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Abstract

Background: Selenium or alpha-tocopherol deficiency can cause neuromuscular dis-

ease. Beta-carotene has limited documentation in horses.

Objective: To evaluate the effect of owner practices on plasma beta-carotene con-

centration and risk of selenium and alpha-tocopherol deficiencies.

Animals: Three-hundred and forty-nine adult (≥1 year), university and privately

owned horses and mules.

Methods: Cross-sectional study. Whole blood selenium, plasma alpha-tocopherol,

and plasma beta-carotene concentrations were measured once. Estimates of daily

selenium and vitamin E intake, pasture access, and exercise load were determined by

owner questionnaire. Data were analyzed using t tests, Mann-Whitney tests, para-

metric or nonparametric analysis of variance (ANOVA), Kruskal-Wallis test, Spe-

arman's correlation and contingency tables (P < .05).

Results: Nearly 88% of the horses received supplemental selenium; 71.3% received

≥1 mg/d. Low blood selenium concentration (<80 ng/mL) was identified in 3.3% of

horses, and 13.6% had marginal concentrations (80-159 ng/mL). Non-supplemented

horses were much more likely to have low blood selenium (odds ratio [OR], 20.2;

95% confidence interval [CI], 9.26-42.7; P < .001). Supplemental vitamin E was pro-

vided to 87.3% of horses; 57.7% received ≥500 IU/d. Deficient (<1.5 μg/mL) and

marginal (1.5-2.0 μg/mL) plasma (alpha-tocopherol) occurred in 15.4% and 19.9% of

horses, respectively. Pasture access (>6 h/d) and daily provision of ≥500 IU of vita-

min E was associated (P < .001) with higher plasma alpha-tocopherol concentrations.

Plasma beta-carotene concentration was higher in horses with pasture access

(0.26 ± 0.43 versus 0.12 ± 0.13 μg/mL, P = .003).

Conclusions and Clinical Importance: Suboptimal blood selenium and plasma alpha-

tocopherol concentrations occurred in 16.7% and 35.5% of horses, respectively,

despite most owners providing supplementation. Inadequate pasture access was

associated with alpha-tocopherol deficiency, and reliance on selenium-containing salt

blocks was associated with selenium deficiency.

Abbreviations: NRC, National Research Council; OSU, Oregon State University.
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1 | INTRODUCTION

Deficiencies of the antioxidants selenium and alpha-tocopherol can

result in severe and frequently irreversible neuromuscular disease in

horses. Clinical signs can include weakness, atrophy, rhabdomyolysis,

abnormal gait or limb position, and fasciculations. Selenium deficiency

consistently has been associated with skeletal and cardiac muscle

damage, and inadequate alpha-tocopherol status has been linked to

degenerative myeloencephalopathy and neuroaxonal dystrophy,

motor neuron disease, and vitamin E-deficient myopathy in horses.1-3

In addition, supplementation of horses with these antioxidants has

been correlated with attenuation of oxidative stress markers and posi-

tive effects on fertility and immune function.4-7

Soils of volcanic origin and acidic pH contain minimal selenium,

and the risk of selenium deficiency is increased in nonsupplemented

animals subsisting on grass or hay grown in selenium-deficient soils.8,9

Grasses and plants produce alpha-tocopherol via photosynthesis, but

content degrades substantially after harvest and storage as hay.10,11

Horses predominantly fed cured hay rations are therefore at risk of

alpha-tocopherol deficiency. Additional factors including poor gastro-

intestinal absorption and genetics also have been hypothesized to

contribute to alpha-tocopherol deficiency.12,13 Beta-carotene is also

predominantly found in fresh green forage and is subject to storage

degradation.14 Increased intake of beta-carotene, a vitamin A precur-

sor, has been associated with improved fertility and immune function

in several species.15-17

The National Research Council (NRC) recommends 1 mg of sele-

nium daily for 400 kg horses in heavy or very heavy work, and to

increase blood selenium concentrations in 1 to 6-year-old horses, with

evidence that up to 3 mg daily might improve immune function.15 The

recommended daily intake of vitamin E is 1 IU/kg body weight, with

2 IU/kg body weight recommended for foals and exercising horses.15

Although studies have identified an impact of both formulation (natu-

ral versus synthetic) and dose on alpha-tocopherol status of horses,18

current NRC guidelines do not specify a recommended formulation.

Many owners actively provide these nutrients in fortified feeds or

directed supplements to prevent deficiency. However, the many avail-

able products have variable composition and efficacy, and current

labeling guidelines do not require specification of vitamin E formula-

tion.19-21 Currently, no dietary recommendations are available for

beta-carotene, and deliberate supplementation is uncommon.

