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inflammatory responses of immune cells
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ABSTRACT Heat stress (HS) in summer will seriously
affect the health and performance of dairy cows. To
alleviate the injury to dairy cows caused byHS, we added
the rumen-bypassed tributyrin to the feed. We deter-
mined whether cows were in a heat-stressed environment
by testing the temperature humidity index in the
morning, at noon, and in the evening. The detection of
anal temperature and respiratory frequency further
proved the HS state of the dairy cows. The
quantificational real time PCR results showed that
tributyrin could significantly reduce the relative expres-
sion of tumor necrosis factor a, interleukin 1b, and
Interleukin 6. Western blot results showed that tribu-
tyrin could alleviate the lymphocyte inflammatory
response by inhibiting the mitogen-activated protein
kinase and nuclear factor-lB signaling pathways. To
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further detect the effect of tributyrin on HS in dairy
cows, routine biochemical and blood tests were carried
out. The results showed that the contents of aspartate
aminotransferase, total bilirubin, creatinine, albumin,
and globulin were significantly reduced by tributyrin.
The results showed that tributyrin could significantly
alleviate the liver and kidney injury induced by heat
stress in dairy cows. Moreover, tributyrin could also
significantly reduce the numbers of intermediate cells
and increase the level of hemoglobin. Tributyrin could
also improve the performance of dairy cows. These re-
sults suggested that tributylglycerol may have a positive
effect on breast health of dairy cows. In conclusion, these
results indicated that tributyrin could relieve HS and
increase the production performance of dairy cows by
reducing the inflammatory responses of lymphocytes.
Key words: heat stress, tributy
rin, dairy cow, MAPK, NF-lB
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INTRODUCTION

Heat stress (HS) causes nonspecific responses in
humans or animals to exposure to high temperatures
that exceed the thermoregulatory ability (Belhadj
Slimen et al., 2016). In essence, HS in dairy cows results
from a lack of heat dissipation, which leads to heat
imbalance and the decline of production performance
(Gantner et al., 2017), reproduction performance (Ross
et al., 2017), and immunity (Dahl et al., 2016). The HS
is one of the main reasons for the decline of milk produc-
tion performance, reproductive performance, and
immune ability in summer (Sullivan and Mader, 2018).
Owing to global warming, the temperature in summer
is increasing each year, and the intensity of HS is also
increasing each year (Xu et al., 2018). At present, most
of the cows used to produce milk are Holstein cows,
which have strong cold resistance and weak heat resis-
tance (Pennington et al., 1985; de Andrade Ferrazza
et al., 2017), so they are very sensitive to HS. High tem-
peratures not only reduce milk production but also
reduce milk quality. The contents of milk fat, milk pro-
tein, lactose, and nonfat milk solids are decreased by
high temperatures (Li et al., 2017; Liu et al., 2017).
The HS will seriously affect the production and welfare
of dairy cows (Polsky and von Keyserlingk, 2017). It
may cause milk protein reduction in dairy cows (Gao
et al., 2017). This may be because of a series of changes
in the genes and proteins regulating milk protein synthe-
sis, which is caused by HS in dairy cows (Santana et al.,
2017). Therefore, HS will cause huge economic losses to
the dairy industry every summer (Fodor et al., 2018).
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Table 1. Ingredient and nutrient composition of the diet.1

Item Value

Comminuted maize 3.7
Premix2 1.03
Calcium fatty acid 0.38
Distiller-dried grains with solubles 0.6
Soybean meal 4
Cotton seed 1.1
Imported alfalfa 2.1
Imported oats 0.7
Pressed corn 2.2
Soybean hull 1.2
Brewer’s grains 5
Silage 23
Molasses 1.8
Nutrient composition

CP, % 25.17
NDF, % 29.269
ADF, % 17.1
NEL

3, Mcal/kg 1.535
DM, % 46.81
Fat, % 1.977
Cl, % 0.468
Ca, % 0.464
P, % 0.533
K, % 1.325
Na, % 0.217
Mg, % 0.559
S, % 0.27

Abbreviations: ADF, acid detergent fiber; NDF, neutral detergent fiber.
1Diet DM average of 46.81% by weight.
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Effective methods for reducing the damage caused by HS
to dairy cows is a hot research topic.
Tributyrin decomposes into butyric acid in the animal

