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Abstract

The periparturient period of dairy cows is characterized by intense lipolysis in adipose tis-

sues (AT), which induces the release of free fatty acids (FFA) into circulation. Among FFA,

polyunsaturated fatty acids are susceptible to oxidation and can modulate inflammatory

responses during lipolysis within AT. Linoleic and arachidonic acid oxidized products (oxyli-

pids) such as hydroxy-octadecadienoic acids (HODE) and hydroxy-eicosatetraenoic acids

(HETE), were recently identified as products of lipolysis that could modulate AT inflamma-

tion during lipolysis. However, the effect of lipolysis intensity during the transition from gesta-

tion to lactation on fatty acid substrate availability and subsequent AT oxylipid biosynthesis

is currently unknown. We hypothesized that in periparturient dairy cows, alterations in AT

and plasma fatty acids and oxylipid profiles coincide with changes in lipolysis intensity and

stage of lactation. Blood and subcutaneous AT samples were collected from periparturient

cows at -27±7 (G1) and -10±5 (G2) d prepartum and at 8±3 d postpartum (PP). Targeted lipi-

domic analysis was performed on plasma and AT using HPLC-MS/MS. We report that FFA

concentrations increased as parturition approached and were highest at PP. Cows exhibit-

ing high lipolysis rate at PP (FFA>1.0 mEq/L) had higher body condition scores at G1 com-

pared to cows with low lipolysis rate (FFA<1.0 mEq/L). Concentrations of plasma linoleic

and arachidonic acids were increased at PP. In AT, 13-HODE, and 5-, 11- and 15-HETE

were increased at PP compared to G1 and G2. Concentrations of beta hydroxybutyrate

were positively correlated with those of 13-HODE and 15-HETE in AT. Plasma concentra-

tions of 5- and 20-HETE were increased at PP. These data demonstrate that prepartum adi-

posity predisposes cows to intense lipolysis post-partum and may exacerbate AT

inflammation because of increased production of pro-inflammatory oxylipids including 5-

and 15-HETE and 13-HODE. These results support a role for certain linoleic and arachi-

donic acid-derived oxylipids as positive and negative modulators of AT inflammation during

periparturient lipolysis.
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Introduction

During the last 3 weeks of gestation and until 5–6 weeks post calving, dairy cows exhibit an

increased rate of lipolysis in adipose tissues (AT) that induces the release of free fatty acids

(FFA) into both the AT milieu and circulation [1]. Lipolysis is a mechanism of metabolic adap-

tation that is necessary to offset the negative energy balance in dairy cows due to their drastic

appetite reduction and copious milk production. Lipolysis triggers an AT remodeling process

that is characterized by a moderate inflammatory response with immune cell infiltration and

changes in extracellular matrix components [2, 3]. AT remodeling minimizes lipotoxicity

induced by FFA and promotes adipogenesis, which, in turn, replenishes adipocyte populations

that buffer excess FFA [4]. As lactation progresses with a return to positive energy balance,

lipolysis is reduced and inflammation in AT is resolved. However, dairy cows exhibiting exces-

sive lipolysis develop chronic AT inflammation that can perpetuate lipolysis and lead to disease

[5, 6]. In fact, elevated concentrations of blood FFA, including polyunsaturated FA (PUFA), is

a risk factor for the development of periparturient diseases such as ketosis, fatty liver, and

metritis [7]. The mechanisms leading to uncontrolled AT inflammatory responses are unclear,

but may be linked to alterations in the biosynthesis of PUFA-derived pro-inflammatory bypro-

ducts of lipolysis during the periparturient period.

Although PUFA comprise only around 2–4% of the total FA content of the bovine adipose

organ [8, 9], when released during lipolysis, these molecules can modulate inflammation in

AT and possibly other tissues through the actions of their oxidized byproducts (oxylipids).

Oxylipids are a class of lipid mediators produced by the enzymatic and non-enzymatic oxida-

tion of PUFA [10]. The most abundant oxylipid substrates are linoleic (LA) and arachidonic

(ArA) acids. Studies in rodent models of lipolysis demonstrate that the activation of cyclooxy-

genase 2 (COX2) and 5- and 15- lipoxygenases (5LOX, 15LOX) during lipolytic events enhances

oxylipid biosynthesis [11]. LA-derived oxylipids, including 9- and 13-hydroxyl-octadecadienoic

acids (HODE), promote inflammatory responses within AT by acting as chemoattractants of

AT macrophages [12]. Similarly, oxidized metabolites of ArA, including prostaglandin E2

(PGE2) and 5- and 11-hydroxyeicosatetraenoic acids (HETE), enhance adipocyte secretion of

macrophage chemoattractant protein-1 during lipolysis [11]. Other oxylipids detected after

lipolysis stimulation of adipocytes include the LA- and ArA-derived products of the cytochrome

P450 (CyP450) expoxygenases [11]. CyP450 products derived from LA include: the epoxides

9,10- and 12,13- epoxyoctadecanoic acids (EpOME) and their downstream diols, 9,10- and

12,13-dihydroxyoctadecenoic acids (DiHOME). The latter are synthesized by the soluble epox-

ide hydrolase (sEH) enzyme. The ArA metabolites of CyP450 include the hydroxylation product

20-HETE, the epoxides 5,6-, 8,9-, 11,12- and 14,15- epoxyoctadecanoic acids (EET), and the

sEH derived diols 8,9-, 11-12-, and 14,15- dihydroxy epoxyoctadecanoic acids (DHET). In the

AT, most epoxides characterized to date have anti-inflammatory properties and reduce adipo-

genesis [13]. In contrast, the majority of diols described in the literature are considered pro-

inflammatory [14]. Nonenzymatic oxidation of LA and ArA can also occur during lipolysis.

LA-derived 9- and 13-HODE can be produced by non-enzymatic oxidation. Similarly, ArA

can be oxidized non-enzymatically to yield 11-HETE and the isoprostanes 8-iso-PGF2alpha

and 8,12-iso-iPF2alpha-VI and these oxylipids were described as products of lipolysis [11].

In healthy dairy cows, the plasma and milk concentrations of oxylipids from COX, LOX,

CYP450, and non-enzymatic oxidation were shown to have dynamic changes as lactation

progresses [15, 16]. However, oxylipid profiles in AT of periparturient cows have not been

described before and the effect of lipolysis intensity on oxylipid biosynthetic pathways is cur-

rently unknown.
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In the present study, we hypothesize that circulating and AT content of FA and oxylipid

profiles are associated with lipolysis intensity and the time relative to calving during the peri-

parturient period. By using targeted lipidomic analysis and assessing AT inflammatory

responses, we demonstrate that FA content of AT and plasma is modified as lactation cycle

advances. Parturition and the onset of lactation enhance the production of specific LA- and

ArA-derived oxylipids, and their content is modified by lipolysis intensity.

Materials and methods

Animals and sample collection

All animal procedures were approved by the Michigan State University Animal Care and Use

Committee (07/14-117-00). Nine healthy, mature, and pregnant (210–240 days of gestation)

Holstein cows in their second or third lactation were selected after cessation of milking (i.e.

dry-off) from the Michigan State University Dairy Teaching and Research Center. Body condi-

tion scoring was performed at selection by 3 experienced technicians using a 1–5 scale as

described by [17]. Animals were housed in tie-stalls and monitored daily by experienced farm

personnel throughout the last month of gestation and into early lactation. Animals were fed a

pre-calving (i.e. close-up) diet for 4 weeks preceding parturition, at which point they were

transitioned to a lactation diet (Tables A and B in S1 File). Blood and subcutaneous AT sam-

ples were collected at 27±7 (G1) and 10±5 (G2) d prepartum and at 8±3 (PP) d postpartum.