Our main objective was to determine the impact of owner supple-

mentation and management practices on whole blood selenium and

plasma alpha-tocopherol concentrations in horses located in a region

where clinical disease from both deficiencies occurs. Plasma beta-

carotene concentration also was evaluated because it is influenced by

similar management practices that affect alpha-tocopherol, and cur-

rently has limited documentation in horses. It was hypothesized that

owners often supplement horses inadequately, which, in combination

with other specific management factors, could lead to a moderate

prevalence of deficiency of these critical nutrients.

2 | MATERIALS AND METHODS

2.1 | Experimental animals and geographical region

For this cross-sectional study, subject recruitment was accomplished via

internet postings, an informational brochure, and regional veterinarians.

Enrolled horses were located at 49 different properties in Oregon and

were contained within an area of approximately 31 400 square miles.

Soil selenium concentration within this area ranged from 0.12 ± 0.03 to

0.27 ± 0.16 ppm (average, 0.17 ppm); soils containing <0.6 ppm are

considered selenium deficient.22,23 Terrain in this region varied from

valley with a cool summer Mediterranean climate (Köppen climate clas-

sification Csb) to high desert with a semiarid climate (Köppen climate

classification BSk). Yearly, average precipitation across the sampled

region ranged from 15 to 70 inches.24 A total of 349 horses and mules

were enrolled, but data from 11 horses subsequently were excluded as

a result of young age (<1 year old; n = 6) or small body mass (miniature

horses and ponies; n = 5) so as to achieve greater homogeneity of body

mass and estimated nutrient requirements for adult horses weighing

approximately 400 to 500 kg. Two horses with recent history of injec-

tion with a vitamin E/selenium-containing product and 5 horses with

incomplete dietary information also were excluded, leaving 331 horses.

Study horses were affiliated with Oregon State University (OSU,

n = 16) or were privately owned (n = 315). Animal use protocols were

approved by the Institutional Animal Care and Use Committee of OSU.

2.2 | Questionnaire

Owners, caretakers, or both completed a questionnaire regarding the

management and feeding of each horse (Supplementary Figure S1).

The questionnaire recorded signalment, use, frequency and duration

of exercise, ration composition (including access to green pasture and

source, amount and type of hay), and supplement provision. Exercise

load was partitioned into (1) no forced exercise, (2) low exercise

(<180 minutes per week), and (3) high exercise (>180 minutes per

week) based on NRC definition.15 Horses receiving oil or feed supple-

ments containing ≥10% of calories from fat were defined as receiving

dietary fat supplementation. Adequate green pasture access was

defined as access to fresh, green grazing for >6 hours per day, which

was estimated to provide a minimum 500 IU of alpha-tocopherol

based on the average alpha-tocopherol content of fresh grass and

estimated hourly pasture intake of a 500 kg horse.10,25 Follow-up
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telephone conversations with all owners to review completed ques-

tionnaires further clarified management history, including pasture

quality, frequency, amount, and specific supplements and feeds pro-

vided over the preceding 6 months, including any changes in ration or

exercise during that time period.

Estimates of the total amount and form of selenium (mg of

selenomethionine versus sodium selenite) and vitamin E (IU of natural

versus synthetic forms) in each horse's daily ration were collated from

information provided in the questionnaire and independent evaluation

of commercial feed and supplement labels by 2 of the authors (M.O.

Pitel and E.C. McKenzie). Dietary selenium contributions were

grouped into the selenomethionine category if specified on the label

as “selenomethionine,” “selenium yeast,” or “organic selenium” and

into the sodium selenite category if specified on the label as “sodium

selenite,” “inorganic selenium,” or “selenium.” Similarly, dietary vitamin

E was grouped into the natural category if specified on the label as

“natural vitamin E,” “d-alpha-tocopherol,” “d-alpha-tocopheryl ace-

tate,” “d-alpha-tocopherol acetate,” or “d-alpha-tocopheryl succinate”

and grouped into the synthetic category if specified on the label as

“synthetic vitamin E,” “dl-alpha-tocopherol,” “dl-alpha-tocopheryl ace-

tate,” or “vitamin E supplement.” Any provided hay was assumed to

contribute minimal selenium and alpha-tocopherol to each ration,

because all hay was Oregon sourced.8-11 Access to a selenium-con-

taining salt block was documented but no estimates were made in

regard to salt's contribution to total selenium content of each ration,

because consumption could not be reliably confirmed or quantified.

