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ABSTRACT

The enzyme steroid Sa-reductase plays a pivotal role in the conversion of
testosterone to dihydrotestosterone, a process linked to various androgen-dependent
disorders. In the previous study, our research group explored the biological activities of
Tectona grandis L.f. extracts, particularly their potential for addressing hair loss
concerns. Notably, the hexane extract of T. grandis leaves exhibited promise as a So-
reductase inhibitor. The objectives of the current study were therefore to purify and
identify the 5Sa-reductase inhibitors from the T. grandis leaf-hexane extract. These
isolated compounds were then used as bioactive compounds for the standardization of
the extract. The physicochemical properties and stability profiles of extracts were also
investigated. The study was extended to examine the skin penetration of extracts and
their bioactive constituents, which will provide necessary information for the future
formulation of products containing T. grandis leaves.

Three terpenoid compounds isolated from T. grandis leaves, namely (+)-
eperua-8,13-dien-15-oic acid (1), (+)-eperua-7,13-dien-15-oic acid (2), and lupeol (3),
were successfully identified by spectroscopic analysis. Their Sa-reductase inhibitory
activity was assessed, revealing that compound 3 had weak inhibitory -activity while 1
and 2 exhibited potent inhibition. An HPLC method was developed for the quantitative



determination of two potent inhibitors (1 and 2) and quality control of T. grandis leaf
extracts. Compounds 1 and 2 displayed higher content in the ethanolic extract than
hexane extract suggesting that ethanol is a more preferable solvent for extraction. The
quality control and extraction methods are beneficial for the continued development of
T. grandis leaf extract as a hair loss treatment ingredient.

The appropriate vehicle for the in-vitro skin penetration study was
determined using the shake flask method. Compounds 1 and 2 have poor solubility in
distilled water while their solubility in HEPES buffer with 2% wi/v of Tween20 was
significantly greater. These findings suggest that the HEPES buffer may be an
appropriate vehicle for further skin penetration study. The partition coefficients of 1
and 2 were hydrophobic compounds. As well, other physicochemical properties were
also reported. The study of physicochemical properties provides information for
designing and developing an appropriate formulation for a more effective assessment
of bioactive compounds in pre-formulation studies.

Furthermore, there is currently no information in the literature on a pre-
formulation study of two Sa-reductase inhibitors (1 and 2) in T. grandis extract, and
their chemical stability is unknown. Therefore, this research aimed to determine how
pH, temperature, and light affected the stability of 1 and 2 in crude ethanolic extract
and ethanolic extract in PG with PEG-40 as a solubilizer. Moreover, these two extracts
were also tested in buffered solution forms. Their residual concentrations of 1 and 2
were analyzed using the HPLC method. Compounds 1 and 2 were stable in acidic
environments. Their degradations were extremely sensitive to light, particularly the
degradation of 1 in the buffered solution form of ethanolic extract in PG. In the buffered
solution form of ethanolic extract, both marker compounds exhibited rapid degradation
under high temperatures. However, the addition of PG effectively reduced their
degradation, particularly when protected from light. The calculated shelf-life of 1 and
2 was 1.48 years. Therefore, the extracts should be stored in a prepared extract form or
otherwise in a slightly acidic environment with light protection. Additionally, the in-
vitro skin penetration of 1 and 2 in both ethanolic extract and ethanolic extract in PG
was evaluated using Franz diffusion cells. After 24 h, 1 demonstrated notably greater

penetration in both extracts, showing significantly higher cumulative amounts (%) than



2. These observations indicate that the higher hydrophobicity of 1 facilitated its more
efficient penetration into the stratum corneum. These studies provide valuable
information that will aid in the further development of T. grandis extract-containing
hair loss treatments.



ACKNOWLEDGEMENTS

I would like to express my deep gratitude to my advisor, Assistant Professor Dr.
Nungruthai Suphrom, of the Faculty of Science at Naresuan University, for her invaluable
advice, guidance, enthusiastic encouragement, giving good opportunities, and useful
critiques of this research. | appreciate things that she has taught me, not only about
research methodologies but about life as well. Without her assistance and encouragement,
I might not have been able to complete this thesis.

I would also like to acknowledge my co-advisors, Associate Professor Dr.
Kornkanok Ingkaninan and Associate Professor Dr. Neti Waranuch, both of the Faculty
of Pharmaceutical Sciences, for their insightful comments, suggestions, and frequent
assistance in the compilation of this work.

Special thanks are given to Dr. Wudtichai Wisuitiprot, of the Department of Thai
Traditional Medicine at Sirindhorn College of Public Health, for his invaluable technical
support, and to my colleague, Miss Nutchaninad Tanuphol for her advice on the research
methodologies and her assistance with problem-solving in the lab. The author is also
thankful to Dr. Trinop Promgool for his guidance to learn about structure elucidation, Dr.
Eakkaluk Wongwad who contributed technical support in stability and in-vitro skin
penetration studies and prepared the manuscript, and Dr. Ngamrayu Ngamdokmai for
their kind help throughout my study.

In addition, | would like to thank Mr. Roy I. Morien of the Naresuan University
Graduate School for editing this thesis and manuscript’s grammar, syntax, and general
expression.

This research was made possible in part by a generous grant from the Science
Achievement Scholarship of Thailand (SAST), the NSRF via the Program Management
Unit for Human Resources & Institutional Development, Research and Innovation [grant
number C00SC65030008], and the Department of Chemistry, Faculty of Science,
Naresuan University. | also would like to give special thanks to the Bioscreening unit,
Cosmetics and Natural Products Research Center (COSNAT) in the Faculty of
Pharmaceutical Sciences, Naresuan University for their laboratory facilities and valuable
materials. | am also thankful to all staff members of the Department of Chemistry, Science

lab centre, Faculty of Science, Naresuan University.



Finally, I am forever grateful to my family and friends for all their love and

support during the period of this research.

Kamonlak Insumrong



TABLE OF CONTENTS

Page

ABSTRACT .t C
ACKNOWLEDGEMENTS. ...t F
TABLE OF CONTENTS ... e H
LIST OF TABLES. ...t M
LIST OF FIGURES ...t O
CHAPTER I INTRODUCTION ... ..ottt 1
1.1 Background and significance of the study..........cccccoveiieieiieie e, 1
1.2 PUrpoSes Of the StUAY ...........cviiieiieie e 4
1.3 SCOPE OF the STUAY .....cveiicciece e 4
1.4 EXPECLEA QULPUL ...cveeiiieie ittt ettt sne e re e e e 5
CHAPTER Il LITERATURE REVIEW ......cooiii e 2
2.1 Background of androgen NOIMONES..........ccccviiieiierieiie it 2
2.2 STErOId SO-TEAUCTASE .......cvvieiieieee et 2
2.3 Mechanism of action of aNArOgENS ..........ccveiiiiiiniriiii e, 9
2.3.1 Mechanism of the Sa-reductase action .............ccccoevvrereiincnereieneseeeen, 9

2.3.2 Mechanism of androgen action on human androgen receptors................ 10

2.4 Androgen-dependent diSOFAErS........ccveieiiiieeiie i, 11
2.4.1 Androgenic alopecia (AGA) ....c.ooieieee e 11

2.4.2 ATttt 14

2.4.3 Benign prostatic hyperplasia (BPH)........c.cccoeivieiiiiiiiececcc e 15

2.4.4 HIFSUTISIM ..o 15

2.5 Medical treatment fOor AGA ... ..o 16
2.6 Anti-androgen drugs for Sa-reductase inhibItioN ..., 17
2.6. 1 FINASTEITAR ....cvveeieiiee et 18

2.6.2 EPFISTEIIAR ..ooveeee et 19



2.6.3 DULBSTEIIAR. ..o 19
2.6.4 4-IMA ..o s 19
2.7 Herbal 5oi-reductase inhibitors ...........ccoiieiiiieicieeeee s 20
2.8 The in vitro assays for investigation of 5a-reductase inhibition ...................... 31
2.9 Tectona grandis L.f. .......ooiiiiiiiiee e 32
2.9.1 Botanical description of T. grandiS..........ccocuvveieieneiinenenencseeeeiees 32
2.9.2 TraditionNal USES ........ccviiiiiiiiieieeee s 32
2.9.3 Chemical constituents of T. grandis...........ccccocverveienenenenieneniceseeeees 33
2.9.4 Pharmacology studies of T. grandis ..........cccccuveveienenininineniceseiees 49
2.10 Methods for analysis the chemical components in extracts............c.cccceeveenne. 52
2.10.1 Thin layer chromatography (TLC) .......cooiiriiiiieie i 52
2.10.2 High-performance liquid chromatography (HPLC) and method
V- LTeE:" (o] P\ 5~ ) e OO T /(0 | VO 53
2.11 PhysicoChemicCal ProPerties .........cooeiirieierienie et 57
2.11.1 SOIUBTIIEY ..o 57
2.11.2 COolOr MEASUIEMENT. ...cuiiuiiiieiietieeiie sttt sb et 58
2.11.3 Zeta POLENTIAL ..........ooviiiiicieee e 60
2.11.4 ViSCOSITY wueiueeureeesiiiunnnssnssnnnassiienseseiassseashesnesst sansdnedbasnsseseessessesseseeeanens 62
2.11.5 Partition COBTFICIENT .........ooviiiiiiiie e 63
2.12 Stability STUAIES.......coiiiieieiti e 64
2.12. 1 EFfECt OF PH ..o 64
2.12.2 Effect Of teMPErature.........cooveiiiieiiesiesie s 64
2.12.3 Effect OF lIght.......ooo e 65
2.13 SKin penetration STUAY ..........ccooerirerinieierie et 66
2.13.1 Synthetic Strat-M® MemBrane...........c..ccevveveveeererece e 67
2.13.2 The classical scheme of skin abSorption ............cccceveiinienieniisicieen, 68
2.13.3 Franz diffusion Cell SYSteM...........cccoiiiiiiiiiiice e 69
CHAPTER Il RESEARCH METHODOLOGY ....oooiiiiiieiieiieerie e 71

3.1 General experimental ProCEAUIES .........ccoviiieriiriiiiieiieeeeeee e 71



3.2 ChemiCal FEAGENTS.........eceeiieeie ettt sra e e reenae e 72

3.3 Plant materials and eXtraCtioN..........ooooeeeeeee e 73

3.4 Isolation and identification of 5a-reductase inhibitors from T. grandis leaf

EXITACT ..o 75
3.4.1 SPECITIC FOTALION ...t 78
3.4.2 GC-MS conditions for identification of compound 3 ............ccocvvveiennnne. 79
3.5 Measurement of 5a-reductase inhibitory activity..........ccccceveveniiiniiiiciennn 79
3.5.1 Cell culture and enzyme preparation.............ccccceeveeveereseeseeseseeseeesneenns 79
3.5.2 Enzymatic Sa-reductase inhibition assay.......c.ccoovvevereienenesesieieeeenns 80
3.5.3 LC-MS method for the measurement of DHT [194]........ccccooviiiiiinnne. 81
3.6 Qualitative and quantitative analyses of T. grandis leaf extracts..................... 82
361 TLC @NAIYSIS. . .eeuieuieiett ittt 82
3.6.2 High-performance liquid chromatography (HPLC) analysis ................... 83
3.6.2.1 Reference SOIULIONS ........c.coveiviiiiiiiiiiiiceieiee e 83
3.6.2.2 Chromatographic conditions .............ccooueieieniieiene e 83
3.6.2.3 Validation of HPLC Method ..........ccoceiiiiiiiiiiiiiencceeeee 83

3.6.2.4 HPLC quantification of 5a.-reductase inhibitors (1 and 2) in T.
grandis leaf eXtractS.........cccoovviieiiiiiiiieic e, 85
3.7 Study on physicochemical properties of T. grandis extracts................c.cce...... 85
K B 10 (V1 o1 ] OSSR 85
3.7.2 PH determMiNatioN ........cccvcueieeiiiiie et 86
3.7.3 COlOr MEASUIEIMENTS ....c.viveiiieieiiete ettt 86
3.7.4 Zeta potential MEASUEMENL..........ccceevviiiiiecie e 87
3.7.5 ViSCOSItY MEASUIEMENT.........eiiiieiiieiie sttt 87
3.7.6 Determination of partition coefficient of compounds L and 2 ................. 87
3.8 StabIlity STUAIES......cvieiieciec e 88
3B LEFECt OFf PH ..o 88
3.8.2 Effect Of tEMPErature........cccveiiieeiiiccie et 88
3.8.3 Effect Of HGht......ooeeeiece e 89

3.8.4 Prediction of shelf life by the Q10 method ...........cccoevviiievie i, 89



3.8.5 Quantitative analysis of the remaining contents of compounds 1 and 2 in
SAMPIES ...ttt e e e nre s 89

3.8.6 Preliminary identification of temperature-induced degradation products 90

3.9 In vitro skin penetration StUAY ..........cccceieeiiiie s 90
3.10 SAtISIC ANAIYSIS. . c.veeviieiiieeie e 92
CHAPTER IV RESULT AND DISCUSSION ...t 93
4.1 Extraction yield of plant material .............cccooeveiiiie i, 93
4.2 lIsolation and identification of 5a-reductase inhibitors from T. grandis leaf
BXETACT ...ttt 94
4.3 Steroid 5oi-reductase iNhibitory aCtiVity .........c.ccovvvviiienenenseeeeee 105
4.4 Qualitative and quantitative analyses of teak leaf extract .................ccccvennnne. 108
A4.4.1 TLC @NAIYSIS....ccuiiiiiieiiieie ettt a et a e sreeeesnaenreas 108
4.4.2 Quantitative HPLC analysis of 5a-reductase inhibitors in T. grandis leaf
EXMAET T . AR TN L RS N e AN AR 110
4.4.2.1 System SUItADTIITY .......coooveiiiiiiieee s 111
4.4.2.2 LINBANLY ..ouviiiiiitieiiiei ettt bt 112
4.4.2.3 Accuracy and PreCiSION .......cccoveieriresieieeieeirese e seeeeeeneas 113
4.5 Study on physicochemical properties of T. grandis leaf extract ..................... 115
4.5.1 SENDIRY. . OG22 85 vy 22 ot WD o b ..o 115
4.5.2 pH determiNation .........ccociiiiiiiiieiee et 116
4.5.3 COlOr MEASUIEMENTS .....c.viiuiiieiiiieeieie e sttt 117
4.5.4 Zeta potential MEASUIEMENT.........c.coviiiiiiieiieieeeeee e 117
4.5.5 VISCOSItY MEASUIEMENT......uiiuiiiiiiieieie ettt 118
4.5.6 The partition coefficient of compounds 1 and 2............ccocevevvrvviininenn, 118
4.6 Stability of compounds 1 and 2 in ethanolic extract and ethanolic extract in PG
......................................................................................................................... 121
4.6.1 EFFECt OF PH oo 121
4.6.2 Effect OF tEMPEratUre.........cooviiiiiee s 123
4.6.3 Preliminary identification of temperature degradation products............ 129

4.6.4 EFfect OF lIgNt....c.ooie 131



4.6.5 Calculation of the shelf-life of 1 and 2 by the Q10 method................... 133

4.7 In vitro skin penetration of 1 and 2 from T. grandis ethanolic extract and
ethanoliCc XIraCt iN PG .......cccoiiiiiiiie e 133
CHAPTER V CONCLUSION. ...ttt 137
REFERENGCES ... oot 139
APPENDIX .. 162

BIOGRAPHY . 191



LIST OF TABLES

Page
Table 1 Comparison of tissue distributions of steroid 5a-reductase isozymes
[2,30,31]. 1ottt b et b et eene et et ne it 8
Table 2 Characteristics of different steroid 5a.-reductase isozymes [2,30,31]. ............. 9
Table 3 Natural sources of steroid 5a.-reductase INhibItOrs...........ccocooeiiiiiiiicienen, 21
Table 4 List of chemical constituents isolated from T. grandis. ............ccccceevveivinenen, 35
Table 5 Overview of the pharmacological properties of T. grandis............ccccceevenee. 50

Table 6 Acceptance criteria for system suitability test according to USP 31 guideline

[157]........ M Bl ... R E R e 57
Table 7 Descriptive solubility terms and solvent-to-solute ratio according to USP and
BP critefiBi[139]. £......./Zor S aheti 4 5 BIFIRN - ceeeeereereerss Qoo o A e 58
Table 8 The colloidal stability behavior for ranges of zeta potential [166]................. 62
Table 9 The set points of a Window-Q filter in a Q-SUN chamber at a 420 nm control
point [1WCH. L7 Y. N . G200 S0 A R LN BSTSAL AN 66
Table 10 Summary of 5a-reductase inhibitory activity assay groups, reagents, and
incubation times, shown in chronological order from left to right.............cccoeoeine. 81
Table 11 The formula ingredients of ethanolic extract solution and ethanolic extract in
TCT | . S v BTl Wy S /A 92
Table 12 The formula ingredients of ethanolic extract in PG............ccccccoovvieivinnen, 93
Table 13 NMR data of 1 and 2 (in CDCls) measured at 400 (*H) and 100 (*3C) MHz
.................................................................................................................................... 101
Table 14 *H (500 MHz, CDCls) and *C NMR (125 MHz, CDCls) data of 1 [203] and
2 [204,205] reported in the lITErature ... 103
Table 15 NMR data of 3 (in CDCIs) recorded at 400 (*H) and 100 (**C) MHz and that
of 3 (in CDClIs) from reported data at 500 (*H), and 125 (33C) MHz .........ccccoccu....... 104

Table 16 The ICso values of the three isolated compounds (1-3) and two 5a.-reductase
inhibitors against 5a-reductase activity. The data represent the means + SD of
TFIPHCALE TESTS. .ttt bbb 106

Table 17 HPLC method system suitability data for 1 and 2 quantifications............. 112



Table 18 Method validation parameters for the determination of 1 and 2 by the
Proposed HPLC MELNOM. ........ccoiiieiie e 113

Table 19 Accuracy (% recovery) of 1 and 2 by the proposed HPLC method. .......... 113

Table 20 The intra- and inter-day precisions of 1 and 2 by the proposed HPLC
METNOM. ...ttt b bbbt 114

Table 21 The contents of 1 and 2 in T. grandis leaf-hexane and ethanolic extracts of
and ICsp values against 5o-reductase of T. grandis leaf extracts. The results are
expressed as the means = SD in three repliCates............covvvveieieiencienceeeeee 114

Table 22 Solubility analysis of 1 and 2 contents in ethanolic extract against these two

0] Y= ] OSSR 116
Table 23 The pH values of ethanolic extract and ethanolic extract in PG................ 116
Table 24 Color appearance of T. grandis leaf eXtractS...........cccoveviveienieneereseennnn, 117

Table 25 In-vitro skin penetration of 1 and 2 after application of ethanolic extract
solution and ethanolic extract in PG on the skin membranes for 24 h. The results are
expressed as the mean of the percentage (%) applied dose = SD of triplicate
experinBUis Y ... BL... oo tibamat b B . ENNG AR 136



LIST OF FIGURES

Figure 1 The enzymatic reaction of steroid So-reductase [2].........ccccoeveivniniiiniiennenn 2

Figure 2 The purposed biochemical mechanism of 5a-reductase enzymatic reaction
[0 S UPRPSPSRR 10

Figure 3 Cellular mechanism of androgens in the skin; DHT = dihydrotestosterone.
Note: modified from Randall (1994) [4]......cce i 11

Figure 4 Norwood-Hamilton classification of male pattern baldness chart [41,42]....13

Figure 5 Schematic representation of three grades of female AGA [43]. ......ccceeeee. 14
Figure 6 Chemical structure of minoXidil [58]. .......cccoovviiiiiiiieieii e 17
Figure 7 Chemical structures of steroid 5o-reductase inhibitors. ..........cc.cocvvviienenen. 18

Figure 8 Morphology of LNCaP cell at low density (left) and high density (right) [98].

...................................................................................................................................... 31
Figure 9 Chemical structures of naphthoquinones (1-14)........cccccevvvveiieeieiieesneriene 41
Figure 10 Chemical structures of anthraquinones (15-36). ........ccccoceeveieeieiiieveesnene 42
Figure 11 Chemical structures of anthraquinones (37-39) and terpenoids (40-46).....43
Figure 12 Chemical structures of terpenoids (47-62). .......cccoeveevieeveiieieeie e 44
Figure 13 Chemical structures of apocarotenoids (63-68) and phenolic compounds
G <) N Q= \ . \ vy | SO =P~ A 45
Figure 14 Chemical structures of phenolic compounds (74), flavonoids (75-76),
steroids, and SAPONINS (77-79). ..cueeceee ettt ere s 46

Figure 15 Chemical structures of steroids and saponins (80-81) phenylpropanoids (82-
87): Note Glu = glucopyranoSide). ..........coeieeieiiieiie e 47

Figure 16 Chemical structures of phenylpropanoids (88-90) and fatty esters (91-93).

Figure 17 Schematic diagram of an HPLC system Note: modified from Juliane et al
LSS USSP PPRPRPRRR 54

Figure 18 CIELAB color space. Note: modified from Beetsma et al [161]. ............... 59



Figure 19 Schematic illustration of the EDL phenomenon occurring at the interface
between a liquid medium and a negatively charged particle. Note: modified from Pate
BL AL [L65]. oeeieeiie et a e re e e nre s 60

Figure 20 The structure of artificial Strat-M® membrane (A) [187] and normal human
SKIN (B) [188]. . eeveeveiteieriiiesieieisiesiees sttt sttt sttt ebe e ne e 67

Figure 21 Potential routes for drug penetration through various skin layers include
follicular, intra-, and intercellular pathways. The close-up in the upper right inset
provides a detailed view of the stratum corneum, highlighting the intracellular
pathway and the convoluted intercellular pathway Note: modified from Bolzinger et
LI 1 2 SRS USPTSTSPRN 69

Figure 22 Franz diffusion Cell [193]. ..o 70
Figure 23 The voucher specimen (left) and fresh mature leaves (right) of T. grandis 73
Figure 24 Schematic diagram of the preparation of ethanolic extract in PG............... 74

Figure 25 Schematic diagram of the fractionation process for hTG extract and the
percentages represent the inhibition of Sa-reductase activity tested at the final assay
concentration OF 100 PO/ML ...c.ooiiiiiiiiiiiee e b 77

Figure 26 Schematic diagram of the fractionation process for sub-fraction hTG.B3/3
and the percentages represent the inhibition of 5a-reductase activity tested at the final

assay concentration 0f 100 UG/ML ........ciiiiiiiiieie e 78
Figure 27 Sample chamber for color measurement ...........cccceveeveeiicieccecce e 86
Figure 28 Schematic diagram of the preparation of the tested sample solutions......... 92

Figure 29 The physical appearance of crude (a) hexane and (b) ethanolic extracts....93
Figure 30 The physical appearance of ethanolic extract in PG ..........c.ccccccceevvevvenne 94

Figure 31 Chemical structures of three compounds isolated from T. grandis leaf
[ [o! T O TP PP PP PR PPRPPRPTPY 95

Figure 32 TLC fingerprints of hexane and ethanolic extracts (10 mg/mL) using
hexane:EtOAc (7:3 v/v) as mobile phase: visualized without staining under a)
daylight, b) 254 nm UV light, and c¢) 366 nm UV light. R¢ values are indicated. (H =
hexane extract and E = ethanolic eXtract) .........c.cccocveviieeiiii i 109

Figure 33 TLC fingerprints of hexane and ethanolic extracts (10 mg/mL) using
hexane:EtOAc (7:3 v/v) as mobile phase: visualized after stain with a) anisaldehyde-
sulfuric acid, b) bromocresol green, and ¢) 5% potassium hydroxide. Rt values are
indicated. (H = hexane extract and E = ethanolic extract)............ccccoeeviiiiieiiecnnnnne, 110



Figure 34 HPLC-DAD chromatograms of (a) 100 pg/mL T. grandis leaf-hexane
extract, (b) 100 pg/mL T. grandis leaf-ethanolic extract, and (c) a mixture of 50
pg/mL isolated compounds 1 and 2. .......ccvceeveeiieiieiiese e 111

Figure 35 Zeta potential measurement of ethanolic extract using zeta potential
VAT Y74 SO SRS 118

Figure 36 Correlation plotted of log Pow Of reference compounds against their average
log k (n=5). The log k and log Pow Of (a) compound 1 were 1.015 £+ 0.016 and 5.767 +
0.07, respectively and (b) compound 2 were 0.992 + 0.005 and 5.661 + 0.02,

TESPECTIVEIY. oottt a et e e e re e enes 120

Figure 37 The effect of various pH conditions on the stability of (a) compound 1 and
(b) compound 2 in T. grandis ethanolic extract analyzed by HPLC (* p < 0.05 against
data OF dAY 0) .ooveiieiie e et nnes 122

Figure 38 The effect of temperature on the stability of compound 1 in ethanolic
extract of (a) prepared extract form and (b) buffered solution form (pH 5.5) during
storage under different conservation conditions over 180 days. The remaining content
of 1 was measured by HPLC (*p < 0.05 against data of day 0). ........cccceeevvvevivennne. 125

Figure 39 The effect of temperature on the stability of compound 1 in ethanolic
extract in PG of (a) prepared extract form and (b) buffered solution form (pH 5.5)
during storage under different conservation conditions over 180 days. The remaining
content of 1 was measured by HPLC (*p < 0.05 against data of day 0).................... 126

Figure 40 The effect of temperature on the stability of compound 2 in ethanolic
extract of (a) prepared extract form and (b) buffered solution form (pH 5.5) during
storage under different conservation conditions over 180 days. The remaining content
of 2 was measured by HPLC (*p < 0.05 against data of day 0). ..........ccccceevvevvrennnne. 127

Figure 41 The effect of temperature on the stability of compound 2 in ethanolic
extract in PG of (a) prepared extract form and (b) ) buffered solution form (pH 5.5)
during storage under different conservation conditions over 180 days. The remaining
content of 2 was measured by HPLC (*p < 0.05 against data of day 0).................... 128

Figure 42 The degradation profiles of compounds 1 and 2 in the solid mixture were
determined at day O (before the test) and day 14 (after being kept at 80 °C) using (a)
TLC, (b) LC-MS techniques, and (c) ESI-MS spectraof 1 and 2. .........ccccccevevvnennee. 130

Figure 43 The (a) baseline peak chromatogram (BPC) of sub-fraction C (10 mg/mL)
from LC-MS and (b) mass fragmentation (in negative mode) of peaks A and B......131

Figure 44 Degradation of compounds 1 and 2 in (a) ethanolic extract and ethanolic
extract in PG, (b) buffered solution (pH 5.5) of ethanolic extract and buffered solution
(pH 5.5) of ethanolic extract in PG during storage under light conditions for 13.5 h.



