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a b s t r a c t

Two studies were conducted to evaluate the effect of nano chromium picolinate (nCrPic) during heat
stress (HS) in sheep. In the initial study, 36 Merino � Poll cross-bred sheep were individually penned and
allocated to 3 dietary treatments (0, 400 and 800 mg/kg nCrPic) for 8 wk. Body composition was
determined at the beginning and end of the experiment using dual energy X-ray absorptiometry. The
sheep remained in their dietary groups but were then placed in metabolic cages and randomly allocated
within the dietary group to differing ambient temperature regimes, i.e., thermo-neutral (TN) (n ¼ 18) and
HS (n ¼ 18), for 3 wk. Dietary nCrPic had no effect on growth performance and body composition during
the initial study conducted under TN conditions. Heat stress decreased average daily feed intake (ADFI)
(P ¼ 0.002) whereas sheep under HS had reduced average daily gain (ADG) and indeed lost weight
(P < 0.001). Dietary nCrPic increased both ADFI (P ¼ 0.041) and ADG (P ¼ 0.049) under both TH and HS
conditions such that the performance of sheep receiving supplemental nCrPic and exposed to HS was
similar to that of control sheep maintained under TN conditions. Heat stress increased rectal temperature
(P < 0.001) and respiration rate (P < 0.001), particularly during the hottest parts of the day as indicated
by interactions (P < 0.001) between time of day and thermal treatment. Rectal temperature was lower in
sheep fed nCrPic (P ¼ 0.050), particularly under peak HS conditions during the afternoon as indicated by
the interactions between dietary nCrPic and time of day (P < 0.001) and dietary nCrPic, thermal treat-
ment and time of day (P ¼ 0.010). Similarly, respiration rate was lower in sheep fed nCrPic under peak HS
conditions during the afternoon as indicated by the interactions between dietary nCrPic and thermal
treatment (P < 0.001) and dietary nCrPic and time of day (P ¼ 0.030). In conclusion, dietary nCrPic can
partially ameliorate the negative effects of HS as indicated by the maintenance of ADFI and decreased
physiological responses, such as elevations in rectal temperature and respiration rate.
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1. Introduction

Animal productivity is negatively impacted by environmental
factors, including elevated ambient temperature causing heat stress
(HS). Acclimation to the external environment is a phenotypic
response developed by the animal as its environment changes. The
acclimation of the animals to meet high ambient temperatures
results in a reduction of feed intake, increased respiration rate,
decreased activity, and increased water consumption to facilitate
the dissipation of excess heat (Nardone et al., 2010; Sejian et al.,
2018). In sheep, evaporation is the most important means of heat
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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Table 1
Ingredients and nutrient composition of experimental diets
(%, dry matter basis).

Item Content

Ingredients
Wheat 40.0
Millmix 24.9
Barley 20.0
Canola meal (36%) 2.93
Lupin kernels (33%) 4.53
Water 1.09
Molasses 1.59
Salt 1.30
Limestone 2.13
Calcium sulphate 0.33
Ammonium chloride 0.54
Rumen buffer1 0.54
Lamb premix2,3 0.11
Lasalocid4 0.011
Total 100

Calculated nutrient composition5

ME, MJ/kg 12.3
Fat 2.12
Crude protein 16.8
Calcium 1.08
Total phosphorus 0.52

Analyzed nutrient composition6

Cr, mg/kg 780

1 Acid Buf, (Feedworks Australia, Romsey, VIC, Australia).
2 Alltech Lienert Australia, Roseworthy, SA, Australia. Pro-

vided the following trace mineral per kilogram of diet: Se,
0.2 mg; Fe, 60; Mn, 25 mg; Zn, 50 mg; I, 0.2 mg; Cu, 25 mg.

3 Provided the following vitamins per kilogram of diet:
vitamin A, 2.5 mg; vitamin D3, 1 mg; vitamin E, 30 mg; niacin,
10 mg; Ca-D-pantothenate, 5 mg; riboflavin, 2 mg; vitamin
B12 (Cyanocobalamin), 5 mg.

