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Abstract

Reduced insulin action develops naturally during the peripartum to ensure maternal nutrient

delivery to the fetus and neonate. However, increased insulin resistance can facilitate

excessive lipolysis which in turn promotes metabolic disease in overweight dairy cattle.

Increased fatty acid availability favors the accumulation of the sphingolipid ceramide and is

implicated in the pathogenesis of insulin resistance, however, the relationship between

sphingolipid metabolism and insulin resistance during the peripartum remains largely

unknown. Our objectives were to characterize temporal responses in plasma and tissue

sphingolipids in lean and overweight peripartal cows and to establish the relationships

between sphingolipid supply and lipolysis, hepatic lipid deposition, and systemic insulin

action. Twenty-one multiparous lean and overweight Holstein cows were enrolled in a longi-

tudinal study spanning the transition from gestation to lactation (d -21 to 21, relative to partu-

rition). Plasma, liver, and skeletal muscle samples were obtained, and sphingolipids were

profiled using LC/MS/MS. Insulin sensitivity was assessed utilizing intravenous insulin and

glucose challenges. Our results demonstrated the following: first, insulin resistance devel-

ops postpartum concurrently with increased lipolysis and hepatic lipid accumulation; sec-

ond, ceramides and glycosylated ceramides accumulate during the transition from gestation

to lactation and are further elevated in overweight cows; third, ceramide accrual is associ-

ated with lipolysis and liver lipid accumulation, and C16:0- and C24:0-ceramide are inversely

associated with systemic insulin sensitivity postpartum; fourth, plasma sphingomyelin, a

potential source of ceramides reaches a nadir at parturition and is closely associated with

feed intake; fifth, select sphingomyelins are lower in the plasma of overweight cows during

the peripartal period. Our results demonstrate that dynamic changes occur in peripartal

sphingolipids that are influenced by adiposity, and are associated with the onset of peripartal

insulin resistance. These observations are in agreement with a putative potential role for

sphingolipids in facilitating the physiological adaptations of peripartum.
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Introduction

Major physiological adaptations develop as dairy cattle transition from late gestation to early

lactation as a means to ensure an uninterrupted supply of nutrients to the prenatal fetus and

newborn offspring. During the last trimester of gestation, the growth of the conceptus follows

an exponential curve increasing demand for glucose by the gravid uterus [1, 2]. Immediately

following parturition, the synthesis of milk and its components can double daily energy

requirements in high-producing dairy cows [3]. Moreover, increased glucose flux toward the

mammary gland favors lactose synthesis and results in a three to four-fold increase in daily

glucose requirements [4]. Two important metabolic adaptations that facilitate glucose parti-

tioning toward the fetus and the mammary gland include a progressive reduction of insulin

secretion by the pancreas, and impaired insulin responsiveness in adipose and skeletal muscle

tissues [4, 5]. The progressive development of insulin resistance during peripartum has been

validated through direct measurements of insulin secretion and responsiveness, such as glu-

cose tolerance testing and insulin tolerance testing [6, 7, 8]. Because insulin is an anti-lipolytic

hormone, the excessive mobilization of fatty acids from adipose tissue is an unfavorable out-

come of reduced insulin action. In turn, fatty acids function as substrate for hepatic triacylgly-

cerol synthesis and ketogenesis which predispose peripartal dairy cows to metabolic disease

(i.e. fatty liver and ketosis), compromised milk production, and infertility.

A key mechanism that regulates the progression of insulin resistance in monogastrics

involves the dysregulation of sphingolipid metabolism and the accrual of bioactive ceramide

[9]. In addition to their roles as signaling molecules regulating cell growth, apoptosis, and

vesicular trafficking [10], ceramides can also contribute to systemic insulin resistance by dis-

rupting intracellular insulin signaling [11, 12]. The definitive mechanism of insulin antago-

nism is dependent on the involved tissue, sphingolipid pathway, cellular compartment,

ceramide moiety, as well as inflammatory and nutritional status [13, 14, 15]. For instance,

excess palmitic acid increases the de novo synthesis and lipoprotein export of ceramides in the

liver [16, 17], contributing to systemic and skeletal muscle-specific insulin resistance, and

inflammation [18]. The induction of sphingomyelinase activity by pro-inflammatory tumor

necrosis factor-α can also contribute to ceramide synthesis [19] and insulin resistance [20];

however, the ability of sphingomyelin hydrolysis to influence the circulating ceramide pool is

uncertain. Alternative to the role of extracellular ceramide, the intracellular synthesis of cer-

amide antagonizes insulin sensitivity in adipocytes [14]; however, the role of ceramide as a

mediator of skeletal muscle insulin resistance has been contested [21, 22]. Although the cer-

amide-mediated mechanisms of insulin resistance are being defined, circulating ceramides

have emerged as prognostic biomarkers for the development of insulin resistance, dyslipide-

mia, and nonalcoholic fatty liver disease in overweight subjects [23, 24]. Importantly, to date,

the metabolic roles of ceramides during the maternal transition from gestation to lactation and

their relation to systemic insulin sensitivity remain largely unknown.

