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Abstract
The present study was conducted to evaluate the impact of dietary fully oxidised β-carotene (OxBC, C40H60O15) supplementation during
the perinatal period on immune status and productivity in a sowmodel. At day 85 of pregnancy, 150 sows were allocated to one of three dietary
treatments with fifty sows per treatment. The three experimental diets were supplemented with 0, 4 or 8 mg/kg OxBC in the basal diet. The
feeding trial was conducted from gestation day 85 until day 21 of lactation. Dietary OxBC supplementation greatly enhanced colostrum IgM, IgA
and IgG levels, and the IgM and IgG content of 14-d milk. Dietary OxBC supplementation decreased the TNF-α and IL-8 levels in colostrum, as
well as the TNF-α and IL-18 levels in 14-d milk. There was also a tendency towards an increase in the soluble CD14 level in 14-d milk. Although
dietary treatments did not affect average daily feed intake nor backfat thickness loss during lactation, dietary OxBC supplementation tended to
enhance litter weight and individual piglet weight at weaning. There was a trend towards increased lactose concentration in 14-d milk with
increasing dietaryOxBC. It is concluded that dietary supplementationwithOxBC during the perinatal period enhances the lactose concentration
of sowmilk and the immune status of sows, which is reflected by improved cytokine status and immunoglobulin concentrations in colostrum and
milk, and thus tending to increase litter weight and individual piglet weight at weaning. The results also provide a scientific nutritional reference
for perinatal mothers due to the biological similarity between pigs and humans.
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During late gestation and lactation, sows have a high energy
demand and an increased oxygen requirement due to rapid dif-
ferentiation of the secretory parenchyma, intense mammary
gland growth, andmilk synthesis and secretion(1). Perinatal sows
have a heavy metabolic load and suffer from a metabolic syn-
drome with poor immunity(2–4), and this metabolic syndrome
is indicative of a low-grade systemic inflammatory condition(5).
The percentage of granulocytes and phagocytic monocytes in
the whole blood of sows is lowest at farrowing and significantly
increases within the ensuing 21 (SEM 3) d(2). Gene expression of
pro-inflammatory cytokines in mammary tissues is down-
regulated at farrowing in sows(3).

These stresses provide a strong rationale for the use of nutri-
tional strategies aimed at ameliorating the immunological and
metabolic health of perinatal sows. A recently discovered group

of compounds derived from β-carotene represent a potential sol-
ution to help optimise the health of perinatal sows. The com-
pounds, which are copolymers of β-carotene and oxygen,
were discovered by research aimed at understanding the mech-
anisms behind the vitamin-A-independent effects of β-carotene.
That research yielded several important findings about the
nature of β-carotene oxidation. The first was that β-carotene
undergoes complete and spontaneous oxidation to yield a com-
plex mixture of compounds characterised by a predominance of
various β-carotene-oxygen copolymers combined with minor
amounts of smaller molecular weight norisopenoids(6). While
norisoprenoids are well-known products of β-carotene oxida-
tion, the presence and predominance of the copolymers was a
new discovery. The second discovery relates to the biological
activity of the compound mixture, which is termed oxidised

Abbreviations: ADG, average daily gain; OxBC, oxidised β-carotene; sCD14, soluble CD14.
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β-carotene (OxBC). In vitro and in vivo studies demonstrated the
presence of immune modulating activities for OxBC, including
the ability to (1) prime the innate immune system and (2) limit
the extent of inflammation(7,8). Furthermore, the newly discov-
ered copolymers were shown to be responsible for the innate
immunological activities of OxBC, while the norisoprenoids
appeared to be inert with regard to immunological activity(7).
OxBC is devoid of intact β-carotene and does not possess
vitamin A nor the provitamin A or antioxidant activities of
β-carotene, and therefore its mode of actions is unique and
distinct relative to those of β-carotene(6,7).

Previous trials to evaluate the effects of OxBC in livestock
have been conducted in piglets, dairy calves and broiler chick-
ens. Dietary supplementation with OxBC improved growth per-
formance of vaccinated (porcine reproductive and respiratory
syndrome; PRRS) and non-vaccinated piglets and resulted in sig-
nificant anti-inflammatory activity in the lungs of Mannheimia
haemolytica-challenged dairy calves(8,9). Most recently, Kang
et al. found that dietary supplementation with OxBC reduced
the impact of subclinical necrotic enteritis and enhanced the
body weight of broilers(10).

