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Heat stress negatively affects the transcriptome related to overall metabolism
and milk protein synthesis in mammary tissue of midlactating dairy cows
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Gao ST, Ma L, Zhou Z, Zhou ZK, Baumgard LH, Jiang D,
Bionaz M, Bu DP. Heat stress negatively affects the transcriptome
related to overall metabolism and milk protein synthesis in mammary
tissue of midlactating dairy cows. Physiol Genomics 51: 400–409,
2019. First published July 12, 2019; doi:10.1152/physiolgenomics.
00039.2019.—Inadequate dry matter intake only partially accounts
for the decrease in milk protein synthesis during heat stress (HS) in
dairy cows. Our hypothesis is that reduced milk protein synthesis
during HS in dairy cows is also caused by biological changes within
the mammary gland. The objective of this study was to assess the
hypothesis via RNA-Seq analysis of mammary tissue. Herein, four
dairy cows were used in a crossover design where HS was induced for
9 days in environmental chambers. There was a 30-day washout
between periods. Mammary tissue was collected via biopsy at the end
of each environmental period (HS or pair-fed and thermal neutral) for
transcriptomic analysis. RNA-Seq analysis revealed HS affected
�2,777 genes (false discovery rate-adjusted P value � 0.05) in
mammary tissue. Expression of main milk protein-encoding genes and
several key genes related to regulation of protein synthesis and amino
acid and glucose transport were downregulated by HS. Bioinformatics
analysis revealed an overall decrease of mammary tissue metabolic
activity by HS (especially carbohydrate and lipid metabolism) and an
increase in immune activation and inflammation. Network analysis
revealed a major role of TNF, IFNG, S100A8, S100A9, and IGF-1 in
inducing/controlling the inflammatory response, with a central role of
NF-�B in the process of immunoactivation. The same analysis indi-
cated an overall inhibition of PPAR�. Collectively, these data suggest
HS directly controls milk protein synthesis via reducing the transcrip-
tion of metabolic-related genes and increasing inflammation-related
genes.
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INTRODUCTION

Milk protein is an important economic variable for the dairy
industry. Heat stress (HS) decreases milk yield, and this was
traditionally believed to be mainly caused by reduced feed
intake (18). However, HS studies, using pair-feeding, con-
ducted in dairy cows revealed that the decreased feed intake

only accounts for ~30–50% of the decrease in overall milk
yield (3). Prior studies also indicate that HS has an even larger
negative effect on milk protein synthesis (19, 23, 46, 57).
Similar to overall milk yield, HS-induced hypophagia accounts
only for a part of the decrease of milk protein yield (19),
indicating other additional mechanisms contribute to reduced
milk protein synthesis.

Data from our previous work suggest that the decrease in
milk protein is partly caused by a decrease in precursor supply
to the mammary gland (19). The decrease in protein synthesis
appears to be independently regulated considering the discor-
dant patterns in how acute HS (in environmental chambers)
affects the content of other milk solids; HS has only minor
effects on milk lactose content but actually increases milk fat
percentages (15, 19). Cowley et al. (2015) (15) suggest that the
reduction in milk protein from heat-stressed cows is the result
of downregulation of mammary protein synthetic activity,
especially �- and �-casein synthesis (11). However, it remains
to be determined what molecular machinery governs reduced
milk protein synthesis during HS. Our hypothesis is that
decreased milk protein yield during HS in dairy cows is also
directly caused by biological changes within the mammary
gland. The objective of the current study was to elucidate the
biological changes occurring within mammary tissue in re-
sponse to HS by using transcriptome analysis via RNA se-
quencing (RNA-Seq).

METHODS AND MATERIALS

Ethics Statement

This study was approved by the Animal Care and Use
Committee of Institute of Animal Science, Chinese Academy
of Agricultural Sciences. The use of animals in the present
study was in strict accordance with the Directions for Caring of
Experimental Animals from the Institute of Animal Science,
Chinese Academy of Agricultural Sciences.

Animals and Experimental Design

Data presented herein are results from a larger study (19).
All experimental procedures, animals utilized, and production
responses to heat stress were previously described. In brief,
2 � 2 crossover design and four multiparous, lactating Hol-
stein cows (101 	 10 of days in milk, 574 	 36 kg of body
weight, 38 	 2 kg of milk/day, 2nd parity, 1–2 mo pregnant)
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was used in the present study. The cows were randomly housed
in four environmental chambers. The experiment included two
periods (period 1 and period 2), with two experimental phases
(control phase and trial phase) within each period. During
phase 1 or control phase (9 days), all cows were in thermal
neutral conditions [TN; 20°C, 55% humidity; temperature-
humidity index (THI) 
 65.5] and fed ad libitum. During
phase 2 or treatment phase (9 days), group 1 (n 
 2) was
exposed to cyclical HS conditions (0600–1800 36°C, 1800–
0600 32°C, 40% humidity; THI 
 84.0/79.2) and fed ad libi-
tum, while group 2 remained in TN conditions but was pair-fed
(PFTN) to their HS counterparts. Nutrient intake was kept
similar between different treatments as previously described
(57). A recovery/washout period (30 days) was inserted after
phase 2, and then the study was repeated (period 2) by
inverting the environmental treatments of the groups relative to
the treatment phase in period 1. Cows were fed a total mixed
ration formulated to meet or exceed the predicted requirements
(38) of energy, protein, minerals, and vitamins (19).

Tissue Sample Collection and RNA Isolation

Mammary tissue samples were obtained on day 10 of each
environmental period (i.e., at the end of the experimental
period). Biopsy procedure was conducted as previously de-
scribed (14). In brief, the biopsies were performed just after
milking at 0700 and were done in the right or left rear quarter
of the mammary gland. Before surgery, 3–4 mL of lidocaine-
hydrochloride (2% solution) was subcutaneously injected as
local anesthetic. After removal of the biopsy instrument, pres-
sure was applied immediately with sterile gauze to stop bleed-
ing. Michel clips (11 mm; Henry Schein, Melville, NY) were
used to close the skin incision. Rectal temperature, milk yield,
and feed intake were recorded daily for 7 days to monitor the
health of the cows. Tissue samples were frozen immediately in
liquid nitrogen until further analysis.

Total RNA of each sample was isolated with TRIzol reagent
(Invitrogen, Carlsbad, CA). The purity, concentration, and
integrity of RNA were checked with the NanoPhotometer
spectrophotometer (IMPLEN, Westlake Village, CA), the Qu-
bit RNA Assay Kit in Qubit 2.0 Fluorometer (Life Technolo-
gies, Carlsbad, CA), and the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 System (Agilent Technologies, Santa Clara,
CA), respectively. The optical density (OD)260/OD280 values
were �1.9, and the RNA integrity number values were �8.0.

