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Abstract

Background: Proteinuria has been associated with progression of renal disease and
increased morbidity and mortality in dogs and people. In people, proteinuria also has
been associated with hypovitaminosis D. Little is known about the relationship
between vitamin D metabolism and proteinuria in dogs.

Objectives: To further elucidate vitamin D status in dogs with protein-losing
nephropathy (PLN) and minimal to no azotemia. We hypothesized that vitamin D
metabolites would be lower in dogs with PLN compared to healthy dogs.

Animals: Twenty-three client-owned adult dogs with PLN and 10 healthy control dogs.
Methods: Serum 25-hydroxyvitamin D (25[OH]D), 1,25-dihydroxyvitamin D (1,25
[OH],D), 24,25-dihydroxyvitamin D (24,25[OH],D), serum vitamin D binding protein
(VDBP), and urine 25(0OH)D concentrations were measured.

Results: Compared to healthy dogs, dogs with PLN had lower concentrations of all
vitamin D metabolites (P < .01). Correlations (rho; 95% confidence interval [Cl]) in
dogs with PLN are reported. Serum 25(OH)D and 24,25(0OH),D concentrations were
positively correlated with albumin (r = 0.47; 0.07-0.74), and 24,25(0OH),D was nega-
tively correlated with urine protein-to-creatinine ratio (UPC; r = —0.54; —0.78 to
—0.16). Urine 25(0OH)D-to-creatinine ratio was negatively correlated with serum
albumin concentration (r = —0.77; —0.91 to —0.50) and positively correlated with
UPC (r = 0.79; 0.53-0.91). Serum VDBP concentration was positively correlated with
serum albumin concentration (r = 0.53; 0.05-0.81).

Conclusions and Clinical Importance: Dogs with PLN have decreased serum concen-
trations of vitamin D metabolites. Urine 25(0OH)D-to-creatinine ratio and UPC are
correlated in PLN dogs. Future studies are needed to assess additional management

strategies for dogs with PLN.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is commonly diagnosed in dogs, with a
prevalence of up to 25% of dogs presented to veterinary teaching
hospitals.®> Major consequences of CKD in dogs include develop-
ment of proteinuria and hypovitaminosis D.*° In people, proteinuria
characterized by decreased

and hypovitaminosis D, serum

25-hydroxyvitamin D (25[OH]D) concentrations, are associated with

1,67 and vitamin

8-11

progression of kidney disease and decreased surviva
D status is inversely associated with magnitude of proteinuria.
Proteinuria in people is an independent predictor of vitamin D status
in the absence of other causes of vitamin D dysregulation associated
with kidney disease.*?>1®

Similarly in dogs, proteinuria has been shown to be associated
with progression of kidney disease and increased morbidity and
death.»* An association between serum vitamin D concentration and
proteinuria also has been identified in dogs. In a study of 19 dogs with
azotemic CKD, serum 25(0OH)D concentrations were inversely related
to urine protein:creatinine (UPC) ratios.'®> However, because of the
complex pathophysiology of CKD-mineral and bone disorder (CKD-
MBD), it was not possible to determine whether an independent asso-
ciation between proteinuria and vitamin D status existed separately
from other CKD variables (eg, advanced azotemia). As a result, the
association between proteinuria and vitamin D status in dogs with
minimal to no azotemia remains unknown.

Our primary aim was to evaluate the relationship between vita-
min D metabolites (25[OH]D, 1,25[0OH],D, and 24,25[0OH],D) and
proteinuria assessed by UPC in dogs with protein-losing nephropathy
(PLN) and minimal to no azotemia. Our hypothesis was that, compared
to healthy control dogs, vitamin D metabolites would be decreased in
dogs with PLN, and vitamin D status (assessed by 25[OH]D) would be
correlated with UPC.

2 | MATERIALS AND METHODS

21 | Case selection criteria

Client-owned dogs prospectively recruited from the patient population
referred to The Ohio State University Veterinary Medical Center (OSU-
VMC) between January 2014 and July 2015 for 2 other studies were
included in the study.*'® Dogs were eligible for inclusion in the study if
they were classified as having persistent proteinuria (ie, UPC > 0.5) and
serum creatinine concentration <1.4 mg/dL, based on International
Renal Interest Society (IRIS) CKD staging guidelines on at least 2 occa-
sions. Causes of prerenal and postrenal proteinuria such as hyper-
adrenocorticism, cystoliths, or urinary neoplasia were excluded to the
best of the attending clinicians' abilities based on a combination of clini-
cal signs, physical examination findings, abdominal ultrasound findings,
and urine culture. All included dogs had negative urine cultures. Abdom-
inal ultrasound examination was performed in most dogs (n = 14).

