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Abstract
Context. Chromium (Cr) is considered a beneficial trace element. It has been reported that supplementation with

Cr in the diet promotes improvements in the productive variables of broilers reared under heat stress (HS).
Aim. The study aimed to evaluate dose response of Cr as chromium-methionine (CrMet) supplementation on

metabolisable energy, serum biochemistry, growth performance and carcass yield of broilers.
Methods. Three hundred and thirty-six 22-day-old male broiler chickens were randomly assigned to four blocks, six

treatments (0, 0.10, 0.20, 0.40, 0.80 and 1.20 mg/kg dry matter (DM) Cr as CrMet), eight repetitions with seven birds per
experimental unit, subjected to HS (33�C for 12h/day) from 22 to 43 days. The supplemented CrMet level for each variable
studied was estimated using linear and quadratic regressions.

Key results. The bodyweight was quadratically affected at 35 and 43 days (P < 0.01), as well as bodyweight gain
(P=0.02) and feed conversion ratio (P=0.01) from22 to 43 days.A linear improvement (P=0.03)was observed in the feed
conversion ratio from 22 to 28 days and bodyweight gain for 22 to 35 days (P = 0.02). The nitrogen-corrected apparent
metabolisable energy and the coefficient of metabolisation of energy were quadratically affected (P < 0.01 and P < 0.01,
respectively) by CrMet levels in the diet. A quadratic response was observed on total serum cholesterol (P < 0.01), serum
glucose (P = 0.07) and triacylglycerol (P < 0.01). The abdominal fat deposition was quadratically affected (P < 0.01) by
CrMet levels in the diet.

Conclusions. The supplementation of 0.77 mg/kg DMCr as CrMet improves performance, carcass characteristics and
serum biochemistry parameters of broiler chickens reared under heat stress.

Implications. The results indicate that CrMet can be supplemented in the diet for broilers reared under heat stress to
improve productivity of broiler chickens.
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Introduction

Heat stress (HS) is amajor concern in poultry production,mainly
in tropical regions, due to its negative effects on feed intake (FI),
bodyweight (BW) gain and carcass characteristics, as well as
increased feed conversion ratio (FCR) and animal mortality
which leads to financial losses (Li et al. 2018). Providing
nutritional strategies to broiler chickens can help mitigate
detrimental effects from exposure to HS. Chromium (Cr) is

one micronutrient that stands out among the supplementation
alternatives (Samanta et al. 2008; Sahin et al. 2017).

Cr has been proven to be beneficial in poultry production.
Studies with dietary Cr supplementation have found improved
nutrient metabolism, serum biochemistry, such as the reduction
of TRI and cholesterol, and performance of broiler chickens
exposed to HS (Sahin et al. 2002; Amatya et al. 2004; Zha et al.
2009; Toghyani et al. 2012; Zhang and Kim 2014; Jahanian and
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Rasouli 2015; Rao et al. 2016). The improvement in the
productivity and biochemical parameters in broilers may be a
result of Cr effect on cell sensitivity to insulin caused by the low-
molecular weight Cr-binding-substance (LMWCr) (Vincent
2017). The LMWCr is a saturated oligopeptide composed of
glycine, cysteine, glutamate and aspartate (Davis and Vincent
1997).

Currently nitrogen-corrected apparent metabolisable
energy (AMEn) is the reference used by the poultry
industry to formulate commercial diets for least-cost, since
it accurately indicates nutrient-use efficiency in broilers.
According to Yaghobfar (2016) the AMEn is not used with
100% of efficiency for production, because during
metabolism, around 15% of the energy is wasted as heat.
Cr supplementation can increase villus height, improves villus
height to crypt depth ratio and decrease heat production in the
jejunal mucosa of birds reared under HS (Li et al. 2018). In
addition, Cr improves apparent digestibility of protein and
carbohydrate, and optimises lipid metabolism by increased
activity of the lipoprotein lipase with decreased cholesterol,
low-density lipoprotein, triacylglycerol (TRI) and glucose
(GLU), and increased high-density lipoprotein levels in
association with greater feed efficiency (Króliczewska et al.
2004; Ahmed et al. 2005). Thus, Cr supplementation can
promote a lower caloric increment in the diet associated
with improved performance. However, there are currently
no studies evaluating the effects of Cr supplementation on
the AMEn values of broilers subjected to HS.

In addition to the positive effects on poultry performance,
Cr supplementation can help improve meat quality by
increasing lean meat yield and reducing abdominal fat
(Toghyani et al. 2010; Rajalekshmi et al. 2014; Huang
et al. 2016), which are carcass traits valued by consumers,
who are increasingly well informed and eager to consume
good-quality meat.

The aim of this study was to evaluate the dose response of
dietary chromium methionine (CrMet) supplementation on
metabolisable energy, serum biochemistry, performance and
carcass yield (CY) of broiler chickens subjected to HS from
22 to the 43 days of age.

Materials and methods

All procedures utilised in the present study were approved by
the Ethics and Research Committee of the Federal University
of Viçosa, Viçosa, Brazil. The Ethics Committee approved this
study (approval number 15/2016).