Library Preparation and Sequencing

The library preparation and sequencing were performed as
previously described (43). In brief, we utilized 3 �g RNA per
sample as input, for complementary DNA (cDNA) libraries
construction. Ribosomal RNA was removed using Epicentre
Ribo-zero rRNA Removal Kit (Epicentre) and then further
cleaned by ethanol precipitation. Sequencing libraries was
generated by using the rRNA-depleted RNA following manu-
facturer’s recommendations, with NEBNext Ultra Directional
RNA Library Prep Kit for Illumina (NEB). The libraries were
sequenced on an Illumina HiSeq 4000 platform at the Novo-
gene Bioinformatics Institute (Beijing, China) according to the
manufacturer’s instructions. The sequencing raw data of this
study were deposited in the National Center for Biotechnology
Information’s Sequence Read Archive (SRP174357).

Quality Analysis, Mapping, and Transcriptome Assembly

We obtained the clean reads by removing reads contain-
ing adapter, reads containing poly-N, and low-quality reads
in the raw data. Q20, Q30, and GC content of the clean data
were calculated. All the downstream analyses were based on
the clean data with high quality. Reference bovine genome
(ftp://ftp.ensembl.org/pub/release-89/fasta/bos_taurus/dna/)
and gene model annotation files (ftp://ftp.ensembl.org/pub/
release-89/gtf/bos_taurus) were downloaded. Index of the
reference genome was built with bowtie2 v2.2.8, and paired-
end clean reads were aligned to the reference genome using
HISAT2 (v2.0.4) (33). HISAT2 was run with “–rna-strand-
ness RF”; other parameters were set as default. The String-
Tie (v1.3.1) was used to assemble the mapped reads of each
sample in a reference-based approach (42).

Statistical Analysis

A quasinegative binomial model was used to analyze the
normalized data and assess differential expression (35). The
model included as covariates the cow effects to account for
potential baseline differences between the cows and the order
in which the treatment and control conditions were imple-
mented to account for the period effect. The effects of HS on
gene expressions were tested by quasilikelihood F tests. The
analysis was performed with the edgeR package in R.

Gene Ontology and Kyoto Encyclopedia of Genes and Ge-
nomes enrichment analysis. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways analysis was performed using
Dynamic Impact Approach (DIA) (10). Entrez Gene ID of
detected transcripts were used as background. The data set
including Entrez Gene ID, false discovery rate (FDR)-adjusted
P value, expression ratio, and P value was uploaded. An
FDR-adjusted P value � 0.05 and a P value � 0.001 between
the two treatments were used as cut-off. The enrichment
analysis of various database including KEGG pathways, Gene
Ontology (GO) Biological Process and Cellular Components
was run by Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) v6.7 (28). For this analysis, all the
annotated transcripts that were detected (Entrez Gene ID) were
used as background, and three data sets were analyzed: 1)
upregulated differently expressed genes (DEG) by HS; 2)
downregulated DEG by HS; and 3) both up- and downregu-
lated DEG. Results were downloaded with the Functional
Annotation Chart.

Transcription regulators and gene network analysis. Inge-
nuity Pathway Analysis (IPA) software (Qiagen) was used to
uncover the upstream regulators and their downstream genes
among DEG. For this purpose, a list of DEG with the same
thresholds used for DIA analysis was uploaded into IPA. The
data set of DEG (Suppl. File 1), DIA result (Suppl. File 2), and
upstream regulators networks (Suppl. File 3) was deposited in
figshare (DOI: 10.6084/m9.figshare.7496366).

RESULTS AND DISCUSSION

Originally, the decrease in milk yield caused by HS was
attributed to reduced dry matter intake (DMI) (5, 56). The
utilization of a PFTN model as a control in the present study
demonstrates that reduced DMI only partially (~65%) explains
the decrease in milk yield (19), confirming that hyperthermia

401HEAT STRESS AND MAMMARY GLAND TRANSCRIPTOME

Physiol Genomics • doi:10.1152/physiolgenomics.00039.2019 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Univ of Chicago (128.135.010.103) on May 24, 2020.

https://www.ncbi.nlm.nih.gov/sra/6991694%206991695%206991696%206991697%206991698%206991699%206991700


itself directly affects milk production (1, 15, 57). Environmen-
tally induced hyperthermia affects not only overall milk pro-
duction, but also milk composition. In the present study, milk
protein concentration was decreased (despite large differences
in milk yield, which would normally favor the “concentrating”
of milk components) in HS cows compared with PFTN con-
trols (19). The mechanisms regulating milk protein synthesis
during HS are largely unknown but likely involve changes in
several biological systems. Reasons for reduced milk protein
production might be nutritional repartitioning resulting in the
shortage of milk protein precursors (3, 19), decrease of energy
available for activation of the mammalian target of rapamy-
cin (mTOR)-insulin signaling pathway (8), and/or intrinsic
changes happening in the mammary gland (11, 15).

HS Affects Mammary Tissue Transcriptome

To detect the intrinsic changes in the heat-stressed cows’
mammary tissue and to discover additional reasons for the
declined milk protein yield, we collected mammary tissue,
extracted the total RNA, and detected the transcript profiles of
HS and PFTN cows by using RNA-Seq. There were 2,777
DEG with FDR � 0.05 with 1,534 upregulated and 1,243
downregulated DEG in HS versus PFTN (Fig. 1A). The num-
ber of DEG indicates a marked effect of HS on the mammary
gland. The complete data set is available in Suppl. File 1.

Transcription of Main Milk Protein Genes is Downregulated
by HS

Consistent with the decrease both in milk protein concen-
tration and yield in the present study (19), the expression of
milk protein-encoding genes in mammary tissue was down-
regulated by HS (Fig. 1). Furthermore, transcripts coding for
major regulators of transcription and translation of milk protein
genes were also downregulated (Fig. 1). Among them, STAT5A
and STAT5B are known to play an important role in controlling
transcription of various caseins and lactalbumin (8). Activated
STAT5 binds to DNA sequence known as GAS (interferon-�
activated sequence) elements and upregulates target genes (8).
LAMTOR2 was also downregulated by HS (Fig. 1). LAMTOR2,
as member of the Ragulator/LAMTOR complex, is crucial for
mTOR activation (50). The Ragulator/LAMTOR complex,
including LAMTOR2, was shown to be essential for recruiting
the Rag proteins to the lysosome, where those, in response to
amino-acid stimuli, interact with and activate mTORC1 (48).
Phosphorylated mTORC1 activates protein synthesis by pro-
moting the formation of the 43S preinitiation complex (31)
and, through the phosphorylation of the RPS6-p70-protein
kinase (p70S6K), indirectly prevents the inhibition of the
eukaryotic translation elongation factor 2 (eEF2) (9), thus
allowing translation to occur. The E74-like factor 5 (ELF5) is