Taken together, the presence and natural occurrence of the
copolymers, their immunological activity and their effect on ani-
mal health have led to the suggestion that these compoundsmay
be the actual source of the vitamin A-independent effects of
β-carotene(6–8,11,12).

The demonstrated immunological and anti-inflammatory
benefits of dietary OxBC observed in piglets, dairy calves and
poultry provide a strong rationale for testing in perinatal sows.
Therefore, the present study was conducted to test our hypoth-
esis that maternal dietary OxBC supplementation during the
perinatal period would improve the immune status of sows,
and afterwards health and the growth of suckling piglets. The results
will also provide a scientific nutritional reference for perinatal moth-
ers due to the biological similarity between pigs and humans(13,14).

Materials and methods

Animals and experimental design

All animal protocols used in the present study were approved by
the South China Agricultural University Institutional Animal Care
and Use Committee. This feeding trial was conducted in a sub-
tropical climate area (113.20°E, 22.24°N) between July and
September, 2017. At gestation day 85, a total of 150 multiparous
sows (Landrace ×Yorkshire), ranging from 3rd to 8th parity,
were randomly allotted by parity, historical reproductive perfor-
mance and date of predicted parturition into three dietary treat-
ments with fifty replicates (sows) per treatment. The three
experimental diets were supplemented with 0, 4 or 8 mg/kg
OxBC (Avivagen), respectively (all without additional medica-
tions). The OxBC product is a 10 % premix with a maize starch
(90 %) carrier. Low parts-per-million level supplementation of
OxBC in livestock feeds has been shown to provide clear
benefits in poultry and piglets(9,10). In broiler chickens, OxBC
provided in feed at 2, 4 and 6 mg/kg levels over 28 d had a
restorative effect upon productivity negatively affected by a sub-
clinical necrotic enteritis challenge induced by Clostridium

perfringens(9). In PRRS-vaccinated pigs, diet containing 10 mg/kg
OxBC significantly improved average daily gain (ADG) and feed
conversion ratio by 12·2 and 7·9 %, respectively, compared with
vaccinated, non-supplemented controls. In non-vaccinated ani-
mals, supplementation with 10 mg/kg OxBC improved ADG by
4·3 % and significantly improved feed conversion ratio by 9·2 %
relative to non-supplemented, non-vaccinated controls(10).
Therefore, we selected the dosage of OxBC supplemented in
the diets (0, 4 and 8 mg/kg) in the present study. The feeding trial
was carried out from gestation day 85 until day 21 of lactation
(at weaning).

Diets and management

A basal commercialised maize–soyabean meal diet (Table 1),
formulated to meet or exceed the National Research
Council(15) requirements for gestating and lactating sows, served
as the basal diet (control diet) for treatment group 1. For treat-
ment groups 2 and 3, OxBC was added to the basal diet at 4
and 8 mg/kg, respectively. Fully OxBC is a carotenoid derivative
(C40H60O15, 85 %) that is produced by the complete, spontane-
ous oxidation of β-carotene. The OxBC that was administered
through the feed was purchased from Avivagen Inc. OxBC
was added to the basal diet at the expense of maize. From
day 85 to day 112 of gestation, sows were housed in gestation

Table 1. Composition and nutrient content of the basal diet (as-fed basis)
(Percentages)

Ingredient Content (%)

Maize 58·64
Soyabean meal, 43·0% crude protein 23·36
Wheat bran, 15·7% crude protein 8·00
Fish meal, 62·8% crude protein 2·00
Soyabean oil 4·00
Calcium carbonate 1·48
Dicalcium phosphate 0·30
Phytase 0·02
Salt 0·30
Sodium bicarbonate 0·30
Sodium sulphate 0·20
Choline chloride 0·10
L-Lys·HCl (98·5%) 0·21
DL-Met (98·0%) 0·05
L-Thr (98·5%) 0·02
Vitamin and mineral premix* 0·90
Carrier (calcium carbonate) 0·12
Total 100·00
Calculated nutritional level
Dietary energy (kcal†/kg) 3420
Crude protein (%) 17·9
Ca (%) 1·02
Total P (%) 0·79
Available P (%) 0·55
Lys (%) 0·96
MetþCys (%) 0·57
Thr (%) 0·66
Trp (%) 0·23

* Vitamin and mineral premix provided following per kg of diet: vitamin A 4·0 mg, vita-
min D 75·0 μg, vitamin E 60·1 mg, vitamin K 4·0mg, vitamin B1 3·0mg, vitamin B2

10mg, vitamin B6 4mg, vitamin B12 40 μg, nicotinic acid 50mg, pantothenic acid
30mg, folic acid 4mg, biotin 0·45mg; Cu (copper sulphate) 30mg, Fe (ferrous sul-
phate) 100mg, iodine (calcium iodate) 0·25mg, Zn (zinc sulphate) 100mg, Mn (man-
ganese sulphate) 40mg, Se (sodium selenite) 0·25mg.

