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Abstract
Background  The global dairy industry is currently facing the challenge of heat stress (HS). Despite the 
implementation of various measures to mitigate the negative impact of HS on milk production, the cellular response 
of dairy cows to HS is still not well understood. Our study aims to analyze transcriptomic dynamics and functional 
changes in the liver of cows subjected to heat stress (HS). To achieve this, a total of 9 Holstein dairy cows were 
randomly selected from three environmental conditions - heat stress (HS), pair-fed (PF), and thermoneutral (TN) 
groups - and liver biopsies were obtained for transcriptome analysis.

Results  Both the dry matter intake (DMI) and milk yield of cows in the HS group exhibited significant reduction 
compared to the TN group. Through liver transcriptomic analysis, 483 differentially expressed genes (DEGs) were 
identified among three experimental groups. Especially, we found all the protein coding genes in mitochondria were 
significantly downregulated under HS and 6 heat shock proteins were significant upregulated after HS exposure, 
indicating HS may affect mitochondria integrity and jeopardize the metabolic homeostasis in liver. Furthermore, 
Gene ontology (GO) enrichment of DEGs revealed that the protein folding pathway was upregulated while oxidative 
phosphorylation was downregulated in the HS group, corresponding to impaired energy production caused by 
mitochondria dysfunction.

Conclusions  The liver transcriptome analysis generated a comprehensive gene expression regulation network 
upon HS in lactating dairy cows. Overall, this study provides novel insights into molecular and metabolic changes of 
cows conditioned under HS. The key genes and pathways identified in this study provided further understanding of 
transcriptome regulation of HS response and could serve as vital references to mitigate the HS effects on dairy cow 
health and productivity.
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Introduction
Since global warming continues escalating together with 
relatively high ambient humidity levels in large confine-
ment cow farms, heat stress (HS) has become a critical 
issue for the dairy industry [1]. In lactating dairy cows, 
the increased milk production can raise metabolic chal-
lenges to maintaining nutrient and energy homeostasis 
[1]. Especially during the hot days, when the internal heat 
load has already been elevated in cows to support high 
milk production, the excessive heat from the environ-
ment disrupts their metabolic balance [1, 2]. As a result, 
cows tend to be more susceptible to disease and have 
poorer reproductive performance under the HS condi-
tion [3, 4], and their inflammatory response and immune 
system are induced [5]. Importantly, overall milk pro-
duction, including milk yield and quality, is dramatically 
reduced by HS in dairy cows [3, 4].

To understand the impact of HS on dairy cow homeo-
stasis, tremendous efforts have been made to dissect the 
physiological response to heat stress in lactating cows. 
It is well-recognized that the respiratory rate and rectal 
temperature are elevated in heat-stressed cows, indicat-
ing a skewed thermal balance [6]. HS also reduces dry 
matter intake (DMI) in cows, posing a negative impact 
on nutrient transportation and energy partitioning [7]. 
In order to counteract the impact of reduced DMI, pre-
vious studies have employed the pair-feeding strategy, a 
feeding strategy matching the DMI of heat-stressed cows 
to thermal-neutral cows, and they have reported that the 
reduced DMI only accounts for around half of the milk 
reduction, indicating other mechanisms that have direct 
effects on the production performance in heat stressed 
cows [8, 9].

High throughput RNA sequencing (RNA-seq) technol-
ogy allows capturing of the whole transcriptome dynam-
ics in different tissues, making it possible to identify key 
genes or regulatory networks in HS responses of dairy 
cows. Recent studies have revealed that in the mammary 
gland of dairy cows, HS induced the upregulation of 
heat shock proteins (HSPs), while genes associated with 
milk protein synthesis were downregulated, including 
CSN1S1, CSN2, STAT5A, and JAK2 [10]. Moreover, genes 
and pathways related to cell death, cytoskeleton degra-
dation, and immune response were upregulated during 
the dry period in dairy cows under HS [11]. During the 
lactation period, genes related to amino acid and glucose 
transport such as SLC38A10 and SLC2A1 were down-
regulated. Inflammatory pathway involving NF-𝜿B and 
metabolic pathway involving PPAR𝛄 were activated and 
repressed by HS, respectively [7]. These studies suggest a 
direct impact of HS on the mammary gland at the tran-
scriptomic level.

The liver is the essential site responsible for the 
whole body’s metabolism, which plays essential roles in 

lactation via providing glucose and amino acids for milk 
component synthesis [12]. Basal glucose concentra-
tions were lower in dairy cows under HS, and metabolic 
pathways related to oxidative phosphorylation were acti-
vated in the liver at the proteomic level, contributing to 
reduced milk yields and the alteration of milk composi-
tion [13–15]. Moreover, a qPCR study of genes associated 
with carbohydrate metabolism and inflammatory pro-
cesses revealed that HS could affect hepatic gene expres-
sion, such as the upregulation of PCK1, PDK4, HP and 
NFKB1 in cows under HS [16]. Similar results were illus-
trated in sheep that HS impaired the liver carbon metab-
olism, the PPAR signaling pathway, and vitamin digestion 
and absorption [17]. Previous research also reported the 
potential crosstalk between liver and mammary gland 
that could regulate metabolism, innate immunity, and 
proliferation in lactating cows based on transcriptome 
profiles of these two organs [18]. However, the transcrip-
tomic impact of HS on the liver is still largely unknown. 
Thus, our objectives are to generate a comprehensive 
profile of transcriptomic changes in the liver of lactating 
cows under HS and to identify potential candidate regu-
latory genes associated with HS-related metabolic dys-
regulation in dairy cows.

