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Abstract

Background

The impact of dietary phosphorus (P) excess, especially on renal and cardiovascular health,
has been investigated in several species, but little is known in dogs.

Objective

The aim of this study was to examine effects of different P sources on concentration and
postprandial kinetics of selected parameters of P homeostasis in dogs.

Methods

Eight beagles received one control diet (P 0.5% dry matter [DM]) and three high P diets
(poultry meal, NaH,PO,, and KHoPOy; P 1.7% DM) for 18d. Urine samples were collected
pre- and postprandially while faeces were collected quantitatively for 5d and analysed for
minerals. On day 18, blood was sampled 1h pre-and 0.5, 1, 1.5, 2, 3, 5and 7h
postprandially.

Results

Pi (KH>-PO4, NaH,PO,) but not organic P caused an increased apparent P digestibility and
significantly influenced kinetics of serum FGF23, parathyroid hormone, P, CrossLaps and
bonespecific alkaline phosphatase, demonstrating a disrupted calcium (Ca) and P homeo-
stasis with potential harm for renal, cardiovascular and skeletal health.

Conclusions

Results of feeding Pi to dogs indicate distinct disturbances of Ca and P metabolism, in con-
trast to organic sources. The use of Piin food can therefore not be considered as safe. Fur-
ther research, especially on dose and long-term effects, is warranted.
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Introduction

Phosphorus (P) is an essential nutrient for virtually all living organisms and is involved in
more than 2000 cellular reactions [1]. Dietary P is present naturally in plant and animal tissue,
in the form of organic esters and hydroxyl apatite (organic P). Forms of inorganic P salts (Pi)
can also be added to processed food and animal feed to meet P requirements or as additive for
technical purposes, including water binding, preservation, texture, colour, and palatability
enhancement. This nomenclature has drawbacks, but is established in this scientific field [2].
Furthermore, the use of Pi has increased since the late 1980s [3], when efforts began to reduce
the use of sodium compounds as additives during food processing [4]. This trend is also pres-
ent in pet food, where the recommended daily allowance for P is often exceeded severalfold
[5-11]. As these additives are ‘Generally Recognized As Safe’ (GRAS), labelling is not always
mandatory [4,10,12,13]. In humans dietary Pi has been linked to renal, cardiovascular and
skeletal diseases [4,10,14-19]. This study was conducted to investigate the impact of dietary Pi
on canine P homeostasis and health in general, as little work has been done in this field on
dogs.

In humans and animals, a complex endocrine system regulates serum phosphorus (sP) lev-
els via the kidneys, skeleton and gastrointestinal tract. The degree of renal P excretion is the
major regulating pathway, with 80-90% of P reabsorbed by the kidneys under normal condi-
tions [20]. Although it is not yet known how the dietary P load is sensed by the body [21], high
dietary P intake activates the secretion of fibroblast growth factor 23 (FGF23; [22]). FGF23 is a
potent phosphatonin, secreted by osteocytes in case of hyperphosphatemia and high serum
1,25-(OH),-D3 concentrations [23-27]. In rodents, it was demonstrated that FGF23 inhibits
1,25-(OH),-D; mediated active P uptake from the intestine [25,27,28] and reduces the density
of renal NaPi-I, NaPi-Ila and NaPi-IIc cotransporters in the proximal tubules [29,30], increas-
ing P excretion [31]. Little work has been done in veterinary medicine, but a phosphatonin-
bone-kidney axis is assumed to also exist in dogs [31,32]. Several breeds were found to reduce
their renal excretion of P when fed a diet deficient in P [33]. Parathyroid hormone (PTH)
increases renal P excretion and additionally increases serum calcium (sCa; [34]) by decreasing
the density of renal P transporters [35] and by stimulating osteoclastic activity [36]. Both hor-
mones FGF23 and PTH act to regain balance of serum Ca and P concentrations. It is assumed
that next to other hemostatic measures, dogs seek to maintain a constant serum Ca rather by
increasing sP through bone turnover than by adapting intestinal absorption rates [37-41].

In the last several decades, discussion on the adverse effects of dietary Pi additives has inten-
sified, partly because of the increasing prevalence of chronic kidney disease (CKD) in humans
[17] and cats [42]. The number of studies reporting detrimental effects of Pi on renal, skeletal
and cardiovascular health of humans [17,43], rodents [44,45], cats [46-49] and dogs [50-52]
has increased. An impaired ability to handle dietary P load in renal disease [53] causes hyper-
phosphatemia and the constant stimulation of PTH and FGF23 secretion. This results in sec-
ondary renal hyperparathyroidism (SRH) and a loss of bone mass, termed chronic kidney
disease-mineral bone disorder (CKD-MBD; [54]). The elevated serum concentrations of sP
and FGF23 are associated with cardiovascular disease and increased mortality in human
patients with CKD [55-60]. CKD has a lower prevalence in dogs than in cats (0.05-3.74% vs.
7.6%; [61,62]), but SRH and hyperphosphatemia are associated with both feline and canine
CKD [63]. Schneider et al. (1980) demonstrated that dogs developed CKD after an excessive
intake of Pi (0.8 g K,HPO,/kg BW; [52]). In dogs, SRH caused by a dietary P excess is accom-
panied by bone loss and soft tissue calcification, especially in the kidneys and vascular media
[64-66]. Harjes et al. (2017) were able to show that FGF23 increases early in CKD cases in
dogs, and therefore suggested FGF23 as an early biomarker [67].
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In addition to the dietary levels of P, several studies have shown that the source of dietary P
is an important factor in adverse effects on i.a. renal health. In cats, the source of P has been
found to influence P availability, postprandial serum P concentrations as well as renal excre-
tion [49,68,69]. Pi is not a naturally occurring dietary P source and is significantly more avail-
able for absorption from the gastrointestinal tract than organic forms in humans [4]. In animal
feed, Pi additives are relatively soluble in water and acidic solutions [9,70], a precondition
modulating amount and rate of P absorption. In dogs, Siedler (2018) was able to show effects
of P source on several serum parameters including PTH and sP 2 hours (h) postprandially
(ppr, [71]). The aim of the present study was to verify the results of Siedler (2018; [71]) and to
further investigate the effects of an excessive P intake from different sources on the apparent
digestibility (aD) of P and the kinetics of P homeostasis. We hypothesise, that kinetics of bio-
markers for bone turnover, as well as FGF23, PTH and sP, will respond to the source and
amount of dietary P.

Animals, materials and methods

This study was conducted between August 2017 and April 2018, using eight healthy beagles (3
+1y; 14+1 kg BW, BCS 5/9 according to Laflamme [72]) acquired from the chair’s kennel. The
animals were housed in outdoor kennels in their familiar groups during day and individually
in indoor kennels with concrete floor equipped with pet beds at night. Free access to water was
always available. All procedures and protocols were conducted in accordance with the guide-
lines of the Protection of Animals Act. The study was approved by the representative of the
Veterinary Faculty for animal welfare and the Government of Upper Bavaria (reference num-
ber AZ 55.2-1-54-2532-30-17). After the study, the two youngest dogs remained in the facility
for further research and the other six dogs were rehomed.

Three weeks prior to the start of the study, beagles were fed a complete maintenance food
supplemented with casein, gelatin, CaCOj3 and lard (when necessary), to ensure a Ca and P
intake according to their individual requirements. Each dog was then exposed to four consecu-
tive dietary treatments following the identical order in all dogs. One control treatment (CON),
meeting exact P requirements, and three treatments containing high levels of dietary P from
an organic or inorganic source (HP; Table 1): 1) poultry carcass meal (HPCM; organic), 2)
monosodium phosphate (HPNaP; NaH,PO,; inorganic), or 3) monopotassium phosphate
(HPKP; KH,PO,; inorganic). The latter ones are both registered as additives (EU: EG 1831/
2003 and US: 21 CFR 582) and single feedstuffs (e.g. in the EU: EG 68/2013). Each of the die-
tary trial periods consisted of 3 d dietary adjustment, 10 d adaptation and 5 d balance period,
followed by a washout period of >14 d, using the control diet (CON). The CON consisted of a
complete and balanced diet (64% tribe, 32% rice and 4% casein; Ca/P = 1.4/1) and served as

Table 1. Content of crude nutrients, and energy (ME) in the control diet (CON) and 3 high phosphorus diets, con-
taining either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP) as a dietary source of
phosphorus.

Diet DM cP cFi cF ME

[%] [% DM] [M]J/100 g DM]
CON 37 37 1 36 2.3
HPCM 54 54 0 9 1.9
HPNaP 33 34 4 25 1.8
HPKP 34 34 1 25 1.8

DM = dry matter, cP = crude protein, cF = crude fat, cFi = crude fiber, ME = metabolisable energy.

https://doi.org/10.1371/journal.pone.0246950.t001
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Table 2. Content of minerals, total P and P from inorganic sources (Pi), and Ca/P ratio in the control diet (CON) and 3 high phosphorus diets, containing either
poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP) as a dietary source of phosphorus.

total P Pi
595 280
2133 0
2571 2154
2409 2079

DM = dry matter.

https://doi.org/10.1371/journal.pone.0246950.t002

Ca Na K Mg Cl Ca/P
[mg/100 g DM]
804 162 875 192 981 1.4
4066 238 658 127 296 1.9
3477 1700 731 164 674 1.4
3302 151 2721 58 203 1.4

the basis for two of the HP diets. For the CON diet, the majority of the RDA was met through
organic P from dietary components, with CaH,PO, added to reach the required levels.

In the HP diets, P was supplied at fivefold RDA. To obtain the targeted Ca/P of 1.4/1,
CaCOj; was added to CON, HPNaP, HPKP. In HPCM, poultry meal served as a protein source
as well as the only P source (57% poultry meal, 43% rice; Ca/P = 1.9/1). Carcass meal has a
wide Ca/P ratio [73], and as such the resulting Ca/P was higher in HPCM than in the other
diets (1.9/1 vs. 1.4/1; Tables 1 and 2). The feed was cooked and stored at -20°C. All dogs
received the same amount of feed, individually supplemented with lard in case of higher
energy requirements of individual animals. To achieve this, the dog with the lowest individual
energy requirement served as reference for calculating the basal amount of feed. Minerals and
vitamins were supplied using a specifically manufactured supplement to meet or exceed
requirements [74]. Feed was apportioned individually to meet each animal’s requirements
according to their metabolic body weight (BW’”?). The feed was offered to the dogs as single
meal daily, at the same time and in an identical order. In case of incomplete food consump-
tion, leftover amounts were weighed.

