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Abstract
Zinc (Zn) is an essential element in the growth of all animals and plays structural and catalytic roles in many enzymes and functional
proteins. Two completely randomized trials were conducted to evaluate the effects of different sources of zinc on performance, nutrient
digestibility, blood mineral profile, and antioxidant enzyme activities in male growing lambs on a barley-based diet. The first trial was
conducted for 70 days and consisted of 30 lambs (30.8 ± 2.8 kgmean bodyweight, 4–5months of age) whichwere randomly allocated
to five treatments consisting of a basal diet (19.72 mg Zn/kg DM), or the basal diet supplemented with 30 mg Zn/kg DM, added as
either zinc-sulfate (ZnSulf; inorganic), zinc-methionine (ZnMet), zinc-proteinate (ZnProt) or zinc-glycinate (ZnGly). For the second
trial, to measure the effects of dietary Zn on nutrient digestibility, four lambs from each group of the first experiment were randomly
allocated to individual digestibility cages for 12 days (first 7 days as an adaptation period followed by 5 days of sample collection).
Among the groups, dietary Zn supplementation above basal level significantly improved average daily gain, average daily feed intake,
feed/gain ratio, and superoxide dismutase activity of red blood cells (P < 0.05). Glutathione peroxidase activity of lambs supplemented
with organic Zn was significantly (P < 0.05) higher than inorganic and control groups. At the end of the trial, the concentration of
plasma Zn, tri-iodothyronine (T3), thyroxine (T4), and the activity of alkaline phosphatase was increased (P < 0.05) in all groups
receiving Zn as compared with controls (P < 0.05). In addition, thyroxine level in animals supplemented with Zn-methionine and Zn-
proteinate was greater than in animals receiving Zn-glycine and Zn-sulfate. The results of the second trial revealed that the supple-
mentation with Zn-methionine and Zn-proteinate increased the digestibility of crude protein (CP) and acid detergent fiber (ADF)
compared to groups supplemented with Zn sulfate and control (P < 0.05). All organic sources of Zn improved organic matter (OM)
digestibility compared to inorganic and control (P < 0.05). Results indicated that, regardless of source, supplementation of Zn in
growing lambs improved growth performance, blood antioxidants, and thyroid hormone levels. Furthermore, Zn-methionine and
Zn-proteinate supplementation appeared to improve the digestibility of CP, OM, and ADF more effectively than Zn-sulfate.
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Abbreviations
ADF Acid detergent fiber
ADFI Average daily feed intake
ADG Average daily gain
BW Body weight
CP Crude protein

DMI Dry matter intake
FBW Final body weight
NDF Neutral detergent fiber
OM Organic matter
ZnMet Zinc-methionine
ZnProt Zinc-proteinate
ZnGly Zinc-glycinate
ZnSulf Zinc-sulfate

Introduction

Zinc (Zn) is an essential mineral that plays a vital role in many
biological processes, such as enzyme activity, cell membrane
stabilization, gene expression, and cell signaling [1, 2]. It is
required for structural and functional integrity of more than
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2000 transcription factors and 300 enzymes; hence, almost all
metabolic pathways are in some way dependent on at least one
Zn-requiring protein [3]. Classical signs of severe Zn deficien-
cy are uncommon in ruminants. However, marginal and often
undetected Zn deficiency occurs frequently [4–6]. Early work
suggested that marginal Zn deficiency can affect growth, repro-
duction, immune system, and gene expression, especially in
fast-growing animals [7, 8]. To ensure that the growing animals
fulfill their genetic potential concerning performance and
health, Zn is often supplemented to livestock in regions with
known Zn deficiency. However, the use of high dietary Zn
levels may influence the digestion, absorption, and utilization
of other nutrients in the diet and can potentially lead to envi-
ronmental contamination from excess Zn excretion in the feces
[9, 10]. Recently, organic mineral formulations in animal feed
supplements have attracted substantial interest of feed manu-
facturers and animal producers as a way of improving animal
performance and health based on higher bioavailability of Zn
compared to inorganic salts [4, 11, 12]. However, results on
different organic compounds (Zn-chelate, Zn-proteinate, and
Zn-complex) are contradictory [13–17]. The inconsistent ef-
fects of dietary Zn on growth performance have been attributed
to several factors such as differences in the physical-chemical
properties of Zn supplements, Zn level in the basal diet, differ-
ent Zn-dependent enzymes that affect animal performance and
presence of other dietary ligands or antagonists [18, 19].

