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Increased dietary vitamin D was 
associated with increased 
circulating vitamin D with no 
observable adverse effects in adult 
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Introduction: There is no consensus for the optimum concentration of vitamin D, 
although a minimum concentration of 100  ng/mL (250  nM) of circulating vitamin 
D, measured as 25(OH) D, has been suggested in order to support optimal health 
in dogs. Few studies have examined the relationship between dietary vitamin D3 
(cholecalciferol) intake and the resulting concentrations of circulating 25(OH) D 
in adult dogs. Recommendations for dog foods for adult maintenance report a 
safe upper limit of 3,200  IU vitamin D/kg on a dry matter basis. However, these 
recommendations were not based on studies of adult maintenance requirements. 
Understanding the relationship between dietary vitamin D and circulating vitamin 
D is necessary to utilize dietary vitamin D to influence health in dogs.

Methods: Five groups of adult dogs (each n  =  8) were fed food of approximately 
4,000  kcal/kg containing one of the following dry matter concentrations of 
vitamin D for 6  months: 795.7, 3087.3, 5510.9, 7314.0, and 9992.5  IU/kg. Body 
weight was recorded at baseline and measured weekly, and daily food intake was 
recorded. Blood samples were taken at baseline and at the end of the 26-week 
study period.

Results: There were no clinical signs of vitamin D deficiency or excess. Serum 
concentrations of creatinine, blood urea nitrogen, albumin, hematocrit, 
hemoglobin, alkaline phosphatase, phosphorus, total calcium, ionized calcium, 
and parathyroid hormone were maintained within reference values in all groups. 
Circulating 25(OH) D increased in all groups except those that consumed food with 
795.7  IU/kg vitamin D, and increased in a linear and quadratic fashion in response 
to dietary vitamin D concentration. All of the dogs fed food with 5510.9  IU/kg 
vitamin D or above met or exceeded 100  ng/mL (250  nM) circulating 25(OH) D.

Discussion: Dietary vitamin D was positively associated with increased circulating 
concentrations in concentrations up to 9992.5  IU/kg dry matter, with no 
observable adverse effects. Consumption of ≥5510.9  IU/kg vitamin D resulted in 
all dogs with at least the 100  ng/mL (250  nM) circulating concentration.
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1. Introduction

Vitamin D3 (cholecalciferol) has long been known to play 
important roles in bone health and the regulation of calcium 
metabolism (1, 2). The last few decades have also established the more 
widespread functions of vitamin D through the vitamin D receptor 
present throughout the body (3). Following intake of vitamin D, its 
hydroxylation in the liver yields 25-hydroxyvitamin D, or 25(OH) D, 
the major circulating metabolite of vitamin D (4). The serum 
concentration of 25(OH) D is used as an indicator of vitamin D status 
(3). In the kidneys, 25(OH) D is further hydroxylated to 
1,25-dihydroxyvitamin D, the latter of which is regulated by blood 
calcium, phosphorus, parathyroid hormone (PTH), and 
autoregulation (3–5). 1,25-dihydroxyvitamin D acts as a hormone, 
binding to the vitamin D receptor present in most bodily tissues (3, 
4). The activated form of vitamin D receptor acts as a transcription 
factor, affecting the expression of a wide variety of genes (4).

Sufficient concentrations of vitamin D prevent rickets and 
osteomalacia. Hypocalcemia, which may result in seizures, can occur in 
dogs deficient in vitamin D (1, 2). Low serum concentrations of vitamin 
D in dogs have been observed in a number of conditions, including 
gastrointestinal disorders, exocrine pancreatic insufficiency, liver disease, 
immune-mediated diseases, congestive heart failure, several types of 
cancers, and chronic kidney disease (1, 4–7). Although the causative 
effect of a lack of vitamin D on many of these disorders is still under 
investigation, the wide variety of functions underscores the importance 
of vitamin D. More recently, deficiency of vitamin D in humans was 
significantly associated with a higher risk of COVID-19 (8), and vitamin 
D supplementation was found to be one of several factors that decreased 
the risk of SARS-CoV-2 infection in humans (9).

On the other end of the spectrum, excess consumption of vitamin D 
can lead to hypercalcemia and detrimental effects on health in dogs (2). 
Symptoms of excess vitamin D consumption in dogs include weakness, 
lethargy, anorexia, polyuria, polydipsia, and depression (1, 10). In severe 
cases, acute renal failure and soft tissue mineralization may occur (1).

Dogs are reliant on dietary sources of vitamin D since they cannot 
synthesize it in the skin upon exposure to sunlight like other species such 
as humans (11). The hypothesized minimum concentration of serum 
vitamin D in dogs is defined as 100 mg/mL (250 nM), based on the 
concentration of 25(OH) D at which PTH concentration plateaus (12).

