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The fungal metabolite sphaeropsidin A (SphA) has been recognised for its promising cytotoxicity, particularly

towards apoptosis- and multidrug-resistant cancers. Owing to its intriguing activity, the development of SphA as

a potential anticancer agent has been pursued. However, this endeavour is compromised since SphA exhibits

poor physicochemical stability under physiological conditions. Herein, SphA’s instability in biological media was

explored utilizing LC-MS. Notably, the degradation tendency was found to be markedly enhanced in the pres-

ence of amino acids in the cell medium utilized. Furthermore, the study investigated the presence of degradation

adducts, including the identification, isolation and structural elucidation of a major degradation metabolite, (4R)-

4,4’,4’-trimethyl-3’-oxo-4-vinyl-4’,5’,6’,7’-tetrahydro-3’H-spiro[cyclohexane-1,1’-isobenzofuran]-2-ene-2-car-

boxylic acid. Considering the reduced cytotoxic potency of aged SphA solutions, as well as that of the isolated

degradation metabolite, the reported antiproliferative activity has been attributed primarily to the parent com-

pound (SphA) and not its degradation species. The fact that SphA continues to exhibit remarkable bioactivity,

despite being susceptible to degradation, motivates future research efforts to address the challenges associated

with this instability impediment.

Introduction

Sphaeropsidins A–G (1–7, Fig. 1) are pimarane diterpenoids
produced by several phytopathogenic fungi belonging to the
genera Sphaeropsis and Diplodia.1,2 While being notorious for
inducing severe canker diseases of Mediterranean forest
plants, the sphaeropsidins have received growing interest for
their medicinal potential.3–5 Amongst the group (1–7), sphaer-
opsidin A (1, SphA) has been recognised as the main bioactive
member. To date, reported sources of SphA include species of
Diplodia (D. cupressi, D. corticola, D. quercivora) and Asperigillus
(A. chevalieri, A. candidus).6–8 Apart from the attractive phyto-
toxic, antimicrobial and insecticidal activities, SphA has been
noted for its intriguing cytotoxicity, particularly towards apop-
tosis- and multidrug-resistant cancers.9–12 Apoptosis-resistant
cancers represent a major challenge in the clinic.13–17 Since
the majority of chemotherapeutic drugs are aimed at the
induction of apoptosis in cancer cells, resistance of this sort
generally leads to poor treatment outcomes.18–20 For this
reason, the discovery and recognition of agents capable of
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overcoming such malignancies is potentially of significant
value.

The antiproliferative activity of SphA towards cancer cells
was first noted in 2011 by Wang et al.21 In the following year,
we reported on our findings of low micromolar growth-inhibi-
tory IC50 values of SphA against several cancer cell lines, with
the natural product being as/or more potent in vitro than
various conventional chemotherapeutic drugs.4 Further, the
investigations of the effects of this compound against the
National Cancer Institute (NCI) panel of 60 human cancer cell
lines revealed melanoma and kidney cancer subpanels were
more sensitive to the cytotoxic effects of SphA (lower LC50

values).12 Moreover, the NCI COMPARE data analyses revealed
that SphA displays a unique sensitivity profile, unmatched by
any other agent in the 763 000 compound database with a cor-
relation coefficient of >0.7.12 Another attractive feature exhibi-
ted by SphA was its ability to overcome various forms of cancer
drug resistance, including those related to multi-drug ABC
transporter expression, e.g. ABCB1 (P glycoprotein), ABCG2
(breast cancer resistance protein) or MVP (Major Vault
Protein).12 An encouraging finding was also the fact that
several normal cells, i.e. HUVEC and normal melanocytes were
less sensitive to SphA, which serves as further motivation
towards its development as a potential anticancer agent.12 The
interesting cytotoxicity features displayed by SphA have been
further ascribed, at least partly to its ability to impair the regu-
latory volume increase (RVI) process, leading to perturbation
of the cellular ion homeostasis. These effects were found to
lead to marked and rapid cell shrinkage directly triggering
apoptosis and overcoming cell death resistance.12

Based on the promising bioactivity displayed by SphA,
together with the poor prognosis of advanced melanoma, a
recent study investigated in vitro chemocombinations of SphA
with conventional pro-apoptotic chemotherapeutic agents.22

This revealed that SphA combinations with cisplatin or temo-
zolomide increased their in vitro potency in a synergistic
manner.

Despite these promising anticancer properties, the poten-
tial development of SphA is unfortunately thwarted as a result

of its poor physicochemical stability under physiological con-
ditions. This impediment was first reported by Lallemand
et al. in a preliminary degradation investigation which
explored the stability of SphA in cell culture medium at physio-
logical pH.4 From this quantitative analysis, it was noted that
approximately 32–43% of SphA was degraded within 24 h of
incubation in cell culture medium. This unappealing feature
could result in an unpredictable toxicological profile of SphA
as well as inefficient in vivo drug delivery. Consequently, the
instability associated with SphA raises concern with regard to
the actual active species that may well be one of the SphA
metabolites.

To provide a solid foundation for a possible pharmaceutical
development of SphA, the issue of instability requires immedi-
ate attention. To this end, the primary focus of this study was
to evaluate the extent of degradation of SphA as well as identify
and elucidate the structure(s) of any major decomposition
metabolites that may contribute to its intriguing antiprolifera-
tive activity.

Results and discussion

The layout of this manuscript follows initial degradation ana-
lysis of SphA incubated and monitored in MEM cell culture
medium or PBS buffer solution at both room temperature and
37 °C, along with maximal solubility determination.
Subsequent degradation studies of SphA were then conducted
in parallel with anti-cancer activity evaluation, gaining insight
with respect to the in vitro activity of SphA’s degradation
metabolites. Augmenting these results, a more in-depth ana-
lysis of SphA’s degradation behaviour and a deciphering of its
degradation metabolites was undertaken utilizing LC-MS.
Moreover, the instability of SphA was further explored by study-
ing its anti-cancer activity in the presence/absence of N-acetyl-
cysteine (NAC). Finally, the investigation led to the isolation,
structural elucidation and biotesting of a major SphA degra-
dation metabolite.

