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Abstract 61 

The reduction of milk yield caused by heat stress in summer is the main condition restricting the eco-62 

nomic benefits of dairy farms. To examine the impact of hyperthermia on bovine mammary epithelial 63 

(MAC-T) cells, we incubated the MAC-T cells at thermal-neutral (37°C, CON group) and hyperther-64 

mic (42°C, HS group) temperatures for 6 h. Subsequently, the cell viability and apoptotic rate of MAC-65 

T cells, apoptosis-related genes expression, casein and amino acid transporter genes, and the expres-66 

sion of the apoptosis-related proteins were examined. Compared with the CON group, hyperthermia 67 

significantly decreased the cell viability (p<0.05) and elevated the apoptotic rate (p<0.05) of MAC-T 68 

cells. Moreover, the expression of HSP70, HSP90B1, BAX, Caspase-9, and Caspase-3 genes was up-69 

regulated (p<0.05). The expression of HSP70 and BAX (pro-apoptotic) proteins was upregulated 70 

(p<0.05) while that of BCL2 (antiapoptotic) protein was downregulated (p<0.05) by hyperthermia. 71 

Decreased mRNA expression of mTOR signaling pathway-related genes, amino acid transporter genes 72 

(SLC7A5, SLC38A3, SLC38A2, and SLC38A9), and casein genes (CSNS1, CSN2, and CSN3) was found 73 

in the HS group (p<0.05) in contrast with the CON group. These findings illustrated that hyperthermia 74 

promoted cell apoptosis and reduced the transport of amino acids into cells, which inhibited the milk 75 

proteins synthesis in MAC-T cells. 76 

Keywords: hyperthermia; heat stress; apoptosis; milk protein synthesis; amino acid transport 77 

 78 
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INTRODUCTION 80 

The rise in global temperature in recent decades has negatively affected agriculture and food supply. 81 

More than half of dairy cows live in subtropical and tropical areas that have a temperature-humidity 82 

index (THI) which tends to reach 68 or more, and the risk of heat stress in dairy cows is inevitable [1]. 83 

Heat stress leads to a 10-35% decline in milk yield [2] and an estimated 5.4% loss in the monthly 84 

income of dairy farmers during summer [3]. Therefore, understanding the mechanism by which heat 85 

stress induces a decrease in milk protein synthesis is crucial to improve the milk production potential 86 

of dairy cattle during summer.  87 

Heat stress, which reduces the dry matter intake (DMI) of dairy cows, has been traditionally 88 

considered as the major cause for the decreased milk production potential under hyperthermic envi-89 

ronments [4-5]. However, for the past few years, the experiment of pair-fed to non-heat-stress cows 90 

confirmed that the decrease in milk yield and milk composition was only partly caused by the reduction 91 

of DMI [6-7]. Further studies indicated that the decrease in the production of milk protein induced by 92 

heat stress was specifically caused by a decline in the activity of mammary protein synthesis rather 93 

than a decrease in milk yield [6,8]. Heat stress promotes the consumption of extra-mammary amino 94 

acids, including urinary nitrogen excretion and rumen microbial protein synthesis, in dairy cows, 95 

which reduces the amount of amino acids available to the mammary gland for the synthesis of milk 96 

proteins [9]. Transcriptome analysis indicated that heat stress strongly inhibited the amino acids met-97 

abolic activity in the mammary tissue, and the data suggested that the decreased availability of amino 98 

acids resulted in a decreased synthesis of milk proteins [10]. In addition, hyperthermia reduced cell 99 

viability in bovine mammary epithelial cells (BMECs) [11] and alveoli number in the lactating mam-100 

mary gland [12]. Hyperthermia negatively regulates the number and activity of mammary gland cells, 101 

thereby contributing to a decrease in milk production under high-temperature stress [13]. However, to 102 

our knowledge, the influence of heat stress on the transport of amino acids in the mammary gland of 103 

lactating cows is insufficient in the existing literature. 104 
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As the precursor of the synthesis of milk proteins, amino acids perform critical functions in the 105 

