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Abstract
The present study compares the net portal appearance of dietary iron (Fe) and selenium (Se) after meals containing 
different sources and levels of these minerals. Twelve pigs (55.1 ± 3.7 kg) were used in a cross-over design to assess the 
11-h net portal-drained viscera (PDV) flux of serum Fe and Se after ingestion of boluses containing inorganic (I) or organic 
(O) dietary Fe and Se at industry average (A; 200 and 0.6 mg, respectively) or high (H; 400 and 1.2 mg, respectively) levels. 
Arterial serum Fe concentrations increased by an average of 158% within 6 h post-meal and gradually decreased thereafter 
(P < 0.001). Values were greater (P < 0.001) for I than for O until 6 h post-meal and greater (P ≤ 0.001) for A than for H from 4 
to 8 h post-meal. For the whole post-prandial period (11 h), arterial serum Fe concentrations tended (P = 0.06) to be greater 
for I than for O and were lowest for HO (P ≤ 0.03). Net PDV flux of Fe tended to be greater for AI than for AO (P ≥ 0.07). 
Cumulative appearance of Fe in PDV serum (% of dietary intake) was greater for I than for O (2.43 vs. −0.76%; P = 0.02) and 
A tended to be greater than H (1.96 vs. −0.29 %; P = 0.09) until 3 h post-meal, but these effects further faded out (P ≥ 0.43). 
Arterial serum Se concentration decreased for all treatments (average of 7%) from premeal values (P < 0.001), and this was 
more pronounced for O than for I (P = 0.03). Irrespective of treatment, net PDV flux of Se was positive (different from 0, P ≤ 
0.03) during the first 90 min post-meal, decreased to negative minimum values (different from 0, P = 0.03) at 5 h post-meal, 
and was not different from 0 thereafter (P ≥ 0.11). Cumulative appearance of Se in PDV serum (% of dietary intake) was 
greater for I than for O (20.0 vs. −3.8%; P = 0.04) only at 45 min post-meal. In conclusion, both dietary Fe and Se absorption 
are limited to the early post-meal period. Whereas for Fe, the level effect is in accordance with the known negative 
correlation between its dietary concentration and percentage of intestinal absorption, this was not the case for dietary Se. 
The postabsorptive availability of dietary I was greater than O for both minerals and, particularly for Fe, at low levels.
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Introduction
Adequate trace mineral supplementation is essential in 
livestock nutrition. Among them, iron (Fe) and selenium (Se) are 
particularly important due to their crucial functions in animals’ 
health (Di Silvestro, 2005; Kurokawa and Berry, 2013).

Flohr et  al. (2016) reported that industrial supplementation 
levels of dietary iron (mainly inorganic sources) average 76.1 mg/kg  
for growing/finishing pigs. However, according to National 
Research Council (2012), grains commonly used in pigs’ diets 
generally have substantial levels of native Fe (organic nonheme 
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source) that potentially cope (depending on its bioavailability) 
with the requirements of growing pig (40 to 60 mg/kg). It implies 
that the total ingested Fe (native plus supplemental levels) may be 
much higher than the pigs’ needs. Although Fe is an essential trace 
element, at high levels it can promote the formation of reactive 
oxygen species that induce lipid peroxidation, DNA damage, 
and cell death (Bresgen and Eckl, 2015; Wessling-Resnick, 2017). 
Mechanisms of Fe absorption differ according to dietary source 
(Gulec et al., 2014), but the homeostatic control at the enterocyte 
level regulates postabsorptive availability (Conrad et  al., 1987; 
Wessling-Resnick, 2017) and may have an important impact on Fe 
fate. The mechanisms of Fe homeostasis are well known (Ganz and 
Nemeth, 2012), but the limited knowledge on the postabsorptive 
availability of different levels and sources of dietary Fe in pigs limit 
the optimization of supplementation strategies.

