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ARTICLE INFO ABSTRACT
Chemical compounds studied in this article: Secoisolariciresinol diglucoside (SDG) is the main phytoestrogen component of flaxseed known as an anti-
Secoisolariciresinol diglucoside (SDG) oxidant. Current study focused on the effect of SDG in white adipose tissue (WAT) browning. Browning of WAT
PubChem CID: 9917980 is considered as a promising treatment strategy for metabolic diseases. To demonstrate the effect of SDG as an
inducer of browning, brown adipocyte markers were investigated in inguinal WAT (iWAT) of high fat diet-fed
Keywords: ) ) obese mice and genetically obese db/db mice after SDG administration. SDG increased thermogenic factors such
(s)ebcm,st[’lanaresmd diglucoside as uncoupling protein 1, peroxisome proliferator-activated receptor gamma coactivator 1 alpha and PR domain
Br:viln};Beige adipocytes containing 16 in iWAT and brown adipose tissue (BAT) of mice. Similar results were shown in beige-induced
Thermogenesis 3T3-L1 adipocytes and primary cultured brown adipocytes. Furthermore, SDG increased factors of mitochondrial
AMPKa biogenesis and activation. We also observed SDG-induced alteration of AMP-activated protein kinase a
Mitochondria (AMPKa). As AMPKa is closely related in the regulation of adipogenesis and thermogenesis, we then evaluated
the effect of SDG in AMPKa-inhibited conditions. Genetic or chemical inhibition of AMPKa demonstrated that
the role of SDG on browning and thermogenesis was dependent on AMPKa signaling. In conclusion, our data
suggest SDG as a potential candidate for improvement of obesity and other metabolic disorders.
1. Introduction of these are considered obese, and this number is constantly increasing.
Obesity affects the risk of hypertension, dyslipidemia, diabetes mellitus,
Obesity, defined as BMI > 30, is a crucial health problem world- therefore its impact on world health cannot be neglected [2,3]. How-
wide [1]. There are 1.5 billion individuals overweight and 500 million ever, the treatment for obesity and related metabolic diseases is still an

Abbreviations: ACC, acetyl-CoA carboxylase; ALT, alanine transaminase; AST, aspartate aminotransferase; ATGL, adipose triglyceride lipase; AMPK, AMP-activated
protein kinase a: BAT, brown adipose tissue; C/EBPa, CCAAT/enhancer-binding protein a; CIDEA, cell death activator; COX-2, cyclooxygenase-2; COX4, cytochrome
c oxidase subunit 4; COX8, cytochrome c oxidase subunit 8; CPT1, carnitine palmitoyltransferase 1; CytoC, cytochrome c; eWAT, epididymal white adipose tissue;
FIS1, mitochondrial fission 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDL, high density lipoprotein density lipoprotein; H&E, hematoxylin and eosin;
HFD, high-fat diet; HSL, hormone-sensitive lipase; IF, immunofluorescence; iWAT, inguinal white adipose tissue; LDL, low density lipoprotein; LKB1, liver kinase B1;
MFN1, mitofusin-1; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; ND, normal diet; NRF1, nuclear respiratory
factor 1; OGTT, oral glucose tolerance test; PGCla, peroxisome proliferator activated receptor g-coactivator 1-a; PPARg, peroxisome proliferator activated receptor g;
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sterol regulatory element-binding protein 1; TC, total cholesterol; TG, triglyceride; UCP1, uncoupling protein 1; WAT, white adipose tissue; WT, wild type
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unfinished business. There are only five available medications approved
by the FDA, which limits the choice of practitioners and patients.
Furthermore, the approved five medications: orlistat, phentermine-to-
piramate, lorcaserin hydrochlodride, naltrexone hydrochlodride-bu-
propion hydrochloride, and liraglutide all display side effects, some
with can be potentially fatal [3,4]. Thus, the search for potential anti-
obese agents is still necessary to develop an effective, yet safer treat-
ments for obesity. In line, the potential of natural products is gaining
interest [5,6]. Secoisolariciresinol diglucoside (SDG) is an antioxidant
phytoestrogen [7], which is a main compound of lignin and present in
flaxeed [8]. Flaxseeds belong to the phytoestrogen family, which are
well known to benefit health, especially in cardiovascular diseases
[9,10]. Our previous study has also shown the anti-adipogenic effect of
SDG [11].

Obesity is caused by an imbalance between energy intake and ex-
penditure. When the energy intake exceeds expenditure, the excessive
energy is stored in the form of lipid [12]. Mammals have two types of
adipose tissue; white adipose tissue (WAT) and brown adipose tissue
(BAT). These two types of tissue have metabolically distinguished roles.
The main role of WAT is storing excessive energy, while BAT displays a
specific defense mechanism against cold called non-shivering thermo-
genesis. The non-shivering thermogenesis program can be induced not
only by the cold but also by pharmacological or nutritional stimuli [13].
After recent studies have shown that adults possess considerably func-
tional BAT [14], the thermogenic activation of BAT has a clinically
important meaning because BAT contributes to a systemic increase of
whole-body energy expenditure [15].

Similar thermogenic conditions in WAT are reported as well. Trans-
differentiation of functional brown adipocytes, also termed as beige (or
brite) adipocytes, can be induced from white adipocytes and display
thermogenic potential. Although the origin of beige adipocytes differs
from classical brown adipocytes, they share a large role in the differ-
entiation process [16]. Activation of both brown and beige adipocytes is
dependent on the increase of uncoupling protein 1 (UCP1) of which
action occurs in the mitochondrial inner membrane. Inducing the mi-
tochondrial UCP1 action can result in the activation of thermogenesis in
BAT or WAT, thus is a possible strategy for obesity treatment [17].

