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Summary

Proposed mechanisms linking (1) systemic inflammation during endotoxemia (i.e, presence of
lipopolysaccharide in the bloodstream) to hypocalcemia, and (2) systemic inflammation during a sterile
inflammatory response to hypocalcemia. Of note, hypocalcemia in the context of this review is defined as a
state of significantly reduced blood Ca concentration when Ca concentrations are compared with healthy cows
within the same age and stage of lactation (i.e., subclinical hypocalcemia). The reduction of the Ca set-point
is defined as the extracellular Ca concentration at which secretion of parathyroid hormone is half-maximal.
CaSR = Ca sensing receptor; 25(0OH)D3 = 25-hydroxyvitamin Ds; 1,25(0H)2D = 1,25-dihydroxyvitamin Ds; ROS =
reactive oxygen species. Figure created with BioRender.com.

Highlights

«  Useof blood Ca dynamics in the early postpartum period can help reveal more clear associations between
the degree of the systemic inflammatory response after parturition and subclinical hypocalcemia.

« Calcium compartmentalization is the least appreciated component and most likely determinant of
hypocalcemia in response to endotoxemia.

+ Studies are needed to characterize the relative contribution of endotoxemia versus a sterile inflammatory
response in the systemic inflammation observed in transition dairy cows.

« Liver cytochrome P450 enzyme promiscuity could favor eicosanoid production during systemic
inflammation over vitamin D hydroxylation and affect Ca metabolism.
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Abstract: Improvements in nutrition, management, and genetics of dairy cows over the last several decades have shifted research focus
from clinical diseases to subclinical disorders, to which transition cows are particularly vulnerable. Recent studies on the characterization
of subclinical hypocalcemia (SCH) indicate that the combined analysis of the degree, timing of suboptimal blood Ca concentration, and
duration are most reflective of the disorder. Therefore, the understanding of blood Ca dynamics in early postpartum cows has emerged as
an avenue to investigate the paths leading to a successful metabolic adaptation to lactation or not. The conundrum has been in defining
whether SCH is the cause or a reflection of a greater underlying disorder. Immune activation and systemic inflammation have been pro-
posed to be the root cause of SCH. However, there is a paucity of data investigating the mechanisms of how systemic inflammation can
lead to reduced blood Ca concentration in dairy cows. The objective of this review is to discuss the links between systemic inflammation
and reduced blood Ca concentration, and studies needed to advance knowledge on the interface between systemic inflammation and Ca

metabolism for the transition dairy cow.

ore than 70 years have passed since a review paper by Hibbs

(1950) elegantly discussed several theories for the causes of
clinical hypocalcemia (also referred to as milk fever or parturient
paresis). Surprisingly, the etiology of clinical hypocalcemia has
not been determined yet. In contrast, our knowledge of predispos-
ing factors and the refinement of prepartum nutritional strategies
have expanded considerably. Currently, a silent form of the disor-
der, subclinical hypocalcemia (SCH), is a heated research subject
and cause of controversy as some groups consider SCH a reflection
of a greater disorder rather than a primary issue. A major goal of
this short review is to highlight and discuss potential determinants
of SCH for the postpartum dairy cow while identifying areas of
greater research need. Throughout the paper, the terms hypocalce-
mia and reduced blood Ca concentration are used interchangeably
to denote a state of blood Ca reduction (unrelated to milk fever).
Moreover, it does not imply a true deficiency but, to the best of the
author’s knowledge, a physiological response.

As clinical hypocalcemia is now well prevented, recent analy-
ses of the association of plasma Ca concentration within the tra-
ditionally accepted 24 h after parturition unearthed that reduced
plasma Ca concentrations at that time point can be associated with
increased levels of milk production (Neves et al., 2018b); this same
finding has been reported in studies performed across geographi-
cal regions and dairy breeds (Venjakob et al., 2018; Menta et al.,
2021). As epidemiology works with the accumulation of evidence,
those studies demonstrate that the traditional understanding and
acceptance that reduced plasma Ca concentration in the first 24
h after calving is consistently detrimental to cow health must be
revised.

