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Abstract: This study was performed to evaluate the plasma vitamin kinetic behavior following oral
vitamin supplement administration in pigs, and to determine the bioavailability of vitamins. A total of
36 pigs (fitted with jugular catheters) with an average body weight of 25 ± 2.24 kg were divided into
three treatment groups: (1) placebo, (2) non-microencapsulated multivitamins supplement, or (3) lipid
matrix microencapsulated multivitamins supplement. The blood samples were obtained starting pre-
meal until 72 h post-meal for plasma vitamin analysis. Pharmacokinetic parameters were modeled
with a non-compartmental method. The AUC (Area under the curve) from the time of dosing to the
time of the last observation, Cmax (Maximum observed concentration), and MRT (Mean residence
time) of α-tocopherol from oral non-microencapsulated supplement were significantly lower than
oral microencapsulated supplement (p < 0.01). The average relative bioavailability of vitamin A
(VA) and vitamin E (VE) from microencapsulated supplement was greater than that from non-
microencapsulated supplement, but relative bioavailability of vitamin K3 (VK3) and water-soluble
vitamins from microencapsulated supplement was lower than non-microencapsulated supplement.
The AUC and Cmax of menadione, thiamine, and riboflavin from microencapsulated supplement were
significantly lower than these parameters from oral non-microencapsulated supplement. Lipid matrix
microencapsulation was able to delay absorption and improved the bioavailability of VE, whereas
there were limited effects of microencapsulation on vitamin D (VD), VK3, and water-soluble vitamins.

Keywords: bioavailability; kinetics behavior; pig; pharmacokinetic analysis; vitamins

1. Introduction

With the development of the vitamin industry, multivitamin supplements are widely
used. Vitamins are highly biologically active organic substances; they are a special type
of nutrients necessary for the normal life and growth of animals [1]. Vitamins are always
needed, they are physiologically regulated and controlled. The metabolism of vitamins
is of great importance for growth, health, development, reproduction, and immunity [2].
Vitamin A is usually crucial for normal vision, protection of the epithelium, resistance
against infection, improving ovulation, and implantation of the embryo [3]. The biofunc-
tion of vitamin D is the efficient absorption and homeostasis of calcium and phosphorus
and therefore is required for normal mineralization of bones [4]. Vitamin E has antioxidant
function as a peroxyl radical scavenger, and vitamin K, referred to as the coagulation vita-
min, is indispensable for maintaining the function of the blood coagulation system [1,5].
The water-soluble vitamins of the B group act as co-enzymes. Each coenzyme is involved
in the metabolism of amino acids, carbohydrates, and fat [1,6].

Powered by advanced chemical synthesis and delivery systems, encapsulation tech-
nology has also been used in animal feed, which provides a physical or chemical barrier
to isolate the core substance from the surroundings until released in the target site [7,8].
Microencapsulation can control the concentration of nutrients in the peripheral circulation
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through slow release in the intestine, improve the body’s utilization of nutrients, and
prevent nutrient degradation in the processing, storage process, and digestive tract [9,10].
Lipid matrix microencapsulation has been widely applied to deliver biological active sub-
stances to the host’s gut [11,12]. However, there is a limitation of information on the plasma
release of vitamins when feeding the lipid matrix microencapsulated supplement to pigs.
This study hypothesized that the vitamin supplement with lipid matrix (commercially-
available) could slowly release vitamins in pigs’ intestines. Therefore, the objectives of
this study were to investigate the pharmacokinetics of vitamins in plasma after a single
oral administration of different forms of multivitamin supplements to pigs and provide a
theoretical basis and data to support the application of vitamins.

2. Materials and Methods
2.1. Experimental Materials

Deionized water was used to prepare all aqueous solutions. A standard was purchased
from Sigma–Aldrich (St. Louis, MO, USA). The methanol was high-performance liquid
chromatography (HPLC) grade and was purchased from Fisher Scientific (Waltham, MA,
USA). Other chemicals were analytical grade and obtained from Sinopharm Chemical
Reagent LTD (Shanghai, China). The blend of vitamins was embedded in lipid matrix
microparticles (Wellroad Animal Health Co. Ltd., Taiyuan, China). The components of
the lipid matrix vitamin supplement were hydrogenated fat for the matrix material and
vitamins as core ingredients embedded (microencapsulated) within the lipid matrix. The
vitamin sources were retinyl esters, cholecalciferol, α-tocopherol acetate, menadione sodium
bisulfite, thiamine mononitrate, riboflavin, nicotinic acid, calcium pantothenate, pyridoxine
hydrochloride, biotin, folacin, and cyanocobalamin.

