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ABSTRACT

Heat stress negatively affects cow performance, 
compromises immune function, and increases suscep-
tibility to metabolic disorders, particularly during the 
dry period and as cows transition from gestation to 
lactation. Metabolic adaptations of the liver are criti-
cal for successful transition, yet it is unclear how heat 
stress affects metabolic pathways within the liver at 
the proteomic level. The objective of this study was to 
investigate the liver proteome of postpartum cows that 
were cooled or heat stressed during the dry period to 
gain insight into how protein expression is altered by 
prior heat stress and may contribute to performance 
and disease outcomes. During the dry period, cows 
were either housed in shaded barns with fans and water 
soakers [cooled group (CL); n = 5] or in shaded barns 
lacking these cooling devices [heat-stressed group (HT); 
n = 5]. Liver biopsies were collected at 2 d postpartum, 
and protein content was analyzed by label-free quanti-
tative shotgun proteomics (nanoscale liquid chromatog-
raphy coupled to tandem mass spectrometry). In the 
most comprehensive bovine liver proteomics analysis 
completed to date, we identified 3,270 proteins, 75 of 
which were differentially expressed between HT and CL 
cows (fold change ±1.2). The top pathways differing 
between HT and CL cows were oxidative phosphoryla-
tion, mitochondrial dysfunction, farnesoid X receptor/
retinoid X receptor (FXR/RXR) activation, and the 
methylmalonyl pathway. Cooling cows during the dry 
period likely improves ATP production, reduces oxi-
dative stress, and prevents excessive accumulation of 
hepatic triglycerides and cholesterol, which may con-
tribute to greater milk yield and lower susceptibility to 
transition-related diseases.
Key words: oxidative phosphorylation, mitochondria, 
transition, oxidative stress

INTRODUCTION

The transition between late gestation and the onset 
of lactation is a physiologically challenging process for 
dairy cows and the predominant time for occurrence 
of diseases and metabolic disorders (Goff and Horst, 
1997; Drackley, 1999). During the periparturient peri-
od, increasing energy and nutritional demands for milk 
production and maintenance needs exceed DMI and a 
negative energy balance occurs (Bell, 1995; Drackley 
et al., 2005). To compensate for insufficient nutrient 
intake, a coordinated suite of physiological adaptations, 
including enhanced bone resorption, greater intestinal 
calcium transport, and increased hepatic gluconeogen-
esis, promotes delivery of substrates to the mammary 
gland to support milk synthesis (Reynolds et al., 2003; 
Horst et al., 2005). Furthermore, lower circulating insu-
lin permits fat mobilization from adipose tissue induced 
by catabolic signaling and spares glucose for milk pro-
duction (Bell, 1995; Rhoads et al., 2004).

The liver is a central organ coordinating transition-
related adaptations in lipid, carbohydrate, and protein 
metabolism. First, circulating nonesterified fatty acids 
(NEFA) released during fat catabolism from adipose 
stores are taken up, oxidized, and used to produce 
ATP in the liver (Reynolds et al., 2003). Additionally, 
NEFA can be partially oxidized in the liver to pro-
duce ketone bodies and used as an alternate energy 
source in peripheral tissues (Drackley et al., 2005). 
Excessive NEFA, however, can lead to esterification of 
triglycerides and storage in the liver as well as greater 
conversion to ketone bodies, which can result in fatty 
liver disease and ketosis (Drackley et al., 2005; Schäff et 
al., 2012). Second, hepatic gluconeogenesis is enhanced, 
whereby glycerol from fat catabolism, propionate, and 
amino acids are converted to glucose (Reynolds et al., 
2003). Finally, to a lesser extent, amino acids may be 
converted to pyruvate or tricarboxylic acid cycle inter-
mediates within the liver and used for ATP synthesis 
(Schäff et al., 2012).

Various management practices, nutrition, and envi-
ronmental factors, such as heat stress, may impede the 
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metabolic shifts necessary for successful transition in 
otherwise healthy cows (Drackley et al., 2005). Heat 
stress induces several homeorhetic mechanisms that 
prioritize thermoregulation over other physiological 
processes (Baumgard and Rhoads, 2013). As a result, 
heat-stressed cows have markedly reduced milk produc-
tion throughout lactation and are more susceptible to 
metabolic disorders during the transition period (Col-
lier et al., 1982; Kadzere et al., 2002; Bernabucci et al., 
2010; Tao and Dahl, 2013). Importantly, adverse effects 
of heat stress on lactation performance occur not only 
when cows are exposed to heat stress during lactation, 
but also when heat stress exposure is confined to the 
dry period, indicating carry-over effects of environ-
mental stressors in the dry period to the subsequent 
lactation (Tao and Dahl, 2013). Limited evidence from 
targeted gene studies indicates that heat stress during 
the dry period alters mammary gland remodeling and 
hepatic lipid metabolism (do Amaral et al., 2009, 2011; 
Tao et al., 2011). For example, mRNA expression of 
carnitine palmitoyltransferase 1-A (CPT1A) and very 
long chain acyl-CoA dehydrogenase (ACADVL), which 
encode proteins involved in fatty acid β-oxidation, were 
downregulated in heat-stressed cows at 2 d postpar-
tum. Nevertheless, relatively little is known about the 
effect of heat stress during the dry period on other 
metabolic pathways and hepatic function after calving. 
The objective of this study was to investigate the liver 
proteome of postpartum cows that were either cooled 
or heat stressed during the dry period to gain insight 
into how molecular pathways are altered by heat stress 
and may contribute to poor lactation performance and 
increased incidence of transition-related disorders ob-
served in heat-stressed cows.