Therefore, the present study investigated the effects of Zn
supplementation as Zn-glycinate, Zn-methionine, Zn-
proteinate, and Zn-sulfate on performance, thyroid hormones,
antioxidant enzymes, and nutrient digestibility of male grow-
ing lambs.

Materials and Methods

All stages of the experiment were observed by the ethical
committee of Bu-Ali Sina University and were carried out
under veterinary care. This study was designed in two parts
to evaluate the effect of different sources of Zn supplementa-
tion on performance, thyroid hormones, antioxidant enzymes,
and nutrient digestibility of growingMehraban male lambs. In
the first part, 30 male lambs 4–5 months old with an initial
body weight of 30.8 ± 2.8 kg, after a 2-week adaptation time
to the basal diet and treatment for internal parasites
[Albendazole 600 mg, Lorestan Pharmaceutical, Iran), were
randomly allocated to five treatments: basal diet containing
19.72 mg Zn/kg DM without supplementary Zn (control),
and the basal diet supplemented with 30mg Zn/kg DM, added
as either Zn-sulfate (ZnSulf), Zn-methionine (ZnMet), Zn-
proteinate (ZnProt), or Zn-glycinate (ZnGly). Nutrient com-
position of the basal diet is presented in Table 1. The basal diet
was formulated according to National Research Council [20]
to meet or exceed lambs requirements except for Zn.

Lambswere kept in individual stalls and had ad libitum access
to water and feed. Feed was provided to the animals twice daily
at 08:00 hours and 17:00 hours for 70 days. Feedwas supplied in
an amount so that each lamb would have about 10% orts and
feed consumption and refusals were closely monitored and re-
corded daily. The analytical grade ZnSO4·7H2O (Merck,
Germany) was used as the inorganic source of Zn. The organic
sources of Zn were Zn-glycinate (18% Zn; Lalukco Company,
Tehran, Iran), Zn-proteinate (15% Zn; Vetaque Company,
Tehran, Iran), and Zn-methionine (18% Zn: by a modified meth-
od of United States patent with publication number: US7087775
B2). The amount of required Zn was adjusted based on dry
matter intake of two consecutive days of individual lambs. The
supplemental zinc was provided by addition to a carrier of wheat
bran and soybean meal which was presented to the lambs first to
ensure complete intake of the Zn supplement. Lambs were
weighed at the beginning of the study and then in 2-week inter-
vals until the end of the experiment.

Blood samples were taken by jugular vein puncture and
collected in two tubes on days 0, 35, and 70 before the morn-
ing feeding; one containing heparin to obtain plasma and red
blood cells (RBC) and the other without heparin to obtain
serum. Plasma and serum samples were obtained by centrifug-
ing whole blood at 1500×g for 15 min. Resulting supernatants
were stored at − 80 °C until analysis of biochemical compo-
nents, enzymes, and hormones.

The Zn, Fe, and Cu contents of feed and plasma samples
were estimated utilizing an air-acetylene flame on an atomic
absorption spectrophotometer (Varian spectra AA220,
Australia) as described by Salama et al. [21] and Rimbach et
al. [22], respectively. Serum calcium and phosphorus concen-
trations were estimated using a commercial kit (Pars Azmon,
Iran) and an atomic absorption spectrophotometer (Varian
SpectrAA220, Australia).

Total amounts of T3 and T4 in serum were determined by
enzyme-linked immunosorbent assay (ELISA) method fol-
lowing manufacturers methods provided by the commercial
kit (Pishtaz Teb, Iran) using a plate reader (ELX808, Bio-Tek,
USA). Sensitivity and intra-assay coefficients of variation of
the T3 assay were 0.3 nmol/L and 6.85%, respectively.
Sensitivity and intra-assay coefficients of variation of the T4
assay were 12 nmol/L and 5.22%, respectively.

