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ABSTRACT

Cows with left displaced abomasum (LDA), a costly
disease occurring primarily in multiparous dairy cows
during early lactation, have been reported to have
40% lower circulating concentrations of vitamin E. It
is unknown, however, whether the lower circulating
a-tocopherol concentrations precede LDA or remain
after LDA. Using a nested case-control design, blood
samples taken at d —21, —14, -7, =3, —1, 0, 1, 3, 7,
14, 21, 28, 35, 42, and 49 postpartum from 7 multipa-
rous Holstein cows diagnosed with LDA between d 6
and 32 postpartum and 10 healthy Holstein cows from
the same herd were analyzed for serum concentrations
of a-tocopherol and indicators of energy and nutrient
status and inflammation. In addition to indicators of
negative energy balance and inflammation, lower serum
a-tocopherol concentrations preceded LDA and per-
sisted after LDA correction. At the last blood sampling
before LDA diagnosis, cows had serum a-tocopherol
concentrations 45% lower (5.0 £+ 0.9 vs. 9.1 + 0.9 pM)
and a-tocopherol to cholesterol molar ratios 39% lower
(1.90 + 0.19 vs. 3.09 £ 0.26) than those of healthy
cows. Serum a-tocopherol concentrations remained
lower (<10 vs. ~15 pM) up to d 49 postpartum in cows
that had LDA. These findings indicate that lower se-
rum a-tocopherol concentrations are a potential early
indicator for the development of LDA in multiparous
COWS.

Key words: dairy cow, early lactation, left displaced
abomasum, vitamin E

INTRODUCTION

Left displaced abomasum (LDA) is an economically
important disease that affects approximately 3.5% of
US dairy cows (US Department of Agriculture, 2009).
The cost per case, including surgery, milk loss, and
mortality, is estimated to be between $250 and $400
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(Bartlett et al., 1995) and does not include costs as-
sociated with decreased BW, delayed reproductive per-
formance, or increased culling rates (Ostergaard and
Grohn, 1999; Raizman and Santos, 2002). Many factors
play a role in the etiology of LDA, including genet-
ics, age (>3 yr), early lactation, late winter and early
spring, obesity, endotoxemia, rapid weight loss, sudden
diet changes, high grain and corn silage and low NDF
rations, low feed intake, rumen fill, and rumen motility,
impaired liver function, pregnancy with multiples, and
co-morbidities (reviewed by Geishauser, 1995; Shaver,
1997; Doll et al., 2009). Two major types of LDA are
recognized: primary LDA, which occurs throughout
lactation in response to feed management errors, and
secondary LDA, which occurs in multiparous cows dur-
ing the first month of lactation as part of the peripartal
disease complex. This study focuses on the latter type.

a-Tocopherol, the most abundant and biologically
active form of vitamin E, is a lipid-soluble antioxidant
that prevents oxidation of PUFA (reviewed by Baldi,
2005; Traber and Atkinson, 2007; Politis, 2012). Cur-
rent National Research Council recommendations for
supplemental a-tocopherol in dairy cows are 1.6 TU/
kg of BW (approximately 80 TU/kg of DMI) during
the dry period and 0.8 TU /kg of BW (approximately 20
IU/kg of DMI) during lactation (NRC, 2001). Dietary
vitamin E requirements are elevated in early lactation
because lipid peroxidation is increased (Castillo et al.,
2006; Sordillo and Aitken, 2009), significant amounts
of vitamin E are secreted in the colostrum (Weiss et
al., 2009), and depressed feed intake, inflammation,
and low lipid absorption and transport may decrease
dietary vitamin E utilization (Baldi, 2005).

Cows with LDA have 40% lower circulating
a-tocopherol concentrations than control cows (Mudron
et al., 1997; Hasanpour et al., 2011). We hypothesized
that depleted a-tocopherol concentrations precede LDA
and remain after LDA correction. Thus, the objective
of this study was to determine serum a-tocopherol con-
centrations of multiparous dairy cows with secondary
LDA during the first month of lactation and without
disease between —3 and 7 wk postpartum.
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MATERIALS AND METHODS
Animals and Study Design

All procedures involving animals were approved by
the Oregon State University Institutional Animal Care
and Use committee. The research was conducted on a
1,000-head commercial dairy farm in Oregon’s Central
Willamette Valley during spring and summer 2010.
The cohort consisted of 161 multiparous Holstein cows
(parity 2 to 7). Seven cows (2 or 3 parities) that were
diagnosed with LDA (identified at d 6, 7, 13, 13, 17, 22,
and 32, respectively) and 10 control cows (not treated
for diseases during the sampling period) similar in par-
ity, calving month, and age were selected for this nested
case-control study.

