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ABSTRACT

The effects of subclinical hypocalcemia have been
explored in numerous observational and mechanistic
studies in recent years. Besides obvious, well-known
effects on muscle contractility, the role of Ca with re-
spect to immune function and intermediary metabolism
explains the contribution of subclinical hypocalcemia
to the development of several diseases observed in
early lactation and underlines its importance in high-
performing dairy cows. The present review aims at
integrating recent scientific progress, such as discover-
ies about the role of the mammary gland in regulat-
ing bone mobilization, into generally accepted aspects
of the endocrine control of Ca homeostasis. We will
discuss Ca transport mechanisms through absorption,
resorption, secretion, and mobilization, as well as the
physiological regulation of Ca through parathyroid
hormone, 1,25-dihydroxyvitamin D, fibroblast growth
factor 23, and serotonin, in addition to dietary min-
eral requirements. To improve hypocalcemia prevention
strategies, our knowledge of the physiological mecha-
nisms necessary to maintain normocalcemia and their
endogenous regulation should be combined with data
derived from herd-level studies. Using such studies, we
will discuss prepartum nutritional strategies aimed at
reducing the incidence of subclinical hypocalcemia, as
well as options for postpartum Ca supplementation and
their effects on early-lactation health and production.
Especially in respect to approaches that might interfere
with endogenous adaptation processes, such as supple-
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mentation with vitamin D metabolites or large doses
of Ca, a thorough understanding of the underlying
mechanisms that might induce unwanted hypocalcemia
rebound effects will be crucial to ameliorate our future
management of transition cows. Continued efforts by
researchers to understand the interaction of Ca homeo-
stasis with prevention strategies is necessary to opti-
mize cow health and support copious milk production.
Key words: dairy cow, hypocalcemia, calcium
transport

INTRODUCTION

Dairy cows have a tremendous and extremely efficient
ability to move essential nutrients to milk. Postpartum
hypocalcemia is a consequence of initiating a massive
draw of Ca at the onset of lactation. The issue of par-
turient paresis, commonly known as milk fever, has
long been recognized and has been known for nearly
a century to result from hypocalcemia. Amazingly, the
incidence of milk fever has not increased in the last few
decades despite dramatic increases in milk yield per
cow (Curtis et al., 1983; Reinhardt et al., 2011). Even
so, the occurrence of subclinical hypocalcemia persists.
Because several key physiological processes rely on Ca,
the effects of subclinical hypocalcemia have substantial
negative effects on the health and productivity of dairy
cows. Current research efforts are aimed at gaining a
better understanding of Ca transport mechanisms and
optimizing Ca homeostasis through nutrition and man-
agement.

Calcium Fluxes of Periparturient Cows

At the onset of lactation, the Ca demand of the dairy
cow increases dramatically within a very short time.
Horst et al. (2005) estimated that in humans and rats,
daily Ca losses as a function of metabolic body size
(body weight”™) at the initiation of milk production
(5 mg and 200 mg/kg""™) are lower than in late preg-
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nancy (20 mg and 500 mg/kg” "), whereas dairy cows
are challenged by a rise from 80 to 500 mg per kg"™.
Even if the exact numbers depend on milk yield, milk
Ca content, management during the dry period and the
first days in milk, and other factors, the Ca demand
of the dairy cow does not decrease but increases sub-
stantially at the onset of lactation. Mann et al. (2016)
reported an amount of 6.8 kg of colostrum when the
first milking was done 60 min after calving. Given that
the Ca concentration in colostrum is higher than that
of mature milk, and circulating Ca amounts to only 2
to 4 g, the plasma pool would have to be exchanged
approximately 10 times for the production of 10 kg of
colostrum, but only 3 times for the mineralization of
the fetal skeleton. In contrast to horses, for example,
renal excretion of Ca is very low in ruminants (0.5 to
2 g per day); thus, diminishing urinary Ca loss is not
effective in compensating for the sudden increase in Ca
demand, and the readily available Ca pool of the skel-
eton only contributes 6 to 10 g. To fully counterbalance
the enhanced Ca demand, rapid stimulation of further
bone mobilization and adaptation of gastrointestinal
Ca absorption are needed (Reinhardt et al., 1988; Horst
et al., 2005). In the present review, we address the rel-
evance of hypocalcemia, the physiological mechanisms
necessary to maintain normocalcemia, their endogenous
regulation, and different approaches to improve Ca ho-
meostasis in light of their modes of action.

Physiological Role of Calcium

The physiological roles of Ca in bone mineralization,
coagulation, cardiac action potentials, cell signaling as
a second messenger, and muscle contractility necessi-
tate extremely tight regulation of Ca in intracellular
and extracellular fluids. As such, severe hypocalcemia
leads to paresis or death. Even small disturbances in
Ca homeostasis can have detrimental effects on muscle,
endocrine, and immune function, which likely explain
the negative effects of hypocalcemia on health and pro-
duction of dairy cows.

The role of Ca in muscle function has significant im-
plications for parturition and gastrointestinal function
of periparturient cows. Extracellular Ca is involved in
the excitability of neurons and muscle cells (Han et
al., 2015). In smooth muscle, it is especially crucial for
the excitation-contraction coupling. Indeed, the role
of Ca in smooth muscle function likely explains the
negative effects of hypocalcemia on contractility and
motility of the reproductive and gastrointestinal tracts
(Daniel, 1983; Al-Eknah and Noakes, 1989; Jgrgensen
et al., 1998; Heppelmann et al., 2015). In addition, in-
duced subclinical hypocalcemia (SCH; 0.9 mM iCa)
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by Na,EDTA infusion decreased chewing activity and
DMI of nonlactating dairy cows (Hansen et al., 2003).

The role of Ca as a second messenger also has signifi-
cant implications for endocrine and immune functions
of periparturient cows. Disturbances to endocrine and
immune systems of periparturient cows are recognized
as key contributors to diseases and disorders during the
periparturient period. Many hormone and immune cell
extracellular receptors utilize the inositol trisphosphate
intracellular Ca signaling pathway. In neutrophils, for
example, inositol trisphosphate released from hydrolysis
of phosphatidylinositol 4,5-bisphosphate by phospholi-
pase C causes release of Ca stores in the endoplasmic
reticulum in response to an immunostimulatory signal.
The intracellular Ca efflux from endoplasmic reticulum
stores subsequently initiates influx of extracellular Ca
via a stromal interaction molecule and Ca release-
activated Ca channel proteins, in a process known as
store-operated Ca entry (Clemens and Lowell, 2015).
The increased intracellular Ca from store-operated Ca
entry triggers several neutrophil functions, including
degranulation, chemotaxis, generation of reactive oxy-
gen species, and phagocytosis (Immler et al., 2018). The
role of Ca as a second messenger in immune cells and
pancreatic 3-cells presumably explains the observations
that induced SCH decreased insulin concentrations and
neutrophil activation in dairy cows (Martinez et al.,
2014).

Effects of Hypocalcemia on Health and Production

Whereas parturient paresis is a widely accepted risk
factor for subsequent displaced abomasum, ketosis,
metritis, retained placenta, mastitis, culling, and de-
creased milk production, it affects less than 5% of post-
partum cows and thus does not have a large impact on
herd-level disease and production outcomes. Subclini-
cal hypocalcemia, however, is less apparent but much
more common, thus creating herd-level effects on cow
health and production. Recent studies using diagnostic
serum or plasma total Ca thresholds ranging from 2.0
to 2.15 mmol/L at 24 and 48 h postpartum show that
this disorder can affect up to 50% of postpartum cows
(Reinhardt et al., 2011; Martinez et al., 2012). These
studies, and others, provide evidence that cows with
SCH are 3 to 5 times more likely to develop postpar-
tum disease and 50% more likely to be removed from
the herd in early lactation than normocalcemic cows
(Chapinal et al., 2011; Rodriguez et al., 2017; Venja-
kob et al., 2018). Interestingly, studies provide mixed
results on the effects of SCH on milk production. This
discrepancy might be explained by the evolving clas-
sification of SCH epidemiology and diagnosis.
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A recent study by Caixeta et al. (2017) showed
that cows with serum total Ca concentrations <2.15
mmol/L at d 1, 2, and 3 in milk, which they termed
chronic SCH, had 70% decreased odds of pregnancy to
first service compared with normocalcemic cows. Thus,
perhaps it is the persistency of SCH, not the absolute
concentration on a given day, that is detrimental to the
immediate-postpartum cow. This idea is supported by
results from Neves and colleagues (2018a,b), showing
that clinically normal cows with low Ca concentra-
tions at calving and 1 DIM are less likely to develop
early lactation diseases and produce substantially more
milk in early lactation than cows with normal blood
Ca concentrations. Conversely, cows that have persis-
tent SCH lasting until 2 or 4 DIM for primiparous or
multiparous cows, respectively, are much more likely to
develop additional diseases and have severely reduced
milk production compared with their normocalcemic
counterparts. Continued mechanistic and epidemiologic
investigation into the physiologic mechanisms of Ca
regulation, as discussed below, are underway to deter-
mine why some cows are normocalcemic after calving
whereas others experience transient or persistent SCH.