intestine, and butyrate will be absorbed and utilized by
intestine (Cresci et al., 2017). Some studies have shown
that butyrate can reduce the secretion of inflammatory
mediators such as interleukin 6 (IL-6), interleukin 1b
(IL-1b), and tumor necrosis factor a (TNF-a) in vivo
(Bach Knudsen et al., 2018), thus reducing the inflam-
matory response (Sheng et al., 2017). Butyrate can
also promote the differentiation of T cells into Treg cells
and increase the expression of anti-inflammatory factors
such as IL-10 (Schwarz et al., 2017; Wang et al., 2017).
Studies have also shown that tributyrin can reduce the
activities of alanine aminotransferase, aspartate trans-
ferase, and alkaline phosphatase in piglets (He et al.,
2015). Therefore, tributyrin could alleviate animal
stress. Moreover, tributyrin will decompose into buty-
rate in the intestine, thus providing energy for intestinal
mucosal cells (Hamer et al., 2008), repairing the intesti-
nal damage caused by HS (Abdelqader et al., 2017), and
protecting intestinal health. However, the effects of trib-
utyrin on HS in dairy cows have not been reported. We
speculate that tributyrin could alleviate HS in dairy
cows.
2Contained 40 g of CaHPO4; 280 g of CaCO3; 220 g of NaHCO3; 100 g of
NaCl; 80 g of MgO; 10 g of adsorbent for mycotoxin; 50 g of K2CO3; and
60 g of vitamins and minerals (per kg mixture containing 1,200,000 IU
vitamin A; 450,000 IU vitamin D; 6,100 mg vitamin E; 3,900 mg Fe;
1,000mgCu; 3,200mgMn; 9,000mg Zn; 35mgCo; 70mg of Se; and 170mg
I).

3NEL: net energy of lactation; estimated according to the NRC
(Council, 2001) and energy value of the ingredients.
MATERIALS AND METHODS

Preparation of Tributyrin

The rumen-bypassed tributyrin used in this study
(Hangzhou Dehong Biotech Co., Ltd., Zhejiang, China)
contained 50% tributyrin on a per weight basis. Rumen
protection technology improves the nutrient utilization
ratio in ruminants, increases the intestinal absorption
of nutrients, and limits the degradation of nutrients.
Animals and Housing

The study was conducted at Jilin University, Jilin,
China. All animal experiments were conducted in strict
accordance with the International Guiding Principles
for Biomedical Research. Twenty multiparous lactating
Holstein cows, with a parity number of 2 to 3, 1406 15 d
of milk, an average body weight of 586 6 49 kg, and an
average milk yield of 45 6 5 kg/d, were housed in indi-
vidual tie stalls inside a barn of a commercial dairy
farm in Changchun, China (43.88 N, 125.35 E, and an
altitude of 219 m). The cows were fed in the stalls, had
ad libitum access to clean water, and were allowed to
roam freely after feeding. After each feeding, the weight
of the remaining feed was weighed to calculate the daily
intake of each cow. The barn was equipped with 2 juxta-
posed hanging fans (750 W, 1.0 m diameter, and wind
speed . 2.5 m/s) that cycled every 5 m and sprinklers
(delivery rate of 2.5 L/min) at 2-m intervals along the
feeding driveway. Fans were mounted at a height of
approximately 2.1 m with a 16.5� tilt and were switched
on at 22�C. The cows were cooled 8 times daily starting
at 9:00 a.m. and ending at 5 p.m. Each cooling period
lasted 30 min, and each cycle consisted of 60 s of shower-
ing and ventilation followed by 3 min of ventilation
alone.

Cows were fed a total mixed ration (TMR) 3 times
daily (07:00, 14:30, and 21:30 h) and were milked 3 times
daily before feeding. The TMRwas formulated (Table 1)
based on NRC guidelines (Council, 2001) for a 586 kg
lactating Holstein cow. Feed (1 kg) was collected after
feeding and stored at 220�C. The TMR samples were
dried at 55�C for 48 h in a forced-air oven, allowed to
air-equilibrate, and ground in a mill (FZ102; Shanghai
Hong Ji Instrument Co., Ltd., Shanghai, China, 2016)
to a 1-mm mesh size. Processed samples were analyzed
for DM, CP, and acid detergent fiber. The levels of Ca,
P, and other minerals were measured. The Neutral deter-
gent fiber was determined by the method reported by
Goering and Van Soest (1970).
Experimental Design

The study had a completely randomized design and
lasted 21 d (from July 15, 2019 to August 4, 2019). Based
on the number of days of milk, parity, and previous milk
yield per cow, the HS cows were randomly allocated into
2 groups, with 10 cows per group: a control group (fed a
basal diet) and a treatment group (treated with rumen
bypassed tributyrin, 37.5 g per cow/d). The rumen-
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bypassed tributyrin was mixed into the upper quarter
portion of the TMR offered in the morning feed.
Measurements and Sampling

