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A B S T R A C T   

Previously undescribed eremane, viscidane, and isozizaene diterpenoids, eremorigidanes A-F, along with six 
known O-methylated flavonoids and three known triterpenoids were isolated and identified from the leaves of 
Eremophila rigida Chinnock by combined use of high-resolution PTP1B inhibition profiling, semipreparative- and 
analytical-scale HPLC separations, HPLC-PDA-HRMS analysis, and NMR spectroscopy. The absolute configura
tion of the unreported diterpenoids were determined by comparison of their experimental and calculated ECD 
spectra as well as by biosynthetic arguments. All isolates were evaluated for their PTP1B inhibitory activities, 
which revealed the flavonoid penduletin (3) to show inhibition with an IC50 value of 18.3 μM, and the tri
terpenoids 3,4-seco-olean-12-ene-3,28-dioic acid (15), oleanolic acid (16), and 3-oxo-oleanolic acid (17) to show 
inhibition with IC50 values of 55.7, 9.9, and 6.3 μM, respectively. The preliminary structure-activity relationship 
(SAR) of isolated flavonoids and triterpenoids is discussed. Plausible biosynthetic steps involved in eremane and 
isozizaene metabolism are presented and discussed.   

1. Introduction 

Diabetes mellitus, as one of the priority non-communicable diseases, 
has affected 537 million people worldwide and caused 966 billion USD 
as global healthcare expenditure in 2021 (International Diabetes 
Federation, 2021). Furthermore, the incidence of diabetes is estimated 
to rise if no effort is made to control this global epidemic (International 
Diabetes Federation, 2021). Type 2 diabetes (T2D) which accounts for 
more than 90% of all diabetes cases, is characterized by chronic hy
perglycemia and partial insulin resistance (American Diabetes Associa
tion, 2010). T2D is mainly caused by pancreatic β-cells dysfunction 
and/or insulin resistance in skeletal muscle, liver, and adipose tissue 
(Lebovitz, 1999; Chatterjee et al., 2017). Drug treatment remains an 
important and promising therapeutic strategy for T2D. Protein tyrosine 
phosphatase 1B (PTP1B), as a T2D therapeutic target, dephosphorylates 
insulin receptor as well as insulin receptor substrate via interaction with 
and removal of tyrosine phosphates (Johnson et al., 2002). Therefore, 

PTP1B is capable of downregulating insulin transduction signaling, 
which leads to a decreased insulin sensitivity. Inhibition of PTP1B thus 
seems to be an effective strategy for T2D therapy, even though there are 
still no PTP1B inhibitors approved for clinical use on market. The major 
challenges for development of current PTP1B inhibitors as T2D drugs are 
poor selectivity and bioavailability (Liu et al., 2003; De Munter et al., 
2012). 

The Eremophila genus, which belongs to the family Scrophulariaceae, 
is endemic to Australia and comprises over 200 species (Chinnock, 
2007). The name Eremophila comes from the Greek language in which 
eremo means ‘desert’ and phila ‘love’, indicating that plant species of 
this genus prefer to grow within arid or semi-arid regions, and are 
drought tolerant (Richmond and Ghisalberti, 1994). Phytochemical 
studies of this genus have identified a wide range of natural products, 
including fatty acids, flavonoids, lignans, sesquiterpenoids, diterpenoids 
and triterpenoids (Singab et al., 2013). Diterpenoids are among the most 
diversified secondary metabolites in Eremophila, and includes e.g., 
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serrulatane, decipiane, cembrene, viscidane, and eremane type diter
penoids with a high degree of structural uniqueness. Crude extracts 
and/or isolated compounds from Eremophila have been reported to show 
antifungal (Hossain et al., 2019), antibacterial (Barnes et al., 2013; 
Algreiby et al., 2018; Biva et al., 2019), and antidiabetic activities 
(Tahtah et al., 2016; Wubshet et al., 2016; Zhao et al., 2019; Pedersen 
et al., 2020; Liang et al., 2023a, 2023b). 

Eremophila rigida Chinnock is an erect shrub which grows to a height 
of 0.5–1.2 m (Chinnock, 2007; Brown and Buirchell, 2011). The name 
rigida derives from the Latin language, meaning rigid, hard, or inflexible, 
which particularly refers to the thick and rigid nature of the leaves of 
this plant (Brown, 1956; Chinnock, 2007). The distribution of this spe
cies is restricted to Western Australia, and it mainly habitats on stony 
clay flats between Meekatharra and Newman in the Gascoyne and Pil
bara biogeographic regions (Chinnock, 2007; Brown and Buirchell, 
2011). E. rigida is highly drought tolerant, but moderately frost tolerant 
(Boschen et al., 2008). There have not been any phytochemical and 
pharmacological investigations of E. rigida before. 

The use of high-resolution inhibition profiling in combination with 
hyphenated separation and spectroscopic technique, e.g., HPLC-PDA- 
HRMS or HPLC-PDA-HRMS-SPE-NMR, provides an efficient platform 
for natural product-based drug discovery. In recent years, the use of this 
platform in our laboratory has significantly accelerated the identifica
tion of α-glucosidase inhibitors (Malik et al., 2020; Liang et al., 2020, 
2021, 2023a), α-amylase inhibitors (Zhao et al., 2018; Chu et al., 2019), 
and PTP1B inhibitors (Zhao et al., 2019; Pedersen et al., 2020; Liang 
et al., 2020, 2021, 2023a, 2023b) from complex crude extracts of plants, 
functional foods and endophytes. As part of our ongoing search for 
structurally unique natural products with antidiabetic potential, 
high-resolution PTP1B inhibition profiling combined with 
HPLC-PDA-HRMS was used to identify PTP1B inhibitors from a 
PTP1B-inhibiting acetonitrile extract of E. rigida. 

2. Results and discussion 

Freeze-dried acetonitrile extract of Eremophila rigida leaves redis
solved to a test-concentration of 50 μg/mL, showed 93.3 ± 1.9 % inhi
bition against PTP1B, 24.6 ± 2.9 % inhibition against α-glucosidase, and 
3.7 ± 0.6 % inhibition against α-amylase (Table 1). Due to the weak 
α-glucosidase and α-amylase inhibition, the inhibition of these two en
zymes were not investigated further. However, the strong PTP1B inhi
bition promoted us to assess dose-dependent inhibitory effects of the 
extract against PTP1B, which led to an IC50 value of 21.1 ± 0.9 μg/mL 
(Table 1, Supplementary data Fig. S1). 

2.1. High-resolution PTP1B inhibition profiling of the crude leaf extract 
and isolation of compounds 

The crude acetonitrile extract of E. rigida was separated by 
analytical-scale HPLC using a gradient elution profile of 50 min. The 
eluate in the retention time range 11–42 min was fractionated onto 88 
wells of a 96-well microplate, whereafter the content in each well was 
evaporated to dryness and assayed for PTP1B inhibitory activity. The 
results, represented as percent inhibition, were plotted at the average 
collection time of each well, to provide a high-resolution PTP1B 

inhibition profile (biochromatogram) with a resolution of 2.05 data 
points per min (Fig. 1). The biochromatogram shows that HPLC peaks 14 
and 17 are correlated with PTP1B inhibitory activity. 

Initially, semipreparative-scale HPLC separation of 16 injections of 
crude extract led to automated collection of 1, 2, 3, 4, 5, 6, 8, 11, 13, 15, 
16, and 17. Subsequently, analytical-scale HPLC separation of the ma
terial eluted with peaks 7, 9, 10, 12, and 14 led to isolation of 7a, 7b, 9, 
10, 12a-e, 14a, mixture of 14a and 14b, and 14c (Supplementary data 
Figs. S2–S5). 

2.2. Identification of known flavonoids and triterpenoids and unidentified 
metabolites 

Comparison of NMR data of isolated pure compounds with those 
reported in literature identified six known O-methylated flavonoids, 
which were 6-methoxykaempferol 3-methyl ether (1) (Forgo et al., 
2012), penduletin (3) (Amina et al., 2018), casticin (4) (Kim et al., 
2020), kumatakenin (6) (Simpson et al., 2011), santin (7b) (Hwang 
et al., 2019), 5-hydroxy-3,4′,6,7-tetramethoxyflavone (10) (Mai et al., 
2015), together with three known triterpenoids, which were 3, 
4-seco-olean-12-ene-3,28-dioic acid (15) (Caldwell et al., 2000), ole
anolic acid (16) (Liang et al., 2020) and 3-oxo-oleanolic acid (17) (Wang 
et al., 2020). For known compounds, the structures, HRMS and NMR 
data are provided in Supplementary data Table S1. The structures of 5, 
8, 11, 12a-12e, and 13 were not established due to a very low amount or 
insufficient purity of the isolated material. 

