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Effects of quercetin on the improvement
of lipid metabolism through regulating
hepatic AMPK and microRNA-21 in high
cholesterol diet-fed mice

Mak-Soon Lee @ ' and Yangha Kim © *?

'Department of Nutritional Science and Food Management, Ewha Womans University, Seoul 03670, Korea
’Graduate Program in System Health Science and Engineering, Ewha Womans University, Seoul 03670, Korea

ABSTRACT

Purpose: Quercetin is a polyphenolic flavonoid abundant in many fruits and vegetables. It
has potential health-beneficial properties, such as antioxidant, anti-obesity, anti-cancer,
anti-diabetic and anti-inflammatory effects. The purpose of this study was to investigate
whether the lipid metabolism improvement effect of quercetin affected the regulation of
AMP-activated protein kinase (AMPK) activity and microRNA (miR)-21 expression in the liver
of mice fed a high-cholesterol diet.

Methods: Male C57BL/6] mice were fed with normal diet, quercetin-free diet and diets
containing 0.05% or 0.1% quercetin for six weeks. Hypercholesterolemia was induced by adding
1% cholesterol and 0.5% cholic acid to all diets. Serum and liver triglyceride (TG), and total
cholesterol (TC) concentrations were analyzed using a commercial enzymatic colorimetric Kit.
AMPK activity was quantified using an AMPK Kkinase assay kit. The levels of miR-21 and genes
involved in lipid metabolism were measured by real-time quantitative polymerase chain reaction.
Results: Supplementation of quercetin reduced serum and hepatic TG and TC levels without
changing body weight and food intake. Dietary quercetin significantly inhibited the mRNA
levels of hepatic sterol-regulatory element binding protein-1c, acetyl-CoA carboxylase 1 and
fatty acid synthesis, which are involved in hepatic lipogenesis. Dietary quercetin enhanced
AMPK activity and suppressed miR-21 expression, promoting hepatic lipid accumulation.
Conclusion: These results suggest that the lipid-lowering effect of quercetin on the serum
and liver of mice may be partially mediated by the regulation of lipogenic gene expression,
AMPK activity and miR-21 expression in the liver of mice fed a high-cholesterol diet.
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cardiovascular disease, CVD) ‘?e]’hoﬁ—gl FQ 9 xz o
2 53] A5E AlGaat AgurA o 7]15k= s
A =2 30 S AHE, %’\5‘ A e el 2 = 2] (Jow-density lipoprotein,
LDL)-Z|AHER J&f o A A S-S T 4 lom o]=cvDe F8 ¢§ A=
) (3], kA cvDE odlfstal x| 5517 fl6l o A A E S-S 7iAdst= Aol 8
St

U
OIN rlok

AMP-activated protein kinase (AMPK)+= A| 22| adenosine triphosphate 4~5=0] 7FAg} uj] /g
2}5] = M2 ofUf x| o] @/ - 2T A2 Tt [4,5]. AMPKE= A oflUlA] &3

9A5}17] 9ol et Eat 2 H OIS 2™ Qlatol Al AA 2 tAlol] ol s}
CloFehEA DS QSR A0 2 2relA 90T (o5). B3] A Ampc A
+/d-& T 70S= sterol regulatory element binding protein (SREBP)-Ic, acetyl-CoA carboxylase
(ACC) 1, fatty acid synthase (FAS) 2! stearoyl-CoA desaturase (SCD) 1-5-2] A} &S A
o =M T M| U A F242 AT [9,10].

°I' rr rul

MicroRNA (miR)& 23] A2 o] 572} el S #| o] 3l= oF 2271 9] 7| & o] o L2 Y
14 RNA E212, EA o] E]= mRNAS| 3 UTROY| Z285Ho] mRNAS B3| A|7] AL Y&
JA|5to] 8L -2 AT [11]. T Foll A miR212 7HEE0] 7] DAl A 12
A 2 5 miRsoll S W, v 24 A7kl A & miR-210] S71etc [12]. ] Zolle
7+A%ko] JAHA Q1 Hlo] @ upA 2 mir-212] &gto] Bzhe] 1 Q) [13].

