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Cristina D. Cruz c , Päivi Tammela c , Sianne Schwikkard a,*

a School of Life Sciences, Pharmacy and Chemistry, Kingston University, London, KT1 2EE, United Kingdom
b Royal Botanic Gardens, Kew Green, Kew, Richmond, Surrey, TW9 3AE, United Kingdom
c Drug Research Program, Division of Pharmaceutical Biosciences, Faculty of Pharmacy, University of Helsinki, Viikinkaari 5E, 00790, Helsinki, Finland

A R T I C L E  I N F O

Keywords:
Croton scheffleri
Euphorbiaceae
Clerodane diterpenoids
Sesquiterpenoids
Fibroblast cell proliferation

A B S T R A C T

Kenyan Croton scheffleri has yielded nineteen compounds. The stem bark gave six undescribed ent-clerodane 
diterpenoids (1–4, 6 and 7), three undescribed sesquiterpene lactones (9, 11 and 12) and four known compounds 
(5, 8, 10 and 13). From the leaves six known compounds were identified, ayanin (14), pheophytin a (15), ferulic 
acid (16), 1,3,4-trihydroxybenzene (17), sitosterol (18), and podosterol (19). The structures of the compounds 
were determined using spectroscopic and spectrometric methods, NMR, IR, UV, polarimetry, ECD, HRESIMS, and 
GC-MS. The undescribed compounds were assessed against HIV-1 Reverse Transcriptase and both gram-positive 
bacteria Staphylococcus aureus 29213 and Enterococcus faecalis 29212, as well as gram-negative bacteria 
Escherichia coli 25922 and Pseudomonas aeruginosa 27853. Compounds 1, 4, 5, 6, 7, 10, 12 and 19 increased the 
proliferation of serum starved dermal fibroblast cells at a concentration of 100 nM. All compounds inhibited 
human dermal fibroblast cell proliferation at 100 μM, while compounds 1, 4 and 19 inhibited fibroblast pro
liferation at 10 μM.

1. Introduction

As part of continued study on the chemistry and pharmacological 
potential of African Croton species (Aldhaher et al., 2017; Isyaka et al., 
2020; Langat et al., 2008, 2018, 2011, 2012, 2016, 2020a, 2020b; 
Mulholland et al., 2010; Munissi et al., 2020; Ndunda et al., 2013, 2015, 
2016; Terefe et al., 2022a, 2022b, 2023) the chemistry of Kenyan Croton 
scheffleri Pax (Euphorbiaceae) and the investigation into the inhibition 
of HIV-1 Reverse Transcriptase, the activity against 2 g-positive and 2 
g-negative bacterial strains as well as the ability to increase serum 
starved human dermal fibroblast cell proliferation is reported. 
C. scheffleri is a shrub or small tree, that grows up to 12 m in height, 
predominantly in the seasonally dry tropical biome, restricted to Kenya, 
Malawi, and Zambia (Ngumbau et al., 2020). Croton is a large genus, 
with approximately 1300 species, in East Africa there are about 32 
species, and C. scheffleri is one of the 18 species that occur in Kenya. A 
decoction of the roots of C. scheffleri is used in northern Kenya to treat 
malaria and fever (Fern, 2021). In Kenya, other Croton species are also 
used in traditional medicinal systems, in some cases this includes 

bacterial infections and wound healing. For instance, C. dichogamus, is 
used for chest pain, respiratory difficulties and bacterial infections such 
as gonorrhea (Matara et al., 2021). C. sylvaticus is used for boils and 
swellings (Moremi et al., 2021; Lovett, 1993), and the sap of the young 
leaves is used to relieve ear infections (Moremi et al., 2021). Kenyan 
Croton species have been reported to predominantly yield diterpenoids, 
including ent-clerodanes (Guetchueng et al., 2018; Langat et al., 2008; 
Munissi et al., 2020; Ndunda et al., 2016; Terefe et al., 2022a), croto
folanes (Aldhaher et al., 2017; Kawakami et al., 2016; Terefe et al., 
2022a), cembranes (Mulholland et al., 2010; Xu et al., 2018), abietanes 
(Isyaka et al., 2020; Langat et al., 2020b; Ndunda et al., 2016; Sadgrove 
et al., 2019; Yang et al., 2011), trachylobanes (Munissi et al., 2020), 
kaurenes (Xu et al., 2018), tiglianes (Xu et al., 2018), and pimarenes 
(Isyaka et al., 2020; Rayanil et al., 2013; Xu et al., 2018).

In westernised societies, increasing life expectancy and obesity rates 
have resulted in an increasingly elderly population and higher rates of 
diabetes (Moses et al., 2023). These morbidities have in turn led to an 
increasing incidence of non-healing wounds such as diabetic ulcers, 
venous stasis ulcers and pressure ulcers (Moses et al., 2023). These 
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chronic wounds affect the mobility and quality of life of patients and 
impose significant economic costs on the healthcare systems responsible 
for treating them (Moses et al., 2023).

The plant family Euphorbiaceae is of particular interest to pharma
cognosists and ethnopharmacologists investigating natural products 
that have the potential to enhance wound healing. For example, in 
Papua New Guinea, ethnobotanical research indicates plants from the 
Euphorbiaceae family are often used as treatments for tropical ulcers 
and skin sores (Prescott et al., 2012). Furthermore, the Australian plant 
Fontainea picrosperma C.T.White (Euphorbiaecae) is the source of the 
compound tigilanol tiglate (Moses et al., 2020a,b) which is currently in 
development as a treatment for wound healing in vivo and believed to 
exert its effects by acting on fibroblasts and keratinocytes (Reddell et al., 
2021). The Euphorbiaceae family is also renowned as the source of 
phorbol esters such as the compound ingenol mebutate which has been 
used as a treatment for early-stage skin cancer (Lebwohl et al., 2012). 
Phorbol esters are known to act on protein kinase C and therefore are 
able to regulate cell proliferation.

Considering the association of Euphorbiaceae plants with derma
tology and wound healing applications, a logical starting point in the 
investigation of novel compounds from this family is to assay them for 
their ability to stimulate dermal fibroblast proliferation. In addition, an 
investigation into the inhibition of HIV-1 Reverse Transcriptase, pro
liferation of serum starved dermal fibroblast cells at a concentration of 
100 nM and antibacterial activity against Staphylococcus aureus 29213 
and Enterococcus faecalis 29212, as well as gram-negative bacteria 
Escherichia coli 25922 and Pseudomonas aeruginosa 27853 was carried 
out.

2. Results and discussion

The dichloromethane (DCM) and methanol (MeOH) extracts of the 
stem bark of C. scheffleri, and the DCM extract of the leaves of C. scheffleri 
were initially separated by flash column chromatography using silica gel 
(Merck 9385). Further purification was carried out using silica gel 
(Merck 7730, mesh 70–230) or Sephadex LH20. Some separations were 

achieved by preparative thin layer chromatography (PTLC). The stem 
bark extract of C. scheffleri yielded nine undescribed compounds (1–4, 6, 
7, 9, 11 and 12), and four previously described compounds (5, 8, 10 and 
13), whereas the leaf extracts of C. scheffleri provided six known com
pounds (14–19), (Fig. 1, Details of compound isolation and spectro
scopic Data in Supporting Information, S1, S2). The structures were 
characterised by their spectroscopic data, including NMR, HRESIMS, IR, 
UV, optical rotation and ECD (supporting information, S2). The known 
compounds crotodictyo C (5) (Munissi et al., 2020), ermiasolide C (8) 
(Terefe et al., 2022b), ermiasolide B (10) (Terefe et al., 2022b), and the 
indole alkaloid (13) (Aderogba et al., 2013) were isolated from 
C. megalocarpus and were identified by comparing the NMR data, 
HRESIMS, IR and ECD to the reported literature. Ayanin (14) (Yuan 
et al., 2017), pheophytin a (15) (Kurihara et al., 2014), ferulic acid (16) 
(Jayaprakasam et al., 2006), 1,3,4-trihydroxybenzene (17) (Li et al., 
2023), sitosterol (18) (Lizazman et al., 2023), and podosterol (19) (Liu 
et al., 2017) compared well to the reported literature. All NMR data for 
previously undescribed compounds can be found in Tables 1 and 2.

