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Nutritional Physiology and Metabolic Process, Institute of Subtropical Agriculture, Chinese Academy

of Sciences, Changsha, China

Intrauterine growth retardation (IUGR) results in intestinal dysfunction

contributing to metabolic syndrome and growth lag of piglets. Bile acid (BA)

presents various bioactivities, including regulation roles in antioxidant, anti-

inflammation, and glucose and lipid metabolism. Forty-eight weaned piglets

were allocated to four groups in a 2 × 2 factorial arrangement with the e�ects

of BA supplementation and IUGR challenge. Twenty-four IUGR piglets and 24

normal birth weight (NBW) piglets were allocated into two groups, respectively,

including the control group fed with a basal diet, and the treatment group fed

a basal diet supplemented with 400 mg/kg BA. The experiment lasted 28 days.

The results indicated that BA improved liver and spleen indexes in IUGR piglets,

whereas decreased blood RDW-CV and RDW-SD regardless of IUGR (P <

0.05). Dietary BA supplementation decreased plasmaCAT activity and liver GSH

concentration regardless of IUGR, whereas increased plasma GSH and liver

H2O2 and decreased liver T-AOC inweaned piglets (P< 0.05). In addition, IUGR

downregulated liverNrf1 andNrf2 expression levels, while BA supplementation

upregulated theNrf2 expression of liver in weaned piglets (P< 0.05). Dietary BA

decreased (P< 0.05) jejunal GSH concentration and ileal CAT activity regardless

of IUGR. Furthermore, IUGR upregulated (P < 0.05) jejunal SOD and CAT

expression levels; however, dietary BA upregulated ileal Nrf1 (P < 0.05) and

Keap1 (P = 0.07) expression levels in piglets regardless of IUGR. Moreover,

IUGR upregulated the liver lipid synthesis (FAS) and downregulated HSL and

SCD1 expression levels, while dietary BA downregulated liver FAS and SCD1

expression levels (P < 0.05). However, BA supplementation could enhance

liver gluconeogenesis by upregulating (P < 0.05) the liver G6PC and PCK1

expression levels in the NBW piglets but not in the IUGR piglets. Collectively,

these findings suggest that BA could regulate the redox status of weaned

Frontiers inNutrition 01 frontiersin.org

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.991812
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.991812&domain=pdf&date_stamp=2022-09-21
mailto:yuzugong@njau.edu.cn
mailto:nnkxf@isa.ac.cn
https://doi.org/10.3389/fnut.2022.991812
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.991812/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2022.991812

piglets by regulating the Nrf2/Keap1 pathway and improving liver glucose and

lipid metabolism of IUGR piglets. These findings will provide a reference for the

application of BA in swine production;moreover, considering the physiological

similarity between pigs and humans, these findings will provide a reference for

IUGR research in humans.

KEYWORDS

antioxidant capacity, bile acid, intrauterine growth retardation, immunity, oxidative

stress, weaned piglets

Introduction

Intrauterine growth retardation (IUGR) commonly results

in low newborn birth weight and slow growth and development

of organs (1). Previous studies reported that IUGR could lead

to impaired immunity, insulin resistance, and other metabolic

syndromes (2). As an important domestic economic animal,

pigs exhibit higher morbidity of IUGR (15–20%), which is

one of the most important reasons for enormous economic

loss in swine production (3). Especially, the delay of intestinal

development in IUGR piglets resulted in poor adaptability,

growth performance (4), and high mortality of newborn piglets

(5). A previous study showed that IUGR induced intestinal

cell apoptosis and oxidative function imbalance in neonatal

piglets (6). The economic loss caused by IUGR was associated

with decreased neonatal immunity and immune cell counts

(7). Furthermore, oxidative stress negatively affects intestinal

health. Previous studies have documented that IUGR impaired

the antioxidant capacity and resulted in oxidative stress in

weaned piglets (8). Therefore, reducing stress and metabolic

syndrome and improving the immunity and antioxidant

capacity of IUGR piglets have attracted the increased attention

of many researchers.

Bile acids (BAs) are cholesterol derivatives produced

in the hepatocyte. Primary BAs undergo bacterial enzyme-

mediated biotransformation to produce secondary BAs in the

ileum and large intestine (9). BAs could regulate metabolic

homeostasis, immune response, and cell proliferation via BA

enterohepatic circulation (10). The BAs also help to modulate

the gut microbiota (11), which utilizes polysaccharides and

starch to generate short-chain fatty acids to meet host energy

requirements. In addition, as endogenous molecules, BAs

can regulate multiple physiological processes, such as energy

metabolism (12), inflammatory response, and redox status (13).

For example, secondary BAs can activate BA receptors, including

vitamin D receptors, and modulate both the innate and adaptive

immune responses (14). Previous studies showed that weaning

piglets’ diarrhea incidence and weight loss were prevented by

activating BA receptors (15). Furthermore, BA receptors also

serve as metabolic regulators and integrators of glucose, lipid,

and energy metabolism (16). However, the effects of BAs on

immunity and antioxidant regulation of IUGR piglets are likely

less known.

