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Abstract: In order to study the effects of dietary folic acid (FA) supplementation on growth performance and
immune status in weanling piglets, a single factorial randomized block design trial with 6 dietary FA levels at
0.35, 0.66, 2.19, 5.18, 7.51 or 10.81 mg/kg was conducted. A total of 108 crossbred (Landrace x Yorkshire)
castrated weanling piglets (at 21 d of age) were allocated by body weight into 36 feeding cages (3 piglets/cage),
which were allotted randomly into 6 dietary groups (6 cages/group). Piglets were fed ad libitum for 24 days.
Blood samples were collected on the 24" day. The growth performance and the immune parameters were
measured. Results showed that FA supplementation increased the serum FA level of weaned piglets (p <0.01),
and tended to increase the body weight (BW) at 45 d of age (p < 0.1) and the average daily gain (ADG) from 29
d to 45 d of age (p < 0.1). FA addition improved the feed efficiency (G/F) from 21 d to 45 d of age (p <0.01), and
with significant effects at 21 d to 45 d of age with FA 2.19 or 7.51 mg/kg (p < 0.05). Dietary FA at 0.66 or 2.19
mg/kg increased the serum CD3*CD8* subset (p < 0.05), decreased the CD3*CD4*/ CD3*CD8* ratio (p < 0.05);
Moreover, FA addition increased the serum IFN-y level (p < 0.05). In conclusion, the adequate dietary FA is
necessary to improve the immunity and growth performance of weaned piglets at 21 d of age. The suitable
dietary FA level for immune function from 21 d to 45 d of age was 0.66 mg/kg, while were 6.82 mg/kg from 21
d to 28 d of age and 5.42 mg/kg from 29 d to 45 d of age respectively for feed efficiency.

Keywords: weaning piglet; folic acid; feed efficiency; immune parameter

1. Introduction

Folates play a crucial role in various biological processes, including biosynthesis and epigenetic
regulation, by providing one-carbon moieties (Sesay et al., 2017). As mammals, including pigs, are
unable to synthesize folates, their metabolic needs must be primarily met through dietary sources
(Wang et al. 2021). Weaning pigs often experience a decrease in digestive and absorptive capacity, as
well as a significant reduction in food intake, which can result in undernutrition, growth suppression,
and increased susceptibility to infections (Pluske et al., 1997). Weaning can also affect the absorption
of dietary folate, and research has shown that the folate status of piglets tends to decline after weaning
(Liu et al., 2013).

Folate is generally believed to be essential for optimal immune function in pigs (Wang et al.,
2020). However, it is currently unclear whether different levels of folate intake during weaning,
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particularly in fast-growing piglets, could have an impact on immune status. Recent research has
suggested that the folate status of the gravid sow may influence the serum folate concentrations of
both the dam and her offspring, and affect postnatal immune responses (Grieshop et al.,, 1998).
Although the metabolic demand for vitamins B12, folate, and niacin may be reduced in high-health
animals, it is possible that rapidly growing animals may require greater amounts of these vitamins
due to increased nucleotide synthesis in proliferating satellite muscle cells (Stahly et al., 2007).
Therefore, we propose that dietary supplementation with folic acid at different levels may have a
positive impact on the immune status and growth performance of rapidly growing weanling pigs,
particularly under conditions of low feed intake. Further research in this area may help to elucidate
the potential role of folate in immune function and growth regulation in pigs.

The objective of this study was to investigate the effects of dietary fatty acid (FA)
supplementation at varying levels on the performance and immune parameters of newly weaned
piglets. Additionally, the study aimed to optimize the level of FA supplementation in the diet of
weanling piglets weighing between 7 to 11 kg.

2. Materials and methods

2.1. Animal ethics

All experiments involving swine were carried out in strict accordance with the Guide for the
Care and Use of Laboratory Animals Monitoring Committee of Sichuan Province, China, and the
protocols approved by the Sichuan Agricultural University Institutional Animal Care and Use
Committee (Approval NO. 20180021) .

