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This study aimed to assess the impact of seasonal thermal stress on oxidative stress, immune response,
and stress hormones of lactating dairy cows in subtropical regions with different levels of temperature-
humidity index (THI). A total of 32 healthy lactating Holstein dairy cows experienced 4 seasons (8 cows/
season). The physiological parameters were categorized into low THI (LTHI, THI ¼ 42.97 ± 0.95) in winter,
moderate THI (MTHI, THI ¼ 61.84 ± 0.42) in spring and autumn, and high THI period (HTHI,
THI ¼ 86.09 ± 0.23) in summer. The blood samples were collected twice in each season to measure
oxidative stress, inflammatory and hormonal parameters. Our results showed THI had a positive cor-
relation with the rectal temperature (R2 ¼ 0.821, P < 0.001) and respiratory rate (R2 ¼ 0.816, P < 0.001).
Dry matter intake, milk yield and fat percentage also significantly differed among groups (P < 0.05).
Compared with the MTHI group, the LTHI group exhibited a significant increase in malondialdehyde
(MDA) level (P < 0.001), and the HTHI group displayed a significant increase in levels of cortisol,
interleukin (IL)-10, IL-1b and tumor necrosis factor-a (P < 0.001). Opposite changes in serum endotoxin
and immunoglobulin G levels were observed with the increasing THI (P < 0.001). LTHI notably increased
the triiodothyronine level, although the thyroxine level was reduced by LTHI and HTHI compared with
the MTHI group. In conclusion, LTHI and HTHI conditions may induce different degrees of oxidative
stress, inflammation response, and stress hormone imbalances on lactating dairy cows, therefore envi-
ronmental management is necessary for the health of dairy cows in extreme weather conditions.

© 2021, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although advances in nutrition management and environ-
mental control technology have been reported, thermal stress re-
mains a concern for the health and welfare of dairy cows in tropical
and subtropical regions (Qu et al., 2015). Thermal stress occurs
when animals are exposed to temperatures that exceed their
iation of Animal Science and
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thermal comfort threshold, and heat production is imbalancedwith
heat dissipation (Bagath et al., 2019). The temperature-humidity
index (THI), combining the effect of environmental temperature
and humidity, has been commonly used to indicate the degree of
thermal stress of dairy cows (Mader et al., 2006). Concerns have
been raised regarding the oxidative stress induced by thermal
stress in lactating cows (Kurokawa et al., 2016). Oxidative stress is
characterized as an imbalance of antioxidants and oxidative mol-
ecules, such as reactive oxygen species and lipid peroxides (Sordillo
and Aitken, 2009). Production of metabolic heat load and oxidative
molecules during lactation would increase during thermal stress
conditions (Tao et al., 2018), leading to metabolic disorder and in-
fectious disease (Sordillo and Aitken, 2009).

Thermal stress initiates alterations in biological functions
including feed intake, rectal temperature, respiratory rate, hor-
mone secretion, and oxidative stress of dairy cows (da Costa et al.,
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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2015; Kurokawa et al., 2016). However, knowledge on the effect of
seasonal heat and cold stress on the endocrine status and immunity
of lactating dairy cows needs further research. Turk et al. (2015)
reported that cows exposed to hot summers showed negative en-
ergy balance and lower antioxidant status compared with cold
winter cows. Ihsanullah et al. (2017) observed an increase in the
concentrations of serum cortisol and protein in freshly parturiated
primiparous dairy cows under heat stress. Further, Webster et al.
(2008) reported immune response activation in terms of inflam-
matory cytokines and heat shock protein in dry-period Holstein
cows exposed to extreme cold-wet environments, indicating
changes of oxidative and endocrine status under different thermal
environment.

