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1  | INTRODUC TION

Growth and development of the fetus are complex biological pro-
cesses that can be affected by genetics, maternal nutrition, mater-
nal maturity, and environmental factors, among others (Redmer, 
Wallace, & Reynolds, 2004). These factors directly or indirectly 
affect the birth weight of the fetus, whereas birth weight is an 

important risk factor affecting preweaning mortality rate in pigs. 
Intrauterine growth retardation (IUGR) is usually defined as fetal 
growth below the tenth percentile for gestational age (Robert, 2002) 
and results in impaired growth and development of the fetus and/
or its organs during gestation (Longo, Borghesi, Tzialla, & Stronati, 
2014). The most notable feature of neonates following IUGR is the 
lower birth weight that is due mainly to placental insufficiency. IUGR 
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Abstract
The aims of this study were to investigate the effects of dietary supplementation 
with dihydroartemisinin (DHA) on growth performance, hepatic inflammation, and 
lipid metabolism in intrauterine growth retardation (IUGR)-affected weaned piglets. 
Eight piglets with normal birth weight (NBW) and 16 IUGR-affected piglets were 
selected and fed either a basal diet (NBW and IUGR groups) or the basal diet supple-
mented with 80 mg/kg DHA (IUGR-DHA group) from 21 to 49 day of age. Blood and 
liver samples were collected on day 49. DHA supplementation significantly alleviated 
the compromised growth performance and liver damage in IUGR-affected piglets. 
Additionally, DHA supplementation decreased the activities of alanine aminotrans-
ferase and aspartate aminotransferase, as well as the serum levels of non-esterified 
fatty acids (NEFA), very-low-density lipoprotein, and total cholesterol. In the liver, 
the concentrations of interleukin 1 beta, interleukin 6, tumor necrosis factor alpha, 
triglycerides, and NEFA were decreased. Fatty acid synthesis was decreased by DHA 
supplementation, whereas the activities of lipoprotein lipase, hepatic lipase, and total 
lipase were increased. Dietary DHA supplementation led to upregulation of the ex-
pression of AMPK/SIRT1 signaling pathway-related genes, whereas that of inflam-
matory factor-related genes were downregulated. In conclusion, dietary inclusion of 
80 mg/kg DHA can alleviate IUGR-induced impairments in piglets.
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is one of the most common pregnancy complications, affecting more 
than 15% of all pregnancies in some developed countries, and the 
probability of IUGR in developing countries is approximately sixfold 
higher than that in developed countries (Ananth & Vintzileos, 2009; 
Saleem et al., 2011). In addition to having a permanent effect on post-
natal growth and long-term health, IUGR can also result in high fetal 
mortality and morbidity. Previous studies have shown that IUGR can 
lead to lipid dysfunction, a fatty liver, and inflammation (Magee et al., 
2008). He et al. (2015) demonstrated that piglets with IUGR can lead 
to disorder of lipid catabolism in the liver and Liu et al. (2014) found 
mRNA expression abundances of hepatic inflammatory factor were 
significantly upregulated in IUGR pigs. However, the mechanism un-
derlying abnormal lipid metabolism and inflammation in the livers 
of weaned IUGR-affected piglets remains unclear, and investigating 
IUGR has important implications for both animals and humans.

Dihydroartemisinin (DHA), an antimalarial drug prepared by 
reduction of artemisinin with sodium borohydride, displays a wide 
range of pharmacological properties, including antibacterial, antitu-
morigenic, and antifibrotic activities (Akpaloo & Purssell, 2014; Feng 
et al., 2016; Zhang et al., 2014), and is the main metabolite of arte-
misinin drugs in vivo (Klayman, 1985). Compared to artemisinin, DHA 
has better water solubility, easier absorption, faster excretion and 
metabolism, higher efficiency, and lower toxicity. Previous reports 
have suggested that, in addition to its antimalarial effects, DHA can 
also help prevent obesity and improve obesity-related metabolic dis-
orders (Lu et al., 2016). Gao et al. (2017) showed that dietary supple-
mentation with 0.25 mg/kg artemisinin can reduce adipose weight 
in an inflammatory obese mouse model, demonstrating for the first 
time that artemisinin can reduce the risk of non-alcoholic fatty liver 
disease. Furthermore, recent studies have revealed that DHA can 
prevent the inflammatory cascade by inhibiting TNF, an inflamma-
tory mediator, and influencing NF-κB activation and its translocation 
to the nucleus (Li, Dong, Tu, & Lin, 2006; Wei et al., 2013). Zhang, 
Guo, Zhao, Shao, and Zheng (2016) found that DHA might protect 
the liver against CCl4-induced injury by inhibiting the production 
and release of inflammatory cytokines. However, to the best of our 
knowledge, the effects of DHA on IUGR-induced hepatic damage, 
inflammation, and lipid metabolism in weaned piglets have not been 
investigated. Based on published studies, we hypothesized that DHA 
treatment would have protective effects against IUGR-induced he-
patic damage and alter the expression of genes related to inflamma-
tion and lipid metabolism. Therefore, the objective of this study was 
to investigate whether dietary DHA supplementation can alleviate 
the negative effects of IUGR on growth performance, inflammation, 
lipid metabolism, and associated gene expression in weaned piglets.