Whole blood glutathione peroxidase (GPx) activity was
measured using detection kits (BiorexFars, Iran) which employ
the Paglia and Valentine method [59]. The glutathione peroxi-
dase catalyzes the oxidation of glutathione (GSH) by cumene
hydroperoxide. In the presence of glutathione reductase and
NADPH, the oxidized glutathione (GSSG) is immediately con-
verted to the reduced form with a concomitant oxidation of
NADPH to NADP+, leading to the decrease of the absorbance
at 340 nm. The superoxide dismutase (SOD) activity of red
blood cells (RBC) was measured using an atomic absorption
spectrophotometer (Varian SpectrAA220, Australia) after
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washing red cells three times with a 0.9% saline solution, ac-
cording to Biorex kit method (BiorexFars, Iran). This method
employs xanthine and xanthine oxidase to generate superoxide
radicals which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-
5phenyl-tetrazolium chloride (INT) to form a red formazan
dye. SOD activity was then measured by the degree of inhibi-
tion of this reaction [60]. For every sample, the antioxidant
enzyme activities were calculated and expressed as units per
gram of hemoglobin (Hb). Hemoglobin amount was analyzed
in the laboratory using an automatic cell counter (Diatron
Abacus C, Austria) by routine procedures.

Alkaline phosphatase (ALP), creatine phosphokinase
(CPK), alanine aminotransferase (ALT), and aspartate amino-
transferase (AST) activities were estimated according to the
recommendations of German Society of Clinical Chemistry
and International Federation of Clinical Chemistry (IFCC),
by a commercial kit (Pars Azmon, Iran) using an atomic ab-
sorption spectrophotometer (Varian SpectrAA220, Australia).

Digestibility Trial and Chemical Analyses

After the first trial, four lambs from each group were randomly
selected and allocated to individual digestibility cages to study
the effects of different sources of Zn on nutrient digestibility.
The digestibility trial lasted for 12 days with 7-day adaptation
period and subsequent 5-day collection period. Lambs were
fed the same diet as in the first trial and daily feed intake,
residual of diet and feces were collected, weighed, and record-
ed. The dietary ingredients and fecal samples were dried at
65 °C for 12 h in a hot air oven and ground to pass through a
1 mm sieve, were analyzed for DM, organic matter (OM), and
crude protein (CP) according to standard procedures of
AOAC [23]. Organic matter content of samples was estimated

by the difference between DM and ash contents. Nitrogen
content of samples was measured according to the Kjeldahl
method. Acid detergent fiber (ADF) and neutral detergent
fiber (NDF) were analyzed according to Van Soest et al. [24]
without heat stable alpha amylase and expressed inclusive of
residual ash.

Statistical Analysis

The data were analyzed according to a completely randomized
design (CRD). The model used for analysis was:

Yij ¼ μ þ Ti þ Bxij þ eij

where μ is the overall mean, Ti is the effect of treatment i, and
eij is the random error.

The General Linear Model (GLM) procedure (SAS, 9.4) was
used for analysis of data. Duncan’smultiple range testswere used
for comparison of means, considering P ≤ 0.05 as the significant
level. Initial body weight was considered as a covariate for anal-
ysis of final body weight and average daily gain.

Results

Blood Minerals

Plasma Zn, Cu, Fe, Ca, and P concentrations are presented in
Table 2. On days 35 and 70 of experiment, Zn-supplemented
lambs had higher plasma Zn concentrations compared to the
control group (P < 0.01). However, there were no significant
differences of plasma Zn concentrations between Zn-
supplemented treatments (P > 0.05). Zinc supplementation
had no effect on plasma Cu, serum Ca, and P concentrations

Table 1 Ingredients and nutrient
composition of the basal diet Nutrients Feedstuff Basal diet

Alfalfa hay
(27%)

Barley
grain (65%)

Wheat bran
(5%)

Soy meal
(3%)

Dry matter (% DM) 90.07 91.96 88.80 91.76 91.13

Organic matter (% DM) 91.70 91.40 93.10 93.41 91.65

Crude protein (% DM) 14.51 11.33 15.92 41.94 13.59

ME (Mcal/kg) 2.10 3.00 2.50 3.00 2.66

NDF (% DM) 51.40 22.70 55.40 30.62 34.62

ADF (% DM) 29.90 11.80 13.13 8.83 18.11

Ca (% DM) 1.71 0.08 0.13 0.31 0.65

P (% DM) 0.25 0.33 0.75 0.60 0.33

Zn (mg/kg DM) 18.06 16.30 52.12 50.09 19.72

Cu (mg/kg DM) 9.50 6.10 12.28 17.22 7.93

Fe (mg/kg DM) 372.60 94.55 140.62 181.60 196.80

ME metabolizable energy (calculated based on NRC, 2007), NDF neutral detergent fiber, ADF acid detergent
fiber, DM dry matter, Ca calcium, P phosphorus, Zn zinc, Cu copper, Fe iron
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(P > 0.05). On the other hand, Fe concentration in the group
supplemented with Zn sulfate decreased significantly com-
pared to control group (P < 0.05).

