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ARTICLE INFO ABSTRACT

Keywords: A biomarker, easily and noninvasively measured in feces, can be useful in monitoring efficacy of novel functional
miRNA biomarker foods against complicated pathologies of obesity-related metabolic diseases. Fecal microRNA (miRNA)s were
Obesity analyzed for potential noninvasive biomarkers in C57BL/6J mice fed a high-fat and high-fructose diet (HFrD)
Feces containing either microcrystalline cellulose (MCC) or 5% polyphenol-rich wine grape seed flour (GSF) for
ﬁiﬁ;ghenol 8 weeks. GSF supplementation significantly reduced HFrD-induced body weight gain, visceral adiposity, and

hyperlipidemia. miRNome analysis revealed that GSF supplementation significantly (p < 0.05; fold-change,
|[FC| = 1.5) regulated 82 and 4 miRNAs in the feces and blood, respectively. Among these miRNAs, 22 in feces
and 4 in blood were strongly associated with obesity-related physiological biomarkers, and miR-129-5p in both
blood and feces showed a strong correlation with obesity-related biomarkers. These results suggest that fecal
miR-129-5p is a potentially useful noninvasive biomarker in monitoring personalized GSF efficacy against

obesity and obesity-metabolic disease.

1. Introduction

Obesity is one of the leading global public health challenges, and its
prevalence is increasing at an alarming rate (Collaboration, 2016). It
represents a risk factor for multiple non-communicable diseases
(NCDs), including cardiovascular disease (CVD), type 2 diabetes, hy-
pertension, and cancer (Pi-Sunyer, 2009). Phenotypically, its surrogate
markers include body mass index (BMI) and waist circumference
(Nimptsch, Konigorski, & Pischon, 2019). Biomarkers of obesity risk
include adipokines such as leptin, adiponectin, and resistin (Nimptsch
et al., 2019). Lifestyle modification, including functional food con-
sumption, may prevent obesity associated risk factors. The development
of functional foods guided by noninvasive biomarkers may enable
personalized response to effectiveness of functional foods that prevent
obesity-related diseases.

MicroRNAs (miRNAs), which are small noncoding RNAs, are en-
dogenous 19-23 nucleotide RNAs that play an important role in gene
expression regulation at the post-transcription level via target mRNA
pairing (Bartel, 2009). Recent studies have shown their role in obesity
regulation (Arner and Kulyte, 2015a; Lacomino & Siani, 2017; Zaiou, El
Amri, & Bakillah, 2018), energy homeostasis (Bjorndal, Burri,
Staalesen, Skorve, & Berge, 2011), insulin sensitivity (Williams &

Mitchell, 2012), and inflammation (Ge, Brichard, Yi, & Li, 2014). They
could also serve as promising biomarkers in monitoring early responses
to lifestyle modification such as dietary interventions (Pahlavani et al.,
2018; Palmer et al., 2014) and stress (Leung & Sharp, 2010). Ad-
ditionally, compared with other biomarkers, they are more stable
during the preparation of test samples derived from blood, urine, saliva,
and feces (Cortez & Calin, 2009). Also, they represent a category of
biomarkers that can be applied in monitoring treatment response in
colon cancer (Masuda et al., 2017).

Adipose tissue miRNAs are packaged into adipose-derived micro-
vesicles and delivered to blood (Arner and Kulyte, 2015b). Circulating
miRNAs have been suggested as promising diagnostic biomarkers for
obesity-related metabolic diseases (Pan et al., 2019). miRNAs are also
found in feces, possibly due to exosomal protection of microvesicles
(Koga et al., 2011). Interestingly, fecal miRNAs are reportedly involved
in the modulation of gut microbiota (Liu et al., 2016). However, their
potential role as noninvasive biomarkers in the development of perso-
nalized functional foods remains unclear.

Our previous studies showed that supplementation with wine grape
seed flour (GSF), a byproduct of winemaking, suppressed high-fat (HF)
diet-induced body weight gain, hepatic steatosis, visceral adiposity, and
hyperlipidemia by the modulation of oxidative stress-, inflammation-,
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cholesterol-, and fatty acid metabolism-related genes (Seo et al., 2015)
(K. H. Seo et al., 2016), an effect that is associated with the polyphenols
in GSF (K. H. Seo, et al., 2016).

This study aimed to identify novel miRNA biomarkers noninvasively
in feces that can be applied to monitoring the anti-obesity property of
GSF in high-fat and high-fructose diet (HFrD)-fed obese mice.