2.2. Animal, Surgery and Treatment

A total 36 healthy castrated male pigs (Duroc × Landrace × Yorkshire) were selected
in this study; they were weaned at 28 days of age and subsequently adapted to a basal
diet without containing additional vitamin supplements. Diet was formulated to meet net
energy, amino acids, and mineral requirements for pigs according to the National Research
Council [6], which was in line with commercial practice (Table 1).

One week before the experiment (63 d of age), pigs were housed individually in
metabolism cages and adapted to twice-daily meal feeding at a rate of 500 g/meal. Midway
through this period, pigs were anesthetized by an intramuscular injection of 7 mg/kg body
weight of Zoletil (Virbac Laboratories, Carros, France), and 200 µg/kg body weight of
Butorphanol (Intervet International, Boxmeer, The Netherlands) was subsequently injected
as a painkiller, then catheters were inserted in the jugular veins. Once the catheter was
in place, the catheter was taped to the animal. After operation, an antibiotic was intra-
muscularly injected to prevent infections. Catheters were flushed daily with heparinized
sterile saline to prevent blockage. This procedure was described previously [13,14]. At the
day before the start of the experiment, pigs fasted overnight except for water so that the
experimental meal containing the tested substance could be finished in a short time.

The average body weight of animals was 25 ± 2.24 kg on the day before the start of the
experiment. They were randomly allocated to one of three treatments: (1) placebo, (2) non-
microencapsulated (normal form) multivitamin supplement, and (3) microencapsulated
(lipid matrix) multivitamin supplement. These vitamin supplements were formulated to
contain identical levels of vitamins. The vitamin supplement provided per kilogram of diet
contained: 13,500 IU of retinyl acetate, 3000 IU of cholecalciferol, 30.0 IU of α-tocopherol
acetate (fat-soluble form), 3.0 mg of menadione sodium bisulfite, 3.0 mg of thiamine
mononitrate, 6.0 mg of riboflavin, 30.0 mg of nicotinic acid, 18.0 mg of calcium pantothenate,
3.0 mg of pyridoxine hydrochloride, 0.03 mg of biotin, 0.12 mg of folacin, and 24.0 µg of
cyanocobalamin. The dosage of vitamins was chosen based on a survey in pig industry,
which showed that the commercial vitamin usage for pigs in China [15]. On d 0, before
providing the tested substances, a blood sample (time 0 h) was collected. Subsequently, pigs
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fed the basal diet containing placebo, non-microencapsulated (normal form) multivitamins
supplement, or microencapsulated (lipid matrix) multivitamins supplement, respectively.
No consumed feed was left in this study for each pig.

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

Item Percent

Corn 69.00
Soybean meal 23.62

Soybean oil 3.18
Dicalcium phosphate 1.20

Limestone 0.91
Salt 0.30

L-lysine HCL 0.68
DL-methionine 0.13

L-threonine 0.24
Tryptophan 0.04

L-valine 0.20
Trace-mineral premix 1 0.50

Total 100.00
Calculated nutritional values

Net energy (Kcal/kg) 2412.00
Crude protein 17.31

SID Lysine 1.23
SID Methionine 0.36
SID Threonine 0.73

SID Tryptophan 0.20
SID Valine 0.78

Total Calcium 0.69
STTD Phosphorus 0.34

SID, standardized ileal digestible; STTD, standardized total tract digestible; 1 Trace mineral premix provided
the following per kg of diet: Manganese (MnO), 30 mg; Iron (FeSO4·H2O), 100 mg; Zinc (ZnO), 80 mg; Copper
(CuSO4·5H2O), 90 mg; Iodine (KI), 0.25 mg; Selenium (Na2SeO3), 0.15 mg.

The time of providing the tested substances was set as time 0. Subsequently, jugular blood
specimens were taken at 1, 3, 6, 9, 12, 16, 24, 48, and 72 h post-treatment. These time points
were designed according to previous study [14]. Blood sampling was carefully conducted
to avoid any excitement of pigs. These blood samples were collected in tubes containing
ethylenediaminetetraacetic acid, and plasma was isolated after centrifugation (3000× g) at 4 ◦C
for 10 min. plasma was transferred to cryovials for storage at −80 ◦C until analyzed.