Blood Hormones and Enzymes

At the end of the experiment (day 70), serum T3 and T4
amounts were significantly (P < 0.05) higher in Zn-
supplemented groups as compared to control (Table 3).
However, thyroxine level in groups supplemented with Zn-
methionine and Zn-proteinate was significantly higher than in
those supplemented with Zn-glycine and Zn-sulfate. Serum
ratio of T4/T3 in all of the supplemented groups was signifi-
cantly lower (P < 0.05) than that of the control group. There
were also no significant differences in serum T4/T3 ratio in all
of the four supplemented groups (P > 0.05).

The SOD activity in red blood cells increased (P < 0.05) in
all supplemented groups compared to control lambs during the
period of experiment (Table 3). On the other hand, whole
blood GPX activity in lambs supplemented with organic Zn
was significantly (P < 0.05) higher than in lambs that received
inorganic Zn and control groups.

The results for different enzyme activity are presented in
Table 3. Alkaline phosphatase activity increased (P < 0.05)
with Zn supplementation, but no significant differences were
observed among Zn-supplemented groups. The activity of
ALT and CPK in all groups was found to be statistically com-
parable among different treatments (P > 0.05). However, on
day 70, the activity of AST in control group (124.73 U/L) was
greater than ZnProt (94.77 U/L), ZnMet (101.52 U/L), ZnGly
(104.60 U/L), and ZnSulf (105.99 U/L) groups (P < 0.05).

Performance

The performance parameters evaluated including average dai-
ly feed intake (ADFI), average daily gain (ADG), final body
weight (FBW), and feed conversion efficiency (F/G) are pre-
sented in Table 4. Although there were no significant differ-
ences between treatments for initial body weight (P > 0.05),
final weight was significantly higher in lambs supplemented
ZnProt and ZnMet compared to control (P < 0.05). Zinc sup-
plementation had a significant effect on performance parame-
ters as ADG, ADFI, and F/G of all Zn-fed treatments im-
proved, significantly (P < 0.05).

Table 2 Effect of dietary zinc supplementation on plasma mineral profile of lambs in different treatments

Item Treatment SEM P value

Control ZnMet ZnProt ZnGly ZnSulf Treatment

Zn (mg/L)

Day 0 0.89 0.88 0.88 0.87 0.89 0.145 0.897

35 0.93b 1.55a 1.41a 1.50a 1.52a 0.134 0.018

70 0.89b 1.49a 1.48a 1.45a 1.49a 0.138 0.016

Cu (mg/L)

Day 0 1.02 1.03 1.01 1.02 0.99 0.058 0. 969

35 1.02 0.95 1.00 1.00 1.03 0.057 0.884

70 1.02 1.14 1.08 1.06 1.12 0.089 0.880

Fe (mg/L)

Day 0 1.91 1.94 1.92 1.90 1.92 0.093 0.969

35 1.83 1.84 1.79 1.83 1.77 0.062 0.892

70 2.00a 1.84ab 1.84ab 1.86ab 1.64b 0.069 0.026

Ca (mg/dL)

Day 0 8.85 8.89 8.86 8.89 8.86 0.167 0.899

35 8.48 9.42 9.38 9.14 9.47 0.349 0.266

70 8.82 9.75 9.61 9.36 9.64 0.461 0.634

P (mg/dL)

Day 0 7.81 7.82 7.78 7.78 7.85 0.194 0.988

35 8.24 8.04 7.82 8.08 7.98 0.211 0.715

70 7.89 8.11 7.64 7.81 8.03 0.249 0.710

Means without common superscript letters within rows are significantly different (P < 0.05)

Zn zinc, Cu copper, Fe iron, Ca calcium, P phosphorus, ZnMet zinc-methionine, ZnProt zinc-proteinate, ZnGly zinc-glycinate, ZnSulf zinc-sulfate, SEM
standard error of mean
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Nutrient Digestibility

Nutrient digestibility results are shown in Table 5. The
digestibility of DM and NDF was not affected by treat-
ment (P > 0.05). However, our findings revealed that
supplementation of the diet with ZnMet and ZnProt in-
creased digestibility of CP and ADF compared to groups
supplemented with Zn sulfate and control (P < 0.05).
Furthermore, organic sources improved OM digestibility
compared to inorganic Zn and control (P < 0.05).