Three hundred and thirty-six 22-day-old male Cobb 500
broilers with average BW of 858.20 g (�5%) were used in the
study. The experiment was started with the animals after
21 days of age because HS of 33�C causes deleterious
damages in the productivity of the birds due to the increase
of the muscular protein deposition that increases the
production of endogenous heat. Animals were kept at
thermal comfort temperature from Day 1 to Day 21, as
recommended in the Cobb 500 breed line manual (Cobb-
Vantress 2013). Birds were fed the same basal diet
according to nutritional recommendations by Rostagno
et al. (2011) for 1-to-21 days of age (Table 1).

During the experimental period from 22 to 43 days of
age, broilers were kept in climatic chambers under HS at
33.0 � 0.8�C for 12 h (07:00 to 18:59 hours). After this
period, they were kept at 23.0 � 0.8�C (19:00 to
06:59 hours). Relative humidity was kept at 65.0 � 3.5%
throughout the experimental period. Mash feeds and water
were available for ad libitum consumption. Mortality was
recorded daily. The light program used was 20 h of
artificial light and 4 h of dark from 22 to 43 days of age,
with three fluorescent lamps per chamber.

Environmental conditions inside the chambers were
monitored twice a day (07:00 and 18:00 hours), using dry-
bulb, wet-bulb and black-globe thermometers placed in the
middle of the chambers, 1.20 m above the ground.
Throughout the experimental period, dry bulb temperature and

Table 1. Ingredients and nutritional composition of experimental
basal diet in the initial stage 1 to 21 days, and stage of 22 to 43 days

of age of broilers

Ingredients 1–21 days (%) 22–43 days (%)

Corn 59.742 63.741
Soybean meal (45%) 34.139 30.260
Soybean oil 1.835 2.650
Dicalcium phosphate 1.717 1.156
Limestone 1.040 0.816
Salt 0.455 0.440
DL-methionine (99%) 0.235 0.209
L-lysine HCl (79%) 0.204 0.136
Choline chloride (60%) 0.100 0.100
Vitamin supplementA 0.100 0.100
Mineral supplementB 0.100 0.100
Salinomycin 12%C 0.055 0.055
Avilamycin 10%D 0.010 0.010
BHTE 0.010 0.010
PhytaseF 0.007 0.007
Inert fillerG 0.251 0.210
Total 100.000 100.000
Calculated composition
Crude protein (%) 21.000 19.000
Metabolisable energy (kcal kg) 2950 3100
Digestible lysine (%) 1.140 1.005
Digestible methionine + cystine (%) 0.807 0.733
Digestible threonine (%) 0.700 0.654
Calcium (%) 0.890 0.683
Non-phytate phosphorus (%) 0.420 0.319
Sodium (%) 0.210 0.190

AVitaminpremix for birds, guarantee levels (minimum)per kilogramof feed:
vitamin A 12 000 IU; vitamin D3 2200 IU; vitamin E 3.00 IU; vitamin B1
2.20 mg; vitamin B2 6.00 mg; vitamin B6 3.30 mg; pantothenic acid,
13.00mg; biotin 0.11mg; vitaminK3 2.50mg; folic acid 1.00mg; nicotinic
acid 53.00 mg; niacin 25.00 mg; vitamin B12 16.00 mg.

BMineral premix for birds, guarantee levels (minimum) per kilogramof feed:
manganese 75.00 mg; iron 200.00 mg; selenium 2.50 mg, zinc 500.00 mg;
copper 40.00 mg; cobalt 2.00 mg; iodine 1.50 mg.

CCocidiostat.
DAntibiotic growth promoter.
EAntioxidant.
FPhytase 500 FTU/kg supplemented on top.
GKaolin.
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relative air humidity data were recorded every 5 min, on a daily
basis, using Testo T/R, model H1 ( � 0.1�C (temperature) and
1% (humidity) resolution; � 0.5�C (temperature) and � 1%
(humidity) accuracy) and Hobo H08 Pro (–30�C to + 50�C
(temperature) and 0 to 100% (humidity) resolution; � 0.2�C
(temperature) and � 3% (humidity)) dataloggers. These data
were converted to the Black Globe Temperature and Humidity
Index (BGTHI) as suggested by Buffington et al. (1981).

The experiment used a completely randomised block design
with four blocks (each block comprised a climatic chamber),
six treatments, eight repetitions (two repetitions per block)
and seven animals per experimental unit. Treatments
consisted of the basal diet with one of six CrMet (Availa
Cr 1000, Zinpro Corporation, Eden Prairie, MN, USA), levels
(Table 1) formulated for 22- to 43-day-old broilers, according
to nutritional recommendations by Rostagno et al. (2011). The
six CrMet inclusion concentrations were 0.00, 0.10, 0.20, 0.40,
0.80 and 1.20 mg/kg. The hypothesis to assess the doses of
CrMet used in the study was based on a previously published
review article by Dalólio et al. (2018) in which the average
maximum dose of 1.08 mg/kg of Cr, regardless of the source
used, was optimum to improve performance and carcass
characteristics.

Chemical composition of diets and Cr analysed are shown
in Table 2. To determine the dry matter (DM) in basal diet,
samples were dried at 105�C for 16 h (AOAC 2006; method
934.01) in a drying oven. Nitrogen (N) was determined by the
total combustion of sample, Dumas method (AOAC 2006;
method 968.06) to calculate the CP content (N · 6.25). Ether
extract (EE) was determined by Soxhlet method (method
920.39) and the ash content was measured by burning the
samples at 650�C overnight (method 942.05). Crude fibre (CF)
was determined by AOAC International 2006, (method
962.09). The calcium (Ca) and phosphorus (P) were
determined by AOAC International 2006 (method 984.01)
and (method 965.17), respectively. The Cr quantification
was performed using atomic absorption spectrophotometry
(Williams et al. 1962).