The body condition score (1–5 scale) and body weight
were determined by 3 technicians. The BCS of all dairy
cow was 3 6 0.5. Milk yield was recorded at day 0, day
11, and day 21, and individual milk samples were
collected on days 0, 7, 14, and 21 from 3 daily milkings
and were pooled, mixed, and stored at 4�C with bichro-
micum kalium (0.06% final concentration) as a preserva-
tive. Blood samples were collected before the morning
feeding on days 0, 7, 14, and 21. The separation of the pe-
ripheral blood lymphocytes was carried out according to
the instructions of the bovine peripheral blood lympho-
cyte separation kit (Tianjin Haoyang Biological Manu-
facture, Tianjin, China). Milk fat and daily protein
levels were measured with a Milkoscan FT 1 analyser
(FOSS Electric, Hillerod, Denmark, 2016), and the so-
matic cells were counted in a Fossomatic FC analyser
(FOSS Electric) according to AOAC (1972) methods
972.16, 997, and 975.16. The ambient air temperature
(Ta, �C) and relative humidity (RH, %) inside and
outside the barn were recorded hourly every day using
3 hygrothermographs located 1.5 m from the ground.
Temperature humidity index (THI) was calculated us-
ing the following equation: THI 5 (1.8 ! Td 1 32) –
(0.55 – 0.55 ! RH ! 0.01) ! (1.8 ! T – 26).
Biochemical and Routine Blood Tests

On days 0, 7, 14, and 21, the peripheral blood of dairy
cows was collected, and routine biochemical and blood
tests were carried out. The biochemical test kit was pur-
chased from Chengdu Pulitai Biotechnology Co., Ltd.
The biochemical indicators were tested with an auto-
matic biochemical analyzer (Seamaty, Chengdu, China).
Routine blood indexes were detected using an automatic
blood cell analyzer (Shenzhen Pukang Electronic Co.,
Ltd., China).
Quantificational Real Time PCR Analysis

Total RNA was isolated from cultured peripheral
blood lymphocytes with TRIzol reagent (Invitrogen,
Carlsbad, CA), and the gene levels of TNF-a, IL-6,
Table 2. The primer sequences of TNF-a, IL-1b, IL-6, and b-actin.

Gene Sequences (5ʹ-3ʹ) Product length

TNF-a (F) ACGGGCTTTACCTCATCTACTC 140
(R) GCTCTTGATGGCAGACAGG

IL-6 (F) ATGCTTCCAATCTGGGTTC 143
(R) TGAGGATAATCTTTGCGTTC

IL-1b (F) AGGTGGTGTCGGTCATCGT 142
(R) GCTCTCTGTCCTGGAGTTTGC

b-actin (F) TCACCAACTGGGACGACA 205
(R) GCATACAGGGACAGCACA

Abbreviations: IL-1b, interleukin 1b IL-6, interleukin 6; TNF-a, tumor
necrosis factor a.
and IL-1b were detected. The primer sequences are
shown in Table 2.

Western Blot Analysis

Total proteins were isolated from peripheral blood
lymphocytes with RIPA lysis buffer (Beyotime,
Shanghai, China). The protein concentrations deter-
mined with a Pierce BCA Protein Assay Kit (Thermo
Scientific, Shanghai, China). The Western blot assay
was performed in accordance with the experimental
methods that our group has previously used (Guo
et al., 2019).

Statistical Analyses

All statistical analyses were performed with SAS sta-
tistical software. A total of 20 cows were included in
the study. All data are presented as the mean6 SD. Sig-
nificance was declared at P � 0.05. Western blot results
were analyzed using a 2-samples t test, with tributyrin
treatment as a discriminant factor. The
quantificational real time PCR, biochemical and routine
blood results were analyzed by using Repeated Measure
ANOVA. Energy-corrected milk (ECM) was calculated
by standardizing milk production to 3.5% milk fat and
3.2% daily protein using the formula ECM (kg) 5
0.327 ! milk yield (kg) 1 12.95 ! milk fat (kg) 1 7.2
! protein yield (kg).

RESULTS

Intakes

Our study found that there was no significant dif-
ference in DM intake between the Control group
and the Treatment group during the experiment
(Table 3).

Environmental THI, Anal Temperature, and
Respiratory Frequency of Dairy Cows

The HS state of dairy cows is closely related to the
external environmental temperature. High temperature
and high humidity are important factors leading to
HS. The HS begins at THI 5 68. The THI
values . 72, 80, and 90 represent the potential for
mid, high, and severe levels of HS, respectively
(Zimbelman and Collier, 2011). Our results showed
that the THI in the morning, at noon, and at night in
Table 3. Dry matter intake of dairy cows during the experiment.

DM (kg)

Control (kg) Treatment (kg) SEM P-valueDay

0 d 17.10 17.35 0.3908 0.9514
7 d 17.29 17.81 0.3771 0.5624
14 d 17.24 17.66 0.2953 0.5339
21 d 17.20 17.84 0.3429 0.2789



Figure 1. TheTHI in the cowshed and the respiratory frequency and anal temperature of dairy cows. (A) The THI of the cowshed in themorning, at
noon and at night. (B) The respiratory frequency of dairy cows. (C) The anal temperature of dairy cows. All data are presented as the mean 6 SD,
n 5 20. Abbreviation: THI, temperature humidity index.
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the cowshed was higher than 72, which could have led to
HS reactions in dairy cows (Figure 1A). To further deter-
mine whether the cows were in a HS state, we tested the
anal temperatures and respiratory frequency of the dairy
cows. We found that the respiratory frequency of dairy
cows was approximately 2 times that observed in the
normal state (Figure 1B), whereas the anal temperature
was high; in some cows, it reached 39�C to 39.5�C
(Figure 1C). These results showed that dairy cows
were in the HS state.
The Alleviative Effect of Rumen-Bypassed
Tributyrin on Peripheral Blood Lymphocyte
Inflammation

