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Abstract

Bakuchiol is gaining major interest for treatments against skin photoaging. The kinetics of mushroom
tyrosinase inhibition by bakuchiol, by real-time oxygen sensing and UV-Vis monitoring (475nm),
showed competitive inhibition with average Ki constant (uM, 30°C, pH 6.8) of 6.71+1.23 and
1.15+0.34 for monophenolase and diphenolase reactions respectively, with respective ICso
37.2245.18 and 6.91+0.96 ~ at 1 mM substrate, compared to kojic acid ICsp 34.02+5.51 and
16.86+3.28 uM. Fluorescence quenching showed a single binding mode with formation constant Ka
1.02x108 M1, The antioxidant activity was studied by inhibited autoxidation of styrene and cumene
(PhCl, 30°C) affording inhibition constant kinn=18.1+6.6 (10*Ms*, 30°C) and of MeLin in Triton™
X-100 micelles giving kinn=0.16+0.03 (10*Ms?, 37°C). Stoichiometric factor was 1.9+0.1. ReqEPR
spectroscopy afforded the BDE(OH) as 81.7+0.1 kcal/mol. Bakuchiol is a potent tyrosinase inhibitor
with good antioxidant activity having major potential as natural food preservative against oxidation

and food-browning.

Keywords: bakuchiol; skin-whitening; melanin; food browning; antioxidant; peroxyl radicals.

Compounds investigated in this study:

(S)-Bakuchiol, CAS 10309-37-2 (PubChem CID: 5468522)
O-methylbakuchiol, CAS 10309-44-1 (PubChem CID: 14610678)
Kaojic acid, CAS: 501-30-4 (PubChem CID: 3840)

Mushroom Tyrosinase (EC 1.14.18.1), CAS: 9002-10-2
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1. Introduction

Psoralea corylifolia (L.) is an annual erect herb (30-180 cm in height) native of India and the
subtropical regions, which has wide and long-standing use in Traditional Chinese Medicine and in
Indian Ayurvedic medicine (Chopra, Dhingra & Dhar, 2013; Alam, Khan & Asad, 2018). The edible
seeds (legumes) have the highest medicinal value for the content in bioactive phytochemicals
including sterols, flavonoids, chalcones, psoralenes, terpenes and, most notably, the meroterpene
bakuchiol (Figure 1) (Chopra et al., 2013), named after the Indian traditional name of the plant
(bakuchi, or baguchi, or babchi).

Several studies have outlined important and diverse bioactivities of bakuchiol, such as
antinflammatory; antimicrobial, anticancer, estrogenic, protection from organ damage, from diabetes
and from anxiety and neurological disorders (Chopra et al., 2013; Alam et al., 2018; Oh et al., 2010).
However, the main interest in recent research has been polarized by the structural similarity with
retinol (Vitamin A), which enables mimic bioactivity, particularly in dermatological applications
(Krishna, Edachery & Athalathil, 2022), such as in anti-acne, anti-psoriasis and anti-age treatments
(Chaudhuri & Bojanowski, 2014). Clinical investigations proved similar efficacy to retinol in topical
skincare treatments against photoaging, accompanied by much lower side effects (Dhaliwal et al.,
2019).

Such efficacy is in part attributed to a reported antioxidant activity (Dhaliwal et al., 2019; Haraguchi,
Inoue, Tamura & Mizutani, 2000). The reactivity of bakuchiol with selected radicals was investigated
and its ability to protect rat brain homogenates from autoxidation was shown using the TBARS assay
(Adhikari et al., 2003); however, the absolute antioxidant activity and the trapping of most relevant
alkylperoxyl radicals, which represent the main mechanism sustaining direct antioxidant activity was
not determined, allowing no quantitative comparison with other antioxidants and no rational
exploitation of its properties.

Interestingly, clinical investigation also outlined a skin depigmenting activity, which was judged not

due to the most common mechanism, i.e. the inhibition of tyrosinase enzyme activity (West, Alabi &
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Deng, 2021). Other studies attributed the skin depigmenting activity to reduction of pre-formed
melanin (owing to the antioxidant activity), or to the blocking of a-melanocyte-stimulating hormone
activation, as well as to (not investigated) inhibition of tyrosinase (Dhaliwal et al., 2019). Inhibition
of tyrosinase was shown using immobilized mushroom tyrosinase (mTYR) with an electrophoresis
assay and it was also supported by molecular docking (Cheng & Chen, 2017); however, the reported
ICso value of 100.30 uM for inhibition of diphenolase activity, much higher than for reference
inhibitor kojic acid (5.55 uM) (Cheng & Chen, 2017), appears too high to justify the depigmenting
efficacy outlined in clinical studies, leaving the matter essentially unsettled. Moreover, the inhibition
mechanism and the Michaelis-Menten related constants, which are most relevant in quantifying
enzyme inhibition, have never been determined.

Owing to the major importance of bakuchiol as emerging bioactive food component (Chopra et al.,
2013; Alam et al. 2018; Chaudhuri & Bojanowski, 2014; Dhaliwal et al., 2019; West et al., 2021),
and to the current high interest in plant-derived depigmenting compounds (Mahdavi,
Mohammadsadeghi, Mohammadi, Saadati & Nikfard, 2022; Zhu et al., 2022; He, Fan, Liu, Li &
Wang, 2021; Yang et al., 2021; Song, et al., 2021; Panzella & Napolitano, 2019), particularly for their
efficacy in post-harvest food protection (Zhou et al., 2022), we set up to fill in such gap of knowledge.
The kinetics of mTYR inhibition was investigated in depth, by exploiting our newly developed and
validated method based on real-time oxygen sensing during tyrosinase reaction (Guo, Cariola, Matera,
Gabbanini & Valgimigli, 2022), which we matched to the conventional spectrophotometric and
spectrofluorometric approaches for enhanced reliability. Additionally, we investigated the
antioxidant activity of bakuchiol by state-of-the-art inhibited autoxidation studies both in
homogenous solution and in heterogeneous system (Amorati & Valgimigli, 2018; Guo, Baschieri,
Amorati & Valgimigli, 2021; Guo et al., 2021b), and by electron paramagnetic resonance (EPR)
(Amorati, Pedulli, VValgimigli, Johansson & Engman, 2010), so to complete the picture, affording the
mechanism and absolute kinetics and thermodynamics of peroxyl radical trapping (Valgimigli & Pratt,

2015).
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Our hypothesis was that bakuchiol’s anti-tyrosinase potency is substantially higher that previously
suggested and that the mechanism of its antioxidant activity would require significant revision.

Our hypothesis was particularly that bakuchiol has a previously unrecognized great potential as
natural food preservative, which stems from the combined abilities to protect from air oxidation and

from enzymatic food browning.