MATERIALS AND METHODS

Experimental Design

The experiment was conducted at the University of 
Florida Dairy Unit (Hague, FL) in summer 2008, as 
described in detail elsewhere (do Amaral et al., 2011). 
Briefly, cows were dried off 46 d before expected calv-
ing and housed in shaded, sand-bedded, freestall barns. 
Cows were randomly assigned to 1 of 2 treatments for 
the duration of the dry period (dry-off to calving); the 
cooled group (CL; n = 9) was housed in a barn with 
fans and soakers, and the heat-stressed group (HT; n 
= 12) was housed in the same barn but lacked access 
to these cooling devices. Treatment groups were similar 
in mature-equivalent milk production in the previous 
lactation and parity (1.7 ± 1.1 lactations for CL and 
1.7 ± 0.9 lactations for HT). After calving, all cows 

were housed in the same shaded, sand-bedded, freestall 
barn with soakers and fans. Air temperature and 
humidity in the barns were recorded with Hobo Pro 
series Temp probes (Onset Computer Corp., Pocasset, 
MA). The effectiveness of treatments was confirmed; 
temperature-humidity index between the 2 barns were 
similar, yet CL cows had lower rectal temperatures and 
respiration rates throughout the dry period relative to 
HT cows (do Amaral et al., 2011). Dry cows were fed 
a TMR once daily at 0900 h and after calving were fed 
a TMR for lactating cows twice daily at 0800 and 1200 
h. Dry matter intake was recorded daily from dry off 
to 42 d postcalving. As reported in do Amaral et al. 
(2011), DMI of CL cows was higher than that of HT 
cows around the time of calving but not at any other 
time during the dry period or after calving and there 
was a tendency for CL cows to have greater milk yield 
relative to HT cows.

Liver Biopsy Collection

Liver tissue was collected at 2 d postpartum from the 
right side of the animal through the 10th or 11th in-
tercostal space on an approximate line from the hooks 
to the elbow. Following sterilization of the area, liver 
tissue (0.5 to 1.5 g of wet weight) was collected using 
a stainless steel percutaneous liver biopsy tool (Aries 
Surgical, Davis, CA). Extracted liver tissue was rinsed 
with sterile saline, snap frozen in liquid nitrogen, and 
stored at −80°C until proteomics analysis. Tissue from 
10 animals (5 per treatment) that were asymptomatic 
for ketosis, metritis, mastitis, or other health complica-
tions was used for proteomics analysis in the current 
study. Tissue from the remaining 4 CL cows and 7 HT 
cows were used to assess hepatic mRNA expression in 
a previous study (do Amaral et al., 2011). Sample size 
was based on previous studies with similar design in 
dairy cows (Zachut, 2015; Zachut et al., 2016).

Tissue Preparation for Proteomics Analysis

Approximately 30 mg of tissue was homogenized in 
1 mL of lysis buffer that comprised 100 mM Tris-HCl, 
4% SDS, 0.1 M dithiothreitol, 0.2 M phenylmethylsul-
fonyl fluoride, and protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO). Tissue was homogenized us-
ing 1-mm ceramic beads in a Precellys 24 Bead-Mill 
Tissue Homogenizer (Bertin Corp., MD) at 5,000 rpm 
for 15-s intervals, alternating with brief centrifugation 
(4°C, 10,000 × g) until completely homogenized. The 
homogenate was incubated for 1 h at 4°C followed by 
centrifugation (4°C, 10 min, 13,000 × g). The protein 
phase was transferred to a clean microcentrifuge tube 



Journal of Dairy Science Vol. 101 No. 1, 2018

LIVER PROTEOME OF HEAT-STRESSED AND COOLED COWS 707

and protein concentration was quantified through the 
Bradford assay (Bradford reagent; Bio-Rad Laborato-
ries, Hercules, CA). The remaining protein was snap 
frozen in liquid nitrogen and stored at −80°C until 
proteomics analysis.

Proteomics analysis was conducted at the Weizmann 
Institute of Science (Rehovot, Israel). Samples were sub-
jected to in-solution tryptic digestion using a modified 
filter-aided sample preparation protocol (Wiśniewski 
et al., 2009). Lysates were boiled for 3 min at 95°C, 
and centrifuged for 10 min at 16,000 × g. Lysates were 
mixed with urea buffer (8 M urea in 0.1 M Tris-HCl), 
and 50 μg of protein was loaded onto 30 kDa molecular 
weight cutoff filters and centrifuged. A second buffer 
containing 2 M urea and 4× urea buffer was added to 
the filter unit and centrifuged at 14,000 × g for 40 min. 
Trypsin (1 μg) was added and the samples incubated 
at 37°C overnight. Digested proteins were centrifuged, 
acidified with trifluoroacetic acid, and stored at −80°C 
until analysis.