During HS, lymphocytes may be stimulated to
secrete a large number of proinflammatory mediators,
which may lead to inflammatory damage in dairy
cows. Our results showed that tributyrin can
Table 4. Effect of tributyrin on IL-6, I

Item Time (d)

T

Control1 SEM

IL-1b 0 1.182B 0.10
IL-1b 7 1.295B 0.11
IL-1b 14 2.211A,a 0.15
IL-1b 21 4.219C,a 0.21
IL-6 0 1.108B 0.07
IL-6 7 1.370A,B 0.07
IL-6 14 1.398A,B,a 0.08
IL-6 21 1.665A,a 0.06
TNF-a 0 1.491B 0.05
TNF-a 7 1.945B 0.05
TNF-a 14 2.895A 0.22
TNF-a 21 4.833C,a 0.27

Data are presented as mean 6 SEM
represent significant differences (P , 0.05
tyrin). Different lowercase letters represent
tyrin group, and no lowercase letter means n
difference between control and Tributyrin.

Abbreviations: IL-1b, interleukin 1b IL-
factor a.

1Control means no supplemental rumen
supplemented with rumen-bypassed tributy
significantly reduce the expression of TNF-a, IL-6,
and IL-1b in peripheral blood lymphocytes in dairy
cows with the time (Table 4). As the feeding time
increased, the anti-inflammatory effect of tributyrin
was improved. To further study the anti-
inflammatory mechanism of tributyrin, we measured
the phosphorylation levels of ERK1/2, p38, JNK1/2,
and p65. The results showed that tributyrin could
inhibit the phosphorylation of these proteins and
reduce the formation of proinflammatory mediators
(Figures 2A–D). Finally, it could reduce the inflamma-
tory damage caused by HS.
Effect of Rumen-Bypassing Tributyrin on
the Biochemical Indexes of Dairy Cows

The HS may damage the functions of the liver and
kidney, and the damage of these functions may affect
the normal lactation function of dairy cows. Our study
L-1b, and TNF-a levels.

reatment

P-valueTributyrin1 SEM

5 1.668B 0.150 0.7058
0 1.513B 0.149 .0.9999
4 1.325B,b 0.097 0.0169
2 1.408B,b 0.096 ,0.0001
6 1.253D 0.045 0.9733
1 1.146D 0.047 0.4399
7 1.076D,b 0.035 0.0405
5 1.015D,b 0.047 ,0.0001
7 1.577B 0.096 .0.9999
8 1.376B 0.094 0.4182
9 3.215A 0.171 0.9948
7 2.757A,b 0.131 ,0.0001

(n 5 10). Different uppercase letters
) within a treatment (control or tribu-
differences between control and tribu-
o differences. The P-value indicates the

6, interleukin 6; TNF-a, tumor necrosis

-bypassed tributyrin; Tributyrin means
rin.



Figure 2. Effects of tributyrin on the mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-lB signaling pathways. (A–E)
Tributyrin reduced the protein levels of p-ERK1/2, p-38, p-JNK1/2, and p-P65 in lymphocytes on day 21. All data are presented as the
mean 6 SD, n 5 20. *P , 0.05 vs. Control, **P , 0.01 vs. Control.
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found that the levels of ASL (Figure 3A), total bili-
rubin (Figure 3C), urea (Supplementary Figure 1C),
and creatinine (Figure 3D) on day 21 in the treatment
group were significantly lower than those in the HS
Figure 3. Effect of tributyrin on biochemical indexes. (A–F) Effect of
(TBIL), creatinine (CREA), albumin, and globulin. All data are presented as
****P , 0.0001 vs. Control.
group, and tributyrin and time showed an interaction.
On the 21st d, the amounts of albumin (Figure 3E)
and globulin (Figure 3F) in the treatment group
were significantly decreased, but there was no
tributyrin on aspartate aminotransferase (AST), ALT, total bilirubin
the mean6 SD, n5 20. *P, 0.05 vs. Control, **P, 0.01 vs. Control,



Figure 4. Effect of tributyrin on routine blood indexes. (A–F) Effect of tributyrin on total leukocytes, lymphocytes, intermediate cells, granulo-
cytes, total number of red blood cells, and hemoglobin. All data are presented as the mean 6 SD, n 5 20. *P , 0.05 vs. Control, ***P , 0.001 vs.
Control.
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interaction between tributyrin and time. However, the
ALT (Figure 3B) content did not change significantly
between the 2 groups, and it was also found that the
decline in the curve of the treatment group was smooth
according to the line chart, whereas the curve of the
control group increased and then decreased. However,
our results showed that there was no significant differ-
ence in the contents of total protein, amylase, GLU,
CK, serum calcium, and serum phosphorus
(Supplementary Figures 1A, 1B, 1D–G), and these in-
dexes in the treatment group were decreased. These re-
sults showed that tributyrin could alleviate HS in
dairy cows.
Effect of Rumen-Bypassed Tributyrin on
Blood Routine Index of Dairy Cows

