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Abstract

Early lactation is an energy-demanding period for dairy cows which may lead to negative

energy balance, threatening animal health and consequently productivity. Herein we studied

hepatic mitochondrial function in Holstein-Friesian multiparous dairy cows during lactation,

under two different feeding strategies. During the first 180 days postpartum the cows were

fed a total mixed ration (70% forage: 30% concentrate) ad libitum (non-grazing group, G0)

or grazed Festuca arundinacea or Mendicago sativa plus supplementation (grazing group,

G1). From 180 to 250 days postpartum, all cows grazed Festuca arundinacea and were sup-

plemented with total mixed ration. Mitochondrial function was assessed measuring oxygen

consumption rate in liver biopsies and revealed that maximum respiratory rate decreased

significantly in grazing cows during early lactation, yet was unchanged in non-grazing cows

during the lactation curve. While no differences could be found in mitochondrial content or

oxidative stress markers, a significant increase in protein lysine acetylation was found in

grazing cows during early lactation but not in cows from the non-grazing group. Mitochon-

drial acetylation positively correlated with liver triglycerides and β-hydroxybutyrate plasma

levels, well-known markers of negative energy balance, while a negative correlation was

found with the maximum respiratory rate and sirtuin 3 levels. To our knowledge this is the

first report of mitochondrial function in liver biopsies of dairy cows during lactation. On the

whole our results indicate that mitochondrial function is impaired during early lactation in

grazing cows and that acetylation may account for changes in mitochondrial function in this

period. Additionally, our results suggest that feeding total mixed ration during early lactation

may be an efficient protective strategy.
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Introduction

High yielding dairy cows are greatly challenged by the onset of lactation. Lactogenesis results

in a dramatic increase in total energy requirements, and insufficient dry matter intake may

lead to negative energy balance [1]. In addition to the physiological changes attributed to early

lactation, the environment, particularly nutrition, is determinant in negative energy balance.

Pasture-based systems are an economically advantageous alternative widely used in temperate

regions [2]. However, pasture dry matter intake is highly dependent on cow physiology and

behavior as well as sward characteristics and, in addition, may result in increased energy

expenditure due to activity (grazing and walking)[2–4]. Previous studies have shown that lim-

ited pasture allowance may lead to higher mobilization of energy reserves, poor reproductive

performance and limit the productive responses of dairy cows [5–8].

During early lactation, gut, liver, mammary gland and adipose tissue undergo adaptations

to support lactation [9], in particular, a sharp increase in gluconeogenesis can be observed

[10]. In order to meet energy demands and increase the availability of lactogenic precursors

dairy cows mobilize body reserves [11,12], resulting in a decrease in body weight (BW) and

body condition score (BCS). Excessive mobilization of adipose tissue triglycerides results in

high levels of circulating non-esterified fatty acids (NEFA). The liver takes up NEFA [13]; that

are either completely oxidized to carbon dioxide, partially oxidized to ketone bodies (an alter-

native fuel for non-hepatic tissues) or re-esterified into triglycerides and packaged into very

low density lipoproteins for transport [14,15].

Imbalances in oxidation/re-esterification routes along with low synthesis and export rate

of very low density lipoproteins can give place to hepatic steatosis also known as fatty liver

[1,14,16], that can in turn progress towards steatohepatitis [17–19]. In humans and mice mod-

els with fatty liver decreased activity of the respiratory chain and β-oxidation enzymes, ultra-

structure abnormalities, and increased mitochondrial reactive oxygen species (ROS) have been

reported [18,20,21]. Although the molecular events behind mitochondrial impairment and

ROS formation are not fully established, protein lysine acetylation appears as a relevant post-

translational modification, capable of regulating both mitochondrial energy metabolism and

redox status [22], and has been shown to increase in fatty liver of mice receiving a high-fat

diet [20].

Although fatty liver syndrome is one of the most important metabolic diseases in high

yielding dairy cows in early lactation [16,23], the pathogenesis of this disease is not thoroughly

explored in ruminants; in particular the role of mitochondria has not been established. Pio-

neering studies assessing fatty acid oxidation in dairy cows showed that carnitine palmitoyl-

transferase I activity and β-oxidation were impaired in cows with hepatic steatosis [24,25].

Recently, Gao et al. [26] reported a decrease in expression and activity in several subunits of

respiratory complexes and of relevant regulators of mitochondrial biogenesis and fusion, in

cows with signs of steatohepatitis. However much remains to be explored, in particular a sys-

tematic functional analysis of mitochondrial electron transport and oxidative phosphorylation

during the different stages of the lactation curve is lacking.

Furthermore, given that most of hepatic ATP is synthesized by oxidative phosphorylation

[27] the study of mitochondrial function is essential to understand the adaptations of energy

metabolism during lactation. The high-energy demands of gluconeogenesis faced by the liver

during this crucial period underscore the relevance of assessing mitochondrial function, yet

few reports can be found on this matter.

In this work we aimed to quantify hepatic mitochondrial oxygen consumption rate in

liver biopsies by high-resolution respirometry, of dairy cows during early and late lactation

(35 and 250 days post partum, respectively); and to explore molecular mechanisms affecting
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respiration, focusing on mitochondrial content, lipoperoxidation and protein acetylation. Two

different feeding strategies (TMR and pasture-based diet) were used the first 180 days of lacta-

tion to assess if hepatic energy metabolism, in this crucial period, is affected by diet.

Materials and methods

Ethics statement

The use of animals and all animal procedures were approved by the Animal Experimentation

Committee (CHEA) of the Universidad de la República, Montevideo, Uruguay (file number:

021130-001914-15).

Animals, feeding strategy and experimental design

Twenty-four multiparous Holstein-Friesian dairy cows calved in spring (664 ± 65 kg BW and

3.0 ± 0.4 units of BCS; 18/08/2015 ± 11 of calving date) grouped according to their due calving

date, parity, BW and BCS were used in a randomized block design with two feeding strategies

from calving to 180 ± 11 days postpartum (DPP): a non-grazing group (control group; G0) fed

100% of a total-mixed ration (TMR) ad libitum and a grazing group (G1) which grazed on pas-

ture and received supplementation.

Cows in the non-grazing group (G0) (N = 12) were offered TMR once a day after the morn-

ing milking. The TMR had a forage to concentrate ratio of 70:30 (as fed basis) and was formu-

lated according to NRC Dairy Model 2001 software [28] for a milk production target of 40 kg

per day and 15–20% refusals. The TMR was composed by corn silage and moha (Setaria ita-
lica) hay or alfalfa haylage and a concentrate that included sorghum grain (22.6%), corn grain

(6.8%), barley grain (4.4%) sunflower expeller (7.5%), soybean expeller (13.6%) and minerals

and vitamins (1.7%). Cows were housed in a free stall facility (wood-frame barn) and wood

shavings (> 10 cm) for bedding. Cows were allocated in three pens (8 x 22.6 m each; 4 cows

per pen) and each pen had access to shade, water and a feeder (2.4 m high, 1.12 m wide in the

top, 0.58 wide in the bottom and 0.50 m deep).