Fig. 1. Genes differentially expressed (DEG) in bovine mammary tissue in cows subjected to heat stress (HS) vs. cows pair-fed and kept in thermo-neutral
conditions (PFTN) A: total DEG and DEG up- or downregulated. B: expression ratio (HS vs. PFTN) of transcripts coding for various caseins and lactalbumin.
C: expression ratio of key genes related to protein synthesis regulation. D: expression ratio of transcripts coding for various amino acid and glucose transporters.
AA, amino acid; FDR, false discovery rate.
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also known to play an important role in activating STAT5 in
mammary tissue (8, 58). Therefore, downregulation of the
transcripts of milk protein-encoding genes and their upstream
regulators suggests an intrinsic transcriptomic regulation of
milk protein synthesis in the mammary tissue in response to
HS. It is not possible to conclude if the downregulation of the
above genes is the main cause of reduced milk protein synthe-
sis, but it likely contributes with reduced availability of pre-
cursors [amino acid (AA) and glucose] that reduce mTOR
activation (19).

HS Decreases Transcription of Genes Coding for Main
Glucose and AA Transporters

Research on mammary nutrient extraction (AA and glucose)
in livestock during HS is scarce and inconsistent. The effi-
ciency of nutrient extraction from circulation is different be-
tween monogastric and ruminant animals under HS conditions.
In monogastric animals the mammary gland of lactating sows
exposed to HS has greater extraction rates of glucose and
triglycerides and tend to have greater extraction of �-amino
acids compared with thermal neutral controls, leading to an
increase in mammary nutrient uptake (44). However, in mid-
lactating goats acute HS for 4 days has a negative effect on the
mammary uptake of glucose, also partly due to a reduced
mammary blood flow (49). Somewhat similar to that study,
transcripts coding for key glucose transporters (9) were down-
regulated in mammary tissue by HS in our study (Fig. 1). Prior
data from our experiment suggested an overall decrease avail-
ability of AA for the mammary gland (19), and this is coupled
with the downregulation of transcription of most genes encod-
ing for AA transporters in HS compared with PFTN cows (Fig.
1). The above data suggest a decreased uptake of AA and
glucose by the mammary tissue in response to HS. The de-
crease in glucose uptake in HS compared with PFTN cows
would also reduce the energy availability in the mammary
tissue, reducing the activation of mTOR and, thus, milk protein
synthesis (8).

Overall, the above data indicate that the decrease in milk
protein yield during HS is partly explained by a decrease in
uptake of precursors that is regulated at the transcriptomic
level. In the present study, the concentration of the substrates
for milk protein synthesis (amino acids, glucose, and NEFA) in
heat-stressed cows were decreased compared with PFTN cows
(19). In addition to the decrease in substrate blood concentra-
tions, blood flow to the mammary gland might also have
decreased (34). Lough et al. (1990) (34), utilizing an experi-
mental design similar to our study, observed that both HS and
feed restriction decreased mammary blood flow compared with
thermal neutral ad libitum-fed cows. Additionally, portal flow
also tended to decrease during HS, and it was better correlated
with HS-induced hypophagia (36), indicating that nutrient
absorption may also be inhibited by the reduced splanchnic
blood flow.

HS Depresses Metabolic-related Pathways in Mammary
Tissue

The few protein-coding genes discussed above are only a
small fraction of all protein-coding genes in the bovine ge-
nome, and a more holistic view should be used to determine the
overall biological effect of HS in the mammary gland tran-

scriptome. Furthermore, it is important to investigate in more
detail the causation of the observed effect. The mammary
gland is not autonomous but, rather, participates in the biolog-
ical adaptation of the organism. This was indicated in a prior

Fig. 2. Summary of the main categories and subcategories of KEGG pathways
as results of the transcriptomic effect on mammary tissue of heat stress (HS)
compared with pair-fed cows in neutral ambient conditions (N) as analyzed by
the Dynamic Impact Approach. At right: bar denoting the overall impact (in
blue) and the shade denoting the effect on the pathway [from green (inhibited)
to red (activated)]. The darker the color the greater the activation (if red) or
inhibition (if green) of the pathway.
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study where a strong cross talk between the mammary gland
and liver was revealed (14).

DIA estimates the perturbation of a biological pathway by
the “impact,” while the overall direction of the perturbation is
represented by the “flux” (or Direction of the Impact) (10). A
summary of the perturbation by HS on the main categories of
the KEGG pathways in mammary tissue as estimated by the
DIA is available in Fig. 2. The category “Metabolism” was the
most impacted and was strongly overall inhibited followed by
the category “Organismal System” with most of the pathways
overall downregulated but few pathways induced, such as
immune system and environmental adaptation-related path-
ways (Fig. 2, Supp. File 2). The 20 most affected pathways
were all part of the two aforementioned categories (Fig. 3).
Among those, most of the metabolic-related pathways were
associated with glucose and lipid metabolism (Fig. 3) with
“Galactose metabolism” (i.e., lactose synthesis) and “Fatty
acid biosynthesis” being the most impacted (Fig. 3). Interest-
ingly, among the most inhibited pathways were also the “PAR
signaling pathway” and the “Phenylalanine, tyrosine, and tryp-
tophan biosynthesis” (Fig. 3).

The effect of HS on mammary tissue metabolism was also
revealed by DAVID analysis, with most of the enriched path-
ways among downregulated genes related to glucose, lipid
metabolism, and amino acid biosynthesis (Fig. 4, Suppl. File
2). Furthermore, activation of the immune system was also
revealed by DAVID analysis (Fig. 4).

Due to the extreme high impact and enrichment, a more
in-depth discussion of pathways associated with glucose, lipid,
and amino acid metabolism is warranted, especially consider-
ing prior observations of a decrease in precursors for milk
synthesis and an overall decrease of milk components by HS
vs. PFTN cows (19).

Lipid metabolism. Lipid metabolism was highly inhibited in
this study by HS compared with PFTN (Fig. 2), and all the six
pathways among the 20 most impacted pathways were inhib-
ited, including the pathways of “Steroid biosynthesis,” “Fatty
acid biosynthesis,” “Synthesis and degradation of ketone bod-
ies,” “Glycerolipid metabolism,” “Linoleic acid metabolism,”
and “Arachidonic acid metabolism” (Fig. 3).

