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  ABSTRACT 

  The endoplasmic reticulum (ER) has a crucial role 
in cellular metabolism. Recent studies in nonruminants 
discovered that components of the ER stress pathway, 
induced during the unfolded protein response, play 
critical roles in regulating lipogenesis. The bovine 
mammary gland faces extreme metabolic stress at the 
onset of lactation due primarily to the increase in flux 
through pathways associated with milk fat and protein 
synthesis. Our objective was to study, via quantitative 
real-time PCR, the expression of the ER stress path-
way components P58IPK, PERK, XBP1, ATF4, ATF3,
ATF6, CHOP, MBTPS1, GRP94, and BiP in mammary 
tissue (n = 7 cows × 5 time points) collected at −15, 
1, 15, 60, and 240 d relative to parturition. Expres-
sion of P58IPK and ATF4 increased to a peak at d 60, 
followed by a decrease by d 240 postpartum. Despite 
the decrease in expression by 240 d, P58IPK remained 
higher than prepartal levels (d −15). Expression pat-
terns of ATF3 and CHOP were similar and peaked at 
d 15, followed by a decrease through d 240, at which 
point CHOP expression was still greater than prepartal 
levels. The sharp increase in milk production postpar-
tum (d 15) as well as apoptosis during late lactation 
(240 d) may have induced a pseudo unfolded protein 
response state. This is supported by the similar expres-
sion patterns of P58IPK and PERK. In the context of 
lactation, however, transcriptional changes in the ER 
stress pathway at different stages of the lactation cycle 
are a normal aspect of the tissue’s adaptation to the 
changing physiological state. 
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Short Communication 

  Recent studies of the bovine mammary gland have 
been aimed in particular at understanding gene net-
works involved in milk component biosynthesis and their 
interrelationships (Bionaz and Loor, 2008b; Harvatine 
et al., 2009; Bauman et al., 2011). Milk fat depression 
studies in laboratory animals (Bobrovnikova-Marjon et 
al., 2008) suggested a role of endoplasmic reticulum 
(ER) stress in the regulation of lipogenic pathways 
in mouse mammary epithelial cells (Invernizzi et al., 
2010; Bauman et al., 2011). The ER can sense levels 
of particular intermediates or the redox state of thiol-
disulfide and pyridine nucleotide systems, which result 
from specific metabolic and nutritional conditions 
(Mandl et al., 2009), and activate signaling pathways 
or metabolic responses involving endocrine networks 
at the systemic level (Hotamisligil, 2010b) to restore 
homeostasis. In the cellular context, an impairment in 
protein folding leads to activation of the unfolded pro-
tein response (UPR), a signaling pathway operating 
between ER and nucleus aimed at increasing the clear-
ance of misfolded proteins from the lumen of ER and 
reducing entry of new proteins (Rutkowski and Hegde, 
2010). Maintenance of ER homeostasis, regulation of 
the UPR, or committing to apoptosis are strategies 
that cells can use to face different challenges that are 
often related to their nature (e.g., high secretory or 
metabolic capacity; Hotamisligil, 2010a). 

  In nonruminants, the ER transmembrane transcrip-
tion factors activating transcription factor 6 (ATF6) 
and the RNA-dependent protein kinase (PKR)-like 
ER kinase (PERK) are the main players in the UPR 
signaling cascade (Brewer and Diehl, 2000). The PERK 
inhibits cellular proliferation pathways by blocking 
translation or indirectly inducing apoptosis by activat-
ing ATF4 (Harding et al., 1999). X-box binding protein 
1 (XBP1) is another downstream component of a third 
inducer of the UPR pathway, ER to nucleus signaling 1 
(IRE-1; Zeng et al., 2009). Upon nuclear translocation 
of ATF4 and ATF6, DNA damage-inducible transcript 
3 protein (CCAAT/enhancer-binding protein homolo-
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gous protein, CHOP) is activated and leads to apop-
tosis.

