulsions comprising Berberine in olive

oil: Biological activities, binding mechanisms to human serum albumin or holo-transferrin and QMMD simulations. J. Biomol.
Struct. Dyn. 2020, 39, 1029–1043. [CrossRef]

31. Riyazuddin, M.; Valicherla, G.R.; Husain, A.; Hussain, M.K.; Shukla, M.; Katekar, R.; Gupta, A.P.; Singh, P.; Banerjee, D.; Hajela,
K.; et al. Elucidation of pharmacokinetics of novel DNA ligase I inhibitor, S012-1332 in rats: Integration of in vitro and in vivo
findings. J. Pharm. Biomed. Anal. 2019, 162, 205–214. [CrossRef]

32. Wang, X.; Zhao, X.; Gu, L.; Lv, C.; He, B.; Liu, Z.; Hou, P.; Bi, K.; Chen, X. Simultaneous determination of five free and total
flavonoids in rat plasma by ultra HPLC–MS/MS and its application to a comparative pharmacokinetic study in normal and
hyperlipidemic rats. J. Chromatogr. B 2014, 953–954, 1–10. [CrossRef]

33. Mariadoss, A.V.A.; Vinayagam, R.; Senthilkumar, V.; Paulpandi, M.; Murugan, K.; Xu, B.; Gothandam, K.M.; Kotakadi, V.S.;
David, E. Phloretin loaded chitosan nanoparticles augments the pH-dependent mitochondrial-mediated intrinsic apoptosis in
human oral cancer cells. Int. J. Biol. Macromol. 2019, 130, 997–1008. [CrossRef]

http://doi.org/10.3892/or.2015.4325
http://doi.org/10.4314/tjpr.v14i1.5
http://doi.org/10.3892/ol.2022.13441
http://doi.org/10.1021/acs.jafc.6b02861
http://doi.org/10.1002/ijc.24189
http://doi.org/10.1016/j.taap.2021.115822
http://doi.org/10.1016/j.jfda.2017.03.009
http://doi.org/10.1016/j.phymed.2019.152964
http://doi.org/10.1007/s12253-019-00643-y
http://doi.org/10.3390/life12071029
http://doi.org/10.3390/molecules24020278
http://doi.org/10.3390/antiox10040512
http://doi.org/10.1007/s11101-017-9500-x
http://doi.org/10.2174/1871520620666200516150829
http://www.ncbi.nlm.nih.gov/pubmed/32416704
http://doi.org/10.1016/j.tranon.2019.10.014
http://www.ncbi.nlm.nih.gov/pubmed/31865177
http://doi.org/10.2174/138527211796367309
http://doi.org/10.2174/2213337206666190306155140
http://doi.org/10.11648/j.sjc.20221002.12
http://doi.org/10.1088/2053-1591/ab6c9c
http://doi.org/10.1016/j.biopha.2020.110809
http://doi.org/10.1080/07391102.2020.1724568
http://doi.org/10.1016/j.jpba.2018.09.031
http://doi.org/10.1016/j.jchromb.2014.01.042
http://doi.org/10.1016/j.ijbiomac.2019.03.031


Molecules 2022, 27, 8819 13 of 15

34. Abu-Azzam, O.; Nasr, M. In vitro anti-inflammatory potential of phloretin microemulsion as a new formulation for prospective
treatment of vaginitis. Pharm. Dev. Technol. 2020, 25, 930–935. [CrossRef]

35. Nakhate, K.T.; Badwaik, H.; Choudhary, R.; Sakure, K.; Agrawal, Y.O.; Sharma, C.; Ojha, S.; Goyal, S.N. Therapeutic Potential and
Pharmaceutical Development of a Multitargeted Flavonoid Phloretin. Nutrients 2022, 14, 3638. [CrossRef]

