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Abstract
In the USA, infant formulas contain long-chain PUFA arachidonic acid (ARA) and DHA in a ratio of 2:1 and comprise roughly 0·66 g/100 g
and 0·33 g/100 g total fatty acids (FA). Higher levels of dietary DHA appear to provide some advantages in visual or cognitive performance.
The present study evaluated the effect of physiologically high dietary ARA on growth, clinical chemistry, haematology and immune function when DHA is 1·0 g/100 g total FA. On day 3 of age, formula-reared (FR) piglets were matched for weight and assigned to one of six
milk replacer formulas. Diets varied in the ratio of ARA:DHA as follows (g/100 g FA/FA): A1, 0·1/1·0; A2, 0·53/1·0; A3-D3, 0·69/1·0; A4,
1·1/1·0; D2, 0·67/0·62; D1, 0·66/0·33. A seventh group was maternal-reared (MR) and remained with the dam during the study. Blood
collection and body weight measurements were performed weekly, and piglets were killed on day 28 of age. No significant differences
were found among any of the FR groups for formula intake, growth, clinical chemistry, haematology or immune status measurements.
A few differences in clinical chemistry, haematology and immune function parameters between the MR pigs and the FR groups probably
reflected a difference in growth rate. We conclude that the dietary ARA level up to 1·0 g/100 g total FA is safe and has no adverse effect on
any of the safety outcomes measured, and confirm that DHA has no adverse effect when ARA is at 0·66 g/100 g FA.
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Arachidonic acid (ARA, 20 : 4n-6) is a natural component of
human breast milk and is routinely added to infant formulas
along with DHA (22 : 6n-3). Both are long-chain PUFA
(LCPUFA) that contribute to normal growth and development
during the perinatal period, serving as essential structural
components of central nervous tissue and precursors for
lipid signalling molecules(1). In 1994, the FAO/WHO(2) set
recommendations for ARA and DHA to be included in infant
formula at 0·66 g/100 g and 0·33 g/100 g total fatty acids (FA),
respectively. Worldwide levels of ARA and DHA in breast
milk prove variable, however, comprising 0·47 (SD 0·13) g/100 g
(range 0·24– 1·0 g/100 g) and 0·32 (SD 0·22) g/100 g (range
0·06– 1·4 g/100 g) of total FA, respectively(3), with the wide
range of DHA attributed largely to maternal diet. As a guide
for infant formulas, the worldwide variability in breast milk
levels presents a challenge for optimising the LCPUFA composition of formula to support proper development of the infant
central nervous and immune systems.

Clinical studies designed to determine the optimal level of
LCPUFA in infant formula are limited in the safety parameters
that they can measure, focusing predominantly on growth
outcomes and blood LCPUFA status. Here, two large metaanalyses have recently demonstrated a negligible effect of
LCPUFA supplementation on growth outcomes(4,5), while
functional outcome studies consistently report visual and
cognitive benefits of LCPUFA to formula-fed infants compared
with infants consuming an LCPUFA-free formula(6). Studies
specifically addressing the level of ARA or the ARA:DHA ratio
in formula are rare and limited to only a few preclinical studies,
in which ARA and DHA were fed together in a 2:1 ratio(7 – 9).
ARA and DHA appear to compete for tissue incorporation,
especially in the liver(10) (C Tyburczy, KSD Kothapalli, W J
Park, BS Blank, Y-C Liu, J M Nauroth, J P Zimmer, N Salem Jr
and J T Brenna, unpublished results) and may influence each
other’s physiological effects(11,12). The effect of this competition

Abbreviations: ARA, arachidonic acid; FA, fatty acids; FR, formula-reared; Hp, haptoglobin; hsCRP, high sensitivity C-reactive protein; LCPUFA, long-chain
PUFA; MR, maternal-reared; SAA, serum amyloid A.
* Corresponding author: J. T. Brenna, email jtb4@cornell.edu
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on safety outcomes such as growth and immune function, particularly in the context of high ARA, remains unclear.
To date, there have been no ARA dose– response studies
against a background of high dietary DHA in rapidly growing,
suckling animals. The objective of the present study was to
determine the effect of physiologically high dietary ARA on
growth, clinical chemistry, haematology and immune function
when DHA is constant and near the high end of human breast
milk levels (i.e. 1·0 g/100 g total FA). A dose– response for
DHA was also included with normal levels of ARA. Domestic
piglets were used because of their metabolic similarities to
humans as well as the timing of perinatal brain growth(13).
Human breast milk is considered to be the ‘gold standard’ of
nutrition for the developing infant, and because the FA composition and nutrient content of sow milk mimic human
breast milk, an additional group of piglets were included as
a maternal-reared (MR) reference treatment.

