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TO THE EDITORS:

We performed hepatocyte transplantation (HT) in an

11-day-old infant with ornithine transcarbamylase
deficiency (OTCD}. We used cryopreserved hepatocytes
prepared from remnant liver tissue, a byproduct of a
hyper-reduced left lateral segment from living donor
liver transplantation (LDLT). The patient exhibited
hypothermia, drowsiness, and apnea at 3 days of age;
these symptoms were accompanied by hyperammone-
mia (1940 pg/dL at maximum)j, although there were
no abnormalities at birth or ‘an obvious family history
(Fig. 1). Further examinations confirmed that the
hyperammonemia was the result of OTCD. Multimo-
dal treatments, including alimentotherapy, medica-
tions, and continuous hemodiafiltration (CHDF), did
not improve the patient's clinical state, and severe
hyperamnmonemia attacks recurred. Because of the
patient’s small body size (2650 g) and the lack of an
available liver donor, HT was indicated. Hepatocytes
of the same blood type were chosen from an institu-
tional repository of cryopreserved hepatocytes pre-
pared from the remmant tissue of segment II from
unrelated living donors. Thawed hepatocytes were
transplanted twice at 11 and 14 days of age with a
double-lumen catheter inserted into the left portal
vein via the umbilical vein (Fig. 2). The amounts of
transplanted hepatocytes were 7.4 X 107 and 6.6 X
107 cells/body, and the viability rates were 89.1%
and 82.6%, respectively. The portal flow was kept sta-
ble at greater than 10 mL/kg/minute, and the pres-
sure was maintained at less than 20 mm Hg during
and after HT. The immunosuppressive treatment fol-
lowed the same protocol used for LDLT with tacroli-
mus and low-dose steroids.’ The patient was weaned
from CHDF and the ventilator at 26 and 30 days of
age, respectively, with a stable serum ammonia level

of 40 pg/dL. The patient was ultimately discharged 56
days after HT. During the 3 months of follow-up, the
baby did well with protein restriction (2 g/kg/day),
medication for OTCD, and- immunosuppression. No
neurological sequelae related to hyperammonemia
have been observed so far (Fig. 1).

DISCUSSION

For children with metabolic liver disease, HT is indi-
cated as an alternative or bridge to liver transplanta-
tion.? HT is less invasive than liver transplantation
and can be performed repeatedly. Limitations to the
widespread application of HT include the poor avail-
ability of hepatocytes. Therefore, it is important to
find new sources of high-quality hepatocytes. We pre-
viously prepared a repository of hepatocytes obtained
from remmant liver tissue, a byproduct of hyper-
reduced left lateral segmentectomy in LDLT."

The cell donor was an unrelated volunteer with the
same blood type who had previously undergone
hyper-reduced left lateral segmentectomy. The main
unit of segment II was used as a monosegmental liver
graft for the primary recipient with end-stage liver dis-
ease, and the remnant was used to isolate hepato-
cytes with fully informed consent. The hepatocytes
were isolated according to the collagenase perfusion
method, as described elsewhere,® with Liberase MTF
C/T GMP grade (Roche). All procedures were per-
formed at our cell processing center according to a
strictly controlled protocol based on good manufac-
turing practices. The total number of transplanted live
hepatocytes was 1.4 X 10° cells/body; the ammonia
removal rate was more than 200 fmol/cell/hour
(203.4 and 265.4 finol/cell/hour with the first and
second injections, respectively). The dose was judged
to be sufficiently high to obtain therapeutic effective-

ness according'to our theoretical background.*
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Figure. 1. Treatment schedule (top} and patient condition {bottom).

The changes with time for blood ammonia and blood urea nitrogen )

are shown. The baby was delivered vaginally as a first child. At 3 days of age, hypothermia, low oxygen saturation, and, finally, respira-
tory arrest occured. The patient was incubated and given artificial respiration. Concurrently, hyperammonemia {1940 pg/dL) was found,
and continuous hemodiafiliration (CHDF) was started in addition to alimentotherapy (protein withdrawal) and medications. Whenever
the administration of essential amino acids was restarted, the blood ammonia level became elevated, and at 9 days of age, despite the
suspension of essential amino acid administration, the level increased up to 434 pg/dL. At 11 days of age, HT was performed for the first
time, and it was performed for the second time at 14 days of age. After HT, amino acid intake was restarted along with the continuation
of multimodal treatments, and blood ammonia was controlled well except for episodic increases. The patient was weaned from CHDF
and the ventilator at 26 and 30 days of age, respectively, and the patient was ultimately discharged 56 days after HT.

