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Abstract

The relationships between rectal temperatures and physiological and cellular responses to heat stress can improve the productivity of
Saanen goats in tropical environments. In this context, this study evaluated the physiological responses and gene expression of heat
shock proteins (HSP60, 70, and 90) and genes related to apoptosis (Bax, Bcl-2, and p53) of Saanen goats subjected to acute heat stress.
Ten health Saanen goats were exposed to solar radiation during 3 consecutive days. The expression of HSP60, HSP70, HSP90, Bax,
Bcl-2, and p53 genes in blood leukocytes, rectal and superficial temperatures, respiratory frequency, cortisol, triiodothyronine, and
thyroxine was measured at 06:00, 13:00, and 18:00 h. In vitro, blood leukocytes were subjected to 38 °C and 40 °C for 3 h to measure
the expression of the same target genes. The temperature humidity index, measured from 12:00 to 15:00, was greater than 80 and black
globe temperatures were greater at 40 °C, indicating the intensity of the solar radiation. Although the solar radiation caused acute heat
stress, increased cortisol release, and the expression of HSP60 and 70 in dry Saanen goats, the increased respiratory frequency and
decreased T4 and T3 restored the homeothermy of the experimental goats. In vitro, the 40 °C increased the expression of p53 (pro-
apoptotic protein), Bel-2 (anti-apoptotic protein), HSP60, HSP70, and HSP90, suggesting that these genes have protective functions.
However, further studies are necessary to understand the physiological and cellular responses to heat stress.
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Abbreviations RH Relative humidity

°C Degrees Celsius T3 Triiodothyronine

bpm Breath movements per minute T4 Thyroxine

Bax Bcl-2-associated X protein AT Air temperature

Bcl-2 B cell lymphoma 2 BGT Black globe temperature

Cort Serum cortisol concentration DT Dorsal temperature

FZEA Faculty of Animal Science and Food Engineering ~ DPT Dew point temperature

h Hours THI Temperature and humidity index

HSPs Heat shock proteins MT Mammary gland temperature

min Minutes oT Ocular temperature

PBMCs  Peripheral blood mononuclear cells RT Rectal temperature

PCR Polymerase chain reaction TT Tail temperature

pS3 Protein 53 USP University of Sdo Paulo

RF Respiratory frequency GAPDH Glyceraldehyde 3-phosphate dehydrogenase
mK Millikelvin
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1 . . o Introduction
Laboratory of Animal Physiology, Department of Basic Science,
Faculty of Animal Science and Food Engineering, University of Sao . .
Paulo, Duque de Caxias Norte 225, Pirassununga, Sio Farm ruminants are constantly exposed to environmental factors
Paulo 13635-900, Brazil and climate challenges that could cause stress and negatively
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impact their production and reproduction (Minton 1994,
McMichael et al. 2007; Narayan and Parisella 2017; Narayan
et al. 2018). In tropical latitudes, ruminants are maintained on
grassland pasture and are exposed, most of the time, to intense
solar radiation. In general, goats from hot climates are less sus-
ceptible to solar radiation, water deprivation, lower forage avail-
ability, and heat stress (Brasil et al. 2000; de Silva et al. 2006).
Goats are a good alternative to conventional animal production in
hot climatic condition due to their ability to adapt to different
environments (Silanikove 2000; de Silva et al. 2006). During
heat stress, however, goats increase their rectal temperature, re-
spiratory frequency, and sweating to change their body heat and
show high cortisol (Cort) and low tyrosine (T4) and triiodothy-
ronine (T3) concentrations to maintain their homeothermy (Maia
et al. 2015; Ribeiro et al. 2016).

In the same way, heat stress also triggers cellular responses
and induces transcription and translation of several genes and
changing protein synthesis (Ohtsubo et al. 2001; Johnson et al.
2006; Bernabucci et al. 2010). The overexpression of heat shock
proteins (HSPs) in the blood leukocytes of Barbari goats in hotter
seasons suggests a protective role of HSPs for maintaining cell
integrity (Dangi et al. 2012). Additionally, other authors have
suggested that HSP60, HSP70, and HSP90 have essential roles
in cell survival by preventing apoptosis during different stress
events (Lanneau et al. 2007; Hartl et al. 2011; Hu et al. 2016).
In contrast, p53 is a key regulator of apoptosis and both Bcl-2
(anti-apoptotic) and Bax (pro-apoptotic) proteins also have im-
portant roles in the regulation of cell survival (Chen and Chuang
1999; Du et al. 2008; Gu et al. 2014). In fact, cell survival
depends of the synthesis and accumulation of protective (HSPs,
Bcl-2) or apoptotic proteins (p53 and Bax).

