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Chronic kidney disease-mineral bone disorder (CKD-MBD) is a common comorbidity in patients with CKD.
Characterized by laboratory abnormalities, bone abnormality, and vascular calcification, CKD-MBD en-
compasses a group of mineral and hormone disturbances that are strongly associated with increased
cardiovascular (CV) morbidity and mortality. Abnormal serum phosphate concentrations are an inde-
pendent risk factor for CV morbidity and mortality, and overall mortality. Phosphate retention plays a
central role in initiating and driving many other disturbances in CKD-MBD (e.g., increased parathyroid
hormone and fibroblast growth factor 23 concentrations, hypocalcemia, low vitamin D) that are also linked
to increased CV risk. Thus, effective phosphate control is a logical therapeutic target for CKD-MBD treat-
ment. Current phosphate management strategies (dietary restrictions, dialysis, phosphate binders) are
insufficient to consistently achieve and maintain target phosphate concentrations in patients on dialysis.
Phosphate binders reduce available phosphate for intestinal absorption but do not impair the dominant
phosphate absorption pathway. Novel therapies that consider new mechanistic understandings of intes-
tinal phosphate absorption are needed. One such therapy is tenapanor, a targeted sodium-hydrogen
exchanger isoform 3 inhibitor that has been shown to reduce serum phosphate concentrations in multi-
ple clinical trials. Tenapanor has a novel mechanism of action that reduces intestinal phosphate absorption
in the primary paracellular phosphate absorption pathway.
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atients with CKD are often affected by CKD-MBD.'
P Characterized by hormone and bone abnormalities,’
CKD-MBD is known to be associated with increased CV
mortality,” a significant cause of death in patients on
dialysis.” Phosphate control is a logical and attractive
approach for treatment of CKD-MBD due to both the
centrality of phosphate homeostasis in the development
and progression of CKD-MBD and the independent asso-
ciation between hyperphosphatemia and CV disease
(CVD).”° Well-managed phosphate would likely decrease
the risk of vascular calcification,” hyperparathyroidism,”
and hypocalcemia’ and decrease fibroblast growth factor
23 (FGE23) production,'’ thus attenuating the progression
of CKD-MBD and reducing CV mortality risk.
The implementation of effective phosphate control
for the treatment of CKD-MBD is stalled by the lack of
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phosphate management strategies that can achieve and
maintain normal phosphate concentrations in patients
on dialysis as most patients with CKD on dialysis do not
reach phosphate levels <5.5 mg/dl, let alone more
normal levels of <4.5 mg."'

Currently, phosphate binders are the pharmacolog-
ical treatment for hyperphosphatemia.'” '° However,
phosphate binders only bind a portion of dietary
phosphate and, in general, require patients to take
many pills with meals.'” '® Moreover, proper adher-
ence to phosphate binders is a challenge.'” The effec-
tiveness of phosphate binders and dietary phosphate
restriction are further limited by a maladaptive upre-
gulation of phosphate absorption.”” ** New phosphate
management strategies should incorporate the latest
understandings of phosphate absorption—namely, that
the paracellular phosphate absorption pathway is the
dominant route of intestinal phosphate absorption.”” A
novel phosphate absorption inhibitor, tenapanor, has
been recently developed. It directly targets the intes-
tinal sodium/hydrogen exchanger isoform 3 (NHE3),
leading to reduced sodium absorption.”* In clinical
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trials, tenapanor has also been shown to reduce serum
phosphate concentrations and was generally well
tolerated.”” % 1t may offer a novel treatment approach

for CKD-MBD.