2  | MATERIAL S AND METHODS

2.1 | Dihydroartemisinin preparation

The dihydroartemisinin used in this study was purchased from the 
Dasf Biotechnology Co., Ltd.

2.2 | Animal experiment design

The experimental design and procedures used in this study were 
approved by the Animal Care Committee of Nanjing Agricultural 
University (Nanjing, Jiangsu, China) following the Guidelines on 
Ethical Treatment of Experimental Animals (2006) set by the Ministry 
of Science and Technology in China.

The piglets were selected from 10 litters [Duroc ×  (Landrace 
×  Yorkshire)] of newborn piglets. These piglets were born from 
sows of similar weight (197.53 ± 1.68 kg) and parity (3 or 4 births). 
All the sows were fed the same commercial diet based on the nu-
tritional requirements stipulated by the National Research Council 
(NRC, 2012). Two IUGR-affected piglets and one normal birth 
weight (NBW) piglet were selected for each litter. A piglet was de-
fined as intrauterine growth-restricted when its birth weight was 
two standard deviations below the mean birth weight of the total 
population, as described by Wang et al. (2012). Pigs of NBW were 
selected according to the standard deviation range of the birth 
weight of the IUGR-affected pigs. Specific determination methods 
were based on previous studies in the laboratory, namely, the nor-
mal piglet weight was 1.56 ± 0.02 kg, whereas the birth weight of 
IUGR-affected piglets was 0.99 ± 0.03 kg. All piglets were allowed 
to suckle naturally until weaning age (21 day old). At weaning, the 
piglets were divided into three experimental groups (n  =  10), as 
follows: NBW (normal birth weight group given a basal diet), IUGR 
(intrauterine growth retardation group given the basal diet), and 
IUGR-DHA (IUGR group given the basal diet +80  mg/kg DHA). 
There were 10 piglets in each group, half of which were male and 
half female, with one replicate for each group. Table 1 shows the 
chemical composition of the diet, which was formulated to meet 
the nutritional requirements of the piglets according to NRC 
(2012). The piglets were housed individually in pens with plastic 
floors (1 × 0.6 m) at 28°C and were given ad libitum access to feed 
and water.

2.3 | Growth performance measurement and 
sample collection

Body weight and feed intake were recorded and measured on a pen 
basis at weaning and sampling to calculate body weight gain (BWG) 
and feed intake (FI). The gain to feed ratio (G:F) was calculated as the 
ratio between BWG and FI.

At 49 day of age, blood was collected by jugular vein puncture 
and serum samples were obtained from the blood by centrifugation at 
3,000 g for 15 min at 4°C. Eight weaned piglets weighing close to the 
average body weight were selected from each pen for euthanasia. All 
the piglets were euthanized by exsanguination after electrical stun-
ning. Liver samples from the left lobe were removed immediately after 
sacrifice, frozen in liquid nitrogen after snipping, and stored at −80°C 
for further analysis. The liver samples were homogenized in 0.9% 
(w/v) ice-cold physiological saline for 10 s and centrifuged at 3,000 g 
for 15 min at 4°C, after which the supernatant was rapidly analyzed. 
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The protein content of liver samples was measured using the bicin-
choninic acid protein assay kit (Beyotime Institute of Biotechnology).

2.4 | Assessment of serum 
aminotransferase activities

The serum activities of alanine aminotransferase (ALT; Alanine 
Aminotransferase Assay Kit, C009-2-1) and aspartate aminotrans-
ferase (AST; Aspartate Aminotransferase Assay Kit, C010-2-1) were 
determined using the corresponding kits obtained from the Nanjing 
Jiancheng Institute of Bioengineering.

2.5 | Analysis of lipid metabolism in the 
serum and liver

Serum concentrations of high-density lipoprotein cholesterol (HDL-C; 
High-Density Lipoprotein Cholesterol Assay Kit, A112-1-1), low-density 
lipoprotein cholesterol (LDL-C; Low-Density Lipoprotein Cholesterol 

Assay Kit, A113-1-1), total cholesterol (TC; Total Cholesterol Assay 
Kit, A111-1-1), and triglycerides (TG; Triglyceride Assay Kit, A110-1-1) 
were measured using commercial assay kits obtained from the Nanjing 
Jiancheng Institute of Bioengineering. The serum concentration of 
very-low-density lipoprotein cholesterol (VLDL-C) was measured by 
commercial enzymatic methods (Roche Diagnostics GmbH). The liver 
samples were homogenized in 0.9% (w/v) ice-cold physiological saline 
for 10 s and centrifuged at 3,000 g for 15 min at 4°C, after which the 
supernatant was rapidly analyzed. The TC, TG, and non-esterified fatty 
acid (NEFA; Non-Esterified Free Fatty Acids Assay Kit, A042-1-1) levels 
and total lipase (TL; Lipoprotein Lipase and Hepatic Lipase Assay Kit, 
A067-1-2), hepatic lipase (HL; Lipoprotein Lipase and Hepatic Lipase 
Assay Kit, A067-1-2), and lipoprotein lipase (LPL; Lipoprotein Lipase 
and Hepatic Lipase Assay Kit, A067-1-2) activities in the liver were 
measured using kits obtained from the Nanjing Jiancheng Institute of 
Bioengineering. Hepatic fatty acid synthase (FAS) activity was meas-
ured using a Porcine Fatty Acid Synthase ELISA Kit (F4818-A) pur-
chased from Shanghai YILI Biological Technology Co., Ltd.

