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phosphatemia and CKD progression.

Animals: Forty-two normophosphatemic dogs with CKD.

Methods: Blood samples and medical records were retrospectively investigated. Hyper-
phosphatemia was defined as a serum phosphorous concentration >5.0 mg/dL. Progres-
sion was defined as a >1.5-fold increase in serum creatinine concentration. The time
periods and hazard ratios for these outcomes were assessed using Kaplan-Meier analysis,
log-rank test, and univariate Cox regression analysis. The variables associated with the out-
comes in the univariate analysis were included in the multivariate Cox regression model
with backward selection.

Results: Serum FGF-23 concentration >528 pg/mL was associated with a shorter
time to development of hyperphosphatemia (P <.001) and CKD progression
(P <.001). In multiple Cox regression analysis, increased FGF-23 concentration
remained a significant variable associated with these outcomes (P < .05).

Conclusions and Clinical Importance: Increased FGF-23 concentration in
normophosphatemic dogs with CKD was associated with significant risk of development
of hyperphosphatemia, independent of CKD stage, and of the progression of CKD. Future
research focusing on whether interventions that decrease FGF-23 secretion will slow the

development of hyperphosphatemia and CKD progression is needed.
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1 | INTRODUCTION
Chronic kidney disease (CKD) is a common, irreversible, and progres-
sive disease in dogs.! In patients with CKD, mineral metabolism disor-
ders such as hyperphosphatemia, renal hyperparathyroidism, and
decreased calcitriol synthesis occur because of impaired renal function
and are associated with a poor prognosis.2* Therefore, these disor-
ders are considered important complications and are termed
CKD—mineral and bone disorder (MBD).2> Hyperphosphatemia is
known to be a prognostic factor for shorter survival time in dogs with
CKD.®'° Therefore, prevention and management of hyper-
phosphatemia may improve the prognosis of dogs with CKD.
Fibroblast growth factor (FGF)-23 is a phosphaturic hormone
associated with CKD-MBD.2®> Fibroblast growth factor-23 is
released from osteocytes in response to increased serum phosphorus
and calcitriol concentrations and promotes phosphate excretion into
the urine by downregulation of the sodium-phosphate co-transporter
in renal proximal tubular cells and inhibition of calcitriol synthesis.***?
Fibroblast growth factor-23 acts by binding to the FGF receptor-
o-klotho complex.13 In humans, cats, and dogs with CKD, circulating
FGF-23 concentrations have been shown to increase in the advanced
CKD stages.***? Increased FGF-23 concentration in patients with
CKD is associated with various mechanisms, such as a decreased
clearance of FGF-23 because of decreasing glomerular filtration rate
(GFR), compensation for the accumulation of phosphate in the body,
and compensation for decreased klotho protein concentrations.?°-2?
Studies of humans and cats with CKD have reported that concentra-
tions of FGF-23 increased earlier than did those of parathyroid hor-

15-17.23 and were associated with shorter

mone (PTH) and phosphorus,
survival time.2*2% Therefore, FGF-23 has been noted as an early
marker of CKD-MBD.? Similarly, blood FGF-23 concentrations in dogs
with CKD have been shown to become increased earlier than serum
phosphorous concentrations.*®1? Therefore, increased blood FGF-23
concentrations plausibly can reflect phosphate accumulation in dogs
with CKD but without overt hyperphosphatemia. Thus, we hypothe-
sized that FGF-23 predicts development of hyperphosphatemia in
normophosphatemic dogs with CKD. If correct, FGF-23 may be a use-
ful marker of when to initiate a phosphate-restricted diet to prevent
the development of hyperphosphatemia.

Our purpose was to investigate the relationship between FGF-23
concentration and subsequent development of hyperphosphatemia and
progression of CKD and determine the clinical relevance of increased
FGF-23 concentration in normophosphatemic dogs with CKD.