Dogs were excluded from the study if they were <1 year of age,
known to affect proteinuria (eg,

receiving  medications

corticosteroids), had a serum creatinine concentration 21.4 mg/dL) or
had clinical signs, physical examination findings, or abdominal imaging
abnormalities consistent with concurrent diseases that would affect
proteinuria. Dogs enrolled as controls were deemed healthy on the
basis of a normal physical examination, CBC, serum biochemistry pro-
file, and urinalysis. All owners signed a consent form before dogs were

enrolled.*1¢

2.2 | Study design

Each dog had a complete physical examination performed, including
body weight, body condition score (BCS), and muscle condition score
(MCS).2” All BCS (using the 9-point scoring system) and MCS scores
were assigned by 1 author (Valerie J. Parker). Blood pressure was
measured using a Doppler ultrasonographic device and appropriately
sized cuffs based on dog size. Blood was collected by jugular veni-
puncture for CBC and serum biochemistry. Urine was collected by
cystocentesis for urinalysis, urine culture, and UPC. Additional serum
and urine was stored at —80°C for analysis of vitamin D metabolites
and vitamin D binding protein (VDBP). Information regarding medica-

tions, diets, and dietary supplements was recorded.

2.3 | Vitamin D metabolites and VDBP analysis
Serum 25(0OH)D and 1,25(0H),D concentrations were measured by
radioimmunoassay (RIA) and 24,25(0OH),D concentration was mea-
sured by liquid chromatography-mass spectrometry (LC-MS). Urine
25(0OH)D concentration was measured by RIA and serum VDBP con-
centration was measured by ELISA. As has been reported elsewhere,
urine 25(OH)D concentration was assessed relative to urine creatinine
concentration.?® All vitamin D measurements were performed by a
Vitamin D External Quality Assessment Scheme (DEQUAS)-certified
laboratory (Heartland Assays, Inc, Ames, lowa).

2.4 | Data analysis

Statistical analysis was performed using R 3.6.1 (R Core Team [2019],
Vienna, Austria). Descriptive statistics were summarized using frequency
and percentages for categorical variables and median and range for
numerical variables. Spearman's rank correlation coefficients were calcu-
lated to determine correlation between 2 numerical variables. Wilcoxon
rank sum tests and Fisher's exact test were utilized to compare average
values and categorical associations between PLN and control dogs,
respectively. Multivariable linear regression models were used to deter-
mine the association between serum vitamin D concentrations and
other clinical variables, including serum creatinine concentration
(mg/dL), serum albumin concentration (g/dL), UPC (mg/mg), age (years),
and body weight (kg). In the final multivariable linear regression model
and only in dogs with PLN, serum albumin concentration was used
instead of UPC because the collinearity of these variables prevented
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both from being utilized in the final model. Serum concentrations of
vitamin D metabolites and UPC were natural log transformed before
fitting the multivariable regression models to assist with interpretation
and to satisfy the assumptions required by linear regression. P-values

<.05 were considered significant and were not adjusted for multiplicity.

3 | RESULTS

Twenty-three dogs with PLN and 10 control dogs were included.
Median age for dogs with PLN was 9.9 years (range, 3.1-13.5 years).
Median age for control dogs was 4.3 years (range, 1.4-10.3 years). Dogs
with proteinuria were significantly older than control dogs (P <.001).
Breeds represented among dogs with PLN were Yorkshire Terrier
(n = 3), Cocker Spaniel (n = 2), Fox Terrier (n = 2), Labrador Retriever
(n = 2), Miniature Schnauzer (n = 2), and mixed breed (n = 2). There
were 1 each of the following breeds: Akita, Australian Shepherd, Bichon
Frise, Chihuahua, Cavalier King Charles Spaniel, Doberman Pinscher,
Golden Retriever, Soft Coated Wheaten Terrier, Shetland Sheep dog,
and Welsh Terrier. Seventeen spayed female and 6 castrated male dogs
were included. Control dogs included mixed breed (n = 4), American pit
Bull Terrier (n = 3), German Shepherd (n = 2), and Rottweiler (n = 1). Six
dogs were castrated males and 4 were spayed females.

