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Introduction

ABSTRACT. The aim of the present study was to investigate the effects of
different combinations of dietary starch and non-starch polysaccharides (NSP)
on intestinal functions, and lipid and glucose metabolism in pigs. Fifty-four
weaned pigs weighing 6.71 + 0.52 kg were randomly assigned according to
body weight and sex to 3 treatments with 6 replicates per treatment and 3 pigs
per replicate, and were fed: T1 diet containing starch with amylose/amylopectin
(AM/AP) ratio of 1:1 and NSP 3% (a mixture of inulin and cellulose in a ratio 1:1),
T2 diet with starch of AM/AP ratio 2:1 and NSP 1% or T3 diet containing starch
with AM/AP ratio of 1:2 and NSP 2%. Pigs were fed experimental diets for 28
days. It was shown that in animals fed T1 diet mMRNA expression of glucagon-
like peptide-2, zonula occludens 1 and occludin (P < 0.05) were up-regulated
and tended to be increased the mRNA level of insulin-like growth factor-1
(P=10.06) in colon, the activity of lactase in jejunum was increased (P < 0.05),
mRNA expression of insulin receptor substrate 1 and glucose-6-phosphatase
in liver were improved (P < 0.05), and the activity of lipoprotein lipase
(P<0.05)was decreased and the activity of malate dehydrogenase tended to be
enhanced (P =0.07) in longissimus dorsi muscle. Feeding T1 diet promoted the
intestinal functions and improved to some extent lipid and glucose metabolism
in pigs. So, carbohydrates combination of starch with AM/AP ratio of 1:1 and
NSP 3% can be recommended for weaned pigs.

along with increasing amylose content (Regmi et al.,
2011). Additionally, amylopectin could lead to a rap-

Polymeric carbohydrates, starch and non-starch
polysaccharide (NSP), are the main ingredients in the
diets and are the major energy contributors for pigs
(Bach Knudsen, 2011). Noteworthy, types of starch,
from their nature, differ in an amylose to amylopec-
tin ratio (AM/AP). As the molecular configuration
and structure are different, amylopectin-rich starch is
easily digested, while amylose-rich starch not (Singh
et al., 2010). Indeed, it was previously shown that
feed intake and feed efficiency in pigs were reduced

id increase in glucose and insulin concentrations rela-
tive to amylose (Behall and Scholfield, 2005; Regmi
et al., 2010). Moreover, it was indicated that higher
level of amylopectin negatively influences the hepat-
ic lipid deposit in pigs and should be avoided in the
diet composition (Yang et al., 2018). Yet, emerging
evidences indicated that starch with relative higher
AM/AP ratio increased the average daily gain and
feed efficiency in finishing pigs (Li et al., 2017; Wang
et al., 2019), and tended to decrease the average back
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fat thickness (Wang et al., 2019). Meanwhile, starch
with a higher AM/AP ratio improved intestinal
morphology and promoted expression of genes
related to intestinal function in piglets (Xiang et al.,
2011; Han et al., 2012), and decreased the mRNA
levels of genes related to fat synthesis in liver (He
et al., 2010). Dietary fibre, chemically mainly made
up of NSP, promotes gastrointestinal health both in
humans and animals (Bosaeus, 2004; Kumar et al.,
2012). Likewise, it is a critical ingredient influencing
the intestinal development and health of pigs. In the
literature it is shown that dietary fibre enhances the
intestinal morphology, barrier function and reduces
diarrhoea incidences in piglets (Lindberg et al., 2014;
Chen et al., 2015; Wu et al., 2018). Noteworthy,
piglets fed both soluble and insoluble fibre (ratio
1:1) had better nutrients absorption and gut barrier
functioning than those fed one kind of fibre (Chen
et al., 2019). Meanwhile, dietary fibre could reduce
liver fat deposition by regulating the expression
of genes related to lipid metabolism (Han et al.,
2016). Furthermore, fermentable carbohydrates
(e.g., resistant starch and NSP) were used by hindgut
microflora as fermentative substrate (Aumiller et al.,
2015; Jha and Berrocoso, 2015). Under the anaerobic
conditions, undigested carbohydrates were fermented
mainly to short-chain fatty acids (SCFAs), mainly
acetic acid, propionic acid and butyric acid (Flint
et al., 2012). SCFAs play a crucial role in regulating
intestinal health, and lipid and glucose metabolism
(Ichimura et al., 2009).