Fig. 1 Chemical structures of sphaeropsidins A–G (1–7).
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Solubility and stability analyses of SphA in phosphate buffer

The aqueous solubility of a therapeutic candidate is a key
physicochemical property, considering that it directly impacts
the maximum drug dose which can be absorbed.23,24 It is
therefore crucial that any solubility liabilities are identified
during early stages of drug development.25,26 The maximal
SphA solubility evaluated in PBS reached 1.124 ± 0.001 mg
mL−1 in PBS at pH 7.4 and room temperature (20–22 °C). From
the stability analysis results, degradation of SphA was limited
in PBS at room temperature, ∼5% within 48 h, whereas the
degradation was found to be greater in MEM (which contains
a cocktail of amino acids), reaching ∼30% within 48 h (Fig. 2).
On the other hand, degradation of SphA increased to ∼80%
and ∼20% at 37 °C in cell culture medium and PBS respect-
ively within 48 h (Fig. 2) and this data confirmed our previous
observations.4

Parallel investigation of SphA degradation in culture medium
and its residual anti-cancer activity

According to this rapid degradation of SphA in culture
medium,4 interest was aimed at determining whether degra-
dation compound(s) could be partially responsible for SphA’s
anti-cancer activity in vitro. To address this question, we pre-
pared a SphA stock solution in culture medium without serum
that was further stored at 37 °C for a period of seven days. We
acquired daily concentration–response curves on two mela-
noma cell lines and two primary cultures by means of MTT
assay with this solution, starting the assay from day 0 and con-
tinuing to day 7 after its preparation. Fig. 3 shows a progressive
increase in the mean IC50 values determined on the four cell
lines over time. Parallel investigation of the residual SphA con-
centration in the stock solution by a HPLC method adapted
from Lallemand et al.4 showed indeed a time-dependent degra-
dation of SphA, but residual activity was still observed after 7
days, even if more than 90% of SphA was degraded. The results
suggest that one or several degradation metabolites may still
display individual or collective anti-cancer activity. However, it
is important to note that in our previous study, we observed
irreversible effects triggered in cancer cells within only 6 h of
treatment with freshly prepared SphA.12 At this time point, the

residual SphA concentration exceeds 82% of its initial concen-
tration. Altogether, these data suggest that SphA displays
potent anti-cancer effects in vitro while its degradation metab-
olite(s) are either poorly active or that the active one(s) are pro-
duced in very low amounts.

SphA 1 degradation studies

The stability studies performed throughout the next steps of
this investigation involved the incubation at 37 °C of SphA in
various specified media, followed by the analysis of aliquots
collected at different time intervals utilizing positive ion
LC-ESI-MS. For clarity, it must be noted that SphA was identi-
fied by its molecular ion [M + H]+ at m/z 347 (C20H27O5) and
base peak ions generally corresponding to a sodium adduct

Fig. 2 Degradation of SphA in PBS and MEM at RT (20–22 °C) and at 37 °C. Data are presented as the mean % SphA recovered ± SD (n = 3).

Fig. 3 Parallel evaluation of the anti-cancer activity of a SphA solution
prepared in culture medium and stored at 37 °C before its use in the
MTT assay and the residual SphA concentration. The MTT assay was con-
ducted over 72 h of exposure to the “aged” SphA solutions. Data are pre-
sented as theoretical IC50 values expected if the SphA solution was
stable over time (IC50 values were not corrected for the actual SphA
concentration as measured by HPLC in order to highlight the possible
effect of degradation products). IC50 data represent means ± SEM of
IC50 data determined on 4 cell lines (B16F10, SK-MEL-28, VM21 and
VM48). HPLC SphA data represent means ± SEM of three independent
experiments.
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[M + Na]+ at m/z 369 (C20H26O5Na) or a dehydrated molecular
ion at m/z 329 (C20H25O4), indicating facile loss of water [M +
H − H2O]

+ during the ionization process.
A first study of SphA’s degradation behaviour conducted in

H2O/DMSO (9 : 1) revealed that, although predominately
stable, the formation of two new putative species (8 and 9) at
prolonged incubation periods was observed after 30 h. In fact,
both 8 and 9 comprised two species, presumably isomers,
which were separated chromatographically (see Fig. S1†). Since
these SphA degradation derivatives were identified as minor
metabolites throughout the investigation, initial attention was
directed towards their formation. The total ion chromatogram
(ESI positive) and HR-MS data of this experiment is presented
in Fig. S1 and Table S1.† Accurate mass measurements of
minor metabolites 8 and 9, which correspond to m/z 301.1773
(C19H25O3) and m/z 285.1852 (C19H25O2), respectively, were
consistent with the proposed degradation pathways involving
lactone-bridge cleavage of SphA (Fig. 4). Compound 8 (m/z
301) has a mass difference of m/z 46 compared to SphA, while
a loss of carbon dioxide (m/z 44) from the lactone bridge and
water (m/z 18) possibly would give rise to metabolite 9 (m/z
285). The m/z 46 mass loss could be due to a number of poss-
ible fragmentations which include a proton-assisted loss of
carbon monoxide27 and water (shown as process 1 → 8 in
Fig. 4, red arrows), a loss of CO2 and H2 (under oxidative con-
ditions) and the formal loss of formic acid. As minor metab-
olites 8 and 9 were not sufficiently abundant for isolation and
structural elucidation, their identification is based solely on
accurate mass and the proposed mechanisms for their for-
mation in Fig. 4.