Discussion

Blood Minerals

Zinc concentration in blood plasma or serum is the most wide-
ly used indicator of Zn status. Plasma zinc concentrations
normally respond to zinc supplementation, especially in lambs
consuming diets with a low or marginal Zn level [8, 25]. The
average concentrations of Zn (days 35 and 70) in blood plas-
ma were 0.91 and 1.52 mg/L for control and Zn-methionine

Table 3 Effect of dietary zinc
supplementation on some enzyme
activities and hormone
concentrations of lambs in
different treatments

Item Treatment SEM P value

Control ZnMet ZnProt ZnGly ZnSulf Treatment

ALP (U/L)

Day 0 237.56 238.88 229.90 228.45 228.52 8.51 0.832

35 22.59b 266.30a 261.84a 253.43a 261.67a 7.38 0.002

70 233.69c 272.26a 259.86ab 243.28bc 261.40ab 7.55 0.011

SOD (U/mg Hb)

Day 0 80.93 80.77 81.17 78.52 78.95 7.57 0.985

70 87.97b 117.43a 128.61a 112.65a 118.97a 8.29 0.024

GPX (U/mg Hb)

Day 0 48.96 51.60 47.85 53.32 54.09 6.19 0.913

70 55.41b 88.70a 90.34a 82.31a 72.48ab 6.45 0.004

AST (U/L)

Day 0 85.79 83.13 83.66 80.39 80.79 5.09 0.942

35 88.65 94.54 95.73 94.32 95.07 2.98 0.472

70 124.73a 101.52b 94.77b 104.60b 105.99b 3.64 0.001

ALT (U/L)

Day 0 22.08 22.25 20.08 21.00 19.74 2.31 0.912

35 22.41 21.42 18.44 20.84 21.00 2.56 0.857

70 26.14 24.73 23.08 24.89 24.23 2.47 0.935

CPK (U/L)

Day 0 78.74 86.02 78.57 81.55 81.38 3.93 0.674

35 87.67 89.76 91.42 89.87 92.30 3.55 0.907

70 99.69 101.23 101.78 103.66 96.16 3.05 0.508

T4 (nmol/L)

Day 0 16.70 16.68 16.71 16.62 16.79 0.146 0.935

70 16.40c 17.09a 17.06a 16.71b 16.74b 0.106 0.006

T3 (nmol/L)

Day 0 1.56 1.56 1.57 1.56 1.58 0.027 0.977

70 1.47b 1.66a 1.65a 1.60a 1.58a 0.029 0.007

T4/T3

Day 0 10.70 10.68 10.67 10.64 10.67 0.203 0.926

70 11.19a 10.34b 10.36b 10.44b 10.61b 0.190 0.022

Means without common superscript letters within rows are significantly different (P < 0.05)

ALP alkaline phosphatase, SOD superoxide dismutase, GPx glutathione peroxidase, AST aspartate aminotrans-
ferase, ALT alanine aminotransferase, CPK creatine phosphokinase, T4 thyroxine, T3 tri-iodothyronine, ZnMet
zinc-methionine, ZnProt zinc-proteinate, ZnGly zinc-glycinate, ZnSulf zinc-sulfate, SEM standard error of mean
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groups, respectively, whereas the normal level of Zn in sheep
plasma ranges between 0.8 and 1.2 mg/L [8]. Current zinc
data indicate that Zn level in the blood of control lambs is
close to minimum value but was not indicative of Zn deficien-
cy. Furthermore, higher plasma Zn level in the zinc supple-
mented groups as compared to control animals suggested that
adding 30 mg Zn/kg DM from organic or inorganic sources to
diet of growing lambs containing 19.72 mg Zn/kg DM might
increase plasma Zn concentration. Similar to our findings,
previous evidence demonstrated that Zn supplementation
could increase the plasma Zn concentration in lambs [17,
26] and male goats [15]. In contrast, no significant difference
was observed in the plasma Zn concentration in adult sheep
supplemented daily with 75 or 150 mg of Zn either as chelated
Zn or inorganic Zn [27] and calves supplemented with 80 or
120 mg Zn/kg DM as Zn-sulfate on a basal diet containing
29.7 mg Zn/kg DM during 60- and 90-day feeding trials [28].