American College of
ernal Medicine

Veterinary Int

Median body weight of dogs with PLN was 10.2 kg (range,
2.0-43.0 kg). Using the 9-point scoring system, median BCS was
7 (range, 4-9). Four dogs had an ideal BCS (4,5), and 19 dogs were
overconditioned (BCS > 5), with 6/19 overconditioned dogs charac-
terized as obese (BCS 8-9). The MCS was assessed to be normal in
17 dogs. Muscle loss was noted to be mild in 4 dogs, and moderate in
2 dogs. Median body weight of control dogs was 26.2 kg (range,
13.5-47.0 kg). Median BCS was 6 (range, 4.5-8). All control dogs had
normal MCS.

Laboratory variables, vitamin D metabolite concentrations, and
vitamin D metabolite ratios from the PLN and control cohorts are pres-
ented in Table 1. Median UPC of the PLN cohort was 4.8 (range,
1.7-27.5). Median blood pressure was 160 mm Hg (range, 120-240 mm
Hg). None of the control dogs was proteinuric. One dog had an
increased systolic blood pressure of 180 mm Hg, but no specific under-
lying etiology was identified to account for this dog's hypertension.
Dogs with PLN had significantly lower serum albumin concentrations
(P = .02) and urine specific gravity (P <.001) and significantly higher
UPC (P < .001) and blood pressure (P = .03) compared to control dogs.
Dogs with PLN had significantly lower serum 25(OH)D (P < .001), 1,25
(OH),D (P = .003), and 24,25(0H),D (P < .001) concentrations com-
pared to controls (Figure 1). Dogs with PLN had significantly higher
average 25(OH)D-to-24,25(0H),D ratio compared to control dogs

TABLE 1 Laboratory variables and serum vitamin D metabolite concentrations of dogs with PLN and healthy control dogs. Results are

presented as median (range). Results with P-values <.05 are bolded

Variable (reference range) Dogs with PLN (n = 23) Control dogs (n = 10) P-value
Age (years) 9.9 (3.0-13.5) 4.3(1.4-10.3) <.001
Sex

Female 4 (40%) 17 (74%) 11

Male 6 (60%) 6 (26%)
BCS 7 (4-9) 6(4.5-8) .07
Body weight (kg) 10.2 (2-43) 26.2 (13.5-47) .01
Hematocrit (37%-56%) 47 (30-62) 51 (45-55) .18
BUN (5-20 mg/dL) 18 (6-58) 18.5(14-23) 1.0
Creatinine (0.6-1.6 mg/dL) 0.7 (0.5-1.2) 1.0(0.8-1.2) .006
Phosphorus (3.2-8.1 mg/dL) 3.9(2.7-8.1) 4.0 (2.7-5.6) .89
Albumin (2.9-4.2 g/dL) 3.1(0.9-4.1) 3.7 (3.0-4.0) .01
USG 1.020 (1.007-1.065) 1.043 (1.031-1.053) <.001
UPC 4.8 (1.7-27.5) 0.1(0.1-0.1) <.001
BP (mm Hg) 160 (120-240) 137 (100-180) .03
Serum 25(0OH)D (ng/mL) 42.2 (2.5-68.5) 75.1 (50.4-97.9) <.001
Serum 1,25(0OH),D (pg/mL) 151.8 (8.9-313.3) 209.6 (168.9-428) .003
Serum 24,25(0OH),D (ng/mL) 13.2(0.3-31.3) 38.7 (24-89.5) <.001
Urine 25(0OH)D (pg/mL) (n = 20) 1630.25 (475.7-11 635.0) N/A
Urine 25(OH)D: creatinine ratio (pg/mg) (n = 20) 28.44 (5.48-181.62) N/A
Serum VDBP (ug/mL) 200.45 (97.6-541.9) (n = 16) 146.1 (95.6-305.4) (n = 9) .10
1,25(0OH),D:25(0H)D (pg/ng) 3.68(1.56-9.38) 3.21 (2.06-4.67) .29
25(0OH)D:24,25(0H),D 2.96 (1.42-8.33) 1.89 (1.02-2.42) <.001