2 | MATERIALS AND METHODS

2.1 | Case selection
Ours was a retrospective study performed using medical records and
stored serum samples that were collected between September 2014

and September 2020 from client-owned dogs diagnosed with CKD at

the nephrology service of a veterinary medical teaching hospital in
Japan. Dogs with CKD were selected from a database using commer-
cially available software (Microsoft Excel, Microsoft Japan Co., Ltd.,
Tokyo, Japan) and the search terms “CKD” and “dog.” Then, the medi-
cal records and presence or absence of serum samples for the dogs
identified from the database were reviewed. If serum samples at the
time of CKD diagnosis were unavailable, samples obtained at a subse-
quent hospital visit were selected for measurement of serum FGF-23
and intact PTH concentrations. A diagnosis of CKD was based on per-
sistently (23 months) having at least 1 of the following criteria: renal
azotemia, renal proteinuria, or renal abnormalities on abdominal ultra-
sonography. Renal azotemia was defined as a serum creatinine con-
centration >1.45 mg/dL (the upper limit of reference range at our
institution) and urine specific gravity (USG) <1.030. Renal proteinuria
was assessed based on a urine protein/creatinine ratio (UPC) 20.5
without an apparent prerenal or postrenal cause. Ultrasonographic renal
abnormalities included small kidneys, decreased corticomedullary differ-
entiation, irregular renal contours, or some combination of these find-
ings. Dogs with CKD were classified according to the 2019 International
Renal Interest Society (IRIS) CKD guidelines for staging based on serum
concentrations as stage 1 (<14 mg/dL), stage
2 (1.4-2.8 mg/dL), stage 3 (2.9-5.0 mg/dL), and stage 4 (>5.0 mg/dL).?’
All dogs with stage 1 CKD had renal proteinuria, ultrasonographic renal

creatinine

abnormalities, or both.

Dogs suspected or diagnosed with neoplasia, hyperadrenocorticism,
hypoadrenocorticism, acute kidney injury or acute CKD exacerbation, or
having a history of hyperphosphatemia were excluded from the study.
Hyperphosphatemia was defined as a serum phosphorous concentration
>5.0 mg/dL, based on the reference interval at our institution. In addi-
tion, dogs for which follow-up information could not be obtained were
excluded.

2.2 | Medical records review and data collection

Information regarding signalment, serum biochemical analysis, blood
gas analysis, urinalysis, noninvasively determined systolic blood pres-
sure (SBP) and treatment were collected from the medical records.
Serum biochemical analyses were performed using an automated ana-
lyzer (7180 Biochemistry Automatic Analyzer, Hitachi High-
Technologies Corp., Tokyo, Japan). Blood ionized calcium and bicar-
bonate concentrations were measured using a blood gas analyzer
(GEM PREMIER 3500, Instruments Laboratory Co., Ltd, Tokyo, Japan).
Blood samples for blood gas analysis were collected into heparinized
tubes (FUJI HEPARIN TUBE, FUJI FILM Corp., Tokyo, Japan). Urine
samples were obtained by voiding, urethral catheterization, or
cystocentesis. Urine chemical analyses were performed using an auto-
mated analyzer (7180 Biochemistry Automatic Analyzer, Hitachi High-
Technologies Corp.). Blood pressure measurements were assessed
using oscillometric methods (BP100D hemomanometer, Fukuda M-E
Kogyo Co., Ltd, Tokyo, Japan), according to the recommendations of

the American College of Veterinary Internal Medicine.2®
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23 | FGF-23 andintact PTH

Blood samples were collected with the informed consent of the dogs'
owners. Blood samples in tubes containing serum separators were
centrifuged at 1181g for 5 minutes, and the obtained serum samples
were stored at —30°C for submission to an external laboratory
(FUJIFILM VET Systems Co., Ltd, Tokyo, Japan) for FGF-23 and intact
PTH analysis. Serum FGF-23 concentrations were measured using a
sandwich ELISA kit (MedFrontier FGF-23, Hitachi Chemical Diagnos-
tics Systems Co., Ltd, Tokyo, Japan). Serum intact PTH concentrations
were analyzed using a chemiluminescent enzyme immunoassay
(Siemens Immulyze intact PTH Ill, Siemens Healthcare Diagnostics
Co., Ltd, Tokyo, Japan). Validation of the FGF-23 and intact PTH

assays was reported in a previous study.?’

24 | Statistical analysis

Statistical analysis was performed using commercial software (SPSS
24 for Windows, IBM Japan, Ltd, Tokyo, Japan) and open-access sta-
tistical software (EZR software version 1.40, Jichi Medical University
Saitama medical Center, Saitama, Japan).29 P < .05 was considered
statistically significant.