AMP-activated protein kinase a (AMPK a) is the main regulator of
the energy balance in the whole body. AMPK is in other words is a
metabolic sensor, which responds to AMP/ATP ratio; if AMP is in-
creased, AMPK activates to induce ATP production [18,19]. In this
condition, catabolism (i.e. fatty acid oxidation) is increased and ana-
bolism (i.e. fatty acid synthesis) is inhibited. Focusing on the role of
AMPK and its upstream liver kinase B1 (LKB1) [20,21] and downstream
target acetyl-CoA carboxylase (ACC) [22,23] is also a promising
pathway for conquering obesity.

Our previous work demonstrated the beneficial effect of SDG in
obesity by suppressing adipogenesis in high fat diet (HFD)-fed obese
mice and 3T3-L1 adipocytes [11].

In this study, we reveal its effect on other potent mechanisms for
obesity regulation. Herein, we use genetically obese db/db mice, HFD-
induced obese mice and vitro models of brown and beige adipocytes to
elucidate the role of SDG in thermogenesis more deeply.

2. Material and methods
2.1. Drugs and reagents

SDG, insulin, 3-isobutylmethylxanthine (IBMX), dexamethasone,
indomethacin, 3,3,5-triiodo-L-thyronine (T3), and Oil Red O powder
were purchased from Sigma Chemical Co. (St Louis, MO, USA)
Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin,
bovine serum (BS), and fetal bovine serum (FBS) were from Gibco BRL
(Grand Island, NY, USA).
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2.2. Ethical statement

All animal experiments were performed in accordance with the
ethical guidelines of Kyung Hee University and approved by the
Institutional Review Board of Kyung Hee University (confirmation
number: KHUASP (SE)-15-08).

2.3. Animal experiments

Animal experiments were performed as previously described
[11,15]. Briefly, 5-week-old male db/db mice were purchased from
Daehan Biolink (Eumsung, South Korea) and maintained for 1 week
before the experiments. Then db/db Mice (n = 5) were orally ad-
ministered with SDG prepared in distilled water (50 mg/kg) for 5 times
per week while control db/db mice were administered with distilled
water for 5 times per week as well.

Four-week-old male C57BL/6J mice (n = 5) were purchased from
Daehan Biolink (Eumsung, South Korea) and maintained for 1 week
before the experiments. To induce obesity, mice were fed a HFD for 4
weeks prior to SDG treatment. Then, the HFD-fed animals were ran-
domly divided into two groups of five mice. The mice were fed for
additional 12 weeks with a) HFD (60% kcal supplemented by fat) or b)
HFD plus SDG (50 mg/kg of body weight/day). Normal chow diet was
fed for 16 weeks to the normal control (NC) mice. The animals were
given free access to food and tap water. Body weight and food intake
were recorded every week. At the end of the period, the animals were
fasted overnight, anesthetized under CO, asphyxiation. The CO, has
displaced to the cage by 20% per minute. After the cage has been full of
CO,, mice were kept for 10 min for euthanasia.

Serum was separated immediately after blood collection by cen-
trifugation at 400g for 30 min. Cardiac puncture was done after sacri-
fice using the KOVAX-Syringe 26 G (Korea Vaccine Co. LTD, Seoul,
South Korea). The tissues were collected, placed in a tube, and stored at
—80 °C.

2.4. Blood serum analysis

Serum total cholesterol (TC), low density lipoprotein (LDL)-choles-
terol, high density lipoprotein (HDL)-cholesterol, triglyceride (TG),
alanine transaminase (ALT), aspartate aminotransferase (AST), and
creatinine were analyzed using enzymatic colorimetric methods by
Seoul Medical Science Institute (Seoul Clinical Laboratories, Seoul,
South Korea).

2.5. Hematoxylin & Eosin (H&E) staining and immunofluorescence assay

Histological analysis was performed as previously described
[11,24]. Briefly, the tissues were fixed in 10% formalin and embedded
in paraffin. The sections were stained with H&E staining and im-
munofluorescence assay. Microscopic examinations were performed
and photographs were taken under a regular light microscope. Adipose
tissues were analyzed in three randomly selected pictures. Immuno-
fluorescence assays were done after fixation with 4% paraformaldehyde
in PBS for 15 min. Then cells were permeabilized with 0.2% Triton X-
100 (Sigma) for 10 min and thereafter, unspecific binding sites were
blocked using PBS with 1% BSA (Calbiochem, La Jolla, CA). The anti-
bodies against uncoupling protein 1 (UCP1) and peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha (PGCla) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). UCP1
primary antibody was used at a dilution of 1:200 and incubated for 30
min. Alexa 594 (Invitrogen) was used as a secondary antibody at 1:500
and incubated for 1 h. PGCla primary antibody was diluted in PBS with
1% BSA at the concentration of 1:200 and incubated for 1 h. Alexa 488
(Invitrogen) was used as a secondary antibody at 1:500 in PBS and
incubated for 1 h. Fluorescence signals were imaged using a Zies LSM 5
Pascal laser confocal microscope (Carl Zeiss, Inc., Jena, Germany).
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Table 1

Primer sequences used for real-time RT-PCR.
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Primer 5-3’

