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Review

The Calci-Inflammatory Axis: A Paradigm Shift in
Understanding Milk Fever

Burim Ametaj

Department of Agriculture, Food and Nutritional Science, Faculty of Agricultural, Life and Environmental
Sciences, University of Alberta, Edmonton, AB T6G 2P5; bametaj@ualberta.ca

Abstract: This review highlights a paradigm shift in our understanding of hypocalcemia during milk
fever by introducing the concept of the Calci-Inflammatory Axis. Traditionally viewed as a
pathological deficiency necessitating rapid correction (e.g., through calcium borogluconate infusions
or dietary adjustments like dietary cation-anion difference), periparturient hypocalcemia is
reinterpreted here as an adaptive, protective response. Within this new framework, reduced
circulating calcium levels may help temper systemic inflammation by limiting lipopolysaccharide
(LPS) aggregation and curbing excessive macrophage activation. The review discusses how calcium
signaling, the calcium-sensing receptor (CaSR), and immune cell functions adapt under hypocalcemic
conditions to modulate inflammatory processes. This integrated perspective not only redefines the
role of hypocalcemia but also proposes the Calci-Inflammatory Axis as a novel concept through
which we can understand how changes in calcium homeostasis mitigate inflammatory cascades—
potentially lowering the incidence of periparturient diseases and enhancing overall cow health and
farm productivity. Future research should investigate the long-term effects of hypocalcemia, the
environmental influences on this Calci-Inflammatory Axis, and their collective impact on disease
susceptibility and inflammation.
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1. Introduction

Milk fever, or periparturient hypocalcemia, has long been recognized as a critical metabolic
disorder affecting dairy cows during the transition period. Traditionally, this condition has been
understood as a direct consequence of a significant drop in blood calcium levels [1,2], leading to the
widespread adoption of preventive and therapeutic strategies focused on managing dietary calcium
prior to parturition and dietary adjustments. Approaches such as dietary cation-anion difference
(DCAD) manipulation [3], calcium boluses, subcutaneous or intravenous calcium borogluconate
have been developed to counteract hypocalcemia, reflecting a reductionist view that equates milk
fever primarily with calcium deficiency [4].

However, despite the extensive use of these interventions, milk fever continues to pose a
persistent challenge in dairy herds in North America [2,5] and globally [6,7], with many cows still
experiencing its debilitating effects. The limited success of these tradi-tional strategies prompts a
critical reassessment of the underlying assumptions in milk fever management. If correcting calcium
deficiency were indeed the central solution, the persistence of the disorder suggests that these
strategies may fail to address the full complexity of the condition [2,8].

This paradox highlights a potential gap in our understanding of milk fever, indi-cating that the
condition might not be as straightforward as previously thought. Emerging research, notably the
hypothesis proposed by Ametaj and his team [9-11], challenges the conventional paradigm by
suggesting that hypocalcemia during milk fever may not merely represent a pathological deficiency
but rather an evolutionary adaptive physiological response aimed at mitigating systemic
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inflammation. This shift in perspective encour-ages us to reconsider hypocalcemia not as a problem
to be corrected but as a potential protective mechanism within the broader context of the cow’s
immune response.

Building on this adaptive hypothesis, this review introduces a novel concept—"The Calci-
Inflammatory Axis” —which proposes that fluctuations in circulating calcium levels, sensed in part
by the calcium-sensing receptor (CaSR) on immune cells, play a pivotal role in orchestrating
inflammatory processes. Rather than viewing transient hypocalcemia purely as a deficiency, the
Calci-Inflammatory Axis proposes that controlled reductions in calcium concentration can help
modulate the intensity of immune activation and cytokine release, potentially averting excessive
inflammation. By framing hypocalcemia as a physiological buffer rather than a pathological anomaly,
this perspective offers a fresh lens through which to understand how calcium dynamics can influence
both metabolic and immunological outcomes during the periparturient period.

In this review, we will revisit the historical context of milk fever management, critically
analyzing why conventional approaches have often fallen short in fully resolving the condition. We
will then discuss the growing body of evidence supporting the concept that hypocalcemia may play
an adaptive, anti-inflammatory role, particularly in the context of endotoxemia and inflammation. By
examining the physiological and molecular mechanisms underlying calcium homeostasis and
immune regulation, we aim to deepen the understanding of milk fever. Our objective is not to
introduce new management strategies but to refine and expand the current knowledge of milk fever
from an integrative perspective.

2. Evolving Hypotheses of Milk Fever: A Historical and Contemporary Overview

Milk fever, also known as parturient paresis, has long been recognized as one of the most
complex and puzzling diseases in veterinary medicine, particularly affecting dairy cows during the
postparturient period. Since its identification in the 18th century, the condition has prompted
numerous hypotheses and research endeavors aimed at unraveling its etiology, reflecting ongoing
challenges in veterinary science. The evolution of scientific thought surrounding milk fever is well
documented in the seminal review by Hibbs in 1954 [12], which provides a comprehensive historical
perspective on the different hypotheses proposed until that time. Despite extensive research efforts,
many of these early postulates were eventually proven to be incorrect or incomplete, and new
hypotheses continue to emerge as our understanding of the disease deepens.

2.1. Historical Context and Early Theories
2.1.1. Hibbs Review and Subsequent Hypotheses

One of the most comprehensive reviews on milk fever was authored by Hibbs [12]. By that time,
milk fever had become a significant focus of research, and by the 1950s, around 30 different
hypotheses had been proposed to explain the condition. The disease was mentioned for the first time
in 1793 by Eberhardt [13]. The proposed hypotheses ranged widely —encompassing general
inflammation, nervous system disorders, circulatory issues, cerebral anemia and congestion,
apoplexy, thrombosis, fat embolism, spinal trauma, general infections, bacterial infections of uterine
or mammary origin, anaphylaxis, mammary-neurasthenia, dehydration, auto-intoxication, impaired
tissue oxidation, excess oxytocin post-parturition, faulty protein metabolism, ovarian dysfunction,
hyperactivity of the anterior pituitary, disturbed cholesterol metabolism, hyperadrenalinemia,
magnesium narcosis, alkalosis, acidosis, auto-asphyxiation, and hypoglycemia [12]. Although
diverse, many of these theories have not stood the test of time.
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2.1.2. Development of the Hypocalcemia Theory

The first authors to propose a parathyroid deficiency and hypocalcemia in dairy cows affected
by milk fever were Dryerre and Greig in 1925 [14]. Based on clinical observations and speculative
reasoning, they hypothesized that udder inflation would stimulate secretion of adrenalin to “oxidize
toxins.” However, the nature of these toxins was not elaborated, and the hypothesis was soon
discarded when experiments by Auger [15] failed to detect increased blood pressure indicative of
elevated adrenalin. A pivotal development came with the work of Little and Write (1925) [16], who
demonstrated a significant decrease in blood calcium concentrations in cows with clinical milk fever,
thereby establishing hypocalcemia as a key feature of the disease. Almost a decade later, Dryerre and
Greig (1935) [17] demonstrated that subcutaneous or intramuscular injections of calcium boro-
gluconate improved clinical signs, reinforcing that an acute drop in blood calcium — precipitated by
the sudden onset of lactation—was central to the pathophysiology. Although these findings
dramatically lowered milk fever incidence and led to widely adopted therapeutic measures, the
hypocalcemia hypothesis alone could not explain every aspect of the disease, driving further research
into endocrine and metabolic imbalances that underlie calcium regulation.

2.1.3. The DCAD and Potassium Hypothesis: A Shift in Thinking

Beginning in the 1950s, the DCAD theory brought fresh insights into milk fever prevention.
Researchers such as Ender [18], Dishington [19], and later Block [3] found that balancing dietary
cations (e.g., potassium, sodium) and anions (e.g., chloride, sulfur) influences calcium metabolism,
protecting cows from hypocalcemia near calving. More specifically, feeding a diet with a negative
DCAD value promotes calcium mobilization and supports better serum calcium concentrations in
the transition period. Subsequently, Horst et al. [20] highlighted that high dietary potassium could
impede calcium absorption, rendering dairy cows more vulnerable to milk fever. They provided the
first direct evidence that feeding cows a diet lower in potassium decreased the incidence of milk
fever. These discoveries propelled a more comprehensive view of disease management by
acknowledging the interplay of dietary factors, metabolic processes, and calcium regulation [20].

2.1.4. The Endotoxin Hypothesis and Systemic Inflammation: A New Perspective

Within the last three decades, the endotoxin hypothesis has garnered attention as a compelling
explanation for milk fever’s etiology, proposing that Gram-negative bacterial LPS absorbed from
mucosal sites (e.g., the gastrointestinal tract) disrupts calcium homeostasis through systemic
inflammation. Aiumlamai et al. [21] initially suggested that endotoxin translocation might aggravate
parturient paresis, while Andersen [22] argued that ruminal acidosis allows LPS to breach the rumen
barrier, subsequently contributing to laminitis, abomasal displacement, and other production-related
diseases. Although the precise mechanisms remain elusive, Ametaj et al. [23,24] advanced the notion
that endotoxins may initiate or worsen milk fever and fatty liver, later extending it to multiple
periparturient conditions —ranging from ruminal acidosis to retained placenta, mastitis, and downer
cow syndrome [10,11,25]. By attributing significant importance to immune-system activation, this
new perspective emphasizes that milk fever involves more than just a metabolic issue.