2.6 | Analysis of liver cytokine levels

The levels of interferon gamma (IFN-γ; Porcine Interferon γ ELISA 
Kit, F4859-B), interleukin 1beta (IL-1β; Porcine Interleukin 1β ELISA 
Kit, F4869-B), interleukin 6 (IL-6; Porcine Interleukin 6 ELISA Kit, 
F4865-B), and tumor necrosis factor alpha (TNF-α; Porcine Tumor 
Necrosis Factor α ELISA Kit, F4830-B) in the liver were deter-
mined using ELISA (pig-specific) kits purchased from Shanghai YILI 
Biological Technology Co., Ltd, according to the manufacturer's 
instructions. The protein content of each sample was measured 
using the bicinchoninic acid protein assay (Beyotime Institute of 
Biotechnology). ELISA results were expressed as picograms per gram 
of protein.

2.7 | Assay of gene expression

Total RNA was isolated from liver samples using TRIzol Reagent 
(TaKaRa Biotechnology). RNA integrity was assessed on 1% agarose 
gels with ethidium bromide staining. The concentration and purity of 
the total RNA were assessed from OD 260/280 readings (ratio > 1.8) 
using a spectrophotometer (NanoDrop Technologies). Total RNA 
(1  µg) was reverse-transcribed into cDNA using the PrimeScript 
RT Reagent Kit (TaKaRa Biotechnology) according to the manufac-
turer's guidelines. Quantitative real-time polymerase chain reaction 
(qRT-PCR) was performed on an ABI StepOnePlus Real-Time PCR 
System (Applied Biosystems) according to the manufacturer's in-
structions. The sequences of primers used in this experiment are 
shown in Table  2. All the primer sequences were designed using 
NCBI primer blast (http://www.ncbi.nlm.nih.gov/tools​/prime​rblas​t/
index.cgi?LINK_LOC=Blast​Home) according to Guan, Liang, Martin, 
and Guan (2017). The cDNA samples were amplified by qRT-PCR 
with SYBR Premix Ex Taq reagents (Takara Biotechnology). Briefly, a 

TA B L E  1   Compositions of the basal diets (as-fed basis)

Items Content (%)

Ingredients (%)

Corn 65.00

Soybean meal 10.00

Fish meal 4.00

Extruded soybean 8.00

Whey power 5.00

Fermented soybean meal 4.00

Premix†  4.00

Total 100.00

Nutrient level‡ 

Crude protein (%) 18.15

Gross energy (MJ/kg) 9.00

Digestible energy (MJ/kg) 14.58

Metabolizable energy (MJ/kg) 11.41

Lysine (%) 1.30

Methionine (%) 0.32

Methionine + Cystine (%) 0.60

Threonine (%) 0.83

Ca (%) 0.71

Total phosphorus (%) 0.72

Available phosphorus (%) 0.27

†The premix provided the following per mg/kg diet: retinyl acetate, 
4.79; cholecalciferol, 0.075; all-rac-α-tocopherol acetate, 100; 
menadione, 3; thiamin, 3; riboflavin, 8; nicotinamide, 5; cobalamin, 
0.04; biotin, 0.3; pantothenic acid, 20; niacin, 45; folic acid, 2; choline 
chloride, 450; Fe (as FeSO4·H2O), 180; Cu (as CuSO4.5H2O), 230; Zn (as 
ZnO), 65; Mn (as MnSO4·H2O), 50; I (as KIO3), 0.5; Se (as Na2SeO3), 0.2. 
‡All nutrient content values, except DE and ME values, were analyzed 
values. 

http://www.ncbi.nlm.nih.gov/tools/primerblast/index.cgi?LINK_LOC=BlastHome
http://www.ncbi.nlm.nih.gov/tools/primerblast/index.cgi?LINK_LOC=BlastHome
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20 µl reaction mixture was prepared using 2 µl of cDNA, 0.4 µl each 
of forward and reverse primers, 0.4 µl of ROX reference dye (50×; 
Life Technologies), 10 µl of SYBR Premix Ex Taq (2 ×), and 6.8 µl of 
double-distilled H2O. Each sample was tested in duplicate. The qRT-
PCR conditions consisted of an initial denaturation at 95°C for 30 s, 
followed by 40 cycles of denaturation at 95°C for 5 s and annealing 
at 60°C for 30 s. The conditions of the melting curve analysis were 
one cycle of denaturation at 95°C for 10 s, followed by an increase in 
temperature from 65 to 95°C at a rate of 0.5°C/s. For melting curve 
analysis, we compared the amplification efficiencies of the target 
genes with those of the housekeeping genes. The melt curves of a 
single gene in the different samples showed one single, overlapping 
peak, and the amplification efficiency of each of the target genes 
and the housekeeping gene were all similar and within a range of 0.9 
and 1.1 (Table 2). The relative mRNA expression levels were calcu-
lated using the 2-ΔΔCT method, with β-actin as the internal standard 
and the values for pigs in the NBW group were used as a calibrator.