Enzymatic antioxidants could eliminate the unpaired valence
electrons of oxidative molecules by their extra electrons and play a
crucial role in controlling oxidative balance (Suresh et al., 2009).
Previous studies have revealed the reduced levels of total anti-
oxidizing capability (T-AOC), superoxide dismutase (SOD) in heat-
stressed cows, and increased lipid peroxidation leading to oxida-
tive stress (Megahed et al., 2008; Safa et al., 2019). It is often stated
that oxidative damage has been involved in immune function
impairment (Sordillo and Aitken, 2009), which is indicated by
immunoglobulin G (IgG), endotoxin and proinflammatory cyto-
kines, such as interleukin (IL)-10, IL-1b, and tumor necrosis factor
(TNF)-a (Esposito et al., 2014). A better understanding of the
physiological variation on lactating dairy cows during extreme
environmental conditions can help to improve their welfare and
prevent thermal stress-related economic loss. Therefore, the
objective of this study is to investigate the effects of seasonal
thermal stress on the oxidative status, immune function, and stress
hormones of lactating dairy cows.

2. Materials and methods

The protocol (HZAUCA-2017-010) of this experiment was
approved by the Institution Animal Care and Use Committee at
Huazhong Agricultural University (Wuhan, China), and the animal
experiment was conducted in accordance with the National Insti-
tute of Health Guidelines for the Care and Use of Experiment Ani-
mals (Beijing, China).

2.1. Animals

A total number of 32 healthy lactating Holstein dairy cows (body
weight: 627 ± 58 kg; parity: 2 to 3; 120 to 180 d in lactation; milk
yield: 21.14 ± 3.57 kg/d) were selected (8 cows per season) and
housed in a free-stall barn. The cows were fed with a total mixed
ration at 06:00 and 18:00 before milking. During the experimental
period, the animals had free access to feed and water. Feed formula
and nutrients are reported in Table 1.

2.2. Experimental design

This study was conducted at the Academy of Agricultural Sci-
ences commercial dairy farm (latitude and longitudewere 30�280N,
114�160E) located in Wuhan, China. The area was characterized by a
subtropical monsoon climate. Four experiments were respectively
carried out in different seasons with 30 d and 8 cows in each
experiment as follows: the first experiment was conducted in
spring (4th April to 3rd May), the second experiment in summer
(12th July to 10th August), the third experiment in autumn (19th
October to 17th November), and the 4th experiment inwinter (28th
December to 26th January). The daily temperature, relative hu-
midity, and the calculated THI in different seasons are shown in
Fig. 1. To detect the effect of THI on thermal tolerance, antioxidant
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status, immune response and serum hormones of Holstein dairy
cows, the physiological parameters were categorized into low THI
(LTHI) in winter with mean daily THI of 42.97 ± 0.95, moderate THI
(MTHI) in spring and autumn with mean daily THI of 61.84 ± 0.42,
and high THI period (HTHI) in summer with mean daily THI of
86.09 ± 0.23.
2.3. Environmental measures and thermal tolerance parameters

Ambient temperature and relative humidity were recorded 4
times daily (06:00, 08:00, 12:00, and 18:00) at the barn area using
an electronic thermometer and hygrometer (Zhengzhou Boyang
Instrument Factory, China). THI was calculated using the following
equation (Mader et al., 2006):

THI ¼ [0.8 � Ambient temperature (�C)] þ [(Relative humidity
(%)/100) � (Ambient temperature - 14.4)] þ 46.4.

Thermal tolerance data were measured 3 times daily (06:00,
12:00, and 18:00) for 6 d. Rectal temperature was measured with a
clinical thermometer inserted 3 cm into the rectum and held in
place for 5 min, then the temperature was recorded. Respiratory
rate was determined using a stopwatch to count the flank move-
ments of the individual cows for one minute and was expressed as
breaths per minute (bpm).
2.4. Feed intake, chemical analysis of diet and milk performance

