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Simple Summary: This study explores the effects of heat stress on the expression of various heat-shock
protein (HSP) genes in bovine peripheral blood mononuclear cells (PBMCs) and cell viability as an
indicator of stress in beef calves. We found that heat stress inhibits cell proliferation and increases the
expression of HSPs in an in vitro model. In addition, HSPs were found to regulate the physiological
mechanisms of adaptation to heat stress in an in vivo model. The results showed that HSPs expression
in PBMCs can be used as an indicator of heat stress (HS) in beef calves.
Abstract: This study was conducted to investigate the effect of HS on HSPs gene expression in bovine
PBMCs of beef calves in in vitro and in vivo models. In the in vitro experiment, blood samples
were collected from the jugular vein of five beef calves (age: 174.2 ± 5.20 days, BW: 145.2 ± 5.21 kg).
In the in vivo experiment, sixteen Korean native male beef calves (age: 169.6 ± 4.60 days, BW:
136.9 ± 6.23 kg) were exposed to ambient temperature for seven days (22 to 24 ◦ C, relative humidity
60%; temperature–humidity index (THI) = 68 to 70) and subsequently to the temperature and
humidity corresponding to the target THI level for 21 days (HS). For PBMC isolation, blood samples
were collected every three days. In the in vitro model, the cell viability was significantly decreased
in HS groups compared with the control group (p = 0.015). The expression of HSP70 (p = 0.022),
HSP90 (p = 0.003) and HSPB1 (p = 0.026) genes was increased in the HS group in in vitro model.
In the in vivo experiment, the HSP70 gene expression was increased after sudden exposure to HS
conditions (severe THI levels; THI = 88 to 90), whereas HSP90 and HSPB1 showed no differences
among the THI groups (p > 0.05). However, in the severe THI group, the HSP70 gene expression
returned to normal range after six days of continuous HS. In conclusion, the HSP70 gene plays a
pivotal role in protecting cells from damage and is sensitive to HS in immune cells compared with
other HSP genes in in vitro and in vivo models. In addition, the in vivo models suggest that calves
exhibit active physiological mechanisms of adaptation to HS after six days of continuous exposure by
regulating the HSP70 gene expression.
Keywords: beef calf; heat-shock proteins; heat stress; PBMCs

