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Phloretin is a well-known apple polyphenol possessing a wide variety of biological effects and has been widely
used in many fields. However, it’s unclear whether phloretin has an effect on the activity of human UGT en-
zymes. Our study indicated that phloretin inhibited human UGTs on a broad spectrum. Further kinetic analysis
revealed that phloretin inhibited UGT1A1, 1A6, 1A9, 2B7, and 2B15 in a noncompetitive manner, with calcu-
lated K; of 8.34 puM, 16.69 pM, 10.58 pM, 17.74 pM and 2.46puM, respectively, whereas phloretin inhibited
UGT1A7 in an un-competitive manner, with calculated K; of 5.70 pM. According to the quantitative risk pre-

diction, co-administration of phloretin with drugs primarily metabolized by UGT1A7 and/or UGT2B15 may
result in potential food-drug interactions. To sum up, when phloretin or phloretin-rich food is administered with
medications metabolized by UGT1A7 and/or UGT2B15, concern should be exercised.

1. Introduction

Apples are popular worldwide due to their delicious flavors and
health benefits (Bahar Aydin, 2015; Boyer and Liu, 2004), as well as
their seasonal availability and widely geographic spread (Wang et al.,
2018). Throughout the last few decades, numerous studies have
confirmed the proverb “an apple a day keeps the doctor away from you”,
and scientific evidence attribute the health benefits to the high phenolic
content (Boyer and Liu, 2004; Gimbrone Jr. and Garcia-Cardena, 2016;
Rana and Bhushan, 2016) and fiber (Boyer and Liu, 2004; Veronese
et al., 2018). Phenols are secondary metabolites of plants that have been
shown to have a wide range of bioactive functions, including anti-
metabolic syndrome (obesity, hyperlipidemia, hypertension and dia-
betes), and associated complications (Amiot et al., 2016), anti-cancer
(Lall et al., 2015), cardiovascular disease prevention (Speer et al.,

2019). Polyphenols are abound in fruits and beverages (Williamson,
2017). Apples contain high amounts of polyphenols in the forms of
flavonoids (mainly quercetin, quercitin, proanthocyanidins, catechins,
epicatechins), phenolic acids (mainly chlorogenic acid, caffeic acid, p-
coumaric acid) and dihydrochalcones (phlorizin, phloretin) (Mizunoya
et al., 2015; Vrhovsek et al., 2004; Yoshida et al., 2018). Apples are the
largest dietary source of phenols, and apple polyphenols (APs) account
for 22% of the phenolics in the human diet in the United States. (Vinson
et al., 2001).

Strong evidence supports that chronic diseases are effectively pre-
vented by changing dietary food (Koksal and Gulcin, 2008; Elmastas
et al., 2006; Gulcin et al., 2011; Schulze et al., 2018), which is well
accepted both in academic and non-academic worlds. Food and drugs,
which are both important parts of a patient’s treatment plan, may
interact. Food-drug interactions (FDIs) are changes in the
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Table 1

Incubation conditions of 4-MU by recombinant UGTs.
UGTs Protein(mg/mL) Incubation(min) 4-MU (pM)
UGT1A1 0.125 120 110
UGT1A3 0.05 120 1200
UGT1A6 0.025 30 110
UGT1A7 0.05 30 30
UGT1A8 0.025 30 750
UGT1A9 0.05 30 30
UGT1A10 0.05 120 30
UGT2B4 0.25 120 1000
UGT2B7 0.05 120 350
UGT2B15 0.2 120 250
UGT2B17 0.5 120 2000

pharmacokinetics or pharmacodynamics of medicines caused by food or
nutritional supplements. (Genser, 2008). FDIs, a potential threat to safe
oral pharmacotherapy, result in therapeuticfailure or even toxic effects
(Amadi and Mgbahurike, 2018). It poses a risk to elderly patients with
oral medications. The prevalence reaches 58.5% as >30% of all the
prescribed medications are taken by this population (Spinewine et al.,
2007). The pharmacokinetic quality of drugs and phytochemicals is
altered during absorption, distribution, metabolism and elimination
(ADME), which is mainly related to the inhibition and/or induction of
metabolic enzymes(Rushmore and Kong, 2002; Sorensen, 2002). The
most significant phase II metabolic enzymes are the UGTs. UGTs cata-
lyze glucuronidation, a crucial process for the clearance and detoxifi-
cation of exogenous compounds including medicines. (Rowland et al.,
2013), and UGTs are responsible for the elimination of 40-70% of
human therapeutic medicines(Zhang et al., 2015).

