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ABSTRACT 56 

Four undescribed cucurbitacins, designated as petiolaticins A–D, and four known 57 

cucurbitacins were isolated from the bark and leaves of Elaeocarpus petiolatus (Jack) 58 

Wall. Their chemical structures were elucidated based on detailed analyses of the NMR 59 

and MS data. The absolute configuration of petiolaticin A was also determined by X-ray 60 

diffraction analysis. Petiolaticin A represents a cucurbitacin derivative incorporating a 61 

3,4-epoxyfuranyl-bearing side chain, while petiolaticin B possesses a furopyranyl unit 62 

fused to the tetracyclic cucurbitane core structure. Petiolaticins A, B and D were 63 

evaluated in vitro against a panel of human breast, pancreatic, and colorectal cancer cell 64 

lines. Petiolaticin A exhibited the greatest cytotoxicity against the MDA-MB-468, 65 

MDA-MB-231, MCF-7, and SW48 cell lines (IC50 7.4, 9.2, 9.3, and 4.6 μM, 66 

respectively). Additionally, petiolaticin D, 16α,23α-epoxy-3β,20β-dihydroxy-67 

10αH,23βH-cucurbit-5,24-dien-11-one, and 16α,23α-epoxy-3β,20β-dihydroxy-68 

10αH,23βH-cucurbit-5,24-dien-11-one 3-O-β-D-glucopyranoside were tested for their 69 

ability to inhibit cell entry of a pseudotyped virus bearing the hemagglutinin envelope 70 

protein of a highly pathogenic avian influenza virus. Petiolaticin D showed the highest 71 

inhibition (44.3%), followed by 16α,23α-epoxy-3β,20β-dihydroxy-10αH,23βH-cucurbit-72 

5,24-dien-11-one (21.0%), and 16α,23α-epoxy-3β,20β-dihydroxy-10αH,23βH-cucurbit-73 

5,24-dien-11-one 3-O-β-D-glucopyranoside showed limited inhibition (9.0%). These 74 

preliminary biological assays have demonstrated that petiolaticins A and D possess 75 

anticancer and antiviral properties, respectively, which warrant for further 76 

investigations. 77 

Keywords: Elaeocarpus petiolatus; Elaeocarpaceae; Cucurbitacins; Triterpenoids; X-ray 78 

crystallography; Cytotoxicity; viral entry inhibition 79 

 80 

1. Introduction   81 

 82 

 Elaeocarpus is a genus of approximately 360 species that is distributed from the 83 

West Indian Ocean to the Pacific. Elaeocarpus is the largest of the 12 genera that make 84 

up the Elaeocarpaceae family (Tang and Phengklai, 2007). Despite being a relatively 85 

large genus, cucurbitacin-type triterpenoids (Cai et al., 2015; Chen et al., 2005) have 86 
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only been previously reported from six species, namely, Elaeocarpus chinensis (Pan et 87 

al., 2012), Elaeocarpus dolichostylus (Fang et al., 1984), Elaeocarpus glabripetalus 88 

(Zhang et al., 2010), Elaeocarpus hainanensis (Meng et al., 2008), Elaeocarpus 89 

mastersii (Ito et al., 2002), and Elaeocarpus reticulatus (Turner et al., 2020). In the 90 

Malay Peninsula, there are approximately 30 species of Elaeocarpus, some of which are 91 

traditionally used to treat headaches, fever, poultice sores, and as a general tonic 92 

(Aggarwal, 2001). Recently, we reported the first phytochemical investigation of an E. 93 

tectorius specimen collected from the west coast of Peninsular Malaysia (Ezeoke et al., 94 

2018).  95 

 In our ongoing search for new and/or biologically active compounds from 96 

Malaysian flora (Chan et al., 2021; Krishnan et al, 2020), we detected the strong 97 

presence of cucurbitacins in the bark and leaf extracts of Elaeocarpus petiolatus (Jack) 98 

Wall. based on a preliminary screening. This plant is widely distributed in Malaysia and 99 

its leaves and roots are used locally to treat malaria and fever (Quattrocchi, 2012). 100 

However, there have been no studies on its phytochemical constituents. Furthermore, the 101 

ethanolic bark extract was reported to possess anti-inflammatory properties (Kwon et al., 102 

2012). We now report the results of a phytochemical analysis of the leaves and bark of 103 

E. petiolatus, which has resulted in the discovery of four previously undescribed 104 

cucurbitacins, namely petiolaticins A–D (1–4), as well as four other known 105 

cucurbitacins 5–8 (Fig. 1). The in vitro cytotoxic effects of compounds 1, 2, and 4 106 

against a panel of breast, pancreatic, and colorectal cancer cell lines, as well as viral 107 

entry inhibition potential of compounds 4, 5, and 6 against a highly pathogenic avian 108 

influenza haemagglutinin (HA)-based pseudotyped virus are also reported herein. 109 

 110 

2. Results and discussion 111 

  112 

 From the bark EtOAc extract of E. petiolatus, petiolaticins A–C (1–3), 16α,23α-113 

epoxy-3β,20β-dihydroxy-10αH,23βH-cucurbit-5,24-dien-11-one (5) (Meng et al., 2008), 114 

16α,23α-epoxy-3β,20β-dihydroxy-10αH,23βH-cucurbit-5,24-dien-11-one 3-O-β-D-115 

glucopyranoside (6) (Muñoz et al., 2000), elaeocarpucin F (7) (Pan et al., 2012), and 116 

hexanocucurbitacin F (8) (Che et al., 1985) were isolated (Fig. 1). On the other hand, 117 

petiolaticin D (4) along with compounds 5–7 were obtained from the leaf EtOAc extract 118 