Figure. 2. Hepatocytes transplanted during the first injection.
The cells showed a glazed and firm surface. The bar indicates 50
. '

Recause liver transplantation is approved as a treat-
ment for end-stage hepatic failure, donor livers are
preferentially allocated for organ transplantation and
not for hepatocyte isolation. On rare occasions, the
lack of appropriate donor-recipient matching (eg.
infant donor livers) provides good-quality hepato-
cytes.” Fetal livers are also considered to be an alter-
native cell source, although ethical issues remain to
be resolved. At present, we have little choice but to
use marginal donor tissues, such as livers obtained

from donors after cardiac death and organs with stea-
tosis, fibrosis, or a long ischemia time. However, there
are unfavorable issues related to the use of marginal
donors, including low viability and vulnerability to
cryopreservation. In this respect, the remmant liver
tissue of hyper-reduction procedures used in LDLT
has the same quality as that of left lateral segment
grafts. As for availability, there are 5 cases of hyper-
reduction per year at our institution on average.” The
use of remnant liver tissues obtained from hyper-
reduced LDLT procedures will, therefore, help to
address the shortage of hepatocyte donors.
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Abstract

Objectives: Hyperforin, a phloroglucinol derivative
of St. John’s Wort, has been identified as the major
molecule responsible for this plant’s products anti-
depressant effects. It can be expected that exposure
to St. John’s Wort during pregnancy occurs with
some frequency although embryotoxic or terato-
genic effects of St. John’s Wort and hyperforin
have not yet been experimentally examined in
detail. In this study, to determine any embryotoxic
effects of hyperforin, we have attempted to deter-
mine whether hyperforin affects growth and sur-
vival processes of employing mouse embryonic
stem (mES) cells (representing embryonic tissue)
and fibroblasts (representing adult tissues).
Materials and methods: We used a modified
embryonic stem cell test, which has been validated
as an in vitro developmental toxicity protocol, mES
cells, to assess embryotoxic potential of chemicals
under investigation.

Results: We have identified that high concentra-
tions of hyperforin inhibited mouse ES cell popula-
tion growth and induced apoptosis in fibroblasts.
Under our cell culture conditions, ES cells mainly

differentiated into cardiomyocytes, although various -

other cell types were also produced. In this condi-
tion, hyperforin affected ES cell differentiation into
cardiomyocytes in a dose-dependent manner. Anal-
ysis of tissue-specific marker expression also
revealed that hyperforin at high concentrations par-
tially inhibited ES cell differentiation into mesoder-
mal and endodermal lineages.
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Conclusions: Hyperforin is currently used in the
clinic as a safe and effective antidepressant. Our
data indicate that at typical dosages it has only a
low risk of embryotoxicity; ingestion of large
amounts of hyperforin by pregnant women, how-
ever, may pose embryotoxic and teratogenic risks.

Introduction

Previous studies have demonstrated that many natural
products with anti-bacterial, anti-inflammatory, and anti-
tumour qualities, especially those related to chemopre-
vention and chemotherapy of various diseases, represent
potential sources for new drug development (1-3).
Extracts of St. John’s Wort, Hypericum perforatum,
have been used for centuries in traditional medicine,
most notably for treatment of depression (4-6) and a
number of its biologically active compounds have been
isolated and characterized. These include naphthodian-
thrones, flavonoids and phloroglucinols such as hyperfo-
rin (6). Hyperforin has been identified as the major
molecule responsible for the plant’s anti-depressant
effects. Its neurobiological consequences include neuro-
transmitter re-uptake inhibition, ability to increase intra-
cellular sodium and calcium levels, recognized transient
receptor potential activation and N-methyl-p-aspartic
acid receptor antagonism (4-6). Hyperforin also displays
several other biological properties of potential pharma-
cological interest, including anti-bacterial and anti-oxi-
dant properties and an inhibitory effect on inflammatory
mediators (5,6). In addition, hyperforin effectively inhib-
its proliferation of a number of mammalian cancer cell
lines in vitro (4,5); it also induces apoptosis in K562
(chronic myeloid leukaemia) and U937 (acute myeloid
leukaemia) cell lines through a caspase-dependent path-
way (7,8). - :