The IUGR causes oxidative damage and inflammation of

the intestine and then results in the abnormal metabolism of

pigs (17). However, the effects of BA on the small intestine

health and liver metabolism under the IUGR condition in

weaning piglets remain unknown. Thus, we hypothesized that

BA might improve the immune response, antioxidant ability,

and glucose and lipid metabolism of weaned piglets with IUGR.

Therefore, the present study was designed to determine the

effects of BA on immunity, antioxidant capacity, and glucose

and lipid metabolism of the small intestine and liver in weaned

piglets with IUGR compared with the normal birth weight

(NBW) piglets.

Materials and methods

Animals and experimental design

Forty-eight weaned piglets, including 24NBW (body weight,

7.50 ± 0.29 kg) and 24 IUGR (body weight, 5.68 ± 0.43 kg)

piglets from 24 L, were used in this study. Piglets with the

highest birth weight (BW) and the lowest BW in the same

litter were selected for the NBW and IUGR groups, respectively.

After weaned at 21 d, the NBW piglets and IUGR piglets were

randomly allocated to four groups (n = 12 per group, one

pig in the IUGR+ BA group died unexpectedly): (i) NBW

group, NBW piglets + basal diet; (ii) NBW+BA group, NBW

piglets + basal diet with 400 mg/kg BA; (iii) IUGR group,

IUGR piglets + basal diet; and (iv) IUGR+BA group, IUGR

piglets + basal diet with 400 mg/kg BA. The BA (≥98.5%

purity) was provided by Longchang Animal Health Care Co.,

Ltd. (Dezhou, China). The nutrient levels of the basal diet for all

piglets met the National Research Council (18) recommendation

(Supplementary Table 1). All weaned piglets were housed in a

controlled temperature (23–25◦C) and humidity (60 ± 5%)

room and had free access to food and drinking water. Piglets

were fed three times per day at 8:00, 13:00, and 18:00 with their

respective diets. The experiment lasted 28 days.
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Sample collection

All piglets were weighed 12 h after the last feeding and

euthanized by jugular puncture after anesthesia on d 28 of

the experiment. Approximately 2mL of blood from each

pig was collected aseptically from the precaval vein into

an ethylenediaminetetraacetic acid dipotassium (EDTA-K2)

tube (Saihua, Shangdong, China) for hematological profile

analysis. Blood samples (5mL) were drawn into heparin sodium

tubes (Saihua, Shangdong, China), centrifuged at 3,000 × g

for 10min at 4◦C to obtain the plasma for cytokines and

oxidant/antioxidant parameters determination. The liver and

spleen were weighed, collected immediately frozen in liquid

nitrogen, and transferred to ultra-low temperature refrigerator

(−80◦C) for total RNA extraction. The jejunum (10 cm below

the flexure of duodenum-jejunum) and ileum (10 cm above the

ileocecal junction) tissues were excised and rinsed with pre-

cooled physiological saline for collecting the mucosa, frozen

in liquid nitrogen, and immediately transferred to ultra-low

temperature refrigerator (−80◦C) for total RNA extraction.

Determination of hematological profiles
of blood

The hematological profiles of blood, including white

blood cells (WBC), lymphocytes (LYM), intermediate

cell (MID), neutrophil (NEU), lymphocyte percentage

(LYM%), intermediate cell percentage (MID%), neutrophil

percentage (NEU%), red blood cells (RBC), hemoglobin

(HGB), hematocrit (HCT), mean corpuscular (MCV),

mean corpuscular (MCH), mean corpuscular hemoglobin

concentration (MCHC), red blood cell distribution width

standard deviation (RDW-SD), platelets (PLT), mean

platelet volume (MPV), and procalcitonin (PCT) were

analyzed using an Automatic Blood Cell Analyzer (Mindray,

Shenzhen, China).

Determination of plasma cytokine and
immunoglobulin concentrations

The plasma concentrations of interleukin-1 (IL-1),

IL-2, IL-6, IL-10, interferon-gamma (IFN-γ), tumor

necrosis factor-alpha (TNF-α), immune globulin A

(IgA), (IgG), and IgM were determined using the

ELISA assay kits (Huyu, Shanghai, China), according

to the manufacturer’s protocols. The Multiscan

Spectrum Spectrophotometer (Tecan, Infinite M200

Pro, Männedorf, Switzerland) was used to detect the

absorbance values.

Determination of oxidant/antioxidant
parameters of plasma, liver, and small
intestinal mucosa

Approximately 0.1 g of frozen liver, ileum, and jejunum

tissues were removed quickly, respectively, homogenized

with ice-cold physiologic saline (1:9, w/v), and centrifuged

at 2,000 × g for 20min at 4◦C. The supernatants were

collected for oxidant/antioxidant capacity determination.

The liver, ileum, jejunum, and plasma oxidant/antioxidant

parameters, including catalase (CAT), glutathione (GSH),

H2O2, malondialdehyde (MDA), superoxide dismutase (SOD),

and total antioxidant capacity (T-AOC) were analyzed by

the colorimetric method with the commercially available

kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,

China). The oxidant/antioxidant parameters of liver,

jejunum, and ileum tissues were normalized to the total

protein concentration quantified by the Pierce BCA Protein

Assay Kit (Beyotime Biotechnology, Shanghai, China). The

Multiscan Spectrum Spectrophotometer (Tecan, Infinite

M200 Pro, Männedorf, Switzerland) was used to detect the

absorbance values.