During the balance period, faeces were collected quantitatively and weighed, frozen, lyophi-
lised and pooled per dog, ground and homogenized. Because the keeping of dogs in metabolic
cages even for limited periods is not acceptable for the proper authority of the approving pro-
cess (Government of Upper Bavaria), a quantitative collection of urine was not feasible. There-
fore, spontaneous urine was sampled ~2 h pre- and ~2 h postprandially (prpr and ppr,
respectively) using a special scoop. After measuring of pH and urine specific gravity (USG;),
the samples were stored at -20° C. On the last day of the balance trial (day 18), blood was sam-
pled 1 h prpr- and 0.5, 1, 1.5, 2, 3, 5and 7 h ppr. (V. cephalica antebrachii), always adhering to
the same order of dogs in all four trials. Blood samples were allowed to clot for 20 minutes at
room temperature before centrifugation (1.260 g) for 10 minutes and serum was aliquoted
into several Eppendorf safe-lock cups. For FGF23 measurements, whole blood was allowed to
clot for 2 h before centrifugation at 560 g for 15 minutes. Preanalytical artefacts due to haemo-
lytic samples can be ruled out. Feed and faeces samples were analysed for dry matter (DM),
metabolisable energy (ME), crude nutrients and major minerals. They were wet digested with
65% HNOj; in a microwave system [75]. Crude nutrients were analysed according to the
Weende method (VDLUFA 2012), both in feed and faeces. Apparent digestibility (aD) was cal-
culated. ME was estimated based on gross energy (GE) using analysed GE according to Euro-
pean standards [76]. Serum, food, faeces and urine were analysed for P photometrically using
the vanadate molybdate method modified according to Gericke und Kurmies (1952; [77]) at
366 nm. Ca, Na, K were measured by flame photometry, and Mg by atom absorption spec-
trometry. Urine was analysed for creatinine (Crea) using the Jaffé-method (MicroVue Creati-
nine Assay Kit, Quidel Corporation, San Diego, USA). As the study design did not allow
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collecting urine quantitatively, the values for P were related to Crea (P/Crea) and the difference
between the prpr and ppr P/Crea [%] (rel. Diff.,,,,,. P/Crea) was calculated. Serum was stored
in Eppendorf safe-lock cups at -20° C for minerals, CrossLaps and bALP. Cups intended for
PTH and FGF23 analysis were stored at -80° C. Cups for PTH were sent to ALOMED labora-
tories (ALOMED, Radolfszell, Germany) on dry ice. A direct luminometric sandwich immu-
noassay (ILMA) was employed, which uses two polyclonal antibodies against different
epitopes of intact human PTH. The first antibody is focused against the N-terminal epitope
and acts, through its marking with acridinium-esther, as tracer. The second antibody is
focused against the C-terminal epitope and is solid bound. The reference range given by the
laboratory for adult dogs is 8-45 pg/ml. CrossLaps are a degradation product of mature colla-
gen type I and therefore a biomarker for bone resorption [78,79]. They were analyzed with an
ELISA for human serum samples, validated for dogs (Serum CrossLaps (CTX-I) ELISA kit; ids
GmbH, Frankfurt/ Main, Germany). According to literature, reference ranges for dogs are
0.11-1.83 ng/ml [80]. Bone formation was quantified using the marker bone specific alkaline
phosphatase (bALP) [33,41,71,78,81]. An enzyme immunoassay validated for dogs (MicroVue
Bone BAP EIA; Quidel, San Diego, USA) was used for bALP determination. The reference
range for adult dogs is 7.0 + 2.5 U/L (2-3 years old) and 6.7 £ 3.6 U/L (3-7 years old), respec-
tively [82]. Further marker of bone turnover were not determined due to limited amounts of
serum available for all laboratory analyses. To determine values for FGF23, a sandwich ELISA
with an anti-human FGF23 mouse monoclonal antibody was used (KAINOS Laboratories
Inc., Tokyo, Japan). The kit is validated for dogs [67] and used routinely in canine trials
[67,83,84]. To our knowledge, no reference range has been defined for dogs, but Harjes et al.
(2017) reported of values between 211-449 (mean 315) pg/ml in healthy dogs (n = 10; [67]).

Statistical analysis was performed by using SPSS 24.0 (IBM). Every dog underwent the con-
trol phase and the three trials, therefore data were analysed using a repeated measures design.
Data were visually checked for normality using q-q plots. Where data were normally distrib-
uted, parametric methods were applied; means + standard deviation are presented. A one-way
ANOVA for repeated measurements was conducted to compare the values of each dog across
the control and three treatments. For pairwise comparisons, a post hoc test with Bonferroni
correction was used. To evaluate the degree of association between aD P and AUC,_; sP (not
normally distributed), the non-parametric correlation coefficient Spearman’s rho was calcu-
lated. A p-value <0.05 was considered significant, <0.001 highly significant.

Results

All dogs remained clinically healthy during this study, as assessed by daily visual inspection
and detailed weekly health checks by the keepers. The meals were completely consumed. The
mean DM intake amounted to 11+1, 14+0, 13+1 and 16+2 g/kg BW/d in diets CON, HPCM,
HPNaP and HPKP, respectively. Appetite was slightly reduced in two dogs during trial HPKP,
resulting in a prolonged period of food intake during the balance trial (maximum 1 h). All
dogs maintained their bodyweight with a mean standard deviation of 0.7 kg and a body condi-
tion score (BCS) of 5/9 [72]. No abnormalities were detected in faeces quality during all four
trials.

The total P intake was similar in all 3 HP diets, whereas the amount of Pi intake was highest
in diet HPNaP and HPKP, as intended (Table 3). There was a significant effect of P source on
the intake of Na and K, with the highest Na intake recorded in the HPNaP diet and the highest
K intake in the HPKP diet. The Mg intake in all 3 HP diets was higher than in the CON diet,
but more distinctly increased in diets HPCM and HPNaP.
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Table 3. Absolute amount of major mineral intake [mg/kg BW®7>/d] in dogs fed a control (CON) and 3 high phosphorus diets, containing either poultry carcass
meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP) as a P source.

Mineral intake P Pi Ca Na K
[mg/kg BW*7/d]
CON 97 +3° 44+1° 131+4° 26+1° 136 +3°
HPCM 492+11° 0+0° 929 +16° 55+1° 150 +4°
HPNaP 466 + 70 396+7°¢ 636+ 7*° 312+6°¢ 134+2°
HPKP 493 +9° 415+74 665+ 5° 31+1¢ 557 +9°¢

Columns not sharing a superscript letter are significantly different (p<0.05).

https://doi.org/10.1371/journal.pone.0246950.t003

The aD of P was similar in the CON diet and in both diets with added Pi sources, while the
organic P source led to a significantly lower value (2245 vs. CON 5419, HPNaP 53+9, HPKP
48+5; p<0.05). The sP concentration was also influenced significantly by the P source (Fig 1).

The HPCM diet resulted in an almost identical AUC,_; sP as the CON diet. In contrast,
both Pi additions led to a significantly higher AUC,_; sP (Fig 1A). There was only a weak cor-
relation between aD of P and AUC,_; sP for P excess from organic and inorganic sources
(organic P: Spearman’s rho -0.074, p = 0.73; Pi: Spearman’s rho 0.257, p = 0.109). The ppr. sP
concentrations showed no marked increase after feeding diets CON and HPCM, with the
highest values determined 7 h ppr. (Fig 1B). The two Pi sources (HPKP, HPNaP) caused a pro-
longed sP concentration that was clearly above reference range, with peak values after 3 h. In
diets CON, HPCM and HPKP, sCa stayed within the reference range at all times (S1 Table),
and the AUC, 7 (sCa) was similar (S2 Table). Feeding diet HPNaP caused a lower AUC, ;
(sCa), a difference statistically significant when compared to diet HPCM (p = 0.026). The con-
sequence of the distinct increase of sP was an elevated AUC,, ; for the serum Ca x P product
(sCaP) in both diets with Pi addition (HPKP and HPNaP; p<0.001; Fig 2).

The peak of sCaP was at 3 h ppr, while the recommended threshold of 55 mg*/dI* [55] was
already exceeded from 1 h ppr onwards (S3 Table). HPCM showed no significant difference
from CON (p = 0.3) for the AUC,_; sCaP in all high P diets. FGF23 differed significantly
between the diets. The Pi sources led to the highest serum concentrations, still significantly ele-
vated in the fasted animals, and differing significantly from the diets CON and HPCM (HPKP:
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Fig 1. Serum P (sP) concentrations. a. Area under the curve from 0 until 7 hours postprandially (AUC, ;) of sP
[mmol/I*t] in adult dogs fed a control diet and 3 different high P diets for 18 days. Boxes not sharing a superscript
letter are significantly different (p<0.05) b. Kinetics from 0 to 7 hours postprandially of sP [mmol/l] in adult dogs fed a
control and 3 different high P diets. Connected symbols below the graph are significantly different (p<0.05) at the
corresponding time point. Reference range for healthy adult dogs: 0.7-1.6 mmol/1 [85].

https://doi.org/10.1371/journal.pone.0246950.g001
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https://doi.org/10.1371/journal.pone.0246950.g002

p<0.001; HPNaP: <0.05). Ppr the concentrations slightly decreased over time (Fig 3B). Add-
ing KH,PO, to the diet led to a significant higher AUC,, ; FGF23 than in all other diets (Fig
3A).

Prpr PTH concentrations were similar in all 4 groups. Ppr they differed significantly
between CON and HPCM on one hand and Pi sources (HPNaP, HPKP) on the other with val-
ues clearly above reference range (Fig 4B). Both Pi sources led to a rapid increase of serum
PTH concentrations and a peak 3 h ppr. CON and HPCM diets did not influence PTH con-
centrations (Fig 4).

In a similar manner, the CON and HPCM diets had no significant effect on serum concen-
trations of the catabolic bone marker CrossLaps (S4 Table). Kinetics of CrossLaps correlate
with sP kinetics (R? = 0.32). Diets HPNaP and HPKP led to a severe increase of serum Cross-
Laps with peak values 3 h ppr and the highest values recorded for the HPKP. The AUC,_,
CrossLaps of both differed significantly from the CON and HPCM treatments.

The bone formation marker bALP was within the reference range at all times during the
CON and HPCM treatments [82]. However, Pi feeding from both NaH,PO, and KH,PO,
caused a distinct increase of bALP above the reference range (S5 Table).
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https://doi.org/10.1371/journal.pone.0246950.9003

In the urine, the rel. Diff.,,,,, P/Crea [%] ~2 h prpr and ppr revealed a significant increase in
both Pi treatments, with highest values in HPNaP (389 + 250%; HPKP 205 + 120%). CON and
HPCM diets led to significantly decreased ppr P/Crea ratios.