We recently demonstrated that estimated insulin sensitivity is decreased in peripartal dairy

cows experiencing a progressive accumulation of fatty acids and ceramide in plasma, a

response augmented by increased adiposity prepartum [25]. With the understanding that insu-

lin sensitivity gradually improves in dairy cattle as lactation and fetal development advances

[5], we established that circulating ceramides concomitantly decline in pregnant dairy cows

during mid-lactation, a response that can be diminished by feeding palmitic acid [26]. Our

research group has proposed that ceramide may be an intrinsic mediator of adaptive metabo-

lism that accompanies the onset of lactation and facilitates increased glucose partitioning for

the mammary synthesis of milk [26]. However, our understanding of peripartal sphingolipid

metabolism in ruminants is currently limited to changes in circulating ceramides, and no
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characterization of hepatic supply and peripheral accumulation of ceramides are available to

date. Moreover, considering that surrogate indices to estimate insulin sensitivity in ruminants

should be interpreted with caution, there is a necessity for direct measures of systemic

insulin sensitivity that can be used to evaluate its association with sphingolipids during the

peripartum period. Therefore, the aim of this study was to expand our understanding of

bovine sphingolipid metabolism, and glucose and insulin tolerance during the periparturient

period. Specifically, we wanted to assess changes in ceramide, monohexosylceramide (GlcCer),

lactosylceramide (LacCer), and sphingomyelin concentrations in cows with a lean or over-

weight phenotype during late pregnancy. Our second aim was to compare alterations in sphin-

golipid compartments with the extent of hepatic lipid deposition and systemic insulin action.

Our attention was focused on C16:0- and C24:0-ceramide, the two major moieties found in

bovine plasma [25, 26], because of their associative and causative roles in the development of

insulin resistance in monogastrics [15, 18, 27].

Methods

Experimental design

Experimental procedures were approved by the West Virginia University Institutional Animal

Care and Use Committee (Morgantown, WV). The experiment was completed at Dovan

Farms, a West Virginia University Agricultural Research and Education Partner and a com-

mercial dairy farm (Berlin, PA). Nonlactating, pregnant, multiparous Holstein cows (n = 21)

were enrolled 28 d before expected parturition and allocated according to one of two groups

based on their adiposity as either lean or overweight with a body condition score (BCS; 1.0 to

5.0 scale [28]) of 2.93 ± 0.16 and 4.01 ± 0.20 BCS, respectively. Cows were housed in a straw-

bedded pen and trained to access feed by using Calan gate feeders (American Calan, Inc., Nor-

wood, NH). Because of management constraints of the commercial operation, cows were

moved to adjacent free-stalls starting on d 7 of lactation. Body weights and BCS were recorded

weekly. Body condition score was independently recorded by three trained investigators and

data were averaged for each cow pre and postpartum. Diets were formulated to meet nutrient

recommendations [29], and were provided once and twice daily during gestation (0900 h) and

lactation (0900 and 1600 h), respectively. Cows were fed at 110% of expected intake which was

adjusted daily when monitored. Cows were provided free access to water at all times. Access to

feed was blocked from 0700 to 0900 h to allow for collection of orts and weighing of feed. Sam-

ples of total mixed rations were obtained weekly throughout the experiment. Cows were

milked twice daily (0600 and 1700 h) through d 6 of lactation, then thrice daily (0430, 1230

and 2030) thereafter. Milk samples were collected on d 1 through 7, and d 10, 14, 21 and 28 of

lactation.

Blood and tissue collection

Basal blood collection (10 mL) by coccygeal venipuncture occurred at 0600 h on d -28, -21, -7,

and -5, relative to expected parturition, and d 0, 2, 4, 7, 14, and 21 postpartum. Blood was kept

on ice for 30 min until centrifugation at 3,400 × g for 10 min. Following centrifugation, plasma

was removed and snap-frozen in liquid nitrogen and stored at -80˚C until further analysis.

Liver and skeletal muscle biopsies were performed prior to morning feeding on d -21 and

-7, relative to expected parturition, and d 4 of lactation using aseptic techniques. Cows were

anesthetized using xylazine (0.04 mL/kg of body weight) delivered via the coccygeal vein. After

the hair was clipped, biopsy sites were sanitized with iodine scrub and anesthetized with lido-

caine HCl (5 mL; Vedco Inc., Saint Joseph, MO) delivered subcutaneously. For liver biopsies,

the 11th intercostal space was prepared by making a 0.5 cm incision through the skin and a
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fabricated trocar was utilized to collect approximately 1 g of liver tissue [30]. Skeletal muscle

biopsies were performed by making a 0.5 cm incision in the skin adjacent to the semitendino-

sus muscle. Approximately 500 mg of muscle tissue was collected using a Bard Magnum biopsy

instrument mounted with a 12 gauge needle (Bard Biopsy Systems, Tempe, AZ). Tissue was

snap-frozen in liquid nitrogen and stored at -80˚C. Following the collection of tissue, biopsy

sites were stapled and sprayed with antiseptic. Immediately following each biopsy, antibiotic

was delivered once by intramuscular injection (0.68 mL/kg of body weight; Excenel RTU; Zoe-

tis, Florham Park, NJ) in accordance with the Institutional Animal Care and Use Committee.

Insulin and glucose challenges

A jugular catheter was inserted 24 h prior to insulin and glucose challenges, and patency was

maintained by flushing with heparinized saline every 10 h. Access to feed was blocked 2 h

prior to testing. Insulin challenges were performed at 1500 h on d -26 and -13 relative to partu-

rition, and d 5 of lactation using previously described methods [31]. Cows were intravenously

infused with insulin (0.1 IU of insulin/kg of body weight; Humulin R; Eli Lilly Co., Indianapo-

lis, IN) that was followed by a saline solution flush (10 mL). Glucose challenges were per-

formed at 1500 h on d -25 and -12 relative to parturition, and d 6 of lactation, using previously

established methods [31]. Cows were intravenously infused with 300 mg of glucose (dextrose,

50% wt/vol) per kg of BW, followed by a saline solution flush (10 mL). For both tests, blood

samples (10 mL) were collected at -10, 0, 10, 20, 30, 40, 60, 90, 120, 150, and 180 min relative to

insulin or glucose infusion. Blood was processed as described above. Access to feed was

allowed immediately following sample collection.