Besides its primary role of maintaining cellular 
protein homeostasis, the UPR was recently shown to 
play a role in maintaining lipid homeostasis in mouse 
mammary epithelial cells through regulation of sterol 
regulatory element binding protein (SREBF) and its 
target proteins (Bobrovnikova-Marjon et al., 2008). 
The membrane-bound transcription factor peptidase, 
site 1 (MBTPS1) is another transcription factor in 
the ER stress pathway with a central role in regulation 
of lipid metabolism (e.g., activates SREBF). Watanabe 
et al. (2001) observed and proposed an important role 
for chaperone heat shock protein 90kDa β 1, member 
1 (HSP90B1/GRP94) in murine milk protein secre-
tion. The above data in nonruminants suggest that 
the ER stress and UPR signaling components might 
be involved in the response to the pseudo metabolic 
stress state that accompanies the sudden and robust 
initiation and maintenance of synthesis and secretion of 
large amounts of milk protein and lipid during lactation 
(Ou et al., 2008). This idea is also supported by recent 
observations that UPR signaling directly targets genes 
involved in metabolic pathways both in physiological 
and non-physiological conditions (Hotamisligil, 2010b).

The hypothesis of the present study was that the 
mRNA expression of several components of the ER 
stress pathway changes from pregnancy through the 
different stages of lactation. Furthermore, such pat-
terns of expression may be associated with the mRNA 
expression of metabolic genes and particularly those 
involved in milk fat synthesis regulation (Bionaz and 
Loor, 2008b). The experimental design has been thor-
oughly described elsewhere (Bionaz and Loor, 2007). In 
brief, percutaneous mammary biopsies were performed 
on d −15, 1, 15, 60, and 240 relative to parturition on 7 
multiparous Holstein cows following protocols approved 
by the University of Illinois Institutional Animal Care 
and Use Committee. Mammary total RNA extraction 
and quantitative PCR were performed following pro-
cedures published previously (Bionaz and Loor, 2007). 
Ribosomal proteins S15 (RPS15) and S9 (RPS9) and 
ubiquitously expressed transcript isoform 2 (UXT) were 
used as internal control genes for normalization (Bionaz 
and Loor, 2007). Messenger RNA expression of XBP1, 
ATF3, ATF4, and ATF6, CHOP, MBTPS1, eukaryotic 
translation initiation factor 2 α kinase 3 (Eif2ak3/
PERK), heat shock 70kDa protein 5 (HSPA5/GRP78/
BiP), GRP94 and DnaJ (Hsp40) homolog, subfamily C, 
member 3 (DNAJC3/P58IPK) was measured. Primers 
were designed and evaluated (Bionaz and Loor, 2008a) 
and the sequences used (F, forward; R, reverse) were 
XBP1, F: 5 -GAGAGCGAAGCCAATGTGGTA-3 ; 