Discussion

Modern pet food often contains significantly higher levels of P than the recommended daily
allowance in animals, with levels sometimes exceeding the requirements more than fivefold
[5-11,86]. Moreover, not only the amount of total P but also of highly soluble P (P;) can be
extremely high in processed feed [9]. The aim of this study was to investigate the effect of high
P diets in practically relevant amounts, containing either organic or inorganic P on healthy
dogs. In support of Siedler (2018; [71]), we found that the two highly soluble Pi sources
(NaH,PO,; KH,PO,), in contrast to the poultry meal (as an organic P source),caused distinct
effects on Ca and P homeostasis. We also explored the kinetics of dietary high P on parameters
of P and Ca homeostasis and found significantly increased serum concentrations of FGF23,
PTH and other parameters after feeding Pi sources.
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Fig 4. Serum PTH concentrations. a. AUC,_; of PTH [ng/I*t] in adult dogs fed a control and 3 different high P diets
for 18 days. Boxes not sharing a superscript letter are significantly different (p<0.05) b. Kinetics from 0 to 7 hours
postprandially of PTH [ng/1] in adult dogs fed a control and 3 different high phosphorus diets for 18 days. Connected
symbols below the graph are significantly different (p<0.05) at the corresponding time point. Reference range for
healthy adult dogs: 8-45 ng/l (ALOMED laboratories).

https://doi.org/10.1371/journal.pone.0246950.g004
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Siedler (2018; [71]) took blood samples during fasting and 2 h after a single daily meal to
measure selected parameters of P and Ca homeostasis in dogs. However, it is recommended to
sample blood multiple times over a period of 8 h for adequate evaluation of the P status in
humans [87]. Jowsey et al. (1974) sampled their trial dogs prpr and 0.5, 1, 2, 4, 6 and 7.5 h after
feeding a diet with Pi excess to measure PTH and sP [51]. We therefore chose to take blood
samples at 1 h prpr- and 0.5, 1, 1.5, 2, 3, 5 and 7 h ppr, which gave a comprehensive view of the
effect of each meal. To our knowledge, apart from Jowsey et al. (1974), no kinetic studies on
the homeostasis of orally administered P in dogs are available in literature. In addition to
serum P and PTH, bALP and CL [51,71], we also analyzed FGF23 and further major minerals
(Ca, Na, K, Mg). P can only be absorbed if it is soluble [88], and as Pi from KH,PO, and
NaH,PO, is highly water soluble [70,89], this inorganic source may therefore be more readily
available. Next to the dietary P source [37,90,91], the digestibility of P is also dependent on
other elements, including Ca [37,40,92], and on the pH of chyme [93,94]. The organic P die-
tary treatment (HPCM) produced a significantly lower aD of P than the other diets. Possible
explanations for this lower aD of P are the low solubility of P from meat and bone meal (only
4% after 1 minute in water vs. 33% in HPKP and 56% in HPNaP, method of Lineva et al., 2017
[89]), the higher Ca/P ratio [37,39], and the lower aD of DM (p<0.05). It has been shown that
high dietary Ca concentrations may decrease P digestibility in dogs [37,95] and cats [96,97],
probably by the formation of insoluble Ca/P complexes [39,40,98], most probably Ca;(PO4),.
However, a recent study disproved this to be the case when Pi sources are concerned: In con-
trast to organic P sources, here only a weak correlation existed between faecal Ca and faecal P
excretion [99]. It was hypothesised, that absorption of highly soluble P salts happens early in
the gastrointestinal tract of dogs mostly via passive mechanisms, before Ca-P-complex forma-
tion can reduce availability. Furthermore, it was shown in dogs that an increase of the Ca/P
from 1.4/1 to 1.9/1 had no effect on aD of P or prevented a significant increase of sP and sCaP
in a HP diet with a highly soluble Pi source [100]. This implies that a mere increase of the Ca/P
ratio in a product with considerable amounts of soluble Pi salts does not suffice to protect the
user from a high P burden. Still, more data are needed to further strengthen the hypothesis
that the Ca/P ratio affects the P availability to a relevant degree only when organic P salts are
used. The significantly lower aD of DM in the diet HPCM will have affected the aD of P too, as
the faecal excretion of P and other minerals is influenced by faecal DM excretion [101].

Furthermore, aD of P did not correlate well enough with AUC,_, sP (R*=0.3; Fig 5) to con-
sider the aD as an appropriate tool to predict sP. An aD P of about 30% caused an AUC,_; sP
between 7 and 10 mmol/I*t in organic P sources and an AUC,_, sP of up to 22 mmol/I*t in Pi
sources; a biologically highly relevant difference.

Our results also showed that Pi sources form a separate cluster from HPCM with higher
AUC,_; sP. In a novel approach, we also determined the markers of P homeostasis over 7
h ppr to follow their kinetics. Therefore, it was possible to demonstrate that even at 1h ppr sP
was significantly increased in Pi diets, with peak levels at 3 h ppr. In contrast, CON and
HPCM sP increased only slightly. This corresponds well with data from Jowsey et al. (1974)
with similar sP concentrations postprandially, as well as Harris et al. (1976; [51,102]).
Increased sP concentrations, especially over an extended period, should be avoided [103-105].
In humans, it is well known that even sP concentrations reaching the upper limit of normal
range are associated with a higher hazard ratio for death [103,104,106]. Osuka and Razzaque
(2012) postulated that a P toxicity appears even in normophosphatemia. They conclude that
reducing the P burden and maintaining P balance through adequate dietary intake is crucial
for normal health, as P toxicity can cause irreversible organ damage [107]. Kestenbaum et al.
(2005) identified a significantly increased risk for death when sP levels were above 3.5 mg/dl
(= 1.13 mmol/l; normal range: 1.12-1.45 mmol/]; [108]) in a cohort study of more than 6000
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people with CKD [57]. Hyperphosphatemia has several adverse effects, such as the calcification
of soft tissues in kidneys and vessels. The associated higher risk of death is well documented in
various species (humans: [109-111], mouse: [112], cat: [42], dog: [51,63]). The results of indi-
viduals with increased P burden through oral intake and in those with early signs of CKD are
similar. Increasing sP values cause higher PTH secretion [113] in order to increase renal P
excretion and to balance sCa and sP concentrations. In addition to the reduction of the sensi-
tivity of PTH receptors (rat: [114]), high sP itself can induce compensatory hyperparathyroid-
ism [14,115]. According to Cortadellas et al. (2010), sP values of 4.5 to 5.5 mg/dl (£1.45-1.78
mmol/l) and higher predict the development of SRH in CKD; 84% of the dogs developed SRH
under these conditions [116]. The authors therefore recommend that sP levels below 4.5 mg/
dl (21.45 mmol/l) should be maintained in early stages of CKD to prevent SRH. In our study,
values of up to 4.8 mmol/l were caused in clinical healthy dogs by adding certain Pi sources to
the diet. In agreement with Siedler (2018), KH,PO, and NaH,PO, caused significantly higher
AUC, 5 sP [71]. The percentage of sP values above reference range was higher in diet HPNaP
and HPKP than in CON and HPCM (83 and 78 vs. 24 and 29%) and, therefore, possibly
harmful.

A major determinant for sCa regulation is PTH, by increasing bone resorption through
stimulating osteoclast activity. In the present study, sCa was kept within tight ranges in the
HPNaP and HPKP treatments, despite a significant increase of sP and PTH. In humans,
hyperphosphatemia acts as a determinant for increased sCaP [117]. A sCaP of > 55 mg?*/dI*
increases the risk of soft tissue calcification [55] and has therefore also been correlated to the
staging system according to the International Renal Interest Society (IRIS) in dogs [116,118].
Lameness due to calcification in the paws in feline and canine CKD patients has been associ-
ated with sCaP > 70 mg*/d1* [119] and shown to be a negative prognostic marker for dogs
with CKD, indicating a worse outcome when > 77 ng/ dI? [118]. Locatelli et al. (2002)
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recommends to keep the sCaP in physiological ranges in human renal patients to prolong sur-
vival time [120]. The present study’s sCaP in HPNaP and HPKP treatments exceeded all three
mentioned thresholds clearly with a product of up to 180 mg?/dI*. Due to the short duration of
the trials, no soft tissue calcifications were expected. However, it can be expected that even in
healthy animals, soft tissue and vascular calcification may develop over time when such high
sCaP values are caused by feeding. Especially when processed diets intended for lifelong feed-
ing are used, even lower sCaP caused by prolonged daily periods with above normal sP, should
probably be avoided. It may also be recommendable to monitor this parameter to evaluate if
the dog is at risk to develop renal insufficiency.

In accordance with Siedler (2018), a significant ppr increase of PTH was detected in
HPNaP and HPKP [71]. In addition, both diets caused the highest values for CrossLaps and
bALP, indicating increased bone turnover. Determination of further markers of bone turn-
over, as recommended by Allen (2003; [121], might have been useful but not feasible due to
limited available amounts of serum. Nevertheless elevated CrossLaps may indicate CKD-MBD
in response to the high P load [54]. Moreover, as a potent phosphatonin, PTH accelerated
renal P excretion after Pi feeding, as demonstrated by the difference between prpr and ppr P/
Crea ratios. This increase in excretion was also identified by Siedler (2018; [71]. To prevent
polyuria masking high P excretion, for example in diets with high Na concentrations, 24 h
sampling or determination of the P/Crea ratio is recommended. To measure the complete P
balance would have been preferred to be able to determine if the feeding of Pi leads to an
increased P retention of the animal. However, the body has to handle the P burden caused by
increased P resorption either by calcification or by renal excretion. A calcification removes sol-
uble P from the circulating system by forming Ca-P-complexes, which includes soft tissue cal-
cification, e.g. by osteochondrogenic differentiation of vascular smooth muscle cells [122]. A
high P concentration in the urine is thought to affect also glomerular endothelial cells [123].

At high dietary P loads, FGF23 is synthesized by osteocytes, even before secretion of PTH
[24,25,124]. These results are in accordance with Eller et al. (2011), who reported similar find-
ings in a mouse model for P nephropathy [125].

The FGF23 ELISA kit used in the present study measures human intact FGF23 and has
been validated for dogs [67]. Harjes et al. (2017) investigated FGF23 concentrations in dogs
with CKD in different IRIS stages and in 10 healthy controls [67]. The latter had FGF23 con-
centrations of 315 (211-449) pg/ml, which is similar to our data for dogs in the CON treat-
ment. Addition of Pi led to values up to 1655 pg/ml, which is otherwise found in dogs with
IRIS stage 3 [67]. Interestingly, the prpr values (more than 23 h after feeding the HPi diets)
were still significantly elevated in the present study. In rats, dietary induced hyperphosphate-
mia also caused increasing FGF23 concentrations [126]. Hardcastle and Dittmer (2015) postu-
late that FGF23 reacts on acute rather than on long-term hyperphosphatemia [31]. Similar to
humans [30], studies in cats were not able to detect a rise in FGF23 concentrations after feed-
ing Pi sources [49,68]. FGF23 stimulates secretion of PTH by inhibiting production of 1,25-
(OH),-D; and reinforces-together with PTH-the renal P excretion. FGF23 can only bind to
its receptor (FGFR) when its cofactor oklotho is present. At advanced stages of CKD, the syn-
thesis of aklotho declines, reducing the binding capacity of FGFR and thus increasing the cir-
culating FGF23 while hyperphosphatemia remains [127]. Moreover, downregulation of the
oklotho-FGFR complex and an increase of circulating FGF23 further stimulates the secretion
of PTH in rats with experimentally induced CKD [26]. This generates a vicious circle, finally
causing SRH and MBD-CKD in both humans and cats [128]. Recent studies indicate that ele-
vated FGF23 concentrations are linked to cardiovascular disease [125], and are therefore cor-
related with mortality in CKD patients [58,129]. The severely increased FGF23 levels seen in
this study are clearly alarming as they can be interpreted as early marker for disorders of Ca
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and P homeostasis in otherwise healthy dogs [67]. It seems likely that a prolonged increase of
serum FGF23 and PTH levels associated with dietary Pi intake could harm dogs, and therefore
cannot be declared as safe.

