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Abstract

To investigate the effects of maternal dietary protein restriction on offspring Fe metabolism, twenty-four second-parity Landrace X Yorkshire
sows were randomly allocated to standard-protein (SP) and low-protein (LP) groups. The SP sows were fed diets containing 15 and 18 % crude
protein throughout pregnancy and lactation, respectively, whereas the LP sows were subjected to 50% dietary protein restriction.
Offspring birth weight was not affected, but the body weight at weaning (P=0-06) and average daily gain (P=0-01) of the female
piglets were significantly decreased. Serum Fe level in the LP piglets was markedly decreased at weaning, especially in males (P=0-03).
Serum ferritin level (P=0-08) tended to be lower, yet serum transferrin was greatly higher (P=0-01) in male weaning piglets of the LP group.
Duodenal expression of the divalent metal transporter 1 (DMT1) and ferroportin (FPN) was surprisingly reduced (P<0-05) at the
level of protein, but not at the mRNA level, in male weaning piglets of the LP group. Male weaning piglets born to the LP sows exhibited
higher hepatic hepcidin levels (P=0-09), lower hepatic expression of transferrin (P<0:01) and transferrin receptor 1 (P<0-05) at the
level of mRNA. However, no significant differences were observed for hepatic Fe storage, ferritin, transferrin and transferrin receptor 1 protein
expression in male weaning piglets of the two groups. These results indicate that maternal protein restriction during pregnancy and
lactation influences growth of female offspring at weaning, reduces duodenal expression of Fe transporters (DMT1 and FPN) and decreases

serum Fe level in male weaning piglets.
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Fe deficiency is a common nutritional problem for piglets raised
indoors during the growing period. Fe deficiency reduces the
rate of Hb formation and erythrocyte count, and furthermore, it
results in pale mucous membranes, enlarged heart, skin
oedema, listlessness and spastic breathing (thumps) in suckling
piglets’”. Confinement-reared suckling piglets are given access
to Fe from two main sources: sows” milk and exogenous Fe
supplementation®”. Sows’ milk could not satisfy the daily
requirements of Fe for the sucking piglets. It is also a routine
practice to administer an intramuscular injection of an organic
Fe complex such as iron dextran within the 1st week of life for
neonatal piglets™.

Fe absorption mainly occurs in the duodenum, where Fe is
taken up by enterocytes via the divalent metal transporter 1
(DMT1) pathway in mammals®®. Once inside the enterocytes,
Fe can be stored as ferritin and exported by ferroportin
(FPN)®” into the systemic circulation via the basolateral
membrane. Systemic Fe homoeostasis is mediated by hepcidin,
which is exclusively synthesised by the liver and targets the
DMT1® and FPN® of enterocytes to reduce intestinal Fe

transport. The intestinal Fe transport could be influenced by
several dietary factors including amino acids, vitamins, plant
components and so on"'*'?

It has been noted that dietary protein affects Fe absorption
and metabolism in a dose-dependent manner'>">
research demonstrates that a diet composed of 15-18 % protein is
necessary for adequate Fe absorption in rats*>1® The protein-
free or low-protein (LP) diet significantly decreases Fe absorption
in rats®>!. Klavins et al.’¥ reported that Fe absorption was
impaired in rats fed a protein-free diet compared with those
provided a diet containing 10% casein. A 5 or 10% protein diet
given over 4 weeks leads to lower liver Fe concentrations in rats
compared with rats fed 18% dietary protein, whereas there
is no difference in hepatic Fe storage in rats provided diets
containing 15, 18 or 25% protein(l‘?’). Besides, the colostrum,
milk and serum Fe levels do not differ when sows are fed diets
containing 12 or 16% protein during 1-21 d postpartum™®.

Numerous studies indicate that maternal LP diet during
gestation and/or lactation leads to altered carbohydrate metabo-

lism, glucose metabolism or metabolic disorders in offspring®”®.