2. Materials and methods
2.1. Animals and diets

Four-week-old male C57BL/6J mice purchased from Orient Bio, Inc.
(Sungnam, Korea) were individually housed under a 12 h/12 h light/
dark cycle in an environmentally controlled room (temperature,
20-22 °C; relative humidity, 60%). All institutional and national
guidelines for animal care and use were followed, and the study was
approved by the Konkuk University Animal Experiment Ethics
Committee (KU16046 and KU17020). Prior to experimental diet in-
itiation, the mice were acclimated for 1 week, during which food
(mouse chow diet; LabDiet 5015; PMI International, Redwood, CA,
USA) and water were made available ad libitum. Thereafter, the mice
(n = 10 per each group) were fed an HFrD diet containing either 5%
microcrystalline cellulose (MCC, control diet; Dyets Inc, Bethlehem, PA)
or 5% wine grape seed flour (GSF) for 8 weeks ad libitum (Table 1). MCC
is an insoluble fiber that has little effect on sterol metabolism (Horton,
Cuthbert, & Spady, 1994). HFrD was modified from the previous studies
(Cho, Lee, Seo, Yokoyama, & Kim, 2018; Kun Ho Seo et al., 2016; Seo
et al., 2015) by replacing sucrose with fructose. The composition of
macronutrients and total dietary fiber, containing approximately 17%,
36%, and 47% calories from protein, carbohydrates (including 20%
from fructose), and fat, respectively, were matched across the diets
(Table 1). GSF was purchased from Apr esVin Enterprise, Inc. (Prosser,
WA, USA), and its total phenolic content was analyzed using the Fo-
lin—Ciocalteu method (Lamuela-Raventés, 1994). GSF contains 30 g
total phenolic content per 100 g. Body weight was measured weekly
and food intake was monitored twice every week.

2.2. Sample collection

Following a 12 h fasting period, the mice were anesthetized in an
induction chamber, using a vaporizer (VetEquip, Livermore, CA) con-
taining 4% isoflurane (Phoenix Pharmaceutical, St. Joseph, MO, USA)
with an oxygen flow of 1 L/min. Blood samples were collected using the
cardiac puncture method with syringes previously rinsed with po-
tassium EDTA solution (15% w/v), centrifuged at 4500 rpm for 10 min,

Table 1
Animal diet composition.

Ingredient (g/kg diet) HFrD HFrD + 5% GSF
Lard fat 225 225
Soybean oil 27 23
Cholesterol 0.8 0.8
MCC 50 21.4
GSF 0 50
Casein 200 199
Corn starch 91.2 74.8
Fructose 355 355
1-cystine 3 3
Choline bitartrate 3 3
Mineral mix 35 35
Vitamin mix 10 10
Total diet (g) 1000 1000
Total dietary fiber content (g/kg diet) 50 50
Fat % 46.7 46.7
Protein % 16.7 16.7
Carbohydrate % 36.6 36.1

2 MCC, microcrystalline cellulose; ® GSF, chardonnay grape seed flour).
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and stored for further analysis. After weighing, liver and epididymal
adipose tissues samples were immediately frozen in liquid nitrogen for
further analysis.

2.3. Plasma lipid analysis

Size exclusion chromatography was used to analyze plasma lipo-
protein cholesterol. HPLC was performed using the Agilent 1100 HPLC
chromatograph with a Superose 6HR HPLC Column (Pharmacia LKB
Biotechnology, Piscataway, NJ, USA), consisting of a mixing coil (1615-
50 Bodman, Aston, PA, USA) in a temperature-controlled water jacket
(Aura Industrials, Staten, NY, USA). The cholesterol reagent (Roche
Diagnostic, Indianapolis, IN, USA) was delivered using a Hewlett-
Packard HPLC pump (79851-A; Agilent Technologies, Palo Alto, CA,
USA), at a 0.2 ml/min flow rate. Signals based on peak areas were
calibrated using the bovine cholesterol lipoprotein standard.

2.4. miRNA microarray expression analysis

Total RNA in feces and blood samples were extracted using the Stool
Kit (Power Microbiome RNA Isolation Kit, MoBio, USA) and the
QIAamp RNA Blood mini Kit (Qiagen, Germantown, MD, USA), re-
spectively, Purity and integrity of RNA samples were analyzed using a
spectrophotometer (ND-1000, NanoDrop, Wilmington, USA) and the
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA), re-
spectively. Thereafter, 745 ng of total RNA was fragmented and hy-
bridized to the Affymetrix GeneChip miRNA 4.0 Array, washed, and
stained using GeneChip Fluidics Station 450 (Affymetrix, Santa Clara,
California, USA). The hybridized array was scanned immediately using
the Affymetrix GCS 3000 Scanner (Affymetrix, Santa Clara, California,
USA), and the acquired signals were analyzed using the Affymetrix
GeneChip Command Console Software (Affymetrix, Santa Clara,
California, USA).