During each season's experimental period, the total mixed
ration amounts offered and refused were measured daily during
d 22 to 27 to determine the drymatter intake (DMI). Representative
samples of total mixed ration (150 g) and refusals were taken daily
during d 22 to 27 of each period. Samples of feeds and refusals were
oven-dried at 65 �C, and ground with a Wiley mill grinder through
a 1-mm screen. Standard methods (AOAC, 2012) were applied to
analyze dry matter (DM; method 934.01), crude protein (CP) using
an automatic Kjeldahl system (Kjeltec 8400, Foss, Sweden; method
981.10), calcium (method 968.08) and phosphorus (method 965.1).
Determinations of neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were carried out according to Van Soest et al. (1991).
Predicted net energy of lactation (NEL) was calculated according to
NRC (1989).

Cows were milked twice daily (6:00 and 18:00) and milk yield
was recorded daily for individual cows. Milk samples were taken
daily during d 22 to 27 of each period. Daily milk samples were
mixed according to the ration of the morning and afternoon milk
yield for each cow and stored at �20 �C for analysis of milk protein,
fat, and lactose using Milko-Scan FT 6000 (Foss Electric, Denmark).
The 4% fat-corrected milk (FCM) was calculated using the following
equation (NRC, 2001):

4% FCM (kg/d)¼ [0.4�Milk yield (kg/d)]þ [15�Milk fat yield (kg/
d)].

Daily milk protein, fat, and lactose yields were calculated by
multiplying the daily milk yield by the percentage of a specific
component.
2.5. Blood sampling and analysis

Blood samples were collected through the jugular vein before
morning feeding on d 15 and 30 of each experimental season, and
samples were placed into separation gel coagulation promoting
tubes, followed by centrifugationwithin 2 h at 3,000 �g for 15 min.



Table 1
Ingredients and nutrient composition of the diets1 (% of dry matter).

Ingredients Content Nutrient composition Content

Corn silage 30.45 NEL3, MJ/kg 6.80
Straw 16.24 Crude protein 15.26
Apple meal 1.53 Neutral detergent fiber 42.25
Syrup 1.32 Acid detergent fiber 28.95
Corn 18.52 Calcium 0.92
Soybean meal 12.56 Phosphorous 0.44
Peanut meal 4.66
Distillers dried grains with solubles 4.46
Corn husk 7.57
Calcium carbonate 0.50
Calcium hydrogen phosphate 0.68
Sodium bicarbonate 0.58
Sodium chloride 0.35
Premix2 0.58
Total 100

1 Fed with total mixed ration.
2 Formulated to provide (per kilogram of dry matter) Fe 400 mg, Cu 660 mg, Mn 600 mg, Zn 3,000 mg, Co 30 mg, Se 100 mg, I 6.26 mg, vitamin A 1,000,000 IU,

vitamin D 700,000 IU, vitamin E 1500 IU.
3 Calculated according to NRC (1989).

Fig. 1. Environmental conditions in the experimental period of different seasons: (A)
daily temperature, (B) daily relative humidity, (C) daily temperature-humidity index
(THI).
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The obtained serum was immediately stored at �20 �C for further
analysis.

The levels of glutathione peroxidase (GSH-Px, A005-1-2), SOD
(A001-1-2), T-AOC (A015-1-2), catalase (CAT, A007-1-1), alkaline
phosphatase (ALP, A059-1-1), and malondialdehyde (MDA, A003-
1-2) in the serum were assessed using commercial ELISA kits
(Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer's instructions, respectively. The optical densities
were measured at 412, 550, 520, 405, 520, and 532 nm using a
microplate reader (model 320, Labsystems Multiskan MS, Finland)
for GSH-Px, SOD, T-AOC, CAT, ALP and MDA levels, respectively.