Dietary Se derives from inorganic or organic sources. Dietary 
organic Se, native in feedstuff, is actively absorbed through 
amino acid transport mechanisms (McDowell, 2003) and 
deposited into proteins following the metabolism of methionine 
(Schrauzer, 2003) or, under the regulation of the transsulfuration 
pathway, synthesizes selenoproteins (Gonzalez-Flores 
et  al., 2013). Dietary inorganic Se is passively absorbed by 
simple diffusion (Wolffram et  al., 1989) and, by short-cutting 
transsulfuration reactions, rapidly synthesizes selenide that is 
the substrate for selenoproteins (Windisch, 2002). The lack of 
a regulatory mechanism for the synthesis of selenide (highly 
toxic metabolite) from inorganic Se makes the range between 
its adequate and toxic level very narrow. The current regulation 
for Se supplementation allows up to 0.3  mg/kg in the diet of 
pigs (Food and Drug Administration, 2019), but greater levels 
may be potentially beneficial for the antioxidant and immune 
systems (Surai, 2006). The lack of information on the intestinal 
fate of Se and the postabsorptive availability of its sources and 
levels complicate these debates and hamper possible higher 
supplemental Se approaches.

The present study compares the net portal-drained viscera 
(PDV) flux of Fe and Se in growing pigs fed diets containing 
different sources and levels of these minerals. It aims to 
determine the impact of source and level of dietary Fe and Se on 
their postabsorptive availability.

Materials and Methods
The experimental procedures followed the guidelines of the 
Canadian Council on Animal Care (2009) and were approved 
by the Institutional Animal Care Committee of the Sherbrooke 
Research and Development Centre (Quebec, Canada). All animals 
were cared for according to the recommended code of practice 
of the National Farm Animal Care Council (2014).

Animals, surgeries, and postoperative care

Twelve Yorkshire-Landrace × Duroc gilts were selected at 30 kg 
of BW and fed ad libitum a conventional basal diet for growing 
pigs (Table  1) until surgery. Average BW at surgery was 55.1  ± 
3.7 kg at 100.1 ± 3.7 d of age. The surgery procedure has been 
described by Hooda et al. (2009). Briefly, a catheter was inserted 
in the portal vein at approximately 2.5 cm before its entry into 

the liver and an ultrasonic flow probe was installed around the 
portal vein 1.0 cm distal to the catheter. Another catheter was 
inserted through the carotid artery up to the junction between 
the carotid and subclavian arteries.

After surgery, animals were penned individually (1 m × 1.8 m) 
and fed twice daily with increasing amounts of the conventional 
growing-phase diet described above up to a total of 1.6  kg/d. 
Seven to 10 d after surgery, when animals fully recovered 
appetite and normal growth rate, they were gradually adapted 
during 3 to 5 d to a metabolic cage (with free access to water) 
and to the consumption of a semipurified diet (up to 0.8 kg/d; 
Table 1) containing cornstarch (Produits alimentaires Berthelet, 
QC, Canada), casein (C-7078, Sigma–Aldrich, St Louis, MO), and 
sucrose (S-8501, Sigma–Aldrich).

Treatments

The above-semipurified diet was used to provide a feed matrix 
devoid of significant amounts of endogenous trace minerals. On 
experimental days, treatments were served within a bolus of 
100 g of sweetened jelly to induce a rapid consumption (<15 min) 
just prior to a meal (0.8  kg/d) of semipurified diet. According 
to a cross-over experimental design, each animal received 4 
dietary treatments containing Fe and Se from inorganic (I; FeSO4 
and Na2SeO3) or organic (O; Bioplex, Alltech Inc., Nicholasville, 
KY) sources both providing elemental Fe and Se at levels 
slightly higher than the industry average (A) at 200 and 0.6 mg, 
respectively, or more than twice higher (H) at 400 and 1.2 mg, 
respectively, in a 2 × 2 factorial arrangement (AI, HI, AO, and HO).

Daily amounts (based on a feed intake of 2.0  kg/d) of 
supplemental dietary Fe and Se for A levels were based on levels 
currently used by the pig industry in North America (Flohr et al., 
2016). For both I and O sources, boluses also contained 2 levels 

Abbreviations

DMT1	 divalent metal transporter-1
I	 inorganic
O	 organic
PDV	 portal-drained viscera

Table 1.  Composition of basal and semipurified diets

Ingredients Amount, %

Basal diet1

  Corn 56.3
  Soybean meal 48% 20.5
  Wheat 15.0
  Distillers dried grain with solubles 5.8
  Macro-premix 2.4
  Limestone 1.2
  Salt 0.3
  Monocalcium phosphate 0.5
  l-Lysine 0.19
  Methionine 0.01
  Mineral and vitamin premix2 0.2
Semipurified diet3

