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Malignancy-associated hypercalcemia 
represents a severe metabolic complication 
frequently observed in advanced renal 
cell carcinoma (RCC), often precipitating 
acute kidney injury (AKT) and 
limiting therapeutic options. Though 
systemic volume depletion and renal 
vasoconstriction contribute to renal 
disturbance, direct tubular toxicity 
mediated by intrinsic mitochondrial 
dysfunction remains underexplored. 
This review discusses on mechanistic 
framework linking excessive extracellular 
calcium load to renal tubular epithelial 
failure. Hypercalcemia induces profound intracellular calcium overload within proximal tubular 
cells, triggering mitochondrial calcium uniporter activation. Consequently, mitochondrial 
membrane potential collapses due to permeability transition pore opening, effectively uncoupling 
oxidative phosphorylation. This bioenergetic crisis generates excessive reactive oxygen species (ROS), 
promoting lipid peroxidation, protein oxidation and DNA damage. Simultaneously, cytochrome c 
release initiates apoptotic cascades, whereas severe ATP depletion triggers necrotic cell death. The 
resulting tubular obstruction, cast formation, and inflammation exacerbate glomerular filtration rate 
loss. Furthermore, tumor-derived factors like parathyroid hormone-related protein (PTHrP) may 
sensitize mitochondria to calcium-induced stress, amplifying injury. Dysregulated mitochondrial 
dynamics, including fission and fusion imbalance, further compromise cellular resilience against 
calcium stress. Identification this pathway highlights mitochondria as critical therapeutic targets 
beyond standard hydration and bisphosphonates. Interventions stabilizing mitochondrial integrity, 
modulating calcium handling, or scavenging ROS could mitigate tubular injury. Eventually, 
deciphering these molecular events offers novel strategies to preserve renal function in patients 
with advanced renal cancer suffering from hypercalcemic crises. Such approaches may significantly 
improve survival outcomes and enable continued systemic therapy, addressing a critical unmet need 
in oncology nephrology where renal preservation dictates treatment eligibility and quality of life 
during palliative care.

ABSTRACT

R
ev

ie
w

https://nephropathol.com
https://orcid.org/0000-0002-2304-6779
https://orcid.org/0000-0002-1956-5795
https://orcid.org/0009-0002-4557-7412
https://orcid.org/0000-0002-0173-1222
https://orcid.org/0009-0003-4678-3856
https://orcid.org/0000-0002-1542-5111
https://orcid.org/0000-0002-1941-7178
https://orcid.org/0009-0009-6098-7293
https://orcid.org/0009-0005-2297-5516
https://orcid.org/0000-0002-4265-5430
https://crossmark.crossref.org/dialog/?doi=10.34172/jnp.28722&domain=pdf


Karimi Z et al

Journal of  Nephropathology, Vol 15, No 4, October 2026                                             https://nephropathol.com2

Introduction
Malignancy-associated hypercalcemia is one of the most 
frequent and life‑threatening metabolic complications 
of advanced solid tumors, including renal cell carcinoma 
(RCC), and it is tightly linked to the development of 
acute kidney injury (AKI) (1,2). A coherent mechanistic 
framework for AKI in advanced renal cancer needs to 
integrate systemic drivers of hypercalcemia, intrarenal 
hemodynamic and tubular transport changes, and 
cell‑level mitochondrial injury within the renal tubule 
(1). Malignancy-associated hypercalcemia in RCC is 
predominantly a paraneoplastic phenomenon and often 
signals biologically aggressive disease with high tumor 
burden or metastasis (2). In RCC, hypercalcemia most 
commonly arises from overproduction of parathyroid 
hormone–related peptide (PTHrP) as the humoral 
hypercalcemia of malignancy, less frequently from 
ectopic calcitriol production, and occasionally from 
extensive osteolytic metastases that release calcium and 
pro‑osteoclastogenic cytokines (3). In fact, PTHrP 
mimics the biological actions of parathyroid hormone 
(PTH) at the PTH/PTHrP receptor in bone and kidney, 
enhancing osteoclastic bone resorption and renal tubular 
calcium reabsorption, while endogenous PTH is typically 
suppressed (4). Other tumor‑derived mediators such 
as interleukin‑6, tumor necrosis factor‑α, transforming 
growth factor‑β, and prostaglandins can amplify bone 
resorption and alter vitamin D metabolism, creating a 
cytokine‑driven milieu that sustains hypercalcemia (5). 
From the renal standpoint, the acute consequences of 
severe hypercalcemia, whether driven by RCC or other 
malignancies, include reduction in glomerular filtration 
rate, natriuresis and osmotic diuresis, nephrogenic diabetes 
insipidus, and direct tubular toxicity (6). This updated 
overview dedicated to the mitochondrial dysfunction 
and renal tubular injury in malignancy-associated 
hypercalcemia. We sought to consider a mechanistic 
framework for AKT in advanced renal cancer.