2. Materials and Methods
2.1 Materials
(S)-(+)-Bakuchiol (4-[(3S,1E)-3-ethenyl-3,7-dimethylocta-1,6-dien-1-yl]phenol; 99%) was from

Cymit Quimica (Barcellona, Spain). L-Tyrosine (= 98%), L-DOPA (3,4-dihydroxy-L-phenylalanine;
= 098%), kojic acid (5-hydroxy-2-hydroxymethyl-4H-4-pyranone; = 98.5%) and mushroom

tyrosinase (INTYR; EC 1.14.18.1, activity = 3130 units/mg) were purchased from Sigma-Aldrich and
used without further purification. Fresh mTYR solutions were prepared every day and tyrosinase
activity was analysed spectrophotometrically to adjust solutions to fixed tyrosinase Sigma units for
consistent results. Briefly, one Sigma unit corresponds to the amount that will cause an increase in
absorbance at 280 nm of 0.001 per minute at pH 6.8 in a 3 mL reaction mixture containing L-tyrosine.
Sigma units were used throughout this study. One Sigma unit corresponds to 1.65 x 10 international
units (1.U.) for monophenolase activity and to 2.24 x 1072 I.U. for diphenolase activity, as defined by
Fenoll et al. (2002). AAPH (2,2’-azobis(2-methylpropionamidine) dihydrochloride), methyl linoleate

(= 98%) and Triton™ X-100, were used as received. AIBN (2,2'-Azobis(isobutyronitrile); 98%)

was recrystallized from methanol, while 2,4,6-tri-tert-butylphenol (TBP, 98%) was recrystallized
from hexane. Stock solutions of AAPH or AIBN in the desired solvents were prepared immediately
prior to use and/or maintained for maximum 2h or 4h, respectively, at 4°C between subsequent uses,

to avoid significant decomposition. Cumene (98%) and styrene (= 99%) were purified by double

percolation through silica and activated basic alumina columns. Solvents and other chemicals were
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of the highest grade commercially available (Sigma-Aldrich, Merck, VWR; Milan, Italy) and were
used as received.

2.2 Synthesis of (S)-(+)-Bakuchiol methyl ether

MeOBak ((3S,1E)-1-(3,7-dimethyl-3-vinylocta-1,6-dien-1-yl)-4-methoxybenzene) was prepared by
cautious addition of 0.2 mmol of bakuchiol (in dry DMF) to a suspension of 1.4 eg. NaH in dry DMF
at 0°C under N.. The mixture was stirred for 30 min while allowing to reach r.t., then Mel (1.4 eq)
was added dropwise and the mixture was stirred for 4h at r.t. then quenched with brine and extracted
with hexane. The dried (Na2SO4) extract was evaporated under vacuum do afford a yellowish oil
which was purified by column chromatography on silica gel, eluting with hexane/EtOAc 95:5 (yield
85%; purity 99% by GC-MS, see Appendix).

IH NMR (400 MHz; CDCl3) 6 7.30 (2H, d, J = 9 Hz), 6.80 (2H, d, J = 9 Hz,), 6.30 (1H, d, J = 16
Hz), 6.10 (1H, d, J = 16 Hz), 5.88 (1H, dd, J = 18, 11 Hz), 5.11 (1H, t, J = 7 Hz), 5.02 (2H, m), 3.80
(3H, s, OCHa), 1.95 (2H, dt, J = 9, 8 Hz), 1.70 (3H, s), 1.57 (3H, s), 1.50 (2H, m), 1.20 (3H, s) ppm;
in agreement with literature (Hu & Brenner-Moyer, 2022).

MS (EI*, 70 eV) m/z; 271 (2), 270 (M*, 10), 255 (3), 227 (10), 188 (17), 187 (100), 173 (10), 172
(23), 159 (29), 158 (18), 144 (19), 135 (19), 121 (66), 93 (24), 91 (18), 83 (17), 79 (25), 69 (29), 55
(39), 41 (69).

2.3 mTYR kinetic studies by UV-vis spectrophotometry

Kinetic evaluation of tyrosinase reaction with or without inhibitor was carried out using UV-Vis
spectrophotometry similarly to previous methods (Copeland, 2000; Song et al., 2021; Yu & Fan,
2021), following our recent protocol (Guo et al., 2022). Measurements were performed at 30°C in
phosphate buffer (50 mM, pH 6.8) in polystyrene low-volume cuvettes (1.5 mL, | = 1 cm) with a
double-beam spectrophotometer. L-Tyrosine and L-Dopa (5 levels, 0.125-2 mM) were used as the
substrate of mushroom tyrosinase (MTYR, 0.5-5.0 U/ml) for monophenolase and diphenolase
reactions, respectively. Bakuchiol (0 to 12 uM) and kojic acid (0 to 50 uM) were comparatively tested

as inhibitors. Absorbance of dopachrome was measured at 475 nm for a time-period of 20 to 60 min

6
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reading the solution against a reference cuvette containing all reaction components except the
substrate. Absorbance variation vs time at different substrate concentration allowed to obtain initial
velocity (V = AA/Amin) which was converted in pM/min according to Lambert-Beer law as follows:
V (UM/min) = V (AA/Amin) x 10°%/ gxmaxx |. The molar extinction coefficient (g) for dopachrome at
Amax= 475 nm is 3700 M cm™. Michaelis-Menten parameters (Km € Vmax) Were obtained by
processing initial velocity vs substrate concentration data by nonlinear fitting to M-M equation (1),
using Sigmaplot 11.0 (Systat Software Inc., San Jose, California) (Guo et al., 2022). Linearized
Lineweaver-Burk equation (2) was used to identify the inhibition mode (Copeland, 2000). In both
equations, V indicates the measured initial rate of reaction, [S] is the initial substrate concentration,
while Vmax and K are respectively the maximum reaction rate (at saturating substrate concentration)

and the M-M constant. (the substrate concentration yielding half-maximum reaction rate).

Vmax [S]
— Jmax 1] 1
4 Kkmt [S] (1)
1 K. 1
1__Km 2
14 Vmax [S] + Vmax ( )

2.4 mTYR kinetic studies by oximetry

Evaluation of tyrosinase monophenolase and diphenolase kinetics and inhibition by bakuchiol or
kojic acid was carried out by monitoring the oxygen consumption, at 30°C, by miniaturized oxygen
sensing apparatus, based on NIR (760-790 nm) fluorescence quenching, which has previously been
described in detail (Guo et al., 2022). The samples were contained in stirred 2.4 mL glass flasks,
immersed in a water bath. The oxygen consumption was recorded every second, and all reaction
components were maintained as those set for UV-vis spectrophotometry. The raw data collected
directly from the oxygen sensor is a percentage (P) of the saturating oxygen concentration in the
sample, corresponding to 0.236 mM at 30°C which reflects in the sensor reading as 20% (Po). Thus,
the oxygen concentration during the enzymatic oxidation of L-DOPA or L-tyrosine were converted
into mM by the equation: [O2] (mM) =P x 0.236 (mM) / 20%. The initial rate of oxygen consumption

was obtained as (AP) vs time (in seconds) by regression of the initial data range of oxygen
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consumption, and it was converted by equation: V (uM/min) = V (AP/At) x 0.236 x 10° x 60 / Pg
which was used for analysis by non-linear fitting to Michaelis-Menten kinetics (eq. 1). Previous
studies indicate that the stoichiometry of O, uptake / dopachrome formation is 1.5:1 and 1:1 for
substrate L-tyrosine and L-DOPA, respectively (Guo et al. 2022), therefore the rate of O> uptake
recorded for monophenolase reaction was divided by 1.5.