Quercetin Z W5 SHFEEA B2 A 4 5 WA A Bol ohF Aot St
-o]=o|t}, Quercetine F4tsh, e, s, T L FHF 5o o 71| g2
a7k e Aoz g A Aot [1418]. | Aol A quercetin 1A {4 o] /- & H|wHnp
Q20| A Z A of| A AMPK 74 2 &/d3tet A 571 Bl Al A4 2 e Y
Ebdicty B 15HRAT} [19]. Eid 5 [20]2 BIFE 7HA| o A quercetin®] 2] A 0 2 AMPK
SN 7| = Ao 2 Bt & o2 A o] ik 2 quercetin cadmium chloride 2
80 AY 8 HAF A WY ik A Al A0 ek
8 7 RF F Q) THoll A mir-21 23 o] AA 3] Z7FUA| T, quercetin
402 g astol M Azl AYL U 4 98 S HolFelc (2], 12T

ZHAHE Ao & A FH 3 F 9] 7Fol|A] quercetin®l] 2]3F AMPK ¥ miR-212] &2 1+ &

olr

ki & Aol A= LY AHE A o] 5 A F S F oA quercetin®] A A TAF 7R A of] T]
2= 23E &}lstar 7ho] 2 Rk Abo]] o] 5h= SREBP-Ic, ACC, FASS] -F- A H&d | AMPK
g 9 mir-21 240 thsh 287174 & sk} stk
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A 52 ALl 23} NPT AR A glo] ZolA 15 Bt A S A7k A
WS 2L 179 54 Aol A7 T onke] 4 a7he] 2Oz Lprgich. AR Aol A
Al0] (normal diet, ND; 2018S Teklad Global 18% Protein, 6% Fat, Rodent Diet; Harlan Teklad,
Madison, WI, USA), AIN-76 2] 0] 24 [23] & 7] 2 0. & 1% Z&| AE|E 3} 0.5% cholic acid S &
A35h= 1= A E A 0] (high-cholesterol diet, HC), 2L-Z2| AH|Z A] o] of] #]-&3F (0.05%,
quercetin low dose, QL) 21-8-8F (0.1%, quercetin high dose, QH)2] quercetin (Sigma-Aldrich,
St. Louis, MO, USA)= H7F5t0] 65 &%t A 24]5H 5t o, Alo] 22 Table 12} 2
oh 2E AY Aaf= o]stoixttistul 554 ¥ 32993 (Institutional Animal Care and
Use Committee, IACUC)2] %912 §ro} £~85}21 t} (IACUC No. 16-047).

Yoz el T BE
A T8 A A2 12416A7 AAAZ 3 Akl o, 515 7 E5 S A% o A
S Aot = 2ttt Y SHAE, & S AHES AU A E T
2 (high-density lipoprotein, HDL)-Z 2| AH & 5+ S4H|H & o] 83 48 B kit
(EMBIEL, Gunpo, Korea) 5 ©]-8-5+%] #4165} th. LDL-Z 2| AH| & & =+ Friedewald 2] 5-2]
S o] &35t L3t [24]. 7H] & A A2 A& 0.5 g& chloroform:methanol (2:1, v/v) <3
012 AL8-510] Biight} Dyere] WHlol wre & AR 2EAATH 5], F8 2 Aol

M SAGL T ZRAH S 2 EAau A S o &3 A& 4 kit (EMBIEL) S ©| &

so] 2 A4 sheict.