2.2. Experimental animals and diets

A total of 108 crossbred (Landrace x Yorkshire) castrated piglets were used in this study, which
were newly weaned at 21 days of age with an average initial body weight of 6.93 + 0.07 kg. The sows
had been fed the same diets containing recommended folate levels in gestation and lactation (NRC,
2012). The piglets were equally assigned into 36 cages with a similar initial body weight of 3 piglets
per cage. Six cages were allotted randomly into 6 dietary groups with FA supplemented at 0, 0.3, 3.0,
6.0, 9.0 or 15.0 mg/kg respectively, the corresponding measured values of dietary FA were 0.35, 0.66,
2.19,5.18,7.51 or 10.81 mg/kg. FA 0.3 mg/kg was the level recommended by NRC (2012). FA supplied
by Bayer Sichuan Animal Health Co., Ltd. The basal diet was prepared on the basis of corn-soybean
meal to meet or exceed nutrient requirements for 5-10 kg piglets recommended by NRC (Table 1)
with all other vitamins at 200% level of the NRC requirements.

Table 1. Ingredient composition and nutrient concentrations of experimental diet (%, as-fed basis).

Item Basal diet
Ingredients

Corn 63.40
Soybean meal 25.60
Fish meal 4.00
Whey, dried 3.00
Soy oil 1.70
Sodium chloride 0.30
Dicalcium Phosphate 0.86
Limestone 0.66
DL-Methionine 0.05
L-Lysine - HCL 0.11
L-Threonine 0.02
Vitamin and mineral premix! 0.30

Total 100.00
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Calculated composition

Crude protein 20.00
Lysine 1.16
Methionine 0.36
Methionine + Cysteine 0.66
Tryptophan 0.24
Threonine 0.80
Calcium 0.75
Available phosphorus 0.38
DE 2, kcal/kg 3440

ME 3, kcal/kg 3285
Folate ¢, mg/kg 0.33

ISupplied diets with (per kg diet): retinol acetate 8.8mg; cholecalciferol 880ug; dl-R-tocopheryl acetate 64mg;
menadione 1 mg; riboflavin 7 mg; pantothenic acid 20 mg; nicotinic acid 30 mg; biotin 0.1 mg; thiamin 2 mg;
Vitamin B2 35 pg; choline 500 mg; Fe 100 mg (FeSO4.7H20); Zn 100 mg (ZnSO4.7H20); Cu 6 mg
(CuSO4.5H20); Mn 4 mg (MnSO4.H20); Se 0.3 mg (Naz25eOs); I 0.15 mg (KI); 2DE = digestible energy; *ME =
metabolic energy; * The measured value was 0.35 mg/kg. In the diets supplemented with folic acid, 0.3, 3.0, 6.0,
9.0 or 15.0 mg/kg folic acid were added at the expense of corn, and corresponding measured values of the total

dietary folic acid were 0.66, 2.19, 5.18, 7.51 or 10.81 mg/kg.

All piglets were housed in the same 2.5 x 1 x 1 m stainless steel feeding cages, equipped with a
feeder and nipple water. Piglets were fed ad libitum and free access to water. Temperature (23-27 C)
and a cycle of 16 h light / 8 h dark were maintained in the mechanically ventilated room. Piglets were
weighted on the beginning, the 7t and the 24t day of the study. The feed disappearance per cage and
body weight (BW) was measured at 29 d and 45 d of age, and average daily gain (ADG), average
daily feed intake (ADFI), and feed efficiency (G/F) were calculated. Feces were visually assessed after
feeding three times daily (08:00, 12:00 and 20:00) and assigned a consistency score by a single person
blinded to dietary treatments. A score of 0, 1, 2 or 3 was recorded to indicate firm, soft but formed,
runny or severe watery diarrhea, respectively. Diarrhea index (DI) was defined as the total grades
for fecal consistency of 3 piglets in each cage during different feeding period.