During the last 4 wk before expected calving, cows
were housed in a straw-bedded freestall barn and were
fed once in the morning (0730 h) a TMR based on corn,
corn silage, and alfalfa and triticale hay, which met
NRC guidelines (NRC, 2001) and contained supple-
mental vitamin E at 167 IU/kg of DM (Table 1). After
calving, healthy cows stayed in the hospital pen for
the first 2 d, and then for 4 wk in the early-lactation
pen, and then, based on body size, in 3 mid-lactation
pens. Cows diagnosed with LDA were moved back to
the hospital pen for treatment. Cows from the hospi-
tal, early-lactation, and mid-lactation pens were fed at
0700, 0900, and 1000 h, respectively, and at 1330 h
for all cows, a TMR based on corn, corn silage, and
alfalfa hay, that met NRC guidelines (NRC, 2001) and
contained supplemental vitamin E at 24.5 TU /kg of DM
(Table 1).

Starting 28 d before predicted calving date, the BCS
of each cow was scored weekly until 4 wk postpartum
and then at wk 7 and 14 postpartum (Edmonson et al.,
1989). During the study period, cows were monitored
daily for flakes in the milk, gait, appetite, general ap-
pearance, alertness, vaginal discharge, and retained pla-
centa. Uterine discharge was checked twice a week, and
urinary ketones and body temperature were checked if
a cow appeared not healthy. Medical treatments were
administered based on the standard operating proce-
dures of the dairy farm, which, for LDA, was as follows:
after LDA diagnosis by the herd manager, cows were
moved to an isolation pen and the herd manager per-
formed the “roll-and-toggle” procedure (Bartlett et al.,
1995). After LDA correction, cows were moved to the
hospital pen, received 0.5 L of dextrose i.v. (50% dex-
trose; Aspen Veterinary Resources Ltd., Liberty, MO)
and 2 capsules of the fiber, electrolyte, and vitamin
A supplement Pecti-cap (Bio-Vet Inc., Blue Mounds,
WI), and were then injected i.m. with 20 mL of vita-
min B complex (Aspen Veterinary Resources Ltd.). To

3013

prevent infections, cows were injected i.m. for up to 7
d with penicillin (40 mL/d, Penicillin G Procaine; As-
pen Veterinary Resources Ltd.), followed by treatment
for up to 7 d with sulfadimethoxine (30 g/d, Sulfasol
soluble powder; Med-Pharmex, Pomona, CA).

Blood Collection and Analysis

Blood samples were taken at d —21 (—24 to —18),
—14 (=17 to —11), =7 (=10 to —5), =3 (—4 or —3), —1
(=2o0r—1),0,1,3,7,14, 21, 28, 35, 42, and 49 postpar-
tum within 10 min after morning feeding. Blood (5 to
8 mL) was obtained from the coccygeal vein or artery
in 10-mL serum Vacutainer tubes (BD Vacutainer Plus
Plastic Serum Tubes, BD Diagnostics, Franklin Lakes,
NJ), placed on ice, and transported to the laboratory,
where serum was separated by centrifugation at room
temperature for 20 min at 1,600 x g¢. Serum samples
were stored at —20°C until chemical analysis.

Serum a-tocopherol concentrations were measured
using a reversed-phase Phenomenex Synergi 4 pM
Hydro-RP, 150 x 4.6 mm column and a SecurityGuard
cartridges AQ C18 pre-column, 3.0 mm i.d. (Phe-
nomenex, Torrance, CA) with a LC-4B amperometric
electrochemical detector (Bioanalytical Systems Inc.,
West Lafayette, IN), following Podda et al. (1996). An
isocratic mobile phase of 99:1 (vol:vol) methanol:water
containing 0.1% (wt:vol) lithium perchlorate was used
with a run time of 9 min and the electrochemical
detector set at 500 mV. After 100 pL of serum was
saponified in alcoholic KOH with 1% ascorbic acid,
the sample was extracted with hexane and dried, and
the residue was resuspended in ethanol:methanol (1:1).
A 20-pL aliquot of the extract was injected into the
HPLC system. Serum concentrations of cholesterol
(Stanbio Cholesterol LiquiColor Procedure No. 1010;
Stanbio Laboratory, Boerne, TX), glucose (Stanbio
Glucose Proc. No. 1075; Stanbio Laboratory), NEFA
(ACS ACOD method, Wako Diagnostics, Richmond,
VA), BHBA (Stanbio BHBA LiquiColor Proc. No.
2440; Stanbio Laboratory), urea N (Stanbio Urea Ni-
trogen Liqui-UV Proc. No. 2020; Stanbio Laboratory),
haptoglobin (bovine-specific ELISA kit cat. no. 2410-
70; Life Diagnostics Inc., West Chester, PA), serum
amyloid A (SAA; multispecies ELISA kit cat. no.
KAA0021; Life Technologies, Grand Island, NY), calci-
um (Stanbio Total Calcium LiquiColor Proc. No. 0150;
Stanbio Laboratory), magnesium (Stanbio Magnesium
LiquiColor Proc. No. 0130; Stanbio Laboratory), and
phosphorus (Stanbio Phosphorus Liqui-UV Proc. No.
0830; Stanbio Laboratory) were measured according to
manufacturer’s instructions using a FLUOstar Omega
microplate autoreader (BMG Labtech Inc., San Fran-
cisco, CA).
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Table 1. Feed and nutrient composition (% diet DM, unless otherwise specified) of pre- and postpartum diets