2.5 Fluorescence quenching studies

Fluorescence spectra arising from interactions between bakuchiol and tyrosinase were recorded by a
fluorescence spectrometer (Horiba FluroMax-4) at r.t. similarly to literature (Yu & Fan, 2021). A 2.5
mL solution of tyrosinase (20 U/mL) in 50 mM sodium phosphate buffer (pH 6.8) was placed in
quartz cuvettes and a bakuchiol stock solution in methanol was added portionwise, for a total of 10
additions, to obtain various concentration of bakuchiol in the solution, from 0 to 1.320 uM. Each
resultant solution was incubated for 1 min to equilibrate, before measurement. The excitation
wavelength was set at 280 nm and the emission spectra were collected from 290 to 500 nm with
excitation and emission slits kept at 5 nm.

2.6 Autoxidation studies in homogenous solution

Autoxidation experiments were performed in a two-channel oxygen uptake apparatus, based on a
Validyne DP 15 differential pressure transducer built in our laboratory (Amorati, Pedulli &
Valgimigli, 2011; Baschieri, et al., 2019; Amorati et al., 2016). In a typical experiment, an air-
saturated solution of the oxidizable substrate containing AIBN (0.01-0.1M) was equilibrated at 30 °C
with an identical reference solution containing excess 2,2,5,7,8-pentamethyl-6-hydroxychromane
(PMHC, 25 mM). After equilibration, and when a constant O, consumption was reached, a stock
solution of the antioxidant (typically 1.0 mM in PhCI) was injected in the sample flask, so to reach
the desired concentration in the range 1-20 uM in the sample flask. The oxygen consumption in the
sample was measured after calibration of the apparatus from the differential pressure recorded with

time between the two channels. Initiation rates, Ri, were determined for each condition in preliminary
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experiments by the inhibitor method (eq. 3), where 1 is the length of the inhibition period, using TOH
as a reference antioxidant (Guo et al., 2021a; Guo et al., 2021b).

The inhibition rate constant for peroxyl radical trapping kinn Was obtained from oxygen consumption
plots by egs. 4 or 5, where kp, and 2k, are the rate constants for chain propagation and termination of
the substrate, Ro and Rinn are respectively the rate of oxygen consumption (-d[O2]/dt) in the absence
and presence of the antioxidant, while n is the stoichiometric factor, i.e. the number of peroxyl
radicals trapped by one molecule of antioxidant (Amorati & Valgimigli, 2018; Amorati et al., 2016).
Styrene (kp = 41 M1s; 2k = 4.2x10” Ms?, at 30°C) and cumene (kp, = 0.34 M1st; 2k = 4.5x10* M-

151 at 30°C) were used as the oxidizable substrates (Amorati et al., 2011; Baschieri et al., 2019).

o n[Antiox ] )
R
_ dlo,] _ kp[Substrate]R; (4)

dt nkipnlAntiox]

Rg Rinn _ nkipplAntiox]

5
Rinn Ro \2ktRj ®)

2.7 Autoxidation studies in aqueous micelles

Measurement were performed as previously described (Konopko & Litwinienko, 2022), with
modifications. In a typical experiment, 2.5 mL of air-saturated buffered (PBS, 50 mM, pH 7.4)
aqueous dispersion of MeL.in (final concentration 2.74 mM) in Triton™ X-100 (final concentration
8 mM) micelles were prepared by vortex mixing, then adding a freshly prepared stock solution of
AAPH (final concentration 5 mM), immediately followed by addition 4-16 uL of a (0.5-1 mM) stock
solution of the antioxidant in acetonitrile (final concentration of 2-8 uM) at room temperature. After
brief additional vortex stirring (5-10 sec.) the mixture used to fill in a sealed 2.4 mL glass vial
provided with a PTFE-coated stirring bar. The sample was equilibrated at 37 °C in a thermostatted
bath equipped with a sealed magnetic stirrer and Oz consumption was recorded. Oxygen
concentration was monitored with the same equipment described for mTYR kinetics and data were

similarly treated by the equation: V (M/s) = V (AP/At) x 0.210 x 103/ Po, where Pg is the initial 20%
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O> saturation reading that corresponds to 0.210 mM at 37°C. Oxygen consumption in the presence of
the antioxidant was compared with that recorded with identical reference mixtures lacking the
antioxidant. The inhibition rate constant was obtained from oxygen consumption plots by egs. 3-5,
as described for autoxidation studies in homogenous solution, using k, = 36 Ms™ for MeLin in
micelles (Konopko & Litwinienko, 2022).

2.8 EPR measurements

Deoxygenated tert-butylbenzene solutions containing the phenols (0.01-0.001 M) and di-tert-butyl
peroxide (10% v/v) were sealed under nitrogen in a suprasil quartz EPR tube. The sample was inserted
in the thermostatted (30°C) cavity of an X-band EPR spectrometer and photolyzed with a mercury-
xenon lamp (240-400 nm, max 4500 mW/cm?). Spectra were recorded with the following settings:
modulation amplitude 0.1-1 Gauss, sweep width 60 Gauss, modulation frequency 100 kHz, frequency
9.76 GHz, sweep time 60s, microwave power 0.1-1 mW. Measured g-factors, were corrected with
respect to that of the perylene radical cation in concentrated H.SO4 (g = 2.00258) (Amorati et al.,
2011; Valgimigli et al., 2000). When using mixtures of TBP and bakuchiol in RegEPR experiments,
the molar ratio of the two equilibrating radicals was obtained from the EPR spectra and used to
determine the equilibrium constant, Keq (Johansson et al. 2010; McGrath, Garrett, Valgimigli & Pratt,
2010). Different irradiation power levels (20% to 100%) and different ratios of the two phenols were
tested to guarantee that the two species where at the equilibrium (Amorati et al., 2010). Spectral
parameters and relative radical concentrations were determined by comparison of the digitized
experimental spectra with computer simulated ones, as previously described (Amorati et al., 2010;
Amorati et al., 2011; Brigati, Lucarini, Mugnaini, & Pedulli, 2002).

2.9 Statistical analysis

Each measurement was performed at least in triplicate. Values of Vmax and Vma®®, and of Ky, and
Km®® in the absence and presence of inhibitors were determined from non-linear regression of M-M
plots based on 5-6 concentrations of the substrate, which were analysed by Shapiro-Wilk Test with

significance set at P < 0.05. Results are expressed as regression value + standard error.