Apple polyphenols are a catch-all term for a variety of naturally
active phenols found in apples. Phloretin, one of the bioactive poly-
phenols in apples, is a substrate of CYP3A4 and CYP2C19 and is
metabolized to 3-OH phloretin (Nguyen et al., 2020). It also inhibits the
catalytic activity of human CYP1A1(Pohl et al., 2006), CYP1A2 and
CYP3A4 (Gao et al., 2012). Quercetin and its metabolites showed weak
to moderate inhibitory effects on CYP2C19 and 3A4 (Elbarbry et al.,
2018; Mohos et al., 2020), and a strong inhibitory effect against CYP2D6
(Elbarbry et al., 2018). Quercetin was revealed to be a potent inhibitor
of UGT1A9 and a moderate inhibitor of UGT1A1 and UGT1A3(Zhang
et al., 2021). Previous research has verified that apple polyphenols have
a variety of biological activities, which make them an excellent nutrition
or even promising drug candidate. Nevertheless, whether the other main
apple polyphenols have effects on the UGTs and lead to unexpected
food-drug interactions remains unknown.

The objective of this study was to see if the primary apple poly-
phenols, such as procyanidin B2, catechins, epicatechins, chlorogenic
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acid, caffeic acid, p-coumaric acid, phloretin, and phlorizin, had any
inhibitory effects on UGT activities. The risk of food-drug interactions in
humans was also evaluated using in vitro inhibitory kinetics.

2. Materials and methods
2.1. Chemicals and reagents

Eight APs were obtained from Solarbio Co., with purity above 99%.
Recombinant human UGT isoform expressed in baculovirus-infected
cells, purchased from BD Gentest (Woburn, MA, USA). UDPGA (triso-
dium salt), 4-methylumbelliferone (4-MU), 4-MUG, 7-hydroxycoumarin
were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other re-
agents are HPLC grade or the highest grade available on the market.

2.2. Preliminary inhibition screening of APs towards UGTs

The inhibition of UGT isoforms other than UGT1A4 by APs was
observed using 4-MU as a non-selective probe substrate for recombinant
UGTs (See Table 1.). UGT1A4 was not included in this study because it
showed no catalytic activity towards 4-MU. The total volume of 200 pL
incubations contained Aps (100 pM), UDPGA (5 mM), MgCl, (10 mM),
Tris-HCl buffer (50 mM, pH = 7.4), recombinant UGTs and 4-MU. The
concentration of 4-MU, the incubation time and the concentration of
UGTs were adopted with slight modifications based on our previous
study (Li et al., 2022). After preincubation at 37 °C for 5 min, UDPGA
was added to the mixture to initiate the reaction. The incubation was
ended by adding 200 L of ice-cold acetonitrile containing 100 pM 7-
hydroxycoumarin as the internal standard. The APs were dissolved in
DMSO, and the incubation mixture without the APs served as a negative
control. After the incubation was completed, the incubated mixture was
centrifuged at 12,000g for 10 min at 4 °C. HPLC (Waters) was used to
measure the products in the supernatant. Chromatographic separation
was carried out in accordance with our previous literature (Li et al.,
2022). All of the experiments were performed in duplicates.

2.3. Determination of ICs¢ and inhibition kinetics

Further studies were conducted to assess the inhibition kinetics and
types under the situation that the preliminary screening inhibition was
increased by 80%. The ICso values were established by administering
different concentrations of APs ranging from 0 pM to 100 pM. Non-linear
regression of various concentrations of 4-MU (1/5 Ky, to 5 Ky,) in the
presence of varied concentrations of AP was used to determine the in-
hibition kinetics (K;) and inhibition types(Bayrak et al., 2019; Gulcin
et al., 2016; Kucuk and Gulcin, 2016). The first plot was made using the

= Control
120 mmm 100uM Phloretin

100-|h|h$-1|l|

S
£ 80+
< 60
=
=
2 40
<
-4

20
0_..'._. g lla IlH lla [ .1.’-.

\d
D
R

Fig. 1. Phloretin’s chemical structure(A); inhibition of recombinant UGTs activity in the presence and absence of phloretin (100 pM), respectively(B). All data were

displayed as mean + S.D. All experiments were repeated in duplicates.
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Fig. 2. Dose-dependent inhibition curves of the activity of recombinant UGTs by phloretin. UGT1A1(A); UGT1A6(B); UGT1A7(C); UGT1A9(D); UGT2B7(E); UGT2B15(F). All data were displayed as mean + S.D.
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slopes of the lines in the Lineweaver-Burk plot versus AP to determine
the type of inhibition kinetics, while the second plot is drawn using the
slope of the line in the Lineweaver-Burk plot versus AP to calculate the
inhibition constant K;.

