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Abstract
There is a growing concern for the long-term health effects of selenium (Se) over- or under-

feeding. The efficiency of utilization of dietary Se is subject to many factors. Our study in

dogs evaluated the effect of diet type (canned versus kibble) and dietary protein concentra-

tion on Se digestibility and bioactivity. Canned and kibble diets are commonly used formats

of dog food, widely ranging in protein concentration. Twenty-four Labrador retrievers were

used and four canned and four kibble diets were selected with crude protein concentrations

ranging from 10.1 to 27.5 g/MJ. Crude protein concentration had no influence on the digest-

ibility of Se in either canned or kibble diets, but a lower Se digestibility was observed in

canned compared to kibble diets. However, the biological activity of Se, as measured by

whole blood glutathione peroxidase, was higher in dogs fed the canned diets than in dogs

fed the kibble diets and decreased with increasing crude protein intake. These results indi-

cate that selenium recommendations in dog foods need to take diet type into account.

Introduction
Selenium (Se) is an essential trace element, primarily to protect against oxidative stress [1].
Current dietary recommendations include a safety margin to avoid loss of antioxidant protec-
tion at low concentrations and the risk of Se toxicity at high concentrations [2]. In addition,
data on the importance of Se intake on long-term health are emerging that give rise to other
concerns. There are indications that Se is involved in the prevention of diseases such as cancer
[3–6] and cardiovascular diseases [7–9] and impaired immune function [10–11], etc. On the
other hand, the Se and vitamin E cancer prevention trial (SELECT) reported an increased risk
of diabetes mellitus type 2 in humans with a high Se intake (200 μg selenomethionine/day)
[12]. The effects of selenium intake on the health and longevity of companion animals such as
the dog is now also coming under scrutiny [13–14]. The current recommended allowance for
Se in dog food takes into account a bioavailability factor, but is not diet type specific [15],
despite several studies reporting a large variation in Se digestibility between diet types [16–19].

PLOSONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 1 / 13

OPEN ACCESS

Citation: van Zelst M, Hesta M, Gray K, Beech K,
Cools A, Alexander LG, et al. (2016) Selenium
Digestibility and Bioactivity in Dogs: What the Can
Can, the Kibble Can’t. PLoS ONE 11(4): e0152709.
doi:10.1371/journal.pone.0152709

Editor: Marinus F.W. te Pas, Wageningen UR
Livestock Research, NETHERLANDS

Received: July 30, 2015

Accepted: March 17, 2016

Published: April 4, 2016

Copyright: © 2016 van Zelst et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: Data are owned by the
WALTHAM Centre for Pet Nutrition (WCPN) and are
available upon request by contacting Denise Elliott
(denise.elliott@effem.com). WCPN is open to
potentially working with scientists who have a specific
interest in exploring the data further with them.

Funding: This study is part of a PhD project of MvZ
funded by the WALTHAM1 Centre for Pet Nutrition
(grant number not applicable) (www.waltham.com).
The funders, other than the named authors, had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Ghent University Academic Bibliography

https://core.ac.uk/display/55717676?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152709&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.waltham.com


We have previously shown in 20 canned and 23 kibble diets, the average amount of Se was
higher in canned than kibble diets (34.8 vs. 22.5 μg/MJ, respectively). Also, apparent crude pro-
tein (CP) digestibility had a significant effect on in vitro Se accessibility [19], i.e. the dietary Se
fraction in the filtrate after in vitro digestion.

The reasons for the differences in Se digestibility between canned and kibble diets may be due
to the way the diets are processed or the raw materials used during manufacture. The raw materi-
als used for pet foods vary greatly in their Se concentration [20–21] and availability [22]. Canned
diets typically contain higher concentrations of meat and/or meat by-products, whilst kibble diets
contain mainly cereal grains and cereal grain by-products [21]. Wedekind et al. [17] tested the
availability of Se in several pet food ingredients and found a range of 9% in mackerel to 38% in
beef spleen when compared to the availability of sodium selenite. Due to the differences in ingre-
dients, it is likely that the chemical form of Se in the diet will also be different between canned
and kibble diets, which is known to be an important factor for the digestibility of Se [23–24].

Canned and kibble diets also differ in the way of processing. Kibble diets are extruded and
canned diets are retorted, resulting in differential effects of heat, pressure and shear which may
also impact on Se digestibility. The differences between canned and kibble diets may not only
cause a variation in Se digestibility between diet types, but also the bioactivity, defined as the
amount of Se that can be used for the incorporation into selenoproteins. The antioxidant gluta-
thione peroxidase (GPx) is often used as a measure of Se bioactivity [25–29]. In addition,
serum isoprostanes (IsoPs) are a measure for lipid peroxidation [30] and are used as an indica-
tor of total antioxidant status. Selenium is not only incorporated into GPx, but also into
iodothyronine deiodinases, of which type I and II are involved in the transformation of thyrox-
ine (T4) into triiodothyronine (T3) [31–32]. Olivieri et al. [32] has shown that selenium status
was positively correlated with the ratio of T3:T4 in humans and Wedekind et al. [28] have
reported similar results in puppies.

Based on the in vitro results [19], it was hypothesized that canned diets have a lower Se
digestibility than kibble diets and that CP concentration (as the main factor for the ingested
amount of digestible protein) is positively associated with Se digestibility in kibble diets and
negatively in canned diets in vivo. To test this hypothesis, two different diet types (canned and
kibble) and four different concentrations of CP per diet type were selected. Diets were selected
to reflect the processing conditions used in the pet food industry, including the characteristics
that are associated with diet type and dietary CP concentration.

Experimental Methods

Study design
The study consisted of four feeding periods with six transition days and experimental periods
of between 29–43 days. Four groups of each six dogs were selected. Each dog group was fed
four of the eight experimental diets (2 canned, 2 kibble) in a randomised incomplete cross-over
design. Blood, urine and faecal samples were taken at the end of every feeding period. This
study (HO0647) was approved by the WALTHAM Centre for Pet Nutrition Animal Welfare
and Ethical Review Body and was conducted under Home Office Project License authorisation.