Materials and methods
Animals and sample collection
All experiment procedures were approved by the Cor-
nell University Institutional Animal Care and Use Com-
mittee (#2018 − 0110). Animals in the present study were 
randomly picked (n = 9) from a total of 46 Holstein dairy 
cows that were part of another experiment. The experi-
mental details have been previously described in a recent 
publication [19]. The temperature-humidity index (THI) 
was calculated based on the equation reported by Kend-
all et al. [20]:

THI = (1.8 x Temperature + 32) – [(0.55–0.0055 x 
Humidity) x (1.8 x Temperature − 26)].

Briefly, animals were transported from the Cornell Uni-
versity Research Center (Dryden, NY) to Cornell Univer-
sity Large Animal Research and Teaching Unit (Ithaca, 
NY) and acclimated in thermoneutrality (22.2 ± 0.25  °C; 
44.9 ± 0.05% relative humidity; 68 ± 0.32 THI) for 7 days. 
Next, cows were balanced according to lactation, days 
carrying a calf, and milk yield before being allocated 
into three environmental conditions for 14 days: ther-
moneutrality (TN; n = 3, average days in milk = 190), heat 
stress (HS; 6 am-6 pm 27–37  °C, THI = 74–82; 6 pm-6 
am 27 °C, THI = 74; n = 3, average days in milk = 211) and 
thermoneutrality but pair-fed to match the feed intake of 
heat stressed cows (PF; n = 3, average days in milk = 226). 
Cows were fed twice daily at 7:30 am and 4:30 pm and 
also milked twice daily at 6 am and 4 pm. Along with dry 
matter intake (DMI) and milk yield, cows were monitored 
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thrice daily for clinical signs of HS (rectal temperature, 
skin temperature, and respiration rate) during the study. 
On day 12 of the treatment, liver biopsies were per-
formed as previously described by Rico et al. [21] using 
aseptic techniques. Briefly, hair was clipped surrounding 
the 11th intercostal space, and the incision site was sani-
tized with iodine scrub and anesthetized with lidocaine 
HCl (12 ml; Vedco, lnc., Saint Joseph, MO) delivered sub-
cutaneously. Following the collection of tissue, the biopsy 
site was stapled and sprayed with antiseptic, while liver 
tissue obtained from the cows was immediately frozen 
in dry ice and then transported to the lab where samples 
were kept in -80 °C until further RNA extraction.

Liver RNA extraction
Total RNA was isolated from each sample using TRIzol 
reagent (Invitrogen, Carlsbad, CA), Phasemaker™ tubes 
(Invitrogen), and RNeasy Mini Kit (Qiagen) according 
to the manufacturer’s instructions with minor modifi-
cations. Specifically, tissue samples were homogenized 
in TRIzol and lysates were transferred to Phasemaker™ 
tubes with chloroform for 20  min rotation at 4  °C. The 

aqueous phase was then transferred to the gDNA elimi-
nation column for 1  min rotation at room temperature. 
The eluted RNA was washed with cold 70% ethanol, 
transferred to the RNeasy mini spin column, and washed 
with buffer RPE and RW1 (RNeasy Mini Kit). Finally, 
RNAs were eluted in RNAse-free water and concentra-
tions were determined by a NanoDrop 1000 spectropho-
tometer (Thermo Scientific, Waltham, MA).

Library preparation and sequencing
RNA quality control (QC), library construction, and RNA 
sequencing were performed through the service provided 
by Novogene Inc. (Sacramento, CA, USA). Briefly, RNA 
quality was evaluated on Bioanalyzer 2100 (Agilent) and 
only samples passed the QC were proceeded with the 
downstream process. Next, mRNA was enriched from 
total RNA using poly-T oligo-attached magnetic beads. 
After fragmentation, the first strand cDNA was synthe-
sized using random hexamer primers followed by the 
second strand cDNA synthesis. The library was ready 
after a series of subsequent steps, including end pair, 
A-tailing, adapter ligation, size selection, amplification, 

Fig. 1  The dynamics of the dry matter intake and milk yield during the experiment. **: p < 0.05; *: p < 0.1; ns: no significance. The significance of the differ-
ence between different groups are calculated for the whole study period. The points show the mean value and the vertical lines show the standard error. 
TN: thermoneutrality; HS: heat stress; PF: pair-fed
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and purification. Finally, the library was checked with 
Qubit and real-time PCR for qualification and evaluated 
on a bioanalyzer for fragment size distribution. Quanti-
fied libraries were pooled and sequenced on Illumina 
platforms in paired-end mode (2 × 150 bp).