Cows in the grazing group (G1) (N = 12) grazed from 0 to 113 DPP a Festuca arundinacea
pasture (2500 ± 490 kg DM per ha, 18 h of pasture access from 08:00 to 16:00 h and from 18:00

to 04:00 h) in a 7-d rotational system with a mean herbage allowance of 30 kg dry matter (DM)

per cow per day (4 cm above ground level) and a chemical composition (DM basis) of 26.4%

DM, 14.2% crude protein (CP), 54.7% neutral detergent fiber (NDF), 30.1% acid detergent

fiber (ADF) and 1.58 Mcal per kg DM of net energy of lactation (NEL). In addition, after the

morning milking, cows received, in individual feeders, 5.4 kg DM per cow per day of a concen-

trate containing corn grain (32%), barley grain (31%) and soybean expeller (32%) with a 87%

DM, 16.8% CP, 28.5% NDF, 9.3% ADF and 1.83 Mcal per kg of NEL (DM basis). From 113 to

180 DPP they grazed a Medicago sativa pasture (1380 ± 328 kg DM per ha, 10 h of pasture

access from 18:00 to 04:00 h) in a 7-d rotational system with a mean herbage allowance of 20

kg DM per cow per day (4 cm above ground level) and a chemical composition (DM basis)

26.4% DM, 23.3% CP, 30.1% NDF, 24.7% ADF and 1.68 Mcal per kg DM of NEL. During this

period, after the morning milking, cows received, in the free stall facility, TMR (50% of offered

TMR to G0 cows) composed by corn silage (23.3%), alfalfa haylage (19%), sorghum grain

(20.8%), corn grain (11.8%), barley grain (11.5%), soybean expeller (11.8%) and minerals and

vitamins (1.8%) with a chemical composition (DM basis) of 41.5% DM, 11.1% CP, 32.1%

NDF, 22.0% ADF and 1.64 Mcal/kgDM of NEL. Diet change at 113 DPP was due to heat stress,

since the temperature-humidity index exceeded the value of 72 for more than 5 consecutive

hours and for 3 consecutive days [29].
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After 180 DPP until the end of lactation, all cows (G0 and G1) grazed a Festuca arundinacea
pasture (7-d rotational system; 11.5 h of pasture access from 16:30 to 04:00 h; with a herbage

mass, above 4 cm of ground level, of 2340 ± 291 kg DM per ha and a herbage allowance of 20

kg DM per cow per day) with 28.3% DM, 10.1% CP, 56.6% NDF, 32.2% ADF and 1.48 Mcal

per kg of NEL, DM basis) and were supplemented, after the morning milking, in the free stall

facility, with TMR (50% of offered TMR to G0 cows at 180 DPP; 23.4% corn silage, 12.4%

alfalfa hay, 28.3% sorghum grain, 11.5% corn grain, 11.1% barley grain, 11.5% soybean expeller

and 1.8% minerals and vitamins) with 50% DM, 12.5% CP, 29.7% NDF, 18.8% ADF and 1.76

Mcal per kg of NEL (DM basis).

The proportion of pasture and TMR in the diet (DM basis) calculated for each treatment

after the DM intake of TMR (based on difference between feed offered and refused) and pas-

ture (based on NRC requirements) was determined. Diet was composed of 100% TMR from 0

to 180 DPP for G0 cows, and for G1 cows of 73.4% pasture and 26.6% concentrate from 0 to

113 DPP and 32.7% pasture and 67.3% TMR from 114 to 180 DPP; from 180 to 250 DPP diet

was composed of 28% pasture and 72% TMR for all cows (G0 and G1). Nutrient composition

of estimated diets is presented on Table 1.

Throughout the experiment, cows were milked twice a day and milk production was deter-

mined daily. Cow BCS (score 1 to 5)[30] and BW were recorded every two weeks.

Liver tissue collection and blood samples

Liver biopsies were collected using a 14-gauge biopsy needle (Tru-Core-II Automatic Biopsy

Instrument; Angiotech) after the local intramuscular administration of 3 mL of 2% lidocaine

HCl, as described previously [31] at -14, 35, 60, 100, 180 and 250 DPP for oxygen consumption

rate measurements. Two dates representative of early and late lactation (35 and 250 DPP,

respectively) were taken into consideration for further molecular studies. Biopsies for oxygen

consumption rate measurements were cryopreserved as described previously [32]. Biopsies for

Table 1. Estimated nutrient composition of diets according to feeding strategy during lactation.

G01 G1 All cows

Days postpartum 0 to 180 0 to 113 114 to 180 >180

Chemical composition2

Dry matter, % 43.1 42.4 36.5 43.9

Crude protein, %DM 12.9 14.9 15.1 11.8

Neutral detergent fiber, %DM 33.8 47.6 31.4 37.2

Acid detergent fiber, %DM 21.3 24.5 22.9 22.6

Net energy of lactation, Mcal/kg DM3 1.68 1.64 1.65 1.68

Metabolizable protein, g/d3 1854 1762 1914 1749

1Feeding strategies were a non-grazing group (control group; G0) fed 100% of a total-mixed ration (TMR) ad libitum
and a grazing group (G1), which grazed on pasture and received supplementation.
2Diets were formulated to supply micronutrients according with requirements at all times of the lactation curve, thus

they included a minerals and vitamin premix composed (% of DM or ppm, IU, g per animal) of 0.15% S, 19.31% Ca,

2.33% P, 2.98% Cl, 7.87% Na, 0.11% K, 3.59% Mg, 0.21 ppm Co, 5.7 ppm Cu, 12.9 ppm Fe, 8.8 ppm Mn, 0.08 ppm Se,

0.02 ppm Y, 18.7 Zn, 14.4 ppm chelated Zn, 5.04 ppm chelated Cu, 0.04 ppm chelated Se, 2,000.00 IU Vitamin A,

202.00 IU Vitamin D3, 2.10 IU Vitamin E, 12.16 ppm monensin, 0.56 g yeast, 0.28 g betaglucan, 0.28 g mannan-

oligosaccharides.
3Net energy of lactation and metabolizable protein (MP) were estimated according to NRC (2001). Estimated MP

balances indicates diets provided, at least 85% of MP requirement for both, G0 and G1, from 0 to 180 DPP and 95%

of MP requirement after 180 DPP.

https://doi.org/10.1371/journal.pone.0213780.t001
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western blot analysis and enzyme activity assays were immediately frozen in liquid nitrogen.

All samples were stored at -80 ˚C until analysis. Although biopsies were taken from all cows,

oxygen consumption measurements, mitochondrial isolation, Western Blots, triglycerides

and activity measurements were performed for 8–10 cows of each treatment, due to tissue

quantity.

Blood samples were collected at 35 and 250 DPP by venipuncture of the coccygeal vein

using BD Vacutainer tubes with heparin (Becton Dickinson). Samples were centrifuged at

2000 g for 15 min at 4 ˚C within 1 hour after collection and plasma was stored at -20 ˚C until

metabolite analyses were performed.

