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Combination of hesperidin and rosmarinic acid affects cecal
morphology, antioxidant function, microbiota structure, and
barrier function of finishing pigs

ZHAO Wenxuan, WU Jianmin, DANG Miaomiao, WANG Jing*, ZHU Weiyun

National Center for International Research on Animal Gut Nutrition, College of Animal Science and Technology,
Nanjing Agricultural University, Nanjing 210095, Jiangsu, China

Abstract: [Objective] To investigate the effect of hesperidin (Hes) and rosmarinic acid (RA)
combination on the growth performance and the cecal morphology, antioxidant function,
microbiota, and barrier function of finishing pigs. [Methods] Twenty-four 90-day-old
DurocxLandracexYorkshire male pigs were randomly assigned to control (Con), Hes, RA, and
HesxRA groups (n=6). The Con, Hes, RA, and HesxRA groups were given a basal diet, a basal
diet supplemented with 600 mg/kg Hes, a basal diet supplemented with 40 mg/kg RA, and a
basal diet supplemented with 300 mg/kg Hes and 20 mg/kg RA, respectively. The trial period
was 90 d and divided into two stages: early fattening stage (1-40 d) and late fattening stage
(40-90 d). [Results] Compared with the Con group, HesxRA increased the average daily feed
intake in the early fattening stage, late fattening stage, and whole period, increased the average
daily gain in the early fattening stage and whole period, and decreased the feed/gain ratio in the
whole period (P<0.05). HesxRA increased the mucosal thickness, total antioxidant capacity
(T-AOC), and superoxide dismutase (SOD) activity and up-regulated the relative mRNA levels
of nuclear factor erythroid 2-related factor 2 (NRF2) and heme oxygenase-1 (HO-1) of cecum
(P<0.05). The combination decreased the relative abundance of Proteobacteria,
Terrisporobacter, Clostridium sensu stricto 1, and Romboutsia, increased the relative
abundance of Bacteroidota, Lactobacillus, Muribaculaceae norank, Phascolarctobacterium,
and Rikenellaceae RC9, and increased the concentrations of isobutyrate and butyrate in the
cecal digesta compared with the Con group (P<0.05). Furthermore, this combination
up-regulated the relative mRNA levels of zonula occludens 1 (ZO-1), Claudin-1, and mucin-2
(MUC-2), reduced the content of interleukin-1p (IL-1pB), and increased the content of secretory
immunoglobulin A (SIgA) in the cecum (P<0.05) compared with the Con group. [Conclusion]
The HesxRA combination improved the growth performance and the cecal morphology,
microbiota structure, antioxidant capacity, and barrier function of finishing pigs.

Keywords: hesperidin; rosmarinic acid; growth performance; intestinal morphology; microbiota
structure; barrier function
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#= 1 EfHRERREFKFEXFERM)
Table 1

Composition and nutrient levels of basal diets (air-dry basis)

Item Body weight (kg)
20-50 50-80 80—120

Ingredients (%)
Corn 68.17 71.70 75.00
Soybean meal 21.96 18.81 16.00
Corn gluten meal 1.00 1.00 1.00
Soybean oil 2.06 1.89 1.50
Limestone 0.63 0.59 0.56
Dicalcium phosphate 1.02 0.98 0.96
NaCl 0.31 0.26 0.26
Premix’ 4.00 4.00 4.00
L-lysine 0.50 0.45 0.43
Methionine 0.10 0.10 0.10
Threonine 0.20 0.18 0.16
Tryptophan 0.05 0.04 0.03

Calculated nutrient value
Digestive energy (MJ/kg) 14.57 14.52 14.41
Crude protein (%) 16.36 15.19 14.18
Ca (%) 0.63 0.59 0.56
AP (%) 0.35 0.33 0.32
Lysine (%) 1.08 0.96 0.88
Methionine (%) 1.21 1.19 1.18
Threonine (%) 0.67 0.61 0.55
Tryptophan (%) 0.18 0.15 0.13

T Premix provided per kg of diet. Vitamin A, 1 280 IU; Vitamin D3, 3 140 IU; Vitamin E, 10.8 IU; Vitamin K3, 0.48 mg; Vitamin
B), 1 mg; Vitamin B,, 2 mg; Vitamin B¢, 1 mg; Vitamin By,, 0.004 8 mg; Niacin, 20 mg; Pantothenic acid, 10 mg; Folic acid,
0.3 mg; Biotin, 0.2 mg; Choline chloride, 200 mg; Fe, 40 mg; Cu, 3 mg; Zn, 40 mg; Mn, 2 mg; I, 0.14 mg; Se, 0.1 mg.