Blood was collected in EDTA and serum separator tubes at 7:30 AM immediately before feed-

ing and prior to AT specimen collection. EDTA blood samples were kept on wet ice until cen-

trifugation that was performed for 20 min at 1000 × g at 15˚C. Next, plasma and serum

fractions were collected, aliquoted and stored in a −80˚C freezer for further analyses. A sub-

sample of plasma was used to quantify FFA and β-hydroxybutytyrate (BHB) as previously

described [18]. Based on plasma FFA concentrations at PP, cows were assigned post hoc to

high (HL, FFA>1.0 mEq/L) and low lipolysis (LL, FFA<1.0 mEq/L) groups for data analyses

purposes. Of the nine cows selected for this study, only one cow in the HL group had a health

event reported on day 1 after calving, retained fetal membranes, that was treated following

Michigan State University Dairy Teaching and Research Center health protocols.

The AT samples (3–5 g) were obtained surgically from the tail head area through a 4-cm V-

incision that was made 5 to 10 cm laterally from the medial line and 5–10 cm cranial to the

base of the tail. The surgical area was anesthetized prior to the incision using 2% lidocaine

hydrochloride. Subsequent AT specimens were obtained from a site opposite to the previous

incision. Once collected, AT samples were divided and: a) snap frozen and stored at −80˚C for

proteomic and lipidomic analyses, b) immersed in RNA Later (Life Technologies, Carlsbad,

CA) and stored at −80˚C for transcriptomic analyses, or c) fixed in 4% paraformaldehyde

(Electron Microscopy Sciences, Hartfield, PA) for histological analysis.

Gene expression analysis

RNA was extracted from AT samples using the Maxwell1 RSC simplyRNA Tissue Kit (Cat#

AS1390) and a Maxwell1 RSC Instrument according to manufacturer instructions (Promega,

Madison, WI). In brief, 50 mg of subcutaneous AT sample were homogenized in 200 μl of

chilled 1-Thioglycerol/Homogenization solution. Homogenate was added to 200 1μ of Lysis

Buffer and then vortexed vigorously for 15 s. The sample (~400 μl) was then automatically pro-

cessed on the Maxwell1 RSC Instrument using simplyRNA cartridges containing 10 μl of

blue DNase I solution in each designated well. After extraction, samples were eluted in nucle-

ase-free water. Purity, concentration, and integrity of mRNA were evaluated using a Nano-

Drop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE) and an Agilent
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Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA). All samples had a 260:280

nm ratio between 1.9 and 2.1 and a RNA integrity number >6. Conversion to cDNA was per-

formed using the Applied Biosystems High Capacity cDNA Archive Kit (Applied Biosystems,

Foster City, CA). All quantitative qPCR assays were conducted with TaqMan gene expression

primers and reagents from Applied Biosystems. Taq primers were either commercially avail-

able or designed from bovine sequences with the Applied Biosystems Pipeline software and

synthesized by Applied Biosystems Inc (Table C in S1 File). Samples were assayed in triplicate

on the high-throughput qPCR instrument Wafergen Smartchip System (WaferGen Biosys-

tems, Fremont, CA). cDNA was diluted in RT-PCR grade water and loaded at a primer-effi-

cient concentration of 714 pg/μL. A non-reverse-transcriptase control sample validated

absence of genomic DNA. Reference genes were selected using GeNorm from a pool of 7 can-

didates (ACTB, B2M, EIF3K, GAPDH, PPIA, RPL0, RPS9). The set of reference genes with low-

est pairwise variation value (V-value = 0.128) included eukaryotic translation initiation factor

3 subunit K (EIF3K), β-2 microglobulin (B2M), and ribosomal protein S9 (RPS9), and were

selected for analyses purposes based on the recommended threshold cut-off V-value < 0.15

[19]. Expression of genes of interest was normalized against the geometric mean of selected

reference genes as described by Hellemans et al., [20].

Western blotting

Protein was extracted in RIPA buffer (Teknova, Hollister, CA) containing protease (Roche,

San Francisco, CA) and phosphatase (Thermo Scientific, Waltham, MA) inhibitors and quan-

tified using BCA reagent as described in [21]. Western blots were performed using the size-

based Simple Western system (ProteinSimple, Santa Clara, CA) that automatically processes

protein samples by capillary technology. Antibodies were from Cell Signaling Technology

(Danvers, MA) and included rabbit anti-mouse hormone sensitive lipase (HSL, 1:100, #4107),

rabbit anti-mouse phosphorylated HSL serine 660 (pHSL; 1:50, #4126), and rabbit anti-human

vinculin as loading control (1:1,000, #4650). Digital images of the Western blots were analyzed

with Compass software (ProteinSimple, Santa Clara, CA), and the quantified data for HSL and

pHSL was normalized to vinculin. Data are reported as the ratio of pHSL:HSL as previously

reported by [21].

Histology

Adipocyte cell area was determined in hematoxylin- and eosin-stained sections of paraformal-

dehyde fixed paraffin-embedded tissue. The area of 100 adjacent cells from each of 5 randomly

selected fields were measured using ImageJ software (National Institutes of Health, Bethesda,

MD) as described previously [22].

Lipidomics

Targeted oxylipids in plasma and adipose tissue of cows were quantified using liquid chroma-

tography tandem mass spectrometry (LC/MS/MS). A full list of metabolites can be found in

[23].

Chemicals: Acetonitrile, methanol, and formic acid of liquid chromatography/mass spec-

trometry (LC/MS) grade were purchased from Sigma-Aldrich (St. Louis, MO. USA). Deuter-

ated and non- deuterated oxylipid standards were purchased from Cayman Chemical (Ann

Arbor, MI, USA). Butylated hydroxy toluene (BHT) was purchased from ACROS (New Jersey,

USA), Ethylenediaminetetraacetic acid (EDTA) and triphenylphosphine (TPP) were pur-

chased from Sigma-Aldrich (St. Louis, MO. USA), and indomethacin was purchased from

Cayman Chemical (Ann Arbor, MI, USA).
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Lipid extraction. Plasma samples were collected, extracted, and analyzed using methods

published previously by Mavangira et al., [23]. Briefly, 2 ml of flash frozen plasma was thawed

on ice, mixed with an antioxidant reducing agent mixture at 4 μl/ml to prevent degradation of

pre-formed oxylipids and prevent ex-vivo lipid peroxidation [24]. The antioxidant reducing

agent mixture consisted of 50% methanol, 25% ethanol, and 25% water with 0.9 mM of BHT,

0.54 mM EDTA, 3.2 mM TPP, and 5.6 mM indomethacin. Samples were combined with a

15 μl mixture of internal standards containing 0.25 uM 5(S)-HETE-d8, 0.25 uM 15(S)-HETE-

d8, 0.5 uM 8(9)-EET-d11, 0.5 uM PGE2-d9, and 0.25 uM 8,9-DHET-d11. Afterward methanol

was added to yield a 60% methanol solution. Samples were vortexed two minutes, incubated at

room temp for 15 min and centrifuged at 4,816 x g for 20 min at 4o C. Supernatant was diluted

with high performance liquid chromatography (HPLC) water containing 0.01% formic acid to

yield a 20% methanol solution. Adipose tissue samples were weighed for normalization, then

homogenized in a solution of 500 μl methanol, 2 μl antioxidant reducing agent, and 15 μl of

the internal standard mixture. After a 5-minute 14,000 x g 4o C centrifugation, the clear super-

natant was transferred to a clean tube. A second liquid extraction was performed with 500 μl

of methanol, the clear supernant was added to the first extract. The methanol was diluted with