CKD-MBD Is a Significant Risk Factor for CV
Mortality

A major cause of CV mortality in patients with CKD on
dialysis is CKD-MBD,’ a common comorbidity in pa-
tients with CKD that is characterized by laboratory
abnormalities, bone abnormality, and extraskeletal
calcification."*® As kidney function declines, progres-
sive disruptions in mineral homeostasis (e.g., calcium
and phosphate) are associated with abnormalities in
circulating hormone concentrations such as increases in
parathyroid hormone (PTH) and FGF23 and decreases
in calcitriol.”” These mineral and endocrine changes
lead to abnormalities in bone turnover and extra-
skeletal calcification.’” *” Multiple components of CKD-
MBD such as hyperphosphatemia,’ vascular calcifica-
tion,” and elevated FGF23 concentrations”” are known
to be significantly associated with increased CV
morbidity and mortality.’® CVD accounted for ~62% of
deaths among patients with CKD on dialysis in 2017."
Mortality due to CVD in this population is approxi-
mately 20 times higher than in a general population.”’
Traditional risk factors for CV mortality (e.g., hyper-
tension, diabetes, diet, and lifestyle) alone do not
explain the high CV morbidity and mortality in pa-
tients with CKD,*® and the established treatment stra-
tegies for these risk factors have not seen significant
recent advancements. Better control of phosphorus
may be necessary to improve clinical outcomes and
quality of life in patients on dialysis and reduce un-
acceptably high mortality risk."

Therapeutic approaches for CKD-MBD that may
decrease CV mortality include improving dialysis mo-
dalities,39 decreasing inﬂammation,40 and better man-
agement of serum phosphorus concentrations.”'
Hyperphosphatemia, in particular, is a major remain-
ing modifiable target.”” Among the disturbances in
mineral metabolism that fall under CKD-MBD, phos-
phate retention is by far the greatest risk factor for
increased mortality, 2- to 6-fold higher than other top
risk factors such as hypercalcemia, hyperparathyroid-
ism, low urea reduction ratio, and anemia (12% vs.
4%, 2%, 5%, and 6%, respectively).”’ Abnormal
phosphate concentrations have been shown to be an
independent risk factor for CV morbidity and mortality
in patients with CKD," and there is a linear relation-
ship between risk of CVD calcification progression and
increasing serum phosphorus concentrations.”” Addi-
tionally, the interplay between increasing phosphate
retention, increased PTH, and decreased calcium
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concentrations create a worsening cycle that causes
CKD-MBD to progress as CKD progresses.”” " **

Phosphate Retention and Elevated Phosphorus
Drives Vascular Calcification

Phosphate retention is a known risk factor for
decreased vascular health,49 increased vascular calcifi-
cation,”’ and increased CV morbidity and mortality.’
One mechanism by which hyperphosphatemia
directly affects vascular health is through increasing
the production of reactive oxygen species, thereby
causing oxidative damage and endothelial dysfunc-
tion.”””" Bven short-term phosphate elevations (2 h)
can have a negative effect on endothelium-dependent
vasodilation in both healthy individuals and patients
with CKD."

Another primary mechanism by which phosphate
retention increases mortality risk is the induction of
vascular calcification. High phosphate conditions create
a disturbance in the actively regulated vascular calci-
fication process,”” leading to extraskeletal mineraliza-
tion. Calcium-phosphate deposition in the media of the
arterial wall eventually results in increased media
thickness and wvascular stiffening.“’53 Growing evi-
dence indicates that phosphate retention also induces
changes in vascular smooth muscle cells.’""”* Phosphate
directly targets the PiTl receptor on vascular smooth
muscle cells, causing them to permanently transform
into osteoblast-like cells.” This transformation is
driven by the deposition of hydroxyapatite crystals,
which are normally found in the bone.”” Phosphate-
induced CV of vascular smooth muscle cells increases
the risk of coronary artery events, CV morbidity and
mortality, and hypertension.%f58

Phosphate Retention Drives Derangements

in PTH, FGF23, Calcium, and Vitamin D

As CKD progresses, reductions in glomerular filtration
rate lead to phosphate retention.”’ In earlier CKD
stages, FGF23 and PTH concentration steadily increase,
while phosphate concentrations are stable and even
decrease slightly.”” Abnormalities in mineral meta-
bolism  (e.g., secondary  hyperparathyroidism,
decreased vitamin D) are seen in patients before in-
creases in phosphate, indicating that these compensa-
tory mechanisms are at work before
hyperphosphatemia develops.””*’ However, increases
in PTH and FGF23 have both been associated with
increased risk of CVD.”" *’ Hypocalcemia and low
vitamin D (both 25-hydroxy vitamin D and 1,25-
dihydroxy vitamin D) concentrations have been asso-
ciated with increased risk of CVD.®“*” Inhibition of
calcitriol (1,25-dihydroxyvitamin D) production due to