CALCIUM TRANSPORT MECHANISMS

Intestinal and Renal Calcium Absorption
and Resorption Mechanisms

Most of our knowledge about Ca transport mecha-
nisms is derived from studies in rodents. Although
various aspects can be extrapolated to ruminants, some
peculiarities in comparison to monogastric animals are
clear. In the following, specific results obtained in rumi-
nants will be indicated.

Depending on its luminal concentration, the tran-
sepithelial electrical gradient, the barrier formed by
tight-junction proteins, and the driving force generated
by the so-called solvent-drag effect due to the move-
ment of water, gastrointestinal and renal Ca absorption
occurs via the transcellular as well as the paracellular
pathway (Bronner, 1987; Hoenderop et al., 2005; Goff,
2018). In Caco-2 cells, claudin-2 and claudin-12 were
found to increase the paracellular permeability for Ca
(Fujita et al., 2008). Also in growing goats, stimulation
of Ca homeostatic mechanisms by dietary Ca restric-
tion resulted in an upregulation of intestinal claudin-2
and claudin-12 expression (Elfers et al., 2016). In the
kidney, 70% of the filtered Ca is resorbed paracellularly
in the proximal tubules, driven mainly by the solvent-
drag effect (Friedman and Gesek, 1995). Up to 20%
is resorbed in the thick ascending limb of the loop of
Henle (Lassiter et al., 1963), where a lumen-positive
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transepithelial potential difference is generated by the
electroneutral uptake of Na, K, and Cl via the Na'-
K™-2Cl -cotransporter, followed by the basolateral
extrusion of CIl and the apical secretion of K. The tight
junctions contain claudin-16 that increases cation per-
meability, claudin-19 that blocks anion permeability,
and claudin-14 that decreases the cation permeability
mediated by claudin-16 (Negri, 2015).

Active, transcellular Ca transport that mediates Ca
transport in absence of favorable gradients is generally
accepted to be a 3-step process. In the small intestine,
Ca enters the cell mainly via the transient receptor
potential vanilloid channel type 6 (TRPV6; Peng et
al., 1999), is bound to the cytosolic protein calbindin-
Dy (CaBPpgk; Bronner, 1987), translocated to the
basolateral membrane, and extruded predominantly by
the plasma membrane Ca’"-ATPase isoform 1b (van
Abel et al., 2003). These transport proteins have been
detected in the small intestine of sheep, goats, and cows
(Yamagishi et al., 2006; Wilkens et al., 2011; Wilkens et
al., 2012b; Schroder et al., 2015). In the distal tubule of
the kidney, apical uptake of Ca occurs predominantly
via transient receptor potential vanilloid channel type 5
(TRPV5; Hoenderop et al., 1999); the transfer to the
basolateral cell membrane, where an active sodium-cal-
cium exchanger type 1 (NCX1) exports Ca out of the
cell, takes place after binding of Ca to calbindin-Dogk
(Hoenderop et al., 2000). Administration of the biologi-
cally active form of vitamin D, 1,25-dihydroxyvitamin
D [1,25(OH),D3|, induces a significant increase of all
the above-mentioned Ca transport mechanisms except
for NCX1 in monogastric species and small ruminants.
However, increased endogenous 1,25(0OH),D3 as a re-
sponse to a dietary Ca restriction stimulated intestinal
transporter expression and absorption only in goats,
but not in sheep. Regarding renal Ca transport, neither
a decrease in excretion nor an upregulation of the ex-
pression of Ca transport proteins could be found with
a dietary Ca restriction in small ruminants (Hoenderop
et al., 2005; Wilkens et al., 2011; Wilkens et al., 2012b;
Herm et al., 2015). Similar studies using cows have not
been conducted.

Calcium Absorption from the Rumen

The comparison of rumen Ca flux rates and man-
nitol flux rates are used to estimate transepithelial
movement of water. The flux rates suggest that the
rumen multilayer epithelium is probably too dense to
allow significant amounts of Ca to be absorbed via the
interstitial fluid unless the luminal concentration of Ca
is increased dramatically by drenching or providing
Ca as a bolus (Schroder and Breves, 2006; Wilkens et



Wilkens et al.: ANIMAL HEALTH SYMPOSIUM: TRANSITION COW CALCIUM HOMEOSTASIS

al., 2011; Wilkens et al., 2012b). Active Ca transport
has been demonstrated by functional methods in the
rumen of different ruminant species. But as TRPV6
and CaBPpgk are not expressed in ovine, caprine, or
bovine rumen epithelia, and neither long-term dietary
Ca restriction of sheep and goats nor administration of
supraphysiological amounts of 1,25(0OH),D; resulted in
increased Ca net flux rates across rumen epithelia mea-
sured in Ussing chambers, active Ca transport is prob-
ably not mediated by the classical mechanism described
for the intestine (Schroder et al., 2001; Wilkens et al.,
2011; Wilkens et al., 2012b; Schroder et al., 2015).

Because rumen Ca transport determined in vitro de-
pends on the presence of short-chain fatty acids (Uppal
et al., 2003), an apical transport mechanism based on a
Ca*" /H" exchange system has been discussed but never
proven (Lutz and Scharrer, 1991; Schroder et al., 2015).
Another candidate for the apical uptake of Ca could be
transient receptor potential vanilloid channel type 3. In
vitro and in vivo, agonists of this channel were shown
to stimulate not only the transport of Ca but also that
of NH, and Na (Rosendahl et al., 2016; Schrapers et
al., 2018; Braun et al., 2019). An involvement of a more
complex ion-exchange mechanism might also explain
the finding that feeding a diet negative in DCAD af-
fects the ratio of the electroneutral to the electrogenic
component of rumen Ca transport from the mucosal
to the serosal side determined in Ussing chambers
(Wilkens et al., 2016).

Although the mechanism has not been elucidated so
far, studies in double-knockout mice have suggested
the possibility of an alternative, active intestinal Ca
transport independent of TRPV6 and CaBPpgk (Benn
et al., 2008). In rats, Ca absorption mediated by the
voltage-gated Ca channel Ca,1.3 that was linked
with glucose transport via the sodium-linked glucose
transporter 1 could be demonstrated (Morgan et al.,
2003; Morgan et al., 2007). Even if glucose-coupled Ca
transport does not apply to the rumen, these results
demonstrate that other transcellular mechanisms exist
apart from the dogma of the classical model described
for the small intestine. The recently demonstrated as-
sociation between hypocalcemia and impaired rumen
Ca absorption underlines the relevance of Ca transport
in the forestomachs (Hyde et al., 2019), suggesting that
further research on this topic is urgently needed.