2.1.5. Endotoxins and Systemic Inflammation

Endotoxins strongly stimulate the innate immune response through Toll-like receptor 4 (TLR4),
initiating pathways involving nuclear factor-kappa B (NF-kB) and leading to proinflammatory
cytokine secretion (tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-1) [26]. These events manifest
as the acute-phase response (APR), which includes fever, acute-phase proteins, and shifts in plasma
ion concentrations [27,28]. Augustine et al. [29] reported that TNF-o suppresses parathyroid hormone
(PTH) synthesis and inhibits renal la-hydroxylase activity, leading to lower levels of 1,25-
dihydroxyvitamin D, thereby compromising calcium regulation. Additionally, endotoxins can
modify the expression of renal and intestinal Ca?* transporters [30]. Meanwhile, albumin, lactate, non-
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esterified fatty acids (NEFA), and certain anions (Cl-, SO4*) bind or chelate calcium (Figure 1), while
cells sequester it, collectively exacerbating hypocalcemia just when cows require calcium most. In
this context, proinflammatory cytokines further impede bone resorption and calcium mobilization
[31]. We are referring to these interconnected metabolic and immune pathways as part of a broader
concept of the Calci-Inflammatory Axis that sets the stage for Section 4’s in-depth discussion.

Hypocalcemia: An Evolutionary Adaptive Response to Systemic Inflammation
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in ionized calcium (iCa?*) modulate the clearance and inflammatory potential of lipopolysaccharide (LPS)
originating from mucosal tissues such as the mammary gland, gastrointestinal tract, reproductive tract, and
infected hooves (1, 2, 3, 4). LPS traverses the epithelial barrier into the bloodstream (5), where it binds to chelators
(e.g., albumin, lactate, and NEFA), which reduce free iCa?* (7). Under transient or moderate hypocalcemia (10),
lower iCa? dampens certain calcium-dependent immune pathways, steering LPS toward lipoprotein-mediated
clearance via acute-phase high-density lipoproteins containing serum amyloid A (SAA-ap-HDL) (9).
Lipopolysaccharide-binding protein (LBP) and CD14 (11) facilitate LPS binding to ap-HDL, directing it for
detoxification in hepatocytes (possibly contributing to fatty liver) (12) or temporary storage in adipocytes (13).
Apolipoprotein Al, dissociated from n-HDL, also binds LPS for renal excretion (14). During mild hypocalcemia,
macrophage activation (15) remains subdued, leading to limited release of pro-inflammatory cytokines (IL-1, IL-
6, TNF-a). In contrast, normocalcemia (16) supports lamellar LPS aggregation in the presence of iCa?, enabling
macrophages to take up these larger, structurally inert complexes (18). Although macrophages then release
cytokines (IL-1, IL-6, TNF-a) (19), the inflammatory response may remain more localized than systemic. Some
fraction of LPS is also bound by normal HDL (n-HDL) and cleared by the liver (20). Overall, this figure
emphasizes that mild hypocalcemia can serve as an adaptive brake on systemic inflammation by reducing

excessive immune-cell activation and directing LPS toward lipoprotein-based clearance, whereas adequate iCa?*
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levels favor lamellar LPS aggregation and macrophage uptake. Taken together, these complementary pathways
underscore the dynamic role of calcium homeostasis and lipoprotein interactions in balancing LPS clearance

under varying inflammatory states. [Figure created by Zohaib Saleem and B.N. Ametaj using BioRender].

3. Inflammatory Response in Milk Fever Cows

A significant feature of milk fever is the presence of a low-grade or subclinical inflammatory
state that both precedes and coincides with clinical hypocalcemia. Elevated concentrations of acute-
phase proteins [e.g., haptoglobin, serum amyloid A (SAA)] and proinflammatory cytokines (e.g.,
TNEF-a) indicate that systemic inflammation may be integral to milk fever pathogenesis [25,32]. This
aligns with the general trend in periparturient disorders, where immune dysregulation and metabolic
strain interact.

Ametaj and collaborators further explored this immune component in various periparturient
diseases, including milk fever [9,33]. Their findings propose that the inflammatory response mounted
against endotoxins may act as both a pathogenic contributor to hypocalcemia and, paradoxically, a
protective mechanism aiming to contain inflammation during the transition period. Such an immune-
metabolic synergy offers a more subtle understanding than traditional “calcium deficiency”
paradigm alone. The interplay between inflammation and ionized calcium—which Ametaj is
proposing to call the Calci-Inflammatory Axis — anticipates the broader re-evaluation of milk fever
theories in Section 4.

4. Re-Evaluating Traditional Theories in Light of the Endotoxin Hypothesis: The
Calci-Inflammatory Axis

The history of milk fever research demonstrates an evolution from early, often speculative
frameworks toward more integrative models. While the 1954 review by Hibbs [12] anchored milk
fever in a predominantly metabolic context, subsequent progress with the hypocalcemia theory and
the DCAD/potassium hypothesis substantially reduced disease incidence by highlighting dietary and
endocrine regulation of calcium [5-8]. Yet, these metabolic-centered paradigms do not fully account
for systemic inflammation and immune activation—especially as emphasized by the endotoxin
hypothesis, which proposes that Gram-negative bacterial LPS can trigger an inflammatory cascade
that disrupts calcium homeostasis [9-11,21,22].

Recent studies have integrated these findings, leading to the proposal of the Calci-Inflammatory
Axis, which highlights the reciprocal interactions between inflammation and serum iCa?* levels. At
the core of this axis is the observation that endotoxin-induced inflammation can lower blood calcium
levels, both by (1) altering hormone signaling (e.g.,, PTH, 1,25 dihydroxyvitamin D) and (2)
sequestering Ca?* into tissues or binding it through acute-phase reactants like albumin or fatty acids.
Simultaneously, changes in serum iCa?'—particularly moderate hypocalcemia—can reduce certain
proinflammatory signaling cascades, sometimes acting as a physiological brake on overactive
immune response [34,35].

4.1. Multiple Sources of Endotoxin and Early Immune Activation

Evidence suggests that LPS or endotoxin can translocate from a range of sites, including the
rumen—particularly under subacute ruminal acidosis (SARA) conditions [36]—as well as from
mastitic udders, metritic uteri, or infected hooves [21,22]. In all these cases, local Gram-negative
bacterial growth and tissue damage facilitate LPS leakage into the bloodstream, where it engages
Toll-like receptor 4 (TLR4) on immune cells, triggering the release of potent cytokines and acute-
phase proteins such as TNF-a, IL-6, and IL-1 and SAA [37,38]. Notably, innate immune activation
can be present before the clinical onset of milk fever. Zhang et al. [25] reported increased TNF-a, IL-
6, and SAA levels in cows during the dry-off period, well prior to parturition and overt symptoms of
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milk fever. These findings indicate that a low-grade inflammatory state—potentially arising from
subclinical infections or endotoxin translocation—may prime the immune system in advance of
calving, setting the stage for subsequent hypocalcemia once lactational calcium demands surge.

4.2. Mechanisms of the Calci-Inflammatory Axis

From an immunophysiological standpoint, macrophages and neutrophils depend critically on
Ca?*-dependent signaling pathways when activated by LPS. High intracellular Ca?" levels facilitate
the activation of various downstream pathways that drive the release of pro-inflammatory cytokines,
including TNF-a, IL-1, and IL-6 [39,40]. This robust cytokine response is crucial for an effective
defense against pathogens; however, it can also contribute to tissue damage if left unchecked.

A controlled, transient reduction in intracellular Ca?*—as observed in the periparturient
hypocalcemia of cows—appears to serve as a regulatory brake on this inflammatory cascade. By
diminishing Ca?-dependent signaling, the immune cells produce lower quantities of cytokines,
thereby potentially mitigating tissue damage that would arise from an overly aggressive
inflammatory response [41]. In essence, this temporary hypocalcemic state may act as a natural anti-
inflammatory mechanism, preserving tissue integrity during periods of high metabolic and
immunological stress.

The Calci-Inflammatory Axis, however, can become dysregulated under conditions of chronic
or repeated exposure to LPS. In scenarios such as persistent subacute ruminal acidosis (SARA),
mastitis, metritis, or untreated hoof infections, the immune system may remain in a prolonged state
of activation. This sustained inflammatory state leads to continuous cytokine production, which in
turn interferes with calcium homeostasis by antagonizing PTH actions or by altering vitamin D
metabolism. As a result, the restoration of normal calcium levels is delayed, perpetuating a cycle
where chronic hypocalcemia further undermines neuromuscular function and metabolic stability,
while persistent inflammation continues to disrupt calcium mobilization [42].