(Fig. 1). 119 
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 Petiolaticin A (1) was initially obtained as a colorless oil with [α]D +28 (c 0.9, 120 

CHCl3). It was subsequently crystallized from CHCl3/MeOH as block crystals (mp 180–121 

182 °C). The IR spectrum showed absorption bands at 3408 and 1689 cm-1, which were 122 

attributable to hydroxyl and carbonyl functions, respectively. HR-DART-MS 123 

measurements showed the [M + H]+ peak at m/z 535.3252, which established the 124 

molecular formula of 1 as C30H46O8. The 1H NMR data of 1 (Table 1) showed eight 125 

methyl singlets at δH 0.94 (× 2), 1.08, 1.19, 1.27, 1.34, 1.39, and 1.50, an olefinic 126 

doublet at δH 5.73 (J = 5.8 Hz), a pair of AB doublets due to a ketomethylene group at δH 127 

2.65 and 3.11 (J = 14.6 Hz), and five oxymethine resonances at δH 2.97, 3.47, 3.57, 3.84, 128 

and 4.60. The 13C NMR data of 1 (Table 1) showed a total of 30 resonances, comprising 129 

eight methyl, four methylene, nine methine, and nine quaternary carbons. The observed 130 

carbon resonance at δC 213.7 indicated the presence of a ketone function, while the 131 

resonances at δC 119.2 and 140.6 were attributed to a trisubstituted double bond. Based 132 

on the HSQC data, the resonances at δC 59.6, 59.7, 71.0, 71.2, and 80.9 were assigned to 133 

five oxymethines, while the resonances at δC 77.4, 81.2, and 106.3 were assigned to two 134 

oxygenated tertiary carbons and a dioxygenated secondary carbon (hemiketal), 135 

respectively. The 1H and 13C NMR data of 1 showed a general resemblance to those of 136 

cucurbitacin F (9) (Kim et al., 1997), except for resonances due to C-22, C-23, C-24, 137 

and C-25 (part of the side chain located at C-17). The resonances due to the C-22 ketone 138 

and C-23–C-24 double bond in 9 were replaced with those due to the dioxygenated 139 

secondary carbon (δC 106.3) and epoxy function (δC 59.6, δH 3.84; δC 59.7 and δH 3.47) 140 

in 1. The presence of the hemiketal furanyl moiety (C-22–C-23–C-24–C-25) containing 141 

an epoxy function in 1 was inferred by the key three-bond correlations observed from H-142 

23 to C-25; from H-17, H-21 and H-24 to C-22; and from H-26 and H-27 to C-24 in the 143 

HMBC spectrum (Fig. 2). The planar structure proposed for 1 was completely consistent 144 

with the HMBC data (Fig. 2). 145 

 On the basis of the NOESY data (Fig. 3), the configurations at all chiral centers 146 

in 1, except for those in the furanyl side chain (including C-20), were determined to be 147 

identical to those in 9. The NOEs observed for H-8/CH3-18, H-8/CH3-19, and H-16/H-148 

18 required H-8, H-16, CH3-18, and CH3-19 to be β-oriented (16-OH was α-oriented). 149 

On the other hand, the NOEs observed for H-10/CH3-30 and H-17/CH3-30 required H-150 

10, H-17, and CH3-30 to be α-oriented (the C-17–C-20 bond was β-oriented). In 151 

addition, the NOEs observed for H-2/CH3-28 and H-3/CH3-29 deduced that 2-OH and 3-152 
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OH were β- and α-oriented, respectively. However, the stereochemistry in the furanyl 153 

side chain relative to the fused tetracyclic core structure could not be established with 154 

certainty based on the NOESY data due to free rotation about the C-17–C-20 bond. 155 

Fortunately, since suitable crystals of 1 were obtained, X-ray diffraction analysis using 156 

Cu Kα radiation was performed (Fig. 4), which not only confirmed the proposed planar 157 

structure, but also established the absolute configurations at all stereocenters in 1 as 158 

2S,3S,8S,9R,10R,13R,14S,16R,17R,20R,22R,23S,24R. 159 

Petiolaticin B (2) was obtained as a light yellowish oil with [α]D +48 (c 0.4, 160 

CHCl3). The IR spectrum showed absorption bands similar to those of 1, i.e., OH (3406 161 

cm-1) and carbonyl (1688 cm-1). The HR-DART-MS showed a significant peak at m/z 162 

499.3054, which was analyzed for [C30H43O6]+ and corresponded to [M + H – 2H2O]+. 163 

The molecular formula of 2 was therefore determined to be C30H46O8. The 1H and 13C 164 

NMR data (Table 1) of 2 showed a general resemblance to those of 1, except for 165 

resonances associated with the furanyl side chain present in 1. Most notably, the epoxy 166 

carbon resonances at δC 59.6 (δH 3.84, d) and δC 59.7 (δH 3.47, d) in 1 have been 167 

replaced by signals at δC 86.9 (δH 4.04, s) and δC 80.4 (δH 3.82), respectively, in 2. The 168 

substantial downfield shift observed for these resonances suggested that the C-23–C-24 169 

epoxy function in 1 was replaced with a 1,2-ethynedioxy fragment in 2. Other notable 170 

13C NMR shift differences between 1 and 2 (|∆δC| > 3 ppm) were observed for C-16, C-171 