Liquid Chromatography

Ultra-performance liquid chromatography-MS 
(UPLC/MS) grade solvents were used for all chromato-
graphic steps. Each sample was loaded using split-less 
nano-UPLC (10 kpsi nanoAcquity; Waters, Milford, 
MA). The mobile phases were (A) H2O + 0.1% formic 
acid, and (B) acetonitrile + 0.1% formic acid. Desalting 
of the samples was performed online using a reversed-
phase C18 trapping column (internal diameter of 180 
μm, 20 mm long, 5-μm particle size; Waters). The pep-
tides were then separated using a HSS T3 nano-column 
(internal diameter of 75 μm, 250 mm long, 1.8-μm par-
ticle size; Waters) at 0.35 μL/min. Peptides were eluted 
from the column into the mass spectrometer using the 
following gradient: 4% to 35% B in 150 min, 35% to 
90% B in 5 min, maintained at 90% for 5 min and then 
back to initial conditions.

Mass Spectrometry

The nano-UPLC was coupled online through a na-
noESI emitter (10-μm tip; New Objective, Woburn, 
MA) to a quadrupole orbitrap mass spectrometer (Q 
Exactive Plus, Thermo Fisher Scientific, Waltham, 
MA) using a FlexIon nanospray apparatus (Proxeon, 
Thermo Fisher Scientific). Data were acquired in data-
dependent acquisition (DDA) mode, using a Top20 
method. The MS1 resolution was set to 70,000 (at 400 
m/z) and maximum injection time was set to 20 ms. 
The MS2 resolution was set to 17,500 and maximum 
injection time was 60 ms.

Data Processing and Analysis

Raw data were processed as described in Shalit et al. 
(2015). Briefly, raw data were imported into Expres-
sionist software v10.5 (Genedata, Basel, Switzerland) 
for retention time alignment and peak detection of pre-
cursor peptides. A master peak list was generated from 
all MS/MS events and sent for database searching using 
Mascot v2.5.1 (Matrix Science, Mount Prospect, IL). 
Data were searched against the bovine sequences using 
UniprotKB (http:// www .uniprot .org/ ) appended with 
125 common laboratory contaminant proteins. Fixed 
modification was set to carbamidomethylation of cyste-
ines, and variable modifications were set to oxidation of 
methionines and deamidation of N or Q. Search results 
were then filtered using the PeptideProphet algorithm 
(Keller et al., 2002) to achieve maximum false discovery 
rate of 1% at the protein level. Peptide identifications 
were imported back to Expressions to annotate identi-
fied peaks. Quantification of proteins from the peptide 
data was performed using an in-house script (Shalit 
et al., 2015). Proteins were grouped based on shared 
peptides. In the results section, we refer to protein 
groups as “proteins.” Data were normalized based on 
the total ion current. Protein abundance was obtained 
by summing the 3 most intense, unique peptides per 
protein, unless the protein was identified with 1 or 2, in 
which case only those were used to calculate the protein 
intensity.

Western Blot Validations

Protein extracts were diluted 1:1 in complete Laem-
mli buffer (Bio-Rad) with 5% β-mercaptoethanol, and 
equal protein amounts were loaded into Any kD TGX 
precast protein gels (12 well; Bio-Rad) for SDS-PAGE. 
Following electrophoresis, proteins were transferred to 
either a polyvinylidene fluoride (PVDF) or nitrocellu-
lose membrane depending on detection method used 
[e.g., enhanced chemiluminescence (ECL) or infrared 
fluorescence (IR)]. For ECL, the PVDF membrane was 
blocked for 40 min at room temperature in 5% blocking 
solution (Blotting-Grade Blocker; Bio-Rad) with 0.05% 
Tween 20 and subsequently incubated overnight at 4°C 
with rabbit anti-peroxiredoxin 3 (1:1,000, #Ab73349, 
Abcam, Cambridge, UK). The secondary antibody 
(goat anti-rabbit IgG-peroxidase; 1:40,000, #A0545, 
Sigma-Aldrich) was applied for 1 h at room temperature 
followed by application of DuoLux chemiluminescent/
fluorescent peroxidase substrate (Vector Laboratories, 
Burlingame, CA). For IR, the nitrocellulose membrane 
was blocked for 1 h at room temperature in Start-
ing Block (TBS) Blocking Buffer (Thermo Scientific) 

http://www.uniprot.org/
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followed by incubation overnight at 4°C with rabbit 
anti-COXIV (COX4; 1:1,000, #4850T, Cell Signaling 
Technology, Danvers, MA). The secondary antibody 
(IRDYE 680RD goat anti-mouse IgG, #925-32211, LI-
COR Biosciences, Lincoln, NE) was applied for 1 h at 
room temperature.

Antibodies for ECL were diluted in 5% blocking solu-
tion whereas antibodies for IR were diluted in Starting 
Block (TBS) Blocking Buffer (Thermo Scientific) with 
0.1% Tween 20. For both Western blots, Ponceau S 
(Sigma-Aldrich) staining was used to visualize transfer 
efficiency, and mouse anti-β-actin (1:32,000, #A2228, 
Sigma-Aldrich) was used as a loading control. Second-
ary antibodies for anti-β-actin were as follows: for 
ECL, anti-mouse IgG-alkaline phosphatase (1:60,000, 
#A1293, Sigma-Aldrich); for IR, IRDYE 800CW goat 
anti-rabbit IgG, #925-32211, LI-COR Biosciences). 
For ECL, DuoLux chemiluminescent/fluorescent alka-
line phosphatase substrate (Vector Laboratories) was 
used to react with the alkaline phosphatase conjugated 
secondary antibody. Chemiluminescent signal was de-
tected with a digital imaging system (Syngene G:box, 
Syngene International Ltd., Cambridge, UK) and band 
density quantified using GeneTools software (Syngene 
International Ltd.). Fluorescent signal was detected 
with a near infrared fluorescent imaging system (LI-
COR Odyssey CLX; LI-COR Biosciences) and band 
intensity was quantified using Image Studio software 
(LI-COR Biosciences). Band intensities were normal-
ized to the β-actin control.