2.3. Laboratory Analysis

For the extraction of retinol, plasma proteins were precipitated with ethanol and vortexed
for mixing. Subsequently, the sample was mixed with n-hexane (500 µL) for extraction.
The organic layers were moved to dry under a stream of nitrogen. The dried sample was
reconstituted with methanol (100 µL) by vortexing. The quantitative determination was
performed by injection of 35 µL into a high-performance liquid chromatography (HPLC)
machine (Agilent Technologies Inc., Santa Clara, CA, USA). Absorbance was monitored
at 350 nm to maximize the detection of retinol, and a mobile phase of 98% methanol was
run at a flow rate of 1 mL/min. The limitation of detection for retinol was 0.01 µg/mL.
The 25-hydroxyvitamin D3 concentrations in the blood were detected and measured using
a combination HPLC and mass spectrometry techniques, the flow rate was 0.5 mL/min
with a gradient of mobile phase made of deionized water containing 0.1% formic acid and
methanol containing 0.1% formic acid, the limitation of detection for 25-hydroxyvitamin D3
was 2.5 ng/mL. The quantification of α-tocopherol in plasma was performed by the HPLC
method described previously [16]. Briefly, 1 mL of plasma was extracted by 1 mL of ethanol
which contained 0.15% BHT for inhibiting autoxidation of tocopherol, and 3 mL of n-hexane
containing 0.025% butylated hydroxytoluene. After mixing and centrifuging, the supernatant
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(2 mL) was removed into a clean tube and brought to dryness using a stream of nitrogen, and
the dried sample was reconstituted with 200 µL of methanol. This quantitative determination
was performed by HPLC system, which equipped an octadecylsilane column (250 × 4.6 µm,
Agilent Technologies Inc., Santa Clara, CA, USA). Absorbance was monitored at 230 nm
to maximize the detection of α-tocopherol, and a mobile phase of 100% methanol was run
at a flow rate of 1 mL/min. The limitation of detection for α-tocopherol was 0.1 µg/mL.
To determine the concentration of menadione in plasma, the sample was mixed with two
volumes of methanol for precipitating proteins. After centrifugation, the supernatant was
removed into a new plastic tube, and extracted by n-hexane. The supernatant (upper organic
phase) was removed again into a clean tube and concentrated with a stream of nitrogen. After
drying, the sample was reconstituted with 100 µL of methanol, and 50 µL of subsample was
injected for detection through LC MS/MS (Thermo Fisher Scientific, Waltham, MA, USA).
The liquid chromatography was run at a flow rate of 0.3 mL/min with a gradient of mobile
phase made of deionized water containing 0.1% formic acid and methanol. The limitation
of detection for menadione was 0.1 ng/mL. Liquid chromatography–mass spectrometry
technique was also used to determine the level of thiamine, riboflavin, pyridoxal, biotin,
pantothenic acid, and cyanocobalamin in blood. The liquid chromatography was run at
a flow rate of 0.5 mL/min with a gradient of the mobile phase made of 0.1% formic acid
containing 5 mM ammonium formate water and 0.1% formic acid in methanol; vitamins
were quantified using triple quadruple mass spectrometer. The limitations of detection were
0.1 ng/mL for thiamine, 5.0 ng/mL for riboflavin, 0.25 ng/mL for pyridoxal, 0.25 ng/mL for
biotin, 2.5 ng/mL for pantothenic acid, and 2.5 ng/mL for cyanocobalamin.

2.4. Pharmacokinetics and Data Analysis

The pharmacokinetic data for folic acid and niacin were unavailable because kinetic
changes in plasma concentrations of folic acid and niacin were not observed in the present
study. Pharmacokinetic curves for the two different oral supplements were edited by Mi-
crosoft Office 2019 Excel (Microsoft Corporation, Redmond, WA, USA) and presented
by professional software package (GraphPad Software, San Diego, CA, USA). The time–
plasma concentration profiles of vitamins were analyzed using noncompartmental analysis.
The elimination half-life (t1⁄2β) was calculated by the equation: t1⁄2β = ln(2)⁄λz, where λz was
estimated from the terminal slope of the plasma concentration versus time curve. Mean
residence time (MRT) represents the average amount of time a nutrient molecule remains
in the compartment, which was equaled to area under the moment curve (AUMC) divided
by area under a concentration of vitamin versus time curve (AUC). The AUMC and AUC
were calculated using an integrated tool in WinNonlin (Pharsight, CA, USA). The peak
time (Tmax, h) is the time at which the body displays the maximum plasma concentration
(Cmax), and the maximum concentration was determined by the concentration at Tmax.
The relative bioavailability (F) between microencapsulated and non-microencapsulated
vitamin supplements of administration was determined by the ratio of the AUC of vi-
tamin from lipid matrix microencapsulated supplement to the AUC of vitamin from
non-microencapsulated supplement.