9 ml of water followed by an adjustment to a less than 4 pH with HCL. Solid phase extraction

for both plasma and adipose tissue was carried out with Phenomenex, Strata-X 33 μm Poly-

meric Reversed Phase 200 mg/6ml tubes preconditioned with 6 ml methanol followed by 6 ml

HPLC water. Supernatants were loaded into the columns, then washed with 20% methanol

and eluted with a 50:50 mixture of methanol and acetonitrile with 2% formic acid. Volatile sol-

vents were removed using a Savant SpeedVac and residues were reconstituted in methanol,

mixed at a 2:1 ratio with HPLC water and stored in chromatography vials at -80 oC until analy-

sis. A 6-point standard curve was created with a mix of standards and the internal standards

mentioned above for quantification.

Liquid chromatography-tandem mass spectrometry analyses. Details of LC/MS/MS

analysis can be found published by Mavangira et al., [23]. In short, the quantification of metab-

olites was accomplished on a Waters Xevo-TQ-S tandem quadrupole mass spectrometer using

multiple reaction monitoring. Chromatography separation was performed with an Ascentis1

Express C18 HPLC column, held at 50 oC and autosampler held at 10 oC. Mobile phase bottle

A was water containing 0.1% formic acid and mobile phase bottle B was acetonitrile, the flow

rate was 0.3 mL/min. Liquid chromatography separation took 15 minutes per sample. All oxy-

lipids were detected using electrospray ionization in negative-ion mode. Cone voltages and

collision voltages were optimized for each analyte using Waters QuanOptimize software and

data analysis was carried out with Waters MassLynx software.

Liquid chromatography-tandem mass spectrometry quantification of fatty acids. All

fatty acids were quantified as described by Ryman et al., [25] with some modifications. The

samples injected in the LC/MS/MS system were reinjected in the LC/MS. Briefly, reverse-

phase LC on a Waters Acquity UPLC utilizing a BEH C18 1.7 μM (2.1 × 100 mm) column with

a flow rate of 0.6 mL/min at 50˚C. The quadropole MS was in electrospray negative ionization

mode and voltage was −3 kV with the turbo ion spray source temperature at 450˚C. The gradi-

ent mobile phase was programmed in the following manner (A/B/D ratio): time 0 to 0.5 min

(30/5/65), to (65/5/30) at 1.0 min, to (85/10/5) at 5.50 min, to (89/10/1) at 7.0 min, and held

until 11.5 min, then return to (30/5/65) at 11.01 min, and held at this condition until 15.0 min.

In this gradient mobile phase A = Acetonitrile, B = Methanol, and D = 0.1% Formic Acid. A

list of fatty acids can be found in [23]. PUFA, SFA, and MUFA were quantified by matching

mass-1 and retention time with corresponding deuterated internal standard abundance and

calibrated to a linear 7-point standard curve (R2 > 0.99). Fatty acids were quantified with

Waters Empower 3 software (Waters).
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Statistical analyses

Statistical analyses were carried out using the MIXED procedure of SAS (version 9.4; SAS

Institute, Cary, NC) to assess the fixed effects of time (G1, G2 and PP), lipolysis intensity (HL

and LL), and their interaction. Cow was included in the model as a random effect. Repeated

measures over time were modeled with an autoregressive covariance structure and denomina-

tor degrees of freedom were estimated using the Kenward-Rogers method. For adipocyte area

analyses, data within time and lipolysis intensity was grouped by adipocyte size (<500, 501–

1000, 1001–2000, 2001–4000, 4001–6000, 6001–8000, 8001–10000, and>10000 μm2) and fre-

quencies were analyzed using a model including the fixed effect of time, lipolysis intensity, and

its interaction and means compared by a Bonferroni post hoc analysis. Values were deemed

outliers and omitted from analysis when Studentized residuals were > 3.0 or < −3.0. Normal-

ity of the residuals was checked with normal probability and box plots and homogeneity of

variances with plots of residuals vs. predicted values. Partial correlations coefficients were

assessed using the CORR procedure of SAS to determine correlations among specific FA con-

centrations and oxylipids in plasma and AT. Interactions were investigated when P< 0.15

using the slice option, and slices were declared significant at P< 0.05.

Results

Lipolysis during late gestation and the onset of lactation

Lipolysis increased at PP, compared to G1 and G2, as reflected by elevated circulating FFA

concentrations (G1: 0.22±0.05, G2: 0.27±0.05, PP:0.99±0.05 mEq/L, P<0.05; Fig 1A). Across

sampling points, plasma FFA concentrations were greater in HL (0.65±0.05 mEq/L) compared

to LL (0.40±0.06 mEq/L). Plasma BHB was increased at PP compared to G1 and G2, however,

no differences were observed between HL and LL (Fig 1B). The phosphorylation of HSL at ser-

ine 660 in AT increased at PP compared to G1 and G2 (Fig 1C). Across sample time points,

HSL phosphorylation was greater in HL compared to LL (Fig 1D). Adipocyte area increased

Fig 1. Lipolysis increases as gestation progresses and peaks after parturition. Blood and adipose tissue samples were collected from dairy cows

(n = 9) at -27±7 (G1) and -10±5 d (G2) prepartum and at 8±3 d postpartum (PP). (A) Circulating free fatty acids (FFA); (B) circulating beta hydroxyutyrate

(BHB); (C) phosphorylation ratio (at Serine660) of hormone sensitive lipase (HSL) in subcutaneous adipose depots from 4 different cows; (D) HSL

phosphorylation ratio (at Serine660) in cows with low (LL, FFA<1.0 mEq/L, n = 4) and high (HL, FFA�1.0 mEq/L, n = 5) lipolysis rate at PP. pHSL = rabbit

anti-mouse phosphorylated HSL serine660. Data are means ± SEM. Significant differences are indicated by * and letters a, b, c (P<0.05), ** (P<0.01).

https://doi.org/10.1371/journal.pone.0188621.g001
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between G1 (4,023±1,268 μm2) and G2 (4,698±1,268 μm2) and then was reduced at PP (3,159

±1,268 μm2, P<0.01). This was due to a lower frequency of large adipocytes (>8,000) and

higher number of smaller adipocytes (2,000–6,000 μm2) at PP (Fig 2A). HL exhibited increased

frequency of large adipocytes (>8,000 μm2) compared to LL at G1 and G2 (Fig 2B and 2C).

However, at PP the frequency distribution of adipocyte areas was similar between groups (Fig

2D). At G1, HL exhibited increased (P<0.05) body condition score (3.95 ± 0.19), and thus

greater adiposity, than LL (3.23 ± 0.04). Blood concentrations of negative acute phase proteins

that act as FFA carriers such albumin and fetuin A and cholesterol did not differ between HL

and LL groups (Table D in S1 File)

FA and oxylipids during the periparturient period

Using targeted lipidomics, we analyzed the abundance of specific FA and oxylipids in plasma

and AT (Table 1). Plasma saturated FA including lauric (C12:0), myristic (C14:0), and palmitic

Fig 2. Adipocyte size distribution in subcutaneous adipose tissue (AT) is modified by the onset of lactation and lipolysis intensity in adipose

tissue. (A) Frequency of adipocyte sizes in AT collected from dairy cows (n = 9) at -27±7 (G1) and -10±5 d (G2) prepartum and at 8±3 d postpartum (PP).