Adding to this complexity, the CaSR plays a pivotal role in mediating these interactions.
Expressed on both the parathyroid glands and various immune cells, CaSR modulates immune
responses based on extracellular Ca?* concentrations. During inflammatory stress, cytokines can
downregulate CaSR function, effectively shifting the calcium homeostasis set point and exacerbating
hypocalcemia [34,42,43]. Furthermore, the active form of vitamin D, 1,25-dihydroxyvitamin D, may
influence both CaSR signaling and immune cell activity, thereby reinforcing the hypocalcemic state
under conditions of inflammation [44—46].

Collectively, the Calci-Inflammatory Axis is not merely a linear feedback loop but a multifaceted
network involving receptors, hormones, transport proteins, and cytokines. This network intricately
regulates serum calcium levels in response to both physiological and pathological challenges,
highlighting the dual role of calcium as both a metabolic substrate and a key modulator of immune
function. Understanding this axis offers new insights into how transient hypocalcemia may serve as
an adaptive response, while also underscoring the risks associated with its chronic dysregulation in
dairy cows.

4.3. Clinical Consequences

Seen through this lens, milk fever is neither strictly a metabolic deficiency nor purely an
inflammatory disease. Rather, it arises at the intersection of mounting metabolic demands for calcium
at parturition and an immune system that may already be hyperreactive. Excessive inflammatory
signals impede calcium retrieval from bone and gut, perpetuating hypocalcemia. In turn, prolonged
or severe hypocalcemia weakens core physiological functions, increasing the risk of muscle
weakness, recumbency, and organ dysfunction. The Calci-Inflammatory Axis thus reframes milk
fever as a condition wherein systemic inflammation and calcium dysregulation mutually amplify
each other’s injurious effects.
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4.4. Hypocalcemia in Multiple Periparturient Diseases: The Common Role of Inflammation

Multiple lines of evidence reveal that hypocalcemia is not solely linked to milk fever but
frequently occurs in other periparturient diseases, including ketosis, left displaced abomasum (LDA),
acute puerperal metritis (APM), and mastitis. In a study by Venjakob et al. [47], cows displaying
suboptimal calcium levels around calving showed persistently reduced serum calcium on days 0, 1,
and 3 postpartum—an outcome mirrored in these other health conditions. Moreover, ketosis,
particularly among first-calf heifers at 3 and 7 days postpartum, consistently features lower calcium
concentrations, while cows with LDA are disproportionately prone to developing hypocalcemia
[48,49]. Comparable patterns are evident in cows affected by APM, mastitis, retained placenta,
dystocia, and left displaced abomasum pointing toward hypocalcemia as both a predisposing factor
for these disorders and a by-product of the inflammation they provoke [50,51].

These convergent findings highlight inflammation as a central mechanism linking hypocalcemia
with various periparturient diseases. Metabolic disturbances such as ketosis, LDA, APM, and mastitis
trigger inflammatory pathways that elevate the release of cytokines like IL-6 and TNF-a, which
disrupt calcium equilibrium in several ways. Specifically, cytokines can depress PTH secretion and
modify the CaSR, ultimately compromising intestinal calcium absorption, skeletal calcium
mobilization, and renal calcium reabsorption [42,52,53]. As inflammation worsens, hypocalcemia
intensifies, creating susceptibility to further metabolic or infectious insults and perpetuating a
negative feedback loop of immune system impairment and low calcium.

In inflammatory states, the surge in immune-cell activity heightens the need for calcium to fuel
fundamental cellular processes. Inmunometabolomic research [54] shows that chronic, subclinical
inflammation helps sustain this increased calcium requirement. Simultaneously, deepening
hypocalcemia weakens neutrophil functionality [55], thereby raising animals’ vulnerability to
secondary infections. This two-way interaction magnifies existing metabolic imbalances and
promotes a cycle wherein hypocalcemia both stems from and exacerbates ongoing inflammation.

Nutritional factors can compound this cyclical pattern. Conditions like ketosis and mastitis often
reduce dry matter intake, limiting dietary calcium precisely when metabolic demands spike. As a
consequence, serum calcium decreases even further, impeding the cow’s capability to manage acute-
phase responses effectively. Meanwhile, inflammatory mediators impede the usual hormonal
processes that restore calcium homeostasis, allowing persistent hypocalcemia to heighten immune
dysfunction and metabolic strain.

Central to this cycle is the mutual causation between hypocalcemia and inflammation. Low iCa?*
availability reduces immune-cell efficiency —evidenced by poorer neutrophil performance and
diminished immune-cell populations [55] —thereby escalating the odds of infection and subsequent
inflammatory events. Conversely, infections and endotoxemia stimulate the production of
proinflammatory cytokines that interfere with CaSR and other calcium-regulatory pathways [42].
Studies by Zhang et al. [25] and Abuajamieh et al. [56] further confirm that disordered metabolism
and inflammation, acting in unison, are key contributors to conditions like milk fever and ketosis.
Such a self-perpetuating feedback loop —where hypocalcemia-induced immunosuppression triggers
infection or endotoxin influx, which then reinforces inflammatory activity —emphasizes the necessity
of a comprehensive strategy for disease prevention and control.

5. A New Hypothesis on Hypocalcemia and its Role in Inflammation

Ametaj et al. [10,11] have hypothesized that hypocalcemia, frequently observed during milk
fever and also during systemic inflammation and endotoxemia, may serve a protective function by
helping control LPS bioactivity in the bloodstream and modulating the systemic inflammatory
response. According to this hypothesis, moderate or transient reductions in iCa? might limit
excessive calcium-dependent activation of immune cells, providing a physiological brake on
inflammation [57,58]. Evidence suggests that rather than being an outright deficiency, this


https://doi.org/10.20944/preprints202503.0910.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2025 d0i:10.20944/preprints202503.0910.v1

8 of 31

hypocalcemia could be a built-in adaptive response aimed at mitigating harmful effects of
endotoxemia and systemic inflammation.

5.1. Fate of Endotoxin in the Circulation

Endotoxin (ET), primarily LPS shed in the gastrointestinal tract (GIT) due to high grain or fat
intake, often associates with chylomicrons in epithelial cells, travels via the lymph, and triggers
proinflammatory cytokine release by macrophages in the mesenteric lymph node (Figure 1) [59].
Once in the circulation, a portion of ET enters the portal vein and is scavenged by immune cells,
Kupffer cells, and hepatocytes in the liver, thereby reducing its systemic levels [60]. However, some
ET may bypass hepatic clearance and reach systemic circulation, where it binds to high-density
lipoprotein (HDL) and low-density lipoprotein (LDL). This binding is mediated by
lipopolysaccharide-binding protein (LBP) and soluble CD14 (sCD14) [61-63].

5.2. Calcium’s Role in LPS Aggregation and Immune Activation

Ionized calcium influences how LPS behaves in the bloodstream (Figure 1). Under in vitro
conditions, divalent cations such as Ca?* help LPS adopt tightly packed “lamellar” or “multilamellar”
structures, generally lowering LPS’s capacity to trigger Toll-like receptor (TLR)-mediated
inflammation [64]. Nevertheless, LPS can also occur in various aggregate states, and binding to LBP
can rearrange or partially disaggregate LPS [65,66]. When LPS effectively engages macrophages via
membrane-bound CD14 (mCD14), a robust cytokine response ensues (e.g., TNF-a, IL-1, IL-6), which
is vital for combating infection but detrimental if overactivated [66]. In vivo, elevated intracellular
calcium in immune cells can fuel the inflammatory cascade [35,67], potentially aggravating organ
damage. Thus, although Ca?" in plasma can stabilize less-inflammatory LPS structures, excessive
Ca?*-dependent signaling inside macrophages or other immune cells may exacerbate inflammation.

5.3. Hypocalcemia as a Protective Mechanism

Ametaj postulates that hypocalcemia, observed during sepsis and systemic inflammation, may
serve as an adaptive mechanism to reduce overactivation of the immune system. By lowering iCa?*,
the stimulus for calcium-dependent intracellular pathways in macrophages and neutrophils is
diminished, limiting the explosive release of proinflammatory cytokines [11]. Indeed, studies show
that interventions that reduce iCa?—for instance, through calcium chelation —can curb LPS-induced
mortality, hinting that transient hypocalcemia buffers against excessive endotoxemia [35,68]. Rather
than simply aggregating LPS into harmless multilamellar structures, this protective mechanism
primarily lessens the immune-cell hyperactivation that otherwise leads to systemic inflammation and
potential organ failure.