2.3. Structure elucidation of previously undescribed eremane, viscidane 
and isozizaene type diterpenoids 

The material eluted with peak 14a was assigned the molecular for
mula C20H34O3 on the basis of an [M− H]− ion observed at m/z 321.2426 
(calcd for C20H33O3

− 321.2435, ΔM +2.9 ppm) in the HRMS spectrum 
(Supplementary data Fig. S9), which corresponds to four indices of 
hydrogen deficiency. The 13C NMR spectrum (Supplementary data 
Fig. S30) displayed 20 resonances, of which one was monooxygenated 
(δC 82.3, C-5) and one was a carbonyl group (δC 182.9, C-20). The 1H 
NMR spectrum (Supplementary data Fig. S29) of 14a showed the pres
ence of two methyl doublets at δH 0.93 (3H, d, J = 6.8 Hz, H3-12) and δH 
1.14 (3H, d, J = 7.0 Hz, H3-19) as well as two methyl singlets at δH 1.07 
(3H, s, H3-13) and δH 0.95 (3H, s, H3-14). Examination of 2D NMR 
spectroscopic data indicated that 14a is an eremane diterpenoid (Fig. 2), 
which is a characteristic class of diterpenoids exclusively reported from 
genus Eremophila to date (Croft et al., 1984; Carroll et al., 1985; Ghi
salberti et al., 1990). The eremane skeleton incorporates a tricyclo 
[5.2.2.01,5] undecane ring system which accounts for three indices of 
hydrogen deficiency. The presence of the A ring (five-membered ring) in 
the eremane skeleton was confirmed by the H2-2↔H2-3↔H-4↔H3-12 
spin system observed in the DQF-COSY spectrum (Supplementary data 
Fig. S33) as well as by HMBC correlations from H3-12 to C-3, C-4 and 
C-5, and from H2-2 to C-1, C-5 and C-9 (Fig. 3). The B and C rings (the 
two fused six-membered rings) were established by the 
H2-6↔H-7↔H2-10↔H2-11 spin system observed in the DQF-COSY 
spectrum as well as by HMBC correlations from H-7 to C-5, from H-9 
to C-1, C-5, C-7, and C-8, and from H3-13/H3-14 to C-7, C-8, and C-9 
(Fig. 3). The linear side chain, which represents the last indice of 
hydrogen deficiency, was established on the basis of the 
H-9↔H2-15↔H2-16↔H2-17↔H-18↔H3-19 spin system as well as HMBC 
correlation from H3-19 to carbonyl C-20 (Fig. 3). The tricyclo [5.2.2.01, 

5] undecane ring and the linear side chain were assembled by HMBC 
correlations from H-9 to C-16 (Fig. 3). 

ROE correlations between H3-12 and H-6β, H-6β and H-7, H-7 and H- 
9, and H-9 and H3-14 (ROESY spectrum in Supplementary data Fig. S34) 
placed these protons on the same plane of the molecule (arbitrarily 
assigned the β configuration), whereas a ROE correlation between H-4 
and H2-11, H2-11 and H3-13, H3-13 and H-15a, and H-15a and H2-10, 

Table 1 
Inhibitory activity of E. rigida acetonitrile extract against PTP1B, α-glucosidase, 
and α-amylase.  

Enzyme Inhibition at 50 μg/mL (%)a IC50 (μg/mL)a 

PTP1B 93.3 ± 1.9 21.1 ± 0.9 
α-Glucosidase 24.6 ± 2.9 – 
α-Amylase 3.7 ± 0.6 –  

a Results presented as mean value ± standard error of three independent 
experiments. 

C. Liang et al.                                                                                                                                                                                                                                    



Phytochemistry 219 (2024) 113972

3

Fig. 1. HPLC chromatogram recorded at 210 nm (black) and high-resolution PTP1B inhibition profile (blue) of acetonitrile extract of Eremophila rigida.  

Fig. 2. Structures of previously undescribed eremane, viscidane and isozizaene type diterpenoids from the acetonitrile extract of Eremophila rigida.  
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placed these below the plane (α configuration). These correlations 
established the relative configuration of 14a as shown in Fig. 4. 

Although many attempts were made, production of single crystals for 
X-ray crystallographic analysis of 14a unfortunately failed. The absolute 
configuration of this previously undescribed eremane diterpenoid was 
therefore determined by comparison of experimental and calculated 
electronic circular dichroism (ECD) spectra. To considerably reduce the 
computational time caused by the flexibility of the side chain at C-9, 
ECD calculation was performed for model structure of 14a (Fig. 5) 
constructed through truncation of the structural unit on the side chain 
from C-16 to C-20. In the first step, 3D structures of (1R,4R,5R,7S,9S)- 
14a model and (1S,4S,5S,7R,9R)-14a model were subjected to 
conformational searches, which led to eight and nine possible con
formers, respectively. Subsequent geometry optimization revealed six 
dominant conformers with more than 1% of the Boltzmann population 
for each enantiomer of the 14a model mentioned above (Supplemen
tary data Tables S10–S13), and ECD spectra were calculated for these. As 
illustrated in Fig. 5, the experimental ECD spectrum of 14a was in 
agreement with the calculated spectrum for the structure of 
(1R,4R,5R,7S,9S)-14a model, with an enantiomeric similarity index 
(ΔESI) of 0.8866, which established the absolute configuration of the 

tricyclo [5.2.2.01,5] undecane ring in 14a to be (1R,4R,5R,7S,9S). The 
stereochemistry of C-18 was tentatively assigned as R, i.e., the same 
configuration as that of C-18 in 14c, which was determined by ECD 
calculation vide infra, because these two diterpenoids are considered to 
originate from the same biosynthetic precursor. Thus, the structure of 
14a was established to be (R)-5-((1R,3aR,4S,6S,7aR)-7a-hydroxy-1,5,5- 
trimethyloctahydro-3a,6-ethanoinden-4-yl)-2-methylpentanoic acid, for 
which the trivial name eremorigidane D is suggested. 1H and 13C NMR 
data are provided in Table 2, and 1H NMR, 13C NMR, HSQC, HMBC, 
COSY, and ROESY spectra are provided in Supplementary data 
Figs. S29–S34. 

The material eluted with peak 2 was assigned the molecular formula 
C20H32O4 on the basis of an [M− H]− ion observed at m/z 335.2215 
(calcd for C20H31O4

− 335.2228, ΔM +3.8 ppm) in the HRMS spectrum 
(Supplementary data Fig. S6), which corresponds to five indices of 
hydrogen deficiency. Intensive analysis of NMR spectroscopic data 
indicated that 2 and 14a share identical structures for the tricyclo 
[5.2.2.01,5] undecane ring and show high structural similarity for the 
side chain. However, comparison of 13C NMR spectra of 2 and 14a 
revealed that the chemical shift of C-16 in 14a at δC 27.9 was downfield- 
shifted to δC 219.8 in 2. This corresponds to replacement of a methylene 

Fig. 3. Selected HMBC and COSY correlations of previously undescribed eremane, viscidane and isozizaene type diterpenoids.  
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at C-16 in 14a with a ketone in 2, which was confirmed by the disap
pearance of methylene protons at δH 1.06 (1H, overlap, H-16a) and δH 
1.44 (1H, overlap, H-16b) observed for 14a, as well as HMBC correla
tions from H-9 and H2-17 to the ketone carbon at δC 219.8 in 2. 

ROE correlations between H3-12 and H-2β, H-2β and H-9, H3-12 and 
H-6β, H-7 and H-9, and H-9 and H3-14 suggested H3-12, H3-14 and H-9 
to be β-oriented, which is consistent with those observed for 14a (Fig. 4). 
Furthermore, a ROE correlation between H-15a and H-11α and H3-13 
indicated these to be α-oriented. The relative stereochemistry of the core 
tricyclic skeleton of 2 and 14a was therefore established to be identical. 
The experimental ECD spectra of 2 and 14a were similar as shown in 
Supplementary data Fig. S47, concluding 2 to have the same 
1R,4R,5R,7S,9S configuration as 14a. Similar to 14a, 2 was tentatively 
assigned the R configuration of C-18 based on biosynthetic arguments. 
Thus, the structure of 2 was established to be (R)-5-((1R,3aR,4S,6
S,7aR)-7a-hydroxy-1,5,5-trimethyloctahydro-3a,6-ethanoinden-4-yl)-2- 
methyl-4-oxopentanoic acid, for which the name eremorigidane A is 
suggested. 1H and 13C NMR data are provided in Table 2, and 1H NMR, 
13C NMR, HSQC, HMBC, COSY, and ROESY spectra are provided in 
Supplementary data Figs. S12–S18. 

The material eluted with peak 14b was assigned the molecular for
mula C20H32O2 on the basis of an [M− H]− ion observed at m/z 303.2336 
(calcd for C20H31O2

− 303.2329, ΔM − 2.1 ppm) in the HRMS spectrum 
(Supplementary data Fig. S10), which corresponds to five indices of 
hydrogen deficiency. Analysis of 1H NMR, HSQC and HMBC data proved 
the material eluted with peak 14b to be a mixture of the closely related 
analogs 14a and 14b in the ratio 1:2.5. Further attempts to separate 14b 
by analytical-scale HPLC using either C18 or PFP reversed-phase col
umns were unsuccessful. Nonetheless, the structures of 14b (Fig. 2) 
could be unambiguously established by observing two olefinic quater
nary carbons, C-4 at δC 125.7 and C-5 at δC 140.5, which were assigned 
by HMBC correlations from H3-12 to C-3, C-4 and C-5, and from H-2α, H- 
7, and H-9 to C-5 (Fig. 3). 