Sample analyses

Dry matter content of the mixed ration was determined daily by drying at 60˚C until a static

weight was observed. Mixed rations were composited twice monthly and analyzed for NDF

with heat-stable α-amylase and sodium sulfite [32], CP (method 990.03) [33], and starch [34]

(Table 1; Cumberland Valley Analytical Services, Inc.; Cumberland, MD). Individual milk

samples were analyzed for fat, true protein, lactose, and milk urea nitrogen concentrations

using mid-infrared spectroscopy within 1 wk of collection (method 972.160; Dairy One,

Hagerstown, MD) [35].

Plasma concentrations of glucose, fatty acids, and β-hydroxybutyrate (BHB) were deter-

mined by enzymatic methods using commercial kits (Autokit Glucose, HR Series NEFA-HR

(2) and Autokit 3-HB, respectively; Wako Chemicals USA, Inc., Richmond, VA). Plasma con-

centrations of insulin were determined by immunoassay (Mercodia Bovine Insulin ELISA;

Mercodia AB, Uppsala, Sweden). All spectrophotometric measurements were conducted using

a SpectraMax Plus 384 Microplate Reader (Molecular Devices, Sunnyvale, CA). All intra- and

interassay coefficient of variations were <5 and<10%, respectively, for plasma glucose, fatty

acids, BHB, and insulin. Hepatic liver lipid was extracted and quantified using the methodol-

ogy described by Starke and collaborators [36].

Ceramide extraction was conducted using previously established methods that employ a

modified Bligh and Dyer procedure [26, 37]. Prior to analysis, the organic layers from plasma

and tissue extracts were dried under nitrogen (Organomation Associates Inc., Berlin, MA) and

re-suspended in pure methanol. Ceramides were detected by multiple reaction monitoring

using a liquid chromatography, electrospray ionization, tandem mass spectrometry system

(API3000; AB Sciex Inc., Thornhill, ON, Canada) in positive mode. Liquid chromatography

and MS/MS parameters have been previously described [25]. Differences in extraction effi-

ciency and fluctuations in mass spectrometer efficiency were normalized to the
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C12:0-ceramide internal standard. Instrument efficiency was monitored daily and individual

plasma extracts were re-analyzed if the internal standard deviated more than 30% from the

overall median internal standard value. The original or re-run data with internal standard con-

centrations closest to the median C12:0-ceramide value were included in the final analysis.

Plasma ceramide concentrations were determined by fitting the identified ceramide species to

standard curves based on acyl-chain length. Ceramide standards were purchased from Sigma-

Aldrich (C16:0, C18:0, and C18:1; St. Louis, MO) or Avanti Polar Lipids (C20:0, C22:0, C24:0,

and C24:1; Alabaster, AL). Glycosylated ceramides were purchased from Matreya Inc.

Table 1. Ingredients and nutrient composition of diets fed to lean and overweight cows during the

transition from late pregnancy to early lactation.

Ingredients, % of DM Diets

Prepartum Postpartum

Corn silage 30.7 42.4

Mixed grass haylage 28.4 7.0

Mixed grass hay 13.2 2.1

Dry ground corn – 14.4

Prepartum mix1 13.9 –

Lactation mix A2 – 14.0

Soybean meal 9.0 4.7

Cottonseed with lint – 4.5

Sugar cane syrup – 3.6

Lactation mix B3 – 4.5

Close-up supplement4 4.8 2.7

Rumensin5 – 0.1

Nutrient, % of DM

Dry matter (% as-fed) 55.5 51.6

Neutral detergent fiber 48.3 37.6

Acid detergent fiber 32 25.2

Crude protein 12.2 16.5

Starch 14.1 21.2

Ether extract 3.2 4.3

Ash 7.5 7.3

1Mix contained 27% commercial dry cow mix with Animate (Phibro Animal Health Corp., Teaneck, NJ),

17.3% ground corn, 17.3% crimped oats, 13% corn distillers, 12.9% soybean meal, 4.3% calcium carbonate,

4.3% calcium sulfate, 2.6% Omnigen AF (Phibro Animal Health Corp.), 1.1 Monocalcium phosphate, and <
1% of each of the following: Sel-plex 600 (Alltech Biotechnology, Nicholasville, KY) and vitamin E.
2Mix contained 33.6% citrus pulp, 19% soybean meal. 15.6% canola meal, 14% soybean hulls, 4.5%

calcium carbonate, 4.5% sodium bicarbonate, 2.8% urea, 2.7% fat, 2.4% sodium chloride, and <1% from

each of the following: Monocalcium phosphate, biotin, and Rumensin 90 (Elanco Animal Health, Greenfield,

IN).
3Mix contained 43.6% Fermenten (Church and Dwight Co., Princeton, NJ), 21.8% calcium carbonate, 10.8%

soybean hulls, 7.8% Mintrex blend (Novus International Inc., St. Charles, MO), 5.2% blood meal, 3.5%

magnesium oxide, 2.6% Celmanax (Vi-COR, Mason City, IA), 2.6% Omnigen (Phibro Animal Health Corp.),

and <1% of each of the following: vitamin E, selenium selenite, and selenium yeast 600.
4Mix contained 74.5% ground oats, 15.3% commercial amino acid, 8% Reashure (Balchem Encapsulates,

Slate Hill, NY), and <1% of each of the following: vitamin E and Niashure (Balchem Corporation, New

Hampton, NY).
5Rumensin for dairy included at 4,890 mg/kg.

https://doi.org/10.1371/journal.pone.0176787.t001
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(C24:0-GlcCer, C16:0-LacCer, C18:0-LacCer; Pleasant Gap, PA). Instrument control and

quantitation were performed using Analyst 1.4.2 and MultiQuant software (AB Sciex Inc.),

respectively.