36. Jin, G.; Zhao, Z.; Chakraborty, T.; Mandal, A.; Roy, A.; Roy, S.; Guo, Z. Decrypting the Molecular Mechanistic Pathways
Delineating the Chemotherapeutic Potential of Ruthenium-Phloretin Complex in Colon Carcinoma Correlated with the Oxidative
Status and Increased Apoptotic Events. Oxid. Med. Cell. Longev. 2020, 2020, 7690845. [CrossRef]

37. Wang, H.; Wang, D.; Pu, Y.; Pan, D.; Guan, W.; Ma, Y. Phloretin induced apoptosis of human hepatoma cells SMMC-7721 and its
correlative biological mechanisms. Afr. J. Pharm. Pharmacol. 2012, 6, 648–659.

38. Aggarwal, V.; Tuli, H.S.; Kaur, J.; Aggarwal, D.; Parashar, G.; Parashar, N.C.; Kulkarni, S.; Kaur, G.; Sak, K.; Kumar, M.; et al.
Garcinol Exhibits Anti-Neoplastic Effects by Targeting Diverse Oncogenic Factors in Tumor Cells. Biomedicines 2020, 8, 103.
[CrossRef]

39. Zhou, M.; Zheng, J.; Bi, J.; Wu, X.; Lyu, J.; Gao, K. Synergistic inhibition of colon cancer cell growth by a combination of
atorvastatin and phloretin. Oncol. Lett. 2018, 15, 1985–1992. [CrossRef]

40. Liu, Y.; Fan, C.; Pu, L.; Wei, C.; Jin, H.; Teng, Y.; Zhao, M.; Yu, A.C.H.; Jiang, F.; Shu, J.; et al. Phloretin induces cell cycle arrest
and apoptosis of human glioblastoma cells through the generation of reactive oxygen species. J. Neurooncol. 2016, 128, 217–223.
[CrossRef]

41. Chen, M.; Gowd, V.; Wang, M.; Chen, F.; Cheng, K.W. The apple dihydrochalcone phloretin suppresses growth and improves
chemosensitivity of breast cancer cells via inhibition of cytoprotective autophagy. Food Funct. 2021, 12, 177–190. [CrossRef]

42. Alansari, W.S.; Eskandrani, A.A. The Anticarcinogenic Effect of the Apple Polyphenol Phloretin in an Experimental Rat Model of
Hepatocellular Carcinoma. Arab. J. Sci. Eng. 2020, 45, 4589–4597. [CrossRef]

43. Granci, V.; Dupertuis, Y.M.; Pichard, C. Angiogenesis as a potential target of pharmaconutrients in cancer therapy. Curr. Opin.
Clin. Nutr. Metab. Care 2010, 13, 417–422. [CrossRef] [PubMed]

44. Kundu, J. Phloretin: An apple polyphenol with cancer chemopreventive potential. Arch. Basic Appl. Med. 2014, 2, 17–23.
45. De Luca, F.; Di Chio, C.; Zappalà, M.; Ettari, R. Dihydrochalcones as Antitumor Agents. Curr. Med. Chem. 2022, 29, 5042–5061.

[CrossRef] [PubMed]
46. Muller, A.G.; Sarker, S.D.; Saleem, I.Y.; Hutcheon, G.A. Delivery of natural phenolic compounds for the potential treatment of

lung cancer. DARU J. Pharm. Sci. 2019, 27, 433. [CrossRef] [PubMed]
47. Ma, L.; Wang, R.; Nan, Y.; Li, W.; Wang, Q.; Jin, F. Phloretin exhibits an anticancer effect and enhances the anticancer ability of

cisplatin on non-small cell lung cancer cell lines by regulating expression of apoptotic pathways and matrix metalloproteinases.
Int. J. Oncol. 2016, 48, 843–853. [CrossRef]

48. Commisso, M.; Bianconi, M.; Poletti, S.; Negri, S.; Munari, F.; Ceoldo, S.; Guzzo, F. Metabolomic profiling and antioxidant activity
of fruits representing diverse apple and pear cultivars. Biology 2021, 10, 380. [CrossRef]