Decreased blood Ca concentrations had more evident asso-
ciations with increased disease incidences and production losses
when present at 3 to 4 DIM (Neves et al., 2018a). McArt and Neves
(2020) hypothesized that potentially 4 subpopulations of cows
exist, as follows: (1) cows that can maintain increased blood Ca
concentration in the first and fourth DIM (referred to as normocal-
cemic); (2) cows that have a more pronounced decrease in blood
Ca concentration in the first DIM but are normocalcemic by 4 DIM
(referred to as having a transient SCH); (3) cows that have reduced
blood Ca concentration the first day after parturition and that fail
to attain normocalcemia by 4 DIM (referred to as those resem-
bling a persistent SCH); and (4) cows that have average blood Ca
concentration for their parity on DIM 1 but that have a decreased
blood Ca concentration by 4 DIM (referred to as those resembling
a delayed SCH). It is important to note that the SCH classification
proposed by McArt and Neves (2020) is only suggestive of how
Ca dynamics could help dairy scientists understand the disorder.
More studies are necessary using a greater population of cows
and herds, and different management systems and geographical
distribution to validate those findings. For instance, Tsiamadis et
al. (2021), using a cluster-based statistical analysis, suggested that
a subclassification into 7 different Ca patterns based on serum Ca
concentration collected at 1, 2, 4, and 8 DIM after calving could
better explain disease risk across cow parities. Different SCH pat-
terns are conceivable and it is evident that biological variability
across cows within a herd and between herds occur; however, there
is now more consistent evidence that the degree and duration that
cows stay under suboptimal plasma Ca concentrations can help
discern a successful from a potentially pathological endocrine
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adaptation to lactation. Moreover, suboptimal blood Ca concentra-
tions by 3 to 4 DIM and onward are consistently reflective of lost
production for the dairy cow. The challenge has been in defining
whether SCH is the cause or simply the consequence of a greater
issue (with systemic inflammation being a major cause). In a study
using a convenience sample and pre-collected data from feeding
trials and robust longitudinal blood mineral analyte measurements
and DMI, Seely et al. (2021) demonstrated that cows classified as
having a persistent or delayed SCH (based on McArt and Neves,
2020 classification) had no discernible changes in DMI in the
prepartum period. However, meaningfully lower DMI of the per-
sistent and delayed SCH patterns compared with normocalcemic
cows was found in the postpartum. Unfortunately, data on markers
of systemic inflammation are not available in Seely et al. (2021);
however, one may hypothesize that cows classified as having a
persistent or delayed SCH could have been aftlicted by a higher
degree of systemic inflammation compared with normocalcemic
cows. Systemic inflammation is well known to be associated with
anorexia (Nilsson et al., 2017). Studies that longitudinally follow
cows in the prepartum and postpartum with DMI, plasma Ca con-
centrations, and markers of systemic inflammation could help elu-
cidate the association of the degree of the inflammatory response
observed in the prepartum and postpartum period with plasma Ca
dynamics after parturition.

It is well known that cows with clinical infectious diseases such
as metritis and Escherichia coli mastitis have a degree of hypocal-
cemia. Also, it has been proposed that LPS translocated from the
gastrointestinal tract (leaky gut), the uterus, or the mammary gland
into systemic circulation results in endotoxemia and associated
inflammation; this condition could be prevalent in periparturient
cows. If true, a degree of endotoxemia could help explain the link
with reduced blood Ca concentration. In human medicine, several
hypotheses have been proposed to account for the development of
hypocalcemia during endotoxemia. The following hypotheses are
of relevance in the context of the transition dairy cow and merit
consideration: (1) increased urinary Ca excretion, (2) decreased
intestinal Ca absorption, (3) rapid shift in extracellular to intra-
cellular Ca, (4) Ca compartmentalization/sequestration, and (5)
increase in calcitonin-related peptides.

Urinary fractional excretion of Ca was decreased during an
intravenous LPS infusion in horses and rats (Nakamura et al.,
1998; Toribio et al., 2005). In recent postpartum cows, intravenous
LPS infusion did not alter the urinary fractional excretion of Ca
(Chandler et al., 2022). Currently, no data support an increase
(loss) or reduction (conservation) in urinary fractional excretion
of Ca during endotoxemia in cows. However, the urine Ca pool in
early lactation cows is small and unlikely to be a determinant in the
variability of plasma Ca concentration.