Calculations and statistical analysis

Changes in BCS and body weight of lean and overweight cows were calculated as the differ-

ences between values at d -21 and 21, relative to parturition, and were analyzed using the GLM

procedure of SAS (version 9.3; SAS Institute Inc., Cary, NC). All data for time-dependent

changes in plasma, tissue and milk variables were analyzed as repeated measures over time rel-

ative to parturition under the MIXED procedure of SAS. The statistical model included the

random effect of cow nested within BCS, the fixed effects of BCS, day relative to parturition,

and their interaction. The covariance structure was modeled to identify patterns that best

describe relationships between the repeated measures. The most appropriate covariance struc-

ture was selected for each response variable after evaluating 3 different covariance structures

(variance components, first-order autoregressive, and compound symmetry), and the struc-

ture with the smallest Akaike’s information criterion coefficient was selected for analysis. The

method of Kenward-Roger was used for calculation of denominator degrees of freedom. The

SLICE option of SAS was used to compare treatment differences at individual time points.

Parametric Pearson correlations were performed to determine variables of interest. Rela-

tionships between select ceramides were evaluated by regression analysis using the REG proce-

dure of SAS. The full model included the random effect of cow and the linear and quadratic

effects of each predictor. Studentized residual values >3.0 or <-3.0 were considered outliers

and removed from the analysis (typically 1 per response variable). All results are expressed as

least squares means and their standard errors, unless stated otherwise. Significance was

declared at P< 0.05 and tendencies at P< 0.10. For presentation of plasma sphingomyelin

data, heat map was generated using MetaboAnalyst 3.0 [38].

Results and discussion

Although twenty-one prepartum cows were enrolled, seven cows were not included in our

analyses because they were diagnosed with a metabolic disease and subsequently treated by the

herd veterinarian; therefore, our data represents fourteen cows that transitioned from gesta-

tion to lactation without clinical interventions. Animal performance and metabolic responses

for lean and overweight cows are presented in Table 2. At enrollment, body weight was compa-

rable; however, overweight cows displayed an increased BCS, relative to lean cows. Elevated

adiposity prepartum predisposed overweight cows to greater BCS and body weight loss during

the peripartum. The dramatic loss of deposited fat in overweight cows was accompanied by

suppressed appetite and elevated milk fat yield postpartum, responses that have been previ-

ously observed in dairy cattle with overnutrition syndrome [39, 40].

Maternal adaptations of metabolism during peripartum ensure nutrient delivery to the

developing fetus and neonate [41]. Indeed, peripartal reductions in insulin secretion and the

development of peripheral insulin resistance constitute key adaptations of metabolism that

facilitate increased glucose delivery to the fetus and the mammary gland, which result in

increased adipose tissue lipolysis [4, 5, 41]. However, accelerated lipolysis can be a detriment

to cow health and performance [42, 43]. As anticipated, circulating fatty acids increased in all

cows postpartum with a concomitant decrease in plasma insulin and glucose levels. Cows with

greater adiposity prepartum are at enhanced risk for developing a postpartum metabolic dis-

ease [39, 40]. Comparable to our previous work [25], circulating insulin and fatty acids were

elevated in overweight cows. Because of the anti-lipogenic role of insulin, lipolysis-derived
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fatty acids are expected to be low in healthy individuals when insulin is elevated. The elevated

fatty acid concentration in plasma of overweight cows during prepartum suggests these animal

were experiencing adipose tissue insulin resistance, where above-normal insulin concentra-

tions were insufficient to prevent lipolysis in overweight individuals.

The deposition of fat in liver is associated with the development of insulin resistance

[44, 45], and precedes the development of metabolic disease in dairy cattle [46]. An increase in

fatty acid supply was accompanied by a linear increase in liver lipid content during the peri-

partum (r = 0.91; P< 0.001). Accordingly, plasma BHB concentrations were elevated in over-

weight cows during the peripartum. The greater reduction in dry matter intake recorded in

overweight cows certainly contributed to the severity of the observed metabolic stress. How-

ever, insulin resistance promotes adipose tissue lipolysis in dairy cattle and a greater magni-

tude of insulin resistance in overweight animals may augment adipose tissue lipolysis, and

trigger metabolic impairment. In the current study, insulin-stimulated reductions in circulat-

ing glucose were lower postpartum; however, systemic insulin sensitivity was not influenced

by adiposity. Reflecting a homeorhetic adaptation to lactation, we did measure increased

plasma fatty acids following a glucose challenge in postpartum cows. Moreover, glucose-

Table 2. Animal performance and metabolic responses during peripartum.

Prepartum Postpartum ANOVA P-value1

Lean Overweight SEM Lean Overweight SEM BCS Stage BCS × Stage2

Animal performance

BCS, units 2.91 4.00*** 0.07 2.59 3.30*** 0.08 <0.001 <0.001 <0.01

Body weight, kg 642 679 18 658 691 18.2 0.12 <0.01 0.88

BCS change, units3 - - - -0.39 -0.91 0.10 <0.01 - -

Body weight change, kg3 - - - -63.2 -141 12.4 <0.001 - -

Dry matter intake, kg/d 11.2 10.3 1.43 16.0 11.0* 1.53 <0.001 <0.001 <0.01

Milk yield, kg/d4 - - - 27.80 26.4 3.57 0.78 - -

Fat yield, kg/d - - - 0.83 1.59 0.15 <0.01 - -

Protein yield, kg/d - - - 0.89 0.91 0.14 0.95 - -

Lactose yield, kg/d - - - 1.13 1.10 0.19 0.89 - -

Metabolic responses

Glucose, mg/dL 68.0 65.8 3.29 58.7 59.6 3.29 0.87 <0.01 0.50

Insulin, μU/mL 7.13 14.8* 2.55 5.17 7.50 2.45 0.15 <0.01 0.07

Fatty acids, mmol/L 0.24 0.42† 0.07 0.49 1.02*** 0.07 <0.001 <0.001 0.02

Liver lipid, % wt/wt 4.02 6.71* 0.80 5.80 13.9*** 0.93 <0.001 <0.001 <0.01

BHB, μmol/L5 318 345 21.6 344 419 19.8 0.04 0.02 0.23

GSRN, % of basal6 -71.0 -60.0 0.05 -67.0 -57.0 0.05 <0.05 <0.05 0.55

ISRG, mg/dL7 -30.8 -34.3 3.9 -25.8 -26.2 3.7 0.27 <0.001 0.64

1Significance of main effects modeled. Body condition score (BCS) indicates adiposity score as either lean or overweight, and stage indicates pre or

postpartum.
2Difference between lean and overweight cows when significance or tendency for a group × stage interaction was detected; ***, P < 0.001; **, P < 0.01; *,