Reports of extreme adverse effects, including renal failure and death, in association with Pi
load exist in various species (human [130,131]; mice [112,132]; rabbits [133]; dogs [51,52,102]
and others). In dogs, research performed several decades ago found that oral intake of Pi can
harm the kidneys [52,134]. The amount of Pi in our trials was considerably lower than in the
experiments of Schneider et al. (1980; 0.21 + 0.006 g Pi vs. 0.8 g K,HPO,/kg BW/d [52]), but
effects on serum parameters were still substantial, with significant differences between Pi
sources and the organic P source and CON, respectively. We hypothesize that the solubility
determines to a large extend about the biological effect of the P intake on the animal, making
the accompanying cation of the P salt less relevant as long as the source is highly soluble and
dissolves immediately. Therefore, also other highly soluble Pi sources are expected to cause
comparable effects in dogs. Furthermore, given the fact that most dogs receive multiple meals
per day, the possibly threatening impact on parameters of P homeostasis might exist perma-
nently. In accordance with Osuka and Razzaque (2012) as well as others, we hypothesize that
an increase of relevant parameters of P homeostasis, especially sP, sCaP, PTH and FGF23, for
an extended part of the day, might exaggerate the situation in (undiagnosed) renal patients but
also affect healthy dogs. Because the dogs were not euthanized, histopathological examinations
were not performed to verify this hypothesis.

Conclusion

The results of this study support previous research on the effects of highly soluble Pi sources
on the P metabolism of adult healthy dogs [71]. Moreover, the kinetics of sP, sCa, sCaP, PTH,
FGF23, CrossLaps and bALP over 7 h ppr were determined in a control and in three different
HP diets in dogs for the first time. The amount and source of P in the dietary treatments had a
significant effect on P homeostasis, which could pose a risk for renal and skeletal health over
an extended period. Thus, we presume that their use in pet food is not unconditionally safe,
based on the observed disruption of P homeostasis in case of considerable amounts of ingested
highly soluble Pi salts, especially when fed a lifetime. More work is needed to further evaluate
consequences of acute and long-term Pi intake on pet health and, if any, no-effect-levels can
be defined.

Supporting information

S1 Table. Serum calcium (sCa) concentrations [mmol/l] from pre- (t = 0) and up to 7
hours postprandially in adult healthy dogs fed a control (CON) and 3 high phosphorus
diets, containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO,
(HPKP) as a P source, for 18 days.

(DOCX)

$2 Table. AUC,_; for serum concentrations of minerals in adult dogs fed a control (CON)
and 3 high phosphorus diets, containing either poultry carcass meal (HPCM), NaH,PO,
(HPNaP) or KH,PO, (HPKP) as a P source, for 18 days.

(DOCX)

$3 Table. Serum parathyroid hormone (PTH) concentrations [ngl/l] from pre- (t = 0) and
up to 7 hours postprandially in adult healthy dogs fed a control (CON) and 3 high phos-
phorus diets, containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 12/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s003
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE Oral phosphates in dogs

KH,PO, (HPKP) as a P source, for 18 days.
(DOCX)

$4 Table. Serum crosslaps (CL) concentrations [ng/ml] from pre- (t = 0) and up to 7 hours
postprandially in adult healthy dogs fed a control (CON) and 3 high phosphorus diets,
containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP)
as a P source, for 18 days.

(DOCX)

S5 Table. Serum bone alkaline phosphatase (bALP) concentrations [U/1] from pre- (t = 0)
and up to 7 hours postprandially in adult healthy dogs fed a control (CON) and 3 high
phosphorus diets, containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or
KH,PO, (HPKP) as a P source, for 18 days.

(DOCX)

$6 Table. Serum phosphorus (sP) concentrations [mmol/l] from pre- (t = 0) and up to 7
hours postprandially in adult healthy dogs fed a control (CON) and 3 high phosphorus
diets, containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO,

(HPKP) as a P source, for 18 days.

(DOCX)

S$7 Table. Serum sodium (sNa) concentrations [mmol/l] from pre- (t = 0) and up to 7 hours
postprandially in adult healthy dogs fed a control (CON) and 3 high phosphorus diets,
containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP)
as a P source, for 18 days.

(DOCX)

S8 Table. Serum potassium (sK) concentrations [mmol/l] from pre- (t = 0) and up to 7

hours postprandially in adult healthy dogs fed a control (CON) and 3 high phosphorus
diets, containing either poultry carcass meal (HPCM), NaH,PO, (HPNaP) or KH,PO,
(HPKP) as a P source, for 18 days.

(DOCX)

$9 Table. Serum calcium by phosphorus product (sCaP) concentrations [mg*/dl*] from
pre- (t =0) and up to 7 hours postprandially in adult healthy dogs fed a control (CON)
and 3 high phosphorus diets, containing either poultry carcass meal (HPCM), NaH,PO,
(HPNaP) or KH,PO, (HPKP) as a P source, for 18 days.

(DOCX)

$10 Table. Serum fibroblast growth factor 23 (FGF23) concentrations [pg/ml] from pre-
(t=0) and up to 7 hours postprandially in adult healthy dogs fed a control (CON) and 3
high phosphorus diets, containing either poultry carcass meal (HPCM), NaH,PO,
(HPNaP) or KH,PO, (HPKP) as a P source, for 18 days.

(DOCX)

S11 Table. AUC,,_; for the serum parameters parathyroid hormone (PTH), fibroblast
growth factor 23 (FGF23), bone alkaline phosphatase (bALP) and crosslaps (CL) in adult
dogs fed a control (CON) and 3 high phosphorus diets, containing either poultry carcass
meal (HPCM), NaH,PO, (HPNaP) or KH,PO, (HPKP) as a P source, for 18 days.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 13/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246950.s011
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

Author Contributions

Conceptualization: Britta Dobenecker.

Data curation: Sven Reese.

Investigation: Britta Dobenecker, Sarah Herbst.

Methodology: Britta Dobenecker.

Project administration: Britta Dobenecker.

Supervision: Britta Dobenecker.

Writing - original draft: Britta Dobenecker, Sarah Herbst.

Writing - review & editing: Britta Dobenecker, Sarah Herbst.

References

1.

10.

11.

12
13.
14.

15.

16.

17.

KEGG, editor. Kyoto Encyclopedia of Genes and Genomes; September 29th 2019. https://www.
genome.jp/dbget-bin/www_bfind_sub?mode=bfind&max_hit=1000&locale=en&serv=kegg&dbkey=
reaction&keywords=phosphate&page=1.; 2019.

Noori N, Sims J, Kopple J, Shah A., Colman S, Shinaberger C, et al. Organic and inorganic phospho-
rus and its management in chronic kidney disease. Iranian Journal of Kidney Disease. 2010; 4:89—
100.

Molins RA. Phosphates in Food. CRC Press, Inc. Boca Raton; 1991. https://doi.org/10.1002/food.
19910350903 PMID: 1665543

Gutiérrez OM. Sodium- and phosphorus-based food additives: persistent but surmountable hurdles in
the management of nutrition in chronic kidney disease. Adv Chronic Kidney Dis. 2013; 20:150-6.
https://doi.org/10.1053/j.ackd.2012.10.008 PMID: 23439374.

Anonymous. Hundefutter- Barf oder Dose? Nass-futter von sehr gut bis mangelhaft. Stiftung Ware-
ntest. 2019; 07/2019.

Anonymous. Katzenfutter- von sehr gut bis mangelhaft. Stiftung Warentest. 2008; 9/2008.

Streiff EL, Zwischenberger B, Butterwick RF, Wagner E, Iben C, Bauer JE. A comparison of the nutri-
tional adequacy of home-prepared and commercial diets for dogs. J Nutr. 2002; 132:1698S-7008S.
https://doi.org/10.1093/jn/132.6.1698S PMID: 12042498.

Gagné JW, Wakshlag JJ, Center SA, Rutzke MA, Glahn RP. Evaluation of calcium, phosphorus, and
selected trace mineral status in commercially available dry foods formulated for dogs. J Am Vet Med
Assoc. 2013; 243:658-66. https://doi.org/10.2460/javma.243.5.658 PMID: 23971845.

Dobenecker B. Concentrations of highly soluble phosphates in commercial pet food purchased in Ger-
many. 23rd ESVCN Congress. 2019; Turin:110.

Uribarri J, Calvo MS. Hidden sources of phosphorus in the typical american diet: does it matter in
nephrology. Seminars in Dialysis. 2003; 3:186-8. https://doi.org/10.1046/}.1525-139x.2003.16037.x
PMID: 12753675

Davies M, Alborough R, Jones L, Davis C, Williams C, Gardner D. Mineral analysis of complete dog
and cat foods in the UK and compliance with European guidelines. Scientific Reports. 2017.

Regulation (EC). No 1831/2003. European Commission.
Code of Federal Regulations. Title 21. FDA. 2018.

Calvo MS. Dietary phosphorus, calcium metabolism and bone. American Institute of Nutrition. 1993;
123:1267-633. https://doi.org/10.1093/jn/123.9.1627 PMID: 8360792

Ritz E, Hahr} K, Ketteler M, Kuhimann M, Mann J. Phosphate additives in food- a health risk.
Deutsches Arzteblatt International. 2012; 109:49-55. https://doi.org/10.3238/arztebl.2012.0049
PMID: 22334826

Calvo MS, Uribarri J. Contributions to total phosphorus intake: all sources considered. Seminars in
Dialysis. 2013; 26:54—61. https://doi.org/10.1111/sdi.12042 PMID: 23278245.

Calvo MS, Uribarri J. Public health impact of dietary phosphorus excess on bone and cardiovascular
health in the general population. American Journal of Clinical Nutrition. 2013; 98:6—15. https://doi.org/
10.3945/ajcn.112.053934 PMID: 23719553

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 14/20


https://www.genome.jp/dbget-bin/www_bfind_sub?mode=bfind&max_hit=1000&locale=en&serv=kegg&dbkey=reaction&keywords=phosphate&page=1
https://www.genome.jp/dbget-bin/www_bfind_sub?mode=bfind&max_hit=1000&locale=en&serv=kegg&dbkey=reaction&keywords=phosphate&page=1
https://www.genome.jp/dbget-bin/www_bfind_sub?mode=bfind&max_hit=1000&locale=en&serv=kegg&dbkey=reaction&keywords=phosphate&page=1
https://doi.org/10.1002/food.19910350903
https://doi.org/10.1002/food.19910350903
http://www.ncbi.nlm.nih.gov/pubmed/1665543
https://doi.org/10.1053/j.ackd.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23439374
https://doi.org/10.1093/jn/132.6.1698S
http://www.ncbi.nlm.nih.gov/pubmed/12042498
https://doi.org/10.2460/javma.243.5.658
http://www.ncbi.nlm.nih.gov/pubmed/23971845
https://doi.org/10.1046/j.1525-139x.2003.16037.x
http://www.ncbi.nlm.nih.gov/pubmed/12753675
https://doi.org/10.1093/jn/123.9.1627
http://www.ncbi.nlm.nih.gov/pubmed/8360792
https://doi.org/10.3238/arztebl.2012.0049
http://www.ncbi.nlm.nih.gov/pubmed/22334826
https://doi.org/10.1111/sdi.12042
http://www.ncbi.nlm.nih.gov/pubmed/23278245
https://doi.org/10.3945/ajcn.112.053934
https://doi.org/10.3945/ajcn.112.053934
http://www.ncbi.nlm.nih.gov/pubmed/23719553
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Uribarri J, Calvo MS. Introduction to dietary phosphorus excess and health. Ann N 'Y Acad Sci. 2013;
1301:iii—iv. https://doi.org/10.1111/nyas.12302 PMID: 24472075.

Gutiérrez OM. Dietary phosphorus and kidney and cardiovascular health. Proceedings ESVCN Con-
gress 2018, Munich. 2018:12-21.

Murer H, Hernando N, Forster |, Biber J. Proximal tubular phosphate reabsorption: molecular mecha-
nisms. Physiol Rev. 2000; 80:1373—409. https://doi.org/10.1152/physrev.2000.80.4.1373 PMID:
11015617.