2.8 | Statistical analysis

One-way analysis of variance (ANOVA) was performed in SPSS ver. 
20.0 to determine the main effects of IUGR and the diets, followed by 
multiple pairwise comparisons (Duncan's multiple range test, used for 

multigroup comparisons). p-values smaller than .05 were considered sig-
nificant. Data were presented as means ± standard error of the means.

3  | RESULTS

3.1 | Growth performance

Growth performance is shown in Table 3. The IUGR and IUGR-DHA 
groups had lower BW at 21 day of age (p < .05) than the NBW group. 
At 49 day of age, the BW of the NBW and IUGR-DHA groups did 
not differ (p >  .05) and were greater than that of the IUGR group 
(p < .05). Compared to NBW piglets, IUGR-affected piglets exhibited 
lower (p  <  .05) total body weight gain and feed intake during the 
entire experimental period. However, dietary supplementation with 
DHA increased (p < .05) the total body weight gain and feed intake in 
the IUGR-DHA group compared to those in the IUGR group.

3.2 | Serum AST and ALT activities and the  
AST/ALT ratio

As shown in Table 4, IUGR-affected piglets had higher (p < .05) serum 
AST and ALT activities than NBW piglets. The AST/ALT ratio was 

TA B L E  2   Sequences for real-time PCR primers

Gene Accession number. Sequences (5′→3′) Product length (bp) Amplification efficiency

SCD NM_213781.1 F: AGAATGGAGGGGGCAAGTTG
R: CTTCTCTTTGACGGCTGGGT

503 1.00

ACCβ NM_001206399.1 F: CCCAACTCTCGCTCGTTTCA
R: AACCCAACCATGGAGAGGAG

80 1.00

AMPKα XM_021076522.1 F: GGAGGTTCTCAGCTGCCTTT
R: GAATCAGGTGGGCTTGTTGC

132 1.01

FAS NM_213839.1 F: TGATGCCCAAGTGACTGACC
R: CAGCATGTTTCCGTTTGCCA

140 1.02

CPT-1 NM_001129805.1 R: GTCCATCGACAGCTTTCAGC
F: TGGGGTATGGAATGTTGGGG

80 1.00

SIRT1 NM_001145750.2 R: CCGACGACTTCTACGACGAC
F: GAACTGGCATGTGAGGCTCT

172 1.00

SREBP-1 AY338729.1 R: GCTACCGCTCCTCCATCAAT
F: CTGCTTGAGCTTCTGGTTGC

146 1.03

TNF-α NM_214022.1 R: ATCGGCCCCCAGAAGGAAGAG
F: GATGGCAGAGAGGAGGTTGAC

351 1.01

IFN-γ NM_213948.1 R: TCAGCTTTGCGTGACTTTGTG
F: GCTCTCTGGCCTTGGAACAT

462 0.98

IL-1β NM_214029.1 R: TGCCAGCTATGAGCCACTTCC
F: TGACGGGTCTCGAATGATGCT

337 1.00

IL-6 NM_214399.1 R: AGATGCCAAAGGTGATGCCA
F: CTCAGGCTGAACTGCAGGAA

519 1.02

β-actin XM_003124280.4 R: CAGTCGGTTGGATGGAGCAT
F: AGGCAGGGACTTCCTGTAAC

146 1.00

Abbreviations: ACCβ, acetyl-CoA carboxylase beta; AMPKα, adenosine monophosphate-activated protein kinase alpha; CPT-1, carnitine palmityl 
transferase 1; FAS, fatty acid synthesis; IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; IL-6, interleukin 6; SCD, stearoyl-CoA desaturase; SIRT1, 
sirtuin 1; SREBP-1, sterol regulatory element-binding protein 1; TNF-α, tumor necrosis factor alpha.
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significantly increased (p < .05) in the IUGR group. Dietary DHA sup-
plementation decreased (p <  .05) AST and ALT activities in piglets 
of the IUGR group, whereas the AST/ALT ratio was also decreased 
(p < .05) in the IUGR-DHA group compared to that in the IUGR group.

