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Abstract

There is a lack of FDA-approved tocolytics for the management of preterm labor (PL). In prior
drug discovery efforts, we identified mundulone and mundulone acetate (MA) as inhibitors of /n
vitro intracellular Ca%*-regulated myometrial contractility. In this study, we probed the tocolytic
potential of these compounds using human myometrial samples and a mouse model of preterm
birth. In a phenotypic assay, mundulone displayed greater efficacy, while MA showed greater
potency and uterine-selectivity in the inhibition of intracellular-CaZ* mobilization. Cell viability
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assays revealed that MA was significantly less cytotoxic. Organ bath and vessel myography
studies showed that only mundulone exerted inhibition of myometrial contractions and that
neither compounds affected vasoreactivity of ductus arteriosus. A high-throughput combination
screen identified that mundulone exhibits synergism with two clinical-tocolytics (atosiban and
nifedipine), and MA displayed synergistic efficacy with nifedipine. Of these combinations,
mundulone+atosiban demonstrated a significant improvement in the /n vitro therapeutic index
compared to mundulone alone. The ex vivoand in vivo synergism of mundulone+atosiban was
substantiated, yielding greater tocolytic efficacy and potency on myometrial tissue and reduced
preterm birth rates in a mouse model of PL compared to each single agent. Treatment with
mundulone after mifepristone administration dose-dependently delayed the timing of delivery.
Importantly, mundulone+atosiban permitted long-term management of PL, allowing 71% dams
to deliver viable pups at term (>day 19, 4-5 days post- mifepristone exposure) without visible
maternal and fetal consequences. Collectively, these studies provide a strong foundation for the
development of mundulone as a single or combination tocolytic for management of PL.

Keywords
Drug combination; Mundulone; Natural products; Preterm labor; Preterm birth; Tocolytic; Uterus

1. Introduction

Preterm birth (PTB) rates continue to rise with over 15 million cases/year globally and
remains the greatest contributor to neonatal morbidities and mortalities [1,2]. The causes

of PTB are multifactorial, yet in most situations, PTB follows spontaneous preterm labor
(sPL) without a known maternal, fetal, or placental condition. Regardless of the trigger,

the common denominator for all known causes of PTB is the early activation of uterine
contractions, which occurs through stimulation of intracellular Ca2*-release in myometrial
cells [3,4]. The American College of Obstetricians and Gynecologists’ Committee on
Practice Bulletins [5], World Health Organization [6] and nine other clinical practice
guidelines [7] agree on the short term tocolytic benefit for PTB. Moreover, outcome studies
consistently show the substantial neonatal benefits for each additional week in utero [8-12].

Spontaneous PL is typically managed with off-label use of tocolytic drugs including:
nifedipine (calcium channel blocker), indomethacin (cyclooxygenase inhibitor) or
terbutaline (beta-adrenergic agonist). The true efficacy of current tocolytics is unknown
due to their adverse maternal and fetal effects which preclude long-term use for delaying
birth until = 37 gestational weeks. Because of their side-effects and lack of efficacy, the
FDA has not approved the tocolytic use of these drugs, which are known to cause either
maternal cardiovascular effects, /n utero constriction of the fetal ductus arteriosus (DA)

or fetal tachycardia [13-16]. These side effects are not surprising, given that these drugs
were initially developed to treat disorders in other smooth muscle types such as vascular
and pulmonary. Drug development for uterospecific drugs has yielded (i) oxytocin-receptor
(OXTR) antagonists, such as atosiban, for tocolytic use and (ii) a synthetic progestin (17-
alpha hydroxyprogesterone caproate, ‘Makena ") for the prevention of sPL. However, FDA-
approval for Atosiban has been denied due to controversy concerning its effectiveness in
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clinical trials to delay PTB and improve neonatal outcomes [17-19]. Furthermore, Makena’s
manufacturer recently volunteered to withdraw the drug from the US market in response

to FDA recommendations based on recent large-scale studies showing less significant
reductions in sPL [20]. Thus, novel safe and effective tocolytics are urgently needed for
management of sPL, providing clear justification for studies that examine the tocolytic
properties of new compounds.

Combination therapy offers an opportunity to increase the efficacy or potency due to the
additive or synergistic effect, thereby decreasing the toxicity or side effects associated with
higher doses of single drugs. Past studies examining the benefit of combined tocolytic
therapy only examined a single dose of each drug, without determining the optimal fixed
ratio required to achieve synergy [21-26]. Thus, while combinations of current tocolytics
ranked highest for delaying preterm birth by 48 h and 7 days, they also result in more
frequent cessation due to adverse effects [27].

In our efforts to discover novel tocolytics, we previously performed a high-throughput
screen against a library of small molecules comprised of drug components, natural products,
and other bioactive molecules with a wide range of biological activity [3]. We identified the
isoflavone natural-product mundulone, and its derivative mundulone acetate (MA), as potent
antagonists of Ca2*-mobilization from primary myometrial cells. Mundulone is extracted
from the bark of Mundulea sericeaand its structure was elucidated in 1959 as part of the
isoflavone subclass of flavonoids [28]. Isoflavones have several pharmacological effects,
including modulation of smooth muscle contractions in the uterus and vasculature [29-33].
Moreover, a recent review on natural products for tocolysis found that most plant extracts
for inhibition of uterine contractions belong to flavonoid or terpene classes [34], with
Bryophyllum pinnatum entering into a clinical trial for preterm labor, which was withdrawn
early due to lack of patient enrollment [35-40]. Therefore, mundulone and MA belong to a
promising class of compounds to study for tocolytic potential.

Based on our prior discovery that mundulone and MA inhibit /77 vitro myometrial Ca2*-
mobilization and the reported tocolytic ability of other isoflavones, we aimed to further
probe mundulone and MA for tocolytic drug development. The goal of this study was to: 1)
examine the uterine- selectivity of CaZ*-mobilization inhibition, 2) determine cytotoxicity,
3) identify synergistic combinations of mundulone and MA with current clinically-utilized
tocolytics, 4) establish the ex vivotocolytic efficacy and potency and confirm uterine
selectivity at the tissue level and 5) evaluate the in vivo efficacy to delay delivery onset using
a mouse model of PL and PTB.

2. Materials and methods

2.1. Primary human uterine myometrial tissue and cells

Human myometrial biopsies were obtained at the time of cesarean section under the
Vanderbilt University Medical Center Institutional Review Board protocol #150791 and
according to The Code of Ethics of the World Medical Association (Declaration of
Helsinki). Reproductive- age (18-45 years) women undergoing a scheduled or repeat
cesarean section at term gestation (=39 weeks) were recruited, fully informed, and consented
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to the study. Inclusion criteria included breech presentation, previous cesarean section, fetal
anomaly, fetal distress or placenta previa. Exclusion criteria included: clinical or histological
signs of vaginal/chorioamniotic/intrauterine inflammation/infection, active SARS-CoV-2,
HIV, Hepatitis B, current use of vasopressors or bronchodilators and insulin-controlled
diabetes mellitus. Samples were placed into sterile cold 1XHBSS or 1XPBS and transported
to the laboratory for immediate myometrial cell isolation or use in ex vivo organ bath
studies, respectively.

2.2. Cell culture

Primary myometrial cells were isolated, selectively enriched for smooth muscle cells and
cultured in complete media (DMEM supplemented with 10% FBS, 25 mM HEPES, 100
U/ml penicillin-streptomycin) as previously described [3,41]. Unpassaged cells became
near-confluent 10-15 days post-isolation. Human primary aortic vascular smooth muscle
cells (VSMCs; ATCC PCS-100-012) were cultured in complete vascular cell growth
medium and growth kit (ATCC PCS-100-030 and ATCC PCS-100-042). Myometrial and
VSMCs were plated at 4000 cells/well in black-walled 384-well plates (Grenier Bio-One)
for Ca2*-mobilization assays exactly as previously described [41].

2.3. Comparative concentration-dependent Ca2*-mobilization

Mundulone and MA (MicroSource Discovery Systems 00200011 and 00200019) were tested
at 10-point three-fold titrations starting at 60 UM in triplicate to compare the Ep,y and

ICsq values between myometrial and VSMCs in a Ca2*-mobilization assay, performed as
previously described. [3,41]. Data were analyzed using WaveGuide software and the %
inhibition for each concentration of mundulone and MA was calculated.

