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Abstract: The effects of selenium-enriched red yeast rice on lipid metabolism and intestinal flora in mice fed a high-fat diet were
investigated. Forty-eight C57BL/6] mice were divided randomly into six groups (n=8 each): a common diet group; high-fat diet group; low-,
medium-, and high-dose selenium-enriched red yeast rice group; and red yeast rice group. After gavage for 8 weeks, the serum total triglyceride,
total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol (LDL-C) contents were determined. The liver
tissue and fat status were examined using a microscope, and intestinal flora were analyzed using 16S rRNA high-throughput sequencing.
Compared to the high-fat diet group, the high-dose selenium-enriched red yeast rice group showed significantly improved blood lipid levels,
liver fat accumulation, and intestinal flora. Serum triglyceride, total cholesterol, and LDL-C levels were significantly reduced by 26.97%,
24.43%, and 49.03%, respectively, and high-density lipoprotein cholesterol levels were significantly increased by 95.71%. Additionally, the
species richness and diversity of the intestinal flora were significantly increased, and the structure of the intestinal flora was significantly
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improved. The relative abundance of Firmicutes (positively correlated with blood lipid levels) was decreased by 39.26%, and those of
Verrucomicrobia and Akkermansia (negatively correlated with blood lipid levels) were increased by 36.09% and 36.93%, respectively.
Compared with that in the red yeast rice group, the LDL-C level in the high-dose selenium-enriched red yeast rice group was significantly
reduced by 42.31%. Moreover, the relative abundance of Firmicutes was reduced by 26.10%, and those of Verrucomicrobia and Akkermansia

were increased by 46.59% and 44.01%, respectively. This study showed that compared with red yeast rice, selenium-enriched red yeast rice

markedly ameliorates lipid metabolism disorder and the intestinal flora imbalance induced by a high-fat diet in mice.
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Table 1 Feed composition table
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Table 2 Content of main components in different products

B AR BAEMIT A E/(my/g) 4 &% /(W) B EF/(ug/e) H IS F/(ug/e)
4ruh K 7.07+0.35 1521.324214.35" 0.25+0.03" 0.24+0.05"
T AR R 7.07+0.52° 1632.45+£156.97° 4.95+0.18° 4.54+0.35°

E: R RAF LG RR R AR T A it F £, p<0.05.
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Table 3 Animal grouping and treatment methods
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Table 4 Blood lipid levels of mice in each treatment group

R K AT S AR VRN SR KIIUAR R AR, 2R

28 %) TG TC HDL-C LDL-C
CD 0.5240.04° 2.1120.19° 1.68+0.23° 0.3120.07*
HFD 0.89:0.14° 3.5240.16° 0.700.05" 2.06+0.12°
HFD-RYR 0.61+0.06° 2.98+0.12° 1.15+0.11° 1.82+0.14°
HFD-LSRYR 0.83+0.19° 3.03+0.25° 0.89:£0.24° 1.95+0.21¢
HFD-MSRYR 0.79+0.05° 2.81+0.19° 1.20+0.21° 1.1420.05°
HFD-HSRYR 0.65+0.11° 2.66+0.27% 1.3740.18° 1.05+0.16°

E: BIAAF LG RR FE AT £72F, p<0.05.
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Fig.1 HE staining results of mouse liver tissue (200x)
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WED T 26.10% (p<0.05), Verrumcomicrobiota
FHEINT 46.59% (p<0.05). Firmicutes AHX = ()18
SRR ISR . AR Y, X AT AR
/N BB RE AN AG S K R 2 — . Verrucomicrobia
FEF = FE B0k D 2 AN R TR, 5 R
SR AR ACE Y
SERERH, A MORAE LKA B TR R IR
/N IE R Verrumcomicrobiota 3 fif, 1 X
Firmicutes EAHIGIVEH . (HAEERE, SL0HKAHE
b, &AL KR s R R BN U TE B R A A 2
S TH BAG B 2 R R
TEJEK b, B2H /N BRIV R A R 2E R 23 A1 1)

CD

HFD

7 FRe. CD 4N RUiE HorE e 3= B A v 10 B s A 45
Akkermansia . Bifidobacterium . Lactobacillus %5, HFD
H/NRImE LA JE N Akkermansia. Romboutsia
Escherichia-Shigella % . ©H T 75 UESE, Bifidobacterium
H Lactobacillus %5184 a1 188 1 1 Wi e b il
B 975 JEL A R Y, 4E Rl B BOR B R A DY
Escherichia-Shigella ‘& W, T e AU ZELHSIPEA
BEREIR ST, SRR A —E MR,
i REXW, &S RE 2 EK Bifidobacterium
Lactobacillus 55 A @ W J& F B, 3 n
Escherichia-Shigella H EWAEY), MIFE/NRI7E
PSS 2L