1. Introduction
Heat stress (HS) alters the body’s physiological mechanisms, resulting in metabolic disorders
and decreased immune function in animals [1]. However, severe HS often occurs at the expense of
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productivity because it interferes with the maintenance of body condition [2]. For instance, heat-stressed
animals reduce their dry matter intake (DMI), activity, rumination and metabolic rate to decrease
metabolic heat production [3]. HS affects growth performance and energy metabolism by reducing
DMI in beef calves [4]. Additionally, HS triggers changes in blood hormones and metabolic indicators
by interfering with energy metabolism [5].
Different cellular mechanisms have been proposed to relieve thermal stress in animals [6].
Peripheral blood mononuclear cells (PBMCs) are used to study various stress factors. Among these,
a great deal of research is being conducted on the effect of thermal stress on PBMCs. One of the
important cell reactions under thermal stress involves transcriptional activation and accumulation of
heat-shock proteins (HSPs) [7]. The mechanisms of protective thermoregulation mediated via HSPs
during HS are well studied in ruminants [8]. HSPs include a large group of chaperone proteins classified
into different families based on molecular size and amino acid sequence similarities [9]. HSPs facilitate
adaptation of cells to changes in the environment and play an important role in environmental stress
adaptation and heat stress balance, particularly protein function [10]. In addition, HSPs are related
to the acquisition of thermotolerance and rapid recovery of heat-induced denatured proteins in their
native state [11].
In many previous studies, PBMCs have been used to identify the effects of thermal stress using cell
culture systems [12,13]. Thermal stress decreases the viability of PBMCs and increases the expression
of genes such as those related to various toll-like receptors, interleukins, cytokine and HSPs [12,14,15].
However, little is known about the tissue-specific responses of these genes in in vivo and in vitro
models, particularly in stress events such as HS, which triggers changes in metabolic and endocrine
signaling processes, with consequent physiological and behavioral changes. In addition, few studies
have investigated the gene expression of HSPs in vivo experiments by identifying the related effects
on thermal stress observed in cell cultures of beef calves [16]. Therefore, the objective of this study was
to investigate the effects on HSPs gene expression in PBMCs as an indicator of HS in Korean native
beef calves using in vivo and in vitro models.
2. Materials and Methods
All procedures involving animals were approved by the Institutional Animal Care and Use
Committee (IACUC) of Konkuk University (Approval No: KU17125). in vitro and in vivo experiments
were completely separate experiments.
2.1. In Vitro Experiment
2.1.1. Animals, Sampling and Isolation of PBMCs
Five Korean native male beef calves (age: 174.2 ± 5.20 days, with a BW of 145.2 ± 5.21 kg,
non-castrated) under the same management and nutritional regimen were used in this study. Blood was
collected in early spring (May 2018) during a thermoneutral period with values of the temperature
humidity index consistently below 70, which is considered the upper critical value for cattle [17].
Blood samples (20 mL) were drawn three times during a 2-week period via jugular venipuncture using
sodium heparin (10 IU/mL) (BD Biosciences, Billerica, MA, USA) as an anticoagulant to collect whole
blood. Immediately after collection, blood samples were stored at room temperature and transferred
to the laboratory for blood separation and further analyses. For isolation of PBMCs, the blood samples
were processed within 8 h of the sample collection. Density gradient centrifugation was used to
separate PBMCs from the whole blood. The whole blood was diluted 1:1 with 1 × PBS (Hyclone,
Laboratories, INC., Logan, UT, USA) and layered gently over Histopaque-1077 (Sigma-Aldrich, Inc.,
St. Louis, MO, USA). All the PBMC isolation steps were performed at room temperature as per
manufacturer’s instructions. The isolated PBMCs were washed twice with 1 × PBS. To determine the
viability of isolated PBMCs, Trypan blue dye exclusion method [18] was used. The cell pellet obtained
was diluted with serum-free RPMI-1640 medium (Sigma-Aldrich, Inc.) and the cell numbers were
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determined by Hemocytometer (Neubauer-improved, Marienfeld, Germany) using 0.04% Trypan blue
(Sigma Life Science, St. Louis, MO, USA). Viability of PBMCs typically exceeded 85% in beef calves.
The PBMCs were resuspended at 1 × 106 viable cells/mL in RPMI 1640 medium (Sigma-Aldrich, Inc.)
containing 25-mM HEPES (Sigma-Aldrich, Inc.) supplemented with heat-inactivated fetal bovine serum
(Sigma-Aldrich, Inc.), 2 mM l-glutamine (Sigma-Aldrich, Inc.), 100 U of penicillin (Sigma-Aldrich,
Inc.), 100 µg of streptomycin (Sigma-Aldrich, Inc.) and 0.25 µg of amphotericin B/mL (Sigma-Aldrich,
Inc.) in 6-well plates. The time gap until establishment of cultures after blood collections was less than
8 h in each sampling period.
2.1.2. Heat Stress Treatment
The PBMCs isolated from the five Korean native male beef calves were subjected to each treatment
in triplicate for 48 h. Initially, all the culture plates were incubated at 37 ◦ C in a humidified CO2
incubator (5% CO2 and 95% air) for 48 h. After 48 h, cells were exposed to 37 ◦ C continuously (Control;
Con) and 42 ◦ C (HS) for 3 h. Con (37 ◦ C) was adopted to imitate thermoneutral conditions and
heat treatment (42 ◦ C) was adopted to imitate HS conditions, respectively. After completion of HS,
PBMCs were harvested for RNA extraction.
2.1.3. Measurement of Cell Viability (CCK-8 Assay)
Cell proliferation was analyzed using the Cell Counting Kit-8 (CCK-8) according to the
manufacturer’s protocol (Dojindo Molecular Technology, Kumamoto, Japan). The cells were seeded
1 × 106 viable cells/mL of medium in a 96-well plate. At the indicated time following treatment (HS),
10 µL CCK-8 solution was added to 90 µL of culture medium. The cells were subsequently incubated
for 3 h at 37 ◦ C and the optical density was measured at 450 nm using a microplate reader.
2.2. In Vivo Experiment
2.2.1. Animals and Climatic Chamber and Management
Four different experiments were carried out during the study period. Sixteen Korean native male
beef calves (average age of all groups: 169.6 ± 4.60 days, with a BW of 136.9 ± 6.23 kg, non-castrated)
were assigned equally to one of four treatment groups: threshold (temperature humidity index;
THI = 68 to 70, age: 166.5 ± 6.64 days, with a BW of 143.3 ± 16.48 kg), mild (THI = 74 to 76, age:
174.5 ± 2.02 days, with a BW of 133.4 ± 13.47 kg), moderate (THI = 81 to 83, age: 165.3 ± 4.75 days,
with a BW of 141.9 ± 13.56 kg) and severe (THI = 88 to 90, age: 172.3 ± 5.75 days, with a BW of
129.1 ± 9.62 kg) stress groups. Each chamber could house two animals at a time; whereas we had a
total of four chambers and used two chambers per treatment group. After the completion of two
treatments, the other two treatments were carried out using different calves. We performed the first two
THI treatments (trial 1; threshold and mild) to have the basic data set regarding the effect of threshold
and mild HS. This experiment enabled us to make a better decision whether we should use the next
two THI groups (trial 2; moderate and severe) or repeat the first two THI treatment. Thus, we first
subjected four calves to the threshold treatment and four other calves to mild HS treatment (two calves
per chamber). After finalizing the first two treatments, we conducted the other two treatments, namely,
moderate and severe HS treatments, using the same approach, but with different calves. Each animal
was provided with an individual supply of feed and water (0800).
The size of each climatic chamber was 2.5 × 2.5 × 3 m3 (length, width and height, respectively).
The chambers were designed to operate over a temperature range of 18 to 34 ◦ C and a relative humidity
(RH) range of 60 to 100%. Each chamber was fitted with controllable temperature and humidity
regulators to maintain the desired temperature and RH from 0900 to 1900 h.
This study was conducted to assess the impact of simulated HS conditions in individual climatic
chambers on the adaptive capability of Korean native beef calves. The HS conditions were adjusted
using the controllable temperature and humidity regulators from 0900 to 1900 h. At all other times
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(1900 to 0900 h), the temperature and RH were adjusted to match the outside environment (THI 66 to
70). A completely randomized design with four THI treatment groups (threshold, mild, moderate
and severe) was used—Calves were subjected to ambient temperature (22 ◦ C) for 7 days (TN) in the
adaptation period one week prior to the beginning of the experiment, after which the temperature and
humidity in the chambers were raised to each already defined THI level for 21 days (HS). The four THI
treatments were defined as threshold (22 to 24 ◦ C, 60% RH: THI = 68 to 70), mild (26 to 28 ◦ C, 60%
RH: THI = 74 to 76), moderate (29 to 31 ◦ C, 80% RH: THI = 81 to 83) and severe (32 to 34 ◦ C, 80% RH:
THI = 88 to 90) stress levels [19]. Temperature and RH inside the chamber were recorded at intervals
of 1 s using two sensors (SHT7×, Sensirion AG, Laubisruetistrasse 508, 712 Staefa ZH, Switzerland).
The THI was calculated using the dry bulb temperature (Tdb, ◦ C) and RH using the following formula:
THI = (1.8 × Tdb + 32) − [(0.55 − 0.0055 × RH) × (1.8 × Tdb − 26.8)] according to a previous study [20].
The diets used in this study were composed of 40% roughage (Phleum pratense L.) and 60% concentrate.
The feed was weighed and offered twice daily at 0900 and 1700 h. The chemical composition of the
feed is shown in Table 1.
Table 1. Chemical composition of diets provided to the beef calves.
Basal Diets
Item
% of dry matter
Crude protein
Ether extract
Crude fiber
Crude ash
ADF
NDF
Calcium
Phosphorus

