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ABSTRACT

Supplying trace minerals in more bioavailable forms
such as amino acid complexes (AAC) could help amelio-
rate the incidence of hoof disorders in peripartal dairy
cows. The aim of this study was to evaluate the effects
of supplementing metal AAC during the peripartal pe-
riod on expression of 28 genes in corium tissue related
to claw composition, oxidative stress, inflammation,
chemotaxis, and transcriptional regulation. Forty-four
multiparous Holstein cows received a common diet from
—30 to 30 d relative to parturition and were assigned to
receive an oral bolus containing either inorganic trace
minerals (INO) or AAC (i.e., organic) Zn, Mn, Cu, and
Co to achieve supplemental levels of 75, 65, 11, and 1
ppm, respectively, in the total diet dry matter. Inor-
ganic trace minerals were provided in sulfate form, and
AAC were supplied via Availa Zn, Availa Mn, Availa
Cu, and COPRO (Zinpro Corp., Eden Prairie, MN).
Locomotion score was recorded before enrollment and
weekly throughout the experiment. Incidence of hoof
health problems at 30 d in milk was evaluated before
a hoof biopsy in a subset of cows (INO = 10; AAC =
9). Locomotion score did not differ between treatments
in the prepartum or postpartum period. The incidence
of heel horn erosion was lower in AAC cows, but the
incidence of sole ulcers did not differ. Downregulation
of KRT5, CTH, CALMLS5, and CYBB, and upregula-
tion of BTD in AAC cows indicated a decrease in the
need for activation of cellular pathways to regenerate
corium tissue and increase biotin availability in the sole
claw. These molecular changes in the sole could have
been triggered by the lower incidence of heel erosion
in response to AAC. Among the genes associated with
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oxidative stress, the AAC cows had greater expres-
sion of NFE2L2, a transcription factor that regulates
the antioxidant response, and the antioxidant enzyme
SOD1. Among genes associated with inflammation,
AAC cows had greater expression of TLR/, and lower
expression of TLR2, ILIB, and TNF compared with
INO cows. Supplementation with metal AAC during
the peripartal period affected the expression of genes
involved in composition, oxidative stress, and inflam-
mation status in the corium. The hoof biopsy procedure
used in the present study should be further perfected
and implemented in future lameness research to expand
our understanding of hoof biology in dairy cows.

Key words: organic minerals, dairy cattle, transition
period, gene expression

INTRODUCTION

Lameness is of great interest to the dairy industry
because of its economic impact and effect on animal
welfare (Cha et al., 2010; Shearer et al., 2013). Impor-
tant trace minerals such as Zn, Mn, and Cu are essential
cofactors for multiple enzymes including those involved
in keratin formation; therefore, these trace minerals
have been associated with hoof health (Tomlinson et
al., 2004). The low DMI of early postpartal dairy cows
relative to the large requirements for milk production
compromises supply of most nutrients including trace
minerals. In addition, negative interactions among
trace minerals and macrominerals and dietary factors
pre and post absorption can further reduce trace min-
eral bioavailability (NRC, 2001). Therefore, the use of
organic forms [e.g., complexed, covalently bonded to
AA; amino acid complex (AAC)] of these trace miner-
als has been widely adopted by the dairy industry.

We have successfully demonstrated the feasibility
of performing a hoof biopsy in dry, nonpregnant dairy
cows with the aim of isolating mRNA from corium tis-
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sue to perform gene expression analyses, minimizing
adverse effects on locomotion score and overall hoof
health (Osorio et al., 2012). The use of this procedure
allows for the in vivo study of important biological
processes in the corium tissue, including keratinization,
inflammation, and oxidative stress.

Keratinization of the bovine hoof is a complex and
dynamic process that responds to stimuli (e.g., mechani-
cal damage, trace minerals imbalance, inflammation) to
maintain the strength and integrity of the hoof capsule
(Hendry et al., 1997; Tomlinson et al., 2004). Among
several keratins we evaluated for keratinization, KRTS
was the most important at a transcriptional level in im-
mature keratinocytes (Osorio et al., 2012). Biotin is an
important vitamin for keratinization and hoof integrity
(Tomlinson et al., 2004), underscoring the importance
of biotinidase (encoded by BTD), an enzyme respon-
sible for the use and recycling of biotin.