  Cornstarch 71.4
  Casein 17.2
  Sucrose 11.4

1Analyzed values were as follows: protein, 16.8%; Ca, 0.83%; P, 0.49%; 
Fe, 288.3 mg/kg; Se, 0.3 mg/kg; Zn, 199.0 mg/kg; Cu, 40.7 mg/kg; and 
Mn, 43.1 mg/kg. Metabolizable energy was estimated at 3,082 kcal/
kg.
2Supplied, per kg of feed: Mn, 27 mg; Zn, 137 mg; Fe, 99 mg; Cu, 
26 mg; I, 1 mg; Se, 300 μg; vitamin A, 3020 IU; vitamin D3, 900 IU; 
vitamin E, 40 IU; vitamin K, 1.5 mg; thiamine, 2.0 mg; riboflavin, 
3.5 mg; niacin, 20 mg; pantothenic acid, 15 mg; folic acid, 0.5 mg; 
pyridoxine, 2.0 mg; biotin, 50 μg; choline, 100 mg; and vitamin B12, 
20 μg.
3Analyzed values were as follows: protein, 16.4 %; Ca, 0.03 %; P, 0.11 
%; Fe, 26.6 mg/kg; Se, <0.1 mg/kg; Zn, 11.3 mg/kg; Cu, 2.3 mg/kg; and 
Mn, 1.2 mg/kg. Metabolizable energy was estimated at 3,868 kcal/kg.
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(A and H) of 3 other trace elements commonly incorporated 
in trace mineral premixes, respectively, 200 and 400  mg of 
Zn, 20 and 40 mg of Cu, and 8 and 16 mg of Mn. This premix 
preparation allowed maintaining constant ratios among these 
5 trace minerals irrespective of their levels (A or H) of ingestion.

Blood collection and analysis

On experimental days, pigs were moved to metabolic cages and 
blood samples (4  mL) were collected simultaneously from the 
2 catheters 5  min before the oral bolus containing 1 of the 4 
treatments, every 45 min for the first 3 h after bolus, and every 
hour for the following 8 h for a total of 11 postprandial hours. 
Portal blood flow was recorded continuously during 11 h using 
a flowmeter (Transonic 400-series; Ithaca, NY) and the WinDaq 
software (DATAQ Instruments Inc., Akron, OH). After samples 
collection, pigs were offered the conventional growing-phase 
diet described above to complete their usual daily allowance 
according to their BW. Between experimental days, animals were 
moved back to their respective pens and fed the conventional 
growing-phase diet described above.

Immediately after sampling, arterial and PDV blood were 
transferred from syringes into EDTA-treated tubes (Vacutainer, 
Becton Dickinson, Franklin Lakes, NJ) and trace element-free tubes 
BD Hemogard Closure (Vacutainer, Becton Dickinson). Packed 
cell volume was measured in duplicate on fresh PDV blood by 
microcentrifugation. Aliquots of arterial and PDV blood were frozen 
for hemoglobin determination according to the method of Drabkin 
(Manet, 1969). After at least 4 h of decantation at room temperature, 
arterial and PDV serum were collected after centrifugation of 
blood at 1,800 × g for 10 min at 4 °C and frozen at −20 °C for Fe 
and Se determination. Measurements of Fe were performed using 
the QuantiChrom Iron Assay Kit (DIFE-250; Cedarlane, Ontario, 
Canada), and Se was measured using a fluorimetric method 
adapted by Giguère et al. (2005) from the technique of Sheehan and 
Gao (1990). Average intra- and interassay CV were 3.7% and 5.3% 
for Fe and 3.0% and 3.3% for Se. For both minerals, a CV equal or 
smaller than 5% between duplicate was accepted.

Calculations and statistical analysis

Out of 48 postprandial serum profiles, 2 profiles for AI, 1 profile 
for HI, and 1 profile for HO were not collected because of portal 
catheter malfunctioning. The remaining 44 postprandial serum 