Consequently, starch with various AM/AP
ratios exhibited different physiological responses
to growth performance, intestinal functioning and
lipid metabolism. In addition, dietary fibre could
promote the gut health and decrease fat deposition
in the liver. Effects of dietary fibre and starch (in
the form of resistant starch) on intestinal functions,
and lipid and glucose metabolism may be regulated
by SCFAs. In traditional swine nutrition, analyses
of starch and fibre have focused on measuring its
quantity. However, the information of carbohydrates
quality for pigs are poorly understood. Notably, we
have observed that the combination of starch with
AM/AP ratio of 1:1 and NSP 3% (a mixture of inulin
and cellulose in ratio 1:1) markedly improved the
growth performance and nutrients digestibility, tended
to reduce diarrhoea incidences, significantly increased
the concentration of butyrate in serum and reduced the
content of acetate and propionate in caecum and colon
(unpublished data). Likewise, in pigs fed diet with
this combination the abundance of Firmicutes was
significantly increased, therefore fibre degradation
and production of butyrate can be promoted (Louis

and Flint, 2017). So, we hypothesized that the diet
containing starch with AM/AP ratio of 1:1 and
NSP 3% may promote intestinal functions, and
improve lipid and glucose metabolism in pigs.
Therefore, the current study was conducted to
evaluate the effects of different combinations of
dietary starch and NSP on intestinal functioning, and
lipid and glucose metabolism in weaned pigs.

Material and methods

Animal care

Experimental proposals and procedures used in
the present experiment were conducted in accord-
ance with the Animal Care and Use Committee of
Sichuan Agricultural University (Ya’an, China) un-
der permit number DKY-B20131704.

Animals, housing and dietary treatments

In total, 54 crossbred Duroc x (Landrace x York-
shire) pigs weaned at 21 + 1 day were provided by
a commercial farm, then were housed in a tempera-
ture-controlled nursery house with completely slot-
ted floors and fed a common pre-starter diet during
a 5-day adaptation period. Pigs with an initial body
weight (BW) of 6.71 £+ 0.52 kg were randomly as-
signed to 1 of 3 dietary treatments with 6 replicate
pens (3 pens were barrows and other 3 pens were
gilts) per treatment and 3 pigs per pen. Each pen
(1.8 x 2.5 m) was equipped with a single nipple
waterer and a 1-sided feeder. Pigs were allowed
ad libitum access to water and feed, and feed intake
per pen was measured daily to calculate average dai-
ly feed intake. Room temperature initially was set
at 28 °C for the first week and gradually reduced to
25 °C by the end of the experiment.

The experimental diets were based on maize
and soybean meal. The compositions of ingredients,
and calculated and analysed nutrients of diets are
presented in Table 1 and Table 2, respectively.
The 3 dietary treatments were as follows: T1 diet
supplemented with high amylose concentration
and conventional maize starch (the AM/AP ratio
of 1:1) and 3% NSP (a mixture of inulin and
cellulose in a 1:1 ratio); T2 diet supplemented
with high concentration of amylose maize
starch (the AM/AP ratio of 2:1) and 1% NSP; T3
diet supplemented with high concentration of
amylopectin maize starch (the AM/AP ratio of 1:2)
and 2% NSP. Diets were formulated to meet or
exceed the National Research Council (NRC, 2012)
nutrient requirements for pigs weighing 10-20 kg.
The purity of amylose, amylopectin, inulin (the
degree of polymerization of 2—-60, and an average
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Table 1. Ingredient composition of experimental diets (as-fed basis)

Table 2. Calculated nutritional value of experimental diets (as-fed basis)