Concentrate (60%)

Roughage (Timothy Grass) (40%)

16.70
3.13
8.84
6.94
10.08
22.90
1.43
0.50

6.16
1.17
36.57
7.49
38.69
67.13
0.35
0.20

ADF = acid detergent fiber; NDF = neutral detergent fiber.

2.2.2. Sampling and Isolation of Peripheral Blood Mononuclear Cells
Blood samples (20 mL) were collected every three days (1100 h) by jugular venipuncture using
sodium heparin (10 IU/mL) (BD-Plymouth, PL6 7BP, UK) as an anticoagulant to collect whole blood.
PBMCs were isolated from each blood sample using the same methods as in the in vitro experiment.
After isolation, PBMCs were used for total RNA extraction.
2.3. Total RNA Extraction and Real-Time PCR Analysis
Total RNA was extracted from PBMCs under different treatments using TRIzol™ reagent
(Invitrogen, Carlsbad, CA 92018, USA) according to the manufacturer’s instructions. The RNA
was measured using an ND-1000 spectrophotometer (Nano Drop Technologies, Wilmington, DE, USA).
The A260/280 ratios of all RNA samples were greater than 1.8. The RNA quality was assessed using an
RNA 6000 Nano Lab Chip kit (Agilent, Palo Alto, CA, USA). The RNA integrity number (RIN) was
confirmed in a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) to determine whether the purified
total RNA could be used in real-time PCR. The average RIN of PBMCs was 8.2 (7.6 to 9.2). The RNA
samples were stored at −70 ◦ C until analysis. First-strand cDNA was synthesized using RNA (1 µg)
and an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. The expression of genes in PBMCs including HSP70, HSP90, HSP beta 1 (B1) was analyzed
by real-time quantitative PCR (q-PCR) amplifications with SYBR-Green® as described previously [21].
All reactions were performed in triplicate in order to improve the reliability of assessment and in a total
reaction volume of 20 µL per well in a 96-well plate using a Chromo4™ four-color real-time detector
(MJ Research, Waltham, MA, USA). The reaction mixture contained 100 ng of cDNA, 10 µL of 2× SYBR

Animals 2020, 10, 895

5 of 11

Green PCR master mix (Bio-Rad) and 0.6 µL of primers at 10 µM (Bioneer, Daejeon, Korea) in autoclaved
water. The thermal cycling conditions were as follows: initial incubation at 95 ◦ C for 3 min followed by
40 cycles of denaturation at 95 ◦ C for 10 s, annealing at 60 ◦ C for 30 s and extension at 72 ◦ C for 30 s,
after which the samples were heated at 95 ◦ C for 10 s, cooled to 65 ◦ C for 5 s, and then heated to 95 ◦ C
at a rate of 0.5 ◦ C/s. The results were monitored using post-PCR melt curve analysis of amplification
reactions (in triplicate from all samples) and sequencing amplification products. Primers were designed
using the National Center for Biotechnology Information Primer-BLAST (Table 2). The threshold cycles
for each sample were normalized to housekeeping genes (GAPDH, RPS15A and B2 M) [22] and the
relative expression of the target gene was quantified as the fold change of expression of the target
gene relative to the expression of the thermoneutral control according to the 2-∆∆rCT method [23].
The coefficient of variation of the housekeeping gene was checked prior to the calculation of the results
to ensure that it did not exceed 5%.
Table 2. Primer sequences, lengths and accession numbers.
Gene

Accession Number

HSP70

U09861

HSP90

NM_001012670

HSPB1

NM_001025569

GAPDH

NM_001034034.2

RPS15A

NM_001037443.2

B2 M

NM_173893.3

Sequence
F: TACGTGGCCTTCACCGATAC
R: GTCGTTGATGACGCGGAAAG
F: GGAGGATCACTTGGCTGTCA
R: GGGATTAGCTCCTCGCAGTT
F: CCTGGACGTCAACCATTC
R: GCTTGCCAGTGATCTCCAC
F: GGCAAGGTCATCCCTGAG
R: GCAGGTCAGATCCACAACAG
F: CCGTGCTCCAAAGTCATCGT
R: GGGAGCAGGTTATTCTGCCA
F: GACACCCACCAGAAGATGGA
R: CAGGTCTGACTGCTCCGATT

Length (bp)
171
177
77
166
200
125

HSP = heat-shock protein; HSPB1 = heat-shock protein beta 1; GAPDH = glyceraldehyde-3-phosphate
dehydrogenase; RPS15A = ribosomal protein S15a; B2M = beta-2-microlobulin.

