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ABSTRACT

The common practice of increasing dietary energy
density during the close-up dry period (last ~3 wk
prepartum) has been recently associated with a higher
incidence of metabolic disorders after calving. Despite
these reports, over-feeding of metabolizable energy
(ME) during the far-off, nonlactating period is a com-
mon management policy aimed at achieving optimum
calving body condition score (BCS) in pasture-based
systems, as cows are generally thinner than total mixed
ration cows at the end of lactation. Our hypothesis was
that both far-off and close-up overfeeding influence
the peripartum adipose tissue changes associated with
energy balance and inflammatory state. Sixty mid-
lactation, grazing dairy cows of mixed age and breed
were randomly allocated to 1 of 2 groups that were
managed through late lactation to achieve a low and
high BCS (approximately 4.25 and 5.0 on a 10-point
scale) at dry-off. The low BCS cows were then overfed
ME to ensure that they achieved the same BCS as the
higher BCS group by calving. Within each rate of BCS
gain treatment, cows were offered 65, 90, or 120% of
their pre-calving ME requirements for 3 wk pre-calving
in a 2 x 3 factorial arrangement of treatments (i.e.,
10 cows/treatment). Subcutaneous adipose tissue was
collected via biopsy at —1, 1, and 4 wk relative to
parturition. Quantitative PCR was used to measure
mRNA and microRNA expression of targets related
to adipogenesis and inflammation. Cows overfed in
the far-off period had increased expression of miR-143
and miR-378 prepartum (—1 wk) indicating greater
adipogenesis, consistent with their rapid gain in BCS
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following dry-off. Furthermore, the lower postpartum
expression of IL6, TNF, TLR4, TLR9, and miR-145,
and a higher abundance of miR-99a indicated lower
body fat mobilization in early lactation in the same
group. In the close-up period, feeding either 65 or 120%
of ME requirements caused changes in FASN, IL1B,
IL6R, TLRY, and the microRNA miR-143, miR-155,
and miR-378. Their respective expression patterns
indicate a tentative negative-feedback mechanism in
metabolically compromised, feed-restricted cows, and a
possible immune-related stimulation of lipolysis in ap-
parently static adipocytes in overfed cows. Data from
cows fed 90% of ME requirements indicate the existence
of a balance between lipolytic (inflammatory-related)
and anti-lipolytic signals, to prime the mobilization
machinery in light of imminent lactation. Overall, re-
sults indicate that far-off dry cow nutrition influences
peripartum adipose tissue metabolism, with neither
strategy negatively affecting the physiological adapta-
tion to lactation. Furthermore, to ensure a favorable
transition, cows should be subjected to a small feed
restriction in the close-up period, irrespective of far-off
nutritional management.

Key words: nutrition, transition period, inflammation,
metabolism

INTRODUCTION

The BCS of a dairy cow is an assessment of the
amount of body fat that it possesses. It is an important
factor in dairy cattle management (Roche et al., 2009),
due to its association with production and reproduction
parameters and the chances for a successful lactation
(Waltner et al., 1993; Roche et al., 2005; Pires et al.,
2013; Randall et al., 2015). The progression of BCS in
a TMR-based system during the lactation cycle (e.g.,
intercalving) is inversely related to the lactation curve
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(i.e., it declines to a nadir 40 to 100 d after calving as
milk production peaks, before increasing again as milk
production declines; Roche et al., 2009). However, in
seasonal spring-calving cows grazing fresh pasture, a
second period of loss in mid-lactation (Roche et al.,
2007) leads to thinner cows at the end of lactation,
compared with counterparts fed a TMR (Roche et al.,
2007).

To avoid the detrimental physiological and metabolic
effects of calving with a low BCS (Pires et al., 2013;
Akbar et al., 2015), cows in pasture-based systems
have to consume ME in excess of requirements during
the far-off nonlactating period (>4 wk before calv-
ing) to achieve optimal calving BCS targets (Roche et
al., 2009). However, Dann et al. (2006), working with
TMR-fed cows, provided evidence that overfeeding in
the far-off period might increase the risk of metabolic
dysfunction during early lactation.

To further complicate peripartal nutritional manage-
ment, cows are historically allowed ad libitum access
to energy-dense feeds during the weeks before calving
(Boutflour, 1928; i.e., during the so-called close-up dry
period), thereby ensuring that cows do not lose condi-
tion pre-calving. Recent studies from different research
groups have demonstrated, however, that this practice
can lead to undesired outcomes including detrimental
metabolic shifts such as increased postpartum blood FA
concentration (Rukkwamsuk et al., 1999; Holtenius et
al., 2003; Janovick et al., 2011; Ji et al., 2014; Khan et
al., 2014) and poorer postpartum health indices (Dann
et al., 2006; Soliman et al., 2007; Graugnard et al.,
2013; Shahzad et al., 2014).

Adipose tissue plays an important role in the cow’s
adaptation to lactation and its metabolism is directly
linked and responsive to DMI (McNamara, 1991, 1997).
Furthermore, data from nonruminants underscore
that it plays an active role in its self-regulation [e.g.,
through the production of adipokines (Adamczak and
Wiecek, 2013; McGown et al., 2014; Musi and Guarda-
do-Mendoza, 2014)]. Among its self-regulating features,
adipose has the ability to generate a local inflammatory
response, also (in human and mice models) through
the recruitment and regulation of the innate immune
system (Grant and Dixit, 2015), leading scientists to
hypothesize a homeorhetic role of inflammation as a
physiological adaptation to lactation (Mukesh et al.,
2009; Farney et al., 2013; Vailati Riboni et al., 2015;
Vailati Riboni et al., 2016).

A recent study (Arner and Kulyte, 2015) investigated
the involvement of microRNA (miRNA) in fat cell
formation (adipogenesis) and regulation of metabolic
and endocrine functions; the results demonstrated how
adipocyte metabolic pathways are not only controlled
by the well-established changes in mRNA expression,
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but also that miRNA signaling through complex net-
works involving transcription factors plays an impor-
tant role in the control of inflammation. Furthermore,
miRNA expression patterns in humans have also been
associated with levels of inflammatory molecules (e.g.,
cytokines) and the degree of immune cell infiltration
(Kloting et al., 2009).

