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Abstract An experiment of 150 days was conducted on 42 male Nellore lambs (28.3±
0.64 kg) to determine the effect of zinc (Zn) supplementation (0,15, 30 and 45 ppm) in diet
from inorganic (ZnSO4) and organic (Zn proteinate) sources on immune response and
antioxidant enzyme activities by allotting them randomly to 7 groups in completely
randomized design. The basal diet (BD) contained 29.28 ppm Zn. The humoral immune
response assessed at 75 d against B. abortus was higher (P<0.01) with 15 or 30 ppm Zn
supplementation from organic source. The dose and source had no effect on titres against
chicken RBC antigen. The cell mediated immune response assessed as delayed type
hypersensitivity (DTH) response against phytohaemagglutinin-P and in vitro lymphocyte
proliferative response against concanavalin A at 150 d was higher (P<0.05) at 15 ppm Zn
supplementation compared to BD fed lambs. Supplementation of 45 ppm Zn had no
positive effect on immune response. The DTH response and antibody titres against B.
abortus were higher (P< 0.05) on Zn proteinate compared to ZnSO4 at 15 ppm Zn
supplementation. The lipid peroxidase activity was lower (P<0.01), while the RBC
superoxide dismutase and catalase activities were higher (P<0.01) in lambs at 15 ppm Zn
supplementation compared to BD diet fed lambs, assessed at 75 d of feeding. Serum
globulin concentration and alkaline phosphatase (ALP) activity (75 d of experiment) was
higher in Zn supplemented lambs. The ALP activity increased (P<0.01) with increase in Zn
supplementation and being higher when supplementation was from Zn proteinate compared
to ZnSO4. The study indicated that 15 ppm zinc supplementation was required for obtaining
higher immune response in lambs when fed a basal diet containing 29.28 ppm Zn and
supplementation as Zn proteinate had higher antioxidant enzyme activities and immune
response compared to ZnSO4.
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Introduction

The livestock is exposed to many nutritional (micronutrient deficiency, iron overload,
mycotoxins, pesticides and heavy metals) and environmental (temperature, humidity,
hyperoxia, pollutants) stressors causing over production of free radicals (reactive oxygen
species; ROS) in the body. These free radicals cause damage to immune cells and their
receptors, compromising with their function (Wu and Meydani 1998). Zinc (Zn) deficiency
reduces immune responses (Chesters 1997) and impairs the antioxidant defense system
(Miller et al. 1993). Zinc has a major role in immune responsiveness (Keen and Gershwin
1990) and a dietary deficiency of Zn has been associated with increased morbidity and
mortality (Kincaid et al. 1997). Generally, as animal production intensifies, the requirement
for nutrients involved in combating stress might also increase more than the recommendations.
The effect of Zn on immune response in pigs and poultry is well documented. In ruminants very
little research has been carried out to examine the relationship between dietary zinc and immune
function (Spears 2000) and its role in combating oxidative stress. Lambs fed on a semi-purified
diet severely deficient in Zn showed a decreased blastogenic response to phytohaemagglutinin
P, with reduced lymphocytes count (Droke and Spears 1993), but Droke et al. (1998) observed
no affect on cellular and humoral immune responses in lambs fed 25 ppm supplemental Zn
following adrenocorticotrophin administration. The organic complexes of minerals are
reported to be more bioavailable and hence beneficial to animals. But the effects of organic
sources of Zn on immune response have been conflicting. Supplementation of Zn (75 ppm)
either as Zn polysaccharide to beef heifers or Zn methionine to feeder calves (Spears et al.
1991) increased the humoral immune response to ovalbumin and bovine herpes virus 1,
respectively (Salyer et al. 2004). On the other hand no differences between organic and
inorganic sources of Zn was observed by Nunnery et al. (2007) and Galyean et al. (1995) on
humoral immunity in beef heifers and morbidity in weaner calves, respectively.

Due to the variation in results regarding the effects of concentration and source of Zn in
diet on immune response and its role in antioxidant defense, the present study was
undertaken to investigate the effect of Zn at different supplemental levels and from two
different sources on immune response and activity of antioxidant enzymes in lambs.

Materials and methods

Animal and feeding management

Forty two Nellore Brown lambs (28.26±0.635 kg) aged about 9–10 months were dewormed
before study and randomly allotted to 7 groups (n=6) in a completely randomized design.
A basal diet (BD) was prepared using the locally available feed ingredients (Table 1) to
meet the nutrient requirements (ICAR 1998) of lambs except Zn. The estimated Zn content
in the BD was 29.28 ppm. Both organic and inorganic sources of Zn were added to the BD
at 15, 30 and 45 ppm.

