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1 | INTRODUCTION
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Abstract

Purpose: ML-2-3 is a novel tetracyclic iridoid derived from Morinda lucida Bentham
leaves. This compound has anti-trypanosomal and anti-leishmanial effects. In this
study, the authors investigated effects of ML-2-3 on in vitro fertilization (IVF) rates,
motility, and acrosome reaction of the mouse sperm.

Methods: IVF was performed using sperm from BALB/cBylJJcl mice treated with
ML-2-3. Computer-assisted sperm analysis (CASA) was performed on the sperm of
C57BL/6J mice to investigate sperm motility. The effect of ML-2-3 on the acrosome
reaction was examined by observing the fluorescence of sperm labeled with the
acrosin-EGFP transgene.

Results: ML-2-3 improved IVF in BALB/cByJJcl mice with low fertilization rates. The
optimum concentration of ML-2-3 in sperm pre-culture medium was 20 uM, and no
significant toxicity of ML-2-3 was observed in developing embryos at this concen-
tration. ML-2-3 affected sperm motility but not the acrosome reaction. ML-2-3 in-
creased the IVF rate of mouse sperm that had been refrigerated for 3 days.
Conclusions: ML-2-3 can improve the outcome of IVF and motility without inducing
the acrosome reaction in mice. These effects of ML-2-3 on sperm behaviors are dif-

ferent from those of the similar drugs.

KEYWORDS
acrosome reaction, computer-assisted sperm analysis, infertility, refrigerated sperm, tetracyclic
iridoids

hormone therapy, and medications are used as treatments.® If

In Japan, onein five couples struggle with infertility. Approximately
50% of infertility cases are attributed to male infertility, which
may be due to low sperm production, poor sperm motility, ab-
normal sperm morphology, or a combination of these factors.'?

It is generally difficult to identify the cause of infertility. Surgery,

these treatments do not lead to pregnancy after a reasonable
period, patients often choose assisted reproduction technology
(ART), in which human eggs, sperms, or embryos are used to es-
tablish a pregnancy.* in vitro fertilization (IVF), a type of ART, is
a technique whereby eggs are fertilized in a laboratory dish. The

IVF pregnancy rate depends largely on sperm motility, with poor
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sperm motility significantly decreasing the success of IVF.>¢ As
one of the methods to improve the IVF pregnancy rates without
harming embryogenesis, pharmacological treatments of the sperm
have been evaluated using a number of drugs. In our previous
studies, we demonstrated that the aqueous extract of licorice
roots (Glycyrrhiza spp.) improved the fertilization ability of mouse
sperm using IVF. Isoliquiritigenin and formononetin, two flavo-
noids isolated from licorice root, promoted improving the success
rate of IVF.2 As part of our ongoing research for the discovery of
new sperm motility activators, we examined the effect of 10 com-
pounds and 30 extracts from medicinal plants on sperm motility.
Of the materials tested, ML-2-3 significantly improved sperm mo-
tility (Preliminary data, data not shown).

ML-2-3, a novel tetracyclic iridoid isolated from Morinda lucida
Bentham (Rubiaceae), has anti-trypanosomal and anti-malarial activ-
ities in vitro.” % In a previous study, we established a new method
for the quantitative and qualitative analysis of tetracyclic iridoids, in-
cluding ML-2-3.22 We reported an efficient, rapid, and easy method
for isolation and purification of this tetracyclic iridoid (Figure 1).° In
this study, we demonstrated that ML-2-3 increased the rate of IVF

and improved sperm motility in mice.

2 | MATERIALS AND METHODS

2.1 | Animals

Female ICR mice (6 weeks old) were purchased from SLC Japan,
Inc., and used at approximately 7-12 weeks of age. Male C57BL/6J,
BALB/cBylJJcl, and pseudopregnant female ICR mice were also pur-
C57BL/6-TgN(acr3-EGFP)Osb17

mice were bred to be specifically pathogen free in the animal room at

chased from CREA Japan, Inc..

Nagasaki International University.14 The animals were sacrificed by
cervical dislocation just before the experiments. All animal experi-
ments conformed to the Guide for the Care and Use of Laboratory
Animals, and they were approved by the Institutional Committee
of Laboratory Animal Experimentation of Nagasaki International
University (Approval Number: 128). The mice were kept under con-
trolled temperature (18-26°C) and lighting (12:12 h light/dark cycle)
conditions throughout the experiments and were provided food and
water ad libitum.