2.4. Combination high-throughput Ca2*-mobilization assay

An 8 x 8 dose matrix was used to evaluate the combination effects between two

serially diluted single-compound concentrations. Mundulone and MA were combined with
atosiban (Sigma A3480), indomethacin (Cayman Chemicals 70270), or nifedipine (Cayman
Chemicals 11106). The single-compound 1Csgq values were utilized with three 2-fold
titrations above and below the 1Csq value. Control (no compound) additions were included
in the dose matrix. Moreover, the first row and the first column of each matrix contained

the individual compound concentrations used to compare the effect of combination. The
high- throughput Ca2*-assay was performed in 384-well format, allowing for 6 combinations
per plate, using the methods described above. Precise titrations of each compound were
performed using an Echo555 instrument within the Vanderbilt High-Throughput Screening
Facility. Raw data was first analyzed using Waveguide, as described above and previously
reported [41]. After calculating the % response for each compound concentration examined,
synergistic combinations were determined using Combenefit software [42], which provided
synergy scores and heat-maps to visualize models of Bliss independence, Highest Single
Agent, and Loewe additivity. After selecting up to 3 fixed ratios (FRS) of synergistic drug
combinations, a concentration-response analysis was performed as described in detail above,
to confirm whether the synergy was a result of increased efficacy and/or potency.
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2.5. Cell viability assay

Cytotoxicity of single- and combination-compounds on myometrial ("nTERT-immortalized
human myometrial, hnTERT-HM) [41,43,44], kidney (human primary renal proximal tubule
epithelial cells, RPTEC), and liver (human hepatocellular carcinoma, HepG2) [45-50] cells
were assessed using a standard WST-1 (Roche) cell viability assay. "\TERT-HM (kindly
provided by Dr. Jennifer Condon, Wayne State University), RPTEC (ATCC PCS-400-010),
and HepG2 (ATCC HB-8065) cells were cultured in complete DMEM/F-12 (Gibco 11—
039-02), RPTEC media (ATCC PCS-400-030) and EMEM (ATCC 30-2003), respectively.
DMEM/F-12 and HEPG2 media were supplemented with 10% FBS and 1% penicillin-
streptomycin, while RPTEC media was supplemented with growth kit components (ATCC
PCS-400-040). Two-fold serial dilutions of each single-compound were tested at 0.78-200
UM (a final volume of 100 pL). Additionally, compound combinations at their synergistic
FR and matched single-compound concentrations were tested, as were negative (DMSO)
and positive (napabucasin) controls. Cells (4 x 10* per well) in 96-well culture plates were
incubated with compounds for 72hrs, after which 10 uL of WST-1 was added to each well.
Absorbance at 450 nm and 600 nm was read 2hrs after incubation with WST-1. After
deduction of background absorbance, the % inhibition in cell viability was calculated. An /in
vitro therapeutic index (TI) was calculated as a ratio of the smallest ICgq value among the
three cell types (concentration of the compound required to affect 50% of cell viability) to
the ICsq value from the Ca2* mobilization assay [51,52].

2.6. Mouse tissue sample collection

Animal experiments were approved by the Vanderbilt University Institutional Animal Care
and Use Committee and conformed to the guidelines established by National Institutes

of Health for the care and use of Laboratory animals. Adult (8-12wk) female CD-1 IGS
(Charles River Laboratories) mice were bred with fertile males in a restricted 3 hr window
(8-11 am), and the presence of a copulatory plug was considered day 1 of pregnancy.

The average date of delivery for these mice in our colony occurs on day 19.5. Mice were
euthanized with an overdose of isoflurane, followed by cervical dislocation. The uterus was
excised on the morning of day 19 of pregnancy to obtain myometrial strips for ex vivo
contractility studies, as well as the collection of fetal DA tissue for ex vivo myography
experiments described below.

2.7. Exvivo myometrial contractility assay

An isometric contractility organ bath assay was performed as previously described [3,53].
Briefly, mouse and human myometrial strips (12 mm X 5 mm X 1 mm, N = 6-11 from 4
to 5 mice and 8 humans) were submerged in a heated and oxygenated (37 °C, 95% 02-5%
C02) Radnoti LLC tissue bath containing Kreb’s Bicarbonate Solution. Each mouse strip
was placed under 1 g tension and allowed to equilibrate in the organ bath for 60 min prior
to recording baseline spontaneous contractile activity. Human tissue was placed under 3 g
of tension, washed with Kreb’s Bicarbonate Solution and treated with KClI, as previously
described [54]. Rhythmic contractions were typically established within ~2-3 h.

Stock 0.1 M mundulone and MA were dissolved in 100% PEG-400, while 0.027 M
of atosiban was also dissolved in PEG-400. Following the establishment of rhythmic,
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spontaneous contractions, cumulative concentrations (1 nM to 0.1 mM) of mundulone, MA,
or vehicle control (PEG-400) were added to individual organ baths every 15 or 20 min
depending on whether mouse or human tissue was utilized for the experiment, respectively.
In a second set of experiments, cumulative concentrations (1 nM to 0.1 mM) of a mundulone
+ atosiban combination at a FR 3.7:1, as well as mundulone and atosiban alone (at their
respective concentrations reflective of the ratio) were added to individual organ baths. After
the highest concentration of drug or vehicle examined, tissue viability at the end of the
experiment was evaluated using exposure to 75 mM KCI.

Isometric contractions were recorded using PowerLab/8 SP (ADInstruments) equipment
and analyzed with LabChart 7 Pro software (ADInstruments). Contractile activity was
assessed by AUC/duration (integral relative to baseline divided by the duration of each
treatment period assessed). All treatment data were expressed as a percent change of
baseline spontaneous contractile activity.

2.8. Exvivo fetal DA myography

The vasoreactivity of fetal mouse DAs was evaluated using cannulated, pressurized vessel
myography and computer-assisted video-microscopy, as previously described [55,56].
Briefly, the ductus vessels (7-9 fetal mice, representing at least three different litters)

were mounted in custom myography chambers placed on inverted microscopes equipped
with a digital image capture system (lonOptix) to record changes in the intraluminal

vessel diameter. The pressure was increased in 5--mmHg increments to 20 mmHg, followed
by treatment with 50 mM KCI deoxygenated modified Krebs buffer to determine vessel
viability and peak contractility. The vessels were then changed from a flow-through system
to a 20 ml recirculating system and allowed to equilibrate for an additional 20 min. Baseline
lumen diameter was recorded prior to adding cumulative concentrations (1 nM to 0.1 mM)
of mundulone, MA, or vehicle control every 20 mins. After the highest concentration of
drug or vehicle examined, vessel viability was determined via exposure to 50 mM KCI. All
treatment data were expressed as a percent change in baseline lumen diameter.

2.9. Invitro ADME assays

2.10.

Mundulone and MA were submitted to Q2 Solutions for Tier 1 screening assays (metabolic
stability, permeability and CYP inhibition) according to standard protocols.

In vivo therapeutic efficacy in mifepristone-induced mouse model of PTB

CD-1 female and male mice were bred in a restricted 3 hr window (8-11 am), and the
presence of a copulatory plug was considered day 1 of pregnancy. On day 15 of pregnancy,
mice (N =5 per group) were administered (s.c.) various doses of mifepristone (10, 20,

25, 30, 40, 60, 80, 100, 150 ug; Sigma M8046) to establish the lowest dose required

to induce PTB in 100% mice (prior to day 18.5 of pregnancy, which is 24hrs prior to
normal term delivery). Based on the results of these studies, day 15 pregnant mice (average
weight: 44.97 + 4.35 g) were administered either 30 g or 150 pug (commonly-utilized dose)
mifepristone, followed by administration (s.c.) of treatment 5hrs after the onset of in vivo
uterine contractions [57]. Treatments included either vehicle (0.7 ml/kg ethanol in 150 pL
sesame oil, negative control), 5 mg/kg nifedipine (positive control), mundulone alone (6.5,
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13, or 26 mg/kg), atosiban alone (1.76 or 3.5 mg/kg), or mundulone + atosiban (6.5 +1.76

or 13 +3.5 mg/kg). Mice (N = 5 per group) received twice daily (8 am and 8 pm) treatments
of vehicle or test molecules on days 16-18. The onset of delivery was monitored using
infrared video surveillance and defined as delivery of the first pup. Preterm birth was defined
as delivery occurring 24 hrs prior to the average onset of term delivery of untreated mice.
The number of pups and neonatal outcome (surviving pups born at term per total litter size
including non-viable pups born, pups resorbed /n utero and pup weights at term delivery)
were recorded.

2.11. Statistical analysis

Data were analyzed using GraphPad Prism software and are expressed as mean + SEM.
Non-linear regression analyses were performed to generate CRCs for calculation of I1Csg
and Epax. Comparisons of fit determined whether three-parameter non-linear log fit lines
were significantly different between: 1) mundulone, MA, and the vehicle control, as well as
2) mundulone alone, atosiban alone, and the mundulone + atosiban combination. Two-way
analysis of variance followed by a post hoc Tukey test for multiple comparisons was

used to determine significant differences between the % response for each concentration
of compound. Two-way analysis of variance followed by a post hoc Fisher’s LSD test

was used to determine significant differences between the Eqax values. Ordinary one-way
ANOVA was performed to determine if the timing of delivery and neonatal outcomes were
significantly different between cohorts of mice, followed by post-hoc Bonferroni test for
multiple comparisons. The level of significance was set at p < 0.05.

