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Hyperphosphatemia is a common complication in patients with chronic kidney disease (CKD), particularly
in those requiring renal replacement therapy. The importance of controlling serum phosphate has long
been recognized based on observational epidemiological studies that linked increased phosphate levels to
adverse outcomes and higher mortality risk. Experimental data further supported the role of phosphate in
the development of bone and cardiovascular diseases. Recent advances in our understanding of the
mechanisms involved in phosphate homeostasis have made it clear that the serum phosphate concen-
tration depends on a complex interplay among the kidneys, intestinal tract, and bone, and is tightly
regulated by a complex endocrine system. Moreover, the source of dietary phosphate and the use of
phosphate-based additives in industrialized foods are additional factors that are of particular importance in
CKD. Not surprisingly, the management of hyperphosphatemia is difficult, and, despite a multifaceted
approach, it remains unsuccessful in many patients. An additional issue is the fact that the supposedly
beneficial effect of phosphate lowering on hard clinical outcomes in interventional trials is a matter of
ongoing debate. In this review, we discuss currently available treatment approaches for controlling
hyperphosphatemia, including dietary phosphate restriction, reduction of intestinal phosphate absorption,
phosphate removal by dialysis, and management of renal osteodystrophy, with particular focus on
practical challenges and limitations, and on potential benefits and harms.
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yperphosphatemia is a common complication of

patients with CKD, particularly in those with end-
stage renal disease (ESRD). In general, high serum
phosphate levels are observed only in late stages of
CKD. An earlier increase in the course of CKD is pre-
vented by the activation of powerful compensatory
mechanisms, including an increase in fibroblast growth
factor 23 (FGF23) and parathyroid hormone (PTH)
secretion. Both hormones enhance the fractional excre-
tion of phosphate per functioning nephron, compen-
sating for the progressive loss of functioning nephron
mass.' In advanced CKD, these mechanisms become
gradually unable to overcome the continuous input of
phosphate from dietary intake, leading to a positive
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phosphate balance and hyperphosphatemia. The use
of certain medications, mainly vitamin D and its active
derivatives, may further aggravate the positive balance
by increasing intestinal absorption of phosphate.
Altered bone metabolism may also play a part in hyper-
phosphatemia through 2 distinct pathways: on the 1
hand, the increase in bone resorption characteristic of
high bone turnover states augments phosphate efflux
from bone to blood in advanced CKD stages; on the
other hand, the loss of bone buffering capacity charac-
teristic of low bone turnover states decreases the skel-
etal buffering capacity of increased extracellular
phosphate levels already in earlier CKD stages. Howev-
er, the concentration of serum phosphate is not only
the net result of phosphate ingestion, absorption, and
excretion. A recent study has demonstrated that the
nicotinamide phosphoribosyl transferase (Nampt)/
(NAD+) intracellular pathway plays a fundamental
role in activity of renal and intestinal phosphate trans-
porters. Thereby it regulates transcellular phosphate
shifts independent of oral phosphate ingestion, and
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contributes to the diurnal variation in serum phosphate
concentration.”” Moreover, in some clinical conditions,
serum phosphate can vary due to shifts of phosphate
from the extracellular to the intracellular space, or
vice versa. Most notably, massive cellular shifts of
phosphate out of the cells may occur in association
with lactic acidosis and diabetic ketoacidosis, causing
severe acute hyperphosphatemia. In addition to pro-
moting cellular phosphate exit, metabolic acidosis can
diminish glycolysis and therefore cellular phosphate
utilization, resulting in an
phosphate.”°

In clinical practice, the deleterious effects of high
serum phosphate levels in CKD were underestimated
for many years. Despite the well-known contribution
of phosphate retention to the development of second-
ary hyperparathyroidism, it was only in the late 1990s
that hyperphosphatemia began to be widely appreci-
ated as a potentially major cardiovascular villain. Using
data from the US Renal Data System, Block et al. found
an increased risk of death (relative risk, 1.27) associated
with serum phosphate levels >6.5 mg/dl. The increased
risk remained statistically significant even after
adjustment for confounders.” Subsequently, numerous
epidemiological studies, both in the general population
and in CKD patients, have tightened the knot between
phosphate excess and adverse outcomes.” ' BExperi-
mental studies have shed light on the mechanisms by
which phosphate may adversely affect the cardiovas-
cular system. Briefly, phosphate
contribute to vascular damage by inflammatory actions
on the vascular smooth muscle cell, the induction of
endothelial dysfunction, and the promotion of vascular
calcification.'” ' Furthermore, a high dietary phos-
phate content may contribute to atherogenesis.'” Be-
sides its cardiovascular toxicity, hyperphosphatemia
has also been linked to a more rapid progression of
CKD.'"'® Phosphate excess may also indirectly exert
noxious effects, for example, by inhibiting the renal
transformation of 25(0OH) vitamin D to 1,25(OH),vita-
min D, and by stimulating both FGF23 and parathyroid
hormone (PTH) secretion.'’™ "’

Based on a large body of clinical and experimental
evidence, the control of hyperphosphatemia has
emerged as a key element in the management of CKD
patients. However, the optimal range for serum phos-
phate levels in CKD patients is still controversial. The
KDOQI guidelines of 2011 suggested that phosphate
levels should be kept between 3.5 and 5.5 mg/dl,
whereas the subsequent KDIGO guideline of 2009 and
its recent update in 2017 opted for a less strict control,
suggesting that elevated phosphate levels should be
lowered toward the normal range.”’

increase in serum

may directly
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In daily clinical practice, the management of
hyperphosphatemia is based on 4 main strategies: (i)
restriction of dietary phosphate intake; (ii) reduction of
its intestinal absorption; (iii) phosphate removal by
dialysis; and (iv) treatment and prevention of renal
osteodystrophy.