RNA isolation and real-time quantitative
PCR analysis

The RNA was extracted from liver, ileum, jejunum,

and spleen using TRIzol Reagent (0.1 g tissue per 1mL

TRIzol, Accurate Biology, Changsha, China). The purity and

concentration of extracted total RNA were determined using a

NanoDrop 2,000 spectrophotometer (Thermo Fischer Scientific,

Waltham, MA, USA). The total RNA (1 µg) was reverse-

transcribed using the PrimeScript RT Reagent Kit with gDNA

Eraser (Accurate Biology). Then 2.0 µL of cDNA template

was mixed with the forward and reverse primers (0.25 µL,

respectively), SYBR Green mix (5.0 µL), and RNase free

water (2.5 µL). An RT-PCR analysis was performed on the

Light Cycler
R©

480 II Real-Time PCR System (Roche, Basel,

Switzerland). The real-time PCR conditions were as follows:

an initial step at 95◦C for 5min, followed by 40 cycles of

denaturation at 95◦C for 5 s, annealing at 60◦C for 30 s, and a

final extension at 72◦C for 30 s. Pig-specific primer sequences

are shown in Supplementary Table 2 (Sangon Biotech, Shanghai,

China). Target gene expression was calculated using the 2−11Ct

value (19), and β-actin was used as the internal control.

Statistical analysis

All data were analyzed as a 2 × 2 factorial arrangement of

treatments by ANOVA using the general linear model procedure
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TABLE 1 E�ects of dietary bile acid (BA) supplementation on liver and spleen indices in weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Liver weight (g) 471.50 459.43 406.43 432.50 8.32 0.01 0.65 0.22

Liver index (g/kg) 25.27 27.36 26.46 29.27 0.41 <0.01 0.04 0.62

Spleen weight (g) 32.54 37.28 30.42 35.85 1.33 0.50 0.05 0.90

Spleen index (g/kg) 1.75 2.13 2.02 2.45 0.08 0.07 0.01 0.87

Values are presented as means with their pooled SEM (n= 11–12). P < 0.05 represents significantly difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA.

TABLE 2 E�ects of dietary bile acid (BA) supplementation on hematological profiles of weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

WBC (109/L) 13.59 12.86 16.51 14.71 4.20 0.05 0.30 0.66

HGB (g/L) 99.08 108.00 101.33 101.73 1.36 0.45 0.08 0.11

LYM (109/L) 8.41 7.60 9.59 8.06 0.69 0.56 0.41 0.80

MCV (fL) 51.34 50.67 51.48 51.62 0.36 0.46 0.72 0.58

MCH (pg) 15.53 15.32 15.70 15.90 0.12 0.12 1.00 0.40

MCHC (g/L) 302.67 302.75 305.33 308.00 1.27 0.13 0.59 0.62

MON (109/L) 0.39 0.50 0.43 0.54 0.05 0.73 0.73 0.98

MPV (fL) 9.03 8.96 9.11 8.93 0.11 0.91 0.58 0.80

NEU (109/L) 2.29 2.67 3.05 3.61 2.39 0.24 0.51 0.90

PCT (%) 0.46 0.40 0.40 0.38 0.02 0.40 0.37 0.66

PDW (%) 15.02 15.21 14.90 15.17 0.05 0.42 0.02 0.67

PLT (109/L) 509.33 447.42 439.50 426.91 24.71 0.37 0.46 0.63

RBC (1012/L) 6.39 7.06 6.46 6.43 0.11 0.19 0.13 0.10

RDW-CV (%) 20.82 19.83 22.18 20.21 0.34 0.18 0.03 0.45

RDW-SD (fL) 40.68 38.10 43.16 39.53 0.66 0.12 0.02 0.67

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significantly difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; WBC, white blood cells; LYM,

lymphocytes; MID, intermediate cell; NEU, neutrophil; (LYM%), lymphocyte percentage; MID (%), intermediate cell percentage; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit;

MCV, mean corpuscular; MCH, mean corpuscular; MCHC, mean corpuscular hemoglobin concentration; RDW-SD, red blood cell distribution width standard deviation; PLT, platelets;

MPV, mean platelet volume; PCT, procalcitonin.

of the SPSS 22.0 statistical package (SPSS Inc., Chicago, IL,

USA). The statistical model included BA, IUGR, and their

interactions. Differences in means in the different groups

were analyzed using the Tukey-Kramer post-hoc test when the

interaction was valid (P < 0.05). P-values < 0.05 represent

significant differences. The individual piglets were considered

the experimental unit. The data are expressed as means with

their pooled standard error of the means (SEM).

Results

E�ects of BA on liver and spleen indices
of weaned piglets with NBW and IUGR

The effects of BA and IUGR on liver and spleen indices

of weaned piglets with NBW and IUGR are shown in Table 1.

The IUGR decreased (P < 0.05) liver weight and dietary BA

increased (P < 0.05) liver index in weaned piglets regardless

of IUGR. Dietary BA supplementation increased (P < 0.05) the

spleen weight and index of the NBW and IUGR piglets.