regulation of physiological functions [14]. For instance, the branched-chain amino acids, such as iso-106 

leucine, valine, and leucine regulate nutrition metabolism, immunity, and energy homeostasis in mam-107 

mals [15]. Methionine (Met) and arginine (Arg) may stimulate the mammalian target of rapamycin 108 

complex 1 (mTORC1) and promote protein synthesis [16]. Dietary supplementation of Met could in-109 

crease the milk protein concentration and improve milk production in dairy cows [17-18]. Under hy-110 

perthermic conditions, enhanced supply of Met and Arg had a positive effect on milk protein synthesis 111 

in heat-stressed BMECs [19], and supplementation of Met helped maintain milk composition in heat-112 

stressed lactating Holstein cows [20]. We hypothesized that the heat stress-induced reduction in milk 113 

protein synthesis was due to the decrease in the uptake of amino acids by mammary cells. Heat stress 114 

refers to a sequence of non-specific physiological responses to maintain a constant body temperature 115 

[4]. In vitro, apoptosis induced by hyperthermia is also considered a response to heat stress [21-22]. 116 

Bovine mammary epithelial (MAC-T) cells are well-known mammary epithelial cell line and retain 117 

the phenotypic characteristics of BMECs [23-24], have been used extensively to study apoptosis in the 118 

immune response or oxidative stress [25-26], milk protein synthesis, and mammalian lactation [27-28]. 119 

Thus, we primarily aimed to examine the impact of heat stress on the synthesis of milk protein by 120 

incubating MAC-T cells at a hyperthermic temperature (42°C). 121 

MATERIALS AND METHODS 122 

Cell Culture and Experimental Design 123 

Frozen bovine MAC-T cells were recovered and allowed to grow in 75 cm2 cell culture flasks at a 124 

temperature of 37°C and 5% CO2 concentration to obtain enough biological material for subsequent 125 

analysis. Cells at 80-90% confluency were transferred into 6-well plates (1.2~1.5×105 cells per well, 126 

Thermo Scientific, Waltham, MA, USA). To culture MAC-T cells, we utilized the complete medium 127 

consist of Dulbecco's modified Eagle's medium (DMEM,Thermo Scientific) accompanied by 10 per-128 

cent fetal bovine serum (FBS; Thermo Scientific), 100 μg/mL streptomycin, and 100 IU/mL penicillin 129 
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G (Sigma Aldrich, St Louis, MO, USA). After every 48 hours, the culture medium was replaced. The 130 

cells were washed using phosphate-buffered saline (PBS, Thermo Scientific) three times and the me-131 

dium was changed until the confluency was 80 to 90%. Then, MAC-T cells were divided into two 132 

groups (n=6 replicas for each treatment) and subjected to incubation at 37°C (CON) or 42°C (HS) for 133 

6 h, respectively. The incubation temperature and time were set at 42°C and 6 h, based on a previous 134 

study by Collier et al. (2006) [29] where the mRNA concentration of heat shock protein 70 (HSP70) 135 

was considerably elevated in BMECs within 1 and 2 h, and it attained a peak after 4 hours following 136 

the exposure of the cells to 42°C.  137 

Cell Viability and Apoptosis Assays 138 

The viability of the cells was assessed utilizing an MTT test kit in accordance with the instructions 139 

stipulated by the manufacturer. Briefly, 100 μL medium containing MAC-T cells (2×104/mL) were 140 

transferred into 96-well culture plates, followed by treatment at 37°C or 42°C for 6 hours. Afterward, 141 

they were subjected to incubation for 16 hours at 37°C after being incubated for 4 hours with 10 μL of 142 

MTT staining solution within every well plate. Subsequently, 100 μL of the formazan crystals were 143 

added in all the wells at 37°C for 4 h until completely dissolved, and a microplate reader (Bio-Rad, 144 