3. Results

3.1. Uterine-selectivity of mundulone and MA

As previously stated, off-target side effects of current off-label tocolytics on maternal
vascular smooth muscle and the fetal DA have been major limitations of their use in

the management of PL. In a prior study, we discovered that the transcriptomic profile

of primary human aorta VSMCs was more similar to that of human primary myometrial
cells, compared to human DA SMCs, thus serving as useful cells in assays to determine
compound uterine-selectivity [41]. To this end, we used our previously established Ca?*-
mobilization assay to examine whether mundulone and MA were uterine-selective based on
either their lack of activity in VSMCs or greater effect on Ca2*-mobilization in myometrial
SMCs compared to VSMCs. As shown in Fig. 1 mundulone inhibited Ca?*-mobilization
from myometrial cells and aorta VSMCs, while MA only inhibited Ca?*-mobilization in
myometrial SMCs (Fig. 1 A, C). Specifically, mundulone exhibited a significant (p <
0.0001) 2-fold difference in potency, while MA displayed a significant (p = 0.03) 70%
difference in efficacy.

between myometrial cells compared to aorta cells (Fig. 1B,D and Table 1). Furthermore,
there was a significant difference between the efficacy (Emmax = 80.5% vs. 44.5%, p =
0.0005) and potency (IC5p = 27 UM vs. 14 uM, p = 0.007) of mundulone and MA to inhibit
Ca?*-mobilization in myometrial cells.
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3.2. Exvivo tocolytic ability and lack of off-target effect on fetal DA

Established isometric contractility and vessel myography assays were used to examine
the ex vivo uterine-selective effect of mundulone and MA on contractile activity of

term pregnant myometrial tissue and the vasoreactivity of the term fetal DA, respectively
[3,55,58-65].

As shown in Fig. 2 A-B. mundulone, but not MA, displayed concentration-dependent
inhibition of contractions of mouse uterine tissue (Fig. 2B). The tocolytic efficacy and
potency for mundulone (Emax = 70%, 1C5q =10 pM, p = 0.02), but not MA (Ejnax = 27%,
IC50 > 0.1 mM, p = 0.25), was significantly different than the vehicle control. Mundulone
exhibited less tocolytic efficacy (Emax = 57%) but similar potency (10 uM) to human
compared to mouse myometrial tissue (Fig. 2 B-D). Neither mundulone or MA affected the
vessel diameter of the DA lumen beyond that of the vehicle control (~10% difference from
baseline; Fig. 2 E-F, p > 0.05).

3.3. Invitro synergism with current tocolytics

To improve the efficacy and/or potency of mundulone and MA, we explored the possibility
of synergism when combined with current tocolytics. It is important to note that while
these drugs function through different molecular targets, the exact mechanism(s) of action
for mundulone and MA are currently unknown. We tested their synergistic potential in

our in vitro high-throughput Ca2*-mobilization assay, which was adapted for compound
combination-testing using 8 x 8 dose matrices (Fig. 3A). We found that mundulone
displayed synergism with atosiban and nifedipine (Fig. 3B—C) at several concentration
ratios, while MA exhibited synergistic efficacy with only nifedipine (Fig. 3D). No synergy
was observed in mundulone + indomethacin, MA + indomethacin and MA + atosiban
combinations (Suppl Fig. 1).

For confirmation of synergistic efficacy and/or potency, we performed concentration-
response analysis of FR of selected combinations (Fig. 3E-G). The combination of
mundulone + atosiban resulted in both increased efficacy and potency, while only increased
efficacy was confirmed for mundulone + nifedipine and MA + nifedipine synergistic
combinations. The Eqnax and 1Csq obtained from CRCs of individual compounds in
comparison with FRs of compounds in synergistic combinations are listed in Table 2, as
are the results of their statistical comparisons. The potency of mundulone improved by a
similar degree (2-3 fold) when in combination with either atosiban (FR 3.7:1) or nifedipine
(FR 1:4.4) compared to mundulone as a single-agent.

However, the efficacy of mundulone was further improved when in combination with
nifedipine than atosiban (6-fold versus 2-fold, respectively), compared to mundulone as
a single-agent. Mundulone and MA exhibited similar degrees of enhancement in potency
(2-3 fold) and efficacy (6-fold) when in combination with nifedipine.

3.4. Cytotoxic effects on myometrial cells and metabolic organ cells

Prediction of in vivo cellular toxicity through 7n vitro cell viability assays using a suitable
cell type is a key component in early drug discovery. To detect the likelihood of cellular
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toxicity in the target tissue (myometrium) and important xenobiotic metabolic organs (liver
and kidney), we assessed the toxic effect of individual compounds mundulone and MA, as
well as their synergistic combinations with current tocolytics, through a well-established
WST-1 cell viability assay.

Mundulone had a significantly greater (p < 0.0005) effect on the viability of hnTERT-HM,
HepG2, and RPTEC cells compared to MA (Suppl Fig. 2 and Suppl. Table 1). In relation
to the therapeutic benefit (i.e. potency of mundulone and MA in the Ca2*-assay), MA
demonstrated a favorable /n vitro T1 = 8.8, while the Tl of mundulone was only 0.8. Suppl.
Table 1 lists the ICgq and TI for mundulone and MA for each cell type examined.

The FRs of synergistic combinations tested above were assessed for their effect on cell
viability (Suppl Fig. 3A-C). Mundulone + atosiban was the only synergistic combination
demonstrating a favorable TI = 10, which was a great improvement from the TI= 0.8 of
mundulone as a single agent. Unfortunately, the TI of MA in combination with nifedipine
was much lower compared to MA as a single agent (1.8 vs 8.8, respectively). Table 3 lists
the ICgp and T1 for all compound combinations examined, as well as the 1Csq for their
respective single-drug controls.

3.5. Exvivo tocolytic ability of synergistic combinations

Next, we determined whether the synergistic combination, mundulone + atosiban with a
favorable TI, exhibited synergistic tocolysis on term pregnant mouse myometrium in an ex
vivo contractility assay. The concentration-dependent inhibition of tissue contractility by
the FR 3.7:1 of mundulone + atosiban was compared to that of the individual compounds
(Fig. 4). The efficacy and potency of mundulone to inhibit mouse myometrial contractions
significantly (p = 0.005) improved in combination with atosiban compared to use as a single
agent (Emax = 97% and 0.09 UM versus Enax = 70% and ICsg = 10 UM, respectively; Fig.
4A-B). Given this observation, we tested the tocolytic efficacy and potency of mundulone
as a single-agent and in combination with atosiban using term-pregnant human myometrial
tissue (Fig. 4C-D). Similar results were yielded showing significantly increased efficacy
(88% vs 57%, p = 0.03) and potency (0.12 uM vs 7 uM, p = 0.001) of mundulone

in combination with atosiban compared to its use as single agent, respectively. The
combination was confirmed to be synergistic for both mouse and human tissue (synergy
score>10, Supplemental Table 2).

3.6. Invitro ADME profiles

Mundulone and its acetate derivative were examined in a Tier 1 panel of ADME assays
(Table 4). Both compounds were found to show low to moderate solubility and high
permeability and were highly protein bound. Mundulone itself showed good stability in
liver microsomes across all tested species, but the corresponding acetate was more labile,
especially in rodent microsomes. This likely reflects instability of the acetate ester bond.
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3.7. Invivo therapeutic efficacy to delay delivery and improve neonatal outcomes in a
mouse model of PTB

Finally, the in vivo tocolytic efficacy and synergy of mundulone and atosiban in combination
compared to the single agents were examined using a widely utilized mouse model of PTB
for preclinical studies. We first determined the minimal effective dose of mifepristone to
induce 100% PTB in mice, using the experimental design shown in Fig. 5A. The timing of
delivery of mifepristone did not become significantly (p < 0.0002) different than untreated
control mice until 25 pg (Fig. 5B). The lowest doses required for 100% PTB rates were 30
ug of mifepristone (Fig. 5C).

Next, we assessed the efficacy of mundulone as a stand-alone agent and in combination with
atosiban to delay mifepristone (30 ug)-induced PTB in mice. Treatment with mundulone
(6.5, 13, or 26 mg/kg twice daily) 5hrs after mifepristone administration (and PL induction)
dose- dependently (p = 0.0457) delayed the timing of delivery (Fig. 5D). A 100% mortality
was observed for mice treated with 26 mg/kg mundulone twice daily until the evening of day
17. The mundulone+atosiban combination (FR 3.7:1, 6.5 mg/kg + 1.75 mg/kg) delayed the
onset of delivery to term (>day19) for 71% of mice, with their timing of delivery occurring
similarly (p > 0.999) to non-mifepristone exposed mice (Fig. 5E). None of the mifepristone-
exposed mice treated with the combination displayed dystocia or post-term delivery. Only
17% and 0% of mice treated with atosiban (1.75 mg/kg) or mundulone (6.5 mg/kg) as single
agents delivered at term, respectively. Interestingly, a higher dose of mundulone and atosiban
(13 mg/kg + 3.5 mg/kg) at the same FR (3.7:1) resulted in only 17% of mice delivering

at term, with 20% of atosiban (3.5 mg/kg) and 0% of mundulone (13 mg/kg) treated mice
delivering at term. Nifedipine was used as positive control drug for these experiments, given
its current clinical use as a tocolytic agent. Of the nifedipine-treated mice, 40% delivered

at term, with their timing of delivery occurring significantly (p < 0.0001) different from
non-mifepristone exposed mice but statistically insignificant (p = 0.999) than vehicle-treated
mifepristone exposed mice. As shown in Table 4, the number of average surviving pups born
at term was not significantly different across the groups. None of the pups born prematurely
survived, thus their weights were not obtained. For the dams in each treatment group that
were able to deliver at term, the average pup weights (as a ratio to the litter size) were not
significantly different from that of the no treatment group.