The experimental ECD data of 14b was not acquired since it was 
isolated as a mixture, but 14b is tentatively assigned to be 1R,7S,9S,18R 
configuration based on biosynthetic arguments. Thus, the structure of 
14b was established to be (R)-2-methyl-5-((3aR,4S,6S)-1,5,5-trimethyl- 
2,3,4,5,6,7-hexahydro-3a,6-ethanoinden-4-yl)pentanoic acid, for which 
the name eremorigidane E is suggested. 1H and 13C NMR data are pro
vided in Table 2, and 1H NMR, 13C NMR, HSQC, HMBC, COSY, and 

Fig. 4. Key ROESY correlations of previously undescribed eremane, viscidane and isozizaene type diterpenoids.  

C. Liang et al.                                                                                                                                                                                                                                    



Phytochemistry 219 (2024) 113972

6

ROESY spectra are provided in Supplementary data Figs. S35–S40. 
The material eluted with peak 9 was assigned the molecular formula 

C20H32O3 on the basis of an [M− H]− ion observed at m/z 319.2268 
(calcd for C20H31O3

− 319.2279, ΔM +3.3 ppm) in the HRMS spectrum 
(Supplementary data Fig. S8), which corresponds to five indices of 
hydrogen deficiency. The 1D and 2D NMR spectra of 9 suggested the 
eremane scaffold as also found in 2, 14a, and 14b as the core structure of 
this diterpenoid, and comparison of NMR data of 9 and 14a showed 
these two compounds to have the same side chain (C-15 to C-20). 
However, a few remarkable differences of their NMR spectra indicated 
that the structure for the tricyclo [5.2.2.01,5] undecane ring system of 9 
and 14a are differing slightly. Thus, the absence of the H3-12 methyl 
singlet seen in 14a and the appearance of a pair of olefinic methylene 
protons (δH 4.82, 1H, br d, J = 1.8 Hz, H-12a and δH 4.88, 1H, br d, J =
1.8 Hz, H-12b) in the spectra of 9, suggested a Δ4,12 double bond in 9. 
Another difference was the absence of the oxygenated quaternary C-5 
seen in 14a and the presence of a methine proton at δH 2.20 (1H, 
overlap, H-5, δC-5 48.8) in the spectra of 9. Finally, only one methyl 
singlet (δH 1.04, 3H, s, H3-13) was observed in the 1H NMR spectrum of 9 
compared to two methyl singlets in the spectra of 14a. Instead, an 
oxymethylene group (δH 3.28, 1H, d, J = 10.8 Hz, H-14a and δH 3.47, 
1H, d, J = 10.8 Hz, H-14b) appeared in the spectra of 9, and HMBC 
correlations from H-14a and H-14b to C-7, C-8 and C-9 confirmed the 
position of the oxymethylene group (Fig. 3). 

The ROESY spectrum of 9 showed correlations between H-5 and H-9, 
H-14b and H-6β, H-14b and H-9 (Supplementary data Fig. S28), which 
indicated these protons to be β-oriented. In addition, the ROE correla
tion between H-15a and H-11α and H3-13 assigned their α configuration. 
The relative configuration of 9 was thus established as shown in Fig. 4. 
The absolute configuration of 9 was determined by comparison of 
calculated and experimental ECD data. Similar to 14a, the ECD calcu
lation of 9 was performed using a model compound (Fig. 6) representing 
the tricyclo [5.2.2.01,5] undecane ring skeleton with a truncated side 
chain. Conformational searches for the 3D structure of 
(1S,5S,7S,8R,9R)-9 model and (1R,5R,7R,8S,9S)-9 model yielded 13 
and 15 possible conformers, respectively, among which eight and ten 
dominant conformers that were used for calculation of the final theo
retical ECD spectra (Supplementary data Tables S6–S9). The results are 
shown in Fig. 6, and the experimental ECD spectrum of 9, shows one 
single strong negative Cotton effect around 200 nm, as also seen in the 
calculated ECD spectrum of (1S,5S,7S,8R,9R)-9 model with a similarity 
index ΔESI of 0.9852. This unambiguously established the configuration 
of 9 to be 1S,5S,7S,8R,9R, with C-18 tentatively assigned the R- 

configuration based on biosynthetic arguments. Thus, the structure of 9 
was established to be (R)-5-((3aS,4R,5R,6S,7aS)-5-(hydroxymethyl)-5- 
methyl-1-methyleneoctahydro-3a,6-ethanoinden-4-yl)-2-methyl
pentanoic acid, for which the name eremorigidane C is suggested. 1H 
and 13C NMR data are provided in Table 3, and 1H NMR, HSQC, HMBC, 
COSY, and ROESY spectra are provided in Supplementary data 
Figs. S24–S28. 

The material eluted with peak 14c was assigned the molecular for
mula C20H32O2 on the basis of an [M− H]− ion observed at m/z 303.2341 
(calcd for C20H31O2

− 303.2329, ΔM − 3.8 ppm) in the HRMS spectrum 
(Supplementary data Fig. S11), which corresponds to five indices of 
hydrogen deficiency. The COSY spectrum of 14c (Supplementary data 
Fig. S45) revealed the H2-2↔H2-3↔H-4↔H3-12 spin system for the A- 
ring and the H2-15↔H2-16↔H2-17↔H-18↔H3-19 spin system for the 
side chain, as also observed for 14a. However, the remaining core 
structure was found to be a ring system consisting of a fused five- 
membered and six-membered ring (Fig. 2). Thus, the COSY spectrum 
revealed the H2-6↔H-7↔H2-10↔H2-11 spin system and together with 
HMBC correlations from H2-6 and H-7 to C-5, from H3-13/H3-14 to C-7, 
C-8, and C-9, from H2-2 to C-1, C-5, and C-9, and from H2-11 to C-1 and 
C-5 (Fig. 3). The core tricyclic structure in 14c was thus established as a 
tricyclo[6.2.1.01,5] undecane ring, corresponding to the isozizaene 
skeleton (Hong and Tantillo, 2014). The zizaene/isozizaene skeleton has 
previously been found in sesquiterpenoids isolated from E. georgei 
(Carrol et al., 1976), but this is the first report on an isozizaene-type 
diterpenoid. 

ROE correlations between H-4 and H-6α, as well as between H-6α 
and H3-13 suggested these to be α-oriented, while ROE correlations 
between H3-12 and H-10α and between H-10α and H-7 and H3-14 
indicated H3-12, H2-10, H2-11, and H3-14 to be β-oriented (Fig. 4). The 
flexibility of the side chain at C-9 prevented assignment of the relative 
stereochemistry of C-18 by ROE correlations. Thus, to determine the 
absolute configuration of the core isozizaene skeleton as well as of C-18, 
quantum chemical calculations of ECD spectra were performed for the 
entire structure of 14c – without the truncations used for the model 
compounds of 9 and 14a above. Based on biosynthetic arguments, the 
4R,5S,7R,18R is the most likely, and thus both (4R,5S,7R,18R)-14c and 
its enantiomer (4S,5R,7S,18S)-14c were subjected to ECD calculations. 
Conformational searches for (4R,5S,7R,18R)-14c and (4S,5R,7S,18S)- 
14c resulted in 92 and 87 possible conformers, respectively. After ge
ometry optimization, 23 and 22 dominant conformers with Boltzmann 
populations above 1% were chosen and used for calculation of ECD 
spectra of this pair of enantiomers (Supplementary data 

Fig. 5. Comparison of the experimental ECD spectrum of 14a and calculated ECD spectra of an enantiomeric pair of model compounds of 14a with a truncated 
side chain. 
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Tables S14–S17). The results are shown in Fig. 7, and the experimental 
ECD spectrum significantly corresponded to that of the calculated 
spectrum of (4R,5S,7R,18R)-14c with a similarity index ΔESI of 0.9278 
(Fig. 7). The large positive Cotton effect around 225 nm is mainly 

attributed to the isozizaene skeleton, so to ascertain the correct config
uration of C-18, the ECD spectrum of the 18-epimeric (4R,5S,7R,18S)- 
14c was calculated. Thus, 89 possible conformers were obtained for 
(4R,5S,7R,18S)-14c, among which 23 conformers with a Boltzmann 
population higher than 1% (Supplementary data Tables S18 and S19) 
were used for calculation of the ECD spectrum. The result is shown in 
Supplementary data Fig. S48, and the differences between the experi
mental ECD spectrum of 14c and the calculated spectrum for 
(4R,5S,7R,18S)-14c (similarity index ΔESI of 0.7635) thus confirms 14c 
to have the 4R,5S,7R,18R configuration. Thus, the structure of 14c was 
established to be (R)-2-methyl-5-((3R,3aS,6R)-3,7,7-trimethyl- 
2,3,4,5,6,7-hexahydro-1H-3a,6-methanoazulen-8-yl)pentanoic acid, for 
which the name eremorigidane F is suggested. 1H and 13C NMR data are 
provided in Table 3, and 1H NMR, 13C NMR, HSQC, HMBC, COSY, and 
ROESY spectra are provided in Supplementary data Figs. S41–S46. 