R 5 -ACTGTGAATTCAGGGTGATCTTTCT-3 ; 
ATF3, F 5 -CCTGCAGAAAGAGTCGGAGAA-3 ; R 
5 -GCAGGTTGAGCATGTATATCAAATG-3 ; ATF4, 
F 5 -AGCACTTCAAACATCATGGGTTCT-3 ; R 
5 -CATCCTCCTTGCTGTTGTCTGA-3 ; ATF6, 
F 5 -AGCCCTGATGGTGCTAACTGA-3 ; R 
5 -TTCATGATTTAACCTGAGAGATTCTGTT-3 ; 
CHOP, F 5 -GAACCTGAGGAGAGAGTGTTCCA-3 ; 
R 5 -AGTGACTCAGCTGCCATCTCTGT-3 ; MB-
TPS1, F; 5 -CAACGGTTGTGGAATATGAGTA-
CATT-3 ; R 5 -TGTCGATTGCACTGCTCTTCA-3 ; 
PERK, F 5 -ATATGAGCCCGGAACAGATTCAT-3 ; 
R 5 -AGTGCCGAACGGGTATAGTAATTC-3 ; BiP, 
F 5 -GCCCTGTCTTCCCAACATCA-3 ; R 5 -CAG-
GTCCATGTTTAGCTCTTCAAA-3 ; GRP94, F 
5 -CTGATGAACGATATCAAACCCATATG-3 ; R 
5 -GTCATCGCTTTCCTTTGAAAATG-3 ; P58IPK, 
F 5 -TGCAGTAGATGGTGACCCTGATA-3 ; R 
5 -GGAAGTGCTGCTTTTGATTTGC-3 . The under-
lined nucleotides represent exon-exon junctions. Median 
cycle threshold (Ct) values ranged between 21.2 and 
26.6 and median ΔCt between 0.06 and 5.55. Slopes 
ranged between −2.99 and −3.63 with coefficient of de-
termination above 0.990. Analysis was performed only 
on data points with studentized residuals < 2.5. Nor-
malized gene expression data were transformed to n-
fold change relative to d −15 and then log-transformed 
(Bionaz and Loor, 2011).

The MIXED procedure of SAS (SAS Inst. Inc, Cary, 
NC) with repeated measures was used to determine the 
overall effect of time on gene expression. The fixed effect 
considered in the model was time, and cow represented 
the random effect. Compound symmetry was used as 
covariate structure for repeated measures. Orthogonal 
polynomial contrasts were used to test for linear and 
quadratic effects over time. Quantitative PCR data 
are presented as log2 transformed relative to −15 d. 
Gene expression network and pathway analysis was 
performed using Ingenuity Pathway Analysis (Ingenu-
ity Systems Inc., Mountain View, CA). Table 1 lists 
relative mRNA expression of all of the genes measured 
in this study. The expression of all genes except XBP1, 
ATF6, MBTPS1, and GRP94 followed a significant (P 
< 0.07) quadratic response between −15 d and estab-
lished lactation (Table 1). Thus, the expression of af-
fected genes resembled closely the curve of lactation in 
these same cows (Bionaz and Loor, 2007). Expression 
of P58IPK during lactation reached a peak (P = 0.001) 
on d 60 vs. −15 d and slightly decreased (P = 0.006) by 
d 240; ATF3 (time P = 0.004) and CHOP (P = 0.06) 
shared a common expression pattern that peaked at d 
15, followed by a decrease through d 240. Expression of 
PERK (P = 0.13) increased during lactation compared 
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with d −15 with peak values at d 60. In a similar way, 
ATF4 expression (P = 0.03) followed the same trend in 
the first 60 d postpartum (Table 1).

The role of ER stress signaling in inflammation and 
various metabolic processes (including disease states) 
in nonruminants is well known (Hotamisligil, 2010b). 
High rates of cellular biosynthetic activity are a char-
acteristic of the bovine mammary gland during lacta-
tion, and especially during the 2 mo immediately after 
parturition (Bionaz and Loor, 2008b, 2011). Previous 
work in nonruminants has shown that lipogenesis in 
the mammary gland and liver is sensitive to ER stress, 
and adaptations in this pathway are closely regulated 
by PERK and XBP1 (Hotamisligil, 2010b); P58IPK 
inhibits PERK (Figure 1) and we found that its expres-
sion pattern was similar to that observed in murine 
mammary gland during pregnancy and lactation [Ru-
dolph et al., 2007; i.e., lowest expression in the middle 
of pregnancy with a gradual increase as the animal 
approaches parturition, a peak (10-fold vs. pregnancy) 
in the first day of lactation, and a decrease thereafter 
(3.7-fold at d 9 vs. pregnancy)]. Milk production in 
mice peaks between 9 and 13 d of lactation (i.e., at 
midlactation; Rutkowski and Hegde, 2010), which sug-
gests that in bovines, the expression of P58IPK was not 
strictly related to milk production.

