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Bee pollen is one of interesting bee products which contain many bioactive
compounds. However, its constituents depend on habitats and species of food plants. That
results in a variety of bioactivities. In Thailand, there are many types of bee pollen, but
there are few reports on their biological activities. In this study, bee pollen of A. mellifera
was focused. Six types of monofloral bee pollen were harvested and identified as floral
pollen of tea (Camellia sinensis L.), sunflower (Helianthus annuus L.), giant sensitive plant
(Mimosa diplotricha), lotus (Nelumbo nucifera), leuuang tipwan (Xyris complanata), and
sap raeng sap ka (Ageratum conyzoides) flowers. The crude extracts were prepared
sequentially with methanol, dichloromethane, and hexane. Total phenolic and flavonoid
contents were determined. Then, antioxidant capacity and enzyme inhibitory properties
were tested. For phenolic and flavonoid contents, it was found that dichloromethane is the
most suitable partition solvent, especially partitioned extracts of H. annuus L. and M.
diplotricha had the highest phenolic content. Meantimes, the extracts of M. diplotricha had
the highest flavonoid content which coincided to the highest antioxidant properties in many
assays (ABTS, DPPH, TEAC, and FRAP). For enzyme inhibitory activity, the extracts of
M. diplotricha, X. complanata, C. sinensis L., and H. annuus L. were effective inhibitors
for lipoxygenase, a-amylase, lipase, and tyrosinase, respectively. In contrast, none of the
extracts showed acetylcholinesterase inhibitory activity. According to the interesting
activity in terms of the half-maximal inhibitory concentration (ICse) of the H. annuus L.
and M. diplotricha extracts, they were purified by chromatographic techniques. By
chemical structure analysis, it was found that palmitic acid, linoleic, and linolenic acids
belonging to the group of free fatty acids were the major active compounds presenting
porcine pancreatic lipase inhibitory activities. Also, triferuloyl spermidines isolated from
M. diplotricha bee pollen exhibited as antioxidants and anti-lipoxygenase agents. In
addition, the inhibitory effect of safflospermidine A and B isolated from H. annuus L. bee
pollen on melanogenesis in B16F10 melanoma cells was studied. Safflospermidine mixture
significantly reduced intracellular and extracellular melanin levels in B16F10 cells with no
cytotoxicity. This study demonstrated that the predominant biological activity was
depended on types of bee pollen. Therefore, bee pollens have the potential to be used as
nutraceutical food. Also, anti-melanogenesis agents were rich in H. annuus L. bee pollen
extract which can be developed to be an additive in cosmetic products.
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CHAPTER |
INTRODUCTION

1.1 Background

In recent years, consumers' nutritional patterns have changed. Natural and
functional foods have become more popular as people realize they can prevent and
treat ailments. Consequently, natural products, particularly bee products, are gaining
popularity (Gercek et al., 2021). Valuable bee products such as honey, royal jelly, bee
wax, bee pollen, propolis, and even bee venom were mostly produced by western
honeybee A. mellifera (Giampieri et al., 2022), native to Europe, the Middle East, and
Africa. However, it has been spread extensively beyond its natural zone due to
economic benefits (Tihelka et al., 2020). A. mellifera was brought to be cultured in the
beekeeping industry because it can be managed in a hive box. Also, it has harmless
behavior. Therefore, it is convenient to harvest bee products, and plays an important
role as pollinators of native plants and agricultural crops (Hung et al., 2018). Bee
pollen is one of the economic bee products produced by honeybees. When workers
collect nectar from flowers as food sources, they also collect floral pollen. The
collected floral pollen is mixed with nectar, enzyme, wax, and bee secretion. Then, a
small pellet is formed and kept in a pollen basket at hind legs. Bee pollen has highly
complexing and nutritionally chemical compositions, but its constituents are variable
depending on biogeographic (regional) origin, ecological habitat, floral origin, or even
the season. The major components include proteins, essential amino acids, reducing
sugars, lipids, and crude fiber. The minor components are minerals (such as Ca, Mg,
Fe, Zn, Cu), vitamins [such as provitamin A (B-carotene), vitamin E (tocopherol),
niacin, thiamine, biotin, folic acid], and enzymes or co-enzymes. Bioactive substances
are flavonoids, polyphenols, unsaturated/saturated fatty acids (linoleic, y-linoleic,
archaic, phospholipids, phytosterols, including p-sitosterol, P-sitosterol), and terpenes.
In addition, bee pollen is found to be variously dominant in bioactivities such as anti-
inflammatory, anticarcinogenic, antibacterial, antifungicidal, and hepatoprotective
activities (Denisow & Denisow-Pietrzyk, 2016).



Bee pollen is reported as a good source of polyphenol and flavonoid
compounds, which can scavenge free radicals. The mixed pollen loads from Bayburt
contain flavonoids such as rutin, kaempferol, and quercetin that have antioxidant
activity (Gercek et al., 2021). In addition, rutin, p-hydroxybenzoic acid, benzoic acid,
resveratrol, quercetin, cinnamic acid, vanillin, kaempferol, protocatechuic acid, and p-
coumaric acid in methanol extract of rape bee pollen from China had the better
antioxidant properties than ascorbic acid (positive control) (Sun et al., 2017).
Therefore, rape bee pollen extracts could be used as an antioxidant agent. As known,
the antioxidant is also needed to prevent people from diseases and skin disorders that
can occur by free radical-induced processes. Moreover, bee pollen is found to be the
source of many enzyme inhibitors that can be used to treat many diseases and can
substitute the use of artificial enzyme inhibitors, which have some adverse side
effects. The multifloral bee pollen, dominant in the floral pollen of Myrcia spp.,
showed good lipoxygenase inhibition while the bee pollen, dominant in the floral
pollen of Spondias spp., showed lipase inhibitory activity. Therefore, bee pollen in
this work could be used as an anti-asthma and anti-obesity agent (Aradjo et al., 2017).
Also, luteolin from n-butanol partition extract of Fagopyrum esculentum bee pollen
showed a strong acetylcholinesterase inhibitory activity, therefore, luteolin might be
applied to use in Alzheimer’s disease treatment (Li et al., 2019). According to Daudu
(2019), the a-amylase inhibitory activity from bee pollen in Nigeria was more
significantly potent than acarbose. Furthermore, it showed that bee pollen contained
phenol and flavonoid compounds which were effective inhibitors of a-amylase,
indicating the therapeutic potential of bee pollen in managing diabetes. The
polyphenol in apricot and sunflower bee pollen is the active component for tyrosinase
inhibitory activity (Zhang et al., 2015). In addition, the key component in tyrosinase
inhibition is trisubstituted hydroxycinnamic acid with the substituents of p-coumaroyl,
caffeoyl, and feruloyl spermidines isolated from camellia bee pollen extract (Su et al.,
2021). Moreover, rape bee pollen extract can suppress intracellular tyrosinase (TYR)
activity, reduce mRNA expression of TYR and TRP-1, and significantly decrease
melanin content in B16 mouse melanoma cells and promote glutathione synthesis.
These results revealed that rape bee pollen extract could be used as a skin whitening
agent in cosmetic products (Sun et al., 2017).



From previous reports on bioactivity, bee pollen has been proven to be used in
nutritional supplements and pharmaceutical benefits. According to the large number
of diverse monocrops cultivated in Thailand, many types of monofloral bee pollen
exist. Bee pollen is considered monofloral when it comes from a single botanical
source or when at least 80% of the sample is composed of pollen from a single species
(Campos et al., 2008). However, due to little attention to the bioactivity of bee pollen,
people are unaware of the benefits of bee pollen. Therefore, to increase value and
promote the consumption of bee pollen, in this work, many types of monofloral bee
pollens from the floral pollen of Camellia sinensis L., Helianthus annuus L., Mimosa
diplotricha, Nelumbo nucifera, Xyris complanata, and Ageratum conyzoides will be
collected. Floral origin will be identified to confirm the types of bee pollen. All the
partial ITS-2 DNA sequences obtained in this study were aligned with identified

sequences from the GenBank database (Figures 1.1-1.6).

Camellia sinensis cultivar Bannockburn-777 5.8S ribosomal RNA gene, partial sequence; internal transcribed spacer 2, complete
sequence; and large subunit ribosomal RNA gene, partial sequence
Sequence ID: MN242039.1 Length: 440 Number of Matches: 1

Range 1: 13 to 440 GenBank Graphics

Score Expect Identities Gaps strand
791 bits(428) 0.0 428/428(100%) 0/428(0%) Plus/Minus

Query 21 CGGTTCGCTCGCCGTTACTAGGGGAATCCTTGTAAGTTTCTTTTCCTCCGCTTATTGATA 90

II\H\\\\\
sbjct 448 CGGTTCGCTCGCCETTACTAGGGGAATCCTTGTAAGTTTCTTTTCCTCCGCTTATTGATA 381

Query 91 TGCTTAAACTCAGCGGGTAATCCCGCCTGACCTGGGGTCGLGATCGGAGCGCCTTGGCGG 150

Sbjct 380 TGCTTAAACTCAGCGGGTAATCCCGCCTGACCTGGGGTCGCGATCGGAGCGCCTTGGCGG 321

Query 151 CGGCGCGATAGGGTCACGACAGGCCTCCCGCGACGGACCGGACGCGCGCGAGGCGACGCA 210

Sbjct 320 CGGCGCGATAGGGTCACGACAGGCCTCCCGLGACGGACCGGACGCGCGCGAGGCGACGCA 261

Query 211 ACGGTTTGTCAACCACCACTCGTCGCGACGCGTCGTCGGTCGCGGGGGACTCGCTTTTGG 270

Sbjct 260 ACGGTTTGTCAACCACCACTCGTCGCGACGLGTCGTCGGTCGCGGGGGACTCGCTTTTGE 201

Query 271 G GGGGCCAACATCCGCCCGCAGCCCTTCTTCCCCCC 330

it

\
sbjct 200 GCCGACCG(GCGCGGGCGCGCGCGGGGGGCCAACATCCGCCCGCAGCCCTTCTTCCCCCC 141
Cg

£CGCGGGCGACGCAACGTGAGACGCCCAGGCAGGCGTGCCCTCA 390

Query 331 TTCG
[11
Sbjct 140 TTCGCGGGGGGAGGGGGCGCGGGCGACGCAACGTGAGACGCCCAGGCAGGCGTGCCCTCA 81

Query 291 ACCTAATGGCTTCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCGCGGGATTCTGCAA 450

) \\ll\\\\\\\\\||||||||||||\\\\\\\\ll\\\\\\\\\lll\\\\\\\\\ll\
sbjct 88  ACCTAATGGCTTCGGGCGCAACTTGCG AGACTCGATGGTTCGCGGGATTCTGCAA 21
Query 451 TTCACACC 458

Sbjct 20 TTCACACC 13

Figure 1.1 The sequence alignment of the partial ITS-2 region of Camellia sinensis L.

species with sequences from the GenBank database



Helianthus annuus external transcribed spacer, 185 ribosomal RNA gene, internal transcribed spacer 1, 5.85 ribosomal RNA
gene, internal transcribed spacer 2, and 26S ribosomal RNA gene, complete sequence
Sequence ID: KF767534.1 Length: 9814 Number of Matches: 1

Range 1: 3850 to 4213 GenBank Graphics

Score Expect Identities Gaps Strand
577 bits(312) 5e-160 347/364(95%) 1/364(0%) Plus/Minus
Query 1 GGGAATCCTTGTAAGTTTCTTTTCCTCCGCTTATTGATATGCTTAAACTCAGCGGGTAGT 60
. IHIHHI CLCLEEDTEEEEERE e LT TELL
sbjct 4213 GAATCCTAGTAAGTTTCTTTTCCTCCGCTTATTGATATGCTTAAACTCAGCGGGTAGT 4154
Query 61 GCGATCGAAGCATCGTCATAAGACAACACATCAGTGGACTTT 120
. IHIHHIH\IIIIIIIIIIIIIIIIIIIIIIIHI\\HIHHIHH Ny
sbjct 4153 CGCGATCGAAGCATCGTCATAAGACAACACATCAGGGTACTTT 4094
Query 121 AAAAGGATCTACTCTCAAGAAAI CACGACACGATACGACAGTCTTATCAACCAC 180
. 1] HIH\IIIIIIIIIIIIIIIIIIIIIIIHI\ LU LT
Sbjct 4093 AAGAGCATCTACTCTCAA GTAAACGCACGACACGAGACGACTGTCTTATCAACCAC 4034

Query 181 CACTAGTCGTGCGTCACTCATGAGGGGACTTCTATTTAGGCCAACCGTGCCATGG-CACA 239
et s AL LT AT A S0
Query 240 GGAGACCAATCTCCGCCCCAACACAAGACAGCCCTATAGGGGATGCCTGGTGGGGGCGAC 299
N .
Query 3200 GTGATGCGTGACGCCCAGGCAGACGTGCCCTCAACCGAATGGCTTCGGGCGCAACTTGCG 359
it
Query 360 TTCA 363

sbjct 3853 TTCA 3850

Figure 1.2 The sequence alignment of the partial ITS-2 region of Helianthus annuus

L. species with sequences from the GenBank database

Mimosa diplotricha voucher LSC115 18S ribosomal RNA gene, partial sequence; internal transcribed spacer 1, 5.8S ribosomal
RNA gene, and internal transcribed spacer 2, complete sequence; and 268 ribosomal RNA gene, partial sequence
Sequence ID: MH768249.1 Length: 633 Number of Matches: 1

See 1 more title(s) v See all Identical Proteins(IPG)

Range 1: 275 to 633 GenBank Graphics

Score Expect Identities Gaps Strand
664 bits(359) 0.0 359/359(100%) 0/359(0%) Plus/Minus

Query 65 TTATTGATATGCTTAAACTCAGCGGGTGGCCCCGCCTGACCTGGGGTCGCCAGCGATTCG 124

\H\HIHIHIIIIIIIIIIII
sbjct 623 TTGATATGCTTAAACTCAGCEGGTGGCCCCECCTGACCTGGEGTCGLCAGCGATTCE 574

Query 125 AACCCATCCCTTGGECGCCCATGCCGCGGCGGCTCGCGCACE 184
) \H\\\H\|H||||||||||||||||||||||||HHHIHIHIHHHHHI
sbjct 573 CCATCCCTTGGECGCCCATGCCGCGGCGGCTCOCGLACE 514

Query 185 TCAGGTCTCGAGCGCTCGTG! ACTCAACCACCGTGGACCGTGGCGGCCGTCGLCGTCTG 244

CA TGGAC C
CECCELEL L e EEE e e ety r

Sbjct 513 TCAGGTCTCGAGCGCTCGTGGACACTCAACCACCGTGGACCGTGGCGGCCGTCGCGTCTG 454

Query 245 TTTTCGGCCGGCCGGGGGGCTTGGCCCCCGGGAGGLCATCATCCGCCGTGLCCC 304

GCCCCT
CCCCLLLL LR L L L LT L LT

Sbjct 453 GCCCCTTTTTCGGCCGGCCGEEGGGCTTGGCCCCCGGGAGGCCATCATCCGCCGTGCCCC 394
Query 305 GGGACGGGGGGTTGGCGACGTTGCGTGACACCCAGGCAGACGTGCCCTCGGCCTAACGGC 364
sorct 393 SBALGBUSHUSAL UG IS AU MY 520
Query 365 TTCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGGATTCTGCAATTCACACCA 423

Sbjct 333 TTCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGGATTCTGCAATTCACACCA 275

Figure 1.3 The sequence alignment of the partial ITS-2 region of Mimosa diplotricha

species with sequences from the GenBank database



Nelumbo nucifera voucher cdK139 188 ribosomal RNA gene, partial sequence; internal transcribed spacer 1, 5.8S ribosomal RNA
gene, and internal transcribed spacer 2, complete sequence; and 26S ribosomal RNA gene, partial sequence
Sequence ID: FJ599761.1 Length: 737 Number of Matches: 1

Range 1: 344 to 737 GenBank Graphics

Score Expect Identities Gaps Strand
728 bits(394) 0.0 394/394(100%) 0/394(0%) Plus/Minus

Query 74  CTTTTCCTCCGCTTATTGATATGCTTAAATTCAGCGGGTGGCCCCGCCTGACCTGGGGTC 133

Sbjct 737 CTTTTCCTCCGCTTATTGATATGCTTAAATTCAGCGGGTGGCCCCGCCTGACCTGGGGTC 678

Query 134 GCAAGGCAGGCTCCGTCAACAACGGATCCCTAATCGGGTCACACACTCGACACCCCAATG 193
FELLCEEEEEEEe e e e e e e e e ey

sbjct 677 GCAAGGCAGGCTCCGTCAACAACGGATCCCTAATCGGGTCACACACTCGACACCCCAATG 618

Query 194 GTGCACAACGTCCAGCATTCCACCACCTAAGAT TGAACCACCAAC 253

c TTGAA CGTCG
) HHHHH\\\|||||||||||||||||||||||HHHHHHHH\HHHI
sbjct 617 ACGTGCACAACGTCCAGCATTCCACCACCTAAGATTGAACCACCAACCGTCG 558

Query 254 TGGCACTTTGTTGTCGGGGGCCATCATTTGGGCCAACCGCACCAAAACGGAACGAGAGGC 313

Sbjct 557 TGGCACTTTGTTGTCGGGGGCCATCATTTGGGCCAACCGCACCAAAACGGAACGAGAGGC 498

Query 314 AATGGGGAAAGGGAGGGAAGGGCAACGATGCG 373
) HHHHH\\\|||||||||||||||||||||||HHHHHHHH\HHHI
sbjct 497 AATGGGGAAAGGGAGGGAAGGGCAACGATGCG 438
Query 374 CCCTTEECCCAANGGCCTCGGGCGCAACTTGCGTTCAAAGA 433
) HHHHH\\\|||||||||||||||||||||||HHHHHHHH\HHHI
sbjct 437 TGECCCAAAGGCCTCGGGCGCAACTTGCGTTCAAAGA 378
Query 434 GCAATTCACACCA 467
) HHHHHHHIIIIIIIIIIIIIIIIIIII
sbjct 377 TGCAATTCACACCA 344

Figure 1.4 The sequence alignment of the partial ITS-2 region of Nelumbo nucifera

species with sequences from the GenBank database

Xyris complanata voucher XCS 5.8S ribosomal RNA gene, partial sequence; internal transcribed spacer 2, complete sequence;
and large subunit ribosomal RNA gene, partial sequence
Sequence ID: MW113223.1 Length: 498 Number of Matches: 1

Range 1: 27 to 491 GenBank Graphics

Score Expect Identities Gaps Strand

859 bits(465) 0.0 465/465(100%) 0/465(0%) Plus/Minus

Query 1 TTCTCAGCTGGGCTGCTCCCGGTTCGCTCGCCGTTACTAGGGGAATCCTCGTAAGTT 60
) HH\\I\H\IHIIIIIIIIIIIIIIIIIIIIIIHHHHIHHIHIHHIH

Sbjct 491 CTGGGCTGCTCCCGGTTCGCTCGCCGTTACTAGGGGAATCCTCGTAAGTT 432

Query 61 ATGCTTAAATTCGGCGGGTGGTCCCGCCTGACCTGGGGT 120
) H\I\\I\H\IHIIIIIIIIIIIIIIIIIIIIIIHHHHIHHIHIHHIH

Sbjct 431 ATATGCTTAAATTCGGCGGGTGGTCCCGCCTGACCTGGEGT 372

Query 121 CGCGGTCC%%%%%%%CGCGCMTGGCTCCCGACCCCGGCCGGGTTCCCGTGGGCCGCTCG 180

Sbjct 371 CGCGGTCCGGGGGGGCGCGCAATGGCTCCCGACCCCGGCCGGGTTCCCGTGGGECGCTCG 312

Query 181 CGGCGCCGAGCAATGCGGGTTCCACAGAGCTCGCCGCGACC 240
) HH\HH\\IHI|||||||||||||||||||||HHHHIHHIHHIHIH
sbjct 311 CGCGGCGCCGAGCAATGCGEETTCCACAGAGCTCGCEGCGACC 252
Query 241 CTCTTCGGCCCACE % %c%cc%c%c%c%maeecc% 300
) H\I\\I\H\IHIIIIIIIIIIIIIIIIIIIII|\\ [TITITTEELITT T
sbjct 251 CTTCGGCCCACCBLGCGCGCCCGLGCGAGGGECCAG 192