2.4. Statistical Analysis
In the in vitro model, data were reported as least square means ± standard errors of the mean
(SEM). The differences in mRNA expression (RT-qPCR) and cell proliferation data between two groups
were evaluated using the Student’s t-test and the GLM procedure in JMP 5.0 (SAS Institute, Inc., Cary,
NC, USA) statistical software. The model included effects of treatment (n = 5) and error term. The calf
was used as an experimental unit (n = 5). Three separate sets of in vitro studies with triplicate wells
per animal were conducted at 37 ◦ C and 42 ◦ C.
In the in vivo model, data were reported as least squares means ± standard errors of the mean
(SEM). To test whether average age and BW of calves in each THI group were statistically different,
a statistical analysis was run among the four groups. The mRNA expression (RT-qPCR) of the four
groups was evaluated using the repeated-measures analysis and the GLM procedure in JMP 5.0
(SAS Institute, Inc.) statistical software. The model was as follows:
Yijk = µ +αi + βj + γ(α)ik + εijk
where Yijk is the observation of calf k at sampling time j for the given treatment i, µ is the overall mean,
αi is the fixed effect of treatment i (threshold, mild, moderate and severe stress level), βj is the fixed
effect of sampling time j (every 3 days), γ(α)ik is the random effect of calf k nested in treatment i and
εijk is the residual effect. The model included treatments (trial 1; threshold and mild, trial 2; moderate
and severe) and calf identifications (age and BW upon entering the chamber) as random variables.
The effect of calf nested within treatment was included in the REPEATED statement. A Tukey’s honest
significant difference (HSD) test was performed for mean comparisons. The covariance structures
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(autoregressive order 1, unstructured and compound symmetry) for the repeated measures model were
tested and the structure that best fit the model was chosen based on the smallest value of Schwarz’s
Bayesian information criterion. The first day of sampling in each THI group was included as a covariate
to correct the means and was included in the model when appropriate but was removed from the
model when not significant. Differences were considered statistically significant if the p-value was less
Animals 2020, 10, x
6 of 11
than 0.05. Means with p-values between 0.05 and 0.10 reflected a tendency to differ.
3.3.Results
Results&&Discussion
Discussion
Livestock
Livestockare
aresubjected
subjectedtotovarious
variousstresses
stressesthat
thataffect
affecttheir
theirproduction,
production,growth
growthperformance,
performance,
reproduction
reproductionand
andhealth.
health.Climate-induced
Climate-inducedHS
HSisisone
oneofofthe
themajor
majorfactors
factorsthat
thataffects
affectsthe
theproductivity
productivity
and
andadaptability
adaptabilityof
ofanimals
animals[1].
[1].Beef
Beefcalves
calvesare
aresensitive
sensitivetotoHS,
HS,which
whichaffects
affectstheir
theirfeed
feedintake
intakeand
and
growth
performance
[24,25].
Moreover,
HS
also
damages
calves’
immune
system
[26,27].
growth performance [24,25]. Moreover, HS also damages calves’ immune system [26,27].
This
Thisstudy
studywas
wasconducted
conductedto
toinvestigate
investigatethe
theeffects
effectsof
ofHS
HSon
onvarious
variousphysiological
physiologicalindicators
indicatorsin
in
PBMCs
of
Korean
native
beef
calves.
Prior
to
an
in
vivo
experiment,
the
effects
of
HS
on
viability
PBMCs of Korean native beef calves. Prior to an in vivo experiment, the effects of HS on viabilityand
and
HSPs
HSPsgene
geneexpression
expressionwere
wereinvestigated
investigatedin
inPBMCs
PBMCscultured
cultured using
using in
in an
an in
invitro
vitromodel.
model.
3.1.
3.1.Proliferation
ProliferationofofPBMCs
PBMCsininCell
CellCulture
CultureSystem
System
To
Toexplore
explorethe
theeffect
effectof
ofHS
HSon
onPBMC
PBMCproliferation,
proliferation,we
weassayed
assayedthe
thecell
cellviability
viabilityby
byCCK-8
CCK-8assay.
assay.
◦ C)
Figure
1
showed
that
the
cell
viability
was
significantly
decreased
in
the
heat-stressed
group
(42
Figure 1 showed that the cell viability was significantly decreased in the heat-stressed group (42°C)
◦
compared
comparedwith
withthat
thatof
ofthe
thecontrol
controlgroup
group(37
(37 °C)
C)(p
(p==0.015).
0.015).

Figure 1. Effects of heat stress on peripheral blood mononuclear cells (PBMCs) proliferation.
Figure
1. Effects
of measured
heat stress by
on Cell
peripheral
blood
mononuclear
cells (PBMCs)
Cell viability
was
Counting
Kit-8
(CCK-8) assay.
Data areproliferation.
presented asCell
the
viability
was
measured
by
Cell
Counting
Kit-8
(CCK-8)
assay.
Data
are
presented
as
the
means
±
means ± standard errors (n = 5 for each of three experiments). * Means with different superscripts
standard
errors
(n
=
5
for
each
of
three
experiments).
*
Means
with
different
superscripts
differ
differ significantly (p < 0.05) between two groups based on Student’s t-test.
significantly (p < 0.05) between two groups based on Student’s t-test.