The remaining contents of 1 and 2 were analyzed using HPLC (“p < 0.05, “p < 0.05
VS COMPOUNT 2). ..ttt sttt e s et e esre e beenaesseesbeastesraesreenseaneenreas 132

Figure 45 The skin penetration profiles of 1 and 2 after application of (a) ethanolic
extract solution and (b) ethanolic extract in PG on the skin membranes for 24 h. Each
point represents a percentage of 1 and 2 cumulative amounts in the receptor medium
at each time point measured by the HPLC method. The values represent the mean +
SD of triplicate experiments. (*p < 0.05, significantly different compared with 2 at 24

). ettt ettt ettt ettt n et er e 135
Figure 46 HRESI-MS (negative ion mode) spectrum of 1 .........cccccevviievveiecnennnn, 163
Figure 47 UV absorption SPectrum Of 1 .........cccooiiiiiieniiiieeeee e, 163
Figure 48 FT—IR (ATR mode) SPectrum OF 1.........ccccovviriiiiiiiniiieiesc e 163
Figure 49 'H-NMR spectrum of 1 (400 MHz, CDCl3) ........ccocovvviverriieeeeseerens 164
Figure 50 33C—NMR spectrum of 1 (100 MHZz, CDCI3).......cccoovevriirerrecreeceencaee. 164
Figure 51 DEPT 135 spectrum of 1 (100 MHz, CDCI3).......ccccovviviiviiiiieceececiee 165

Figure 52 HMQC spectrum of 1 (400 MHz for *H and 100 MHz for $3C, CDCls)...165
Figure 53 Enlarged HMQC spectrum of 1 (400 MHz for *H and 100 MHz for 13C,

cDCLBL. IA DA LZVA.. YOS N A 4 EA M. 166
Figure 54 HMBC spectrum of 1 (400 MHz for *H and 100 MHz for **C, CDCls)...167
Figure 55 COSY spectrum of 1 (400 MHZz, CDCI3)...cccccoviiriieieiiieiie e, 168
Figure 56 Enlarged COSY spectrum of 1 (400 MHz, CDCI3) ....cccccovevviieiicriennee, 169
Figure 57 NOESY spectrum of 1 (400 MHz, CDCI3) .....ccovevveiieiiiccciececeeeee, 170
Figure 58 An expanded region NOESY spectrum of 1 (400 MHz, CDCIs), the

chemical shift at 0.3-3.0 PPIM....c.ooiiiiiiiiiece e e 171
Figure 59 HRESI-MS (negative ion mode) spectrum of 2 .........c..ccoovvievveieinennn, 172
Figure 60 UV absorption SPectrum OF 2 ... 172
Figure 61 FT—IR (ATR mode) SPeCtrum OF 2.........ccoceiiriiiniiieienee e 172
Figure 62 'H-NMR spectrum of 2 (400 MHz, CDCI3) ........ccocovvvrvrveiiiiiiseeeeins 173
Figure 63 3 C—-NMR spectrum of 2 (100 MHz, CDCI3).......cccovevevevrerrrereeeeereae. 173
Figure 64 DEPT 135 spectrum of 2 (100 MHz, CDCI3)......cccooveviiiiiiiiiieecie i, 174

Figure 65 HMQC spectrum of 2 (400 MHz for *H and 100 MHz for *3C, CDCls)...175



Figure 66 Enlarged HMQC spectrum of 2 (400 MHz for *H and 100 MHz for 13C,

Figure 67 HMBC spectrum of 2 (400 MHz for *H and 100 MHz for *C, CDCls)...177
Figure 68 Enlarged HMBC spectrum of 2 (6 0.7-2.6 ppm and ¢ 10-60 ppm) at 400

MHz for *H and 100 MHZ fOr 3C, CDCl3.....cueiieeeeeeeeeeeeeeeeeeeeeeee e, 178
Figure 69 Enlarged HMBC spectrum of 2 (61 0.7-2.7 ppm and &¢ 110-180 ppm) at

400 MHz for *H and 100 MHZz for 3C, CDCl.......cccovvevvieiiicieieicesee e 179
Figure 70 COSY spectrum of 2 (400 MHZz, CDCI3).....ccovviiiiniieiiieic e, 180
Figure 71 Enlarged COSY spectrum of 2 (400 MHz, CDCI3) ......cccccevviveieniennee, 181
Figure 72 NOESY spectrum of 2 (400 MHz, CDCI3) .....ccccccvveveieiece e, 182
Figure 73 An expanded region NOESY spectrum (61 0.3-3.0 ppm) of 2 (400 MHz,

L0101 Ly T O S s S 183
Figure 74 EI-MS SPectrum OF 3 .....cciiiiiiiiieeieie e 184
Figure 75 UV absorption Spectrum 0f 3 .......cccooiiiiiiiic e 184
Figure 76 FT—IR (ATR mode) Spectrum of 3..........ccoeiiiieiieie e 185
Figure 77 *H-NMR spectrum of 3 (400 MHz, CDCI3) .......ccooveeviiereiieeieieeeeneae, 185
Figure 78 3 C—NMR spectrum of 3 (100 MHZz, CDCI3) ....ccovvevieeesieeeeeeeeeeen, 186

Figure 79 1Cso graph of hexane extract as determined by enzymatic 5a.-reductase
INNIDITION ASSAY (NT3) ..iuvieeiiiiiciie ettt et sr et e e ste e teeneenre s 186

Figure 80 1Cso graph of ethanolic extract as determined by enzymatic 5a.-reductase
INNIDITION @SSAY (NT3) .ottt bbbt 187

Figure 81 1Cso graph of compound 1 as determined by enzymatic 5a.-reductase
INNIDITION ASSAY (NT3) wcuveeeeiciieee et ae e e snnenre s 187

Figure 82 1Cso graph of compound 2 as determined by enzymatic 5a.-reductase
INNIDITION @SSAY (NT3) .ot 188

Figure 83 The plot of peak area versus the concentrations (1.56-200 pg/mL) of 1..188
Figure 84 The plot of peak area versus the concentrations (1.56-200 pg/mL) of 1..189



CHAPTER |
INTRODUCTION

1.1 Background and significance of the study

Testosterone is the most abundant androgen circulating in many androgen-
sensitive tissues, and it can be converted to the more potent, dihydrotestosterone (DHT)
by the steroid 5a-reductase enzyme, which requires nicotinamide adenine dinucleotide
phosphate (NADPH) as a cofactor [1,2]. These androgenic hormones are capable of
binding to androgen nuclear receptors and causing a variety of hormonal effects. A high
level of DHT production can led to a variety of androgen-dependent disorders,
including benign prostatic hyperplasia (BPH), androgenic alopecia (AGA), prostate
cancer, female hirsutism, and acne [3,4].

Male pattern baldness, also known as androgenic alopecia (AGA), is the most
common kind of hair loss, affecting both genders on a significant scale and exerting
impacts on mental well-being and overall life quality. It is estimated that 0.2—-2% of the
world's population experiences hair loss [5,6]. AGA is inherited, androgen-dependent,
related to 5a-reductase type 1, and presents in a distinct pattern. Therefore, the use of
anti-androgens targeting Sa-reductase inhibition and/or androgen receptor blockers
may be beneficial in the treatment of AGA. The US Food and Drug Administration
(FDA) has only approved finasteride (5a-reductase type 2 inhibitor) and minoxidil
(vasodilator) as treatments for AGA. However, these drugs can cause various adverse
effects. For instance, topical minoxidil may cause scalp discomfort, itching, and
allergic contact dermatitis [7], whereas oral finasteride may cause gynecomastia,
altered sexual function including abnormal ejaculation, and even impairment of muscle
growth [8,9]. Interestingly, it was necessary to discover and identify alternative 5a.-
reductase inhibitors. According to numerous research studies, many plants have been
used to prevent or treat hair loss. Therefore, natural products may satisfy this
requirement.

Tectona grandis L.f. is well-known locally as a teak tree (English) or sak
(Thai) and is a member of the Lamiaceae family. It is a large deciduous tree that may
reach a height of over 30 m under favorable conditions. Teak is a tropical plant that can



be founded in South and Southeast Asia and has a world-wide reputation for being a
quality timber due to its exceptional physical and mechanical properties such as decay
resistance, durability, elasticity, and strength. Teak wood is commonly used for
furniture, carving, cabinetry, and door and window construction due to its superior
texture, color, and finishing qualities [10]. Teak leaves have traditionally been used as
a natural dye or coloring agent for textile production and food coloring. In addition,
they have been identified as a new source of natural hair dyes derived from plants
[11,12]. Besides its various applications, T. grandis plays a significant role in traditional
Indian medicine. Various parts of this plant are attributed with several traditional uses,
including anti-inflammatory, hair growth-promoting, skin diseases-treating, cooling,
antibilious, anthelmintic, bronchitis, anuria, and urinary retention effects [13]. The
seeds, fruit, roots, leaves, bark and wood of T. grandis have all been identified as
potential sources of secondary metabolite constituents. These include anthraquinones,
naphthoquinones [14,15], phenolic compounds [16], terpenoids [17], apocarotenoids
[18], lignans, norlignans [19], fatty esters [20], phenylethanoid glycosides [21], and
steroids or saponins [17,22]. The Indian system has traditionally employed T. grandis
seeds as a hair tonic. From the literature, Jaybhaye et al. demonstrated the influence of
petroleum ether extract derived from T. grandis seeds on the hair growth activity in
albino mice. The study revealed that treatment with 5% and 10% petroleum ether
extracts exhibited higher efficacy in promoting hair follicle growth compared to the
positive control, minoxidil [23].

In a recent study conducted by Fachrunniza et al., a research study was
undertaken to explore the biological activities of T. grandis in various parts, including
the peels of fruit, seeds, leaves, fruits, woods, and barks. The investigation focused on
the sequential solvent extraction with various solvents to prepare extracts, which were
subsequently evaluated for their potential application in the treatment of hair loss.
Hexane and ethyl acetate extracts of T. grandis leaf exhibited potent anti-testosterone
activity and anti-inflammatory properties by inhibiting interleukin 1 beta (IL-1pB)
secretion in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. This discovery
implies the potential utility of T. grandis leaf extract as a valuable active ingredient in
pharmaceutical products targeting hair loss treatment [24]. Interestingly, the marker

compounds for 5a-reductase inhibitory activity of this plant have not yet been



identified. Therefore, the objective of this study was to isolate and identify the 5a-
reductase inhibitors from the leaf-hexane extract of T. grandis using bioassay-guided
fractionation. The isolated 5a-reductase inhibitors will serve as quality control
biomarkers for T. grandis leaf extract.

Furthermore, pre-formulation studies for the further development of products
are still needed to improve their potency and stability. The preparation of extract with
the proper extraction solvents should be considered for the continued development of
products containing teak extract. Our preliminary results found that ethyl acetate and
hexane extracts of T. grandis leaf exhibited significant 5o-reductase inhibition.
However, these extracts contained gum components that could pose challenges for
product development. Interestingly, the extraction of T. grandis leaf with 95% ethanol
yielded an extract devoid of gum components. This ethanolic extract could inhibit 5a.-
reductase activity in the same range of concentration (ug/mL) as hexane extract and
showed less cytotoxicity on Human Hair Follicle Dermal Papilla Cells (HFDPCs) than
hexane extract. Thus, the ethanolic extract was used as a crude sample for the pre-
formulation studies. Analytical techniques including Thin layer chromatography (TLC)
and high-performance liquid chromatography (HPLC) were developed to analyze the
bioactive constituents present in both T. grandis leaf hexane and ethanolic extract.

In the cosmetic, food and pharmaceutical industries, crude extracts are usually
prepared in a carrier solvent. Propylene glycol (PG) and polyethylene glycol (PEG) are
synthetic viscous liquids that are among the most widely used solvents in these
industries. This synthetic alcohol can absorb water and maintain moisture in many
product formulations. The FDA has authorized the usage of PG solvent in food products
as it is generally considered as safe. It is utilized in pharmaceuticals, cosmetics, and
foods to preserve moisture [25,26]. Thus, the crude T. grandis ethanolic extract
prepared in PG solvent containing PEG-40 as a solubilizer is therefore one of the
samples targeted for pre-formulation studies in the current investigation. The pre-
formulation study is essential for ensuring that the final formulation of products is safe
to use and maintains the quality of the extract. There is currently no information in the
literature on a pre-formulation study of 5a-reductase inhibitors in T. grandis extract

and their chemical stability is unknown. Therefore, the aim of this investigation was to



evaluate the effect of PG and PEG-40 on the stability of bioactive compounds in T.
grandis leaf ethanolic extract and ethanolic extract in PG. Specifically, we assessed
their chemical stability across diverse pH, temperature, and light conditions. We also
investigated their physicochemical properties, including solubility, pH, color, zeta
potential, viscosity, and partition coefficient. In addition, the effects of bioactive
compounds in T. grandis leaf ethanolic extract and ethanolic extract in PG on the in
vitro skin penetration behavior were investigated. The obtained information would be
useful for future quality control, product design, and development.

1.2 Purposes of the study

1. To isolate and identify 5a-reductase inhibitors from T. grandis leaf hexane
extract

2. To develop methods for analyzing of bioactive constituents in T. grandis
leaf hexane and ethanolic extracts

3. To study the physicochemical properties of T. grandis leaf ethanolic extract
and ethanolic extract in PG

4. To study the stability of bioactive compounds in T. grandis leaf ethanolic
extract and ethanolic extract in PG

5. To investigate the in vitro skin penetration behavior of bioactive compounds

in T. grandis leaf ethanolic extract and ethanolic extract in PG

1.3 Scope of the study

The dried leaf powder of T. grandis was extracted with hexane to produce a
crude hexane extract. The extract was utilized to purify the 5a-reductase inhibitors.
Additionally, another portion of the dried leaf powder was macerated using 95%
ethanol to yielded the crude ethanolic extract. Moreover, solubilizing a crude ethanolic
extract with PEG-40 hydrogenated castor oil and then adding PG resulted in ethanolic
extract in PG. Both T. grandis leaf ethanolic extract and ethanolic extract in PG were
used as crude samples for investigation of physicochemical properties and conducting
pre-formulation studies. In this study, we aimed to isolate and characterize the 5a-
reductase inhibitors present in the hexane extract of T. grandis leaf by combining

chromatographic techniques with in vitro 5a-reductase inhibitory activity assay-guided



fractionation. The identification of the structures of isolated compounds were
accomplished by the utilization of spectroscopic techniques. TLC and HPLC methods
for the analysis of chemical constituents in the ethanolic extract of T. grandis leaf were
developed. Moreover, the physicochemical properties (i.e. solubility, pH, color, zeta
potential, viscosity, and partition coefficient) were studied. The degradation of 5a-
reductase inhibitors in the T. grandis leaf ethanolic extract and ethanolic extract in PG
was assessed in both prepared extract and diluted solution forms, after storage at the
designed conditions. To conduct acid-base degradation studies, the ethanolic extract
was maintained in four different pH solutions (2.0, 5.5, 7.4, and 9.0) at room
temperature (25 °C) for a month. The optimal pH condition was used for the preparation
of ethanolic extract and ethanolic extract in PG as buffered solution forms for other
stability tests. To study the effect of temperature, both prepared extract and solution
forms of ethanolic extract and ethanolic extract in PG were tested for six months under
four different temperature conditions; 50, 60, 70, and 80 °C. In addition, the influence
of light on the stability of both forms of ethanolic extract and ethanolic extract in PG
was also tested by exposure to the samples in Q-SUN xenon test chambers under
suitable conditions according to ICH guidelines. All samples were analyzed at various
time intervals and the remaining 5a-reductase inhibitors were determined using a
developed HPLC system. Moreover, the prepared extract form of ethanolic extract after
being maintained under various conditions was evaluated for 5a-reductase inhibitory
activity. For the further development of the extract and its constituents as tropical
products, the skin penetration was also studied using a Franz diffusion cell, and the
content of markers was quantitatively examined by HPLC analysis. The data from this
pre-formulation study will be useful for further product design and development.

1.4 Expected output

1. The 5a-reductase inhibitors were successfully isolated and identified from
the T. grandis leaf.

2. The TLC and HPLC methods for qualitative and quantitative analyses of
bioactive constituents in T. grandis leaf ethanolic extract were developed.

3. The physicochemical properties of T. grandis leaf ethanolic extract and

ethanolic extract in PG were studied.



4. The stability profiles of T. grandis leaf ethanolic extract and ethanolic
extract in PG were demonstrated.

5. The in vitro skin penetration of T. grandis leaf ethanolic extract and
ethanolic extract in PG was investigated.



CHAPTER Il
LITERATURE REVIEW

2.1 Background of androgen hormones

Androgens, which are sex steroid hormones essential in both males and
females, play a pivotal role in the development of anabolism, behavior, and secondary
sexual characteristics such as pubic, axillary, and facial hair. They also contribute to
the maturation of male muscle mass and skeletal integrity [27]. Testosterone, the
predominant circulating androgen found in both genders, constitutes around 97% of
which is bound to albumin and sex hormone-binding globulin, leaving only 3%
available for biological activity. Testosterone synthesis primarily occurs in the Leydig
cells of the testis, regulated by the hypothalamus and anterior pituitary glands, and is
also produced in the ovaries of women [28,29]. The enzyme steroid 5a-reductase can
metabolize testosterone to dihydrotestosterone (DHT) in most tissues, and nicotinamide

adenine dinucleotide phosphate (NADPH) is used as a cofactor (Figure 1) [2].

OH OH

Sa-reductase

-
-

NADPH NADP
Testosterone (T) Dihydrotestosterone (DHT)

Figure 1 The enzymatic reaction of steroid 5a-reductase [2].

2.2 Steroid 5a-reductase

The enzyme steroid 5a-reductase (3-oxo-steroid-4-ene-dehydrogenase [Sa-
reductase; EC 1.3.99.5]) is a membrane-bond protein that utilizes NADPH as a cofactor
to catalyze the reduction of 4-ene-3-oxosteroids to 5a-3-oxosteroids [2]. There are three
isozymes of steroid 5a-reductase known as type 1 to type 3. These isozymes are
localized within specific target cells [29]. Type 2 isozyme is primarily found in the
genital skin, prostate, and scalp hair follicles, while type 1 is the dominant species

expressed in hair follicles, sebaceous glands, and the liver.



Type 3 isozyme is predominantly expressed in various benign and malignant
tissues [2,30,31]. The distribution of these three isozymes across different tissues is

outlined in Table 1.

Table 1 Comparison of tissue distributions of steroid 5a-reductase isozymes [2,30,31].

Type of 5a-reductase Tissue distributions

Type 1 “Sebaceous glands of the skin, sweat glands, dermal
papilla cells, prostate cancer, fibroblasts from all areas,
epidermal keratinocytes, hair follicles, liver, brain”

Type 2 “Normal prostate, genital skin, epididymis, seminal
vesicles, hair follicles”

Type 3 “Malignant prostate, prostate cancer, breast cancer, lung
carcinoma, skin and preadipocytes, and many other

tissues”

Although some properties of type 1 and type 2 share some similarities, they
differ in biochemical, pharmacological, and chromosomal location characteristics. For
example, the optimal pH range of type 1 isoform covers a broad spectrum from neutral
to basic (6.5-8.5), while type 2 isoform maintains activity within a narrower acidic pH
range (4.5-5.5) [2,30,31] as described in Table 2.



Table 2 Characteristics of different steroid 5a.-reductase isozymes [2,30,31].

Properties of isozyme Type 1l Type 2 Type 3
Substrate testosterone K 1,000-5,000 nM  4-100 nM 14,000 nM
(affinity)
Substrate progesterone Km 300 nM 300 nM -
Substrate corticosterone K, 18,000 nM 4,000 nM -
pH optimum 6.0-8.5 5.0-5.5 6.5-6.9
Hydro-lipophilicity Hydrophobic Hydrophobic Hydrophobic
Amino acid count 259 residues 245 residues 318 residues
Molecular weight 29.46 kDa 27.00 kDa 36.51 kDa
Gene location SRD5AL, 5p15 SRD5A2,2p23 SRD5A3, 4912
Gene designation SRD5A1; SRD5A1, SRD5AL,
Sa-reductase 1 5a-reductase 2~ Sa-reductase 3
Gene designation 5 exons, 4 5 exons, 4 5 exons, 4
introns introns introns
Finasteride inhibition (ICsp)  26-500 nM 0.1-25 nM 17.4nM
Dutasteride inhibition (ICs) 2-50 nM 0.5-35 nM 0.33nM

Steroid 5a-reductase plays a crucial role in converting testosterone into the

more potent DHT, which approximately 10 times more potent. DHT exhibits greater

activity than testosterone due to its higher affinity for the androgen receptor [2,29].

Excessive DHT production results in various androgen-dependent disorders, including

BPH, AGA, prostate cancer, hirsutism and acne [32].

2.3 Mechanism of action of androgens

2.3.1 Mechanism of the 5a.-reductase action

The mechanism described for this process demonstrates the conversion of

testosterone to DHT by the catalytic action of 5a-reductase, as depicted in Figure 2,

where NADPH serve as the cofactor. The catalysis by 5a-reductase involves the

creation of a binary complex between the enzyme and NADPH (NADP*—enzyme) with
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the substrate testosterone. The hydride ion (H) from NADPH directly donates to the

C-5 position of testosterone. The enolate system forms as the enone in testosterone
interacts with an electrophilic residue (Enz") in the active site of the enzyme. This
process generates positively polarized species that accept a hydride ion from NADPH
at C-5 of testosterone. Finally, enzyme-mediated tautomerization results in the
formation of DHT, and the subsequent release of NADP* free the enzyme for further

catalytic cycles [30,33].

OH OH

Sa-reductase

0 N o
NADPH NADP*
Testosterone (T) Dihydrotestosterone (DHT)

S /
e

Fi T M,
NADP™ LLLL NADP™ '1_LL NADP™ '?,1
Mos S e o il
Enz\o/ Enzx_of, ) EnZ\O

H al

Figure 2 The purposed biochemical mechanism of 5a-reductase enzymatic reaction
[30].

2.3.2 Mechanism of androgen action on human androgen receptors
The actions of testosterone and DHT are mediated through the androgen
receptor (AR), which is a nuclear receptor (Figure 3). Testosterone undergoes passive
diffusion through the cell membrane and is enzymatically converted to DHT. This
alteration is essential for the subsequent binding to the androgen receptor. The complex

of the androgen receptor undergoes sulfhydryl reduction and phosphorylation, enabling
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it to adhere to specific gene sites. This interaction leads to the modification of RNA

polymerase activity, ultimately giving rise to androgenic effects [34].

Cell membrane Nucleus DNA

Cytoplasm

.H H— N .TE—»E--
Free Transcription
testosterone Androgen
receptor
mRNA
", DH{ [ |
2 7 ‘ 7 Translation
Bl — La— L

‘IAI‘

Sa-reductase

/

New protein

" 4

Androgenic effect

Figure 3 Cellular mechanism of androgens in the skin; DHT = dihydrotestosterone.
Note: modified from Randall (1994) [4].

2.4 Androgen-dependent disorders
The overproduction of DHT can result in a variety of androgen-dependent
disorders such as androgenic alopecia (AGA), benign prostatic hyperplasia (BPH),

prostate cancer, hirsutism, and acne vulgaris.

2.4.1 Androgenic alopecia (AGA)

Androgenic alopecia (AGA) is a common androgen-dependent disorder
marked by the gradual reduction of hair density, length, diameter, and pigmentation.
The term of AGA, also known by synonyms like common baldness; male-pattern
baldness; female-pattern alopecia; diffuse alopecia of women, was initially
pathologically described by Orentreich in 1960 [35]. AGA, or hair loss, is a common
dermatological condition that directly affects as an individual’s self-esteem, social
interactions, sexual well-being, and overall quality of life [36,37]. The estimated

prevalence of hair loss among older men is as high as 70%. Recent research indicates
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that 6% of women under 50 years of age are affected, whereas the condition afflicts 30-

40% of women over the age of 70 [38].

Multifactorial etiologies of hair loss [39,40]

Several multiple factors leading to hair loss have been previously reported
and summarized as follows:

General factors

1. Nutritional deficiency: Deficiency of certain vitamins such as B-complex
and vitamin A, or an excess of vitamin A.

2. Hormonal variation: Androgenic hormones, particularly DHT, have been
extensively recognized as the primary contributors to the pathophysiology of AGA or
hair loss. Hormonal imbalances, such as elevated estrogens levels and insufficient
progesterone levels, can lead to fluctuations throughout an individual’s life and may
contribute to excessive hair loss.

3. Post-acute-ailment: Hair loss can develop as a result of acute disorders
that impair the immune system.

4. Medicine and drugs: Long-term usage of chemotherapy, cancer
medication, steroids, antibiotics, antiepileptics, and antihypertensive drugs has been
linked to hair loss.

Local factors

1. Local exposure to toxins: Excessive use of chemical-based shampoos,
soaps, and lotions

2. Scalp carelessness: Unhygienic scalp care measures may cause hair 10ss.

3. Psychological Factors: Emotional stress, intense anxiety, depression, etc.
are psychological factors causing hair loss.

4. Other factors: The factors include micro-inflammation of hair follicles
and scalp, the toxins from industrial and water.

Classification of hair loss

The Hamilton-Norwood and Ludwig scales can be used to classify
androgenic alopecia (AGA) or male and female pattern hair loss. As shown in Figure 4,
the Hamilton-Norwood scale has classified male pattern baldness into 7 types. Typical
hair loss typically begins with frontal thinning (type 1), followed by a temporal
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recession (type II), and subsequently a mid-frontal recession. In type Ill, hair loss
occurs in a circular area on the vertex, often leading to type VII (very advanced hair

loss) where hair density diminishes across the top of the scalp [36,41,42].