Studies investigating the effect of HS on milk fat synthesis
are scant. Tao et al. (2013) (53) did not find any effect on milk
fat synthesis-related genes in mammary tissue of dry cows
experiencing HS compared with cows cooled with sprinklers
and fans. The effect of HS on milk fat concentration has been
extensively studied. The first report of low summer milk fat
was first described in 1926 (25) and observed frequently
afterward, as previously reviewed (6, 26, 29). In contrast, other
studies did not indicate a seasonal pattern of milk fat (24, 51).
In pair-fed experiments, similar inconsistencies were observed.
The milk fat percentage of heat-stressed cows was decreased
(37), not changed (19) or increased (20) compared with PFTN
controls. Although how HS effects milk fat remains ill-defined
and inconsistent, HS reduces milk fat yield consistently (19,
46). Our study revealed that the decrease in milk fat yield is
regulated at the transcriptomic level (Figs. 2 and 3). PPAR
signaling appears to be central in the regulation of milk fat
synthesis in ruminants (40, 59). Prior studies suggested that
PPAR� is activated by fatty acids in ruminants (7); thus, it is
possible that the decrease in availability of fatty acids from
circulation (19) has decreased the activation of PPAR� reduc-
ing the expression of milk fat synthesis-related genes.

Amino acid metabolism. Consistent with prior studies (6, 15,
23), HS cows in the present study had lower milk protein
synthesis compared with PFTN cows (19). Transcriptomics
data analyzed by DIA and DAVID uncovered an overall

Fig. 3. The 20 most impacted pathways in mammary tissue of heat stress (HS) compared with pair-fed cows in neutral ambient conditions (N) uncovered by the
Dynamic Impact Approach. At right: bar denoting the overall impact (in blue) and the shade denoting the effect on the pathway [from green (inhibited) to red
(activated)]. The darker the color the greater the activation (if red) or inhibition (if green) of the pathway. Of the most impacted pathways, 80% belong to the
“Metabolism” main category of pathways and were all inhibited, especially glucose and lipid metabolism. Remaining pathways are associated with organismal
system, with immune system pathway strongly activated, while endocrine system pathways were inhibited.
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inhibition of the subcategory of pathways “Amino Acid Me-
tabolism,” “Metabolism of Other Amino Acids”, and “Energy
Metabolism” in HS cows compared with the PFTN cows (Figs.
2 and 3 and Suppl. File 2). Additionally, among the top 20
impacted pathways, the pathway of “Phenylalanine, tyrosine,
and tryptophan biosynthesis” was inhibited (Fig. 3). The above
data suggest that HS can affect the synthesis of milk proteins
also by inhibiting the metabolism of specific amino acids.

The decrease in milk protein synthesis may have also been
driven by decreased activation of the mTOR pathways (8). In
present study, neither DIA nor DAVID analysis revealed large
effect of the treatment on the expression of genes related to
mTOR or JAK-STAT signaling pathways (Suppl. File 2).
However, in this study, both the AA concentration in blood
(19), the pathway of “Phenylalanine, tyrosine, and tryptophan
biosynthesis” (Fig. 3), and expression of genes related to AA
transporters (Fig. 1) were all decreased by HS, indicating that
the intracellular AA availability was likely reduced. mTORC1
and its regulators resides on the lysosomal surface so as to
sense a function of lysosomal that reflects the intracellular
pools of AA (48). The mTORC1 complex has sensors that
sample the cytosol and the lumen of the lysosome for amino
acids (13). When cells are deprived of amino acids, mTORC1
is located in the cytosol and inactive, while upon the addition

of amino acids, mTORC1 rapidly translocates to the lysosomal
surface, where it is activated by Rheb (48). Activated
mTORC1 could induce translation indirectly (8). The trimeric
Ragulator protein complex encompassing LAMTOR2 is essen-
tial for localizing mTORC1 to the lysosomal surface, and is
necessary for the activation of the mTORC1 pathway by amino
acids (48). In the absence of Ragulator, Rag detaches from the
lysosome and fails to localize mTORC1 to the lysosome on
where the mTORC1 is activated (2, 48). However, Ablation of
LAMTOR2 in human dendritic cells results in strong mTOR
activation (50). Thus, in this study, it cannot be confirmed
that whether reduced intracellular availability of amino acids
could inactivate mTOR activity through downregulating of
LAMTOR2 expression (Fig. 1). However, it is possible that
lower intracellular availability of amino acids in this study can
explain partially the decrease of milk protein synthesis by
inactivating of the activity of mTOR.

Carbohydrate metabolism. Heat-stressed cattle enter a
unique physiological state during which they cannot consume
enough nutrients to meet maintenance and milk production
costs, which causes them to enter a state of negative energy
balance, and this is uniquely characterized without the ex-
pected increase in circulating NEFA (3, 4). This paradoxical
effect was also observed in our study where only PFTN cows
had increased NEFA (19). We also observed a tendency for a
lower circulating glucose concentration, but, considering a
possible hampered blood flow in mammary by HS (34), it is
likely that the mammary gland had less overall glucose avail-
ability. In this study, the HS evidently decreased the transcrip-
tion of genes associated with carbohydrate metabolism in
mammary gland as indicated by the bioinformatics analyses
(Figs. 2–4 and Suppl. File 2). In addition, among the top 20
most impacted pathways in DIA, the process of “Riboflavin
Metabolism” was also downregulated (Fig. 3). Riboflavin, also
known as vitamin B2, is the coenzyme of flavoenzyme, and it
is involved in oxidation and ATP production (55). Accord-
ingly, our data suggest a reduced use of glucose to produce
energy in mammary gland (also pathways related to glycolysis
and TCA cycle were estimated to be inhibited by DIA, see
Suppl. File 2). Thus, besides the apparent decrease in glucose
availability, the mammary tissue may have reduced its capacity
to extract energy from glucose oxidation. Interestingly, de-
creased ATP concentrations are associated with decreased
activation of mTOR via AMPK (8). Not surprisingly, the
“AMPK signaling pathway” was the most impacted and acti-
vated among the pathways related to signal transduction during
HS (Suppl. File 2).

Our data also suggest a decreased channeling of glucose
toward lactose synthesis, considering the large inhibition of
“Galactose Metabolism” (Fig. 3), mostly driven by the de-
creased expression of LALBA (Fig. 1). Lactose is composed of
a molecule of galactose and a molecule of glucose (55). Thus,
decreased galactose production would reduce the yield of
lactose as well as overall milk yield, because lactose is the
primary osmotic regulator of milk yield and the major deter-
minant of milk volume (27), suggesting that HS can decrease
milk yield by downregulating the expression of the genes
involved in galactose metabolism.

In summary, the data from the present study suggest that HS
not only induces changes in systemic bioenergetics (3, 47) but
can also markedly alter mammary macronutrient metabolism.