profiles were completely collected. Net PDV fluxes of Fe and 
Se were calculated for each sampling time as described by 
Girard et al. (2001). Positive net flux indicates the release of the 
mineral from PDV, whereas negative net flux indicates uptake 
of mineral by PDV. Arterial concentrations and net PDV fluxes 
of Fe and Se recorded 5 min before the meal were used as basal 
levels (t0). Blood and serum PDV flows (L/min) as well as arterial 
concentrations of Fe and Se (mg/L), serum arterial and PDV 
fluxes of Fe and Se (mg/min), porto-arterial differences of serum 
Fe and Se (µg/L), net PDV flux of serum Fe and Se (µg/min), and 
cumulative appearance of Fe and Se in PDV serum (expressed in 
% of dietary intake) were analyzed for each sampling time using 
the mixed procedure of SAS (SAS Inst., Inc., Cary, NC; Littell et al., 
1996) according to a cross-over design in which pigs, periods, and 
treatments (2 sources and 2 levels) were included in the model 
along with repeated measures in time (unequally spaced). For 
blood and serum PDV flows, arterial concentrations, and serum 
PDV fluxes of Fe and Se, the time effect considered the whole 
postprandial period (660  min). For porto-arterial differences 
of Fe and Se, net PDV fluxes of Fe and Se, and cumulative 
appearance of Fe and Se in PDV serum, t0 was removed from 
statistics. Because time intervals were unequally spaced, the 
following covariance structures were compared: space (power), 
space (Gaussian), space (exponential), space (linear), space 
(linear logarithmic), space (spherical), ante-dependence, and 
unstructured. For each variable, only the statistical analysis with 
the best-fit statistic value was considered. When the treatment 
effect was significant, multiple comparisons between treatments 
were performed using a t-test. Results are reported as least 
square means ± SEM. Differences were considered significant at 
P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10.

Results and Discussion
Analytical concentrations of Fe and Se in the basal and 
semipurified diets are presented in Table 1. The actual intakes of 
Fe and Se for each experimental meal corresponded to 225.2 and 
0.7 mg for AI, 423.8 and 1.3 mg for HI, 246.7 and 0.6 mg for AO, 
and 466.8 and 1.2 mg for HO. The present A levels are 20% to 25% 
higher than the industry levels reported by Flohr et al. (2016).

Portal-drained viscera serum flux was not affected by 
treatments (P ≥ 0.84; Table  2). Prebolus (t0) average value was 

Table 2.  Average portal-drained viscera (PDV) serum flow, iron and selenium arterial serum concentration, porto-arterial difference, net PDV 
serum flux, and cumulative appearance of iron and selenium in PDV serum after 11 postprandial hours according to dietary treatments1

Item AI HI AO HO SEM

P-value

Source Level Source × level

PDV serum flow, L/min 0.90 0.89 0.91 0.90 0.05 0.84 0.84 0.99
Arterial serum Fe, mg/L 2.01 2.02 1.97 1.57 0.13 0.06 0.13 0.10
Fe porto-arterial difference, µg/L2 7.72 −11.73 −22.22 −13.57 14.64 0.27 0.71 0.33
Net PDV serum Fe flux, µg/min3 11.45 −15.21 −25.01 −7.41 12.11 0.23 0.70 0.07
Cumulative appearance of Fe in PDV serum,  

% of dietary intake3

0.77 −3.42 −9.24 −1.83 3.49 0.23 0.64 0.12

Arterial serum Se, mg/L 0.14 0.15 0.14 0.14 0.01 0.19 0.46 0.60
Se porto-arterial difference, µg/L2 0.18 −0.44 −0.63 −0.35 0.66 0.57 0.69 0.49
Net PDV serum Se flux, µg/min2 0.57 −0.33 −0.25 −0.38 0.58 0.44 0.36 0.44
Cumulative appearance of Se in PDV serum,  

% of dietary intake2

27.26 −27.88 −49.90 −19.34 61.86 0.58 0.84 0.50

1Dietary treatments: AI, 200 mg Fe and 0.6 mg Se; HI, 400 mg Fe and 1.2 mg Se; AO, 200 mg Fe and 0.6 mg Se; HO, 400 mg Fe and 1.2 mg Se.
2Values not statistically difference from zero (P ≥ 0.12).
3Only AO was statistically difference from zero (P ≤ 0.04).
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0.83 ± 0.03 L/min. This level rapidly increased to 1.09 ± 0.03 L/
min between 45 and 90  min post-bolus followed by a gradual 
decrease to 0.78 ± 0.03 L/min at the end of the sampling period 
(time effect; P  <  0.001; Supplementary File 1). These values 
are similar to those previously reported by Hooda et al. (2009, 
2010) and by this laboratory (Matte et  al., 2010, 2012, 2017; 
Dalto et al., 2018, 2019) using ultrasonic perivascular blood flow 
measurements in growing pigs.