St. John’s Wort is an herbal medicine that has been
shown to be effective in treating mild-to-moderate
depression, which is common in women of childbearing
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years. Given significant numbers of unplanned pregnan-
cies, it is expected that exposure to St. John’s Wort dur-
ing pregnancy occurs with some frequency. Despite fears
related to maternal and foetal safety, embryotoxic or tera-
togenic effects of St. John’s Wort and hyperforin have
not, up to now, been experimentally examined in detail.

One powerful tool for studying these risks is in
embryonic stem (ES) cell research. As ES cells have the
ability to develop into differentiated cell types of endo-
dermal, ectodermal and mesodermal lineages, ES cell
lines are highly valuable for analyses of mutagenic,
cytotoxic and embryotoxic effects of chemical com-
pounds, in vitro, The ES cell test (EST), which employs
mouse ES (mES) cells to assess embryotoxic potential
of the tested chemicals, has been validated as an in vitro
developmental toxicity test (9—11). In our laboratory, we
developed an assay system based on the EST in our pre-
vious studies, and tested this in vitro system by evaluat-
ing embryotoxicity of known in vivo teratogens valproic
acid, carbamazepine and fluoxetine (12—14). In the study
described here, to experimentally estimate embryotoxic
effect of hyperforin, we have attempted to determine
whether hyperforin would affect prolferation and sur-
vival processes of mES cells (representing embryonic
tissue) and fibroblasts (representing adult tissues) using
this system. In addition, we sought to characterize em-
bryotoxicity of hyperforin.

Materials and methods

Cell culture and differentiation

Mouse ES cells (R1; SCRC-1011) and NIH/3T3 cells
(CRL-1658) were purchased from American Type Cul-
ture Collection (Manassas, VA, USA). NIH/3T3 cells
were maintained at 37 °C in an atmosphere of 95% air
and 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% foetal bovine serum, 100 U/
ml penicillin, and 100 pg/ml streptomycin. mES cells
were maintained as previously described (12-14). ES
cells were grown on gelatin-coated tissue culture dishes
in standard ES cell culture medium [DMEM supple-
mented with 10% FCS, 2 mm glutamine, 0.1 maM non-
essential amino acids, 0.1 mm Pmercaptoethanol,
1000 U/ml LIF (Chemicon, Temecula, CA, USA),
50 U/ml penicillin G and 50 pg/ml streptomycin].

mES cell differentiation

R1 ES cell differentiation was carried out as described
previously (12-14). In brief, ES cells were suspended in
ES cell differentiation medium (DMEM supplemented
with 20% FCS, 2 mm glutamine, 0.1 mM non-essential

© 2013 John Wiley & Sons Ltd

amino acids, 0.1 mm Pmercaptoethanol, 50 U/ml peni-
cillin G, and 50 pg/ml streptomycin) containing the
appropriate dilution of hyperforin (Sigma-Aldrich, St.
Louis, MO, USA), and cultured in hanging drops (500
cells/drop) as aggregates embryoid bodies, for 3 days.
Embryoid bodies were then transferred to suspension
culture dishes (Sumitomo Bakelite, Tokyo, Japan) and
cultured for 2 days. These (n = 1/well) were then plated
into 24-well tissue culture plates on day S and incubated
for five additional days. To estimate efficiency of differ-
entiation of ES cells into cardiomyocytes, cultures were
analysed under an inverted phase-contrast microscope
(Olympus, Tokyo, Japan) to examine distinctive beating

-movements of newly differentiated cardiomyocytes.