49. Mendes, R.A.; e Silva, B.L.S.; Takeara, R.; Freitas, R.G.; Brown, A.; de Souza, G.L.C. Probing the antioxidant potential of phloretin
and phlorizin through a computational investigation. J. Mol. Model. 2018, 24, 101. [CrossRef]

50. Nakamura, Y.; Watanabe, S.; Miyake, N.; Kohno, H.; Osawa, T. Dihydrochalcones: Evaluation as novel radical scavenging
antioxidants. J. Agric. Food Chem. 2003, 51, 3309–3312. [CrossRef]

51. Rezk, B.M.; Haenen, G.R.M.M.; Van der Vijgh, W.J.F.; Bast, A. The antioxidant activity of phloretin: The disclosure of a new
antioxidant pharmacophore in flavonoids. Biochem. Biophys. Res. Commun. 2002, 295, 9–13. [CrossRef]

52. Schaefer, S.; Baum, M.; Eisenbrand, G.; Dietrich, H.; Will, F.; Janzowski, C. Polyphenolic apple juice extracts and their major
constituents reduce oxidative damage in human colon cell lines. Mol. Nutr. Food Res. 2006, 50, 24–33. [CrossRef]

53. Yang, Y.C.; Lii, C.K.; Lin, A.H.; Yeh, Y.W.; Yao, H.T.; Li, C.C.; Liu, K.L.; Chen, H.W. Induction of glutathione synthesis and heme
oxygenase 1 by the flavonoids butein and phloretin is mediated through the ERK/Nrf2 pathway and protects against oxidative
stress. Free Radic. Biol. Med. 2011, 51, 2073–2081. [CrossRef]

54. Hytti, M.; Ruuth, J.; Kanerva, I.; Bhattarai, N.; Pedersen, M.L.; Nielsen, C.U.; Kauppinen, A. Phloretin inhibits glucose transport
and reduces inflammation in human retinal pigment epithelial cells. Mol. Cell. Biochem. 2022. [CrossRef]

55. Anunciato Casarini, T.P.; Frank, L.A.; Pohlmann, A.R.; Guterres, S.S. Dermatological applications of the flavonoid phloretin. Eur.
J. Pharmacol. 2020, 889, 173593. [CrossRef]

56. Cheon, D.; Kim, J.; Jeon, D.; Shin, H.C.; Kim, Y. Target Proteins of Phloretin for Its Anti-Inflammatory and Antibacterial Activities
Against Propionibacterium acnes-Induced Skin Infection. Molecules 2019, 24, 1319. [CrossRef]

57. Chang, W.T.; Huang, W.C.; Liou, C.J. Evaluation of the anti-inflammatory effects of phloretin and phlorizin in lipopolysaccharide-
stimulated mouse macrophages. Food Chem. 2012, 134, 972–979. [CrossRef]

58. Jung, M.; Triebel, S.; Anke, T.; Richling, E.; Erkel, G. Influence of apple polyphenols on inflammatory gene expression. Mol. Nutr.
Food Res. 2009, 53, 1263–1280. [CrossRef]

59. Huang, W.C.; Wu, S.J.; Tu, R.S.; Lai, Y.R.; Liou, C.J. Phloretin inhibits interleukin-1β-induced COX-2 and ICAM-1 expression
through inhibition of MAPK, Akt, and NF-κB signaling in human lung epithelial cells. Food Funct. 2015, 6, 1960–1967. [CrossRef]