17, C-20, C-21, C-25, and C-27. These observations indicated that the structural 172 

differences between 1 and 2 were confined to the C-22–C-23–C-24–C-25 fragment and 173 

the C-16 hydroxyl group. The COSY and HMBC data of 2 confirmed that the fused 174 

tetracyclic core structure in 1 is also present in 2 (Fig. 2). Additionally, the correlations 175 

observed in the HMBC spectrum from H-16 to C-23; and from H-23 to C-16 suggested 176 

that a fifth fused ring was present in 2, i.e., C-16 and C-23 were connected via an ether 177 

bridge to form a pyranyl ring. This suggestion was consistent with the observation that 178 

the C-23–C-24 epoxide carbons in 1 (δC 59.6 and 59.7) were replaced by the 1,2-179 

ethynedioxy carbons (δC 86.9 and 80.4, respectively) in 2. The presence of the pyranyl 180 

moiety in 2 was also supported by other correlations observed in the HMBC spectrum, 181 

i.e., from H-16 to C-20; from H-17 to C-22; from H-21 to C-17, C-20, and C-22; and 182 

from H-23 to C-22. As a result, the furanyl side chain in 1 was inferred to be the sixth 183 

fused ring in 2 based on the correlations observed in the HMBC spectrum from H-23 to 184 
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C-22, C-24, and C-25; from H-24 to C-22, C-23, C-25, and C-27; and from H-27 to C-185 

24 and C-26. 186 

The stereochemistry of the furopyranyl unit in 2 could be inferred based on 187 

analysis of the NOESY data (Fig. 3). The NOEs observed for H-16/H-18 and H-16/H-23 188 

required H-16 and H-23 to be β-oriented (16R,23S), while the NOEs observed for H-189 

17/CH3-30 and H-17/CH3-21 required H-17 and CH3-21 to be α-oriented (20-OH was β-190 

oriented) (17R,20R). Consequently, the NOE observed for H-17/CH3-27 was only 191 

possible when the furopyranyl ring junction is cis-fused, thus requiring 22-OH to be β-192 

oriented (22R). Lastly, the NOEs observed for H-24/CH3-26 and H-24/CH3-27 193 

suggested that H-24 was α-oriented (24-OH was β-oriented) (24S), which is consistent 194 

with the lack of NOE between H-23 and H-24, indicating that they are not oriented on 195 

the same face. The relative configuration deduced for the furopyranyl unit in 2 was also 196 

consistent with the presence of H-23 and H-24 as slightly broad singlets in the 1H NMR 197 

spectrum, indicating that they were only weakly coupled. Based on the energy-198 

minimized models (MM2, Chem3D version 20.1) of 2 (16R,17R,20R,22R,23S,24S), the 199 

torsion angle between H-23 and H-24 was shown to be 84°, which corresponds to a 200 

small coupling constant value of ~1 Hz (Haasnoot et al., 1980; Donders et al., 1989). 201 

Therefore, the relative configurations at all stereocenters in 2 were determined as 202 

2S,3S,8S,9R,10R,13R,14S,16R,17R,20R,22R,23S,24S. 203 

Petiolaticin C (3) was obtained as a colorless oil with [α]D +57 (c 0.3, CHCl3). 204 

The IR spectrum showed bands due to OH (3447 cm-1) and carbonyl (1688 cm-1) 205 

functions. The HR-DART-MS measurements determined its molecular formula as 206 

C30H46O5 based on the [M + H 
– H2O]+ peak at m/z 469.3327. The 1H NMR spectrum of 207 

3 (Table 2) revealed the presence of eight methyl singlets at δH 0.89, 0.91, 1.10, 1.17, 208 

1.27, 1.31, 1.69 and 1.72, a pair of AB doublets due to a ketomethylene group at δH 2.44 209 

and 2.99 (J = 14.7 Hz), and four oxymethine resonances at δH 3.26, 3.47, 4.37, and 4.54. 210 

The 13C NMR spectrum of 3 (Table 2) showed a total of 30 resonances, comprising eight 211 

methyl, six methylene, eight methine, and eight quaternary carbons. The resonance 212 

observed at δC 212.8 indicated the presence of a ketone group, while those at δC 125.0 213 

and 136.4 were due to a trisubstituted double bond. Along with the HSQC data, the 214 

resonances at δC 52.2, 72.9, 75.9, and 77.8 were attributed to four oxymethines, while 215 

the resonance at δC 72.2 and 65.4 to two oxygenated tertiary carbons. The 1H and 13C 216 

NMR data of 3 showed a general resemblance to those of 16α,23α-epoxy-3β,20β-217 
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dihydroxy-10αH,23βH-cucurbit-5,24-dien-11-one (5), a known cucurbitacin first 218 

isolated from Elaeocarpus hainanensis (Meng et al., 2008), which was also obtained in 219 

the present study. Comparison of the NMR data of 3 with those of 5 showed several 220 

distinct differences, i.e., the olefinic resonances at δC 142 and δC 120 (δH 5.62) due to C-221 

5 and C-6 in 5, were replaced by resonances at δC 65.4 and δC 52.2 (δH 3.26) in 3. These 222 

observations suggested that the C-5–C-6 trisubstituted double bond in 5 has been 223 

replaced with an epoxy function in 3. This change was also reflected in the carbon shifts 224 

of CH3-28 and CH3-29 for both 3 and 5 (Meng et al., 2008), which were found to differ 225 

quite significantly, i.e., δC 24.7 and 20.4 in 3 vs δC 27.1 and 25.3 in 5, respectively. The 226 

planar structure of 3 is entirely consistent with the COSY and HMBC data (Fig. 2). On 227 

the basis of the NOESY data (Fig. 3), the configurations at all stereocentres in 3, except 228 

for the epoxy-containing C-5 and C-6, were determined to be identical to those in 5. In 229 

addition, the NOEs observed for H-6/CH3-29, H-6/H-7α, H-7β/CH3-19, H-10/CH3-28, 230 

and H-10/CH3-30 revealed that the epoxy group was β-oriented (Kubo et al., 1996). 231 