2.3. Sample collection

After fasting for 8 hours, blood sample was obtained from one piglet per cage by vena cava
puncture in the morning on the 24* day (at 45 d of age of piglets). Samples of 5ml blood per piglet
were centrifuged at 1000 x g for 15 min to obtain serum, which were stored at -80 C until analysis for
FA, antibodies, and cytokines. Samples of 3 ml blood per piglet at 45 d of age were immediately
heparinized (20 i.u. / ml), and prepared for flow cytometric analysis (FACS).

2.4. Cell preparation and flow cytometric analysis

About 3ml heparinized blood per sample was centrifuged (4 °C; 1000 x g, 5 min) to obtain
precipitated cells, which were treated by 2 ml red blood cell lysis buffer (8.26 g of NH4«Cl, 1 g of
KHCOs and 0.037 g of Na4sEDTA per litre of distilled water) 1 min and centrifuged (4 °C; 1000 x g, 5
min) again. After washing twice using cold RPMI-1640 (Sigma, USA), cells were resuspended with
cold RPMI-1640 (10% FBS; Sigma, USA) and immediately dispersed mechanically by vortex mixing.

The phenotypes of lymphocyte subpopulations from peripheral blood were monitored by a
standard FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA) operated by
CELLQuest software, using a panel of fluorescein (FITC), spectral red (SPRD) or phycoerythrin
(PE)-labeled monoclonal antibodies (MABs) (South. Biotech. Assoc., Inc., Birmingham, AL, USA). The
MAB:s includes mouse anti-porcine CD3e-FITC (Lot F7207-N598), mouse anti-porcine CD4a-PE (Lot
E4510-02), mouse anti-porcine CD8a-SPRD (Lot K0602-NB08z). The cells as 5*10° per tube were
incubated for 30 min with 10 pl of each MAB and after three times washes, the percentage of single-
positive cells (such as CD3* subset is the percentage of cells single-positive to mouse anti-porcine
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CD3e-FITC ) or double-positive cells (such as CD3*CD4* subset is the percentage of cells double-
positive with both mouse anti-porcine CD3e-FITC and mouse anti-porcine CD4a-PE, and CD3*CD8*
subset is the percentage of cells double-positive with both mouse anti-porcine CD3e-FITC and mouse
anti-porcine CD8a-SPRD in the peripheral lymphocyte) were then assessed by flow cytometry, and
the relative number of CD cell subpopulations was determined in each sample.

2.5. Quantification of cytokines and immunoglobulins in serum

Concentration of interleukin-4 (IL-4), tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y)
in serum were determined using swine ELISA kits (Rapid Bio. Lab, USA) for IL-4 (Lot 09150901),
TNF-a (Lot 02060904) and IFN-y (Lot 03080607). Following the instructions of the manufacturer,
optical density values were read in a microplate reader at 450 nm, and the levels of serum cytokines
were calculated by interpolation using standard curves.

The levels of serum nitric oxide (NO) in were determined by a nitrite detection kit (Beyotime
Biotech Inc., Jiangsu, PRC) according to instructions provided by the manufacturer. Briefly, 50 ul of
serum or standard NaNO: was mixed with 100 ul of Griess reagent in a 96-well plate. After 15 min,
optical density was read in a microplate reader at 540 nm.

The levels of serum immunoglobulin G (IgG) were determined by immunoturbidimetry method
provided in IgG assay kit (Sichuan Maker Science & Technology Co., Ltd., PRC; Lot 1007051). Briefly,
3 ul serum sample or standard serum was incubated with 300 ul goat serum reagent (containing goat
anti-pig IgG, and removed lipoid) in a 96-well plate. After 10 min, optical density was read in a
microplate reader at 340 nm.

2.6. Microbiological assay for folic acid

The content of FA in diet or serum were measured by microbiological plate method using a
VitaFast® FA kit (R-Biopharm AG, Darmstadt, Germany; Lot KF40011). Following the instructions of
the manufacturer, procedures were used as described by Molloy and Scott (1997) with minor
modification. Homogenized diet or serum sample at 1 ml was measured into a 50 ml sterile centrifuge
vial, filled up to 40 ml with phosphate buffer (0.05 mol/l; 0.1% ascorbate; pH 7.2) for an extracting 30
min at 90-100 C in a water bath shaking well, and chilled down quickly to room temperature.

