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Short-chain fatty acid butyrate acid attenuates atherosclerotic plaque formation

in apolipoprotein E-knockout mice and the underlying mechanism
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'Department of Physiology, School of Basic Medical Science, Guangzhou Medical University, Guangzhou 511436, China; *The Second
Clinical School of Guangzhou Medical University, Guangzhou 510260, China

Abstract: This study was designed to evaluate the role of short-chain fatty acid butyrate acid on intestinal morphology and function,
and atherosclerotic plaque formation in apolipoprotein E-knockout (4poE ") mice. ApoE" mice on high-fat, high-cholesterol diet
were treated with butyrate acid (200 mmol/L) or NaCl (control) in the drinking water for 12 weeks, followed by histological evalua-
tions of atherosclerotic lesion in aorta. Real-time PCR analysis and ELISA were used to measure the expression levels of proinflam-
matory cytokines. Butyrate acid significantly attenuated high-fat, high-cholesterol diet-induced atherosclerotic plaque formation in
ApoE”" mice. Butyrate acid prevented high-fat, high-cholesterol diet-induced inflammation in both the aorta and the circulation, as
evidenced by reduced expression of proinflammatory cytokines. These changes were accompanied by a marked attenuation in metabolic
endotoxemia lipopolysaccharide (LPS). Butyrate acid induced intestinal expression of the tight junction proteins (Occludin and zona
occuldens protein-1), thereby preventing the gut permeability. Butyrate acid dose-dependently upregulated the expression of the tight
junction proteins in Caco-2 cells in GPR41-dependent manner. In conclusion, butyrate acid attenuates atherosclerotic lesions by
ameliorating metabolic endotoxemia-induced inflammation through restoration of the gut barrier.
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Table 1. The sequences of primers

Gene Primer sequence (5°-3”)
MCP-1 Forward: CCACTCACCTGCTGCTACTCA
Reverse: TGGTGATCCTCTTGTAGCTCTCC
IL-1B Forward: GGATGAGGACATGAGCACCT
Reverse: GGAGCCTGTAGTGCAGTTGT
ICAM-1 Forward: GCCTTGGTAGAGGTGACTGAG
Reverse: GACCGGAGCTGAAAAGTTGTA
Occludin Forward: ATGTCCGGCCGATGCTCTC
Reverse: TTTGGCTGCTCTTGGGTCTGTAT
Z0-1 Forward: TTTTTGACAGGGGGAGTGG
Reverse: TGCTGCAGAGGTCAAAGTTCAAG
GAPDH Forward: CTCATGACCACAGTCCATGC

Reverse: CACATTGGGGGTAGGAACAC

FEREALBE B B k> (1 14). g R BN,
S5XFAME, TERA K SEm R > T
55% [(3.3 £ 0.5) x 10" vs (7.3 £ 1.0) x 10* um’, P <
0.01, & 1B].
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BAE TR, BEREASIFFEN (F3).
2.3 TEgxHNRAETER FKFAIRA

I E/NRESIKFIE AL, & PCR A %
fE R FIR B AT SXiRAMtt, TRANRE
K % RE R T35 MCP-1. IL-1 F1 ICAM-1 mRNA
MR IE AP 2 25 T B (B 24~C)o T IRAN RN
TEH A RAEF T MCP-1., IL-1p A1 ICAM-1 mRNA
() 2 8 7K 7 B 8 B AIC (] 2D~F). 3 — 5k H
ELISA J7 2 Aer il ML AG A b JORE A 1~ 1K ~F, K
TR I IE H MCP-1, IL-1B Al ICAM-1 [#) 94 B 4%
X EZH A1 B 2 R B (BT 2G~D)
2.4 Tigxt\ R B AR

JVr 16 0 23 HE G 32 0, B2/ g (1B 34)
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Fig. 1. Atherosclerotic lesion areas in the aortic root and entire aorta in ApoE ™ mice. A: Representative cross-sectional lesion areas
at the aortic root in ApoE "~ mice from Ctrl and BA groups at 12 weeks. B: Quantitative analysis of aortic root lesion area. C: Repre-
sentative en face aorta’s images of oil red O staining. D: The percentages of lesion area of the whole aorta. Scale bar, 10 um. Data are
presented as the means + SEM; n = 10. P <0.01 vs Ctrl. Ctrl, Control; BA, Butyrate acid.

R2. SR B K

Table 2. Serum levels of fasting lipid and glucose in ApoE "~ mice

Groups TC (mmol/L) TG (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L) FBG (mmol/L)
Ctrl 22.61 +1.50 0.86 + 0.08 19.65 + 1.28 2.05+0.07 3.99+0.15
BA 15.03+1.36" 0.84 £0.07 13.36 £ 1.19" 1.57+0.05" 3.81£0.25

Mean + SEM, n =10. P < 0.01 vs Ctrl. TC, total cholesterol; TG, triglycerides; LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol;
FBG, fasting blood glucose; Ctrl, Control; BA, Butyrate acid.

A3 D RIFRRE R &2
Table 3. The levels of hepatic lipid content in ApoE~ mice

Groups TG (ng/mg liver protein) FC (ng/mg liver protein) CE (ng/mg liver protein)
Ctrl 124.08 + 14.16 17.54 +1.08 67.22 +6.13
BA 112.54 £ 15.24 15.85+0.83 60.23 +5.31

Mean + SEM, n = 10. TG, triglycerides; FC, free cholesterol; CE, cholesterol ester; Ctrl, Control; BA, Butyrate acid.
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Fig. 2. Aortic, intestinal and systemic levels of inflammatory molecules. A—C: Total RNA was extracted from the dissected aorta. The

mRNA expression of monocyte chemoattractant protein-1 (MCP-1), interleukin-13 (IL-1B) and intercellular adhesion molecule-1
(ICAM-1) was quantified by quantitative polymerase chain reaction and normalized against GAPDH. D—F: MCP-1, IL-1pB, and ICAM-1
expression levels in intestine tissue. G—/: The circulating levels of MCP-1, IL-1pB, and ICAM-1 were measured by ELISA. Data are
presented as mean + SEM; n = 8 to 10. 'P<0.05, "P<0.01 vs Ctrl. Ctrl, Control; BA, Butyrate acid.
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Fig. 3. Intestine morphology and function in ApoE™~ mice. Hematoxylin and eosin (HE) staining of small intestine (4) and colon (B)
of ApoE"~ " mice from Ctrl and BA groups at 12 weeks. Ctrl, Control; BA, Butyrate acid. Scale bar, 500, 100 and 50 um.
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Flg. 4. The intestinal permeability, circulating lipopolysaccharide (LPS) level and tight junction proteins expression. 4: In vivo gut

permeability was determined by measurement of serum concentrations of DX-4000-FITC at 1 h after oral gavage. B and C: Total

RNA of ileum was extracted, and mRNA levels of Occludin and zona occuldens protein-1 (ZO-1) were determined by quantitative

polymerase chain reaction. D: Serum LPS levels were quantified by LAL assay. £ and F: Protein levels of Occludin and ZO-1 were

measured by immunoblotting, respectively. Data are presented as mean + SEM; n = 8 to 10. P < 0.05, P < 0.01 vs Ctrl.
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Fig. 5. Effects of butyrate acid treatment on Occludin and ZO-1 gene expression in Caco-2 cells. 4, B: Occludin and ZO-1 mRNA
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vs 0 umol/L. C, D: Occludin and ZO-1 protein expression in Caco-2 cells were analyzed by immunofluorescence staining. Scale bar,
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