Given the in vivo efficacy of the mundulone + atosiban (FR 3.7:1, 6.5 mg/kg + 1.75

mg/kg) to successfully delay delivery onset and manage PL in most mice exposed to 30

ug mifepristone, we next explored the therapeutic ability of this drug combination in the
mifepristone model using the standard 150 ug dose, which we observed to be supramaximal
for PTB-induction (Fig. 5C). As shown in Supplemental Fig. 4 A and B, mice exposed to
150 pg mifepristone that received treatment with the mundulone + atosiban combination
delivered significantly (p = 0.3) later than vehicle treated mice (52 hrs vs. 24hrs). While
28.6% of mice treated with the combination of mundulone and atosiban delivered at term,
none of the nifedipine-treated 150 pg mifepristone mice delivered at term Table 5.
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4. Comments

4.1. Principal findings

In the present study, we found that mundulone compared to MA displayed greater inhibitory
efficacy on Jn vitro Ca%*-mobilization as well as ex vivo contractile activity. However, MA
showed greater uterine-selectivity and a favorable /n vitro T1, compared to mundulone,

due to its lower cytotoxicity. A significant improvement of the TI was achieved through
mundulone’s synergistic combination with atosiban, which yielded greater tocolytic efficacy
and potency on term pregnant mouse and human myometrial tissue compared to single
drugs. Furthermore, treatment with a combination of mundulone and atosiban in a 30 ug
mifepristone-induced mouse model of PTB, significantly reduced the PTB rate compared to
each single agent, allowing the dams to deliver at term-gestation without negative effects on

pups.

Outside of its structural elucidation as an isoflavone [28,66,67], mundulone appears in

only two publications to date, yielding little insight into its biological activity [68,69]. In

our study, mundulone and MA exhibited /n vitro selectivity to inhibit CaZ*-mobilization
from myometrial cells in comparison to aortic VSMCs, and ex vivo selectivity to

inhibit myometrial contractility without observed effects on fetal DA vasoreactivity. While
isoflavones are known to affect vascular [32,70] and DA tissues[71] as well as uterine tissue
[29], this study highlights that certain isoflavone structures can be uterine selective. Due

to this, mundulone could benefit from medicinal chemistry efforts to study the structure-
activity relationship and uterine-selectivity. Mundulone and its structurally-related derivative
compound, dihydromunduletone, are reported to inhibit the G-protein coupled receptor
GPR56’s activity [68]. Moreover, isoflavones are well known to be phytoestrogens with
agonistic or antagonistic activity against estrogen receptors [72,73]. Thus, it is worthwhile to
probe the mechanism of both compounds, mundulone and MA, as it relates to modulation

of intracellular Ca2*-regulated myometrial contractility through either a G-protein coupled
receptor, estrogen receptor, or perhaps a different molecular target.

Past studies have examined whether combinations of tocolytics result in additive potency
and/or efficacy [21-26]. The current study is the first to report a high-throughput
combination screen using a dose matrix approach that includes a wide range of
concentrations for the discovery of novel tocolytic synergy. We identified that the
combinations of mundulone with two current tocolytics, atosiban and nifedipine, yielded
in vitro synergistic effects on intracellular Ca*-mobilization. Multiple pathways are
involved upstream of intracellular-Ca%* to regulate myometrial contractility. Moreover, the
mechanism of action of mundulone to regulate uterine contractions remains unknown. Thus,
the exact synergistic mechanism between mundulone-atosiban and mundulone-nifedipine
remains to be determined, outside of our observation that the inhibition of Ca2*-channel

as well as oxytocin receptor, but not the prostaglandin pathway, enhances the effect of
mundulone. Our /n vitro efficacy and combinational synergy of these novel molecules have
been translated from the cell to the tissue level, as well as in vivo, thus, progressed through
the discovery pipeline underscoring their translational potential.
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When two drugs are combined, it is necessary to rule out unintended additive or synergistic
toxicity early in the discovery process [74]. /n vitro T| obtained by measuring a compound’s
cytotoxicity is commonly used to quantify the extent of the safety at the desired efficacious
conditions of a single- or combination of compounds. The toxicity of mundulone has

been previously reported on HEK?293 cells and zebrafish embryos [68,75]; however, MA’s
toxicity is not reported. While mundulone as a single-agent was found to be toxic at low
concentrations (T1 = 0.8) in our /n vitro study, mundulone-treated mice did not show signs
of impaired health or mortality until treated with 26 mg/kg twice daily for two days.
Nonetheless, mundulone could benefit from medicinal chemistry efforts to lessen its toxicity
and improve its T1. In an alternative approach, we observed that the TI of mundulone
dramatically improved to a favorable Tl = 10 when combined with atosiban as a result of

a 2-fold reduction in the concentration of mundulone, and the ex vivo tocolytic efficacy

and potency significantly improved. To this end, at least one other study reported improved
inhibition of uterine contractility when another flavonoid containing plant extracts from
Bryophyllum pinnatum was combined with atosiban or nifedipine [36].

Currently, most test-compounds or drugs only significantly delay labor for a matter of hours
using the mifepristone-induced mouse model of PTB [76-78]. However, there have been
reports of a few investigational agents capable of managing PL for greater than 24hrs in

the aforementioned mouse model, though not until term delivery [79-81]. To this end, it

is possible that other test-compounds failed to manage PL until term delivery due to the
commonly utilized dose (150 ug) of mifepristone [82], which we found to be supramaximal
to a 30 pg dose that reliably induced 100% PTB rate in CD-1 mice. Indeed, nifedipine was
able to delay delivery until term in 50% of PL mice induced with 30 pg mifepristone, but 0%
of mice receiving 150 ug of the antiprogestin. The latter results are congruent with a prior
study in which nifedipine resulted in delivery occurring within 25hrs post-mifepristone (150
ug) administration[76]. In our study, mundulone in combination with atosiban (FR 3.7:1, 6.5
mg/kg + 1.75 mg/kg) allowed long-term management of PL after induction with either 30

or 150 ug mifepristone, allowing 71% and 29% dams, respectively, to deliver at term (>day
19, 4-5 days post-mifepristone exposure) with viable pups without any visible maternal

and fetal consequences. The efficacy of this drug combination outperformed barusiban

and atosiban in animal models of preterm labor [83-85]. Additional preclinical studies are
needed to determine the in vivo pharmacokinetics, biodistribution and placental transfer
characteristics in mice and non-human primates.

There were limitations to the current study. First, the mouse model of PTB used in this study
do not fully simulate the multifactorial causes of spontaneous PTB in humans, however it
provides a “proof of principle” of the: (i) dose-dependent efficacy of mundulone as a single-
agent to delay the timing of delivery and (ii) efficacy and synergy of the combination of
mundulone with atosiban to manage PL until term delivery. The mifepristone mouse model
of induced PL is a widely utilized model for preclinical testing of novel tocolytic agents for
spontaneous PL in the absence of suspected or confirmed infection, and thus was selected
for this study. However, it is important to examine the in vivo efficacy of mundulone as a
stand-alone therapy or in combination with atosiban in additional established mouse models
of PL using agents that either induce sterile inflammation (high-mobility group box-1 [86],
interleukin-1 (alpha [87-89] and beta [89]), S100 calcium binding proteins-(A12 [90] and
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B [91]) or myometrial contractions (prostaglandin F2 alpha [92]). Second, the long-term
effects of /n utero exposure to mundulone or MA was not examined, which would provide
further insight into the neonatal safety of these compounds. Finally, while determining the
target and mechanism of action of a newly identified molecule is important, it was beyond
the scope of this study and will be evaluated in the future.

The present study demonstrates the tocolytic abilities of mundulone and MA through
uterine-selective inhibition of intracellular-Ca2*. A novel in vitro high-throughput
combination screen identified synergistic ratios of mundulone with atosiban with a favorable
TI, whose tocolytic efficacy was validated in a separate ex vivo assay. Furthermore, the

in vivo therapeutic efficacy and synergy of mundulone in combination with atosiban was
ascertained in a mouse model of PTB. In summary, our findings highlight that mundulone or
its analogs warrant future development as a stand-alone single- and/or combination-tocolytic
therapy for management of PL.
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Acknowledgments

This project was supported by the Eunice Kennedy Shriver National Institute of Child Health and Human
Development [Grants HD088830 and HD098213 (JLH), HD108420 (SS), and HD094946 (BCP)] and National
Heart, Lung and Blood Institute Grants HL164327 and HL128386 (JR). We are thankful to the nurses and
physicians in the Department of Obstetrics and Gynecology at Vanderbilt University Medical Center for collecting
myometrial biopsies, and the women that kindly participated in this study. ADME testing was performed by Q2
solutions using Vanderbilt Institute of Chemical Biology (VICB) funds. We thank the VVICB High Throughput
Screening (HTS) Core Facility for their technical assistance and use of their equipment. The Vanderbilt HTS Core
Facility receives support from the Vanderbilt Institute of Chemical Biology and the Vanderbilt Ingram Cancer
Center (P30 CA68485). The Wave Front Biosciences Panoptic was purchased with funds from the NIH Office

of The Director S100D021734. We thank Dr. Jennifer Condon (Wayne State University) for kindly providing

the hTERT-HM cells used in this study. All authors have read the journal’s authorship agreement and policy on
disclosure of potential conflicts of interest.