. Previous

Abbreviations: DMT1, divalent metal transporter 1; FPN, ferroportin; LP, low protein; SP, standard protein; TF, transferrin.
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In addition, maternal LP diet (5% protein) could suppress the Fe
absorption in rats at weaning compared with those of female rats
fed a high-protein diet (18% protein) throughout pregnancy and
lactation. Fe is an essential trace element and is important for
cell functions at biological, chemical and molecular levels®.
To date, a limited number of studies have focused on offspring Fe
metabolism exposed to maternal protein restriction. Therefore, the
present study, using a pig model, was aimed, first, to assess
the influence of maternal protein restriction on offspring Fe
metabolism at birth and weaning and, second, to analyse the
possible mechanisms underlying such an effect.

Methods
Animals and samples

The animal experiment was carried out in the Shanghai Haifeng
farm in Yancheng City, Jiangsu Province, People’s Republic of
China. At 1 week after artificial insemination, twenty-four second-
parity cross-bred sows (Landrace X Yorkshire) were randomly
allocated to standard-protein (SP) and LP groups. All sows were
housed in individual gestation stalls (2-1x0-60x0-97m) with
half-slatted concrete floors, individual feeders and drinkers made
of stainless steel. Sows were transferred to the farrowing pens
(2:1%x 3-0 m, stainless steel stall and plastic floor) 1 week before the
predicted farrowing date. The warm-air blower, wetted-pad and
air-exhaust fan were used to maintain room temperature
(17-25°C) and humidity (70-80 %) during gestation and lactation.
Sows in the SP group were fed diets containing 15 and 18 % crude
protein, whereas those in the LP group were fed diets containing
7-5 and 9% crude protein during gestation and lactation, respec-
tively (Table 1). During the early, middle and late gestation peri-
ods, sows were fed three times (at 05.00, 10.00 and 17.00 hours)/d
and given a ration of 1.2, 1.8 and 2-4kg/d, respectively.

Table 1. Composition and nutrient content of the experimental diets

Gestation period Lactation period

Items SP LP SP LP

Ingredient (g/kg)
Maize 370 615 3325 547
Wheat 300 100 100 100
Wheat bran 80 100 50 50
Soyabean meal 170 0 253 30
Maize starch 0 100 150 150
Lignocelluloses 30 40 0 15
CaHPO, 20 25 20 30
Soyabean oil 10 0 345 38
Fishmeal 0 0 40 20
Premix* 20 20 20 20

Calculated composition (%)
Digestible energy (MJ/kg) 131 131 144 144
Crude protein (%) 15.0 75 180 9.0
Ca (%) 0-8 09 09 09
P (%) 0.7 0-6 0.7 0.7
Fe (ug/g)t 211 197 262 238

SP, standard-protein; LP, low-protein.

* All additives added in the complete diet (per 100 kg): retinol, 0-66 g cholecalciferol,
17-5mg vitamin K3, 0-8 g; vitamin B4, 0-8 g; vitamin By, 3280 mg; vitamin Bg, 1-30g;
vitamin Bz, 8-8mg; lysine, 144g; niacin, 9-0g; pantothenic acid, 5-0g;
p-pantothenic acid, 4-0g; folic acid, 10-4 g; biotin, 60 mg; p-biotin, 32 mg; choline
chloride, 60g; vitamin C, 40g; Mn (as MnS0O,4.H;0), 1-6g; Zn (as ZnS0,.7H,0),
14g; ferrous iron (as FeS0,.7H,0), 14g; Cu (as CuSQO,4.5H,0), 4-0g; Se
(as NaSe,03), 40 mg; sodium chloride, 6:0 g; B-xylanase, 16000 klU.

1 Actual measured level.

Sows were fed the lactation diet twice daily (05.00 and
17.00 hours) at 4-2kg/d during lactation. Sows were provided
ad libitum access to tap water (containing Fe at 2:5mg/D
throughout pregnancy and lactation. Newborn piglets were
allowed free access to their mothers until weaning. Piglets were
given 100 mg of supplementary Fe (iron dextran) by intramuscular
injection at 3d of age.