Mitochondrial isolation

Mitochondria were isolated as described previously [33]. Liver tissue was homogenized in

homogenization buffer (250 mM sucrose, 50 mM Tris-HCl, 5 mM MgCl2) with protease

inhibitors (SigmaFast Protease Inhibitor Cocktail and 1 mM phenylmethylsulfonyl fluoride)

and deacetylase inhibitors, (1 μM trichostatin A and 5 mM nicotinamide, pH 7.4) using a Pot-

ter-Elvehjem homogeneizer set to 600–1000 rpm. Homogenates were centrifuged at 800 g for

15 minutes twice to remove large pieces of tissue and nuclei. Then mitochondria were isolated

by centrifugation at 11,000 g for 10 min. The pellet containing mitochondria was washed thor-

oughly three times centrifuging at 11,000 g and finally resuspended in 50–100 μL of 50 mM

Tris HCl, 1 mM EDTA, 0.5% Triton-X-100 with protease and deacetylase inhibitors, pH 6.8.

Subcellular fractions enriched in mitochondria were stored at -80 ˚C until analyzed. All proce-

dures were carried out in the cold (4 ˚C). The enrichment and purity of the mitochondrial

fraction was verified by Western blot (S1 Fig).

Mitochondrial oxygen consumption rate

Mitochondrial function was studied measuring oxygen consumption rate in a high-resolution

respirometer OROBOROS Oxygraph—2k at 37 ˚C as described previously [32,34]. Electrodes

were calibrated in modified MIR05 respiration medium (0.5 mM EGTA, 3mM MgCl2•6H2O,

60 mM MOPS, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, 1 g.L-1

BSA, pH 7.1) with a calculated saturated oxygen concentration of 191 μM at 100 kPa baromet-

ric pressure at 37 ˚C [34]. Respiratory rates (pmol O2.min-1.mL-1) were calculated using the

DatLab 4 analysis software. Liver biopsies (2–10 mg) were weighed, added to the chamber and

oxygen consumption measurements were obtained before and after the sequential addition of

specific substrates of the respiratory chain, 10 mM glutamate plus 5 mM malate (complex I) or

20 mM succinate (complex II), followed by 4 mM adenosine diphosphate (ADP), 2 μM oligo-

mycin (ATP synthase inhibitor), 2–4 μM carbonyl cyanide-p-trifluoromethoxyphenylhydra-

zone (FCCP, an uncoupler of oxidative phosphorylation). Maximum uncoupling was obtained

titrating FCCP concentrations used in the assay. Finally, respiration was inhibited with 0.5 μM

rotenone (complex I inhibitor) or 2.5 μM antimycin A (complex III inhibitor).

All respiratory parameters and indices were obtained as described in [27,32]. Briefly, the

non-mitochondrial oxygen consumption rate was determined after adding antimycin A or

rotenone and subtracted from all other values before calculating the respiratory parameters.

State 4 respiration was the baseline measurement obtained with substrates before the addition

of ADP and state 3 respiration was determined after addition of ADP. Oligomycin-resistant

respiration (ATP-independent) was measured after oligomycin injection and oligomycin-sen-

sitive respiration (ATP-dependent) was calculated as the difference between state 3 and oligo-

mycin-resistant respiration. Maximum respiratory capacity was determined after the addition

of FCCP.
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Citrate synthase activity

Citrate synthase is a constitutive mitochondrial enzyme frequently used as a marker for mito-

chondrial content [35]. To determine its activity, liver tissue (100 mg) was homogenized using

a Potter-Elvehjem homogenizer in 10 volumes of homogenization buffer (5 mM KH2PO4, 1

mM EGTA, 5 mM MOPS, 300 mM sucrose at pH 7.1). Enzyme activity was measured in

homogenates following the formation of 5-thio-2-nitrobenzoic acid at λ = 412 nm (ε412 =

13,700 M-1.cm-1) in the presence of 20 mM Tris-HCl pH 8, 300 μM acetyl-CoA, 500 μM oxalo-

acetate, 100 μM 5,5’-dithio-bis (2-nitrobenzoic acid), and 60 μg.mL-1 of liver protein [35]. Spe-

cific activity was calculated after determining the protein concentration of the samples with

the Bradford assay using bovine serum albumin as standard [36].

Western blots

Liver tissue (10–20 mg) was disrupted using a Potter-Elvehjem homogenizer in 10 volumes of

cold lysis buffer (150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100, 0.1% SDS with

protease and deacetylase inhibitors).

After homogenization, samples were placed on a rotator at 4 ˚C for 1 hour. Samples for

western blots with antibodies against mitochondrial respiratory chain subunits were spun at

12,000 g for 10 min at 4 ˚C and the supernatants containing soluble proteins were stored. The

last step was avoided when preparing samples for western blots with antibodies against acetyl

lysine (AcK) and 4-hydroxynonenal (4-HNE). Protein content was determined with the Brad-

ford assay using bovine serum albumin as standard [36] and samples were kept at -80 ˚C until

analyzed.

Liver homogenates (30–40 μg) and subcellular fractions enriched in mitochondria (20 μg)

were resolved in 10 to 12% Tris-Glycine-SDS polyacrylamide gels (SDS/PAGE), along with

protein ladders (LI-COR Biosciences 928–60000 or Thermo Fisher Scientific 26616), and pro-

teins were transferred overnight to nitrocellulose membranes. Membranes were blocked with

blocking buffer (Tris buffered saline with 0.1% Tween 20 and 0.5% skimmed milk) and incu-

bated overnight at 4 ˚C with primary antibodies against: GAPDH (1:1000, Abcam, ab9484), β-

actin (1:1000, Santa Cruz, sc-81178), α-tubulin (1:1000, Santa Cruz, sc-8035), succinate dehy-

drogenase subunit A (SDHA, 1:2000, Abcam, ab14715), α subunit of ATP synthase (ATP5A,

1:1000, Abcam, ab14748), acetylated lysine (1:1000, Cell Signaling Technology, 9441), protein-

4-HNE adducts (1:1000, Abcam, ab46544), sirtuin 3 (1:1000, Cell Signaling Technology, 5490),

sirtuin 5 (1:1000, Cell Signaling Technology, 8782), 3-nitrotyrosine (1:1000, a kind gift from

Dr. Rafael Radi, CEINBIO, Departamento de Bioquı́mica, Facultad de Medicina, Universidad

de la República, Uruguay) and histone H3 (1:1000, Cell Signaling Technology, 4620). Mem-

branes were washed and probed with secondary antibodies from LI-COR Biosciences: anti-

mouse (1:10,000, IRDye 680, 926–68070), anti-rabbit (1:20,000, IRDye 800, 926–32211) or

anti-goat (1:20,000, IRDye 800, 925–32214). Immunoreactive proteins were detected with an

infrared fluorescence detection system (Odyssey, LI-COR Biosciences) and bands were quanti-

fied by densitometry with ImageStudio software (LI-COR Biosciences).