In this context, the relationships between physiological and
cellular responses to heat stress can improve the effectiveness of
genetic selection of Saanen goats for tropical climates (Paula-
Lopes et al. 2003; McManus et al. 2009; Pereira et al. 2014)
because goats mobilize thermoregulatory responses to maintain
their homeothermy during heat stress. Thus, the information on
Saanen goats that originated from temperate latitudes and bred
for several generations in tropical latitudes is scarce. The objec-
tive of this study was to evaluate the relationships between body
temperatures, physiological responses, and cellular responses in
non-lactating Saanen goats exposed to acute heat stress caused
by solar radiation exposure on thermoregulatory responses, Cort,
T4 and T3 concentrations, and the expression of HSP60, HSP70,
HSP90, p53, Bcel-2, and Bax in vivo and in vitro.

Materials and methods
Experimental location

The present study was carried out at the Animal Physiology
laboratory, Animal Science and Food Engineering Faculty
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(FZEA), University of Sdo Paulo (USP), Pirassununga (21°
58" S and 47° 26” W), Brazil. The climate is classified, ac-
cording to the Koeppen-Geiger classification, as subtropical
humid. All animal procedures were in compliance with
established ethical procedures and were approved by the ethic
committee of the FZEA/USP.

Weather data

Air temperature (AT), black globe temperature (BGT), and
relative humidity (RH) were recorded by a data logger
(Onset HOBO®, Cape Cod, MA, USA) during the experi-
mental period. The influence exerted by the environment on
the animals was described using the temperature and humidity
index (THI) and calculated as described by Thom (1959):
THI= AT + 0.36 x DPT + 41.5, where AT is the air tempera-
ture and DPT is the dew point temperature, both in degrees
Celsius. As previously reported (Silanikove and Koluman
2015), the THI was classified as normal when lower than
80, alert when <80 and <85, danger when <85 and <90,
and extreme when > 90.

The details concerning AT, BGT, RH, and THI from
06:00 am to 18:00 pm are shown in Table 1. During the
in vivo study, the maximum AT (33.20 °C) and BGT
(43.88 °C) were recorded at 14:00 and 13:00 h respectively,
indicating the intensity of solar radiation imposed on the
goats. The discomfort or stress of the experimental goats
was measured by the THI and the THI measured from 12:00
to 15:00 was classified as the alert condition because the THI
was above 80 (Table 1).

Animals, pens, and diets

Ten healthy, female dry 5-year-old Saanen goats with an average
body weight of 46.2+5.6 kg were used in the present study.
Experimental goats were maintained in collective covered pens
with free access to shade, feed, water, and mineral salt in collec-
tive troughs. Experimental goats received a total diet (corn silage
and mixed grains at 60:40) twice a day (at 08:00 am and
16:00 pm). Taking into account the age, category, body weight,
and body condition score, the diet was adjusted to provide 100%
of the animal’s dietary needs (NRC 2007) and feed intake was
adjusted daily with 10% of leftovers.

Experimental procedures

In the present study, two experiments were performed, one
in vivo and another in vitro. In the in vivo experiment, the
Saanen goats were exposed to solar radiation during 3 typical
days of spring in an area without any type of shade (420 m? of
total area, fenced, smooth concrete floor with feeder, and wa-
ter troughs), where they remained from 07:00 am to 17:00 pm
(experimental challenge) but with access to feed and water.
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Table 1 Mean + standard error of mean of air temperature (AT), black globe temperature (BGT), relative humidity (RH), and temperature humidity
index (THI) by hour measured during the in vivo experiment

Item Hours P value

06:00*  07:00 0800 09:00 10:00 11:00 12:00 13:00*  14:00 15:00 16:00 17:00  18:00*