Dogs
Twenty-four adult Labrador retrievers, of which 15 female (14 neutered, 1 entire) and 9 male
(all neutered), were selected for this study. All dogs used in this study were bred at WALTHAM
or sourced fromHome Office approved breeders for research purposes. At the start of the study,
the average age of the dogs was 4.2 years (range 2.0–8.1) and the average body weight (BW) was
27.9 kg (range 23.7–32.7 kg). The dogs were fed twice daily (8:30 and 15:00) to maintain BW
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and body condition score (BCS) at ideal (D) on the S.H.A.P.E™ (Size, Health And Physical Eval-
uation) BCS-scale [33]. BW and BCS were recorded weekly and food intake daily. Dogs had
access to fresh drinking water at all times. Dogs were divided into four treatment groups of six
dogs, with age, BW and gender as blocking factors. Dogs were housed in triplets with others of
the same diet group indoors with continuous access to a concrete outside pen. Between 9:00 and
14:30, the dogs also had access to a concrete outside paddock and they were socialized at least
once a day (e.g. toy play or walk). During the last six days of each feeding period, dogs were
housed individually with access to the outside paddock during the day. The average age, body
weight and energy intake in kJ/kg BW0.75 per dog group are shown in Table 1.

Diets
Eight commercially available diets were selected that varied in diet type (canned or kibble) and
protein concentration (Table 2). Commercial diets were chosen for practical relevance of the
study, and the difference in Se concentration and other parameters (e.g. ingredients, processing
conditions, Se species) between the canned and kibble diets are considered inherent to the diet
types. For every diet type, diets with an estimated (from the pet food labels) crude protein concen-
tration of 9.6, 14.3, 19.1 and 23.9 g CP/MJME (40, 60, 80 and 100 g CP/1000 kcal ME, resp.) were
included. Four different protein concentrations were selected, rather than diets with different pro-
tein digestibility coefficients. This resulted in a range of the absolute amount of digestible protein,
as the limited differences in protein digestibility in commercially available diets are usually over-
ruled by the protein concentration per se. All diets were single-batch, to prevent differences in
nutrients over time due to variations in ingredients. Selected canned diets were Royal Canin1

Canine Veterinary Diet Hepatic, Sensitivity Control Duck & Rice, and Recovery and Canine Vet-
erinary Care Nutrition Senior Consult Mature. Selected kibble diets were Royal Canin1 Canine
Veterinary Diet Renal, Gastro Intestinal Moderate Calorie, and Satiety Weight Management and
Canine Veterinary Care Nutrition Pediatric Junior Large Dog. The canned diets contained Se
solely from the ingredients, which is primarily organically-bound Se [34], whereas Se in the form
of sodium selenite was supplemented in all kibble diets before processing (standard, not specifi-
cally for this study). Supplemented amounts of sodium selenite were 0.05, 0.08, 0.08, and 0.08 mg/
kg, respectively. As veterinary diets were used in this study, some of the diets were supplemented
with additional nutrients in order to be nutritionally complete and balanced for healthy adult
dogs with energy requirements of 397 kJ (95 kcal)/kg BW0.75. Details of the supplementation are
included in Table 2. Each dog was fed individually to maintenance requirements.

Blood samples
At the end of every feeding period, blood samples (13ml) were taken at 13:00 h from each dog
by jugular venipuncture using a 21 gauge needle. Blood was put into 2 Microvette1 500 μl

Table 1. Gender, age, body weight and energy intake of the study dogs per dog group.

Age (years) Body Weight (kg) Energy Intake (kJ/kg BW0.75)

Group n ♂ ♀ Mean Min Max Mean Min Max Mean Min Max

A 6 3 3 4.7 2.8 8.1 28.6 26.3 32.7 440 360 561

B 6 2 4 3.7 2.3 5.9 28.3 26.6 32.2 443 360 645

C 6 1 5 5.2 3.4 6.7 27.3 23.7 31.5 414 360 578

D 6 3 3 3.3 2.0 5.0 27.3 23.7 31.0 443 360 722

Kg, kilogram; kJ, kilojoule; BW0.75, metabolic body weight; n, number of animals; ♂, male; ♀, female; Min, minimum; Max, maximum

doi:10.1371/journal.pone.0152709.t001
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Table 2. Analysed chemical composition (g/MJ ME, except where specified), dry matter (DM) andmetabolisable energy concentration (ME) of four
canned and four kibble single batch dietsa with differing protein concentrations.

Canned Kibble

Calculated protein concentration* 9.6b,d,h 14.3c,f 19.1b,d,f 23.9c,e,g 9.6c,i 14.3 19.1 23.9