HS affects the PBMC morphology and membrane structure and decreases cell viability,
and HS
eventually
PBMC
proliferation
[14].
In the present
study,and
the decreases
cell viability
significantly
affects inhibits
the PBMC
morphology
and
membrane
structure
cellwas
viability,
and
◦ C)
decreased inhibits
in the HS
group
(42 ◦ C) compared
with
that study,
of the the
control
group (37
(p = 0.015)
eventually
PBMC
proliferation
[14]. In the
present
cell viability
was
significantly
(Figure 1).inThese
results
withwith
observations
cattle, group
in which
decreased
the HS
groupare
(42consistent
°C) compared
that of theincontrol
(37lower
°C) (p cellular
= 0.015) survival
(Figure
1).
These
results
areheat
consistent
observations
in cattle,
in which
lower cellular
survival
was
reported
after
shock inwith
PBMCs
[5]. Normal
conditions
(temperature,
humidity,
CO2was
and
nutrients)after
during
culture
critical[5].
to cell
growth
and proliferation,
and exposure
to CO
abnormal
reported
heatcell
shock
in are
PBMCs
Normal
conditions
(temperature,
humidity,
2 and
nutrients)
are critical
to cell
and proliferation,
andreason
exposure
conditionsduring
such ascell
HSculture
may induce
cell death
or growth
inhibit proliferation
[12]. The
whyto
weabnormal
observed
conditions
such as HS
induce
cellbe
death
or inhibit
proliferation
[12].
The reason
whyreduced
we observed
lower cell viability
in may
HS group
may
attributed
to cell
function and
activity
that was
by HS.
lower
cell viability
in HS
group may
to cell
function
and
activityproliferative
that was reduced
by
Furthermore,
cell cycle
progression
inbe
theattributed
proliferative
responses
and
sustained
responses
HS.
cycle progression
in the
responses
and sustained
proliferative
are Furthermore,
supported by cell
continuous
cell division
[28]proliferative
and HS response
pathways
often evoke
cell cycle
responses
are supported
by continuous
cell division
[28] and HS
response
pathways often
evoke cell
arrest to avoid
the distribution
of damaged
macromolecules,
leading
to proliferation
inhibition
[29].
cycle
arrest toHSPs
avoidfunctions
the distribution
of damaged
macromolecules,
to proliferation
inhibition
In addition,
can influence
the proteins
required forleading
cell growth
and proliferation
in a
[29].
In addition, HSPs
functions
can [30].
influence the proteins required for cell growth and proliferation
developmentally
regulated
manner
in a developmentally regulated manner [30].
3.2. The mRNA Expression of HSP70, HSP90 and HSPB1 in PBMCs Cell Culture System and during the
Experimental Period in the Climatic Chamber.
The expression of HSP genes in PBMCs was evaluated in the in vitro experiments (Figure 2). The
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protection factor for PBMCs in Korean native beef calves. HSP genes code for proteins acting as
study, the expression of HSP70 in PBMCs increased significantly when the cells were subjected to
chaperones protecting cells from HS and facilitate the removal of damaged proteins [31]. In this study,
HS in in vitro and in vivo models. The HSP70 gene is considered as a reliable biologic marker to
the expression of HSP70 in PBMCs increased significantly when the cells were subjected to HS in in
quantify HS response in PBMCs [16]. In the present study, the mRNA expression profile of HSP70
vitro and in vivo models. The HSP70 gene is considered as a reliable biologic marker to quantify HS
in cultured PBMCs is consistent with previous findings involving broilers [32], sheep [33], goats [34]
response in PBMCs [16]. In the present study, the mRNA expression profile of HSP70 in cultured
and humans [35]. Sheikh et al. [36] found an increase in HSP70 protein expression in cultured PBMCs
PBMCs is consistent with
previous findings involving broilers [32], sheep [33], goats [34] and humans
when exposed to 42 ◦ C for 3 h of incubation, which is consistent with the results of the present study.
[35]. Sheikh et al. [36] found an increase in HSP70 protein expression in cultured PBMCs when exposed
In another study, Bhanuprakash et al. [6] found an increase in HSP70 concentration after heat shock at
to 42
°C for 3 h of incubation, which is consistent with the results of the present study. In another study,
42 ◦ C for 1 h in PBMCs of cows, which is aligned with our present study. In addition, an increase in
Bhanuprakash et al. [6] found an increase in HSP70 concentration
after heat shock at 42 °C for 1 h in
HSP70 expression was observed after exposure to heat at 42 ◦ C for 4 h in mammary epithelial cells [14]
PBMCs of cows, which is aligned with our present study. In addition, an increase in HSP70 expression
corroborating this study. As previously reported, the heart rate and rectal temperature as heat-stress
was observed after exposure to heat at 42 °C for 4 h in mammary epithelial cells [14] corroborating this
indicators increased in each group under the HS conditions (moderate and severe levels) [19,37].
study. As previously reported, the heart rate and rectal temperature as heat-stress indicators increased
In the current study, expression of the HSP70 gene was increased under rapid exposure to severe HS
in each group under the HS conditions (moderate and severe levels) [19,37]. In the current study,
conditions. The relatively high THI (above the threshold) in the severely stressed group may be another
expression of the HSP70 gene was increased under rapid exposure to severe HS conditions. The
explanation for the elevated expression of HSP70 compared with the threshold group. Among different
relatively high THI (above the threshold) in the severely stressed group may be another explanation for
HSP families, the HSP70 is critically involved in HS response of cells. Therefore, the HSP70 may play
the elevated expression of HSP70 compared with the threshold group. Among different HSP families,
an important role in cellular protection against acute HS environmental or physiological stimuli [11].
the HSP70 is critically involved in HS response of cells. Therefore, the HSP70 may play an important
The expression of HSP90 in PBMCs was significantly increased when the cells were subjected to HS
role in cellular protection against acute HS environmental or physiological stimuli [11]. The expression
in the in vitro model. In addition, the expression of HSP90 is increased to complement the increased
of HSP90 in PBMCs was significantly increased when the cells were subjected to HS in the in vitro model.
HSP70 expression to protect against HS. HSP90 per se or associated with multi-chaperone complexes,
In addition, the expression of HSP90 is increased to complement the increased HSP70 expression to
is a major repressor of heat shock transcription factor (HSF1) [8]. In extracts derived from unstressed
protect against HS. HSP90 per se or associated with multi-chaperone complexes, is a major repressor of
cells, HSF1 is mainly found as a monomeric polypeptide deficient in specific DNA-binding activity [8].
heat shock transcription factor (HSF1) [8]. In extracts derived from unstressed cells, HSF1 is mainly
When cells are stressed, HSF1 homodimerizes, acquires DNA-binding activity and translocates from
found as a monomeric polypeptide deficient in specific DNA-binding activity [8]. When cells are
the cytoplasm to the nucleus [38]. In this study, the increased expression of HSP90 in PBMCs was
stressed, HSF1 homodimerizes, acquires DNA-binding activity and translocates from the cytoplasm
translated as a repressor of HSF1 to protect against HS. The expression of HSPB1 in PBMCs was
to the nucleus [38]. In this study, the increased expression of HSP90 in PBMCs was translated as a
significantly increased when the cells were subjected to HS in the in vitro model. HSPB1 mediated
repressor of HSF1 to protect against HS. The expression of HSPB1 in PBMCs was significantly increased
different types of stress resistance without organ specificity [39]. HSPB1 is a small HSP involved in
when the cells were subjected to HS in the in vitro model. HSPB1 mediated different types of stress
many cellular processes and reportedly protects cells against oxidative stress and also rapidly returns
resistance without organ specificity [39]. HSPB1 is a small HSP involved in many cellular processes and
to normal levels following the loss of homeostatic challenge [40]. This phenomenon facilitates the
reportedly protects cells against oxidative stress and also rapidly returns to normal levels following the
overexpression of HSPB1 when cytoprotection is required in HS [41]. In addition, due to changes
loss of homeostatic challenge [40]. This phenomenon facilitates the overexpression of HSPB1 when
in phosphorylation and conformation, the HSPB1 alters its response against heat stress [42]. In this
cytoprotection is required in HS [41]. In addition, due to changes in phosphorylation and conformation,
the HSPB1 alters its response against heat stress [42]. In this study, the HSP90 and HSPB1 genes were
found to act as chaperones to protect cells against HS in the in vitro model.
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study, the HSP90 and HSPB1 genes were found to act as chaperones to protect cells against HS in the
in vitro model.
When thermal stress conditions were maintained, the HSP70 gene expression returned to normal
range after 3–6 days in in vivo experiments. This result may be explained by homeostasis and
adaptation mechanisms in the body at the cellular levels after HS damage. HSP reacts immediately
to HS and serves as a chaperone protein [12]. Accordingly, the gene expression of HSP returned to a
normal range via adjustment to HS in approximately 6 days in Korean native beef calves. In agreement
with the obtained result, in a previous study, the expression of the HSP70 gene was increased after
exposure to HS conditions and returned to a normal range after 5 days in Tharparkar cattle [16].
According to this prior study, the HSP70 gene expression returned to the basal level via homeostasis
after the lapse of appropriate time, which varies across different breeds. However, the expression of
HSP90 and HSPB1 were not altered in our in vivo model (Figure 3b,c). This finding indicates that
the HSP70 exhibits more sensitive mechanisms than HSP90 and HSPB1 to facilitate adaptation to HS
according to homeostasis regulation.
4. Conclusions
In conclusion, the HSP70, HSP90 and HSPB1 genes play an important role in regulating the
proliferation of PBMCs in relation to heat stress. In addition, the in vivo model suggests that
calves actively carry integrated physiological mechanisms to adapt themselves to heat stress after
six days of continuous exposure by regulating the HSP70 gene expression. HSP70 gene regulates
physiological homeostasis in the body through heat stress-mediated regulation of cellular activity and
proliferation. Results of the present study can be used as a basis for investigations to further improve
our understanding of the response of HSPs, especially HSP70 and gene expression in PBMCs as an
indicator of heat stress in both in vitro and in vivo models.
Author Contributions: Conceptualization, W.-S.K. and H.-G.L.; formal analysis, W.-S.K.; investigation, W.-S.K.;
writing—original draft preparation, W.-S.K.; writing—review and editing, J.G.N., S.-G.R. and H.-G.L. All authors
have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: This study was supported by Konkuk University in 2018.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.