2.1. Characterisation of previously undescribed compounds

Crotoscheffleriolide A (1) was isolated from the MeOH extract of the 
bark of C. scheffleri as a yellow gum. The molecular formula was 
determined by HRESIMS as C20H22O7 with the [M+H]+ peak at m/z 
375.1433, (calcd 375.1444for [M+H]+). NMR data can be found in 
Tables 1 and 2. The IR spectrum showed absorption bands at 3459 cm− 1 

for O–H stretching, 3016 cm− 1 and 2958 cm− 1 for C–H stretches, 1771 
cm− 1 for the lactone carbonyl stretch and 1679 cm− 1 for a C––C bond 
stretch. The NMR data indicated a clerodane diterpene with a furan ring 
at C-12. Characteristic furan carbon peaks could be seen at δC 147.7 (C- 
16, H-16 at δH 8.10), δC 144.6 (C-15, H-15 at δH 7.42), δC 108.5 (C-14, H- 
14 at δH 6.71) and δC 127.4 (C-13). In addition, the 13C NMR spectrum 
showed a ketone at δC 191.9 (C-12) and two lactone carbonyl groups at 
δC 177.1 (C-20) and δC 176.3 (C-19). The presence of four methylene 
groups at 37.1 (C-11), 28.8 (C-6), 23.7 (C-2) and 20.0 (C-1), four 
methine groups at 81.6 (C-7), 37.9 (C-10), 46.5 (C-8) and 81.5 (C-3), 

Fig. 1. Clerodane diterpenoids and sesquiterpene lactones isolated from the bark of Kenyan C. scheffleri.
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three quaternary carbon atoms 75.7 (C-4), 52.2 (C-5) and 49.3 (C-9) and 
two methyl groups 14.6 (C-17) and 22.4 (C-18) were observed. The 1H 
NMR spectrum displayed a singlet at δH 4.78 integrating to 1H assigned 
to a hydroxy group (OH) at C-4. This peak showed no cross peak in the 
HSQC and correlated in the HMBC spectrum with C-3 (δC 81.5). Two 
protons at δH 4.50 (H-7) and δH 4.10 (H-3) correlated with HSQC with 
carbon peaks at δC 81.6 (C-7) and δC 81.5 (C-3). HMBC correlations 
between C-7 (δC 81.6) and H-17 (δH 0.94) and between C-3 (δC 81.5) and 
H-18 (δH 1.22) confirmed their assignments. COSY correlations could be 
seen between H-7 and H-6α and H-6β as well as between H-3 and H-1. 

HMBC correlations could be seen between the ketone at C-12 (δc 191.9) 
and H-11α (δH 3.36) and H-11β (δH 2.71); the lactone at C-20 (δc 177.1) 
and H-8 (δH 2.61) and H-10 (δH 3.26); the lactone at C-19 (δc 176.3) to 
H-10 (δH 3.26) and H-6β (δH 1.76). HMBC correlations could also be seen 
between the C-16 (δc 147.7) and H-15 (δH 7.42), between C-15 (δc 
144.6) and C-16 (δC147.7) and H-14 (δH 6.71), and between the fully 
substituted C-13 (δc 127.4) and C-14 (δc 108.5), with H-16 (δH 8.10) and 
H-15 (δH 7.42). The COSY spectrum showed coupling between the 
methyl group proton doublet H3-17(δH 0.94, J = 6.9 Hz) with H-8 (δH 
2.61). Coupling could also be seen between H-16 (δH 8.10) and H-15 (δH 

Table 1 
1H NMR (400 MHz, CDCl3) data for compounds 1–4, 6,7, 9 11 and 12 (J in Hz).

position 1 2 3 4 6 7 9 11 12

1 1.38 m 1.07 d (11.1) 1.72 m 1.96 dd (13.7, 4.7) 2.37 m 2.58 dd (4.6, 
12.6)

1.90 m 1.52 m 1.62 
d (5.4)

1.78 m 2.28 m 2.10 d (12.4) 1.11 dd (13.7, 6.4) 2.13 m 1.64 dd (12.9, 
4.6)

1.62 m 1.52 m 1.33 m

2 1.93 d (4.0) 2.09 d (14.4) 1.25 (s) 2.07 m 2.24 m 2.31 m 1.47 m 1.61 m 1.67 m
1.78 dd (14.4, 
1.4)

1.67 m 1.25 (s) 1.71 m 1.76 m 1.83 m 1.34 m 1.15 m 1.48 m

3 4.10 d (4.0) 2.93 dd (2.3, 
14.4)

2.99 (s) 2.93 d (6.4) 3.05 brs (W1/ 

2 = 4.7)
2.93 brs (W1/ 

2 = 4.0)
1.61 m 1.46 m 1.41 m

– – – – – – 1.17 s 1.35 m 1.41 m
4 – – – – – – 1.88 m 2.08 m 1.73 m
5 – – – – – – – – –
6 2.22 brs (W1/ 

2 = 8.9)
3.10 dd (4.9, 
12.5)

4.05 d (9.3) 5.21 d (0.8) 2.29 m 4.92 dd (11.8, 
3.8)

2.80 d (14.5) 2.27 d (16.4) 1.73 m, 
1.09 m

1.76 dd (14.4, 
2.9)

1.90 d (12.5) – – 1.32 m – 2.30 dd (3.1, 
14.5)

2.33 m –

7 4.50 d (2.9) 4.38 d (4.9) 4.40 brs (W1/2 =

2.8 Hz/ppm)
4.18 brs (W1/2 =

1.9 Hz/ppm)
5.12 dd (11.2, 
2.0)

2.48 m – – 2.40 m

– – – – – 1.65 m – – –
8 2.61 d (m) 2.67 m 2.72 m 2.84 m 2.09 dd (6.7, 

2.0)
1.74 m 4.93 m – 1.53 m

– – – – – – ​ ​ 1.53 m
9 – – – – – – 1.63 m 2.69 dd (1.0, 

16.3)
1.59 
d (4.4)

​ – – – ​ ​ 1.50 m 1.97 d (16.3) 1.02 m
10 3.26 d (18.1) 2.28 m 2.19 m 2.48 d (4.7) 1.53 m 1.40 dd (12.6, 

1.9)
– – –

11 3.36 d (19.2) 2.80 dd (19.3, 
2.3)

3.41 d (19.3) 3.50 d (19.5) 1.62 m 2.37 m – – –

2.71 d (19.2) 3.47 d (19.3) 2.87 d (19.3) 2.93 d (19.5) 1.28 m 2.29 m – – –
12 – – – – 2.42 m 5.39 dd (9.4, 

9.7)
– 2.08 s 4.72 

d (7.9)
– – – – 1.89 m – – – 4.72 

d (7.9)
13 – – – – – – 1.82 s 1.80 s 1.73 s
14 6.71 dd (1.8, 

0.8)
6.75 dd (1.8, 
0.7)

6.77 d (1.0) 6.77 dd (2.7, 1.0) 6.27 dd (1.8, 
0.9)

6.36 dd (0.7, 
1.8)

1.17 s 1.05 brs (W1/ 

2 = 2.4)
1.02 s

15 7.42 d (1.4) 7.45 t (1.7) 7.48 t (1.6) 7.47 dd (3.3, 0.3) 7.26 brs (W1/ 

2 = 0.5)
7.44 brs (W1/ 

2 = 2.8)
0.92 d (6.6) 0.94 d (6.7) 0.79 

d (6.6)
16 8.10 d (0.8) 8.13 brs (W1/ 

2 = 3.1)
8.14 brs (W1/2 =

3.2 Hz/ppm)
8.14 d (0.5) 7.38 dd (3.4, 

1.6)
7.41 dd (1.7, 
1.6)

– – ​

17 0.94 d (6.9) 0.93 d (6.9) 0.96 d (6.9) 0.97 d (6.9) 0.99 d (6.7) 0.99 d (6.4) – – ​
18 1.22 s 1.43 brs (W1/ 

2 = 1.8)
– 1.41 (s) 1.48 s 1.32 s – – ​

19 – – – – – – – – ​
20 – – – – – – – – ​
19-OCH3 – ​ ​ ​ – ​ – – ​
21-OCH3 ​ ​ ​ 3.81 (s) ​ 3.71 s ​ ​ ​
22 (C––O, 

Ac)
– ​ ​ ​ – – – – ​

22 (CH3, 
Ac)

– ​ ​ ​ 2.10 s – – – ​

23 (CH3, 
Ac)

​ ​ ​ ​ ​ 2.13 s ​ ​ ​

OH – ​ ​ ​ – – 3.83 s 3.85 s 3.53 s
1′ – ​ ​ – – – – – ​
2′ – ​ ​ 2.47 m – – – – ​
3′ – ​ ​ 1.24 d (7.0) – – – – ​
4′ – ​ ​ 1.82 m – – – – ​
​ – ​ ​ 1.54 m – – – – ​
5′ – ​ ​ 0.95 m – – – – ​
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7.42), and H-14 (δH 6.71) and H-15 (δH 7.42). The relative configuration 
of compound 1 was determined using the nuclear Overhauser effect 
(NOESY) spectroscopy. NOESY correlations could be seen between the 
OH group at C-4 and H-6α as well as between H3-18 and 6β and 2β. There 
was no correlation found between H3-18 and H3-17. This would suggest 
that the OH group at C-4 is on the same face of the molecule as H-6α and 
that H3-18 and H3-17 are on opposite sides of the molecule. H-3 also 
gave a correlation with H3-18, indicating that they are in proximity 
(Fig. 4). The absolute configuration was subsequently determined by 
ECD (Fig. 2) and established compound 1 as an ent-clerodane.

