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KEY POINTS

� 25-hydroxyvitamin D is not a sensitive indicator of vitamin D status in dogs and cats.

� Food intake and food ingredient analysis are often absent in studies on vitamin D in dogs and cats.

� 1,25-dihydroxyvitamin D is the most potent vitamin D metabolite with the greatest binding affinity to the vitamin D
receptor.

� Determination of other vitamin D metabolites rather than 25-hydroxyvitamin D in vitamin D studies will provide better
insight in cause-effect relationships.
INTRODUCTION
Vitamin D plays an important role in several organ sys-
tems, especially in bone metabolism. However, the role
of vitamin D extends well beyond bone metabolism. A
low vitamin D status has been linked to different kinds
of diseases, such as chronic kidney disease [1–5],
chronic enteropathy [6–8], congestive heart failure [9],
infectious diseases [10–15], cancer [16–18], and
chronic liver disease [19]. This corresponds with recent
findings that vitamin D receptors are expressed in
various tissues in dogs [20]. Other reviews [21,22] of
vitamin D status (mostly expressed by 25-hydroxyvita-
min D [calcidiol, or 25OHD]) and its correlation with
diseases in dogs and cats have already been published.
However, the underlying pathophysiological mecha-
nisms are not discussed, which is essential to determine
the clinical relevance of the correlations that were
found. The aim of this review was to investigate the clin-
ical relevance of the vitamin D status for health and dis-
ease in dogs and cats, and its practical implications.
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SIGNIFICANCE
Vitamin D Metabolism
Most animal species meet their vitamin D content by
consuming plants (ergocalciferol), prey (cholecalciferol),
or they synthesize vitamin D under the influence of sun-
light (ultraviolet B light). Vitamin D is bound to vitamin
D binding protein and transported to target organs. Die-
tary vitamin D is absorbed from the gut by protein-
mediated and passive diffusion. As vitamin D is a
fat-soluble vitamin, it is transported to the liver in chylo-
microns [23]. Vitamin D is first metabolized in the liver
by 25-hydroxylase, which is weakly regulated, and there-
fore, 25OHD is thought to reflect dietary vitamin D
intake in dogs and cats, as they are unable to synthesize
sufficient of amounts of vitaminD under the influence of
sunlight and use pro-vitamin D for cholesterol synthesis
instead [24,25]. 25OHD can be further metabolized into
the most active metabolite 1,25-dihydroxyvitamin D
(calcitriol) under the influence of 1-alpha-hydroxylase,
which is predominantly present in the proximal tubules
www.advancesinsmallanimalcare.com
265

mailto:r.j.corbee@uu.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yasa.2020.07.017&domain=pdf
https://doi.org/10.1016/j.yasa.2020.07.017
http://www.advancesinsmallanimalcare.com


266 Corbee
of the kidney, or 25OHD is metabolized to 24,25-dihy-
droxyvitamin D (24,25DHCC) by 24-hydroxylase,
which is present in several tissues, or 25OHD will be
stored in the liver [26]. Calcitriol formation is stimulated
by parathyroid hormone (PTH), growth hormone, insu-
linlike growth factor-1, and inhibited by 24-hydroxylase
and fibroblast growth factor 23 (FGF-23) [26]. Calcitriol
is the vitamin D metabolite with the greatest binding af-
finity to the vitamin D receptor (VDR) [27]. 25OHD and
24,25DHCC are also able to bind to the VDR, but are
100-fold less potent compared with calcitriol [28]. Under
the influence of PTH, 1-alpha hydroxylase is stimulated,
and calcitriol formation is enhanced when plasma cal-
cium level drops. The effects of calcitriol are used to
restore plasma calcium level, as PTH enhances urinary
phosphate excretion. Calcitriol has a negative feedback
on PTH formation to prevent a perpetuating cycle. Calci-
triol also stimulates 24-hydroxylase, which metabolizes
calcitriol into 1,24,25-trihydroxyvitamin D
(1,24,25THCC), which can be excreted by the urine.
High plasma phosphorus levels stimulate FGF-23, which
stimulates 24-hydroxylase to form 24,25DHCC, which
stimulates mineralization of bone [29], FGF-23 also in-
hibits 1-alpha-hydroxylase and promotes excretion of
calcitriol by enhancing 1,24,25THCC formation. On
the cellular level, vitamin D actions are mediated by
the VDR, a ligand-activated transcription factor that func-
tions to control gene expression. Following ligand activa-
tion, the VDR binds directly to specific sequences located
near promoters and recruits a variety of coregulatory
complexes that perform the additional functions
required to modify transcriptional output. Recent ad-
vances in transcriptional regulation, which permit the
TABLE 1
Nutritional Requirements of Vitamin D for Dogs and Ca

Puppies Minimum

AAFCO 500/125/29.9

FEDIAF 552/138/33

NRC 552/136/32.5

Kittens Minimum

AAFCO 280/70/16.7

FEDIAF 280/70/16.7

NRC 224/56/13.4

Data are expressed as amounts of vitamin D3 in IU per kg dry matter/100
Abbreviations: AAFCO, Association of American Feed Control Officials;

Animaux Familiers; NRC, National Research Council.
a FEDIAF has defined a legal maximum for vitamin D, on dry matte
unbiased identification of the regulatory regions of
genes, are providing new insight into how genes are regu-
lated. The vitamin D target genes play important roles in
calcium and phosphorus homeostasis, and additional
targets important to these processes continue to be
discovered [30].
Vitamin D Requirements
The Association of American Feed Control Officials
[31], Fédération Européenne de l’Industrie des Aliments
pour Animaux Familiers [32], and National Research
Council [23] have determined nutritional requirements
of vitamin D for dogs and cats, which are summarized
in Table 1. The minimum requirement for dogs is deter-
mined based on a study demonstrating no adverse ef-
fects on bones in growing Great Dane puppies when
raised on a diet with 110 IU vitamin D per 1000 kcal
metabolizable energy (ME) [33]. The maximum
amount for dogs is based on the same study, as adverse
effects on bone were seen in puppies raised on a diet
with 1000 IU vitamin D per 1000 kcal ME. Minimum
requirements for cats are based on a study demon-
strating no adverse effects on 25OHD plasma levels in
growing kittens raised on a diet with 28 IU per
1000 kcal ME [34]. The maximum amount for cats is
based on a study demonstrating no adverse effects in
cats and kittens that were fed a diet with 7520 IU
vitamin D per 1000 kcal ME during 18 months [35].
Vitamin D in Bone Metabolism, and Calcium
and Phosphorus Homeostasis
The main function of calcitriol in bone metabolism is
bone growth and remodeling. For vitamin D (ie,
ts

Adult Dogs Minimum Dogs Maximum

500./125/29.9 3000/750/179

639/159/38 2270a/800/191

552/136/32.5 3200/800/191

Adult Cats Minimum Cats Maximum

280/70/16.7 30,080/7520/1798

333/83.3/19.9 2270a/7500/1793

280/70/16.7 30,000/7500/1793

0 kcal metabolizable energy (ME)/MJ ME, respectively.
FEDIAF, Fédération Européenne de l’Industrie des Aliments pour

r basis only.
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predominantly calcitriol) to be able to mineralize
osteoid and cartilage, it needs calcium and phosphate.
Therefore, calcitriol enhances the uptake of calcium
and phosphorus from the gastrointestinal tract, the
reabsorption of calcium and phosphorus from the
pre-urine (filtrate) and release of calcium and phos-
phorus from metabolically inactive bone (ie, bone
that is not frequently remodeled). Vitamin D assists
PTH in maintaining plasma calcium levels, and assists
FGF-23 in maintaining plasma phosphorus levels, as
described previously.

Vitamin D deficiency
Vitamin D deficiency results in classic rickets. On radio-
graphs, changes will be most apparent at epiphyseal
growth plates. These changes include enlarged growth
plates, hazy metaphyseal borders, ragged and cup-
shaped calcification borders, thinned trabecular pattern
of diaphysis, and bowed bone shafts. The changes will
be most prominent in parts where growth is maximal,
such as the distal growth plate of the ulna [36]. Bone
pain, stiff gait, metaphyseal swelling, bowed limbs, frac-
tures, and low serum vitamin D and calcium concentra-
tions, are typical clinical symptoms for rickets.
Symptoms of rickets are often more severe because of
combined deficiencies in calcium and/or phosphorus,
and aggravated by an inverse Ca:P ratio, also known
as “all-meat syndrome,” resulting in decreased mineral-
ization of bone, thin cortices, greenstick fractures, and
compression fractures [26].