Ttem Prepartum Postpartum

Feed composition
Grass silage 2.13
Alfalfa hay (20% CP, 36% NDF) 13.42 19.26
Corn silage 27.77 20.93
Triticale hay (9% CP, 60% NDF) 13.69 —
Beet pulp 3.41
Vitamin and mineral premix’ 4.95
Vitamin and mineral premix® 2.96
MagOx® 0.18
Ground corn 18.15
Corn (high-moisture ear corn) — 20.00
Corn distillers grain (incl. solubles) 8.06 12.33
Canola meal 6.69 6.40
Wheat distillers grain (incl. solubles) 5.97
Bakery by-product — 6.39
EnerGII Regular® 1.82 1.74
Limestone (ground) 1.85 0.94
Sodium bicarbonate 0.94

Analyzed nutrient composition
NE;, (Mcal/kg, DM basis) 1.63 1.70
CP 13.0 18.7
ADF 27.1 16.9
NDF 36.2 27.2
Calcium 2.42 0.68
Phosphorus 0.42 0.44
Magnesium 0.46 0.32
Potassium 1.30 1.23
Sodium 0.072 0.243
Tron (mg/kg) 469 570
Zinc (mg/kg) 83 115
Copper (mg/kg) 23 23
Manganese (mg/kg) 65 91
Molybdenum (mg/kg) 0.6 0.5

'Provided to the diet DM: 6.7 g/kg of Ca as calcium propionate, calcium carbonate, calcium chloride and
mono-dicalcium phosphate, 1.4 g/kg of P as mono-dicalcium phosphate, 8.0 g/kg of Cl as ammonium and cal-
cium chloride, 3.4 g/kg of Mg as magnesium sulfate, 30 mg/kg of K, 0.99 g/kg of S as magnesium, manganese,
copper, cobalt, and zinc sulfate, 0.17 mg/kg of Co as cobalt sulfate, 15.2 mg/kg of Cu as copper sulfate, 1.012
mg/kg of I as ethylenediaminedihydroiodide, 7.7 mg/kg of Mn as manganese sulfate, 0.31 mg/kg of Se as so-
dium selenite, 29.9 mg/kg of Zn as zinc sulfate, 10.8 kIU /kg of vitamin A, 4.6 kIU /kg of vitamin Ds, 167 IU /kg
of vitamin E as all rac a-tocopheryl acetate, 1.19 g/kg of choline, 1.00 g/kg of niacin, 26.8 mg/kg of monensin.
*Provided to the diet DM: 0.30 g/kg of Ca, 0.23 g/kg of P from ammonium polyphosphate, 0.20 g/kg of Mg,
1.23 g/kg of K, 0.21 g/kg of Na, 0.19 g/kg of Cl, 0.26 g/kg of S, 0.07 mg/kg of Co as cobalt sulfate, 0.05 mg/
kg of Co as organic cobalt, 12.4 mg/kg of Cu as copper sulfate, 4.42 mg/kg of Cu as organic copper, 1.76 mg/
kg of I as ethylenediaminedihydroiodide, 10.7 mg/kg of Mn as manganese sulfate, 0.81 mg/kg of Mn as organic
manganese, 0.25 mg/kg of Se as sodium selenite, 59.0 mg/kg of Zn as zinc sulfate, 8.00 mg/kg of Zn as organic
zine, 5.01 kIU/kg of vitamin A, 1.23 kIU/kg of vitamin Dj, 24.5 IU /kg of vitamin E as all rac a-tocopheryl
acetate, 0.25 g/kg of methionine.

*Guaranteed to contain no less than 56% Mg.

*Contained (DM basis) 90.4% total fat and 9.6% Ca as calcium salts of long-chain FA (Inman, Clackamas,
OR).