Based on previous corium transcriptomic data be-
tween susceptible and non-susceptible claws from dry
nonpregnant cows (Osorio et al., 2012), we hypothesized
that genes associated with keratinization, such as KRTS
and BTD, would be affected by the supply and source
of trace minerals. Furthermore, we hypothesized that
proinflammatory genes would be downregulated with
AAC supplementation. The proinflammatory response
can be initiated via different pathways, including the
toll-like receptors (TLR; e.g., TLR2 and TLR/), which
are perhaps the most widely studied. Upon activation of
the TLR pathway, the primary outcome is the synthesis
of proinflammatory cytokines (e.g., tumor necrosis fac-
tor, TNF, IL-13, and IL-6; De Nardo, 2015). Activa-
tion of proinflammatory cytokines can upregulate ma-
trix metalloproteinases that have collagenase activity
and impair the integrity of the suspensory apparatus
of the hoof capsule (Dufour, 2015). The objective of
this study was to evaluate the effects of supplementing
AAC during the peripartal period on genes related to
claw composition, oxidative stress, inflammation, che-
motaxis, and transcriptional regulation.

MATERIALS AND METHODS
Experimental Design and Dietary Treatments

The Institutional Animal Care and Use Committee
of the University of Illinois approved all protocols for
this study (protocol no. 12097). The experiment was
conducted as a randomized complete block design
where 44 multiparous Holstein cows were blocked ac-
cording to parity, previous lactation milk yield, and
expected day of calving (Osorio et al., 2016). The com-
plete description of the experimental design is reported
elsewhere (Osorio et al., 2016). Briefly, cows received
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a common diet supplemented at 100% of NRC (2001)
requirements with Zn, Mn, Cu, and Co in the form of
inorganic trace minerals (INO) from 110 to 30 d before
calving. From —30 d to calving, cows received a com-
mon prepartal diet (1.5 Mcal/kg of DM, 15% CP), and
from calving to 30 DIM a common postpartal diet (1.76
Mcal/kg of DM, 18% CP). Both diets were partially
supplemented with an INO mix of Zn, Mn, and Cu to
supply 35, 45, and 6 ppm, respectively, of the total diet
DM. Cows were assigned to treatments in a randomized
completed block design, receiving a daily oral bolus
with a mix of INO or AAC containing 40, 20, 5, and
1 ppm of Zn, Mn, Cu, and Co, respectively, to achieve
75, 65, 11, and 1 ppm, respectively, in the total diet
DM. Inorganic trace minerals were provided in sulfate
form and AAC were supplied as Availa Zn, Availa Mn,
Availa Cu, and COPRO (Zinpro Corp., Eden Prairie,
MN). As described in Osorio et al. (2016) and Batis-
tel et al. (2016), some cows were removed during the
experiment due to health complications; none of those
cows were included in the present analysis. Per Insti-
tutional Animal Care and Use Committee guidelines,
12 cows per treatment were approved for liver biopsies,
corium biopsies, blood neutrophil RNA isolation, and
blood biomarker analysis. However, from these subsets,
only 10 INO and 9 AAC cows had a corium biopsy
plus a complete set of liver biopsies, neutrophil RNA,
and corresponding blood samples; only these cows were
used for the corium mRNA expression analysis.

Animal Management and Locomotion Score

Prior to calving, cows were fed individually once daily
at 0630 h using an individual gate system (American
Calan, Northwood, NH). Cows were housed on con-
crete floors in a ventilated enclosed barn during the
dry period and had access to sand-bedded free stalls
until 3 d before expected parturition, when they were
moved to individual maternity pens bedded with straw
until parturition. After parturition, cows were housed
in a tie-stall barn, fed a common lactation diet once
daily, and milked 3 times daily. At 30 DIM, cows were
returned to the farm herd. Feed offered was adjusted
daily to achieve 5 to 10% refusals.

A locomotion score was assigned by 2 individuals
before cows were enrolled in the experiment, based
on a scale described by Flower and Weary (2006; 1 =
normal, symmetrical gait and flat back to 5 = lame,
asymmetric gait, extremely arched back) to discrimi-
nate cows with mild to severe lameness (>2). The same
2 individuals recorded weekly locomotion scores for all
cows in the experiment, including those that were not
used for hoof biopsies [INO = 21 and AAC = 16 as in
Osorio et al. (2016)], from —30 to 30 d relative to par-
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Table 1. Frequency of occurrence of hoof health problems' at 30
DIM in cows supplemented with inorganic (INO) or metal amino acid
complex (AAC) trace minerals during the peripartal period

Treatment
Variable INO AAC P-value
Number of cows 10 9
White line 4 4 1.0
Sole hemorrhage 1 2 0.58
Heel horn erosion 8 3 0.07
Digital dermatitis 3 2 1.0

"Hoof evaluations were made on the right rear medial and lateral claws
at 30 d postpartum and before the hoof biopsy. Hoof health disease or
disorder was considered if at least mild.

turition. A final average locomotion score was used for
statistical analysis. Prior to enrollment, all cows were
inspected and trimmed by a professional trimmer to
look for possible visual signs of hoof disease (e.g., sole
ulcers, white line). Similarly, claws in the right rear
hoof were inspected by a veterinarian at 30 DIM before
the hoof biopsy, and observations are reported in Table
1. No hoof examinations were performed in other cows
in the experiment.