Cytotoxicity assay

To study for cytotoxic effects of hyperforin we followed
the EST method (10) with some modifications. ES cells
and NIH/3T3 fibroblasts in 100 pl culture medium con-
taining appropriate dilution of hyperforin were seeded
into 96-well flat-bottomed tissue culture microtitre plates
and incubated in a humidified atmosphere with 5% CO,
at 37 °C. On days 3 and 5, culinre medium was
removed. Subsequently, 100 pl of the same concentra-
tion test substance used on day 0 was added to the mic-
rotitre plates. After 24 h, 72 h or 7 days incubation with
reagents, cell viability was determined using a CellTiter-
Glo luminescent cell viability assay (Promega, Tokyo,
Japan). Control cells cultured according to the same pro-
cedure, but without hyperforin, were considered to be
100% viable. Cell viability of each drug-treated sample
was presented as percentage viability of control cells
cultured without hyperforin.

Analysis of apoptosis

Quantification of apoptotic cells was performed using a
cell death detection ELISAFUS (Roche Diagnostics,
Tokyo, Japan). This assay allows specific determination
of mono- and oligonucleosomes in the cytoplasmatic
fraction of cell lysates. Enrichment of mono- and oligo-
nucleosomes in the cytoplasm occurs due to DNA deg-
radation in apoptotic cells before plasma membrane
breakdown. After 24 or 72 h incubation with reagents,
cells were lysed in lysis buffer (included in the kit) and
the assay was performed according to the manufacturer’s
instructions. Absorbance values were measured at
405 nm using a microplate reader (ARVO; PerkinElmer
Japan, Kanagawa, Japan). Apoptotic ratio of cells for
each drug-treated sample is presented as fold-change
from that of untreated samples. All samples were run
five times per assay.

Cell Proliferation
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DNA synthesis levels were determined by measuring
BrdU incorporation using the commercial Cell Prolifera-
tion ELISA System (Roche Diagnostics). After 24 or
72 h incubation with reagents, cells were incubated for
3 h in BrdU labelling solution containing 10 pm BrdU
(included in the kit); the assay was performed according
to the manufacturer’s instructions. Absorbance values
were measured at 405 nm using a microplate reader, All
samples were run five times per assay.

Caspase assays

Caspases -3, -8, and -9 are important mediators of apop-
tosis; caspases -8 and -9 are initiators and caspase-3 is
the executioner enzyme (15). Caspase-3/7, -8, and -9
activities were assayed with Caspase-Glo Assays (Pro-
mega) according to the manufacturer’s respective stan-
dard cell-based assay protocol. Luminescence of each
sample was measured using 4 plate-reading luminome-
ter. Comparison of luminescence of a treated sample
with that of a control sample enabled relative increase in
caspase activity to be determined. All samples were run
five times per same assay.

RNA isolation, cDNA synthesis and quantitative RT-
polymerase chain reaction

Total RNA was extracted from samples on day 10 of
the differentiation assay, and from undifferentiated sam-

Hyperforin inhibits ES cell growth 3

ples, using the RNeasy RNA extraction kit (Qiagen,
Tokyo, Japan). cDNA was synthesized using RNA and
PrimeScript I 1st strand ¢cDNA Synthesis Kit (Takara,
Shiga, Japan). To analyse relative expression levels of
various mRNAs, amount of ¢cDNA was normalized on
the basis of signals from ubiquitously expressed GAP-
DH mRNA. Real-time polymerase chain reaction was
carried out using an SYBR Premix Ex Taq IT (Takara)
and a thermal cycler dice real time system (Takara)
according to the manufacturer’s standard instructions, to
final volume of 25 pul. Primer sequences are summarized
in Table 1.

Statistical analysis

Values are expressed as mean = SEM. Statistical analy-
ses were performed using unpaired Student’s #-test or
two-way analysis of variance (ANOVA) followed by
Fisher’s protected least significant difference test post-
hoc. Probability values (P) of less than 0.05 were con-
sidered statistically significant.

Results

Effects of hyperforin on ES cell and fibroblast viability

In both ES cells and NIH/3T3 fibroblasts, hyperforin at
high concentrations inhibited cell survival in a dose-
dependent manner, after 7 days of hyperforin treatment
(Fig. 1). However, there were some differences between

Table 1. PCR primers used in this study for the detection of tissue-specific marker gene expression

Gene symbol

Official full name (NCBI reference sequence)

Forward (5'—3") Reverse (5'—3")
POUSF1 (Oct3/4) POU domain, class 5, transcription factor 1 (NM_013633.3) .