2.3 | Blood collection

A total of 15 mL of blood was collected into EDTA from the jugular

vein of each horse, at a single time point. Sample acquisition from all

horses was accomplished over 3 weeks in August 2017 to limit sea-

sonal effects on studied variables. Plasma samples for alpha-tocoph-

erol and beta-carotene analysis were protected from light after

collection, centrifuged within 30 minutes, placed into cryovials, and

frozen in a liquid nitrogen Dewar before being stored in a −80�C

freezer until analysis at the Linus Pauling Institute of OSU using previ-

ously described methods.26,27 Plasma alpha-tocopherol concentrations

were defined as deficient for concentrations <1.5 μg/mL, marginal for

concentrations 1.5 to 2.0 μg/mL and adequate for concentrations

>2.0 μg/mL3. Whole blood samples were refrigerated before selenium

analysis and submitted weekly to the California Animal Health & Food

Safety Laboratory in Davis, California. Whole blood selenium concen-

trations <80 ng/mL were defined as deficient, concentrations 80 to

159 ng/mL as marginal, concentrations 160 to 275 ng/mL as adequate

and concentrations >275 ng/mL were defined as high.13,28

2.4 | Statistical analysis

To analyze the effects of selenium supplementation, horses receiving

adequate supplementation, defined as ≥1 mg of selenium daily, were

divided into 3 groups based on the predominant selenium form pro-

vided: (1) >90% of selenium as selenomethionine (SeM); (2) >90% as

sodium selenite (NaSe); and (3) a combination of both forms with each

representing <90% of daily intake (SeM+NaSe). Horses classified as

inadequately supplemented with selenium (InSe) were receiving some

selenium, but a total amount <1 mg daily. Horses with no directed

selenium supplementation were considered nonsupplemented

(NonSe), including horses with access to a selenium-containing salt

block.

To analyze the effects of vitamin E supplementation, horses were

divided into those with adequate (P, >6 h/d grazing) and inadequate

(NP, ≤6 h/d grazing) green pasture access. Horses receiving ≥500 IU

of vitamin E daily were further subdivided into groups based on the

predominant form of vitamin E provided: (1) >90% as natural (NatE-P

and NatE-NP); (2) >90% as synthetic (SynE-P and SynE-NP); and (3) a

combination of both forms with each representing <90% of daily

intake (NatE+SynE-P and NatE+SynE-NP). Horses estimated to be

receiving <500 IU of vitamin E daily were categorized as having inade-

quate or no supplementation (InE/NonE-P and InE/NonE-NP).

Descriptive information collated from the questionnaire included

age, sex, breed, and athletic discipline of sampled horses. Statistical

calculations were performed using Microsoft Excel (Microsoft Corp,

Redmond, Washington), GraphPad Prism version 8 (GraphPad Soft-

ware, San Diego, California), and SPSS Statistics V26 (Microsoft Corp).

Normality testing of distribution was performed by D'Agostino and

Pearson analysis.

Analysis of the association between exercise load and whole blood

selenium concentration and the association between selenium supple-

mentation group and whole blood selenium were performed using ordi-

nary 1-way analysis of variance (ANOVA) and Tukey's multiple

comparison test. Comparison of the average total selenium intake in

each of the selenium supplementation groups for horses receiving

≥1 mg of selenium daily was performed using a Kruskal-Wallis test with

Dunn's multiple comparisons test. The association between exercise

load and plasma alpha-tocopherol concentration was performed using a

Kruskal-Wallis test with Dunn's multiple comparisons test. The associa-

tion between fat supplementation and plasma alpha-tocopherol and

between green pasture access of >6 h/d and plasma alpha-tocopherol

were performed using a Mann-Whitney test. The association between

vitamin E supplementation groups in horses grazing ≤6 h/d and plasma

alpha-tocopherol was performed using Brown-Forsythe and Welch

ANOVA testing and Dunnett's multiple comparison test. Comparison of

the average total vitamin E intake in each of the vitamin E supplementa-

tion groups for horses receiving ≥500 IU/d was performed using a

Kruskal-Wallis test with Dunn's multiple comparisons test. The associa-

tion between green pasture access and plasma beta-carotene concen-

tration was performed using a Mann-Whitney test.

Contingency tables were used to generate odds ratios (OR) for:

(1) selenium supplementation categories versus whole blood selenium

concentration categories and (2) vitamin E supplementation categories

versus plasma alpha-tocopherol concentration categories. Contin-

gency analysis was performed using Fisher's exact test to generate

OR for 2 × 2 tables. Cross-tabulation analysis was used to generate
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column proportion comparisons in contingency tables by Chi-square

and z-test using Bonferroni P-value adjustment. This analysis was

applied to: (1) selenium supplementation categories versus whole

blood selenium concentration categories and (2) vitamin E supplemen-

tation categories and green pasture access categories versus plasma

alpha-tocopherol concentration categories.