Table 1. Experimental diet composition? (unit: g/kg diet)

Components HC QL QH

Corn starch 150.0 150.0 150.0
Casein 200.0 200.0 200.0
Sucrose 485.0 485.0 485.0
Corn oil 50.0 50.0 50.0
Cellulose 50.0 50.0 50.0
Mineral mix? 35.0 35.0 35.0
Vitamin mix® 10.0 10.0 10.0
DL-Methionine 3.0 3.0 3.0
Choline bitartrate 2.0 2.0 2.0
Cholesterol 10.0 10.0 10.0
Cholic acid 5.0 5.0 5.0
Quercetin - 0.5 1.0
Energy density (kcal) 3,579.7 3,579.7 3,579.7
Carbohydrate (% as kcal) 67.1 67.1 67.1
Protein (% as kcal) 20.3 20.3 20.3
Fat (% as kcal) 12.6 12.6 12.6

HC, high-cholesterol diet contained 1% cholesterol and 0.5% cholic acid; QL, HC + 0.05% quercetin; QH, HC +
0.1% quercetin.

“Diets were based on AIN-76 diet composition and given in powdered form. ?AIN-76 Mineral mix. AIN-76
Vitamin mix.
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7+ 2 2] 9] ZRNA+=TRIzol A 2F (GeneAll Biotechnology, Seoul, Korea) = AF-8-510] &3 a1,
ZFZ9F RNAZ FE| complementary DNA (cDNA) /-2 M-MLV reverse transcriptase (Bioneer,
Daejeon, Korea)S AH&5to] T35t Tth [26]. /3 %F ¢DNA+ 2X SYBR Green PCR Master
Mix (Bioneer)2t S+ & Rotor-Gene RG-3000A (Corbett Research, Sydney, Australia)©ll A]
real-time quantitative polymerase chain reaction (RT-qPCR)S 3§53}, AHE-H primers
9] d7IMEL 31t Zth AcC, forward 5-CAAGTGCTCAAGTTTGGCGC-3', reverse
5'-CAAGAACCACCCCGAAGCTC-3', FAS, forward 5-CTGGCATTCGTGATGGAGTC-3', reverse
5 TGTTTCCCCTGAGCCATGTA-3', SREBP-lc, forward 5-GCCTGCTTGGCTCTTCTCTT-3',
reverse 5'-AGGTCAGCTTGTTTGCGATG-3', B-actin, forward 5'-GGACCTGACAGACTACCTCA-3'
reverse 5'-GTTGCCAATAGTGATGACCT-3'. -2} & o]l theh T2 9l J&F-2 B-actin 2
FEF3}5HAL delta-delta Ct B o] -&sto] A 53Tt [26].

\d

M

=
Loy |

re

miR &
miRe| HdH $+FE FA517] /51 miR cDNAE miRNA cDNA synthesis kit with poly (A) poly-
merase tailing (ABM Inc., Richmond, BC, Canada)= AF&35}o] gHd5tAtt [25]. T %E miR
cDNA+E EvaGreen miRNA Master Mix (ABM Inc.)E AH8-5to] SZA|ZITE qRT-PCR TE2
Rotor-Gene RG3000A (Corbett Research Sydney, Australia)e AF25t] 4345t miRS
miR-21 & U62] specific primers (ABM Inc.)E AHE5to] A& 5HRich T H miR21 52
U6 snRNAE FF3}5}11 delta-delta Ct & AF&oto] B4 5HA T [27].

AMPK g4 £d

AMPK /g2 AlxdA o] z]Holl wel AMPK Kinase Assay kit (Cyclex, Nagano, Japan)S
Arg-8to] 4351t [28]. Al B mouse IRS1°] 3= 7|2 HE] =2 IR H plateo]| A]
30°COll Al 30% &9 vl SR tF. AMPK &/d-2 anti-mouse phospho-Ser 789 IRS-1 monoclonal
antibody ¥ peroxidase-coupled anti-mouse IgGE AFE-5}%] IRS19A] Ser 7892] QUAISHE
golsltt. S == microplate reader (Varioskan Flash; Thermo Scientific, Waltham, MA,
USA)E AHESHY] 450 nmollA SAstal ol ftefo 2 wEslsiqint. ol behe
bicinchoninic acid T2 24 kit (Thermo Scientific, Pittsburgh, PA, USA)E A}-&5}+o]
A75FA T AMPK &3 2F-2 HC 150l th St fold change 2 A SHRATE.