4 Bovatec, 20%, (Zoetis, Silverwater, NSW, Australia).
5 Calculated from formulation package (Saltbush Feedma-

nia, Armidale, NSW, Australia).
6 Chromium content of the high chromium diet formulated

to be 800 mg/kg.
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dissipation, because sweating is much less important than respi-
ratory evaporation due to the presence of a wool cover. Moreover,
voluntary feed intake decreases during HS in order to reduce
metabolic heat production (McGuire et al., 1989; Nardone et al.,
2010; Gaughan et al., 2019). The reduction of feed intake can
result in an essential nutrient imbalance and, therefore, decrease
tissue anabolism and increase tissue catabolism.

In many countries, sheep are raised in arid and semiarid re-
gions characterized by extreme summer temperatures (Alhidary
et al., 2012; Dunshea et al., 2017). Positive physiological and pro-
duction in responses to dietary chromium (Cr) supplementation
have been observed in sheep exposed to external stressors, such as
transportation stress (Al-Mufarrej et al., 2008; Kraidees et al.,
2009), isolation stress (Sano et al., 1999) and HS (Dunshea et al.,
2013; Sahin et al., 2002a, 2002b, 2005; Smantha et al., 2008).
Dietary Cr picolinate (CrPic) has been shown to increase feed
intake in quail (Sahin et al., 2002a, 2010) and Holstein cows (Al-
Saiady et al., 2004) under HS. However, the performance re-
sponses of farm animal to dietary Cr supplementation are incon-
sistent. For example, Estrada-Angulo et al. (2013) found that
dietary yeast bound Cr increased growth rate and feed efficiency
with no change in feed intake in hairy sheep whereas Moreno-
Camarena et al. (2015) found no effect on growth performance
in sheep. Sales and Jan�cík conducted a meta-analysis that indi-
cated that the effects of Cr supplementation on performance var-
ied considerably among swine studies (Sales and Jan�cík, 2011). At
least some of the variation in response to dietary Cr may be
related to low and variable absorption and particle size reduction
of Cr may offer a means of ensuring a more consistent response to
dietary CrPic (Hung et al., 2015).

In the rodent model, nano-sized Cr particles (nCr) improved Cr
digestibility approximately three-fold higher (Lien et al., 2009) and
improved growth rate and immune response in rats during HS (Zha
et al., 2009). Hung and colleagues also found that dietary nano Cr
picolinate (nCrPic) can improve feed intake in finisher pigs during
the mid-summer (Hung et al., 2014). The positive feed intake
response under high ambient temperature indicated that dietary Cr
may be able to ameliorate the negative physiological response of
animal under HS. Chromium improves insulin sensitivity and may
enhance skin micro-circulation (Forst et al., 2006) and vasodilation
(Abebe et al., 2010) to facilitate heat dissipation during HS. Also, fat
deposition tends to increase with increasing temperature in sheep
(Degen and Young, 2002) which may be related to decreased lipid
mobilization as a result of hyperinsulinemia as reported in HS cattle
(O'Brien et al., 2010). Dietary Cr can decrease plasma insulin con-
centrations (Zhou et al., 2013) so may reduce the effects of HS on
hyperinsulinemia during maintaining normal insulin action. How-
ever, there are no studies investigating the effect of dietary nCrPic on
the ability of sheep to counter HS. Therefore, the aims of this study
were to examine the effects of dietary nCrPic supplementation on
growth, body composition and physiological responses of sheep
under both thermo-neutral and HS conditions. The hypothesis to be
tested in the study is that if sheep exposed to the HS regime display
clinical signs of HS such as increased respiration, rectal and skin
temperature, then dietary nCrPic will reduce responses to HS by
reducing the heat load on the animal, which will result in increased
feed intake and weight gain.

2. Methods and materials

All procedures undertaken in this study were conducted in
accordance with the guidelines set out in the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes and
were approved by theUniversity ofMelbourne, Science, Optometry&
Vision Sciences and Land & Environment animal ethics committee.
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2.1. Animals, diet and experimental design for feeding studies

There were two experiments conducted within a larger
study which was conducted over three replications. Animals
were housed in individual pens under cover in a shed for an 8-
wk feeding study conducted at the Dookie campus of The
University of Melbourne. Following the 8-wk dietary treatment,
animals were placed in metabolic cages for a secondary 4-wk
HS study (including 1-wk acclimation to new surroundings).
Nutrient requirements for growing sheep were determined
using guidelines established by the NRC (2007). During both
studies, the lambs were fed either a basal control sheep grower
pelleted diet (wheat- and barley-based diet containing
11.3 MJ ME/kg and 15.5% CP) or the basal diet supplemented
with either 400 or 800 mg/kg Cr as nCrPic (Table 1). Water and
pelleted feed were provided ad libitum. All sheep also offered
barley straw 100 g/d per animal in conjunction with the pel-
leted feed.
2.2. Nano chromium picolinate preparation and particle size
determination