Statistical Analysis

Data were analyzed as repeated-measures-in-time
ANOVA using the PROC MIXED procedure of SAS
(version 9.2; SAS Institute, 2009). The molar ratio of
a-tocopherol to cholesterol was calculated to adjust for
changes in lipid transport (Traber and Jialal, 2000) and
stage of lactation (Weiss, 1998) To achieve a normal
distribution for their serum concentrations, concentra-
tions of glucose, NEFA, SAA, and a-tocopherol to cho-
lesterol molar ratio were In-transformed, concentrations
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of haptoglobin and BHBA were twice In-transformed,
concentrations of cholesterol were square-root trans-
formed, and concentrations of phosphorus >11 mg/
dL (6 samples) were set at 11 mg/dL. The variance-
covariance structure of repeated measures within cow
was modeled using the heterogeneous first-order autore-
gressive variance-covariance matrix. Fixed effects were
LDA incidence (cases, control), parity (2, >2), sam-
pling time, and the interaction between LDA incidence
and sampling time. To obtain the correct degrees of
freedom, the KENWARDROGER option was invoked.
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To compare our results with previously published
studies and identify early indicators of LDA, average
serum concentrations in the last week before calving
and the first 3 d postpartum were calculated using the
trapezoidal rule and analyzed in PROC GLM, with
LDA status and parity as fixed effects. In addition, we
compared the results of the last blood sample before
LDA diagnosis with those of control cows at d 7 post-
partum in PROC GLM with LDA status and parity as
fixed effects. Day 7 postpartum was chosen for com-
parison because most serum indicators reached their
most extreme value at that time point. Potential cut-off
values for detecting LDA in wk —1 or 1 postpartum
were determined using Fisher’s exact test. For wk 1
postpartum, we excluded samples taken at d 0, 1, or
after LDA diagnosis. Values presented in the figures
and tables are least squares means (LSM) and their
standard errors (SEM) that are transformed back to
their original measurement scale. All statistical tests
were 2-sided. Significance was declared at P < 0.05 and
a tendency at 0.05 to 0.10.

RESULTS

The incidence rate of LDA in this study cohort was
4.3% (7 of 161 cows). Cows with LDA were in either
their second or third parity. Left displaced abomasum
was corrected at postpartum d 6, 7, 13, 13, 17, 22,
and 32, respectively, using the roll-and-toggle method,
which did not have to be repeated for any cow. Each
cow had morbidities before LDA diagnosis (5 cows had
ketosis, 4 cows had metritis, 2 cows had milk fever, and
1 cow each retained placenta after twins, mastitis, or
laminitis). Most cows had morbidities after LDA cor-
rection (until d 49 postpartum: 4 cows had ketosis, 1
cow had mastitis, and 1 cow died from an intestinal
ulcer 2 d after LDA diagnosis at d 34 postpartum). The
10 control cows did not show signs of clinical diseases
during the sampling period and had relatively normal
serum concentrations of BHBA (range: 0.28 to 1.19
mM; <1.2 mM as cut-off between healthy and subclini-
cal ketosis; McArt et al., 2012), calcium (range: 6.9 to
11.8 mg/dL; >6 mg/dL as cut-off between clinical milk
fever and subclinical milk fever or inflammation-associ-
ated hypocalcemia; Goff, 2008; Reinhardt et al., 2011),
and magnesium (range: 1.33 to 3.38 mg/dL; >1.15 mg/
dL as cut-off between hypomagnesemia and subclinical
tetany; Goff, 2008). Before calving, all 17 cows were
visually healthy.

Serum Vitamin E, Cholesterol, BCS, and LDA

Cows that developed LDA during the first month
postpartum had, on average, lower serum a-tocopherol
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concentrations (P = 0.003; Figure 1A) and a-tocopherol
to cholesterol molar ratios (P = 0.03; results not shown)
compared with healthy cows. Sampling time affected
serum a-tocopherol concentrations and «-tocopherol
to cholesterol molar ratios (both P < 0.0001), with
concentrations decreasing dramatically in the first
week postpartum in all cows (Figure 1A). The nadir
a-tocopherol concentrations at d 7 postpartum were
lower in cases than controls (5.1 = 1.0 pM vs. 9.2 4+ 0.8
pwM; P = 0.004). In control cows, a-tocopherol concen-
trations returned to prepartal concentrations (~15 pM)
by 28 d postpartum. Serum a-tocopherol remained
lower in cases compared with controls (<10 pM vs. 15
pM) during the entire postpartal sampling period (all
P < 0.03; Figure 1A).

Serum cholesterol changed differently over time in
control and case cows (Ppyeaction = 0.001; Figure 1B).
Cholesterol concentrations were similar in the 2 groups
until d 3 postpartum, but were lower in LDA cows for
the remaining sampling period (all P < 0.05; Figure
1B). A tendency to a significant interaction between
LDA incidence and sampling time was observed for
BCS (P = 0.09), which were only lower for LDA cows
at 7 and 14 wk postpartum (Figure 1C).

Energy, Inflammation Status, and LDA

Cases had on average greater NEFA concentrations
than control cows (P < 0.0001), whereas serum BHBA
changed differently over time in control and case cows
(Proteraction = 0.04; Figure 2B). Only during the first 4
wk postpartum did cases have greater BHBA concen-
trations than control cows (Figure 2B). Sampling time
affected serum NEFA and BHBA (both P < 0.0001).
Elevated NEFA and BHBA concentrations were ob-
served during the first weeks postpartum in all cows;
however, they started earlier and persisted longer for
NEFA in cases (Figures 2A, B).