E�ects of BA on hematological profiles of
weaned piglets with NBW and IUGR

The effects of BA and IUGR on hematological profiles in

NBW and IUGR piglets are presented in Table 2. The number

of WBC was increased (P < 0.05) in IUGR piglets regardless of

BA. Dietary BA increased (P < 0.05) the PDW concentration,

whereas decreased (P< 0.05) the percentages of blood RDW-CV

and RDW-SD in the NBW and IUGR piglets.
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TABLE 3 E�ects of dietary bile acid (BA) supplementation on plasma cytokine and immunoglobulin of weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

IL-1 (pg/mL) 114.60 120.80 109.78 112.55 1.79 0.07 0.21 0.63

IL-2 (pg/mL) 278.50 272.38 266.45 271.68 2.02 0.12 0.91 0.16

IL-6 (pg/mL) 672.02 674.75 665.73 671.09 5.15 0.64 0.71 0.90

IL-10 (pg/mL) 129.59 129.44 125.56 132.92 2.47 0.96 0.48 0.46

INF-γ (pg/mL) 36.07 36.46 37.04 36.30 0.77 0.80 0.91 0.72

TNF-α (pg/mL) 175.49 165.15 175.51 170.31 3.93 0.29 0.81 0.29

IgA (mg/mL) 0.67 0.64 0.68 0.64 0.01 0.93 0.09 0.96

IgG (mg/mL) 19.92 21.17 20.30 20.08 0.26 0.50 0.32 0.16

IgM (mg/mL) 16.23 13.19 14.45 13.84 0.34 0.37 0.01 0.05

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA;+BA, a basal diet supplemented with 400 mg/kg BA; IL, interleukin; Ig, immunoglobulin;

IFN-γ, interferon-gamma; TNF-α, tumor necrosis factor-alpha.

E�ects of BA on plasma cytokine and
immunoglobulin indices of weaned
piglets with NBW and IUGR

As presented in Table 3, dietary BA supplementation

decreased (P < 0.05) the plasma IgM concentration in the NBW

and IUGR piglets. However, there was no interaction (P > 0.05)

of BA and IUGR in plasma cytokines and immunoglobulin

concentrations of weaned piglets.

E�ects of BA on small intestine, spleen,
and liver cytokine-related gene
expression of weaned piglets with NBW
and IUGR

The effects of BA and IUGR on cytokine-related gene

expression in the small intestine, spleen, and liver are presented

in Table 4. The IUGR downregulated (P < 0.05) liver IL-

6 expression level in weaned piglets, while BA supplement

upregulated (P < 0.05) liver IL-6 expression level in the NBW

piglets but not in the IUGR piglets. Dietary BA upregulated (P

< 0.05) expression levels of spleen IL-1β and IL-6, jejunal IL-

10 and IFN-γ , and ileal IL-10 and TNF-α of NBW and IUGR

piglets. Furthermore, the liver expression levels of IL-6 and

TNF-α showed IUGR-BA interaction (P < 0.05).

E�ects of BA on plasma and liver
oxidant/antioxidant indices of weaned
piglets with NBW and IUGR

The effects of IUGR and BA on plasma and liver

oxidant/antioxidant indices of weaned piglets with NBW and

IUGR are shown in Table 5. Dietary BA decreased (P < 0.05)

plasma CAT activity and liver GSH concentration regardless

of IUGR. Dietary BA decreased (P < 0.05) liver T-AOC

concentration, whereas increased (P < 0.05) the plasma GSH

and liver H2O2 concentrations in weaned piglets regardless of

IUGR. Furthermore, there were interactions (P < 0.05) between

BA and IUGR in the plasma T-AOC concentration and liver

CAT activity in weaned piglets.

E�ects of BA on liver antioxidant-related
gene expression of weaned piglets with
NBW and IUGR

The effects of IUGR and BA on liver antioxidant-related

gene expression in weaned piglets with NBW and IUGR are

shown in Table 6. The IUGR downregulated (P < 0.05) the

expression levels of liver Nrf1 and Nrf2 in weaned piglets, while

dietary BA supplementation upregulated (P < 0.05) only the

expression level of liver Nrf2 in weaned piglets. However, there

were no interactions (P > 0.05) between BA and IUGR on liver

antioxidant-related gene expressions in weaned piglets.