AT (°C) 1959 2131  23.66 2533 2749 2899 31.00 32.05* 3320 31.14 2882 2802 26.63° <0.001
BGT (°C) 19.25° 21.85 24.67 2637 2953 32.07 34.04 4093 4388 3523 3075 2922 2551° <0.001
RU (%) 87.53*  84.13 76.12 70.13 6431 6122 6020 51.36° 4747 4947 60.87 6323 69.60° <0.001
THI 6724° 6934 7196 73.80 7632 78.14 8020 81.59° 82.87 8021 77.88 7696 71.43°  <0.001

*Different letters at 06:00 am (before), 13:00 pm (during), and 18:00 (after solar radiation) represent P <0.05

TTHI was class as alert condition to dairy goats from 12:00 to 15:00 pm

During the in vivo study, all data were performed at the
06:00 am (before), 13:00 pm (during), and 18:00 pm h (and
after exposure to solar radiation). Afterwards, experimental
goats came back to the covered pens described above, with
free access to shade, feed, water, and mineral salt. In this
experiment, the goats were their own control during the
thermoneutral period of the day (at 6:00 h). During the expo-
sition of heat stress, environmental data were checked contin-
uously and physiological responses of goats were constantly
observed. These care ensured that goats health conditions in
face to experimental heat stress do not overpass the threshold
of life risk. In the in vitro experiment, blood tubes were sub-
mitted to one of two treatments in different water baths: one at
38 °C (control treatment) and another at 40 °C (acute heat
stress treatment) for 3 h. In both studies, the blood leukocytes
(peripheral blood mononuclear cells (PBMCs) were used as a
cellular model because these cells have been used in several
studies to evaluate heat stress responsiveness (Guerriero and
Raynes 1990; Dangi et al. 2012; Kishore et al. 2013).

Data collection and sampling

The respiratory frequency (RF) and rectal (RT), dorsal (DT),
tail (TT), ocular (OT), and mammary gland (MT) tempera-
tures were measured during the 3 days of solar exposure at
06:00 am, 13:00 pm, and 18:00 pm h. RF was determined with

Fig. 1 Scheme used to obtain the
superficial temperature of the
ocular region and mammary
gland. The mean of the ocular
temperature was calculated by
IRsoft 3.6 software using 1 cm of
the radium; the mean mammary
temperature was calculated using
the middle of the mammary gland
as a reference, taking a rectangle
of 8 x6 cm

a stethoscope placed on the rib spaces to obtain the breath
movements per minute (bpm). RT was measured with a cali-
brated clinical thermometer with a precision of 0.10 °C. DT
and TT were measured by an infrared thermometer with a
precision of £2 °C (Incoterm, MultiTemp portable, Porto
Alegre, Rio Grande do Sul, Brazil). OT and MT were mea-
sured by infrared thermography (Testo® 875-2i camera,
Melbourne, Victoria, Australia), with an emissivity of 0.98,
accuracy of +2 °C, and thermal sensibility <50 mK. The
images obtained were analyzed using IRSoft software (ver-
sion 4.0), taking into account the analyses performed in other
studies (Weschenfelder et al. 2013; Alejandro et al. 2014;
Sathiyabarathi et al. 2016). The OT was drawn from a circle
on the eye, limited by the medial and lateral commissures, and
the MT was obtained by drawing a rectangle at the central part
of both glands, limited by the legs (Fig. 1).

Just after the physiological measurements were performed,
blood was sampled at 06:00 am, 13:00 pm, and 18:00 pm
from each animal by jugular venipuncture in heparin and
EDTA tubes for hormone assay and gene expression studies,
respectively. Blood with EDTA was centrifuged at 1500g for
20 min at 4 °C and the leukocyte layer was transferred to a
microtube and 1 ml of hemolysis solution (300 ml of ultrapure
water, 54.8 g of sucralose, 6 ml of Tris-HCI, 2.5 ml of MgCl,,
and 5 ml of Triton 1%) was added to the leukocyte layer.
Afterward, the leukocyte layer with hemolysis solution was
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centrifuged at 12,000g for 2 min at 24 °C. The supernatant
was discharged by inversion and the pellet containing the
PBMCs was maintained at — 80 °C until the RNA extraction.