Crotoscheffleriolide B (2) was isolated as a colourless oil from the 
MeOH extract of the stem bark of C. scheffleri. HRESIMS gave a peak at 
m/z 389.1594 (calcd 389.1556 [M]+), indicating a molecular formula of 
C21H24O7 and ten degrees of unsaturation. The FTIR spectrum showed 
absorption bands at 3135 cm− 1 and 2955 cm− 1 for C–H stretches, at 
1777 cm− 1 indicating the presence of a carbonyl methyl ester stretch, at 
1742 cm− 1 for the C––O stretch of an aliphatic ester, 1721 cm− 1 for a 
C––O stretch of an aliphatic ketone, at 1672 cm− 1 for the C––C stretch, 
and 1158 cm− 1 for the C–O ester stretch. The 1H NMR spectrum revealed 
the presence of a furan ring with resonances at δH 6.75 (dd, J = 1.7, 0.8 
Hz), δH 7.45 (d, J = 1.7 Hz), and δH 8.13 (brs, W1/2 = 3.1 Hz), for H-14, 
H-15, and H-16 respectively; and two methyl group proton resonances at 
δH 1.43 (brs, W1/2 = 1.8 Hz) and δH 0.93 (d, J = 6.9 Hz), for H3-18, and 
H3-17 respectively. The 13C and DeptQ NMR spectra showed 21 carbon 
resonances, including one methoxy group, two methyl groups, four 
methylene groups, seven methine groups, and seven fully substituted 
carbon resonances. A carbon resonance at δc192.6 (C-12) indicated the 
presence of a ketone carbonyl group, while δc 177.8 (C-20) and δc 171.2 
(C-19) revealed the presence of a lactone group and a methyl ester. The 
four carbon resonances typical of a furan ring were present at δc 147.8 
(C-16), δc 144.7 (C-15), δc 127.4 (C-13), and δc 108.6 (C-14). The 
resonance at δc 81.4, typical of a carbon directly bonded to an oxygen 
atom was assigned to C-7 and the two carbon resonances at δc 61.9 (C-4) 
and 61.3 (C-3) showed the presence of an epoxy group at between C-3 

and C-4.
The HMBC NMR spectrum showed correlations between the ketone 

carbon resonance at δc 192.6 (C-12) and the two methylene proton 
resonances at δH 2.80 (dd, J = 19.3, 2.3 Hz, H-11α), and δH 3.47 (d, J =
19.3 Hz, H–11β). The corresponding carbon resonance for H2–11 was 
assigned using the HSQC/DEPTQ spectrum as occurring at δc 37.9. 
Correlation between the lactone carbon resonance at δc 177.8 (C-20) and 
the proton resonances at δH 4.38 (d, J = 4.9 Hz, H-7), δH 2.80 (dd, J =
19.3, 2.30 Hz, H–11α) and δH 2.67 (m, H-8) where observed in the 
HMBC. The HSQC/DEPTQ spectrum assigned the corresponding carbon 
resonances for H-7 and H-8 at δc 81.4 and δc 49.4, respectively. The 
HMBC correlations between the methyl ester carbonyl group at δc 171.2 
(C-19) and the methine proton resonance at δH 2.28 (H-10, m), the 
methylene resonance at δH 2.28 (H-1β, m) and the methylene resonance 
at δH 1.90(d, J = 12.5 Hz, H-6β) were likewise observed. The corre
sponding carbon resonances for H-10, H2-1, and H2-2 were assigned 
using the HSQC/DEPTQ spectrum, as δc 47.9, δc 17.0 and δc 26.8, 
respectively. The epoxy group carbon resonances at δc 61.9 (C-4) and δc 
61.7 (C-3) showed a correlation in the HMBC spectrum with the methyl 
resonance at δH 1.43 (brs, W1/2 = 1.80 Hz/ppm, H3-18), the resonance at 
δH 2.09 (d, J = 14.4 Hz, H-2α), and the resonance at δH 1.07 (d, J = 11.1 
Hz, H-1α). The corresponding carbon resonances for H3-18, H2-2, and 
H2-1 were determined by HSQC to be δc 20.6, δc 26.8, and δc 17.0, 
respectively. C-18 (δc 20.6) was correlated in the HMBC spectrum to the 
multiplet at δH 1.67 (H-2β) and to δH 1.07 (d, J = 11.1 Hz, 2H-1α). The 
corresponding carbon resonances for H2-2 and H2-1 have been observed 
in the HSQC/DETQ spectrum as δc 26.8 and δc 17.0, respectively. The 
methyl group at δH 0.93 (d, J = 6.9 Hz, 3H-17) was correlated in the 
HMBC spectrum to C-7 (δc 81.4) and C-8 (δc 49.4). Coupling between the 
furan proton peaks was seen in the COSY spectrum. The methine proton 
at δH 2.67 (m, H-8) is coupled to the methyl group proton resonance at 
δH 0.93 (H3-17). While the methylene protons at δH 2.80 (dd, J = 19.3, 
2.30 Hz, Н-11α) and δH 3.47 (d, J = 19.3 Hz, H-11β) are coupled to each 
other. Coupling in the COSY can also be seen between δH 3.10 (dd, J =

Table 2 
13C NMR (400 MHz, CDCl3) data for compounds 1–4, 6, 7, 9,11, and 12.

position 1 2 3 4 6 7 9 11 12

1 20.0 CH2 17.0 CH2 26.2 CH2 16.9 CH2 17.3 CH2 17.6 CH2 42.0 CH2 21.1 CH2 35.2 CH2

2 23.7 CH2 26.8 CH2 29.7 CH2 27.0 CH2 25.4 CH2 27.4 CH2 30.2 CH2 35.2 CH2 20.8 CH2

3 81.5 CH 61.7 CH 62.7 CH 62.6 CH 62.3 CH 61.5 CH 34.4 CH2 30.6 CH2 30.5 CH2

4 75.7 C 61.9 C 51.8 C 53.6 C 59.4 C 60.8 C 34.8 CH 23.9 CH 34.5 CH
5 52.2 C 51.1 C 52.5 C 50.1 C 52.5 C 50.4 C 76.8 C 74.2 C 75.1 C
6 28.8 CH2 37.8 CH 76.0 CH 74.5 CH 36.6 CH2 74.6 CH 33.6 CH2 38.2 CH2 35.8 CH2

7 81.6 CH 81.4 CH 88.7 CH 84.8 CH 71.6 CH 34.4 CH2 160.4 C 128.9 C 40.3 CH
8 46.5 CH 49.4 CH 46.6 CH 47.2 CH 34.1 CH 38.8 CH 78.4 CH 203.2 C 26.2 CH2

9 49.3 C 48.7 C 50.2 C 50.3 C 49.3 C 52.2 C 20.2 CH2 52.6 CH2 34.8 CH2

10 37.9 CH 47.9 CH 44.5 CH 47.1 CH 42.6 CH 52.5 CH 39.2 C 39.3 C 37.1 C
11 37.1 CH2 37.9 CH2 37.6 CH2 37.9 CH2 17.7 CH2 41.6 CH2 123.4 C 147.2 C 150.9 C
12 191.9 C 192.6 C 192.2 C 192.2 C 29.9 CH2 71.6 CH 175.0 C 23.1 CH3 108.6 CH2

13 127.4 C 127.4 C 127.4 C 127.4 C 123.4 C 125.4 C 8.5 CH3 35.1 CH3 21.1 CH3

14 108.5 CH 108.6 CH 108.3 CH 108.6 CH 110.8 CH 108.2 CH 20.8 CH3 22.3 CH3 20.6 CH3

15 144.6 CH 144.7 CH 144.6 CH 144.8 CH 138.9 CH 139.8 CH 15.3 CH3 15.2 CH3 15.1 CH3

16 147.7 CH 147.8 CH 147.6 CH 147.8 CH 143.6 CH 144.3 CH – – –
17 14.6 CH3 14.9 CH3 14.4 CH3 14.3 CH3 16.2 CH3 16.3 CH3 – – –
18 22.4 CH3 20.6 CH3 22.1 CH3 21.2 CH3 23.0 CH3 23.0 CH3 – – –
19 176.3 C 171.2 C 171.2 C 169.3 C 168.4 C 168.6 C – – –
20 177.1 C 177.8 C 177.7 C 177.4 C 163.4 C 175.2 C – – –
21 ​ 50.9 CH3 ​ 51.8 CH3 ​ – ​ ​ ​
19-OCH3 – – – – – – – – –
21-OCH3 – – – – – 51.2 CH3 ​ ​ ​
21 (C––O, Ac) – – – – 170.3 C – – – –
22 (C––O, Ac) – – – – – 171.3 C ​ ​ ​
22 (CH3, Ac) – – – – 21.7 CH3 ​ – – –
23 (CH3, Ac) – – – – – 22.1 CH3 ​ ​ ​
1′ – ​ ​ 175.9 C – – – – –
2′ – ​ ​ 41.9 CH – – – – –
3′ – ​ ​ 16.4 CH3 – – – – –
4′ – ​ ​ 26.5 CH2 – – – – –
5′ – ​ ​ 11.9 CH3 – – – – –
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4.9, 12.5 Hz, H-6α) and δH 4.35 (d, J = 4.9 Hz, H-7), the methylene 
proton at δH 2.09 (d, J = 14.4 Hz, H-2α) and δH 1.67 (m, H-2β), and 
between δH 1.07 (d, J = 11.1 Hz, H-1α). Relative stereochemistry was 
established using NOESY spectroscopy with correlations noted between 
H-11α and the methoxy group of the methyl ester at C-19, as well as H3- 
17, indicating that they are all on the same face of the molecule. H-7 
correlates with H-6β and H-10 with H-2β, indicating that they are on the 
same face of the molecule. NOESY correlations could also be seen be
tween H3-18 and H-3 as well as H-6α, indicating that they were on the 
same side of the molecule (Fig. 4). The absolute configuration was 
determined by ECD and the experimental curve matched the calculated 
trace for the ent-clerodane skeleton (Fig. 2).