Statistical and Bioinformatics Analyses

Proteomics data, after logarithmic transformation, 
were analyzed by Student’s t-test (Genedata) to exam-
ine the effect of treatment (HT vs. CL). Fold change 
was calculated as the ratio of arithmetic means of the 
intensities of HT versus CL samples. Proteins were 
regarded as differential at P ≤ 0.05 and fold change 
(FC) ±1.2. Differentially expressed proteins were 
analyzed through Ingenuity Pathway Analysis (IPA; 
Qiagen, Valencia, CA) to determine the most relevant 
pathways, physiological functions, and networks. Dif-
ferential protein abundances from Western blots were 
analyzed with PROC TTEST in SAS v. 9.4 (SAS Insti-
tute Inc., Cary, NC).

RESULTS

A total of 3,270 proteins were identified in the bovine 
liver samples (Supplemental Table S1; https:// doi .org/ 
10 .3168/ jds .2017 -13258). Of these, 3,059 proteins were 
categorized based on cellular location and function us-

ing the Qiagen IPA software (Figure 1). The majority 
of proteins were located in the cytoplasm (n = 1,870) 
and function as enzymes (n = 997). Based on our cut-
off criteria (P ≤ 0.05, FC ±1.2), 75 proteins were differ-
entially expressed between treatment groups. The most 
relevant pathways affected by dry period heat stress 
(Figure 2) were hepatic oxidative phosphorylation and 
mitochondrial dysfunction, but pathways involved in 
amino acid metabolism (e.g., methylmalonyl pathway 
and 2-oxobutanoate degradation), lipid and glucose 
metabolism [e.g., farnesoid X receptor/retinoid X re-
ceptor (FXR/RXR) activation and AMP-activated 
protein kinase signaling], and oxidative stress (e.g., 
Nrf2-mediated oxidative stress response) were also in-
cluded.

Abundances of the 9 differentially expressed proteins 
in the top 2 most relevant pathways, oxidative phos-
phorylation and mitochondrial dysfunction, were lower 
in the postpartum liver of HT cows compared with CL 
cows (Figure 3): cytochrome c oxidase subunit 4 isoform 
1 (COX4I1), NADH dehydrogenase 1 α subcomplex 
subunits 10, 11, and 12 (NDUFA10, NDUFA11, 
NDUFA12), NADH dehydrogenase 1 β subcomplex 
subunit 2 and 11 (NDUFB2, NDUFB11), NADH 
dehydrogenase iron-sulfur protein 8 (NDUFS8), 
NADH dehydrogenase flavoprotein 2 (NDUFV2), 
and peroxiredoxin-3 (PRDX3). With the exception of 
PRDX3, an antioxidant, these proteins comprise sub-
units of complexes I and IV of the electron transport 
chain (ETC) and, as such, are involved in energy pro-
duction in the mitochondria. Differences in expression 
of COX4I1 and PRDX3 between HT and CL cows were 
validated through Western blots; expression of both 
proteins was significantly lower in HT cows than in 
CL cows (P < 0.05, Figure 4). In the NRF2-mediated 
oxidative stress response pathway, ferritin light chain 
(FTL) was more abundant in the liver of HT cows (FC 
= 1.90, P = 0.03) and NADPH-dependent carbonyl 
reductase 1 (CBR1) was less abundant in the liver of 
HT cows (FC = 0.72, P = 0.03).

In pathways of amino acid metabolism, abundance of 
2 proteins, propionyl-CoA carboxylase α chain (FC = 
0.78, P = 0.04) and propionyl-CoA carboxylase β chain 
(FC = 0.75, P = 0.02) were lower in the liver of HT 
cows than in CL cows. In the case of glucose and lipid 
metabolic pathways, some proteins were more highly 
expressed in the liver of HT cows, whereas others were 
more highly expressed in the liver of CL cows. Specifi-
cally, apolipoprotein A-IV (APOA4, FC = 2.23, P = 
0.04), phosphatidylcholine translocator ABCB4 (FC = 
1.43, P = 0.04), fetuin-B (FC = 1.99, P = 0.02), and 
ELAV-like protein (FC = 1.25, P < 0.01) were more 
highly expressed in the liver of HT cows. In contrast, 

https://doi.org/10.3168/jds.2017-13258
https://doi.org/10.3168/jds.2017-13258
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Figure 1. Cellular locations (a) and functions (b) of proteins identified in postpartum bovine liver. Locations and functions of 3,059 proteins 
were categorized through Ingenuity Pathway Analysis (IPA; Qiagen Inc., Valencia, CA). The number of proteins in each category is provided in 
parentheses. Trans receptor = transmembrane receptor, IC = ion channel, Cyto = Cytokine, Chem = chemical-endogenous mammalian, GCR 
= G-protein coupled receptor, GF = growth factor, LDNR = ligand-dependent nuclear receptor.