The data were checked for normality and homogeneity of variance by histograms
and formal statistical tests as part of the UNIVARIATE procedure of SAS (SAS Inst. Inc.,
Cary, NC, USA). All pharmacokinetic analysis for each pig was conducted using the non-
compartmental model by a pharmacokinetic software package (WinNonlin, Pharsight, CA,
USA). Pharmacokinetic parameters from treatment groups were analyzed as a t-test (SAS
Inst. Inc., Cary, NC, USA). Significant differences were declared at p < 0.05. Differences of
0.05 ≤ p < 0.10 were considered a trend toward significance.

3. Results
3.1. The Pharmacokinetics of Fat-Soluble Vitamins

All fat-soluble vitamins showed typical appearance and disappearance with peak
values at around 7, 12, 8–12, and 8–9 h after administration for vitamin A, D, E, and K
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(Figures 1–4) regardless of encapsulation with no difference in Tmax. Based on pharmacoki-
netics (Table 2), Vitamin D3 had no effect between microencapsulation. Retinol tended to be
higher AUC in microencapsulated vitamin supplement (MVS) than non-microencapsulated
vitamin supplement (NMVS). Alpha-tocopherol has higher Cmax, AUC, and MRT in MVS
than NMVS. In contrast, vitamin K has higher Cmax and AUC in NMVS than MVS. Relative
bioavailability of MVS to NMVS was 170.40%, 98.11%, 182.39%, and 57.13% for vitamin A,
D, E, and K, respectively.
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Table 2. Pharmacokinetic parameters of plasma fat-soluble vitamin concentrations in pigs 1.

Parameter
Oral Administration

SEM p-Value
NMVS MVS

Retinol
Tmax, h 7.13 7.71 0.97 0.666

Cmax, µg/mL 0.13 0.17 0.02 0.176
AUC, h × µg/mL 2.15 3.66 0.56 0.071

t1⁄2β, h 25.17 40.98 18.56 0.544
MRT, h 14.45 17.06 1.62 0.260

F, % 170.40

25-hydroxyvitamin D3

Tmax, h 12.33 12.00 4.48 0.961
Cmax, ng/mL 27.61 28.42 0.70 0.461

AUC, h × µg/mL 1717.82 1685.27 32.81 0.522
t1⁄2β, h 189.78 165.76 25.71 0.545
MRT, h 35.48 34.81 0.43 0.337

F, % 98.11

α-tocopherol
Tmax, h 8.50 11.50 1.80 0.267

Cmax, µg/mL 0.74 1.10 0.05 <0.01
AUC, h × µg/mL 24.46 44.60 3.30 <0.01

t1⁄2β, h 64.10 42.25 30.54 0.624
MRT, h 23.45 30.19 1.39 <0.01

F, % 182.39

Menadione
Tmax, h 9.00 8.00 0.71 0.374

Cmax, ng/mL 18.99 10.59 1.31 0.011
AUC, h × ng/mL 413.10 236.00 21.86 <0.01

t1⁄2β, h 74.27 31.49 18.50 0.177
MRT, h 28.41 24.60 2.89 0.404

F, % 57.13
1 NMVS, non-microencapsulated vitamin supplement; MVS, microencapsulated vitamin supplement; Tmax, time
of maximum observed concentration; Cmax, maximum observed concentration; AUC, area under the curve from
the time of dosing to the time of the last observation. t1⁄2β, elimination half-life; MRT, mean residence time from
the time of dosing to the time of the last measurable concentration; F, mean relative bioavailability (AUC of
microencapsulated vitamin supplement compared with AUC of non-microencapsulated vitamin supplement);
SEM, standard error of mean.