2.5. qRT-PCR analysis

Total RNA was extracted from feces and blood samples using the
Stool Kit (Power Microbiome RNA Isolation Kit, MoBio, USA) and the
QIAamp RNA Blood mini Kit (Qiagen, Germantown, MD, USA), re-
spectively. TagMan™ microRNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA) was used to synthesize cDNA.
Expression of miR-129-5p and U6 was measured with the TaqgMan
MicroRNA assay kit (Applied Biosystems, Foster City, CA, USA). The
expression level of miR-129-5p was normalized by a reference gene, U6
miRNA. The results were analyzed with the 2~ method.

2.6. Statistical analysis

All data are presented as mean + SEM. Student t-test was used to
determine significant control and treated group difference. The Pearson
correlation analysis was used to determine the correlation between
miRNA obtained from samples and metabolic obesity physiological
biomarkers. All statistical analyses were performed using SPSS software
v20.0 (IBM SPSS Statistics, Chicago, IL, USA).

3. Results

3.1. Effects of wine GSF supplementation on body weight, organ weight, and
blood cholesterol concentrations

GSF contains 30 g total phenolic content per 100 g. Compared to
consumption of chow diet for 8 weeks (body weight gain in gram,
5.30 * 0.95; epididymal adipose tissue weight in gram, 0.27 * 0.03;
liver weight in gram, 0.99 = 0.03), feeding C57BL/6J mice with HFrD
significantly increased body weight gain (57%) and epididymal adipose
tissue weight (80%). HFrD supplemented with 5% GSF for 8 weeks



K.-H. Seo, et al.

A B
124 mHFD
I OHFrD+5%GSF
(=
T
o 8 A
- *
S T
(=2
2 61 A
B
> 4
©
o]
o
> ]
0
12 1
C W HFD D

O HFrD+5%GSF
1.0 1

HH

0.8

Liver Weight (g)
o
(=2}

04 o

02 A

Journal of Functional Foods 73 (2020) 104147

141 W HFD

CEPR 0O HFrD+5%GSF

b =

2 14

g

o 0.8 4

=

% 0.6 4 *

= T

(ORI iR

»n 04

2

5 0.2 -

<

0
160 1 B HFD
0 HFrD+5%GSF
o 140 A ° *
Ke]
® 120 4
§
8 _ 100 A
83 -
5 80 -
2E
£ ¢
[
E 40
©
o 20 A
]
LDL HDL Total-C Triglyceride

Fig. 1. Effect of 5% wine grape seed flour (GSF) on body weight gain (A), adipose tissue weight (B),liver weight (C), plasma lipid concentration (D) in C57BL/6J mice
that were fed a high-fat and high-fructose diet for 8 weeks. Data are expressed as mean + SE. *p < 0.05 vs. the control group.

significantly (p < 0.05) lowered body weight gain and epididymal
adipose tissue weight by 49% and 63%, respectively, compared with
the control group (Fig. 1). Daily food intake was not affected by diets
(CON, 2.94 =+ 0.33; HFrD, 2.82 = 0.33 g/mouse). HFrD supple-
mentation with 5% GSF also significantly reduced plasma total cho-
lesterol and triglyceride by 15% and 25%, respectively (p < 0.05);
however, it did not affect blood glucose levels (CON, 203 = 19; 5%
GSF, 224 = 21), HDL (CON, 78.7 = 3; 71 = 4), or LDL (CON,
17 = 0.7; 14 = 1.1) concentrations.

3.2. Fecal miRNA microarray expression analysis

The overall expression of miRNAs in the feces of C57BL/6J mice
that were fed either with HFrD or HFrD + 5% GSF was assessed using
miRNA expression microarray analysis. A total of 82 fecal miRNAs were
significantly affected by HFrD + 5% GSF, compared with the control
group. Among these miRNAs, 29 were up-regulated while 53 were
down-regulated (Table 2).

3.3. Blood miRNA microarray expression analysis

To assess blood miRNA expression, miRNA microarray analysis was
used. After 8 weeks of 5% GSF treatment, 54 blood-derived miRNAs
had |FC| = 1.5 (Supporting information Table S1). Out of 54 circu-
lating miRNAs (|FC| = 1.5), miR-129-5p was significantly (p < 0.05)
down-regulated, while miR-6366, miR-6898-5p, and miR-6954-5p were
significantly (p < 0.05) up-regulated after GSF supplementation,
compared with the control group (Table 3).

Expression level of miRNA 129-5p was measured by qRT-PCR ana-
lysis to confirm miRNA microarray results (Table 4). miR-129-5p was
chosen since it is significantly regulated in both blood (FC —3.4) and in
feces (FC 2.0). The miRNA 129-5p gene in feces and blood samples
showed expression pattern comparable to the miRNA microarray data
(Table 4).