The nCrPic particles were prepared according to our previous
study (Hung et al., 2015). Nano-sized Cr powder were prepared at
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Hsin-fang Nanotech Co. Ltd. by grinding in a dry cryo-nanonization
grinding system through sieve end plate with appropriate size in
order to collect nanonized CrPic. No solvent was used and the
temperature was controlled under 40 �C during the grinding
process.

The particles size distribution was determined using the
method reported by Gonzales-Eguia and colleagues with some
modifications (Gonzales-Eguia et al., 2009). Briefly, the ground
CrPic powders (average particle size 310 ± 129 mm) were
vibrated in an alcohol solution, depositing the ultrafine frag-
ments on a copper grid covered by a thin carbon film
(CF200eCu, Electron Microscopy Science) in the solution. The
bright and dark field images of samples were obtained by using
a JEM-2100F field emission transmission electron microscope
(FE-TEM; JEOL Ltd, Tokyo, Japan) operating at 200 kV. The im-
ages were then manipulated by the software “Digisscan Image
Acquisition System” to achieve the area data of each recognized
particle. These data were then converted into particle diameter
data. Total of 40 random selected recognized particles data were
used for particle size distribution. The average particle size of
nCrPic, was 49.7 ± 12.37 nm (mean ± SD). Concentration of
dietary Cr was determined by a modification of the method of
Williams et al. (1962) using atomic absorption spectrophotom-
etry (SpectrAA-200 System, Varian Australia Pty. Ltd., Mulgrave,
VIC, Australia).

2.3. Initial feeding study (experiment 1)

Thirty-six 9-month-old Merino � Poll cross-bred ewes and
wethers (initial live weight 33.8 ± 1.04 kg, mean ± standard
error kg) in three replicates of 12 sheep were selected from The
University of Melbourne grazing flock and housed in indoor
group pens for a 1-wk acclimation period before the study
commenced. During this period, sheep were fed ad libitum the
basal diet containing no supplemental Cr. After the acclimation
period, initial body composition was determined using dual-
energy X-ray absorptiometry (DXA) (Hologic QDR4500 Fan
Bean X-Ray Bone Densitometer; Hologic Inc., Waltham. MA. USA)
(Hunter et al., 2011). Sheep were then stratified within sex group
according to body weight and body composition and allocated to
three dietary treatments containing either 0, 400 or 800 mg/kg
supplemental nCrPic and housed in individual pens. All animals
had ad libitum access to feed and water for 8 wk with individual
live weight and feed intake being recorded weekly. Body
composition was again determined by DXA at end of the initial 8
wk feeding study.

2.4. Heat stress study (experiment 2)

After the initial feeding study, the sheep were transported to
the climate control rooms. The sheep were acclimatized to their
new surroundings for 1 wk, followed by a 3-wk experimental
thermal treatment period. All sheep were shorn before the HS
study. During the thermal study, the sheep were housed in in-
dividual metabolism crates housed in one of two climate control
rooms which were maintained at either thermo-neutral (TN)
(n ¼ 18) or HS (n ¼ 18) conditions. The TN room was maintained
at average 22 �C ambient temperature and 70% to 80% relative
humidity (RH) for 24 h throughout the experimental period. The
sheep in the HS room experienced cyclical daily
temperatures beginning at 09:00 when the temperature was
increased (15 �C/h) to a maximum of 40 �C where it remained
until 17:00 before being decreased to 22 �C where it was
maintained until 09:00 the next morning. The RH was approxi-
mately 50% during the day and 70% overnight. Both rooms were
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maintained under a 12-h light and 12-h dark cycle. Access to
feed and water was provided by troughs and buckets attached to
the side of the cage. Feed and water was available ad libitum.
Feed and water disappearance were recorded daily throughout
the experimental period. After the final physiological measures
at 17:00 on d 20, sheep were fitted with indwelling jugular
catheters to conduct intravenous insulin and glucose challenges
and these data will be reported elsewhere.