10
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3. Results

3.1 Kinetics of mTYR inhibition

/@/\‘/COOH TYR Ho:©/\rCOOH
/ 6
HO NH 112 0, HO NH; ©)

L-Tyrosine L-DOPA
:@/\‘/COOH D/YCOOH
7

120, H,0 ( )

L-DOPA Dopaquinone
OD/\‘/COOH ----""--;) O COOH
------ >
NH —N @ > melanin

o) 2 120, H,0 HO N (8)

Dopachrome
(Amax = 475 nm)

The kinetics of monophenolase and diphenolase reactions of mTYR were studied at 30°C (pH 6.8)
by monitoring the oxygen consumption, respectively during the oxidation of L-tyrosine to L-Dopa
(6) or of L-Dopa to dopaquinone (DQ) (7), and recording the initial rate as a function of the
concentration of the substrate, to afford the typical Michaelis-Menten (M-M) hyperbolic curve (eq.1)
(Guo et al., 2022). At each concentration of substrate, the reaction was performed under identical
settings either in the absence of inhibitors or in the presence of different concentrations of bakuchiol,
clearly showing significant inhibition already in the low micromolar range (Figure 2). Kinetic
analysis was performed by non-linear fitting to M-M equation (eq. 1, Figure 2A,C) while the
linearized double reciprocal Lineweaver-Burk (L-B) plot (eq. 2, Figure 2B,D) was used to identify
the inhibition mode. This approach was found to offer higher accuracy than obtaining the relevant
kinetic parameters (Vmax and Km) from the intercepts using Lineweaver-Burk plots (Guo et al., 2022;
Copeland, 2000).

Concerning the inhibition mode, both for monophenolase and diphenolase reactions, regression lines
in L-B plots obtained at different concentration of inhibitor crossed at (or in close proximity to) the
Y axis Figure 2B,D), implying a constant value of Vmax — the maximum rate of enzyme reaction at

saturating substrate concentration — on increasing the concentration of the inhibitor, which is

11
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indicative of a reversible competitive inhibition (Copeland, 2000). Competitive inhibition is
confirmed by analysis of Vmax and Kn values obtained by fitting M-M curves (Figure 2A, C), collected
in Table 1. While Vmax remains constant within experimental error, the M-M constant Ky — the
concentration of substrate required to produce half-maximum reaction rate — increases linearly with
the concentration of the inhibitors (Guo et al., 2022; Copeland, 2000). Confirmation of this behavior,
typical of competitive inhibitors, is given by the secondary M-M plots of Ki, vs [bakuchiol] (Figures
S4, S5 in Appendix).

To further confirm the above findings, the reactions were also investigated in parallel by the
conventional spectrophotometric approach, monitoring the formation of dopachrome at 475 nm (6-
8), under otherways identical settings. Results (Figure S2, S3 in Appendix) were in excellent
agreement and the corresponding Vmax and Km are compared to those obtained by oxygen sensing in
Table 1. Average inhibition constant K; — the dissociation constant of the enzyme-inhibitor complex
—was 6.71 + 1.23 uM for monophenolase and 1.15 + 0.34 uM for diphenolase reactions. Such low
values indicate high inhibition potency and should be compared with the higher K; values of 10.91
UM and 9.91 uM previously measured under similar settings for reference inhibitor kojic acid (Guo

etal., 2022).

3.2 ICsp values for mTYR inhibition by bakuchiol

Although K; is the most reliable parameter to quantify and compare the potency of enzyme inhibitors,
as it does not depend on enzyme and substrate concentrations (Copeland, 2000), it is most common
in the literature to find activity quantified by the ICso values: the concentration of the inhibitor
affording 50% reduction of the enzyme reaction rate. Hence ICso values for bakuchiol were measured
by comparing the rate of reaction at fixed enzyme activity in the absence (Vo) and presence (V) of
increasing inhibitor concentration [I], according to Langmuir equation (9) (Guo et al., 2022; Copeland,

2000).
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The resulting values obtained both by O» uptake and by spectrophotometry are given in the Appendix
(Tables S1, S2) and, as expected (Copeland, 2000), they grow linearly with the concentration of
substrate. While this somewhat limits their usefulness, comparison among inhibitors is possible by
referring to similar settings, e.g. to a standard 1 mM substrate concentration.

Our values for monophenolase and diphenolase reaction, averaged between O, uptake and
spectrophotometry, were 37.22 + 5.18 uM and 6.76 + 0.73, respectively (Table 1). Reference kojic
acid was investigated for comparison, affording 34.02 = 5.51 uM and 16.86 + 3.28 uM, at 1 mM L-
tyrosine and L-DOPA, respectively, in excellent agreement with previous studies by our group (Guo

etal., 2022),%2 and by others (He at al., 2021).

3.3 Fluorescence quenching study
The quenching of intrinsic tryptophan fluorescence of mTYR by inhibitors is often investigated to
confirm the nature of enzyme-inhibitor interaction (Yu & Fan, 2021). To this end, the fluorescence
of mTYR in 50 mM phosphate buffer (pH 6.8) in the range 290-500 nm (Amax 338 nm) upon excitation
at 280 nm was recorded either in the absence of inhibitor (Fo) and in the presence of growing
concentration of bakuchiol (Figure 2E), in the absence of substrate. On increasing the concentration
of bakuchiol fluorescence intensity (F) progressively decreased, without significant shifting of the
band maxima, indicating no major change in the conformation of the protein (Yu & Fan, 2021). Stern-
Volmer plot (eq.10), relating the relative fluorescence intensity to the concentration of a quencher
[Q], was used to analyze the quenching type, either static or dynamic.

Fo/lF = 1 + kqto[Q] = 1 + Ksv[Q] (10)
In eq. 10 and kq and Ksy are respectively the quenching rate constant and the Stern-Volmer constant,
while 1o (=108 s) is the typical lifetime of the fluorophore in the absence of the quencher (Matyus,

Sz06ll6si & Jenei, 2006). Figure 2F shows that the plot was linear only at low quencher concentration,
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while it shows upward curvature for higher Bak levels. This behavior is often encountered in case of
static quenching, i.e. when the protein and the quencher form a non-emitting stable complex (Méatyus
etal., 2006). The Ksv and kq constants determined by fitting the plot in the linear region afforded Ksy
=4.32 x 10° Mt and kp = 4.32 x 10 M!sL. The bimolecular quenching rate constant k, for bakuchiol
is much greater than the maximum scatter collision quenching constant of dynamic quenchers with
proteins, (2.0 x 10'° M%s), which indicates that the static quenching mechanism is dominating,
implying the formation of a stable complex with mTYR (Yu & Fan, 2021). Dominance of the static
quenching mechanism is also confirmed by fitting the data to the modified Stern-Volmer plot for
static quenching (see Figure S6 in Appendix) (Yu & Fan, 2021; Matyus et al., 2006). The apparent
binding constant (Ka) and the number of binding sites (n) for complex formation between bakuchiol
and mTYR were obtained by processing fluorescence data with eq. 11 (Figure 2G) (Yu & Fan, 2021).
Results were n = 1.06 and K, = 1.02 x 10® M indicating a single binding site and high affinity of
complex formation, fully consistent with the results of enzyme inhibition.