Figure 4 Norwood-Hamilton classification of male pattern baldness chart [41,42].

For female pattern baldness, Ludwig has classified the stages of hair loss from
grade | to grade Il (Figure 5). Based on various cases observed during several years,
the stages of AGA in females may be described as follows:

“Grade I: Perceptible thinning of the hair on the crown, limited in the front by a line
situated 1-3 cm behind the frontal hairline”

“Grade I1: Pronounced rarefaction of the hair on the crown within the area seen in
grade”

“Grade I11: Full baldness (total denudation) within the area seen in Grades | and 11”
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Grade | Grade 11 Grade 111

Figure 5 Schematic representation of three grades of female AGA [43].

Nowadays, the FDA has authorized only two drugs for the treatment of
androgenetic alopecia. These drugs include topically applied minoxidil at concentration
of 2% (for women) and 5% (for men), as well as administered orally finasteride at a

dosage of 1 mg/day (for men), which is a type 2 steroid 5a-reductase inhibitor [44-46].

2.4.2 Acne

Acne is a dermatological condition affecting the pilosebaceous unit,
primarily manifesting on the face, neck, and upper trunk. It is one of the most prevalent
skin condition encountered by physicians, affecting approximately 85% of the
population in the United States aged 12 to 24 years each year [47,48]. The
pilosebaceous unit, which is a complex mini-organ comprising the hair follicle,
sebaceous gland, keratinized follicular infundibulum, and sebaceous duct, plays a
pivotal role. There are four main pathogenic factors that have an impact on acne, a
multifactorial disorder that affects the pilosebaceous unit [49,50]. These factors consist
of the following:

1) The excessive production of sebum due to androgen-induce activation of
sebaceous glands.

2) The occurrence of aberrant keratinization of the follicles results in a
blockage and subsequent formation of comedone.

3) Propionibacterium acnes colonizes the follicular duct and proliferates in
teenagers.

4) The inflammatory response of the follicle and its adjacent dermal region



15

Although the exact pathogenesis of acne remains uncertain, it is evident that
the primary mechanism behind sebum production is the stimulation of lipogenesis in
the sebaceous glands. DHT produced locally in sebaceous glands by type 1 5a-
reductase enhanced sebum production, and this enzyme is important in sebum

production for the development of acne [51].

2.4.3 Benign prostatic hyperplasia (BPH)

BPH is a prevalent age-related male disease, affecting as much as 90% of
men aged 80 and above [52]. It is clinically characterized by non-malignant
enlargement of the prostate gland and is the most common cause of symptoms related
to the lower urinary tract. Androgens, such as testosterone and DHT, are necessary for
the continuous development and differentiated function of the prostate throughout life.
They are also essential for the proliferation of stromal and epithelial cells in the prostate
gland. The epithelial cell in this gland appears to express only the enzyme 5a-reductase
type 1, whereas the stromal cell expresses both type 1 and type 2 of this enzyme. These
isoenzymes play important roles in BPH, and their significances in prostate cancer are
under investigation [53]. Presently, only finasteride (Proscar®) and dutasteride
(Avordart®) are FDA-approved BPH treatments [54].

2.4.4 Hirsutism

Hirsutism is described as excessive terminal hair growth in the body of a
female under the androgen-dependent areas. Typically, it is associated with
hyperandrogenemia. More than 70-80% of hirsute women are influenced by androgenic
factors [55]. These factors exert their influence on the body by affecting sex-specific
regions, resulting in the transformation of short, straight, light-colored vellus hairs into
bigger, curlier, and darker terminal hair [56]. Men typically have a higher degree of
terminal hair in various regions of their bodies compared to women, mostly as a result
of high levels of androgen during and after the period of puberty. Hirsutism arises in

females as a result of an excessive production of androgens.
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2.5 Medical treatment for AGA

The medication for AGA treatment can be generally categorized into two types:
androgen-dependent and androgen-independent. Androgen-dependent treatments work
by targeting androgens, such as androgen-receptor blockers or 5a.-reductase inhibitors,
to reduce DHT levels. The other mechanisms act against AGA as androgen-
independent agents [46]. Nowadays, the FDA has approved only two drugs for the
treatment of AGA, i.e., topically applied 2% (for women) or 5% (for men) minoxidil
and orally administered finasteride (1 mg/day for men), which inhibits type 2 steroid
Sa-reductase.

Minoxidil, a vasodilator, is a pyrimidine derivative known as 2,4-diamino-6-
piperidinopyrimidine-3-oxide (Figure 6). It is employed in the treatment of scalp hair
loss. Minoxidil was originally developed in the early 1970s as an oral treatment for
hypertension [7]. Hypertrichosis (darkening of fine body hair) and the regrowth of hair
in male pattern baldness were observed as side effects of this medicine in patients
receiving oral minoxidil [57]. In 1998, FDA approved a topical solution minoxidil for
the treatment of AGA in men, which was developed in response to one of these side
effects. The topical formulation of the medicine with a 2% concentration was used to
treat women [45], whereas the formulation with a 5% concentration solution or as the
foam was recommended for men [44].

Topical minoxidil is an androgen-independent agent because this drug's effect
does not involve either a hormonal factor or the inhibitory action of 5a-reductase [46].
While the precise biochemical mechanism behind its action on AGA remains unclear,
it is believed to work by opening the potassium ion channels in vascular smooth muscle
cells. This action promotes the release of vascular endothelial growth factor and hair
growth promoters in the dermal papilla, ultimately increasing cutaneous blood flow.
However, the use of topical minoxidil can cause adverse effects, including temporary
increased hair shedding, contact dermatitis, and facial hypertrichosis. Additionally,
minoxidil foam formulation containing propylene glycol may cause scalp irritation,

itching, dryness, and erythema [7,46].
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Figure 6 Chemical structure of minoxidil [58].

Although oral finasteride and topical minoxidil agents are the most widely
used for AGA, their adverse effects mentioned above are still limited to treatment.
Therefore, there is a demand for new alternative treatments to prevent hair loss, and

natural products may present a promising solution.

2.6 Anti-androgen drugs for 5a-reductase inhibition

In conventional modern pharmaceuticals, the only information available about
5a-reductase isozymes is their deduced primary sequence from cDNAs. This limitation
arises because the enzyme is unstable during purification and its crystal structure
remains unresolved. The first designs of inhibitors focused on modifying the structure
of natural testosterone or its substrates. One approach involved substituting a carbon
atom in the rings with a heteroatom like nitrogen, resulting in the creation of azasteroids
[33]. The high-potential 5a-reductase inhibitors with clinical studies include finasteride
(MK-906), dutasteride (GG745), epristeride, and 4-MA. Their structures are depicted

in Figure 7.
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Figure 7 Chemical structures of steroid 5a.-reductase inhibitors.

2.6.1 Finasteride

Finasteride, which is marketed as Proscar® for treatment of BPH and
Propecia® for AGA, is classified as an androgen-dependent therapeutic drug. It was
initially approved by the US FDA in 1992 for BPH and later, in late 1997 for AGA in
men. Finasteride (178-(N-tert-butylcarbamoyl)-4-aza-5 alpha-androstan-1-en-3-one) is
a synthetic compound belonging to the 4-azasteroid class (Figure 7). It act as a specific
inhibitor of type 2, 5a.-reductase, effectively blocking the conversion of testosterone to
DHT [33]. Finasteride exhibits potent inhibition of 5-reductase type 2, with an ICso
value of 69 nM, while its inhibition of 5a-reductase type 1 is less effective, with an
ICso value of 360 nM [59]. Finasteride (1 or 5 mg daily) suppressed intraprostatic DHT
by 85% after 7 days of treatment in men with BPH [60]. The use of finasteride is not
approved for females experiencing hair loss due to its absorption through the skin,
potentially causing a teratogenic effect in male babies [8,46]. Nonetheless, ejaculation
dysfunction, erectile dysfunction, and decreased libido are among the most frequently

mentioned sexually adverse effects [61,62].
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2.6.2 Epristeride
Epristeride or SKF105657, 3-androstene-3-carboxylic acids, is a potent
type 2 5a-reductase inhibitor (Figure 7) used to treat BPH. This analog is approximately
400-fold more selective to type 2 than type 1 [63]. Epristeride is an uncompetitive
inhibitory versus steroid substrate, and the proposed mechanism of 5a-reductase
involves the formation of a ternary complex with epristeride, NADP®, and enzyme [64].
However, this drug does not appear to lead to noticeable improvements in patient

outcomes [65].

2.6.3 Dutasteride

Dutasteride (GG745), also known as 17B-N-[2,5-bis(trifluoromethyl)-
phenyl)]-3-0x0-4-aza-5a-androst-1-ene-17-carboxamide, is a synthetic 4-azasteroid
derivative (Figure 7). It received approval from the U.S. FDA in 2002 for the treating
BPH under the brand name Avodart®. Dutasteride acts as a competitive inhibitor for
both type 1 and type 2 isoforms of 5a-reductase. It suppressed DHT levels more
effectively than finasteride (94.7% versus 70.8%) with the same concentration at 5 mg
when patients with BPH were randomized to receive once-daily dosing for 24 weeks
[66]. In addition, the administration of dutasteride at a dosage of 5 mg/day for a period
of 6-10 weeks resulted in a significant reduction in intraprostatic DHT levels by 97%
in individuals diagnosed with prostate cancer. Similarly, the use of a dosage of 3.5
mg/day for a duration of 4 months led to a remarkable decrease in intraprostatic DHT
levels by 99% [67]. In another trial, the administration of dutasteride at dosages ranging
from 3.5 to 5 mg/day resulted in a significant reduction of intraprostatic DHT levels,
approaching maximum suppression. Furthermore, an in vitro study demonstrated the

inhibitory effect of dutasteride on 5a.-reductase type 3 [68].

2.6.4 4-MA
4-MA, chemically represented as [178-N,N-diethylcarbamoyl-4-methyl-4-
aza-5a-androstan-3-one], is a synthetic derivative of 4-azasteroid (Figure 7). It was
initially identified as a potent dual inhibitor of both type 1 and type 2 5a-reductase

isoforms, with ICso values of 1.7 nM and 1.9 nM, respectively. However, it was
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withdrawn from further clinical development due to its notably low affinity for
androgen receptors and a lack of selectivity in relation to the 3p-hydroxysteroid
dehydrogenase enzyme, along with concerns regarding its hepatotoxicity [69].
Finasteride and epristeride are well-known 5a-reductase inhibitors that are
commercially available, but their multiple side effects limit their use. Herbal

alternatives to 5a-reductase inhibition might be the answer to this problem [70].

2.7 Herbal 5a-reductase inhibitors

Herbal medications that inhibit 5a-reductase are one of the alternative
treatments for androgen-dependent disorders. Many published articles have reported on
the 5a-reductase inhibition effects of some medicinal plants. A summary of these
studies, along with their ICsp or percentage (%) of inhibition values is provided in Table
3.
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2.8 The in vitro assays for investigation of Sa-reductase inhibition

There are several in vitro assays for the investigation of Sa-reductase
inhibitory activity. The experiments were conducted to investigate the substrate
conversion process involving testosterone being transformed to DHT by the enzyme
Sa-reductase, with NADPH serving as the co-factor (Figure 1).

The sources of the 5a-reductase enzyme can be obtained from various tissues
such as prostate cancer (LNCaP cell), skin, liver, dermal papillae cell, keratinocyte cell,
and fibroblast cell [30]. In this study, the LNCaP cell was used as the source of enzyme.
This cell line was purchased from the ATCC (American Type Culture Collection),
which isolated the left supraclavicular lymph node of a Caucasian male at age 50 years
old (blood type B+) and cell morphology as given in Figure 8 [98]. This cell line can
only express type 1 of Sa-reductase when cultivated under optimal conditions [99]. The
determination of the indicator substance (whether it’s a substrate, cofactor, or product)
has been performed using many techniques including autoradiography, LC-MS, and
HPLC.

ATCC Number: CRL-1740
Designation: LNCaP clone FGC

.Y Al - e E i
Low Density Scale Bar=100um  High Density Scale Bar = 100um

Figure 8 Morphology of LNCaP cell at low density (left) and high density (right) [98].

Various plants have been shown to possess potent anti-androgenic activity, as
evidenced by the scientific literature. They might represent potential sources of anti-

androgenic compounds. A recent finding from our research team reported that the
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biological effects of T. grandis extract are associated with the prevention of hair loss.
The result indicated that both hexane and ethyl acetate extracts of T. grandis leaf
exhibited potent 5a-reductase inhibitory activity. Therefore, T. grandis leaf extracts
could be used as an ingredient in alternative products of medicine or cosmetic for hair

loss treatment.

2.9 Tectona grandis L.f.
2.9.1 Botanical description of T. grandis

Tectona grandis L.f., commonly referred to as the teak tree in English and
sak in Thai, was formerly a member of Verbanaceae family and is now a member of
Lamiaceae family. They are widely found in South and Southeast Asia. The teak tree is
classified as a deciduous species and typically attains an average height of up to 30 m.
The leaves exhibit an opposing arrangement and possess a broad elliptical shape,
measuring approximately 30-50 cm in length and 15-20 cm in width. Teak trees
produce small and fragrant flowers that form in large clusters, known as panicles,
typically blooming from June to August. These panicles can contain numerous flower
buds. Fruit is a drupe, initially pale green and later turning brown as it matures. The
fruit has four chambers and is covered by a bladder-like structure. It is round, hard, and
woody, enclosed within an inflated casing. The number of seeds found in each fruit
generally ranges from 0O to 4. These seeds are characterized by their rectangular shape
and brown color, and are enveloped within a rigid endocarp [100]. Teak wood is used
in the timber industry due to its wood has good texture, color, and finishing qualities.

It is used to make furniture, carving, houses, cabinets, doors, and windows [10,101].

2.9.2 Traditional uses
The utilization of teak in a diverse range of traditional treatments is
attributed to the presence of medicinal properties in practically every component of the
teak tree [13,23,102]. Flowers are used to treat acrid, bitter dry, bronchitis, and
biliousness. Flowers and seeds have been used to treat diuretics or to increase urine

flow. Wood has been used to treat headaches, biliousness, and burning pains,

particularly in the liver region [13]. The bark is used for astringent, acrid, cooling,
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constipating, anthelmintic, and depurative treatments. The root can also be used to treat
urinary system-related troubles like anuria. Moreover, the seeds have been

recommended as a hair growth promoter in India’s traditional medical system [102].

2.9.3 Chemical constituents of T. grandis

Quinones, specifically naphthogquinones and anthraquinones, are the major
chemical constituents present in teak trees. Furthermore, a wide range of compounds
with varying structural complexities has been isolated from almost every part of teak.
These compounds include terpenoids, apocarotenoids, phenolic compounds, flavonoids,
steroids, saponins, phenylpropanoids like lignans and norlignans, phenylethanoid
glycosides and fatty ester compounds [101]. The molecular formula and their parts of
used containing these isolated compounds are presented in Table 4, while the chemical
structures of all these compounds are depicted Figures 9-16. Some examples of the
procedures for the isolation of quinones or other compounds found in T. grandis have
been mentioned in this review.

In a study conducted by Kopa et al, in 2014 [103], they explored the
chemical constituents of T. grandis methanolic extract. This investigation led to the
isolation of a novel anthraquinone derivative known as grandiquinone A (3-acetoxy-8-
hydroxy-2-methylanthraquinone), along with the identification of nine known
compounds: “5,8-dihydroxy-2-methylanthraquinone, hydroxysesamone, 3-hydroxy-2-
methylanthraquinone, quinizarine, betulinic acid, ursolic acid, tectograndone, corosolic
acid, and sitosterol 3-O-B-D-glucopyranoside”. Stepwise for the isolation of T. grandis,
the methanolic extract was first diluted with water and subjected to ethyl acetate
extraction, resulting in an EtOAc-soluble fraction (72 g). This fraction (70 g) was
further chromatographed on a silica gel using n-hexane, EtOAc, and methanol as eluent
in a gradient system, leading to the separation of five major fractions (A-E) based on
TLC profiles. Fraction A (6 g) was subjected to column chromatography on silica gel
using a gradient of n-hexane and EtOAc to yield 5,8-dihydroxy-2-methylanthraquinone
(10 mg) and hydroxysesamone (40 mg). Grandiquinone A (2 mg) was separated from
Fraction B (20 g) by silica gel column chromatography with n-hexane-EtOAc gradient.
Fraction C (10 g) was purified on a Sephadex LH-20 column with elution using

mixtures of n-hexane—dichloromethane—methanol (7:4:0.5), resulting in four
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subfractions (C1-C4). Subfractions C1 (0.5 g), C2 (1.0 g), and C3 (52.5 mg) were
further separated on a silica gel column, yielding 3-hydroxy-2-methylanthraquinone (5
mg), betulinic acid (50 mg), and ursolic acid, respectively. Moreover, fraction D yielded
corosolic acid, quinizarine, and tectograndone, while sitosterol 3-O-B-D-
glucopyranoside was obtained from fraction E.

Niamké et al. (2012) [104] discovered a new naphthoquinone compound,

4’ 5' -dihydroxy-epiisocatalponol, in the heartwood of T. grandis. This part of used

was extracted at 4 °C with acetone:water in the ratio of 80:20 v/v (500 mL). After
evaporating the acetone, the remaining aqueous phase was further lyophilized. The
residue (3.9 g) was dissolved in methanol (25 mL). This methanol solution, which had
a concentration of 0.156 g/mL was then diluted 4-folds. It was then subjected to
separate using semi-preparative HPLC, employing a reverse 5-um C18 column (250 x
10 mm). During this process, the following condition were applied:

Mobile phase: line A consisted of 1% acetic acid in water (v/v), while line
B comprised 50% methanol in acetonitrile (v/v). The gradient step was carried out using
30% B at 0-13 min, 30-100% B at 14-15 min, 100% B at 16-25 min, and 30% B at 26-
28 min. Other parameters included a flow rate of 2.5 mL/min, a maximum pressure of
250 bar, a detection wavelength set at UV 254 nm, and an injection volume of 500 pL.
A new naphthoquinone, identified as 4’,5'-dihydroxy-epiisocatalponol, was isolated as
a slightly brownish solid with a retention time (tr) of 9.7 min.

From the literature, the isolated compounds were separated using several
column chromatographic techniques, including silica gel, Sephadex LH-20, and semi-
preparative HPLC, leading to the isolation of quinones and various other compounds.

Therefore, this data might be useful for finding the biomarkers in T. grandis.



Table 4 List of chemical constituents isolated from T. grandis.
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Chemical constituents Formula  Part used Ref. no.

Naphthoquinones

Lapachol (1) CisH1403  Heartwood [105-110]
Root [22]

Deoxylapachol (2) CisH1402,  Heartwood [107,111-

113]

5-Hydroxylapachol (3) CisH1404  Root heartwood  [109]

Hydroxysesamone (4) CisH140s  Leaves [103]

a-Lapachone (5) CisH1403  Roots [22]

B-Lapachone (6) CisH1403  Roots [22]

Dehydro-a-lapachone (7) CisH1203  Heartwood [106,107,109]
Roots [22]

4’ 5'-Dihydroxy-epiisocatalponol  CisH180s4  Heartwood [104]

(8)

Tectol (9) Ca0H2604  Heartwood [114]

Dehydro-a-isodunnione (10) CisH1203  Heartwood [107]

Tecomaquinone-I (11) CaoH240s4  Heartwood [107,110]

Tectonaquinones A (12) CaoH2405  Heartwood [110]

Tectonaquinones B (13) CxsH1i604  Heartwood [110]

Tectonaquinones C (14) CisH1203  Heartwood [110]

Anthraquinones

Tectoquinone (15) CisH1002  Heartwood [107,110,115]
Sapwood [108]
Saw dust [116]
Roots [22]

2-Hydroxymethyl-anthraquinone  CisH1003  Heartwood [112,117]

(16)

2-Acetoxymethyl-anthraquinone  CisH1204  Heartwood [117]

(17)




Chemical constituents Formula  Part used Ref. no.
Anthraquinone-2-carbaldehyde C15HgO3 Heartwood [117]
(18)
Anthraquinone-2-carboxylic acid  C15HgO4 Heartwood [117]
(19)
3-Hydroxy-2-methyl- CisH1003  Heartwood [103,110]
anthraquinone (20)
Pachybasin (21) CisH1003  Heartwood [118]
Rubiadin (22) CisHi100s  Heartwood [119]
Munjistin (23) C15HgOs Heartwood [119]
Roots [22]
2-Methylquinizarin (24) CisH100s  Heartwood [120]
Roots heartwood  [109]
Quinizarine (25) C14HgO4 Leaves [103]
1-Hydroxy-2-methyl CisH1003  Roots [121]
anthraquinone (26)
Stem [112]
5,8-dihydroxy-2- CisH1004  Leaves [103]
methylanthraquinone (27)
Obtusifolin (28) C16H120s  Roots [121]
Saw dust [116]
Heartwood [110]
9,10-Dimethoxy-2-methyl-1,4- C17H140s4  Heartwood [106]
anthraquinone (29)
5-Hydroxy-2-methyl CisH1003  Heartwood [122]
anthraquinone (30)
1-Hydroxy-5-methoxy-2- C16H1204  Heartwood [122]
methylanthraquinone (31)
1,5-Dihydroxy- CisH100s  Heartwood [122]

2methylanthraquinone (32)
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Chemical constituents Formula  Part used Ref. no.
5-Hydroxydigitolutein (33) C16H120s  Tissue culture [123]
Barleriaquinone-| (34) C15H100 Heartwood [110,124]
Tectoleafquinone (35) Ci19H1406  Leaves [125]
Grandiquinone A (36) C17H120s  Leaves [103]
Tectograndone (37) C30H20010 Leaves [14,103]
Anthratectone (38) C27H1809  Leaves [15]
Naphthotectone (39) Ci7H1607  Leaves [15]
Monoterpene

(6RS)-(E)-2,6-Dimethyl-2,7- C10H1802  Leaves [18]
octadiene-1,6-diol (40)

Sesquiterpenes

IB-60-Dihydroxy-4(15)- CisH2602  Leaves and Bark
eudesmene (41)

7-Epieudesm-4(15)-ene-1a,60- CisH2602  Leaves and Bark  [17]
diol (42)

Diterpenes

Abeograndinoic Acid (43) C20H3204  Leavesand Bark  [17]
Phytol (44) C20H100 Leaves and Bark  [17]
7,11,15-Trimethyl-3-methylene- ~ C2H1002  Leavesand Bark [17]
hexadecan-1,2-diol (45)

Rhinocerotinoic acid (46) C20H3003  Leaves and Bark  [17]
2-Oxokovalenic acid (47) Ca0H3003  Leaves and Bark  [17]
19-Hydroxyferruginol (48) Ca0H3002  Leaves and Bark  [17]
Tectograndinol (49) Ca0H3403  Leaves [126]
Solidagonal acid (50) C20H3003  Leavesand Bark  [17]
Triterpenes

Lupeol (51) CaoHs00 Bark [127]
Betulin (52) Cs0Hs002  Bark [127]
Betulinaldehyde (53) Ca0H402  Bark [127]
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Chemical constituents Formula  Part used Ref. no.
Betulinic acid (54) CaoH4g03  Heartwood and [20]
Stem bark
Bark [128]
Roots [121]
Leaves [103]
Ursolic acid (55) CaoH4s03  Leaves [17,103]
Corosolic acid (56) CaoH4804  Leaves [103]
Oleanolic acid (57) Ca0H4803  Leaves and Bark  [17]
Maslinic acid (58) CaoHs80s4  Leaves and Bark  [17]
Methyl-2a,3a-dihydroxyurs-12- CaoHsg0s  Leaves and Bark  [17]
en-28-oate (59)
Euscaphic acid (60) CaoHs0s  Leaves and Bark  [17]
Squalene (61) CaoHso Roots [112]
Polyterpene or rubber
Caoutchouc or Indian rubber - Wood [129]
Polymer (62)
Apocarotenoids
Tectoionol A (63) CisH2303  Leaves [18]
Tectoionol B (64) C13H2402  Leaves [18]
Annuionone D (65) Ci13H2003  Leaves [18]
3B-Hydroxy-7,8-dihydro-B-ionol  Ci3H2402>  Leaves [18]
(66)
9(S)-4-Oxo-7,8-dihydro-p-ionol Ci1sH2202  Leaves [18]
(67)
3B-Hydroxy-7,8-dihydro-p- Ci13H202  Leaves [18]
ionone (68)
Phenolic compounds
Gallic acid (69) C7HeOs Leaves [16]
Ellagic acid (70) C14HsOs Leaves [16]
Acetovanillone (71) C9H1003 Leaves [19]
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Chemical constituents Formula  Part used Ref. no.
E-lIsofuraldehyde (72) C10H1003  Leaves [19]
3-Hydroxy-1-(4-hydroxy-3,5- CuH140s  Leaves [19]
dimethoxyphenyl)propan-1-one

(73)

Evofolin A (74) Ci7H180s  Leaves [19]
Flavonoids

Rutin (75) C27H30016  Leaves [16]
Quercitin (76) CisH1007  Leaves [16]
Steroids/ saponins

B-Sitosterol (77) C29Hs00 Roots [22]
Hydroxyenone (78) CaoH4g02  Leaves and Bark  [17]
B-Sitosterol-B-D-[4'linolenyl-6'-  CesHi1100s  Stem bark [20]
(tridecan-4'"-one-1""-oxy)]

Glucuranopyranoside (79)

Stigmast-5-en-3-0-B-d- CasHeoOs  Stem bark [20]
glucopyranoside (80)

Sitosterol 3-O-B-d- CeoH10007  Leaves [103]
glucopyranoside (81)

Phenylpropanoids: lignans

Syringaresinol (82) C2H260s  Leaves [19,130]
Medioresinol (83) CaH2407  Leaves [19,130]
1-Hydroxypinoresinol (84) (C20H2207) Leaves [19]
Lariciresinol (85) Ca0H2406  Leaves [19,130]
Balaphonin (86) Ca0H2006  Leaves [19]
Zhebeiresinol (87) C1sH160s  Leaves [19]
Phenylpropanoids: norlignans

Tectonoelin A (88) Ci1sH160s  Leaves [19]
Tectonoelin B (89) Ci1oH1807  Leaves [19]
Phenylethanoid glycoside

Verbascoside or acteoside (90) C29H36015  Leaves [21]
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Chemical constituents Formula  Part used Ref. no.
Fatty esters

7'-Hydroxy-n-octacosanoyl n- CagHs603  Stem bark [20]
decanoate (91)

20'-Hydroxyeicosanyl linolenate ~ CsgH72O3  Stem bark [20]
(92)

18'-Hydroxy-n-hexacosanyl-n- CssH7203  Stem bark [20]

decanoate (93)
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Figure 9 Chemical structures of naphthoquinones (1-14).
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Figure 10 Chemical structures of anthraquinones (15-36).
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Figure 11 Chemical structures of anthraquinones (37-39) and terpenoids (40-46).
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Figure 13 Chemical structures of apocarotenoids (63-68) and phenolic compounds (69-
73)
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Figure 14 Chemical structures of phenolic compounds (74), flavonoids (75-76),

steroids, and saponins (77-79).
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Figure 16 Chemical structures of phenylpropanoids (88-90) and fatty esters (91-93).