Hu MC, Shiizaki K, Kuro-o M, Moe OW. Fibroblast growth factor 23 and Klotho: physiology and patho-
physiology of an endocrine network of mineral metabolism. Annu Rev Physiol. 2013; 75:503-33.
https://doi.org/10.1146/annurev-physiol-030212-183727 PMID: 23398153.

Fukumoto S, Shimizu Y. Fibroblast growth factor 23 as a phosphotropic hormone and beyond. J Bone
Miner Metab. 2011; 29:507. https://doi.org/10.1007/s00774-011-0298-0 PMID: 21822586

Pei Y, Cattran D, Greenwood C. Predicting chronic renal insufficiency in idiopathic membranous
glomerulonephritis. Kidney Int. 1992; 42:960-6. hitps://doi.org/10.1038/ki.1992.374 PMID: 1453588

Ferrari S, Bonjour J-P, Rizzoli P. Fibroblast Growth Factor-23 relationship to dietary phosphate and
renal phosphate handling in healthy young men. J Clin Endocrinol Metab. 2005; 90:1519-24. https:/
doi.org/10.1210/jc.2004-1039 PMID: 15613425

Perwad F, Zhang MY, Tenenhouse HS, Portale AA. Fibroblast growth factor 23 impairs phosphorus
and Vitamin D metabolism in vivo and suppresses 25-hydroxyvitamin D-1alpha-hydroxylase expres-
sion in vivo. Am J Physiol Renal Physiol. 2007; 293:1577-83.

Galitzer H, Ben-Dov 1Z, Silver J, Naveh-Many T. Parathyroid cell resistance to fibroblast growth factor
23 in secondary hyperparathyroidism of chronic kidney disease. Kidney Int. 2010; 77:211-8. https://
doi.org/10.1038/ki.2009.464 PMID: 20016468

Marks J, Debnam ES, Unwin. Phosphate homeostasis and the renal-gastrointestinal axis. Am J Phy-
siol Renal Physiol. 2010; 299:285-96. https://doi.org/10.1152/ajprenal.00508.2009 PMID: 20534868

Shimada T, Hasegawa H, Yamazaki Y, Muto T, Hino R, Takeuchi Y, et al. FGF-23 is a potent regulator
of vitamin D metabolism and phosphate homeostasis. J Bone Miner Res. 2004; 19:429-35. https://
doi.org/10.1359/JBMR.0301264 PMID: 15040831.

Shimada T, Yoneya T, Hino R, Takeuchi Y, Fukumoto S, Yamashita T. Transgenic mice expressing
fibroblast growth factor 23 (FGF23) demonstrate hypophosphatemia with low serum 1,25-dihydroxyvi-
tamin D [1,25(OH)2D] and rickets/osteomalacia. J Bone Miner Res. 2001; 16:151.

Larsson T, Nisbeth U, Ljunggren O, Jippner H, Jonsson KB. Circulating concentration of FGF-23
increases as renal function declines in patients with chronic kidney disease, but does not change in
response to variation in phosphate intake in healthy volunteers. Kidney Int. 2003; 64:2272-9. https://
doi.org/10.1046/j.1523-1755.2003.00328.x PMID: 14633152.

Hardcastle M, Dittmer K. Fibroblast Growth Factor 23: a new dimension to diseases of calcium- phos-
phorus metabolism. Vet Pathol. 2015; 52 (5):770-84. https://doi.org/10.1177/0300985815586222
PMID: 26018436

Aschinberg LC, Solomon LM, Zeis PM, Justice P, Rosenthal IM. Vitamin D-resistant rickets associated
withepidermal nevus syndrome: Demonstration of a phosphaturic substance in the dermal lesions.
The Journal of Pediatrics. 1977; 91:56—60. https://doi.org/10.1016/s0022-3476(77)80444-7 PMID:
195029

Kiefer-Hecker B, Kienzle E, Dobenecker B. Effects of low phosphorus supply on the availability of cal-
cium and phosphorus, and muscoskeletal development of growing dogs of two different breeds. J
Anim Physiol Anim Nutr (Berl). 2018:1-10.

Evenepoel P, Bover J, Torres P. Parathyroid hormone metabolism and signaling in health and chronic
kidney disease. Kidney Int. 2016; 90:1184-90. https://doi.org/10.1016/j.kint.2016.06.041 PMID:
27653840

Murer H, Forster |, Hilfiker H, Pfister M, Kaissling B, Létscher M, et al. Cellular/molecular control of
renal Na/Pi-cotransport. Kidney Int Suppl. 1998; 65:S2—10. PMID: 9551425

Bergwitz C, Juppner H. Regulation of phosphate homeostasis by PTH, Vitamin D, and FGF23. Annu
Rev Med. 2010; 61:91-104. https://doi.org/10.1146/annurev.med.051308.111339 PMID: 20059333.

Jenkins KJ, Phillips PH. The mineral requirements of the dog. . The relation of calcium, phosphorus
and fat levels to minimal calcium and phosphorus requirements. J Nutr. 1960; 70:241-6. https://doi.
org/10.1093/jn/70.2.241 PMID: 14407070.

Clauss M, Hummel J. Getting it out of the (digestive) system: hindgut fermenters and calcium. Pro-
ceedings of the Comparative Nutrition Society. 2008; 7:30-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 15/20


https://doi.org/10.1111/nyas.12302
http://www.ncbi.nlm.nih.gov/pubmed/24472075
https://doi.org/10.1152/physrev.2000.80.4.1373
http://www.ncbi.nlm.nih.gov/pubmed/11015617
https://doi.org/10.1146/annurev-physiol-030212-183727
http://www.ncbi.nlm.nih.gov/pubmed/23398153
https://doi.org/10.1007/s00774-011-0298-0
http://www.ncbi.nlm.nih.gov/pubmed/21822586
https://doi.org/10.1038/ki.1992.374
http://www.ncbi.nlm.nih.gov/pubmed/1453588
https://doi.org/10.1210/jc.2004-1039
https://doi.org/10.1210/jc.2004-1039
http://www.ncbi.nlm.nih.gov/pubmed/15613425
https://doi.org/10.1038/ki.2009.464
https://doi.org/10.1038/ki.2009.464
http://www.ncbi.nlm.nih.gov/pubmed/20016468
https://doi.org/10.1152/ajprenal.00508.2009
http://www.ncbi.nlm.nih.gov/pubmed/20534868
https://doi.org/10.1359/JBMR.0301264
https://doi.org/10.1359/JBMR.0301264
http://www.ncbi.nlm.nih.gov/pubmed/15040831
https://doi.org/10.1046/j.1523-1755.2003.00328.x
https://doi.org/10.1046/j.1523-1755.2003.00328.x
http://www.ncbi.nlm.nih.gov/pubmed/14633152
https://doi.org/10.1177/0300985815586222
http://www.ncbi.nlm.nih.gov/pubmed/26018436
https://doi.org/10.1016/s0022-3476%2877%2980444-7
http://www.ncbi.nlm.nih.gov/pubmed/195029
https://doi.org/10.1016/j.kint.2016.06.041
http://www.ncbi.nlm.nih.gov/pubmed/27653840
http://www.ncbi.nlm.nih.gov/pubmed/9551425
https://doi.org/10.1146/annurev.med.051308.111339
http://www.ncbi.nlm.nih.gov/pubmed/20059333
https://doi.org/10.1093/jn/70.2.241
https://doi.org/10.1093/jn/70.2.241
http://www.ncbi.nlm.nih.gov/pubmed/14407070
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Mack JK, Alexander LG, Morris PJ, Dobenecker B, Kienzle E. Demonstration of uniformity of calcium
absorption in adult dogs and cats. J Anim Physiol Anim Nutr (Berl). 2015; 99:801-9. https://doi.org/10.
1111/jpn.12294 PMID: 25808498.

Béswald L, Dobenecker B, Clauss M, Kienzle E. A comparative meta-analysis on the relationship of
faecal calcium and phosphorus excretion in mammals. J Anim Physiol Anim Nutr (Berl). 2018:1—10.
https://doi.org/10.1111/jpn.12844 PMID: 29178376

Schmitt S, Mack J, Kienzle E, Alexander LG, Morris PJ, Colyer A, et al. Faecal calcium excretion does
not decrease during long-term feeding of a low-calcium diet in adult dogs. J Anim Physiol Anim Nutr
(Berl). 2018; 102:€798-e805. https://doi.org/10.1111/jpn.12837 PMID: 29134690.

Geddes R, Finch N, Syme H, Elliott J. The role of phosphorus in the pathophysiology of chronic kidney
disease. Journal of Veterinary Emergency and Critical Care. 2013; 23(2):122—-33. https://doi.org/10.
1111/vec.12032 PMID: 23464730

Lau K. Phosphate excess and progressive renal failure: The precipitation-calcification hypothesis. Kid-
ney Int. 1989; 36:918-37. https://doi.org/10.1038/ki.1989.281 PMID: 2693800

Haut LL, Alfrey AC, Guggenheim S, Buddington B, Schrier N. Renal toxicity of phosphate in rats. Kid-
ney Int. 1980; 17:722-31. https://doi.org/10.1038/ki.1980.85 PMID: 7412107

El-Abbadi M, Pai A, Leaf E, Yang H-Y, Bartley B, Quan K, et al. Phosphate feeding induces arterial
medial calcification in uremic mice: role of serum phosphorus, fibroblast growth factor-23, and osteo-
pontin. Kidney Int. 2009; 75:1297-307. https://doi.org/10.1038/ki.2009.83 PMID: 19322138

Pastoor F, van'T Klooster A, Mathot J, Beynen A. Increasing phosphorus intake reduces urinary con-
centrations of magnesium and calcium in adult ovariectomized cats fed purified diets. Journal of Nutri-
tion. 1995; 125:1334—41. https://doi.org/10.1093/jn/125.5.1334 PMID: 7738692

Dobenecker B, Webel A, Reese S, Kienzle E. Effect of a high phosphorus diet on indicators of renal
health in cats. journal of Feline Medicine and Surgery. 2017:1-5. https://doi.org/10.1177/
1098612X17710589 PMID: 28569079

Boswald L, Kienzle E, Dobenecker B. Observation about phosphorus and protein supply in cats and
dogs prior to the diagnosis of chronic kidney disease. J Anim Physiol Anim Nutr (Berl). 2018; 102:31—
6. https://doi.org/10.1111/jpn.12886 PMID: 29623690

Coltherd J, Staunton R, Colyer A, Thomas G, Gilham M, Logan D, et al. Not all forms of dietary phos-
phorus are equal: an evaluation of postprandial phosphorus concentrations in the plasma of the cat.
The British Journal of Nutrition. 2018:1—42. https://doi.org/10.1017/S0007114518003379 PMID:
30420000

Laflamme GH, Jowsey J. Bone and soft tissue changes with oral phosphate supplements. J Clin
Invest. 1972; 51:2834—40. https://doi.org/10.1172/JCI107106 PMID: 50804 11.

Jowsey J, Reiss E, Canterbury J. Long-term effects of high phosphorus intake on parathyroid hormone
levels and bone metabolism. Acta Orthopaedica Scandinavica. 1974; 45:801-8. https://doi.org/10.
3109/17453677408989691 PMID: 4463682

Schneider P, Muller-Peddinghaus R, Pappritz G, Trieb, G. Trautwein, G., Ueberberg H. Potassium
hydrogen phosphate indused nephropathy in the dog. Vet Pathol. 1980; 1980:720-37.