. 66,67 . . . .
increased FGF23 is associated with increased
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Figure 1. Physiology of chronic kidney disease (CKD)-mineral bone disorder (MBD). Phosphate retention leads to an increase of fibroblast
growth factor 23 (FGF23) and parathyroid hormone (PTH) levels.®** FGF23 decreases the levels of calcitriol,”' leading to reduced absorption of
calcium in the gastrointestinal tract.'”® An association between reduced calcitriol and reduced intestinal phosphate absorption has been shown

in animal models.'” Increased PTH leads to higher bone turnover, releasing calcium and phosphate,
tions."" Both FGF23 and PTH lead to increased calcium reabsorption as well as decreased phosphate reabsorption in the kidneys.

9130 and increased FGF23 concentra-

130,132,133 This
’

in turn, causes calcium concentrations to increase and inhibits phosphate retention.

. 1. 68 . . 69
cardiac contractility, ™ coronary artery calcification,

myocardial fibrosis,”’ and proinflammatory effect.”!
PTH increases the production of -calcitriol (1,25-
dihydroxyvitamin D), as well as increases bone
resorption, which leads to increasing both serum cal-
cium and phosphate concentrations.”” Thus, by the
time hyperphosphatemia develops (>4.5 mg/dl), pa-
tients have already experienced the deleterious effects
of elevated PTH, elevated FGF23, hypocalcemia, and
low vitamin D (Figure 1).

In CKD stages 4 and 5, phosphate concentrations
begin to increase despite elevations in FGF23 and PTH,
indicating that compensatory mechanisms are no longer
sufficient to maintain phosphate balance and prevent
hyperphosphatemia.”” Numerous studies have docu-
mented the link between hyperphosphatemia and
increased all-cause mortality and CVD in both healthy
individuals and patients with CKD.”*”>"* 1t is esti-
mated that patients with poorly managed phosphate
have almost 30% greater mortality risk than those who
consistently achieve and maintain normal phosphate
concentrations.”” Approximately 70% of patients on
dialysis have left ventricular hypertrophy, a known
risk factor for CVD and mortality that is strongly
associated with higher phosphate concentrations.”® "
Additionally, hyperphosphatemia is directly linked to
hypertension, a major CVD risk factor that is seen in up
to 90% of patients with CKD.”” Therefore, phosphate
control could be a major therapeutic target for the
reduction of mortality in patients with CKD.

The importance of phosphate as a therapeutic target
is compounded by its role as a driver of multiple CKD-
MBD components linked to increased risk of CVD.
FGF23 and PTH concentrations, both of which have
been suggested to have independent pathogenic CV
effects,””®" ** are key regulators of phosphate that
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increase in response to phosphate retention.

Elevated FGF23 concentrations are the earliest mineral
metabolism abnormality observed in CKD.”” Phosphate
retention stimulates progressive increases in FGF23
concentrations,”” which directly target the heart to
promote left ventricular hypertrophy and congestive
heart failure.””®' Higher FGF23 concentrations are
independently associated with a greater risk of CV
events, particularly congestive heart failure.®” PTH is a

885 and elevated PTH concentra-

known uremic toxin
tions are associated with various negative effects
including pro-inflammatory effect,®® increased bone
resorption possibly via increased interleukin 6,°
decrease in cardiac index and mean arterial pressure
via impaired myocardial energy production,® and
genesis of cardiac fibrosis.*’

Not only are abnormal phosphate, calcium, FGF23,
and PTH concentrations independent risk factors for
mortality, they are linked in a progressively worsening
cycle. Increases in FGF23, triggered by phosphate
retention, inhibit calcitriol, and lead to decreased
7! Hypocalcemia develops, and PTH
responds by increasing bone turnover, causing calcium
and phosphate release from bones,””” which further
serum phosphate concentrations that
continue to stimulate further hypocalcemia and further
release of PTH in an unending cycle.””” Secondary
hyperparathyroidism develops in later CKD stages
despite high FGF23 concentrations,” suggesting resis-
tance of the parathyroid glands to FGF23 regulation.”
A maladaptive upregulation of phosphate absorption
observed may further exacerbate hyperphosphatemia
and CKD-MBD.*""*"”

The negative effects of phosphate retention are not
exclusive to hyperphosphatemia or patients with CKD;
elevated phosphate concentrations within the normal

serum calcium.