Target gene Sense Anti-sense
UcCP1 AACTGTACAGCGGTCTGCCT TAAGCCGGCTGAGATCTTGT
PGCla AATGCAGCGGTCTTAGCACT TGTTGACAAATGCTCTTCGC
PGC1p CGTATTTGAGGACAGCAGCA TACTGGGTGGGCTCTGGTAG
Cidea TGACATTCATGGGATTGCAGAC GGCCAGTTGTGATGACTAAGAC
NRF1 CCACGTTGGATGAGTACACG CAGACTCGAGGTCTTCCAGG
NRF2 CCGGAGACCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC
Tfam ATTCCGAAGTGTTTTTCCAGCA TCTGAAAGTTTTGCATCTGGGT
CPT1 a GACTCCGCTCGCTCATTCC GACTGTGAACTGGAAGGCCA
ATP5 al CTGTACTGCATCTACGTCGCGA AGCCTGCTTGGATAGATCGTCATA
COX4il ATTGGCAAGAGAGCCATTTCTAC TGGGGAAAGCATAGTCTTCACT
COX8b TGTGGGGATCTCAGCCATAGT AGTGGGCTAAGACCCATCCTG
ERRa CTCAGCTCTCTACCCAAACGC CCGCTTGGTGATCTCACACTC
FASN AACGTCACTTCCAGCTAGAC GTCCAGGCTGTGGTGACTCT
MCAD CCAGAGAGGAGATTATCCCCG TACACCCATACGCCAACTCTT
GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
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Fig. 1. Effect of SDG on obesity- and adipogenesis-related factors in db/db mice. Genetically obese db/db mice were administered SDG (50 mg/kg/day) for 8 weeks.
(A) Changes in body weight (black square, db/db mice; gray square, db/db fed with SDG) and food intake (g/day/group) were measured. (B) Tissue weight of eWAT,
iWAT, liver and BAT were measured. (C) Serum levels of triglyceride, total cholesterol, HDL cholesterol and LDL cholesterol were measured. (D) Protein expression
levels of PPARy and C/EBPa in iWAT were measured by a Western blot analysis. GAPDH was used as an endogenous control. (E) Serum level of glucose was measured
after sacrifice. (F) Oral glucose tolerance test was performed and baseline serum glucose level was measured. (G) mRNA expression levels of Atgl, Hsl, Scd1 and Srebp
in liver were measured by a real-time RT-PCR analysis. Gapdh was used as an endogenous control. Data are expressed as the mean = SEM of three or more
experiments. Statistical analysis was done by the t-test to compare two groups. More than 2 groups were calculated by using the one-way ANOVA. *p < 0.05 vs. db/db

mice, **p < 0.01 vs. db/db mice.

2.6. Glucose tolerance test

Diagnostics, Mannheim, Germany).

For an oral glucose tolerance test (OGTT), mice were orally ad-

ministered glucose (2 g/kg of body weight) in sterilized water after

fasting for 16 h. Blood glucose was m

easured from the tail (by removing

the distal 2 mm of the tail) at 0, 10, 30, 90, and 120 min after delivering

gavage, using a glucometer (Accu-Chek Performa device, Roche

2.7. Cell isolation, culture and adipocyte differentiation

Brown adipocytes were obtained from interscapulum BAT of mice
(postnatal 1-3 days) and isolated by collagenase dispersion. This dis-

section was performed as described by Klein at al [25]. Beige
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Fig. 2. Effect of SDG on thermogenesis-related factors in BAT and primary-cultured brown adipocytes. (A) Histological structure of BAT of db/db mice (upper panel,
% 200) and HFD-fed C57BL/6 mice (lower panel, X 400) were observed after H&E staining. (B) IF staining of UCP1 (red) and PGCla (green) in BAT of HFD-fed
C57BL/6 mice was performed. (C) mRNA expression levels of Ucp1, Pgcla and Prdm16 in BAT were measured by a real-time RT-PCR analysis. Gapdh was used as an
endogenous control. (D) Protein expression levels of UCP1, PGCla and PRDM16 in BAT were measured by a Western blot analysis. (D) Protein expression levels of
UCP1, PGCla and PRDM16 in primary-cultured brown adipocytes were measured by a Western blot analysis. GAPDH was used as an endogenous control. Data are
expressed as the mean + SEM of three or more experiments. Statistical analysis was done by the t-test to compare two groups. More than 2 groups were calculated by

using the one-way ANOVA. (C) and (D): *p < 0.05 vs. db/db mice,

#p < 0.05 vs. ND-fed mice,

&p < 0.05 vs HFD-fed mice. (E): #p < 0.05 vs. undifferentiated

preadipocytes, *p < 0.05 vs. differentiated brown adipocytes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

adipocytes were differentiated from 3T3-L1 adipocytes (American Type
Culture Collection, Rockville, MD, USA), passage number 10. Brown
adipocytes [15], beige adipocytes and 3T3-L1 adipocytes [11] were
differentiated as described previously. Briefly, cells were grown in
DMEM plus 10% BS and plated for final differentiation in DMEM plus
10% FBS with 100 units/mL of penicillin streptomycin solution at 37
°C, in 5% COs, at 95% humidity until confluence. Two days after con-
fluence (Day 0), the cells were stimulated to differentiate with differ-
entiation inducers (White: 1 uM dexamethasone, 500 uM 3-isobutyl-1-
methylxanthine and 1 pg/mL insulin; Beige: 1 pM dexamethasone, 500
UM 3-isobutyl-1-methylxanthine, 1 pg/mL insulin and 20 pM T3;
Brown: 1 uM dexamethasone, 500 pM 3-isobutyl-1-methylxanthine, 1
pg/mL insulin, 20 pM T3 and 125 uM indomethacin) that were added to
DMEM containing 10% FBS for two days (Day 2). Pre-adipocytes were
then cultured in DMEM, 10% FBS supplemented with 1 pg/mL insulin
for white adipocytes, 1 pg/mL insulin, 500 uM 3-isobutyl-1-methyl-
xanthine, 20 uM T3 and 0.5 pM troglitazone for beige adipocytes, or 1
pg/mL insulin, 500 pM 3-isobutyl-1-methylxanthine, 20 pM T3 and 125
uM indomethacin for brown adipocytes for another two days (Day 4),
followed by culturing with 10% FBS/DMEM medium for an additional
two days (Day 6), at which time more than 90% of the cells were

mature adipocytes with accumulated fat droplets.

2.8. Cell vitality assessment

Cell viability was measured with a cell proliferation 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) kit (Promega, Madison, WI, USA) according to
the manufacturer’s instructions as previously described [11].