Figure 2. Most relevant molecular and cellular pathways in the postpartum bovine liver affected by heat stress during the dry period. Top 
affected pathways were identified through Ingenuity Pathway Analysis (IPA; Qiagen Inc., Valencia, CA). Cows were heat stressed (HT) or 
cooled (CL) during the approximately 46-d dry period, and liver biopsies were collected at 2 d postpartum. Numbers in parentheses represent 
the number of proteins in the pathway that are differentially expressed (P < 0.05 and fold change ±1.2) between HT and CL cows.
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phosphoenolpyruvate carboxykinase (FC = 0.74, P < 
0.01) and isovaleryl-CoA dehydrogenase (FC = 0.83, 
P = 0.02) were more highly expressed in the liver of 
CL cows. Consistent with the pathways, biological 
functions most affected by heat stress involved mito-
chondrial function, amino acid metabolism, and lipid 
metabolism (Table 1).

DISCUSSION

Heat stress during the dry period has many adverse 
effects on the cow, from suppressing the immune system 
and reducing feed consumption before calving, to re-
ducing subsequent milk production (Collier et al., 1982; 
Tao and Dahl, 2013). Successful transition requires the 
induction of a suite of metabolic adaptations coordi-
nated by the liver that support the energetic demands 
for copious milk production (Drackley et al., 2005). 
Although it is well known that heat stress affects these 
physiological shifts (Rhoads et al., 2009; Wheelock et 
al., 2010), it is unknown how heat stress affects he-

patic metabolism, particularly through the proteome. 
We identified over 3,000 proteins in the liver of dairy 
cows at 2 d postpartum, 75 of which were differentially 
expressed between cows that were actively cooled or 
were heat stressed during the dry period. Furthermore, 
through IPA, we identified the main canonical path-
ways and biological functions that differed between HT 
and CL cows.

Oxidative Phosphorylation

As identified by IPA, top pathways affected by heat 
stress included oxidative phosphorylation and mito-
chondrial dysfunction. Oxidative phosphorylation oc-
curs through the ETC, which consists of 5 multimeric 
protein complexes in the inner mitochondrial membrane 
that transfer electrons through a series of redox reac-
tions. These reactions result in energy release, which is 
used to actively transport protons into the intermem-
brane space of the mitochondria to generate the proton 
gradient necessary for ATP synthesis by ATP synthase. 

Figure 3. Abundance of proteins in the top 2 most relevant pathways (oxidative phosphorylation and mitochondrial dysfunction) that are 
differentially expressed between heat-stressed (HT) and cooled cows (CL). (a) Proteins of complex I of the electron transport chain; NDUFS8 
and NDUFV2 are core subunits of complex I, and all others are accessory subunits. (b) Subunit of complex IV (COX4I1) of the electron trans-
port chain and an antioxidant (PRDX3). Cows were heat stressed (black bars) or cooled (gray bars) during the approximately 46-d dry period, 
and liver biopsies were collected at 2 d postpartum. Data presented as mean abundances. Error bars represent standard errors of the mean. All 
proteins were lower in abundance in the liver of HT cows than in CL cows [COX4I1, fold change (FC) = 0.82, P < 0.04; NDUFA10, FC = 0.81, 
P < 0.01; NDUFA11, FC = 0.63, P < 0.01; NDUFA12, FC = 0.80, P < 0.04; NDUFB2, FC = 0.77, P < 0.05; NDUFB11, FC = 0.81, P < 0.01; 
NDUFS8, FC = 0.83, P < 0.01; NDUFV2, FC = 0.81, P < 0.01; PRDX3, FC = 0.63, P < 0.04].
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The catalytic process begins with NADH dehydro-
genase (complex I), which oxidizes NADH via flavin 
mononucleotide and transfers the electrons to ubiqui-
none through a series of iron-sulfur clusters (Walker, 
1992; Lazarou et al., 2009). The final electron transfer 
occurs via cytochrome c oxidase (complex IV) when 
electrons are transferred from cytochrome c to oxygen, 
forming water. Complex I consists of 45 subunits, 14 
of which are core subunits obligatory for catalysis and 
31 are accessory subunits thought to be involved in 
assembly, stability, or regulation of complex I or in the 
defense against oxidative stress (Carroll et al., 2006; 
Vinothkumar et al., 2014). Complex IV consists of 13 
subunits, 3 of which form the catalytic core and 10 that 
are involved in regulating activity and proton translo-
cation (Kadenbach and Hütteman, 2015).

In the present study, postpartum liver of HT cows had 
lower expression of NDUFS8 and NDUFV2 proteins, 2 
of the 14 core subunits of complex I, but no difference 
in expression of the core subunits of complex IV. The 
NDUFV2 protein is involved in the initial oxidation 
of NADH that begins the process of electron transfer, 
whereas NDUFS8 is one of the subunits containing an 
iron-sulfur cluster for downstream electron transfer, 

ultimately to ubiquinone through the NDUFS7 subunit 
(Lazarou et al., 2009; Leman et al., 2015). Human pa-
tients with mutations affecting core subunits typically 
have drastically lower ATP production, although the 
extent of dysfunction appears to be tissue specific. For 
example, a patient with a mutation affecting NDUFS8 
had substantially lower complex I activity in skeletal 
muscle relative to skin fibroblasts, whereas cardiac 
muscle lacked activity entirely (Distelmaier et al., 2009).