increases
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Table 1. The degree of phosphate control is associated with reduced risk of cardiovascular (CV) morbidity and mortality

Author Year of publication No. of patients
Block ef al.® 2004 40,538
Slinin ef a/.% 2005 14,829
Block ef al.”® 1998 6407
Danese ef al.'*° 2008 22,937
Lopes ef al.*! 2020 17,414

Study type Mortality Morbidity
Observational X « All-cause hospitalization
o CV hospitalization
Observational X CV events
Observational X
Observational X
Prospective cohort X

range (<4.5 mg/dl) are known to increase the risk of
death and CV events even in individuals without
CKD.®” In individuals with normal renal function,
phosphate concentrations >3.9 mg/dl were associated
with increased CVD.* In those with normal renal
function, the association between serum phosphate and
CV risk is linear.”* A long-term study of individuals
without kidney disease found that serum phosphate
concentrations >3.5 mg/dl were associated with an
approximate 55% increased risk of CVD.”’ Although
evidence of the association between phosphate and CV
risk is observational, the volume of data that link
elevated phosphate concentrations and increased CV
morbidity and mortality in individuals with and
without CKD is significant.”"**”**® This connection
has been accepted by clinicians and researchers for
decades.

Phosphate Control Is Associated With Reduced
Risk of CV Morbidity and Mortality and May Halt
the Progression of CKD-MBD

Phosphate retention is an independent and impactful
modifiable risk factor for theoretically lowering CV
morbidity and mortality in patients with CKD."*****"*”
Block et al. first reported that increased serum phos-
phorus concentrations of even 0.5 to 1.0 mg/dl over the
reference range (4.0-5.0 mg/dl) resulted in a significant
increase in the relative risk of death, with relative risk
increasing as serum phosphate increased.” An associa-
tion between increased serum phosphate concentra-
tions and increased risk of CVD hospitalizations and
mortality” indicates that a greater degree of phosphate
control may correspond to a greater reduction in
morbidity and mortality risk. Slinin et al. reported that
patients with the worst phosphate control (>7.5 mg/dl)
had a 25% greater risk of CV events than those who
had serum phosphate <4.5 mg/dl.”® A separate analysis
by Block et al. found that patients on dialysis with
serum phosphate >6.5 mg/dl had ~27% greater risk of
mortality than those with concentrations between 2.4
and 6.5 mg/dl.”” In addition to the degree of phosphate
increase, time spent with elevated phosphate concen-
trations also increases the risk of CV mortality. A lon-
gitudinal analysis showed that patients who had
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phosphate over the KDOQI recommended range (3.5—
5.5 mg/dl) for 1 or fewer quarters (3 months) had a 62%
higher mortality risk than those who were within the
target range for all 4 quarters in a year.'” A large
multinational study of patients on dialysis found that
the more time patients spent with serum phosphate
>4.5 mg/dl over a 6-month period, the greater their
risk of CV mortality.”' Elevated phosphate within the
normal range was predictive of CV morbidity and
mortality even in patients with early-stage CKD,® thus
improved phosphate control and regular monitoring of
serum phosphate concentrations would be beneficial for
all patients with CKD (Table 1). Reflecting the accepted
importance of phosphate control in clinical practice,
reduction of phosphate toward normal concentrations is
recommended by multiple guidelines.”'""

Phosphate control may also halt increased produc-
tion of FGF23, another factor in CKD-MBD. Achieving
serum phosphate <4.5 mg/dl has been shown to reduce
FGF23 concentrations and associated inflammatory pa-
rameters.'” A study from Rodelo-Haad et al. showed
that FGF23 concentrations in patients on dialysis who
achieved a serum phosphate <4.5 mg/dl decreased to
less than half of baseline levels during a 40-week
treatment period, whereas FGF23 concentrations in
patients with serum phosphate >4.5 mg/dl increased 2-
to 4-fold from baseline.'’ Early phosphate control or
prevention of phosphate retention could lead to
moderating the increases in FGF23 and potentially
decrease CV toxicity of FGF23.'""’