The levels of heat shock protein (HSP) 70 (H264-2), IL-10
(H009), IL-1b (H002), TNF-a (H052), IgG (H106), cortisol (H094),
epinephrine (H208), triiodothyronine (H222) and thyroxine (H223)
in the serum were determined by commercial ELISA kits (Nanjing
Jiancheng Bioengineering Institute) according to the manufactur-
er's instructions, respectively. The ELISA results were obtained by
using a microplate reader (DNM-9602, Pulang, New technology,
Beijing, China) at a wavelength of 450 nm.
2.6. Data analysis

Statistical analysis was performed by using SPSS software (SPSS
v. 21, SPSS Inc.; Chicago, IL, USA). Significance analysis of the
environmental parameters, thermal tolerance, milk yield, DMI, the
biomarkers of oxidative stress, immune response, and serum hor-
mones in different seasons was conducted by using one-way
ANOVA in SPSS. The relationships between THI value and respira-
tory rate, as well as rectal temperature, were assessed by using the
Pearson correlation coefficient. The significant differences were
presented at the levels of P < 0.05.
3. Results

3.1. Environmental conditions and physiological parameters

Environmental conditions in southern China typically ranged
from hot-humid to cold-wet weather when this study was carried
out. The values of THI varied from 50 to 68 in spring and autumn
periods, which were characterized as MTHI. However, the entire
summer experimental period, that was characterized as HTHI,
presented high daily temperature and THI, which exceeded the
critical values of 25 �C and 72, respectively. The cold winter with
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low temperature and high relative humidity was thus characterized
as LTHI (Fig. 1).

Average daily temperature (32.31 ± 0.25 �C vs. 17.02 ± 0.28 �C)
and THI (86.09 ± 0.23 vs. 61.84 ± 0.42) were significantly higher in
the HTHI group than in the MTHI group. In contrast, LTHI exhibited
a significantly decreased average daily temperature (5.11 ± 0.54 �C)
and THI (42.97 ± 0.95) compared to MTHI (Table 2).

Rectal temperature and respiratory rate also significantly varied
according to the THI levels. Dairy cows exhibited higher rectal
temperature under HTHI (39.91 ± 0.05) than under MTHI
(38.66 ± 0.03) and LTHI (38.19 ± 0.05), respectively (P < 0.05). A
similar result was observed on the alterations of respiratory rate
with increasing THI (Table 2). Regression analysis revealed the
strong positive correlation between THI and rectal temperature and
respiratory rate (Fig. 2).

3.2. DMI and milk performance

The DMIwas significantly affected by THI levels (P< 0.001) since
it approximately reduced by 19.54% and increased by 11.05%,
respectively for HTHI and LTHI when compared with MTHI. There
was also a significant difference in daily milk yield (P < 0.001) with
the lowest milk yield in HTHI (15.86 ± 0.12), and a reduction of
33.67% from MTHI to HTHI. Moreover, HTHI cows produced 4% less
FCM per day than LTHI and MTHI cows (P < 0.05). Although no
differences were detected between groups for milk protein and
lactose percentages, the milk fat percentage was significantly
decreased in the HTHI group (P < 0.05) since it approximately
decreased by 7.42% when compared with MTHI. Milk protein, fat,
and lactose yields were significantly affected by THI (P < 0.001)
with the highest value in HTHI and the lowest value in HTHI
(Table 3).

3.3. Oxidative stress biomarkers

As shown in Table 4, significant changes were observed in the
levels of antioxidant enzymes, MDA, and HSP70 in serum. HTHI
cows exhibited a significantly lower level of SOD than LTHI and
MTHI cows (P < 0.05). T-AOC was significantly lower in LTHI cows
than that in MTHI cows (P < 0.05). Meanwhile, higher levels of the
CAT and MDA were found in LTHI compared to MTHI and HTHI
(P < 0.05). Compared with MTHI and LTHI period, the HTHI period
exhibited a significantly decreased activity of ALP (P < 0.05). The
level of serum HSP70 was significantly increased with an increase
in THI (P < 0.05).