GGTGGAGGAAGCCGACAAC TTCGGGCACTTCAGAAACATG
SOX2 SRY-box containing gene 2 (NM_011443.3)

AGATGCACAACTCGGAGATCAG CCGCGGCCGGTATTTATAAT
GATAG6 GATA binding protein 6 (NM_010258.3)

CGGTCATTACCTGTGCAATG GCATTTCTACGCCATAAGGTA
TTR transthyretin (NM_013697)

GTCCTCTGATGGTCAAAGTC TCCAGTTCTACTCTGTACAC
BMP4 bone morphogenetic protein 4 (NM_007554.2)

CTGCCGTCGCCATTCACTAT TGGCATGGTTGGTTGAGTTG
NPPA (ANF) natrivretic peptide type A (NM_008725.2)

CGGTGTCCAACACAGATCTG TCTCTCAGAGGTGGGTTGAC
NES nestin (NM_016701.3)

TGCATTTCCTTGGGATACCAG CTTCAGAAAGGCTGTCACAGGAG
GFAP glial fibrillary acidic protein (NM_001131020.1)

TGCCACGCTTCTCCTTGTCT GCTAGCAAAGCGGTCATTGAG
GAPDH glyceraldehyde-3-phosphate dehydrogenase (NM._008084.2) )

TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC

© 2013 John Wiley & Sons Ltd
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Figure 1. Effect of hyperforin on embryonic stem (ES) cell and
fibroblast viability, Employing mouse ES cells (a) and NIH/3T3 cells
(b) were treated with hiyperforin at indicated concentrations for 7 days.
Cell viability was measured by CeliTiter-Glo luminescent cell viability
assay. Cell cultures exposed to O pmM drug were considered to be 100%
viable. Cell viability of each drug-treated sample was presented as a
percentage of viability of cultures treated with 0 pm diug. Data are
mean £ SEM of results from at least three independent experiments.
*P < 0.05, compared to 0 uM.

ES cells (Fig. 1a) and NIH/3T3 fibroblasts (Fig. 1b) in
cytotoxic sensitivity to hyperforin. ICso values (inhibi-
tory concentration of 50% cell viability) were 2.38 and
5.89 pum for NIH/3T3 fibroblasts and ES cells, respec-
tively, Proportions of viable cells after treatment with
10 pm hyperforin were 0.32 £ 0.07 and 29.35 £ 0.34%
for NIH/3T3 fibroblasts and ES cells, respectively.

Hyperforin inhibited proliferation of ES cells

To further examine effects of hyperforin on proliferation
and viability of ES cells, cells were cultured for 24 or
72 h in the absence or presence of increasing concentra-
tions of hyperforin. ES cell population growth was
reduced in samples treated with high concentrations of
hyperforin compared to untreated control samples after
24 and 72 h, respectively (Fig. 2a,b). Proportions of via-
ble cells after treatment with 10 pm hyperforin were
37.38 + 1.42 and 16.46 =+ 3.13% after 24 and 72 h. To
determine whether hyperforin induced death in ES cells,
we measured apoptosis after 24 or 72 h hyperforin treat-

© 2013 John Wiley & Sons Ltd

ment. The cell death detection ELISA assay indicated -
that hyperforin could not induce apoptosis, characterized
by DNA fragmentation, in ES cells after 24 h (Fig. 2c)
and 72 h (Fig. 2d). In addition, to determine whether
hyperforin could inhibit proliferation of ES cells, we
conducted a BrdU incorporation assay after 24 or 72 h
hyperforin treatment. BrdU incorporation assay showed
that uptake of BrdU by ES cells was reduced after expo-
sure to hyperforin (Fig. 2e,f). These results indicate that