FIGURE 1 Chemical Structure of ML-2-3

2.2 | Reagents and chemicals

Paraffin oil, bovine serum albumin (BSA), and hyaluronidase were
purchased from Nacalai Tesque Inc. Human tubal fluid (HTF) me-
dium was purchased from LifeGlobal® Media; IVFonline. Pregnant
mare serum gonadotropin and human chorionic gonadotropin
were purchased from ASKA Pharmaceutical Co., Ltd. Potassium
simplex optimization medium was purchased from Zenith Biotech.
Polyvinyl alcohol and methyl-beta-cyclodextrin were purchased
from Sigma-Aldrich. Dimethyl sulfoxide (DMSQ) was purchased
from FUJIFILM Wako Pure Chemical Corp (Osaka, Japan). ML-2-3
was isolated from ethanol extracts of M. lucida leaves. Details on
the isolation method and the method for determining the chemical
structure of ML-2-3 were reported in previous papers.‘;"13 M. lu-
cida leaves were collected in Mampong, Ghana, in January 2016.
ML-2-3 was dissolved in DMSO and 2 mg/mL of ML-2-3 was used
as a stock solution. The stock solution was stored at -20°C and
used for the experiments without dilution. DMSO was properly
added to the control samples to equalize the solvent concentra-
tion among all samples. The final concentration of DMSO was
0.5% (vol/vol).

23 | IVF

BALB/cByJJcl mice (12-16 weeks) were sacrificed by cervical dislo-
cation just before collection of the caudal epididymis. Mature cau-
dal epididymal sperm (~8 x 10°) from each mouse were incubated
in 200 uL HTF medium without BSA covered with paraffin oil. After
5 min, 15 uL of the sperm suspension was transferred to 50 uL condi-
tioned HTF medium (HTF medium with 4% BSA) containing ML-2-3
at several doses (0, 10, 20, 40, or 80 xM) and maintained at 37°C in
a humidified incubator under 5% CO,/95% air (~10 000/uL of the
motile sperm concentration).”® After 55 min, 16-20 uL of the sperm
suspension from each conditioned medium was used for insemina-
tion (final motile sperm concentration =150/uL). Motile sperm swim-
ming at the periphery of each drop were used for insemination as
described previously.”®

ICR mice (7-12 weeks) were superovulated by an intraperitoneal
injection of 5 IU pregnant mare serum gonadotropin, followed by
5 IU human chorionic gonadotropin after 46-48 h, and euthanized
14-16 h later. Ovaries with oviducts were collected from the mice
just after euthanization and transferred to a 30 mm dish filled with
paraffin oil. Cumulus-oocyte complexes were obtained from the
ampullae of uterine tubes and transferred to dishes, each containing
200 pL HTF medium covered with paraffin oil, and observed under a
stereomicroscope. Two to four cumulus-oocyte masses were trans-
ferred to 200 uL HTF medium covered with paraffin oil for insem-
ination. A sperm suspension cultured in conditioned medium was
transferred to the insemination drop containing the cumulus-oocyte
masses. The fertilization rate was determined as the percentage of
two-cell stage embryos among all the oocytes at 24 h after insemi-
nation. After incubation in potassium simplex optimization medium
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(KSOM) for an additional 60 h, the blastocysts were transferred into

the uteri of pseudopregnant females.

2.4 | Analysis of sperm motility

C57BL/6J mice (10-12 weeks) were sacrificed by cervical dislocation
just before the start of the experiments, and the caudal epididymis
was collected. Mature sperm from the caudal epididymis were in-
cubated in 400 L HTF medium without BSA. After 8 min, 40 uL of
the sperm suspension was transferred to 160 pL of each conditioned
HTF medium containing 20 uM ML-2-3 and maintained at 37°Cin a
humidified incubator under 5% CO,/95% air (~10 000/uL of the mo-
tile sperm concentration). Then, 30 uL of the solution was removed
from the medium at various times (0.5, 1, 2, 3, and 5 h) and placed in
a pre-warmed Makler counting chamber (Sefi Medical Instruments,).
Sperm movement was analyzed using computer-assisted sperm
analysis (CASA) with the software HTM-CERQOS v12.3 (Hamilton
Thorne Research,). At least 100 sperm in three different fields were
counted to evaluate the percentage of total motile, rapid-speed
(VAP >10.0 p/s), medium-speed (5 p/s <VAP <10.0 u/s), slow-speed
(VAP <5.0 u/s or VSL <0.0 u/s), and static-speed sperm (sperm not
moving at all), VAP, VSL, VCL, ALH, LIN, STR, and BCF.

2.5 | Observation of the acrosome reaction

C57BL/6-TgN(acr3-EGFP)Osb17 mice (10-12 weeks) harboring
sperm labeled with the acrosine-EGFP transgene were sacrificed by
cervical dislocation just before collection of the caudal epididymis.
Mature sperm from the caudal epididymis were incubated in 400 uL
HTF medium without BSA. After 5 min, 40 uL of the sperm suspen-
sion was transferred to 160 uL of each conditioned HTF medium
containing 20 uM sample and was maintained at 37°C in a humidi-
fied incubator under 5% CO,/95% air (~10 000/uL of the motile
sperm concentration). The sperm were removed from the medium
at various times (1, 2, 3, 5, 7, and 9 h) and spotted onto microscope
slides. At least 50 sperm in each sample were counted under a fluo-
rescence microscope. The percentage of acrosome reaction-positive
sperm was evaluated as the number of acrosome-reacted sperm

