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ARTICLE INFO ABSTRACT

In this study, we combined two enemin-type diterpenoid derivatives with two well-established hydrogen sulfide
moieties via ester or different anhydride linkers, to search apoptosis inducing drug candidate capable of hy-
drogen sulfide generating. Therefore, a series of hybrids were synthesized and superior antiproliferative efficacy
accompanied with enhanced selectivity was observed under extensive pharmacological evaluations. A standard
methylene blue (MB*) method was applied to measure the capacity for the hydrogen sulfide generation of all the
target derivatives. One particular molecule A1, which contained a-thioctic acid moiety for hydrogen sulfide
donating, manifested more potent antiproliferative activity. It exerted inhibitory effects against Bel-7402, SGC-
7901 and A549 cell lines with ICsq values of 2.16, 5.07 and 6.98 UM respectively. While it exacted relatively low
effects over human normal cell lines L-02 and PBMC with ICs, values of 15.81 pM for the prior and 14.15 uM for
the latter, and displayed better selectivity index (SI) than parent diterpenoids. A high dosage of H,S release was
also recorded. Hence, A1 was most suitable for mechanistic exploration on account of both safety and efficacy.
The ensuing biological assays revealed central role of apoptosis in Al’s mode of action for antiproliferative
efficacy, which led to further confirmation of G1 phase cell cycle arrest, mitochondria membrane potential
collapse and apoptotic activation in Bel-7402 cells. Further western blot assay on intrinsic mitochondria
pathway unlocked intricate interplay among a series of apoptotic related proteins in which Bax, caspase-3 and
cytochrome ¢ went through up-regulation, while Bcl-2, Bel-xL and procaspase-3 undergone down-regulation. In a
nutshell, a hydrogen sulfide releasing hybrid A1 was synthesized and antiproliferative evaluation identified it to
be a worthy drug candidate for future in depth study.
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1. Introduction

Total 51% new approved drugs originated from or partially com-
prised of natural products between 1981 and 2014, which affirmed the
position of natural resource as a focal point in finding structural and
medicinal inspiration for drug discovery [1]. As a genus known for its
complex ring system and numerous biological properties, diterpenoids
offered a string of approved drugs like andrographolide [2-6], gink-
golides [7-10] and paclitaxel [11-13] to clinical application, in the
meantime would have more potential lead compounds or modified
derivatives forthcoming. One particular sub-type, 6,7-seco-ent-kaurane
diterpenoids, owned its speedy research to the unique scaffolds and
distinct biological effects of oridonin or enmein [14-20]. After first
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discovery from Isodon species in 1976, which belonged to a common yet
valuable genus of the Labiatae family, oridonin was uncovered with
potent anticancer efficacy and displayed notable cytotoxicity against
leukemia [21], human lung cancer [22], gastric cancer [23], pancreatic
cancer [24], colon tumor [25], liver cancer [26] and esophageal cancer
[27]. Despite isolated in a much early date of 1958, from the same plant
of Isodon, however, the same amount of attention failed to fall on en-
mein-type diterpenoids, which too, possessed potent antiproliferative
activities against a broad range of tumorous malignancy including liver
cancer [28], lung cancer [28], bladder cancer [29], leukemia [15],
cervical cancer [30] plus prostate cancer [31] and provided an intri-
guing skeleton rich in stereogenic positions. The main cause of this
impediment, besides relatively moderate effect and insufficient
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selectivity [32], was the confinement of accessibility to naturally oc-
curred enmein-type structures. Hence, only after an efficient route of
conversion from natural oridonin to enmein-type molecules established
[20], did modificational exploration gained momentum [33-38]. In
depth studies on antitumor effects and mechanistic patterns of enmein-
type derivatives revealed that cell cycle arrest, mitochondria pathway
anomaly and a series of apoptotic proteins all interacted closely in in-
ducing apoptosis and in turn brought about cytotoxic effects [39]. More
efforts on biological evaluation remain in urgent need. This comparably
unexploited status manifested that endeavors still warranted to further
diversify enmein-type structural library and to complement the study to
mode of action underpinning various pharmacological efficacy in
search of potential anticancer therapeutics.

The first discovery of nitric oxide as signaling gastransmitter, which
mediated in multifarious physiological and pathological conditions,
transformed the landscape for medicinal study. Since 1990s, two more
significant gaseous molecules, carbon monoxide and hydrogen sulfide
(H,S), were rediscovered their roles as key mediators for both in vitro
and in vivo bio-activities [40]. Among them, H,S was under intensive
research for its therapeutic properties stretching extensively from well-
studied cardiovascular problems such as hypertension [41], stroke [42],
ischemia-reperfusion injury [43] to atherosclerosis [44], diabetic dis-
eases [45] and neuroinflammation [46]. Additionally, the occurrence of
endogenous H,S was well-understood, which involved three cellar
conversion of lead enzymes: cystathionine-y-lyase (CSE), cystathionine-
B-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (MST) with
corresponding substrates: L-cysteine and homocysteine for both CSE
and CBS, while 3-mercaptopyruvate was converted by MST [47,48].
One particular effect, tumor related function, trapped our attention
through perplexing yet intriguing side switching between cytoprotec-
tive and cytotoxic efficacy to tumor cells and interesting mechanistic
pathways including EGFR/ERK/MMP-2 [49], PI3K/Akt/mTOR [50]
and p38/MAPK [51,52] against various cancer cells. Recent studies
elucidated the pinpoint existed in H,S induced antitumor activities, in
which a watershed dosage of gaso-donor manipulated the H,S gener-
ated endogenously either to spur proliferation of malignancy [53-56]
or opt for exerting substantial cytotoxicity towards cancerous cells [57].
The prior results stemmed from the relative high expression of CBS in
prostate [53], colon [54], breast [55], ovarian [56] and other tumor
cells. Targeted inhibition of CBS resulted in sufficiently suppressed
tumor growth, principally associated with cell cycle disturbance, mi-
tochondria dysfunction and brought on the activation of apoptotic
proteins, and finally apoptosis [58-60]. However, the lack of H,S de-
rivatives had long been pestering researchers, and was tackle by sub-
sequent works in which various good H,S donating compounds were
developed (like a-thioctic acid, ADTOH, thiobenzamide, tetrasulfides,
cyclic acyl disulfides, acyl selenylsulfides and iminothioethers, Fig. 1)
[61-71]. Additionally, recent research demonstrated that compounds
incorporated with thioctic acid which retained hypoglycaemic ability
didn’t cause low blood sugar in normal circumstances [72]. Presented
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Fig. 1. Chemical structures of selected H,S donating derivatives.
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with this opportunity, we decided to tap into this reserve of H,S re-
leasing moieties with synthetic method of combination principle to
construct novel hybrids with desirable antiproliferative efficacy.