We previously demonstrated that prepartum BCS
and level of nutrition in grazing cows can affect adipose
tissue adaptation to lactation through complex im-
munometabolic pathways (Vailati-Riboni et al., 2016).
Overfeeding optimally conditioned cows during close-up
primed adipose tissue for accretion of lipid and caused
a robust localized inflammatory response, which upon
parturition may increase the probability for metabolic
disorders. We hypothesized that far-off overfeeding
could impair the adipose tissue adaptation to lacta-
tion, with further detrimental effects, or mitigation of
these, when combined with close-up overfeeding, or
feed-restriction, respectively. In the present study, gene
and miRNA expression profiling was used to further
understand the adipose responses to the physiological
changes induced by the high metabolic demands of
early lactation, and their interaction with far-off and
close-up nutritional strategies.

MATERIALS AND METHODS
Animal Management

Complete details of the experimental design are
reported elsewhere (Roche et al., 2016). Briefly, a
group of 150 mid-lactation dairy cows (that passed
a veterinary clinical examination, which included a
full pathology health panel) of mixed age and breed
(Holstein-Friesian, Jersey, Holstein-Friesian x Jersey)
were allocated randomly to one of 2 treatment groups
(75 cows per group) 18 wk before planned start of calv-
ing, and managed through late lactation to achieve a
high and low BCS (approximately 4.75 and 4.25, on a
10-point scale, where 1 is emaciated and 10 is obese;
Roche et al., 2004). Consequently, to reach optimal
calving BCS (5.00, Roche et al., 2004), the high BCS
group had <0.25 BCS units to gain during the 5-wk
far-off period (SlowBCS gain), whereas the low BCS
cows were overfed to ensure a gain of 0.75 to 1.0 BCS
units in the same period (FastBCS gain). From ap-
proximately 3 wk before calving, cows within each BCS
gain group were randomly assigned in a 2 x 3 facto-
rial arrangement of treatments to 1 of 3 feeding level
categories: 65, 90, and 120% of estimated ME require-
ments (Feed65, Feed90, and Feed120, respectively).
Although cow allocation to treatment was random,
groups were assessed to ensure they were balanced for
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age, breed, BCS at the time of enrolment, and expected
calving date. For the current study, only a subset of 60
animals (10 cows per group) with adipose tissue biopsy
samples available was considered.

RNA Extraction and Quantitative PCR

Complete details of these procedures are included in
the Supplemental Material (https://doi.org/10.3168/
jds.2016-11790). Briefly, subcutaneous adipose tissue
was collected posterior to the shoulder blade and ap-
proximately 10 cm down the withers during wk —1, 1,
and 4 relative to parturition as described previously
(Grala et al., 2013). Average sampling date (mean +
SD) for wk —1, 1, and 4 was —10.4 + 2.4, 6.4 + 0.9,
and 27.4 £+ 0.9 d relative to parturition, respectively.
The RNA samples were extracted from the frozen
tissue and used for ¢cDNA synthesis using established
protocols in our laboratory (Vailati Riboni et al., 2016).
The Quanta gScript microRNA c¢cDNA Synthesis Kit
(Quanta BioSciences Inc., Gaithersburg, MD) was used
for miRNA following the manufacturer’s protocols.
The quantitative PCR (qPCR) performed was SYBR
Green-based, using a 7-point standard curve obtained
from a diluted cDNA pool of all samples. Genes selected
for transcript profiling are associated with fatty acid
metabolism: fatty acid synthase (FASN) and peroxi-
some proliferator-activated receptor gamma (PPARG);
adipokines: adiponectin (ADIPOQ); and inflammation:
chemokine (C-C motif) ligand 2 (CCL2), chemokine
(C-C motif) ligand 5 (CCL5), haptoglobin (HP),
interleukin-13 (IL1B), inteleukin-6 (IL6), inteleukin-6
receptor (IL6R), retinoid X receptor oo (RXRA), serum
amyloid A3 (SAAS3), toll-like receptor 4 (TLRY), toll-
like receptor 9 (TLRY), and tumor necrosis factor o
(TNF). The miRNA selected for expression profiling
are associated with immune cell infiltration (miR-26b,
miR-126, miR-132, miR-155, miR-193b), inflamma-
tion and lipolysis (miR-99a, miR-145, miR-221), and
positive regulation of adipogenesis (miR-103, miR-143,
miR-378). The specific function of each target miRNA
is reported in Table 1, including the model system in
which the function was assessed. Primer sequences
and qPCR performances are reported in Supplemental
Tables S1, S2, S3, and S4 (https://doi.org/10.3168/
jds.2016-11790).

Blood Sampling and Analysis

Blood was sampled by coccygeal venipuncture us-
ing evacuated blood tubes containing lithium heparin
anticoagulant. Samples were placed immediately on ice
and centrifuged within 30 min at 1,500 x g for 12 min

at 4°C. Following centrifugation, aspirated plasma was
stored at —20°C until assayed.

Blood free fatty acids (FA) and BHB were assayed
using colorimetric techniques at 37°C with a Hitachi
Modular P800 analyzer (Roche Diagnostics, India-
napolis, IN). Plasma FA concentration (mmol/L) was
measured using the Wako Chemicals (Osaka, Japan)
kit NEFA HR2 measuring oxidative condensation of
3-methyl-N-ethyl-N-3 hydroxyethyl aniline with 4-ami-
noantipyrine, whereas plasma BHB (mmol/L) concen-
tration was assessed using Roche reagent kits measur-
ing the reduction of NAD to NADH during oxidation of
d-3-hydroxybutyrate to acetoacetate. Cholesterol was
measured using a commercially available fluorimetric
kit (Cayman Chemical Company, Ann Arbor, MI).