The feed grade zinc sulphate (ZnSO4.7H2O) (Venvet chemicals Pvt. Ltd, India) was used
as inorganic source of Zn containing 22% of Zn. The organic source of Zn was in the form
of Zn proteinate with 10% Zn (Alltech Inc. Nicholasville, USA). According to the Zn
concentration in these sources the appropriate amounts were added to the BD to supply the
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zinc at 15, 30 and 45 ppm. The animals of group-I were offered BD, group II (15-I) and III
(15-O) were offered BD supplemented with 15 ppm Zn from inorganic and organic source,
respectively; group IV (30-I) and V (30-O) were fed BD supplemented with 30 ppm Zn
from Zn sulphate and Zn proteinate; group VI (45-I) and VII (45-O) were offered BD
supplemented with 45 ppm Zn from inorganic and organic source, respectively. Lambs
were fed the respective diets at 3.5 per cent of their body weight and with 5 per cent extra
allowance throughout 150 days of experimental feeding. The feed intake was calculated at
every fortnightly interval according to body weight changes.

Animals were housed indoor with individual feeding and watering facility, fed 3 times a
day and fresh drinking water was made available at all times, dewormed at regular intervals
and all the lambs were vaccinated against Peste-de-petis and enteroxaemia.

Immunity

Humoral immune response

The effect of the dietary treatments on the humoral immunity of lambs was assessed using
heat killed Brucella abortus S99 and chicken RBC as immunogens. After 75 d of
experimental feeding, all lambs were sensitized with heat killed Brucella abortus S99 and
20 per cent chicken RBC (CRBC) suspension, administered intramuscularly and a booster
dose of antigen was given after 15 days. Prior to administration of antigen, lambs were
screened for Brucellosis with Rose Bengal Plate Test (RBPT) (Alton et al. 1975).

Serum was collected from the sensitized lambs on 0, 7, 14, 21, 28 and 35th day of post
sensitization to assess humoral immune response. The antibody against Brucella abortus
antigen was measured by Indirect enzyme-linked immunosorbant assay (ELISA). The
immune response against CRBC was measured by direct haemagglutination assay (DHA)
(Wegmann and Smithies 1966).

ELISA was performed as per the procedure described by Perlman and Engvall (1971).
The protein concentration of autoclaved B. abortus S99 antigen was determined by Lowry’s
method (Lowry et al. 1951). The dose of the above antigen was determined by
checkerboard analysis. Accordingly, the protein concentration of antigen was fixed at

Table 1 Ingredient composition of basal diet

Ingredient kg/100kg

Sorghum straw 40.0

Maize grain 40.0

Soyabean meal 6.5

Urea 1.0

Red gram husk 1.5

Cane Molasses 8.5

Common salt 1.0

Limestone powder 1.01

Dicalcium phosphate 0.720

Mineral & vitamin premix 0.055

Mineral & vitamin premix provided (mg/kg diet): Iron, 30; manganese, 40; copper, 10; cobalt, 0.2;
molybdenum, 0.5; Iodine, 0.25; selenium, 0.2; Vitamin A, 940 IU and E 210 IU
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40 μg/ml and serum samples were diluted to 1:400. The optical density and hence the
seroreactivity was measured at 492 nm in ELISA reader.

Cell Mediated Immune Response (CMI)

In -vivo delayed type hypersensitivity (DTH) reaction After 150 days of experimental
feeding, individual animals from each dietary group were used for DTH test. Media for
mitogenic solution contained 10 mg phytohemagglutinin- P (PHA-P) (LE 6- 105617,
Genei, Bangalore, India) in 10 ml phosphate buffer for skin test to evaluate CMI response
at 0, 24, 48, 72 and 96 h post injection as per the procedure described by Quist et al.
(1997)

In- vitro lymphocyte proliferation assay (LPA) At 150 d of experimental feeding, LPA was
carried out to assess the CMI response as per the procedure described by Bounous et al.
(1992). The peripheral blood mononuclear cells (PBMC) were separated by using
Histopaque-1077 (Sigma, Mumbai, India) by centrifuging at 3000 rpm for 15 min. The
PBMC were suspended in RPMI-1640 (AL 028A, Himedia, India) media and washed
repeatedly for 3 times. By Trypan blue extrusion technique (Mosmann 1983); the line cell
concentration was adjusted to 1 x 107 cells/ml of RPMI 1640 medium. The 0.1 ml of cells
was layered in each well, for each sample four wells were assigned viz., two for control
[without concanavalin A (Con A)] and two for stimulation (with Con A). The Con A was
added at the rate of 0.1 ml per well. The plates were incubated in CO2 incubator at 37°C for
92 h. After incubation the plates were removed and MTT (3-[4,5-dimethyl thiozal-2-yl]-
2,5-dimethyl tetrazolium bromide) was added at the rate of 10 μg/well and incubated again
for 4 h after that the reaction was stopped by using 0.1 N HCl-Isopropanal (4.0%) and
optical density (OD) was measured in ELISA reader at 570 nm. The results were expressed
as stimulation index (SI).