Data Availability

Data will be made available on request.

Abbreviations:

DA Ductus arteriosus

FR fixed ratio

hTERT-HM human telomerase reverse transcriptase-immortalized human
myometrial

MA mundulone acetate

PTB preterm birth

PL preterm labor

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al. Page 14

VSMCs vascular smooth muscle cells

References

[1]. Siricilla S, lwueke CC, Herington JL, Drug discovery strategies for the identification of novel
regulators of uterine contractility, Curr. Opin. Physiol 13 (2020) 71-86. [PubMed: 32864532]

[2]. Chawanpaiboon S, Vogel JP, Moller AB, Lumbiganon P, Petzold M, Hogan D, Landoulsi S,
Jampathong N, Kongwattanakul K, Laopaiboon M, Lewis C, Rattanakanokchai S, Teng DN,
Thinkhamrop J, Watananirun K, Zhang J, Zhou W, Gulmezoglu AM, Global, regional, and
national estimates of levels of preterm birth in 2014: a systematic review and modelling analysis,
Lancet Glob. Health 7 (1) (2019) e37-e46. [PubMed: 30389451]

[3]. Herington JL, Swale DR, Brown N, Shelton EL, Choi H, Williams CH, Hong CC, Paria BC,
Denton JS, Reese J, High-throughput screening of myometrial calcium-mobilization to identify
modulators of uterine contractility, Plos One 10 (11) (2015).

[4]. Ferreira JJ, Butler A, Stewart R, Gonzalez-Cota AL, Lybaert P, Amazu C, Reinl EL, Wakle-
Prabagaran M, Salkoff L, England SK, Santi CM, Oxytocin can regulate myometrial smooth
muscle excitability by inhibiting the Na+-activated K + channel, Slo2.1, J. Physiol. -Lond 597 (1)
(2019) 137-149. [PubMed: 30334255]

[5]. Obstetricians A.C.0., B.-O. Gynecologists’ Committee on Practice, Practice bulletin No. 171:
management of preterm labor, Obstet. Gynecol 128 (4) (2016) e155-e164 (reaffirmed 2020).
[PubMed: 27661654]

[6]. W.H. Organization, Programme HR, WHO recommendation on tocolytic therapy for improving
preterm birth outcomes [Internet]. Geneva: World Health Organization; 2022. PMID: 36251803.

[7]. Medley N, Poljak B, Mammarella S, Alfirevic Z, Clinical guidelines for prevention and
management of preterm birth: a systematic review, BJOG 125 (11) (2018) 1361-1369. [PubMed:
29460323]

[8]. Younge N, Goldstein RF, Bann CM, Hintz SR, Patel RM, Smith PB, Bell EF, Rysavy MA,
Duncan AF, Vohr BR, Das A, Goldberg RN, Higgins RD, Cotten CM, Eunice H Kennedy
Shriver national institute of child, N. human development neonatal research, survival and
neurodevelopmental outcomes among periviable infants, New Engl. J. Med 376 (7) (2017) 617-
628. [PubMed: 28199816]

[9]. Bell EF, Hintz SR, Hansen NI, Bann CM, Wyckoff MH, DeMauro SB, Walsh MC, Vohr BR,
Stoll BJ, Carlo WA, Van Meurs KP, Rysavy MA, Patel RM, Merhar SL, Sanchez PJ, Laptook
AR, Hibbs AM, Cotten CM, D’Angio CT, Winter S, Fuller J, Das A, Eunice H Kennedy Shriver
National Institute of Child, N. human development neonatal research, mortality, in-hospital
morbidity, care practices, and 2-year outcomes for extremely preterm infants in the US, 2013-
2018, JAMA 327 (3) (2022) 248-263. [PubMed: 35040888]

[10]. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, Hale EC, Newman NS,
Schibler K, Carlo WA, Kennedy KA, Poindexter BB, Finer NN, Ehrenkranz RA, Duara S,
Sanchez PJ, O’Shea TM, Goldberg RN, Van Meurs KP, Faix RG, Phelps DL, Frantz ID 3rd,
Watterberg KL, Saha S, Das A, Higgins RD, Eunice H Kennedy Shriver National Institute of
Child, N. Human Development Neonatal Research, Neonatal outcomes of extremely preterm
infants from the NICHD Neonatal Research Network, Pediatrics 126 (3) (2010) 443-456.
[PubMed: 20732945]

[11]. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, Laptook AR, Sanchez PJ,
Van Meurs KP, Wyckoff M, Das A, Hale EC, Ball MB, Newman NS, Schibler K, Poindexter
BB, Kennedy KA, Cotten CM, Watterberg KL, D’Angio CT, DeMauro SB, Truog WE, Devaskar
U, Higgins RD, Eunice H Kennedy Shriver National Institute of Child, N. Human Development
Neonatal Research, Trends in Care Practices, Morbidity, and Mortality of Extremely Preterm
Neonates, 1993-2012, JAMA 314 (10) (2015) 1039-1051. [PubMed: 26348753]

[12]. Rysavy MA, Horbar JD, Bell EF, Li L, Greenberg LT, Tyson JE, Patel RM, Carlo WA, Younge
NE, Green CE, Edwards EM, Hintz SR, Walsh MC, Buzas JS, Das A, Higgins RD, Eunice H
Kennedy Shriver National Institute of Child, N. Human Development Neonatal Research, N.
Vermont Oxford, Assessment of an Updated Neonatal Research Network Extremely Preterm
Birth Outcome Model in the Vermont Oxford Network, JAMA Pedia 174 (5) (2020), e196294.

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al.

[13].

Page 15

Gerard AK, Visser HA, Uterine contraction agents, tocolytics, vaginal therapeutics and local
contraceptives, in: Christof Schaefer PP, Richard K Miller (Eds.), Drugs During Pregnancy and
Lactation, Academic Press, 2015, pp. 401-412.

[14]. Vermillion ST, Scardo JA, Lashus AG, Wiles HB, The effect of indomethacin tocolysis on fetal

ductus arteriosus constriction with advancing gestational age, Am. J. Obstet. Gynecol 177 (2)
(1997) 256259, discussion 259-61. [PubMed: 9290437]

[15]. Younger JD, Reitman E, Gallos G, Tocolysis: present and future treatment options, Semin

[16].

[17].

[18].
[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

Perinatol. 41 (8) (2017) 493-504. [PubMed: 29191291]

Moise KJ Jr., Effect of advancing gestational age on the frequency of fetal ductal constriction in
association with maternal indomethacin use, Am. J. Obstet. Gynecol 168 (5) (1993) 1350-1353.
[PubMed: 8498410]

Salim R, Garmi G, Nachum Z, Zafran N, Baram S, Shalev E, Nifedipine compared with atosiban
for treating preterm labor: a randomized controlled trial, Obstet. Gynecol 120 (6) (2012) 1323-
1331. [PubMed: 23168756]

de Heus R, Mulder EJ, Visser GH, Management of preterm labor: atosiban or nifedipine? Int J.
Women’s. Health 2 (2010) 137-142. [PubMed: 21072306]

Flenady V, Reinebrant HE, Liley HG, Tambimuttu EG, Papatsonis DN, Oxytocin receptor
antagonists for inhibiting preterm labour, Cochrane Database Syst. Rev 6 (2014) CD004452.
Blackwell SC, Gyamfi-Bannerman C, Biggio JR Jr., Chauhan SP, Hughes BL, Louis JM,
Manuck TA, Miller HS, Das AF, Saade GR, Nielsen P, Baker J, Yuzko OM, Reznichenko

Gl, Reznichenko NY, Pekarev O, Tatarova N, Gudeman J, Birch R, Jozwiakowski MJ, Duncan
M, Williams L, Krop J, 17-OHPC to prevent recurrent preterm birth in singleton gestations
(PROLONG Study): a multicenter, international, randomized double-blind trial, Am. J. Perinatol
37 (2) (2020) 127-136. [PubMed: 31652479]

Kuc P, Laudanski P, Pierzynski P, Laudanski T, The effect of combined tocolysis on in vitro
uterine contractility in preterm labour, Adv. Med Sci 56 (1) (2011) 88-94. [PubMed: 21555303]

Carvajal JA, Zambrano MJ, Theodor NM, Moreno LE, Olguin TR, Vanhauwaert PS, Rojas

NB, Delpiano AM, The synergic in vitro tocolytic effect of nifedipine plus ritodrine on human
myometrial contractility, Reprod. Sci 24 (4) (2017) 635-640. [PubMed: 27609401]

Barnett SD, Asif H, Anderson M, Buxton ILO, Novel tocolytic strategy: modulating Cx43
Activity by S-nitrosation, J. Pharm. Exp. Ther 376 (3) (2021) 444-453.

Doret M, Mellier G, Benchaib M, Piacenza JM, Gharib C, Pasquier JC, In vitro study of tocolytic
effect of rofecoxib, a specific cyclo-oxygenase 2 inhibitor, Comp. Comb. Other Tocolytic Agents,
BJOG 109 (9) (2002) 983-988.