RNA-seq analyses
The adaptor removal and quality control of the raw 
sequencing reads were carried out using fastp (v0.23.2) 
[22]. Reads with a percentage of low-quality base (quality 

score < 20) > 40% were removed. Reads with length < 30 bp 
or with too much Ns (> 5%) were also removed in this 
study. The cow reference genome (ARS-UCD 1.2) was 
downloaded from UCSC database, and the alignment 
of clean reads were performed with STAR (v2.7.9a) [23] 
allowing no more than 3 mismatches. The raw read 
counts for each gene were extracted using featureCounts 
(v2.0.3) [24], and the gene expression level was normal-
ized by transcripts per million (TPM) using IsoEM2 
[25]. Then the principal component analysis (PCA) was 

Fig. 2  Distribution of DEGs in pairwise comparison. A: The DEGs of HS vs. TN;B: The DEGs of HS vs. PF; C: The DEGs of PF vs. TN. DEG: differentially ex-
pressed gene; TN: thermoneutrality; HS: heat stress; PF: pair-fed. The names of top 16 DEGs are annotated. Bule dots show the downregulated genes, red 
dots show the upregulated genes and gray dots mean not significant
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performed using the top 3,000 variable genes identified 
by DEseq2 [26] R package to predict the correlations of 
the samples.

For the identification of differentially expressed genes 
(DEGs), the raw read count matrix was imported into 
DEseq2 [26] R package. The pair-wise comparison was 
performed among three conditions and DEGs were 
selected. The selecting criteria of DEGs was: Fold Change 
(FC) >1.5 and FDR < 0.1. Additionally, an unsupervised 
hierarchical clustering was applied for the whole DEG 
list to highlight gene expression pattern from different 

groups, and the heatmap was generated with Complex-
Heatmap [27] package in R. The gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway [28] enrichment of upregulated and downregu-
lated DEGs under different environmental conditions 
were then performed using clusterProfiler (v4.0.5) [29] in 
R (v4.1.1).

Real-time quantitative PCR validation
Real-time quantitative PCR (RT-qPCR) was performed to 
validate the results of RNA-seq analysis. A total of nine 
genes (ACACA, CRYAB, DIO1, GPC3, HSPA1A, HSPB1, 
MIOX, PRAP1, WFDC2) that were more than 2-fold dif-
ferentially expressed were randomly selected. Total RNA 
was extracted from each sample as described above and 1 
ug RNA was used for reverse transcription using iScript 
cDNA Synthesis Kit (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s instructions. RT-qPCR was 
conducted using SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad) in a CFX384 Touch Real-Time PCR 
machine (Bio-Rad). The reaction cycle was as follows: 
one cycle at 95 °C for 30 s, 40 cycles at 95 °C for 10 s, and 

Table 1  Number of DEGs in pairwise comparison. DEG: 
differentially expressed gene; TN: thermoneutrality; HS: heat 
stress; PF: pair-fed; FC: fold change; FDR: false positive rate
Comparison Total Upregulation Downregulation Criteria
HS vs. TN 270 133 137 FC >1.5, 

FDR < 0.1

HS vs. PF 122 73 49 FC >1.5, 
FDR < 0.1

PF vs. TN 91 34 57 FC >1.5, 
FDR < 0.1

Fig. 3  The heatmap of DEG expression levels. The X axis shows the samples, the Y axis shows three clusters, and the right labels show the GO enrichment 
annotation of the genes in each cluster. Each column stands for different samples and each row stands for different DEGs. The color indicates the TPM 
value, while red means high expression and blue means low expression. DEG: differentially expressed gene; TN: thermoneutrality; HS: heat stress; PF: pair-
fed; TPM: transcripts per million; DEG: differentially expressed gene; GO: gene ontology
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at 60  °C for 30  s, and melting curve analysis using the 
instrument’s default setting. The primers were designed 
by NCBI Primer-BLAST and the primer list was shown 
in Additional file 1: Table S1. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as the internal 
control gene. The relative expression was calculated with 
2−ΔΔCT method [30]. To check the consistency between 
RNA-seq and RT-qPCR, we calculated the R square of a 
linear regression between these two results.

Regulatory factor identification and protein-protein 
interaction
We identified transcription factors (TFs) and transcrip-
tion cofactors in cattle using Animal Transcription Fac-
tor Database [31]. In addition, we used the Search Tool 
for the Retrieval of Interacting Genes (STRING, v11.5, 
https://string-db.org /) to construct the protein-pro-
tein interaction (PPI) networks for the DEGs from each 
pair-wise comparison, and proteins with interaction 
score < 0.4 were removed from our results. The PPI net-
work was visualized using Cytoscape (v3.9.1, https://
cytoscape.org/) to show core hub genes.

Statistical analysis
For DMI, milk yield and clinical phenotypes measured 
during the experiment, summary statistics were obtained 
using R software (v4.1.1). The statistical differences 
between different conditions were calculated using the 
ANOVA function in R with the following model:

	 Yij = µ + Ai + Bj + Ck + Ai × Bj + eij

Where Yij  = phenotypic value; µ  = population mean; Ai  
= environmental conditions; Bj  = days of treatment; Ck  
= random effect of cow; Ai × Bj  = the interaction effect 
between treatment and day; eij  = residual error.

For relative expression with qPCR, we follow the 
2−ΔΔCT method [30] as following three steps:

	
∆Ct (sample) = Ct (Target gene) − Ct (GAPDH)

	
∆∆Ct = ∆Ct (calibrator group) − ∆Ct (other group)

Fig. 4  The expression pattern of differentially expressed HSPs. The X axis shows the three conditions, and Y axis shows TPM value. The boxplot shows the 
expression pattern of different HSPs, and the FDR value is obtained from DEseq2 result. HSP: heat shock protein; TN: thermoneutrality; HS: heat stress; PF: 
pair-fed; TPM: transcripts per million. ***: FDR < 0.01; **: FDR < 0.05; *: FDR < 0.1.
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Fold change from calibrator group = 2−∆∆Ct

To check the gene expression pattern between RNA-
seq and qPCR results, we performed the Person Corre-
lation analysis and calculated R2 values in each animal 
group using R software (v4.1.1).