Abbreviations: BCS, body condition score; BUN, blood urea nitrogen; PLN, protein-losing nephropathy; UPC, urine protein-to-creatinine ratio; USG, urine-

specific gravity; VDBP, vitamin D binding protein.
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25(0H)D (ng/mL) 1,25(0H),D (pg/mL) 24,25(0H),D (ng/mL) FIGURE 1 Serum vitamin D concentrations in
500 dogs with PLN and control dogs. Each dot
P <.001 P =.003 100+ P <.001 represents a dog. The boxes represent the 25th
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Control PLN Control PLN Control PLN
(P >.001), with no significant difference in average 1,25(OH),D-to- P <.001
25(0OH)D ratio noted between groups (Figure 2). N s I ° I
Of the 23 dogs with PLN, urine 25(0OH)D and serum VDBP con- ~
centrations were available for 20 and 16 dogs, respectively. Serum %
VDBP concentrations were available in 9 control dogs. No significant Ir) 61
difference was found in serum VDBP concentrations between control ;\I.' °© o ©
dogs and dogs with PLN. Urine 25(0OH)D was not measured in control N 44
. .. [a) o®
dogs because of lack of availability of extra samples. f . - : -
Spearman correlations between vitamin D metabolites and labo- 9 2 ::-'il S = |., -
ratory variables in dogs with PLN are presented in Table 2. Serum (U\I) ry °
25(0OH)D concentrations were significantly negatively correlated with 04
serum creatinine concentration (P = .01) and positively correlated with . |
serum albumin concentration (P = .02). Serum 25(OH)D concentration Control PLN
was not significantly correlated with UPC (P = .06; Figure 3). Serum
FIGURE 2 Serum 25(0OH)D to 24,25(0OH),D ratios in dogs with

24,25(0H),D concentrations were significantly negatively correlated
with serum creatinine concentration (P = .009), serum phosphorus
concentration (P = .003), and UPC (P = .008), and were positively cor-
related with serum albumin concentration (P = .02) and body weight
(P = .05). No significant association was found between any vitamin D
metabolite and blood pressure. Serum 1,25(0OH),D concentration had
no significant correlations to any variable. Urine 25(OH)D-to-
creatinine ratios were positively correlated with UPC (P < .001;
Figure 4) and negatively correlated with serum albumin concentration
(P <.001). Serum VDBP concentrations were positively correlated
with serum albumin concentration (P = .03) and age (P = .01;Table 3).
To explore the association of the combination of age, body
weight, UPC, serum albumin concentration, and serum creatinine con-
centration on the vitamin D metabolites, we used multivariable linear
regression models. As seen in Table 4, we found evidence for an asso-
ciation of each metabolite with UPC when evaluating all 33 dogs
(23 PLN dogs and 10 control dogs). For every 10% increase in UPC,
there was an estimated 2.6%, 2.0%, and 4.3% decrease in 25(0OH)D,
1,25(0OH),D, and 24,25(0H),D, respectively. A significant association

protein-losing nephropathy (PLN) and control dogs. Each dot
represents a dog. The boxes represent the 25th and 75th percentiles,
and the central lines in the boxes represent the median (50th
percentile) values. The whiskers extend up to 1.5*IQR below and above
the 25th and 75th percentiles respectively. Points above and below the
whiskers are indications for outlier values. The dogs with PLN had
higher average 25(0OH)D to 24,25(0H),D ratios (Wilcoxon rank-sum
test, P < .001)

also was found between 24,25(0OH),D and age. A separate analysis
was performed to determine the association of serum creatinine and
albumin concentrations on vitamin D metabolites in the PLN group.
As seen in Table 5, an association was found between serum albumin
concentration and all vitamin D metabolites, whereas both 24,25
(OH),D and 25(0OH)D were associated with serum creatinine concen-
tration. For every 1 g/dL increase in serum albumin concentration,
there was an estimated 62.5%, 39.9%, and 60.1% increase in serum
25(0OH)D, 1,25(0H),D, and 24,25(0OH),D concentrations, respectively.

The dogs with PLN were eating commercial diets with a wide

range of cholecalciferol concentrations (10-91 International Units
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TABLE 2 Spearman correlations (rho)
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between serum vitamin D metabolites 25(0HID 1,25(0H);D 24,25(0H).D

and variables in dogs with PLN. Variable Rho P-value Rho P-value Rho P-value

zz;igz’(cjlcally significant correlations are Age 0.22 31 0.14 59 0.34 11
BCS -0.11 .14 —-0.08 A1 -0.35 75
Body weight 0.54 .007 0.17 43 0.42 .05
Hematocrit 0.03 .88 0.29 .18 0.02 91
BUN -0.19 .38 -0.13 .57 -0.33 .13
Creatinine —0.51 .01 -0.11 .62 —0.53 .009
Phosphorus -0.16 46 -0.38 .07 -0.59 .003
Albumin 0.47 .02 0.27 22 0.47 .02
USG -0.22 31 -0.18 40 -0.27 21
UPC -0.40 .06 -0.12 .58 —0.54 .008
Blood pressure -0.09 .69 -0.09 .69 -0.12 .59
Serum VDBP 0.41 A1 0.34 .20 0.42 A1