A commonly proposed contributor to hypocalcemia during en-
dotoxemia has been a decrease in intestinal Ca absorption. In hu-
mans, the transient receptor potential cation V, member 6 (TRPV6)
expressed in the duodenum and jejunum is the rate-limiting chan-
nel modulating transcellular Ca transfer (active absorption) from
the luminal space into the enterocyte (Walters et al., 2006; Lieben
et al., 2010). For the ruminant, the rumen is a major organ in trans-
cellular Ca flux (compared with duodenum and jejunum), with the
transient receptor potential cation V, member 3 (TRPV3) channel
being the major contributor (Schroder et al., 2015; Schrapers et
al., 2018). However, it is unknown whether luminal LPS affects
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TRPV3 activity or if systemic inflammation alters TRPV3 expres-
sion. For instance, TRPV3 was insensitive to LPS in HEK293T
cells transfected with mouse TRPV3 although it was sensitive to a
known agonist (Alpizar et al., 2017). It is less likely that a decrease
in transcellular Ca movement is a major component of hypocal-
cemia during endotoxemia as the rumen is constantly exposed
to LPS under physiological conditions. Alteration in paracellular
Ca movement (passive absorption) during endotoxemia is also
unknown in cattle. It seems plausible that the disruption of tight
junction proteins and increased gut leakiness during endotoxemia
(Bein et al., 2017) would favor an increase in paracellular Ca
movement. Despite that, gastrointestinal Ca absorption was not al-
tered in recent postpartum dairy cows submitted to an intravenous
LPS challenge (Chandler et al., 2022).

Calcium ion is a major intracellular messenger and directly par-
ticipates in various cell functions including leukocyte activation
(Vig and Kinet, 2009). Therefore, it has been proposed that during
states of immune activation (endotoxemia and sepsis, for instance),
a greater influx of Ca occurs into immune cells to mediate their
response; this theory has been widely proposed to explain a state of
hypocalcemia during immune activation. Within the cell, increased
concentrations of Ca in the cytosol and endoplasmic reticulum are
evident during endotoxemia (He et al., 2020). Significant increases
in Ca concentrations were observed in the heart, spleen, liver, kid-
ney, and brain during endotoxemia in rats (He et al., 2020). Also,
increased uptake and Ca content in skeletal muscle were found in
sepsis models in rodents (Benson et al., 1989), though not evident
in swine skeletal muscle collected from a single site (Carlstedt
et al., 2000). It is plausible that Ca uptake by skeletal muscle in
cattle increases during systemic inflammation to supply AA to the
activated immune system; however, the Ca requirement to support
muscle proteolysis during systemic inflammation is likely margin-
al. As extracellular Ca is maintained at several orders of magnitude
lower than intracellularly, the influx of Ca occurring in immune
cells and skeletal muscle is unlikely to be a major contributor to
hypocalcemia during endotoxemia.

Calcium compartmentalization (or redistribution) is likely
the greatest factor implicated in the rapid decrease in plasma Ca
during endotoxemia and the least appreciated component in hu-
man and veterinary medicine. However, it is still unknown what
major organs and sites contribute to Ca sequestration in cattle.
A reduction in plasma volume, hypovolemia, is characteristic of
early-phase endotoxemia. Intravenous infusion of LPS to induce
endotoxemia in swine caused a significant increase in Ca in ascites
(Carlstedt et al., 2000). Splenectomized rats were able to maintain
plasma volume during an intravenous LPS challenge, whereas a
significant increase in fluid efflux (measured by the difference in
splenic arterial minus splenic venous blood flow) occurred in intact
animals (Andrew et al., 2000). An 8-fold increase in spleen lymph
flow was demonstrated in a cannulated efferent lymphatic drainage
model during LPS challenge in rats (Semaeva et al., 2010). It is
unknown if a similar plasma efflux mechanism exists in cattle but,
if so, would help explain the sudden decrease in plasma Ca con-
centration following LPS challenge models. However, it is more
likely that the redistribution of blood flow to splanchnic organs and
vasodilation occurring during endotoxemia (Fong et al., 1990) pro-
motes increased capillary splanchnic pressure and extravasation of
Ca to the interstitium and ascites. Also, it is plausible that major
lymphoid organs like the spleen would favor Ca sequestration
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for immune cell activation and differentiation for a whole-body
response. Fluid extravasation from the microvasculature in the ab-
dominal region was observed in a septic shock model in baboons
using technetium-99m-labeled albumin (Dormehl et al., 1992).
Endothelial cell permeability increases during endotoxemia (Ince
et al., 2016); this would increase and maintain fluid extravasation
to the interstitium and could help explain the maintenance of hypo-
calcemia during endotoxemia. Use of radioisotopes such as techne-
tium-99m-labeled calcium gluconate could be used as a means to
evaluate calcium sequestration in a bovine model of endotoxemia
using imaging integrated systems based on single photon emis-
sion computed tomography and computed tomography (SPECT/
CT). In addition, it is known that proinflammatory cytokines like
IL-1PB and IL-6 regulates the Ca sensing receptor (CaSR) in the
parathyroid to decrease the Ca set-point (i.e., a mechanism that
would favor a reduction in extracellular Ca concentration; Toribio
et al., 2003; Canaff et al., 2008).