Materials and methods
Animals
The Cornell Center for Animal Resources and Education
guidelines for the care and use of animals were followed,
and all procedures involving animals were approved by the
Institutional Animal Care and Use Committee at Cornell
University, Ithaca, NY, USA (protocol no. 2010-0008). Domestic piglets were selected for sex and weight from fifteen
sows at the swine facility at Cornell University. Pregnant
sows were injected with 2 cm3 of Lutalyse (Pfizer Animal
Health, Kalamazoo, MI, USA) 1 day before the scheduled,
term farrowing date to obtain a block of piglets with the
same birth date. Piglets were processed according to standard
facility practices (i.e. intramuscular injection of Fe dextran
(100 mg) and penicillin G (1/2 cm3), tooth clip, tail dock, ear
notch) and remained with the sow until day 3 of age, upon
which they were matched for weight and assigned to one
of six milk replacer diets (n 8). The formula-reared (FR)
piglets were housed individually in raised metal cages and
maintained on a 16 h light –8 h dark cycle. MR piglets
remained with their dam at the swine facility for the duration
of the study.

Diets
Milk replacer formula consisting of 60 g/100 g experimental
diet (Research Diets, Inc., New Brunswick, NJ, USA) and
40 g/100 g Birthright baby pig milk replacer (Ralco Nutrition,
Inc., Marshall, MN, USA) was fed to FR piglets on days 3 – 28
of age. Diets were designed to meet or exceed the nutrient
requirements for growing pigs 3 – 5 kg in body weight(14).
The nutrient composition of the Birthright baby pig milk
replacer has been published elsewhere(15). A detailed ingredient
composition and nutrient analysis of the experimental diets are
listed in Table 1. The four-oil blend consisting of palmolein,
soya, coconut and high-oleic sunflower oils that is currently
used in the commercial human infant formula Enfamilw
(Mead-Johnson Nutrition, Evansville, IN, USA) made up the
base oil for the experimental diets. LCPUFA were supplied by

Table 1. Ingredient composition and nutrient analysis of
experimental diets
Composition
Dietary ingredient (% DM)
Dried skimmed milk
Oil blend
Calcium sodium caseinate
Mineral mix*
Vitamin mix†
Xanthan gum
DL -Methionine
Nutrient analysis (% kJ)
Protein
Carbohydrate
Fat
Energy density (kJ/g)

Content
55·0
23·9
9·6
4·8
4·8
1·4
0·5
24·3
28·7
47·0
19·6

* The mineral mix contained the following (g/kg): sucrose, 257·8;
dibasic calcium phosphate, 615·8; NaCl, 106·7; ferric citrate,
11·8; zinc carbonate, 4·0; magnesium oxide, 3·4; cupric carbonate, 0·4; manganous carbonate, 0·2; potassium iodate, 0·1;
sodium selenite, 0·01.
† The vitamin mix contained the following (g/kg): sucrose, 910·1;
choline bitartrate, 75·0; vitamin E acetate (50 %), 6·2; retinyl acetate (172 mg/mg), 3·4; cholecalciferol (2·5 mg/mg), 1·5; vitamin B12
(0·1 % mannitol), 1·3; pantothenic acid (D , Ca), 0·9; niacin, 0·9;
biotin (1 %), 0·4; riboflavin, 0·1; thiamine HCl, 0·1; menadione
sodium bisulfite, 0·03; folic acid, 0·01; pyridoxine HCl, 0·01.