Hercules, CA, USA) was utilized to determine the OD at 570 nm. Cell apoptosis rate was determined 145 

utilizing an Annexin V-FITC/PI apoptosis detection kit (4A Biotech, Beijing, China) in compliance 146 

with the protocols provided by the manufacturer. The excitation wavelength was 525 nm (Annexin V-147 

FITC, green fluorescence), and the emission wavelength was (595 nm PI, red fluorescence). The re-148 

sults were evaluated utilizing the Cell-Quest software (BD Biosciences, Franklin Lakes, NJ, USA). 149 

Isolation of RNA and Quantitative Reverse Transcription-polymerase Chain Reaction (qRT-150 

PCR) 151 

The Steady Pure Universal RNA Extraction Kit (Accurate Bio., Hunan, China) was utilized to extract 152 

and purify total RNA from MAC-T cells according to the instructions provided by the manufacturer. 153 

The NanoDrop 2000 spectrophotometer (Thermo Scientific, Inc., Waltham, MA, USA) was utilized 154 
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to determine the purity as well as the concentration of the isolated RNA. Additionally, the integrity of 155 

the RNA was examined utilizing an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 156 

USA). The samples that had an RNA Integrity Number (RIN) ≥ 7.0 underwent dilution to 100 ng/μL 157 

with RNase-free water. The reverse transcription of the diluted RNA samples to cDNA was performed 158 

utilizing the Prime-Script™ RT-PCR reagent Kit with gDNA Eraser (Takara, Tokyo, Japan) in ac-159 

cordance with the protocols stipulated by the manufacturer. For additional analysis, RNase-free water 160 

was utilized to dilute the cDNA at a ratio of 1: 5.  161 

With the aid of SYBR Premix Ex Taq reagents (TaKaRa, Dalian, China), we conducted qRT-162 

PCR in an ABI 7500 real-time thermocycler (Applied Biosystems, Foster City, CA, USA), as earlier 163 

described [30-31]. To normalize the target gene expression, the reference gene utilized was Glycer-164 

aldehyde-3-phosphate dehydrogenase (GAPDH) [31]. Table 1 contains a list of sequences of all pri-165 

mers, which were commercially manufactured by Invitrogen (Shanghai, China). The relative mRNA 166 

target genes expression was computed utilizing the comparative cycle threshold (2−ΔΔCt) method [32]. 167 

Each of the biological samples was replicated three times on a 96-well real-time PCR plate (Applied 168 

Biosystems). 169 

Western Blot 170 

The Western blot analysis was conducted in the same way as previously reported [33]. Briefly, MAC-171 

T cells were solubilized in radioimmunoprecipitation assay (RIPA) Lysis and Extraction Buffer (Invi-172 

trogen, Waltham, MA, USA) to obtain total protein. After denaturation at high temperature, the protein 173 

samples extracted from cells were isolated utilizing sodium dodecyl sulfate-polyacrylamide gel elec-174 

trophoresis (SDS-PAGE) and subsequently loaded onto a nitrocellulose membrane. Blocking of the 175 

membrane was carried out using 5% skimmed milk generated in Tris-buffer, followed by incubation 176 

using primary antibodies (Complete details are listed in Supplementary Table 1) over the night at 177 

4°C. Subsequently, incubation of the membrane was conducted using horseradish peroxidase (HRP)-178 

conjugated anti-rabbit IgG secondary antibody (Complete details are listed in Supplementary Table 179 
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1) at ambient temperature for 4 hours. Finally, detection of the blot was done utilizing ECL™ Western 180 

Blotting Detection Reagent (GE Healthcare, Piscataway, NJ, USA) and visualization of the proteins 181 

was achieved using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA). 182 

The intensity of β-actin was utilized as an endogenous control. 183 

Statistical Analysis  184 

The independent two-sample t-test was utilized to examine all of the data with the aid of the SPSS 17.0 185 

package (SPSS Inc. Chicago, IL, USA). The data were expressed as the mean ± standard deviation 186 