This review will discuss these treatment approaches,
addressing their potential benefits, harms, and limita-
tions in light of the many practical challenges that arise
when managing hyperphosphatemia in patients with
CKD.

Dietary Phosphate Restriction

Reducing phosphate intake is a widely accepted strat-
egy to aid in the control of hyperphosphatemia. It is a
fundamental part of the recommendations issued by
both KDIGO and KDOQI guidelines, with a daily
phosphate intake of 800 to 1000 mg/d, and a daily
protein intake (as the major source of dietary phos-
phate) of 1.2 g/kg body weight.m’22 However, one
should be aware of several important issues when
proposing dietary phosphate restriction.

First, the bioavailability of phosphate needs to be
taken into account, and not the phosphate content of
food alone. In general, (i) phosphate bioavailability is
very low for plant-derived phosphate, probably due to a
lower phosphate:protein ratio and to the fact that
phosphate from vegetable origin (phytate) is less well
absorbed (usually <50%) because humans do not ex-
press the degrading enzyme phytase”’; (ii) its bioavail-
ability is much greater for processed food; and (iii) its
bioavailability appears to be intermediate for animal-
derived unprocessed meat. The impact of the source of
phosphate was examined in a crossover trial in 9 CKD
patients (mean estimated glomerular filtration rate 32 ml/
min) that compared vegetarian and meat diets with
equivalents nutrients.”* After 1 week on the vegetarian
diet, patients had lower serum phosphorus levels, a
trend toward decreased urinary 24-hour phosphorus
excretion, and significantly lower FGF23 levels in com-
parison to patients with the meat-based diet.

Second, there are sources of phosphate that are
commonly overlooked, mainly from processed foods
and medications. Almost all processed foods contain
phosphate additives, such as disodium phosphate,
monosodium phosphate, and potassium triphosphate,
to preserve their color and shelf lives. Inorganic
phosphorus, present in phosphate additives, is not
protein bound. It dissociates easily in the gut lumen
and therefore is more readily absorbed across the in-
testinal wall. In healthy humans, the fractional ab-
sorption rate of phosphate is approximately 70%.”" A
study comparing the phosphate content of similar
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processed food items with and without additives
showed that both total and soluble phosphate content
were greater in the foods containing phosphate addi-
tives, leading to a 70% higher phosphate uptake per
gram of protein.”® Another recent report has estimated
that as much as 40% of total phosphate intake may be
attributable to phosphate-containing additives.”” This
problem seems to be even more worrisome in in-
dividuals living in low-income communities.”® Impor-
tantly, dietary intake of inorganic phosphate has been
linked to higher carotid-intima thickness.”” Further-
more, as the phosphate content in processed foods is
often hidden, total phosphate intake is generally
underestimated. Additional concern stems from the
possible contribution of medication excipients to
phosphate overload. The phosphate content of
commonly prescribed drugs may be very high, for
instance 111.5mg for 40 mg of paroxetine, 32.6 mg for
10mg of lisinopril, and 40.1mg for 10mg of
amlodipine.

Most importantly, although phosphate lowering by
tight dietary restriction is often effective both in pre-
dialysis and in dialysis patients,”' *” a beneficial effect
on clinical outcomes remains to be demonstrated.”’
Moreover, severe protein restriction increases the risk
of malnutrition and eventually poorer outcomes.” An
alternative strategy for reducing phosphate content of
food is the manner of cooking, as cooking procedures
have been demonstrated to affect the bioavailability of
phosphate by breaking down food structure and
changing mineral solubility. In this regard, boiling
sliced meat for 30 minutes in soft water reduced its
phosphate content by 50%, with no significant
changes in the protein content.’” Finally, recent studies
further demonstrated the difficulty of controlling
serum phosphate with dietary phosphate restriction.
For instance, in a crossover feeding study in 11 CKD
patients (estimated glomerular filtration rate 30—45 ml/
min per 1.73 m®), a low-phosphate diet (1000 mg/d)
lowered serum phosphate levels in comparison to a
high-phosphate diet (2500 mg/d), with no change in
PTH or FGF23 levels.’® On the other hand, Chang et al.
could not demonstrate any effect of consuming a diet
with low content of phosphate additives (11 mg/d) for 3
weeks on serum phosphate and FGF23 levels in patients
with CKD stage 2 (mean estimated glomerular filtration
rate 79.0 = 25.3 ml/min per 1.73 m?), although urinary
phosphate excretion and serum PTH levels decreased
significantly.”’