Search strategy
For this narrative review, we performed a literature search 
across multiple databases, including PubMed, Google 
Scholar, the Directory of Open Access Journals (DOAJ), 
Web of Science, EBSCO, Scopus, and Embase. The search 
strategy employed a variety of relevant keywords, such as 
‘malignancy’, ‘parathyroid hormone’, ‘hypercalcemia’, 
‘parathyroid hormone–related peptide’, ‘renal cell 
carcinoma’, ‘acute kidney injury’, ‘mitochondria’, 
‘oxidative stress’ and ‘glomerular filtration rate.’

Mitochondrial function in the kidney
Healthy mitochondria are essential for normal kidney 
function, and mitochondrial dysfunction has been 
linked to various inherited and acquired renal disorders. 
The kidneys are organs rich in mitochondria, which are 
imperative for meeting the high metabolic demands of 
the kidney and for sensing and responding to oxidative 
stress and inflammation caused by kidney injury (7). 
Mitochondrial dysfunction, particularly in renal tubular 
cells, is implicated in sepsis-induced renal tubular 
injury. In individuals with mitochondrial disorders, 
approximately half experience renal tubular dysfunction, 
though a smaller number develop overt kidney disease, 
suggesting a notable prevalence of renal involvement in 
mitochondrial cytopathies (8). Increases in intracellular 
and mitochondrial calcium content, often accompanying 
ischemic and toxic acute renal failure, have been proposed 
as mediators of renal tubular cell injury and dysfunction, 
although the exact mechanisms remain unclear (9). The 
previous study by Levi et al, on vitamin D-induced chronic 
hypercalcemia in rats showed that hypercalcemia leads to 
alterations in brush-border and basolateral membrane 
enzyme activity and lipid composition (10). This study 
found that, early cell injury and suggest a role for calcium 
in causing or predisposing to renal tubular cell injury (10). 
In acute settings, high serum calcium levels can induce 
necrosis of proximal tubular cells (11). 

Implication for health policy/practice/research/medical education:
Malignancy-associated hypercalcemia frequently complicates advanced renal cancer, driving acute kidney injury (AKT) through distinct 
mechanistic pathways involving cellular energy failure. Elevated serum calcium induces renal vasoconstriction and direct tubular toxicity, 
mediated by severe mitochondrial dysfunction. Excessive intracellular calcium overload disrupts mitochondrial membrane potential, 
triggering oxidative stress and impairing ATP production essential for cellular homeostasis. This bioenergetic failure compromises proximal 
tubular integrity, leading to widespread cell death by apoptosis and necrosis. Consequently, glomerular filtration rate deteriorates sharply, 
exacerbating uremic toxicity. Calcium crystals within tubules exacerbate obstruction and inflammation, creating vicious injury cycles. This 
framework highlights mitochondria as critical hubs linking systemic hypercalcemia to tubular injury. Recognizing this pathway is vigorous 
for developing targeted therapies beyond standard hydration and bisphosphonates. Protecting mitochondrial function could mitigate AKT 
severity, improving overall outcomes in patients with advanced renal malignancies. Eventually, addressing calcium-mediated mitochondrial 
toxicity offers a promising strategy to preserve renal function during aggressive cancer progression..
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Kidney consequences of hypercalcemia
Hypercalcemia constricts the afferent arteriole and 
activates the calcium‑sensing receptor (CaSR) in the 
thick ascending limb and collecting duct, leading to 
enhanced calcium reabsorption but also to salt and 
water wasting. This paradoxical combination enhanced 
calcium reabsorption with concurrent natriuresis and 
water loss, which promotes volume depletion, prerenal 
azotemia, and eventually ischemic tubular damage (12). 
Moreover, hypercalcemia induces metabolic alkalosis 
by increased bicarbonate reabsorption; alkalosis in turn 
augments distal tubular calcium reabsorption, further 
aggravating hypercalcemia and sustaining a vicious cycle 
of renal vasoconstriction, diuresis, and injury (13). Since 
hemodynamic and transport abnormalities account for a 
substantial component of AKI in hypercalcemic states, 
they do not fully explain the depth and persistence 
of tubular dysfunction seen in some patients with 
advanced RCC and malignancy-associated hypercalcemia 
(14,15). Experimental and translational data suggest 
that mitochondrial dysfunction within renal tubular 
epithelial cells forms a crucial mechanistic bridge between 
hypercalcemia and sustained tubular injury. Mitochondria 
are central to tubular cell energy metabolism, ion transport, 
and redox balance; while, these roles render them 
particularly vulnerable to calcium overload and oxidative 
stress (16). Increases in intracellular and mitochondrial 
calcium are well‑described features of ischemic and toxic 
AKI, and chronic experimental hypercalcemia alters key 
biochemical properties of renal cortical plasma membranes 
and mitochondria in rats, implying that calcium excess 
itself predisposes tubular cells to damage (10). 