Slatopolsky E, Caglar S, Penneli J, Taggart D, Canterbury J, Reiss E, et al. On the Pathogenesis of
Hyperparathyroidism in Chronic Experimental Renal Insufficiency in the Dog. The Journal of Clinical
Investigation. 1971; 50:492-9. https://doi.org/10.1172/JCI1106517 PMID: 5545116

Moe S, Driieke T, Lamiere N, Eknoyan G. Chronic Kidney Disease—Mineral-Bone Disorder: a new par-
adigm. Adv Chronic Kidney Dis. 2007; 14:3—12. https://doi.org/10.10583/j.ackd.2006.10.005 PMID:
17200038

Block GA, Hulbert-Shearon TE, Levin NW, Port FK. Association of serum phosphorus and calcium x
phosphate product with mortality risk in chronic hemodialysis patients: A national study. American
Journal of Kidney Diseases. 1998; 4:607—17. https://doi.org/10.1053/ajkd.1998.v31.pm9531176
PMID: 9531176

Tenenhouse HS, Murer H. Disorders of renal tubular phosphate transport. Journal of the American
Society of Nephrology. 2003; 14:240-7. https://doi.org/10.1097/01.asn.0000045045.47494.71 PMID:
12506157

Kestenbaum B, Sampson JN, Rudser KD, Patterson DJ, Seliger SL, Young B, et al. Serum phosphate
levels and mortality risk among people with chronic kidney disease. J Am Soc Nephrol. 2005; 16:520—
8. https://doi.org/10.1681/ASN.2004070602 PMID: 15615819.

Gutiérrez OM, Mannstadt M, Isakova T, Rauh-Hain JA, Tamez H, Shah A, et al. Fibroblast Growth
Factor 23 and mortality among patients undergoing hemodialysis. N Engl J Med. 2008; 359:584—92.
https://doi.org/10.1056/NEJMoa0706130 PMID: 18687639

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 16/20


https://doi.org/10.1111/jpn.12294
https://doi.org/10.1111/jpn.12294
http://www.ncbi.nlm.nih.gov/pubmed/25808498
https://doi.org/10.1111/jpn.12844
http://www.ncbi.nlm.nih.gov/pubmed/29178376
https://doi.org/10.1111/jpn.12837
http://www.ncbi.nlm.nih.gov/pubmed/29134690
https://doi.org/10.1111/vec.12032
https://doi.org/10.1111/vec.12032
http://www.ncbi.nlm.nih.gov/pubmed/23464730
https://doi.org/10.1038/ki.1989.281
http://www.ncbi.nlm.nih.gov/pubmed/2693800
https://doi.org/10.1038/ki.1980.85
http://www.ncbi.nlm.nih.gov/pubmed/7412107
https://doi.org/10.1038/ki.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19322138
https://doi.org/10.1093/jn/125.5.1334
http://www.ncbi.nlm.nih.gov/pubmed/7738692
https://doi.org/10.1177/1098612X17710589
https://doi.org/10.1177/1098612X17710589
http://www.ncbi.nlm.nih.gov/pubmed/28569079
https://doi.org/10.1111/jpn.12886
http://www.ncbi.nlm.nih.gov/pubmed/29623690
https://doi.org/10.1017/S0007114518003379
http://www.ncbi.nlm.nih.gov/pubmed/30420000
https://doi.org/10.1172/JCI107106
http://www.ncbi.nlm.nih.gov/pubmed/5080411
https://doi.org/10.3109/17453677408989691
https://doi.org/10.3109/17453677408989691
http://www.ncbi.nlm.nih.gov/pubmed/4463682
https://doi.org/10.1172/JCI106517
http://www.ncbi.nlm.nih.gov/pubmed/5545116
https://doi.org/10.1053/j.ackd.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17200038
https://doi.org/10.1053/ajkd.1998.v31.pm9531176
http://www.ncbi.nlm.nih.gov/pubmed/9531176
https://doi.org/10.1097/01.asn.0000045045.47494.71
http://www.ncbi.nlm.nih.gov/pubmed/12506157
https://doi.org/10.1681/ASN.2004070602
http://www.ncbi.nlm.nih.gov/pubmed/15615819
https://doi.org/10.1056/NEJMoa0706130
http://www.ncbi.nlm.nih.gov/pubmed/18687639
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Dalal M, Sun K, Cappola AR, Ferrucci L, Crasto C, Fried LP, et al. Relationship of serum fibroblast
growth factor 23 with cardiovascular disease in older community-dwelling women. Eur J Endocrinol.
2011; 165:797-803. https://doi.org/10.1530/EJE-11-0577 PMID: 21873490.

Schoppet M, Hofbauer LC, Brinskelle-Schmal N, Varennes A, Goudable J, Richard M, et al. Serum
level of the phosphaturic factor FGF23 is associated with abdominal aortic calcification in men: the
STRAMBO study. J Clin Endocrinol Metab. 2012; 97:E575-883. https://doi.org/10.1210/jc.2011-2836
PMID: 22319041.

Bartlett P, van Buren J, Bartlett A, Zhou C. Case-control study of risk factors associated with feline and
canine chronic kidney disease. Veterinary Medicine International. 2010.

O’Neill DG, Elliott J, Church DB, McGreevy PD, Thomson PC, Brodbelt DC. Chronic kidney disease in
dogs in UK veterinary practices: prevalence, risk factors, and survival. J Vet Intern Med. 2013;
27:814-21. https://doi.org/10.1111/jvim.12090 PMID: 23647231.

Bartges JW. Chronic kidney disease in dogs and cats. Vet Clin North Am Small Anim Pract. 2012;
42:669-92, vi. https://doi.org/10.1016/j.cvsm.2012.04.008 PMID: 22720808.

Giachelli CM, Jono S, Shioi A, Nishizawa Y, Mori K, Morii H. Vascular calcification and inorganic phos-
phate. Am J Kidney Dis. 2001; 38:S34—7. hitps://doi.org/10.1053/ajkd.2001.27394 PMID: 11576919.

El-Abbadi MM, Pai AS, Leaf EM, Yang H-Y, Bartley BA, Quan KK, et al. Phosphate feeding induces
arterial medial calcification in uremic mice: role of serum phosphorus, fibroblast growth factor-23, and
osteopontin. Kidney Int. 2009; 75:1297-307. https://doi.org/10.1038/ki.2009.83 PMID: 19322138.

Lau W, Pai A, Moe S, Giachelli C. Direct effects of phosphate in vascular cell function. Adv Chronic
Kidney Dis. 2011; 18 (2):105—12. https://doi.org/10.1053/j.ackd.2010.12.002 PMID: 21406295

Harjes L, Parker V, Dembek K, Young G, Giovaninni L, Kogika M, et al. Fibroblast Growth Factor-23
concentration in dogs with chronic kidney disease. J Vet Intern Med. 2017; 31:784-90. https://doi.org/
10.1111/jvim.14707 PMID: 28419560

Dobenecker B, Schaschl C, Webel A, Kienzle E. A comparison of the faecal and renal phosphorus
excretion after excessive intake of monophosphate from calcium and potassium monophosphate in
adult cats. Proceedings of the Society of Nutrition Physiology. 2018; 27:95.

Hertel-Bohnke P. Einfluss der Phosphorquelle und des Calcium-Phosphor-Verhaltnisses bei Phos-
phoruberversorgung auf Parameter der Nierengesundheit bei der Katze. Einfluss der Phosphorquelle
und des Calcium-Phosphor-Verhaltnisses bei Phosphoriiberversorgung auf Parameter der Nierenge-
sundheit bei der Katze; Dissertation, Ludwig- Maximilians- Universitat. 2018. https://doi.org/10.1111/
jpn.12982 PMID: 30151843

Lineva A, Kirchner R, Kienzle E, Kamphues J. A pilot study on in vitro solubility of phosphorus from
mineral sources, feed incredients and compound feed for pigs, poultry, dogs and cats. J Anim Physiol
Anim Nutr (Berl). 2018. https://doi.org/10.1111/jpn.12986 PMID: 30353593

Siedler S. Der Einfluss verschiedener Phosphorquellen bei alimentarer Phosphoriiberversorgung auf
die Phosphorverdaulichkeit und auf ausgewahlte Blutparameter beim Hund. Der Einfluss verschied-
ener Phosphorquellen bei alimentarer Phosphoriiberversorgung auf die Phosphorverdaulichkeit und
auf ausgewahlte Blutparameter beim Hund; Dissertation, Ludwig- Maximilians- Universitat. 2018.

Laflamme D. Development and validation of a body condition score system for dogs. Canine Pract.
1997; 22(4):10-5.

Pesti GM. Nutritional value of poultry by-product meal. Resent Advances in Animal Nutrition in Austra-
lia. 1987:176-81. https://doi.org/10.3382/ps.0661067 PMID: 3658884

National Research Council. Nutrient Requirements of Dogs and Cats. Washington, D.C.: National
Academies Press; 2006.

JanBen E, Matter Y, Rief3 P, Seifert D. Nassaufschluss unter Druck. VDLufa Methodenbuch Ill, 6.Erg.
2006; 10.8.1:1-4.

European Standard. EN 16967:2017: Animal feeding stuffs: Methods of sampling and analysis—Pre-
dictive equations for metabolizable energy in feed materials and compound feed (pet food) for cats
and dogs including dietetic food. 882/2004. 2017. Available from: https://www.din.de/de/mitwirken/
normenausschuesse/nal/wdc-beuth:din21:267552358.

Gericke S, Kurmies B. Colorimetrische Bestimmung der Phosphorsure mit Vanadat-Molybdat. Z Anal
Chem. 1952; 137:15-22. https://doi.org/10.1007/BF00452421

Liesegang A, Limacher S, Sobek A. The effect of carprofen on selected markers of bone metabolism
in dogs with chronic Osteoarthritis. Schweizer Archiv fur Tierheilkunde. 2007; 149:353-62. https://doi.
org/10.1024/0036-7281.149.8.353 PMID: 17803115

Luskin A, Lulich J, Gresch S, Furrow E. Bone resorption in dogs with calcium oxalate urolithiasis and
idiopathic hypercalciuria. Research in Veterinary Science. 2019; 123:129-34. https://doi.org/10.1016/
j.rvsc.2019.01.001 PMID: 30641472

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 17/20


https://doi.org/10.1530/EJE-11-0577
http://www.ncbi.nlm.nih.gov/pubmed/21873490
https://doi.org/10.1210/jc.2011-2836
http://www.ncbi.nlm.nih.gov/pubmed/22319041
https://doi.org/10.1111/jvim.12090
http://www.ncbi.nlm.nih.gov/pubmed/23647231
https://doi.org/10.1016/j.cvsm.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22720808
https://doi.org/10.1053/ajkd.2001.27394
http://www.ncbi.nlm.nih.gov/pubmed/11576919
https://doi.org/10.1038/ki.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19322138
https://doi.org/10.1053/j.ackd.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21406295
https://doi.org/10.1111/jvim.14707
https://doi.org/10.1111/jvim.14707
http://www.ncbi.nlm.nih.gov/pubmed/28419560
https://doi.org/10.1111/jpn.12982
https://doi.org/10.1111/jpn.12982
http://www.ncbi.nlm.nih.gov/pubmed/30151843
https://doi.org/10.1111/jpn.12986
http://www.ncbi.nlm.nih.gov/pubmed/30353593
https://doi.org/10.3382/ps.0661067
http://www.ncbi.nlm.nih.gov/pubmed/3658884
https://www.din.de/de/mitwirken/normenausschuesse/nal/wdc-beuth:din21:267552358
https://www.din.de/de/mitwirken/normenausschuesse/nal/wdc-beuth:din21:267552358
https://doi.org/10.1007/BF00452421
https://doi.org/10.1024/0036-7281.149.8.353
https://doi.org/10.1024/0036-7281.149.8.353
http://www.ncbi.nlm.nih.gov/pubmed/17803115
https://doi.org/10.1016/j.rvsc.2019.01.001
https://doi.org/10.1016/j.rvsc.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30641472
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.
98.