3.4. Immune responses

Biomarkers of immunity function such as cytokines, endotoxin,
and IgG were significantly influenced by THI (Table 5). The con-
centration of IL-10 was significantly increased with the increase in
THI (P < 0.05). The concentrations of 1L-1b and TNF-a in serum
Table 2
Descriptive statistics of environmental conditions, rectal temperature and respiratory ra

Item THI periods

LTHI

Mean daily temperature, �C 5.11 ± 0.54c

Mean daily RH, % 80.11 ± 2.56a

Mean daily THI 42.97 ± 0.95c

Rectal temperature, �C 38.19 ± 0.05c

Respiratory rate, bpm 21.47 ± 0.61c

THI ¼ temperature-humidity index; LTHI ¼ low THI; MTHI ¼ moderate THI; HTHI ¼ hig
a-c Means within a row with different superscripts differ (P < 0.05).
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were significantly higher in HTHI cows than in MTHI cows
(P < 0.05). However, the IgG and endotoxin levels were respectively
increased and decreased in HTHI compared with MTHI, and
opposite results were observed in the LTHI group (P < 0.05).

3.5. Serum hormones

As shown in Fig. 3, The level of serum cortisol was significantly
higher in HTHI than in MTHI and LTHI (P < 0.05, Fig. 3A). However,
HTHI cows exhibited a significantly lower level in epinephrine and
thyroxine than MTHI cows (P < 0.05, Fig. 3B and D). LTHI signifi-
cantly increased the triiodothyronine level while significantly
decreasing the thyroxine level, as compared with MTHI (P < 0.05,
Fig. 3C and D).

4. Discussion

THI has been well known as a good indicator to evaluate the
degree of thermal stress condition on dairy cows (Mader et al.,
2006). The rectal temperature and respiratory rate have been
considered as visible physiological indicators for determining the
thermal regulatory responses of dairy cows to heat stress (da Costa
et al., 2015; Alfonzo et al., 2016). This could be further supported by
the strong positive correlation between THI value and rectal tem-
perature and respiratory rate in this study. The rectal temperature
of dairy cows was reported to be about 39.4 �C when dairy cows
were exposed to 75 to 90 THI condition, and the respiratory rate
was also positively related to THI values (da Costa et al. 2015),
which was consistent with the data in the HTHI period in this study.
In contrast, the decreased respiratory rate of cows under LTHI
conditions might contribute to the reduced heat dissipation for
maintaining body temperature and energy balance (Alfonzo et al.,
2016). Moreover, the change in DMI was also a protective mecha-
nism to maintain heat balance by regulating metabolic rate and
heat production (Qu et al., 2015). Hill and Wall (2017) reported an
11.5% increase in DMI in dairy cows under cold condition
(THI ¼ 38.9) compared with hot exposure (THI ¼ 73.9). By contrast,
DMI was reduced 0.51 kg for every 1 unit increase in THI between
73 and 83 units (West et al., 2003), which supported our results.
Notably, inconsistencies in milk yield and DMI responses to LTHI
condition are likely due to disrupted energy metabolism under
continuous cold-wet condition (Webster et al., 2008). Moreover, it
was reported that heat stress inhibited the secretary function of the
mammary gland (Qu et al., 2015). In the current study, milk protein
and lactose percentage were not affected by different levels of THI
and this was in accordance with the study performed by Nasr
(2016). However, the milk fat percentage tended to decrease from
LTHI to MTH. In agreement, a previous study (Lambertz et al., 2014)
under a temperate climate reported a reduction in milk fat per-
centage when THI increased from 35 to 85. These results suggest
that cold exposure could activate thermoregulatory responses just
like heat stress.
te in Holstein lactating cows.

P-value

MTHI HTHI

17.02 ± 0.28b 32.31 ± 0.25a <0.001
76.72 ± 1.17ab 73.58 ± 1.56b 0.057
61.84 ± 0.42b 86.09 ± 0.23a <0.001
38.66 ± 0.03b 39.91 ± 0.05a <0.001
38.23 ± 0.78b 103.71 ± 1.04a <0.001

h THI; RH ¼ relative humidity; bpm ¼ breaths per minute.