† To convert energy values from kcal to kJ, multiply by 4·184.
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stalls and provided with 3·0 kg of feed daily. At 2 d prepartum,
sows were transported to farrowing crates and fed ad libitum
until weaning at lactation day 21.

Sample collection and determination: sow productivity

At parturition, reproductive performance data were recorded,
including the total number of piglets born, the number born alive
and the number of weak animals (birth weight less than 0·7 kg),
stillborn and mummies, and deformed piglets. Litter birth weight
and individual birth weights were recorded. Within 24 h post-
parturition, piglets per litter were adjusted within treatment groups.

At weaning (day 21 of lactation), the number of pigs weaned,
litter weight, individual pig weight and ADG of piglets were all
recorded. The survival rate of piglets, the incidence of piglet diar-
rhoea, lactation ADG of sows and the oestrus rate to 7 d post-
weaning were all recorded. In addition, backfat thickness was
measured on day 85 and day 110 of gestation and on day 21
of lactation.

Serology

Blood samples were collected from a subset of sows (n 10) from
each dietary treatment. The sows were randomly chosen, and
blood (10 ml) was collected by ear venipuncture at 85-d post-
coitus and at 0-d, 14-d and 21-d postpartum. The same subset
of sows was bled at each time period. Sow’s blood was proc-
essed for leucocyte phagocytic activity at all four time points
(85-d post-coitus, 0-d, 14-d and 21-d postpartum). Leucocyte
phagocytic activities were determined using a flow cytometer
by Phago test kit.

Colostrum and milk samples

Colostrumwas collected from functional glandswithin 12 h post-
partum and after intramuscular injection of 20 IU oxytocin post-
partum on day 14 and day 18, respectively. Colostrum and milk
were collected from the same sows selected for blood sample
collection. Approximately 30 ml was collected each time.
Colostrum and 14-d milk were processed for determination of
somatic cell count and nutritional composition, immunoglobulin
and cytokine levels. The 18-d milk sample was prepared to
detect its OxBC content.

Response indexes: sow productivity

All criteria were recorded or measured, covering the number of
piglets born (total, live, weak (body weight< 0·7 kg), stillborn,
mummified and deformed), litter weight and individual body
weight at birth. We also recorded litter weight and individual
body weight at weaning, ADG of piglets from birth to weaning,
the number of piglets weaned, pre-weaning piglet survival and
the diarrhoea rate of piglets.

Lactation feed intake and backfat thickness of sows

The average daily feed intake of the sows during lactation was
recorded. The backfat thickness at day 85 and day 110 of gesta-
tion and at day 21 of lactation was measured using a Pig Backfat
Meter (Renco), and backfat loss during lactation was calculated.

Neutrophil phagocytic activity in the whole blood of sows

The neutrophil phagocytic activity in whole blood at day 85 of
gestation, at farrowing and on day 14 and day 21 of lactation
was measured using a flow cytometer (Thermo Fisher) by
Phago test kit.

Nutritional composition and somatic cell count in
colostrum and milk

The nutritional composition (fat, solid-not-fat, protein and
lactose) in colostrum and milk was measured using a milk
analyser. The somatic cell counts in the colostrum and the milk
were measured using a flow cytometer (Thermo Fisher).

Immunoglobulin level in colostrum and milk

IgM, IgA and IgG levels in colostrum and 14-d milk were mea-
sured by ELISA via kits supplied by Wuhan Huamei
Biotechnology Company.

Cytokine levels in colostrum and milk

Soluble CD14 (sCD14) and cytokine (TNFα, IL-8 and IL-18) lev-
els in colostrum and 14-d milk were measured by ELISA, using
kits supplied by Wuhan Huamei Biotechnology Company, and
leukotriene-B4 was measured using an ELISA kit supplied
by ENZO.