2.9.4 Pharmacology studies of T. grandis

Some isolated compounds from T. grandis as shown in Table 4 as well as
several parts of T. grandis crude extract have been studied for their pharmacological
activities such as wound healing, antibacterial activity, cytotoxic, hair growth,

antioxidant, hypoglycemic, and anti-inflammatory properties. An overview of the
pharmacological properties is summarized in Table 5.



Table 5 Overview of the pharmacological properties of T. grandis
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Pharmacological Parts used Active compounds or crude Ref. no.
activities extracts
Wound healing Leaf Hydro-alcoholic extract [131]
activity
Antibacterial activity  Leaf and Chloroform extract [132,133]
Bark
Wood Ethyl acetate extract [132,133]
5-Hydroxy-1,4- [134]
naphthalenedione (Juglone)
Synergistic in vitro Wood Methanolic extract [135]
antibacterial activity
Antiviral activity Leaf Ethanolic extract (Benzene- [136]
(against chikungunya 1-carboxylic acid-2-
virus) hexadecanoate)
Cytotoxicity Wood Methanolic extract [132]
Bark Chloroform extract [132]
5-Hydroxylapachol, Lapachol [109]
Hair growth activity ~ Seeds Petroleum-ether extract [23]
Antioxidant activity Leaf, bark, Ethyl acetate extract [132]
and wood
Leaf Methanolic extract [137]
Hypoglycemia Bark Ethanolic extract [138]
activity
Root Methanolic extract [139]
Anthelmintic activity  Fruits Ethanolic extract [140]
Anti-inflammatory Flowers Methanolic extract [141]
activity
Stem Hydro-alcoholic extract [142]
Analgesic activity Flowers Methanolic extract [141]
Stem Hydro-alcoholic extract [143]




o1

Pharmacological Parts used Active compounds or crude Ref. no.

activities extracts

Antifungal activity roots and Methanolic extract, [104,144]
aerial parts Phenolic acid

4',5-'Dihydroxyepiisocatalpo

nol
Sawdust Deoxylapachol [116]
Anti-wood rot activity ~ Hardwood Deoxylapachol [116]
sawdust
Diuretic activity Leaf Agueous extract [145,146]
Antiplasmodial activity Leaf Corosolic acid, 5,8- [103]
Dihydroxy-
2-methylanthraguinone,
Hydroxysesamone,
Tectograndone
Antipyretic activity Root Methanolic extract [147]
Seeds Methanolic extract [148]
Gastroprotective Root Lapachol [149]
activity
Leaf Ethanolic extract, [21]
Verbascoside
Phytotoxicity Dried leaf 2-Oxokovalenic acid, [17]
19-hydroxyferruginol
Anti-COVID-19 NR Barleriaquinone-I [150]

Note: NR = not reported

Moreover, the traditionally acclaimed hair tonic was also confirmed by
Jaybhaye et al. in 2010 [23]. They studied the effect of 5% and 10% petroleum ether
extract of T. grandis seed on the hair growth rate in albino mice. The treatment was

successful in producing more hair follicles than a standard positive control, minoxidil.
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In the previous studies of our research team by Fachrunniza et al. (2020),
they evaluated the effects of T. grandis extracts associated with hair loss treatment.
Various parts of T. grandis, such as the roots, barks, woods, leaves, fruits, fruit peels ,
and seeds were sequentially extracted using different solvents. The crude extracts from
different parts of T. grandis were tested for their 5oa-reductase inhibition, anti-
testosterone activity, cytotoxicity on HFDPCs, and anti-inflammatory effects by
suppressing IL-1p secretion stimulated by RAW 264.7 cells. Notably, the leaf extract
of T. grandis, obtained by hexane and ethyl acetate extraction, exhibited inhibition of
5a-reductase. Moreover, the cytotoxicity level in the hexane extract showed lower than
ethyl acetate extract. Hexane extract demonstrated a comparable anti-testosterone
activity profile to finasteride (used as a positive control) and exhibited the ability to
inhibit IL-1p secretion. This discovery suggests that T. grandis might be a promising
source for 5a-reductase inhibitors and serve as an ingredient in alternative medicine or
cosmetic products for hair loss treatment [24].

In order to further develop products containing the potential plant extract
for 5a-reductase inhibition, it is important to conduct qualitative and quantitative
analyses of the 5a-reductase inhibitors in the extract. Moreover, the physicochemical
properties, pre-formulation studies including stability profiles and skin penetration of
the extract should be studied to provide useful information for further product design

and development.

2.10 Methods for analysis the chemical components in extracts
2.10.1 Thin layer chromatography (TLC)

TLC is a conventional chromatography technique used to analyze the
chemical constituents in extracts. Generally, a TLC plate is created using silica gel as a
stationary phase on a sheet of aluminum foil, which is coated with a thin layer of
adsorbent material. Then this plate is applied to the sample and developed using eluting
solvents (mobile phase). Whether the compound travels up the TLC plate or is bound
to the adsorbent depends on the physical properties (such as polarity and molecular
structure) of each compound. The principle of solubility, known as “Like Dissolves

Like”, is adhered to in this process. The analytes that exhibit lower solubility in the
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mobile phase and possess a greater affinity for the stationary phase will be retained,
whereas those analytes with higher solubility will elute to the top of the TLC plate as
they are carried by the mobile phase [151]. After development, the TLC plate is
subjected to visual inspection under daylight, and UV light at 254 and 366 nm to detect
chemical components. In addition, the specific reagents are sprayed on TLC plate for
detecting the group of compounds. For instance, anisaldehyde-sulfuric acid is used to
detect steroids, essential oils, saponins, and sugars. Potassium hydroxide is employed
for the detection of anthraquinone glycosides and their aglycones, while vanillin-
sulfuric acid helps identify essential oils, phenols, steroids, and higher alcohols [152].
The retardation factor (R¢) value for each visualized spot is calculated by the following

formula;

Distance traveled by spot

R =
™ Distance traveled by solvent front

2.10.2 High-performance liquid chromatography (HPLC) and method validation

HPLC is a technique for the separation, identification, and quantification

of compounds in a mixture. Generally, an HPLC system contained the basis modules:

a solvent delivering, a pump, a sample injector, a column, a detector, and a data analysis
unit (Figure 17).
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Figure 17 Schematic diagram of an HPLC system Note: modified from Juliane et al
[153].

The principle of HPLC is a separation method that is based on sample
(analyte) distribution between the stationary phase and mobile phase systems. Normal-
phase, reverse-phase, size exclusion, chiral, ion exchange, and hydrophilic interactions
are all common separation mechanisms supported by various packing materials [154].
Depending on the structure of the analyte, the compounds are retarded while they pass
through the stationary phase. A range of detectors, including UV and fluorescence
detectors, could be utilized based on the structural features of the analyte. After the
substances have eluted from the column, the detection compartment recognizes them.
The signals are recorded, transformed, and displayed in a chromatogram by the
utilization computer software.

The HPLC method developed for the separation and quantification of
active compounds in the extract is important for quality control. All analytical methods
designed to analyze any sample will need to be validated. It also refers to various

regulatory standards. The parameters described in this section are guidelines from the
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International Conference on Harmonization (ICH, Q2R1) for aspects such as linearity,
limits of detection (LOD) and quantification (LOQ), accuracy, as well as intra-day and
inter-day precision. Additionally, the criteria for system suitability align with the
standards established by the United States Pharmacopeia (USP 31).

Linearity: The linearity refers to the ca of HPLC method to yield results
that exhibit a direct relationship with the concentration of the compound. A minimum
of 5 concentrations is recommended for the performance of linearity [155]. Acceptance
criteria; the correlation coefficient (R?) is commonly used for this purpose, and curves
with R? = 0.999 are usually considered to be linear. Moreover, it is required to perform

data fitting to a regression line model represented as y = mx + b. The y-intercept should
be equal to or less than 2% of the desired concentration response [156].

Limits of detection (LOD) and quantification (LOQ): The LOD
represents the lowest detectable concentration of a compound that cannot be precisely
as an exact value. The LOD is a parameter of the limit test that specifies whether an
analyte’s concentration is below or above a certain value. In an HPLC procedure, the
LOQ represents the lowest concentration of a compound that can be accurately
quantified while maintaining acceptable levels of accuracy and precision [155]. As for
the acceptance criteria; the ICH references recommended a signal-to-noise ratio (S/N)
for LOD as 3:1 and for LOQ as 10:1 [156].

The determination of LOD and LOQ values is performed by calculating
the standard deviation based on the S/N ratio as in the following equation:

LOD =3 SD

LOQ =10 SD

Where SD refers to the standard deviation of the response, which is usually
expressed as an analyte concentration in the sample.

Accuracy: Accuracy refers to the degree of closeness between the
measured test results and the true values. The ICH guidelines suggest assessing
accuracy by conducting a minimum nine determinations across a range of three
concentration levels, which should include 25%, 50%, and 75% of the standard
calibration curve. This typically involves performing three experiments, each with

measurements at three different concentrations, thus ensuring a comprehensive
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accuracy assessment for the entire analytical method. Accuracy should be expressed as
the percent recovery, which is determined by assaying a known added amount of
analyte in the sample. This recovery percentage should be calculated relative to the
mean and the accepted true value, and it should be accompanied by confidence intervals
to provide a comprehensive accuracy assessment [155]. The percentage recovery is

calculated by the following equation:

C (Spiked) — C (Sample
Recovery (%) = ( pc (S)tandagd) ple) x 100

Where C represents the concentration in pg/mL. Acceptance criteria; The acceptable
range for the % recovery value is 80.0-120.0 %.

Intra-day and inter-day precision: The precision of an analytical
procedure is determined through two types of studies: intermediate precision (inter-day
precision), which assesses variation between different days, and repeatability (intra-day
precision), which assesses variation within the same day, all conducted at three
concentration levels. Intra-day precision involves three replicate concentration analyses
on the same day (n=3), while inter-day precision involves repeating each concentration
on three different days (n=9). Precision is quantified as a relative standard deviation

(RSD), typically expressed as a percentage, and calculated using the equation below:

Standard deviation
RSD (%) = Moan x 100

System suitability: The parameters of system suitability testing are
method-dependent and are conducted on both HPLC systems by injecting five analyte
concentrations to assess system accuracy and precision. The following parameters are
determined: tailing factors, % RSD, resolution, and plate count [156]. The acceptance
criteria for the system suitability testing are described in the USP 31 guideline (Table
6).
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Table 6 Acceptance criteria for system suitability test according to USP 31 guideline

[157].
Topic USP 31

Resolution (R) Rs between the peak of >15

interest and the closest potential

Tailing factor (T) <2.0

Number of theoretical plate (N) > 700

Relative standard deviation (RSD) <2 % (n=5)
> 2 % (n=6)

2.11 Physicochemical properties

The assessment of the physicochemical properties of an extract is crucial for
the development and design of a preferable formulation product. This assessment
enables the enhancement of stability, solubility, and skin penetration, allowing for a
more accurate evaluation of bioactive compounds in pre-formulation studies. In this
study, measurements of physicochemical parameters such as solubility, pH, color, zeta
potential, viscosity, and partition coefficient were focused, and some parameters are

described.

2.11.1 Solubility

The solubility of an analyte is a fundamental and extensively utilized
physicochemical property, holding significant importance in various applications.
Typically, solubility experiments consist of 2 stages: (1) the preparation of organic
solvents or saturated water, and (2) the determination of an analyte concentration in
these organic solvents or the saturated water. Generally, solubility is commonly
expressed in terms of concentration, denoted as mole fraction, molality, molarity, mass
“g of solute per kg of solvent, g per dL (100 mL) of solvent” or other similar
concentration units [158]. Both the USP (United States Pharmacopeia) and BP (British
Pharmacopeia) classify the solubility, irrespective of the solvent used, based solely on

quantification criteria. These criteria are detailed in Table 7.
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Table 7 Descriptive solubility terms and solvent-to-solute ratio according to USP and

BP criteria [159].

Descriptive term Part of the solvent required per part of solute
Very soluble <1

Freely soluble 1-10

Soluble 10-30

Sparingly soluble 30 - 100

Slightly soluble 100 — 1000

Very slightly soluble 1000 - 10,000

Practically insoluble > 10,000

2.11.2 Color measurement
Various color coordinate systems can be used to describe an object’s color.
Commission Internationale de I'éclairage (CIE) L* a* b* system is one of the most
widely used systems. It was developed in 1976 for photoelectric measurement and the
CIE L*a*b* color space (Figure 18), which provides more uniform color differences

relative to human perception [160].
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Figure 18 CIELAB color space. Note: modified from Beetsma et al [161].

The CIELAB coordinates (L*, a*, b*) are directly read. The parameter L*
value is an estimate determination of luminosity, a characteristic that enables the
representation of colors as values ranging from 0 (black) to 100 (white). In addition,
the a* parameter is assigned positive values (+a*) to represent color in the redness
colors, whereas negative values (-a*) are used to denoted colors in the greenness colors.
Similarly, the parameter b* is assigned positive values (+b*) to indicate colors in the
yellowness colors, while negative values (-b*) are used to represent colors in the
blueness colors [160]. The calculation of the color difference (AE*) involves the
utilization of L*, a*, and b* values, along with a comparison to the standard (excluding

the sample) according to the following equation:

AE* =+AL*2 +Aa*? + Ab*2

Deltas can exhibit positive (+) or negative (-) values for L* (AL¥), a*
(Aa*), and b* (Ab*) in the context of the colorimetry. The overall color difference,
denoted as Delta E (AE*), is consistently positive [162].

“AL* (L* sample — L* standard) = (+ = lighter, — = darker)”

“Aa* (a* sample — a* standard) = (+ = redder, — = greener)”

“Ab* (b* sample — b* standard) = (+ = yellower, — = bluer)”
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The zeta potential analysis is a crucial parameter for estimating the

stability of nanoparticle (NP) dispersions in solution. NPs with a net charge in an ionic

solution composed of an ion layer (with a charge opposite to that of NPs) can absorb

near their surface; this is known as the Stern layer. The loosely associated ions are

contained in a second diffuse outer layer (Figure 19). These two layers are collectively

known as the EDL (electrical double layer). The zeta potential refers to the electrostatic

potential observed at the boundary known as the “slipping plane”, and it is associated

with the surface charge of the NPs [163]. Zetasizer has the capability to concurrently

determine the velocities of the numerous charged particles in the solution through

electrophoretic light scattering (ELS) [164].
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Figure 19 Schematic illustration of the EDL phenomenon occurring at the interface

between a liquid medium and a negatively charged particle. Note: modified

from Pate et al [165].
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Normally, zeta potential analyses are beneficially used to optimize
emulsions, suspensions, and dispersions in formulation products. The magnitude of
particle zeta potential typically ranges from +100 mV to —100 mV. The zeta potential
value can serve as an indicator of the colloidal stability of the solution (Table 8).
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Table 8 The colloidal stability behavior for ranges of zeta potential [166]

Zeta potential value (mV) Colloidal stability behavior
Otox5 “Flocculation or coagulation”
+10to + 30 “Incipient instability”
+30to+40 “Moderate stability”
+ 40 to + 60 “Good stability”
more than + 60 “Excellent stability”

The widely accepted threshold for the zeta potential of stable aqueous
suspensions is a value exceeding +30 mV or falling below than —30 mV, indicating
strong cationic and anionic properties, respectively. Particles exhibiting zeta potential
values below +25 mV or above —25 mV will eventually undergo agglomeration as a
result of intermolecular forces such as hydrogen bonding, van der Waals interactions,
and hydrophobic interactions [163,166].

2.11.4 Viscosity

The viscosity of a fluid refers to its ability to resist deformation and absorb
stress, with the specific degree of resistance being influenced by the rate at which
deformation occurs. The relationship between shear stress (t) and shear rate (D) is
expressed by the following equation.

t=nD
where 1 is the dynamic viscosity.

The viscosity of non-Newtonian liquids exhibits variability in response to
changes in shear rate, while the Newtonian liquids maintain a constant viscosity across
all shear rates and are only affected by the variables pressure and temperature.

The SIunit of T and D is Pascal (Pa) and per second (1), respectively. The
dynamic viscosity is measured in Pascal second (Pa.s) in the Sl unit. For practical
purposes, a sub-multiple is often more convenient: 1 mPa.s is equal to 10 Pa.s, which
corresponds to one centipoise (cP) in the now-obsolete centimeter-gram-second (cgs)
system [167].
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2.11.5 Partition coefficient

The partition coefficient (Pow) characterizes the solubility ability of the
plant extracts or compounds in a biphasic system consisting of lipids (such as fats, oils,
and organic solvents, commonly n-octanol) and water, which are immiscible. The
partition coefficient is described in simple terms as the ratio of the concentration of a
solute dissolved in an organic portion versus the aqueous portion. The solute that is
mainly dissolved in the aqueous portion is called as “water-liking” or hydrophilic,
whereas those that are predominantly dissolved in lipids are called “lipid liking” or
lipophilic. The partition coefficient, also known as the Kow 0r Pow Value, serves as an
indicator of the potential for a substance to be absorbed by various living organisms,
including plants, animals, and humans, as well as whether it is more likely to be
transported and dispersed by water. The log Pow Value is a fixed parameter defined by

the following equation:

[organic] \ )
Partition coefficient, P, = ———— , log Py, = logo (partition coefficient)

[aqueous]
Where [ ] represent the concentration of the solute in both the organic and aqueous
partitions [168].

A negative Log Pow Value suggests that the compound has a stronger
attraction to the aqueous phase, indicating its more hydrophilic. When log Pow = 0, the
compound is evenly distributed between two phases. Conversely, a positive Log Pow
value indicates a higher concentration partitioned in the organic phase, signifying its
lipophilic properties. For example, a Log Pow = 1 indicates a partitioning ratio of a 10:1
between the organic and aqueous phases [168]. Several published articles reported on
the determination of Pouw Of plant extracts and compounds. For instance, the log Pow oOf
germacrone in Curcuma aeruginosa Roxb. extract was determined using the HPLC
method [169], the log Pow Of eurycomamone in Eurycoma longifolia Jack extract was
established using the HPLC method [170], and the analysis of log Pow for three plant

extracts, namely barberry (Berberis vulgaris L.), cornelian cherry (Cornus mas L.) and



64

mahonia (Mahonia aquifolium Nutt.), was conducted using the UV spectroscopy
technique [171].

2.12 Stability studies

The stability of natural plant extracts is crucial for ensuring the quality, safety,
and efficacy of the final product available in the market. Several factors (i.e. pH,
temperature, and light) may influence the chemical degradation of crude extracts and
their active compounds. In most cases, either hydrolysis or oxidation is present in the
reaction [172].

2.12.1 Effect of pH

The effect of pH stability in extracts containing bioactive compounds has
been reported. For example, Wongwad et al (2020) determined the effect of pH on
bioactive compounds such as benzophenones (iriflophenone 3,5-C-4-D-diglucoside
and iriflophenone 3,5-C-f-D-glucoside) and xanthones (mangiferin) in Aquilaria
crassna leaf extract. The pH rate profiles of these compounds suggested that they
exhibit stability under environments ranging from neutral to acidic [173]. Sipahli et al
(2016) investigated the effect of pH on the chemical stability of crude anthocyanins in
Hibiscus sabdariffa extract with pH ranges from 1 to 9 [174]. They found that crude
anthocyanins degraded more slowly at an acidic pH range. In addition, Suphrom et al
(2014) also studied the effect of pH (ranging from 2.0 to 9.0) on sesquiterpenoids as a
germacrone compound in Curcuma aeruginosa Roxb. extract, which compound was
unaffected by pH (2.0-9.0) [175].

2.12.2 Effect of temperature
The bioactive compounds found in extracts, such as terpenoids,
flavonoids, and phenolics, are known to exhibit heat instability and are susceptible to
degradation over a period of time. The thermal degradation kinetics model is a
frequently employed approach to characterize the degradation process of these
chemical substances. This model can provide the valuable data for monitoring and
forecasting the long-term quality and shelf-life-related alterations in plant extracts

containing bioactive compounds. Several stability studies of bioactive compounds in
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diverse plant species have been reported using this technique. For example, Oancea et
al (2018) conducted a study on the degradation of polyphenolic compounds, focusing
on the major anthocyanin compounds like pelargonidin-3-sophoroside and delphinidin-
3-glucoside, as well as catechin hydrate, which is a major flavonoid compounds found
in Sambucus nigra L. extract [176], and sour cherry (Prunus cerasus) extract [177]. In
addition, Beelders et al (2015) investigated the degradation of benzophenones and
xanthones in Cyclopia genistoides (L.) Vent. [178]. Similarly, Wongwad et al (2020)
documented the degradation of these compounds in a different plant (Aquilaria
crassna) [173]. Moreover, Suphrom et al (2014) also studied the degradation of an
antiandrogenic compound, germacrone, in Curcuma aeruginosa Roxb. extract at
various temperatures. Their finding indicated that the pure solid form of germacrone
was highly sensitive to temperature changes, while the degradation process was slower

when the compound was stored in the dried extract [175].

2.12.3 Effect of light

Light is one of the important factors in the chemical stability of plant

extract, with ultraviolet (UV) rays known to stimulate redox reactions [172]. To assess
photostability, ICH guidelines offer various methods for testing plant extracts and drug
substances. Specific requirements for visible and UV exposure are outlined as follows:
e Visible light: A minimum of 1.2 million lux-hours for visible light

e Ultraviolet light: An integrated UV energy of 200 w-hour/m?

within the range of 300-400 nm for ultraviolet light

Commonly, the ID65 serves as the light source, and it is activated using a Window-Q
filter in the Q-SUN chamber. This choice is made because it effectively replicates
sunlight entering an indoor environment [179]. Several instances of Q-SUN chamber

set points with a Window-Q filter are given in Table 9.
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Table 9 The set points of a Window-Q filter in a Q-SUN chamber at a 420 nm control

point [179]

Set Point uv Illuminance Test UV Dosage Visible Light

(420 nm) Irradiance Duration Dosage

0.62 W/m? 28.3W/m?  50.4 kix 24 hours 673 W- 1.21 million
hour/m? lux-hour

1.10 W/m?*  49.7 W/m?  89.5 kix 13.5hours 671 W- 1.21 million
hour/m? lux-hour

1.47 W/m? 66.5 W/m?  119.6 kix 10 hours 665 W- 1.20 million
hour/m? lux-hour

Note: *1.10 W/m? is a typical set point in photostability tests.

Many published articles on the rapid photodegradation of chemical
compounds in plant extracts have been reported. For example, Bilia et al (2001) studied
the photodegradation of Hypericum perforatum L., and observed a slight decrease in
flavonoids when exposure to light [180]. This finding was subsequently confirmed by
Kopleman et al (2001) [181]. Moreover, the stability of the active ingredient known as
azadirachtin-A in Azadirachtin indica oil was examined by Barrek et al (2004) across
several settings, including pH levels, temperature variations, and exposure to various
light sources such as UV radiation, darkness, and daylight. Additionally, they identified
the degradation products of this compound using HPLC—-MS and HPLC-MS-MS
techniques [182].

2.13 Skin penetration study

In the human body, the skin is the largest organ. It has a barrier function to
prevent foreign molecules penetration into the body. The skin is a viable route for drug
delivery. Transdermal delivery has become popular as a viable alternative to delivering
drugs through intact skin. These systems provide several advantages, such as passing
initial metabolism, ensuring patient adherence across diverse medical conditions, and
enabling controlled and sustained release of drugs [183]. The transdermal system is

generally suitable for routine in vitro studies of drug penetration. The assessment of
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drug absorption through the skin is frequently conducted using Franz diffusion cells
[184]. Various types of membranes, including synthetic artificial membranes like
cellulose acetate (CA) and Strat-M membranes, as well as animal skin such as rodent
skin and pig skin, and human skin derived from cosmetic surgeries biopsies, and human
cadavers, can be effectively employed in the Franz diffusion cell system. Animal and
human skins are the most preferred among these membranes because they are the most
similar to in vivo human skin. Nevertheless, both of these models have limitations,
including cost, human skin availability, and ethical concerns related to animal skin
usage [185]. The utilization of synthetic artificial membranes is frequently employed
for assessment of the penetration of active ingredients. It is mimicked because these

membranes contain either the domains of hydrophilic or lipophilic skin [186].

2.13.1 Synthetic Strat-M® membrane

Strat-M® is a synthetic artificial membrane designed as a viable alternative
to human skin model. It offers improve predictability of diffusion in human skin while
avoiding issues like lot-to-lot variation, safety concerns, and storage limitations. As
shown in Figure 20, the composition of this membrane was intentionally engineered to
replicate the structural characteristics and lipid chemistry found in the epidermal layer
of human skin. The Strat-M® membrane is characterized by an approximate thickness
of 300 um and is consists of an outer layer supported by two layers of polyethersulfone

(PES) and a bottom layer supported by a polyolefin non-woven fabric [187].