Temperature-humidity index (THI) was calculated and recor-
ded during both experimental periods. The THI is commonly used
as an indicator of the degree of stress on animals caused by
weather conditions. The THI was calculated by combining tem-
perature and RH with the following equation (LPHSI, 1990):

THI¼ T � ð0:31�0:31 RHÞ � ðT �14:4Þ;

where T is the temperature (oC) and RH is the relative humidity. The
THI averaged 21.8 ± 0.83 and 36.7 ± 2.13 for the TN and HS con-
ditions indicating an absence of HS and severe HS, respectively
(Marai et al., 2007).

2.5. Physiological measurements

During the thermal experimental period, rectal, skin tempera-
tures, and respiration rate were measured at 09:00 (before room
temperature increased), 13:00 and 17:00 daily. Rectal temperature
was measured using a digital thermometer (Omron Australia
MC34110, Port Melbourne, Victoria, Australia), inserted approxi-
mately 3 cm into the rectum and held in place approximately 30 s
until a stable temperature was obtained. Skin temperature was
measured using a handheld thermometer by placing the reader
end of the measuring device in between the wool folds and
pressed gently against the skin of the animal. Respiration rate was
recorded by counting the number of breaths (flank movements)
per minute.

2.6. Statistical analysis

The growth performance and tissue deposition data from the
initial feeding experiment were analyzed by ANOVA with the
main contrasts being sex (male vs. female), dietary Cr (0 vs. 400
and 800 mg/kg Cr as nCrPic) and within dietary Cr (400 vs.
800 mg/kg Cr as nCrPic) and their interactions with replicate as a
blocking factor. For the thermal component of the study, the
growth performance data were analyzed by ANOVA with the
main contrasts being sex (male vs. female), temperature (TN vs.
HS), dietary Cr (0 vs. 400 and 800 mg/kg Cr as nCrPic) and within
dietary Cr (400 vs. 800 mg/kg Cr as nCrPic) and their interactions
with replicate as a blocking factor. The physiological data were
analyzed by restricted maximum likelihood (REML) suitable for
repeated measures with the main contrasts being sex (male vs.
female), temperature (TN vs. HS), day (d 1 vs. 2 … vs. 20), time
of day (09:00 vs. 13:00 vs. 17:00), dietary Cr (0 vs. 400 and
800 mg/kg Cr as nCrPic) and within dietary Cr (400 vs. 800 mg/kg
Cr as nCrPic) and their interactions with individual sheep and
replicate as random factors. Since there were no main or inter-
active effects of sex in the thermal study the data have been
pooled across sexes for presentation. Also, there were no main or
interactive effects of within Cr dose in both studies data so the Cr
effects will be discussed as contrasts between sheep fed 0 mg/kg
Cr and the pooled data from sheep fed 400 and 800 mg/kg Cr. All
data were analysed using the GenStat statistical package (Gen-
Stat release 18; VSN International Ltd., Hemel Hempstead, UK)
with appropriate covariates and data transformation where
indicated in the text or table legends.
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3. Results

3.1. Growth performance and tissue deposition in initial feeding
study

There was no effect of sex on average daily feed intake (ADFI)
(1,188 vs. 1,322 g/d for females and males respectively, P ¼ 0.14),
males had greater average daily gain (ADG) (128 vs. 182 g/d,
P ¼ 0.028), feed conversion efficiency (FCE) (0.101 vs. 0.132,
P¼ 0.040) and lean tissue deposition (78 vs.121 g/d, P¼ 0.010) than
females (Table 2). There were no significant effects of dietary Cr on
growth performance or tissue deposition rate in the initial feeding
study (Table 2).

3.2. Growth performance during thermal study

There were no main or interactive effects of sex on growth
performance in the thermal study so data have been pooled for
presentation. Heat stress decreased ADFI (1,343 vs. 1,163 g/d,
P ¼ 0.002) whereas sheep under HS had a reduced ADG and indeed
lost weight (114 vs. �55 g/d, P < 0.001) (Table 3). Dietary nCrPic
increased both ADFI (1,171 vs. 1,294 g/d, P ¼ 0.04) and ADG (�24
vs. 56 g/d, P ¼ 0.05) under both TH and HS conditions. In this
context, the ADFI of sheep maintained under TN conditions and
not supplemented with nCrPic was not different to that of sheep
receiving supplemental nCrPic and exposed to HS (1,299 vs.
1,223 g/d). Feed conversion efficiency was decreased by HS (0.088
vs. �0.039, P < 0.001) but not significantly altered by dietary
nCrPic (�0.010 vs. 0.041, P ¼ 0.13). Water disappearance was
increased by HS (3.63 vs. 4.29 L/d, P ¼ 0.04) and tended to be
increased by dietary nCrPic (3.54 vs. 4.17 L/d, P ¼ 0.08). The ratio of
water disappearance to feed consumed was increased by HS (2.59
Table 2
Effect of sex and dietary nano chromium picolinate on growth performance and tissue d