Hoof Samples

Hoof biopsy was performed at 30 DIM according to
our published procedure (Osorio et al., 2012), with a
few modifications. Briefly, the lateral claw of the lower
right hind limb (e.g., right rear) was cleaned with po-
vidone iodine scrub (Cat# 25655-41-8; Durvet Inc.,
Blue Springs, MO), allowing 3 min of contact time. All
biopsy instruments remained in an antiseptic solution
until use. A tourniquet was applied midway between
the fetlock and tarsus/carpus. Local anesthesia was ac-
complished using a regional block of the digital nerves
using 5 mL of 2% lidocaine-HCI (Agri Laboratories, St.
Joseph, MO).

After confirmation that anesthesia was successful,
the sole of the hoof was perforated in claw zone 4 (Ver-
munt and Greenough, 1996) using a 12 mm drill bit.
The hoof horn overlying the biopsy site was removed
with the drill bit until 1 to 2 mm of hoof wall remained.
The optimal depth was assessed by the change in ease
of passage of the drill bit through the hoof and by resis-
tance of the hoof horn to pressure. The tissue specimen
was obtained using a 6 mm biopsy punch (Cat# HL-
BP99; MedExSupply, Monsey, NY) inserted through
the hole and used to cut through the remaining hoof
wall and the underlying corium. Sterile gauze was ap-
plied to the biopsy site and held in place with tape. A
wooden hoof block (Cat# 46131; Bovi-Bond, Oxnard,
CA) was affixed with epoxy (Cat# 46130; Bovi-Bond)
on the medial claw from the same limb where the bi-
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opsy was performed to relieve weight bearing on the
claw from which the biopsy was taken. Biopsy samples
were cleaned with dry gauze and stored in liquid N,
until RNA extraction.

RNA Extraction, Quantitative qPCR, and Design
and Evaluation of Primers

Total RNA was extracted from hoof samples using
established protocols in our laboratory (see supplemen-
tal materials for details: http://dx.doi.org/10.3168/
jds.2015-10698). Details of quantitative PCR, design,
and primer evaluation are also presented in the supple-
mentary materials. The selected target genes (Table 2)
play important roles in claw composition (i.e., KRTS,
BTD, PKCD, VEGFA, CALML5, ALP, and CTH),
oxidative stress (i.e., SOD1, SOD2, SOD3, GPX1, and
NFE2L2), chemotaxis (i.e., LTA4H and ILS), inflam-
mation (i.e., TLR4, TLR2, MYD88, NFKB1, TNF,
IL6, STATS3, SAA3, CYBB, and IL1B), and tran-
scription regulation (i.e., RXRA, PPARA, PPARD,
PPARG). Further information regarding these targets
genes is presented in Supplemental Table S1 (http://
dx.doi.org/10.3168/jds.2015-10698). For this study,
GAPDH, RPS9, and UXT were used as internal con-
trol genes (Osorio et al., 2012). The geometric mean
of the internal control genes was used to normalize
the expression data and generate a percentage relative
abundance of mRNA (Supplemental Table S2; http://
dx.doi.org/10.3168/jds.2015-10698) and provide addi-
tional mechanistic information on the target genes. The
stability of the normalization factor was assessed using
geNorm software (Vandesompele et al., 2002) with a
favorable final pairwise variation of 0.18.

Statistical Analysis

The gene expression data were log-transformed before
statistical analysis using the PROC MIXED procedure
in SAS 9.3 (SAS Institute Inc., Cary, NC). The gene
expression analysis included diet as a fixed effect and
cow as a random effect. In the case of locomotion score,
we included time as a fixed effect and the interaction
of diet x time. The results of the hoof evaluation per-
formed at 30 DIM were analyzed using a Fisher exact
test and PROC FREQ in SAS. Statistical significance
was declared at P < 0.05, and tendencies at P < 0.15.