Hence, we strove to harness the extensive anticancer activities of
both molecules through synergetic boost of efficacy by utilizing joint
advantages. In this study, two enmein-type cores (2 and 3) were con-
jugated with two stable hydrogen sulfide generating moieties (ADTOH
and thioctic acid), bridged via ester or anhydride linkers. The anti-
proliferative evaluation was carried out against three tumor cell lines:
liver cancer Bel-7402, gastric cancer SGC-7901, lung cancer A549 cell
line while two normal cell lines were tested: human normal liver L-02
and human normal peripheral blood mononuclear cell line (PBMC).
Further experiments into mechanisms behind inhibitory effects of lead
compound Al were also performed, including cell cycle progression,
apoptotic induction, mitochondria membrane potential disruption and
the expression of apoptotic proteins.

2. Result and discussion
2.1. Chemistry

The overall synthetic route was outlined in Scheme 1. Starting with
anethole trithione, pyridine hydrochloride was added, and the solid was
melted under apron protection, then cooling to 100 °C to mix water for
filtration. The resulting mixture was first basified by 10% sodium hy-
droxide then acidified by concentrated hydrochloric acid to afford
crude product in red color. ADTOH was finally attained through neu-
tralizing the crude product by water. The enmein-type diterpenoid core
2 was converted from commercially acquired oridonin 1 which was
oxidated by sodium periodate in water for over 90% yield. Further
treatment of Jones reagent selectively oxidized the 6-OH of 2 gave
ketone 3. Both reactions were achieved with good yields above 90%.
Hybrid, A1, was afforded through direct reaction of 2 with a-thioctic
acid under the condition of 4-dimethylaminopyridine (DMAP) and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI)
in DCM at room temperature. Intermediates 6-12 were obtained
through esterification between diterpenoid derivatives and corre-
sponding anhydride under the condition of DMAP and triethylamine
(TEA) in dichloromethane (DCM) at room temperature. Then, hybrids
B1-4 and C1-3 were acquired through condensation of corresponding
intermediate with H,S donor ADTOH in DCM in the presence of DMAP
and dicyclohexylcarbodiimide (DCC) at —5 °C.

2.2. Biological evaluation

2.2.1. Cytotoxic activity and structure-activity relationships analysis

The antiproliferative activities of target hybrids (A1, B1-4 and
C1-3), parental diterpenoids (1 and 2) and H,S donors (ADTOH and a-
thioctic acid) were evaluated by a standard 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide (MTT) experiment. A set of four
different cell lines (Bel-7402, SGC-7901, A549 and L-02) were selected
for aforementioned test. And 5-FU was chosen as positive control. All
test results were summarized in Table 1.

A straight answer could be draw from the inhibitory results of two
H,S donors ADTOH and a-thioctic acid and target conjugates B1-4. No
significant effects were observed on both tumor and normal cell lines
according to cytotoxic data (with ICso values over 50 uM), except for Bl
with low cytotoxicity against Bel-7402 and SGC-7901 tumor cells (ICso
values were 40.39 and 41.64 uM, respectively). Went through it sepa-
rately, however, we reasoned that ineffectual antiproliferative activities
of ADTOH and a-thioctic acid above 50 uM were in fact a manifestation
of relatively high dosage required to achieve inhibition, which stood at
millimolar level according to literature [73]. On the other hand, the
hybrids, which comprised of enmein-type core 2 substituted by two
ADTOH moieties through both 6-/14-OH anhydride linkers (B2, B3 and
B4), exhibited same poor results as H,S donors. Hence, additional
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Scheme 1. Synthesis of derivatives A1, B1-4 and C1-3. Reagents and conditions: (a) sodium periodate, H,0, rt, 6 h; (b) Jones reagent, DCM, rt, 0.5 h; (c) EDCI, DMAP,
DCM, rt, 12 h; (d) pyridine hydrochloride, argon, 215 °C, 20 min; (e) correspondent anhydride, EDCI, DMAP, DCM, rt, 8-12 h; (f) ADTOH, DCC, DMAP, DCM, —5 °C,
6-16 h.
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Table 1

Antiproliferative activities of enmein derivatives and hydrogen sulfide donors against three cancerous and two normal cell lines.
Compound ICso (UM)*

Bel-7402 SGC-7901 A-549 L-02 PBMC s

Oridonin (1) 7.85 = 0.37 7.13 = 0.29 18.15 = 1.28 19.53 = 1.10 NT¢ 2.5
2 23.18 = 1.63 28.54 + 1.28 27.56 = 2.94 25.47 + 1.34 NT 1.1
ADTOH > 50 > 50 > 50 > 50 NT NC?
Thioctic acid > 50 > 50 > 50 > 50 NT NC
Al 2.16 = 0.24 5.07 = 0.20 6.98 = 0.15 15.81 = 0.52 14.15 = 0.60 7.3
Bl 40.39 = 1.93 41.64 + 2.48 > 50 > 50 NT >1.2
B2 > 50 > 50 > 50 > 50 NT NC
B3 > 50 > 50 > 50 > 50 NT NC
B4 > 50 > 50 > 50 > 50 NT NC
C1 20.48 = 1.52 20.70 = 1.37 8.30 = 0.31 > 50 NT > 2.4
Cc2 9.22 *+ 0.48 8.42 = 0.30 7.73 = 0.22 46.75 = 2.11 NT 5.1
Cc3 22.04 = 1.20 17.92 = 1.43 23.57 + 0.83 > 50 NT > 2.3
5-FU 18.65 = 1.31 6.46 = 0.38 2.05 = 0.11 NT NT NC