Fig. 2. Relationship between physiological parameters and temperature-humidity index (THI): (A) rectal temperature and (B) respiratory rate. Points indicate individual obser-
vations; solid lines represent simple linear regression equations. R2 represents the correlation coefficient.

Table 3
Effect of temperature-humidity index (THI) on dry matter intake (DMI) and milk performance of Holstein lactating cows.

Item THI periods1 P-value

LTHI (42.97) MTHI (61.84) HTHI (86.09)

DMI, kg/d 30.46 ± 0.33a 27.43 ± 0.22b 22.07 ± 0.30c <0.001
Milk yield, kg/d 21.06 ± 0.91b 23.91 ± 0.31a 15.86 ± 0.12c <0.001
4% FCM2, kg/d 22.41 ± 0.49a 23.69 ± 0.64a 15.23 ± 0.31b <0.001
Protein, % 3.07 ± 0.07 3.01 ± 0.07 3.24 ± 0.08 0.183
Fat, % 4.42 ± 0.15a 4.04 ± 0.15ab 3.74 ± 0.05b 0.061
Lactose, % 5.08 ± 0.05 5.13 ± 0.03 5.09 ± 0.05 0.711
Protein yield, kg/d 0.65 ± 0.02a 0.71 ± 0.02a 0.51 ± 0.01b <0.001
Fat yield, kg/d 0.93 ± 0.03a 0.95 ± 0.04a 0.59 ± 0.01b <0.001
Lactose yield, kg/d 1.07 ± 0.01b 1.23 ± 0.02a 0.81 ± 0.01c <0.001

LTHI ¼ low THI; MTHI ¼ moderate THI; HTHI ¼ high THI; FCM ¼ fat-corrected milk.
a-c Means within a row with different superscripts differ (P < 0.05).

1 The data in parentheses were the average THI value.
2 4%FCM, fat-corrected milk, calculated according to NRC (2001).

Table 4
Effect of temperature-humidity index (THI) on antioxidant status of Holstein lactating cows.

Item THI periods1 P-value

LTHI (42.97) MTHI (61.84) HTHI (86.09)

T-AOC, U/mL 0.45 ± 0.08b 1.17 ± 0.11a 0.94 ± 0.06a <0.001
GSH-Px, U/mL 12.31 ± 3.00b 41.88 ± 11.70ab 53.43 ± 9.32a 0.061
SOD, U/mL 214.04 ± 5.01a 230.55 ± 19.75a 108.91 ± 4.98b 0.001
CAT, U/mL 24.28 ± 2.24a 4.47 ± 1.16b 4.31 ± 0.06b <0.001
MDA, nmol/mL 2.95 ± 0.11a 1.92 ± 0.17b 1.84 ± 0.71b <0.001
ALP, U/L 67.63 ± 2.08a 62.37 ± 3.11a 33.04 ± 1.53b <0.001
HSP70, ng/mL 24.55 ± 0.90c 31.29 ± 0.75b 41.81 ± 0.76a <0.001

LTHI ¼ low THI; MTHI ¼ moderate THI; HTHI ¼ high THI; T-AOC ¼ total anti-oxidizing capability; GSH-Px ¼ glutathione peroxidase; SOD ¼ superoxide dismutase;
CAT ¼ catalase; MDA ¼ malondialdehyde; ALP ¼ phosphatase; HSP70 ¼ heat shock protein 70.
a-c Means within a row with different superscripts differ (P < 0.05).

1 The data in parentheses were the average THI value.

Table 5
Effect of temperature-humidity index (THI) on immune responses of Holstein lactating cows (pg/mL).