Query 381 CGTCCGCGTCCGCAATGACACACCCGTGGGCGCCCGCCGLTACGGGGLCAGGCGTCGCGCG 360

Sbjct 191 CGTCCGCGTCCGCAATGACACACCCGTGGGCGCCCGCCGCTACGEGGLAGGCGTCOC6CG 132
Query 361 TCGTGACGCCCAGGCAGGCGTGCCCTCGGCCGGATGGCCT 420

) HH\HH\\IHI|||||||||||||||||||||HHHHIHHIHHIHIH
sbjct 131 GTCGTGACGCCCAGGCAGGCGTGCCCTCEECCGEATGGCCT 72
Query 421 CGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCGCAGGATTCTG 465

Sbjct 71 TTGCGTTCAAAGACTCGATGGTTCGCAGGATTCTG

Figure 1.5 The sequence alignment of the partial ITS-2 region of Xyris complanata

species with sequences from the GenBank database



Ageratum conyzoides isolate AGCO_RR_20f3 5.8S ribosomal RNA gene, partial sequence; internal transcribed spacer 2,
complete sequence; and large subunit ribosomal RNA gene, partial sequence
Sequence ID: KY700213.1 Length: 499 Number of Matches: 1

Range 1: 16 to 437 GenBank Graphics

Score Expect Identities Gaps Strand

719 bits(389) 0.0 411/422(97%) 0/422(0%) Plus/Minus
Query 1 CCCGGTTCGCTCGCCGTTACTAAGGGAATCCTTGTAAGTTTCTTTTCCTCCGCTTATTGA 6@
Shjct 437 CLCQSTTERTEGTTA TAGHAN L THTAR TG ATIA 378
Query 61  TATGCTTAAACTCAGCGGGTGGTCCTGCCTGACCTGGGGTCGCGATCGAAAGGCCGTCAC 120
soict 377 PARCHMA ARSI A ML s
Query 121 AAGAACAACACATCATGGCAATTTTAAGTCATTTCGCTTTAAGAGTCAGAGCACACGACC 180
Soict 317 AMAMCMUACMETSTACHTAM T AT ARG 255
Query 181 AAGACGACTGTGAAATCAAACCACCACCAGTCGTGCCTCTTTCTTTAGCGGACTCGTGTT 248
Shict 257 GROMGALTOTOAMMTEAMIACALLAGTEG TR T THETTTAGEGGALTCTATT 195
Query 241 TGGGCCAACCACACCATGGGCACGGGAGACCAGTATCCGCCCACGTAATACACGATCCAA 300
Shict 197 ThOSUMEAATGASMACATATELA AU At AT 135
Query 301 GAAAGGATGTGTGACGTGGGCGACGTGATGCGTGACGCCCAGGCAGACATGCCCTCAACC 3608
soict 137 AMGARTTALCW A A HAL MBI UNE 75
Query 361 GGGTGGCTTCAGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATTCTGCAATTC 420
soict 77 SubtebHUAMEH MM A HIMHE 15
Query 421 AC 422

[
sbjct 17 AC 16

Figure 1.6 The sequence alignment of the partial ITS-2 region of Ageratum

conyzoides species with sequences from the GenBank database

Then, crude extraction and partition will be performed. First, total phenolic
and flavonoid content will be assayed. After that, all crude extracts will be
investigated on the antioxidant activity using different assays, e.g. free radical
scavenging assay (ABTS, TEAC, and DPPH), ferric reducing power (FRP), and
enzyme inhibitory activities such as a-amylase, acetylcholinesterase, tyrosinase,
lipoxygenase, and lipase. After that, chromatographic techniques will be used to
purify a compound with the highest target bioactivity. Chemical compositions of the
active compound will be analyzed. Moreover, pure compounds isolated from bee
pollen with the most active in anti-tyrosinase activity at the in vitro level will be
further performed for the anti-melanogenesis at the cellular levels. The data obtained
from this work can be applied to the field of nutritional supplements, cosmetics, and

alternative drugs.



In this study, bee pollen was utilized from six plant species: Camellia sinensis
L., Helianthus annuus L., Mimosa diplotricha, Nelumbo nucifera, Xyris complanata,
and Ageratum conyzoides. Each flowering plant has distinctive flower component
traits that attract pollinating insects. Camellia sinensis flowers have five to seven
white petals with yellow disc in the center, up to 4 cm in diameter, and sweet
fragrance. Numerous stamens with yellow anthers are found on the flowers and
produce brownish-red capsules (Tariq et al., 2010). Helianthus annuus L. flowers
consist of two types of flowers. The outer flowers, known as ray flowers, have 16 to
30 yellow to gold-colored petals surrounding a large central disc. The densely
clustered flowers in the middle of the head are known as disk flowers which are
formed of several dark brown to purple tiny tubular flowers (Ferndndez-Luquefio et
al., 2014). The pinkish-violet flowers of Mimosa diplotricha resemble a clustered and
fluffy ball. They are approximately 12 mm in diameter and developed from the leaf
joints of young leaves on short stalks. The corolla is fused and contains two stamens
for every petal (Uko et al., 2020). The flowers of Nelumbo nucifera are solitary and
large (1042 cm in diameter). Twenty or more pink or white oblong-elliptic to
obovate tepals are arranged spirally. There are 100-200 stamens with thin filaments
and linear anthers. Individual pistils are embedded in a flattened yellow carpellary
turbinate receptacle (5-10 cm in diameter) (Gowthami et al., 2021). The flowers of
Xyris complanata are yellow with three 5-9 mm long petals and 3 stamens inserted on
the petals. Flower buds are within a brownish head-tight oval, 5-25 mm long, and 3—
10 mm in diameter (Phonsena et al., 2013). Ageratum conyzoides flowers consist of
the branched and terminal inflorescence and bear about 4-18 flower heads, with 60-
75 tubular flowers. Individual flower heads are light blue, white, or violet, carry 50-
150 mm in length peduncles, and are 5 mm in diameter. The flower head is

surrounded by two or three rows of rectangular and green bracts (Chahal et al., 2021).



1.2 Objectives of the study
1.2.1 To determine bioactivities of bee pollen extracts from many types of

monofloral pollens
1.2.2 To find out main active compounds in active bee pollen extracts
1.2.3 To investigate the antimelanogenesis of an active compound from a targeted

bee pollen at the cellular level.

1.3 Scope of the study

The process begins with collecting several types of monofloral bee pollen in
Thailand and identifying flower origin. Then, bee pollen extracts were prepared, and
their phenolic and flavonoid content was assessed. Afterward, the antioxidant and
enzyme inhibitory activities were evaluated, and the structure of the active
components was identified using various chromatographic techniques. In addition,

anti-tyrosinase activity of the active compound was also assessed at the cellular level.

1.4 Expected beneficial outcomes from the dissertation

Bee pollen extracts with a targeted bioactivity will be obtained. Also, a pure
compound with revealed potential on the antityrosinase activity will be obtained. At
last, they can be applied for the field of nutritional supplements, cosmetics, and

alterative drugs.
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2.3 Abstract

Bee pollen (BP) is full of nutrients and phytochemicals, and so it is widely
used as a health food and alternative medicine. Its composition and bioactivity mainly
depend on the floral pollens. In this work, different BPs collected by Apis mellifera
from different monoculture flowering crops (BP1-6) were used. The types of floral
pollen in each BP were initially identified by morphology, and subsequently
confirmed using molecular phylogenetic analysis. Data from both approaches were
consistent and revealed each BP to be monofloral and derived from the flowers of
Camellia sinensis L., Helianthus annuus L., Mimosa diplotricha, Nelumbo nucifera,
Xyris complanata, and Ageratum conyzoides for BP1 to BP6, respectively. The crude
extracts of all six BPs were prepared by sequential partition with methanol,
dichloromethane (DCM), and hexane. The crude extracts were then tested for the in
vitro (i) a-amylase inhibitory, (ii) acetylcholinesterase inhibitory (AChEI), and (iii)
porcine pancreatic lipase inhibitory (PPLI) activities in terms of the percentage
enzyme inhibition and half maximum inhibitory concentration (ICsg). The DCM
partitioned extract of X. complanata BP (DCMXBP) had the highest active a-amylase
inhibitory activity with an 1Cso value of 1,792.48 + 50.56 pg/mL. The DCM
partitioned extracts of C. sinensis L. BP (DCMCBP) and M. diplotricha BP
(DCMMBP) had the highest PPLI activities with an ICso value of 458.5 + 13.4 and
500.8 + 24.8 pg/mL, respectively), while no crude extract showed any marked AChEI
activity. Here, the in vitro PPLI activity was focused on. Unlike C. sinensis L. BP,
there has been no previous report of M. diplotricha BP having PPLI activity. Hence,
DCMMBP was further fractionated by silica gel 60 column chromatography, pooling
fractions with the same thin layer chromatography profile. The pooled fraction of
DCMMBP2-1 was found to be the most active (ICso of 52.6 + 3.5 pg/mL), while
nuclear magnetic resonance analysis revealed the presence of unsaturated free fatty
acids. Gas chromatography with flame-ionization detection analysis revealed the
major fatty acids included one saturated acid (palmitic acid) and two polyunsaturated
acids (linoleic and linolenic acids). In contrast, the pooled fraction of DCMMBP2-2
was inactive but pure, and was identified as naringenin, which has previously been

reported to be present in M. pigra L. Thus, it can be concluded that naringenin was
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compound marker for Mimosa BP. The fatty acids in BP are nutritional and pose

potent PPLI activity.

Keywords: bee pollen, anti-lipase activity, fatty acids, phytochemicals, floral pollen

2.4 Introduction
Bee pollen (BP) is one of the economic bee products. It is derived from the

flower’s male gametophyte produced within anther sacs in the flowers of
angiosperms, and is collected by foragers of bees and mixed with the plant’s nectar,
wax, and bee’s saliva to compact the powder into pollen grains. The BP is then loaded
into a pollen basket (corbicula), which is part of the tibia on the hind legs (Costa et al.,
2019), and later stored in the hive as an essential food for the larva and adults in
addition to honey, bee bread, and royal jelly. Nutritionally, BP is known as a
functional food for humans and due to its high content of protein and carbohydrates,
along with crude fiber, amino acids, vitamins, minerals, and fatty acids (Yang et al.,
2013). However, floral identification of BP should be done prior to the consumption
as a few people display allergic and anaphylactic reactions after consumption of
certain floral pollens (Shahali, 2015; Jagdis and Sussman, 2012). In particular, bee
pollen composed of ash (Oleaceae), oak (Fagaceae), willow and poplar (Salicaceae),
or corn (Zea mays) as the dominant floral pollen requires caution (Vieths et al., 2012).

In addition, BP is also composed of secondary metabolites (polyphenols and
flavonoids) of plants (Rzepecka-Stojko et al., 2015). In folk medicine, BP has long
been used as a tonic and a multipurpose remedy, and it is widely known that various
phytochemicals in BP are bioactive. Chilean BP has been reported to have an
antioxidative activity in both the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate
(ABTS) radical and 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) scavenging
capacity assays. Both activities were related to their polyphenols content, especially
caffeic acid, coumaric acid, luteolin, and pinocembrin (Munoz et al., 2020).

In addition, BP harvested by the stingless bee, Scaptotrigona affinis postica, in
Brazil showed an anti-inflammatory activity by inhibiting cyclooxygenase (COX-1
and COX-2) and reducing the edema in male Mus musculus mice (Swiss strain) when

using the carrageenan- and dextran-induced paw edema tests (Lopes et al., 2020).
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However, the composition and phytochemicals in BP mainly depend on the
bee species, and its botanical and geographical origins. For example, alkaloids in the
BP of Catharanthus roseus, saponins in the BP of Momordica charantia, sterols and
flavinoids in Butea monosperma, and tannins in Syzygium cuminii all showed a potent
antidiabetic activity (Ghoshal and Saoji, 2013). In addition, in Slovakia, Apis
mellifera BP dominant in rape Brassica napus floral pollen had a higher antioxidative
activity than BP dominant in poppy Papaver somniferum L. and sunflower Helianthus
annuus L. floral pollen, respectively, (Fatrcova-Sramkova et al., 2013).

The BP collected by the stingless bee, Melipona fasciculata, was harvested
from three cities in Brazil and revealed different anti-inflammatory and
antinociceptive activities, with the highest activities in the BP from Chapadinha City,
while the BP collected by M. fasciculata showed higher anti-inflammatory and
antinociceptive activities than that collected by A. mellifera (Lopes et al., 2019).

The BPs collected from different geographical regions in Brazil had different
chemical compositions and bioactivities (Aradjo et al., 2017). Monofloral BPs of
Eucalyptus spp. and multifloral BP exhibited potent inhibitory activities against o-
amylase, acetylcholinesterase (AChE), tyrosinase, lipoxygenase, lipase, and
hyaluronidase, but with different half maximal inhibitory concentration (ICso) values.
Monofloral BP of Cocos nucifera and Miconia spp. also exhibited antioxidant
properties.

From 18 samples of mono- and poly-floral BPs harvested from 16 different
localities in South Korea, all were found to have anti-oxidant, anti-human p-amyloid
precursor cleavage enzyme, AChE inhibitory (AChEI), anti-human intestinal bacteria,
and anticancer activities, but with different IC50 values (Zou et al., 2020).

In terms of their nutrient compositions, polyfloral BPs gave more benefits than
mono-floral ones, in terms of having more diverse secondary metabolite-like
compounds. Metabolomics analysis revealed that beehive pollen from diverse species
of plants contained key ingredients for health (lactate, a pentose sugar, myo-inositol,
phosphate, and a furanose), but not in BP dominated by canola floral pollen (Arathi et
al., 2018). In addition, A. mellifera fed with polyfloral BP were more tolerant to the
microsporidian Nosema ceranae (Di Pasquale et al., 2013). However, in terms of the

quality control standards for BP consumption by humans and its industrial production,
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monofloral BP is more fruitful because known bioactive molecules and their precise
concentration can be more easily and economically ascertained (Kostic et al., 2021).
The BPs from several countries, including Argentina, Brazil, China, and
Spain, have been commercialized after their chemical compositions and bioactivities
were reported (Sindhi et al.,, 2013). However, little is known about the BP in
Thailand, which is high in both bee and plant diversities (Chantarudee et al., 2012;
Rattanawannee and Chanchao, 2011).
In order to identify the bioactive molecules in BP that originated from native plants in
Thailand, monofloral BP harvested by A. mellifera from six types of floral pollen was
examined. The type of floral pollen in each of the BPs (BP1 to BP6) were first
identified by palynological analysis using light microscopy (LM) and scanning
electron microscopy (SEM), and then by molecular analysis examining the partial
sequence of the second internal transcribed sequence (ITS-2) of the ribosomal RNA
genes. Then, each of the six BPs was sequentially extracted with methanol,
dichloromethane (DCM), and hexane, and the partitioned extracts were screened for
a-amylase, AChE, and lipase inhibitory activities. Among these bioactivities, the
lipase inhibitory activity was targeted due to there being a few previous reports on this
activity in BP. The most active sample was subjected to further fractionation by
chromatography, and the obtained fractions were analyzed for purity/composition by
thin layer chromatography (TLC) and, for fatty acids, by gas chromatography with a
flame ionization detector (GC-FID) after conversion to fatty acid methyl esters
(FAMEs). Seemingly pure active compounds were analysed by nuclear magnetic
resonance (NMR). A chemical compound marker was revealed in the typical bee

pollen. The obtained data support the safety and benefit of BP consumption.

2.5 Materials and Methods

2.5.1 Chemicals and reagents

The chemicals (o-amylase, acarbose, AChE from electric eel, acetylthio-
choline iodide, 5,5’-dithiobis (2-nitrobenzoic acid), physostigmine, crude porcine
pancreatic lipase type Il, p-nitrophenyl palmitate, and orlistate) used in this study
were from Sigma-Aldrich, Darmstadt, Germany.
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2.5.2 Sample collection

Six A. mellifera BPs (BP1 to BP6), one from each of six localities in Thailand,
were collected in 2018, that were suspected, based on the available flowers near the
hives, of being monofloral and derived from Camellia sinensis L. and Mimosa
diplotricha in Chiangmai province (BP 1 and BP3, respectively), Helianthus annuus
L. in Lopburi province (BP2), Nelumbo nucifera in Nakhon Sawan province (BP4),
Xyris complanata in Udon Thani province (BP5), and Ageratum conyzoides in
Lamphun province (BP6), repectively. The BP samples used were dried using a

specific process and stored at room temperature (25 °C) until used.

2.5.3 Identification of the bee pollen

By palynological analysis

The morphology of each BP was initially observed under LM at 400X
magnification. Briefly, the respective BP was dispersed in distilled water (d-H20) on
a glass slide, and pictures and characteristics of the BPs were recorded and compared
to the reported publications.

Next, the morphology was observed under SEM at 1,500-5,000X
magnification. Briefly, BPs were washed three times with ethanol (5 min each), and
then three times with acetone (5 min each). The samples were then sent for SEM and
energy dispersive X-ray spectrometry (6610LV; Tokyo, Japan) imaging at the
Scientificand Technological Research Equipment Center of Chulalongkorn
University. The morphology and characteristics of the BPs were recorded and

compared to the reported publications.

By molecular analysis

Each BP was further identified by comparison of the partial ITS-2 DNA
sequences (Richardsonet al.,, 2015) to the species-annotated sequences in the
GenBank database. For this, the genomic DNA was extracted from approximately 100
mg of BP using a DNeasy Plant Mini Kit (catalog no. 69104, Qiagen, Germany). The
quality of the extracted DNA was determined by 1.2% (w/v) agarose gel
electrophoresis and the ratio of absorbance at 260 and 280 nm. After DNA isolation,

the ITS-2 region was amplified using the polymerase chain reaction (PCR) with the
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forward (5'-ATGCGATACTTGGTGTGAAT-3") and reverse (5'-GACGCTTCTCCA
GACTAC AAT-3’) primers. Each PCR amplification was performed in a 25 pL final
reaction volume comprised of 12.5 uL of 2X EmeraldAmp® PCR master mix
(catalog # RR300A, Takara), 1 pL of each of primer (10 uM), at least 30 ng of
genomic DNA template, and nuclease-free d-H>O. The PCR thermal cycling was
performed as 98 °C for 30 s, followed by 30 cycles of 98 °C for 10 s, 59 °C for 30 s,
and 72 °C for 30 s; and then a final 72 °C for 10 min. The PCR product (500 bp) was
checked by 1.2% (w/v) agarose gel electrophoresis in 1X Tris-borate-EDTA buffer at
80 V for 45 min after Ecodye staining. The PCR product was extracted using
QIAquick PCR Purification Kit (catalog no. 28106, Qiagen, Germany) and sent for
commercial direct sequencing. The obtained sequences were used to search for
homologous sequences in the GenBank database of the National Center for
Biotechnology Information using the Basic Local Alignment Search Tool for
nucleotide (BLASTN) algorithm.