Piglets were individually weighed immediately after parturi-
tion and at weaning on day 28 without fasting. Maternal blood
samples were collected from the jugular vein at day 10 after
parturition. One male and one female piglet per litter were
euthanised for sampling at birth and weaning, respectively.
Blood samples were centrifuged at 4°C at 1000 g for 10 min, and
serum was subsequently collected and stored at —20°C until
analysis. The duodenal mucosa and liver samples were
collected within 20 min postmortem, snap-frozen in liquid N,
and stored at —80°C until further analysis. The experimental
protocol was subject to approval by the Animal Ethics
Committee of Nanjing Agricultural University, with the project
no. 2012CB124703. Slaughter and sampling procedures
complied with the ‘Guidelines on Ethical Treatment of
Experimental Animals’ (2006) no. 398 set by the Ministry of
Science and Technology, China.

Determination of serum, liver and tap water iron
concentrations

Serum Fe level was measured using the 7020 Automatic
Biochemical Analyzer (Hitachi High-Technologies Corp.) with
reagents provided by Nanjing Jiancheng Bioengineering Institute,
Nanjing, China. Serum ferritin concentration was determined with
a commercial RIA kit (Beijing North Institute of Biological
Technology). Serum transferrin (TF) level was measured with an
ELISA kit according to the manufacturer’s instruction (Abcam).
Serum concentrations and liver levels of hepcidin were determined
using a hepcidin ELISA kit (Nanjing Jiancheng Bioengineering
Institute) based on a competitive binding method. Tap water and
liver samples were digested by Microwave Digestion System
(EHD36 electrothermal hotblock digester; LabTech) according to
the procedures described previously'®”. Fe concentrations in tap
water and liver were measured by graphite furnace atomic
absorption spectroscopy using a Graphite Atomic Absorption
Spectrometer (Z-2000; Hitachi High-Technologies Corp.).

Real-time PCR for mRNA quantification

Total RNA was isolated from duodenal mucosa and liver samples
using TRIzol reagent (Invitrogen). RNA samples (2pg) were
treated with DNase and reverse transcribed to complementary
DNA (cDNA) using random hexamer primers (Promega).
A quantity of 2 pl of diluted cDNA (1:25) was utilised in real-time
PCR performed in Mx3000P (Stratagene). Peptidylprolyl iso-
merase A (PPIA) was chosen as a reference gene to normalise the
mRNA abundance of target genes, because its mRNA abundance
was not affected by maternal dietary treatment. Real-time PCR
data were analysed by using the 2722% method®”. The mRNA
levels were expressed as the fold change relative to the mean
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Table 2. Nucleotide sequences of specific primers

Target genes Primer sequence (5'-3) Product (bp) GenBank no.

Dcytb F: TCCACGCAGGGTTGAATAC 187 NM_001128452-1
R: GCCCAAGGAAGCAGAAAGAC

DMT1 F: TAGAAATAGCAGCAGTCCC 101 NM_001128440-1
R: CGAAGTAACACCCTAGCAC

Ferritin H F: TCGCTGCGGTTTCCTG 229 XM_005660803
R: TCCGAGTCCTGGTGGTAGTT

Ferritin L F: CGAGGGTTCGGAGCGTCT 278 NM_001244131
R: GCAGGTTGGTCAGGTGGTC

FPN F: TGAATGCCACAATACGAAG 116 NM_014585-5
R: CCATCCCGAAATAAAGC

HP F: TGCCAGCCGCCCCTACTCT 241 XM_003135142
R: CTTCAGGATGCCCTTTCG

TF F: GTATCCGCAGAAAACACCG 119 NM_001244653
R: AGGACAGGCACCAGACCAC

TFR1 F: CAGTTGAACAGAATGGCACG 174 NM_214001
R: CAGACTCAGACCCATCTCCCT

TFR2 F: CCTCCCAGTCTCCCCTTAT 162 XM_003124374
R: CCCCACGCATCCCTCT

PPIA F: GACTGAGTGGTTGGATGG 116 NM_214353-1

R: TGATCTTCTTGCTGGTCTT

Dcytb, duodenal cytochrome b; DMTT1, divalent metal transporter 1; Ferritin H, ferritin heavy chain; Ferritin L, ferritin light chain;
FPN, ferroportin; HP, hephaestin; TF, transferrin; TFR1, TF receptor 1; TFR2,TF receptor 2; PPIA, peptidylprolyl isomerase A.

value of the SP group. Primers for real-time PCR were synthesised
by Generay Biotech Co., Ltd. and are presented in Table 2.