2.9. Oil-red O staining

Lipid accumulation in adipocytes was measured by an Oil-Red O
staining assay as described previously [19]. The cells stained with Oil
Red O solution were observed by an Olympus IX71 Research Inverted
Phase microscope (Japan). The absorbance of the isopropanol-extracted
dye was measured at 500 nm in a VERSA max microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

2.10. Western blot analysis

Western blotting for protein expression analysis was performed as



J. Kang, et al.

(A) IWAT

uce1 PGCla DAPI

ND
db/db

db/db
+SDG

HFD
+snc

Pharmacological Research 158 (2020) 104852

iWAT
(©) (D)
HFD 4- EE db/db = ND
4 B db/db B ND — = HFD
J db/db+SDG 3 HFD UCP1 32kDa [ HFD+SDG
1 HFD+SDG 3 *

Relative mRNA Expression
(/GAPDH, fold)
~

UcP1

PGC1a PRDM16

Beige-induced 3T3-L1 adipocytes

(E)

-
-

UCP1 32kDa

PGC1a

(/GAPDH, fold)

Relative Protein Expression

DM(Be) - + + +
SDG (uM) - - 10uM  20uM

ucpP1

| 100kDa

135kDa

(/GAPDH, fold)
N

37kDa

Relative Protein Expression

ucep PGC1a

PRDM16

= DM(-)
[ DM(Be)

m 10uM
= 20um

*

PGCla PRDM16

Fig. 3. Effect of SDG on beige-related factors in iWAT and beige-induced 3T3-L1 adipocytes. IF staining of UCP1 and PGCla in iWAT of (A) HFD-fed C57BL/6 mice
and (B) db/db mice (x 200) was performed. (C) mRNA expression levels of Ucp1, Pgcla and Prdm16 in iWAT were measured by a real-time RT-PCR analysis. Gapdh
was used as an endogenous control. (D) Protein expression levels of UCP1, PGCla and PRDM16 in iWAT were measured by a Western blot analysis. (E) Protein
expression levels of UCP1, PGCla and PRDM16 in beige-induced 3T3-L1 adipocytes were measured by a Western blot analysis. GAPDH was used as an endogenous
control. Data are expressed as the mean + SEM of three or more experiments. Statistical analysis was done by the t-test to compare two groups. More than 2 groups
were calculated by using the one-way ANOVA. (C) and (D): *p < 0.05 vs. db/db mice, #p < 0.05 vs. ND-fed mice, 8‘p < 0.05 vs HFD-fed mice. (E): #p < 0.05 vs.

undifferentiated preadipocytes, *p < 0.05 vs. beige-induced 3T3-L1 adipocytes.

previously described [11]. Anti-UCP1, anti-PGCla, anti—CCAAT/en-
hancer-binding protein alpha (C/EBPa), anti-mitochondrial fission 1
protein (FIS1), anti- mitofusin-1 (MFN1) and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-peroxisome proliferator-
activated receptor gamma (PPARY), anti-nuclear respiratory factor 1
(NRF1), anti-phospho liver kinase B1 (LKB1), anti-LKB1, anti-phospho
AMP-activated protein kinase a (AMPKa), anti-AMPKa, anti-phopho
acetyl-CoA carboxylase (ACC) and anti-ACC antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA). Anti-PR domain
containing 16 (PRDM16), Anti-cell death activator (CIDEA) and anti-
cytochrome C were purchased from Abcam (Cambridge, United
Kingdom).

2.11. RNA extraction and real-time PCR

RNA extraction and real-time PCR were performed as in a previous
report [23]. Briefly, RNA extraction was performed using a GeneAllR
RiboEx total RNA extraction kit (GeneAll Biotechnology, Seoul, Korea),
cDNA reverse transcription was performed using a Power cDNA
synthesis kit (iNtRON Biotechnology, Seongnam, Kyunggi, Korea), and
the real-time PCR was performed by a Step One Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The primers used in this
study are shown in Table 1.

2.12. AMPK siRNA transfection

The transfection of siRNAs was performed according to our previous
study [11]. First, siRNA transfection was carried out 2 days after the
confluence of pre-adipocytes. Lipofectamine 2000 (5 pL) and 10 pL
siRNA (10 pmol) were individually diluted and incubated in 250 pL
Opti-MEM medium (Invitrogen, Carlsbad, CA, USA) for 20 min. Then,
they were mixed and incubated for 30 min before being added to each
well. The initial medium was removed and replaced with induction
medium 48 h after transfection.

2.13. Mitochondrial microscopic analysis

MitoTracker staining and observation was performed as described
previously [15] using a MitoTracker Red probes CM-XRos (Invitrogen,
Carlsbad, CA, USA).

2.14. Oxygen consumption analysis

Oxygen consumption in cells were measured by a Mito-ID
Extracellular O, sensor kit (Enzo Life Science, ENZ-51045, USA) ac-
cording to the instruction provided by the manufacturer. Briefly, O,
sensor probe (10 pl) was added into beige-induced 3T3-L1 adipocytes or
primary cultured brown adipocyte treated with 0, 10 and 20 uM of SDG.
After covering with 2 drops (about 100 pl) of Mito-ID HS Oil, the plates
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Fig. 4. Effect of SDG on mitochondrial biogenesis and
activation in vivo and in vitro. Mitochondrial abun-
dance was analyzed in (A) primary-cultured brown
adipocytes and (B) beige-induced 3T3-L1 adipocytes
by MitoTracker Red staining. Oxygen consumption
rate was measured in (C) primary-cultured brown
adipocytes and (D) beige-induced 3T3-L1 adipocytes.
mRNA levels of genes related in mitochondrial bio-
genesis (Nrfl and Pgc1b), Beta-oxidation (Cptla) and
mitochondrial oxidative phosphorylation (Atp5a,
CytoC, Cox4il and Cox8b) were analyzed in (E) pri-
mary-cultured brown adipocytes and (F) beige-in-
duced 3T3-L1 adipocytes by real-time RT-PCR ana-
lyses. Gapdh was used as an endogenous control.
Protein levels of NRF1, Cytochrome C, FIS1 and
MFN1 were measured in (G) BAT and (H) iWAT of
db/db and HFD-fed mice by Western blot analyses.
GAPDH was used as an endogenous control. mRNA
levels of genes related in mitochondrial biogenesis
(Nrfl and Pgclb), Beta-oxidation (Cptla) and mi-
tochondrial oxidative phosphorylation (Atp5a, CytoC,
Cox4il and Cox8b) were analyzed in (G) BAT and (H)
iWAT of db/db and HFD-fed mice by real-time RT-
PCR analyses. Gapdh was used as an endogenous
control. (I) MitoTracker staining was performed to
evaluate mitochondrial dynamics. Data are expressed
as the mean + SEM of three or more experiments.
Statistical analysis was done by the t-test to compare
two groups. More than 2 groups were calculated by
using the one-way ANOVA. (C)-(F): *p < 0.05 vs.
undifferentiated preadipocytes, *p < 0.05 vs. differ-
entiated adipocytes, **p < 0.01 vs. differentiated
adipocytes. (G) and (H): *p < 0.05 vs. db/db mice,
#p < 0.05 vs. ND-fed mice, p < 0.05 vs HFD-fed
mice.