DM (g/100g as is) 36.1 30.2 24.9 26.9 92.8 91.0 91.4 91.0

Crude protein 10.1 15.0 21.5 27.5 11.3 14.3 18.5 23.2

Crude fat 9.2 11.0 11.3 13.0 9.2 7.6 10.1 8.1

Total dietary fibre† 4.7 4.3 4.5 6.1 4.5 4.6 4.0 26.6

Crude ash 2.8 5.5 3.4 3.7 2.8 4.3 4.7 4.7

Selenium (μg/MJ ME) 34.8 39.3 47.5 40.7 13.9 25.5 19.4 30.3

Iodine (μg/MJ ME) 255.7 138.6 74.1 14.3 219.6 374.4 300.4 348.9

d-α-tocopherol (mg/MJ ME) 24.0 21.6 20.7 21.1 29.0 31.6 32.4 83.5

ME (MJ/kg DM)‡ 17.5 17.5 17.7 18.2 17.9 16.8 17.5 11.6

Amino acids

Arginine 0.52 0.86 1.04 1.61 0.73 0.92 1.05 1.07

Histidine 0.22 0.34 0.59 0.51 0.24 0.29 0.33 0.44

Isoleucine 0.36 0.58 0.70 0.86 0.41 0.55 0.65 0.81

Leucine 0.81 1.09 1.88 1.63 1.07 1.05 1.35 1.71

Lysine 0.41 0.94 1.18 1.51 0.49 0.71 0.83 0.92

Methionine 0.24 0.41 0.38 0.57 0.23 0.29 0.49 0.41

Cysteine 0.13 0.11 0.18 0.18 0.18 0.20 0.27 0.36

Phenylalanine 0.43 0.60 1.04 0.92 0.53 0.59 0.74 1.00

Tyrosine 0.36 0.47 0.68 0.65 0.40 0.44 0.48 1.18

Threonine 0.36 0.58 0.90 0.88 0.37 0.53 0.61 0.74

Tryptophan 0.11 0.19 0.23 0.20 0.12 0.14 0.14 0.20

Valine 0.49 0.69 1.18 1.12 0.49 0.73 0.84 0.98

Fatty acids

Linoleic acid 2.78 1.23 1.53 1.95 1.84 1.26 1.55 1.61

Arachidonic acid 0.04 0.20 0.18 0.14 0.04 0.04 0.04 0.05

Alpha-linolenic acid 0.09 0.10 0.13 0.15 0.16 0.10 0.13 0.14

Docosahexaenoic acid 0.01 0.17 0.20 0.32 0.05 0.03 0.03 0.07

Eicosapentaenoic acid 0.00 0.28 0.31 0.49 0.08 0.06 0.07 0.17

MJ, megajoule; ME, metabolisable energy
a All diets were supplemented with 516 mg choline/dog/day, Choline chloride 78% solution, Taminco BVBA, Gent, Belgium
b Supplemented with 89.7 mg magnesium/dog/day, Super magnesium, Metabolics Ltd, Eastcott, Wiltshire, England
c Supplemented with 206.3 mg magnesium/dog/day, Super magnesium, Metabolics Ltd, Eastcott, Wiltshire, England
d Supplemented with 2.2 mg copper/dog/day, Copper citrate, Metabolics Ltd, Eastcott, Wiltshire, England
e Supplemented with 4.4 mg copper/dog/day, Copper citrate, Metabolics Ltd, Eastcott, Wiltshire, England
f Supplemented with 3.8 μg vitamin D/dog/day, Pet-Cal™, Pfizer Animal Health, New York, USA
g Supplemented with 0.43 mg iodine/dog/day, Iodine 11, Metabolics Ltd, Eastcott, Wiltshire, England
h Supplemented with 1.19 g methionine/dog/day, synthetic methionine, Evonik Industries, Essen, Germany
i Supplemented with 1.03 g methionine/dog/day, Evonik Industries, Essen, Germany

* The diets are from left to right: Royal Canin1 Canine Veterinary Diet Hepatic, Sensitivity Control Duck & Rice, Canine Veterinary Care Nutrition Senior

Consult Mature, Canine Veterinary Diet Recovery, Renal, Gastro Intestinal moderate calorie, Canine Veterinary Care Nutrition Pediatric Junior Large Dog

and Canine Veterinary Diet Satiety Weight Management
† Obtained from the pet food producer
‡ Calculated using predictive equations for ME [21]

doi:10.1371/journal.pone.0152709.t002
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lithium-heparin tubes, one 300 μl fluoride-heparin tube, one 200 μl Tri-Kalium-EDTA tube
and 2 Vacuette1 z serum clot activator tubes (1× 9 ml and 1× 4 ml). One of the lithium-hepa-
rin tubes was used for whole blood GPx analysis immediately after collection. The remaining
heparin tubes were centrifuged (accuSpin™Micro R, Thermo Fisher Scientific Inc.) immedi-
ately after collection at 1680 g and 4°C for 10 min. Lithium-heparin plasma was analysed for
general biochemistry parameters and fluoride-heparin plasma for glucose (Spectrophotometry,
Olympus AU400). Tri-Kalium-EDTA tubes were placed on a roller at room temperature until
analysis for haematology parameters (Mythic 18 Vet analyser, Orphée S.A.). Biochemistry and
haematology measurements were used as a general health check to confirm that all dogs were
in good health. Serum tubes were incubated for 30 min on ice and then centrifuged (Sigma
6K15, rotor 11150, cups 13550, Sigma GmbH) for 10 min. at 2000 ×g and 4°C. Serum samples
were divided into centrifuge tubes and stored at -80°C for analysis of Se, IsoPs and triiodothy-
ronine (T3) and thyroxine (T4) at the end of the study.

Urine samples
Free catch urine was collected in the section of the day between meals at the end of each feeding
period, using a Uripet urine collection device (Rocket Medical plc., Watford, England). 1 ml of
urine was stored in at -80°C and analysed for creatinine (CT) within one month after sampling
(IDEXX laboratories, UK). The rest of the sample was stored at -20°C and analysed for Se con-
tent (ICP-MS).

Faeces samples
During the last six days of each feeding period, titanium dioxide (TiO2) was added to the diets
as a digestibility marker at a concentration of 0.45 g/day (mean 1.5 g/kg DM, range 0.67–2.14
g/kg DM). Total faeces were collected during four consecutive days at the end of each diet
phase. Faeces were homogenised with a mixer (Kenwood professional PM900, Kenwood LTD)
for 1 minute and a sample of approximately 350 g (mean 346, range 245–410 g) was taken.
Samples were freeze-dried (SuperModulyo1, Thermo Fisher Scientific Inc.) until a stable
weight, at -50°C. Faeces were analysed for TiO2, DM, ash, nitrogen (N) and Se. N and Se were
used for the calculation of apparent Se and CP (N×6.25) digestibility coefficients, respectively,
with the use of TiO2 as a marker by means of the following formula:

Apparent digestibility % ¼ 100� ð100 � ð %marker in diet
% marker in faeces

� % nutrient in faeces
% nutrient in diet

ÞÞ

Chemical analyses
Biochemistry and glucose analyses were carried out using spectrophotometry (Olympus
AU400, Olympus Inc.) with Beckman Coulter reagents (Beckman Coulter Biomedical LTD)
within 20 mins of sampling. Whole blood GPx was also analysed within 20 mins of sampling
using the Ransel kit (Randox laboratories LTD) on the Olympus AU400 spectrophotometer. A
4-point calibration curve was used as control. Whole blood GPx analysis had an average CV of
1.4% in the samples and the 4-point calibration curve showed a recovery of 83.1, 93.7, 98.5,
and 96.4%, respectively. Haematology parameters were analysed using a Mythic 18 Vet analy-
ser (Orphée S.A.). Thyroid hormone analyses (T3 and T4) were performed according to the
method of Darras et al. [35] and the IsoPs were analysed using an enzyme-linked immunosor-
bent assay (8-isoprostane EIA kit, Cayman Chemical Co.). Serum, urine and faeces samples
were prepared for total Se analyses with closed vessel microwave destruction as described in
van Zelst et al. [19]. Se was analysed using inductively coupled plasma-MS (ICP-MS, Elan
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DRC-e, PerkinElmer), as described by Lavu et al. [36]. Urine CT was determined using a creati-
nine kit based on the Jaffe reaction (OSR6178, Beckman Coulter Biomedical LTD, IDEXX Lab-
oratories, UK). Faeces samples were analysed for DM and crude ash by drying to a constant
weight at 103°C and combusting at 550°C, respectively. The Kjeldahl method (ISO 5983–1,
2005) [37] was used to determine CP (N×6.25). TiO2 was analysed according to the method of
Myers et al. [38].

Statistical analyses
Data were analysed using linear mixed effect models in RStudio (version 0.98.507, RStudio,
Inc.) [39] using the nlme package [40]. Two primary response variables were measured: GPx
and urinary Se:CT ratio relative to the Se intake (relative urinary Se:CT ratio). To account for
two primary response variables, the statistical test level was corrected to 0.05/2 = 0.025 for
these two parameters. The secondary response variables in this study were: Energy intake, Se
intake, serum Se, serum IsoP, serum T3:T4 ratio, Se digestibility, apparent CP digestibility,
digestible Se intake (the absolute amount of digestible Se), digestible CP intake and urinary Se:
CT ratio relative to the digestible Se intake. For these response variables a p-value of<0.05 was
used as the threshold for significance.

The model contained a fixed effects structure of actual CP intake (g/kg BW0.75), diet type
and their interaction and a random structure of dog. If the interaction was not significant
(p�0.05), the model was reduced to CP intake and format as fixed effects and dog as random
effect. Energy, Se, digestible Se and digestible CP intake were confounded with CP intake, and
therefore CP intake was omitted from the model for these parameters. Distributional assump-
tions were checked by visual inspection of residuals. Results are reported as means (± SEM).

To assess the impact of time between a dog’s last meal and urine collection on the relative
urinary Se:CT ratio, a likelihood ratio test was carried out by including time into the fixed
effects structure of the model. No significant differences were found when time was included as
a parameter; consequently, time was omitted from the structure of the mixed effects model for
relative urinary Se:CT ratio.

Results
All biochemistry and haematology results were within the normal range for healthy dogs (data
not shown). The average Se concentration of the kibble diets was 22.3 μg/MJ (range 13.9–30.3)
and 40.6 μg/MJ (range 34.8–47.5) for canned diets. Energy intake did not differ between the
diet types, but Se intake was lower on kibble than canned diets (Table 3).

Apparent CP digestibility showed a significant diet type by CP intake interaction (p<0.001).
Apparent CP digestibility increased with increasing CP intake, but only in canned diets. The
digestible CP intake did not differ between diet types (Table 3). Kibble diets had a higher Se
digestibility on average than canned diets (p<0.001) and Se digestibility did not significantly
change with CP intake (p = 0.753, Fig 1A). On average, Se digestibility was 62.3% (± 1.5) in kib-
ble and 44.9% (± 1.9) in canned diets. The average digestible Se intake was lower in kibble than
canned diets (Table 3).

The GPx response was lower on average in kibble compared to canned diets (p<0.001) and
decreased with an increasing CP intake (p<0.001, Fig 2). Serum Se concentrations did not
change significantly with diet type (p = 0.158), but did with CP intake, whereby serum Se con-
centrations decreased with increasing CP intake (p<0.001, Fig 1B). No association of diet type
(p = 0.069) or CP intake (p = 0.216) on IsoPs was found (Fig 1C), nor with the T3:T4 ratio
(p = 0.102 and 0.960, respectively, Fig 1D).
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Table 3. Energy, selenium and crude protein intakes per diet type of four canned and four kibble diets.

Canned Kibble p-value

mean SEM mean SEM diet type

Energy intake (kJ/ kg BW0.75) 428.8 11.7 442.9 11.7 0.325

Se intake (μg/kg BW0.75) 17.3 0.4 10.1 0.6 <0.001

Digestible Se intake (μg/kg BW0.75) 7.7 0.4 6.6 0.4 0.043

Digestible CP intake (g/kg BW0.75) 6.6 0.5 6.5 0.3 0.860

SEM, standard error of the mean; BW0.75, metabolic body weight; Se, selenium; CP, crude protein.

doi:10.1371/journal.pone.0152709.t003

Fig 1. Selenium digestibility (A), serum selenium (B), serum isoprostanes (C) and serum T3:T4 ratio (D) in dogs in relation to crude protein intake
of four canned and four kibble diets. Black squares and solid line are canned diets, open triangles and dashed line are kibble diets. Symbols represent the
means and error bars indicate their standard errors, based on the raw data. Lines are based on the linear mixed model estimates. BW0.75, metabolic body
weight; T3:T4 ratio, ratio between triiodothyronine and thyroxine hormones.

doi:10.1371/journal.pone.0152709.g001
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The relative urinary Se:CT ratio was higher on average in kibble diets than in the canned
diets (p<0.001). No association of CP intake with urinary Se:CT ratio was found (p = 0.059, Fig
3). When urinary Se excretion was expressed per absolute amount of digestible Se, dogs on kib-
ble diets excreted more Se in their urine than dogs on canned diets (p = 0.001) and excretion
decreased with increasing CP intake (p = 0.017, data not shown).