Besides modifications of the core subunits, complex 
I and IV activity can also be impaired by defects in 
accessory subunits, affecting the assembly process or 
stability of the complex (Lazarou et al., 2009; Pagniez-
Mammeri et al., 2012). Human studies of genetic mu-
tations have been instrumental in characterizing the 
roles of several of the accessory subunits, although the 
function of most of these subunits is still unclear (Vi-
nothkumar et al., 2014). In contrast to CL cows, HT 
cows had lower expression of 5 of the 31 complex I 
accessory subunits, specifically NDUFA10, NDUFA11, 
NDUFA12, NDUFB2, and NDUFB11, and the COX4 
subunit of complex IV. Phosphorylation of the NDU-
FA10 and NDUFB11 subunits appears to be associated 
with complex I activity and thus, these subunits are 

Figure 4. Mean intensity of protein bands validated by Western blot: (a) cytochrome c oxidase subunit 4 isoform 1 (COX4I1), and (b) per-
oxiredoxin-3 (PRDX3). Band intensity was normalized to β-actin. Cows were heat stressed (HT; black bars) or cooled (CL; gray bars) during 
the approximately 46-d dry period, and liver biopsies were collected at 2 d postpartum. Error bars represent SEM. P < 0.05 for both proteins.



712 SKIBIEL ET AL.

Journal of Dairy Science Vol. 101 No. 1, 2018

thought to play a regulatory role in activity or assembly 
(Papa et al., 2012; Morais et al., 2014). Additionally, 
NDUFB11 and NDUFA11 are important for stability of 
other subunits in the complex (Andrews et al., 2013). 
Knockdown experiments of NDUFA12 in human cell 
lines resulted in an approximately 50% decrease in 
complex I activity, associated with impairment of the 
later stages of complex I assembly (Rak and Rustin, 
2014). Thus, a defect in just a single subunit of complex 
I can affect assembly, stability, and ultimately, function. 
Regarding COX4, a series of experiments involving 
mouse cell lines with reduced expression of COX4 sub-
unit showed substantially reduced levels of complex IV, 
indicating its function in assembly of the complex (Li 
et al., 2006). Furthermore, the experimentally manipu-
lated cell lines had lower complex IV activity and lower 
ATP production, and predominantly used glycolysis for 
ATP synthesis compared with a control cell line (Li et 
al., 2006). Together, these studies suggest that the HT 
cows in our study likely have lower complex I and IV 
activity, thereby potentially decreasing ATP production 
and inducing a switch to glycolysis for the majority of 
ATP synthesis in the liver. However, further research 
is necessary to determine the magnitude of heat stress 

effects on ETC function and energy metabolism in the 
postpartum cow.

Oxidative Stress

A secondary consequence of ETC impairment is 
higher production of reactive oxygen species (ROS). 
The ETC, particularly complex I, is the major source 
of ROS in the mitochondria (Distelmaier et al., 2009; 
Hirst, 2013); ROS are produced when electrons escape 
the electron transfer process and react with oxygen in 
the mitochondrial matrix (Kim et al., 2006). When ETC 
activity is inhibited, more ROS can form (Copeland et 
al., 2002; Balaban et al., 2005). Imbalances between 
ROS production and oxidative defense mechanisms can 
result in oxidative damage to lipids, protein, and DNA, 
which further reduces ETC activity and ATP produc-
tion and increases ROS formation (Kim et al., 2006; 
Distelmaier et al., 2009).

Heat stress affected 2 important defense mechanisms 
against hepatic oxidative stress in our study. First, 
expression of PRDX3 was lower in the liver of HT com-
pared with CL cows. Peroxiredoxins are a family of 
antioxidants that inactivate hydrogen peroxide, one of 
many ROS, and are typically elevated under conditions 
of oxidative stress (Immenschuh and Baumgart-Vogt, 
2005; Oppermann, 2007). Other peroxiredoxins, such as 
PRDX1, PRDX2, PRDX4, and PRDX6, were detected 
in liver samples in our study but expression did not 
differ between treatment groups, suggesting an overall 
inability of HT cows to activate the peroxiredoxin-
mediated defense system. Second, the nuclear factor 
erythroid 2-related factor 2 (Nrf2)-mediated oxidative 
stress response was altered in the liver of HT compared 
with CL cows, as was also found in adipose tissue of 
cows pregnant in summer versus winter (Zachut et al., 
2017). The Nrf2-mediated oxidative stress response is a 
major pathway for cellular protection against oxidative 
damage; Nrf2 is a transcription factor regulating the ex-
pression of numerous antioxidant proteins and cytopro-
tective enzymes, such as FTL and NADPH-dependent 
CBR1 (Nguyen et al., 2009; Wu et al., 2011). In the 
present study, FTL, a subunit of the iron-storing pro-
tein ferritin, was more abundant in the liver of HT cows 
than CL cows. Ferritin plays a key role in regulating 
the intracellular concentration of free iron ions (Orino 
et al., 2001), which is imperative because free iron can 
react with superoxide anions to form ROS through the 
Fenton reaction (Linn, 1998). In vitro exposure of HeLa 
cells to hydrogen peroxide increases ferritin mRNA and 
protein expression and reduces accumulation of ROS, 
indicating that oxidative stress induces ferritin syn-
thesis (Orino et al., 2001). In contrast to findings for 

Table 1. Most relevant biological functions in the postpartum bovine 
liver affected by heat stress during the dry period1

Function annotation P-value
No. of 

molecules

Hypoplasia 9.92E-03 6
Binding of cells 4.57E-02 5
Anemia 3.75E-02 4
Acidemia 9.52E-06 3
Metabolism of vitamin 3.54E-03 3
Sensitivity of cells 1.21E-02 3
Catabolism of hydrogen peroxide 2.44E-03 2
Mitochondrial function    
 Mitochondrial disorder 4.28E-06 6
 Mitochondrial complex I deficiency 3.40E-08 5
Protein-related functions    
 Organic aciduria 2.64E-07 5
 Catabolism of amino acids 4.86E-05 4
 Translation of protein 1.22E-02 4
 Processing of RNA 1.98E-02 4
 Inborn error of amino acid 
  metabolism

