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Abstract

Physiological regulation of mineral metabolism is determined by serum levels of phosphorus, FGF23, Klotho, PTH, calcidiol,
and calcium. When renal function is normal, the kidney, bone, parathyroid tissue, and intestine collaborate effectively in
maintaining this regulation, even in cases of phosphorus excess.

The issue arises when renal function is compromised, as the regulators of mineral metabolism become altered, including
decreased soluble Klotho, increased PTH and FGF23, and subsequent reductions in calcidiol and calcium. These changes
lead to vascular and bone abnormalities, with significant impacts on the morbidity and mortality of renal patients.

From a therapeutic standpoint, dietary phosphorus restriction is the initial approach for controlling hyperphosphatemia
in patients with chronic kidney disease (CKD). When dietary measures are insufficient, phosphorus binders are used to
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In summary, it is crucial to identify and treat hyperphosphatemia adequately to achieve comprehensive clinical improve-
ments, including a significant reduction in mortality.

PATHOPHYSIOLOGICAL AND MOLECULAR
SIGNIFICANCE OF HYPERPHOSPHATEMIA

The physiological regulation of mineral metabolism is
governed by several factors contributing to its main-
tenance and regulation to varying degrees. For hyper-
phosphatemia, the critical determinant is serum phos-
phorus levels, though FGF23, Klotho, PTH, calcidiol,
and calcium also play vital roles. Under normal renal
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function, the organism effectively manages mineral
metabolism through the coordinated activity of the
kidney, bone, parathyroid tissue, and intestine. How-
ever, compromised renal function impairs phosphorus
excretion, leading to its accumulation. As kidney dis-
ease progresses, the levels of various mineral metab-
olism regulators become increasingly disturbed. While
some controversies remain, it appears that the initial
event is a decrease in soluble Klotho levels. Addition-
ally, excess phosphorus leads to increased PTH and
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FGF23 levels, followed by reductions in calcidiol and
calcium (1-3). These changes culminate in vascular and
bone abnormalities with profound effects on the mor-
bidity and mortality of renal patients.

Although clinical and experimental settings make it
challenging to isolate the role of each factor due
to tissue interconnections, animal models have clar-
ified the contributions and specific impacts of these
elements.

One of the main regulators of phosphorus is FGF23,
primarily expressed in bone tissue and synthesized by
osteocytes (4). Osteocytes detect excess phosphate and
stimulate FGF23 synthesis and secretion via receptor
FGFR1(5) and phosphate transporter Pit2 (6). FGF23
acts on renal tubules with Klotho to internalize and
degrade the NaPi2a phosphorus transporter, decreas-
ing reabsorption and enhancing excretion.

FGF23 also acts independently on the heart, promot-
ing cardiac damage via FGFR4 through the calcineurin
pathway (7,8), although it does not have similar dele-
terious vascular effects (9).

The deficiency or absence of Klotho in experimental
models has demonstrated an increase in cardiac hyper-
trophy and fibrosis, both at the molecular and histo-
logical levels (10,11). Similarly, the absence of Klotho
produces an accelerated aging phenotype at the vas-
cular and bone levels (12). Klotho deficiency has also
shown vascular and bone alterations (3,13). In con-
trast, the addition of soluble Klotho in experimental
models is capable of preventing or reversing cardiac
damage (10).

Experimental models of parathyroidectomy with hy-
perphosphatemia, maintaining PTH levels within nor-
mal ranges through exogenous administration, have
demonstrated that phosphorus alone van cause vas-
cular and bone damage. However, this effect is much
more pronounced when PTH is very elevated (14),
leading to bone deterioration at the trabecular bone
level, but especially at the cortical bone level (15). Ad-
ditionally, there is an increase in calcium content in the
arteries with an exacerbated rise in the expression of
osteogenic genes, such as Runx2 or osterix, along with
sharp decreases in the expression of vascular pheno-
type genes, such as alpha-actin (15). Increases in PTH
have also been associated with cardiac alterations,
where an increase in hypertrophy and particularly in
cardiac fibrosis has been observed at both the histo-
logical and molecular levels (elevations in the gene
expression of collagen |, TGF beta, or fibronectin) (16).

Experimental and clinical studies have shown that vi-
tamin D or calcidiol deficiency is associated with an in-
creased risk of cardiovascular disorders (17,18). How-
ever, to date, the bone is the only organ where vitamin
D has demonstrated causality, proving to be an effec-
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tive treatment for reducing the risk of hip fractures
and non-vertebral fractures (19).

The role of calcium is less clear. Probably, the more re-
fined management of the organism to maintain calci-
um homeostasis makes the effects at the systemic level
much more subtle. In the presence of chronic kidney
disease (CKD) and hyperphosphatemia, decreases in
calcium could have a more potent effect than increas-
es, mainly at the cardiovascular level (20), probably
partly due to the direct effect that hypocalcemia ex-
erts on the parathyroid gland, stimulating the synthe-
sis and secretion of PTH (21).

In vitro studies have shed more light on the systemic
effects of hyperphosphatemia and the pathophysio-
logical mechanisms involved. At vascular level, exper-
imental studies are confirmed: the additive effect of
phosphorus increases, sufficient available calcium, but
especially PTH, on vascular damage, as they promote
vascular calcification through the increase in the ex-
pression of typically osteogenic genes (Runx2, osterix,
alkaline phosphatase) and the drastic decrease in
genes related to the vascular and contractile pheno-
type, such as alpha-actin (15). At this level, the role of
soluble Klotho is fundamental for maintaining vascu-
lar health, as its addition to in vitro models in vascular
smooth muscle cells exposed to calcifying stimuli pre-
vents the increase in the expression of typically osteo-
genic genes, reduces extracellular calcium deposition,
and prevents the loss of alpha-actin, the main protein
for maintaining the vascular phenotype (3). There are
still doubts about the mechanism through which this
protective effect could be exerted, but there is some
data suggesting that one of these mechanisms might
be the increase in autophagic flow, which would pre-
vent the vascular calcification process (3), although
more studies are needed to demonstrate this causality.