Oxidised β-carotene content in milk

The OxBC content in 18-d milk samples was measured by ana-
lysing the geronic acid content in the milk. Geronic acid is an
indirect, low molecular weight marker indicating the presence
of OxBC. The geronic acid method is described in Burton
et al.(12), and the multiplying factor is 50 in going from the ger-
onic acid measurement to the calculated OxBC(12).

Statistical analysis

For all experimental data, except for the oestrus rate of sows, the
one-wayANOVAprocedure of SPSS 21.0 (SPSS, INC.) was used to
determinewhether significant variation existed among treatments.
When overall differences were found, the least significant differ-
ence multiple range test was used to determine the differences
between means. The oestrus rate of sows was analysed using a
χ2 test. Resultswere expressed asmeanswith their standard errors,
except for the oestrus rate of sows, which was expressed in
percentages. Probabilities that were <0·05 were regarded as
significant, and probabilities ranging from >0·05 to <0·10 were
regarded as trends or tendencies among treatments.

Results

Reproductive performance

As shown in Table 2, the number of total piglets born, those born
alive, weak, stillborn and mummies, and deformed piglets were
unaffected by dietary treatment (P> 0·05). Litter birthweight and
individual birth weight also were not impacted by treatment
(P> 0·05). Although there were no statistical differences among
treatments for oestrus rates of sows during 7 d post-weaning
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(P> 0·05), sows fed 4 and 8mg/kg OxBC had numerically
higher return to oestrus rates (4·99 and 5·96 %, respectively) than
did sows fed the control diet.

Lactation performance

As displayed in Table 3, maternal dietary OxBC supplementa-
tion during late gestation and lactation did not affect the
number of weaned piglets per litter, ADG, pre-weaning sur-
vival or the diarrhoea rate of piglets (P > 0·05). However,

dietary OxBC supplementation tended to enhance litter
weight (P = 0·073) and individual piglet weight at weaning
(P = 0·089).

Lactation feed intake and backfat thickness of sows

There were no differences among treatments for average daily
feed intake during lactation, backfat thickness at day 110 of
gestation and at day 21 of lactation, and backfat thickness
loss during lactation (Table 4). No signs of inappetence or

Table 2. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on reproductive performance of sows*
(Mean values with their standard errors; numbers and percentages)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 50 50 50
Sow parity 4·70 0·40 4·70 0·39 4·71 0·38 1·000
No. of total born per litter 11·40 0·37 11·48 0·31 11·25 0·33 0·907
No. of born alive per litter 10·60 0·33 10·55 0·28 10·58 0·33 0·995
No. of weak piglets per litter* 0·40 0·10 0·35 0·08 0·27 0·09 0·689
No. of stillborn and mummies per litter 0·67 0·16 0·77 0·17 0·56 0·14 0·630
No. of deformed piglets per litter 0·12 0·05 0·16 0·07 0·17 0·07 0·852
Litter birth weight (kg) 16·45 0·46 17·10 0·35 16·97 0·53 0·580
Individual birth weight (kg) 1·47 0·03 1·51 0·03 1·53 0·03 0·421
Oestrus rate of sows during 7 d post-weaning (%) 85·71 90·70 91·67 0·886

* Weak pigs refer to those that were <0·70 kg at birth.

Table 3. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on lactation performance of sows
(Mean values with their standard errors; numbers)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 50 50 50
Sow parity 4·70 0·40 4·70 0·39 4·71 0·38 1·000
No. of weaned piglets per litter 9·33 0·18 9·52 0·14 9·56 0·13 0·476
Litter weight at weaning (kg) 51·33 1·46 54·47 1·18 55·10 1·04 0·073
Individual piglet weight at weaning (kg) 5·49 0·10 5·72 0·09 5·76 0·08 0·089
Average daily gain (g/d per piglet) 189·88 4·56 197·47 4·54 199·73 3·58 0·183
Pre-weaning survival (%) 91·47 1·21 92·94 1·13 94·64 1·01 0·332
Diarrhoea rate of piglets (%) 3·19 0·52 2·27 0·46 2·01 0·24 0·138

Table 4. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on average daily feed intake (ADFI) during
lactation and backfat thickness of sows
(Mean values with their standard errors; numbers)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 50 50 50
Sow parity 4·70 0·40 4·70 0·39 4·71 0·38 1·000
ADFI during lactation (kg/d per sow) 3·98 0·12 4·11 0·08 4·16 0·07 0·234
Backfat thickness (mm)
Day 110 of gestation 16·19 0·23 16·27 0·35 16·44 0·21 0·796
Day 21 of lactation 13·86 0·18 14·07 0·29 14·29 0·19 0·389
Loss during lactation 2·33 0·14 2·20 0·12 2·15 0·12 0·599
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clinical disease were found in sows throughout the entire
feeding period.