(GFP-negative) among the total number of sperm.”®

2.6 | Refrigerated sperm collection for IVF

C57BL/6J mice (10-12 weeks) were sacrificed by cervical dislocation
at 3 days before the start of the IVF experiments. The epididymis of
each mouse was removed and stored at 4°C in paraffin oil. Mature
caudal epididymal sperm (~ 8 x 10°) from each mouse were incu-
bated in 200 xL HTF medium without BSA covered with paraffin oil.
After 5 min, 15 L of the sperm suspension was transferred to 50 uL
HTF medium containing 1 mg/mL polyvinyl alcohol, 1.0 mM methyl-
beta-cyclodextrin, and 20 uM ML-2-3. The conditioned medium
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was kept at 37°C in a humidified incubator under 5% CO,/95% air
(~10 000/uL of the motile sperm concentration).”® After 55 min, 16-
20 uL sperm from each conditioned medium were used for insemi-
nation (final motile sperm concentration =150/uL). Motile sperm
swimming at the periphery of each drop were used for insemination
as described previously.”®

2.7 | IVF using refrigerated sperm

IVF using refrigerated sperm was assessed as above but with minor
modifications. After cumulus-oocyte complexes were obtained from
the ampullae of uterine tubes and transferred to dishes, they were
treated with 0.01% hyaluronidase. After 5 min, 10-20 cumulus-free
oocyte masses were transferred to 200 L HTF medium covered with
paraffin oil. A sperm suspension cultured in conditioned medium was
transferred to the insemination drop containing the cumulus-free oo-
cyte masses. The fertilization rate was determined as the percentage

of two-cell stage embryos among all oocytes at 24 h after insemination.

2.8 | Statistical analysis

All data were derived from at least three independent experiments.
The results are expressed as means + standard deviation (SD) for
each condition. Differences between the experimental and control
conditions were determined using the two-tailed paired t-test, and

a p value of <0.05 or <0.01 was considered statistically significant.

3 | RESULTS

3.1 | Fertilization rate

We evaluated the effect of ML-2-3 on the fertilization ability of
sperm from BALB/cByJJcl mice. The fertilization rates of these mice
tend to be lower than those of C57BL/6J mice, and they have an
unusually high proportion of morphologically abnormal sperm.>%¢
ML-2-3 was added to the sperm pre-culture in human tubal fluid
(HTF) medium, and the sperm was then used to inseminate eggs.
In the first experiment, the fertilization rate of sperm cultured in
HTF medium without ML-2-3 was 66.7%, while that of sperm cul-
tured in HTF medium with ML-2-3 (20 xM) was 100.0%. The fer-
tilization rate in the second, third, fourth, and fifth experiments
increased from 36.4% to 50.0%, from 66.7% to 83.3%, from 60.0%
to 100.0%, and from 14.3% to 60.0%, respectively (Figure 2). These
results demonstrate that ML-2-3 significantly increased the fertili-
zation rate. Next, to identify the optimal concentration of ML-2-3,
the dose dependency of the effect on IVF was examined. As shown
in Figure 3, the fertilization rates of sperm cultured in HTF medium
with ML-2-3 at a concentration of 0, 10, 20, 40, or 80 uM were
46.6 + 20.8%, 63.5 + 17.8% (p < 0.05), 73.3 + 22.6% (p < 0.05),
74.6 + 16.5% (p < 0.05), and 69.3 + 13.2% (p > 0.05), respectively.
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These results indicate that the optimal concentration of ML-2-3 was
20 uM. Furthermore, we examined the viability of embryos that de-
veloped following sperm culture with ML-2-3. Female mice became
pregnant and delivered young ones after transplantation. The re-
sults shown in Figure 4 indicate that ML-2-3 significantly increased
the fertilization rate without significant toxicity to embryogenesis.

3.2 | Sperm motility

The motility of sperm incubated with ML-2-3 was analyzed using
computer-assisted sperm analysis (CASA), which can provide sperm
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FIGURE 2 Effects of ML-2-3 on the Rate of Fertilization. Sperm
from BALB/cByJJcl mice were pre-incubated in HTF medium

with or without ML-2-3 (20 uM). Addition of ML-2-3 to the
medium increased the percentage of two-cell embryos. The data
are presented as means + SD of five independent experiments.