Iron

Across treatments, arterial serum Fe gradually increased from 
premeal values (0.98 ± 0.08 mg/L) to a maximum between 5 and 
7 h post-meal (2.53 ± 0.08 mg/L) followed by a gradual decrease 
to 1.30  ± 0.08  mg/L at the end of the sampling period (time 
effect; P < 0.001; Supplementary File 2). These time effects are 
comparable to those reported by Blachier et  al. (2007) despite 
the different routes of administration between their study 
and the present one (oral vs. intraduodenal). Arterial serum 
Fe concentrations tended to be lower for O than for I (P ≤ 0.06), 
and this was particularly marked for HO (interaction source × 
level; P  =  0.10; Table  2). It is known that Fe absorption occurs 
throughout the small intestine but mostly in the duodenum 
(Gulec et al., 2014). Wheby and Crosby (1963) reported short-term 
(within 4 to 6 h) and long-term transport (up to 24 h) of Fe after 
its absorption by enterocytes. Considering the present positive 
cumulative appearance of Fe in PDV serum across treatments 
during the first 3 h post-meal, the present increase in arterial 
serum Fe within the first 5 to 7 h post-meal is consistent with 
the presence of a short-term transport of Fe.

In terms of intestinal fate of dietary Fe, nonheme Fe is 
mainly present in the ferric (Fe3+) form and is insoluble at 
pH > 3.  By binding to gastric mucin, Fe3+ remains soluble and 
available for absorption at neutral pH (Conrad et  al., 1991). In 
the intestine, Fe3+ must be reduced to Fe2+ (ferrous Fe) to bind, at 
the apical membrane of enterocytes (gut lumen), the membrane 
Fe2+-specific divalent metal transporter-1 (DMT1; Gulec et  al., 
2014). In the enterocyte, Fe2+ binds ferritin, an intracellular Fe 
storage protein (Wessling-Resnick, 2017) that is modulated by 
Fe repletion (Conrad et al., 1987). At the basolateral membrane 
of enterocytes, ferroportin transfers Fe to the portal circulation 
(Gulec et  al., 2014). This last transfer can be regulated by the 
postintestinal Fe metabolism as increasing levels of plasma 
transferrin (extracellular Fe binding-protein) stimulates hepatic 
hepcidin synthesis and release which induces degradation of 
enterocyte ferroportin (Nemeth et  al., 2004). Although hepatic 
hepcidin is considered as the main regulator of Fe homeostasis 
(Ganz and Nemeth, 2012), another regulatory mechanism 
controlled at the enterocyte level by ferritin is known to respond 
primarily to dietary Fe levels (Wessling-Resnick, 2017). According 
to Galy et al. (2013), when dietary Fe is ingested as a bolus, the 
rapid increase in Fe content at the intestinal lumen triggers the 
intracellular synthesis of ferritin (intracellular pool of Fe). High 
levels of ferritin within enterocytes induce the internalization of 
ferroportin and DMT1 and, consequently, contribute to generate 
a mucosal block of Fe by reducing the efflux of excessive absorbed 
Fe at the basolateral membrane of enterocytes as well as by 
controlling further enterocyte absorptive capacity at the apical 
membrane (Galy et al., 2013). In addition to this regulation of Fe 
flow through enterocytes by ferritin, excessive Fe sequestered by 
this storage protein may return to the intestinal lumen through 
the enterocytes turnover where it is eventually excreted in feces 
(Donovan et  al., 2005). This route of Fe excretion may not be 
negligible because approximately 20% to 25% of the intestinal 
mucosa is renewed daily (Van der Flier and Clevers, 2009).