5.4. Lipoproteins and LPS Clearance

Regardless of LPS’s structural form (aggregated or partially disaggregated), HDL and LDL serve
as major vehicles for LPS clearance (Figure 1). During systemic inflammation, normal HDL (n-HDL)
undergoes compositional changes, with SAA replacing apolipoprotein A-I (apoA-I) and forming
acute-phase HDL (ap-HDL) [62,63]. Acute-phase HDL exhibits higher affinity for LPS, promoting its
neutralization and hepatic excretion via bile [61,69]. This pathway not only removes LPS from
circulation but also prevents excessive immune activation, underscoring the importance of
lipoproteins in managing systemic inflammation. In the context of hypocalcemia, dampened
immune-cell activity gives lipoprotein-mediated clearance an extended window to operate without
provoking large cytokine surges. Thus, the protective advantage of lower iCa?" may lie in controlling
macrophage overactivation and forcing LPS into multilamellar forms.


https://doi.org/10.20944/preprints202503.0910.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2025 d0i:10.20944/preprints202503.0910.v1

9 of 31

5.5. Modulation of the Inflammatory Response

By containing calcium-dependent signaling in immune cells and enhancing LPS clearance via
lipoproteins, mild hypocalcemia can help modulate the inflammatory response, mitigating the
overproduction of cytokines. This is especially relevant in conditions such as endotoxemia and sepsis,
where an excessive immune response can be detrimental [63,70]. Indeed, multiple studies in humans
and animal models report that elevating iCa?" during sepsis may worsen outcomes, whereas
interventions that keep iCa?* at lower thresholds can improve survival and reduce organ damage
[35]. These findings align with the idea that transient hypocalcemia might function as a physiological
safeguard, preventing excessive inflammation until endotoxins are effectively cleared by hepatic
macrophages or lipoproteins.

5.6. Interactions of Calcium with Lactate, Fatty Acids, and Albumin

The hypothesis also acknowledges that elevated lactate, NEFA levels, and albumin—commonly
observed during inflammatory states—can further modulate iCa?* (Figure 1). These metabolites and
proteins bind or chelate ionized calcium, lowering free iCa?* in the bloodstream. Such binding helps
reduce the pool of biologically active calcium (and thus calcium-dependent cellular processes),
offering another route by which systemic inflammation might be restricted [71-73].

5.7. Lactate Binding to lonized Calcium

Lactate is produced by both aerobic and anaerobic glycolysis and circulates as the lactate anion
(CsHsO5) [71]. It can weakly bind iCa?* through electrostatic interactions, forming reversible calcium-
lactate complexes [72]. Elevated lactate levels in sepsis or lactic acidosis thus transiently lower free
iCa?, potentially affecting nerve function, muscle contraction, blood clotting, and immune-cell
activities. The formation of calcium-lactate complexes may help explain the clinical signs of
hypocalcemia that appear during severe inflammation or high lactate production [73].

5.8. Non-Esterified Fatty Acids Binding to lonized Calcium

Non-esterified fatty acids circulate bound to albumin, and their free carboxyl group (-COOH)
can also chelate iCa?" (Figure 1) [74]. The binding affinity can vary with fatty-acid chain length and
degree of saturation [74,75]. During metabolic stress—such as the periparturient period in dairy
cows—elevated NEFA levels can further reduce free iCa?, potentially contributing to hypocalcemia’s
clinical manifestations [76]. This decline in iCa?* may help limit some inflammatory processes,
although chronic or severe hypocalcemia remains a health risk.

5.9. Albumin Binding to Ionized Calcium

Albumin is the most abundant plasma protein and a key buffer for calcium, as roughly 40-50%
of total calcium in the blood is protein-bound (Figure 2) [77]. Negatively charged sites on albumin
(carboxyl groups, histidine residues) bind Ca?*, forming a calcium-albumin complex [78]. Although
traditionally considered a negative acute-phase protein, albumin can sometimes increase in certain
inflammatory contexts, enhancing its calcium-binding capacity and thereby reducing free iCa?* [79].
This reduction in biologically active calcium may assist in downregulating processes that depend on
Ca? for inflammatory signaling. Conversely, conditions such as hypoalbuminemia increase the
fraction of free iCa?" [80], with potential ramifications for immune-cell activity. Consequently,
accurate assessment of calcium status necessitates measuring iCa?* directly or applying albumin
correction to total calcium measurements [81].

Overall, emerging data and the Ametaj et al. [10,11] hypothesis propose that hypocalcemia—
commonly observed during sepsis, endotoxemia, or the periparturient period—can act as a
physiological modulator of inflammation. While adequate Ca?* levels can promote lamellar LPS
aggregates that are inherently less inflammatory, excessive Ca?* within immune cells can intensify
the inflammatory cascade. By lowering iCa?*, hypocalcemia tempers calcium-dependent immune
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pathways and allows lipoprotein-mediated clearance of LPS to proceed without triggering
widespread cytokine surges (Figure 1). Meanwhile, factors like lactate, NEFAs, and albumin further
shape iCa?* concentrations, linking metabolic and immune homeostasis. This balanced view of
calcium’s dual roles—both in LPS structure and in intracellular signaling—helps clarify why a
transient decrease in iCa?" may be protective, even though severe or prolonged hypocalcemia poses
its own risks.

Tissue and Organs Involved in Ca?* Buffering and Sequestration
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Figure 2. Tissues and Organs Involved in iCa? Buffering and Sequestration During Inflammation. Calcium

in the bloodstream exists in three primary forms: protein-bound (~40%), ionized (iCa?*, ~50%), and chelated
(~10%). This delicate balance supports essential physiological processes and adapts to systemic inflammation
(1). Platelets sequester and release iCa?* during inflammatory processes to regulate coagulation and immune
responses (2). Red blood cells buffer iCa?* to maintain membrane flexibility and oxygen transport, both of which
can be compromised under inflammatory conditions (3). Immune cells depend on iCa? buffering for activation,
migration, and cytokine release—functions that intensify during inflammation (4). Skeletal muscle cells store
and release iCa?* via the sarcoplasmic reticulum, enabling contractions that may be heightened in inflammatory
states (5). Bones act as the largest calcium reservoir, releasing iCa?* into the bloodstream during inflammation-
induced hypocalcemia or storing it in periods of hypercalcemia (6). The kidneys regulate iCa?* homeostasis
through reabsorption or excretion; however, systemic inflammation can impair renal function, leading to
abnormal calcium wasting or retention (7). Hepatocytes buffer iCa?* within the endoplasmic reticulum and
mitochondria, playing a critical role in detoxification and metabolic responses to inflammation (8). Neurons rely
on iCa? buffering for synaptic signaling, while glial cells modulate intra- and extracellular calcium levels during
neuroinflammatory states (9). Vascular endothelial cells buffer iCa?* in response to inflammatory mediators such

as histamine and bradykinin, thereby affecting vascular permeability and tone (10). In the extracellular matrix,
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iCa?" binds to collagen, elastic fibers, and osteopontin, buffering excess calcium while maintaining tissue
integrity under inflammatory stress (11). Finally, smooth muscle cells regulate contraction and relaxation by
buffering and releasing iCa? —processes crucial for preserving vascular integrity and blood flow during

inflammation (12). [Figure created by Zohaib Saleem and B.N. Ametaj using BioRender].

6. Calcium Buffering and Sequestration: Distinct Mechanisms and Key
Locations in Calcium Homeostasis During Inflammation

Understanding the distinction between calcium buffering and calcium sequestration is essential
for grasping calcium homeostasis, particularly in complex physiological states such as systemic
inflammation and milk fever in dairy cows. Although these processes are interrelated, they fulfill
different roles in regulating the body’s calcium levels. Calcium buffering involves the short-term
control of free iCa?" concentrations to prevent rapid fluctuations that could disrupt cellular functions
[82]. In contrast, calcium sequestration refers to the storage of calcium ions in specific cellular
compartments or structural reservoirs for long-term management and controlled release [83,84]. This
section examines both processes and highlights the main anatomical locations involved, emphasizing
their importance in maintaining overall calcium balance —especially under inflammatory conditions.

6.1. Calcium Buffering

Calcium buffering relates to the immediate regulation of free calcium ions within biological
fluids and cells. By binding free calcium to proteins and other molecules, buffering stabilizes cytosolic
and extracellular iCa?* levels, protecting crucial physiological processes such as muscle contraction,
nerve impulse transmission, and blood clotting. Key binding proteins in this system include albumin
in the bloodstream and calmodulin within cells; they help keep free calcium concentrations within a
narrow optimal range [85].

6.1.1. Primary Sites of Calcium Buffering

6.1.1.2. Blood Plasma

In the bloodstream, around 40% of total calcium is bound to plasma proteins, mostly albumin
and globulins (Figure 2). This protein-bound fraction acts as a buffer, ensuring stable free calcium
levels needed for physiological functions [77]. By binding calcium ions, these proteins prevent
significant swings in iCa?", the bioactive form of calcium essential for cardiac function and neural
transmission [78].

6.1.1.3. Extracellular Matrix (ECM)

The extracellular matrix (ECM), which comprises proteins like collagen, elastin, and specialized
glycoproteins, also participates in buffering extracellular calcium (Figure 2). This buffering is
especially important in bone, where the ECM promotes mineralization and contributes to systemic
calcium homeostasis [31]. Hydroxyapatite crystals—formed from calcium and phosphate —reside
within the collagenous bone matrix, offering both structural integrity and a ready source of calcium.
In other tissues, specific ECM molecules (e.g., osteopontin, vitronectin, fibronectin) can bind calcium
to stabilize extracellular levels and ensure proper cellular signaling [86].