Protein extraction and Western blot analysis

Total protein was extracted from frozen duodenal mucosa and liver
using lysis buffer (150 mm NaCl, 10 mm TRIS-HCl, 5mm EDTA, 1%
Triton X-100 and 0-1 % SDS). The protease inhibitor cocktail (Roche
Applied Science) was added according to the manufacturer’s
instruction. The protein concentration was measured by a Pierce
BCA Protein Assay Kit (Thermo Scientific). Western blot analysis of
DMT1 (M10; Abnova), FPN (SC49668; Santa Cruz Biotechnology),
ferritin heavy chain (Ferritin H) (ab81444; Abcam), TF (HPA001527;
Sigma), Transferrin receptor 1 (TFR1) (10084-2-AP; Proteintech
Group Inc.) and f-actin (ab8227; Abcam) was carried out according
to the protocols provided by the primary antibody suppliers. The
band density of target proteins was normalised with that of f-actin,
and the content of target proteins is presented as fold change
relative to the SP group.

Statistical analysis

Results are reported as mean values with their standard errors.
All data were analysed using independent-samples ¢ test with
SPSS 20.0 to examine differences between the two groups.
Individual sows or piglets served as the experimental unit.
A value of P<0-05 was regarded as statistically significant.

Results

Effect of maternal low-protein diet on growth performance
of piglets

Maternal LP diet did not affect the birth weight, but significantly
inhibited the early postnatal growth of offspring piglets (Table 3).
Piglets in the LP group had lower body weight (P=0-03) at
weaning with decreased average daily gain (ADG, P=0-01) as

Table 3. Effect of maternal low-protein (LP) diet on growth performance
of piglets
(Mean values with their standard errors)

SP (n9) LP (n12)
Parameters Mean SEM Mean SEM P
All piglets
Litter size (n) 12.89 072 12.92 056 098
BW (newborn piglets (kg)) n110 n 143
1.51  0.03 147 003 0-39
BW (weaning piglets (kg)) n 84 n 103
720 014 679 011 003
ADG (9) n 84 n 103
2037 4.70 188-3 360 001
Male piglets
BW (newborn piglets (kg)) n59 n 81
1.54 0.05 146 004 023
BW (weaning piglets (kg)) n 46 n57
721 021 694 013 026
ADG (9) n 46 n57
203-2 693 1926 410 017
Female piglets
BW (newborn piglets (kg)) n 51 ne62
147 0.04 147 004 091
BW (weaning piglets (kg)) n 38 n 46
718 019 668 018 006
ADG (9) n 38 n 46
203-5 629 1838 6:16  0-03

SP, standard protein diet; BW, body weight; ADG, average daily gain.

compared with their counterparts in the SP group. When male
and female piglets were separately analysed, the body weight did
not differ markedly at birth and weaning regardless of sex,
whereas female piglets in the LP group exhibited drastically
decreased (P=0-03) ADG.

Effect of maternal low-protein diet on serum iron levels
in sows and piglets

No meaningful differences were observed in serum Fe levels of
sows or newborn piglets between the SP and LP groups
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Table 4. Effect of maternal low-protein (LP) diet on serum iron levels in
sows and piglets
(Mean values with their standard errors)

SP LP
Parameters Mean SEM Mean SEM P
Sow
Fe (umol/) neé neé

5649 553 4511 2.33 0-09
Newborn piglets

Fe (all piglets (umol/l)) n16 n14

3956 327 3820 411 074
Fe (male piglets (umol/)) n8 n7

4456 360 3547 607 023
Fe (female piglets (umol/l)) ng n7

3537 517 4093 582 049

Weaning piglets

Fe (all piglets (umol/)) n16 n16

4676 215 3566 316  0-01
Fe (male piglets (umol/l)) n8 n8

5012 264 3582 513 0.03
Fe (female piglets (umol/l)) n8 n8

4340 310 3549 405 014

SP, standard protein diet.

Table 5. Effect of maternal low-protein (LP) diet on serum iron
metabolism-related parameters in male weaning piglets
(Mean values with their standard errors)

SP (n 6) LP (n 6)
Parameters Mean SEM Mean SEM P
Hepcidin (ng/ml) 328-26 18-38 335-22 714 0-74
Ferritin (ng/ml) 67.07 4.01 59-60 1.59 0-08
Transferrin (mg/l) 144 512 263 5-00 0-01

SP, standard protein diet.