3.4. Analysis of the correlation between expressed miRNA and metabolic
obesity physiological biomarkers

To determine whether feces and blood miRNA regulation after
8 weeks of 5% GSF treatment was associated with changes in metabolic
obesity physiological biomarkers, a correlation analysis between the
miRNAs and 6 obesity physiological biomarkers (body weight gain,
liver weight, adipose tissue weight, triglyceride, total cholesterol, and
HDL) was performed (Tables 5 and 6). The results revealed that 23
miRNAs from feces and 4 miRNAs from blood were significantly
(p < 0.050rp < 0.01) correlated with obesity physiological bio-
markers (Tables 5 and 6).

The fecal miRNAs miR-1956 (FC 2.1), miR-760-3p (FC 1.8), miR-
7648 (FC 1.8), miR-7119-5p (FC 1.7), miR-3473b (FC 1.6), and miR-714
(FC 1.6) showed a significantly (p < 0.05 or p < 0.01) negative
correlation with body weight gain, liver weight, and adipose tissue
weight, while with the same parameters, miR-5100 (FC 6.4), miR-7007-
5p (FC —6.5), and miR-6979-5p (FC —15.5) showed a significantly
positive correlation (Fig. 2A, B, C and Table 5).

The correlation analysis also revealed that 4 C57BL/6J mice blood-
derived miRNAs showed a significant correlation with metabolic obe-
sity physiological biomarkers. miR-129-5p (FC —3.4) showed a sig-
nificantly positive correlation with body weight gain and liver weight,
while miR-6366 (FC 2.6), miR-6954-5p (FC 2.4), showed a significantly
negative correlation (p < 0.01 andp < 0.05, respectively) with body
weight gain and adipose tissue weight (Fig. 2D, F, and Table 5). miR-
6898-5p (FC 2.0) revealed a significantly (p < 0.05) negative corre-
lation with liver weight and adipose tissue weight (Fig. 2E, F, and
Table 6).

A correlation analysis was also performed between blood miRNAs
(JFC| = 1.5) and obesity physiological biomarkers (Supporting in-
formation Table S2), which revealed that a total of 28 blood-derived
miRNAs showed a significant (p < 0.05o0orp < 0.01) correlation with
obesity physiological biomarkers (Supporting information Table S2).
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Table 2
C57BL/6J mice feces-derived miRNAs, significantly regulated by 5% GSF sup-
plementation.

miRNA FC”  miRNA FC”  miRNA FC?
mmu-miR-129-5p 2.0 mmu-miR- 1.5 mmu-miR- —-2.0

mmu-miR-194-5p —-9.5 5622-3p —-1.6 7016-5p 1.7
mmu-miR-204-3p —1.9 mmu-miR- —1.5 mmu-miR- 1.7
mmu-miR-290a-5p 1.6 6238 —-1.8 7018-5p —-2.7
mmu-let-7b-5p —1.5 mmu-miR- —1.5 mmu-miR- -1.6
mmu-let-7¢-5p -1.8 6239 —5.3 7024-5p 1.5
mmu-miR-181b-5p 1.6 mmu-miR- 21 mmu-miR- -17
mmu-miR-363-5p —2.3 6240 —1.6 7033-5p —-2.6
mmu-miR-483-5p —2.4 mmu-miR- —2.1 mmu-miR- 2.0
mmu-miR-1247-3p —-2.7 6349 —2.1 7038-5p -1.7
mmu-miR-760-3p 1.8 mmu-miR- 1.7 mmu-miR- -1.6
mmu-miR-690 —2.3 6368 —-1.5 7047-5p —-2.7
mmu-miR-698-5p —1.8 mmu-miR- —3.1 mmu-miR- 1.6
mmu-miR-702-5p 1.6 6401 —2.3 7051-5p 1.7
mmu-miR-714 1.6 mmu-miR- —2.8 mmu-miR- -1.6
mmu-miR-652-5p 1.6 6405 —1.7 7059-5p 1.6
mmu-miR-181d-3p 1.9 mmu-miR- —1.5 mmu-miR- 1.8
mmu-miR-1894-3p —1.6 6418-5p —2.0 7068-5p -3.7
mmu-miR-1956 2.1 mmu-miR- —2.0 mmu-miR- 1.6
mmu-miR-3072-5p —2.1 3473e —-15 7072-5p -1.6
mmu-miR-3087-5p —1.6 mmu-miR- 1.5 mmu-miR- 1.7
mmu-miR-3090-5p 1.5 6905-5p 1.8 7075-5p -3.1
mmu-miR-3092-3p 1.7 mmu-miR- —1.7 mmu-miR- -1.6
mmu-miR-3473b —-2.1 6906-5p -1.9 7082-5p -3.1
mmu-miR-5100mmu- —6.4 mmu-miR- 1.5 mmu-miR- 1.6
miR-5107-5p —-3.0 6929-5p -6.5 7115-5p 1.7
mmu-miR-3572-5p —3.7 mmu-miR- —1.7 mmu-miR-
mmu-miR-1231-5p —1.6 6941-5p —-1.5 7119-5p