high concentrations of hyperforin inhibited ES cell pro-
liferation. «

Hyperforin induced apoptosis of fibroblasts

To further examine effects of hyperforin on proliferation
and viability of NIH/3T3 cells, cells were cultured for
72 h in the absence or presence of increasing concentra-
tions of hyperforin. NIH/3T3 cell proliferation was
markedly lower in samples treated with high concentra-
tions of hyperforin compared to untreated control sam-
ples (Fig. 3a); proportion of viable cells after treatment
with 10 pm hyperforin was 6.52 + 0.25%. To determine
whether hyperforin induced apoptosis in NIH/3T3 cells,
we measured it after 72 h hyperforin treatment. The cell
death detection ELISA assay indicated that hyperforin
induced apoptotic cell death in NIH/3T3 cells (Fig. 3b).
In addition, activity of caspase-3/7 was significantly
increased at growth-suppressive concentration of hyper-
forin (Fig. 3c), as were those of caspases -8 (Fig. 3d)
and -9 (Fig. 3e).

Furthermore, to determine whether hyperforin could
inhibit proliferation of NIH/3T3 cells, we conducted
BrdU incorporation assay after 72 h hyperforin treat-
ment. This indicated that uptake of BrdU by NIH/3T3
cells was lower after exposure to hyperforin (Fig. 3f).

Effects of hyperforin on tissue-specific marker gene
expression in ES cells

To characterize effects of hyperforin in the ES cell dif-
ferentiation system, we performed quantitative expres-
sion analysis of tissue-specific genes (thus of their
products) in samples on day 10 of the differentiation
assay. Under our cell culture conditions, ES cells mainly
differentiated into cardiomyocytes, although various
other cell types were also produced. We demonstrated
that expression levels of Oct4 and Sox2 (undifferentiated
markers) were markedly lower under differentiating con-
ditions compared to non-differentiating conditions, and
that these expression levels were enhanced after treat-
ment with 10 pm hyperforin, although they remained
below their initial undifferentiated levels (Fig. 4a,b). For
endodermal lineages, expression levels of GATAG6 and

Cell Proliferation
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Figure 2. Effects of hyperforin on embryonic stem (ES) cell apoptosis and proliferation. (a, b) Employing mouse ES (mES) cells were treated
with hyperforin at indicated concentrations for 24 h (a) or 72 h (b). Cell viability was measured by CellTiter-Glo luminescent cell viability assay.
Cell cultures exposed to 0 um drug were considered to be 100% viable. Cell viability of each drug-treated sample was presented as percentage of
that of cultures treated with 0 um drug, (¢, d) mES cells were treated with hyperforin at indicated concentrations for 24 h (c) or 72 h (d). Apoptosis
was measured by cell death detection ELISA assay. Apoptotic level in each drug-treated sample was presented as fold-change compared to that in
cultures treated with O pm drug. (e, f) mES cells were treated with hyperforin at indicated concentrations for 24 h (e) or 72 h (f). Uptake of BrdU
was measured by ELISA. BrdU incorporation in each drug-treated sample was presented as fold-change compared to that in cultures treated with
0 p drug. Data are the mean & SEM of results from at least three independent experiments, *P < 0.05, compared to 0 pM.

TTR were markedly higher under differentiating condi-
tions compared to non-differentiating conditions, and
high concentrations of hyperforin reduced these expres-
sion levels (Fig. 4c,d). Expression of mesodermal mark-
ers BMP4 and ANF were also markedly higher under
differentiating conditions compared to non-differentiat-
ing conditions, and high concentrations of hyperforin
reduced these expression levels (Fig. 4e.f). For ectoder-
mal lineages, expression levels of neuron-specific mark-
ers such as nestin and Glial markers such as GFAP
were not significantly affected by hyperforin (Fig. 4g.h).
Proportion of induced cardiomyocytes was determined
based on their autonomous contractile motions which
was shown to reduce in a hyperforin concentration-
dependent manner (Fig. 4i). :

Discussion

In this study, we demonstrated that high concentrations
of hyperforin significantly reduced viability of ES cells

© 2013 John Wiley & Sons Ltd

{an embryonic tissue cell model) and NIH/3T3 fibro-
blasts (an adult tissue cell modet).

