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WHOLE BLOOD SELENIUM LEVELS AND GLUTATHIONE
PEROXIDASE ACTIVITY IN ERYTHROCYTES OF

BLACK-TAILED DEER

WERNER T. FLUECK,' Comparative Pathology Graduate Group, University of Calitornia, Davis, CA 95816

Abstract: 1 determined the relationship between whole blood selenium {Se) and erythrocyte glutathione
peroxidase (GSH-Px) activity in black-tailed deer (Odocoileus hemionus columblanus). Whole blood Se levels
were linearly correlated (r* = 0.91) to GSH-Px activities over a wide range of blood Se concentrations. The
response of whole blood Se levels and GSH-Px activities to Se supplementation indicated that the Se status
of indigenous deer may be established conveniently by whole blood analysis. Such monitoring may be necessary
depending on known Se levels in soils and plants and the leve} of anthropogenic influences on Se bicavailability

or requirements.
i
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Selenium (Se) bas an important protective
function in mammals as part of the enzyme
glutathione peroxidase (GSH-Px; glutathione :
H,0, oxidoreductase, EC 1.11.1.9) (Keen and
Graham 1989). Many areas of California, and
particularly mountain ranges in the eastern por-
tion, provide very little Se to herbivores (Kubota
et al. 1967). Based on whole blood Se levels of
1,695 deer, Se deficiency (by livestock stan-
dards) appeared to exist in most deer herds and
regions of California (Ros-McGauran 1989), and
the reproductive success of 1 herd was shown
to respond to Se supplementation (Flueck et al.
1989).

Frequently, the Se status in black-tailed deer
and other cervids has been evaluated by mea-
suring the total Se concentration in whole blood
and making comparisons to livestock standards
(Brady et al. 1978, Ros-McGauran 1989). This
requires the assumption that whole blood Se is
a valid substitute variable of the bioactive form
(GSH-Px} and that Se compartmentalization is
similar to that in livestock species. 1 tested the

! Present address: 11227 Del Diablo Street, San Di-
ego, CA 92129,

first assumption by examining the relationship
between whole blood Se concentration and
erythrocyte GSH-Px activity in black-tailed deer.
1 also tested for a relationship between whole
biood Se and plasma GSH-Px activity.

I thank N. K. Jacobsen for permission to col-
lect blood samples from captive animals and for
reviewing earlier drafts, and the California De-
partment of Fish and Game for the capture of
free-ranging deer. I am also thankful to B, B.
Norman for blood analysis and review of the
manuscript, and to J. M. Smith-Flueck, M. N.
Oliver, T. J. DeLiberto, and an anonymous ref-
eree for commenting on this manuseript.

METHODS

Blood Collection.—Blood samples were col-
lected from 72 females (includes 5 sampled
twice) and 4 males, =1.5 years old, Wild deer
were captured in late March or May 1684-86
(n = 48) with drive nets along a migration route
in Shasta County, California {40°34'N, 121%55'W)
{(Flueck 1989), and whole blood samples were
collected by jugular venipuncture. In November
1984-85, 14 samples were obtained from wild
deer by cardiocentesis immediately after they
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were shot in the head with a rifle. These animals
had been marked and supplemented with Se
during the spring capture. Captive animals (n
= 14) were chemically restrained (with 4 mg of
ketamine hydrochloride and 0.8 mg of xylazine
per kg body mass) as part of an ongoing project
at the University of California, Davis, and whole
blood samples were collected by jugular veni-
puncture.

Sample Preparation and Analysts for Blood
Se Levels.—Blood samples for determining Se
in whole blood were collected with 3.8-cm x
16-gauge disposable needies into evacuated
EDTA tubes and stored immediately at 4 C until
testing. The Se concentration was determined
within a few weeks by the fluorometric proce-
dure of Whetter and Ullrey (1978) through the
Veterinary Extension Unit of the University of
California, Davis, Tissue digestion was modified
by using a Technicon BD-40 heating unit and
a block digester, and upon c¢émpletion of the
digestion and addition of hydrochloric acid, the
samples were reheated for 5 minutes at 150 C,
During an interlaboratory study of blood Se de-
terminations, results from this laboratory coin-
cided with the mean of the 51 participating
laboratories (Koh 1987). The low margin of sen-
sitivity of the procedure is 0.005 ppm. However,
results lower than 0.010 ppm were routinely
reported as <0.010 ppm. These data points were
replaced with 0.009 ppm for the statistical anal-
ysis.