There were no significant changes in the number of to-
tal leukocytes, lymphocytes, granulocytes, and total red
blood cells in dairy cows fed rumen-bypassed tributyrin
(Figures 4A, 4B, 4D, 4E). However, we found a signifi-
cant increase in hemoglobin levels on days 7, 14, and
21 (Figure 4F). The results showed that rumen-
bypassing tributyrin could significantly increase the ox-
ygen content in the blood of dairy cows, thus enhancing
the energy supply of dairy cows and promoting energy
consumption activities such as lactation. We also found
that on the 21st d, the number of intermediate cells in
the treatment group decreased significantly
(Figure 4C), which indicated that rumen-bypassing trib-
utyrin could alleviate the inflammatory response caused
by HS.
Effect of Rumen-Bypassing Tributyrin on
Performances in Heat-Stressed Dairy Cows

Studies have shown that HS can affect milk yield, milk
fat, and milk protein. Our experimental results showed
that the amounts of milk fat, milk protein, and ECM
increased significantly (Figures 5A, 5B, 5F), and the
amounts urea nitrogen and somatic cell count decreased
significantly (Figures 5D, 5E), whereas lactose and daily
milk production did not change significantly. However,
the daily milk production of the treatment group was
slightly higher than that of the control group
(Figure 5G). For the indexes of milk fat and urea nitro-
gen, rumen-bypassing tributyrin had a significant inter-
action over time.
DISCUSSION

TheHSwill seriously affect theperformance and immune
levels of dairy cows (Akhavan-Salamat and Ghasemi,
2016). Our study showed that themilk yield andmilk qual-
ity in the treatment group were significantly improved. In
addition, the indexes of liver and kidney injury in the serum
of dairy cows in the treatment group were significantly
reduced.We also found that the mitogen-activated protein
kinase (MAPK) and nuclear factor (NF)-lB signaling
pathways in lymphocytes of heat-stressed dairy cows were
significantly activated, and these signaling pathways were
inhibited after feeding cows rumen-bypassing tributyrin.
These results showed that tributyrin could significantly
reduce the inflammatory state, relieve HS, and improve
the performance of dairy cows.



Figure 5. Tributyrin enhances the performance of heat-stressed dairy cows. (A–E) Effects of tributyrin on milk fat, milk protein, lactose, urea ni-
trogen, and somatic cell count (SCC). (F, G) Effects of tributyrin on ECM and daily milk production. All data are presented as themean6 SD, n5 20.
*P , 0.05 vs. Control, ***P , 0.001 vs. Control. Abbreviation: ECM, energy-corrected milk.
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Studies have shown that THI, respiratory frequency,
and anal temperature could reflect the HS state of dairy
cows (Ahmed et al., 2017). Our study found that the
THI of the cowshed reached or exceeded 72 during the
entire experimental stage (Carabano et al., 2016). We
found that the respiratory frequency of dairy cows was
1.5- to 2-fold higher than that of normal cows, and the
anal temperature was generally higher. These results
showed that the dairy cows were in a state of HS. Studies
have shown that HS can promote the expression of
proinflammatory mediators in dairy cows (Min et al.,
2016), thus affecting their performance (Brown et al.,
2016). The MAPK signaling pathway and NF-lB
signaling pathway are important inflammatory-related
signaling pathways (Campillo-Gimenez et al., 2018). In
our study, we found that tributyrin could significantly
inhibit the phosphorylation of p38, ERK1/2, JNK1/2,
and p65 in lymphocytes. Peripheral blood lymphocytes
are important immune cells that play an important
role in immune defence (Carroll and Isenman, 2012).
Moreover, lymphocytes circulate in all organs of the
body, so the inflammatory state of lymphocytes may
directly affect the physiological state of dairy cows.
Our study found that tributyrin can significantly reduce
the gene levels of IL-6, TNF-a, and IL-1b in peripheral
blood lymphocytes in dairy cows. This is achieved by
inhibiting the activation of the MAPK and NF-lB
signaling pathways. This may be due to the abnormal
function of immune cells caused by heat stress. The
changes of these immune cells may directly lead to liver
and kidney damage in dairy cows.

