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Abstract

Background The critically low hepatic iron stores of newborn piglets are considered to be a major cause of
neonatal iron deficiency in modern breeds of domestic pig (Sus domestica). The main factor believed to contribute
to this phenomenon is large litter size, which has been an objective of selective breeding of pigs for decades. As
consequence, iron transferred from the pregnant sow has to be distributed among a greater number of fetuses.

Results Here, we investigated whether litter size influences red blood cell (RBC) indices and iron parameters in Polish
Large White (PLW) piglets and gilts. Small and large litters were produced by the transfer of different numbers of
embryos, derived from the same superovulated donor females, to recipient gilts. Piglets from large litters obtained
following routine artificial insemination were also examined. Our results clearly demonstrated that varying the
number of piglets in a litter did not affect the RBC and iron status of 1-day-old piglets, with all showing iron deficiency
anemia. In contrast, gilts with small litters displayed higher RBC and iron parameters compared to mothers with

large litters. A comparative analysis of the RBC status of wild boars (having less than half as many piglets per litter as
domestic pigs) and PLW pigs, demonstrated higher RBC count, hemoglobin level and hematocrit value of both wild
boar sows and piglets, even compared to small-litter PLW animals.

Conclusions These findings provide evidence that RBC and iron status in newborn PLW piglets are not primarily
determined by litter size, and indicate the need to study the efficiency of iron transport across the placenta in
domestic pig and wild boar females.
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Background

Early postnatal iron deficiency anemia (IDA) is a fre-
quent disorder in mammals, but it only occurs regularly
in domestic pigs [1, 2]. Hepatic iron reserves are the main
source of this microlement to meet erythropoietic needs
during early development [3]. It is not surprising there-
fore that critically low fetal/newborn hepatic iron stores,
ranging between 50 and 70 mg iron [4], are considered a
primary cause of IDA in suckling piglets. Moreover, con-
sidering the low iron concentration in the colostrum and
milk of sows [4], the natural iron supply is clearly inade-
quate to satisfy iron requirements in rapidly growing pig-
lets. For many decades, pigs have been bred for growth
rate, and this has greatly increased their iron demand [1,
2, 5]. Large litter size and high birth weight of piglets are
two further objectives of selective pig breeding that have
very likely contributed to the paucity of iron stores [6]. In
modern pig breeds, multiple gestations of more than 10
piglets are thought to exceed the physiological potential
of sows to provide sufficient iron to their fetuses.

The aim of this study was to check whether the size of
litters of Polish Large White (PLW) gilts influences red
blood cell (RBC) indices and blood plasma iron param-
eters in both the gilts after farrowing and their 1-day-old
newborn piglets. For this purpose we examined animals
from small and large litters obtained by transfer of dif-
ferent number of embryos to recipient gilts as well as
animals from large litters following artificial insemina-
tion. Since iron deficiency has not been reported in the
offspring of wild boar, the ancestor of domesticated
pigs, which typically have less than half as many piglets
per litter compared to domestic pigs [7], another goal
of this study was to compare the RBC and iron status of
wild boars and PLW pigs from different sized litters. Our
results challenge the well-established view that litter size
in the domesticated pig determines RBC and iron status
in newborn piglets. We also present the first experimen-
tal evidence that RBC status in wild boar sows and piglets
is higher than that of domestic pigs, regardless of litter
size.

Methods

Animal experimentation

Polish Large White pig

The experiment with PLW pigs was conducted at the Pig
Experimental Station in Zerniki Wielkie, belonging to
the National Research Institute of Animal Production
(Balice, Poland). The sows and gilts were housed under
standard conditions (70% humidity, temperature 22 °C)
in gestation cages (2.2x0.65x1.8 m) with straw bed-
ding. Females were placed in farrowing cages (2.4x 3.4 m)
on day 110 of gestation. Until parturition, females were
offered the standard fodder for pregnant sows containing
120 mg Fe/kg, as estimated by flame spectrometry.
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Obtaining small and large pig litters through regulated
embryo transfer (ET)

This procedure was performed as previously described
[8]. Importantly, in this study, the term ‘large litter’ was
used solely for the purpose of contrasting with small
litters. Specifically, litters of 14+2 and 12+1 piglets,
obtained by artificial insemination and embryo transfer,
respectively, represent the average litter size in the PLW
breed [9]. In contemporary pig production, litters with
18-20 piglets do occur, objectively qualifying as large lit-
ters [10—13]. However, the frequency of such large litters
in PLW pigs is relatively low [9]. Moreover, achieving lit-
ters of 18—20 piglets through embryo transfer technology
is challenging.