The total excreta collection method, as described by
Sibbald and Slinger (1963), was used to determine the
apparent metabolisable energy (AME) and AMEn values.
Excreta were collected in each experimental unit, from
broilers from 38 to 42 days of age, using metal trays coated
with plastic material. Samples were collected twice a day to

avoid fermentation; FI was measured during the collection
period. The collected excreta were placed in plastic bags,
properly identified, weighed and stored in a freezer. They
were homogenised at the end of the collection period and
aliquots were taken and placed in a forced air circulation oven
at 55�C for pre-drying purposes. Diet and excreta samples
were analysed for gross energy (GE), DM, and nitrogen (N).
Excreta were oven-dried and ground in a mill grinder (Retsch
ZM 100, F. Kurt Retsch GmbH and Co. KG, Haan, Germany)
until they passed through a 0.5-mm mesh sieve, before
chemical analysis. Samples oven-dried (Uniterm, Russel-
Lindsey Engineering Ltd, Birmingham, England, UK) at
105�C for 24 h (AOAC 2006; method 934.01) to determine
the DM content. A Parr adiabatic bomb calorimeter was used
to determine GE using benzoic acid as an internal standard
(Model 6200, Parr Instruments, Moline, IL). Nitrogen was
determined based on the combustion method (AOAC 2006;
method 968.06). AME and AMEn values were calculated
based on N and GE results of feed and excreta, using the
equations by Matterson et al. (1965): AME (kcal kg–1) =
(GEingested – GEexcreted)/dry matteringested; AMEn (kcal kg–1)
= (GEingested � (GEexcreted + 8.22(Ningested � Nexcreted))/dry
matteringested. The metabolisability coefficient was calculated
by dividing AMEn by GE (CAMEn = AMEn/GE) to evaluate
the use of diets.

After fasting for 12 h, two 43-day-old birds per
experimental unit (total of 96 birds) were selected based on
average experimental unit BW (�5%) to determine the serum
concentration of total proteins (TP), albumin (AB), uric acid
(UA), total cholesterol (TC), GLU and TRI (Harr 2002). Blood
was collected through cardiac venous puncture and stored in
polyethylene tubes (Parasuraman et al. 2010; Qin et al. 2020).
During the blood collection process by cardiac puncture, no
animals were killed. After clot formation, the blood was
centrifuged under refrigeration (3220g for 15 min at ~4�C)
to obtain serum. Serum readings were performed in the Elitech
Flexor EL 200 autoanalyser using Elitech commercial kits.

On Day 28, 35 and 43 birds and left-over feed were
weighed to measure BW, FI, bodyweight gain (BWG) and
FCR, adjusted for mortality. Daily birds were monitored for
mortality.

Two birds per experimental unit (total of 96 birds) were
selected within the upper and lower 5% of each pen average
weight at 43 days of age for processing yield evaluations of
carcass, breast, thigh and drumstick, wing, abdominal fat and
viscera (liver, gizzard and heart). After fasting for 8 h, the birds
were placed in appropriate plastic boxes and transported to a
processing room lit by blue artificial light.

Birds individually passed electrical stunning (45 V for 3 s),
bled for 3 min after carotid and jugular veins cut, scalded at
60�C for 45 s, and mechanically defeathered. Carcasses were
manually eviscerated and then statically chilled in slush ice for
3 h before processing. Breast fillets, thigh and drumstick, wing,
abdominal fat and viscera were manually deboned from the
carcasses. After evisceration, CY was calculated based on
post-fasting BW: CY % = (carcass weight · 100/BW)
taking into consideration head, neck and legs. Carcass parts
and viscera yields were calculated based on carcass weight: %
PY = (part weight · 100/carcass weight).

Table 2. Chemical analysis of control diet and analysed chromium
concentration in the experimental diets (as-fed basis)

–, not detected

Nutrients (%) Chromium (mg/kg)

Nutrients Analysed Formulated Analysed
Dry matter 90.40 0 (Control diet) –

Crude protein 19.30 0.10 0.12
Ethereal extract 5.65 0.20 0.18
Crude fibre 2.57 0.40 0.35
Calcium 0.69 0.80 0.76
Phosphorus 0.65 1.20 1.24
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Data were subjected to variance and regression analyses
based on the following statistical model:

Yij¼mþ CrMeti þ Blockj þ eij;

where Yij = the value of the response variable at the ith level of
dietary CrMet concentration and the jth block; m = a constant
common to all the observations; CrMeti = is the fixed effect of
the dietary CrMet concentration level, i = 6; Blockj = is the
random effect of the block, j = 4; eij = is the random residual
associated to the Yij.

The residuals from the models for all the variables were
submitted to assumptions tests. Residual normality was
verified based on the visualisation of histograms, quantile-
quantile plots and the Shapiro-Wilk’s test. Residuals
independence was verified through graphics of predicted
versus residual values. Homogeneity of variances was verified
through box-plot graphs and the Levene’s test. In general, all the
assumptionsweremet for all the variableswith some exceptions.
Whenan assumptionwasnotmet, an exclusionof extremevalues
was performed based on the standardised residuals,where values
outside the range of � 3 were excluded (representing three
standard deviations from the mean, which is zero). Such
approach solved the problems and resulted in meeting the
assumptions.