**p < 0.01 compared with the control group

motility parameters objectively and repeatedly. In this experiment,
we used 20 uM, which is the optimal concentration of ML-2-3. A
percentage of motile sperm cultured in HTF medium containing ML-
2-3 was significantly maintained after 2, 3, and 5 h of incubation
(Figure 5A). Furthermore, ML-2-3 maintained a higher percentage
of rapid-speed sperm after 3 h of incubation. A higher percentage
of sperm with medium speed was also maintained at 3 h and 5 h
after incubation (Figure 5B and Table 1). ML-2-3 maintained a lower
percentage of static-speed sperm at 3 h and 5 h after incubation
(Figure 5C). In contrast, ML-2-3 had little or no effect on the other
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FIGURE 3 The Effect of Different Concentrations of ML-2-3
on the Rate of Fertilization. Sperm from BALB/cByJJcl mice were
treated with ML-2-3 at various concentrations. The fertilization
rate was determined by counting the number of two-cell embryos.
The optimal concentration of ML-2-3 in the pre-culture medium
for fertilization was 20 uM. The data are presented as means + SD
of three independent experiments. *p < 0.05 compared with the
control group

FIGURE 4 Progeny from Oocytes and
Sperm Incubated with ML-2-3. Two-cell
stage embryos (A) that developed from
sperm pre-incubated in HTF medium
with ML-2-3. Four-cell stage embryos

(B), blastocysts (C), and newborn mice
delivered from the embryos after transfer
to pseudopregnant female mice (D)
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FIGURE 5 Incubation with ML-2-3 Activated Sperm Motility. Sperm motility was evaluated by CASA. Sperm from C57BL/6J mice
were treated with ML-2-3 (20 M) in HTF medium for 0.5, 1, 2, 3, or 5 h. (A) Motile sperm (%), (B) rapid-speed sperm (%), and (C) static-
speed sperm (%) in the sperm motility parameters. Values represent means + SD of three independent experiments. *p < 0.05, **p < 0.01

compared with the control group

parameters in CASA (Table 1). These results indicate that ML-2-3
maintained sperm speed under standard IVF conditions.

3.3 | Acrosome reaction

As sperm approaches the egg, the membrane surrounding the head
of the acrosome fuses with the plasma membrane to enable the fu-
sion with the egg.?”!® This is called the acrosome reaction, which is
necessary for the sperm to penetrate the zona pellucida and is an
important step in fertilization.?"'? The timing of the acrosome reac-
tion and the percentage of acrosome-reacted sperm affect the suc-
cess of IVF.2® We examined the effect of ML-2-3 on the acrosome
reaction using sperm from C57BL/6-TgN(acr3-EGFP)Osb17 mice
harboring acrosomes that accumulate EGFP protein.’* Acrosome-
reacted sperm lose their fluorescence. In this experiment, as in the
previous section, the concentration of ML-2-3 was set at 20 uM.
To determine the effect of ML-2-3 on the acrosome reaction, we
counted the acrosome-reacted sperm among the total sperm. As
shown in Figure 6, no significant difference in acrosome reaction
rates was observed between the ML-2-3-treated sperm and the

control. Thus, we concluded that ML-2-3 had no effect on the acro-

some reaction.

3.4 | Refrigerated sperm

We further examined the effect of ML-2-3 on sperm that had been
refrigerated for 3 days (Figure 7). The fertilization rate of refriger-
ated sperm cultured without ML-2-3 was 4.7 + 4.8%, while that of
refrigerated sperm cultured with ML-2-3 was 10.9 + 8.1% (p < 0.05).