When HS occurs in dairy cows, it will cause liver and
kidney damage, resulting in a decline in production per-
formance (Skibiel et al., 2018; Tang et al., 2018). More-
over, we speculate that the inflammatory responses of
lymphocytes may also cause liver, kidney, andmammary
gland injury. This damage will cause changes in the
biochemical indexes of the liver, kidney, and other
organs. In this experiment, we found that the total bili-
rubin, aspartate aminotransferase, and creatinine values
of dairy cows in the control group increased significantly
over time, whereas these indexes did not increase after
feeding cows tributyrin. This may be related to the
reduction of inflammatory status of immune cells and
indicated that tributyrin could alleviate HS and relieve
liver and kidney injury in dairy cows. In addition, we
also performed routine blood tests on dairy cows, and
the results showed that the number of intermediate cells
in the treatment group were significantly reduced while
the hemoglobin content was significantly increased. We
speculated that tributyrin may also reduce the inflam-
matory responses of heat-stressed cows by reducing the
number of intermediate cells and increasing the hemo-
globin content. To reduce the injury to different tissues
and organs, the HS of dairy cows was finally relieved.
Many studies have shown that HS could affect the per-

formance of dairy cows (Collier et al., 2017). Most of the
previous studies only focused on the effect of HS on the
performance of dairy cows, but our experiments found
that the increase in the inflammatory responses of pe-
ripheral immune cells caused by HS was also an impor-
tant factor contributing to the damage of tissues and
organs of dairy cows. Interestingly, we found that tribu-
tyrin could also increase the levels of ECM, milk protein,
milk fat and reduce somatic cell count. This showed that
tributyrin could improve the lactation performance of
dairy cows by alleviating HS.
CONCLUSION

The above described experiments showed that tribu-
tyrin could alleviate the inflammatory responses of pe-
ripheral blood lymphocytes in dairy cows, thereby
reducing liver and kidney damage and ultimately allevi-
ating HS in dairy cows.



RUMEN-BYPASSED TRIBUTYRIN ALLEVIATES HEAT STRESS 355
ACKNOWLEDGMENTS

The authors thank Guangze ecological animal hus-
bandry Co., Ltd. for providing the experimental site
and experimental cows and thank Ziyang Zhang for
testing the biochemical indexes of dairy cows. This
work was supported by the National Natural Science
Foundation of China (Project No. 31702211, 31672509,
and 31873004), Jilin Scientific and Technological Devel-
opment Program (Project No. 20190103021JH and
20200201111JC), and JLU Science and Technology
Innovative Research Team.
DISCLOSURES

The authors declare that they have no competing
interests.
SUPPLEMENTARY DATA

Supplementary data associated with this article can
be found in the online version at https://doi.org/10.1
016/j.psj.2020.10.006.
REFERENCES

Abdelqader, A. M., M. Abuajamieh, H. M. Hammad, and A. A. Al-
Fataftah. 2017. Effects of dietary butyrate supplementation on
intestinal integrity of heat-stressed cockerels. J. Anim. Physiol.
Anim. Nutr. 101:1115–1121.

Ahmed, B. M. S., U. Younas, T. O. Asar, S. Dikmen, P. J. Hansen, and
G. E. Dahl. 2017. Cows exposed to heat stress during fetal life
exhibit improved thermal tolerance. J. Anim. Sci. 95:3497–3503.

Akhavan-Salamat, H., and H. A. Ghasemi. 2016. Alleviation of
chronic heat stress in broilers by dietary supplementation of
betaine and turmeric rhizome powder: dynamics of performance,
leukocyte profile, humoral immunity, and antioxidant status.
Trop. Anim. Health Prod. 48:181–188.

Bach Knudsen, K. E., H. N. Laerke, M. S. Hedemann, T. S. Nielsen,
A. K. Ingerslev, D. S. Gundelund Nielsen, P. K. Theil, S. Purup,
S. Hald, A. G. Schioldan, M. L. Marco, S. Gregersen, and
K. Hermansen. 2018. Impact of diet-modulated butyrate produc-
tion on intestinal barrier function and inflammation. Nutrients 10.

Belhadj Slimen, I., T. Najar, A. Ghram, and M. Abdrrabba. 2016.
Heat stress effects on livestock: molecular, cellular and metabolic
aspects, a review. J. Anim. Physiol. Anim. Nutr. 100:401–412.

Brown, B. M., J. W. Stallings, J. S. Clay, and M. L. Rhoads. 2016.
Periconceptional heat stress of Holstein dams is associated with
differences in daughter milk production during their first lactation.
PLoS One 11:e0148234.

Campillo-Gimenez, L., F. Renaudin, M. Jalabert, P. Gras, M. Gosset,
C. Rey, S. Sarda, C. Collet, M. Cohen-Solal, C. Combes, F. Liote,
andH. K. Ea. 2018. Inflammatory potential of four different phases
of calcium pyrophosphate relies on NF-kappaB activation and
MAPK pathways. Front. Immunol. 9:2248.

Carabano, M. J., B. Logar, J. Bormann, J. Minet, M. L. Vanrobays,
C. Diaz, B. Tychon, N. Gengler, and H. Hammami. 2016. Modeling
heat stress under different environmental conditions. J. Dairy Sci.
99:3798–3814.

Carroll, M. C., and D. E. Isenman. 2012. Regulation of humoral im-
munity by complement. Immunity 37:199–207.