(Table 4). However, serum Fe concentration was significantly
lower in weaning piglets (P=0-01), especially for males
(P=0-03) of the LP group. No significant (P=0-14) reduction in
serum Fe level was observed in protein-restricted female
weaning piglets.

Effect of maternal low-protein diet on serum iron
metabolism-related parameters in male weaning piglets

Male piglets born to LP sows had a higher serum level of TF
(P=0-01) compared with those born to SP sows (Table 5).
Maternal LP diet caused a numerical decline of serum ferritin
concentrations (P=0-08) in male weaned piglets. Maternal LP
diet did not affect serum hepcidin level (P=0-74) in male pig-
lets at weaning.

Effect of maternal low-protein diet on expression of iron
metabolism-related genes and proteins in the duodenum
of male weaning piglets

Six genes involved in intestinal Fe absorption, storage and
transport, including duodenal cytochrome b (Dcyth), DMTI,
Ferritin H, Ferritin L, FPN and haphaestin, were quantified at the
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Fig. 1. Effect of maternal low-protein (LP) diet on iron metabolism-related gene
(a) and protein (b, c) expression in duodenum of male weaning piglets. Values
are means, with their standard errors represented by vertical bars. [], Standard
protein (SP); M, LP; Dcytb, duodenal cytochrome b; DMT1, divalent metal
transporter 1; Ferritin H, ferritin heavy chain; Ferritin L, ferritin light chain; FPN,
ferroportin; HP, hephaestin. * P<0-05, compared with control (n 6).

mRNA level in the duodenum of male weaning piglets and none
of the genes exhibited a significant difference between the groups
(Fig. 1(2)). However, the protein content of DMT1 and FPN was
significantly down-regulated (< 0-05) in the duodenum of male
weaning piglets in the LP group (Fig. 1(b)).

Effect of maternal low-protein diet on iron content,
hepcidin levels, iron metabolism-related gene and protein
expression in the liver of male weaning piglets

Hepatic Fe content (Fig. 2(a)) did not differ between the LP and
SP groups. Liver hepcidin levels tended to be higher (P=0-09)
(Fig. 2(b)) in the LP piglets. 7F and TFRI were significantly
down-regulated (< 0-01 or 0-05) at the mRNA levels within the
liver of male weaning piglets of the LP group (Fig. 2(c)); yet, no
alterations were detected for hepatic ferritin, TFR1 and TF
protein expression (Fig. 2(d)).

Discussion

Maternal malnutrition during gestation and/or lactation is
suggested to induce a programming of offspring growth and
development in later life®**>. Some data indicate that offspring
born to dams fed a restricted protein diet throughout gestation
were thinner at birth in pigs®*=" or rodents®>?. In the current
study, feeding a diet containing LP (7-5%) to gilts throughout
gestation did not affect the birth weight of piglets, different from
what was reported in previous studies. Reduced offspring birth
weight caused by maternal protein restriction was presumably
associated with the protein concentrations in maternal diets?*2”
and feeding patterns (feed restriction or free feeding)®?.
Maternal protein restriction (0-5 %) throughout pregnancy resulted
in lower birth weight among piglets compared with normal
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Fig. 2. Effect of maternal low-protein (LP) diet on iron content (a), hepcidin levels
(b), iron metabolism-related gene (c) and protein (d, e) expression in liver of male
weaning piglets. Values are means, with their standard errors represented by
vertical bars. [], Standard protein (SP); M, LP; TF, transferrin; TFR, TF receptor;
DMT1, divalent metal transporter 1; Ferritin H, ferritin heavy chain; Ferritin L, ferritin
light chain; FPN, ferroportin; FN, ferritin. + P=0-09, * P<0-05, compared with
control (n 6).

protein (13%) level ***. Offspring birth weight was greatly
reduced when gilts were fed a certain amount of LP (6+5 or 6-1 v.
12:1% protein) diet/d during pregnancy®**”. Offspring birth
weights of dams fed ad libitum an LP diet (8 or 10 % protein) were
markedly lighter compared with those of progeny of mice fed a
20% protein diet®>?. Maternal LP diet during gestation and
lactation leads to lower body weight and ADG in weaning piglets,
especially in female piglets. This study confirms former reports
employing rodent models®®>?. 1t is reported that maternal LP
diet dramatically altered milk composition, resulting in a severe
reduction in the concentrations of essential amino acids,
non-essential amino acids, total fatty acids, and lipid content in the
milk®?. The lowered milk quality induced by the maternal LP diet
could be responsible for postnatal offspring growth®?.