Log [(Fo — F)/F] = LogKa + nLog[Q] (11)

3.4 EPR and RegEPR spectroscopy of bakuchiol phenoxyl radical

Reaction of the O-H group with oxidizing or chain-carrying radicals to afford the corresponding
stabilized phenoxyl radical is the key process sustaining the activity of phenolic antioxidants
(Valgimigli & Pratt, 2015), hence we investigated the phenoxyl radical stability to shed more light

on the antioxidant mechanism of bakuchiol.

8OO —V» 21BO- (12)

'BO+ + BakOH ——> 'BOH + BakO* (13)
Photolysis of di-tert-butylperoxide in the presence of bakuchiol in the cavity of the EPR spectrometer
generated alkoxyl radicals that were trapped forming bakuchiol phenoxyl radical (egs. 12,13), which
was identified by its spectrum, reported here for the first time (Figure 3A). It showed large hyperfine

splitting constants (hfsc/ Gauss, Table 2) due to coupling with the two ortho hydrogens (6.67 G) and
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with the para -CH= (7.05 G), and lower values for coupling with the hydrogen in vinylic position
(3.27 G) and with the hydrogens in meta-position (1.94 G) in line with structurally related radicals
(Amorati et al., 2010; Brigati et al., 2002; Amorati, Ferroni, Pedulli & Valgimigli, 2003). Accordingly,
the g-factor = 2.0041 was typical of phenoxyl radicals and indicative of C/O coupling.
Since the reactivity of phenols like bakuchiol with radicals, hence the antioxidant activity, is dictated
by the bond dissociation enthalpy (BDE) of the O-H group, we measured it by the ReqEPR technique
(Johansson et al., 2010; Brigati et al., 2002), which consists in photolyzing the unknown phenol
(YPhOH = bakuchiol) in mixture with a reference phenol (RPhOH) whose BDE(OH) is known, so to
establish their equilibration (eg. 14). Measurement of the corresponding equilibrium constant (eq. 15)
is achieved by numerical simulation of the EPR spectrum obtained from the mixture, due to
superimposition of the EPR signals of the two radicals, which affords their relative ratio (Figure 3B).
This affords the AH of the reaction via eq. 16 under the reasonable assumption that the entropy change
is negligible (AH~AG) (Brigati et al., 2022). Using 2,4,6-tri-tert-butylphenol (TBP) as the reference,
the BDE(OH) of bakuchiol was determined (eq. 17) as 81.7+0.1 kcal/mol (Table 2), which well
justifies its good antioxidant activity (vide infra). Interestingly, this value is similar to that of the
weakest OH group in (structurally related) resveratrol which, although not experimentally known,
can be estimated as ~ 81.4 Kcal/mol by averaging the calculated (DFT) value (80.2 Kcal/mol) and
the empirical value obtained by the group additivity rule (82.6 Kcal/mol) (Amorati et al., 2003).
RPhOH + YPhO« 2 RPhO- + YPhOH (14)

_ [YPhoH] _ [RPhos]
Keq = [RPhoH] X [VPhos] (15)

AG® = AH® — TAS® = -RTInKeq (16)

BDE(YPhOH) = BDE(RPhOH) — AH° 17)

3.5 Antioxidant activity of bakuchiol in solution and in micelles

The antioxidant activity of bakuchiol was investigated by monitoring oxygen consumption during the
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controlled inhibited autoxidation of reference substrates, which is the golden standard in antioxidant
testing (Amorati & Valgimigli, 2018; Guo et al., 2021a; Guo et al., 2021b; Baschieri et al., 2019;
Amorati et al., 2016), both in homogenous organic solution and in heterogenous micellar system.

In organic solution (PhCI, 30°C) we studied the inhibited autoxidation of two well established
oxidizable substrate, styrene and cumene, having largely different oxidation rates (kp, at 30°C is 41
and 0.34 M1s%, respectively) thereby affording complementary information (Baschieri et al., 2019).
In the autoxidation of styrene initiated by AIBN, bakuchiol produced a slow-down of the oxidation,
without a detectable inhibition period, which was observed instead for reference antioxidant a-
tocopherol (TOH), as shown in Figure 4A. This is due to the major difference in concentration
between the oxidizable substrate and the antioxidant (six orders of magnitude), which severely
challenges the apparent performance of the antioxidant. Analysis of the oxygen uptake plots by eg. 5
afforded the inhibition rate constant — the rate constant for trapping alkylperoxyl radicals — kinn of
2.20 x 10° M (Table 2), which was about one order of magnitude lower than that of TOH (Kinn =
3.2 x 105 M!s1), nature’s premiere lipid soluble antioxidant. The absence of a distinct inhibition
period did not produce information on the stoichiometric factor n, i.e. the number of peroxyl radicals
trapped by one molecule of antioxidant. This however was obtained by studying the inhibited
autoxidation of cumene. Owing to the lower kp. cumene gave clear inhibition periods in the presence
of micromolar bakuchiol, which were proportional to its concentration (Figure 4B), allowing to
determine n as 1.9 + 0.1, which is the typical value (n = 2) expected for a monophenolic antioxidant.
The inhibition constant kinn = 1.42 x 10° Ms? is in good agreement with that measured with styrene,
despite the lower oxidative chain length during inhibition (Table 2). The resulting averaged (styrene
and cumene) value for kinn of bakuchiol in PhCl solution was 1.8 x 10° M1s™, This value, although
lower that reference TOH, is identical within experimental error to that of well-established
antioxidant resveratrol (2.0 x 10° M1s™ at 30°C (Amorati et al., 2003)).

The antioxidant activity in heterogenous systems was investigated using the autoxidation of methyl

linoleate (MeLin, 2.74 mM) in Triton™ X-100 micelles (8 mM) initiated by water soluble AAPH at
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37°C, which is a well-validated kinetic model (Konopko & Litwinienko, 2022). Results summarized
in Figure 4C show that bakuchiol gave distinct inhibition of the autoxidation, whose duration was
proportional to its concentration. Comparison with TOH showed almost identical duration of the
inhibition which afforded (eg. 3) the stoichiometric factor as n = 1.9 £ 0.1, in accordance with the
value recorded in organic solution.

The inhibition constant was obtained from the slope of the inhibited period by eq. 4, as kinn = (1.6
0.3) x 10® Mis? (Table 2). For comparison, reference TOH under the same experimental settings
afforded kinn = (1.5 £ 0.2) x 10* M's in good agreement with literature using the same kinetic model
(Konopko & Litwinienko, 2022). As also found in homogenous solution, bakuchiol traps peroxyl
radical in micelles about one order of magnitude slower than TOH; however, it is interesting to note
that its antioxidant activity in micelles is almost identical to that recently reported for resveratrol (1.5

x 10° M1st at 37° pH 7 (Konopko & Litwinienko, 2022)).