3 | RESULTS

3.1 | Population demographics

Horses included in the final data analysis (n = 331) consisted of 142

mares, 178 geldings, 9 stallions, 1 ovariectomized mare, and 1 horse

of unknown sex. Represented breeds included Warmbloods (n = 99),

Quarter Horses and Quarter Horse types (including Paints and Appa-

loosas, n = 70), Arabians (n = 58), Thoroughbreds (n = 27), Morgans

(n = 13), Gypsy Vanners (n = 7), 54 horses of mixed or unknown breed

(eg, mustangs), and 3 mules. Average age was 12.7 ± 7.2 years (range,

1-32 years). In regard to athletic disciplines, horses participated in

English pleasure (dressage and show jumping, n = 111), endurance

(n = 32), trail riding (n = 30), Western pleasure (n = 26), and 3-day

eventing (n = 21). Remaining animals were used in breeding (n = 14),

were retired or unbroken (n = 62) or participated in miscellaneous (eg,

research, driving) or unknown activities (n = 35). In regard to exercise

load, 114 horses were receiving no forced exercise, 116 horses

received a low level of exercise, and 100 horses received a high level

of exercise. The exercise load of 1 horse was unknown. The majority

of horses (n = 215, 65.0%) were fed locally sourced grass hay, 101

(30.5%) were fed a mixture of locally sourced alfalfa and grass hay, 12

(3.6%) were fed local alfalfa, and 3 (0.9%) were fed no hay, receiving a

pelleted feed product instead. Most horses (n = 294, 88.9%) were pro-

vided feed products in addition to hay or pasture, including fortified

feed or grains, complete feeds, nonfortified pelleted feed or grains

and top-dressing supplements. Most commonly, horses were provided

top-dressing products in combination with fortified feed or grains

(n = 81), with nonfortified pelleted feed or grains (n = 74), with both

fortified and nonfortified feed or grains (n = 50), with complete feeds

(n = 19), with both complete feeds and nonfortified feed or grains

(n = 3), with all 3 products (n = 2) or with no additional products

(n = 10). The remainder of the horses received fortified feed or grains

only (n = 42), nonfortified feed or grains only (n = 7), both fortified

and nonfortified feed or grains (n = 5) or complete feed only (n = 1).

Owners provided a large variety of products (n = 127 different prod-

ucts), of which 75 contained selenium and 88 contained vitamin E.

These products were a combination of fortified feed or grains

(n = 23), complete feeds (n = 7), nonfortified pelleted feed or grains

(n = 7) and top-dressing supplements (n = 90); 16 of these products

provided only vitamin E, selenium or both. A total of 174 (52.6%)

horses had adequate (>6 h/d) pasture access and 157 (47.4%) had

inadequate pasture access (≤6 h/d). Fat supplementation was pro-

vided to 94 (28.4%) horses. Eighty-one percent of owners (109/134)

reported utilizing their veterinarian for advice on nutritional informa-

tion for their horses.

3.2 | Selenium

Whole blood selenium concentration was normally distributed in the

study population. Average whole blood selenium concentration for all

sampled horses was 210 ± 66 ng/mL (n = 331). Deficient whole

blood selenium concentrations (<80 ng/mL) were identified in 11

(3.3%) horses and marginal concentrations (80-159 ng/mL) in 45

(13.6%). Adequate blood selenium concentrations (160-275 ng/mL)

were identified in the majority of horses (n = 226, 68.3%) with high

concentrations (>275 ng/mL) present in the remaining 49 (14.8%,

Table 1).

Total daily selenium intake was not normally distributed. A total

of 290/331 horses (87.6%) were receiving some additional selenium

in their ration, of which 236 (71.3%) were considered adequately sup-

plemented, receiving ≥1 mg/d (2.89 ± 1.46 mg/d) in various formula-

tions, with no significant difference in daily selenium intake among

TABLE 1 Estimated daily selenium intake (mean ± SD, mg/d) of all horses (n = 331) separated into groups based on selenium form and
amount, and contingencies (column totals) of selenium supplementation groups and whole blood selenium concentration groups

Selenium Supplementation Groups

NonSe & InSe (n = 41 & 54) NaSe (n = 46) SeM (n = 143) SeM+NaSe (n = 47)

Se intake (mg/d) None & 0.67 ± 0.24 3.04 ± 1.89 2.86 ± 1.29 2.84 ± 1.49

Whole blood (Se)