A major protein involved in bacterial sepsis and commonly
thought to be a contributor to the hypocalcemic response is procal-
citonin (i.e., the precursor protein of the hormone calcitonin). Cal-
citonin (but not procalcitonin) is the main protein responsible for
increasing renal Ca excretion and inhibiting osteoclast activity and
bone demineralization. In cattle, procalcitonin is increased during
sepsis (Bonelli et al., 2018). Matera et al. (2012) demonstrated that
procalcitonin could neutralize bacterial LPS in vitro and modulate
the inflammatory response of human peripheral blood mononucle-
ar cells. The role of procalcitonin in contributing to a hypocalcemic
response during endotoxemia is questionable though it has been
proposed as a potential mechanism in the human literature (Miiller
et al., 2000). More recently, the use of a mouse knockdown model
of the Calca gene (procalcitonin gene) revealed that procalcitonin
expression in the bone microenvironment impaired early osteo-
clast formation and bone resorption (Baranowsky et al., 2022).
If procalcitonin is severely upregulated in cases of endotoxemia
and systemic inflammation in the bone microenvironment of cattle
(which is unknown to this date), it could hypothetically contribute
to lower bone resorption and favor a more chronic hypocalcemic
state. However, there is more evidence that a proinflammatory state
favors osteoclast development and activity (Kitaura et al., 2020).
Studies evaluating the response of bone to systemic inflammation
in cattle are warranted.

The increased Ca requirement for milk production is a signifi-
cant additive effect to the hypocalcemic stress experienced by the
dairy cow during systemic inflammation. Under a healthy state,
changes in milking practices (i.e., restricted or delayed milking)
in the first 48 h after parturition favored an increase in plasma
Ca concentration, for example (Valldecabres et al., 2022). Dur-
ing an intravenous LPS challenge, milk Ca secretion decreased
(Chandler et al., 2022). Plasma Ca must turnover several times a
day to support milk Ca output and poses a major challenge in the
maintenance of Ca concentration in the extracellular fluid for the
dairy cow (Horst et al., 1997). Altogether, the hypocalcemic effects
during systemic inflammation are likely amplified for the lactating
dairy cow compared with species requiring lower plasma turnover
to support lactation (e.g., humans).

The term sterile inflammation refers to an inflammatory process
that occurs in the absence of microorganisms and is triggered by
damaged or necrotic cells, or both (Shen et al., 2013). An imbal-
ance between the production of reactive oxygen species (ROS),

release of damage-associated molecular patterns, and antioxidant
defenses are characteristics of sterile inflammation (Shen et al.,
2013). Postpartum cows suffer from a greater degree of redox im-
balance compared with the prepartum period as demonstrated by
greater plasma concentrations of ROS accompanied by a decrease
in total antioxidants. Increased oxidative stress has been associ-
ated with a sterile inflammatory process in tissues such as placenta
(during parturition) and adipose tissue remodeling (Baker et al.,
2021). For the postpartum cow, the liver is a key organ in the adap-
tive response to increased nutrient demands. Major upregulation
of genes involved in oxidative phosphorylation and protein import
into the mitochondrial matrix occurs in the postpartum (Gao et al.,
2021), which could lead to redox stress and hepatocyte injury (i.e.,
a sterile inflammatory process). If true, how could such a condition
be linked to lower plasma Ca concentrations?