3.3 | Assessment of lipid metabolism in the 
serum and liver

As shown in Table 5, compared to the NBW group, IUGR signifi-
cantly increased (p < .05) the serum concentrations of TC, VLDL-C 
and NEFA and decreased (p  <  .05) that of HDL-C. In the IUGR-
DHA group, the TC, VLDL-C and NEFA concentrations were lower 
(p <  .05) than those in the IUGR group, whereas the HDL-C con-
centration was higher (p  <  .05). Compared to NBW piglets, the 
hepatic TG and NEFA concentrations in IUGR-affected piglets 
were significantly increased (p <  .05), whereas HL and TL activi-
ties were significantly decreased (p < .05). DHA supplementation 
significantly decreased (p < .05) the TG and NEFA concentrations 
in the IUGR-DHA group. The activities of LPL, HL, and TL were 
higher in the IUGR-DHA group than in the IUGR group, whereas 
that of FAS was lower.

3.4 | Levels of hepatic inflammation-
related cytokines

The concentrations of hepatic TNF-α and IL-1β in the IUGR-affected 
piglets were significantly higher (p < .05) than those in the NBW pig-
lets (Table 6). Dietary DHA supplementation reduced (p <  .05) the 
concentrations of hepatic TNF-α, IL-1β, and IL-6 in the IUGR-DHA 
group compared to the IUGR group. In addition, the IFN-γ concen-
tration was not different between the IUGR-affected and NBW.

3.5 | Gene expression

The expression of hepatic genes is presented in Figures  1 and 2. 
The mRNA expression levels of stearoyl-CoA desaturase (SCD), 
adenosine monophosphate-activated protein kinase alpha (AMPKα), 
carnitine palmitoyltransferase 1 (CPT-1), and sirtuin 1 (SIRT1) were 
lower (p < .05) in the IUGR-affected piglets than in the NBW piglets, 
whereas those of acetyl-CoA carboxylase beta (ACCβ), FAS, sterol 
regulatory element binding transcription factor 1 (SREBP-1), IFN-γ, 
IL-1β, IL-6, and TNF-α were higher (p < .05). Dietary DHA supplemen-
tation significantly decreased (p < .05) the mRNA expression levels 
of ACCβ, FAS, SREBP-1, IFN-γ, IL-1β, IL-6, and TNF-α and increased 
(p < .05) those of AMPKα, CPT-1, and SIRT1.

4  | DISCUSSION

Intrauterine growth retardation has been reported to result in in-
flammation and abnormal lipid metabolism in the liver (He et al., 
2015; Liu et al., 2014). When used as a dietary supplement, DHA 
can reduce body adipose weight and improve hepatic immune func-
tion (Qian et al., 2017; Zhang et al., 2016). However, relatively few 
studies have investigated the effect of DHA on the liver of IUGR-
affected piglets. In this study, we investigated hepatic inflammation 
and lipid metabolism in weaned IUGR-affected piglets and assessed 
the effects of DHA supplementation on the above indexes of IUGR-
affected piglets during the post-weaning period.

Item

Experiment groups

NBW IUGR IUGR-DHA

BW (kg): 21 days 6.96 ± 0.05a  6.08 ± 0.09b  6.08 ± 0.06b 

BW (kg): 49 days 12.80 ± 0.60a  10.24 ± 0.38b  12.11 ± 0.46a 

BWG (kg) 5.84 ± 0.62a  4.17 ± 0.35b  6.03 ± 0.49a 

FI (kg) 8.00 ± 0.13b  6.55 ± 0.15c  9.13 ± 0.13a 

G:F (kg/kg) 0.73 ± 0.08 0.64 ± 0.06 0.66 ± 0.06

Abbreviations: BW, body weight; BWG, body weight gain; FI, feed intake; G:F, body weight 
gain:feed intake; IUGR, Intrauterine growth retardation group given a basal diet; IUGR-DHA, IUGR 
group given diets supplemented with 80 mg/kg dihydroartemisinin; NBW, normal birth weight 
group given a basal diet.
a,b,cMean values within a row with unlike superscript letters were significantly different (p < .05). 

TA B L E  3   Effects of dietary 
dihydroartemisinin (DHA) 
supplementation on growth performance 
of IUGR weaned piglets

TA B L E  4  Effects of dietary dihydroartemisinin (DHA) 
supplementation on activities of ALT, AST, and the ratio of AST to 
ALT in the serum of IUGR weaned piglets

Item

Experiment groups

NBW IUGR IUGR-DHA

AST (U/L) 8.679 ± 0.374b  16.782 ± 0.420a  8.206 ± 0.433b 

ALT (U/L) 9.187 ± 0.224c  14.517 ± 0.405a  12.110 ± 0.367b 

AST/ ALT 0.944 ± 0.032b  1.160 ± 0.035a  0.599 ± 0.055c 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; AST/ALT, AST to ALT ratio; IUGR, Intrauterine 
growth retardation group given a basal diet; IUGR-DHA, IUGR group 
given diets supplemented with 80 mg/kg dihydroartemisinin; NBW, 
normal birth weight group given a basal diet.
a,b,cMean values within a row with unlike superscript letters were 
significantly different (p < .05). 
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The data show that IUGR significantly reduced BW, BWG, and 
FI in piglets after weaning. These findings indicate that IUGR neg-
atively affected the body weight and post-weaning growth of the 
piglets, consistent with previously reported results. Several studies 
have shown that IUGR-affected piglets exhibit poor growth per-
formance compared to normal piglets (Han et al., 2013; Li, Zhang, 
et al., 2018; Yao et al., 2013). Interestingly, we found that dietary 
DHA supplementation could ameliorate the inferior growth perfor-
mance associated with IUGR by significantly increasing BW, BWG, 
and FI. Dietary supplementation with Artemisia annua L. has been 
demonstrated to improve growth performance in broiler chick-
ens (Wan et al., 2017). Windisch, Schedle, Plitzner, and Kroismayr 