With that in mind, dietary phosphate restriction in
CKD patients requires a rational approach rather than
an indiscriminate prescription of reduced dietary pro-
tein intake. The nature of dietary phosphate, including
hidden should be carefully

sources, examined.
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Appropriate dietary counseling and educational pro-
grams involving patients in their own care are impor-
tant. Encouraging patients to reduce meat consumption
and to shift to a grain-based vegetarian diet may allow
sufficient protein intake without adversely affecting
serum phosphate. Last but not least, it must be stressed
that dietary phosphate restriction is difficult to accept
and usually insufficient to achieve adequate control of
serum phosphate. Therefore, other strategies such as
phosphate binders, and phosphate removal by dialysis
in patients with ESRD, need to be discussed and pre-
scribed on an individual basis when deemed necessary.

Pharmacologic Approaches

Phosphate Binders

All effective phosphate binders reduce the absorption
of dietary phosphate in the gastrointestinal tract. The
mechanism of action is an exchange of the anion
phosphate with an active cation (carbonate, acetate,
oxyhydroxide, and citrate) to form a nonabsorbable
compound that is excreted in the feces.

Insufficient patient adherence is a central problem
associated with phosphate binder treatment, given the
usually high pill burden, large pill size, and ensuing
gastrointestinal adverse events.’® Even under super-
vised study conditions and short follow-up, more than
3 of 4 patients were found to adhere incompletely to
phosphate binder prescription.’’

Aluminum-Containing Phosphate Binders
Aluminum-based phosphate binders are among the
most effective and best-tolerated chelators as regards
acute side effects. In addition, treatment cost is low.
However, from the 1970s onward, an increasing num-
ber of dialysis patients were found to suffer from se-
intoxication, its clinical
manifestations being encephalopathy, osteomalacia,
microcytic anemia, and premature death.”’ In the ma-
jority of cases, dialysis fluid contamination by
aluminum was identified as the main culprit. Fortu-
nately, this dramatic epidemic could be solved subse-
quently by using more appropriate, ultrapure water as
dialysis fluid.** However, even in nondialyzed patients
with CKD, sporadic cases of aluminum intoxication due
to aluminium-containing phosphate binders were re-
ported as well.”” In this respect, it is noteworthy that
citrate has been found to enhance intestinal aluminum
absorption considerably, at least in predisposed in-
dividuals.” Uremic infants and children appear to be at
particularly high risk for oral aluminum overload,
possibly owing to a more permeable intestinal mucosa
at young age.”’

Therefore, at present, the prolonged use of
aluminium-containing phosphate binders in patients

vere aluminum major
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with CKD is strongly discouraged, in accordance with
recent clinical practice guidelines.zo

Calcium Carbonate and Calcium Acetate
Calcium-based binders (calcium carbonate and calcium
acetate) became the binders of choice in the 1980s and
1990s. They were found to be effective and to avoid the
complications sometimes observed with
aluminum-containing compounds.”**’

Calcium acetate is at least as effective as calcium
carbonate in lowering serum phosphate in chronic
dialysis patients***". However, hypercalcemia episodes
have been shown to occur more frequently with cal-
cium acetate.”’ In the predialysis setting, calcium ace-
tate was found to be effective in reducing serum
phosphorus and intact PTH over a 12-week period in a
randomized, double-blind, placebo-controlled trial,”
but calcium carbonate is equally effective.”’

A key concern with calcium-containing phosphate
binders is the rapid achievement of a positive calcium
balance due to daily calcium loading.”’ Effectively, in 2
small randomized trials in CKD 3b—4 patients, calcium
carbonate supplementation produced a slightly positive
calcium balance and did not affect phosphate bal-
ance,’>>> although in 1 of these patients it produced a
modest reduction in urinary phosphate excretion
compared with placebo.’

The development of ectopic calcification in the me-
dia and intima of arterial vessels has been recognized as
a major contributing factor for the excess cardiovas-
cular mortality observed in CKD patients.”* Calcium
overload may aggravate vascular calcification by
inducing positive calcium balance and directly acti-
vating the calcification process of the vascular smooth
muscle cells."® The mechanisms leading to vascular
calcification include an imbalance between inhibitors
and inducers of abnormal mineral deposition in soft
tissues, the latter including calcium and phosphate
excess, among others.”” Therefore, minimizing exoge-
nous calcium through reducing exposure to calcium-
based phosphate binders in the CKD population has
been suggested to be beneficial.”’

serious

Magnesium-Containing Phosphate Binders

Magnesium carbonate, which exhibits a relatively good
gastrointestinal tolerance profile, has been proposed as
a valid alternative phosphate binder to calcium acetate,
allowing hemodialysis patients to reduce their calcium
load.’® In addition, there is experimental evidence that
magnesium interferes with hydroxyapatite crystal
formation, a key process in vascular calcification.’’
rats, treatment with magnesium carbonate (CaMg)
effectively controlled serum phosphate levels and
reduced aortic calcification.’” In the clinical setting, an
open-label, prospective pilot study that evaluated

In
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coronary artery calcification progression in 7 hyper-
phosphatemic hemodialysis patients treated with
magnesium carbonate found no significant progression
in the 18-month follow up period.”” Another small,
open-label trial evaluated the progression of vascular
calcification diagnosed by plain X-ray in 72 hemodial-
ysis patients randomly allocated to receive CaMg plus
calcium acetate or calcium acetate alone as a phosphate
binders for 12 months. The authors found a small but
significant improvement of vascular calcification in the
magnesium-treated group.”’