The pattern of PERK expression with highest ex-
pression at 1 through 60 d postpartum was closely as-
sociated with the induction of lipogenic genes that we 
reported previously in these cows (Bionaz and Loor, 
2008b). In mice, however, PERK transcription was 
greater before parturition and decreased slightly during 
the first part of lactation (Rudolph et al., 2007). The 
greater expression of ATF4 at d 60 (Figure 1), followed 

by a reduction in expression, did not correspond to its 
reported role in mice (Bagheri-Yarmand et al., 2003; 
i.e., it inhibits mammary epithelial cell proliferation and 
the lactogenic capacity of the tissue; Bagheri-Yarmand 
et al., 2003). The expression pattern of ATF4 during 
the normal course of lactation in mice was character-
ized by a peak at d 1, followed by a decrease at d 2 and 
an additional increase by d 9 (Rudolph et al., 2007). 
The pattern of expression that we observed for ATF4 
could be related with the well-established progression 
in the rate of apoptosis relative to proliferation that 
characterizes the bovine mammary gland as lactation 
progresses (Capuco et al., 2001).

Hepatic lipogenesis in mice requires XBP1, which 
regulates expression of critical genes involved in fatty 
acid synthesis (Lee et al., 2008). Although not statisti-
cally significant due to the large degree of variation, 
expression of XBP1 peaked at d 1 and decreased gradu-
ally thereafter, which resembled closely the pattern of 
expression in murine mammary tissue [i.e., expression of 
XBP1 increased approaching parturition and similarly 
peaked (2.5 fold) at d 1 of lactation compared with d 12 
of gestation; Rudolph et al., 2007]. Although clear dif-
ferences exist in the substrates used by the bovine and 
murine mammary gland for lipogenesis (e.g., acetate 
vs. glucose), at least for bovines, the pattern of XBP1 
expression we observed between d −15 and 1 resembled 
that of SREBF1, PPARG, and several target genes re-
lated to milk fat synthesis that we reported previously 
in these same cows (Bionaz and Loor, 2008b). The 
observation that XBP1 expression decreased gradually 
after parturition could indicate that it may not be es-
sential to sustain mammary gland lipogenesis; alterna-
tively, it could mean that lipogenic gene expression is 

Table 1. Relative expression1 of genes (to d −15) involved in the endoplasmic reticulum stress pathway during the lactation cycle 

Gene Accession no.

Day relative to parturition

SEM2
Time  

P-value−15 1 15 60 240

P58IPK3 BC126580.1 0.00b 0.96a 0.96a 0.99a 0.80a 0.20 0.002
PERK3 NM_001098086.1 0.00b 0.58a† 0.50a 0.68a 0.37ab 0.22 0.13
XBP1 XM_001255847.2 0.00 1.20 0.84 0.68 0.26 0.65 0.59
ATF43 BC151812.1 0.00b 0.95a 0.95a 1.12a 0.34b 0.30 0.03
ATF6 NM_001075935.1 0.00 −0.01 0.39 0.06 0.04 0.32 0.83
CHOP3 NM_001078163.1 0.00b 0.66a† 1.12a 0.80a 0.70a† 0.47 0.06
MBTPS1 NM_001025330.2 0.00 0.11 0.22 0.30 0.26 0.29 0.92
GRP94 BC104549.1 0.00 0.01 0.52 −0.01 0.25 0.35 0.67
BiP4 BT030726.1 0.00b 0.73a† 0.86a 0.76a† 0.44ab 0.34 0.26
ATF33 NM_001046193.1 0.00b 1.39a 2.42a 1.40a 0.97a 0.45 0.004
a,bMeans within a row with different superscript letters differ from −15 at P < 0.05.
1Fold of d −15 (log-transformed mRNA abundance).
2Highest value among time points.
3Significant (P < 0.07) quadratic response.
4Quadratic response (P = 0.12).
†Differs from d −15 at P < 0.09.
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primarily under the control of other transcription regu-
lators such as peroxisome proliferator-activated recep-
tor γ (PPARγ; Bionaz and Loor, 2008b; Kadegowda 
et al., 2009). The study of Bionaz and Loor (2008b) 
showed that mammary tissue expression of PPARγ and 
several of its lipogenic target genes increased markedly 
at parturition and remained elevated during the course 
of lactation, which coincided with the curve of lacta-
tion. A functional link between PPARγ and mammary 
lipogenic gene expression was later shown in vitro with 
bovine mammary cells (Kadegowda et al., 2009).