Preparation of embryo donors

To obtain small and large litters, embryos were collected
from PLW females for transfer to recipient animals. The
embryo donors were fifteen 6-month-old gilts weigh-
ing 90-110 kg that were superovulated by intramuscu-
lar injection of 1500 L.U. PMSG (Pregnant Mare Serum
Gonadotropin; Folligon, Intervet, Boxmeer, The Nether-
lands). After 72 h, the animals were injected with 1000
LU. hCG (Human Chorionic Gonadotropin; Chorulon,
Intervet, Boxmeer, The Netherlands). On the oestrus day,
these females were inseminated twice at 12-hour inter-
vals with a standard dose of semen.

Obtaining embryos at the 2-4 cell stage

Embryos were obtained 72-74 h after hCG injection by
flushing each oviduct with 20 ml of PBS supplemented
with BSA at 38 °C. The collected fluid was screened for
embryos using a stereoscopic microscope. The embryos
were then transferred to PBS supplemented with 20%
FCS and morphological evaluation was carried out.

Preparation of embryo recipients

The embryo recipients were 6-month-old PLW gilts
weighing approximately 90 kg. These females were syn-
chronized by intramuscular injection of 750 L.U. PMSG.
After 72 h, they were injected with 500 L.U. hCG. Symp-
toms of heat were observed after a further 24 h. ET was
performed surgically on the 2nd day after the synchro-
nized heat. Under full anesthesia, embryos were intro-
duced into the fallopian tubes. The number of embryos
per recipient animal depended on the experimental
group: group I — 6-8 embryos each; group II — 14-16
embryos each. The effectiveness of the transfer was
assessed by ultrasound scans of the recipients on the 30th
and 45th day after ET, and based on the number of live
piglets born. Using regulated ET we obtained large litters
from five gilts and small litters from seven gilts of 10£1
and 42 piglets, respectively. Two piglets from each gilt
were used, based on their body weight (litter average).
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Obtaining large pig litters through artificial insemination
(Al)

PLW piglets from large litters (14+2 piglets) obtained
from six 1-year-old sows by routine artificial insemina-
tion were also used. These piglets have been included
in the study as control animals to rule out the potential
effect of embryo transfer procedure on changes in RBC
indices and iron parameters in newborn piglets. Two pig-
lets from each sow were used, based on their body weight
(litter average).

Wild boars

The experiment with wild boars was conducted at the
Centre for Research into Forests and Game Breeding of
Wroctaw University of Environmental and Life Sciences
(Ztotéwek, Poland). Clinically healthy wild boars females
captured in the forest of Trzebnica and Olesnica County,
Lower Silesian Voivodeship, were kept in semi-wild con-
ditions on a forest farm monitored by 12 cameras that
were used to track their behavior, particularly rutting,
mating and preparations for farrowing. The farm was
divided into three enclosures of approximately 1300 m?
each. Two females were placed in each enclosure and a
male boar was introduced for the mating period (Novem-
ber to January). The animals had ad libitum access to
water and were fed maize grain, potatoes and fresh forage
daily. The ground allowed for burrowing and other natu-
ral wild boar behaviors such as mud baths and scratching
against tree trunks. For the experiment, six 1-2-year-old
gilts and sows weighing 60—80 kg and their offspring (2
piglets from each gilt/sow) were used, based on their
body weight (litter average).

Collection of blood, colostrum, and tissue samples
Before blood sampling, the wild boar females were pre-
medicated by intramuscular injection (using a Palmer’s
weapon) of a mixture of methomidine (0.03 mg/kg b.w.),
ketamine (9 mg/kg b.w.) and midanium (0.2 mg/kg b.w.).
Blood from PLW and wild boar gilts/sows was drawn
24 h after farrowing by venipuncture of the jugular vein
(Vena jugularis externa). The samples were centrifuged
(1500x%g, 10 min, 4 °C) to separate the plasma. Plasma
samples were immediately aliquoted and stored at -80 °C.