(A) Strat-M membrane (B) Human skin

X Stratum
Tight top layer resembles stratum corneum { { { corneum
L}
I Epidermis
-

resemble dermis in the skin
Dermis

Polyolefin Non-woven fabric support

Two layers of polyethersulfone (PES) N g/
- S
(subcutaneous tissue in the skin) j;\?‘,;,;»j e S SO

Subcutaneous
tissue

Figure 20 The structure of artificial Strat-M® membrane (A) [187] and normal human
skin (B) [188].
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2.13.2 The classical scheme of skin absorption

The stratum corneum serves as the principal barrier for drug permeation
through the various layers of skin. Nevertheless, there are some mechanisms for the
transportation of natural compounds, such as tree penetration pathways (intracellular,
intercellular, and follicular routes). The intracellular pathway is conductive to the
penetration of lipophilic drug substances. The intercellular pathway is suitable for the
transmission of hydrophilic drug substances. In contrast, the follicular or
transappendageal pathway enables direct and rapid transfer of substances to the upper
segment (infundibulum) region via the eccrine (sweat) glands or hair follicles (Figure
21) [189,190]. Substances typically pass through the skin via a combination of all
pathways, with the relative importance of each route dependent on the physicochemical
properties of the substance [191].
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Figure 21 Potential routes for drug penetration through various skin layers include

follicular, intra-, and intercellular pathways. The close-up in the upper right

inset provides a detailed view of the stratum corneum, highlighting the

intracellular pathway and the convoluted intercellular pathway Note:
modified from Bolzinger et al [192].

2.13.3 Franz diffusion cell system

The Franz cell apparatus (Figure 22) is composed of the donor chamber on
top, which is separated from the receiver chamber below.
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Figure 22 Franz diffusion cell [193].

The system is maintained at a constant temperature using a heated water
jacket. The solution within the receiver chamber is homogeneously mixed throughout
the experiment using a magnetic bar stirring. In the donor chamber, the tested samples
are placed in contact with the glossy side of the Strat-M™ membrane. After collection
of the sample at various times, all samples are analyzed using the validated HPLC

method.



CHAPTER Il
RESEARCH METHODOLOGY

3.1 General experimental procedures

Thin layer chromatography (TLC) analysis was conducted using a 20 x 20 cm
aluminum sheet coated with TLC silica gel 60 F254 (Merck, Darmstadt, Germany). For
the chromatographic isolation of the extract constituents, silica gel columns (granule
size 0.040-0.063 mm, Merck, Darmstadt, Germany), Sephadex LH-20 columns
(particle size dry 18-111 pm, GE Healthcare, Uppsala, Sweden), and SiliaBond® C18
columns (particle size 40-63 um, SiliCycle, Quebec, Canada) were employed. For
quantitative analysis of marker compounds in T. grandis extracts, two experiments
involving different machines of high-performance liquid chromatography (HPLC) were
conducted: stability studies and determination of partition coefficient. For the stability
studies, HPLC analysis was carried out using Agilent Technology system (model 1260
infinity with fraction collector, Santa Clara, CA, USA) coupled with a Phenomenex
Luna C18(2) column (150 x 4.6 mm, 5 um particle size, USA). The partition coefficient
was determined using HPLC with a Shimadzu LC-20AT system and a Shimadzu SPD-
20A UV/Vis detector. HPLC analysis utilized a Phenomenex Luna C18 column (150 x
4.6 mm, 5 um particle size) along with a guard column (5 um Phenomenex C18, 4 mm
x 3 mm). For gas chromatography-mass spectrometry (GC-MS) analysis, an Agilent
Technology model 6890 instrument (Palo Alto, CA, USA) was employed, and
separation was achieved using a fused silica capillary Hewlett Packard HP-5MS column
(0.25 mm x 30 mi.d., 0.25 um film thickness), coupled with a mass selective detector
(MS). Fourier-transform infrared (FT-IR) spectra were obtained using the attenuated
total reflectance (ATR) mode on a PerkinElmer Spectrum GX instrument (Perkin Elmer,
Waltham, MA, USA). Optical rotations were determined using a POLAX-2L
polarimeter from Atago, Japan. HPLC analysis was carried out on an Agilent 1260
Infinity instrument equipped with an ESI interface and coupled to a 6540 ultrahigh
definition accurate mass Q-TOF mass spectrometer (Agilent Technologies, Palo Alto,
CA, USA). Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
AV400 spectrometer (Bruker, Billerica, MA, USA), operating at 400 MHz for proton
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and 100 MHz for carbon nuclei. Absorbance measurements were conducted using the
hybrid Multi-Mode Detection Synergy H1 instrument (model HLMF) manufactured by
Bio-TeK Instruments (Winooski, VT, USA). The color of the extracts was assessed
using Konica Minolta (Thailand). Zeta potential measurements were conducted using a
zeta potential analyzer (Malvern Zetasizer Nano ZS, UK). An ultrasonic processor,
Sonics Vibracell™ VCX130 with probe V18, was employed for sonication (Newtown,
CT, USA). U-shaped 96-deep-well plates were used (Agilent Technologies, Santa Clara,
CA, USA) and were covered with well-cap mats sourced from Thermo Scientific
(Waltham, MA, USA). Franz diffusion apparatus was performed by Logan Instruments
Corp (model, FDC-6, Somerset, NJ, USA). The Strat-M membrane transdermal
diffusion test model, which includes discs sized at 25 mm), was bought from Merck
Millipore (Cork, Ireland). Accelerated light stability and weathering chamber were
performed by Q-LAB (model Q-SUN XE-1-BC, USA). Viscosity was measured by an
AMETEK Brookfield viscometer (model DV3TRVCJ0, USA). The pH value was
recorded using Mettler Toledo (Bangkok, Thailand). An orbital shaker (Biosan, Latvia)
was used for solubility testing.

3.2 Chemical reagents

The solvents used in this study, including hexane, acetone, methanol (MeOH),
ethanol (EtOH), ethyl acetate (EtOAc), dimethyl sulfoxide (DMSO), and
dichloromethane (DCM), were of analytical reagent (AR) grade and were obtained
from RCI Labscan Ltd (Bangkok, Thailand). Acetonitrile (CH3CN), graded for HPLC
was bought from RCI Labscan Ltd (Bangkok, Thailand). Additionally, B-Nicotinamide
adenine Dinucleotide Phosphate (NADPH, tetrasodium salt) was obtained from OYC
(Tokyo, Japan). Hydroxylamine hydrochloride was purchased from Carlo Erba Reagent
(Milan, Italy). The Roswell Park Memorial Institute (RPMI) 1640 Medium,
supplemented with L-glutamine, fetal bovine serum (FBS), and antibiotics (consisting
of 100 unit/mL penicillin G and 100 pg/mL streptomycin) were bought from GIBCO
(Grand Island, NY, USA). Disodium ethylenediaminetetraacetate
dihydrate (EDTA) was purchased from Bio-Rad laboratories life science group
(Hercules, California). Phenylmethanesulfonyl fluoride (PMSF), 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Trizma® base), 2-[4-(2-hydroxyethyl)piperazin-1-
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yl]ethanesulfonic acid (HEPES), testosterone, sodium pyruvate, sodium bicarbonate,
and D-(+)-glucose monohydrate, butylated hydroxytoluene, and benzophenone were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Additionally, potassium chloride
(KCI), di-sodium hydrogen orthophosphate anhydrous (Na:HPOs), potassium
dihydrogen orthophosphate (KH2PO4), and propylene glycol (PG) were ordered from
Ajax Finechem (New South Wales, Australia). Polyethylene glycol-40 (PEG-40)
hydrogenated castor oil was obtained from Phitsanuchemicals (Phitsanulok, Thailand).
Tween20® was purchased from AppliChem GmbH (Darmstadt, Germany). Formic acid
was purchased from KemAus (Australia). Toluene and octyl methoxycinnamate were
purchased from Merck (Damstadt, Germany). Benzyl benzoate was purchased from

Thai-China Flavours & Fragrances Industry (Phra Nakhon Si Ayutthaya, Thailand).

3.3 Plant materials and extraction

Fresh mature leaves of T. grandis (teak) were gathered in September 2019
from Banna district, Nakhon Nayok Province, Thailand. The identification and
authentication of plant material was conducted by Assistant Professor Pranee
Nangngam, Ph.D., from the Faculty of Science, Naresuan University. The voucher
specimen with the collection number 05721 was deposited at the Department of
Biology, Faculty of Science, Naresuan University, Phitsanulok, Thailand. The voucher

specimen and characteristics of T. grandis leaves are shown in Figure 23.

5.t Lo

Figure 23 The voucher specimen (left) and fresh mature leaves (right) of T. grandis
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The fresh mature leaves of T. grandis (TG) were cleaned, chopped, and
subjected to a drying process at a temperature of 55 °C for three days. The dried plant
material was finely ground by a mechanical grinder and sieved through a 60-mesh sieve.
The extraction of T. grandis leaf powder was conducted separately by maceration with
two organic solvents: hexane and 95% ethanol. For the preparation of crude hexane
extract, 1.5 kg of T. grandis leaf powder was macerated with hexane (6.0 L) at room
temperature. This maceration process was repeated three times, with each round lasting
at least five days and involving occasional shaking. Afterward, the solvent was
combined and removed by evaporating under reduced pressure, resulting in the
production of a dark brown viscous crude hexane extract, yielding 127 g (8.47% yield).
To prepare the crude ethanolic extract, a 292 g sample of leaf powder was macerated
with 95% ethanol (1.17 L). Following a similar procedure as previously described for
the hexane extract, a dark green viscous crude ethanolic extract was obtained, yielding
32.90 g (11.27% vyield). In addition, an ethanolic extract in PG was produced for used
as a sample in stability and skin penetration tests. A crude ethanolic extract was initially
solubilized with PEG-40 hydrogenated castor oil at a ratio of 1:3 w/w. Subsequently,
PG was added at a ratio of 1:4 w/w to yield a dark brown liquid of ethanolic extract in

PG (Figure 24). All obtained extracts were stored at -20 °C until use.

[ Crude ethanolic extract ]

dissolved with PEG-40 hydrogenated castor oil at the
ratio of 1:3 (w/w)

[ Extract solution ]

l diluted with PG at the ratio of 1:4 (w/w)

Ready-to-use extract
in PG

Figure 24 Schematic diagram of the preparation of ethanolic extract in PG
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3.4 Isolation and identification of 5a-reductase inhibitors from T. grandis leaf
extract

To isolate the 5a-reductase inhibitors, a 100 g sample of the hexane extract
was dissolved in 100 mL of hexane to provide a hexane solution. This solution was
carefully added to 100 mL of chilled acetone, resulting in the separation of 47.00 g of
an acetone-soluble portion and 54.56 g of acetone-insoluble residue. The 47.00 g
acetone-soluble portion was subsequently dried and suspended in MeOH to obtain
33.08 g methanol-soluble portion (hTG) and 13.01 g methanol-insoluble residue. Of
this hTG extract, 18.46 g was further fractionated using a sephadex LH-20 column (2.5
x 73 cm). MeOH was employed as the mobile phase during this fractionation process,
leading to the separation of seven fractions, labeled as hTG.A-hTG.G. In order to
determine the active compounds, a process known as activity-guided fractionation was
used. This involved utilizing an in vitro experiment to assess the inhibitory activity of
the fraction obtained against 5o-reductase. Among these fractions the highest 5a-
reductase inhibitory activity was observed in hTG.B. A part of fraction hTG.B (9.85 g)
was subsequently subjected to separate using a sephadex LH-20 column (2 x 88 cm),
employing MeOH as mobile phase. This process yielded six fractions, designated as
hTG.B1-hTG.B6. These obtained fractions were further assessed for their ability to
inhibit 5a.-reductase activity. Two major fractions, hTG.B3 and hTG.B4 exhibited the
highest levels of inhibitory activity. The active fraction, hTG.B4 (5.06 g, orange
viscous), was re-fractionated using a silica gel column (5 x 13 cm). Elution was carried
out using a stepwise gradient of hexane and EtOAc ranging from 99.5:0.5 to 0:100%
vlv, yielding seven sub-fractions labeled as hTG.B4/1-hTG.B4/7. A total of 529.9 mg
of sub-fraction hTG.B4/3 was further chromatographed with a silica gel column (1.5 x
13 cm). The elution process was carried out using a gradient mixture of hexane and
EtOAc, ranging from a ratio of 95:0.5 to 0:100% v/v). This resulted the separation of
the mixture into seven fractions, labeled as hTG.B4/3.1-hTG.B4/3.7. From these sub-
fractions, hTG.B4/3.1 (90.0 mg, white solid) was selected for further purification and
was processed on a reversed-phase C18 column (1.5 x 20 cm) with MeOH as the eluent,
yielding three sub-fractions, identified as hTG.B4/3.1.1-hTG.B4/3.1.3. The white solid
powder of hTG.B4/3.1.1 (61.1 mg) was subsequently dissolved with MeOH and
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subjected to HPLC utilizing an Agilent 1260 infinity system with a fraction collector
(USA). A Phenomenex Luna® C18(2) column (250 x 10 mm, 10 pum particle size) was
employed. The condition for HPLC were as follow: an injection volume of 50 uL, a
flow rate of 5 mL/min and detection at 220 nm. The mobile phase consisted
acetonitrile:water (90:10 v/v) in an isocratic manner. Two pure compounds; 1 (19.5 mg,
tr: 11.03 min) and 2 (16.3 mg, tr: 10.12 min) were successfully isolated (Figure 25). In
addition to these compounds, an active fraction, hTG.B3 (1.71 g, brownish syrupy),
was also loaded on a sephadex LH-20 column (2 x 88 cm) using MeOH as an eluent to
produce four sub-fractions, labeled as hTG.B3/1-hTG.B3/4. A subfraction hTG.B3/3
(319.3 mg) was further re-fractionated over the silica gel column, with sequential
elution using a gradient comprising hexane, dichloromethane (CH.Cl,), and MeOH,
yielding nine sub-fractions identified as hTG.B3/3.1-hTG.B3/3.9.

Sub-fraction hTG.B3/3.3 (6.1 mg) was subjected to a C18 column (1.5 x 20
cm, MeOH) as a reversed-phase system to obtain compound 3 (3.7 mg, colorless
needle-shaped crystals). As well, the purification of fraction hTG.B3/3.4 (5.4 mg) using
the same step as hTG.B3/3.3 led to the isolation of compound 3 (1.7 mg, Figure 26).
The identification of all the previously known isolated compounds was confirmed by
comparing their physical properties and spectral data with those previously reported in

the literature.
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(hTG, 18.46 g)
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(17.4 mg) (5.8mg) (529.9mg) (276.0 mg) (20.3mg) (936.7 mg) (70.8 mg)

silica gel column (5 x 13 cm)
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mobile phase; hexane:EtOAc (95:5 to 0:100 v/v)
7 fractions

(hTG.B4/3.1-hTG.B4/3.7)

hTG.B4/3.1

(90.0 mg)

reverse phase C18 column (1.5 x 20 cm)
mobile phase; MeOH

hTG.B4/3.1.1 hTG.B4/3.1.2 hTG.B4/3.1.3
(61.1 mg) (23.9 mg) (1.4 mg)
reverse phase HPLC

column; Phenominex Luna® C18(2) (250 x 10 mm, 10 pm particle size)
mobile phase; acetonitrile: water (90:10 v/v)

flow rate; 5 mL/min

injection volume; 50 pL

wavelength: 220 nm

Compound 1 Compound 2
(19.5 mg) (16.3 mg)
94.65% 93.61%

Figure 25 Schematic diagram of the fractionation process for hTG extract and the
percentages represent the inhibition of 5a-reductase activity tested at the

final assay concentration of 100 pg/mL
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hTG.B3/3
(319.3 mg)

silica gel column (1.5 x 13 ¢m)
mobile phase; hexane:DCM (99:1 to 0:100 v/v) and
DCM:MeOH (99.5:0.5 to 50:50 v/v)

9 fractions
(hTG.B3/3.1-hTG.B3/3.9)
1

I
hTG.B3/3.3 hTG.B3/3.4
(6.1 mg) (7.5 mg)

reverse phase C18 column (1.5 x 20 cm)
mobile phase; MeOH
reverse phase C18 column (1.5 x 20 cm)
| mobile phase; MeOH

hTG.B3/3.3.1 hTG.B3/3.3.2 Compound 3 hTG.B3/3.3.3

(0.5 mg) (0.9 mg) (3.7 mg) (0.8 mg)
85.04%

hTG.B3/3.4.1 hTG.B3/3.4.2 hTG.B3/3.4.3 Compound 3 hTG.B3/3.4.5 hTG.B3/3.4.6

(1.8 mg) (1.5 mg) (0.6 mg) (1.7 mg) (0.9 mg) (0.7 mg)
85.04%

Figure 26 Schematic diagram of the fractionation process for sub-fraction hTG.B3/3
and the percentages represent the inhibition of 5a.-reductase activity tested

at the final assay concentration of 100 pg/mL

3.4.1 Specific rotation
The optical rotation of chiral compounds 1 and 2 was determined by
measuring the specific rotation of compounds. In our experiment, samples were
dissolved in MeOH with a concentration of 1.25 g/mL, loaded into a 0.5 dm sample
cell, and observed at 25 °C. The calculation of the specific rotation was performed by
the following equation:

a
T:—
[a]p o

Where: [a] represents the specific rotation, o is the observed rotation in degrees, c is
the concentration in g/mL, | is the path length in dm, and T is the temperature in °C at

which the experiment was conducted.
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3.4.2 GC-MS conditions for identification of compound 3
In this study, GC-MS analysis was performed for the identification of
compound 3. The sample was dissolved in DCM and subsequently injected into the
GC-MS system. The GC-MS instrument utilized was an apparatus from Hewlett
Packard, equipped with a mass selective detector and an Agilent HP-5MS fused-silica

capillary column (30 m x 0.25 mm i.d., 0.25 v m film thickness). Helium gas served as

the carrier gas, with a constant flow of 1.0 mL/min. Operating conditions were as
follows: the injector was set at 250 °C and operated in split mode (1 pL) with a split
ratio of 10:1 v/v. The oven temperature was initially maintained at 70 °C for 3 min,
then programmed to increase at a rate of 5 °C/min until reaching 280 °C, where it was
held for 15 min. The temperature of the transfer line heater was specifically set at
280 °C. Mass scanning covered a range from 50 to 700 amu in full scan mode. The
identification of compound 3 relied on computer-assisted matching of its recorded mass
spectra fragmentation patterns, with a requirement of achieving a match of at least 90%
against a Wiley7n spectral library.

3.5 Measurement of 5a-reductase inhibitory activity
3.5.1 Cell culture and enzyme preparation

According to the literature, androgen-dependent LNCaP cells were reported
as the source of 5a-reductase, which predominantly provided type 1 [99]. Thus, in this
study, Sa-reductase was obtained in the form of a crude enzyme from LNCaP cells
(ATCC® CRL-1740TM) using the extraction protocol outlined by Fachrunniza et al.
with minor modification [24]. This protocol was adapted from the method originally
developed by Srivilai et al. [194]. In the assay, the cells were grown in phenol red
RPMI-1640 powder, which was supplemented with 10% fetal bovine serum and 1 %
antibiotics. They were maintained in culture flasks (175 cm?) at 37 °C in a humidified
atmosphere with 5% CO,. The medium was changed every 3-4 days, and cell
detachment was achieved using 0.25% trypsin in a phosphate buffer (PBS) solution
without Mg?* and Ca?*, which also included 0.2 g/L EDTA. The enzyme preparation
was performed when the cell line reached 80% confluence. The growth medium was
removed, and the cells were washed with a tris-HCI buffer solution at pH 7.4. This
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buffer contained 10 mM tris-HCI buffer, 50 mM KCI, 1 mM EDTA, and 0.5 mM
phenylmethanesulfonyl fluoride). The cells were then detached from the culture
surface, followed by centrifugation at 1900 x g for 10 min. Afterward, the cell pellets
were gathered and resuspended in tris-HCI buffer at pH 7.4, reaching a concentration
of >9 x 107 cells/mL. The obtained cell pellets were placed in an ice bath and further
homogenized using a sonication probe. The total protein content of crude enzyme used
in the 5a-reductase inhibitory assay was found to be a minimum of 75 ug protein
equivalent. This determination was made using the Pierce bicinchoninic acid (BCA)

protein assay (Pierce, Rockford, IL, USA).

3.5.2 Enzymatic 5a.-reductase inhibition assay

The assessment of the in vitro inhibitory activity of the test samples against
the conversion of testosterone to DHT by steroid 5a.-reductase was conducted using the
methodology outlined by Srivilai et al. [194]. After the enzymatic reaction, the
production of DHT was quantitated using LC-MS to determine 5a-reductase activity.
Curcumin and finasteride, which are known 5a-reductase inhibitors [33,195], were
used as the positive controls in this experiment. In the enzymatic assay, the reaction
was carried out on U-shaped 96-deep-well plates, which were sealed with well-cap mats.
The reaction mixture consisted of the test sample, which was dissolved in DMSO (10
pL), along with 34.7 uM of testosterone in PG and water (20 pL), and 1 mM NADPH
in tris-HCI buffer pH 7.4 (50 pL). The reaction was initiated by addition of
homogenized crude enzyme (80 uL). The final reaction volume was then adjusted to
200 pL by adding tris-HCI buffer with a pH of 7.4 (40 uL). The enzymatic reaction was
conducted under controlled conditions in a water bath equipped with a shaker, operating
at a temperature of 37 °C for a duration of 60 min. Subsequently, the reaction was
terminated by the addition of 10 mg/mL HM in 80% v/v ethanol (200 pL). The solution
was thereafter incubated for a further 60 min at a temperature of 60 °C in order to
achieve full derivatization of all the DHT that had been produced. Following incubation,
the mixture solution was subjected to centrifugation at 1700 x g for 10 min, and the
resulting supernatant was collected for quantifying the production of DHT using LC-

MS analysis. Two control groups, namely Co and Ceo, Were established and made by
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containing all the solutions, along with 10 pL of DMSO, without the addition of any
test sample. The reaction in the Co control group was halted at 0 min by the addition of
HM, prior to the initiation of the enzymatic reaction. Conversely, the reaction in the Ceo
control group continued with the enzymatic reaction and was stopped after a 60 min
incubation period, which allowed for a complete enzymatic reaction to occur. Table 10
summarizes the volume of all reagent solutions as well as the incubation times for the

three assay groups of the Sa-reductase inhibitory activity assay.

Table 10 Summary of 5a-reductase inhibitory activity assay groups, reagents, and

incubation times, shown in chronological order from left to right

Groups Sample/ T Tris NADPH Enzyme HM Incubation HM Incubation
DMSO (uL) buffer (uL) (uL) (uL) at37°C (L) at60°C

(kL) (kL) (min) (min)
Control CO 10 20640 50 80 200 60 - 60
Control C60 10 20 40 50 80 - 60 200 60
Sample 10 20 40 50 80 - 60 200 60

Note: T = testosterone and HM = hydroxylamine hydrochloride

The production of DHT was assessed using LC-MS. To determine the
inhibition caused by the test sample, it was quantified by measuring the area under the
curve (AUC) of the extracted ion chromatogram (EIC) of derivatized-DHT (m/z [M +
H]*, 306.2428). The inhibition of the enzymatic reaction was calculated using the

following equation:

100

AUC of sample — AUC of CO]
X
AUC of C¢y — AUC of C,

5a. — reductase inhibitory activity (%) = [1 —
3.5.3 LC-MS method for the measurement of DHT [194]

For LC-MS analysis, an HPLC system connected to a Q-TOF LC/MS was
used, equipped with dual electrospray ionization (ESI) in positive mode, and m/z values
were scanned within the range of 100-1200 amu. The stationary phase employed in this
study was a Phenomenex Luna® C18(2) reversed-phase column (150 mm x 4.6 mm, 5

pum). Nitrogen was employed as the nebulizing gas at 30 psi, and the drying gas flowed
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at 10 L/min and was maintained at 350 °C. The elution of the compounds was achieved
using a mobile phase system with a gradient composition. This system consisted of
purified water containing 0.1% (v/v) formic acid (solvent A), and acetonitrile
containing 0.1% (v/v) formic acid (solvent B). The mobile phase system was first set at
a concentration of 60% of solvent B. Subsequently, the concentration of solvent B was
raised linearly to 80% over a period of 8 min. This concentration was maintained for a
duration of 4 min, following which a post-run period of 2 min was set. The total analysis
run-time was 14 min, with the column temperature maintained at 35 °C. The flow rate
was set at 0.5 mL/min, and a 20 pL injection volume was used. The mass data were
subsequently analyzed using Agilent MassHunter Qualitative Analysis software
version B06.00.

3.6 Qualitative and quantitative analyses of T. grandis leaf extracts
3.6.1 TLC analysis

The TLC technique was employed to conduct chromatographic fingerprints
and preliminary phytochemical screening of teak leaf extracts. It is a technique used to
separate a wide range of phytochemical components. The hexane and ethanolic extracts
were prepared at a concentration of 10 mg/mL by dissolving individuals with DCM and
MeOH, respectively, and then 2.0 uL of each extract was subjected to a TLC silica plate
(TLC silica gel 60 F2s4 aluminium sheet). This plate was developed in a pre-saturated
TLC chamber with hexane:EtOAc (7:3 v/v). The plate was examined under visible
light, UV at 254 and 366 nm after development. Subsequently, the plate was immersed
in various specific reagents for the identification of compounds, which included
anisaldehyde-sulfuric acid for detecting essential oils, steroids, saponins, and sugars.
Additionally, a solution consisting of 5% potassium hydroxide in methanol was
employed to detect anthraquinone glycosides and their aglycones. Lastly, bromocresol
green was utilized to detect carboxylic acids [152]. The photos of the developed TLC

plate with or without coloration were taken.
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3.6.2 High-performance liquid chromatography (HPLC) analysis
3.6.2.1 Reference solutions
The two isolated 5a-reductase inhibitors (1 and 2) with a purity of 99%
were precisely measured and solubilized in methanol and subsequently diluted using
the same solvent to get the required concentration. Prior to being introduced into the
HPLC system, all reference solutions were subjected to filtration through a 0.45 pm

nylon membrane.