Deficient <80 ng/mL 11 (11.6%)a 0a,b 0a 0a, b

Marginal 80-159 ng/mL 30 (31.6%)a 3 (6.50%)a,b 11 (7.70%)a,b 1 (2.10%)b

Optimal 160-275 ng/mL 47 (49.5%)b 42 (91.3%)b 102 (71.3%)b,c 35 (74.5%)a,b

High >275 ng/mL 7 (7.40%)b 1 (2.20%)a 30 (21.0%)c 11 (23.4%)a

Notes: Supplementation groups are horses receiving <1 mg selenium daily (NonSe & InSe) and those receiving ≥1 mg of selenium daily as either >90%

sodium selenite (NaSe); >90% selenomethionine (SeM); or a combination of both at <90% each (SeM+NaSe). No significant differences were found among

total daily dietary selenium intake in horses supplemented with ≥1 mg of selenium (P = 1 for all comparisons). Superscript letters a,b,c denote statistical

significance (P < .05) within a supplementation group (ie, down a column).
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supplementation groups (Table 1). Inadequately supplemented horses

received <1 mg of daily selenium (InSe, n = 54) or no directed supple-

mentation (NonSe, n = 41), but 26 of these horses had access to a

selenium-containing salt block (Table 1).

Horses in the NonSe group, including the 26 horses with access

to selenium-containing salt blocks, had significantly (P < .001) lower

blood selenium concentrations compared to all other supplementation

groups, and were 20 times (OR, 20.2; 95% confidence interval [CI],

9.26-42.7; P < .001) more likely to have deficient blood selenium con-

centrations than horses receiving any amount of feed selenium sup-

plementation (Figure 1). A higher proportion of inadequately

supplemented horses had marginal blood selenium concentrations

compared to adequately supplemented horses (24.1 versus 6.4%,

P < .001). Of adequately supplemented horses, blood selenium con-

centration was significantly higher in the NaSe+SeM compared to the

NaSe group (P = .02, Figure 1), despite no significant difference in

daily selenium intake between the 2 groups (P = 1). No other differ-

ences in blood selenium concentration were noted among adequately

supplemented horses. Regardless of supplement type provided, the

risk of deficiency was significantly lower in horses supplemented with

≥1 mg of selenium daily (P < .001, Table 1). Whole blood selenium

concentration was significantly higher in horses in the low

(219 ± 66 ng/mL, n = 116) and high (219 ± 57 ng/mL, n = 100) exer-

cise groups compared to horses with no forced exercise

(194 ± 70 ng/mL, n = 114; P = .01 and P = .02, respectively).

3.3 | Alpha-tocopherol

Plasma alpha-tocopherol concentration was not normally distributed

in the study population. Average plasma alpha-tocopherol concentra-

tion from all sampled horses was 2.56 ± 1.13 μg/mL (n = 331; Table 2).

Plasma alpha-tocopherol concentrations considered as deficient

(<1.5 μg/mL) were identified in 51 (15.4%) and as marginal (1.5-2 μg/

mL) in 66 (19.9%) horses (Table 3). Adequate plasma alpha-tocopherol

concentrations (>2 μg/mL) were identified in the remaining 214

horses (64.7%; Table 3).

Green pasture access (>6 h/d) was strongly associated with ade-

quate plasma alpha-tocopherol concentrations (P < .001). Under-sup-

plemented horses receiving <500 IU of supplemental vitamin E but

with adequate pasture access (n = 81) were 2.76 times (OR, 2.76;

95% CI, 1.18-6.10; P = .02) less likely to have deficient plasma alpha-

tocopherol concentrations compared with under-supplemented

horses with inadequate pasture access (n = 59, Figure 2).

Total daily dietary vitamin E intake was not normally distributed

in the study population. A total of 191/331 (57.7%) horses were con-

sidered adequately supplemented, receiving ≥500 IU of vitamin E

per day in feed or supplements, independent of pasture access. In

horses with inadequate pasture access (≤6 h/d), vitamin E supple-

mentation at ≥500 IU/d was significantly (P < .001) associated with

higher plasma alpha-tocopherol concentrations compared to horses

with inadequate supplementation. This finding was consistent

regardless of the form of vitamin E provided (Figure 3). Total daily

vitamin E intake in horses receiving ≥500 IU/d, regardless of pasture

access, was significantly higher in the NatE+SynE-P, NatE+SynE-NP,

and NatE-NP groups compared to the SynE-NP group (P = .02,

F IGURE 1 Box and whisker plot of whole blood selenium
concentration versus supplementation groups; horses with no
directed selenium supplementation, including 26 horses with access
to a selenium-containing salt block (NonSe), horses receiving some
selenium but <1 mg daily (InSe), and horses receiving ≥1 mg of
selenium per day, as either >90% sodium selenite (NaSe); >90%
selenomethionine (SeM); or a combination of both at <90% each
(SeM+NaSe). The box describes first, second (median) and third
quartiles, “x” signifies the mean, whisker length is 1.5*IQR and dots
are outliers. Number of horses included in each supplementation

group is provided below the graph. Superscripts *, # and ^ indicate
significant difference in whole blood selenium concentration from
NonSe (P < .001), InSe (P < .001), and NaSe (P = .02) groups,
respectively, via ordinary 1-way ANOVA and Tukey's multiple
comparison test