Calcium Secretion in the Mammary Gland

During late pregnancy and lactation, the mammary
gland differentiates immensely to support the copious
production of milk. Milk is the most Ca-rich biologi-
cal fluid, with Ca existing in both bound (to casein
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micelles) and ionized forms (Neville and Watters,
1983; VanHouten and Wysolmerski, 2007). During late
pregnancy, activity and expression of Ca transporters,
pumps, and modulators are dramatically increased to
enable the transcellular movement of Ca from the blood
into the milk (Cross et al., 2014). The presence of a
calcium sensing receptor (CaSR) on the basolateral
side of the mammary epithelium acts to regulate sys-
temic Ca homeostasis during lactation, coordinating a
feedback loop to regulate the amounts of Ca in the milk
and the blood (VanHouten and Wysolmerski, 2013).
This is one of many examples of the effects of milk
synthesis and secretion by the mammary gland affect-
ing maternal homeostasis.

Tonized Ca is a critical second messenger utilized
inside the mammary epithelial cells and must be in-
tracellularly stored, because as a mineral it can be
neither synthesized nor degraded. Therefore, cytosolic
Ca”*" concentrations must be maintained in a submi-
cromolar range to prevent cellular apoptosis. This is
achieved by buffering of Ca>" in the cytoplasm by Ca
binding proteins, or by intracellular storage of Ca in
the Golgi apparatus by the secretory plasma Ca’"
ATPases (SPCA1/2) and in the endoplasmic re-
ticulum by the sarco(endo)plasmic reticulum ATPases
(SERCA; Neville and Watters, 1983; VanHouten and
Wysolmerski, 2007; Faddy et al., 2008; Cross et al.,
2014). The SPCA, specifically SPCA2, are increased
in the mammary gland during pregnancy and lactation
and are critical for the contribution of the Golgi ap-
paratus in the enrichment of Ca by acting to replenish
the Golgi with Ca (Faddy et al., 2008). The SERCA
are only modestly increased in the mammary gland
during pregnancy and lactation, which are critical for
replenishing Ca concentrations in the endoplasmic
reticulum (Reinhardt and Horst, 1999). Calcium is
transported into the mammary gland transcellularly
across the basolateral membrane for milk synthesis
and intracellular Ca’" signaling (Neville and Watters,
1983; VanHouten and Wysolmerski, 2007). Transport
of Ca into the mammary gland is thought to occur
primarily through a store-operated Ca’' influx chan-
nel (Orail), by a store-independent mechanism, and
is activated by SPCA2 induction (Cross et al., 2013).
Several other Ca channels and exchangers are pres-
ent on the basolateral side of the mammary epithe-
lium; however, Orail appears to be the most highly
expressed (Cross et al., 2014). Although a portion of
Ca is secreted into milk in the bound form attached
to casein micelles, approximately 60 to 70% of Ca is
actively pumped into milk by the plasma membrane
Ca’* ATPase 2 (PMCAZ2; Reinhardt et al., 2004;
VanHouten et al., 2007).
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Bone Mobilization

The skeleton contributes to mineral homeostasis by
accretion and liberation of Ca, P, and Mg. In addition,
it plays a key role in acid-base balance by buffering
H* (Bushinsky et al., 1985). The greater incidence of
hypocalcemia observed in higher lactation numbers
might be explained by a reduced capacity to mobilize
Ca from the skeleton, as the number of osteoclasts and
the resorptive bone surface are reduced in older animals
(Reinhardt et al., 1988). Mobilization of calcium from
bone tissue during lactation is critical for all mam-
malian species, as dietary Ca and classical Ca main-
tenance mechanisms are unable to compensate for the
loss of Ca to milk (Wysolmerski, 2010; Kovacs, 2017).
Bone comprises both cortical and trabecular bone tis-
sue; trabecular portions of the bone provide a rapidly
exchangeable Ca pool that can be utilized to maintain
Ca homeostasis. During lactation, bone mobilization
largely occurs in the trabecular-rich sites of the body
(spine, proximal femora, and proximal tibias) rather
than the purely cortical bones of the body (Kovacs,
2017).

Osteoblasts express receptor activator of NFkB
(RANK) on their surface. Binding of receptor activa-
tor NFkB ligand (RANKL) induces the differentia-
tion and maturation of osteoclasts and initiates bone
resorption (Boyle et al., 2003). This interaction can be
abolished by the osteoblast-derived soluble decoy recep-
tor osteoprotegerin (OPG). Similar to RANK, OPG
can bind RANKL and thus decrease the abundance of
RANKL available for the activation of RANK. There-
fore, the ratio of OPG to RANKL is crucial for the
balance between anabolism and catabolism (Trouvin
and Goeb, 2010). Continuous exposure to parathyroid
hormone (PTH) increases the secretion of RANKL
and decreases that of OPG (Ma et al., 2001), a process
that is supported by 1,25(OH),D3; by the same mode
of action (Kitazawa et al., 2003; Kondo et al., 2004).
The observed anabolic effect of 1,25(OH),D3 on bone
tissue probably depends on the concomitantly available
amount of Ca (Boyce and Weisbrode, 1983). During
lactation, mammary secretion of parathyroid hormone—
related protein (PTHrP), acts directly to stimulate
osteoclast activation, which acts to increase bone mobi-
lization of Ca (Wysolmerski, 2010). Like PTH, PTHrP
exerts its action through an identical receptor on bone
tissue. In addition to the activation of osteoclasts to
liberate Ca from bone, osteocytes resorb minerals from
their surroundings, thereby increasing lacunar and can-
alicular spaces during lactation, and are also thought to
contribute to Ca mobilization from the bone during this
physiological state (Kaya et al., 2017; Kovacs, 2017).
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PHYSIOLOGICAL REGULATION OF CA
HOMEOSTATIC MECHANISMS

Parathyroid Hormone, 1,25-Dihydroxyvitamin D,
and Fibroblast Growth Factor 23

A decrease in blood Ca®" detected by the CaSR of
the parathyroid gland induces release of PTH. As this
84 amino acid peptide is stored in secretory granules,
it can be secreted in response to hypocalcemia within
minutes (Kumar and Thompson, 2011). One of the
main actions of continuously elevated PTH plasma
concentrations is to stimulate osteoclastogenesis, re-
sulting in mobilization of Ca and P from the skeleton
via interaction with the OPG-RANKL-RANK signal-
ing system (Ben-awadh et al., 2014). In monogastric
animals, PTH also increases renal Ca resorption and
phosphate (P;) excretion through direct, rapid mecha-
nisms (Besarab and Swanson, 1982). In addition, PTH
stimulates expression and activity of la-hydroxylase
(CYP27B1). This enzyme is predominantly located
in the mitochondria of the proximal tubules and con-
verts 25-hydroxyvitamin D3 [25(OH)Dj] to the most
biologically active vitamin D metabolite, 1,25(OH),D;
(Fraser and Kodicek, 1973).

The steroid hormone 1,25(OH),D3 binds the intra-
cellular vitamin D receptor (VDR) and its co-receptor
retinoid X receptor (RXR); together they form a
ligand-activated transcription factor. The 1,25(OH),D;
hormone is a potent calcitropic agent, resulting in a
relatively robust increase in serum Ca within a few
hours after injection (Vieira-Neto et al., 2017). Via
its genomic effects on Ca transporter expression that
become present after a certain time lag, 1,25(OH),D;
stimulates renal resorption and intestinal absorption of
Ca (Dusso et al., 2005). The 1,25(OH),D; limits its
own synthesis by inhibiting CYP27B1 and stimulat-
ing the expression of the 24-hydroxylase (CYP24A1),
an enzyme that initiates the inactivation and clear-
ance of both 25(OH)Dj3 and 1,25(OH),D3 through a
hydroxylation at position 24 (Chen and DeLuca, 1995;
Beckman and DeLuca, 2002). In addition, 1,25(0OH),D;
induces the production of fibroblast growth factor 23
(FGF23; Saji et al., 2010), a bone-derived phospha-
tonin that interacts with PTH expression and vitamin
D metabolism and decreases plasma concentrations of
1,25(0OH),D;3 (Schiavi and Kumar, 2004; Krajisnik et
al., 2007). Furthermore, a direct effect of plasma Ca
on 1,25(OH),D; concentrations has been shown in rats
(Bushinsky et al., 1985).