Stoiber B, Haslinger C, Schaffer MK, Zimmermann R, Schaffer L, Effect of dual tocolysis with
fenoterol and atosiban in human myometrium, J. Perinat. Med 47 (2) (2019) 190-194. [PubMed:
30218606]

Hyuga S, Parry RC, Danielsson J, Vink J, Fu XW, Wu A, Dan W, Yim PD, Gallos G, Anoctamin
1 antagonism potentiates conventional tocolytic-mediated relaxation of pregnant human uterine
smooth muscle, J. Physiol. Sci 71 (1) (2021) 7.

[27]. Wilson A, Hodgetts-Morton VA, Marson EJ, Markland AD, Larkai E, Papadopoulou A,

[28].

[29].

[30].

Coomarasamy A, Tobias A, Chou D, Oladapo OT, Price MJ, Morris K, Gallos 1D, Tocolytics
for delaying preterm birth: a network meta-analysis (0924), Cochrane Database Syst. Rev 8 (8)
(2022) CD014978.

Burrows BF, Finch N, Ollis WD, Sutherland 10, Mundulone P Chem. Soc. Lond 5 (1959) 150-
152.

Revuelta MP, Cantabrana B, Hidalgo A, Depolarization-dependent effect of flavonoids in rat
uterine smooth muscle contraction elicited by CaCl2, Gen. Pharm. -Vasc S 29 (5) (1997) 847-
857.

Carreiro JD, de Souza ILL, Pereira JC, Vasconcelos LHC, Travassos RD, Santos BVD, da Silva
BA, Tocolytic action and underlying mechanism of galetin 3,6-dimethyl ether on rat uterus, Bmc
Complem Alter. M 17 (2017).

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al.

Page 16

[31]. aA GMD Herrera E Marhuenda, Effects of genistein, an isoflavone isolated from genista trident

ata, on isolated guinea-pig ileum and guinea-pig heal myenteric plexus, Planta Med 58 (1992)
314-316. [PubMed: 1438590]

[32]. Seok YM, Baek I, Kim YH, Jeong YS, Lee 1J, Shin DH, Hwang YH, Kim IK, Isoflavone

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

attenuates vascular contraction through inhibition of the RhoA/Rho- kinase signaling pathway, J.
Pharmacol. Exp. Ther 326 (3) (2008) 991-998. [PubMed: 18577703]

Kim JY, Lee MY, Park HM, The effect of eqoul, a metabolite of isoflavone, on endothelial
cell-independent vasodilatation of human uterine artery in vitro, J. Bone Metab 22 (2) (2015)
57-69. [PubMed: 26082915]

Rezaeizadeh G, Hantoushzadeh S, Ghiasi S, Nikfar S, Abdollahi M, Systematic A, Review of the
uterine relaxant effect of herbal sources, Curr. Pharm. Biotechno 17 (11) (2016).

Simoes-Wust AP, Lapaire O, Hosli I, Wachter R, Furer K, Schnelle M, Mennet-von Eiff M,
Seifert B, von Mandach U, Two randomised clinical trials on the use of bryophyllum pinnatum in
preterm labour: results after early discontinuation, Complement Med Res 25 (4) (2018) 269-273.
[PubMed: 29945146]

Santos S, Haslinger C, Mennet M, von Mandach U, Hamburger M, Simoes-Wust AP,
Bryophyllum pinnatum enhances the inhibitory effect of atosiban and nifedipine on human
myometrial contractility: an in vitro study, Bmc Complem Alter. M 19 (1) (2019).

Sukwan C, Wray S, Kupittayanant S, The effects of Ginseng Java root extract on uterine
contractility in nonpregnant rats, Physiol. Rep 2 (12) (2014).

Bafor EE, Prendergast C, Wray S, Justicia flava leaf extract potently relaxes pregnant human
myometrial contractility: a lead plant for drug discovery of new tocolytic drugs, Exp. Physiol 105
(12) (2020) 2033-2037. [PubMed: 33094534]

Bafor EE, Ukpebor F, Elvis-Offiah U, Uchendu A, Omoruyi O, Omogiade GU, Justicia flava
leaves exert mild estrogenic activity in mouse models of uterotrophic and reproductive cycle
investigations, J. Med Food 23 (4) (2020) 395-408. [PubMed: 31670605]

Bafor EE, Ukpebor F, Omoruyi O, Ochoyama E, Omogiade G, Ekufu J, Edrada-Ebel R,
Tocolytic activity assessment of the methanol leaf extract of Justicia flava Vahl (Acanthaceae) on
mouse myometrial contractility and preliminary mass spectrometric determination of secondary
metabolites, J. Ethnopharmacol 243 (2019).

Siricilla S, Knapp KM, Rogers JH, Berger C, Shelton EL, Mi DH, Vinson P, Condon J, Paria

BC, Reese J, Sheng QH, Herington JL, Comparative analysis of myometrial and vascular smooth
muscle cells to determine optimal cells for use in drug discovery, Pharmacol. Res 146 (2019).

Di Veroli GY, Fornari C, Wang D, Mollard S, Bramhall JL, Richards FM, Jodrell DI, Combenefit:
an interactive platform for the analysis and visualization of drug combinations, Bioinformatics 32
(18) (2016) 2866—2868. [PubMed: 27153664]

Condon J, Yin S, Mayhew B, Word RA, Wright WE, Shay JW, Rainey WE, Telomerase
immortalization of human myometrial cells, Biol. Reprod. 67 (2) (2002) 506-514. [PubMed:
12135889]

Shay JW, Wright WE, Use of telomerase to create bioengineered tissues, Ann. Ny. Acad. Sci
1057 (2005) 479-491. [PubMed: 16399914]

Knowles BB, Aden DP Human hepatoma derived cell line, process for preparation thereof, and
uses therefor. US Patent 4,393,133 dated Jul 12 1983.

[46]. Jiang J, Pieterman CD, Ertaylan G, Peeters RLM, de Kok TMCM, The application of omics-

based human liver platforms for investigating the mechanism of drug-induced hepatotoxicity in
vitro, Arch. Toxicol 93 (11) (2019) 3067-3098. [PubMed: 31586243]

[47]. Jiang J, Wolters JEJ, van Breda SG, Kleinjans JC, de Kok TM, Development of novel tools for

[48].

[49].

the in vitro investigation of drug-induced liver injury, Expert Opin Drug, Met 11 (10) (2015)
1523-1537.

Kammerer SK, Jan-Heiner, Human hepatocyte systems for in vitro toxicology analysis, J. Cell.
Biotechnol 3 (2) (2018) 85-93.

Ramirez T, Strigun A, Verlohner A, Huener HA, Peter E, Herold M, Bordag N, Mellert W,
Walk T, Spitzer M, Jiang XQ, Sperber S, Hofmann T, Hartung T, Kamp H, van Ravenzwaay B,

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al.

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

Page 17

Prediction of liver toxicity and mode of action using metabolomics in vitro in HepG2 cells, Arch.
Toxicol 92 (2) (2018) 893-906. [PubMed: 28965233]

Bajaj P, Chowdhury SK, Yucha R, Kelly EJ, Xiao G, Emerging kidney models to investigate
metabolism, transport, and toxicity of drugs and xenobiotics, Drug Metab. Dispos 46 (11) (2018)
1692-1702. [PubMed: 30076203]

Muller PY, Milton MN, The determination and interpretation of the therapeutic index in drug
development, Nat. Rev. Drug Discov 11 (10) (2012) 751-761. [PubMed: 22935759]

Copple IM, Shelton LM, Walsh J, Kratschmar DV, Lister A, Odermatt A, Goldring CE, Dinkova-
Kostova AT, Honda T, Park BK, Chemical tuning enhances both potency toward Nrf2 and in vitro
therapeutic index of triterpenoids, Toxicol. Sci 140 (2) (2014) 462-469. [PubMed: 24798383]

Hansen CJ, Siricilla S, Boatwright N, Rogers JH, Kumi ME, Herington J, Effects of solvents,
emulsions, cosolvents, and complexions on ex vivo mouse myometrial contractility, Reprod. Sci
29 (2) (2022) 586-595. [PubMed: 33852137]

Cordeaux Y, Missfelder-Lobos H, Charnock-Jones DS, Smith GC, Stimulation of contractions in
human myometrium by serotonin is unmasked by smooth muscle relaxants, Reprod. Sci 15 (7)
(2008) 727-734. [PubMed: 18562699]

Reese J, O’Mara PW, Poole SD, Brown N, Tolentino C, Eckman DM, Aschner JL, Regulation of
the fetal mouse ductus arteriosus is dependent on interaction of nitric oxide and COX enzymes in
the ductal wall, Prostag Oth Lipid M 88(3-4) (2009) 89-96.