Statistical Analysis

After normalization with the geometric mean of the
internal control genes, qPCR data (mRNA and miR-
NA) were log, transformed before statistical analysis
to obtain a normal distribution. Statistical analysis
was performed with SAS (version 9.3, SAS Institute
Inc., Cary, NC). Data were subjected to ANOVA and
analyzed using repeated measures ANOVA with PROC
MIXED. The statistical model included time (T; —1, 1,
and 4 wk postpartum), far-off management (FO; slow
and fast), close-up feeding (CU, 65, 90, and 120%), and
their interactions (FO x T, CU x T, and FO x CU x
T) as fixed effects. Cow, nested within treatment, was
the random effect. The Kenward-Roger statement was
used for computing the denominator degrees of freedom,
whereas spatial power was used as the covariance struc-
ture. Data were considered significant at a P < 0.05
using the PDIFF statement in SAS. For ease of inter-
pretation, expression data reported in Tables 2 through
5 are the log, back-transformed least squares means
that resulted from the statistical analysis. Standard er-
rors were also adequately back-transformed. The 3-way
interaction least squares means are not reported in the
tables and can be found in Supplemental Tables S5, S6,
and S7 (https://doi.org/10.3168/jds.2016-11790).

RESULTS
Gene Expression

Infiltration of Immune Cells. No effect was found
of feeding strategy or time on CCL5 (T, FO, CU, and
interactions, P > 0.05), whereas CCL2 expression was
affected by CU (P < 0.05; Table 2), T (P < 0.05), and
their interaction (CU x T, P < 0.05; Table 3). Expres-
sion of CCL2 was greater prepartum in Feed120 cows,
compared with Feed65 and Feed90. Early postpartum
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Table 1. Details and functions of the microRNA (miRNA) targets analyzed in the current study, adapted from Vailati Riboni et al. (2016),

VAILATI-RIBONI ET AL.

Moisé et al. (2016), and Arner and Kulyte (2015)

Model
miRNA Function, expression pattern, or both system' Reference
Infiltration of immune cells
miR-26b Expression is associated with the number  Hu Kloting et al., 2009; Xu et al., 2013
of macrophages infiltrating the fat depot
Affected by levels of circulating TNF,
leptin, and resistin
miR-126 Directly inhibits CCL2 expression Hu Kloting et al., 2009; Arner et al., 2012
miR-132 Expression levels are associated with the Hu Kloting et al., 2009; Strum et al., 2009, Estep
number of macrophages infiltrating fat et al., 2010

depots

Activates NF-kB signaling and the

transcription of IL8 and CCL2

Lower expression is associated with

increased secretion of I1.-6
miR-155

Expression levels are associated with the Hu

Kloting et al., 2009

number of macrophages infiltrating fat

depots
miR-193 Indirectly inhibits CCL2 expression Hu Arner et al., 2012
through a network of transcription
factors
Inflammation and lipolysis
miR-99a Negative correlation with secretion of Hu Kloting et al., 2009
IL-6 and level of free fatty acids
miR-145 Affects secretion of TNFa, regulating Hu Lorente-Cebrian et al., 2014
lipolysis
miR-221 Lower expression is associated with high Hu Chou et al., 2013
levels of TNF«
Proadipogenic
miR-~103 Regulates expression of PPARG, PANK1, Bo, Ma, Mo Romao et al., 2011; Trajkovski et al., 2011,
CAV1, FASN, ADIPOQ, and FABP/ John et al., 2012, Romao et al., 2014
miR-143 Regulates expression of FRK5, SLC2A/, Bo, Hu, Ma, Esau et al., 2004; Kajimoto et al., 2006, Xie
TFAP2A, LIPE, PPARG, CEBPA, and Mo et al., 2009; Jin et al., 2010; Li et al., 2011;
FABPj Romao et al., 2011
miR-378 Targets PPARG expression through the B, Mo Gerin et al., 2010; Jin et al., 2010; John et al.,

MAPKI pathway

2012; Sacco and Adeli, 2012; Liu et al., 2015

1 . J .
Bo = bovine (Bos taurus); Hu = human; Ma = mammalian; Mo = mouse.

(1 wk), both Feed120 and Feed90 cows had a greater
CCL2 expression than Feed65 cows, but no effect was
detected of treatment later on (4 wk). This outcome
was due to the different progression in time; compared
with prepartum, Feed90 cows experienced a strong up-
regulation (P < 0.05) of CCL2 at both 1 and 4 wk post-
partum time points, whereas the same increase (P <
0.05) in Feed65 cows did not materialize until the 4 wk
postpartum. Expression of CCL2 in Feed120 cows did
not change (P > 0.05) during the peripartum period.
Inflammation and Lipolysis-Related Proteins
and Receptors. Parturition affected expression of HP
and SAA3 (T, P < 0.05) due to an upregulation early
postpartum independent from experimental groups
(P < 0.05; Table 3). The IL6, TLR/, and TLRY were
affected by FO (P < 0.05), as SlowBCS cows had a
greater expression (P < 0.05) compared with FastBCS
cows (Table 2). For TLR/, however, a FO x T interac-
tion (P = 0.05) indicated that this effect was only pres-
ent prepartum (Table 3). Close-up feeding also affected
expression of IL1B (CU, P < 0.05), IL6R, TLR/, TLR9
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(CU, CU x T, P < 0.05), IL6, and TNF (CU x T, P
< 0.05; Tables 2 and 3). Compared with the other 2
groups, overfed cows (Feed120) had lower expression
(P < 0.05) of IL1B, TLRY, and IL6R. However, when
time is taken into consideration, this effect was only
present for IL6R and TLRY postpartum (wk 1 and 4),
as prepartum (wk —1) both Feed90 and Feed120 had
a lower expression (P < 0.05) compared with Feed65.

Feed90 cows had increased the expression (P < 0.05)
of IL1B over the entire period, IL6 early postpartum
(wk 1), TLR/ overall postpartum (wk 1 and 4), and
TNF late postpartum (wk 4).