Calcitonin is secreted from the parafollicular or
C cells of the thyroid gland in response to elevated
plasma Ca. Although its main action is the inhibition
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of bone resorption during hypercalcemia (Hoff et al.,
2002), its potential role in the development of hypo-
calcemia has not received much consideration, due to
conflicting research results. Shappell et al. (1987) found
lower calcitonin concentrations in multiparous, hypo-
calcemic cows, whereas no differences were reported
by Bandzaite et al. (2005). These discrepancies might
occur because alterations in calcitonin could be both
cause and consequence of hypocalcemia. Interestingly,
it has recently been demonstrated that in contrast to
dairy cows experiencing low-grade SCH (plasma Ca
between 1.88 and 2.13 mmol/L), plasma calcitonin is
increased transiently in dairy cows developing severe
SCH, defined as blood Ca concentrations between 1.50
and 1.85 mmol/L at calving (Rodriguez et al., 2016).
A rise in calcitonin could interfere with PTH-mediated
bone resorption and thus induce hypocalcemia.

Dietary Calcium, Magnesium, and Phosphorus

Because plasma Ca concentration is the key player in
stimulating or inhibiting the endocrine regulatory cir-
cuits described above, it is not astonishing that a high
Ca content in the dry cow ration is a risk factor for hy-
pocalcemia. The compromised capacity to mobilize Ca
around calving as a response to high dietary Ca intake
in late gestation was clearly demonstrated by determin-
ing the response to Na,EDTA infusions (van de Braak
et al., 1986). In line with these findings, decreasing
the Ca availability in the dry cow ration also resulted
in higher plasma concentrations of 1,25(0OH),D; at
parturition and improved peripartum Ca homeostasis
(Thilsing-Hansen et al., 2002). Meta-analyses revealed
that dietary Ca fed prepartum has a second-order ef-
fect on the incidence of hypocalcemia (Oetzel, 1991;
Lean et al., 2006). Because the highest incidence of
hypocalcemia was observed with intermediate dietary
Ca content (1.16 to 1.35%), it can be speculated that
the negative effect on endocrine adaptation caused by
a sufficient Ca intake prepartum can be overcome by
increasing Ca absorption simply through the enhanced
gradients in the gastrointestinal tract due to a very
high Ca intake. Experiments with VDR knock out mice
kept on so-called “rescue diets” (2% Ca, 1.25% P, 20%
lactose) have shown that normocalcemia can be main-
tained without genomic actions of 1,25(0OH),D; if Ca
supply is high (Ii et al., 1998).

Insufficient Mg intake or impaired Mg absorption
have been associated with increased risk for developing
hypocalcemia (Lean et al., 2006; Goff, 2008). Low blood
concentrations of Mg can reduce PTH secretion and, to
a certain extent, inhibit the effects of PTH, including
the synthesis of 1,25(OH),D; (Anast et al., 1976; Fa-
temi et al., 1991). For bone tissues, it has been shown
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that the production of cyclic adenosine monophosphate
(cAMP) induced by the binding of PTH to its recep-
tor, and the Ca mobilizing activity of 1,25(OH),Ds,
depend on appropriate Mg concentrations (Freitag et
al., 1979; Johannesson and Raisz, 1983).

Feeding a diet high in P content in late gestation
has been demonstrated to have a negative influence on
periparturient Ca homeostasis (Peterson et al., 2005;
Lean et al., 2006). In a recent study, reducing dietary P
from 0.28 to 0.15% prepartum resulted in a decrease in
plasma P; and enhanced concentrations of Ca and the
bone resorption marker CrossLaps before parturition,
whereas the decrease in plasma Ca at parturition was
less pronounced. Plasma concentrations of PTH were
lower in cows fed 0.15% P throughout the observation
period, especially with respect to the typical rise imme-
diately after parturition. Plasma 1,25(OH),Ds, including
its periparturient increase, was not altered by dietary
P, despite lower PTH in cows fed 0.15% P, indicating
that factors other than PTH stimulated 1,25(OH),D;
synthesis or that catabolism of 1,25(OH),D; was de-
creased in cows fed 0.15% P (Cohrs et al., 2018). Low
dietary P intake in healthy men was demonstrated to
decrease plasma concentrations of FGF23 and concomi-
tantly increase 1,25(OH),D; while plasma PTH was
low (Antoniucci et al., 2006), and it has been found
that RNA expression of FGF23 in bone tissues was
diminished in sheep kept on a diet restricted in P (W.
Grinberg, Clinic for Cattle, University of Veterinary
Medicine Hannover, Foundation, Hanover, Germany,
and M. R. Wilkens, unpublished data). As the activity
of CYP27B1 is regulated by the interplay of Ca, FGF23,
and PTH, the antepartum decrease in plasma P; of
cows fed the low-P ration likely resulted in decreased
FGF23, but the ensuing upregulation of CYP27B1 and
suppression of CYP24A1 from low FGF23 (Shimada
et al., 2004a,b) was probably counterbalanced by the
inhibitory effect of the concomitantly elevated plasma
concentrations of Ca resulting from bone mobilization
(Bushinsky et al., 1985). At parturition, this inhibitory
effect was abolished as soon as plasma Ca decreased
again.

Serotonin

During the periparturient period, the mammary gland
produces and secretes biologically active compounds,
including the mineral Ca, which not only affect milk
synthesis and secretion, but interact with maternal
tissues to coordinate maternal metabolism and physiol-
ogy. Research in mice and humans has demonstrated
that the mammary gland produces PTHrP, which is
responsible for regulating bone turnover to support
maternal Ca homeostasis during lactation (Wysolmer-
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ski, 2010). Hernandez et al. (2012) demonstrated that
serotonin produced by the mammary gland stimulates
PTHrP synthesis as well as Ca transport in the mam-
mary gland in a rodent model. Production and secre-
tion of PTHrP from the mammary gland is critical for
the bone mobilization necessary to sustain maternal
Ca homeostasis during lactation. Initial experiments
providing late-lactation dairy cows with 5-hydroxy-L-
tryptophan (5-HTP), the immediate precursor to se-
rotonin, resulted in immediate reduction of circulating
Ca concentrations (Laporta et al., 2015). Furthermore,
5-HTP treatment immediately decreased total Ca con-
centrations and resulted in increased milk Ca concen-
trations and reduced urinary Ca concentrations. These
data suggest that serotonin appears to be directing Ca
movement into the mammary gland for milk synthesis.

In several studies, when prepartum dairy cows were
treated with 5-HTP, postpartum total Ca concentra-
tions increased compared with the control (Weaver et
al., 2016; Hernandez-Castellano et al., 2017; Slater et
al., 2018). These data suggested that 5-HTP treatment
influences the transport of Ca into milk. Previous data
in rodents demonstrated that 5-HTP increased gene and
protein expression of PMCA2 on the apical membrane
of the mammary epithelium (Laporta et al., 2014a,b).
These data were corroborated in dairy cows, where
PMCA2 expression is increased in mammary tissue col-
lected from dairy cows treated with 5-HTP (Slater et
al., 2018). Additionally, it was determined that 5-HTP
treatment influences methylation of promoter regions
that result in increased PTHrP expression in the mouse
mammary gland (Laporta et al., 2014a; 2014b). These
findings suggest that serotonin influences Ca homeo-
stasis both directly, through methylation of promoter
regions influencing mammary PTHrP production, and
indirectly through modulating flux of Ca into the milk,
causing bone resorption through negative feedback
mechanisms. It has further been demonstrated that
serotonin and Ca homeostasis during the periparturi-
ent period appear to regulate Ca independent of the
classical PTH-vitamin D pathway known to regulate
Ca homeostasis. In a recent experiment in periparturi-
ent dairy cattle, it was demonstrated that no significant
changes in serotonin concentrations occur in response
to vitamin D supplementation during the periparturi-
ent period (Rodney et al., 2018a). Furthermore, it was
also shown that when administering 5-HTP prepartum,
not only are postpartum Ca concentrations increased,
but no changes appear in PTH concentrations. In the
same experiment, cows that had lower postpartum
Ca concentrations and did not receive prepartum the
5-HTP treatment showed increased PTH concentrations
(Hernandez-Castellano et al., 2017). These data sup-
port the hypothesis that serotonin appears to regulate
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Ca through a different feedback loop than the classical
PTH-vitamin D pathway. Research in other mamma-
lian species has consistently supported the notion that
Ca homeostasis during lactation is largely regulated by
PTHrP rather than PTH; however, this has not been
fully elucidated in the dairy cow.