The material eluted with peak 7a was assigned the molecular for
mula C20H32O4 on the basis of an [M− H]− ion observed at m/z 335.2233 
(calcd for C20H31O4

− 335.2228, ΔM − 1.5 ppm) in the HRMS spectrum 
(Supplementary data Fig. S7), which corresponds to five indices of 
hydrogen deficiency. Intensive analysis of 1H NMR and 2D homo- and 
heteronuclear NMR data revealed 7a to be a previously undescribed 
viscidane type diterpenoid, whose framework is featured by a spiro [4,5] 
decane ring system comprising ring A (five-membered ring) and ring B 
(six-membered ring) as shown in Fig. 2. The structure of ring A in 
conjunction with the linear side chain was established by the H-7↔H2- 
8↔H2-9↔H-10↔H-11(H3-18)↔H2-12↔H2-13↔H-14↔H3-16/H3-17 
spin system, the latter being long-range couplings, observed in the COSY 
spectrum (Supplementary data Fig. S22). HMBC correlations from H-7 
and H2-8 to the quaternary carbon at δC 179.9 confirmed the carboxylic 
acid at C-7 on ring A (Fig. 3). The structure of ring B was established 
based on the H2-2↔H-3↔H2-19 spin system, the latter via long-range 
couplings, and the H-5↔H2-6 spin system, as well as HMBC correla
tions from oxymethylene H2-19 to C-3, C-4 and C-5, and from H-3 to C-5 
(Fig. 3). Finally, the position of the side chain and the spiro junction 
between ring A and ring B were established on the basis of HMBC cor
relations from H-7 to C-1 and C-2, from H2-6 to C-1 and C-10, and from 
H-3 to C-1 (Fig. 3). 

The relative stereochemistry of 7a was determined by analysis of the 
ROESY spectrum. As shown in Fig. 4, key ROE correlations were 
detected between H-7 and H-2α and H-11, indicating these to be posi
tioned α. Likewise, ROE correlations between H-10 and H2-6 indicated 
these to be oriented β. As for the eremane and isozizaene diterpenoids 
identified in this study, comparison of experimental and theoretical ECD 
spectra was used to determine the absolute stereochemistry of the vis
cidane diterpenoid 7a. To reduce considerably the computational cost, 
truncation of the 2-methylprop-1-ene moiety from C-14 to C-17 resulted 
in the model compound of 7a. For determination of the absolute ste
reochemistry, conformational searches were performed for the enan
tiomeric pair of model compounds with a truncated side chain, i.e., 
(1S,5R,7R,10S,11S)-7a model and (1R,5S,7S,10R,11R)-7a model. The 
experimental ECD spectrum of 7a and the calculated ECD data of the 
(1S,5R,7R,10S,11S)-7a model (Fig. 8) matched well with a similarity 
index ΔESI of 0.9064, confirming the 1S,5R,7R,10S,11S configuration of 
7a. Thus, the structure of 7a was established as (1R,4S,5S,9R)-9-hy
droxy-8-(hydroxymethyl)-4-((S)-6-methylhept-5-en-2-yl)spiro[4.5]dec- 
7-ene-1-carboxylic acid, for which the name eremorigidane B is sug
gested. 1H and 13C NMR data are provided in Table 3, and 1H NMR, 
HSQC, HMBC, COSY, and ROESY spectra are provided in Supplementary 
data Figs. S19–S23. 

Although not as frequently found in Eremophila as serrulatane 
diterpenoids, previous studies have reported the isolation of eremane 
(Croft et al., 1984; Carroll et al., 1985; Ghisalberti et al., 1990) and 
viscidane (Forster et al., 1986, 1993; Syah et al., 1997; Tahtah et al., 
2016; Biva et al., 2019; Zhao et al., 2023) diterpenoids in Eremophila. 
Few of these viscidane diterpenoids show antibacterial (Biva et al., 
2019) and PTP1B inhibitory activity (Tahtah et al., 2016). PTP1B 

Table 2 
1H NMR (600 MHz) and 13C NMR (150 MHz) spectroscopic data of compounds 
2, 14a, and 14b (δ in ppm, J in Hz).  

No. 2d 14ae 14be 

δC, type δH, mult (J)b δC, type δH, mult (J)b δC, 
typea 

δH, mult 
(J)b 

1 55.3, C  48.8, C  51.2, C  
2 33.9, 

CH2 

α: 1.65, dd 
(15.2, 2.0) 

31.5, 
CH2 

α: 1.16, 
overlapc 

32.9, 
CH2 

α: 1.41, 
overlapc   

β: 2.11, dd 
(15.2, 4.0)  

β: 1.44, 
overlapc  

β: 1.48, 
overlapc 

3 29.7, 
CH2 

α: 1.35, 
overlapc 

29.1, 
CH2 

α: 1.22, ddd 
(11.4, 7.4, 
3.8) 

36.3, 
CH2 

2.19, 
overlapc   

β: 1.86, ddd 
(10.0, 7.8, 
3.8)  

β: 1.79, 
overlapc   

4 42.7, 
CH 

1.91, qdd 
(7.8, 2.4, 
1.0) 

41.4, 
CH 

1.95, qdd 
(7.0, 2.4, 
1.0) 

125.7, 
C  

5 81.3, C  82.3, C  140.5, 
C  

6 31.4, 
CH2 

α: 1.34, 
overlapc 

37.3, 
CH2 

α: 1.42, 
overlapc 

25.2, 
CH2 

α: 1.16, 
overlapc   

β: 1.63, 
overlapc  

β: 1.81, 
overlapc  

β: 1.51, 
overlapc 

7 44.4, 
CH 

2.22, br dt 
(10.0, 2.4) 

41.3, 
CH 

1.13, 
overlapc 

40.8, 
CH 

1.23, 
overlapc 

8 35.3, C  34.1, C  34.8, C  
9 60.8, 

CH 
1.79, br t 
(2.8) 

43.9, 
CH 

1.78, 
overlapc 

52.1, 
CH 

1.08, 
overlapc 

10 28.8, 
CH2 

α: 1.21, dt 
(13.2, 3.2) 

23.7, 
CH2 

α: 1.12, 
overlapc 

24.3, 
CH2 

α: 1.23, 
overlapc   

β: 1.41, 
overlapc  

β: 1.75, 
overlapc  

β: 1.79, 
overlapc 

11 30.1, 
CH2 

α: 1.35, 
overlapc 

23.0, 
CH2 

α: 1.13, 
overlapc 

23.1, 
CH2 

α: 1.16, 
overlapc   

β: 1.48, 
overlapc  

β: 1.38, 
overlapc  

β: 1.40, 
overlapc 

12 13.0, 
CH3 

0.95, d (6.5) 12.8, 
CH3 

0.93, d (6.8) 13.7, 
CH3 

1.56, s 

13 30.4, 
CH3 

1.26, s 32.2, 
CH3 

1.07, s 32.6, 
CH3 

0.99, s 

14 26.4, 
CH3 

0.88, s 24.9, 
CH3 

0.95, s 24.7, 
CH3 

0.98, s 

15 41.9, 
CH2 

a: 2.00, dd 
(19.6, 2.0) 

28.9, 
CH2 

a: 1.29, ddd 
(12.0, 9.6, 
4.8) 

27.5, 
CH2 

a: 1.23, 
overlapc   

b: 2.10, br 
d (19.6)  

b: 1.41, 
overlapc  

b: 1.45, 
overlapc 

16 219.8, 
C  

27.9, 
CH2 

a: 1.06, 
overlapc 

28.9, 
CH2 

a: 1.25, 
overlapc     

b: 1.44, 
overlapc  

b: 1.46, 
overlapc 

17 35.3, 
CH2 

a: 1.47, 
overlapc 

34.2, 
CH2 

a: 1.41, 
overlapc 

34.2, 
CH2 

a: 1.46, 
overlapc   

b: 1.62, 
overlapc  

b: 1.63, m  b: 1.69, m 

18 40.8, 
CH 

2.41, tq 
(7.0, 6.6) 

39.4, 
CH 

2.41, tq 
(7.0, 6.6) 

39.4, 
CH 

2.46, 
overlapc 

19 17.7, 
CH3 

1.14, d (7.0) 16.9, 
CH3 

1.14, d (7.0) 17.0, 
CH3 

1.18, 
d (7.0) 

20 180.9, 
C  

182.9, 
C  

183.1, 
C   

a 13C NMR data assigned by HSQC and HMBC experiments. 
b Multiplicities reported as apparent splittings: s = singlet, d = doublet, t =

triplet, q = quartet, m = multiplet, br = broad. 
c Multiplicities undetermined due to overlapping signals. 
d NMR data acquired in methanol-d4. 
e NMR data acquired in chloroform-d. 
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inhibitory activity has however never been reported for any eremane 
diterpenoids before. 

2.4. Plausible enzymatic steps involved in eremane and isozizaene 
biosynthesis 

The abundant structural diversity of diterpenoids present in the 
Eremophila genus in combination with discovered interesting bio
activities, renders biological production of selected diterpenoids in 
heterologous hosts relevant (Gericke et al., 2020, 2021; Hansen et al., 
2022). A prerequisite for this to happen is elucidation of their route of 
biosynthesis. Experimental studies in E. lucida, E. drummondii and 
E. denticulata demonstrated that (Z,Z,Z)-nerylneryl diphosphate (NNDP) 
is the non-canonical terpene precursor of polycyclic diterpenes with 
serrulatane, viscidane, and cembrane skeletons (Gericke et al., 2020). 
Likewise, biosynthesis of acyclic diterpenes from E. glutinosa and 
E. exilifolia has been proposed to originate from NNDP (Ghisalberti et al., 
1981). In contrast, based on the E-configuration of the double bonds 
present, the pathway for decipiene diterpenoids in Eremophila clarkei 
was concluded to proceed from the canonical precursor (E,E,E)-ger
anylgeranyl diphosphate (Ghisalberti, 1995; Liang et al., 2023b) and 
involving a cationic intermediate equivalent to the bisabolyl cation, 
which has been demonstrated to serve as a hub for biosynthesis of an 
array of diverse and structurally complex sesquiterpenoids such as 
bisabolene, acoradiene, curcumene, cedrene, zizaene and isozizaene 
(Hong and Tantillo, 2014). 