(SD). p<0.05 was considered significant.  187 

RESULTS 188 

Impacts of Heat Stress on Apoptosis and Viability of MAC-T Cells 189 

As illustrated in Figure 1, MAC-T cells thermally treated at 42°C for 6 h showed a 28.81% decrease 190 

in cell viability as opposed to the CON group (p<0.05). Furthermore, heat stress considerably elevated 191 

the early apoptotic rate (14.72% vs. 3.18%) and late apoptotic rate (3.01% vs. 0.91%) of MAC-T cells 192 

(p<0.05). 193 

Impacts Impacts of Heat Stress on the Expression of Heat Shock and Apoptosis-related Genes 194 

of MAC-T Cells 195 

Heat stress greatly elevated the gene expression of heat shock protein 90B1 (HSP90B1) and heat shock 196 

protein 70 (HSP70, p<0.01) in MAC-T cells (p<0.01; Figure 2). Bcl-2-associated X protein (BAX) 197 

gene expression was greatly elevated in response to heat stress (p<0.01), while the B-cell lymphoma 198 

2 (BCL2) gene expression was not affected. In addition, heat stress considerably elevated the caspase-199 

9 and caspase-3 gene expressions (both p<0.05).  200 

Impacts of Heat Stress on the Expression of Heat Shock and Apoptosis-related Proteins in 201 

MAC-T Cells 202 
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The HSP70 protein expression was substantially elevated in MAC-T cells upon exposure to heat stress 203 

(p<0.01; Figure 3). Heat stress substantially elevated the BAX protein expression (p<0.01) while de-204 

creasing that of BCL2 (p<0.05). 205 

Impacts of Heat Stress on the Expression of mTOR Signaling Pathway-related Genes in MAC-206 

T Cells 207 

Heat stress considerably reduced the gene expression of ribosomal protein S6 (RPS6, p<0.05), AKT 208 

serine/threonine kinase 1 (AKT1, p<0.05), and ribosomal protein S6 kinase B1 (RPS6KB1, p<0.05) 209 

(Figure 4). 210 

Impacts of Heat Stress on the Expression of Casein and Amino Acid Transporter Genes in 211 

MAC-T Cells 212 

Heat stress significantly downregulated the gene expression of casein kappa (CSN3, p<0.01) and ca-213 

sein alpha s1 (CSN1S1, p<0.05), casein beta (CSN2, p<0.05). Moreover, heat stress downregulated the 214 

gene expression of solute carrier family 38 member 2 (SLC38A2, p < 0.05), solute carrier family 38 215 

member 9 (SLC38A9, p <0.05), solute carrier family 38 member 3 (SLC38A3, p<0.05), and solute 216 

carrier family 7 member 5 (SLC7A5, p<0.05)  as shown in Figure 5. 217 

DISCUSSION 218 

High temperature can induce DNA damage, mitochondrial dysfunction, and abnormal gene expression 219 

and protein synthesis, eventually leading to cell death [34-36]. Liu et al. (2010)[37] showed that heat-220 

stressed BMECs were characterized by the presence of condensed nuclei and cytoplasmic vacuoles. 221 

Moreover, they found that cells released a large number of cellular fragments into the medium and 222 

exhibited cytolysis and disorganization [37]. Hyperpyrexia could cause a decrease in the total number 223 

and activity of BMECs by inducing apoptosis [38]. During heat stress, cells mount a series of regula-224 

tory stress responses to maintain cell homeostasis [39]. For instance, as an adaptive cellular response 225 

to heat stress, cells rapidly upregulate the transcription and translation of heat shock proteins (HSPs) 226 

to protect against protein aggregation and degradation [40], thereby restoring the normal function of 227 
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the mammary gland. Both heat shock protein (HSP90) and heat shock protein (HSP70) perform mostly 228 

anti-apoptotic functions [41]. However, heat stress also induces the expression of pro-and anti-apop-229 

totic members of the Bcl-2 protein family, which are known to regulate cell death [42]. Through the 230 

interaction of these proteins, the binding of cytochrome c released from mitochondria to cytosolic 231 