SI ¼ ODstimulated cells� ODof Non stimulated cells=ODof Non stimulated cells

Enzyme assays

The alkaline phosphatase activity in serum and the oxidative enzymes viz., catalase, lipid
peroxidase and superoxide dismutase were estimated in haemolysate at 75 d of
experiment.

Alkaline phosphatase

Serum alkaline phosphatase (ALP) activity was estimated by two points method as
described by Bergmeyer (1974)

Preparation of haemolysate

The blood was collected at 75 days of experiment, in a clean sterilized vial containing
ethylene diamine tetra acetate @ 1 mg/ml and centrifuged at 1500 rpm for 10 minutes and
the red blood cells (RBC) were washed with phosphate buffer saline (PBS) for three times
then 1 ml of RBC were added with 4 ml of distilled water to prepare 5% erythrocyte
lysate.
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Lipid peroxidase

The lipid peroxidase (LPx) activity was estimated as per the method of Placer et al. (1966).
Malonyl dialdehyde (MDA), a secondary product of lipid peroxidation reacts with
2-thiobarbituric acid (TBA) to form a trimethine colored substance (pink chromogen),
which was extracted into butan-1-ol. The color intensity was measured at 548 nm and lipid
peroxides level in the erythrocytes was expressed in nmol MDA/ml haemolysate.

RBC Catalase

RBC haemolysate 2 ml (1:500 dilution) was taken into cuvette and 1 ml of hydrogen
peroxide solution was added to it, and optical density was recorded at 240 nm against the
blank at 15 second interval and expressed as micromole per minute per ml of haemolysate
(Bergmeyer 1983).

RBC Superoxide dismutase (RBC SOD)

To 50 μl of the haemolysate, 100 mM of Tris-hydrochloric acid buffer (pH 8.2), 6 mM
ethylene diamine tetra acetate and 0.6 mM pyrogallol were added. An increase in
absorbance was recorded at 420 nm for 3 minutes by spectrophotometer according to the
method of McCord and Fridovich (1969). One unit of enzyme activity is 50 per cent
inhibition of the rate of autooxidation of pyrogallol as determined by change in absorbance/
30 sec at 420 nm. The activity of RBC SOD was expressed as units per mg haemoglobin
(Hb). The Hb in haemolysate was estimated colorimetrically by using Drabkin’s solution
according to the procedure described by Cannan (1958).

Serum proteins

The serum was analysed for protein by Biuret method (Hiller et al. 1927) and serum
globulin was analysed by first precipitation of albumin by ammonium sulphate and then
determination of globulin in supernatant by Biuret method.

Statistical analysis

Data was analyzed by the GLM procedure of SPSS 12.0 with each lamb as replicate for a
completely randomized design with Zn level and source as the two factors of variation. The
differences between the mean values were compared using Duncan’s multiple range test
(Duncan 1955).

Results

The crude protein and crude fibre contents in the diets ranged from 11.26 to 12.86%
and 35.40 to 35.90%, respectively. The sorghum straw, maize, soyabean meal, red
gram husk contained 32.66, 31.31, 77.84 and 40.88 ppm Zn. The Zn content in the
BD was 29.28 ppm. The Zn was supplemented to the BD at 15, 30 and 45 ppm and
the amount of Zn in the diets (44.34, 59.55, 74.30 ppm from inorganic and 45.12,
60.46 and 75.79 ppm from organic source, respectively) was similar to the calculated
values.
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Humoral immunity