P < 0.05; †, P < 0.10.
3Change in BCS or body weight as calculated as the difference between d 21 and d -21, relative to parturition.
4Milk yield and components are average of first 3 weeks postpartum when recorded and measured.
5BHB = β-hydroxybutyrate.
6GSRN = glucose-stimulated reduction of plasma fatty acids following a glucose challenge calculated as minimum minus basal plasma nonesterified fatty

acids.
7ISRG = insulin-stimulated reduction of glucose after 40 min of insulin challenge start calculated as change from basal.

https://doi.org/10.1371/journal.pone.0176787.t002
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stimulated reductions in fatty acids were suppressed in overweight cows, relative to lean cows.

These results support localized decreases in adipose tissue insulin sensitivity in postpartum

cows that display greater adiposity prior to parturition.

Ceramide is a putative mediator of insulin resistance in overweight monogastrics with type

2 diabetes or nonalcoholic fatty liver disease [23, 27, 47]. In our study, concentrations of circu-

lating ceramide changed dynamically as cows transitioned from gestation to lactation (Fig 1).

Representing an initial validation of our previous observations [25], total ceramide and pre-

dominant C24:0-ceramide in plasma were elevated in overweight cows postpartum (44 and

106%, respectively; P< 0.05), and these changes were related to fatty acid mobilization. For

instance, plasma C24:0-ceramide was positively correlated with circulating fatty acid levels

(r = 0.76; P< 0.01). In contrast, we observed a 38% decrease in C16:0-ceramide concentration

at d 21, relative to d -21 prepartum (P< 0.01). However, similar to the C24:0 moiety, plasma

C16:0-ceramide was higher in overweight cows at d -7 prepartum and d 21 postpartum. We

and others have previously observed a reciprocal relationship between these abundant cer-

amides [25, 48], a response that is likely mediated by ceramide synthase 2 and 6, which control

the acylation of sphinganine to produce C24:0- and C16:0-ceramide, respectively [48, 49].

Although not measured in the current study, we have recently shown that ceramide synthase 2

and 6 are expressed in the liver during lactation [26], in agreement with the predominance of

Fig 1. Plasma ceramides are elevated in overweight cows during the transition from gestation to

lactation. Peripartal plasma concentrations of (A) C16:0-, (B) C18:0-, (C) C20:0-, (D) C22:0-, (E)

C24:0-ceramide, and (F) total ceramide in lean and overweight dairy cows. Data are represented as least

squares means and their standard errors. *, P < 0.05; †, P < 0.10. Total ceramide was calculated by

summation of C16:0-, C18:0-, C20:0-, C22:0-, C22:1-, C24:0-, and C26:0-ceramide.

https://doi.org/10.1371/journal.pone.0176787.g001
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their acylated products, C16:0- and C24:0-ceramide [49]. Recent evidence suggests that these

two major ceramide moieties can independently promote insulin resistance [15, 18]. In sup-

port, circulating C24:0-ceramide was inversely associated with glucose clearance rates follow-

ing an insulin challenge postpartum (r = -0.58; P< 0.05); however, this association was not

observed for plasma C16:0-ceramide. Notably, we observed similar changes in circulating cer-

amides in mid-lactation dairy cattle fed a palmitic acid-enriched diet, which occurred with

simultaneous elevations in milk yield [26, 50]. Similar to the adiposity-related changes in

C16:0 and C24:0-ceramide, circulating C18:0- and C22:0-ceramide both increased in over-

weight cows by d 21 postpartum (Fig 1). Notably, in a recent study by Park and collaborators

[51], C18:0-ceramide was the only ceramide to become elevated in skeletal muscle of obese

mice with impaired systemic insulin tolerance. In our study, skeletal muscle C18:0-ceramide

was inversely associated with insulin-stimulated reductions of glucose at d 4 postpartum

(r = -0.67; P< 0.001). These observations support the notion that ceramides other than C16:0

and C24:0 could also be causal agents of insulin resistance. In contrast, we did not detect time

or adiposity-associated changes in plasma C20:0-ceramide levels. This finding is in agreement

with the observations from others [52] where no adiposity-related differences were found in

circulating C20:0-ceramide concentrations and insulin sensitivity, supporting the observation

that not all ceramide moieties are affected equally by the state of adiposity. In view that recent

evidence [15, 18] demonstrates that 16:0- and C24:0-ceramide can disrupt insulin sensitivity

(e.g. protein kinase B phosphorylation) in peripheral tissues, future work should investigate

the role of circulating ceramides in the development of tissue-specific (e.g., adipose tissue and

skeletal muscle) insulin resistance during peripartum.