Following, the regression effects (linear and quadratic) were
tested using orthogonal contrasts. When a quadratic effect was
obtained, the point of maximum/minimum dietary CrMet
concentration level was calculated solving the following
equation:

maximum or minimum CrMet ¼ �ðb1=2 · b2Þ;
where maximum or minimum CrMet = maximum or minimum
CrMet supplementation level; b1 = linear coefficient of the
regression; b2 = quadratic coefficient of the regression.

After performing the linear regressions for all the variables,
non-linear regressions were performed when the variables

presented P-values < 0.10 with linear broken-line (LBL) and
quadratic broken-line (QBL)models tested. The LBL regression
model was expressed as:

Y ¼ b0 þ b1 · ðb2�XÞ;
where (b2 –X) = 0 for X > b2; Y = the response variable; X = the
dietary CrMet concentration; b0 = the value of the response
variable at the plateau; b1 = the slope; b2 = the dietary CrMet
concentration at the break point.

The QBL regression model was expressed as:

Y ¼ b0 þ b1 · ðb2�XÞ2;
where (b2 –X) = 0 for X > b2; Y = the response variable; X = the
dietary CrMet concentration; b0 = the value at the plateau; b1 =
the slope;b2 = the dietaryCrMet concentration at the break point.

When linear polynomial regressions or non-linear
regressions (LBL and QBL) were significant, the coefficient
(R2) and root mean squared error (RMSE) were presented for
comparisons. All the analyses were performed using SAS on
demand for academics (SAS Institute Inc. 2012). Analysis of
variance, regression and orthogonal contrasts were conducted
using the SAS PROC MIXED. Assumptions of residual
normality, homogeneity and independence were made using
SAS PROCUNIVARIATE, SAS PROCGLM and SAS PROC
REG respectively. Non-linear regression models (LBL and
QBL) were performed using SAS PROC NLIN. Significance
was considered at the level of P < 0.05 (5%) of probability.

Results

No Cr was detected in the control diet (Table 2). The Cr
concentrations analysed in the experimental diets were close
to the calculated concentrations for the experimental treatments.

Table 3 shows the effects of increasing dietary levels of
CrMet on performance variables of broilers. The broiler BW
was quadratically affected by CrMet levels at 35 and 43 days

Table 3. Mean values of bodyweight (BW), feed intake (FI), bodyweight gain (BWG) and feed conversion ratio (FCR)
*Significance of the regression effects from orthogonal contrasts. CrMet, chromium methionine

Variables Levels of CrMet (mg/kg) s.e.m. P-value*
0 0.10 0.20 0.40 0.80 1.20 Linear Quadratic

BW (g)
28 days 1296 1306 1314 1311 1321 1318 10.28 0.05 0.25
35 days 1774 1788 1801 1805 1804 1805 8.10 <0.01 0.02
43 days 2319 2429 2403 2420 2395 2419 17.41 0.01 0.02

FI (g)
22–28 days 669 668 671 667 659 672 11.17 0.91 0.53
22–35 days 1605 1585 1594 1589 1596 1600 8.66 0.57 0.20
22–43 days 2847 2806 2831 2837 2824 2846 19.42 0.52 0.43

BWG (g)
22–28 days 439 448 456 452 451 460 10.38 0.17 0.78
22–35 days 917 929 937 945 934 947 8.97 0.02 0.27
22–43 days 1471 1571 1545 1589 1530 1561 18.92 0.06 0.01

FCR (g/g)
22–28 days 1.52 1.49 1.47 1.48 1.46 1.46 0.03 0.03 0.21
22–35 days 1.74 1.71 1.70 1.68 1.71 1.69 0.02 0.09 0.15
22–43 days 1.94 1.79 1.84 1.79 1.85 1.82 0.03 0.11 <0.01
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(P = 0.02 and P = 0.02 respectively). A quadratic effect was
also observed on the BWG of broilers (P = 0.02) from 22 to
43 days. While the FCR responded linearly (P = 0.03)
to increasing levels of CrMet from 22 to 28 days. From 22
to 43 days the FCR response to CrMet levels was quadratic
(P < 0.01). FI was not affected (P > 0.05) by CrMet
supplementation.

Effects of CrMet increasing dietary levels on metabolisable
energy variables are presented in Table 4. An increasing
quadratic effect of CrMet supplementation was observed on
AMEn values (P < 0.01) and CAMEn (P < 0.01), without
significant effect on AME (P = 0.13).

Table 5 shows the effects of increasing dietary levels of
CrMet on serum biochemistry variables. Decreasing linear
responses of CrMet levels in broilers diets were observed in
TC (P < 0.01) and GLU (P < 0.01). While a quadratic effect of
CrMet levels was observed in serum TRI (P < 0.01) of broilers,
without responses in serum concentrations of TP, AB and UA
(P > 0.05).

Effects of the increasing dietary levels of CrMet on
CY variables are presented in Table 6. The CrMet
supplementation in broiler diets affected the abdominal fat
in a quadratic way (P < 0.01), while the relative heart weight
has linearly decreased (P < 0.01) as the CrMet supplemented
levels increased. No effect of CrMet supplemented levels was
observed on carcass, breast, thighs, wings, liver and gizzard
yields (P > 0.05).