Collier, R. J., B. J. Renquist, and Y. Xiao. 2017. A 100-year review:
stress physiology including heat stress. J. Dairy Sci. 100:10367–
10380.
Council, N. R. 2001. Nutrient Requirements of Dairy Cattle: Seventh
Revised Edition, 2001. The National Academies Press, Washing-
ton, DC.

Cresci, G. A., B. Glueck, M. R. McMullen, W. Xin, D. Allende, and
L. E. Nagy. 2017. Prophylactic tributyrin treatment mitigates
chronic-binge ethanol-induced intestinal barrier and liver injury. J.
Gastroenterol. Hepatol. 32:1587–1597.

Dahl, G. E., S. Tao, and A. P. A. Monteiro. 2016. Effects of late-
gestation heat stress on immunity and performance of calves. J.
Dairy Sci. 99:3193–3198.

de Andrade Ferrazza, R., H. D. Mogollon Garcia, V. H. Vallejo Aris-
tizabal, C. de Souza Nogueira, C. J. Verissimo, J. R. Sartori,
R. Sartori, and J. C. Pinheiro Ferreira. 2017. Thermoregulatory
responses of Holstein cows exposed to experimentally induced heat
stress. J. Therm. Biol. 66:68–80.

Fodor, N., A. Foskolos, C. F. E. Topp, J. M. Moorby, L. Pasztor,
and C. H. Foyer. 2018. Spatially explicit estimation of heat
stress-related impacts of climate change on the milk produc-
tion of dairy cows in the United Kingdom. PLoS One
13:e0197076.

Gantner, V., T. Bobic, R. Gantner, M. Gregic, K. Kuterovac,
J. Novakovic, and K. Potocnik. 2017. Differences in response to
heat stress due to production level and breed of dairy cows. Int. J.
Biometeorol. 61:1675–1685.

Gao, S. T., J. Guo, S. Y. Quan, X. M. Nan, M. V. S. Fernandez,
L. H. Baumgard, and D. P. Bu. 2017. The effects of heat stress on
protein metabolism in lactating Holstein cows. J. Dairy Sci.
100:5040–5049.

Goering, H. K., and P. J. Van Soest. 1970. Forage Fiber Analyses
(Apparatus, Reagents, Procedures, and Some Applications).
Agriculture Handbook No. 379. United States Department of
Agriculture, Washington, DC.

Guo, W., B. Liu, Y. Yin, X. Kan, Q. Gong, Y. Li, Y. Cao, J. Wang,
D. Xu, H. Ma, S. Fu, and J. Liu. 2019. Licochalcone A protects the
blood-milk barrier integrity and relieves the inflammatory response
in LPS-induced mastitis. Front. Immunol. 10:287.

Hamer, H. M., D. Jonkers, K. Venema, S. Vanhoutvin,
F. J. Troost, and R. J. Brummer. 2008. Review article: the role
of butyrate on colonic function. Aliment. Pharmacol. Ther.
27:104–119.

He, J., L. Dong, W. Xu, K. Bai, C. Lu, Y. Wu, Q. Huang,
L. Zhang, and T. Wang. 2015. Dietary tributyrin supple-
mentation attenuates insulin resistance and abnormal lipid
metabolism in suckling piglets with intrauterine growth
retardation. PLoS One 10:e0136848.

Li, L., Y. Wang, C. Li, and G. Wang. 2017. Proteomic analysis to
unravel the effect of heat stress on gene expression and milk syn-
thesis in bovine mammary epithelial cells. Anim. Sci. J. 88:2090–
2099.

Liu, Z., V. Ezernieks, J. Wang, N. W. Arachchillage, J. B. Garner,
W. J. Wales, B. G. Cocks, and S. Rochfort. 2017. Heat stress in
dairy cattle alters lipid composition of milk. Sci. Rep. 7:961.

Min, L., N. Zheng, S. Zhao, J. Cheng, Y. Yang, Y. Zhang, H. Yang,
and J. Wang. 2016. Long-term heat stress induces the inflamma-
tory response in dairy cows revealed by plasma proteome analysis.
Biochem. Biophys. Res. Commun. 471:296–302.

Pennington, J. A., J. L. Albright, M. A. Diekman, and
C. J. Callahan. 1985. Sexual activity of Holstein cows: seasonal
effects. J. Dairy Sci. 68:3023–3030.

Polsky, L., andM. A. G. von Keyserlingk. 2017. Invited review: effects
of heat stress on dairy cattle welfare. J. Dairy Sci. 100:8645–8657.

Ross, J. W., B. J. Hale, J. T. Seibert, M. R. Romoser, M. K. Adur,
A. F. Keating, and L. H. Baumgard. 2017. Physiological mecha-
nisms through which heat stress compromises reproduction in pigs.
Mol. Reprod. Dev. 84:934–945.

Santana, M. L., A. B. Bignardi, R. J. Pereira, G. Stefani, and L. El
Faro. 2017. Genetics of heat tolerance for milk yield and quality in
Holsteins. Animal 11:4–14.