Sample Preparation and Analysis for Hgh
GSH-Px Activity.—Blood samples for GSH-Px
assays were collected in heparinized tubes from
the same individual at the same time 2s samples
for whole blood Se determination. Differing
storage and preparation conditions could have
affected results for these samples. Seventeen
samples collected in May and 5 in November
1884 were stored immediately in liguid nitro-
gen. These samples from wild deer were assayed
in December 1986 after being thawed, centri-
fuged, and after the supernatant had been re-
moved, Six samples were collected in May 1985
from wild deer and stored immediately in liquid
nitrogen. They were assayed in December 1985
after being thawed, centrifuged, and after the
supernatant had been removed. In November
1985, 9 samples were obtained from wild deer
and 14 samples from captive deer. In all these
samples, erythrocytes were washed immediate-
ly {twice) in physiological saline and then kept
{razen at —20 C or colder until the assays were
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performed in December 1685, In late March
1986, 25 samples were obtained from wild deer.
Erythrocytes were washed immediately (twice)
in physiological saline and then frozen in liquid
nitrogen. The enzyme assays were performed
in April 1986.

I determined erythrocyte GSH-Px activities
by a modified procedure of Paglia and Valen-
tine (1867} at the Department of Agricultural
Chemistry, Oregon State University (Whanger
et al. 1977). The disappearance of nicotinamid
adenine dinucleotide phosphate (NADPH) was
measured in the coupled reaction between the
oxidation of reduced glutathione in the presence
of erythrocyte GSH-Px and the substrate hy-
drogen peroxide. Sodium azide was used to in-
hibit catalase, and Drabkin’s solution was added
to stabilize hemoglobin (Hgb). The erythrocyte
GSH-Px activity was measured at 30 C and was
expressed in internationa) units per gram (U/g)
of Hgb. One international unit is equivalent to
1 micromole of NADPH oxidized per minute.
Samples were assayed in duplicates and the
means reported.

In addition to erythrocyte GSH-Px activity,
some of the whole blood GSH-Px activity could
be contributed by plasma. Accordirgly, in 10
blood samples the plasma GSH-Px attivity was
also measured and the means of duplicates ex-
pressed as U/L.

Se Supplementation.—The wild deer col-
lected in autumn (n = 14) had been caught and
blood sampled in the previous spring. They were
subsequently supplemented - with Se adminis-
tered orally as 2 fron-selenium alloy boluses, a
design adapted specificially for ruminants (Per-
masel Sheep Pellets, ICI Aust. Ltd., now called
Copper Animal Health, Melbourne, Aust.)
(Handreck and Godwin 1970). Pellets will re-
main in the reticulum or rumen by gravity and
their size (10 g). They consist of elemental iron
and selenium (95:5 by mass), will result in an
increase of GSH-Px activity in erythrocytes for
many months, and may sometimes maintain ac-
tivity levels for several years by releasing about
0.5-1.3 mg of Se per day (Handreck and God-
win 1870). Five of these animals also provided
GSH-Px blood samples in spring before they
received the Se supplementation.

Statistics

I used linear regression analysis to examine
the relationship between whole blood Se and
GSH-Px activity. Pre- and postsupplementation
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Fig. 1.

Relationship between whole blood selenium levels and erythrocyta giutathions peroxidase activity of black-talled deer,

Shasta County, California, 1984-86. Storage times reiate to GSH-Px analysis; capt. refers to biood sampla from captive animals.

blood Se levels were compared with a 2-sample
t-test. Statistical significance was accepted at P
< 0.05.

RESULTS

Whole blood Se predicted GSH-Px activity in
a linear relationship (Fig. 1). Storage tonditions
of samples did not appear to affect the relation-
ship (Sheppard and Millar 1981).

The nutritional history of the 3 sample groups
is reflected in the means and ranges of whole
blood Se levels and Hgb GSH-Px activities (Ta-
ble 1). The mean Se level prior to supplemen-
tation with Se rumen pellets was 0.047 + 0.009
(SE) ppm and differed significantly (P = 0.04)
from the postsupplementation level (Table 1).