Sex Female, mg/kg Male, mg/k

Chromium (Cr), mg/kg 0 400 800 0

ADFI, g/d 1200 1238 1125 1357
ADG, g/d 116 139 129 171
Feed conversion efficiency 0.0856 0.107 0.112 0.119
Lean deposition, g/d 66.3 84.3 83.0 111
Fat deposition, g/d 42.9 44.1 35.8 46.4
Ash deposition, g/d 1.49 2.27 1.80 1.93

1 There were no interactions between sex and chromium so main effects are presente
2 Standard error of the difference for effect of Sex � Cr.
3 Female vs. male (n ¼ 18 vs. 18).
4 Control vs. Cr (n ¼ 12 vs. 24).
5 400 vs. 800 mg/kg Cr (n ¼ 12 vs. 12).

Table 3
Effect of heat stress and dietary nano chromium picolinate on growth performance and

Temperature (T) Thermo-neutral Heat stre

Chromium (Cr), mg/kg 0 400 800 0

ADFI6, g/d 1299 1336 1395 1043
ADG7, g/d 2.648 (94.6) 2.667 (115) 2.683 (132) 2.316 (�1
Feed conversion efficiency 0.079 0.084 0.100 �0.098
Water disappearance, L/d 3.22 3.56 4.10 3.86
Water dissapearance:feed

intake, L/kg
2.33 2.67 2.76 3.85

1 There were no main or interactive effects of sex so data are pooled across sexes. The
2 Standard error of the difference for effect of temperature � Cr.
3 Thermo-neutral vs. heat stress (n ¼ 18 vs. 18).
4 Control vs. Cr (n ¼ 12 vs. 24).
5 400 vs. 800 mg/kg Cr (n ¼ 12 vs. 12).
6 Initial body weight was used as a covariate.
7 Transformed values [log(xþ350)] with back-transformed values are in parentheses b
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vs. 3.73 L/kg, P < 0.001). Heat stress decreased ADFI on the first day
of treatment, particularly in those sheep consuming the control
diet whereas ADFI declined more slowly in those sheep fed nCrPic
(Fig. 1). The ADFI of the sheep consuming the control diet was
lower than for sheep consuming the nCrPic diet from d 1 of HS and
remained lower for most of the study except for a few days to-
wards the end of the HS period where they converged and then
separated again (Fig. 1). However, there were no significant in-
teractions (P > 0.33 for all) between thermal treatment, day of
treatment or dietary nCrPic (Fig. 1).

3.3. Body temperature response during thermal study

Rectal temperature increased in response to HS (39.27 vs.
39.92 �C for TN and HS conditions, respectively, P < 0.001) and
increased over the day (39.21, 39.75, and 39.85 �C at 09:00, 13:00
and 17:00 respectively, P < 0.001). However, there was an interac-
tion (P < 0.001) between thermal treatment and time such that the
rectal temperature increased to a greater extent over the day in the
sheep exposed to HS compared to those housed under TN condi-
tions (Fig. 2). In addition, there were interactions (both P < 0.001)
between dietary nCrPic and thermal treatments and dietary nCrPic
and time such that average rectal temperature was lower in sheep
consuming nCrPic during HS (40.01 vs. 39.89 �C) but not under TN
conditions (39.25 vs. 39.28 �C). Rectal temperature was highest on
the first day of HS before declining to reach a nadir between d 4 and
6 before increasing again and reaching a relatively stable plateau
(Fig. 3). Rectal temperaturewas higher for the sheep consuming the
control diet for the entire HS period (Fig. 3) and there was no diet x
thermal treatment interaction.