Neutrophil phagocytic activity in whole blood of sows

As described in Fig. 1, the neutrophil phagocytic activity in the
whole blood of sows was unaffected by dietary OxBC supple-
mentation (P> 0·05). Regardless of dietary treatments, the neu-
trophil phagocytic activity was highest at day 85 of gestation,
decreased to its lowest level at parturition and rebounded to a
higher value at day 14 and day 21 of lactation (P< 0·05).

Nutritional composition and somatic cell count in
colostrum and milk

As summarised in Table 5, the nutritional composition and
somatic cell count (SCC) in the colostrum and milk of multipa-
rous sows were not influenced by dietary treatments, except
for lactose concentration in day 14 milk (P>0·05). There was a
trend towards increased lactose concentration in 14-d milk with
increasing dietary OxBC (P= 0·071).

Immunoglobulin levels in colostrum and milk

The effects of dietary OxBC supplementation during late gesta-
tion and lactation on immunoglobulin concentrations in colos-
trum and milk of multiparous sows are shown in Table 6.
Dietary supplementation with OxBC greatly enhanced colos-
trum IgM, IgA and IgG levels (P< 0·05) as well as the levels of
IgM (P< 0·05) and IgG in 14-d milk (P= 0·052). Compared with
sows fed 4 mg/kg OxBC, sows fed 8 mg/kg OxBC had numeri-
cally greater colostrum IgM, IgA and IgG levels and greater IgM
and IgG levels in 14-d milk, but those indexes from two groups
were not significantly higher (P> 0·05).

Cytokine levels in colostrum and milk

As shown in Table 7, dietary OxBC supplementation during late
gestation and lactation decreased TNF-α and IL-8 levels in the
colostrum and TNF-α and IL-18 levels in 14-d milk (P< 0·05),
while there was a trend towards increased sCD14 in 14-d milk
(P= 0·055). Compared with sows fed the 4 mg/kg OxBC diet,
sows fed the 8 mg/kg OxBC diet had numerically decreased
TNF-α and IL-8 in the colostrum and decreased TNF-α in 14-d
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Fig. 1. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on neutrophil phagocytic activity in whole blood of sows
(n 10). a,b,c,d Unlike letters indicate significant difference at each time point regardless of dietary treatments (n 30). , 0 mg/kg OxBC; , 4 mg/kg OxBC;

, 8 mg/kg OxBC.

Table 5. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on the nutritional composition and somatic cell
count (SCC) in colostrum and milk of sows
(Mean values with their standard errors; numbers)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 10 10 10
Colostrum
Fat (%) 3·29 0·16 3·74 0·28 3·48 0·28 0·448
Solid-not-fat (%) 20·25 0·65 19·81 0·78 20·78 0·97 0·703
Protein (%) 7·65 0·24 7·48 0·31 7·86 0·37 0·690
Lactose (%) 11·21 0·36 10·95 0·45 11·51 0·55 0·694
SCC (×106/ml) 5·34 0·37 4·93 0·34 4·98 0·39 0·696

14-d milk
Fat (%) 4·96 0·40 5·64 0·31 5·30 0·16 0·300
Solid-not-fat (%) 11·40 0·32 10·81 0·25 11·10 0·23 0·195
Protein (%) 3·86 0·10 4·02 0·11 4·13 0·08 0·173
Lactose (%) 5·67 0·13 5·93 0·12 6·09 0·11 0·071
SCC (×106/ml) 4·03 0·30 3·52 0·33 3·34 0·32 0·300
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milk and increased sCD14 in 14-d milk, but those indexes were
not significantly different between 4 and 8mg/kg OxBC
groups (P> 0·05).

Oxidised β-carotene content in milk

The OxBC content was measured by quantifying the geronic
acid content, which serves as a marker. At day 18 of lactation,
we sampled ten sows/treatment with 30 ml milk/sow.
However, the minimum milk requirement for the geronic acid
measurement is 200 ml; therefore, wemixed an identical volume
(20 ml) from ten sows to attain sufficient volume (200ml) for a
one-time measurement. The values for geronic acid content
were 5·99, 7·69 and 11·02 ng/ml for the 0, 4 and 8mg/kg
OxBC treatment, respectively, indicating OxBC contents in the
milk of 0·30, 0·38 and 0·55 μg/ml.