2.4. Invivo inhibition of APs-catalyzed metabolism of UGTs by in vitro-in
vivo extrapolation (IVIVE)

Ratio of the area under the plasma concentration time curve in the
presence and absence of inhibitors (AUC;/AUC) was used to calculate
the magnitudes of AP inhibition. The following equations were used to
calculate the ratio (Miners et al., 2010):

AUC; 1
L= @

AUC Lyt (1= 1)

AUC, 1

ave =g, @

The fi; is the proportion of substrate that is metabolized by the
enzyme, and [I] is the in vivo AP exposure concentration. Eq. 1 is
simplified to Eq. 2 if a substrate is metabolized by a single enzyme (f;;, =
1). The possibility of the potential interaction is predicted by [I]1/Kj,
whose value is categorized into the following ranges: [1]/K; < 0.1, low
possibility; 0.1 < [II/K; < 1, medium possibility; [I]/K; > 1, high
possibility.

2.5. Autodocking to explain the inhibition of APs towards UGTs

The molecular interaction between APs and UGTs was shown using
Autodocking. The structure of UGTs was created using the open-source
MODELLER9v14 tool and homology modeling. Docking APs into the
active cavity of UGTs was done using Autodock software (version 4.2).
Nonpolar hydrogen atoms were merged and polar hydrogen atoms were
introduced to the UGTs. The grid box was created using the coordinates
60*60*60 in X, Y, and Z, with a gridpoint spacing of 0.375 A. The
protein-fixed ligand-flexible docking computations were done using the
Genetic Algorithm technique. To study the interactions between APs and
UGTs, 50 docking runs were calculated for each AP, and the best
conformation with the lowest docked energy was chosen (Liu et al.,
2019).

2.6. Statistical analysis

The mean value plus standard deviation (S.D.) was used to present
the experimental results. GraphPad Prism 8.0 was used for statistical
analysis. A two-tailed unpaired Student’s t-test was used to make com-
parisons between two groups. The one-way ANOVA was used to
compare multiple groups.

3. Results
3.1. Primary inhibition assessment of APs towards UGTs

In vitro, the catalytic activities of UGT1Al, 1A6, 1A7, 1A8, 1A9,
1A10, 2B4, 2B7, 2B15, and 2B17 were measured using 100 pM AP or a
vehicle control. A majority of the APs showed <80% of inhibition on the
tested UGTs except phloretin. The results were showed in the supple-
mentary materials. As illustrated in Fig. 1, phloretin showed broad in-
hibition on the activity of UGT1Al, 1A6, 1A7, 1A9, 2B7, 2B15. The
activity of UGT1A1, 1A6, 1A7, 1A9, 2B7, 2B15 was inhibited by 95.08%,
95.34%, 96.30%, 96.92%, 95.12%, 92.11%, at 100 pM of phloretin,
respectively. The primary assessment of the other seven APs towards
UGTs was shown in Fig. S1 in the supplementary materials.
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3.2. The inhibition kinetics analysis of phloretin against UGTs

The ICsg of phloretin was determined to characterize its inhibitory
effects against UGT1A1, 1A6, 1A7, 1A9, 2B7, and 2B15. Phloretin in-
hibits all of the tested UGTs in a concentration-dependent manner, as
illustrated in Fig. 2. The ICsq values for UGT1A1, 1A6, 1A7, 1A9, 2B7,
and 2B15 were calculated to be 6.31 pM, 17.14 pM, 2.45 pM, 3.92 pM,
15.14 pM, and 17.95 pM, respectively. The findings suggested that
phloretin is a potent inhibitor of UGT1A1, 1A7, and 1A9 (ICsp < 10 pM),
but only a moderate inhibitor of UGT1A6, 2B7, and 2B15 (ICsg range
15.14 pM to 17.95 pM). Furthermore, the inhibition type and parame-
ters were determined using the Lineweaver-Burk plots and the best
fitting of the data to the equation in the nonlinear regression analysis in
the dynamics module of Graphpad Prism 8.0. Phloretin inhibited
UGT1A1, 1A6, 1A9, 2B7, 2B15 in a noncompetitive manner, as illus-
trated in Fig. 3, with K; of 6.61 yM, 16.63 uM, 10.57 uM, 17.73 pM, and
2.46 pM, respectively. Phloretin inhibited UGT1A7 in a mixed manner,
with a Kj value of 5.70 pM. All the results were summarized in Table 2.

