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Environmental heat stress creates a detriment to the welfare and performance in broiler

chickens. While there are some dietary mineral and vitamin supplements that mitigate

this condition, a rapid, plasma-based detection method would improve management

response and broaden the scientific understanding of heat stress. A total of 960 broilers

were used to determine the effect of heat stress and dietary electrolyte balance on

blood biochemistry. Sex sorted chicks were allocated to 48 pens with 20 chicks per

pen creating 6 treatments (3 diets x 2 house environments) with eight replicates and fed

one of three dietary treatments: a control containing primarily sodium chloride (NaCl), a

heat stress formulation containing bicarbonate (NaHCO3), or heat stress fortified with

200 ppm vitamin C and E (NaHCO3 Fortified). Birds were housed in two different

temperature-controlled environments either a thermoneutral (Control) or heat stressed

(Heat Stress) environment. At day 28, 35 and 42 venous blood was collected and

analyzed using rapid detection methods followed by post-mortem veterinary evaluations.

Performance was measured at weekly intervals. Mortality was significantly higher in

broilers exposed to heat stress as compared to thermoneutral, while broilers that received

dietary sodium chloride also had higher mortality than bicarbonate fed birds. Heat stress

significantly impacted potassium, hematocrit, uric acid, total protein, globulin, hematocrit,

lymphocytes, sodium, and glucose. This study demonstrates that blood biochemistry

of broiler chickens is influenced by dietary intervention and changing environmental

conditions. This pattern suggests a blood biomarker footprint of sub-optimal nutrition or

poor environmental conditions that may provide valuable information into physiological

changes in response to dietary electrolytes, vitamins, and heat stress. Furthermore, this

footprint may potentiate the development of diagnostic tools, combining biomarkers

to determine nutrition and health status of individual broiler flocks, for nutritionists,

veterinarians, and live productionmanagers tomanage flocks for environmental, humane,

and productive purposes.
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INTRODUCTION

Heat stress has been a great concern in the broiler industry
for many years due to its negative impact on production
performance and the health status of poultry (Lara and Rostagno,
2013). Reduced feed consumption, increased morbidity, poor
meat quality, as well as economic losses are typical effects of
mild heat or acute stress, while mortality can be associated
with chronic stress. Many studies showed that broilers raised
in prolonged heat stress environments experience reduced feed
intake, lowered body weight and higher feed conversion ratio
at market/processing age. Previous calculations estimate the
total economic losses to be $128 to $165 million to the US
poultry industry (St-Pierre et al., 2003). The importance of
mitigating the negative effects associated with heat stress may
continue to grow as a result of ongoing global climate changes
(Nardone et al., 2010).

Heat stress is known to cause changes in multiple blood
parameters, for example an increase in heterophil to lymphocyte
(H:L) ratio and a decrease in thiobarbituric acid reactive
substances (TBARS) (Altan et al., 2003; Borges et al., 2004;
Zulkifli et al., 2009; Tan et al., 2010). Some investigations have
shown movement in blood minerals and glucose concentration
(Borges et al., 2004; Mujahid et al., 2009; Olanrewaju et al., 2010).
Other studies have shown changes in serum concentrations
of uric acid, aspartate aminotransferase (AST), creatine kinase,
total protein, albumin, and globulin associated with short or
prolonged heat stress (Akşit et al., 2006; Liu et al., 2016;
Attia et al., 2017; Luo et al., 2018). A recent study found a
decrease in plasma CO2, HCO3, potassium, and an increase
in pH and glucose when broilers were exposed to increased
environmental temperatures over 33◦C for a minimum of 5 h
(Beckford et al., 2020).

Supplementation with some feed additives, minerals, and
vitamins into broiler diets has shown to partially mitigate the
negative effects of heat stress including mortality. Multiple
studies have shown supplementation of vitamin E and vitamin C
reduced the adverse effects of chronic heat stress on performance
(Tawfeek et al., 2014; Attia et al., 2017). The use of non-chloride
salts, such as sodium bicarbonate, have also been shown to reduce
the negative effects of heat stress through an improved balance of
electrolytes (Borges et al., 2004; Ahmad and Sarwar, 2006; Ahmad
et al., 2006).

Recently rapid detection methods using Point-of-Care (POC)
devices, such as the i-STAT R© Handheld Clinical Analyzer, Zoetis
Vetscan VS2, and iCheckTM Carotene, have been utilized in
animal care and research (Martin et al., 2010; Hoppes et al.,
2015; Lindholm and Altimiras, 2016; Raila et al., 2017; Livingston
et al., 2020). These devices are portable bench top or handheld
analytical devices used for rapid multivariable analysis of blood
chemistry (gases, minerals and other parameters). Moreover,
these devices are beginning to be used to correlate various
blood values or markers with abnormal conditions or diseases
in broilers (Stinefelt et al., 2005; Martin et al., 2010; Lindholm
and Altimiras, 2016; Celi et al., 2019; Livingston et al., 2019;
Cowieson et al., 2020). These POC devices allow for rapid
detection of multiple metabolites that have not typically been the

focus of heat stress markers in broilers. Given the use of POC
devices in various other disease challenge models (Celi et al.,
2019; Cowieson et al., 2020), their analysis may be helpful in
determining the onset of heat stress indicators in broilers.