Control and LDA cows changed differently over
time for serum haptoglobin (Pryeraction = 0.003) and
SAA (Pryeraction = 0.10), respectively (Figures 2C, D).
Elevated haptoglobin and SAA concentrations were
observed during d 1 postpartum in all cows; however,
they were greater and remained elevated for a longer
period in LDA compared with control cows (Figures
2C, D). Fold changes between cases and controls were
greater and more persistent for serum haptoglobin than
for SAA (Figures 2C, D).

Macronutrient Status and LDA

Cows with LDA had, on average, lower phosphorus
concentrations than control cows (P < 0.0001; Figure
3A). The LDA effect, however, was significant for only
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Figure 1. Serum concentrations (LSM 4+ SEM) of (A) a-tocopherol,
and (B) cholesterol between d —21 and 49 postpartum, and (C) BCS
between wk —4 and 14 postpartum in healthy cows and cows with left
displaced abomasum (LDA) between d 6 and 32 postpartum.

a few sampling times (d —21, —3, 0, 35, and 49 postpar-
tum; Figure 3A). A tendency to a significant interac-
tion between LDA incidence and sampling time was
observed for serum urea N (P = 0.09), as LDA cows
had lower urea N concentrations starting d 7 postpar-
tum (Figure 3 B).

In contrast, a temporary decrease in serum concen-
trations of calcium, magnesium, and glucose was ob-
served in cows that developed LDA (Figure 4). Cases
had lower serum calcium concentrations (P = 0.002;
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Figure 4A) and magnesium concentrations (P = 0.04;
Figure 4B) on average than healthy cows. The LDA
effect, however, was significant only at d 14 postpartum
for phosphorus (Figure 4A) and at d 7, 21, and 28
postpartum for magnesium (Figure 4B). No significant
overall effects were observed for serum glucose concen-
trations; glucose concentrations were, however, greater
at d 0 and lower at d 28 postpartum in cases compared
with controls (Figure 4C).

Early Serum Indicator of LDA

To identify early indicators of LDA, we compared
the average serum concentrations of LDA cases and
controls before LDA diagnosis (Table 2). Differences in
a-tocopherol concentrations and a-tocopherol to cho-
lesterol molar ratio were apparent before calving and
became greater as LDA diagnosis approached (Table 2).
Cows that subsequently developed LDA had 24% lower
serum a-tocopherol concentrations during the last week
prepartum, 33% lower concentrations during the first
3 d postpartum, and 45% lower concentrations at the
last blood sampling before LDA diagnosis compared
with healthy cows. A similar trend was observed for
a-tocopherol to cholesterol ratios (Table 2). Cows that
subsequently developed LDA had prepartum greater
NEFA and phosphorus concentrations than healthy
cows (Table 2). After calving, BHBA, haptoglobin, and
SAA concentrations were higher in cases than in con-
trol cows with the differences becoming greater as LDA
diagnosis approached (Table 2).

Potential cut-off values for early serum indicators of
LDA were evaluated and yielded no significant cut-off
values for wk —1 prepartum. In contrast, significant
cut-off values for serum concentrations of a-tocopherol
(7 pM), BHBA (1 mM; 1 LDA cow misclassified; P <
0.001), haptoglobin (200 mg/L; 1 LDA cow misclassi-
fied; P < 0.001), and SAA (100 mg/L; 1 LDA cow and
1 control cow misclassified; P < 0.001) were observed
for d 3 or 7 postpartum (excluding samples taken after
LDA diagnosis). Six out of 7 case cows had a-tocopherol
concentrations below 7 pM, whereas 3 out of 10 control
cows had a-tocopherol concentrations below 7 pM dur-
ing this period (P = 0.05); the only case cow above 7
pM decreased below 7 pM 8 d before LDA diagnosis.

DISCUSSION

Our study demonstrates that serum «-tocopherol
concentrations may be a useful diagnostic parameter
for LDA because group differences in a-tocopherol con-
centrations and a-tocopherol to cholesterol molar ratio
began prepartum and became more pronounced as
LDA diagnosis approached. Second, our results indicate
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Figure 2. Serum concentrations (LSM + SEM) of (A) NEFA, (B) BHBA, (C) haptoglobin, and (D) serum amyloid A between d —21 and
49 postpartum in healthy cows and cows with left displaced abomasum (LDA) between d 6 and 32 postpartum.

that negative energy balance, inflammation, and lower
vitamin E concentrations may precede LDA. Third, our
study indicates that cows remain in a lower nutrient
status for weeks after LDA correction.

