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Preface

In recent years, interest in dietary supplements has grown substantially, driven by the
increasing prevalence of lifestyle-related chronic conditions and the search for complementary
strategies to support health and well-being. Despite their widespread use, many supplements
remain characterized by incomplete evidence, unclear mechanisms of action, and limited safety
evaluation. This awareness motivated the development of a Special Issue dedicated to a rigorous
and multidimensional examination of natural compounds with emerging or established relevance in
human health.

The contributions gathered in this Reprint reflect the diversity and complexity of the field.

We hope that this collection will serve as a valuable resource for researchers, clinicians, and
professionals in the field, fostering new insights and promoting a more evidence-based and informed

use of dietary supplements.

Elisa Benetti and Valentina Boscaro
Guest Editors
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Styphnolobium japonicum Fruit and Germinated Soybean
Embryo Complex Extract for Postmenopausal-Symptom Relief
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Abstract: Background/Objectives: Hormonal alterations during menopause result in substantial
physiological changes. Although hormone replacement therapy (HRT) is widely used as a treatment
strategy for these changes, its use remains controversial due to its associated risks. Plant isoflavones
are phytoestrogens that are considered a potential alternative therapy for postmenopausal syndrome.
We aimed to investigate the efficacy of ethanolic extracts from Styphnolobium japonicum fruit (SJF) and
germinated soybean embryo (GSE) in alleviating prominent menopausal symptoms. Methods: A
cell model (MCF7 human breast cancer cells) was used to investigate estrogen-like activity. A rat
ovariectomy model was used to simulate estrogen depletion after menopause and to evaluate the
efficacy of the SJF-GSE complex extract at ratios of 1:1, 1:2, and 2:1. Results: Treatment with the
SJF-GSE extract elicited estrogen-like effects, raising pS2 and estrogen receptor o expression in MCF7
cells. The extract was found to contain 48-72 mg/g sophoricoside and 8-12 mg/g soyasaponin 1,
identified as active compounds. In ovariectomized rats, the extract effectively reduced body weight
and fat content, alleviated vasomotor symptoms, improved vaginal mucosal health, and exerted
osteoprotective effects by enhancing bone density and structure, reducing bone-resorption markers
and positively altering estradiol levels and lipid profiles. Conclusions: The SJF-GSE extract, working
synergistically, provides a safe and effective alternative to HRT for managing postmenopausal
symptoms and enhancing bone health, without adverse effects. These findings support the inclusion
of SJF and GSE in health-functional foods and underscore the importance of further research into
plant-based therapies for menopause.

Keywords: menopause; Styphnolobium japonicum fruit; germinated soybean embryo; ovariectomized
rat model; phytoestrogen; medicinal plant

1. Introduction

Menopause, a crucial transition in a woman'’s life, is marked by significant hormonal
changes that lead to a range of physiological and psychological symptoms. These symp-
toms, including hot flashes, mood swings, osteoporosis, and changes in metabolic health,
can severely affect quality of life [1]. While hormone replacement therapy (HRT) is tradi-
tionally used to manage these symptomes, its associated risks have propelled the search for
safer natural alternatives [2]. Phytoestrogens, plant-derived compounds found in foods,
such as soybeans, flaxseed, and whole grains, mimic the effects of estrogen and present a
safer option than traditional HRT [3]. Their capacity to bind to estrogen receptors (ERs)
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and potentially alleviate menopausal symptoms has attracted significant attention from the
scientific community, largely because they present fewer risks than conventional HRT [4].

In the realm of herbal medicine, combining specific plants has shown promise in
synergistically alleviating postmenopausal symptoms. Previous studies suggest that such
combinations may enhance therapeutic outcomes by interacting in ways that complement
and amplify their individual effects, thereby offering a holistic approach to menopause
management [5,6]. Germinated soybean embryo, derived from soybeans shortly after the
onset of germination but before full sprouting occurs, contains high amounts of bioactive
compounds such as isoflavones and soyasaponins [7]. These compounds have been shown
to mitigate hormonal imbalances and improve bone health in postmenopausal women [8,9].
Specifically, soyasaponin 1 supports bone health and possesses anti-inflammatory, anti-
cancer, anti-obesity, and antioxidant properties [10,11]. Styphnolobium japonicum L. (syn-
onym Sophora japonica L.) fruit (known as Fructus sophorae) is rich in flavonoids (including
sophoricoside) and is known for its antioxidative benefits and hormone-regulatory po-
tential [12]. This study, therefore, focuses on these compounds to better understand their
contributions to the observed biological effects.

Here, we aim to elucidate the therapeutic potential of combining ethanol extracts of
S. japonicum fruit and germinated soybean embryo in an ovariectomized rat model that
simulates postmenopausal estrogen depletion. While focusing on the ratio of the extracts
in this combination, we examine its efficacy in addressing key menopausal challenges,
including vasomotor symptoms, vaginal health, bone integrity, and hormonal balance,
positioning this natural solution as a viable and safe alternative to traditional HRT. These
findings contribute to the burgeoning field of natural plant-based therapies, offering new
insights and potential pathways for improving postmenopausal health.

2. Materials and Methods
2.1. Sample Preparation

The S. japonicum fruit (SJF) and germinated soybean embryo (GSE) complex extracts
were provided by NOVAREX Co., Ltd. (Osong, Chungbuk, Republic of Korea). S. japon-
icum fruit extract was derived from the dried ripe fruits of S. japonicum L., and germi-
nated soybean embryo extract was prepared from soybeans after controlled germination.
Both extracts were obtained using 60 &= 10% food-grade ethanol (Product No. 0019-200L,
CAS No. 64-17-5; Korea Ethanol Supplies Company, Seoul, Republic of Korea) via reflux
extraction for 4-6 h at 70 £ 10 °C to concentrate key bioactive components, including
sophoricoside and soyasaponin 1. The concentrated extracts were filtered, spray-dried
to produce the final SJF extract (SJFE) and GSE extract (GSEE) powders, and stored at
room temperature. The extracts were dissolved in dimethyl sulfoxide to a concentration of
100 mg/mL and used as a stock solution. To determine the optimal ratio of these extracts,
the physiological activity of each extract and the levels of their active compounds were
assessed in vitro, at ratios of 1:1, 1:2, and 2:1. For in vivo studies, the final complex extract,
containing concentrations of 48-72 mg/g sophoricoside and 8-12 mg/g soyasaponin 1,
was prepared by blending SJF and GSE at the identified optimal ratio and yield. A ratio of
1.5:1 (SJF:GSE) satisfied the established criteria for industrial-scale production.

2.2. HPLC Analysis

Levels of sophoricoside and soyasaponin 1, the active components of the extracts, were
analyzed via 1260 Infinity HPLC using a UV detector (Agilent Technologies, Santa Clara,
CA, USA). Chromatographic separation of sophoricoside was performed on a reverse-
phase HPLC column (YMC-Triart C18, 4.6 mm x 250 mm, S-5 pm, 12 nm; YMC, Kyoto,
Japan) at 30 °C, with a mobile phase comprising 0.1% acetic acid in water (A) and 0.1%
acetic acid in acetonitrile (B) at a flow rate of 1 mL/min. The gradient program was as
follows: 0-5 min, 15% B; 5-15 min, 15-45% B; 15-17 min, 45-50% B; 17-21 min, 50% B; 21-23
min, 50-15% B; and 23-25 min, 15% B. The injection volume was 5 uL and the detection
wavelength was 260 nm.
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Chromatographic separation of soyasaponin 1 was performed using a reverse-phase
HPLC column (YMC-Triart C18, 4.6 mm x 250 mm, S-5 um, 12 nm; YMC) at 30 °C. The
mobile phase was 0.05% formic acid in distilled water and acetonitrile (at 6:4, v/v), flowing
at 1 mL/min for 25 min under isocratic conditions. The injection volume was 10 pL and
the detection wavelength was 210 nm.

2.3. Cell Culture

Three distinct cell lines were obtained from the Korean Cell Line Bank (KCLB, Seoul,
Republic of Korea) and used to assess the impact of SJFE and GSEE. The human breast can-
cer cell line MCF7 was cultured in Roswell Park Memorial Institute (RPMI)-1640 medium
(Hyclone, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS; Hyclone),
100 U/mL of penicillin, and 100 pg/mL of streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA). Cells were cultured at 37 °C in a humidified atmosphere containing 5% CO,.
For gene analysis, the cells were seeded at 5.0 x 10° cells/well in 12-well plates and allowed
to stabilize for 12 h before being treated with 100 nM 173-estradiol (E2, Sigma-Aldrich,
St. Louis, MO, USA) and 200 pg/mL of each test substance in serum-free medium. Addi-
tionally, RAW 264.7 (mouse macrophage) and MG63 (human osteoblast-like) cell lines were
used to evaluate nitric oxide (NO) production and overall cellular activity. These cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) supplemented with
10% FBS and antibiotics.

2.4. Cell Viability Assay

To evaluate biological activity, cell viability was determined using the Ez-Cytox En-
hanced Cell Viability Assay Kit (WST-8; DoGenBio, Seoul, Republic of Korea), according to
the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates at a density of
5.0 x 10* cells per well in serum-free DMEM and were treated with various concentrations
of the sample. Following treatment for 24 h, the assay reagent was added to each well and
the plates were incubated for an additional 2 h at 37 °C. Color intensity, which is directly
proportional to the number of viable cells, was quantified by measuring absorbance at
450 nm using a microplate reader (SpectraMax 340, Molecular Devices, San Jose, CA, USA).
Viability was expressed as a percentage of the viability in the control group, which was
considered to be 100%.

2.5. NO and DPPH Assay

We used a mouse macrophage cell line (RAW 264.7) to assess NO production, an
essential marker of the inflammatory response, in response to varying concentrations of
SJFE, GSEE, and the complex extract. Cells were plated at a density of 1.0 x 10° cells/well
in a 96-well plate and allowed to adhere before replacing the medium with 100 pL fresh
serum-free medium in each well. The cells were then treated with the test substances at
concentrations ranging from 10 to 100 pg/mL, followed by incubation for 1 h. To induce
inflammation, 1 pg/mL of lipopolysaccharide (LPS, O55:B5, Sigma-Aldrich) was added,
and after 20 h of incubation at 37 °C in a 5% CO, environment, NO production was
quantified. This was achieved using the Griess reagent system (Sigma-Aldrich) following
the manufacturer’s instructions. A nitrite standard calibration curve (Promega, Madison,
WI, USA) was used for quantification. A DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma-
Aldrich) radical scavenging activity assay was performed to screen the antioxidant activity
of SJFE and GSEE. In each well of a 96-well plate, 10 uL of each extract was combined
with 90 uL of 0.2 mM DPPH solution in methanol. After 10 min of incubation at room
temperature, absorbance was measured at 517 nm using a microplate reader. DPPH
scavenging activity was calculated using the following formula: scavenging activity (%) =
((control absorbance — sample absorbance)/control absorbance) x 100.
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2.6. MG63 Activation and RANKL Gene Expression Analysis

We used MG63 osteoblast-like cells and RAW 264.7 macrophage cells to evaluate the
modulation of receptor activator of nuclear factor kB ligand (RANK ligand, RANKL) gene
expression, a key factor in bone metabolism. The RAW 264.7 cells were initially treated with
1 pg/mL of LPS for 24 h, resulting in a >40-fold increase in NO production relative to the
untreated control. This significant increase in NO levels indicates successful macrophage
activation. Subsequently, MG63 cells were seeded at a density of 3.0 x 10° cells/well in
12-well plates and allowed to stabilize for 12 h. After stabilization, the cells were cultured
in fresh serum-free media and treated with varying concentrations of the test substances,
ranging from 10 to 250 ug/mL. One-hour post-treatment, the MG63 cells were exposed to
an NO-rich medium derived from activated RAW 264.7 cells, with the NO concentration
adjusted to 50 pM. Following a 20-h incubation period in the NO-rich environment, we
extracted total RNA from MG63 cells and analyzed gene expression.

2.7. qPCR Assay

To analyze changes in gene expression, total RNA was extracted from selected cells
or tissues using TRIzol reagent (Thermo Fisher Scientific), following the manufacturer’s
guidelines. To synthesize complementary DNA (cDNA), 1.5 ug of total RNA was used as
a template. cDNA synthesis was performed using the ImProm-II Reverse Transcriptase
System (Promega), following the manufacturer’s protocol. The gPCR reactions were
prepared using SensiMix SYBR Hi-ROX PCR Master Mix (Bioline, London, UK) and
performed as previously described [13]. The final results are presented in terms of fold
change relative to the sham group, providing a clear comparison of gene expression across
different experimental conditions. The primer sequences used are listed in Table S1.

2.8. Western Blot Analysis

To assess estrogen-like activity in MCF7 cells, the cells were plated at 1.0 x 10° cells/well
in 60 mm culture dishes and allowed to stabilize for 12 h. The cells were treated with
100 nM E2 and 200 ug/mL of each test substance in a serum-free medium for 3 h. Total
protein from the cells was extracted using radioimmunoprecipitation assay (RIPA) buffer
supplemented with a protease and phosphatase inhibitor cocktail (Roche, Basel, Switzer-
land). Western blotting was performed as described previously [13]. Protein bands were
visualized using an enhanced chemiluminescence (ECL) solution (Thermo Fisher Scien-
tific), and luminescence signals were captured using a chemiluminescence imaging system
(LuminiGraph II; ATTO, Tokyo, Japan) and quantitatively analyzed using Image] software
(Version 1.51j; NIH, Bethesda, MD, USA). The results are expressed as relative protein
expression and presented as fold-change relative to the control group. The antibodies used
are listed in Table S2.

2.9. Immunocytochemical Analysis of ERa in MCF7 Cells

MCF?7 cells were seeded in four-well chamber slides (1.0 x 10° cells/well) and sta-
bilized for 12 h. After stabilization, the cells were incubated in fresh serum-free medium
with 100 nM E2, 200 pg/mL of the complex extract, or 1 uM ER antagonist (ICI 182,780,
Sigma-Aldrich) for 24 h. The cells were then fixed in 4% paraformaldehyde (30 min), perme-
abilized with 0.25% Triton X-100 (20 min), and blocked with 1% BSA to reduce non-specific
antibody binding (1 h). Afterward, the cells were incubated with anti-ER« primary anti-
body (sc-7207, Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:200 dilution) overnight
at 4 °C, followed by incubation with Alexa Fluor 488-conjugated anti-rabbit IgG secondary
antibody (Cell Signaling Technology, Danvers, MA, USA; 1:500 dilution) for 1 h at room
temperature. Propidium iodide (PI) was used for nuclear counterstaining (20 min at room
temperature). Between each step, the slides were washed with phosphate-buffered saline
three times after each major step and five times after counterstaining. ERoc expression and
distribution were analyzed using fluorescence microscopy at 600 x magnification (Eclipse
Ti-S; Nikon, Tokyo, Japan).
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2.10. Animal Housing and Ovariectomy

We used female Sprague-Dawley (SD) rats, aged 12 weeks and weighing 220-240 g
(KOATECH, Gyeonggi, Republic of Korea). The animals were housed in a controlled
environment at 21 £ 2 °C, 40-60% humidity, and a 12-h light/dark cycle. Before starting
the experiment, the rats underwent a week-long acclimatization period. The rats were
divided into six groups (Figure 1): (1) sham-operated (non-ovariectomized control, Sham);
(2) ovariectomized control (OVX); (3) OVX treated with 0.1 mg/kg of E2 (positive con-
trol); groups 4-6 were OVX groups that received the complex extract at 25 mg/kg (Low),
50 mg/kg (Medium), and 100 mg/kg (High), respectively. The ovariectomy procedure
involves dorsal fur shaving, dorsal incision, bilateral ovary removal, and suturing [14].
The Sham group underwent the same surgical procedure, but without ovary removal.
Postoperative care was diligently administered to ensure seamless recovery of the animals,
without complications, such as incision rupture or inflammation. Only fully recovered
animals advanced to the subsequent phase of the experiment (1 = 7). To establish a re-
liable OVX rat model for efficacy studies, estrogen depletion was confirmed following
ovariectomy. During the 3-week recovery period, the experimental animals were supplied
with AIN-76A phytoestrogen-free diet (Harlan Teklad, Madison, WI, USA). The rats were
then fed diets formulated according to their group for 12 weeks. Specifically, the Sham
and OVX control groups were provided ad libitum diets AIN-76A, whereas the treatment
groups were provided with custom-manufactured diets infused with the specified treat-
ment compounds (Daehan Biolink, Chungbuk, Republic of Korea). Body weight was
measured twice per week at regular intervals. All animal experiments were approved by
the Institutional Animal Care and Use Committee (IACUC) of Gangneung-Wonju National
University, Gangneung, Republic of Korea (GWNU-2020-18), and were conducted follow-
ing the relevant guidelines and regulations and ARRIVE guidelines. Stress was minimized
by providing feed mixed with the extracts, and consistent conditions were maintained. No
abnormalities were observed, indicating that the changes were due to the treatment.

SDrat ¢
(12 weeks)
Weeks | 0 3 15

| Sham |[ AIN-76A AIN-76A
[ ovX | AN-76A AIN-76A
ol || E2 || AIN-76A AIN-76A with 0.1 mg/kg/day of 17B-estradiol
o
o x % [ Low | AIN-76A AIN-76A with 25 mg/kg/day of the complex extract
w
- 8 | Medium | AIN-76A AIN-76A with 50 mg/kg/day of the complex extract
o
|| @ I High I AIN-76A AIN-76A with 100 mg/kg/day of the complex extract
v v
Sham surgery Administration Sacrifice

and ovariectomy  (n=7/group)

Figure 1. In vivo study design and group allocation. The flowchart illustrates the design of our in vivo
study involving adult female Sprague-Dawley (SD) rats. The rats were divided into six groups (n =7
per group): (1) non-ovariectomized control (Sham); (2) ovariectomized control (OVX); (3) positive
control group receiving 0.1 mg/kg of 173-estradiol (E2); groups 4-6 were OVX groups treated with the
blended SJF-GSE complex extract at 25 mg/kg (Low), 50 mg/kg (Medium), and 100 mg/kg (High),
respectively. After the 3-week recovery period, the rats were provided with custom-manufactured
diets containing the specific treatment compounds. The SJF-GSE complex extract was prepared as
detailed in the Section 2, with a 1.5:1 ratio of SJF to GSE. SJF, Styphnolobium japonicum fruit; GSE,
germinated soybean embryo.

2.11. Measurement of Vasomotor Symptoms

Vasomotor symptoms, which typically appear as initial indicators of menopause in
women, were assessed in our postmenopausal rat model. To accurately monitor and
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evaluate these vasomotor symptoms, we meticulously measured the rectal temperatures of
the rats 2 d before their sacrifice. The temperatures were measured at 10-min intervals over
a span of 120 min, immediately after 15 min of forced-running on a motorized treadmill
(MK-680S, Muromachi Kikai, Tokyo, Japan) at a constant speed of 15 m/min. For each
rat, the baseline temperature was established as the average temperature measured 20 min
before the forced-running session. Changes in rectal temperature after exercise were
recorded for 120 min. To ensure precision and minimize variability in our measurements,
rectal temperatures were recorded using a highly accurate electronic thermometer (MT200;
Microlife, Taipei, Taiwan). This approach allows for the comprehensive and accurate
assessment of vasomotor symptoms, providing crucial insights into the physiological
changes associated with menopause in the OVX rat model.

2.12. Evaluation of Vaginal Epithelial Cell Changes (Vaginal Cornification)

Vaginal dryness is one of the most common symptoms of menopause. Therefore, we
examined changes in the vaginal epithelial cells of each group to assess the efficacy of the
extracts in alleviating menopausal symptoms. Vaginal epithelial cells were collected from
the vaginal walls of the rats in each group using a sterile swab, immediately before sacrifice.
These cells were spread onto a glass slide and stained with Giemsa stain (Sigma-Aldrich).
This allowed us to count the number of nucleated and cornified cells to determine the
proportion of cornified epithelial cells. A higher proportion of cornified epithelial cells in
the vaginal mucosa indicates less vaginal cornification, suggesting that the vaginal mucosa
is more flexible and less affected by menopausal dryness.

2.13. Assessment of Organ Abnormality and Fat Tissues

Comprehensive organ analyses were conducted to assess the safety of the complex.
The process began with a 12-h fasting period, followed by sacrifice via anesthesia using
ether. During autopsy, key tissues, such as the liver, spleen, kidneys, stomach, uterus,
perirenal fat, and the femurs, were meticulously excised and weighed to detect potential
abnormalities or changes. To examine body fat accumulation, histological analysis of
adipose tissue was performed. Adipose tissues were fixed in 10% neutral buffered formalin
(NBF) for 24 h. The fixed tissues were dehydrated through a graded series of alcohol
solutions, cleared in xylene, and infiltrated with paraffin wax. Thin sections (5 um thickness)
were cut from the paraffin-embedded tissue blocks and stained with hematoxylin and eosin
(H&E) according to conventional procedures. Lipid droplet area was measured using
Image] software.

2.14. Blood Hormone and Biochemical Analysis

We conducted biochemical analyses to evaluate serum markers indicative of metabolic
and liver function in the OVX rat model. Arterial blood was collected for hormone and bio-
chemical analyses, and serum samples were stored at —80 °C. Serum E2 was quantitatively
measured using an enzyme-linked immunosorbent assay (ELISA) kit (Cat. No. 501890;
Cayman Chemical, Ann Arbor, MI, USA). Serum C-terminal telopeptide (CTx) was quanti-
fied using the Rat CTX-1 ELISA kit (NBP2-76634; Novus Biologicals, Littleton, CO, USA).
Serum osteocalcin was quantified using a Rat Osteocalcin ELISA kit (NBP2-68153; Novus
Biologicals). Biochemical parameters, including alanine aminotransferase (ALT), triglyc-
erides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), lactate de-
hydrogenase (LDH), calcium, and phosphorus levels, were analyzed using an INTEGRA
400 automatic analyzer (Roche, Mannheim, Germany).

2.15. Microscopic Assessment of Trabecular Bone Loss

Microscopic evaluation of trabecular bone loss was performed on the femur. Right fe-
murs were fixed in 10% NBF for 24 h and decalcified using 10% ethylenediaminetetraacetic
acid (EDTA) at 4 °C for 14 d. Following decalcification, the bones were embedded in
paraffin. From these, sections of 5 um thickness were cut for detailed examination. The
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sections were then stained with H&E, a technique commonly used to highlight bone mi-
croarchitecture. The resulting stained sections provide a clear visualization of the structural
integrity of the bone. The area of bone loss was measured using Image]J software.

2.16. Isolation of Bone Marrow Cells from Femurs

Comprehensive gene expression analyses were performed using the femurs of the
OVXrats to elucidate the molecular mechanisms associated with estrogen depletion. After
the 12-week treatment period, the rats were euthanized and tissues were collected for
analysis. Bone marrow cells were isolated from the left femur using a previously described
method, with minor modifications [15]. Briefly, the bones were bisected and placed in
microcentrifuge tubes. Bone marrow was harvested via centrifugation at 5000x g for 5 min.
The cells were then filtered through a 40 um cell strainer to remove debris, and erythrocytes
were lysed using RBC lysis buffer (BioLegend, San Diego, CA, USA). qPCR was used to
analyze the expression of genes pertinent to bone tissue metabolism and health.

2.17. Assessment of Bone Mineral Contents, Bone Mineral Density, and X-ray Imaging

We evaluated the effects of the complex extract on postmenopausal bone health in
the OVX rat model, using dual-energy X-ray absorptiometry (DXA) to determine bone
mineral content (BMC) and bone mineral density (BMD) measurement, and X-ray imaging
for structural observation (PIXImus II densitometer, GE-Lunar, Madison, WI, USA). The
left femur was prepared and analyzed via DXA to quantify both BMC and BMD to assess
bone integrity. Preparation involved removing the surrounding muscle and tissue and
preserving the bone in sterile saline for accurate measurement. X-ray imaging of the femur
revealed structural changes, complementing the quantitative and qualitative analyses and
providing a holistic view of bone health.

2.18. Statistical Analysis

The results are presented as means =+ standard deviation. The significance of dif-
ferences between experimental groups was analyzed using Student’s ¢-tests or one-way
ANOVA followed by Tukey’s post-hoc test, using GraphPad Prism Version 5.01 (GraphPad
Software Inc., San Diego, CA, USA). Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Optimal Ratio of SJFE and GSEE

In examining the optimal ratio of SJFE and GSEE, we focused on their antioxidative
and anti-inflammatory properties and their effects on osteoclastogenesis-related gene
expression. Menopause, marked by a significant decrease in estrogen levels due to the
cessation of ovarian follicle function, leads to increased oxidative stress within the body.
This elevation in oxidative stress not only exacerbates inflammation but also contributes
to obesity, which in turn can further enhance oxidative stress, creating a detrimental cycle
of metabolic disturbance [16,17]. These molecular alterations have been implicated in the
pathogenesis of postmenopausal osteoporosis [18]. At the concentrations used here, the
extracts did not affect cell activity (Figure S1). We first examined the extracts” antioxidant
potential using a DPPH scavenging activity assay. This revealed that SJFE exhibited DPPH
scavenging activity at a half-maximal inhibitory concentration (ICsp) of 61.4 = 11.2 pg,
whereas GSEE demonstrated this activity at an ICsy of 293.7 £ 15.7 pg (Table 1; Figure S2).

The extracts” anti-inflammatory potential was assessed by measuring the inhibition
of NO production in RAW 264.7 macrophage cells. SJFE and GSEE had median effective
dose (EDsg) values of 206.7 = 18.1 pg/mL and 34.2 & 5.7 ug/mL, respectively (Table 1;
Figure S3). The optimal concentrations were selected based on their efficacy and non-
toxicity, as indicated by the ICsy and EDs values, which represent the concentrations at
which 50% of the maximal effect was achieved.

The effectiveness of these extracts in modulating bone metabolism was evaluated
by examining their effects on RANKL gene expression in MG63 osteoblast-like cells. The
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inhibitory effects on RANKL expression were significant (p < 0.001) at 250 ug/mL of SJFE
and 10 pg/mL of GSEE (Table 1; Figure S4). This indicates that SJFE exhibited greater
antioxidant activity than GSEE, while GSEE demonstrated superior anti-inflammatory and
RANKUL-inhibitory activity.

Table 1. Antioxidant, anti-inflammatory, and osteoprotective activity of Styphnolobium japonicum fruit
extract (SJFE), germinated soybean embryo extract (GSEE), and their combinations.

SJFE and GSEE Combinations

Activity SJFE GSEE
1:1 1:2 2:1
DPPgICsca‘;egr;gmg 61.42 +11.23 293.75 + 15.71 117.56 + 12.04 84.48 + 13.74 77.72 +14.13
50/
NOinhibition 20671 + 18.11 3422 £ 571 64.82 £ 1.95 48.19 + 1.88 59.37 + 1.44
(EDsg, ug/mL)
RANKL inhibition 250 10 100 10 10

(p <0.001, ug/mL)

The values represent the means + standard deviation. These results highlight the efficacy of the extracts in
scavenging DPPH radicals, inhibiting NO production, and inhibiting RANKL—key indicators of antioxidant,
anti-inflammatory, and osteoprotective effects, respectively. For further details, see Figures S2-S4. DPPH,
2,2-diphenyl-1-picrylhydrazyl; NO, nitric oxide; RANKL, receptor activator of nuclear factor kB (RANK) ligand.

In testing antioxidant activity via the DPPH assay, ascorbic acid treatment was used as
the positive control; in contrast, anti-inflammatory effects, including inhibition of NO pro-
duction and of RANKL expression, were evaluated relative to negative controls. Based on
these findings, we hypothesized that the two extracts, with their distinct antioxidative and
anti-inflammatory properties, could have complementary effects in alleviating menopausal
symptoms. Consequently, we further examined the optimal ratio of SJFE and GSEE and
their synergistic effectiveness.

The ratio of SJFE and GSEE that maximizes their synergistic effects was examined.
Three ratios of SJFE to GSEE (1:1, 1:2, and 2:1) were tested and their DPPH scavenging, NO
production inhibition, and RANKL expression inhibition activity were recorded (Table 1).
Based on these assays, a 2:1 ratio of SJFE to GSEE was the most effective, balancing the
physiological activity of both extracts.

3.2. Impacts of SJFE and GSEE Combinations on MCF7 Cells

In humans, ERx and ERf are pivotal for regulating various physiological processes.
ER«x predominantly influences reproductive function, whereas ERf is involved in the
central nervous system, cardiovascular system, and bone health [19]. MCF7 cells are
commonly used to assess the estrogenic effects of phytoestrogens, owing to their stable
estrogen sensitivity and to the reproducibility of these effects in these cells [20]. Menopausal
symptoms arise largely from the decline in estrogen levels, which these receptors mediate.
Here, we examined the potential of combinations of these extracts, as estrogen substitutes,
to alleviate menopausal symptoms by targeting Erx in particular. The expression of the
estrogen-responsive gene pS2 was significantly elevated in MCF7 cells treated with a
combination of SJFE and GSEE at a 2:1 ratio (Figure 2A). Coincidently, this combination
significantly increased ERx expression and Akt activation (Figure 2B-D). These results
suggest the efficacy of this combination in mimicking the effects of estrogen, consistent
with previous findings highlighting its estrogen-like activity [21,22]. Here, following the
guidelines recommended by the Korea Food and Drug Administration, we focused on
the expression of the pS2 gene in MCF7 cells, which are known for their responsiveness
to estradiol, as well as on ER«x activation and Akt phosphorylation. Although other
biomarkers could have been analyzed, the selected markers effectively represent the key
aspects of estrogenic activity relevant to our research.
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Figure 2. Evaluation of the estrogen-like activity of Styphnolobium japonicum fruit extract (SJFE) and
germinated soybean embryo extract (GSEE) combinations in MCEF7 cells. (A) Expression of pS2
mRNA, quantified using qPCR. (B-D) Representative immunoblots of ERx, phosphorylated Akt
(p-Akt), total Akt, and p-actin. (E) Immunocytochemical analysis of ERo expression (left panel). The
relative ERa/PI ratio is presented as fold-change relative to the control (right panel). 173-estradiol
(E2) was used as a positive control, and ICI 182,780 was used as an estrogen antagonist. Scale bar,
100 um. Results from three independent experiments are shown as means + standard deviation.
*p <0.05,** p <0.01, vs. the control group; ## p < 0.01, vs. the indicated group. ER, estrogen receptor;
PI, propidium iodide.

Immunocytochemical staining for ERx in MCF7 cells revealed that, even in the absence
of estrogen, the SJFE-GSEE complex activated this receptor, indicating the combination’s
estrogen-like properties (Figure 2E). This activation was inhibited by ICI 182,780, an estro-
gen antagonist, confirming the competitive specificity of the interaction between the test
substances and ER« [23].

These findings demonstrate that the complex extract (SJFE:GSEE, 2:1) can potentially
compensate for estrogen deficiency during menopause, enhancing cellular responses in a
similar way to estrogen. The complex extract is therefore a promising agent for addressing
menopausal symptoms related to estrogen decline, consistent with previous findings [24,25].
These findings underscore the potential application of this extract in treating menopausal
symptoms, opening new avenues for natural health-product development and research
into women’s health.
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3.3. Composition of Active Compounds in the SJF-GSE Extract

We examined the extracts” active components and marker compounds, sophorico-
side and soyasaponin 1. Sophoricoside exhibits a multifaceted pharmacological profile,
including estrogenic, anti-inflammatory, antioxidative, antidiabetic, and immunomodula-
tory activity [12,26]. Soyasaponins are distinguished by their diverse chemical structures
and broad-spectrum health benefits, with soyasaponin 1 noted for its anti-inflammatory,
anticarcinogenic, hepatoprotective, and antioxidative properties [10,11,27]. We used HPLC
to quantify the levels of these compounds (Figure S5). This revealed substantial lev-
els of sophoricoside and soyasaponin 1 within the extract, at 59.25 £+ 0.68 mg/g and
9.09 & 2.84 mg/g, respectively (Figure 3). These results fall within the range (48-72 mg/g
sophoricoside and 8-12 mg/g soyasaponin 1) established when analyzing the combinations
of SJFE and GSEE, indicating that the composition of the active compounds is equivalent
(Table S3). These high concentrations highlight the extracts” potential roles in ameliorating
menopausal symptoms and emphasize the therapeutic relevance of the composition of the
complex extract.
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Figure 3. Analysis of active compounds in the Styphnolobium japonicum fruit (SJF) and germinated
soybean embryo (GSE) complex extract, prepared by blending the SJF and GSE. HPLC was used
to analyze sophoricoside (A) and soyasaponin 1 (B) levels. The compounds were identified and
measured by comparing their retention times (RTs) against those of the standards.

3.4. Body Weight and Vasomotor Symptom Improvement

We next evaluated the potential of the complex extract to alleviate menopausal symp-
toms in the OVX rat model. During the 12-week experimental period, changes in body
weight were monitored and vasomotor symptoms were examined as a key indicator of
facial flushing during menopause. The estrogen-supplemented positive control group
showed the least variation in weight, illustrating the significant role of estrogen in weight
regulation after ovariectomy. Notably, the complex extract-treated groups exhibited sig-
nificantly lower weight gain than the OVX control group (Figure 4A). This is consistent
with post-ovariectomy weight-management trends in rodent models, suggesting the effec-
tiveness of the SJF-GSE extract in simulating the weight-regulatory role of estrogen [28,29].
Additionally, we measured changes in vasomotor symptom based on the initial tempera-
ture readings (Figure 4B). The rectal temperature of OVX rats changed substantially and
remained constant for >2 h. Facial flushing, resulting from capillary congestion in the
epidermis, leads to increased skin blood flow, elevated temperatures, and reduced skin
moisture [30]. These symptoms are often linked to substantial declines in estrogen lev-
els during menopause, which are believed to reduce the hypothalamic setpoint for body
temperature regulation [31]. This suggests that even minor increases in core body temper-
ature could trigger vasomotor symptoms, making their observation a crucial marker for
assessing the severity of menopausal symptoms resulting from hormonal depletion. The
OVX group exhibited substantial fluctuations in temperature, indicating an unstable post-
exercise response. Although the complex extract-treated rats also exhibited temperature
variation after exercise, their temperature gradually normalized, following a pattern similar
to that observed in the positive control group. This suggests a link between the induced

10
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temperature changes in our model and common menopausal symptoms in humans, such
as facial flushing and increased body temperature; further, these symptoms were affected
by the complex extract, regardless of the dose [32].
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Figure 4. Body weight and vasomotor symptoms in ovariectomized (OVX) rats treated with the
Styphnolobium japonicum fruit (SJF) and germinated soybean embryo (GSE) complex extract. (A) Body
weight over 12 weeks. (B) Rectal temperature changes during the 120 min post-exercise. The complex
extract was prepared by blending SJF and GSE. 173-estradiol (E2) was used as a positive control. The
results are presented as the means =+ standard deviation (n =7). * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
the sham group; # p < 0.05, ## p < 0.01, ### p < 0.001, vs. the OVX group.