The possibility of continued environmental change has
created a need for further research into broiler heat stress.
The unique blood physiology that occurs under heat stress
conditions has been documented, however, there are few studies
that investigated the blood physiology in broilers while under
dietary mitigating factors such as vitamin C, vitamin E, non-
chloride salts, and other non-nutritional feed additives. Also, it is
necessary to understand the physiological principals supporting
additives that can improve performance under heat stress
conditions. Understanding these principles may further the
ability to treat heat stress and help in the development of cost-
effective solutions. This study sought to investigate the blood
physiology (using rapid POC devices) of broilers fed dietary
sodium chloride, a balanced electrolyte formula with bicarbonate,
vitamin E, and vitamin C while being exposed to normal or
heat stressed environments; and the utilization of simple to
operate POC devices to rapidly identify and communicate these
conditions in order to mount a rapid humane, environmental,
and economic response.

MATERIALS AND METHODS

This trial was conducted at AHPharma, INC. Maryland, USA
between the months of August through October of 2019.
Protocol and oversight for this study was approved by the local
institutional animal care and use committee (IACUC).

Facilities and Rearing
Hubbard-Cobb chicks (960) obtained from a local commercial
hatchery were visually vent-sex sorted by trained hatchery
employees and allocated into 48 floor type pens. There were three
dietary treatments formulated with sodium chloride, sodium
bicarbonate, or sodium bicarbonate fortified with additional
vitamin C and E (NaCl, NaHCO3, NaHCO3 Plus) in starter
(d 0–14), grower (day 15–28), and finisher (d 29–42) phases
(Table 1). There were 10 male and 10 female broilers per
pen with a density of ∼924 cm2 per bird. The broiler house
was split into two temperatures controlled, tunnel ventilated
environments destined for a thermoneutral or heat challenged
condition (Control, Heat Stress), creating a 3 x 2 split plot
design with 8 replicates. Each floor pen was constructed of PCV
framework and plastic mesh netting, supplied with nipple water
drinking lines, feeders, and bedded with fresh pine shavings
(15 cm deep). Broilers received ∼23 h of continuous light for the
first 5 days at 10.7 to 13.9 lux and 21 h of continuous light from
day 6–11. From day 12 to day 42 birds received 20 h of continuous
light at 2.15 to 3.23 lux.

Housing temperatures at day 0 were 34◦C for the first
12 h, 32◦C from 12 to 24 h followed by 30 ± 2◦C. Thereafter,
temperature was decreased by ∼0.5◦C per day until a target
of ∼21–22◦C and 60% relative humidity were reached and
remained until day 21. Half of the house remained like this
for the duration of the study (Control) while an adaptation,
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TABLE 1 | Composition of broiler starter, grower, and finisher diets.

Starterd Growere Finisherf

NaCl NaHCO3 NaHCO3 fortified NaCl NaHCO3 NaHCO3 fortified NaCl NaHCO3 NaHCO3 fortified

Ingredient

Corn 58.25 58.22 58.19 65.45 65.41 65.39 71.59 71.39 71.37

Soybean meal (48% CP) 33.81 33.81 33.79 26.72 26.70 26.69 20.70 20.72 20.71

Distillers dried grains 2.00 2.00 2.00 2.0 2.0 2.0 2.0 2.0 2.0

Poultry by-product meal 2.00 2.00 2.00 2.0 2.0 2.0 2.0 2.0 2.0

Poultry fat 0.50 0.50 0.50 0.50 0.50 0.50 0.70 0.78 0.78

Dicalcium phosphate (18.5% P) 1.53 1.53 1.53 1.3 1.3 1.3 1.2 1.21 1.21

Limestone 1.05 1.05 1.05 0.95 0.95 0.95 0.91 0.91 0.91

Salt 0.40 0.28 0.28 0.44 0.3 0.3 0.49 0.30 0.30

Sodium bicarbonate 0.00 0.18 0.18 0.2 0.2 0.28 0.28

Vitamin premixa 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Mineral premixb 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Rovimix C-EC 0.01 0.01 0.01

Rovimix E 50% 0.02 0.02 0.02

Selenium premixc 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

DL-Methionine 0.07 0.07 0.07 0.19 0.19 0.19 0.08 0.08 0.08

L-Lysine 0.08 0.08 0.08 0.15 0.15 0.15 0.03 0.03 0.03

Total 100 100 100 100 100 100 100 100 100

Calculated nutrient content

Crude protein 22.5 22.5 22.5 20.0 20.0 20.0 17.50 17.5 17.5

Calcium 0.90 0.90 0.90 0.80 0.8 0.8 0.75 0.75 0.75

Available phosphorus 0.45 0.45 0.45 0.40 0.40 0.40 0.38 0.38 0.38

Potassium 0.85 0.85 0.85 0.74 0.74 0.74 0.65 0.65 0.65

Total lysine 1.31 1.31 1.31 1.17 1.17 1.17 0.90 0.90 0.90

Total methionine 0.44 0.44 0.44 0.52 0.52 0.52 0.38 0.38 0.38

Total threonine 0.90 0.90 0.90 0.78 0.78 0.78 0.68 0.68 0.68

Total methionine + cysteine 0.74 0.74 0.74 0.78 0.78 0.78 0.61 0.61 0.61

Sodium 0.20 0.20 0.20 0.21 0.21 0.21 0.23 0.23 0.23

Chloride 0.29 0.22 0.22 0.31 0.23 0.23 0.35 0.23 0.23

Metabolizable energy (kcal/g) 2,998 2,996 2,996 3,070 3,068 3,068 3,150 3,150 3,150

Dietary electrolyte balance (meq/kg) 223 244 244 193 216 216 167 200 200

Analyzed nutrient content

Crude protein (%) 23.15 23.38 21.83 20.23 20.93 20.36 19.00 19.06 19.39

Crude fat (%) 3.54 3.14 3.48 3.80 3.15 3.14 5.50 4.34 5.62

Vitamin E(mg/kg) 7 6 155 6 5 200 113 105 253

Vitamin C (mg/kg) . 29 23 16 18 173 . . 106

CRINA (mg/kg) . . . . . . . . .