3.2. The Pharmacokinetics of Water-Soluble Vitamins

All water-soluble vitamin showed typical appearance and disappearance with peak
values after administration (Figures 5–10) regardless of encapsulation. But based on
pharmacokinetics (Table 3), thiamine had lower Cmax, AUC, and t1⁄2β (tendency) in MVS
than NMVS. Riboflavin had lower Cmax and AUC in MVS than NMVS. Biotin had higher
Cmax in NMVS than MVS. Pantothenic acid had higher Tmax in MVS than NMVS. Pyridoxal
had higher Tmax and MRT in MVS than NMVS. Vitamin B12 had higher Tmax but lower
Cmax in MVS than NMVS. Relative bioavailability of MVS to NMVS was 47.15%, 28.94%,
101.31%, 90.94%, 67.96%, and 86.06% for thiamine, riboflavin, pantothenic acid, pyridoxal,
biotin, and vitamin B12, respectively.
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Table 3. Pharmacokinetic parameters of plasma water-soluble vitamin concentrations in pigs 1.

Parameter
Oral Administration

SEM p-Value
NMVS MVS

Thiamine
Tmax, h 6.00 6.00 1.55 NS

Cmax, ng/mL 112.74 73.07 9.52 0.025
AUC, h × ng/mL 1713.26 807.85 146.54 <0.01

t1⁄2β, h 25.50 13.48 4.50 0.099
MRT, h 17.19 14.54 1.44 0.224

F, % 47.15

Riboflavin
Tmax, h 6.00 6.00 - NS

Cmax, ng/mL 12.68 5.46 1.41 0.023
AUC, h × ng/mL 200.70 58.08 20.93 <0.01

t1⁄2β, h 27.77 31.88 6.90 0.695
MRT, h 22.98 22.75 1.93 0.938

F, % 28.94

Pantothenic acid
Tmax, h 1.00 6.00 - <0.01

Cmax, ng/mL 147.80 171.65 25.16 0.539
AUC, h × ng/mL 2022.69 2049.20 538.23 0.974

t1⁄2β, h 18.19 22.48 4.09 0.499
MRT, h 16.09 15.59 3.08 0.914

F, % 101.31

Pyridoxal
Tmax, h 3.00 6.00 - <0.01

Cmax, ng/mL 8.16 4.84 1.41 0.171
AUC, h × ng/mL 184.19 167.51 56.24 0.844

t1⁄2β, h 47.75 55.21 4.34 0.291
MRT, h 29.86 33.94 0.66 0.012

F, % 90.94

Biotin
Tmax, h 1.00 1.00 - NS

Cmax, ng/mL 27.37 15.82 2.45 0.029
AUC, h × ng/mL 544.38 369.93 150.25 0.458

t1⁄2β, h 36.76 27.86 4.52 0.236
MRT, h 26.92 24.12 3.93 0.641

F, % 67.96

Vitamin B12
Tmax, h 3.00 8.00 0.97 <0.01

Cmax, ng/mL 128.39 67.54 11.74 <0.01
AUC, h × ng/mL 1373.14 1181.65 272.29 0.601

t1⁄2β, h 19.21 30.72 15.90 0.590
MRT, h 15.11 19.82 4.18 0.408

F, % 86.06
1 NMVS, non-microencapsulated vitamin supplement; MVS, microencapsulated vitamin supplement; Tmax, time
of maximum observed concentration; Cmax, maximum observed concentration; AUC, area under the curve from
the time of dosing to the time of the last observation. t1⁄2β, elimination half-life; MRT, mean residence time from
the time of dosing to the time of the last measurable concentration; F, mean relative bioavailability (AUC of
microencapsulated vitamin supplement compared with AUC of non-microencapsulated vitamin supplement);
SEM, standard error of mean; NS, no significant.
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4. Discussion