To investigate the degradation of SphA (involving the pro-
posed lactone-bridge cleavage depicted in Fig. 4), a series of
stability studies of SphA were undertaken in MEM/DMSO (9 : 1)
over a period of 48 h. Owing to the reactive α,β-unsaturated
ketone present in SphA, and the various amino acids constitut-
ing the MEM cell medium, the formation of numerous SphA-
amino acid adducts was anticipated.28 Inspection of the total
ion chromatograms acquired at different time intervals,
revealed a substantial increase in SphA-derived components
with time (Fig. 5). A closer comparison of the chromatogram
of SphA and the blank sample acquired at 31 h incubation,
emphasised the conversion of SphA into a plethora of degra-
dation metabolites (Fig. S2 & 3†). However, the LC-MS data pre-

sented evidence for the formation of a major degradation
metabolite 10 (m/z 317.1743, C19H25O4) at 7.54 min, which
increased in concentration as SphA decreased (Fig. 5). A more
detailed inspection of the MS data for SphA and metabolite 10
is shown in Fig. S4, 5 and Table S2.† For SphA, in addition to
the molecular ion [M + H]+ (m/z 347) and the fragment ions [M
+ H − H2O]

+ (m/z 329, base peak), [M + H − CO2 − H2O]
+ (m/z

285), ammonium [M + NH4]
+ (m/z 364) and sodium [M + Na]+

(m/z 369) adducts were detected. Similarly, the MS data of 10
showed the presence of several adducts including [M + NH4]

+

(m/z 334), [M + Na]+ (m/z 339) and [M + K]+ (m/z 355), together
with the protonated molecular ion [M + H]+ (m/z 317, base
peak) and a fragment ion at m/z 299 ([M + H − H2O]

+). Interest
towards major degradation metabolite 10 is revisited in a fol-
lowing section.

Proposed SphA degradation products-amino acid adducts

To get further insight into the instability of SphA in cell
culture medium, simplified incubation media aimed at
mimicking the MEM culture medium were envisaged. The
resulting buffer medium therefore comprised an aqueous solu-
tion of HEPES, sodium hydrogen carbonate and monosodium
phosphate prepared in the same composition as the culture
medium. In this manner, the complexity of the LC-MS data
was minimised, and the degradation metabolites could be ana-
lysed using a rational approach. Since no molecular ions
matching SphA-amino acid adducts were identified during the
former MEM incubation experiments, the strategy focused on
first identifying possible SphA degradation products which
could subsequently react with amino acids from the cell
medium.

The investigation therefore initially involved analysis of
SphA within a buffer-only solution (pH ∼ 7.3), followed by
several experiments whereby a specific amino acid was intro-
duced individually to the medium (Fig. S6†).

The three SphA-derived metabolites 8 (m/z 301), 9 (m/z 285)
and 10 (m/z 317) could all be located by mass extraction in the
simplified LC-MS data obtained by this strategy (Table S3†).
The remaining degradation products eluted at the reported
retention times, possessing the respective molecular ions and
formulas are reported in Table S3.† Having determined poss-
ible SphA 1 degradation products formed during incubation in
the buffer-only solution, their reactivity towards various amino

Fig. 4 Proposed chemical structures of minor SphA (1) degradation metabolites 8 and 9. Possible degradation mechanisms involves lactone-bridge
cleavage.
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acids could be investigated more comprehensively. As
expected, analysis of the different incubation experiments in
the presence of amino acids verified the absence of SphA-
amino acid adducts. However, inspection of the reactivity of
SphA degradation products with amino acids revealed the
generation of numerous possible adducts. These adducts were
confirmed based solely on their detected molecular ions from
the total ion chromatogram, as SphA degradation product
(DP)-amino acid adducts were not abundant enough for iso-
lation and structural elucidation.

The proposed SphA degradation product (DP)-amino acid
adducts with their respective molecular ions and molecular
formulas are reported in Table S4.† These adducts were com-
prised mainly of amino acids proposed to interact with the
α,β-unsaturated ketone or carbonyl functionality of the SphA
degradation products. The overall increased rate of degra-
dation of SphA in the cell medium compared to the buffer
solution (Fig. 2) may be ascribed to organocatalytic activity
exhibited by the amino acids present in the cell medium.29,30

The relevance of the amino acids on SphA stability was further
supported by evaluation of the anti-cancer activity of SphA in
either the absence or presence of 1 mM of N-acetyl-cysteine
(NAC), a cysteine prodrug and glutathione precursor, added to
the culture medium. The detailed IC50 values obtained by a
72 h drug exposure assay of two parental cancer cell lines
(A2780, HCT116) and their sublines with acquired platinum
drug resistance (cisplatin and oxaliplatin, respectively), showed
that the presence of NAC resulted in an average 10× loss of

SphA activity (Table 1). Additional studies are required to eluci-
date the exact structures and extent to which the amino acids
facilitate the degradation of SphA. Interestingly, examination
of the SphA DP-amino acid adducts (Table S4†) provided evi-
dence for several adducts of the major degradation metabolite
10 (m/z 317). Furthermore, throughout the SphA incubation
experiments, metabolite 10 was recognised as the predomi-
nant degradation component. Considering this observation,
the next objective was aimed towards the further exploration of
the major degradation metabolite 10, denoted SphA-Met 10.