Effective phosphate control could also potentially
break the cycle of worsening hyperparathyroidism and
hypocalcemia by removing the stimulus causing PTH
77192 Without the “trigger” of
phosphate retention or worsening hyperphosphatemia,
PTH concentrations would not increase as a compensa-
tory mechanism.”" High serum phosphate concentrations
have also been shown to increase PTH synthesis
directly. 103,104
centrations are associated with hyperphosphatemia and
hyperparathyroidism,”*” effective phosphate control may
minimize the risk of hypocalcemia and low vitamin D.

The intricate regulatory and feedback loops between
the various mineral and endocrine disruptions that

concentrations to increase.

Because low calcium and vitamin D con-
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comprise CKD-MBD make this a challenging condition
to manage. Phosphate retention drives many of the
disruptions comprising CKD-MBD,'” and thus effec-
tive phosphate control would likely attenuate or pre-
vent the development and worsening progression of
the PTH—calcium—vitamin D cycle in CKD-MBD, mak-
ing phosphate control a logical and attractive founda-
tional treatment strategy.

Effective Treatment of CKD-MBD Is Impeded
by Challengesin Current Phosphate Management
Given an understanding that phosphate retention
triggers and drives the progressive deterioration in
mineral homeostasis, it is logical to target phosphate
control as a treatment strategy for CKD-MBD. However,
phosphate control is an ongoing clinical challenge;
when evaluating the most recent monthly phosphate
lab value, 42% of patients on dialysis treated with
phosphate binders had phosphate >5.5 mg/dl in the
most recent month, whereas a normal serum phosphate
concentration of <4.6 mg/dl was achieved in only 23%
of patients on dialysis.'”

More than 40% of dialysis patients have phosphate
concentrations >5.5 mg/dl, and more than 79% have
phosphate >5.5 mg/dl,'"" indicating that current
phosphate management strategies are insufficient to
reduce and maintain serum phosphate to normal con-
centrations. Dietary restriction of phosphate, although
foundational, is complicated by “hidden” phosphate in
food additives, and many medications that make it
difficult for patients to accurately assess their phos-
phate intake.'”*'”” Dialysis can only remove ~300 to
1200 mg of phosphate per day (1800-2520 mg/week),
far below the average amount of phosphate consumed
and absorbed.''”''? Phosphate binders are the only
pharmacological treatment currently indicated for
hyperphosphatemia.'” '® Approximately 88% of pa-
tients on dialysis are prescribed phosphate binders,'"’
which work by binding to dietary phosphate to
create insoluble complexes that are then excreted in the
gastrointestinal tract.'” '° Binders do not target or
directly act on phosphate absorption pathways (neither
the primary paracellular pathway nor the secondary
transcellular pathway),'* '® and each pill can only bind
a limited amount of phosphate.'®"'*""” The nonspecific
binding mechanism may also lead to drug—drug in-
teractions, and the limited binding capacity requires
large and/or many pills that are still insufficient to keep
up with daily dietary phosphate intake.'” '*''°
Labeled dosing instructions require patients to take 1
to 4 binders with each meal or snack (~3-5 times/
day),'* '® accounting for approximately half of the
daily pill burden in patients on dialysis."” Poor
adherence to phosphate binders is also a challenge,
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with reported nonadherence rates of up to 62%."" All
of these factors likely contribute to our inability to
achieve and maintain target serum phosphate concen-
trations, indicating a need for therapeutic innovations.

The effectiveness of phosphate-restricted diets and
phosphate binder use might be tempered by a mal-
adaptive upregulation of phosphate absorption, at least
in rodents.””

Consistent with findings from previous animal
studies on the effects of dietary phosphate restriction,”
Giral et al. demonstrated that a chronic low-phosphate
diet results in adaptive upregulation of the sodium-
dependent phosphate transport protein NaPi-2b activ-
ity in the jejunum.21 Increased NaPi-2b expression has
also been observed in rats treated with phosphate
binders.”” These findings are important for the treat-
ment of patients with hyperphosphatemia because they
point to a natural limitation of dietary phosphate re-
striction and phosphate binders as phosphate man-
agement strategies.