An interaction between FO and CU was detected for
IL1B and TNF (FO x CU, P < 0.01; Table 3). Over-
feeding SlowBCS or feed-restricting FastBCS cows led
to lower (P < 0.05) expression of these genes. Further-
more, TNF expression was also significant for the 3-way
interaction (FO x CU x T, P < 0.05) (Supplemental
Figure S1; https://doi.org/10.3168/jds.2016-11790). In
SlowBCS cows, overfeeding decreased TNF' expression
at wk 4 postpartum; however, in FastBCS cows, feed-
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Table 3 (Continued). Effect of far-off and close-up feeding management, and time on subcutaneous adipose tissue expression (back-transformed LSM and SEM) in grazing dairy

cows during the transition period

P-value

CU x T

FO x T°

FOxT CUxT FOxCUxT

Feed90  Feed120 SEM® T

Feed65

FastBCS

SlowBCS

T2

Wk

Target

0.19 0.51 0.88

<0.01

1.65 1.21 0.20
0.87 0.78
0.75 0.81

1.38
0.88
0.88

1.55
0.76
0.88

1.26
0.93
0.75

1.40%
0.84Y
0.817

RXRA

**Different superscripts indicate a significant difference among groups within the same week relative to parturition (P < 0.05).

*“Different superscripts indicate a significant difference among time points, within group (P < 0.05).

"Wk = week relative to parturition.

2

“T = time.

SFO

DRY COW NUTRITION AND ADIPOSE TISSUE IMMUNOMETABOLISM

(Table 3).

Feed65).

MicroRNA Expression

ter (Table 5).

far-off feeding management. Cows that were dried off at a lower BCS than optimal (0.75-1.00 unit lower) were overfed to quickly reach optimal calving BCS at 5 wk pre-

partum, hence FastBCS, whereas animals that were dried closer to optimal (<0.25 unit than optimal) were fed to maintenance to slowly reach calving BCS at 5 wk prepartum,

hence SlowBCS.
1CU = close-up feeding management; Feed65, Feed90, and Feed120 were fed to reach 65, 90, and 120% of estimated ME requirements, respectively.

"SEM = greatest standard error of the mean.

7

ing 90% of requirements increased expression at wk
1 postpartum (Supplemental Figure S1; https://doi.
org/10.3168/jds.2016-11790).

Adipogenesis and Lipid Metabolism. Far-off
management did not affect the expression of any of the
genes in this category (FO, P > 0.05); however, CU
affected the expression of FASN (CU, CU x T, P <
0.05), PPARG (CU, CU x T, P < 0.05), and ADIPOQ
(CU x T, P = 0.05), as feeding cows 90% of ME re-
quirements during this period increased (P < 0.05) the
expression of these genes prepartum (—1 wk) relative
to feeding 60 or 120% of requirements (Tables 2 and 3).
A carry-over effect was also detected for PPARG and
ADIPOQ, as their expression was still upregulated 1 wk
postpartum in Feed90 cows. Furthermore, parturition
had a strong effect (T, P < 0.01), causing a significant
downregulation (P < 0.05) postpartum of all 4 genes

An interaction between FO and CU was detected for
FASN and RXRA (FO x CU, P < 0.01). For both
genes, the overall expression decreased (P < 0.05) when
SlowBCS cows were overfed (i.e., Feed120), whereas the
same response (P < 0.05) was also detected for FASN
when the FastBCS group was severely restricted (i.e.,

Inflammation and Lipolysis-Related. Overfeed-
ing cows during the far-off period (FastBCS) led to
greater (P < 0.05) expression of miR-99a, mainly pre-
partum (FO x T, P < 0.05), whereas it decreased (P <
0.05) expression of miR-~145 over the entire transition
period (FO, P < 0.05; Tables 4 and 5). Expression of
miR-221 was affected by T (P < 0.05) and CU (P <
0.05), with greater (P < 0.05) overall expression post-
partum and a greater (P < 0.05) expression in cows
overfed close to parturition (Feed120).

All 3 miRNA (miR-99a, miR-145, and miR-221) had
a significant 2-way interaction between far-off man-
agement and close-up feeding (FO x CU, P < 0.05),
with greater expression in either SlowBCS-Feed120 or
FastBCS-Feed65 cows (Table 4).

Adipose Infiltration of Immune Cells. Time
had an opposite effect on expression of miR-155 and
miR193b (T, P < 0.05), with an increase in expression
(P < 0.05) postpartum for the former, and a decrease
(P < 0.05) in expression after parturition with the lat-

Far-off management had an overall effect on miR-132
(FO, P < 0.05) and a prepartum effect on miR-126 and
miR-155 (FO x T, P < 0.05; Tables 4 and 5). Similar
to prepartal expression of miR-155, the expression of
miR-132 was greater (P < 0.05) in SlowBCS cows,
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10 VAILATI-RIBONI ET AL.

g o) o g whereas in the same group, expression was lower (P <
g Tk o2 g Eg 0.05) prepartum for miR-126.
s s|lo|® © ° z 5 Close-up feeding had a significant effect on miRNA
Z Tg = . i involved in immune cell infiltration (CU, P < 0.05;
g dlsle & 2 &E miR-26b, miR-132, and miR-~155; CU x T, P < 0.05;
P o o~ R miR-126 and miR-193b). The Feed120 cows had the
E” 2leg =z g ;58 greatest overall (P < 0.05) expression of miR-132 and
E e = g/ miR 155, with the lowest (P < 0.05) expression of miR-
= 5 § § - ?écgo 26b. The miR-126 and miR-~193b were only affected
% e S g3 . postpartum, with Feed90 cows having the greatest (P
o =18 5 -2 F < 0.05) expression of miR-126 (wk 1) and the lowest (P
5 =2 2 § g 3 < 0.05) expression of miR~-193b (wk 1 and 4).
i é = §~; af? An interaction between FO and CU was detected for
3 " - o 2 oz miR-126 and miR-155 (FO x CU, P < 0.05). In both
pog QlE|E B e & cases, the greatest (P < 0.05) expression was detected
E= RIT|ls S © Q = . .
3 2| = ,E & 2 in overfed (Feed120) SlowBCS and feed-restricted
g o 22 (Feed65) FastBCS cows.
w0 = 8 qo;
;2 3 S § %‘é & Proadipogenic miRNA. Far-off management af-
© - E <= g 2E S fected expression of miR-143 and miR-378, with greater
EARS of ;8 :i (P < 0.05) prepartal expression in FastBCS compared
o | x ST OE with SlowBCS cows (FO x T, P < 0.05). The same
= = g @ f & B miRNA were also affected by close-up feeding (CU x T,
= T|1° < 8 £EF 3 P = 0.01; Table 5). Expression of miR-143 was greater
= o 2= 3 < 0.05) in Fee and Fee prepartum and early
< & 2% % P < 0.05) in Feed65 and Feed90 t d earl
% Blg|R 2 Eg - postpartum (wk 1), respectively. No differences (P >
Ny Tl & S~ 7 .05) were detected at 4 wk postpartum. Expression o
“ 21 5 S 2 0.05 detected at 4 wk postpartum. E ion of
=z 2| & = 3 Z g miR-378 was greater (P < 0.05) in Feed90 cows pre-
B s g 2% 3 partum and in Feed120 late postpartum (4 wk). No
g 12 2 8- =& differences (P > 0.05) were detected early postpartum
% = S | E 38 (wk 1) for this miRNA. Expression of miR-103 also was
= R =T l_// S affected by CU (P < 0.05), with increased expression in
g P EZ 2E g Feed90 compared with the other groups (Table 4). This
ot § g 3 - Eg Z was mainly due to an interaction with far-off manage-
% 2|° ° = %2 S z ment, such that SlowBCS cows experienced no change
= = i ‘aui,; 5 % when fed differently in the close-up period, whereas
E N %Dag s £ FastBCS cows had the highest expression of miR-103
ag % ZlE 3 - g <3 3 when feed-restricted (Feed65), and lowest in the Feed90
g = = 1858 I group (FO x CU, P < 0.05).
< S o & g 54
.i % § § - |7 ; = = Blood Metabolites
= 5 1 £ 22 8 g