Apaf-1 results in the formation of a caspase-activating complex known as apoptosome [42]. The di-232 

merization of caspase-9 within the apoptosome complex activates caspase-3, which results in apoptotic 233 

body formation and cellular inactivation through the cleavage specific proteins [43]. During this pro-234 

cess, Bak and Bax, the pro-apoptotic Bcl-2 family members, perform a function of positively modu-235 

lating the cytochrome c release from mitochondria [44], while the antiapoptotic Bcl-2 family members, 236 

Bcl-2 and Bcl-xL, suppress its release [45]. In this study, we found that hyperthermia decreased the 237 

viability and increased the apoptotic rate of MAC-T cells. The protein and gene expression of BAX 238 

was upregulated in the HS group, which is considered a crucial step in the mitochondrial apoptotic 239 

pathway [46]. Moreover, the higher expression of HSP70, HSP90B1, caspase-9 and caspase-3 genes 240 

and HSP70 protein was observed in the HS group. These results suggested that MAC-T cells under-241 

went apoptosis after incubation at 42°C for 6 h, which might have resulted in a decrease in milk protein 242 

synthesis. 243 

As the MAC-T cell line is incapable of secreting milk components, milk protein content could 244 

not be detected directly in this study. The CSN2 gene expression is positively associated with milk 245 

yield [47]. Hence, the expression of casein genes may be used to evaluate milk yield as an alternative 246 

to the evaluation of casein protein synthesis in MAC-T cells [48]. We compared the CSN1S1, CSN2, 247 

and CSN3 genes expression, which are the most highly expressed casein genes in milk protein [49], 248 

between the HS and CON groups and found that their expressions were significantly decreased in the 249 

HS group. These findings corroborate an earlier research report on the mammary gland tissue of heat-250 

stressed lactating dairy cows [50] and another study on heat-stressed BMECs [51]. Therefore, heat 251 

stress could directly inhibit the synthesis of casein proteins, and the decrease in the DMI may be partly 252 
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responsible for the decrease in the synthesis of milk protein in lactating cows under heat stress. Heat 253 

stress destroyed the cytoskeleton of BMECs, inhibited the cell cycle [52], and substantially reduced 254 

the mTOR signaling pathway activity [53], which is known as the regulator of protein synthesis. As a 255 

key upstream modulator of the mTOR signaling pathway, AKT performs a vital function in the mainte-256 

nance of cell survival and depletion before the induction of apoptosis in fibroblast cells exposed to 257 

heat stress for a long term [54]. Hyperthermia decreased the phosphorylation state of AKT, ribosomal 258 

protein S6 kinase 1 (RPS6K1), and ribosomal protein S6 (RPS6), which are regarded as the upstream 259 

and downstream protein factors of the mTOR signaling pathway in MAC-T cells [54]. The suppression 260 

of the mTOR signaling pathway may be attributed the reduction of milk protein synthesis.  261 

Amino acids are nutrients essential for the survival of all cell types. They not only serve as the 262 

precursor molecules for protein synthesis but can also regulate cellular function. For example, leucine 263 

(Leu), glutamine (Gln), and Arg function as signaling factors in the mTOR signaling pathway; serine 264 

(Ser), Glu, glycine (Gly), and aspartate (Asp) are necessary for nucleotide synthesis [55-56]. Thus, the 265 

normal function of mammary cells depends on the intracellular amino acid supply modulated by amino 266 

acid transporters. Interestingly, we also found that the gene expression of amino acid transporters was 267 

downregulated by hyperthermia. Amino acid transporters are membrane transporters and the majority 268 

of them belong to the solute carrier family of membrane transport proteins. SLC7A5 is a systemic L-269 

type amino acid transporter that exclusively transports essential amino acids [57]. In many cells, the 270 