All-meat syndrome has also been described in an
adult dog, where low intake of vitamin D and calcium
did not result in fractures, but instead, bone tissue
was replaced by fibrous tissue, similar as in cases of
renal secondary hyperparathyroidism [37].

Non–nutrition-related are the genetic types of
rickets, which are also referred to as vitamin D-depen-
dent rickets type 1 (VDDR-1) and type 2 (VDDR-2).
In VDDR-1, the renal enzyme 1-alpha-hydroxylase is
lacking, resulting in insufficient calcitriol production.
In VDDR-2, the VDR is not responding to calcitriol
due to a defective VDR (and therefore also referred to
as hereditary vitamin D resistant rickets). In case of
VDDR-2, high serum levels of calcitriol will coincide
with low serum calcium levels. In both dogs and chil-
dren with VDDR-2, alopecia is reported, but the under-
lying mechanism is poorly understood [38].

Vitamin D toxicity. Acute vitamin D toxicity is char-
acterized by hypercalcemia and calcifications in bone
and soft tissues. Whether these symptoms can be
explained by increased levels of 25OHD, 1,25DHCC,
24,25DHCC, and/or 1,24,25THCC remains specula-
tive. In one report, 2 dogs were diagnosed with acute
vitamin D toxicity due to a commercial diet with
92.30 IU/g of vitamin D were described. Clinical find-
ings were lethargy, polydipsia, and polyuria (due to hy-
percalcemia), and a stiff gait. Hypercalcemia, elevated
25OHD and calcitriol plasma concentrations, and
PTH levels below the detection limit were found. The
successful treatment in this case included a dietary
change. Serum concentrations of calcium were within
the reference range after 28 days. Serum 25OHD con-
centrations remained slightly elevated even after the
clinical signs were gone at day 180. Serum calcitriol con-
centrations were within the reference range at day 150
[39].

Chronic vitamin D toxicity is not extensively studied.
Previous studies demonstrated mild disturbances of
endochondral ossification and irregular growth plates
in puppies that were fed 135 times the recommended
levels of vitamin D from 3 until 21 weeks of age. Serum
concentrations of calcitonin, PTH, and all vitamin D
metabolites were increased, although calcitriol was
not. Instead, calcitriol serum concentrations decreased,
probably due to low PTH levels or increased metabolic
clearance [33].

Non–nutrition-related cases of acute vitamin D
intoxication are described and related to ingestion of ro-
denticides. Clinical signs of vitamin D toxicosis is re-
ported with an intake of greater than 0.5 mg (5
20,000 IU) per kg body weight in dogs and cats, but
treatment is recommended from 0.1 mg (5 4000 IU)
per kg body weight [40]. With suspicion of excessive
intake, the author recommends to start treatment in
any case, to prevent possible clinical signs. Usually, after
a toxic intake of vitamin D, hyperphosphatemia, hyper-
calcemia and azotemia (raised blood urea nitrogen and
serum creatinine levels) will develop within respectively
12, 24, and 72 hours. Other causes of hypervitaminosis
that have been reported are due to treatment with the
vitamin D analogues calcipotriol and tacalcitol for con-
ditions such as psoriasis or after treatment of hypopara-
thyroidism [39]. Calcipotriol is a synthetic structural
analogue of calcitriol; 40 to 60 mg calcipotriol per kg
of body weight is reported to be the toxic dosage. Clin-
ical signs are similar to those in rodenticide intoxica-
tion, but also soft tissue mineralization, which usually
occurs within 36 hours of intoxication [41]. Fewer re-
ports can be found on the intoxication of tacalcitol. A
case report of a 21 kg dog who consumed approxi-
mately 80 mg of tacalcitol 36 to 48 hours was described.
Clinical signs were mostly the same as in the calcipo-
triol cases, although soft tissue mineralization appeared
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more severe and the lungs were filled with fluid, prob-
ably due to congestive heart failure. In this particular
case, it was unclear whether the dog had ingested
more tacalcitol, so whether tacalcitol intoxication is
more severe compared with calcipotriol intoxication re-
mains inconclusive [42].

Treatment of vitamin D toxicity. Treatment of
vitamin D toxicity depends on the time that it is
ingested, the amount that is ingested, and the severity
of the clinical signs. When the toxicity is acute and con-
sumption was within approximately 4 hours, emesis
can be induced. This is only useful when clinical signs
are not present, otherwise the excessive amounts of
vitamin D are already taken up. Activated charcoal can
be given additionally to prevent further absorption of
vitamin D that was not excreted by emesis. Administra-
tion of active charcoal should be repeated every 4 to
8 hours for 1 or 2 days in case of cholecalciferol toxicity,
because vitamin D recirculates through the liver and
small intestine. Monitoring blood serum concentra-
tions of calcium, phosphorus, blood urea nitrogen,
and creatinine is recommended for 4 days. When clin-
ical signs are present, immediate treatment is necessary.
When clinical signs are severe or if treatment is delayed,
the prognosis is guarded. Treatment of hypervitamin-
osis D would include the following: aggressive fluid
therapy with a 0.9% saline solution, until the serum cal-
cium concentration is back within the reference range.
Fluids that contain calcium should be avoided.
Decreased dietary calcium intake is prescribed to pre-
vent further accumulation of calcium. Corticosteroids
reduce vitamin D–mediated calcium absorption from
the intestine, reduce bone resorption, and increase renal
calcium excretion, probably due to an effect on PTH
regulation. Furthermore, furosemide can be adminis-
tered to promote calcium excretion by the kidneys.
When the fluid therapy is not effective, treatment with
bisphosphonates, such as pamidronate disodium,
should be considered (1.3–2.0 mg/kg diluted in 0.9%
saline, administered slowly, over 2 hours, intrave-
nously). Bisphosphonates inhibit bone resorption
through a direct effect on the osteoclast itself and by
interfering hydroxyapatite crystal dissolution. Because
this treatment is expensive, it is mostly applied in severe
cases that do not respond well to other treatments [40].

Serum vitamin D levels
Current consensus among nutritionists is that 25OHD
is not a very sensitive indicator of vitamin D status.
Despite this fact, many nutrition researchers explore as-
sociations of 25OHD levels with diseases [22]. 25OHD
levels are easier to measure compared with calcitriol,
because calcitriol has a short half-life, and is present
at much lower levels compared with 25OHD. In human
medicine, especially in the western world at higher lat-
itudes, people are vitamin D deficient in winter times
because of deprivation of UVB from sunlight combined
with insufficient dietary vitamin D intake. Most dogs
and cats eat standardized diets largely meeting their
vitamin D requirement on a daily basis in all life stages
[43,44], which makes it difficult to extrapolate findings
of studies in people from the western world to dogs and
cats. Furthermore, there are several explanations for low
25OHD in diseased animals and people, such as low
food intake, low dietary vitamin D, deprivation of
UVB from sunlight (in people and several other animals
than dog and cat), inadequate absorption from the gut,
leakage of vitamin D in the gut (eg, when suffering from
protein loosing enteropathy), reduced reabsorption
from the filtrate, increased use of 25OHD for formation
of calcitriol, 24,25DHCC, and or 1,24,25THCC, and
increased use of vitamin D metabolites for the immune
system. To be able to elucidate cause-effect relations, we
need to measure all the vitamin D metabolites, which
were not determined in most studies, and their results
should therefore be interpreted with caution.

Another issue with interpretation of 25OHD values
is variations between methodology (ie, different as-
says), which makes it difficult to compare results and
set a normal range.

Other factors than differences in methodology can
also play a role, such as the presence of epimers [45].
Serum 25OHD concentrations between 9.5 and
249.2 ng/mL in healthy dogs were demonstrated [22].
This variation has several possible explanations such
as differences between breeds and sexes. An interesting
finding was that intact male dogs had significantly
higher serum 25OHD concentrations compared with
neutered male dogs and neutered female dogs. Sexually
intact female dogs had slightly higher 25OHD serum
concentrations compared with neutered female dogs,
but this was not significant. These findings demon-
strated that either sex hormones affect 25OHD serum
concentrations (and male sex hormones do so more
than female sex hormones), or that gender and neuter-
ing had an effect on the amount of food eaten [46].