3.5. Postmenopausal Vaginal Symptoms (Vaginal Keratinization)

We examined changes in vaginal epithelial cells, focusing on vaginal cornification as a
key indicator. Urogenital symptoms, including vaginal dryness, are prevalent in >50% of
menopausal women, primarily owing to hormonal fluctuations during menopause [33].
These hormonal changes often lead to the thinning and cornification of the vaginal lining.
To examine the efficacy of our experimental substances in mitigating these symptoms, we
analyzed the vaginal epithelial cells from each group. Using Giemsa staining, we quantified
the nucleated and cornified cells from vaginal epithelial samples collected using sterile

11
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swabs immediately before euthanasia. The proportion of cornified cells serves as an indica-
tor of vaginal health; a higher proportion indicates reduced cornification and improved
mucosal flexibility, factors that are essential for maintaining vaginal tissue health during
menopause [34,35]. The Medium- and High-dose extract-treated groups displayed higher
levels of cornified epithelial cells than the positive control group, indicating amelioration
of the vaginal mucosal condition (Figure 5). This suggests that the extracts potentially
enhance the flexibility and overall health of the vaginal mucosa in a menopausal model,
mirroring the therapeutic benefits observed in other studies [36].
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Figure 5. Vaginal cornification in ovariectomized (OVX) rats treated with the Styphnolobium japonicum
fruit (SJF) and germinated soybean embryo (GSE) complex extract. Representative images of stained
vaginal epithelial cells, illustrating the proportion of nucleated and cornified cells (left panel). Count-
ing and comparison of the number of cornified cells (right panel). Scale bar, 100 um. The complex
extract was prepared by blending the SJF and GSE. 173-estradiol (E2) was used as a positive control.
The results are presented as means + standard deviation (n = 7). ** p < 0.01, vs. the sham group;
##p < 0.01, ### p < 0.001, vs. the OVX group.

3.6. Postmenopausal Changes in Uterine and Adipose Tissue

Our investigation into the therapeutic effects of the complex extract on postmenopausal
symptoms yielded important insights into changes in uterine and adipose tissue. The com-
plex extract exhibited a favorable safety profile, with no significant changes in organ weight,
suggesting its suitability for use without the risk of adverse organ-related effects (Figure S6).
Notably, we observed a dose-dependent increase in uterine weight among the treatment
groups (Figure 6A), indicating the compensatory estrogenic effects of the complex extract.
This increase in uterine weight suggests the potential of this extract to maintain uterine
health; this potential is especially relevant under conditions simulating postmenopausal
estrogen deficiency [37]. The complex extract-treated groups exhibited an increase in
uterine wall thickness (Figure 6B), consistent with our findings on uterine weight, and
further supporting the notion that treatment can effectively counteract the negative effects
of estrogen deficiency [38]. These findings highlight the therapeutic potential of this extract
in mimicking the beneficial effects of estrogen on uterine tissue, thus offering a promising
avenue for the management of postmenopausal symptoms.

Following ovariectomy and subsequent treatment, adipose tissue weight was signifi-
cantly higher in the OVX group than that in the sham group (Figure 7A). This supports the
notion that estrogen depletion contributes to increased adiposity. The treatment groups,
and especially the High-dose extract-treated group, exhibited adiposity levels comparable
to those in the sham group, indicating the complex extract’s effectiveness in countering
menopause-associated adipocyte proliferation and lipid accumulation. The observed reg-
ulation of lipid-droplet size in the complex extract-treated groups (Figure 7B) supports
prior findings regarding the role of estrogen in managing body weight and visceral fat after
ovariectomy [39]. These results provide substantial evidence of the ability of the SJF-GSE
extract to alleviate menopausal symptoms, including increased adiposity, associated with
estrogen depletion.

12
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Figure 6. Uterine changes in ovariectomized (OVX) rats treated with the Styphnolobium japonicum
fruit (SJF) and germinated soybean embryo (GSE) complex extract. (A) Representative images of
dissected uterine tissue from the rats (left panel). Uterine weight (right panel). Scale bar, 1 cm.
(B) Representative images of hematoxylin and eosin-stained uterine walls (left panel). Uterine
thickness (right panel). Scale bar, 500 um. The complex extract was prepared by blending the SJF and
GSE. 17p-estradiol (E2) was used as a positive control. The results are presented as means + standard
deviation (1 = 3). *** p < 0.001, vs. the sham group; # p < 0.05, ## p < 0.01, #H p < 0.001, vs. the

OVX group.
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Figure 7. Adipose tissue analysis in ovariectomized (OVX) rats treated with the Styphnolobium japon-
icum fruit (SJF) and germinated soybean embryo (GSE) complex extract. (A) Representative images of
the perirenal adipose tissue (left panel). Fat weight (right panel). Scale bar, 1 cm. (B) Representative
images of lipid droplets (left panel). Lipid droplet size (right panel). Scale bar, 100 um. The complex
extract was prepared by blending the SJF and GSE. 173-estradiol (E2) was used as a positive control.
The results are presented as means =+ standard deviation (n = 3). *** p < 0.001, vs. the sham group;
##p <0.01, ## p < 0.001, vs. the OVX group.
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These findings reveal the potential of the SJF-GSE complex in mitigating the key
symptoms of menopause in OVX rats, thus elucidating its potential for managing post-
menopausal conditions in humans. The notable improvements observed in uterine and
adipose tissue mark a significant step toward developing effective therapeutic strategies to
manage postmenopausal symptoms caused by estrogen deficiency.

3.7. Blood Biochemical Markers

We examined blood biochemical markers in the OVX rats following the 12-week treat-
ment regimen with varying concentrations of the complex extract (Table 2). E2 levels were
significantly elevated in the positive control and High-dose extract-treated groups, indicat-
ing the estrogen-mimicking potential of these treatments [40]. Levels of ALT, an indicator
of liver health, initially increased in the extract-treated groups but declined with increasing
dosage, suggesting a dose-dependent beneficial effect [41]. TG levels were reduced in both
the E2-and complex extract-treated groups. The LDL levels observed suggest the possible
long-term benefits of these treatments on lipid metabolism and cardiovascular health [42].
The LDH levels, which are indicative of tissue damage and serve as a predictive marker for
various cancers—especially breast cancer in postmenopausal women—varied significantly
with extract concentration. This suggests that ongoing administration of this extract may
improve postmenopausal health [43].

Table 2. Blood biochemical indices in ovariectomized (OVX) rats treated with the Styphnolobium
japonicum fruit (SJF) and germinated soybean embryo (GSE) complex extract.

Complex Extract

Parameter Sham ovX +E2 tLow +Medium +High
E2 (pg/mL) 24.68 + 1.14 14.4 £ 0.63 * 29.72 +1.4 % 19.86 + 1.5 22.47 +2.29 33.59 + 1.88 ##
CTx (pg/mL) 292.97 4+ 33.6 548.31 4 28.81**  293.39 £ 21.57 ## 365.98 4+ 49.36 * 264.35 + 12.44 % 196.32 4 19.91 ##
OC (pg/mL) 7.44 4+ 0.34 13.31 4 0.51 ** 5.11 4 0.7 ### 9.44 4+ 057 * 7.57 4 0.58 # 6.29 & 0.17 ###*
Ca (mg/dL) 10.45 4 0.05 10.55 4 0.55 11.15 4+ 1.25 102 £0.1 10.45 + 0.05 10.8 £0.5
P (mg/dL) 3.65 + 0.05 215 4 0.15 ** 34+02% 23402 335+0.15% 3.75 + 0.25 #
TG (mg/dL) 49+5 139.25 + 0.75 ** 829+71% 944 +13.6 74.05 + 13.45 56.1+2.1%
HDL (mg/dL) 483+ 1.8 41.75 4+ 5.25 40.03 4+ 1.02 365+15 435+15 504 + 2.6
LDL (mg/dL) 55405 10.5 £ 0.5 ** 5.5+ 0.5 ## 10.5+0.5 1041 75+ 05"
ALT (U/L) 703+ 2.8 102.05 + 2,15 * 88.55 + 6.15 105.95 + 4.05 87.95 + 9.25 63.35 £ 2.05*
LDH (U/L) 318.25 4 6.25 945.25 4 80.25 ** 684.5 + 79.5 396.25 4 20.25 ## 210.5 4 9.5 ### 227.5 4 57.5 ###

OVX rats were orally administered the complex extract at 25 mg/kg (low), 50 mg/kg (medium), and 100 mg/kg
for 12 weeks. 17f3-estradiol (E2) was used as a positive control. * p < 0.05, ** p < 0.01, vs. the sham group;
# p <0.05, ad p<0.01, it p <0.001, vs. the OVX group. E2, estradiol; CTx, C-terminal telopeptide; OC, osteocalcin;
Ca, calcium; P, phosphorus; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT,
alanine aminotransferase; LDH, lactate dehydrogenase.

The effect of the extracts on the bone health markers osteocalcin and CTx were ex-
amined. Osteocalcin and CTx levels were significantly elevated after ovariectomy, but
were decreased in the positive control and complex extract-treated groups, exhibiting a
dose-dependent response. When comparing the serum levels of minerals associated with
bone health, Ca levels were not significantly altered; P levels, in contrast, were decreased in
the OVX group and were dose-dependently elevated in the extract-treated groups, with the
High-concentration and sham groups exhibiting similar P levels. This suggests that the com-
plex extract potentially counteracts the bone loss associated with estrogen depletion [44,45].
These results strongly suggest that this complex extract can effectively modulate key bio-
chemical markers in post-OVX rat models, thus highlighting their potential for managing
the symptoms and health concerns related to menopause.
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3.8. Evaluation of Femoral Bone Features: Gene Expression, Histological Staining, and Imaging Analysis

We investigated the effects of the SJF-GSE extract on bone features in the OVX rats,
focusing on (1) the expression of genes related to bone resorption and formation, (2) histo-
logical changes, and (3) and bone mineralization (Figure 8). The decline in estrogen levels
following menopause boosts the formation of osteoclasts, bone-resorbing cells involved
in bone remodeling [46]. We observed significant downregulation in the expression of
RANK and interleukin-1f3 (IL-13), markers associated with osteoclast activity [47], in all of
the extract-treated groups, suggesting a reduction in bone resorption (Figure 8A,B). The
expression of tartrate-resistant acid phosphatase (TRAP), which is indicative of osteoclast
differentiation [48,49], was downregulated in the extract-treated groups, indicating the
potential of the complex extract to promote bone health by reducing osteoclastogenesis
(Figure 8C). Histological assessment via H&E staining revealed significant preservation
of bone density by the extract complex, indicating its efficacy in mitigating osteoporotic
changes and estrogen deficits (Figure 8D).
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Figure 8. Bone features and gene expression profiles in ovariectomized (OVX) rats treated with the
Styphnolobium japonicum fruit (SJF) and germinated soybean embryo (GSE) complex extract. (A-C)
Expression of bone resorption-related genes, evaluated using qPCR, in femoral bone-derived bone
marrow cells. (D) Hematoxylin and eosin-stained transverse sections of femur (left panel). Trabecular
bone loss area (right panel). (E) Representative X-ray images of femoral bone (left panel). Bone
mineral density (BMD) and bone mineral content (BMC) (right panel). Scale bar, 500 um. The complex
extract was prepared by blending the SJF and GSE. 173-estradiol (E2) was used as a positive control.
The results are presented as means =+ standard deviation (n = 3). * p < 0.05, ** p < 0.01, ** p < 0.001,
vs. the sham group; # p < 0.05, ## p < 0.01, ##H# p < 0.001, vs. the OVX group. IL-1f3, interleukin 1§3;
RANK, receptor activator of nuclear factor kB; TRAP, tartrate-resistant acid phosphatase.
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BMC and BMD were examined using X-ray imaging to visualize changes in bone
structure. This revealed substantially greater bone density at higher extract concentrations
(Figure 8E). The complex extract-treated group (and especially the High-dose group)
exhibited higher BMC and BMD than the OVX group, indicating improved bone strength
and reduced fracture risk. These findings, consistent with prior findings, support the
osteoprotective effects of phytoestrogen [25]. This further confirms the phytoestrogen-like
action of the complex extract [50,51].

These findings reveal the benefits and potential therapeutic value of the SJF-GSE
complex extract on bone health and in the alleviation of estrogen depletion-associated post-
menopausal symptoms. This product, which substantially downregulated osteoclastogenesis-
related gene expression and improved the histological structure and mineralization pro-
files represents an important advancement in developing efficacious treatments for post-
menopausal conditions.

Notably, it is important to acknowledge that the biological effects observed in our
study are likely influenced by the inherent complexity of the extracts. These extracts are
not simple one-component systems but rather complex mixtures of various biomolecules,
each contributing to the overall activity. Interactions among these components can lead to
synergistic or additive effects, enhancing the therapeutic potential of the extracts [52]. Con-
versely, antagonistic interactions may also occur, where certain components could suppress
the activity of others, impacting the overall efficacy [53]. Moreover, the biological effects of
these extracts are closely tied to the extraction methods used, as these methods determine
the final composition and activity of the extracts. Although our study primarily focused on
the overall effects of the extracts, future research should aim to dissect these interactions
more thoroughly to better understand how they contribute to the observed outcomes.

4. Conclusions

The complex extract of S. japonicum and germinated soybean embryo demonstrated
significant therapeutic efficacy in alleviating postmenopausal symptoms, including im-
proved bone density, reduced vasomotor symptoms, and enhanced vaginal health. The
extract’s estrogen-like effects and antioxidant properties highlight its potential as a natural
alternative to hormone replacement therapy. These findings support the development of
plant-based therapies for managing menopausal symptoms.

Supplementary Materials: The following supporting items can be downloaded at: https://www.
mdpi.com/article/10.3390/nu16193297 /51, Figure S1: Effects of SJFE, GSEE, and their combinations
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side and soyasaponin 1 standards; Figure S6: Organ safety assessment in ovariectomized (OVX) rats
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the SJFE and GSEE mixtures and in the final complex extract.
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Abstract: Background/Objectives: Methyltransferase EZH2-mediated H3K27me3 is involved in
liver inflammation and fibrosis, but its role in hepatic metabolic derangements is not yet clearly
defined. We investigated if a high-fat diet (HFD) induced early changes in EZH2 expression and
H3K27 me3 in the liver of mice. Methods: Five-week-old mice were fed an HFD or a low-fat diet
(Control) for 2 weeks (2 W) or 8 weeks (8 W). Body weight was recorded weekly. Glycemia and
oral glucose tolerance were assessed at baseline and after 2 W—-8 W. Finally, livers were collected
for further analysis. Results: As expected, mice that received 8 W HFD showed an increase in
body weight, glycemia, and liver steatosis and an impairment in glucose tolerance; no alterations
were observed in 2 W HFD mice. Eight weeks of HFD caused hepatic EZH2 nuclear localization
and increased H3 K27me3; surprisingly, the same alterations occurred in 2 W HFD mice livers,
even before overweight onset. We demonstrated that selective EZH2 inhibition reduced H3K27me3
and counteracted lipid accumulation in HUH-7 cells upon palmitic acid treatment. Conclusions:
In conclusion, we point to EZH2/H3K27me3 as an early epigenetic event occurring in fatty-acid-
challenged livers both in vivo and in vitro, thus establishing EZH?2 as a potential pharmacological
target for metabolic derangements.

Keywords: high-fat diet; H3K27 trimethylation; methyltransferase EZH2

1. Introduction

A high-fat diet (HFD) triggers multiorgan impairment and is associated with detrimental
effects on human health. The liver exerts crucial metabolic functions, including lipid metabolism,
and is one of the most affected tissues in the context of metabolic derangements. Intake of diet-
derived saturated lipids causes insulin resistance, promotes metabolic-dependent inflammation
(referred to as metaflammation), leads to fibrosis, alters expression of lipogenic genes, and
determines organ weight gain with significant steatosis development [1-3].

Recent studies have increasingly explored the hypothesis that chronic long-term hy-
percaloric diet supply can affect gene expression programs through epigenetic mechanisms
and examined their involvement in the progression of metabolic disorders. Fat accumu-
lation, inflammation, oxidative stress, and fibrosis can indeed be regulated by epigenetic
mechanisms, including histone post-translational modifications, DNA methylation, and
non-coding RNAs [4,5].

Methyltransferase EZH2 (Enhancer of Zeste Homolog 2), the catalytic subunit of
the Polycomb Repressor Complex 2 (PCR2), regulates gene expression via trimethylation
of lysine 27 on histone H3 (H3K27me3) [6]. The main function of EZH?2 is to suppress
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gene expression and induce chromatin compaction [7]. Notably, EZH2 overexpression
has been mainly described in fibrosis and cancer, showing a positive correlation with
their progression [6,8]. Recently, the role of EZH2 besides in cancer has been highlighted
in different organs, including the liver [8]. Lee and colleagues demonstrated that EZH2
inhibition reduces liver inflammation and fibrosis in preclinical models of advanced non-
alcoholic steatohepatitis [9], resulting in decreased expression of IL-6 (Interleukin-6), IL-1§3,
Interferon-y (INF-y), transforming growth factor 3 (TGF- ), and connective tissue growth
factor (CTGF). However, to date, the epigenetic alterations that occur in the liver in response
to HFD have been poorly investigated.

Our study aims to determine whether the EZH2 /H3K27me3 axis could represent a very
early epigenetic marker of liver impairment upon HFD feeding as an early detection of fat ac-
cumulation in the liver. Early intervention strategies could be important to prevent fatty liver
damage and to improve hepatic-related outcome. Specifically, we investigate the correlation
between the onset of metabolic derangements and H3K27me3 modulation in a preclinical
model of diet-induced dysmetabolism (8 weeks of HFD feeding), and subsequently, we try
to understand how early this correlation occurs (2 weeks of HFD feeding).

2. Materials and Methods
2.1. Animal Model

Adult male C57BL/6 ] mice of four weeks of age were utilized. Mice, kept at 3-5/cage
with access to water and food ad libitum, were housed in a light-controlled (12 h light,
12 h dark) and temperature-controlled (22-24 °C) room in high-efficiency particulate air
(HEPA)-filtered Thoren units (Thoren Caging Systems) at the University of Piemonte
Orientale animal facility, Novara, Italy. Animal care and handling were performed in
accordance with the Italian law on animal care (D.L. 26/2014) as well as the European
Directive (2010/63/UE) and approved by the Organismo Preposto al Benessere Animale
(OPBA) of University of Piemonte Orientale, Novara, Italy (DB064.61).

2.1.1. Diet Administration

A timeline representation of the experimental design can be found in Figure S1A.
Thirty-eight animals started receiving an LFD (low-fat diet, 13% kcal from fat, 67% kcal
from carbohydrates, 20% kcal from proteins, (Laboratori Piccioni, Gessate, Milan, Italy)
instead of the normal chow diet provided by the animal facility from the fourth week of
age to get used to a refined diet [10]. After one week (five weeks of age), animals were
randomly divided into 4 groups: two groups continued to be fed a low-fat diet (control
groups) for eight (n = 9) or two (n = 9) weeks, while the other two groups of animals were
fed with an HFD (60% kcal from fat, 21% kcal from carbohydrates, 19% kcal from proteins,
Laboratori Piccioni) (HFD groups) for eight (n = 10) or two (1 = 10) weeks (Figure S1B).
Animal body weight, food, water, and caloric intake were recorded weekly. At the end of
the diet regiments, mice were euthanized, and livers were collected and preserved in an
optimal cutting temperature (OCT) compound or snap frozen at —80 °C for morphological
and bio-molecular analyses.

2.1.2. Oral Glucose Tolerance Test

The oral glucose tolerance test (OGTT) was performed before the beginning of the
experiment and after 2 and 8 weeks of diet supplementation. Glucose (2 g/kg) was
administered by oral gavage after a fasting period of 18 h. The concentrations of serum
glucose were measured with a conventional glucometer (GlucoMen LX kit, Menarini
Diagnostics, Bagno a Ripoli, Florence, Italy) before glucose administration and after 15, 30,
60, and 120 min.

2.1.3. Oil Red O Tissue Staining and Analysis

OCT (optimal cutting temperature)-embedded livers were cryo-sectioned at —26 °C
(thickness of 8 um) using Superfrost Slide (Epredia, Breda, Netherlands) and rinsed in PBS.
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Oil Red O solution (0.5% in isopropanol, Sigma-Aldrich, Darmstadt, Germany) was used to
determine lipid droplets in the liver to a final 3:2 concentration in deionized water. Sections
were stained for 15 min and then rinsed in water. Slides were scanned by ZEISS Axioscan
7 (Carl Zeiss Microscopy, Jena, Germany) (setting: REF_BF H&E Slide 40x program).
Quantitative analyses were executed using Qu-Path 0.5.0. and Image]J software 1.8.0_345.
At least 50 areas per sample were analyzed. The setting used for analysis was: HUE 0-255;
saturation 145-255; brightness 145-255. The stained area was calculated as a percentage of
the total liver area analyzed.

2.2. Reagents and Antibodies

The polyclonal antibodies specific to EZH2 (at a 1:1000 dilution), histone H3 trimethyl-
lysine 27 (H3K27me3, 1:1000), histone H3 (1:2000), and the monoclonal antibody specific to
KDMB6B (1:1000) were purchased from Active Motif (La Hulpe, Belgium). Anti-rabbit IgG
and anti-mouse IgG peroxidase-conjugated antibodies and reagents, including palmitic
acid, were from Sigma-Aldrich (St. Louis, MO, USA). The nitrocellulose membrane and ECL
were bought from Bio-Rad (Hercules, CA, USA). The EZH?2-selective inhibitor, EPZ-6438,
was from Selleckchem (Houston, TX, USA).

2.3. Cell Cultures

HUH-7 cells, derived from human hepatocellular carcinoma (provided by CLS, Cell
Lines Service GmbH, Wageningen, Netherlands), were maintained in DMEM (Sigma-
Aldrich, Cat. No. D5671) supplemented with 10% fetal bovine serum (Gibco, ThermoFisher,
Waltham, Massachusetts, USA) Cat. No. 10270), 2 mM L-glutamine (Sigma-Aldrich), and
1% penicillin/streptomycin solution (Sigma-Aldrich)). When 80% confluence was reached,
cells were plated for experiments. At 24 h after plating, cells were treated with palmitic acid
(PA, 100 uM, PA group), PA, and the specific EZH2 inhibitor EPZ-6438 (3.3 uM) (PA + EPZ
group). EPZ-6438 concentration was chosen according to previous tests. PA time and
concentration were chosen based on relevant scientific literature using models and cells
similar to our procedure [11-13]. Considering that albumin concentration is essential
to determine the concentration of available free fatty acid (FFA), the PA was complexed
with bovine serum albumin (BSA; Sigma-Aldrich Cat. No. A9647) at a 4:1 molar ratio
considering the albumin concentration already present in the medium due to the FBS
supplementation. To warrant the same basal condition, BSA was added in all experimental
groups, including the control group (VH).

At 24 h after treatment, cells were lysed for histones extraction as described below, or
were fixed in PFA 4% for Oil Red O staining.

2.4. Cell and Tissues Fractionation and Immunoblotting

Cell fractionation was carried out starting with 3 x 10 HUH-7 cells. Briefly, cell pellets
were resuspended in buffer A (10 mM Tris, 10 mM KCl, 1.5 mM MgCl,, 300 mM sucrose,
and protease inhibitors) and kept on ice for 10 min. For tissue fractionation, 50 mg of
liver tissue from each mouse was homogenized in the same buffer A. After centrifugation
at 2000x g for 10 min, the supernatant contained membranes and the cytosolic fraction
(that was subsequently centrifuged at 10,000 x g for 60 min). Pellets obtained from the first
centrifugation were resuspended in buffer B (50 mM Tris 400 mM NaCl, 1 mM EDTA, and
1% NP40) and incubated on ice for 10 min before centrifugation at 5000 g for 5 min. The
resulting pellet was again resuspended in buffer B plus protease inhibitors by vortexing,
incubated on ice, and centrifuged at 5000 x g for 5 min. The resulting nuclei were pelleted, and
protein extraction was carried out by sonication (2 cycles, 1 s). Lysates were then centrifuged
at the highest speed for 15 min at 4 °C, and the supernatant was collected (nuclear fraction).
Cytosolic and nuclear extracts were then used for immunoblotting. Protein concentration was
determined, and proteins were separated by SDS-PAGE under reducing conditions. Following
SDS-PAGE, proteins were transferred to nitrocellulose, reacted with specific antibodies, and
then detected with peroxidase-conjugated secondary antibodies and a chemiluminescent ECL
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reagent. Digital images were taken with the Bio-Rad ChemiDoc™ Touch (Hercules, California,
USA) and quantified using Bio-Rad Image Lab 5.2.1.

2.5. Oil Red O Cell Staining and Analysis

HUHS-7 liver immortalized cells were washed with PBS, stained with a 3:2 Oil Red O
solution (0.5% in isopropanol diluted in deionized water; Sigma-Aldrich) for 15 min, and
then rinsed.

Slides were scanned with ZEISS Axioscan 7 setting REF_BF H&E Slide 40x program.
Quantitative analyses were executed via Qu-Path and Image] software. The settings used
for analysis were HUE 0-255, saturation 0-255, and brightness 0-185. The stained area was
calculated as a percentage of the total area analyzed.

2.6. Statistical Analyses

All statistical analyses and data visualizations were performed in GraphPad Prism
8.0.2. For statistical analysis of body weight and OGTT, two-way ANOVA with the Sidak
post-hoc test was used. The other results were analyzed with Student’s t-test or one-
way ANOVA with Tukey’s post-hoc test depending on group number. For all analyses,
significance was defined as p < 0.05.

3. Results
3.1. An HFD Affects Mice Body Weight and Glucose Homeostasis after 8 Weeks but Not after 2 Weeks

Mice exposed to the hypercaloric diet showed a significant increase in body weight
(Figure 1A) starting from the fifth week of diet administration compared to control mice,
resulting a full-blown weight gain at 8 weeks (8 W).
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Figure 1. An HFD for 8 W but not 2 W affects mice body weight and glucose homeostasis. (A). Mice
body weight, glycemia, oral glucose tolerance test, and relative area under the curve (AUC) of mice
fed for 8 weeks (8 W) with a control diet or HFD (B-D). Glycemia, oral glucose tolerance test, and
relative area under the curve (AUC) of mice fed for 2 weeks (2 W) with a control diet or a HFD (E-G).

** = p < 0.01 vs. control, *** = p < 0.001 vs. control, **** = p < 0.0001 vs. control. Data are presented as
mean + SEM, n = 8-14 per group.
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Weight gain progression correlated with fasting glycemia and OGTT, indicating an
impairment in glycemic homeostasis at 8 weeks (Figure 1B-D). Notably, mice fed an HFD
for only 2 weeks (2 W) did not exhibit impaired glucose control (Figure 1E-G).

3.2. An HFD Affects Liver Weight and Steatosis after 8 Weeks but Not after 2 Weeks

Livers from mice were collected and weighted, and after 8 weeks of an HFD, mice
exhibited an increase in liver mass compared to the control group (Figure 2A). In contrast,
after just 2 weeks of an HFD, no significant changes in liver mass were observed (Figure 2B).
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Figure 2. An HFD at 8 W but not 2 W affects mice liver steatosis. Liver weight of mice fed a control
diet or an HFD for 8 weeks (A) or 2 weeks (B). * = p < 0.05. Data are presented as mean + SEM,
n = 6-10 per group. Representative images and quantitative analysis of Oil Red O Staining on livers of
mice fed a control diet or an HFD for 8 (C,E) or 2 weeks (D,F). Line represents a length of 20 um (C,D).
* =p <0.05. Data are presented as mean + SEM, n = 3—4 per group.

These results correlated with hepatic steatosis. After 8 weeks of the diet regimen, we
observed a marked accumulation of lipid droplets in the HFD 8 W group compared to the
control 8 W group (Figure 2C,E), as evidenced by the histological analysis, while no effects
were observed in the 2 week HFD-fed animals (Figure 2D,F).

3.3. Long HFD Exposure Induces an Increase in H3K27me3 Levels Mediated by EZH?2

After establishing that 8 weeks of HFD feeding led to increased body and liver weights
(Figures 1A and 2A,B) and impaired glucose homeostasis (Figure 1B-D), we investigated the
impact of 8 weeks of HFD exposure on the H3K27me3 (trimethylation of lysine 27 of histone
3) epigenetic modification. Livers obtained from the 8 W control group and 8 W HFD
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mice were collected, and H3K27me3 levels were analyzed. Histone extraction, followed by
Western Blot analysis, revealed that the H3K27me3 profile differed between the two diet
regimens. In particular, as shown in Figure 3A, we observed a significant increase (p < 0.05)
in the prevalence of H3K27me3, without any change in the expression of H3, in response
to 8 weeks of HFD feeding. We therefore investigated whether an HFD altered liver
levels of H3K27me3 by regulating the expression of EZH2. As reported in Figure 3A, we
demonstrated that HFD feeding increased EZH2 expression in the nuclear fraction, while
cytoplasmic EZH2 fraction (Figure S2A) was unaffected by HFD feeding. Surprisingly, we
did not detect any change in the expression of H3K27me3-associated demethylase KDM6B
(Jumonji domain-containing protein-3) (Figure S2B). These data highlight that an in vivo
model of HFD feeding is characterized by an intra-hepatic increase in nuclear EZH2, which
corresponds to up-regulation of H3K27me3 levels.
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Figure 3. An HFD for 8 W increased H3K27me3 levels and nuclear localization of EZH2. (A) Rep-
resentative Western blotting analysis of nuclear autoradiogram of EZH2 (nucl. EZH2), H3K27me3,
and H3 in four mouse liver samples per each group (control and HFD), normalized to total protein
(Ponceau S staining). Fold change in (B) H3K27me3 levels and (C) nuclear EZH2 (nucl. EZH2).
* = p < 0.05. Data are presented as mean £ SEM, n = 4 per group.

3.4. Short HFD Exposure Induces an Increase in H3K27me3 Mediated by EZH?2

As reported in Figures 1 and 2, we demonstrated that 8 weeks of an HFD caused an
increase in body and liver weight and hepatic steatosis in mice, which correlated with
an increase in the prevalence of H3K27me3 in the liver (Figure 3A). The persistence of
epigenetic alterations has been described as one of the molecular mechanisms that triggers
metabolic memory [14]. Therefore, we extended our investigation to an early time-point,
specifically after 2 weeks of HFD feeding. As expected, we observed no effects of an HFD
for 2 W on body weight, liver mass, or glucose homeostasis (Figure 1). Upon analyzing
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the levels of H3K27me3 and EZH2 expression, we observed a significant increase (p < 0.05)
in H3K27me3 in response to short-term HFD feeding (Figure 4A), with no change in the
expression of H3. We therefore investigated the expression levels of EZH2. As reported
in Figure 4A, 2 weeks of HFD feeding resulted in increased EZH2 levels in the nuclear
fraction, while the cytoplasmic fraction remained unchanged (Figure S2C).
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Figure 4. An HFD for 2 W increases H3K27me3 levels and expression and nuclear localization of
EZH2. (A) Representative Western blot analysis of nuclear level of EZH2 (nucl. EZH2), H3K27me3,
and H3 in four mouse liver samples per control group and five per HFD 2 W group, normalized to
total protein (Ponceau S staining). Fold change in (B) H3K27me3 levels and (C) nuclear EZH2 (nucl.
EZH2). ** = p < 0.01. Data are presented as mean & SEM, n = 4/5 per group.

The reported results indicate that both the upregulation of H3K27me3 and EZH2
occurs in response to HFD exposure, independent of the duration of feeding.

3.5. EPZ-6438, a Selective EZH? Inhibitor, Reduces H3K27me3 Levels and Counteracts Lipid
Accumulation in HUH-7 Cells Treated with Palmitic Acid

To investigate whether pharmacological modulation of H3K27me3 could affect liver
lipid accumulation, we established a well-described in vitro model that mimics lipotoxicity
induced by free fatty acids. We treated the HUH-7 cells, established from male hepatoma
tissue, with palmitic acid (PA) at a concentration of 100 uM for 24 h in the presence or
absence of the EZH2 inhibitor EPZ-6438 at 3.3 uM. We investigated whether PA treat-
ment influenced the levels of H3K27me3 and EZH2 expression in both cytoplasmic and
nuclear fractions.

As reported in Figure 5A, we demonstrated that PA treatment significantly increased
the levels of H3K27me3 and nuclear EZH?2, consistent with our findings in mice subjected
to HFD feeding. The combined treatment of PA and EPZ-6438 significantly counteracted
the induction of H3K27me3 exerted by PA (Figure 5A). Furthermore, we report that PA
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treatment led to significant accumulation of lipid droplets in HUH-7 cells, as assessed by
Oil Red O Staining. Lipid accumulation was partially reversed by the combined treatment
of PA and EPZ-6438, as shown in Figure 5D-E. These data clearly demonstrate that the
expression and activation of EZH2 play a direct role in lipid accumulation.
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Figure 5. EPZ-6438 treatment reduces H3K27me3 levels and counteracts lipid accumulation induced
by palmitic acid in HUH-7 cells. (A) Representative Western blot analysis of nuclear EZH2 (nucl.
EZH2), H3K27me3, and H3 in HUH cells treated for 24 h with 100 uM palmitic acid in combination or
not with EPZ-6438 3.3 uM. Fold change of (B) H3K27me3 levels and (C) nuclear EZH2 (nucl. EZH?2).
Representative images and quantitative analysis of Oil Red O staining on HUH-7 cells treated with
PA with or without EPZ-6438 (D,E). Line represents a length of 50 um (D). * p < 0.05, ** p < 0.01,
*** p < 0.001. Data are presented as mean + SEM, n = 3—4 experiments.
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4. Discussion

Overweight and obesity are significant risk factors for lipid accumulation in the liver.
Excessive hepatic fat accumulation can lead to inflammation, liver cell injury, and the
progression to more severe conditions such as non-alcoholic steatohepatitis (NASH) and,
eventually, cirrhosis [15,16]. Extensive research indicates that the intricate interplay of mul-
tiple factors, including insulin resistance, inflammation, and oxidative stress, contributes
to the pathogenesis of hepatic lipid accumulation in individuals who are overweight or
obese. Of note, the initial detrimental mechanisms leading to fat accumulation in the liver
begin to onset even at early stages of metabolic derangement and even before the onset of
overweight [17]. The factors involved in the early/late onset of liver-associated metabolic
derangement have not yet been fully investigated, but a substantial body of evidence
suggests that epigenetic mechanisms could play a pivotal role.