Seasonal changes in whole blood Se levels of
unsupplemented deer did not appear to have
occurred between 1984 and 1987. Spring (n =
101) and autumn control {n = 34) Se concen-
trations did not differ (P = 0.66), whereas sup-
plemented deer (n = 42) had autumn Se Jevels
significantly different from these controls (P <
0.0001) (Flueck 1989).

In a subsample (n = 10) there was a significant
linear correlation between erythrocyte GSH-Px
and plasma GSH-Px (U/L) activity as the in-
dependent variable, and between whole blood
Se and erythrocyte GSH-Px activity (Table 2).
However, I found no correlation between plas-
ma GSH-Px activity and whole blood Se levels
{Table 2).

DISCUSSION

The wide range of Se levels in wild unsup-
plemented deer was reflected in the range of
GSH-Px activities. Apparently, some animals ei-
ther live in pockets of habitat that supply sub-
stantially more Se through plants, or they may
exhibit different feeding behavior. Variations in
Se levels were also reported in wild mountain
goats (Oreamnos americanus) (Robbins et al
1985).

The high blood Se levels measured in wild
deer collected in autumn appeared to be due to
Se rumen pellets administered the previous
spring. The response of both whele blood Se
levels and GSH-Px activities in these supple-
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Tablet. Whote blood Se concentration and erythrocyte GSH-Px activity in bisck-tailed deer, Shasta County, Caltfornia, 1984-88.

Whele blood Se (ppm)

GSH-Px (U/g Hghb)

History z SE Range H SE Range
Supplemented with Se 0.101 0.024 0.020-0.307 102.3 20.50 23.8-253
Wild unsupplemented 0.034 0.004 0.000-0.119 32.6 3.26 10.0-135
Captive unsupplemented 0.171 0.008 0.130-0.235 171.0 6.23 146-230

mented deer supports the concept that whole
blood Se can be used to predict the concentra-
tion of the bioactive form of Se and hence the
Se status of the deer.

Contribution of plasma GSH-Px activity to
the erythrocyte GSH-Px activity was negligible.
The ranges of published plasma volume and
Hgb for O. hemionius have been summarized
by Anderson (1981) as 41.8-69.4% and 9.8-20.5
g/dL, respectively. Assuming an average plas-

ma volume of 56% and 16.4 g Hgh/dL blood

in black-tailed deer (n = 17) (W. T. Flueck,
unpubl. data), the calculated GSH-Px activity
contributed by plasma amounted to 0.002-
0.007% of whole blood activity. In bovids and
ovids the plasma GSH-Px contribution also has
been shown to be minimal.

Robbins et al. (1985) hypothesized that wild
animals like mountain goats may be adapted to
low Se environments because blood GSH-Px ac-
tivity per unit Se is about double that published
for the domestic cow and horse. This may allow
some species to be successful in low Se habitats,
although they may be more susceptible to
changes in the bioavailability of Se and/or to
changes in requirements for the active form, in
particular GSH-Px, because the initial avail-
ability of Se is already minimal. However, do-
mestic sheep have 38-122% higher GSH-Px ac-
tivity per unit Se as compared to mountain goats
and black-tailed deer (Anderson et al. 1978,
Sheppard and Millar 1981). Following Robbins’
et al. (1985) hypothesis, sheep may thus be ex-
pected to be very resistant to low Se availability,

Tabie 2. Erythrocyte (Hgb) GSH-Px and plasma GSH-Px ac-
tivity as a function of whole blood Se, and Hgb GSH-Px as a
function of piasma GSH-Px (N = 10) in black-tallad deer, Shasta
County, California, 1984—86.

Relationship Slope P 2
Se vs. Hgb GSH-Px 947 0.00003 0.87
Hgh GSH-Px vs. plasma
GSH-Px 0.05 001 0.53
Se vs. plasma GSH-Px 7.252 0.13 0.23

yvet they are quite susceptible to Se depletion
and disease; they require about 0.11 ppm in
whole biood for health (Oldfield et al. 1963,
Wheatley and Beck 1988),

The absolute Se concentration in blood does
not consistently reflect the actual physiologically
active Se among different mammal species.
Moreover, other substances interact with Se me-
tabolism. Heavy metals, sulfur, fatty acid con-
centration, and vitamin E levels all need to be
considered. For instance, increased exposure to
heavy metals may lower GSH-Px activity per

- unit Se by forming metal selenides (Frost 1987).