Serum a-tocopherol concentrations in healthy cows
followed similar trends, as has been previously de-
scribed (Meglia et al., 2006; Weiss et al., 2009), sig-
nificantly decreasing in the first week after calving and
then increasing within a few week back to prepartum
concentrations (Figure 1A). Herdt and Smith (1996)
reported that lactation stage accounted for 47% of the
overall variability in serum a-tocopherol concentrations.
Dietary fat and a-tocopherol increased a-tocopherol
concentrations in blood (Weiss et al., 1994; Weiss and
Wyatt, 2003). Literature about the association between
DMI and a-tocopherol concentrations in blood is lim-
ited. Goff et al. (2002) reported that mastectomized
cows had greater plasma a-tocopherol concentrations
than intact cows in the last 2 wk prepartum, although
DMI did not differ between groups. Furthermore, the
depleted a-tocopherol concentrations of mastectomized
cows early postpartum, when their DMI was similar

or greater than before calving, suggested that lower
feed intake alone could not explain the decrease in
a-tocopherol concentrations after parturition. A de-
crease in a-tocopherol concentrations during the first
week postpartum even occurs after vitamin E supple-
mentation (Meglia et al., 2006; Weiss et al., 2009) and
is thought to result from a combination of increased
lipid peroxidation and production of reactive oxygen
species, increased secretion of a-tocopherol into colos-
trum and milk, depressed feed intake, inflammation,
and decreased lipid absorption and transport (Baldi,
2005). Serum a-tocopherol concentrations in this study
were on the higher end of what have been previously
reported (LeBlanc et al., 2004; Weiss et al., 2009; Bou-
wstra et al., 2010).

Cholesterol concentrations in our study (Figure
1B) were similar to those reported previously (Herdt
and Smith, 1996; Guzelbektes et al., 2010; Stengarde
et al., 2010). Blood cholesterol, which is primarily in
the high density lipoprotein fraction, is considered an
indicator of lipoprotein concentrations and decreased
with a-tocopherol around calving (Herdt and Smith,
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Figure 3. Serum concentrations (LSM 4+ SEM) of (A) phosphorus
and (B) urea N between d —21 and 49 postpartum in healthy cows
and cows with left displaced abomasum (LDA) between d 6 and 32
postpartum.

1996). Fat feeding and feed restriction increase cho-
lesterol concentrations for increased lipid transport
(Weiss and Wyatt, 2003; Bjerre-Harpoth et al., 2012),
whereas heat and inflammation-associated diseases, in
particular liver disorders, decrease cholesterol by im-
pairing lipid transport (Bobe et al., 2004; Abeni et al.,
2007; Vogel et al., 2011). Because serum lipoproteins
transport a-tocopherol in blood (Traber and Jialal,
2000), a-tocopherol is usually divided by cholesterol
concentration to adjust for changes in lipid transport
(Herdt and Smith, 1996).

Cows that subsequently developed LDA had 45%
lower serum a-tocopherol concentrations and 39% lower
a-tocopherol to cholesterol molar ratios than healthy
cows at the last blood sampling before LDA diagnosis
(Table 2). This study is, to our knowledge, the first re-
port of serum a-tocopherol concentrations before LDA.
Similar differences in a-tocopherol concentrations have
been reported for cows after LDA diagnosis (Mudron et
al., 1997; Hasanpour et al., 2011) and in cows with severe
fatty liver (Hidiroglou and Hartin, 1982). In contrast,
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Figure 4. Serum concentrations (LSM + SEM) of (A) calcium,
(B) magnesium, and (C) glucose between d —21 and 49 postpartum in
healthy cows and cows with left displaced abomasum (LDA) between
d 6 and 32 postpartum.

ketosis, mastitis, laminitis, and metritis are associated
with nonsignificant or smaller changes (<20% lower)
in a-tocopherol concentrations (Erskine et al., 1987;
LeBlanc et al., 2004; Sivertsen et al., 2005) and, thus,
cannot explain the large differences between LDA and
control cows in serum a-tocopherol and a-tocopherol to
cholesterol molar ratio before LDA diagnosis (Table 2).
A lower DMI might be a probable causative factor for



Table 2. Concentrations of serum indicators before diagnosis of left displaced abomasum (LDA)

First 3 d postpartum Last sample before LDA diagnosis

Last week prepartum

P-value

LDA

5.0 £0.9
104 £ 8

Control

P-value

LDA
73+ 1.1
112 £ 11

2.62 £+ 0.36
742 £ 181

Control

P-value

LDA
121+ 1.5

Control

Indicator

0.004
0.61

9.1 £0.7
110 £ 7

0.04
0.98
0.07
0.27

10.9 + 1.0
112 £ 10

0.10
0.91
0.09
0.03
0.99
0.03
0.44
0.03
0.92
0.28
0.34
0.68

16.0 + 1.3
129 £ 10
5.07 £ 0.52

a-Tocopherol (M)