The number of days from the day on which the serum sample for
FGF-23 assessment was obtained (baseline) until the development of
hyperphosphatemia or progression of CKD was retrieved from the med-
ical records. The frequency of follow-up (ie, reassessment of serum cre-

atinine and phosphorous concentrations) was determined based on

clinical recommendations for individual cases. Development of hyper-
phosphatemia was defined as serum phosphorous concentration
>5.0 mg/dL. Progression of CKD was defined as a 1.5-fold increase in
serum creatinine concentration in comparison with that measured at the
time of evaluation of FGF-23. Dogs were followed until January 2021.
Dogs that did not develop hyperphosphatemia did not experience pro-
gression at the end of the follow-up period and those that were lost to
follow-up were censored.

Kaplan-Meier curves were used to plot the time to development
of hyperphosphatemia and CKD progression. The cutoffs for FGF-23
and intact PTH were based on the reference ranges (528 and
8.5 pg/mL, respectively) reported in a previous study.'’ The cutoffs
for serum biochemical variables other than serum phosphorous con-
centration were based on the reference ranges at our institution. The
cutoff for serum phosphorous concentration (4.6 mg/dL) was set
according to the therapeutic aim proposed by the IRIS CKD guide-
lines.° The cutoffs for bicarbonate and ionized calcium concentra-
tions were determined based on a previous report.3¥3? Dogs were
also divided in terms of USG (21.030 and <1.030) and UPC (21.0 and
<1.0).3232 Systemic hypertension was defined as SBP 2160 mmHg at
baseline.?83* Log-rank tests were used to compare time to the out-
comes across groups. Hazard ratios (HRs) of FGF-23 and other vari-
ables for the outcomes were calculated using univariate Cox
regression. Proportional hazard assumptions were analyzed using
Schoenfeld residuals. All variables significantly associated with the
outcomes in univariate Cox analysis (P <.05) were included in
the multiple Cox regression model with backward selection. Residual

analysis was performed using Martingale residuals.

TABLE 1 Median (range) values for characteristics of dogs with CKD included in the present study
Stage 1 (n = 23) Stage 2 (n = 13) Stage 3-4 (n = 6)
Variables Median (range) n Median (range) n Median (range) n
Age (years) 9.4 (3.0-15.8) 23 9.2 (2.2-13.5) 13 11.3(1.4-14.8) 6
Body weight (kg) 4.0(1.4-21.2) 22 6.2 (1.7-31.2) 13 4.9 (2.4-14.3) 6
FGF-23 (pg/mL) 442 (172-1545) 23 843 (281-1314) 13 1378 (605-1754) 6
Intact PTH (pg/mL) 6.5 (5.9-16.5) 23 6.6 (6.1-34.6) 13 13.4 (6.1-24.4) 5
Urea nitrogen (mg/dL) 38.8 (7.1-66.7) 23 32.3(17.1-79.3) 13 72.2 (44.7-95.6) 6
Creatinine (mg/dL) 0.9 (0.6-1.39) 23 1.85(1.45-2.36) 13 4.01(3.22-5.82) 6
Total protein (g/dL) 5.9 (4.8-7.3) 23 6.0 (4.1-7.6) 13 6.0 (5.6-6.8) 6
Albumin (g/dL) 2.4 (1.8-3.4) 23 2.6 (1.6-3.5) 13 2.7 (2.4-3.3) 6
Total calcium (mg/dL) 10.0 (8.0-12.0) 23 10.2 (8.8-11.8) 13 11.1(9.8-12.6) 6
Phosphorus (mmol/L) 3.6 (1.6-4.9) 23 3.6 (2.2-4.6) 13 3.5(2.7-4.0) 6
Potassium (mEq/L) 4.6 (3.6-5.6) 23 4.8 (4.1-5.9) 12 4.8 (3.7-5.5) 6
lonized calcium (mmol/L) 1.22 (0.92-1.34) 18 1.22(1.14-1.28) 12 1.21(1.14-1.26) 6
HCO3~ (mmol/L) 22.3(17.1-29.1) 18 23.6 (11.6-26.6) 12 21.4(18.3-24.3) 6
Urine specific gravity 1.021 (1.004-1.050) 21 1.019 (1.004-1.023) 13 1.011 (1.009-1.014) 6
UPC (g/gCre) 2.5(0.07-9.3) 22 2.2(0.04-12.1) 11 0.12 (0.03-0.56) 6
SBP (mmHg) 152 (104-191) 17 148 (123-235) 9 145 (119-172) 4