Furthermore, non-Se dependent GSH-Px occurs
in varying degrees in different species and af-
fects the overall requirement for Se. Therefore,
GSH-Px activity per unit whole blood Se prob-
ably is not a valid measure of environmental
adaptability. Rather, the wide range of normal
whole blood Se levels and Se/GSH-Px slopes
reported for ruminants implies different strat-
egies of Se compartmentalization, levels of ex-
posure to interacting substances, and distribu-
tions of non-Se dependent enzyme systems.

MANAGEMENT IMPLICATIONS

GSH-Px is recognized as the major biologi-
cally active form of Se in mammals {Keen and
Graham 1989). However, blood samples for
whole blood Se determination can be collected
and stored more easily than those for GSH-Px
determination; and whole blood Se concentra-
tions adequately predict the erythrocyte GSH-
Px activity of free-ranging black-tailed deer.

Both whole blood Se levels and erythrocyte
GSH-Px activities reflect chronic Se exposure
that can vary if animals have recently migrated
to a different habitat. The lifespan of erythro-
cytes is approximately 120 days, and thus, eryth-
rocyte GSH-Px activities can reflect past nutri-
tional history. Whole blood Se, however,
responds more rapidly to changes in dietary con-
centration of Se than does erythrocyte GSH-Px.
Furthermore, samples should be taken during
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the same season of different years to allow more
accurate between-year comparisons,

Contrary to Fielder's (1986) suggestion that
the influence of Se deficiency on wild game
production would have been present for
thousands of years, there is growing evidence
that anthropogenic manipulation of ecosystems
can rapidly alter Se cycling and biocavailability
or requirements of free-ranging herbivores. A
continuous evaluation of the Se status of indig-
enous herbivores may be necessary depending
on known Se levels of soils or plants and the
degree to which a particular habitat is subjected
to anthropogenic influences (reviewed in Flueck
and Smith-Flueck 1989). Major impact on Se
availability might result from acidification of
soils (Geering et al. 1968) in areas exposed to
continuous acid precipitation (Frost 1972, Mu-
shak 1985). Factors that may alsoaffect Se avail-
ability are eutrophication of terrestrial systems
through immissions (i.e., aerial deposition and
absorption of sulfur and nitrogen) (Gissel-Niel-
sen 1977, Aber et al. 1989), increased exposure
of soils and animals to heavy metals (Frost 1987),
and accelérated removal of biomass (Swaine
1978, also see Federer et al. 1989).

LITERATURE CITED

ABER, ]. D, K. |. NADELHOFFER, P. STEUDLER, AND
J. M. MELILLO. 1989, Nitrogen saturation in
northern forest ecosystems. BioScience 308:378-
386.

ANDERSON, A. E. 1981. Morphological and physi-
oclogical characteristics, Pages 27-87 in O. C.
Wallmo, ed. Mule and black-tailed deer of North
America. Univ, Nebraska Press, Lincoln.

ANDERsON, P. H., 8. BEREETT, anD D. §. P.
PATTERSON. 1978. Glutathione peroxidase ac-
tivity in erythrocytes and muscle of cattle and
sheep and its relationship to selenium, J. Comp.
Pathol. 88:181-189.

BrRADY, P. ., L. J. BRapY, P. A. WHETTER, D. E.

ULLREY, AND L. D. Fay. 1978, The effect of

dietary selenium and vitamin E on biochemical
parameters and survival of young among white-
tailed deer (Odocoileus virginianus). J. Nutr, 108:
1430-1448.

FEDERER, C. A., ]. W. HornBECK, L. M. TRITTON,
C. W. ManTIN, R. 5. PIERCE, AND C. T. SMITH.
1989, Long-term depletion of caleium and other
nutrients in eastern U.S. forests. Environ. Man-
age. 13:593-601.

FIELDER, P. C. 1986, Implications of selenium lev-
els in Washington mountain goats, mule deer,
and Rocky Mountain elk. Northwest Sci. 60:15-
20.

FLEuck, W. T. 1689. The effect of selenium on
reproduction of black-tailed deer (Odocotleus
hemionus columbianus) in Shasta County, Cal-

J. Wildl. Manage. 55(1):1901

ifornia. Ph.D. Thesis, Univ. California, Davis.

284pp.

. B. B. NoRMAN, ]J. M. SMitH-FLUECK, AND

N. K. JacossEN. 1989. The potential of in-

creasing deer production by broad scale selenium

supplementation in northern California. Proc. Int.