Crotoscheffleriolides C (3) and D (4) both share the same basic 
skeleton as crotoscheffleriolide B (2). Both are clerodane diterpenoids 
with a ketone at C-12 (δc 192.2 for both compounds), a lactone at C-20 
(δc177.7 and δc 177.4 respectively), a furan at C-12 and an epoxide 
between C-3 and C-4 (δc 62.7 and 51.8 for crotoscheffleriolide C and δc 

62.6 and 53.6 for crotoscheffleriolide D). Crotoscheffleriolide C (3) 
differed from Crotoscheffleriolide B (2) in that a hydroxy group was 
present at C-6 (δc 76.0, δH 4.05, d, J = 9.3) and a carboxylic acid group at 
C-19 (δc 171.2). HSQC correlations could be seen between H-6 and a 
peak at δc 76.0 (C-6). A peak at δH 3.74, with no correlation in the HSQC, 
was assigned to the OH group at C-6. An HMBC correlation could be seen 
between this OH group and C-7 (δc 88.7). NOESY spectroscopy 
confirmed that H3-18, H-3 and H-6 were all on the same face of the 
molecule in addition to a correlation being noted between H-7 and H-8, 
indicating that they were likewise on the same face of the molecule. The 
formula for Crotoscheffleriolides C (3) has a molecular formula 
ofC20H22O8 as determined by NMR. The HREIMS gave m/z 389.1594 
(calcd [M-H]+ m/z 389.1236). This lies outside the 5 ppm difference 
required for HRMS, but the NMR data remains convincing. Crotoschef
fleriolides D (4) contained a methyl ester at C-19 (δc 169.3) and a 2- 
methylpropanoate group at C-6 (δc 74.5). A methoxy methyl group 
proton resonance was clear at δH 3.81, and this correlated in the HSQC to 

Fig. 2. ECD spectrum for compounds 1, 2, 4, 6, 7, and 9.
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the carbon resonance at δc 51.8. An HMBC correlation could be seen 
between the methoxy methyl group proton resonance (δH 3.81) and C-19 
(δc 169.3). Additional HMBC correlation could be seen between C-19 
and H-6 (δH 5.21, d, J = 0.80 Hz). The carbonyl group of the 2-methyl
propanoate group correlated in the HMBC spectrum with H-6 (δH 5.21) 
and H-21, the methoxy methyl group proton resonance (δH 3.81), con
firming its position at C-6. In addition, COSY correlations could be seen 
between H-2’ (δН 2.47, m) and H-3’ (δН 1.24, d, J = 7.04 Hz) as well as 
between H-2′ and Н-4’ (δН 1.54 m) and between Н-5’ (δН 0.95 m) and H- 
4α’ (δH 1.82 m) and H-4′β (see Fig. 3). NOESY correlations were noted 
between H-11α and the methyl ester methyl group as well as between H- 
6 and H-8, H3-18 and H3-17 and H3-18 and H-3. This would suggest the 
same relative stereochemistry as crotoscheffleriolide C (3). The molec
ular formula for Crotoscheffleriolide D (4) of C26H32O9 was confirmed 
by HREIMS with [M+H]+ m/z 489.2119 (calcd 489.2125for [M+H]+). 
Absolute configuration for crotoscheffleriolide D (4) was confirmed by 
ECD (Fig. 2). Due to small amounts, the ECD was not recorded for cro
toscheffleriolide C (3), but it was determined to be an ent-clerodane 
based on similarity of relative stereochemistry to crotoscheffleriolides D 
(4).

Crotoscheffleriolide E (6) had the same basic clerodane skeleton as 
Crotodictyo C (5) (Munissi et al., 2020), isolated from Croton dictyo
phlebodes, with the addition of an acetate group at C-7. HREIMS 

confirmed a molecular formula of C22H28O8 with an [M+H]+ peak at 
m/z 421.1855 (421.1862 calcd for [M+H]+). As seen with compounds 
2, 3, 4 and 5, compound 6 had an epoxide at carbon 3 and 4 (δC 62.3 and 
59.4 respectively), a furan at C-12 (C-13 δC 123.4, C-14 δC 110.8, C-15 δC 
138.9 and C-16 δC143.6) and like compound 3 a carboxylic acid group at 
C-19 (δC 168.4). The absence of the lactone at C-20 was noted due to the 
absence of the lactone carbonyl peak typically found between δC 177.1 
and δC 177.8. Instead, a carboxylic acid carbonyl peak was seen at δC 
163.4 (C-20). HMBC correlations between C-20 and H-7 (δH 5.12) and 
C-20 and H-10 (δH 1.53) confirmed this assignment. The acetate at C-7 
was confirmed by the presence of the acetate carbonyl group carbon 
resonance (C-21) at δC 170.3 and the acetate methyl group carbon peak 
(C-22) at δC 21.7 (δH 2.10, s). HMBC correlations were seen between 
C-21 and H-22 as well as between C-22 (δC 21.7) and H-6α (δH 2.29). 
Unlike the previously described compounds, no ketone was noted at 
C-12 due to the absence of the ketone carbonyl carbon resonance at 
δC192. This was replaced by a methylene resonance at δC 29.9 (δHα 2.42, 
δHβ 1.89). HMBC correlations could be seen between C-12 and H3-17 (δH 
0.99, d, J = 6.7 Hz). NOESY correlations could be seen between H3-18 
and H-3 as well as between H3-18 and H-7, confirming the relative 
stereochemistry at C-7 as beta. NOESY correlations were also noted 
between H-6β and H-1β as well as H3-17 and H-12α (Fig. 4). Absolute 
configuration was confirmed by ECD (Fig. 2).

Fig. 3. HMBC and COSY correlations for compounds 1, 2, 3, 4, 6, 7, 9, 11 and 12.
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HREIMS indicated a molecular formula of C23H28O8 for Crotoschef
fleriolide F (7) with [M+H]+ at m/z 433.1857 (calcd for [M+H]+ m/z 
433.1862). Changes in the chemical shifts for the furan carbon and 
proton resonances (see Tables 1 and 2), together with the presence of a 
lactone carbonyl resonance at δC 175.2, suggested a spirocyclic lactone 
at C-9. This was confirmed by HMBC correlations between C-20 and H- 
2α (δH 2.31) and H-10 (δH 1.40). In addition, H-12 was noted at δH 5.39. 
HMBC correlations between H-12 and C-13 (δC 125.4), C-14 (δC 108.2) 
and C-15 (δC 139.8) further confirmed the presence of the lactone. As 
seen previously, an epoxide was present between C-3 and C-4 (δC 61.5 
and δC 60.8 respectively) and a methyl ester at C-19 (δC168.6 and δC 
51.2 for the carbonyl carbon resonance and the methyl ester methyl 
group carbon resonance respectively). HMBC correlations could be seen 
between C-19 (δC 168.6) and H-6 (δH 4.92), the methoxy group (δH 3.71) 
and Н-10 (δH 1.40). An acetate group was seen at C-6 (δC 74.6, δH 4.92). 
The acetate carbonyl carbon resonance (C-22, δC 171.3) correlated in the 
HMBC to the acetate methyl group protons (δH 2.13, s) as well as to H-6 
(δH 4.92). HMBC correlations could be seen between H3-17 and C-5 (δC 
50.4), C-8 (δC 38.8) and C-7 (δC 34.4). NOESY correlations between H-6 
and H-8 suggested that they were on the same side of the molecule, with 
a correlation between H3-23 (δH2.13) and H-14 (δH 6.36) suggesting 
likewise. Correlations were also noted between H3-18 and H-3 (Fig. 4). 
Absolute configuration was determined by ECD (Fig. 2).

The sesquiterpene crotoscheffleriune G (9) was isolated as a white 
powder from the MeOH extract of the stem bark C. scheffleri. The 

HRESIMS yielded a [M+H]+ peak at m/z 251.1647 (calcd 251.1647), 
indicating a molecular formula C15H23O3 and five degrees of unsatura
tion. The FTIR spectrum showed absorption bands at 3490 cm− 1 for an 
O–H stretch, at 2931 and 2859 cm− 1 for -C-H alkyl stretches, at 1736 
cm− 1 for a lactone group, at 1681 cm− 1 for an alkene stretch and at 
1034 cm− 1 for a C–O stretch.