=
=5
2= ASAT= PSS 25.0 (IBM Corporation, Armonk, NY, USA)S- 0]-83}o] 54 X513
th B4 235 A o Yoot 2232 YeRY 3 28 ZFH(ND, HC, QL, QH)2] -#-9] 1]

t | BAFEA (1-way analysis of variance)S SF & Tukey’s multiple range testOll
o]5ko] p < 0.05 Eoll A F-2l/d S HSSHAH

Wt
el
O
rr
e
o
=
Wi

23

AIF, 40143 L yoj=g

DZH AHE A o] (HC) E 0.05% (QL), 0.1% (QH) quercetin A} 0] & 657+ A %] 3 C57BL/6)
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Table 2. Effects of quercetin on body weight and food intake in C57BL/6J mice

Variable ND HC QL QH

Initial body weight (g) 21.33+0.33 21.34+0.29 21.34+0.29 21.37 £ 0.26
Final body weight (g) 25.90 + 0.39 25.15+0.15 24.71+0.16 24.41+0.34
Body weight gain (g per day) 0.11+0.01 0.09 + 0.01 0.08 + 0.01 0.07 +0.01
Food intake (g per day) 3.77 £ 0.08° 4.74 + 0.08° 4.62 +0.11° 4.64 +0.10°
Food efficiency (g gain/food intake) 0.029+0.003° 0.019+0.002° 0.017 +0.002° 0.016 + 0.002°

Values are expressed as mean + SEM (n = 6). Different letters indicate statistically significant differences at p < 0.05.
ND, normal diet; HC, high-cholesterol diet contained 1% cholesterol and 0.5% cholic acid; QL, HC + 0.05%
quercetin; QH, HC + 0.1% quercetin.

>

JF o] A5, Aol dH T L Alo]dFH T8-S FQI53I T (Table 2). 2 E A 53 A F F7HF

2 7374 o]+ (ND), HC, QLY QH< Aol o] W—W"‘ 2to) 7t At Aol dH U Alo] '

-2 HC, QL 2 QH Atololl §-2] 49l 2to] 7} gl ot ND-2 HCHol| BI 3l 4] o] 4 =

o] o & o2 ZrASIR AL, Alo] 82 Fo% 02 F7t513itt

M gl 7to] X|H ghak
[e]

ND, HC, QL %! QH 4|°] S 653t

n:i

25t nf2 A0 A7} 7F 2| AL BEAslo] O ANE
Table 30i| LFEFUI 1T E 3 0] S4 l W1} & FHAHE 55+ HCEo| NDtol| H] 5o 74
ZF 17740 % 1,728 3214 Q1 F7HE B3l o™ QHoll M= HC Tt <tol H] 3l 22} 23.5% 2
12.1% f2] % 0 2 7+ At ch, et LDL-—E.’_—Eﬂ AHET EW A 2|2 QLT QHE BE
oAl 9012 0 @ 7k45}9i}. oof| ¥ha HDL-ZE| A 22 AlE a7k 99129l 2jo]7} 9
T}, 7ol 2 A HH = FH| AHE TS Heo] NDol| 8|5} ZHZE 3.05H) E 3.32H)
gold oz =75ttt Quit QoA ] 7He] 2AI R4 BHeke He TR 2ol B] sl zHzt
30.6% 2 58.6% 2] 5 0 2 745} 9r} 7re] & Ze AH|E g2k He tHE2ol b8 Qu
ol A 20.0% S-2] & o 2 7+ AshgI Tt

O_u
>~I

mlm

XIZcHAtol] 2o{5t= R HX}L 2

Quercetin®] @3} 7Ho] A2 ZHa a7} ol A A tjAbo]] Hojshs fAAEA =4
of B X]= S Lot A} 5HQI T, Tholl A A REEHg of] o5t -3 AFQ1 SREBP-Ic, ACC
2! FASO] ¥3-2 RT-qPCRS 31 4] E}OE‘E} SREBP-Ic, ACC % FASS] mRNA 52 HC tf
Z3tof| v|sf| QH-ol A Z+Z}t 48.8%, 28.2% T 49.5% §-2] A 0 2 ZFA4519l oM QLo A=
SREBP-Ic 2! FASS] mRNA 40| Z+7} 28.6% 2 34.2% 2] 2 0 2 7+ 43131t (Fig. 1).