Diets with different combinations

Diets with different combinations

Ingredients, % of carbohydrates Nutrients of carbohydrates
T1 T2 T3 ™ T2 T3
Maize 14.1 16.75 15.37 Calculated value
Puffed maize 10 10 10 crude protein, % 19.0 19.0 19.0
Soybean meal 13.65 132 13.43 net energy, kcal/kg 2645 2645 2645
Puffing of soybean 7 7 7 crude fibre, % 3.91 2.23 3.08
Soy protein concentrate 5 5 5 SID-Lysine', % 123 123 123
Whey powder 5 5 5 SID-Methionine, % 0.36 0.36 0.36
Fish meal 3 3 3 SID-Threonine, % 0.73 0.73 0.73
Plasma protein powder 3 3 3 SID-Tryptophan, % 0.20 0.20 0.20
Glucose 2 9 2 calcium, % 0.70 0.70 0.70
Sovbean oil 14 0.2 0.8 available phosphorus, % 0.45 0.45 0.45
ybear ) ' ' ' Analysed values
Conventional maize starch 12.6 crude protein, % 20.23 20.46 20,57
High amylose maize starch ~ 17.1 30.7 38 ’ ' ' '
High amglopectin maize starch 26.45 gross energy, kcallkg  3979.6 3921.8 3916.5
Cellulose 15 05 1' amylose content?, % 49.86 68.11 35.89
Inulin 1'5 0'5 1 amylopectin content?, %  50.14 31.89 64.11
Limestone 0'45 0'45 0.45 amylose/amylopectin 0.99 2.14 0.56
Dicalcium phosphate 1.25 1.25 1.25 T1, T2, T3 - see Table 1; ' values for standardized ileal concentra-
L-Lysine-HCI, 78% 0.29 0.29 0.29 tions of amino acids were estimated using standardized ileal digestible
DL-Methionine. 99% 0.12 0.12 0.12 (SID) coefficients provided by NRC (2012), amino acids data and feed
L-Threonine 9,8 59 013 013 013 composition data of net energy and crude fire were also obtained from
L-Trvotooh ’ gé(yo 0'01 0'01 0'01 this source; 2 contents of amylose and amylopectin were measured
M. P lo P an., ) ° 0' 45 0'45 0'45 using commercial kits (Megazyme) obtained from Bray Business Park
ineral premix ' ' ' (Wicklow, Ireland)
Vitamin premix? 0.05 0.05 0.05
NaCl _ 0.25 0.25 0.25 —80 °C until the analysis of the activities of digestive
?htolllne chloride 108'38 108'38 108'(1)8 and absorptive enzymes. Liver and longissimus
ota . . .

T1 - diet containing starch with amylose/amylopectin (AM/AP) ratio
of 1:1 and NSP 3% (a mixture of inulin and cellulose in a ratio 1:1);
T2 — diet containing starch with AM/AP ratio of 2:1 and NSP 1%;
T3 - diet containing starch with AM/AP ratio of 1:2 and NSP 2%;.
" provided per kg of diet, IU: vit. A 8 000, vit. D, 2 000, vit. E 20; mg:
vit. B, 1.5, vit. B, 5.6, vit. B,, 0.02, vit. B, 1.5, vit. K 32, calcium pan-
totenate 10, nicotinic acid 15, biotin 0.1, folic acid 0.6; 2 provided per
kg of diet, mg: Fe 100 as FeSO,, Cu 20 as CuSO,.5H,0, Zn 100
as ZnSO,, Mn 60 as MnSO,, 1 0.3 as KI, Se 0.3 as Na,SeO,

of 12) and cellulose was 68.5, 95, 85 and 99%,
respectively, and the substances were obtained from
Kang Biological Products Co., Ltd. (Chicago, USA),
Fuyang Biotechnology Co., Ltd. (Dezhou, China),
VILOF Group Co., Ltd. (Beijing, China) and Tianli
Medical Supplements Co., Ltd. (Qufu, China),
respectively. No antibiotics were used in any diet.

Sampling and measurements

On day 28 of experiment, one pig with an
average BW of each pen was chosen and euthanized
by intravenous injection of sodium pentobarbital
(200 mg/kg BW) according to Chen etal. (2013). The
abdomen was opened to remove the jejunum, colon,
liver and longissimus dorsi muscle immediately.
The jejunal mucosa was collected by scraping
the intestinal wall with a glass microscope slide,
immediately frozen in liquid nitrogen and stored at

dorsi muscle samples were collected to detect the
activities of enzymes involved in lipid metabolism.
Additionally, intestinal segment of jejunum and
colon, and a small cube of liver and longissimus dorsi
muscle were collected and immediately frozen at
—80 °C for quantitative real-time PCR analysis.

Chemical analysis

The experimental diets were sampled once and
stored at —20 °C for chemical analysis. Diet samples
were ground through a 1-mm screen and analysed for
crude protein (CP) according to the standard methods
(AOAC International, 1995). The gross energy (GE)
of diet samples were determined using an adiabatic
oxygen bomb calorimetry (Parr Instrument Co.,
Moline, IL, USA). The content of amylose and
amylopectin were measured using commercial kits of
Megazyme (Bray Business Park, Wicklow, Ireland)
according to the manufacturer’s instructions.