Results
Impact of heat stress on feed consumption, milk yield and 
clinical phenotypes
During the experiment, the mean of daily DMI in the TN 
group fluctuated between 23.33 and 28.38 kg, which was 
significantly higher than that of the HS group (ANOVA 
test, p < 0.05, Fig.  1). To demonstrate that the reduced 
DMI in the HS group is partially causing milk yield 
reduction, we included a PF group that had a matched 
DMI to the low energy intake with the corresponding HS 
counterpart. As expected, the TN group exhibited a sig-
nificantly higher milk production (37.94 ± 3.92 kg/d) than 
the HS or PF group (ANOVA test, p < 0.05, Fig. 1). Mean-
while, we observed a much faster rate of milk reduction 
in HS group compared to PF group in the first week, 
although the milk yield tended to be the same for the rest 

of experiment between these two groups (ANOVA test, 
p < 0.1, Fig. 1). For the clinical phenotypes, the HS group 
exhibited significantly higher levels of rectal temperature, 
skin temperature, and respiration rate compared to the 
PF or TN group (ANOVA test, p < 0.05, Additional file 4: 
Figure S1), while no clinical signs of HS were observed in 
the PF and TN groups.

Summary statistics of the sequencing data
To identify how HS impacts cow liver function and define 
its role in milk yield reduction, we collected liver biopsy, 
performed RNA extraction, and analyzed transcriptome 
using RNA-seq.  The Illumina PE150 platform was used 
to generate the high-throughput data, and the quality 
of sequencing data was summarized in Additional file 
1: Table S2. A total of 399,528,794 raw reads were pro-
duced in the nine samples, and 397,164,236 clean reads 
passed the quality control, with an average error rate of 
0.03%. The GC contents of the samples were within 46.39 
− 49.44%, which was in consistent with base composition 
rules. The sequencing quality indicator (Q20 and Q30 ≥  
92.2%) suggested high sequencing quality in this study. 
For the alignment, the unique read mapping rate to the 
cow reference genome was around 95%, indicating that 
we had robust data quality in our bioinformatic analysis.

PCA analysis and identification of differentially expressed 
genes
To determine the correlation among the samples from 
different conditions, we conducted PCA analysis using 
the expression data of the top 3000 variable genes. The 
result revealed that all the samples formed three clusters, 
and these patterns confirmed that our RNA-seq data was 
consistent with our experimental design (Additional file 
5: Figure S2). For the identification of transcript profile 
differences among TN, HS, and PF, we performed a pair-
wise comparison to obtain differentially expressed genes 
(DEGs). A total of 483 DEGs were identified in this study 
(Fig.  2A-C and Additional file 2: Table S3). The highest 
number of DEGs was found between the HS group and 
the TN group, with 133 genes in the HS group present-
ing upregulated expression, and 137 genes presenting 
downregulated expression (Table  1). Moreover, there 
were 122 and 91 DEGs in the comparisons between HS 
vs. PF and PF vs. TN respectively (Table 1). The overlaps 
of upregulated and downregulated genes among three 
comparisons were shown in Additional file 6: Figure S3. 
We found that there were 9 upregulated and 23 down-
regulated genes that were common in both the HS and 
PF groups, such as GPC3, SDC1 and UGP2, suggesting 
these overlapping genes were regulated by reduced DMI 
during HS. Therefore, we removed these genes in further 
analysis when considering the direct effect of HS.

Table 2  List of upregulated chaperones in HS compared 
to TN. The upregulated chaperones are selected with a fold 
change > 1.5, and they are assigned to different HSP families. HSP: 
heat shock protein; TN: thermoneutrality; HS: heat stress
Category Gene symbol Entrez 

gene ID
Fold change 
(HS vs. TN)

Small HSPs HSPB1 516,099 2.71062591

HSPB2 508,671 2.05990198

HSPB3 616,007 1.87241183

HSPB7 512,251 1.87241183

CRYAB 281,719 4.48700853

HSP40 gene family DNAJA1 528,862 2.57980898

DNAJA3 513,397 1.62626071

DNAJB1 538,426 2.8248019

DNAJB6 282,215 1.50182594

DNAJB9 614,588 1.86674982

DNAJC30 617,118 1.54695999

SEC63 541,040 1.50926739

HSP70 gene family HSPA1A 282,254 4.17746641

HSPA1L 540,190 4.47467799

HSPA5 415,113 1.79050575

HSPA6 539,835 7.59592698

HSPA8 281,831 1.51183354

HSPA9 517,535 1.67380621

HSPA13 505,907 1.53348317

HSP90 gene family HSP90AA1 281,832 2.64569382

HSP90AB1 767,874 1.86085867

HSP90B1 282,646 2.1673705

Other chaperones ST13 510,494 1.69790507

AHSA1 539,220 2.03134865

PDIA3 281,803 1.73705298

PDIA4 415,110 3.01315146
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To obtain a deeper understanding of the gene expres-
sion patterns of the cows at different environmental 
conditions, we performed an unsupervised hierarchi-
cal clustering analysis of the whole DEG list (Fig. 3). We 
found that DEGs could be divided into three clusters, 
corresponding to their experimental groups with group-
specific enrichment. Additionally, Gene ontology (GO) 
analysis showed that the genes in the TN-specific cluster 
were associated with ATP metabolic process and oxida-
tive phosphorylation, and the genes in the HS-specific 
cluster could control chaperone-mediated protein folding 
and endoplasmic reticulum (ER) lumen function, while 
the genes in the PF-specific cluster were involved with 
cellular carbohydrate catabolic process and regulation of 
the fatty acid biosynthetic process.