Although vitamin D is a fat-soluble hormone, which
can be distributed and stored within adipose tissue, no
significant effects of adiposity on serum 25OHD con-
centrations have been demonstrated [47]. When evalu-
ating dog and cat studies on serum 25OHD
concentrations, the variation in control groups is 9.5
to 249 ng/mL in dogs, and 14.9 to 83.1 ng/mL in
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cats, whereas in diseased animals, serum 25OHD con-
centrations vary between 0 to 151 ng/mL, and 1.7 to
97.1 ng/mL, respectively [22]. In human medicine,
levels of greater than 20 ng/mL are considered suffi-
cient, but 75 to 90 ng/mL are associated with better
outcome in case of disease [22]. In dogs, 100 to
120 ng/mL was suggested to be the minimum concen-
tration to inhibit PTH secretion, which, based on the
current studies, implies many dogs being vitamin D
deficient according to that definition despite being fed
complete and balanced diets. Unfortunately, calcitriol,
24,25DHCC, and 1,24,25THCC levels were not deter-
mined in this study, so it is difficult to draw strong con-
clusions [17]. Similarly, the optimal feline serum
25OHD concentrations have yet to be determined.

Associations Between Vitamin D Status and
Diseases
Vitamin D and chronic kidney disease
Lower calcitriol and 25OHD concentrations were
observed in dogs with acute renal failure and chronic
kidney disease (CKD) [1,3]. Furthermore, significantly
lower calcitriol, 25OHD, and 24,25DHCC concentra-
tions were found in dogs with CKD IRIS (International
Renal Interest Society) stages 3 and 4 [4].

As 1-alpha hydroxylase is mostly expressed in the
kidney, renal disease may result in lower formation of
calcitriol. In addition, loss of nephron mass increases
serum phosphorus due to decreased renal excretion,
which promotes FGF-23 and inhibits 1-alpha-hydroxy-
lase activity.

An increase in PTH concentration leads to upregula-
tion of 1-alpha-hydroxylase, which should normally in-
crease calcitriol production, however due to progressive
loss of nephron mass, the 1-alpha-hydroxylase activity
remains low despite increased levels of PTH, resulting
in renal secondary hyperparathyroidism. Low calcitriol,
together with increased renal loss of vitamin D metab-
olites, can provide an explanation as to why lower
vitamin D metabolite concentrations (25OHD, calci-
triol and 24,25DHCC) were only observed in CKD
IRIS stages 3 and 4 and not in earlier stages [4].

The endocytic receptor megalin binds to 25OHD to
enter the proximal tubules in the kidney.

After binding to the megalin receptor, 25OHD can
be hydroxylated to form calcitriol, or can re-enter the
circulation to maintain the serum 25OHD concentra-
tion. In renal disease, decreased megalin expression
contributes to lower 25OHD and calcitriol concentra-
tions [48]. When there is a decrease in 25OHD concen-
tration and subsequent decrease in calcitriol formation,
more vitamin D metabolites will be lost via the urine
due to decreased megalin expression. Additionally,
decreased megalin expression is related to proteinuria.

Lower 25OHD concentration in renal disease can
also be caused by decreased intake of vitamin D due
to a dietary deficiency or reduced intake due to
decreased appetite, vomiting, and/or diarrhea [3].

Vitamin D and gastrointestinal diseases
Lower 25OHD concentrations were found in dogs with
chronic enteropathy (CE) and hypoalbuminemia, and
in cats with CE or intestinal small cell lymphoma
[6,7]. Furthermore, low 25OHD concentrations are
linked to systemic inflammation in dogs with protein
losing enteropathy, and a poor prognosis [49,50].

Decreased dietary intake because of reduced appetite
or malabsorption have been suggested as contributing
factors to a lower vitamin D status in dogs and cats
with CE [6–8]. Inflammation of the intestinal epithe-
lium can impair both the absorption of dietary vitamin
D and reabsorption of 25OHD as a part of the entero-
hepatic circulation [51], however, this was not demon-
strated in dogs [52].

Vitamin D signaling is important for maintenance of
the intestinal mucosal barrier [53]. This barrier is essen-
tial to prevent infiltration of pathogenic microorgan-
isms, which can evoke an immune response which
can finally result in chronic inflammation. In human
patients with CE, the amount of VDR in the intestinal
epithelium was decreased [54], suggesting a possible
correlation between gastrointestinal health and VDR
expression and function. However, this was not demon-
strated in dogs [20]. Vitamin D also helps to maintain a
normal intestinal microbiome, as calcitriol can enhance
antimicrobial activity by inducing antimicrobial pep-
tides (AMPs) [55]. In mice, Vitamin D deficiency predis-
posed for colitis due to microbiome alterations [56].

Vitamin D and cardiovascular diseases
A low vitamin D status has been associated with cardio-
vascular diseases in humans and dogs. Significantly
lower 25OHD concentrations were found in dogs
with chronic valvular heart disease (CVHD) stages B2
and C/D (ACVIM Consensus Classification System for
Canine Chronic Valvular Heart Disease) compared
with dogs with CVHD stage B1, and in dogs with
chronic heart failure (CHF) compared with healthy
dogs [9,57]. Low 25OHD concentrations were also
correlated to poor outcome in dogs with CHF. There
are no published studies of cardiovascular diseases in
relation to vitamin D in cats. In humans, lower vitamin
25OHD concentrations were associated with higher risk
of cardiovascular disease [58]. For example, an
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association between low 25OHD concentrations and
reduced left ventricle function was found in geriatric pa-
tients [59]. This can be explained by the role of calcitriol
in signal transduction.

Calcitriol can activate voltage-gated calcium chan-
nels in cardiomyocytes and improve the contractility
of the myocardium [60,61]. Other cardio-protective ef-
fects of calcitriol includes inhibition of PTH and renin
angiotensin aldersterone system (RAAS) activity [62],
decrease in atrial natriuretic peptide expression [63]
and direct, and indirect (as a consequence of PTH sup-
pression) inhibition of hypertrophy of the myocardium
[64]. Furthermore, vitamin D increases endothelial
function, as serum 25OHD concentrations and flow
mediated dilatation of the brachial artery were posi-
tively correlated, and therefore vitamin D could prevent
the progression of coronary artery disease [65].

Vitamin D and immune function and infectious
diseases
Lower 25OHD and calcitriol concentrations were found
in dogs with immune-mediated diseases, such as
immune-mediated thrombocytopenia, immune-
mediated polyarthritis, and immune-mediated hemo-
lytic anemia [66]. In addition, hospitalized cats with
neutrophilia had lower 25OHD levels compared with
hospitalized cats with normal neutrophil concentra-
tions [67]. An in vitro study with blood of critically ill
dogs showed that calcitriol has anti-inflammatory ef-
fects by suppressing the production of tumor necrosis
factor alpha (a proinflammatory cytokine) and
enhancing the production of interleukin (IL)-10 (an
anti-inflammatory cytokine) [68].

Calcitriol enhances the antimicrobial activity by
inducing AMPs and activating (the synthesis of) macro-
phages, supporting the first line of defense against
pathogens. Furthermore, calcitriol stimulates the anti-
inflammatory response by increasing Th2 response
and the development of regulatory T cells, and inhibit-
ing Th1 response, Th17 response, as well as B-cell devel-
opment and differentiation [66,69–71].

A possible synergistic effect of vitamin D in prednis-
olone therapy in dogs with atopic dermatitis (AD) was
postulated [72], as prednisolone therapy was more
effective in dogs with higher serum 25OHD concentra-
tions. A possible underlying mechanism for this finding
might be found in the expression of cytokines, as over-
expression of Th1 and Th2 cytokines are important in
the pathogenesis of AD [73].

Various pathogenic microorganisms and parasites in
relation to vitamin D status have been studied. Signifi-
cantly lower 25OHD concentrations were found in cats
with feline immunodeficiency virus (FIV) and myco-
bacteriosis compared with healthy cats and in dogs
with blastomycosis, babesiosis, leishmaniasis and
neoplastic spirocercosis compared with healthy dogs
[10–15].

A possible explanation for the relation between
lower 25OHD concentrations and bacterial infection
might be a decrease in expression of cathelicidins
(AMPs). Another explanation might be decreased
macrophage synthesis and activation. On the contrary,
increased use of 25OHD for calcitriol synthesis can be
the cause of lower 25OHD levels in infectious or auto-
immune diseases.