The 13C and DeptQ NMR spectra showed the presence of fifteen 
carbon resonances with three methyl groups, five methylene groups, two 
methine groups and five fully substituted carbon resonances. The three 
methyl groups proton resonances at δH 1.17 (s), δH 0.92 (d, J = 6.6 Hz), 
and δH 1.82 (s), were assigned to H3-14, H3-15, H3-13 respectively. The 
full substituted carbon resonance at δc 175.0 (C-12) indicated the 
presence of a lactone group, while the two full substituted carbons 
resonances at δc 123.4 (C-11) and δc 160.4 (C-7) were attributed to the 
olefinic bond. The 1H NMR spectrum showed the presence of the CO 
group with a resonance at δH 4.93 (m) for H-8 (C-8 at δc 78.4) An hy
droxy group (OH) resonance at δH 3.83 (s), was identified by the lack of a 
corresponding cross peak in the HSQC spectrum. A fully substituted 
carbon resonance at δc 76.8 was assigned to C-5 and the hydroxy group 
was placed at C-5 due to HMBC correlations between this hydroxy group 
resonance (δH 3.83) and C-10 (39.2), C-5 (δc 76.8) and C-6 (δc 33.6). The 
HMBC spectrum, showed the correlation between the carbon resonance 
of lactone δc 175.0 (C-12) and the methyl group proton resonance δH 
1.82 (s) (H3-13), the corresponding carbon resonance for H3-13 was 
assigned using the HSQC/DEPTQ spectrum and found to be at δc 8.5. The 

Fig. 4. NOESY correlations for compounds 1, 2, 3, 4, 6, 7, 9, 11 and 12.
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olefinic carbon resonance at δc 123.4 (C-11) was correlated in the HMBC 
to three protons resonances at δH 2.80 (d, J = 14.5 Hz, H-6α), δH 2.30 
(dd, J = 3.1, 14.5 Hz, H-6β), and δH 1.82 (s, H3-13), the corresponding 
carbons resonances for H2-6 and H3-13was assigned by HSQC/DEPTQ 
spectrum and occurred at δc 33.6 for C-6 and δc 8.50 for C-13 respec
tively. The olefinic carbon resonance at δc 160.4 (C-7) was correlated in 
the HMBC to the proton resonance δH 1.82 (s, H3-13); the methine 
carbon resonance at δc 78.4 (C-8) was correlated to two protons reso
nances δH 2.80 (d, J = 14.5 Hz, H-6α) and δH 1.63 (m, H-9α), where the 
corresponding carbon resonance for H2-9 was assigned by HSQC/ 
DETPQ as δc 20.2. The fully substituted carbon resonance at δc 39.2 (C- 
10) correlated in the HMBC spectrum to four protons resonances at δH 
1.17 (s, H3-14), δH 1.61 (m, H-3α), δH 1.17 (s, H-3β) and δH 2.80 (d, J =
14.5 Hz, H-6α); the methylene carbon resonance at δc 42.0 (C-1) was 
correlated to two proton resonances at δH 1.17 (s, H3-14), and δH 1.17 (s, 
H-3β); while the methine carbon resonance at δc 34.8 (C-4) was corre
lated to the methyl group at δH 0.92 (d, J = 6.6 Hz, H3-15). The meth
ylene group at δc 33.6 (C-6) was correlated to the methyl group at δH 
0.92 (d, J = 6.6 Hz, H3-15); while the methylene group at δc 34.4 (C-3) 
was correlated to two protons resonances at δH 1.17 (s, H-3β), and at δH 
0.92 (d, J = 6 Hz, H3-15). The methyl group at δc 20.8 (C-14) was 
correlated to three protons resonances at δH 0.92 (d, J = 6.6 Hz, H3-15), 
δH 1.63 (m, H-9α), and δH 1.34 (H-2β).

The COSY spectrum showed coupling between the methine group at 

δH 4.93 (m, H-8) and the two protons resonances at δH 1.63 (m, Hα-9), 
and δH 2.80 (d, J = 14.5 Hz, H-6α); while the methylene group at δH 1.63 
(m, H-9α) was coupled to three protons resonances at δH 4.93 (m, H-8), 
δH 1.17 (H3-14), and δH 1.90 (m, H-1α). The methine group at δH 1.88 
(m, H-4) was coupled to the methyl group at δH 0.92 (d, J = 6.6 Hz, H3- 
15); while the methylene group at δH 1.61 (m, H-3α) was coupled to four 
protons resonances at δH 1.17 (s, H-3β), δH 1.90 (m, H-1α), δH 1.88 (m, 
H-4), and δH 1.34 (m, H-2β). The proton at δH 1.47 (m, H-2α) was 
coupled to δH 1.62 (m, H-1β); The relative stereochemistry was 
confirmed by NOESY spectroscopy. A correlation was seen between H-8 
(δH 4.93) and H-4α, H-9α and H-3α. A correlation was noted between H3- 
14 (δH 1.17) and H-4 (δH 1.88) and there was no correlation between the 
hydroxy group at C-5 with any of the above-mentioned proton peaks, 
confirming the orientation as β (Fig. 4). The absolute configuration was 
determined by ECD and the experimental trace compared well with the 
calculated trace for CrotoScheffleriune G (9) (Fig. 2).

Ermiasolide C (8) and ermiasolide B (10) (Terefe et al., 2022b) were 
both isolated previously from the Kenyan Croton megalocarpus and the 
data compares well with that reported by Terefe et al. (2022b).

Crotoscheffleriune H (11) was isolated as an oily pale-yellow sub
stance. The molecular formula was confirmed as C15H24O2, m/z 
237.1851 [M+H]+ (calculated[M+H]+, m/z 237.1854). The FTIR 
spectrum showed the absorption bands for a hydroxy group stretch at 
3475 cm− 1, a CH stretch at 2927 and 2856 cm− 1, and a ketone carbonyl 
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Fig. 5. Effect of compounds crotoscheffleriolide A (1), crotoscheffleriolide D (4), crotodictyo C (5), crotoscheffleriolide E (6), crotoscheffleriolide F (7) and TGF-β on 
serum starved normal dermal fibroblasts at 72 h. Error bars indicate standard deviation based on data analysis from n = 4 replicates. DMSO % indicates % v/v of 
DMSO solvent vehicle controls, comparisons of each compound were made with the corresponding DMSO control. Multiplicity adjusted p values: crotoscheffleriolide 
A (1), ***p 0.0006, ***p 0.0004, **p 0.0021. Crotoscheffleriolide D (4), ****p < 0.0001, *p 0.0191. Crotodictyo C (5) ****p < 0.0001, **p 0.0048. Crotoschef
fleriolide E (6), ****p < 0.0001, *p 0.0132. Crotoscheffleriolide F (7) ****p < 0.0001, ***p 0.0006. For TGF-β, changes in cell number were compared to cells treated 
with a water control.
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group at 1717 cm− 1. The 13C NMR spectrum showed fully substituted 
carbon resonances for a ketone carbonyl group at δc 203.2 (C-8), for two 
olefinic carbon resonances at δc 128.9 (C-7) and δc 147.2 (C-11) and a 
carbon with a hydroxy group at δc 74.2 (C-5), along with four methyl 
groups at δc35.1 (C-13, δH 1.80, s, H3-13), δc23.1 (C-12, δH 2.08, s, H3- 
12), δc 15.2 (C-15, δH 0.94 d, J = 6.7 Hz, H3-15) and δc 22.3 (C-14, δH 
1.05 s, H3-14) and five methylene groups at δc38.2 (C-6), δc 21.1 (C-1), 
δc35.2 (C-2), δc 30.6 (C-3), δc 52.6 (C-9). HMBC correlations were clear 
between C-7 and C-11 and both H3-13 (δH 1.80) and H3-12 (δH 2.08). 
The position of the carbonyl group at C-8 (δc 203.2) was confirmed by 
the HMBC correlations with H-9α and H-9β, with H-9α also showing 
correlations with C-11 (δc 147.2). H3-15 correlated with C-3 (δc 30.6) 
and H3-14 with C-2 (δc 35.2), C-5 (δc 74.2) and C-10 (δc 39.3). NOESY 
correlation could be seen between H3-15 (δH 0.94) and H3-13 (δH 1.80), 
as well as between H3-12 (δH 2.08) and H3-13 (δH 1.80) and H-9α (δH 
2.69) and H-9β (δH 1.97) (Fig. 4).