SI: selectivity index. It was calculated as: SI = ICsoq.-02)/ICs0(Bel-7402)-
¢ NT: not tested.
NC: not calculated.

hydrogen sulfide moiety did not provide superior cytotoxicity and seem
to be tipping the balance from properties of natural product toward a
profile more resemble the H,S donors, as showed in Table 1. This was
supported by sole exception of B1, whose skeleton incorporated only
one ADTOH at 14-OH with phthalic anhydride linker, for slightly im-
proved efficacy against Bel-7402 and SGC-7901 cells. Aforementioned
sizable decline in efficacy for both hybrids from parental enmein-type
diterpenoid 2 was clear indication that they failed to either retain the
benefits of natural products or gain synergetic effects on antitumor
activity. A more intricate picture presented itself regarding the anti-
proliferative activities of enmein-type diterpenoid 3 based hybrids
C1-3. First, all three conjugates exhibited better efficacy for both ma-
lignant and normal cells than enmein-type core 3, but C1 and C3 dis-
closed no improvement of cytotoxicity over oridonin 1 in all tumor cell
lines with sole exception of C1 against A549 lung cancer cell line (ICsq
at 8.30uM for C1 and 18.15uM for 1). The best ADTOH conjugated
compound C2, which introduced an ADTOH moiety to 14-OH via glu-
taric anhydride, possessed stronger antiproliferative activities and
better safety than any parental molecules. It indicated that linear linker
held advantage over benzene ring. And the three carbon bridge was
slightly better than two, which suggested longer carbon chain benefited
the antiproliferative efficacy. Beside superior cytotoxic activities (9.22,
8.42 and 7.73 uM of ICs, for three tumor cells, respectively), SI were
increased from 2.5 of oridonin (1) to 5.1. Yet C2’s antiproliferative
activity only surpassed that of positive control, 5-FU, in Bel-7402 cells
for ICsg of 9.22 uM over 18.65 uM. At last, the most effective one of all
target hybrids, compound A1 of enmein-type core 2 conjugated directly
with a-thioctic acid displayed low ICsq values over all cancer cell lines
(2.16 uM of Bel-7402 cells, 5.07 uM of SGC-7901 cells and 6.98 uM for
A549 cells) and exerted stronger effects in Bel-7402 and SGC-7901 cells
than that of 5-FU, but lagged behind in A549 cells for ICs, of 6.98 uM
compared to 2.05uM. In spite of higher cytotoxicity against L-02
normal liver cells, much stronger effect over Bel-7402 cells ensured an
improved SI of 7.3. Further assay confirmed the safety of hybrid Al for
similar low antiproliferative activity against human normal peripheral
blood mononuclear cell line with an ICso value of 14.15 pM. Evidently,
compound Al was most suitable for in depth exploration into under-
lining mode of action for its antiproliferative efficacy.

2.2.2. H,S release experiment

The ability of all target compounds to release H,S was measured by
methylene blue (MB™") experiment according to relevant literature [83].
As displayed in Fig. 2, selected compounds experienced fast release of H,S
with half-time well under 5min and reach peak concentration within

ICs0: half inhibitory concentrations measured by the MTT assay. The values are expressed as averages + standard deviations of three independent experiments.

50 min. Additionally, a three-tier concentration of H,S generation could be
drawn from each release curve, with thioctic acid derivative (A1) at the
top, oxidated enmein-type core 3 derivatives (C1-3) at the bottom and
enmein-type core 2 derivatives (B1-4) placed at middle (All release curves
and standard curve were presented in Supporting Information). Hybrid Al
demonstrated the highest H,S generation of all compounds tested, which
in accordance with their MTT results. In contrast to the antiproliferative
assay, hybrids C1-3 were found with lowest average H,S release of
6.87 uM and displayed moderate cytotoxicity against Bel-7402, SGC-7901
and A-549 cancer cell lines. While hybrids B1-4 manifested higher H,S
release (with single substituted hybrid B1 recorded slightly lower con-
centration than dual-esterficated structures) between 7.51 and 10.42 uM,
yet they failed to show antiproliferative activities except B1. Whereas
thioctic acid hybrid A1 gained the synergetic effects we hoped to realize.

2.2.3. Cell cycle analysis

Persistent tumor cell proliferation relied on continual cell cycle
progression [74,75], each cyclic phase was a crucial part of a propor-
tional equilibrium. A disruption of certain phase of cell cycle could
reduce cell division and suppress tumor growth. Hence, A1’s activity on
cell cycle arrest in Bel-7402 cells was examined through flow cytometry
using propidium iodide (PI) to stain chromatin for a set of analysis. As
delineated in Fig. 3, the percentage of Bel-7402 cells stranded in G1
phase gave a steady rise from 31.27% of DMSO treated control to
34.13%, 43.66% and 52.62% for 1, 2 and 4 uM concentrations of Al
added in the tests, respectively. Therefore, Al arrested Bel-7402 cell
cycle at G1 phase.