Discussion

Many studies have reported on the beneficial effects of
β-carotene in sows, which include controlling various maladies
causing reproductive failure and enhancing antioxidant

capacity(16,17). Kostoglou et al. reported that injecting sows with
β-carotene resulted in an increased number of piglets born alive,
while both dietary supplementation (during gestation and
lactation) and injection of β-carotene resulted in increased litter
size at weaning(18). Others have shown that dietary β-carotene
supplementation during late pregnancy also improves sow
immune status and antioxidant capacity while also increasing
the birth weight of piglets(19). The fact that dietary β-carotene
supplementation is known to enhance the accumulation of
β-carotene and vitamin A in plasma and the body tissues leads
to the logical conclusion that the reported benefits are the result
of direct actions of β-carotene or its provitamin A activity(20).

Despite the literature reports of its benefits to the productivity
and immunity of sows, β-carotene is not widely used by the com-
mercial swine industry. The lack of widespread application
by industry may stem from a lack of consistency regarding
β-carotene benefits. A scientific panel of the European Food
Safety Association concluded that therewas insufficient scientific
evidence to support a proposed benefit of β-carotene as a feed
additive on host immunity, and it cited an inconsistency of effec-
tiveness as the major problem(21). The inconsistency cited in the

Table 6. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on immunoglobulin levels in colostrum and
milk of sows
(Mean values with their standard errors; numbers)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 10 10 10
Colostrum (mg/ml)
IgM 2·55b 0·35 4·38a 0·52 4·52a 0·42 0·005
IgA 2·39b 0·29 4·34a 0·40 5·11a 0·52 0·001
IgG 26·91b 2·09 28·97a,b 1·89 33·22a 1·62 0·024

14-d milk (mg/ml)
IgM 0·024b 0·005 0·051a 0·010 0·057a 0·011 0·023
IgA 0·26 0·06 0·34 0·07 0·29 0·08 0·764
IgG 1·26 0·12 1·70 0·29 2·02 0·30 0·052

a,b In a row, mean values with unlike superscript letters were significantly different (P< 0·05).

Table 7. Effects of dietary fully oxidised β-carotene (OxBC) supplementation during late gestation and lactation on cytokine levels in colostrum andmilk of sows
(Mean values with their standard errors; numbers)

Items

OxBC level (mg/kg)

P

0 4 8

Mean SEM Mean SEM Mean SEM

n 10 10 10
Colostrum
TNF-α (ng/ml) 0·34a 0·13 0·10b 0·03 0·08b 0·02 0·044
IL-8 (pg/ml) 1079·06a 113·80 982·27a,b 68·81 605·46b 67·00 0·001
IL-18 (pg/ml) 97·39 14·25 109·09 7·08 78·52 16·82 0·338
Soluble CD14 (ng/ml) 15·36 1·35 18·90 2·67 25·43 9·35 0·185
Leukotriene-B4 (ng/ml) 1·40 0·36 0·98 0·15 1·10 0·35 0·498

14-d milk
TNF-α (ng/ml) 0·38a 0·16 0·19b 0·07 0·06b 0·01 0·035
IL-8 (pg/ml) 986·33 135·88 956·04 66·94 973·27 136·81 0·938
IL-18 (pg/ml) 315·37a 47·32 114·93b 15·23 175·78b 41·04 0·004
Soluble CD14 (ng/ml) 8·04 1·19 10·90 1·31 13·55 1·84 0·055
Leukotriene-B4 (ng/ml) 1·60 0·35 1·54 0·47 1·33 0·29 0·618

a,b In a row, mean values with unlike letters were significantly different (P< 0·05).
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European Food Safety Association report may reflect the fact that
the observed benefits, many of which occur independent of
β-carotene’s provitamin A activity, are not actually derived
directly from β-carotene itself, but rather from the undetected
presence of naturally occurring β-carotene-oxygen copolymers
that have only recently been discovered(6,11,12). The copolymers,
which are the major chemical species present in OxBC, are
reported to enhance innate immunity and reduce over-zealous
inflammatory activity(7,8). Furthermore, previous trials in piglets,
dairy calves and broiler chickens have demonstrated the
immunological activities of OxBC and their benefits to animal
health(8–10). It has been suggested that the copolymers present
in OxBC are the actual active agents responsible for the vitamin
A independent benefits of β-carotene in animals(7).