60. Huang, W.C.; Lai, C.L.; Liang, Y.T.; Hung, H.C.; Liu, H.C.; Liou, C.J. Phloretin attenuates LPS-induced acute lung injury in mice
via modulation of the NF-κB and MAPK pathways. Int. Immunopharmacol. 2016, 40, 98–105. [CrossRef]

http://doi.org/10.1080/10837450.2020.1764032
http://doi.org/10.3390/nu14173638
http://doi.org/10.1155/2020/7690845
http://doi.org/10.3390/biomedicines8050103
http://doi.org/10.3892/ol.2017.7480
http://doi.org/10.1007/s11060-016-2107-z
http://doi.org/10.1039/D0FO02362K
http://doi.org/10.1007/s13369-020-04478-7
http://doi.org/10.1097/MCO.0b013e3283392656
http://www.ncbi.nlm.nih.gov/pubmed/20453647
http://doi.org/10.2174/0929867329666220415113219
http://www.ncbi.nlm.nih.gov/pubmed/35430969
http://doi.org/10.1007/s40199-019-00267-2
http://www.ncbi.nlm.nih.gov/pubmed/31115871
http://doi.org/10.3892/ijo.2015.3304
http://doi.org/10.3390/biology10050380
http://doi.org/10.1007/s00894-018-3632-9
http://doi.org/10.1021/jf0341060
http://doi.org/10.1016/S0006-291X(02)00618-6
http://doi.org/10.1002/mnfr.200500136
http://doi.org/10.1016/j.freeradbiomed.2011.09.007
http://doi.org/10.1007/s11010-022-04504-2
http://doi.org/10.1016/j.ejphar.2020.173593
http://doi.org/10.3390/molecules24071319
http://doi.org/10.1016/j.foodchem.2012.03.002
http://doi.org/10.1002/mnfr.200800575
http://doi.org/10.1039/C5FO00149H
http://doi.org/10.1016/j.intimp.2016.08.035


Molecules 2022, 27, 8819 14 of 15

61. Sampath, C.; Zhu, Y.; Sang, S.; Ahmedna, M. Bioactive compounds isolated from apple, tea, and ginger protect against dicarbonyl
induced stress in cultured human retinal epithelial cells. Phytomedicine 2016, 23, 200–213. [CrossRef]

62. Huang, W.C.; Dai, Y.W.; Peng, H.L.; Kang, C.W.; Kuo, C.Y.; Liou, C.J. Phloretin ameliorates chemokines and ICAM-1 expression
via blocking of the NF-κB pathway in the TNF-α-induced HaCaT human keratinocytes. Int. Immunopharmacol. 2015, 27, 32–37.
[CrossRef] [PubMed]

63. Alsanea, S.; Gao, M.; Liu, D. Phloretin Prevents High-Fat Diet-Induced Obesity and Improves Metabolic Homeostasis. AAPS J.
2017, 19, 797–805. [CrossRef] [PubMed]

64. Kim, M.S.; Park, S.H.; Han, S.Y.; Kim, Y.H.; Lee, E.J.; Yoon Park, J.H.; Kang, Y.H. Phloretin suppresses thrombin-mediated
leukocyte-platelet-endothelial interactions. Mol. Nutr. Food Res. 2014, 58, 698–708. [CrossRef] [PubMed]

65. Grosman, N. Synergistic effect of palmitoylcarnitine and the ionophore A23187 on isolated rat mast cells. Agents Actions 1988, 25,
277–283. [CrossRef]

66. Zhang, S.; Morris, M.E. Effects of the flavonoids biochanin A, morin, phloretin, and silymarin on P-glycoprotein-mediated
transport. J. Pharmacol. Exp. Ther. 2003, 304, 1258–1267. [CrossRef] [PubMed]

67. Tang, J. Synergistic Effect of Phloretin Combined With Radiotherapy on Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2021, 111,
e238. [CrossRef]

68. Payne, J.N.; Badwaik, V.D.; Waghwani, H.K.; Moolani, H.V.; Tockstein, S.; Thompson, D.H.; Dakshinamurthy, R. Development
of dihydrochalcone-functionalized gold nanoparticles for augmented antineoplastic activity. Int. J. Nanomed. 2018, 13, 1917.
[CrossRef]