TABLE 2 Plasma alpha-tocopherol
(mean ± SD, μg/mL) of all horses
(n = 331) separated into groups based on
supplementation form and amount

Supplementation group Alpha-tocopherol (μg/mL) n (331) % of horses

InE/NonE 2.23 ± 0.91 140 42.3

SynE 2.73 ± 1.21 116 35.0

NatE 2.72 ± 1.13 54 16.3

NatE+SynE 3.36 ± 1.35 21 6.40

Notes: Supplementation groups are horses receiving <500 IU of vitamin E daily (excluding pasture access,

InE/NonE) and those receiving ≥500 IU as either >90% natural source (NatE); >90% synthetic source

(SynE); or a combination of both at <90% each (NatE+SynE).
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F IGURE 2 Box and whisker plot of plasma alpha-tocopherol
concentration versus pasture access for horses receiving <500 IU of
daily vitamin E (InE/NonE groups). The 2 groups represent horses
with (P, >6 h/d) and without (NP, ≤6 h/d) adequate fresh, green
pasture access. The box describes first, second (median) and third
quartiles, “x” signifies the mean, whisker length is 1.5*IQR and dots
are outliers. Superscript * indicates a significant difference between
groups (P = .004) via Mann-Whitney test

F IGURE 3 Box and whisker plot of plasma alpha-tocopherol
concentration versus supplement types for horses with inadequate pasture
access (NP, grazing ≤6 h/d). Supplementation groups are horses receiving
<500 IU of vitamin E daily (InE/NonE) and those receiving ≥500 IU as
either >90% natural source (NatE); >90% synthetic source (SynE); or a
combination of both at <90% each (NatE+SynE). The box describes first,
second (median) and third quartiles, “x” signifies the mean, whisker length is
1.5*IQR and dots are outliers. Number of horses included in each
supplementation group is provided below the graph. Superscript * indicates
significant difference in plasma alpha-tocopherol concentration from the
InE/NonE-NP group (P = .04, P = .03, and P = .004 for SynE-NP, NatE-NP,
and SynE+NatE-NP, respectively) via Brown-Forsythe andWelch ANOVA
testing and Dunnett's multiple comparison test
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P = .04 and P = .003, respectively; Table 3) and also was significantly

higher in the NatE-NP compared to the SynE-P group

(Table 3; P = .01).

A very weak, positive correlation was found between plasma

alpha-tocopherol concentration and estimated daily vitamin E intake

for horses with both adequate (n = 174) and inadequate (n = 157) pas-

ture access (Spearman's R = 0.250, P = .004 and R = 0.314, P < .001,

respectively; Figure 4). A weak, positive, correlation (Spearman's

R = 0.316, P < .001) also was found between plasma alpha-tocopherol

and whole blood selenium concentrations (n = 331, Figure 5). No sig-

nificant association of plasma alpha-tocopherol concentration with

exercise load or fat supplementation was identified.

3.4 | Beta-carotene

Plasma beta-carotene concentration was not normally distributed in

the study population. Mean plasma beta-carotene in all sampled

horses was 0.19 ± 0.33 μg/mL (range, 0.009-4.135; n = 331). Plasma

beta-carotene was significantly higher in horses with adequate pas-

ture access (0.26 ± 0.43 μg/mL) than in those with inadequate access

(0.12 ± 0.13 μg/mL; P = .003; Figure 6). A moderate, significant corre-

lation was identified between plasma alpha-tocopherol and beta-caro-

tene concentrations in inadequately supplemented horses, with a

stronger correlation observed in horses with adequate (n = 174) ver-

sus inadequate (n = 157) pasture access (Spearman's R = 0.538,

P < .001 and R = 0.457, P < .001, respectively).

4 | DISCUSSION

In the population of our study, subclinical deficiency of 2 critical nutri-

ents was prevalent, with 16.7% and 35.5% of all studied horses

exhibiting suboptimal selenium and alpha-tocopherol concentrations,

respectively. These deficiencies occurred despite owners providing a

very large range of feed and supplement products containing selenium

and vitamin E to the majority of horses.