3.6.2.2 Chromatographic conditions

The HPLC system employed in this study was an Agilent 1260 infinity
instrument, which was equipped with a G1315D diode array detector. The
chromatographic separation was conducted using a Phenomenex Luna C18(2) column
with dimensions of 150 mm x 4.6 mm and a particle size of 5 um. The mobile phase
was prepared by combining acetonitrile and 0.1% formic acid in purified water at a
volumetric ratio of 85:15 (v/v). The isocratic elution system was set to operate at a flow
rate of 0.8 mL/min under ambient temperature conditions, and the UV chromatogram

was captured at a wavelength of 220 nm. Each injection had a volume of 20 uL.

3.6.2.3 Validation of HPLC Method

The HPLC method for quantitative analysis of active compounds in T.
grandis leaf extract was validated for various parameters, including linearity, limit of
detection (LOD), limit of quantification (LOQ), accuracy, intra-day, and inter-day
precision. This validation process followed the guidelines outlined by International
Conference on Harmonization (ICH) [196] and United States Pharmacopeia (USP 31)

for system suitability.

System suitability

To assess system suitability, five replicate injections of compounds 1 and 2
were introduced into the HPLC system. The following parameters were determined:
retention time, peak area, plate count, tailing factors, resolution, and relative standard
deviation (%RSD).
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Linearity

The linearity ranges of 1 and 2 were evaluated by conducting triplicate
analyses at eight different concentration levels, ranging from 1.56 to 200 pg/mL. To
establish a calibration curve, the average peak areas were plotted against their
corresponding concentrations, and parameters such as slope, y-intercept, and the

squared regression coefficient (r?) were calculated.

Limits of detection (LOD) and quantification (LOQ)

The LOD and LOQ were determined under the current chromatographic
conditions using the spiking sample blank technique. This involved adding the lowest
known concentration of standard reference solutions and performing 10 replicate
analyses. The LOD and LOQ were established by calculating the standard deviation
(SD) of the response, which is often denoted as the concentration of the analyte in the
sample. This calculation was based on the signal-to—noise ratio (S/N) of 3 for LOD
and 10 for LOQ.

Accuracy

The method’s accuracy was assessed by the utilization of the spike sample
technique. Solution containing mixtures of 1 and 2 at three distinct concentration levels
(15, 75, and 135 pg/mL) were introduced into the crude ethanolic extract solution,
including the designated range at 25, 50, and 75% of their respective calibration curves.
This procedure was repeated three times. The accuracy was determined by employing
the subsequent equation and presenting the results as a percentage of the recovery. The

concentration, denoted as C, is expressed in units of ug/mL. The appropriate percentage

of recovery value should be 80.0-120.0 %

C (spiked) — C (non — spiked
Recovery (%) = (sp C)(Starfdard) P ) x 100

Precision
The precision of the methodology was assessed by both repeatability (intra-

day precision) and intermediate precision (inter-day precision) investigations. The
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experiments were conducted by examining three different concentration levels, namely
20, 75, and 150 pg/mL. The intra-day precision was assessed by performing three
replicates tests of each concentration within a single day, resulting in a sample size of
three (n = 3). The inter-day precision was assessed by performing triplicate analyses
over a period of three consecutive days. The precision was determined by calculating

the relative standard deviation (RSD) as a percentage, using the given equation:

Standard deviation
RSD (%) = Mean x 100

3.6.2.4 HPLC quantification of 5a-reductase inhibitors (1 and 2) in T.
grandis leaf extracts

The hexane and ethanolic extracts were weighed individually and dissolved
in methanol to achieve a final concentration of 100 ug/mL. Each extract solution was
subsequently filtered through a nylon membrane (0.45 um) prior being loaded into the
HPLC system in triplicate. The quantification of 1 and 2 in T. grandis leaf extracts were
determined by utilizing the respective calibration curves and the results were expressed

as % w/w.

3.7 Study on physicochemical properties of T. grandis extracts

Various physicochemical parameters of crude ethanolic extract and ethanolic
extract in PG, including solubility, pH, color, zeta potential, viscosity, and partition
coefficient measurements were studied according to the method described in OECD
guidelines.

3.7.1 Solubility
To determine the optimal vehicle solvent for the in vitro skin penetration
study, the solubility of 1 and 2 in the ethanolic extract was evaluated using two different
solvents: distilled water and HEPES buffer pH 7.4 (containing 25 mM HEPES and 2%
wi/v of Tween20®). The shaking flask method was used as described in OECD guideline
No. 105 [197]. Briefly, excess quantities of extract were added to 1 mL of each solvent

and then shaken at 220 rpm (37 + 2°C) using an orbital shaker. This process was done
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in triplicate. After 24, 48, and 72 h, the tubes were collected and centrifuged at 600 g.
The clear solutions of distilled water and HEPES buffer (diluted 100 times by methanol)
solvents were then filtered through a 0.45 um membrane and analyzed using the HPLC

method.

3.7.2 pH determination
The pH values of crude ethanolic extract and ethanolic extract in PG were
determined. Each extract was weighed at 100 mg and further saturated with 40 mL of
distilled water to produce a dispersion-like sample. These saturated aqueous solutions
were transferred to a beaker and the pH value was determined using a pH meter.

3.7.3 Color measurements

The measurement of visual color was conducted with a colorimeter. The
measurements were carried out using the standard CIE illuminant D65. The color
parameters were assessed using L*, a*, and b* values, where L* represents lightness
(ranging from 0O for black to 100 for white), a* indicates greenness (-a*), and redness is
denoted as (+a*), while blueness is reflected by (-b*) and yellowness by (+b*). For the
sample preparation, the crude ethanolic extract and ethanolic extract in PG were
distributed into the sample chamber with a controlled area (width 2 cm x length 2 cm
x depth 1 mm) as shown in Figure 27. Five measurements were taken on each sample
in three replicates (n=3).

Width 2 cm

Length 2 cm

Figure 27 Sample chamber for color measurement
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3.7.4 Zeta potential measurement
Zeta potential was employed to quantitatively determine the stability of
suspensions. The crude ethanolic extract was dissolved in water (0.5 mg/mL), then the
saturated aqueous solution was transferred into the DTS 1070 cuvette by syringe. After
that, the sample was measured for the zeta potential value using a zeta potential analyzer

in three replicates (n=3).

3.7.5 Viscosity measurement
The viscosity measurement of the ethanolic extract in PG was performed
with a viscometer using a CP42 spindle at a constant temperature of 25 °C. This extract
was rotated at 65 rotations per minute. The experiment was determined in triplicate
(n=3).

3.7.6 Determination of partition coefficient of compounds 1 and 2

The partition coefficients n-octanol/water (Pow) 0f 1 and 2 were determined
using the HPLC method in accordance with the OECD test guideline no. 117 [198].
This approach applies to log Pow Vvalues between 0 and 6. In brief, the reference
substances used in this study were benzene (log Pow = 2.177), toluene (log Pow =
2.720), benzophenone (log Pow = 3.200), benzyl benzoate (log Pow = 3.969), butylated
hydroxytoluene (log Pow = 5.319), and octyl methoxycinnamate (log Pow = 5.921). The
test reference substances and test compounds (1 and 2) were dissolved at a
concentration of 500 ug/mL in methanol. The HPLC analysis was conducted using a
Shimadzu equipped with column C18, as above described. The specific HPLC
conditions included an injection volume of 20 uL, a UV detector set at 254 nm, and a
column temperature maintained at 25 °C. The compounds were eluted at 1.0 mL/min
using an isocratic mode of 60% acetonitrile in water. The capacity factor (k) of

reference and tested compounds was calculated using the equation follow:
tg =t
to

k =

In this analysis, tr represents the retention time of the sample under examination, while
to stands for the dead time. The experiment was determined in triplicate (n=3), and a

correlation curve was constructed. This curve involved plotting the octanol/water
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partition coefficient (log Pow) Of reference compounds against their average log k

values. Subsequently, the log Pow values of compounds 1 and 2 were calculated.

3.8 Stability studies

The samples were prepared in glass vials and subsequently stored under
designed conditions. Three sample vials were randomly taken at various intervals and
the remaining contents of two marker compounds (1 and 2) were determined using the
validated HPLC method. Prior to analysis, all samples were stored at a temperature of
—80 °C.

3.8.1 Effect of pH

Acid-base degradation studies were conducted to identify the pH at which
compounds 1 and 2 in T. grandis extract exhibit the highest stability. Four different pH
levels were tested: 2.0, 5.5, 7.4, and 9.0. Phosphate buffer solutions were used to
prepare the buffer solution systems. One gram of crude ethanolic extract was combined
with 2.5 mL) of PEG-40 before being incorporated into a buffer solution to achieve a
final volume of 100 mL. Subsequently, 1 mL of this buffered solution form was
transferred into individual light-protected glass vials and kept at a room temperature
(25 °C) for 30 days. These samples were randomly collected at 0, 3, 5, 7, 15, and 30-
day intervals.

3.8.2 Effect of temperature

The chemical degradation of prepared extract and buffered solution forms
of crude ethanolic extract and ethanolic extract in PG was determined after kept at
various temperatures. A total of 10 mg of the prepared extracts were placed in glass
vials for testing. Additionally, T. grandis crude ethanolic extract and ethanolic extract
in PG at a concentration of 10 mg/mL were prepared in a combination solution of PEG-
40 and buffer solution pH 5.5 (2.5:97.5 v/v) for solution form testing. All samples were
protected from light and stored for 6 months at four different temperatures: 50, 60, 70,
and 80 °C. The samples were analyzed at various times (0, 30, 60, 90, 120, 150, and
180 days).
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3.8.3 Effect of light
The prepared extract and buffered solution forms of crude ethanolic extract
and ethanolic extract in PG were stored according to ICH guidelines for photostability
testing [199]. The samples were placed in a xenon test chamber for 13.5 h with the
following parameters: 420 nm wavelength at 1.10 W/m?, UV irradiance at 49.7 W/m?,
illuminance at 89.5 KIx, and visible light dose at 1.21 million lux-h. All samples were

conducted in triplicate, and the remaining contents of 1 and 2 were analyzed.

3.8.4 Prediction of shelf life by the Q10 method
A Q10 method is a predictive tool utilized for estimating the duration of
product stability. It is operates on the assumption that the ratio of time to equal harm at
two temperatures, which increased at a constant rate for every 10 °C increase in
temperature [200,201]. The shelf life of 1 and 2 in crude ethanolic extract and ethanolic
extract in PG of prepared extract forms at 30 °C (Zone IV mean Kinetic temperature)

was calculated using the following equation:

too (T1)

t90(T2) = Q(AT/IO)

where tgo (T2) is the estimated shelf life at 30 °C and tgo (T1) is the time at tested
temperature (50 °C) which the active compounds 1 and 2 remained 90% or higher. The
Q value is set at 3. The AT is the temperature differences between T2 and T1 in degree
Celsius (°C).

3.8.5 Quantitative analysis of the remaining contents of compounds 1 and 2 in
samples
The remaining contents of 1 and 2 were determined by HPLC using the
validated HPLC method described above in high-performance liquid chromatography
(HPLC) analysis in section number 3.6.2. In brief, the experiment was conducted using
an HPLC-UV equipped with a C18(2) column (150 x 4.6 mm, 5 um particle size). The
mobile phase consisted of an 85:15 (v/v) mixture of acetonitrile and 0.1% (v/v) formic

acid in purified water. An isocratic elution system was employed with a flow rate of 0.8
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mL/min, UV detection set at 220 nm, and an injection volume of 20 pL. The linearity
of compounds 1 and 2 at concentrations ranging from 1.56-200 pg/mL was determined
by correlation coefficient (r?) values of 0.9997 for 1 and 0.9995 for 2. The retention
time for 1 was 14.52 min and 13.15 min for 2.

3.8.6 Preliminary identification of temperature-induced degradation products
To identify the temperature degradation products of compounds 1 and 2,
the solid mixtures of 1 and 2 (6.3 mg) were kept at 80 °C for 14 days. The mixtures 1
and 2 at day O (before the test) and day 14 (after the test) were characterized using TLC
and LC-MS. For TLC analysis, the sample was solubilized in methanol to obtain a
concentration of 20 mg/mL, and then 2.0 pL of this solution was subjected to a TLC
silica plate (TLC silica gel 60 F254 aluminium sheet). The mobile phase was a 7:3 (v/v)
mixture of hexane and ethyl acetate. After development process, the plate was
examined under UV light at 254 nm. For LC-MS analysis, an Agilent 1260 Infinity
Series HPLC system was couple to a Q-TOF LC/MS. This setup featured dual
electrospray ionization (ESI) operating in negative mode, with m/z scanning conducted
over the range of 50-500 amu. Reversed-phase column Phenomenex Luna C18(2) (150
mm x 4.6 mm, 5 um) was employed as the stationary phase. An isocratic mobile phase
system containing acetonitrile and purified water (85:15 v/v), both of which contained
0.1% (v/v) formic acid for ionization enhancement, was used to elute the compounds.

The flow rate and injection volume were set at 0.8 mL/min and 20 L, respectively.
After 14 days of storage at 80 °C, TLC fingerprints and LC-MS profiles
revealed polar degradation compounds of mixtures 1 and 2. The 6.3 mg of sample was
subjected to fractionation using a silica gel column. An eluent gradient of hexane and
ethyl acetate was employed, resulting in the separation of the sample into four sub-
fractions labeled as A, B, C and D. The major polar spot for fraction C was observed at
Rf = 0.43, which was then identified using the LC-MS technique under the

aforementioned analysis conditions.

3.9 In vitro skin penetration study
Following OECD test 428 [202], a Franz diffusion cell was used to evaluate
the skin penetration of crude ethanolic extract and ethanolic extract in PG. As a model,
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a synthetic membrane (Strat-M™) was employed. The Franz cell apparatus is
comprised of a 1.76 cm? donor chamber on top, which is separated from the 7 mL
receiver compartment below. The system was maintained at a temperature of 37°C
using a heated water jacket. The solution in the receiver chamber was continually
circulated at 600 rpm using a magnetic stir bar. The receiver chamber solution was
prepared by combining 2% w/v of Tween20® in an aqueous HEPES (25 mM) buffer at
pH 7.4. The synthetic membrane was allowed to reach thermal equilibrium at 37°C for
30 min. Test sample solutions were prepared using two methods: (i) crude ethanolic
extract was initially dissolved with PEG-40 hydrogenated castor oil in a 1:3 w/w ratio
to produce an extract solution, which was then diluted with water in a 1:4 w/w ratio to
produce the ethanolic extract solution; and (ii) ethanolic extract was prepared using the
same procedure as described above, except that in the final step, water was replaced by
PG solvent to provide the ethanolic extract in PG. A schematic diagram of preparation
and the formula ingredients of these extracts are depicted in Figure 28 and Table 11,
respectively. In the donor chamber, 100 pL of each tested sample solution was placed
in contact with the shiny side of a Strat-M™ membrane. At 4, 8, 12, 16, 20, and 24 h,
the receiver solution (500 uL) was sampled and substituted with an equivalent volume
of fresh medium. The amounts of the two active compounds in the samples were
analyzed using the HPLC method. After 24 h, the remaining test sample on the
membrane surface was lightly brushed with a cotton-tipped swab until it appeared shiny.
Each cotton-tipped swab and membrane was extracted by sonication with methanol for
15 min. The quantities of the two active compounds in the samples were then measured
using HPLC and the percentages of the compounds remaining in the different
compartments, relative to the quantity added to the synthetic membrane, were

calculated. The experiment was done in triplicate for each sample.
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[ Crude ethanolic }

extract
Method 1 | Method 2
dissolved with PEG-40 hydrogenated dissolved with PEG-40 hydrogenated
castor oil at the ratio of 1:3 (ww) castor oil at the ratio of 1:3 (w/w)
[ Extract solution ] [ Extract solution ]
diluted with water at the ratio of 1:4 (w/w) diluted with PG at the ratio of 1:4 (w/w)
Ethanolic extract Ready-to-use extract
solution in PG

Figure 28 Schematic diagram of the preparation of the tested sample solutions

Table 11 The formula ingredients of ethanolic extract solution and ethanolic extract in
PG

> ) Amounts in the formulation
Formula ingredients

(% wiw)
Ethanolic extract solution

Crude ethanolic extract 5
PEG-40 hydrogenated castor oil 15
Water 80

Ethanolic extract in PG
Crude ethanolic extract 5
PEG-40 hydrogenated castor oil 15
PG 80

3.10 Statistic analysis

The data were expressed as the mean + standard deviation (SD) of a minimum
of three experiments. To compare statistical differences, a one-way analysis of variance
(ANOVA) was employed, followed by Duncan’s test. In all cases, a significance level

of p < 0.05 indicated statistical significance.



CHAPTER IV
RESULT AND DISCUSSION

4.1 Extraction yield of plant material

The leaf powder of T. grandis was extracted separately with two organic
solvents: hexane and 95% ethanol. This process yielded a dark brown viscous crude
hexane extract (127 g, 8.47% yield) and a dark green viscous crude ethanolic extract
(32.90 g, 11.27% yield). The physical appearance of these extracts is shown in Figure
29.

(@) (b)

Figure 29 The physical appearance of crude (a) hexane and (b) ethanolic extracts

In addition, the ethanolic extract was dissolved in PEG-40 hydrogenated castor
oil and PG solvents to produce an ethanolic extract in PG (as mentioned in 3.3). The
formula ingredients of this extract are summarized in Table 12. The ethanolic extract

in PG appears to be a dark brown liquid (Figure 30).

Table 12 The formula ingredients of ethanolic extract in PG

Formula ingredients Amounts in ethanolic extract in PG (% w/w)
Crude ethanolic extract 5
PEG-40 hydrogenated castor oil 15

PG 80
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Figure 30 The physical appearance of ethanolic extract in PG

4.2 lIsolation and identification of 5a-reductase inhibitors from T. grandis leaf
extract

To isolate the 5a-reductase inhibitors from T. grandis leaf-hexane extract, the
extract underwent a process where chilled acetone was added to remove gum
components. The portion that remained after the removal of gum components (referred
as the acetone-soluble portion) was then evaporated and subsequently dissolved in
MeOH to produce a crude extract labeled as hTG. In order to separate the bioactive
compounds from hTG extract, a fractionation process guided by an in vitro 5a-
reductase test was initially conducted. The hTG extract was fractionated and purified,
yielding three known compounds. The identification of the chemical structures of these
three isolated compounds were accomplished through the analysis of spectroscopic
data, as well as the comparison of their spectra and physical properties with existing
data from previously published data [203-206]. These compounds, shown in Figure 31,
were identified as follows: two eperuane-type diterpenes, namely (+)—eperua-8,13-
dien-15-oic acid (1) and (+)—eperua-7,13-dien-15-oic acid (2), along with a lupane-type

triterpene known as lupeol (3).
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COOH

Figure 31 Chemical structures of three compounds isolated from T. grandis leaf

extract.

Compound 1 was obtained as a white solid with the molecular formula
C20H3202 as determined by HRESI-MS in negative ion mode at m/z 303.2374 [M-H]
(Calcd for C20H3102, 303.2403) (Figure 46). The melting point of 1 was 121-122 °C.
The UV spectrum of 1 (Figure 47) showed the absorption maxima (Amax (log €)) at 209
nm (6.71). The FT-IR (ATR) spectrum of 1 (Figure 48) showed the absorption bands
at 2919, 2844 cm™ (C—H stretching), 1688 cm™ (C=0 stretching of conjugated acid),
1634 cm™® (C=C stretching of conjugated alkene), 1440 cm™' (O-H bending of
carboxylic acid), 1241 cm™' (C—O stretching), and 869, 926 cm™ (C=C bending).

The *H NMR (in CDCls) spectrum of 1 (Figure 49) showed the signal of
olefinic methine proton at 6+ 5.71 (br s, 1H, H-14), aliphatic methine proton at 61 1.14
(m, 1H, H-5), seven methylene protons at 6+ 1.14, 1.81 (m, 2H, H-1), 6n 1.48 (m, 2H,
H-2), 8 1.14, 1.40 (m, 2H, H-3), 81 1.64 (m, 2H, H-6), 511 1.97, 2.03 (m, 2H, H-7), 81
2.04, 2.20 (m, 2H, H-11), &1 2.20 (m, 2H, H-12), and five methyl protons at o1 2.20 (d,
J=1.1Hz, 3H, H-16), 8x 1.57 (s, 3H, H-17), 8x 0.88 (s, 3H, H-18), 81 0.83 (s, 3H, H-
19), 8n 0.94 (s, 3H, H-20). The 'H-'H COSY spectrum was used to determine the
connectivity of each proton. The *H-tH COSY correlation of 1 (Figures 55-56 and
Table 13) revealed a vicinal correlation between H-1 and H-2, while H-2 displayed
connectivity with H-1 and H-3. Additionally, the vicinal correlation of H-3 and H-2
was observed. Moreover, the vicinal correlation between H-5 and H-6 revealed their
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connectivity. Then, H-6 demonstrated connectivity with H-5 and H-7, while H-7
demonstrated connectivity with H-6. The observed vicinal correlation between H-11
with H-12 confirmed their connectivity.

The C NMR and DEPT-135 data of 1 (Figures 50 and 51) revealed the
presence of 20 carbon atoms, including seven methylene carbon signals at &¢ 37.2 (C-
1), 8¢ 19.2 (C-2), 8¢ 41.9 (C-3), 8¢ 19.2 (C-6), 5¢ 33.8 (C-7), 8¢ 26.5 (C-11), 5¢ 42.0
(C-12), an aliphatic methine carbon at 6¢ 52.1 (C-5), an olefinic methine carbon at d¢
114.5 (C-14), five methyl carbons at 6¢ 19.4 (C-16), oc 19.7 (C-17), ¢ 33.5 (C-18), é¢
21.8 (C-19), 6¢ 20.3 (C-20), and five quaternary carbons at 6¢c 33.5 (C-4), 6¢ 126.9 (C-
8), 8¢ 139.5 (C-9), é¢ 39.3 (C-10), 6¢ 163.8 (C-13). The downfield signal at 5¢c 171.5
(C-15) was assigned as carbonyl carbon (carboxylic acid).

The confirmation of *H and **C chemical shift assignments was accomplished
using HMQC and HMBC correlation spectra. The HMQC spectrum (Figures 52 and
53) showed carbons and protons connected by one bond. The HMBC long-range
correlation and full assignments of 1 were shown in Figure 54 and Table 13. The HMBC
correlations from two methyl protons at H-18 (64 0.88) and H-19 (6n 0.83) to C-4 (5¢
33.5), C-3 (6c 41.9) and C-5 (dc 52.1), indicated that two methyl protons (H-18 and H-
19) are connected to C-4. The methine proton H-5 (6n 1.14) exhibited HMBC
correlations with another methyl carbon at C-20 (¢ 20.3), and quaternary carbon (C-
10: 8¢ 39.3). In addition, the methyl protons H-20 (6n 0.94) were also coupling with
the methine carbon (C-5: 6c 52.1), suggesting ring closure. Additional HMBC
correlations of H-1 (dn 1.14, 1.81)/C-9 (d¢ 139.5) and H-6 (on 1.64)/C-4 (6¢c 33.5)
established the connection between two cyclic rings. A vinyl methyl signal of H-17 was
observed at & 1.57. The chemical shift of the methylene proton (H-7) was nearly
identical (61.97 and 2.03). This information indicated that H-7 was adjacent to the
double bond and that the carbon next to this methylene was also quaternary. HMBC
correlations were additionally supported by the cross-peak couplings of H-17 to C-7
(8¢ 33.8, 3Jcr), C-8 (5¢ 126.9, 2JcH), and C-9 (5¢ 139.5, 3Jck).

The present of adjacent carbons C-11, C-12, and C-13 was inferred from the
coupling of H-11 (6H 2.04, 2.20) and H-12 (6n 2.20) to C-13 (d¢ 163.8), as evidenced

by 3Jcn and 2Jcn HMBC correlations. Furthermore, a trisubstituted double bond was
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identified between C-13 (6¢ 163.8) and C-14 (d¢ 115.1) based on HMBC correlations
of 2Jcn and 3Jcw from the methyl proton H-16 (8w 2.20) to C-12 (8¢ 42.0), C-13 and C-
14, as well as from the olefinic proton H-14 (61 5.71) to C-12 (d¢c 42.0). The coupling
of H-14 (61 5.71) and H-16 (oH 2.20) with C-15 (6¢ 171.5) confirmed the presence of a
carboxylic group on the side chain of 1.

The relative configuration of 1 was assigned by the analysis of the *H-H
NOESY spectrum (Figures 57 and 58). Notably, NOESY correlations were observed
between H-20 (61 0.94) and H-11 (6w 2.04, 2.20). In addition, the methyl proton signal
at on 0.88 (H-18) displayed cross-peaks with aliphatic methine proton at &4 1.14 (H-5),
while the cross-peak between H-20 and H-5 was absent, suggesting that H-20 and H-5
have different orientations. The experiment of optical rotation of 1 provided [«]%> +80
(c 1.25, MeOH). Comparing with the reported spectroscopic data [203] (see Table 14
for details), this compound was identified as (+)-eperua-8,13-dien-15-oic acid.

Compound 2 was obtained as a colorless solid with the molecular formula
C20H320; as determined by HRESI-MS in negative ion mode at m/z 303.2352 [M-H]
(Calcd for C20H3102, 303.2403), as shown in Figure 59. The melting point of 2 was
101-102 °C. The UV spectrum of 2 (Figure 60) showed the absorption maxima (Amax
(log €)) at 216 nm (6.72). The FT-IR (ATR) spectrum of 2 (Figure 61) revealed
absorption bands at 2959, 2922, 2841 cm ! (C-H stretching), 1693 cm™!' (C=0
stretching of carboxylic acid), 1634 cm™! (C=C stretching of alkene), 1455 cm™' (O-H
bending of carboxylic acid), and 1241 cm™' (C—O stretching).