2.5.4 Crude extraction and partition

The extraction and partition was modified from Chantarudee et al. (2012).
Each BP (140 g) was mixed with 800 mL of methanol (MeOH), shaken at 100 rpm,
15 °C for 18 h, and then centrifuged at 6,000 rpm, 4 °C, for 15 min. The supernatant
was collected, while the solid residue (pellet) was re-extracted three more times in the
same manner with 800 mL of MeOH each time. The supernatants were pooled and
evaporated under reduced pressure at a maximum temperature of 40-45 °C to obtain
the crude MeOH extracts, which were kept at -20 °C in the dark until used.

The MeOH crude extracts were sequentially partitioned by hexane (low
polarity), to eliminate the lipid and non-polar compounds; DCM (medium polarity),
and finally MeOH (high polarity). To this end, the six MeOH crude extracts (one for
each of BP1-6) were separately dissolved in MeOH until it was not sticky and then
mixed with an equal volume of hexane in a separating funnel and left to phase
separate, whereupon the upper hexane phase was collected. The lower MeOH phase
was then further extracted with hexane in the same manner twice more, and the
hexane extracts were pooled and evaporated under reduced pressure at a maximum
temperature of 40-45 °C to yield the hexane partitioned (HX) extracts of BP1-6 (bee
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pollen from C. sinensis L., H. annuus L., M. diplotricha, N. nucifera, X. complanata,
and A. conyzoides, respectively, and designated as HXCBP, HXHBP, HXMBP,
HXNBP, HXXBP, and HXABP, respectively). Meanwhile, the residual MeOH phase
was then extracted with an equal volume of DCM three times in the same manner as
above (except the DCM phase was the lower layer), with the pooled DCM extracts
evaporated as above. The sample from this step was named the DCM partitioned
extracts of C. sinensis L., H. annuus L., M. diplotricha, N. nucifera, X. complanata
and A. conyzoides flower BP (BP1-6, respectively), and designated as DCMCBP,
DCMHBP, DCMMBP, DCMNBP, DCMXBP, and DCMABP, respectively.

Finally, the residual MeOH phase was evaporated as above to yield the
MeOH-partitioned (MT) extract of C. sinensis L., H. annuus L., M. diplotricha, N.
nucifera, X. complanata and A. conyzoides flower BPs (BP1-6, respectively, and
designated as MTCBP, MTHBP, MTMBP, MTNBP, MTXBP, and MTABP,
respectively). All partitioned extracts were kept at -20 °C in the dark until used to test

the biological activities.

2.5.5 In vitro a-amylase inhibitory activity

The a-amylase inhibition assay was modified from Akoro et al. (2017). The
partitioned extract of BP was dissolved in dimethyl sulfoxide (DMSO) and
subsequently diluted in MeOH at different concentrations (125, 250, 500, 1,000, and
2,000 pg/mL). Two hundred and fifty pL. of a-amylase solution [0.5 units (U)/mL]
dissolved in buffer [Na2HPO4/NaH2PO4 (0.02 M) and NaCl (0.006 M)] at pH 6.9 was
mixed with 250 pL of the extract and incubated at 37 °C for 10 min. After that, 250
uL of the starch solution [0.5% (w/v) in d-H20] was added and incubated at 37 °C for
10 min. The reaction was terminated by the addition of 500 uLL DNSA reagent (12 g
of sodium potassium tartrate tetrahydrate in 8.0 mL of 2 M NaOH, and 20 mL of 96
mM of 3,5-dinitrosalicylic acid solution) and was heated at 85-90 °C for 5 min in a
water bath. The mixture was cooled to room temperature and was diluted with 5 mL
of d-H20, and the absorbance was measured at 540 nm (Asa4) using a UV-Visible
spectrophotometer (Sunrise, Tecan, Austria). Acarbose was used as the positive
inhibitor. Each sample was performed and measured in triplicate. The inhibitory

percentage of a-amylase was calculated using the equation given below.
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Percentage of a-amylase inhibition = [{(A-B) — (C-D)} / (A-B)] X 100
where A is the Asso after incubation without an extract, B is the Asso after incubation
without an extract and a-amylase, C is the Assg after incubation with an extract and o-
amylase, and D is the As4 after incubation with an extract, but without a-amylase.
The % o-amylase inhibition (Y axis) was plotted against the extract

concentrations (X axis) and the 1Cso value was obtained using regression analysis.

2.5.6 In vitro AChEI inhibitory activity

Evaluation of the AChEI activity was modified from Li et al. (2019) based on
Ellman’s method. Firstly, 160 pL of TTB [50 mM Tris-HCI buffer pH 8 with 1%
(v/v) Trition X-100], 20 uL of the extract dissolved in DMSO (500 pug/mL), and 10
uL of 0.2 U/mL AChE from electric eel dissolved in 0.1% (w/v) bovine serum
albumen in TTB were mixed and incubated at 4 °C for 20 min. Then, 5 uL of 15 mM
acetylthiocholine iodide in d-H2O and 5 pL of 2 mM 5,5'-dithiobis (2-nitrobenzoic
acid) (DTNB) in TTB containing 0.1 M NaCl and 0.02 M MgCl, were added per well
and incubated at 37 °C for 20 min. The absorbance at a wavelength of 412 nm (As12)
was measured using a microplate reader (Sunrise, Tecan, Austria). Physostigmine was
used as the positive control. All the reactions were performed in triplicate. The
percentage inhibition was calculated as follows.

Percentage of AChE inhibition = [{(A-B) — (C-D)} / (A-B)] X 100
where A is the As1z after incubation without an extract, B is the As1. after incubation
without an extract and AChE, C is the A4z after incubation with an extract and AChE,
and D is the A4z after incubation with an extract, but without AChE.

The % AChEI (Y axis) was plotted against the extract concentrations and the

ICso values were obtained using linear or non-linear regression analysis.

2.5.7 In vitro porcine pancreatic lipase inhibitory (PPLI) activity

The enzyme solution was prepared immediately before use as previously
described (Jamous et al., 2018) with some modifications. Crude PPL type Il was
suspended in 50 mM Tris-HCI buffer pH 8 to a concentration of 2 mg/mL. The
suspension was mixed and centrifuged at 16,000x g for 10 min. The clear supernatant

was recovered and kept. The PPLI assay was adapted from Magsood et al. (2017).
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Briefly, 100 uL of the extract at different concentrations (200, 400, 600, 800, and
1,000 pg/mL for DCMCBP, DCMMBP, DCMNBP, DCMXBP, and DCMABP; and
12.5, 25, 50, 100, and 200 pg/mL for DCMMBP2 and DCMMBP2-1) dissolved in
DMSO and 600 pL of 50 mM Tris-HCI buffer (pH 8.0) were pre-incubated with 200
uL of 2 mg/mL of PPL solution at 37 °C for 30 min. Afterwards, 100 puL of 1.5 mM
of p-nitrophenyl palmitate (p-NPP) in isopropanol was added and incubated at 37 °C
for 2 h. Lipase activity was determined by measuring the hydrolysis of p-NPP to p-
nitrophenol product via measuring the absorbance at 410 nm (Aa410) using a microplate
reader. Orlistat was used as the positive standard. Each sample was performed and
measured in triplicate. The percentage of lipase inhibition was calculated according
the following formula.

Percentage of lipase inhibition = [{(A-B) — (C-D)} / (A-B)] X 100
where A is the Asio after incubation without an extract, B is the As1o after incubation
without an extract and lipase, C is the A1 after incubation with an extract and lipase,
and D is the Aas10 after incubation with an extract, but without lipase.

The % lipase inhibition (Y axis) was plotted against the extract concentrations

(X axis) and the ICso values were obtained from the graph.

2.5.8 Enrichment of active fractions

Among the mentioned bioactivities, the extract with the most potent in vitro
PPLI activity was used for further fractionation (enrichment) by silica gel 60 column
chromatography (SiG60-CC).

(A) Large scale SiG60-CC (500-mL column)

A 500-mL column was packed with fine SiG60 (Merck). The partitioned
extract (6.0 g) was dissolved in 20 mL of MeOH and combined with 20 g of rough
SiG60 and allowed to dry, whereupon it was poured over the surface of the packed
SiG60 column. The column was first eluted with 6.5 L of DCM, followed by 8.5 L of
7% (v/v) MeOH in DCM and then 3.5 L of MeOH, respectively. Eluted fractions (250
mL each) were collected, and the solvent was removed by evaporation under reduced
pressure at a maximum temperature of 40-45 °C. The pattern of chemical compounds
in each fraction was profiled by TLC (see below). Fractions with the same TLC
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pattern were pooled together and tested for in vitro PPLI activity using the assay as

above.

(B) Small scale SiG60-CC (250-mL column)

A 250-mL column was packed with fine SiG60. The active fraction (300 mg)
was dissolved in 5 mL of MeOH and combined with 5 g of rough SiG60 and allowed
to dry, whereupon it was poured over the surface of the packed SiG60 column. The
column was eluted with 1,000 mL of 2% (v/v) MeOH in DCM and then 500 mL of
MeOH, respectively. Eluted fractions (7 mL each) were collected, and the solvent was
removed by evaporation under reduced pressure at a maximum temperature of 40—
45°C. The pattern of chemical compounds in each fraction was profiled by TLC (see
below). Fractions with the same TLC pattern were assumed to be chemically similar
and were pooled. After that, each fraction was tested for its in vitro PPLI activity

using the assay as above.

One-dimensional TLC

A 5 x 5 cm? TLC plate with silica as the immobile phase was prepared. The
sample was spotted onto the solvent front line of the plate by a capillary tube, allowed
to dry at room temperature, and then resolved in one direction using the appropriate
mobile phase solvent of 7% (v/v) MeOH: DCM. The resolved compounds on the TLC
plate were visualized under UV light at 254 nm or by dipping in 3% (v/v)
anisaldehyde in MeOH and heating over a hot plate.

2.5.9 Chemical structure analysis by NMR
Among the fractions obtained from the SiG60-CC (250-mL size), the most

active fraction for PPLI activity was evaporated and analysed. Briefly, the evaporated
sample was dissolved in an appropriate deuterated solvent (Chloroform-d or MeOH-
d4, Merck) at a ratio of 5-20 mg of compound to 600 pL of deuterated solvent. It was
then transferred to an NMR tube and shaken until completely dissolved. The NMR
spectrum was recorded on a Jeol INM-ECZ (JNM-ECZ500R, Tokyo, Japan) 500MHz
operated at 500 MHz for *H-NMR nuclei in order to detect the functional groups
using tetramethylsilane as the internal standard. The chemical shift in 6 (ppm) was

assigned with reference to the signal from the residual protons in the deuterated
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solvents, while the chemical shift and J coupling value were determined using the

MestReNova version 12.0.3 software.

2.5.10 Preparation of FAMEs

A portion (26.7 mg) of the fraction with the highest PPLI activity obtained
from SiG60-CC (250-mL size), was added to absolute MeOH (2 mL), followed by 0.5
mL of concentrated H.SO4. The reaction mixture was stirred and heated at 60 °C for
3.5 h. The reaction mixture was then evaporated to dryness, diluted with DCM (6 mL)
and extracted with saturated NaHCO3. The DCM layer was collected and washed
several times with d-H20 until pH of the solution was 7. The combined DCM layer
was dried over anhydrous Na>SO4 and evaporated to dryness. Prior to analysis of the
prepared FAMEs by GC-FID analysis (6890N GC, California, USA), the formation of
FAMEs was confirmed by *H-NMR analysis (JNM-ECZ500R, Tokyo, Japan), where
the singlet signal of the methoxy group at 6n 3.65 ppm was observed (Supplement 3).

2.5.11 GC-FID analysis

The prepared FAMEs of the fraction with the highest PPLI activity from the
SiG60-CC (250-mL size) fractionation was submitted to the Food Research and
Laboratory (Faculty of Science, Chulalongkorn University) for analysis of its fatty
acid components by GC-FID following the AOAC method 996.06. Briefly,
chromatographic analysis was performed using a GC-FID system (Aglilent 6890 N)
equipped with an autosampler and split-splitless injector. A SPTM 2560 FULED
SILICA capillary column with an internal diameter of 0.25 mm and 0.2 pm film
thickness was used for the chromatographic separation. Helium was used as the
carrier gas at 1.1 mL/min. The injector and detector temperatures were set at 260 and
250 °C, respectively. The initial GC oven temperature was 140 °C, held for 5 min,
increased to 240 °C at 20 °C/min, and held at 250 °C for 0.5 min. A volume of 1.0 uL
of sample was injected using the split injection mode (100:1). The peaks were
identified by comparison of their relative retention times with a standard FAME

mixture. The results were expressed as mg/g fatty acid.
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2.5.12 Data analysis

Experiments were performed in triplicate. Numerical data are reported as the
mean + one standard deviation (£ SD), determined in the Microsoft Excel 2019
software. One-way ANOVA and T-test were used to test for significant differences in
ICso values. Tukey’s test (p<0.05) was applied for the pairwise multiple comparisons.
The statistical analyses were performed using IBM SPSS statistics version 22 for
windows.

The overall procedure of BP screening and enrichment for the PPLI active

component in the most active extract is summarized schematically in Figure 2.1.
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Figure 2.1 Summary for extraction, screening and enrichment procedures for the

selected BP.
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2.6 Results

2.6.1 Palynological analysis of the six BP samples

The major floral pollen types present in BP must be identified in order to
report the type of floral pollen present in the BP. The simplest way is by morphology
using LM and SEM analyses. Under LM and SEM, the morphology of bee pollen was
observed. The pollen grains in BP1 were convex triangular with tricolporate, and the
exine ornamentation was verrucate (Figures 2.2, A and 2.3, A). This is consistent with
the pollen grains of C. sinensis (L.) Kuntze (Ariyarathna et al., 2011; Fan et al., 2019).
The pollen grains of BP2 were close to spherical with triaperturate, and the exine
ornamentation was echinate (Figures 2.2, B and 2.3, B), supported it to be the pollen
grains of H. annuus L. (Ali et al., 2021). The pollen grains of BP3 were spherical or
prolate spheroidal in shape with four (tetrad) pollen subunits, and the exine
ornamentation was tuberculate (Figures 2.2, C and 2.3, C), supporting it to be the
pollen grains of M. diplotricha (Lima et al., 2008; Peukpiboon et al., 2017). The
pollen grains of BP4 were spherical in shape with tricolpate, and the exine
ornamentation was uniformly dense reticulate (Figures 2.2, D and 2.3, D), supporting
that they were the pollen grains of N. nucifera (Sangsuk et al., 2021; Zhang et al.,
2019). The pollen grains of BP5 were ellipsoidal in polar view, flattened/convex in
equatorial view with monosulcate and operculate, and the exine ornamentation was
reticulate (Figures 2.2, E and 2.3, E), they consitent with the pollen grains of X.
complanata (da Luz et al., 2015). Finally, the pollen grains of BP6 were spherical in
shape with tricolporate, and the exine ornamentation was echinate (Figures 2.2, F and
2.3, F) confirming they were the pollen grains of A. conyzoides (Zafar et al., 2017;
Garg, 1996).
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Figure 2.2 Representative LM images (400 x magnification) of (A-F) BP1-6,
respectively, identified as (A) C. sinensis L., (B) H. annuus L., (C) M. diplotricha,
(D) N. nucifera, (E) X. complanata, and (F) A. conyzoides flower pollen.

Figure 2.3 Representative SEM images (1,500-5,000 x magnification) of (A—F)
BP1-6 respectively, identified as (A) C. sinensis L., (B) H. annuus L., (C) M.
diplotricha, (D) N. nucifera, (E) X. complanata, and (F) A. conyzoides flower pollen.
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2.6.2 Identification of the pollen species in each BP sample by molecular
analysis
The six BP samples (BP1-6) were also identified by sequence analysis of the

ITS-2 region of the rRNA genes. In each case, PCR amplification of the ITS-2 region
gave an amplicon of the expected size (500 bp). After sequencing the amplicons and
using them as the query sequence to BLASTn search the GenBank reference
sequences, the same plant pollen species identifications were obtained as by the LM
and SEM morphological analyses. Sample BP1 showed 100% nucleotide identity to
the sequence of C. sinensis L. (accession # MN242039.1), BP2 at 95.33% nucleotide
identity to the sequence of H. annuus L. (accession # KF767534.1), BP3-6 at 100%
nucleotide identity to the sequence of M. diplotricha (accession # MH768249.1), N.
nucifera (accession # FJ599761.1), X. complanata (accession # MW113223), and A.
conyzoides (accession # KY700213.1), respectively.

Thus, the six BPs were confirmed to be essentially monofloral, matching the
principal flowers around the hives, and with the morphological and molecular
analyses congruent with each other. Thus, floral origin of each BP was clarified in this
work.

2.6.3 The partitioned extracts of BP

For the six BPs, they were separately sequentially partitioned by MeOH,
DCM, and hexane, three organic solvents with different polarities. The yield and
character of all 18 obtained extracts (three solvents for each of BP1-6) are
summarized in Table 2.1. The highest yield was obtained from the MeOH-partitioned
extracts in all six samples (above 40%). Only a sticky solid form was obtained for the
DCM-partitioned extracts, while an oil form was obtained in both the MeOH- and
hexane-partitioned extracts.

However, only the MeOH and DCM partitioned extracts of all six types of BP
were tested for the three enzyme inhibitory activities because the hexane-partitioned

extracts were insoluble in each of the respective enzyme assay buffer solutions.
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Table 2.1 The weight, yield, and character of the partitioned extracts.

Sample Weight (g) Yield (%) Character

MTCBP 64.93 46.38 Pale brown oil
DCMCBP 7.41 5.29 Sticky dark brown solid
HXCBP 7.73 5.52 Dark brown oil
MTHBP 79.97 57.12 Dark brown oil
DCMHBP 12.55 8.96 Sticky dark brown solid
HXHBP 8.98 6.41 Dark brown oil
MTMBP 57.90 41.36 Dark brown oil
DCMMBP 9.89 7.06 Sticky dark brown solid
HXMBP 7.43 5.31 Dark brown oil
MTNBP 79.49 56.8 Pale brown oil
DCMNBP 4.68 3.34 Sticky brown solid
HXNBP 531 3.79 Pale brown oil

MTXBP 96.81 69.15 Dark brown oil
DCMXBP 8.04 56.8 Sticky dark brown solid
HXXBP 11.7 8.36 Dark brown oil
MTABP 79.28 56.63 Dark brown oil
DCMABP 5.75 411 Sticky dark brown solid
HXABP 8.47 6.05 Dark brown oil

2.6.4 In vitro a-amylase inhibitory activity

The partitioned extracts were initially used at a final concentration of 2
mg/mL, and the a-amylase inhibitory activity (%) is presented as the mean + SD in
Table 2.2. At this concentration, DCMXBP provided the highest in vitro a-amylase
inhibitory activity (54.8 £ 2.8%). The subsequent dose response assay revealed the
anti a-amylase activity of DCMXBP was concentration dependent (Figure 2.4, A,
supplement 1) with an ICsp value of 1,792.5 = 51.0 pg/mL (Table 2.2), which was
markedly less effective than that of acarbose, the positive control (Figure 2.5, A,

supplement 2) with a 63-fold lower ICso value of 28.1 £ 2.7 pg/mL. In contrast,
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DCMMBP and MTXBP had no real anti-a-amylase activity at this concentration of 2
mg/mL (1.19 £ 2.06% and 0.00 £ 0.00%, respectively).
2.6.5 In vitro AChEI activity

The partitioned extracts were initially screened for AChEI activity at a final
concentration of 500 ug/mL. The in vitro AChEI activity (%) is presented as the mean
+ SD in Table 2.2. At this concentration, DCMCBP provided the highest AChEI
activity at 19.3 + 1.5%. However, the AChEI activity of all the partitioned extracts
were negligible compared to that of physostigmine, the positive control, with an over
230-fold lower ICso value of 0.082 + 0.002 pg/mL (Figure 2.5, B and Table 2.2,
supplement 2).