One-day-old PLW and wild boar piglets were premedi-
cated with 4 mg/kg azaperone (Stresnil, Elanco; 40 mg/
mL) by intramuscular injection and blood was drawn by
cardiac puncture. Following blood collection, the animals
were immediately euthanized by intracardiac injection of
0.5 mL/kg b.w. of Morbital (133.3 mg/mL of sodium pen-
tobarbital +26.7 mg/mL of pentobarbital; Biowet, Pulawy,
Poland).

To obtain colostrum samples (2-3 ml), PLW and wild
boar females were hand milked into plastic tubes after
ensuring the udder was clean.
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Placental samples were collected from the maternal-
chorioallantoic interface at each horn, immediately after
its expulsion, then washed with PBS. Livers were excised
from piglets after laparotomy. All tissue samples were
immediately frozen in liquid nitrogen and stored at -80°
C prior to analysis.

Measurement of red blood cell (RBC) indices and blood
plasma iron parameters

RBC indices were determined using an IDEXX ProCyte
Dx, an automated hematology analyzer (IDEXX Labo-
ratories Inc., Westbrook, ME, USA). Plasma iron level
and plasma ferritin concentration were evaluated with
a COBAS INTEGRA 400 plus biochemical analyzer
(Roche Diagnostics, CH-6343 Rotkreuz, Switzerland).

Measurement of iron content in placenta, liver and
colostrum samples

The non-heme hepatic and placental iron content was
determined by acid digestion of the samples at 100 °C
for 10 min, followed by colorimetric measurement of an
iron-ferrozine complex (absorbance at 560 nm, Beckman
DU-68) as described previously [14].

A 20 pL sample of colostrum was diluted in 2 ml of
boiling Suprapur-grade nitric acid (Merck, Darmstadt,
Germany). The total iron concentration was then mea-
sured using the graphite furnace atomic absorption
spectrophotometry (AAS) technique (AAnalyst 800, Per-
kin-Elmer, Waltham, MA, USA). Three samples of a stan-
dard reference material (197.94+0.65 Fe mg/kg), were
analyzed for normalization of the obtained data.

Measurement of Hepcidin-25 levels in blood plasma

A commercially available sandwich enzyme-linked
immunosorbent assay [DRG Hepcidin 25 (bioactive) HS
ELISA Kit; DRG Instruments GmbH, Germany] was used
for quantification of the hepcidin level in blood plasma.

Statistical analyses

The results are presented as means*SD (standard devia-
tion). Before comparision of means, Levene’s test was
performed for the assessment of the equality of group
variances. For all presented results it was negative. One-
way analysis of variance (ANOVA) was used for statisti-
cal evaluation of data and the Scheffe test (p<0.05) was
applied post-hoc.

Results and discussion

Improvement of reproductive traits, including litter size
has been one of the main goals of pig breeders over the
last century. However, increasing the number of piglets
per litter has raised questions concerning the biological
limits of pregnant sows to provide sufficient amounts
of nutrients to their numerous offspring. Indeed, iron
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deficiency is the most common disorder in the neonatal
period in domestic pigs, resulting in severe iron defi-
ciency anemia [1, 2]. Interestingly, no cases of iron defi-
ciency have been recorded in the offspring of wild boar
(Sus scrofa L.), the ancestor of domesticated pigs, sug-
gesting that iron metabolism is well balanced in these
animals. A possible explanation for this discrepancy is
that during pregnancy, iron transferred from the domes-
tic pig mother has to be distributed among typically more
than 10 fetuses, compared to 4—6 in a wild boar sow.
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In this study, we attempted to clarify whether litter size
is a factor affecting the RBC and iron status of 1-day-old
Polish Large White (PLW) piglets and their mothers. Our
results clearly demonstrated that PLW piglets from litters
of various sizes showed similar (not statistically different)
values of RBC indices that are indicative of IDA [15, 16],
which contrasts with the higher, physiological RBC status
of wild boar piglets (Fig. 1A—C). This suggests that preg-
nant domestic pig gilts, even those having a small num-
ber of piglets in the litter (4—6), are unable to provide
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Fig. 1 Red blood cell (RBC) and iron metabolism parameters in 1-day-old wild boar and PLW piglets from litters of different sizes. Piglets were allocated
into four experimental groups: (i) Wild boar, n=12; (i) PLW small litter after embryo transfer (ET), n=15; (iii) PLW large litter after ET, n=10; (iv) PLW large
litter after artificial insemination (Al), n=12. (A) RBC count; (B) Hemoglobin (Hgb) concentration; (C) Hematocrit (Hct) value; (D) Blood plasma iron con-
centration; (E) Blood plasma ferritin concentration; (F) Relative hepatic non-heme iron content; (G) Blood plasma hepcidin-25 concentration; (H) Weight
of piglet. Within each box, horizontal lines denote median values. Boxes extend from the 25th to the 75th percentile of each group’s distribution of values.
Vertical extending lines denote adjacent values (i.e. the most extreme values within a 1.5 interquartile range of the 25th and 75th percentile for each
group). Different letters indicate experimental groups between which statistically significant differences (p <0.05) were found