Besides the abovementioned source response on arterial 
serum Fe concentrations until 6 h post-meal, there was also a 
transient response of dietary levels in favor of A over H from 
4 to 8  h post-meal; all these effects disappeared thereafter 
(interactions source × time and level × time; P < 0.001; Figs. 1 
and 2). The specificity of DMT1 for Fe2+ implies that irrespective 
of the source of nonheme Fe (inorganic or organic proteinate), 
a common free ionic substrate (Fe2+) is transported across the 
apical membrane of the enterocytes. In this sense, the effect 
of different Fe sources on their arterial serum concentration 
would be dependent on their capacity in generating Fe2+ 
that will ultimately modulate intracellular Fe levels and, 
consequently, homeostasis mechanisms. Studies in mammals 
have shown that amino acids may improve Fe absorption 
(Van Campen, 1973; Taylor et al., 1986) by forming unstable Fe 
chelates that serve as Fe donors to mucin at neutral pH (Conrad 
et  al., 1991). In piglets, Yu et  al. (2000) reported that several 
indicators of Fe metabolism support a greater bioavailability 
of dietary nonheme Fe proteinate (120  ppm) compared with 
dietary Fe sulfate, but, in particular for blood plasma Fe, after 
an overnight fasting period, no source effect was detected. 
Taken together from the abovementioned effects of amino 
acids on Fe intestinal absorption and from the results from Yu 
et al. (2000), one would normally anticipate a better intestinal 
absorption of the present dietary O compared with I. The higher 
intracellular levels of Fe expected from O than I would trigger 
greater intracellular sequestration of Fe and could explain the 
paradoxical present lower release in portal vein during the 
early postmeal period. Nevertheless, considering that DMT1 
mediates mucosal influx of different metals, it cannot be ruled 
out that high levels of others minerals present in H diets may 
have interfered with the absorption of Fe in the present study 
when compared with Yu et  al. (2000). According to Shawki 
et al. (2015), Fe binds DMT1 in preference to zinc, copper, and 
manganese. Therefore, considering that HO and HI were not 
similarly affected, it appears that the source of dietary Fe has 
definitely a role to play in the process of intestinal absorption 
of Fe in pigs but the exact involved mechanisms remains to 
be elucidated.

Net PDV flux of Fe across the whole postprandial period was 
not affected by source or level (P ≥ 0.23; Table 2). The absence of 
level effect (P = 0.70) on the net PDV flux of Fe implies that a large 
part of dietary H (400 mg) was significantly unabsorbed and/or 
retained within enterocytes compared with dietary A (200 mg). 
Considering the expected higher Fe intestinal absorption from 
O than I (see above), it cannot be excluded that similar net PDV 
flux between dietary sources may be the consequence of a 
greater retention of Fe from dietary O within enterocytes, which 
is in line with the proposed greater activation of homeostatic 
mechanisms by O than I.  In fact, a tendency for interaction 
source × level (tendency at P ≥ 0.07; Table 2) was detected for net 
PDV flux of Fe in which AI was greater than AO (P = 0.04), whereas 
HI and HO were intermediate and not different between them 
(P = 0.64). Whereas for dietary A levels the systemic regulation 
is apparently activated in response to the postabsorptive uptake 
of Fe sources (similar arterial concentrations for AI and AO 
with different net PDV flux), it was the opposite for dietary H 
levels where similar net PDV fluxes are associated to different 
arterial concentrations for HI and HO. For the later, the stimulus-
triggering mechanisms of homeostatic regulation appears to be 
at the intraluminal and/or intraenterocyte level because net PDV 
flux of Fe was similar among HO and HI, but this equilibrium 
was disturbed further at the systemic level, resulting in different 
arterial concentrations.

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa063#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa063#supplementary-data
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The cumulative appearance of Fe in PDV serum (expressed in 
% of dietary intake) was affected by source (P = 0.02) and tended to 
be affected by level (P = 0.09) after 3 h post-meal (Supplementary 

File 3). Value for inorganic Fe (2.43 ± 0.94%) differed from zero 
(P = 0.02) and was greater than O (−0.76 ± 0.89 %) that did not differ 
from zero (P = 0.40). For dietary levels, values for A (1.96 ± 0.92 %) 
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Figure 1.  Average arterial serum iron concentrations (mg/L) within 660 postprandial minutes according to iron source, presented as LS means ± SEM. Source × time 

interaction (P < 0.001).
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Figure 2.  Average arterial serum iron concentrations (mg/L) within 660 postprandial minutes according to iron level, presented as LS means ± SEM. Level × time 

interaction (P < 0.001).