Crotoscheffleriune I (12) differed from the compound 11 in that the 
ketone at C-8 was now a methylene group (C-8, δC 26.2, 2H-8 at δH 1.53) 
and the fact that the double bond between C-7 and C-11 in compound 
11, was now between C-11 (δC 150.9) and C-12 (δC 108.6, H2-12 at δH 
4.72, d, J = 7.9 Hz). In addition, 3 further methyl groups were present, 
H3-14 (δC 20.6, δH 1.02), H3-15 (δC 15.1, δH 0.79, d, J = 6.6 Hz)_and H3- 
13 (δC 21.1, δH 1.73). A hydroxy group was found to be present at C-5 (δC 
75.1). The OH peak was located at δC 3.53 (s) as shown by no cross peak 
in the HSQC when the sample was run in DMSO. Clear HMBC correla
tions between C-5 (δC 75.1) and H3-14 (δH 1.02) and H3-15 (δH 0.79, d, J 
= 6.6 Hz) were observed. In addition, HMBC correlations were seen 
between H3-13 (δH 1.73) and C-11 (δC 150.9) and between H3-13 (δH 
1.73) and C-12 (δC 108.6). The relative stereochemistry was determined 
by NOESY spectroscopy. Correlations could be seen between H3-13 and 
H3-15, suggesting that these groups are on the same face of the molecule. 
A correlation was noted between H3-15 and the OH group at C-5, sug
gesting that these were on the same face of the molecule. Limited 
compound quantities prevented the acquisition of an ECD to establish 
absolute configuration, but relative stereochemistry established by 
NOESY spectroscopy would suggest the same absolute configuration as 
seen in compounds 8, 9, 10 and 11. The base peak obtained by HRMS 
was noted at m/z 217.1585 [M-5]+, (calcd [M-5]+, m/z 217.1592).

2.2. The effects of the test compounds on serum starved human dermal 
fibroblast cells

Fibroblasts from chronic wounds are known to exhibit significantly 
impaired proliferative and migratory responses compared to those 
derived from healthy skin. This is believed to be a consequence of 
enhanced cellular senescence within the chronic wound environment 
(Wall et al., 2008). A hallmark of chronic non-healing wounds is a 
prolonged inflammatory phase resulting from the activities of neutro
phils and M1 macrophages which prevents progression of the wound to a 
healing phase. The chronic wound environment is characterised by 
increased protease activity due to the expression of 
matrix-metalloproteinases (MMPs) and higher level of oxidative stress 
due to the presence of reactive oxygen species (ROS) (Wall et al., 2008). 
The high levels of MMPs and ROS has detrimental effects on wound fi
broblasts which become senescent and exhibit a slowed growth rate. 
Fibroblast dysfunction is thought to be connected to irreversible growth 
arrest or replicative senescence (Wall et al., 2008). Compounds that 
increase the proliferation of dermal fibroblasts may prove effective as 
topical treatments for chronic non-healing wounds (Moses et al., 2020a, 
b). The application of recombinant growth factors to chronic wounds, 
including fibroblast growth factor, has been proposed as a treatment 
option, but their susceptibility to proteases in the chronic wound envi
ronment has limited their clinical efficacy (Yamakawa and Hayashida, 
2019).

The effects of the test compounds on serum starved human dermal 
fibroblast cells were examined, using live cell cytometry to count cells 

before addition of test compounds and again at 72 h. Cells treated with 
the positive control TGF-β exhibited increased cell proliferation as ex
pected. Compounds crotoscheffleriolide D (4), crotoscheffleriolide F (7), 
crotodictyo C (5), crotoscheffleriolide A (1), crotoscheffleriolide E (6), 
ermiasolide B (10), crotoscheffleriune I (12) and podosterol (19) all 
induced increased proliferation at 100 nM concentration (Fig. 5, S3). 
Interestingly, this concentration would be expected to be easily achieved 
if the plant extract were applied directly to a non-healing ulcer. At 
higher concentrations many of the compounds acted to inhibit cell 
proliferation. Indeed, all the compounds inhibited cell proliferation at 
100 μM. Furthermore, crotoscheffleriolide A (1), crotoscheffleriolide D 
(4) and podosterol (19) all inhibited fibroblast proliferation at 10 μM.

Compounds crotoscheffleriolide D (4), crotoscheffleriolide F (7), 
crotodictyo C (5), crotoscheffleriolide A (1), crotoscheffleriolide E (6), 
ermiasolide B (10), crotoscheffleriune I (12) and podosterol (19) should 
all be investigated further using transcriptomics to help understand the 
mechanisms of action by which they stimulate fibroblast proliferation.

2.3. Assessment of test compounds for anti-bacterial activity

Initial compound screening for antibacterial activity was performed 
against four clinical bacterial strains, 2 g-positive, Enterococcus faecalis 
and Staphylococcus aureus and 2 g-negatives, Escherichia coli and Pseu
domonas aeruginosa, and growth inhibition determined. Samples (DCM 
and MeOH extracts of both stem bark and leaves) and pure compounds 
(1, 2, 4–13 and 19) were resuspended in 100% DMSO (VWR) at 200 
mg/mL and 10 mg/mL and tested at a final concentration of 1 mg/mL 
and 50 μg/mL, respectively. Due to limitation of sample amount, pure 
compounds 3 and 11 were tested only against S. aureus and E. faecalis.

Compounds and extracts were found to be inactive against the bac
terial strains tested. In initial screening assays of extracts from twigs and 
leaves of C. scheffleri sample precipitation was observed when added 
into aqueous assay medium, thus resulting in falsely higher absorbance 
measurements at initial time point. Consequently, when bacteria growth 
inhibitions were calculated, after 24 h of incubation, they were 
mistakenly overestimated (Figs. 6 and 7). Visual assessments were also 
taken in parallel, confirming the lack of antibacterial activity of samples.

Fig. 6. Screening of extracts Croton scheffleri bark DCM and MeOH (CS–B-DCM 
and CS-B-MeOH) and Croton scheffleri leaves DCM and MeOH (CS-L-DCM and 
CS-L-MeOH) at 1 mg/mL against 2 g-positive (Staphylococcus aureus ATCC 
29213 and Enterococcus faecalis ATCC 29212) and 2 g-negative (Escherichia coli 
ATCC 25922 and Pseudomonas aeruginosa ATCC 27853) bacterial strains. Ex
periments were performed once in triplicate for each strain. Bars indicate 
average with respective standard deviation.
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2.4. Assessment of test compounds against HIV-1 reverse transcriptase

Previously undescribed compounds and extracts were found to be 
inactive when assessed for their ability to inhibit HIV-1 reverse tran
scriptase and they were inactive at 50 mM against FM-55 M1 melanoma 
cells.

3. Concluding remarks

Nineteen compounds have been isolated and characterised from the 
Kenyan Croton schefflera. Of these compounds, the bark yielded six 
previously undescribed compounds and four known compounds, while 
the leaves yielded six known compounds. The structures of the com
pounds were determined using spectroscopic and spectrometric 
methods, NMR, IR, UV, polarimetry, ECD, HRESIMS, and GC-MS. 
Compounds 1, 4, 5, 6, 7, 10, 12 and 19 increased proliferation of 
serum starved dermal fibroblast cells at a concentration of 100 nM and 
may have future application for wound healing purposes.

4. Experimental section

4.1. General experimental procedures

NMR spectra were obtained using a Bruker ADVANCE III 400 MHz 
spectrometer. All spectra were recorded in deuterated chloroform 
(CDCl3) and calibrated at a chemical shift of δ 7.26 ppm in the 1H NMR 
spectrum and δ 77.23 ppm in the 13C NMR spectrum. The presence of 
hydroxy groups was confirmed by recording spectra in deuterated 
DMSO calibrated to δ 2.50 ppm in the 1H and at δ 39.51 ppm in the 13C 
NMR spectra. The NMR spectra were processed using the Brucker NMR 
Topspin software 4.1.3.

HRMS was obtained using a Vanquish UHPLC system connected to a 
100 Hz photodiode array detector (PDA), an Orbitrap Fusion Tribrid 
(Thermo Scientific) high-resolution tandem mass spectrometer. Chro
matographic separation (5 μL) was carried out on a C18 column Luna 
(150 mm × 3 mm i.d., 3 μm, Phenomenex, Torrance, CA, USA) operating 
a mobile phase gradient of 0:90:10 to 90:0:10 (MeOH (A): H2O (C): 
CH3CN + 1% formic acid (D)) over 60 min. Thus, 90% A was held for 10 

min and returned to the start conditions for up to 5 min at 30 ◦C (flow 
rate: 400 μL/min). UV detection was effectuated between 210 and 550 
nm. Mass spectrometry detection was compiled in both the positive and 
negative ionisation modes with the full scan and data dependent MS2 

and MS3 acquisition modes. Samples were dissolved in methanol for 
analysis.

IR spectra were obtained using a Thermo Scientific Nicolet IS5 FT- 
NIR Spectrometer at Kingston University or a PerkinElmer Universal 
ATR Accessory FT-NIR Spectrometer at Jodrell Laboratory, Kew 
Gardens.

UV–Visible spectra were obtained using an Agilent spectrophotom
eter. The solvent used was methanol and concentrations ranged from 
0.0056 to 0.47 mg/mL.

Optical rotation was measured using a ADP220 Bellingham + Stan
ley Ltd. The concentrations were determined to calculate the specific 
rotation ([α]T

λ = (αT
λ)/l x c). The temperature was 20–25 ◦C, the wave

length λ in the sodium D-line, the path length l = 0.1 dm, and the con
centration in g/100 mL. The ECD spectra were measured on an Applied 
Photophysics Chirascan CD spectrometer at the Department of Chem
istry, University of Surrey, Guildford, using a 1 mm cell at room tem
perature. The pure compounds were diluted in acetonitrile (CH3CN).