Symp. Industrial Uses of Selenium and Tellurium

4:T13-T17.

, AND J. M. SMITH-FLUECK. 1889. Selenfum
deficiency in deer: the effect of a declining se-
lenium cycle? Congr. Int. Union Game Biol. 19:
In press.

FrosT, D. V. 1972, The two faces of selenium—
can selenophobia be cured? Coord. Res. Counc.
Critical Rev. Toxicol. 1:467-514.

1987. Why the level of selenium in the
food chain appears to be decreasing. Pages 534~
547 in G. F. Combs, ). E. Spallholz, O. A. Lev-
ander, and J. E. Oldfield, eds. Selenium in biology
and medicine. Part A. AVI Book Publ., New York,
N.Y.

GEERING, H. R, E. E. Cany, L. H. P. JOoNES, AND W.
H. ALLAWAY. 1968. Solubility and redox cri-
teria for the possible forms of selenium in soils.
Soil Sci. Soc. Am. Proc. 32:35-40.

GIssEL-NIELSEN, G. 1877, Control of selenium in
plants. Risoe Rep. 370:42.

HANDRECK, K. A, aND K. O, Gopwin. 1970, Dis-
tribution in the sheep of selenium derived from
Se-75 labeled ruminal pellets. Aust. J. Agric. Res.
21:71-84.

Keen, C. L., aND T. W. GRaHam. 1988, Trace
elements. Pages 753-795 in ]. ]. Kaneko, ed. Clin-
ical biochemistry of domestic animals. Academic
Press, New York, N.Y.

Kou, T-S. 1987. Interlaboratory study of blood
selenium determination. J. Assoc. Off. Anal
Chem. 70:664-667.

KusoTa, J., W. H. ALLAWAY, D. L. CARTER, E. E.
CARY, AND V. A, LaZAR, 1967. Selenium in
crops in the United States in relation to the se-
lenium-responsive diseases of livestock. J. Agric.
Food Chem. 15:448-453.

MusHaxk, P. 1985. Potential impact of acid precip-
itation on arsenic and selenium. Environ. Health
Perspect. 63:105-113.

OLDFIELD, ]. E., ]. R. ScHUBERT, aND Q. H. MUTH.
1963. Implications of selenium in large animal
nutrition. Agric. Food Chem. 11:388-390.

PacLia, D. E, AND W, N. VALENTINE. 1967. Stud-
ies on the quantitative and qualitative charac-
terization of erythrocyte glutathione peroxidase.
J. Lab. Clin. Med. 70:158-169.

Rosbins, C. T., S. M. ParisH, aND B. L. ROBBINS.
1985. Selenium and glutathione peroxidase ac-
tivity in mountain goats. Can. J. Zool. 63:1544-
1547.

Ros-McGauran, G. V. 1989. Blood selenium in
free-ranging deer in California. M.S. Thesis, Univ.
California, Davis. 57pp.

SHEPPARD, A. D., ANDK. R. MILLAR. 1981. Stability
of glutathione peroxidase in ovine blood samples
under various storage conditions and the response
of this enzyme to different methods of selenium
supplementation. N.Z. Vet. J. 29:77-80.

SwaAINE, D.]. 1978, Selenium: from magma to man.




J. Wildl. Manage. 55(1):1991

Pages 128-134 in D. D. Hemphill, ed. Trace
substances in environmental health—XIL Univ.
Missouri, Columbia.

WHANGER, F. D, P. H. WESWIG, |. A. SCHMITZ, AND
J. E. OLDFIELD. 1977. Effects of selenium and
vitemin E on blood selenium levels, tissue ghu-
tathione peroxidase activities and White Miscle
Disease in sheep fed purified or hay diets. J. Nutr.
107:1268-1307.

WHEATLEY, L. E,, AND N. F. G. BEck. 1888. The

SELENIUM IN DEER ¢« Flueck 31

influence of season and husbandry on the sele-
nium status of sheep in a deficient area. Br. Vet.
J. 144:246-252.

WHETTER, P. A, AND D, E, ULLREY. 1978. Im-
proved fluorometric method for determining se-
lenium. ). Assoc. Off. Anal. Chem. 61:927-830.

Recetved 9 January 1990.
Accepted 7 September 1990,
Associate Editor: DeYoung.