Sodium (%) 0.19 0.21 0.22 0.23 0.22 0.22 0.16 0.18 0.18

Chloride (%) 0.27 0.21 0.23 0.29 0.23 0.24 0.24 0.18 0.18

Potassium (%) 1.122 1.109 1.095 0.953 0.997 0.989 0.949 0.9362 0.937

Dietary electrolyte balance (meq/kg) 294 317 312 263 287 282 245 268 268

aVitamin premix supplied the following per kg of diet: 13,200 IU vitamin A, 4,000 IU vitamin D3, 33 IU vitamin E, 0.02mg vitamin B12, 0.13mg biotin, 2mg menadione (K3 ), 2mg thiamine,

6.6mg riboflavin, 11mg d-pantothenic acid, 4mg vitamin B6, 55mg niacin, and 1.1mg folic acid.
bMineral premix supplied the following per kg of diet: manganese, 120mg; zinc, 120mg; iron, 80mg; copper, 10mg; iodine, 2.5mg; and cobalt, 1 mg.
cSelenium premix provided 0.2mg Se (as Na2SeO3 ) per kg of diet.
dStarter diet was fed to ∼14 d of age, 910 g per bird.
eGrower diet was fed from ∼15 to 28 d of age, 2,750 g per bird.
fFinisher diet was fed from ∼28 to end of experiment.

maintenance, and final period were established for the heat stress
treatment which was separated by an insulated divided wall,
essentially creating two rooms within the same house of equal air

pressure, volume, and wind speed. From d 21–42 the remaining
half of the house was programed to reach a high temperature
adaptation period (21–25 day old). This consisted of a day cycle of
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6 h at 30◦C and 60% relative humidity from 10 a.m. to 4 p.m. The
maintenance period consisted of a day cycle of 6 h at 35◦C and
60% of relative humidity from 10 a.m. to 4 p.m. and an evening
cycle of 18 h at 25◦C and 60% of relative humidity 4 p.m. to
10 a.m. from day 26–36. The final period was 8 h at 35◦C and
60% of relative humidity, from 8 a.m. to 4 p.m. and a night cycle
of 16 h at 25◦C and 60% relative humidity from 4 p.m. to 8 a.m.
Cross-house ventilation system with sidewall and or ceiling fans
were used to control house temperature.

Diets were formulated to meet or exceed NRC (NRC, 1994)
requirements. Sodium chloride diets were formulated with
0.4–0.5% sodium chloride, while bicarbonate and bicarbonate
fortified diets contained only 0.28–0.30% sodium chloride and
0.18–0.28% sodium bicarbonate. Bicarbonate fortified diets were
formulated with the addition of 200 ppm vitamin C (ROVIMIX R©

STAY-C R©35, DSM) and vitamin E (ROVIMIX R© E50, DSM)
(Table 1).

Growth Performance, Blood Physiology,
and Health Status
Total broiler pen body weight (BW), feed consumption, and
mortality were recorded at 1, 7, 14, 21, 28, 35, and 42 d of
age and feed conversion ratio (FCR) calculated. BW and feed
consumption per bird were calculated using total pen body
weight and feed consumption divided by total pen bird number.
Observations for mortality were performed twice daily, recorded,
and calculations were performed as needed on a per pen basis. At
28, 35, and 42 d of age two male broilers per pen were selected
for venous blood analysis; females were not utilized for blood
analysis to reduce variance that exists between sexes (Livingston
et al., 2020). Approximately 4–5mL of venous blood was initially
drawn and allocated into three blood collection tubules as 0.5ml
Heparinized, 1+ ml EDTA treated, and 3ml serum collection
tubules. A systematic approach to catching broilers and drawing
of blood was developed to assure uniform collection and analysis
of samples.

Heparinized blood (∼0.2ml) was analyzed in the i-Stat R©

Alinity V handheld blood analyzer fitted with a Chem8+
cartridge (Abbott Point of Care Inc., Princeton, NJ), which
measured hematocrit (HCT), hemoglobin blood urea nitrogen
creatinine ionized calcium (iCa), glucose (iGlu), chloride (iCl)
sodium (iNa), potassium (iK), total carbon dioxide (TCO2), and
anion gap (iAnGap).

Remaining heparinized blood (0.1ml) was analyzed in
the Vetscan R© VS2 Chemistry Analyzer (Abaxis, Inc.) using
the Avian/Reptilian Profile Plus cartridge (Abbott Point
of Care Inc., Princeton, NJ). This resulted in aspartate
aminotransferase (AST), creatine kinase (CK), uric acid (UA),
glucose (vGLU), calcium (vCa), phosphorus (vP), total protein
(TP), albumin (ALB), albumin/globulin (GLOB), potassium (vK)
and sodium (vNa).