E�ects of BA on jejunal and ileal
oxidant/antioxidant indices of weaned
piglets with NBW and IUGR

The effects of BA and IUGR on jejunal and ileal

oxidant/antioxidant indices of weaned piglets with NBW and

IUGR are shown in Table 7. Dietary BA supplementation

decreased (P < 0.05) GSH concentration in the jejunum and

ileum. Furthermore, dietary BA supplementation to weaned

piglets decreased (P < 0.05) the ileal CAT activity. There was
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TABLE 4 E�ects of dietary bile acid (BA) supplementation on the intestinal and liver cytokines expressions in weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Liver

IL-1β 1.00 1.12 1.12 0.90 0.11 0.91 0.89 0.51

IL-2 1.00 1.00 0.64 0.75 0.10 0.14 0.78 0.78

IL-6 1.00ab 1.32a 0.91b 0.71a 0.06 <0.01 0.63 0.04

IL-10 1.00 0.86 0.66 0.86 0.07 0.22 0.82 0.21

TNF-α 1.00a 0.77ab 0.58b 0.78ab 0.09 0.27 0.94 <0.05

IFN-γ 1.00 0.45 0.90 0.93 0.19 0.63 0.50 0.45

Spleen

IL-1β 1.00 2.34 1.72 2.34 0.19 0.31 <0.01 0.30

IL-2 1.00 1.58 1.2 1.28 0.09 0.78 0.06 0.17

IL-6 1.00 1.65 1.28 1.66 0.10 0.45 0.01 0.49

IL-10 1.00 1.27 1.26 1.43 0.09 0.26 0.23 0.79

TNF-α 1.00 1.17 0.99 0.93 0.05 0.22 0.60 0.24

IFN-γ 1.00 1.36 1.08 1.04 0.11 0.58 0.47 0.37

Jejunum

IL-1β 1.00 1.40 1.46 1.56 0.13 0.23 0.33 0.57

IL-2 1.00 1.73 1.05 1.22 0.12 0.32 0.05 0.23

IL-6 1.00 1.12 1.02 1.08 0.06 0.92 0.50 0.82

IL-10 1.00 1.19 0.79 1.44 0.04 0.90 0.02 0.17

TNF-α 1.00 0.87 0.81 1.38 0.11 0.44 0.29 0.09

IFN-γ 1.00 1.44 1.17 1.60 0.10 0.40 0.03 0.97

Ileum

IL-1β 1.00 0.97 0.88 1.22 0.09 0.16 0.14 0.50

IL-2 1.00 0.98 0.44 0.97 0.09 0.10 0.14 0.12

IL-6 1.00 1.25 1.14 1.24 0.09 0.73 0.35 0.70

IL-10 1.00 1.13 0.82 1.21 0.06 0.66 0.02 0.24

TNF-α 1.00 1.27 0.97 1.41 0.08 0.69 0.02 0.56

IFN-γ 1.00 1.61 1.21 1.15 1.10 0.52 0.15 0.09

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; IL, interleukin; TNF-α, tumor

necrosis factor-α; IFN-γ, interferon-γ.
a,bMeans without a common letter within the same row indicate a significant difference (P < 0.05).

interaction (P < 0.05) between BA and IUGR in the ileal GSH

concentration in weaned piglets.

E�ects of BA on small intestinal
antioxidant-related gene expression of
weaned piglets with NBW and IUGR

As shown in Table 8, IUGR upregulated (P < 0.05) the

jejunal CAT expression level, while dietary BA supplementation

to IUGR piglets downregulated (P < 0.05) the jejunal CAT

expression level. Dietary BA supplementation to IUGR piglets

upregulated (P < 0.05) the jejunal SOD expression level,

while BA supplementation to NBW piglets upregulated (P <

0.05) the jejunal GPX expression level. Moreover, dietary BA

supplementation upregulated (P < 0.05) the ileal Nrf1 and Nrf2

expression levels regardless of IUGR. There were interactions

(P < 0.05) between BA and IUGR on the ileal GPX and Nrf2

expression levels and jejunal SOD and GPX expression levels in

weaned piglets.

E�ects of BA on liver bile acid, glucose,
and lipid metabolism-related gene
expression of weaned piglets with NBW
and IUGR

As shown in Table 9, IUGR upregulated (P < 0.05)

liver fatty acid synthase (FAS) expression level and
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TABLE 5 E�ects of dietary bile acid (BA) supplementation on plasma and liver oxidant/antioxidant indices in weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Plasma

CAT (U/mL) 9.96 8.90 11.02 8.75 0.33 0.47 0.01 0.33

SOD (U/mL) 12.82 13.20 12.79 12.87 0.18 0.63 0.54 0.07

H2O2 (mmol/L) 25.45 27.91 29.11 31.09 1.84 0.37 0.56 0.95

GSH (µmol/L) 12.35 14.95 16.33 18.55 0.45 <0.01 0.01 0.83

MDA (nmol/mL) 7.99 11.66 9.71 11.02 0.62 0.77 0.28 0.87

T-AOC (mmol/mL) 0.19a 0.11b 0.10b 0.18ac 0.01 0.67 0.87 <0.01

Liver

CAT (U/mgprot) 60.88ab 61.13ab 63.11a 53.12b 1.90 0.45 0.20 0.02

GSH (µmol/mgprot) 1.09 0.73 1.07 0.74 0.04 0.85 <0.01 0.81

H2O2 (mmol/gprot) 55.24 70.34 63.40 74.00 2.73 0.27 0.02 0.67

MDA (nmol/mgprot) 0.20 0.20 0.23 0.24 0.01 0.08 0.65 0.74

SOD (U/mgprot) 29.21 28.86 31.22 28.59 0.61 0.48 0.23 0.35

T-AOC (mmol/gprot) 0.60 0.43 0.56 0.46 0.02 0.99 <0.01 0.44

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; CAT, catalase; GPX, glutathione

peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; T-AOC, total antioxidant capacity.
a,b,cMeans without a common letter within the same row indicate a significant difference (P < 0.05).