The equations for each variable, with respective adjusted
model are presented in the Table 7.

Two different models could adjust the BW data at 35 days
of age, QR and LBL. CrMet supplementation levels estimated
for the models, for having greater BW at 35 days, were 0.80
and 0.22 mg/kg, respectively. The LBL model was chosen,
since it presented same R2 and better RMSE. For greater BW at
43 days of age, the CrMet supplementation level was 0.77 mg/
kg, estimated according to the QR model. Three models could
adjust the BWG data from 22 to 35 days of age, LR, LBL and
QBL. CrMet supplementation levels estimated for the models,

Table 4. Mean values of apparent metabolisable energy (AME), nitrogen-corrected apparent metabolisable energy (AMEn) and metabolisation
coefficient of AMEn of diets

*Significance of the regression effects from orthogonal contrasts. CAMEn, metabolisation coefficient of AMEn; CrMet, chromium methionine

Variables Levels of CrMet (mg/kg) s.e.m. P-value*
0 0.10 0.20 0.40 0.80 1.20 Linear Quadratic

AME (kcal kg–1) 3717 3762 3790 3781 3710 3715 21.7 0.07 0.13
AMEn (kcal kg–1) 3503 3631 3568 3563 3499 3496 20.4 0.01 <0.01
CAMEn (%) 85.28 89.99 87.33 86.65 84.87 84.23 0.5 <0.01 <0.01

Table 5. Mean values of the serum biochemical variables of 43-day-old broilers exposed to heat stress
*Significance of the regression effects from orthogonal contrasts; CrMet, chromium methionine; TP, total proteins; AB, albumin; UA, uric acid; TC, total

cholesterol; GLU, glucose; TRI, triacylglycerol

Variables (g L–1) Levels of CrMet (mg/kg) s.e.m. P-value*
0 0.10 0.20 0.40 0.80 1.20 Linear Quadratic

TP 2.94 2.96 2.96 2.92 3.09 2.91 0.070 0.83 0.23
AB 1.50 1.51 1.47 1.49 1.54 1.48 0.028 0.84 0.45
UA 3.98 4.23 3.23 4.10 4.72 3.60 0.577 0.90 0.36
TC 152.28 117.94 109.38 120.44 122.75 108.21 3.144 <0.01 <0.01
GLU 258.81 237.94 237.44 242.61 230.38 229.06 3.748 <0.01 0.07
TRI 54.19 27.56 31.06 27.69 33.56 31.06 1.984 <0.01 <0.01

Table 6. Mean values of carcass yield, noble cuts and viscera of broiler chickens slaughtered at 43 days of age
*Significance of the regression effects from orthogonal contrasts; AF, abdominal fat; CrMet, chromium methionine

Variables (%) Levels of CrMet (mg/kg) s.e.m. P-value*
0 0.10 0.20 0.40 0.80 1.20 Linear Quadratic

Carcass 83.57 83.34 83.19 83.53 83.47 83.50 0.29 0.76 0.88
Breast 34.64 34.29 34.32 34.37 34.49 35.27 0.38 0.11 0.17
Leg 26.12 25.82 25.78 26.55 25.71 25.83 0.28 0.50 0.56
Wings 9.70 9.77 9.83 9.50 9.55 9.47 0.19 0.16 0.79
AF 1.50 0.71 0.71 0.85 0.65 0.74 0.05 <0.01 <0.01
Liver 2.13 2.18 2.19 2.14 2.18 2.25 0.06 0.24 0.60
Gizzard 1.70 1.79 1.71 1.66 1.74 1.75 0.06 0.73 0.53
Heart 0.57 0.56 0.58 0.51 0.51 0.53 0.02 <0.01 0.05
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for having greater BWG from 22 to 35 days, were 0.25 and
0.37 mg/kg, the model LBL was properly chosen, since it
presented same R2 and better RMSE. For the variable BWG
from 22 to 43 days of age, the supplementation level was
0.71 mg/kg, estimated for the QR model. Two models could
adjust the FCR data from 22 to 35 days of age, LBL and
QBL. CrMet supplementation levels estimated for the models,
for better FCR from 22 to 35 days, were 0.13 and 0.19 mg/kg,
the model LBL and QBL have the same R2 and RMSE. Thus,
for the better FCR in the period of 22 to 35 days, the level of
0.13 mg/kg is recommended for the lowest inclusion level.
Data from FCR variable from 22 to 43 days of age were

adjusted for QR model, which predicts a CrMet
supplementation level of 0.68 mg/kg.

The CrMet level which was observed to give better AMEn
was 0.12 mg/kg, as estimated by the quadratic model. The
fitted model for CAMEn was QR, indicating that the optimal
level of CrMet was 0.21 mg/kg, as estimated by the equation.