OxBC is a carotenoid derivative, which is produced by the
complete autocatalytic oxidation of β-carotene(6). The oxidation
occurs naturally whenever β-carotene is exposed to oxygen in
air, but for commercial purposes the reaction can be carried
out in a controlled manufacturing process. OxBC does not have
provitamin A or antioxidant activity, and therefore, its modes of
action are distinct from those of β-carotene. OxBC is herein intro-
duced as a new feed additive that supports immunity and enhan-
ces litter and piglet weights at weaning. The geronic acid content
is a marker to determine the OxBC content in milk. Geronic acid
is an indirect, low molecular weight marker indicating the pres-
ence of OxBC. The geronic acid method is described in Burton
et al.(12), and the multiplying factor is 50 in going from the ger-
onic acid measurement to the calculated OxBC(12). The values
for geronic acid content were 5·99, 7·69 and 11·02 ng/ml for
the 0, 4 and 8mg/kg OxBC treatment, respectively, indicating
OxBC contents in the milk of 0·30, 0·38 and 0·55 μg/ml.

Results of the present study demonstrate that supplementa-
tion of sow diets with OxBC has multiple benefits for the sow
and nursing piglets. These benefits include increasing immuno-
globulin levels and reducing inflammatory markers in colostrum
and milk, an apparent increase in milk macronutrient levels, and
increased litter and piglet weights at weaning. In addition, the
improved growth performance of piglets may also be caused
by the increased OxBC intake from milk.

The most notable finding, at the immunological level, was a
significant increase in immunoglobulins in colostrum and milk
from sows receiving OxBC-supplemented diets. Dietary supple-
mentation with OxBC greatly enhanced colostrum levels of
immunoglobulins IgM, IgA and IgG (P< 0·05) as well as the
IgM level in milk at day 14 (P< 0·05). The antibody (immuno-
globulin) complement system offers major antimicrobial protec-
tion against a wide range of microbes and confers passive
immunity to suckling animals(22). Thus, OxBC supplementation
of sow diets resulted in improved transfer of passive immunity to
nursing piglets which is beneficial to health and growth of pre-
weaning piglets.

By comparison, dietary supplementation with β-carotene at
40, 60 or 160mg/kg of feedwas reported to significantly increase
the IgG concentration in the colostrum of sows(19). There was
also an increase in serum IgG, IgM and IgA concentration for
sows in the 160 mg/kg group at days 95 and 110 of gestation(19).
It is interesting to note that the levels of supplementary
β-carotene in the Feng et al. study are five to forty times higher

than the levels of OxBC used in the present study(19). Given the
propensity of β-carotene to spontaneously oxidise, it is highly
likely that the β-carotene product used in the Feng et al. study(19),
despite being micro-incapsulated, contained low levels of
OxBC-like compounds that were unbeknownst to the authors.

An additional benefit of dietary supplementation with OxBC
was the reduction in inflammatory cytokines in colostrum and
milk combined with an increase in the level of sCD14. Sows
in the OxBC-supplemented groups had reduced TNF-α and
IL-8 levels in colostrum and lower TNF-α and IL-18 levels in milk
(P< 0·05). There was also a tendency for sCD14, an immune fac-
tor that plays an important role in the development of the
immune system of the piglet, to be increased in milk from sows
receiving supplemental OxBC (P< 0·055).

The observed reduction in pro-inflammatory cytokines is
consistent with earlier in vitro studies demonstrating that cells
treated with OxBC had reduced expression of pro-inflammatory
cytokines, including TNF-α(6). Furthermore, in an experiemental
model of bovine respiratory disease, dietary supplementation
withOxBC increased anti-inflammatorymechanisms in the lungs
of Mannhiemia haemolytica-challenged calves. More specifi-
cally, there were significant increases in leucocyte apoptosis
and the subsequent efferocytosis by macrophages in bronchoal-
veolar lavage fluid of challenged animals receiving OxBC(8).
These results indicated an anti-inflammatory or pro-resolution
activity for OxBC. Importantly, there was no effect of OxBC
on the number of circulating leucocytes(8). Perinatal sows are
known to suffer from a metabolic syndrome which results in a
low-grade systemic inflammatory condition(5). Thus, it is pos-
sible that the reduction in pro-inflammatory cytokines observed
in sow colostrum and milk occurred as a direct result of OxBC’s
ability to reduce systemic inflammation in the sow.