= <t =+ S X .
E o § 22 T £ Fatty acids were the only metabolite affected by FO
= ‘ 53 Sé i 2z (P < 0.05), with greater concentrations in SlowBCS
% & :% S s ez é = cows (Table 6). Close-up feeding level also affected their
£ Lles S g |8 % S g concentration (CU, CU x T, P < 0.05), mainly due
= L E RN = %”é % g to prepartum concentrations being inversely correlated
S 2 E Bz . EE with feeding level (Feed65 > Feed90 > Feed120). Simi-
o wn — 0 w A o0 S
E Rl1E 3 fgx 208 £z larly, BHB and cholesterol concentrations were greater
B g = ° § 2 @E 8 f (CU x T, P < 0.05) prepartum in underfed than over-
g ” I - ;0 26 & g fed cows (CU x T, P < 0.05). However, for cholesterol,
Bj 3 37 é ;E% g g its concentrations changed at wk 4 postpartum, with
ﬁ E E%g E “ﬁ Ef |T I hig}ﬁer ilP ? 0d05) concentrations in Feed90 compared
) g EmEsZ|EoEEn 2 with other feeding groups.
g ZlgiE5cE|PRE508
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0.41
0.60

FO x CUx T

P-value
<0.01
<0.01

0.04

0.89
0.23
0.38

FOxT CUxT

T
<0.01
<0.01
<0.01

SEM®
0.064
0.036

287

0.377%*
0.997"
0.488*
0.350“*
0.677"
0.560"

Feed120
2,463"

Feed90
0.690"~
1.018"
0.534”
0.459"*
0.634"
0.516"

27831ab.x

CU x T!

0.893"
0.989*
0.458"
0.557
0.626"
0.472
3,286"

Feed65

FastBCS
0.602
0.969
0.440
0.416
0.626
0.517

2,728

FO x T®

SlowBCS

0.705

1.034

0.546

0.494

0.665

0.514
2,992

2
0.653"

1.001¥
0.493"
0.455*
0.646"
0.516"

2,860*

-1

Wk

Table 7. Effect of far-off and close-up feeding management, and time on plasma concentrations of fatty acids (FA), BHB, and cholesterol in grazing dairy cows during the transition

period

FA (mmol/L)

Item

DRY COW NUTRITION AND ADIPOSE TISSUE IMMUNOMETABOLISM 11

Time affected blood concentrations of fatty acids,
BHB, and cholesterol (T, P < 0.05; Table 7). Fatty
acid and BHB concentrations were greatest (P < 0.05)
early postpartum (wk 1). Compared with prepartum
concentrations, postpartum concentrations of choles-
terol decreased (P < 0.05).

DISCUSSION

The combination of mRNA and miRNA profiling has
been used previously to understand the molecular self-
regulatory mechanism within the adipose depot during
the transition period in dairy cows in the context of
the relationship between dry period BCS and close-up
feeding (Vailati Riboni et al., 2016). Our present work
demonstrates that part of the variation caused by BCS
could be attributed to the nutritional strategies used to
allow cows to reach optimal adiposity at calving. Fur-
thermore, the level of nutrition from close-up to calving
could interact with far-off management.

In our previous experiment (Vailati Riboni et al.,

far-off feeding management. Cows that were dried off at a lower BCS than optimal (0.75-1.00 unit lower) were overfed to quickly reach optimal calving BCS at 5 wk pre-
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2 |2 = N . .
2=|g £ B 2016), we speculated that the infiltration of immune
e 5 S cells in the cow adipose tissue around parturition is
}; = E % part of the regulatory mechanisms in adipose tissue.
= 2 Despite differences in cellularity, adipokine production,
s |V o g and gene expression (e.g., abundance), and cell systems
S|4 A < = : :
29|z = g between omental and subcutaneous adipose tissue
A % =) (Dodson et al., 2014), the latter was used in the pres-
g5 Z 3 ent study to allow for multiple sampling across time on

B oo & . . . ..

s |leg 2 =g the same animal, which is central for the mechanistic
- — -d: . . o . .
2%z E NI understanding during the transition period.

Pl = = e
o8 E £ £ Recently, Akter et al. (2012) concluded that the ex-

Z'g g é tent of fatness in early lactating dairy cows may not

=g p be high enough to stimulate significant infiltration of

S g =] . .