Data from the variable TC were adjusted for three different
models, QR, LBL and QBL, with the best supplementation
levels of CrMet to reach the lower serum concentration of TC
at 0.91, 0.11 and 0.14 mg/kg, respectively, according to the
different models. In this situation, the model LBL is chosen as
suitable since it presents R2 and RMSE values more

Table 7. Equations from linear regression models (linear and quadratic polynomial regressions) and non-linear regression models (linear and
quadratic broken-line) for the significant variables and their respective determination coefficients (R2) and root mean squared error (RMSE)

*Significance of the linear regression effects from orthogonal contrasts when model equal to LR or QR, and significance of the non-linear effects (SAS PROC
NLIN)whenmodel equal to LBLorQBL;R2, determination coefficient for the regression equation;RMSE, rootmean squared error;AMEn, nitrogen-corrected
apparent metabolisable energy; CAMEn, metabolisation coefficient of AMEn; TC, total cholesterol; GLU, glucose; TRI, triacylglycerol; BW, bodyweight;

BWG, bodyweight gain; FCR, feed conversion ratio; AF, abdominal fat

Variables ModelsA Equations of regression R2 RMSE Minimum/maximum
(mg/kg)

P-value*

Metabolisation of energy variables
AMEn (kcal kg–1) LR y = 3572.88 – 65.7674x 0.15 68.7 – <0.01
AMEn (kcal kg–1) QR y = 3562.17 + 16.6205x – 69.0581x2 0.16 68.7 0.12 0.01
CAMEn (%) LR y = 87.71 – 2.93x 0.18 2.25 – <0.01
CAMEn (%) QR y = 87.42 + 0.7506x – 1.8002x2 0.19 2.77 0.21 0.01

Serum biochemical variables
TC (g L–1) QR y = 133.47 – 49.2775x + 27.1091x2 0.21 16.8 0.90 <0.01
TC (g L–1) LBL y = 115.1 + 343.3 · (0.1081 – x) 0.53 12.9 0.11 <0.01
TC (g L–1) QBL y = 115.1 + 1955.6 · (0.1378 – x)2 0.53 12.9 0.14 <0.01
GLU (g L–1) LR y = 245.54 – 17.4862x 0.19 15.9 – <0.01
GLU (g L–1) LBL y = 229.7 + 31.1123 · (0.6366 – x) 0.20 15.7 0.64 <0.01
GLU (g L–1) QBL y = 234.7 + 969.5 · (0.1577 – x)2 0.26 15.1 0.16 <0.01
TRI (g L–1) QR y = 41.2509 – 47.4874x + 33.4553x2 0.22 10.6 0.71 <0.01

Performance variables
BW 35 days (g) QR y = 1779.67 + 76.9403x – 48.1409x2 0.38 17.9 0.80 0.02
BW 35 days (g) LBL y = 1804.6 – 138.6 · (0.2203 – x) 0.38 19.3 0.22 <0.01
BW 43 days (g) QR y = 2366.29 + 155.77x – 101.40x2 0.24 49.5 0.77 0.02
BWG 22–35 days (g) LR y = 927.47 + 16.7442x 0.28 20.4 – 0.02
BWG 22–35 days (g) LBL y = 942.3 – 96.875 · (0.2505 – x) 0.15 22.2 0.25 0.02
BWG 22–35 days (g) QBL y = 942.3 – 178.2 · (0.3738 – x)2 0.15 22.1 0.37 0.02
BWG 22–43 days (g) QR y = 1514.2+ 165.68x – 116.23 · x2 0.25 51.4 0.71 0.01
FCR 22–28 days (g/g) LR y = 1.4996 – 0.03948x 0.39 0.1 – 0.03
FCR 22–35 days (g) LBL y = 1.6963 + 0.3375 · (0.1296 – x) 0.14 0.04 0.13 0.03
FCR 22–35 days (g) QBL y = 1.6963 + 1.1917 · (0.1916 – x)2 0.14 0.04 0.19 0.03
FCR 22–43 days (g/g) QR y = 1.8745 – 0.2228x + 0.163x2 0.29 0.07 0.68 <0.01

Carcass and viscera yields
AF (%) QR y = 1.2324 – 1.6076x + 1.0641x2 0.34 0.3 0.75 <0.01
Heart (%) LR y = 0.5741 – 0.04116x 0.09 0.1 – <0.01
Heart (%) LBL y = 0.5204 + 0.1293 · (0.4286 – x) 0.11 0.1 0.43 <0.01
Heart (%) QBL y = 0.5186 + 0.0922 · (0.7774 – x)2 0.10 0.1 0.77 <0.01
ALR= linear regressionmodel: y=b0+b1 · (b2–X),wherey is the responsevariable,X is thedietaryCrMet concentration,b0 is the intercept andb1 is the linear
coefficient of the regression;QR=quadratic polynomial regressionmodel: y =b0 +b1 · X+b2 · X2,where y is the response variable,X is the dietaryCrMet
concentration, b0 is the intercept, b1 and b2 are the linear and quadratic coefficients of the regression, respectively (maximum response concentration was
obtainedby:– (b1/2 · b2));LBL= linearbroken-line regressionmodel: y=b0+b1 · (b2–X),where (b2–X)=0for · >b2, y is the responsevariable,X is the
dietary CrMet concentration, b0 is the value at the plateau,b1 is the slope and b2 is the dietary CrMet concentration at the break point; QBL= quadratic broken-
linemodel: y = b0 +b1 · (b2 –X)2, where (b2 –X) = 0 forX> b2, y is the response variable, X is the dietaryCrMet concentration,b0 is the value at the plateau,
b1 is the slope and b2 is the dietary CrMet concentration at the break point.
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appropriate and for the low level of inclusion to reach the
lower TC serum concentration. Data from the variable GLU
were adjusted for models LBL and QBL, through which two
levels were found as better supplementation of CrMet: 0.64
and 0.16 mg/kg, respectively. The choice for the model QBL
was justified for having a more suitable R2 and RMSE. The
model QR had adjusted well the data from variable TRI. The
best level of CrMet supplementation predicted for the model
for lower serum concentration of GLU was 0.71 mg/kg.