Table 3. Effects of quercetin on lipid profiles in the serum and liver

Metabolite ND HC QL QH
Serum (mmoL/L)
TG 0.68 +0.03° 1.20+ 0.08* 1.03 + 0.07%® 0.92 + 0.05%
TC 2.73 +0.11¢ 4.69+0.14° 4.37 £0.11%* 4,19 +0.12%
HDL-C 2.01 +0.03* 1.33+0.03° 1.39+ 0.03° 1.42 + 0.05°
LDL-C 0.51+0.05° 2.82 +0.10* 2.52 + 0.10% 2.29 +0.13°
Al 0.36 + 0.05° 2.54 +0.08% 2.16 + 0.10* 1.93+0.17°
Liver (umolL/g)
TG 3.41+0.35° 10.41 +0.71* 7.92 + 0.42° 4.31+0.57°
TC 2.59+0.17° 8.61+0.13% 7.96 + 0.20° 6.89 +0.37°

Values are expressed as mean + SEM (n = 6). Different letters indicate statistically significant differences at p < 0.05.
= (total cholesterol - HDL-cholesterol)/HDL-cholesterol.

HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol;

TG, triglyceride; ND, normal diet; HC, high-cholesterol diet contained 1% cholesterol and 0.5% cholic acid; QL,

HC + 0.05% quercetin; QH, HC + 0.1% quercetin; Al, Atherogenic index.
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1.5
2
Z = ND
€ H HC
S
= mQL
= m QH
o

SREBP-1c ACC FAS

Fig. 1. Effects of quercetin on the expression of genes related to lipid metabolism in the liver.

The mRNA levels of SREBP-1c, ACC and FAS were measured by RT-qPCR and normalized to -actin. Values

are expressed as the fold change compared to the HC group (mean = SEM, n = 6). Different letters indicate
statistically significant differences at p < 0.05.

ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SREBP-1c, sterol regulatory element-binding protein-ic;
ND, normal diet; HC, high-cholesterol diet contained 1% cholesterol and 0.5% cholic acid; QL, HC + 0.05%
quercetin; QH, HC + 0.1% quercetin; mRNA, messenger RNA.

AMPK &AM3} 8! miR-21 = 7|H™

Querceting A3 et BR-A9] Zhoj A o4 7] thAte]] T3 TS k= AMPKEF A E &
2 o]| THoJst= miR-219) 2 &S H015HQITh AMPK B4-2 HC T & 7ol H]s) QL 7ol
A 1308 Z7F5FQ 1 QU0 A= 1.74H) §-2]2] 0 & 271510t} (Fig. 2). miR-21 2 423
2 HC th& o] H 3l QLtoll A 9.5% ZFASHA I QHTOI A &= 30.5% 724 0 &2 743513
t} (Fig. 3).

rl
i
of
Zi o
i SO
o

Alo] A% | AHIE, S92 L LDL-S S| AHE S7HE o] 34|
W 7 2| A E4 w5t @2 5] 271X 71T (Table 3). 2 AL 2242 157

= A o] 5 A # St F ol A quercetin®] B3} 7Ho] Z/G A7 2l F | AH|E 4Fof 1|
IS Felata, 2k A At Toehe 2H-871S AL ] Ao 3= Aok 2

2.0 +

a a
1.5 4 ab
b
1.0
0.5 1 I
0 -1 T T T
ND HC QL QH

Fig. 2. Effects of quercetin on AMPK activity in the liver.
AMPK activity was measured using an AMPK kinase kit and normalized to total protein contents of each sample.

Values are expressed as the fold change compared to the HC group (mean + SEM, n = 6). Different letters indicate
statistically significant differences at p < 0.05.