2.6.6 In vitro PPLI activity

The partitioned extracts were initially screened for PPLI activity at a final
concentration of 400 ng/mL with the results (as the % PPLI activity) presented as the
mean £ SD in Table 2.2. This concentration was selected because it was the highest
concentration that could be totally dissolved in DMSO. At this concentration, some
DCM partitioned extracts showed a PPLI activity close to 50%, and so they were
further evaluated at different concentrations. The PPLI activity was found to be dose-
dependent (Figure 2.4, B, supplement 1) and broadly similar between DCMCBP and
DCMMBP, with ICso values of 458.5 & 13.4 and 500.8 + 24.8 pg/mL, respectively.
However, they were markedly less effective than orlistat, the positive control, with an
over 21,800-fold lower ICsg value of 0.021 + 0.000 pg/mL (Figure 2.5, C, supplement
2).



Table 2.2 The percentage of enzyme inhibition (mean £S.D.) and IC50 value (pug/mL)

of the partitioned extracts.

Sample a-amylase / 1Cso AChE/ICso PPLI/ICso
MTCBP 16.12+1.81/- 7.74+£0.23/ - 7.74+£0.56 /-
DCMCBP 38.58+3.87/- 19.25+150/- 49.47+1.31/
458.48 + 13.38"
MTHBP 1431 +£0.99/ - 11.34+092/- 29.86+1.15/-
DCMHBP 4270 +£2.49/ - 8.23+1.97/- 3.65+1.72/ -
MTMBP 11.68 +1.05/ - 1395+151/- 1438+1.38/-
DCMMBP 1.19+2.06/ - 10.22 +3.72/- 42.89+2.23/
500.80 + 24.76"
MTNBP 792+1.12/- 413+047/- 31.58+0.64/ -
DCMNBP 450+2.88/- 591+1.74/ - 39.49+1.48/
876.09 + 24.15¢
MTXBP 0.00+0.00/ - 7.37+1.71/- 38.51+0.13/ -
DCMXBP 54.82 +2.76 / 7.76 £ 3.67 /- 35.09+1.04/
1,792.48 + 50.96° 960.49 + 38.19¢
MTABP 13.72 +1.44/ - 6.81+0.85/- 1453 +0.94/ -
DCMABP 41.45+4.23/ - 9.95+3.59/- 37.38+£2.39/
646.09 + 19.41°
Acarbose -/ 28.08 + 2.65% = -
Physostigmin -/ -
e 0.082 £ 0.002
Orlistat — — -/0.021 + 0.0002
Notes:

The IC50 values were calculated using nonlinear regression except for DCMNBP and
orlistat that were calculated using linear regression. Data are shown as the mean.
Within a column, means with a different superscript letter are significantly different
[p <0.05; One-way ANOVA for anti-amylase activity (p = 0.000) and Post Hoc
(Tukey) test for anti-lipase activity (p = 0.000 except p between DCMNBP and
DCMXBP =0.008].
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Figure 2.4 The (A) a-amylase inhibition activity (%) of DCMXBP, (B) PPLI activity
(%) of DCM npartitioned extracts, and (C) PPLI activity (%) of DCMMBP2 and
DCMMBP2-1. Data are shown as the mean = SD.
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Figure 2.5 The (A) a-amylase inhibition (%) of acarbose, (B) AChEI activity (%) of
physostigmine, and (C) PPLI activity (%) of orlistat. Data are shown as the mean +
SD.

2.6.7 In vitro PPLI activity of active compounds from DCMMBP

Fractionation of DCMMBP by SiG60-CC

From Table 2.2, although the DCMCBP and DCMMBP had no marked
difference in their PPLI activity (ICso of 458.5 £ 13.4 and 500.8 + 24.8 ug/mL,
respectively), DCMMBP was selected for further fractionation by SiG60-CC because
there have been numerous previous studies on the lipase inhibitory activity of
Camellia sinensis L (Chen et al., 2020), but the lipase inhibitory activity of M.
diplotricha flower BP has not been reported yet.

From 5.64 g of DCMMBP, a total of 74 fractions were collected. After
comparison of their TLC profiles and pooling fractions with a similar pattern, five
different fractions (DCMMBP1-5) were obtained. Their weight, yield, and appearance
are summarized in Table 2.3. All five pooled fractions were a sticky solid. Fraction
DCMMBPS5 provided the highest yield (42.20%). These five pooled fractions were
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then tested for their PPLI activity, with the results shown in Figure 2.4, C and the

derived ICso values reported in Table 2.3 (supplement 1). Fraction DCMMBP2 gave
the highest PPLI activity (ICso of 128.5 + 3.0 pg/mL).

Since the DCMMBP?2 fraction had the highest PPLI activity, it was further
enriched by SiG60-CC (250-mL size) to yield a total of 150 fractions. After a pooling
of fractions with similar TLC profiles, three different fractions (DCMMBP2-1,
DCMMBP2-2, and DCMMBP2-3) were obtained. Their weight, yield, and
appearance are summarized in Table 2.3. With respect to their PPLI activity (Figure
2.4, C), fraction DCMMBP2-1 had the highest PPLI activity (ICso of 52.6 & 3.5 pg/

mL), while DCMMBP2-2 and DCMMBP2-3 had essentially no PPLI activity.

Table 2.3 Characteristics and PLLI activity (IC50 value) of all pooled fractions after
the first (500-mL column) and second (250-mL colume) SiG60-CC fractionation.

Sample Weight (mg)  Yield (%) Appearance I1Cso (ng/mL)
After 1stSiG60-CC:

DCMMBP1 210 3.72 Sticky brown solid -
DCMMBP2 300 5.32 Sticky brown solid 128.48 + 3.01°
DCMMBP3 2,060 36.52 Sticky pale-yellow solid —
DCMMBP4 410 oy Sticky brown solid -
DCMMBP5 2,380 42.20 Sticky dark brown solid -

Orlistat — - 0.021 £ 0.00?
After 2ndSiG60-CC:

DCMMBP2-1  65.7 21.9 Sticky brown solid 52.63 + 3.50°
DCMMBP2-2  38.5 12.83 Yellow solid —
DCMMBP2-3  60.5 20.17 Brown solid -

Orlistat - - 0.021 + 0.00?

2.6.8 Principal chemical composition analysis (TLC and NMR) of fractions
DCMMBP2-1 and DCMMBP2-2
After SiG60-CC, the chemical composition of the three obtained fractions was
tested by TLC (Figure 2.6). For DCMMBP2-1, no band was observed under UV light
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at 254 nm (Figure 2.6, A), but a dark blue spot was found after dipping in 3% (v/v)
anisaldehyde in MeOH and heating over a hot plate (Figure 2.6, B). The structure of
fraction DCMMBP 2-1 was first analyzed by 'H-NMR, where the signal at § 0.85 to
2.85 ppm and the signal at & 5.35 ppm showed the characteristics of unsaturated free
fatty acids (UFFAs; Supplement 4). Therefore, fraction DCMMBP2-1 was prepared
as FAMEs for the GC-FID analysis.

In contrast, only a sharp band was observed on the TLC plate for fraction
DCMMBP2-2, which indicated it was enriched to apparent homogeneity (potentially
pure) compound. Therefore, the chemical structure of the compound, named
compound 1, in fraction DCMMBP2-2 was analyzed by *H-NMR. Compared to
naringenin isolated from the M. pigra L. flower BP (Khongkarat et al., 2021), the
obtained NMR peaks in the chemical shift pattern were *H-NMR (500 MHz, MeOH-
d4) 3: 7.30 (d, J=8.5 Hz, 2H), 6.80 (d, 8.5 Hz, 2H), 5.86 (q, J=2.2 Hz, 2H), 5.33 (dd,
J=13.0, 3.0 Hz, 1H), 3.09 (dd, J=17.1, 13.0 Hz, 1H), and 2.67 (dd, J=17.1, 3.0 Hz,
1H) (Supplement 5). Thus compound 1 was identified as naringenin (Figure 2.7, A).
However, the structure of DCMMBP2-3 was not identified from the NMR results

because it did not have any marked PPLI activity.
(A) (B)

1 2 3 4 5 1 2 3 4 5
Figure 2.6 TLC images showing the profile of DCMMBP2 (lane 1), DCMMBP2-1

(lane 2), DCMMBP2-2 (lane 3), DCMMBP2-3 (lane 4), and naringenin (lane 5) under
(A) UV light and (B) after 3% (v/v) anisaldehyde in MeOH.
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The fatty acids were identified and divided into saturated fatty acids (SFAS)

without C=C double bonds, monounsaturated fatty acids (MUFAs) with one such

bond, and polyunsaturated fatty acids (PUFAs) with two or more double bonds

between two connected carbon atoms. The fatty acid content in DCMMBP2-1 is

summarized in Table 2.4. The major fatty acids included one SFA (palmitic acid) and

two PUFAS (linoleic and linolenic) (Figure 2.7, B-D), together with small amounts of

stearic acid, oleic acid, myristic acid, pentadecanoic acid, lignoceric acid, margaric

acid, ecosadienoic acid, eicosenoic acids, y-linolenic acid, behenic acid, palmitoleic

acid, heptadecenoic acid, and eicosanoic acid (Supplement 6).

Table 2.4 Fatty acid composition of the DCMMBP2-1 (as FAMEs).

Peak Fatty acid Type Abbreviation Retention Fatty acid
# time (min) (mg/g)

1 Myristic acid SFAs C14: 0 20.187 4.4292

2 Pentadecanoic acid -~ SFAs C15:0 21.877 3.1227

3 Palmitic acid SFAs C16: 0 23.586 247.7186
4 Palmitoleic acid MUFAs C16:1 24.766 1.6687

5 Margaric acid SFAs C17:0 25.196 2.9375

6 Heptadecenoic acid MUFAs C17:1 26.224 1.3405

7 Stearic acid SFAs C18:0 26.773 18.9883
8 Oleic acid MUFAs C18: 1n9c 27.768 16.5952
9 Linoleic acid PUFAs C18: 2n6¢ 29.316 497.5391
10 Eicosanoic acid SFAs C20: 0 29.799 1.0764
11 y-linolenic acid PUFAs C18: 3n6 30.379 2.2933
12 Eicosenoic acids MUFAs C20:1 30.717 2.5925
13 a-linolenic acid PUFAs C18:3n3 30.930 184.2923
14 Ecosadienoic acid PUFAs C20: 2 32.155 2.6826
15 Behenic acid SFAs C22:0 32.663 1.8952
16 Lignoceric acid SFAs C24:0 35.655 3.0019
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Figure 2.7 Structural formula of naringenin (A) and the chemical structures of
palmitic acid, C16:0 (B), linoleic acid, C18:2n6¢ (C), and a-linolenic acid, C18:3n3

(D).

2.7 Discussion

Aging societies are found in most developed and many developing countries
due to the leap in progress in medicine and standard of living (nutrition, shelter, etc.)
leading to people living longer. However, these new life styles, especially in the
increased access to goods and processed food exposes the population to face many
diseases, such as diabetics, Alzeimer’s, and obesity. The drugs to treat these diseases
are expensive, especially when imported, as is the case in Thailand. These include
acarbose and orlistat as expensive anti-diabetic as anti-obesity drugs, respectively. In
addition, those drugs can cause adverse side effects. Orlistat can cause several mild-
to-moderate gastrointestinal adverse effects, serious adverse hepatic effects, and rare
cases of acute kidney injury. In addition, it interferes with the absorption of many
drugs, resulting in their decreased bioavailability and effectiveness (Filippatos et al.,
2008).

Hence, finding alternative treatments from local, sustainable, and natural
products is necessary. Many types of fruit, vegetables, and mushrooms (fungi) have
been shown to inhibit a-amylase activity (Papoutsis et al., 2021), while a mixture of

flavonoids and phenolics acids from Aristotelia chilensis leaves and coumarins have
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potential AChEI activity (Cespedes et al., 2017; de Souza et al., 2016). In addition,
lipase inhibitors have been reported from both synthetic compounds (phosphonates,
boronic acids, fats analogues) and natural compounds from many spices and plants,
such as hydroxybenzoic acids, hydroxycinnamic acid, flavonol, isoflavonoid,
flavanone, and hydroxycoumarin from Momordica charantia fruits (Bialecka-
Florjanczyk et al., 2018; Chanda et al., 2019; Sellami et al., 2017).

In this work, BP harvested by A. mellifera, the most well managed honeybee,
was our target. Due to the rapid growth of industries in Thailand, many agricultural
areas have become fragmented and the agroecosystem has been changed into
monocrop cultures, which results in a higher proportion of bee hives having
monofloral BP. As known, the bioactivity of BP is mainly dependent on its botanical
origin (Rebiai and Lanez, 2012). Thus, the monofloral BP from various botanical and
geographical origins in Thailand was the focus of this study. With the standard
methods used in pollen identification (Bell et al., 2016), the six BP samples in this
work were ascribed to have originated from C. sinensis L., H. annuus L., M.
diplotricha, N. nucifera, X. complanata, and A. conyzoides for BP1-6, respectively.
Three bioactivities (anti-amylase, AChEI, and PPLI activities) were focused on
because there have been rare reports on these activities in BP, especially in Thailand.

Although in vitro assays were used, the obtained data was reliable. The anti-
amylase activity was performed using a-amylase from porcine pancreas, which shows
a close relationship to human a-amylase (Butterworth et al., 2011). For the AChEI
activity, AChE from electric eel, which has the same active site as human AChE, was
selected (Orhan et al., 2011), while PPL has a similar active site to human pancreatic
lipase was used in the anti-lipase assay (Winkler et al., 1990). Therefore, these in vitro
assays were used as a screening method to search for potential human enzyme
inhibitors.

Bioactivity could be found in either the crude/partition extracts, partially
purified extracts or pure form (Feas et al., 2012; Khongkarat et al., 2020). In the crude
partition extracts of this study, only DCMXBP showed anti-amylase activity. With
respect to the AChEI activity, only one of the partition extracts showed a weak
AChEI activity. For the anti-lipase (as PPLI) activity, all the DCM partition extracts
showed PPLI activity, but with only a weak PPLI activity shown by DCMHBP. In
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contrast, DCMMBP and DCMCBP showed a moderate PPLI activity. Thus, DCM is
the best partition solvent for our extraction method. However, these three activities
were reported previously in the methanolic extracts of mono- and hetero-floral BP in
Brazil (Aradjo et al., 2017) and the anti-amylase activity was found in the aqueous-
ethanolic extract of BP in Nigeria (Daudu et al., 2019). Thus, the solvent and
extraction method used could not be ignored.

Among the three bioactivities examined in this study, the PPLI activity of M.
diplotricha BP became the main interest in this study due to the scarcity of reports on
this activity in BP. Thus, DCMMBP from M. diplotricha BP was further fractionated
by SG60 CC two times. After enrichment, two interesting fractions were derived and
the chemical structure of the components in these two fractions was analyzed by H-
NMR. One was found to be a mixture of FFAs and showed the highest PPLI activity,
while the other fraction was naringenin, a flavanone compound that has been reported
in Mimosa pigra L. bee pollen (Khongkarat et al., 2021). Therefore, it can be used as
a marker of Mimosa spp. bee pollen.

To study the FFA composition, the fatty acid fraction was esterified to FAME
and analyzed by GC-FID following the AOAC method 996.06. The result showed that
this fraction consisted of two major PUFAs (linoleic acid at 49.75% and a-linolenic at
18.43%) and one major SFA (palmitic acid at 24.77%). The major fatty acid
composition of M. diplotricha BP is consistent with the fatty acid compositions that
have been reported previously (Aradjo et al., 2017), except that linoleic acid was
found at the highest proportion in our study and not a-linolenic acid. It is possible that
linoleic acid provided the observed PPLI activity in M. diplotricha BP, consistent
with the previously reported anti-lipase activity of a fatty acid mixture from Nigella
sativa extracts with linoleic acid as the dominant fatty acid. This showed a mixed
inhibition type (the inhibitor can bind to enzyme whether or not the enzyme has
already bound the substrate) (Shamsiya et al., 2016). The lipase enzyme active site at
Ser152 is within a hydrophobic hexapeptide sequence (Val-Gly-His-Ser-GIn-Gly)
(Duan, 2000), and the long HC chain of linoleic acid can bind with lipase via

hydrophobic interactions.
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Overall, the results indicate that M. diplotricha BP has an anti-lipase property
due to its FFA composition, which is safe to consume and has the potential to be
developed for use as a pharmaceutical supplement.

2.8 Conclusions

Active biomolecule analysis of BP with PPLI activity contributed to a deeper
characterisation of BP. The highest PPLI activity was revealed in A. mellifera
monofloral MP dominant in M. diplotricha floral pollen. Floral identification ensured
both the safety for consumption and the standard of quality control. Although
naringenin was found not to have a PPLI activity in this work and was also without
any antioxidant activity in a previous study, it could be used as a marker for
monofloral BP dominant in Mimosa spp. The FFAs found in this bee product are here
reported to present an in vitro lipase inhibitory activity. Thus, this work promotes the
use of bee products as a natural nutrient supplement and indicates the benefit of
Mimosa spp., which are generally regarded as only weeds. However, in vivo

assessment is still required.
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2.9 List of abbreviations

BP1: bee pollen of Camellia sinensis L., BP2: bee pollen of Helianthus
annuus L., BP3: bee pollen of Mimosa diplotricha, BP4: bee pollen of Nelumbo
nucifera, BP5: bee pollen of Xyris complanata, and BP6: bee pollen of Ageratum
conyzoides

DCMCBP: DCM partitioned extract of C. sinensis L. bee pollen, DCMBP:
DCM partitioned extract of H. annuus L. bee pollen, DCMMBP: DCM partitioned
extract of M. diplotricha bee pollen, DCMNBP: DCM partitioned extract of N.
nucifera bee pollen, DCMXBP: DCM partitioned extract of X. complanata bee pollen,
DCMABP: DCM partitioned extract of A. conyzoides bee pollen

HXCBP: hexane partitioned extract of C. sinensis L. bee pollen, HXHBP:
hexane partitioned extract of H. annuus L. bee pollen, HXMBP: hexane partitioned
extract of M. diplotricha bee pollen, HXNBP: hexane partitioned extract of N.
nucifera bee pollen, HXXBP: hexane partitioned extract of X. complanata bee pollen,
HXABP: hexane partitioned extract of A. conyzoides bee pollen

MTCBP: MeOH partitioned extract of C. sinensis L. bee pollen, MTHBP:
MeOH partitioned extract of H. annuus L. bee pollen, MTMBP: MeOH partitioned
extract of M. diplotricha bee pollen, MTNBP: MeOH partitioned extract of N.
nucifera bee pollen, MTXBP: MeOH partitioned extract of X. complanata bee pollen,
MTABP: MeOH partitioned extract of A. conyzoides bee pollen

DCMMBP1-5: pooled fraction 1-5 after SiG60-CC (500-mL size) of
DCMMBP

DCMMBP2-1, 2-2, and 2-3: pooled fraction 1, 2, and 3 after SiG60-CC (250-
mL size) of DCMMBP2
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Supplements
Supplement 1: Raw data for a-amylase inhibition activity (%) of DCMXBP and
PPLI activity (%) of DCM partitioned extracts, DCMMBP2, and DCMMBP2-1.