Isolation and structural elucidation of major degradation
metabolite SphA-Met 10

Since throughout the stability studies the concentration of
SphA-Met 10 increased as SphA degraded over time, full con-
version of SphA to SphA-Met 10 was established after pro-
longed incubation periods. To facilitate the isolation and puri-
fication of SphA-Met 10, the degradation reaction was executed
in the buffer-only solution rather than the more complex,
faster degrading cell medium. Evaluation of the chromatogram
acquired at 44 days of incubation in the buffer solution
showed full conversion of SphA (m/z 329, [M + H − H2O]

+) to
SphA-Met 10 (m/z 317), along with minor metabolites detected
at m/z 297, m/z 183 and m/z 163 (Fig. 6). The increase in con-
centration of component m/z 183 (4.65 min) from day 35 to 44,
may be indicative of a degradation species with origin
SphA-Met 10. Once the incubation period was verified on an
analytical scale, the degradation experiment was scaled-up

Fig. 5 Base peak ion chromatograms (ESI positive) of SphA incubated in MEM/DMSO (9 : 1) for t = 0, 7, 24, 31 and 48 h, highlighting the generation
of major degradation metabolite 10.
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(20 mg SphA in buffer/DMSO, 9 mL : 1 mL) and the solution
was incubated for 40 days. Optimal separation of the SphA-Met
10 from the crude mixture was then explored via an analytical
HPLC system connected to a single quadrupole mass spectro-
meter. The isolation of 10 was finally executed employing pre-
parative HPLC (C18 column) and UV detection (λmax at
230 nm). The sample was introduced over seven manual injec-
tions, after which the isolates were collected manually. UV and
MS chromatograms of the respective preparative and analytical
separations acquired for isolation and purity determination
are illustrated in Fig. S7–9.† Although the SphA degradation
resulted in a low yield (2.9 mg, 16%) of metabolite 10, it was
obtained in excellent purity and deemed sufficient for NMR
spectroscopy studies.

SphA-Met’s 10 structural elucidation was embarked upon
by implementing extensive 1D and 2D NMR measurements
(COSY, HSQC, HMBC). The deciphering and analysis of the
NMR spectral data proved to be challenging. This structural
ambiguity was largely attributed to the high number of fully
substituted carbons comprising part of the molecule, as well

as detection difficulties of certain quaternary carbon signals
(mass-limited sample). Nevertheless, the structure of
SphA-Met 10 was successfully resolved by intensive exploration
utilizing the HR-MS and NMR spectroscopy data, particularly
utilizing varied acquisition parameters and pulse sequences
for the latter.

The accurate mass of SphA-Met 10 (m/z 317.1753, [M + H]+)
corresponded to the molecular formula C19H24O4 – equating
to a loss of CH2O (m/z 30) compared to SphA 1. Thus, the
initial speculation that SphA 1 had sustained a loss of two
oxygen atoms through lactone bridge cleavage during the for-
mation of 10, in a similar manner to the proposed metabolites
8 and 9 (Fig. 4), demanded a re-evaluation. As such, the NMR
spectra of SphA-Met 10 were closely scrutinised and compared
to the reported SphA NMR spectroscopic signals as assigned
by Evidente et al.3,32 Direct comparison of SphA’s 1H and 13C
NMR spectroscopy signals to those detected for SphA-Met 10,
revealed structural similarities, as well as prominent differ-
ences. These distinct features are highlighted within the
respective 1H and 13C NMR spectra (Fig. S10–13†). Essentially,

Table 1 Impact of NAC on the anticancer activity (IC50 values) of SphA in the ovarian cancer cell model A2780 and the colorectal cancer cell model
HCT116 and the respective sublines with acquired cisplatin and oxaliplatin resistance. Cellular data values in table in μM. In the grey lanes, we report
the IC50 ratio obtained by dividing the IC50 in presence of NAC by IC50 in the absence of NAC. The means of each row have also been calculated

a Reference IC50 values come from following published manuscript.31

Fig. 6 Base peak ion chromatograms (ESI positive) of SphA (1) incubated in buffer/DMSO (9 : 1) for prolonged incubation periods (d = days) towards
SphA-Met 10. At t = 0 SphA (m/z 329.1750, [M + H − H2O]+) eluted at 7.29 min, whereas at t = 44 d of incubation SphA-Met 10 (m/z 317.1744,
7.61 min) is formed along with minor metabolites m/z 163.0757 (4.55 min), m/z 183.1017 (4.65 min) and m/z 297.1489 (5.79 min) indicated by *.
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the 1H, 13C, APT, COSY and HSQC NMR spectra of 10, sup-
ported the retention of the outer regions of the framework
(blue carbon backbone) – i.e. rings A and C – of the parent
compound 1. On the other hand, the internal (red) ring B and
lactone bridge appeared to have undergone structural modifi-
cations (Fig. 7). As this specific section of the molecule was
proton-deficient in nature, long-range heteronuclear corre-
lation data obtained from the HMBC NMR spectroscopy
experiment proved crucial for the successful elucidation of the
spiro-γ-lactone comprising metabolite 10. The 1H and 13C
NMR spectroscopic chemical shift assignments for SphA-Met
10 are presented in Table 2.

One of the primary obstacles we initially faced was that the
1H and 13C NMR spectral data showed fewer signals than

expected from the molecular formula of C19H24O4. The
13C

spectrum of 10 showed 17 signals that were assigned to 10
along with an aliphatic impurity at 29.85 ppm (Fig. S13†).33

Thus, according to the MS data, two carbon signals could not
be observed in the 13C spectrum as a result of the mass-
limited sample and/or the longer relaxation time experienced
by quaternary carbons. Considering the reported carbon
signals of SphA, vinyl carbons C15 (143.8 ppm) and C16

(114.3 ppm) of SphA-Met 10 were located at the same shift as
those belonging to 1. The α,β-unsaturated C14 was also identi-
fied at a similar shift (slightly more downfield), but it
appeared as a broad signal. Another distinctive observation
was the shift of C9 from 71.1 ppm in SphA to 82.0 ppm in
SphA-Met 10. This effect could be explained by the substi-
tution of the C9 hydroxyl group with an ester carbonyl,
forming the spiro-γ-lactone. Similarly, inspection of the 1H
NMR spectrum of SphA-Met 10, in conjunction with SphA’s
spectrum, revealed vinyl protons H15 and H16/16′ as a doublet
of doublets (5.80 ppm) for H15, along with two doublets
ascribed to H16 (5.06 ppm) and H16′ (5.11 ppm). Though
shifted slightly more downfield, the signal of H14 was identi-
fied as a broad singlet at 7.20 ppm. Integration of the proton
signals of SphA-Met 10 accounted for 23 protons, whereas a
total of 24 protons was expected from the MS information.
This absence was attributed to signal suppression of the car-
boxylic hydroxyl peak by proton exchange or peak broadening.