Therefore, compound 3 was determined as the 5β,6β-epoxy derivative of 5. 232 

Petiolaticin D (4) was obtained as a white amorphous powder with [α] D +79 (c 233 

1.0, CHCl3). The IR spectrum indicated the presence of OH (3414 cm-1) and carbonyl 234 

(1683 cm-1) functions. The HR-DART-MS measurements determined its molecular 235 

formula as C38H58O10 based on the [M + H]+ peak at m/z 675.4074. The 1H and 13C 236 

NMR data of 4 (Table 2) are generally similar to those of 16α,23α-epoxy-3β,20β-237 

dihydroxy-10αH,23βH-cucurbit-5,24-dien-11-one 3-O-β-D-glucopyranoside (6), except 238 

for the presence of an additional acetyl group in 4 (δH 2.09; δC 20.9 and 171.6). 239 

Compound 6 was previously identified from Kageneckia oblonga (Muñoz et al., 2000) 240 

and was obtained in the present study as the most abundant compound. The presence of 241 

the acetate group at C-6' in 4 was deduced based on the three-bond correlation observed 242 

from H-6' to C-7' in the HMBC spectrum (Fig. 2). This is also consistent with H-6' of 4 243 

(δH 4.30) being significantly more deshielded compared to that of 6 (δH 3.38 and 3.65) 244 

(Muñoz et al., 2000). Finally, the successful conversion of 6 to 4 via selective 245 

acetylation of the primary alcohol group with acetic anhydride/pyridine at low 246 

temperatures confirmed that compound 4 is the 6'-O-acetyl derivative of 6. 247 

A plausible pathway to 1 and 2 starting from cucurbitacin F (9) is presented in 248 

(Fig. 5). A nucleophilic addition by 25-OH onto the C-22 ketone in 9 gives the 2,5-249 

dihydrofuran intermediate (10). Oxidation of the 23,24-double bond in 10 then yields the 250 
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α- and β-epoxide intermediates, with the former corresponding to compound 1. Finally, 251 

epoxide ring-opening following nucleophilic attack by 16-OH onto C-23 in the β-252 

epoxide intermediate gives compound 2 (Hüttel et al., 2014; Little, et al., 2020). 253 

Compounds 1, 2, and 4 were evaluated in vitro against a panel of human breast, 254 

pancreatic and colorectal cancer cell lines, as well as a non-tumorigenic human breast 255 

epithelial cell line, and their IC50 values are shown in Table 3. Between the breast and 256 

pancreatic cancer cell lines tested, compounds 1, 2, and 4 exhibited higher toxicity 257 

against the former, with compound 1 recorded the lowest IC50 values for MDA-MB-468, 258 

MDA-MB-231, and MCF-7 (IC50 7.4, 9.2, and 9.3 µM, respectively). Both MDA-MB-259 

468, MDA-MB-231 are triple negative breast cancer cell lines associated with a poor 260 

prognosis. Compound 1 was also evaluated on three colorectal cancer cell lines, showing 261 

selectivity against SW48 (IC50 4.6 µM). Notably, compounds 1, 2, and 4 did not show 262 

significant toxicity against the non-tumorigenic breast epithelial cells (MCF-10A) (IC50 263 

> 30 µM). Compounds 5–8 were previously reported to show no obvious cytotoxicity in 264 

vitro (Che et al., 1985; Meng et al., 2008; Muñoz et al., 2000; Pan et al., 2012). It was 265 

also postulated that the presence of the 16α,23α-epoxy linkage (which is present in 2–7) 266 

is detrimental for cytotoxic activity (Meng et al., 2008; Muñoz et al., 2000). This 267 

postulation is somewhat consistent with compound 1 broadly showing better cytotoxic 268 

effects against the four breast cancer cell lines tested when compared to 2 and 4.  269 

Triterpenoids have recently been reported to exhibit inhibitory activities against 270 

influenza virus, human immunodeficiency virus, and hepatitis C virus (Si et al., 2018; 271 

Ye et al., 2020). The influenza virus hemagglutinin (HA) protein plays critical roles in 272 

the early stage of virus infection, including the adsorption of virus particles to the cell 273 

surface receptors and membrane fusion. Therefore, the HA protein has been widely 274 

regarded as a potential target for the development of anti-influenza drugs. Triterpenoids 275 

have been shown by Si et al. (2018) and Ye et al. (2020) to inhibit the entry of influenza 276 

A viruses by interacting with viral fusion proteins including HA. Therefore, in the 277 

current study, compounds 4, 5, and 6 were evaluated using an influenza HA 278 

pseudotyped virus in a viral entry inhibition assay. Without the compound (virus-only 279 

control), the pseudotyped virus was able to effectively enter the MDCK cells, resulting 280 

in the highest relative light units (RLU) (Fig. 6a). As shown in Fig. 6b, the greatest 281 

reduction in viral entry was seen with compound 4 (44.3% ± 6.4), followed by 282 

compound 5 (21.0% ± 9.0).  Compound 6, on the other hand, was unable to effectively 283 
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inhibit viral entry (9.0% ± 6.3). Further studies are required to determine the antiviral 284 

potential of compounds 4 and 5 against influenza A virus and other viruses, as well as to 285 

confirm their mechanism of action. 286 

 287 

3. Conclusions 288 

 289 

 In this study, four previously undescribed cucurbitacin-type triterpenoids (1–4) 290 

along with four known compounds (5–8) were obtained and identified from the bark and 291 

leaves of E. petiolatus. Notably, petiolaticin A (1) represents a cucurbitacin-type 292 

triterpenoid incorporating a rare 3,4-epoxyfuranyl moiety, while petiolaticin B (2) 293 

possesses a furopyranyl unit fused to the tetracyclic cucurbitane core structure. 294 