Among epigenetic players, EZH2, through H3K27me3, is known to exert a crucial
role in the regulation of inflammatory and fibrotic markers in liver parenchyma [9,18].
Data reported by Mann and colleagues revealed that the expression of EZH2 was up
regulated in activated hepatic stellate cells (HSCs) compared with quiescent HSCs [19].
Emerging evidence indicates HSCs exert a pivotal role in hepatic fibrosis [19], a typical
consequence of chronic diet-induced dysmetabolism [20]. EZH2 may drive hepatic fibrosis
via H3K27me3 in order to repress anti-fibrotic gene expression [21]. Among those under
H3K27me3 control, small mother against decapentaplegic 7 (Smad?) and Dickkopf-related
protein 1 (Dkk1) are two anti-fibrotic genes known for their ability to inhibit pro-fibrotic
signaling mediated by TGF-3 [22,23] and Wnt [24,25], respectively. Treatment with an EZH2
inhibitor, indeed, could prevent the trans differentiation of HSCs to highly proliferative and
fibrogenic myofibroblast-like cells (MFBs) [26]. Some authors reported that EZH2 silencing
restored Dkk1 expression, preventing TGF-3-induced proliferation of HSCs and expression
of alpha smooth muscle Actin (x-SMA) [26].

In line with these data, Rosa Martin-Mateos and colleagues demonstrated that EZH2
is strongly involved in TGF-p-mediated HSC activation. Inhibition of EZH2 attenuates
fibrogenic gene transcription in TGF-f3-mediated HSC activation in in vitro and in vivo
liver fibrosis murine models, reducing the expression of fibronectin, x-SMA, and colla-
gen 1ol [27]. Additionally, the EZH2 inhibitor promoted the expression of the activin
membrane-bound inhibitor (BAMBI); IL-10 (interleukin-10); and cell cycle regulators, in-
cluding cyclin-dependent kinase inhibitor 1A (Cdknla) as well as growth arrest and DNA
damage-inducible alpha (Gadd45a) and beta (Gadd45b), leading to TGF-f3/Smads sup-
pression and an anti-inflammatory response [26]. Additionally, another anti-fibrotic gene
repressed by EZH2 is peroxisome proliferator-activated receptor gamma (PPAR-y) [28], a
ligand-activated transcription factor that promotes protective effects against including liver
fibrosis [29].

In this study, we demonstrate an increase in EZH2 expression and nuclear localiza-
tion as well as increased H3K27me3 levels in the livers of overweight mice that were
fed an HFD for 8 weeks. Moreover, we did not observe any changes in the levels of the
H3K27me3-specific demethylase KDM6B. H3K27me3 is known for its long-lasting effects
on transcriptional regulation in conditions of diet-induced metabolic derangement. In
this context, Blin and colleagues demonstrated that chromatin-repressive marks such as
H3K27me3 represent a potential candidate in the understanding of the long-term “develop-
mental programming” effects induced by early exposure to nutritional excess [30]. Thereby,
EZH2-mediated H3K27me3 can be considered among the players involved in the so-called
“metabolic memory”. The hypothesis of metabolic memory suggests that uncontrolled
glycemic/weight control in early stages of metabolic derangement can have a long-lasting
effect on increasing the risk of complication onset later in life [31]. The mechanisms in-
volved in metabolic memory have been so far poorly investigated; epigenetic modifications,
and particularly H3K27me3, could represent a promising area for further investigation in
this context.
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To understand how early H3K27me3 occurs, we continued our experimental protocol
analyzing the livers of mice fed an HFD for only 2 weeks (short HFD group), which cor-
responds to a time that precedes the onset of overweight and the impairment of glucose
homeostasis. Surprisingly, we detected, at this early time-point, a significant upregulation
of the nuclear levels of EZH2 and H3K27me3, similar to what we observed in overweight
mice (HFD for 8 weeks). Here we reveal, for the first time, an early epigenetic alteration
resulting from a short HFD challenge occurring prior to the onset of a full-blown over-
weight/glucose impairment. These findings contribute to consolidating the hypothesis
concerning the involvement of EZH2 /H3K27me3 in metabolic memory. To strengthen this
idea, we plan to perform a new in vivo experimental protocol consisting of a short HFD
priming of 2 weeks (similar to the current study), followed by a recovery phase on a control
diet, and then a new HFD challenge.

To properly correlate the hepatic modulation of EZH2 expression upon short/long HFD
consumption, we established a well-described in vitro model of non-alcoholic fatty liver
disease (NAFLD) using immortalized HUH-7 cells challenged with PA (24 h, 100 uM) [32]
and EPZ-6438 (24 h, 3.3 uM).

Firstly, we demonstrated that the results obtained from the in vitro model after PA
challenge mimicked those obtained in vivo after an HFD. Specifically, we observed an
increase in the expression of EZH2/H3K27me3 in cells that received PA compared to
vehicle-treated cells. As a readout for hepatic metabolic condition, we measured liver
weight in vivo, while we evaluated the accumulation of intracellular lipid droplets in vitro.
As predicted, PA treatment induced an increase in fat droplets.

EPZ-6438 treatment reduced H3K27me3 levels and nuclear expression/localization
of EZH2 induced by PA. More interestingly, it significantly counteracted PA-dependent
lipid accumulation.

These results clearly demonstrate that EZH2 serves as a direct regulator of fat accu-
mulation. Very recently, EZH?2 has been proposed as a potential therapeutic target for
advanced NAFLD [9]. Our results reveal that EZH2 deregulation is an early indicator of
metabolic derangement. For this reason, we believe that EZH2-targeted therapy could
represent an attractive early approach to mitigate the late risk of liver injury. Currently,
EPZ-6438 (tazemetostat) is a first-in-class U.S. FDA-approved EZH2 inhibitor for follicular
lymphoma and epithelioid sarcoma [33-35].

Even in the context of drug repurposing, it will be strategic to perform an in vivo
pharmacological study with EPZ-6438 in the setting of both short and long HFD feeding.
Finally, our next goal to overcome the limitation of this study will be to investigate the
gene sets regulated by H3K27me3 through RNA sequencing followed by CHIP (chro-
matin immune precipitation) analysis with the aim of identifying more specific druggable
molecular pathways.

5. Conclusions

In conclusion, we identify EZH2-mediated H3K27me3 as an early epigenetic change
occurring in livers challenged by fatty acids, both in vivo and in vitro. Our finding supports
the hypothesis that EZH2 represents a potential pharmacological target for addressing
metabolic disorders.
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//www.mdpi.com/article/10.3390/nu16193260/s1, Figure S1: Schematic representation of in vivo
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An HFD for 8 W did not change KDM6B expression.
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Abstract: Berberine (BER) is an alkaloid found, together with other protoberberinoids (PROTBERs), in
several species used in medicines and food supplements. While some herbal preparations containing
BER and PROTBERs, such as Berberis aristata DC. bark extracts, have shown promising potential
for human health, their safety has not been fully assessed. Recently, the EFSA issued a call for
data to deepen the pharmacokinetic and pharmacodynamic understanding of products containing
BER and PROTBERs and to comprehensively assess their safety, especially when used in food
supplements. In this context, new data were collected in this work by assessing: (i) the phytochemical
profile of 16 different commercial B. aristata dry extracts, which are among the most widely used
preparations containing BER and PROTBERs in Europe; (ii) the In Vitro and In Silico investigation
of the pharmacokinetic properties of BER and PROTBERs; (iii) the In Vitro cytotoxicity of selected
extracts in different human cell lines, including tests on hepatic cells in the presence of CYP450
substrates; (iv) the effects of the extracts on cancer cell migration; and (v) the In Vitro molecular
effects of extracts in non-cancer human cells. Results showed that commercial B. aristata extracts
contain BER as the main constituent, with jatrorrhizine as main secondary PROTBER. BER and
jatrorrhizine were found to have a good bioaccessibility rate, but they interact with P-gp. B. aristata
extracts showed limited cytotoxicity and minimal interaction with CYP450 substrates. Furthermore,
tested extracts demonstrated inhibition of cancer cell migration and were devoid of any pro-tumoral
effects in normal cells. Overall, our work provides a valuable overview to better elucidate important
concerns regarding botanicals containing BER and PROTBERs.

Keywords: berberine; safety; bioaccessibility; cell viability; gene expression

1. Introduction

Berberine (BER) is an isoquinoline alkaloid belonging to the category of protoberber-
ines, including berberrubine, thalifendine, demethyleneberberine, coptisine, jatrorrhizine,
columbamine, palmatine, and epiberberine. These compounds share a common molecular
moiety, characterized by an aromatic quaternary ammonium nitrogen, a bright yellow
color, and water solubility [1] (Figure 1).
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Figure 1. Berberine chemical structure in 2D and 3D (PubChem CID: 2353) (https:/ /pubchem.ncbi.
nlm.nih.gov/compound/Berberine, accessed on 22 August 2024).

BER is a characteristic compound with biological activity found in several plant
species with a well-established use in traditional Asian medicine, such as those in Berberis,
Coptis, Phellodendron, Corydalis, and Xanthorhiza genera or in Tinospora sinensis (Lour.) Merr.
and Coscininium fenestratum (Goetgh.) Colebr., but it also occurs in medicinal species
known in American and European Western medicine, such as Hydrastis canadensis L.,
Chelidonium majus L., or Papaver spp., as well as in Siberia (Thalictrum flavum L.) and in
Africa (Jateorhiza palmata (Lam.) Miers and Annickia chlorantha (Oliv.) Setten & Maas) [2].
In herbal preparations obtained from these species, other compounds may contribute to
the biological activity of BER, in particular the alkaloids chemically related to BER, such as
protoberberinoid derivatives (PROTBERs) [3].

To date, in the European Union (EU), an official monograph on the medicinal use of
these species has not been produced by the European Medicines Agency (EMA), while a
Berberis aristata DC. stem monograph was added to the European Pharmacopoeia in 2022,
being the most commonly used BER-containing species used in food supplements [4,5].

BER and BER-containing herbal preparations from B. aristata have displayed a plethora
of biological effects, as witnessed by numerous clinical trials. A high-quality meta-analysis [3]
reports that most clinical trials concern cardiovascular system disorders (atherosclerosis and
lipid profile) [5-8], inflammation [9,10], glycemia [11-14], gastrointestinal health [15,16],
and cancer [17-19]. Evidence indicates that BER shows beneficial properties in conditions
of dysregulation or alteration of physiological processes, displaying various activities
such as lipid and glycemic regulation, anti-inflammatory, antioxidant and antiproliferative
activities, and gut microbiota modulation [20]. The biological activity of BER has been
associated with multiple molecular mechanisms involving different cell signaling path-
ways; PKA, p38 MAPK, Wnt/ 3-catenin, AMPK, RANK/RANKL/OPG, PI3K/Akt, NFAT,
NF-kB, Hedgehog, low-density lipoprotein (LDL) receptor expression, reactive oxygen
species (ROS), and nitric oxide (NO) production have been described as molecular targets
of BER in different conditions regarding sugars and lipids metabolism, cardiovascular,
gastrointestinal, musculoskeletal, and the central nervous systems, as well as cancer and
inflammation [21-26].

Potential adverse events could be linked to the biological activity of BER and PROT-
BERSs; therefore, the safety of BER, PROTBERSs, and BER-containing herbal preparations
has been carefully considered.

In terms of pharmacokinetics, BER and PROTBERs show different bioavailability: BER
is a substrate for P-glycoprotein (P-gp) and less than 1% of an oral dose was found to be
bioavailable [27]; also, jatrorrhizine is a P-gp substrate and it showed a poor bioavailabil-
ity [28,29]. Other PROTBERs have a higher bioavailability, as demonstrated by in vivo
studies for epiberberine [30], palmatine [31], berberubbine [32], coptisine, and colum-
bamine [33]. Despite the lack of proper knowledge on cellular bioavailability, it is well
known that after intestinal absorption, BER and PROTBERs are rapidly metabolized by
hepatic CYP450 enzymes. Many studies have primarily described BER metabolism, report-
ing that the CYP450 1A2, 3A4, 2D6, and 2C9 isoforms are mainly involved [34], while few
have studied other PROTBERs and their interaction with different CYP450 isoforms, with
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the exception of jatrorrhizine, metabolized by CYP1A2 [35], and palmatine by CYP2D6 [36].
It is plausible that CYP1A2, CYP3A4, and CYP2D6 have a key role in the metabolism of
many PROTBERs; thus, drug-herbal product interactions should be considered when BER,
PROTBERs, and BER-containing herbal preparations are used.

Given the complexity of the topic and the well-established and growing consumption
of BER-containing herbal preparations, especially in food supplements, in 2023 the Euro-
pean Food Safety Authority (EFSA) opened a “call for data” to obtain relevant updates on
the safety assessment of BER-containing herbal preparations used in food supplements [37].

Within this context, this study aims to provide new experimental-based evidence to
fill some pivotal gaps concerning the chemical and pharmacokinetic aspects, and biological
safety of berberine. To accomplish our aim, this research was structured into seven steps:

(1) the phytochemical characterization of sixteen different commercial raw BER-containing
ingredients, used in food supplement formulation, through the development of an
efficient HPLC-DAD method to quantify BER and PROTBERs;

(2) In Vitro evaluation of digestive stability and bioaccessibility, and In Silico investigation
of pharmacokinetic properties of BER and PROTBERs;

(3) prediction of potential BER-related targets by bioinformatic analysis;

(4) assessment of cytotoxicity in In Vitro human intestinal (Caco-2), hepatic (HepG2),
gastric (AGS), and kidney (HEK293) cell lines, and of BER’s impact on hepatic cell
viability in the presence of CYP450 substrates;

(5) evaluation of BER'’s effects on cell migration ability of colorectal carcinoma cells
(Caco-2);

(6) investigation of potential oxidative stress of BER in non-tumoral kidney cells (HEK293)
by the dosage of ROS;

(7) evaluation of the transcriptional effects of BER on the main target genes involved
in the regulation of cell cycle, cell growth, and neoplastic transformation, as well as
on oncogenes.

2. Materials and Methods
2.1. Plant Material

Sixteen different extracts used as raw ingredients in Italy for food supplement prepara-
tions were selected from the international business-to-business market. According to their
declared content, they were divided into two groups: eight B. aristata bark extracts with a
declared content of 97% BER w/w dry basis (db) as BER hydrochloride, and the remnant
with a declared content of 85% BER w/w db. Samples were kindly supplied by EHPM
(Brussels, Belgium), Viatris (Monza-Brianza, Italy), Giellepi (Seregno, Monza-Brianza, Italy),
and Vivatis (Gallarate, Varese, Italy).

2.2. Phytochemical Analysis

The quantification of BER and PROTBERs in the examined extracts was determined
by analytical techniques and measured by calculating values as BER hydrochloride on
the dry basis (db) of the extract (% w/w db). All samples were dissolved in ultra-pure
water (1 mg/mL) and analyzed by using an HPLC-DAD Shimadzu Prominence LC 2030
3D instrument. A Bondpak® C18 column, 10 pm, 125 A, 3.9 mm x 300 mm (Waters
Corporation, Milford, MA, USA), was used as the stationary phase. The mobile phase was
composed of water with 0.1% v/v formic acid (A) and acetonitrile with 0.1% v/v formic
acid (B). The following method was used: B from 45% at 0 min and a linear increase to
55% at 9 min, then 45% at 10 min, holding the same percentage until the end, 11 min. Flow
rate was set at 0.900 mL/min; column temperature was 30 °C. The chromatogram was
recorded at 346 nm. BER hydrochloride (Merck KGaA, Darmstadt, Germany) (10-0.01 ug
in column) was used to build the calibration curve. In herbal preparations, BER was
identified and quantified by using the specific external standard, whereas other PROTBERs
were identified according to the literature and their UV-vis spectra [31]; PROTBERs were
quantified and expressed as BER hydrochloride.
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Given the homogeneous phytochemical profile of the extracts, subsequent bioactivities
were determined using two different B. aristata bark extracts with a declared content of 97%
BER w/w, and two B. aristata bark extracts with a BER content of 85% w/w, namely, A85,
D85, A97, and G97 (Table 3 in Section 3.1).

2.3. In Vitro Bioaccessibility Assessment

The test was conducted according to Governa et al., 2022 [38] and the validated
INFOGEST protocol [39], with some modifications. In detail, 20 mg of each extract were
added to 20 mL of simulated gastric juice, containing pepsin from porcine gastric mucosa
(300 UI/mL, Merck) and NaCl (10 mg/mL); the pH of the solution was adjusted to 1.7
using HCIL. Samples were incubated for 2 h at 37 °C with shaking. Then, pancreatin
from porcine pancreas (activity equivalent to 4x U.S.P, 10 mg/mL, Merck) and a bile
salt mixture (20 mg/mL, Merck) were added, and the pH was increased to 7.0 by adding
NaHCO; (15 mg/mL, Merck) to simulate the intestinal environment. Intestinal digestion
was carried out for 2 h at 37 °C with shaking. Samples were then filtered and immediately
used for further analysis, performed according to the HPLC-DAD method described above.
The bioaccessibility rate of each compound was calculated as the % of its recovery after
digestion, compared to the initial amount. Two independent experiments were performed.

2.4. In Silico Pharmacokinetic Analysis and Target Prediction

Computational analysis of pharmacokinetic characteristics of BER and PROTBERs
present in the most common food supplements marketed in the EU was performed using
the SwissADME®© web tool, a free platform created and developed by the Molecular
Modeling Group of the SIB, Swiss Institute of Bioinformatics. According to their chemical-
physical characteristics, compound similarities, and provided data, the trained algorithm
estimates compounds for ADME (absorption, distribution, metabolism, and excretion)
properties, physical chemistry, drug likeness, pharmacokinetics, and medicinal chemistry
properties [40]. Target prediction was performed by using GeneCards® suite, a web tool
developed to obtain results with functionality and relevance scoring, allowing for the
combination of query terms and providing relevant literature, which the match is based
on [41]. In this work, SwissTargetPrediction, another web tool of the SIB, was used, as well
as SEA (Similarity Ensemble Approach). SEA predicts the biological targets of a compound
based on its resemblance to ligands annotated in reference databases and relates proteins
by their pharmacology by aggregating chemical similarity among entire sets of ligands;
SEA also scores Tanimoto similarity calculations based on compound annotations derived
from ChEMBL [42].

2.5. In Vitro Cell Culture and Treatment

Human colorectal (Caco-2), hepatic (HepG2), gastric (AGS), and kidney (HEK293)
cell lines were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 1%
glutamine, and 1% penicillin/streptomycin antibiotics. Media and material for cell cultures
was supplied by Merck. Cells were maintained under a humidified atmosphere of 5%
COy at 37 °C. Cells were treated with two representative samples based on the results
obtained from chemical analysis: one B. aristata bark extract with 97% BER (as berberine
hydrochloride) w/w, composed of two pooled extracts containing BER 97% (B97%) and
one B. aristata bark extracts with 85% BER content w/w, composed of two pooled extracts
containing BER 85% (B85%). The control group received phosphate-buffered saline (PBS).
The treatments were carried out at various time points, as indicated in each section, for
further analysis.

2.6. Cytotoxicity Assay

Caco-2, HepG2, HEK293, and AGS cells were seeded in 96-well plates and cultured
for 24 h. Cells were treated with B97% and B85% extracts at 10, 20, 50, 100, and 200 ug/mL
for 4 and 24 h. After the treatment, the medium was removed, and cells were incubated
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with fresh medium in the presence of 10% v/v CCK-8 (Cell Counting Kit, Merck) [43,44].
The assay is based on the reduction of a water-soluble tetrazolium salt WST-8 operated
by cell dehydrogenases that lead to formazan production, soluble and orange-colored;
the absorbance of the formazan dye is measured at 450 nm with a microplate reader
VICTOR® Nivo™3s (Perkin-Elmer, Waltham, MA, USA). Cell viability in treated groups
was compared to untreated cells (control). Two independent tests were performed (1 = 8).

2.7. Cytotoxicity Assay in Presence of CYP450 Substrates

Hepatic HepG2 cells were seeded in 96-well plates and cultured for 24 h. Firstly,
cell viability was tested for the CYP450 substrates, specifically phenacetin (CYP1A2),
dextromethorphan (CYP2D6), and triazolam (CYP3A4) at the concentrations of 0.1, 1,
10, and 50 pg/mL for 24 h (all drugs were purchased from Merck). After evaluating
non-cytotoxic concentrations, HepG2 cells were seeded in 96-well plates and cultured,
then treated with B97% and B85% at 50 or 100 pug/mL in the presence of phenacetin,
dextromethorphan, or triazolam at 20 ug/mL for 24 h. Cell viability was assessed by means
of the CCK-8 kit as described above.

2.8. Dosage of Intracellular Reactive Oxygen Species (ROS) Level

ROS production was quantified using 2’,7’-dichlorodihydrofluorescein diacetate (H2-
DCEF-DA, Thermo Fischer Scientific, Waltham, MA, USA) [45]. HEK293 cells were seeded in
96-well plates and cultured for 24 h. Cells were treated with B97% and B85% extracts at 10,
20, and 50 pg/mL for 24 h. H,O,, 0.5 mM, was used as a positive control of ROS production.
After the treatment, the medium was removed, and cells were washed twice with PBS, then
incubated with a 50 uM H2DCF-DA solution for 45 min at 37 °C. In the presence of ROS, the
reagent H2DCF-DA was converted in a fluorescent adduct, dichlorofluorescein (DCF). DCF
fluorescence intensity was measured at an excitation of 485 nm and emission of 535 nm,
using a Multilabel Plate Reader VICTOR® Nivo™3s (Perkin-Elmer). Two independent
experiments with four replicates (n = 8) were performed.

2.9. Migration Assay

Caco-2 cells (5 x 10°) were seeded into 6-well cell culture plates and allowed to grow
to 70-80% confluence as a monolayer [43,46,47]. The monolayer was gently scratched
across the center of the well with a sterile 1 mL pipette tip. A second scratch was performed
perpendicular to the first, creating a cross in each well. After scratching, the medium was
removed, and the wells were washed twice in PBS solution. Fresh medium containing 5%
v/v of heat-inactivated FBS and B97% or B85% at 10 or 100 pg/mL, respectively, were added
to each well. Images were obtained from the same fields immediately after scratching (t)
and after 6, 24, 30, and 48 h using a Leica DMIL microscope, and analyzed using Image]
software version v1.54j by manually selecting the wound region and recording the total
area. The experiments were conducted in triplicate, and two fields were analyzed for
each replicate (n = 4). Untreated scratched cells represented the control. The percentage
of scratching gap was calculated using the following formula: [Wound area t)/ Wound
area tg] x 100.

2.10. Total RNA Extraction, Reverse Transcription, and Real-Time PCR

HEK293 cells were seeded in 6-well plates at the density of 2 x 10° cells/well and
cultured for 24 h. Cells were stimulated with B97% and B85% at 10 and 20 ug/mL for 24 h.
RNA extraction and DN Ase treatment were performed as previously described [31,48] by
using Ripospin II mini-Kit (#314-150, GeneAll, Seoul, Republic of Korea), according to the
manufacturer’s protocol. For cDNA synthesis, one microgram of RNA was retrotranscribed
with PrimeScript RT Reagent Kit (#RR037A, Takara Bio, Shiga, Japan) and RT-qPCR was
performed by CEX Connect Real-Time PCR machine (Bio-Rad Laboratories, Hercules, CA,
USA), using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories) and
specific forward and reverse primers at a final concentration of 300 nM (Table 1). Cycle
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threshold (Cq) value was determined by the CFX maestro software version 2.3 (Bio-Rad
Laboratories), and mRNA expression was calculated by the AACt method and normalized
to the mean of rps18-rpl13a genes as an endogenous control. For gene expression analysis,
endogenous control mRNA levels were not affected among treatments (p > 0.05, one-way
analysis of variance: ANOVA).

Table 1. Transcript and sequence of each primer used in real-time PCR.

Gene NCBI GenBank Sequence
fw: GTGCGTCTGAAGCCTACAAG

Rplp13a NM_012423.4 rv: CGTTCTTCTCGGCCTGTTTC
Rps13 NM_0225513 v AACACCACATGAGCATATC
Tps3 NM_000546.6 e CCTGOTTAGTACGGTGAAGTG
eMyo NM_001354870.1 o CCTTCGACAGTTTACGACTARA
-Mye NM_005578.6 o ACCTCTCATTACCC AGGATGTA
Met NM_001127500.3 o CTCCTCTGCACCAAGGTAAAC
e wimms b SSeMCMCGGOCICHT
Syl NM_005985.4 r GAGACTGAAGTAGAGGAGAAGTA
Snai NM_003068.5 o GAGGATCTCTGGTIGTGGTATG
Hras NM_005343.4 ot CTCGCATITCCOATTICAAG.
Caka NM_00075.4 ot CTCAGTGTCCAGAAGGGAAATG
Bux NM_004324 o GGCAGAAGGCACTAATCAAGTC
Bel2 M. 000657 fw: GACTGAGTACCTGAACCGGC

rv: CTCAGCCCAGACTCACATCA

2.11. Statistical Analysis

Data were presented as mean =+ standard deviation (SD). Statistical analyses were
performed using the unpaired Student ¢-test or one-way analysis of variance (ANOVA)
(with p < 0.05 significance level) as appropriate, followed by Dunnet post-hoc tests for
multiple comparison. Analyses and graphs were conducted and composed by using
GraphPad Prism 10.1 (San Diego, CA, USA).

3. Results
3.1. Chemical Analyses of Extracts Containing Berberine and Protoberberinoids

Chemical analysis of sixteen different marketed herbal preparations containing BER
and PROTBERs were performed, specifically extracts from B. aristata, namely B. aristata
bark extracts with a declared content of BER of 97% w/w db, and B. aristata bark extracts
with a declared content of BER of 85% w/w db. A new method developed on purpose
was used, providing a robust and reliable performance for the extracts under investigation
containing BER and PROTBERs (Table 2).
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Table 2. Parameters of HPLC-DAD method employed.

Parameter Value
R? 0.99
Equation y =4317.80 — 98.57
Linearity range 0.04-7.5 pug in column
Recovery of spiked standard >90% and <105%
Limit of quantification 0.03 pg in column
Intra- and inter-day variation <3%

The method allowed us to perfectly identify and quantify BER (as BER hydrochloride)
in all samples analyzed at the retention time (RT) of 5.7 min (Table 3).

Table 3. Quantification of berberine in 16 different marketed herbal preparations containing berberine
and protoberberinoids by means of HPLC-DAD. Quantification was made on dry basis (db) of the
extracts, and values are expressed as berberine hydrochloride. Values are expressed as % w/w
of a triplicate analysis performed on eight B. aristata extracts with a declared content of 97% of
berberine hydrochloride db and on eight extracts of B. aristata with a declared content of 85% of
berberine hydrochloride.

Sample Berberine Sample Berberine
% wlw db % wlw db
A85 86.26 A97 97.41
B85 86.74 B97 91.94
C85 91.93 c97 96.50
D85 88.87 D97 97.16
E85 89.63 E97 97.49
F85 90.66 F97 97.21
G85 80.07 G97 97.29
J85 87.88 J97 97.80
mean + SD 87.76 + 3.64 mean 4 SD 96.60 4= 1.91

We also identified jatrorrhizine in all the samples (RT = 5.0 min), as well as palma-
tine (RT = 5.3 min), in agreement with previously published works [49] and with the
characteristic UV-vis spectra. A partial overlapping of palmatine with another minor
PROTBERSs was noted, and thanks to the collaboration of external labs and by using a mass
spectrometer, we identified this PROTBER as berberrubine. In many samples, we found
other secondary PROTBERs through their maximum absorbance at 344-347 nm, but the
sum of these compounds expressed as BER hydrochloride was confirmed to be under the
limit of quantification (LOQ) (Figure 2).

Summarizing, in all samples, we found BER as a major compound, followed by
jatrorrhizine, always present, and palmatine at low concentrations, often accompanied by
berberrubine (Table 4). The overall qualitative and quantitative data proved the extracts
were true to the label for both the 97% and 85% groups, with a maximum discordance of
+8.2% for C85 and —5.8% for G85. The higher variability in BER content in samples labeled
with BER 85% compared to those labeled with BER 97% was noted; the reason for this
are not known to date, but we could generally attribute it to differences in the method of
extract preparation.
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Figure 2. HPLC chromatogram of a representative Berberis aristata DC. bark extract recorded at
346 nm. The main peak (retention time 5.7 min) is related to berberine (BER); at 5.0 min, there is

jatrorrhizine (JTR). Among these two molecules, at 5.3 min, two partially overlapped peaks are
present, attributed to berberrubine (BBR) and palmatine (PLM).

Table 4. Quantification of protoberberinoids in B. aristata bark extracts. Samples are labeled according
to the declared content of berberine expressed as berberine hydrochloride. Quantification was made
on dry basis (db) of the extracts and all compounds are expressed as berberine hydrochloride. Values
are expressed as % w/w of a triplicate analysis performed on eight B. aristata extracts with a declared
content of 97% of berberine hydrochloride db and on eight extracts of B. aristata with a declared
content of 85% of berberine hydrochloride. The quantification of palmatine and berberrubine was

performed by repeating chromatographic runs of high amounts of injected samples in order to reach
the limit of quantification.

Samples Jatrorrhizine Berberrubine + Palmatine
% wlw db % wlw db
A85 2.39 0.25
B85 1.88 0.24
C85 2.10 0.23
D85 3.07 0.26
E85 2.54 0.28
F85 2.85 0.24
G85 2.59 0.20
]85 3.12 0.25
mean + SD 2.57 +£0.44 0.24 +0.02
A97 2.25 0.24
B97 1.49 0.08
C97 298 0.11
D97 2.57 0.23
E97 2.04 0.13
F97 2.04 0.14
G97 2.05 0.28
J97 1.71 0.13
mean + SD 2.14 £ 046 0.17 £ 0.07

Contrarily to what emerged for other botanicals, the quality of B. aristata extracts
available in the raw ingredients marketplace is reliable [50]. This evidence, however, is
seemingly in contrast with recent investigations in which only 56% of 18 Berberis-derived
food supplements were true-to-the-label [27]. It must be specified in this regard that our

samples were crude extracts available in the business-to-business ingredients market rather
than retail, formulated food supplements.
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Given the homogeneous phytochemical profile, for subsequent tests, two B. aristata
extracts with a declared content of 97% of berberine hydrochloride db and two extracts of
B. aristata with a declared content of 85% of berberine hydrochloride were chosen randomly
(A85, D85, A97, G97) and pooled to obtain the samples B85 and B97, whose chemical
composition is reported in Table 5.

Table 5. Chemical composition of pooled A85 and D85 (mixed 1:1, B85) and pooled A97 and G97 (1:1,
B97) expressed as mean of composition of single extracts.

Samples Berberine Jatrorrhizine Berberrubine + Palmatine
P % wlw db % wlw db % wiw db
B. aristata 85% (B85) 87.57 +1.85 2.83 +0.48 0.26 £+ 0.01
B. aristata 97% (B97) 97.35 + 0.08 2.15+0.14 0.26 4+ 0.02

3.2. In Vitro Bioaccessibility Assessment of Berberine and Protoberberinoids

The assessment of simulated digestion on the different B. aristata extracts examined
allowed us to recover BER and jatrorrhizine in all samples (Table 6). The post-digestive
presence of bile salts and enzymes partly hid the minority part of berberrubine and palma-
tine in some replicates; thus, we decided not to report these PROTBERs in the assessment
of bioaccessibility. We could verify that isoquinolinic alkaloids underwent minimal degra-
dation; indeed, the post-digestive bioaccessibility rate was >95% for BER and 84-88% for
jatrorrhizine, with low differences in different samples (Table 6). BER was adequately
soluble in hydrophilic gastrointestinal digestive fluids, and it was not affected by the
activity of digestive enzymes. Figure 3A,B shows the stability obtained from the analysis
of a representative extract before and after simulated digestion.
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e —
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min

Figure 3. Representative HPLC chromatogram of Berberis aristata DC. bark extract containing 85% of
berberine hydrochloride dry basis before (A) and after (B) simulated digestion, recorded at 346 nm.
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Table 6. Bioaccessibility rate of berberine and jatrorrhizine investigated in two extracts of Berberis
aristata DC. bark containing 97% or 85% of berberine hydrochloride dry basis, respectively. Berberine
showed high stability in response to pH change and digestive enzyme activity; jatrorrhizine was also
recovered in high percentage.

Bioaccessibility Rate %

Samples Berberine Jatrorrhizine
B. aristata 97% >95 83.57 +3.33
B. aristata 85% >95 87.81 £ 3.69

3.3. In Silico Pharmacokinetic Analysis and Target Prediction of Berberine and
Protoberberine Derivatives

After testing the bioaccessibility of BER and PROTBERs, we intended to study other
pharmacokinetic features of BER, jatrorrhizine, berberrubine, and palmatine that are stable
and present at detectable levels in the most used herbal preparations containing BER
and PROTBERSs.

By means of SwissADME® tools, we verified that BER (both in neutral and in hy-
drochloride forms) has good potential to be absorbed by intestinal epithelium, but being
a P-gp substrate explains data referring to its poor bioavailability [30,51]. Moreover, the
computational prediction confirmed that BER is a substrate for the following CYP450
isoforms: 1A2, 3A4, and 2D6 (Figure 4).

Berberine ®
[ KXo % Water Solubility
Leo Log S (ESOL) 455
Solubility 9.53e-03 mg/ml ; 2.83e-05 mol/l
FLEX SIZE Class Moderately soluble
’ N':\o Log S (Al) 416
, O B Solubility 2.30e-02 mg/mi ; 6.85¢-05 molf
k — Q u\ Class Moderately soluble
° “ NSATU poar  L0g S (SILICOS-IT) 5.92
Solubility 4.00e-04 mg/ml ; 1.19e-06 mol/l
Class Moderately soluble
sty Pharmacokinetics
SMILES COclc(OC)cee2¢tcfn+]1CCe3e(clc2)ectc(c3)0CO1 Gl absorption High
Physicochemical Properties BBB permeant Yes
Formula C20H18NO4+ P-gp substrate Yes
Molecular weight 336.36 g/mol CYP1A2 inhibitor Yes
Num. heavy atoms 25 CYP2C19 inhibitor No
Num. arom. heavy atoms 16 CYP2CS9 inhibitor No
Fraction Csp3 0.25 CYP2D6 inhibitor Yes
Num. rotatable bonds 2 CYP3A4 inhibitor Yes
Num. H-bond acceptors 4 Log K (skin permeation) -5.78 cm/s
Num. H-bond donors 0 Druglikeness
Molar Refractivity 94.87 Lipinski Yes; 0 violation
TPSA 40.80 A2 Ghose Yes
Lipophilicity Veber Yes
Log Pory, (ILOGP) -0.00 Egan Yes
Log Py, (XLOGP3) 362 Muegge Yes
Log Py, (WLOGP) 3.10 Bioavailability Score 0.55
Log Py, (MLOGP) 219 Medicinal Chemistry
Log Py (SILICOS-IT) 374 PAINS Oalert
Brenk 1 alert: quaternary_nitrogen_1
Consensus Log Py 253 .
Leadlikeness No; 1 violation: XLOGP3>3.5
Synthetic accessibility 3.14

Figure 4. Computational analysis of berberine pharmacokinetic properties by means of SwissADME
tool (http:/ /www.swissadme.ch/, accessed on 20 January 2024).