Whole blood (3ml) was spun and serum removed and
stored on wet ice. 0.40ml serum was used for total carotenoids
(mg/kg) using the iCheck R© carotene photometer device and
test kit (BioAnalyt GmbH, Potsdam, Germany) (Kawashima
et al., 2010). Precisely 1.0ml of EDTA blood was mixed with

0.20ml cellular fixant (Transfix R©, MBL International), stored
and shipped on wet ice to Cayman Analytical Laboratories (Ann
Arbor, MI) for Heterophil to Lymphocyte ratio analysis using
Flow Cytometry (Lentfer et al., 2015; Bílková et al., 2017). The
remaining serum was frozen on dry ice and shipped to Cayman
Analytical Laboratories (Ann Arbor, MI) for the measurement
of thiobarbituric acid reactive substances (TBARS). This method
uses the reaction of malondialdehyde (MDA) and Thiobarbituric
acid (TBA) in the glacial acetic acid medium.

Broilers subject to blood draw were immediately euthanized
and evaluated for veterinary health status. Gizzard erosion,
food pad lesion scores and duodenum, middle gut, and cecum
lesion scores were all recorded on a 0–3 scale of measure.
A score of 0 indicates no detectable erosion or lesions, while
a score of 1, 2, or 3 indicated a mild, moderate, or severe
presence (respectively).

Statistical Analysis
Data were analyzed using JMP Pro 14 (SAS Institute, 2018).
Growth performance and health status data were analyzed as
a two-way ANOVA (Diet∗Environment) by the age of the
bird. Blood physiology data at 28, 35, and 42 d was analyzed
as a three-way ANOVA (Diet∗Environment∗Day). Means were
separated with Tukey’s adjustment for multiple comparisons test
(P < 0.05). Pen was considered the individual experimental
unit for growth performance parameters, while individual blood
draw and health status was considered the experimental unit
(n = 20) for blood physiology parameters. H:L ratio data was
log transformed where necessary. Linear response of blood
physiology to time was also determined negating the effect of Diet
or Temperature.

RESULTS

Growth Performance
Effects of Diet and Temperature on overall BW, FCR, feed
consumption, mortality, and health status are presented in
Table 2, while weekly results are summarized in the subsequent
paragraphs for the purposes of brevity. Broilers fed the
bicarbonate fortified diet had greater BW from day 7–28 when
compared to birds fed sodium chloride or bicarbonate alone (P
< 0.01), while broilers fed bicarbonate and bicarbonate fortified
diets produced superior BW compared to sodium chloride
fed birds at 35 d (P < 0.01). Sodium chloride fed broilers
had reduced BW from 7 to 35 d when compared to either
bicarbonate or bicarbonate fortified fed birds. Final BW was not
significantly different between diets at 42 d. Broilers raised under
a thermoneutral environment (Control)—had greater BW than
heat stressed broilers only at 28 d (P = 0.015).

Broilers fed bicarbonate fortified diets had significantly lower
FCR when compared to fed sodium chloride at 7–35 d (P < 0.01).
Heat stressed broilers had increased feed intake (P < 0.04) and
higher FCR when compared with thermoneutral birds from 22
to 42 d (P < 0.04). Bicarbonate fortified fed broilers consumed
more feed from 0–14 d than sodium chloride or bicarbonate
fed birds, while sodium chloride fed broilers consumed less feed
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TABLE 2 | Effect of diet and temperature (control or heat stress) on final broiler performance and veterinary health status.

Diet Temp Performance1 Veterinary health status scores2

Body weight Feed consumed Final FCR 42 d Mort Giz Foot Duod Mid Cec

g g/bird/day g:g %

NaCl 2,745 126 1.855 12.50a 0.53 2.44A 1.75A 1.15A 1.65A

NaHCO3 2,786 120 1.830 6.25b 0.47 1.34B 1.15B 0.46B 0.87B

NaHCO3 Vitamin E + C 2,829 121 1.811 6.25b 0.47 1.03B 0.75C 0.34B 0.72B

SEM3 25.00 1.93 0.013 1.75 0.08 0.13 0.11 0.08 0.12

Control 2,803 119 1.817 5.21 0.41 1.69 0.97 0.82 0.92

Heat stress 2,770 125 1.847 11.46 0.56 1.52 1.46 0.50 1.25

SEM4 20.55 1.58 0.010 1.432 0.07 0.11 0.09 0.07 0.09

(Probability > F)

Diet 0.07 0.06 0.07 0.02 0.85 <0.01 <0.01 <0.01 <0.01

Temp 0.26 <0.01 0.04 <0.01 0.17 0.26 <0.01 <0.01 0.02

Diet*Temp 0.96 0.08 0.86 0.09 0.14 0.14 0.59 <0.01 0.44

Means within a column of 3 or more independent variables lacking a common superscript differ significantly (P < 0.05a,b, P < 0.01A,B).
1Main and interaction effect means calculated using total pen weight/number of birds per pen=BW, FCR= total BW gain/total feed consumed, Mort=mortality (number of dead/number

placed * 100).
2Giz, Gizzard erosion; Foot, foot pad; Duod, duodenal lesions; Mid, mid gut lesions; Cec, cecal lesion (scored 0–3).
3SEM, Standard error of mean n = 16 (Performance), n = 32 (Veterinary Health Status Scores).
4SEM, Standard error of mean n = 24 (Performance), n = 48 (Veterinary Health Status Scores).

from 15–28 d compared to bicarbonate or bicarbonate fortified
diets (P < 0.01).