W Akkermansia

M Romboutsia
W Escherichia-Shigella
Ruminococcus_torques_group

M Faecalibaculum

Bifidobacterium
W Clostridium_sensu_stricto_13
Clostridium_innocuum_group

M Blautia

M Erysipelatoclostridium
W Turicibacter

Helicobacter

i Clusmdtum _sensu_ strzctu 1
l ' I- ” ﬂ]II B Do - ! e
W Desutfovibrio

W Anaerotruncus

Bacteroides
W unctassified_f* Lachmospiraceae

Parasallerella
W Lactobacillus

W unclassified_f~ Enterobacteriaceae
W others
1 1 1 J

23.92%. 31.57%- 36.93% (p<0.05), HFD-LSRYR %]
TREZER (p>0.05), AJRELH TSN, EeL
HER A3 R &N R7iE Akkermansia WIAEKAEH
WA E. 5 HFD-RYR 414HEL, HFD-HSRYR 41
Akkermansia .27 44.01% (p<0.05). Cicero %%
BTG ol b 2o ok 5, m g KR e
Akkermansia W& &3 I, X S5ABF SR —E &%
ST g R R AN ST B i By =1
Akkermansia W J& PIAX = LAMGE S AR & /N R
TE P T

o HFD-RYR
H<
iy
g HFD-LSRYR
HFD-MSRYR
HFD-HSRYR
0.0 0.10.2 0.30.4 0.5 0.6 0.70.8 0.91.0
HAXT B
&7 NEREEEET BT LMENEE
Fig.7 Relative abundance of mouse intestinal flora based on the genus level
e 60r
= d
?; 40t ¢
= c
g a
E )
b
. .
X )
(O Y gx% Y:z «1%
H A2 R
& 8 ZAIBANRIHERLZEBRE (Akkermansia) BIFERT
*E

Fig.8 Relative abundance of Akkermansia in the intestines of
mice in each treatment group
LR AR, S AL K R B A AT
KW Akkermansia =F B3 b T+ o X & b A
Akkermansia FFEARHAT BEMZE T 00, WK 8
fi7n. %% HFD 414k, HFD-RYR. HFD-MSRYR F
HFD-HSRYR 4] Akkermansia 53553807

8

2.5 MfgdeAR G W o AR BR AT

KA FIFNME R %L Spearman PEAS /N R 7B A
5 MK Z BBt GEERRMAFR, 46
AERIEATO) o T 1K I SRR 23 25 SR ] 9
Ffi7~, Firmicutes 5 TG 2R E M FAERK (p<0.01),
5 LDL-C &t & & ¥ 1E A & (p<0.01 ) ;
Verrumcomicrobiota 5 HDL-C £ & & 4 1E #H 5%



MK EmBHL

Modern Food Science and Technology

2022, Vol.38, No.2

(p<0.05), 5 LDL-C 2 BEMEMIER (p<0.01);
Proteobicteria 5 TC Z2RFHMIEMK (p<0.05), 5
HDL-C 2B EMEMAIE (p<0.01); Bacteroidota 5
TG TC #1 LDL-C 2%, HIRE Z 7+ (p>0.05),

T EACY ERSREME s R 10 s,
Escherichia-Shigella 5 HDL-C 2 #i i 3 4 f7 A 5%

(p<0.01); Bifidobacterium 5 HDL-C 22 1EAMH
&% (p<0.05), 5 LDL-C BARBEMEFAAHR (p<0.0D);
Akkermansia 5 HDL-C 2R EMIEMHX (p<0.05), 5
LDL-C M EEFEMMAER (p<0.001). FTEi@EEN
R AR, Cicero 2527V B & #h 78 21
Kig, milEKRIINgGE TS INT Akkermansia W&
HIARF I B fabs 2 W B VEFAARSE, X 5 AT 4G
R

Firmicutes
Verrucomicrobiota
Proteobacteria

Actinobacterioa
Campilobacterota

Bacteroidota
Desulfobacterota

]
- - Deferribacterota
Patescibacteria
Cyanobacteria
- Unclassified_k_norank_d_Bacteria

Deinococcota
TG TC HDL-C LDL-C

B9 EFIIKEHMAsIEiR S ERERE KR HT
Fig.9 Association analysis of blood lipid index and intestinal
flora based on phylum level
7E: p<0.05 AFLA*, p<0.01 AFTA**, p<0.001 IFiLH
ek B0 F.