TABLE 6 E�ects of dietary bile acid (BA) supplementation on liver antioxidant-related gene expression in weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

CAT 1.00 0.95 0.83 0.81 0.06 0.17 0.71 0.91

GPX 1.00 1.20 0.92 1.02 0.07 0.38 0.31 0.74

SOD 1.00 1.49 1.16 1.22 0.07 0.73 0.08 0.16

Nrf1 1.00 1.10 0.80 0.82 0.05 0.03 0.55 0.69

Nrf2 1.00 1.84 0.46 1.35 0.13 0.04 <0.01 0.93

Keap1 1.00 1.23 0.99 1.16 0.07 0.46 0.07 0.52

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; CAT, catalase; GPX, glutathione

peroxidase; Keap1, kelch-like ECH-associated protein 1; Nrf1, nuclear factor erythroid 2-related factor 1; Nrf2, nuclear factor erythroid 2-related factor; SOD, superoxide dismutase.

downregulated (P < 0.05) liver pyruvate carboxylase

(PC) and hormone-sensitive lipase (HSL) expression

levels in weaned piglets. Dietary BA supplementation

upregulated (P < 0.05) liver glucose-6-phosphatase

(G6PC), PC, and phosphoenolpyruvate carboxykinase

1 (PCK1) expression levels, whereas downregulated

(P < 0.05) liver cytochrome P450 family 8 subfamily

A member 1 (CYP7A1), FAS, and stearoyl-coenzyme

A desaturase 1 (SCD1) expression levels regardless of

IUGR. Furthermore, there was interaction (P < 0.05)

between BA and IUGR on the liver PC expression level in

weaned piglets.

Discussion

The IUGR is a major concern in swine production, which

is associated with the increased mortality of newborn piglets

and has permanent adverse effects on postnatal growth and

the long-term health of pigs. Knowledge of the underlying

mechanisms contributed to prevent IUGR and improve animal

health and swine production efficiency. The BAs are synthesized

in hepatocytes and are an important regulator that connects

the liver and intestine. The enterohepatic circulation of BAs

participates in regulating the individual hepatic and intestinal

functions (10). This study aimed to explore the effects of BA
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TABLE 7 E�ects of dietary bile acid (BA) supplementation on the small intestine oxidant/antioxidant indices in weaned piglets with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Jejunum

CAT (U/mgprot) 5.53 5.54 6.02 4.88 0.2 0.84 0.17 0.13

GSH (µmol//gprot) 89.77 73.47 93.26 68.58 2.44 0.85 <0.01 0.26

MDA (nmol//mgprot) 1.39 1.27 1.24 1.08 0.05 0.11 0.17 0.89

SOD (U/mgprot) 3.06 3.13 3.67 3.10 0.09 0.08 0.12 0.05

Ileum

CAT (U/mgprot) 3.09 2.22 3.06 2.71 0.11 0.27 <0.01 0.20

GSH (µmol//gprot) 74.85a 68.04b 83.06ac 63.04b 1.77 0.56 <0.01 0.02

MDA (nmol//mgprot) 1.22 1.06 1.23 1.18 0.03 0.33 0.13 0.44

SOD (U/mgprot) 3.37 3.86 3.66 3.57 0.08 0.99 0.17 0.06

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; CAT, catalase; GSH, glutathione;

MDA, malondialdehyde; SOD, superoxide dismutase.
a,b,cMeans without a common letter within the same row indicate a significant difference (P < 0.05).

TABLE 8 E�ects of dietary bile acid (BA) supplementation on the small intestinal antioxidant-related gene expressions in weaned piglets with NBW

and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Jejunum

SOD 1.00c 1.45ab 1.22abc 1.48a 0.08 0.02 0.11 0.01

GPX 1.00b 1.42a 1.07b 1.37ab 0.08 <0.01 0.10 <0.01

CAT 1.00 1.38 1.86 1.17 0.10 0.07 0.02 0.16

Nrf1 1.00 1.09 0.92 0.99 0.04 0.28 0.37 0.90

Nrf2 1.00 1.22 1.03 1.12 0.06 0.75 0.21 0.60

Keap1 1.00 1.02 0.99 1.06 0.05 0.85 0.68 0.85

Ileum

CAT 1.00 1.23 1.08 1.07 0.05 0.97 0.12 0.12

GPX 1.00b 1.39a 1.00b 1.17ab 0.08 0.47 0.07 0.01

SOD 1.00 0.90 0.80 0.84 0.05 0.17 0.72 0.47

Nrf1 1.00 1.39 0.99 1.34 0.06 0.27 0.03 0.32

Nrf2 1.00b 1.59a 1.18b 1.06b 0.08 0.22 0.09 0.02

Keap1 1.00 1.60 1.02 1.29 0.07 0.25 <0.01 0.19

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; CAT, catalase; GPX, glutathione

peroxidase; Keap1, kelch-like ECH-associated protein 1; Nrf1, nuclear factor erythroid 2-related factor 1; Nrf2, nuclear factor erythroid 2-related factor; SOD, superoxide dismutase.
a,b,cMeans without a common letter within the same row indicate a significant difference (P < 0.05).

on immunity response, redox status, and glucose and lipid

metabolism in weaned piglets with IUGR. In the present study,

supplementation of BA to NBW and IUGR piglets had no

significant impact on growth performance. However, we found

that BA supplementation had beneficial effects on the immune

regulatory and antioxidant capacity in NBW piglets, whereas

dietary BA supplementation to IUGR piglets decreased lipid

synthesis and enhanced metabolic syndrome in weaned piglets.