Thermo manipulation increased weekly mortality from 22
to 42 d, as well as final mortality when compared to those
raised in a thermoneutral environment (P < 0.01). Mortality
from 29 to 42 d and final mortality was increased in broilers
fed sodium chloride when compared to those fed bicarbonate
and bicarbonate fortified diets (P < 0.05). Broilers fed sodium
chloride or subjected to thermo manipulation had significantly
greatermortality than any other treatments, however a significant
interaction was only observed from 29 to 25 d (P < 0.05).

Veterinary observations indicated that broilers fed
bicarbonate diets had significantly reduced foot pad scores,
while fortification of bicarbonate diets reduced these even more
(P < 0.01); however, heat stress had no significant effect on foot
pad scores. Salt diets and heat stress significantly increased most
intestinal lesions (P< 0.02) when compared to bicarbonate diets,
while fortification improved duodenal lesions (P < 0.01).

Blood Physiology
Effect of broiler diet and thermo manipulation on blood mineral
composition over time are presented in Table 3. Age resulted in
a significant effect (P < 0.01) on all blood mineral composition
except for vK and a linear effect on vNa, iNa, iK, iCl, and iCa was
observed. At 35 d there was a significant increase in blood Vet
scan phosphorus (vPHOS) and vCa, and a decrease in iNa, iCa,
and iAnGap when compared to 28 or 42 d broilers. While 28 d
blood vNa, iNa and iCl was significantly greater compared to 35
or 42 d.

Birds fed the diet based on sodium bicarbonate had a greater
iNa than birds fed the diet based on sodium chloride (P < 0.05).
Birds fed sodium chloride diets had greater iK compared to birds
fed bicarbonate or bicarbonate fortified diets (P < 0.01). Broilers

fed sodium chloride diets had greater levels of iCl than broilers
fed the bicarbonate fortified diets (P < 0.01).

Environmental temperature had a significant effect on iNa and
vK, with heat stressed broilers having increased blood iNa and
decreased blood iK levels (P < 0.05).

Broilers subjected to heat stress had significantly greater iNa
than thermoneutral housed broilers at 42 d resulting in an
age∗temperature interaction (P < 0.01). Sodium chloride fed
broilers had significantly reduced blood iNa at 42 d compared
to either bicarbonate or bicarbonate fortified diets resulting in
an age∗diet interaction (P < 0.05). Broilers subjected to heat
stress had significantly reduced iK at 42 d when compared to all
other treatments, this resulted in an age∗temperature interaction
(P < 0.05). Broilers housed under heat stress had significantly
greater vPHOS at 35 d when compared to other treatments,
this resulted in a significant age∗temperature interaction for
vPHOS (P < 0.05). A similar age∗temperature interaction was
observed with heat stressed broilers at 35 d regarding an
increased vCa (P < 0.05).

Effect of broiler diets and environmental conditions on blood
proteins and othermetabolites over time are presented inTable 4.
Age resulted in a significant effect on all parameters when
accounting for diet and temperature with a pronounced increase
in blood carotene, AST, CK, TP, ALB and GLOB as broilers
aged (P < 0.01), while UA significantly decreased with age (P <

0.01). This also resulted in a significant linear effect (P < 0.01)
over time.

The main effect of temperature resulted in reduced levels
of carotene and TP in bicarbonate fed birds when compared
to sodium chloride or bicarbonate fortified fed broilers (P
< 0.04). As age increased, sodium chloride and bicarbonate
fortified fed broilers displayed increased carotene levels, while
bicarbonate fed broilers did not display an increased carotene
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TABLE 3 | Effect of diet, temperature (Temp), and Age on broiler blood mineral composition.

Diet Temp Age vCa vPHOS vK vNa iNa iK iCl iCa iAnGap

(mg/dL) (mmol/L)

NaCl 11.75 7.24 7.24 149.4 143.0b 5.65a 109.3a 1.34 14.9

NaHCO3 11.67 7.23 7.07 149.6 143.7a 5.33b 108.8ab 1.34 15.2

NaHCO3 Vitamin E+C 11.72 7.19 6.95 149.6 143.2ab 5.35b 108.2b 1.33 14.7

P < 0.51 0.81 0.06 0.90 0.04 <0.01 0.01 0.40 0.27

Control 11.71 7.24 7.05 149.5 143.0 5.53 108.6 1.33 14.9

Heat stress 11.72 7.20 7.11 149.6 143.6 5.34 109.0 1.35 15.0

P < 0.82 0.54 0.06 0.79 0.03 0.03 0.20 0.17 0.70

28 d 11.63B 7.12b 7.05 150.8a 144.3a 5.73a 109.6a 1.39a 15.4a

35 d 11.93A 7.36a 6.96 148.9b 141.9b 5.37b 108.7b 1.29c 14.0b

42 d 11.58B 7.17b 7.19 148.9b 143.6a 5.22b 108.0b 1.33b 15.3a

P < <0.01 <0.01 0.07 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Model pooled SEM1 0.04 0.05 0.08 0.27 0.20 0.07 0.22 <0.01 0.21