spectrophotometer (Thermo Fischer Scientific, Vantaa, Finland).



J. Kang, et al.

(A) BAT

dbidb HFD AMPKa

praveic [N (] o200
AvPK —

db/db  db/db ND HFD HFD
+SDG -+SDG

w

»

AMPK phosphorylation
(PAMPK/AMPK, fold)

°

db/db db/db ND HFD HFD
+SDG +SDG

) Primary-culutred brown adipocyte
AMPKaOL
E _ 15-
$s
Sy 10
auec [ <20: 5%
o<
£8
2a 0s.
5
DM(Br) - + + + £ §
SDG (uM) 10uM  20um 5 0.0-
DM(BN) - + + +
SDG (uM) - - 10uM  20uM

2.0
acc [l B W | 255 0-

PLKB1 [ - - | 54kDa

LkB1 | “..I 54kDa

GAPDH | w s wmwe wssme 37 kDa

[ pACC/ACC EE pLKB/LKB
# %

05

Relative Phosphorylations
(fold)
5

DM(Br) A oMEn - + + +

SDG (uM) - 10uM 20uM SDG (uM) 10uM  20uM

Pharmacological Research 158 (2020) 104852

® IWAT
AMPKa

»
o

db/db HFD

2 2op
5 @

AMPK phosphorylation
(PAMPK/AMPK, fold)

db/db  db/db ND HFD HFD 0.5
+SDG +SDG 00
db/db db/db ND HFD HFD
+SDG +SDG
(D) Beige-induced 3T3-L1 adipocyte

AMPKo.

g—— |

2
2
S
5
p-AMPK 62kDa 3
L . Y 'y S
2
a3
&
°
2
DM(Be) - . 3
S
SDG (uM) 10uM  20uM < 0o
DM(Be) + +
SDG (uM)

10uM  20uM

acc [ o
pLKB e - e | 5D

GAPDH |== e == == 37kDa

DM(Be) L DM(Be) - + + +
SDG (uh) - 10uM 20uM SDG(uM) . - 10uM  20uM

o

[ pLKB/LKB R pACC/ACC

4 #

B

Relative Phosphorylations
(fold)
°
@

Fig. 5. Effect of SDG on LKB1-AMPKa-ACC pathway in vivo and in vitro. Phosphorylation level of AMPKa in (A) BAT and (B) iWAT of db/db and HFD-fed mice was
measured by a Western blot analysis. Phosphorylation levels of AMPKa, ACC and LKB1 in (C) primary-cultured brown adipocytes and (D) beige-induced 3T3-L1
adipocytes were measured by Western blot analyses. GAPDH was used as an endogenous control. pAMPKa, pACC and pLKB1 expressions were normalized against
AMPKa, ACC and LKB1 expressions respectively. Data are expressed as the mean + SEM of three or more experiments. Statistical analysis was done by the t-test to
compare two groups. More than 2 groups were calculated by using the one-way ANOVA. (A) and (B): *p < 0.05 vs. db/db mice, *p < 0.05 vs. ND-fed mice, p < 0.05
vs HFD-fed mice. (C) and (D): #p < 0.05 vs. undifferentiated preadipocytes. *p < 0.05 vs. differentiated adipocytes.

2.15. Statistical analysis

All data were expressed as mean =+ standard error mean (SEM) of
three or more experiments. Statistical significance (p < 0.05) was cal-
culated using the Mann-Whitney non-parametric analysis of Student's t-
test to compare two groups and more 3 groups for Windows (SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. SDG alleviates obesity-related symptoms in db/db mice and HFD-fed
obese mice

We have demonstrated the anti-obesity effects of SDG in our pre-
vious study [11]. By in vitro studies using 3T3-L1 adipocytes and in
vivo studies of HFD-induced obesity in mice, we could confirm its anti-
obesity effect via inhibition of adipogenesis of white adipocytes. In the
current study, we attempt to examine the thermogenic effects of SDG.
First, in Fig. 1A, concomitantly to our previous results, we found that
the SDG treatment group showed a significant reduction in weight gain
in db/db mice with no significant difference in food intake. To provide
further evidence supporting the beneficial effect of SDG, we measured
the weight of BAT, inguinal WAT, epididymal WAT and liver tissue
(Fig. 1B). SDG treatment reduced the weight of liver tissue and inguinal
WAT of db/db mice (p < 0.05). By analyzing serum, we confirmed in-
creased HDL-cholesterol and reduced LDL-cholesterol levels, indicating
improved lipid metabolism by SDG treatment (Fig. 1C). Triglyceride
level was also reduced by SDG treatment with significant differences
(p < 0.05). However, total cholesterol did not show a significant dif-
ference between SDG-treated mice and vehicle-treated mice. Similar
results were observed in HFD-fed obese C57BL/6J mice (Supplementary
Fig. S1A and B). SDG treatment suppressed body weight gain and im-
proved serum lipid profiles.