New Phosphate Control Therapies Are Needed
to Treat CKD-MBD

A significant development in the understanding of
intestinal phosphate absorption is the newfound
importance of the paracellular phosphate absorption
pathway. Dietary phosphate is absorbed passively via
the nonsaturable paracellular pathway and actively via
the saturable transcellular pathway.”"''” """ Although
it was previously believed that the active transcellular
phosphate transport pathway was responsible for the
majority of phosphate absorption, there is a growing
body of evidence that the paracellular pathway is the
dominant site of gastrointestinal phosphate absorption
when  luminal phosphate  concentrations are
high,zg’lz()’121 consistent with the consumption of a
Western diet."'® The paracellular route, in which
phosphate passes through the tight junctions between
the cell membranes, is the major phosphate absorption
pathway under normal dietary conditions that contain
high amounts of phosphate.'*”'*""'**'** Given this new
knowledge and the understanding that maladaptive
hyperabsorption of phosphate limits the efficacy of low
phosphate diets and phosphate binders,”'"** there is a
call for new therapies that leverage these data to
effectively control phosphate and avoid the negative
outcomes associated with hyperphosphatemia and
CKD-MBD.

A targeted sodium-dependent phosphate co-
transporter type 2b (NaPi2b) inhibitor ASP3325 has
been tested as a potential treatment for hyper-
phosphatemia by lowering transcellular permeability
for phosphate, but the study concluded that inhibition
of NPT2b with ASP3325 did not reduce serum
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phosphate concentrations in dialysis patients.'** This is
consistent with the decreased importance of this
transcellular phosphate absorption pathway in humans
on a Western diet. Nicotinamide is another promising
NaPi2b inhibitor that efficiently reduces active phos-
phate absorption via the sodium-dependent trans-
cellular pathway.'**'*’ Nicotinamide treatment with or
without lanthanum carbonate for 12 months did not
decrease serum phosphate or FGF23 concentrations in
patients with CKD stages 3 or 4.'*°

The lack of effect of NaPi2b inhibitors may be
because most phosphate is absorbed passively through
the paracellular pathway, especially in patients with
CKD on standard Western diets,”’ which potentially
makes nicotinamide less efficacious in the treatment of
hyperphosphatemia.

Tenapanor is an investigational novel phosphate
absorption inhibitor that acts on the primary absorp-
tion pathway, providing a new approach to treating
hyperphosphatemia.”*

Tenapanor has a unique mechanism of action that
reduces paracellular absorption of phosphate in the
gastrointestinal tract by local inhibition of the NHE3,
leading to reduced sodium absorption and proposed
conformational changes in claudin proteins present in
tight junctions that directly decrease the permeability
of the paracellular pathway to phosphate.”" Tenapanor
reduced phosphate concentrations in multiple clinical
trials and was generally well tolerated. A long-term
study in patients with CKD on dialysis showed that
77% of tenapanor-treated patients had a reduction
in serum phosphorus (mean 2 mg/dl).”” Tenapanor
has also been investigated with phosphate-binders as
part of a dual mechanism approach to phosphorus-
lowering in a 4-week human study.'”” A significantly
larger proportion of subjects treated with tenapanor
and binders achieved serum phosphorus concentra-
tions of <5.5 mg/dl at week 1 (49% vs. 21%;
P < 0.001), week 2 (41% vs. 24%; P = 0.003), week 3
(47% vs. 18%; P < 0.001), and week 4 (37% vs. 22%;
P = 0.01) compared with those who only received
binders.'”’

CKD-MBD treatment strategies should reflect the
centrality of phosphate within the greater set of min-
eral and endocrine disruptions. Given the evidence that
links phosphate control to reduced CV morbidity and
mortality presented here, it is logical that novel phos-
phate management therapies that more -effectively
achieve and maintain normal phosphate concentrations
would reduce morbidity and mortality. This can be
achieved via two pathways: (i) decreasing the risk of
all-cause and CV mortality independently associated
with phosphate retention and (ii) removing the stim-
ulus for the cascade of laboratory and bone
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abnormalities that lead to increased risk of CV
morbidity and mortality. Clinicians should consider
implementing new hyperphosphatemia treatment par-
adigms to  Dbetter serum  phosphate
concentrations <5.5 mg/dl (or ideally, normal values).
One emerging option would be to use targeted para-
cellular phosphate absorption inhibitors as an initial,
foundational treatment. If needed, adjunctive binders
may be added as part of a dual-mechanism approach for
patients with difficult-to-control phosphate.

achieve
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