AMPK, AMP-activated protein kinase; ND, normal diet; HC, high-cholesterol diet contained 1% cholesterol and
0.5% cholic acid; QL, HC + 0.05% quercetin; QH, HC + 0.1% quercetin.

AMPK activity (fold of HC)
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1.5 4

1.0 H

a
a
b
0.5+ c I
0 'J T T T

ND HC QL QH
Fig. 3. Effects of quercetin on miR-21 expression in the liver.
The miR-21 level was analyzed using RT-qPCR and normalized to U6 snRNA. Values are expressed as the fold
change compared to the HC group (mean + SEM, n = 6). Different letters indicate statistically significant
differences at p < 0.05.

miR, microRNA; ND, normal diet; HC, high-cholesterol diet contained 1% cholesterol and 0.5% cholic acid; QL,
HC + 0.05% quercetin; QH, HC + 0.1% quercetin.

miR-21/U6 expression (fold of HC)

TollA LZYAHE Alolg 6FHAFHT A A

HAHE 52725 S7He of oA E S0l
ghol| 1 AEHE Alo] et Al querceting A1 F 3
2HE 27 &5 o EA 22 Aokl Jia 5 [29]2 quercetin®] LA A
apoE FXAHEE F (apoE” mouse)Oll A @ S| AH|E Y LDL-Z2|AHE 5
7102 Bttt 43 0 2 A28 T o] WY 5H= F(db/db mouse)ol| A=
2% quercetin®] H] ZA AW} Fe| AHE =S ZFAAZITH[30]. o] A}
51| 2 Aol A quercetin® F NIt 7o) FAA| Wt Z AE|E S22 S THA
AR NS 4= & HojF Qo).

2

o

, 30 o

i

o 1

£ 5

w2 R
>

o &

SN

u) oL

wy o

i o
-
e =t
Loy ofd rlF oroh &2

AC X

N

i)

w

o > o
o
Fu

L
>

SREBPAc M A|/F &4 =4 oP% ol A2 Q1 A} Qlzto| ™ SREBPAcZt 7=
ACCl, FAS ¥ scD13 22 g 72kE9] W o] R of 7H W A 3hd o] Z21E T} [9,10].
o] Aol Al quercetin> HepG2 {FA| 3ol A] SREBP-1c & FAS -2} & A} 5HA|
7F AA 242 JNASEATE [31]. Quercetint ZHE|Z] AdEo] W2 2 EF 9l HYET]
(benifuuki) S3HE-2 A ALZHAHE 4 o] 5 AF Tt FolA A% YA FHA; Faset
sCD1 HH S AAAA TH AL A S T4 7= A S 2 YEHHTH [32]. & A7 Aol A]
quercetin> 1LE | AEHE Ao] & AdFFF of--A9] Thof| A SREBP-Ic, ACC1 X FAS F-%42t
A S AAAZ o, o] o] & FHAE0l Q) al w7l = = A A ol Y Fof 1F
A 242 AA5H= A o7 AztE)

AMPKE A|Z U] ol J A& ZA|5h= Al 24 oUf 2] anzol ofs &/d3te [5]. &3t
H AMPK+= AW/ (lipogenesis)= 24 8h= SREBPAcS] B3 FHAE ZHAA]A 7|
Alo] AAF S S AT [9,10]. 2, isoquercetin® G F & FQ] FZFolA
AMPK 74 25 &3l SREBP1cE A5t IA[EFS ehakdhot il B & QIt} [33]. Quercetin
2 streptozotocinZ} 7| LA WA 0] & Fofgt Gl v] {H F/4F5W A S 79 45 ol
A] AMPKsirtuin 1/nuclear factor-xB A S AG HZ & X AT 0 2/ SAFHHSIE S 7iA
St A2 UEGT [34]. 3 LF Y AH|E Alofof ofs WA == HAE 5ol thgt
quercetin®] B3 7|72 AMPK &/d §}of| o5l ufj 7l o] 2% it} [35]. & Aol A L=
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