The IUGR caused by maternal undernutrition or placental

insufficiency is mainly associated with reduced organs and

tissues (20). Proteomics analysis revealed that the high level

of hepatic proteins was associated with the increased intestinal

digestion and absorption of nutrients, as well as oxidative

stress and immune response (21). The liver participates various

physiological processes, such as immune response and lipid and

cholesterol metabolism. Furthermore, the liver oxidizes lipids
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TABLE 9 E�ects of dietary bile acid (BA) supplementation on liver BA, glucose, and lipid metabolism-related gene expressions in weaned piglets

with NBW and IUGR.

Items NBW IUGR SEM P-values

–BA +BA –BA +BA IUGR BA IUGR*BA

Genes related to BAmetabolism

CYP7A1 1.00 0.27 1.20 0.78 0.14 0.20 0.04 0.57

CYP8B1 1.00 0.81 1.51 1.63 0.22 0.16 0.94 0.74

CYP27A1 1.00 0.85 0.85 0.79 0.06 0.34 0.36 0.69

FXR 1.00 1.09 0.73 0.82 0.07 0.06 0.52 0.99

NTCP 1.00 0.80 0.86 0.69 0.08 0.44 0.24 0.93

Genes related to gluconeogenesis

G6PC 1.00 2.75 1.38 1.55 0.22 0.36 0.04 0.08

PC 1.00b 3.20a 1.28b 1.44b 0.20 <0.05 <0.01 <0.01

PCK1 1.00 2.59 1.26 2.17 0.24 0.86 <0.01 0.45

PCK2 1.00 1.55 1.85 1.29 0.15 0.35 0.99 0.09

Genes related to lipid metabolism

ACC 1.00 2.05 1.63 1.16 0.20 0.75 0.47 0.07

ATGL 1.00 1.36 1.19 1.26 0.11 0.82 0.32 0.51

FAS 1.00 0.52 1.37 0.94 0.10 0.04 0.02 0.88

HSL 1.00 1.48 0.66 0.81 0.10 0.02 0.12 0.40

SCD1 1.00 0.66 0.89 0.56 0.07 0.44 <0.05 0.99

SREBP/c 1.00 0.45 0.89 0.86 0.10 0.43 0.14 0.17

Values are expressed as means with their pooled SEM (n= 11–12). P < 0.05 represents significant difference.

NBW, normal birth weight; IUGR, intrauterine growth retardation; –BA, a basal diet without BA; +BA, a basal diet supplemented with 400 mg/kg BA; ACC, acetyl-CoA carboxylase;

ATGL, adipose triglyceride lipase; BESP, bile salt export pump; CAT, catalase; CYP7A1, cytochrome P450 family 7 subfamily A member 1; CYP8B1, cytochrome P450 family 8 subfamily

B member 1; CYP27A1, cytochrome P450 family 27 subfamily A member 1; FAS, fatty acid synthase; FXR, farnesoid X-activated receptor; GPX, glutathione peroxidase; G6PC, glucose-

6-phosphatase; HSL, hormone-sensitive lipase; NTCP, sodium taurocholate cotransporting polypeptide; PC, pyruvate carboxylase; PCK1, phosphoenolpyruvate carboxykinase 1; PCK2,

phosphoenolpyruvate carboxykinase 2; SCD1, stearoyl-Coenzyme A desaturase 1; SREBP/c, sterol regulatory element binding protein c.
a,bMeans without a common letter within the same row indicate a significant difference (P < 0.05).

and binds excess lipid storage in adipose tissues (22). In the

present study, IUGR decreased the liver weight and increased

the liver index of weaned piglets, which was in accordance with

a previous study (2). In addition, dietary BA to IUGR piglets

increased the liver index. These findings show that BA could

improve liver development and function of weaned piglets with

IUGR. The spleen has important functions in immunity and

hematopoiesis (23). Consistent with a previous study, IUGR

reduced the spleen weight of weaned piglets in the present

study (24). Moreover, dietary BA supplementation increased

the spleen index in both NBW and IUGR piglets. These

findings indicate that BA could improve spleen development and

function to some extent. However, more research are needed to

investigate the exact mechanism.

The hematological profiles are often used to evaluate

animal health. The number of WBC can indicate systemic

inflammation, and a high level of WBC indicates that

inflammation was occurring (25). In the present study, IUGR

increased the number of WBC in weaned piglets; dietary

BA supplementation decreased the number of WBC whereas

increased the percentages of blood PDW in IUGR piglets. The

results indicate that BA might improve the immune response

of IUGR piglets. Inflammation is an important indicator of

animal health. However, there were no significant changes in the

plasma, jejunal, and ileal cytokine concentrations in the present

study. Collectively, these findings showed that BA seems to have

the effect of improving the ability of bone marrow by producing

more blood and thus could improve the immune response of

IUGR piglets. However, further investigation would be more

worth to confirm this.