Age regression2

Linear P < 0.52 0.62 0.36 <0.01 0.05 <0.01 0.01 <0.01 0.69

Interaction terms (Probability > F)

Diet*Age 0.31 0.64 0.06 0.44 0.03 0.73 0.25 0.06 0.99

Temp*Age 0.02 0.03 0.37 0.64 <0.01 0.02 0.51 0.96 0.73

Diet*Temp 0.24 0.29 0.21 0.42 0.05 0.15 0.56 0.81 0.87

Diet*Age*Temp 0.79 0.12 0.58 0.95 0.21 0.09 0.96 0.25 0.88

Means within a column of 3 or more independent variables lacking a common superscript differ significantly (P < 0.05a,b P < 0.01A,B).
1Model pooled SEM, interaction effect n = 16.
2Linear regression of age on blood biomarkers.

TABLE 4 | Effects of diet, temp and age on broiler blood carotene, aspartate aminotransferase (AST), creatine kinase (CK), bile acids (BA), uric acid (UA), total protein

(TP), albumin (ALB), globulin (GLOB).

Diet Temp Age Carotene AST CK UA TP ALB GLOB

(mg/kg) (U/L) (mg/dL) (g/L)

NaCl 0.74ab 240.1 3,774 4.5 3.11a 2.00 1.10

NaHCO3 0.64b 243.2 3,688 4.4 3.01b 1.97 1.05

NaHCO3 Vitamin E + C 0.75a 238.0 3,937 4.5 3.11a 2.02 1.08

P < 0.03 0.87 0.99 0.82 0.04 0.08 0.42

Control 0.70 244.9 3,883 4.8 3.11 2.00 1.11

Heat stress 0.72 236.0 3,721 4.2 3.05 2.00 1.04

P < 0.59 0.21 0.94 <0.01 0.04 0.88 <0.01

28 d 0.49b 186.5c 2,731c 5.7a 2.96b 1.96b 0.99b

35 d 0.80a 219.9b 4,677b 4.2b 3.10a 1.97b 1.13a

42 d 0.85a 313.8a 6,033a 3.6c 3.18a 2.10a 1.11a

P < <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Model pooled SEM 0.03 7.5 231 0.2 0.03 0.02 0.02

Linear P < <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Interaction terms (Probability > F)

Diet*Age 0.02 0.66 0.63 0.22 0.48 0.66 0.09

Temp*Age 0.06 0.03 0.37 0.83 0.13 0.23 0.73

Diet*Temp 0.08 0.85 0.81 0.57 0.78 0.21 0.65

Diet*Age*Temp 0.72 0.81 0.97 0.23 0.85 0.34 0.19

Means within a column of 3 or more independent variables lacking a common superscript differ significantly (P < 0.05a,b; P < 0.01a,b).
1Model pooled SEM, interaction effect n = 16.
2Linear regression of age on blood biomarkers.
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TABLE 5 | Effect of diet and temperature and age on blood protein composition and other metabolites over time.

Diet Temp Age vGlu iGlu TCO2 HCT MDA H L H:L

(mg/dL) (mmol/L) (%) (µM)

NaCl 239 231 25.5b 20.2 0.97 4,061 8,840 0.45

NaHCO3 237 230 26.0ab 19.9 0.91 3,745 8,924 0.43

NaHCO3 Vitamin E+C 236 228 26.5a 19.8 0.96 3,638 8,679 0.43

P < 0.46 0.57 <0.01 0.31 0.78 0.41 0.88 0.65

Control 237 228 26.1 20.7 0.95 4,014 9,233 0.45

Heat stress 238 232 25.9 19.7 0.94 3,613 8,396 0.42

P < 0.27 0.02 0.45 0.01 0.95 0.13 0.04 0.25

28 d 245a 237a 25.9 20.5a 0.71 2114c 5042c 0.39b

35 d 238b 229b 26.3 19.4b 1.12 5057a 9568b 0.55a

42 d 230c 223c 25.9 19.9ab 0.99 4274b 11833a 0.37b

P < <0.01 <0.01 0.32 <0.01 <0.01 <0.01 <0.01 <0.01

Model pooled SEM 1.42 1.43 0.21 0.21 0.057 233.32 354.64 0.023

Linear P < <0.01 <0.01 NS 0.04 <0.01 <0.01 <0.01 <0.01

Interaction terms (Probability > F)

Diet*Age 0.22 0.26 0.94 0.21 0.12 0.93 0.09 0.62

Temp*Age 0.52 0.72 0.01 0.82 0.69 <0.01 0.38 <0.01

Diet*Temp 0.16 0.26 0.08 0.59 0.71 0.65 0.69 0.92

Diet*Age*Temp 0.21 0.32 0.96 0.91 0.31 0.33 0.47 0.46

Means within a column of 3 or more independent variables lacking a common superscript differ significantly (P < 0.05a,b; P < 0.01A,B).
1Model pooled SEM, interaction effect n = 16.
2Linear regression of age on blood biomarkers.

level resulting in a diet∗age interaction (P < 0.05). The main
effect of temperature led to reduced levels of UA, TP and GLOB
in heat stressed broilers when compared to thermoneutral housed
birds (P < 0.05).