Abbreviations: BCS, body condition score; BUN, blood urea nitrogen; PLN, protein-losing nephropathy;
UPC, urine protein-to-creatinine ratio; USG, urine-specific gravity; VDBP, vitamin D binding protein.
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FIGURE 3 Scatterplot of 25(OH)D and urine protein:creatinine
ratio (UPC) in dogs with protein-losing nephropathy (PLN).
Spearman's rho of —0.40 (95% Cl: —0.69, —0.02; P = .06)

[IU] per 100 kcal). Two dogs were eating a diet specifically designed
for dogs with kidney disease. Many dogs were receiving supplemental
foods for people as treats. Total daily dietary cholecalciferol intake
could not be determined. Dogs with PLN were receiving the following
medications: enalapril (n = 2), amlodipine (n = 1), diethylstilbestrol
(n = 1), doxycycline (n = 1), phenylpropanolamine (n = 1), and tramadol
(n = 1). Concurrent disease processes included: uncontrolled hyper-
tension (n = 3), liver nodules (n = 3), historical complete or partial cru-
ciate ligament rupture (n = 3), known or presumptive osteoarthritis
(n = 2), allergic skin disease (n = 2), C6-T2 myelopathy (n = 1),
suspected systemic lupoid onychodystrophy (n = 1), pododermatitis
(n = 1), previously excised grade Il mast cell tumor (n = 1), diabetes
mellitus (n = 1), tracheal collapse (n = 1), completely excised high-low
grade oral fibrosarcoma (n = 1), splenic nodules (n = 1), and keratocon-
junctivitis sicca (n = 1).

The control dogs all received complete and balanced commercial
adult maintenance diets. Aside from 1 control dog on diphenhydra-
mine, the control dogs were not receiving any medications except

monthly flea or heartworm preventatives.

200+
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FIGURE 4 Scatterplot of urine 25(0OH)D:creatinine and urine

protein:creatinine ratio (UPC) in dogs with protein-losing nephropathy
(PLN). Spearman's rho of 0.78 (95% Cl: 0.91, 0.53; P < .001)

TABLE 3 Spearman correlations (rho) between urine 25(0H)D,
serum VDBP, and variables in dogs with PLN
Urine 25(0OH)D:creatinine Serum VDBP

Variable Rho P-value Rho P-value
UsG 0.2 .39 -0.38 .14
UPC 0.79 <.001 -0.48 .06
Albumin -0.77 <.001 0.53 .03
Phosphorus 0.15 .53 -0.28 .29
Age -0.2 .39 0.61 .01

The bolded values are statistically significant (ie, P value < 0.05).
Abbreviations: PLN, protein-losing nephropathy; UPC, urine protein-to-
creatinine ratio; USG, urine-specific gravity; VDBP, vitamin D binding
protein.

4 | DISCUSSION

We found that proteinuria in minimally to non-azotemic dogs is associ-

ated with decreased serum concentrations of vitamin D metabolites
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TABLE 4 Multivariable regression evaluating effect of urine protein-to-creatinine ratio (UPC), adjusting for age and weight, on vitamin D

metabolites
Log 1,25(0H),D Log 24,25(0OH),D Log 25(0OH)D

Predictor Est. Cl P-value Est. Cl P-value Est. Cl P-value
(Intercept) 4.57 3.80-5.33 <.001 1.85 1.00-2.70 <.001 3.1 2.47-3.73 <.001
Log UPC -0.21 —0.36 to 0.07 .005 -0.46 -0.62t0-0.3 <.001 -0.27 -0.39 to —-0.15 <.001
Age 0.05 -0.04t00.13 19 0.11 0.02 to 0.20 .01 0.06 —-0.0002 to 0.13 .05
Weight (kg) 0.01 —0.01 to 0.03 43 0.02 —0.01 to 0.04 .14 0.01 —0.003 to 0.03 12
N 33 33 33
R2/R? adjusted 0.313/0.242 0.630/0.592 0.539/0.491

The bolded values are statistically significant (ie, P value < 0.05).