Next, we investigated whether SDG can regulate major adipogenesis

factors including PPARy and C/EBPa [26], reveal the mechanism of
WAT decrease in db/db mice (Fig. 1 D). As expected, and also in line
with our previous study [11], SDG indeed inhibited the protein ex-
pressions of both regulators of adipogenesis.

As in Fig. 1E, the basal serum glucose level was reduced by SDG
treatment when measured in serum collected from cardiac puncture
after sacrifice. Fig. 1F further shows that SDG improved the glucose
metabolism induced by an OGTT, implying that SDG treatment leads to
a significant enhancement in glucose sensitivity.

These results demonstrate that SDG inhibits obesity by decreasing
the adipogenesis in HFD and db/db mice.

3.2. SDG attenuates HFD-induced hepatic steatosis

Pathogenic accumulation of lipid within the liver tissue, also known
as hepatic steatosis, is another obesity-related symptom [27]. Thus, we
investigated whether SDG could improve such phenomenon in db/db
mice. Since increase of liver-related enzymes such as alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) are commonly
observed in hepatic steatosis, we have investigated the effect of SDG on
these enzymes. As shown in Fig. S2, SDG treatment significantly re-
duced both AST and ALT in db/db mice and HFD mice. Furthermore,
lipogenic markers including stearoyl-CoA desaturase-1 (SCD1) and
sterol regulatory element-binding protein 1 (SREBP1) [28,29] were
decreased, while lipolytic markers including ATGL and HSL were in-
creased by SDG treatment (Fig. 1G). These results indicate that SDG
alleviates hepatic steatosis by reducing lipogenesis and inducing lipo-
lysis, and thus the liver tissue weight is decreased.

3.3. SDG induces non-shivering thermogenesis of brown adipocytes in vivo
and in vitro

Activation of non-shivering thermogenesis is an additional me-
chanism which may participate in obesity treatment by inducing weight
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Fig. 6. Effect of SDG on thermogenesis- and mitochondria-related factors in AMPKa-inhibited conditions. Protein expressions of pAMPKa, UCP1, NRF1 and FIS1
were measured after pre-treatment with a potent AMPKa inhibitor Compound C in (A) primary-cultured brown adipocytes and (B) beige-induced 3T3-L1 adipocytes
by Western blot analyses. Protein expressions of AMPKa, UCP1 and NRF1 were measured after pre-treatment with siAMPKa in (C) primary-cultured brown adi-
pocytes and (D) beige-induced 3T3-L1 adipocytes by Western blot analyses. GAPDH was used as an endogenous control. pAMPKa expression was normalized against
AMPKa expression. DW was used as vehicle. Data are expressed as the mean + SEM of three or more experiments. Statistical analysis was done by the t-test to
compare two groups. More than 2 groups were calculated by using the one-way ANOVA. *p < 0.05 vs. compound C-treated adipocytes. (C) and (D): *p < 0.05 vs.

vehicle-treated adipocytes, *p < 0.05 vs. siAMPKa-treated adipocytes.

loss. To confirm the effects of SDG in such context, we examined the
effects of SDG on BAT-related thermogenesis. First, we observed the
change in histological aspects by staining BAT with hematoxylin and
eosin (H&E). As a result, SDG-treated mice showed reduced size of lipid
droplets when compared to mice of the control group (Fig. 2A).

Further IF staining showed the increase of key thermogenesis factors
including UCP1 and PGCla in the BAT tissue was induced by SDG
(Fig. 2B). To confirm, Western blot analysis and real-time RT-PCR
analysis were carried out to measure thermogenesis factors at the
protein and mRNA levels. Both protein and mRNA expressions of UCP1
(and its gene Ucpl) and PGCla (and its gene Pgcla) were increased in
the BAT of SDG-treated db/db and HFD mice (Fig. 2C and D) mice. (*p
= in db/db mice; ¥p = in SDG vs HFD-fed mice; “p = in ND vs HFD-fed
mice).

To find out if the effect of SDG affects BAT activation in a cell au-
tonomous manner, in vitro experiments were performed in primary

cultured brown adipocytes. First, we confirmed the cytotoxicity of SDG
in primary cultured brown adipocytes, of which results showed that
SDG had no significant cytotoxicity up to the concentration of 50 uM
(Supplementary Fig. S3). However, an Oil-Red O staining experiment
revealed that 50 uM of SDG negatively affected development of brown
adipocytes (Supplementary Fig. S4). Therefore, the final concentrations
of SDG used in following experiments were fixed as 5, 10, and 20 uM.
By performing a Western blot assay in SDG-treated primary brown
adipocytes, we could observe similar results to the ones from in vivo
experiments: UCP1, PGCla and PRDM16 was increased by SDG treat-
ment (Fig. 2E).

3.4. SDG activates browning of white adipocytes in vivo and in vitro

As we had confirmed the thermogenic effect of SDG in BAT, our next
goal was to find out if it could affect the trans-differentiation of white
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adipocytes into beige adipocytes, the potential next-generation-strategy
for obesity care. To clarify, we confirmed the thermogenesis factors in
WAT and beige-induced 3T3-L1 adipocytes. First, we analyzed the ex-
pression and location of two thermogenic proteins, UCP1 and PGCla by
IF staining, and could observe a massive increase in both factors
(Fig. 3A). Similar results were observed in iWAT of db/db mice as well
(Fig. 3B). Furthermore, both protein and mRNA expressions of UCP1,
PGCla and PRDM16 were significantly increased in the SDG-treated
groups compared with vehicle-treated db/db mice or HFD-fed mice
(Fig. 3C and D).