127 £ 12
3.76 £+ 0.48

Cholesterol (mg/dL)

0.003
0.02
<0.001
<0.001
<0.001

1.90 + 0.19
1,043 £ 165

3.09 £+ 0.26
591 £ 79
0.74 £+ 0.10

3.78 £ 0.44
508 £ 105

0.67 £+ 0.05
45 + 17
60 + 22

1

ATOC /cholesterol

406 + 91
0.47 £+ 0.04
7.30 £ 0.61

191 + 36
0.47 £ 0.04
9.76 £ 0.79

NEFA (pEq/L)

1.95 + 0.37
440 £ 298
146 + 44

0.003
0.03

1.05 + 0.10
278 £ 200
197 + 88

6.95 £+ 0.48

BHBA (mmol/L)

12+ 3
23 +£6
5.72 £ 0.39
124 + 0.8

Haptoglobin (mg/L)

SAA? (mg/L)

10+5
6.15 £+ 0.37
11.0 £ 1.2
8.53 £ 0.19
2.72 £ 0.12
67.1 £ 2.6

17+7
7.36 £ 0.31
11.2 £ 1.0
8.82 £ 0.16
2.56 £ 0.10
68.6 £ 2.3

0.39
0.96
0.34
0.11

6.27 £ 0.47
125 £ 0.9
8.05 £ 0.28

0.63
0.98
0.37
0.96
0.84

7.27 £ 0.40
129 + 0.9

Phosphorus (mg/dL)
Urea N (mg/dL)

13.0 £ 1.0
7.71 £ 0.15
2.65 £ 0.17
65.2 + 3.9
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8.43 £ 0.24

7.90 £ 0.13
2.66 £ 0.14
64.1 £ 3.2

Calcium (mg/dL)

1.97 + 0.17
41.0 £ 3.3

237+ 0.14
58.7 £ 4.0

Magnesium (mg/dL)
Glucose (mg/dL)

0.006

'ATOC /cholesterol = a-tocopherol to cholesterol molar ratio (uM/mM).

2SAA = serum amyloid A.
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the lower serum a-tocopherol concentrations in LDA
cows, but in the absence of DMI data in our study we
cannot determine whether lower a-tocopherol concen-
trations in LDA cows were independent of feed intake.
This should be addressed in future studies. Goff et al.
(2002) suggested, based on their results in mastecto-
mized cows, that factors other than feed intake, such as
increased oxidation, play a role in lower a-tocopherol in
blood around calving.

A potential early indicator of LDA is serum
a-tocopherol concentration, with a potential cut-off
value of 7 wM. All cows that subsequently developed
LDA had serum a-tocopherol concentrations <7 pM,
whereas only 3 out of 10 control cows had a-tocopherol
concentrations <7 pM during the study. Weiss et al.
(1997) reported that cows with plasma «-tocopherol
concentrations <3 pg/mL (equivalent to 7 pM) are 9.4
times more likely to have clinical mastitis than cows
with greater a-tocopherol concentrations, and NRC di-
etary guidelines (NRC, 2001) and Weiss (1998) suggest
3 pg/mL as a target for health and immune function. In
contrast, Politis et al. (2012) reported that cows with
serum a-tocopherol concentrations <2 pg/mL at calv-
ing were 4 times more likely to have clinical mastitis
than cows with a-tocopherol concentrations of >2 to 3
pg/mL. In addition to Politis et al. (2012), many other
studies have reported healthy cows with a-tocopherol
concentrations <3 or even <2 pg/mL (Mudron et al.,
1997; Goff et al., 2002; Weiss et al., 2009). Given the
small number of LDA cows in one herd in the present
study, large, multi-herd field studies are needed to con-
firm serum a-tocopherol concentration as a potential
early indicator of LDA and to determine the potential
cut-off value for serum a-tocopherol.

To date, NEFA concentrations >300 to 500 pEq/L
in the last week prepartum and BHBA concentrations
>1.0 to 1.4 mM during the first week postpartum have
been confirmed as early indicators of LDA in large,
multi-herd field trials (LeBlanc et al., 2005; Ospina et
al., 2010; Chapinal et al., 2011), establishing negative
energy balance as an early risk factor for LDA. This
contention is further supported by the lower serum
phosphate concentrations we observed in cows that
subsequently developed LDA (Table 2). Low serum
phosphate concentrations have been reported in cows
after LDA diagnosis (Griinberg et al., 2005; Kalaitzakis
et al., 2010). In contrast, the evidence for calcium con-
centration as an early indicator is inconsistent (LeBlanc
et al., 2005; Chapinal et al., 2011). We observed similar
patterns in serum concentrations of NEFA, BHBA, and
calcium in this study. Serum a-tocopherol concentra-
tion is potentially a better indicator than NEFA or
BHBA concentration because significant group differ-
ences for a-tocopherol were detected before calving and
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became more pronounced as LDA diagnosis approached
(Table 2). In contrast, elevated BHBA concentrations
usually begin after calving, whereas many healthy cows
have elevated NEFA concentrations in the first week
postpartum (LeBlanc et al., 2005).