Jatrorrhizine and berberrubine were shown to share almost all pharmacokinetic char-
acteristics with BER (Supplementary Figure S1A,B). As observed for BER, jatrorrhizine,
berberrubine, and palmatine resulted in a P-gp, CYP2D6, and CYP3A4 substrate, but not
CYP1A2; moreover, palmatine was the least soluble PROTBER among those examined
(Supplementary Figure S1C).

We used the GeneCards tool to collect known targets for BER and the other PROTBERs
investigated here, and we found a total of 371 targets for BER, 6 for jatrorrhizine, 11 for
berberrubine, and 16 for palmatine. Interestingly, the overlapping of targets found for the
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4 compounds produced 373 results, thereby demonstrating that almost all targets known
for BER are shared with other major PROTBERSs of Berberis spp. (Figure 5).

UniProt

2 symbol Description Category © s GIFts® GCid® Score V ©
1 @® LR Low Density Lipoprotein Receptor Protein Coding POT130 55 GC19P095238 9.12
2 @ scn BCL2 Like 1 Protein Coding Q7817 52 GC20M031664 636
3 @ CoNDt Cyclin D1 Protein Coding P24385 57 GC11P069641 683
4 @ LINCO1672 Long Intergenic Non-Protein Coding RNA 1672 RNA Gene 13 GCO1P008900 6.81
5 @ SLC2A4 Solute Carrier Family 2 Member 4 Protein Coding P14672 50 GC17P092348 6.69
6 @ CDK4 Cydlin Dependent Kinase 4 Protein Coding P11802 57 GC12M058990 640
7 @ CAsP8 Caspase 8 Protein Coding Q1479 55 GC02P201233 640
8 @ WEET WEE1 G2 Checkpoint Kinase Protein Coding P30291 52 GC11P009573 581
9 @ coKi Cydlin Dependent Kinase 1 Protein Coding P06493 51 GC10P060772 581
10 @ BDNF-AS BDNF Antisense RNA RNA Gene 2 GC11P027466 555
11 @ CYP2D6 Cytochrome P450 Family 2 Subfamily D Member 6 Protein Coding P10635 50 GC22M042126 529
12 @ CDKé Cyclin Dependent Kinase 6 Protein Coding Q00534 54 GCO7M092604 523
13 @ Dk Cydlin Dependent Kinase 2 Protein Coding P24941 54 GC12P055966 520
14 ® CconBl Cydlin B1 Protein Coding P14635 51 GCO5P069167 520
15 @ BIRCS Baculoviral IAP Repeat Containing 5 Protein Coding 015392 50 GC17P078214 5.16
16 @ NFE2L2 NFE2 Like BZIP Transcription Factor 2 Protein Coding Q16236 54 GCo2M177227 512
7 @® L Lipoprotein Lipase Protein Coding PO6BS8 53 GC08P019901 490
18 @ MIR7-3HG MIR7-3 Host Gene RNA Gene Q8NeC7 27 GC19P094936 475
19 @ TMX2-CTNND1 TMX2-CTNND1 Readthrough (NMD Candidate) RNA Gene 17 GC11P057712 453
20 @ casc2 Cancer Susceptibility 2 RNA Gene Q8lUs3 26 GC10P118053 452

Figure 5. The best score for analysis of target prediction for berberine, as predicted by GeneCards
tool (https:/ /www.genecards.org/, accessed on 23 January 2024). Predicted targets are very hetero-
geneous but mainly refer to the most studied biological activities of berberine.

We observed that the main targets identified by GeneCards were related to low-
density lipoprotein receptor (LDLR) and antiproliferative activity, for which BER activity
is known [52-55]. Other targets were related to CYP450 interaction (CYP2D6) and anti-
neuroinflammatory activity (BDNF, NFE2), as already reported in pre-clinical studies [56]
(Figure 5).

The interaction between BER and jatrorrhizine mainly underlined the activity towards
neuroprotective-related targets (BDNF and acetylcholinesterase, ACHE) and on cell cycle
regulatory factors (Supplementary Figure S2A).

Differently, the analysis of the interaction between BER and berberrubine highlighted
the anti-inflammatory activity of berberrubine [57] (Supplementary Figure S2B).

As regards the combination BER with palmatine, we found that for some newly
emerged targets, such as those related to cell cycle regulation and antiproliferative activity,
corroborative data emerged from an In Vitro study on cancer cells [58-61]; moreover, BDNF
and cholinesterase (BCHE) emerged as neuro-targets, and some important antioxidant
targets such as catalase (CAT) and superoxide dismutase (SOD) were shared by BER
and palmatine, as well as the xenobiotic toxicity modulator aryl-hydrocarbon receptor
(ARH) [62]. CYP1A(1-2) resulted to be modulated by BER and palmatine (Supplementary
Figure 52C).

Swiss and SEA target prediction, set as free search, without organ or signaling restric-
tions, confirmed that BER has a strong probability to interact with CYP2D6, as already
described, but also with CYP1B1 and CYP1A2 (predicted by STP and SEA, respectively)
(Supplementary Figure S3A). Both prediction tools also indicated acetylcholineesterase
and cholinesterases (ACHE, BCHE) as targets, and the interaction with Ras-related C3
botulinum toxin substrate 1 (RAC1), a member of Rho GTPase (Supplementary Figure S3A).
These predictions, only in part already known, may explain why BER is currently consid-
ered in the field of neurodegenerative disorders [63], vascular system [64], and metabolism
regulation [24].

Regarding jatrorrhizine, the tools predicted affinity with medium or low scores, but
ACHE was the most plausible target for this PROTBER. STP and SEA shared the prediction
of RAC1, involved in metabolism, and cell division control protein 42 homolog (CDC42), a
regulator of the cell cycle (Supplementary Figure S3B).

42



Nutrients 2024, 16, 2953

Prediction scores for berberrubine were the worst, being weak only for humans; STP
predicted with a medium or low score some targets already considered for BER, such as
RAC1 and CDC42 (Supplementary Figure S3C).

As observed for BER, palmatine interacted with ACHE, as the data experimentally
confirmed [65]. Other targets such as 5-HTRB2, BCHE, ADRA2, CHRM1, SIGMAR1, and
CYP2D6 were predicted with a medium score by SwissTarget, and RAC1 by SEA with a
low score (Supplementary Figure S3D).

3.4. In Vitro Cytotoxicity Evaluation of Berberis aristata Bark Extracts

To assess the biological safety of BER and PROTBER alkaloids, we investigated the
biological impact of both extracts (B97% and B85%) examined so far. Specifically, we
evaluated the possible cytotoxic effects of BER- and PROTBERs-containing preparations by
performing a cell viability assay on an In Vitro model of different human cell lines: intestinal
(Caco-2), hepatic (HepG2), gastric (AGS), and renal (HEK293). Cells were treated with B97%
and B85% at different concentrations (10, 20, 50, 100, and 200 pg/mL) at two time points,
a short- (4 h) and a long-term (24 h), to simulate the exposure time of different organism
systems (stomach, intestine, liver, and kidney) and cell types to BER and PROTBERs. The
results obtained by the cell viability assay allowed us to determine the ICs (half-maximal
inhibitory concentration) value for each cell line at both time points of treatment. After
4 h of treatment, in all cell lines, the IC5, values were over 100 nug/mL; specifically, for the
hepatic (HepG2) and gastric (AGS) cells, the IC5y values exceeded 200 pg/mL (Table 7).
Similarly, after 24 h of treatment, the ICs values were still higher than 100 pg/mL despite
the increasing time of treatment. Of note, differences in the extracts tested were very
low, demonstrating a similar cell impact of the different B. aristata extracts studied here.
Differences in cell viability were observed in the various cell line models, but they could
be considered non-significant given the high ICsy value obtained (Table 7). These data
suggested a negligible cytotoxic impact of BER-containing herbal preparations, providing
important outcomes on the safety of the use of BER and PROTBERSs contained in the most
common marketed food supplements.

Table 7. IC50 values calculated for the extracts of B. aristata bark containing berberine hydrochloride
97% (B97) and 85% (B85) by means cell viability assay performed on intestinal (Caco-2), gastric (AGS),
hepatic (HepG2), and kidney (HEK293) cells after 4 h and 24 h of treatment.

IC5 (ug/mL)

Sample Treatment (h) AGS Caco-2 HepG2 HEK?293
B97% 4 >200 166.93 £ 8.44 >200 142.65 £ 12.01
B85% 4 >200 169.14 +£9.25 >200 181.93 £ 24.50
B97% 24 >200 105.59 +11.21  198.85 + 8.50 127.16 4+ 25.18
B85% 24 >200 107.34 £9.68  186.41 £ 8.42 143.43 £ 29.80

Data are expressed in pug/mL as mean =+ standard deviation (SD).

3.5. In Vitro Cytotoxicity Evaluation of Berberis aristata Bark Extracts in Presence of
CYP450 Substrates

Considering the hepatic metabolism of BER and PROTBERs mediated by CYP450, our
investigation included the possible toxicological interactions with other drugs known to be
substrates of CYP450 isoforms.

To address this aspect, we performed a cell viability assay on HepG2 cells treated with
both B97% and B85% extracts at the highest concentrations of 50 and 100 pug/mL in the
presence of three main CYP450 substrates, like phenacetin (P), dextromethorphan (D), and
triazolam (T).

The selection of concentrations derived from the cytotoxicity tests described in 3.4
were intended to create a stress condition that could better assess the possible effects
of interaction with other drugs at the cytotoxic level. Firstly, to identify the non-toxic
concentration of P, D, and T to use in the co-treatment, we tested HepG2 cell viability
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treated with different concentrations of P, D, and T (0.1, 1, 10, and 50 pg/mL) for 24 h.
Statistical analysis revealed that all three drugs showed no impact on cell viability up to
10 pg/mL compared to the control group (Figure 6A—C). At the dose of 50 pg/mL, P, D,
and T differently affected the viability of hepatic cells: P and D reduced cell viability by
about 10% and 20%, respectively (one-way ANOVA: P =p < 0.05; D = p < 0.001 vs. CTRL),
while T showed the most significant impact by reducing cell viability of about 90% with
respect to controls (p < 0.0001 vs. CTRL) (Figure 6C). Based on these data, we carried out
following analysis by treating hepatic cells with 20 ug/mL of P, D or T in association with
B97% or B85% at 50 or 100 png/mL, respectively. The results showed a non-significant effect
of B97% at 50 ng/mL on HepG2 cell viability; the association with P and T at 20 nug/mL
did not cause changes in cell viability when compared to the control group, while the effect
of BER was slightly worsened by the presence of D, resulting in a reduction in cell viability
of up to 30% (one way ANOVA: p < 0.0001 vs. CTRL) (Figure 6D). The treatment with
B97% at 100 pg/mL significantly affected cell viability compared to controls (p < 0.001 vs.
CTRL), but it was not significantly altered by the co-presence of the three drugs (Figure 6D).
Regarding B85%, the exposure of HepG2 cells to the sample alone slightly reduced the cell
viability (—17% compared to control) that did not undergo alterations in the presence of P,
D, or T when compared to the control cells (Figure 6E). The 24 h treatment of hepatic cells
with B85% at 100 pg/mL significantly reduced the cell viability by about 30% with respect
to the controls (p < 0.0001 vs. CTRL). Also, in this case, the association with all drugs did
not change the effect of BER (Figure 6E); indeed, the co-presence of P seemed to improve
the impact of B85% on cell viability (p < 0.05 vs. B85% at 100 pug/mL).
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Figure 6. Cell viability assay on HepG2 cells after 24 h of treatment with different concentrations of
(A) phenacetin, (B) dextromethorphan, and (C) triazolam. Then, HepG2 cells were co-treated for 24 h
with phenacetin, dextromethorphan, or triazolam at 20 ug/mL and B97% at 50 and 100 pg/mL (D) or
B85% at 50 ug/mL (light colour) and 100 pg/mL (dark colour)(E), respectively. The column with the
striped pattern represents the treatment with only the extract. Each column represents mean + SEM.
Data were analyzed by one-way analysis of variance followed by Dunnet post-hoc: ** p < 0.001 and
***% p < 0.0001 vs. CTRL; *** p < 0.0001 vs. B85% 50 ug/mL; * p< 0.05 vs. B85% 100 pug/mL; n = 4.
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These results showed that, in association with P, D, or T, the low cytotoxicity of
the most common BER-containing extracts remained unchanged. Overall, these findings
provided preliminary data on toxicological aspects related to the interaction of B97% and
B85% extracts with drugs known to be CYP450 substrates.

3.6. Effect of Berberis aristata Bark Extracts on Cell Migration

In addition to assessing the effects on cell viability, the investigation of the safety of
herbal preparations containing BER and PROTBERs proceeded by analyzing cell migratory
movement by means of the wound-healing assay. This is a commonly used method to
determine the effects of compounds on changes in 2D cell migration properties, relating in
particular to cancer cells.

With this purpose, we explored the migratory activity of human colorectal cancer cells
(Caco-2) following treatment with B97% and B85% at both low concentration (10 pg/mL)
and high concentration (100 ug/mL) for 48 h. The relative scratch gap was monitored over
time and measured. Data showed a statistically significant effect of both B97% and B85% at
the dose of 100 pug/mL in decreasing the migration ability of Caco-2 cells (about 40% B97%
and 33% B85%) at the end of the treatment compared to control cells (one-way ANOVA:
**p <0.01 vs. CTRL) (Figure 7). These results suggested a functional activity of tested
extracts at 100 ng/mL in decreasing the cell migration of intestinal tumor cells.
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Figure 7. Wound-healing assay on Caco-2 cells treated with B97% and B85% (10 and 100 pg/mL) for
48 h or untreated (CTRL). Dashed line represent the 100% of wound area. Each column represents
mean + SEM. Data were analyzed by one-way analysis of variance: ** p < 0.01 vs. CTRL; n = 4.

3.7. In Vitro Evaluation of ROS Production in Normal Kidney Cells Treated with Berberis aristata
Bark Extracts

The assessment of the safety of herbal preparations containing BER and PROTBERs
also took into consideration the possible effects of oxidative stress of both B97% and B85%
extracts in non-tumoral human cells. For this reason, ROS production was evaluated in
normal renal cells (HEK293) treated for 24 h with B97% and B85% extracts at different
concentrations (10, 20, and 50 pg/mL); H,O, was used as a positive control.

The results showed no statistical effects of either B97% or B85% on any of the concen-
trations tested compared to the control cells; in contrast, treatment with H,O, was able
to induce ROS production by 1.45-fold with respect to untreated cells (one-way ANOVA:
p <0.0001 vs. CTRL) (Figure 8).
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Figure 8. Dosage of intracellular ROS in HEK293 cells treated with B97% and B85% at the concentra-
tions of 10, 20, and 50 pg/mL for 24 h. H,O, (500 uM) was used as positive control (CTRL+). Each
column represents mean + SEM. Data were analyzed by one-way analysis of variance: * p < 0.05 and
##** p <0.0001 vs CTRL; n = 8.

These data revealed no effects of BER or PROTBERs in inducing oxidative stress
through ROS production.

3.8. Transcriptional Effects of Berberis aristata Bark Extracts on Target Genes Involved in Cell
Cycle Control and Neoplastic Transformation

With the purpose of deepening the study on the safety and biological activity of
BER, we investigated the molecular effects of BER- and PROTBERs-containing herbal
preparations in an In Vitro model of human normal kidney cells, HEK293.

We focused on the transcriptional effects on the main target genes involved in the
control of cell cycle, cell growth, neoplastic transformation, and oncogenes by exposing
HEK?293 cells for 24 h to the two examined extracts, B97% and B85%, at the concentrations
of 10 and 20 pug/mL. First, we analyzed through RT-qPCR the gene expression of the tumor
protein p53 (TP53), the oncogene MDM?2, and the proto-oncogenes c-MYC, n-MYC, HRAS,
and MET.

Our results showed that TP53, MDM?2, and n-MYC mRNA levels were markedly
downregulated in cells treated with B97% and B85% at both 10 and 20 ug/mL compared to
the control counterpart [one-way ANOVA: TP53: F (4, 18) = 12.04, p < 0.001; MDM2: F (4,
18) =7.773, p = 0.0008; n-MYC: F (4, 18) = 8.198, p = 0.0006] (Figure 9A-C). On the contrary,
no differences were observed in c-MYC gene expression with respect to untreated cells with
the exception of cells exposed to B97% at 20 pg/mL where a significant increase (2-fold) in
c-MYC mRNA levels, compared to the control, was observed [F (4, 18) = 7.375; p = 0.0011]
(Figure 9D). Regarding the mRNA levels of HRAS and MET, we found no significant effects
of either BER extracts, at either concentration, in kidney cells following 24 h of treatment
(Figure 9E,F). These results revealed the impact of both B. aristata extracts in downregulating
the gene transcription of TP53, MDM?2, and n-MYC at both the concentrations tested in
normal cells.
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Figure 9. RT-qPCR analysis of TP53 (A), MDM?2 (B), n-MYC (C), c-MYC (D), HRAS (E), and MET
(F) transcripts in HEK293 cells following treatment with B97% and B85% at 10 or 20 pug/mL. Each
column represents mean + SEM. Data were analyzed by one-way analysis of variance followed by
Dunnet post-hoc: * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001 vs. CTRL (1 = 4).

Then, our molecular analysis focused on p21 (CDKN1A) and CDK4 targets, two essen-
tial factors in regulating cell cycle. The results revealed no statistically significant effects
of the B97% extract on modulating CDKN1A gene transcription that was downregulated
instead by B85% at both concentrations [F (4, 18) = 4.273, p = 0.0132]. Regarding CDK4,
treatment with both BER extracts induced a decrease in gene expression unrelated to the
dose [F (4, 18) = 3.036, p = 0.0446] (Figure 10A,B).

In evaluating the effects of BER in regulating cell death processes, such as apoptosis,
we also analyzed the transcriptional levels of the Bcl-2 family members, key factors in the
early stages of apoptotic process: the pro-apoptotic gene BAX and the anti-apoptotic gene
BCL-2 [66-68].

Statistical analysis showed a significant and similar effect of both B. aristata extracts in
downregulating the expression of the pro-apoptotic gene BAX in HEK293 cells compared
to controls [one-way ANOVA: F (4, 9) = 8.688, p = 0.0037], whereas no changes in BCL-2
mRNA levels were observed (Figure 11A,B).
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Figure 10. RT-qPCR analysis of CDKN1A (A) and CDK4 (B) transcripts in HEK293 cells following
treatment with B97% and B85% at 10 or 20 pg/mL. Each column represents mean &+ SEM. Data were
analyzed by one-way analysis of variance followed by Dunnet post-hoc: * p < 0.05 and ** p < 0.01 vs.

CTRL (1 = 4).
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Figure 11. RT-qPCR analysis of BAX (A) and BCL-2 (B) transcripts in HEK293 cells following
treatment with B97% and B85% at 10 or 20 pg/mL. Each column represents mean &= SEM. Data were
analyzed by one-way analysis of variance followed by Dunnet post-hoc: * p < 0.05 and ** p < 0.01 vs.
CTRL (n = 4).

Accumulating evidence has revealed that BER exerts potential pro-apoptotic effects
by modulating BAX/BCL2 (pro-/anti-apoptotic) expression in multiple cancers, including
breast, lung, liver, gastric, colorectal, pancreatic, and ovarian cancers [12,60,69-74]. Our
results in normal cells counteracted this evidence and highlighted a BAX transcriptional
inhibition.

Overall, our data showed that both B. aristata extracts examined did not affect or
downregulated the transcription of several gene targets involved in the regulation of cell
cycle or with oncogenic functions, suggesting an inhibitory activity of BER in cell cycle,
proliferation, and division processes in normal cells.

4. Discussion

Herbal preparations containing berberine (BER) and other minor protoberberinoids
(PROTBERS) have been extensively used in traditional Asian medicine, in modern conven-
tional phytotherapy, and in food supplements supporting physiological activities. BER has
garnered attention for its purported effects on glucose and lipid metabolism, gastrointesti-
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nal health, and even for potential anticancer properties [11,15-17,75,76]. However, as the
popularity of herbal preparations containing BER and PROTBERs increase, concerns about
their biological safety are emerging, especially regarding the safe exposure for general
consumers and special population, as highlighted by some national authorities and EFSA in
the EU [37]. The authorities have clearly claimed the need for analytical, pharmacokinetic,
and biological insights into herbal preparations containing BER and PROTBERs used as
food supplements. This study aimed to investigate these important concerns to provide
valuable knowledge to the authorities, the scientific community, and companies producing
BER-based preparations.

The chemical characterization of B. aristata crude extracts available in the market
(the most used preparations containing BER and PROTBERs used in food supplements)
allowed to confirm the declared content of BER and the identification of jatrorrhizine as the
main secondary PROTBER, and palmatine and berberrubine as other minority PROTBERs
present in the extracts.

These findings showed that herbal preparations containing BER and PROTBERs are
more homogeneous than expected within the EU, being basically referred to as B. aristata dry
extracts; moreover, BER represents more than 90% of total alkaloids in the most common
extracts available in the market.

Pivotal evidence about the pharmacokinetic properties of BER have emerged from In
Vitro assays and In Silico predictions; BER and PROTBERs are only minimally degraded
before intestinal absorption, but being a P-gp substrate and metabolized by cytochrome
P450 (CYP450), with particular regard to the CYP2D6, CYP1A2, and CYP3A4 isoforms, a
low bioavailability is expected in particular for BER [35,52,61]. Computational predictions
were confirmed experimentally for BER, and in part for palmatine, whereas a mainly
structural-homology-based prediction could be obtained for jatrorrhizine and berberrubine.
Besides LDLR, well known to be peculiar target of BER [77], all computational tools
confirmed the activity of BER and PROTBERs towards neuroprotective [55,62,64,78,79] and
antiproliferative targets [59-61,80,81].

These data allowed us to move towards a rational and deeper In Vitro safety as-
sessment of the plausible concentrations of BER and PROTBERs that are able to reach
different organism districts after oral administration. Noticeably, the target prediction
and cell and molecular analysis addressed in this study were focused on human models,
recognizing the limitations and misleading interpretations in extrapolating findings from
animal studies to human safety [71]. Therefore, given the homogenous phytochemical
profile available, we evaluated the effects of two representative B. aristata bark dry extracts
on gastric (AGS), intestinal (Caco-2), hepatic (HepG2), and renal (HEK293) cells, following
short- or a long-term exposure (4 and 24 h). The results for both exposures showed a very
limited impact of BER-enriched extracts on cell viability, with an IC5y always exceeding
100 pg/mL in all cell lines examined. We considered cell viability only as a preliminary but
fundamental test to assess the safe concentrations of samples under investigation, allowing
us to quickly move towards the investigation of the interaction effects between BER and
PROTBERSs and CYP1A2 -2D6 and -3A4 substrates on hepatic cell viability. Interestingly,
even at 50 and 100 pg/mL, the B. aristata bark dry extracts did not affect cell viability in the
presence of phenacetin (CYP1A2), dextromethorphan (CYP2D6), or triazolam (CYP3A4),
demonstrating that herbal preparations containing BER and PROTBERs may not have
negative interactions with CYP450 substrates.

Many In Vitro studies demonstrated the ability of BER to inhibit cell proliferation,
invasion, and to regulate the cell cycle in tumoral cells [59,61,80-83]. In light of this, our
study proceeded with the analysis of cell response to the exposure to both BER extracts
by evaluating the cell migration of colorectal adenocarcinoma cells (Caco-2) through the
wound-healing assay. This test is a commonly used method in cell biology to determine
the effects of compounds on the changes in migration properties, an important feature
of cells to move and invade other tissues, interact with other cells, or to repair any dam-
age. This property is typical of cancer cells and identifies their invasive and aggressive
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potential. Our data demonstrated a delay in wound closure when treated with B. aristata
bark dry extracts, even after a long exposure time, both at 10 and 100 pg/mL, corrob-
orating numerous evidence regarding the BER and PROTBER inhibitory effects of cell
migration [80,81,84-86]. Our experimental evidence supported the potential antitumoral
activity of B. aristata extracts.

Subsequently, the study focused on a non-tumor cell model in order to gather prelimi-
nary data on the possible cell function alterations induced by B. aristata extracts, responsible
for the transformation from normal to tumor cell. Among the mechanisms involved in
neoplastic transformation, the irreversible damage to DNA and a dysregulation of the cell
cycle are the first to appear. In addition, the excessive generation of intracellular ROS in
response to oxidative stress may lead to DNA damage and mutagenesis through the sup-
pression and mutation of tumor suppressor genes. This phenomenon potentially promotes
tumorigenesis [87,88]. The B. aristata extracts studied did not induce ROS production in
human normal HEK293 cells, thus excluding the hypothesis of a potential effect of DNA
damage mediated by excess free radicals. These data supported evidence reporting BER
antioxidant activity by suppressing ROS production [89-92]. Results confirming a non-
carcinogenic potential of BER also emerged from the molecular analysis in normal HEK293
cells through the evaluation of BER modulatory effects on the expression of oncogenes
(MDM2, MYC family, HRAS, MET), or key genes in the control of cell cycle phases (P53,
CDKN1A, CDK4) or the apoptosis process (BAX, BCL2). Overall, with the exception of
c-MYC expression being slightly upregulated by B97 20 ug/mL, a general downregulation
of cell cycle genes was observed, highlighting the inhibitory effect of B. aristata extracts in
promoting the cell cycle, and thus cell proliferation in normal cells [59,83]; moreover, no
effects on the transcription of proto-oncogenes emerged, supporting data on the absence
of the pro-tumoral potential of BER [16,93-95]. In addition, both the B. aristata extracts
investigated were able to downregulate the expression of the pro-apoptotic gene BAX,
suggesting the effects of BER in regulating at transcriptional level the apoptosis process,
having no impact on apoptosis-mediated cell death in normal cells different to what was
demonstrated in tumor cells [68,69,73,96]. These preliminary findings highlighted impor-
tant insights into BER and PROTBERs safety in normal cells considering the crucial role of
these target genes in controlling cell functions and cell homeostasis.

Summarizing, our findings allowed us to determine (i) the chemical characterization
and quantification of BER and minor PROTBERs in the most marketed raw materials for
food supplements; (ii) new knowledge about the pharmacokinetic and bioaccessibility
properties of BER and minor PROTBERS; (iii) and finally, preliminary data on biological
safety in terms of cytotoxicity and pro- or antitumoral activity.

Although the need for more research and insights into biological activity, data emerged
from this study provide a broad-spectrum analysis of the most common B. aristata bark
extracts. Overall, this evidence may represent a relevant update to better elucidate the
critical points raised by the authorities related to the safety evaluation of BER-containing
herbal preparations used in food supplements.

5. Conclusions
This work presents several notable strengths that deserve to be highlighted:

(i) The study addresses the bioaccessibility and safety of berberine and protoberberinoids
through a highly transferrable conceptual framework. It focuses on the most widely
recognized and utilized extracts available in the food supplement market, which have
been chemically characterized;

(ii) Integrated In Silico and In Vitro approaches provide valuable insights. The study
concurrently evaluates the bioaccessibility of the examined samples, the impact of
Berberis aristata extracts on hepatic toxicity in the presence of CYP450 substrates, the
effects of cell toxicity and cell migration on tumor cells, and the potential pro-oxidant
and pro-tumoral effects in non-tumoral human cells;
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(iii) The protocol employed considers different exposure times and treatment concentra-
tions, enhancing the robustness of the In Vitro models used.

However, we aware of certain limitations of the study:

(i) Infuture research, we intend to expand the pharmacokinetic evaluation of the major
alkaloids contained in B. aristata extracts, including dynamic cell absorption models;

(ii) While the current focus was on gene expression and transcriptional response to
investigate early cellular response, we plan to explore the impact of berberine and
protoberberinoids on human cell lines by examining upstream and downstream cell
signaling pathways and protein levels related to antiproliferative activity;

(iii) Finally, we are fully aware that our findings are derived solely from In Vitro tests, and
further confirmation through additional studies is necessary.
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(http:/ /www.swissadme.ch/); Figure S2: Genecards targets prediction for the interaction between
berberine and jatrorrhizine (A), berberine and berberrubine (B), and berberine and palmatine (C)
respectively; Figure S3: Analysis of target prediction by means of SwissTarget Prediction (STP) and
SEA tools for berberine (A), jatrorrhizine (B), berberrubine (C), and palmatine (D).
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Abstract: Adding mulberry fruit extract (MFE) to carbohydrate-rich meals can reduce postprandial
glucose (PPG) and insulin (PPI) responses in healthy individuals. This pilot study assessed the
acute postprandial effects of low doses of MFE in individuals with type 2 diabetes. In a randomized
cross-over (within-subjects) design, 24 unmedicated adult males and females with type 2 diabetes
(mean [SD] age 51.0 [9.3] yr, BMI 27.5 [3.9] kg / m?) consumed meals with 0 (control), 0.37, and 0.75 g
of MFE added to ~50 g of available carbohydrates from rice. Primary and secondary outcomes were
the PPG 2 hr positive incremental area under the curve and the corresponding PPI. Results were
reported as mean differences from the control meal with 95% CI. Relative to control, 0.37 and 0.75 g
of MFE reduced the mean 2 hr PPG by 8.2% (—20.8 to 6.6%) and 22.4% (—38.6 to —1.9%), respectively,
and reduced PPI by 9.6% (—20.7 to 3.0%) and 17.5% (—27.9 to —5.7%). There were no indications of
adverse events or gastrointestinal discomfort. MFE additions also led to dose-related reductions in
glucose peak and glucose swing. At these levels, MFE appears to dose-dependently reduce acute
PPG and PPI in individuals with type 2 diabetes and may be a feasible dietary approach to help
attenuate glycemic exposures.

Keywords: alpha-glucosidase; 1-deoxynojirimycin; glycemic control; starch; rice

1. Introduction

The key treatment target for the management of diabetes is the improvement of
glycemic control, which includes not only fasting glucose levels but also postprandial
glucose (PPG) responses [1,2]. Drugs that target PPG by slowing the digestion of carbo-
hydrates have been shown to be beneficial for glycemic control, as well as for reducing
the risk of diabetes onset in individuals with pre-diabetes [3-5]. Dietary guidelines for
diabetes include recommendations to help reduce and manage PPG, mainly by controlling
the quantity and quality of carbohydrate-containing foods. A possible additional dietary
approach is the use of food components that specifically slow the digestion of glycemic
carbohydrates in foods and hence the rate of appearance of glucose in blood [6].

Mulberry products are a source of iminosugar 1-deoxynojirimycin (DNJ), which acts
as an alpha-glucosidase inhibitor [7]. The inhibition of alpha-glucosidase slows the final
step in the digestion of dietary carbohydrates and can thus reduce the rate of uptake and
appearance of glucose in blood. A range of naturally-occurring and synthetic iminosugar-
based molecules show alpha-glucosidase inhibition, making this the basis for a class of
existing drugs (e.g., acarbose and miglitol) and, potentially, also new drugs for managing
diabetes [8,9]. We have shown in a series of controlled trials that a well-characterized
mulberry fruit extract (MFE) containing 0.5% DN]J reduces both PPG and post-prandial
insulin (PPI) responses to test meals in healthy human subjects without diabetes [10-13].
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In those trials, MFE was effective and well-tolerated in tested doses ranging from 0.37
to 1.5 g of MFE (~1.85 to 7.5 mg of DNJ) added to meals containing ~50 g of available
carbohydrates from rice or wheat. Importantly, we also confirmed that MFE in this dose
range reduces the rate but not the amount of glucose uptake, with no indications of
carbohydrate malabsorption or adverse gastrointestinal symptoms [10,11].

In contrast, most research testing mulberry products for glycemic control have used
mulberry leaf extract (MLE) with 2-10 times higher extract doses and DN]J contents [14,15].
That includes a small number of studies indicating the potential benefits of mulberry
products, mainly MLE, in individuals with pre-diabetes or impaired fasting glucose or
glucose tolerance [16]. A number of studies on acute PPG responses in those populations
have reported some indication of efficacy for PPG lowering using MLE doses from 0.4 to
over 3 g, containing (where reported) 6 to 25 mg of DNJ [17-21], although one study found
no significant effect at these levels [22]. Most of these trials did not identify adverse effects,
although significantly increased breath hydrogen was reported by Mudra et al. (1 g of MLE,
DNJ not specified) and Nakamura et al. (3.3 g of MLE, 25 mg of DNJ) [19,20].

The present study was intended as a pilot test to assess the potential effects of low doses
of a well-characterized MFE on acute PPG and PPI responses in individuals diagnosed
with type II diabetes and not on glucose-lowering medications. MFE at the two lowest
effective dose levels (0.37 and 0.75 g of MFE containing ~2—4 mg of DNJ) in our previous
research [10] were added to ~50 g of available carbohydrates from white rice and compared
to the rice alone with no MFE (control).

2. Materials and Methods
2.1. General

This was a randomized, double-blind, multi-center, 3-period-balanced order cross-
over (within-subject) trial testing two doses of MFE added to boiled rice, compared to
rice alone (control), in individuals with type 2 diabetes. Rice was used as a test food
because it is a major carbohydrate staple in this population, and it allowed for results to
be directly compared to our prior research using MFE added to rice in subjects without
diabetes [10]. The pre-registered primary outcome was the effect of the MFE additions on
venous PPG, expressed as the percent difference in the positive incremental area under the
curve over 2 hr (+iAUCyy,,), relative to control. Secondary outcomes were the corresponding
effects on the PPI total area under the curve (tAUCyy,) and the measures of safety and
tolerance. Exploratory outcomes were the 3 and 4 hr PPG (+iAUCj3p,, and +iAUCy,,) and PPI
(tAUCg3p,, tAUCyy,) responses, the peak glucose level (Ciax), the glucose swing (amplitude
of response, defined as the maximum-minimum postprandial concentration [Cnax—Cminl),
and changes in mean urine glucose levels over 4 hr following the consumption of the
rice meals.

The study was not planned for formal statistical hypothesis testing (testing for sta-
tistical significance), although inferences may be made from the reported means and 95%
confidence intervals corrected for multiple comparisons. A formal power (sample size)
calculation was not possible because essential information, such as variability in glucose
AUC in the intended study population, was not available. For typical pilot/exploratory
studies, a minimal number of 12 subjects is recommended as a ‘rule of thumb’, based on
feasibility and the diminishing gains in precision with greater sample sizes [23]. A 15%
reduction relative to the control was considered a priori to be a desired and physiologi-
cally meaningful target effect size. That benchmark roughly corresponded to the 15 unit
difference between cut-offs for ‘low” (565) and ‘high’ (70) glycemic index values, which
is associated with health benefits in healthy populations, as well as in individuals with
diabetes [24,25]. The study was planned for a sample size of 24 subjects, as we anticipated
a larger variability of the glucose and insulin profiles within this population with diabetes,
relative to our previous research in individuals without diabetes.