Abbreviations: CKD, chronic kidney disease; FGF, fibroblast growth factor; PTH, parathyroid hormone; SBP, systolic blood pressure; UPC, urine

protein : creatinine ratio.
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3 | RESULTS
31 | Dogs

One-hundred forty-eight dogs with CKD were identified from the
database. From this group, 45 dogs without serum samples, 11 dogs
with neoplasia, hyperadrenocorticism or acute CKD exacerbation, and
24 dogs with hyperphosphatemia or a history of hyperphosphatemia
were excluded. In addition, 26 dogs without follow-up information
were excluded. Finally, 42 normophosphatemic dogs with CKD were
included in our study. Twenty-three dogs developed hyper-
phosphatemia during the follow-up period and CKD progressed in
18 dogs. They were grouped as stage 1 (n = 23), stage 2 (n = 13),
stage 3 (n = 5), and stage 4 (n = 1) CKD (Table 1). Because only 1 dog
had stage 4 CKD, it was categorized as stage 3 for statistical analysis.
In all dogs with CKD, the median age (range) was 9.3 years
(1.4-15.8 years), and the median body weight (range) was 4.5 kg
(1.4-31.2 kg). The study population consisted of 3 intact males, 16 cas-
trated males, 4 intact females, and 19 spayed females. Breeds
included Yorkshire Terrier (n = 11), Papillon (n = 5), Chihuahua
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FIGURE 1 Kaplan-Meier curve for the time period to the
development of hyperphosphatemia in normophosphatemic chronic
kidney disease dogs with serum fibroblast growth factor (FGF)-23
concentrations <528 pg/mL (blue line) and >528 pg/mL (green line)
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(n = 3), Shiba (n = 3), Shih Tzu (n = 3), Toy Poodle (n = 3), Jack Rus-
sell Terrier (n = 2), Miniature Schnauzer (n = 2), and 1 of each of the
following breeds: Border Collie, Bulldog, French Bulldog, Italian Grey-
hound, Labrador Retriever, Maltese Miniature, Dachshund, mixed
breed dog, Staffordshire Bull Terrier, and Welsh Corgi. Seventeen
dogs already were being fed a renal diet at baseline. During the
follow-up period, 9 of the 23 dogs that developed hyperphosphatemia
and 6 of the 19 dogs that did not develop hyperphosphatemia were
given a renal diet. In addition, 9 of the 18 dogs with CKD progression
and 6 of the 24 dogs without CKD progression were given a renal diet
during the follow-up period. No significant difference was found in
the interval for the development of hyperphosphatemia and the pro-
gression of CKD between dogs with and without renal dietary treat-
ment during the follow-up period (P = .77 and P = .57, respectively).
No dog received a phosphorous binder during the follow-up period.
Of the 42 dogs with CKD, 25 had been treated with renin-angiotensin
system inhibitors to manage proteinuria or systemic hypertension.
More specifically, they were treated with telmisartan (n = 18),
benazepril hydrochloride (n = 2), enalapril maleate (n = 1), temocapril
hydrochloride (n = 1), and a combination of telmisartan and benazepril
hydrochloride (n = 3). No dog had a urinary tract infection based on
microscopic examination of urine sediment. The median time (range)
between re-examination visits was 56 days (13-99 days) in dogs that
developed hyperphosphatemia and 91 days (34-882 days) in those
that did not develop hyperphosphatemia. The median time (range)
between follow-up visits was 294 days (15-259 days) in dogs with
CKD progression and 82 days (13-882 days) in those without CKD

progression.