Data we obtained from our various analyses suggest
that hyperforin at high concentrations inhibits ES cell
proliferation. Proliferating somatic cells spend much of
their mitotic cycle in the G1 phase, and their progres-
sion to S phase is largely controlled by cyclin-dependent
kinases (CDK), whose activity is regulated by various
cyclins. Although they are expressed in ES cells, in
some cases several major CDK-cyclin control com-
plexes, including Cdkd/cyclin D, appear to exhibit little
or no regulatory activity. Instead, division of ES cells is
driven by the Cdk2/cyclin A/E pathway, constitutively
active throughout the cell eycle (16). Given that hyper-
forin inhibits proliferation of ES cells, it may affect the
function of cell cycle regulators such as the Cdk2/cyclin
A/E pathway.

On the other hand, it is acknowledged that there are
several types of cell death, including apoptosis, necrosis
and autophagic cell death. Cells are archetypically known

Cell Proliferation
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Figure 3. Effects of hyperforin on fibroblast apoptosis. (a) NIH/3T3 cells were treated with hyperforin at indicated concentrations for 72 h, Cell
viability was measured by CellTiter-Glo luminescent cell viability assay. Cell cultures exposed to 0 pum drug were considered to be 100% viable.
Cell viability of each drug-treated sample was presented as percentage of that of cultures treated with 0 pm drug. (b) NIH/3T3 cells were treated
with hyperforin at indicated concentrations for 72 h. Apoptosis was measured by cell death detection ELISA assay. Apoptotic level in each drug-
treated sample was presented as fold-change compared to that in cultures treated with O pm drug. (c-d) NIH/3T3 cells were treated with hyperforin
at indicated concentrations for 72 h. Caspase-3/7 (c), -8 (d) and -9 (e) activities were determined using Caspase-Glo Assays. Data are expressed as
fold-increases relative to respective untreated samples (RLU/60 min/pug protein). (f) NIH/3T3 cells were treated with hyperforin at indicated concen-
trations for 72 h. Uptake of BrdU was measured by ELISA. BrdU incorporation in each drug-treated sample was presented as fold-change com-
pared to that in cultures treated with O pm drug. Data are expressed as mean & SEM of results from at least four independent experiments.
*P < 0.05, compared to 0 pm.

to disassemble in two morphologically and biologically
distinct processes, namely, programmed cell death (PCD)
and necrosis. PCD, referring to apoptosis, autophagy and
programmed necrosis, is proposed to be death of a cell in
any pathological format, when mediated by an intracellu-
lar program. These three forms of PCD may jointly
decide the fate of cells; apoptosis and programmed necro-
sis invariably contribute to cell death, whereas autophagy
can play either a pro-survival role or a pro-death role
(17). Cells undergoing apoptosis show a series of well-

characterized physical changes such as plasma membrane
blebbing, permeabilization of mitochondrial outer mem-
branes, DNA fragmentation, nuclear disintegration and
eventually cell disintegration into apoptotic bodies that
are then engulfed and degraded by phagocytes (18). On
the other hand, autophagy (macroautophagy) occurs by
formation of autophagosomes, double-membraned vesi-
cles that sequester organelles, proteins, or portions of
cytoplasm, which then fuse with lysosomes. As a result
of this process, sequestered contents are degraded by

Figure 4. Effect of hyperforin on embryonic stem (ES) cell differentiation. Analysis of expression levels for undifferentiated state and tissue-
specific differentiation markers. Expression levels of undifferentiated markers Oct3/4 (a) and Sox2 (b), endodermal matkers GATAG (¢) and TTR
(d), mesodermal markers BMP4 (e) and ANF (f) and ectodermal markers nestin (g) and GFAP (h) were quantified at each concentration of hyperfo-
rin with real-time RT-PCR. Each expetiment was performed in triplicate. Data are expressed as mean & SEM of results from at least three indepen-
dent experiments. *P < 0.05, compared to 0 pm. un, undifferentiated ES cell. () The frequencies of cardiomyocytes, identified by their distinctive
beating movement, derived from ES cells were quantified at each concentration of hyperforin.

© 2013 John Wiley & Sons Litd Cell Proliferation
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lysosomal enzymes and recycled for future re-use (19).
Autophagy does not involve DNA fragmentation (20).
Our results here show that hyperforin did not induce
apoptosis in ES cells. It is not known, however, whether
other types of cell death such as necrosis or autophagy
contribute to ES cell growth inhibition.