(2008) reported that phytogenic products, as feed additives, have 
growth-promoting effects on swine and poultry. Studies have also 
indicated that dietary inclusion of phytogenic feed additives with 
various advantageous characteristics could improve the growth per-
formance of pigs, and that DHA might play a similar beneficial role 
(Li et al., 2016). However, the mechanisms related to the effects of 
DHA on IUGR growth performance are poorly understood and re-
quire further investigation.

The activities of serum AST and ALT, as well as the AST/ALT ratio, 
are important indicators of liver function. When the structure of the 
liver is severely damaged, ALT and AST are released and their levels 
in the blood circulation increase (Nyblom et al., 2004). In this study, 

Item

Experiment groups

NBW IUGR IUGR-DHA

Serum

TC (mmol/L) 5.40 ± 0.41b  7.28 ± 0.29a  5.33 ± 0.39b 

TG (mmol/L) 0.60 ± 0.07 0.61 ± 0.05 0.58 ± 0.06

HDL-C (mmol/L) 2.43 ± 0.16a  1.56 ± 0.11b  2.42 ± 0.10a 

LDL-C (mmol/L) 1.09 ± 0.04 1.06 ± 0.15 0.88 ± 0.09

VLDL-C (mmol/L) 0.85 ± 0.09b  1.77 ± 0.12a  1.11 ± 0.13b 

NEFA (μmol/L) 550.15 ± 36.58b  794.17 ± 28.27a  382.52 ± 40.70c 

Liver

TC (mmol/g prot) 0.11 ± 0.002 0.104 ± 0.01 0.107 ± 0.01

TG (mmol/g prot) 0.16 ± 0.004b  0.197 ± 0.01a  0.127 ± 0.01c 

NEFA (μmol/g prot) 60.88 ± 5.37b  111.13 ± 5.79a  73.65 ± 4.78b 

LPL (U/mg prot) 0.80 ± 0.04b  0.62 ± 0.07b  1.14 ± 0.10a 

HL (U/mg prot) 1.35 ± 0.10a  0.62 ± 0.06c  1.14 ± 0.05b 

TL (U/mg prot) 2.15 ± 0.10a  1.24 ± 0.11b  2.28 ± 0.12a 

FAS (U/mg prot) 226.81 ± 11.04a  230.40 ± 11.80a  141.96 ± 11.39b 

Abbreviations: FAS, fatty acid synthesis; HDL-C, high-density lipoprotein cholesterol; HL, hepatic 
lipase; IUGR, Intrauterine growth retardation group given a basal diet; IUGR-DHA, IUGR group 
given diets supplemented with 80 mg/kg dihydroartemisinin; LDL-C, low-density lipoprotein 
cholesterol; LPL, lipoprotein lipase; NBW, normal birth weight group given a basal diet; NEFA, 
non-esterified fatty acid; TC, total cholesterol; TG, triglyceride; TL, total lipase; VLDL-C, very low-
density lipoprotein cholesterol.
a,b,cMean values within a row with unlike superscript letters were significantly different (p < .05). 

TA B L E  5   Effects of dietary 
dihydroartemisinin (DHA) 
supplementation on lipid metabolism 
in the serum and liver of IUGR weaned 
piglets

Item

Experiment groups

NBW IUGR IUGR-DHA

IFN-γ (pg/mg) 6.15 ± 0.25a  5.50 ± 0.38ab  4.76 ± 1.06b 

IL−1β (pg/mg) 48.29 ± 2.75b  66.28 ± 2.56a  45.27 ± 1.06b 

IL−6 (pg/mg) 100.53 ± 1.76a  105.03 ± 1.89a  79.98 ± 2.71b 

TNF-α (pg/mg) 22.13 ± 0.76b  30.10 ± 1.29a  23.13 ± 1.30b 

Abbreviations: IFN-γ, interferon-γ; IL-1β, interleukin-1 β; IL-6, interleukin-6; IUGR, Intrauterine 
growth retardation group given a basal diet; IUGR-DHA, IUGR group given diets supplemented 
with 80 mg/kg dihydroartemisinin; NBW, normal birth weight group given a basal diet; TNF-α, 
tumor necrosis factor-α.
a,bMean values within a row with unlike superscript letters were significantly different (p < .05). 