3.2 | Relationship between FGF-23 and
development of hyperphosphatemia

The time to development of hyperphosphatemia in dogs with CKD
having FGF-23 concentrations >528 pg/mL (median time, 175 days;
95% confidence interval [Cl], 0-395 days) was significantly shorter
than that of dogs with FGF-23 concentrations <528 pg/mL (median
time was not reached during the study period, P < .001; Figure 1).
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TABLE 2 Hazard ratios for the development of hyperphosphatemia and CKD progression analyzed using univariate Cox regression model in
normophosphatemic dogs with CKD

Development of hyperphosphatemia Progression of CKD
95% Confidence 95% Confidence
Variables Cutoff n Hazard ratio interval P value Hazard ratio interval P value
FGF-23 (pg/mL) <528 18
>528 24 15.39 3.41-69.57 <.001 8.98 2.38-33.89 .001
Intact PTH (pg/mL) <85 30
>8.5 11 2.02 0.80-5.12 .14 221 0.78-6.24 .14
Urea nitrogen (mg/dL) <29.2 13
>29.2 29 9.44 2.18-40.89 .003 3.97 1.14-13.87 .03
Creatinine (mg/dL) <1.45 24
>1.45 18 2.23 0.97-5.12 .06 2.14 0.83-5.49 12
Total protein (g/dL) 24.9 39
<4.9 3 1.41 0.42-4.80 .58 1.92 0.55-6.71 .31
Albumin (g/dL) 220 34
<20 8 2.06 0.84-5.03 A1 1.8 0.67-4.88 .25
Total calcium (mg/dL) >9.1 38
<9.1 4 1.11 0.33-3.79 .87 0.79 0.18-3.51 .75
Phosphorus (mg/dL) <4.5 38
>4.5 4 1.94 0.65-5.80 .23 1.04 0.24-4.58 .96
Potassium (mEq/L) <51 38
>5.1 3 2.34 0.53-10.30 26 5.02 1.06-23.87 .04
Bicarbonate (mmol/L) >18.8 31
<18.8 5 1.49 0.53-4.19 45 1.88 0.64-5.48 .25
lonized calcium (mmol/L) >1.15 27
<1.15 9 0.96 0.37-2.48 .93 0.74 0.24-2.32 .61
usG 21.030 5
<1.030 35 222 0.52-9.56 .28 1.52 0.35-6.64 .58
UPC (g/gCre) <1.0 14
21.0 25 1.18 0.46-3.04 74 1.19 0.38-3.71 76
SBP (mmHg) <160 19
2160 11 1.28 0.43-3.84 .66 0.86 0.23-3.20 .82
Renal diet during the Not performed 27
follow-up period
performed 15 0.88 0.38-2.05 77 1.31 0.52-3.34 .57
CKD stage Stage 1 23
Stage 2 13 2.10 0.84-5.27 A1 2.02 0.71-5.1 19
Stages 3-4 6 4.87 1.43-16.6 01 1241 247-72.97 .002

Abbreviations: CKD, chronic kidney disease; FGF, fibroblast growth factor; PTH, parathyroid hormone; SBP, systolic blood pressure; UPC, urine protein
creatinine ratio; USG, urine specific gravity.

TABLE 3 Hazard ratios for the
development of hyperphosphatemia and
CKD progression analyzed using

Variables Hazard ratio 95% Confidence interval P value

Development of hyperphosphatemia

FGF-23 >528 pg/mL 5.66 1.24-25.81 .03 multivariate Cox regression model in
Urea nitrogen >29.2 mg/dL 6.31 1.20-33.10 03 normophosphatemic dogs with CKD
Time between re-examination visits (day) 0.91 0.87-0.95 <.001

Progression of CKD
FGF-23 >528 pg/mL 11.33 2.85-44.98 <.001
Potassium >5.1 mEq/L 12.74 2.12-76.73 .005

Abbreviations: CKD, chronic kidney disease; FGF, fibroblast growth factor.
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Serum urea nitrogen (UN) concentration >29.2 mg/dL (median time,
273 days; 95% Cl, 93-453 days) was significantly associated with
shorter interval until the development of hyperphosphatemia in com-
parison with UN <29.3 mg/dL (median time was not reached during
the study period; P < .001; Figure 2A). International Renal Interest
Society stage also was significantly associated with the interval to
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FIGURE 3 Kaplan-Meier curve for the time period to the
progression of chronic kidney disease in dogs without
hyperphosphatemia with serum fibroblast growth factor (FGF)-23
concentrations <528 pg/mL (blue line) and >528 pg/mL (green line)
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outcome. Median durations (95% Cl) to the outcome in stages 1, 2,
and 3-4 groups were 581 days (185-977 days), 385 days (0-871 days),
and 35 days (0-240 days), respectively (Figure 2B).