Hepatic triglycerides

Lipids were extracted from liver homogenates (6 mg.mL-1), in hexane/isopropanol/1 M acetic

acid (30:20:2, v/v/v), in a 1:2.5 sample to solvent ratio. After vortexing for 30 seconds, 2.5 vol-

umes of hexane were added, vortexed and the mixture was centrifuged at 1800 g for 5 min at 4

˚C and the organic phase, containing the lipids, was separated from the aqueous phase. Hexane

was added to the aqueous phase and centrifuged at 1800 g for 5 min at 4 ˚C to increase lipid

recovery. Before extraction 1-dodecanol (Sigma, 75544) was added to the samples and used as
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an internal standard for normalization in semi-quantification analyses. Finally hexane phases

were pooled and subjected to solvent evaporation under vacuum in a RapidVap Vacuum

Evaporation System (Labconco) [37].

Lipid extracts were dissolved in chloroform and spotted manually on thin layer chromatog-

raphy plates using a microsyringe (Hamilton) along with the internal standard and a triglycer-

ide standard. The triglyceride standard was an olive oil sample containing more than 98%

triglycerides, characterized at the Instituto Nacional de Investigación Agropecuaria (INIA),

Uruguay, by gas chromatography under the reference of the Intenational Oil Council (Norma

COI/T.20/Doc. n˚ 24 2001). Lipids were separated using hexane/diethyl-ether/acetic acid

(80:20:1, v/v/v) as mobile phase [38] and lipid bands visualized after spraying with 5% sulphu-

ric acid (v/v) in ethanol and heating. Densitometry quantification analysis of the bands was

performed using ImageJ software.

Plasma biochemical assays

Plasma β-hydroxybutyrate concentrations were determined with a kit from Randox Laborato-

ries Ltd. following manufacturer instructions. The assay measures NADH formation spectro-

photometrically at 340 nm during β-hydroxybutyrate dehydrogenase catalyzed oxidation of β-

hydroxybutyrate to acetoacetate [39].

Plasma NEFA concentrations were determined spectrophotometrically with a kit from

FUJIFILM Wako Diagnostics, following manufacturer instructions. In this method, NEFA

incubated with acyl-CoA synthetase and ATP yield acyl-CoA. Acyl-CoA is oxidized in a reac-

tion catalyzed by acyl-CoA oxidase producing hydrogen peroxide, which in the presence of

peroxidase forms a purple colored end-product with an absorption maximum at 550 nm [40].

Plasma aspartate aminotransferase (AST) catalytic activity was determined with a kit from

Biosystems, following manufacturer instructions. Aspartate aminotransferase catalyzes the

transference of an amino group from aspartate to 2-oxoglutarate, forming oxaloacetate and

glutamate. The assay measures the decrease of NADH spectrophotometrically at 340 nm in the

malate dehydrogenase coupled reaction [41].

All plasma biochemical assays were performed using a Vitalab Selectra 2 autoanalyzer

(Vital Scientific).

Statistical analyses

Data were analyzed in a randomized block design using the SAS System program (SAS Aca-

demic Edition; SAS Institute Inc., Cary, NC, USA). Univariate and linear regression analyses

were performed with all variables to identify outliers and inconsistencies and to verify normal-

ity of residuals. Outliers were removed when the residual had a Studentized residual < -4

or> 4. In the case of β-hydroxybutyrate and AST natural logarithmic transformations were

performed and back transformed values were used to calculate means, standard errors and

graph data. Data were analyzed as repeated measures using the MIXED procedure, the model

included treatment, DPP and their interaction as fixed effects, block and cow as random effects

and calving date, initial BW and BCS as covariates when P < 0.20. Tukey-Kramer tests were

conducted to analyze differences between groups. BCS was analyzed using the GENMOD pro-

cedure, the model included treatment, DPP and their interaction as fixed effects. Means were

considered to differ when P< 0.05 and indicated with different letters in tables or asterisks in

graphs (�P < 0.05, ��P< 0.01, ���P< 0.001 and ����P< 0.0001) and trends were identified

when 0.05< P< 0.10. Correlation analyses between variables were performed using the

CORR procedure.
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Results

Productive and metabolic parameters

Since our aim was to compare hepatic mitochondrial function during early and late lactation

we verified the productive parameters of the animals at this two dates of the lactation curve.

No interaction between DPP and feeding strategy was found for milk yield or BCS (Table 2).

As expected milk production was higher (P< 0.001) while BCS was lower (P < 0.001) at 35

than at 250 DPP, but no differences were observed between feeding strategies and (Table 2).

To assess the general metabolic status of the cows, under different diets, during lactation we

measured liver triglycerides, concentrations of β-hydroxybutyrate and NEFA in plasma (Fig 1)

and AST activity in plasma.

The interaction of DPP and treatment was significant for plasma β-hydroxybutyrate and

for liver triglyceride (DPP X Treat: P< 0.05), as average concentrations were two-fold higher

during early lactation for G1 versus G0 cows (Fig 1A and 1B), while remaining unchanged by

diet in late lactation. These observations suggest that feeding strategy impacts fatty acid metab-

olism in lactation. No significant interactions were found between DPP and treatment for

plasma NEFA (Fig 1C), but values were higher during early than late lactation (P < 0.05).

Additionally, the correlation coefficient between β-hydroxybutyrate and NEFA was positive

and significant and tended to be significant between triglyceride and β-hydroxybutyrate (Fig

1D and 1E), while the correlation between liver triglyceride and NEFA was not significant.

We then measured AST activity in plasma to assess liver damage. No interaction between

treatment and dates was found, neither significant differences between groups or DPP (50 ± 6

U.L-1 in the G0 group versus 63 ± 6 U.L-1 in the G1 group at 35 DPP; and 68 ± 6 U.L-1 in the

G0 group versus 60 ± 6 in the G1 group at 250 DPP; N = 12).

Overall our results indicate that average values of β-hydroxybutyrate and NEFA of the cows

in our study were below pathological threshold (<1.2 mmol.L-1 and<1 mmol.L-1 respectively)

[42]. Nevertheless, these markers of negative energy balance were higher during early than late

lactation [42], in particular in the G1 group. Liver triglycerides indicated that in average cows

had moderate fatty liver (triglyceride 5–10% of wet weight [16,42,43]) during early lactation,

and mild fatty liver in late lactation (triglyceride 1–5% of wet weight [16,42,43]). Average val-

ues of AST activity were below the cut off value (<110 U.L-1) for both groups during both lac-

tation moments [43].

Table 2. Productive parameters.