3.6 Antioxidant activity of bakuchiol O-methyl derivative MeOBak

Since a previous study suggested that bakuchiol antioxidant activity is due only in part to the phenolic
-OH group, while the terpenic chain in 4-position also contributes by trapping radicals (Adhikari et
al., 2003), we synthesized the protected MeOBak derivative by O-methylation of bakuchiol, and
tested it as an antioxidant in parallel autoxidation studies, using the oxidation of styrene in PhCI
solution and of MeL.in in Triton™ X-100 micelles as model systems.

When tested under experimental settings identical to those used of native Bak, MeOBac showed no
inhibition of the autoxidation of styrene (Figure 4A): similarly, no protection was observed in the
autoxidation of MeLin in micelles, where oxygen consumption plots recorded in the presence of
MeOBak were hardly distinguishable from those obtained without antioxidant (Figure 4C). This
allowed to exclude any direct involvement of the terpene chain in the antioxidant activity of bakuchiol

under our experimental settings (vide infra).
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4. Discussion

Kinetic studies on tyrosinase inhibition performed in parallel both by real time O2 sensing and by
spectrophotometric monitoring of dopachrome afforded superimposable results which support each-
other and demonstrate major inhibition efficacy by bakuchiol, already in the low micromolar range,
at variance with a previous report that indicated very modest inhibition, even at concentration of 1
mg/mL (West et al., 2021). Inhibition is competitive both for monophenolase and diphenolase
reaction, with M-M related inhibition constant Kjof 6.71 £ 1.23 uM and 1.15 £ 0.34 uM, respectively,
indicating higher inhibition potency for diphenolase reaction — it should be recalled that lower values
indicate higher activity. K values measured in kinetic studies, which represent the dissociation
constant of the enzyme-inhibitor complex, are fully consistent with the Ka value of 1.02 x 10° M
determined by fluorescence quenching, which represents the apparent formation constant for such
complex. Interestingly, K; values are lower than those we previously measured for reference inhibitor
kojic acid (10.91 uM and 9.91 uM for monophenolase and diphenolase inhibition respectively) (Guo
et al., 2022), indicating higher bioactivity of bakuchiol.

Although less robust in quantifying inhibition potency, owing to their dependence on substrate and
enzyme concentration, 1Cso values also support high anti-tyrosinase activity of bakuchiol. Values
measured by O> sensing ranged 12-33 uM for monophenolase inhibition and 2-18 uM for diphenolase
inhibition in the tested concentration range (see Appendix), while values obtained by
spectrophotometry nicely matched the above (see Appendix). Taking 1 mM substrate as reference
setting for comparison and using averaged results from O sensing and spectrophotometry, ICso
values measured here for kojic acid indicate similar activity for monophenolase inhibition (34.02 uM
vs 37.22 uM), while for diphenolase inhibition bakuchiol (ICso = 6.76 uM) was sensibly more
effective than kojic acid (ICso = 16.86 uM). This is at variance with a previous study reporting 1Cso
values of bakuchiol 18-folds higher than kojic acid for diphenolase inhibition (Cheng & Chen, 2017),

and proves a sensibly higher anti-tyrosinase activity of bakuchiol than previously expected.
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It was recently shown by Kang et al. (2020). that a phytoestract of P. corylifolia containing 77%
bakuchiol reduced melanin biosynthesis in normal human epidermal melanocytes and the activity
was attributed to reduction of tyrosinase enzyme expression and to reduction of TRP-1, TRP-2 and
SOX-9 supporting proteins in melanocytes, without significant toxicity. The study showed also a
downregulation of melanocyte dendrites formation, necessary to the transfer of melanosomes to
neighboring keratinocytes. Our current data highlight an additional complementary mechanism for
the depigmenting activity outlined in that (Kang et al., 2020) and other studies (Dhaliwal et al., 2019;
West et al., 2021): the potent inhibition of tyrosinase reaction. This hopefully completes the picture
allowing full rationalization of bakuchiol’s depigmenting activity. Most important, it opens to new
applications of bakuchiol based on its interference with tyrosinase chemistry (vide infra).

Being a phenolic compound, the antioxidant activity of bakuchiol is expectedly dictated by its ability
to quench chain-carrying peroxyl radicals to the corresponding hydroperoxide, by formal H-atom
transfer from the phenolic OH (18) (Amorati & Valgimigli, 2018). Inhibited autoxidation studies
indicated a stoichiometric factor n ~ 2 (1.9£0.1) both in organic solution and in aqueous micelles;
therefore, a second peroxyl radical is trapped by the resulting phenoxyl radical, most typically by
addition to the aromatic ring in conjugated positions (arrows in eq. 19) (Valgimigli & Pratt, 2015),

or possibly by styryl-type addition (19).

<:> J Rk <:> Vai
ROO* + HO _7inh__ ROOH + <O
(18)
R

ROO* + 'O‘QJ 9 Roo*+ O —
N

Wherever the second ROOQ- trapping occurs, it is not regulating the antioxidant activity, which is

(19)

dictated by rate-determining reaction 18 (Amorati & Valgimigli, 2018). Since the BDE(OH) of the

alkylhydroperoxides is 88.6 kcal/mol (Amorati et al., 2011; Amorati, Menichetti, Mileo, Pedulli &

Viglianisi, 2009), our present measurement of the BDE(OH) of bakuchiol by ReqEPR as 81.7
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kcal/mol affords the AH® of reaction 18 as -6.9 kcal/mol, which justifies bakuchiol’s efficient trapping
of ROO- radicals (kinn = 1.8 x 10° M1s't in PhCI solution at 30°C).

Indeed, the BDE(OH) value of bakuchiol can be correlated to its reactivity via linear Evans-Polanyi
relationships between log(kinn) and BDE(OH), which are well established for phenolic antioxidants
Amorati, et al., 2009). When such a plot is built for differently substituted phenols using literature
data in apolar organic solution (Johansson et al., 2010; Amorati, et al., 2009), parallel correlations
lines are observed depending on the steric hindrance in ortho-position to the reactive OH group
(Figure 4D). It should be noted that bakuchiol perfectly fits in the correlation line for phenols lacking
ortho substituents, implying that its reactivity with peroxyl radicals stems entirely from reaction of
the phenolic OH group, while the terpenoid chain would influence its reactivity only due to its
electronic properties, i.e. by stabilizing the phenoxyl radical and lowering the BDE(OH).