Efficacy and tolerability were evaluated in a phase 3
randomized clinical trial comparing a combination of
calcium acetate and CaMg with that of sevelamer hy-
drochloride in 255 hemodialysis patients.’’ The authors
reported that CaMg was noninferior to sevelamer. Total
serum calcium increased slightly in CaMg group, but
this was not associated with a higher risk of frank
hypercalcemic episodes. An asymptomatic, albeit sig-
nificant, increase in serum magnesium occurred in the
CaMg group as well. Another small clinical trial in
peritoneal dialysis patients showed that CaMg was
somewhat less effective than calcium carbonate in
controlling serum phosphate, and, more importantly,
that diarrhea appeared to be a more common dose-
limiting adverse effect with CaMg.*”

More recently, a randomized, controlled trial,
designed to evaluate the effects of magnesium oxide
and an oral carbon adsorbent (AST-120) on vascular
calcification in predialysis CKD patients, stages 3 to 4,
showed that magnesium oxide was capable of slowing
down the progression of coronary artery calcification.
Notably, Mg oxide had no effect on the serum levels of
phosphate or its urinary fractional excretion.”” More-
over, in contrast to a previous smaller study in Chinese
predialysis CKD patients that reported a possible effect
of oral activate charcoal on phosphate control and
vascular calcification,”* Sakaguchi et al. did not notice
any effect of AST-120 on these parameters.”’ Differ-
ences between the chemical composition of the 2 for-
mulations and between characteristics of the study
population, such as ethnicity, age, and number of
diabetic patients included, might at least partially
explain these divergent findings.

Polymeric and Other Calcium-Free, Magnesium-Free
Phosphate Binders

Sevelamer. In 2001, sevelamer hydrochloride was
launched as the first non—metal-containing, nonab-
sorbable anion exchange binder. Currently, both sev-
elamer hydrochloride (HCI) and sevelamer carbonate
are used in clinical practice. Sevelamer is a crosslinked
polymer that exchanges HCl or carbonate for phosphate
in the gastrointestinal tract. The HCl and carbonate

Kidney International Reports (2019) 4, 1043-1056
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moieties are absorbed from the gut, and the resulting
phosphate-laden polymer is excreted in the feces.

Early studies demonstrated that sevelamer was
effective in controlling hyperphosphatemia in hemo-
dialysis and peritoneal dialysis patients without
inducing hypercalcemia as seen with calcium acetate or
calcium carbonate.”” ®" In peritoneal dialysis patients,
a small crossover study of calcium carbonate versus
sevelamer carbonate demonstrated that the compounds
were equally effective in reducing phosphate levels.
Moreover, sevelamer, but not calcium carbonate,
treatment was associated with improvement in endo-
thelial function (endothelin-1, plasminogen activator
inhibitor—1), as well as inflammatory markers (C-
reactive protein and interleukin-6)."® Clinical and
experimental studies also suggested that sevelamer
might prevent the accumulation of advanced glycation
end-products.””” 7

In addition to chelating phosphate, sevelamer also
binds bile salts,”' resulting in a significant reduction in
serum total cholesterol and low-density lipoprotein
cholesterol in dialysis patients,”” as well as a reduction
in plasma glucose in patients with type 2 diabetes.”’
One should keep in mind, however, that because of
its ability to bind bile salts, sevelamer may interfere
with normal fat absorption and the absorption of the
fat-soluble vitamins A, D, E, and K.”*

The progression of vascular calcification in CKD
patients taking calcium-based phosphate binders
versus sevelamer has been evaluated in several open-
label trials, which led to conflicting results.””"®
Despite biological plausibility, considering all avail-
able data together, the claim that sevelamer is capable
of improving coronary calcification compared to
calcium-based binders remains a matter of debate ac-
cording to a recent Cochrane meta-analysis.”” However,
the authors concluded that sevelamer might reduce all-
cause mortality.

Clinical issues of the treatment with sevelamer are a
relatively high pill burden,® gastrointestinal side ef-
fects,” and cost.” The cost issue should be solved with
severlamer’s patent expiration, depending on country-
specific regulations.

Bixalomer. Bixalomer is another amine-functional,
nonabsorbable polymer that is currently available
only in Japan. It appears to have better gastrointestinal
tolerability than sevelamer, as the compound absorbs
less water and therefore induces less swelling and

consequently higher fluidity.*’

In 2004, lanthanum carbonate
was launched as the first chewable, calcium-free
phosphate binder. It is the first phosphate-binding
compound to use the metal lanthanum for phosphate

Lanthanum Carbonate.
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chelation. In the gastrointestinal tract, lanthanum car-
bonate binds phosphate to form the nonabsorbable
compound lanthanum phosphate.