Blood with heparin also was centrifuged at 1500g for
20 min at 4 °C and the plasma was stored at —20 °C until
hormone analysis. Cort, T4, and T3 were measured using
immunoassay kits (Monobind Inc., Lake Forest, CA, USA,
catalog numbers 365-300, 225-300, 125-300 respectively)
with sensitivities of 0.25 pg/dl, 0.04 ng/ml, and 0.04 pg/dl,
respectively. The Cort intra- and inter-assay coefficients of
variation were 2.8% and 6.5%, respectively. The T4 intra-
and inter-assay coefficients of variation were 2.3% and
3.5%, respectively. The T3 intra- and inter-assay coefficients
of variation were 3.6% and 4.1%, respectively.

The total RNA was extracted and purified using a PureLink
RNA Mini Kit (Invitrogen, Carlsbad, CA, USA). The RNA
concentrations were determined by Qubit® 2.0 Fluorometric
Quantification (Thermo Fisher Scientific, Wilmington, DE,
USA). The total RNA obtained was treated with RNase-Free
DNase (Promega, Madison, WI, USA) to exclude genomic
DNA contamination from the analysis. The RNA was
reverse-transcribed into cDNA using a GoScript ™ Reverse
Transcriptase kit (Promega, Madison, WI, USA). The qPCR
analyses were performed using a PCR-RT machine
(Invitrogen, Carlsbad, CA) with SYBR® Green (Invitrogen,
Carlsbad, CA, USA) as the fluorescent label. Each qPCR re-
action had a total volume of 20 pl and was performed using
96-well plates (Invitrogen, Carlsbad, CA, USA) and transpar-
ent adhesive tapes.

The reaction mixture was comprised of 1 pl of cDNA
(mean concentration of 10 ng/ul), 10 ul of SYBR® Green
Mix, 0.8 pl of the primer pair (final concentration 0.4 pM),
and 8.2 pl of ultrapure water. A control reaction was included
in each assay to detect contamination. The primers used in this
study were for HSP60, HSP70, HSP90, Bax, Bcl-2, p53, and
GAPDH (as a housekeeping gene) and all were sequenced
(Table 2). The qPCR thermocycling conditions for all genes
were the incubation stage at 95 °C for 10 min, 40 cycles of
95 °C for 15 s, and 60 °C for 1 min, and finished with a
dissociation curve. For each set of primers, the PCR efficiency
was close to 100%, all primer pairs used were confirmed for
their PCR efficiency, and specific products were checked by
melt curve analysis and 1.5% agarose gel electrophoresis.
Relative quantification of target genes was done using the
Livak and Schmittgen (2001) method by comparing the ex-
pression level of the target gene with the reference gene
(GAPDH).

Statistical analyses

The data were analyzed using the Statistical Analysis System
(SAS 2008). The normality of the data was confirmed using
the Shapiro-Wilk test. Afterwards, the body temperatures and
hormonal release data were subjected to an analysis of vari-
ance by the MIXED procedure of SAS. In the model, the
treatment effect (exposition to solar radiation) was considered
fixed and the effects of the day, time of sampling (06:00 am
before, 13:00 pm during, and 18:00 pm after solar radiation),