6.1.1.4. Intracellular Compartments

Within cells, calcium buffering involves calmodulin in the cytosol and storage in organelles such
as the endoplasmic reticulum (ER) and sarcoplasmic reticulum (SR) (Figure 3) [87]. Cytosolic
calmodulin binds free calcium, regulating key signaling pathways for muscle contraction, secretion,
and metabolism. Meanwhile, the ER and SR temporarily retain calcium, releasing it when signals
(e.g., action potentials) demand. This controlled release underlies vital processes such as muscle
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contraction and neurotransmitter exocytosis [88]. By preventing large shifts in intracellular calcium,
this buffering system maintains cellular homeostasis.

Intracellular Calcium Buffers
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Figure 3. Intracellular Calcium Buffers. Pathways and components involved in intracellular calcium (Ca?*)
buffering across various organelles and cellular structures are shown: (1) In muscle cells, the sarcoplasmic
reticulum functions as a primary site for Ca?* sequestration and release, mediated by calcium-binding proteins
such as calsequestrin, sarcalumenin, junctate, and triadin; (2) In the cytoplasm, soluble calcium-binding
proteins —including calmodulin, calbindin-D28K, calbindin-D9K, and calreticulin—transiently bind free Ca?,
thereby regulating intracellular levels and signaling; (3) Membrane-associated proteins, such as the
sarco/endoplasmic reticulum Ca?-ATPase (SERCA), transient receptor potential (TRP) calcium channels, and
the sodium-calcium exchanger (NCX), transport calcium across cellular membranes to maintain overall calcium
homeostasis; (4) Calcium exchange between lysosomes and the endoplasmic reticulum occurs via two-pore
calcium channels (TPC1/2), supporting both calcium storage and signaling; (5) At the endoplasmic reticulum
(ER)-mitochondria junction, calcium transfer is mediated by inositol trisphosphate receptor (IP3R)-VDAC
(voltage-dependent anion channel) complexes, with mitochondria buffering calcium through the rapid uptake
mode (RaM) to support metabolic functions; (6) At the ER-plasma membrane junction, store-operated calcium
entry (SOCE) is controlled by ORAI-STIM1 (Orai-stromal interaction molecule 1) interactions, which replenish
ER calcium stores; (7) The Golgi apparatus also serves as a calcium reservoir, contributing to vesicular trafficking
and protein modification. Collectively, these systems underscore the intricate and interconnected mechanisms
by which calcium is buffered, stored, and mobilized within cells to support vital cellular processes and signaling
pathways. [Figure created by Zohaib Saleem and B.N. Ametaj using BioRender].
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6.2. Calcium Sequestration

Calcium sequestration involves storing calcium ions in specialized compartments or structural
sites for long-term management [89]. This ensures an accessible supply of calcium during times of
high demand, such as growth, pregnancy, lactation, or tissue repair, while preventing unnecessary
surges in serum calcium. Major sites of sequestration include bones, the liver, the kidneys, and
muscles (Figure 2). By allowing the controlled release of stored calcium, sequestration mechanisms
help maintain systemic balance, even during inflammation.

6.2.1. Primary Sites of Calcium Sequestration

6.2.1.2. Bones

Bones serve as the principal reservoir of calcium in the body, housing roughly 99% of total
calcium in the form of hydroxyapatite within the mineralized matrix (Figure 2) [90]. In response to
low serum calcium, bone tissue releases calcium to preserve levels necessary for muscle contraction,
nerve signaling, and blood coagulation [31]. Parathyroid hormone and calcitonin tightly regulate this
process: PTH stimulates osteoclast activity to free calcium under hypocalcemia, whereas calcitonin
inhibits osteoclasts to favor deposition during hypercalcemia [91]. This remodeling cycle sustains
skeletal integrity while dynamically buffering systemic calcium levels [92]. In dairy cows, persistent
inflammatory or metabolic stresses, like those in periparturient period, can destabilize this
remodeling, increasing the likelihood of disorders such as osteoporosis or hypocalcemia [93].

6.2.1.3. Skeletal Muscles (Sarcoplasmic Reticulum)

In skeletal muscle cells, the SR functions as a critical calcium reservoir (Figure 2). It stores large
amounts of calcium ions and releases them into the cytosol when muscles receive electrical signals
[94]. The liberated calcium binds troponin, initiating the interaction of actin and myosin for muscle
contraction. Subsequently, a SERCA pump drives calcium back into the SR, reducing cytosolic
calcium and inducing relaxation [95]. Proper cycling of calcium release and uptake maintains
effective muscle function, and preventing fatigue [96,97].

6.2.1.4. Liver (Hepatocytes)

In the liver, hepatocytes store calcium within the ER and mitochondria (Figure 2). This storage
supports key intracellular signaling pathways necessary for metabolic processes such as protein
synthesis and lipid metabolism [98,99]. Mitochondrial calcium buffering supports ATP generation,
matching energy supply to cellular demands. Moreover, calcium-dependent signaling drives hepatic
detoxification enzyme activity [100]. Consequently, disturbed calcium handling in hepatocytes,
whether via inflammation or other stressors, can disrupt metabolic balance and compromise overall
health [101]. By functioning as a major intracellular reservoir, the liver complements bone and kidney
roles in systemic calcium regulation [102].

6.2.1.5. Kidneys (Renal Tubular Cells)

The kidneys maintain calcium equilibrium by controlling its reabsorption or excretion in the
renal tubules (Figure 2). Renal tubular cells sequester calcium to conserve it under low-calcium
conditions or excrete it to prevent hypercalcemia. Hormones, especially PTH and active vitamin D,
modulate these processes, altering calcium reabsorption rates based on systemic needs [103].
Elevated PTH levels, for instance, enhance calcium reabsorption in the distal tubules, minimizing
urinary loss during hypocalcemia, whereas vitamin D amplifies tubular cell expression of calcium
transporters [103]. When renal calcium handling weakens, imbalances such as chronic hypocalcemia
or hypercalcemia can emerge [42].
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6.2.1.5. Brain (Neurons and Glial Cells)

Within the nervous system, neurons and glial cells coordinate calcium sequestration to sustain
cellular homeostasis and support synaptic activity (Figure 2). Calcium is primarily stored in the ER
and mitochondria, enabling precise regulation of numerous neural processes [104]. In neurons,
calcium entering synaptic terminals upon depolarization prompts neurotransmitter release, a crucial
step in synaptic plasticity and signal transmission [105]. Additionally, intracellular calcium acts as a
second messenger in pathways modulating gene expression, metabolism, and longer-term synaptic
adaptations. In glial cells (e.g., astrocytes, microglia), calcium signaling influences neuronal
excitability, synaptic strength, and neuroprotection [106]. By buffering excess calcium, glial cells avert
excitotoxicity and preserve ionic stability, safeguarding neurons from overstimulation. This intricate
neuron—glia interplay is essential for normal brain function, learning, memory, and a healthy neural
environment.

6.2.1.6. Mitochondria

Mitochondria fulfill a dual role in calcium sequestration by combining their well-known
function as cellular powerhouses with calcium buffering (Figure 2). Mitochondrial calcium uptake
involves the mitochondrial calcium uniporter (MCU), which mediates cytosolic calcium entry into
the organelle [107]. Once inside, calcium ions stimulate key citric acid cycle enzymes—such as
isocitrate dehydrogenase and a-ketoglutarate dehydrogenase —boosting ATP production to meet the
cell’s energy requirements [108]. At the same time, mitochondria sequester excess calcium to prevent
cytosolic overload and potential cytotoxic effects [109]. During inflammatory episodes (e.g., mastitis
or systemic inflammatory response in dairy cows), cytokines like IL-1 and TNF-a can disrupt normal
calcium homeostasis, raising cytosolic calcium and heightening the burden on mitochondria [110].
Excessive mitochondrial calcium uptake under prolonged inflammation may impair ATP synthesis
and induce oxidative stress, ultimately exacerbating cellular damage. By balancing energy output
and calcium buffering, mitochondria play a pivotal role in shielding cells from inflammatory harm
and preserving overall homeostasis.

7. Impact of Systemic Inflammation on Calcium Buffering and Sequestration

Systemic inflammation during the periparturient period in dairy cows significantly affects
calcium homeostasis, a critical concern given the high metabolic demands of lactation.
Proinflammatory mediators have been shown to impair calcium buffering and sequestration in major
organs such as the liver, kidneys, and bone. These mediators disrupt key intracellular structures like
the ER and mitochondria [111,112], thereby limiting the cow’s ability to maintain adequate
intracellular Ca?* levels. This impairment increases the risk of hypocalcemia and related clinical
issues, including muscle weakness, reduced appetite, and decreased milk production [8,42].

In the liver, cytokines such as IL-1 and TNF-a compromise calcium balance by reducing the ER’s
buffering capacity, which is one of the principal calcium reservoirs, and by lowering mitochondrial
calcium uptake [113]. These alterations lead to a cytosolic calcium overload, potentially resulting in
cellular dysfunction. Systemically, the hepatic disturbances exacerbate hypocalcemia by impairing
the liver’s normal role in stabilizing serum calcium levels, thereby aggravating metabolic imbalances
[114].