Kopec et al. BMC Veterinary Research (2024) 20:64

c PLW

b
75 %
ab .

RBC (M/uL)

25
0.
Wild boar Small litter (ET) Large litter (ET) Large litter (AI)
C.
80.
PLW
60. a

—

g b b
— 40.
8 = = i

=
20.
0.
Wild boar Small litter (ET) Large litter (ET)  Large litter (AI)
E.
80. PLW

60. 'l'

Plasma ferritin concentration
(ng/L)

40.
L
1

20 J-

0.

‘Wild boar Small litter (ET) Large litter (ET) Large litter (AI)
G.
3.

PLW

(3]

[3%)

W
e

,_.
n

o
)
G
'—

Placenta non-heme iron
(mg Fe/kg wet tissue)

Ti
Wild boar Small litter (ET) Large litter (ET) Large litter (AI)

Fig. 2 (See legend on next page.)

Page 5 of 7

B.
PLW
25.
C
18.75
=) #
2 s éb =z a
s .
3 E= =
6.25
0.
Wild boar Small litter (ET) Large litter (ET) Large litter (AT)
D.
90.
PLW
67.5

=
g45. ;I
2 :Fl
22.5
I

Wild boar Small litter (ET) Large litter (ET)  Large litter (AI)

Plasma iron concentration

E. PLW

—
S

=
“@
%]

1.
L

Plasma hepcidin-25 (ng/ml)
o

0.
Wild boar Small litter (ET) Large litter (ET) Large litter (AI)
H 6.
PLW

£

=

g 45

o

S

Qo

RN

ERE

2 3

5=

=]

8

o 1.5

2

R J T

0.

‘Wild boar Small litter (ET) Large litter (CT) Large litter (AI)



Kopec et al. BMC Veterinary Research (2024) 20:64

(See figure on previous page.)

Page 6 of 7

Fig. 2 Red blood cell (RBC) and iron metabolism parameters in wild boar and PLW females with litters of different sizes. Females were allocated into
four experimental groups: (i) Wild boar, n=6; (ii) PLW small litter after embryo transfer (ET), n=7; (iii) PLW large litter after ET, n=5; (iv) PLW large litter
after artificial insemination (Al), n=6. RBC indices were determined for females from each group 24 h after farrowing: (A) Red blood cell (RBC) count; (B):
Hemoglobin (Hgb) concentration; (C) Hematocrit (Hct) value; (D) Blood plasma iron concentration; (E) Blood plasma ferritin concentration; (F) Blood
plasma hepcidin-25 concentration; (G) Placental non-heme iron content; (H) Total iron content in the colostrum. Within each box, horizontal lines denote
median values. Boxes extend from the 25th to the 75th percentile of each group’s distribution of values. Vertical extending lines denote adjacent values
(i.e. the most extreme values within a 1.5 interquartile range of the 25th and 75th percentile for each group). Different letters indicate experimental groups

between which statistically significant differences (p < 0.05) were found

across the placenta sufficient amounts of iron to meet
the erythropoietic needs of their progeny. Surprisingly,
the blood plasma iron levels detected in wild boar piglets
were significantly lower than those of PLW piglets, irre-
spective of the litter size (Fig. 1D). This may be due to the
greater dynamics of erythropoiesis in wild boar piglets,
and thus the more vigorous uptake of transferrin-bound
iron by erythroid progenitor cells in the bone marrow.
Importantly, evaluation of hepatic iron reserves by both
direct measurement of hepatic non-heme iron (Fig. 1F)
and determination of blood plasma ferritin concentra-
tion (Fig. 1E) showed no statistically significant differ-
ences between wild boar and PLW piglets. Similarly,
no differences were found in the plasma level of hepci-
din (Fig. 1G), the liver-derived peptide that blocks iron
efflux from iron-recycling macrophages in the liver, and
from iron-storing hepatocytes [17]. Taken together, these
results suggested that hepatic iron sources contribute to
systemic iron availability to the same extent in both wild
boar and PLW piglets.