3.3. Invivo inhibition of APs-catalyzed metabolism of UGTs by in vitro-in
vivo extrapolation (IVIVE)

When [I1/K; > 0.1, the compounds may inhibit UGTs-catalyzed
metabolism in vivo, according to the simplified evaluation criteria.
The Cpax of phloretin in serum was 0.72 pM after one liter of cloudy
apple juice of 2 h in healthy volunteers was consumed (Kahle et al.,
2011). As showed in Table 3, the rates of [I]/K; for UGT1A1, 1A6, 1A7,
1A9, 2B7, 2B15 were 0.09, 0.04, 0.13, 0.07, 0.04 and 0.29, respectively.
Phloretin posed medium risk of inhibition towards UGT1A7 and
UGT2B15. In the case of UGT1A7 and UGT2B15 with moderate risk
FDIs, the effects of metabolic fraction f,, and in vivo phloretin concen-
tration on the AUC of drugs metabolized by UGT1A7 and/or UGT2B15
were further explored. As illustrated in Fig. 4, assumed that 80% of a co-
administration drug is catalyzed by UGT1A7, when the plasma con-
centration of phloretin is >4.07 pM, the AUC of the drug can be
increased by >50%. Similarly, if a drug is 100% metabolized
byUGT2B15, the AUC of the co-administration drug can be more than
doubled when the plasma concentration of phloretin is >2.46 pM.

3.4. Autodocking of phloretin against UGTs

The interactions between phloretin, phlorizin, and inhibitory UGTs
were studied using Autodocking. The Autodocking results of phloretin

Table 2

ICs0, K; and inhibition type of phloretin towards UGTs.
UGTs ICso (1M) K; (uM) Inhibition Type
UGT1A1l 6.31 8.34 non-competitive
UGT1A6 17.14 16.69 non-competitive
UGT1A7 2.45 5.70 un-competitive
UGT1A9 3.92 10.58 non-competitive
UGT2B7 15.14 17.74 non-competitive
UGT2B15 17.95 2.46 non-competitive

Table 3

Quantitative prediction of the risk of inhibition of UGTs by phloretin in vivo.

UGTs Ki [11/ Possibility of in vivo inhibition on UGTs by
K; phloretin

UGT 1A1 6.31 0.09 low
UGT 1A6 16.63  0.04 low
UGT 1A7 5.70 0.13 medium
UGT 1A9 10.57  0.07 low
UGT 2B7 17.73 0.04 low
UGT

2B15 2.46 0.29

medium
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Fig. 5. Autodocking results of ligand with 4A amino acid residues and hydrogen bonds. Phloretin with UGT1A1(A); UGT1A6(B); UGT1A7(C); UGT1A9(D); UGT2B7

(E); UGT2B15(F).

were shown in Fig. 5, and the results of phlorizin were shown in Fig. S2.
The binding free energies of phloretin towards UGT1A1l, UGT1AS6,
UGT1A7, UGT1A9, UGT2B7 and UGT2B15 were —8.35, —7.37, —6.74,
—7.36, —8.59 and —6.62 kcal/mol, respectively. While, the binding free

energies of phlorizin towards UGT1A1, UGT1A6, UGT1A7, UGT1A9,
UGT2B7 and UGT2B15 were —3.84, —3.03, —5.64, —3.79, 1.75 and
—2.56 kcal/mol, respectively. The lower the score, the stronger the af-
finity of the ligand compound for UGTs. Apparently, the docking scores
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of phloretin is lower than phlorizin with corresponding UGTs. The
docking score orders of phloretin and phlorizin were basically consistent
with the previous inhibition extent towards UGTs. The findings sug-
gested that the ability of phloretin to inhibit UGTs was dependent on its
structure-related binding affinities with UGTs. That is, the higher
binding affinity of phloretin for UGTs resulted in more severe UGT
inhibition.

4. Discussion

Polyphenols are consumed as part of our daily diet and have a variety
of health-promoting properties(Durmaz et al., 2022; Gulcin, 2012,
2020). Phloretin is a well-known bioactive polyphenol found in apples.
It was identified by French chemists in the root bark of Malus domestica
and shown to be a competitive inhibitor of sodium-dependent glucose
transporters (SGLTs). Phloretin has a wide spectrum of biological ac-
tivities, including antioxidant, anti-inflammatory, anti-microbial, anti-
allergic, and anti-tumor properties, as well as the ability to reduce
vascular endothelial dysfunction and liver damage, according to sub-
sequent research(Mariadoss et al., 2019). Phloretin and its glycoside
phlorizin have been widely used in fields of foods, beverages, food ad-
ditives, pharmaceuticals and cosmetics(Anunciato Casarini et al., 2020;
Kim et al., 2014). As the principal flavonoids, phloretin and phlorizin are
enriched in apples and apple-derived products such as apple cider,
which are frequently consumed by humans. Phlorizin was first hydro-
lyzed to phloretin by an enzyme-catalyzed hydrolysis reaction after oral
administration, then uptaken by epithelial cells in the intestine and
converted into a glycose conjugate in the systemic circulation(De Oli-
veira, 2016; Marks et al., 2009; Wang et al., 2019). Despite the fact that
daily apple consumption does not raise polyphenol levels in plasma or
urine, (Stracke et al., 2010), alcohol can promote absorption of phloretin
(Marks et al., 2009).The circumstances above may increase plasma
concentration of phloretin.