Effects of diet and temperature on remaining plasma
metabolites over time are presented in Table 5. Age resulted
in a significant effect on all parameters except for TCO2. As
age increased a significant decrease in blood vGlu, iGlu, HCT,
and an increase in lymphocytes (L) was observed; while MDA,
heterophil (H), and H:L ratio was greatest at 35 d (P< 0.01). This
also resulted in a significant linear effect (P < 0.01) over time for
all parameters except for TCO2.

The main effect of temperature resulted in reduced L, HCT,
and increased iGlu in thermo manipulated broilers (P < 0.04).
While birds fed sodium chloride had reduced TCO2 when
compared to bicarbonate fortified fed broilers (P < 0.01).
Finally, heat stressed broilers had significantly greater TCO2

levels at 35 compared to 28 or 42 d, resulting in a temp∗age
interaction (P = 0.01).

DISCUSSION

The experiment that is reported herein was primarily designed
to investigate the varying blood physiology of chicks exposed
to heat stress conditions; and to identify, using simply to use
“point of care devices,” those markers that can be manipulated
using dietary changes that have shown to reduce performance
and welfare deficiencies. Only males were selected for blood
physiology in order to eliminate the variation that has been

reported between sexes (Livingston et al., 2020). In this
trial broiler performance of the control group was consistent
with breeder guidelines when accounting for a decrease in
male to female population. Heat stress combined with salt
containing diets increased mortality and decreased performance
and veterinary health status, which was the design of this trial
(Table 2). When compared to diets containing sodium chloride,
bicarbonate containing diets were highly effective at improving
BW from 14 to 35 d, while the added vitamins E and C also
improved FCR from 7 to 35 d. Heat stress was successful at
reducing BWonly at 28 d, which was directly after the initial week
of heat stress. Broiler FCR remained poorer in broilers under
heat stress for the duration of the trial. Mortality was increased
with the addition of heat stress throughout the trial, while
diets containing sodium chloride also contributed to increased
mortality, as was expected. Broilers under heat stress and fed diets
containing sodium chloride had the greatest mortality, however
this was directly associated with the main effects of both salt and
heat, resulting in a lack of significant interaction between Diet
and Environment (P = 0.09).

Blood biomarkers using the rapid detection methods known
as Point-of-Care (POC) devices, which may include the i-STAT R©

Handheld Clinical Analyzer, Zoetis Vetscan VS2, and iCheckTM

Carotene, are becoming more commonly used as diagnostic tools
in animal health care and research (Martin et al., 2010; Hoppes
et al., 2015; Lindholm and Altimiras, 2016; Raila et al., 2017;
Cowieson et al., 2020; Livingston et al., 2020). However, the
rapid growth rate of the modern broiler has shown that age
has a significant influence on the values of these biomarkers
(Livingston et al., 2019, 2020; Cowieson et al., 2020). This study
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had similar results as indicated by the linear response to age on
most all measured biomarkers from 28 to 42 d. However, the
influence of heat stress was noted on iNa, iK, UA, TP, GLOB,
iGLU, HCT, and L; while Diet influenced iNa, iK, iCl, Carotene,
TP, and TCO2.

Heat Stress has been shown to reduce the partial pressure of
blood CO2 (due to excessive panting) which results in increased
plasma pH and bicarbonate, a condition known as respiratory
alkalosis (Borges et al., 2004, 2007; Wang et al., 2018; Beckford
et al., 2020). In this study total CO2, traditionally calculated
TCO2 = HCO3 + 0.03 PCO2 (Maren, 1967), was measured and
found to be relatively similar in all broilers except for increased
levels of 35 d heat stressed birds (temp∗age P = 0.01). However,
TCO2 in this study was measured using an analyte metrologically
traceable to the International Federation of Clinical Chemistry
(IFCC) TCO2 reference method rather than being calculated
from partial pressure of blood CO2 and pH. This may contribute
to the lack of significant TCO2 values in heat stress compared
to thermoneutral raised broilers, as a decrease in PCO2 could be
offset by an increase in blood HCO3 resulting in similar or bias
TCO2 values.

Plasma levels of K and Na have been reported to decrease
while broilers are exposed to heat stress (Belay and Teeter, 1993;
Borges et al., 2004, 2007; Beckford et al., 2020). In this study
plasma iK and iNa were reduced during the first week of thermo
manipulation, while plasma iK continued to be lower through the
remainder of the trial. This concurs with previously published
studies (Borges et al., 2004; Ahmad and Sarwar, 2006; Olanrewaju
et al., 2010; Beckford et al., 2020). However, in this trial iNa values
increased in heat stressed broilers during the period of rapid
growth (28–42 d).

The reported K and Na reduction in heat stressed broilers
has been attributed to increased water consumption, which was
speculated to have caused hemodilution (Borges et al., 2004). In
the present study there are some indications of this phenomenon
as suggested by the reduction in HCT of heat stressed broilers
compared thermoneutral housed broilers (19.7 vs. 20.7, P =

0.01), and the previously reported reduction in iK (5.34 vs. 5.53,
P = 0.03); however, vK and vNa (Vetscan R© VS2 Chemistry
Analyzer) were notmeasurably different between treatments. The
reduction of plasma iK in both bicarbonate diets is most likely
due to the increase in iNa and response of the aldosterone system
(Subramanya and Ellison, 2014; Terker et al., 2015).