The biosynthesis of eremane and isozizaene diterpenoids therefore 
probably also includes the bisabolyl-type diterpenoid cation as an in
termediate, and (E,E,E)-geranylgeranyl diphosphate (GGDP) as the 
corresponding C20 precursor (Liang et al., 2023b). As shown in Fig. 9, a 
[1,2]-hydride migration within the bisabolyl-type diterpenoid cation 
produces intermediate A, which following a 6,10-cyclization to yield a 
6R- or 6S acorenyl-type diterpenoid cation (B1 or B2) (Eaton and 
Christianson, 2023). Afterwards, a series of cyclization, alkyl and methyl 
shift reactions and a deprotonation occur in sequence from the 6S 
acorenyl-type diterpenoid cation (B1) to generate the core structure of 
(+)-isozizaene diterpenoid. Similar sequential reactions from the 6R 
acorenyl-type diterpenoid cation (B2) form the carbocation intermediate 
E2 which by a subsequent [1,2]-hydride migration, an alkyl shift reac
tion, and a deprotonation, affords the main scaffold of the eremane 
diterpene. None of the diterpenoid synthases involved in biosynthesis of 

the basic skeleton of (+)-isozizaene and eremane diterpenoids have been 
identified to date, but the proposed biosynthetic scheme is in agreement 
with the known ability of diterpene synthases to catalyze a 
carbocation-based cascade of cyclization reactions involving hydride 
migrations, methyl shifts, and Wagner-Meerwein rearrangements to 
afford structurally complex diterpene carbon scaffolds. To decipher the 
specific cyclization cascade, isotopic labelling experiments, homology 
modelling and site-directed mutagenesis are required to identify the 
presence of the critical amino acid residues that would favor the sug
gested unique carbocation-driven cascade cyclization mechanism (Li 
et al., 2023). The epi-isozizaene sesquiterpene synthase from the bac
terium Streptomyces coelicolor has been isolated and crystallized. The 
active site was shown to possess a product-shaped contour chaperoning 
the conformations of the flexible farnesyl diphosphate substrate and the 
cascade of multiple carbocation intermediates preceding the formation 
of epi-isozizaene. Single amino acid mutations were demonstrated to 
remold the contour of the active site and redirect the cyclization cascade 
towards formation of other sesquiterpenes and different stereoisomers of 
the acorenyl sesquiterpenoid cation (Eaton and Christianson, 2023). In a 
similar manner, we envision that the active site of the E. rigida diterpene 
synthase involved in eremane and (+)-isozizaene synthesis is not framed 
to secure formation of a single stereoisomer of the acorenyl diterpenoid 
cation (Fig. 9). Other routes to formation of the two classes of diterpe
noids are possible. Such alternative routes could result in different ori
gins of some of the carbon atoms in the diterpenes formed (Hong and 
Tantillo, 2018). Discrimination between these will depend on identifi
cation and structural knowledge of the diterpenoid synthase involved 
and predictions on their ability to accommodate the different carboca
tion intermediates within the product-shaped contour of its active site. 

2.5. The preliminary structure-activity relationship (SAR) of isolated 
compounds 

The PTP1B inhibitory activities of all metabolites isolated from 
acetonitrile extract of E. rigida were firstly evaluated at a concentration 
of 100 μM (Table 4). The isolated eremane, viscidane, and isozizaene 
diterpenoids, i.e., 2, 7a, 9, 14a, 14b, and 14c showed less than 50% 
inhibition at this concentration. However, a series of highly methoxy
lated flavonoids and triterpenoids, i.e., 1, 3, 15, 16, and 17 showed more 
than 50% inhibition at 100 μM, and two-fold dilution series for assess
ment of their dose-dependent effects were prepared. The results 

Fig. 6. Comparison of the experimental ECD spectrum of 9 and calculated ECD spectra of an enantiomeric pair of model compounds of 9 with a truncated side chain.  
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expressed as IC50 values are listed in Table 4, with corresponding dose- 
dependent curves provided in Supplementary data Fig. S49. 

Among the isolated O-methylated flavonoids, penduletin (3) 
exhibited the strongest PTP1B inhibitory activity with an IC50 value of 
18.3 ± 1.5 μM. The in vitro antidiabetic potential of penduletin has 
previously been demonstrated on the basis of its α-glucosidase (Hu et al., 
2017) and α-amylase (Al-Dabbas et al., 2006) inhibitory activities, but 
this is the first report on the PTP1B inhibitory activity of penduletin. As 
seen in Table 4, other O-methylated flavonoids exhibited weaker PTP1B 
inhibitory activity than 3, suggesting that a hydroxy group at C-4′ and 
preferably a high number of methoxy substituents at C-3, C-5, C-6 
and/or C-7 is needed for strong PTP1B inhibitory activity. 

All identified triterpenoids showed PTP1B inhibitory activity with 
IC50 values in a range from 6.3 ± 0.3 μM to 55.7 ± 5.5 μM. 3-Oxo-olea
nolic acid (17) was the most potent PTP1B inhibitor (IC50 = 6.3 ± 0.3 
μM) with an IC50 value two fold lower than that of the positive control 
RK-682 (IC50 = 13.7 ± 1.3 μM), indicating the potential of 3-oxo-olea
nolic acid as a promising PTP1B inhibitor needing further in
vestigations. As shown in Table 4, the IC50 value of 16 was about 1.5- 
fold higher than 17, which suggests that the ketone at C-3 is impor
tant for the PTP1B inhibitory activity. Compound 15, a ring-opened 
analogue of 17, showed dramatically weaker inhibition than 17, indi
cating that the intact ring skeleton of pentacyclic triterpenoids is crucial 
for PTP1B inhibitory activity of this class of natural products. Surpris
ingly, 14a-14c did only show weak inhibitory activity at 100 μM despite 
the strong inhibitory activity correlated with peak 14 (Fig. 1). This may 
be due to the very high amount of material eluted with peak 14 (see 
Section 4.5), that the compounds eluted with peak 14 act synergistically, 
or that an additional high-activity inhibitor was not isolated. Likewise, 
the lack of inhibitory activity correlated with HPLC peaks 3 and 16 in the 
biochromatogram, despite isolated 3 and 16 showing strong inhibitory 
activity, may be due to very low concentration of the material eluted 
with these two peaks. This underpins the importance of being aware that 
the inhibition peaks in the biochromatogram are relative and thus 
strongly affected by the amount and the nature of the material eluted 
with each peak. 

3. Conclusions 

In conclusion, high-resolution inhibition profiling combined with 
HPLC-PDA-HRMS, semi-preparative- and analytical-scale HPLC separa
tions and NMR spectroscopy were used to investigate an PTP1B- 
inhibiting acetonitrile extract from the leaves of E. rigida, leading to 
isolation and identification of six previously undescribed diterpenoids, 
including one isozizaene, one viscidane, and four eremane type diter
penoids, together with six known O-methylated flavonoids and three 
known triterpenoids. One of the flavonoids and all three triterpenoids 
showed moderate to strong PTP1B inhibitory activity. This study for the 
first time investigated and reported chemical constituents and bio
activities of E. rigida. The findings in the present study expand chemical 

Table 3 
1H NMR (600 MHz) and 13C NMR (150 MHz) spectroscopic data of compounds 
7a, 9, and 14c (δ in ppm, J in Hz).  