Phloretin potently inhibited UGT1A1, 1A6, 1A7, 1A9, 2B7, 2B15,
with ICsq values ranging from 2.45 pM to 17.95 puM in preliminary in-
hibition assays. Further kinetic analysis revealed that phloretin inhibi-
ted UGT1A1, 1A6, 1A9, 2B7, and 2B15 in a non-competitive manner,
with K; values ranging from 2.46 pM to 17.73 pM, while phloretin
inhibited UGT1A7 in an un-competitive manner. The quantitative pre-
diction of phloretin’s in vivo inhibition of UGTs revealed that inhibition
of UGT1A7 and UGT2B15 happened with medium possibilities. Auto-
docking outcomes were consistent with inhibition assessments. Phlor-
etin and phlorizin showed various inhibition capacities due to the
different structure caused different hydrophobic interactions and
hydrogen bonds. Compare to phlorizin, phloretin is free of glycosyl and
more conducive to dock into the hydrophobic cavity of UGTs.

UGT1A7 is absent from the liver and only expressed in the gastro-
intestinal tract, which catalyzes the metabolism of a large number of
exogenous substances(Vrhovsek et al., 2004). UGT1A7 has detoxifica-
tion effect on dietary derived carcinogens such as heterocyclic aromatic
hydrocarbons and heterocyclic amines, and shows glucuronidation ac-
tivity on various carcinogens. The inhibitory activity of UGT1A7 is
closely related to the susceptibility to cancer (Yilmaz et al., 2015; Zhang
etal., 2017). UGT2B15 was initially identified as an androgen metabolic
enzyme. Subsequent studies showed that the enzyme metabolized drugs,
including oxazepam, hydroxytamoxifen, lorazepam(Miners et al., 2006;
Rowland et al., 2013). Therefore, the potent inhibition of phloretin to-
wards UGT1A7 and UGT2B15 catalytic activities may lead food-drug
interactions and result in an increased frequency of drug-adverse effects.

FDIs have emerged as a major threat to the safety of oral drug
treatment, potentially leading to treatment failure and even toxic effects
(Amadi and Mgbahurike, 2018). The risk of this interaction is higher in
elderly patients using oral drugs, with a prevalence of 58.5%(Spinewine
et al., 2007). Almost a quarter of all adults in the United States were
found to be taking a prescription medication and a dietary supplement at
the same time(Asher et al., 2017), and the situation may be more
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common in Asian countries. Phloretin possesses numerous biological
activities, which enables it to be an excellent of nutrition supplement or
even a candidate of new drug. Based on the inhibition of transporters,
apple juice (1.2 1) reduced the average AUC of atenolol by 86%(Chen
etal., 2018). Other literature reported that apple juice greatly reduce the
plasma concentrations and renin-inhibiting effect of Aliskiren, probably
by inhibiting its OATP2B1-mediated influx in the small intestine(Tapa-
ninen et al., 2011). Phloretin inhibited OATP2B1-mediated uptake of
estrone-3-sulfate with ICsy values of 1.31 + 0.16 pM(Shirasaka et al.,
2013). Taking above reasons and our experimental data in vitro into
consideration, it is necessary to pay more attention to potential in-
teractions between phloretin and drugs.

In conclusion, the findings show that phloretin is a potent broad-
spectrum inhibitor of UGT isoforms. Food-drug interactions are likely
to occur with medium risk following oral co-administration of large
amounts of apples or apple-derived products with drugs that primarily
undergo UGT1A7- and/or UGT1A9-catalyzed metabolism. As a result,
due to the potential risk, caution should be exercised, and unexpected
toxic and side effects caused by UGT inhibition should be avoided. The
experimental data was, of course, based on an in vitro study. It remains
to be seen whether phloretin and drugs interact in vivo, resulting in
clinically relevant food-drug interactions.
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