Vitamin D status in relation to viral infection was
studied in humans. In patients with human immune-
deficiency virus (HIV) type-1 calcitriol induced auto-
phagocytosis, leading to inhibition of the virus in
macrophages [74]. HIV closely resembles FIV and there-
fore a possible role for calcitriol supplementation in
cats with FIV might be postulated [75].
Vitamin D in cancer and other diseases
The vitamin D status is not only linked to tumors
related to bone metabolism, like osteosarcoma, but
also to other tumors. Lower serum 25OHD concentra-
tions were found in dogs with mast cell tumors
(MCT) [18], and in dogs with splenic hemangiosar-
coma [17]. In dogs with cancer, serum 25OHD concen-
trations increased with increasing serum calcium
concentrations [16]. Whereas healthy dogs showed the
opposite, indicating that the vitamin D metabolism is
altered in patients with cancer and that serum calcium
concentrations are involved in this change. These
increased calcium concentrations can be caused by
increased levels of PTH-related peptide, as was demon-
strated in dogs with anal sac adenocarcinoma and in
dogs with lymphoma. Calcitriol concentrations were
increased, normal, or decreased in these dogs, but calci-
triol levels decreased in these dogs after successful can-
cer treatment [76]. Antiproliferative effects of calcitriol
in relation to tumor growth were described, including
stimulation of G1/G0 cell-cycle arrest and cell death,
reduction of epidermal growth factor, and suppression
of invasive growth [77].

Alterations in vitamin D status also occurred in pa-
tients with liver disease. The liver is an important part
of the vitamin D metabolism, as hydroxylation of
cholecalciferol to form 25OHD takes place in the liver.
Impaired liver function affects the vitamin D meta-
bolism, resulting in lower serum 25OHD concentra-
tions. Lower 25OHD concentrations were found in
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cats with cholestatic liver disease, and in dogs with
chronic liver disease [19,78].

In addition, lower serum 25OHD concentrations
were found in dogs with acute pancreatitis [79]. In
humans, it was found that CYP24A1 expression, also
known as 24-hydroxylase, correlated with VDR expres-
sion in patients with chronic pancreatitis [80]. If dogs
with pancreatitis have increased levels of 24,25DHCC,
which is responsible for the lower 25OHD, remains
speculative.

Finally, the vitamin D status has been linked to mor-
tality. A correlation was found between low 25OHD
concentrations and a poor prognosis in hospitalized
dogs and cats [81–83].

A decreased vitamin D status in hospitalized patients
can, however, be caused by many factors altering
vitamin D metabolism, such as reduced intake and/or
malabsorption, decreased immune function, or
decreased liver and/or kidney function, which impairs
the formation of 25OHD and calcitriol, all of which
can affect prognosis.

The Role of Supplementation
It is important to understand which metabolite is most
effective to administer. Recent studies have demon-
strated that supplementation with vitamin D is often
not effective. In humans and dogs, supplementation
with 25OHD is much more effective in rising serum
25OHD concentrations compared with vitamin D.
The amount of vitamin D had to be 10 times higher
compared with 25OHD to obtain similar effects [84].
Most pet food ingredients contain vitamin D2 or D3,
but not the other metabolites. For cats, it is important
to determine whether a product contains vitamin D2
or vitamin D3, as they use D3 more effectively [85].

Vitamin D supplementation in renal disease
In renal disease, vitamin D or 25OHD supplementation
is less effective compared with calcitriol, as calcitriol for-
mation is impaired, due to reduced 1-alpha-hydroxy-
lase activity. Calcitriol supplementation in dogs and
cats with CKD has several beneficial effects. Calcitriol
inhibits PTH and the renin-angiotensin-aldosterone-
system [86] by suppressing the expression of the renin
gene and the activation of VDR [62]. Calcitriol also de-
creases injury and loss of podocytes [87], possibly by
increasing nephrin and Wilms tumor suppressor gene
1 (WT1) protein expression [88]. In addition, calcitriol
slows down the progression of fibrosis in patients
with CKD by reducing transforming growth factor-b
synthesis and increasing antifibrotic factors [89].
Furthermore, calcitriol suppresses tumor necrosis factor
alpha-converting enzyme, a factor involved in the
mechanism of developing proteinuria, glomeruloscle-
rosis, tubular hyperplasia, mononuclear cell infiltra-
tion, and fibrosis [90]. Finally, calcitriol therapy is
associated with increased appetite, increased physical
activity, and a longer life expectancy due to its inhibi-
tory effects on PTH secretion [91].

Calcitriol therapy can be used to control renal sec-
ondary hyperparathyroidism and to slow down the
progression of CKD. It is often combined with a phos-
phorus restricted diet to prevent hyperphosphatemia
and to reduce the risk of soft tissue mineralization
[89]. Calcitriol treatment should be monitored closely
to prevent hypercalcemia, which is one of the conse-
quences of vitamin D toxicosis [1,39]. Calcitriol
should be supplemented when the patient is in a
fasted state to prevent increased intestinal calcium
and phosphorus absorption [92]. In dogs and cats,
oral administration of calcitriol starts with a daily
initial dose of 2.0 to 3.5 ng/kg with a maximum
dose of 5.0 ng/kg [92]. An initial calcitriol dose of
2.5 to 3.5 ng/kg per day (if serum creatinine is 176–
265 mmol/L) or 3.5 ng/kg per day (if serum creatinine
is higher than 265 mmol/L) is described for cats [93].
No supporting evidence was given for these doses for
dogs and cats.

For dogs with CKD IRIS stages 3 and 4, calcitriol
therapy is recommended [92], as they have lower
vitamin D levels [4], and calcitriol treatment was associ-
ated with increased survival in 37 dogs with stage 3 and
4 CKD55. Positive or negative results of calcitriol ther-
apy in cats have yet to be demonstrated, although an
experiment involving 10 cats with CKD failed to
demonstrate an increase in serum PTH [2].
Vitamin D supplementation in gastrointestinal
disease
The effects of 25OHD or calcitriol therapy in dogs and
cats with gastrointestinal diseases have not yet been
determined. In humans with Crohn’s disease, a decrease
in severity of symptoms was observed after oral chole-
calciferol supplementation for 24 weeks [94]. A
possible explanation might be reduced inflammation
because of the immunomodulatory effects of calcitriol.
Another study, evaluating humans with various gastro-
intestinal diseases, demonstrated no increase in
25OHD levels after vitamin D supplementation [55].
Calcitriol induces VDR expression in the ileum of
humans and rats [95], which suggests that calcitriol
could stimulate vitamin D uptake or affect the immune
system in the intestinal tract.
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Vitamin D supplementation in cardiovascular
disease
Studies on the effects of vitamin D supplementation on
the cardiovascular system in dogs and cat have not yet
been performed. One case report of a cat presented
with primary hypoparathyroidism and CHF demon-
strated possible effects of calcitriol on the cardiovascu-
lar system. This cat received medication and calcitriol
for 4 weeks. After 4 weeks, only oral calcitriol adminis-
tration (twice a week) was continued. A year later, the
patient had not shown symptoms of CHF nor did it
need medication [96]. In humans, vitamin D supple-
mentation resulted in a better outcome in patients
with heart failure (HF), and an increased ejection frac-
tion in geriatric patients with low vitamin D levels
and HF [97,98]. In addition, oral cholecalciferol supple-
mentation in children with CHF showed anti-
inflammatory effects [99]. Vitamin D supplementation
in patients with coronary artery disease has also been
studied; however, cholecalciferol supplementation did
not always result in significantly positive effects (such
as improved endothelial function and vascular inflam-
mation and prevention of myocardial injury) [65]. Pa-
tients with coronary artery disease supplemented with
calcitriol instead of cholecalciferol demonstrated anti-
inflammatory effects, but there was also an increase in
severity of coronary artery disease possibly due to
reduced RAAS activity [100]. Although calcitriol is nega-
tively correlated to RAAS activity, supplementation with
vitamin D, its metabolites, or analogues should not be
used as a drug to control hypertension, as experimental
studies failed to show beneficial effects [101].
Vitamin D supplementation in immune diseases
Calcitriol inhibits Th1 response [73], which indicates
that calcitriol might have beneficial effects in patients
with AD in the chronic phase of disease. In humans,
possible beneficial effects of vitamin D administration
in patients with immune-mediated disease have been
suggested, for example, in patients with psoriasis.
Topical treatment of the skin with maxacalcitol (a
vitamin D3 analogue) in mice resulted in decreased
inflammation of the skin, due to an increase of regula-
tory T cells and a decrease in IL-23 and IL-17 synthesis
[102].
Vitamin D supplementation in cancer
An in vitro study observed that oral calcitriol adminis-
tration improves the effects of chemotherapy in canine
MCTs [103]. This might be due to the activation of VDR,
as VDR expresses broadly in canine neoplastic mast cells
[104]. Another possible explanation might be a
decrease in receptor tyrosine kinase activity [103]. In
addition, calcitriol and calcipotriol (a calcitriol
analogue) showed cytotoxic effects on multidrug resis-
tance protein-1 overexpressing cells in a study using
cytotoxicity assays [105]. Impairment of the transport
function of ATP-binding cassette transporters, which
are related to proteins involved in multidrug resistance
(P-glycoprotein, MRP1 and breast cancer resistance pro-
tein) was also observed. Another study observed syner-
gistic effects of calcitriol and cisplatin on inhibition of
proliferation of canine tumor cells in vitro [106]. This
study also conducted a noncontrolled clinical trial
that showed antitumor effects of intravenous calci-
triol/cisplatin administration in 3 of 8 dogs with tumors
that had a measurable size. In humans, a systematic re-
view and meta-analysis concluded no evidence was
found to support the use of vitamin D supplementation
to decrease mortality in patients with cancer, or to
decrease cancer incidence [107].