69. Tilekar, K.; Upadhyay, N.; Iancu, C.V.; Pokrovsky, V.; Choe, J.; Ramaa, C.S. Power of two: Combination of therapeutic approaches
involving glucose transporter (GLUT) inhibitors to combat cancer. Biochim. Biophys. Acta—Rev. Cancer 2020, 1874, 188457.
[CrossRef]

70. Cao, X.; Fang, L.; Gibbs, S.; Huang, Y.; Dai, Z.; Wen, P.; Zheng, X.; Sadee, W.; Sun, D. Glucose uptake inhibitor sensitizes cancer
cells to daunorubicin and overcomes drug resistance in hypoxia. Cancer Chemother. Pharmacol. 2006, 59, 495–505. [CrossRef]

71. Abkin, S.V.; Ostroumova, O.S.; Komarova, E.Y.; Meshalkina, D.A.; Shevtsov, M.A.; Margulis, B.A.; Guzhova, I.V. Phloretin
increases the anti-tumor efficacy of intratumorally delivered heat-shock protein 70 kDa (HSP70) in a murine model of melanoma.
Cancer Immunol. Immunother. 2015, 65, 83–92. [CrossRef]

72. Zhao, W.; Bai, B.; Hong, Z.; Zhang, X.; Zhou, B. Berbamine (BBM), a Natural STAT3 Inhibitor, Synergistically Enhances the
Antigrowth and Proapoptotic Effects of Sorafenib on Hepatocellular Carcinoma Cells. ACS Omega 2020, 5, 24838–24847. [CrossRef]

73. Arokia Vijaya Anand, M.; Ramachandran, V.; Xu, B.; Karthikumar, V.; Vijayalakshmi, S.; Shalini, V.; Sandya Rani, B.; Sadiq,
A.M.; Ernest, D. Phloretin loaded chitosan nanoparticles enhance the antioxidants and apoptotic mechanisms in DMBA induced
experimental carcinogenesis. Chem. Biol. Interact. 2019, 308, 11–19. [CrossRef]

74. Nam, S.; Lee, S.Y.; Cho, H.J. Phloretin-loaded fast dissolving nanofibers for the locoregional therapy of oral squamous cell
carcinoma. J. Colloid Interface Sci. 2017, 508, 112–120. [CrossRef]

75. Lee, S.Y.; Cho, H.J. Amine-functionalized poly(lactic-co-glycolic acid) nanoparticles for improved cellular uptake and tumor
penetration. Colloids Surfaces B Biointerfaces 2016, 148, 85–94. [CrossRef]

76. Casarini, T.P.A.; Frank, L.A.; Benin, T.; Onzi, G.; Pohlmann, A.R.; Guterres, S.S. Innovative hydrogel containing polymeric
nanocapsules loaded with phloretin: Enhanced skin penetration and adhesion. Mater. Sci. Eng. C 2021, 120, 111681. [CrossRef]

77. Gu, L.; Sun, R.; Wang, W.; Xia, Q. Nanostructured lipid carriers for the encapsulation of phloretin: Preparation and in vitro
characterization studies. Chem. Phys. Lipids 2022, 242, 105150. [CrossRef]

78. Mehmood, S.; Yu, H.; Wang, L.; Uddin, M.A.; Amin, B.U.; Haq, F.; Fahad, S.; Haroon, M. Cross-Linked Poly(cyclotriphosphazene-
co-phloretin) Microspheres and Their Application for Controlled Drug Delivery. Macromol. Res. 2022, 30, 623–630. [CrossRef]

79. Baell, J.B. Feeling Nature’s PAINS: Natural Products, Natural Product Drugs, and Pan Assay Interference Compounds (PAINS). J.
Nat. Prod. 2016, 79, 616–628. [CrossRef]

80. Cseh, R.; Benz, R. Interaction of phloretin with lipid monolayers: Relationship between structural changes and dipole potential
change. Biophys. J. 1999, 77, 1477–1488. [CrossRef]