Schwarz, A., A. Bruhs, and T. Schwarz. 2017. The short-chain fatty
acid sodium butyrate functions as a regulator of the skin immune
system. J. Invest. Dermatol. 137:855–864.

https://doi.org/10.1016/j.psj.2020.10.006
https://doi.org/10.1016/j.psj.2020.10.006
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref1
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref1
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref1
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref1
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref2
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref2
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref2
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref3
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref3
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref3
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref3
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref3
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref4
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref4
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref4
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref4
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref4
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref5
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref5
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref5
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref7
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref7
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref7
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref7
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref8
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref8
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref8
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref8
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref8
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref9
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref9
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref9
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref9
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref10
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref10
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref11
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref11
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref11
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref12
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref12
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref12
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref13
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref13
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref13
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref13
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref14
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref14
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref14
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref15
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref15
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref15
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref15
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref15
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref16
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref16
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref16
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref16
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref16
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref17
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref17
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref17
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref17
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref18
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref18
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref18
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref18
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref37
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref37
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref37
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref37
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref19
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref19
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref19
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref19
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref20
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref20
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref20
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref20
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref21
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref21
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref21
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref21
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref21
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref22
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref22
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref22
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref22
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref23
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref23
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref23
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref24
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref24
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref24
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref24
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref25
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref25
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref25
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref26
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref26
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref27
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref27
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref27
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref27
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref28
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref28
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref28
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref29
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref29
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref29


GUO ET AL.356
Sheng, L., P. K. Jena, Y. Hu, H. X. Liu, N. Nagar,
K. M. Kalanetra, S. W. French, S. W. French, D. A. Mills,
and Y. Y. Wan. 2017. Hepatic inflammation caused by dys-
regulated bile acid synthesis is reversible by butyrate supple-
mentation. J. Pathol. 243:431–441.

Skibiel, A. L., M. Zachut, B. C. do Amaral, Y. Levin, and
G. E. Dahl. 2018. Liver proteomic analysis of postpartum Holstein
cows exposed to heat stress or cooling conditions during the dry
period. J. Dairy Sci. 101:705–716.

Sullivan, K. F., and T. L. Mader. 2018. Managing heat stress episodes
in confined cattle. The veterinary clinics of North America. Food
Anim. Pract. 34:325–339.
Tang, S., S. Zhou, B. Yin, J. Xu, L. Di, J. Zhang, and E. Bao. 2018.
Heat stress-induced renal damage in poultry and the protective
effects of HSP60 andHSP47. Cell Stress Chaperones 23:1033–1040.

Wang, F., J. Liu, T. Weng, K. Shen, Z. Chen, Y. Yu, Q. Huang,
G. Wang, Z. Liu, and S. Jin. 2017. The inflammation induced by
lipopolysaccharide can be mitigated by short-chain fatty acid,
butyrate, through upregulation of IL-10 in septic shock. Scand. J.
Immunol. 85:258–263.

Xu, Y., V. Ramanathan, and D. G. Victor. 2018. Global warming will
happen faster than we think. Nature 564:30–32.

Zimbelman, R., and R. Collier. 2011. Heat hits cows sooner than we
thought. Hoard’s Dairyman 25.

http://refhub.elsevier.com/S0032-5791(20)30757-4/sref30
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref30
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref30
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref30
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref30
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref31
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref31
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref31
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref31
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref32
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref32
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref32
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref33
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref33
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref33
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref34
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref34
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref34
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref34
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref34
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref35
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref35
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref36
http://refhub.elsevier.com/S0032-5791(20)30757-4/sref36

	Rumen-bypassed tributyrin alleviates heat stress by reducing the inflammatory responses of immune cells
	Introduction
	Materials and methods
	Preparation of Tributyrin
	Animals and Housing
	Experimental Design
	Measurements and Sampling
	Biochemical and Routine Blood Tests
	Quantificational Real Time PCR Analysis
	Western Blot Analysis
	Statistical Analyses

	Results
	Intakes
	Environmental THI, Anal Temperature, and Respiratory Frequency of Dairy Cows
	The Alleviative Effect of Rumen-Bypassed Tributyrin on Peripheral Blood Lymphocyte Inflammation
	Effect of Rumen-Bypassing Tributyrin on the Biochemical Indexes of Dairy Cows
	Effect of Rumen-Bypassed Tributyrin on Blood Routine Index of Dairy Cows
	Effect of Rumen-Bypassing Tributyrin on Performances in Heat-Stressed Dairy Cows

	Discussion
	Conclusion
	Acknowledgments
	Disclosures
 
	Supplementary data
	References