Hill and Matrone [29] stated that Zn and some trace min-
erals have similar physico-chemical properties, and Zn may
disrupt the homeostasis of other essential elements. In the
present study, there was no effect of either Zn-sulfate, Zn-
methionine, Zn-proteinate, or Zn-glycinate supplementation

on plasma Cu concentration. However, serum Cu levels have
been reported [30, 31] to be decreased due to supplementation
of ZnO (250 or 1000 mg Zn/kg) in the basal diet of male
buffalo calves, and with supplementation of different organic
or inorganic Zn sources (360 mg per day) in yearling cattle. A
likely explanation for the inconsistent results might be due to
higher levels of Zn supplementation used by these researchers.
In contrast, present results are supported by literature [14, 32]
in which any effect on serum Cu concentration in lambs sup-
plemented with 20 or 40 mg Zn/kg DM through different
sources was not reported. Similarly, no significant effect on
serum Cu concentration was observed for finishing goats [33]
and calves [13] supplemented with Zn either as organic or
inorganic forms.

Inorganic Zn supplementation reduced plasma Fe content
which is supported by Garg et al. [14], who observed a reduced
effect of Zn supplementation on serum Fe status in male lambs.
In addition, these researchers stated that Zn-methionine supple-
mentation was also associated with reduction in Fe level. The
difference in Zn response might be due to higher level of Zn in
their basal diet compared to the present study (34 vs 19.72,
respectively). In contrast, Aliarabi et al. [26] and Mandal et al.
[13] did not see similar response on blood Fe content in relation
to dietary Zn levels in lambs and calves, respectively.

The concentrations of serum Ca and P were found to be
similar in all the groups as reported by Garg et al. [14] in
lambs supplemented with 20 mg/kg of Zn in their diet. The
values were found to be within the normal reference range for
ruminants [61]. Our results are also supported by Daghash and
Mousa [34] who did not observe any effect of Zn supplemen-
tation on serum Ca and P in buffaloes with supplementation of
50 and 100 mg Zn/kg.

Blood Hormones and Enzymes

Zinc effects on thyroid hormones are complex including both
synthesis and mode of action [35]. Zinc plays an important
role in the detoxification of oxygen-derived free radicals and
may thus protect the thyroid gland from toxic species [36].

Table 4 Effect of dietary zinc supplementation on growth performance of lambs in different treatments

Item Treatment SEM P value

Control ZnMet ZnProt ZnGly ZnSulf

Initial body weight (kg) 30.23 31.22 30.83 30.80 31.05 0.74 0.893

Final body weight (kg) 42.90b 46.27a 45.97a 45.18ab 45.70ab 0.97 0.083

Average daily gain (g/day) 181b 216a 215a 205a 209a 5.35 0.001

Average dry matter intake (g/day) 1440b 1520a 1532a 1499a 1517a 17.36 0.008

Feed conversion efficiency (feed/gain) 8.01a 7.08b 7.10b 7.31b 7.26b 0.173 0.004

Means without common superscript letters within rows are significantly different (P < 0.05)

ZnMet zinc-methionine, ZnProt zinc-proteinate, ZnGly zinc-glycinate, ZnSulf zinc-sulfate, SEM standard error of mean

Table 5 Effect of dietary zinc supplementation on nutrient digestibility
(%) of lambs in different treatments

Item Treatment SEM P value

Control ZnMet ZnProt ZnGly ZnSulf

DM (%) 65.42 67.00 68.54 67.22 65.99 1.15 0.257

CP (%) 68.92b 73.03a 73.38a 72.26ab 68.31b 1.32 0.042

OM (%) 75.22b 78.05a 79.26a 78.08a 74.84b 0.82 0.012

NDF (%) 43.13 48.17 47.34 45.94 44.95 1.77 0.378

ADF (%) 28.32b 33.97a 34.22a 31.43ab 27.02b 1.45 0.009

Means without common superscript letters within rows are significantly
different (P < 0.05)