1.3 #@mX&E

TEIRER R 90 K, K HEMHEEE 12 h J5FK
HIF B 2R R B W B BE MBI/ A TR
A VI 2 om B BALUEE T 4% 2 RH
fEr, DAME T 5 205
1.4 NEIBFRFE
141 HKMgE

FERIREE 1. 40, 90 REPK EALEEEE 12h
JEFRE I, HLTE P HIEE 1A, &
TE BRI 1-40 KK 40-90 KARE
i, LT H R A& SR G (F/G)
142 MBS

¥ 4% 2 R EHEENE W BEAFART]

YILZ a8, i CBEAE R AR A 7466 2 i
KJE A AT, R R S T L
W, d R 98 AROKS - P 21 (hematoxylin-eosin
staining, HE)JL o )53t o U - id i e 400 8. s
(Simon-01)#A R, Ffi# i Image-Pro Plus6.0 &
B FERRIE | BRI, ARSI 6 M
SRR IE A L GE o0 .
1.43 ERFERSLEE N RAMREFRINE
MR B B ARG ERE S I FREL 0.1 g,
A9 A8 i A= BER K5 #5472 . LA 3 500 r/min
) TR #2500 10 min J5WSCER B35 R o FHAR R 358
G R IS 8 AR AL 52 AL it (superoxide
dismutase, SOD)JE M. & Bt H KA 4 Ak P
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(glutathione peroxidase, GSH-Px)i& 4 . Bt E b
fiE JJ(total antioxidant capacity, T-AOC)F1 MDA
i, WA TR AR Y TR A TR
o], RIS I T . A
HIG R BREE 1 A (secretory immunoglobulin A,
SIgA). A4~ %-1B (interleukin-1 beta, IL-1B). 14
LA~ 25-6 (interleukin-6, IL-6). 140 i/ -10
(interleukin-10, TL-10)1 {8 SR 56 F--00 (tumor
necrosis factor-o, TNF-ou) K FH B 62 I BFHI 2 3
HEATINAE , R AN T R AE R A R
O], AR BB A T
144 EBFERENRFEREXEE mRNA
Rk

MIBA B B AR &L, ] TRIzol ¥
TR (T o o M A W R B A B ) ) B LA
i RNA, 382 B 4 6B TG I RNA MR AN

*2 SIEUOLEE PCR SIHIFS
Table 2 Primers used for quantitative real-time PCR

alif& . fdi ] HiScript III All-in-one RT Super Mix
Perfect for qPCR 7 &5 (Fg 5L 1A MERE A= W RH I
A R FF BB 1 pg & RNA G 5%
B cDNA Ff# F-80 cCHRAE . i AR F1E5 )
(F 2)i & L HF2¢ 6 i PCR (quantitative
real-time PCR, qPCR)fxM#% K+ E2 #HCK -+

(nuclear factor erythroid 2-related factor 2,
NRF2). Kelch #f ECH MK 1 (kelch-like

ECH-associated protein 1, KEAP1). ML & N4
fiff-1 (heme oxygenase-1, HO-1). M fbifJ5 [
1 (NADPH: quinine oxidoreductase 1, NQO1). [4]
Bli/Nif 85 H-1 (zonula occludens 1, ZO-1), 41
1 (Occludiny, Ml&#EM-1 (Claudin-1), #i%&
1 2 (mucin 2, MUC2)#9 %% 56 /K~F-, DL B-ILBhEE
[ (beta actin, S-actin)/fE NS, R 2744
7 kAT A

Gene Primer sequence (5'—3")

GenBank

F: ATGCTTCTAGACGGACTGCG
R: GTTTCAGGAGGCTGGCATGA

B-actin

NRF2 F: TTGTCTGTGATGCCAACGTG
R: TTGGAACCGTGCTAGTCTCA
KEAP1 F: CGTGGAGACAGAAACGTGGA
R: CAATCTGCTTCCGACAGGGT
NQO1 F: GATCATACTGGCCCACTCCG
R: GAGCAGTCTCGGCAGGATAC
HO-1 F: CAAGCAGAAAATCCTCGAAG