To isolate the folate from serum protein, the extract of serum was added 10 mg of dry
Pancreatin (P1750; Sigma, USA) and incubated for 24 hours at 37 'C, and heated for 30 min in a water
bath at 90-100 C, thereafter chilled down quickly to below 30 'C. The sample extraction as 1.0-1.5 ml
was filtered with a sterile filter (0.2 um) into a sterile reaction vial. The diluted extract and the FA
assay-medium were pipetted into the wells of a microtiter plate which had been coated with
Lactobacillus rhamnosus (ATCC Nr.7469) and sealed airtight. Fully responding to both oxidized and
reduced folates with 3 or fewer glutamate residues, the bacteria growth stopped until the vitamin
was consumed (Molloy and Scott, 1997). The intensity of metabolism or growth in relation to the
extracted folates was measured as turbidity and compared to a standard curve. After incubating in
the dark at 37 °C for 44 - 48 h, the measurement was done using an ELISA reader at 620 nm.

2.7. Statistical analysis

The data were analyzed statistically by single factorial variance analysis using the general linear
model procedure of SPSS 20.0 software (SPSS Inc., Chicago, IL). Data sets were further analyzed using
post hoc tests (least significant difference, LSD) for multiple comparisons to determine the statistical
differences between groups, which were denoted by different letter superscripts. On the data, the
correlation analysis and the regression analysis were also carried out using the procedure of SPSS
20.0 software. Quadratic effects on growth performance due to dietary FA levels were determined,
and dietary FA levels needed to optimize feed efficiency or ADG were calculated respectively. Each
feeding cage with 3 piglets was used as the experimental unit for growth performance. Data were
expressed as mean + SEM. A value of P <0.05 was considered statistically significant.
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3. Results

3.1. Growth performance and diarrhoea index

As shown in Table 2, all groups had a similar initial average bodyweight (p = 0.999). Dietary FA
addition tended to influence the BW at 45 d of age (p < 0.1). Compared with the control group, the
groups fed diets containing FA 2.19 mg/kg or 7.51 mg/kg had larger BW at 45 d of age respectively (p
<0.05). In addition, dietary FA levels tended to influence the ADG from 29 d to 45 d of age (p <0.1)
and the ADG from 21 d to 45 d of age (p <0.1). The groups fed diets containing FA 2.19 mg/kg or 7.51
mg/kg had bigger ADG from 29 d to 45 d of age and ADG from 21 d to 45 d of age than those of the
control group respectively (p < 0.05).However, no significant effects of dietary FA levels on ADFI
were found.

Table 2. Effects of dietary folic acid levels on performance and diarrhoea in weaned piglets ! (n=6).

Item 2 Fee-ding Dietary folic acid level, mg/kg SEM. p-value
period * 0.35 0.66 2.19 5.18 751  10.81
21d 6.928 6928 6931 6928 6928 6931 0.004 0.999
BW, kg 28d 7017 7078 7.061 7072 7319 7156 0.039 0275
45d 10.350 10.947 11.103 10.560 11.228 10.878 0.102  0.097

21dto28d 12.7 21.7 18.8 20.7 56.0 32.0 5.53 0.256

ADG, g 29dto45d 1961 2276 2363 2000 2299 219.0 4.99 0.097

21dto45d 1426 167.5 1740 1512 1792 1645 4.26 0.098

21dto28d 1329 1315 1472 1298 1495 1477 4.68 0.691

ADF], g 29dto45d 3296 3641 360.8 336.8 356.0 360.9 6.48 0.549

21dto45d 2722 2962 3015 2783 2958 298.7 5.54 0.585

21dto28d 0.068 0.106 0.102 0.104 0370 0217 0.040 0.245

G/F, g/g 29dto45d 0595 0.626>< 0.654c 0.5912= 0.645¢ 0.607*> 0.006  0.002
21dto45d 0.523= 0.565> 0.576b< 0.540® 0.605¢ 0.551= 0.006  0.000