&2 = % phagocytic cells and, therefore, these immune cells may
SHIER: s g have no major role in the immunologic and metabolic
—o|E 2 g5 7:1% adaptations during early lactation. This was supported

g < | & by the analysis of chemoattractant molecule CCL2
~o | B L Z % mRNA and protein distribution in the adipose tissue of

a1 .
= AR [ the same animals (Haussler et al., 2015). However, both
o R S £ studies, based on the experiment of von Soosten et al.

g & Z T £ (2011), used Holstein heifers rather than multiparous
_ 5 & 2 T 2 mature cows as a model. As heifers are still growing

% ‘R o] . = ==} . . . . . .
82 e g Z E 5 and developing during their first lactation, adipose mo-
ale £ E £ § &  bilization is generally less prominent than mature cows

N j=] 5] < . . . e
. ;‘é -;:: £ € g S (e.g., lower fatty acids and BHB). The authors justified

Pl s i g the choice of heifers as a way to avoid the influence of

= v 5 . . . . . .

B 5 v 3 £z previous lactations on adaptations within the adipose

2 z2E 3 87 tissue. However, the first lactation might be of substan-

L D = 3 Y . . . .

£ 58 80 %g tial importance to develop the adaptive mechanisms

é é 3 s é% ;‘g £ that will help the animal support the greater produc-

;’? = ﬁ é i g |T I tion performance of the subsequent lactations.

EEx o280 8 When taking into consideration the work of Contre-

TIFFEEEDZ  rasetal (2015) using multiparous cows with displaced

Cholesterol (mM)
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12 VAILATI-RIBONI ET AL.

abomasum in early lactation compared with nonlactat-
ing healthy cows, and using flow cytometry rather than
immunostaining, a degree of immune infiltration was
detected not only in both subcutaneous and omental
fat, but also in healthy cows with no difference in cell
markers (CD14, CD172a, CDl11lc, CD163, CD3) be-
tween depots. When interpreting the immunostaining
results, the authors described the macrophage counts in
subcutaneous adipose tissue of healthy cows as “sparse
and randomly localized” in relation to the adipocyte
numbers. Because those were multiparous nonlactat-
ing and nongestating dairy cows in an anabolic state,
the possibility that healthy cows might experience a
physiologically functional degree of immune cell infil-
tration during the catabolic peripartal period cannot
be excluded.

We recognize the importance of direct measure-
ments of adipose tissue immune cell infiltration (i.e.,
flow cytometry, immunohistochemistry, or both), but
despite their absence in the present study, miRNA and
mRNA results support its existence. Despite the fact
that data on miRNA function and correlations with
immunity and inflammation come mainly from human
models, they are highly conserved among species. For
instance, the high similarity between miRNA sequences
between Bos taurus and Homo sapiens obtained using
blastn (National Center for Biotechnology Information,
Bethesda, MD) indicates a similar function in bovine
(Supplemental Table S8; https://doi.org/10.3168/
jds.2016-11790). Furthermore, the degree of similarity
between CCL2 mRNA and protein between bovine and
human is high (blastn and blastp, Supplemental Table
S9; https://doi.org/10.3168/jds.2016-11790). This is
valid also for MMP12 (which activates CCL2), and the
receptors CCR2 and CCR4. Thus, because CCL2 was
detectable in the present study, we speculate a similari-
ty in function in bovine compared with human. Overall,
the blastn and the blastp results (Supplemental Tables
S8 and S9; https://doi.org/10.3168/jds.2016-11790)
support the existence of similar function in human and
bovine of the many players involved in the immune cell
infiltration of adipose tissue.

Far-Off, Nonlactating Period Nutrition

Far-off nutrition in TMR-based herds is normally
designed to meet basic nutrition requirements (e.g.,
maintenance and gestation), while avoiding excessive
storage of reserves that could impair the animal adapta-
tion to the next lactation. However, in grazing systems,
cows are generally dried off at a BCS too low to ensure
a proper transition into lactation, thus leading to the
need to fatten cows before parturition (Roche et al.,

Journal of Dairy Science Vol. 100 No. 3, 2017

2007). Judging by the upregulation of pro-adipogenic
miRNA, also observed in previous research [miR-143,
miR-378 (Jin et al., 2009, 2010)], it can be surmised
that overfeeding cows in the far-off period is a suitable
management practice to meet adiposity requirements
at calving, with FastBCS cows still exhibiting lipogenic
traits at a week prepartum (i.e., approximately 2 wk
after they were switched to different close-up feed-
ing management). Despite this, the lack of change in
expression of their common target gene, PPARG, was
suggestive that the pro-adipogenic effect of these miR-
NA might have been achieved through the regulation of
other target genes (i.e., MPAK1, ERKY).

Although overfeeding thinner cows after dry-off (i.e.,
FastBCS) did not have long-term effects on expression
of adipogenic genes, it seemed to prime the adipose
tissue to retain rather than release fatty acid reserves in
early lactation. This was surmised by the greater over-
all concentration of circulating fatty acids in SlowBCS
cows compared with FastBCS cows (Roche et al., 2016,
and Table 6). This hypothesis is also supported by the
expression of miR-99a and miR-145 in FastBCS cows.
In humans, miR-99a is negatively correlated with the
concentrations of free FA within adipocytes (Kloting
et al., 2009) and miR-145 regulates adipocyte lipolysis
through different mechanisms (Lorente-Cebrian et al.,
2014). Despite the lower BCS in FastBCS cows at 1 wk
postpartum, the lower overall expression of miR-99a
and the higher expression of miR-~145 in SlowBCS cows
support their greater lipolysis than in FastBCS cows.

It is possible that the greater degree of mobilization
in SlowBCS cows was partly regulated by infiltration
of immune cells within the adipose tissue. Despite both
chemokines (CCL2 and CCL5) not being affected by
far-off management, signs of infiltration could be dis-
cerned in SlowBCS cows because of the greater expres-
sion of both miR-~-132 and miR-155, which are markers
of macrophage infiltration in humans (Kloting et al.,
2009; i.e., an overall effect for the first and prepartum
for the latter). In addition, the prepartum expression
of miR-126, a C'CL2 inhibitor that leads to reduced
infiltration of immune cells (Arner et al., 2012), was
lower in the same cows.