RESULTS

Locomotion Score

Among the cows used during the experiment, only 2
in each treatment were diagnosed as mildly lame (e.g.,
2 on the scale of 1-5), and the rest were normal (score



of 1.0). The mildly lame cows were not used for gene
expression analysis. Overall, the average locomotion
score was 1.11 in INO cows and 1.07 £+ 0.05 in AAC
cows prepartum, and 1.35 in INO cows and 1.11 + 0.15
in AAC cows postpartum. We observed no effect (P
> 0.27) of diet, time, or diet X time in locomotion
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score during the prepartal or postpartal stage (data not
shown). Although the incidence of white line disease,
sole hemorrhage, and digital dermatitis did not differ
(P > 0.58) at 30 DIM, we observed a strong tendency
(P = 0.07) for greater incidence of heel horn erosion in
INO cows (Table 1).

Table 2. Symbol, name, and main biological function or process of genes analyzed

Symbol" Name Biological function
Claw composition
KRTS Keratin 5 Keratinocyte formation
BTD Biotinidase Recycle protein-bound biotin by cleaving biocytin (biotin-
epsilon-lysine); regenerates free biotin
PKCD Protein kinase C, § Regulation of growth, apoptosis, and differentiation
VEGFA Vascular endothelial growth factor A Growth factor active in angiogenesis and endothelial cell
growth
CALMLS5 Calmodulin-like 5 Calcium-binding messenger protein restricted to
differentiating keratinocytes
ALP Alkaline phosphatase Metal ion binding; cementum mineralization; endochondral
ossification
CTH Cystathionase Converts cystathionine to cysteine, ammonia, and
2-oxobutanoate
CYBB Cytochrome b-245, 3 polypeptide Critical component of the membrane-bound oxidase of
phagocytes that generates superoxide
Oxidative stress
SOD1 Superoxide dismutase 1, cytosolic Binds copper and zinc ions; destroys free superoxide radicals
SOD2 Superoxide dismutase 2, mitochondrial Destroys radicals normally produced within the cells
SOD3 Superoxide dismutase 3, extracellular Protects the extracellular space from toxic effects of reactive
oxygen intermediates
GPX1 Glutathione peroxidase 1 Functions in the detoxification of hydrogen peroxide
NFE2L2 Nuclear factor-erythroid 2-related factor 2 Transcription activator that binds to antioxidant response
elements in the promoter regions of target genes; coordinates
upregulation of genes in response to oxidative stress
Chemotaxis
LTA4H Leukotriene A4 hydrolase Zinc-dependent epoxide hydrolase which hydrolyzes LTA4 to
form LLTB4 during leukotriene biosynthesis
1L8 Interleukin-8 Chemotactic factor that attracts neutrophils; involved in
neutrophil activation
Inflammation
TLR Toll-like receptor 4 Participates in the innate immune response to microbial
agents
TLR2 Toll-like receptor 2 Mediates the innate immune response to bacterial
lipoproteins or lipopeptides
MYDSS8 Myeloid differentiation primary response gene Adapter protein involved in the toll-like receptor and IL-1
(88) receptor signaling pathway in the innate immune response
NFKBI1 Nuclear factor of kappa light polypeptide gene  Transcription factor involved in inflammation, immunity,
enhancer in B-cells 1 differentiation, cell growth, tumorigenesis, and apoptosis
TNF Tumor necrosis factor o Multifunctional proinflammatory cytokine
IL6 Interleukin-6 Cytokine that functions in inflammation
STAT3 Signal transducer and activator of Transcription factor that binds to the interleukin-6-
transcription 3 responsive elements identified in the promoters of various
acute-phase protein genes
SAA3 Serum amyloid A 3 Acute-phase protein responsive to inflammatory stimuli
IL1B Interleukin 1 B Mediator of the inflammatory response; involved in cell

Transcription regulation
RXRA

PPARA
PPARD

PPARG

Retinoid X receptor,
Peroxisome proliferator-activated receptor «
Peroxisome proliferator-activated receptor §

Peroxisome proliferator-activated receptor ~

proliferation/apoptosis

Binds to PPARs, liver X receptors, and vitamin D receptors
to regulate other genes

Ligand-activated transcription factor; heterodimerizes with
RXRA to regulate gene expression

Ligand-activated transcription factor; heterodimerizes with
RXRA to regulate gene expression

Ligand-activated transcription factor; heterodimerizes with
RXRA to regulate gene expression

'Entrez Gene; National Center for Biotechnology Information.
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Table 3. Messenger RNA expression of genes in hoof tissue on d 30 postpartum