Belhadj Slimen, I.; Najar, T.; Ghram, A.; Abdrrabba, M. Heat stress effects on livestock: Molecular, cellular and
metabolic aspects, a review. J. Anim. Physiol. Anim. Nutr. 2016, 100, 401–412. [CrossRef]
Kadzere, C.T.; Murphy, M.R.; Silanikove, N.; Maltz, E. Heat stress in lactating dairy cows: A review.
Livest. Prod. Sci. 2002, 77, 59–91. [CrossRef]
West, J.W. Effects of Heat-Stress on Production in Dairy Cattle. J. Dairy Sci. 2003, 86, 2131–2144. [CrossRef]
O’Brien, M.D.; Rhoads, R.P.; Sanders, S.R.; Duff, G.C.; Baumgard, L.H. Metabolic adaptations to heat stress in
growing cattle. Domest. Anim. Endocrinol. 2010, 38, 86–94. [CrossRef]
Tao, S.; Monteiro, A.P.A.; Thompson, I.M.; Hayen, M.J.; Dahl, G.E. Effect of late-gestation maternal heat stress
on growth and immune function of dairy calves. J. Dairy Sci. 2012, 95, 7128–7136. [CrossRef]
Bhanuprakash, V.; Singh, U.; Sengar, G.; Sajjanar, B.; Bhusan, B.; Raja, T.V.; Alex, R.; Kumar, S.; Singh, R.;
Ashish, K.; et al. Differential effect of thermal stress on HSP70 expression, nitric oxide production and cell
proliferation among native and crossbred dairy cattle. J. Therm. Biol. 2016, 59, 18–25. [CrossRef]
De Maio, A. Heat shock proteins: Facts, thoughts, and dreams. Shock 1999, 11, 1–12. [CrossRef]
Zou, J.; Guo, Y.; Guettouche, T.; Smith, D.F.; Voellmy, R. Repression of Heat Shock Transcription Factor HSF1
Activation by HSP90 (HSP90 Complex) that Forms a Stress-Sensitive Complex with HSF1. Cell 1998, 94,
471–480. [CrossRef]