81. Sukhorukov, V.L.; Kürschner, M.; Dilsky, S.; Lisec, T.; Wagner, B.; Schenk, W.A.; Benz, R.; Zimmermann, U. Phloretin-induced
changes of lipophilic ion transport across the plasma membrane of mammalian cells. Biophys. J. 2001, 81, 1006–1013. [CrossRef]

82. Efimova, S.S.; Ostroumova, O.S. Effect of dipole modifiers on the magnitude of the dipole potential of sterol-containing bilayers.
Langmuir 2012, 28, 9908–9914. [CrossRef] [PubMed]

83. de Matos, A.M.; Blázquez-Sánchez, M.T.; Sousa, C.; Oliveira, M.C.; de Almeida, R.F.M.; Rauter, A.P. C-Glucosylation as a tool for
the prevention of PAINS-induced membrane dipole potential alterations. Sci. Rep. 2021, 11, 4443. [CrossRef] [PubMed]

84. Kang, B.C.; Kim, M.J.; Lee, S.; Choi, Y.A.; Park, P.H.; Shin, T.Y.; Kwon, T.K.; Khang, D.; Kim, S.H. Nothofagin suppresses mast
cell-mediated allergic inflammation. Chem.-Biol. Interact. 2019, 298, 1–7. [CrossRef] [PubMed]

85. Lee, W.; Bae, J.S. Anti-inflammatory Effects of Aspalathin and Nothofagin from Rooibos (Aspalathus linearis) In Vitro and In
Vivo. Inflammation 2015, 38, 1502–1516. [CrossRef]

86. de Almeida, C.L.B.; Cechinel-Filho, V.; Boeing, T.; Mariano, L.N.B.; da Silva, L.M.; de Andrade, S.F.; de Souza, P. Prolonged diuretic
and saluretic effect of nothofagin isolated from Leandra dasytricha (A. Gray) Cogn. leaves in normotensive and hypertensive
rats: Role of antioxidant system and renal protection. Chem.-Biol. Interact. 2018, 279, 227–233. [CrossRef]

http://doi.org/10.1016/j.phymed.2015.12.013
http://doi.org/10.1016/j.intimp.2015.04.024
http://www.ncbi.nlm.nih.gov/pubmed/25929446
http://doi.org/10.1208/s12248-017-0053-0
http://www.ncbi.nlm.nih.gov/pubmed/28197827
http://doi.org/10.1002/mnfr.201300267
http://www.ncbi.nlm.nih.gov/pubmed/24338998
http://doi.org/10.1007/BF01965032
http://doi.org/10.1124/jpet.102.044412
http://www.ncbi.nlm.nih.gov/pubmed/12604704
http://doi.org/10.1016/j.ijrobp.2021.07.809
http://doi.org/10.2147/IJN.S143506
http://doi.org/10.1016/j.bbcan.2020.188457
http://doi.org/10.1007/s00280-006-0291-9
http://doi.org/10.1007/s00262-015-1778-1
http://doi.org/10.1021/acsomega.0c03527
http://doi.org/10.1016/J.CBI.2019.05.008
http://doi.org/10.1016/j.jcis.2017.08.030
http://doi.org/10.1016/j.colsurfb.2016.08.050
http://doi.org/10.1016/j.msec.2020.111681
http://doi.org/10.1016/j.chemphyslip.2021.105150
http://doi.org/10.1007/s13233-022-0066-0
http://doi.org/10.1021/acs.jnatprod.5b00947
http://doi.org/10.1016/S0006-3495(99)76995-X
http://doi.org/10.1016/S0006-3495(01)75758-X
http://doi.org/10.1021/la301653s
http://www.ncbi.nlm.nih.gov/pubmed/22702338
http://doi.org/10.1038/s41598-021-83032-3
http://www.ncbi.nlm.nih.gov/pubmed/33627687
http://doi.org/10.1016/j.cbi.2018.10.025
http://www.ncbi.nlm.nih.gov/pubmed/30392763
http://doi.org/10.1007/s10753-015-0125-1
http://doi.org/10.1016/j.cbi.2017.11.021