Treatment'
Gene INO AAC SEM Diet
Claw composition
KRT5 5.32 2.79 0.58 <0.01
BTD 4.67 5.71 0.20 <0.01
PKCD 5.16 5.13 0.15 0.89
VEGFA 5.60 5.22 0.18 0.15
CALMLS5 5.45 4.86 0.19 0.04
ALP 5.76 5.73 0.20 0.92
CTH 5.19 4.24 0.23 0.01
CYBB 5.51 4.61 0.31 0.05
Oxidative stress
SOD1 5.43 5.67 0.08 0.06
SOD2 5.59 5.30 0.10 0.06
SOD3 5.15 5.21 0.41 0.92
GPX1 5.75 5.17 0.17 0.03
NFE2L2 5.29 5.79 0.13 0.01
Chemotaxis
1L8 5.03 4.46 0.52 0.44
LTA4H 5.51 5.64 0.06 0.13
Inflammation
TLR2 5.82 4.99 0.30 0.02
TLR/ 5.23 6.00 0.17 <0.01
MYDS8 5.58 5.56 0.09 0.88
NFKB1 5.49 5.44 0.07 0.60
TNF 5.47 3.90 0.51 0.04
1L6 5.36 5.39 0.23 0.92
SAA3 5.20 4.17 0.54 0.17
STATS 5.45 5.45 0.11 0.98
IL1B 5.77 4.58 0.43 0.06
Transcription factors
RXRA 5.42 5.58 0.09 0.21
PPARA 5.51 5.87 0.12 0.04
PPARG 3.85 3.80 0.18 0.84
PPARD 5.24 5.65 0.10 0.01

'Cows were fed a basal diet supplemented with inorganic (INO) or metal amino acid complex (AAC) trace

minerals during the peripartal period.

Gene Expression

Claw Composition. Among the genes associated
with claw composition, the expression of KRT5 (P
< 0.01), CTH (P = 0.01), CALML5 (P = 0.04), and
CYBB (P = 0.05) was downregulated in AAC cows
compared with INO cows (Table 3). In contrast, BTD
was upregulated (P < 0.01) in AAC cows. We observed
a trend (P = 0.15) for lower expression of VEGFA in
AAC cows. The mRNA expression of ALP (P = 0.92)
and PKCD (P = 0.89) was not affected by dietary
treatment.

Ozidative Stress. We observed greater (P = 0.01)
expression of NFE2L2 in AAC cows compared with
INO cows, but GPXI was lower (P = 0.03) in AAC
cows. Expression of SODI tended (P = 0.06) to be
higher and expression of SOD2 tended to be lower (P
= 0.06) in AAC cows. Expression of SOD3 was not
affected (P = 0.92) by dietary treatments.
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Chemotaxis. We observed a trend (P = 0.13) for
greater expression of LTA4H in AAC cows compared
with INO cows, but IL8 was not affected (P = 0.44) by
dietary treatments.

Inflammation. We observed a greater (P < 0.01)
expression of TLR/ in AAC cows compared with INO
cows. In contrast to TLR4, the expression of TLR2 (P
= 0.02) and TNF (P = 0.04) was downregulated in
AAC cows. We observed a trend (P = 0.06) for IL1B
because of lower expression in AAC cows. The remain-
ing genes evaluated (MYD88, NFBK1, IL6, SAA3, and
STATS3) were not affected (all P > 0.17) by dietary
treatment.

Transcription Factors. Among the transcription
factors evaluated, only PPARA (P = 0.04) and PPARD
(P = 0.01) were affected by diet; both genes were up-
regulated in AAC cows compared with INO cows. In
contrast, PPARG (P = 0.84) and RXRA (P = 0.21)
were not affected by diet.
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DISCUSSION

Supplementing lactating dairy cows with AAC has
been positively associated with improved milk yield
and reproductive performance (Rabiee et al., 2010), as
well as decreased SCC (Kellogg et al., 2004). Similarly,
production and biomarker data from cows in this study
indicated that supplementing peripartal dairy cows
with AAC could minimize postpartal liver damage and
the risk of developing ketosis while at the same time
promoting increased DMI and milk yield (Osorio et al.,
2016).