The *H NMR (in CDCls) spectrum of 2 (Figure 62) exhibited signals that were
quite similar to those of 1. The spectrum revealed five methyl protons attached to
quaternary carbons; 6n 2.18 (d, J = 1.1 Hz, 3H, H-16), 61 1.69 (br s, 3H, H-17), 6n 0.87
(s, 3H, H-18), 61 0.85 (s, 3H, H-19), and 61 0.75 (s, 3H, H-20). In addition, two olefinic
methine protons at 6w 5.41 (br s, 1H, H-7), on 5.70 (br s, 1H, H-14), two aliphatic
methine protons at 6w 1.17 (m, 1H, H-5), én 1.62 (m, 1H, H-9), and six methylene
protons at 6w 0.94, 1.83 (m, 2H, H-1), dn 1.42 (m, 2H, H-2), on 1.17, 1.42 (m, 2H, H-
3), 8n 1.95 (M, 2H, H-6), &1 1.42, (m, 2H, H-11), &1 2.12, 2.37 (m, 2H, H-12) were

observed. In comparison to *H NMR of 1, there were significant differences in the ring
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at H-7 (6w 5.41) and H-9 (6+ 1.62), indicating that the methylene proton (H-7) in 1 was
replaced by a vinyl proton in 2 and that H-9 contained an additional proton.

The BC NMR (in CDCls) and DEPT-135 data of 2 (Figures 63 and 64)
indicated the presence of 20 carbon atoms, consisting of six methylene carbons, two
aliphatic methine carbons, two olefinic methine carbons, five methyl carbons, four
quaternary carbons and a carbonyl carbon (carboxylic acid). Comparing the shifts of C-
1, C-20, and C-11 in 2 with those in 1, it was observed that C-1 experienced a
deshielding effect (Ad = 2.1 ppm), C-20 showed shielding (Ad = -6.6 ppm), and C-11
was only slightly affected (Ad = -1.1 ppm) due to the change in the position of the
olefinic linkage from A® to A’. To further confirm the assignment of 'H and *C
chemical shifts, HMQC (Figures 65 and 66) and HMBC correlation spectra (Figures
67-69 and Table 13) were employed. The HMBC experiment revealed two and three-
bond correlations from the olefinic proton at H-7 (6w 5.41) to C-5 and C-9 (with &¢ 50.2
and oc 54.6, respectively). This observation confirmed that the double bond is located
at C-7. Based on HMBC correlations with C-8 (5c 134.8, 2Jcn), C-7 (8¢ 123.0, 3Jcn),
and C-9 (5c 54.6, 3Jcn), the methyl proton at H-17 (Sn 1.69) was assigned to attach
directly to the quaternary carbon, C-8 (8¢ 134.8, 2Jcn). Additional HMBC correlations
of H-1 (6 0.94, 1.83)/C-9 (6¢ 54.6) and H-6 (61 1.95)/C-4 (6¢ 33.1) established the
linkage between two cyclic rings. Other key HMBC correlations were observed
between two methylene protons (H-11: 64 1.42 and H-12: oy 2.12, 2.37) to C-9 (d¢
54.6), indicating that the side chain part was connected to the C-9 position. In addition,
the vicinal correlations between H-9, H-11, and H-12 for 'H-'H COSY correlation
were observed (Figures 70-71 and Table 13), indicating their connectivity. The
orientations of methyl protons (H-18 and H-20) and aliphatic methine proton (H-5) in
2 were assigned to be the same as in 1 by the similar NOESY correlations (Figures 72
and 73). The cross-peak correlation was not observed between H-20 and H-9, whereas
it was observed between H-9 and H-5, indicating that H-20 and H-9 have distinct
orientations. The experiment of optical rotation of 2 yielded [a]2> +80 (c 1.25, MeOH).
Therefore, all of these assignment data and comparing them with the reported data
[204,205] allowed for the structure of 2 to be determined as (+)-eperua-7,13-dien-15-

oic acid (see reported data in Table 14 for details).
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Compound 3 was obtained as needle-shaped crystals. The EI-MS analysis
(Figure 74) revealed a molecular ion peak at m/z 426.39 [M]*, along with other fragment
peaks at 393(5), 315(18), 207(85), 189(100), 161(40), 135(82), 119(51), 95(89), 69(62).
These mass spectral data are consistent with the molecular formula C3oHs00. The
melting point of 3 was found to be in the range of 212-215 °C. The optical rotation in
our experiment yielded [«]%® +43 (¢ 0.23, CHCIs). In the UV spectrum (Figure 75), an
absorption maximum (Amax (log €)) of 3 was observed at 283 nm (4.81).Additionally,
the FT-IR (ATR) spectrum of 3 (Figure 76) displayed characteristic absorption bands
at 3347 cm™! (O-H stretching), 3066 cm™! (C-H stretching of alkene), 2941, 2871,
2852 cm™! (C—H stretching), 1637 cm™! (C=C stretching), 1451 cm™! (C—H bending).

The *H NMR (in CDCls, 400 MHz) spectrum of 3 (Figure 77 and Table 15)
indicated the presence of six aliphatic methine protons at 61 3.81 (dd, J = 11.2, 5.0 Hz,
1H, H-3), 81 0.67 (m, 1H, H-5), 8 1.33 (m, 1H, H-9), 51 1.65 (m, 1H, H-13), 54 1.38
(m, 1H, H-18), 61 2.38 (dt, J = 11.0, 5.8 Hz 1H, H-19), eleven methylene protons at o1
0.89, 1.65 (M, 2H, H-1), 8 1.62 (M, 2H, H-2), 814 1.36, 1.53 (m, 2H, H-6), 51 1.39 (m,
2H, H-7), 8n 1.31, 1.40 (m, 2H, H-11), &4 1.08, 1.62 (m, 2H, H-12), n 1.05, 1.60 (m,
2H, H-15), 8n 1.50 (M, 2H, H-16), 8x 1.29 (m, 2H, H-21), 8x 1.17 (m, 2H, H-22), &
4.56, 4.69 (br d, 2H, H-29), and seven methyl protons at 6n 0.96 (s, 3H, H-23), 61 0.76
(s, 3H, H-24), 84 0.83 (s, 3H, H-25), 8n 1.03 (s, 3H, H-26), 8n 0.94 (s, 3H, H-27), 3
0.79 (s, 3H, H-28), 6 1.68 (s, 3H, H-30).

The 3C NMR (in CDCIs) data indicated the presence of 30 carbon atoms
(Figure 78 and Table 15), including six aliphatic methine carbons at 6¢c 79.2 (C-3), 55.4
(C-5), 50.6 (C-9), 38.2 (C-13), 48.5 (C-18), 48.1 (C-19), eleven methylene carbons at
8¢ 38.9 (C-1), 27.6 (C-2), 18.5 (C-6), 34.4 (C-7), 21.1 (C-11), 25.3 (C-12), 27.6 (C-15),
35.7 (C-16), 30.0 (C-21), 40.2 (C-22), 109.5 (C-29), seven methyl protons at 6¢ 28.1
(C-23), 15.5 (C-24), 16.1 (C-25), 16.3 (C-26), 14.7 (C-27), 18.1 (C-28), 19.5 (C-30),
and six quaternary carbons at oc¢ 39.0 (C-4), 41.0 (C-8), 37.3 (C-10), 43.0 (C-14), 43.2
(C-17), 151.1 (C-20). These assignments were compared to previously reported data
[206] (see Table 15 for details). Compound 3 (with a purity of 97%) was identified by
comparing its recorded mass spectrum to those present in the Wiley7n standard library.

Using all obtained spectral data and comparing them to the literature, the *H NMR, 3C
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NMR, and MS are in agreement with lupeol, which was previously isolated from T.
grandis bark [206].
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Table 14 H (500 MHz, CDCIs) and **C NMR (125 MHz, CDCls) data of 1 [203] and
2 [204,205] reported in the literature

1 2
Position  13C (ppm), mult.  *H (ppm), mult. 13C (ppm), mult. H (ppm), mult.
(Jin Hz) (Jin Hz)
1 37.0, CH; 1.14,m 39.2, CH; 0.97, m
181, m 1.85, m
2 19.0, CH> 1.64, m 18.8, CH> 1.47, m
1.56, m
3 41.9, CH> 114, m 42.2, CH» 1.18, m
1.40, m 142, m
4 33.3,C - 33.0,C -
5 51.8, CH 114, m 50.1, CH 1.19,m
6 19.0, CH> 1.64, m 23.8, CH; 1.88, m
2.00, m
7 33.6, CH> 1.95, dd (17.6, 6.4) 122.8, CH 5.42, brs
2.05, m
8 126.8, C - 134.6,C —
9 139.3,C - 54.4, CH 1.65, m
10 39.1,C o 36.8,C =
11 26.3, CH> 2.04, m 25.3, CH; 1.36, m
219, m 1.63, m
12 41.8, CH» 219, m 43.6, CH> 213, m
240, m
13 163.9,C \J 163.6, C -
14 114.1, CH 5.72,d (1.0) 115.0, CH 5.71, brd (0.9)
15 170.8,C - 171.9,C -
16 19.5, CHs 2.20, d (1.0) 19.3, CHs 2.20, br d (0.9)
17 19.2, CH3 1.58, s 22.2,CHs 1.71,brs
18 33.3, CHs 0.89,s 33.1, CHs 0.87,s
19 21.7, CHs 0.83,s 21.8, CHs 0.89, s

20 20.1, CHs 0.95,s 13.6, CHs 0.77,s
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Table 15 NMR data of 3 (in CDCls) recorded at 400 (*H) and 100 (*3C) MHz and that
of 3 (in CDClIs) from reported data at 500 (*H), and 125 (**C) MHz

3 Reported data [206]
Position  13C (ppm) H (ppm), mult. 13C (ppm)3, multb  *H (ppm), mult.
(Jin Hz) (Jin Hz)
1 38.9 0.89, m 38.7, CH; 0.94, m
1.65, m 1.64, m
2 27.6 1.62, m 27.5, CH; 161, m
3 79.2 3.18,dd (11.2, 5.0) 79.3, CH 3.18, dd (11.0, 5.3)
4 39.0 - 39.8,C —
5 55.4 0.67, m 55.5, CH 0.69, m
6 18.5 1.36, m 19.0, CH> 139, m
1.53, m 152, m
7 34.4 1.39, m 34.2, CH; 1.38, m
8 41.0 = 41.1,C =
9 50.6 1.33, m 50.9, CH 1.30, m
10 37.3 - 37.2,C -
11 21.1 131, m 21.2, CH, 1.29, m
140, m 143, m
12 25.3 1.08, m 25.3, CH; 1.10,m
1.62, m 1.70, m
13 38.2 1.65, m 38.5, CH 162, m
14 43.0 - 42.8,C -
15 27.6 1.05, m 27.2,CH; 0.96, m
1.60, m 1.61, m
16 35.7 1.50, m 35.9, CH: 148, m
17 4322 - 43.2,C -
18 48.5 1.38, m 48.5, CH 139, m
19 48.1 2.38,dt (11.0,5.8) 47.8,CH 2.38, m
20 151.1 - 151.2,C —
21 30.0 1.29, m 30.1, CH; 127, m
22 40.2 1.17,m 40.3, CH; 1.19,m
23 28.1 0.96, s 28.4, CH; 0.97,s
24 155 0.76, s 15.6, CH3 0.77, s
25 16.1 0.83,s 16.2, CH3 0.84,s
26 16.3 1.03,s 16.1, CH3 1.04,s
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3 Reported data [206]
Position  *°C (ppm) H (ppm), mult. B3C (ppm)?, mult®  *H (ppm), mult.
(Jin Hz) (Jin Hz)
27 14.7 0.94, s 14.8, CHs 0.96, s
28 18.1 0.79, s 18.1, CHs 0.80, s
29 109.5 4.56, br d 109.5, CH; 4.56, brd
4.69, brd 4.68, brd
30 195 1.68, s 19.8, CH3 1.70, s

a Assignments of reported data were based on *H, 3C, and HSQC experiments;

b Multiplicities were established by the DEPT-135 experiment.

Various classes of terpenoids such as sesquiterpenes (eudesmane- and
oppositane-types), diterpenes (phytane- and eperuane-types), and triterpenes (ursane-,
oleanane-, and lupane-types) have been previously reported in T. grandis leaves and
bark [17,127]. Compounds 1 and 2 have been previously identified both in natural
sources and through chemical synthesis. They were initially isolated and characterized
as components in the MeOH extract of Sindora siamensis Mig. leaves [203]. Compound
1 has also been synthesized from sclareol by superacidic cyclization of alcohols [207-
209], whereas 2 can be synthesized through MnO. and AgNOs oxidation of labda-7,13
E-diene-15-ol [210]. Furthermore, the enantiomer of 2, (-)-eperua-7,13-dien-15-oic
acid, had been separated from various plants including Copaifera langsdorffii [211],
Isodon scoparius [212], and Hymenaea coubarril [205]. Moreover, 3 has been
previously found in several plants, such as T. grandis [127], Wrightia tinctoria R.Br.
[213], Oxystelma esculentum (L. f.) Sm. [214], and Taraxacum officinale (L.) Weber
ex F.H.Wigg. [215]. It should be noted that this study represents the first report of the
isolation and characterization of two eperuane-type diterpenes (1 and 2) as the chemical

components in T. grandis leaf.

4.3 Steroid 5a-reductase inhibitory activity
The 5a-reductase inhibitory activity was assessed using LNCaP cell as a
source of enzyme. In the screening, the percentages of enzymatic inhibition of T.

grandis leaf extracts and three isolated compounds were determined at the final
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concentration of 100 pg/mL. All samples exhibited greater than 80% inhibitory activity
against steroid 5a-reductase. Therefore, the concentrations that could inhibit 50% of
enzymatic activity (ICso) of all samples were further determined. Two reference 5a.-
reductase inhibitors, finasteride and curcumin, were determined using assay as
previously described by Srivilai et al. (2017) [195]. Their 1Cso values on 5a-reductase
are presented in Table 16 and the 1Cso graphs for 1 and 2 are illustrated in Figures 81

and 82, respectively.

Table 16 The ICsp values of the three isolated compounds (1-3) and two 5a-reductase
inhibitors against Sa-reductase activity. The data represent the means £ SD

of triplicate tests.

Samples I1Cso (ug/mL) I1Cs0 (LM)
Isolated compounds

(+)-Eperua-8,13-dien-15-oic acid (1) 4.31+£0.87 14.19 + 2.87°
(+)-Eperua-7,13-dien-15-oic acid (2) 4.45 +0.10 14.65 + 0.31°
Lupeol (3) >170 >400
Positive controls [195]

Curcumin 4.95+0.15 13.40 + 0.40°
Finasteride 0.28 £ 0.01 0.73+£0.03*

The mean ICsy values (UM) from each sample were compared using one-way ANOVA,
followed by Duncan’s test. Values that do not share the same letter are considered significantly
different from each other (p < 0.05).

The finding indicated that the ethanolic extract exhibited more potent 5a-
reductase inhibition with as ICso value of 23.91 £ 0.17 pg/mL compared to the hexane
extract, which had an ICso of 26.45 + 0.69 pg/mL. The isolated diterpenes 1 and 2
displayed 5a-reductase inhibitory activity with ICso values of 14.19 + 2.87 pM
(equivalent to 4.31 + 0.87 pg/mL) for 1 and 14.65 + 0.31 uM (equivalent to 4.45 £ 0.10
pg/mL) for 2. Both compounds 1 and 2 exhibited significantly greater inhibition

compared to triterpene (3) but was less potent than a positive drug, finasteride. Notably,
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there was no statistically significant difference in the inhibitory activity between the
two potent compounds (1 and 2) and the natural 5a.-reductase inhibitor, curcumin. The
interpretation of structure—activity relationships was limited due to the relatively small
number of compounds studied. Nevertheless, the significance of o, unsaturated
carboxylic acid in the side chains of 1 and 2 in relation to their 5a.-reductase inhibitory
activity is worthy of consideration. Conversely, the reason behind the lower inhibitory
activity of 3 remains largely unexplored, suggesting that additional factors might be
involved, which needs to be further studied. The literature has also highlighted the
important role of the carboxyl group in inhibiting 5a.-reductase [84,216]. For example, it
was shown that ganoderic acid TR displayed higher level of inhibitory activity than 5o.-
lanosta-7,9(11),24-triene-15a,26-dihydroxy-3-one. These two compounds exhibit
structural similarity, with the only difference residing in the position of C-26: ganoderic
acid TR contains a carboxyl group, while 5a-lanosta-7,9(11),24-triene-15c.,26-
dihydroxy-3-one features a hydroxyl group at this position. Hence, these results strongly
indicate that the presence of a carboxyl group in the 17p-side chain of ganoderic acid TR
is crucial for its inhibitory activity. In contrast, the methyl ester of ganoderic acid TR
displayed significantly reduced inhibitory potency against So-reductase. Furthermore,
the presence of unsaturation at C-24 and C-25 emerged as critical requirement for the
three most potent inhibitors, namely ganoderic acid TR, ganoderic acid DM, and 5a.-
lanosta-7,9(11),24-triene-15a.,26-dihydroxy-3-one. Conversely, the fully saturated
triterpenoids exhibited lower efficacy. The research conducted by Srivilai et al. [217]
provided insights into the essential role of o, unsaturated ketone groups in
sesquiterpenes for inhibiting 5a.-reductase.

In addition, the presence of a double bond in the cyclic ring of 1 and 2 may
also be the key point for 5a-reductase inhibitory activity, as described in the literature.
For instance, Guarna et al. conducted a study in 2001, investigating the effect of C-ring
modifications in benzo[c] quinonlizin-3-ones on the inhibitory activity against 5a-
reductase (type 1). In their research, they synthesized and evaluated several derivatives
of octahydro- and decahydrobenzo[c]quinolizine-3-one, which featured either partially
or fully saturated C-rings. These compounds were assessed for their potential to inhibit

S5a-reductase type 1. Among the various derivatives, they found that
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octahydrobenzo[c]quinolizine-3-one, featuring a double bond at the position 6a-10a,
exhibited notable and selective inhibition of 5a-reductase type 1 (ICso = 58 nM). The
inhibitory potency of this compound was notably higher, about 345-fold, than that of
the corresponding 6a-10a saturated trans-fused decahydrobenzo[c]quinolizine-3-one,
which had an 1Cso value of 20,000 nM. The finding strongly indicates that the removal
of the double bond in the C-ring caused a significant decrease of 5a.-reductase inhibitory
potency [218].

In terms of their pharmacological properties, compound 1 and 2 have
previously been reported to possess histone deacetylase (HDAC) inhibitory activity
[203]. On the other hand, 3 has demonstrated various pharmacological activities,
including anti-inflammatory activity [219], antimalarial activity [220], and apoptogenic
activity [221,222]. Additionally, it has exhibited potent androgen receptor inhibitory
activity [223]. Although 3 has been shown to have the anti-androgenic effect via the
androgen receptor inhibition, there is a lack of information regarding the inhibitory
activity of 1 and 2 on 5a-reductase. The enzymatic activity of 5a-reductase exhibited
by these compounds is being reported for the first time in this study.

Standardization and quality control are imperative to maintain consistent
levels of bioactive compounds in T. grandis extract, a crucial requirement for product
development involving this extract. Therefore, a quantitative investigation was then
undertaken on the two markers (1 and 2) present in the extracts obtained from hexane
extraction, as previously suggested. Additionally, ethanol was utilized as a solvent due

to its cost-effectiveness and environmentally friendly alternative.

4.4 Qualitative and quantitative analyses of teak leaf extract

4.4.1 TLC analysis
TLC separation is the most used technique for analyzing phytochemical
constituents in extracts. The TLC fingerprint was employed for the propose of sample
quality control. In this study, TLC fingerprint profiles of both hexane and ethanolic T.
grandis leaf extracts were carried out using the hexane:EtOAc (7:3 v/v) as a mobile

phase system (Figure 32).
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Figure 32 TLC fingerprints of hexane and ethanolic extracts (10 mg/mL) using
hexane:EtOAc (7:3 v/v) as mobile phase: visualized without staining under
a) daylight, b) 254 nm UV light, and c¢) 366 nm UV light. Rs values are

indicated. (H = hexane extract and E = ethanolic extract)

More spots were observed in hexane extract than that in ethanolic extract
when illuminated with daylight (Figure 32a). As depicted in Figures 32b and 32c,
distinct quenching and fluorescence spots were observed at the short UV wavelength
(254 nm) and long UV wavelength (366 nm), respectively. In comparison to leaf hexane
extract, leaf ethanolic extract had the most visible spots under 254 nm. Visualization at
366 nm revealed fewer spots for both extracts.

The preliminary study on phytochemical components of the extracts was
conducted following the same procedure as that used for the TLC method. Qualitative
phytochemical analysis was employed to determine the presence or absence of various
groups of secondary metabolites. Most spots turned purple color after being post-
derivatized with anisaldehyde-sulfuric acid spray, indicating that they contained
essential oils, steroids, or terpenoids. After straining with anisaldehyde-sulfuric acid,
the results also demonstrated that the heavy purple spot was presented on the top of the
TLC plate of hexane extract while that of ethanolic extract was not presented (Figure
33a). We suspected that this spot was derived from gum components, which might be
a problem for future product developments. Therefore, ethanol is a preferable extraction

solvent for removing gum components.
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Moreover, a bromocresol green reagent was used to detect the carboxylic
acid group of compounds 1 and 2 (Rf = 0.68) in hexane and ethanolic extracts. Bot
extracts contained yellow spots on a light blue background, indicating the presence of
carboxylic groups (Figure 33b). In addition, quinone compounds were not found in any
extracts after being sprayed with a 5% potassium hydroxide reagent, as shown in Figure
33c.

a) b) c)
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‘ ' <« 091 0.90
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Figure 33 TLC fingerprints of hexane and ethanolic extracts (10 mg/mL) using
hexane:EtOAc (7:3 v/v) as mobile phase: visualized after stain with a)
anisaldehyde-sulfuric acid, b) bromocresol green, and ¢) 5% potassium
hydroxide. Rf values are indicated. (H = hexane extract and E = ethanolic

extract)

However, TLC profiles provide qualitative information regarding the
presence and absence of secondary metabolites. To determine the consistent levels of
Sa-reductase inhibitors in T. grandis leaf extracts, standardization and quality control
are required. Thus, we employed the HPLC method for the quantitative determination

of bioactive compounds.

4.4.2 Quantitative HPLC analysis of 5a-reductase inhibitors in T. grandis leaf
extract

An HPLC method was established and validated following ICH guidelines

to quantitatively determine the presence of two active compounds, 1 and 2. For effective

separation, a wavelength of 220 nm was chosen for quantitative analysis. Compounds
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1 (tr 14.52 min) and 2 (tr 13.15 min) in both hexane and ethanolic extracts from T.
grandis leaf were efficiently separated within 15 min. This separation was achieved
using an isocratic elution system consisting of acetonitrile and formic acid in purified

water as the mobile phase (Figure 34).
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Figure 34 HPLC-DAD chromatograms of (a) 100 pg/mL T. grandis leaf-hexane
extract, (b) 100 pg/mL T. grandis leaf-ethanolic extract, and (c) a mixture

of 50 pug/mL isolated compounds 1 and 2.

4.4.2.1 System suitability

The tailing factors (T) of compounds 1 and 2 on the chromatogram (Figure
34) were 0.98 and 0.99, respectively, indicating peak symmetry (T<2). The resolution
(R) values of 2.73 and 23.84, respectively, indicated that the peaks of compounds 1 and
2 can be separated from those of other compounds (R>1.5). The number of theoretical
plates (N>700) determined the efficiency of the column, and the result showed that the
N of compounds 1 and 2 were 14801 and 13934 respectively (Table 17). These results

suggest that the HPLC system and operating conditions are suitable.
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Table 17 HPLC method system suitability data for 1 and 2 quantifications

Values + % RSD

Parameters
1 2
Retention time (min) 14.52 + 0.05 13.15+0.06
Peak area (MAU*s) 5118.75169 + 0.35 5646.97637 + 0.44
Tailing factor (T) 0.98 £0.42 0.99£0.85
Resolution (R) 2.73+£0.34 23.84 £0.30
Number of theoretical plate (N) 14801 +£1.12 13934 £ 0.45

4.4.2.2 Linearity

The plot of peak area versus the concentrations (1.56-200 pg/mL) of 1 and
2 demonstrated good linearity for this method, with an r? value of 0.9997 for 1 (Figure
83) and 0.9995 for 2 (Figure 84). The method exhibited high sensitivity with LOD value
of 0.09 pug/mL for 1 and 0.06 pug/mL for 2. Additionally, the LOQ values were 0.30
pg/mL for 1 and 0.20 pg/mL for 2. These results, along with other validation

parameters, are summarized in Table 18.
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Table 18 Method validation parameters for the determination of 1 and 2 by the
proposed HPLC method.

Values
Parameters
1 2
Linearity range 1.56-200 pg/mL 1.56-200 pg/mL
Regression equation y = 63.483x + 40.465 y = 75.954x + 20.8
Correlation coefficient (r?) 0.9997 0.9995
Limits of detection (LOD) 0.09 pg/mL 0.06 pg/mL
Limits of quantification (LOQ) 0.30 pg/mL 0.20 pg/mL

4.4.2.3 Accuracy and precision

The analytical method established for the quantification of 1 and 2
demonstrated satisfactory accuracy, with an overall recovery falling within the range of
92.78-100.6% (Table 19). The RSD values for the intra-day and inter-day were less
than 3%, demonstrating the high precision of the method (Table 20). These findings
showed that the developed quantitative method was sensitive, accurate, and precise for

simultaneously determining two active constituents in the T. grandis leaf extracts.

Table 19 Accuracy (% recovery) of 1 and 2 by the proposed HPLC method.

_ Recovery (%) + SD
Concentration (ug/mL)

1 2
15 92.78 £ 0.77 99.34 + 3.06
75 100.61 + 0.86 98.20 + 0.77

135 97.13+2.71 98.94 +1.26




114

Table 20 The intra- and inter-day precisions of 1 and 2 by the proposed HPLC method.