TLC was done using Merch KGaA, 64271 Silica gel 60 F254 
Aluminium backed plates (20 × 20 cm) obtained from Merck, Poole 
Dorset. Purity of compounds was determined by NMR (Supplementary 
data S2).

4.2. Plant material

Croton scheffleri Pax LMPM 2019/002 (500 g) was collected from 
Kibwezi, Voi Kibwezi, and Chyulu. The plant was identified by the 
taxonomist of the Department of Botany, University of Nairobi.

4.3. Extraction and isolation

The collected bark and leaves of C. scheffleri were kept in the dark 
and dried to avoid the decomposition of its phytochemical components 
under sunlight. The dried bark and leaves were powdered and separately 
immersed in dichloromethane (DCM) for 48 h at room temperature, 
followed by methanol for 48 h. Each extract was filtered and then 
concentrated using a rotary evaporator. The evaporated extracts were 
weighed and stored at +4 ◦C until further analysis.

The dichloromethane extract (3.22 g) of the bark of C. scheffleri 
yielded seven compounds, six had not been described previously, and 
one was a known clerodane, crotodictyo C (5), reported by Munissi et al. 
(2020) The previously undescribed compounds 2, 6 and 7, were iden
tified as clerodanes; while compounds 8, 11, and 12 were sesquiterpenes 
(Fig. 1). The methanol extract of the bark of the C. scheffleri (6.35 g) 
yielded five compounds, four were previously undescribed and one was 
a known indole alkaloid (13) previously isolated by Aderogba et al. 
(2013) from Croton menyharthii. The previously undescribed compounds 
were two clerodanes 1 and 4 and two sesquiterpenes 9 and 10 (Fig. 1). 
The DCM extract of the leaves (9.84 g) yielded six known compounds, 
Ayanin (14) (Yuan et al., 2017), pheophytin a (15) (Kurihara et al., 
2014), ferulic acid (16) (Jayaprakasam et al., 2006), 1,3,4-trihydroxy
benzene (17) (Li et al., 2023), sitosterol (18) (Lizazman et al., 2023), 
and podosterol (19) (Liu et al., 2017).

The DCM extract of the bark of C. scheffleri (3.22 g) was fractionated 
using column chromatography (3 cm diameter, 45 cm height) with silica 
gel Merch 9385 as the stationary phase and 10% EtOAC: 90% DCM as 
the mobile phase. Increasing the EtOAc concentration resulted in 111 
fractions. The vials containing similar compounds were combined after 
TLC analysis of the fractions and the proton 1H NMR spectrum. The 
details for subsequent columns are shown in supplementary information 
(S1).

The fraction 51–55 (145 mg) yielded two pure compounds 8 (13.9 
mg) and 11 (7.3 mg), and the fraction 91 (78.4 mg), which was 

Fig. 7. Screening of compounds 1–13 and 19 (50 μg/mL) against 2 g-positive 
(Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212) and 
2 g-negative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 
27853) bacterial strains. Experiments were performed once in triplicate for 
each strain. Bars indicate average with respective standard deviation. Samples 3 
and 11 were only tested on gram-positive strains due to sample availability.
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separated from the previous fractions 51–55, yielded two compounds, 3 
(13.9 mg) and 7 (26.1 mg). While the fraction 4–7 (252.9 mg) yielded 
compound 12 (18.6 mg). Fractions 8–12 (48.2 mg) yielded compound 5 
(17.2 mg). Sephadex LH-20 stationary phase was used to separate the 
fractions 22–26 (249.5 mg), which yielded compound 4 (16.9 mg), and 
the fraction 34–50 (394.9 mg) yielded compound 2 (92.0 mg).

The methanol extract of the bark of C. scheffleri Pax. (6.35 g) was 
fractionated using flash column chromatography (3 cm diameter, 45 cm 
height), using the stationary phase 60 40–63 μM silica gel, and the 
gradient elution mobile phase starting from 50% Hexane: 50% EtOAC, 
with increasing concentration of EtOAc until a final wash with methanol 
to give 1245 fractions. This yielded the compound 1 (17.5 mg). Com
pound 3 (13.1 mg) was obtained by further purification using flash 
chromatography (Biotage) and the Biotage® SNAP cartridge KP-SIL 100 
g as a stationary phase (80% Hexane: 20% EtOAC). Further column 
chromatography with 60 40–63 μM silica gel (70% Hexane: 30% EtOAC, 
increasing EtOAc concentration), yielded compounds 6 (6.1 mg), 9 (6.0 
mg), 10 (3.4 mg) and the known indole alkaloid 13 (Aderogba et al., 
2013) (10.0 mg).

The DCM extract of the leaves of C. sheffleri was fractionated over 
silica gel (60 40–63 μM) starting with a mobile phase of 60% hexane, 
20% DCM, 20% EtOAc, increasing the concentration of EtOAc. Further 
fractionation using silica gel (60 40–63 μM) and 20% EtOAc:80% hex
ane lead to the isolation of, Ayanin (14), ferulic acid (16), 1,3,4-trihy
droxybenzene (17), sitosterol (18) and podosterol (19), with 
pheophytin a (15) requiring a further column using Sephadex LH20 (1:1 
DCM: MeOH).

4.4. Compound characterisation

Crotoscheffleriolide A (1) Yellow gum, (17.5 mg); [α]25 
D − 0.06 (c 

1.71, MeOH); UV λmax (MeOH) (logε) 254 (3.04); IR (NaCl) νmax (cm− 1): 
3459, 3016, 2958, 1771, 1679; 1H and 13C NMR data are given in Ta
bles 1 and 2; HRESIMS m/z 375.1433 [M+H]+ (calcd, m/z 375.1444); 
ECD (CH3CN) λ (≤ 1 mg/mL) (Δε) 215 nm (+2.42), 239 nm (− 4.81).

Crotoscheffleriolide B (2) Colourless Oil, (111.0 mg); [α]24.1
D +0.23 (c 

0.44, MeOH); UV λmax (MeOH) (logε) 255 (3.45); IR (ATR) νmax (cm-1): 
3135, 2955, 1777, 1742, 1721, 1672, 1158; 1H and 13C NMR data are 
given in Tables 1 and 2; HRESIMS m/z 389.1594 (calcd. for [M+ H]+, 
m/z 389.1556); ECD (CH3CN) λ (≤ 1 mg/mL) (Δε) 217 nm (+7.9).

Crotoscheffleriolide C (3) Colourless Oil, (0.4 mg); [α]24.1
D +5.00 (c 

0.02, MeOH); IR (ATR) νmax (cm-1): 3333, 2917, 2849, 1634, 1063 1H 
and 13CNMR data are given in Tables 1 and 2; HRESIMS m/z 389.1594 
[M-1]+ (calcd. For [M-1]+, m/z 389.1236); ECD (CH3CN) λ (≤ 1 mg/ 
mL) (Δε) 218 nm (+16.12).

Crotoscheffleriolide D (4) White powder, (1.1 mg); [α]25 
D +0.25 (c 

1.2, MeOH); UV λmax (MeOH) (logε) 213 (4.03), 254 (3.67); IR (ATR) 
νmax (cm-1): 3364, 1790, 1634, 1538, 1204; 1H and 13C NMR data are 
given in Tables 1 and 2; HRESIMS m/z 489.2119 [M+1]+ (calcd. for 
[M+1]+, m/z 489.2125); ECD (CH3CN) (≤ 1 mg/mL) (Δε) 200 nm 
(− 0.41), 218 nm (+5.38), 254 nm (− 1.21).

Crotoscheffleriolide E (6) Yellow gum, (6.1 mg); [α]25 
D +0.21 (c 0.47, 

MeOH); UV λmax (MeOH) (logε) 280 (2.44); IR (NaCl) νmax (cm− 1): 3478, 
2973, 2933, 1739, 1800, 1761, 1743, 1641, 1376; 1H and 13C NMR data 
are given in Tables 1 and 2; HRESIMS m/z 421.1855 [M+1]+ (calcd 
[M+1]+, m/z 421.1862); ECD (CH3CN) λ (≤ 1 mg/mL) (Δε) 224 nm 
(− 1.99), 246 nm (+2.48), 291 nm (− 0.13).