21dto28d 6.5 13.2 11.4 8.4 3.8 8.3 1.25 0.293

DI3 29dto45d 18.2 10.3 15.2 17.0 8.3 11.5 1.67 0.471
21dto45d 24.7 23.5 26.6 25.4 12.2 19.8 1.96 0.283

! Different superscript letters indicate significant difference at p < 0.05; 2 BW = Body weight, ADG = Average
daily gain, ADFI = Average daily feed intake, G/F = Feed efficiency, and DI = Diarrhoea index; 3 Diarrhoea

index (DI) was defined as the total grades for faecal consistency of 3 piglets per cage during different feeding

period; 4 Feeding period is expressed by the days of age in weaned piglets.

There were significant differences of G/F from 29 d to 45 d of age (p < 0.01) and from 21 d to 45
d of age (p <0.01) among the groups. Compared with the control group, the weanling piglets fed diets
containing FA 2.19 mg/kg or 7.51 mg/kg had better G/F from 29 d to 45 d of age and G/F from 21 d to
45 d of age respectively (p < 0.05), and the group fed diet containing FA 0.66 mg/kg had a better G/F
from 21 d to 45 d of age (p < 0.05). No significant effects of dietary FA levels on DI were found.

As showed in Table 3, the quadratic effects of dietary FA levels on the growth performance
(including ADG from 21 d to 28 d of age, ADG from 21 d to 45 d of age, G/F from 21 d to 28 d of age,
G/F from 29 d to 45 d of age, and G/F from 21 d to 45 d of age) were significant (p < 0.05). The dietary
FA levels needed to optimize ADG or G/F were 6.58 or 6.82 mg/kg from 21 d to 28 d of age and 5.78
or 5.42 mg/kg from 29 d to 45 d of age.
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Table 3. Quadratic regressions of performance index (Y) on dietary folic acid level as independent
variables (X) (n=6).

Performance index ! Quadratic regression equation  R2 P-value Optlmlzah;){n g

ADG 21284 y =-1.021x2 +13.435x +8.040 0.48 0.035 6.58 52.2

G/F 21284 y =-0.00679x2 + 0.0926x + 0.0239  0.49 0.029 6.82 0.340
ADG 29454 y =-0.918x2 + 10.619x + 208.540 0.33 0.088 5.78 239.2
G/F 29454 y =-0.00204x2 + 0.0221x + 0.603 0.61 0.002 5.42 0.663
ADG21-454 y =-0.947x2 + 11.441x + 150.027 0.43 0.048 6.04 184.6
G/F 21454 y =-0.00247x2 + 0.0288x + 0.529 0.72 0.000 5.83 0.613

TADG 2184 = ADG from 21 d to 28 d of age, ADG 2.454= ADG from 29 d to 45 d of age, ADG 21454= ADG from
21 d to 45 d of age, G/F 2128a = G/F from 21 d to 28 d of age, G/F 29454 = G/F from 29 d to 45 d of age, and G/F 2145
a=G/F from 21 d to 45 d of age. ? Dietary FA levels (X) needed to optimize the values of Y (ADG or G/F) were
calculated respectively.

3.2. Folate status

As expected, FA supplementation increased the serum FA concentration (p <0.01) in weanling
piglets (Table 4). At 45 d of age, the control group had a lower serum FA concentration than other
groups (p < 0.01); and the group fed diet containing FA 7.51 mg/kg had a higher serum FA
concentration than that of the group fed diet containing FA 0.66 mg/kg (p < 0.05).

Table 4. Effects of dietary folic acid levels on serum levels of folic acid, cytokines, nitric oxide and
immunoglobulins G2 (n=6).