Akkermansia
Romboutsia
Escherichia-Shigella
Ruminococcus_torques

Faecalibaculum
[

Helicobacter
Clostridium_sensu_str
Clostridium_innocuum
Bifidobacterium
Erysipetatoclostridium
Turicibacter
Clostridium_sensu_stri
Parasutterella
unclassified_f Enterob
Anaerotrumcus
Blautia

Desulfovibrio
Enterococcus
Bacteroides

* undassified_fLachnos

TC HDL-C  LDL-C
& 10 ETREKFHIMBEIEIRSFEREE KT
Fig.10 Correlation analysis of blood lipid indexes and intestinal

Lol

il

flora based on genus level
R RS2/ N BT T 1K A 7K L i i
FEAOT R, R E NEE I Firmicutes 5%
ANRIMAR K BT, & AL Kt 982> Firmicutes
F£34 11 Verrumcomicrobiota Fl Akkermansia P35 =i AR IR

/NS .
3 it

ARFFREEREZH, EWA R m R EH T
MR B EA B RRIEA, SRR T-4oh
K, BARRIUAFKIIE LDL-C &&. tah, Ehlis
oA R 2 o v T R /0 BRI T TR (R 0 R 2
P, FIE B Firmicutes( 5 IR /KT 2 IEAHIS)
. BN Verrumcomicrobiota A1 Akkermansia (5 1fil
NEZKSF 2O & 23 s iR & 5 S iR 7K
FF, SCERRREEREUER. 5L, SR A%
ZLHORFA WL E LI RE,  RIEER KT,
BARGFRIRABEIIEER, 451085 L0 KR
R IR DRI CRAEE € IR R FTIG PR B A it 17—
PIERAYE . ZR1M, &= AL R R R T AR DA S
TG 8 5 8 A i 1 B 3 A LA 1 fa SR ANAR T

A LK

(1] vl o 5 R 1 5 2L o R L A R 5
it A 2020 BEEL[T]. A EEIA 4 E,2021,36(6):521-545
The Writing Committee of the Report on Cardiovascular
Health and Diseases in China. Report on cardiovascular
health and diseases burden in China: an updated summary of
2020 [J]. Chinese Circulation Journal, 2021, 36(6): 521-545

[2] Leone G Consumi M, Pepi S, et al. New formulations to
enhance lovastatin release from red yeast rice (RYR) [J].
Journal of Drug Delivery Science & Technology, 2016, 36:
110-119

[3] Rengarajan S, Vivio E E, Parkes M, et al. Dynamic
immunoglobulin responses to gut bacteria during
inflammatory bowel disease [J]. Gut Microbes, 2019, 16:
1-16

[4] Khanna S, Vazquez B Y, Gonzilez A, et al. Changes in
microbial ecology after fecal microbiota transplantation for
recurrent C. difficile infection affected by underlying
inflammatory bowel disease [J]. Microbiome, 2017, 5: 55-61

[5] Nogacka A M, Reyes G, Martinez F, et al. Impact of extreme
obesity and diet-induced weight loss on the fecal metabolome
and gut microbiota [J]. Molecular Nutrition & Food Research,
2020, 17: 23-31

[6] Rayman P. Selenium and human health: the lancet [J]. Lancet,
2000, 356: 942-943

[71 Roman M, Jitaru P, Barbante C. Selenium biochemistry and
its role for human health [J]. Metallomics, 2013, 6: 123-135

(8]  XUpkte, A~ ok oe, 55 il 8 1 A B D RE I Fe ik (0] Hh



MK EmBHL

Modern Food Science and Technology

2022, Vol.38, No.2

[12]

[14]

[17]

10

FhAER,2021,21(2):358-366

LIU Chenglong, TIAN Zongren, ZHANG Ke, et al. Review
of physiological function of selenoprotein [J]. Journal of
Chinese Institute of Food Science and Technology, 2021,
21(2): 358-366

FRCUA, G40, UK 21, 55 S B & SE A WU T T Bt e [J]. &
i R EE T, 2021,47(5):259-266

YIN Xian, SHAO Leina, LIAO Yonghong, et al. Research
progress on organic selenium accumulation by
microorganisms [J]. Food and Fermentation Industries, 2021,
47(5): 259-266

AR, RO R R TE, S5 I AE S AR S MR o i
MRHERIE T R [J] ARl B 75 A58 2441, 2018,35(3): 189-
198

ZHU Yanyun, WU Wenliang, ZHAO Guishen, et al. Progress
of selenium biological transformation in animals, plants, and
microorganisms [J]. Journal of Agricultural Resources and
Environment, 2018, 35(3): 189-198