The univariate Cox regression analysis showed that FGF-23
>528 pg/mL, UN >29.2 mg/dL, and CKD stages 3-4 were significantly
associated with risk for development of hyperphosphatemia (P < .001,
P = .003, and P = .01, respectively; Table 2). In addition, time between
re-examination visits correlated with significant risk for outcome (HR,
0.92; 95% Cl, 0.89-0.96; P < .001). When these variables were included
in the multivariate Cox regression analysis, FGF-23 >528 pg/mL (HR,
5.66; 95% Cl, 1.24-25.81; P = .03), UN >29.2 mg/dL (HR, 6.31; 95% ClI,
1.20-33.10; P = .03), and time between re-examination visits (HR, 0.91;
95% Cl, 0.87-0.95; P <.001) were significantly associated with risk of
hyperphosphatemia (Table 3).

3.3 | Relationship between FGF-23 and
progression of CKD

Time to progression of CKD in dogs with FGF-23 concentrations
>528 pg/mL (median time, 391 days; 95% Cl, 67-522 days) was signif-
icantly shorter than that of dogs with FGF-23 concentrations
<528 pg/mL (median time was not reached during the study period;
P < .001; Figure 3). In addition, serum UN concentration >29.2 mg/dL,
serum potassium concentration >5.1 mEqg/L, and CKD stage were
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significantly associated with time to outcome (P = .03, P = .02, and
P = .001, respectively; Figure 4). The median duration (95% Cl) to
CKD progression in dogs with UN >29.2 mg/dL was 469 days
(118-700 days), but the median duration with UN <29.2 mg/dL group
was not reached during the study period. Median durations (95% Cl) to
CKD progression for serum potassium concentrations >5.1 and
<5.1 mEg/L groups were 28days (7-49days) and 623 days
(363-833 days), respectively, whereas those in the CKD stages 1, 2, and
3-4 groups were 693 days (460-926 days), 777 days (328-1227 days),
and 77 days (12-143 days), respectively.

The univariate Cox regression analysis showed that FGF-23
>528 pg/mL, UN >29.2 mg/dL, potassium >5.1 mEq/L, and CKD stages
3-4 were significantly associated with risk of CKD progression
(P=.001, P = .03, P = .04, and P = .002, respectively; Table 2). Also,
time between re-examination visits was related to significant risk for
outcome (HR, 0.97; 95% Cl, 0.95-0.99; P = .01). When these variables
were included in the multivariate Cox regression analysis, FGF-23
>528 pg/mL (HR, 11.33; 95% Cl, 2.85-44.98; P < .001), and potassium
>5.1 mEq/L (HR, 12.74; 95% Cl, 2.12-76.73; P = .005) remained signifi-
cantly associated with risk of CKD progression (Table 3).

4 | DISCUSSION

Our study investigated the clinical relevance of increased FGF-23
concentrations in dogs with CKD but without hyperphosphatemia.
We found that increased serum FGF-23 concentrations were signifi-
cantly associated with risk of subsequent hyperphosphatemia and
CKD progression in normophosphatemic dogs.

Various proposals for the pathophysiology of increased FGF-23
concentrations in patients with CKD have been suggested.2>22 Of
these mechanisms, we focused on the relationship between FGF-23
and phosphate. Decreasing GFR in CKD decreases urinary phosphate
excretion, resulting in phosphate accumulation. To compensate, circu-
lating FGF-23 concentrations increase to maintain phosphate homeo-
stasis by enhanced urinary phosphate excretion.!>*® When GFR
further decreases, decompensation of FGF-23 occurs because of
exacerbated phosphate excretory failure and decreased klotho pro-
tein, and patients with CKD develop hyperphosphatemia.>*3 In fact,
increased blood FGF-23 concentrations have been shown to occur
earlier than hyperphosphatemia in humans, cats, and dogs with
CKD.161%23 Therefore, we hypothesized that FGF-23 would be pre-
dictive of the subsequent development of hyperphosphatemia in dogs
with normophosphatemic CKD. In our study, increased serum FGF-23
concentrations were significantly associated with the risk of develop-
ing subsequent hyperphosphatemia, suggesting that phosphate
already may be accumulating in dogs with normophosphatemic CKD.
Moreover, our results suggest that the period before phosphate accu-
mulation becomes apparent as hyperphosphatemia was shorter in
dogs with increased FGF-23 concentrations. Another mechanism that
contributes to increased blood FGF-23 concentrations in CKD is
decreased renal clearance itself because of decreased GFR.2° In

humans, impaired GFR was the most important factor contributing to

increased FGF-23 concentrations in early stages of CKD.3> However,
multivariate Cox regression analysis in our study showed that
increased FGF-23 remained a significant risk factor for development
of hyperphosphatemia after adjusting for CKD stage (ie, magnitude of
GFR). This finding suggests that phosphate accumulation in the body
is an important factor involved in increased FGF-23 concentrations,
independent of GFR in dogs with CKD.