All lambs were seronegative for Brucellosis prior to administration of Brucella antigen. The
antibody titres against B. abortus antigen was higher (P<0.01) in Zn supplemented lambs,
irrespective of dose and source at 14th and 21st d of post sensitization compared to
unsupplemented lambs (Table 2). At 7th d post sensitization the antibody titres were higher
(P<0.01) in lambs fed 30 ppm Zn from inorganic source compared to other groups. On
14 d, the titres were higher (P<0.01) in lambs on 15 ppm Zn from organic source compared
to BD fed lambs. The peak titres were observed on 21st d post sensitization and the titres
were 0.96 on BD and ranged from 1.03 to 1.24 in Zn supplemented lambs. The titres were
higher (P<0.01) at 15 and 30 ppm Zn supplemented from organic source. Supplementing
45 ppm Zn had no positive effect on antibody titres against B. abortus. The titres on 28 and
35th d was comparable among all the diets. The haemagglutination (HA) titres against
CRBC were comparable among unsupplemented and Zn supplemented lambs on 7, 14, 21,
28 and 35 d post sensitization (Table 2). The dose and source of Zn in diet did not influence

Table 2 Antibody titres against B. abortus and chicken RBC antigens (at 75 d of experiment) in lambs fed
diets varying in zinc concentration

Diet B. abortus (Absorbance492) Chicken RBC (log2 titres)

Days PS1 7 14 21 28 35 7 14 21 28 35

BD2 0.21b 0.30b 0.96c 0.82 0.55 6.17 6.00 5.33 4.83 3.33

15-I 0.21b 0.31b 1.09bc 0.79 0.63 8.17 6.33 5.33 4.67 3.00

15-O 0.24ab 0.37a 1.22ab 0.81 0.65 6.17 5.33 4.50 4.00 2.83

30-I 0.26a 0.35ab 1.04c 0.91 0.66 6.50 5.17 5.17 4.33 3.00

30-O 0.21b 0.33ab 1.24a 0.80 0.58 6.17 6.00 5.50 4.67 3.17

45-I 0.20b 0.38a 1.03c 0.84 0.55 7.34 6.72 5.13 4.51 2.55

45-O 0.22b 0.31b 1.08c 0.88 0.60 6.33 5.50 5.17 4.00 2.50

P 0.007 0.015 0.001 0.135 0.236 0.121 0.657 0.967 0.948 0.913

BD vs Zn2 0.251 0.005 0.008 0.576 0.144 0.353 0.828 0.777 0.481 0.373

Main factors

Zn supplementation (ppm)

0 0.21 0.30 0.96b 0.82 0.55 6.17 6.00 5.33 4.83 3.33

15 0.225 0.342 1.16a 0.804 0.643 7.17 5.83 4.92 4.33 2.92

30 0.238 0.338 1.14a 0.856 0.620 6.33 5.58 5.33 4.50 3.08

45 0.211 0.345 1.05ab 0.859 0.576 6.84 6.11 5.15 4.26 2.52

P 0.119 0.291 0.008 0.359 0.152 0.432 0.884 0.923 0.886 0.565

Zn Source

Inorganic 0.226 0.346 1.05 0.848 0.614 7.34 6.07 5.21 4.50 2.85

Organic 0.223 0.336 1.18 0.831 0.611 6.22 5.61 5.05 4.22 2.83

P 0.755 0.604 0.002 0.586 0.933 0.028 0.416 0.779 0.591 0.970

SEM3 0.005 0.008 0.021 0.013 0.015 0.245 0.284 0.287 0.272 0.225

abcMeans with different superscripts in a sub-column differ significantly: P<0.05; P<0.01
1 Post sensitization; 2 BD (Basal diet) Vs Zinc supplementation- P values; 3 Standard error means

15-I and 15-O - 15ppm Zn supplementation from inorganic and organic source, respectively; 30-I and 30-O -
30ppm Zn supplementation from inorganic and organic source, respectively; 45-I and 45-O - 45 ppm Zn
supplementation from inorganic and organic source, respectively
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the antibody response against CRBC. The peak titres were observed on 7th d of post
inoculation (6.17–8.17) and there after reduced gradually.

Cell mediated immunity

The effect of dose and source of supplemental Zn at various levels and from different
sources on CMI response measured as DTH response against PHA-P and in vitro
lymphocyte proliferation response against Con A is presented in Table 3. The DTH
response was maximum 24 h after PHA-P injection and later gradually decreased at 48, 72
and 96 h in all experimental lambs. Supplementation of 15 ppm Zn enhanced (P<0.01) the
DTH response compared to BD fed lambs. Higher (P<0.01) DTH response was observed in
lambs fed organic compared to inorganic Zn at 15 ppm. The Zn supplementation at higher
levels (30 ppm or 45 ppm) had no effect on DTH response. At 72 and 96 h of post
inoculation, the DTH response was higher (P<0.05) in lambs fed 15 ppm Zn as Zn
proteinate compared to Zn sulphate. Similar trend was observed for in vitro lymphocyte