Determination of enzyme activity

For enzyme activity assessment, about 1-g
frozen samples of jejunum mucosa, liver and
longissimus dorsi muscle were homogenized in
ice-cold saline solution (1:9, wt/vol) and then
centrifuged at 3 000 g for 15 min at 4 °C. The
supernatant was collected for further analysis.
The activities of trypsin, amylase, lactase, sucrase,
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Table 3. Primer sequences used for real-time quantitative PCR

Target gene  Forward primer 5™-3' Reverse primer 5'-3' r;?;ﬁ?tbp ﬁsﬁ]ebs:rlon

ACTB TCTGGCACCACACCTTCT TGATCTGGGTCATCTTCTCAC 114 XM_021086047.1
GLP2 ACTCACAGGGCACGTTTACCA AGGTCCCTTCAGCATGTCTCT 149 NM_005671883.1
IGF1 CTGAGGAGGCTGGAGATGTACT CCTGAACTCCCTCTACTTGTGTTC 137 NM_214256.1
OCLN CAGGTGCACCCTCCAGATTG GGACTTTCAAGAGGCCTGGAT 110 NM_001163647.2
Z01 CTGAGGGAATTGGGCAGGAA TCACCAAAGGACTCAGCAGG 105 XM_021098827.1
Muc2 GGTCATGCTGGAGCTGGACAGT TGCCTCCTCGGGGTCGTCAC 181 XM_021082584.1
INSR CTGCG TCACTTCACTGGCTA TCATCTGCCTTGGCTTCAGG 122 XM_021083940.1
IRS1 TGGATGATTCTGTGG TGGCC CTGATGGGGTTGGAGCAGTT 124 NM_001244489.1
PIK3C3 GCTGTGCTGGATATTGCGTG GAGGAAGAGGCTTTGGGTCC 141 NM_001012956.2
G6PC AAGCCAAGCGAAGGTGTGAGC GGAACGGGAACCACTTGCTGAG 165 NM_001113445

GLP-2 - glucagon-like peptide-2, IGF-1 — insulin-like growth factor-1, MUC2 — mucin 2, OCLN - occludin, ZO1 - zonula occludens 1,
INSR - insulin receptor, IRST — insulin receptor substrate 1, PI3KC3 — phosphatidylinositol 3-kinase catalytic subunit type 3, G6PC — glucose-

6-phosphatase

maltase, sodium/potassium ATPase (Na",K™-ATPase),
calcium/magnesium ATPase (Ca*,Mg?*-ATPase) and
creatine kinase (CK) in jejunal mucosa, and carnitine
palmitoyltransferase 1 (CPT-1), lipoprotein lipase
(LPL), hepatic lipase (HL) and malate dehydrogenase
(MDH) in liver and /longissimus dorsi muscle
were determined using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. The
total protein content in jejunum mucosa, liver and
longissimus dorsi muscle homogenates were detected
by Braford brilliant blue method (Chen et al.,
2018). Each parameter was determined in duplicate
simultaneously on the same plate. And the differences
among parallels must have been small (coefficient
of variation was less than 10%) to guarantee the
reproducibility of repeated measurements.

Detection of mRNA expression

Total RNA was isolated from frozen jejunum,
colon, liver and longissimus dorsi muscle using
Trizol reagent (TaKaRa, Dalian, China) according
to the manufacturer’s instructions. The concentra-
tion and purity of the RNA were determined using
a NanoDrop ND-2000 Spectrophotometer (Nano-
Drop, Hilden, Germany). Ratios of OD, :0D,,
ranging from 1.8 to 2.0 in all samples was regarded
as suitable for further analysis. The integrity of RNA
was detected by agarose gel electrophoresis and the
288S:18S ribosomal RNA band ratio was determined
as >1.8. RNA was reverse transcribed into cDNA
using PrimeScript™ RT reagent kit (TaKaRa, Da-
lian, China) according to the manufacturer’s guide-
lines. The mRNA expression of genes involved in
the intestinal development (glucagon like peptide-2
(GLP2), insulin-like growth factor-1 (/GF1I)), bar-
rier functioning mucin 2 (MUC?2), occludin (OCLN),
zonula occludens 1 (ZOI)) in jejunum and colon,

and glucose metabolism (insulin receptor (/NSR),
insulin receptor substrate 1 (/RS7), phosphatidylino-
sitol 3-kinase catalytic subunit type (PI3KC3),
glucose-6-phosphatase  (G6PC)) in longissimus
dorsi muscle and liver was analysed with use of the
Opticon DNA Engine (Bio-Rad, Hercules, CA, USA)
and SYBR Green PCR reagents (TaKaRa, Dalian,
China). Primers for the selected genes (Table 3) were
designed by Primer 6 Software (PREMIER Biosoft
International, Palo Alto, CA, USA) and synthesized
commercially by Sangon Biotech Limited (Shanghai,
China). Quantitative real-time PCR was performed
on an ABI Prism 7000 detection system in a two-step
protocol with SYBR Green (Applied Biosystems,
Foster City, CA, USA). Each reaction was performed
in a volume of 1 ul cDNA, 5 pul SYBR Premix Ex
Taq TM (2x), 0.2 ul ROX reference dye (50x), 0.4 pl
each forward and reverse primer, and 3 ul PCR-grade
water. The PCR conditions were as follows: initial
denaturation at 95 °C for 30 s, followed by 40 cycles
of denaturation at 95 °C for 10 s, annealing at 60 °C
for 25 s and a 72 °C extension step for 5 min. A melt-
ing curve analysis was generated following each real-
time quantitative PCR assay to verify the specificity of
the reactions. B-actin (ACTB) was chosen as the refer-
ence gene to normalize mRNA expression of target
genes. The relative expression ratio of the target gene
in comparison with the reference gene was calculated
using the 224t method (Pfaffl, 2001). The relative ex-
pression of target genes in T1 diet group was set to be
1.0. Each sample was measured in triplicate.