mmu-miR- mmu-miR-

6945-5p 7216-5p

mmu-miR- mmu-miR-

6958-5p 7235-5p

mmu-miR- mmu-miR-

6965-5p 7648-5p

mmu-miR- mmu-miR-

6972-5p 7665-5p

mmu-miR- mmu-miR-

6974-5p 7669-3p

mmu-miR- mmu-miR-

6979-5p 7671-3p

mmu-miR- mmu-miR-

6982-5p 7678-5p

mmu-miR- mmu-miR-

6985-5p 8100

mmu-miR- mmu-miR-

6989-5p 8101

mmu-miR- mmu-miR-

6999-5p 8104

mmu-miR- mmu-miR-

7002-5p 3473

mmu-miR- mmu-mir-

7007-5p 7648

mmu-miR-

7012-5p

mmu-miR-

7014-5p

p < 0.05 and fold change, |FC| > 1.5 vs. the HFrD-fed control group.

Table 3
C57BL/6J mice blood-derived miRNAs significantly
regulated by 5% GSF supplementation.

miRNA ¥ FC
mmu-miR-129-5p -3.4
mmu-miR-6366 2.6
mmu-miR-6898-5p 2.0
mmu-miR-6954-5p 2.4

2 mRNAs with p < 0.05 and fold change,
|FC| > 1.5 vs. the HFrD-fed control group.
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Table 4
qRT-PCR validation of miR-129-5p from miRNA array data in feces and blood.
Feces Blood
Gene miRNA q-RT PCR miRNA q-RT PCR
microarray microarray
miRNA-129- 2.0 36 £ 06 -—-3.4 —-2.8 = 03

5p

4. Discussion

MicroRNAs could be potential biomarkers for the development of
personalized functional foods against obesity and obesity-related dis-
eases. Interestingly, they are very stable compared with mRNA and
have a reproducible sensitivity (Wu et al., 2012). In this study, feces-
and blood-derived miRNAs were systemically compared, and based on
existing literature, we believe this study in HFrD diet-induced obese
mice is the first to demonstrate feces-derived miRNAs that may serve as
potential noninvasive biomarkers for monitoring the anti-obesity effi-
cacy of flavonoid-rich GSF and other functional foods in humans as well
as animal models.

Our previous studies showed that GSF supplementation inhibited
HF-induced body weight gain, liver weight, and adipose tissue weight,
as well as hyperlipidemia (Kim et al., 2014; Kun Ho Seo, et al., 2016;
Seo et al., 2015). In this study, we show the anti-obesity effect of GSF on
westernized diet-fed obese mice (high-fat and high-fructose). GSF
modulated various blood and feces miRNAs, which were significantly
associated with anti-obesity biomarkers.

Polyphenols regulate the expression of diverse intracellular and
extracellular miRNAs related to obesity and obesity-related metabolic
diseases (Correa & Rogero, 2019). The consumption of grape extract
with resveratrol up-regulated miR-21, miR-181b, miR-663, and miR-
30c2 and down-regulated miR-155, reportedly associated with in-
flammatory cytokine reduction in the blood of obese men (Tome-
Carneiro et al., 2013). In the present study, GSF supplementation
regulated several blood miRNAs previously linked to obesity such as let-
7b-5p (Frost & Olson, 2011; Lacomino & Siani, 2017), miR-129-5p (Lv
et al., 2017), miR-181a-5p (Lozano-Bartolome et al., 2018), miR-532-
3p (Kurylowicz et al., 2017), and miR-711 (Hsieh et al., 2015). Out of
54 circulating miRNAs (|FC| = 1.5), four miRNAs (miR-129-5p, miR-
6366, miR-6898-5p, and miR-6954-5p) showed a significant correlation
with body weight and/or adipose tissue weight, indicating the possible
circulating biomarkers of the anti-obesity efficacy of GSF supple-
mentation in the HFrD diet-induced obese mouse model.

Circulating mmu-miR-714 was up-regulated in diet-induced obese
mice (Hsieh et al., 2015), while in adipose tissue obtained from obese
and diabetic subjects, miR-181a-5p expression was lowered (Lozano-
Bartolome et al., 2018). In 3T3L1 cells, miR-181a-5p was involved in
cell proliferation inhibition, owing to Gl-phase cell-cycle arrest
(Quyang et al.,, 2016), and miR-483-5p enhanced adipogenesis by
suppressing the RhoA/ROCK1/ERK1/2 pathway (Chen et al., 2015). In
diet-induced obese (DIO) mice, miR-711 was up-regulated but was
significantly down-regulated after consuming low-fat diet (Hsieh et al.,
2015). Further, after adipose tissue weight loss in obese individuals,
hsa-miR-194-5p expression was decreased (Kurylowicz et al., 2017).
Let-7 is considered an anti-adipogenic miRNA, which targets the FABP4
and PPARYy signaling pathways (Lacomino & Siani, 2017).