Skin temperature increased in response to HS (37.74 vs. 39.23 �C
for TN and HS conditions, respectively, P < 0.001) and increased
eposition in sheep1.

g SED2 P-value

400 800 Sex3 Cr4 within Cr5

1305 1303 108.7 0.14 0.71 0.60
176 199 28.8 0.028 0.49 0.82
0.132 0.146 0.0180 0.043 0.15 0.60
117 134 19.27 0.010 0.35 0.68
44.6 46.5 8.89 0.50 0.80 0.72
1.70 3.03 0.651 0.49 0.38 0.52

d.

tissue deposition in sheep1.

ss s.e.d.2 P-value

400 800 T3 Cr4 within Cr5

1212 1233 68.3 0.002 0.044 0.52
43) 2.501 (�33.0) 2.556 (9.7) 0.0673 <0.001 0.049 0.61

�0.027 0.008 0.0361 <0.001 0.13 0.51
4.38 4.62 0.392 0.041 0.076 0.36
3.54 3.80 0.355 <0.001 0.73 0.63

re were no interactions between temperature and Cr so main effects are presented.

elow. Data were transformed due to heterogeneity in variances.



Fig. 2. Rectal temperature responses to cyclic thermal treatment (T), hour of day (H) dietary nCrPic (Cr) in sheep. Data are mean ± standard error of the difference for T � H � Cr.
The P-values for the effect of T, H, Cr, T � H, T � Cr, H � Cr and T � H � Cr were <0.001, <0.001, 0.050, <0.001, <0.001, <0.001 and 0.010, respectively.

Fig. 1. Average daily feed intake in response to cyclic thermal treatment (T), day of treatment (D) and dietary nCrPic (Cr) in sheep. Data are mean ± standard error of the difference
for D � T � Cr. The P-values for the effect of T, D and Cr were 0.004, <0.001 and 0.07, respectively. There were no significant interactions (P > 0.33 for all).
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over the day (37.81, 38.78, and 38.86 �C at 09:00, 13:00 and 17:00
respectively, P < 0.001) (data not shown). However, there was an
interaction (P < 0.001) between thermal treatment and time such
that the skin temperature increased to a greater extent over the day
in the sheep exposed to HS compared to those housed under TN
conditions. There were no main or interactive effects of dietary
nCrPic on skin temperature.
Fig. 3. Average rectal temperature during peak HS (average of 13:00 and 17:00 on each da
treatment. Data are means ± standard error of the difference for D � Cr. The P-values for t
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Respiration rate increased in response to HS (76 vs. 170 breaths
per min for TN and HS conditions, respectively, P < 0.001) and
increased over the day (77, 142 and 149 breaths per min, at 09:00,
13:00 and 17:00, respectively, P < 0.001) (Fig. 4). However, there
was an interaction (P < 0.001) between thermal treatment and
time such that the respiration rate increased to a greater extent
over the day in the sheep exposed to heat compared to those
y) in sheep fed either a basal diet or a diet containing nCrPic (Cr) on each day (D) of
he effects of D, Cr and D � Cr were <0.001, 0.04 and 0.78, respectively.



Fig. 4. Respiration rate responses to cyclic thermal treatment (T), hour of day (H) dietary nCrPic (Cr) in sheep. Data are mean ± standard error of the difference for T � H � Cr. The P-
values for the effect of T, H, Cr, T � H, T � Cr, H � Cr and T � H � Cr were <0.001, <0.001, 0.90, <0.001, 0.030, <0.001 and 0.39, respectively.

Fig. 5. Average respiration rate during peak HS (average of 13:00 and 17:00 h on each day) in sheep fed either a basal diet or a diet containing nCrPic (Cr) on each day (D) of
treatment. Data are mean ± standard error of the difference for D � Cr. The P-values for the effects of D, Cr and D � Cr were <0.001, 0.09 and 0.99, respectively.
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housed under TN conditions (Fig. 4). There was no main effect
(P ¼ 0.90) of nCrPic on respiration rate, there was an interaction
between dietary nCrPic and thermal treatment (P < 0.001) and
dietary nCrPic and time (P ¼ 0.030) such that respiration rate was
lower in sheep consuming nCrPic during peak HS (222 vs. 211
breaths per min) but not under TN conditions (71 vs. 80 breaths per
min) (Fig. 5).