Crotoscheffleriolide F (7) Dark yellow gum, (26.1 mg); [α]24.2 
D − 0.09 

(c 2.08, MeOH); UV λmax (MeOH) (logε) 263 (2.58); IR (ATR) νmax 
(cm− 1): 2928, 1762, 1725, 1238, 1026; 1H and 13C NMR data are given 
in Tables 1 and 2; HRESIMS m/z 433.1857 [M+1]+ (calcd [M+1]+

433.1862); ECD (CH3CN) λ (≤ 1 mg/mL) (Δε) 221 nm (− 21.58).
Crotoscheffleriune G (8-epi-ermiasolide C) (9) White powder, (6.0 

mg); [α]25 
D +0.43 (c 0.47, MeOH); UV λmax (MeOH) (logε) 220 (3.89); 

IR (NaCl) νmax (cm− 1): 3490, 2931, 2859, 1736, 1681, 1034; 1H and 13C 
NMR data are given in Table 1 and 2; HRESIMS m/z 251.1647 [M+1]+

(calcd[M+1]+, m/z 251.1647); ECD (CH3CN) λ (≤ 1 mg/mL) (Δε) 223 
nm (+43.39).

Crotoscheffleriune H (11) oily pale yellow, (7.3 mg); [α]24.2 
D − 0.24 (c 

0.42, MeOH); UV λmax (MeOH) (logε) 241 (3.97); IR (NaCl) νmax (cm− 1): 
3475, 2927, 2856, 1717; 1H and 13C NMR data are given in Tables 1 and 
2; HRESIMS m/z 237.1851 [M+1]+ (calcd [M+1]+, m/z 237.1854); 
ECD (CH3CN) λ (≤ 1 mg/mL) 194 nm (− 9.54), 247 nm (+1.27), 286 nm 
(− 2.33).

Crotoscheffleriune I (12) Yellow gum, (18.6 mg); [α]25 
D +0.29 (c 

0.35, MeOH); UV λmax (MeOH) (logε) 230 (3.1); IR (NaCl) νmax (cm− 1): 
3453, 2930, 2856, 1735; 1H and 13C NMR data are given in Tables 1 and 
2; HRESIMS m/z 217.1585 [M − 5]+ (calcd[M − 5]+, m/z 217.1592); 
ECD (CH3CN) λ (≤ 1 mg/mL) 193 nm (+5.20), 202 nm (+6.22), 234 nm 
(+3.74), 254 nm (+3.35).

4.5. Computational methods

4.5.1. ECD analysis
The calculated ECD spectra of previously undescribed compounds 

were performed as previously reported (Aldhaher et al., 2017). Sys
tematic conformational searches were performed firstly using MOE 
software and conformers under 3.0 kcal/mol were optimized using the 
DFT method at the B3LYP/6-31+G(d) level (Gaussian 09) (Frisch et al., 
2016) ECD spectra were simulated using Time Dependant Density 
Functional Theory (TDDFT) at the CAM-B3LYP/6-31+G(d) level of 
theory. A polarizable continuum model (IEFPCM, solvent: acetonitrile) 
was applied to mimic the effects of the solvent used in the experimental 
ECD spectra. The ECD curves were extracted using SpecDis 1.61 soft
ware (Bruhn et al., 2014). The overall ECD curves of all the compounds 
were weighted by Boltzmann distribution after UV correction.

4.6. Biological assays

4.6.1. Stimulation of serum starved human dermal fibroblasts
Human adult dermal fibroblasts (passage number 15) were main

tained in a 5% CO2 environment at 37 ◦C in DMEM supplemented with L- 
glutamine, 10% foetal sterile-filtered bovine serum (Gibco) and 1% 
antibiotic antimycotic. Cells were seeded into transparent 96 well plates 
(Nunclon Delta Surface) at 1,000 cells per well and allowed to attach 
overnight. The cells were then serum starved for 24 h at 37 ◦C by twice 
replacing the medium with no serum medium to ensure removal of re
sidual serum. Test compounds (all 10 mM in DMSO), were serially 
diluted in DMEM 10% FBS using three sequential ten-fold dilution steps. 
Compounds were then added in a 1/10 dilution step to 96 well plates 
pre-seeded with cells, thereby achieving final test concentrations of 100 
μM, 10 μM, 1 μM and 0.1 μM and a final serum concentration of 1%. No 
compound control wells containing cells in culture medium with DMSO 
concentrations corresponding to each dilution step or water were 
included along with positive control wells containing recombinant TGF- 
β (Peprotech) solubilised in water. Cells were counted using a Tecan 
SparkCyto imaging plate reader set to automated cell counting mode. 
Cells counts were performed immediately after adding compounds and 
again after 72 h incubation with compounds. Data were analysed using 
GraphPad Prism software. Pair-wise comparisons were carried out for 
each treatment versus the corresponding solvent vehicle control (DMSO 
or water) using a one-way ANOVA correcting for multiple comparisons 
using a Bonferroni test.

4.6.2. Antibacterial activity
Bacterial strains Enterococcus faecalis ATCC 29212, Escherichia coli 

ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Staphylococcus 
aureus ATCC 29213 were obtained from Microbiologics Inc. (St. Cloud, 
Minnesota, USA). Strains were stored at − 80 ◦C and working cultures 
maintained on Mueller-Hinton Agar (MHA, Lab M Limited) plates and 
stored at 2–8 ◦C. To determine the antibacterial activity of extracts and 
pure compounds samples were resuspended in 100% DMSO at 200 mg/ 
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mL and 10 mg/mL, respectively. Antibacterial screenings were carried 
out based on the broth microdilution assays in 96-well plates following 
the Clinical and Laboratory Standards Institute guidelines (CLSI, 2008). 
Briefly, bacterial cultures were initiated on Mueller Hinton agar plates, 
and prior to the assays bacterial suspension was diluted in 
cation-adjusted Mueller Hinton broth (CAMHB) to obtain a final inoc
ulum of 5 × 105 CFU/mL. An equal volume of bacterial suspension and 
samples’ solution, diluted into assay media (CAMHB) were mixed on the 
plate and incubated for 24 h at 37 ◦C. Absorbance values measured at 
620 nm were used for evaluating the antimicrobial effects of extracts by 
comparing to untreated controls and expressed as percentage inhibition 
of growth. Visual assessments were also taken into consideration due to 
the intrinsic colour and precipitation of certain extracts, which can in
fluence absorbance values. Screenings against all bacterial strains 
mentioned above were performed with pure compounds at 50 μg/mL 
and extracts at 1 mg/mL, and growth inhibitions calculated. Assays were 
performed once in triplicate. Ciprofloxacin (ICN Biomedicals) was used 
as positive control on every assay plate at MIC (previously determined in 
our laboratory) for each bacterium, i.e., E. coli (0.02 μg/mL), E. faecalis 
and P. aeruginosa (1 μg/mL) and S. aureus ATCC 29213 (0.5 μg/mL).

4.6.3. HIV-1 reverse transcriptase inhibition determination
The HIV-1 reverse transcriptase inhibition assay was conducted in 

vitro using the EnzChek® Reverse transcriptase assay kit (E-22064) 
provided by Molecular Probes (Eugene, OR, USA), following the man
ufacturer’s instructions. Reverse transcriptase was purchased from 
Promega (Madison, WI, USA) (GoScript™ Reverse Transcriptase: cata
logue number A5004) and the enzyme dilution buffer from Thermo 
Fisher (Waltham, MA, USA) (catalogue number B19). Briefly, the Enz
Chek® RT kit caters to 1000 assays. Assays were performed in in
crements of 96 using a 96-well microtiter plate. GoScript™ RT was 
supplied at a concentration of 160 u/μL, but was diluted to 53.3 u/μL in 
enzyme dilution buffer and frozen as 10 aliquots in volumes of 150 μL at 
− 80 ◦C. A preliminary run was conducted using titrants of the RT to 
determine the ideal starting concentration, using a ladder with a starting 
concentration of 26.7 u/μL. A final enzyme concentration of 1.1 u/μL 
was used, so frozen stock was diluted to 3.3 u/μL in enzyme dilution 
buffer as the aliquot concentration to give the final concentration of 1.1 
u/μL after the reactants were combined. The assay was initiated by 
annealing of the template and primer. A volume of 5 μL of the poly(A) 
ribonucleotide template was combined with 5 μL of oligo d(t)16 primer 
and allowed to anneal for an hour at room temperature. After annealing, 
the 10 μL volume of template/primer was diluted by adding 1.99 mL of 
polymerisation buffer. The resulting solution was used as the reaction 
mixture. The reaction was commenced by combining 20 μL of reaction 
mixture and 20 μL of treatment, and thereafter adding 20 μL of enzyme 
at 3.4 u/μL. The reaction was completed after 1 h at 25 ◦C and termi
nated with the addition of 30 μL of 15 mM EDTA. Results were deter
mined by adding 180 μL of PicoGreen® dsDNA quantitation reagent 
solution to the wells and allowing 5 min to pass before reading fluo
rescence intensity, using 480 nm as excitation wavelength and 520 nm 
for emission wavelength. The fluorescence value of the control (wells 
with no enzyme) was subtracted from that of each of the samples. The 
results are reported as concentration of treatment to give 50% enzyme 
inhibition (EC50). The compounds tested were prepared by dissolving to 
a concentration of 20 mg/mL in dimethyl sulfoxide and diluting in 
nuclease free water to three times the desired starting concentration. A 
starting concentration of 50 μg/mL was used, so aliquot concentration 
was 150 μg/mL. All samples were assayed in triplicate and the averages 
are provided as results.
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