The COSY experiment revealed coupling interactions for the
methylene protons H1–3, H11/12 and vinyl protons H16 and H15

Fig. 7 Structural elucidation towards SphA-Met 10. From the parent
SphA compound the outer rings A and C were mainly retained, while
ring B undergoes modification resulting in the structure of 10.

Table 2 1H and 13C data (CDCl3) of SphA degradation metabolite (SphA-Met 10). Chemical shifts reported in δ-values (ppm) from CDCl3 reference
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(Fig. S14 and 15†). Furthermore, complete proton to carbon
assignments were verified by inspection of the HSQC and
HMBC spectra (Fig. S16–S18†). Overall, the 1H NMR, 13C NMR
and APT spectral measurements of 10 identified three methyl
groups, five methylene groups, one vinyl group, one trisubsti-
tuted alkene (methine group), one tetrasubstituted alkene,
three quaternary carbon atoms and two carbonyl groups.
Moreover, the IR spectrum of 10 revealed the key absorption
bands of the γ-lactone at 1744 cm−1 and the α,β-unsaturated
carboxylic acid at 1692 cm−1.

In order to decipher the proton-deficient core of 10 the
HMBC correlations were examined (Fig. S18–21†). The long-
range 1H–13C NMR spectroscopic correlations are depicted as
arrows in Fig. 8 and the precise assignments are reported in
Table 2. The cross-peaks linking H1′–C5, H3′–C5, H18/H19–C5

and H19/H18–C5, as well as H1′–C10, confirmed the transform-
ation of the formerly aliphatic C5 and C10 into the tetrasubsti-
tuted olefinic carbons located at 133.0 ppm (C5) and
164.3 ppm (C10). The absence of the H5 signal in the 1H NMR
spectrum of SphA-Met 10, further supported this finding
(Fig. S11†). Additionally, the presence of the quaternary C9,
connecting the spiro-constructed rings, was shown to correlate
to the methylene protons of H11 and H12. Another interesting
validation of the structure from the HMBC spectrum was the
correlation observed between H19/H18–C6. The remaining inter-
actions derived from the HMBC spectrum are depicted by the
arrows in Fig. 8a and b. Since the carbon signals assigned to
C7 and C8 were not detectable in the 13C NMR spectrum at the
low sample concentration, the application of a sensitivity
enhanced and optimised NMR pulse sequence for long-range
heteronuclear correlations was pursued.

Long-range heteronuclear single quantum multiple bond
correlation (LR-HSQMBC) is a high-sensitivity pulse sequence
capable of detecting 4,5JCH and 4,5JNH correlations with very
small nJCH/NH couplings (≤0.2 Hz for nJCH).

34 As such,
LR-HSQMBC in combination with HMBC provide extremely
valuable information to define structural elements having
limited detectable protons.35,36 By implementing LR-HSQMBC
and optimised HMBC experiments (nJCH = 3.5 Hz), additional
long-range correlations were able to link the proton-containing
portions of the outer rings to the proton-deficient core of

SphA-Met 10. These key heteronuclear correlations are illus-
trated by the arrows in Fig. 8c and further highlighted in
Table 2. From the cross-peaks of H14–C7, H14–C8 and H11–C8,
the carbon assignments of C7 and C8 could be identified at
169.5 ppm and 125.6 ppm, respectively. This completed the
spectroscopic characterization of 10 and allowed the 2D struc-
ture to be unambiguously assigned. The specific HMBC NMR
spectrum utilised in this study is illustrated in the ESI
(Fig. S22†). Finally, with respect to structural elucidation,
attempts to obtain a crystal structure and the optical rotation
[α]D proved to be ineffective due to the limited quantity of
sample. However, SphA-Met 10 represents an unusual break-
down product of SphA (1) with a new structure that has not
been previously described in the chemical literature.

Having successfully defined the molecular structure of
SphA-Met 10, by interpreting the synergistic data derived from
the various NMR experiments, two potential degradation path-
ways were proposed. Interestingly, the hypothetical biosyn-
thesis of SphA brings to mind the formation of the spirolac-
tone norterpinoid aspergiloid I 11 (Scheme 1), as described by
Guo et al.37 These authors postulated that SphA would convert
into aspergiloid E 12, after which a “pimarane intermediate”
13 was accessible via hemiketal lactone ring-opening. The
authors then postulated that aspergiloid I 11 could be formed
from this “pimarane intermediate” 13 in a multi-step process
(Scheme 1).

Considering the latter, potential intermediates of SphA (I, II
and III) were first proposed which could undergo a loss of
CH2O (m/z 30) – matching the accurate mass and molecular
formula of 10. Ultimately, the envisioned degradation routes
involved decarboxylation, oxidative cleavage and subsequent
spiro-γ-lactone formation. The potential degradation steps are
discussed in more detail within the scheme caption
(Scheme 2).