No. 7ad 9e 14ce 

δC, 
typea 

δH, mult 
(J)b 

δC, 
typea 

δH, mult 
(J)b 

δC, 
type 

δH, mult 
(J)b 

1 50.0, C  44.5, C  143.6, 
C  

2 30.6, 
CH2 

α: 1.80, br 
dd (17.3, 
5.2) 

32.8, 
CH2 

α: 1.07, br 
dd (12.6, 
3.4) 

26.6, 
CH2 

α: 2.13, 
ddd (12.4, 
8.4, 3.8)   

β: 2.18, br 
dt (17.3, 
2.2)  

β: 1.77, 
overlapc  

β: 2.21, q 
(6.9) 

3 123.5, 
CH 

5.72, br dd 
(3.3, 1.4) 

30.5, 
CH2 

α: 2.19, 
overlapc 

32.3, 
CH2 

α: 1.30, 
overlapc     

β: 2.40, dt 
(10.0, 8.0)  

β: 1.81, 
overlapc 

4 140.7, 
C  

156.1, 
C  

40.3, 
CH 

1.89, qdd 
(7.0, 3.4, 
1.0) 

5 66.8, 
CH 

4.55, br t 
(7.8) 

48.8, 
CH 

2.20, 
overlapc 

53.9, C  

6 41.4, 
CH2 

α: 1.90, 
overlapc 

27.0, 
CH2 

1.71, dd 
(9.2, 2.8) 

39.0, 
CH2 

α: 1.31, 
overlapc   

β: 1.95, 
overlapc    

β: 1.56, 
overlapc 

7 52.7, 
CH 

2.71, dd 
(8.4, 2.4) 

32.4, 
CH 

1.56, br s 48.2, 
CH 

1.82, 
overlapc 

8 26.5, 
CH2 

α: 1.76, 
overlapc 

39.8, C  41.1, C    

β: 1.92, 
overlapc     

9 27.9, 
CH2 

α: 1.52, 
overlapc 

38.8, 
CH 

0.72, br s 132.6, 
C    

β: 2.03, 
overlapc     

10 52.7, 
CH 

2.06, 
overlapc 

23.1, 
CH2 

α: 1.44, 
overlapc 

34.6, 
CH2 

α: 1.30, 
overlapc     

β: 1.75, 
overlapc  

β: 1.64, br 
dt (10.6, 
2.0) 

11 33.9, 
CH 

1.52, 
overlapc 

28.3, 
CH2 

α: 1.12, br 
t (12.0) 

25.0, 
CH2 

α: 1.59, 
overlapc     

β: 1.80, br 
dd (12.0, 
4.8)  

β: 1.74, 
overlapc 

12 36.7, 
CH2 

a: 1.11, ddd 
(13.6, 9.6, 
4.8) 

104.6, 
CH2 

a: 4.82, br 
d (1.8) 

17.4, 
CH3 

0.83, 
d (7.0)   

b: 1.48, dt 
(9.6, 2.8)  

b: 4.88, br 
d (1.8)   

13 26.0, 
CH2 

a: 1.93, 
overlapc 

19.6, 
CH3 

1.04, s 29.6, 
CH3 

0.99, s   

b: 2.06, 
overlapc     

14 125.6, 
CH 

5.10, t sep 
(7.2, 1.4) 

70.9, 
CH2 

a: 3.28, 
d (10.8) 

25.5, 
CH3 

0.97, s     

b: 3.47, 
d (10.8)   

15 131.9, 
C  

25.9, 
CH2 

a: 1.25, 
overlapc 

28.9, 
CH2 

1.84, 
overlapc     

b: 1.40, 
overlapc   

16 25.6, 
CH3 

1.67, s 28.8, 
CH2 

a: 1.22, 
overlapc 

27.6, 
CH2 

1.38, 
overlapc     

b: 1.34, 
overlapc   

17 17.4, 
CH3 

1.61, s 34.3, 
CH2 

a: 1.42, 
overlapc 

34.4, 
CH2 

a: 1.42, 
overlapc     

b: 1.65, m  b: 1.67, 
overlapc 

18 20.3, 
CH3 

1.00, 
d (6.7) 

39.2, 
CH 

2.46, tq 
(7.0, 6.6) 

39.1, 
CH 

2.48, tq 
(7.0, 6.6) 

19 63.8, 
CH2 

a: 4.11, 
d (13.2) 

17.1, 
CH3 

1.17, 
d (7.0) 

17.1, 
CH3 

1.19, 
d (7.0)  

Table 3 (continued ) 

No. 7ad 9e 14ce 

δC, 
typea 

δH, mult 
(J)b 

δC, 
typea 

δH, mult 
(J)b 

δC, 
type 

δH, mult 
(J)b   

b: 4.20, 
d (13.2)     

20 179.9, 
C  

181.5, 
C  

181.3, 
C   

a 13C NMR data assigned by HSQC and HMBC experiments. 
b Multiplicities reported as apparent splittings: s = singlet, d = doublet, t =

triplet, q = quartet, sep = septet, m = multiplet, br = broad. 
c Multiplicities undetermined due to overlapping signals. 
d NMR data acquired in methanol-d4. 
e NMR data acquired in chloroform-d. 
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diversity of structurally unique eremane, viscidane and isozizaene 
diterpenoids from the genus Eremophila and supports that Eremophila. 
spp are valuable sources in the search for PTP1B inhibitors. 

4. Experimental 

4.1. Chemicals 

NaH2PO4⋅2H2O, NaOH, NaN3, NaCl, Na2HPO4, acetic acid, phos
phoric acid, 2-chloro-4-nitrophenyl-α-D-maltotrioside (CNP-G3), 
dimethyl sulfoxide (DMSO), dithiothreitol (DTT), N,N,N′,N′-ethylenedi
aminetetraacetate (EDTA), p-nitrophenyl α-D-glucopyranoside (p-NPG), 
p-nitrophenyl phosphate (p-NPP), tris(hydroxymethyl)-aminomethane 
(Tris), bis(2-hydroxyethyl)-imino-tris(hydroxymethylmethane) (Bis- 
Tris), α-glucosidase type I (EC 3.2.1.20, from Saccharomyces cerevisiae, 
lyophilized powder) and α-amylase type VI-B (E.C. 3.2.1.1, from porcine 

pancreas, lyophilized powder) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA), recombinant human protein tyrosine phosphatase 1B 
(PTP1B) (BML-SE332-0050, EC 3.1.3.48) and RK-682 from Enzo Life 
Sciences (Farmingdale, NY, USA), and formic acid and calcium acetate 
from Merck (Darmstadt, Germany). HPLC-grade acetonitrile was pur
chased from VWR International (Søborg, Denmark), and methanol-d4 
and chloroform-d from Euriso-top (Saint-Aubin Cesex, France). Deion
ization and filtration of water was conducted through a 0.22-μm mem
brane on a Milli-Q Plus system (Millipore, Billerica, MA, USA). 

4.2. Plant material and extraction 

Leaves of Eremophila rigida Chinnock were collected 74.3 km south of 
Capricorn Roadhouse, Western Australia (24 4 55.7 S, 119 42 50.5 E) 
and identified by Dr Bevan Buirchell. A voucher specimen has been 
deposited at the University of Melbourne Herbarium, Melbourne, 

Fig. 7. Comparison of the experimental ECD spectrum of 14c and calculated ECD spectra of an enantiomeric pair of 14c.  

Fig. 8. Comparison of the experimental ECD spectrum of 7a and calculated ECD spectra of an enantiomeric pair of model compounds of 7a with a truncated 
side chain. 
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Victoria, Australia (accession number MELUD127845a). To extract leaf 
resins, leaf material (78.6 g) was submerged in 250 mL of acetonitrile 
and shaken for 10 min (Ratek, Knox City, Victoria, Australia). The 
extract was filtered using a glass funnel and dried in vacuo at 40 ◦C using 
a rotary evaporator (IKA RV10). The dry extract (3.36 g) was transferred 
to amber-colored vials using a small volume of methanol and dried 
under nitrogen gas, then stored at − 20 ◦C. Samples for HPLC, bioassays 
and NMR were prepared by redissolving this dried material to the con
centrations mentioned for each analysis. 

4.3. α-Glucosidase, α-amylase and PTP1B inhibition assays 

The α-glucosidase inhibition assay was performed in 96-well 
microplates as previously reported (Liang et al., 2021). In short, indi
vidual samples for each well were dissolved in 10 μL DMSO and sup
plemented with 90 μL buffer and 80 μL α-glucosidase enzyme solution 
(2.0 U/mL in buffer) to a total volume of 200 μL. The buffer (100 mM, 
pH 7.5) contains 34 mM NaH2PO4⋅2H2O, 66 mM Na2HPO4 and 0.02% 
NaN3. The microplate samples were then incubated at 28 ◦C for 10 min 

Fig. 9. Plausible biosynthetic route for formation of the eremane and isozizaene core skeletons.  
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followed by addition of 20 μL p-NPG solution (10 mM in buffer) to each 
well to initiate the enzymatic reaction after well mixing. The absorbance 
of the formed cleavage product, the strongly chromogenic p-nitro
phenolate ion produced in each well, was recorded every 30 s for 35 min 
at 405 nm, which yielded enzyme activity (ΔAU/s). A Thermo Scientific 
Multiskan FC microplate photometer (Thermo Scientific, Waltham, MA, 
USA) equipped with a built-in incubator was used for enzyme incubation 
and measurement of absorbance, which was controlled by a coupled 
SkanIt ver. 2.5.1 software. DMSO was included as blank sample and all 
measurements were performed in triplicate. The α-glucosidase inhibi
tion was calculated according to the equation below: 

Percent inhibition=
Slope(blank) − Slope(sample)

Slope(blank)
× 100% (Eq. 1) 

The α-amylase inhibition assay was performed with a procedure 
similar to the above-mentioned α-glucosidase inhibition assay as pre
viously described (Zhao et al., 2018). Briefly, the sample for each well 
was dissolved in 20 μL DMSO and supplemented with 80 μL buffer and 
80 μL α-amylase enzyme solution (2.0 U/mL in buffer). The buffer (110 
mM, pH 6.0) contains NaH2PO4⋅2H2O, Na2HPO4, 60 mM NaCl and 
0.02% NaN3. The microplate samples were then incubated at 37 ◦C for 
10 min followed by addition of 20 μL CNP-G3 solution (10 mM in buffer) 
to each well to initiate the enzymatic reaction after well mixing. The 
absorbance of the cleavage product formed in each well was measured 
every 3 min for 30 min at 405 nm on the same microplate photometer as 
described above, which yielded enzyme activity (ΔAU/s). DMSO was 
included as blank sample and all measurements were performed in 
triplicate. The α-amylase inhibition was calculated using the same 
equation as described for α-glucosidase inhibition. 