Recently, our group has shown that this loss of vascular
phenotype with a predisposition to vascular calcifica-
tion is mainly due to the loss of microRNA 145, the pre-
dominant microRNA in the vascular wall responsible
for maintaining its contractile phenotype (22). These
results, initially revealed in nephrectomized animals
with hyperphosphatemia, but also in animals with
normal renal function and hyperphosphatemia, have
been confirmed in vitro in vascular smooth muscle cells
subjected to calcifying stimuli from excess phosphorus,
calcium, and/or PTH (23). These results could have im-
portant clinical implications, as in the general popu-
lation, the expression of this microRNA shows a ROC
curve with an area under the curve of 0.83 (22), show-
ing that microRNA 145 has a high predictive power
for vascular calcification. These novel findings suggest
that the combination of non-invasive, low-cost, and
simple biomarkers would constitute an important pre-
dictor of vascular damage in not only the renal popu-
lation but also the general population.
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The regulation of microRNA 145 levels by vitamin D is
another revealing aspect, as vitamin D increases the
expression of microRNA 145 (24). Therefore, main-
taining calcidiol levels could positively impact vascular
health through the maintenance of microRNA 145 lev-
els (25), as confirmed by other clinical studies in both
renal and general populations.

DETECTION, SIGNIFICANCE, AND
THERAPEUTIC MANAGEMENT

Hyperphosphatemia originates when the phosphorus
entering the extracellular fluid exceeds the amount
that can be excreted. One of the most common causes
of reduced phosphorus excretion is acute and chronic
kidney disease. Other causes include the mobilization
of intracellular phosphorus to the extracellular fluid
(lactic acidosis, diabetic ketoacidosis, or severe hyper-
glycemia), acute phosphorus overload (endogenous or
exogenous, such as tumor lysis syndrome, muscle ne-
crosis, or excessive laxative intake), or increased tubu-
lar phosphate reabsorption (hypoparathyroidism, ac-
romegaly, fibroblast growth factor receptor inhibitors,
vitamin D, or tumoral calcinosis).

Hyperphosphatemia has been linked to endothelial
dysfunction, arteriosclerosis, and calcification of the
arterial media, both generalized and coronary, as well
as cardiac valve calcification, myocardial fibrosis lead-
ing to ventricular wall stiffness, diastolic dysfunction,
heart failure, and arrhythmias (26).

There is extensive scientific evidence linking elevat-
ed serum phosphorus with increased cardiovascular
events and mortality, both in the general population
(27) and in those with chronic kidney disease (20,28),
and especially among dialysis patients (a population
at maximum risk for developing hyperphosphatemia)
(29,30). Hyperphosphatemia is currently considered a
non-traditional cardiovascular risk factor.

In hemodialysis patients, a U-shaped relationship has
been described between serum phosphorus levels and
mortality, where both below and above the recom-
mended range are associated with increased mortality
risk. Moreover, improved control of serum phosphorus
in patients with elevated baseline levels is significant-
ly associated with better survival during a 3-year fol-
low-up period (30).

It should be considered that serum phosphorus levels
can fluctuate throughout the day, with postprandial
increases. For this reason, fasting serum phosphorus
has been most closely associated with higher cardio-
vascular mortality risk, both in the general population
and in patients with chronic kidney disease (31).

On the other hand, high-phosphorus diets have been
linked to increased blood pressure, both through pre-
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viously mentioned mechanisms (arteriosclerosis, arteri-
al wall stiffness), and due to their effect on increased
sodium reabsorption at the renal tubular level and ac-
tivation of the sympathetic nervous system (26).

Hyperphosphatemia has also been associated with the
development of CKD in healthy individuals, as well as
with disease progression in patients who already have
it (32).

Additionally, a recent study has linked serum phos-
phorus values in hemodialysis patients with an in-
creased risk of fragility fractures, suggesting that se-
rum phosphorus could be a new risk marker for bone
fractures (33).

Therapeutic approach varies depending on whether
the hyperphosphatemia is acute or chronic. In cases of
acute hyperphosphatemia, resolution can occur within
6 to 12 hours if renal function remains intact. Phospho-
rus excretion can be increased with saline infusion, al-
though this could lower serum calcium concentration
due to dilution, requiring caution, especially in the
presence of severe hypocalcemia, due to the associat-
ed life-threatening risk. In cases of severe symptomatic
hypocalcemia and renal function deterioration, hemo-
dialysis may be necessary for effective management.

For patients with CKD, the initial measure for controlling
hyperphosphatemia is to restrict dietary phosphorus
intake (34), which is classified into two types: organic,
found mainly in protein-rich foods, and inorganic, pres-
ent in additives, carbonated beverages, and processed
foods. Inorganic phosphorus is less biologically relevant
but has a considerably higher absorption rate.

It is very important to control both phosphorus levels
and secondary hyperparathyroidism in these patients,
due to all the previously mentioned implications.

Phosphate binders work by limiting intestinal absorp-
tion of this ion (34). They are classified based on their
calcium content, into calcium-containing binders such
as calcium carbonate or calcium acetate, and calci-
um-free binders like sevelamer carbonate, lanthanum
carbonate, and sucroferric oxyhydroxide, which must
be taken with meals to be effective.

Therefore, it is crucial to emphasize the importance of
identifying and appropriately treating hyperphospha-
temia to achieve an overall improvement in clinical out-
comes, including a significant reduction in mortality.
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