HS induced expression changes in heat shock proteins, 
mitochondrial and inflammatory related genes
We next sought to evaluate the HS response in differ-
ent functional categories, and performed a systematical 
analysis of genes related to heat shock proteins, mito-
chondria, and inflammation. In our study, there were 

26 molecular chaperone-coding genes showing upreg-
ulation (FC > 1.5) in response to HS (Table  2). These 
included members of the heat shock protein (HSP) 90 
family (HSP90AA1, HSP90AB1, HSP90B1), HSP40 fam-
ily (DNAJA1, DNAJA3, DNAJB1, DNAJB6, DNAJB9, 
DNAJC30, Sect.  63), and HSP70 family (HSPA1A, 
HSPA1L, HSPA5, HSPA6, HSPA8, HSPA9, HSPA13). 
Moreover, in the comparison between the HS group 
and the TN group, 6 HSPs were significantly (FC > 1.5, 
FDR < 0.1) elevated in the HS group (Fig. 4). Two of the 
HSPs (HSPA6 and HSPH1) were also the DEGs between 
the HS and PF group. The expression level of the HSPs 
was highlighted in Fig. 4. All of 6 HSP genes followed the 
same pattern: the significantly high expression in the HS 
group, lower expression in the PF group, and the lowest 
expression in the TN group, indicating chaperone-medi-
ated protein folding activity was enhanced in the liver 
upon HS.

Seven genes involved in liver immune response also 
elevated their expressions when exposed to HS compared 
to the TN (Fig.  5), with a fold change ranging from 1.2 
to 22. Among them, HAMP and SAA3 were significantly 

Fig. 5  The expression pattern of liver inflammatory related genes. The X axis shows the three conditions, and Y axis shows TPM value. The boxplot shows 
the expression pattern of different genes, and the FDR value is obtained from DEseq2 result. TN: thermoneutrality; HS: heat stress; PF: pair-fed; TPM: tran-
scripts per million. ***: FDR < 0.01; **: FDR < 0.05; *: FDR < 0.1.
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upregulated in the HS cows compared to the TN groups 
(DEseq2, FDR < 0.01), while no significant difference was 
found between the PF group and the TN group.

Moreover, we found that all 13 protein-coding genes in 
mitochondria showed a significant (DEseq2, FDR < 0.01) 
downregulation in the HS group compared to the TN 
group (Fig.  6). Five of these mitochondrial genes were 
also the downregulated DEGs between the PF group 
and the TN group, including COX1, COX2, CYTB, ND1 
and ND2, while COX1, ND3 and ND6 were also signifi-
cantly downregulated in the HS group compared to the 
PF group. The overall downregulation of mitochondrial 
genes implied that cellular energy generation was dis-
rupted in the liver in both PF and HS, with a more server 
impact in the HS condition.

Functional enrichment analysis of differentially expressed 
genes
Next, we explored how HS regulated gene expression 
and the corresponding functional pathway. To elimi-
nate the effects triggered by energy deficit due to low 
DMI, we excluded the DEGs that overlapped with the PF 

condition. In total, 171 genes were upregulated, and 142 
genes were downregulated under the HS condition. These 
genes were enriched in 29 GO terms, including 2 biologi-
cal processes, 17 cellular components, and 10 molecular 
functions, and were involved with 36 KEGG pathways 
(Additional file 3: Table S4). The top GO term and KEGG 
pathway enrichments were presented in Fig.  7. Our 
results showed that enzyme regulator activity, ATPase 
regulator activity, and protein folding were upregulated, 
while inner mitochondrial membrane protein complex 
and electron transfer activity were downregulated under 
HS. Correspondingly, protein processing in ER, TGF-
beta signaling, and cholesterol metabolism pathways 
were upregulated, while the oxidative phosphorylation 
pathway was downregulated in the heat-stressed cows.

Similarly, we also analyzed the GO term of DEGs 
between the PF group and the TN group. We observed 
that the cellular carbohydrate metabolic process and car-
boxylic acid metabolic process were upregulated, but oxi-
doreductase activity was downregulated in the PF group 
(Additional file 7: Figure S4). At the same time, pathway 
enrichment results indicated that ascorbate and aldarate 

Fig. 6  The expression pattern of mitochondrial genes. The X axis shows the three conditions, and Y axis shows TPM value. The boxplot shows the expres-
sion pattern of 13 protein coding genes in mitochondria, and the FDR value is obtained from DEseq2 result. TN: thermoneutrality; HS: heat stress; PF: 
pair-fed; TPM: transcripts per million. ***: FDR < 0.01; **: FDR < 0.05; *: FDR < 0.1.
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metabolism was upregulated, while thermogenesis and 
cytokine-cytokine receptor interaction were downregu-
lated for the PF cows.