Inhibitory ~ Sample Concentration Replication no.
activity (Hg/mL) R1 R2 R3
a-amylase DCMXBP 125 31.08 28.79 30.33
250 33.78 34.85 35.25
500 33.78 39.39 34.43
1,000 37.84 40.15 39.34
2,000 53.38 51.52 54.10
ICso 1,818.96 1,824.76 1,733.73
Lipase DCMCBP 200 32.33 31.60 30.58
400 48.68 50.99 48.74
600 58.83 56.37 57.37
800 61.65 59.25 61.15
1,000 65.04 61.22 65.11
1Cs0 443.84 461.55 470.06
DCMMBP 200 22.36 20.20 22.77
400 44,71 40.40 43.56
600 57.68 55.80 55.25
800 68.86 63.60 62.38
1,000 71.86 70.60 68.91
ICso 472.63 519.09  510.68
DCMNBP 200 28.01 32.14 33.27
400 37.97 40.93 39.57
600 41.92 44.17 42.81
800 46.99 45.06 46.76
1,000 55.26 53.32 53.78
ICso 850 897.67  880.62
DCMXBP 200 26.03 25.18 26.66
400 34.65 34.35 35.09
600 42.01 42.63 42.37
800 47.04 44.42 45.02
1,000 50.45 54.86 52.96
ICso 994.69 919.27  967.53
DCMABP 200 21.76 21.00 22.57
400 39.52 34.80 37.82
600 47.90 43.80 46.93
800 52.50 55.20 53.47
1,000 65.47 63.80 62.57
ICso 624.83 662.86  650.57
DCMMBP2 125 1.87 1.33 2.13
25 11.21 11.82 14.49

50 18.96 15.14 14.10
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100 47.80 50.07 48.27
200 76.10 72.78 71.81
1Cso 125.23 129.05 131.17
DCMMBP2- 125 8.19 12.89 12.25
1 25 21.14 28.76 28.52
50 47.43 52.73 51.01
100 68.38 71.40 70.13
200 86.86 85.12 83.56
1Cso 56.49 49.66 51.73

Supplement 2: Raw data for a-amylase inhibition activity (%) of acarbose, AChEI

activity (%) of physostigmine, and PPLI activity (%) of orlistat.

Inhibitory Positive Concentration Replicate no.
activity control (Kg/mL) R1 R2 R3
a-amylase  acarbose 2.5 1.02 2.08 5.43
5 12.24 15.63 17.39
10 20.41 25.00 27.17
20 39.80 44.79 45.65
40 59.18 61.46 57.61
I1Cs0 25.78 27.49 30.98
AChE Physostigmine  0.015625 8.54 9.64 7.65
0.03125 26.92 23.00 23.67
0.0625 41.82 42.56 37.81
0.125 61.51 61.71 62.63
0.25 82.34 81.68 83.84
0.5 91.90 92.84 92.64
1Cs0 0.081 0.084 0.082
Lipase Orlistat 0.0025 10.95 8.58 11.96
0.005 15.36 15.84 17.22
0.01 26.80 23.10 24.08
0.02 57.52 56.77 58.21
0.04 86.27 86.96 88.52
I1Cs0 0.021 0.020 0.021




Supplement 3: 'H-NMR peak data at chemical shift(d) 0.0-8.0 ppm in length of

fraction DCMMBP2-1 methy! ester derivertive in chloroform-d
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Supplement 4: 'H-NMR peak data at chemical shift(d) 0.0-8.0 ppm in length of

fraction DCMMBP2-1 in chloroform-d
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Supplement 5: 'H-NMR peak data at chemical shift(d) 0.0-8.0 ppm in length of
DCMMBP2-2(Naringenin) in methanol-d4
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Supplement 6: GC-FID chromatogram of DCMMBP2-1 methy| ester derivative

FID1 B, (290621\FATTY008.D)

J9uUZ8LO--91LE62

pA

800

700

EUEBLD - 0E6'0E -

021D -98S°€Z —

600

500

400

300

€U9:ZZO -820'LY-

L:v2O - €9/ wm E

SER 958

19uZ:8LY - /9G° 2

mmmw

o6y .%ﬂ?%?%

Q643 - wwwwm

0:
0:

021D -2869L~

200

SLO -4.8°12
Y10 - /8102 -

0:80 -86€CL
0:9D0 -602°LL

100

min

50

40

30

20

o
~



CHAPTER Il

Phytochemical content, especially spermidine derivatives, presenting antioxidant

and antilipoxygenase activities in Thai bee pollens

3.1 Authors
3.1.1 First author
¢ Phanthiwa Khongkarat

Affiliation: Program in Biotechnology, Faculty of Science, Chulalongkorn
University, 254 Phayathai Road, Bangkok 10330, Thailand,
parephanthiwa@gmail.com, +66824976525

3.1.2 Corresponding author
e Professor Chanpen Chanchao, Ph.D (Advisor)

Affiliation: Department of Biology, Faculty of Science, Chulalongkorn
University, 254 Phayathai Road, Bangkok 10330, Thailand,
chanpen.c@chula.ac.th, +66859130412

3.2 Article status

The article was published on 25" May 2022 in Peer J, volume 10 on pages of 13506-
13526


mailto:parephanthiwa@gmail.com
mailto:chanpen.c@chula.ac.th

55

3.3 Abstract

Background: Bee pollen (BP) is full of useful nutrients and phytochemicals. Its
chemical components and bioactivities depend mainly on the type of floral pollen.
Methods: Monofloral BP from Camellia sinensis L., Mimosa diplotricha, Helianthus
annuus L., Nelumbo nucifera, Xyris complanata, and Ageratum conyzoides were
harvested. Crude extraction and partition were performed to yield solvent-partitioned
extracts of each BP. Total phenolic content (TPC) was assayed by the Folin-Ciocalteu
method, while the flavonoid content (FC) was measured by the aluminium chloride
colorimetric method. Antioxidant capacity was measured by the (i) 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical scavenging activity, (ii) 2,2'-azino-bis (3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS) scavenging activity and its Trolox
equivalent antioxidant capacity (TEAC), and (iii) ferric reducing antioxidant power
(FRAP). All samples were tested for lipoxygenase inhibitory (LOXI) activity. The
most active sample was enriched by silica gel 60 column chromatography (SiG60-
CC) and high performance liquid chromatography (HPLC), observing the chemical
pattern of each fraction using thin layer chromatography. Chemical structure of the
most active compound was analyzed by proton nuclear magnetic resonance and mass
spectrometry.

Results: Dichloromethane (DCM)-partitioned BP extracts of H. annuus L. and M.
diplotricha (DCMMBP) showed a very high TPC, while DCMMBP had the highest
FC. In addition, DCMMBP had the strongest DPPH and ABTS radical scavenging
activities (as a TEAC value), as well as FRAP value. Also, DCMMBP (60 pg/mL)
gave the highest LOXI activity (78.60 + 2.81 %). Hence, DCMMBP was chosen for
further enrichment by SiG60-CC and HPLC. Following this, the most active fraction
showed higher antioxidant and LOXI activities with an ECso for DPPH and ABTS of
54.66 £ 3.45 pg/mL and 24.56 + 2.99 pg/mL (with a TEAC value of 2,529.69 +
142.16 pmole TE/g), respectively, and a FRAP value of 3,466.17 £ 81.30 pumole
Fe?*/g and an ICso for LOXI activity of 12.11 £ 0.36 pg/mL. Triferuloyl spermidines
were revealed to be the likely main active components.

Conclusions: TPC, FC, and spermidine derivatives played an important role in the

antioxidant and antilipoxygenase activities in M. diplotricha bee pollen.
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3.4 Introduction

People nowadays have a longer expected life span due to advances in
medicine and technology. In addition, people pay more attention to their health.
Hence, a lot of nutrient supplements have been introduced, which are mostly from
natural products. Bee pollen (BP) is one of the natural bee products that is widely
used for nutritional and medical applications. It is produced by foraging bees by
mixing the floral pollens with some nectar or honey, enzymes, wax, and bee secretion
(Chantarudee et al., 2012). Bee pollens are a good protein source because they contain
a high level of well-balanced proteins (those with all the essential amino acids
necessary for the human body). Furthermore, BPs contain other required nutrients,
including unsaturated fatty acids, vitamins, minerals, and trace elements. As a result,
it is commonly used as a natural dietary supplement (Sommano et al., 2020).

Additionally, BP contains a variety of beneficial chemicals, particularly
phenolic and flavonoid components, such as quercetin, kaempferol, caffeic acid, and
naringenin (Saric et al., 2009). As a result, many bioactivities of BP have been
discovered, such as antimicrobial and anti-inflammatory activities (Saral et al., 2022).
The phenolic compounds from rape BP showed in vitro antioxidant and tyrosinase
inhibition (TYRI) properties and could inhibit melanogenesis. These activities were
attributed to rutin, the major flavonoid in the extract (Sun et al., 2017). Also, the
phenol and flavonoid compounds in BP from Nigeria had an a-amylase inhibitory
activity, indicating the potential therapeutic potential of BP in the management of
diabetes (Daudu, 2019). In addition, a monoamine oxidase (MAO) inhibitory activity
was reported for chestnut BP (Yildez et al., 2014), and so its potential use in the
treatment of depressive disorders, Parkinson’s disease, and Alzheimer’s disease. The
relationship between MAO inhibition and the total phenolic content (TPC) as well as
the antioxidant capacity of BP was subsequently reported (Yildez et al., 2014). Hence,
the TPC and flavonoid contents (FC) from BP, which mainly depended on the floral
origin, have the potential to be used as a natural antioxidant agent and enzyme

inhibitor.
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The antioxidant and lipoxygenase inhibition (LOXI) properties were found to
be associated with anti-inflammatory, anti-cancer, and anti-aging effects (Eshwarappa
et al., 2016). The antioxidant properties can protect cells from the oxidative damage
of free radical molecules, which are unstable molecules with one or more unpaired
electrons (Lobo et al.,, 2010). The antioxidant can react with other molecules,
including the intracellular proteins, lipids, and DNA. After such damage, the cells are
in an oxidative stress that can induce the development of many chronic diseases, such
as cancer, autoimmune disorders, aging, cataracts, rheumatoid arthritis, and
cardiovascular and neurodegenerative diseases (Pham-Huy et al., 2010).

Therefore, to help prevent oxidative damage to cells, antioxidant agents that
can donate electrons or hydrogen atoms are important in order to reduce the free
radical level (Shahidi and Zhong, 2015). The lipoxygenases (LOXs) are an important
family of enzymes in inflammatory and immune responses. They catalyze the
conversion of polyunsaturated fatty acids and arachidonic acid to inflammatory
eicosanoids, including hydroperoxy-eicosatetraenoic acid and leukotrienes (Mashima
and Okuyama, 2015). The overexpression of LOX promotes the development of
several inflammation-related diseases, such as arthritis, asthma, cancer, and allergic
diseases (Wang et al., 2021). This can be prevented via the inhibition of the LOX
pathway and the targeting of LOX with LOXIs is a promising therapeutic target for
treating a wide spectrum of human diseases (Eshwarappa et al., 2016).

The chemical composition of BP mainly depends on its floral and geological/
geographical origins. In Thailand, some dominant floral origins are different from
those in other countries (Chamchumroon et al., 2017), while the bioactivities of some
BPs have not been reported before. This led to our interest in the bioactivities of
different types of Thai monofloral BPs. Six such samples were collected and then
sequentially extracted and partitioned with three organic solvents of different
polarities. The enrichment of the active compounds, using bioactivity and chemical
profile screening of the fractions, was performed. The structure of the isolated active
compounds was analyzed by proton nuclear magnetic resonance spectroscopy (*H-
NMR) and the molecular weight (MW) was measured by MALDI-TOF mass
spectrometry (MS). The benefit of this work is the discovery of potential new
antioxidant and LOXI compounds and the promotion of BP as a nutraceutical food to
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be developed for use in the pharmaceutical industry. This may encourage the growth

of Thai apiaries, resulting in an improved income for bee farmers.

3.5 Materials & Methods

3.5.1 Sample collection

Six monofloral Apis mellifera BP samples were collected from five provinces
in Thailand (Table 3.1) and stored at room temperature (25 °C) until used. The BP
was identified by palynological analysis and sequence analysis of the ITS-2 region of
the rRNA genes, as previously reported (Khongkarat et al., 2022). Both analyses were
consistent and confirmed that the six A. mellifera BP samples were from Camellia
sinensis L. (BP1), Mimosa diplotricha (BP2) (Chiangmai province), Helianthus
annuus L. (BP3) (Lopburi province), Nelumbo nucifera (BP4) (Nakhon Sawan
province), Xyris complanata (BP5) (Udon Thani), and Ageratum conyzoides (BP6)
(Lamphun).

Table 3.1 Detail of sample collection.

Type of BP Sample  Collecting time  Collecting site  Geographical location
code (province)
Longitude Latitude
Camellia sinensis L. BP BP1 February, 2018 Chiangmai 99°03'45.3"E 18°46'37.3"N
Mimosa diplotricha BP BP2 February, 2018 Chiangmai 99°03'45.3"E 18°46'37.3"N
Helianthus annuus L. BP BP3 February, 2018 Lopburi 101°01'07.5"E  14°51'31.7"N
Nelumbo nucifera BP BP4 February, 2018 Nakhon Sawan 100°15'01.4"E  15°41'02.4"N
Xyris complanata BP BP5 February, 2018 Udon Thani 102°4528.8"E  17°21'12.7"N
Ageratum conyzoides BP BP6 February, 2018 Lamphun 98°53'42.6"E 18°04'49.2"N

3.5.2 Crude extraction and partition

All collected samples were extracted as previously described (Umthong et al.,
2011). In brief, each BP sample (140 g) was extracted with 800 mL of methanol
(MeOH) by shaking at 100 rpm, 15 °C, for 18 h. After that, the supernatant was
collected and the residue was extracted two more times each with 800 mL of MeOH.
The three supernatants were pooled and dried under reduced pressure to obtain the
respective MeOH crude extract (MCE). Each MCE was further partitioned by hexane,
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dichloromethane (DCM), and MeOH as follows. At first, the MCE was dissolved in
MeOH (250 mL) and then mixed with an equal volume of hexane in a separating
funnel and left to phase separate. The upper hexane phase was collected and the lower
MeOH phase was further partitioned two more times in the same manner, with the
three hexane extracts being pooled and dried under reduced pressure to yield the
respective hexane-partitioned BP extract (HX); designated as HXCBP, HXMBP,
HXHBP, HXNBP, HXXBP, and HXABP for BP1-6, respectively. Next, the residual
MeOH phase was added to an equal volume of water and subsequently partitioned
three times with DCM in the same manner as above (except the DCM phase was the
lower layer), with the pooled DCM extracts being evaporated as above to provide the
DCM-partitioned extracts; designated as DCMCBP, DCMMBP, DCMHBP,
DCMNBP, DCMXBP, and DCMABP for BP1-6, respectively. Finally, the residual
MeOH phases were evaporated as above to obtain the MeOH-partitioned extracts;
designated as MTCBP, DCMMBP, MTHBP, MTNBP, MTXBP, and MTABP for
BP1-6, respectively. All partitioned extracts were kept at -20 °C in the dark until
used.

3.5.3 Determination of the TPC

The TPC of each partitioned extract was evaluated as previously reported
(Marghitas et al., 2009) based on the Folin-Ciocalteu method. The method was
adapted to be performed in a 96 well plate. Firstly, 125 uL of 0.2 N Folin-Ciocalteu
reagent was added to 25 pL of the diluted partitioned extract or gallic acid solution in
dimethyl sulfoxide (DMSO) and mixed for 5 min. Then, 100 pL of 7.5% (w/v)
sodium carbonate solution was added per well and incubated at room temperature for
2 h. The absorbance at a wavelength of 700 nm was measured using a microplate
reader against DMSO as a blank. All reactions were performed in triplicate. The
results were expressed as mg of gallic acid equivalents (GAE)/g of partitioned extract
using a standard graph for gallic acid in the range of 0.02 to 0.1 mg/mL.

3.5.4 Determination of the FC
The FC of each partitioned extract was measured as previously described
(Marghitas et al., 2009) based on the aluminium chloride (AlClz) colorimetric method

but with adaptation for use in a 96 well microplate reader. Briefly, 25 puL of the
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diluted partitioned extract solution dissolved in DMSO was mixed with 100 pL of
distilled water. Then, 7.5 pL of 5% (w/v) sodium nitrite solution was added and
incubated at room temperature for 5 min, followed by the addition of 7.5 pL of 10%
(w/v) AICIs. After 6 min of incubation at room temperature, 50 uL. of 1 M sodium
hydroxide was added and the absorbance at wavelength of 510 nm was measured.
Each assay was performed in triplicate. The FC was expressed as mg of quercetin
equivalents (QE)/g of partitioned extract using a standard graph for quercetin (0.1 to 1

mg/mL).

3.5.5 Determination of the antioxidant capacity

The DPPH free radical scavenging activity assay

The potential of the partitioned extracts was determined as previously
described (Khongkarat et al., 2020). Five different concentrations of each sample
were prepared in DMSO. For each concentration, 20 pL of the sample was mixed
with 80 pL of 0.15 mM DPPH in MeOH and incubated at room temperature for 30
min. The absorbance was measured at a wavelength of 517 nm (Asi7) using a
microplate reader. Ascorbic acid (vitamin C) was used as the standard reference. Each
assay was performed in triplicate. The free radical scavenging activity was calculated
from Eq. (1):

% DPPH radical scavenging activity = [(A — B)/(A)] x 100 (D),

where A is the Asi7 of the negative control and B is the Asi7 of the treatment.

The % inhibition (Y axis) was plotted against the extract concentrations (X
axis) and the effective concentration at 50% (ECso) was obtained from the graph.

Determination of the Trolox equivalent antioxidant capacity (TEAC)

The TEAC assay followed the described method (Suriyatem et al., 2017). The
stock ABTS™ solution was prepared by reacting 7mM ABTS solution with 2.45 mM
potassium persulphate solution in distilled water at a 1:1 (v/v) ratio in the dark at
room temperature for 16 h before use. The working ABTS"" solution was prepared by
diluting the stock ABTS"* solution (1 mL) with ethanol (35 mL) to get an absorbance
at 734 nm (Arszs4) of 0.700 £ 0.025. After that, 0.3 mL of each partitioned extract at

different concentrations dissolved in DMSO was mixed with 2.7 mL of the prepared
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ABTS"" solution, left for 6 min in the dark and then the A4 was read. The percentage
of inhibition was calculated according to Eq. (2),

% ABTS radical scavenging activity = [(A — B)/(A)] x 100 (2),
where A is the A7z4 of the negative control and B is the Azz4 of the treatment.

The % inhibition (Y axis) was plotted against the respective extract
concentration (X axis) and the ECso value was obtained from the graph. The results
were then compared with the Trolox standard curve (0-0.2 mM) and the results are
expressed as pmole Trolox equivalents (TE)/g partitioned extract.

Determination of the ferric reducing antioxidant power (FRAP)

The FRAP assay was performed as previously described (Sun et al., 2017).
The FRAP reagent was freshly prepared by mixing 100 mL of 300 mM acetate buffer
(pH 3.6), 10 mL of 10 mM 2,4,6-tris(2pyridyl)-s-triazine solution in 40 mM
hydrochloric acid, and 10 mL of 20 mM ferric chloride solution. Later, 100 pL of the
sample at a desired concentration was added to 3 mL of the FRAP reagent and
incubated at 37 °C in a water bath for 6 min. The absorbance was measured at a
wavelength of 593 nm. Aqueous solutions of ferrous sulfate (0-2,000 uM) were used
to establish the standard graph and the reducing capacity was expressed as umole of

Fe?*/g extract. Each assay was performed in triplicate.