DHASCOw and ARASCOw single-cell oils (Martek Biosciences,
Inc., Columbia, MD, USA), derived from the micro-algae
Crypthecodinium cohnii and the fungus Mortierella alpina,
respectively. As fed, the milk replacer formula had an
energy density of 2·93 kJ/ml (0·7 kcal/ml) and a macronutrient
analysis as follows (g %): protein, 27·0; fat, 22·1; carbohydrate,
39·5; fibre, 0·7; ash, 10·7. Formulas were reconstituted daily by
adding 1·0 litre water to 180 g dry diet and stored at 3 – 48C
until feeding. Fresh formula was provided three times per d
in stainless-steel bowls fixed into the cage doors, and
ad libitum water was offered. FR piglets were fed at 80 %
ad libitum intake, based on pilot data, to moderately exceed
growth rates of the MR piglets(16). Formula intakes were
recorded daily.
The FA composition of the milk replacer formula and sow
milk (day 14 in lactation) is presented in Table 2. Diets
varied in the ratio of ARA:DHA as follows (g/100 g FA/FA):
A1, 0·1/1·0; A2, 0·53/1·0; A3-D3, 0·69/1·0; A4, 1·1/1·0; D2,
0·67/0·62; D1, 0·66/0·33 (conventional infant formula), and
corresponded to the following ARA:DHA intakes (mg/mg
per 418·4 kJ (100 kcal) of formula): A1, 3·2/45·3; A2, 24·0/
45·3; A3-D3, 31·3/45·3; A4, 49·0/45·3; D2, 30·4/28·1; D1,
29·9/14·9. Diets A1 to A4 are a dose – response for ARA against
DHA constant at 1·0 g/100 g, while diets D1 to D3 are a
dose – response for DHA against ARA constant at 0·67 g/100 g.
Diets D2 and A4 contain ARA and DHA at a 1:1 ratio, but at
two different dietary levels, 0·67 g/100 g and 1·0 g/100 g,
respectively. The sow diets were a conventional pig ration
consisting of maize and soyabean as 96 % of the total dry
weight. Our analysis showed that the PUFA were 18 : 2n-6
(53·9 (SD 0·2) g/100 g FA) and 18 : 3n-3 (3·4 (SD 0·1) g/100 g
FA). The excess 18 : 2 and low 18 : 3 were probable factors
in the very low sow milk DHA (0·01 (SD 0·01) g/100 g FA),
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Table 2. Fatty acid (FA) composition of milk replacer formulas and sow milk*
(Mean values and standard deviations)
MR
0·74/0·01
Treatment group
ARA/DHA
FA (g/100 g total FA)
SSFA þ MUFA
ARA
DHA
Sn-6
Sn-3
18 : 2n-6
18 : 3n-3
18 : 2n-6/18 : 3n-3

A1
0·1/1·0
79·86
0·09
1·00
17·50
2·53
17·25
1·53
11·3

A2
0·53/1·0
79·94
0·53
1·02
17·52
2·43
16·83
1·41
12·0

A3-D3
0·69/1·0
79·43
0·69
1·01
17·95
2·49
17·11
1·48
11·6

A4
1·1/1·0
79·18
1·06
1·04
18·15
2·51
16·93
1·47
11·5

D2
0·67/0·62
80·02
0·67
0·62
17·76
2·10
16·90
1·48
11·4

D1
0·66/0·33
80·02
0·66
0·33
18·00
1·86
17·19
1·53
11·3

Mean
83·94
0·74
0·01
15·21
0·71
12·05
0·57
21·1

SD

3·16
0·02
0·01
3·08
0·04
2·98
0·06
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ARA, arachidonic acid; MR, maternal-reared.
* Milk from two sows taken on day 14 of lactation; MR piglets remained with the sow for the duration of the study. The PUFA content of sow diets during
gestation and lactation consisted of 18 : 2n-6 (53·90 (SD 0·17) g/100 g FA) and 18 : 3n-3 (3·44 (SD 0·04) g/100 g FA) as the sole source of n-3 PUFA.

while ARA was towards the upper end of the human milk
range (0·74 (SD 0·02) g/100 g FA).
FA composition of the diets and sow milk was determined
by GC. FA methyl esters were prepared from dry diet and
50 ml sow milk by the one-step hydrolysis, extraction
and methylation procedure(17) as modified previously(18), and
quantified on a 5890 Series II gas chromatograph (HewlettPackard, Palo Alto, CA, USA) equipped with a BPX70 fused
silica column (25 m £ 0·22 mm inner diameter £ 0·25 mm
film; SGE, Inc., Austin, TX, USA). An equal weight FA methyl
ester mixture was used to verify response factors. FA methyl
esters were structurally identified by covalent-adduct chemical
ionisation tandem MS on a Saturn 2000 ion trap mass
spectrometer (Varian, Inc., Walnut Creek, CA, USA)(19).