Meanwhile, in vitro biological studies have shown that selected cucurbitacins possess 295 

anticancer and antiviral properties. Among the compounds tested, petiolaticin A (1) 296 

exhibited the greatest cytotoxicity against the MDA-MB-468, MDA-MB-231, MCF-7, 297 

and SW48 cell lines, while petiolactin D (4) demonstrated the greatest inhibition of cell 298 

entry mediated by a highly pathogenic avian influenza HA protein. 299 

 300 

4. Experimental 301 

 302 

4.1. General experimental procedures 303 

 Melting points of crystals were recorded on a Stuart SMP10 digital melting point 304 

apparatus and were uncorrected. Optical rotations were measured with a JASCO P-1020 305 

digital polarimeter. UV spectra were performed on a PerkinElmer Lamda 35 UV/vis 306 

spectrophotometer, while IR spectra were obtained on a PerkinElmer Spectrum RX1 FT-307 

IR spectrometer. 1D and 2D NMR spectra were obtained in CDCl3 using TMS as an 308 

internal standard on a Bruker Avance III 600 MHz spectrometer. HRMS data were 309 

measured on a JEOL Accu TOF-DART mass spectrometer. 310 

 311 

4.2. Plant material 312 

 The bark and leaves of Elaeocarpus petiolatus (Jack) Wall. (Elaeocarpaceae) 313 

were collected in August 2013 from Kajang (GPS 2° 57′39′′N, 101° 48′30′′E), Selangor, 314 

Malaysia, and the plant was identified by K.T. Yong (Institute of Biological Sciences, 315 

University of Malaya). A voucher specimen (KLU48271) has been deposited at the 316 

Herbarium, University of Malaya. 317 
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 318 

4.3. Extraction and isolation 319 

 The air-dried and ground bark (1.42 Kg) of E. petiolatus was extracted with 320 

EtOAc (3 × 4 L). The extracts were concentrated to dryness under vacuum and 321 

subsequently suspended in MeOH-water (4:1, 1 L). The suspension was extracted with 322 

hexane (3 × 1 L), followed by CHCl3 (5 × 1 L). The CHCl3 fractions were combined 323 

and concentrated to dryness under vacuum to afford 16.8 g of crude fraction. The CHCl3 324 

crude fraction was separated by vacuum liquid chromatography (silica gel 60; EtOAc–n-325 

hexane, EtOAc, and EtOAc–MeOH) to afford eleven fractions (EPB1–EPB11). Fraction 326 

EPB3 (770 mg) was re-chromatographed using centrifugal preparative thin layer 327 

chromatography (Chromatotron, silica gel 60, CHCl3–MeOH 1:0 → 100:1) to give 3 (18 328 

mg). Fraction EPB4 (1.2 g) was re-chromatographed using vacuum column 329 

chromatography (CHCl3–MeOH) to yield nine sub-fractions (EPB4/1– EPB4/9). Further 330 

fractionation of EPB4/4 using centrifugal preparative thin layer chromatography 331 

(Chromatotron, silica gel 60, Et2O–n-hexane 4:1 → 1:0) gave 2 (15 mg), 5 (120 mg), 332 

and 7 (5 mg). Fraction EPB5 (1.2 g) was re-chromatographed using centrifugal 333 

preparative thin layer chromatography (Chromatotron, silica gel 60, CHCl3–MeOH 334 

100:1 → 20:1) to give 1 (24 mg) and hexanocucurbitacin F (8) (Che et al., 1985) (94 335 

mg). Fractionation of EPB6 (5.4 g) using vacuum liquid chromatography 336 

(Chromatotron, silica gel 60, EtOAc–MeOH 50:1 → 10:1), followed by further 337 

purification by centrifugal preparative thin layer chromatography (Chromatotron, silica 338 

gel 60, CHCl3–MeOH 100:1 → 10:1) gave 6 (1.2 g).  339 

 The air-dried and ground leaves (619 g) of E. petiolatus were extracted with 340 

EtOAc (3 × 3 L). The EtOAc extracts were concentrated to dryness under vacuum to 341 

afford 43 g of crude extract. A portion of the EtOAc crude extract (12.8 g) was 342 

fractionated by vacuum column chromatography with gradient elution (silica gel 60, 343 

EtOAc–n-hexane, EtOAc, and EtOAc–MeOH) to afford eight fractions (EPL1–EPL8). 344 

Fraction EPL5 (1.9 g) was re-chromatographed using vacuum column chromatography 345 

(CHCl3–MeOH) to yield eight sub-fractions (EPL5/1–EPL5/8). Further fractionation of 346 

EPL5/6 using centrifugal preparative thin layer chromatography (Chromatotron, silica 347 

gel 60, CHCl3–MeOH 1:0 → 20:1) gave 5 (826 mg). Fraction EPL6 (225 mg) was 348 

fractionated using centrifugal preparative thin layer chromatography (Chromatotron, 349 

silica gel 60, Et2O–n-hexane 1:1 → Et2O–MeOH 100:1) to give 7 (20 mg). Fraction 350 