R: GCTGAGTGTCAGGACCCATC
Z0-1 F: GAGGATGGTCACACCGTGGT
R: GGAGGATGCTGTTGTCTCGG

Occludin F: ATGCTTTCTCAGCCAGCGTA
R: AAGGTTCCATAGCCTC
Claudin-1 F: GCCACAGCAAGGTATGGTAAC
R: AGTAGGGCACCTCCCAGAAG
MUC-2 F: GGTCATGCTGGAGCTGGACAG

R: TGCCTCCTCGGGGTCGTCAC

XM _003357928.4

XM _021075133.1

XM_021076667.1

NM_001159613.1

NM_001004027.1

XM _021098896.1

NM_001163647.2

NM_001244539.1

XM _021082584.1
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145 SIHEEEMEY16S rRNA EENEFE LS
2% Wang SRR 97 1B EHUR I 2 BE
A DNA, il U 70 66 EE 11X DNA 1k 5
afi B A TG {5 319F (5-ACTCCTACGGGA
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TWTCTAAT-3")5|#if 2 PCR M\ DNA # i Hi”
1 V3-V4 XIAY 4T 16S rRNA A it 2%
BN W GEE I HL LRSI PCR 7747 , 338 1 Qubit 2.0
PN E HHe B . £ Tlumina MiSeq 4 7l
P AISCRER . SR UCLUST B35 97%AH1M
IR 43 2584 BT (operational taxonomic unit,
OTUYREFHNi# AT 43252 53 A, XL Silva Zdis
J% (Release138.1 http://www.arb-silva.de) #F 17 #)
FhyE B . BT Mothur v.1.21.1 144 Chaol . ACE,
Shannon. Simpson ZFEPEFEELLIVEALH W £ EE
W ZHEE S FE . A Mothur v.1.21.1
BT RAMAN OTU &L Bray-Curtis 53 3:%F
2 L0 S AT 32 A8 4% 53 BT (principal  coordinate
analysis, PCoA) 3T £ 2HFE i (8] 90 Rl i) A0 X 3=
JiF AR Kruskal-Wallis #6556 o 00 [ 16 B
P48 % NCBI##8 %, 558 PRINA949549,
1.4.6 EHRBEPEEERHERKERNE
EEOEPH 0.8 mL MZEKFR0.2 g B W

BRI, Z 5 LA 12 000 r/min (1345 2
O 10 min, SRJEHF 0.6 mL b1 R LR 235 (1 25
O Y, IS5 0.12 mL 25% (5 B ARFA 50 1) I
BRI IR G - FJE, PR E T-20 °Cid
W, Z e B - ff R J5 LA 12 000 r/min (19 3 2
O 10 min. {022 pm fFLuE A DEF T 1 8BS
AW, ZJEEE A mE 1 L BV, O
5 I 5 5 UM €3 X (Shimadzu) . 1% (Y
B4 A7 30 mx0.32 mmx0.25 um 9B 404 @ 154
(Sigma-Aldrich), FTME sk A D5 R A9 MR 2 o
FEIR A 135 °C, KRR A 200 °C, AN A
L, ET1h 60 kPa, B E SRS 50 kPa.
1.5 BEGIT o

fii ] Excel 2016 Xk 3n 54l 1 T 0) 20 # 2
FIF SPSS 26.0 HH AR Jy 2243475 Duncan’s
KB TEAE /3T o e A A A AR iR R
N, P<0.05 BIACHZE T B2E, P>0.05 FRILER

2 EREM

21 BEESREBFRAESHNEREEK
kA 0EA

B B A 5 R IR B IR A 0 J IR AR R Ik RE
PSRN 3 . 4R[S Con 4MLL,

*3 REESREBFREAIBEEE KRNI

Table 3  Effects of hesperidin and rosmarinic acid combination on growth performance of finishing pigs

Items Con Hes RA HesxRA SEM P-value
1-40d
Average daily gain (g/d) 665.42¢ 724.58bc 825.00ab 856.25a 23.86 0.007
Average daily feed intake (kg/d) 2.02d 2.06¢ 2.13b 2.18a 0.01 <0.001
F/G 3.06 2.86 2.62 2.59 0.07 0.057
41-90d
Average daily gain (g/d) 998.00 1 007.00 944.67 1070.33 17.88 0.091
Average daily feed intake (kg/d) 3.40bc 3.43b 3.36¢ 3.56a 0.02 <0.001
F/G 3.41 3.42 3.60 3.35 0.06 0.505
1-90d
Average daily gain (g/d) 850.19¢ 881.48b 891.48b 975.19a 12.01 <0.001
Average daily feed intake (kg/d) 2.79¢ 2.82b 2.82b 2.95a 0.01 <0.001
F/G 3.28a 3.27a 3.16ab 3.02b 0.03 0.032