In the present study, the expression of both TLR
(TLR4 and TLR9Y) was studied as a way to connect me-
tabolism and inflammatory signals. Signaling through
TLR4 in nonruminants can induce insulin resistance
and lipolysis in adipocytes (Shi et al., 2006; Song et
al., 2006). Thus, the dual activation of TLR/ in adipo-
cytes by lipopolysaccharide and fatty acids represents a
molecular gate that connects innate immunity with me-
tabolism (Schaffler and Scholmerich, 2010). In the same
fashion, TLRY, originally identified in nonruminants as
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a sensor of exogenous DNA fragments (Scharfe-Nugent
et al., 2012), can also be activated by fatty acids, lead-
ing to chronic adipose tissue inflammation and insulin
resistance (Pallares et al., 2010; Nishimoto et al., 2016).

Because cows in the present experiment were clini-
cally healthy and free from pathogen-related inflamma-
tory events (e.g., cows passed a veterinary clinical ex-
amination), activation of TLR/ and TLRY9 in SlowBCS
cows likely was mediated by fatty acids; hence, they
transmitted lipolytic signals to the tissue. The greater
activation of both TLR could be surmised not only by
their greater expression, but also by the greater expres-
sion of IL6 in the same cows. In fact, TLR4 activation
is known to induce IL6 expression, both in adipocytes
and macrophages (Shi et al., 2006). In nonruminants,
IL-6 is known to have lipolytic effects (Yang et al., 2008)
at least, in part, due to its ability to enhance insulin
resistance (Shoelson et al., 2007). Because miR-99a was
negatively correlated with secretion of IL-6 (Kloting et
al., 2009) in nonruminants, we speculate that the great-
er overall expression of IL6 in SlowBCS cows might
partly be attributed to infiltrating macrophages rather
than adipocytes themselves. This scenario has been
demonstrated in models of human obesity, as release
of interleukins and other inflammatory cytokines from
human adipose depots is enhanced in obesity, primarily
due to the nonfat cells (Fain, 2006). However, further
research is needed to localize the origin (e.g., immune
cells, or nonfat cells) of IL6 expression in the tissue.

At least in cows that reached the end of lactation at
a greater BCS, and were not overfed during the far-off
period, these relationships underscored the importance
of immunological control of lipolysis. We further specu-
late the existence of a positive-feedback loop between
FA and immune cell infiltration. Whether the observed
effects were due to nutrition management only or BCS
at drying off requires further research.

Close-Up Feeding

A general outcome when overfeeding cows during the
close-up period is a decrease in adipose mobilization
and greater storage of surplus nutrients (Ji et al., 2012).
The marked decrease in the overall concentration of
circulating FA along the entire transition period, and
BHB and cholesterol in the prepartum period, in cows
fed 120% of ME requirements (Feed120) all indicate a
decrease in lipid mobilization. This systemic effect was
mirrored peripherally by the downregulation of lipo-
lytic and insulin resistance signaling genes (e.g., lower
IL1B, IL6R, TLRY; Lagathu et al., 2006; Yang et al.,
2008; Pallares et al., 2010). Paradoxically, however, the
downregulation of FASN and the pro-adipogenic miR-

378 and miR-~143 (Jin et al., 2009, 2010), as well as
ADIPOQ, in Feed120 cows was indicative of a reduction
in the differentiation and proliferation of adipocytes in
the overfeeding treatment.

The response in ADIPOQ expression (e.g., lower in
Feed120) was particularly interesting because, in nonru-
minants, the increase in its expression improves insulin
sensitivity and exerts some regulation over fatty acid
metabolism (Brochu-Gaudreau et al., 2010). Expression
of ADIPOQ@ also is markedly increased during rumi-
nant adipocyte differentiation (Roh et al., 2006). Thus,
lower expression of ADIPOQ is a marker of reduced
pre-adipocyte differentiation (Soliman et al., 2007). In
vivo data also revealed a tendency for a reduction of
circulating ADIPOQ during overconditioning (similar
to our mRNA data; Locher et al., 2015), but the cows,
opposite to the present study, also gained weight and
BCS over time. In light of these seemingly paradoxi-
cal responses, questions arise on the use of the excess
energy by adipose. For example, because adipose did
not seem to accrete additional triglycerides and BCS
did not change in the week before parturition (Roche
et al., 2016), the additional intake could have been en-
tirely partitioned toward meeting the requirements for
gestation. In fact, cows did not experience an increase
in adiposity, but their BW increased before parturition
(Roche et al., 2016).

Despite the apparent absence of new fat deposition,
the adipose tissue of overfed cows seemed to respond
similar to what is observed in fat depots from obese
individuals in the sense that infiltration of immune
cells appeared to be stimulated by the excess feeding.
The overall upregulation of the chemokine gene, CCL2,
coupled with upregulation of miR-132 and miR-155,
led us to speculate an increase in infiltration of immune
cells (Kloting et al., 2009). Such a response normally
increases insulin resistance and lipid mobilization to
avoid excess storage in adipocytes and associated detri-
mental effects (Olefsky and Glass, 2010).

As lipolytic and insulin resistance signals are sup-
pressed (IL1B, IL6R, TLRY9) in Feed120 cows, the
tentative onset of an inflammatory cascade could be a
response to the need for mobilization to meet lactation
requirements postpartum; however, it could also be re-
lated to the need to establish new reserves. This idea is
supported by recent data demonstrating that adipocyte
inflammation is an important component for a healthy
expansion and remodeling of the adipose tissue (As-
terholm et al., 2014). In either scenario, the apparent
immune-related tendency to kick start an inflammatory
response to modulate metabolism could be a reaction
to what has been previously described as a “lazy” phe-
notype in cows overfed prepartum (Vailati Riboni et

Journal of Dairy Science Vol. 100 No. 3, 2017



14 VAILATI-RIBONI ET AL.

al., 2016). This concept shares strong similarities with
the well-known calcium metabolism and nutrition of
the dry cow, as overfeeding calcium before parturition
will increase the risk of metabolic failures (e.g., milk
fever) by dampening the physiological mechanisms be-
hind calcium homeostasis (Horst et al., 1997).