The Association of American Feed Control Officials (AAFCO) 
recommends that dog foods for adult maintenance contain 500–3,000 IU 
vitamin D/kg (13), and the National Research Council (NRC) 
recommends 552–3,200 IU vitamin D/kg (14), both on a dry matter 
basis. Most commercial dog foods are compliant with these guidelines 
(15). However, the AAFCO and NRC guideline values for safe upper 
limits were established to prevent impaired ossification in large-breed 
puppies and were not determined using scientific studies for adult 
maintenance (5).

Not many studies have examined the relationship between vitamin D 
intake and resultant concentrations of circulating 25(OH) D in adult dogs. 
A prior study tested vitamin D supplementation in dogs, most of which 
were deficient in vitamin D, at 2.3 μg/kg BW0.75, which is five times the 
NRC-recommended amount but within their safe upper limit of 2.6 μg/
kg BW0.75 (16). At the end of the trial (weeks 9–10), serum 25(OH) D 
concentrations were significantly higher (but only by 12%) in dogs that 
received vitamin D supplementation compared with the control group, 
but the changes from baseline between the two groups were not 
significant (16).

The aim of this study was to evaluate a range of concentrations of 
dietary vitamin D over a 26-week feeding period to find those that result 
in concentrations of circulating vitamin D that are recommended for an 
appropriate immune response (in excess of 250 nM or 100 ng/mL) 
in dogs.

2. Materials and methods

2.1. Ethics statement

All study protocols and this study were reviewed and approved by 
the Institutional Animal Care and Use Committee, Hill’s Pet Nutrition, 
Inc., Topeka, KS, United States (Permit Number CP899), and complied 
with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (17). Dogs were housed in groups, were allowed 
access to indoor and outdoor runs, and had exposure to natural light 
that varied with seasonal changes. All dogs were provided with regular 
opportunities to exercise with access to toys. Dogs were owned by the 
commercial funders of this research or their affiliates, who gave 
permission for them to be included in this study. At the conclusion of 
the study, all dogs were healthy by veterinary examinations and were 
returned to the Hill’s Pet Nutrition, Inc. colony.

2.2. Participants and study design

All dogs were beagles and were determined to be healthy based on 
the results of an annual physical examination, complete blood count 
(CBC), serum biochemistries, and urinalysis. The criterion for 
removal from the study was development of any condition whereby 
removal would benefit the pet, including polyuria, polydipsia, 
vomiting, any dog refusing to eat, or inadequate food intake resulting 
in weight loss greater than 15% of body weight.

Each test food group had 8 dogs (four spayed females, and four 
neutered males). All dogs had access to electronic feeders for 1 h daily 
with amounts available for consumption calculated to maintain body 
weight. Water was available ad libitum. Actual daily food intake (g/
day) was recorded for each dog, and body weight was recorded each 
week. Each dog was evaluated daily by animal care technicians for any 
signs of deficiency or excess including polyuria, polydipsia, lethargy, 
and depression. At the end of the study, possible toxicity was evaluated 
through analysis for hypercalcemia and hyperphosphatemia.

Blood was collected following a 20-h fast at baseline and at the end 
of the 26-week feeding period to evaluate changes in circulating 
concentration of selected analytes. Analysis of all analytes used the 
same methods throughout the study and included creatinine, blood 
urea nitrogen, albumin, hematocrit, hemoglobin, alkaline 
phosphatase, phosphorus, and calcium (Roche Diagnostics, Cobas 
6000 series, c501 module, Indianapolis, IN United States). Ionized 
calcium, PTH, and vitamin D (25-hydroxy vitamin D) were analyzed 
by the Michigan State University Veterinary Diagnostic Laboratory 
(Lansing, MI, United States) (18). Ionized calcium was analyzed using 
Stat Profile Prime ES Comp Plus analyzer (Nova Biomedical 
Corporation, Waltham, MA, United States). PTH was evaluated using 
the Whole PTH (1–84) Specific kit (Scantibodies Laboratory, Inc., 
Santee, CA, United States), which is an immunoradiometric assay 
utilizing a polyclonal antibody with a tendency to bind in the 
N-terminal region and a polyclonal antibody with a tendency to bind 
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in the C-terminal region. The use of these antibodies guarantees that 
only whole PTH is detected. Validation information is available in 
Supplementary Data 1. Circulating 25(OH) D was measured in canine 
sera with a commercially available radioimmunoassay (RIA) kit 
(25-Hydroxy Vitamin D RIA kit, Immunodiagnostics Systems, 
Boldon, Tyne & Wear, United  Kingdom) that provides reagents 
necessary for extraction and quantitation of (25)OH D. Validation 
information is available in Supplementary Data 2.