Different lowercase letters in the same line indicate significant differences in the different groups (P<0.05). The same below.
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EAREmE 1 ik 4 Pos, 258%M, 5
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(P<0.05). Ik, HesxRA 4 MBEIEEE B3
= T Hes 41(P<0.05). BB RETE 4 A2 MIIFA
KI5 (P>0.05).
23 BREESREBTRESTERESTH
MENINEER RN
231 HBEESREFHRESHERETEEMN
FLEE NIRRT

PR SR B RA G B E PR
fERE R E 2 s, 4558%M, 5 Con
A, HesxRA HFNEMEEME L T-AOC.
SOD ik B &2 55 (P<0.05). 4h, HesxRA 4
BB MRS SPUERE I B E S T RA
2H(P<0.05). GSH-Px {fif£ 5 MDA S f7E 4 HZ
i) - R & Rk 2 22 5 (P>0.05).

1 BRESEEFRESNEKTRESHHERSHZIE

Figure 1

Effects of hesperidin and rosmarinic acid combination on caeccum morphology of growing-finishing

pigs. The length of the yellow line indicates the mucosal thickness. The length of the black line indicates the
crypt depth. Con: The control group pigs; Hes: The pigs supplemented with 600 mg/kg hesperidin; RA: The
pigs supplemented with 40 mg/kg rosmarinic acid; HesxRA: The pigs supplemented with 300 mg/kg hesperidin

and 20 mg/kg rosmarinic acid. The same below.

*4 BRESRERREGNERESHHERS

SEAC)

Table 4 Effects of hesperidin and rosmarinic acid combination on cecal morphology of finishing pigs

Items Con Hes RA HesxRA SEM P-value
Mucosal thickness (pm) 497.17b 500.72b 514.36ab 554.45a 11.33 0.046
Crypt depth (um) 175.97 152.28 168.00 156.11 4.10 0.226

P4 actamicro@im.ac.cn, & 010-64807516
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Figure 2  Effects of hesperidin and rosmarinic acid combination on cecal antioxidant capacity of finishing pigs.
Different letters in different treatment groups indicate significant differences (P<0.05). The error bar indicated
mean+SE Different letters in different treatment groups indicate significant differences (P<0.05). The same
below.
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Figure 3 Effects of hesperidin and rosmarinic acid combination on antioxidation-related gene expression in
cecum.
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Figure 4 Effects of hesperidin and rosmarinic acid combination on alpha diversity (A—D) and beta diversity

(E—F) of cecal microbiota.
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Figure 5 Effects of hesperidin and rosmarinic acid combination on phylum level of microbial composition (A)

and microbial change (B-D) in cecum digesta.
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Figure 6 Effects of hesperidin and rosmarinic acid combination on genus level of microbial composition (A)
and microbial change (B) in cecum digesta.
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Table 5 Effects of hesperidin and rosmarinic acid combination on concentrations of short chain fatty acids in
cecal digesta of finishing pigs

Items Con Hes RA HesxRA SEM P-value
Acetate (umol/g digesta) 370.55 417.49 364.54 481.96 19.34 0.105
Propionate (umol/g digesta) 105.69 129.10 114.52 140.58 5.28 0.079
Isobutyrate (umol/g digesta) 8.81b 8.34b 11.44b 15.94a 1.90 0.009
Butyrate (umol/g digesta) 32.38¢c 35.93bc 39.83ab 43.67a 1.42 0.017
Isovalerate (umol/g digesta) 14.46 14.21 18.20 16.42 0.97 0.456
Valerate (umol/g digesta) 9.53 10.39 10.44 11.32 0.55 0.752
Total SCFAs (umol/g digesta) 541.43 615.46 558.97 709.90 24.83 0.056
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Figure 7 Effects of hesperidin and rosmarinic acid combination on barrier-related gene expression in cecum.
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Figure 8 Effects of hesperidin and rosmarinic acid
combination on cytokines and SIgA content in
cecum.
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