TABLE 5
with protein-losing nephropathy (PLN)

Multivariable regression evaluating effects of creatinine and albumin, adjusting for age and weight, on vitamin D metabolites in dogs

Log 1,25(0H),D Log 24,25(0OH),D Log 25(0H)D
Predictor Est. Cl P-value Est. Cl P-value Est. Cl P-value
(Intercept) 3.69 1.78t05.61  .001 157  -0.19t03.32 .08 313 1.86 to 4.40 <.001
Creatinine (mg/dL) ~ —0.63  -1.98t00.73 .35 -214  -3.39t0-09 .002 -1.56  —2.46to0—0.66 .002
Albumin (g/dL) 0.49 0.06-0.91 .03 0.47 0.08-0.86 .02 0.34 0.05-0.62 02
Age 001  -0.1t00.12 .87 008  -0.02t00.19 .10 004  —0.04t00.11 .33
Weight (kg) 001  -002t0003 .62 002  -0002t00.04 .07 001  -0.001t00.03 .07
N 23 23 23
R%/R? adjusted 0.438/0.314 0.741/0.684 0.723/0.661

The bolded values are statistically significant (ie, P value < 0.05).

compared to control dogs. Serum 25(0OH)D and 24,25(0OH),D concen-
trations showed significant univariable correlations with body weight
and serum creatinine and albumin concentrations, whereas 24,25
(OH),D concentrations had significant univariable correlations with
serum phosphorus concentrations and UPC. No significant univariable
correlations were detected between serum 1,25(0OH),D concentration
and any laboratory variable. Urine 25(0OH)D-to-creatinine ratios had sig-
nificant univariable correlations with serum albumin concentration and
UPC whereas serum VDBP concentration had significant univariable
correlations with serum albumin concentration and age. Multivariable
linear regression showed a significant, covariate-adjusted effect of UPC
among all dogs, and serum albumin concentration among PLN dogs on
all vitamin D metabolites, whereas serum creatinine concentration had
a significant, covariate-adjusted effect on both serum 25(OH)D and
24,25(0OH),D concentrations among PLN dogs.

Kidney disease can affect the development of hypovitaminosis D
in several ways, as has been previously described. Conversely, hyp-
ovitaminosis D itself can influence the development and progression of
proteinuria.??2 Podocytes express both 1la-hydroxylase, the enzyme
responsible for conversion of 25(0OH)D to 1,25[OH],D (calcitriol), and
the vitamin D receptor (VDR). Calcitriol and other VDR analogues regu-
late proteins in the slit diaphragm (eg, nephrin, podocin) that are
responsible  for basement

maintaining a functional glomerular

membrane.}??2 Activation of the VDR suppresses renin, has anti-
fibrotic effects, and decreases glomerulosclerosis.zz'24

In people, several studies have demonstrated similar associations
between vitamin D metabolites and proteinuria or albuminuria.?>28
One study identified patients with focal segmental glomerulosclerosis,
a disorder associated with proteinuria, to be at risk of vitamin D defi-
ciency.?? Another study in children with nephrotic syndrome and nor-
mal glomerular filtration rate showed 25(OH)D deficiency in all
patients, but serum 1,25(0OH),D concentrations were normal in most
patients.’® A multifactorial explanation likely exists for the hyp-
ovitaminosis D in these diseases in people and in our study of dogs
with PLN, including decreased nutritional intake, decreased synthesis
of active vitamin D, and the potential for loss of bound vitamin D as a
consequence of VDBP loss.

Decreased nutritional intake of cholecalciferol has been hypothe-
sized to influence 25(0OH)D status in dogs with a variety of diseases,
including protein-losing enteropathy (PLE) and CKD. An association
has been reported between decreased vitamin D intake and vitamin D
deficiency in people.3®2 Dogs in our study were eating diets with a
wide range of cholecalciferol (10-91 1U per 100 kcal), and they should
have been receiving their minimum requirements. Previous studies
have shown that 25(0OH)D status cannot be reliably predicted by die-

tary intake.®33> Altered intestinal absorption of cholecalciferol may
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affect 25(0OH)D status®>3¢ but no historical, physical examination, or
diagnostic findings indicated clinically relevant gastrointestinal disease
in the dogs in our study.