STRATEGIES FOR PREVENTION
OF HYPOCALCEMIA

Many strategies have been tested to mitigate
postpartum hypocalcemia, such as use of vitamin D
treatments, enteral and parenteral Ca supplementa-
tion, and manipulation of dietary Ca and DCAD. As
discussed above, physiological mechanisms to regulate
Ca homeostasis are triggered during periods of low
blood Ca concentration. There are multiple ways to
initiate prepartum Ca regulation, albeit through differ-
ent mechanisms, with the goal of a highly responsive
homeostatic axis of Ca regulation in the early post-
partum period. Several strategies behind prepartum
nutritional prevention of postpartum hypocalcemia uti-
lize the concept of a low blood Ca environment before
calving, thus beginning, in essence, a pre-adaptation of
the cow to hypocalcemia. Collectively, the strategies
to mitigate hypocalcemia have been very effective for
prevention of milk fever. Despite the increase in milk
yield per cow over the last few decades, the percent-
age of cows affected by milk fever in US dairy herds
has declined from 5.2% in 2002 and 4.9% in 2007 to
2.8% in 2014, according to producer surveys (NAHMS,
2002,2007,2014). We attribute the decline in clinical
milk fever to implementation of effective prevention
strategies. Although each of the strategies we discuss
here has demonstrated effectiveness for prevention of
clinical milk fever, it also is important to keep in mind
that further research is needed in these areas, along
with exploration of potential new avenues to decrease
risk of SCH.

Low-Calcium Diets

Feeding of a low-Ca prepartum diet creates a Ca
deficit that stimulates PTH secretion. However, pre-
partum diets aimed solely at hypocalcemia prevention
through low dietary Ca are difficult to achieve, as they
require feeding less than 20 g of Ca per day, which
is challenging on commercial dairy farms. A low-Ca
diet can be achieved more easily through the inclusion
of Ca binders in the prepartum diet, most commonly
mediated through administration of zeolite A, a syn-
thetic sodium-aluminum silicate. Zeolite A binds Ca,
P;, and Mg in the rumen and thus creates a diet low in
Ca (Thilsing et al., 2006). Recent studies have shown
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that cows fed zeolite A for 2 to 3 wk prepartum have
increased serum Ca concentrations during the immedi-
ate peripartum period, but none reported differences in
postpartum performance (Thilsing-Hansen et al., 2002;
Roche et al., 2018; Kerwin et al., 2019). However, all
studies enrolled a small number of cows, and larger field
trials evaluating health and long-term production when
using this method of Ca modulation are necessary. Ad-
ditional unanswered questions remain regarding the
prepartum feeding of zeolite A, including the length of
time for which it continues to bind Ca after cessation
of feeding, potential interactions with supplemental
administration of oral Ca, and the clinical relevance of
the concurrent hypophosphatemia and hypomagnese-
mia seen during and after feeding (Kerwin et al., 2019).

DCAD

Feeding acidogenic diets prepartum to induce a
compensated metabolic acidosis is a proven strategy
to minimize postpartum hypocalcemia (Lean et al.,
2019; Santos et al., 2019). The principle of a negative
DCAD is to create a compensated metabolic acidosis
by feeding proportionately stronger anions relative
to strong cations. The DCAD of prepartum diets is
determined, for the most part, by the mEq of Cl, K,
Na, and S ions in the diet using the equation DCAD
= [(mEq of K) + (mEq of Na)] — [(mEq of Cl) +
(mEq of S)]. Feeding a negative DCAD (i.e., —50 to
—200 mEq/kg of DM) results in partially compensated
metabolic acidosis, with a decrease in urine pH and
slight decrease in blood pH (Santos et al., 2019). The
effect of a prepartum compensated metabolic acidosis
on postpartum Ca homeostasis has been known for a
few decades (Ender et al., 1971; Block, 1984). Proper
implementation of acidogenic salts in the prepartum
ration has substantially minimized the historically
high prevalence of clinical hypocalcemia in postpartum
dairy cows in the last several decades (Charbonneau et
al., 2006; Lean et al., 2006). Santos et al. (2019) and
Lean et al. (2019) recently completed meta-analyses on
the effects of prepartum DCAD on health and produc-
tion of dairy cows. The analysis by Santos et al. (2019)
reported that feeding a prepartum ration with a DCAD
of =100 mEq/kg of DM compared with +200 mEq/
kg of DM increased FCM yield of multiparous cows by
1 kg/d, decreased incidence of milk fever in multipa-
rous cows from 12 to 3%, and decreased incidences of
retained placenta and metritis in multiparous and pri-
miparous cows. We also note that Santos et al. (2019)
observed linear and quadratic responses of health and
production to prepartum DCAD. They concluded that
feeding a prepartum diet with a negative DCAD im-
proved health and production, but the DCAD probably
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does not need to be less than —150 mEq/kg of DM,
based on available data. Similarly, Lean et al. (2019)
concluded that a reduction in prepartum DCAD by
200 mEq/kg of DM, not necessarily a negative DCAD,
improved milk production. Notably, milk production
of primiparous cows did not benefit from a reduction
in DCAD, according to the meta-analyses reported by
Lean et al. (2019) and Santos et al. (2019). A simple
explanation for the contrast is that multiparous cows
experience a greater degree of hypocalcemia compared
with primiparous cows. Alternative explanations may
be possible but are premature to consider at this time,
because data on effects of prepartum DCAD on pri-
miparous cows are sparse.

The mechanisms by which a prepartum negative
DCAD contributes to improved Ca homeostasis have
not been fully determined, but several good explana-
tions exist. Increased Ca flux from greater renal Ca
excretion prepartum is one possible partial explanation
of improved postpartum Ca status. In contrast to other
herbivores, such as rabbits and horses (Whiting and
Quamme, 1984; van Doorn et al., 2004), renal Ca excre-
tion is very low among ruminants and is not altered by
restricted dietary supply (Taylor et al., 2009; Herm et
al., 2015). The decrease in pH of the tubular fluid is ac-
companied by a small increase in proportion of ionized
Ca in blood and an increase in Ca excretion in urine,
probably mediated by an inhibition of renal resorp-
tion that has been demonstrated for TRPV5 in vitro
(Sutton et al., 1979; Yeh et al., 2003). The assumption
that this inhibition occurs on the functional level is
supported by the observation that, in sheep fed a low
DCAD, renal excretion of Ca is increased irrespective
of the Ca content of the ration without any changes in
the expression of TRPV5 (A. Liesegang, Institute of
Animal Nutrition, Vetsuisse Faculty Zurich, University
of Zurich, Switzerland, and M. R. Wilkens, unpublished
data). It can be assumed that renal Ca excretion can
be immediately decreased again as soon as the ration
is switched to a positive DCAD at calving. Given that
a dairy cow kept on a low DCAD ration prepartum
excretes approximately 5 to 10 g of Ca daily in late
gestation (Rodney et al., 2018a; Zimpel et al., 2018),
abolishing these losses at calving, when the ration is
changed, could substantially improve Ca homeostasis
after parturition.

Alterations to gastrointestinal Ca absorption and
bone resorption also may contribute to the beneficial
effects of feeding a negative DCAD. Some studies have
shown that under acidotic conditions apparent digest-
ibility of Ca increases, probably to compensate for the
renal loss (Abu Damir et al., 1994; Schonewille et al.,
1994; Roche et al., 2007). However, others reported no
or even negative effects on gastrointestinal Ca absorp-
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tion (Leclerc and Block, 1989; Oehlschlaeger et al.,
2014). A meta-analysis suggested that the DCAD effect
on Ca digestibility could be related to the Ca content of
the diet and thus may be more complex (Lomba et al.,
1978). This idea is supported by a positive association
of luminal Cl with Ca transport across rumen epithe-
lia, revealed in Ussing chamber experiments conducted
with ovine tissues (Leonhard-Marek et al., 2007), and
a change in the ratio of the electrogenic and electro-
neutral component of the rumen Ca flux rates from the
mucosal to the serosal side, induced by feeding a low
DCAD before sacrifice (Wilkens et al., 2016).