SLC7A5-mediated import of amino acids is essential to maintain mTOR activity [58]. One of the main 271 

functions of mTOR is to speed up the translation of mRNA, where amino acids are required as precur-272 

sors [58]. Thus, the hyperthermia-induced decrease in SLC7A5 gene expression could have caused the 273 

decrease in amino acid transport, which inhibited the mTOR signaling pathway activity, eventually 274 

resulting in the reduction of lactoprotein synthesis in heat-stressed MAC-T cells. The inhibition of the 275 

mTOR signaling pathway significantly reduced the expression of β-casein and L-type amino acid 276 

transporter 1 (LAT1, encoded by SLC7A5) [59]. The transporters classified as solute carrier family 38 277 



ACCETED

 

13 

 

(SLC38 family) are known as sodium neutral amino acid transporters, which can perform the net 278 

transport of neutral amino acids [60]. This family of proteins contributes to maintaining the homeo-279 

static pool of extracellular and intracellular amino acids [61]. These results suggest that the mTOR 280 

signaling pathway and amino acid transporters regulate each other to regulate the synthesis of milk 281 

protein in mammary cells of dairy cows. In contrast, a reduction in the supply of amino acids may also 282 

result in a decline in milk protein synthesis due to the shortage of essential substrates. In this research, 283 

the decreased expression of amino acid transporter genes in heat-stressed MAC-T cells might be linked 284 

to the decreased synthesis of milk proteins. 285 

CONCLUSIONS 286 

Hyperthermia induced apoptosis and lowered the expression of mTOR signaling pathway-related 287 

genes in MAC-T cells. Additionally, hyperthermia downregulated the expression of amino acid trans-288 

porter genes, which might decrease the supply of amino acids available to MAC-T cells. Subsequently, 289 

the deficiency of amino acids was the root cause for the decreased rate of protein synthesis in MAC-T 290 

cells under heat stress. The results from this research may offer novel directions for the development 291 

of strategies to alleviate the loss of milk production induced by heat stress. 292 

  293 
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Table 1.  The primer sequences of genes 444 