Contrary to overfeeding, a strong feed restriction
(Feed65) elicited a clear outcome. The phenotypic data
from this study indicated that such severe restriction
during the pre-calving period increases the risk of
disease in early lactation and reduces milk production
(Roche et al., 2016). These cows experienced an exces-
sive degree of mobilization of tissue reserves prepartum
(Table 6), together with a reduction in BCS, but with-
out a loss of BW (Roche et al., 2016).

The present transcriptome data point to a negative-
feedback salvage mechanism (i.e., due to the excess mo-
bilization prepartum, cows experience an even greater
loss of reserves in the postpartum). Despite the conten-
tion that evolutionary programming of animal physi-
ology is pointed toward the offspring rather than the
mother (Bauman and Currie, 1980), the downregulation
of a possible immune infiltration signal (CCL2) and
lipolytic signal (IL6) postpartum, and the upregulation
of the pro-adipogenic miR-143 (at least prepartum)
in Feed65 cows could represent an attempt by the fat
depots of the cow to control and maintain its reserves,
as under extreme circumstances (e.g., malnourishment)
the physiological priority can come back to the mother
(Bauman and Currie, 1980).

Considering the entire set of mRNA and miRNA
analyzed, and contrary to expectations, a slight restric-
tion (Feed90) during the transition period was the main
driver of changes in expression of most target genes.
These changes, however, did not create an extreme
phenotype, and rather seemed to be part of the natu-
ral physiological adaptation to lactation. The overall
upregulation of immune lipolytic signaling (e.g., IL1B,
TLR/, TLRY), combined with the lowest expression of
miR-155 and the absence of a clear change in chemo-
kine expression (both CCL2 and CCLJ5), underscored
that the fat depots of these cows did not rely on the
action of immune cells to regulate and induce changes
in metabolism. Furthermore, the marked upregulation
prepartum in Feed90 of pro-adipogenic genes (e.g.,
PPARG, FASN, and ADIPOQ) indicated an equilibrat-
ing mechanism to balance lipolytic and anti-lipolytic
signals to prime the mobilization machinery in light of
the imminent parturition. Once this balancing mecha-
nism was complete (PPARG, FASN, and ADIPOQ
expression decreased after parturition), the lipolytic
signaling and insulin resistance mechanisms are already
established and can fully act on adipocyte metabolism
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(i.e., IL6, IL6R, TLR/, TLRY9, and TNF all had a
higher expression postpartum in Feed90 cows).
Together, these changes led to a numerically greater,
but nonsignificant, level of circulating FA in early lac-
tation (Table 6). As indicated by the higher expression
postpartum of miR-~126, a direct inhibitor of chemokine
CCL2 (Arner et al., 2012), these changes did not seem
to encompass an infiltration of immune cells. We specu-
late that the involvement of the innate immune system
in regulating adipocyte metabolism may only occur in
extreme nutritional situations (e.g., Feed65, Feed120),
similar to the obesity scenario in humans, or in clinical
scenarios [e.g., displaced abomasum (Contreras et al.,
2015)], in which most of the relationships among im-
munity and metabolism have already been well studied.

Possible Interaction of Far-Off and Close-Up
Nutritional Strategies

No interactions among far-off management and close-
up feeding level were detected for production and health
outcomes as presented in the main manuscript concern-
ing this experiment (Roche et al., 2016). However, at
a molecular level (adipocyte transcriptome), distinct
and similar changes were caused by their interaction
in SlowBCS-Feed120 and FastBCS-Feed65 cows. Both
groups experienced a state of low lipolytic signaling
and higher insulin sensitivity (low IL1B, TNF) during
the entire transition period. Such a physiological state
would have been supported by the higher expression of
miR~99a, which in nonruminants is inversely correlated
with I1-6 secretion and FA concentration (Kloting et
al., 2009), miR-221, which is inversely correlated with
TNF-a secretion (Chou et al., 2013), and miR-126,
which is a CCL2 inhibitor (Arner et al., 2012).

Although adipose tissue of SlowBCS-Feed120 and
FastBCS-Feed65 cows appears not to have been primed
to mobilize its reserves, at least from the genes stud-
ied, it also did not seem to signal an increase in TAG
storage because the expression of FASN and RXRA
was markedly lower compared with the other experi-
mental groups. To further complicate this scenario of
an apparent metabolic “stasis,” contradictory responses
were detected. Both miR-155 and miR-145 were up-
regulated in SlowBCS-Feed120 and FastBCS-Feed65,
suggesting greater immune cell infiltration (Kloting
et al., 2009) and lipolytic activity (Lorente-Cebrian et
al., 2014), whereas miR-103 was also upregulated, pos-
sibly increasing insulin sensitivity (Trajkovski et al.,
2011) and stimulating pro-adipogenic signaling (Romao
et al., 2011, 2014). Thus, the metabolic effect of the
interactions detected remains unclear and is further
complicated by the lack of interaction at the phenotype
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level. Further research is needed to better characterize
the physiology of the relationships among far-off and
close-up nutrition.

CONCLUSIONS

The current results support the hypothesis that bovine
adipose tissue possesses a homeorhetic mechanism for
the adaptation to lactation, driven, in part, by inflam-
matory changes and, we speculate, in a cross-talk with
the innate immune system. This mechanism appears
to be modulated by peripartal nutrition. Overfeeding
animals in the far-off period to achieve optimal calv-
ing BCS (FastBCS) reduced the propensity to mobilize
adipose depots after parturition; however, animals that
were managed in late lactation to dry-off at optimal
calving BCS (SlowBCS) seemed more primed to lose
BCS in early lactation. Concerning close-up nutrition,
what seems to be a natural progression of self-driven
inflammatory events in slightly underfed cows (Feed90)
can be modulated both by underfeeding (Feed65) or
overfeeding (Feed120), which we speculate caused
the recruitment of the innate immune system to help
modulate adipocyte metabolism. In light of the present
results, to obtain a favorable transition to lactation, at
least in grazing systems, dairy cows should be managed
to achieve an optimal calving BCS at close-up, either
by overfeeding thinner cows or control-feeding those
already dried-off at target BCS, as neither strategy
(FastBCS, SlowBCS), despite their different outcomes,
interferes in the physiological adaptation. Subsequently,
in the close-up period, BCS should be managed by ap-
plying a slight feed restriction closer to calving.
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