A decrease in extracellular pH activates cultured hu-
man osteoclasts that can then be further stimulated
by PTH, 1,25(OH),D;, and RANKL (Arnett, 2008). In
addition, the capacity of the bone-preserving hormone
calcitonin to induce an increase in its second messenger
cAMP is decreased with lower pH in T47D breast can-
cer cells (Rodriguez et al., 2016). In vivo data on the
stimulating effect of acidogenic diets on bone resorption
in ruminants are inconsistent. Calcitonin concentra-
tions in serum of cows fed a negative DCAD ration did
not differ compared with cows fed a positive-DCAD
diet (Romo et al., 1991). Bone resorption, indicated by
alterations in respective markers, was observed in some
studies (Abu Damir et al., 1994; Liesegang, 2008), but
others did not find any effects (Schonewille et al., 1994;
Liesegang et al., 2007; Roche et al., 2007; Oehlschlaeger
et al., 2014).

Another way a negative DCAD is believed to prepare
cows for lactation is by increasing tissue responsive-
ness to PTH. Goff et al. (2014) fed nonlactating Jersey
cows rations with negative (—188 mEq/kg of DM) or
positive (188 mEq/kg of DM) DCAD for 14 d, then
challenged the cows with intramuscular PTH injections
every 3 h for 48 h. Cows fed the low DCAD had greater
serum Ca and 1,25(OH),D; concentrations compared
with high-DCAD cows from 6 to 48 h after initiation
of the PTH injections. The increased responsiveness
to PTH from feeding a negative DCAD occurs soon
after decreasing the DCAD. Vieira-Neto et al. (2019)
similarly fed nonlactating Holstein cows rations with
negative (—150 mEq/kg of DM) or positive (200 mEq/
kg of DM) DCAD, and at 3 d after start of the DCAD
treatment, cows were challenged with an intravenous
infusion of PTH for 48 h. Serum total Ca concentra-
tions of negative DCAD cows were increased compared
with those of positive DCAD cows 24 h after the PTH
infusion started. One theory for the increased respon-
siveness to PTH is that decreasing the pH by feeding
rations with a low DCAD alters the conformation of
PTH receptors, thereby making the PTH receptors
more sensitive to PTH. In osteoblast-like cells, acidosis
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results in increased expression and ligand-affinity of
PTHR (Disthabanchong et al., 2002). In vivo, feeding
a ration with a negative DCAD increased renal PTHR
expression in cattle and sheep (Rodriguez et al., 2016;
A. Liesegang, Institute of Animal Nutrition, Vetsuisse
Faculty Zurich, University of Zurich, Switzerland, and
M. R. Wilkens, unpublished data).

Although prepartum DMI will decrease as prepartum
DCAD decreases (Charbonneau et al., 2006), Santos et
al. (2019) reported that a prepartum negative DCAD
increased postpartum DMI. Zimpel et al. (2018) in-
vestigated whether the decrease in DMI from feeding
acidogenic salts was caused by the inclusion of salts in
the diet or acidosis. Their experiment concluded that
the decrease in DMI was caused by the compensated
metabolic acidosis from feeding acidogenic salts, not
from the inclusion of salts.

Vitamin D Nutrition

Attempts have been made to utilize vitamin D for
prevention and treatment of hypocalcemia in postpar-
tum dairy cows since the discovery that vitamin D was
required for Ca homeostasis. Indeed, George Wallis esti-
mated in 1946 that 12,000 to 15,000 IU/d of vitamin D,
should be adequate for dairy cows. Several experiments
in the 1980s established that feeding 10,000 to 20,000
1U of vitamin D, was adequate for maintaining Ca and
25-hydroxyvitamin D [25(OH)D, refers to combined
concentrations of 25-hydroxyvitamin D, and 25-hy-
droxyvitamin Ds] concentrations in serum of lactating
dairy cows (Astrup and Nedkvitne, 1987; McDermott
et al., 1985), but those experiments did not indicate the
vitamin D requirement to maintain Ca homeostasis of
periparturient cows. To this day, properly designed and
adequately sized dose titration experiments are still
lacking to establish a solid recommendation for vitamin
D3 supplementation of dairy cows. The 2001 NRC rec-
ommendation for supplemental vitamin D5 for close-up
prepartum large-breed (680 kg mature BW) cows is
25,000 TU of vitamin Ds/d. In practice, prepartum ra-
tions in the United States are reported to provide from
15,000 TU to 100,000 IU of supplemental vitamin Ds/d,
but most prepartum rations typically provide 30,000 to
50,000 TU of supplemental vitamin Ds/d, regardless of
region or season (Sorge et al., 2013; Nelson et al., 2016;
Holcombe et al., 2018). In Europe, regulations restrict
supplemental vitamin D to a maximum of 4,000 TU/
kg of DM (EFSA, 2012), but data on actual practices
in Europe are lacking. Experimental evidence is not
available to conclude whether current practices for
supplemental vitamin Dy are optimal for Ca homeosta-
sis of transition cows, but somewhere between 25,000
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to 50,000 IU of supplemental vitamin D3/d should be
adequate, on the basis of reported rates of supplemental
vitamin Dj in experiments that tested effects of DCAD
on postpartum Ca (Santos et al., 2019).

Concentrations of 25(OH)D in serum or plasma are
the best indicator of vitamin D status of dairy cows.
The concentrations of 25(OH)D in serum or plasma re-
flect the acquisition of vitamin D from various sources,
whether it be vitamin D, from forages, vitamin Ds
from endogenous synthesis, or supplemental vitamin D,
(Hymgller and Jensen, 2010,2011). Historically, serum
25(OH)D concentrations of 20 to 50 ng/mL were con-
sidered normal for cattle (Horst and Littledike, 1982).
More recent surveys of serum samples of beef and dairy
cows indicate that serum 25(OH)D concentrations of
mature cows are between 40 to 100 ng/mL with 90 to
95% as 25(OH)D; (Nelson et al., 2016). Average serum
25(OH)D concentrations for most commercial dairy
herds receiving 30,000 to 50,000 IU of supplemental
vitamin D3/d were 60 to 80 ng/mL, regardless of season
or time outdoors. Serum 25(OH)D concentrations of
postpartum cows were observed to be 5 to 10 ng/mL
less than those of late-lactation and dry cows (Sorge et
al., 2013; Holcombe et al., 2018), but even then serum
25(OH)D concentrations are adequate to prevent clini-
cal hypocalcemia (Vieira-Neto et al., 2017).

Several methods are available for measurement of
25(OH)D in serum. Data from Holcombe et al. (2018)
and Sorge et al. (2013) used the well-established ra-
dioimmunoassay (RIA; Heartland Assays, Ames, TA)
for 25(OH)D, which includes use of an acetonitrile
extraction before the immunoassay. The data reported
in Nelson et al. (2016) were from samples measured by
RIA, ELISA (VID3KO01, Eagle Biosciences, Nashauk,
NH), and liquid chromatography coupled to mass
spectrometry (LC-MS/MS; Heartland Assays). The
data from the 3 detection methods were comparable,
but extreme caution must be used with serum 25(OH)
D concentrations measured by ELISA. The LC-MS/
MS detection method is the most reliable and sensitive
(Hollis and Horst, 2007). In practice, we recommend
validating serum 25(OH)D results from immune-based
assays with LC-MS/MS analysis.