Locomotion Score

Lameness in dairy cows is of great interest to the
dairy industry because of its economic impact and ef-
fect on animal welfare (Cha et al., 2010; Shearer et
al., 2013). Trace minerals such as Zn, Mn, and Cu
are essential cofactors for multiple enzymes, including
those involved in keratin formation. Therefore, these
trace minerals have been associated with hoof health
(Tomlinson et al., 2004). In fact, hair and hoof samples
from lame cows (locomotion score 3-5) had lower
concentrations of these trace minerals compared with
samples from healthy cows (locomotion score 1-2; Zhao
et al., 2015b). Because lameness is a process that can
develop at different rates depending on the underly-
ing pathology, the absence of differences in locomotion
score might not necessarily indicate that AAC and INO
cows had a similar supply of trace minerals. Karkoodi
et al. (2012) did not detect differences in locomotion
score in peripartal cows fed diets supplemented with
inorganic trace minerals (control), 25% organic:75%
inorganic, and 50% organic:50% inorganic forms of Zn,
Mn, Cu, and Se from —21 to 90 DIM. This indicates
that, if nutritionally driven, lameness is the ultimate
consequence of a long-term condition (e.g., limited
supply of trace minerals or rumen acidosis), and lo-
comotion score might not be suitable for determining
short-term trace mineral imbalance. In fact, long-term
(i.e., from prepartum to >200 DIM) beneficial effects
of feeding trace minerals on the hoof health of dairy
cows have been reported previously (Ballantine et al.,
2002; Siciliano-Jones et al., 2008), so it is likely that the
duration of the present study was insufficient to detect
differences in lameness.

Genes Related to Claw Composition

Keratinization of the bovine hoof is a complex and
dynamic process that responds to stimuli (e.g., me-
chanical damage, trace minerals imbalance, inflamma-
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tion) to maintain the strength and integrity of the hoof
capsule (Hendry et al., 1997; Tomlinson et al., 2004).
Hendry et al. (2001) detected an increase in protein
synthesis (including keratins) and cellular proliferation
in ulcerated claws, indicating that this condition stimu-
lated cellular repair. Although overall keratin 5 (KRT5)
protein abundance did not differ between healthy and
ulcerated bovine claws, they observed a significant
presence of KRT5 in basal and supra-basal layers in
necrotic tissues instead of basal layers only, as is com-
monly observed in healthy tissue, where keratinization
initiates (Hendry et al., 2001). These results indicated
that tissue damage results in an abnormal distribution
of cytokeratins throughout the layers of the corium.
We hypothesized that the greater KRT5 mRNA ex-
pression in INO cows could have been triggered by
epidermal-dermal disturbances originated in the heel
bulb. Whether the greater KRT5 mRNA expression
was associated with the initial stages of a subclinical
sole ulcer remains to be determined in future studies.

We hypothesized that the increase in protein syn-
thesis (particularly of keratin proteins) and cellular
proliferation reported by Hendry et al. (2001) in ulcer-
ated hoof tissue might be preceded by an upregulation
at the transcriptome level of keratins such as KRTS,
and we observed this in the present study. Such an idea
agrees with corium gene expression analysis (Osorio et
al., 2012) between laminitis-susceptible (claw 5) and
non-susceptible (claw 7) claws, where KRTS was up-
regulated in susceptible claws. In fact, the relevance of
changes in expression of keratins at the transcriptome
level was underscored by the greater relative mRNA
abundance of KRT5 among all genes evaluated in the
present study (Supplemental Table S2; http://dx.doi.
org/10.3168/jds.2015-10698).

Another potential explanation for the effect on KRTS
expression involves the activation of IL13 in keratino-
cytes that in turn could stimulate nearby fibroblasts to
secrete growth factors and cytokines, such as keratino-
cyte growth factor (KGF), I1.-6, and colony-stimulating
factor 2 (Waelti et al., 1992; Boxman et al., 1996). Al-
though the latter has been mainly detected in vitro and
the population of fibroblasts was not determined in the
present study, it represents an alternative mechanism
by which keratinocytes can regulate their own prolifera-
tion and differentiation via the IL13-fibroblast-KGF
axis (Arai et al., 2014). Therefore, upregulation of
IL1B in INO cows might have induced a dual effect,
stimulating an inflammatory response and inducing ke-
ratinocyte proliferation and differentiation reflected in
the upregulation of KRT5. It is noteworthy that blood
concentration of IL-6 was greater after calving in INO
than in AAC cows (Batistel et al., 2016), in line with
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the proposed mechanism in the hoof. Therefore, it is
conceivable that heel erosion in INO cows might have
triggered the above mechanism.