All horses in our study were considered at risk of selenium defi-

ciency because they were located in a region with low soil selenium

content and fed locally sourced hay.8,9,23 Although previous work has

identified improved absorption of selenomethionine compared to

sodium selenite in horses,29 in our study, form of delivered selenium

F IGURE 4 Correlation of plasma alpha-tocopherol concentration
and total IU of daily oral vitamin E supplementation (regardless of
supplement type) for horses with (P, >6 h/d, n = 174) and without
(NP, ≤6 h/d, n = 157) adequate fresh, green pasture access.
Spearman's correlation for P: R = 0.250, P = .004 and for NP:
R = 0.314, P < .001

F IGURE 5 Correlation of plasma alpha-tocopherol and whole
blood selenium concentration for all horses (n = 331). Significant
Spearman's correlation R = 0.316, P < .001

F IGURE 6 Box and whisker plot of plasma beta-carotene
concentration for horses with (P, >6 h/d) and without (NP, ≤6 h/d)
adequate fresh, green pasture access. The box describes first, second
(median) and third quartiles, “x” signifies the mean, whisker length is
1.5*IQR and dots are outliers. Superscript * indicates significant
difference in plasma (beta-carotene) based on pasture access
(P = .003) via Mann-Whitney test
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had minimal influence on deficiency and total amount of delivered

selenium was more important. Nearly 90% of horses in our study

were receiving some directed amount of selenium daily, and no horses

receiving ≥1 mg daily selenium had deficient blood concentrations

(<80 ng/mL), regardless of form provided. Suboptimal blood selenium

concentrations were most frequent in non- or inadequately sup-

plemented horses, including a substantial proportion of horses with

access to a selenium-containing salt block. These findings corroborate

previous reports that daily intake of at least 1 mg of selenium pre-

vents deficiency in horses.30,31 However, supplementation by sele-

nium-containing salt block, although popular, was inadequate, and

should be discouraged as a sole form of supplementation. Sup-

plemented salt blocks range in selenium content from between 1 ppm

to a maximum of 120 ppm. The voluntary daily salt intake of horses is

highly variable, but an average intake of 1 to 2 oz per day has been

reported.15,32 Therefore, although it is possible for a horse with ade-

quate intake of an appropriate salt block product to ingest at least

1 mg of selenium per day, our results clearly indicate that this mode

of supplementation failed in most horses when used alone. It is not

clear if this outcome reflected the products utilized, inadequate

intake, or a combination of these factors.

Higher blood selenium concentrations were documented in

exercised versus nonexercised horses. Although a weak correlation,

this difference may reflect more consistent supplementation practices

by owners of exercised horses. However, no relationship was identi-

fied between alpha-tocopherol and exercise load in our study to sup-

port this hypothesis for both nutrients.

Suboptimal plasma alpha-tocopherol concentrations were identi-

fied in >33% of horses. Horses with inadequate pasture access

(≤6 h/d) were more likely to have deficient or marginal alpha-tocoph-

erol status, in agreement with previous work indicating that fresh grass

is a critical source of dietary vitamin E in horses,33 and that horses with

restricted pasture access are at increased risk of deficiency.2,34 Nearly

half of the horses in our study had inadequate pasture access, and

nearly 40% of those horses were concurrently under-supplemented,

receiving <500 IU of vitamin E daily. These findings indicate that a

large proportion of horses are potentially at risk of alpha-tocopherol

deficiency, even though nearly 90% of owners provide some amount

of vitamin E in the ration. Furthermore, >20% of horses with appar-

ently adequate vitamin E supplementation and pasture access were

found to have deficient or marginal plasma alpha-tocopherol concen-

trations. Specific factors contributing to suboptimal status in these

horses were not readily apparent, but vitamin E amount, source, form,

or quality,4,20 failure to ingest the provided supplement or individual

gastrointestinal absorption12 are possible factors. In our study, horses

were classified as having adequate pasture access if they had consis-

tent access to fresh, green grazing over the previous 6 months for

>6 h/d. An increase in serum alpha-tocopherol concentration has been

reported after summer grazing, with a decrease over the winter

months.35 Therefore, some of the horses identified to have adequate

plasma alpha-tocopherol concentrations in our study potentially could

become deficient during the winter months. In addition, green pasture

access may only be available for short periods in some regions, and

adjustments to the ration may be required on a seasonal basis to miti-

gate dietary vitamin E shortfall. Dietary fat supplementation also

reportedly can influence vitamin E requirement and absorption,36 but

no effect of fat supplementation on plasma alpha-tocopherol concen-

tration was identified in our study. Daily fluctuation in plasma alpha-

tocopherol concentration is also possible, particularly in deficient

horses, and may have resulted in underestimation of the prevalence of

alpha-tocopherol deficiency in our study because only a single sample

was obtained.3,37 Age has been found to influence alpha-tocopherol

status in horses as has age and sex in humans,3,38 but the demo-

graphics of our study group, confounded by management practices,

precluded evaluation of these factors. Furthermore, 3 mules were

included in the study, and their selenium and vitamin E requirements

were presumed to be similar to the horses because of similar body size.