Sampling
Body weight measurements were taken weekly. Non-fasted
blood samples were collected from the anterior vena cava
into vacutainer tubes (Becton Dickinson & Company, Franklin
Lakes, NJ, USA) on days 3, 7, 14 and 21 of age. Overnightfasted blood samples were collected on day 28 of age, and
an additional aliquot of blood was collected into EDTAcontaining tubes for haematological analysis. Serum was
harvested by centrifuging clotted blood at 2800 rpm and 48C
for 10 min. Piglets were killed on day 28 of age via an intravenous injection of Fatal Plus (1 ml/4·54 kg body weight; Vortech
Pharmaceuticals, Dearborn, MI, USA) followed by exsanguination. Organs were removed and weighed, and samples were
flash frozen within 10 min of cessation of heart beat.

Clinical chemistry and haematological analysis
Serum and blood obtained from 28-d-old piglets were
delivered promptly to the Animal Health Diagnostic Center
(College of Veterinary Medicine, Cornell University) for
analysis of clinical chemistry and haematological parameters.

Mycoplasma hyopneumoniae vaccination
Piglets were vaccinated against Mycoplasma hyopneumoniae
(RespiSure-Onew; Pfizer Animal Health) on day 7 of age.
Serum samples collected on days 21 and 28 of age (14 and
21 d post-immunisation) were analysed for antibodies to
M. hyopneumoniae. M. hyopneumoniae immunity protects
against a common respiratory disease in swine that is not
endemic at the Cornell University swine facility or the Large
Animal Research and Teaching Unit. RespiSure-Onew is
intended to induce a protective antibody titre 14–21 d after
a single injection at day 7(20,21).

ELISA
Serum samples were thawed immediately before use. Commercial ELISA kits were used to quantify serum total IgA,
IgG and IgM (Bethyl Laboratories, Montgomery, TX, USA)
and the acute-phase proteins high sensitivity C-reactive protein (hsCRP) and haptoglobin (Hp) (Kamiya Biomedical
Company, Seattle, WA, USA), and serum amyloid A (SAA)
(Tri-Delta Development Limited, Bray, Ireland) following the
manufacturer’s instructions. Antibodies to M. hyopneumoniae
were detected by semi-quantitative ELISA following the manufacturer’s instructions (HerdCheke; IDEXX Laboratories,
Westbrook, ME, USA). Serum samples were tested in duplicate, with the exception of the Hp ELISA, in which two different serum dilutions (1:10 000 and 1:20 000) were averaged.

Statistical analysis
Statistical analysis was carried out using the Fit Model platform
of JMP (version 8.0; SAS Institute, Inc., Cary, NC, USA, 2008) to
fit mixed models. Fixed effects were diet, sex, body weight at
day 3 of age and the full factorial of interactions. Interaction
effects were considered significant at P,0·10 and fixed effects
at P, 0·05. For each parameter analysed, effects that were not
considered significant were removed in a stepwise manner
from the final model. Random effects were litter and animal
nested within litter for repeated measures of body weight.
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Significance of pairwise comparisons was determined using the
Student’s t test. Linear regression analysis was performed to
determine the relationship between clinical chemistry and
haematological parameters and the dietary content of ARA
and DHA. Values are reported as means and standard deviations.

Results
Clinical observations, feed intake and growth
All fifty-six piglets remained in the study until day 28 of
age, and only one piglet (group A3-D3) required antibiotic
treatment during the study, which was due to developing
an abscess on its toe. Total formula intakes averaged 51·6
(SD 0·1) litres and were unaffected by the diet. There were
small differences in body weight among the FR groups on
day 7 of age, with group A1 piglets (ARA/DHA, 0·1/1·0)
weighing 3 % less than all other FR groups (2·6 (SD 0·3) v.
2·7 (SD 0·2) kg, respectively; P,0·01). By day 14 of age, this
difference in body weight had disappeared, and the group
A1 piglets proceeded to grow as well as all other FR groups
for the remainder of the study. Furthermore, there were no
differences in body weight among any of the FR groups on
days 14, 21 or 28 of age. The MR group was heavier than

the FR groups on day 7 of age (P,0·001), but the MR group
weighed the least at days 21 and 28 of age (P, 0·0001).
On day 28 of age, mean weight for all FR piglets was 10·3
(SD 0·6) kg, while MR piglets weighed 7·9 (SD 0·7) kg.
Relative organ weights (weight as a percentage of final body
weight) from piglets on day 28 of age are presented in
Fig. 1(a). There were no differences in relative organ weights
among any of the FR groups; however, compared with the MR
group, the FR piglets had greater relative weights for the liver
(P, 0·001). Absolute brain weights (Fig. 1(b)) were similar
across all diets, while relative brain weight was greatest for
the MR piglets compared with the FR groups (P, 0·001).