EPL7 (1.18 g) was re-chromatographed using vacuum column chromatography (CHCl3–351 
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MeOH) to yield six sub-fractions (EPL7/1–EPL7/6). Further fractionation of EPL7/5 352 

using centrifugal preparative thin layer chromatography (Chromatotron, silica gel 60, 353 

CHCl3–MeOH 100:1 → 20:1) gave 4 (70 mg). Fraction EPL8 (964 mg) was fractionated 354 

using centrifugal preparative thin layer chromatography (Chromatotron, silica gel 60, 355 

EtOAc–MeOH 50:1 → 10:1) to give 6 (156 mg). 356 

 357 

4.3.1. Petiolaticin A (1) 358 

 Colorless block crystals (CHCl3/MeOH); mp 180–182 °C; [α]D +28 (c 0.9, 359 

CHCl3); UV (MeCN) λmax (log ε) 196 (3.91), 231 (2.95) nm; IR νmax 3408, 1689 cm-1; 360 

1H NMR and 13C NMR data, see Table 1; HR-DART-MS m/z 535.3252 [M + H]+ (calcd 361 

for C30H47O8, 535.3265).  362 

 363 

4.3.2. Petiolaticin B (2) 364 

 Light yellowish oil; [α]D +48 (c 0.4, CHCl3); UV (MeCN) λmax (log ε) 194 365 

(3.77), 239 (2.98) nm; IR νmax 3406, 1688 cm-1; 1H NMR and 13C NMR data, see Table 366 

1; HR-DART-MS m/z 499.3054 [M + H – 2H2O]+ (calcd for C30H43O6, 499.3054). 367 

 368 

4.3.3. Petiolaticin C (3) 369 

 Light yellowish oil; [α]D +57 (c 0.3, CHCl3); UV (MeCN) λmax (log ε) 195 370 

(3.90), 233 (2.99) nm; IR νmax 3447, 1688 cm-1; 1H NMR and 13C NMR data, see Table 371 

2; HR-DART-MS m/z 469.3327 [M + H – H2O]+ (calcd for C30H47O5, 469.3312). 372 

 373 

4.3.4. Petiolaticin D (4) 374 

 White amorphous powder; [α]D +79 (c 1.0, CHCl3); UV (MeCN) λmax (log ε) 194 375 

(3.74), 266 (3.37) nm; IR νmax 3414, 1683 cm-1; 1H NMR and 13C NMR data, see Table 376 

2; HR-DART-MS m/z 675.4074 [M + H]+ (calcd for C38H59O10, 675.4103). 377 

 378 

4.4.   Acetylation of 6 to 4 379 

 To a solution of 6 (20 mg, 0.03 mmol) in THF (2 mL) was added acetic 380 

anhydride (0.06 mmol) and pyridine (0.03 mmol). The mixture was kept in the dark at 381 

−20 °C for 72 h. The solvent was removed under reduced pressure and the resultant 382 

residue was chromatographed (Chromatotron, silica gel, CHCl3–MeOH) to afford 4 (7.8 383 

mg, 0.012 mmol, 40% yield). 384 
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 385 

4.5.  X-ray crystallography analysis of petiolaticin A (1) 386 

 X-ray diffraction analysis was carried out on a Rigaku Oxford (formerly Agilent 387 

Technologies) SuperNova Dual diffractometer with Cu Kα (λ = 1.54178 Å) radiation at 388 

155 K. The structures were solved by direct methods (SHELXS-2014) and refined with 389 

full-matrix least-squares on F2 (SHELXL-2014). All non-hydrogen atoms were refined 390 

anisotropically, and all hydrogen atoms were placed in idealized positions and refined as 391 

riding atoms with the relative isotropic parameters. Crystallographic data for compound 392 

1 have been deposited with the Cambridge Crystallographic Data Centre. Copies of the 393 

data can be obtained, free of charge, on application to the Director, CCDC, 12 Union 394 

Road, Cambridge CB2 1EZ, UK (fax: +44 (0)1223-336033, or e-mail: 395 

deposit@ccdc.cam.ac.uk). 396 

 Crystallographic data of 1: Light yellowish block crystals (CHCl3/MeOH/H2O), 397 

mp 180–182 °C, 2(C30H46O8).2(CH3OH).H2O, Mr = 1151.43, monoclinic, space group 398 

C2, a = 30.0782(5) Å, b = 8.53996(13) Å, c = 11.86480(17) Å, β = 102.2829 (13)°, V = 399 

2977.91(8) Å3, Z = 2, Dcalcd = 1.284 gcm–3, crystal size 0.5 x 0.3 x 0.04 mm3, F(000) = 400 

1252, Cu Kα radiation (λ = 1.54178 Å), T = 155(2) K. The final R1 value is 0.0310 (wR2 401 

= 0.0869) for 5851 reflections [I>2σ(I)]. The absolute configuration of compound 1 was 402 

determined on the basis of Flack parameter [x = 0.03(0.07)] and corroborated by use of 403 

the Hooft parameter [y = 0.05(0.03)]. CCDC number 2089714. 404 

 405 

4.6. Cell lines and cell culture conditions 406 

 A panel of human breast (MDA-MB-468, MDA-MB-231, MCF-7, and SKBR3), 407 

pancreatic (AsPC-1, BxPC-3, and SW1990), colorectal (SW48, Caco2, and HCT116) 408 

cancer cell lines and non-tumorigenic MCF-10A breast epithelial cell line, purchased 409 

from the American Type Culture Collection (ATCC, USA), were used for the evaluation 410 

of luminescent cell viability assay. All cancer cells were maintained in RPMI 1640 411 

medium supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 412 

100 μg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA), while MCF-10A cells 413 

were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-414 

12) added with 5% horse serum, 20 ng/mL epidermal growth factor, 0.5 μg/mL 415 

hydrocortisone, 10 μg/mL insulin, 100 IU/mL penicillin, and 100 μg/mL streptomycin. 416 