5.33E-03 3

 Homo-oligomerization of protein 8.33E-03 3
 Translation of mRNA 1.97E-02 3
 Maturation of tRNA 7.84E-06 2
 Processing of tRNA 2.17E-04 2
Lipid-related functions    
 Catabolism of fatty acid 2.26E-03 2
 Absorption of cholesterol 6.87E-03 2
 Metabolism of cholesterol 4.59E-02 2
1Biological functions were identified through Ingenuity Pathway 
Analysis (Qiagen Inc., Valencia, CA). Cows were heat stressed or 
cooled during the approximately 46-d dry period. Liver biopsies were 
collected at 2 d postpartum.
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FTL, HT cows exhibited lower expression of CRB1, an 
enzyme that metabolizes reactive carbonyl compounds 
formed through ROS peroxidation of lipids or glycoxi-
dation (Ellis, 2007; Oppermann, 2007).

Given that there are many other antioxidants, cy-
toprotective proteins, and oxidative defense strategies 
besides peroxiredoxin-mediated and Nrf2-mediated 
oxidative stress responses, the extent to which ROS 
accumulation and oxidative stress occurs in the liver of 
HT cows is unclear. However, other empirical studies 
involving HT dairy cows lend credence to the assertion 
that HT causes an imbalance between prooxidation 
and antioxidation. Bernabucci et al. (2002) found that 
cows calving in summer relative to spring had higher 
oxidative stress as indicated by enhanced activity of 
the antioxidants glutathione peroxidase and superoxide 
dismutase in erythrocytes. Furthermore, cows calving 
in summer versus winter had higher plasma concentra-
tions of malondialdehyde (MDA), a marker of oxidative 
stress (Zachut et al., 2017). It is important to note that 
even small changes in ROS levels can have catastrophic 
consequences on cell survival and tissue structure and 
function (Dröge, 2002; Nicholls, 2004). Additionally, 
elevated ROS production has been implicated in the 
pathogenesis of numerous diseases (Madamanchi et al., 
2005; Lin and Beal, 2006; Rezaie et al., 2007). Heat-
stressed cows have a higher incidence of transition-
related diseases (Bernabucci et al., 2010), which may 
be at least partially attributed to ROS accumulation-
oxidative defense imbalances.

Lipid and Glucose Metabolism

Pathways involved in lipid and glucose metabolism, 
such as AMPK signaling, FXR/RXR activation, and 
liver X receptor (LXR)/RXR activation, were altered 
by heat stress, in congruence with a recent proteomics 
analysis of adipose tissue in summer gestating cows 
(Zachut et al., 2017). During the transition period, ca-
tabolism of lipids from adipose liberates NEFA, which 
are important substrates for energy production in the 
liver (Drackley et al., 2005). However, enhanced NEFA 
uptake by the liver can increase triglyceride formation, 
potentially resulting in triglyceride and cholesterol ac-
cumulation and increasing the risk of hepatic steatosis 
(Emery et al., 1992). Cholesterol buildup can cause 
liver damage and is removed mainly by conversion 
to bile acids, which are also toxic in excess (Kalaany 
and Mangelsdorf, 2006; Calkin and Tontonoz, 2012). 
Thus, a homeorhetic balance between hepatic uptake 
of NEFA and lipid clearance are vital to meeting the 
energy demands of the cow while minimizing the prob-
ability of tissue toxicity and disease.

Energy-sensing AMPK plays a key role in liver me-
tabolism by regulating transcription factors such as 
peroxisome proliferator-activated receptor α (PPARα), 
sterol regulatory element binding protein 1c (SREBP-
1c), and carbohydrate responsive element binding 
protein (ChREBP) that control transcription of several 
lipogenic and lipolytic genes (Uyeda and Repa, 2006; 
Li et al., 2011; Martínez et al., 2011). Liver X receptor 
and FXR are nuclear receptors that form heterodimers 
with RXR and modulate transcription of genes to regu-
late lipid and sterol metabolism, often in an opposing 
fashion (Kalaany and Mangelsdorf, 2006). Whereas 
cholesterol activation of LXR induces transcription of 
lipogenic genes and increases cholesterol conversion to 
bile acids, FXR detects bile acids, regulates their levels 
via a feedback mechanism, and reduces hepatic triglyc-
eride levels (Kalaany and Mangelsdorf, 2006; Calkin 
and Tontonoz, 2012). Two proteins in these pathways, 
apolipoprotein A-IV (APOA4) and phosphatidylcho-
line translocator (ABCB4) were more abundant in 
the liver of HT relative to CL cows. The lipid-binding 
protein APOA4 functions in lipid and cholesterol secre-
tion, particularly through very low density lipoproteins 
(VLDL) (Karathanasis et al., 1986; VerHague et al., 
2013), and ABCB4 is a transporter involved in bili-
ary lipid secretion (Zhang and Edwards, 2008; Calkin 
and Tontonoz, 2012). Given that VLDL synthesis is 
extremely low in ruminants and that upregulation of 
APOA4 is increased in several animal models of steato-
sis, it is likely that HT cows in our study had a buildup 
of triglycerides and cholesterol in the liver (Drackley 
et al., 2005; Hanniman et al., 2006; VerHague et al., 
2013). As further support for this hypothesis, summer-
transitioning cows had a higher liver triglyceride con-
centration in the early postpartum period relative to 
those calving in spring (Basiricò et al., 2011).