Haematology and clinical chemistry parameters
Data for the haematological analysis are presented in Fig. 2.
Small differences were apparent among the FR groups for
mean cell Hb and red cell distribution width. There were no
differences among the FR groups for Hb, mean cell Hb concentration and mean cell volume; however, the FR groups significantly differed from the MR piglets for these values, with
the MR group presenting a more favourable haematological
status. Mean values for haematocrit and erythrocytes count
were 35 (SD 4) % and 6·7 (SD 0·6) 106/ml, respectively, and

70
Mean value (specified units)
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Fig. 1. (a) Relative organ and (b) absolute brain weights taken on day 28 of age from piglets fed varying levels of arachidonic acid (ARA) and DHA. Dietary content of ARA/DHA was as follows (g/100 g fatty acid (FA)/FA): A1 ( ), 0·1/1·0; A2 ( ), 0·53/1·0; A3-D3 ( ), 0·69/1·0; A4 ( ), 1·1/1·0; D2 ( ), 0·67/0·62; D1 ( ),
0·66/0·33. Values are means, with standard deviations represented by vertical bars. * Mean values were significantly different between maternal-reared ( ) piglets
and all formula-reared groups (P, 0·001).
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Fig. 2. Profile of selected haematological parameters taken on day 28 of age from piglets fed varying levels of arachidonic acid (ARA) and DHA. Dietary content
of ARA/DHA was as follows (g/100 g fatty acid (FA)/FA): A1 ( ), 0·1/1·0; A2 ( ), 0·53/1·0; A3-D3 ( ), 0·69/1·0; A4 ( ), 1·1/1·0; D2 ( ), 0·67/0·62; D1 ( ),
0·66/0·33. Values are means, with standard deviations represented by vertical bars. a,b,c Mean values with unlike letters were significantly different (P, 0·05);
* Mean values were significantly different between maternal-reared ( ) piglets and all formula-reared groups (P, 0·05). MCH, mean cell Hb; MCHC, mean cell Hb
concentration; MCV, mean cell volume; RDW, red cell distribution width; MPV, mean platelet volume.
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Table 3. Summary of clinical chemistry profiles taken on day 28 of age from piglets fed varying levels of arachidonic acid (ARA) and DHA
(Mean values and standard deviations, n 8)
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Treatment group

A1
0·09/1·00

A2
0·53/1·02

A3-D3
0·69/1·01

ARA/DHA
(g/100 g, FA/FA)

Mean

SD

Mean

SD

Mean

SD

Glucose (mmol/l)
BUN (mmol/l)
Creatinine (mmol/l)
Total protein (g/l)
Total bilirubin (mmol/l)
Na (mmol/l)
K (mmol/l)
Cl (mmol/l)
Bicarbonate (mmol/l)
Ca (mmol/l)
P (mmol/l)
Mg (mmol/l)
Fe (mmol/l)
TIBC (mmol/l)
Saturation (%)
Albumin (g/l)
Globulin (g/l)
Albumin/globulin

8·7
2·2
65
52
1·7
143
5·9
100c
19
2·8
3·5a
0·9
4·0b
146a
3b
41a,b
11a
4·1

1·7
0·4
8
3
0·9
4
0·7
2
5
0·2
0·3
0·1
1·4
10
1
2
3
1·2

8·4
2·2
70
50
2·4
143
6·2
101b,c
21
2·8
3·6a
0·9
4·4b
137a
4b
41a,b
10c
4·4

1·8
0·7
9
3
0·3
3
0·7
1
5
0·2
0·3
0·1
1·6
12
1
2
2
1·0

8·8
2·0
64
50
2·8
144
6·2
102a,b
20
2·8
3·6a
0·9
3·2b
146a
2b
40b
10a,b,c
4·2

1·5
0·5
12
3
0·9
3
0·8
2
4
0·1
0·3
0·1
0·4
15
0
3
2
1·1

A4
1·06/1·04
Mean
8·7
2·2
71
51
2·1
145
6·2
101a,b
20
2·8
3·5a
1·0
4·2b
144a
3b
41a,b
10a,b,c
4·2