In addition to effective phosphate binding, this
compound offers the advantage of a low pill burden.
Phase IV studies conducted in different countries
demonstrated that phosphate
controlled with a daily pill burden of less than half
when compared to those of previous phosphate bind-
ers.” ® Lanthanum carbonate was also shown to be
effective in hyperphosphatemic, nondialysis CKD stage
4 to 5 patients in a multicenter, randomized, double-
blind, placebo-controlled trial.*’ In hemodialysis pa-
tients randomized to lanthanum or calcium carbonate,
phosphate levels fell similarly, whereas hypercalcemia
was restricted to the calcium carbonate group.*®

Key adverse effects of lanthanum reported in a
systematic review included vomiting, diarrhea, intra-
dialytic hypotension, cramps, myalgia, and abdominal
pain.”” Other problems with lanthanum carbonate
relate to its relatively low solubility™.

Lanthanum accumulation in the liver and many
other organs has been reported in uremic rats.”'
Lanthanum also accumulates in the bone of chronic
dialysis patients, with a 50- to 80-fold increase in bone
content after 1 to 3 years of lanthanum carbonate
therapy.gz"n However, this was not associated with
detectable clinical consequences. Most importantly,
there was no increase in the incidence of adverse events
associated with any organ function, in particular that
of bone, after up to 6 years of treatment of chronic
hemodialysis patients.””

levels were well

Ferric Citrate. In the gastrointestinal tract, ferric cit-
rate binds phosphate in exchange to citrate to form
ferric phosphate, which is insoluble and excreted in
the feces. Each pill contains 210 mg of elemental iron,
which is equivalent to 1 g of ferric citrate.

A phase III randomized, controlled trial compared
the effect of ferric citrate with non—iron-containing
phosphate binders (sevelamer or calcium-containing)
in 441 chronic hemodialysis patients.”” The follow-
up was 52 weeks. Ferric citrate was noninferior to
the comparator arm in controlling serum phosphate.
Furthermore, it increased serum ferritin, reduced the
need for intravenous iron and erythropoietin-
stimulating agents, and increased hemoglobin
levels.”””

Sucroferric Oxyhydroxide. Sucroferric oxyhydroxide
is a polynuclear, chewable, iron-based phosphate
binder. In the gastrointestinal tract, phosphate binds to
sucroferric oxyhydroxide to form an insoluble com-
pound. The sucrose and starch components of the
tablet are absorbed. These chewable tablets have the
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advantage of disintegrating rapidly upon contact with
water or saliva.” Sucroferric oxyhydroxide has
exhibited a high phosphate-binding capacity across the
physiological gastrointestinal pH range and minimal
iron release in preclinical studies.”’

A large phase III randomized, controlled trial
compared sucroferric oxyhydroxide with sevelamer
carbonate in 1029 hemodialysis and peritoneal dialysis
patients over 12 weeks, with a 24-week extension for
safety and 27-week extension for dose finding.”
Sucroferric oxyhydroxide was as effective as seve-
lamer in lowering serum phosphate in both hemo- and
peritoneal dialysis patients at an about 75% lower pill
burden and consecutive better adherence. The main
gastrointestinal side effect was mild, transient diarrhea,
whereas nausea and constipation were more common
with sevelamer.” The phosphate-lowering effect of
sucroferric oxyhydroxide was maintained over 1 year
of follow-up, and no iron overload was observed. In
hemodialysis patients, sucroferric oxyhydroxide may
lead to an increase in serum iron parameters, albeit to a
much lesser extent than what is observed with ferric
citrate.'”’ "'

Phosphate Binder Choice

Effects on Biochemical and lintermediate Endpoints. A
recent Cochrane review including 104 randomized
clinical trials from 29 different countries involving
13,744 adults with CKD concluded that there was no
evidence of inferiority or superiority of calcium-based
versus non—calcium-based phosphate binders in the
control of hyperphosphatemia. In addition, there was
no evidence that non—calcium-based phosphate
binders were superior in improving the risk of frac-
ture, pruritus, calciphylaxis, or coronary calcification
compared to calcium-based binders. As expected, the
risk for hypercalcemia was significantly higher with
calcium-based phosphate binders.””

Effects on Mortality. In a systematic meta-analysis of
randomized trials that included 4622 patients and 936
deaths, there was a 22% reduction in all-cause mor-
tality in patients receiving non—calcium-based phos-
phate binders (sevelamer or lanthanum) compared with
patients assigned to calcium-based regimens.'”’ Similar
reductions in mortality were observed in non-
randomized trials or when nondialysis patients with
CKD and dialysis patients were considered separately.
Notably, the reduction in mortality associated with
non—calcium-based phosphate binders seemed to be
independent of the degree of serum phosphate reduc-
tion, which did not differ by treatment assignment.
The already-mentioned, more recent Cochrane system-
atic review also led to the conclusion that sevelamer,
compared to calcium-based binders, might lower
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Table 1. Main advantages and disadvantages of currently used
phosphate binders

Usual dose
Drug (pill burden)® Advantages Disadvantages
Calcium 500-1250 mg Lower pill burden Calcium overload
carbonate (3-6 tablets)