The cause of lipid accumulation in the liver of HT 
cows remains to be elucidated. Cows heat stressed dur-
ing the dry period have lower circulating NEFA in the 
early postpartum period relative to cows cooled during 
the dry period (do Amaral et al., 2009; Tao et al., 2012), 
whereas BHB concentration is similar between HT and 
CL cows (do Amaral et al., 2011), suggesting that de-
pressed hepatic ketogenesis or excessive lipid mobiliza-
tion from adipose tissue is not occurring in HT cows. 
Moreover, in the present study, major proteins involved 
in triglyceride synthesis, fatty acid β-oxidation, and he-
patic NEFA uptake were similar in abundance between 
HT and CL cows. Likewise, expression of 2 genes—
carnitine palmitoyltransferase 1-A (CPT1A) and acyl-
coenzyme A dehydrogenase (ACADVL)—involved in 
fatty acid oxidation was similar to or upregulated in 
the liver of early postpartum CL cows compared with 
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HT cows (do Amaral et al., 2011). Thus, lipid accumu-
lation does not appear to be attributed to elevated lipo-
genesis, fatty acid catabolism, or NEFA uptake in the 
liver of HT cows. These observations, combined with 
a reported downregulation of genes involved in VLDL 
secretion among cows calving in summer versus spring 
(Shahzad et al., 2015), suggest that enhanced APOA4 
protein production in the liver of HT cows represents 
an unsuccessful attempt to compensate for hepatic lipid 
buildup. Acute feed deprivation of Holstein cows in-
duced similar hepatic responses, including upregulation 
of cholesterol transport protein and apolipoprotein, to 
increase cholesterol and triglyceride secretion (Kuhla 
et al., 2009). Feed intake was also likely a contributing 
factor in our study because HT cows had lower feed 
intake than CL cows around the time of parturition (do 
Amaral et al., 2011).

In addition to their role in lipid metabolism, FXR 
and LXR are also important modulators of glucose 
metabolism. Activation of both receptors inhibits ex-
pression of gluconeogenic genes, such as peroxisome 
proliferator-activated receptor-γ coactivator-1 (PGC1) 
and phosphoenolpyruvate carboxykinase (PCK) (Ka-
laany and Mangelsdorf, 2006; Zhang and Edwards, 
2008; Calkin and Tontonoz, 2012). Phosphoenolpyru-
vate carboxykinase is a rate-limiting enzyme in gluco-
neogenesis, catalyzing the conversion of oxaloacetate to 
phosphoenolpyruvate (Yang et al., 2009). In our study, 
PCK2 was significantly less abundant in the liver of HT 
cows compared with CL cows, in contrast to other stud-
ies that showed no effect of HT on mRNA expression of 
the PCK gene in lactating Holstein cows and bull calves 
(O’Brien et al., 2008; Rhoads et al., 2011). Despite 
the lower PCK2 abundance in HT cows in our study, 
plasma glucose concentration was similar between HT 
and CL cows (do Amaral et al., 2011).

Amino Acid Metabolism

Heat stress during the dry period was associated 
with altered amino acid metabolism in early lactation, 
particularly the methylmalonyl pathway, oxobutanoate 
degradation, and methionine degradation. Further, α 
and β subunits of the enzyme propionyl-CoA carbox-
ylase (PCCA and PCCB) were less abundant in the 
liver of HT cows. Propionyl-CoA carboxylase catalyzes 
the conversion of propionyl CoA to methylmalonyl CoA 
and, as such, is involved in the use of propionate as a 
substrate for gluconeogenesis (Flavin and Ochoa, 1957; 
Tanaka et al., 1975). Thus, our HT cows appeared to 
shift from propionate to other precursors for glucose 
synthesis. Similarly, cows calving in summer had dif-
ferences in hepatic synthesis and degradation of several 
glucogenic amino acids, such as butanoate, valine, and 

leucine, compared with cows calving in spring (Shahzad 
et al., 2015). Decreased use of propionate for glucose 
production may at least partially reflect lower DMI and 
reduced availability of rumen propionate (Drackley et 
al., 2005), which are consistent with previous observa-
tions of the effects of HT in dry cows (do Amaral et al., 
2011; Tao and Dahl, 2013).

CONCLUSIONS

This proteomics analysis revealed alterations in 
protein abundance in the liver of transitioning cows 
exposed to heat stress or cooling conditions during the 
dry period. Heat-stressed cattle have impaired mito-
chondrial function and altered lipid, carbohydrate, and 
amino acid metabolism in the liver, as indicated by 
the top canonical pathways and biological functions 
identified by IPA. Based on differential abundance 
of proteins in these pathways, it seems probable that 
heat-stressed cows have reduced ATP synthesis, greater 
oxidative stress, shifts in precursor supply for gluco-
neogenesis, and accumulation of hepatic lipids in their 
liver that may contribute to fatty liver disease. Thus, 
these changes in liver function may be associated with 
transition-related diseases and poor lactation perfor-
mance. Overall, our results indicate that cooling dry 
cows improves liver function during early lactation, and 
thus provides greater metabolic support for higher milk 
yields compared with cows that are heat stressed when 
dry.
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