Item THI periods1 P-value

LTHI (42.97) MTHI (61.84) HTHI (86.09)

IL-10 137.29 ± 8.39c 167.15 ± 3.68b 190.86 ± 3.27a <0.001
IL-1b 156.39 ± 6.87b 154.81 ± 3.21b 235.98 ± 5.13a <0.001
TNF-a 77.38 ± 2.73b 76.68 ± 1.95b 104.92 ± 1.48a <0.001
IgG 18.27 ± 0.33b 20.08 ± 0.26a 13.10 ± 0.41c <0.001
Endotoxin 99.91 ± 2.64b 79.01 ± 2.86c 113.86 ± 1.69a <0.001

LTHI ¼ low THI; MTHI ¼ moderate THI; HTHI ¼ high THI; IL ¼ interleukin; TNF-a ¼ tumor necrosis factor-a; IgG ¼ immunoglobulin G.
a-c Means within a row with different superscripts differ (P < 0.05).

1 The data in parentheses were the average THI value.
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Although dairy cows were traditionally characterized to be
sensitive to heat stress and to be cold-tolerant (Liang et al., 2013), in
this study, the antioxidant status and immune system were found
to be affected by both LTHI and HTHI. T-AOC that represents total
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antioxidants present in blood and body fluid reflect the compen-
satory capacity against external stimuli (Suresh et al., 2009). SOD, as
an essential antioxidant enzyme, could eliminate superoxide radi-
cals in the body (Lei et al., 2015). Reduced T-AOC and SOD levels



Fig. 3. Effect of temperature-humidity index (THI) on stress hormones of Holstein lactating cows: (A) cortisol, (B) epinephrine, (C) triiodothyronine, (D) thyroxine. LTHI ¼ low THI;
MTHI ¼ moderate THI; HTHI ¼ high THI. Values with different letters (a, b, c) differ (P < 0.05).
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were observed in HTHI and LTHI cows in this study. Similar results
were found in previous studies involving dairy cows challenged
with oxidative stress (Megahed et al., 2008; Zhao et al., 2018). The
main source of MDA was the peroxides of polyunsaturated fatty
acids in biological systems, and the increased lipid mobilization to
gain energy was an adaptation to cold stress (Turk et al., 2015). A
sharp increase in MDA level under the LTHI condition is indicative
of negative energy balance under cold stress (Giri et al., 2019), as
well as the reduction in antioxidant capacity and the increase in
free radicals (Kurokawa et al., 2016). The reduced ALP activity of
dairy cows under the HTHI condition could be associated with
energy metabolism and endocrine acclimation responses under a
hot environment, both resulting from decreased gut and liver ac-
tivity (Abeni et al., 2007). These data indicate that the HTHI and
LTHI condition impaired antioxidant capacity and thus induced
oxidative stress. The previous study of dairy cows reported the
expression of HSP70 was increased under heat stress (THI ¼ 86.83)
and was reduced in cold stress (THI ¼ 60.52) (Kumar et al., 2018).
Similar results in HSP70 were also observed in dairy cows exposed
to HTHI (86.09) and LTHI (42.97) in this study. The alteration in
HSP70 expression could regulate ROS generation and mitochon-
drial protein oxidation (Zhang et al., 2014), and such a change was
associated with the activity of immune cells in response to stressful
environments (Do Amaral et al., 2011).

Oxidative damage was reported to be one of the causes of im-
mune functional impairment under heat stress conditions (Sordillo
and Aitken, 2009). In addition to oxidative damage, we also
observed the alteration on levels of systematic inflammation
markers in lactating dairy cows under HTHI and LTHI conditions. It
has been reported that heat stress inhibits the immune function of
dairy cows (Caroprese et al., 2009; Safa et al., 2019). TNF-a and IL-1b
are known as pro-inflammatory cytokines, that directly promote an
inflammatory response, while IL-10 mediated an anti-
inflammatory response in dairy cows (Esposito et al., 2014). In
agreement with previous studies (Caroprese et al., 2009; Min et al.,
2016), HTHI conditions resulted in an increase in the levels of TNF-
a, IL-1b, and IL-10, which might be explained by the protective
mechanism activated by heat stress to control the risk of immune
function impairment. Additionally, a reduction in IL-10
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concentration, together with the increased levels of TNF-a and IL-
1bwere reported in cold-stressed broilers (Qing et al., 2014). These
results suggest an important role of cytokines in immune systems
under heat and cold stress conditions.