Vitamin D supplementation in liver disease
Vitamin D supplementation was found to decrease
inflammation and fibrosis in cats with chronic vitamin
A intoxication [108]. No evidence for effects of vitamin
D supplementation on liver disease has been reported
in dogs.
PRESENT RELEVANCE AND FUTURE
AVENUES TO CONSIDER OR TO
INVESTIGATE
Vitamin D requirements are based on a limited number
of studies that were characterized by absence of disease,
rather than demonstrating pathology. Differences be-
tween institutes are based on different safety margins,
as all of them are referring to the same studies. More
research should be done to determine true requirement
intervals. Furthermore, the minimum requirement for
cats is based on maintenance of 25OHD levels. As
25OHD levels are not a sensitive marker for vitamin
D status, other metabolites should be included in future
studies. Nutrient interactions also warrants inclusion of
PTH, calcium, and phosphorus.

Food intake, amount of vitamin D, form of vitamin
D (ie, D2 or D3, or metabolites) all have an effect on
25OHD levels and should therefore be measured and
reported in future studies.

Several relations between low 25OHD levels and
diseases have been reported, but underlying mecha-
nisms are mostly hypothetical and need further
evaluation.
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Most evidence is present for calcitriol supplementa-
tion in dogs with IRIS stage 3 and 4 renal disease.

To determine whether or not enteric loss of protein-
bound vitamin D is a significant factor in low serum
25OHD concentrations in CE, it is necessary to compare
VDBP serum concentrations between dogs and cats with
CE and a control group consisting of healthy dogs and
cats. Even though the effects of vitamin D on the gastro-
intestinal system have been studied, it is still unknown
if vitamin D has a (significant) role in the pathogenesis
of CE or is just a result of CE. This requires an experi-
mental study design, which determines if supplementa-
tion of 25OHD or calcitriol significantly improves the
described effects of vitamin D in patients with CE.

Clinical trials are required to determine the use of
vitamin D supplementation in dogs and cats with car-
diovascular disease regarding in which form and dosage
it should be administered. It is postulated that calcitriol
might be more potent than cholecalciferol because cal-
citriol acts directly on the cardiovascular system.

It might be useful to determine if calcitriol therapy in
patients with immune-mediated diseases is more
potent than vitamin D3 supplementation. Calcitriol
seems to enhance the immune function. However,
additional studies are required to determine the differ-
ences of calcitriol effects on the immune system in
humans, dogs, and cats. In addition, it has yet to be
proven that vitamin D (metabolite) supplementation
can have significant beneficial effects in dogs and cats
with various infectious diseases.
SUMMARY
Vitamin D is an important nutrient which has a vital
role in bone metabolism as well as in other vital func-
tions. Low vitamin D intake often coincides with low
calcium intake, and is characterized by bone defor-
mities, especially during the growth period. Bent legs,
retarded growth, altered locomotion, enlarged growth
plates, and decreased bone mineralization are the
most common clinical and radiological findings. Dogs
and cats seem to be quite resistant to excessive vitamin
D intake, but calcitriol supplementation can cause hy-
percalcemia and renal disease. Early and thorough
detoxification is important to prevent permanent dam-
age and guarded prognosis. 25OHD is often used to
evaluate vitamin D status; however, this is only a rough
estimation and reflects dietary intake. Other vitamin D
metabolites, especially calcitriol, provide more insight
in vitamin D metabolism and effects on target tissues,
but are often not reported. Associations of low
25OHD levels and several diseases have been reported,
but underlying mechanisms are mostly theoretic, and
not well studied. Most evidence is available for effec-
tiveness of calcitriol supplementation in dogs with
IRIS stage 3 and 4 CKD, for all other disease conditions
the level of evidence is preliminary.
ACKNOWLEDGMENTS
The author thanks Graciela van Schaik and Saskia van
der Vaart for their valuable contributions to the manu-
script, which were part of their bachelor theses.
DISCLOSURE
The author has nothing to disclose.
REFERENCES
[1] Galler A, Tran JL, Krammer-Lukas S, et al. Blood vitamin

levels in dogs with chronic kidney disease. Vet J 2012;
192(2):226–31.

[2] Hostutler RA, DiBartola SP, Chew DJ, et al. Comparison
of the effects of daily and intermittent-dose calcitriol on
serum parathyroid hormone and ionized calcium con-
centrations in normal cats and cats with chronic renal
failure. J Vet Intern Med 2006;20(6):1307–13.

[3] Gerber B, Hässig M, Reusch CE. Serum concentrations
of 1,25-dihydroxycholecalciferol and 25-hydroxychole-
calciferol in clinically normal dogs and dogs with acute
and chronic renal failure. Am J Vet Res 2003;64(9):
1161–6.

[4] Parker VJ, Harjes LM, Dembek K, et al. Association of
vitamin D metabolites with parathyroid hormone,
fibroblast growth factor-23, calcium, and phosphorus
in dogs with various stages of chronic kidney disease.
J Vet Intern Med 2017;31(3):791–8.

[5] Rudinsky AJ, Harjes LM, Byron J, et al. Factors associ-
ated with survival in dogs with chronic kidney disease.
J Vet Intern Med 2018;32(6):1977–82.

[6] Lalor S, Schwartz AM, Titmarsh H, et al. Cats with
inflammatory bowel disease and intestinal small
cell lymphoma have low serum concentrations of
25-hydroxyvitamin d. J Vet Intern Med 2014;28(2):
351–5.

[7] Gow AG, Else R, Evans H, et al. Hypovitaminosis D in
dogs with inflammatory bowel disease and hypoalbu-
minaemia. J Small Anim Pract 2011;52(8):411–8.

[8] Titmarsh H, Gow AG, Kilpatrick S, et al. Association of
vitamin D status and clinical outcome in dogs with a
chronic enteropathy. J Vet Intern Med 2015;29(6):
1473–8.

[9] Kraus MS, Rassnick KM, Wakshlag JJ, et al. Relation of
Vitamin D status to congestive heart failure and cardio-
vascular events in dogs. J Vet Intern Med 2014;28(1):
109–15.

http://refhub.elsevier.com/S2666-450X(20)30017-1/sref1
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref1
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref1
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref2
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref2
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref2
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref2
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref2
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref3
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref3
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref3
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref3
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref3
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref4
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref4
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref4
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref4
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref4
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref5
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref5
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref5
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref6
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref6
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref6
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref6
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref6
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref7
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref7
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref7
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref8
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref8
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref8
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref8
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref9
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref9
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref9
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref9


274 Corbee
[10] Erdogan H, Ural K, Pasa S. Relationship between mean
platelet volume, low-grade systemic coagulation and
Vitamin D deficiency in canine visceral leishmaniasis.
Medycyna Weterinaryjna 2019;75(8):493–6. https:
//doi.org/10.21521/mw.6252.

[11] O’Brien MA, McMichael MA, Le Boedec K. 25-Hydroxy-
vitamin D concentrations in dogs with naturally ac-
quired blastomycosis. J Vet Intern Med 2018;32(5):
1684–91.

[12] Rosa CT, Schoeman JP, Berry JL, et al. Hypovitaminosis
D in dogs with spirocercosis. J Vet Intern Med 2013;
27(5):1159–64.

[13] Titmarsh HF, Lalor SM, Tasker S, et al. Vitamin D status
in cats with feline immunodeficiency virus. Vet Med Sci
2015;1(2):72–8.

[14] Lalor SM, Mellanby RJ, Friend EJ, et al. Domesticated
cats with active mycobacteria infections have low serum
vitamin D (25(OH)D) concentrations. Transbound
Emerg Dis 2012;59(3):279–81.