The isolated metabolite 10 comprised a novel structure, yet
two similar compounds have been identified in the literature.
The isopimarane-type diterpene spiropolin A 14, isolated from
Xylaria polymorpha, includes a spiro-lactone structure resem-
bling SphA-Met 10 (Fig. 9).43 Notably, the oxidation of SphB 2
via sodium periodate led to the formation of semi-synthetic
derivative 15 (Fig. 9).9 The oxidised product 15 showed a

Fig. 8 Structural representation of SphA-Met 10 showing the key 1H–13C HMBC correlations observed when nJC,H = 8.0 Hz for atoms (a) 1, 3, 11, 15,
& 17 and (b) 12, 16, 18 & 19. (c) Additional HMBC (nJC,H = 3.5 Hz) and LR-HSQMBC (nJC,H = 2.0 Hz) correlations observed for atoms 1, 2, 3, 11 & 14,
thus verifying the structure of 10 and chemical shifts of C7 and C8.
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marked similarity to SphA-Met 10 – possessing a γ-lactone in
place of ring B′ while retaining rings A′ and C′. Although the
stereochemistry at C9 of SphA-Met 10 could not be confirmed
via the available NMR spectral data (the proton-deficient core

of the molecule resulted in through-space experiments being
inconclusive) and lack of a crystal structure, the
α-configuration resembling the γ-lactone in 15 is quite prob-
able. This assumption is based on mechanistic grounds of the
proposed degradation pathway towards 10 (which involves
interaction of the C9-alcohol from the bottom face) and the
direct comparison of structure 10 to that obtained by Evidente
and co-workers during their oxidation of 2 into 15.9

Disruption of the tricyclic pimarane system typically dis-
played by the sphaeropsidin analogues has generally resulted
in greatly reduced phytotoxic and antimycotic activities, this
also observed with their biogenically related aspergiloids.9,37

Therefore, it was not surprising that a drastic loss in activity
was observed for SphA-Met 10 in cellular assays against a
panel of 6 cancer cell lines (Table 3). The poor growth inhibi-

Scheme 1 Hypothetical biosynthetic scheme for the formation of Aspergiloid I 11 as proposed by Guo et al.37 starting from SphA (1) and moving
though aspergiloid E 12 and a “primarane intermediate” 13 before finally being converted into spirolactone aspergiloid I 11.

Scheme 2 Possible intermediate structures on degradation pathways from SphA (1) towards SphA-Met 10. (a) Potential SphA (1) intermediates I, II
and III following lactone bridge opening. (b) From intermediate I: (i) eliminative decarboxylation at C20, (ii) hydrate-to-ketone conversion, (iii) oxi-
dative cleavage at C6/C7 to carboxylic acid level (known to occur under chemical38,39 and photochemical40 conditions, and even with O2)

41 and
intramolecular esterification with C9–OH to form the spiro-γ-lactone; (c) From intermediate III: (iv) decarboxylation at C20 and tautomerism, (v) oxi-
dative cleavage of C6/C7 (this system is also tautomeric to the σ-hydroxy-ketone functional group arrangement for which chemical38 and O2 (in
DMSO)42 cleavage processes are known), (vi) addition of C9–OH to C6 (esterification) resulting in the formation of spiro-γ-lactone of 10.

Fig. 9 Structural representation of spiropolin A 14 and the semi-syn-
thetic derivative 15 synthesised from SphB 2.
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tory activity displayed by SphA-Met 10 indicated that the major
degradation metabolite of SphA does not contribute markedly
to the promising antiproliferative behaviour of SphA. This
result was in accordance with the previous study, which
ascribed the potent anti-cancer activity (via rapid cellular
shrinkage) to SphA itself, rather than its degradation
metabolites.12

Conclusions

This study contributes to the understanding of SphA 1 instabil-
ity in biological media. The degradation tendency of SphA
appeared markedly enhanced in the presence of amino acids
in comparison to aqueous buffers. Also of importance, was
that the biological evaluation of aged SphA solutions and its
major metabolite 10, isolated and characterised in this study,
indicate that the promising antiproliferative activity displayed
by this fungal metabolite can be mainly attributed to its
parent compound and not its degradation species. The two
chemical properties of SphA investigated herein, i.e. its moder-
ate water-solubility and poor stability in physiologic media,
could therefore significantly limit its investigation in vivo. The
poor stability of SphA, associated with the low antiproliferative
properties of its metabolites, could thus mitigate its thera-
peutic potential. To overcome these limitations, the use of an
advanced drug delivery system, such as liposomes, are cur-
rently of interest to us. Liposomes have been described to
enhance drug solubility and protect encapsulated molecules
from both chemical and enzymatic degradation.44

Development and optimization of SphA-entrapped liposomes
is thus ongoing in our research groups. The fact that SphA con-
tinues to exhibit remarkable anticancer activity, despite being
susceptible to degradation, provides further impetus towards
improving SphA’s stability and delivery.

Experimental
Sphaeropsidin A

SphA was obtained from Diplodia cupressi grown in vitro and
purified from the organic extract of the fungal culture filtrates
as reported previously.4 The purity >99% of the white crystals
of SphA was ascertained by 1H NMR, ESIMS and HPLC.

Determination of the solubility and stability of SphA in
phosphate buffer

About 6 mg SphA was dispersed in 4 mL PBS pH 7.4 (Gibco,
Life Technologies, Merelbeke, Belgium), stirred for 48 h at
room temperature (20–22 °C) and filtrated through 0.22 μm
pore size cellulose acetate syringe filters (VWR, Leuven,
Belgium). The filtrate was analysed for its SphA content (see
SphA assay) and diluted (dilution factor 5) in either PBS or
MEM, and incubated under mild stirring at room temperature
(20–22 °C) and at 37 °C. The incubated media were sampled at
24 and 48 h, diluted in the HPLC mobile phase and analysed
for their SphA content (see SphA assay). Each condition was
performed in three independent replicates.

High performance liquid chromatography quantification of
SphA

SphA quantification was performed by means of an adaptation
of the HPLC method described by Lallemand et al.4 Briefly,
the HPLC system (HP 1200 series, Agilent Technologies,
Diegem, Belgium) was equipped with a quaternary pump, an
autosampler, and a diode array detector. The separations were
performed on a reverse-phase Hypersil Gold C-18 column
(5 μm, 250 mm × 4.6 mm) (Thermo Fisher Scientific,
Merelbeke, Belgium) at 30 °C. The mobile phase consisted of
ultrapure water/methanol (70 : 30 v/v) acidified with 0.05% v/v
trifluoroacetic acid (Sigma-Aldrich). The flow rate was 1.0 mL
min−1. The quantification was performed at 241 nm, the
volume injected was 20 μL, and the analysis run time 10 min.
All the samples were diluted in the mobile phase and kept at
4 °C until injection. A calibration curve in the mobile phase
(2–200 µg mL−1, determination coefficient R2 > 0.99) was pre-
pared daily and injected prior to sample analysis.