Dietary folic acid level, mg/kg

Item S.E.M. P-value
0.35 0.66 2.19 5.18 7.51 10.81
Folic acid, ng.ml" 64.72 77.2b 83.7bc  84.7bc  91.4¢ 88.0bc 548 0.000
IgG, g1 5.85 5.66 5.50 5.57 5.26 5.44 0.198 0.097
IL-4, pg.ml! 41.3 47.5 46.4 45.8 425 44.0 3.05 0.325
TNF-a, pg.ml? 5282 5737 5629 5822 536.1 556.8 36.1 0.644
IFN-vy, pg.ml?! 132.82  152.7°> 155.1> 149.4> 150.4> 148.4> 6.99 0.048
NO, pmol.I* 20.0 23.6 24.0 35.9 28.9 29.7 12.04 0.818

TNF-a /IL-4 (Th1/Th2)? 12.8 12.1 12.2 12.7 12.6 12.7 0.29 0.091

! Sera were obtained from the blood samples at 45 d of age in piglets. ? Different superscript small letters

indicate significant difference at p <0.05. 3 The ratio of TNF-a to IL-4 is commonly used to examine the balance
of the T-helper (Th)1/Th2-type response.

3.3. The levels of serum cytokines, nitric oxide and immunoglobulin G

FA supplementation increased the serum IFN-y concentration (p < 0.05) in weaned piglet at 45
d of age, and the control group had a lower one than those of other groups (p < 0.05) (Table 4). The
serum levels of IL-4, TNF-a, and NO were not significantly different among each group. Dietary FA
addition tended to reduce the serum TNF-at / IL-4 (p <0.1).

Moreover, dietary FA levels tended to decrease the serum IgG (p < 0.1), and the control group
had a higher serum IgG concentration than the groups fed diet containing FA 7.51 mg/kg (p < 0.05)
or 10. 81 mg/kg (p <0.05) at 45 d of age.

3.4. The peripheral lymphocyte subpopulation

Dietary FA addition tended to increase the CD3*CD8* subset (p < 0.1) and the ratio of CD3*CD4*
to CD3*CD8* (p <0.1) in weaned piglet at 45 d of age (Table 5). The group fed diet containing FA 0.66
mg/kg had a higher CD3*CD8* subset than the control group or the group diet containing FA 5.18
mg/kg (p < 0.05), and the group fed diet containing FA 2.19 mg/kg had a higher CD3*CD8* subset
than the control group (p < 0.05) too. The control group had a higher ratio of CD3*CD4* to CD3*CD8*
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than the groups diet containing FA 0.66 mg/kg (p < 0.05), or 2.19 mg/kg (p < 0.05), or 10.81 mg/kg (p <
0.05) at 45 d of age respectively.

Table 5. Effects of dietary folic acid levels on the peripheral lymphocyte subpopulation (n=6).

Dietary folic acid level, mg/kg

Item ! S.E.M. P-value
0.35 0.66 2.19 5.18 7.51 10.81

CD3* % 65.2 62.0 69.3 64.2 63.3 67.6 1.12 0.400

CD3*CD4*, % 34.4 329 34.5 33.6 31.5 34.7 0.82 0.881

CD3+*CD8*, % 22.0 32.2 30.1 27.5 24.7 28.5 1.07 0.065

CD3+CD4+/ CD3*CD8* 1.57 1.07 1.20 1.24 1.31 1.22 0.050  0.090

1CD3* subset is the percentage of cells single-positive to mouse anti-porcine CD3¢e-FITC in the peripheral

lymphocyte assessed by flow cytometry. CD3*CD4* subset is the percentage of cells double-positive with both
mouse anti-porcine CD3e-FITC and mouse anti-porcine CD4a-PE in the peripheral lymphocyte assessed by
flow cytometry. CD3*CD8* subset is the percentage of cells double-positive with both mouse anti-porcine
CD3e-FITC and mouse anti-porcine CD8a-SPRD in the peripheral lymphocyte assessed by flow cytometry.