The two carcass variables affected by CrMet
supplementation levels were abdominal fat (AF) and
relative heart weight. Data from AF were adjusted for QR
model, which estimated a CrMet supplementation level of 0.75
mg/kg. Although the relative heart weight data were adjusted
for LBL and QBL models, with the CrMet supplementation
levels estimated at 0.43 and 0.77 mg/kg respectively.

Discussion

Average BGTHI (84.56) was measured in the experimental
period comprising the application of HS (33�C/12h) in
association with 65% relative humidity. Vaz et al. (2009)
evaluated the dietary CrMet supplementation of broiler
chickens subjected to HS and observed that environments
presenting BGTHI 82.9 (or higher) are stressful for 22-day-
old (or older) birds. This outcome indicated that the HS applied
during the 22–43 day period was enough to cause discomfort for
the broilers, since it simulated thermal amplitude variations that
often happen in poultry production worldwide.

In this study, increasing CrMet levels quadratically
influenced BW, BWG and FCR in the whole period
(22–43 days), without affecting FI. The optimal CrMet levels
which improved BW, BWG and FCR were 0.77, 0.71 and
0.68 mg/kg respectively. Similar results have been observed
in several studies conducted with heat-stressed broiler
chickens fed diets supplemented with Cr. Noori et al.
(2012) observed that supplementation of 0.80 mg/kg of
CrMet increased BWG of broilers from 21 to 42 days,
reared under HS. Jahanian and Rasouli (2015) also observed
that CrMet supplementation of 0.50 mg/kg increased BWG and
improved FCR of broilers from 1 to 42 days, reared under
HS. Conversely, Vaz et al. (2009) and Ghazi et al. (2012)
conducted studies with heat-stressed broiler chickens fed diets
supplemented with CrMet, without observing any effects on
BWG, FI and FCR throughout the trials.

The positive effects on broiler performance can be further
explained by the fact that CrMet linearly reduced levels of
serum glucose, increasing the use of GLU up-take and amino
acids for animal growth purposes. Sahin et al. (2002) observed
linear increased sensibility to insulin promoted by Cr-
picolinate (Cr-Pic) supplementation levels (0; 0.20; 0.40
and 1.20 mg/kg) with improving the performance of
broilers reared under HS. Sahin et al. (2010) also observed
linear increase in performance of meat-type quails reared
under HS and fed diets supplemented with Cr-Pic levels
(0, 0.40 and 0.80 mg/kg). Once absorbed, Cr promotes
cascades of cellular signals that activate GLU transporter-
2,4 (GLUT-2,4) and amino acids transporters, also
activating the phosphotyrosine phosphatase in lipocytes,

diversifying and optimising the metabolism of broiler
chickens fed diets supplemented with Cr (Davis et al. 1996;
Sahin et al. 2017).

The improvement in broiler performance with CrMet
supplementation can be partially explained by the better use
of dietaryAMEnobserved in the present study. TheCrMet levels
quadratically influenced AMEn and CAMEn. The optimal
CrMet levels which improved AMEn and CAMEn were 0.12
and 0.21 mg/kg respectively. These results suggest that CrMet
supplementation may improve broilers metabolism. Sahin et al.
(2002) reported higher serum concentrations of triiodothyronine
(T3) and thyroxine (T4) in broilers fed diets with Cr
supplementation which positively influenced broilers growth.
Thus, increased T3 and T4 levels can improve energy utilisation
by the broilers. Moreover, Ahmed et al. (2005) recorded
increased apparent protein and carbohydrate metabolism in
broiler chickens feddiets supplementedwithCr chloride (CrCl3).

According to Li et al. (2018) the Cr-Pic supplementation
increased the villus height to crypt depth ratio and decreased
the heat shock protein-70 expression in the jejunal mucosa of
ducks subjected to HS. Amatya et al. (2004) and Carvalho
et al. (2015) also observed that the supplementation of Cr for
heat-stressed birds increased the retention of essential trace
elements (Cu, Fe, Zn and Mn) that synergistically work by
stimulating nutrient metabolism (Cu and Fe play an important
role in oxygen transport by haemoglobin, whereas Zn and Mn
are essential enzymatic co-factors) improving broiler and
laying hens performance. Thus, the association of all these
factors suggests CrMet supplementation may have reduced the
mucosal damage of broilers under HS and favoured the increase
of AMEn and CAMEn, indicating a higher retention of N for
growth in relation to gross energy of the diet.

The improvement in AMEn values and the reduction in
serum GLU observed in our study indicated metabolic
optimisation of broilers exposed to heat. According to
Vincent (2010) HS reduces Cr plasmatic concentration and
deposition in tissues, besides increasing urinary excretion.
Thus, the ability of the LMWCr to increase the sensitivity
of target cells to insulin recognition may be impaired. Karami
et al. (2018) found increased blood insulin concentrations of
laying hens fed diets containing 0.40 mg/kg CrMet. This
increase indicates a better uptake of GLU by tissues, low
adipose tissue synthesis and increased use of amino acids for
protein synthesis purposes, a fact that explains the decreased
serum TC, GLU and TRI levels observed in the current study.