The molecular mechanisms that account for the hy-
perforin-induced cell viability reduction of ES cells
remain to be investigated.

Our data also suggest that NIH/3T3 fibroblast cyto-
toxicity to hyperforin at high concentrations induced
apoptosis. During apoptosis, caspases are essential for
initiation and execution of cell death in a self-amplifying
cascade in tesponse to various stimuli (21). Two major
apoptotic pathways have been identified, one extrinsic
and one intrinsic. The extrinsic pathway is activated by
death receptors, which recruit initiator caspases -2, -8,
or -10 through adaptor molecules, whereas intrinsic sig-
nals result in activation of caspase-9. Initiator caspases
can sequentially cleave and activate effector caspases
(caspases -3, -6, and -7), which play an important role
in mediating cell destruction (22). Our results show that
hyperforin increased mono- and oligonucleosomes and
activities of caspases -3/7, -8 and -9 in NIH/3T3 fibro-
blasts, indicating that it induced not necrosis nor auto-
phagy, but apoptosis of NIH/3T3 fibroblasts, via both
the intrinsic pathway (as shown by activation of cas-
pase-9) and the extrinsic pathway (as shown by activa-
tion of caspase-8), and also led to caspase-3 activation.

Thus, our results suggest that hyperforin affected
cytotoxicity in a cell-dependent manner; it inhibited pro-
liferation of ES cells (representing embryonic tissue)
and induced apoptosis of fibroblasts (representing adult
tissues). Effects and the molecular mechanisms of hyper-
forin must therefore be examined further, in individual
cells and tissues.

Tt must be noted that concentrations of hyperforin
taken into the body through consumption of St. John’s
Wort are very low. Agrosi et al. (23) observed peak
plasma hyperforin level of 168.35 ng/ml (about 30 nm)
after consumption of a soft gelatin formulation and
84.25 ng/ml (about 15 nm) after consumption of hard
gelatin capsules. Vitiello et al. (24) were unable to
detect any hyperforin in 17 of 97 volunteers who took
St. John’s Wort. Hyperforin had an ICsq value of around
2.4 pm for NIH/3T3 fibroblasts and around 5.9 pm for
ES cells as measured for this study; these levels are
approximately 80-200 times plasma hyperforin level
observed by Agrosi ef al. These results suggest that hy-
perforin can be expected to have few embryotoxic
effects in general use.

In a previous study, subjects taking St. John’s Wort
were prospectively identified, followed and compared
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with a matched group of pregnant women taking other
forms of pharmacological therapy for depression, and a
third group of healthy women not exposed to any
known teratogens. It was demonstrated that levels of
major malformations were similar across the three
groups: they were 5%, 4% and 0% in St. John’s Wort,
disease comparator and healthy groups, respectively.
These levels are not significantly different from the 3—
5% risk expected in the general population. Levels of
live birth and prematurity also did not differ among the
three groups (25). In this study, using an assay system
based on the EST developed in our previous studies
(12-14), we have demonstrated that high concentration
(10 um) of hyperforin increased expression level of
undifferentiated marker genes and reduced expression
level of mesodermal and endodermal marker genes
under differentiating conditions. In addition, hyperforin
inhibited differentiation of ES cells into cardiomyocytes,
We found, however, that undifferentiated marker expres-
sion levels were lower in ES cells that had been sub-
jected to 10 um  hyperforin  treatment under
differentiating conditions than they were in undifferenti-
ated ES cells, while mesodermal and endodermal marker
expression levels were higher in ES cells that had been
subjected to 10 pm hyperforin treatment under differenti-
ating conditions than they were in undifferentiated ES
cells. These results suggest that high concentrations of
hyperforin could partially inhibit ES cell differentiation
into mesoderm and endoderm lineages, and that inges-
tion of large amounts of hyperforin could pose embryo-
toxic and teratogenic risks.

Hyperforin is currently in used in the clinic as a safe
and effective antidepressant. Our experimental data indi-
cate that it could be expected to have few embryotoxic
and teratogenic effects in general use, although ingestion
of large amounts of hyperforin may incur risks.
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