Although CTH and CALMLS5 encode for proteins
that participate in different biological processes, they
have been associated with keratinization (Méhul et al.,
2001; Tomlinson et al., 2004). Cystathionine gamma-
lyase (encoded by CTH) is responsible for converting
cystathione derived from Met into Cys, an important
sulfur-containing amino acid essential for proper kera-
tin protein structure (Tomlinson et al., 2004). Keratin
differentiation is partly a calcium-dependent process
(Hennings et al., 1980) that can be stimulated by cal-
cium carriers such as calmodulin-like protein (encoded
by CALMLS5; Méhul et al., 2001). Coupled with the
upregulation of KRTS in INO cows, the above mecha-
nism by which keratinization is stimulated during high
demand for tissue repair is in agreement with the up-
regulation of genes associated with keratinization (i.e.,
CTH and CALMLS5). Whether the origin of such an
effect was the increase in incidence of heel erosion could
not be assessed in the present study. Future research
should be conducted to clarify such effects and under-
stand the extent to which the severity of an adjacent
hoof disease can modify molecular pathways across
other claw zones.

Biotin is a water-soluble B vitamin and possibly the
most important vitamin for keratinization and main-
tenance of hoof integrity (Tomlinson et al., 2004). The
latter is perhaps the most interesting characteristic of
biotin: this vitamin is an essential cofactor of several
enzymes directly related to the synthesis of lipids and
glucose, with particular importance in the synthesis of
long-chain fatty acids (Weiss and Zimmerly, 2000). In
fact, Miilling et al. (1999) observed that biotin is es-
sential for the synthesis of complex lipid molecules in
the intercellular cementing substance, an essential ex-
tracellular matrix material critical for gluing together
keratinocytes in the latter steps of keratinization or cor-
nification. Therefore, the need for biotin for adequate
synthesis of intercellular cementing substance gives this
vitamin its beneficial effects for hoof integrity.

Dietary supplementation of biotin has been observed
to increase both hoof growth rate and resistance to
hoof pathologies (Bergsten et al., 2003; da Silva et al.,
2010). Our results indicate that biotinidase (encoded
by BTD), an enzyme responsible for the use and recy-
cling of biotin, was upregulated in AAC cows compared
with INO cows. As a result, the hoof integrity of AAC
cows might have been less compromised than that of
INO cows, requiring less cellular repair, and this find-
ing is in agreement with the downregulation of KRTSH
found in AAC cows. Although the origin of this effect
in AAC cows could not be ascertained in the present
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study (e.g., indirectly through reduced heel erosion),
the present data provide evidence that supplementa-
tion of AAC during the transition period has an effect
on the hoof transcriptome. Clearly, further experiments
including both protein and gene expression (particu-
larly BTD and KRT5) should be conducted to confirm
the absence of post-transcriptional regulation of these
genes.

Gene Related to Oxidative Stress

Oxidative stress is driven by an imbalance between
the production of reactive oxygen metabolites (ROM)
and the neutralizing capacity of antioxidant mechanisms
in tissues and blood. Although ROM production is an
essential component of the host response to invading
pathogens and traumas, it is harmful if not neutralized
by antioxidant substances. Enhanced levels of ROM
lead to oxidative stress, which has been implicated in
the pathogenesis of a large number of metabolic disor-
ders during the transition period (Abuelo et al., 2015)
and seems to be related to the occurrence of lameness
(Zhao et al., 2015b).

Among the well-known antioxidants are glutathi-
one, superoxide dismutase (SOD), and vitamins A
and E (Margaritelis et al., 2015). The 3 isoforms of
SOD (SOD1, SOD2, and SOD3) are not only com-
partmentalized at the cellular level (i.e., cytoplasm,
mitochondria, and extracellular, respectively) but also
differ in that SOD1 and SOD3 require Cu/Zn to be
functional, and SOD2 requires Mn. The transcriptional
response of SODZ2 indicates that AAC cows had a lower
demand for neutralizing reactive oxygen species at the
mitochondrial level than in the cytoplasm. Evidence
from mouse explants and cell culture shows that TNF
can selectively induce SOD2 mRNA expression but not
SOD1 (Matés, 2000), which is in agreement with the
simultaneous upregulation of TNF and SOD2 detected
in the current study.