Adipocyte size distribution at G1 (B), G2 (C), and PP (D) in cows with low (LL, FFA<1.0 mEq/L, n = 4) and high (HL, FFA�1.0 mEq/L, n = 5) lipolysis at

PP. Significant differences are indicated by * (P<0.05).

https://doi.org/10.1371/journal.pone.0188621.g002
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(C16:0, P = 0.07) acids, increased at PP compared to G1 and G2 (Table 1). Similarly, the mono-

unsaturated FA, palmitoleic (C16:1) and oleic (C18:1), and the PUFA, LA [C18:2 (n-6)], linole-

nic [C18:3 (n-3)], ArA [C20:4 (n-6)], and EPA [eicosapentanoic acid, C20:5 (n-3)], were

increased in plasma at PP compared to G1 and G2 (Table 1). Across time, HL exhibited

decreased plasma concentrations of C18:0, ArA, EPA, and docosahexanoic acid [DHA, C22:6

(n-3)] compared to LL (Table 1). As expected, concentrations of circulating FFA were posi-

tively associated with those of specific plasma fatty acids including: C12:0, C14:0, C16:1, C18:1,

LA, C20:4 (n-6), and C20:5 (n-3) (Table 2). Similarly, circulating BHB was positively correlated

with plasma C14:0, C16:1, LA, and C18:3 (n-3) (Table 2).

Reflective of enhanced lipolysis around parturition, AT content of C16:0 was reduced at PP

compared to G1 and G2 (Table 1). Compared to G1, C16:1, LA and C18:3 (n-3) concentrations

in AT were decreased at both G2 and PP. AT concentrations of C18:1 tended to decrease at G2

compared to G1 and PP (P = 0.1). ArA content in AT tended to decrease at G2 and PP

Table 1. Dynamics of circulating and adipose tissue fatty acids in periparturient dairy cows at -27±7 (G1) and -10±5 d (G2) prepartum and at 8±3 d

postpartum (PP). Cows were grouped by lipolysis intensity (LI) based on FFA concentrations at PP in low (LL = FFA<1.0 mEq/L) and high (HL, FFA�1.0

mEq/L) lipolysis rate.

G1 G2 PP P-value

Fatty acid1 LL HL LL HL LL HL SEM Time LI Time by LI

Plasma μM/L C12:0 14.93 15.45 17.12 12.69 26.05 37.36 6.45 <0.05 ns2 ns

C14:0 44.34 74.53 62.00 59.88 214.53 201.49 39.16 <0.001 ns ns

C16:0 1224.89 938.23 1381.47 744.33 1820.14 2463.91 678.82 0.07 ns ns

C16:1 94.01 98.73 89.54 88.08 283.18 368.31 70.21 <0.001 ns ns

C18:03 3557.45 726.56 3558.81 1357.28 2695.13 2008.17 1032.07 ns 0.07 ns

C18:1 900.15 938.23 786.94 982.05 1652.71 1370.44 321.99 <0.05 ns ns

C18:2 (n-6) 2466.66 1601.05 1960.48 1679.09 4632.87 4347.09 935.71 <0.01 ns ns

C18:3 (n-3) 35.79 31.69 27.34 19.42 60.7 45.98 9.85 <0.01 ns ns

C18:3 (n-6) 21.99 10.02 14.69 10.02 25.68 22.53 6.92 ns ns ns

C20:4 (n-6) 33.02 11.35 21.48 12.12 51.86 53.12 13.61 <0.05 <0.05 ns

C20:5 (n-3) 9.01 5.10 7.23 2.80 40.02 35.43 12.17 <0.05 <0.05 ns

C22:4 (n-6) 33.31 23.51 23.49 9.71 33.63 22.04 9.09 ns <0.05 ns

C22:6 (n-3) 10.10 3.58 6.42 1.64 11.44 3.69 2.62 ns <0.01 ns

Adipose Tissue μM/μg C12:0 590.60 209.62 177.42 154.29 214.02 311.74 117.86 ns ns ns

C14:0 2980.03 2337.22 1564.67 1157.37 1610.40 3544.14 888.09 ns ns ns

C16:0 73876.42 85431.07 67505.74 63714.24 24593.86 45266.58 29943.16 <0.01 ns ns

C16:1 8250.94 5997.26 2286.10 2215.31 2235.41 1046.43 2294.53 <0.05 ns ns

C18:0 17495.52 18299.78 13931.16 15049.04 18315.96 15057.37 5613.68 ns ns ns

C18:1 20769.47 19602.12 16185.50 16458.85 18183.05 23331.93 3952.00 0.10 ns ns

C18:2 (n-6) 2216.66 1043.77 422.86 345.89 577.75 353.75 386.95 <0.05 ns ns

C18:3 (n-3) 371.51 292.46 197.92 141.62 92.90 121.95 34.46 <0.05 ns ns

C18:3 (n-6) 87.33 31.44 7.08 5.56 10.15 14.09 48.74 ns ns ns

C20:4 (n-6) 56.68 32.04 10.47 7.05 22.78 13.23 30.86 0.09 ns ns

C20:5 (n-3) 0.11 0.33 0.09 0.05 0.15 0.19 0.45 ns ns ns

C22:4 (n-6) 9.33 1.30 0.30 0.43 0.38 5.99 2.73 ns ns ns

C22:6 (n-3) 0.34 0.25 0.38 0.47 0.17 0.18 0.13 ns ns ns

1 Values are least squares means of fatty acid concentrations in plasma and adipose tissue as measured in HPLC MS/MS.
2 ns = P > 0.10.
3 An outlier from LL treatment at G1was removed from C18:0 data analysis

https://doi.org/10.1371/journal.pone.0188621.t001
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compared to G1(P = 0.09). There were no differences in the AT content of FA measured

between HL and LL.

A total of 18 ArA oxidized metabolites were analyzed in plasma and AT using our tar-

geted lipidomic profile (Table 3). Plasma 5,6 lipoxin A4 and PGE2 were not detected in

more than 50% of the samples and were not included in the analyses. The thresholds for

limits of detection were calculated as described in [23]. Sampling time had no effect on the

concentration of COX-derived plasma ArA oxylipids. The CyP450-derived 11,12-EET,

14,15-EET, 14,15-DHET, and 20-HETE increased at PP compared to G1 and G2. Similarly,

circulating content of 8,9-EET tended to be higher at PP compared to other sampling time

points (P = 0.06). Following a similar pattern to CYP450-derived EET, LOX metabolite

5-HETE increased after parturition. No differences in plasma ArA-derived oxylipids were

detected between HL and LL.

In AT, PGD2 and PGE2 content tended to increase at PP compared to G1 and G2 (Table 3).

LOX-derived 5-HETE increased at G2 and its concentration remained elevated at PP. The

concentrations of 15-HETE in AT were higher at PP compared to G1. HL lowered AT concen-

trations of 15-HETE compared to LL at all sampling time points. AT content of the non-enzy-

matically derived 11-HETE was increased at PP compared to the prepartum sampling time

points. Circulating FFA were associated with AT content of 8-iso-PGF2 alpha (Table 2). There

was a positive association between adipose concentrations of 8-iso-PGF2 alpha and 15-HETE

and circulating BHB (Table 2).