Inflammation also adversely affects renal calcium handling. In the kidneys, particularly within
renal tubular cells, inflammation alters the expression and function of calcium transport proteins,
such as transient receptor potential (TRP) channels and various calcium ATPases [115]. These changes
impair renal reabsorption of calcium, causing increased urinary losses. The resulting reduction in
serum calcium is especially problematic during early lactation when calcium demand is elevated,
deepening hypocalcemia and increasing the risk of periparturient disorders [116].

Elevated inflammatory cytokines also impact bone metabolism. Inflammatory mediators
stimulate osteoclast activity, leading to accelerated bone resorption and the release of stored calcium
[117]. Although this process is an attempt to maintain serum calcium levels, the excessive
periparturient demands can overwhelm the bone’s ability to release sufficient calcium. Persistent
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inflammation ultimately disrupts the balance of bone remodeling, weakening the skeletal structure
while failing to meet systemic calcium requirements [118].

Skeletal muscles, particularly through the action of the SR, also suffer under inflammatory stress.
In skeletal muscle cells, inflammation can impair calcium handling by the SR, as cytokine-driven
increases in calcium demand for immune responses reduce the available pool for muscle contraction
[119]. This mechanism contributes to muscle weakness and recumbency, classical signs of severe
hypocalcemia. Additionally, oxidative stress induced by inflammation may degrade the SERCA
pump, diminishing its ability to re-sequester calcium into the SR [120].

Platelet function is not exempt from the effects of systemic inflammation. Inflammatory
mediators can modulate calcium dynamics within platelets; high intracellular calcium levels can
intensify platelet activation and clot formation, which serves as a protective mechanism against
hemorrhage but also increases the risk of thrombotic complications under chronic inflammatory
conditions [121]. Conversely, hypocalcemia can hamper platelet function and delay clot formation,
thereby complicating hemostasis and healing outcomes [122].

Red blood cells (RBCs) and immune cells are similarly affected by systemic inflammation. In
RBCs, excess intracellular calcium reduces cell deformability, thereby shortening their lifespan and
undermining effective oxygen delivery to tissues [123]. In immune cells, disruptions in calcium
signaling can amplify inflammatory responses by boosting cytokine release, which further
perpetuates inflammation and contributes to conditions such as mastitis and systemic hypocalcemia
[124].

The brain is also impacted by these inflammatory processes. Neurons and glial cells experience
disrupted calcium buffering under systemic inflammation, contributing to excitotoxicity and
neuroinflammatory processes [125]. Such alterations can compromise central regulatory mechanisms
for calcium homeostasis, thereby compounding hypocalcemia and impairing the overall
physiological response [126].

Vascular endothelial cells are particularly sensitive to inflammatory signals, which provoke
increased calcium influx and impair their ability to sequester calcium effectively. This imbalance can
alter vascular tone and permeability [127], leading to excessive vasodilation, promotion of leukocyte
adhesion, and ultimately vascular instability. Concurrently, low circulating Ca?* levels further
worsen perfusion deficits and compromise end-organ function [128].

Inflammation also triggers remodeling of the extracellular matrix (ECM), which can release
bound calcium into the circulation [129]. Although this release may briefly boost serum calcium
levels, the resulting fluctuations can degrade tissue integrity, promote local injury, and contribute to
maladaptive remodeling, such as fibrosis [130].

In vascular smooth muscle cells, inflammation-induced dysregulation of calcium homeostasis
can impair blood pressure control [131]. Cytokine-driven modifications of calcium handling in these
cells can lead to either hypertension or hypotension, both of which jeopardize tissue perfusion and
exacerbate inflammatory complications [132].

The mechanisms underlying hypocalcemia during systemic inflammation are multifactorial.
Cytokine-driven changes in calcium handling and tissue-level responses promote intracellular
sequestration and binding, reducing free serum calcium. While these processes may serve to protect
tissues from calcium overload, the net reduction in available Ca?* diminishes normal cellular
functions and further intensifies inflammation and clinical pathology [42,133]. Additionally,
inflammatory states drive the formation of insoluble calcium complexes with plasma anions such as
lactate, chloride, and phosphate, which further reduces the availability of free Ca?* [134]. Although
this reduction can help curb excessive inflammatory signaling, it also compromises critical processes
such as muscle contraction and immune function, thereby complicating disease management [135].

Finally, various cell types actively sequester intracellular Ca?* during inflammation to prevent
cytotoxicity. Endothelial cells, immune cells, and hepatocytes utilize pumps and transporters—
including SERCA, PMCA, MCU, and NCX—to govern intracellular calcium flux. Proper functioning
of these transport systems is essential for regulating immune responses and maintaining tissue
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integrity, thereby preventing a detrimental cycle of sustained inflammation and impaired calcium
homeostasis [136].

8. Intracellular Calcium Buffers: Pathways and Components Involved in
Calcium Homeostasis

Intracellular calcium is a pivotal second messenger that regulates numerous cellular processes,
and its concentration is tightly controlled by an elaborate network of buffering, sequestration, and
transport mechanisms (Figure 3). The SR in muscle cells serves as the primary reservoir for Ca?,
orchestrating its rapid sequestration and release during muscle contraction and relaxation. Key
calcium-binding proteins such as calsequestrin, sarcalumenin, junctate, and triadin facilitate these
processes. For instance, calsequestrin binds Ca?" with high capacity, enabling the storage of large
quantities of calcium that can be quickly mobilized when required [137,138]. Proteins like
sarcalumenin and junctate further modulate calcium dynamics, while triadin is critical for anchoring
these proteins to the ryanodine receptor complex, thereby optimizing excitation—contraction
coupling [139].

In the cytoplasm, soluble calcium-binding proteins such as calmodulin, calbindin-D28K,
calbindin-D9K, and calreticulin transiently bind free Ca?, serving as dynamic buffers that modulate
both the amplitude and duration of calcium signals. Calmodulin, in particular, functions as a versatile
calcium sensor, interacting with a broad range of enzymes, ion channels, and other proteins to
influence diverse processes from metabolism to gene transcription [140,141]. This buffering capacity
is crucial for ensuring that cellular calcium levels remain within a narrow range optimal for proper
cell function.

Membrane-associated proteins also play an essential role in maintaining intracellular calcium
homeostasis (Figure 3). The sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) pump is responsible
for actively transporting Ca?* from the cytoplasm back into the SR/ER, utilizing ATP to re-establish
basal cytosolic calcium levels following cellular signaling events [142]. Additionally, transient
receptor potential (TRP) channels facilitate Ca?* entry in response to a variety of stimuli [143], while
the sodium-calcium exchanger (NCX) helps extrude Ca?* from cells by exchanging it for sodium ions,
thereby contributing to the overall balance of intracellular calcium [144].

The plasma membrane Ca?*-ATPase (PMCA) is a critical membrane protein responsible for the
active extrusion of Ca? from the cytosol, thereby maintaining low intracellular calcium levels.
Utilizing ATP, PMCA rapidly decreases cytosolic Ca?* following cellular activation, which is essential
for terminating calcium signals. Multiple isoforms of PMCA, each with distinct regulatory properties,
allow fine-tuning of calcium homeostasis in various tissues [145]. Disruptions in PMCA function have
been linked to several pathophysiological conditions, highlighting its vital role in cellular health.

Beyond these classical compartments, lysosomes have emerged as significant secondary Ca?*
stores. Calcium exchange between lysosomes and the ER occurs through two-pore calcium channels
(TPC1 and TPC2), which enable localized calcium signaling events crucial for processes such as
autophagy and vesicular trafficking [146]. Furthermore, the ER-mitochondria junctions serve as
specialized sites for efficient calcium transfer. At these junctions, inositol trisphosphate receptors
(IP3Rs) on the ER interface with voltage-dependent anion channels (VDACs) on mitochondria,
facilitating the transfer of Ca?* into mitochondria via the rapid uptake mode (RaM). This process is
essential not only for buffering cytosolic Ca?* but also for supporting key metabolic functions,
including ATP production and the regulation of apoptotic pathways [147].

Another critical aspect of calcium homeostasis involves the ER-plasma membrane junction,
where store-operated calcium entry (SOCE) replenishes ER calcium stores. SOCE is mediated by the
interaction between ORAI channels and stromal interaction molecule 1 (STIM1). When ER calcium
levels fall, STIM1 undergoes a conformational change, aggregates near the plasma membrane, and
activates ORAI channels to permit Ca?* influx, thereby restoring calcium balance within the ER [148].
The Golgi apparatus further contributes to intracellular calcium buffering by serving as a calcium
reservoir that is vital for vesicular trafficking and protein modification. Calcium within the Golgi
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plays an important role in the sorting and maturation of secretory proteins, thereby aiding in the
spatial and temporal regulation of calcium signaling within the cell [149].