[15] Dvir E, Rosa C, Handel I, et al. Vitamin D status in dogs
with babesiosis. Onderstepoort J Vet Res 2019;86(1):e1–5.

[16] Weidner N, Woods JP, Conlon P, et al. Influence of
various factors on circulating 25(OH) vitamin d concen-
trations in dogs with cancer and healthy dogs. J Vet
Intern Med 2017;31(6):1796–803.

[17] Selting KA, Sharp CR, Ringold R, et al. Serum 25-hy-
droxyvitamin D concentrations in dogs - correlation
with health and cancer risk. Vet Comp Oncol 2016;
14(3):295–305.

[18] Wakshlag JJ, Rassnick KM, Malone EK, et al. Cross-
sectional study to investigate the association be-
tween vitamin D status and cutaneous mast cell
tumours in Labrador retrievers. Br J Nutr 2011;
106(S1):S60–3.

[19] Galler A, Tran JL, Krammer-Lukas S, et al. Blood vitamin
levels in dogs with chronic liver disease. Wien Tierarztl
Monatsschr 2013;100(5–6):133–9.

[20] Cartwright JA, Gow AG, Milne E, et al. Vitamin D recep-
tor expression in dogs. J Vet Intern Med 2018;32(2):
764–74.

[21] Parker VJ, Rudinsky AJ, Chew DJ. Vitamin D meta-
bolism in canine and feline medicine. J Am Vet Med As-
soc 2017;250(11):1259–69.

[22] Zafalon RVA, Risolia LW, Pedrinelli V, et al. Vitamin D
metabolism in dogs and cats and its relation to diseases
not associated with bone metabolism. J Anim Physiol
Anim Nutr 2020;104(1):322–42.

[23] National Research Council. Nutrient requirements of
dogs and cats. Washington D.C. National Academy
Press; 2006.

[24] How KL, Hazewinkel HA, Mol JA. Dietary vitamin D
dependence of cat and dog due to inadequate cuta-
neous synthesis of vitamin D. Gen Comp Endocrinol
1994;96(1):12–8.

[25] Morris JG. Ineffective vitamin D synthesis in cats is
reversed by an inhibitor of 7-dehydrocholestrol-d7-
reductase. J Nutr 1999;129(4):903–8.
[26] Hazewinkel HAW, Tryfonidou MA. Vitamin D3 meta-
bolism in dogs. Mol Cell Endocrinol 2002;197(1):
23–33.

[27] Haddad JG Jr. Transport of vitamin D metabolites. Clin
Orthop Relat Res 1979;142:249–61.

[28] Brown AJ, Dusso A, Slatopolsky E. Vitamin D. Am J
Physiol 1999;277(2):F157–75.

[29] Norman AW, Okamura WH, Bishop JE, et al. Update on
biological actions of 1alpha,25(OH)2-vitamin D3
(rapid effects) and 24R,25(OH)2-vitamin D3. Mol
Cell Endocrinol 2002;197(1–2):1–13.

[30] Pike JW, Meyer MB. The vitamin D receptor: new para-
digms for the regulation of gene expression by 1,25-di-
hydroxyvitamin D3. Endocrinol Metab Clin North Am
2010;39(2):255–69.

[31] AAFCO. AAFCO dog and cat food nutrient profiles.
AAFCO; 2014.

[32] FEDIAF. FEDIAF nutritional guidelines for complete
and complementary pet food for cats and dogs. FE-
DIAF; 2019.

[33] Tryfonidou MA, Holla MS, Stevenhagen JJ, et al. Dietary
135-fold cholecalciferol supplementation severely dis-
turbs the endochondral ossification in growing dogs.
Domest Anim Endocrinol 2003;24(4):265–85.

[34] Morris JG, Earle KE, Anderson PA. Plasma 25-hydroxy-
vitamin D in growing kittens is related to dietary intake
of cholecalciferol. J Nutr 1999;129(4):909–12.

[35] Sih TR, Morris JG, Hickman MA. Chronic ingestion of
high concentrations of cholecalciferol in cats. Am J
Vet Res 2001;62(9):1500–6.

[36] Malik R, Laing C, Davis PE, et al. Rickets in a litter of
racing greyhounds. J Small Anim Pract 1997;38(3):
109–14.

[37] de Fornel-Thibaud P, Blanchard G, Escoffier-Chateau L,
et al. Unusual case of osteopenia associated with nutri-
tional calcium and vitamin D deficiency in an adult
dog. J Am Anim Hosp Assoc 2007;43(1):52–60.

[38] LeVine DN, Zhou Y, Ghiloni RJ, et al. Hereditary 1,25-
Dihydroxyvitamin D-Resistant rickets in a pomeranian
dog caused by a novel mutation in the vitamin D recep-
tor gene. J Vet Intern Med 2009;23(6):1278–83.

[39] Mellanby RJ, Mee AP, Berry JL, et al. Hypercalcaemia in
two dogs caused by excessive dietary supplementation
of vitamin D. J Small Anim Pract 2005;46(7):334–8.

[40] DeClementi C, Sobczak BR. Common rodenticide toxi-
coses in small animals. Vet Clin North Am Small Anim
Pract 2018;48(6):1027–38.

[41] Fan TM, Simpson KW, Trasti S, et al. Calcipotriol
toxicity in a dog. J Small Anim Pract 1998;39(12):
581–6.

[42] Hilbe M, Sydler T, Fischer L, et al. Metastatic calcifica-
tion in a dog attributable to ingestion of a tacalcitol
ointment. Vet Pathol 2000;37(5):490–2.

[43] Corbee RJ, Tryfonidou MA, Beckers IP, et al. Composi-
tion and use of puppy milk replacers in German Shep-
herd puppies in the Netherlands. J Anim Physiol Anim
Nutr 2012;96(3):395–402.

https://doi.org/10.21521/mw.6252
https://doi.org/10.21521/mw.6252
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref11
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref11
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref11
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref11
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref12
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref12
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref12
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref13
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref13
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref13
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref14
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref14
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref14
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref14
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref15
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref15
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref16
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref16
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref16
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref16
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref17
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref17
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref17
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref17
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref18
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref18
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref18
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref18
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref18
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref19
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref19
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref19
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref20
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref20
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref20
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref21
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref21
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref21
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref22
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref22
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref22
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref22
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref23
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref23
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref23
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref24
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref24
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref24
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref24
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref25
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref25
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref25
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref26
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref26
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref26
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref27
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref27
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref28
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref28
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref29
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref29
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref29
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref29
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref30
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref30
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref30
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref30
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref31
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref31
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref32
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref32
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref32
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref33
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref33
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref33
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref33
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref34
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref34
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref34
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref35
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref35
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref35
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref36
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref36
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref36
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref37
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref37
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref37
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref37
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref38
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref38
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref38
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref38
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref39
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref39
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref39
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref40
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref40
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref40
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref41
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref41
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref41
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref42
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref42
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref42
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref43
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref43
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref43
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref43


Vitamin D in Health and Disease in Dogs and Cats 275
[44] Kritikos G, Weidner N, Atkinson JL, et al. Quantifica-
tion of vitamin D3 in commercial dog foods and com-
parison with Association of American Feed Control
Officials recommendations and manufacturer-reported
concentrations. J Am Vet Med Assoc 2018;252(12):
1521–6.

[45] Hurst EA, Homer NZ, Denham SG, et al. Development
and application of a LC–MS/MS assay for simultaneous
analysis of 25-hydroxyvitamin-D and 3-epi-25-hydrox-
yvitamin-D metabolites in canine serum. J Steroid Bio-
chem Mol Biol 2020;199:105598.

[46] Sharp CR, Selting KA, Ringold R. The effect of diet on
serum 25-hydroxyvitamin D concentrations in dogs.
BMC Res Notes 2005;8:442.

[47] Hookey TJ, Backus RC, Wara AM. Effects of body fat
mass and therapeutic weight loss on vitamin D status
in privately owned adult dogs. J Nutr Sci 2018;7:e17.

[48] Dusso AS, Brown AJ. Mechanism of vitamin D action
and its regulation. Am J Kidney Dis 1998;32(4,
Supplement 2):S13–24.

[49] Titmarsh HF, Gow AG, Kilpatrick S, et al. Low vitamin
D status is associated with systemic and gastrointestinal
inflammation in dogs with a chronic enteropathy. PLoS
One 2015;10(9).