Although the specific nutritional requirements and normal values for

selenium and vitamin E have not been reported in mules, 1 study of a

small, varied population of donkeys identified similar plasma vitamin E

concentrations and substantially lower plasma selenium concentrations

compared to horses.39 It is unclear, however, if whole blood selenium

concentrations in appropriately supplemented donkeys differ from

those of horses, and reference intervals for both nutrients are

unknown for mules.

Previous studies have indicated differences in absorption

between natural and synthetic source vitamin E, with greater cerebro-

spinal fluid penetration and higher serum and muscle concentrations

of alpha-tocopherol in horses receiving supplementation as d-alpha-

tocopherol.4,18,20,40 In our study, no substantial difference was found

in plasma alpha-tocopherol concentrations between horses receiving

NatE, SynE, or a combination of the 2 forms when evaluating either

the total study population or only those horses with ≤6 h/d of pasture

access. However, an important consideration is the disparity in total

vitamin E provided in the rations, which were not standardized in this

field study of owner practices. In addition, the wide range of supple-

ments used likely varied in individual quality or bioavailability or both,

which also could contribute to suboptimal alpha-tocopherol status in

apparently adequately supplemented horses. Subgrouping of natural

vitamin E sources provided into esterified and nonesterified formula-

tions (d-alpha-tocopherol and d-alpha-tocopheryl acetate) might have

identified additional differences in plasma alpha-tocopherol concen-

tration among groups. However, this partition was not feasible

because of concurrent use of multiple supplements as well as incon-

sistent and occasionally incomplete reporting of vitamin E form on

product labels. Such challenges frequently are encountered when

choosing a product and make selection of effective products difficult

for owners, as indicated by our findings. As such, based on the finding

of prevalent deficiency despite supplementation, it is recommended

that alpha-tocopherol status be determined by periodic testing, and

veterinarians should work with clients to critically evaluate supple-

mentation programs to determine the appropriate amount and type of

supplementation for individual horses.

A small but significant correlation was found between whole

blood selenium and plasma alpha-tocopherol concentrations, likely

reflecting the close relationship between these 2 antioxidants. When
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deficiency in 1 is suspected, testing for both is likely prudent, particu-

larly for horses residing in areas of selenium-deficient soil. A seasonal

effect on both whole blood selenium and plasma alpha-tocopherol

concentrations has been reported previously,28,41 and in our study

samples were collected over a brief period to limit seasonal influences.

A strong, positive correlation also was identified between plasma

alpha-tocopherol and beta-carotene concentrations. This correlation

was likely the result of a comparable influence of dietary and manage-

ment practices on these nutrients, particularly pasture access. Plasma

beta-carotene concentrations were highly variable among horses, but

generally were significantly higher with adequate pasture access, con-

sistent with prior work.42 Because beta-carotene is not typically sup-

plemented, high plasma concentrations usually indicate that horses

have access to fresh green forage.

Our study had some limitations. Clinical or subclinical evidence of

disease or dysfunction associated with nutrient deficiencies was not

evaluated and because we relied on owner-reported practices, results

may have been affected by recall bias and incomplete reporting. To

mitigate possible inaccuracies associated with owner reporting, all

owners were contacted by telephone after submission of question-

naires to verify and complete survey responses, and daily intake of

selenium and vitamin E was independently estimated. Analysis of sele-

nium and vitamin E content was not performed on hay samples in our

study to confirm the minimal contribution of forage to daily intake of

these nutrients, instead minimal contribution was assumed based on

existing literature relevant to the geographic region and the reported

impact of processing on alpha-tocopherol content of hay.8-11

In conclusion, suboptimal selenium and alpha-tocopherol status

was identified in a large proportion of horses in our study, including

horses with apparently adequate supplementation according to cur-

rent NRC recommendations. Furthermore, common methods of sup-

plementation, such as providing selenium in a salt block, clearly were

inadequate for preventing deficiency. This finding indicates that sup-

plementation plans must take into account a range of influencing fac-

tors, and that periodic testing should be utilized to confirm successful

maintenance of selenium and alpha-tocopherol status, even when

apparently adequate supplementation regimens are employed.

Because diseases of deficiency typically represent readily preventable

disorders of management, our results indicate that improved manage-

ment practices, guided by veterinarians, would benefit a large number

of horses kept in circumstances similar to those of the study

population.
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