Due to their involvement in apoptosis in nonruminant 
cells (Figure 1), downregulation (quadratic effect) of 
BiP (P = 0.123), ATF3 (P = 0.021), and CHOP (P = 
0.071) from 15 to 240 d (i.e., late lactation) was unex-
pected given that relative rates of apoptosis in the bo-
vine mammary gland are greater as lactation progresses 
(Capuco et al., 2001). Rudolph et al. (2007) observed no 
changes in CHOP mRNA expression during lactation in 
mice, whereas, ATF3 was greater during pregnancy and 

then decreased during the first 9 d of lactation. Expres-
sion of BiP peaked at parturition and decreased until 
reaching prepartal levels on d 9 (Rudolph et al., 2007). 
Although lipogenic gene expression in our cows by late 
lactation was lower than at early stages (Bionaz and 
Loor, 2008b), expression remained elevated relative to 
the nonlactating period (e.g., acetyl-CoA carboxylase 
was ~3-fold greater and stearoyl-CoA desaturase was 
~6-fold greater at 240 d vs. −15 d relative to parturi-
tion). Therefore, the gradual decrease in CHOP expres-
sion we observed may represent a functional mechanism 
to control mRNA abundance of metabolic genes [e.g., 
mice lacking CHOP and challenged with tunicamycin 
(i.e., an inducer of UPR) maintained normal rates of 
hepatic lipogenesis, leading to the notion that CHOP 
activity is partly responsible for reduced gene expres-
sion under severe ER stress (Hotamisligil, 2010b)].

Our results support previous findings in nonrumi-
nants (Bobrovnikova-Marjon et al., 2008; Lee et al., 
2008; Hotamisligil, 2010b) showing that the ER stress-

Figure 1. Mammary mRNA expression of components of the endoplasmic reticulum stress pathway at d 60 of lactation compared with d 
−15. Genes with darker background were upregulated. Pathway created with Ingenuity Pathway Analysis (Ingenuity Systems Inc., Mountain 
View, CA) using its knowledge base and the scientific literature. Color version available in the online PDF.
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signaling pathway may be associated with mammary 
lipogenesis during lactation in dairy cows. For example, 
greater PERK expression at peak lactation (d 60) might 
be linked with milk fat synthesis, whereas greater ex-
pression of CHOP in late lactation versus prepartum 
may be functionally related with the involution process 
after peak lactation. Regarding the overall process of 
milk synthesis, murine data (Rudolph et al., 2007) also 
provide some support for the idea that ER stress-related 
genes in bovine mammary tissue could be involved in 
milk protein synthesis because we observed previously 
in these same cows an upregulation of genes playing a 
central role in amino acid and glucose transport, insulin 
signaling, and also components of the mammalian tar-
get of rapamycin (mTOR) pathway in the first weeks 
postpartum (Bionaz and Loor, 2011). Whether the ob-
served responses also occur in mammary tissue of beef 
cows, for example, remains to be established; however, 
it is likely that the genes we studied also would be 
upregulated during lactation (along with synthesis of 
fat and protein) but to a lesser degree and due, in part, 
to the lower milk production capacity (e.g., 11.2 vs. 8.6 
kg/d in late and early lactation; Radunz et al., 2010).
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