Endotoxins, as immunogenic molecules released from Gram-
negative bacteria, were reported to promote the secretion of in-
flammatory cytokines and stress hormones (e.g. cortisol) and could
induce localized or systematic inflammation (Kvidera et al., 2017).
Serum endotoxin has usually been used for the evaluation of gut
barrier function and responses under stress conditions (Kvidera
et al., 2017). In the present study, the concentration of serum
endotoxinwas significantly increased in cows under HTHI and LTHI
conditions, which was in accordance with previous reports that
thermal stress directly impaired gut integrity and activated an
immune response in rats and cows (Kaushik and Kaur, 2005; Koch
et al., 2019). LTHI and HTHI conditions in this study inhibited the
competence of humoral immune responses by decreasing secretion
of serum IgG, since high IgG concentration could improve the im-
munity in lactating dairy cows (Xu et al., 2017). Moreover, the
transfer of IgG from the bloodstream to the mammary gland was
related tomilk synthesis. If the degree of endogenous inflammation
exceeded the adjustment capacity of immune systems, lactation
performance would be deteriorated (McCarthy et al., 2016).

A cascade of stress hormones is an important pathway of
endocrine adaptation to stress conditions. Cortisol secretion was
activated as an anti-inflammatory response by targeting the cyto-
kine, inflammatory proteins, and chemokines (Bagath et al., 2019).
It has been reported that reduced feed intake under heat stress
could promote the mobilization of triglycerides of adipose tissue,
which was a favorable lipid pattern to offset insufficient energy
intake (Qu et al., 2015). The decreased epinephrine had been found
in organisms with metabolic syndrome (Lee et al., 2001). In this
study, the increased cortisol level and reduced epinephrine level
HTHI cows might be explained by an energy imbalance, a conse-
quence of the reduction in DMI, and by organism immune
dysfunction under heat stress (Turk et al., 2015). In addition, the
thyroid hormone of mammals plays an important thermoregula-
tory role in maintaining metabolic rates under thermal stress
conditions (Weitzel et al., 2017; Hu et al., 2019). Thyroxine is the
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predominated hormone secreted by the thyroid gland and must be
deiodinated to triiodothyronine to be biologically active (Senese
et al., 2018). Reduced feed intake under heat stress has been re-
ported to cause depression of the thyroid gland activity and lead to
decreased thyroid hormone levels (Aleena et al., 2016). In the cur-
rent study, the levels of thyroxine and triiodothyronine generally
decreased in lactating cows during the HTHI period, which might
be a result of thyroid gland hypo-function, and also an attempt to
reduce metabolic rate under heat stress. Interestingly, but contrary
to the previous finding which reported increased thyroxine and
triiodothyronine levels in dairy cows after severe cold exposure (Hu
et al., 2019), a decreased thyroxine level accompanied with an
increased triiodothyronine level were observed in LTHI cows in this
study. This physiological response may result from the accelerated
conversion of thyroxine to triiodothyronine under cold stress
(Hangalapura et al., 2004), thus promoting oxygen consumption
and heat production to maintain basal metabolism (Aleena et al.,
2016).

5. Conclusions

In summary, our results clearly show that oxidative stress,
inflammation response and endocrine imbalance of lactating dairy
cows occur in hot summer and cold-wet winter in comparisonwith
comfortable seasons, i.e. spring and autumn. It is recommended
that environmental managements be undertaken in dairy housing
systems to aid adaptation to extreme weather.
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