TA B L E  6   Effects of dietary 
dihydroartemisinin (DHA) 
supplementation on hepatic inflammation 
cytokines of IUGR weaned piglets
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the activities of serum AST and ALT and the AST/ALT ratio were 
higher in the IUGR group than in the NBW group. Similarly, He et al. 
(2018) reported that IUGR-affected rats showed a greater increase 
in plasma aminotransferase activity and impaired liver function 
compared to normal rats. In our study, we found that DHA supple-
mentation could attenuate hepatic damage in IUGR-affected piglets. 
Reduced AST and ALT activities and AST/ALT ratio in the serum 
suggested that IUGR-associated hepatic injury was ameliorated in 

response to DHA administration. Zhao et al. (2017) also found that 
artemisinin can decrease the levels of AST and ALT, as well as reduce 
liver cell and liver cell membrane damage. The serum aminotransfer-
ase activities and histological changes strongly implied that IUGR-
induced liver damage can be alleviated by DHA administration.

Several studies have shown that IUGR affects the proteome, 
thereby reducing the capacity for detoxification in the liver of IUGR-
affected fetuses, and leading to a high risk of inflammation (Liu et al., 

F I G U R E  1  Effects of dietary dihydroartemisinin (DHA) supplementation on the hepatic lipid metabolism related mRNA expressions 
in IUGR piglets. ACCβ, acetyl-CoA carboxylase beta; AMPKα, adenosine monophosphate-activated protein kinase alpha; CPT-1, carnitine 
palmityl transferase 1; FAS, fatty acid synthesis; IUGR, Intrauterine growth retardation group given a basal diet; IUGR-DHA, IUGR group 
given diets supplemented with 80 mg/kg dihydroartemisinin; SCD, stearoyl-CoA desaturase; SIRT1, sirtuin; SREBP-1, sterol regulatory 
element-binding protein 1. NBW, normal birth weight group given a basal diet. a,b,cMean values within a column with unlike superscript 
letters were significantly different (p < .05)

F I G U R E  2  Effects of dietary dihydroartemisinin (DHA) supplementation on the mRNA expressions of proinflammatory cytokines in 
the liver of IUGR piglets. IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; IL-6, interleukin 6; IUGR, Intrauterine growth retardation group 
given a basal diet; IUGR-DHA, IUGR group given diets supplemented with 80 mg/kg dihydroartemisinin; NBW, normal birth weight group 
given a basal diet; TNF-α, tumor necrosis factor alpha. a,bMean values within a column with unlike superscript letters were significantly 
different (p < .05)
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2013; Tarry-Adkins et al., 2015). TNF-α is the most prominent in-
flammatory mediator, and can activate inflammatory responses in 
the innate immune system, including inducing the production of cy-
tokines like IL-1β and IL-6 (Hehlgans & Pfeffer, 2005). Higher TNF-α 
and IL-1β levels were observed in the livers of IUGR-affected pig-
lets, indicative of a shift toward proinflammation. Reports have in-
dicated that a stronger proinflammatory bias exists with IUGR, and 
that IUGR resulted in a high risk of inflammation in the liver (van 
Deventer, 2000; He et al., 2018). Dietary DHA supplementation 
significantly decreased the concentrations of TNF-α, IL-1β, and IL-6, 
suggesting that DHA can reduce hepatic inflammatory responses. 
These results are similar to those previously reported (Li et al., 2006; 
Zhao et al., 2017). We also examined the mRNA expression levels 
of IFN-γ, TNF-α, IL-1β, and IL-6 and found that all these genes were 
upregulated in the livers of IUGR-affected piglets. Importantly, di-
etary DHA supplementation clearly downregulated the expression 
of these genes in the livers of IUGR-affected piglets. These obser-
vations support that IUGR-affected piglets fed a diet supplemented 
with DHA can mitigate hepatic inflammation by decreasing the pro-
duction of proinflammatory cytokines through transcriptional regu-
lation of hepatic IFN-γ, TNF-α, IL-1β, and IL-6 expression.

An imbalance between lipid utilization and disposal is the main 
cause of lipid accumulation in the liver, which eventually triggers 
lipoperoxidative stress and hepatic injury (Musso, Gambino, & 
Cassader, 2009). Total cholesterol is an important component of 
lipid metabolism, whereas HDL-C particles promote vascular health 
by extracting cholesterol from tissues and returning it to the liver. 
Therefore, an increased TC level and a reduced level of HDL-C are 
risk factors in the pathogenesis of coronary heart disease, as well as 
of some metabolic diseases (Li, Li, et al., 2018). In this study, IUGR 
resulted in significantly increased serum TC, VLDL-C and NEFA 
concentrations and a decreased HDL-C concentration, suggest-
ing that IUGR may lead to hyperlipidemia. The increase in VLDL-C 
may be the reason for the increase in TC. Similarly, Lin et al. (2012) 
observed that IUGR-affected fetuses have higher TC and HDL-C 
concentrations than normal fetuses on days 90 and 110 of ges-
tation. However, He et al. (2011) reported that the serum HDL-C 
level was lower in IUGR-affected than normal-weight piglets after 
birth, which was consistent with our results. We also found that TG 
and NEFA concentrations were significantly increased in the livers 
of IUGR-affected piglets. Studies have demonstrated that hepatic 
lipidosis is associated with increased concentrations of NEFAs and 
reduced levels of circulating TGs (Gerloff, Herdt, Wells, Liesman, 
& Emery, 1986). However, after DHA treatment, lipogenesis could 
be efficiently attenuated to a normal state, and showed no obvious 
differences compared to NBW piglets. Similar to our results, recent 
studies have shown that artemisinins can decrease lipid biosynthe-
sis in adipose tissue (Wang et al., 2015). Importantly, in this study, 
HL and TL activities were decreased in the livers of IUGR-affected 
piglets. Hepatic lipase is essential for the hydrolysis of TG-rich lipo-
proteins, and is predominantly active in the liver. Hepatic lipase plays 
a major role in lipoprotein metabolism as a lipolytic enzyme that 
catalyzes the hydrolysis of TGs and phospholipids in chylomicron 