DM dry matter, CP crude protein, OM organic matter, NDF neutral de-
tergent fiber, ADF acid detergent fiber, ZnMet zinc-methionine, ZnProt
zinc-proteinate, ZnGly zinc-glycinate, ZnSulf zinc-sulfate, SEM standard
error of mean
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Considering the improvement in antioxidant status of Zn-fed
lambs in the present study, it may be possible that at least a
part of the thyroid hormones decrease in control lambs might
be due to the impairment of antioxidant functions and thyroid
hormones synthesis. Lower T4 and T3 concentrations in con-
trol group compared to supplemented lambs support the pre-
viously reported result [37] which showed decreased serum
T3 and T4 concentrations in Zn-deficient animals. It is unclear
why lambs fed Zn-proteinate and Zn-methionine tended to
have higher concentration of T4 than lambs fed a similar
quantity of Zn from Zn-sulfate and Zn-glycinate. However,
results of the present study support that the concept that Zn-
proteinate and Zn-methionine may be metabolized differently
from inorganic Zn and, thus, may alter some metabolic pro-
cesses differently [38]. Conversely, it has been indicated that
supplemental Zn (35 mg Zn/kg) either from inorganic or or-
ganic sources did not affect plasma T3 and T4 concentrations
in crossbred calves [39]. On the other hand, Kececi and
Keskin [40] observed reduced concentration of serum T3
and T4 due to supplementation of 290 mg Zn/kg diet as zinc
sulfate in healthy male Merino lambs and Angora goats. Zinc
is also required for the activity of the enzyme 1,5′-deiodinase,
which converts biologically T4 to T3 [41, 42]. In the present
study, Zn supplementation also had significant effect on ratio
of T4/T3 with lower value in all supplemented lambs. Lower
T4 to T3 ratios in supplemented groups in our study show that
5′-deiodinase activity was improved by organic and inorganic
zinc supplementation.

The oxidative enzymes, such as Zn-Cu-superoxide dismut-
ase and glutathione peroxidase, cooperate to eliminate free
radicals and products of their decomposition. Superoxide dis-
mutase produces hydrogen peroxide during its scavenging
action. The peroxides formed by the SOD action are detoxi-
fied by glutathione peroxidase which reduces hydrogen per-
oxide to water [43]. For the present study, regardless of source,
Zn supplementation increased RBC-SOD activity that might
be possibly related to the improvement of the synthesis, sta-
bility, or slowdown of degradation [44]. The higher SOD ac-
tivity observed in Zn supplemented groups is in agreement
with Fadayifar et al. [32] who observed that 20 mg Zn/kg
DM supplementation was required for obtaining higher SOD
activity in lambs. Similarly, Nagalakshmi et al. [45] reported
superior SOD activity in lambs fed 15 and 30 mg/kg Zn sup-
plemented diets as organic or inorganic sources compared to
control diet-fed lambs. In contrast, Manadal et al. [39] ob-
served a similar SOD activity among control group receiving
32.5 mg/kg Zn compared to the crossbred calves supplement-
ed with 35 mg/kg Zn from Zn-sulfate or Zn-propionate. On
the other hand, among the treatment groups, GPx activity in
lambs supplemented with organic Zn were significantly
higher than GPx activity in control group. It was reported that
Zn deficiency may lead to an increase in free radical produc-
tion and decrease in activity of SOD and GPx of Zn-deficient

rats [46, 47]. This indicated that the 19.72 mg/kg DM level of
Zn in the basal diet is not sufficient for adequate GPX and
SOD activities in lambs, and addition of 30 mg Zn/kg DM as
organic sources can improve antioxidant balance.

Alkaline phosphatase is a Zn-dependent enzyme involved
in calcium absorption, growth, and development of growing
animals and has been used as an indicator of Zn status [48].
The lower ALP activity of the control lambs is consistent with
the study of Cho et al. [49] who reported decreased ALP
activity in Zn-deficient animals. The present results are also
in agreement with Liu et al. [50] who observed a significant
increase in ALP activity due to dietary Zn in goats fed a basal
diet (containing 45.9 mg Zn/kg) supplemented with 20, 40, or
80 mg Zn/kg. Similarly, Kumar et al. [51] observed a signif-
icant increase in ALP activity attributed to dietary Zn in bulls
fed a basal diet (containing 32.5 mg Zn/kg) supplemented
with 35 or 70 mg Zn/kg. However, no significant effect in
growing lambs was noted among different Zn sources, as re-
ported by Aliarabi et al. [26].

The activities of ALT, AST, and CPK in blood plasma or
serum are routinely measured to assess liver and muscle le-
sions [52]. Manadal et al. [39] observed the comparable AST
and ALT activity among crossbred calves supplemented with
different sources but similar level (35 mg/kg Zn) and control
group receiving 32.5 mg/kg Zn. This indicates that the Zn
concentration in basal diet of the present study (19.72 mg/
kg) was not sufficient to inhibit tissue lesion. On the other
hand, Daghash and Mousa [34] observed higher AST activity
in buffalo calves supplemented with 50 or 100 mg Zn/kg,
which is not in agreement with our results.