4. Discussion

4.1. The effects of dietary supplementation with FA on the growth performance in weanling piglets

The observed values of dietary FA that were lower than the calculated values could potentially
be attributed to the expenses associated with FA during feed processing, as well as the determination
method utilized (Molloy and Scott, 1997; Guay et al., 2002). However, given the similar gradient and
high correlation between the observed and calculated values of dietary FA, it can be concluded that
the experimental treatments employed in this study were meaningful and valid.

The data obtained from the present study indicated that the changes in serum FA levels were
consistent with the level of FA supplementation in the diet of weanling piglets. This finding
confirmed that the FA supplemented in the diet was effectively absorbed by the piglets, leading to
an improvement in the folate status of the weanling piglets.

Easter et al. (1983) conducted a study on pigs fed a corn-soybean meal diet during the starting
phases, with an initial weight of 9.0 kg. They found that the pigs gained weight and used their feed
efficiently, with no significant difference observed between those supplemented with 0.5 or 1.5 mg
of FA/kg of diet. However, a study by Lindemann & Kornegay(1986) reported improved daily weight
gain in weanling piglets fed a corn-soybean meal diet supplemented with FA at 0.5 mg/kg. In a recent
study, dietary supplementation with FA was found to improve the growth performance of piglets.
Specifically, ADG of piglets from 21 to 45 days of age fed diets with FA at 2.19 or 7.51 mg/kg were
significantly increased. However, it is important to note that various factors can impact the effects of
FA supplementation on growth performance in piglets, including genotypes, feeding phases, body
weight, feed ingredients, levels of other nutrients (including other vitamins) in feed, immune states,
use of sulfa drugs, and status of intestinal microbiota (Wang et al., 2021).

The results of the present study indicate that dietary supplementation with a suitable level of
FA significantly improves feed efficiency in piglets, but has no obvious effects on feed intake. These
findings suggest that the improved growth performance observed in the study was primarily due to
increased feed efficiency resulting from FA supplementation, while the decreased incidence of
diarrhoea may have played a partial role in the improvement. Previous research conducted in South
Africa showed that oral folate shortened the duration of diarrhoea in children (Haffejee, 1988).
However, this result was not supported by another study, which found that folic acid was ineffective
in the treatment of acute watery diarrhoea in children (Ashraf et al., 1998). In a study by Shoda et al.
(2007), large-dose FA supplementation was found to significantly reduce the count of enteric bacteria
translocated into the mesenteric lymph nodes and showed a trend towards a reduction in indigenous
bacteria adhering to the jejunal mucosa, although it did not prevent diarrhoea and malnutrition
induced by a lectin-based diet.
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Enterocytes are known to have a high rate of turnover, with their proliferation and apoptosis
being sensitive to the status of FA (Bressenot et al., 2013). This sensitivity to FA suggests that one
potential beneficial effect of folate for piglets could be in accelerating the regeneration of damaged
cells associated with diarrhoea and postweaning villus atrophy. The present study showed that the
group fed a diet containing 10.81 mg/kg of FA had a lower incidence of diarrhoea than the group fed
a diet containing 2.19 mg/kg of FA, indicating that dietary FA levels may play a role in the health of
the intestinal tract. These findings further support the potential benefit of dietary FA
supplementation for piglets in improving gut health and reducing the risk of intestinal diseases.

The present study revealed significant quadratic effects of dietary FA levels on the growth
performance of weanling piglets. The results indicated that to optimize average daily gain (ADG) or
feed efficiency, dietary FA levels of 6.58 or 6.82 mg/kg were needed from 21 d to 28 d of age, and 5.78
or 5.42 mg/kg were needed from 29 d to 45 d of age, respectively. Notably, these levels were higher
than the current recommendation of 0.3 mg FA/kg diet for 5-10 kg piglets by NRC (2012). Results of
our successive trials (data were not given) indicated that the level of FA supplemented into diet
would be declined following with the growth of piglet.