Pharmacokinetic parameters are assessed by monitoring variations in the concentration
of a nutrient or its metabolites in physiological fluids, which reflects the duration of action
of the nutrients in the host [17]. Vitamins exhibiting the appropriate pharmacokinetic pa-
rameters are more likely to exert its biofunction [18], but there is limited information about
plasma vitamin behavior after single oral multivitamin supplement for pigs. A potential
limitation of this study is the interaction between native vitamins and synthesized vitamins.
The current study found that the blood distribution of retinol after oral vitamin admin-
istration was consistent with previous research [14,19]. Jang et al. investigated temporal
plasma vitamin status in a 20-day trial period for suckling pigs after high dose of fat-soluble
vitamins administration [20]. They reported that the plasma retinol level was not affected
by vitamin A administration, which is contradictory to the results of the present study.
This may be explained by saying that these sampling time points in the previous study
were not ideal for plasma retinol kinetics. Raila et al. studied pharmacokinetic behavior of
vitamin A in dogs [21]; they observed that the peak plasma concentration was observed at
8 h after a single oral 3000 IU/kg vitamin A, and then plasma vitamin A was decreased until
reaching 72 h. Jang et al. elucidated that the retinol concentration in blood was associated
with physiological status and performance of pig [22]. The present study was designed
to determine the relative bioavailability of microencapsulated supplement compared to
normal form of supplement. The determination of AUC is the method commonly used by
regulatory agencies to assess extent of nutrient absorption after single-dose administration
of oral products. There was no significant difference in the AUC of vitamin A from the two
different forms of supplements, but it showed a tendency to increase when vitamin A was
formulated with lipid matrix microencapsulation. This observation indicated that microen-
capsulation for vitamin A has potential to improve its bioavailability, which is consistent
with a previous study [23]. The plasma 25-hydroxyvitamin D3 concentrations peaked at
12 h after administration of vitamin D3 and the slow distribution of 25-hydroxyvitamin
D3, this peak time was earlier than that reported by Jang et al. [20,24]; they revealed that
the maximum plasma concentration of 25-hydroxyvitamin D3 occurred from days 1 to 3
after single oral administration of 40,000 IU vitamin D3. This difference may be attributed
to the dosage of vitamin D3; a high dose of vitamin D3 intake may decrease vitamin D
binding protein levels in circulating [25]. The carrier protein for vitamin D and its analogue
in the body, vitamin D binding protein, is responsible for the half-life for 25-hydroxyvitamin
D3 in the blood by acting as a reservoir and promoting the reabsorption of vitamin D in
the kidney [26]. In the present study, it was observed that the two forms of vitamin D3
have similar bioavailability, which exceeded the pre-experimental assumptions. A possible
explanation for this might be that the metabolism of vitamin D in the animal body and
coating materials as well as interaction mechanisms. The α-tocopherol concentration in
blood reflected the vitamin E status; the plasma α-tocopherol reached the peak concentration
about 12 h after oral administration of vitamin E. After this peak, the plasma α-tocopherol
concentration gradually decreased. The slow appearance of the peak value is in line with
earlier findings [13,16]. The plasma α-tocopherol from oral microencapsulated supplement
were markedly higher than that from the oral normal form of the supplement, which is
consistent with our previous study [14]. The increased AUC and Cmax indicated that mi-
croencapsulation for vitamin E could improve its bioavailability by rapidly increasing the
α-tocopherol mass in circulation. The MRT is used to estimate the average time a nutri-
ent molecule spends in the body. In the present study, microencapsulation for vitamin E
achieved slow release and increased bioavailability of vitamin E to the outside, which is
one of the aims for the the application of this technique. To our knowledge, this is the first
detailed pharmacokinetic study for oral supplementation with vitamin K3 in pigs. It was
observed that oral vitamin supplements showed the maximum plasma menadione concen-
trations at 8–9 h. The Cmax and AUC values of vitamin K3 from oral non-microencapsulated
supplement were markedly higher than that from oral lipid matrix microencapsulated
supplement, and the mean relative bioavailability from microencapsulated vitamin K is
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half of that from non-microencapsulated vitamin K (F = 57.13%), this result is out of our
expectation. Menadione (vitamin K3) is a synthetic form of vitamin K. In the vitamin indus-
try, several synthetic analogues and derivatives of menadione have been used. Menadione
sodium bisulfite is a water-soluble salt of menadione, which is used extensively as vitamin
K3 fortification in supplements and pharmaceutical products. It is possible, therefore, that
lipid matrix microencapsulation for water-soluble substances may not facilitate digestion
and absorption of this substance (e.g., menadione sodium bisulfite) for pigs.