4 | DISCUSSION

When epididymal sperms pass through the female reproductive
tract or the appropriate medium, they exhibit progressive motility
and the ability to bind to the zona pellucida.?! This is called capaci-
tation. Sperms in the capacitation stage show progressive motility,
which is characterized by symmetric and low-amplitude flagellar
bends. However, after capacitation, sperms show asymmetric and
large-amplitude flagellar bends, leading to more rotational and less
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TABLE 1 Time-course analysis of sperm motility in the presence of ML-2-32
Time after pre-incubation (h)
Parameter Sample 0.5 1 2 3 5
Motile sperm (%) Control 90.0+11.2 86.5+5.1 70.3+8.5 38.1+15.7 30.6 +15.9
ML-2-3 911+ 6.16 83.2+2.2 81.7 £ 9.7* 70.7 £ 21.1* 52.0 + 20.7*
Rapid-speed sperm (%)  Control 72.0 +18.0 61.0+ 90 53.0+ 7.9 30.7+11.1 22.0+11.1
ML-2-3 73.7 +11.5 65.0 +4.0 65.7 +13.3 55.7 + 14.3** 28.3+12.3
Medium-speed sperm Control 18.0 + 8.7 25.7 +8.4 170+ 2.6 77 +5.5 9.0+5.3
%) ML-2-3 173+ 6.4 18.0+4.4 16.3+4.0 14.7 + 8.1* 24.0 + 7.9*
Slow-speed sperm (%) Control 3.0+44 40+1.0 43+12 3.0+3.6 40+26
ML-2-3 20+1.0 4.0+2.6 27+31 43+1.5 150+78
Static-speed sperm (%)  Control 70+ 70 9.3+4.5 253+74 59.0 + 14.5 65.3 +18.0
ML-2-3 70+ 6.1 123+ 1.5 15.7 +10.0 25.0 + 20.5* 33.0 +19.1**
Path velocity (um/s) Control 894 +12.9 79.6 + 30.2 83.6 +4.1 76.6 +12.4 40.6 + 15.5
ML-2-3 86.8+75 90.3 +16.7 94.4 +20.8 85.0+8.3 39.7 +10.1
Progressive velocity Control 63.0+8.7 54.0 +21.0 53.4+5.0 49.8 + 11.8 21.2 +10.0
(um/s) ML-2-3 59.9+79 56.0+11.8 61.0+15.5 51.3+4.6 22.0+90
Track speed (um/s) Control 165.0 + 27.8 145.2 + 48.7 156.4 + 5.1 146.5 + 21.3 99.1 +31.7
ML-2-3 158.9 + 8.4 169.8 +24.0 173.3 +36.4 153.3+18.6 87.1 +14.5
Lateral amplitude (um) Control 89+04 8.5+09 89+09 8.6 +0.9 69+21
ML-2-3 8.2+0.2 94+0.6 97+11 8.8+04 7.6 +0.6
Beat frequency (Hz) Control 275+ 1.3 271+ 6.0 26.0+2.7 289 +1.2 33.5+6.1
ML-2-3 27.5+1.3 24.6 +1.6 24.6 +2.1 2563 2.5 327 +7.8
Straightness (%) Control 66.3+21 60.7+1.5 60.7 + 3.2 59.3+ 6.7 51.3+4.0
ML-2-3 63.0+3.6 58.3+1.2 60.7 +£3.2 547 +3.8 55.7+10.1
Linearity (%) Control 37.3+1.2 34.3+2.3 32.3+2.5 327 +3.5 267 +2.1
ML-2-3 36.0+2.6 32.7+1.5 347 +1.5 31.0+1.7 28.6 + 6.5
Elongation (%) Control 53.0+1.0 51.3+3.1 52.3+1.5 52.0+9.2 51.7 +8.5
ML-2-3 53.3+4.6 520+26 53.0+1.7 50.3+6.4 48.0+4.0
Area (,umz) Control 10.5+0.8 9.7 + 0.6 9.8+1.9 104 +1.1 79+1.2
ML-2-3 111+19 94+0.8 89+0.5 91+0.3 74+0.5
' < 0.05.

"p < 0.01 compared with the control group.
#Values represent means + SD (n = 3).

progressive motility.21 This is called hyperactivity, which physically
directs the sperms to the zona pellucida. When hyperactivation is
induced, changes in the specific analytical parameters of CASA are
observed.?? Specifically, path velocity (VAP), track speed (VCL), lat-
eral amplitude (ALH), and beat cross frequency (BCF) increase, while
progressive velocity (VSL), linearity (LIN), and straightness (STR)
decrease.

The results of the sperm motility analysis indicated that ML-
2-3 did not affect the above parameters or did it induce hyper-
activation. On the other hand, ML-2-3 significantly maintained a
higher percentage of motile and rapid-speed sperm and a lower
percentage of slow-speed sperm. The acrosome reaction, which
is a morphological change that follows capacitation, is an es-
sential reaction for fertilization. In the acrosome reaction, the
sperm cell membrane and the acrosome outer membrane undergo

membrane fusion at multiple sites, and enzymes contained in the
acrosome are released.?! As shown in Figure 6, ML-2-3 did not
affect the acrosome reaction. We therefore concluded that ML-
2-3 maintained sperm motility without inducing hyperactivation.
This result might be due to the large number of sperms whose
hyperactivation was induced by the primary mechanism of sperm
while maintaining sperm motility in IVF. Hochuekkito, pentoxifyl-
line, coenzyme Q10, Maca (Lepidium meyenii Walpers), isoliquiri-
tigenin, and formononetin have been reported to improve sperm
motility.>>~28 Oral administration of Hochuekkito increases sperm
concentration. Furthermore, Hochuekkito acts directly on sperm
to improve motility.?® Pentoxifylline is a xanthine derivative used
for the treatment of peripheral and cerebrovascular diseases. The
compound contributes to IVF success by enhancing the calcium

jonophore concentration and inducing the acrosome reaction.?4-2¢
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FIGURE 6 The Acrosome Reaction in Sperm Incubated with
ML-2-3. Sperm from C57BL/6-TgN(acr3-EGFP)Osb17 mice were
treated with ML-2-3 (20 M) in HTF medium for 1, 2, 3,5, 7,0or 9 h.
There were no differences between the control and ML-2-3 groups
(p > 0.05). Values represent means + SD of three independent
experiments
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FIGURE 7 Effect of ML-2-3 on the IVF Rate when using
Refrigerated Sperm. Epididymides from C57BL/6J mice were
stored at 4°C in paraffin oil for 3 days. Sperm were removed and
pre-incubated in HTF medium with or without ML-2-3 (20 uM).
The medium containing ML-2-3 increased the percentage of
two-cell embryos. The data are presented as means + SD of seven
independent experiments. *p < 0.05 compared with the control
group

Several studies have shown that coenzyme Q10 improves sperm
motility by protecting sperm from oxidative stress via antioxidant
effects.?” Maca has been reported to increase IVF rates by induc-
ing the acrosome reaction and improving sperm motility.?