In this study, miRNome analysis unexpectedly revealed that the
effect of GSF supplementation on feces-derived miRNAs was more sig-
nificant, compared with that of their blood-derived counterparts (82
feces-derived miRNAs compared with 4 blood-derived miRNAs,
p < 0.05and |FC| = 1.5). This observation may reflect the stability of
fecal miRNAs (Wu et al., 2012). GSF supplementation significantly af-
fected the level of obesity-related miRNAs in feces, including mir-let-
7b-5p, miR-129-5p (Lv et al., 2017), miR-181a-5p (Lozano-Bartolome
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Table 5
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Correlation analysis between feces-derived miRNAs and metabolic obesity physiological biomarkers.

miRNA? BW (g) Liver weight (g) Adipose tissue weight (g) Triglyceride (mg/dl) Total cholesterol (mg/dl) HDL (mg/dl)
mmu-miR-129-5p -0.79 —0.84* —0.94# -0.39 -0.18 0.06
mmu-miR-181d-3p —0.95# —-0.76 —0.82* —-0.43 —0.16 —0.12
mmu-miR-194-5p 0.74 0.74 0.85* 0.17 0.12 0.00
mmu-miR-714 —0.96# —0.92# —0.85* —-0.34 —-0.01 0.04
mmu-miR-760-3p —0.93# —0.97# —-0.86* —0.44 0.01 0.14
mmu-miR-1956 —0.98# —0.94# —-0.87* —-0.58 —0.06 0.11
mmu-miR-3092-3p —0.83* —0.87* -0.76 —-0.26 0.18 0.33
mmu-miR-3473 —0.93# —0.85* —0.90* —-0.59 —-0.16 0.06
mmu-miR-5100 0.83* 0.81* 0.89* 0.23 0.13 0.05
mmu-miR-6368 0.89* 0.87* 0.78 0.16 —-0.05 —0.03
mmu-miR-6401 —0.88* —-0.78 —0.92* -0.33 —-0.25 -0.17
mmu-miR-6905-5p -0.78 —0.85* —-0.53 —-0.01 0.46 0.44
mmu-miR-6979-5p 0.93# 0.91* 0.89* 0.43 0.03 —0.14
mmu-miR-6985-5p —0.84* —0.82* -0.79 -0.12 —-0.02 —0.04
mmu-miR-7007-5p 0.93# 0.87* 0.86* 0.29 0.09 0.07
mmu-miR-7018-5p —0.67 -0.72 —0.90* —-0.31 —-0.28 —-0.07
mmu-miR-7024-5p —0.88* —0.92# —-0.78 -0.17 0.12 0.14
mmu-miR-7068-5p —-0.70 —-0.67 —0.90* —-0.28 —-0.33 -0.17
mmu-miR-7115-5p —0.83* —0.85* —-0.69 —0.02 0.19 0.12
mmu-miR-7119-5p —0.92# —0.92# —0.86* —-0.30 0.04 0.13
mmu-mir-7648 —0.90* —0.95# —-0.87* -0.31 0.04 0.16
mmu-miR-7648-5p —-0.80 —0.81* —0.94# —-0.38 —-0.26 —0.08
mmu-miR-7678-5p —0.88* —0.89* -0.78 —0.54 0.09 0.32

DmiRNAs with p < 0.05 and fold change, |FC| > 1.5 vs. the HFrD-fed control group.

® %y < 0.05and *p < 0.01.
© BW, body weight gain; HDL, high density lipoprotein.

et al., 2018), miR-194-5p (Kurylowicz et al., 2017), mir-483-5p (Chen
et al., 2015), miR-714 (Hsieh et al., 2015), and miR-181d-3p (Yang,
Min, & Lee, 2016). mmu-miR-129-5p, whose relevance in obesity has
been suggested in previous studies, was up-regulated by 43-fold in in-
sulin resistance adipocytes, compared with normal 3T3-L1 cell adipo-
cytes (Ling et al., 2009). It inhibited preadipocyte proliferation by
suppressing G3BP1 (GTPase-activating protein SH3 domain-binding
protein 1) expression and activating the p38 signaling pathway in 3T3-
L1 cells (Lv et al, 2017). GSF supplementation in HFrD fed mice
showed that mmu-miR-129-5p, which is strongly associated with obe-
sity physiological biomarkers, was significantly down-regulated in
blood (FC —3.4) and significantly up-regulated (FC 2.0) in feces. Ad-
ditionally, miR-129-5p showed a significantly inverse correlation with
liver weight (p < 0.05) and adipose tissue weight (p < 0.01) in feces
and a significantly positive correlation with body weight gain
(p < 0.01) and liver weight (p < 0.05) in blood. These results suggest
that mmu-miR-129-5p is a reliable and noninvasive novel biomarker in
the monitoring of obesity and the efficacy of polyphenol-rich GSF
against obesity.