Table 3 Cell mediated immune response (at 150 d of experiment) in lambs fed diets varying in zinc
concentration

Diet Increase in skin thickness (mm) against PHA-P* LPA

Hours PS1 24 h 48 h 72 h 96 h SI

BD2 0.92c 0.53 0.22b 0.03b 42.13c

15-I 1.40b 0.88 0.30b 0.05b 74.04a

15-O 2.05a 1.02 0.62a 0.17a 67.74ab

30-I 0.98bc 0.55 0.15b 0.03b 48.71bc

30-O 1.20bc 0.63 0.20b 0.02b 57.65abc

45-I 1.22bc 0.65 0.13b 0.02b 56.55abc

45-O 0.88c 0.42 0.22b 0.02b 54.01bc

P 0.001 0.054 0.037 0.020 0.012

BD vs Zn2 0.077 0.333 0.673 0.668 0.016

Main factors

Zn supplementation (ppm)

0 0.92b 0.53b 0.22b 0.03b 42.13b

15 1.72a 0.95a 0.46a 0.11a 70.89a

30 1.09b 0.59b 0.18b 0.03b 53.18b

45 1.05b 0.53b 0.18b 0.02b 55.28b

P 0.001 0.014 0.032 0.033 0.002

Zn Source

Inorganic 1.23 0.70 0.22 0.04 59.77

Organic 1.35 0.69 0.32 0.06 59.80

P 0.455 0.942 0.275 0.449 0.995

SEM3 0.073 0.060 0.043 0.013 2.593

abcMeans with different superscripts in a sub-column differ significantly: P<0.05; P<0.01
1 Post sensitization; 2 BD (Basal diet) Vs Zinc supplementation- P values; 3 Standard error means

15-I and 15-O - 15 ppm Zn supplementation from inorganic and organic source, respectively; 30-I and 30-O -
30 ppm Zn supplementation from inorganic and organic source, respectively; 45-I and 45-O - 45 ppm Zn
supplementation from inorganic and organic source, respectively
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proliferation response, the proliferative response was higher (P<0.05) in 15ppm Zn
supplemented lambs from inorganic (74.04) or organic (67.74) source compared to those
fed BD lambs (42.13). The lymphocyte response was similar in lambs on 30 or 45 ppm Zn
supplementation compared to BD fed lambs.

Enzyme activities

Alkaline phosphatase

Activity of serum alkaline phosphatase (ALP) was 138.3 IU/L in BD lambs and increased
(P<0.01) gradually by Zn supplementation (Table 4). The ALP activity was highest (P<0.01)
in lambs fed 45 ppm followed by 30 ppm Zn from organic sources. As the concentration of
Zn in diet increased, the ALP activity in serum increased (P<0.01). At all the doses of Zn
supplementation, the ALP activity was higher (P<0.01) in lambs on organic compared to
inorganic sources of zinc.

Table 4 Alkaline phosphatase and oxidative enzyme activities (at 75 d of experiment) in lambs fed diets
varying in zinc concentration

Diet Alkaline phosphatase
(IU/L)

Lipid peroxidase
(nmole/MDA/ml)

RBC catalase
(Umole/min/ml)

RBC Superoxide dismutase
(Units/mg Hb)

BD1 138.3f 7.84a 2.54bc 0.189e

15-I 142.2e 5.62c 3.43ab 0.607a

15-O 155.9d 6.84b 4.66a 0.479b

30-I 161.7c 7.84a 3.86a 0.371c

30-O 165.7ab 8.84a 1.43b 0.271d

45-I 162.9bc 8.09a 1.25b 0.209e

45-O 168.8a 7.98a 1.78b 0.180e

P 0.001 0.001 0.001 0.001

BD Vs Zn1 0.001 0.561 0.819 0.008

Main factors

Zn supplementation (ppm)

0 138.3c 7.84a 2.54b 0.189c

15 149.1b 6.23b 4.04a 0.543a

30 163.6a 8.34a 2.65b 0.321b

45 165.9a 8.04a 1.51b 0.194c

P 0.049 0.001 0.001 0.001

Zn Source

Inorganic 155.5 7.18 2.84 0.40

Organic 163.5 7.89 2.62 0.31

P 0.001 0.093 0.690 0.075

SEM2 1.641 0.086 0.247 0.022

abcMeans with different superscripts in a sub-column differ significantly: P<0.05; P<0.01
1 BD (Basal diet) Vs Zinc supplementation- P values; 2 Standard error means