Statistical analysis

In the current study, the individual piglet was
used as the experimental unit. The data were sub-
jected to the GLM procedure of SAS ver. 9.2 (SAS
Institute, Inc., Cary, NC, USA). Differences among
treatments were determined by Duncan’s multiple
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comparison. All differences were considered signifi-
cant at P < 0.05, whereas P-values between 0.05 and
0.1 were considered a trend. All data are presented as
means and standard error of the mean (SEM).

Results

The relative mRNA expression of intestinal
development related genes

As shown in Table 4, no difference was observed
on the mRNA expression of intestinal development
related genes in jejunum (P > 0.05), but the mRNA
expression of GLP2 in T1 group was more than twice
as high as that in T3 group. Meanwhile, the mRNA
expression of GLP2 in colon in T1 group was in-
creased (P < 0.05) in comparison to T3 group, and
the mRNA expression of /GFI in T1 group tended to
be greater (P = 0.00) than that in T3 group.

Table 4. Effects of different combinations of carbohydrates on the
mRNA expression of genes related to intestinal development in
jejunum and colon of weaned pigs

Table 5. Effects of different combinations of carbohydrates on
digestive and absorptive enzyme activity in jejunum of weaned pigs

Diets with different
combinations
Activities of carbohydrates SEM P-value
T1 T2 T3
Amylase, U/mg protein 050 047 045 0.06 0.80
Trypsin, U/mg protein 820 808 705 564 0.32
Maltase, U/mg protein 344 230 250 45.44 0.22
Sucrase, U/mg protein 1146 675 86.1 2144 0.33
Lactase, U/mg protein 4892 276° 46.9° 4.64 0.01
Creatine kinase, U/mg protein 166 159 1.33 0.26 0.66
Na*,K*-ATPase, molPi/mg
protein/h 6.35 529 589 048 0.33
Ca?" ,Mg*-ATPase, molPi/mg
proteinh 6.34 518 541 0.58 0.36

T1,T2, T3 - see Table 1; Na*,K*-ATPase — sodium/potassium ATPase,
Ca? Mg*-ATPase — calcium/magnesium ATPase; SEM - standard
error of the mean; ® — means within a row with different superscripts
are significantly different at P < 0.05

Table 6. Effects of different combinations of carbohydrates on the
mRNA expression of tight junction-related genes, mucin and inflam-
matory factors in jejunum and colon of weaned pigs

Diets with different combinations

Genes of carbohydrates SEM P-value
T1 T2 T3
Jejunum
GLP2 1.00 0.77 042 0.18 0.11
IGF1 1.00 1.08 0.86 0.15 0.56
Colon
GLP2 1.002 0.95%® 0.61° 0.10 0.02
IGF1 1.00 0.86 0.43 0.15 0.06

T1, T2, T3 - see Table 1; GLP2 - glucagon-like peptide-2,
IGF1 - insulin-like growth factor-1; SEM — standard error of the mean;
® — means within a row with different superscripts are significantly
different at P < 0.05

The activities of digestive and absorptive
related enzymes in jejunum

As presented in Table 5, T1 diet enhanced
(P <0.05) the activity of lactase in comparison to T2
group, while it was not relatively different from T3
group (P > 0.05). Intriguingly, both activities of di-
gestive enzymes (amylase, trypsin, lactase, sucrase
and maltose) and absorptive enzymes (CK, Na*,K*-
ATPase and Ca* ,Mg**-ATPase) did not differ be-
tween groups, except lactose activity that was lower
in T2 group in comparison to T1 and T3 groups.

The relative mRNA expressions of intestinal
barrier related genes

As shown in Table 6, no difference was found
in the mRNA expressions of barrier function related
genes in jejunum (P > 0.05). Whereas, the mRNA
expressions of ZO1 and OCLN in colon of T1 group
were markedly increased (P < 0.05) in comparison
to T3 group.