Present study showed chardonnay GSF decreased a circulating miR-
129-5p in the blood and increased levels of miR-129-5p in the feces. It
has been suggested that miRNA 129-5p could be a potential obesity
biomarker. Overexpression of miR-129-5p inhibited adipogenesis in
primary stromal-vascular culture and serum miR-129-5p level was
elevated in obese subjects (Fu et al., 2019). Dietary phytochemical
components and short chain fatty acids have been also known to

Table 6

regulate expression levels of miRNAs (Abbasi et al., 2018; Bantscheff
et al., 2011). Regulation of several miRNAs by epigallocatechin gallate
(EGCG) and butyrate was reported, however, miR-129-5p was not re-
ported (Quintanilha, Reis, Duarte, Cozzolino, & Rogero, 2017). Reg-
ulation of miR129-5p following GSF consumption could be explained by
the intestinal production of short chain fatty acid and the presence of
high amounts of flavonoids such as catechin, epicatechin, their 3-O-
gallates, (epi) catechin dimers, oligomers, and polymers in GSF. In our
previous study, GSF intake enhanced short chain fatty acid in the cecum
(Cho et al., 2018) and total polyphenol content in the feces (not pub-
lished data). Although there was a significant correlation between
obesity biomarkers and miR-129-5p, it remains to be inconclusive
whether miR-129-5p could be an indirect potential biomarker related to
obesity or a direct biomarker of GSF intake. Further studies are required
to explain the limitation on the present study.

In summary, GSF supplementation significantly inhibited HFrD-in-
duced body weight gain, adipose tissue weight, and liver weight. In
consistent with previous study (Cho et al., 2018), it did not affect food
intake and inhibited total plasma cholesterol and triglyceride con-
centrations. Further, obesity associated physiological biomarkers were
significantly correlated with blood- and feces-derived miRNAs. In blood
and feces, 9 and 7 miRNAs, respectively, up- or down-regulated after
the GSF diet, were known obesity biomarkers. Furthermore, 3 (miR-
6366, miR-6898-5p, miR-6954-5p) and 16 miRNAs (Table 4) in blood
and feces, respectively, were identified as novel biomarkers, which are
significantly associated with obesity physiological biomarkers. GSF

Correlation analysis between blood-derived miRNAs and metabolic obesity physiological biomarkers.

miRNA? BW (g) Liver weight (g) Adipose tissue weight (g) Triglyceride (mg/dl) Total cholesterol (mg/dl) HDL (mg/dl)
mmu-miR-129-5p 0.95# 0.91* 0.77 0.59 0.11 -0.17
mmu-miR-6366 —0.93# —-0.81 —0.97# —-0.71 0.31 0.47
mmu-miR-6898-5p —0.81 —0.92* —0.82* -0.32 -0.17 0.07
mmu-miR-6954-5p —0.89* -0.67 —0.90* —0.59 0.15 0.22

2 mRNAs with p < 0.05 and fold change, |FC| > 1.5 vs. the HFrD-fed control group.

Y < 0.05and *p < 0.01.
<) BW, body weight gain; HDL, high density lipoprotein.
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82 miRNAs in feces 4 miRNAs in blood
29 miRNAs T 3 miRNAs T
53 miRNAs 4 1 miRNAs { |[FC| >1.5, P < 0.05 vs. HFrd-fed control group
Al B | C| D| E] F |

Body weight (g) Liver weight (g) Adipose tissue weight Body weight (g) Liver weight (g) Adipose tissue weight
FC miRNAs Correlation FC miRNAs Correlation (9) EC miRNAs Correlation FC _miRNAs Correlation (9)
Up-regulated Up-regulated FC miRNAs Correlation Up-regulated Up-regulated FC miRNAs Correlation
2.0 mmu-miR-129-5p -0.79 2.0 mmu-miR-129-5p -0.84* Up-regulated 2.6 mmu-miR-6366 -0.93* 2.6 mmu-miR-6366 -0.81 Up-regulated

1.9 mmu-miR-181d-3p -0.95*
1.6 mmu-miR-714 -0.96*

1.8 mmu-miR-760-3p -0.93*
2.1 mmu-miR-1956 -0.98*
1.7 mmu-miR-3092-3p -0.83*
2.1 mmu-miR-3473b -0.93*
2.1 mmu-miR-6401 -0.88*
1.7 mmu-miR-6905-5p -0.78
1.8 mmu-miR-6985-5p -0.84*
1.7 mmu-miR-7018-5p -0.67
1.7 mmu-miR-7024-5p -0.88*
2.0 mmu-miR-7068-5p -0.70
1.6 mmu-miR-7115-5p -0.83*
1.7 mmu-miR-7119-5p -0.92*
1.7 mmu-mir-7648 -0.90*