In proximal tubule and thick ascending limb, the 
mitochondria generate ATP to sustain active transport by 
Na⁺/K⁺‑ATPase and multiple cotransport systems. Indeed, 
proximal tubule and thick ascending limb are the nephron 
segments with highest oxidative metabolic demand (17). 
Meanwhile, hypercalcemia leads to increased filtered 
calcium load, across with volume depletion (18). Besides, 
the mismatch between oxygen supply and metabolic 
demand drives mitochondrial stress (19). Concurrent 
tumor‑related inflammation and circulating cytokines 
further increase reactive oxygen species (ROS) generation 
and depress antioxidant defenses such as superoxide 
dismutase, setting up a redox‑imbalanced environment 
(20). Then, ROS in excess damage mitochondrial DNA, 
disrupt oxidative phosphorylation complexes, and impair 
ATP generation, while also perpetuating a self‑propagating 
loop of oxidative injury (21). Calcium overload within 
mitochondria is a decisive event in this context; since, 
high cytosolic calcium, driven by sustained hypercalcemia 
and CaSR‑mediated signaling, enters mitochondria 
primarily by the mitochondrial calcium uniporter (22-

24). At low to moderate levels, mitochondrial calcium 
can strengthen oxidative phosphorylation (25, 26); 
however, excessive mitochondrial calcium promotes 
opening of the mitochondrial permeability transition 
pore (mPTP), collapse of membrane potential, and release 
of pro‑apoptotic factors (27). Experimental models of 
vitamin D–induced chronic hypercalcemia show increased 
mitochondrial calcium content in renal cortical tissue, 
along with structural and functional plasma membrane 
changes that are interpreted as markers of early tubular cell 
injury (10,28). Even when conventional mitochondrial 
enzyme activities appear preserved at early stages, such 
subtle biochemical and structural changes may prime 
tubular cells for exaggerated injury during superimposed 
ischemia or nephrotoxic exposure (29). 

The interplay of systemic hypercalcemia, intrarenal 
hemodynamics, and mitochondrial dysfunction unfolds 
over multiple temporal scales (15). In the acute phase, severe 
hypercalcemia can precipitate abrupt AKI characterized by 
oliguria or non‑oliguric renal failure, often accompanied 
by metabolic alkalosis and volume contraction (30). In 
these situations, prompt volume repletion and reduction 
of serum calcium, through saline diuresis, calcitonin, 
bisphosphonates, or denosumab frequently lead to partial 
or complete recovery of renal function, emphasizing 
the reversibility of the hemodynamic component (31). 
However, repeated episodes of hypercalcemic crises or 
persistent moderate hypercalcemia cause renal structural 
alterations (1). 

In this condition, mitochondrial ROS not only 
impair oxidative phosphorylation but also promote 
epithelial‑to‑mesenchymal transition (EMT) and 
pro‑fibrotic signaling in tubular cells (32, 33). The 
EMT is a common feature of chronic tubular injury 
and progression to end‑stage renal disease (34). Through 
ROS‑mediated signaling pathways, including activation 
of nuclear factor‑κB and transforming growth factor‑β/
Smad cascades, injured tubular cells can adopt a more 
fibroblast‑like phenotype, secreting extracellular matrix 
proteins and contributing to tubulointerstitial fibrosis 
and kidney failure (35,36). Over time, this structural 
remodeling diminishes nephron functional reserve, 
rendering the kidney more susceptible to acute insults 
such as recurrent hypercalcemic episodes, nephrotoxic 
chemotherapy, or sepsis (37,38). Therefore, mitochondrial 
dysfunction in hypercalcemia is both an acute effector 
of cell death and a long‑term driver of chronic kidney 
damage (15).