4.2. The effects of dietary supplementation with FA on the immune parameters in piglets

The porcine immune system is not fully developed at birth, and the period around weaning (3-
4 weeks of age) is critical for its development, particularly for the cellular component (Stepanova et
al., 2007). Folate is essential for DNA synthesis and is involved in several reactions of amino acid
metabolism (Guo et al., 2017). Cells lacking folate accumulate in the S phase, leading to increased
uracil misincorporation and DNA damage. When folate is reintroduced to folate-deficient cells, S
phase accumulation is reversed, and proliferation is restored (Hwang et al., 2018; Konrad et al., 2018).
Courtemanche et al. (2004) found that folate deficiency was associated with reduced T-cell
proliferation, increased apoptosis, a marked decrease of CD8* cells, an increase of the CD4+ / CD8*
ratio, and the proliferation of activated CD8* cells was more sensitive to the lack of folate than CD4*
cells in vitro. The results of the present study showed that groups fed diets containing 0.66 mg/kg or
2.19 mg/kg of FA had higher CD3*CD8* subsets at 45 days of age than the control group. These results
suggest that CD8 cell proliferation is sensitive to dietary supplementation with FA, even at lower
levels, and active proliferative cells such as lymphocytes may increase the FA requirements of
weaning piglets (Elmadfa & Meyer, 2019). Therefore, it is necessary to supplement sufficient FA in
the diet of weanling piglets to ensure CD8+ cell proliferation.

Immature T lymphocytes (CD4*CD8*) undergo processing in the thymus and are released into
the peripheral blood in two subpopulations: Th cells (CD4- cells) which activate other immune cells,
and CTLs (CD8* cells) which recognize and destroy infected cells, foreign tissue, and tumor cells. The
ratio between these two subpopulations is crucial for proper immune function, and changes in the
CD4+/CD8* ratio have been observed in various immune status conditions (Fangman et al., 1996;
Williams et al., 1997). In the present study, the control group had a higher CD3*CD4* and CD3*CD8*
ratio than those of the groups fed diets containing 0.66 mg/kg, 2.19 mg/kg, or 10.81 mg/kg of FA,
which indicates that the immune system of weanling piglets in the control group may be vulnerable
to activation. This finding confirms that dietary supplementation with folic acid can affect the
immune status of weanling piglets. Based on the data, dietary FA levels of at least 0.66 mg/kg are
required for weaned piglets from 21 d to 45 d of age.

The results of the present study demonstrated that serum IFN-y levels increased in weanling
piglets with FA supplementation, which is consistent with a previous study by Field et al. (2006) in
24-month-old rats that showed an increase in tissular IFN-y levels of the spleen with dietary FA
supplementation. Moreover, Field et al. (2006) also found that the folate-supplemented diet had an
impact on the T-helper (Th)1/Th2-type response, as evidenced by the ratio of TNF-a to IL-4. In the
present study, dietary FA levels tended to impact the balance of the Th1/Th2-type response, as
indicated by the serum IgG level of the control group, which was higher than those of the groups fed
diets containing FA at 7.51 mg/kg or 10.81mg/kg. These findings suggest that sufficient FA is essential
for the immune system, and dietary FA levels might be involved in immune regulation in weanling
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piglets, necessitating dietary FA at 0.66 mg/kg or more from 21 d to 45 d of age. While no dose
response was observed, these immune parameters were impacted by dietary FA levels, highlighting
the importance of proper FA supplementation for optimal immune function.

5. Conclusions

In summary, our study demonstrates that sufficient dietary FA is essential for both growth
performance and immune function of weaned piglets. The results indicate that a dietary FA level of
0.66 mg/kg or more is needed from 21 to 45 days of age to ensure immune function. Moreover, to
optimize feed efficiency, a dietary FA level of 6.82 mg/kg from 21 to 28 days of age and 5.42 mg/kg
from 29 to 45 days of age is recommended. These findings have important implications for the
development of optimal nutritional strategies for weaned piglets, as well as for the promotion of their
health and well-being.
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