The trial was prospectively registered at clinicaltrials.gov with the identifier NCT02256332.
The clinical phase was executed between 16 February and 16 July 2015 at three study sites
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in India: Ashirwad Hospital and Research Centre, Ulhasnagar, Thane (site 1); Bangalore
Clinisearch, Bangalore (site 2); and Therapeutic Drug Monitoring Laboratory, Mumbai
(site 3). Lambda Therapeutics Research Ltd. (LTRL), Ahmadabad, India acted as the cen-
tral laboratory and data management center. The sponsoring company provided study
materials but had no role in participant contact, study execution, or outcome measurement
and recording.

2.2. Ethical Approval

The trial was conducted in compliance with the Declaration of Helsinki, and the
protocol and informed consent forms were approved as Protocol FDS-NAA-1633 by the
Ashirwad Ethics Committee (site 1) on 6 November 2014, the Medisys Clinisearch Ethical
Review Board (site 2) on 17 January 2015, and the Therapeutic Drug Monitoring Laboratory
Institutional Ethics Committee (site 3) on 23 March 2015.

2.3. Participants and Allocation to Treatments

Participants were otherwise healthy adults with type 2 diabetes not treated with drugs.
The full in- and exclusion criteria are given in Supplementary Material, Table S1. In brief,
eligible individuals were males and females age 20-65, with a BMI of 18-35, with type 2
diabetes (HbAlc > 6.5%) controlled only through diet and exercise, and who were not
treated with glucose-lowering drugs in the preceding three months.

Individuals were provisionally invited to participate by physician investigators at each
study site on the basis of medical records and the study inclusion/exclusion criteria. At an
initial screening visit, potential participants were given verbal and written explanations
and the opportunity to inquire about the details of the research. They were informed of
their right to withdraw from the study at any time and gave written informed consent
before the start of any protocol-specific procedures. All explanations and procedures were
conducted in the native language of participants. Individuals consenting to participate
in the study underwent further screening procedures at the study site. This included
verification of basic personal and medical history information and a physical examination,
including anthropometric measures, urine drug screening, and a blood sample collection
for the analysis of HbAlc, hemoglobin, lipids, and routine blood chemistry. Eligibility of
the subjects to enter the study was then determined on the basis of the results of screening.

Subjects all received one of each of the test products at test sessions over 3 weeks: con-
trol (rice alone, no MFE); rice + 0.37 g of MFE; and rice + 0.75 g of MFE in a balanced-order
design. The dose levels were chosen based on efficacy in previous dose-response trials
with this same specific extract. With 3 treatment arms (test products), there were 6 possible
treatment order sequences. In order to achieve the balanced-order design, equal numbers
of the 24 eligible individuals were assigned to one of these six possible treatment sequences
using computer-generated random allocations (Supplementary Material, Figure S1). Any-
one who dropped out before the first study product administration would be replaced.
Anyone dropping out after participating in any of the study product administration periods
would not be replaced. The randomization schedule was kept under controlled access by
an individual not involved in the study and was unavailable to any personnel who could
have an impact on the outcome of the study, e.g., recording of clinical laboratory or other
subject data or the collection or evaluation of adverse events. The treatment codes were
only broken after the completion of a blind review and a hard lock of the database.

2.4. Source and Characterization of MFE

The MFE (batch No. MF-DC-KQ-111207 Draco Natural Products Inc., San Jose, CA,
USA) contained, by weight, 0.5% DN]J (~1.85 and 3.75 mg of DNJ], respectively, in the
0.37 and 0.75 g of MFE dose levels). This is a commercially available aqueous extract
produced using a proprietary process and standardized for the DNJ content. The DNJ
content and in vitro bioactivity (alpha-glucosidase inhibition), as well as in vivo efficacy
of this specific batch of MFE, have previously been confirmed and reported [10,13]. The
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MFE was packaged in pre-weighed, individually coded aluminum sachets (Pharamivize,
Mariakerke, Belgium) containing either 0 (control), 0.37, or 0.75 g of MFE plus mannitol to
bring the total weight of the sachet contents to 1 g.

2.5. Test Meals

Each test meal consisted of a serving of boiled rice with 0, 0.37, or 0.75 g of MFE
added. A single serving of rice was prepared using 64 g of raw Sona Maroori (Sona Masuri)
rice containing ~50 g of available carbohydrates, sourced and prepared as previously
described [12]. Each portion of rice was prepared in a rice cooker with the addition of
140 mL of water. Sachets containing the control or MFE were then stirred into each serving
of prepared rice. Participants and staff serving the rice were blind to the presence or dose
of MFE, which, at these levels, has negligible effects on sensory attributes.

2.6. Test Day Procedures and Data Collection

Subjects participated in three test days separated by 5-7 days. They arrived at the
test facility at around 18.00 on the evenings prior to test days and stayed at the facility at
least 4 hr after the administration of the test meals. Subjects were asked to avoid strenuous
physical activity and the consumption of alcohol for at least 24 hr and were fasted for at least
10 hr prior to the start of the test meals. They were given identical, standardized evening
meals of a fixed quantity and not permitted to consume any other food or beverages except
water, which was allowed up to 1 hr prior to test meals.

On test days, subjects consumed the test meals immediately after preparation, together
with 350 mL of water, as a morning meal. The moment the first mouthful of rice was
swallowed was recorded as t = 0 (0 hr, 0 min). Subjects were instructed to consume the
study product within 15 min. If a subject was not able to finish the preparation within this
time frame, the 15 min blood sample was taken, and they continued consuming the study
product immediately after blood sampling. Subjects did not consume any other food and
were allowed, at a maximum, an additional 500 mL of water until the last blood sample
was taken and a gastrointestinal discomfort questionnaire was completed at t = 4 hr. The
actual quantity of water consumed by each subject was recorded on their first test day, and
it was the same amount permitted on subsequent test days.

For the analysis of plasma glucose and serum insulin, two consecutive baseline blood
samples were collected with a maximum gap of five minutes and within a period of 15 min
before the start of the test meal. Following the start of the test meal at t = 0 min, blood
samples were collected at t = 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 min for analyses.

Venous blood samples (6 mL) were collected from a valve on an indwelling cannula
placed in the forearm (antecubital vein), which was kept patent by injections of 0.5 mL
of normal saline solution. At each timepoint, the first 0.5 mL of blood was collected into
a 2mL syringe and discarded to avoid saline contamination. Blood was subsequently
collected into vacuumized sample collection tubes attached with a Luer adapter to the
cannula. If the cannula was blocked or there was difficulty in drawing blood through
the cannula, blood samples could be taken either directly from the cannula into a 10 mL
syringe or by a fresh vein puncture using a 22-gauge needle.

Subjects completed a gastrointestinal discomfort questionnaire 30 min prior to and at
240 min after the consumption of the test meals. The questionnaire asked whether subjects
had experienced any flatulence, nausea, bloating, or bowel pain, with each symptom
separately rated as none, mild, moderate, or severe.

For the analysis of urine glucose, a baseline urine sample was collected approximately
30-45 min before each test meal. Urine subsequently produced by each subject was collected
in pots during the 4 hr following the consumption of test products and immediately
refrigerated. The last urine sample was collected at approximately 4 hr after the start of the
test meal when other procedures were completed.
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2.7. Blood and Urine Sample Handling and Analyses

Duplicate aliquots of plasma (for glucose) and serum (for insulin) were obtained from
2 and 4 mL of blood, respectively. Samples were centrifuged at 18-25 °C within 60 min of
collection for serum and within 45 min for plasma at 2500-3000 rpm for 10 min. Proper
clot formation was ensured before centrifugation for serum separation. The samples were
frozen and stored at —22 4= 5 °C within 15 min of centrifugation. The volumes of individual
baseline urine samples and of the pooled urine samples following the consumption of the
test products were measured, and two 6 mL aliquots of each were frozen for later analyses.
One set of all samples was shipped, frozen, to LTRL for analyses, and a duplicate set was
retained at each study site in case of loss or the need for re-analysis.

Glucose in plasma and urine was analyzed using a Vitros 5,1 FS Chemistry System an-
alyzer (Ortho Clinical Diagnostics, Inc.; Raritan, NJ, USA). Insulin was measured by electro-
chemiluminescence on a COBAS e411 immunoassay analyzer (Roche; Basel, Switzerland).

2.8. Adverse Event Recording

Adverse events were defined as mild, moderate, or severe, according to the need
for treatment and the level of interference with normal daily activities. The possible
relationship of any adverse event to the study meals or procedure was defined as unrelated,
unlikely, possibly, probably, or definitely related, according to the criteria, including the
association with time and the likelihood of alternative explanations.

2.9. Statistical Analyses

Statistical analyses were carried out according to a pre-specified plan, and no interim
analyses were planned or performed. The primary endpoint was calculated with a linear
mixed model using Log(+iAUC(_120min) as the response. The models always included
baseline, subject_baseline, treatment, and treatment sequence order as predictors. Baseline
was the mean baseline value for that visit for that subject; subject_baseline was the mean
baseline score over all visits, and it was included to avoid possible bias in the estimates
of the treatment effect due to the use of a mixed model and the inclusion of a different
baseline value at each visit for the subject. The error term of the model was assumed
to be normally distributed. Other predictors, such as body weight, gender, and visit (a
categorical variable identifying the number of test day visits), could be included in the
model based on statistical relevance. The model-derived estimated differences in treatment
effects (obtained on a log scale) were back-transformed into a percent change and its
associated confidence interval.

An analogous statistical model was used for the secondary outcome PPI tAUCy}, and
the corresponding exploratory results for PPG and PPI over 3 and 4 hr. For these PPG and
PPI outcomes and the exploratory endpoint Cpnax, the percent change at each dose of MFE
was calculated relative to the control rice, with no MFE as a reference. The other exploratory
endpoints, glucose swing (Cmax—Cmin) and pre- vs. post-meal glucose concentration in
urine, were determined for each treatment and reported as absolute differences for each
MEFE treatment relative to the control.

This was a pilot study that was not planned or powered for formal statistical hypothe-
sis testing (determination of p-values). The relevant results are therefore presented as the
size of the estimated treatment effect: mean and 95% confidence intervals (CI) were used as
measures of its reliability using a Dunnett correction for multiple comparisons with the
control. Results where the 95% CI for the difference between an MFE treatment and control
did not include a null effect (zero) would therefore be analogous to p < 0.05.

3. Results
3.1. Analysis Population

Subject baseline characteristics are shown in Table 1. Of the 24 individuals entering the
trial, 22 completed all treatments. One subject provided no usable treatment-related data,
and one dropped out after their first test session (see Consolidated Standards of Reporting
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Trials [CONSORT] subject flow diagram, Supplementary Material Figure S1). During blind
review, high baseline values for both plasma and urinary glucose (exceeding 10 mmol/L
and 250 ug/mL, respectively) were observed from one subject at all visits and from a
further subject at one visit. These values were attributed to subjects not being fasted, and it
was judged that the glucose and insulin data from those subjects/visits should be excluded
from the statistical analyses. Available data from all other participants and visits were used,
and no distinction was made between the intention-to-treat and per-protocol analyses.

Table 1. Subject baseline characteristics (N = 24; 11 male, 13 female).

Mean SD Range

Age, yr 51 9.3 34-63
Weight, kg 69.7 20.3 47.6-88.2
BMI kg/m? 27.5 5.9 21.0-34.8

HbAlc, % 7.2 0.5 6.5-7.8

3.2. Primary and Secondary Outcomes

The primary outcome PPG +iAUCyy,, showed dose-related reductions from the ad-
dition of MFE (Table 2). The mean relative reduction of 22.4% for the 0.75 g dose of MFE
was robust and exceeded the pre-specified target effect size of 15%. PPI tAUCy,, was
also reduced in a dose-related way by the addition of MFE (Table 3), with a mean 17.5%
reduction for the 0.75 g dose of MFE.

Table 2. Plasma glucose response over 2 hr following the consumption of mulberry fruit extract
(MFE) added to boiled rice.

Intervention N Mean Glucose +iAUCy;,, (Lower, Mean % Difference, MFE vs.
Upper 95% CI), min-mmol/L Control (Lower, Upper 95% CI)
Control 21 346 (307, 390)
Control + 0.37 g MFE 22 318 (281, 360) —8.2(—20.8, 6.6)
Control + 0.75 g MFE 20 269 (215, 336) —22.4(—38.6, —1.9)

Table 3. Serum insulin response over 2 hr following the consumption of mulberry fruit extract (MFE)

added to boiled rice.
Intervention N Mean Insulin tAUC,;,,. (Lower, Mean % Difference, MFE vs.
Upper 95% CI), min-mIU/L Control (Lower, Upper 95% CI)
Control 21 6470 (5464, 7661)
Control + 0.37 g MFE 22 5847 (4949, 6908) —9.6 (—20.7, 3.0)
Control + 0.75 g MFE 20 5334 (4501, 6325) —17.5(-279, =5.7)

There were minimal indications of any intolerance or safety issues, and none could
be specifically attributed to the consumption of MFE. On the gastrointestinal discomfort
questionnaire, one subject reported mild bloating at one visit and mild nausea at another,
both at t = 240 min. One other subject reported mild bloating at baseline (t = —30 min) at
one visit. No other symptoms of gastrointestinal discomfort were reported by any other
subjects at any timepoints. In total, five adverse events were recorded for three subjects
(one case each of vomiting, dizziness, and nausea and two cases of abdominal distension).
All events were judged to be mild, did not require medical treatment, and were unrelated
to the specific study products or procedures.
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3.3. Exploratory Outcomes

The profiles of PPG and PPI responses over the full 4 hr postprandial period are shown
in Supplementary Material, Figures S2 and S3. There were limited effects of MFE on the
PPG responses when summed over 3 and 4 hr (+iAUCgzp, and +iAUCyy,), although these
were slightly reduced by the higher MFE dose (Supplementary Material, Tables S2 and S3).
However, both the 3 and 4 hr PPI responses (tAUCjzyp,, and tAUCyy,,) were clearly reduced
by the higher dose of MFE (Supplementary Material, Tables 54 and S5).

The addition of MFE produced modest, dose-related reductions in Cpax (Supplemen-
tary Material, Table S6) and more consistent reductions in glucose swing (Supplementary
Material, Table S7). Pooled urine glucose levels following the consumption of the test meals
were highly variable but, on average, increased similarly from the baseline in all groups
(Supplementary Material, Table S8).

4. Discussion

The addition of relatively low doses of MFE to rice led to dose-related reductions in the
acute PPG and PPI responses in individuals with type 2 diabetes. This was most apparent
during the immediate (2 hr) post-prandial period and was accompanied by apparent
reductions in the post-meal peak glucose levels and glucose swing. The effects were more
consistent and robust for a dose of 0.75 g of MFE than a 0.37 g dose, and at the higher dose,
there were also reductions in PPI over the full 4 hr measurement timeframe.

The effects seen here were consistent with our previous research on individuals
without diabetes, as was the absence of any indications of intolerance or other adverse
effects of MFE. The mean reduction in PPG following the higher dose of MFE also exceeded
our pre-defined ‘desired’ target reduction of >15%. Although we previously reported
similar reductions in PPG and PPI with doses of 0.37 g of MFE containing ~1.85 mg of DNJ,
that level appears to be close to the lower limit of efficacy [10]. A dose of 0.75 g of MFE may
therefore be advised to ensure more reliable effects across different carbohydrate sources
and populations [12].

DNJ in mulberry extracts has a well-known primary mechanism of action, similar
to alpha-glucose-inhibiting drugs, which are effective in the treatment of diabetes and
in reducing the risks of co-morbidities. The benchmark 15% change in PPG achieved
here corresponds to about one-third of the observed effect on the PPG of drugs (miglitol,
acarbose) used to reduce PPG [4]. This seems a reasonable effect size for a dietary adjunct,
given that the drugs are available only with a prescription for patients under medical
supervision and that gastrointestinal discomfort due to carbohydrate malabsorption is a
common side-effect of these medications [26]. Some studies using high doses of MLE have
reported increases in breath hydrogen, indicative of carbohydrate malabsorption [19,27].
Thaipitakwong et al. reported that an MLE dose containing 18 mg of DN]J resulted in a high
incidence of bloating and flatulence, which was not seen at DNJ levels of 6 or 12 mg [28].
Comparisons between the MFE used here and studies using other mulberry extracts must
be made with caution, however, due to differences in (often unreported) DNJ levels and
overall product compositions.

We have found no indications of malabsorption or intolerance here or in studies using
MFE at levels up to twice those in the present trial [10,13]. This may be due in part to the
relatively low dose of DNJ and its high and rapid absorption in the proximal intestine, thus
limiting the period that it is present in the gut lumen, affecting carbohydrate digestion [29].
Ingested DNJ is estimated to reach maximum plasma concentrations in about 30 min,
much faster than common alpha-glucosidase-inhibiting drugs (acarbose, miglitol), which
have a longer duration of presence and action in the gut [29,30]. The short period of
activity of DNJ has implications for effect sizes and for its suitability for use with food,
relative to medications. This is advantageous for mitigating potential side effects whilst
still moderating the initial and peak glucose responses following meals, but it limits the
effects over the longer (3—4 hr) post-prandial period, as observed here.
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We and others mainly attribute the observed effects of mulberry extracts on PPG to the
presence of DNJ. Although DNJ can be found in a limited number of other plants or can be
synthesized by certain bacteria [29,31], to our knowledge, DNJ is not found in meaningful
amounts in any dietary sources other than mulberries. It is, however, also possible that
other iminosugars or minor components of MFE could also contribute to these effects.

While the present results are largely in line with our previous research on MFE and
the wider literature on other mulberry extracts, there are a number of limitations to this
study. Most mulberry extracts intended for food or supplement use are derived from
processing the raw materials with water and ethanol [29]. Although the MFE used here is
commercially available and standardized for its DN]J content, the exact production process
is proprietary, and MFE derived from other sources may, therefore, differ in their content of
other minor components. It is possible that some part of the variation between studies of
mulberry extracts may be attributable to these differences in composition.

This was a fairly small pilot trial, not formally powered for inferential hypothesis
testing. Although this was adequate for the current purpose, a larger test population would
provide for more confident estimates of effect sizes. Venous blood was collected to limit the
burden on subjects. This is unlikely to bias the results in relation to the effects of MFE but
may produce lower and more variable glucose values than capillary blood [32]. Therefore,
while this should not affect the general conclusions of this pilot trial, other methods of
blood collection may allow for a more precise estimate of effect sizes.

Effects of MFE on PPI were a secondary objective, which was mainly to re-confirm that
effects on PPG were not attributable to a disproportionate insulin response. The reductions
in insulin responses are most likely an indirect result of reducing the rate of glucose
uptake and thereby also reducing the stimulation of insulin secretion. However, possible
effects on insulin secretion have not been directly tested. In future research, a greater
focus on measures of insulin release and action may be advised for this population in
particular, as well as considering longer and repeated exposures and markers of sustained
glycemic control.

5. Conclusions

This trial adds to a series of studies on mulberry extracts and MFE specifically, sup-
porting their safety and efficacy for reducing acute PPG and PPI responses to common
dietary carbohydrate sources and different populations [10-12]. Together with the present
results, the evidence indicates that a modest dose of 0.75 g of MFE containing 3.75 mg of
DNJ consumed with a digestible carbohydrate source is likely to cause mean reductions in
the range of about 10-25% in the 2 hr PPG AUC, as well as reduce PPI, peak glucose, and
glucose swing in healthy individuals and individuals with diabetes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16142177/s1, Table S1: Inclusion and exclusion criteria; Table S2:
Plasma glucose area under the curve response over 3 hr; Table S3: Plasma glucose area under the
curve response over 4 hr; Table S4: Serum insulin area under the curve response over 3 hr; Table S5:
Serum insulin area under the curve response over 4 hr; Table S6: Maximum glucose level (Cnax) over
4 hr; Table S7: Glucose swing (Cmax—Cpin) Over 4 hr; Table S8: Pooled urine glucose concentrations
over 4 hr; Figure S1: Consolidated Standards of Reporting Trials [CONSORT] subject flow diagram;
Figure S2: Plasma glucose response over 4 hr; Figure S3: Serum insulin response over 4 hr.
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Abstract: Introduction: Myo-inositol (MI) is the most abundant inositol found in nature. To date MI
supplementation is reported to be effective in the treatment of polycystic ovary syndrome, it is also
suggested to alleviate the symptoms of diabetes and neurodegenerative disorders, but to date no
statistically significant effects of inositol on depressive and anxiety symptoms were proven. In the
study of anxiolytic effects in zebrafish, we often use the thigmotaxis index measuring the ratio of the
amount of time the animal spends near the walls compared to the entire arena. Aim: The objective
of this paper was to examine the effect of MI on zebrafish embryos” locomotor activity, as well as
its potential anxiolytic activity in zebrafish larvae. Material and methods: In the first part of the
experiment, the embryos were incubated with 5, 10, 20, and 40 mg/mL MI. 1-day post fertilization,
embryo mobility was evaluated and burst activity was calculated. In the next part of the study, the
behavior of 5-day-old larvae was tested. Results: Tests on embryo movement showed an increase in
burst activity in the MI group at concentrations of 40 mg/mL (p < 0.0001) and a slight decrease in the
group at concentrations of 10 mg/mL (p < 0.05). MI in the light/dark challenge had no impact on
the thigmotaxis index. Conclusions: MI was shown to not affect stress reduction in zebrafish larvae.
Further research on the potential of MI and other stereoisomers is needed.

Keywords: myo-Inositol; anxiety; anxiolytics; zebrafish

1. Introduction

Herbal medicine and a healthy lifestyle based on a balanced diet full of fruits, vegeta-
bles, nuts and seeds have been promoted for years. Cyclitols are a group of compounds
that may have a beneficial effect on human health and support immunity against numerous
diseases, but its use as a clinical therapeutic is not established. Also known as sugar
alcohols or polyols, they are widely distributed in the environment, and are found in
many organic products such as citrus fruits, nuts, yeast, grains, beans, buckwheat, and
many others [1]. Cyclitols and their derivatives perform many functions in eukaryotic cells.
They regulate ion channel activity, intracellular phosphate storage, cell wall formation,
signal transduction, membrane biogenesis and osmoregulation; furthermore, they are the
forerunners of crucial secondary messengers [2]. Myo-inositol (MI) is a representative of
the cyclitol group, at the same time being the most abundant inositol in nature. MI was
first isolated from muscle extracts in 1850 by Scherer and since then has been intensively
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studied for its possible beneficial effects on the human body [3]. MI and its derivative
supplementation are characterized by good drug tolerance, low toxicity, and possible use by
pregnant women [4]. Figure 1 is depicting the chemical structures of MI and its derivatives
with possible anxiolytic effects.

Myo-Inositol Scyllo-Inositol
OH OH
OH OH OH
OH OH
OH OH
OH
OH OH
Epi-Inositol D-chiro-Inositol
OH OH OH
OH OH OH Q‘H
OH
OH
OH OH OH

Figure 1. Chemical structure of Myo-Inositol and its derivatives with possible anxiolytic effect.

Since the start of the COVID-19 pandemic, the number of people suffering from
depression and anxiety has increased substantially: a 27.6% increase in cases of major
depressive disorders and a 25.6% increase in anxiety disorder cases [5]. Researchers have
emphasized that it was a predictable phenomenon in the face of an unknown emerging
crisis and that these numbers should normalize over time [6,7]. It is clear that during
the pandemic onset, there was an acute increase in mental health symptoms [6]. The
exact impact of the pandemic on the human mental condition needs to be determined by
further longitudinal study [8]. The use of nutrient-based “nutraceuticals” and plant-based
“phytoceuticals” to treat mental disorders is widespread. Still, no updated global clinical
guidelines have been issued since 2015, until a recent meta-analysis by Sarris et al. where
inositol was not advised for treating depression and lacked sufficient evidence for its
effectiveness in treating anxiety [9]. Anxiety is one of the most widespread psychiatric
disorders and it is still a significant problem among many patients suffering from other
somatic diseases [10,11]. Currently used psychiatric drugs have many side effects and
can lead to addiction. Natural methods of combating depression and drugs that would
additionally carry a lower risk of complications are still being sought [12].

The best animal models for testing possible new treatment ideas are still being sought.
Mouse models are expensive and require large quantities of samples, which is why an
alternative is needed. For these reasons, the zebrafish (Danio rerio) has recently become the
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prominent model organism for research in many fields, such as toxicology, drug discovery,
developmental biology, oncology, molecular genetics, and many others [13]. In the 1970s,
George Streisinger from the University of Oregon was the first one to use the zebrafish as a
model organism due to its low cost, the possibility of easier genetic manipulation than in
mice models, and a fast development cycle. Zebrafish have many similarities in physiology
and genetics to humans; moreover, 70% of disease genes function the same in humans and
zebrafish [13]. Zebrafish enable high throughput screening and are compatible with the
standard multi-well plates and video-recording systems used in industry [14].

The larvae of zebrafish are exceptionally applicable for behavioral tests performed in
multi-well plates due to their small size and low-cost maintenance. Furthermore, these
models are ideal for high throughput screening because of their relative maturity compared
to adults in terms of swimming ability, motor functionality, sensitivity to stress, and
their ability to perform simple motor tasks while receiving appropriate signals from the
environment [14]. While the nervous system in zebrafish is less complex than in Homo
sapiens, the action of the relevant neurotransmitters and adequate changes in their behavior
in response to stress can still be observed. Researchers have used many tests to investigate
zebrafish anxiety levels, such as the novel tank dive, open field test, light-dark test, startle
test, electric shock assay, and others [15,16]. Thigmotaxis, also known as wall-hugging,
is the tendency of the zebrafish to avoid the center of the arena and choose to stay near
the edge of the well. Also, changes in the intensity of light affect the level of anxiety in
zebrafish with the tendency to avoid the darkness. Such a behavior is commonly seen in
nature in many species and demonstrates a peculiar reaction to stress [14,17].

The objective of our work was to examine the effect of MI on zebrafish embryos’
locomotor activity, as well as its potential anxiolytic activity in zebrafish larvae.

2. Materials and Methods
2.1. The Fish Maintenance and Ethic Statement

All fish lines are housed in the fish facility of the Laboratory of Genomics and Tran-
scriptomics, University of Warmia and Mazury in Olsztyn, Poland—built according to
the local animal welfare standards. According to the European Directive 2010/63/EU
and Polish legal regulations O.]. of 2015, item 266, studies performed on early-life-stage
zebrafish larvae and euthanasia do not require Ethic Committee permissions.

2.2. Zebrafish Spawning, Embryo Selection, and Larvae Incubation

The adult AB zebrafish strain was set for spawning, with a female-to-male ratio of
approximately 1:1, in spawning containers. The spawning was induced by turning on
the light in the morning. Eggs in the stadium of 1 h post fertilization were collected and
washed with E3 medium (5 mM NaCl, 0.17 mM KCL, 0.33 mM CaCl,-H,0O, 0.33 mM
MgCl,-6H,0, and pH 7.2). Collected embryos were selected and placed randomly in
5 Petri dishes with prepared solutions of MI (Chemat, Gdansk, Poland). Four experimental
groups were done consecutively: 5 mg/mL, 10 mg/mL, 20 mg/mL, and 40 mg/mL of MI
diluted in E3 solution. The control group was incubated in the E3 medium. Prepared plates
were incubated at 28.5 °C for 24 h.

2.3. Embryo Movement Analysis

Tail coiling analysis was conducted on healthy 24 hpf embryos. Embryos in each
treatment were selected to take 5-min videos under the stereomicroscope (SteREO Discov-
ery.V8, Zeiss, Germany). Analysis was performed using DanioScope Software v 1.2.206
(Noldus, Wageningen, The Netherlands) [18]. Each group of embryos was recorded for
5 min. DanioScope automatedly analyses the video recordings of larvae and evaluates
the parameters. Tail coiling activity was expressed as the proportion of the time of flicked
tail in 1 min [%]. The proportion of the time of spontaneous head-tail contraction-burst
activity [%] and total burst duration [s] of each embryo was counted and the average for
each group was calculated.
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2.4. Larvae Behavioural Assessment

All groups were incubated for 120 h. After every 24 h, solutions in all culture plates
were changed. At 120 hpf, 24 larvae from each tested group were randomly chosen and
transferred to 24-well plates (one individual larva per well) for behavioural tests.

The measurements were performed using the DanioVision system with Ethovision
XT v.15 software (Noldus, Wageningen, The Netherlands) [19,20]. The observation time
for each larva was 25 min, of which the first 5 min were given for adaptation. The larvae
spent the next 10 min in the light, and the last 10 min were spent in the dark. The distance
moved [mm] was calculated for each larva.

To assess thigmotaxis, the swimming arena must provide adequate space for distin-
guishing between inner and outer zones. We used the 24-well plate format (diameter
16.2 mm). Figure 2 is a depiction of the schematic representation of how the inner and outer
zones were defined.

(000000
000000

1000000
1000000

O /)

Figure 2. Schematic illustration of 24-well plate for larvae incubation (IZ—inner zone, OZ—outer

zone).

The thigmotaxis was calculated as the ratio between total distance moved (TDM) in
the outer zone of the test apparatus and TDM over the entire test arena (including inner
and outer zones). The % of TDM in the outer zone was obtained by multiplying this ratio
by 100 [14].

2.5. Statistical Analysis

All data were identified as normally or non-normally distributed using the Shapiro-
Wilk test and expressed as a mean with standard error of the mean (SEM) to display more
representative data. The quality of the two populations was tested using the Mann-Whitney
U test. Multiple comparisons for comparing two or more independent samples between
groups were performed using the Kruskal-Wallis test with Bonferroni correction. The data
used to analyze the thigmotaxis index were cleaned by manually removing the extreme
values (0% and 100%) and then removing outliers using the Grubbs test. p < 0.05 indicated
statistical significance (ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
Statistical analyses were performed using R software (version 4.3.3) and the ‘ggstatsplot’
and ‘ggplot2” approach.
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3. Results
3.1. The Movement Analysis of Embryos

The Mann-Whitney U test showed an increase in burst activity in the control group
and MI at concentrations of 40 mg/mL (p < 0.0001), and a slight decrease at concentrations
of 10 mg/mL (p < 0.05). During the total burst duration analysis, a significant increase was
observed when the larvae were treated with MI at a concentration of 40 mg/mL (p < 0.0001)
compared to the E3-treated group. Additionally, a slight decrease in total burst duration
was observed with MI at 10 mg/mL (p < 0.05). The results of zebrafish embryo locomotor
activity are shown in Figure 3.
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Figure 3. Effects of myoinositol (5, 10, 20, and 40 mg/mL) and E3 on locomotor activity. (A) Burst
Activity. (B) Total Burst Duration. Data are presented as the mean = SEM; ng3 =39, n5 mg/mL =37,
N0 mg/mL = 37, N20 mg/mL = 35, N40 mg/mL = 37. ns > 0.05, * p < 0.05, **** p < 0.0001 n comparison to
control group; (U Mann-Whitney test).

3.2. Larvae Locomotor Analysis Using Dark-Light Test
3.2.1. Larvae Locomotor Activity

Figure 4 shows the results of locomotor activity testing under alternating light and
dark conditions. Larvae were exposed to myo-inositol (5, 10, 20, and 40 mg/mL) or vehicle
(E3 solution) for 25 min. Testing began in the adaptive stage (5 min), followed by one cycle
of light (10 min) and darkness (10 min). Locomotion was not analyzed in the first stage.

Data in Figure 4 are presented as the mean distance moved (in mm) and SEM in 1-min
intervals during the 25-min sessions. For every group, the activity increased during the
initial dark period (shaded area).

The U Mann-Whitney test showed an increase in locomotor activity during the dark
phase in the control group and MI at concentrations of 5 mg/mL, 10 mg/mL, 20 mg/mL,
and 40 mg/mL (p < 0.0001) compared to the light phase. The Kruskal-Wallis test revealed
statistically significant changes in zebrafish larvae behavior after incubation in myoinositol
solutions in light [x?(4) = 38.12, p < 0.0001] and dark [x?(4) = 39.88, p < 0.0001] conditions.
The post hoc Bonferroni’s test demonstrated a decrease in locomotor activity during the
light phase in myoinositol at concentrations of 5 mg/mL (p < 0.05), 20 mg/mL (p < 0.01),
and 40 mg/mL (p < 0.0001) compared to the control group (E3). During the dark phase of
the experiment, a significant decrease in locomotor activity was observed after incubation in
myoinositol at concentrations of 5 mg/mL (p < 0.05) and 40 mg/mL (p < 0.0001) compared
to the E3 control group in the dark phase. The effects of MI and E3 on locomotor activity
are shown in Figure 5.
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Figure 4. Light/dark challenge with larvae fish. Locomotor activity was recorded for 15 min before a
sudden dark period lasting 10 min (gray shadowing). The fish were recorded for the entire 25 min;

n=24.
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Figure 5. Effects of myoinositol (5, 10, 20, and 40 mg/mL) and E3 on locomotor activity. Average
distance moved by zebrafish larvae within each 1-min time bin under either light (red bars) or dark
(blue bars) conditions. Data are presented as mean + SEM; n = 20. **** p < 0.0001 in comparison to
light conditions within the same concentration group (U Mann-Whitney test); “ p < 0.05, " p < 0.01,
" p < 0.0001 in comparison to the control group under light conditions; # p < 0.05, ### p < 0.0001 in
comparison to the control group under dark conditions (post hoc Bonferroni'’s test).

3.2.2. Thigmotaxis Index

Myoinositol treatment in the light/dark challenge had no impact on the thigmotactic
behaviors of larvae (Kruskal-Wallis test: treatment under dark conditions [x%(4) = 4.59,
p = 0.33] nor was there an impact under light conditions (x%(4) = 1.35, p = 0.85). The Mann-
Whitney U test showed no change in the % TDM in the outer zone by zebrafish larvae
after E3 (p > 0.05) and myoinositol treatments at concentrations of 5, 10, 20, and 40 mg/mL
(p > 0.05) in the light phase of the experiment compared to the dark phase. During the dark
challenge phase, no significant changes in the % TDM in the outer zone were observed
when the larvae were treated with myoinositol at any concentration compared with the
E3-treated group in the dark phase (p > 0.05). During the light phase of the experiment,
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no significant changes in the % TDM in the outer zone were observed when larvae were
treated with myoinositol at any concentration, compared to the E3-treated group in the
light phase (p > 0.05). The effects of MI on the thigmotaxis index are shown in Figure 6.
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Figure 6. Effects of myoinositol (5, 10, 20, and 40 mg/mL) and E3 on thigmotaxis index measured as
the % TDM in the outer zone. The thigmotaxis index by zebrafish larvae within each 1-min time bin
under either light (blue bars) or dark (red bars) conditions. Data are presented as the mean + SEM;
ns (first upper row) p > 0.05 in comparison to light conditions within the same concentration group
(U Mann-Whitney test); ns (second row) p < 0.05 in comparison to the control group under dark
conditions; ns (third row) > 0.05, in comparison to the control group under light conditions (post hoc
Bonferroni’s test).