Calcium 667 mg As effective as Calcium overload
acetate (6-12 capsules) calcium carbonate High pill burden
Magnesium 63 mg Good Gl tolerance, Hypermagnesemia

carbonate (2-6 capsules) lower pill burden
Sevelamer 800 mg | LDL-cholesterol levels, High pill burden, Gl
hydrocloride (6-12 capsules) better survival in HD side effects,
metabolic acidosis
Sevelamer 800 mg | LDL-cholesterol levels, High pill burden, GI
carbonate (6-12 capsules) better survival in HD side effects
Bixalomer 250 mg Good Gl tolerance High pill burden
(6-14 capsules)
Lanthanum 250-1000 mg Lower pill burden, Low solubility
carbonate (3-6 chewable good Gl folerance  Tissue accumulation,
fablets) eg, bone
Ferric citrate 210 mg Lower pill burden, Gl side effects (mild)
(4-5 tablets) | iron suplementation |
ESA doses
Sucroferric 500 mg Lower pill burden Gl side effects (mild)

oxyhydroxide (2-6 chewable

tablets)

ESA, erythropoiesis stimulating agents; Gl, gastrointestinal; HD, hemodialysis; LDL,
low-density lipoprotein.
?Based on package leaftlet information or cited clinical trials.

all-cause death in adults with CKD. It was uncertain
whether lanthanum carbonate also decreased mortality
compared with calcium-based binders, as there was a
paucity of data and as comparative data for iron-
containing binders were absent.”’

A smaller, more recent systematic review of 9
randomized controlled trials involving 2813 adult
hemodialysis patients compared the effects of
lanthanum carbonate with those of other phosphate
binders (calcium carbonate, calcium acetate, and sev-
elamer). The authors showed that all-cause mortality
was significantly lower on lanthanum carbonate than
on standard therapy. However, there was no signifi-
cant difference between the groups in cardiovascular
event rate, and serum phosphate control was
comparable.'”*

Table 1 summarizes the characteristics of currently
used phosphate binders.

Drugs Targeting Intestinal Phosphate Transporters

Intestinal phosphate absorption occurs via 2 distinct
mechanisms: passive paracellular transport along a
concentration gradient, and active sodium-dependent
transcellular transport via transporter or exchanger
proteins.'”” The sodium-dependent inorganic phos-
phate cotransporter NaPi2b is primarily responsible for
phosphate absorption in the gut.'”® In addition, the
sodium/hydrogen ion-exchanger isoform 3 (NHE3)
plays a role in secondary active phosphate absorption.

Kidney International Reports (2019) 4, 1043-1056
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It has been suggested that, in CKD, phosphate che-
lation in the gut lumen results in a compensatory
upregulation of active transepithelial phosphate trans-
port.'”” Therefore, inhibition of phosphate transporter
activities, either alone or in conjunction with phos-
phate binders, has long been viewed as a possible
alternative or complementary approach to hyper-
phosphatemia control in patients with CKD.'"

Nicotinic Acid and Nicotinamide. Nicotinic acid
(niacin), a water-soluble organic compound that can be
metabolized to nicotinamide (also known as niacin-
amide), lowers sodium-dependent intestinal phosphate
absorption via a reduction in NaPi2b expression.lo‘)/llo

Several uncontrolled and controlled studies in
nondialysis CKD patients and in chronic hemodialysis
patients, respectively, showed that niacin or nico-
tinamide treatment led to reduction in serum phos-
phate.''' """ The degree of reduction was generally
modest, and side effects were frequent, with high
dropout rates. Adverse effects included flushing,
nausea, diarrhea, thrombocytopenia, and accumula-
tion of potentially toxic metabolites.''” A recent
experimental study in uremic rats showed that nico-
tinamide unexpectedly increased soft tissue calcifi-
cation.''® In our opinion, nicotinamide as a single
agent is not suited for hyperphosphatemia control in
CKD. It has yet to be shown whether there remains
any place for low-dose nicotinamide treatment as add-
on therapy to established phosphate binders in pa-
tients with moderate to severe CKD or in dialysis
patients. e

Tenapanor. Tenapanor is an inhibitor of the NHE3
that reduces intestinal sodium and phosphate
absorption.' "’

In a phase II randomized, double-blind, placebo-
controlled, dose-finding study that assessed the effects
of tenapanor on hyperphosphatemia in 162 patients
receiving hemodialysis therapy, this drug induced
dose-dependent reductions in mean serum phosphate
level from baseline, ranging from —0.47 to —1.98 mg/
dl, with the largest reductions occurring in the
tenapanor dosing groups, with good drug tolerability.
The most common adverse event causing discontinu-
ation was diarrhea.''® These findings have been
recently confirmed in a phase IIT randomized, double-
blind, placebo-controlled trial. Tenapanor treatment
for 8 weeks significantly reduced phosphate levels by
a mean of 1.0-1.2 mg/dl in hyperphosphatemic he-
modialysis patients. Adverse events were mainly
restricted to stool softening and increased bowel
movements.' '’

Figure 1 illustrates the mechanisms of action of
phosphate-lowering pharmacological therapies.
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Dialytic Removal of Phosphate by Renal
Replacement Therapies

Dialytic removal of phosphate is around 300 mg/d in
patients on peritoneal dialysis therapy and 800 mg per
session in those receiving hemodialysis therapy on a
thrice-weekly regimen, corresponding to approxi-
mately 350 mg/d.'*”'*" Assuming a constant daily
phosphate intake of 1000 mg/d and a net intestinal
absorption of 60% to 70%, one easily notices that the
amount of phosphate absorbed in a week would range
from 4200 mg to 4900 mg, which is far beyond the total
amount weekly removed by dialysis: approximately
2400 mg with hemodialysis, and 2100 mg with peri-
toneal dialysis. As a result, conventional hemodialysis
or peritoneal dialysis alone does not allow achieving a
neutral phosphate balance.