To confirm, we established a beige adipocyte model by treating
troglitazone in 3T3-L1 adipocytes based on a previous report [30,31].In
this cell line of beige adipocyte, SDG was able to increase factors related
in transdifferentiation and activation of beige adipocytes including
UCP1, PGC1, and PRDM16 as well (Fig. 3E).

3.5. SDG induces mitochondrial biogenesis and activation in brown and
beige adipocytes in vivo and in vitro

To investigate the detailed pathway in SDG-related thermogenesis,
we observed the change in mitochondria-related factors induced by
SDG. First, to investigate the effect of SDG on mitochondrial develop-
ment and activation during the differentiation of brown adipocytes, a
MitoTracker staining was performed in primary cultured brown adi-
pocytes. SDG-treated brown adipocytes displayed enhanced signals of
mitochondria. On Day 8, the final day of differentiation, SDG treatment
showed higher IF signals associated with lipid accumulation, indicating
the promotion of brown adipocyte development (Fig. 4A). Similar en-
hancement of mitochondrial signaling was shown in beige-induced
3T3-L1 adipocytes (Fig. 4B). Oxygen consumption rate (OCR) was also
measured after SDG treatment. As a result, SDG significantly increased
OCR in both primary cultured brown adipocytes (Fig. 4C) and beige-
induced 3T3-L1 adipocytes (Fig. 4D).

Next, we investigated whether mitochondrial factors were affected
by SDG treatment. By a real-time RT-PCR analysis, genes related in
mitochondrial biogenesis (Tfam), mitochondrial activation (Nrfl,
Pgc1b) and mitochondrial B oxidation (Cptla, Atp5a, Cox4il, Cox8b)
were measured, showing the SDG-induced alteration of these majority
of these mitochondrial genes in primary-cultured brown adipocytes and
beige-induced 3T3-L1 adipocytes (Fig. 4E and F).

NRF1 and Cytochrome C are well-known factors in the biogenesis
and activation of mitochondria [32]. As shown in Fig. 4E and F, NRF1
was increased with a significant difference in both BAT and iWAT of
SDG-treated db/db mice and HFD-fed obese mice. However, Cyto-
chrome C showed a slight increase by SDG treatment, but did not dis-
play significant difference with vehicle-fed mice (*p = in db/db mice; &
p = in SDG vs. HFD-fed mice, *p = in ND vs. HFD-fed mice). In ad-
ditional mRNA analyses, levels of Tfam, Nrfl, Pgc1bCptla, Atp5a, Cox4il
and Cox8b were validated in adipose tissues of SDG-treated mice
(Fig. 4G and H). As a result, significant up-regulation of Pgc1b, Cptla,
Cox4il and Cox8 was observed in SDG-treated db/db mice, while in-
crease of Nrfl, Atp5a, Cox4il and Cox8 was induced by SDG in HFD-fed
obese mice.

Mitochondrial fusion and fission, the dynamics of mitochondria,
dramatically occur during activation of non-shivering thermogenesis
[33]. The change in MFN1, the fusion marker of mitochondria, and
Fisl, the fission marker of mitochondria [34,35], were observed to
verify the effect of SDG on mitochondria dynamics. As a result, we
could observe that only fission increased in SDG-treated conditions,
while the fusion marker MFN1 showed a tendency to decrease (Fig. 4G
and H). In addition, by staining SDG-treated cells with MitoTracker, we
could observe the dividing forms of mitochondria, implying increased
fission by SDG (Fig. 41). From these results, we demonstrated that one
of the pathways of SDG is mitochondria activation of thermogenesis.
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3.6. SDG activates phosphorylation of LKB1-AMPKa-ACC axis in brown
and beige adipocytes in vivo and in vitro

In our previous study [11], we reported that SDG activated AMPKa
and consequently inhibited adipogenesis of white adipocytes. Based on
this previous observation, we investigated whether AMPKa also has a
role in the SDG-induced thermogenesis. First, we measured the ex-
pression of AMPK in vivo. In BAT and iWAT of both db/db and HFD-fed
obese mice, AMPKa was increased by SDG treatment (Fig. 5A and B).

As described previously, the metabolic sensor AMPKa responds to
low metabolic status to expend energy [22]. During this process, not
only this single protein, but also others related in the AMPK pathway
are changed as well. The upstream factor of AMPK, LKB1, and the
downstream target of AMPK, ACC, are also phosphorylated while AMPK
is activated. In primary cultured brown adipocytes, we confirmed that
phosphorylation of LKB and ACC was increased by SDG treatment
(Fig. 5C). In addition, beige-induced 3T3-L1 adipocytes treated with
SDG displayed similar results, however, without statistical significance
in ACC phosphorylation (p = 0.05) (Fig. 5D).

3.7. Thermogenic activation of SDG is dependent on AMPKa activation

To reveal the underlying mechanism of the effect of SDG, we created
an AMPK-inhibited condition by blocking the activation of AMPK with
compound C, a widely used AMPK inhibitor [36]. As shown in Fig. 6A,
compound C pre-treatment decreased phosphorylation of AMPKa. In
such an environment of suppressed AMPK activation, SDG treatment
failed to induce thermogenic activation or mitochondrial activation/
dynamics, when confirmed by a Western blot analysis of UCP1, NRF1
and FIS1. This result was observed in both primary cultured brown
adipocytes and beige-induced 3T3-L1 adipocytes (Fig. 6A and B).

To confirm, we next treated brown and beige adipocytes with siRNA
treatment to disturb transcription of AMPK. AMPK siRNA was added to
the culture medium prior to SDG treatment and blocked the expression
of AMPK effectively (Fig. 6C and D, upper panels). In primary cultured
brown adipocytes and beige-induced 3T3-L1 adipocytes, SDG admin-
istration in siAMPK-treated cells failed to increase either UCP1 or
NRF1, in line with the results from pharmacological inhibited condi-
tions (Fig. 6C and D, lower panels).