D2
0·67/0·62

D1
0·66/0·33

SD

Mean

SD

Mean

SD

1·8
0·6
9
4
1·2
3
0·8
2
6
0·2
0·3
0·1
1·2
14
1
3
2
0·6

9·0
2·1
66
50
1·9
143
5·9
100b,c
21
2·8
3·6a
1·0
4·0b
138a
3b
40a,b
10b,c
4·4

1·5
0·4
12
3
1·1
2
0·8
2
4
0·1
0·3
0·2
0·7
11
1
2
2
0·9

9·4
2·3
73
53
2·1
144
5·9
100c
19
2·8
3·5a
1·0
7·4
143a
6b
43a
10a
4·3

1·8
0·7
8
3
1·2
2
0·5
2
5
0·1
0·2
0·1
9·0b
18
7
2
2
0·8

MR
0·74/0·01
Mean
7·3
2·7
77
47
2·8
141
5·2
105a
23
2·6
2·6b
1·0
16·2a
71b
23a
34c
13a,b,c
2·9

SD

P

0·4
0·4
9
3
2·6
2
0·9
2
2
0·1
0·2
0·1
7·2
9
10
3
4
1·0

NS*
NS*
NS*
NS*
NS*
NS*
NS*
0·02
NS*
NS*
, 0.0001
NS*
, 0.0001
, 0.0001
, 0.0001
0·0002
0·02
NS*

MR, maternal-reared; FA, fatty acid; BUN, blood urea nitrogen; TIBC, total Fe binding capacity.
a,b,c
Mean values within a row with unlike superscript letters were significantly different (P, 0·05).
* Mean values were not significantly different (P. 0·05).

were unaffected by diet. For all piglets, platelet count averaged 1022 (SD 259) 103/ml and was unaffected by treatment.
Total leucocytes count averaged 9·8 (SD 3·3) 103/ml and
was unaffected by diet. There were no differences among
diets for segmented neutrophils, monocytes, eosinophils or
basophils (data not presented). Lymphocyte count was
highest in group A4 piglets; however, the range of means
(4·9– 6·8) 103/ml across all diets was within the normal
reference range for nursery piglets(22).
Consistent with the haematological analysis, only small
differences in the clinical chemistry profile were apparent
among the FR groups, including values for serum chloride,
phosphorous, albumin and globulin, as listed in Table 3.
While statistical differences were observed for these parameters, values fall within the normal reference ranges for
nursery piglets(23,24) and thus were likely to be biologically
insignificant. Also consistent with the haematological analysis,
clinical chemistry values related to serum Fe status (i.e. serum
Fe, total Fe binding capacity and percentage saturation) were
different between MR and FR groups, and indicated a more
positive serum Fe status for the MR piglets. Additional serum
clinical chemistry parameters that were not significantly
different among any of the dietary treatments were creatinine,
aspartate aminotransferase, glutamate dehydrogenase, alkaline
phosphatase, g-glutamyl transferase, sorbitol dehydrogenase
and creatinine kinase.

Immunisation response and measurements of immune
status
All piglets were negative for antibodies to M. hyopneumoniae
on day 28 of age. There were no significant differences in
titres to M. hyopneumoniae by dietary treatment, with mean

relative levels among all piglets being 0·1 (SD 0·1) sample/
positive. On day 28 of age, serum IgA levels in the MR piglets
(408 (SD 99) mg/ml) were significantly higher than all FR
groups (158 (SD 69) mg/ml; P, 0·001); IgA levels were similar
among the FR groups. Serum IgM and IgG levels on day 28
of age were unaffected by diet, and averaged 553 (SD 218)
and 4782 (SD 1047) mg/ml, respectively, for pooled mean
and standard deviation of all piglets in all groups (n 56).
SAA levels were unaffected by diet on day 3 and 28 of age.
SAA levels on day 28 of age averaged 2·7 (SD 3·4) mg/ml for
all piglets. There were, however, minor differences in SAA
levels on day 7 of age, with group A1 (17·0 (SD 29·0) mg/ml)
having significantly higher levels than most other groups
(P, 0·05). Similarly, there were minor, statistically significant
differences in serum Hp levels among the FR groups on
day 28, although no discernable pattern among diets was
apparent. Hp in the MR piglets was below detectable limits.
Serum hsCRP levels were similar among all groups on days
3, 7, 14, 21 and 28 of age, and averaged 13·6 (SD 5·3) mg/ml
among dietary treatment groups on day 28.