The insulin receptor can co-localize with complex glycosphingolipids in plasma membrane

caveolae [53]. Specifically, gangliosides can disrupt insulin signaling by displacing the insulin

receptor from these microdomains [53, 54]. Precursors for ganglioside synthesis include

GlcCer and LacCer, and the pharmacological inhibition of GlcCer synthase can enhance insu-

lin sensitivity and restore normoglycemia [55]. The concentrations of total GlcCer and LacCer

in plasma increased as cows entered lactation (Fig 2), a response that developed with increased

fatty acid supply (r = 0.49 and 0.50, respectively; P< 0.05) and adiposity. In a similar manner,

we detected increased plasma concentrations of the predominant C16:0- and C24:0-GlcCer

(83 and 54%, respectively; P< 0.05) over the course of the transition period, as well as

increased concentrations of C16:1-, C20:0-, C22:1-GlcCer, and total GlcCer in overweight

cows at d 21 postpartum (20, 46, 20, and 23%, respectively; P< 0.01). No effect of adiposity

was detected for C16:0- and C22:0-GlcCer (S1 Fig). Interestingly, plasma concentrations of

C18:0-GlcCer were consistently lower for overweight cows from d -21 to d 21 (P< 0.05;

S1 Fig), however, the reason for this observation is unclear. Of note, an inverse relationship

was observed between plasma C16:0-GlcCer and C16:0-ceramide (r = -0.40; P< 0.001), where

the concentrations of C16:0-GlcCer increased progressively during the transition from gesta-

tion to lactation. From our repeated observations [25, 26], the active glycosylation of

C16:0-ceramide by GlcCer synthase may contribute to its reduced concentration and to the

reciprocal elevation of C16:0-GlcCer postpartum; however, changes in GlcCer synthase during

the peripartum need to be characterized. Lactosylated ceramides in plasma increased by 53%

from d -21 to 21 relative to parturition, a response driven by changes in C16:0-LacCer, which

increased by 51%, and represented 85% of all quantified lactosylated ceramides. Similarly,

C18:0-, C22:0-, C24:0-, and C24:1-LacCer increased during the peripartum period and were

higher in overweight cows at d 21 postpartum (54, 42, 69, and 58%, respectively; S2 Fig). In

support of an insulin antagonism role for glycosylated ceramides in adipose tissue [14],

C16:0-GlcCer was positively associated with plasma fatty acids (i.e. area under the curve, and

minimum and maximum fatty acid concentrations; r = 0.35 to 0.65; P< 0.01) and inversely
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related with glucose-stimulated reductions of fatty acids following a glucose challenge (glu-

cose-stimulated reductions in fatty acids; r = -0.44; P< 0.01). In agreement with our observa-

tions, Park and collaborators [51] recently showed that C2C12 myocytes accumulate

C16:0-GlcCer in response to the insulin resistance inducer, palmitic acid. However, studies

evaluating the direct involvement of specific GlcCer moieties on the causation of insulin resis-

tance remain limited.

The hepatic de novo synthesis and lipoprotein export of ceramide during periods of

increased fatty acid influx may contribute to insulin resistance [11, 14, 16]. Similar to our pre-

vious work that characterized the liver profile of ceramides in mid-lactation dairy cows [26],

we observed that hepatic C24:0-ceramide was the predominant ceramide (50% of total cer-

amide), followed by C16:0- and C22:0-ceramide (Fig 3). Liver total ceramide and C24:0-cer-

amide progressively increased as overweight cows transitioned from gestation to lactation

(~65%). Increased hepatic lipid accumulation in overweight cows was linearly associated with

increased plasma fatty acids (r = 0.66; P< 0.01) indicating augmented fatty acyl-CoA supply

for de novo ceramide synthesis. In support, regression analysis revealed a positive relationship

between postpartum concentrations of hepatic and plasma C24:0-ceramide immediately post-

partum (Fig 4); albeit no prepartum associations were found. Additionally, we observed an

increase in C16:0-dihydroceramide in plasma (S3 Fig), an intermediate of the de novo synthe-

sis pathway. Because we previously demonstrated that increased palmitic acid supply can

increase hepatic C24:0-ceramide accumulation in dairy cattle [26], we conceive that palmitic

acid derived from lipolysis may promote de novo ceramide synthesis during the peripartum.

Interestingly, Xia and collaborators [56] showed that ceramide can contribute to hepatic stea-

tosis by promoting protein kinase C-z activation and cluster of differentiation 36-mediated

fatty acid uptake in liver. Moreover, ceramide can inhibit β-oxidation and increase triacylgly-

cerol accumulation [48, 57] potentially by inducing cytochrome c release [58]. Therefore,

hepatic ceramide accumulation during the peripartum may accelerate liver lipid accumulation

Fig 2. Glycosylated ceramides increase during peripartum and are elevated in overweight cows. Peripartal plasma

concentrations (ng/mL) of monohexosylceramides (GlcCer), and lactosylceramides (LacCer) in lean and overweight cows.

Plasma (A) C16:0-GlcCer, (B) C24:0-GlcCer, (C) total GlcCer, (D) C16:0-LacCer, (E) C24:0-LacCer, and (F) total LacCer. Data

are represented as least squares means and their standard errors. *, P < 0.05; †, P < 0.10. Total GlcCer was calculated by

summation of C16:0-, C16:1-, C18:0-, C18:1-, C20:0-, C22:0-, C22:1-, C24:0-, C24:1-, and C26:0-GlcCer. Total LacCer was

calculated by summation of C16:0-, C18:0-, C22:0-, C24:0-, and C24:1-LacCer.

https://doi.org/10.1371/journal.pone.0176787.g002
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in cows with augmented prepartum adiposity, and predispose these animals to insulin antago-

nism. In support, we detected positive associations between liver lipid content and hepatic cer-

amides (e.g. C24:0-ceramide, r = 0.40; P< 0.05).