Treat DPP P-value

35 250 DPP Treat DPP x Treat

Milk yield (kg/d) G0 35.8 ± 0.8a 19.2 ± 0.8b < 0.001 0.34 0.59

G1 36.2 ± 0.8a 20.3 ± 0.8b

BCS (units) G0 2.44 ± 0.05b 2.71 ± 0.05a < 0.001 1.00 0.77

G1 2.46 ± 0.05b 2.69 ± 0.05a

Average weekly milk yield and body condition score (BCS) were determined at 35 and 250 days postpartum (DPP). Milk yield and body condition score (BCS) were

determined at 35 and 250 days postpartum (DPP) in cows under two different feeding strategies or treatments (Treat), G1 and G0. All data is shown as least square

means ± standard error (N = 12).
ab Different letters denote differences between rows and columns (P < 0.05) according to Tukey-Kramer test. G0: Cows were fed TMR ad libitum from calving to 180

DPP G1: Cows grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0 offer), depending on heat stress conditions,

from calving to 180 DPP. From 180 to 250 DPP both groups grazed Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.t002
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Mitochondrial function

Since fatty acid catabolism occurs in mitochondria in strict coordination with energy demands

and relies heavily on mitochondrial function [44], respiratory analyses were carried out in

liver biopsies, to assess electron transport chain activity and oxidative phosphorylation. Oxy-

gen consumption rates were measured after addition of substrates of the respiratory chain,

ADP, inhibitors and an uncoupler of oxidative phosphorylation (Fig 2 and Tables 3 and 4).

While complex I dependent respiration remained unchanged in G0 cows between the dif-

ferent DPP (Fig 2A), it was considerably lower in early lactation than in late lactation for the

G1 group (Fig 2B). Significant interactions (P < 0.05) between DPP and treatment were found

for complex I respiratory parameters related to respiratory chain activity and ATP synthesis.

State 3, maximum and oligomycin sensitive respiration decreased in hepatic biopsies from G1

cows during early lactation when compared with late lactation, while remaining unchanged

for G0 at the different dates (Table 3 and Fig 2C). Assessment of the maximum respiratory rate

at different moments during the lactation curve (Fig 2D) revealed that this parameter had sim-

ilar values from -14 to 180 DPP, becoming significantly higher at 250 DPP; and that significant

differences between treatments could be detected only at 35 DPP. Maximum respiratory rate

correlated negatively with liver triglyceride (Fig 2G) and β-hydroxybutyrate (Fig 2H), suggest-

ing that decreased mitochondrial function is linked to liver steatosis and ketone body synthesis

in dairy cows.

Fig 1. Metabolic parameters during lactation. Liver biopsies and blood samples were obtained at 35 and 250 DPP from cows in the G0 (white) and G1 (grey)

groups. Graphs show the concentrations of (A) liver triglyceride, (B) plasma β-hydroxybutyrate and (C) plasma NEFA. Results are shown with box plots, the

box extends from the 25th to 75th percentile, the line in the middle of the box is the median, the cross is the mean and the whiskers represent the minimum and

maximum values (N = 8–12), � P< 0.05, ��� P<0.001, ���� P<0.0001. In graphs (D) and (E) the correlations between β-hydroxybutyrate, triglycerides and NEFA

are shown (N = 8–12). G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1: Cows grazed Festuca arundinacea plus a commercial concentrate or

Medicago supplemented with TMR (50% of G0 offer), depending on heat stress conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed

Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g001
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Fig 2. Mitochondrial function decreases in pasture-fed dairy cows during early lactation. Oxygen consumption

rates were measured in liver biopsies before and after the sequential addition of 10 mM glutamate and 5 mM malate

(Glu/Mal), 4 μM ADP, 2 μM oligomycin (Oligo), up to 4 μM FCCP and 0.5 μM rotenone (Rot). (A and B) Show

representative traces of oxygen consumption rates obtained for liver biopsies of cows in the G0 group (A) and G1

group (B) at 35 DPP (grey) and 250 DPP (black). (C) Maximum respiratory rate, obtained from oxygen consumption

rate measurements performed as described in A and B, of liver biopsies from cows in the G0 (white) and G1 (grey)

groups. The box extends from the 25th to 75th percentile, the line in the middle of the box is the median, the cross is

the mean and the whiskers represent the minimum and maximum values (N = 9–10), �� P< 0.01, and ��� P< 0.001.

(D) Maximum respiratory rate of liver biopsies obtained at different points during the lactation curve for both G0

(empty squares) and G1 (grey squares) cows. Data represent least square means ± SEM (N = 9–10). Different letters

denote differences between dates (P< 0.05) and � denotes a difference between treatments (P< 0.05) according to

Tukey-Kramer test. (G) and (H) show the correlation between maximum respiratory rate and liver triglyceride and

plasma β-hydroxybutyrate, respectively (N = 8–12). G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1:

Cows grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0

offer), depending on heat stress conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed

Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g002
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Interestingly, the interaction between dates and treatments for state 4 was significant

(P< 0.05) and presented a trend for oligomycin-resistant respiration (P = 0.06) (Table 3).

These parameters are associated with events that dissipate the mitochondrial membrane

potential (e.g. ion transport across the inner mitochondrial membrane) but not with ATP syn-

thesis. Non-mitochondrial oxygen consumption was increased in early lactation with respect

to late lactation (P < 0.01) (Table 3); while no differences were detected between treatments

(Table 3).

No interaction between DPP and treatment was found for respiratory parameters obtained

with complex II substrates were used (Table 4). However, as observed for complex I, maxi-

mum respiratory rate was lower (P<0.05) while non-mitochondrial oxygen consumption was

higher (P< 0.001) at 35 DPP than 250 DPP (Table 4).

Oxidative stress markers

Since non-mitochondrial oxygen consumption has been associated with reactive oxygen spe-

cies (ROS) formation [45,46], we looked for oxidative modifications in the tissue. We analyzed

the levels of 4-HNE-protein adducts, a product of lipid peroxidation [47], both in homoge-

nates and subcellular fractions enriched in mitochondria and no significant interaction

between DPP and treatment were found; nor were differences between dates or treatments

detected (Fig 3). Levels of 4-HNE-protein adduct did not correlate with maximum respiratory

capacity, however, the correlation between 4HNE-protein adducts and non-mitochondrial

oxygen consumption rate was positive and significant (r = 0.4, P < 0.05).

We also tried to measure 3-nitrotyrosine levels, a marker of oxidative events involving nitric

oxide derived radicals and oxidant species [48]; but protein tyrosine nitration could not be

Table 3. Complex I-dependent respiratory parameters.