Pfaltzgraff ER, Shelton EL, Galindo CL, Nelms BL, Hooper CW, Poole SD, Labosky PA, Bader
DM, Reese J, Embryonic domains of the aorta derived from diverse origins exhibit distinct
properties that converge into a common phenotype in the adult, J. Mol. Cell Cardiol 69 (2014)
88-96. [PubMed: 24508561]

Robuck MF, O’Brien CM, Knapp KM, Shay SD, West JD, Newton JM, Slaughter JC, Paria BC,
Reese J, Herington JL, Monitoring uterine contractility in mice using a transcervical intrauterine
pressure catheter, Reproduction 155 (5) (2018) 447-456. [PubMed: 29500186]

Pak SC, Bertoncini D, Meyer W, Scaunas D, Flouret G, Wilson L, Comparison of binding-
affinity of oxytocin antagonists to human and rat uterine oxytocin receptors and their correlation
to the rat uterine oxytocic bioassay, Biol. Reprod 51 (6) (1994) 1140-1144. [PubMed: 7888492]

Norman JE, Ward LM, Martin W, Cameron AD, McGrath JC, Greer 1A, Cameron IT, Effects of
cGMP and the nitric oxide donors glyceryl trinitrate and sodium nitroprusside on contractions
in vitro of isolated myometrial tissue from pregnant women, J. Reprod. Fertil 110 (2) (1997)
249-254. [PubMed: 9306978]

Oger S, Mehats C, Barnette MS, Ferre F, Cabrol D, Leroy MJ, Anti-inflammatory and utero-
relaxant effects in human myometrium of new generation phosphodiesterase 4 inhibitors, Biol.
Reprod 70 (2) (2004) 458-464. [PubMed: 14561639]

Stymiest JL, Mitchell BF, Wong S, Vederas JC, Synthesis of oxytocin analogues with
replacement of sulfur by carbon gives potent antagonists with increased stability, J. Org. Chem
70 (20) (2005) 7799-7809. [PubMed: 16277299]

Baumbach J, Shi SQ, Shi LL, Balducci J, Coonrod DV, Garfield RE, Inhibition of uterine
contractility with various tocolytics with and without progesterone: in vitro studies, Am. J.
Obstet. Gynecol 206 (3) (2012).

Robinson H, Wray S, A new slow releasing, H(2)S generating compound, GY'Y4137 relaxes
spontaneous and oxytocin-stimulated contractions of human and rat pregnant myometrium, PLoS
One 7 (9) (2012), e46278.

[64]. Vucovich MM, Cotton RB, Shelton EL, Goettel JA, Ehinger NJ, Poole SD, Brown N, Wynn

[65].

JL, Paria BC, Slaughter JC, Clark RH, Rojas MA, Reese J, Aminoglycoside-mediated relaxation
of the ductus arteriosus in sepsis-associated PDA, Am. J. Physiol. Heart Circ. Physiol 307 (5)
(2014) H732-H740. [PubMed: 24993047]

El-Khuffash A, Jain A, Corcoran D, Shah PS, Hooper CW, Brown N, Poole SD, Shelton EL,
Milne GL, Reese J, McNamara PJ, Efficacy of paracetamol on patent ductus arteriosus closure
may be dose dependent: evidence from human and murine studies, Pedia Res 76 (3) (2014)
238-244.

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al.

[66].
[67].

[68].

[69].

[70].

Page 18

Ghosh AC, Dutta NL, Chemical examination of mundulea suberosa. Part I11. Isoation of
mundulone, J. Indian Chem. Soc 39 (7) (1962) 475-477.

Rao VE, et al. , Two prenylated flavanones from Mundulea suberosa, Phytochemistry 46 (7)
(1997) 1271-1274.

Stoveken HM, Bahr LL, Anders MW, Wojtovich AP, Smrcka AV, Tall GG, Dihydromunduletone
Is a Small-Molecule Selective Adhesion G Protein-Coupled Receptor Antagonist, Mol. Pharm 90
(3) (2016) 214-224.

De Bruyn T, van Westen GJ, ljzerman AP, Stieger B, de Witte P, Augustijns PE, Annaert PP,
Structure-based identification of OATP1B1/3 inhibitors, Mol. Pharm 83 (6) (2013) 1257-1267.
Silva H, The vascular effects of isolated isoflavones-a focus on the determinants of blood
pressure regulation, Biol. (Basel) 10 (1) (2021).

[71]. Zielinsky P, Piccoli AL Jr., Manica JL, Nicoloso LH, Menezes H, Busato A, Moraes MR,

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].

[84].

Silva J, Bender L, Pizzato P, Aita L, Alievi M, Vian I, Almeida L, Maternal consumption of
polyphenol-rich foods in late pregnancy and fetal ductus arteriosus flow dynamics, J. Perinatol 30
(1) (2010) 17-21. [PubMed: 19641513]

Szeja W, Grynkiewicz G, Rusin A, Isoflavones, their glycosides and glycoconjugates. synthesis
and biological activity, Curr. Org. Chem 21 (3) (2017) 218-235. [PubMed: 28553156]

Gencel VB, Benjamin MM, Bahou SN, Khalil RA, Vascular effects of phytoestrogens and
alternative menopausal hormone therapy in cardiovascular disease, Mini-Rev. Med Chem 12 (2)
(2012) 149-174. [PubMed: 22070687]

McKim JM, Building a tiered approach to in vitro predictive toxicity screening: a focus on assays
with in vivo relevance, Comb. Chem. High. T Scr 13 (2) (2010) 188-206.

Chen K, Fan'Y, Gu J, Han Z, Zeng H, Mao C, Wang C, In vivo screening of natural

products against angiogenesis and mechanisms of anti-angiogenic activity of deoxysappanone

b 7,4’-dimethyl ether, Drug Des. Devel Ther 14 (2020) 3069-3078.

Pohl O, Chollet A, Kim SH, Riaposova L, Spezia F, Gervais F, Guillaume P, Lluel P, Meen M,
Lemaux F, Terzidou V, Bennett PR, Gotteland JP, OBEOQ22, an oral and selective prostaglandin
f2alpha receptor antagonist as an effective and safe modality for the treatment of preterm labor, J.
Pharm. Exp. Ther 366 (2) (2018) 349-364.

Sun X, Guo JH, Zhang D, Chen JJ, Lin WY, Huang Y, Chen H, Huang WQ, Liu Y, Tsang LL,

Yu MK, Chung YW, Jiang X, Huang H, Chan HC, Ruan YC, Activation of the epithelial sodium
channel (ENaC) leads to cytokine profile shift to pro-inflammatory in labor, EMBO Mol. Med 10
(10) (2018).

Skarra DV, Cornwell T, Solodushko V, Brown A, Taylor MS, CyPPA, a positive modulator

of small-conductance Ca(2+)-activated K(+) channels, inhibits phasic uterine contractions and
delays preterm birth in mice, Am. J. Physiol. Cell Physiol 301 (5) (2011) C1027-C1035.
[PubMed: 21795518]

Cirillo R, Tos EG, Page P, Missotten M, Quattropani A, Scheer A, Schwarz MK, Chollet A,
Arrest of preterm labor in rat and mouse by an oral and selective nonprostanoid antagonist of the
prostaglandin F2alpha receptor (FP), Am. J. Obstet. Gynecol 197 (1) (2007) e1-€9, 54.

Ying L, Becard M, Lyell D, Han X, Shortliffe L, Husted ClI, Alvira CM, Cornfield DN, The
transient receptor potential vanilloid 4 channel modulates uterine tone during pregnancy, Sci.
Transl. Med 7 (319) (2015) 319ra204.

Zheng K, Lu P, Delpapa E, Bellve K, Deng R, Condon JC, Fogarty K, Lifshitz LM, Simas TAM,
Shi F, ZhuGe R, Bitter taste receptors as targets for tocolytics in preterm labor therapy, FASEB J.
31 (9) (2017) 4037-4052. [PubMed: 28559440]

Dudley DJ, Branch DW, Edwin SS, Mitchell MD, Induction of preterm birth in mice by RU486,
Biol. Reprod 55 (5) (1996) 992-995. [PubMed: 8902208]

Reinheimer TM, Chellman GJ, Resendez JC, Meyer JK, Bee WH, Barusiban, an effective
long-term treatment of oxytocin-induced preterm labor in nonhuman primates, Biol. Reprod 75
(5) (2006) 809-814. [PubMed: 16914691]

Hahn DW, Demarest KT, Ericson E, Homm RE, Capetola RJ, McGuire JL, Evaluation of
1-deamino-[D-Tyr(Oethyl)2, Thr4, Orn8] vasotocin, an oxytocin antagonist, in animal models of

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siricilla et al.

[85].

[86].

[87].

[88].

[89].

[90].

[91].

[92].