Another potential early indicator of LDA is elevated
postpartal serum haptoglobin concentrations with a
potential cut-off value of 200 mg/L at d 3 or 7 post-
partum. Elevated postpartal haptoglobin concentra-
tions have been reported as early indicator of metritis
(Huzzey et al., 2009). In our study, both inflammation
markers (haptoglobin and SAA) were increased post-
partum before LDA diagnosis, suggesting inflammation
as a potential risk factor for LDA. Both inflammation
markers had greater postpartal fold-changes between
cases and controls than did markers of negative energy
status before LDA diagnosis (Table 2). Results from a
large, multi-herd study by Humblet et al. (2006) sug-
gested elevated haptoglobin concentration as a more
specific disease indicator and elevated SAA as a more
sensitive disease indicator in dairy cows. Our study is,
to our knowledge, the first report of serum concentra-
tions of haptoglobin and SAA before LDA. Previous
studies reported 4.5- and 1.94-fold greater haptoglobin
concentrations and 4.6-fold greater SAA concentrations
in cows after LDA diagnosis compared with control
cows (Guzelbektes et al., 2010; Stengérde et al., 2010).

After LDA correction, indicators of energy and nutri-
ent status (NEFA, phosphorus, and urea N) and serum
a-tocopherol concentrations remained lower in cases
than in healthy cows up to d 49. Cases had also lower
BCS in wk 7 and 14 postpartum than control cows,
suggesting that their lower nutrient status may persist
beyond d 49. Similarly, @Ostergaard and Grohn (1999)
reported lower BW (>30 kg) for more than 6 wk after
LDA diagnosis. Unfortunately, we did not measure
feed intake in this study and, thus, cannot determine
whether the persistent lower nutrient status is a con-
sequence of lower DMI, lower nutrient absorption, or a
combination of both. The persistent lower energy and
nutrient status in LDA cows may explain the delayed
reproductive performance and increased mortality and
culling rates in cows that had LDA (Raizman and San-
tos, 2002). Future studies are warranted to examine
why energy and nutrient status remain lower in cows
that had LDA.

A strength of the current study was the intensive
blood sampling schedule over 10 wk (=3 to 7 wk post-
partum), which allowed us to demonstrate that lower
a-tocopherol concentrations preceded and remained
after LDA correction. The fact that our results for
previously examined indicators of LDA are consistent
with the literature suggests that our findings, despite
the small size of the study and the lack of cows with
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primary LDA, are generalizable. This is a retrospec-
tive case-control study and, thus, can only establish
associations between serum vitamin E concentrations
and LDA. Vitamin E alimentation trials are required
to determine causality. Previous vitamin E intervention
trials showed a nonsignificant decrease in LDA cases in
one (primiparous cows: 1 of 62 in treatment group vs.
6 of 75 in control group; multiparous cows: 14 of 142
in treatment vs. 18 of 141 in control; Erskine et al.,
1997) but not in another large field study (28 of 571 in
treatment vs. 26 of 571 in control; LeBlanc et al., 2002).
Dosage (4,470 IU of vitamin E as D-a-tocopherol in
Erskine et al., 1997, vs. 3,000 IU of vitamin E as RRR-
a-tocopheryl acetate in LeBlanc et al., 2002), baseline
prepartal a-tocopherol concentrations (7.2 vs. 6.3 p M),
pre- and postpartum diets (not specified in both stud-
ies), and alimentation route (i.m. vs. s.c. injection)
and timing (2 vs. 1 wk prepartum) may determine the
outcome of vitamin E alimentation trials. It should be
noted that lower serum a-tocopherol concentrations
may be a biomarker of disease, low feed intake, or both,
and vitamin E supplementation may not reverse the
occurrence of LDA.

CONCLUSIONS

Serum concentrations of a-tocopherol and indicators
of energy and nutrient status and inflammation were
measured from —3 to 7 wk postpartum in dairy cows
that developed LDA in the first month of lactation and
were compared with those concentrations in healthy
cows. Negative energy balance, inflammation, and lower
vitamin E concentrations all preceded LDA onset and,
thus, might be potential early indicators for developing
LDA. Cases remained in lower nutrient status, includ-
ing vitamin E, for at least 4 wk after LDA correction.
This study was small with a limited number of LDA
cows in a single commercial herd; larger studies under
well-controlled conditions are warranted to examine the
role of vitamin E in LDA.
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