4. Discussion

Despite many years of research on the effects of MI, there are still no clear results of
its use, and further research is needed to determine its effectiveness. It has already been
speculated that supplementation with MI alleviates the insulin resistance symptoms in
diabetic and Polycystic Ovary Syndrome (PCOS) patients, but the results of studies found
in the literature are not clear. In some sources, we can find information about the MI’s
ability to control insulin activity, improve insulin sensitivity, and has salutary effects in
people with diabetes. Sharma et al. report that MI has the potential to regulate insulin,
aiding in the prevention and management of diabetes mellitus [21]. Additionally, it has the
advantage of being an inexpensive and safe alternative to commonly used drugs [22,23].
Unfer et al. performed an analysis of various studies on MI supplementation for improving
hormonal imbalances in PCOS and provide the level Ia evidence of MI's effectiveness [24].
In a study by Zhao et al. MI multicomponent supplementation with D-chiro-Inositol (DCI)
was ranked best at improving menstrual frequency and this combination was found to
be superior the supplementation of MI or DCI alone [25]. However, there are still few
studies on the anxiolytic and antidepressant effects of MI. There are reports of reduced
levels of brain MI in patients with depression and anxiety compared to healthy controls
and low plasma MI concentrations have been suggested as a possible marker of major
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depressive disorders [26-29]. Also, PCOS patients often suffer from depression or anxiety,
related to hormonal disturbances and weight gain. Cantelmi et al. report that MI sup-
plementation turned out to reduce these symptoms [30]. In studies concerning possible
antidepressant and anxiolytic inositol activity, researchers used MI and its stereoisomers
such as Epi-Inositol (EI), Scyllo-Inositol (SI), and also D-pinitol; an analog of MI widely
found in many plant families [30-32]. Most of these studies suggest the positive effect of
MI supplementation on depression and anxiety [33]. However, as we mentioned before the
recent guidelines by the World Federation of Societies of Biological Psychiatry (WFSBP)
report that inositol is not advised for treating depression and lacks sufficient evidence
for its effectiveness in treating anxiety Mashayekh-Amiri et al. [25]. Ref. [34] report an
improvement in sleep quality in pregnant women supplemented with MI. SI contributes
to the reduction of symptoms of depression and anxiety in patients with Alzheimer’s
Disease [35]. El is a stereoisomer absent in mammalian tissue, but present in pine bark.
In research from Einat et al., the plus-maze model of anxiety in mice was used to test the
anxiolytic-like activity of EI and MI. EI had the strongest anxiolytic-like effect, followed
by M1, in comparison to the control group [36-38]. D-pinitol has also been shown to have
an antidepressant and anxiolytic effect [39]. In a review of the plant-based methods of
anxiety and depression treatment by Fajemiroye et al., researchers list a plant that origi-
nated in Brazil, Mimosa pudica, in which D-pinitol is one of the active principles. It has an
antidepressant-like effect, mediated by the serotonergic system. It is used in the treatment
of depression and insomnia and is consumed in the form of an infusion of dried leaves [40].
Alonso-Castro et al. analyzed the effects of an ethanol extract of Senna septemtrionalis aerial
parts (consisting of 42% D-pinitol) on mice behavior. D-pinitol showed anxiolytic-like
activity in the four anxiety models and this effect turned out to be stronger than after
fluoxetine administration [39].

This is the second research to date in which MI activity was tested on the Danio
rerio. In this study, we used concentrations of MI with a maximum value of 40 mg/mL.
Based on our previous research, in which we conducted the fish embryo toxicity (FET)
test, MI concentrations higher than 40 mg/mL turned out to be toxic and led to significant
disturbances in zebrafish maturation and survivability [1]. In another research paper
found in online databases, the authors investigated the impact of MI on stress reduction in
another fish species—the turbot (Scophthalmus maximus). The researchers concluded that
MI significantly reduces stress in individuals in response to salinity. MI was administered
by dissolving it in the aquatic environment where the individuals lived and by adding it
to their feed. The genetic testing of the transcriptome of the experimental group showed
that MI increased the effectiveness of physiological processes such as steroid biosynthesis,
steroid metabolism, circadian rhythm, tryptophan metabolism, metabolism of xenobiotics
by cytochrome P450, oxidoreductase activity, iron ion binding, and heme binding [41].

The tail-coiling activity measurement performed via video recording of embryos is a
relatively new alternative method for screening developmental neurotoxicity induced by
tested substances. Tail coiling activity can be assessed based on many factors and one of
them is burst activity; the percentage of time the embryo is moving in the recorded time
bin [42,43]. In our work, burst activity of embryos was calculated and a significant increase
in burst duration was observed at the highest dose of MI (40 mg/mL), but a minimal
decrease in burst activity was detected in the 10 mg/mL group.

In this paper, we focused on determining the possible MI's anxiolytic activity and
behavioral changes in Zebrafish embryos and larvae. In the behavioral assessment, re-
searchers often use the visual motor response (VMR) test which is based on a sudden
transition in the illumination of the observed fish from light to darkness. Sudden cut-off of
the light source causes a significant robust increase in the zebrafish locomotor activity due
to the stress response [14,44]. In our study for every tested group, the activity increased
during the initial part of the dark period, which is in line with other authors’ outcomes.
Zebrafish larvae are showing aversion toward darkness, which leads to an increase of the
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traveled distance when compared to the light phase. In our research, average distance
moved was higher in the dark than in the light conditions in every group.

In the analysis of zebrafish larvae behavior, specific endpoints are used, such as
total distance traveled, velocity, and time spent in zones, which allows for statistical data
comparison [45]. In the papers concerning the anxiolytics tested on zebrafish, the total
distance traveled by fish in combination with dark and light periods allows the assessment
of anxiolytic or sedative effects. Zebrafish larvae show natural darkness avoidance (i.e.,
scotophobia) [46]. The results of our study remain ambiguous. While the characteristic
zebrafish behaviors such as scotophobia remained unchanged, indicators showing changes
in levels of anxiety were not significantly affected by MI. MI was found to reduce the
distance moved in comparison to the control group. The main limitation of our study is
that it is based on simple behavioral analysis. Our future studies will require biochemical
validation as well as tracking the transcriptome changes in zebrafish.

Thigmotaxis is a validated index for the evaluation of anxiety changes in animals and
humans. Thigmotaxis refers to the inclination to steer clear of the central area of an arena
and instead remain close to or move along the boundaries of the surroundings [14,47].
The thigmotaxis index in experimental groups showed no significant changes than in
the control group. Therefore, a significant anxiolytic effect of MI on zebrafish could not
be demonstrated.

5. Conclusions

Plant-based substances that can be used as potential anxiolytics are still being sought
due to the many side effects of currently available drugs. In this project, we analyzed the
effects of MI on zebrafish behavior, development, and potential anxiolytic effects. No direct
anxiolytic effect of MI on zebrafish was demonstrated, but MI boosted the 24-hpf embryo lo-
comotor activity and therefore it may have a beneficial role in the development of zebrafish
embryos. It is worth noting that the group of cyclitols includes numerous derivatives,
and dietary supplements containing MI are commonly used daily with remarkable effects.
Still there are a few clinical trials registered, complited and with published results—20
studies to date about the effects of the whole inositol group, and none concerning the topic
of depressive and anxiety disorders. Our research paves the way for further research on
the action and effectiveness of MI and its other stereoisomers. Further studies are needed
for a deeper understanding of the anxiolytic and developmental effects of MI, including
transcriptome analysis using next-generation sequencing.
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Abbreviations

DCI D-chiro-Inositol

EI Epi-Inositol
FET fish embryo toxicity
hpf hours post fertilization

MI Myo-Inositol

PCOS  Polycystic Ovary Syndrome
SI Scyllo-Inositol

SEM  standard error of the mean
VMR  visual motor response
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Abstract: Lutein (Lut) and zeaxanthin (Zeax) are found in the blood and are deposited in the retina
(macular pigment). Both are found in the diet in free form and esterified with fatty acids. A high
intake and/or status is associated with a lower risk of chronic diseases, especially eye diseases.
There is a large global demand for Lut in the dietary supplement market, with marigold flowers
being the main source, mainly as lutein esters. As the bioavailability of Lut from free or ester
forms is controversial, our aim was to assess the bioavailability of Lut (free vs. ester) and visual
contrast threshold (CT). Twenty-four healthy subjects (twelve women, twelve men), aged 20-35 and
50-65 years, were enrolled in a cross-sectional study to consume 6 mg lutein/day from marigold
extract (free vs. ester) for two months. Blood samples were taken at baseline and after 15, 40, and
60 days in each period. Serum Lut and Zeax were analysed using HPLC, and dietary intake was
determined with a 7-day food record at the beginning of each period. CT, with and without glare,
was at 0 and 60 days at three levels of visual angle. Lut + Zeax intake at baseline was 1.9 mg/day, and
serum lutein was 0.36 umol/L. Serum lutein increased 2.4-fold on day 15 (up to 0.81 and 0.90 pmol/L
with free and ester lutein, respectively) and was maintained until the end of the study. Serum Zeax
increased 1.7-fold. There were no differences in serum Lut responses to free or ester lutein at any
time point. CT responses to lutein supplementation (free vs. ester) were not different at any time
point. CT correlated with Lut under glare conditions, and better correlations were obtained at low
frequencies in the whole group due to the older group. The highest correlations occurred between
CT at high frequency and with glare with serum Lut and Lut + Zeax. Only in the older group were
inverse correlations found at baseline at a high frequency with L + Z and with Lut/cholesterol and at
a low frequency with Lut/cholesterol. In conclusion, daily supplementation with Lut for 15 days
significantly increases serum Lut in normolipemic adults to levels associated with a reduced risk of
age-related eye disease regardless of the chemical form of lutein supplied. Longer supplementation,
up to two months, does not significantly alter the concentration achieved but may contribute to an
increase in macular pigment (a long-term marker of lutein status) and thus improve the effect on
visual outcomes.

Keywords: lutein intake; blood lutein; lutein free; lutein ester; contrast sensitivity; zeaxanthin
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1. Introduction

Lutein and its structural isomer zeaxanthin are obtained exclusively from food. These
carotenoids can be absorbed intact or undergo oxidative cleavage prior to absorption from
the intestinal lumen and are transported in the blood by lipoproteins, associated with LDL
and HDL lipoproteins. Lutein and zeaxanthin are preferentially deposited in the retina
where, together with meso-zeaxanthin (thought to be formed from lutein in the retina), they
form the macular pigment (MP). This specific intraocular deposition suggests a biological
process governing their capture, deposition, and stabilisation in the macula, thought to be
mediated by binding proteins [1].

Lutein and zeaxanthin are oxygenated derivatives of carotenes (xanthophylls), which
are mainly provided by green plant foods, olive oil, eggs, and egg by-products [1]. In most
fruits and some vegetables, lutein and zeaxanthin are found in free form and esterified
with fatty acids [2-4]. Although xanthophyll esters are the main form in most fruits and
flowers, there is much less information on the occurrence of carotenoid esters in foods of
plant and animal origin compared to the large amount of data available on the free forms
of carotenoids [5]. Moreover, in the diet, the main xanthophylls (lutein, zeaxanthin, and
-cryptoxanthin) are mainly obtained as ester forms, as described in Spanish and Brazilian
populations, where they represent about 70% of the total dietary xanthophyll intake [5].

On the other hand, high dietary lutein intake and/or blood concentration is asso-
ciated with a lower risk of several chronic diseases (development or progression), most
notably age-related macular degeneration (ARMD) [6-8], as well as health benefits, such
as improved visual and cognitive function [7,9-13]. A reduction in the risk of progression
from intermediate to advanced ARMD with lutein-rich supplementation [8] and improve-
ments in visual function have also been described [14,15]. In the eye, the MP filters (or
absorbs) blue light, physically protecting the underlying photoreceptor cell layer from
light damage, but also acts as an antioxidant to protect against the formation of reactive
oxygen species [1,15].

Today, lutein is one of the most sought-after bioactive compounds in the global food
supplement market, mainly due to its protective role in the retina, in relation to the cosmetic
industry (e.g., sun light protection), and as a colour additive in food and feed [16,17]. The
main commercial source of lutein for dietary supplements comes from marigold flowers
(Tngetes erecta), which are rich in carotenoids, especially lutein, which is mainly present as
lutein ester (90-99%) [4]. Although the esterification of xanthophylls seems to facilitate
their bioaccessibility and the ester forms are more stable during food processing [4,18],
the bioavailability of lutein from free or ester forms seems to be controversial. The final
product in the blood is free lutein, as lutein esters are hydrolysed in the lumen of the small
intestine before being taken up by the enterocyte [1]. However, lutein esters have also been
described in the serum of normolipemic individuals who take lutein supplements and
achieve serum lutein concentrations above 1.06 pmol/L (60 ng/dL) [19].

Although in general the bioavailability of xanthophyll esters seems to be equal or
higher than their free forms [5,18], with regard to lutein, while some studies show that
the lutein ester is better absorbed [20,21], others show the opposite, the free form being
better absorbed than the ester form [22], or even no difference [23,24]. Therefore, as more
studies on lutein bioavailability (free versus ester) are needed, preferably in subjects with
well-defined characteristics and in studies acting as their own control, our aims were to
assess lutein bioavailability, free versus ester forms, taking into account two potential
confounding factors, sex and age, and to provide an approach to the assessment of visual
function in the context of lutein supplementation.

2. Materials and Methods
2.1. Subjects and Study Design

A total of 24 apparently healthy subjects (12 women, 12 men) in two different age
groups (20-35 and 50-65 years) were recruited according to the inclusion and exclusion cri-
teria. Inclusion criteria were as follows: serum cholesterol < 5.7 mmol/L, biochemical and
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haematological profile within normal limits, and no medication, vitamin, or dietary supple-
ments. Exclusion criteria were as follows: habitual use of lutein supplements and cataract
or any ocular disease affecting the macula. Volunteers were enrolled in a randomised
cross-over study to take a lutein supplement (free or ester form) of 6 mg lutein/day for
two months, followed by a two-month wash-out period (Figure 1). Participants were asked
to continue their usual diet and to take lutein capsules with one of their daily meals.

Lutein free Wash out Lutein ester
(6 mg/d) (60 days) (6 mg/d)
[ 1 T | T 1 |
Days 0 15 40 60 0 15 40 60
S — T T ]
Days O 15 40 60 0 15 40 60
Lutein ester Wash out Lutein free
(6 mg/d) (60 days) (6 mg/d)

Figure 1. Study design n = 24, divided into two groups: lutein-free, n = 12 (n = 6, three women and
three men aged 20-35 y, and 7 = 6, three women and three men aged 50-65 y) and lutein ester, n = 12,
with the same distribution as in the lutein free group). Blood samples were taken at each time point,
CT was assessed at 0 and 60 days, and food records were taken at the start of each period.

Blood samples (8—-10 mL) were collected after an 8-10 h fast at baseline and at days
15, 40, and 60 of each of the two intervention periods. Subjects underwent a 7-day food
record at the start of each supplementation period. The visual system was assessed using
contrast threshold (CT) at 0 and 60 days. This study was approved by the Clinical Research
Ethics Committee of the Hospital Universitario Puerta de Hierro of Madrid, Spain (Dated
27 April 2007, code: CEIm.), and the subjects gave their written informed consent.

2.2. Lutein Supplements

Lutein capsules (6 mg/capsule) were manufactured by Goerlich Pharma International,
GmbH (Edling, Germany) using Flora GLO 10% VG TabGrade™ (Kemin, Des Moines,
IA, USA) and from Xangold 10% (Cognis, Monheim am Rhein, Germany) for the capsules
containing the free and ester forms of lutein, respectively. Both Flora GLO and Xangold are
made from marigold flowers and contain low levels of zeaxanthin (a minimum of 0.4% in
Flora GLO and approximately 4.9% in Xangold, according to the manufacturers). The overall
composition of the free lutein capsules was as follows: Flora GLO 10% VG 22.22%, cellulose
microcrystalline 77.04%, and magnesium stearate 2%, and that of the lutein ester capsules
was: Xangold 10% 43.33%, cellulose microcrystalline 55.93%, and magnesium stearate 0.74%.
The capsules were provided at each visit, with a few extra capsules each time.

2.3. Assessment of Dietary Intake of Lutein and Carotenoids

Dietary intake of carotenoids was assessed using 7-day food records at the beginning
of each of the two intervention periods. Food records were kept for seven consecutive days
(including one weekend) and were collected by a specialised dietician who reviewed the
records in the presence of the participant, asking questions about quantities or items to facil-
itate correct identification of the food/drink consumed. Amount consumed was estimated
in portions or household servings and in units (fruit) [25]. On the basis of this information,
we calculated the dietary intake (grams/day), which was used to determine the daily
intake of lutein and zeaxanthin using a database developed by our group and included in
a software application for the assessment of individual dietary intake of carotenoids [26].
This database contains HPLC-generated data on the main dietary carotenoids, mainly from
fruits and vegetables [27-29].
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2.4. Analysis of Serum Concentrations of Lutein and Zeaxanthin

Serum concentrations of lutein and zeaxanthin were determined using HPLC using a
system consisting of a model 6000 pump, a Rheodyne injector and a 2998 photodiode array
detector (Waters, Milford, MA, USA), and a Spheri-5 ODS 5 pm column (220 mm x 4.6 mm
(Brownlee Labs, Applied Biosystem, Santa Clara, CA, USA) with a guard column (Aquapore
ODS type RP-18, PerkinElmer Inc., Drachten, The Netherlands). The mobile phases were
acetonitrile-methanol (85:15; v/v), and acetonitrile-dichloromethane-methanol (70:20:10;
v/v/v) in a linear gradient from 5 min to 20 min. Both mobile phases were stabilised with
ammonium acetate (0.025 mol L~!) added to the methanol. The flow rate was 1.8 mL
min~!, and detection was at a wavelength of 450 nm. All chromatograms were processed
using Empower 2 software (Waters, Milford, MA, USA).

Blood samples were collected in plain blood collection tubes without anticoagulant.
The serum was separated using centrifugation (630x g, 10 min). Baseline and supple-
mented serum samples from each subject were stored at 70 °C, processed, and analysed
simultaneously to reduce analytical variability. Subjects were analysed in random order
within seven months of collection, and one in six serum samples were analysed in duplicate.
Carotenoid extraction was performed on fasting serum samples using a slight modification
of a previously published method [30]. Briefly, 200 pL of serum was added to 200 puL
of ethanol, vortexed, and extracted twice with 400 uL of hexane: dichloromethane (5:1)
stabilised with 0.1 g/L butylated hydroxyltoluene. The organic phases were pooled, evapo-
rated to dryness under a nitrogen atmosphere, reconstituted with 200 pL of a solution of
tetrahydrofuran: ethanol (1:2), and injected (5 puL) into the HPLC system. Methanol, ethanol,
acetonitrile, dichloromethane, ammonium acetate, butylated hydroxytoluene (BHT), and
tetrahydrofuran were supplied by Panreac (Barcelona, Spain). Lutein (xanthophyll from
marigold) was purchased from Sigma Chemical Co. (St. Louis, MO, USA), and zeaxanthin
was purchased from Fluka Analytica (Sigma Aldrich, St. Louis, MI, USA).

Blood total cholesterol was analysed with colourimetric enzymatic assay (Cobas
Integra 400 plus, Roche, Basel, Switzerland).

2.5. Visual Contrast Threshold

Visual function was assessed by measuring contrast threshold (CT) with and without
glare (Contrast Glaretester, CGT-1000, Takagi Sciko Co. Ltd., Nagano, Japan) at three
times during the study period (0, 40, 60 days). The CGT-1000 determined CT with and
without glare using an automated strategy set for 6 sizes of annular stimuli with diameters
ranging from 6.3° to 0.7° of visual angle. The 12 levels of CT range from 0.01 to 0.45. The
luminance of the background on which the stimuli were presented was 10 cd/m?. Stimulus
presentation lasted 0.2 s with 0.2 s intervals; test luminance had a glare of 40,000 cd/ m2.

The lower the CT, the higher the contrast sensitivity level at which a subject was able
to detect each spatial frequency. The reciprocal of the CT is called contrast sensitivity. Each
subject was tested monocularly for CT, once with each eye and with spectacle correction
if necessary. The test results were automatically printed on a single graph showing the
sensitivity functions. CT results were reported as the mean of three levels of frequency
data—low, medium, high—corresponding to the mean of 6.3° and 4° of visual angle (lower
frequencies), 2.5° and 1.6° (medium frequencies), and 1.0° and 0.7° (high frequencies).

2.6. Statistical Analysis

Data are expressed as the mean and standard error, 95% confidence interval. The
normal distribution of the data was assessed (Kolmogorov—-Smirnov test). Serum lutein
did not follow a normal distribution at any time point in the lutein-free group and at
baseline in the ester group. CT and lutein data from both groups showed a normal
distribution at baseline but not at 60 days, so Pearson and Spearman correlations were
used. Non-parametric tests (Friedman) were used to compare the concentrations of the
variables analysed in the groups (four groups according to sex and age), the Willcoxon
test to compare the concentrations at baseline, and the Kruskall-Wallis test to compare
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the responses to supplementation. Although there were differences for sex and age in
each of the four groups, no interactions were observed for these variables in the lutein
chemical formula groups. A linear mixed model with repeated measures for time and lutein
chemical formula was used with lutein and lutein/cholesterol as dependent variables and
age, sex, time, and chemical formula as fixed factors. Pairwise interactions of all factors
were analysed.

All reported p-values are based on a two-tailed test and compared at a 5% significance
level. IBM SPSS Statistics, v.27 software was used for all statistical calculations.

3. Results

The subjects (1 = 24, divided into two age groups: n = 12 are 20-35 years old (mean and
SD: 25 £ 3 y) and n= 12 are 50-65 years old (mean and SD: 53 =+ 4 y)) supplemented their
usual daily diet with 6 mg of lutein (free and ester), which was three times their mean dietary
intake of lutein + zeaxanthin at a baseline of 1.9 mg/day (£0.23 SE) (median = 1.4 mg/day).
Compliance was assessed by counting the number of capsules returned at each visit, and it
was greater than 85%. As the lutein capsules supplied also contained zeaxanthin, albeit at
a very low concentration compared to lutein, serum zeaxanthin was also analysed. Table 1
shows the serum concentrations of lutein, lutein/cholesterol, and zeaxanthin at baseline
and at each time point analysed during the study (n = 48). There were no differences in
the concentrations of lutein, zeaxanthin, and cholesterol (mean and SD: 4.69 + 0.90 and
4.71 £ 0.89 mmol/L) at the beginning of each of the supplementation periods.

Table 1. Serum lutein, zeaxanthin (umol/L), and lutein/cholesterol concentrations in participants,
expressed as mean (SE) [95%CI] throughout the study.

Free Lutein Group (n = 24)

Lutein Ester Group (n = 24)

Total Group (n = 48)

Lutein Lutein/Cholesterol Zeaxanthin Lutein Lutein/Cholesterol Zeaxanthin Lutein Zeaxanthin ]iute1n+ .
eaxanthin

Basal  0-35° (0.03) 0.112 (0.01) 0.09 2 (0.01) 0.382 (0.03) 0.122 (0.47) 0.102 (0.01) 0.372 (0.03) 0.102 (0.01) 0.512 (0.04)
[0.29,0.42] (0.09,0.13] [0.07,0.11] [0.32,0.44] [0.10,0.14] [0.08,0.12] [0.31,0.42] [0.08,0.11] [0.43,0.59]

154  0-81°(0.04) 0.26® (0.02) 0.14* (0.01) 0.90° (0.06) 0.29° (0.02) 0.14° (0.01) 0.85" (0.04) 0.14° (0.01) 1.02° (0.05)
[0.72,0.89] [0.22,0.29] [0.12,0.16] [0.79,1.01] [0.25,0.33] [0.13,0.16] [0.78,0.93] [0.13,0.15] [0.92,1.12]

40d 0.87® (0.06) 0.29® (0.02) 0.16¢(0.01)  0.94" (0.05) 0.31° (0.02) 0.16¢(0.01)  0.91° (0.04) 0.16 € (0.01) 1.10 € (0.05)
[0.74, 1.00] [0.24, 0.34] [0.13,0.18] [0.84, 1.04] [0.27,0.36] [0.14, 0.18] [0.83,0.99] [0.14,0.17] [1.03,1.20]

c0d 0847 (0.07) 0.27® (0.03) 0.16° (0.01) 0.96 ° (0.06) 0.31°(0.02) 0.17° (0.01) 0.90° (0.05) 0.16 © (0.01) 1.08 © (0.06)
[0.69, 0.99] [0.22,0.33] [0.13,0.18] [0.84,1.07] [0.27,0.04] [0.15,0.19] [0.80, 1.00] [0.15,0.18] [0.96,1.20]

abe In the columns, different superscripts indicate statistical significance (p < 0.05).

The serum lutein concentration increased on day 15, reaching levels of 0.81 and
0.90 umol/L for free and ester lutein, respectively. These increases, which averaged
2.4 times, were maintained throughout the intervention study (days 40 and 60) in each
group. The serum zeaxanthin concentration also increased from 0.10 to 0.16 pmol/L,
an average 1.7-fold increase (Table 1). Zeaxanthin increased on day 15 (p < 0.001) and
continued to increase on day 40 (p < 0.034), and it was maintained until the end of the study
(60 d). At each time point, there were no differences between the responses to lutein and
zeaxanthin supplementation with the two chemical formulae.

In the whole sample, serum lutein concentrations differed between sexes
(0.44 £+ 0.24 and 0.31 £ 0.12 umol/L, men and women, respectively, p = 0.026) and age
groups (0.27 £ 0.07 and 0.48 £ 0.23 pmol/L, younger and older, respectively, p = 0.011)
at the beginning of the two supplementation periods and on day 15 but not after 40 and
60 days of supplementation. Age and sex had a weak effect on the serum lutein response
to the supplementation (free or ester lutein), with higher responses in men than in women
and in the older group (50-65 years), although this did not reach statistical significance.
Figure 2 shows the time course of serum lutein concentration using the lutein chemical
formula for groups according to sex and age.
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Figure 2. Response of serum lutein concentration (umol/L) to supplementation with free lutein and
lutein esters in the total group (A) and grouped by age and sex (B).

The CT data (mean + SD, [median]), with and without glare, for the six different
degrees of visual angle, grouped into three levels according to the frequencies low (6.3°
and 4°), medium (2.5° and 1.6°), and high (1.0° and 0.7°), are shown in Table 2. In the
total group and also grouped by age, CT showed no significant differences at baseline
in any of the periods with free lutein and lutein ester, and no differences were found
in the responses to lutein supplementation with the two chemical formulae at any time.
CT showed statistical differences according to light level, being higher in the presence of
medium- and high-frequency glare at both baseline and 60 days and also in the presence
of low-frequency glare at 60 days (Table 2 and Figure 3). Although CT differed by age at
medium and high frequencies, there were no differences after adjustment for age (20-25 vs.
50-65 years). CT showed no differences after 60 days of lutein supplementation except in
the glare condition for the low frequencies (p = 0.008).

83



Nutrients 2024, 16, 1415

Table 2. Contrast thresholds (mean + SD [median]) at different degrees of visual angle, with and
without glare (1 = 96 eyes), at baseline and at the end of the study.

Contrast Threshold

Visual Angle (()of)the Estimulus without Glare with Glare

Baseline Baseline p-value
6.3° and 4.0° (mean) 0.013 £ 0.013 [0.010] 0.013 4 0.008 [0.010] 2 0.145
2.5° and 1.6 (mean) 0.026 + 0.038 [0.029] 0.037 £ 0.056 [0.017] <0.001
1.0° and 0.7° (mean) 0.108 £ 0.108 [0.050] 0.118 4 0.109 [0.060] 0.009

60 days 60 days
6.3° and 4.0° (mean) 0.016 £ 0.038 [0.010] 0.014 £ 0.011 [0.010] 0.050
2.5° and 1.6 (mean) 0.027 + 0.044 [0.016] 0.033 4 0.046 [0.020] <0.001
1.0° and 0.7° (mean) 0.105 £ 0.010 [0.055] 0.112 4 0.105 [0.070] 0.040

Within columns, different superscripts indicate significant difference between baseline and 60 days (*° p = 0.008).
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Time, frequency
M basal, low
WED d, low
20-35 years 50-65 years M hasal, medium
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Figure 3. CT values without glare (A) and with glare (B) according to age and chemical form of lutein.
Statistical differences (p < 0.001) at all frequency levels, with and without glare, at baseline and at
60 days between younger and older subjects.
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After 60 d of lutein supplementation, age-adjusted CT was different in the glare
condition for the low frequencies (p = 0.008).

Dietary lutein plus zeaxanthin intake showed no significant correlation with serum
lutein, lutein + zeaxanthin, and lutein/cholesterol concentrations or with the CT at baseline.
For serum concentrations of lutein plus zeaxanthin, lutein, and lutein/cholesterol, their
correlations with CT, without and with glare, at baseline and after 60 days of supplemen-
tation in the total group (both lutein groups, free and ester) are shown in Table 3. In the
total group, statistically significant correlations were found at baseline between serum
lutein or lutein plus zeaxanthin concentrations and CT at each of the three frequency
levels, with and without glare, but no significant correlations were found between CT and
lutein/cholesterol concentrations. After 60 days of lutein supplementation, in the total
group, with and without glare, all correlations of CT with lutein plus zeaxanthin and also
with lutein were maintained except those under glare at low frequency and without glare
at high frequency. The highest correlations were observed with glare and at the highest
frequencies (lower visual angle of the estimulus) with serum lutein (0.322, p = 0.001) and
lutein plus zeaxanthin (0.340, p < 0.001).

Table 3. Correlations (Spearman’s rho and [p-value]) of contrast thresholds (mean at each of the
three frequency levels, with and without glare) with serum lutein, lutein plus zeaxanthin, and
lutein/cholesterol in the total group. Statistically significant results are shown in italics.

Visual Angle of the

. o Lutein Lutein + Zeaxanthin Lutein/Cholesterol Lutein Lutein + Zeaxanthin Lutein/Cholesterol
Estimulus (°)
Baseline—without glare Baseline—with glare

6.3° and 4.0° 0.345[0.001] 0.329 [0.002] 0.059 [0.591] ?(‘)206130] 0.220[0.031] —0.001 [0.989]

N 0.376 0.428
2.5° and 1.6 [<0.001] 0.293[0.007] 0.063 [0.569] [<0.001] 0.376 [<0.001] 0.120 [0.245]
1.0° and 0.7° 0.364 [<0.001] 0.264[0.015] 0.086 [0.434] 0.359 [<0.001] 0.325[0.001] 0.110 [0.284]

60 days—without glare 60 days-with glare

6.3° and 4.0° 0.239 [0.026] 0.231[0.032] 0.019 [0.862] 0.188 [0.067] 0.210 [0.040] —0.031[0.762]
2.5°and 1.6 0.262[0.015] 0.276 [0.010] —0.039 [0.720] 0.213[0.037] 0.254[0.013] —0.061 [0.554]
1.0° and 0.7° 0.170[0.117] 0.232[0.032] —0.095 [0.386] ?(')3551] 0.340 [<0.001] 0.062 [0.547]

Comparing the age groups, at baseline in only the older group and in the glare
condition, inverse correlations were found at high frequencies with lutein plus zeaxanthin
(—0.343, p = 0.017) and with lutein/cholesterol (—0.390, p = 0.006) and at low frequencies
with lutein/cholesterol (—0.326, p = 0.024). Instead, after 60 days of lutein supplementation,
correlations were found only in the younger group (20-30 years), while no significant
correlations were found in the older group. In the younger group, significant correlations
were obtained without glare at low and medium frequencies with serum lutein (0.308,
p = 0.035; 0.315, p = 0.021, respectively) and with glare at high frequency with serum lutein
(0.367, p = 0.010) and with serum lutein/cholesterol (0.423, p = 0.003). Figure S1 shows
the correlations of serum lutein with CT, with and without glare, according to the age
of the subjects at baseline and at the end of the lutein supplementation period, and an
improvement can be observed at high and medium frequencies, mainly with glare.

4. Discussion
4.1. Serum Lutein and Zeaxanthin and Effect of Lutein Supplementation (Free vs. Ester)

This study of the bioavailability of lutein from dietary supplements focused on the
forms of lutein (free vs. ester) found in commercially available supplements. Both forms are
derived from marigold flowers and therefore also contain its structural isomer, zeaxanthin
(ester forms), although at much lower concentrations [31]. The concentration in the supple-
ments was set at 6 mg lutein/day because this amount has been associated with a reduced
risk of several chronic diseases [6,32-34], although there is evidence that lower levels of
lutein and zeaxanthin may be sufficient to protect against the progression of age-related
macular disease [35]. The amount of 6 mg lutein can be obtained from the diet [33] by
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choosing lutein-rich foods (e.g., about 100 g of spinach), but it can be difficult to maintain
on a regular basis, and its bioavailability from fruits and vegetables is low and generally
lower than that from supplements [17].

The 6 mg lutein/day provided is much higher than the mean dietary intake of
lutein + zeaxanthin consumed by the volunteers in this study (1.9 mg/day), which is
similar to data from different adult populations/groups from Europe, the USA, and
other countries worldwide, with ranges from 0.1 to 4.8 mg/day (mean of 2.2 mg/day),
with 1.7 mg/day being the mean of the data from Spain [36]. These dietary intakes of
lutein plus zeaxanthin corresponded to a blood concentration range of 0.20-0.56 pmol/L
(mean 0.33 umol/L) [36], similar to the range (0.43-0.58 umol/L) but lower than the mean
(0.51 umol/L) found at the baseline in our study. Dietary and blood lutein concentrations
are higher than those of zeaxanthin, being about four times higher in the blood in this study,
which is consistent with the 4 to 5 ratio described in people from different countries [36]. In
the Spanish diet, lutein is about 11 to 13 times higher than zeaxanthin [37,38].

The daily capsules contained a marigold flower extract rich in lutein (free or ester
forms) and with a much lower concentration of zeaxanthin (companies reported from 0.4
to around 4.9%). Their consumption led to an increase in both xanthophylls in the serum,
reaching a plateau after 15 days for lutein and 40 days for zeaxanthin. A similar plateau has
been reported to be dose-dependent in some studies [39] but not in others [40,41]. Our data
on serum lutein responses (6 mg/d resulted in an increase of 2.4) are comparable to those
found in similar studies in healthy subjects, e.g., supplementation with 15 mg/d (extracted
from marigold) increased serum lutein 5-fold and zeaxanthin approximately 2-fold [42]
and supplementation with 5 mg lutein (ester from Tagetes erecta) increased serum lutein
2.6-fold [39]; however, this differs from those reported by Machida et al. [41], who found
that a daily intake of 12 mg lutein (free form) for 16 weeks provoked a maximum two-fold
increase in serum.