2.2.4. The morphological analysis by Hoechst 33258 staining
Intervention of cell cycle progression could initiated the process of
apoptosis, which entailed irreversible detriment of chromatic contents
and dysfunctions of nuclei activities. A set of morphological transfor-
mations (cell shrinkage, chromatin condensation, disruption of cell
membrane and fragmentation of cell nuclei) accompanied this damage
was apt for observation of apoptosis [76]. Hence, Al treated Bel-7402
cells were subjected to Hoechst 33258 staining and examined by
fluorescent microscope to certify apoptosis participation into Al in-
duced antiproliferative activity. Testing results in Fig. 4 demonstrated
that control cells without Al treatment presented a large overlapping
cellular shape with deep blue color, while with Al presence (1, 2 and
4 uM), tumor cells displayed downgraded cell size shrunk to tight blue
dots with scattered nuclear contents in sharp points, which clearly in-
dicated chromatin condensation and nuclei disintegration. This results
confirmed apoptosis was induced in Al treated Bel-7402 cells.
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Fig. 2. H,S-releasing ability of target compounds. The values are expressed as averages of three independent experiments.

2.2.5. Cell apoptosis assay

As a process of programmed cell death, apoptosis was triggered
when normal cells exceeded life limits or suffered irreversible damage.
But tumor cells could suppress apoptosis considerably to gain incessant
growth [77]. Therefore, induction and elevation of apoptotic cells in
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tumor tissues was crucial for cancer treatment. Hence, an annexin V-
FITC/PI binding assay was carried out to explore Al induced apoptosis
in Bel-7402 cells. A1 (1, 2 and 4 uM) was added and the proportions of
cells went through apoptosis were certified by flow cytometry. Testing
results were compiled in Fig. 5, which exhibited conspicuous escalation
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Fig. 3. Influence of the cell cycle arrest of G1 phase by Al in Bel-7402 cells: Bel-7402 cells were incubated with the indicated concentrations of Al for 24 h and the
cells were stained with PI. Cellular DNA content, for cell cycle distribution analysis, was measured using a flow cytometer. The diagrams showed the distribution of
the cells according to their DNA content. The inserts gave the percentages in different cell cycle phases.
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Control 1uUM
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Fig. 4. Hoechst staining of Al treated Bel-7402 cells. Cells were treated with
the indicated concentrations of Al or vehicle control for 48h, stained with
Hoechst 33258 and examined with a fluorescent microscope.

of apoptotic cells in Al treated Bel-7402 cells from 5.60% of vehicle
control to 18.34% (1 uM), 31.83% (2uM) and 61.98% (4 uM) for dif-
ferent concentrations applied in a dose-dependent manner. Overall, a
substantial apoptotic activity was induced in A1l treated Bel-7402 cells.

2.2.6. Mitochondria membrane potential analysis
Prominent changes of mitochondria membrane integrity were
strong indication of apoptosis in cancer cell lines, which manifested
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itself via potential collapse throughout inner and outer layers of mi-
tochondrial membranes. After the inner transmembrane was affected,
the dissipation of its potential increased permeability of mitochondrial
membrane and hence the transition between two sides, which in turn
facilitated transmembrane movement of pro-apoptotic proteins [78].
Additionally, intrinsic mitochondria pathway was closely involved in
H,S derivatives induced apoptosis according to literature with the
mediative role of endogenous H,S molecules was recognized [79]. To
verify Al induced apoptosis of Bel-7402 cells whether involved mi-
tochondria pathway, a staining assay with flow cytometry to measure
mitochondrial membrane potentials was conducted, in which target cell
line was co-cultured with different concentrations of Al (1, 2 and 4 pM)
and vehicle control with DMSO. After a period of incubation, the cells
were stained with selected lipophilic cationic fluorescent mitochondrial
probe, 5,5’,6,6’-tetrachloro-1,1%,3,3’-tetraethylbenzimidazol-carbocya-
nine iodide (JC-1). As showed in Fig. 6, the percentile of cells under-
gone apoptotic process risen from 0.48% of control, to 19.66%, 34.16%
and 58.55% in a dose-dependent manner, for increased concentrations
of Al added. The apoptosis Al induced in Bel-7402 cells involved in-
trinsic mitochondria pathway.

2.2.7. Effects on apoptosis-related proteins

The dysfunction and abnormal expression of some key apoptotic proteins
was clear sign of carcinogenesis. Cancer cells avoided programmed cell
death partly through obstructing the signals of pro-apoptotic proteins or
other gasotransmitters then proliferated relentlessly [80]. Among them,
important Bcl-2 family protein members like Bcl-2, Bel-xL and Bax
regulated intrinsic mitochondria pathway through a crucial balance
between pro- and anti-apoptotic effects that mediated membrane per-
meabilization. The insertion of pro-apoptosis protein Bax into mi-
tochondrial outer membrane uplifted the permeabilization and fa-
cilitated further release. But anti-apoptotic proteins Bcl-2 and Bcl-xL
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Fig. 5. Apoptosis in Bel-7402 cells by treatment with A1: Bel-7402 cells were incubated with different concentrations of Al for 24 h and the cells were stained with

annexin V-FITC and PI, followed by flow cytometry analysis.
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reversed the permeabilization of membrane and in turn the protein
release via inhibition of Bax by direct binding. Tip the scale from
overexpression of Bcl-2 and Bcl-xL in various cancers to increased levels
of Bax for apoptotic induction was sound strategy for chemotherapy.
Once released into outer cytoplasm, cytochrome c¢ then bound to
apoptotic protease activating factor-1 (Apaf-1) and (d)ATP to assemble
a polyprotein complex known as apoptosome, which functioned
through activation of downstream apoptotic protein caspase-9. As an
indispensable factor in introducing apoptosis, caspase-9 then sought out
important precursor procaspase-3 for a proteolytic cleavage of re-
dundant part of this inactive proenzyme [81,82]. Finally, the activated
caspase-3 would take up the role as executioner caspase to bring about
full cellular apoptosis [83]. In order to uncover the mode of action
behind the Al induced apoptosis in Bel-7402 cells, several selected
apoptotic proteins involved in intrinsic mitochondria pathway were
subjugated to Western blot assay of correspondent antibodies and their
altered expression throughout apoptotic process was recorded. As Fig. 7
displayed, a notable upregulation of pro-apoptotic protein Bax, caspase-
3 and cytochrome ¢ were observed, in accordance to the decreased
expression of zymogen procaspase-3. While anti-apoptotic proteins Bcl-
2 and Bcl-xL. demonstrated evident under-expression over the same
time. Aforementioned results explained that a mechanism involved a
set of apoptosis related proteins centered by mitochondria pathway
mediated A1 induced apoptosis in Bel-7402 cells.