Discussion
This study showed that the availability of Se through digestion and metabolism changed con-
siderably with diet type. The higher apparent Se digestibility in kibble compared to canned
diets suggests that the use of a single recommendation for Se inclusion levels in pet foods for
both diet types needs reconsideration. Previous in vitro findings showed that Se in canned diets
was more susceptible to a decrease in Se accessibility, i.e. the amount that is available for
absorption in the gastro-intestinal tract, due to processing [19]. The average Se accessibility
was also lower in canned than kibble diets [19]. In the in vitro study [19], canned diets had an
average Se accessibility of 58% (± 4.01, n = 20), while the Se accessibility of kibble diets was
72% (± 3.95, n = 23). Accordingly, in the present study canned diets showed a lower Se

Fig 2. Whole blood glutathione peroxidase responses in dogs in relation to crude protein intake of four canned and four kibble diets. Black squares
and solid line are canned diets, open triangles and dashed line are kibble diets. Symbols represent the means and error bars indicate their standard errors,
based on the raw data. Lines are based on the linear mixed model estimates. Hb, hemoglobin; BW0.75, metabolic body weight.

doi:10.1371/journal.pone.0152709.g002

Selenium Digestibility in Dogs

PLOS ONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 8 / 13



digestibility than kibble diets. The difference in apparent Se digestibility observed between the
diet types may be caused by the Se species used in these diets. The meat and meat-by-products
that are used in canned diets, mainly contain organically bound Se (e.g. selenomethionine)
[41]. Therefore, it may be that the dietary sulphur-containing amino acids (methionine and
cysteine) compete for absorption with the organically bound Se [42]. Sodium selenite, which is
often used (as in the kibble study diets) to supplement pet foods that do not comply to the rec-
ommended allowance (mainly kibble diets), is absorbed through diffusion [43] and thus does
not have to compete for absorption with organically bound sulphur.

Interestingly, bioactivity in this study measured as GPx, was higher in canned than kibble
diets. This may be explained by a higher amount of digestible Se in canned diets. Even though
the apparent Se digestibility of canned diets was much lower than kibble diets (44.9% vs.
62.3%, respectively), the absolute amount of digestible Se was still higher in canned diets
(7.7 ± 0.4 vs. 6.6 ± 0.4 μg/kg BW0.75, respectively). Both this study and the in vitro study [19]
were performed with commercially available diets and in both studies a higher dietary Se con-
centration was found in canned than kibble diets. In the in vitro work, canned diets contained
on average 34.8 μg Se/MJ (± 6.25, n = 20) and kibble diets 22.5 μg Se/MJ (± 2.42, n = 23) [19].
In this study, similar contents were measured (canned diets: 40.6 μg Se/MJ, kibble diets:

Fig 3. Urinary selenium to creatinine ratio relative to selenium intake in dogs in relation to crude protein intake of four canned and four kibble
diets. Black squares and solid line are canned diets, open triangles and dashed line are kibble diets. Symbols represent the means and error bars indicate
their standard errors, based on the raw data. Lines are based on the linear mixed model estimates. BW0.75, metabolic body weight.

doi:10.1371/journal.pone.0152709.g003
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22.3 μg/MJ). This indicates that the ingredients for canned diets tend to contain a higher
amount of Se, which suggests this may be inherent to this diet type.

In addition to the higher amount of digestible Se in canned diets, the urinary Se excretion
relative to Se intake was lower in canned compared to kibble diets, even per absolute amount of
digestible Se. This suggests that the percentage of retained Se per digestible Se is higher in
canned than kibble diets. Consequently, a higher amount of digestible Se from the canned diets
can be used for either non-specific incorporation into body proteins, or incorporation into the
Se-dependent antioxidant GPx. In the latter situation, this results in a higher bioactivity of Se
from canned diets, as demonstrated in this study. A difference in speciation is the most likely
explanation for the differences between the diet types. Unfortunately, efforts to determine Se
speciation were unsuccessful due to detection limit issues. However, it is known that the kibble
diets in this study are supplemented with inorganic sodium selenite and that the Se in the
canned diets in this study derives solely from the ingredients, which consist mainly of meat
and meat by-products, and thus it is primarily organically bound [41].

It should be acknowledged that apparent digestibility was calculated in this study. Some of
the absorbed Se is excreted via the bile into the faeces [44], which may cause an underestima-
tion of the Se digestibility. However, it is not known whether there was a difference in biliary Se
excretion between the diet types. Given the higher dietary fat concentration in canned diets, it
may be assumed that bile excretion is higher in canned compared to kibble diets, but this does
not necessarily mean a higher Se excretion via bile. Gregus et al. [45] suggest that Se excretion
via bile is enhanced by binding to an organic acid. So, if there was a difference in the amount of
Se excreted via the bile, this may also be due to a difference in Se speciation.

Taking blood GPx concentration as a measure for bioactivity may suggest a superior antiox-
idant function of canned diets, but this was not associated with a higher concentration of the
oxidative stress parameter, isoprostanes. It cannot be excluded that a difference between diet
types may be found if other parameters of oxidative stress were measured or if IsoP’s were mea-
sured during a longer period.