Table 2 Mean =+ standard error of

mean of rectal temperature (RT), Hours
dorsal temperature (DT), tail
temperature (TT), ocular Item 06:00 am 13:00 pm 18:00 pm P value
temperature (OT), mammary
temperature (MT), respirat()ry Animal RT (°C) 38.29+0.07° 39.63+0.14* 3895+ OOSb 0.001
frequency (RF), cortisol (Cort), DT (°C) 24.92 +0.29° 39.76 +0.89* 29.48 +0.89° 0.001
thyroxine (T4), riiodothyronine TT (°C) 35.62+0.42° 38.8840.38° 36.6340.30° 0.001
(T3), and the relative expression . . b
of HSP60, HSP70, HSP90, Bax. OT (°C) 34.77+0.17 38.40+0.30 36.58+0.15 0.001
Bcl-2, p53, and Bcl-2/Bax genes MT (°C) 33.96+0.22° 38.73 +0.46" 36.42+0.30° 0.001
measured during the in vivo RF (°C) 49.47+431° 1824+ 11.1% 81.87+£7.75° 0.001
experiment
Plasma Cort (ng/ml) 8.33+0.74° 12.47+1.50° 8.84+0.74° 0.001
T4 (ng/dl) 5.10+0.16° 5.04+0.11° 5.43+0.16° 0.05
T3 (ng/dl) 1.34+0.04® 1.30+0.03° 1.45+0.04° 0.05
Leukocytes HSP60 1.01+0.23° 2.07+021° 0.8+0.37° 0.004
HSP70 0.33+0.12° 0.84+0.12° 0.87+0.12° 0.01
HSP90 0.60+0.08° 1.14+0.17% 0.54+0.07° 0.03
Bax 0.77 £0.06* 0.60 +0.06 0.63+0.06 0.11
Bel-2 1.01+0.54% 233+0.62° 0.44+0.76% 0.15
p33 1.00+0.24% 0.82£0.25 0.55+0.28° 0.52
Bcl-2/Bax 1.29+0.62° 3.88+1.36 0.69+0.37* 0.14

Different letters at 06:00 am (before), 13:00 pm (during), and 18:00 (after solar radiation) represent P <0.05
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and the animals were considered as random effects. As the
3 days of experiment were typical of spring and did not differ,
the effect of the day was excluded from the model. Gene
expression in vivo and in vitro were subjected to an analysis
of variance by the GLM procedure of SAS, which separated
the in vivo (exposition to solar radiation) and in vitro (38 or
40 °C) treatments, the time of sampling, and the animals as
causes of variation. In the model, the treatment effect was
considered fixed and the effects of the animals were consid-
ered random. Several errors of covariance structures were
tested, and the one that best fit the data according to the
Bayesian information criterion was selected. Pearson correla-
tions were considered to estimate the relations between body
temperatures, physiological and cellular responses, and
weather data. When there was a significant effect, the means
were compared using Fisher’s test. Significance was defined
as P<0.05.

Results

The THI measured from 12:00 to 15:00 was classified as the
alert condition because to the THI was greater than 80, at that
point and BGT was superior at 40 °C, indicating the intensity
of solar radiation at that time. Consequently, during the in vivo
experiment, there was a significant effect of sampling time on
RT, DT, TT, OT, MT, RF, Cort, T4, and T3 concentrations and
HSP60, HSP70, and HSP90 expression levels when compar-
ing the means obtained before (06:00 h), during (13:00 h), and
after (18:00 h) the solar radiation. However, there was no
effect of sampling time on the expression of Bax, Bcl-2, or
p53 genes, nor on the relation between the Bcl-2 and Bax
genes (Table 2).

In fact, the increased body temperatures, RF, Cort concen-
tration, HSP60 and HSP90 expressions of the goats were sig-
nificantly influenced by solar radiation exposure, with higher
values at 13:00 than those measured at 06:00 and 18:00
(Table 2). Thus, HSP70 expression was lower at 06:00 than
at 13:00 and 18:00 h. In contrast, there was a reduced T4
concentration at 13:00 compared to that at 06:00 and
18:00 h (Table 2).

In the same way, there were significant correlations be-
tween AT, BGT, RH, THI and body temperatures, physiolog-
ical responses, and cellular responses (Table 3). Notably, RT
had a significant and positive correlation with MT (= 0.93;
P<0.001), OT (»=0.92; P<0.0001), DT (r=0.94;
P<0.0001), and TT (r=0.87; P<0.0001). Thus, there were
significant correlations between RT and Cort (r=0.67,
P <0.0001), BGT and Cort (»=0.70; P<0.0001), and BGT
and T4 (r=—0.50, P=0.007). Furthermore, there were sig-
nificant correlations between MT and T4 (r=—0.41; P=
0.03), MT and Cort (r=0.74; P=0.004), and MT and
HSP60 (r=0.68; P=0.001).