Gene Primer sequence (5’ –3’) Accession 

GAPDH 
F: CTGGCAAAGTGGACATCGTC 

NM_001034034.2 
R: GCCAGTAGAAGCAGGGATGA 

BCL-2 
F: AGATGTCTTCCCTGCTCCCT 

XM_010815066.3 
R: TGCGGGACCCTGTAATTCTG 

BAX 
F: AGAGGATGATCGCAGCTGTG 

XM_015458140.2 
R: GAAGTCCAATGTCCAGCCCA 

Caspase-3 
F: TGGTACAGACGTGGATGCAG 

XM_010820245.3 
R: TCCCCTCTGAAGAAACTTGCT 

Caspase-9 
F: GGCCAGGCAGCTAATCCTAG 

XM_024975972.1 
R: TTCCTTGGCTCGGCTTTGAT 

HSP70 
F: TGCATATTCATCTCCGGCCC 

XM_005225768.4 
R: CTCCTTCCCATCGCCTCATC 

HSP90B1 
F: AGAACCTGCTGCATGTCACA 

NM_174700.2 
R: ACCAACACCAAACTGACCGA 

CSN1S1 
F: ATCAAGCACCAAGGACTCCC 

XM_024993016.1  
R: GCTCAGGGTAGAAGTAGGCC 

CSN2 
F: TCCATTCAGCTCCTCCTTCAC 

XM_015471671.2 
R: GGGAGGCTGTTATGGATGGG 

CSN3 
F: CCCAGGAGCAAAACCAAGAAC 

NM_174294.2 
R: TGAAGAATTTGGGCAGGTGAC 

SLC7A5 
F: CGTCCTCCAGTGCATCATGA 

NM_174613.2 
R: TAGAAACTTGATGGGCCGCT 

AKT1 
F: GCGCCACCATGAAGACTTTC 

XM_024981593.1 
R: CCTGGTGTCCGTCTCAGATG 

mTOR 
F: AGGGCATGAATCGGGATGAC 

R: GTGAAGGCAGAAGGTCGGAA 
XM_002694043.6 

RPS6 
F: CCAGAAGCTCATTGAAGTGGA 

NM_001015548.2 
R: GCTGAATCTTGGGTGCTTTAGT 

RPS6KB1 
F: GGGCCCCTGAGATCTTGATG 

NM_205816.1 
R: CGTGAGGTAGGGAGGCAAAT 

SLC38A3 
F: GCTGCCCCTTGTCATACAGA 

XM_024982409.1 
R: CGTAGAAGGTGAGGTAGCCG 

SLC38A9 
F: TTGGGCAGTGGTCAAGTCTC 

XM_024981327.1 
R: CGAATAGCCTTCCAAGTGACG 

SLC38A2 
F: GGAGATGGTTGGGAAGCTCA 

XM_024991403.1 
R: CATCATTCTTCGACGGCTGC 

Abbreviations: DAPDH, glyceraldehyde-3-phosphate dehydrogenase; BCL-2, B cell leukemia/lym-445 

phoma 2; BAX, Bcl-2-associated X protein; Caspase-3, cysteinyl aspartate specific proteinase-3; 446 

Caspase-9, cysteinyl aspartate specific proteinase-9; HSP70, heat shock protein 70; HSP90B1, heat 447 

shock protein 90B1; AKT1, serine-threonine protein kinas 1; mTOR, mammalian target of rapamycin; 448 

RPS6, ribosomal protein S6; RPS6K1, ribosomal protein S6 kinase 1; CSN1S1, casein alpha s1; CSN2, 449 
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casein beta; CSN3, casein kappa; SLC7A5, solute carrier family 7, member 5; SLC38A3, solute carrier 450 

family 38, member 3; SLC38A9, solute carrier family 38, member 9; SLC38A2, solute carrier family 451 

38, member 2. 452 

  453 
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 455 

 456 

 457 

Figure 1. Impacts of heat stress on the apoptosis and cell viability of MAC-T cells. (A) The MAC-T 458 

cells viability was evaluated after being thermal treatment at 42°C for 6 h; (B) Populations of early 459 

and late apoptotic MAC-T cells cultured at 37°C for 6 h, as determined by flow cytometry; (C) Pop-460 

ulations of early and late apoptotic MAC-T cells cultured at 42°C for 6 h, as determined by flow cy-461 

tometry. (D) The early apoptotic (EA) and late apoptotic (LA) rates of MAC-T cells after being 462 

treated for 6 h. * p<0.05. 463 

 464 
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 466 

 467 

 468 

Figure 2. Impacts of heat stress on the expression of heat shock and apoptosis-related genes. Abbre-469 

viations: HSP70, heat shock protein 70; HSP90B1, heat shock protein 90B1; BAX, Bcl-2-associated 470 

X protein; BCL2, B-cell lymphoma 2. * p<0.05, ** p<0.01.  471 

 472 

  473 
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 475 

  476 

Figure 3. Impacts of heat stress on the expression of heat shock and apoptosis-related proteins. Ab-477 

breviations: HSP70, heat shock protein 70; BAX, Bcl-2-associated X protein; BCL2, B-cell lymphoma 478 

2. * p<0.05. 479 
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 481 

 482 

Figure 4. Impacts of heat stress on the expression of mTOR signaling pathway-related genes. Abbre-483 

viations: AKT1, serine/threonine kinase 1; mTOR, mechanistic target of rapamycin kinase; RPS6, ri-484 

bosomal protein S6; RPS6KB1, ribosomal protein S6 kinase B1. * p<0.05.  485 

 486 

 487 

  488 
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 491 

Figure 5. Impacts of heat stress on the expression of casein and amino acid transporter genes. (A) The 492 

expression of casein genes; (B) The expression of amino acid transporter genes. Abbreviations: 493 

CSN1S1, casein alpha s1; CSN2, casein beta; CSN3, casein kappa; SLC7A5, solute carrier family 7 494 

member 5; SLC38A3, solute carrier family 38 member 3; SLC38A9, solute carrier family 38 member 495 

9; SLC38A2, solute carrier family 38 member 2. * p<0.05, ** p<0.01.  496 

(A) (B) 