Protein-protein interaction (PPI) of differentially expressed 
genes
Next, we conducted protein interaction analysis to study 
the correlations among different genes. According to 
the DEG lists from pairwise comparisons, the PPI net-
works among the corresponding proteins of DEGs were 
obtained in this study (Additional file 8: Figure S5). Our 
results identified proteins that could be used as hub pro-
teins and had multiple correlations with other proteins. 
In the HS group, the upregulated proteins with inter-
actions greater than 10 were APOA4, CDH1, AHSA1, 
CALR, DNAJA1, DNAJB1, and major HSP family mem-
bers, including HSPA1A, HSP90AA1, HSP90B1, HSPH1, 
and HSPA6. In the PF group, the upregulated proteins 
with more than three interactions were PHGDH and 

LDHA. Moreover, strong interconnections among 13 
mitochondrial genes were observed both in the HS group 
and the PF group, and these genes formed a single cluster 
in our results (Additional file 8: Figure S5).

Transcription factors, transcription cofactors and 
regulation network in response to heat stress
We delved deeper into the transcription regulation in the 
heat stress responses, by examining whether HS could 
change the expression of the TF genes. In this study, 18 
transcription regulatory genes were found as DEGs in 
the comparison between HS and TN, including 10 TFs 
and 8 transcription cofactors (Table 3). Two upregulated 
members of the HSP family, DNAJB1 and HSPA1A, could 
work as transcription cofactors in our study. Further-
more, these two genes were also identified as one of the 
hub proteins in our PPI networks.

Fig. 7  The enrichment results of DEGs. A: The GO enrichment of upregulated DEGs under HS; B: The KEGG enrichment of upregulated DEGs under HS; C: 
The GO enrichment of downregulated DEGs under HS; D: The KEGG enrichment of downregulated DEGs under HS. The brown node shows the enriched 
terms, and the size of brown node indicates the associated genes. The red or blue node shows the individual genes within each term, and the gradient 
of the gene color indicates the value of log2(Fold change). GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; HS: heat stress; PF: 
pair-fed
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Validation of RNA-seq by RT-qPCR
To validate the gene expression analysis derived from the 
RNA-seq, a total of 9 genes that were more than 2-fold 
differentially expressed were selected to compare with 
the relative expression level from RT-qPCR. We associ-
ated the gene expression fold change between RNA-seq 
and RT-qPCR in different conditions respectively (Fig. 8). 
High correlations (R2 ≥ 0.89) of gene expression fold 
change were found between these two methods, suggest-
ing that our RNA-seq data was reliable and could capture 
the gene expression pattern accurately from the samples.

Discussion
The central question we have is what mechanisms other 
than reduced DMI affect the production performance in 
heat-stressed cows. Based on all the findings described 
in detail above, here we summarized a liver regulation 
network in response to HS for cows (Fig.  9). It appears 
that HS directly affects liver homeostasis in three major 
aspects: (1) HS induces protein structures misfolding and 
elevates chaperone-mediated protein folding activities; 
(2) HS activates liver inflammatory responses and cellular 
cytokines to maintain essential biological processes; (3) 
HS damages the mitochondria membrane and perturbed 

Table 3  List of differentially expressed TFs and transcription 
cofactors. All the factors are selected from the DEGs between 
HS and TN group. DEG: differentially expressed gene; TF: 
transcription factor; TN: thermoneutrality; HS: heat stress
Category Gene symbol Entrez gene 

ID
Fold change 
(HS vs. TN)

RORC 527,470 -2.6335949

ZNF653 516,232 -2.1862458

Transcription 
factors

ASCL1 540,473 -2.185384

ZNF304 526,123 -2.1060374

ATF5 515,654 -1.8304779

CREB3L3 513,010 1.98205159

ATOH8 616,225 2.09380181

NR1D1 768,225 2.73720746

ID1 497,011 3.78636863

FOXA3 503,622 4.18418466

Transcription 
cofactors

KCNIP4 614,299 -7.7435502

SGK1 515,854 -1.9991956

CALR 281,036 2.27455154

CLU 280,750 2.33026672

WWC1 520,730 2.39896652

DNAJB1 538,426 2.8248019

HMOX1 513,221 2.95082623

HSPA1A 282,254 4.17746641

Fig. 8  The validation result of RT-qPCR for pairwise comparisons. X axis shows the different genes, and Y axis shows relative expression log2FoldChange. 
R2 shows the linear regression coefficient, and the error bar stands for standard error. TN: thermoneutrality; HS: heat stress; PF: pair-fed

 



Page 12 of 16Li et al. BMC Genomics          (2023) 24:410 

mitochondrial function in energy generation by reduc-
ing oxidative phosphorylation. In total, energy produc-
tion is shifted from milk protein synthesis to tackle the 
metabolic issues caused by HS, therefore the milk yield is 
significantly reduced in the cows. Overall, our work pro-
vided new insights into how HS impacts milk production 
by mechanisms of induced liver dysfunction.