Respiratory parameters Treat DPP P-value

35 250 DPP Treat DPP x Treat

State 3 G0 12 ± 2ab 15 ± 2a < 0.001 0.34 < 0.05

G1 7 ± 2b 16 ± 2a

State 4 G0 4 ± 1c 6 ± 1b < 0.001 0.21 < 0.05

G1 3 ± 1c 9 ± 1a

Maximum G0 15 ± 2a 17 ± 2a < 0.001 0.15 <0.05

G1 8 ± 2b 18 ± 2a

Oligomycin-resistant G0 3 ± 1c 8 ± 1b < 0.001 0.22 0.06

G1 3 ± 1c 11 ± 1a

Oligomycin-sensitive G0 7 ± 1a 7 ± 1a 0.09 0.17 <0.05

G1 3 ± 1b 7 ± 1a

Non-mitochondrial G0 8 ± 0.8a 6 ± 0.8b < 0.01 0.66 0.95

G1 8 ± 0.8a 6 ± 0.8b

Respiratory parameters were determined at 35 and 250 DPP in biopsies from cows under two different feeding strategies or treatments (Treat), G1 and G0. Oxygen

consumption rates were measured after the sequential addition of 10 mM glutamate and 5 mM malate, 4 μM ADP, 2 μM oligomycin, up to 4 μM FCCP and 0.5 μM

rotenone (as shown in Fig 2). Respiratory parameters were calculated as described in Materials and Methods. All data is shown as least square means ± standard error

(N = 8–10). Oxygen consumption rates are expressed as pmol O2.min-1.mg wet weight-1.
abc Different letters denote differences between rows and columns (P < 0.05) according to Tukey-Kramer test. G0: Cows were fed TMR ad libitum from calving to 180

DPP. G1: Cows grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0 offer), depending on heat stress

conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.t003
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identified in the tissue (S2 Fig). Controls were performed exposing liver homogenates to the

strong oxidizing and nitrating agent peroxynitrite (S2 Fig).

Mitochondrial content

Since changes in mitochondrial content could be accountable for changes in mitochondrial

respiration rates, levels of mitochondrial proteins were assessed (i.e. ATP5A, SDHA) and cit-

rate synthase activity was measured in whole tissue homogenates. No interaction was found

between DPP and treatments and there were no significant differences in the levels of these

mitochondrial proteins or in citrate synthase activity, between dates or between treatments

either (S3 Fig). Correlations between these three markers and maximum respiratory rate were

not significant.

Protein lysine acetylation

Since neither an increase in oxidative stress nor changes in mitochondrial content could

explain the decay in mitochondrial respiration we looked into protein lysine acetylation, since

it has been recently described as a key regulator of energy metabolism [49–51]. Evaluation of

AcK levels in isolated mitochondria (Fig 4) showed the existence of a significant interaction of

DPP and treatment (P < 0.01). Protein acetylation was higher during early than late lactation

in G1 (70% increase approximately), while remaining unchanged in G0 cows during lactation

(Fig 4B). Mitochondrial AcK levels displayed a significant and positive correlation with liver

triglycerides (Fig 4C) and with β-hydroxybutyrate (Fig 4D), in agreement with previous

reports on regulation of liver lipid metabolism by acetylation [49]. In addition mitochondrial

AcK levels and maximum respiratory rate presented a negative correlation (Fig 4E) suggesting

Table 4. Complex II-dependent respiratory parameters.

Respiratory parameters Treat DPP P-value

35 250 DPP Treat DPP x Treat

State 3 G0 43 ± 6 56 ± 6 0.08 0.76 0.79

G1 43 ± 6 52 ± 6

State 4 G0 28 ± 4 37 ± 4 0.08 0.97 0.83

G1 30 ± 4 36 ± 4

Maximum G0 57 ± 9b 77 ± 8a < 0.05 0.95 0.96

G1 58 ± 9b 77 ± 8a

Oligomycin-resistant G0 34 ± 5 42 ± 4 0.09 0.85 0.74

G1 33 ± 5 42 ± 4

Oligomycin-sensitive G0 10 ± 2 14 ± 2 0.09 0.23 0.87

G1 7 ± 2 10 ± 2

Non-mitochondrial G0 8 ± 1a 4 ± 1b < 0.001 0.43 0.78

G1 8 ± 1a 4 ± 1b

Respiratory parameters were determined at 35 and 250 DPP in biopsies from cows under two different feeding strategies or treatments (Treat), G1 and G0. Oxygen

consumption rate measurements of liver biopsies were obtained after addition of 20 mM succinate, 4 μM ADP, 2 μM oligomycin, up to 4 μM FCCP and 2.5 μM

antimycin. Respiratory parameters were calculated as described in Materials and Methods. All data is shown as least square means ± standard error (N = 8–10). Oxygen

consumption rates are expressed as pmol O2.min-1.mg wet weight-1.
abDifferent letters denote differences between rows and columns (P < 0.05) according to Tukey-Kramer test. G0: Cows were fed TMR ad libitum from calving to 180

DPP. G1: Cows grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0 offer), depending on heat stress

conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.t004
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that AcK could be responsible for the decrease in mitochondrial function observed during

early lactation in pasture fed cows.

To further assess the extent of protein acetylation in the liver we studied AcK levels in tissue

homogenates (Fig 5). The interaction between DPP and treatment tended to be significant

(P< 0.1). AcK levels in liver homogenates of G0 cows were 30% lower during late lactation

compared to early lactation and to G1 cows in the same period. No significant correlation was

found between acetylated lysine levels in liver homogenates and maximum respiratory rate.

These results indicate that the differences in mitochondrial acetylation are organelle specific

and not a consequence of general changes in acetylation in the tissue.

Fig 3. Evaluation of 4-HNE-protein adducts formation in liver homogenates and mitochondria. (A and C)

Representative western blots of 4-HNE-protein adducts in liver homogenates (A) and isolated mitochondria (C) from

cows in the G0 and G1 groups at 35 and 250 DPP; β-actin and SDHA were used as loading controls, respectively. (B

and D) Quantification by densitometry of 4-HNE-protein adduct levels normalized by protein levels of loading control

and expressed in relation to the average value of the G0 group at 35 DPP. In box plots the box extends from the 25th to

75th percentile, the line in the middle of the box is the median, the cross is the mean and the whiskers represent the

minimum and maximum values (N = 8–10). G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1: Cows

grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0 offer),

depending on heat stress conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed Medicago
sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g003
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Mitochondrial sirtuins

We then studied the levels of the mitochondrial sirtuins 3 and 5 (Fig 6). These enzymes cata-

lyze the NAD dependent deacetylation of mitochondrial proteins and have been reported to

regulate the activity of proteins involved in oxidative phosphorylation [52,53].

No significant interactions of treatment and dates were observed for either of the sirtuins

(Fig 6B and 6D). Besides, in the case of sirtuin 5 no differences were observed between DPP or

treatments (Fig 6A and 6B). However, sirtuin 3 levels were lower for the G1 cows than the G0

cows in both lactation moments (P< 0.05) (Fig 6C and 6D). The correlation between sirtuin 3

levels and mitochondrial AcK was negative and significant (Fig 6E) while a positive and signifi-

cant correlation was found between sirtuin 3 levels and mitochondrial maximum respiratory

rate (Fig 6F). These correlations suggest that a decrease in sirtuin 3 levels could be behind the

observed increase in protein acetylation and the decay in mitochondrial function.