Discussion
There is broad consensus that human milk composition serves
as a model for infant formula. All breast milk naturally contains ARA and DHA, but the range of reported concentrations
is wide, and thus studies of optimal levels within the natural
range are relevant to setting composition guidelines. With
interest in optimising the formula content of ARA and DHA
for proper development of the infant central nervous and
immune systems, it is critical to determine the interaction
between these two LCPUFA and their resulting effect on
growth and development. The present study was carried out
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to determine whether ARA near the upper end of human
breast milk levels and with constant, high DHA influences
various parameters associated with growth and immune
functions.
Human term and pre-term infants are capable of synthesising ARA and DHA from the dietary precursors linoleic acid
(18 : 2n-6) and a-linolenic acid (18 : 3n-3), respectively(25),
although the rates of endogenous DHA biosynthesis are
insufficient to support optimal neural and visual development
in the Western countries in which studies have been
conducted(26). Formulas supplemented with single-cell TAG
oils act as highly bioavailable sources of LCPUFA and enhance
the plasma and erythrocyte content of ARA and DHA compared with infants consuming LCPUFA-free formula, and
within the range of breast-fed infants(27). However, plasma
and erythrocyte ARA levels serve as surrogate biomarkers
for tissue status, especially with regard to neural tissue(28).
Safety and functional outcome studies are thus necessary to
develop a complete picture of the relationship between
LCPUFA intake and overall health and development.
Growth is among the most useful clinical markers of infant
development. Over the last two decades, growth has been
implicated as a basis for addition of ARA to infant formula.
Early studies showed a correlation between blood ARA and
growth in pre-term infants fed formula supplemented with
marine oil(29), and prompted investigation of the hypothesis
that plasma ARA levels are crucial to growth outcomes(30).
Recent studies, however, indicate that LCPUFA supplementation has a negligible effect on growth(4,5). In the present
study, piglets fed 0·1 g/100 g ARA had marginally lower body
weights only on day 7 of age compared with all other FR
and MR piglets. These differences in body weight disappeared
by day 14 of age and the 0·1 g/100 g ARA piglets grew as well
as all other FR pigs for the remainder of the study. Neonatal
piglets grow approximately eightfold faster than human
infants during the first 2 weeks of life(31), with correspondingly
greater intake. The consequences of nutritional deficiency are
exaggerated in piglets, and any effects of dietary ARA on
growth should be amplified. At most a marginal, transient
effect of low ARA was observed in the present study. We
conclude that the dietary ARA level has a negligible effect
on growth outcomes, consistent with the recent reports in
human infants(4,5).
The absence or presence of DHA and ARA in piglet formula
can modulate neonatal immune responses(32). In the present study, three immune status measures were included to
examine immunisation response, immune maturation and
inflammatory state. These measures enable piglet data to be
applied to infants. First, if the dietary treatments modulated
the immunisation response in the piglets, then clinical trials
could follow up by monitoring vaccine responses in infants.
For immune maturation, it is known that early-life serum IgA
and IgG concentrations increase as exogenous antigen
exposures accumulate(33). This applies to piglets as well
because gnotobiotic pigs have significantly lower serum IgA
and IgG compared with conventionally raised pigs with a typical gut microflora(34). Thus, serum IgA or IgG may provide a
novel but rough comparison of net immunological maturation