3. Conclusion

Overall, we designed and synthesized a series of enmein derivatives
conjugated with hydrogen sulfide donating moieties and their anti-
proliferative activities were evaluated in search of new drug candidates.
Half of tested compounds exhibited improved efficacy over enmein-
type diterpenoids and H,S donors. All compounds demonstrated fast

198

H,S release with highest concentration founded in thioctic acid hybrid
Al. A1 also showed the most promising inhibitory effects against Bel-
740, SGC-7901 and A549 cell lines with ICsq values of 2.16, 5.07 and
6.98 uM, respectively. Relatively low effects of ICs, values at 15.81 uyM
and 14.15 pM over human normal L-02 and PBMC cell lines were also
noted. Furthermore, increased safety was also observed. The SI of Al,
calculated between tumor and normal liver cell lines, stood at 7.3,
which was highest among all tested compounds. The following biolo-
gical assays uncovered central role of apoptosis in the A1 mediated cell
death event. Further exploration confirmed that G1 phase cell cycle
arrest and mitochondria membrane potential collapse were involved in
A1l induced apoptosis in Bel-7402 cells. Western blot experiment de-
monstrated that a series of apoptotic related proteins were participated
in apoptotic induction of A1, in which Bax, caspase-3 and cytochrome c
went through escalation while Bcl-2, Bcl-xL and procaspase-3 levels of
expression decreased notably. Hence, a hybrid A1 was synthesized and
antiproliferative evaluation certified its potential for a candidate in
future anticancer therapeutics.

4. Experimental
4.1. Chemistry

Both chemicals and solvents were acquired from commercial
channels. Further purification through standard methods were used
when required. Oridonin was purchased from Nanjing Zelang Biology
Technology Co., Ltd with HPLC purity > 98%. 'H NMR and *C NMR
spectra were recorded on a Bruker ARX-400 NMR spectrometer in the
indicated solvents (TMS as internal standard): the values of the che-
mical shifts were expressed in § values (ppm) and the coupling con-
stants (J) in Hz. High resolution mass spectra (HR-MS) were carried out
on Agilent Q-TOF B.05.01 (B5125.2).
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Fig. 7. (a) Western blot of apoptosis-related proteins in Bel-7402 cells after exposure to different concentrations (0, 1, 2 and 4 uM) of A1 for 48 h. (b) Quantitative
analysis showing the levels of each protein relative to control GAPDH: p < 0.05, "p < 0.01 vs. vehicle control.

4.1.1. General procedures to synthesize enmein-type diterpenoids and target
hybrids

Pyridine hydrochloride (0.68 mg, 5.9 mmol) was mixed with anet-
hole trithione (0.25mg, 1 mmol), and then heated to 215°C till the
solids melt with argon protection. After the temperature cooled to
100 °C, water (200 mL) was poured into the reaction followed by a
quick filter. The crude product was then added into 10% NaOH (10 mL)
and stirred for 4 h. After second filtration, the resulting precipitate was
dissolved in water (50 mL), and carefully acidified to pH 2 with con-
centrated hydrochloric acid. The red crystal was washed to neutral by
water, then dried in room temperature to afford ADTOH. Oridonin
(1.08 g, 3.0 mmol) was added in 50 mL water and mixed with sodium
periodate (2.57 g, 12.0 mmol) and stirred for 48 h to afford enmein-type
diterpenoid 2. The mixture was then extracted with DCM (3 x 50 mL).
The combined organic layer was washed with brine, dried over anhy-
drous Na,SO,4 and concentrated in vacuo. Enmein-type diterpenoid 2
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(500 mg, 1.4 mmol) was dissolved in 50 mL acetone, and Jones reagent
(1700 uL, 4.3 mmol) was dropped in at 0°C to furnish enmein-type
diterpenoid 3 after 30 min. Small amount of isopropanol was added
dropwise to quench the mixture and then poured into 20 mL water, and
extracted with DCM (3 x 20 mL). The combined organic layer was then
washed with brine, dried over anhydrous Na,SO,4 and concentrated in
vacuo. Enmein-type diterpenoid 2 (36 mg, 0.1 mmol) was added into
5 mL DCM and reacted with thioctic acid (21 mg, 0.1 mmol) in presence
of EDCI (134 mg, 0.7 mmol) and DMAP (0.04 mmol, 5mg) for 12h.
Then, the mixture was poured into 10 mL 10% HCl and 10 mL water,
and extracted with DCM (3 x 10 mL). The combined organic layer was
washed with brine, dried over anhydrous Na,SO4, and concentrated in
vacuo. The target compound Al was attained by purification with flash
column chromatography (MeOH/DCM 1:100, v/v). Different enmein-
type diterpenoids (108 mg, 0.3 mmol) were dissolved in 5 mL DCM and
reacted with the corresponding anhydride (0.6 mmol), under the
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condition of TEA (320 puL, 1.5mmol) and DMAP (5mg, 0.04 mmol).
After 4-8 h in room temperature, the reaction was poured into 10 mL
10% HCIl and 10 mL water, and extracted with DCM (3 X 10 mL). The
combined organic layer was washed with brine, dried over anhydrous
NaySO,4, and concentrated in vacuo, then used without further pur-
ification. Intermediates 6-12 (0.1 mmol) were dissolved in 5 mL DCM
at —5°C, and sequentially treated with DCC (31 mg, 0.15 mmol, added
dropwise in DCM) and DMAP (5 mg, 0.04 mmol). After 8-12h, the re-
actions were poured into 10 mL 10% HCl and 10 mL water and ex-
tracted with DCM (3 x 10mL). The combined organic layers were
washed with brine, dried over anhydrous Na,SO,4, and concentrated in
vacuo. The target products B1-4 and C1-3 were obtained through
purification of flash column chromatography (MeOH/DCM 1:400, v/v).