Of the 8 LA-derived oxylipids analyzed, the DiHOME and HODE families were the most

abundant in plasma (Table 4). Circulating content of 9-HODE remained constant throughout

the study and 13-HODE concentrations reached their lowest concentration at G2, but

Table 2. Partial correlation coefficients for circulating concentrations of free fatty acids (FFA) and β hydoxybutyrate (BHB) and contents of spe-

cific plasma FA and adipose tissue oxylipids, and gene expression of oxylipid enzymes and inflammatory markers in periparturient cows.

FFA vs. Correlation P BHB vs. Correlation P

Plasma FA BHB 0.510 ** FFA 0.510 **

C12:0 0.439 ** C14:0 0.377 *

C14:0 0.441 ** C16:1 0.531 ***

C16:1 0.360 * C18:2 0.441 **

C18:1 0.429 ** C18:3 (n-3) 0.380 *

C18:2 0.510 ***

C20:4 (n-6) 0.372 *

C20:5 (n-3) 0.341 *

AT Oxylipids 8-iso-PGF2 alpha 0.415 ** 8-iso-PGF2 alpha 0.616 ***

15-HETE 0.631 ***

13-HODE 0.372 *

AT gene expression 15LOX -0.519 ** 15LOX -0.692 ***

ARG1 -0.371 * ARG1 -0.396 *

CYP2J2 0.578 *** CYP2J2 0.385 *

CD44 0.422 ** CD68 0.601 ***

CD68 0.635 *** SPP1 0.374 *

SPP1 0.450 **

HODE = hydroxyoctadecadienoic acid; HETE = hydroxyeicosatetraenoic acid.

* P < 0.05

** P < 0.01

*** P < 0.001

https://doi.org/10.1371/journal.pone.0188621.t002
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Table 3. Arachidonic acid-derived oxylipid contents in plasma and adipose tissues from dairy cows are modified during the periparturient period.

Adipose and plasma samples were collected at -27±7 (G1) and -10±5 d (G2) prepartum and at 8±3 d postpartum (PP). Cows were grouped by lipolysis inten-

sity (LI) based on FFA concentrations at PP in low (LL = FFA<1.0 mEq/L) and high (HL, FFA�1.0 mEq/L) lipolysis rate.

G1 G2 PP P-value

Biosynthesis

Pathway

Arachidonic acid derived

oxylipids1

LL HL LL HL LL HL SEM Time LI Time by

LI

Plasma nM COX3 6ketoPGF1alpha 0.363 0.610 0.454 0.263 0.790 0.440 0.385 ns2 ns ns

15dPGJ2 0.003 0.001 0.001 0.002 0.010 0.001 0.002 ns ns ns

PGD2 0.086 0.229 0.642 0.225 0.115 0.161 0.189 ns ns ns

TXB2 2.920 3.490 3.240 1.290 5.500 5.900 2.710 ns ns ns

CyP4504 8,9-EET 0.033 0.035 0.041 0.029 0.144 0.487 0.131 0.06 ns ns

11,12-EET 0.036 0.010 0.010 0.044 0.119 0.105 0.027 <0.01 ns ns

14,15-EET 0.085 0.060 0.055 0.095 0.430 0.735 0.210 <0.05 ns ns

20-HETE 0.112 0.076 0.181 0.097 0.580 0.740 0.215 <0.01 ns ns

8,9-DHET 0.339 0.424 0.323 0.378 0.276 0.646 0.164 ns ns ns

11,12-DHET 0.801 0.565 0.896 0.943 0.462 0.805 0.212 ns ns ns

14,15-DHET 0.648 1.020 0.614 0.669 1.770 2.300 0.241 <0.05 ns ns

LOX5 5-HETE 0.781 0.398 0.265 0.581 2.000 6.140 0.985 <0.01 ns ns

5-oxoETE 0.051 0.070 0.022 0.020 0.107 0.122 0.252 ns ns ns

15-HETE 0.055 0.056 0.025 0.068 0.214 0.147 0.092 ns ns ns

15-oxoETE 0.010 0.017 0.005 0.010 0.038 0.016 0.011 ns ns ns

11-HETE 0.071 0.057 0.022 0.067 0.138 0.139 0.053 ns ns ns

NE6 8-iso-PGF2alpha 0.479 0.543 0.302 0.154 0.418 0.787 0.245 ns ns ns

8,12-iso-iPF2alpha-VI 0.197 0.348 0.173 0.775 0.410 0.682 0.252 ns ns ns

Adipose Tissue

μM/μg

COX 5,6-LipoxinA4 0.250 0.060 0.360 0.490 0.410 0.220 0.280 ns ns ns

6ketoPGF1alpha 0.180 0.260 0.120 0.177 1.950 0.560 0.770 ns ns ns

15dPGJ2 0.001 0.001 0.001 0.002 0.010 0.003 0.003 ns ns ns

PGD2 0.130 0.070 0.010 0.010 0.220 0.310 0.170 0.09 ns ns

PGE2 0.070 0.130 0.230 0.090 0.720 1.350 0.500 0.06 ns ns

TXB27 0.210 0.720 0.140 0.080 0.060 0.190 0.650 ns ns ns

CyP450 8,9-EET 0.001 0.001 0.003 0.001 0.001 0.001 0.001 ns ns ns

11,12-EET 0.001 0.002 0.002 0.001 0.001 0.001 0.000 ns ns ns

14,15-EET 0.001 0.001 0.002 0.001 0.008 0.020 0.014 ns ns ns

20-HETE 0.004 0.010 0.010 0.003 0.004 0.006 0.006 ns ns ns

8,9-DHET8 0.003 0.001 0.003 0.003 0.007 0.009 0.004 ns ns ns

11,12-DHET 0.008 0.032 0.020 0.010 0.010 0.007 0.012 ns ns ns

14,15-DHET 0.020 0.020 0.010 0.020 0.180 0.090 0.070 ns ns ns

LOX 5-HETE 0.220 0.130 0.690 0.430 0.750 0.470 0.180 <0.05 ns ns

5-oxoETE 0.001 0.001 0.010 0.003 0.010 0.007 0.004 ns ns ns

15-HETE 0.050bb 0.030a 0.070b 0.040a 0.180d 0.090c 0.015 <0.05 <0.05 <0.05

15-oxoETE 0.030 0.040 0.120 0.040 0.230 0.140 0.180 ns ns ns

NE 11-HETE 0.070 0.120 0.110 0.060 0.290 0.190 0.040 <0.05 ns ns

8-iso-PGF2alpha 0.004 0.009 0.007 0.002 0.010 0.050 0.010 ns ns ns

8,12-iso-iPF2alpha-VI 0.030 0.040 0.060 0.080 0.070 0.050 0.020 ns ns ns

1 Values are least squares means of arachidonic acid derived oxylipid concentrations in plasma and adipose tissue as measured in HPLC MS/MS.
2 ns = P > 0.10.
3 COX, cyclooxygenase
4 CyP450, cytochrome P450
5 LOX, lipoxygenase
6 NE, non-enzymatic oxidation
7 An outlier from HL treatment at G1 was removed for TXB2 data analysis
8 An outlier from HL treatment at G2 was removed for 8,9-DHET data analysis
a-d least squares means with different letters differ (P<0.05)

https://doi.org/10.1371/journal.pone.0188621.t003
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returned to G1 levels at PP. In contrast, plasma 9-oxoODE decreased at G2 and PP compared

to G1. CyP450 derived 9,10-DiHOME and 12,13-DiHOME decreased in plasma after parturi-

tion. Plasma concentrations of 9,10-EpOME were lower at G2 compared to G1. Similarly, cir-

culating content of 12,13-EpOME was reduced at G2 compared to G1 and PP.