Fig. 4. The 30 most enriched gene ontology Biological Process terms and
KEGG pathways revealed by DAVID analysis of the transcripts up (in dark
gray)- or down (in light gray)-regulated in mammary tissue of cows experi-
encing heat stress compared with pair-fed cows in neutral ambient conditions.
Reported is the significant of enrichment by Benjamini-Hochberg-corrected P
value (false discovery rate).
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For lactose and fat, the data clearly indicated a strong role of
the transcriptome in reducing their production; for the protein
synthesis, although the overall analysis does not support a
major role of expression of key genes related to mTOR and
JAK-STAT pathways in the decrease of milk protein synthesis,
the change of the availability of AA in the mammary tissues
may partially explain the decrease in milk protein synthesis
during HS.

HS Increases Inflammation Response

DIA and DAVID analysis both indicated intense immune
activation and inflammation during HS (Figs. 2–4 and Suppl.
File 2). To understand the transcription mechanisms occurring
within the mammary gland and further explore the potential
mechanism for the metabolic perturbation under HS, we ana-
lyzed upstream regulators and their associated networks with
IPA. The analysis revealed the importance of six upstream

regulators (TNF, IFNG, S100A8, S100A9, IGF-1, and
PPAR�), which are related to metabolism (IGF-1 and PPAR�)
(7, 45) and inflammation (TNF, IFNG, S100A8, and S100A9)
(22, 39, 52). We further constructed the networks with down-
stream target DEG with IPA (Figs. 5 and 6 and Suppl. File 3).
Five of the upstream regulators were estimated to be activated
(i.e., TNF, IFNG, S100A8, S100A9, and IGF-1), and PPAR�
was estimated to be inhibited by IPA in HS compared with
PFTN cows. These networks can be considered central for the
modulation of the mammary gland transcriptome under HS.

Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-�B) is a protein complex that controls DNA tran-
scription, cytokine production, and cell survival (21). NF-�B is
found in almost all animal cell types and is involved in cellular
responses to stimuli such as stress, cytokines, free radicals,
heavy metals, ultraviolet irradiation, oxidized LDL, and bac-
terial or viral antigens (12, 41). NF-�B plays a key role in

Fig. 5. Upstream regulators mechanistic network of tumor necrosis factor (TNF) in mammary tissue of cows during heat stress vs. pair-fed thermal neutral
conditions cows. The arrows represent the direction of the effect on target molecules. The orange color represents predicted induction of activity. The network
was constructed with Ingenuity Pathway Analysis.

Fig. 6. Upstream regulators mechanistic net-
work of interferon gamma (IFNG) in mam-
mary tissue of cows during heat stress vs.
pair-fed thermal neutral conditions cows.
The arrow represents the direction of the
effect on target molecules. The orange and
blue colors represent predicted induction and
inhibition of activity, respectively. The net-
work was constructed with Ingenuity Path-
way Analysis.
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regulating the immune response to infection (12). Incorrect
regulation of NF-�B has been linked to cancer, inflammatory
and autoimmune diseases, septic shock, viral infection, and
improper immune development (12, 21, 41). Interestingly, in
IPA analysis NF-�B was estimated to be induced in all six
networks. The above results, together with DIA and DAVID
analysis, suggest that HS compared with PFTN cows may have
experienced a higher degree of inflammation. Data also support
an active participation of the mammary gland to an inflamma-
tory response during HS.

Mammary epithelial cells isolated from water buffalo and
exposed to high temperature in vitro had increased expression
of inflammation-related genes (30). Increase expression of
immune response-associated genes in mammary tissue during
HS was also observed very recently in dry cows (16). It is
unclear if the inflammatory response in the mammary tissue
directly affected its metabolism. A causal relationship between
inflammation and systemic (whole body) metabolism has been
widely researched. By administering gamma-secretase inhibi-
tor, Kvidera et al. (2017) (32) induced intestinal damage and
compromised intestinal permeability causing inflammation and
altering the metabolism with consequent reduced feed intake
and milk yield. Baumgard and Rhoads (2013) (3) argued that
systemic (whole body) inflammatory response induced by LPS
in cattle can increase maintenance costs and result in glucose
shortage. From a lactation and growth standpoint, this change
in the hierarchy of fuel utilization decreases glucose partition-
ing to the mammary gland and skeletal muscle (3). Similarly,
in the mammary gland, inflammatory response induced by HS
can also repartition glucose (and other nutrients) toward leu-
kocytes and away from mammary epithelial cells. Because the
mammary gland comprises many cell types, including immune
cells (54), it is possible that the mammary epithelial cells
(forming the parenchyma, the main tissue collected by mam-
mary tissue biopsy) (17) decrease uptake of nutrients as a
consequence of the inflammatory response in an attempt to
spare nutrients for immune cells. The above speculation is
consistent with the results of the bioinformatics analysis indi-
cating an overall inhibited metabolic activity and an activated
immune system. Thus, it is possible that the decrease in protein
synthesis observed is also partly driven by the inflammatory
response within the mammary gland.

Summary and Conclusion

It has long been recognized that the decline of milk protein
content and yield during HS is the result of depressed DMI.
However, using a pair-fed design we showed that the decline of
DMI can only account for 65% of the decrease of milk protein
yield indicating a role for intrinsic changes in the mammary
gland. Our data indicated a decreased expression of genes
coding for main milk proteins and genes coding for key
proteins in the regulation of milk protein synthesis. Further-
more, bioinformatics analysis of the whole transcriptome, sug-
gested a strong inhibition of metabolic activity of the mam-
mary tissue, especially glucose and lipid metabolism. Amino
acid metabolism was also overall inhibited and data suggested
that decreased AA availability may contribute the decreased
milk protein synthesis. Furthermore, bioinformatics analysis
indicated an increase in inflammatory response or activation of
related pathways in mammary tissue of HS versus PFTN cows.

The latter could have played a role in decreasing overall
metabolism via reducing uptake of nutrients and, thus, synthe-
sis of milk components, including proteins. Therefore, collec-
tively our data suggest that the decline in milk protein synthesis
during HS is mainly the consequence of an overall decrease of
metabolic activity partly driven by an increased inflammatory
response as consequence of an intrinsic transcriptomic pertur-
bation.

ACKNOWLEDGMENTS

We give special thanks to our former and current students who have
contributed the projects and all the staff of State Key Laboratory of Animal
Nutrition (Beijing, China) for affording environmental chambers and for
sample analyses.

GRANTS

The present study was financially supported by National Natural Science
Foundation of China (31872383), National Key Research and Development
Program of China (2018YFD0501600), and Agricultural Science and Tech-
nology Innovation Program (ASTIP-IAS07; CAAS-XTCX2016011-01), Bei-
jing Dairy Industry Innovation Team (BAIC06-2019).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

S.T.G., L.M., L.H.B., and D.P.B. conceived and designed research; S.T.G.,
L.M., and D.P.B. performed experiments; S.T.G., Z. Zhou, Z.K. Zhou, D.J.,
M.B., and D.B. analyzed data; S.T.G., Z. Zhou, M.B., and D.P.B. interpreted
results of experiments; S.T.G., M.B., and D.P.B. prepared figures; S.T.G., Z.
Zhou, M.B., and D.P.B. drafted manuscript; S.T.G., L.H.B., M.B., and D.P.B.
edited and revised manuscript; S.T.G., L.M., and D.B. approved final version
of manuscript.