15-I and 15-O - 15 ppm Zn supplementation from inorganic and organic source, respectively; 30-I and 30-O -
30 ppm Zn supplementation from inorganic and organic source, respectively; 45-I and 45-O - 45 ppm Zn
supplementation from inorganic and organic source, respectively
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Oxidative enzymes

The effect of Zn supplementation on activities of oxidative enzyme is presented in Table 4.
The lipid peroxidase (LPx) activity was 7.84 nmol MDA/ml in BD lambs and decreased
(P<0.01) to 5.62 and 6.84 nmol when BD was supplemented with 15 ppm Zn from inorganic
and organic source, respectively. But at higher levels of Zn (30 and 45 ppm) the enzyme
activity was similar to that of BD lambs. The RBC catalase activity was higher (P<0.01) in
lambs fed 15 ppm Zn from organic source or with 30 ppm Zn from inorganic source
compared to BD fed lambs. The lambs fed 45 ppm Zn had no effect on RBC catalase activity.
The RBC SOD activity was higher (P<0.01) in lambs fed 15 ppm Zn compared to those fed
BD or 30 and 45 ppm Zn supplemented ones. In comparison to BD fed lambs, the lambs fed
30 ppm had higher (P<0.01) SOD activity, but the activity at 45 ppm supplementation was
comparable to unsupplemented ones. At 15 and 30 ppm of Zn supplementation, RBC SOD
was higher (P<0.01) from organic source.

Serum proteins

The data pertaining to total protein and globulin in serum of lambs on various Zn
containing diets assessed at 75 d of feeding are detailed in Table 5. The serum total protein
in lambs was not affected by either dose or source of Zn in diet. The serum albumin
concentration was not affected by the dietary treatments except those fed 30 ppm Zn as
inorganic form. The average concentration of globulin in BD fed lambs was 3.27 g/dl and
was higher (P<0.05) in Zn supplemented groups (3.34–3.61 g/dl). The globulin
concentration was higher (P<0.01) in 30 ppm Zn supplemented lambs from ZnSO4 and
at 45 ppm Zn from either organic or inorganic source, compared to BD fed lambs.

Discussion

Zinc deficiency is known to cause immunosuppression (Chesters 1997). Zinc is a cofactor
for more than 300 enzymes, involved in cell proliferation, DNA replication and signal
transduction (Coleman 1992). Zinc deficiency causes reduced peripheral T cell counts,
oxidative burst and T cell dependent antibody production (Goswami et al. 2005). Lambs fed
on a semi-purified diet severely deficient in zinc (3.7 mg Zn/kg) showed a reduced
blastogenic response to PHA with lower percentage of lymphocytes in lambs (Droke and
Spears 1993). The NRC (1985) recommended minimum requirement of zinc in lambs to be
20–33 mg/kg DM for growth and normal maintenance of pregnancy. The NRC requirement
does not consider the amounts required for optimum immune response and that required for
combating stress, which may be higher than the recommendation. The main aim of the
experiment was to arrive at the optimum level of zinc supplementation for enhanced
immunity and its role as an antioxidant in sheep. The BD in the present study contained
29.28 ppm Zn with in the range of NRC recommendation. Three levels i.e., 15, 30 and
45 ppm of Zn supplementation from inorganic and organic sources were tested for immune
response and oxidative defense.

Lipid peroxidation is the best marker of oxidative stress (Saygili et al. 2003), its
concentration increases during stress condition. Vaccination induces a substantial stress
(Surai 2006). Administration of Brucella and chicken RBC antigens at 75 d of experiment
must have caused stress to the animals. Zinc prevents lipid peroxidation (Kroncke et al.
1994) and acts as an antioxidant by protecting cells from the damaging effects of oxygen
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radicals generated during stress and immune activation. The LPx activity, an oxidative enzyme
was higher (P<0.01) in BD fed lambs and lower activity of this enzymewas observed in lambs at
15 ppm Zn supplementation (Table 4). Superoxide radical is the main free radical produced
during oxidative stress, superoxide dismutase (SOD) is considered as the main element of 1st
level of antioxidant defense in cell (Surai 1999) and this enzyme produces hydrogen peroxide
during its scanvenging action. The peroxides formed by the SOD action is detoxified by
glutathione peroxidase or catalase which reduces hydrogen peroxide to water. Catalase also
plays an important role in the acquisition of tolerance to oxidative stress by protecting NADPH
by inactivation of H2O2 (Mates and Sanchez-Jimenez 1999). Thus the enzymatic antioxidants
like RBC SOD and catalase play a vital role in scavenging oxidative radicals (Niki 1996). The
lambs on 15 ppm Zn supplementation had higher (P<0.01) catalase and SOD activity
compared to BD fed lambs. Feeding of 45 ppm Zn could not enhance the antioxidant enzyme
activities and reduced the lipid peroxidase activity (Table 4). This indicated that 15 ppm of Zn
supplementation was sufficient to maintain the oxidant-antioxidant balance in lambs to combat
the stress conditions and protect the immune cells from peroxidation. The higher levels of Zn
supplementation were not effective in reducing the oxidative stress.