Page 19

uterine contractility and preterm labor: a new tocolytic agent, Am. J. Obstet. Gynecol 157 (4 Pt
1) (1987) 977-982. [PubMed: 3674173]

Renfree MB, Parry LJ, Shaw G, Infusion with an oxytocin receptor antagonist delays parturition
in a marsupial, J. Reprod. Fertil 108 (1) (1996) 131-137. [PubMed: 8958839]

Gomez-Lopez N, Romero R, Plazyo O, Panaitescu B, Furcron AE, Miller D, Roumayah T, Flom
E, Hassan SS, Intra-amniotic administration of HMGB1 induces spontaneous preterm labor and
birth, Am. J. Reprod. Immunol 75 (1) (2016) 3-7. [PubMed: 26781934]

Romero R, Mazor M, Tartakovsky B, Systemic administration of interleukin-1 induces preterm
parturition in mice, Am. J. Obstet. Gynecol 165 (4 Pt 1) (1991) 969-971. [PubMed: 1951564]

Motomura K, Romero R, Garcia-Flores V, Leng Y, Xu Y, Galaz J, Slutsky R, Levenson
D, Gomez-Lopez N, The alarmin interleukin-lalpha causes preterm birth through the NLRP3
inflammasome, Mol. Hum. Reprod 26 (9) (2020) 712-726. [PubMed: 32647859]

Romero R, Tartakovsky B, The natural interleukin-1 receptor antagonist prevents interleukin-1-
induced preterm delivery in mice, Am. J. Obstet. Gynecol 167 (4 Pt 1) (1992) 1041-1045.
[PubMed: 1415389]

Motomura K, Romero R, Plazyo O, Garcia-Flores V, Gershater M, Galaz J, Miller D, Gomez-
Lopez N, The alarmin S100A12 causes sterile inflammation of the human chorioamniotic
membranes as well as preterm birth and neonatal mortality in micedagger, Biol. Reprod 105
(6) (2021) 1494-1509. [PubMed: 34632484]

Gomez-Lopez N, Romero R, Garcia-Flores V, Leng Y, Miller D, Hassan SS, Hsu CD, Panaitescu
B, Inhibition of the NLRP3 inflammasome can prevent sterile intra-amniotic inflammation,
preterm labor/birth, and adverse neonatal outcomesdagger, Biol. Reprod 100 (5) (2019) 1306—
1318. [PubMed: 30596885]

Kurtzman JT, Spinnato JA, Goldsmith LJ, Zimmerman MJ, Klem M, Lei ZM, Rao CV, Human
chorionic gonadotropin exhibits potent inhibition of preterm delivery in a small animal model,
Am. J. Obstet. Gynecol 181 (4) (1999) 853-857. [PubMed: 10521741]

Pharmacol Res. Author manuscript; available in PMC 2023 December 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Siricilla et al.

A. Mundulone

B. CRC analysis

Page 20

Myometrial cells ~__ 4M Aorta VSMCs uM
47 —2 4] —%_ 1007 - Myometrial cells
G —22 =32 e -= Aorta VSMCs
o2 37 N\ 978 o 39 —074 ©
° \ 008 © —R = 50+
@ 50 8o —o003 2
N 21 0009 N 2 0009 £
= 0,003 == 0003 € .
g 14 g 1-A 2 a8
z z
T T T T T 1 T T T T T 1 'SO'W
0 25 50 75 100 125 150 0 25 50 75 100 125 150 9 8 -7 6 -5 -4
Time (s) Time (s) Log [Mundulone], M
C. Mundulone acetate D. CRC analysis
Myometrial cells M Aorta VSMCs uM
47 —% 47 — 1007 -~ Myometrial cells
=] —39 2 — 667
e e —32 -=- Aorta VSMCs
o 37 034 02 31 —074 ©
s 008 © —025 & 50+
@ 003 @ R B
N 27 0009 N 21 Y]
§ 14 g 1+ 2
z z
T T T T T 1 T T T T T 1 -50'—""-—""—!—""-!—""-—"_
0 25 50 75 100 125 150 0 25 50 75 100 125 150 9 8 -7 6 -5 -4
Time (s) Time (s) Log [Mundulone acetate], M
Fig. 1.

In vitro uterine-selectivity of mundulone and mundulone acetate (MA) to inhibit
intracellular Ca%*-release. Real-time recording of concentration-dependent inhibition of
intracellular Ca%*-release by mundulone (A) or MA (C) from myometrial cells and aorta
VSMCs in 384-well format. Concentration-response curves of mundulone (B) or MA (D)
showing selectivity towards myometrial cells compared to the aorta VSMCs due to either a
significant shift in potency (ICsgp) or efficacy (Emayx), respectively. Non-linear regression was
used to fit the data (mean + SEM) and to calculate the ICsg and Epnax., Which are provided in
Table 1, along with p-values. A 2-way ANOVA with a post-hoc Fisher’s LSD test was used
to compare the Epayx Values (shown).
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B. CRC analysis: mouse myometrial tissue
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D. CRC analysis: human myometrial tissue

% Inhibition

-204

80+

60+

H
o
1

N
o
1

-+ Vehicle
-o- Mundulone

p<0.0001
(E

max)

I

40 -9 8 7 6 5 4

Log [Concentration, M]

F. CRC analysis: mouse DA

% Change from BL

8049 -+ Vehicle

-o- Mundulone

604 -©- Mundulone Acetate

40

201

== = )
“TE ma)

vy vy vy e 8 e §

40 0 8 T 4 = 4

Log [Concentration], M

Ex vivotocolytic ability and uterine-selectivity. Representative recording of isometric
spontaneous contractility (measured in grams of tension) of mouse or human myometrial
tissue (A and C, respectively) prior to the addition of increasing concentrations (10 pm

- 100 uM) of vehicle control, mundulone or mundulone acetate (MA). Recordings were
analyzed for contractile AUC (B and D). Non-linear regression was used to fit the data
(mean + SEM) and to calculate IC5 and Epax. C. Representative tracing of fetal mouse
ductus arteriosus (DA) tone (measured by lumen diameter) prior to and after the addition
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of increasing concentrations (1 nm - 10 pM) of vehicle control, mundulone or MA. D.
Recordings were analyzed for % change from baseline lumen diameter. A 2-way ANOVA
with a post-hoc Tukey analysis was used to compare the Ep,ax Values (shown).
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A. Plate map for combination study
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Fig. 3.
Identification of mundulone and mundulone acetate (MA) synergistic combinations with

clinical tocolytics. A. Plate map used for the high-throughput combination Ca%*-assay in
which one 384-well plate allows testing of six different combinations of two-compounds.
Controls (no compounds, white squares) and individual compounds “A” (columns 1, 9 and
17) and “B” on (rows H and I, respectively) were included on each plate. The direction of
the gradient shows the increasing concentrations of compound “A” and “B”. The %response
data for each compound concentration was averaged and then analyzed with Combenefit
software to provide synergy scores using the Bliss-independence model. Heat maps of
synergy scores are shown (B-D). Red or black boxes indicate the three fixed ratios chosen
for CRC analysis to confirmation synergistic potency or efficacy. Concentration-response
curves of combinations at fixed ratio indicated in red box is shown (E-G). A 2-way ANOVA
with a post-hoc Tukey analysis was used to compare the Ep,qx Values (shown).
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B. CRC analysis: mouse myometrial tissue

=+ Mundulone + Atosiban (3.7:1)

100 —- Mungiulone
god Atosiban ] p=0.005 (E,,,)
c
S 60+ p=0.004 (E,.,,)
=
T 404
£
2 204
OfecerceeeececeMececcestorccnsccnsccnsconcccncces
-20'—!—l-l'l"l|—l—'-l'l'rﬂl|—'“l'"|
Mund -10 -8 -6 -4
Atos -8.57 -6.57 -4.57

Log [Concentration, M]

D. CRC analysis: human myometrial tissue

100= =*= Mundulone + Atosiban (3.7:1)
=e- Mundulone I
804 -©- Atosiban

p=0.03 (E

max)

p=0.002 (E

max)

% Inhibition
S
S

Mund -10 -8 -6 -4
Atos -8.57 -6.57 457

Log [Concentration, M]

Ex vivotocolytic effect of mundulone and atosiban combination. Representative recording
of isometric spontaneous contractility (measured in grams of tension) of mouse or human
myometrial tissue (A and C, respectively) prior to the addition of increasing concentrations
(10 pm - 100 uM) of mundulone +atosiban at a fixed ratio (3.7:1), as well as their single-
compound controls (mundulone or atosiban). Recordings were analyzed for contractile AUC
(B and D). Non-linear regression was used to fit the data (mean + SEM) and to calculate
ECsp and Emax. A 2-way ANOVA with a post-hoc Tukey analysis was used to compare the

Emax values (shown).
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C. Rate of preterm birth: MIF
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In vivo therapeutic efficacy of mundulone and atosiban combination to delay delivery in a
preclinical mouse model of PTB. A. Experimental timeline for induction of preterm labor
and birth using mifepristone (MIF) on day 15 of pregnancy, followed by administration of
either vehicle, test or control drugs in mice. A. Determining the minimal effective dose of
mifepristone to induce PTB in mice. Dose of mifepristone versus timing of delivery (B)
or rate of PTB (C) in CD-1 pregnant mice. Timing of delivery (D) and PTB rates (E)

for mice receiving either 30 pg MIF (s.c.) prior to administration of either vehicle (\eh),
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mundulone + atosiban combination (Comb), or mundulone (Mund), or atosiban as single
agents (Atos). Nifedipine (Nif) was used as a control tocolytic. Doses listed are mg/kg.
Dotted line represents PTB, defined as 24hrs prior to average timing of term delivery of
untreated mice.
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Table 4

In vitro ADME profiles of Mundulone and Mundulone Acetate.

Profiling assay

Mundulone  Mundulone Acetate

Solubility (M) 21-40 11-20
MDCK permeability (Pap, X 1076 cm/sec) 49.4 22.1
Human plasma protein binding (%) 99.30 99.90
Intrinsic clearance (Clint) in liver microsomes

Mouse (uL/min/mg) 47.1 885.5
Rat (uL/min/mg) 30.7 585.7
Human (uL/min/mg) <20 27.18
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