4. Discussion

The aims of this study were to examine the effects of dietary
nCrPic supplementation on growth, body composition and
physiological responses of sheep under HS. nCrPic has much
smaller particle size (50 nm) compared with normal particle size
CrPic (310 mm). The major findings of this study were that di-
etary nCrPic reduced the negative impact of HS on rectal tem-
perature, respiration rate and ADFI allowing the sheep to
continue to gain weight, or at least prevent weight loss, during
HS. Since feed intake is a primary indicator of HS, the ability to
reverse some of the effects on feed intake with dietary Cr is an
important finding. Greater ADFI has been reported in heat-
stressed quails (Sahin et al., 2002a, 2005), broilers (Smantha
et al., 2008; Sahin et al., 2003), pigs (Hung et al., 2014) and
cows (Al-Saiady et al., 2004) consuming diets supplemented
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with Cr. Dietary Cr supplementation also increased ADFI in
pregnant ewes that face a different type of physiological stress
(Mousaie et al., 2017) and likely to be insulin resistant (Petterson
et al. 1993, 1994). Moreover, the net energy balance for lactation
was improved by dietary Cr supplementation of dairy cows (Al-
Saiady et al., 2004). The reduction in ADFI is a metabolic adap-
tation that occurs with HS (Baumgard and Rhoads, 2011; Sejian
et al., 2018; Gaughan et al., 2019). When animals are
consuming inadequate feed, they typically entered into negative
energy balance and consequently, enhance the catabolic pro-
cesses, as indicated by increased adipose tissue's lipoprotein
lipase (indicator of lipolytic response) and increased plasma urea
nitrogen (indicator of muscle catabolism) (Wheelock et al., 2010;
Baumgard and Rhoads et al., 2011; Rhoads et al., 2011). However,
increased catabolism also leads to increased heat production
(McDonald et al., 2011). The present data suggest that dietary
nCrPic could prevent negative the impacts of HS since ADFI was
increased in sheep supplemented with nCrPic. Moreover, dietary
nCrPic also appears to decrease metabolic heat production or
increase the ability of the animal to dissipate heat during HS as
respiration rate and rectal temperature were lower in nCrPic fed
sheep, despite the higher ADFI. Respiration rate and rectal
temperature both increase with increasing level of ADFI in sheep
exposed to HS (Gonzalez-Rivas et al., 2016).
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Economic losses are incurred in livestock industries when farm
animals are raised in locations and seasons where effective tem-
perature conditions are outside their zone of thermal comfort for
some or all of the time (St-Pierre et al., 2003; Sejian et al., 2018).
High environmental temperature and humidity are detrimental to
the productivity of farm animals (Fuquay, 1981; Sejian et al., 2018;
Gaughan et al., 2019). Exposure of sheep to elevated temperature
results in a decrease in ADG and ADFI (Marai et al., 2007). The upper
critical temperature for sheep lies between 25 and 30 �C and HS
occurs when sheep are exposed to temperatures higher than 30 �C
(Fuquay, 1981). Marai and colleagues indicated that sheep are un-
der extreme severe HS when the THI value is over 25.6 (Marai et al.,
2007). The mean THI value at the height of heat treatment during
the afternoon was 36.7 ± 2.13 in the present study which is
equivalent to extreme severe HS. The findings of Srikandakumar
and colleagues indicated that respiration rate and rectal tempera-
ture were elevated by HS in both Omani and Merino sheep
(Srikandakumar et al., 2003). In the current study, rectal, skin
temperature and respiration rate increased as THI increased with
the increase of these physiological responses sufficient to suggest
that these animals were under HS.