Table 5 Serum protein and its fractions (g/dl) (at 75 d of experiment) in lambs fed diets varying in zinc
concentration

Diet Total protein Albumin Globulin Albumin globulin ratio

BD1 6.02 2.75a 3.27b 0.85a

15-I 6.21 2.78a 3.42ab 0.82b

15-O 6.06 2.67a 3.39ab 0.79a

30-I 6.05 2.44b 3.61a 0.67b

30-O 6.16 2.74a 3.34ab 0.82a

45-I 6.29 2.72a 3.57a 0.76ab

45-O 6.33 2.73a 3.60a 0.76ab

P 0.444 0.001 0.001 0.014

BD Vs Zn1 0.140 0.399 0.041 0.069

Main factors

Zn supplementation (ppm)

0 6.02 2.75 3.27 0.85

15 6.13 2.73 3.41 0.81

30 6.11 2.59 3.47 0.75

45 6.31 2.72 3.58 0.76

P 0.102 0.133 0.198 0.238

Zn Source

Inorganic 6.19 2.65 3.53 0.75

Organic 6.18 2.71 3.44 0.79

P 0.975 0.292 0.270 0.155

SEM2 0.038 0.029 0.038 0.014

abcMeans with different superscripts in a sub-column differ significantly: P<0.05; P<0.01
1 BD (Basal diet) Vs Zinc supplementation- P values; 2 Standard error means

15-I and 15-O - 15 ppm Zn supplementation from inorganic and organic source, respectively; 30-I and 30-O -
30 ppm Zn supplementation from inorganic and organic source, respectively; 45-I and 45-O - 45 ppm Zn
supplementation from inorganic and organic source, respectively
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Zinc supplementation to BD (29.28 ppm) significantly (P<0.01) improved the antibody
titres against B. abortus. Maximum antibody titres were observed in lambs fed 30 ppm Zn
from inorganic source at 7 d post inoculation. But on 14th and 21st day post sensitization,
the 15 ppm Zn from Zn proteinate resulted in highest antibody titres. This indicated that
addition of 15 ppm zinc to a diet containing 29.28 ppm zinc had positive effect on humoral
immune response (Table 2). Supplementation of 15 ppm Zn from organic source increased
the antibody titres. Spears et al. (1991) reported greater antibody titres in newly received
steers vaccinated against Bovine herpes virus- I with 25 ppm Zn supplementation (51 ppm
Zn) compared to controls (no Zn supplementation; 26 ppm Zn), with greatest response
observed in steers fed Zn methionine compared to Zn oxide. Spears and Kegley (2002)
observed that Zn level (25 ppm) and source (oxide and proteinate) added to a basal diet
(33 ppm) did not affect titres against infectious bovine rhinotracheitis (IBR) titres on 14 or
28 d after vaccination against IBR. Reduced antibody titres against Parainfluenza-3 (PI3)
vaccine was observed in grazing sheep fed on 144 ppm supplemental Zn (Hatfield et al.
2002). The present findings are in corroboration with the previous reports. Zn
supplementation at higher levels (30 or 45 ppm Zn) had no positive effects on antibody
titres against B. abortus, but at lower level of supplementation (15 ppm) the humoral
immune response against B. abortus was higher preferably from organic source.

Antibody response to chicken RBC was not affected by either dose or source of
supplemental Zn in the present study (Table 2). Similarly, Droke et al. (1998) and Nunnery
et al. (2007) reported lack of effect of source and level of dietary Zn on antibody titres
against porcine RBC and ovalbumin in lambs and steers, respectively. Salyer et al. (2004)
compared inorganic and organic source of Zn at 75 ppm supplementation and reported that
heifers receiving Zn from Zn polysaccharide had greater ovalbumin IgG titres on d14 and
21 than heifers receiving Zn from ZnSO4.