In the in vivo experiment, there was a significant effect of
the treatment on the expression of the target genes. In fact,
when compared to the 38 °C treatment (control), leukocytes
maintained in vitro at 40 °C (heat stress) showed increased
expression of the HSP60, HSP70, and HSP90 genes. In the
same way, the 40 °C treatment increased the expression of p53
(pro-apoptotic protein), Bel-2 (anti-apoptotic protein), and the
relationship between the Bcl-2 and Bax genes due to higher
Bcl-2 expression and the maintenance of Bax expression. In
this case, the HSP70 gene was overexpressed when compared
to the other genes studied (Fig. 2).

Discussion

In the present study, there was significant influence of solar
radiation on BGT, AT, RH, and THI; however, it is necessary
to consider the heating during the day and the cooling during
the night for the analysis of the environmental conditions that
animals are exposed to in order to understand the physiolog-
ical responses to heat stress (West et al. 2003). In the present
study, the unfavorable AT was observed from 12:00 to
15:00 pm because during this period the AT was above the
goats’ maximum comfortable temperature, which was previ-
ously reported as between 20 and 30 °C (Brasil et al. 2000;
Pereira et al. 2011; Ribeiro et al. 2016). In contrast, RH was
low between 12:00 and 15:00 h when compared to the other
hours of the day. Although AT and RH show different behav-
iors between 12:00 and 15:00 h, the THI was higher than 80
during the same period, indicating an alert condition for the
goats (Silanikove and Koluman 2015).

In fact, our results confirm that both AT and RH are related
to the effectiveness of the RT, DT, TT, OT, MT, and RF re-
sponses of experimental goats to deal with the subtropical
climate, and necessary to return of experimental goats to ho-
meostasis. Therefore, the mean RF values of 49.47 +£4.32,
182.4+11.1, and 81.87+7.75 bpm at 06:00, 13:00, and
18:00 h, respectively, show that the experimental goats were
in low, severe, and high heat stress, respectively (Silanikove
2000). In fact, solar radiation at 13:00 h increased the RF of
the experimental goats and this physiological mechanism was
induced by environmental heat change, in accordance with
other studies (Brasil et al. 2000; Ribeiro et al. 2016).
However, at 18:00 pm, the RF remained high, showing the
limit of evaporative mechanisms to dissipate heat when AT is
moderate but RH is high (Maia et al. 2016).

The RT in the present study was significantly higher at
13:00 h (39.6 °C) than at the other times. However, the in-
crease of RF and the climate variations reduced RT from
13:00 to 18:00 pm. Indeed, the relation between RT, RF, and
the climatic profile during the day and night permitted the
experimental goats to have a lower RT at 06:00. The RT
means observed in the present study were considered as
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Fig. 2 Mean =+ standard error of 16 38°C 3 38°C
mean of the relative expression of . b .
HSP60, HSP70, HSP90, Bax, 14 mdoc md07C
Bcl-2, p53, and Bcl-2/Bax genes 12 |
on blood leukocytes subjected to £ =
38 °C or 40 °C. Different letters 2 10 -é 2
on columns represent P <0.05 i =
g 8 )
5
=
b 1
4
2 a a a
0 - 0
HSP60 HSP70  HSP90 Bel2 Bax/Bel-2

normal for the goats (Brasil et al. 2000; Ribeiro et al. 2016),
suggesting that experimental goats effectively maintained
their RT, though RT is a good metric to understand the ani-
mal’s adaptability to heat stress (Silanikove 2000; Pereira et al.
2011). However in the present study, the solar radiation in-
creased the RT of Saanen goats by 1.34 °C, showing that the
solar radiation we observed was similar to that of other studies
concerning heat stress (Brasil et al. 2000; Hamzaoui et al.
2013; Al-Samawi et al. 2014; Ribeiro et al. 2016). As these
last studies showed increases from 1.2 to 1.57 °C in RT, it is
possible to assume that solar radiation caused acute heat stress
in the experimental goats.