The point regarding vitamin D status of dairy cows is
that serum 25(OH)D concentrations of dairy cows fed
according to current practices indicate that postpartum
hypocalcemia does not result from inadequate supple-
mental vitamin D;. Decades of experiments focused on
vitamin D and prevention of hypocalcemia also have
indicated that inadequate supply of vitamin D is not
the driver of hypocalcemia. However, the serum 25(OH)
D concentrations that support optimal Ca homeostasis
of periparturient cows are unknown, and the ability of
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cows with below-normal serum 25(OH)D (i.e., <40 ng/
mL) to fully support the transition to lactation may
be impaired. Although most dairy herds in the United
States receive 1.5 to 2.5 times the NRC recommenda-
tion for supplemental vitamin Dj, a minority of herds
supplement with less than NRC recommendations.
Average serum 25(OH)D concentrations of 2 confined
herds of Jersey cows receiving 8,000 TU/d in the dry
period were 32 and 39 ng/mL (Nelson et al., 2018,
unpublished data). In experiments that showed a posi-
tive effect of prepartum negative DCAD on postpar-
tum Ca, cows were supplemented with at least 25,000
IU of vitamin Dj in the prepartum ration (Santos et
al., 2019). Thus, it is unknown whether supplemental
vitamin Dy below 25,000 IU is sufficient for optimum
Ca homeostasis, and continued efforts are needed to
identify minimum vitamin D requirements of transition
dairy cows.

Recent reports indicate that increasing supplemen-
tal vitamin D3 above 60,000 TU/d likely has few or no
benefits for transition Ca, because cows seem to have
a limited capacity to convert vitamin Dj to 25(OH)
D; (Poindexter et al., 2020). Rodney et al. (2018a)
reported that serum 25(OH)D; concentrations of pre-
partum cows fed 120,000 IU (3 mg) of vitamin D;/d
were 60 ng/mL on average, compared with 237 ng/
mL of cows fed 3 mg of 25(OH)D3/d. Serum 25(OH)
D concentrations of lactating cows fed 140,000 IU (3.5
mg) of vitamin Dj/d were 77 ng/mL after 28 d on aver-
age and were not greater than those of cows fed 60,000
IU (1.5 mg) of vitamin D3/d (Poindexter et al., 2020).
In contrast, they reported that feeding 1 mg and 3 mg
of 25(OH)Dj; in addition to 0.5 mg of vitamin Dy for 28
d increased serum 25(OH)D; to 160 and 260 ng/mL,
respectively. The failure of supplemental vitamin Dy >
60,000 IU/d to substantially increase serum 25(OH)D
indicates that supplemental vitamin D3 > 60,000 TU/d
provides few, if any, benefits to dairy cows.

The increased serum 25(OH)D from feeding 25(OH)
Ds, on the other hand, offers a promising approach to
improving performance of transition cows. Feeding 3
mg of 25(OH)D3, compared with 3 mg of vitamin D,
increased FCM yield by 4 kg in the first 49 DIM, de-
creased incidence of retained placenta, and decreased
incidence of metritis (Martinez et al., 2018a,b). The
benefits of feeding 25(OH)D3, however, do not seem to
result from a substantial improvement in postpartum
Ca. Prepartum Ca was increased by feeding 25(OH)
D3, compared with vitamin Ds;, but postpartum Ca
was not affected by the source of vitamin D (Rodney
et al., 2018a). Weiss et al. (2015) also reported that
supplementing 6 mg of 25(OH)D;, compared with 0.5
mg of vitamin Dj, to prepartum rations with a nega-
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tive DCAD did not affect postpartum Ca. Wilkens et
al. (2012a) reported that feeding 3 mg of 25(OH)Ds,
compared with control, increased prepartum serum
Ca, and feeding 3 mg of 25(OH)D; along with nega-
tive DCAD increased postpartum Ca compared with
negative DCAD alone. However, in cows kept on a posi-
tive DCAD, supplementation with 25(OH)D; seemed
to result in a delay of endogenous adaptation by ap-
proximately 12 h. Besides significantly lower Ca con-
centrations on d 2 postpartum, this was indicated by
the observation that both the increase in 1,25(OH),Ds,
and the typical decrease in 25(OH)D after parturition,
were observed later than in the other groups (Wilkens
et al., 2012a). In an experiment with 177 cows fed a
prepartum ration with a negative DCAD, Poindexter et
al. (2019) reported that cows fed 1 or 3 mg of 25(OH)
D3 prepartum compared with 1 or 3 mg of vitamin Ds
had greater postpartum Ca, but the increment in serum
Ca was fairly marginal (2.16 vs. 2.12 &+ 0.02 mM).

In summary, supplementing 25(OH)D; to achieve
superphysiological serum 25(OH)D  concentrations
in the periparturient period has improved health and
performance of dairy cows. Supplementing 25(OH)
D3 to prepartum rations with a negative DCAD may
lessen risk for SCH, but the effects of 25(OH)D;3 on
postpartum Ca are fairly minimal relative to the ef-
fects of a prepartum negative DCAD. Immune cells and
mammary epithelial cells also utilize 25(OH)D; (Nelson
et al., 2018); so, the benefits of feeding 25(OH)D; on
transition cow health and performance also may be at-
tributed to the extracalcemic functions of vitamin D
and not necessarily to improved Ca homeostasis.

Injectable Vitamin D Analogs

Because hypocalcemia results in part from inadequate
1,25(OH),D; synthesis or sensitivity, the use of vitamin
D analogs with biological activity provide an appealing
opportunity to stimulate Ca transport mechanisms. The
1,25(OH),D3 hormone stimulates a rapid and dramatic
increase in serum Ca, but it also is rapidly metabolized
and inhibits PTH and CYP27B1 activity. In sheep, 0.5
pg/kg of BW administered intravenously resulted in a
marked increase to maximum levels obtained 16 h after
treatment, followed by a more or less stable elevation
for the next 24 to 28 h (Wilkens et al., 2010). However,
a substantial downregulation of CYP27B1 expression
has been found, whereas CYP24A1 was significantly
induced (Herm et al., 2015). Some promising analogs
of 1,25(0OH),D; are the 24-F-1,25(0OH),D3 and 1a(OH)
D; metabolites (Hove et al., 1983; Horst et al., 1990);
these analogs had longer half-life and did not require
CYP27B1 enzyme activity. For the most part, however,
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injectable vitamin D analogs are not effective because
of the critical timing of administration and disruption
of homeostatic feedback loops.

Vieira-Neto et al. (2017) tested the hypothesis that
injection of 1,25(OH),D; soon after parturition would
mitigate SCH if administered to cows fed a nega-
tive DCAD ration prepartum. Injection of 200 pg of
1,25(0OH),D3 within 12 h of parturition resulted in a
sustained increase in serum Ca up to 5 d postpartum,
such that serum Ca of treated cows was 2.5 mM at 2
d postpartum compared with 2.1 mM in control cows.
The treatment also improved postpartum neutrophil
function. However, a rebound effect has been observed,
such that serum Ca of treated cows was lower than that
of control cows from 9 to 15 d postpartum. No effects
of treatment were observed on health and production
of cows, but the experiment was not powered to assess
this outcome. In all, although alternative strategies for
use of vitamin D metabolites may eventually prove to
be effective, no effective treatments for mitigating the
consequences of hypocalcemia using injectable vitamin
D have been demonstrated.

Postpartum Calcium Supplementation

Given the technological constraints of accurately and
economically measuring blood Ca concentrations on
commercial dairy farms, many cows are supplemented
with Ca immediately after calving. Common on-farm
interventions include subcutaneous or intravenous ad-
ministration of Ca and oral administration of Ca bo-
luses. The goal of postpartum Ca supplementation is to
provide cows with an immediate source of Ca to cover
the time between initiation of homeostatic Ca regula-
tion mechanisms and return to normocalcemia. Lack
of progression to clinical symptoms of recumbency is
often used to measure the benefits of these interven-
tions, which is a poor outcome with which to evaluate
effectiveness, as clinical hypocalcemia is uncommon.
Thus, most studies using this outcome as a measure of
association do not have an adequate sample size to find
a difference in effectiveness of the intervention, if one
truly exists. Other economically important outcomes
associated with hypocalcemia, such as the risks of sub-
sequent disease or herd removal, measures of reproduc-
tive success, and early-lactation milk yield, should also
be considered when evaluating the efficacy of on-farm
interventions.