Like GPx, iodothyronine deiodinases are also Se-dependent hormones. Several studies have
shown that a higher dietary Se concentration has a positive influence on the T3:T4 ratio in
humans [32], kittens [16, 31] and dogs [16, 46]. In this study, no effect on T3:T4 ratio was
found and they were shown to be within a clinically normal range [47]. This may be because
the difference in digestible Se was not large enough between diet types. Remarkably, no interac-
tions were found for any of the parameters measured in this study. However, there was a nega-
tive association between CP intake and both GPx and serum Se, irrespective of diet type. It is
unlikely that Se intake was responsible for these results as there was no negative, but actually a
positive association between Se and CP intake. Se digestibility was also not significantly associ-
ated with CP intake, therefore, unlikely to be responsible for the negative association between
bioactivity and CP intake. Furthermore, urinary Se excretion corrected for digestible Se
decreased with increasing CP intake, which suggests a higher retention with increasing CP
intake. The higher amount of retained Se was not incorporated into GPx, but left in the blood
stream as serum Se or excreted via the urine. Therefore, taken together it is very likely that a
part of the Se from canned diets was incorporated into body proteins as selenomethionine
instead of methionine.

To clarify whether the effects found in this study were attributed to the absolute amount of
Se or the Se species, semi-purified diets could be used in the future. However, it is a challenge
and maybe even impossible to manufacture diets with two different processing types, using
exactly the same ingredients. Furthermore, such a study would not be relevant for the Se digest-
ibility and bioactivity of commercially available diets. This implies that the effects of CP intake
in this study include factors associated with the formulation of a diet to a certain CP

Selenium Digestibility in Dogs

PLOS ONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 10 / 13



concentration. Similarly, the effect of diet type is not just a result of processing, but includes
the choice of ingredients for that particular diet type.

In conclusion, the diet type, whether this is caused by processing, Se speciation, or other-
wise, causes canned diets to have a lower apparent Se digestibility, but a higher amount of the
digestible Se is retained in the body and thereby enhancing Se bioactivity. So the can can, what
the kibble can't. This study suggests that the recommendation for Se inclusion levels in pet
foods should take diet type into account. Further studies are warranted to quantify the exact
origin of the difference between the diet types, but this requires valid and sensitive parameters
to monitor Se adequacy. The impact of processing conditions and protein sources on Se digest-
ibility and bioactivity is another topic that warrants more investigation. It should be noted that
it is not sufficient to solely measure Se digestibility, because bioactivity and urinary excretion
measurements may give a different picture. Therefore, the choice of parameters can be crucial
for the conclusion when studying nutritional modulation of Se status in animals.

Acknowledgments
The authors express their special thanks to Joachim Neri of the Department of Applied Analyt-
ical and Physical Chemistry at the Faculty of Bioscience Engineering of Ghent University for
total Se analyses and to Daniel Vermeulen of the Division of Livestock, Nutrition and Quality
at the Science, Engineering and Technology group of the Catholic University of Leuven for the
thyroid hormone analyses.

Author Contributions
Conceived and designed the experiments: MvZ MH KG LGA GPJJ. Performed the experi-
ments: MvZ. Analyzed the data: MvZ KB AC. Contributed reagents/materials/analysis tools:
MvZ GDL. Wrote the paper: MvZ. Reviewing and editing the manuscript: MH KG KB AC
LGA GDL GPJJ.

References
1. Tinggi U. Selenium: Its role as antioxidant in human health. Environ Health Prev Med. 2008; 13:102–8.

doi: 10.1007/s12199-007-0019-4 PMID: 19568888

2. Schneider HA. Selenium in nutrition. Science. 1936; 83(2141):32–4.

3. Clark LC, Combs GF, Turnbull BW, Slate EH, Chalker DK, Chow J, et al. Effects of selenium supple-
mentation for cancer prevention in patients with carcinoma of the skin a randomized controlled trial—a
randomized controlled trial. J AmMed Assoc. 1996; 276(24):1957–63.

4. Clark LC, Dalkin B, Krongrad A, Combs GF, Turnbull BW, Slate EH, et al. Decreased incidence of pros-
tate cancer with selenium supplementation: Results of a double-blind cancer prevention trial. Br J Urol.
1998; 81(5):730–4. PMID: 9634050

5. Selenius M, Rundlöf AK, Olm E, Fernandes AP, Björnstedt M. Selenium and the selenoprotein thiore-
doxin reductase in the prevention, treatment and diagnostics of cancer. Antioxid Redox Signal. 2010;
12(7):867–80. doi: 10.1089/ars.2009.2884 PMID: 19769465

6. Hughes DJ, Fedirko V, Jenab M, Schomburg L, Méplan C, Freisling H, et al. Selenium status is associ-
ated with colorectal cancer risk in the european prospective investigation of cancer and nutrition cohort.
Int J Cancer. 2015; 136(5):1149–61. doi: 10.1002/ijc.29071 PMID: 25042282

7. de Lorgeril M, Salen P, Accominotti M, Cadau M, Steghens J-P, Boucher F, et al. Dietary and blood
antioxidants in patients with chronic heart failure. Insights into the potential importance of selenium in
heart failure. Eur J Heart Fail. 2001; 3(6):661–9. doi: 10.1016/s1388-9842(01)00179-9 PMID:
11738217

8. Toufektsian M-C, Boucher F, Pucheu S, Tanguy S, Ribuot C, Sanou D, et al. Effects of selenium defi-
ciency on the response of cardiac tissue to ischemia and reperfusion. Toxicology. 2000; 148(2–3):125–
32. doi: 10.1016/S0300-483X(00)00203-1 PMID: 10962131

9. World C, Yamawaki H, Berk B. Thioredoxin in the cardiovascular system. J Mol Med. 2006; 84
(12):997–1003. doi: 10.1007/s00109-006-0109-6 PMID: 17021908

Selenium Digestibility in Dogs

PLOS ONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 11 / 13

http://dx.doi.org/10.1007/s12199-007-0019-4
http://www.ncbi.nlm.nih.gov/pubmed/19568888
http://www.ncbi.nlm.nih.gov/pubmed/9634050
http://dx.doi.org/10.1089/ars.2009.2884
http://www.ncbi.nlm.nih.gov/pubmed/19769465
http://dx.doi.org/10.1002/ijc.29071
http://www.ncbi.nlm.nih.gov/pubmed/25042282
http://dx.doi.org/10.1016/s1388-9842(01)00179-9
http://www.ncbi.nlm.nih.gov/pubmed/11738217
http://dx.doi.org/10.1016/S0300-483X(00)00203-1
http://www.ncbi.nlm.nih.gov/pubmed/10962131
http://dx.doi.org/10.1007/s00109-006-0109-6
http://www.ncbi.nlm.nih.gov/pubmed/17021908