REFERENCES

1. Bandaranayaka DD, Holmes CW. Changes in the composition of milk
and rumen contents in cows exposed to a high ambient temperature with
controlled feeding. Trop Anim Health Prod 8: 38–46, 1976. doi:10.1007/
BF02383364.

2. Bar-Peled L, Schweitzer LD, Zoncu R, Sabatini DM. Ragulator is a
GEF for the rag GTPases that signal amino acid levels to mTORC1. Cell
150: 1196–1208, 2012. doi:10.1016/j.cell.2012.07.032.

3. Baumgard LH, Rhoads RP Jr. Effects of heat stress on postabsorptive
metabolism and energetics. Annu Rev Anim Biosci 1: 311–337, 2013.
doi:10.1146/annurev-animal-031412-103644.

4. Baumgard LH, Wheelock JB, Sanders SR, Moore CE, Green HB,
Waldron MR, Rhoads RP. Postabsorptive carbohydrate adaptations to
heat stress and monensin supplementation in lactating Holstein cows. J
Dairy Sci 94: 5620–5633, 2011. doi:10.3168/jds.2011-4462.

5. Beede DK, Collier RJ. Potential Nutritional Strategies for Intensively
Managed Cattle during Thermal Stress. J Anim Sci 62: 543–554, 1986.
doi:10.2527/jas1986.622543x.

6. Bernabucci U, Basiricò L, Morera P, Dipasquale D, Vitali A, Piccioli
Cappelli F, Calamari L. Effect of summer season on milk protein fractions
in Holstein cows. J Dairy Sci 98: 1815–1827, 2015. doi:10.3168/jds.2014-
8788.

7. Bionaz M, Chen S, Khan MJ, Loor JJ. Functional Role of PPARs in
Ruminants: Potential Targets for Fine-Tuning Metabolism during Growth
and Lactation. PPAR Res 2013: 684159, 2013. doi:10.1155/2013/684159.

8. Bionaz M, Hurley W, Loor J. Milk Protein Synthesis in the Lactating
Mammary Gland: Insights from Transcriptomics Analyses. 2012, p. 285–
324. doi:10.5772/46054.

9. Bionaz M, Loor JJ. Gene networks driving bovine mammary protein
synthesis during the lactation cycle. Bioinform Biol Insights 5: 83–98,
2011. doi:10.4137/BBI.S7003.

10. Bionaz M, Periasamy K, Rodriguez-Zas SL, Hurley WL, Loor JJ. A
novel dynamic impact approach (DIA) for functional analysis of time-
course omics studies: validation using the bovine mammary transcriptome.
PLoS One 7: e32455, 2012. doi:10.1371/journal.pone.0032455.

407HEAT STRESS AND MAMMARY GLAND TRANSCRIPTOME

Physiol Genomics • doi:10.1152/physiolgenomics.00039.2019 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Univ of Chicago (128.135.010.103) on May 24, 2020.

https://doi.org/10.1007/BF02383364
https://doi.org/10.1007/BF02383364
https://doi.org/10.1016/j.cell.2012.07.032
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.3168/jds.2011-4462
https://doi.org/10.2527/jas1986.622543x
https://doi.org/10.3168/jds.2014-8788
https://doi.org/10.3168/jds.2014-8788
https://doi.org/10.1155/2013/684159
https://doi.org/10.5772/46054
https://doi.org/10.4137/BBI.S7003
https://doi.org/10.1371/journal.pone.0032455


11. Bovolenta S, Ventura W, Malossini F. Dairy cows grazing an alpine
pasture: effect of pattern of supplement allocation on herbage intake, body
condition, milk yield and coagulation properties. Anim Res 51: 15–23,
2002. doi:10.1051/animres:2002007.

12. Brasier AR. The NF-kappaB regulatory network. Cardiovasc Toxicol 6:
111–130, 2006. doi:10.1385/CT:6:2:111.

13. Bröer S, Bröer A. Amino acid homeostasis and signalling in mam-
malian cells and organisms. Biochem J 474: 1935–1963, 2017. doi:10.
1042/BCJ20160822.

14. Bu D, Bionaz M, Wang M, Nan X, Ma L, Wang J. Transcriptome
difference and potential crosstalk between liver and mammary tissue in
mid-lactation primiparous dairy cows. PLoS One 12: e0173082, 2017.
doi:10.1371/journal.pone.0173082.

15. Cowley FC, Barber DG, Houlihan AV, Poppi DP. Immediate and
residual effects of heat stress and restricted intake on milk protein and
casein composition and energy metabolism. J Dairy Sci 98: 2356–2368,
2015. doi:10.3168/jds.2014-8442.

16. Dado-Senn B, Skibiel AL, Fabris TF, Zhang Y, Dahl GE, Peñagaricano
F, Laporta J. RNA-Seq reveals novel genes and pathways involved in bovine
mammary involution during the dry period and under environmental heat
stress. Sci Rep 8: 11096, 2018. doi:10.1038/s41598-018-29420-8.

17. Farr VC, Stelwagen K, Cate LR, Molenaar AJ, McFadden TB, Davis
SR. An improved method for the routine biopsy of bovine mammary
tissue. J Dairy Sci 79: 543–549, 1996. doi:10.3168/jds.S0022-0302(96)
76398-1.

18. Fuquay JW. Heat stress as it affects animal production. J Anim Sci 52:
164–174, 1981. doi:10.2527/jas1981.521164x.

19. Gao ST, Guo J, Quan SY, Nan XM, Fernandez MVS, Baumgard LH,
Bu DP. The effects of heat stress on protein metabolism in lactating
Holstein cows. J Dairy Sci 100: 5040–5049, 2017. doi:10.3168/jds.2016-
11913.

20. Garner JB, Douglas ML, Williams SR, Wales WJ, Marett LC, Nguyen
TT, Reich CM, Hayes BJ. Genomic Selection Improves Heat Tolerance
in Dairy Cattle. Sci Rep 6: 34114, 2016. [Erratum in Sci Rep 2017]
10.1038/srep34114.

21. Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives.
Oncogene 25: 6680–6684, 2006. doi:10.1038/sj.onc.1209954.

22. Gough DJ, Levy DE, Johnstone RW, Clarke CJ. IFNgamma signaling-
does it mean JAK-STAT? Cytokine Growth Factor Rev 19: 383–394,
2008. doi:10.1016/j.cytogfr.2008.08.004.