Our findings are at variance with a previous study which attributed part of the antioxidant activity of
bakuchiol to the terpenoid chain (Adhikari, et al., 2003). This conclusion was drawn mainly for the
finding that the O-methylated derivative (MeOBak) reacted with thiyl radicals (by H-abstraction in
the allyl positions) forming detectable transient species. However, it should be noted that the reaction
of the side chain with some radical does not imply its antioxidant action. Indeed, the formed C-
centered radical (R¢) would rapidly react with oxygen forming an alkylperoxyl radical ROO- that
likely propagates the oxidative chain (Amorati & Valgimigli, 2018). As a proof of concept, we
prepared MeOBak and tested it as an antioxidant both in the autoxidation of styrene in solution and
of MeL.in in micelles. Our results indicated no antioxidant activity of MeOBak in both systems under
our testing conditions, confirming that the antioxidant activity of bakuchiol stems entirely from the
phenolic OH, while the side chain would contribute by increasing its reactivity. However, it is
possible that at much higher concentration and depending on the exact experimental settings, the
terpenic chain would have chain termination-enhancing behavior, and show some minor antioxidant
activity via a different mechanism we previously disclosed for non-phenolic terpenoids like linalool

(Baschieri, Ajvazi, Tonfack, Valgimigli, & Amorati, 2017).
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The lower antioxidant activity of bakuchiol in micelles compared to apolar organic solution (kinn of
1.6 x 10° M1s? vs 1.8 x 10° Ms?) follows the well-known behavior of any phenolic antioxidant and
it pairs with a similar reduction in activity of reference TOH (Kinn from 3.2 x 10 M*s* to 1.5 x 10*
M-1s1). It is partly due to H-bonding of the phenolic OH group at the water-lipid interface and partly
due to rate-limiting exchange of radicals and antioxidants among micellar particles (Amorati et al.,
2016).

It is interesting to note that, both in apolar organic solution and in aqueous micelles, the antioxidant
activity of bakuchiol perfectly matches that of well-established antioxidant resveratrol, which boosts
the interest for the potential applications of bakuchiol.

The co-existence of good antioxidant activity and high tyrosinase inhibiting activity fully justifies the
interest for bakuchiol in topical skin-care treatments, e.g. against photoaging (Chaudhuri et al., 2014;
Dhaliwal et al., 2019; West et al. 2021; Mahdavi et al., 2022; Zhu et al., 2022), which meets a growing
demand for plant-derived compounds with such bioactivity (Panzella & Napolitano, 2019).

Most interestingly, our results also suggest a previously overlooked potential of bakuchiol: its use as
natural food preservative. Not only bakuchiol outperforms reference kojic acid as tyrosinase inhibitor,
it also outperforms by over one order of magnitude the efficacy in peroxyl radical trapping of
ubiquitous food preservative butylated hydroxytoluene (BHT, kinn ~ 1 x 10* M1s at 30°C in PhCI)
(Amorati et al., 2003), promising much improved protection against oxidative damage combined with

excellent protection from enzymatic food-browning.

5. Conclusions

This study addresses for the first time on quantitative grounds the kinetics of tyrosinase inhibition
and of peroxyl radical trapping by bakuchiol, highlighting anti-tyrosinase activity significantly higher
than previously expected, with competitive mechanism both toward monophenolase and diphenolase
reactions and K; values of 6.71+1.23 pM and 1.15+0.34 puM respectively. These values are

significantly lower than the values for reference kojic acid implying higher potency, confirmed also
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by the measured ICso values (1 mM substrate) of 37.22 uM, and 6.76 uM for monophenolase and
diphenolase inhibition by bakuchiol vs 34.02 uM and 16.86 uM for kojic acid. This verifies our initial
hypothesis. At the same time, the rate constant of peroxyl radical trapping kinn of 1.8 x 10° M1s
(PhCI solution) and the corresponding value in aqueous micelles are indistinguishable from those of
well-established antioxidant resveratrol (Konopko & Litwinienko, 2022) and over 10-folds larger
than those of ubiquitous food preservative BHT (Amorati et al., 2003). They stem entirely from the
phenolic function and justify the interest for this food-borne molecule. While our guantitative data
help rationalize the activity shown in skin-care treatments (Dhaliwal et al., 2019; West et al. 2021;),
the combination of such two properties (anti-tyrosinase and antioxidant) offers full rational for a
previously overlooked application as natural food preservative, potentially able to contrast food
spoilage arising both from air oxidation and from enzymatic browning, which are regarded in the
food industry as the main undesired events in post-harvest processing and preservation of fresh food
(Mahdavi et al., 2022). The lack of significant toxicity arising from previous studies (Dhaliwal et al.,
2019; Kang et al., 2020) and the reported antimicrobial/antifungal activities (Alam et al., 2018) make
this phytochemical even more interesting in this regard. Thus, our current results call for further

research to fully explore the previously overlooked potential of bakuchiol in the food industry.
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Appendix A. Supplementary data

GC-MS analysis of bakuchiol and MeOBak, kinetic plots of tyrosinase inhibition monitored by
spectrophotometry, tables of ICso values of bakuchiol, additional plots of fluorescence quenching
and additional ReqEPR spectra, oxygen uptake during anzymatic vs. spontaneous oxidation of
Dopa.

Notes

" DOPA in aqueous solution undergoes spontaneous autocatalytic oxidation (Roginsky, Barsukova,
Bruchelt, & Stegmann, 1997); however, this was estimated to account for less than 2% of our
measured rates of mTYR-catalyzed reaction, having non-significant influence on the reported
Kinetics (see Appendix, Figure S8).

8 In cumene TOH produced complete inhibition (not shown) i.e. the chain length vinn was close to 1,

therefore it was used as a reference only for measuring the rate of initiation R; via eq 3.
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701  Table 1. Kinetic parameters of tyrosinase inhibition by bakuchiol at 30°C (pH = 6.8). Kinetic data

702  were obtained by non-linear fitting of M-M plots at different bakuchiol concentrations, by O>

703  sensing and UV-Vis spectrophotometry.?

Monophenolase (substrate = L-tyrosine)

O2 Uptake
Bakuchiol K, or KiPP ¥, or VAPP K; Average K; 1Cs
(nM) (mM) (UM/min) (M) (M) (M)
1 mM substr.
0 0.19£0.02 4.20£0.10 -
1 0.21+£0.01 3.98£0.25 8.04
2 0.26+003  3.96%0.05 5.80 f69933 fgjﬁ
4 0.30 £0.02 4.02 £0.10 7.11 - -
8 0.41+0.04 4.00£0.17 6.76
UV-Vis Spectrophotometry (dopachrome formation)
Bakuchiol K., or KPPV, or VPP K; Average K; ICs
(uM) (mM) (LM/min) (M) (M) (M)
1 mM substr.
0 0.19£0.02 411+0.14 -
1 0.22+0.02 4.13+0.16 5.92 6.49 41.09
4 030£001  4.12%0.07 6.48 0.58 3.12
8 0.40 £ 0.03 4.16 £0.13 7.07
Averaged values (O2 and UV-Vis) 6.71+1.23 37.22+5.18
Diphenolase (substrate = L-DOPA)
O, Uptake
Bakuchiol K, or K2PP V,, or VPP K, Average K; ICsg
(1M) (mM) (1M/min) (HM) (UM) (UM)
1 mM substr.
0 0.20£0.01 9.84 £ 0.07 -
0.5 0.32£0.02 9.73+0.17 0.81
1 0.38 £0.02 9.62+0.16 1.07 1.16 7.06
2 0.49 £ 0.03 9.75+0.20 1.33 +0.28 +0.42
4 0.75 £ 0.09 9.82£0.42 1.44
UV-Vis Spectrophotometry (dopachrome formation)
Bakuchiol K, or K2PP V,, or VPP K; Average K; ICsg
(uM) (mM) (LM/min) (M) (M) (HM)
1 mM substr.
0 0.20+£0.02 10.26 £0.25 -
0.5 0.30£0.03 9.98 +£0.24 1.03 1.13 6.76
1 0.36+£0.05 10.12+0.38 1.26 +0.12 +0.73
2 0.56 £ 0.09 9.73+0.51 1.11
Averaged values (O2 and UV-Vis) 1.15+0.34 6.91 +0.96