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa063#supplementary-data
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differed from zero (P = 0.04) and were greater than H (−0.29 ± 0.91 
%) that did not differ from zero (P = 0.76). Although both source 
and level effects faded out and were no longer detectable at 11 h 
post-meal (P ≥ 0.23), average values for dietary O at −5.54 ± 2.39% 
were different from zero (P = 0.03), but not those for I at −1.33 ± 
2.51 % (P  =  0.60). For Fe levels, across the whole postprandial 
period, average values for A  (−4.23  ± 2.45%) were similar to H 
(−2.63 ± 2.44 %), but whereas A tended to be different from zero 
(P  =  0.10), H was not (P  =  0.29). Considering that Fe is mainly 
absorbed in the duodenum (Gulec et  al., 2014) and the mean 
gastric emptying time in pigs is 3 h (Wilfart et al., 2007; Strathe 
et al., 2008), cumulative portal appearance at the early postmeal 
period is probably more reliable to reflect treatment responses 
than after 11 h. In fact, the early postprandial response to dietary 
levels is in line with Braude et al. (1962) who reported that the 
efficiency of Fe absorption is inversely proportional to its dietary 
intake. Nevertheless, across treatments, this short-term (<4 h) 
postabsorptive appearance of Fe is small whatever the dietary 
sources or levels. In this way, it is noteworthy to mention that 
these values, derived from serum samples, might be slightly 
underestimated because nearly 20% of dietary Fe is found in 
red blood cells within 40  min post-meal (Furugouri, 1974). In 
addition, as mentioned above in this section, it cannot be ruled 
out that the use of boluses instead of a regular multifeeding 
regimen may have affected results. More precise measurements 
of net PDV flux of Fe would require labeled Fe.

Selenium

No treatment effect (P ≥ 0.19) was detected on arterial serum Se 
concentration (Table 2). Arterial levels gradually decreased from 
premeal values (0.146 ± 0.002 mg/L) to a minimum at 11 h post-
meal (0.136 ± 0.002 mg/L; time effect; P < 0.001; Supplementary 
File 4). Arterial levels for O decreased faster than for I during the 
whole postprandial period (interaction source × time; P = 0.03; 

Fig. 3). Such a continuous decrease of postmeal concentrations 
of serum Se suggests that this mineral is either not absorbed or 
rapidly deposited/utilized in body tissues. The former is unlikely 
because studies on Se availability using other methods have 
reported values of 50% to 90% (Fairweather-Tait et  al., 2010). 
Independent of metabolic differences between Se sources, it 
is known that whole blood Se levels are responsive to dietary 
Se (Fortier et al., 2012; Dalto et al., 2015, 2016), whereas serum 
Se increases significantly after long-term supplementation at 
nutritional levels (Mahan and Kim, 1996; Yoon and McMillan, 2006) 
or after short-term supranutritional supplementation (Kim and 
Mahan, 2001). Although serum Se represents a readily available 
pool of Se and contains about 75% of Se found in whole blood 
(Reilly, 2004), the continuous decline during the postprandial 
period suggests that the present dietary supplementations 
were below the levels needed to saturate Se blood deposits (red 
blood cells). In the present study, arterial serum Se levels were 
never greater than prebolus values. In contrast to the present 
results, a preliminary and exploratory study from this laboratory 
(unpublished data) using the same surgical approach showed 
that arterial serum Se concentration constantly increased 
during 10  h post-meal in pigs supplemented with 6  mg/kg of 
dietary Se (10 times the present levels). These conflicting results 
may suggest the possible existence of a mechanism of Se 
retention that would be controlled by intracellular Se saturation. 
Such mechanism of Se saturation has been proposed to exist 
in the liver (Oster et  al., 1988). Because the gastrointestinal 
tract is a key source of reactive oxygen species (Bhattacharyya 
et  al., 2014), a significant part (about 23%) of the whole body 
transsulfuration of methionine for the synthesis of glutathione 
occurs at the intestinal level (Riedijk et al., 2007). Considering 
that the metabolism of O Se (Se-methionine) is interchangeable 
with that of methionine (Schrauzer, 2003), it cannot be excluded 
that this tissue might have a significant requirement of Se 
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Figure 3.  Average arterial serum selenium concentrations (mg/L) within 660 postprandial minutes according to selenium source, presented as LS means ± SEM. Source 

× time interaction (P = 0.03).
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(synthesis of antioxidant selenoenzymes) and, consequently, 
may be a major contributor to the systemic retention/utilization 
of dietary Se. Therefore, it can be hypothesized that enterocytes 
would take up and retain available Se (systemic and dietary) to 
cope with intestinal antioxidant requirements (among others), 
and after these basal intracellular Se needs are met (whatever 
after short-term supranutritional supplementation or long-term 
nutritional supplementation), Se would be released to the portal 
circulation.