Animals 2020, 10, 895

9.

10.
11.
12.

13.

14.
15.

16.

17.
18.
19.

20.
21.
22.

23.
24.
25.

26.
27.

28.

29.

30.

10 of 11

Kumar, A.; Ashraf, S.; Goud, T.S.; Grewal, A.; Singh, S.V.; Yadav, B.R.; Upadhyay, R.C. Expression profiling of
major heat shock protein genes during different seasons in cattle (Bos indicus) and buffalo (Bubalus bubalis)
under tropical climatic condition. J. Therm. Biol. 2015, 51, 55–64. [CrossRef]
Givskov, S.J.; Nygaard, K.T.; Volker, L. The evolutionary and ecological role of heat shock proteins. Ecol. Lett.
2003, 6, 1025–1037. [CrossRef]
Maloyan, A.; Palmon, A.; Horowitz, M. Heat acclimation increases the basal HSP72 level and alters its
production dynamics during heat stress. Am. J. Physiol. 1999, 276, R1506–R1515. [CrossRef] [PubMed]
Lacetera, N.; Bernabucci, U.; Scalia, D.; Basirico, L.; Morera, P.; Nardone, A. Heat stress elicits different
responses in peripheral blood mononuclear cells from Brown Swiss and Holstein cows. J. Dairy Sci. 2006, 89,
4606–4612. [CrossRef]
Kishore, A.; Sodhi, M.; Kumari, P.; Mohanty, A.K.; Sadana, D.K.; Kapila, N.; Khate, K.; Shandilya, U.;
Kataria, R.S.; Mukesh, M. Peripheral blood mononuclear cells: A potential cellular system to understand
differential heat shock response across native cattle (Bos indicus), exotic cattle (Bos taurus), and riverine
buffaloes (Bubalus bubalis) of India. Cell Stress Chaperones 2014, 19, 613–621. [CrossRef] [PubMed]
Collier, R.J.; Collier, J.L.; Rhoads, R.P.; Baumgard, L.H. Invited review: Genes involved in the bovine heat
stress response. J. Dairy Sci. 2008, 91, 445–454. [CrossRef] [PubMed]
Bharati, J.; Dangi, S.S.; Mishra, S.R.; Chouhan, V.S.; Verma, V.; Shankar, O.; Bharti, M.K.; Paul, A.; Mahato, D.K.;
Rajesh, G.; et al. Expression analysis of Toll like receptors and interleukins in Tharparkar cattle during
acclimation to heat stress exposure. J. Therm. Biol. 2017, 65, 48–56. [CrossRef]
Bharati, J.; Dangi, S.S.; Chouhan, V.S.; Mishra, S.R.; Bharti, M.K.; Verma, V.; Shankar, O.; Yadav, V.P.;
Das, K.; Paul, A.; et al. Expression dynamics of HSP70 during chronic heat stress in Tharparkar cattle.
Int. J. Biometeorol. 2017, 61, 1017–1027. [CrossRef]
Mader, T.L.; Davis, M.S.; Brown-Brandl, T. Environmental factors influencing heat stress in feedlot cattle.
J. Anim. Sci. 2006, 84, 712–719. [CrossRef]
Tolnai, S. A method for viable cell count. TCA Man. Tissue Cult. Assoc. 1975, 1, 37–38. [CrossRef]
Kim, W.S.; Nejad, J.G.; Peng, D.Q.; Jung, U.S.; Kim, M.J.; Jo, Y.H.; Jo, J.H.; Lee, J.S.; Lee, H.G. Identification of
heat shock protein gene expression in hair follicles as a novel indicator of heat stress in beef calves. Animal
2020, 1–8. [CrossRef]
NRC. A Guide to Environmental Research on Animals; National Academy of Sciences: Washington, DC,
USA, 1971.
Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc.
2008, 3, 1101–1108. [CrossRef]
Kishore, A.; Sodhi, M.; Khate, K.; Kapila, N.; Kumari, P.; Mukesh, M. Selection of stable reference genes in heat
stressed peripheral blood mononuclear cells of tropically adapted Indian cattle and buffaloes. Mol. Cell. Probes
2013, 27, 140–144. [CrossRef] [PubMed]
Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
Mader, T.L. Environmental stress in confined beef cattle. J. Anim. Sci. 2003, 81, E110–E119.
Kim, W.S.; Lee, J.S.; Jeon, S.W.; Peng, D.Q.; Kim, Y.S.; Bae, M.H.; Jo, Y.H.; Lee, H.G. Correlation between
blood, physiological and behavioral parameters in beef calves under heat stress. Asian Australas. J. Anim. Sci.
2018, 31, 919–925. [CrossRef]
Peli, A.; Scagliarini, L.; Bergamini, P.F.; Prosperi, A.; Bernardini, D.; Pietra, M. Influence of heat stress on the
immunity in growing beef cattle. Large Anim. Rev. 2013, 19, 215–218.
Lee, J.-S.; Kacem, N.; Kim, W.-S.; Peng, D.Q.; Kim, Y.-J.; Joung, Y.-G.; Lee, C.; Lee, H.-G. Effect of Saccharomyces
boulardii Supplementation on Performance and Physiological Traits of Holstein Calves under Heat Stress
Conditions. Animals 2019, 9, 510. [CrossRef]
Li, C.M.; Yan, H.C.; Fu, H.L.; Xu, G.F.; Wang, X.Q. Molecular cloning, sequence analysis, and function of
the intestinal epithelial stem cell marker Bmi1 in pig intestinal epithelial cells. J. Anim. Sci. 2014, 92, 85–94.
[CrossRef]
Costa, M.R.; Ortega, F.; Brill, M.S.; Beckervordersandforth, R.; Petrone, C.; Schroeder, T.; Gotz, M.; Berninger, B.
Continuous live imaging of adult neural stem cell division and lineage progression in vitro. Development
2011, 138, 1057–1068. [CrossRef]
Pechan, P.M. Heat shock proteins and cell proliferation. FEBS Lett. 1991, 280, 1–4. [CrossRef]