There was a significant increase in plasma vPHOS and
vCa at 35 d. However, in heat stressed broilers this was
significantly more pronounced, as indicated by the temp∗age
interaction (P = 0.02). This occurred even while dietary Ca
and available phosphorus were being reduced from grower to
finisher phase. These age-specific changes may be related to
the convergence of high environmental temperature at a time
when the bird is also experiencing rapid skeletal muscle growth.
Such extreme metabolic demands have been previously shown
to significantly influence acid-base balance (Hamm and Simon,
1987; Olanrewaju et al., 2010).

Values from these devices, although rapid and consistent, do
vary when compared to more traditional and published methods
such as the COBAS (Ruiz-Jimenez et al., 2021), requiring
investigations into their relationship to disorders such as heat

stress and dietary changes. In this study some discrepancies were
observed where both I-STAT Alinity and VetScan VS2 machines
measured similar biomarkers glucose, calcium, potassium, and
sodium. It should be noted that the I-STAT Alinity uses ion-
selective electrode potentiometry to measure sodium, potassium,
and ionized calcium; while the Vetscan VS2 uses colorimetric
and enzymatic methods to measure sodium and potassium and
Arsenazo III to measure total calcium. However, glucose was
measured using similar methods and values correlated with an
r2 = 0.95 (data not shown for brevity).

The inclusion of vitamins E and C has been utilized in many
studies to reduce the negative impact of heat stress (Farooqi et al.,
2005; Habibian et al., 2014; Hajati et al., 2015; Attia et al., 2017).
While the effects of both vitamins E and C in this trial were
positive regarding broiler performance, there were no interaction
effects on Diet∗Temp. However, the main effect of including
bicarbonate and vitamin E and C in this trial did increase the
carotene and TP values when compared to the bicarbonate only
diet. This may indicate that some negative impacts of adding
bicarbonate can be mitigated with the addition of these vitamins
to increase carotene absorption in the enterocyte and improve
plasma TP.

Heat stress had a significant negative impact on plasma HCT
(P< 0.01), L (P< 0.05), UA (P< 0.01), TP (P< 0.05), and GLOB
(P < 0.01) and a significant increase on GLU (P < 0.05). The
decrease of TP and GLOB are consistent with previous studies
(Liu et al., 2016; Xue et al., 2017). While those studies found an
increase in UA production while broilers underwent heat stress,
the results in this study differed. This may be due to the lack
of oxidative stress induced by this model of heat stress, which
would also explain the similarities in MDA expression. While
the increase in GLU was consistent with previous research that
indicates a release of glucocorticoids under heat stress increasing
GLU (Kutlu and Forbes, 1993; Borges et al., 2007; Beckford et al.,
2020).

The use of the rapid detection devices to measure markers
associated with animal health is well-established (Meluzzi et al.,
1992; Martin et al., 2010; Livingston et al., 2020). While this study
aimed to determine the effect of heat stress and dietary electrolyte
balance on broiler blood physiology, the effect of heat stress was
more pronounced when dietary chloride was incorporated as
was expected. Nonetheless, the effect of such data suggests an
opportunity to monitor physiological and nutritional changes
from broiler blood data. Figure 1 illustrates how formulated
and analyzed dietary differences can be detected by evaluating
broiler blood physiology. For example: analyzed sodium values
were relatively lower than formulated and this was detected by a
statistical drop in broiler blood iNa levels (Figure 1A). A similar
trend can be identified as blood iCl levels followed a statistical
decrease as dietary chloride levels are reduced (Figure 1B).
Analyzed potassium values were ∼20% greater than formulated
which potentially explains why plasma iK of broilers in this
study were greater than previous reported studies (Livingston
et al., 2020). Regardless of formulation, the ultimate physiological
response found in broiler plasma was that of the true, analyzed
diets. Using this, the results of these rapid detection devices may
allow further measurements of unidentified milling, formulation,
ingredient, or management inaccuracies.
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FIGURE 1 | Sodium (A), chloride (B), and potassium (C) values of blood

(mmol/L), formulated, and assayed feed during grower and starter periods.

A negative impact of unbalanced dietary electrolyte levels and
a transient negative influence of heat stress was noted in broilers
chickens fed traditional corn/soy diets, with confirmation of
stress noted inmortality percentage and postmortem inspections.

It can be concluded that balancing electrolytes with the addition
of sodium bicarbonate was successful at improving overall
performance from 14 to 35 d of age regardless of heat stress, and
the addition of vitamins C and E was highly beneficial. Many
blood biomarkers proved to be responsive to these challenges.
Age also effected most biomarkers, especially during the period
of rapid growth rate. The primary markers associated with higher
sodium chloride containing diets include iNa, iK, iCl, carotene,
TP, and TCO2. The primary markers associated with heat stress
are iNa, iK, UA, TP, GLOB, iGlu, HCT, and L. The effect of
age on these blood biomarkers contributes significantly to their
values and should continue to be considered when investigating
their impact from treatment effects. The data suggest there
is a potential for a blood biochemical “fingerprint” of dietary
imbalances and environmental conditions that could be used
to achieve their early diagnosis. Furthermore, this suggests that
nutritionists, veterinarians, and live production managers could
monitor and evaluate broiler performance, welfare and overall
health status using rapid blood detection devices and biomarkers
that may interface nutrition and physiology from a perspective
not previously available.
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