Performance

In the present experiment, lambs fed the control diet with basal
level of 19.72 mg Zn/kg DM gained less weight than the Zn-
supplemented lambs, suggesting that the basal level of Zn was
insufficient for optimum growth. Based on our results, this
might be due to impairment of feed intake, alkaline phospha-
tase activity, thyroid hormone concentration, and antioxidant
status. According to NRC, Zn recommendations for lambs
with 30 to 50 kg BW and an ADG of 250 g/day is about
40 mg/day. The lambs in control group received, on average,
about 28 mg/day Zn which is less than NRC recommenda-
tions, which could affect the performance. However, when
30 mg Zn/kg DM was added, average daily intake of Zn in-
creased to about 75 mg/day, which is higher than NRC rec-
ommendations. These results suggest that there may be a
higher Zn requirement for lambs in the present study. In addi-
tion, an increased Zn requirement above that recommended by
NRC has been suggested for goats and cattle [6, 13, 53].
Similar to our results, it is reported that lambs consuming a
diet supplemented with 20 or 40 mg Zn/kg DM from Zn-
proteinate and Zn-sulfate had greater ADG and final body
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weight compared with lambs consuming a basal diet contain-
ing 22.5 mg Zn/kg DM [26]. In contrast, supplementation of
the diet with different sources of Zn had no effect on daily
weight gain of lambs [54], calves [55, 56], and goats [33]
compared to the control or inorganic Zn supplements.

Considering the effect of Zn on feed intake, our results are
consistent with those reported by Mallaki et al. [17] who
found that DMI was greater in lambs receiving an additional
20 mg/kg Zn as sulfate or peptide (basal diet containing 22.8)
than in those not supplemented with Zn. In contrast, some
authors reported that Zn supplementation did not affect DMI
in calves [56] and goats [21, 57].

Based on feed efficiency in the present experiment, supple-
mentation of 30 mg/kg Zn to the basal diet containing
19.72 mg Zn/kg DM improved the feed conversion ratio.
Similarly, Mallaki et al. [17] and Jia et al. [6] reported the
improvement of feed efficiency in finishing lambs fed organic
and inorganic Zn as compared to control diet. In contrast,
Spears et al. [58] in calves and Mandal et al. [13] in bulls
did not report the difference in feed conversion ratio using
35 and 25 mg/kg Zn, respectively.

Nutrient Digestibility

Conflicting results of Zn source on nutrient digestibility have
been reported in previous studies in sheep [14, 17, 21, 54],
goats [6], and bulls [39]. Many factors might contribute to the
discrepancies among the above reports, such as chemical char-
acteristics of organic Zn sources used, dietary Zn levels, ani-
mal species, and factors affecting Zn solubility and stability in
gastrointestinal tract. The present results indicate that the three
organic Zn sources were more effective than the inorganic Zn-
sulfate with Zn-proteinate and Zn-methionine more effective
than Zn-glycinate in improving of CP and OM digestibility.
Jia et al. [6] found that supplementation of a diet containing
22.3 mg Zn/kg DM with 20 mg/kg Zn as Zn-methionine im-
proved ADF digestibility in cashmere goats, but DM, CP, and
NDF digestibility were not affected, whereas Mallaki et al.
[17] stated that supplementation of a diet containing 22.8 mg
Zn/kg DMwith 20 mg/kg Zn as Zn-proteinate improved NDF
and CP digestibility. Comparable digestibility of DM, OM,
CP, EE, NDF, and hemicellulose was also observed in study
of Garg et al. [14], while ADF digestibility was improved
significantly in lambs receiving 20 mg Zn/kg DM as Zn-
methionine compared to Zn-sulfate and control lambs.

Conclusions

In conclusion, our data suggest that regardless of source, sup-
plementation of Zn in growing lambs improved performance
as compared to non-supplemented control lambs consuming a
basal diet containing 19.72 mg/kg Zn. The improvement of

performance in Zn-supplemented lambs might be due to in-
creased feed intake, improved Zn-dependent enzyme activity,
increased thyroid hormone production and improved antioxi-
dant status. Furthermore, Zn-methionine and Zn-proteinate
supplementation improved CP, OM, and ADF digestibility
compared to Zn-sulfate.
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