3.5.6 Invitro TYRI activity

The in vitro TYRI activity was determined as described (Khongkarat et al.,
2020). The reaction mixture contained 120 puL of 2.5 mM L-DOPA in 80 mM
phosphate buffer (pH 6.8), 30 pL of 80 mM phosphate buffer (pH 6.8), and 10 pL of
partitioned extract or kojic acid (positive control) at different concentrations in
DMSO. After mixing, the reaction was pre-incubated at 25 °C for 10 min. Then, 40
pL of 165 units (U)/mL mushroom TYR in phosphate buffer was added and incubated
at 25 °C for 5 min. The absorbance at 475 nm (As75) was measured using a microplate
reader. The TYRI activity was calculated as the 1Cso value. Each assay was performed
in triplicate and the percentage TYRI was calculated from Eq. (3);

Percentage of tyrosinase inhibition = [{(A-B) — (C-D)}/ (A-B)] X 100 3),
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where: A is the Aszs after incubation without extract, B is the As7s after incubation

without an extract and tyrosinase, C is the Aszs after incubation with an extract and

tyrosinase, and D is the A47s after incubation with an extract, but without tyrosinase.
The % TYRI (Y axis) was plotted against the respective extract concentration

(X axis) and the ICso value was obtained from the graph.

3.5.7 In vitro LOXI activity

The LOXI activity of each partitioned extract was determined as described
(Sethiya and Mishra, 2014) with some modifications. Firstly, 220 uL. of 0.2 M borate
buffer pH 9.0, 30 pL of the extract in DMSO, and 250 pL of 20,000 U/mL LOX from
soybean in 0.2 M borate buffer pH 9.0 were mixed and incubated at 25 °C for 5 min.
After that, 1,000 pL of 0.6 mM linoleic acid solution was added and the absorbance at
234 nm (A23s) was measured. Nordihydroguaiaretic acid (NDGA) was used as the
reference standard. Each assay was performed in triplicate. The percentage of LOXI
was calculated from Eq. (4);

Percentage of LOXI = [((A-B) — (C-D)) / (A-B)] X 100 (4),
where A is the Azs4 after incubation without an extract, B is the Azz4 after incubation
without an extract and LOX, C is the Azz4 after incubation with an extract and LOX,
and D is the Azz4 after incubation with an extract but without LOX.

The % LOXI (Y axis) was plotted against the respective extract concentration

(X axis) and the 1Csp value was obtained from the graph.

3.5.8 Enrichment of active fractions

Among the mentioned bioactivities, the most active extract for antioxidants
and in vitro LOXI activity was further fractionated following the bioactivity as in
previous studies (Teerasripreecha et al., 2011).

Fractionation by silica gel 60 column chromatography (SiG60-CC; 500-mL
size)

The most active extract for antioxidant and in vitro LOXI activities was
selected for fractionation by SiG60-CC. Briefly, the 500-mL column was packed with
fine SiG60 (Merck, for CC). The partitioned extract (5.64 g) was dissolved in 20 mL
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of MeOH and combined with 20 g of rough SiG60 (Merck, for CC). After drying, it
was poured over the surface of the packed SiG60 column and then eluted with 6.5 L
of DCM, 8.5 L of 7% (v/v) MeOH in DCM, and 3.5 L of MeOH, respectively. Eluted
fractions (250 mL each) were collected, and the solvent was removed by evaporation
under reduced pressure at a maximum temperature of 40-45 °C. The pattern of
chemical compounds in each fraction was profiled by thin layer chromatography
(TLC; see below). Fractions with the same TLC pattern were pooled together and

tested for antioxidant and in vitro LOXI activities.

Chemical profiling by TLC

A sample was spotted onto the starting line of a 5 x 5 cm? TLC plate (silica
immobile phase) using a capillary tube and then dried at room temperature. It was
then resolved in one direction using 7% (v/v) MeOH: DCM as the mobile phase. The
resolved compounds on the TLC plate were visualized under UV light at 254 nm or

by dipping in 3% (v/v) anisaldehyde in MeOH and heating over a hot plate.

Enrichment by HPLC

To separate (enrich) the compounds of a similar polarity in the mixture
(extract) the HPLC method reported by Lv et al. (2015) was further developed and
modified. The optimal operating condition was found using a SB-PHENYL column (5
um, 9.4 x 250 mm), loading 10 x 20 pL aliquots of the respective sample (100 mg/mL
in MeOH) with a column temperature of 25 °C, and eluting in an isocratic mobile
phase (2 mL/min) of milli Q H20 and MeOH ranging from 0:100 to 60:40 (v/v) H2O:
MeOH. The eluted fractions were detected by UV-visible spectroscopy at 254 nm

(A2s4). The retention time of the extract was determined.

3.5.9 Chemical structure analysis by *H-NMR and MS

Among the selected fractions from the SiG60-CC (500 mL size) and HPLC
fractions, the most active fraction for both activities was evaporated and analyzed as
reported (Do et al., 2021). Briefly, the evaporated sample was dissolved in an
appropriate deuterated solvent (methanol-d4, Merck) at a ratio of 5-20 mg of

compound to 600 pL of the solvent. Next, it was transferred to an NMR tube and
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shaken until totally dissolved. The *H-NMR spectrum was recorded using a Jeol
IJNM-ECZ 500MHz operated at 500 MHz for *H-NMR nuclei with tetramethylsilane
as the internal standard. The chemical shift in & (ppm) was assigned with reference to
the signal from the residual protons in the deuterated solvents, while the chemical
shift and J coupling value were determined using the MestReNova version 12.0.3
software. The MW of the active fractions was analyzed using a microTOF focus 1l
MS with electrospray ionization in the positive mode and a-cyano-4-hydroxycinnamic

acid as the matrix.

3.5.10 Data analysis

All experiments were done in triplicate. Numerical data are reported as the
mean + one standard deviation (SD), determined in the Microsoft Excel 2019
software (Khongkarat et al., 2022). One-way ANOVA and T-test were used to test for
significant differences. Tukey’s and Dunnett T3 test (p < 0.05) was applied for
pairwise multiple comparisons (Durovic et al., 2022). All statistical analyses were
performed using the IBM SPSS statistics version 22 for windows software.

The overall procedure of BP screening and enrichment of the antioxidant and
enzyme inhibitory activities from the most active extract is summarized schematically

in Figure 3.1.
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Figure 3.1 Summary of the extraction, screening, and enrichment procedures for the

selected BP.
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3.6 Results
3.6.1 The partitioned extracts of BPs

After partitioning the MCEs of the six different types of BPs with organic
solvents from the lowest to the highest in polarity (hexane, DCM, and MeOH), a total
of 18 partitioned extracts were obtained. These partitioned extracts were then
evaporated and weighed, and the character of each extract was observed, with the
results summarized in Supplement 1. The MeOH-partitioned extracts had the highest
yield (above 40%). Only the DCM-partitioned extracts exhibited a sticky solid form,
whereas the MeOH- and hexane-partitioned extracts exhibited an oil form. The TPC
and FC of the MeOH-, DCM- and hexane-partitioned extracts of all six types of BP

were then determined.

3.6.2 Determination of the TPC and FC

The TPC and FC were determined from the calibration curves of gallic acid (y
= 8.5519x - 0.0133; R? = 0.9991) and quercetin (y = 0.6342x + 0.0083; R? = 0.9982),
respectively, with the TPC and FC of each extract shown in Table 3.2. The effect of
the partition solvent on the TPC and FC was significantly evident, with the highest
TPC and FC being found in the DCM-partitioned extracts of all six BP samples,
followed by the MeOH-partitioned extracts, while the hexane-partitioned extracts had
the lowest TPC and no FC. The TPC of these BP extracts varied between 7.20 £ 0.25
and 53.26 = 0.85 mg GAE/g, being highest in DCMHBP (53.26 + 0.85 mg GAE/Q).
The FC varied between 3.09 = 0.59 and 104.13 + 3.80 mg QE/g, being highest in
DCMMBP (104.13 £ 3.80 mg QE/g). The FC of the hexane-partitioned extracts could
not be determined due to the absorption being too low (below the range of the
quercetin standard curve). Since the DCM-partitioned extract of each type of BP had
the significantly highest TPC and FC, they were used in the subsequent screening for

antioxidant and enzyme inhibitory activities.
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Table 3.2 The TPC and FC of the partitioned BP extracts.

Partitioned CBP HBP MBP NBP XBP ABP

extract

TPC (mg GAE/g):

MT 29.45+0.94° 20.19+0.75° 24.04+0.37° 11.84+0.23* 18.16+0.16" 26.55+0.37°
DCM 4244 +£0.25° 53.26+0.85° 47.82+0.39° 16.83+0.04° 47.91+0.36° 39.33 +0.66°
HX 10.45+0.24* 9.69+047*  7.20+0.25° 12.48 +0.41* 10.03+0.57* 11.90+0.18%

FC (mg QE/qg):

MT 8.86+0.44° 3.09+059° 639+027° - 427+0.16°  16.95 +0.44°
DCM 31.07+2.94° 56.13+252° 104.13+3.80° 6.74+045 5844 +136° 24.64+0.44°
HX - - \ - - -

Notes:

Data are shown as the mean + 1SD derived from three replicates. Means within a
column with a different superscript letter are significantly different [p < 0.05; one-
way ANOVA and Post Hoc (Tukey) test (TPC) or Independent-Samples T-Test (FC)].

3.6.3 Antioxidant activity of the partitioned extracts

The results for the three different antioxidant assays of the DCM-partitioned
extracts from the six types of BP are shown in the Table 3.3 along with that for
ascorbic acid as the standard reference for the DPPH and ABTS assays. The ECso
values ranged from 176.85 + 8.31 to 2,305.98 + 59.53 ug/mL. Only the DCMMBP
extract showed a significantly strong DPPH radical scavenging ability (ECso of
176.85 + 8.31ug/mL), although this was still almost 2.6-fold less effective than
ascorbic acid (ECso of 68.00 + 1.13 pg/mL), while the DCMNBP extract had the
weakest DPPH scavenging capacity.

For the ABTS assay, the ECso values (Table 3.3) ranged from 195.59 + 11.44
to 875.04 + 49.84 pg/mL. Again, only DCMMBP showed a significantly strong
ABTS radical scavenging ability (ECso of 195.59 + 11.44 pg/mL), although this was
still over four-fold less effective than ascorbic acid (ECso of 44.54 + 0.19 pg/mL),
while DCMNBP demonstrated the weakest ABTS scavenging capacity.

Furthermore, the ABTS assay was also evaluated in terms of the TEAC,
determined from the Trolox calibration curve (y = -3.0279x + 0.5931; R? = 0.9978).
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The TEAC values of the BP extracts ranged from 35.71 + 2.98 to 296.95 + 16.87
pmole TE/g (Table 3.3), where DCMMBP had the significantly highest TEAC value
and DCMNBP the lowest.

The reducing power, in terms of the FRAP value, of the DCM-partitioned
extracts was calculated from the calibration curve of FeSO4 (y = 0.0004x - 0.0292; R2
= 0.9947). The significantly highest antioxidant activity was found in DCMMBP
(1,058.92 + 28.78 pmole Fe?*/g) (Table 3.3), while the lowest was found in
DCMNBP (141.83 + 5.61 pmole Fe*/g).

Overall, from the three antioxidant assays (DPPH, ABTS, and FRAP),
DCMMBP showed the strongest antioxidant activity. However, its activity was lower
than ascorbic acid (positive standard). To increase its activity, DCMMBP was further
enriched (fractionated) by chromatographic methods.

Table 3.3 Antioxidant activity of the partitioned extracts.

Sample DPPH ABTS ABTS (umole FRAP (umole
ECso (ug/mL) ECso (ug/mL) TE/g) Fe?*/g)

DCMCBP 1,952.99 + 8.44° 563.85 + 23.48% 163.92 + 10.24% 412.11 +11.04°
DCMHBP 2,291.18 £36.99¢  681.1 + 28.83% 164.80 + 7.60* 395.17 + 13.00%

DCMMBP 176.85 + 8.31° 195.59 + 11.44° 296.95 + 16.87¢ 1,058.92 + 28.78¢
DCMNBP >4,000¢ >2,000¢ 35.71 + 2.98? 141.83 +5.61?2
DCMXBP 1,970 £ 3.34°¢ 494.04 + 25.41° 176.58 + 10.91°¢ 469.61 + 15.86¢
DCMABP 2,305.98 + 59.53¢ 875.04 + 49.844 136.22 + 13.60° 351.97 + 15.67"
Ascorbic acid  68.00 + 1.13? 44,54 +0.192 - -

Notes:

Data are shown as the mean + 1 SD. Within a column, ECso means with a different
superscript letter are significantly different (p < 0.05; one-way ANOVA and Post Hoc
(Dunnett T3) test. Likewise, for the mean ABTS and FRAP umole TE g~! and umole
Fe?* g ! values, means within a column with a different superscript letter are
significantly different [p < 0.05; one-way ANOVA and Post Hoc (Tukey) test].
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3.6.4 Enzyme inhibitory activity

In vitro TYRI activity

Due to the large number of fractions to be screened, all the partitioned extracts
were initially screened for TYRI activity at a single final extract concentration of 200
ug/mL. The obtained A47s was converted to the TYRI activity (%) and the results are
presented as the mean £ SD in Table 3.4. At this extract concentration, DCMCBP,
DCMHBP, DCMXBP, and DCMABP showed a more than 50% TYRI activity, and
so they were further evaluated at different concentrations and their derived ICsp values
are shown in Table 3.4. Of these extracts, DCMHBP had the significantly highest
TYRI activity (ICso 42.63 + 1.65 pg/mL) but this was significantly (some 4.4-fold)
less effective than kojic acid (ICso of 9.61 + 0.47 pg/mL).

In vitro LOXI activity

The partitioned extracts were also initially screened for LOXI activity at a
single final extract concentration of 60 ug/mL, with the LOXI activity (%) presented
as the mean £ SD in Table 3.4. At this extract concentration, only DCMMBP
provided a high in vitro LOXI activity (78.60 + 2.81%) and so was further evaluated
at different concentrations, revealing an 1Cso value of 32.55 + 1.31 pg/mL (Table 3.4),
some 1.4-fold less significantly effective than NDGA (22.41 + 2.35 pg/mL).

Table 3.4 The TYRI and LOXI activities (%/IC50) of the partitioned extracts.

Sample TYRI (% at 200 pg/mL)/ICso LOXI (% at 60 pg/mL)/1Cso

DCMCBP  58.88 +0.36/101.13 + 3.18° 25.80 £ 4.73/-

DCMHBP  60.41 + 0.45/42.63 + 1.65" 28.58 + 4.96/—

DCMMBP  10.05 £ 0.86/— 78.60 + 2.81/32.55 + 1.31°
DCMNBP  0.00 + 0.00/— 15.64 + 3.28/-

DCMXBP  52.95+0.09/179.97 + 3.77¢ 28.27 £ 1.82/-

DCMABP  51.76 +0.93/193.87 + 5.06° 24.47 £ 2.95/-

Kojicacid  —/9.61 +0.472 -

NDGA - —122.41 + 2,352

Notes:
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The ICso values are shown as the mean + 1SD. Within a column, means with a
different superscript letter are significantly different (p < 0.05; one-way ANOVA and
Post Hoc Tukey test for TYRI activity and Independent-Samples T-Test for LOXI).

3.6.5 Antioxidant and LOXI activities of compounds from DCMMBP

Fractionation of DCMMBP by SiG60-CC

Since the DCMMBP provided the best LOXI and antioxidant activities, the
sample (5.64 g) was further enriched using SiG60-CC. A total of 74 fractions were
collected, but after pooling fractions with a similar TLC plate profile, five different
fractions (DCMMBP1-5) were obtained (Supplement 2). The TLC profile
DCMMBP1 (lane 2, Rf of 0.90) revealed one major band under UV light and a few
bands after staining with anisaldehyde, while DCMMBP2 (lane 3, Rf of 0.26, 0.38,
and 0.59) showed two bands under UV light and one more major band after staining.
For DCMMBP3 (lane 4, Rf of 0.21), it showed only one major band under UV light
and so it might be a pure compound, while DCMMBP 4 (lane 5, Rf of 0.00 and 0.21)
and DCMMBP 5 (lane 6, Rf of 0.00 and 0.21) each showed a major band at the base
line and a minor band under UV light. When the TLC profiles of each fraction were
compared to the original fraction (lane 1, Rf of 0.23), the compound in fraction 3 was
found to be the main active compound. Their respective weights and characteristics
are recorded in Supplement 1.

All five pooled fractions were separately screened for their antioxidant and
LOXI activities. An antioxidant activity of more than 50% was found in DCMMBP3
(81.21 £ 1.38%) and DCMMBP4 (69.52 = 1.52%) at a concentration of 500 pg/mL
based on the DPPH assay. The ABTS assay revealed more 50% activity for the
DCMMBP2 (92.87 + 4.00%), DCMMBP3 (99.32 + 0.01%), DCMMBP4 (97.97 +
0.57%), and DCMMBPS5 (72.12 + 1.49%). However, at a concentration of 20 pg/mL,
a LOXI activity of over 50% was only found in DCMMBP3 (73.35 = 0.85%).
Therefore, these fractions were further investigated at various concentrations and their
respective ECsg and ICso values derived.

The data for the DPPH assay are shown in Table 3.5, where the ECsg value of
DCMMBP3 and DCMMBP4 was 54.66 + 3.45 and 184.84 + 5.47 pg/mL,
respectively, and DCMMBP3 was significantly more effective than ascorbic acid
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(68.00 = 1.13 pg/mL) and the parental DCMMBP extract (176.85 + 8.31 pg/mL;
Table 3.3).

For the ABTS assay, the obtained 1Cso values are shown in Table 3.5. The
ECso value and pmole TE/g for the ABTS assay of DCMMBP3 was 24.56 + 2.99
ug/mL and 2,529.69 + 142.16 umole TE/g, respectively, which was significantly
stronger than that for ascorbic acid (44.54 + 0.19 pg/mL) and the parental DCMMBP
extract (195.59 + 11.44 pg/mL and 296.95 + 16.87 pu mole TE/g, respectively).

For the FRAP assay (Table 3.5), DCMMBP3 was 3,466.17 + 81.30 umole
Fe?*/g, which was over three-fold higher than that the parental DCMMBP extract
(1,058.92 + 28.78 umole Fe?*/g; Table 3.5).

For the LOXI activity, the 1Cso values are reported in Table 3.5. The ICso
value for the LOXI activity of DCMMBP3 was 12.11 + 0.36 pg/mL, which was
significantly (1.85- and 2.69-fold) more effective than that of NDGA (ICso of 22.41 +
2.35 pg/mL) and the parental DCMMBP extract (ICso of 32.55 + 1.31 pg/mL; Table
3.4), respectively. Therefore, DCMMBP3 was further enriched by HPLC.

Fractionation of DCMMBP3 by HPLC

To optimize the separation, the HPLC was eluted with an isocratic gradient of
0:100 to 60:40 (v/v) H.O: MeOH, which separated DCMMBP3 into five peaks, with
the two main peaks eluting at a retention time of 15.352 and 20.182 min, respectively,
(Figure 3.2). These two fractions (DCMMBP3-1 and DCMMBP3-2) were defined as
compounds 1 and 2, respectively. Their weight and characters are summarized in
Supplement 1. Compounds 1 and 2 were tested for their antioxidant and LOXI
activities, where compounds 1 and 2 showed similar antioxidant and LOXI activities
(Table 3.5). The structure of compounds 1 and 2 was characterized by *H-NMR and

MS analyses, and found to share the same structure, consistent with their bioactivities.