As in piglets, the RBC status was also significantly
increased in wild boar mothers compared to PLW gilts,
including those having only 4-6 piglets per litter, i.e.
equivalent to typical wild boar litters (Fig. 2A-C). It is
unlikely that the higher RBC indices in wild boar sows
evaluated~24 h after farrowing are a consequence of
greater nutritional iron availability during pregnancy,
considering that these animals ingested iron mainly from
the soil and corn grain, whereas PLW gilts received iron-
enriched feed containing 120 mg Fe/kg in the form of
FeSO,-H,0. It is, however, conceivable that the balanced
RBC status of wild boar females (even when compared
to PLW gilts with small litters) results from the smaller
iron demand due to the much lower body weight of their
newborn piglets (wild boar —0.8 kg versus PLW —1.4 kg,
Fig. 1H) and the females themselves (60-70 kg versus
90-110 kg). It should be emphasized that although RBC
status of PLW gilts from all experimental groups was
decreased, it remained within the range of physiological
values [18] and did not indicate IDA (Fig. 2A—C). There-
fore, it is not surprising that the plasma iron parameters
(iron and ferritin levels) were similar in both wild boar
and PLW mothers (Fig. 2D-E). It is likely that the mainte-
nance of this iron status in PLW gilts requires enhanced
iron absorption from the diet as well as iron recycling by
macrophages. It is tempting to propose that these two

processes are facilitated by the significantly lower con-
centration of hepcidin in the plasma of PLW gilts com-
pared to wild boar mothers (Fig. 2F). The equivalent iron
status of wild boar and PWL females from all experimen-
tal groups is also reflected in the similar iron contents in
the colostrum (Fig. 2H).

Intriguingly, we observed that, in contrast to PLW pig-
lets, litter size significantly influenced basic RBC indices
of PLW gilts. RBC count, Hgb concentration and Hct
values were all significantly higher in gilts having a small
number of piglets compared to those with large litters
especially obtained following routine artificial insemi-
nation (Fig. 2A-C). In this context, it is worth noting
that iron metabolism during pregnancy is adjusted to
meet the essential iron requirements of the fetus at the
expense of the mother [19-21]. This is why we hypoth-
esize that the reduced RBC status of PLW gilts with large
litters results from preferential iron transport across the
placenta to satisfy the greater total iron requirements
of numerous fetuses. It should be noted that we did not
detrmine RBC and iron status of gilts before performing
ET procedure. Potential differences between gilts having
large and small litters could influence their parameters
after farrowing. However, this seems unlikely considering
that these recipient gilts were closely related, the same
age, housed in the same conditions, and given the same
diet. Anyway, the lack of these results could be a limita-
tion of our study.

Our findings raise questions concerning the compara-
tive efficiency of transplacental iron delivery in wild boar
and domestic pig females. Considering that iron content
in the placenta tends to be higher in wild boar compared
to PLW females regardless of litter size (Fig. 2QG), it is
tempting to speculate that at least iron transport across
the apical side of the placenta is more effective in the for-
mer animals. Experiments are in progress in our lab to
evaluate the molecular potential of iron delivery across
the placenta of females from all experimental groups
used in this study.

Conclusion

Large litter size, which has long been an objective of
selective breeding of domestic pigs, was thought to limit
the hepatic iron stores of newborn piglets, which con-
tributes to iron deficiency anemia. We provide evidence
that RBC and iron status in newborn PLW piglets are not
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determined by litter size. Furthermore, comparison of
the RBC status of wild boar and PLW piglets, irrespec-
tive of litter size, shows the better performance of wild
neonates. Our results demonstrate that litter size is not
a critical factor responsible for the anemic state of new-
born piglets, at least in PLW breed.
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Al Artificial insemination
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