Yang H, Pan R H, Wang J, et al. Modulation of the gut
microbiota and liver transcriptome by red yeast rice and
Monascus pigment fermented by purple Monascus SHM 1105
in rats fed with a high-fat diet [J]. Frontiers in Pharmacology,
2021, 12(3): 56-67

Govindarajan S, Vellingiri K. Effect of red yeast rice and
coconut, rice bran or sunflower oil combination in rats on
hypercholesterolemic diet [J]. Journal of Clinical and
Diagnostic Research: JCDR, 2016, 10(4): 32-43

Dong Y H, Cheng H M, Liu Y, et al. Red yeast rice
ameliorates high-fat diet-induced atherosclerosis in apoe-/-
mice in association with improved inflammation and altered
gut microbiota composition [J]. Food & Function, 2019,
10(7): 123-135

Zhou W B, Guo R, Guo W L, et al. Monascus yellow, red and
orange pigments from red yeast rice ameliorate lipid
metabolic disorders and gut microbiota dysbiosis in wistar
rats fed on a high-fat diet [J]. Food & Function, 2019, 10(1):
1073-1084

Takahashi K, Suzuki N, Ogra Y. Effect of gut microflora on
nutritional availability of selenium [J]. Food Chemistry, 2020,
319(8): 12-27

Zhai Q, Xiao Y, Li P, et al. Varied doses and chemical forms
of selenium supplementation differentially affect mouse
intestinal physiology [J]. Food & Function, 2019, 10(3):
52-67

Nido S A, Shituleni S A, Mengistu B M, et al. Effects of

(18]

[22]

[23]

[24]

[25]

[27]

selenium-enriched ~ probiotics on lipid metabolism,
antioxidative status, histopathological lesions, and related
gene expression in mice fed a high-fat diet [J]. Biological
Trace Element Research, 2016, 171(2): 399-417

Sharma S, Kaur N, Kaur S, et al. Selenium as a nutrient in
biostimulation and biofortification of cereals [J]. Indian
Journal of Plant Physiology, 2016, 22(1): 1-15

Reid M E, Duffield A J, Sunga A, et al. Selenium
supplementation and colorectal adenomas: an analysis of the
nutritional prevention of cancer trial [J]. International Journal
of Cancer, 2006, 118(7): 1777-1781

FEUKy £ M T [ 25 % =17 Monacolin K RHF5E[D]. 085
TR RS,2015
JIANG Bingjie. Study on solid-state fermentation of
Monascus with high Monacolin K production [D]. Wuxi:
Jiangnan University, 2015

GB 1886.19-2015, & it % 4 [/ bR . £ S FN IR oK
[S]

GB 1886.19-2015, National Food Safety Standard. Food
Additive Red Yeast Rice [S]

GB 5009.93-2017, 1 i % 4= [E AR B d s il 22 [ S].
GB 5009.93-2017, National Food Safety Standard.
Determination of Selenium in Food [S]

Laura P K, Revel G D, Marchand S, et al. Automated HPLC
method for the measurement of free amino acids including
cysteine in musts and wines; first applications [J]. Journal of
the Science of Food and Agriculture, 2001, 81(8): 731-738
TR LLIH, A 98, GRS SOR e RO € BB I A e T
KO R A SRR D], 2 55 A B T0K,2008,34(10):
141-144,148

PAN Hongyang, WANG Shuying, MO Haizhen.
Determination of seleno-amino acids in enriched-selenium
dehydrated Brassica chinensis by RHPLC [J]. Food and
Fermentation Industries, 2008, 34(10): 141-144, 148

i 0, TR, S v e R M 0 7 i 2R RN/ R i
PR RIRZ [T & EH#,2017,1:214-219

QU Wei, ZHANG Zhi, MA Jianzhang, et al. Effect of
probiotics on gut microbiota
high-throughput sequencing [J].
214-219

in mice evaluated by

Food Science, 2017, 1:

Govindarajan S, Vellingiri K. Effect of red yeast rice and
coconut, rice bran or sunflower oil combination in rats on
hypercholesterolemic diet [J]. Journal of Clinical and
Diagnostic Research, 2016, 10(2): 67-81

RE ML O SRR SRR LG /N BRUE 2808 X it B e )



MK EmBHL

Modern Food Science and Technology

2022, Vol.38, No.2

(28]

[29]

(32]