1.8 mmu-miR-7648-5p -0.80
1.7 mmu-miR-7678-5p -0.88*
Down-regulated

9.5 mmu-miR-194-5p 0.74
6.4 mmu-miR-5100 0.83*

5.3 mmu-miR-6368 0.89*

15 mmu-miR-6979-5p 0.93*
6.5 mmu-miR-7007-5p 0.93*

1.9 mmu-miR-181d-3p -0.76
1.6 mmu-miR-714 -0.92*

1.8 mmu-miR-760-3p -0.97*
2.1 mmu-miR-1956 -0.94*
1.7 mmu-miR-3092-3p -0.87*
2.1 mmu-miR-3473b -0.85*
2.1 mmu-miR-6401 -0.78

1.7 mmu-miR-6905-5p -0.85*
1.8 mmu-miR-6985-5p -0.82*
1.7 mmu-miR-7018-5p -0.72
1.7 mmu-miR-7024-5p -0.92*
2.0 mmu-miR-7068-5p -0.67
1.6 mmu-miR-7115-5p -0.85*
1.7 mmu-miR-7119-5p -0.92*
1.7 mmu-mir-7648 -0.95*

1.8 mmu-miR-7648-5p -0.81*
1.7 mmu-miR-7678-5p -0.89*
Down-regulated

9.5 mmu-miR-194-5p 0.74
6.4 mmu-miR-5100 0.81*

5.3 mmu-miR-6368 0.87*

15 mmu-miR-6979-5p 0.91*
6.5 mmu-miR-7007-5p 0.87*

2.0 mmu-miR-129-5p -0.94*
1.9 mmu-miR-181d-3p -0.82*
1.6 mmu-miR-714 -0.85*

1.8 mmu-miR-760-3p -0.86*
2.1 mmu-miR-1956 -0.87*
1.7 mmu-miR-3092-3p -0.76
2.1 mmu-miR-3473b -0.90*
2.1 mmu-miR-6401-0.92*
1.7 mmu-miR-6905-5p -0.53
1.8 mmu-miR-6985-5p -0.79
1.7 mmu-miR-7018-5p 0.90*
1.7 mmu-miR-7024-5p -0.78
2.0 mmu-miR-7068-5p -0.90*
1.6 mmu-miR-7115-5p -0.69
1.7 mmu-miR-7119-5p -0.86*
1.7 mmu-mir-7648 -0.87*

1.8 mmu-miR-7648-5p -0.94*
1.7 mmu-miR-7678-5p -0.78
Down-regulated

9.5 mmu-miR-194-5p 0.85*
6.4 mmu-miR-5100 0.89*

5.3 mmu-miR-6368 0.78

2.0 mmu-miR-6898-5p -0.81
2.4 mmu-miR-6954-5p -0.89*
Down-regulated

-3.4 mmu-miR-129-5p 0.95*

2.0 mmu-miR-6898-5p -0.92*
2.4 mmu-miR-6954-5p -0.67

Down-regulated
-3.4 mmu-miR-129-5p 0.91*

2.6 mmu-miR-6366 -0.97#
2.0 mmu-miR-6898-5p -0.82*
2.4 mmu-miR-6954-5p -0.90*
Down-regulated

-3.4 mmu-miR-129-5p 0.77

15 mmu-miR-6979-5p 0.89*
6.5 mmu-miR-7007-5p 0.86*

Correlation between miRNAs and obesity biomarkers shown in bold (*P < 0.05 or P < 0.01)

Fig. 2. Correlations between feces-derived miRNAs and body weight (A), liver weight (B), adipose tissue weight (C), and blood-derived miRNAs and body weight (D),
liver weight (E), adipose tissue weight (F) in C57BL/6J mice fed a high-fat and high-fructose diet (HFrD) for 8 weeks. *p < 0.05or “p < 0.01 vs. the control group.

miRNAs have [fold change| > 1.5 with p < 0.05 vs. the control group.

supplementation significantly regulated miR-129-5p in both blood and
feces, which is significantly associated with obesity physiological bio-
markers (body weight gain, liver weight, and adipose tissue weight).
Given the novel importance of miR-129-5p, further study will be re-
quired to confirm its expression in the blood, feces as well as tissues
including liver and adipose tissue by qPCR analysis.

5. Conclusion

The results of this study suggest that fecal miR-129-5p is a potential
novel biomarker that can be easily measured noninvasively for mon-
itoring functional food efficacy in the management of the complicated
pathologies of obesity-related metabolic diseases. However, clinical
studies are needed to confirm these findings and facilitate the devel-
opment of personalized functional foods in the dietary management of
obese individuals.
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