10. Shrimali RK, Irons RD, Carlson BA, Sano Y, Gladyshev VN, Park JM, et al. Selenoproteins mediate t
cell immunity through an antioxidant mechanism. J Biol Chem. 2008; 283(29):20181–5. doi: 10.1074/
jbc.M802559200 PMID: 18487203

11. Carlson BA, Yoo M-H, Shrimali RK, Irons R, Gladyshev VN, Hatfield DL, et al. Role of selenium-contain-
ing proteins in t-cell and macrophage function. Proc Nutr Soc. 2010; 69(3):300–10. doi: 10.1017/
s002966511000176x PMID: 20576203

12. Lippman SM, Klein EA, Goodman PJ, Lucia MS, Thompson IM, Ford LG, et al. Effect of selenium and
vitamin e on risk of prostate cancer and other cancers: The selenium and vitamin e cancer prevention
trial (select). J AmMed Assoc. 2009; 301(1):39–51.

13. Zentek J. A changing landscape: The pet food market in europe 2007 [cited 2015 13 July]. Available
from: http://en.engormix.com/MA-feed-machinery/formulation/articles/changing-landscape-pet-food-
t423/p0.htm.

14. Aldrich G. Rendered products in pet food. In: Meekers DL, editor. Essential rendering all about the ani-
mal by-product industry. Virginia: National Renderers Association; 2006. p. 159–77.

15. FEDIAF. Nutritional guidelines for complete and complementary pet food for cats and dogs. Brussels:
European Pet Food Industry Federation; 2013.

16. Wedekind KJ, Combs GF Jr., Selenium in pet foods—is bioavailability an issue? Compend Contin
Educ Vet. 2000; 22(9A):17–22.

17. Wedekind KJ, Cowell C, Combs GF Jr., Bioavailability of selenium in petfood ingredients. FASEB J.
1997; 11:A360.

18. Todd SE, Thomas DG, Bosch G, Hendriks WH. Selenium status in adult cats and dogs fed high levels
of dietary inorganic and organic selenium. J Anim Sci. 2012; 90(8):2549–55. doi: 10.2527/jas.2011-
3911 PMID: 22307479

19. van Zelst M, Hesta M, Alexander LG, Gray K, Bosch G, Hendriks WH, et al. In vitro selenium accessibil-
ity in dog foods is affected by diet composition and type. Br J Nutr. 2015; 113:1888–94. doi: 10.1017/
S0007114515001324 PMID: 25994047

20. Souci SW, FachmannW, Kraut H. Food composition and nutrition tables. Stuttgart: MedPharm Scien-
tific Publishers; 2008.

21. National Research Council. Nutrient requirements of dogs and cats. [Rev. ed. Washington D.C.:
National Academies Press; 2006. xxi, 398 p. p.

22. Wedekind KJ, Bever RS, Combs GF Jr., Is selenium addition necessary in pet foods? FASEB J. 1998;
12:A823.

23. Todd SE, Thomas DG, Hendriks WH. Selenium balance in the adult cat in relation to intake of dietary
sodium selenite and organically bound selenium. J Anim Physiol Anim Nutr. 2011; 96:148–58. doi: 10.
1111/j.1439-0396.2011.01132.x

24. Dumont E, Vanhaecke F, Cornelis R. Selenium speciation from food source to metabolites: A critical
review. Anal Bioanal Chem. 2006; 385(7):1304–23. doi: 10.1007/s00216-006-0529-8 PMID: 16830114

25. Koller G, Patka E, Huck B, Kunstverein Wien. Abbild und emotion: Österreichischer realismus 1914–
1944. Wien: Edition Tusch; 1984. 256 p. p.

26. Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG, Hoekstra WG. Selenium: Biochemical
role as a component of glutathione peroxidase. Science. 1972; 179:588–90.

27. Payne RL, Southern LL. Changes in glutathione peroxidase and tissue selenium concentrations of
broilers after consuming a diet adequate in selenium. Poult Sci. 2005; 84(8):1268–76. PMID: 16156211

28. Wedekind KJ, Yu S, Combs GF Jr., The selenium requirement of the puppy. J Anim Physiol Anim Nutr.
2004; 88(9–10):340–7. doi: 10.1111/j.1439-0396.2004.00489.x

29. Todd SE. Metabolism of selenium in cats and dogs [thesis]. Palmerston North: Massey University;
2006.

30. Basu S. The enigma of in vivo oxidative stress assessment: Isoprostanes as an emerging target.
Scand J Food Nutr. 2007; 51(2):48–61.

31. Yu S, Howard KA, Wedekind KJ, Morris JG, Rogers QR. A low-selenium diet increases thyroxine and
decreases 3,5,3'triiodothyronine in the plasma of kittens. J Anim Physiol Anim Nutr. 2002; 86:36–41.

32. Olivieri O, Girelli D, Azzini M, Stanzial AM, Russo C, Ferroni M, et al. Low selenium status in the elderly
influences thyroid hormones. Clin Sci. 1996; 89(6):637–42.