Contrary to expectations, this study did not find the typical pharmacokinetic profiles
for folic acid and niacin. A possible explanation for this might be that the analytical method
is not sensitive enough for detecting these targeted metabolites after single oral doses of
these vitamins. The plasma water-soluble vitamin concentrations were affected by microen-
capsulation; it was a reduction for the bioavailability of thiamine, riboflavin, biotin, and
vitamin B12 from microencapsulated supplement. This discrepancy could be attributed
to the coating material used in encapsulation. Lipid matrix microencapsulation coats the
vitamins with lipid and it needs to be degraded in order for vitamins to be released from
that coating and then absorbed. For lipid, emulsification is important for lipid digestion
and absorption as lipid is hydrophobic. Fat-soluble vitamins are derived lipids so they are
absorbed with lipid, but water-soluble vitamins are hydrophilic. If water-soluble vitamins
are coated with lipid, it means that a lipid matrix should be degraded first and then water-
soluble vitamins can be absorbed. No microencapsulation means no lipid coating so the
water-soluble vitamins do not need to have lipid-coating degradation. This could be one
explanation why there was a contrast results in Cmax and relative bioavailability between
fat-soluble and water-soluble vitamins.

In this study, we first carried out a pharmacokinetic trial of B complex vitamins,
and then presented its plasma kinetics, although little information is available in pigs.
For pharmacokinetic characteristic of thiamine from supplement, it shows an immediate
increase in thiamine in plasma after feeding vitamin supplements, both treatment groups
showed typical pharmacokinetic profiles of thiamine. A similar phenomenon was observed
in human experiments; concentrations of thiamine in plasma increased after single-dose
administration [27]. Plasma thiamine concentrations peaked at 6 h after feeding, which was
slightly later than the human trial [27–29]. This may be due to delayed feeding rate and
stomach emptying. A previous study evaluating riboflavin bioavailability from supplements
in humans, they observed that the maximum plasma riboflavin concentration was reached
at 1.4 to 4.6 h, and the initial absorption of riboflavin occurred at the same rate from a
controlled release dosage form [30].

Vitamin B6 as a coenzyme involved in amino acids, fats, and carbohydrate metabolism.
It is essential for RNA and DNA synthesis and involved in the synthesis of niacin from
tryptophan. In practice, pyridoxine hydrochloride is generally used as a vitamin B6 source.
After oral administration of pyridoxine hydrochloride, its metabolite pyridoxal rises rapidly
in blood, followed by a rapid decrease. This result may be due to tissue uptake and phospho-
rylation [31]. These results from the present study corroborate the ideas of previous stud-
ies [31,32]; they suggested that the concentration of pyridoxal in plasma can be enhanced by
increasing the intake of pyridoxine hydrochloride. Additionally, present study also aimed
to characterize the pharmacokinetic properties of biotin and establish the pharmacokinetic
model for different regimens. Results of the pharmacokinetic analysis showed that biotin
is rapidly absorbed after oral supplement administration; both treatment groups showed
typical pharmacokinetic kinetics of biotin. In accordance with the present results, single
doses of biotin in capsules were rapidly absorbed and distributed in healthy adults [33];
they also suggested food effect was observed with increasing pharmacokinetic parameters.
This factor may explain that the delay in absorption was longer in the animal experiment
than clinic trial conditions. In blood, vitamin B12 concentration increased after dietary intake
of vitamin B12. The vitamin B12 responses after oral vitamin supplement are also in line with
previous study [34]. They observed pharmacokinetic changes of vitamin B12 concentration
in arterial plasma. After a meal, plasma vitamin B12 decreased to reach baseline between



Agriculture 2021, 11, 418 14 of 15

15 and 18 h post-meal. Kinetic behavior of vitamin B12 in peripheral venous blood were
reported in humans [35] and showed a continuous increase from 1.5 to 6 h post-meal and
then a plateau up to 12 h post-meal. This finding is contrary to previous studies which have
suggested that different experimental models have different kinetic behavior of vitamin
B12. Besides, it is more likely that the reabsorption of vitamin B12 in the gut, which affects
the distribution of vitamin B12 in the peripheral compartment. Besides, a previous study
suggested that the food matrix affects the absorption of vitamin B12; it would be related to
the rate of the vitamin release from this food matrix in the intestine [36].

5. Conclusions

In summary, this study has provided direct information about plasma vitamin kinetics
after single oral administration of vitamins. These results demonstrate that high blood
levels of vitamin distribution can be completed by oral multivitamins supplement adminis-
tration. Lipid matrix microencapsulation is a feasible process to improve the bioavailability
of vitamin E; vitamin D, vitamin K and water-soluble vitamins may be sufficient to en-
hance its utilization for pigs without lipid matrix microencapsulation. More research is
needed to be carried out to find more appropriate coating materials for water-soluble
vitamin delivery.
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