Discussion

This study presents evidence of impairment in hepatic mitochondrial respiration during early

lactation in pasture-fed cows, with increased markers of negative energy balance. Several

Fig 4. Protein acetylation increases in liver mitochondria from pasture-fed dairy cows during early lactation. (A) Representative western blots for AcK and SDHA

(loading control) in liver subcellular fractions enriched in mitochondria from cows of both G0 and G1 groups at 35 and 250 DPP. (B) Independent western blots were

quantified by densitometry. AcK levels were normalized with the loading control and expressed in relation to the average value of the G0 group at 35 DPP. The

box extends from the 25th to 75th percentile, the line in the middle of the box is the median, the cross is the mean and the whiskers represent the minimum and

maximum values (N = 10), ��� P<0.001. (C), (D) and (E) show the correlations between AcK levels and liver triglyceride, plasma β-hydroxybutyrate and maximum

respiratory rate, respectively (N = 8–10). G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1: Cows grazed Festuca arundinacea plus a commercial

concentrate or Medicago supplemented with TMR (50% of G0 offer), depending on heat stress conditions, from calving to 180 DPP. From 180 to 250 DPP both groups

grazed Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g004
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respiratory parameters indicative of mitochondrial function (state 3, maximum, oligomycine

sensitive respiration) were decreased in early lactation in pasture fed cows, but not in cows in

the TMR diet. In particular, maximum respiratory rates were affected, indicating a decrease in

the capacity to adapt to energy demands or to withstand damaging insults [27,32]. Addition-

ally we observed that maximum respiratory rate correlated negatively with ketone bodies and

liver triglycerides and with mitochondrial protein acetylation; pointing towards a relation

between acetylation, mitochondrial function and fatty acid catabolism in bovine liver during

early lactation and negative energy balance (Fig 7).

Our results are in agreement with previous reports of impaired mitochondrial fatty acid

oxidation in cows, mice and human patients with fatty liver and ketosis [14,21,54]; but differ

with those by Koliaki et al., where an increase in maximum electron transport activity was

observed in hepatic biopsies from subjects with non-alcoholic fatty liver (NAFL) when com-

pared to healthy subjects [55]. However, since most of the reported data about fatty liver dis-

ease come from humans and mouse models, it is not clear if their conclusions can be

extrapolated to ruminants.

In dairy cows during lactation oxaloacetate, an intermediary of the Krebs cycle, is chan-

neled towards glucose synthesis, limiting complete oxidation of acetyl-CoA [10] [15]. The

increase in acetyl-CoA levels can lead to ketone body synthesis [15], as well as protein acetyla-

tion [56,57]. Thus, nutritional management is extremely important during early lactation,

when the cow may experience a shortage of glucogenic precursors because demands cannot be

fully met by feed intake [8,10]. Pasture-based and TMR systems present different advantages

and caveats [58,59]. From a metabolic/nutritional point of view it is generally accepted that

TMR systems contribute to an increase in dry matter intake and contain higher levels of non-

fiber carbohydrates than pasture based feeding strategies, therefore might result in higher pro-

duction of propionate in the rumen [8]. Using the NDS Professional software (from RUM&N

and Cornell University Department of Animal Science, Reggio Emilia, Italy) based on the

Fig 5. Protein lysine acetylation in liver homogenates. (A) Representative Western blot of AcK levels in liver

homogenates from cows of both G0 and G1 groups at 35 and 250 DPP; tubulin was used as loading control. (B)

Quantification by densitometry of total AcK levels normalized with the loading control and expressed in relation to the

average value of the G0 group at 35 DPP. The box extends from the 25th to 75th percentile, the line in the middle of

the box is the median, the cross is the mean and the whiskers represent the minimum and maximum values (N = 10).
�� P< 0.01. G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1: Cows grazed Festuca arundinacea plus a

commercial concentrate or Medicago supplemented with TMR (50% of G0 offer), depending on heat stress conditions,

from calving to 180 DPP. From 180 to 250 DPP both groups grazed Medicago sativa and were supplemented with

TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g005
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model developed by Noziere et al., 2011 [60] we estimated the proportion of the different vola-

tile fatty acids formed in the rumen with the different feeding strategies. These estimations

suggested that in the pasture-based system (G1) the acetate:propionate ratio and the non-glu-

cogenic:glucogenic ratio could be higher than in the TMR-system (G0) (2.80 vs. 2.04 and 3.50

vs. 2.65, respectively).

Fig 6. Mitochondrial protein acetylation correlates with a decrease in sirtuin 3 levels. (A and C). Representative

western blots of sirtuin 5 (SIRT5) and sirtuin 3 (SIRT3) in liver homogenates from cows of both G0 and G1 groups at

35 and 250 DPP, β-actin was used as loading control. (B and D) Independent western blots of sirtuin 5 and sirtuin 3

were quantified by densitometry, normalized with the loading control and expressed in relation to the average value of

the G0 group at 35 DPP. (E) Shows the correlation between mitochondrial AcK levels and sirtuin 3. (F) Shows the

correlation between mitochondrial maximum respiratory rate and sirtuin 3. In box plots the box extends from the 25th

to 75th percentile, the line in the middle of the box is the median, the cross is the mean and the whiskers represent the

minimum and maximum values (N = 8). � P< 0.05. G0: Cows were fed TMR ad libitum from calving to 180 DPP. G1:

Cows grazed Festuca arundinacea plus a commercial concentrate or Medicago supplemented with TMR (50% of G0

offer), depending on heat stress conditions, from calving to 180 DPP. From 180 to 250 DPP both groups grazed

Medicago sativa and were supplemented with TMR (50% of G0 offer at 180 DPP).

https://doi.org/10.1371/journal.pone.0213780.g006
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An increase in the supply of propionate might impact positively in oxaloacetate levels,

favoring not only gluconeogenesis but also acetyl-CoA oxidation to CO2 [10]. In agreement

with this possibility mitochondrial acetylation was lower in TMR fed cows than in pasture fed

cows in early lactation (Fig 7). Additionally, we observed� 70% increase in acetylated protein

lysine in isolated mitochondria from pasture fed cows during early lactation, compared to late

lactation. Acetylation is a reversible covalent post-translation modification that can both

inhibit or increase the activity and stability of key enzymes in β-oxidation, Krebs cycle, ketone

body metabolism, electron transport chain and oxidative phosphorylation [49,50,61–63].

Increase in lysine acetylation occurs due to imbalances in acetylation and deacetylation reac-

tions. Mitochondrial acetylation can occur non-enzymatically [56] or catalyzed by acetyltrans-

ferases (i.e. acetylase GCN5L1) [64]; while mitochondrial deacetylation is catalyzed by sirtuins

3 and 5 [65].

Previous studies in mice models have shown that sirtuin 3 regulates hepatic fatty acid

metabolism [61]. Decreased sirtuin 3 activity and increased acetylation has been observed in

mice that develop fatty liver under a high fat diet [20]. On the contrary, during fasting,

increased sirtuin 3 levels promote the deacetylation of long-chain acyl coenzyme A dehydroge-

nase (LCAD) in the liver; which increases enzyme activity and fatty acid oxidation and pre-

vents the accumulation of triglycerides [61]. Thus, different levels of sirtuin 3 could account, at

least in part, for the differences in acetylation profiles between G0 and G1 cows during early

lactation (Fig 7). Although the contribution to increased acetylation of other events, such as

enzymatic or non-enzymatic acetylation cannot be discarded [56,66]. Since sirtuin 3 levels

were higher in TMR-fed cows than pasture-fed cows, fatty acid oxidation rates might be higher

in the former resulting in less accumulation of liver triglycerides. Our study suggests that

higher sirtuin 3 levels in G0 dairy cows during early lactation might be responsible for a better

adaptation to excessive energy requirements and that both acetylation and deacetylation reac-

tions can be affected by diet.