[50] Allenspach K, Rizzo J, Jergens AE, et al. Hypovitamino-
sis D is associated with negative outcome in dogs with
protein losing enteropathy: A retrospective study of 43
cases. BMC Vet Res 2017;13(1).

[51] Bikle D. VitaminD insufficiency/deficiency in gastrointes-
tinal disorders. J Bone Miner Res 2008;22(Suppl 2):50.

[52] Wennogle SA, Priestnall SL, Suárez-Bonnet A, et al.
Comparison of clinical, clinicopathologic, and histo-
logic variables in dogs with chronic inflammatory
enteropathy and low or normal serum 25-hydroxycho-
lecalciferol concentrations. J Vet Intern Med 2019;
33(5):1995–2004.

[53] Yamamoto EA, Jorgensen TN. Relationships between
vitamin D, gut microbiome, and systemic autoimmu-
nity. Front Immunol 2020;21(10):3141.

[54] Li YC, Chen Y, Du J. Critical roles of intestinal epithelial
vitamin D receptor signaling in controlling gut mucosal
inflammation. J Steroid Biochem Mol Biol 2015;148:
179–83.

[55] Nielsen OH, Hansen TI, Gubatan JM, et al. Managing
vitamin D deficiency in inflammatory bowel disease.
Frontline Gastroenterol 2019;10(4):394.

[56] Lagishetty V, Misharin AV, Liu NQ, et al. Vitamin D
deficiency in mice impairs colonic antibacterial activity
and predisposes to colitis. Endocrinology 2010;151(6):
2423–32.

[57] Osuga T, Nakamura K, Morita T, et al. Vitamin D status
in different stages of disease severity in dogs with
chronic valvular heart disease. J Vet Intern Med 2015;
29(6):1518–23.

[58] Wang TJ, Pencina MJ, Booth SL, et al. Vitamin D defi-
ciency and risk of cardiovascular disease. Circulation
2008;117(4):503–11.
[59] Fall T, Shiue I, Bergea af Geijerstam P, et al. Relations of
circulating vitamin D concentrations with left ventricu-
lar geometry and function. Eur J Heart Fail 2012;14(9):
985–91.

[60] Simpson RU, Weishaar RE. Involvement of 1,25-dihy-
droxyvitamin D3 in regulating myocardial calcium
metabolism: physiological and pathological actions.
Cell Calcium 1988;9(5):285–92.

[61] De Boland AR, Boland RL. Non-genomic signal trans-
duction pathway of vitamin D in muscle. Cell Signal
1994;6(7):717–24.

[62] Li YC, Qiao G, Uskokovic M, et al. Vitamin D: a nega-
tive endocrine regulator of the renin–angiotensin sys-
tem and blood pressure. J Steroid Biochem Mol Biol
2004;89-90:387–92.

[63] Li Q, Gardner DG. Negative regulation of the human
atrial natriuretic peptide gene by 1,25-dihydroxyvita-
min D3. J Biol Chem 1994;269(7):4934–9.

[64] Kim HW, Park CW, Shin YS, et al. Calcitriol regresses
cardiac hypertrophy and QT dispersion in secondary
hyperparathyroidism on hemodialysis. Nephron Clin
Pract 2006;102(1):21.

[65] Legarth C, Grimm D, Krüger M, et al. Potential benefi-
cial effects of vitamin D in coronary artery disease. Nu-
trients 2019;12(1).

[66] Mick PJ, Peng SA, Loftus JP. Serum vitamin D metabo-
lites and CXCL10 concentrations associate with survival
in dogs with immune mediated disease. Front Vet Sci
2019;6.

[67] Titmarsh HF, Cartwright JA, Kilpatrick S, et al. Relation-
ship between vitamin D status and leukocytes in hospi-
talised cats. J Feline Med Surg 2017;19(4):364–9.

[68] Jaffey JA, Amorim J, DeClue AE. Effect of calcitriol on
in vitro whole blood cytokine production in critically
ill dogs. Vet J 2018;236:31–6.

[69] Lemire JM, Archer DC, Beck L, et al. Immunosuppres-
sive actions of 1,25-dihydroxyvitamin D3: preferential
inhibition of Th1 functions. J Nutr 1995;125(6
Suppl):1704S–8S.

[70] Boonstra A, Barrat FJ, Crain C, et al. 1alpha,25-Dihy-
droxyvitamin d3 has a direct effect on naive CD4(1)
T cells to enhance the development of Th2 cells.
J Immunol 2001;167(9):4974–80.

[71] Tang J, Zhou R, Luger D, et al. Calcitriol suppresses anti-
retinal autoimmunity through inhibitory effects on the
Th17 effector response. J Immunol 2009;182(8):
4624–32.

[72] Kovalik M, Thoday KL, Berry J, et al. Prednisolone ther-
apy for atopic dermatitis is less effective in dogs with
lower pretreatment serum 25-hydroxyvitamin D con-
centrations. Vet Dermatol 2012;23(2):125–e28.

[73] Marsella R, Sousa CA, Gonzales AJ, et al. Current under-
standing of the pathophysiologic mechanisms of canine
atopic dermatitis. J Am Vet Med Assoc 2012;241(2):
194–207.

[74] Campbell GR, Spector SA. Vitamin D inhibits human
immunodeficiency virus type 1 and Mycobacterium

http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref44
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref45
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref45
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref45
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref45
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref45
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref46
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref46
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref46
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref47
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref47
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref47
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref48
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref48
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref48
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref49
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref49
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref49
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref49
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref50
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref50
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref50
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref50
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref51
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref51
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref52
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref53
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref53
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref53
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref54
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref54
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref54
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref54
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref55
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref55
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref55
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref56
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref56
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref56
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref56
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref57
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref57
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref57
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref57
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref58
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref58
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref58
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref59
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref59
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref59
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref59
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref60
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref60
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref60
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref60
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref61
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref61
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref61
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref62
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref62
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref62
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref62
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref63
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref63
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref63
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref64
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref64
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref64
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref64
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref65
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref65
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref65
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref66
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref66
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref66
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref66
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref67
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref67
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref67
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref68
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref68
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref68
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref69
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref69
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref69
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref69
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref70
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref70
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref70
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref70
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref71
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref71
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref71
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref71
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref72
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref72
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref72
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref72
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref73
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref73
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref73
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref73
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref74
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref74


276 Corbee
tuberculosis infection in macrophages through the in-
duction of autophagy. PLoS Pathog 2012;8(5):
e1002689.

[75] Miller C, Abdo Z, Ericsson A, et al. Applications of the
FIV model to study HIV pathogenesis. Viruses 2018;
10(4). https://doi.org/10.3390/v10040206.

[76] Rosol TJ, Nagode LA, Couto CG, et al. Parathyroid hor-
mone (PTH)-related protein, PTH, and 1,25-dihydroxy
vitamin D in dogs with cancer-associated hypercalce-
mia. Endocrinology 1992;131(3):1157–64.

[77] Raditic DM, Bartges JW. Evidence-based integrative
medicine in clinical veterinary oncology. Vet Clin North
Am Small Anim Pract 2014;44(5):831–53.

[78] Kibler L, Heinze CR, Webster CRL. Serum vitamin D sta-
tus in sick cats with and without cholestatic liver dis-
ease. J Feline Med Surg 2020. https://doi.org/10.1177/
1098612X19895081.

[79] Kim D, Kim H, Son P, et al. Serum 25-hydroxyvitamin
D concentrations in dogs with suspected acute pancrea-
titis. J Vet Med Sci 2017;79(8):1366–73.

[80] Hummel D, Aggarwal A, Borka K, et al. The vitamin D
system is deregulated in pancreatic diseases. J Steroid
Biochem Mol Biol 2014;144:402–9.

[81] Titmarsh H, Kilpatrick S, Sinclair J, et al. Vitamin D sta-
tus predicts 30 day mortality in hospitalised cats. PLoS
One 2015;10(5):e0125997.

[82] Cazzolli DM, Prittie JE, Fox PR, et al. Evaluation of
serum 25-hydroxyvitamin D concentrations in a hetero-
geneous canine ICU population. J Vet Emerg Crit Care
(San Antonio) 2019;29(6):605–10.