The different body temperature measurements are impor-
tant to understand the welfare and adaptability of animals to
stressful environments (Silanikove 2000; Pereira et al. 2011).
In this context, RT is a gold standard; however, other superfi-
cial temperatures, including DT, TT, OT, and MT, are impor-
tant to study the effect of solar radiation; furthermore, these
other body temperatures were all high and positively correlat-
ed with RT. Considering the importance of the mammary
gland to a dairy animal, it is interesting to study the effect of
heat stress on MT. Furthermore, the difference between these
measures allows us to understand the dynamics of heat loss
(Berman 2003). In this context, infrared thermography is a
non-invasive tool that allows us to study superficial tempera-
tures (Kotrba et al. 2007; Stewart et al. 2008; Stubsjeen et al.
2009; Martello et al. 2016). In the present study, DT measured
before, during, and after were significantly influenced by the
effect of solar exposition, and DT was more strongly correlat-
ed with RT than the other superficial temperatures studied. At
the same time, in the present study, there were significant and
high correlations between RT and MT and between MT and
RF, Cort, T4, Bax, and Bcl-2. Consequently, the use of infra-
red thermography seems an interesting alternative to study the
dynamics of heat loss during lactation; however, further stud-
ies are necessary to understand these relations.

In the present study, the heat stress induced by solar radiation
caused a significant increase of Cort and a significant reduction
decrease of T4 at 13:00 h; other authors have observed similar

effects on Cort and T4 release due to heat stress (Al-Samawi
et al. 2014; Ribeiro et al. 2016). Therefore, in vivo, the heat
stress significantly changed the expression of HSP60, HSP70,
and HSP90 on blood leukocytes. The expression of HSP60 and
70 during the period of higher solar radiation can be explained
by a cellular mechanism that maintains the conformation of
other proteins on the cell, preventing their denaturation and
aggregation (Deshaies et al. 1988; Sonna et al. 2002). Other
authors that worked with goats in different seasons also ob-
served a significant effect of heat stress on HSP90, HSP70,
and HSP60 (Dangi et al. 2012, 2014). In this context, it is
possible to argue that different HSPs are expressed to protect
the cells during the different heat challenges.

Comparing the in vitro 38 and 40 °C treatments, there was
a very significant difference in the expression of the target
genes. In the present study, when leukocytes were maintained
in vitro at 40 °C for 3 h, we observed a significant expression
of the HSP60, 70, and 90 genes. Indeed, the highest overex-
pression in the in vitro experiment was measured for the
HSP70 gene; several authors have suggested that HSP70 is
the most important HSP to study in the field of heat stress
(Zulkifli et al. 2010; Mishra et al. 2011; Deb et al. 2013;
Romero et al. 2013; Mohanarao et al. 2014).

In vivo, there was no effect of solar radiation exposure on
the expression of the Bax, Bcl-2, or p53 genes, nor on the
relation between the Bcl-2 and Bax genes. However, the solar
radiation influenced the expression of HSP60 and 70 genes,
suggesting that these genes had a protective function during
heat stress. In another way, the blood leukocytes exposed to
40 °C in vitro increased the expression of p53 (pro-apoptotic
protein), Bel-2 (anti-apoptotic protein), and the relation be-
tween the Bcl-2 and Bax genes due to higher Bcl-2 expression
and maintenance of Bax expression. Similar results
concerning the p53 gene and other apoptotic proteins were
observed by other authors that worked with heat stress
(Chen and Chuang 1999; Gu et al. 2014). In contrast to our
results, other authors (Du et al. 2008) reported that mammary
cells submitted to 40 °C for 3 h had decreased Bcl-2 expres-
sion and increased Bax expression. It is important to note that
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different cell models were used in previous studies and the
effect of heat stress on different cells can explain this contrast.

Finally, in vivo, the solar radiation exposure caused acute
heat stress, punctual Cort release, and expression of HSP60
and 70 in dry Saanen goats, changing their physiological,
hormonal, and cellular responses. However, the increased
RF and decreased T4 and T3 were related to the homeothermy
of the experimental goats. In vitro, the 40 °C treatment caused
a significant increase in the expression of the p53 (pro-
apoptotic protein) and Bcl-2 (anti-apoptotic protein) genes
and an overexpression of the HSP60, 70, and 90 genes, sug-
gesting that the HSP genes have protective functions.
However, further studies are necessary to understand the phys-
iological and cellular responses to heat stress.
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