The ATCC Madin-Darby canine kidney (MDCK) cells used in the viral entry inhibition 417 
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assay were grown in Dulbecco’s modified Eagle’s medium (Gibco BRL Inc., 418 

Gaithersburg, MD, USA) and cultured with similar supplements as those of the cancer 419 

cells. All abovementioned cells were maintained in a humidified incubator at 37 °C and 420 

5% CO2. 421 

 422 

4.7. Luminescent cell viability assay 423 

 The treatment effects of compounds 1, 2, 4, and 5-fluorouracil (positive control) 424 

on cell proliferation were determined using the CellTiter-Glo® Luminescent Cell 425 

Viability Assay (Promega, Madison, WI, USA). All compounds were prepared in 100 426 

mM DMSO as a stock solution and diluted to various concentrations (1.65 to 100 μM) 427 

using sterile phosphate buffer saline. Cancerous and non-cancerous cells were seeded in 428 

384-well opaque plates for 24 h at a density of 1000 cells/well, followed by treatment 429 

with 1, 2, 4, and 5-fluorouracil for 72 h. Cells treated with 0.1% DMSO were used as 430 

negative controls. Luminescence reading was measured using SpectraMax M3 Multi-431 

Mode microplate reader (Radnor, USA). The half-maximal inhibitory concentration 432 

(IC50) was determined based on the percentage cell viability calculated from the 433 

luminescent reading of treated cells and cells treated with the negative control. 434 

Statistical significance between the tested compounds and 5-fluorouracil (a clinically 435 

used chemotherapy agent) was performed using one-way analysis of variance (ANOVA) 436 

post hoc Dunnett’s t-test via SPSS (version 18.0). Results were considered statistically 437 

significant if p-value < 0.05.  438 

 439 

4.8. Viral entry inhibition assay 440 

  A pseudotyped virus was generated as described elsewhere (Scott et al., 2016) 441 

expressing the haemagglutinin (HA) of influenza strain A/Viet Nam/1194/2004 (H5N1), 442 

kindly provided by Dr Nigel Temperton (University of Kent, Medway School of 443 

Pharmacy). Equal volumes (50 µL) of compounds 4, 5, and 6 were individually 444 

incubated in triplicate at 10 µg/mL with the HA pseudotyped virus at 1 x 106 relative 445 

light units (RLU) per well for 1 hour at 37 °C. Next, 1 x 104 MDCK cells were added to 446 

each well. Controls such as virus-only (without compound) and cell-only (without virus 447 

and compound) were included. After incubation at 37 °C in 5% CO2 for 48 hours, the 448 

cells were observed for cell growth before supernatant was removed and the cells lysed 449 

for 10 minutes with 50 µL of SteadyGlo reagent (Promega, Madison, WI, USA). 450 

Luminescence reading (RLU) was measured using an Orion L Microplate Luminometer 451 
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(Titertek-Berthold, Germany). The percentage (%) inhibition caused by the compounds 452 

relative to the virus-only control was calculated based on the below formula: 453 

VirusǦonly control RLU −  Compound and virus RLU

VirusǦonly control RLU
 � 100% 454 

 455 
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Captions for Figures: 485 

 486 

Fig. 1. Structures of compounds 1–8. 487 

 488 

Fig. 2. 1H–1H COSY and selected HMBC correlations of compounds 1–4. 489 

 490 

Fig. 3. Selected NOESY correlations of compounds 1–3. 491 

 492 

Fig. 4. X-ray crystal structure of compound 1. 493 

 494 

Fig. 5. Plausible biosynthetic pathway to compounds 1 and 2 from cucurbitacin F (9). 495 

 496 

Fig. 6. Viral entry inhibition assay using influenza HA pseudotyped virus showing (a) 497 

the mean and standard deviation of relative light units (RLU) per ml (triplicate wells 498 

from a representative assay) caused by compounds 4–6 relative to the virus-only control 499 

(shown by dotted line); and (b) the calculated mean percentage inhibition relative to the 500 

virus-only control. 501 
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Table 1. 1H and 13C NMR spectroscopic data for 1 and 2 (600 MHz, CDCl3)a. 617 

Position 1 2 

δH (mult., J in Hz) δC δH (mult., J in Hz) δC 

1 1.08, m 33.3 1.08, m 33.1 

 1.87, m  1.86, m  

2 3.57, ddd (11.3, 9.3, 4.2) 71.0 3.54, m 70.8 

3 2.97, d (9.3) 80.9 2.93, d (9.1) 80.7 

4  41.9  41.9 

5  140.6  140.9 

6 5.73, d (5.8) 119.2 5.71, d (5.9) 119.0 

7α 1.97, dd (18.3, 6.1) 23.8 1.92, dd (18.7, 6.1) 23.8 

7β 2.38, m  2.39, m  

8 1.92, d (8.1)  42.5 1.96, d (7.9) 42.6 

9  48.2  48.8 

10 2.33, d (12.9) 33.9 2.28, m 33.7 

11  213.7  213.7 

12α 3.11, d (14.6) 49.2 3.02 d (14.8) 48.0 

12β 2.65, d (14.6)  2.44 d (14.8)  