Alternative renal replacement strategies can be used
to improve phosphate control. The Frequent Hemodial-
ysis Network Daily and Nocturnal Trials have demon-
strated that more intensive hemodialysis is capable of
achieving an increase in phosphate dialytic removal.'*
At the end of the study, assignment to daily hemodial-
ysis (for 1.5—2.75 hours, 6 times/wk) or to nocturnal
hemodialysis (for 6—8 hours, 6 times/wk) led to a sig-
nificant decrease in mean serum phosphorus of 0.46 and
1.24 mg/dl, respectively, compared with conventional
hemodialysis. Moreover, 42% of patients on nocturnal
hemodialysis required the addition of phosphate into the
dialysate to prevent hypophosphatemia. Furthermore,
both modalities allowed a significant reduction of
phosphate binder prescriptions. Therefore, an increase
in either the frequency or the duration of hemodialysis
may allow a more efficient removal of phosphate.

The possible contribution of greater convective so-
lute removal provided by hemodiafiltration has also
been examined. No beneficial effect of hemodiafiltra-
tion in comparison to high-flux hemodialysis on the
control of mineral metabolism parameters, including
phosphate levels, has been demonstrated.'*”"'**

Preservation of Residual Renal Function

Finally, it should be reinforced that renal function
should be preserved along all stages of CKD, including
CKD 5D. In ESRD, urinary phosphate excretion relies
more on glomerular filtration rate than on tubular
function. Moreover, PTH may act on the kidneys even
when glomerular filtration rate is as low as 3 ml/min."*’
Indeed, hemodialysis and peritoneal dialysis patients
with residual renal fucntion have a better control of
serum phosphate levels than their counterparts.'**'*’

Does Serum Phosphate Alone Matter?

At first glance, the answer seems quite obvious:
phosphate matters. Clearly, extremely high as well as
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Figure 1. Mechanisms of action of phosphate-lowering pharmacological agents. (a) Phosphate binders reduce the intestinal absorption of
dietary phosphate by forming a nonabsorbable compound in the gastrointestinal tract lumen that is excreted in the feces. (b) Nicotinic acid
(niacin) and nicotinamide (niacinamide) inhibit sodium-dependent, active intestinal phosphate absorption via a reduction in NaPi2b expression;
tenapanor reduces intestinal sodium and phosphate absorption by inhibiting the sodium/hydrogen ion-exchanger isoform 3 (NHE3), leading to
intracellular proton accumulation and inducing a conformational change in tight junction proteins, thereby decreasing permeability to para-

cellular phosphate transport.

extremely low serum phosphate levels are dangerous in
the long run. However, this apparently easy answer to
the question needs to undergo closer scrutiny because
of the complexity of the regulation of phosphate
metabolism and its disturbances in CKD. A number of
regulatory factors should be taken into account when
analysing the level of serum phosphate and before
deciding to act on it.” First of all, serum phosphate
exhibits a marked circadian rhythm, with a peak
around 3:00 am and a nadir around 11:00 am, which is
partially influenced by the time and the type of
phosphate ingestion, and partially on the Nampt/
NAD+ intracellular pathway.” Therefore, timing of
blood sampling is important. Second, with regard to
hemodialysis patients, because phosphate is removed
by renal replacement therapy, the distance of blood
sampling with respect to the last dialysis session is also
important.'**'*” Third, the intraindividual variation of
serum phosphate, as for most of the other mineral
metabolism parameters, is greater among ESRD patients
than in healthy subjects. It has been estimated that at
least 8 blood samples are required to estimate the true
set point for serum phosphate in such patients.'”
Therefore, recommendations for phosphate-lowering
treatments and treatment changes should rely on se-
rial measurements and trends rather than on a single
estimation.

The serum phosphate level is not a sensitive marker
of the state of body phosphate load. Serum phosphate
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does not rise above normal until the glomerular filtra-
tion rate falls below 30 ml/min per 1.73 m®. Urinary
total phosphate excretion is not a reliable indicator of
phosphate overload either. In contrast, fractional
phosphate excretion provides information on the
body’s adaptation to the need to excrete increasing
amounts of phosphate per remaining functional
nephron. Thus, compared with fasting healthy sub-
jects, fasting patients with CKD had significantly
higher FGF23 levels and fractional phosphate excre-
tion, although there was no difference in serum
phosphate levels.'’' Interestingly, in a subsequent 4-
hour—postprandial period, urinary phosphate excre-
tion increased despite unchanged serum phosphate
and FGF23 levels, but serum PTH was increased. A
short-term randomized trial that analyzed the effects
of sevelamer and calcium acetate, respectively, on
mineral metabolism parameters in 40 patients with
CKD stages 3 to 4 showed a progressive decline in both
total and fractional phosphate excretion, but no
change in serum phosphate, after a 6-week period on
either phosphate binder treatment.'*” Of note, frac-
tional phosphate excretion can be accurately evalu-
ated in spot urine samples.