In contrast to our observation of hepatic C24:0-ceramide, no time-associated changes were

detected for hepatic C16:0-ceramide (Fig 3). Interestingly, C16:0-ceramide concentrations

were lower in overweight cows at d -21, relative to lean, which was not simultaneously reflected

in plasma. This constitutes an unexpected observation given that elevated concentrations of

circulating fatty acids in overweight individuals would be expected to correspond to increased

hepatic ceramide synthesis. The discrepancy may be explained by differences in the activity of

the pathways contributing to ceramide breakdown and synthesis between lean and overweight

cows prepartum (e.g., ceramidase or sphingomyelinase activity); however, no assertions in this

regard can be made with our current data. Similarly, because our analysis of tissue ceramide

accumulation and systemic insulin sensitivity was limited to the immediate postpartum (d 4),

our ability to draw inferences on the origin of circulating ceramides and their effects on sys-

temic insulin sensitivity are limited beyond this point (e.g. d 21 of parturition). Future studies

should evaluate whether these relationships are sustained during the early postpartum and

later in lactation, when lipolysis and ceramide synthesis from circulating fatty acids are

expected to be minimal.

The complete mechanism by which ceramide inhibits insulin sensitivity in skeletal muscle

tissue may depend on the origin of the sphingolipid. Different lines of evidence currently sup-

port the concept that circulating and intracellular ceramide can promote insulin resistance

[18, 59, 60], and accumulate in tissues during type 2 diabetes [27, 61, 62]. However, the signifi-

cance of ceramide accumulation during gestation and lactation has remained poorly defined.

Fig 3. Total ceramide and C24:0-ceramide accumulate progressively in the liver of peripartal

overweight cows. (A) Hepatic ceramide profile, and concentrations (μg/mg of wet liver) of (B) C16:0-, (C)

C24:0-ceramide, and (D) total ceramide in peripartal lean and overweight cows. Data are represented as least

squares means and their standard errors. *, P < 0.05; †, P < 0.10. Total ceramide was calculated by

summation of C16:0-, C18:0-, C20:0-, C22:0-, C24:0-, C24:1-, and C26:0-ceramide.

https://doi.org/10.1371/journal.pone.0176787.g003
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In our study, we characterized the ceramide content and profile of the peripartal bovine skele-

tal muscle, and identified C24:0-ceramide as the most abundant ceramide (Fig 5). The concen-

tration of C24:0-ceramide in skeletal muscle was not influenced by time; however, we did

observe a tendency for lower C24:0-ceramide in skeletal muscle biopsied from overweight

cows. In contrast, we observed a 51% increase in skeletal muscle C16:0-ceramide during the

transition from gestation to lactation, albeit no effect of adiposity was detected. In agreement

with the observation that ceramide accumulates in skeletal muscle of insulin-resistant humans

[61, 62], C16:0-ceramide concentration in skeletal muscle was inversely associated with insu-

lin-stimulated reductions in glucose postpartum (r = -0.63, P< 0.05). Raichur et al. [48] and

Turpin et al. [15] have proposed that skeletal muscle C16:0-ceramide is a proapoptotic media-

tor of the pathophysiology of insulin resistance in response to high-fat feeding, and in contrast,

C24:0-ceramide confers antiapoptotic and proliferative functions. Unfortunately, these studies

did not evaluate the potential role of circulating ceramide. Mindful of these uncertainties, we

consider that the ability of a specific ceramide moiety to antagonize insulin signaling may be

influenced by the compartmental source, which may differ across monogastrics and

Fig 4. Plasma ceramide content is quadratically associated with hepatic ceramide accumulation

postpartum. Regression analysis of plasma and liver concentrations of (A) total and (B) C24:0-ceramide in

lean and overweight dairy cows at d 4 postpartum. No associations were detected prepartum. Total ceramide

was calculated by summation of C16:0-, C18:0-, C20:0-, C22:0-, C24:0-, C24:1-, and C26:0-ceramide.

https://doi.org/10.1371/journal.pone.0176787.g004
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ruminants. Future studies should directly investigate the ability of circulating and intracellular

ceramide to promote defects of insulin signaling in bovine skeletal muscle.

Although de novo ceramide synthesis can contribute to ceramide pools, the activation of

sphingomyelinase and subsequent hydrolysis of sphingomyelins to produce ceramide in

response to pro-inflammatory signals is well characterized in monogastrics [19, 20], and

deserves consideration in cows. Considering that parturition is accompanied by a weakened

immune status in dairy cattle [63], we explored changes in circulating sphingomyelins (Figs 6

and 7) and dihydrosphingomyelins (S4 Fig). Similar to adult humans [52], C16:0-, C18:1-, and

C20:1-sphingomyelin were the predominant sphingomyelins measured in plasma (Figs 6 and

7). Plasma total sphingomyelin levels reached a nadir at parturition, a response pattern that

was observed for all sphingomyelins profiled. Specifically, we observed a 30% decrease in

plasma total sphingomyelins at d 0, relative to d -21 prepartum (P< 0.001). Similar changes

were observed for dihydrosphingomyelins. Although prepartum adiposity did not influence

total sphingomyelin concentration, we did detect a significant decrease in C18:1 and

C20:1-sphingomyelin levels in overweight cows (Fig 7; P< 0.05). Increased adiposity is associ-

ated with adipose tissue macrophage infiltration and tumor necrosis factor-α release [64, 65];

therefore, our data supports the possibility that increased adiposity may have predisposed

cows to greater inflammation and sphingomyelinase activation. Consistent with sphingomye-

lin hydrolysis as a source of ceramides, inverse associations between ceramides and sphingo-

myelins were detected in plasma during prepartum (e.g. r = -0.43 for C18:0-linked ceramide

and sphingomyelin; P< 0.01). Alternatively, the hepatic synthesis and subsequent lipoprotein

export of sphingomyelin may have been suppressed because of inadequate phosphocholine

supply. In support, we observed a reduction in dry matter intake as parturition approached,

Fig 5. Skeletal muscle content of C16:0-ceramide increases progressively during peripartum. (A)