Diets with different combinations

Genes of carbohydrates SEM  P-value
™ T2 T3

Jejunum
Z01 1.00 0.80 0.68 012 020
OCLN  1.00 1.21 0.91 0.11 0.18
MUC2  1.00 0.75 0.68 0.10  0.12

Colon
Z01 1.002 0.98%* 0.77° 0.05  0.02
OCLN  1.00° 0.91% 0.64° 0.08  0.02
Muc2  1.00 1.38 0.93 0.18  0.20

T1,T2, T3-see Table 1; ZO1 - zonula occludens 1, OCLN - occludin,
MUC2 - mucin 2; SEM - standard error of the mean; ® — means within
a row with different superscripts are significantly different at P < 0.05

The activities of lipid metabolism enzymes
in liver and longissimus dorsi muscle

The activities of enzymes associated with
lipid metabolism are demonstrated in Table 7. The
activities of lipid metabolism enzymes in liver were
not influenced by treatments (P > 0.05). However,
in comparison to T2 and T3 groups, the LPL activity
in longissimus dorsi muscle in T1 group was the
lowest (P < 0.05). Meanwhile, pigs from T1 group
tended to have higher (P = 0.07) MDH activity in
longissimus dorsi muscle.

The relative mRNA expression of glucose
metabolism related genes in liver and
longissimus dorsi muscle

As presented in Table 8, the mRNA expression
of IRSI and GO6PC in liver were significantly
influenced by treatments (P < 0.05). And, T1 group
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Table 7. Effects of different combinations of carbohydrates on enzyme
activity in liver and longissimus dorsi muscle of weaned pigs

Diets with different combinations

Indices of carbohydrates SEM P-value
T T2 T3

Liver
CPT-1, ng/l 203 184 190 6.81 0.16
LPL, U/mg protein 048 050 0.56 0.03 0.16
HL, U/mg protein 041 039 045 0.03 0.46
MDH, U/mg protein  3.95  4.17 642 144 043

Longissimus dorsi muscle
CPT-1, ng/l 155 156 148 402 0.33
LPL, U/mg protein ~ 0.27° 0.47¢ 0.50° 0.04 <0.01
HL, U/mg protein 030 042 027 0.09 0.46
MDH, U/mg protein  4.07  4.02 3.38 021 0.07

T1, T2, T3 - see Table 1; CPT-1 — carnitine palmitoyltransferase 1,
LPL - lipoprotein lipase, HL — hepatic lipase, MDH — malate dehydro-
genase; SEM - standard error of the mean; ® — means within a row
with different superscripts are significantly different at P < 0.05

Table 8. Effects of different combinations of carbohydrates on the
mRNA expression of glucose metabolism related genes in liver and
longissimus dorsi muscle of weaned pigs

Diets with different combinations

Genes of carbohydrates SEM P-value
T1 T2 T3

Liver
INSR  1.00 1.21 0.98 0.21 0.13
IRS1T  1.002 0.74% 0.67° 0.13 0.03
PIK3C3 1.00 1.00 0.92 0.14 0.88
G6PC  1.00° 0.55° 0.45° 0.16 0.04

Longissimus dorsi muscle
INSR  1.00 1.14 1.32 0.10 0.12
IRS1  1.00 0.96 1.21 0.11 0.24
PIK3  1.00 0.91 1.20 0.19 0.56
G6PC 1.00 0.72 0.83 0.18 0.1

T1, T2, T3 - see Table 1; INSR - insulin receptor, IRS1 - insulin
receptor substrate 1, PI3KC3 - phosphatidylinositol 3-kinase catalytic
subunit type 3, G6PC — glucose-6-phosphatase; SEM - standard error
of the mean; ® — means within a row with different superscripts are
significantly different at P < 0.05

exhibited the highest mRNA expression of /RSI
and G6PC in liver among the treatments (P < 0.05).
Furthermore, there were similarities in mRNA
expression of glucose metabolism related genes in
longissimus dorsi muscle (P > 0.05).

Discussion

In the modern swine industry, piglets often en-
counter physiological, social and nutritional stresses,
in particular during the weaning period (Kim et al.,
2012). Those stressful events profoundly influences
piglet health and lead to growth retardation, diarrhoea
and sometimes mortality (Campbell et al., 2013).