Cell culture

The mouse melanoma B16F10 (ATCC code CRL-6475) and the
human melanoma SK-Mel-28 (ATCC code HTB-72) cell lines
were obtained from the American Type Cell Culture Collection
(ATCC, Manassas, VA, USA). Primary melanoma culture VM-21
and VM48 were obtained in Vienna and are characterised in
the referenced publications.45,46 The ovarian cancer cell model
A2780 together with its cisplatin-resistant subline A2780/cis
were obtained from Sigma-Aldrich. The colon cancer cell line
HCT116 was obtained from ATCC (American Type Culture
Collection). The oxaliplatin-resistant subline was established
at the Institute of Cancer Research, Medical University Vienna,
as published.31 All cell lines, except the HCT116 model, were

Table 3 IC50 values determined by means of the colorimetric MTT assay after 72 h of exposure to the compound. Data represent the mean value of
six replicates conducted once together. Cellular data values in table in μM

A549 U373 HS683 MCF-7 SK-Mel-28 B16-F10 Mean ± SEM

Sph A 1 7 5 5 7 3 3 5 ± 1
Sph A-Met 10 >100 36 84 91 >100 51 >77 ± 11
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cultured at 37 °C and 5% CO2 in RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum and 2%
L-glutamine (0.6 mg mL−1). HCT116 was grown in ATCC-for-
mulated McCoy’s 5a Medium again with 10% heat-inactivated
fetal bovine serum. For ATCC cell lines, the medium was sup-
plemented with antibiotics (2% de penicillin/streptomycin
(200 IU ml−1 and 200 μg mL−1) and 0.1 mg mL−1 gentamicin).

MTT assay of SphA aged solution

To conduct the MTT assay in parallel to the SphA quantifi-
cation study (Fig. 3), a stock solution of SphA at 0.3 mg mL−1

in RPMI 1640 culture medium (without DMSO) was prepared
and stored at 37 °C. Samples of that stock solution were col-
lected at different time points to prepare the SphA “aged”
dilutions to be applied on cells for the MTT assay. Briefly, cells
were seeded in 96 well plates 24 h prior to the exposure to
SphA solutions. The latter were prepared by dilutions from the
stock solution to get theoretical solutions ranging from
100 µM to 10 nM on the basis of the initial SphA concen-
tration. Cells were then exposed to the SphA solutions for 72 h
prior to residual viability assessment by MTT colorimetric
method. The IC50 calculated corresponds thus to the theore-
tical SphA concentration that reduced by 50% the optical
density in comparison to the untreated control cells. The
actual remaining SphA concentration of the stock solution was
quantified by HPLC as described above. Note that IC50 were
not adjusted according to the remaining SphA concentration
to highlight possible anti-cancer effects of “aged” SphA solu-
tion containing its various degradation species.

MTT assay with or without N-acetyl-cysteine

For combination experiments with NAC (N-acetylcysteine
A7250, Sigma-Aldrich), A2780 and HCT116 cell models were
seeded into 96-well plates and maintained for 24 h in the incu-
bator. NAC was dissolved in PBS and added to the culture
supernatant at a concentration of 1 mM for one h before
addition of SphA at nine concentrations between 0.5 µM and
100 µM in triplicate. After 72 h co-incubation, cell viability was
determined using an MTT-based cell viability assay (Easy4You,
Biomedica, Vienna) following the instructions. IC50 values
were calculated from dose–response curves using GraphPad
Prism software.

Incubation conditions for SphA degradation analysis

SphA 1 (±1 mg, ∼3 µmol) was dissolved in 100 µL DMSO and
900 µL Minimum Essential Medium (MEM) (HEPES modifi-
cation, Sigma-Aldrich, M7278), and subsequently incubated at
37 °C. At different time intervals (t̲ = 0, 7, 24, 31, 48 h…),
100 µL samples of the SphA 1 incubation mixture were col-
lected, diluted with 900 µL mobile phase (0.1% formic acid/
acetonitrile, 95 : 5), and injected for LC-MS analysis. Buffer
solution (pH ∼ 7.3) was prepared using 5.96 g L−1 HEPES
(25 mM), 2.2 g L−1 NaHCO3 (26 mM) and 0.122 NaH2PO4

(1 mM). The buffer incubation experiment was performed as
described above, utilizing the buffer solution instead of the
MEM cell medium. Amino acid (L-cystine·2 HCl, L-lysine·HCl,

L-phenylalanine, L-leucine and L-tryptophan) solutions were
prepared by dissolving ± 10 mg of each amino acid in 1 mL
buffer solution (pH = 2.8–3.8). For the incubation experiment
900 µL of the amino acid solution was utilised instead of the
MEM cell medium.

Liquid chromatography-mass spectrometry (LC-MS) analysis

LC-high resolution MS analysis was carried out utilizing a
Waters Acquity ultra-performance liquid chromatograph
(UPLC) (Waters, Milford, MA, USA) system with a binary
solvent manager, sample manager, and column oven, inter-
faced through an electrospray ionization source to a Waters
Synapt G2 quadruple time-of-flight (Q-TOF) mass spectrometer
(Waters, Milford, MA, USA). The instrument was also con-
nected to an Acquity photo diode array (PDA) detector.
Electrospray ionization was utilised in positive mode with a
cone voltage of 15 V. Nitrogen was used as the desolvation gas
at 650 L h−1 and the desolvation temperature was set to
275 °C. Data were acquired by scanning from m/z 150 to m/z
1500 in resolution mode. In addition, MSE fragmentation data
were acquired using a collision energy ramp of 20–60
V. Chromatographic separation was achieved on a Acquity
UPLC® BEH C18 1.7 μm, 2.1 × 100 mm column using a gradi-
ent mobile phase consisting of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).
The mobile phase profile comprised a isocratic hold period
(0.1 min) of 95% solvent A and 5% solvent B, followed by a
linear gradient increase to 100% solvent B (12 min) and an
equilibration step (1 min) of 95% solvent A and 5% solvent
B. An injection volume of 7.5 μL was used. A flow rate of
0.4 mL min−1 was applied for a total run time of 15 min.
MassLynx version 1.4 (Waters) was used for data acquisition
and processing.