13  47.6  48.9 

14  51.8  47.7 

15α 1.53, d (13) 44.3 1.40, dd (13, 3.5) 40.3 

15β 1.87, dd (13, 8.4)  1.82, dd (13, 10)  

16 4.60, dd (8.4, 6.7) 71.2 4.47, td (10, 3.2) 75.4 

17 2.42, d (6.5) 56.6 2.42, d (9) 50.4 

18 0.94, s 19.3 0.927, s 19.8 

19 1.08, s 20.2 1.09, s 20.7 

20  77.4  74.3 

21 1.50, s 24.6 1.26, s 20.3 

22  106.3  105.2 

23 3.84, d (2.8) 59.6 4.04, br s 86.9 

24 3.47, d (2.8) 59.7 3.82, br s 80.4 

25  81.2  87.0 

26 1.34, s 23.0 1.36, s 25.0 

27 1.39, s 25.3 1.38, s 28.6 

28 0.94, s 21.6 0.934, s 21.5 

29 1.19, s 24.7 1.18, s 24.6 

30 1.27, s 18.8 1.19, s 20.3 
a Assignments based on the COSY, HSQC, and HMBC spectra. 618 

 619 

 620 

 621 

 622 
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Table 2. 1H and 13C NMR spectroscopic data for 3 and 4 (600 MHz, CDCl3)a. 623 

Position 3 4 

δH (mult., J in Hz) δC δH (mult., J in Hz) δC 

1 0.92, m 19.6 1.35, m 21.1 

 1.52, m   1.53, m  

2 1.78, m 29.6 1.66, m 27.7 

 1.78, m  1.91, m  

3 3.47, br s 77.8 3.35, m 86.7 

4  39.7  41.4 

5  65.4  140.3 

6 3.26, d (5.6) 52.2 5.57, d (5.6) 118.6 

7α 1.82, m 22.5 1.85, m 23.8 

7β 2.25, dd (16.4, 8.9)  2.38, m  

8 1.86, d (8.7) 41.6 1.93, m 42.7 

9  48.0  49.4 

10 2.16, m 32.7 2.22, m 35.3 

11  212.8  213.8 

12α 2.99, d (14.7) 48.3 3.01, d (14.6) 48.3 

12β 2.44, d (14.7)  2.42, d (14.6)  

13  49.0  48.0 

14  47.0  48.3 

15α 1.52, m 40.8 1.47, m 40.7 

15β 1.82, m  1.83, m  

16 4.37, td (10.2, 3.6) 75.9 4.36, td (10.2, 3.2) 76.2 

17 1.91, d (10) 55.5 1.94, m 55.0 

18 0.89, s 18.9 0.93, s 19.8 

19 1.17, s 19.2 1.10, s 20.2 

20  72.2  72.3 

21 1.31, s 29.2 1.30, s 29.2 

22α 1.45, m 49.0 1.44, m 49.0 

22β 1.36, m  1.37, m  

23 4.54, ddd (11.2, 8.3, 2.7) 72.9 4.53, ddd (11.2, 8.7, 2.6) 72.9 

24 5.15, d (8.2) 125.0 5.14, d (8.4) 125.1 

25  136.4  136.2 

26 1.69, s 18.4 1.69, s 18.4 

27 1.72, s 25.8 1.71, s 25.8 

28 1.10, s 24.7 1.00, s 27.5 

29 0.91, s 20.4 1.18, s 25.5 

30 1.27, s 22.9 1.21, s 21.0 

1'   4.24, d (7.8) 104.2 

2'   3.40, m 74.0 

3'   3.50, m 76.1 

4'   3.35, m 70.3 

5'   3.40, m 73.6 

6'   4.30, m 63.5 

7'    171.6 

8'   2.09, s 20.9 
a Assignments based on the COSY, HSQC, and HMBC spectra. 624 
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Table 3. Cytotoxic activities of 1, 2, and 4 against a panel of human cancer cell lines. 625 

Compounds IC50 ± SD (μM) 

MDA-MB-468a MDA-MB-231a MCF-7a SKBR3a AsPC-1b BxPC-3b  SW1990b SW48c Caco2c  HCT116c MCF-10Ad 

1 7.4 ± 1.5* 9.2 ± 1.0* 9.3 ± 1.8* 10.6 ± 3.2* 17.6 ± 1.3 23.8 ± 3.6* 28.58 ± 3.7* 4.6 ± 0.5* 61.8 ± 4.2* 92.8 ± 6.9* 49.7 ± 2.7 

2 10.5 ± 1.7* 10.7 ± 1.4* 19.0 ± 4.3 23.6 ± 2.5 11.6 ± 0.5 23.0 ± 1.8 33.58 ± 2.7 ND ND ND 35.0 ± 1.2 

4 10.7 ± 1.6* 15.3 ± 0.5* 22.2 ± 2.9 33.9 ± 3.9 43.1 ± 5.2 >100 42.1 ± 1.3 ND ND ND 41.9 ± 8.4 

5-fluorouracil 
(positive 
control) 

70.6 ± 4.7 79.9 ± 2.1 23.9 ± 0.5 25.4 ± 5.7 35.2 ± 0.7 52.7 ± 1.1 45.4 ± 2.3 24.4 ± 1.3 35.4 ± 0.7 37.91 ± 0.2 44.6 ± 6.4 

a Human breast adenocarcinoma. 626 
b Human pancreatic adenocarcinoma.  627 

c Human colorectal adenocarcinoma. 628 

d Non-tumorigenic breast epithelial cell line. 629 

ND = Not determined. 630 

* Statistically significantly different from 5-fluorouracil (p < 0.05). 631 
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