remnants, intermediate-density lipoprotein, and HDL (Schneider, 
Maximilian, Stephan, Nawroth, & Dugi, 2005). He et al. (2015) also 
observed that IUGR-affected piglets exhibit lower hepatic HL and TL 
activities than normal piglets. After DHA treatment, HL, LPL, and TL 
activities were all increased, whereas that of FAS was decreased in 
the liver of IUGR-affected piglets, which alleviated hepatic lipid ac-
cumulation. Artemisinin is reported to play adipose weight-reducing 
roles by rectifying inflammation-driven mitochondrial dysfunction. 
Gao et al. (2017) showed that 0.25  mg/kg artemisinin can reduce 
adipose weight in an inflammatory obese mouse model. In this study, 
we showed that DHA may reduce lipid accumulation through the 
regulation of lipid metabolism.

We also examined the expression of lipid metabolism-associated 
genes. AMPK and SIRT1 are well-known regulators of glucose and 
lipid metabolism, stimulating fatty acid oxidation and inhibiting he-
patic lipid accumulation via a bidirectional interaction (Ruderman 
et al., 2010; Tessari, Coracina, Cosma, & Tiengo, 2009). SIRT1 ac-
tivation can help prevent non-alcoholic fatty liver disease and re-
duce the expression of adipogenic genes like SREBP-1, ACACB, and 
FAS (Bruckbauer et al., 2017). Studies have shown that activation of 
AMPK in the upstream target of SIRT1 can inhibit lipid accumulation 
and decrease fatty acid synthesis, indicating that the AMPK/SIRT1 
signaling pathway is important for the regulation of lipid metabolic 
balance. In this study, ACCβ and SREBP-1 mRNA expression levels 
were upregulated, whereas those of AMPKα, SIRT1, and SCD were 
downregulated in the livers of IUGR-affected piglets. These results 
indicate that NFFA and TG accumulation in the liver of IUGR-affected 
piglets may be associated with suppression of the AMPK/SIRT1 sig-
naling pathway. Importantly, we found that DHA supplementation 
resulted in significant downregulation of FAS, ACCβ and SREBP-1 
mRNA expression levels in IUGR-affected piglets and in significant 
upregulation of the mRNA expression levels of AMPKα, SIRT1, and 
CPT-1. Exposure to the SIRT1 activator (SRT 1720) in NAFLD mice 
reportedly resulted in decreased expression of SREBP-1c, ACC, and 
FAS, as well as reduced lipid accumulation in the liver (Lee et al., 2012; 
Podrini et al., 2013). In addition, activated AMPK has been reported 
to inhibit the decomposition and nuclear translocation of SREBP-1, 
ultimately leading to reduced plasma TC and TG levels (Huang et al., 
2013). Moreover, AMPK was shown to indirectly increase the ac-
tivity of CPT-1 by inhibiting acetyl-CoA carboxylase activity (Assifi 
et al., 2005; Xue & Kahn, 2006). Carnitine palmitoyltransferase is a 
rate-limiting enzyme for fatty acid beta-oxidation, a process that can 
enhance lipid mobilization (Korman, Waterham, Gutman, Jakobs, & 
Wanders, 2005). Overall, these results indicate that DHA can inhibit 
lipid synthesis and accelerate fatty acid beta-oxidation in the liver 
by activating the AMPK/SIRT1 signaling pathway, thereby improv-
ing abnormal lipid metabolism and attenuating IUGR-induced lipid 
accumulation.

In summary, our study showed that IUGR impaired piglet 
growth performance and led to a high risk of hepatic injury and 
disturbance of lipid metabolism in the livers of piglets. However, 
dietary DHA supplementation improved growth performance and 
attenuated hepatic injury in IUGR-affected piglets; these effects 
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were exerted through decreased proinflammatory cytokine pro-
duction and regulation of abnormal hepatic lipid metabolism via 
transcriptional regulation of the AMPK/SIRT1 signaling pathway. 
Our research may aid in finding new strategies to treat IUGR in 
both animals and humans.
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