33. German AJ, Holden SL, MoxhamGL, Holmes KL, Hackett RM, Rawlings JM. A simple, reliable tool for
owners to assess the body condition of their dog or cat. J Nutr. 2006; 136:2031S–3S. PMID: 16772488

34. Bierla K, Dernovics M, Vacchina V, Szpunar J, Bertin G, Lobinski R. Determination of selenocysteine
and selenomethionine in edible animal tissues by 2d size-exclusion reversed-phase hplc-icp ms

Selenium Digestibility in Dogs

PLOS ONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 12 / 13

http://dx.doi.org/10.1074/jbc.M802559200
http://dx.doi.org/10.1074/jbc.M802559200
http://www.ncbi.nlm.nih.gov/pubmed/18487203
http://dx.doi.org/10.1017/s002966511000176x
http://dx.doi.org/10.1017/s002966511000176x
http://www.ncbi.nlm.nih.gov/pubmed/20576203
http://en.engormix.com/MA-feed-machinery/formulation/articles/changing-landscape-pet-food-t423/p0.htm
http://en.engormix.com/MA-feed-machinery/formulation/articles/changing-landscape-pet-food-t423/p0.htm
http://dx.doi.org/10.2527/jas.2011-3911
http://dx.doi.org/10.2527/jas.2011-3911
http://www.ncbi.nlm.nih.gov/pubmed/22307479
http://dx.doi.org/10.1017/S0007114515001324
http://dx.doi.org/10.1017/S0007114515001324
http://www.ncbi.nlm.nih.gov/pubmed/25994047
http://dx.doi.org/10.1111/j.1439-0396.2011.01132.x
http://dx.doi.org/10.1111/j.1439-0396.2011.01132.x
http://dx.doi.org/10.1007/s00216-006-0529-8
http://www.ncbi.nlm.nih.gov/pubmed/16830114
http://www.ncbi.nlm.nih.gov/pubmed/16156211
http://dx.doi.org/10.1111/j.1439-0396.2004.00489.x
http://www.ncbi.nlm.nih.gov/pubmed/16772488


following carbamidomethylation and proteolytic extraction. Anal Bioanal Chem. 2008; 390(7):1789–98.
doi: 10.1007/s00216-008-1883-5 PMID: 18283440

35. Darras VM, Visser TJ, Berghman LR, Kühn ER. Ontogeny of type i and type iii deiodinase activities in
embryonic and posthatch chicks: Relationship with changes in plasma triiodothyronine and growth hor-
mone levels. Comp Biochem Physiol. 1992; 103A(1):131–6.

36. Lavu RVS,Willekens K, Vandecasteele B, Tack F, Du Laing G. Fertilizing soil with selenium fertilizers:
Impact on concentration, speciation and bioaccessibility of selenium in leek (allium ampeloprasum). J
Agric Food Chem. 2012; 60:10930–5. doi: 10.1021/jf302931z PMID: 23078411

37. ISO. Animal feeding stuffs—determination of nitrogen content and calculation of crude protein content
—part 1: Kjeldahl method (iso 5983–1). Geneva, Switzerland: International Organization for Standardi-
zation; 2005.

38. Myers WD, Ludden PA, Nayigihugu V, Hess BW. Technical note: A procedure for the preparation and
quantitative analysis of samples for titanium dioxide. J Anim Sci. 2004; 82(1):179–83. /2004.821179x.
PMID: 14753360

39. RStudio. Rstudio: Integrated development environment for r. 0.98.507 ed. Boston, MA: RStudio; 2013.

40. Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. Nlme: Linear and nonlinear mixed effects mod-
els. 3.1–117 ed. Vienna: R Foundation for Statistical Computing; 2014.

41. Young VR, Nahapetian A, Janghorbani M. Selenium bioavailability with reference to human nutrition.
Am J Clin Nutr. 1982; 35:1076–88. PMID: 7044092

42. Waschulewski IH, Sunde RA. Effect of dietary methionine on tissue selenium and glutathione peroxi-
dase (ec 1.11.1.9) activity in rats given selenomethionine. Br J Nutr. 1988; 60:57–68. PMID: 3408706

43. Reasbeck PG, Barbezat GO, Weber FL, Robinson MF, Thomson CD. Selenium absorption by canine
jejunum. Dig Dis Sci. 1985; 30(5):489–94. doi: 10.1007/BF01318184 PMID: 3987481

44. McConnell KP, Martin RG. Biliary excretion of selenium in the dog after administration of sodium sele-
nate containing radioselenium. J Biol Chem. 1952; 194:183–90. PMID: 14927606

45. Gregus Z, Perjési P, Gyurasics Á. Enhancement of selenium excretion in bile by sulfobromophthalein:
Elucidation of the mechanism. Biochem Pharmacol. 1998; 56(10):1391–402. doi: 10.1016/S0006-2952
(98)00190-7 PMID: 9825739

46. Wedekind KJ, Kirk CA, Nachreiner RF, Yu S. Effect of varying selenium (se) intake on thyroid hormone
metabolism in dogs. FASEB J. 2001; 15:A953.

47. Kantrowitz LB, Peterson ME, Melián C, Nichols R. Serum total thyroxine, total triiodothyronine, free thy-
roxine, and thyrotropin concentrations in dogs with nonthyroidal disease. J Am Vet Med Assoc. 2001;
219(6):765–9. doi: 10.2460/javma.2001.219.765 PMID: 11561650

Selenium Digestibility in Dogs

PLOS ONE | DOI:10.1371/journal.pone.0152709 April 4, 2016 13 / 13

http://dx.doi.org/10.1007/s00216-008-1883-5
http://www.ncbi.nlm.nih.gov/pubmed/18283440
http://dx.doi.org/10.1021/jf302931z
http://www.ncbi.nlm.nih.gov/pubmed/23078411
http://www.ncbi.nlm.nih.gov/pubmed/14753360
http://www.ncbi.nlm.nih.gov/pubmed/7044092
http://www.ncbi.nlm.nih.gov/pubmed/3408706
http://dx.doi.org/10.1007/BF01318184
http://www.ncbi.nlm.nih.gov/pubmed/3987481
http://www.ncbi.nlm.nih.gov/pubmed/14927606
http://dx.doi.org/10.1016/S0006-2952(98)00190-7
http://dx.doi.org/10.1016/S0006-2952(98)00190-7
http://www.ncbi.nlm.nih.gov/pubmed/9825739
http://dx.doi.org/10.2460/javma.2001.219.765
http://www.ncbi.nlm.nih.gov/pubmed/11561650