Animals 2020, 10, 895

31.
32.
33.
34.

35.
36.

37.

38.
39.

40.

41.
42.

11 of 11

Parsell, D.A.; Lindquist, S. The function of heat-shock proteins in stress tolerance: Degradation and
reactivation of damaged proteins. Annu. Rev. Genet. 1993, 27, 437–496. [CrossRef]
Guerriero, V., Jr.; Raynes, D.A. Synthesis of heat stress proteins in lymphocytes from livestock. J. Anim. Sci.
1990, 68, 2779–2783. [CrossRef]
Agnew, L.L.; Colditz, I.G. Development of a method of measuring cellular stress in cattle and sheep.
Vet. Immunol. Immunopathol. 2008, 123, 197–204. [CrossRef] [PubMed]
Dangi, S.S.; Dangi, S.K.; Chouhan, V.S.; Verma, M.R.; Kumar, P.; Singh, G.; Sarkar, M. Modulatory effect of
betaine on expression dynamics of HSPs during heat stress acclimation in goat (Capra hircus). Gene 2016, 575,
543–550. [CrossRef] [PubMed]
Deguchi, Y.; Negoro, S.; Kishimoto, S. Heat-shock protein synthesis by human peripheral mononuclear cells
from sle patients. Biochem. Biophys. Res. Commun. 1987, 148, 1063–1068. [CrossRef]
Sheikh, A.A.; Aggarwal, A.; Indu, B.; Aarif, O. Inorganic zinc supplementation modulates heat shock
and immune response in heat stressed peripheral blood mononuclear cells of periparturient dairy cows.
Theriogenology 2017, 95, 75–82. [CrossRef]
Kim, W.; Lee, J.; Peng, D.; Conejos, J.; Jo, Y.; Jo, J.; Seo, J.; Choe, W.; Kim, J.; Kim, T.; et al. Responses of
growth performance, physiological and blood parameter to long-term heat stress in beef calves. J. Anim. Sci.
2018, 96, 384–385. [CrossRef]
Voellmy, R. Sensing stress and responding to stress. In Stress-Inducible Cellular Responses; Feige, U., Yahara, I.,
Morimoto, R.I., Polla, B.S., Eds.; Birkhäuser Basel: Basel, Switzerland, 1996; pp. 121–137. [CrossRef]
Wu, D.; Zhang, M.; Xu, J.; Song, E.; Lv, Y.; Tang, S.; Zhang, X.; Kemper, N.; Hartung, J.; Bao, E.
In vitro evaluation of aspirin-induced HspB1 against heat stress damage in chicken myocardial cells.
Cell Stress Chaperones 2016, 21, 405–413. [CrossRef]
Matsumoto, T.; Urushido, M.; Ide, H.; Ishihara, M.; Hamada-Ode, K.; Shimamura, Y.; Ogata, K.; Inoue, K.;
Taniguchi, Y.; Taguchi, T.; et al. Small Heat Shock Protein Beta-1 (HSPB1) Is Upregulated and Regulates
Autophagy and Apoptosis of Renal Tubular Cells in Acute Kidney Injury. PLoS ONE 2015, 10, e0126229.
[CrossRef]
Concannon, C.G.; Gorman, A.M.; Samali, A. On the role of Hsp27 in regulating apoptosis. Apoptosis Int. J.
Program. Cell Death 2003, 8, 61–70. [CrossRef]
Thériault, J.R.; Lambert, H.; Chávez-Zobel, A.T.; Charest, G.; Lavigne, P.; Landry, J. Essential role of the
NH2-terminal WD/EPF motif in the phosphorylation-activated protective function of mammalian Hsp27.
J. Biol. Chem. 2004, 279, 23463–23471. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