4.1.1.1. Compound A1. Yellow crystal, yield: 14%. 'H NMR (CDCls,
400 M Hz), § (ppm): 6.21 (1H, s, 17-CH,), 5.72 (1H, s, 17-CH,), 5.57
(1H, s, 6-CH), 5.33 (1H, s, 14-CH), 4.56 (1H, dd, J = 5.77, 11.53 Hz, 1-
CH), 4.07, 3.93 (each 1H, d, J = 9.42Hz, 20-CH,), 2.73 (1H, dd,
J =12.97, 5.39 Hz, 8-CH), 2.44 (1H, m, 8-CH), 2.29 (1H, m, 6’-CH),
1.90 (2H, m, 7’-CH,), 1.26 (4H, s, 3’,4’-CH>), 1.02 (3H, s, 18-CH3), 0.96
(3H, s, 19-CH3); "*C NMR (CDCl3, 100 M Hz), § (ppm): 198.03, 173.15,
166.97, 147.75, 120.31, 101.74, 76.02, 74.53, 73.72, 60.16, 56.34,
53.77, 49.88, 48.47, 40.69, 40.22, 38.46, 37.03, 34.44, 33.88, 33.79,
32.89, 31.00, 29.73, 28.57, 28.50, 23.21, 23.03, 19.77; HRMS (ESI) m/
z caled for CygH350,S, [M + Na]™ 573.1951, found 573.1967.

4.1.1.2. Compound B1. Red crystal, yield: 19%. 'H NMR (CDCls,
400 M Hz), § (ppm): 7.84 (1H, d, J = 7.40Hz, 6-H), 7.69 (1H, d,
J=7.44Hz, 3-H), 7.64 (1H, t, J =7.40Hz, 5-H), 7.59 (1H, d,
J = 7.40Hz, 4-H), 7.47, 7.73 (each 2H, d, J, = Jg = 8.68 Hz, Ar-H),
7.43 (1H, s, 8”-H), 6.36 (1H, s, 14-CH), 4.40 (1H, m, 1-CH), 4.14, 3.83
(each 1H, d, J = 9.32Hz, 20-CH,), 2.95 (1H, m, 13-CH), 1.08 (3H, s,
18-CH3), 1.06 (3H, s, 19-CH3); °C NMR (CDCl3, 100 M Hz), § (ppm):
215.54, 189.01, 175.86, 173.06, 171.62, 165.85, 165.47, 153.71,
147.65, 140.62, 136.11, 132.15, 131.90, 131.75, 130.74, 129.53,
129.27, 128.28 (x2), 128.64, 122.96 (x2), 103.47, 99.23, 75.18,
53.64, 45.59, 40.86, 37.58, 36.99, 32.74, 31.60, 23.34, 23.03, 22.20,
12.59; HRMS (ESI) m/z caled for Cs;Hs3400Ss [M + H]* 719.1438,
found 719.1461.

4.1.1.3. Compound B2. Red crystal, yield: 20%. 'H NMR (CDCls,
400MHz), § (ppm): 7.68 (4H, m, Ar-H), 7.40 (2H, d, J = 2.3Hz,
8”,8””-CH), 7.24 (4H, m, Ar-H), 6.19 (1H, d, J = 11.3 Hz, 6-CH), 5.75
(1H, s, 17-CH,), 5.58 (1H, s, 17-CH,), 4.56 (1H, dd, J = 11.5, 5.8 Hz, 1-
CH), 4.14, 3.99 (each 1H, d, J=9.6Hz, 20-CH,), 3.19 (1H, d,
J = 9.5Hz, 13-CH), 2.94, 2.80 (4H, m, 2’,2”"-H), 2.72, 2.59 (4H, m,
3’,3”-H), 1.08 (3H, s, 18-CH3), 1.03 (3H, s, 19-CHs); *C NMR (CDCls,
100 M Hz), § (ppm): 215.50 (x2), 197.46, 171.65, 171.49, 170.59,
170.34, 166.65, 153.47, 153.36, 147.36, 136.09, 136.04, 129.38,
129.24, 128.25 (x2), 128.15 (x2), 12290 (x2), 122.79 (x?2),
120.97, 102.38, 77.22, 75.73, 75.27, 74.05, 59.80, 53.36, 49.43,
47.89, 40.39, 36.92, 32.84, 31.45 (x2), 30.02, 29.17, 28.99 (x2),
28.85, 23.10, 22.95 (x2), 19.76; HRMS (ESI) m/z caled for
C46H42012S6 [M + Na]* 1001.0893, found 1001.0865.

4.1.1.4. Compound B3. Red crystal, yield: 21%. 'H NMR (CDCls,
400 MHz), § (ppm): 7.69 (4H, m, Ar-H), 7.40 (2H, d, J = 1.9Hz,
8”,8””-CH), 7.24 (4H, m, Ar-H), 6.20 (1H, d, J = 13.8 Hz, 6-CH), 5.75
(1H, s, 17-CHy), 5.57 (1H, s, 17-CH,), 4.59 (1H, dd, J = 11.5, 5.8 Hz, 1-
CH), 4.13, 3.98 (each 1H, d, J = 9.6 Hz, 20-CH,), 3.17 (d, J = 9.6 Hz,
13-CH), 2.65 (4H, m, 3/,3”’-H), 2.45, 2.36 (4H, m, 2/,2”"-H), 2.01 (4H,
m, 4,4”-H), 1.06 (3H, s, 18-CHs), 1.03 (3H, s, 19-CH;); '*C NMR
(CDCl3, 100MHz), § (ppm): 215.50 (x2), 197.57, 172.44, 171.53,
171.16, 170.93, 170.75, 153.55, 153.42, 147.44, 136.05, 136.01,
129.29 (x2), 129.15, 128.21 (x2), 128.17 (x2), 122.97 (x2),
122.90 (x2), 120.91, 101.65, 77.23, 75.71, 75.16, 73.75, 59.90,
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53.21, 49.53, 47.95, 40.44, 36.93, 33.30, 33.00, 32.87, 32.83, 31.42,
29.95, 29.71, 23.10, 22.95, 19.86, 19.50, 19.42; HRMS (ESI) m/z calcd
for C4gH46012S¢ [M + Na]* 1029.1206, found 1029.1157.