Effect of heat stress on production performance
Many factors of dairy animals, including reproduction, 
growth, and lactation, can be significantly affected by 
environmental factors such as HS. Elevated THI is det-
rimental to the maintenance of thermal equilibrium and 
leads to HS problems in the dairy industry [32]. In previ-
ous research, Johnson [33] found that milk yield and DMI 
declined significantly when the maximum THI reached 
77. It is also well-documented that reduced DMI is a con-
served response in heat-stressed animals and is a univer-
sal strategy to control metabolic heat production [6, 34, 
35]. In this study, we were able to reach a THI of 82 for 
HS conditions during daytime and successfully observed 
the typical HS response in the cows, including the signifi-
cant upregulation of body temperature and respiration 
rate, and the dramatic reduction of milk yield and DMI 

in the HS group compared to the TN group (Figure S1). 
As shown in Fig.  1, the overall DMI reduction of heat-
stressed cows was around 50%, combined with a 40% 
reduction in milk yield. Importantly, according to the PF 
group, we calculated the expected milk production based 
on the DMI in the HS group. Then we performed a linear 
regression analysis between the expected and observed 
milk production in the HS group. The results showed 
that the declined DMI could explain about 70% of the 
change in milk yield, which was consistent with previous 
research [13, 36].

Heat stress induced the upregulation of chaperones 
related to protein folding
It has been well recognized that in the cell, large propor-
tions of newly synthesized proteins need assistance from 
molecular chaperones to reach their correct folding states 
efficiently [37]. Furthermore, molecular chaperones that 
are transcriptionally elevated under stress regulate the 
restoration of proteostasis through multiple aspects, such 
as preventing protein aggregation or facilitating refolding 
[38, 39].

As a major component of molecular chaperones, the 
HSP members have been significantly upregulated in 

Fig. 9  The liver response under HS in lactating dairy cows. Mitochondria dysfunction, upregulation of heat shock proteins and inflammatory signals can 
contribute to impaired production performance in cows under HS. HSP: heat shock protein; HS: heat stress
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our HS cows, including the HSP70 family, HSP40 family, 
and HSP90 family. Among HSPs, the HSP70 family is the 
highly conserved and the most abundant protein across 
organisms [40]. Upon heat shock, HSP70 is activated and 
removes the denatured or abnormal proteins in the cell, 
which could improve cell viability and its resistance to 
heat stress [41]. Furthermore, HSP70 had been reported 
to be the most active and vital regulator of thermal adap-
tation in livestock, and elevated HSP70 expression under 
HS could be found in dairy cows [42], buffalo [43], goats 
[44], and sheep [45]. The variant analyses revealed that a 
member of the HSP70 family (HSPA6) was the candidate 
gene for heat tolerance in Angus cattle [46], which also 
showed significant upregulation under HS in our data. 
Overall, our results exhibited a great level of consistency 
with HS study in other domestic species.

HSP40 is derived from the DNAJ protein family and 
works as an HSP70 cochaperone. HSP40 can balance the 
interaction between HSP70 and its unfolded substrates, 
and it also enhances the ATPase activity of HSP70 by a 
J domain [47]. Previous studies revealed that the HSP40 
isoform DNAJB6 acted as potent suppressors of mis-
folded ploy-glutamine protein aggregation and cyto-
toxicity in vitro and in vivo, which was beneficial to the 
thermo-tolerance of cells [48]. Based on our results, 
two members of HSP40 (DNAJA1 and DNAJB1) genes 
showed increased expression (DEseq2, FDR < 0.02) under 
HS compared to the TN group. Furthermore, the PPI 
network pointed out that HSP40 and HSP70 had a strong 
correlation with each other, and they expressed synergis-
tically, indicating that HSP40 might play a critical role in 
cow liver response to HS by cochaperone misfolded pro-
tein to maintain the cellular proteostasis.

The HSP90 family is another necessary chaperone 
group downstream of HSP70, and it helps proteins to 
achieve ultimate structural maturation and conforma-
tional change to maintain homeostasis and cellular integ-
rity under HS [44, 49]. In this study, two members of the 
HSP90 family (HSP90AA1 and HSP90B1) genes were 
significantly upregulated (DEseq2, FDR < 0.1) in the HS 
group, similar elevation was also observed for AHSA1, 
which was an essential chaperone for activating the 
ATPase activity of HSP90 [50]. AHSA1 cooperates with 
the middle domain of HSP90 and promotes target pro-
tein activation [51]. Based on these results, we proposed 
that HSP members were vital for correcting misfolded 
proteins and activating functional pathways under HS.

Effect of heat stress on liver immune response and 
inflammation
The immune response is one of the mechanisms that 
evolved to counteract the side effects of environmental 
stressors and to improve both cellular and physiologi-
cal adaptation in mammals [52]. HS is found to induce 

inflammatory and acute phase responses in pigs and 
dairy cows [53, 54]. Fontoura et al. [19] showed that HS 
could increase total tract gastrointestinal permeability in 
lactating cows, which might be detrimental to the natural 
barriers against bacteria. In our study, two inflammatory 
signaling genes, MYD88 and STAT3, were activated in 
response to HS. It has been reported that MYD88 coop-
erates with HSP60 to inhibit the apoptosis of B cells [55]. 
Previous studies also observed the expression of MYD88 
was significantly up-regulated in the spleen of yellow-
feather broilers induced by HS [56]. STAT3 is a member 
of the STAT family, and persistent activation of STAT3 
can be a hallmark of a variety of pathologies and under-
pins altered transcriptional responses [57]. Moreover, 
STAT3 could assist Janus kinase 2 (JAK2) to mediate 
inflammatory responses caused by heatstroke in rats [58].