Finally, because serum FGF23 increases early in the
course of CKD as an adaptive response to prevent
phosphate overload, the hypothesis was made that it
might be a valuable surrogate marker for long-term
serum phosphate fluctuations, like HbAIC for serum

Kidney International Reports (2019) 4, 1043-1056
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glucose, and might provide guidance for clinical in-
terventions. This hypothesis had to be given up with
the subsequent advances in our understanding of the
numerous mechanisms other than phosphate that play
a role in the regulation of FGF23 secretion, such as
calcium, PTH, vitamin D, and iron, as well as inflam-
mation.' " In keeping with this knowledge, calcium-
based and calcium-free phosphate binders exert
different actions on FGF23 secretion despite comparable
phosphate-lowering effects.' ' *>'*°

Treatment and Prevention of Renal
Osteodystrophy

Given that 85% of the human body’s phosphate is
located in the bone and teeth, as opposed to an only
modest presence in extracellular fluid and soft tissues,
bone health is of paramount importance in phosphate
homeostasis."”” The disorder of bone morphology and
function, termed renal osteodystrophy, is an almost
universal finding in patients with CKD.'”® It occurs
already in early stages of the disease. From a histologic
point of view, renal osteodystrophy comprises high-
turnover (osteitis fibrosa and mixed renal osteodys-
trophy) at later CKD stages and low-turnover bone
disease (adynamic osteopathy) at early and later CKD
stages.'””'”* Both types may contribute to hyper-
phosphatemia, either by increasing bone resorption
and phosphate release, or by reducing bone formation
and phosphate uptake.

The main means to reduce high-turnover bone dis-
ease consists in treating secondary hyperparathyroid-
ism. Currently available drugs for this purpose differ in
their effects on serum phosphate. Active vitamin D
derivatives increase intestinal phosphate absorption
and, consequently, its serum levels. They also increase
serum FGF23 levels. On the other hand, calcimimetics
lower both serum PTH and phosphate,*”'* an effect
equally exerted by orally and intravenously adminis-
tered agents.'"' Because calcium is the primary regu-
lator of PTH secretion, it comes as no surprise that
calcium-containing phosphate binders also lower
serum PTH, and that excessive doses can induce hy-
poparathyroidism and adynamic osteopathy.

A potential improvement of hyperphosphatemia
control by treating low-turnover bone disease has
received little attention so far. In chronic hemodialysis
or peritoneal dialysis patients, low serum PTH can be
raised by lowering dialysate calcium concentration,
and this was shown to leave serum phosphate unal-
tered.'””'*” A plausible explanation is that amelio-
rating bone remodeling facilitates phosphate uptake by
bone via improved bone formation and mineralization;
however, concomitantly the increase in serum PTH
favors the occurrence of hyperphosphatemia in the
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absence of functioning kidneys, eventually resulting in
a net zero change in serum phosphate. Finally, another
issue that might deserve investigation is the role of
bone turnover in phosphate mass removal during
dialysis therapy, similarly to its reported role in per-
dialytic calcium mass balance.'"*

CONCLUSIONS

The management of hyperphosphatemia in CKD re-
mains a major challenge for both nephrologists and
patients. Because of the complexity of the regulation of
phosphate metabolism and its disturbances in CKD, it is
of paramount importance to understand the patho-
genesis of hyperphosphatemia. Only this will enable an
optimal choice among the different, currently available
therapeutic modalities (Figure 2) and possibly new
options under development. Far from being the only
culprit, the amount and type of dietary phosphate re-
quires cautious attention, with special focus on hidden
phosphate sources. There is still a widespread lack of
awareness and information on the high phosphate
content of many industrialized foods and beverages.
Gastrointestinal intolerance is induced by most of the
phosphate binders. It frequently results in poor
compliance. A phosphate binder that is not taken is of
no use even if its binding capacity is excellent. This
should not be overlooked. In ESRD patients receiving
dialysis therapy, all possible efforts should be made to
preserve residual renal function, because it contributes
to the clearance of uremic solutes, including phosphate,
and the adequacy of phosphate removal, along with
residual kidney function, needs to be checked when
hyperphosphatemia cannot be controlled correctly.
Importantly, different factors and disturbances often
are simultaneously present in the same patient, but
differ from 1 patient to the other. All recognizable
factors need to be taken into account when choosing
the best possible strategy for the control of hyper-
phosphatemia, including effectiveness, safety, cost, pill
burden, and interference with individual patient’s
daily activities. Hyperphosphatemia should be treated
only if persistent and/or progressive. Clinical condi-
tions, such as transient organ function disturbances,
nutritional status, and residual renal function need to
be taken into account to determine the best therapeutic
approach. Systematic reviews of currently available
data suggest a potential benefit of calcium-free phos-
phate binders over calcium-based binders for overall
survival. There is still a gap in knowledge regarding (i)
the optimal timing and strategies to avoid phosphate
overload during the course of CKD, (ii) the best
approach for monitoring therapy efficacy, and (iii) the
effect of bone remodeling on phosphate removal during
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Figure 2. Therapeutic approaches to control serum phosphate in patients with chronic kidney disease.

dialysis. Finally, it remains to be convincingly shown
by prospective randomized trials which degree of
phosphate control is needed to achieve optimal clinical
outcomes in patients with CKD.
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