Table 3.5 Antioxidant and LOXI activities of the respective fractions after SiG60 and

HPLC chromatography.
Sample DPPH ABTS ABTS (umol FRAP (umol LOX

ECso (ug/mL)  ECso (ug/mL)  TE/g) Fe?*/g) I1Cs0 (Mg/mL)
After SiG60-
CC:
DCMMBP1 - - 86.63 + 6.842 304.50 + 33.46° -
DCMMBP2 - 125.81 +12.97¢ 878.09 * 73.48¢ 1,038.11 £ 34.60° —
DCMMBP3 54.66 £ 3.452 2456 £2.992 2,529.69 + 142.16° 3,466.17 £81.30° 12.11 +0.362
DCMMBP4 184.84 £5.47° 66.1 + 3.55¢ 1,482.24 + 63.00¢ 1,363.11+47.30¢ -
DCMMBP5 - 318.66 + 8.66° 456.82 + 45.31° 657.56 + 23.52° -
Ascorbic acid  68.00 +1.13°  44.54 +0.19° - - -
NDGA - - - - 22.41 +2.35°
After HPLC:
DCMMBP3-1 53.05 + 2.60? 25.38£0.672 2,527.63 + 7.99? 3,477.33 £52.07* 11.31 +0.46%
DCMMBP3-2 57.7£2.772 28.29 +1.05° 2,339.16 £ 34.62°  3,091.78 +44.48°> 11.57 +0.93%
Ascorbic acid  68.00 £1.13>  44.54 +0.19¢ - - -
NDGA — - - - 2241 £2.35°
Notes:

Data are shown as the mean + 1SD. Means within a column with a different
superscript letter are significantly different (p <0.05; one-way ANOVA plus for
samples after SiG60-CC: Post Hoc (Tukey) test for DPPH and FRAP data, Dunnett
T3 test for ABTS data, independent samples T-Test for ICso values; for post-HPLC
data: Tukey test for DPPH and ABTS ECso data, independent samples T-Test for
ABTS umol TE/g and FRAP values; and Dunnet test for LOX ICso values).
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Figure 3.2 The HPLC chromatogram of DCMMBP3 showing the elution of
DCMMBP3-1 and DCMMBP3-2 at a retention time of 15.352 and 20.182 min,

respectively.

3.6.6 Structural identification of compounds 1 and 2

After fractionation of DCMMBP3 by HPLC, compounds 1 and 2 were
obtained. The *H-NMR spectra of compounds 1 (Supplement 3) and 2 (Supplement 4)
revealed essentially similar signals to each other. Their MS spectra also showed
identical pseudomolecular ions [M+Na]" and [M+H]" as well as mass fragment ion
[M+Na-177]" (Supplements 5-7) at 696, 674, and 522, respectively. The above
mentioned spectroscopic data suggested that compounds 1 and 2 were isomeric
compounds. Compound 1 exhibited chemical shifts of the methylene hydrocarbon (-
CH3-) at 1.43 and 1.87 ppm and of a methylene hydrocarbon connected to a nitrogen
atom at 3.18 ppm, thus indicating the presence of a spermidine moiety. A cluster of
singlet methoxy peaks at around 3.75 ppm together with the chemical shifts between
6.73 and 7.48 ppm suggested the presence of a phenolic compound containing

methoxy groups. The chemical shifts at 5.95 and 6.40 ppm with small coupling
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constants of 12.9 Hz indicated cis-olefinic protons, while those of 6.40 and 7.40 ppm
with large coupling constants of 15.8 Hz suggested trans-olefinic protons. These
signals in the aromatic region suggested the presence of cis- and trans-ferulyl
moieties (Figure 3.3, A). To determine the ratio of cis- and trans-ferulyl moieties in
the whole structure, the signal integration of olefinic protons was analyzed. A ratio of
1:2 suggested that compound 1 was comprised one cis-ferulyl and two trans-ferulyls
in the molecule. Therefore, three possible structures of compound 1 were established,;
N N° N©-tri-(Z,E,E)-, NLN°N-tri-(E,Z,E)-, and N!N°N©-tri-(E,E,Z)-feruloyl
spermidine, respectively, as shown in Figures 3.3, C-E. An attempt to determine
exactly which structure matched to the spectroscopic data was unsuccessful due to the
severely overlapped olefinic protons. In nature, the cis-isomer is less stable and
gradually isomerizes into the trans-congener. Compound 2 was nearly identical to
compound 1, except for the lack of cis-olefinic protons (Figure 3.3, B). This data
suggested that compound 2 is acyl spermidine containing all trans-ferulyl moieties.
Therefore, the structure of 2 was established as N*N°N-tri-(E,E,E)-feruloyl

spermidine, as shown in Figure 3.3, F.

DCMMBP3 fraction (Mixture of compounds 1 and 2)

'H-NMR (500 MHz, methanol-d4) & 7.54 — 7.33 (m, 5H), 7.14 — 6.62 (m, 17H),
6.61 — 6.43 (m, 1H), 6.43 — 6.31 (m, 3H), 3.81 (qd, J = 7.5, 3.5 Hz, 20H), 3.76 — 3.70
(m, 3H), 3.60 — 3.48 (m, 4H), 3.48 — 3.39 (m, 2H), 3.32 (d, J = 5.8 Hz, 12H), 3.26 —
3.13 (m, 1H), 1.95 - 1.78 (m, 3H), 1.74 — 1.51 (m, 7H), 1.50 — 1.36 (m, 1H), and 1.31
—1.23 (m, 1H).



(A) (B)

Trans- c‘vleﬂmc throgen
|

4‘..|\'.|J| “‘Wl‘l | W’

FuRLl [

(©) 0

(D) 0 OH
MeO E 0 PN
HO 00
OMe
CH
E) o (F)
OH
Ve I PN
WOV \/\/1 : OMe
HO H E| 0 0
MeQ

HO

Figure 3.3 'H-NMR (500 MHz, MeOD-D4) in the range of 7.6-5.7 ppm of (A)
compound 1 and (B) compound 2. The chemical structures of (C-F) spermidine
derivatives. *H-NMR (500 MHz, MeOD-D4) in the range of 7.6-5.7 ppm of (A)
compound 1 and (B) compound 2. The chemical structures of (C) NN N-tri-
(Z,E,E)-feruloyl  spermidine, (D) N!N°N*¥-tri-(E,Z,E)-feruloyl  spermidine,
(E) N*,N5 N-tri-(E,E,Z)-feruloyl spermidine, and (F) N*, N°, N*°-tri-(E,E,E)-feruloyl

spermidine.

3.7 Discussion
Different types of BP can provide different amounts and types of secondary

metabolites, depending on their floral origin, which can result in a wide range of
bioactivities between different BPs(Rzepecka-Stojko et al., 2015). In our work, six
monofloral A. mellifera BPs were evaluated because many types of monofloral BP are
harvested in Thailand due to the large amount of diverse monocrops that are
cultivated. Moreover, the floral origin of monofloral BP is easier to identify, which
makes it easier to control the quality and pharmaceutical properties of the BP
compared to that of multifloral BP (Campos et al., 2010). Since bee products are

edible, the food safety aspect should be considered, including the risks associated with



76

pesticides, toxic metals, mycotoxins, allergens, and pollen grains of inedible plants
(Vegh et al.,, 2021). There is a risk bias in certain plant groups (Helianthuus,
Rosaceae, Raxinus, and Sophora) that can contain high concentrations of toxic metals
(Kostic et al., 2015). In addition, BPs from pine, canola, kiwi, willow, corn poppy,
rose, lotus, and camellia contain allergens that can induce anaphylaxis in some people
(Yang et al., 2019).

The most practical method to determine the principal botanical origin(s) of BP
is palynological analysis using microscopic examination (Kieliszek et al., 2018), but
molecular analysis can also be used for minor components. Partitioning of BP with
different polar organic solvents can separate the compounds based upon their polarity.
This process makes further enrichment easier by screening for only the active extracts
to undergo further fractionation. Of the different solvent extracts, the DCM-
partitioned extracts of the six BPs in this study all showed the highest TPC and FC.
Among these six DCM-partitioned BP extracts, DCMMBP and DCMHBP had the
highest amount of both TPC and TFC. This result was consistent with Chantarudee et
al. (2012) who reported that the DCM-partitioned extracts of corn (Zea mays) BP had
the highest antioxidant activity compared to that of the MeOH- and hexane-partition
extracts. Moreover, Bittencourt et al. (2015) reported that DCM partitioning of
Brazilian BP enriched its antioxidant activity. As in previous reports, the active
component for the antioxidant, TYRI, and LOXI activities in natural products were
found to be phenolic and flavonoid compounds (Rebiai and Lanez, 2012; Sroka et al,
2017; Kim et al., 2015). Therefore, the DCM-partitioned extracts of the BPs that
provided the highest TPC and TFC were selected to study for their antioxidant, TYRI,
and LOXI activities.

In this work, the in vitro LOXI and TYRI activities were assayed using
soybean LOX and mushroom TYR since both of these enzymes show structural and
functional similarities with human enzymes. Therefore, they are commonly used as a
model for human enzyme inhibition (Moita et al., 2014; Chang, 2009). The highest
TYRI activity was found in DCMHBP followed by in DCMMBP, while the strongest
LOXI activity was found in DCMMBP. Both activities were also correlated with the
very high TPC and FC found in DCMHBP and DCMMBP. It was previously reported
that phenol or flavonoid compounds can chelate the copper and iron ions in the active
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sites of TYR and LOX enzymes, respectively, and so it is highly possible that an
antioxidant compound, especially a phenolic compound, can also inhibit 5-LOX
(Obaid et al., 2021; Ratnasari et al., 2017).

By comparison to the polyamine derivatives separated from Microdesmis
keayana roots (Zamble et al., 2006), the two main active components in our work are
likely to be N*N°N-triferuloyl spermidine or Keayanidine C. This finding agrees
with the report on the phenolic profile in monofloral BP in Brazil, which also found
NN N*¥-triferuloyl spermidine in Mimosa scabrella BP (De-Melo et al., 2018).
However, in our work, the *H-NMR of compound 1 showed cis-olefinic hydrogen and
trans-olefinic hydrogen at a 1:2 ratio, while compound 2 showed trans-olefinic
hydrogens. Therefore, compounds 1 and 2 are N,N® N*°-tri(E,E,E)feruloyl spermidine
and N*,N° N-tri(z,Z,2)feruloyl spermidine, respectively, which are different in their
configuration. The HPLC chromatographic profile agreed with previous works that
reported on the separation of this compound by HPLC from Hippesastrum x hortorum
pollen (Youhnovski et al., 2001) and Sambucus nigra L. (Kite et al., 2013). According
to their findings, the HPLC chromatogram of this compound revealed four peaks
corresponding to the four isomers: ZZZ, EZZ, ZZE, and EEE. These support that the
peaks in our chromatogram are N*N° N -triferuloyl spermidine in different
conformations. In fact, the E- and Z-feruloyl moiety can be interconverted on
exposure to UV light, in which the Z-isomer is dominant. Although compound 1
contained a small proportion of Z-feruloyl moiety, the antioxidation and LOXI
activity were comparable to those of compound 2, whose structure had no Z-feruloyl
residues. These observations preliminarily suggest thatthe geometry of C=C
unsaturation contributed to a low or no effect on the biological activity. Thus, the
feruloyl spermidines could potentially be applied as a mixture of isomers without the
need for further time-consuming separation processes, such as HPLC, to obtain an
individual pure isomer. In addition to feruloyl spermidines, other related spermidines
acylated by a series of phenolics have been reported. A variety of coumaroyl
spermidines isolated from rape BP (Zhang et al., 2020) were also demonstrated to
have potent antioxidant activities in the DPPH, ABTS, and FRAP assays.

From the data mentioned above, these results showed that the BP samples
harvested in Thailand, especially M. diplotricha BP, had potential bioactivities. The
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findings additionally indicated the relationship between the phytochemicals and
functional/pharmacological application. Also, the obtained data supported the
traditional or alternative use of M. diplotricha BP in the indigenous medicine of
Thailand.

3.8 Conclusions

Mimosa diplotricha BP had the highest antioxidant and LOXI activities, which
were correlated to the highest TPC and FC. Although both bioactivities of the DCM-
partitioned BP extracts were detected, their fractionation led to an enrichment of
triferuloyl spermidines and enhanced specific bioactivities, suggesting these might be
the major active compounds in the Mimosa diplotricha BP. In addition, this work
supported the importance of the floral origin of BPs, since it affected the bioactivity
directly. Here, while Mimosa diplotricha BP had the best antioxidant and LOXI
bioactivities, Helianthus annuus L. BP had the best TYRI activity.
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Supplements
Supplement 1: The weight, yield, and the character of the different bee pollen (BP)

extracts.

Sample Weight (g) Yield (%) Character

Partitioned extracts:

MTCBP 64.93 46.38 Pale brown oil
DCMCBP 7.41 5.29 Sticky dark brown solid
HXCBP 7.73 5.52 Dark brown oil
MTHBP 79.97 57.12 Dark brown oil
DCMHBP 12.55 8.96 Sticky dark brown solid
HXHBP 8.98 6.41 Dark brown oil
MTMBP 57.9 41.36 Dark brown oil
DCMMBP 9.89 7.06 Sticky dark brown solid
HXMBP 7.43 5.31 Dark brown oil
MTNBP 79.49 56.8 Pale brown oil
DCMNBP 4.68 3.34 Sticky brown solid
HXNBP 5.31 3.79 Pale brown oil

MTXBP 96.81 69.15 Dark brown oil
DCMXBP 8.04 56.8 Sticky dark brown solid
HXXBP 11.7 8.36 Dark brown oil
MTABP 79.28 56.63 Dark brown oil
DCMABP 5.75 4.11 Sticky dark brown solid
HXABP 8.47 6.05 Dark brown oil

After SiG60-CC:

DCMMBP1 210 3.72 Sticky brown solid
DCMMBP2 300 5.32 Sticky brown solid
DCMMBP3 2,060 36.52 Sticky pale yellow solid
DCMMBP4 410 7.27 Sticky brown solid
DCMMBP5 2,380 42.2 Sticky dark brown solid
After HPLC:

DCMMBP3-1 4.1 20.5 White solid

DCMMBP3-2 7.9 39.5 Pale yellow solid
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Supplement 2: Representative thin layer chromatography (TLC) images showing the
compound profile of the original dichloromethane-partitioned BP extracts of M.
diplotricha or DCMMBP (lane 1), and its subfractions DCMMBP1 (lane 2),
DCMMBP?2 (lane 3), DCMMBP3 (lane 4), DCMMBP4 (lane 5), and DCMMBP5
(lane 6) under (A) UV light and (B) after dipping in 3% (v/v) anisaldehyde in MeOH.
The mobile phase was 7% MeOH-DCM.

(A) (B)




Supplement 3: 'H-NMR peak data at chemical shift(5) 0.0-8.5 ppm in length of
DCMMBP3-1 fraction or compound 1 in deuterated methanol (MeOD-D4).
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Supplement 4: 'H-NMR peak data at chemical shift(5) 0.0-8.5 ppm in length of

DCMMBP3-2 fraction or compound 2 in MeOD-D4.
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Supplement 5: Mass fragment of compound 1 and compound 2 in positive mode.

Mass fragment Compound 1 Compound 2
[M+Na]* 696.689 696.759
[M+H]* 674.706 674.695

[M+Na-177]* 522.817 522.76

Supplement 6: Mass spectrum of DCMMBP3-1 fraction or compound 1 at m/z 500-
1000.
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Supplement 7: Mass spectrum of DCMMBP3-2 fraction or compound 2 at m/z 500-
1000.
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CHAPTER IV

Inhibitory effect of safflospermidines from the bee pollen of Helianthus annuus

L. on melanogenesis of B16F10 melanoma cells

4.1 Abstract

Tyrosinase is an essential enzyme in mammalian melanin synthesis. Extrinsic
and intrinsic variables, including hormone changes, inflammation, aging, and
subsequent ultraviolet light exposure, affect melanin formation. However, abnormal
melanin production causes various pigmentation disorders, such as melasma, senile
lentigines, freckling, and a general dulling of the skin's tone leading to a desire for
skin whitening treatments to treat various skin diseases. Many of these products have
limited efficiency, harmful side effects, and severe responses, especially with
prolonged usage. Therefore, a safe and efficacious skin whitening agent is still
required. Bee pollen contains many phytochemical compositions that are very
nutritional. In addition, bee pollen is dominant in a variety of bioactivities. In our
previous report, sunflower (Helianthus annuus L.) bee pollen is the source of
safflospermidine A and B isomers with interesting in vitro anti-mushroom tyrosinase
activity. However, their anti-melanogenesis activity at the cellular level has not been
reported. Therefore, the potential effect of safflospermidine A and B as a mixture on
melanogenesis were investigated at the cellular level. B16F10 mouse melanoma cells
were tested for cytotoxicity, and melanin content was measured in a-MSH-treated
B16F10 cells, compared to kojic acid as the positive control. Results showed that at
concentrations in the range of 3.91-1,000 pg/mL, the compound was not cytotoxic to
B16F10 cells. In contrast, kojic acid showed severe cytotoxicity. Safflospermidine A
and B decreased intracellular and extracellular melanin content by 31.63 and 40.98%,
respectively, at the concentration of 1000 pg/mL (1.65 mM). In contrast, kojic acid at
a concentration of 250 ug/mL (1.76 mM) reduced intracellular and extracellular
melanin content by 38.17 and 68.47%, respectively. These results revealed that
safflospermidine A and B mixture is a safe and effective melanin inhibitor and can be
applied as pharmaceutical agents and cosmetics to protect cells from abnormal

melanogenesis.
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4.2 Introduction

Melanin is a dark pigment generated in melanosomes of melanocyte. The
overproduction and accumulation of melanin content in skin can lead to pigmentation
disorders such as age spots, freckles, and melasma (Hernandez-Barrera et al., 2008).
Furthermore, it can cause serious harm, leading to aging and skin cancer (Briganti et
al., 2003; Blume-Peytavi et al., 2016). The response of melanocytes to ultraviolet
(UV) radiation directly causes melanin overproduction. UV stimulates the secretion of
a-melanocyte-stimulating hormone (a-MSH) from keratinocytes, which then induces
melanogenesis in melanocytes. Then, a-MSH binds to the melanocortin 1 receptor
(MC1R) in melanocytes and promotes the transcription and production of enzymes in
melanogenesis pathway including tyrosinase (TYR), tyrosinase-related protein-1
(TRP-1), and -2 (TRP-2) (Chatatikun et al., 2019).

Tyrosinase is a key enzyme in melanin synthesis. It catalyzes the
hydroxylation of L-tyrosine and the oxidation of 3,4-dihydroxy-L-phenylalanine (L-
DOPA). Furthermore, TRP-1 and TRP-2 are engaged in L-tyrosine oxidation, while
TYR is the rate-limiting enzyme in melanogenesis (Bourhim et al., 2018). Thus,
tyrosinase inhibitors have been used to limit melanin production in skin (Kim &
Uyama, 2005).

However, a more effective and safer tyrosinase inhibitor is still in focus
because some recent tyrosinase inhibitors have been associated with cell cytotoxic
effects or other side effects such as irritation, skin peeling, redness, or skin sting.
Despite being an effective in vitro and in vivo tyrosinase inhibitor, hydroquinone is
cytotoxic to melanocytes and makes skin hypopigmentation or vitiligo (O' Donoghue,
2006; Manini et al., 2009).

Natural products have potential to be the source of tyrosinase inhibitors, such
as caffeine from camellia pollen (Yuanfan et al., 2019), ellagic acid from nuts, soft
fruits, and other plant tissues (Pitchakarn et al., 201 3 ), and phloretin from apples
(Chenetal., 2019a; Wang et al., 2018). Bee pollen is one of natural products that has
been found to use in nutritional and medical applications (Schuh et al., 201 9)

according to its several bioactivities, such as the neurotoxic protection and treatment
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(Ben Bacha et al., 2019), anti-inflammatory and antinociceptive activity (Lopes et al.,
2 01 9), and antibacterial and pro-regenerative effects. These activities were
predominantly dependent on botanical and geographical origin (Arruda et al., 2013).
In addition, the reported activity following fractionation is depended on the extraction
procedures, extraction solvents, extraction numbers, and extraction times (Li et al.,
2019), as well as the assay conditions.