In addition to anti-inflammatory activity, OxBC is also
reported to possess immune priming functions that relate to
increased levels of pathogen pattern recognition receptors such
as toll-like receptors two and four (TLR-2, TLR-4) and CD14 as
well as potentiation of down-stream innate immune response
to pathogen–receptor interaction(7). In a previous dietary supple-
mentation trial with Clostridium perfringens-challenged broiler
chickens, birds in the OxBC groups had significantly lower
bacterial counts and reduced intestinal lesions relative to
controls(10). Therefore, it is also possible that the reduction in
inflammatory markers in colostrum and milk observed in the
present study occurred as an indirect consequence of OxBC
immune priming actions which would ultimately result in a
lower level of subclinical infection in the mammary gland via
the immune actions of the sow. While it is not possible to defini-
tively conclude whether the reduction in pro-inflammatory
cytokines was a direct or indirect effect of OxBC, it can be con-
cluded that supplementation improved the health of the sow
mammary gland.

While the improved cytokine status of colostrum and milk
likely reflects improved overall health of the sow, therewere also
positive implications for the nursing piglets, as evidenced by the
apparent trend for higher litter and piglet weights at weaning
from sows in the OxBC-supplemented groups. To determine
why supplementation of sow diets with OxBC improved litter
weight and individual piglet weight at weaning, we measured
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the nutritional composition and SCC in colostrum and day 14
milk. The composition and yield of colostrum and milk are
key factors determining the growth rate of suckling piglets(23).
Dietary supplementation with OxBC tended to increase the lac-
tose concentration in day 14 milk relative to control but had no
clear effect on SCC in colostrum or in day 14 milk. As an impor-
tant component of milk, lactose plays a key role in maintaining
the osmotic pressure of milk, and lactose yield is highly corre-
latedwithmilk yield(24,25). Althoughmilk yieldwas notmeasured
in the present study, the improvement in litter weight and indi-
vidual piglet weight at weaning may be at least partially due to
higher milk yield from sows in the OxBC groups. There is also a
plausible link between the reduction in pro-inflammatory cyto-
kines in colostrum and milk of OxBC-treated sows and the
apparent increase in lactose content. High chronic immune sys-
tem activation in sows is associated with reduced milk nutrients
and yield due to the inhibitory actions of pro-inflammatory cyto-
kines on the lactogenic hormones(26). It should be the reduced
expression of pro-inflammatory cytokines in the mammary
gland to reduce the inhibitory effect. Reduced cytokine
levels in milk may be the result of reduced expression of pro-
inflammatory cytokines in the mammary gland.

Additional parameters evaluated in the present study
included the phagocytic activity of neutrophils from sows, as
well as feed intake, backfat loss and birth weight of piglets. In
the present study, regardless of dietary treatments, the neutro-
phil phagocytic activity was highest at day 85 of gestation,
decreased to its lowest level at parturition and rebounded to a
higher value at day 14 and day 21 of lactation (P< 0·05). This
result is consistent with the findings of other studies in sows
and indicates that perinatal sows are under a heavy metabolic
load and suffer from ametabolic syndrome and reduced immune
function(2–4). Dietary supplementationwith OxBC did not signifi-
cantly impact neutrophil activity. Dietary OxBC supplementa-
tion also had no significant impact on sow feed intake or
backfat loss during lactation. Litter size and piglet birth weights
were also unaffected by dietary supplementation with OxBC.
These findings are in contrast to a study that showed that
dietary supplementation with β-carotene during late pregnancy
improves immune status, the antioxidant capacity of sows and
the birth weight of piglets(19). Furthermore, injecting sows with
β-carotene has been shown to increase the number of piglets
born alive(18). The most explanation of the difference is that
OxBC is devoid of intact β-carotene and does not possess
vitamin A nor the provitamin A or antioxidant activities of
β-carotene, and therefore its mode of actions is unique and
distinct relative to those of β-carotene(6,7). The possibility that
similar benefits on sow immunity and reproductive performance
could be obtained with longer periods of dietary supplementa-
tion with OxBC will be evaluated in future studies carried out
over the entire gestation period.

Conclusion

Dietary supplementation with OxBC during the perinatal period
enhanced immunoglobulin levels and reduced inflammatory
markers in colostrum and milk. Lactose concentration of milk
was also increased, and as a consequence, there was a tendency

of increased litter weight and individual piglet weight at weaning
for piglets nursed from sows in theOxBC groups. The results also
provide a scientific nutritional reference for perinatal mothers
due to the biological similarity between pigs and humans.
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