4.1.1.5. Compound B4. Red crystal, yield: 25%. 'H NMR (CDCls,
400MHz), § (ppm): 8.11 (1H, s, 8””-CH), 7.92, 7.83, 7.54 (4H, m,
37,37 6”,6”"-H), 7.74, 7.43 (8H, m, Ar-H), 7.62 (4H, m, 4”,4””,5",5""-
H), 7.39 (1H, s, 8”-CH), 6.37 (1H, s, 6-CH), 5.86 (1H, s, 17-CH,), 5.50
(1H, s, 17-CH,), 4.61 (1H, dd, J = 11.4, 5.8 Hz, 1-CH), 4.20 (1H, d,
J = 9.7 Hz, 20-CH,), 4.07 (1H, d, J = 9.7 Hz, 20-CH,), 3.23 (1H, d,
J = 9.3Hz, 13-CH), 1.09 (3H, s, 18-CHs), 1.06 (3H, s, 19-CHj); '°C
NMR (CDCl;, 100MHz), § (ppm): 215.51 (x2), 197.39, 171.63,
171.50, 166.25, 165.15, 165.05, 153.66, 147.39, 136.12 (x2),
132.66, 132.07, 131.83, 131.69, 131.60, 131.46, 131.01, 130.02,
129.74 (x2), 129.55, 129.33, 129.24, 128.68, 128.33 (x2), 128.24
(2), 123.03 (x2), 122.80 (x2), 120.92, 103.52, 77.23, 75.79, 75.39,
74.71, 62.71, 59.66, 53.62, 49.49, 48.04, 40.25, 36.97, 32.84, 31.52,
30.01, 23.11, 22.97, 19.71; HRMS (ESI) m/z caled for CssH42012S6
[M + Na]™ 1097.0893, found 1097.0839.

4.1.1.6. Compound C1. Red crystal, yield: 55%. 'H NMR (CDCls,
400MHz), § (ppm): 7.40 (1H, s, 8”-H), 7.24, 7.67 (each 2H, d,
Ja = J = 8.64Hz, Ar-H), 6.25 (1H, s, 14-CH), 5.73 (1H, s, 17-CHy),
5.62 (1H, s, 17-CHy), 4.57 (1H, m, 1-CH), 4.03, 4.34 (each 1H, d,
J =10.16 Hz, 20-CH,), 3.20 (1H, d, J = 9.44 Hz, 13-CH), 2.83, 2.93
(2H, m, 2’-H), 2.72 (2H, m, 3’-H), 1.22 (3H, s, 18-CH3), 1.07 (3H, s, 19-
CH3); "3C NMR (CDCls, 100 M Hz), § (ppm): 215.51, 196.91, 175.16,
171.70, 171.62, 170.25, 166.14, 153.48, 146.77, 136.04, 129.26,
128.15 (x2), 122.88 (x2), 121.77, 74.54, 73.81, 71.26, 59.44,
50.80, 47.44, 45.92, 40.20, 36.38, 33.07, 32.26, 29.69, 29.52, 28.98,
23.63, 23.07, 19.15; HRMS (ESI) m/z caled for C33H3,00S3 [M + H]*
669.1281, found 669.1275.

4.1.1.7. Compound C2. Red crystal, yield: 6%. 'H NMR (CDCls,
400 MHz), § (ppm): 7.40 (1H, s, 8”-H), 7.22, 7.67 (each 2H, d,
Ja = Js = 8.60Hz, Ar-H), 6.27 (1H, s, 14-CH), 5.73 (1H, s, 17-CHy),
5.64 (1H, s, 17-CH,), 4.59 (1H, m, 1-CH), 4.03, 3.34 (each 1H, d,
J =10.16 Hz, 20-CH,), 3.18 (1H, d, J = 9.36 Hz, 13-CH), 2.63 (2H, m,
3’-H), 2.45 (2H, t, J = 7.04 Hz, 4-H), 2.01 (2H, t, J = 7.28 Hz, 2"-H),
1.22 (3H, s, 18-CH3), 1.07 (3H, s, 19-CH3); °C NMR (CDCl;, 100 M Hz),
§ (ppm): 215.50, 196.98, 175.22, 172.52, 171.73, 170.90, 166.20,
153.55, 146.88, 136.01, 129.16 (x2), 122.96 (x2), 121.66, 74.50,
73.53, 71.30, 59.51, 50.79, 47.43, 45.92, 40.24, 36.38, 33.07, 32.96,
32.77, 32.27, 29.53, 23.63, 23.06, 19.38, 19.17; HRMS (ESI) m/z calcd
for C34H3406S3 [M + H]* 683.1438, found 683.1452.

4.1.1.8. Compound C3. Red crystal, yield: 57%. 'H NMR (CDCls,
400 M Hz), § (ppm): 7.94 (1H, m, 6’-CH), 7.81 (1H, m, 3’-CH), 7.74,
7.41 (each 2H, d, J, = Jg = 8.64 Hz, Ar-H), 7.62 (2H, m, 4’, 5-CH),
7.43 (1H, s, 8”-CH), 6.24 (1H, s, 17-CH,), 5.88 (1H, s, 17-CHy), 5.58
(1H, s, 14-CH), 4.64 (1H, dd, J = 5.66, 11.50 Hz, 1-CH), 4.37, 4.07
(each 1H, d, J = 9.32 Hz, 20-CH,), 2.63 (1H, m, 13-CH), 1.22 (3H, s,
18-CHy), 1.07 (3H, s, 19-CH,); '3C NMR (CDCl,, 100 M Hz), § (ppm):
215.50, 197.05, 175.19, 171.51, 166.84, 165.86, 165.01, 153.65,
146.70, 136.11, 132.69, 131.66, 131.62, 129.95, 129.74, 129.53,
129.32, 128.26 (x2), 123.03 (x2), 121.83, 74.59, 74.53, 71.32,
59.39, 50.78, 47.57, 46.10, 40.17, 36.36, 33.09, 32.27, 29.53, 23.64,
23.08, 19.18; HRMS (ESI) m/z caled for Cs;H3,04S; [M + Nal*
739.1101, found 739.1132.