The PTP1B inhibition assay was performed using 96-well micro
plates based on a previously reported method (Liang et al., 2021). In 
short, the sample for each well was dissolved in 18 μL of DMSO and 
supplemented with 52 μL EDTA solution (3.4 mM in buffer) and 60 μL 
substrate solution (1.5 mM p-NPP and 6 mM DTT in buffer). The buffer 
(pH 7.0) contains 50 mM Tris, 50 mM Bis-Tris and 100 mM NaCl. The 
microplate samples were then incubated at 25 ◦C for 10 min followed by 
addition of 50 μL PTP1B stock solution (0.001 μg/μL) to each well to 
initiate the enzymatic reaction after well mixing. The absorbance of the 
cleavage product formed in each well was measured every 30 s for 10 
min at 405 nm, which yielded the enzymatic activity (ΔAU/min). DMSO 
was included as blank sample and RK-682 as reference compound, and 

all measurements were performed in triplicate. The PTP1B inhibition 
was calculated using the same equation as mentioned above. 
Dose-dependent effect for the PTP1B inhibition assay was determined 
using the same protocol and the results were expressed as IC50 values. 
Each sample was dissolved in DMSO, followed by two-fold serial di
lutions for in total eight or nine concentrations. The initial concentration 
for dilution series was 2 mg mL− 1 and 2 mM for the crude leaf extract 
and pure compounds, respectively. All measurements were performed in 
triplicate. IC50 values were calculated using GraFit software, version 
5.0.11 (Erithacus Software Limited) according to the four-parameter 
function below: 

f (x)=min +
max − min

1 +

(
x

IC50

)slope (Eq. 2)  

where x is the concentration of the sample and slope is the Hill slope, and 
min is the minimum and max the maximum concentrations for the 
curves. Results were reported as IC50 mean value ± standard error. 

4.4. Microfractionation and high-resolution PTP1B inhibition profiling 

Microfractionation of the crude acetonitrile extract from the leaves 
of E. rigida was performed on an analytical-scale HPLC with a flow rate 
of 0.5 mL/min and the temperature maintained at 40 ◦C. The analytical- 
scale HPLC was an Agilent 1200 series instrument (Agilent Technolo
gies, Santa Clara, CA, USA) consisting of a G1367C high-performance 
autosampler, a G1311A quaternary pump, a G1322A degasser, a 
G1316A thermostatted column compartment, a G1315C photodiode 
array detector, and a G1364C fraction collector, all controlled by Agilent 
ChemStation version B.03.02 software. The mobile phase used for the 
separation was a mixture of different ratio of solvent A (acetonitrile: 
water: formic acid (5:94.9:0.1, v/v/v)) and solvent B (acetonitrile: 
water: formic acid (94.9:5:0.1, v/v/v)). For the high-resolution PTP1B 
inhibition profiling, injection of 10 μL crude extract (50 mg/mL in 
acetonitrile) was separated on a reversed-phase Phenomenex Luna 
C18(2) column (150 × 4.6 mm i.d., 3 μm particle size, 100 Å pore size) 
according to the following gradient: 0 min, 30% B; 30 min,100% B; 40 
min, 100% B; 42 min, 30% B; 50 min, 30% B. The eluate from 11 to 42 
min was collected into 88 separate wells of a 96-well microplate and the 
samples were evaporated to dryness by use of a Savant SPD121P speed 
vacuum concentrator equipped with an OFP400 oil-free pump and an 
RVT400 refrigerated vapor trap (Holbrook, NY, USA). The dried residue 
in each well was tested for PTP1B inhibitory activity. The results of 
percent inhibition for each well sample were plotted against the corre
sponding retention time of the HPLC chromatogram to construct a high- 
resolution PTP1B inhibition profile. 

4.5. Semipreparative-scale and analytical-scale HPLC separations 

Semipreparative-scale HPLC experiments were conducted on a Shi
madzu instrument (Tokyo, Japan) consisting of a SIL-20A autosampler, 
an LC-20AD pump, a CTO-10AS column oven, an SPD-20A UV/VIS de
tector and an FRC-10A fraction collector, all controlled by Shimadzu 
LCsolution ver. 1.24 software. Sixteen successive injections of 100 μL 
(50 mg/mL in acetonitrile) crude acetonitrile extract of E. rigida were 
separated on a Phenomenex Luna C18(2) reversed phase column (250 ×
10.0 mm i.d., 5 μm particle size, 100 Å pore size, Phenomenex, Torrance, 
CA USA) using the same elution gradient profile as for the micro
fractionation stated above, but with a flow rate of 4 mL/min. This 
procedure separated peaks 1–17 and collected peaks 9 and 10 together 
as one fraction while other peaks individually as 15 fractions. The 
representative fractions were frozen in bath of dry ice and acetone and 
freeze-dried using a Heto LyoPro 6000 freeze dryer. The material eluted 
with peaks 7 (tR 26.0 min, 0.72 mg), 12 (tR 30.9 min, 0.61 mg), and 14 
(tR 32.9 min, 9.89 mg) along with a mixture of peaks 9 and 10 (tR 28.7/ 

Table 4 
PTP1B inhibitory activity of isolated compounds at 100 μM and IC50 values for 
the compounds showing more than 50% inhibition at this concentration.  

Compound PTP1B inhibition 

Percentage at 100 μMa,b IC50 (μM)a,b 

1 62.3 ± 2.6 >100 
2 − 6.6 ± 2.8 n.d. 
3 103.7 ± 6.0 18.3 ± 1.5 
4 14.3 ± 1.0 n.d. 
6 20.5 ± 1.4 n.d. 
7a 0.4 ± 6.6 n.d. 
7b 4.5 ± 4.8 n.d. 
9 34.7 ± 6.1 n.d. 
10 − 0.5 ± 1.2 n.d. 
14a 10.8 ± 4.5 n.d. 
14b 28.5 ± 6.4 n.d. 
14c 20.4 ± 2.7 n.d. 
15 99.6 ± 2.6 55.7 ± 5.5 
16 100.1 ± 6.0 9.9 ± 0.5 
17 100.9 ± 10.9 6.3 ± 0.3 
RK-682c n.d. 13.7 ± 1.3  

a Results expressed as mean ± standard error of three independent 
experiments. 

b n.d.: not determined. 
c Reference compound. 
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28.9 min, 1.03 mg) were further purified using the same analytical-scale 
HPLC instrument as used for microfractionation on a Phenomenex 
Kinetex PFP column (150 × 4.6 mm i.d., 2.6 μm particle size, 100 Å pore 
size) by automatic fraction collection. Further purification of the multi- 
component sample material co-eluting with peak 7 was conducted by 
dissolving the dried sample material in methanol and 22 successive in
jections of 12 μL aliquots using the following elution gradient: 0 min, 
10% B; 20 min, 100% B; 25 min, 100% B; 26 min, 10% B; 32 min, 10% B. 
In a similar manner, purification of a mixture of peak 9 and 10 was 
conducted by 27 successive injections of 10 μL methanol aliquots, for 
peak 12 by 10 injections of 15 μL methanol aliquots, and for peak 14 by 
82 injections of 8 μL methanol aliquots, all using the following elution 
gradient: 0 min, 30% B; 20 min, 100% B; 25 min, 100% B; 26 min, 30% 
B; 32 min, 30% B. As a result, 23 pure compounds and one inseparable 
mixture were isolated. The pure compounds were 1 (tR 21.1 min, 1.56 
mg), 2 (tR 22.7 min, 1.73 mg), 3 (tR 23.6 min, 1.93 mg), 4 (tR 23.9 min, 
0.53 mg), 5 (tR 24.3 min, 0.54 mg), 6 (tR 25.5 min, 0.41 mg), 7a (tR 14.1 
min, 0.30 mg), 7b (tR 15.3 min, 0.27 mg), 8 (tR 27.5 min, 0.11 mg), 9 (tR 
28.6 min, 0.60 mg), 10 (tR 28.9 min, 0.24 mg), 11 (tR 30.2 min, 1.24 
mg), 12a (tR 13.9 min, 0.16 mg), 12b (tR 14.2 min, 0.08 mg), 12c (tR 
14.5 min, 0.18 mg), 12d (tR 15.0 min, 0.06 mg), 12e (tR 15.2 min, 0.04 
mg), 13 (tR 32.3 min, 0.50 mg), 14a (tR 14.4 min, 3.72 mg), 14c (tR 18.0 
min, 1.60 mg), 15 (tR 34.7 min, 0.80 mg), 16 (tR 37.8 min, 0.60 mg), and 
17 (tR 40.0 min, 2.64 mg), as well as the inseparable mixture of 14a and 
14b (tR 17.6 min, 2.22 mg). 

4.5.1. Eremorigidane A (2) 
Colorless solid; see Table 2 for 1H (600 MHz) and 13C NMR (150 

MHz) spectroscopic data; HRESIMS (negative mode) m/z 335.2215 
[M− H]− (calcd for C20H31O4

− 335.2228, ΔM +3.8 ppm); ECD (c 4.43 
mM, MeCN) λmax (θ) 190 (+64.95), 206 (+2.48), 302 (+12.20) nm. 