Molecules 2022, 27, 8819 15 of 15

87. Yang, S.; Lee, C.; Lee, B.S.; Park, E.K.; Kim, K.M.; Bae, J.S. Renal protective effects of aspalathin and nothofagin from rooibos
(Aspalathus linearis) in a mouse model of sepsis. Pharmacol. Rep. 2018, 70, 1195–1201. [CrossRef]

88. Wei, L.; Zhao, J.; Meng, Y.; Guo, Y.; Luo, C. Antibacterial activity, safety and preservative effect of aminoethyl-phloretin on the
quality parameters of salmon fillets. LWT 2020, 118, 108874. [CrossRef]

89. Shin, S.; Kum, H.; Ryu, D.; Kim, M.; Jung, E.; Park, D. Protective Effects of a New Phloretin Derivative against UVB-Induced
Damage in Skin Cell Model and Human Volunteers. Int. J. Mol. Sci. 2014, 15, 18919. [CrossRef]

90. Xu, M.; Gu, W.; Shen, Z.; Wang, F. Anticancer Activity of Phloretin Against Human Gastric Cancer Cell Lines Involves Apoptosis,
Cell Cycle Arrest, and Inhibition of Cell Invasion and JNK Signalling Pathway. Med. Sci. Monit. 2018, 24, 6551. [CrossRef]

91. Kim, M.S.; Kwon, J.Y.; Kang, N.J.; Lee, K.W.; Lee, H.J. Phloretin induces apoptosis in H-Ras MCF10A human breast tumor cells
through the activation of p53 via JNK and p38 mitogen-activated protein kinase signaling. Ann. N. Y. Acad. Sci. 2009, 1171,
479–483. [CrossRef]

92. Kobori, M.; Iwashita, K.; Shinmoto, H.; Tsushida, T. Phloretin-induced apoptosis in B16 melanoma 4A5 cells and HL60 human
leukemia cells. Biosci. Biotechnol. Biochem. 1999, 63, 719–725. [CrossRef]

93. Saraswati, S.; Alhaider, A.; Abdelgadir, A.M.; Tanwer, P.; Korashy, H.M. Phloretin attenuates STAT-3 activity and overcomes
sorafenib resistance targeting SHP-1-mediated inhibition of STAT3 and Akt/VEGFR2 pathway in hepatocellular carcinoma. Cell
Commun. Signal. 2019, 17, 127. [CrossRef]

94. Kang, D.; Zuo, W.; Wu, Q.; Zhu, Q.; Liu, P. Inhibition of Specificity Protein 1 Is Involved in Phloretin-Induced Suppression of
Prostate Cancer. Biomed Res. Int. 2020, 2020, 1358674. [CrossRef]

http://doi.org/10.1016/j.pharep.2018.07.004
http://doi.org/10.1016/j.lwt.2019.108874
http://doi.org/10.3390/ijms151018919
http://doi.org/10.12659/MSM.910542
http://doi.org/10.1111/j.1749-6632.2009.04692.x
http://doi.org/10.1271/bbb.63.719
http://doi.org/10.1186/s12964-019-0430-7
http://doi.org/10.1155/2020/1358674

	Introduction 
	Chemistry of the Molecule 
	Absorption and Metabolism of Phloretin Using In Vivo Models 
	Anticancer Pharmacological Effects of Phloretin 
	Apoptotic and Cell Cycle Arrest Mechanisms 
	Antiangiogenic and Antimetastatic Action 
	Anti-Inflammation and Antioxidative Mechanisms of Phloretin 

	Synergistic Effects with Other Drugs 
	Nano Delivery Studies of Phloretin 
	Phloretin as a Membrane-Disrupting Pan-Assay Interference Compound (PAIN) 
	Safety Studies with Phloretin 
	Conclusions and Future Perspectives 
	References