Measured concentration RSD (%)
Concentration
(ug/mL) Intra-Day @ Inter-Day °
(Mg/mL)

1 2 1 2 1 2
20 21.0+£0.10 19.17£0.45 0.46 2.33 1.90 2.10
75 77.1+0.09 76.08 +0.38 0.11 0.50 1.02 1.51
150 152.1+0.03 151.39+1.00 0.02 0.60 0.13 1.15

2 Intra-day at three times in one day. ° Inter-day on three different days.

The concentrations of the two 5a-reductase inhibitors, 1 and 2, in both
hexane and ethanolic extracts of T. grandis leaf were quantified using the previously
validated HPLC procedure (see section 4.4.2.1 to 4.4.2.3 for comprehensive details).
The presence of these constituents was confirmed by comparison their retention time
with those of the standard compounds (Figure 34c). The results clearly demonstrated
that the ethanolic extract contains significantly greater levels of 1 (6.18 + 0.12 % (w/w))
and 2 (3.83 £ 0.04 % (w/w)) than the hexane extract, which contained 1 and 2 at contents
of 5.60 £ 0.05 % (w/w) and 3.23 + 0.03 % (w/w), respectively (Table 21). This
observation aligns with the higher 5a.-reductase inhibitory activity of ethanolic extract.
In addition, it was observed that the ethanolic extract exhibited a decreased

concentration of unwanted gum in comparison to the hexane extract (Figure 33a).

Table 21 The contents of 1 and 2 in T. grandis leaf-hexane and ethanolic extracts of
and 1Csg values against 5a-reductase of T. grandis leaf extracts. The results

are expressed as the means + SD in three replicates.

Contents (% w/w) I1Cs0 against 5a-reductase
Samples
1 2 (ng/mL)
Hexane extract 5.60 £ 0.05 3.23+£0.03 26.45 = 0.69
Ethanolic extract 6.18 £0.12*  3.83 £ 0.04* 23.91+£0.17*

* p < 0.05, significantly different compared with the hexane extract.



115

Furthermore, ethanol is generally recognized as safe for used in food, drugs,
and cosmetics [224-226], making an attractive extraction solvent. Hence, we highly
recommend the use of 95% ethanol as the preferred solvent for extracting T. grandis
leaves. This ethanol-extracted material can then be safely utilized as an ingredient in

pharmaceutical and cosmeceutical products designed for the treatment of hair loss.

4.5 Study on physicochemical properties of T. grandis leaf extract

4.5.1 Solubility

To determine a suitable vehicle for an in-vitro skin penetration study, the
solubility of 1 and 2 in the crude ethanolic extract was investigated using the shake
flask method at 37 + 2 °C. Two solvents were prepared for the test: distilled water and
HEPES buffer. An excess ethanolic extract was added to 1 mL of each solvent for
solubility analysis, then analyzed using the HPLC method. In comparison to the
solubility of 1 and 2 in the distilled water containing 0.01 + 0.42 mg/mL of 1 and 0.01
+0.05 mg/mL of 2, the solubility of these in the HEPES buffer with 2% w/v of Tween20
was found to be much higher for 1 (1.05 £ 0.04 mg/mL) and 2 (1.08 = 0.02 mg/mL).
The solubility values of 1 and 2 are shown in Table 22. Following the United States
Pharmacopeia (USP) and British Pharmacopeia (BP), the classification of solubility,
regardless of the solvent used, is based only on quantitative considerations [159].
Compounds 1 and 2 were defined as slightly soluble compounds when solubilized in
HEPES buffer and practically insoluble compounds in distilled water [227]. These
findings indicate that the HEPES buffer may be a suitable vehicle for further skin

penetration studies.
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Table 22 Solubility analysis of 1 and 2 contents in ethanolic extract against these two

solvents
Amounts (mg/mL) - o
Solvents . > Solubility definition
Distilled water 0.01+£0.42 0.01£0.05 practically insoluble
HEPES buffer with _
1.05 + 0.04* 1.08 + 0.02* slightly soluble
2% wiv of Tween20

* p < 0.05, significantly different compared with the distilled water

In addition, this solubility test suggests that adding chemical enhancers to
the extract, including substances like PG, glycerine, and PEG-40 hydrogenated castor
oil, could potentially enhance the penetration of poorly soluble compounds [228,229].
In our investigation, the preferred chemical enhancers were PG and PEG-40
hydrogenated castor oil, which were dissolved in extracts to increase their solubility

and absorption through the skin.

4.5.2 pH determination
The pH values of ethanolic extract and ethanolic extract in PG were 4.24 +
0.01 and 5.04 + 0.01, respectively. This result demonstrated that the ethanolic extract
was more acidic than the ethanolic extract in PG. The results of the pH values of
ethanolic and ethanolic extract in PG were summarized in Table 23. However, the pH
values of these extracts indicated a preferable pH range for use in topical cosmetic

preparations.

Table 23 The pH values of ethanolic extract and ethanolic extract in PG

Samples pH value
Ethanolic extract 4.24 +0.01*
Ethanolic extract in PG 5.04 +£0.01

*p < 0.05, significantly different compared with the ethanolic extract in PG
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4.5.3 Color measurements

Color parameters L*, a*, and b* were measured to analyze the color of the
ethanolic extract and ethanolic extract in PG (lightness (L* 0/100 black/white), redness
(+a*), greenness (-a*), yellowness (+b*), and blueness (-b*)). As shown in Table 24,
colorants had L*, a*, and b* values of 8.8 + 0.9, -0.7 £ 0.1, -1.2 + 0.2 (for crude
ethanolic extract); 20.0 £ 1.7, 11.7 + 1.0, 18.3 £ 3.4 (for ethanolic extract in PG ). These
results showed that the ethanolic extract in PG was lighter, redder, and yellower, while
the ethanolic extract was greener. This information can be applied to the further

development of natural pigments in cosmetics.

Table 24 Color appearance of T. grandis leaf extracts

Samples
Color values : _ i
Ethanolic extract Ethanolic extract in PG
L* ((0) dark, (100) light) 8.8+0.9 20017
a* ((-a) green, (+a) red) -0.7+£0.1 11.7+1.0
b* ((-b) blue, (+b) yellow) -1.2+0.2 18.3+3.4
Visual observation color dark green viscous dark brown liquid

4.5.4 Zeta potential measurement

The prediction regarding the particle stability in suspension can be made by
measuring the zeta potential, which is its surface charge. In the present work, the zeta
potential of an ethanolic extract solubilized in water (0.5 mg/mL) was determined. Zeta
potentials greater than [£30 mV/| are required for the storage stability of a charge-
stabilized dispersion. Our result demonstrated that the zeta potential of the ethanolic
extract was found to be -17.33 £ 0.23 mV (Figure 35). This result demonstrated that the
particle stability behavior of ethanolic extract solubilized in water was defined as
incipient instability [166]. Our findings indicate that the particles in ethanolic extract
suspension were quite easily agglomerated. Thus, the addition of potential additives to
the sample might improve the zeta potential, which is useful for formulating dispersions

in cosmetic products.
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Figure 35 Zeta potential measurement of ethanolic extract using zeta potential analyzer

4.5.5 Viscosity measurement
To determine the viscosity of an ethanolic extract in PG for further
formulation of topical products. Our experiment demonstrated that the viscosity of
ethanolic extract in PG was 91.01 + 0.92 cP. This extract is time and shear rate-

independent and displayed Newtonian behavior [230].

4.5.6 The partition coefficient of compounds 1 and 2

The partition coefficient (log Pow) describes the hydrophilicity (water liking)
and hydrophobicity (lipid liking) of a compound when it is dissolved in an immiscible
biphasic system between n-octanol and water. Therefore, the log Pow Value can be used
as a predictive measure for the permeability of a compound across the stratum corneum
(a lipid domain) and the viable epidermis (an aqueous domain) [231]. In our work, the
log Pow values of 1 and 2 were determined using HPLC, and the k values of the
reference and test samples were calculated using their retention times. The log Pow
values of 1 and 2 are reported here for the first time. When log Pow is positive or high,
this indicates that the retention time is longer, resulting in a greater k value. The
correlation coefficient (r?) of 0.9910 for 1 (Figure 36a) and 0.9911 for 2 (Figure 36b)
was calculated by plotting the relationships between log Pow Of reference compounds
and their mean log k. The k values for 1 and 2 were 1.015 £ 0.016 and 0.992 + 0.005,
which corresponds to the log Pow Values of 5.767 + 0.07 and 5.661 + 0.02, respectively.
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These results demonstrated that 1 and 2 are hydrophobic compounds. However,
compound 1 was slightly more hydrophobic than 2, making it easier to penetrate
through its interaction with the lipid layer of the stratum corneum. Our findings agree
with previous reports that showed that hydrophobic compounds tended to increase skin
penetration more than hydrophilic compounds [169,232,233].
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4.6 Stability of compounds 1 and 2 in ethanolic extract and ethanolic extract in
PG

4.6.1 Effect of pH

The ethanolic extract was dissolved in buffer solutions at different pH levels
(pH 2.0, 5.5, 7.4, and 9.0) and maintained at a constant temperature of 25 + 2 °C.
Subsequently, the HPLC was employed to assessed the remaining quantities of 1 and 2
after varying incubation periods (Figure 37). Both 1 and 2 showed similar trends of
degradation profiles. Compounds 1 and 2 were stable in acidic solutions (pH 2.0-5.5)
for up to 30 days, while in neutral to basic environments (pH 7.4-9.0), they showed a
slight but statistically significant degradation after 7 days. This finding suggests that
the degradations of 1 and 2 under the basic solutions were possibly deprotonated at the
carboxylic acid position to generate the carboxylate anion [234]. However, the residual
contents of 1 and 2 remained above 90% at pH 2.0-9.0 for at least 30 days. As topical
products in cosmetics are often designed with a pH range between 4 to 6 [235], a pH

value of 5.5 was used for subsequent stability testing.
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4.6.2 Effect of temperature

The ethanolic extract and ethanolic extract in PG were stored either as the
prepared extract or a buffered solution forms (at pH 5.5). These samples were subjected
to storage for varying durations up to 180 days at different temperatures (50, 60, 70,
and 80 °C). The degradation of 1 and 2 are depicted in Figures 38-39 and Figures 40-
41, respectively. The remaining contents of 1 and 2 in both forms of ethanolic extract
and ethanolic extract in PG were slightly decreased after 30 days of storage at 50 °C
and 60 °C. However, after 180 days of storage, greater than 80% of 1 and 2 remained
in extracts. At the higher temperatures (70 °C and 80 °C), the differences in degradation
profiles of the two markers in both forms of two different extracts were clearly visible.
At 80 °C, it was clear that 1 in the buffered solution form of the ethanolic extract
degraded the most rapidly, with significant degradation as early as 60 days, and was
completely degraded after 120 days (Figure 38b).

Similarly, after 90 days at 70 °C, there were statistically significant
differences, and after 180 days, there was a complete loss (Figure 38b). On the other
hand, when PG was present in the extract at 70 °C and 80 °C, the degradation was
slower (Figure 39b). The stability of 1 in the ethanolic extract as the prepared extract
form was found to be sensitive to temperature, particularly at 80°C. it exhibited
significant degradation after 60 days of storage (Figure 38a), whereas it appeared to be
more stable when dissolved in PG, with a remaining of 86.33 = 0.76% at day 60 (Figure
39a).

After only 30 days, the stability of 2 in ethanolic in buffered solution form
was highly degraded at 80°C, and it was completely degraded after 90 days (Figure
40b). Furthermore, it was found that compound 2 was unstable in the buffered solution
form of ethanolic extract stored at 70°C. After 90 days in this condition, 2 began to
degrade significantly. It was completely degraded after 180 days (Figure 40b), similar
to what we observed in 1 (Figure 38b). The content of 2 in the buffered solution form
of ethanolic extract in PG was stable over 120 days at 70 °C, with more than 80%
remaining (Figure 41b). The content of 2 in the ethanolic extract significantly decreased
after 30 days of storage at 80 °C in the prepared extract form, but the remaining content

remained constant at more than 60% until 180 days of storage (Figure 40a). In contrast
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to the remainder of 2 in ethanolic extract in PG stored in the same conditions, it was
stable for at least 180 days (Figure 41a).

Specifically, 1 was more stable at high temperatures than 2. This may be
related to the number of substituents connected to the double bonds at Cs-Cq (for 1) and
C7-Cg (for 2). More substituted alkene is more stable than less substituted alkene due to
hyperconjugation. Bond strength may be a second factor that contributes to alkene
stability. Alkenes become more stable as substitution increases. Highly substituted
alkenes are consistently more stable than less substituted alkenes because they possess
a higher ratio of sp>~sp® bonds to sp*-sp® bonds [236]. As a result, the stability of a

tetrasubstituted alkene of 1 is greater than that of a trisubstituted alkene of 2.
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The stability profiles of 1 and 2 in buffered solution form of the ethanolic
extract in PG were improved in our study. Our findings were consistent with the finding
of Kao et al. [25], who reported that the four major components of Scutellaria
baicalensis (baicalin, wogonoside, baicalein, and wogonin) were more stable in 20%
PG than in water storage solvents. It has been postulated that two —OH groups present
in PG have an extensive capacity for hydration, facilitated by the surrounding water
molecules via both hydrogen bond donation and acceptance [237]. Therefore, the
addition of PG may reduce water activity to prevent chemical degradation. In PG/water
mixtures, the polarity of the aqueous medium and the dielectric constant were also
reduced. Such a reason might be decreased the stability rate constant of degradation,
thereby enhancing its stability [238].

Furthermore, adding PEG-40 to the ethanolic extract in PG may help to
prevent the degradation of its bioactive compounds. This may be because the formation
of a covalent bond with PEG allows active ingredients to be stabilized and solubilized,
reducing their toxicity, antigenicity, and oxidation reaction by forming micelles, as well
as improving cell penetration [239,240]. Additionally, our findings indicated that the
prepared extract form was more thermally stable than those in the buffered solution
form. This finding suggests that compounds 1 and 2 degraded more easily in buffered
solution form at high temperatures, which may have accelerated oxidative reactions
[241,242]. Therefore, the T. grandis extracts in the prepared extract forms are more
suitable for storage than in the solution from in PEG-40 and buffer solution pH 5.5.
Moreover, the storage temperature should be kept below 60°C.

4.6.3 Preliminary identification of temperature degradation products

To preliminary identify the degradation products, a solid mixture of
compounds 1 and 2 was kept at accelerated condition (80 °C) for 14 days. A spot of
unidentified polar compounds was observed on the TLC fingerprint at the R¢ value of
0.43, as shown in Figure 42a. These polar degradation products were also detected in
LC-MS baseline peak chromatogram (BPC) (Figure 42b). When the degradation
profiles of these two samples (at days 0 and 14) were compared, it was found that the
peak intensities of polar compounds increased after keeping at 80 °C for 14 days, while

the peaks of compounds 1 and 2, particularly 2, decreased (Figure 42b, below). These
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degradation products were then separated into four sub-fractions (A-D) using silica gel
column chromatography. Sub-fraction C (1 mg) contained the major polar spots at R¢ =
0.43, which were then preliminary identified using the LC-MS method. Two
degradation products were detected at the retention time of 2.78 min for peak A and
3.55 min for peak B (Figure 43a). The ESI-MS spectra of peaks A and B revealed m/z
331.1934 m/z, 367.1707 for peak A, and m/z 317.2002, 335.2096 for peak B (Figure
43Db), which differed from the ESI-MS spectra of 1 and 2 as shown in Figure 42c (m/z
303.2374 [M-H] for 1 and m/z 303.2352 for 2 [M-H] ). This may be the result of the
direct activation of the sp® C—H bond at the allylic position into ketone groups, which
stimulates the allylic oxidation reaction [243]. Because of the low yield of isolated
degradation products, it was difficult to confirm their structures. Additional study is

required to clarify the structure of degradation products.
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Figure 42 The degradation profiles of compounds 1 and 2 in the solid mixture were
determined at day O (before the test) and day 14 (after being kept at 80 °C)
using (a) TLC, (b) LC-MS techniques, and (c) ESI-MS spectra of 1 and 2.
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Figure 43 The (a) baseline peak chromatogram (BPC) of sub-fraction C (10 mg/mL)
from LC-MS and (b) mass fragmentation (in negative mode) of peaks A and
B

4.6.4 Effect of light

The prepared extracts (ethanolic extract and ethanolic extract in PG), as
well as the buffered solution forms, were kept in well-closed containers and exposed to
1.21 million lux-h of light for 13.5 h during which time the presence of 1 and 2 in the
ethanolic extract in PG rapidly degraded by ~ 90% for 1 and ~ 40% for 2, whereas 1 and
2 in the prepared extract form of the ethanolic extract showed the least loss (Figure 44a).
During the 13.5 h light exposure, the buffered solution form of ethanolic extract in PG
lost 1 faster than that from the ethanolic extract. The remaining content of 2 was
statistically significantly more stable than that of 1 (Figure 44b). The ethanolic extract

in PG was more unstable than the ethanolic extract in both forms.
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According to the presented data, the light-sensitivity of both 1 and 2 in
buffered solution form of the PG solvent was clearly observed. This may occur as a
result of the ability of light components like UV to activate the PG which in turn act as
a radical initiator to promote oxidation 1 and 2 in solution [244]. However, other factors
may be involved in the decomposition of these compounds, which requires further
investigation. These findings suggest that using light-protective packaging and UV
absorbents may be able to improve the photostability of 1 and 2 in T. grandis extract.

4.6.5 Calculation of the shelf-life of 1 and 2 by the Q10 method
The Q10 equation, which predicts the potential shelf-life of compounds
with heat-sensitive degradation was used to calculate the shelf-life estimation of 1 and
2 in ethanolic extract and ethanolic extract in PG under prepared extract forms. At 60
days, the remaining content of 1 and 2 in the ethanolic extract and ethanolic extract in
PG of prepared extract forms storage at 50°C remained 90% or higher. The value of Q
was set to 3 due to the activation energy of most compounds is in the range of 18-20
kcal/mol and estimated shelf life of 1 and 2 was calculated as follows:

too(30°C) = 33050710

=540 days or 1.48 years
Therefore, with respect to the remaining amount of both 1 and 2, the shelf-life
of the prepared extract forms (ethanolic extract and ethanolic extract in PG) at 30 °C is

estimated to be 1.48 years.

4.7 In vitro skin penetration of 1 and 2 from T. grandis ethanolic extract and
ethanolic extract in PG

The skin penetration levels of 1 and 2 extracted with ethanol, as well as the
skin penetration level of the ethanolic extract in PG, were evaluated using Franz
diffusion cells. The results showed that 1 and 2 in the ethanolic extract solution were
able to penetrate the receiver compartment after 4 h and had high cumulative amounts
of >10% after 24 h. The cumulative amounts after 24 h were 12.20 £ 0.19 % of 1 and
10.96 £ 0.51 % of 2 (Figure 45a), whereas the ethanolic extract in PG provided superior
skin penetration with the cumulative amounts of 12.72 £+ 0.24% of 1 and 11.30 + 0.35%
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of 2 (Figure 45b). The sample recovery ranged from 90% to 100% (Table 25).
According to these studies, 1 and 2 are more likely to penetrate the receiver
compartment when PG solvent is added. However, after 24 h, the greater penetration of
1 in both the ethanolic extract solution and the ethanolic extract in PG indicated
significantly larger cumulative amounts (%) than the penetration of 2. According to the
partition coefficient described above, 1 was more hydrophobic than 2. This property
makes it more likely interact with the lipid layer of the stratum corneum [245,246]. The
result of this study can usefully inform the future development of cosmetic or hair loss
treatments containing T. grandis extracts.

Several studies have shown that terpenes, particularly essential oils (e.g., 1,8-
cineole, menthol, and menthone) and their constituents, can improve percutaneous
absorption [228,229,247]. The study by Srivilai et al. [169] also reported the effect on
minoxidil penetration of germacrone and sesquiterpene-enriched extracts from
Curcuma aeruginosa Roxb., using Franz diffusion cells. The penetration of minoxidil
alone through the human foreskin was limited, reaching only 0.9 + 0.1 % after 8 h in
the stratum corneum, but was about 10-fold higher when combined with germacrone,

and 2% C. aeruginosa essential oil (7-8%), both of which enhance skin penetration.
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Table 25 In-vitro skin penetration of 1 and 2 after application of ethanolic extract

solution and ethanolic extract in PG on the skin membranes for 24 h. The

results are expressed as the mean of the percentage (%) applied dose £ SD of

triplicate experiments.

Donor Membrane Receiver Recovery
Samples  Compounds
(%) (%) (%) (%)

Ethanolic 1 76.16+099 4471014 1220+0.19* 92.63+0.84

extract 2 77.20+0.77 5.70+0.37 10.96+0.51 93.86+0.91
solution
Ethanolic 1 82.00+0.63 4.11+0.05 12.72+0.24* 98.84+0.91
extract in 2 7847+055 5.03+001 11.30+0.35 94.80+0.85

PG

*p < 0.05, significantly different compared with compound 2 at the same extract.

Few studies have previously been conducted on the topic of diterpenes and
triterpenes skin penetration [248,249]. Rizwan et al. [248] investigated the effects of
several monoterpene enhancers and labdane diterpene forskolin using an automated
transdermal diffusion cell sampling technique. Terpene enhancers (1% w/w) were
shown to be effective for rat skin and human cadaver skin penetration in the following
order: cineole > D-limonene > L-menthol > linalool > forskolin and cineole > D-
limonene > linalool > L-menthol > forskolin. Although diterpene forskolin penetrated
less than monoterpenes in both skin models, it enhanced skin permeability by disrupting
and extracting stratum corneum lipid bilayers, as do other terpenes. Our findings also
revealed that these two diterpenes (1 and 2) can penetrate the skin by interacting with
the lipid layer part of the stratum corneum. However, our work is significant in that it
describes the skin penetration of two 5a-reductase inhibitors (1 and 2) in T. grandis

leaf extracts for the first time.



CHAPTER V
CONCLUSION

This study presents novel finding on the isolation and characterization of 5a.-
reductase inhibitors from the leaf extract of T. grandis. Specifically, compounds 1 and
2, which are eperuane-type diterpenes, as well as compound 3, a lupane-type triterpene,
were successfully purified and identified. The quantitative HPLC analysis of 1 and 2 as
the two potent 5a-reductase inhibitors in teak leaf extracts was developed, validated,
and successfully applied. The 95% ethanol was used as the extraction solvent for T.
grandis leaves and provided a higher yield of extract as well as exhibited a greater 5a.-
reductase inhibitory activity, in addition, the ethanolic extract showed the greater
amounts of 1 and 2 than hexane extract. Our study suggested that 1 and 2 may serve as
bioactive compounds for the further development of hair loss treatment products.

Various parameters, including pH, solubility, partition coefficient, color, zeta
potential, and viscosity, were used to measure the physicochemical properties of the
ethanolic extract and the ethanolic extract in PG, as well as the chemical constituents.
According to our findings, the pH values of the two extracts indicated an acidic
environment and provided a pH range acceptable for topical cosmetics. The partition
coefficients of 1 and 2 were found to be positive, indicating that these compounds are
hydrophobic. Therefore, compounds 1 and 2 have poor solubility in distilled water,
while their solubility is slightly soluble in HEPES buffer with 2% w/v of Tween20.
This result indicated that HEPES buffer containing solubilizer could serve as a suitable
vehicle for further skin penetration studies. The color determination of ethanolic extract
and ethanolic extract in PG showed that the ethanolic extract in PG was lighter, redder,
and yellower than the ethanolic extract, which was greener. Additionally, the particle
stability in the solution was found to be less than + 30 mv, which was identified as quite
easily agglomerated. Moreover, the viscosity of the ethanolic extract in PG was also
investigated. Our investigation revealed that the viscosity of the ethanolic extract in PG
exhibited Newtonian behavior. This study of physicochemical properties provides
information for designing and developing an appropriate formulation for a more

effective assessment of bioactive compounds in pre-formulation studies.
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Furthermore, the pre-formulation and stability of compounds 1 and 2 in crude
ethanolic extract and ethanolic extract in PG were investigated for the first time. Two
5a-reductase inhibitors (1 and 2) identified in an ethanolic extract were more stable in
an acidic solution for at least 30 days. Compounds 1 and 2 in the buffered solution were
degraded by more than 60% after 2 months for ethanolic extract and after 3 months for
ethanolic extract in PG stored at 80 °C. It should be noted that the degradation process
was significantly delayed when the ethanolic extract was mixed with PG (ethanolic
extract in PG) or when it was maintained in prepared extract form. Using the Q10
method, the shelf-life of 1 and 2 in prepared extract forms (ethanolic extract and
ethanolic extract in PG) was determined to be 1.48 years. These two 5a-reductase
inhibitors in T. grandis were rapidly degraded when exposed to light in the buffered
solution forms. Compounds 1 and 2 are presumably degraded by oxidation under
conditions of heat and light exposure. Identification and profile of degradation products
inhibiting Sa-reductase could be the focus of future research. To prevent the
degradation of its bioactive components, our results suggest that the T. grandis leaf
extract should be prepared in a prepared extract form, incorporation a slight acidic
component, and packaged in light-protective container. According to the results of an
in vitro skin penetration study, both 1 and 2 in ethanolic extract and ethanolic extract
in PG were able to begin penetrating the skin after 4 h and exhibited high cumulative
amounts >10% after 24 h, with both compounds tending more penetrates the skin when
PG solvent was used. Therefore, our findings verified the efficacy of T. grandis

ethanolic extract in PG in cosmetic applications for 1 and 2.
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Figure 64 DEPT 135 spectrum of 2 (100 MHz, CDCls)
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Figure 65 HMQC spectrum of 2 (400 MHz for *H and 100 MHz for $3C, CDCls)
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Figure 66 Enlarged HMQC spectrum of 2 (400 MHz for *H and 100 MHz for 3C,
CDCls)
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Figure 69 Enlarged HMBC spectrum of 2 (61 0.7-2.7 ppm and &¢ 110-180 ppm) at 400
MHz for *H and 100 MHz for 3C, CDCls
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Figure 71 Enlarged COSY spectrum of 2 (400 MHz, CDCl53)
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Figure 72 NOESY spectrum of 2 (400 MHz, CDCls)
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Figure 79 1Cso graph of hexane extract as determined by enzymatic 5a-reductase

inhibition assay (n=3)
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Figure 80 ICso graph of ethanolic extract as determined by enzymatic 5a-reductase
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