704 @ Vmax and Kmor Vmax®P and Kn®® refer to not inhibited and inhibited assays, respectively. f
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Table 2. EPR spectral parameters of bakuchiol phenoxyl radical, BDE(OH) determined by ReqEPR
radical equilibration at 30°C in tert-butyl-benzene (n = 10), rate constants for trapping peroxyl
radicals (kinn) and stoichiometric factor (n) measured in the autoxidation of styrene and cumene in
homogenous solution (PhCI, 30°C), and of MeL.in dispersed in Triton X-100 micelles (37°C), all

inhibited by bakuchiol.

Thermodynamics of the -OH group

Radical hfsc / Gauss 2 g-factor

Bak(') 6.67 (2Horth0); 1.94 (2Hmeta); 7.05 (Hpara); 3.27 (Hvinyl) 2.0041

TBP(') 1.77 (2Hmeta); 0.18 (18H) 2.0046
YPhOH RPhOH Keg BDE (Kcal/mol)
Bak TBP 14.25 £ 2.07 81.7+£0.1

Kinetics of ROO- trapping

Substrate (medium) kinh (10* M1s) n° Vinh®
Styrene (solution) 22.0+£3.0 n.d. 172
Cumene (solution) 142 +2.2 19+£0.1 7.5
Average in solution 18.1+6.6 19+0.1

MeLin (micelles) 0.16 +0.03 19+0.1 10.6

aHyperfine splitting constants in Gauss (= 0.1 Tesla). Stoichiometric factor = number of peroxyl
radical trapped by one molecule of antioxidant. ¢ Kinetic chain length vinh = Rinn/R
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FIGURE CAPTIONS

Figure 1. Structure of investigated bakuchiol and the methyl ether compared to retinol.

Figure 2. (A-C) Kinetics of mTYR reaction (30°C, pH 6.8) monitored by O uptake, inhibited by
bakuchiol, for (A, B) monophenolase reaction (substrate = L-Tyrosine; mTYR 1.6 U/mL) and (C, D)
diphenolase reaction (substrate = L-DOPA, mTYR 0.8 U/mL). Graphs represent Michaelis-Menten
hyperbolic plots (A, C) and Lineweaver-Burk linear plots (B, D) of the same experiments. (E-G)
Fluorescence emission spectra of mTYR (20 U/mL) in the absence (a) and the presence (b-k) of
increasing concentration of bakuchiol up to 1.320 uM (E), the corresponding Stern-Volmer plot (F),
and the log-log plot (eg. 11) relating fluorescence quenching to the number of binding sites (n) and

complex formation constant K; (G).

Figure 3. EPR (X-band) spectrum recorded by photolyzing in the cavity of the spectrometer (in tert-
butylbenzene/'BOO'B 9:1, at 30°C): (A) bakuchiol, (B) a mixture of bakuchiol and TBP 20:1.
Simulations were obtained by Monte Carlo method using the parameters in Table 2. The spectral lines

due to TBPe radical are indicated by an arrow (B): the resulting radical ratio was 1.26:1 (Bake/TBPs).

Figure 4. Oxygen consumption plots recorded during the autoxidation of 4.3 M styrene in PhCI (A),
and 3.6 M cumene in PhCI (B), both initiated by AIBN (0.05 M) at 30°C, or of 2.74 mM MeLin in 8
mM Triton™ X-100 micelles initiated by 5 mM AAPH at 37°C, pH 7 (C), without inhibitors (dashed
line) or in the presence of bakuchiol, or MeOBak, or TOH, as indicated. Thin lines represent the
regression of the inhibited periods. In panel (D) Evans-Polanyi correlation of the rate constant kinn (at
30°C) for trapping ROOe radicals by phenols with 2,6 (ortho) substituents of different size vs their

BDE(OH). The data point of bakuchiol is indicated by a full star (*).
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Figure 1. Structures of investigated bakuchiol and the methyl ether compared to retinol.
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Figure 2. (A-C) Kinetics of mTYR reaction (30°C, pH 6.8) monitored by O> uptake, inhibited by
bakuchiol, for (A, B) monophenolase reaction (substrate = L-Tyrosine; mTYR 1.6 U/mL) and (C, D)
diphenolase reaction (substrate = L-DOPA, mTYR 0.8 U/mL). Graphs represent Michaelis-Menten
hyperbolic plots (A, C) and Lineweaver-Burk linear plots (B, D) of the same experiments. (E-G)
Fluorescence emission spectra of mTYR (20 U/mL) in the absence (a) and the presence (b-k) of
increasing concentration of bakuchiol up to 1.320 uM (E), the corresponding Stern-Volmer plot (F),
and the log-log plot (eq. 11) relating fluorescence quenching to the number of binding sites (n) and
complex formation constant K, (G).

33



787

788
789

790

791

792

793

794

795

796

797

304 A

20 - ’q
2
@ 101
c
L
= 0
3 U
2
W 40

20 A

Experimental
—— Simulated
'30 T T T T
3350 3360 3370 3380
Magnetic Field (Gauss)
60
B 1

40 -
2 20 1
‘@
c
Q
£ o0
©
c
2
) -20 |

-40 -

Experimental
—— Simulated
-60 T T T T
3350 3360 3370 3380

Magnetic Field (Gauss)

Figure 3. EPR (X-band) spectrum recorded by photolyzing in the cavity of the spectrometer (in tert-
butylbenzene/'BOO'B 9:1, at 30°C): (A) bakuchiol, (B) a mixture of bakuchiol and TBP 20:1.
Simulations were obtained by Monte Carlo method using the parameters in Table 2. The spectral lines

due to TBP- radical are indicated by an arrow (B): the resulting radical ratio was 1.26:1 (Baks/TBP*).
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799  Figure 4. Oxygen consumption plots recorded during the autoxidation of 4.3 M styrene in PhCI (A),
800 and 3.6 M cumene in PhCI (B), both initiated by AIBN (0.05 M) at 30°C, or of 2.74 mM MeLin in 8
801 mM Triton X-100 micelles initiated by 5 mM AAPH at 37°C, pH 7 (C), without inhibitors (dashed
802 line) or in the presence of bakuchiol, or MeOBak, or TOH as indicated. Thin lines represent the
803  regression of the inhibited periods. In panel (D) Evans-Polanyi correlation of the rate constant kinn (at
804  30°C) for trapping ROO- radicals by phenols with 2,6 (ortho) substituents of different size vs their
805 BDE(OH). The data point of bakuchiol is indicated by a full star ().
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