Together, these interconnected systems highlight the complexity of intracellular Ca?* regulation.
The coordinated activity of the SR/ER, cytoplasmic buffers, membrane transport proteins, lysosomal
channels, and inter-organelle communication ensures that cells can respond precisely to
physiological stimuli while maintaining calcium homeostasis. A deep understanding of these
pathways not only enhances our grasp of fundamental cellular physiology but also holds significant
implications for therapeutic strategies in conditions where calcium regulation is disrupted.

9. Mechanistic Insights into the Calci-Inflammatory Axis
9.1. Adaptive Hypocalcemia as a Protective Mechanism

Emerging evidence supports the existence of the Calci-Inflammatory Axis, a dynamic regulatory
network in which adaptive hypocalcemia modulates immune responses through finely tuned
calcium signaling to mitigate excessive inflammation during critical physiological challenges.
Systemic hypocalcemia, traditionally regarded as a pathological condition requiring immediate
correction, is now emerging as an adaptive response that modulates inflammation during critical
physiological challenges such as endotoxemia. Emerging evidence suggests that during systemic
inflammatory states, the reduction in blood calcium levels may serve a protective role by alleviating
the inflammatory cascade [74]. In this adaptive scenario, lower extracellular calcium concentrations
influence various intracellular signaling mechanisms, thereby modulating the intensity and duration
of the inflammatory response. This adaptive hypocalcemia might help prevent the harmful effects of
an overactivated immune response, which can lead to tissue damage and organ failure.

9.2. Calcium Signaling Pathways in Inflammation

Calcium ions serve as ubiquitous second messengers that regulate numerous cellular processes.
The fine-tuning of intracellular calcium levels is achieved through a complex interplay of channels,
pumps, and exchangers located in the plasma membrane and intracellular organelles. The influx of
Ca?" into cells initiates signaling cascades that control the activity of enzymes, transcription factors,
and other proteins crucial for immune function [150]. These well-coordinated pathways ensure that
calcium signals are both spatially and temporally precise, enabling cells to mount an effective yet
controlled response during inflammatory challenges.

9.3. The Calcium-Sensing Receptor (CaSR): Function and Mechanisms

Central to calcium homeostasis is the CaSR, a specialized G-protein-coupled receptor that is very
sensitive to changes in extracellular calcium concentrations. Expressed in a variety of tissues
including the parathyroid glands, kidneys, and immune cells such as macrophages and neutrophils
[151,152], CaSR acts as a molecular rheostat. When extracellular Ca?* levels rise, CaSR undergoes a
conformational change that activates intracellular signaling cascades, primarily via the
phospholipase C (PLC) pathway. This activation leads to the production of secondary messengers
such as inositol triphosphate (IP3) and diacylglycerol (DAG), which then stimulate protein kinase C
(PKC) and promote further calcium mobilization within the cell [153-155]. In the parathyroid glands,
this cascade inhibits the secretion of PTH when calcium is abundant, reducing bone resorption and
renal calcium reabsorption. Conversely, low extracellular calcium levels relieve this inhibition,
allowing PTH secretion to restore calcium balance [156,157].

9.4. CaSR in Immune Modulation

Beyond its classical role in maintaining systemic calcium homeostasis, CaSR has emerged as a
key modulator of immune cell function. In immune cells, CaSR detects local fluctuations in
extracellular calcium that occur during immune activation and inflammation [158]. When activated,
CaSR amplifies pro-inflammatory signaling by engaging not only the PLC-IP3-PKC pathway but also
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by activating mitogen-activated protein kinases (MAPKs) and NF-kB. This coordinated response
leads to increased production of cytokines such as IL-6, TNF-a, and IL-1, which are vital for
orchestrating an effective immune response [41,42]. In hypocalcemic conditions, the reduced
activation of CaSR in immune cells results in decreased production of these pro-inflammatory
mediators, effectively decreasing the inflammatory response. This mechanism suggests that adaptive
hypocalcemia may help prevent immune overactivation, thereby lessening tissue damage and
reducing the risk of organ failure during severe inflammatory states.

In summary, the interaction between hypocalcemia, calcium signaling pathways, and CaSR
function forms a complex regulatory network that modulates inflammation at both molecular and
cellular levels. While calcium acts as a key second messenger in the activation of immune responses,
the adaptive downregulation of calcium signals through hypocalcemia and diminished CaSR
activation appears to be a strategic response to prevent excessive inflammation. This dual role of
calcium—as both an activator of immune responses and a modulator of their intensity —highlights
the intricate balance required to maintain optimal cellular function and systemic health during
inflammatory stress.

10. Evidence Linking Hypocalcemia to Inflammatory Responses in Dairy Cows
10.1. Recent Research in Dairy Cows Supporting the Hypothesis

Recent studies, provide substantial evidence supporting the hypothesis that hypocalcemia
serves as an adaptive response to modulate inflammation during endotoxemia. This evidence
emphasizes the protective role of hypocalcemia in controlling systemic inflammation and offers new
insights into managing periparturient diseases in dairy cows. For instance, Chandler et al. [159]
described significant changes in calcium dynamics following an acute intravenous (iv) LPS challenge
in early postpartum cows. Their research showed that serum total calcium (tCa) and iCa
concentrations decreased following the LPS challenge, supporting the idea that hypocalcemia is a
response to inflammation rather than merely a deficiency state. The decrease in calcium levels was
not attributable to urinary excretion, suggesting that other mechanisms, such as calcium
sequestration in tissues, contribute to hypocalcemia during inflammatory challenges [159].

10.2. Exacerbation of Inflammation by High Calcium Levels

Additional research has demonstrated that maintaining high calcium levels during immune
challenges can exacerbate inflammation, confirming that hypocalcemia helps alleviate the
inflammatory response. For example, Horst et al. [147] investigated the effects of maintaining
eucalcemia in dairy cows subjected to LPS-induced endotoxemia. They found that cows with elevated
calcium levels exhibited significantly increased levels of inflammatory markers, such as LBP and
SAA, compared to cows with hypocalcemia. This study highlights the aggravation of systemic
inflammation due to high calcium levels, supporting the hypothesis that hypocalcemia serves as a
protective mechanism [147].

10.3. Experimental Designs Inducing Endotoxemia

Various experimental designs, including the administration of LPS to induce endotoxemia, have
consistently shown significant decreases in serum calcium concentrations following immune
activation. This decline in calcium levels appears to be dose-dependent and temporally correlated
with the inflammatory response. In a study conducted by Waldron et al. [160] different doses of LPS
were administered to lactating cows, leading to a dose-dependent decrease in serum calcium levels.
The findings indicate that immune activation via LPS infusion disrupts calcium homeostasis, thereby
underscoring the role of hypocalcemia in controlling inflammation [160].
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10.4. Hypocalcemia as a Response to Endotoxin-Induced Systemic Inflammation

In the experiment conducted by Horst et al. [147] they aimed to evaluate the effects of
maintaining eucalcemia on metabolic, immune, and production variables during a LPS challenge in
lactating dairy cows. The study involved two groups: cows receiving LPS alone (LPS-Con) and cows
receiving LPS along with intravenous calcium to maintain eucalcemia (LPS-Ca). Cows in the LPS-Ca
group demonstrated heightened inflammatory responses, with significantly increased levels of acute-
phase proteins (LBP and SAA) compared to the LPS-Con group. Maintaining eucalcemia also led to
reduced neutrophil counts and an exacerbated febrile response, but neutrophil function remained
unaffected.

Interestingly, milk yield decreased more in the LPS-Ca group, and their recovery to baseline dry
matter intake (DMI) was delayed, suggesting negative effects of calcium infusion on production
performance. The study further highlighted that hypocalcemia, commonly observed during systemic
inflammation, may play a role in regulating immune responses by influencing calcium homeostasis
and inflammatory signaling pathways. These findings support the hypothesis that hypocalcemia
helps relieve inflammation triggered by intravenous endotoxin infusion, serving as a protective
mechanism to prevent excessive immune activation.

10.5. Pre-Existing Systemic Inflammation in Cows Prone to Milk Fever

Research focusing on cows susceptible to milk fever has revealed significant alterations in acute
phase proteins and pro-inflammatory cytokines before the onset of the disease and during the disease
occurrence. Ametaj et al. [33] and Zhang et al. [25] reported that cows prone to developing milk fever
exhibited elevated concentrations of pro-inflammatory cytokines, such as TNF-a and acute phase
proteins such as SAA, weeks before parturition as well as at parturition week. These findings suggest
a pre-existing state of systemic inflammation in cows prone to milk fever, which persists postpartum.
Elevated levels of these inflammatory markers indicate that systemic inflammation is a critical factor
in the pathogenesis of milk fever [25,33].