Ceramide profile of skeletal muscle (μg/mg of wet skeletal muscle), concentrations of (B) C16:0-ceramide, (C)

C24:0-ceramide, and (D) total ceramide. Data are represented as least squares means and their standard

errors. †, P < 0.10. Total ceramide was calculated by summation of C16:0-, C18:0-, C20:0-, C22:0-, C24:0-,

and C26:0-ceramide.

https://doi.org/10.1371/journal.pone.0176787.g005
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which may have limited the intestinal absorption of dietary choline. Of importance because

choline is a limiting nutrient in peripartal dairy cow diets [66]. Indeed, we did observe a posi-

tive association between dry matter intake and circulating C18:1- and C20:1-sphingomyelin in

overweight cows (r = 0.72 and 0.67, respectively; P< 0.001; S5 Fig), select sphingomyelin moi-

eties that were reduced in overweight cows. It is intriguing to recognize that circulating sphin-

gomyelins represent a concentrated sphingolipid pool (608-fold higher than ceramides),

suggesting that minor changes in sphingomyelin levels can dramatically influence ceramide

supply. The interplay between sphingomyelin metabolism and the accrual of ceramide during

the progression of peripartal insulin resistance in dairy cattle deserves further consideration.

Reduced insulin action and lipolysis represent adaptive mechanisms that facilitate necessary

shifts in energy metabolism to support the heightened glucose demands of early lactation. The

ability of ceramides to disrupt insulin signaling is clear; however, their role in facilitating the

development of insulin resistance in cows transitioning from gestation to lactation requires

investigation. Herein, we validated our previous work demonstrating that circulating

C24:0-ceramide increases concomitant with the magnitude of lipolysis [25]. Furthermore, we

have demonstrated the accrual of hepatic C24:0-ceramide in cows with severe fatty liver

Fig 6. Plasma sphingomyelins reach nadir at parturition. (A) Plasma profile of sphingomyelin and (B)

peripartal changes of plasma total sphingomyelin in lean and overweight cows. Data are represented as least

squares means and their standard errors. (C) Global changes in plasma sphingomyelins during peripartum.

For visualization purposes, the heat map represents fold-change of log2 transformed data. The main effect of

day relative to parturition was significant for all sphingolipids shown (P < 0.01). The main effect of adiposity

(BCS) was significant for C20:1-sphingomyelin (P < 0.01). BCS ×Day interaction significant for

C18:1-sphingomyelin. DH: dihydro.

https://doi.org/10.1371/journal.pone.0176787.g006
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deposition, and we have established that liver and plasma ceramide profiles are comparable.

Therefore, our data supports the possibility that surplus fatty acids are diverted towards

hepatic de novo ceramide synthesis, which in turn facilitates lipoprotein ceramide export. We

have also established that C16:0-ceramide accumulates in skeletal muscle during the peripar-

tum, demonstrating that changes in ceramide metabolism are uniquely dependent upon the

tissue compartment. Moreover, we observed inverse associations between direct assessments

of systemic insulin sensitivity and peripartal concentrations of ceramide and glycosylated cer-

amide, in support for their putative role in mediating whole-body insulin resistance. Finally,

we discovered that temporal modifications in circulating sphingomyelins are influenced

by parturition and associated with peripartal feed intake. Our data suggest that ceramides are

fundamentally involved in the adaptive metabolic changes associated with the onset of

lactation.

Fig 7. Plasma sphingomyelins decrease toward parturition and increase postpartum. Plasma

concentrations (μg/mL) of (A) C16:0-, (B) C16:1-, (C) C18:0-, (D) C18:1-, (E) C20:0-, (F) C22:0-, (G) C24:0-,

and (H) C24:1-sphingomyelin in lean and overweight peripartal dairy cows. Data are represented as least

squares means and their standard errors. *, P < 0.05; †, P < 0.10.

https://doi.org/10.1371/journal.pone.0176787.g007
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Supporting information

S1 Fig. Peripartal changes in circulating glycosylated ceramides. Peripartal plasma concen-

trations (ng/mL) of monohexosylceramides (GlcCer) in lean and overweight cows. Plasma (A)

C16:1-GlcCer, (B) C18:0-GlcCer, (C) C18:1-GlcCer, (D) C20:0-GlcCer, (E) C22:0-GlcCer, (F)

C22:1-GlcCer, (G) C24:1-GlcCer, and H) C26:0-GlcCer. Data are represented as least squares

means and their standard errors. �, P< 0.05; †, P< 0.10.

(TIF)

S2 Fig. Peripartal changes in circulating lactosylated ceramides. Peripartal plasma concen-

trations (ng/mL) of lactosylceramides (LacCer) in lean and overweight cows. Plasma (A)

C18:0-LacCer, (B) C22:0-LacCer, and (C) C24:1-LacCer, Data are represented as least squares

means and their standard errors. �, P< 0.05; †, P< 0.10.

(TIF)

S3 Fig. De novo synthesized C16:0-dihydroceramide increases in plasma during the transi-

tion from gestation to lactation. Data are represented as least squares means and their stan-

dard errors. �, P< 0.05; †, P< 0.10.

(TIF)

S4 Fig. Plasma dihydro-(DH)-sphingomyelins reach nadir at parturition and increase

postpartum. Plasma concentrations (μg/mL) of (A) C16:0-, (B) C18:0-, (C) C20:0-DH-

sphingomyelin, and (D) total sphingomyelin in lean and overweight peripartal dairy cows.

Data are represented as least squares means and their standard errors. �, P< 0.05; †, P< 0.10.

(TIF)

S5 Fig. Selected plasma sphingomyelins are linearly associated with dry matter intake

(DMI) in overweight cows. Regression analysis of DMI with (A) C18:1-, and (B) C20:1-sphin-

gomyelin in plasma during the transition from gestation to lactation.

(TIF)
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