Nuclear erythroid 2-related factor (NFE2L2) regu-
lates the expression of several antioxidant enzymes, such
as glutathione and SOD, via the antioxidant response
element (ARE), which confers on this transcription fac-
tor a major role in the defense against ROM damage
(Kansanen et al., 2013; Pillay et al., 2015). Tt is note-
worthy that Zn has been associated with the activation
of the NFE2L2-ARE pathway. For instance, Wang et
al. (2015) detected greater protein and gene expression
of Nfe2l2 in the liver of mice fed diets supplemented
with Zn and subjected to heat stress. Therefore, greater
bioavailability of Zn in AAC cows could partly explain
the upregulation of NEF2L2. Although NFE2L2 was
upregulated in AAC cows, this effect was not trans-
lated into upregulation of either SOD2 or GPX1. The
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antioxidant effects of NFE2L2 might be regulated at
a post-transcriptional step because Kelch-like ECH-
associated protein, an NFE2L2 inhibitor, can sequester
and tag NFE2L2 for proteasomal degradation (Giudice
et al., 2010). Therefore, greater expression of SOD2 and
GPX1 in INO cows could be more related to protein
activity /availability of NFE2L2 than transcription.

The changes in expression of oxidative stress-related
genes at the level of hoof tissue agree with the systemic
biomarkers measured in these cows (Batistel et al.,
2016). Clearly, these systemic and local events could
increase the susceptibility of the cows to develop lame-
ness (Zhao et al., 2015a). More research is needed to
determine the extent to which oxidative stress plays a
role in lameness and how dietary trace minerals help
prevent it.

Genes Related to Inflammation and Chemotaxis

The proinflammatory cascade can be initiated via
different pathways, and among them, the TLR are per-
haps the most widely studied. The primary outcome
of TLR activation is the synthesis of proinflammatory
cytokines (e.g., TNF, IL1B, and IL6; De Nardo, 2015).
The TLR can be activated via different pathogen-
associated molecular patterns expressed on infectious
agents. For example, lipopolysaccharide from gram-
negative bacteria stimulates TLR4, and TLR2 is stimu-
lated by lipoteichoic acid from gram-positive bacteria
(De Nardo, 2015).

In the current study, the upregulation of TLR2 with
INO and upregulation of TLR4 with AAC is indicative
that hoof tissue in INO- and AAC-supplemented cows
might have been subjected to different types of bacterial
stimuli. Based on the upregulation of TNF and IL1B in
INO cows, it could be hypothesized that TLR2 activa-
tion in INO cows was more effective in mounting an
inflammatory response than TLR/ activation in AAC
cows. In contrast, the lack of agreement between TLR/
and proinflammatory cytokine expression in AAC cows
could reflect a downregulation of the TLR4 receptor by
earlier LPS exposure (i.e., “endotoxin tolerance”) or the
possibility that the incorrect LPS ligand was present in
AAC claws (Vatanen et al., 2016).

As a result of the concomitant upregulation of TLR2,
TNF, and IL1B in INO cows, their hoof tissue could
have been under greater inflammatory stress, and this
agrees with the systemic concentration of inflammatory
biomarkers detected in INO compared with AAC cows
(Batistel et al., 2016). The greater plasma concentration
of IL-6 in INO cows (Batistel et al., 2016) is suggestive
of a higher predisposition to lameness after parturition
(Zhang et al., 2015).
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The beneficial effects of peroxisome proliferator-
activated receptor (PPAR) in controlling expression of
genes involved in lipid metabolism, anti-inflammatory
response, and growth in ruminants have been reviewed
recently (Bionaz et al., 2013). In the present study, the
upregulation of PPARA and PPARD following supple-
mentation of AAC suggests that greater bioavailability
of trace minerals could directly or indirectly stimulate
these transcription factors. The greater mRNA abun-
dance of PPARA than PPARD or PPARG in hoof
tissue (Osorio et al., 2012), indicated that expression
of PPARA might be particularly important in corium
tissue biology. Whether it stems from a role in lipid
metabolism or inflammation remains to be determined.

CONCLUSIONS

Supplementing AAC during the peripartal period
affected the transcription of a variety of genes that
influence structure, oxidative stress, and inflammation
status in the hoof. The overall greater mRNA abun-
dance of KRTS5 underscores the importance of this
keratin and the greater need for tissue repair during the
peripartal period. It remains to be discerned in future
experiments whether the positive effects of AAC at a
molecular level in the sole claw are reflective of lower
subclinical development of sole ulcers, reduced distur-
bance in the dermal-epidermal homeostasis from heel
erosion, or reduced incidence of other hoof diseases.
Evaluating these phenotypic outcomes is important to
give biological meaning to the transcriptomic altera-
tions observed during peripartal AAC supplementation.
It is conceivable that the PPAR play an important role
in the biology of corium tissue, at least in terms of lipid
metabolism and inflammation.
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