Alterations in enzymatic activity can affect serum vitamin D con-
centrations. Decreased transformation of cholecalciferol to 25(OH)D
may result from altered 25-hydroxylase activity.>” Additionally, the
resultant decrease in nephron mass can lead to decreased expression of
la-hydroxylase, which can result in decreased conversion of 25(OH)D
to calcitriol. We attempted to minimize this confounding factor by
excluding dogs with serum creatinine concentrations 21.4 mg/dL. Dogs
with IRIS stage 1 CKD did not have significantly different concentra-
tions of any vitamin D metabolites compared to healthy controls.? In
our multivariable regression, serum creatinine concentration had an
independent association with both 25(0OH)D and 24,25(0H),D, but not
with 1,25(0OH),D. The model estimated decreases in these metabolites
with increasing serum creatinine concentration. Therefore, an effect of
creatinine could not be entirely eliminated from our study. Additionally,
some breed-specific reference ranges exist, and some of the dogs in
our study may have had mild azotemia based on blood urea nitrogen
concentrations.®

Ratios of 25(0OH)D-to-24,25(0H),D and 1,25(0OH),D-to-25(0OH)D
were calculated. The dogs with PLN had significantly higher 25(0OH)D-
t0-24,25(0H),D ratios compared to the control group. This ratio has
been shown to be potentially useful as an indicator of hypovitaminosis
D in people.®” In our study, this increase in the 25(0OH)D-to-24,25
(OH),D ratio may indicate decreased conversion of 25(0OH)D to 24,25
(OH),D, which would be expected in hypovitaminosis D. The lack of
difference in 1,25(0OH),D-to-25(0OH)D ratios between groups makes
decreased ability to convert 25(OH)D to active 1,25(0OH),D less likely
in our PLN dogs, seemingly further supporting alternative explanations
for hypovitaminosis D, including urinary loss.

Urine loss of vitamin D is a potential contributor to decreased
serum concentrations of vitamin D metabolites because of loss of
either VDBP-complexed or albumin-complexed vitamin D metabo-
lites. In people, approximately 85% to 90% of 25(OH)D is bound
to VDBP, which is responsible for transporting 25(OH)D in blood,
whereas 10% to 15% is bound to albumin.*® The VDBP-25(0OH)D
complex normally is filtered by the glomerulus and then
reabsorbed in the proximal tubule. This process is mediated by the
membrane receptor megalin as well as cubilin and disabled-2
(Dab2).***2 In a diseased kidney, or when there is decreased
expression of megalin, cubilin or Dab2, decreased reabsorption at
the tubular brush border may result in increased loss of the
VDBP-25(0OH)D complex and subsequent increased urinary excre-
tion of 25(0H)D.***# Vitamin D metabolites complexed to albumin
may be able to bypass the megalin/cubilin system entirely.
Although loss of vitamin D metabolites complexed to VDBP is
likely the more important source of loss, albumin loss also likely
contributed to some extent.

Despite lacking urine VDBP data in control dogs, the significant
negative correlation of 24,25(0OH),D and positive correlation of urine
25(0OH)D with UPC, as well as the significant negative correlation of
urine 25(0OH)D with albumin seen in our study may further support the

N
hypothesis of increased urinary loss of vitamin D in patients with pro-
teinuria. Although PLN dogs had no significant difference in serum
VDBP concentration compared to control dogs, some studies have
shown a compensatory increase in serum VDBP concentration in peo-
ple with CKD and increased urinary VDBP loss.*®> Additionally, using
multivariable linear regression, all vitamin D metabolites were shown to
be independently affected by UPC, further supporting this hypothesis.

Conflicting information is found in human medical literature about
the relevance of this loss. Increased urinary loss of 25(OH)D may be a
major cause of hypovitaminosis D in people with nephrotic syndrome
both because of decreased reabsorption of 25(OH)D into the blood as
well as decreased conversion of 25(OH)D to 1,25(0OH),D.*¢*® How-
ever, a recent report in people failed to show a difference in serum
25(0OH)D and 1,25(0OH),D concentrations despite decreased urinary
loss of VDBP with anti-proteinuric treatment.** In rats, urinary VDBP
was shown to potentially be a biomarker for tubulointerstitial dis-
ease.®” A recent study evaluated the use of urinary VDBP as a bio-
marker of renal tubular injury in dogs.50 In that study, no urinary
VDBP was detected in healthy dog urine, a but CKD dogs did have
VDBP urinary loss that increased with stage of CKD, even without
proteinuria.