Moreover, the cow liver is the main site to produce 
acute phase proteins (APPs) in response to pro-inflam-
matory cytokines [59]. In our study, we also observed the 
activation of inflammatory mediators and APPs genes 
upon HS, including HAMP, HP, IL1B, MAPK14, and 
SAA3. IL1B is a typical cytokine produced by inflamma-
tion in cows, which plays an important role in improv-
ing intestinal permeability [60]. HP and SAA3 are known 
markers of inflammation and they are also good indica-
tors of cattle stress [61]. A previous study in pigs reported 
that HS-induced HP and SAA3 synthesis in the liver [62], 
which was consistent with our results. For related path-
ways, these inflammatory genes are correlated with TGF-
beta and MAPK signaling pathways in cows. Combined 
with all the findings, our study revealed that HS compro-
mised the health status of lactating cows, specifically, the 
liver immune system was activated in response to HS.

Effect of heat stress on mitochondrial function
Mitochondria is responsible for up to 90% of ATP con-
sumption in different tissues [63]. Previous studies in 
cow liver showed that mitochondrial DNA copy num-
bers were higher in late lactation than in early lacta-
tion, indicating the elevated activities of mitochondria 
[64]. A recent study also reported that genes involved in 
mitochondrial biogenesis were upregulated in cow liver 
during lactation, indicating that adaptations in hepatic 
mitochondrial physiology were integral to supporting 
high milk production [65]. Furthermore, previous studies 
in rat liver found that HS could increase the permeability 
of the mitochondrial inner membrane and impair oxida-
tive phosphorylation, leading to a dramatic reduction in 
ATP synthesis [66].

In this study, we observed that all 13 protein-coding 
genes in liver mitochondria were significantly down-
regulated under HS compared to the TN group, while 
only 5 of these genes showed significant downregulation 
in PF group compared to TN group. Furthermore, 3 of 
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the mitochondrial genes also showed significantly low 
expression in HS group compared to PF group. Accord-
ing to the enrichment results of the mitochondrial genes 
that were exclusively impaired by HS, they can control 
electron transfer, NADH dehydrogenase, membrane pro-
tein complex, and respiratory chain. We noted that all 
these genes are associated with the oxidative phosphory-
lation pathway in cows, which has a critical function in 
liver energy production. Combined with the milk reduc-
tion we observed in the heat-stressed cows, we proposed 
that HS dysregulates the mitochondrial function in the 
cow liver and affects its ATP production process. Con-
sequently, there is no sufficient energy to support milk 
component synthesis, which leads to a low milk yield. 
Moreover, the downregulation of all mitochondrial genes 
when exposed to HS could be a possible reason to explain 
the lower milk yield in the HS group than the PF group 
even if they were provided the same amount of DMI. 
However, further research is needed to profile how liver 
mitochondria damage contributes to lactation dysfunc-
tion in cows under HS.

Differentially expressed transcription factors and 
transcription cofactors in response to heat stress
In previous studies, researchers found milk protein con-
tent was significantly reduced under HS, indicating that 
protein synthesis was disarranged [9, 19]. It has been 
reported that protein synthesis depends on the gene tran-
scription level, which is regulated by TFs and transcrip-
tion cofactors [67]. TFs bind directly to specific sequence 
elements involved with gene promoters and enhancers, 
while transcription cofactors are brought to promoters 
by TFs to either repress or enhance gene expression [67].

In this study, TFs and cofactors associated with ER 
stress and antiapoptotic process were upregulated in 
HS cows, including ATOH8, CREB3L3, FOXA3, ID1, 
NR1D1, CALR, CLU, and HMOX1. ATOH8 can regulate 
plasma iron and bind to the promoter of HAMP to acti-
vate inflammatory signals [68]. CREB3L3 is responsible 
for triglyceride and glucose metabolism, and acute phase 
response activation in the liver [69]. High expression of 
FOXA3 is found to be induced by ER stress and can gov-
ern liver lipid synthetic genes directly [70]. ID1, NR1D1, 
CALR, CLU, and HMOX1 are important regulators of 
cellular antioxidant response and can reduce cell apop-
tosis under HS [71–73]. Furthermore, we found ASCL1 
and KCNIP4 were downregulated under HS. Both genes 
are strongly associated with the protein phosphoryla-
tion process and are considered key regulators of milk 
fat synthesis [74]. Taken together, these results indicated 
that the HS-induced transcription regulation activities 
were limited in increasing the basic cellular function 
for its survival and could not recover the side effect of 

metabolism turbulence under HS, which may contribute 
to the impaired milk production in lactating dairy cows.

Conclusions
In this study, the effect of HS on lactating dairy cows 
was demonstrated through detailed liver transcriptome 
analysis using RNA-seq.  Our data evaluated the gene 
expression pattern in different conditions, and the cor-
responding biological process and pathways affected by 
HS were identified. Several heat-responsive TFs and tran-
scription cofactors were also found in our study. Further-
more, we defined three major liver response pathways 
that contribute to milk reduction under HS, including 
inflammatory signals, misfolded proteins, and mitochon-
drial dysregulation. The key genes, TFs, and cofactors 
identified in this study provided valuable reference to 
understand the genetic mechanism of HS response and 
could be useful candidates for selective breeding or nutri-
tional or pharmacological target to improve thermal tol-
erance in dairy cows, which will be beneficial to the dairy 
industry and animal welfare.
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