In AT, 9-HODE tended to increase at PP in comparison to G1 and G2 (Table 4). In the

same way, AT 13-HODE increased after parturition (Table 4). The content of 9,10-DiHOME

in AT was reduced at PP compared to G1. The AT content of 12,13-DiHOME was reduced at

G2 compared to G1 and PP. Partial correlation analysis demonstrated a positive association

between 13-HODE content in AT and circulating BHB (Table 2).

AT expression of oxylipid enzymes and inflammatory markers

Gene expression of enzymes that oxidize PUFA was analyzed in AT samples by RT-qPCR

(Table 5). After parturition, the expression of ALOX15 was progressively reduced as the peri-

parturient period progressed. Similarly, the transcription of EPHX2 (encoding sEH) was

reduced at PP compared to G1. In contrast, the transcription of ALOX5 increased at PP com-

pared to G1 and G2 and was higher in HL. CYP2J2 expression was upregulated after parturi-

tion. The gene expression of PTGS2 and CYP2A4 remained unchanged throughout the

periparturient period. Partial correlation analyses indicated that circulating concentrations of

FFA and BHB were negatively associated with the gene expression of ALOX15 (Table 2). In

contrast, the expression of CYP2J2was positively correlated with circulating FFA and BHB

(Table 2).

Table 4. Linoleic acid derived oxylipid contents in plasma and adipose tissues from dairy cows are modified during the periparturient period. Adi-

pose and plasma samples were collected at -27±7 (G1) and -10±5 d (G2) prepartum and at 8±3 d postpartum (PP). Cows were grouped by lipolysis intensity

(LI) based on FFA concentrations at PP in low (LL = FFA<1.0 mEq/L) and high (HL, FFA�1.0 mEq/L) lipolysis rate.

G1 G2 PP P-value

Biosynthesis

Pathway

Linoleic acid derived

oxylipids1
LL HL LL HL LL HL SEM Time LI Time by

LI

Plasma nM LOX/NE3 9-HODE 9.37 3.91 7.21 3.15 14.30 9.87 7.76 ns2 ns ns

9-oxoODE 6.64 5.42 3.67 1.96 1.87 3.17 1.75 <0.05 ns ns

13-HODE 24.50 30.02 16.46 11.22 29.33 22.11 4.67 <0.05 ns ns

13-oxoODE 2.94 1.84 0.75 1.21 2.56 3.49 1.73 ns ns ns

CyP4504 9,10-EpOME 0.89 0.44 0.17 0.31 0.37 0.95 0.12 <0.05 ns ns

9,10-DiHOME 4.01 4.25 4.63 3.78 2.89 1.41 0.54 <0.05 ns ns

12,13-EpOME 5.24 5.05 1.87 2.61 5.05 6.86 2.14 <0.05 ns ns

12,13-DiHOME 13.95 8.06 8.36 9.50 5.86 4.46 3.60 <0.05 ns ns

Adipose Tissue μM/

μg

LOX/NE 9-HODE 7.10 4.10 10.00 3.10 24.70 14.90 7.20 0.10 ns ns

9-oxoODE 4.90 4.70 13.60 7.10 10.30 6.80 3.50 ns ns ns

13-HODE 7.90 5.80 6.90 5.10 13.32 12.52 1.06 0.05 ns ns

13-oxoODE 3.50 4.90 6.90 5.33 8.40 12.80 5.30 ns ns ns

CyP450 9,10-EpOME 0.10 0.24 0.16 0.28 0.20 0.49 0.22 ns ns ns

9,10-DiHOME 3.13 2.83 2.43 2.35 1.82 1.21 1.23 <0.05 ns ns

12,13-EpOME 1.40 1.10 3.20 1.30 2.20 1.46 0.62 ns ns ns

12,13-DiHOME 0.52 0.41 0.27 0.33 0.40 0.52 0.06 <0.05 ns ns

1 Values are least squares means of linoleic acid derived oxylipid concentrations in plasma and adipose tissue as measured in HPLC MS/MS.
2 ns = P > 0.10.
3 LOX/NE, lipoxygenase/ non-enzymatic oxidation
4 CyP450, cytochrome P450

https://doi.org/10.1371/journal.pone.0188621.t004
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The expression of gene markers of inflammation and macrophage infiltration in AT was

also evaluated (Table 5). No changes in the gene transcription of pro-inflammatory cytokines

TNFa (encoding tumor necrosis factor alpha), IL6 (encoding interleukin 6), CCL2 (encoding

macrophage chemoattractant protein 1), or the anti-inflammatory cytokine CCL22 (encoding

C-C motif chemokine 22), were observed. In contrast, the expression of macrophage marker

CD68 and the gene encoding the macrophage chemoattractant osteopontin SPP1, [26] were

upregulated at PP compared to G1 and G2. The expression of both genes was elevated across

time in HL compared to LL (Table 5). The expression of the anti-inflammatory cytokine IL10

was upregulated after parturition. In contrast, the transcription of the gene encoding arginase

1 (ARG1), a marker of anti-inflammatory macrophages, was downregulated after calving. The

expressions of CD68 and SPP1 in AT were positively associated with circulating BHB and FFA

(Table 2). CD44 transcription was similarly correlated with FFA in plasma. In contrast, ARG1
transcription was negatively associated with BHB and FFA (Table 2).

Discussion

Hormonal changes associated with parturition and lactation, along with reduced energy

intake, promote lipolysis and increase circulating FFA in the first weeks after calving (reviewed

in [7]). Although lipolysis intensity may be further affected by changes in neural, hepatic, and

pancreatic functions this study focused on changes within AT that may enhance its responses

to lipolytic stimuli. In the present study, increased lipolysis intensity (HL) was associated with

HSL activity (assessed as serine 660 phosphorylation) which is consistent with previous reports

that highlight the role of HSL over other lipases in the lipolytic response following parturition

Table 5. Gene expression of oxylipid enzymes, inflammatory cytokines, and macrophage markers in adipose tissue is affected by lipolysis inten-

sity and time relative to parturition. Relative abundance of mRNA in subcutaneous adipose tissue collected at -27±7 (G1) and -10±5 d (G2) prepartum and

at 8±3 d postpartum (PP). Cows were grouped by lipolysis intensity (LI) based on FFA concentrations at PP in low (LL = FFA<1.0 mEq/L) and high (HL,

FFA�1.0 mEq/L) lipolysis rate.