Dietary protein restriction during pregnancy or/and lactation
induces a reduction in serum Fe concentrations in dams” and in
the offspring of rats"®. In the current study, lowered serum Fe
level and enhanced TF concentration indicate that maternal
protein restriction affects the Fe metabolism in male weaned
piglets®3%.
reduce during Fe overload; thus, an enhanced serum TF level is
used as a marker of Fe reduction™. It is evident that certain
amino acids including lysine, methionine, cystine, histidine,

Serum TF levels increase with Fe reduction and

serine, proline, glutamine and so on1%* are used as enhancers

for Fe absorption in the intestine. A restricted protein diet during
lactation decreases the essential amino acids (e.g. histidine,
proline, lysine, methionine, valine and so on) and non-essential
amino acids (e.g. glutamine, glycine, serine, tyrosine and so on)
in the milk of sows®”. It is suggested that maternal protein
restriction might disturb Fe transport via reduced Fe-enhancer
concentrations of amino acids.

In addition, our results showed that maternal protein restriction
throughout gestation and lactation reduced DMT1 and FPN protein
expression but not DMT1 and FPN mRNA abundance in the
duodenum of male weaned piglets. Fe is taken up mainly in the
duodenum of pigs®®*”. DMT1, encoded by the SIC11A2 gene, is
in charge of the transport of Fe** and other divalent metals from
the lumen into the duodenal cells“O*Y. FPN, encoded by the
SLC40A1 gene, is the only known Fe exporter in mammalian
cells®*?. The reduced protein expression of Fe influx transporter
DMT1 and efflux transporter FPN inhibits intestinal Fe transport
and decreases Fe levels in the circulation®™. Unchanged
transcript expressions and decreased protein expression of DMT1
and FPN suggest that DMT1 and FPN are regulated at the
post-transcriptional level or translational level“®*” 1n all, twenty-
two microRNA targeting DMT1 or FPN were examined, but there
were no noteworthy differences between the two groups (data not
provided). Hepcidin, encoded by the HAMP gene, is a key
regulator of Fe entry into the circulation by binding and
down-regulating the DMT1 of enterocytes®® and FPN of the
enterocytes, macrophages and hepatocytes in mammals®4?,
However, there is no difference in serum hepcidin levels between
the two groups. The mechanism of down-regulation of DMT1 and
FPN in the duodenum of male weaning piglets needs further study.

Maternal protein restriction enhanced hepatic hepcidin
levels, decreased liver TF and TFR mRNA levels, but did not
affect the liver Fe concentrations, ferritin, TF and TFR protein
abundance in male weaned piglets. TF is an Fe-binding blood
plasma glycoprotein that delivers Fe to tissue cells via a
receptor-mediated endocytotic process or internalisation®*>®.
Almost all Fe in the circulation is transported by plasma TF®V.
Plasma TF loaded with Fe** encounters and binds to its
receptors on the cell surface and being endocytosed in the liver.
Furthermore, it is reported that intramuscular administration of
iron dextran induces hepatic Fe accumulation in piglets®®>?
Hepatic Fe concentrations persist at 60-100 mg/kg at day 20
and 25-40mg/kg at day 30 when piglets are injected with
100 mg of iron dextran at days 1-3°%. Rising levels of serum TF
and injection of iron dextran could play a role in unchanged
liver Fe deposition in male weaning piglets of the LP group.

In conclusion, our results indicate that the maternal protein
restriction during gestation and lactation decreases female
offspring growth performance at weaning. Maternal protein
restriction throughout pregnancy and lactation significantly
suppresses the duodenal expression of Fe transporters (DMT1
and FPN) and reduces serum Fe level in male weaning piglets.
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