The present source × time effect on arterial serum Se is 
not in line with the recognized greater tissue deposition of O 
compared with I  Se (Svoboda et  al., 2008; Fortier et  al., 2012; 
Dalto et al., 2015, 2016). However, considering that serum Se is a 
readily available pool, the greater tissue deposition of O Se could 
occur at the expense of serum Se levels. Unpublished data from 
this laboratory using pigs supplemented with 6 mg/kg of dietary 
Se (10 times the present levels) show that whole blood Se levels 
for O and I were similar during the first 3 h post-meal followed 
by greater O concentrations compared with I for the remaining 
7 h of experimental period, suggesting a possible deposition of 
serum Se into red blood cells. Net PDV flux of Se was not affected 
by treatments (P ≥ 0.36; Table 2). Values were positive during the 
first 90 min (2.72 ± 1.01 µg/min) post-meal but rapidly decreased 
reaching a minimum at 5  h post-meal (−2.13  ± 0.91  µg/min) 
followed by a gradual increase until the end of the experimental 
period (0.55 ± 0.91 µg/min; time effect; P < 0.001; Supplementary 
File 5). Independent of sources or levels, Se appears to be strictly 
regulated within enterocytes, suggesting an important role of 
the intestinal tissue on the homeostasis of this mineral. These 
results support the abovementioned hypothesis of a possible 
mechanism of intestinal Se retention controlled by intracellular 
Se saturation.

The cumulative appearance of Se in PDV serum (expressed 
in % of dietary intake) was affected by source (P  =  0.04) at 
45  min post-meal in which I  (20.0  ± 8.10 %) differed from 0 
(P = 0.02) and was greater than O at −3.8 ± 7.83% (not different 
from zero, P = 0.63; Supplementary File 6). However, this effect 
further faded out and was no longer detected at 11  h post-
meal (P  =  0.58) where none of the values differed from zero 
(P ≥ 0.43). High values of absorption (20%) at 45  min indicate 
that the absorption and postabsorptive release of I was rapid 
and limited to the early postmeal period, whereas O, based on 
the above discussion, may have been retained by the intestinal 
tissue. Based on the fact that Se was measured only in serum 
(readily available pool) in the present study and considering the 
important use of Se by the intestinal tissue, it cannot be ruled 
out that the present approach of Se portal appearance was 
not sensitive enough for dietary Se at levels used in common 
feeding practices.

Conclusions
Under the present experimental conditions, the postabsorptive 
availability of dietary Fe and Se was limited to the early postmeal 
period and was greater for I than for O.

The short-term postabsorptive availability of dietary Fe 
was low for both sources, but the mechanisms regulating Fe 
homeostasis by O remain to be determined.

For Se, besides the very rapid intestinal absorption for 
I, the present study showed that the intestinal tissue may 
play a crucial role in systemic Se homeostasis. The proposed 
existence of a mechanism of intestinal Se retention controlled 
by intracellular Se saturation deserves further investigation.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.

Supplementary File 1. Average portal-drained viscera serum 
flux (L/min) within 660 post-prandial minutes across treatments, 
presented as LS means ± SEM. Time effect (P < 0.001).

Supplementary File 2. Average arterial serum iron 
concentration (mg/L) within 660 post-prandial minutes, across 
treatments, presented as LS means ± SEM. Time effect (P < 0.001).

Supplementary File 3. Cumulative net portal-drained viscera 
appearance of iron (% of dietary intake) within 660 post-prandial 
minutes, according to dietary treatments, presented as LS 
means ± SEM. Source effect at 180 and 240 minutes (P ≤ 0.02). 
Inorganic Fe was or tended to be different from zero at 180 and 
240 minutes (P ≤ 0.07). Except for inorganic Fe at 180 (P = 0.02) 
and 240 (P = 0.07) minutes post-meal, all other values were not 
different from zero (P ≥ 0.14).

Supplementary File 4. Average arterial serum selenium 
concentration (mg/L) within 660 post-prandial minutes, across 
treatments, presented as LS means ± SEM. Time effect (P < 0.001).

Supplementary File 5. Average net portal-drained flux of 
selenium (μg/min) within 660 post-prandial minutes, across 
treatments, presented as LS means ± SEM. Time effect (P < 0.001).

Supplementary File 6. Cumulative net portal-drained viscera 
appearance of selenium (% of dietary intake) within 660 post-
prandial minutes, according to dietary treatments, presented as 
LS means ± SEM. Source effect at 45 minutes (P = 0.04). Inorganic 
Fe was different from zero at 45 minutes (P = 0.02).
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