REAIFZNAD]. 75 by 7 & K%,2019

CHENG Huimin. The effect of red yeast rice on intestinal
inflammation and barrier function in atherosclerotic mice
model [D]. Qingdao: Qingdao University, 2019

Hamza, Alaaeldin, Ahmed, et al. Selenium ameliorates
isotretinoin-induced liver injury and dyslipidemia via
antioxidant effect in rats [J]. Toxicology Mechanisms and
Methods, 2014, 24(9): 433-437

Juhas P, Mrazova J, Bucko O, et al. Influence of consumption
of pork enriched by organic selenium on selenium level in
blood serum and selected blood lipid parameters in
consumers [J]. Journal of Food and Nutrition Research, 2017,
56(4): 335-340

Zhou X L, Zhang Q, Zhang D L, et al. Effects of selenium
enriched yeast on lipid metabolism in hyperlipidemic rats [J].
Journal of Clinical Endocrinology & Metabolism, 2017,
37(6): 361-375

ZEH AR R A A T R SRR A S SR A S B S
[D].55 R : L AR K%,2020

LI Yan. Effects of selenium on lipid metabolism and
oxidative stress in rats with different dietary structure [D].
Jinan: Shandong University, 2020

Gao K, Wang Z W. Effects of Monascus synbiotics,

[33]

yeast-selenium-germanium culture and their compound
preparation instead of antibiotics on growth performance,
immunity and intestinal flora of mice fed with high-fat diet
[J]. Food & Function, 2020, 12(2): 52-67

Zeng H, Ishaq S L, Zhao F Q, et al. Colonic inflammation
accompanies an increase of f-catenin signaling and
LachnospiraceaelStreptococcaceae bacteria in the hind gut of
high-fat diet-fed mice [J]. Journal of Nutritional Biochemistry,
2016, 11(5): 30-46

Kiran, Mazloom, Imran, et al. Probiotics: how effective are
they in the fight against obesity [J]. Nutrients, 2019, 11(2):
258-267

Fjeere E, Myrmel L S, Liitzhoft D, et al. Effects of exercise
and dietary protein sources on adiposity and insulin
sensitivity in obese mice [J]. The Journal of Nutritional
Biochemistry, 2019, 66(2): 98-109

Cao S Y, Zhao C N, Xu X Y, et al. Dietary plants, gut
microbiota, and obesity: effects and mechanisms [J]. Trends
in Food Science & Technology, 2019, 92(3): 194-206

Cicero A, Fogacci F, Zambon A. Red yeast rice for
hypercholesterolemia [J]. Journal of the American College of
Cardiology, 2021, 77(5): 62-78

(EHEE 55 70

[27]

[29]

VESRRE A A IR M) AL A2 Tl AR, 2013
LING Guanting. Handbook of Food Additives [M]. Beijing:
Chemical Industry Press, 2013

S, W o5/ =B N LT3 i e~ g W N
[ AR 7= 5N 1.,2015,18:24-26,29

WANG Lin, LI Fang, WANG Wenjie, et al. Study on
preparation of almond peptides by enzymatic hydrolysis of
almond protein [J]. Farm Products Processing, 2015, 18:
24-26,29

AR, T BB S A A UL AR R B 2R 7
[0 & T REHE,2015,36(17):243-248,252

ZHAO Huanxia, ZHANG Haisheng, HUANG Pu, et al.
Study on the preparation and antioxidant activity of
antioxidant peptides from apricot kernel [J]. Science and
Technology of Food Industry, 2015, 36(17): 243-248, 252

Hu W X, Jing P W, Wang L, et al. The positive effects of

ginsenoside Rgl upon the hematopoietic microenvironment

[31]

[32]

[33]

in a D-Galactose-induced aged rat model [J]. BMC

Complementary and Alternative Medicine, 2015, 15: 119
IR /NEREEBE AR 22 K (0] 5 R PUR AL DI REWE FE[D]. AR
PHAR T A 2018

WANG Wengiang. Study on the preparation and antioxidant
function of enzymatic hydrolyzed peptides of chlorella [D].
Fuzhou: Fujian Normal University, 2018

LiD D, Li W J, Kong S Z, et al. Protective effects of collagen
polypeptide from tilapia skin against injuries to the liver and
kidneys of mice induced by d-galactose [J]. Biomedicine &
Pharmacotherapy, 2019, 117: 109204

FET . = JLE T o o SR B T S R A 46 AT FE D] KR L
PEK2%,2020

TIAN Yu. Study on protein extraction and antioxidant peptide
preparation of Morchella esculenta [D]. Taiyuan: Shanxi

University, 2020

11