The plasma antioxidant capacity indicated the host’s

systemic ability to resist oxidative damage (18). H2O2 is an

important type of reactive oxygen species and is associated

with lipoperoxidation (26). The MDA also is one of the final

products of lipoperoxidation and is an important marker of

oxidative stress (27). The GSH-dependent enzyme included

the SOD, GSH-Px, and CAT, which participate in scavenging

reactive oxygen species. IUGR can decrease the plasma T-AOC

concentration of piglets, while dietary BA supplementation to

IUGR piglets increased the plasma T-AOC concentration in

this study. Furthermore, dietary BA increased the plasma CAT

activity in the NBW piglets and the GSH concentration in the

Frontiers inNutrition 09 frontiersin.org

https://doi.org/10.3389/fnut.2022.991812
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2022.991812

NBW and IUGR piglets. These results suggest that dietary BA

had potential antioxidant effects on IUGR piglets.

The IUGR can also cause intestinal oxidative stress. A

previous study showed that IUGR can increase the ileal MDA

and H2O2 concentrations, whereas decreased jejunal CAT

activity, T-AOC, and GSH concentrations, and ileal CAT activity

in piglets (27). Our study showed that IUGR increased the

jejunal SOD activity and ileal GSH concentration, which is in

accordance with a previous study (28). Dietary BA to IUGR

piglets decreased the jejunal GSH, SOD, activities and ileal GSH

concentration; however, there are no significant differences in

the gene expression related to the small intestinal antioxidant

ability of piglets. Furthermore, our results also indicated that

dietary BA increased small intestine antioxidant capacity in the

NBW piglets and upregulated expression levels of antioxidant-

related genes, including jejunal SOD, GPX, and ileal GPX, Nrf2,

and Keap1. Collectively, dietary BA improved the jejunal and

ileal antioxidant ability of NBW piglets, which was associated

with Nrf1/2 pathways. However, those gene expression levels

were decreased in the IUGR piglets. Considering the poor

physical condition of IUGR piglets, the selection of appropriate

BA doses may help to improve the antioxidant capacity of IUGR

piglets. These findings suggest that BA could reduce intestinal

oxidative damage caused by IUGR and improve antioxidant

ability by Nrf1/2 signaling pathways.

The BAs were used as metabolic regulators via their

receptors to regulate hepatic lipid and glucose homeostasis (29).

The CYP7A1 catalyzes BA synthesis in the liver (30). The nuclear

farnesoid X receptor (FXR) has negative feedback to inhibit the

CYP7A1 expression and BA synthesis (31). We found that IUGR

could upregulate hepatic CYP7A1 expression level, while dietary

BA supplementation to IUGR piglets downregulated hepatic

CYP7A1 expression level. However, other pathways related to

BA synthesis did not significantly change in the present study.

These findings suggest that dietary BA could reduce hepatic BA

synthesis in IUGR piglets by inhibiting the classical pathway of

BA synthesis to prevent BA accumulation in the liver.

Previous studies showed that IUGR increased serum insulin

level and lipid accumulation in the liver, which were associated

with the increased hepatic fatty acid synthase (32). A previous

study suggested that BAs participate in glucose metabolism via

regulating the expression of gluconeogenesis-related genes (33).

In the present study, dietary BA upregulated hepatic G6PC and

PCK1 expression levels, which was related to gluconeogenesis in

weaned piglets regardless of IUGR, while BA supplementation

upregulated the expression level of hepatic PC in the NBW

piglets. These findings indicate that BA could enhance liver

gluconeogenesis in the NBW piglets but not in the IUGR piglets.

Piglets with IUGR generally suffer from abnormal lipid

metabolism and insulin resistance (32). Emerging evidence

showed that dietary BA could regulate the expression of some

key genes related to lipid metabolisms (34), including ACC

and FAS (35). We found that IUGR upregulated hepatic gene

expression levels related to FAS, while downregulated the genes

related to lipid degradation (including HSL and SCD1). These

results indicate that a higher lipid level in the IUGR pigs was

associated with increased lipid synthesis. Furthermore, dietary

BA supplementation to IUGR piglets downregulated hepatic

lipid synthesis gene expression levels, indicating that IUGR

could increase lipid synthesis, while dietary BA might have the

ability to inhibit hepatic lipid accumulation. Therefore, as a

potential regulator, dietary BA can improve the disorder of lipid

metabolism and metabolic syndrome of IUGR piglets.

Conclusion

In summary, dietary BA had beneficial effects on immune

regulatory and antioxidant capacity in NBW piglets, whereas

dietary BA supplementation to IUGR piglets decreased lipid

synthesis and enhanced metabolic syndrome. These findings

provide new insights that BA supplementation is a promising

strategy for improving the immunity and antioxidant capacity

of weaned piglets. Moreover, considering the physiological

similarity between pigs and humans, our findings will provide

new insight into the prevention and treatment of IUGR

in animals.
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