The in vitro lymphocyte proliferative (LP) response against ConA mitogen (suppressor
of T lymphocyte proliferation) was affected by Zn supplementation (Table 3). The LP and
DTH response were higher in lambs fed 15 ppm supplemental Zn. But Zn supplementation
at higher levels (30 or 45 ppm) did not influence the cell mediated immune response. At
15 ppm Zn supplementation the DTH was higher (P<0.01) in Zn proteinate compared to Zn
sulfate. These results are in line to that of Engle et al. (1997), who reported that calves
receiving a diet containing 17 ppm Zn had reduced DTH response to phytohaemagglutinin
(PHA) than those fed 40 ppm, being higher (P<0.05) in those fed Zn methionine and Zn
lysine than control or Zn sulfate at 24 h post inoculation. Similarly, Zn deficiency (3.7 ppm)
reduced lymphocyte response to T cell mitogens in lambs in studies of Droke and Spears
(1993). On other hand, Spears and Kegley (2002) observed no affect of Zn level (25 ppm)
or source (oxide or proteinate) of Zn supplementation to a basal diet containing 33 ppm Zn
on either DTH or lymphocyte blastogenic response to PHA in steers. In lambs too, Zn
supplementation (25 ppm) to basal diet (28 mg Zn/kg DM) did not affect the lymphocyte
blastogenesis against various mitogens (PHA, poke weed mitogen and lipopolysaccharide)
(Droke et al. 1998). Addition of 150 or 300 mg Zn/kg as oxide, lysine or methionine to a
control diet containing 65 mg Zn/kg did not affect mitogen induced blastogenesis in young
calves (Kincaid et al. 1997).

The results of the present study indicated that both humoral and cell mediated immune
response was affected by Zn supplementation. Dietary Zn concentration around 30 ppm as
in the basal diet and as per the NRC (1985) recommendation was not sufficient for
obtaining optimum immune response in lambs. An additional supplementation of 15 ppm
Zn was required to combat the oxidative stress and maintain proper oxidant-antioxidant
balance in the body as evident by lower lipid peroxidation activity, higher activities of RBC
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SOD and catalase in lambs fed diets supplemented with 15 ppm Zn. The higher antioxidant
activity of Zn at 15 ppm supplementation could have protected the immune cells and their
receptors from oxidative stress and resulting in higher humoral and cell mediated immune
response. Chvapil et al. (1972) and Bray and Bettger (1990) reported Zn as antioxidant,
protecting cells from the damaging effect of oxygen radicals generated during immune
activation. At higher levels of Zn supplementation (30 and 45 ppm), the lambs could not
combat the oxidative stress and no effect on immune response was observed. Similarly, the
lack of effect on humoral and cell mediated immune response in studies of Spears and
Kegley (2002) and Nunnery et al. (2007) in steers, Kincaid et al. (1997) in calves and
Droke et al. (1998) in lambs might be due to higher level of Zn in the diets. Hatfield et al.
(2002) also observed reduced humoral immune response against PI 3 vaccine in ewes fed 7
times the NRC recommendations of Zn. The reasons of absence of beneficial response of
high dietary zinc concentration on immune response and oxidative stress could not be
known but possibly the high level of zinc might have shown antagonistic effect on other
minerals that positively modulate the immune mechanism of the host.

Zinc supplementation at 15 ppm by organic source (Zn proteinate) had higher antioxidant
enzyme activities, antibody titres against B. abortus and skin induration response against
PHA-P which indicated Zn proteinate to be better source of Zn than ZnSO4 for disease
resistance. Similar to the present observations, Spears et al. (1991) and Salyer et al. (2004)
reported higher immune response when fed organically complexed Zn compared to inorganic
ones. The ALP activity was higher (P<0.01) in Zn supplemented diets and the enzyme
activity increased with the level of Zn in diet (Table 3). The enzyme activity is an indicator of
Zn status in the body. The enzyme activity increased at higher levels of Zn inclusion in the
diet (Wan et al. 1993; Kraus et al. 1997). Compared to ZnSO4, the Zn proteinate had higher
ALP activity at each level of mineral supplementation. This suggests higher availability of Zn
from organic source compared to inorganic source. Similarly, Droke et al. (1998) also
observed higher (P<0.05) ALP activity on 112 d in Zn supplemented lambs (25 ppm) from
Zn methionine compared to ZnSO4 and unsupplemented lambs.

Conclusion

The present study indicated that 15 ppm Zn supplementation to a basal diet with 29.28 ppm
Zn increased immune response (humoral and cell mediated) and activities of RBC
superoxide dismutase and catalase in lambs. No effect of higher levels (30 and 45 ppm) was
observed on these variables. The Zn supplementation at 15 ppm in form of Zn proteinate
had higher antioxidant enzyme activities, antibody titres, delayed type hypersensitivity
response and alkaline phosphatase activity compared to Zn sulfate.
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