23. Guo J, Gao S, Quan S, Zhang Y, Bu D, Wang J. Blood amino acids
profile responding to heat stress in dairy cows. Asian-Australas J Anim Sci
31: 47–53, 2018. doi:10.5713/ajas.16.0428.

24. Hammami H, Vandenplas J, Vanrobays ML, Rekik B, Bastin C, Gengler
N. Genetic analysis of heat stress effects on yield traits, udder health, and fatty
acids of Walloon Holstein cows. J Dairy Sci 98: 4956–4968, 2015. doi:10.
3168/jds.2014-9148.

25. Hays WP. The Effect of Environmental Temperature on the Percentage of
Fat in Cow’s Milk. J Dairy Sci 9: 219–235, 1926. doi:10.3168/jds.S0022-
0302(26)93890-3.

26. Heck JM, van Valenberg HJ, Dijkstra J, van Hooijdonk AC. Seasonal
variation in the Dutch bovine raw milk composition. J Dairy Sci 92:
4745–4755, 2009. doi:10.3168/jds.2009-2146.

27. Holt C. Swelling of Golgi vesicles in mammary secretory cells and its
relation to the yield and quantitative composition of milk. J Theor Biol
101: 247–261, 1983. doi:10.1016/0022-5193(83)90339-9.

28. Huang W, Sherman BT, Lempicki RA. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4: 44–57, 2009. doi:10.1038/nprot.2008.211.

29. Kadzere CT, Murphy MR, Silanikove N, Maltz E. Heat stress in lactating
dairy cows: a review. Livest Prod Sci 77: 59–91, 2002. doi:10.1016/S0301-
6226(01)00330-X.

30. Kapila N, Sharma A, Kishore A, Sodhi M, Tripathi PK, Mohanty AK,
Mukesh M. Impact of Heat Stress on Cellular and Transcriptional Adap-
tation of Mammary Epithelial Cells in Riverine Buffalo (Bubalus Bubalis).
PLoS One 11: e0157237, 2016. doi:10.1371/journal.pone.0157237.

31. Kimball SR, Jefferson LS. New functions for amino acids: effects on
gene transcription and translation. Am J Clin Nutr 83: 500S–507S, 2006.
doi:10.1093/ajcn/83.2.500S.

32. Kvidera SK, Dickson MJ, Abuajamieh M, Snider DB, Fernandez
MVS, Johnson JS, Keating AF, Gorden PJ, Green HB, Schoenberg
KM, Baumgard LH. Intentionally induced intestinal barrier dysfunc-
tion causes inflammation, affects metabolism, and reduces productivity

in lactating Holstein cows. J Dairy Sci 100: 4113–4127, 2017. doi:10.
3168/jds.2016-12349.

33. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods 9: 357–359, 2012. doi:10.1038/nmeth.1923.

34. Lough DS, Beede DL, Wilcox CJ. Effects of feed intake and thermal
stress on mammary blood flow and other physiological measurements in
lactating dairy cows. J Dairy Sci 73: 325–332, 1990. doi:10.3168/jds.
S0022-0302(90)78677-8.

35. Lun AT, Chen Y, Smyth GK. It’s DE-licious: A Recipe for Differential
Expression Analyses of RNA-seq Experiments Using Quasi-Likelihood
Methods in edgeR. Methods Mol Biol 1418: 391–416, 2016. doi:10.1007/
978-1-4939-3578-9_19.

36. McGuire MA, Beede DK, DeLorenzo MA, Wilcox CJ, Huntington
GB, Reynolds CK, Collier RJ. Effects of thermal stress and level of
feed intake on portal plasma flow and net fluxes of metabolites in
lactating Holstein cows. J Anim Sci 67: 1050 –1060, 1989. doi:10.2527/
jas1989.6741050x.

37. Moody EG, Van Soest PJ, McDowell RE, Ford GL. Effect of high
temperature and dietary fat on milk fatty acids. J Dairy Sci 54: 1457–1460,
1971. doi:10.3168/jds.S0022-0302(71)86046-0.

38. NRC. Nutrient Requirements of Dairy Cattle: Seventh Revised Edition.
Washington, DC: The National Academies Press, 2001, p. 408.

39. Okuda K, Sakumoto R, Okamoto N, Acosta TJ, Abe H, Okada H,
Sinowatz F, Skarzynski DJ. Cellular localization of genes and proteins
for tumor necrosis factor-� (TNF), TNF receptor types I and II in bovine
endometrium. Mol Cell Endocrinol 330: 41–48, 2010. doi:10.1016/j.mce.
2010.07.025.

40. Osorio JS, Lohakare J, Bionaz M. Biosynthesis of milk fat, protein, and
lactose: roles of transcriptional and posttranscriptional regulation. Physiol
Genomics 48: 231–256, 2016. doi:10.1152/physiolgenomics.00016.2015.

41. Perkins ND. Integrating cell-signalling pathways with NF-kappaB and
IKK function. Nat Rev Mol Cell Biol 8: 49 –62, 2007. doi:10.1038/
nrm2083.

42. Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level
expression analysis of RNA-seq experiments with HISAT, StringTie and
Ballgown. Nat Protoc 11: 1650–1667, 2016. doi:10.1038/nprot.2016.095.

43. Ren H, Wang G, Chen L, Jiang J, Liu L, Li N, Zhao J, Sun X, Zhou
P. Genome-wide analysis of long non-coding RNAs at early stage
of skin pigmentation in goats (Capra hircus). BMC Genomics 17: 67,
2016. doi:10.1186/s12864-016-2365-3.

44. Renaudeau D, Noblet J, Dourmad JY. Effect of ambient temperature on
mammary gland metabolism in lactating sows. J Anim Sci 81: 217–231,
2003. doi:10.2527/2003.811217x.

45. Rhoads ML, Kim JW, Collier RJ, Crooker BA, Boisclair YR, Baum-
gard LH, Rhoads RP. Effects of heat stress and nutrition on lactating
Holstein cows: II. Aspects of hepatic growth hormone responsiveness. J
Dairy Sci 93: 170–179, 2010. doi:10.3168/jds.2009-2469.

46. Rhoads ML, Rhoads RP, VanBaale MJ, Collier RJ, Sanders SR, Weber
WJ, Crooker BA, Baumgard LH. Effects of heat stress and plane of
nutrition on lactating Holstein cows: I. Production, metabolism, and aspects of
circulating somatotropin. J Dairy Sci 92: 1986–1997, 2009. doi:10.3168/jds.
2008-1641.

47. Rhoads RP, Baumgard LH, Suagee JK, Sanders SR. Nutritional inter-
ventions to alleviate the negative consequences of heat stress. Adv Nutr 4:
267–276, 2013. doi:10.3945/an.112.003376.

48. Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini
DM. Ragulator-Rag complex targets mTORC1 to the lysosomal surface
and is necessary for its activation by amino acids. Cell 141: 290–303,
2010. doi:10.1016/j.cell.2010.02.024.

49. Sano H, Ambo K, Tsuda T. Blood glucose kinetics in whole body and
mammary gland of lactating goats exposed to heat. J Dairy Sci 68:
2557–2564, 1985. doi:10.3168/jds.S0022-0302(85)81137-1.

50. Scheffler JM, Sparber F, Tripp CH, Herrmann C, Humenberger A, Blitz
J, Romani N, Stoitzner P, Huber LA. LAMTOR2 regulates dendritic cell
homeostasis through FLT3-dependent mTOR signalling. Nat Commun 5:
5138, 2014. doi:10.1038/ncomms6138.

51. Smith DL, Smith T, Rude BJ, Ward SH. Short communication:
comparison of the effects of heat stress on milk and component yields
and somatic cell score in Holstein and Jersey cows. J Dairy Sci 96:
3028 –3033, 2013. doi:10.3168/jds.2012-5737.

52. Stríz I, Trebichavský I. Calprotectin - a pleiotropic molecule in acute and
chronic inflammation. Physiol Res 53: 245–253, 2004.

53. Tao S, Connor EE, Bubolz JW, Thompson IM, do Amaral BC, Hayen
MJ, Dahl GE. Short communication: Effect of heat stress during the

408 HEAT STRESS AND MAMMARY GLAND TRANSCRIPTOME

Physiol Genomics • doi:10.1152/physiolgenomics.00039.2019 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Univ of Chicago (128.135.010.103) on May 24, 2020.

https://doi.org/10.1051/animres:2002007
https://doi.org/10.1385/CT:6:2:111
https://doi.org/10.1042/BCJ20160822
https://doi.org/10.1042/BCJ20160822
https://doi.org/10.1371/journal.pone.0173082
https://doi.org/10.3168/jds.2014-8442
https://doi.org/10.1038/s41598-018-29420-8
https://doi.org/10.3168/jds.S0022-0302%2896%2976398-1
https://doi.org/10.3168/jds.S0022-0302%2896%2976398-1
https://doi.org/10.2527/jas1981.521164x
https://doi.org/10.3168/jds.2016-11913
https://doi.org/10.3168/jds.2016-11913
https://doi.org/10.1038/srep34114
https://doi.org/10.1038/sj.onc.1209954
https://doi.org/10.1016/j.cytogfr.2008.08.004
https://doi.org/10.5713/ajas.16.0428
https://doi.org/10.3168/jds.2014-9148
https://doi.org/10.3168/jds.2014-9148
https://doi.org/10.3168/jds.S0022-0302%2826%2993890-3
https://doi.org/10.3168/jds.S0022-0302%2826%2993890-3
https://doi.org/10.3168/jds.2009-2146
https://doi.org/10.1016/0022-5193%2883%2990339-9
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1016/S0301-6226%2801%2900330-X
https://doi.org/10.1016/S0301-6226%2801%2900330-X
https://doi.org/10.1371/journal.pone.0157237
https://doi.org/10.1093/ajcn/83.2.500S
https://doi.org/10.3168/jds.2016-12349
https://doi.org/10.3168/jds.2016-12349
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.3168/jds.S0022-0302%2890%2978677-8
https://doi.org/10.3168/jds.S0022-0302%2890%2978677-8
https://doi.org/10.1007/978-1-4939-3578-9_19
https://doi.org/10.1007/978-1-4939-3578-9_19
https://doi.org/10.2527/jas1989.6741050x
https://doi.org/10.2527/jas1989.6741050x
https://doi.org/10.3168/jds.S0022-0302%2871%2986046-0
https://doi.org/10.1016/j.mce.2010.07.025
https://doi.org/10.1016/j.mce.2010.07.025
https://doi.org/10.1152/physiolgenomics.00016.2015
https://doi.org/10.1038/nrm2083
https://doi.org/10.1038/nrm2083
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1186/s12864-016-2365-3
https://doi.org/10.2527/2003.811217x
https://doi.org/10.3168/jds.2009-2469
https://doi.org/10.3168/jds.2008-1641
https://doi.org/10.3168/jds.2008-1641
https://doi.org/10.3945/an.112.003376
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.3168/jds.S0022-0302%2885%2981137-1
https://doi.org/10.1038/ncomms6138
https://doi.org/10.3168/jds.2012-5737


dry period on gene expression in mammary tissue and peripheral blood
mononuclear cells. J Dairy Sci 96: 378 –383, 2013. doi:10.3168/jds.
2012-5811.

54. Tao S, Orellana RM, Weng X, Marins TN, Dahl GE, Bernard JK.
Symposium review: The influences of heat stress on bovine mammary
gland function. J Dairy Sci 101: 5642–5654, 2018. doi:10.3168/jds.2017-
13727.

55. Urich K. Comparative Animal Biochemistry. Berlin, Heidelberg: Springer,
1994.

56. West JW. Effects of heat-stress on production in dairy cattle. J Dairy Sci
86: 2131–2144, 2003. doi:10.3168/jds.S0022-0302(03)73803-X.

57. Wheelock JB, Rhoads RP, Vanbaale MJ, Sanders SR, Baumgard
LH. Effects of heat stress on energetic metabolism in lactating Holstein
cows. J Dairy Sci 93: 644 –655, 2010. doi:10.3168/jds.2009-2295.

58. Willi M, Yoo KH, Wang C, Trajanoski Z, Hennighausen L. Differen-
tial cytokine sensitivities of STAT5-dependent enhancers rely on Stat5
autoregulation. Nucleic Acids Res 44: 10277–10291, 2016. doi:10.1093/
nar/gkw844.

59. Yang WC, Guo WL, Zan LS, Wang YN, Tang KQ. Bta-miR-130a
regulates the biosynthesis of bovine milk fat by targeting peroxisome
proliferator-activated receptor gamma. J Anim Sci 95: 2898–2906, 2017.
doi:10.2527/jas2017.1504.

409HEAT STRESS AND MAMMARY GLAND TRANSCRIPTOME

Physiol Genomics • doi:10.1152/physiolgenomics.00039.2019 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics at Univ of Chicago (128.135.010.103) on May 24, 2020.

https://doi.org/10.3168/jds.2012-5811
https://doi.org/10.3168/jds.2012-5811
https://doi.org/10.3168/jds.2017-13727
https://doi.org/10.3168/jds.2017-13727
https://doi.org/10.3168/jds.S0022-0302%2803%2973803-X
https://doi.org/10.3168/jds.2009-2295
https://doi.org/10.1093/nar/gkw844
https://doi.org/10.1093/nar/gkw844
https://doi.org/10.2527/jas2017.1504