across dietary treatments. Finally, higher intakes of DHA are
anti-inflammatory in humans and animal models(35), but it is
not known whether increasing the dietary ratio of ARA:DHA
in piglet formula produces a pro-inflammatory state. A wide
range of clinical and subclinical inflammatory events can trigger the liver to produce serum acute-phase proteins. Thus we
monitored three different acute-phase proteins, hsCRP, SAA
and Hp, because they can differ in their sensitivity to detect
systemic inflammation(36).
M. hyopneumoniae titres did not differ among any of the
dietary treatment groups. Titres were also relatively low compared with the manufacturer’s data on RespiSure-Onew(20,21).
The HerdChek ELISA kit is intended to monitor pig herds
for outbreaks of M. hyopneumoniae and focuses on dividing
sample titres into positive v. negative cases relative to a
single positive control sample, and may have limited ability
to detect subtle changes. Future studies using this system
may benefit from different immunisations or immunisation
schedules to induce higher serum titres and a detection test
with a broader dose– response curve.
MR piglets had significantly higher levels of serum IgA than
the other dietary treatment groups. One possible explanation
is that some or all of the IgA is maternally derived. However,
by 24 – 36 h after birth, piglets no longer transport milk Ig from
the gut into circulation(37). And, based on 125I labelled Ig clearance rates(38), the average half-life of maternally-derived IgA is
2·7 d. Thus, the elevated IgA in the serum of MR pigs is unlikely to be of maternal origin and may reflect differences in
the rate of maturation. Both serum IgG and IgM showed
groupwise comparison trends similar to IgA but failed to
reach significance. The lack of significant differences among
the FR groups indicates that altering the dietary amounts or
ratios of ARA to DHA has no adverse effect on immunological
maturation.
Serum acute-phase protein levels showed few significant
differences among any of the dietary treatment groups.
Values were highly variable, especially for Hp and SAA, and
had inconsistent patterns of between-group differences. SAA
levels were slightly higher than values for our MR pigs but
showed a similar trend of decreasing levels with age(39). In
the present study, where significant differences were found
among dietary treatment groups, e.g. day 28 Hp and day 7
SAA, they were not associated with higher concentrations of
ARA relative to DHA. Furthermore, hsCRP levels were similar
among all dietary ARA groups (A1 – A4) at every time point
measured. Thus, from the battery of three acute-phase protein
tests, we could not find evidence that increasing ARA relative
to DHA produces a detectable pro-inflammatory state.
A superficially striking observation from the present study
was the large difference in growth, haematology and clinical
chemistry parameters between the MR and FR piglets. These
results were not unexpected, however, as the diet and rearing
environment differed tremendously between the two groups.
In terms of growth, we opted to set intakes for the FR piglets
at 80 % ad libitum intake based on reports of growth patterns
for MR piglets(16) and data from a pilot study. This would
enable a moderately faster rate of growth for the FR piglets,
which was observed with a 2 kg difference in body weight
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between FR and MR piglets on day 28 of age. Remarkably,
absolute brain weights were unaffected by diet. However,
relative brain weights expressed as brain weight as a percentage of body weight were greatest for the MR piglets, and
driven entirely by the larger carcasses of the FR groups.
Here, excess nutrients beyond those required for brain
growth were partitioned to the FR carcass, highlighting the
brain’s protected growth during the perinatal period. Differences between the MR piglets and the FR groups were also
observed for biomarkers of blood Fe status, including Hb,
serum Fe, total Fe binding capacity and percentage saturation.
Furugouri(40) demonstrated that rapidly growing piglets exhibit high levels of erythropoiesis and have a heightened daily
requirement for available Fe. In the present study, the faster
rates of growth observed for the FR piglets compared with
the MR group corresponded to a heightened demand for Fe
that was apparently unmet and manifested as poorer blood
Fe status.
We have previously examined the safety of ARA and DHA
for use in formula at 0, 1, 2 and 5 times the levels currently
used in conventional infant formulas(8). For the 5 £ diet,
levels of ARA and DHA corresponded to 3·15 and 1·66 g/100 g
total FA, respectively, and across the full range of ARA and
DHA intakes tested, no untoward effects were observed for
growth, clinical chemistry or liver histopathology. Others
have observed a similar negligible effect on growth outcomes
when ARA and DHA were fed three times the level in conventional formulas(9). Questions related to the possible influence
of different ratios of ARA and DHA on growth and immune
function led us to conduct the present study. We observed
negligible differences among all the FR groups, indicating
that the dietary ARA level, when DHA is constant at 1·0 g/100 g
total FA, does not influence the outcomes measured here in
the neonatal period.
In these piglets, ARA levels in the heart and liver were
responsive to dietary ARA intake, while ARA levels in the
brain and retina were not (C. Tyburczy, K. S. D. Kothapalli,
W. J. Park, B. S. Blank, Y.-C. Liu, J. M. Nauroth, J. P.
Zimmer, N. Salem Jr, J. T. Brenna, unpublished results). The
heart showed strong sensitivity to the dietary ARA level,
with accretion being limited by dietary supply. Whether
these compositional changes in tissue ARA content are associated with the health and well-being of the developing infant
remain to be investigated.
In conclusion, milk replacer formulas supplemented with
physiologically high levels of ARA and DHA supported
normal growth, development and immune function in rapidly
growing domestic piglets up to 28 d of age. Dietary ARA level
comprising 0·1– 1·0 g/100 g total FA and fed concomitantly
with 1·0 g/100 g DHA produced no adverse effects in any
of the clinical chemistry, haematology or immune function
parameters that were measured.
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