4. Discussion

Obesity is a metabolic disease, which results from energy im-
balance: the difference between energy intake and expenditure [37].
There have been many attempts to conquer obesity; however, an ef-
fective therapy with no side effects has yet to be developed. Our pre-
vious study showed the potential of SDG an effective anti-obesity agent
via suppressing adipogenesis through regulation of the AMPKa
pathway [38,39]. In this study, we assessed the anti-obese effect of SDG
in the concept of non-shivering thermogenesis. Non-shivering thermo-
genesis, originally a defense mechanism against cold, is a rising strategy
for obesity care [40]. First, to verify whether SDG actually does display
anti-obesity effects by suppressing body weight gain, we used geneti-
cally obese db/db mice and HFD-induced obese mice. SDG reduced the
weight gain of mice separate from their food intake, improved the lipid
profile within serum. Well-known obesity markers PPARy and C/EBPa
were also decreased by SDG treatment in iWAT of db/db mice consistent
with our previous report [11]. Serum analysis determined the beneficial
effect of SDG on lipid profiles including HDL-cholesterol and LDL-
cholesterol within serum, and furthermore, through an OGTT assess-
ment, we could observe SDG positively regulated glucose sensitivity.

Hepatic steatosis, especially nonalcoholic fatty liver disease
(NAFLD), is closely related to obesity. Although not all obese in-
dividuals have hepatic steatosis, a retrospective study by Gaba et al.
[41] reported liver steatosis is present in nearly 50% (18 of 39 patients)
of overweight individuals and nearly 70% (38 of 57 patients) in obese
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individuals. Enzymes indicating hepatotoxicity; AST and ALT, are also
frequently altered in serum of hepatic steatosis patients [42,43]. In this
study, SDG-treated mice displayed lower AST and ALT serum levels
compared to vehicle-treated control mice. Beneficial changes were in-
duced by SDG in factors of lipogenesis and lipolysis in liver tissue as
well. From these results we could think that SDG improves not only
adiposity but also obesity-related abnormal hepatic lipid accumulation.

The development and activation of brown adipocytes within BAT is
well-established since its rediscovery in 2009 [44]. Not solely BAT, but
also the recruitment of functionally thermogenic beige adipocytes
within WAT has gained interest since its first observational report as
well [45]. PGCla promotes UCP1 to activate thermogenesis in these
two distinct types of adipocytes [46], while PRDM16 has a role during
differentiation of brown adipocytes, and also plays a crucial role during
the trans-differentiation of white adipocytes into beige adipocytes [19].
Our results obviously show that SDG treatment induces the thermo-
genic program in brown/beige adipocytes in vivo and in vitro. UCP1,
PGCla and PRDM16 expressions were elevated by SDG treatment in
BAT and primary cultured brown adipocytes. In addition, in iWAT of
db/db mice and beige-induced 3T3-L1 adipocytes, SDG significantly
increased these crucial factors in development and activation of func-
tional thermogenic adipocytes. Furthermore, oxygen consumption rate
was increased in both brown and beige adipocytes by SDG treatment. In
short, we had found that SDG induces the development and activation
of brown fat, and moreover, can increase the thermogenic capacity in
white fat as well.

Cytochrome C, NRF1 and Carnitine palmitoyltransferase 1 alpha
(CPT1a) are known as enzymes responsible for mitochondrial respira-
tion and oxidation [47]. In addition, cytochrome c oxidase subunit 4
(COX4) and cytochrome c oxidase subunit 8 (COX8) are located in the
mitochondria inner membrane and directly regulate the electronic
transfer chain [48]. Mitochondrial dynamics is also known to partici-
pate in the activation of thermogenic adipocytes [33]. Mitochondrial
fission factor FIS1 and the mediator of mitochondrial fusion MFN1 are
mitochondrial membrane proteins that interact with each other to fa-
cilitate mitochondrial dynamics during cold-induced thermogenesis
[49]. Our results on these factors demonstrated that SDG can sig-
nificantly induce mitochondrial biogenesis, activation and fission.
NRF1, required for mitochondrial respiration [50], was increased by
SDG treatment. MFN1, the fusion promoter was not affected, but FIS1,
the essential regulator of mitochondrial fission was increased in SDG-
treated brown/beige adipocytes. Increase in COX4 and COXS8, the cy-
tochrome c oxidase subunits which contributes to mitochondrial elec-
tron transport, can be used as indicators of mitochondria count and
activity [51-53]. Our study found that SDG treatment increased Cox4il
and Cox8b, the genes which transcript the two subunits respectively.
Since increased mitochondria abundance is also a main characteristic of
brown adipocyte and beige adipocytes, we specifically stained mi-
tochondria using the MitoTracker stain to find out SDG increased the
expression of mitochondria in both primary-cultured brown adipocytes
and beige-induced 3T3-L1 adipocytes. These results showed that SDG
can induce mitochondrial biogenesis and stimulate mitochondrial ac-
tivation of 3 oxidation and fission.

Although UCP1 act as the main factor in non-shivering thermo-
genesis, this whole program is also regulated by the AMPK pathway, the
sensor and regulator of energy homeostasis [54]. As we revealed the
AMPK-activating action of SDG in our previous report [11], we eval-
uated its role in the thermogenic effect of SDG as well. We confirmed
LKB1-AMPK-ACC pathway was phosphorylated in brown and beige fat
by SDG treatment. By assessing the effect of SDG in further investiga-
tions using pharmacological inhibitor or siRNA for AMPKa, we could
confirm that the role of AMPKa is crucial for SDG to activate the
thermogenic potential in both brown and beige adipocytes.

In conclusion, we verify that SDG has an anti-obesity effect by in-
creasing AMPKa pathway and thus activating non-shivering thermo-
genesis and stimulating mitochondrial biogenesis/activation/fission.
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From these results, we demonstrate that SDG, a natural product derived
from flaxseed, can be a safe yet effective therapeutic agent for meta-
bolic disorders including obesity.
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