In advanced RCC, additional factors converge on the 
mitochondria of renal tubular cells. Tumor‑related systemic 
inflammation heightens oxidative stress via circulating 
cytokines and complement activation (39). Proteomic 
studies in autoimmune‑related kidney disease demonstrate 
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that activation of complement and coagulation pathways 
in the tubules is tightly interlinked with mitochondrial 
respiratory chain damage, reduced ATP production, and 
increased ROS generation; although these data come from 
non‑malignant conditions, the mechanistic links between 
complement activation, mitochondrial dysfunction, and 
tubular EMT are likely relevant to tumor‑associated kidney 
injury as well (40). Previous studies detected that, RCC 
itself may alter systemic metabolic signaling, including 
derangements in lipid metabolism and hypoxia‑inducible 
factor pathways, further modulating mitochondrial 
function in distant organs such as the kidney (41). In 
addition, therapies used for RCC such as tyrosine kinase 
inhibitors or immune checkpoint inhibitors can exert 
off‑target renal mitochondrial toxicity in some patients, 
compounding the effects of hypercalcemia (15). 

A fresh look at the hypercalcemia by RCC 
The classical triad of hematuria, flank pain, and palpable 
mass is now less common as an initial presentation of RCC. 
Instead, many patients present with nonspecific symptoms 
and paraneoplastic syndromes such as hypercalcemia, 
weight loss, and anemia (42). Hypercalcemia in RCC 
is not merely an epiphenomenon but also as a marker 
of aggressive tumor biology and often advanced stage, 
particularly those with metastatic disease (43). In 
metastatic RCC cohorts, nephrectomy may temporarily 
ameliorate hypercalcemia in some patients, underscoring 
the causal link between tumor mass and calcium 
dysregulation (44); nonetheless, non‑PTHrP mechanisms 
of hypercalcemia, including ectopic calcitriol production 
and cytokine‑mediated bone resorption, appear more 
frequent than previously recognized (45). These 
observations highlight the heterogeneity of malignancy-
associated hypercalcemia in RCC and the need to consider 
multiple upstream pathways when attempting to modulate 
downstream renal injury (43). A mechanistic framework 
for AKI in advanced renal cancer with malignancy-
associated hypercalcemia can be conceptualized as a 
multi‑tiered cascade (46). Previous authors determined 
that, RCC cells, especially in high‑grade or metastatic 
lesions, secrete PTHrP, interleukins, notably IL‑6, TNF‑α, 
TGF‑β, and possibly 1,25‑dihydroxyvitamin D, across 
with stimulation of osteoclast activity by RANKL and 
other osteolytic mediators. These factors increase bone 
resorption and intestinal calcium absorption, elevating 
serum calcium and suppressing endogenous PTH (47). 
Likewise, elevated serum calcium causes afferent arteriolar 
vasoconstriction, decreased glomerular filtration rate, 
impaired concentrating ability by reduced collecting duct 
responsiveness to antidiuretic hormone, and salt‑water 
diuresis (48). In addition, glomerular filtration rate 
declines abruptly, exacerbating uremic toxicity (49). In 