[83] Jaffey JA, Backus RC, McDaniel KM, et al. Serum
vitamin D concentrations in hospitalized critically ill
dogs. PLoS One 2018;13(3):e0194062.

[84] Young LR, Backus RC. Oral vitamin D supplementation
at five times the recommended allowance marginally
affects serum 25-hydroxyvitamin D concentrations in
dogs. J Nutr Sci 2016;5:e31.

[85] Morris JG. Cats discriminate between cholecalciferol
and ergocalciferol. J Anim Physiol Anim Nutr 2002;
86:229–38.

[86] Pörsti IH. Expanding targets of vitamin D receptor acti-
vation: Downregulation of several RAS components in
the kidney. Kidney Int 2008;74(11):1371–3.

[87] Kuhlmann A, Haas CS, Gross ML, et al. 1,25-Dihydrox-
yvitamin D3 decreases podocyte loss and podocyte hy-
pertrophy in the subtotally nephrectomized rat. Am J
Physiol Renal Physiol 2004;286(3):526.

[88] Shi W, Guo L, Liu G, et al. Protective effect of calcitriol
on podocytes in spontaneously hypertensive rat. J Chin
Med Assoc 2018;81(8):691–8.

[89] de Brito Galvao JF, Nagode LA, Schenck PA, et al. Calci-
triol, calcidiol, parathyroid hormone, and fibroblast
growth factor-23 interactions in chronic kidney disease.
J Vet Emerg Crit Care (San Antonio) 2013;23(2):134–62.

[90] Dusso A, González EA, Martin KJ. Vitamin D in chronic
kidney disease. Best Pract Res Clin Endocrinol Metab
2011;25(4):647–55.
[91] Nagode LA, Chew DJ, Podell M. Benefits of calcitriol
therapy and serum phosphorus control in dogs and
cats with chronic renal failure. Both are essential to pre-
vent or suppress toxic hyperparathyroidism. Vet Clin
North Am Small Anim Pract 1996;26(6):1293–330.

[92] Polzin DJ. Chronic kidney disease in small animals. Vet
Clin North Am Small Anim Pract 2011;41(1):15–30.

[93] Korman RM, White JD, Feline CKD. Current therapies -
what is achievable? J Feline Med Surg 2013;15(Suppl
1):29–44.

[94] Yang L, Weaver V, Smith JP, et al. Therapeutic effect of
vitamin d supplementation in a pilot study of Crohn’s
patients. Clin Transl Gastroenterol 2013;18(4):e33.

[95] Khan AA, Dragt BS, Porte RJ, et al. Regulation of VDR
expression in rat and human intestine and liver–conse-
quences for CYP3A expression. Toxicol In Vitro 2010;
24(3):822–9.

[96] Lie AR, MacDonald KA. Reversible myocardial failure in
a cat with primary hypoparathyroidism. J Feline Med
Surg 2013;15(10):932–40.

[97] Dalbeni A, Scaturro G, Degan M, et al. Effects of six
months of vitamin D supplementation in patients
with heart failure: A randomized double-blind
controlled trial. Nutr Metab Cardiovasc Dis 2014;
24(8):861–8.

[98] Gotsman I, Shauer A, Zwas DR, et al. Vitamin D defi-
ciency is a predictor of reduced survival in patients
with heart failure; vitamin D supplementation im-
proves outcome. Eur J Heart Fail 2012;14(4):357–66.

[99] Shedeed SA. Vitamin D supplementation in infants
with chronic congestive heart failure. Pediatr Cardiol
2012;33(5):713–9.

[100] Wu Z, Wang T, Zhu S, et al. Effects of vitamin D sup-
plementation as an adjuvant therapy in coronary ar-
tery disease patients. Scand Cardiovasc J 2016;50(1):
9–16.

[101] Beveridge LA, Witham MD. Controversy in the link be-
tween vitamin D supplementation and hypertension.
Expert Rev Cardiovasc Ther 2015;13(9):971–3.

[102] Hau CS, Shimizu T, Tada Y, et al. The vitamin D3
analog, maxacalcitol, reduces psoriasiform skin inflam-
mation by inducing regulatory T cells and downregulat-
ing IL-23 and IL-17 production. J Dermatol Sci 2018;
92(2):117–26.

[103] Malone EK, Rassnick KM, Wakshlag JJ, et al. Calcitriol
(1,25-dihydroxycholecalciferol) enhances mast cell
tumour chemotherapy and receptor tyrosine kinase in-
hibitor activity in vitro and has single-agent activity
against spontaneously occurring canine mast cell tu-
mours. Vet Comp Oncol 2010;8(3):209–20.

[104] Russell DS, Rassnick KM, Erb HN, et al. An immunohis-
tochemical study of vitamin D receptor expression in
canine cutaneous mast cell tumours. J Comp Pathol
2010;143(2–3):223–6.

[105] Tan KW, Sampson A, Osa-Andrews B, et al. Calcitriol
and calcipotriol modulate transport activity of ABC
transporters and exhibit selective cytotoxicity in

http://refhub.elsevier.com/S2666-450X(20)30017-1/sref74
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref74
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref74
https://doi.org/10.3390/v10040206
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref76
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref76
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref76
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref76
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref77
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref77
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref77
https://doi.org/10.1177/1098612X19895081
https://doi.org/10.1177/1098612X19895081
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref79
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref79
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref79
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref80
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref80
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref80
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref81
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref81
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref81
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref82
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref82
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref82
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref82
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref83
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref83
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref83
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref84
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref84
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref84
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref84
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref85
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref85
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref85
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref86
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref86
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref86
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref87
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref87
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref87
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref87
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref88
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref88
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref88
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref89
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref89
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref89
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref89
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref90
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref90
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref90
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref91
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref91
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref91
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref91
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref91
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref92
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref92
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref93
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref93
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref93
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref94
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref94
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref94
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref95
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref95
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref95
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref95
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref96
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref96
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref96
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref97
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref97
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref97
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref97
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref97
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref98
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref98
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref98
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref98
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref99
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref99
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref99
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref100
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref100
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref100
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref100
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref101
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref101
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref101
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref102
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref102
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref102
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref102
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref102
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref103
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref104
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref104
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref104
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref104
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref105
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref105
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref105


Vitamin D in Health and Disease in Dogs and Cats 277
MRP1-overexpressing cells. Drug Metab Dispos 2018;
46(12):1856–66.

[106] Rassnick KM, Muindi JR, Johnson CS, et al. In vitro and
in vivo evaluation of combined calcitriol and cisplatin
in dogs with spontaneously occurring tumors. Cancer
Chemother Pharmacol 2008;62(5):881–91.
[107] Goulao B, Stewart F, Ford J, et al. Cancer and vitamin D
supplementation: a systematic review and meta-anal-
ysis. Am J Clin Nutr 2018;107:652–63.

[108] Corbee RJ, Tryfonidou MA, Grinwis GC, et al. Skeletal
and hepatic changes induced by chronic vitamin A sup-
plementation in cats. Vet J 2014;202(3):503–9.

http://refhub.elsevier.com/S2666-450X(20)30017-1/sref105
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref105
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref106
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref106
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref106
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref106
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref107
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref107
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref107
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref108
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref108
http://refhub.elsevier.com/S2666-450X(20)30017-1/sref108

	Vitamin D in Health and Disease in Dogs and Cats
	Key points
	Introduction
	Significance
	Vitamin D Metabolism
	Vitamin D Requirements
	Vitamin D in Bone Metabolism, and Calcium and Phosphorus Homeostasis
	Vitamin D deficiency
	Vitamin D toxicity
	Treatment of vitamin D toxicity

	Serum vitamin D levels

	Associations Between Vitamin D Status and Diseases
	Vitamin D and chronic kidney disease
	Vitamin D and gastrointestinal diseases
	Vitamin D and cardiovascular diseases
	Vitamin D and immune function and infectious diseases
	Vitamin D in cancer and other diseases

	The Role of Supplementation
	Vitamin D supplementation in renal disease
	Vitamin D supplementation in gastrointestinal disease
	Vitamin D supplementation in cardiovascular disease
	Vitamin D supplementation in immune diseases
	Vitamin D supplementation in cancer
	Vitamin D supplementation in liver disease


	Present relevance and future avenues to consider or to investigate
	Summary
	Acknowledgments
	Disclosure
	References