CrMet supplementation up to 0.71 mg/kg reduced serum
concentrations of TRI, GLU and TC in broilers reared under
HS. Similar results were observed by Noori et al. (2012), the
supplementation with 0.80 mg/kg CrMet decreased TRI and
TC concentrations in broiler chickens. According to Samanta
et al. (2008) broiler chickens fed diets supplemented with 0.50
mg/kg of Cr-Pic decreased plasma GLU and TC levels. Based
on Souza et al. (2010), Cr appears to inhibit the hydroxy-
methyl-glutaryl-CoA reductase, an enzyme responsible for
enabling cholesterol synthesis and reducing serum TC
levels in the body. Other studies (Toghyani et al. 2012;
Habibian et al. 2013; Xiao et al. 2017) also recorded
similar results on serum biochemical profiles in broilers fed
diets supplemented with Cr.
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Brooks et al. (2016) recorded increased liver glycogen,
as well as a trend of decreased non-esterified fatty acids in
the plasma of broiler chickens fed diets supplemented with
0.43 to 0.45 mg/kg of chromium-propionate (Cr-Prop) from 22
to 42 days. In addition, broilers subjected to HS presented
increased sodium-dependent GLU transporter (SGLT-1)
activity, which increased GLU uptake levels (Garriga et al.
2006). Hence, these factors lead to higher GLU retention in
the muscles, lower serum GLU concentrations, decreased
gluconeogenesis process in the liver, as well as lower GLU
and amino acid transformations into fat to be deposited in the
abdominal cavity of the animals. In addition, there are reports
that Cr inhibits the production of tumour necrosis factor-a
(TNF-a), which appears to inhibit lipogenesis in fat cells due
to decreased lipoprotein lipase, GLUT4 and acetyl-coA-
synthetase levels (Sethi and Hotamisligil 1999; Jain and
Kannan 2001), leading to decreased abdominal fat levels.
The association between these factors reduced AF in broiler
chickens in the current study.

In the present study, the supplementation with 0.75 mg/kg
of CrMet reduced the AF of the broilers at 43 days old.
Ebrahimzadeh et al. (2013) also found decreased AF in
broiler chickens fed diets supplemented with 0.80 mg/kg of
CrMet. Toghyani et al. (2012) also observed a decrease in the
AF of the broilers fed diets supplemented with 1.50 mg/kg of
Cr-nicotinic acid. Besides decreased AF, Zha et al. (2009)
observed increased breast meat yield and higher breast meat
concentration in broilers fed diets supplemented with 0.50 mg/
kg Cr-Pic. Habibian et al. (2013) observed higher breast yield
in heat-stressed broiler chickens supplemented with 1.20 mg/
kg CrMet. However, in the present study no effect was
observed of CrMet supplementation on CY and cuts.

In this study, CrMet supplementation up to 0.43 mg/kg
promoted reduction in the relative heart weight of broilers.
Conversely, Sahin et al. (2002) observed linear increased
heart, gizzard and liver yield in heat-stressed broiler chickens
fed diets containing Cr-Pic. However, Habibian et al. (2013) and
Zhang and Kim (2014) did not find effects of CrMet
supplementation on the relative weight of broiler chicken
hearts, gizzards or livers.

According to Huang et al. (2016), the discrepancy among
studies may be explained by differences in sources, Cr
concentration, different basal diets and experimental treatments.
Besides that, variations in facilities environment and hygiene,
local sanitary challenges, severity of the stressor agent (heat or
cold), dietary features (inclusion of enzymes, especially phytase,
electrolyte balance, and use of synthetic amino acids) and
statistical model used can change productive responses.

According to Cemin et al. (2017) it is possible to compare
models through the values of R2 and RMSE. In general, the QR
and QBL models obtained better R2 and RMSE values to
establish the CrMet requirements for the significant variables
under study. However, there was a divergence between CrMet
supplementation levels estimated in different models for the
same characteristic. This was expected because QR models
establish the optimal level of response for each variable (Pesti
et al. 2009), whereas the use of non-linear models such as QBL
establishes the inflection point (plateau) of the response curve
for each variable.

The CrMet supplementation levels varied according to
each productive characteristic and between the different
types of model adopted. For the performance variables,
CrMet supplementation with 0.77 mg/kg allowed the
highest BW, BWG and better FCR in the total 22 to
43 days of age of the chickens. For the AMEn and CAMEn
the supplementation of 0.21 mg/kg of CrMet provided better
utilisation of metabolisable energy of the diet in broilers reared
under HS conditions. For the serum biochemistry variables,
supplementation with up to 0.71 mg/kg of CrMet was
satisfactory for the maximum reduction in the concentration
of TRI, GLU and TC. For carcass characteristics,
supplementation with 0.75 mg/kg resulted in a lower AF
content in the carcass. In this sense, supplementation with
CrMet provides higher productive efficiency in broiler
chickens reared in HS conditions.

Conclusions

Supplementation CrMet improved energy metabolisation,
serum biochemistry, performance and reduced abdominal
fat of broiler chickens reared in HS and harvested at
43 days. The supplementation of 0.77 mg/kg of CrMet is
recommended to provide satisfactory performance of broiler
chickens under HS with adequate carcass traits.
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