In our previous study, the licorice-derived active flavonoids
isoliquiritigenin and formononetin also slightly improved sperm
motility and improved IVF rates in mice.”® ML-2-3 improved the
fertilization rate and increased the number of motile sperm with-
out hyperactivation or induction of the acrosome reaction. This is
the first compound to exhibit a mechanism that differs from those
of the compounds tested previously. ML-2-3 also increased the

Reproductive Medicine and Biology

IVF rate of sperm that had been refrigerated for 3 days. When
refrigerated, sperm proteins gradually denature, significantly re-
ducing the IVF rate. There are few reports of compounds that can
improve the IVF rate of sperm refrigerated for 5 days.”‘30 Our
result indicates the potential to further improve the refrigerated
storage of sperm.

Elucidation of the molecular mechanism of ML-2-3, which ap-
pears to differ from those of other compounds, might be helpful in
understanding sperm capacitation. Further studies are required to
verify that ML-2-3 can be applied to human IVF. The results of this
study imply that ML-2-3 significantly contributes to IVF.

ACKNOWLEDGMENTS

This research was supported by the Ministry of Education, Culture,
Sports, Science & Technology (MEXT)-Supported Program for the
Strategic Research Foundation at Private Universities and by JSPS
KAKENHI Grant Number 18K14944.

CONFLICT OF INTEREST

None of the authors declare competing financial interests.

ETHICAL APPROVAL

All animal experiments conformed to the Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional
Committee of Laboratory Animal Experimentation and Research
Ethics Committee of Nagasaki International University. This article
does not contain any studies with human participants performed by

any of the authors.

ORCID
Tomoe Ohta " https://orcid.org/0000-0002-4698-651X
Takuhiro Uto " https://orcid.org/0000-0003-0450-2123

Yukihiro Shoyama "= https://orcid.org/0000-0001-7190-0258

Maxwell Mamfe Sakyiamah "= https://orcid.

org/0000-0002-9058-9570

Hiromitsu Tanaka " https://orcid.org/0000-0002-0170-5323

REFERENCES

1. Yumura Y, Tsujimura A, Imamoto T, et al. Nationwide survey of
urological specialists regarding male infertility: results from a
2015 questionnaire in Japan. Reprod Med Biol. 2017;17:44-51.
doi:10.1002/rmb2.12065

2. Minhas S, Bettocchi C, Boeri L, et al. European association of urol-
ogy guidelines on male sexual and reproductive health: 2021 up-
date on male infertility. Eur Urol. 2021;80:603-620. https://www.
sciencedirect.com/science/article/abs/pii/S03022838210198
25?via%3Dihub

3. Tournaye H. Male factor infertility and ART. Asian J Androl.
2012;14:103-108. doi:10.1038/aja.2011.65

4. Aitken RJ, Sutton M, Warner P, Richardson DW. Relationship be-
tween the movement characteristics of human spermatozoa and
their ability to penetrate cervical mucus and zona-free hamster oo-
cytes. J Reprod Fertil. 1985;73:441-449. https://rep.bioscientifica.
com/view/journals/rep/73/2/jrf_73_2_018.xml

5. Donnelly ET, Lewis SE, McNally JA, Thompson W. In vitro fer-
tilization and pregnancy rates: the influence of sperm motility


https://orcid.org/0000-0002-4698-651X
https://orcid.org/0000-0002-4698-651X
https://orcid.org/0000-0003-0450-2123
https://orcid.org/0000-0003-0450-2123
https://orcid.org/0000-0001-7190-0258
https://orcid.org/0000-0001-7190-0258
https://orcid.org/0000-0002-9058-9570
https://orcid.org/0000-0002-9058-9570
https://orcid.org/0000-0002-9058-9570
https://orcid.org/0000-0002-0170-5323
https://orcid.org/0000-0002-0170-5323
https://doi.org/10.1002/rmb2.12065
https://www.sciencedirect.com/science/article/abs/pii/S0302283821019825?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0302283821019825?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0302283821019825?via%3Dihub
https://doi.org/10.1038/aja.2011.65
https://rep.bioscientifica.com/view/journals/rep/73/2/jrf_73_2_018.xml
https://rep.bioscientifica.com/view/journals/rep/73/2/jrf_73_2_018.xml

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

OHTA ET AL.