In another study by Seminara et al. [161], they provide further evidence that an acute phase
response precedes the development of hypocalcemia or calcium dysregulation (i.e., low tCa serum
concentrations) in postpartum dairy cows. Their research found that cows that developed
dyscalcemia exhibited significant increases in acute phase proteins such as SAA, haptoglobin, and
LBP within the first four days postpartum, whereas no such increase was observed in eucalcemic
cows. This finding suggests that inflammatory activation is a key early event in cows that later
experience calcium dysregulation. Specifically, elevated concentrations of SAA and haptoglobin were
detected in dyscalcemic cows, with a notable temporal association indicating that inflammation likely
plays a critical role in the onset of dyscalcemia. The data support the hypothesis that postpartum
inflammation and calcium dysregulation are interrelated processes, with inflammation occurring
first, potentially contributing to the development of calcium dysregulation. This adds to the growing
body of evidence linking systemic inflammation to metabolic disturbances like hypocalcemia during
the early postpartum period. The study calls for further research to elucidate the underlying
mechanisms that connect these processes, which could ultimately improve therapeutic strategies to
prevent postpartum calcium-related disorders in dairy cows.

10.6. Calcium Oral Supplementation and Its Role in Postpartum Inflammation in Dairy Cows

Couto Serrenho et al. [162] investigated the effects of postpartum calcium (Ca) supplementation
on systemic inflammation in clinically healthy multiparous dairy cows. The study involved 101 cows
assigned to either receive two oral Ca boluses (TRT) or no supplementation (CON) within 24 hours
of calving. Blood Ca levels and markers of inflammation, including Hp, SAA, and LBP, were
measured over eight days postpartum.

The TRT group exhibited transiently higher total Ca levels immediately after supplementation
but lower Ca levels by day 2 compared to controls. Concentrations of SAA were significantly higher
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in the TRT group on day 2, reflecting increased systemic inflammation. Similarly, younger
multiparous cows (parity 2) in the TRT group showed higher LBP levels, suggesting heightened
inflammatory responses compared to older cows.

Haptoglobin and albumin levels, however, were unaffected by treatment, indicating a selective
inflammatory response. These results suggest that supplemental Ca may modestly increase markers
of inflammation postpartum, particularly in cows less predisposed to hypocalcemia. The study also
highlights the potential for Ca supplementation to disrupt natural postpartum calcium homeostasis.

11. How Hypocalcemia Eases Inflammation: A Mechanistic Overview

Hypocalcemia in dairy cows, often considered detrimental, may instead function as a protective,
adaptive mechanism to mitigate systemic inflammation. During inflammatory states or endotoxemia,
a decrease in free iCa?" blunts calcium-dependent signaling in immune cells [34]. This attenuation
limits the overactivation of macrophages and neutrophils, thereby reducing the release of pro-
inflammatory cytokines (e.g., TNF-a, IL-6, and IL-1). Although earlier reports suggested that lower
iCa?" “disaggregates” LPS, a stronger consensus from in vitro studies indicates that higher iCa?*
stabilizes LPS into multilamellar structures that diminish its toxicity [163,164]. Thus, the primary
benefit of moderate or transient hypocalcemia in vivo may not be direct LPS disaggregation but
rather the weakening of excessive immune-cell activity via reduced CaSR stimulation, lower
intracellular calcium flux, and diminished cytokine release [34]. In this way, hypocalcemia can serve
as a short-term defense against uncontrolled inflammatory response.

Beyond controlling immune-cell activation, hypocalcemia may also indirectly influence LPS
clearance pathways. Under normocalcemic or mildly hypocalcemic conditions, both macrophage
uptake and lipoprotein binding (particularly via HDL) contribute to the removal of LPS from
circulation (Figure 1) [165,166]. Macrophages, including Kupffer cells in the liver, efficiently
endocytose LPS-containing particles, while HDL shuttles endotoxins to the liver for detoxification
[167]. Conversely, if iCa?" remains excessively high during intense inflammation, certain calcium-
dependent inflammatory pathways may be overstimulated, leading to increased cytokine production
and tissue damage [168]. Consequently, a controlled decrease in iCa?" can act as a “brake” on these
pathways until LPS is cleared by hepatic macrophages or sequestered by lipoproteins, thereby
preventing severe endotoxemic episodes.

In dairy cows, the anti-inflammatory potential of hypocalcemia becomes especially relevant
during the early postpartum period, when both metabolic demands and exposure to bacterial
endotoxins are high. By transiently reducing iCa?, the cow’s physiology may alleviate the metabolic
burden of severe inflammatory reactions [147]. However, chronic or severe hypocalcemia remains
deleterious to overall health, underscoring the importance of balancing sufficient calcium levels for
normal physiological functions with the protective, anti-inflammatory effects of transient
hypocalcemia. Future work should clarify optimal post-partum calcium supplementation strategies
so that cows receive enough calcium for health and production without losing the beneficial
immunomodulatory “window” provided by brief, moderate hypocalcemia.

12. The Role of Calcium in LPS Aggregation and Clearance Without Inducing
Inflammation

Lipopolysaccharide, a major component of Gram-negative bacterial outer membranes, can
trigger potent inflammation via the LBP-CD14-TLR4 axis. Its bioactivity is strongly dictated by its
structural conformation [163,165]. Under many in vitro and in vivo conditions, divalent cations—
particularly Ca?* and Ba?* —promote the transition of LPS from “fluid” or “micellar” aggregate phases
into multilamellar aggregates (Redeker et al., 2019). These lamellar forms exhibit reduced fluidity,
diminished acyl-chain mobility, and tighter lipid packing, making them less accessible to LBP or
CD14 [167]. As a result, multilamellar LPS is less capable of activating TLR4, which translates into
reduced production of pro-inflammatory cytokines [168]. Such calcium-induced LPS aggregates are
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generally recognized as relatively inert particles or “debris” that Kupffer cells and other macrophages
can phagocytose without prompting a substantial inflammatory burst [169,170].

The clearance of these aggregated LPS particles proceeds via multiple non-inflammatory routes.
Scavenger receptors (e.g., SR-Al, SR-B1) on macrophages readily bind the structurally modified or
aggregated endotoxins, promoting their endocytosis and subsequent lysosomal degradation
[171,172]. Additionally, plasma lipoproteins and proteins such as HDL and lactoferrin bind lamellar
LPS, further reducing its capacity to stimulate TLR4 and directing it toward hepatic clearance
[166,173]. Ultimately, Kupffer cells degrade LPS internally and excrete the fragments into bile, from
where they are eliminated through the gastrointestinal tract (Figure 1) [171]. In some instances, LPS-
calcium complexes may be temporarily stored in adipose tissue, where tissue-resident macrophages
gradually remove them [174,175]. Because the multilamellar conformation is less immunogenic, these
clearance processes remain largely non-inflammatory [176].

Together, these findings help reconcile the dual roles of calcium. On one hand, elevated
extracellular Ca?* promotes the formation of lamellar LPS aggregates that neutralize its toxicity. On
the other, transient hypocalcemia in vivo can be advantageous by restraining calcium-dependent pro-
inflammatory signaling within immune cells [34,164]. Rather than being contradictory, these
phenomena—lamellar neutralization of LPS in the presence of adequate Ca? and immune
diminishing under moderate hypocalcemia—can coexist, each providing protective mechanisms at
different phases of the inflammatory response or in distinct physiological compartments. This view
emphasizes the delicate balance required: calcium must be available in sufficient amounts to stabilize
and inactivate LPS structurally, yet excessive calcium-driven immune stimulation can be harmful if
it promotes enhanced cytokine release. Further studies focusing on these dual roles of calcium in LPS
conformation and immune-cell activation are needed to optimize preventive and therapeutic
strategies for endotoxemia, sepsis, and periparturient diseases in dairy cattle [177].

13. Conclusions

This review redefines our understanding of hypocalcemia in milk fever by demonstrating that
fluctuations in calcium levels are not merely pathological deficiency demanding immediate
correction, but rather dynamic, adaptive responses that modulate systemic inflammation. Central to
this concept is the Calci-Inflammatory Axis, which underscores how calcium oscillations—governed
in part by the CaSR on immune cells as well as parathyroid and renal tissues—perform a dual
regulatory function. On one side, elevated intracellular calcium aids in the neutralization of LPS and
reinforces key immune mechanisms; on the other, transient hypocalcemia helps curb immune
overactivity and excessive cytokine release, thereby mitigating tissue damage and preventing organ
failure.

Multiple studies, including those by Chandler et al. [159], Horst et al. [147], Waldron et al. [160],
Seminara et al. [161], Couto-Serrenho et al. [162], and Ametaj [33] and Zhang [25], offer compelling
evidence in support of this interconnected model of calcium homeostasis and inflammatory control.
Their work collectively illustrates how adaptive changes in calcium levels are essential for striking a
balance between robust host defense and the avoidance of detrimental, hyperinflammatory states.
Moreover, CaSR activation in parathyroid and renal tissues regulates the production of PTH and
1,25-dihydroxyvitamin D, further fine-tuning calcium balance and immune modulation.

The ramifications of this emerging framework go well beyond traditional milk fever
management, providing novel insights into dairy cow health during the critical periparturient period.
Future intervention strategies should strive to harmonize calcium replenishment with the
advantageous effects of these controlled fluctuations, ultimately optimizing immune function and
overall cow welfare. Ongoing research into the genetic and environmental factors influencing
calcium dynamics will be instrumental in developing precision management protocols and targeted
therapies, thereby advancing herd health, productivity, and sustainable dairy practices.
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