Injectable Calcium

Use of injectable Ca, most commonly in the form
of 23% Ca gluconate in the United States, provides
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approximately 10 g of Ca in a typical 500-mL bottle.
This amount of Ca administered intravenously is not
warranted in cows with SCH, as blood Ca concentra-
tions are not low enough to require this quantity of Ca.
Subcutaneous administration is much more common,
and blood Ca concentration is increased for at least 12
h after delivery (Amanlou et al., 2016; Miltenburg et
al., 2016; Domino et al., 2017). However, these studies
show that, although injectable products given subcu-
taneously increase blood Ca concentration, they have
little effect on the risk of subsequent disease develop-
ment, milk production, or reproductive performance.

A concern regarding the use of injectable postpar-
tum Ca supplementation, especially with intravenous
Ca, is its potential negative effect on Ca homeostasis.
Multiple studies (Blanc et al., 2014; Wilms et al., 2019)
show a rebound hypocalcemia around 24 h after admin-
istration of intravenous Ca to immediate postpartum
cows that did not express signs of clinical hypocalce-
mia. It is hypothesized that the rapid increase in blood
Ca concentration removes stimulation of PTH secretion
and thus dampens the homeostatic response until blood
Ca concentrations decrease below a threshold at which
they again initiate release of PTH. This is seen, to some
degree but not as severely, with subcutaneous Ca ad-
ministration as well (Amanlou et al., 2016; Domino et
al., 2017).

Oral Calcium

Oral Ca is often administered in bolus form, with
most commercial products containing 40 to 50 g of
elemental Ca per bolus or set of boluses intended to
be given as a single dose; some products recommend
a second dose 12 h later. These products contain dif-
fering combinations of rapidly and slowly absorbed Ca
salts. The benefit of rapidly absorbed salts, such as Ca
chloride, is that they are both highly bioavailable and
acidifying (supporting mobilization of the cow’s own
Ca stores); however, they are irritating to oral mucous
membranes and must be administered in a manner that
prevents extended contact with the oral, pharyngeal,
and esophageal mucosa. Slowly absorbed Ca salts (such
as Ca propionate, Ca sulfate, and Ca carbonate) either
have an equivalent efficacy and longer duration of ac-
tion than quickly absorbed Ca salts (Ca propionate) or
are ineffective as an immediate Ca source due to their
poor bioavailability (Ca sulfate, Ca carbonate; Goff
and Horst, 1993).

The goal of oral Ca administration is to provide a
large quantity of Ca that is absorbed over a longer
period, resulting in a steady and prolonged increase
in blood Ca concentration compared with injectable
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products. Although studies agree that oral Ca increases
blood Ca concentration, the duration of increase post-
administration varies from 1 to 24 h, likely due to
product composition, dosage, and frequency of admin-
istration, as well as the production capacity of the cows
under study (Blanc et al., 2014; Martinez et al., 2016a;
Domino et al., 2017; Leno et al., 2018; Valldecabres et
al., 2018). Tt is interesting that this short-term change
in blood Ca concentration can have effects on cow
health and production. However, these effects are not
always beneficial, and most studies do not recommend
their use as a blanket treatment, especially in primipa-
rous cows (Oetzel and Miller, 2012; Martinez et al.,
2016a,b; Domino et al., 2017; Valldecabres et al., 2018).
Conversely, these same studies provide good evidence
of the value of oral Ca supplementation to older cows
and those with a greater production potential. It is thus
important to take into account the formulation of oral
Ca boluses, the timing and frequency with which they
are administered, and cow-level variables when using
oral Ca for treatment or prevention of hypocalcemia in
dairy cows.

PRACTICAL APPLICATIONS

As discussed, strong evidence exists that feeding a
low-DCAD diet prepartum improves postpartum Ca
status in multiparous cows, with concomitant improve-
ments in health and production outcomes (Lean et al.,
2019; Santos et al., 2019). Practically, the feeding of
such a diet requires constant monitoring and mainte-
nance, the specifics of which are beyond the scope of
this review. However, without appropriate balancing
of a consistent diet, it is difficult to achieve the ben-
eficial effects of a low-DCAD diet. In addition, cow
comfort in the close-up pens is of utmost importance,
with specific attention to management of stocking den-
sity, heat abatement, and cow movement patterns, as
these factors are essential for optimized DMI through-
out the close-up period. However, even with focused
attention on the appropriate feeding of a low-DCAD
diet prepartum, high incidence of SCH still exists. To
continue prevention of SCH postpartum, use of oral Ca
has the most supporting evidence of beneficial effects
when administered to older cows and those likely to
experience a decrease in DMI postpartum, such as lame
cows. It is not recommended to give postpartum Ca
supplementation to primiparous cows, and administra-
tion of intravenous Ca is particularly detrimental in the
prevention of SCH. As we continue our investigation
of the mechanisms of Ca regulation in high-producing
dairy cows, we must use this information to provide
practical and economically viable recommendations to
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dairy producers, nutritionists, and veterinarians that
optimize and support a cow’s ability to transition into
lactation while maintaining health and production.

FUTURE DIRECTIONS

Advanced and quickly developing technologies for
genotyping and breeding based on genetic information
present new tools to prevent hypocalcemia. Recent
studies have reported a heritability of macromineral dis-
orders and plasma concentrations of Ca and P;, within
the first days after parturition, in the ranges of 0.23 to
0.32 and 0.30 to 0.40, respectively (Tsiamadis et al.,
2016a,b). In other species, vitamin D status and plasma
Ca have been shown to be related to polymorphisms
in genes coding for receptors, enzymes, and transport
proteins involved in vitamin D metabolism and min-
eral homeostasis (Laaksonen et al., 2009; Jolliffe et al.,
2016). In dairy cows, several SNP associated with genes
involved in vitamin D signaling have already been iden-
tified to be associated with hypocalcemia (Deiner et al.,
2012; Pacheco et al., 2018).

Despite intense research efforts in past decades and
in recent years to solve the issue of hypocalcemia in
dairy cows, several key gaps in knowledge remain. With
respect to beneficial and potential adverse effects of
supplementation with vitamin D metabolites and Ca,
the exact mechanisms responsible for the observed re-
bound effects and the relevance of vitamin D metabo-
lites hydroxylated at position 24 should be elucidated.
In rats, treatment with 24,25(0OH),D3 decreased bone
resorption (Mortensen et al., 1993). In cows, a negative
correlation between Ca and endogenous 24,25(0OH),D;
was found in animals suffering from parturient pare-
sis, and treatment with 24,25(OH),D; increased the
incidence of clinical hypocalcemia (Smith et al., 1982;
Barton et al., 1984).

Another critical aspect is a thorough understanding
of the contribution of gastrointestinal tract Ca absorp-
tion and skeletal resorption to meeting the Ca demands
of lactation. To date, the exact mechanisms of Ca
absorption in the gastrointestinal tract of cows before
and during lactation remain unclear. Nevertheless, the
interactions between different nutrients and minerals
play pivotal roles and might lead to the inconsistent
results found in herd-level studies. The extent of bone
loss to restore Ca homeostasis postpartum, whether
skeletal mineralization is completely restored during
lactation, and the degree to which bone resorption ca-
pacity changes with age also remain unclear. Nutrition
and management factors affecting Ca homeostasis that
still need further elucidation to optimize postpartum
Ca include identifying the optimum level of DCAD;
source and inclusion of dietary Ca, P, and Mg; source
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and dose of supplemental vitamin D; and management
of high-risk versus low-risk animals for treatment and
prevention of hypocalcemia. Recent studies reported
not only influence of dietary protein on vitamin D me-
tabolism (Wilkens et al., 2018) but also interactions
between Ca homeostasis, bone mobilization, pathways
regulating intermediary metabolism, and IGF1 (Rod-
ney et al., 2018b). From studies in humans and mice, it
is known that bone-derived factors such as osteocalcin,
especially its undercarboxylated form, which has been
demonstrated to control physiological processes in an
endocrine manner, interfere with glucose metabolism
(Lin et al., 2018). Many uncertainties exist among
these areas that allow for opportunities to optimize
postpartum Ca homeostasis and, consequently, health
and productivity of dairy cows.
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