Reproductive Medicine and Biology

and morphology on IVF outcome. Fertil Steril. 1998;70:305-314.
https://www.sciencedirect.com/science/article/abs/pii/S0015
028298001460?via%3Dihub

Liu DY, Clarke N, Baker HW. Relationship between sperm mo-
tility assessed with the Hamilton-Thorn motility analyzer and
fertilization rates in vitro. J Androl. 1991;12:231-239. doi:10.1002/
j.1939-4640.1991.tb00258.x

Tung NH, Shoyama Y, Wada M, Tanaka H. Improved In vitro fertil-
ization ability of mouse sperm caused by the addition of Licorice
extract to the preincubation medium. Open Reprod Sci J. 2014;6:1-7.
doi:10.2174/1874255601406010001

Tung NH, Shoyama Y, Wada M, Tanaka H. Two activators of in vitro
fertilization in mice from licorice. Biochem Biophys Res Commun.
2015;467:447-450. doi:10.1016/j.bbrc.2015.09.088

Karasawa S, Yoza K, Tung NH, et al. Determination of the abso-
lute configuration of the novel anti-trypanosomal iridoid moluci-
din isolated from Morinda lucida by X-ray analysis. Tetrahedron Lett.
2015;56:7158-7160. doi:10.1016/j.tetlet.2015.11.031

Suzuki M, Tung NH, Kwofie KD, et al. New anti-trypanosomal ac-
tive tetracyclic iridoid isolated from Morinda lucida Benth. Bioorg
Med Chem Lett. 2015;25:3030-3033. https://www.sciencedirect.
com/science/article/pii/S0960894X15004539?via%3Dihub
Kwofie KD, Tung NH, Suzuki-Ohashi M, et al. Antitrypanosomal ac-
tivities and mechanisms of action of novel tetracyclic iridoids from
Morinda lucida Benth. Antimicrob Agents Chemother. 2016;60:3283-
3290. doi: 10.1128/AAC.01916-15

Amoa-Bosompem M, Ohashi M, Mosore MT, et al. In vitro
anti-Leishmania activity of tetracyclic iridoids from Morinda lu-
cida. Benth. Trop Med Health. 2016;44:25. do0i:10.1186/s4118
2-016-0026-5

Ohta T, Tilkanont T, Ayertey F, et al. Establishment of a quantita-
tive and qualitative analysis and isolation method for tetracyclic
iridoids from Morinda lucida Bentham leaves. J Pharm Biomed Anal.
2019;164:475-480. https://www.sciencedirect.com/science/artic
le/abs/pii/S0731708518321502?via%3Dihub

Nakanishi T, lkawa M, Yamada S, et al. Real-time observation of
acrosomal dispersal from mouse sperm using GFP as a marker
protein. FEBS Lett. 1999;449:277-283. doi:10.1016/50014
-5793%2899%2900433-0

Burruel VR, Yanagimachi R, Whitten WK. Normal mice develop
from oocytes injected with spermatozoa with grossly misshapen
heads. Biol Reprod. 1996;55:709-714. https://academic.oup.com/
biolreprod/article/55/3/709/2760565?login=true

Kishikawa H, Tateno H, Yanagimachi R. Chromosome analysis of
BALB/c mouse spermatozoa with normal and abnormal head mor-
phology. Biol Reprod. 1999;61:809-812. https://academic.oup.com/
biolreprod/article/61/3/809/2734774?login=true

Myles DG. Molecular mechanisms of sperm-egg membrane binding
and fusion in mammals. Dev Biol. 1993;158:35-45. https://www.
sciencedirect.com/science/article/abs/pii/S00121606837116
68?via%3Dihub

Wassarman PM. The biology and chemistry of fertilization. Science.
1987;235:553-560. doi:10.1126/science.3027891

Okabe M. Sperm-egg interaction and fertilization: past, present,
and future. Biol Reprod. 2018;99:134-146. https://academic.oup.
com/biolreprod/article/99/1/134/4862467?login=true

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Takahashi K, Wetzels AM, Goverde HJ, et al. The kinetics of the
acrosome reaction of human spermatozoa and its correlation with
in vitro fertilization. Fertil Steril. 1992;57:889-894. https://www.
sciencedirect.com/science/article/abs/pii/S00150282165497
60?via%3Dihub

Stival C, Puga Molina Ldel C, Paudel B, Buffone MG, Visconti
PE, Krapf D. Sperm capacitation and acrosome reaction in mam-
malian sperm. Adv Anat Embryol Cell Biol. 2016;220:93-106.
doi:10.1007/978-3-319-30567-7_5

Mortimer ST. A critical review of the physiological importance
and analysis of sperm movement in mammals. Hum Reprod Update.
1997;3:403-439.

Yamanaka M, Kitamura M, Kishikawa H, et al. Direct effects of
Chinese herbal medicine "hochuekkito" on sperm movement. Nihon
Hinyokika Gakkai Zasshi. 1998;89:641-646. doi:10.5980/jpnjurol19
89.89.641

Tasdemir M, Tasdemir |, Kodama H, Tanaka T. Pentoxifylline-
enhanced acrosome reaction correlates with fertilization in vitro.
Hum Reprod. 1993;8:2102-2107. https://academic.oup.com/humre
p/article-abstract/8/12/2102/639648?redirectedFrom=fulltex-
t&login=true