In addition, in our study, serum FGF-23 concentration was signifi-
cantly associated with the progression of CKD in dogs. In humans
with CKD, increased FGF-23 concentrations are related to shorter
survival time.2*2> One of the reasons for this phenomenon is that
increased blood FGF-23 concentrations increase the risk of cardiovas-
cular comorbidities, such as myocardial infarction and heart failure in
humans.2>3¢%7 |n dogs and cats with CKD, increased plasma FGF-23
concentrations also have been associated with shorter survival
times.”2¢ However, myocardial infarction is a rare event in dogs and
cats, and the relationship between FGF-23 in CKD and heart failure
has not been determined. Thus, the association between FGF-23 and
worse prognosis in dogs and cats with CKD cannot be explained by
cardiovascular comorbidities. Another mechanism by which increased
FGF-23 may shorten survival time is that FGF-23 is related to the pro-
gression of CKD in humans.®”-3? Similar results also were observed in
cats with CKD.24%° Our results are consistent with those of previous
studies in humans and cats, but it is unknown whether FGF-23
directly promotes CKD progression. In rats and beagles, phosphate
loading was shown to lead to renal toxicity by calcification of the kid-
neys.*13 Given the results of these studies, it is thought that the
accumulation of phosphate in the body contributes to the progression
of CKD by renal calcification. Therefore, increased blood FGF-23 con-
centrations, which reflect phosphate accumulation, could be associ-
ated with progression of CKD and shorter survival time in dogs and
cats with CKD. In previous studies, the prevalence of hyper-
phosphatemia in dogs with CKD was 0% to 18% in stage 1, 19% to
50% in stage 2, 50% to 90% in stage 3, and 100% in stage 4.174445
Thus, the prevalence of hyperphosphatemia is associated with CKD
stage and GFR.

Because hyperphosphatemia and the calcium x phosphorous
product have been recognized as prognosis factors in dogs with
CKD,®104647 phosphate restriction is an important treatment. For
dogs, a renal diet consists of the restriction of protein, phosphate and
salt, and the supplementation of omega-3 fatty acids.! Because vari-
ous studies have indicated the benefits of a renal diet for dogs with
CKD, 84850 dietary modification has been commonly used to man-
age CKD in dogs. Of the nutrients in renal diets, phosphate is
restricted to manage CKD-MBD.*® In fact, dietary phosphate and cal-
cium restriction have been shown to prolong the survival of dogs in
which functional renal mass was experimentally decreased by 15/16.°
Thus, phosphate restriction is thought to be a key treatment for phos-
phate accumulation in dogs with CKD. A previous study that showed
the beneficial effect of a renal diet included dogs with spontaneous
CKD and serum creatinine concentrations >2.0 mg/dL,48 and IRIS
CKD guidelines recommend the initiation of a phosphate-restricted

diet beginning with stage 2.3° However, the efficacy of dietary
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management for dogs with CKD but without hyperphosphatemia has
not been studied specifically. In addition, dogs with stage 2 CKD do
not always have hyperphosphatemia.’?*4*> One study also has
reported benefits of renal dietary management in dogs with stage
1 CKD.>* However, except for proteinuria, the application of dietary
treatment for dogs