It is well known that ROS induces lipid peroxidation as mem-
brane phospholipids come in contact with oxidizing agents. A
direct effect of cholesterol 7-hydroperoxide (a primary product of
lipid peroxidation) has been shown to directly reduce the activ-
ity of CYP27A1 in an in vitro model using THP-1 macrophages
(Korytowski et al., 2015). van Lier et al. (2015) demonstrated that
CYP27A1 catalyzed the reduction of cholesterol 25-hydroperoxide
to 25-hydroxycholesterol, which presumably would facilitate the
removal of those lipid hydroperoxides (oxidative stress byprod-
ucts) through bile and avoid the propagation of organ injury. Of
note, CYP27A1 was widely expressed across major tissues in dairy
cows though it had its greatest expression in the liver (Kuhn et al.,
2020). In humans, CYP27A1 participates in bile acid metabolism
and vitamin D hydroxylation (Lorbek et al., 2012). Therefore, it
likely has a major role in mediating 25-hydroxylation of vitamin D
and bile acid metabolism in cattle as well. To date, it is unknown
how liver CYP27A1 expression changes in transition period dairy
cows and under conditions of increased systemic inflammation.
However, it is plausible that a level of substrate competition for
CYP27A1 activity may occur between oxysterols involved in bile
acid biosynthesis, vitamin Ds, and lipid peroxidation products
originating from hepatocyte injury (due to oxidative stress). If
true, this would decrease vitamin D hydroxylation and impair the
vitamin D-Ca axis.

A large whole-genome study identified putative genomic re-
gions harboring CYP27A41 and CYP2J2 genes being considerably
related to additive genetic variance for clinical hypocalcemia
incidence (Pacheco et al., 2018). CYP2J2 has been suggested as
a prime potential gene controlling plasma concentrations of 25-hy-
droxyvitamin D in cattle (Casas et al., 2013). However, under
inflammatory conditions, CYP2J2 has an active role in mediating
epoxyeicosatrienoic acid (EETs) production from arachidonic acid
(Node et al., 1999). Overexpression of CYP2J2 in a mouse model
of nonalcoholic fatty liver (a disorder sharing some resemblance to
fatty liver in cows) reduced liver oxidative stress and inflammatory
response (Hendrikx et al., 2015). A strong negative relationship be-
tween hepatic triacylglycerol content and plasma Ca concentration
assessed in the first 3 d after parturition was recently demonstrated
(Arshad and Santos, 2022); this provides evidence for the potential
connection between hepatic lipidosis, liver oxidative stress, and
systemic inflammation with SCH. Potential substrate competition
may occur between arachidonic acid released from cell membrane
injury and vitamin D, which could lead to a greater rate of forma-
tion of EETs over 25-hydroxyvitamin D. Consequently, the amount
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of 25-hydroxyvitamin D available for renal 1-a hydroxylation
would be severely compromised, contributing to a vitamin D;
deficiency. If true, vitamin D; deficiency would lead to decreased
gastrointestinal Ca absorption and help explain SCH.

Interleukin-6, a major proinflammatory cytokine involved in
the upregulation of the CaSR (as previously discussed), is also el-
evated during sterile surgical procedures (Nishimoto et al., 1989).
Therefore, sterile inflammatory processes occurring in the postpar-
tum cow could also favor a decrease in the biological Ca set-point
and help explain a degree of SCH in those scenarios.

In conclusion, several mechanisms leading to suboptimal plasma
Ca concentration of the periparturient dairy cow during systemic
inflammation are identified and knowledge gaps are discussed. It
is proposed that sterile inflammation can be a major driver of SCH
in postpartum cows, and studies designed to identify and discern
major causes of systemic inflammation (endotoxemia vs. sterile
inflammation) as drivers of SCH in postpartum dairy cows are
needed. Also, research focusing on the characterization of the ma-
jor CYP450 isoforms participating in vitamin D hydroxylation and
eicosanoid biosynthesis in dairy cows, as well as their activity and
stereoselectivity, would help determine shared pathways between
inflammation and Ca metabolism. Those studies will be funda-
mental in elucidating potential new pathways to be modulated via
nutritional and pharmaceutical methods to favor the metabolic and
inflammatory fitness of transition dairy cows.
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