Lutein supplementation increased serum lutein concentrations to around 0.88 umol/L,
which is above the 0.60 pmol/L concentration associated with a lower risk of chronic
eye disease in epidemiological studies [32,33]. In healthy individuals, this serum lutein
response is influenced by inter-individual variability and the large variability in bioavail-
ability due to the carotenoid source and host factors [36]. Among the potential confounding
factors, blood lipid concentrations are not always considered inclusion or exclusion criteria,
although lutein and zeaxanthin are transported by lipids and could therefore condition the
response [37]. Other confounding factors, such as sex and/or age, have been described
in observational studies [36,37], and the literature generally shows results adjusted for
sex and/or age. However, some studies also reported no influence of these factors on the
blood lutein response [20,22,39,42], which is consistent with our data, as the serum lutein
concentration differed between sexes and age groups at baseline and in the serum lutein
response until the plateau was reached, but their effect did not reach statistical significance,
even when the increase was expressed as lutein/cholesterol.

Lutein and zeaxanthin are ingested in the diet in free or in ester form. While they are
found in free form in green leaves (vegetables), they are esterified with many fatty acids in
some leaves and tubers and especially in many ripe fruits [1]. In general, the bioavailability
of the ester forms seems to be higher than that of the free forms due to a better solubilisation
and extraction during digestion [4,18]. Therefore, a higher bioavailability could be expected
from the intake of lutein supplements as the ester form compared to the free form. However,
information on the carotenoid ester content in foods and food supplements is scarce [1,5].
On the other hand, commercially available lutein-rich food supplements contain lutein in
both forms, free or ester, but few studies have evaluated their bioavailability in healthy
subjects, and moreover, they have shown discrepant results. A higher response to lutein
ester vs. free supplementation was described in some of the studies [20,21,24], but in
only one of them, the difference was statistically significant [21]. In our study, a higher
serum lutein concentration was also obtained in response to lutein ester supplementation
but not significantly different from that obtained with free lutein. The opposite, a higher
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response to the free lutein supplementation, has only been reported in one study [22].
These studies differed mainly in the concentration of lutein administered (10, 12.5, and
20 mg/day), design (randomised, parallel) [20], study duration (single dose, 1 to 6 months),
and sample size (most of them around 20 and the one, which showed a higher response
to free lutein, with 72 subjects). In the present study, with a crossover design to minimise
inter-individual variability in responses and with a lower amount of lutein supplied (closer
to that present in food intake), the serum lutein response was proportional to those from
the above-mentioned studies. In this study, serum lutein responses are independent of age
and sex and almost independent of serum lipids, as described in other studies [20,22].

With regard to zeaxanthin, which was also provided in this study at much lower
concentrations than lutein, a higher blood response to esterified than to free zeaxanthin has
been described [43].

On the other hand, the dissolution of the lutein formulation has an important influence
on its bioavailability [21]. For example, Bowen et al. [20] used a single dose of lutein (free
and ester forms with different formulations: crystalline vs. powder) and concluded that
the lutein diester formulation was more bioavailable than the free formulation but that the
difference in formulation could have led to different dissolution in emulsion lipid droplets
and ultimately different bioavailability.

4.2. CT and the Effect of Lutein Supplementation

Lutein and zeaxanthin are transported in the blood by lipoproteins and deposited in
the retina, where they form, together with mesozeaxanthin, the macular pigment (MP),
which acts as a blue light filter and can be considered a marker of long-term dietary
exposure. The MP increases with lutein and zeaxanthin supplementation and is associated
with improvements in contrast sensitivity and visual performance [15,40,44—48] in a dose-
dependent manner (at each of the spatial frequencies of 3, 6, and 12 cycles/degrees) in
healthy subjects [46] and in subjects with impaired visual function [9]. In this study and
mainly under glare conditions, in the whole sample and grouped by age, as the serum
lutein concentration increases, the CT value decreases, especially in the medium and high
frequencies (Figure 3), and therefore, the contrast sensitivity increases.

CT was influenced by lutein supplementation, mainly under glare conditions and at low
frequencies, and as in previous studies, this relationship appears to be age-dependent [47],
found only in the older group, where an increase in the CT (lower contrast sensitivity)
was obtained after two months of lutein supplementation. However, in the study by Yao
et al. [49], a slight trend towards an improvement in the glare sensitivity (mainly at medium
frequencies) was observed from the first to the third month of supplementation (20 mg/day),
and only after six months of lutein supplementation was a significant change observed
in healthy subjects. Also, in young subjects without chronic eye disease, Ma et al. [50]
reported a trend toward higher thresholds at low and medium frequencies after three months
of supplementation with 6 mg lutein/day but without improvement in glare conditions.
Another study in healthy subjects (20-69 years) supplemented with 12 mg lutein/day for four
months showed an improvement in contrast sensitivity (low frequency) and glare sensitivity
(high and medium frequency) [41]. In subjects with age-related macular degeneration, lutein
supplementation at different doses (6, 10, and 20 mg/d) with visual function assessments at
six, nine, and twelve months showed no significant changes until the twelve months [15,51].

Under glare conditions, CT values were higher (worse) than without glare at medium
and high frequencies, as previously described in healthy subjects of similar ages [47]. In
our study, the effect of lutein supplementation is mainly observed at the medium and
high frequencies in the older group, but it did not reach statistical significance, probably
because of the large variability of CT values [41,47,49-51] (higher in the older group, as
previously described [47]) and because of the duration of the supplementation period (two
months), which may have been too short to obtain variations in healthy subjects [41,49,50],
although a ceiling in serum lutein concentrations was reached before the first month of
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supplementation. The sample size may also have been relatively small, although a similar
sample size was used in another study to obtain variations in contrast sensitivity [15].

On the other hand, although there were significant correlations between serum lutein
markers (lutein, lutein plus zeaxanthin) and CT, with and without glare, at the three
frequency levels in the total group, both at baseline and after supplementation, these cor-
relations differed when comparing age groups. At baseline, inverse correlations between
CT and lutein plus zeaxanthin or lutein/cholesterol (high frequency) and between CT and
lutein/cholesterol (low frequency) were found only in the older group and with glare,
implying an improvement in contrast sensitivity associated with higher serum lutein and
zeaxanthin concentrations. This is in line with previous data in subjects with similar char-
acteristics, where inverse correlations were also obtained at the three frequency levels, but
without glare conditions [47]. This desirable association between CT and serum lutein plus
zeaxanthin at baseline in the older group did not occur after the lutein supplementation
period, as no association was found in the older group. In contrast, high-contrast sensitivity
has been described in older women taking lutein plus zeaxanthin supplements (at various
doses from 1 mg/d) for over fifteen years in eyes without pathology [48]. However, in the
younger group, where no associations were found at baseline, there were several signif-
icant associations after lutein supplementation, with and without glare, with lutein and
lutein/cholesterol at low, medium, and high frequencies. We do not have an explanation
for these different responses to lutein supplementation in younger and older subjects, but
circulating lipids (although cholesterolaemia was within the normal range in this study),
LDL, different proportions of circulating HDL and LDL cholesterol, possible oxidative
modifications of LDL and HDL cholesterol [52], and variations in the lipoprotein receptors
that may be selective for different ratios of LDL and HDL [53] and may have an effect on
retinal pigment epithelial cells cannot be excluded.

5. Conclusions

We can conclude that a daily intake of 6 mg of lutein, from marigold lutein extracts
(free and ester forms), for 15 days significantly increased serum lutein concentrations
in normolipemic adults to levels associated with a lower risk of age-related eye disease,
regardless of the chemical form of lutein supplied. Zeaxanthin, which is also present in
marigold extract but at much lower concentrations, also produced a significant increase in
its serum concentration. Longer supplementation, up to two months, does not significantly
modify the serum levels achieved, as serum lutein reaches a plateau concentration but may
contribute to an increase in MPOD (long-term marker of lutein status) and thus improve
the effect on the visual outcomes, especially in older subjects, in whom inverse strong
associations between serum lutein and CT, mainly in glare conditions, were observed in
this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16101415/s1, Figure S1: Correlations between serum lutein
concentration (nug/dL, X axis) and CT (Y axis) in the total group (A), in the group aged 20-35y (B)
and 50-65 y (C). Line colours represent frequencies: high (red), medium (green) and low (blue).
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Abstract: Dry eye disease (DED) occurs when there are not enough tears, and the associated
symptoms—burns, itching, and a gritty feeling in the eye—can cause great discomfort. The purpose
of this study was to evaluate the therapeutic effect of purple corn extract (PCE) on DED. Pretreatment
with PCE prevented desiccation-stress-induced cell damage in human retinal pigment epithelial cells
and primary human corneal epithelial cells. Furthermore, PCE reduced the mRNA expression of
inflammatory mediators in the induction of desiccation stress. The therapeutic effects of PCE on DED
were evaluated in an animal model with induced unilateral excision of the exorbital lacrimal gland.
The administration of PCE was effective at recovering tear production, corneal surface irregularity,
and conjunctival goblet cell density, as well as at reducing apoptotic cell death in the outer layer of
the corneal epithelium. Collectively, PCE improved dry eye symptoms, and, therefore, it could be a
potential agent to ameliorate and/or treat DED.

Keywords: dry eye disease; purple corn extract; anthocyanin; cyanidin-3-O-glucoside; inflammation;
regulated cell death

1. Introduction

Age-related dry eye disease (DED) is a multifactorial and common ocular surface
disorder causing immense inconvenience, which adversely affects the quality of life of
patients. With increasing longevity, this is a growing health problem globally, which
affects vision in severe cases [1-3]. DED is primarily classified in two categories: aqueous-
deficient DED with lack of tear production and evaporative DED with increased tear
evaporation [1,4]. The ocular surface plays an essential role in maintaining moisture via
the tear film, which is composed of several components, including water, lipids, mucins,
cytokines, growth factors, and antimicrobial peptides [5,6]. On the ocular surface, the
tear film lubricates and defends against pathogens. As we age, the tear film homeostasis
changes, affecting the lacrimal glands, goblet cells, and meibomian glands in particular.
These changes may lead to aqueous-deficient DED and further injury to the ocular surface
through decreased secretion of tear volume [7-10].

Patients with DED may experience many uncomfortable symptoms, including photo-
phobia, pain, burns, itching, and a gritty feeling in the eye. Although aging is a gradual
and continuous process of natural change, it can be accompanied by numerous biological
and physiological changes. Inflammaging, which is a chronic and low-grade inflammatory
state, occurs during the aging process. It is characterized by an increase in the produc-
tion of pro-inflammatory mediators. This condition accelerates tear instability, with tear
production and DED symptoms, and the induction of stress-related signal transductions
on the ocular surface [3,11,12]. Consequently, the regulation of inflammation can be a
favorable therapeutic approach for DED. In fact, anti-inflammatory agents are used to
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reduce the signs and symptoms of DED and restore homeostasis in the tear film and ocular
surface [12-14].

Originally, purple corn (Zea mays L.) came from the Andean Region of South America
and was used to make traditional foods and beverages. It is now widely cultivated all over
the world and has recently become an emerging star in the novel ingredients market and
the pharmaceutical industry, as it includes a number of biologically active compounds, such
as anthocyanins and other functional phytochemicals, that are beneficial for health [15,16].
Among the anthocyanins, cyanidin-3-O-glucoside (C3G), the 3-O-glycosylated form of
cyanidin, is one of the most common rich compounds of purple corn. It has been reported to
have several health-promoting effects, such as antioxidant, anti-inflammation, antidiabetic,
antiangiogenetic, and anticarcinogenic properties [15-18]. Because of their high antho-
cyanin content, the husks and cobs of purple corn can be optional sources of anthocyanin
for food supplements; however, they are commonly recognized as by-products and are
largely discarded because of their low utilization. For this reason, it is essential to develop
a number of products with benefits for health that can be obtained from the husks and
cobs of purple corn. In the present study, we prepared purple corn extract (PCE) from the
husks and cobs of purple corn and evaluated the biological activities of PCE on eye health,
especially DED, in both in vitro and in vivo models.

2. Materials and Methods
2.1. Preparation of Purple Corn Extract

The hybrid grains of purple corn were developed and registered by Gangwon Agri-
cultural Research and Extension Services (Chuncheon, Republic of Korea). As previously
described, the PCE was prepared from the dried husks and cobs of the purple corn [19].
Briefly, equal amounts of husks and cobs were repeatedly extracted with a 10-fold volume
of 30% ethanol for 6-12 h at 60 °C. The extract was subsequently filtered using Whatman
Qualitative No. 1 filter paper, concentrated at 60 °C in a rotary evaporator (Eyela, Tokyo,
Japan), and PCE powder was obtained by spray drying using a spray drier. The powder
was dissolved in dimethyl sulfoxide (DMSQO) as a stock solution at a concentration of
200 mg/mL, and in vitro biological assays were then carried out. The DMSO used as a
vehicle had a final concentration of 0.15%, except for the cell viability assay.

2.2. High-Performance Liquid Chromatography (HPLC) Analysis of Cyanidin-3-O-Glucoside

Cyanidin-3-O-glucoside (C3G) is one of the major components of PCE. In order to
quantify the amounts of C3G, the extracted PCE was analyzed using an LC-20AD pump
(Kyoto, Japan). Quantitative analysis was carried out using a reverse-phase system, and
separation was performed on a Unison US-C18 column (25 cm x 4.6 mm, 5 um). The
column temperature was maintained at 40 °C, and the flow rate was set to 1 mL/min. The
mobile phase comprised 0.1% trifluoroacetic acid (TFA) in water and acetonitrile, and the
elution was carried out at 85-15% for 40 min. The injection volume was 10 pL, and the UV
absorbance was recorded at 525 nm. The standard reagent against C3G was obtained from
ChromaDex (Los Angeles, CA, USA).

2.3. Cell Culture

The human retinal pigment epithelial cell line ARPE-19 (CRL-2302) and primary
human corneal epithelial cells (HCEpiC, PCS-700-010) were obtained from the American
Type Culture Collection (Manassas, VA, USA). The ARPE-19 cells were maintained in
DMEM/FE-12 (HyClone, Logan, UT, USA) and supplemented with 10% heat-inactivated
fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin (Welgene, Gyeongsan,
Republic of Korea). According to the manufacturer’s instructions, primary HCEpiCs were
maintained in corneal epithelial cell basal medium (PCS-700-030, ATCC) that contained
growth supplements (PCS-700-040, ATCC).
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2.4. Cell Viability Assay

Cells were seeded at a density of 2 x 10* cells/well in 96-well plates containing
fresh medium. When the cells reached their experimental time points after an overnight
incubation, the cells were incubated with vehicle alone, with different concentrations of
PCE, or with omega-3 for 24-72 h. The cell viability was determined at 450 nm using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA) after being further incubated
for 2—4 h at 37 °C following the addition of EZ-CyTox Enhanced Cell Viability Assay
Reagent (Daeil Lab Service, Seoul, Republic of Korea). In order to induce desiccating
stress, the cells were exposed at various time points of the desiccation stress or exposed
to desiccation stress for 30 min, followed by the removal of the cultured medium, and
then the cell viability was determined using an EZ-CyTox Enhanced Cell Viability Assay
Reagent. The crude source of omega-3 (F8020) used as a positive control was obtained from
Sigma-Aldrich (St. Louis, MO, USA).

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

According to the manufacturer’s instructions, the total RNA was extracted using
an AccuPrep Universal RNA Extraction Kit (Bioneer, Daejon, Republic of Korea), and
the cDNA was synthesized using an WizScript cDNA Synthesis Kit (Wisbio Solutions,
Seongnam, Republic of Korea). Using a Dyne Fast qPCR 2x PreMix (Dyne Bio, Seongnam,
Republic of Korea) with the Mic qPCR Analysis Software v2.12.0 (Bio Molecular Systems,
Upper Coomera, Australia), the qRT-PCR was performed. A comparative C; quantification
of the data was performed to derive a value for each sample, which was normalized to the
value for the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.
The sequences of the primers are summarized in Table 1.

Table 1. Primer sequences used for the quantitative real-time PCR.

Target Genes Primer Sequences
1L-1p Forward 5-GCACGATGCACCTGTACGAT-3’
Reverse 5-AGACATCACCAAGCTTTTTTGCT-3'
L6 Forward 5-CAGGAATTGAATGGGTTTGC-3
i Reverse 5-AAACCAAGGCACAGTGGAAC-3
L Forward 5-TTTTGCCAAGGAGTGCTAAAGA-3'
; Reverse 5-AACCCTCTGCACCCAGTTTTC-3’
12 Forward 5 -CTTGTGGCTACCCTGGTCCT-3’
: Reverse 5-GAGTTTGTCTGGCCTTCTGG-3'
INF Forward 5-CTGGGCAGGTCTACTTTGGG-3’
o Reverse 5-CTGGAGGCCCCAGTTTGAAT-3
NOS Forward 5-GGTGGAAGCGGTAACAAAGG-3/
! Reverse 5-TGCTTGGTGGCGAAGATGA-3/
COX2 Forward 5-GCCAAGCACTTTTGGTGGAG-3’
) Reverse 5-GGGACAGCCCTTCACGTTAT-3’
GAPDH Forward 5-GACCACAGTCCATGCCATCA-3’
Reverse 5-TCCACCACCCTGTTGCTGTA-3'

2.6. Animal Experiments

Six-week-old male Sprague-Dawley (SD) rats were obtained from KoaTech (Pyeong-
taek, Republic of Korea), and these rats were acclimatized for 7 days. In order to induce
experimental DED, the rats were deeply anesthetized with isoflurane (JW Pharmaceutical,
Seoul, Republic of Korea), and their left exorbital lacrimal gland was surgically excised. The
next day, the rats were randomly separated into five groups (1 = 5) and orally administered
either the vehicle (vehicle-treated group), PCE (30, 80, or 150 mg/kg, PCE-treated group),
or omega-3 (100 mg/kg, omega-3-treated group) every day for 7 days. Sham-operated
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rats were assigned to the normal group. Prior to administration, the PCE and omega-3
were freshly prepared in distilled water every day. The experimental protocol was ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of Chonbuk National
University Hospital Non-Clinical Evaluation Center (IACUC approval No. 2022-42).

2.7. Tear Volume Measurement

Tear volume was assessed using the phenol red thread tear test (Zone Quick, FCI
Ophthalmics, Pembroke, MA, USA) following treatment with PCE or omega-3 for 7 days.
The cotton thread was placed in the lateral canthus for 30 s, and the length of the color-
changed thread was measured. The tear volume was measured in both eyes.

2.8. Corneal Surface Irreqularity

As previously mentioned, the change in the ocular surface induced by desiccating
stress was determined [20]. The irregularity was measured by the reflected light from the
fiber-optic ring illuminator (5251, Olympus, Tokyo, Japan) on the corneal surface. The
values were scored as follows: 0, no distortion; 1, distortion in 1/4 of the reflected ring
shape; 2, distortion in 2/4; 3, distortion in 3/4; 4, distortion in 4/4; and 5, severe distortion
and no ring shape could be recognized.

2.9. Periodic Acid-Schiff (PAS) Staining

Five-micrometer-thick sections from the paraffin-embedded cornea specimens were
mounted on glass slides, deparaffinized, hydrated with grade ethanol, and then oxidized
in a 1% periodic acid solution for 5-10 min. These sections were rinsed with distilled
water and reacted with Schiff’s reagent for 20-30 min. After being rinsed with tap water,
the sections were dehydrated with grade ethanol, cleared with xylene, mounted in DPX
(Sigma-Aldrich), and then observed under an inverted fluorescence microscope (Carl
Zeiss, Jena, Germany). Counterstaining of the sections was performed using 0.2% Mayer’s
Hematoxylin Solution (Sigma-Aldrich).

2.10. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling
(TUNEL) Staining

According to the manufacturer’s instructions (In Situ Cell Death Detection Kit, Roche,
Germany), the apoptotic cells on the corneal tissue were determined with TUNEL stain-

ing. The TUNEL-positive cells were counted using an inverted fluorescence microscope
(Carl Zeiss).

2.11. Statistical Analysis

The results were derived from at least three independent experiments, and all data
are presented as the mean =+ standard error of mean (SEM). The statistical analysis was
carried out with the use of GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA),
and the significance was determined using a two-tailed Student’s t-test. Differences were
considered statistically significant at p < 0.05.

3. Results
3.1. HPLC Analysis of PCE

Purple corn contains a wide range of anthocyanins that are present in its husks, barks,
stems, and kernels, with C3G being one of the most common constituents and responsible
for its purple color [16-18,21,22]. Developed by Gangwon Agricultural Research and
Extension Services, the PCE was prepared from a mixture of the dried husks and cobs
of the purple corn. We obtained a standard compound of C3G and performed an HPLC
analysis to determine the amount of C3G in the PCE. The data from the HPLC analyses of
the C3G standard and the PCE used in the chromatograms were obtained by observing the
detector responses at 525 nm. We observed two major peaks in the chromatogram of the
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PCE, one of which, C3G, was detected at about 7.8 min; its content was 18.43 + 0.58 mg/g
(Figure 1).

C3G standard
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Figure 1. Representative chromatographs of HPLC: (A,B) HPLC chromatograms of the C3G stan-
dard (A) and PCE (B) were detected at 525 nm. The peak of C3G appeared at a retention time of

7.8 min.

3.2. PCE Protects Cells against Damage from Desiccation Stress

The cell viability assay was performed in human retinal pigment epithelial and pri-
mary human corneal epithelial cells to determine the cytotoxicity of PCE. The cells were
maintained for up to 72 h with various concentrations of PCE or omega-3. The PCE did
not affect any cytotoxic activity up to 3000 pg/mL for 72 h in both cell lines (Figure 2A,B).
However, in the cell lines with high concentrations above 1000 g/mL, omega-3 enhanced
the viability of cells (Figure 2C,D).
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Figure 2. Effects of PCE and omega-3 on the viability of ARPE-19 and HCEpiCs: (A-D) ARPE-19 (A,C)
or HCEpiCs (B,D) were incubated with different concentrations of C3G (A,B) or omega-3 (C,D) for
the indicated time points, and their viability was determined. (E) ARPE-19 or HCEpiCs were exposed
to different time points of air to induce desiccation stress, and their viability was determined. In
all cases, the viability is expressed as a % of the control. The results are presented as the mean +
SEM (n = 3). * p < 0.05, ** p < 0.005, and *** p < 0.0001 versus the vehicle-treated group. (F) ARPE-19
or HCEpiCs were preincubated with different concentrations of C3G or omega-3 for 24 h; then,
they were exposed to desiccation stress for 30 min, and the cell viability was determined. In all
cases, the viability is expressed as a % of the control. The results are presented as the mean + SEM
(n = 3). ## p <0.0001 versus the vehicle-treated group. * p < 0.05 and *** p < 0.0001 versus the
desiccation-stress-induced vehicle group.

Desiccation stress was induced in ARPE-19 and HCEpiC cells at different time points to
mimic DED in a cell culture system, and then the cell viability was observed. As previously
reported, desiccation stress was induced through air exposure on a clean bench [23]. The
cell viability slightly decreased at 20 min and dramatically decreased at 30 min (Figure 2E).
Therefore, the time point for desiccation stress was set to 30 min for the in vitro experiments.
To examine the protective effect of the PCE or omega-3 against cell damage induced by
desiccation stress, ARPE-19 or HCEpiC cells were preincubated with different concentra-
tions of PCE or omega-3 for 24 h prior to exposure to desiccation stress for 30 min. In the
presence of PCE or omega-3, the cell viability was restored effectively in a concentration-
dependent manner, and this indicates the protective effects of PCE or omega-3 against
desiccation stress (Figure 2F). On the basis of the results of the cell viability assays, we used
concentrations of up to 300 ug/mL of PCE or omega-3 in the in vitro experiments.
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3.3. PCE Decreases the mRNA Level of Inflammatory Mediators

Inflammation is known to further accelerate DED and is an important DED biomarker
that is considered in the regulated cell death (RCD) of dry eye etiopathology [24]. Interleukin-
6 (IL-6) and tumor necrosis factor-alpha (TNF-«), in particular, are correlated with necrop-
tosis, and IL-1p is associated with pyroptosis [24]. To confirm whether the cellular cyto-
protective effect of PCE is due to its anti-inflammatory effect, the mRNA expression of
inflammatory mediators was determined with gRT-PCR. The mRNA expression of inflam-
matory molecules, which include IL-1§3, IL-6, IL-8, IL-12, TNF-«, inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2), was increased approximately 2—4-fold that
of the normal conditions via the induction of desiccation stress in the ARPE-19 and HCEpiC
cells. This demonstrates that under desiccation conditions, the inflammatory response is
activated. In a concentration-dependent manner, the PCE caused an effective decrease in
their mRNA expression, and its effects were comparable to or stronger than those of omega-
3 (Figures 3 and 4). These findings demonstrate that PCE has anti-inflammatory effects in
dry eye syndromes, and this activity may play an essential role in its cytoprotective effect.
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Figure 3. Effects of PCE on mRNA expression of inflammatory mediators in ARPE-19: (A-G) ARPE-
19 cells were preincubated with different concentrations of PCE for 2 h, exposed to desiccation stress
for 30 min, and further incubated for 6 h. The total RNA was extracted, and the mRNA expression
of inflammatory mediators was analyzed using real-time PCR. The results are expressed as relative
values compared to the vehicle-treated control and presented as the mean + SEM (n = 3). # p <0.005
and ¥ p < 0.0001 versus the vehicle-treated group. * p < 0.05, ** p < 0.005, and *** p < 0.0001 versus
the desiccation-stress-induced vehicle group. O3, omega-3, 300 pg/mL.
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Figure 4. Effects of PCE on the mRNA expression of inflammatory mediators in HCEpiCs:
(A-G) HCEpiCs were preincubated for 2 h with different concentrations of PCE, exposed to desicca-
tion stress for 30 min, and further incubated for 6 h. The total RNA was extracted, and the mRNA
expression of the inflammatory mediators was analyzed using real-time PCR. The results are ex-
pressed as relative values compared to the vehicle-treated control and presented as the mean + SEM
(n =3). #p <0.05and # p < 0.005 versus the vehicle-treated group. * p < 0.05, ** p < 0.005, and
*** p < 0.0001 versus the desiccation-stress-induced vehicle group. O3, omega-3, 300 pg/mL.

3.4. PCE Improves Tear Production and Corneal Irregularity in Rats with DED

Anin vivo model of DED was developed by surgical excision of the unilateral exorbital
lacrimal gland in SD rats to evaluate the effect of PCE on eye health. PCE was administered
orally at a constant concentration every day for 7 days, and then the tear volume was
measured using a phenol-red-impregnated cotton thread. Tear production was reduced
compared with the normal group for rats that were experimentally exposed to a DED
model, suggesting that the DED model was well established. PCE administration effectively
recovered the tear volume in a concentration-dependent manner. At high concentrations,
the effect was almost normal and stronger than that of omega-3 (Figure 5A).

DED is associated with increased frequent blinking without the production of tears,
causing damage to the cornea surface due to scratching. These phenomena alter the corneal
epithelial barrier function and tear film integrity and cause inflammation. Therefore,
the extent of corneal damage was determined by taking pictures of the rat’s eye, which
reflected a white ring of light. The DED model group exhibited irregular circle shapes
of light; however, the administration of PCE significantly restored these shapes to those
of the normal group, and the effect was stronger than that of omega-3 (Figure 5B,C).
These findings suggest that PCE may possibly improve eye health, especially DED, by
maintaining moisture in the eye.
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Figure 5. Effects of PCE on tear secretion and corneal irregularity in DED model rats. (A) Tear volume
was measured using a phenol red thread test. Tear volume is expressed in milliliters of thread wetted
by the tear and turned red in color. (B,C) Reflected images (B) and the scores (C) of a white ring
from the fiber-optic ring illuminator of a stereomicroscope, and the corneal irregularity was graded
based on the number of distorted quarters in the reflected white ring, as described in Section 2.8.
The results are presented as the mean + SEM (1 = 5). # p < 0.05 and #* p < 0.0001 versus the normal
group. * p < 0.05 and *** p < 0.0001 versus the DED-induced group. O3, omega-3, 100 mg/kg.

3.5. PCE Increases Corneal Goblet Cell Density on the Ocular Surface

Corneal mucins are essential to defend and preserve the integrity of the ocular surface,
and alterations in corneal mucins have been found to be hallmarks of DED. Specifically,
a decrease in goblet cell density is associated with the seriousness of DED, and this de-
crease is accompanied by a decrease in mucin production [25,26]. Therefore, the density
of the goblet cells was analyzed for an indirect assessment of mucin production using
immunohistochemistry for PAS staining, which can selectively stain acidic mucus, a mucin
component contained in goblet cells, with red color. The goblet cell density remarkably
decreased in the rats in the DED model group compared to those in the normal group, but it
effectively increased in a concentration-dependent manner with the administration of PCE,
and its effect was comparable to or stronger than that of omega-3 (Figure 6). The protective
effect of PCE on the goblet cell density clearly indicates that PCE probably protects corneal
surface damage and maintains tear film integrity by increasing the production of mucin,
thereby improving dry eye symptoms.
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Figure 6. Effects of PCE on goblet cell density in DED model rats: (A,B) immunohistochemical analy-
sis of the PAS staining was carried out to analyze the acidic mucus in goblet cells, and representative
images (A) and PAS-positive cells in the corneal sections are shown as the conjunctival goblet cell
density (B). The results are presented as the mean + SEM (n = 5). ## p < 0.0001 versus the normal
group. * p < 0.05, ** p < 0.005, and *** p < 0.0001 versus the DED-induced group. O3, omega-3,

100 mg/kg.

3.6. PCE Prevents Apoptotic Cell Death in the Corneal Epithelium

DED is mainly linked to a lack of moisture in the eye, which leads to inflammation
resulting in cell death associated with stress [24,27]. Recently, targeting RCD has been
an emerging field and innovative strategy in the therapeutics of DED and ocular surface
dysfunction. Therefore, protecting cell death from cell damage caused by stress is an
important modulator of DED-related eye and ocular health improvement. In order to
determine whether PCE has cytoprotective effects towards an in vivo model of DED,
TUNEL staining was conducted in the tissue sections of the cornea of rats to detect dead
cells by mediated apoptosis. TUNEL-positive cells were dramatically increased in the
corneal epithelium and lacrimal glands of the DED rats compared to those in the normal
control rats. This indicates that RCD, particularly apoptotic cell death, increased. However,
this increase in apoptotic cell death was effectively reduced by PCE administration, and
this effect was comparable to or stronger than that of omega-3 (Figure 7).
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Figure 7. Effects of PCE on apoptotic cell death in the corneal epithelium of DED model rats:
(A,B) TUNEL staining was carried out to analyze apoptotic cell death in the corneal epithelium,
and representative images (A) and TUNEL-positive cells in the corneal sections (B) are shown. The
results are presented as the mean + SEM (n = 5). ### p < 0.0001 versus the normal group. * p < 0.05,
** p <0.005, and *** p < 0.0001 versus the DED-induced group. O3, omega-3, 100 mg/kg.
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4. Discussion

DED, one of the most prevalent eye syndromes, affects millions of people around the
world and becomes more common as people age. Recently, the incidence rate has rapidly
been increasing in the younger population due to frequent use of mobile phones and video
screens, use of contact lenses, and environmental factors, such as air pollution and low
humidity [2,28]. These factors decrease tears in the eyes, leading to hyperosmolarity of tear
film and inflammation of the ocular surface that causes damage to the ocular surface. Tear
production deficiency is associated with various pathophysiological mechanisms such as
decreasing cell volume, dysfunction of the DNA repair systems, and promotion of reactive
oxygen species (ROS) generation and apoptotic cell death in ocular surface cells [20,29].
Therefore, care and attention should be paid to eye health, not only for middle-aged people
but also for early age people.

Artificial tears, lubricants, and various ophthalmic drops, such as anti-inflammatory
drugs, immunosuppressants, and steroids, are currently used to treat DED, but these thera-
peutics concentrate on relieving clinical symptoms rather than unraveling the fundamental
causes of DED [30]. These limitations indicate the need to develop novel therapeutic agents
to treat DED. We investigated the protective effects of purple corn on DED models for
the improvement of eye health by treating the fundamental causes of DED. Purple corn
is a natural product, which is newly developed and registered by Gangwon Agricultural
Research and Extension Services, and the extract, PCE, was prepared from a mixture of
the husks and cobs of purple corn [19]. To examine the potential protective effects of
PCE against DED, the DED models were constructed with desiccation stress induced by
air exposure on a clean bench in vitro and by surgical excision of the unilateral exorbital
lacrimal gland in SD rats.

Purple corn contains various biologically functional components such as anthocyanins,
phenolic acids, and flavonoids. These components play an important role in its health
benefits, which include antioxidant, anti-inflammatory, antimutagenic, anticarcinogenic,
anticancer, and antiangiogenetic properties; blood pressure regulation; cardiovascular
health benefits; and improvement in lifestyle diseases, like obesity, diabetes, hyperglycemia,
and other linked diseases [15-18]. On the basis of our findings, PCE effectively improved
eye health in both the in vitro and in vivo DED models. PCE exhibited cytoprotective and
anti-inflammatory activities in ARPE-19 and HCEpiC cells induced by desiccation stress
in the in vitro experiments. Specifically, the anti-inflammatory activity of PCE may be
closely associated with cytoprotective effects, because inflammatory molecules promote
RCD in DED conditions during inflammaging [3,11,12,24]. Particularly, inflammatory
cytokines, such as IL-13, IL-6, IL-17A, IL-18, and TNF-«, are associated with RCDs, such
as apoptosis, necroptosis, and pyroptosis [24]. Using TUNEL staining, the cytoprotective
effect of PCE was further validated in the in vivo model of DED. PCE administered orally
significantly reduced TUNEL-positive cells in the corneal epithelium and lacrimal glands of
the DED rats, which indicates the anti-apoptotic activity of PCE. It is thus predicted that the
cytoprotective effects of PCE have a strong correlation with its anti-inflammatory activity.