In addition to using certain nutrients against the
detrimental impacts (de Lange et al., 2010), it is
important to develop ways to obtain a better ani-
mal health with other means. One possible way
is to use various dietary interventions by chang-
ing the diet composition. In the present study it
was shown that animals fed appropriate combina-
tion of dietary starch and NSP, i.e. starch with AM/
AP in a ratio of 1:1 (the total quantities of AM and
AP in the diet were 19.68% and 19.79%, respective-
ly) and NSP 3% (a mixture of inulin and cellulose in
aratio of 1:1), exhibited higher growth performance
and nutrients digestibility, and lower diarrhoea inci-
dences. Moreover, in pigs fed this combination the
concentration of butyrate in serum was significantly
increased, contents of acetate and propionate in ce-
cum and colon were reduced, and the abundance of
butyrate-producing bacteria was markedly increased
(unpublished data). Being in line with our previous
work, the present study demonstrates that the opti-
mal combination of starch and NSP may also im-
prove the intestinal functions, and lipid and glucose
metabolism of pigs.

It is noteworthy, that in the present study the
mRNA expression of GLP2 in colon of T1 group
significantly increased in comparison to T3 group. In
addition, the mRNA expression of /GF-1 in colon of
T1 group tended to be enhanced in comparison to T3
group. It is known that GLP?2 is a critical regulator
of intestinal development, digestion and absorption,
and integrity of intestine (Bloom and Polak, 1982).
Likewise, /GF is an important growth factor of gas-
trointestinal tract and plays a vital role in mamma-
lian growth and development (Xiao et al., 2009). It
suggests that T1 diet may promote intestinal devel-
opment as compared to T3 diet (AM/AP ratio of 1:1
in T1 diet is higher than the AM/AP ratio of 1:2 in
T3 diet). Consistently, in the our previous study
we have reported up-regulated mRNA expres-
sion of GLP2 and IGFI in piglets fed higher
AMY/AP ratio in starch diet (Han et al., 2012). Yet, the
mRNA expressions of GLP2 and IGFI in T2 group
(AM/AP ratio of 2:1) were similar to those in T1
group. Intriguingly, the mRNA expression of GLP2
both in jejunum and colon in T1 group was numeri-
cally greater than those in T2 group. It may be con-
nected with the lower content of NSP in T2 diet than
that in T1 diet, as diet supplementation with mod-
erate level of dietary fibre is necessary to maintain
the normal physiological function of gastrointes-
tinal tract and boosts gut health of the host (Wenk,
2001). With a rapid growth and a high metabolic
rate, piglets require a large amount of nutrients.
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Decreased digestion and absorption function will im-
pair growth performance. Thus, a greater activity of
digestion and absorption enzymes is vital for nutrient
absorption and body growth. In the current study, the
activity of lactase in T1 group was significantly higher
than that in T2 group, while it was similar with that in
T3 group. Nevertheless, consistently with our pre-
vious study, both the greatest activities of digestive
and absorptive enzymes were observed in the ani-
mals fed T1 diet (data unpublished). Noteworthy, the
tight junction proteins (ZO1 and OCLN) maintain
the intestinal barrier integrity by efficient preven-
tion of the diffusion of bacteria and other antigens
through the epithelium (Ulluwishewa et al., 2011).
We have shown that mRNA expression of ZO!I and
OCLN in colon of T1 group were markedly higher
than those of T3 group, indicating that T1 diet is
more beneficial for intestinal barrier functioning than
T3 diet. The increase in ZOI and OCLN mRNA lev-
els in colon might be caused by the content of AM
and NSP, since the ratio of AM/AP and the con-
centration of NSP in T1 diet were higher than in
T3 diet. Dietary fibre (e.g., NSP and resistant starch)
is the substrate for gastrointestinal microflora fermen-
tation into SCFAs, which promotes the intestinal epi-
thelial barrier function (Chen et al., 2013; Morrison
and Preston, 2016). Indeed, the content of butyrate in
serum of T1 group was significantly higher than that
obtained in our previous study (data unpublished).
Likewise, the gut microbiota provides essential ca-
pacities for the fermentation of dietary fibre into
SCFAs, which could alleviate the weaning-induced
damage to intestinal structural integrity by promot-
ing the tight junction protein expression levels in
weaned pigs (Diao et al., 2019). Indeed, the content
of butyrate in serum of T1 group was significantly
higher than that obtained in our previous study (data
unpublished). Intriguingly, the content of NSP in
T2 diet was lower than in T1 diet, while no differ-
ences were observed in the mRNA expression of ZO!
and OCLN between T1 and T2 groups, possibly due
to the content of AM in T2 diet was greater than in T1
diet. Hence, feeding with T1 diet (starch with AM/AP
ratio of 1:1 and NSP 3%) may positively influence the
intestinal functions via promoting the mRNA expres-
sion of genes related to intestinal development and
barrier function and increasing the activities of diges-
tive and absorptive enzymes to some extent.
Carbohydrates can be metabolized by the
microbiota through the enzymatic degradation of
glycosidic linkages and the fermentation of liberated
monosaccharides into SCFAs (Wong et al., 2006).
Moreover, in our previous study we have indicated