In previous study, bee pollen from monofloral sunflower (Helianthus annuus
L.) in Thailand was found to be the natural source of tyrosinase inhibitor in in vitro
study, and the active compound is safflospermidine A and B. This compound showed
higher anti-tyrosinase activity than kojic acid (Khongkarat et al., 2020). Moreover,
safflospermidine A is also found in Quercus mongolica bee pollen in Korea with good
tyrosinase inhibitory activity (Kim et al., 2018). This compound is classified as
polyamine compound composed of three coumaroyl parts conjugated with spermidine
backbone. However, anti-melanogenesis activity of the compound at the cellular level
has not been reported. In order to develop this compound as skin whitening agent in
cosmetic products, the study of anti-melanogenesis at the cellular level is required.

In this work, safflospermidine from sunflower (Helianthus annuus L.) bee
pollen was treated to B16F10 mouse melanoma cells and examined effects of
compound by comparing with kojic acid, positive control. After treatment, B16F10
cells were examined for cell viability and cytotoxicity using the 3 -(4 ,5 -dimethyl-
thiazol-2 -yl)-2 ,5 -diphenyltetrazolium bromide (MTT) assay. Later, extracellular
melanin content was measured in culture media using UV-visible absorption
spectroscopy. Furthermore, intracellular melanin content was measured in lysed

melanoma cells.

4.3 Materials and methods

4.3.1 Compound preparation

The sample for this experiment was a combination of N* N°-(E)-N°-(Z)-tri-p-
coumaroyl spermidine or safflospermidine A and N*-(E)-N° N0-(Z)-tri-p-coumaroyl
spermidine or safflospermidine B. The structures and descriptions of both compounds
are shown in Table 4.1. According to our previous research, they were isolated from a

dichloromethane partitioned extract of sunflower (Helianthus annuus L.) bee pollen
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with a strong inhibitory activity on in vitro tyrosinase enzymes (Khongkarat et al.,

2020). To prepare various concentrations of safflospermidine A and B, the test sample

was dissolved in a stock solution with dimethyl sulfoxide (DMSQ) and then diluted

with cell culture media to the non-cytotoxic concentrations (DMSO < 1%).

Table 4.1 Chemical structures and descriptions of pure compounds.

Compound Molecular | Chemical structure
weight
N N-(E)-N°-(2)-tri-p- | 606.2522 9 H
N N/\/\N/\/\/N O
coumaroyl spermidine or HOW” o N
safflospermidine A
HO
OH
N-(E)-N°N-(2)-tri-p- | 606.2576

coumaroyl spermidine or

safflospermidine B

(0]
H
/@/\)’LN/\/\N/\/\/N\iO/@OH
H
HO o; j‘ =

HO

4.3.2 Cell culture

The B16F10 mouse melanoma cells (ATCC No. CRL-6475) were used as a
model. These B16F10 cells were obtained from the Institute of Biotechnology and

Genetic Engineering, Chulalongkorn University. The B16F10 cells were grown in 7
mL Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (v/v)

fetal calf serum (FCS) and 1% (w/v) penicillin/streptomycin in a 25 cm? cell culture

flask in 5% (v/v) CO2 in a humidified environment at 37 °C. When the confluency

reached 80%, the B16F10 cells were subcultured to detach from a culture flask using

0.05% trypsin-EDTA. The B16F10 cells were counted using a hemocytometer. The

B16F10 cells were seeded into a culture plate for further experiments.
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4.3.3 Cell viability assay

The viability of the B16F10 cells was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In a well of 96-
well plates containing 200 uL of the medium, B16F10 cells were seeded at 1 x 10*
cells/well and allowed to adhere overnight. The B16F10 cells were then treated with
different concentrations of safflospermidine A and B, kojic acid (positive control)
(3.91-1000 pg/mL), and DMSO solvent only (control) in the presence and absence of
a-MSH. B16F10 cells were exposed to the treatment for 72 h. When the incubation
period ended, 10 uL of 5 mg/mL MTT in normal saline solution was added to each
well. The culture plates were incubated at 37 °C for 4 h to allow formazan formation.
Then, the culture medium was removed, 150 pL. of DMSO was added to dissolve the
formazan crystals, and the absorbance at 540 nm was recorded using a microplate
reader. The cell viability (%) was calculated using an equation as follows:

Percentage of cell viability = (A x 100)/B
Where: A indicated the absorbance of treated B16F10 cells.
B indicated the absorbance of untreated B16F10 cells.
Triplication of experiments was done. The sample concentration that resulted

in more than 80% of cell viability would be selected for the next experiments.

4.3.4 Melanin content assay

The cellular melanin content of the cultured B16F10 cells was measured by
following the previous report with slight modifications (Jiménez-Pérez et al., 2018).
In six-well culture plates, B16F10 melanoma cells were seeded at a density of 5 x 10*
cells/well and then incubated for 24 h at 37 °C in a humidified atmosphere containing
5% COz in air. The B16F10 cells were then treated with various concentrations of
safflospermidine A and B (62.5, 125, 250, 500, and 1,000 pug/mL) or kojic acid (250
pg/mL) in the presence of 100 nM of a-MSH for 72 h while B16F10 cells in the
negative control group were not treated with a-MSH or sample. The medium was
removed after the treatment, and the B16F10 cells were washed with PBS. The cell
pellets were solubilized in 500 pL of 1IN NaOH containing 10% DMSO at 80 °C for 1
h to extract melanin. The absorbance at 492 nm was measured using a microplate

reader. For measuring extracellular melanin content, 200 pL of the cell culture media
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was transferred to a well of 96-well plate, and the absorbance at 492 nm was
measured. A standard curve of synthetic melanin concentrations in the range of O -
300 pg/mL was created to convert the absorbance value to the amount of melanin.
The results were expressed as a percentage of a-MSH treated controls. In addition, the
morphology of B16F10 cells in the treatment groups was observed under light

microscope at 200X magnification.

4.3.5 Data analysis

Numerical data are presented as the mean * standard deviation (S.D.), derived
from three independent repeats in each experiment. One-way ANOVA was used to
test for significant differences. Tukey’s and Dunnett T3 test (p < 0.05) was applied for
the pairwise multiple comparisons. All statistical analyses were performed using the

IBM SPSS statistics version 22 for windows software.

4.4 Results
4.4.1 Effect of safflospermidine A and B on cell viability

To investigate whether safflospermidine A and B have cytotoxic effect,
B16F10 mouse melanoma cells were treated with various concentrations of
safflospermidine A and B or kojic acid (3.91, 7.81, 15.63, 31.25, 62.5, 125, 250, 500,
and 1,000 pg/mL) in the presence and absence of a-MSH for 72 h. Results are
expressed as percentages of viability relative to the control. In the absence of a-MSH
as shown in Figure 4.1, the results indicated that safflospermidine A and B at
concentrations in the range of 3.91-1,000 pug/mL showed no cytotoxic effect on
B16F10 cell viability due to the percentage of cell viability of more than 80%,
comparing with the control group. However, at concentration of 1,000 ug/mL of kojic
acid, cytotoxicity was observed. There was a significant reduction, approximately
53.25% decrease in cell viability. In the presence of a-MSH, as shown in Figure 4.2,
the results indicated that safflospermidine A and B at concentrations in the range of
3.91-1,000 pg/mL showed no cytotoxic effect on B16F10 cell viability, comparing
with the control group. However, cytotoxicity was observed at concentrations of 500
and 1,000 pg/mL of kojic acid. In addition, there was a significant reduction in cell
viability, approximately 24.37 and 62.46 %, respectively. Therefore, in this study, the
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concentration of safflospermidine A and B in the range of 62.5-1,000 pug/mL and
kojic acid at a dose of 250 pg/mL were selected because they provided the cell
viability more than 80% in both conditions and had been used in previous report
(Chatatikun et al.,, 2019) as a positive control, to determine their effect on

melanogenesis in B16F10 cells.
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Figure 4.1 Effect of safflospermidine A and B and kojic acid on cell viability of
B16F10 melanoma cells in the absence of a-MSH using MTT assay. The percentage
value of treated B16F10 cells was reported by being relative to that of the control
group. The values were the mean + S.D. from three independent experiments. *
indicates a value significantly different from the control group [p < 0.05; one-way
ANOVA and Post Hoc (Tukey) test].
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Figure 4.2 Effect of safflospermidine A and B and kojic acid on cell viability of
B16F10 melanoma cells in the presence of a-MSH using MTT assay.The percentage
value of treated B16F10 cells was reported by being relative to that of the control
group. The values were the mean + S.D. from three independent experiments. *
indicates a value significantly different from the control group [p < 0.05; one-way
ANOVA and Post Hoc (Tukey) test].

4.4.2 Effect of safflospermidine A and B on cellular melanin content

The inhibitory effect of safflospermidine A and B on melanin production was
investigated by both intracellular and extracellular melanin content assays. The
B16F10 cells were treated with various concentrations of safflospermidine A and B
for 72 h in the presence of 100 nM a-MSH. Kojic acid was a positive control for
inhibiting melanin content in the B16F10 cells. In comparison, B16F10 cells in the
negative control group were not treated with a-MSH or safflospermidine A and B.
The melanin content of all experiments was calculated from a standard curve of
synthetic melanin (y = 0.004x + 0.0398; R? = 1) and compared against a-MSH treated
B16F10 cells. For intracellular melanin content assay, after lysing B16F10 cells and
dissolving melanin, the brown solution was derived and measured for melanin
content. The results showed that B16F10 cells treated with a-MSH had higher
melanin content than the negative control group (without a-MSH) about 2-fold.

Therefore, a-MSH affected B16F10 cells by stimulating the melanin production.
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However, in the treated group (with both a-MSH and safflospermidine A and B), the
higher concentrations of safflospermidine A and B, the fader in brown color of the
solution would be noticed. It indicated the decrease in melanin production. The results
were conincided with the reduction in melanin content if B16F10 cells were cultured
with increasing concentrations (62.5, 125, 250, 500, and 1,000 pg/mL) of
safflospermidine A and B. It showed the significant inhibition of melanin production,
decreasing by 21.78, 16.61, 25.94, 22.70, and 31.63%, respectively. In contrast, kojic

acid (250 pg/mL) significantly reduced the melanin level in B16F10 cells by 38.17%
(Figure 4.3).
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Figure 4.3 Effect of a sample (safflospermidine A and B) on intracellular melanin
content in B16F10 melanoma cells. Baseline melanin content in control wells exposed
to only a-MSH was set at 100%. Data were expressed as a percentage of control. Each
column represents the mean = SD from three independent experiments. * indicates a
value significantly different from control group [p < 0.05; one-way ANOVA and Post

Hoc (Tukey) test]. The bottom panel represents the color intensity of dissolving
melanin after cell lysis.
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The extracellular melanin (melanin in culture media) was also determined.
The results showed a similar trend to intracellular melanin content by the color of the
culture media of the sample-treated group was lighter than that of the control group. It
was noticed when the sample concentration increased, the melanin releasing was
decreased. When B16F10 cells were exposed to safflospermidine A and B at 125,
250, 500, and 1,000 pg/mL, the melanin production was decreased by 9.39, 13.76,
31.82, and 40.98%, respectively. However, 62.5 pg/mL of safflospermidine A and B
did not reduce secreted melanin. Kojic acid (250 pg/mL) significantly reduced the

melanin level in cell-free culture medium by 68.47% (Figure 4.4).
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Figure 4.4 Effect of a sample(safflospermidine A and B) on extracellular melanin
content in B16F10 melanoma cells. Baseline melanin content in control wells exposed
to only a-MSH was set at 100%. Data were expressed as a percentage of control. Each
column represents the mean + SD from three independent experiments. * indicates
value significantly different from control group [p < 0.05; one-way ANOVA and Post
Hoc (Dunnett T3) test]. The bottom panel represents the color intensity of melanin
production in media.
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Furthermore, the morphology of B16F10 cells was observed under light
microscope at 200X magnification. The results showed that the B16F10 cells in the
control group were mixed between spindle-shaped and epidermal-like cells, in close
contact with neighbouring cells, and adhered to the surface of a well plate (Figure 4.5,
B). B16F10 cells treated with safflospermidine A and B at 62.5 and 125 pg/mL
(Figures 4.5, C and D), kojic acid at 250 pg/mL (Figure 4.5, H), and the negative
control group (without a-MSH) (Figure 4.5, A) were not morphologically changed. In
contrast, the morphology of B16F10 cells treated with safflospermidine A and B at
250, 500, and 1,000 pg/mL cannot be observed because the compound could not be

dissolved well in the DMEM media, causing the compound to precipitate (Figures
4.5, E-G).




101

Figure 4.5 Morphology of B16F10 cells after exposed to safflospermidine A and B

for 72 h under light microscope (200X); (A) negative control, (B) control, (C)
B16F10 cells with 62.5 pg/mL of compound, (D) B16F10 cells with 125 pg/mL of
compound, (E) B16F10 cells with 250 pg/mL of compound, (F) B16F10 cells with
500 pg/mL of compound, (G) B16F10 cells with 1,000 pg/mL of sample, and (H)
B16F10 cells with 250 png/mL of kojic acid. Each picture is a representative of three
independent experiments. Scale bar = 50 um
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4.5 Discussion

Melanin, dark pigment, is produced by melanocytes to protect the skin from
UV light and reactive oxygen species (ROS). Nevertheless, the excessive production
of melanin is caused by long-time exposure to UV light resulting in various skin
disorders such as melasma and freckles. In the melanogenesis pathway, tyrosinase is
the key and rate-limiting enzyme responsible for melanin production. Therefore,
inhibition of tyrosinase activity results in the reduction of melanin overproduction of
skin cells. For this reason, researchers are still searching for safe and effective
tyrosinase inhibitors from natural sources.

In this study, safflospermidine fraction, which consists of safflospermidine A
and B from sunflower bee pollen, was studied for anti-melanogenesis at the cellular
level using B16F10 mouse melanoma cells as a model. This cell line showed more
suitable for melanogenesis study than human melanoma by producing higher melanin
content (Lin et al., 2015). The MTT assay was used in the cytotoxicity study by
detection of formazan, a product derived from the catalysis of mitochondrial
dehydrogenase in live cells. Safflospermidine A and B showed non-cytotoxicity to
B16F10 cells although it was used in a high concentration of 1,000 pg/mL (0.1%
w/v). At this concentration, kojic acid showed very high cytotoxicity to cells by
reducing cell viability more than 60% although the Cosmeceutical Ingredient Review
(CIR) approved kojic acid as safe at a concentration of 1% in cosmeceutical products
(Phasha et al., 2022). In the melanogenesis study, 100 nM of a-MSH was used to
stimulate melanogenesis and mimic the situation of cells exposed to UV light. The
concentration of a-MSH at 100 nM is the most appropriate because it can reduce the
factors that interfere with the study of anti-melanogenesis, such as cell proliferation
and division (Chung et al., 2019). The anti-melanogenesis effect of safflospermidine
A and B mixture was studied in terms of intra- and extra-melanin content. This
compound reduced melanin production by 31.63% at 1,000 pg/mL or 1.65 mM
concentration, while kojic acid showed 38.17% at 250 pg/mL or 1.76 mM. This result
can conclude that the activity of this compound is comparable with kojic acid in the
case of extracellular melanin content. This compound reduced extracellular melanin
content by 40.98% at the concentration of 1,000 ug/mL or 1.65 mM, while kojic acid

showed more effective in reducing melanin release by 68.47% at the concentration of
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250 pg/mL or 1.76 mM. Although safflospermidine showed lower anti-melanogenesis
activity than kojic acid, it is safer for skin cells. Under a light microscope, it was
found that, at the high concentration of 1,000 pg/mL, the compound precipitates and
floats on the media because its molecular structure composes of long-chain
hydrocarbon and three aromatic groups, which limits solubility in high concentration.
That results in lower activity. However, An et al. (2008) found that p-coumaric acid,
which is a part of safflospermidine in this study, showed more effective in anti-
melanogenesis than arbutin used as positive control. In addition, p-coumaric acid was
reported as a multi-antimelanogenic inhibitor by absorbing the UV light, reducing
ROS, inhibiting the tyrosinase expression signaling, and inhibiting tyrosinase (Boo,
2019). Therefore, improvement for the solubility or cell membrane permeability of
safflospermidine should promote the effectiveness of this compound. The
encapsulation process is one of the promising methods that can improve the
absorption of anti-melanogenesis agents into cells. Ephrem et al. (2017) reported that
encapsulation can enhance the stability and increase the concentration of the
encapsulated compound at the targeted site by improving skin permeation,
penetration, or distribution. However, a mechanism of safflospermidine on anti-
melanogenesis activity can be revealed if the intracellular tyrosinase inhibitory

activity and the expression of tyrosinase, TRP-1, and TRP-2 genes are reported.

4.6 Conclusion

In conclusion, safflospermidine isomers can inhibit melanin production at the
cellular level and also show non-cytotoxicity properties. Compared with kojic acid at
a similar concentration, safflospermidine isomers showed distinguishable activity by
reducing intracellular melanin content. Although kojic acid showed a higher reduction
of extracellular melanin content, it showed higher cytotoxicity. The results supported
that safflospermidine isomers are one of the anti-melanogenic agents derived from

sunflower bee pollen in Thailand.
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CHAPTER V
CONCLUSION

In overall, the obtained data showed that, among the three partition solvents,
dichloromethane (DCM) was the best solvent for extraction of the total phenolic
compounds and flavonoids according to the highest total phenolic and flavonoid
content in the DCM partition extract of all bee pollen samples. The DCM partition
extract of H. annuus L. bee pollen contained the highest content of total phenolic
compounds while the DCM partition extract of M. diplotricha bee pollen contained
both total phenolic and flavonoid contents at very high levels resulting in its highest
antioxidant activity. For the enzyme inhibitory activity, it showed that M. diplotricha
bee pollen exhibited the highest antilipoxygenase activity and also showed the
comparable anti-lipase activity to C. sinensis bee pollen. After purification, triferuloyl
spermidines were classified as a phenolic compound responsible for antilipoxygenase
and antioxidant activities. The mixture of palmitic acid, linoleic, and linolenic acid
was found to be the lipase inhibitor. In addition, the best anti-amylase activity was
found in X. complanata bee pollen. However, the activity was relatively low,
compared to the positive control. Furthermore, H. annuus L. bee pollen showed the
best antityrosinase activity. After purification, safflospermidine A and B were found
to be active compounds for antityrosinase activity. According to the outstanding ICso
value of safflospermidine A and B isomers, the mixture of both compounds was
further examined for antimelanogenesis at a cellular level. The results showed that
safflospermidines significantly reduced intracellular and extracellular melanin levels
in B16F10 melanoma cells with no cytotoxicity. All obtained data were suggested that
consuming M. diplotricha bee pollen as supplementary food should help to repair the
damage and prevent a disease caused by a free radical and inflamation in our bodies.
Moreover, it should reduce lipid digestion and absorption by inhibiting lipase, which
should be beneficial on consumers with obesity. In addition, safflospermidines should
be developed as an additive in skin care products because of melasma and fickle-
reducing effects. However, to ensure the safe consumption and use of bee pollen in
terms of nutraceutical food and medicine for humans, testing should be carried out at
the cellular level, laboratory animals (mice and zebrafish), and clinical trials.
Therefore, bee pollen is considered as a natural product that has a potential source of
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active ingredients. Moreover, promoting bee pollen as a nutritional supplement to be
developed for use in the pharmaceutical and cosmetic industry may eventually

increase Thai bee farmers' incomes.
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