Anthocyanins, which are a class of water-soluble phenolic compounds with a content
in the range of 6.8-82.3 mg/g, are mainly responsible for the dark purple-red color of pur-
ple corn. The anthocyanin content in purple corn is much higher than that in other products
known to be rich in anthocyanin, such as red grapes, blueberries, and aronia [21,31,32]. The
major anthocyanins in purple corn are C3G, pelargonidin-3-O-glucoside, peonidin-3-O-
glucoside, cyanindin-3-O-(6"-malonylglucoside), pelargonidin-3-O-(6"-malonylglucoside),
and peonidin-3-O-(6"-malonylglucoside) [21,33-37]. It is well known that these compo-
nents play an essential role in beneficial biological activities. In the HPLC analysis of
the PCE, two major peaks and three minor peaks were observed; one of the major peaks
was identified as C3G, and its content was 18.43 4 0.58 mg/g. Interestingly, Wistar rats
and F344 rats in acute and 90-day subchronic oral toxicity studies showed no toxicity
symptoms at high dosages of purple corn pigment, suggesting that the products made by
purple corn are safe [38,39]. According to the results reported by Nabae and colleagues,
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According to the Tear Film & Ocular Surface Society (TFOS) Dry Eye Workshop 11
(TFOS DEWS II) in 2017, dry eye is a multifactorial disease of the ocular surface character-
ized by a loss of homeostasis of the tear film and is accompanied by ocular symptoms, in
which tear film instability and hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles [40]. Based on these definitions, DED
is a disease described by the disruption of homeostasis, whether in the tear film, anatomy,
or the nervous system. Taken together, the main basis of DED is an insufficient amount
of tears resulting in various uncomfortable problems on the ocular surface. In the DED
model rats, our in vivo results demonstrated that the administration of PCE restored tear
production and corneal irregularity, as well as increased the corneal goblet cell density.
These findings indicate that PCE can improve eye health in DED by restoring the nor-
mal homeostasis of tears and improving the intrinsic properties of the tear film and the
ocular surface.

5. Conclusions

In conclusion, PCE exhibited cytoprotective and anti-inflammatory effects in dry
conditions induced by desiccation stress. Moreover, treatment with PCE in the animal
model was effective at restoring the progression of DED by improving tear production,
corneal irregularity, and goblet cell density. Our findings, thus, indicate that PCE can be
used as a healthy functional food material for eye health, particularly in DED cases.
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Abstract: During the worldwide COVID-19 outbreak, there was an increase in the prevalence of
obesity, including childhood obesity, due to which the awareness of obesity and interest in treatment
increased. Accordingly, we describe EJF (Euscaphis japonica Kanitz fruit) extract as a candidate for
naturally derived antiobesity agents. In this study, we found that EJF is involved in the early stage of
adipogenic differentiation in vitro and finally inhibits adipogenesis. We propose two mechanisms
for the antiobesity effect of EJF. First, EJF inhibits MDI-induced mitotic clonal expansion (MCE) by
inducing cell cycle arrest at the initiation of adipogenic differentiation. The second aims to regulate
stability and activation at the protein level of IRS1, which initiates differentiation in the early stage
of differentiation. As a result, it was found that the activation of Akt decreased, leading to the
inhibition of the expression of adipogenesis-related transcription factors (PPARy, C/EBP«) and the
subsequent suppression of adipogenic differentiation. In summary, we suggest that EJF can inhibit
adipogenesis and lipid accumulation by suppressing the early stage of adipogenic differentiation in
3T3-L1 adipocytes. These findings indicate that EJF’s functionality could be beneficial in the treatment
of obesity, particularly childhood obesity associated with adipocyte hyperplasia.

Keywords: Euscaphis japonica Kanitz fruit; antiobesity; adipogenesis; 3T3-L1 preadipocytes; mitotic
clonal expansion (MCE)

1. Introduction

During the worldwide COVID-19 outbreak, there was an increase in the prevalence of
obesity due to increased food intake and decreased activity among children, adolescents,
and young adults. In particular, the proportion of children and adolescents with obesity
aged between 6 and 19 years significantly increased from 4% in 1975 to >18% in 2016,
and the number of patients with childhood obesity has recently increased rapidly [1]. As
the basic number of adipocytes is formed during childhood and adolescence, childhood
obesity is accompanied by hyperplasia of adipocytes [2]. The complications of childhood
obesity include hypertension, left ventricular hypertrophy, atherosclerosis, insulin resis-
tance, diabetes, asthma, and nonalcoholic fatty liver, which are similar to those of adult
obesity [3]. However, childhood obesity is considered a much greater risk factor than adult
obesity. The period of growth and development in adolescence is associated with a normal
increase in insulin resistance, but an additional insulin resistance due to obesity during
this period causes glucose intolerance and may lead to type 2 diabetes [4]. Furthermore,
because the enzymes that synthesize sex hormones are expressed in the adipose tissue,
excessive adipose tissue can induce high androgen levels, causing hormonal imbalances.
Consequently, girls with childhood obesity may experience menstrual abnormalities such
as amenorrhea, irregular bleeding, and polycystic ovary syndrome, which can result in
impaired fertility [5].

The currently available drugs for obesity treatment can be broadly classified into two
categories, viz. medications that act on the central nervous system to influence appetite and
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medications that act on either the central nervous system or peripheral systems to promote
thermogenesis, as well as drugs that act on the gastrointestinal tract to reduce absorption.
However, these drugs can cause side effects, such as insomnia, dry mouth, tachycardia,
constipation, and heart valve diseases [6,7]. Hence, there has been an increasing demand
for new treatments due to the side effects of commercially available obesity drugs, resulting
in the emergence of natural-based antiobesity agents [8,9]. In fact, natural-based antiobesity
agents have gained popularity among consumers, particularly due to the general perception
that they exert minimal or no side effects compared with pharmaceutical drugs. The
commercial market for antiobesity agents derived from natural sources, which have been
explored for their efficacy and safety, is of significant magnitude [10]. Therefore, we
selected the fruit of Euscaphis japonica Kanitz as a candidate for natural-based antiobesity
agents. Although the antiobesity effects of the leaf of E. japonica Kanitz have been reported,
the molecular mechanisms related to adipogenic differentiation have not been completely
elucidated [11], and the antiobesity effects of the fruit have not yet been reported. Therefore,
in this study, we investigated whether E. japonica Kanitz fruit (EJF) extract exerts an
inhibitory effect on adipocyte hyperplasia by inhibiting adipogenic differentiation for the
treatment of obesity, especially childhood obesity. Through our study, we present EJF as a
candidate antiobesity agent derived from natural products.

2. Materials and Methods
2.1. Preparation of Euscaphis japonica (Thunb.) Kanitz Fruit Extract

The plant extract (KPM018-040) used in this research was obtained from the Natural
Product Central Bank at the Korea Research Institute of Bioscience and Biotechnology
(Daejeon, Republic of Korea). The plant was collected from Seogwipo-si, Jeju-do, KOREA
in 2002. A voucher specimen (KRIB 0000067) is kept in the herbarium of the Korea Re-
search Institute of Bioscience and Biotechnology. The plant (50 g), dried in the shade and
powdered, was added to 1 L of Methyl alcohol 99.9% (HPLC grade) and extracted through
30 cycles (40 KHz, 1500 W, 15 min. ultrasonication-120 min. standing per cycle) at room
temperature using an ultrasonic extractor (SDN-900H, SD-ULTRASONIC CO., LTD, Seoul,
Republic of Korea). After filtration (Qualitative Filter No.100, HYUNDAI MICRO CO., LTD,
Seoul, Republic of Korea) and drying under reduced pressure, E. japonica extract (15.44
g) was obtained. For use in laboratory experiments, the obtained extract was dissolved in
DMSO at a concentration of 50 mg/mL and further diluted before use.

2.2. Cell Culture

3T3-L1 preadipocytes were obtained from ATCC (Manassas, VA, USA) and were
maintained in growth media consisting of DMEM-H (Gibco, Paisley, UK) with 25 mM
glucose, 3.7 g/L NaHCO3, 1 mM sodium pyruvate, 10% bovine calf serum (v/v) (BCS;
Gibco, Paisley, UK), and 1% penicillin-streptomycin (Gibco, Paisley, UK). The cells were
incubated at 37 °C in a humidified atmosphere with 5% CO,. When the cells reached 80%
confluency in a 100 mm culture dish, they were seeded into a 6-well plate and allowed to
grow for an additional 2 days to reach post-confluency before entering the differentiation
stage. The 3T3-L1 preadipocytes used in this experiment were at passage numbers ranging
from 7 to 13.

2.3. Adipogenic Differentiation of 3T3-L1 Preadipocytes

For the experiment, 3T3-L1 preadipocytes were seeded at a density of 1 x 10°
cells/well. After 2-3 days, the cells reach 100% confluence. Following this, an addi-
tional 2 days are maintained to allow the cells to enter a post-confluence state, where they
remain in a cell cycle arrest (G0/G1) state due to contact inhibition and can no longer prolif-
erate. Following the post-confluence state, 3T3-L1 adipocytes were induced to differentiate.
The medium was replaced with a medium containing MDI. The MDI used for adipogenic
differentiation stands for the cocktail of chemical compounds composed of methylisobutylx-
anthine (IBMX), dexamethasone, and insulin. The medium consisted of DMEM-H (Gibco,
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Paisley, UK) with 25 mM glucose, 3.7 g/L NaHCO3, 1 mM sodium pyruvate, 10% fetal
bovine serum (v/v) (FBS; Gibco, Paisley, UK), 1% penicillin-streptomycin (Gibco, Paisley,
UK), 1 ug/mL insulin, 0.25 mM dexamethasone, 0.5 mM IBMX, and 0.125 nM indomethacin
(Sigma, USA, Saint Louis, MO, USA). After the second day of differentiation, the medium
was switched to DMEM-H containing 10% FBS and only insulin to promote the maturation
of adipocytes. We conducted our experiments using fully differentiated adipocytes on the
8th day of differentiation. When exploring the molecular levels associated with cell cycle
arrest during the early stage of differentiation, they were treated with MDI and EJF for 16
and 24 h after 2 days post-confluence. They were then harvested and used in experiments.
All media were replaced every 2 days.

2.4. Cell Viability Assay

The cytotoxicity of the extract was determined using Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Kumamoto, Japan). 3T3-L1 cells were seeded into a
96-well plate at 1 x 10* cells/well and maintained for 24 h. Next, the cells were treated
with the extract or DMSO for 48 h. Subsequently, CCK solution was added to each well
and incubated for 1 h at 37 °C. The absorbance was measured at 450 nm using a microplate
reader (Infinite F50; Tecan, Mdnnedorf, Switzerland). For this experiment, EJF was treated
at concentrations ranging from 1.58 pg/mL to 200 ug/mL. The group without EJF treatment
was treated with 0.004% (v/v) DMSO.

2.5. Oil Red O Staining

According to the experimental design, 3T3-L1 preadipocytes were seeded into 6-well
plates and treated with EJF to induce differentiation. On the 6th or 8th day of differentiation,
the adipocytes were washed with PBS. Then, they were fixed by treating with 1 mL of
4% paraformaldehyde (Biosesang Inc., Gyeonggi-do, Republic of Korea) for 1 h at room
temperature. Subsequently, they were stained with 0.6% Oil Red O solution (Sigma, USA,
Saint Louis, MO, USA) at room temperature for 30 min. After staining, the product is
washed three times with third-distilled water, and then 1 mL of isopropyl alcohol (Duksan
Pure Chemicals, Korea) is added to a 6-well plate. The plate is shaken at 80 rpm for
10 min at room temperature to dissolve the final product (ORO content). Subsequently,
the absorbance is measured at 450 nm using a microplate reader in 200 pL aliquots on a
96-well plate.

2.6. Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

3T3-L1 cells were seeded into 6-well plates and treated with EJF according to the
experimental design to induce differentiation, after which they were washed once with PBS.
Total RNA was isolated using Trizol reagent, and then cDNA libraries were synthesized
using the PrimeScript™ RT Reagent Kit (TaKaRa Bio, Kyoto, Japan). For the synthesis of
the cDNA library, standard PCR was performed with the following settings: pre-incubation
(15 min at 37 °C), annealing (5 min at 50 °C), extension (5 min at 98 °C), and cooling (4 °C).
The mRNA expression levels were measured and analyzed using the iCycleriQTM Real-
Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA), with detection
performed using SYBR Green (TOYOBO, Japan). The specific thermal cycling conditions
used for RT-PCR were as follows: pre-incubation (1 min at 95 °C), amplification (15 s at
95 °C, followed by 1 min at 60 °C for 39 cycles), melting (10 s at 95 °C), and cooling (5 s at
72.5 °C). The mRNA expression levels were normalized to those of 3-actin and indicated as
fold changes compared with a control group. All experiments were performed biologically
and technically in triplicate. The primers used for RT-PCR were synthesized by Macrogen
(Seoul, Republic of Korea), and their sequences are listed in Table 1.
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Table 1. Primer sequences and corresponding accession numbers used for gPCR.

Gene Name  Accession No. Sequence
Forward 5'-ACCTACGACCAGTATCAGGAAAAG-3/

Adipoq NM_009605 Reverse  3'-ACTAAGCTGAAAGTGTGTCGACTG-5'
come_souwnarn I TREMCSEOSTIES
Bactin EF095208 Forward  5-GACAACGGCTCCGGCATGTGCAAAG-3'

Reverse 3-TTCACGGTTGGCCTTAGGGTTCAG-5'

2.7. Western Blot Assay

3T3-L1 cells were lysed in RIPA buffer supplemented with 1x phosphatase cocktail
and protease cocktail. The lysate was then mixed with SDS to produce a protein sample,
which was boiled at 100 °C for 10 min. Protein quantification was performed using the Brad-
ford method. A 30 ug total protein sample was loaded onto 7.5-15% SDS-polyacrylamide
gel for the purpose of separation. Subsequently, the proteins were transferred to nitro-
cellulose membranes, which were then blocked with a solution of 5% nonfat skim milk
in TBS-T buffer (10 mM Tris pH 8.0, 150 mM NacCl, and 0.05% Tween 20) for 1 h at room
temperature with shaking at 80 rpm. Primary antibodies were applied and incubated
overnight at 4 °C. After three washes with TBS-T buffer, the membranes were incubated
with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature.
The protein bands with bound antibodies were detected using an enhanced chemilumi-
nescence kit (GE Healthcare, Buckinghamshire, UK) and visualized using the Fusion Solo
Detector. The (-actin and 3-tubulin bands were used as a normalization control for the
targeted protein bands. The antibodies used for protein detection are listed in Table 2.

Table 2. Antibody information used for Western blotting.

Gene Name Company Product No. IgG Conc.
Primary antibody
PPARy SCBT sc-7273 M 1:500
C/EBP«x CST 2295S R 1:1000
IRS1 CST 2390S R 1:1000
p-IRS1 Invitrogen 2103503 R 1:1000
Akt CST 4691S R 1:1000
p-Akt CST 4060S R 1:1000
f3-actin SCBT sc-47778 M 1:500
B-tubulin Abcam ab179513 R 1:1000
Secondary antibody
Mouse CST 70765 1:2000
Rabbit CST 7074S 1:3000

2.8. Cell Cycle Assay

To evaluate the cell cycle, 3T3-L1 adipocytes treated with MDI and the extract were
separated into single cells using Trypsin™ Express Enzyme (TE; Thermofisher Scientific,
Waltham, MA, USA), which consists of Trypsin (1X), phenol Red, and EDTA. To examine
the cell cycle distribution based on the difference in fluorescence expression levels within a
single adipocyte, we detached the adipocytes attached to the well by treating them with
TE. Subsequently, we generated single cells through multiple pipetting steps. Single cells
were then fixed with cold 95% ethanol and harvested by centrifugation at 3000x g for
5 min. The resulting cell pellet was resuspended in a solution containing propidium iodide
(100 pg/mL) and Rnase A (100 pg/mL) for staining. Stained cells were incubated at 37 °C
for 30 min in a CO, incubator. Cell cycle analysis was performed using an Attune acoustic
focusing cytometer (Thermofisher Scientific, Waltham, MA, USA). For the experiment, we
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set the voltage to 80 for Forward Scatter (FSC) and 260 for Side Scatter (S5C). After gating,
we counted 1 x 10* cells and measured them using a 488 nm excitation laser and a 574 /26
emission filter (nm).

2.9. Statistical Analysis

The experimental results were analyzed using the GraphPad Prism 9.4.1 software
(Sandiego, CA, USA) for data processing. All experiments were independently repeated
at least three times, and the data are presented as the mean =+ standard deviation (SD)
of individual measurements within independent experiments. Statistical analysis was
conducted using IBM SPSS statistics 25. One-way analysis of variance followed by Tukey’s
post hoc comparison test was performed, and statistical significance was set at p < 0.05.

3. Results
3.1. EJF Extract Inhibits Adipogenic Differentiation in 3T3-L1 Preadipocytes

Through this section, we confirmed that EJF inhibits adipogenic differentiation and lipid
accumulation in 3T3-L1 adipocytes. Before initiating differentiation, we determined the opti-
mal treatment dose of EJF through cell viability. Since no significant cytotoxicity was observed
up to a dose of 50 ng/mL, it was chosen as the highest dose (Figure 1A). Subsequently, adi-
pogenic differentiation was induced over an 8-day period with or without EJF treatment. The
scheme used for differentiation is depicted in Figure 1B. As a result, EJF treatment significantly
decreased both adipogenic differentiation and lipid accumulation. Furthermore, these effects
were found to be dose-dependent. As adipogenic differentiation is regulated by the transcrip-
tional cascade involving factors such as PPARy and C/EBP« [1], we examined the effect of EJF
extract on the expression of adipogenesis-related transcription factors. Adiponectin, secreted
by mature adipocytes, can be used as a marker for in vitro differentiation. Therefore, we also
investigated the mRNA expression of adiponectin. The protein levels of PPARy and C/EBP«
showed minimal changes at 12.5 and 25 ug/mL EJF concentrations but significantly decreased
at 50 ug/mL (Figure 1D,E). Similarly, at the mRNA level, the expression levels of Ppary,
C/ebpa, and Adipoq decreased in a dose-dependent manner (Figure 1F). These findings
demonstrate that EJF inhibits the differentiation of preadipocytes into mature adipocytes and
impedes lipid accumulation in mature adipocytes.
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Figure 1. Effects of Euscaphis japonica Kanitz fruit (EJF) extract on fully differentiated 3T3-L1 adipocytes.
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(A) A CCK assay was conducted to select a noncytotoxic concentration of EJF before treating 3T3-L1
preadipocytes. Cell viability was considered noncytotoxic if it was >80% of that in the control group,
and that concentration was used in the experiments. (B) Scheme of adipogenic differentiation for
this experiment. (C) 3T3-L1 preadipocytes were treated with EJF during the differentiation period.
Representative images of each group were obtained through Oil Red O (ORO) staining to evaluate the
extent of lipid accumulation. (D) Lipid droplets stained by Oil Red O (ORO) staining were quantified
by dissolving them in isopropanol and measuring the absorbance at 450 nm. (E) Protein expression
levels of PPARy and C/EBP« in fully differentiated 3T3-L1 adipocytes were detected by Western
blotting. (F) The Western blot bands representing the protein expression levels of PPARy and C/EBPx
were quantified and presented graphically. 3-actin values were used to confirm equal loading, and
the expression levels of all factors were normalized to those of 3-actin. (G) mRNA expression levels
of Ppary, C/ebpa, and Adipoq in fully differentiated 3T3-L1 adipocytes were detected using RT-PCR.
Equal loading was confirmed by (-actin, and the expression levels of all factors were normalized to
[-actin values. All experiments were independently repeated three times, and data are expressed as
mean + SD. * p < 0.05 compared with the MDI (+) group. # p < 0.01 when compared with the NC

group.

3.2. The Inhibitory Effect of EJF on Adipogenesis Is Most Critical in the Early Stage of
Differentiation in 3T3-L1 Preadipocytes

Through this section, we discovered that the inhibitory effect of EJF on adipogenesis is
most critical during the early stage of differentiation. EJF inhibits adipogenic differentiation
and lipid accumulation, leading to the investigation of the stage at which EJF intervenes.
The differentiation of adipocytes can be divided into early stage, middle stage, terminal
differentiation depending on the type of cocktail and duration of differentiation. Based on
the information below, we divided the differentiation stages into three phases [12]

o  Early stage: After post-confluence, treatment of MDI initiates differentiation. This
stage is characterized by the presence of growth-arrested preadipocytes and mitotic
clonal expansion (MCE) phase.

o  Middle stage: After 2 days of MDI treatment, transitioning to media containing only
insulin leads to entering the middle stage. In this stage, adipogenic gene expression is
initiated, and the accumulation of lipid droplets begins.

o  Late stage: After the 4th of differentiation, adipocytes enter the maturation stage. This
stage is characterized by the formation of mature lipid-filled adipocytes.

Firstly, we have designed a scheme to treat EJF at different stages of differentiation
(Figure 2A). EJF was administered at a dose of 50 pg/mL. The results revealed a significant
difference in the level of differentiation between Group A, which did not undergo EJF
treatment, and Group B, which received six days of treatment. Specifically, among the
groups treated with EJF for two days (Groups C, E, and G), the differentiation decrease in
Group C was approximately 50% lower in terms of ORO content compared to the control
group (Group A). However, no significant differentiation decrease was observed in Groups
E and G, which received EJF treatment during the middle and late stages, compared to
Group C. Furthermore, among the groups treated with EJF for four days (Groups D, F,
and H), there was a significant difference in the differentiation between the groups (D
and H) that underwent the early stage and the group F that did not undergo the early
stage (Figure 2B,C). These results indicate that EJF critically regulates the early stage of
differentiation regardless of the treatment duration.

Additionally, the expression level of Ppary, a master transcription factor that induces
adipogenic differentiation, was investigated. When comparing groups with the same total
extract treatment duration, similar to the method used for comparing ORO content, the
expression of Ppary was significantly decreased in the groups treated with EJF during
the early stage compared to the groups without early-stage treatment (Figure 2D). This is
consistent with the trend observed in ORO content. Therefore, our findings suggest that
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EJF strongly regulates the early stage of adipogenic differentiation, leading to a decrease in
lipid accumulation.
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Figure 2. Effects of Euscaphis japonica Kanitz fruit (EJF) extract on each stage of adipogenic differ-
entiation. (A) Scheme for EJF treatment during the differentiation period of 3T3-L1 preadipocytes.
3T3-L1 preadipocytes were differentiated for 6 days in the differentiation medium containing MDI,
depending on the presence or absence of EJF. (B) Mature adipocytes differentiated for 6 days were
stained for intracellular lipid droplets using Oil Red O (ORO) staining. (C) The stained adipocytes
were quantified by measuring the absorbance at 450 nm after dissolving them in isopropanol. (D) To-
tal RNA was extracted from the 6-day-differentiated adipocytes to measure Ppary expression using
real-time PCR. Equal loading was confirmed using 3-actin, and the expression levels of all factors
were normalized to those of 3-actin. All experiments were performed independently in triplicate, and
data are expressed as mean £ SD. ** p < 0.01 compared with the A group. # p < 0.01 when compared
with the NC group.

3.3. EJF Inhibits the Early Stage of Adipogenic Differentiation by Inhibiting MDI-Induced Cell
Cycle Progression in 3T3-L1 Preadipocytes

In this section, we discovered that EJF delays cell cycle progression by inducing
MDI during the early stage of differentiation. For the progression of differentiation, 3T3-
L1 preadipocytes stop their growth through contact inhibition due to inhibitory signals
from nearby cells. In preadipocytes with growth cessation, the level of p27 KIP1 protein
increases, and the expression levels of cyclin-dependent kinase 4 (CDK4) and cyclin D
decrease, resulting in cell cycle arrest in the G0/G1 phase. When MDI is administered in
the cell cycle arrest state, MCE (S phase) is initiated after approximately 14 h. Through
MCEE, the cell cycle of adipocyte is resumed, and adipocytes prepare for lipid formation and
accumulation in subsequent stages. Therefore, delaying the initiation of MCE by blocking
cell cycle progression may be an efficient method to inhibit adipogenesis [2]. EJF plays a
key role in adipogenic differentiation in the early stage, leading to the investigation of its
effect on MCE initiation. Based on the MCE initiation point, we have specified certain time
points as 16 and 24 h. We conducted the experiment by dividing the groups based on the
presence or absence of MDI and EJF as follows: growth-arrested preadipocytes (NC), MDI
(+), and EJF-treat groups categorized by concentration (ng/mL). Afterward, we examined
the changes in cell cycle distribution and the expression of cell cycle-related genes after EJF
treatment, and the results are as follows.

o Cell cycle distribution: The NC group induced cell cycle arrest in GO/G1 phase, and
the MDI (+) group initiated both cell cycle progression and MCE (S phase). However,
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after EJF treatment, the percentage of cells in S phase decreased and the percentage of
cells in GO/G1 increased (Figure 3A,B).

¢  CDK4, Cyclin D: A significant decrease in the expression levels of CDK4 and cyclin
D was observed at 16 h in the group treated with EJF compared to that in the group
without EJF treatment (Figure 3C-F).
¢  p27 KIP1: The MDI (+) group exhibited a decrease in the expression of p27KIP1
compared to the NC group due to the resumption of the cell cycle. However, treatment
with EJF significantly increased the expression of p27KIP1, and this observation
remained consistent regardless of the time point (Figure 3C,D,G).
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Figure 3. Effects of Euscaphis japonica Kanitz fruit (EJF) extract on MDI-induced cell cycle progression
in 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were treated with MDI-containing medium for 16 and
24 h, following cell cycle arrest induced by contact inhibition, depending on the presence or absence
of EJE. (A) 3T3-L1 cells were fixed with 95% ethanol and then treated with propidium iodide. The cell
population was determined using a flow cytometer, with a count of 1 x 10* cells per sample. (B) The
distribution of the quantified cell population was represented graphically. (C) After treating the cells
with EJF in MDI-containing medium for 16 h, the expression levels of CDK4, cyclin D, and p27 KIP1
proteins were measured by Western blotting. (D) After treating the cells with EJF in MDI-containing
medium for 24 h, the expression levels of CDK4, cyclin D, and p27 KIP1 proteins were examined by
Western blotting. Equal loading of proteins was confirmed by the expression of 3-actin. (E-G) The
Western blot bands obtained from cells treated with EJF or control in MDI-containing medium for
16 and 24 h were quantified and presented graphically. The expression levels of all factors were
normalized to those of 3-actin. All experiments were independently performed in triplicate, and data
are expressed as mean + SD. * p < 0.05 compared with the MDI (+) group. # p < 0.01 when compared
with the NC group.

This trend was more significant at 16 h than at 24 h. Therefore, this result suggests
that EJF treatment delays MDI-induced cell cycle resumption—that is, entry into MCE.
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3.4. EJF Attenuates IRS1 Stability and Inhibits Its Activation in 3T3-L1 Preadipocytes

In this section, we discover that EJF reduces the stability and activation of IRS1 and sub-
sequently reduces the activation of Akt. When treating adipocytes with MDI for adipogenic
differentiation, insulin first binds to the insulin receptor on adipocytes. Subsequently,
insulin receptor substrate 1 (IRS1) becomes phosphorylated and activated by the receptor.
Activated IRS1 then converts phosphoinositide 3-kinase (PI3K) into phosphatidylinositol
4,5-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate, leading to the phosphoryla-
tion of Akt. Akt is then recruited to the cell membrane and becomes activated. Therefore,
this signaling cascade directly participates in cellular differentiation and adipogenesis by
regulating adipogenesis-related genes. In this process, IRS1, which directly modulates
the response to external MDI and subsequent differentiation, exerts a significant influ-
ence on the initiation of the early stages of differentiation [11]. EJF plays a key role in
adipogenic differentiation in the early stage, leading to the investigation of its effect on IRS1
phosphorylation and activation. We established the hypothesis that EJF treatment would
decrease IRS1 phosphorylation and stability, subsequently inhibiting Akt phosphorylation,
ultimately leading to the suppression of adipogenesis when inducing differentiation using
MDI-containing medium. Phosphorylation of IRS1 was significantly increased in the MDI
(+) group compared to the NC group. However, EJF treatment decreased both IRS1 stability
and IRS1 phosphorylation in a dose-dependent manner. These results suggest that EJF
treatment significantly reduces IRS1 phosphorylation and activation. Next, phosphoryla-
tion of Akt was also significantly inhibited in the 50 pg/mL group compared to the MDI
(+) group (Figure 4A,B). In summary, EJF inhibits adipogenic differentiation with a strategy
to decrease phosphorylation and the stability of IRS1 and inhibit Akt phosphorylation in
the early stage of differentiation.
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Figure 4. Effects of Euscaphis japonica Kanitz fruit (EJF) extract on IRS1 stability and its activation
during the early stage of adipogenic differentiation. 3T3-L1 preadipocytes were treated with medium
containing MDI for 30 min, depending on the presence or absence of EJF. (A) After treating 3T3-L1 cells
for 30 min, the expression levels of p-IRS1, IRS1, p-Akt, and Akt proteins were detected by Western
blotting. (B) The levels of phosphorylated IRS1 and its downstream target Akt phosphorylation
were quantified by analyzing Western blot bands and presented graphically. Equal loading was
confirmed by -tubulin, and the expression levels of all factors were normalized to 3-tubulin values.
All experiments were independently repeated three times, and data were expressed as mean + SD.
* p < 0.05 compared with the MDI (+) group. # p < 0.01 when compared with the NC group.

4. Discussion

In this study, two mechanisms were proposed to explain the antiobesity effects of
EJF during the early stage of adipogenic differentiation. The first mechanism involves the
delay in differentiation progression through the inhibition of MCE via cell cycle arrest. The
second mechanism involves a decrease in IRS1 stability and reduced phosphorylation of
IRS1. Adipogenic differentiation is a highly regulated process involving the regulation
of gene expression, induction of transcription factors that drive adipocyte development,
and cascades of cell cycle proteins [12]. The MDI-induced differentiation model of murine
3T3-L1 preadipocytes is widely used in obesity research [13]. The early stage of adipogenic
differentiation can be largely divided into growth arrest through contact inhibition, MCE,
and postmitotic growth arrest stages [14]. When preadipocytes proliferate and reach a
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high level of confluency, growth contact inhibition occurs within the cells, wherein no
more cell growth occurs, and cell cycle arrest continues. In this state, when stimulated
by hormones such as insulin and dexamethasone, the cells undergo reentry into the cell
cycle, resulting in MCE. After a certain period of time following MCE, another round of
growth arrest occurs, resulting in the subsequent attainment of terminal differentiation [15].
During cell cycle arrest and progression, preadipocytes overexpress p27 KIP1 in the first
cell cycle arrest and remain in the G1 phase. During the early stages of differentiation,
cyclin D is activated and assembled by CDK4. The cyclin D-CDK4 complex acts as a
regulator in the early G1 phase of the cell cycle, facilitating the progression of cells from
the G1 phase to the S phase [16]. Therefore, inhibiting the progression to MCE by delaying
the cell cycle progression of preadipocytes through the regulation of cell cycle-related
proteins can be a novel strategy to inhibit adipogenic differentiation. Moreover, when
insulin stimulation for the induction of differentiation is provided, insulin binds to the
alpha and beta subunits of the insulin receptor in the adipocyte membrane and induces
phosphorylation [17], followed by tyrosine phosphorylation of IRS1 [18]. Phosphorylated
IRS1 induces the activation of MEK, ERK, and Akt, and these factors regulate adipogenic
differentiation [19]. IRS1, which plays such an important role in adipogenic differentiation,
is degraded by E3 ligase activated by stimuli such as extract treatment [20]. Hence, reducing
the stability or phosphorylation of IRS1 in the early stage of differentiation can be a strategy
to suppress adipogenesis.

After being regulated by these upstream factors, adipogenic differentiation is finally
regulated by adipogenesis-related transcription factors. PPARY is a transcription factor
that strongly induces adipogenesis by inducing lipid accumulation, morphological changes
in adipocytes, adipose tissue-specific gene expression, and cell growth arrest [21]. C/EBP«
is one type of CCAAT/enhancer-binding protein and is widely recognized as a transcrip-
tion factor involved in adipogenic differentiation. Similar to PPARy, C/EBP« also acts
as a master regulator of adipogenic differentiation, maintaining the phenotype of mature
adipocytes and cooperatively inducing the expression of adipose tissue-specific genes along
with PPARYy [22]. Therefore, we selected PPARy and C/EBP« as markers for adipogenic
differentiation and adiponectin as a marker representing the extent of final adipogenic
differentiation. Adiponectin is a hormone secreted by mature adipocytes, and it plays
a role in glucose regulation and fatty acid oxidation within the body [23]. However, in
the present study, adiponectin was used as a marker to evaluate the degree of adipogenic
differentiation and lipid accumulation. EJF treatment regulated the early stage of adi-
pogenic differentiation through these strategies and ultimately reduced the number of
mature adipocytes by inhibiting the expression of adipogenesis-related transcription factors
throughout the entire process of adipocyte development. In the case of childhood obesity,
which is often accompanied by adipocyte hyperplasia, these mechanisms of action of EJF
are particularly advantageous for treatment [2].

We suggest further research to supplement our study findings. It is important to
identify the bioactive components present in EJF that contribute to the effects observed in
this study. Previous studies have reported the presence of euscaphinin and euscapholide in
the leaves [24], triterpene acid in the branches [25], and hexacyclic triterpenic acid in the
roots [26] of E. japonica Kanitz. However, there have been no reports on the components
present in the fruit of this plant. Therefore, we intend to analyze and quantify the compo-
nents present in EJF using MS BPI chromatogram and UPLC-QTOF-MS. Subsequently, we
shall conduct in vitro experiments using the fractions obtained from the chromatogram
to select one fraction that exhibits similar adipogenic inhibitory activities to those of the
original extract. We shall then identify the main component within that fraction using
nuclear magnetic resonance [27].

5. Conclusions

We discovered that EJF inhibits adipogenesis by inhibiting the early stage of adi-
pogenic differentiation, including the initiation of differentiation. In this regard, we have
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proposed two major mechanisms for inhibiting adipogenic differentiation induced by MDL
The first mechanism is the delay in entry into MCE due to the induction of cell cycle
arrest during the early stage of differentiation. This was demonstrated by cell cycle arrest
induced by increased expression of p27KIP1 and decreased expression of CDK4 and Cyclin
D compared to the MDI (+) group, resulting in increased G0/G1 distribution. The second
is the decreased stability and activation of IRS1 during the initiation stage of differentiation.
This was demonstrated by the reduction of IRS1 expression and phosphorylation due to
EJF treatment when IRS1 activation was induced by MDI. This resulted in decreased phos-
phorylation of Akt, leading to the suppression of the expression of PPARy and C/EBP«,
which are master regulators of adipogenic differentiation [28]. As a result, the delay in
entry into MCE and decreased stability and activation of IRS1 ultimately reduced the
extent of adipogenesis and lipid accumulation during subsequent stages of differentiation.
Therefore, through this study, we have demonstrated that EJF effectively inhibits excessive
adipocyte formation in the early stage of differentiation, suggesting EJF as a potential
candidate for the prevention and treatment of childhood obesity, which is accompanied by
adipocyte hyperplasia. Our study can contribute to identifying bioactive components with
these effects in EJF to develop a treatment for childhood obesity; thus, it can contribute to
treating childhood obesity, which has increased due to the COVID-19 pandemic.
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