G1 G2 PP P-value

Gene Network Gene1 LL HL LL HL LL HL SEM Time LI Time by LI

Oxylipid enzymes ALOX5 0.54 1.17 0.83 1.70 1.24 1.56 0.26 <0.05 <0.01 ns2

ALOX15 2.84 4.01 0.93 2.32 0.45 0.45 0.43 <0.001 ns ns

CYP2A4 1.23 1.15 0.74 1.31 2.47 2.41 0.80 ns ns ns

CYP2J2 0.64 1.40 0.75 1.79 2.27 4.68 0.80 <0.05 ns ns

PTGS2 1.34 0.94 1.87 0.85 1.55 1.11 0.55 ns ns ns

EPHX2 1.25 1.29 1.25 1.51 0.56 0.71 0.17 <0.05 ns ns

Inflammatory cytokines, macrophage infiltration markers TNF 1.00 1.95 0.79 1.07 1.38 1.33 0.35 ns ns ns

IL6 1.25 0.90 0.73 1.19 1.38 1.36 0.37 ns ns ns

IL10 0.48 1.26 0.58 1.28 4.17 2.69 0.98 <0.01 ns ns

CCL2 0.65 2.17 1.58 1.75 0.57 1.53 0.51 ns ns ns

ARG1 3.06 4.12 1.88 3.11 0.34 0.39 0.92 <0.05 ns ns

CCL22 0.93 1.66 1.63 6.64 0.34 3.14 1.45 ns ns ns

CD68 0.60 1.34 0.48 1.17 1.60 4.90 0.68 <0.01 <0.05 ns

CD44 0.83 1.26 0.92 1.14 1.10 1.54 0.20 ns ns ns

SPP1 0.38 7.43 0.14 3.91 1.66 13.29 3.99 <0.05 <0.01 ns

1 Values are least squares means of the relative expression of genes ALOX5 (encoding: 5-lipoxygenase), ALOX15 (15-lipoxygenase), CYP2A4

(cytochrome P450 2A4), CYP2J2 (cytochrome P450 2J2), PTGS2 (cyclooxygenase 2), EPHX2 (soluble epoxy hydrolase0, TNF (tumor necrosis alpha), IL6,

IL10 (interleukins 6 and 10), CCL2 (MCP-1), ARG1 (arginase 1), CCL22 (C-C motif chemokine ligand 22), CD68 (cd68), CD44 (cd44), SPP1 (osteopontin)
2 ns = P > 0.10.

https://doi.org/10.1371/journal.pone.0188621.t005
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[27, 28]. Lipolysis intensity in the present group of periparturient cows was dependent on adi-

pocyte area prior to parturition and HL cows exhibited a greater reduction in adipocyte area

after parturition. Similar results were reported by De Koster et al., [29] who showed an associa-

tion between adipocyte size and lipolysis intensity. Data from our present study and others

indicate that the magnitude of the postpartum lipolytic response is dependent of adipocyte size

in the early dry period.

We previously reported the effect of periparturient lipolysis on the composition of total

lipid FA profiles in plasma [30]. In the present study, we focused on specific FA, that have

been associated with dynamic changes in plasma and AT during the periparturient period and

that modify or are substrates for oxylipid biosynthesis [8, 30]. During lipolysis, FA are released

from triglycerides stored in the lipid droplet of adipocytes through sequential hydrolysis by

adipose triglyceride lipase, HSL, and monoglyceride lipase [31]. HSL activity is dependent on

FA and positional specificity, preferring FA with chains of 20 carbon atoms or less and those

located at the sn-1 or sn-3 positions of the triglyceride molecule [32, 33]. For a given chain

length, FA hydrolysis increases with increased unsaturation [33]. In our present study, HSL

specificity was reflected in the FA profile of plasma at PP with increased content of saturated

and unsaturated FA with chains of 20 or less carbons. For 16 and 18 carbons FA, we observed

that the degree of unsaturation enhanced the release of FA from AT into circulation. For

example, the plasma concentration of stearic acid (C18:0) did not change throughout the pres-

ent study, while all the unsaturated 18 carbon FA measured increased. Minimal mobilization

of stearic acid during the periparturient period of dairy cows was also reported previously [8,

30]. Our observation that C18:0, ArA, C20:5(n-3), and C22:6n3 were more abundant in the

plasma of LL compared to HL may indicate that the release rate of these long chain FA is

related to the size of the lipid droplet (i.e. adipocyte area) and the abundance of preferentially

mobilized saturated FA in HL. Our results on FA mobilization dynamics support a relative

specificity in the release of saturated FA during lipolysis in periparturient dairy cows. This

finding suggests that carbon chain length and the degree of unsaturation may be utilized for

targeted supplementation with the goal of modifying FFA profiles of periparturient dairy

cows. Since, increasing the availability of certain long chain PUFA (e.g. alpha-linolenic, EPA,

and DHA) in plasma of periparturient cows was shown to modulate inflammatory responses

around parturition [9, 34], further studies on FA trafficking in AT and plasma are needed to

improve the efficacy of lipid supplementation in the dry and periparturient periods.

ArA-derived oxylipid profiles differed between AT and plasma of all cows in the present

study. This observation confirms that oxylipid profiles appear to be organ or tissue specific

and changes in their content are not always reflected in blood. For example, in dairy cows with

clinical coliform mastitis and their healthy matching controls, the oxylipid composition of

milk was shown to differ from that of plasma [23]. More recently, Kuhn et al., [16] demon-

strated that differences between milk and plasma oxylipid profile are maintained during differ-

ent stages of lactation. Differences in oxylipid profiles among plasma and peripheral organs

are also described in other species. For example, in a rodent model of sepsis, AT eicosanoid

profile was not reflected in plasma of both LPS-treated and control animals [35]. These find-

ings suggest that plasma oxylipid concentration and composition do not reflect those of the

adipose organ, at least during the periparturient period.

Plasma concentrations of ArA metabolites from the COX pathway are reported to remain

unchanged throughout the periparturient period in healthy cows [15], and our results con-

firmed the lack of variation in these circulating oxylipids. In contrast, the CYP450 product

20-HETE was increased in plasma from all cows at PP in the present study. This observation

coincides with results from Kuhn et al., [16] where 20-HETE was increased in plasma from

cows at 1–2 days after parturition compared to cows at 80–95 and 184–207 days into lactation.
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The source of the postpartum peak of plasma 20-HETE observed in our study is unclear, but it

may be related to post-calving uterine involution. In periparturient rodents, 20-HETE pro-

motes uterine contractility and size reduction by promoting vasoconstriction of myometrial

arteries [36]. The physiological relevance of postpartum 20-HETE in periparturient dairy cows

remains to be elucidated.

A second ArA metabolite that exhibited interesting dynamics during the periparturient

period was PGE2. Lipolysis in 3T3-L1 adipocytes increases the concentration of PGE2 [11, 37],

which in turn, promotes the secretion of macrophage chemoattractant protein 1, a potent che-

motactic peptide that drives macrophage infiltration into tissues [37]. A clinical study of obese

humans with elevated omental AT lipolysis rate also described increased concentrations of

PGE2 when compared to healthy volunteers [38]. In agreement with these reports, cows in our

experiment showed a tendency for increased AT PGE2 at PP. The impact of enhanced PGE2

release during lipolysis is unclear. Some studies report beneficial effects that appear to palliate

chronic AT inflammation in obesity [38], while others indicate that reducing PGE2 secretion

through nonsteroidal anti-inflammatory drugs minimizes AT macrophage infiltration [39].

Although conjecture, in dairy cows, PGE2 may have potent anti-lipolytic activity similar to

other species [40]. This effect was indirectly suggested in a study by Bradford et al. [41] in

which PGE2 concentrations were not measured, but anti-inflammatory salicylate treatment

increased plasma FFA and enhanced milk fat secretion during early lactation. Revealing the

role of COX-derived PGE2 and other prostaglandins in lipolysis modulation during early lacta-

tion may provide nutritional or pharmacological targets for minimizing periparturient

lipolysis.