Fig 7. Plausible mechanism behind metabolic changes during early lactation. Lipid reserves are mobilized during

early lactation, NEFA reach the blood stream and enter the hepatocyte where they are oxidized to acetyl-CoA in the β-

oxidation pathway. The increase in Acetyl-CoA levels leads to acetylation of protein lysine residues. Lower levels of

sirtuin 3 (SIRT3) in the liver of G1 cows may contribute to the increase in protein acetylation (AcK-Prot) in the G1

group with respect to the G0 group. Protein lysine acetylation impacts negatively on electron transport chain activity

(ETC), Krebs cycle and β-oxidation resulting in an impaired oxidation of NEFA that are re-esterified to triglycerides

(TG), giving rise to fatty liver.

https://doi.org/10.1371/journal.pone.0213780.g007
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Sirtuin 3 is considered a regulator of energy metabolism and homeostasis [20,65,67]. In

particular, respiratory chain complexes I-V can be inhibited by acetylation [20,52,68,69] and

sirtuin 3 catalyzes their deacetylation increasing electron transport flux and oxidative phos-

phorylation. Glutamate dehydrogenase is also a sirtuin 3 substrate [70]. Furthermore, Ken-

drick et al. observed that sirtuin 3 knockout results in decreased activity of mitochondrial

respiratory complexes III and IV in mice under a high fat diet [20]. Thus, changes in sirtuin 3

and acetylation could underlie the decay in mitochondrial respiration observed during early

lactation in pasture-fed cows. Further research is necessary to identify the molecular events

behind the diet dependent differences in sirtuin 3 levels.

In human patients and mouse models oxidative stress markers, lipid peroxidation products

[71–73] and protein 3-nitrotyrosine [74], correlate with the severity of liver damage and oxida-

tive damage is considered the “second hit” required for the development of inflammation and

cytotoxicity [19]. In ruminants, an increase in markers of oxidative stress has been reported in

plasma of dairy cows in early lactation [75] and in hepatic biopsies of dairy cows with liver fail-

ure during the same period [76]. Nevertheless, the correlation between oxidative stress and

liver damage has not yet been elucidated in dairy cows during lactation.

Herein we observed an increase in non-mitochondrial oxygen consumption in early lacta-

tion in both G0 and G1 cows compared to late lactation that could be due to an increase in

ROS formation (e.g. superoxide or hydrogen peroxide formation by oxidases [27,45,46], or

oxygen consumption in lipoperoxidation reactions [47]). Previous studies have shown that lac-

tating cows have higher rates of peroxisomal fatty acid oxidation than non-lactating cows

[1,77]. Peroxisomal fatty acid oxidases use oxygen as electron acceptor, reducing it to hydro-

gen peroxide, and could be responsible for the increase in non-mitochondrial oxygen

consumption.

We did not find evidence of an increase in oxidative markers (i.e. 4-HNE-protein adducts

or protein 3-nitrotyrosine) in liver homogenates or mitochondria from dairy cows during

early lactation, in spite of evidence of triglyceride accumulation in the liver. However, when

correlation analyses were performed we found that the cows with the highest 4-HNE-protein

adduct levels also had the highest non-mitochondrial oxygen consumption rates, and a posi-

tive and significant correlation between these two parameters was obtained. These observa-

tions suggest that non-mitochondrial oxygen consumption and lipid peroxidation events

might be related. Additionally, no significant correlation could be found between 4-HNE-pro-

tein adducts and the decrease in mitochondrial respiration. The fact that fatty liver was not

observed in late lactation, that aspartate aminotransferase activity (marker of liver damage)

was within normal ranges at all times for practically all the animals and that mitochondrial

function was recovered in late lactation suggests that our cows might have not experienced rel-

evant oxidative stress.

Although we cannot dismiss oxidative stress as a potential mediator of mitochondrial

impairment, since oxidative damage is challenging to assess in vivo [48,78], the changes in

mitochondrial function and fatty acid metabolism appear to be due to regulatory events, such

as acetylation/deacetylation reactions, rather than irreversible oxidative damage.

Conclusion

In this work we detected changes in respiratory parameters between early and late lactation

and found an association between mitochondrial protein acetylation, respiration and fatty acid

metabolism in dairy cows in early lactation. Our results show that cows in a pasture-based sys-

tem, present impaired mitochondrial function during early lactation, increased acetylation of
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mitochondrial proteins and decreased levels of sirtuin 3. Overall our results highlight the rele-

vance of nutritional management in this crucial period.

During early lactation, an increase in acetyl-CoA, can promote acetylation of mitochondrial

proteins. Higher levels of sirtuin 3 in cows in the TMR-based system versus pasture-based sys-

tem can counter the increase in acetylation and help maintain mitochondrial homeostasis.

However, lower sirtuin 3 levels in cows in the pasture-based system could result in increased

acetylation of mitochondrial proteins affecting respiration, oxidative phosphorylation and

fatty acid oxidation; potentially leading to accumulation of triglycerides in the liver.

Supporting information

S1 Fig. Subcellular fractionation of liver homogenates. Liver biopsies were homogenized

and subcellular fractions enriched in mitochondria, nuclei and cytosol were obtained as

described previously [33]. Proteins from the different fractions were resolved by SDS/PAGE

and Western blots performed with antibodies against proteins from mitochondria (SDHA),

cytosol (β-actin) and nuclei (histone H3).

(TIF)

S2 Fig. Protein tyrosine nitration in liver homogenates. (A) Representative western blot of

liver homogenates exposed to different concentrations of peroxynitrite (ONOO-) in 100 mM

phosphate buffer pH 7.4. (B) Representative western blot of 3-nitrotyrosine in liver homoge-

nates of G0 and G1 cows at 35 and 250 DPP, and a positive control (C (+)). The positive con-

trol was obtained exposing the bovine serum albumin to 300 μM peroxynitrite in 100 mM

phosphate buffer pH 7.4.

(TIF)

S3 Fig. Evaluation of mitochondrial content in liver biopsies of dairy cows. (A and C) Rep-

resentative western blots of ATP synthase subunit α (ATP5A) and succinate dehydrogenase

subunit A (SDHA) in liver homogenates of cows from both G0 and G1 groups at 35 and 250

DPP. β-actin and tubulin were used as loading controls. (B and D) Quantification by densi-

tometry of ATP5A and SDHA levels normalized with the respective loading controls and

expressed in relation to the average value of the G0 group at 35 DPP. (E) Citrate synthase spe-

cific activity was determined in liver homogenates of cows from the G0 and G1 group at 35

and 250 DPP. In box plots the box extends from the 25th to 75th percentile, the line in the

middle of the box is the median, the cross is the mean and the whiskers represent the mini-

mum and maximum values (N = 8–10).

(TIF)
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