4.5.2. .Eremorigidane B (7a) 
Colorless solid; see Table 3 for 1H (600 MHz) and 13C NMR (150 

MHz) spectroscopic data; HRESIMS (negative mode) m/z 335.2233 
[M− H]− (calcd for C20H31O4

− 335.2228, ΔM − 1.5 ppm); ECD (c 3.78 
mM, MeCN) λmax (θ) 190 (− 6.84), 205 (+0.97), 213 (+0.78), 225 
(+1.10), 260 (− 0.17) nm. 

4.5.3. Eremorigidane C (9) 
Colorless solid; see Table 3 for 1H (600 MHz) and 13C NMR (150 

MHz) spectroscopic data; HRESIMS (negative mode) m/z 319.2268 
[M− H]− (calcd for C20H31O3

− 319.2279, ΔM +3.3 ppm); ECD (c 5.46 
mM, MeCN) λmax (θ) 190 (− 13.14), 203 (− 38.31), 222 (− 2.13) nm. 

4.5.4. Eremorigidane D (14a) 
Colorless solid; see Table 2 for 1H (600 MHz) and 13C NMR (150 

MHz) spectroscopic data; HRESIMS (negative mode) m/z 321.2426 
[M− H]− (calcd for C20H33O3

− 321.2435, ΔM +2.9 ppm); ECD (c 6.51 
mM, MeCN) λmax (θ) 190 (+23.88), 204 (+1.97), 216 (+4.49) nm. 

4.5.5. Eremorigidane E (14b) 
Colorless solid; see Table 2 for 1H (600 MHz) and 13C NMR (150 

MHz) spectroscopic data; HRESIMS (negative mode) m/z 303.2336 
[M− H]− (calcd for C20H31O2

− 303.2329, ΔM − 2.1 ppm). 

4.5.6. Eremorigidane F (14c) 
White amorphous solid; see Table 3 for 1H (600 MHz) and 13C NMR 

(150 MHz) spectroscopic data; HRESIMS (negative mode) m/z 303.2341 
[M− H]− (calcd for C20H31O2

− 303.2329, ΔM − 3.8 ppm); ECD (c 5.52 
mM, MeCN) λmax (θ) 190 (+0.30), 223 (+3.79), 243 (+0.06) nm. 

4.6. HPLC-PDA-HRMS analysis 

The HPLC-PDA-HRMS analyses were performed on an Agilent 1260 
HPLC system (Agilent Technologies, Santa Clara, CA, USA) comprising a 

G1329B autosampler, a G1316A thermostatted column compartment, a 
G1315D photodiode array detector and a G1311B quaternary pump 
with a built-in degasser coupled with a Bruker micrOTOF-Q II mass 
spectrometer (Bruker Daltonik, Bremen, Germany) equipped with an 
electrospray ionization source. The operation of the system was 
controlled by Hystar ver. 3.2 software (Bruker Daltonik, Bremen, Ger
many). Mass spectra were acquired in negative-ion mode with a capil
lary voltage of 3500 V, a nebulizer pressure of 2.0 bar, a drying 
temperature of 200 ◦C and a drying gas flow of 7 L/min. A solution of 
sodium formate clusters was injected automatically at the beginning of 
each analysis to enable internal mass calibration. The crude acetonitrile 
leaf extract and peaks 7, 12 and 14 as well as a mixture of peaks 9 and 10 
were separated using the same column, and an elution gradient profile 
under the same condition as were used for the analytical-scale HPLC 
separations respectively as described above. 

4.7. NMR experiments 

The NMR experiments were performed on a Bruker Avance III 600 
MHz NMR spectrometer equipped with a Bruker SampleJet sample 
changer and a cryogenically cooled gradient inverse triple-resonance 
1.7 mm TCI probe-head (Bruker Biospin, Karlsruhe, Germany) at 300 
K. The operating frequencies for recording 1H and 13C spectra were 
600.13 and 150.90 MHz, respectively. NMR data of 1–4, 6, 7a, 7b and 
10 were acquired in methanol-d4, and for 9, 14a-14c and 15–17 in 
chloroform-d. 1H and 13C chemical shifts were calibrated on the basis of 
the residual solvent signals, which were δH 3.31 ppm/δC 49.00 ppm for 
methanol-d4 and δH 7.26 ppm/δC 77.16 ppm for chloroform-d. The 1H 
NMR data were acquired with 30◦ pulses, an acquisition time of 2.72 s, a 
relaxation delay of 1.0 s, a spectral width of 20 ppm, and 64 k data 
points. The 13C NMR data were acquired with 30◦ pulses, an acquisition 
time of 0.90 s, a relaxation delay of 2.0 s, a spectral width of 240 ppm, 
and 64 k data points. Multiplicity edited HSQC spectra were acquired 
with 12 ppm spectral width for 1H and 170 ppm for 13C. HMBC spectra 
were also acquired with 12 ppm spectral width for 1H, but 240 ppm for 
13C. The relaxation delay for HSQC and HMBC experiments were both 
1.0 s. The HMBC, phase-sensitive DQF-COSY and ROESY spectra were 
all recorded with 2048 whereas the HSQC spectra with 1730 data points 
in the direct dimension. The HSQC and ROESY spectra were both ac
quired with 256, whereas the HMBC and COSY spectra with 512 data 
points in the indirect dimension. Automated NMR data acquisition was 
controlled by Icon NMR (version 4.2, Bruker Biospin, Karlsruhe, Ger
many), and the obtained NMR data were processed using Topspin 
(version 4.0.6, Bruker Biospin). 

4.8. Calculation of theoretical ECD spectra and acquisition of 
experimental ECD spectra 

MacroModel interfaced to Schrödinger Maestro 11.9 (Schrödinger, 
LLC, USA) was used to conduct conformational search with the Merck 
molecular force field static (MMFFs) in gas phase (Habgood et al., 2020). 
Density functional theory (DFT) was applied to optimize the conformers 
within 5.02 kcal/mol of relative energy using B3LYP functional with the 
6-31G (d,p) basis set (Pescitelli and Bruhn, 2016). The polarizable 
continuum model in its integral equation formalism (IEF-PCM) incor
porated the solvent effect of acetonitrile (Tomasi et al., 2005). Gaussian 
16 program package was used for all DFT and TDDFT calculations, 
which were performed for each dominant conformer (>1% Boltzmann 
population) after being optimized (Frisch et al., 2016). TDDFT with the 
CAM-B3LYP functional and the 6-31G (d,p) basis set was used to 
calculate oscillator and rotatory strengths of the first 60 excited states of 
each conformer, including IEF-PCM for the solvent effect of acetonitrile 
(DTU Computing Center, 2021). The theoretical ECD spectra were 
generated by Boltzmann averaging the individually calculated ECD 
spectrum of each dominant conformer. The conformational search and 
ECD calculations of 7a, 9 and 14a were performed for an isomeric form 
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of model structures 7a-, 9- and 14a- model each after a partial trun
cation of their structures on the flexible side chain to reduce the 
computational cost. SpecDis software ver. 1.71 (Berlin, Germany) 
(Bruhn et al., 2017) was used to export the final theoretical ECD spectra 
with a half-bandwidth of 0.25 eV for model structure of 7a, 0.30 eV for 
14c and model structure of 9, and 0.35 eV for model structure of 14a. 

The JASCO J-1500 CD spectrometer (JASCO, Tokyo, Japan) was 
used to record experimental ECD spectra of 2, 7a, 9, 14a and 14c in 
acetonitrile in a quartz cuvette (1 cm path length). Acquisition of each 
spectrum was conducted at 25 ◦C according to the parameters below: 
wavelength 190–400 nm, scan speed 50 nm/min, digital integration 
time 4 s, bandwidth 5.0 mm, 3 accumulations. 
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Bis-Tris bis(2-hydroxyethyl)-imino-tris(hydroxymethylmethane) 
CNP-G3 2-chloro-4-nitrophenyl-α-D-maltotrioside 
COSY correlation spectroscopy 
DFT density functional theory 
DMSO dimethyl sulfoxide 
DQF double-quantum filtered 
DTT dithiothreitol 
ECD electronic circular dichroism 
EDTA N,N,N′,N′-ethylenediaminetetraacetate 
ESI electrospray ionization 
GGDP (E,E,E)-geranylgeranyl diphosphate 
HMBC heteronuclear multiple-bond correlation 
HPLC high-performance liquid chromatography 
HRMS high-resolution mass spectrometry 

HSQC heteronuclear single quantum coherence 
IEF-PCM integral equation formalism-polarizable continuum model 
MMFFs Merck molecular force field static 
NMR nuclear magnetic resonance 
NNDP (Z,Z,Z)-nerylneryl diphosphate 
PDA photodiode array 
PFP pentafluorophenyl 
p-NPG p-nitrophenyl α-D-glucopyranoside 
p-NPP p-nitrophenyl phosphate 
PTP1B protein tyrosine phosphatase 1B 
ROE rotating-frame Overhauser 
ROESY rotating-frame Overhauser effect spectroscopy 
SAR structure-activity relationship 
SPE solid phase extraction 
TDDFT time-dependent density functional theory 
Tris tris(hydroxymethyl)-aminomethane 
T2D type 2 diabetes 
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