The biosynthesis of ArA metabolites derived from LOX is commonly associated with dysre-

gulation of AT function. For example, in obese mice, AT secretion of 5-HETE and 15-HETE is

increased as the capacity of adipocytes to respond to the anti-lipolytic action of insulin is

decreased [42]. The main sources of these LOX metabolites are macrophages and adipocytes

that secrete them in response to exposure to C16:0 and LA [42, 43]. The increased content of

5-HETE in AT and plasma of cows at PP in the present study may be explained in part by the

increased availability of both C16:0 and LA during PP because both FA promote the biosyn-

thesis of 5-HETE by AT macrophages [42]. Given the angiogenic and adipogenic effects of

5-HETE [44, 45], this metabolite may promote adequate AT remodeling during intense lipoly-

sis, as both processes are necessary for inflammation resolution [4]. A third ArA metabolite

that fluctuated in AT during the present study was 15-HETE. This LOX-derived oxylipid was

reduced in AT from HL compared to LL. Adipocytes are an important source of 15-HETE

and, once secreted, it promotes adipogenesis and lipogenesis by enhancing the activation of

protein kinase B and acting as a PPARγ agonist [46]. The impact of reduced levels of 15-HETE

in HL is unclear, although PPARγ activation during the periparturient period is necessary to

modulate lipolysis by promoting adipogenic responses and minimizing FFA release [47].

Although there are several PPARγ agonists that differ in affinity for and effects on the receptor

[48], the potency of 15-HETE as a PPARγ ligand and its effects on AT function in dairy cows

warrants further investigation.

This is the first study to our knowledge that reports the dynamics of LA-derived oxylipids

in AT of periparturient dairy cows. CYP450-derived vicinal diols (i.e. hydroxyl groups are

attached to adjacent carbons), including 9,10- and 12,13-DiHOME, were abundant in both AT

and plasma. These metabolites are the product of serial oxygenations and hydrations by

CYP450 and soluble epoxide hydrolase, respectively [49]. The role of 9,10-DiHOME in AT

function is not completely defined, but this metabolite is characterized, together with

12,13-DiHOME, as an inhibitor of mitochondrial function and promotor of oxidative stress

[50]. In rodents, 12,13-DiHOME is adipogenic and promotes FA uptake in adipocytes [51].
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Given the adipogenic effects of these LA diols and their observed reduction in plasma and AT

after parturition, a better characterization of their effects on bovine adipocytes is warranted.

Enhancing lipogenic activity in AT is beneficial for dairy cows during early lactation as this

would translate into a net reduction in the release of FFA into circulation and increased dry

matter intake [52].

The dynamics of plasma 9-HODE observed in our study are similar to those described by

Raphael et al., [15] that followed dairy cows through the periparturient period and into mid-

lactation. In that study, 9-HODE remained constant around calving and only peaked at 85 d

after parturition. It is important to note that 9-HODE may increase at parturition, as reported

by Bradford et al., [53], however, our sampling protocol and that of Raphael et al. (2014), did

not include this time point. Plasma 13-HODE was reduced prior to parturition in the present

study and in the report by Raphael et al. [15]. Remarkably, AT content of 13-HODE contrasted

with its plasma concentrations as it increased at a steady rate during the periparturient period.

13-HODE is a potent PPARγ agonist that promotes adipogenesis [54]. During lipolysis, this

LA metabolite acts as a chemoattractant for macrophages by enhancing migration into AT

[12]. Excessive accumulation of 9- and 13-HODE in tissues leads to chronic inflammation that

is characterized by macrophage infiltration and formation of foam cells in the case of athero-

sclerosis lesions and crown-like structure cells in the case of obesity [12, 43]. In our group of

cows, the peak in AT content of 13-HODE coincided with a higher gene expression of the

macrophage specific marker CD68 and the macrophage chemoattractant osteopontin (SPP1)

[26]. Thus the role of HODE in AT inflammation during the periparturient period of dairy

cows warrants a thorough characterization, especially since accumulation of AT macrophages

is a common finding in cows with metabolic diseases in early lactation [5].

Depending on the PUFA substrate, oxylipids can be independently or collectively synthe-

sized by different enzymatic and non-enzymatic pathways. We evaluated the gene expression

of a select group of oxylipid enzymes, however, given the substrate redundancy of some of

these enzymes and that some products (e.g. 9- and 13-HODE) can also be produced by non-

enzymatic reactions, the expression activity may not always be associated with the abundance

of a specific metabolite. In the present study, we observed an increase in the expression of

CYP2J2 at PP. This gene encoding an isoform of CYP450 is abundantly expressed in AT,

where it also hydroxylases vitamin D [55]. Remarkably, in obese women, the expression of this

gene is reduced and explains, in part, the limited availability of 1,25-vitamin D in these subjects

[55]. It is uncertain if the enhanced expression of CYP2J2 observed in this group of periparturi-

ent dairy cows is indicative of a more prominent role of AT in the metabolism of vitamin D.

Therefore, the implications of CYP2J2 activity in AT for adequate metabolism of vitamin D in

periparturient cows remain to be established.

In contrast to studies of the bovine mammary gland in which ALOX15 expression is shown

to increase dramatically after parturition [56], the transcription of this gene was reduced in AT

at G2 and PP. The activity of this enzyme, and more specifically its metabolites 9- and

13-HODE, was recently linked to enhanced macrophage trafficking in AT during lipolysis in

mice [54]. Since the enzymatic activity of COX and CYP450 can also yield 9- and 13-HODE

from LA [57, 58], the increased concentrations of these metabolites in AT of cows in our pres-

ent study may be independent of the reduced expression of ALOX15 in AT. The expression of

EPHX2 was also downregulated at PP. This gene encodes the enzyme soluble epoxide hydro-

lase and its degree of expression is reflected in protein content of AT [59]. This enzyme acts on

CYP450-derived epoxides to yield FA diols. During the differentiation of 3T3-L1 cells, the

gene and protein expression of soluble epoxide hydrolase is increased while those of CYP2J

isoforms are decreased [59]. In the present study, the EPHX2 expression pattern in AT

matched the plasma and AT content of its metabolites, with both 9,10- and 12, 13-DiHOME
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being reduced around parturition. In rodents, limiting activity of soluble epoxide hydrolase by

pharmacological suppression with the specific inhibitor AUDA decreases plasma content of

9,10- and 12,13-DiHOME [60]. The physiological effect of limited AT content of these

DiHOME around parturition is unknown; however, their capacity to promote FA uptake by

adipocytes [51] may be beneficial for periparturient dairy cows that have limited capacity for

buffering excess FA during the periparturient period.

Conclusion

Although AT function during the periparturient period is modulated by hepatic, pancreatic,

and central nervous system activity, results from this study highlight that lipolysis products

should be considered as possible mechanisms regulating the adaptation of AT to increased

energy demands around parturition. As in rodents and humans [2, 61], the activation of lipo-

lytic pathways could induce inflammatory responses and changes in AT immune cell traffick-

ing. These alterations in inflammation patterns may be modulated in part by oxylipids

generated during lipolysis [11]. Results from our study indicate that changes in the oxylipid

profiles of AT and plasma are linked with lipolysis intensity. Enhanced availability of LA coin-

cided with increased 13-HODE content in AT and plasma. At the same time, lipolysis was

associated with increased AT concentrations of ArA metabolites including 15-HETE. Elucidat-

ing the effects of these ArA- and LA-derived oxylipids on AT function during the periparturi-

ent period will aid the development of nutritional interventions that can modulate the

deleterious effects of excessive lipolysis on dairy cow health and lactation performance.
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