that greater production of SCFAs correlates with lower
diet-induced obesity (Lin et al., 2012). Propionate can
be largely converted to glucose (gluconeogenesis)
in liver by entering tricarboxylic acid (TCA) cycle
(Bloemenetal.,2010; den Besten etal.,2013). Acetate
also can be changed into substrates for the synthesis
of cholesterol and long-chain fatty acids (den Besten
et al., 2013). Importantly, in our previous work we
have observed markedly lower concentration of
acetate in caecum and colon of T1 group than in other
treatments (data unpublished). Thus, feeding with T1
diet might ameliorate lipid metabolism and reduce
fat deposition in liver of pigs. Correspondingly, the
greatest activity of CPT-1 in liver of T1 group was
detected, since CPT-1 is the rate-limiting enzyme
that determines fatty acid oxidation (Snel et al.,
2012). Mohamed et al. (2019) have shown that
a fibre-supplemented diet could reduce hepatic lipid
storage in pigs. Hence, the beneficial effect of T1 diet
on lipid metabolism may be related to the highest
content of NSP in T1 diet. Likewise, in animals fed
diet with lower AM/AP ratio hepatic lipid deposit
was enhanced (Yang et al., 2018). Meanwhile, in
the present study the activity of LPL in longissimus
dorsi muscle of T1 group was apparently decreased.
As LPL catalyses the hydrolysis of triglycerides
residing in chylomicrons, thus providing free
fatty acid for tissue utilization (Mead et al., 2003).
It may appear that starch diet with AM/AP ratio of
1:1 and NSP 3% to some extent may decrease lipid
deposition of pigs. On the other hand, the liver is
the major organ with the ability to consume, store
and produce glucose. Hepatic glucose metabolism
includes the formation of glycogen, generation
of glucose from non-sugar carbon substrates by
gluconeogenesis and intracellular energy supply
via glycolysis. Zhao et al. (2018) have reported that
greater production of SCFAs could increase insulin
sensitivity. Intriguingly, the abundance of Firmicutes,
a predominant butyrate-producing bacteria (Louis
and Flint, 2017), in T1 group was increased. Also,
the content of butyrate in serum of T1 group was
remarkably higher than of other treatments (data
unpublished). Notably, butyrate is particularly
important as the main energy source for colonocytes,
and can activate intestinal gluconeogenesis, having
beneficial effects on glucose and energy homeostasis
(De Vadder et al., 2014). Herein, T1 diet may improve
the glucose metabolism in pigs. Indeed, in the current
study we have observed that the mRNA expression
of IRSI in liver of T1 group was significantly up-
regulated. The insulin receptor substrates bind to the
activated insulin receptor, then are phosphorylated,
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thereby providing docking sites for a multitude of
signalling molecules, essential for the diversification
and regulation of insulin action, and hence for the
tight modulation of the hepatic glucose (Fritsche
et al., 2008). Moreover, the activity of MDH in
longissimus dorsi muscle tended to be increased
and the mRNA expression of G6PC in liver of
T1 group was markedly up-regulated in comparison
to T2 and T3 groups. MDH plays an important role in
the Krebs cycle, and is involved in the oxidation of
glucose to produce ATPs (Donnelly et al., 2005). The
G6PC,akey enzymein glucose homeostasis, catalyzes
the hydrolysis of glucose-6-phosphate to glucose and
phosphate in the final step of gluconeogenesis (Chou
and Mansfield, 2010). Therefore, the diet containing
starch with AM/AP ratio of 1:1 and NSP 3% may
improve glucose control in liver.

Conclusions

For the first time it was shown that the intestinal
functions in pigs were significantly influenced by dif-
ferent combinations of starch and non-starch polysac-
charides (NSP), and lipid and glucose metabolisms
were affected to some extent. Animals fed diet con-
taining starch with amylose/amylopectin (AM/AP)
ratio of 1:1 and NSP 3% (a mixture of inulin and cel-
lulose in ratio 1:1) were characterised by better intes-
tinal functions, attenuated fat deposition and amelio-
rated glucose metabolism in liver and to some extent
in longissimus dorsi muscle. So, the combination diet
exhibits a novel way of evaluation the carbohydrate
quality of the entire diet and provides a prerequisite
foundation for further investigations of more diverse
carbohydrates diet for animals and humans.
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