During HS, evaporation loss through respiration is the most
important avenue for heat dissipation, since sweating in sheep is
much less important than other species due to the presence of wool
(Fuquay, 1981). Under chronic high ambient temperatures, animals
develop certain mechanisms to reduce body heat production such
as decreased ADFI and metabolic heat production (Fuquay, 1981).
Increased rectal temperature is an indicator of elevated core tem-
perature that is often observed in sheep experiencing HS. At the
height of HS in the afternoon, rectal temperature was 1.16 �C higher
in sheep fed the basal diet than their counterparts under TN con-
ditions, whereas the sheep consuming the diet containing nCrPic
had a more moderate increase in rectal temperature of 0.93 �C. As
previously, mentioned, respiration is the most important avenue
for heat evaporation and can account for up to 60% of heat loss in
sheep (Marai et al., 2007). Macfarlane and colleagues suggested
that the normal core temperature of sheep is approximately
39.6 �C, and any increase above this temperature indicates that the
sheep's thermo-regulatory functions are insufficient (Macfarlane
et al., 1958). In addition to reducing rectal temperature dietary
nCrPic decreased respiration rate indicating sheep were able to
dissipate heat better or produce less heat during increased heat
load. Dietary CrPic also decreased rectal temperature and respira-
tion rate in pigs exposed to a similar temperature regime as in the
present study (Liu et al., 2017). Skin temperature increased in
response to HS although there were no main or interacive effects of
nCrPic on this response. In part, thismay be because the sheepwere
not exposed to solar radation in the heat chamber model and so the
HS may not be as severe as when sheep are exposed to solar ra-
diation. In this context, Sevi et al. (2001) found that lactating sheep
exposed to solar radiation had higher rectal temperature than
sheep not exposed to solar radiation even though the average
ambient temperature were similar. It is possible that effects of
nCrPic on skin temeprature may become apprent if sheep were
exposed to solar radiation.

In ruminants, the mechanisms of heat generation include the
cost of eating and ruminating and heat produced by hepatic and
the gut tissue as the heat increment (Webster et al., 1975). The heat
increment is usually defined as the increase in heat production
associated with the acute ingestion of food and the associated post-
absorptive heat production during chronic hyperphagia (Ge et al.,
2008). The processes of ingestion and digestion account for
approximately 25% to 30% of the total heat increment (Webster
et al., 1975). Interestingly, in the present study, feed intake was
higher in sheep supplemented with dietary nCrPic diet during HS,
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but the rectal temperature and respiration rate were in fact less. A
possible explanation is the dietary Cr can improve energy utiliza-
tion. Previous studies indicated that dietary nutrient deficiencies,
including vitamin A, copper, iron, potassium, sodium, and calcium,
result in increased thermogenesis as a result of decreased efficiency
of energy utilization (Ge et al., 2008; Sun and Zemel, 2004). It is
well established that dietary Cr can improve energy utilization
(Samantha et al., 2008; Anderson, 2008; Yan et al., 2010). For
example, Hung and colleagues found that dietary Cr decreased
backfat in finisher pigs fed a high fat diet suggesting that nCrPic can
increase the efficiency to utilize fat as energy, and consequently,
reduce metabolic heat production (Hung et al., 2015).

In the present study, peak rectal temperature and respiration
rate were highest on the first afternoon of HS, most likely because
of the carryover effects of normal ADFI from the previous day and
insufficient time for chronic adaptive mechanisms to occur. How-
ever, the increase in rectal temperature and respiration rate were
much less dramatic in the sheep supplemented with nCrPic than
those fed the basal diet. In the sheep fed the basal diet there was a
substantial decrease in ADFI (�20%) on the first day of HS whereas
the decrease in the sheep supplemented with nCrPic there was a
more modest decrease in ADFI (�6%). Rectal temperature and
respiration rate then declined, the latter albeit more slowly, and
having reached their nadir then increasing gradually againwith the
differences between sheep for the basal and nCrPic supplemented
diets beingmaintained. The continued increase or apparent plateau
in both rectal temperature and respiration rate suggest that there
was no long-term adaptation to HS.

During the initial feeding study conducted under ambient
temperatures similar to TN conditions there were no significant
effects on dietary nCrPic on growth performance and tissue depo-
sition. However, the ADG and FCE responses were qualitatively and
quantitatively similar to those of the sheep housed under TN con-
ditions in the thermal experiment. Growth and metabolic effects of
Cr in ruminants are variable and this may be in part related to the
level of underlying stress that the animal is exposed to (Dallago
et al., 2011). Interestingly, it has been hypothesized that effects of
Cr on glucose metabolism may only occur when there is a stressor
(Dallago et al., 2015) and this may explain why the responses
became most apparent during HS in the present study.

5. Conclusion

This experiment clearly demonstrated that dietary nCrPic can
partially ameliorate the negative effects of HS as indicated by
maintained ADFI and decreased rectal temperature and respiration
rate when sheep were exposed to high ambient temperatures. The
effects of cyclic HS are apparent for up to 3 wk as is the protection
conferred by dietary nCrPic. However, it is unclear whether the
reductions in physiological responses to HS are due to the meta-
bolic effects of nCrPic or improved energy utilization.
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