99.

100.

101.

Beli¢ M, Kusec V, Svetina A, Grizelj J, Robic M, Vrabanac Z, et al. The influence of sex on biochemical
markers of bone turnover in dogs. Research in Veterinary Science. 2012; 93:918-20. https://doi.org/
10.1016/j.rvsc.2012.01.008 PMID: 22296940

Schmitt S, Dobenecker B. Calcium and phosphorus metabolism in peripartal dogs. J Anim Physiol
Anim Nutr (Berl). 2019; accepted & in press.

Allen LC, Allen MJ, Breur GJ, Hoffmann WE, Richardson DC. A comparison of two techniques for the
determination of serum bone-specific alkaline phosphatase activity in dogs. Research in Veterinary
Science. 2000; 68:231-5. https://doi.org/10.1053/rvsc.1999.0369 PMID: 10877968.

Shimada T, Urakawa |, Isakova T, Yamazaki Y, Epstein M, Wesseling-Perry K, et al. Circulating fibro-
blast growth factor 23 in patients with end-stage renal disease treated by peritoneal dialysis is intact
and biologically active. J Clin Endocrinol Metab. 2010; 95:578-85. https://doi.org/10.1210/jc.2009-
1603 PMID: 19965919.

Parker V, Harjes L, Dembek K, Young G, Chew D, Toribio R. Association of Vitamin D metabolites
with Parathyroid Hormone, Fibroblast Growth Factor-23, calcium, and phosphorus in dogs with vari-
ous stages of chronich kidney disease. J Vet Intern Med. 2012.

Moritz A, editor. Klinische Labordiagnostik in der Tiermedizin. 7. Auflage.; 2013.

Brunetto MA, Zafalon RVA, Teixeira FA, Vendramini THA, Rentas MF, Pedrinelli V, et al. Phosphorus
and sodium contents in commercial wet foods for dogs and cats. Vet Med Sci. 2019. https://doi.org/10.
1002/vms3.183 PMID: 31273944.

Calvo MS, Kumar R, Heath H. Persistently elevated parathyroid hormone secretion and action in
young women after four weeks of ingesting high phosphorus, low calcium diets. J Clin Endocrinol
Metab. 1990; 70:1334—-40. https://doi.org/10.1210/jcem-70-5-1334 PMID: 2335575.

Breves G, Schréder B. Comparative aspects of gastrointestinal phosphorus metabolism. Nutrition
Research Reviews. 1991; 4:125-40. https://doi.org/10.1079/NRR19910011 PMID: 19094328

Lineva A, Kienzle E, Dobenecker B. Investigations on dietary phosphorus solubility in water and acid
medium from foods and mineral sources used for dog and cat nutrition. ESVCN Congress. 2017.

GfE, editor. Energie- und Nahrstoffbedarf Energy and nutrient requirements. Nr.5 Hunde/ dogs. DLG
Verlag Frankfurt (Main); 1989.

Hill RC, Burrows CF, Ellison GW, Bauer JE. The effect of texturized vegetable protein from soy on
nutrient digestibility compared to beef in cannulated dogs. J Anim Sci. 2001; 79:2162-71. https://doi.
org/10.2527/2001.7982162x PMID: 11518225.

Hollinger HZ, Pattee CJ. A review of normal calcium and phosphorus metabolism. Can Med Assoc J.
1956; 74:912-21. PMID: 13316696

Quamme GA. Phosphate transport in intestinal brush-border membrane vesicles: effect of pH and die-
tary phosphate. American Journal of Physiology-Legacy Content. 1985; 249:G168-76. https://doi.
org/10.1152/ajpgi.1985.249.2.G168 PMID: 4025545,

La Horra Cd, Hernando N, Lambert G, Forster |, Biber J, Murer H. Molecular determinants of pH sensi-
tivity of the type lla Na/Pi cotransporter. J Biol Chem. 2000; 275:6284-7. https://doi.org/10.1074/jbc.
275.9.6284 PMID: 10692425

Dobenecker B. Influence of calcium and phosphorus intake on the apparent digestibility of these min-
erals in growing dogs. J Nutr. 2002; 132:1665S—7S. https://doi.org/10.1093/jn/132.6.1665S PMID:
12042486.

Pastoor FJH. Interactions of dietary minerals in the cat. Universiteit Utrecht, Faculteit Diergenees-
kunde. 1993. PMID: 8250654

Pessinger C. Untersuchungen zum Phosphor-Bedarf adulter Katzen.; 1996.

Pastoor F, van’t Klooster AT, Mathot JN, Beynen AC. Increasing phosphorus intake reduces urinary
concentrations of magnesium and calcium in adult ovariectomized cats fed purified diets. J Nutr. 1995;
125:1334—41. https://doi.org/10.1093/jn/125.5.1334 PMID: 7738692.

Boswald L, Herbst S, Dobenecker B. Correlation between faecal calcium and phosphorus excretion in
adult dogs fed high phosphorus diets. ESVCN Congress- submitted; 2020.

Herbst S, Dobenecker B. Increasing the Ca/P ratio does not reduce the apparent digestibility of phos-
phorus and changes of serum parameters in dogs after supplementing inorganic phosphate. Proceed-
ings ESVCN Congress 2019, Turin. 2019; 23.

Kienzle E, Dobenecker B, Wichert B, Schuster S. Effect of fecal water and dry matter excretion on
fecal mineral excretion in dogs studied in a fiber model. J Nutr. 2006; 136:2001S-2003S. https://doi.
0rg/10.1093/jn/136.7.2001S PMID: 16772479.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 18/20


https://doi.org/10.1016/j.rvsc.2012.01.008
https://doi.org/10.1016/j.rvsc.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22296940
https://doi.org/10.1053/rvsc.1999.0369
http://www.ncbi.nlm.nih.gov/pubmed/10877968
https://doi.org/10.1210/jc.2009-1603
https://doi.org/10.1210/jc.2009-1603
http://www.ncbi.nlm.nih.gov/pubmed/19965919
https://doi.org/10.1002/vms3.183
https://doi.org/10.1002/vms3.183
http://www.ncbi.nlm.nih.gov/pubmed/31273944
https://doi.org/10.1210/jcem-70-5-1334
http://www.ncbi.nlm.nih.gov/pubmed/2335575
https://doi.org/10.1079/NRR19910011
http://www.ncbi.nlm.nih.gov/pubmed/19094328
https://doi.org/10.2527/2001.7982162x
https://doi.org/10.2527/2001.7982162x
http://www.ncbi.nlm.nih.gov/pubmed/11518225
http://www.ncbi.nlm.nih.gov/pubmed/13316696
https://doi.org/10.1152/ajpgi.1985.249.2.G168
https://doi.org/10.1152/ajpgi.1985.249.2.G168
http://www.ncbi.nlm.nih.gov/pubmed/4025545
https://doi.org/10.1074/jbc.275.9.6284
https://doi.org/10.1074/jbc.275.9.6284
http://www.ncbi.nlm.nih.gov/pubmed/10692425
https://doi.org/10.1093/jn/132.6.1665S
http://www.ncbi.nlm.nih.gov/pubmed/12042486
http://www.ncbi.nlm.nih.gov/pubmed/8250654
https://doi.org/10.1093/jn/125.5.1334
http://www.ncbi.nlm.nih.gov/pubmed/7738692
https://doi.org/10.1093/jn/136.7.2001S
https://doi.org/10.1093/jn/136.7.2001S
http://www.ncbi.nlm.nih.gov/pubmed/16772479
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

Harris W, Heany R, Davis L, Weinberg E, Coutts R, Schiller A. Stimulation of bone formation in vivo by
phosphate supplementation. Calcif. Tiss. Res. 1976; 22:85-98. https://doi.org/10.1007/BF02010349
PMID: 1000345

Dhingra R, Sullivan LM, Fox CS, Wang TJ, D’Agostino RB, Gaziano JM, et al. Relations of serum
phosphorus and calcium levels to the incidence of cardiovascular disease in the community. Arch
Intern Med. 2007; 167:879-85. https://doi.org/10.1001/archinte.167.9.879 PMID: 17502528.

Foley RN, Collins AJ, Herzog CA, Ishani A, Kalra PA. Serum phosphorus levels associate with coro-
nary atherosclerosis in young adults. J Am Soc Nephrol. 2009; 20:397—404. https://doi.org/10.1681/
ASN.2008020141 PMID: 18987306.

Linefsky JP, O’Brien KD, Katz R, Boer IH de, Barasch E, Jenny NS, et al. Association of serum phos-
phate levels with aortic valve sclerosis and annular calcification: the cardiovascular health study. J Am
Coll Cardiol. 2011; 58:291-7. https://doi.org/10.1016/j.jacc.2010.11.073 PMID: 21737022.

Tonelli M, Sacks F, Pfeffer M, Gao Z, Curhan G. Relation between serum phosphate level and cardio-
vascular event rate in people with coronary disease. Circulation. 2005; 112:2627-33. https://doi.org/
10.1161/CIRCULATIONAHA.105.553198 PMID: 16246962.

Osuka S, Razzaque MS. Can features of phosphate toxicity appear in normophosphatemia. J Bone
Miner Metab. 2012; 30:10-8. https://doi.org/10.1007/s00774-011-0343-z PMID: 22219005

Walker HK, Hall WD, Hurst JW, editors, editors. Methods Clinical: The History, Physical, and Labora-
tory Examinations. 3rd ed. Boston, MA: Butterworth Publishers, a division of Reed Publishing; 1990.

Ibels LS, Alfrey AC, Huffer WE, Craswell PW, Anderson JT, Weil R. Arterial calcification and pathology
in uremic patients undergoing dialysis. The American Journal of Medicine. 1979; 66:790-6. https:/
doi.org/10.1016/0002-9343(79)91118-5 PMID: 443254

Narang R, Ridout D, Nonis C, Kooner JS. Serum calcium, phosphorus and albumin levels in relation to
the angiographic severity of coronary artery disease. International Journal of Cardiology. 1997;
60:73-9. https://doi.org/10.1016/s0167-5273(97)02971-9 PMID: 9209942

Ganesh SK, Stack AG, Levin NW, Hulbert-Shearon TE, Port FK. Association of elevated serum PO4,
Ca x PO4 product, and parathyroid hormone with cardiac mortality risk in chronic hemodialysis
patients. JASN. 2001; 12:2131-8. Available from: https://jasn.asnjournals.org/content/jnephrol/12/10/
2131.full.pdf. PMID: 11562412

Ohnishi M, Razzaque MS. Dietary and genetic evidence for phosphate toxicity accelerating mamma-
lian aging. FASEB J. 2010; 24:3562—71. https://doi.org/10.1096/f].09-152488 PMID: 20418498.