4.2. MTT assay

The selected cells were cultured in a standard 96-well plates and co-
treated with target compounds for designated concentrations in a tri-
plicate fashion. The incubation period settled for 72h. The advent of
MTT mixture (20 pL, 5mg/mL) then DMSO (150 uL/well) for 10 min
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was soon followed. A microplate reader (BIO-RAD Instruments Inc. 550,
Hercules, CA, USA) was utilized to collect absorbance (OD) data at
490 nm wavelength. The test results were compared with that of posi-
tive control 5-FU. Antiproliferative activity examination was recorded
in the form of half inhibition rate (ICsp), and three tumor and two
normal cell lines were chosen for this assay [84].

4.3. H,S release experiment

First, the stock solution of Na,S (20 mM) were prepared in sodium
phosphate buffer in 100 mL volumetric flask. Than aliquots of NayS so-
lution were transferred to 50 mL volumetric flask to produce standard
solutions of 5, 10, 20, 40, 60, 80, 100 and 150 pM, respectively. Took 1 mL
of solution from each volumetric flask to react with prepared methylene
blue (MB™*) cocktail which included 200 pL of 30 mM FeCl; in 1.2 M HCl,
200 pL of 20 mM N,N-dimethyl-1,4-phenylenediamine sulfate in 7.2 M HCI
and 100 pL of 1%w/v of Zn(OAc), in H,O at room temperature for 20 min
and repeated three times. The absorbance of each resulting mixture was
recorded at 670 nm in UV-Vis spectrophotometer.

Afterwards, each hybrid was dissolved in THF solution to form a
40 mM mixture. Meanwhile, a buffer solution of 1 mM TCEP or L-cy-
steine was prepared in a 30 mL volumetric flask. Than both solutions
were transferred to 100mL flask for constant stir. An amount of
2000 uL. was removed then added to colorimetric cuvette pre-treated
with methylene blue (MB*) cocktail for 20 min at selected time point
(5, 10, 15, 20, 30, 40, 50 and 60 min). The absorbance of each test was
recorded and the volume of H,S released was obtained through stan-
dard curve [67].

4.4. Cell cycle analysis

First, 6-well plates which treated with Bel-7402 cells were cultured
in a period of 24h at 37 °C. After that compound Al in designated
dosage prepared in DMSO joined cell culture in accordance with tri-
plicate method. While control cell received DMSO without any target
compound. Co-culture ended after 48 h and all cells were subjugated to
centrifugation then fixed with 70% ethanol for the night at exact 4 °C.
Another suspension was carried out in PBS mixture (include 100 pL
RNase A and 400 pL PI). Finally, the indication of cell cycle, distribution
of DNA content was measured by flow cytometry (FACS Calibur Becton-
Dickinson, Franklin Lake, NJ, USA) [85].

4.5. Hoechst 333258 staining

Hoechst staining was chosen to examine the change in morphology
of nuclei. By the same method of cell cycle assay, Bel-7402 cells were
cultured in a period of 24h at 37 °C in 6-well plates. After that com-
pound A1l in designated dosages was added for another 48 h incubation.
Cell harvest through mild trypsinization was applied through cen-
trifugation and two times wash with PBS. And 500 pL of Hoechst mix-
ture (2 mg/mL) in PBS was utilized to stain the cells under the condition
of room temperature, excluded light for 15min. Finally, cells were
placed in a slide after PBS wash for observation by DAPI filtered
fluorescent microscope [86].

4.6. Cell apoptosis assay

At the start, Bel-7402 cells in 6-well plates were cultured in a period
of 12h. After that compound Al in designated dosage prepared in
DMSO joined cell culture in accordance with triplicate method for 24 h.
Then, cells were undergone two times PBS wash and suspension with
buffer mixture for annexin V binding. The mixture was subjugated to
co-culture with annexin V-FITC and then PI under the condition of 25 °C
and without any light source for 15 min. This duo-staining of annxin V-
FITC and PI was examined by flow cytometry for apoptosis process
through the procedures provided by manufacturer [87].
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4.7. Mitochondrial membrane potential assay

By the same token, Bel-7402 cells were cultured in 6-well plates.
After that compound A1 in designated dosage prepared in DMSO joined
cell culture in accordance with triplicate method for 48 h. Then, cells
were undergone two times PBS wash and stained with JC-1 under the
condition of 25 °C and without any light source, which was strict ob-
servation of procedures provided by manufacturer (KeyGen Biotech,
KGA601). Flow cytometry was employed to determine the number of
cells with collapsed mitochondrial membrane potential and the data
were transformed to percentage tile [88].

4.8. Western blot assay

Bel-7402 cells were treated with Al in designated dosage and cul-
tured for 48h in a triplicate fashion. Following the measurement of
protein level, sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (10% gel, SDS-PAGE) was applied to split each cell lysates, and
then moved to nitrocellulose membranes. After that, tested proteins
were first blocked by 5% defat milk, then thoroughly covered by
monoclonal antibodies, washed with TBST, and incubated with ap-
propriate second antibodies and followed by chemiluminescence de-
tection. Protein visualization was achieved through Keygen ECL system
(KeyGEN Biotech, Nanjing, China) while resulting images were col-
lected by Clinx ChemiScope chemiluminescence imaging system.
ChemiScope analysis program was utilized to obtain relative optical
densities for individual protein [89].
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