established.*°? In humans and cats with CKD, because blood
24-26

with early-stage CKD has not been
FGF-23 concentrations are associated with survival time and
decreased by feeding a renal diet,*>** FGF-23 is recognized as a
treatment target in patients with CKD. In our study, FGF-23 was sig-
nificantly associated with subsequent development of hyper-
phosphatemia, and their relationship remained significant even after
adjusting for CKD stage. This result suggests that increased FGF-23
concentrations can reflect a phosphate metabolic disturbance regard-
less of CKD stage in dogs. As such, phosphate restriction is expected
to be effective for treating dogs with CKD that have abnormal phos-
phate metabolism. Therefore, FGF-23 might be a useful marker to
indicate the need for dietary treatment in dogs with CKD, especially
those in stages 1 and 2. In addition, our findings suggest that decreas-
ing serum FGF-23 concentrations might be useful in preventing the
development of hyperphosphatemia, but we cannot conclude that
therapeutic intervention based on increased FGF-23 concentration in
dogs with CKD is beneficial because of the retrospective study design.
In addition, in our study, no statistically significant difference was
found between the presence and the absence of dietary treatment in
the subsequent development of hyperphosphatemia and CKD pro-
gression. However, provision of a renal diet clearly affects mineral
metabolism in dogs with CKD,*” and we may not have observed
these differences because of small sample size. Furthermore, because
of the retrospective design, our study included dogs that were already
receiving dietary management at baseline, which may have decreased
their serum FGF-23 concentrations. Our findings should be inter-
preted by considering that the diet of some of the dogs was modified
during the study, and therefore the variable time exposure to dietary
treatment could be an influencing factor. Thus, further prospective
interventional studies are needed to determine the effect of dietary
phosphate restriction on blood FGF-23 concentrations, and whether
dietary management for CKD dogs with normophosphatemia and
increased FGF-23 concentrations could prevent the development of
hyperphosphatemia.

Our study could not establish a relationship between UPC or sys-
temic hypertension and the progression of CKD, in contrast to previous
studies.®33*45> The reasons may include a difference in the study popula-
tion, study design and therapeutic regimen. Although 23 of 42 dogs
(55%) in our study were diagnosed as stage 1 CKD (serum creatinine
concentration <1.45 mg/dL), previous studies targeted dogs with CKD
having serum creatinine concentration >2.0 mg/dL.33%* Few studies
have investigated factors associated with progression of early-stage
CKD in dogs, which can differ from those in more advanced stages.
Moreover, our study was retrospective and included dogs that were
already being treated for proteinuria, systemic hypertension or both,

most of which were treated with telmisartan. The efficacy of telmisartan

on proteinuria and blood pressure recently was found to be superior to
that of angiotensin converting enzyme inhibitors.>®>” Therefore,
telmisartan could have influenced the effects of proteinuria and systemic
hypertension on the progression of CKD.333455

Our study had some limitations. First, the study was a retrospec-
tive investigation, and it may have been subject to selection bias.
Some data sets had missing values, and the frequency of
reassessment and therapeutic regimens such as dietary treatment and
renin-angiotensin system inhibitors were not standardized. Because
time between re-examination visits was significantly associated with
the risk for outcomes, dogs with the development of hyper-
phosphatemia or CKD progression could be rigorously followed up
and managed. In addition, follow-up periods of some dogs with
FGF-23 <528 pg/mL and censored were not adequate to completely
overcome these limitations. Second, sample size was small. Third, we
did not consider the underlying causes of CKD in the dogs. Our study
included various underlying diseases, such as protein-losing nephropa-
thy, renal dysplasia and other tubulointerstitial diseases. Because the
progression rate of CKD and treatment strategies may differ based on
the underlying disease, this factor could have affected the results of
our study. Fourth, the upper limit of the reference range of FGF-23
used in our study was determined using a small sample of healthy
dogs.'? Therefore, a more precise cut-off for the FGF-23 concentra-
tion that is associated with the risk of the development of hyper-
phosphatemia and CKD progression is needed. Finally, our study did
not consider the storage period of serum samples used for the mea-
surement of FGF-23 and intact PTH. Although storage stability in
dogs was investigated for up to 28 days,'’ the storage period of sam-
ples used in our study ranged from 3 months to 5 years. The storage
period of the serum samples used may have affected the FGF-23 and
intact PTH concentrations obtained.

In conclusion, increased serum FGF-23 concentration was a signifi-
cant risk factor for the subsequent development of hyperphosphatemia
in normophosphatemic dogs with CKD. In addition, serum FGF-23 con-
centration was associated with CKD progression in the affected dogs.
Future research that investigates whether a decrease in FGF-23 concen-
trations prevents or delays the onset of hyperphosphatemia and associ-

ated progression is needed.
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