the next step, calcium crystals within tubules exacerbate 
obstruction and inflammation, creating vicious injury 
cycles characterized by cytokine release and leukocyte 
infiltration (50). Then, volume depletion and metabolic 
alkalosis develop; since, alkalosis enhances distal calcium 
reabsorption, further sustaining hypercalcemia and 
maintaining a cycle of vasoconstriction and diuresis. 
These changes precipitate prerenal azotemia and make 
the outer medulla, already borderline hypoxic, especially 
vulnerable to additional insults (30). In this milieu, 
when he filtered calcium load rises, requiring augmented 
reabsorption by proximal tubule and thick ascending 
limb cells through energy‑dependent transporters and 
channels (51). In parallel, CaSR activation in the thick 
ascending limb alters NaCl and calcium handling, 
contributing to natriuresis while paradoxically promoting 
calcium conservation (52). Increased luminal calcium 
and altered membrane potentials facilitate calcium entry 
into tubular cells, raising cytosolic calcium concentrations 
(53). Accordingly, elevated cytosolic calcium enters 
mitochondria through the mitochondrial calcium 
uniporter. Initially, this may boost ATP production (54); 
however, persistence of high mitochondrial calcium and 
concurrent ROS generation produces oxidative damage to 
mitochondrial DNA and respiratory chain complexes (55, 
56). Chronic experimental hypercalcemia is associated 
with increased mitochondrial calcium content and early 
biochemical changes in renal cortical plasma membranes 
and mitochondria, suggesting that calcium excess primes 
the tubule for injury even before overt enzyme dysfunction 
appears (57). As mitochondrial damage accumulates, 
oxidative phosphorylation becomes inefficient, ATP 
levels fall, and tubular cells cannot sustain high‑energy 
reabsorptive processes (58). Opening of the mPTP leads 
to loss of mitochondrial membrane potential, release of 
cytochrome c and other pro‑apoptotic mediators, and 
activation of apoptotic and necrotic pathways (59). Recent 
studies found that, ROS act as signaling molecules to 
induce EMT and fibrogenic programs, and with tubular 
cells contributing to interstitial matrix deposition and 
chronic tubulointerstitial scarring (60,61). This structural 
remodeling reduces nephron mass and predisposes 
patients to more severe and less reversible AKI upon 
subsequent hypercalcemic or hemodynamic challenges 
(15). Clinically, this integrated cascade manifests as AKI 
with variable degrees of oliguria, often with concurrent 
hypercalcemia, metabolic alkalosis, and evidence of volume 
contraction (15). In some RCC patients, correction of 
hypercalcemia through tumor‑directed therapy leads to 
improved renal function, which underscores the causal 
linkage between tumor-secreted factors, hypercalcemia, 
and kidney injury (44,59). However, in others, particularly 
those with prolonged or recurrent hypercalcemia, intrinsic 
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tubular damage and mitochondrial dysfunction limit 
renal recovery even when calcium levels normalize. This 
framework also clarifies why malignancy-associated 
hypercalcemia in RCC correlates with poor prognosis 
beyond its role as an electrolyte disturbance (15). 
Hypercalcemia concurrently reflects aggressive tumor 
biology and drives organ dysfunction, especially renal 
and neurologic, which restricts therapeutic options, 
complicates fluid management, and increases susceptibility 
to treatment‑related nephrotoxicity (62). Reduced renal 
function alters pharmacokinetics of systemic therapies, 
leading to dose reductions, delays, or contraindications, 
thereby indirectly influencing cancer outcomes (63). 
Furthermore, chronic kidney disease emerging from 
repeated AKI episodes and tubulointerstitial fibrosis 
further worsens overall survival and quality of life (64).

Conclusion
Malignancy-associated hypercalcemia frequently 
complicates advanced renal cancer, driving AKT 
through distinct mechanistic pathways involving cellular 
energy failure. Elevated serum calcium induces renal 
vasoconstriction and direct tubular toxicity, mediated by 
severe mitochondrial dysfunction. Excessive intracellular 
calcium overload disrupts mitochondrial membrane 
potential, triggering oxidative stress and impairing ATP 
production essential for cellular homeostasis. Specifically, 
calcium accumulation promotes the opening of the 
mitochondrial permeability transition pore, causing 
cytochrome c release and initiating apoptotic cascades. 
This bioenergetic failure compromises proximal tubular 
integrity, leading to widespread cell death through 
apoptosis and necrosis. Accordingly, glomerular filtration 
rate decreases suddenly, exacerbating uremic toxicity. 
Calcium crystals within tubules exacerbate obstruction and 
inflammation, creating vicious injury cycles characterized 
by cytokine release and leukocyte infiltration. This 
framework highlights mitochondria as critical hubs linking 
systemic hypercalcemia to tubular injury. Recognizing this 
pathway is imperative for developing targeted therapies 
beyond standard hydration and bisphosphonates. Novel 
therapeutic interventions might include mitochondrial 
antioxidants or permeability transition pore inhibitors to 
stabilize cellular energy metabolism. Actively protecting 
mitochondrial function could mitigate AKI severity, 
improving overall clinical outcomes in patients with 
advanced renal malignancies. Preserving renal function 
is fundamental for maintaining eligibility for systemic 
anticancer therapies, as dose reductions often compromise 
survival. Furthermore, preventing tubular necrosis 
reduces the risk of chronic kidney disease progression 
post-recovery. Eventually, addressing calcium-mediated 
mitochondrial toxicity offers a promising strategy 

to preserve renal function during aggressive cancer 
progression, potentially extending survival and quality 
of life in this vulnerable patient population, where renal 
compromise significantly limits therapeutic options and 
necessitates precise metabolic management
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