Estepa JC, Aguilera-Tejero E, Lopez I, Aimaden Y, Rodriguez M, Felsenfeld AJ. Effect of phosphate
on parathyroid hormone secretion in vivo. Journal of bone and mineral research. 1999; 14:1848-54.
https://doi.org/10.1359/jbmr.1999.14.11.1848 PMID: 10571684

Bover J, Jara A, Trinidad P, Rodriguez M, Felsenfeld A. Dynamics of skeletal resistance to Parathyroid
Hormone on the rat: effect of renal failure and dietary phosphorus. Bone. 1999; 25 (3):279-85. https:/
doi.org/10.1016/s8756-3282(99)00169-6 PMID: 10495131

Kemi VE, Kérkkainen MUM, Rita HJ, Laaksonen MML, Outila TA, Lamberg-Allardt CJE. Low calcium:
phosphorus ratio in habitual diets affects serum parathyroid hormone concentration and calcium
metabolism in healthy women with adequate calcium intake. British Journal of Nutrition. 2010;
103:561-8. https://doi.org/10.1017/S0007114509992121 PMID: 19781123

Cortadellas O, Fernandez del Palacio M, Talavera J, Bayon A. Calcium and phosphorus homeostasis
in dogs with spontaneous chronic kidney disease at different stages of severity. J Vet Intern Med.
2010; 24:73-9. https://doi.org/10.1111/j.1939-1676.2009.0415.x PMID: 19925576

Cozzolino M, Dusso A, Slatopolsky E. Role of calcium-phosphate product and bone- associated pro-
teins on vascular calcification in renal failure. Journal of the American Society of Nephrology. 2001;
12:2511-6. PMID: 11675430

Lippi I, Guidi G, Marchetti V, Tognetti R, Meucci V. Prognostic role of the product of serum calcium
and phosphorus concentrations in dogs with chronic kidney disease: 31 cases (2008—-2010). J Am Vet
Med Assoc. 2014; 245:1135-40. https://doi.org/10.2460/javma.245.10.1135 PMID: 25356714.

Jackson HA, Barber PJ. Resolution of metastatic calcification in the paws of a cat with successful die-
tary management of renal hyperparathyroidism. J Small Animal Practice. 1998; 39:495-7. https://doi.
org/10.1111/j.1748-5827.1998.tb03687.x PMID: 9816574

Locatelli F, Cannata-Andia JB, Driieke TB, Horl WH, Fouque D, Heimburger O, et al. Management of
disturbances of calcium and phosphate metabolism in chronic renal insufficiency, with emphasis on
the control of hyperphosphataemia. Nephrol Dial Transplant. 2002; 17:723-31. https://doi.org/10.
1093/ndt/17.5.723 PMID: 11981055.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 19/20


https://doi.org/10.1007/BF02010349
http://www.ncbi.nlm.nih.gov/pubmed/1000345
https://doi.org/10.1001/archinte.167.9.879
http://www.ncbi.nlm.nih.gov/pubmed/17502528
https://doi.org/10.1681/ASN.2008020141
https://doi.org/10.1681/ASN.2008020141
http://www.ncbi.nlm.nih.gov/pubmed/18987306
https://doi.org/10.1016/j.jacc.2010.11.073
http://www.ncbi.nlm.nih.gov/pubmed/21737022
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
https://doi.org/10.1161/CIRCULATIONAHA.105.553198
http://www.ncbi.nlm.nih.gov/pubmed/16246962
https://doi.org/10.1007/s00774-011-0343-z
http://www.ncbi.nlm.nih.gov/pubmed/22219005
https://doi.org/10.1016/0002-9343%2879%2991118-5
https://doi.org/10.1016/0002-9343%2879%2991118-5
http://www.ncbi.nlm.nih.gov/pubmed/443254
https://doi.org/10.1016/s0167-5273%2897%2902971-9
http://www.ncbi.nlm.nih.gov/pubmed/9209942
https://jasn.asnjournals.org/content/jnephrol/12/10/2131.full.pdf
https://jasn.asnjournals.org/content/jnephrol/12/10/2131.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11562412
https://doi.org/10.1096/fj.09-152488
http://www.ncbi.nlm.nih.gov/pubmed/20418498
https://doi.org/10.1359/jbmr.1999.14.11.1848
http://www.ncbi.nlm.nih.gov/pubmed/10571684
https://doi.org/10.1016/s8756-3282%2899%2900169-6
https://doi.org/10.1016/s8756-3282%2899%2900169-6
http://www.ncbi.nlm.nih.gov/pubmed/10495131
https://doi.org/10.1017/S0007114509992121
http://www.ncbi.nlm.nih.gov/pubmed/19781123
https://doi.org/10.1111/j.1939-1676.2009.0415.x
http://www.ncbi.nlm.nih.gov/pubmed/19925576
http://www.ncbi.nlm.nih.gov/pubmed/11675430
https://doi.org/10.2460/javma.245.10.1135
http://www.ncbi.nlm.nih.gov/pubmed/25356714
https://doi.org/10.1111/j.1748-5827.1998.tb03687.x
https://doi.org/10.1111/j.1748-5827.1998.tb03687.x
http://www.ncbi.nlm.nih.gov/pubmed/9816574
https://doi.org/10.1093/ndt/17.5.723
https://doi.org/10.1093/ndt/17.5.723
http://www.ncbi.nlm.nih.gov/pubmed/11981055
https://doi.org/10.1371/journal.pone.0246950

PLOS ONE

Oral phosphates in dogs

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Allen MJ. Biochemical Markers of Bone Metabolism in Animals: Uses and Limitations. Veterinary Clini-
cal Pathology. 2003; 32:101-13. https://doi.org/10.1111/.1939-165x.2003.tb00323.x PMID:
12966461

Jono S, McKee MD, Murry CE, Shioi A, Nishizawa Y, Mori K, et al. Phosphate regulation of vascular
smooth muscle cell calcification. Circ Res. 2000; 87:E10-7. https://doi.org/10.1161/01.res.87.7.e10
PMID: 11009570.

Nadkarni G, Uribarri J. Phosphorus and the kidney: what is known and what is needed. American Soci-
ety for Nutrition. 2014; 5:98—103. https://doi.org/10.3945/an.113.004655 PMID: 24425728

Isakova T, Wahl P, Vargas G, Gutierrez OM, Scialla J, Xie H, et al. Fibroblast growth factor 23 is ele-
vated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 2011;
79:1370-8. https://doi.org/10.1038/ki.2011.47 PMID: 21389978

Eller P, Eller K, Kirsch A, Patsch J, Wolf A, Tagwerker A, et al. A murine model of phosphate nephrop-
athy. Am J Pathol. 2011; 178 (5):1999-20086. https://doi.org/10.1016/j.ajpath.2011.01.024 PMID:
21514417

Shimada T, Hasegawa H, Yamazaki Y, Muto T, Takeuchi Y, Fujita T, et al. FGF-23 is a novel humoral
factor regulating vitamin D metabolism. Journal of the American Society of Nephrology. 2002;
13:28A-28A.

Borst MH de Vervioet MG, ter Wee PM, Navis G. Cross talk between the renin-angiotensin-aldoste-
rone system and vitamin D-FGF-23-klotho in chronic kidney disease. J Am Soc Nephrol. 2011;
22:1603-9. https://doi.org/10.1681/ASN.2010121251 PMID: 21852584.

Silver J, Naveh-Many T. FGF-23 and secondary hyperparathyroidism in chronic kidney disease.
Nature Reviews Nephrology. 2013; 9:641 EP -. https://doi.org/10.1038/nrneph.2013.147 PMID:
23877588

Fliser D, Kollerits B, Neyer U, Ankerst D, Lhotta K, Lingenhel A, et al. Fibroblast Growth Factor 23
(FGF23) Predicts Progression of Chronic Kidney Disease: The Mild to Moderate Kidney Disease
(MMKD) Study. Journal of the American Society of Nephrology. 2007; 18:2601-8. https://doi.org/10.
1681/ASN.2006080936 PMID: 17656479

Evermann D, Nitu M, Jacobs B. Respiratory failure requiring extracorporal membrane oxygenation
after sodium phosphate eneme intoxication. Eur J Pedatr. 2003; 162:517-9.

Marraffa J, Hui A, Stork C. Severe hyperphosphatemia and hypocalcemia following the rectal adminis-
tration of a phosphate- containing fleet® pediatric enema. Pediatric Emergency Care. 2004; 20
(7):453-6. https://doi.org/10.1097/01.pec.0000132217.65600.52 PMID: 15232246

Martin RR, Lisehora GR, Braxton M, Barcia PJ. Fatal poisoning from sodium phosphate enema.
JAMA. 1987; 257:2190. https://doi.org/10.1001/jama.1987.03390160076030 PMID: 3560401

Jin H, Xu C-X, Lim H-T, Park S-J, Shin J-Y, Chung Y-S, et al. High dietary inorganic phosphate
increases lung tumorigenesis and alters Akt signaling. Am J Respir Crit Care Med. 2009; 179:59-68.
https://doi.org/10.1164/rccm.200802-3060C PMID: 18849498.

Schneider P, Pappritz G, Mller-Peddinghaus R, Bauer M, Lehmann H, Ueberberg H, et al. Die
Kaliumhydrogenphosphat-induzierte Nephropathie des Hundes. |. Pathogenese der Tubulusatrophie.
Vet Pathol. 1980; 17:699-719. https://doi.org/10.1177/030098588001700607 PMID: 7423830.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246950 February 19, 2021 20/20


https://doi.org/10.1111/j.1939-165x.2003.tb00323.x
http://www.ncbi.nlm.nih.gov/pubmed/12966461
https://doi.org/10.1161/01.res.87.7.e10
http://www.ncbi.nlm.nih.gov/pubmed/11009570
https://doi.org/10.3945/an.113.004655
http://www.ncbi.nlm.nih.gov/pubmed/24425728
https://doi.org/10.1038/ki.2011.47
http://www.ncbi.nlm.nih.gov/pubmed/21389978
https://doi.org/10.1016/j.ajpath.2011.01.024
http://www.ncbi.nlm.nih.gov/pubmed/21514417
https://doi.org/10.1681/ASN.2010121251
http://www.ncbi.nlm.nih.gov/pubmed/21852584
https://doi.org/10.1038/nrneph.2013.147
http://www.ncbi.nlm.nih.gov/pubmed/23877588
https://doi.org/10.1681/ASN.2006080936
https://doi.org/10.1681/ASN.2006080936
http://www.ncbi.nlm.nih.gov/pubmed/17656479
https://doi.org/10.1097/01.pec.0000132217.65600.52
http://www.ncbi.nlm.nih.gov/pubmed/15232246
https://doi.org/10.1001/jama.1987.03390160076030
http://www.ncbi.nlm.nih.gov/pubmed/3560401
https://doi.org/10.1164/rccm.200802-306OC
http://www.ncbi.nlm.nih.gov/pubmed/18849498
https://doi.org/10.1177/030098588001700607
http://www.ncbi.nlm.nih.gov/pubmed/7423830
https://doi.org/10.1371/journal.pone.0246950