In our study, serum VDBP concentration was not significantly dif-
ferent between dogs with PLN and control dogs. There are conflicting

d* or decreased™ serum or plasma

reports of finding either increase
VDBP concentrations in people with CKD, despite increased urinary
loss of VDBP. Serum VDBP concentrations have not been evaluated in
people with nephrotic syndrome. Serum VDBP concentration is nega-
tively associated with age in people*®#° but it was positively correlated
with age in our dogs with PLN (r = 0.61; P = .01). The significance of
this observation is unknown. The significant positive correlation of
serum albumin and VDBP concentrations may further support an effect
of protein loss on VDBP.

It would have been ideal to measure urinary VDBP in our dogs,
but we did not have enough urine saved to do so. More work is
needed to determine the utility of measurement of urine vitamin D
metabolites and VDBP. It is also unknown if it is more appropriate to
report urine 25(0OH)D or VDBP as concentrations or as a ratio com-
pared to urine creatinine concentration. In a study of 99 people with
CKD, urinary VDBP excretion (nmol per 24 hours) closely correlated
with urinary VDBP concentration determined in the second voided
urine of the morning (nmol/L) as well as the urinary VDBP-to-
creatinine ratio in the second voided urine of the morning (nmol/
mmol).>*

Significant positive correlations were observed between serum albu-
min and both 25(0OH)D and 24,25(0OH),D concentrations. In people with
CKD, those with lower serum 25(0OH)D concentrations also were more
likely to have hypoalbuminemia.>? A complex relationship likely exists
between these variables. Hypoalbuminemia can result from proteinuria,
inflammation, and malnutrition.>>>> Decreased vitamin D status previ-
ously has been correlated with hypoalbuminemia in dogs with chronic
enteropathies.*¢>® Loss of albumin complexed with 25(OH)D partially
may explain this finding, but given that only about 10% to 15% of
25(0OH)D is bound to albumin in the circulation, it seems more likely that
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it is simply a reflection of general protein loss, including VDBP and its
complexed vitamin D metabolites, rather than a causal link between
albumin loss and hypovitaminosis D. Low vitamin D status also could
affect albumin by its effects on inflammation.>”>8 Thus, the lack of vita-
min D's immunomodulation actually may result in hypoalbuminemia,
independent of urinary loss of albumin.>® Although malnutrition often is
cited as a predisposing factor to hypoalbuminemia, only 1 dog was
reported to be underconditioned and 10 dogs were noted to have vari-
able degrees of muscle atrophy, with most (n = 7) having only mild
atrophy.

Our study had a few limitations. The control dog cohort included
fewer dogs than the PLN cohort, and the dogs were not age-matched.
No difference in serum 25(0OH)D concentrations by age however was
found in a study of 320 dogs.®®> Regardless, it is difficult to assess
what effects age and body weight may have had on the variables eval-
uated. The number of PLN dogs also was low. This could have led to a
decrease in statistical power, potentially explaining some of the bor-
derline significant results (eg, correlation between 25(OH)D and UPC).
Significant intraindividual variation can occur in day-to-day UPC in
proteinuric dogs,?° especially depending on methods of analysis (sin-

gle, averaged, or 3-day pooled samples).®!

Although no studies to our
knowledge have evaluated intraindividual variation in serum 25(0OH)D
concentrations in dogs, people tend to have fairly consistent serum
25(0H)D concentrations in a given year.6%3

A major limitation was the inability to compare urine 25(OH)D and
serum VDBP concentrations to control dogs. This information would be
useful in further supporting or refuting the idea that hypovitaminosis D
in proteinuric patients is caused by loss of bound vitamin D metabolites
in the urine. Future studies ideally should determine the combined
effects of both CKD and PLN on vitamin D metabolites. An ideal study
would include additional groups (eg, control, proteinuric nonazotemic,
azotemic nonproteinuric, and azotemic proteinuric dogs).

In conclusion, vitamin D metabolites were significantly decreased
in dogs with PLN compared to healthy control dogs. It is likely a multi-
factorial process involving altered glomerular basement membrane
function, decreased synthesis of calcitriol, systemic inflammation, and
loss of vitamin D metabolites in urine. Although vitamin D supplemen-
tation has been shown to decrease proteinuria in people,®4% it has
yet to be established whether supplementation with any form of vita-
min D (cholecalciferol, ergocalciferol) or vitamin D metabolite
(25[OH],D, calcitriol, or calcitriol analogue) can improve proteinuria,
slow disease progression, or decrease mortality in dogs with PLN.
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