Jayaprakash D, Kumar KS, Shivaji S, Seshagiri PB. Pentoxifylline
induces hyperactivation and acrosome reaction in spermato-
zoa of golden hamsters: changes in motility kinematics. Hum
Reprod. 1997;2:192-199. https://academic.oup.com/humrep/artic
le/12/10/2192/658518?login=true

Pang SC, Chan PJ, Lu A. Effects of pentoxifylline on sperm mo-
tility and hyperactivation in normozoospermic and normokinetic
semen. Fertil Steril. 1993;60:336-343. https://pubmed.ncbi.nim.
nih.gov/8339834/

Salvio G, Cutini M, Ciarloni A, Giovannini L, Perrone M, Balercia G.
CoenzymeQ10andmaleinfertility:asystematicreview. Antioxidants.
2021;10:874. https://www.mdpi.com/2076-3921/10/6/874

Aoki Y, Tsujimura A, Nagashima Y, et al. Effect of Lepidium meyenii
on in vitro fertilization via improvement in acrosome reaction and
motility of mouse and human sperm. Reprod Med Biol. 2018;18:57-
64. doi:10.1002/rmb2.12251

Silvestre MA, Yaniz JL, Pefia FJ, Santolaria P, Castell6-Ruiz M.
Role of antioxidants in cooled liquid storage of mammal sper-
matozoa.  Antioxidants.  2021;10:1096.  https://www.mdpi.
com/2076-3921/10/7/1096

Yamaga K, Nakao S, Mikoda N, et al. Quercetin-treated rat sperm
enables refrigerated transport with motility and fertility for five
days. Sci Rep. 2021;11:22641. https://www.nature.com/articles/
s41598-021-02166-6

How to cite this article: Ohta T, Uto T, Shoyama Y, Sakyiamah
MM, Appiah AA, Tanaka H. In vitro fertilization using sperm
activated by ML-2-3 isolated from Morinda lucida Bentham
leaves. Reprod Med Biol. 2022;21:€12455. doi:10.1002/

rmb2.12455


https://www.sciencedirect.com/science/article/abs/pii/S0015028298001460?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0015028298001460?via%3Dihub
https://doi.org/10.1002/j.1939-4640.1991.tb00258.x
https://doi.org/10.1002/j.1939-4640.1991.tb00258.x
https://doi.org/10.2174/1874255601406010001
https://doi.org/10.1016/j.bbrc.2015.09.088
https://doi.org/10.1016/j.tetlet.2015.11.031
https://www.sciencedirect.com/science/article/pii/S0960894X15004539?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960894X15004539?via%3Dihub
https://doi.org/10.1128/AAC.01916-15
https://doi.org/10.1186/s41182-016-0026-5
https://doi.org/10.1186/s41182-016-0026-5
https://www.sciencedirect.com/science/article/abs/pii/S0731708518321502?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0731708518321502?via%3Dihub
https://doi.org/10.1016/S0014-5793%2899%2900433-0
https://doi.org/10.1016/S0014-5793%2899%2900433-0
https://academic.oup.com/biolreprod/article/55/3/709/2760565?login=true
https://academic.oup.com/biolreprod/article/55/3/709/2760565?login=true
https://academic.oup.com/biolreprod/article/61/3/809/2734774?login=true
https://academic.oup.com/biolreprod/article/61/3/809/2734774?login=true
https://www.sciencedirect.com/science/article/abs/pii/S0012160683711668?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0012160683711668?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0012160683711668?via%3Dihub
https://doi.org/10.1126/science.3027891
https://academic.oup.com/biolreprod/article/99/1/134/4862467?login=true
https://academic.oup.com/biolreprod/article/99/1/134/4862467?login=true
https://www.sciencedirect.com/science/article/abs/pii/S0015028216549760?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0015028216549760?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0015028216549760?via%3Dihub
https://doi.org/10.1007/978-3-319-30567-7_5
https://doi.org/10.5980/jpnjurol1989.89.641
https://doi.org/10.5980/jpnjurol1989.89.641
https://academic.oup.com/humrep/article-abstract/8/12/2102/639648?redirectedFrom=fulltext&login=true
https://academic.oup.com/humrep/article-abstract/8/12/2102/639648?redirectedFrom=fulltext&login=true
https://academic.oup.com/humrep/article-abstract/8/12/2102/639648?redirectedFrom=fulltext&login=true
https://academic.oup.com/humrep/article/12/10/2192/658518?login=true
https://academic.oup.com/humrep/article/12/10/2192/658518?login=true
https://pubmed.ncbi.nlm.nih.gov/8339834/
https://pubmed.ncbi.nlm.nih.gov/8339834/
https://www.mdpi.com/2076-3921/10/6/874
https://doi.org/10.1002/rmb2.12251
https://www.mdpi.com/2076-3921/10/7/1096
https://www.mdpi.com/2076-3921/10/7/1096
https://www.nature.com/articles/s41598-021-02166-6
https://www.nature.com/articles/s41598-021-02166-6
https://doi.org/10.1002/rmb2.12455
https://doi.org/10.1002/rmb2.12455