Each sample of incubated SphA 1 was analysed and scruti-
nised alongside a blank sample to account for compounds
which were not attributed to SphA 1, as well as the impurities
from the laboratory equipment and instrumentation.

Incubation, isolation and purification of SphA-Met 10

SphA 1 (20.0 mg, 0.058 mmol) was dissolved in 1 mL DMSO
and incubated in 9 mL buffer solution [25 mM HEPES, 26 mM
NaHCO3, 1 mM Na2HPO4 (pH 7.38), resembling buffer system
of MEM] at 37 °C for 40 days. Upon full conversion of SphA 1
into SphA-Met 10, the solution was purified via HPLC to afford
SphA-Met 9 as an off-white solid (2.9 mg, 16%). HPLC separ-
ations were performed using an Agilent 1220 LC system
(Agilent Technologies, Waldbronn, Germany) equipped with a
dual channel gradient pump, manual injector, variable wave-
length detector, and interfaced through an electrospray ioniza-
tion source to an Agilent 6120B single quadrupole mass
spectrometer. UV-Vis chromatograms were recorded at
230 nm. The system was controlled by Chemstation software
(Agilent Technologies). Semi-preparative reversed phase LC
separations were performed on a Phenomenex Gemini C18

column (250 × 10 mm i.d., 10 µm particles, Torrance, USA)
using an injection volume of 1000–1500 µL. The mobile
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phases utilised were methanol and 0.1% formic acid in water,
with an isocratic composition of 35 : 65 (v/v%) for 22 minutes
at a flow rate of 4.5 mL min−1. Isolates were collected manu-
ally. Purity checks were performed on the same system using a
Phenomenex Luna C18 column (150 × 2 mm i.d., 5 µm
particles).

NMR spectroscopy

All NMR spectra were obtained at 25 °C, chemical shifts (δ) are
reported in parts per million (ppm), multiplicities are indi-
cated as s (singlet), d (doublet), dd (doublet of doublets), t
(triplet), q (quartet), m (multiplet) and br s (broad singlet) and
coupling constants ( J) are expressed in Hertz (Hz).

Stellenbosch university. NMR spectra were recorded on a
600 MHz Varian Unity Inova (151 MHz for 13C NMR spectra) at
the Central Analytical Facilities (CAF) of Stellenbosch
University. 1H and 13C spectra are referenced to the residual
CDCl3 solvent signal (δH 7.26 or δC 77.16 ppm). NMR spectra
were processed using MestReNova version 11.0.3-18688.

NCI. NMR spectra were recorded on an Avance III NMR
spectrometer equipped with a 3 mm cryogenic probe and oper-
ating at 600 MHz for 1H and 150 MHz for 13C. Spectra were
calibrated to residual solvent signals at δH 7.24 and δC 77.2
(CDCl3). All 2D NMR experiments were acquired with nonuni-
form sampling (NUS) set to 25%. HMBC experiments were run
with nJCH = 8.3 or 3.5 Hz, and the LR-HSQMBC experiment was
optimized for nJCH = 2.0 Hz.

Spectroscopic characterization of SphA-Met 10, (4R)-4,4′,4′-
trimethyl-3′-oxo-4-vinyl-4′,5′,6′,7′-tetrahydro-3′H-spiro
[cyclohexane-1,1′-isobenzofuran]-2-ene-2-carboxylic acid

IR (ATR) cm−1. 3155 (s, O–H str), 3019 (m, alkane), 2981,
2254, 1795, 1744 (s, γ-lactone), 1692 (s, α, β-unsaturated car-
boxylic acid), 1658 (m, cyclic alkene), 1468, 1380, 1262, 1216,
1167, 1095; 1H NMR (600 MHz, CDCl3) δ 7.20 (br s, 1H, H14),
5.80 (dd, J = 17.4, 10.5 Hz, 1H, H15), 5.11 (d, J = 10.5 Hz, 1H,
H16′), 5.06 (d, J = 17.4 Hz, 1H, H16), 1.98–1.89 (m, 2H, H11′,
H12′), 1.85–1.78 (m, 1H, H11), 1.70–1.62 (m, 1H, H12), 2.18–2.09
(m, 1H, H1′), 2.05–1.98 (m, 1H, H1), 1.77–1.72 (m, 1H, H2′),
1.70–1.62 (m, 1H, H2), 1.60–1.53 (m, 1H, H3′), 1.50–1.42 (m,
1H, H3), 1.25 (s, 3H, H18/H19), 1.20 (s, 6H, H17, H19/H18);

13C
NMR (151 MHz, CDCl3) δ 172.0 (s, C6), 169.5 (s, C7), 164.3 (s,
C10), 156.0 (d, C14), 143.8 (d, C15), 133.0 (s, C5), 125.6 (s, C8),
114.3 (t, C16), 82.0 (s, C9), 39.5 (s, C13), 38.8 (t, C3), 31.7 (t, C11),
31.0 (t, C12), 30.8 (s, C4), 27.0 (q, C18/C19), 25.9 (q, C19/C18),

25.1 (q, C17), 24.0 (t, C1), 19.3 (t, C2); HRMS m/z ESI+ calculated
for C19H24O4 [M + H]+ 317.1753, found 317.1743.
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