2.3. Study foods

Compositions of the trial foods are shown in Table 1. All foods 
were complete and balanced, meeting the AAFCO requirements for 
adult maintenance, with the exception of vitamin D3 concentration. 
Foods with differing concentrations of vitamin D were prepared by 
Hill’s Pet Nutrition, Inc. and were available in dry form only. 
Macronutrient composition was determined by a commercial 
laboratory (Eurofins Scientific, Inc., Des Moines, IA). Proximate 
analyses were completed using the following techniques: moisture—
AOAC 930.15; protein—AOAC 2001.11; fat—AOAC 954.02; ash—
AOAC 942.0; fiber—AOAC 962.09 (19). Atwater energy was 
calculated using the modified Atwater factors as previously described 

(20). Concentrations of vitamin D3 were measured by liquid 
chromatography/tandem mass spectroscopy (21, 22).

2.4. Statistical analyses

Statistical analyses were performed in SAS, version 9.4 (SAS 
Institute, Cary, NC). Analysis of the change during the study was 
completed using PROC GLM with treatment as a fixed variable. 
Analysis of circulating 25(OH) D was completed using dietary vitamin 
D concentration as a continuous variable. Values were concluded to 
be significant if the overall f test was p < 0.05 and then the specific 
mean differences were concluded to be significant at p < 0.05.

3. Results

3.1. Characteristics of dogs in the study

Demographic data for the dogs is shown in Table 2. Dogs in this 
study ranged in age from 3.2 to 13.3 years. No adverse events were 
observed in the dogs during the study, and none were removed from 
the study. All dogs were healthy at the end of the study.

TABLE 1 Composition of trial foods..

Dietary vitamin D concentrations in study food, IU/kg

Nutrient 795.7 3087.3 5510.9 7314.0 9992.5

Moisture 8.04 9.71 9.86 9.25 9.52

Protein 24.2 24.5 23.9 24.2 28.0

Fat 14.6 13.3 13.5 13.4 13.3

Ash 5.60 6.01 6.16 5.97 5.60

Calcium 0.70 1.18 1.20 1.14 1.26

Phosphorus 0.55 0.76 0.85 0.85 0.89

Sodium 0.29 0.35 0.36 0.35 0.38

Taurine 0.09 0.11 0.11 0.11 0.11

Crude Fiber 2.0 1.2 1.2 1.1 1.3

Atwater energy, kcal/kg 3,683 3,573 3,572 4,063 4,063

Choline, ppm 3,820 2,740 2,600 2,680 2,430

Vitamin A, IU/kg 9,170 11,700 12,800 12,200 20,300

Vitamin D3, IU/kg 731.7 2787.5 4967.5 6637.5 9041.2

All values are g/100 g as-fed unless otherwise indicated.

TABLE 2 Demographic data at baseline for healthy adult dogs by vitamin D group (each n =  8).

Dietary vitamin D concentrations in study food, IU/kg

Parameter 795.7 3087.3 5510.9 7314.0 9992.5

Age, years 9.9 (2.0) 6.1 (2.0) 5.9 (1.8) 6.0 (1.9) 7.3 (1.6)

Sex 4 SF, 4 NM 4 SF, 4 NM 4 SF, 4 NM 4 SF, 4 NM 4 SF, 4 NM

Initial weight, kg 9.73 (1.88) 8.94 (0.88) 11.04 (0.98) 10.74 (0.86) 9.70 (0.98)

Final weight, kg 10.08 (1.82) 9.61 (0.99) 11.15 (1.42) 10.92 (0.76) 10.27 (1.02)

Food intake/day, g 171 (30.0) 176 (26.0) 187 (24.0) 191 (22.6) 172 (18.1)

Data are shown as mean (standard deviation). NM, neutered male; SF, spayed female.
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3.2. Dietary vitamin D and its influence on 
circulating analytes

At baseline, the mean serum concentrations of 25(OH) D were 
above the minimum concentration of 250 nM (Table 3). Individually, 
15 (37.5%) dogs had concentrations below this minimum desired 
concentration at the beginning of the study. All of the dogs 
throughout the study maintained concentrations within or above 
the reference range of 109–423 nM. Food intake and body weight 

were not influenced by the dietary concentrations of vitamin D 
(Table 2).

CBC and serum chemistry profiles obtained following a 20-h fast 
at baseline and at the end of the 26-week feeding period did not 
significantly change, with the exception of 25(OH) D (Table 3). All of 
the values except for 25(OH) D remained within the established 
reference ranges for the colony or diagnostic laboratory. Mean 
circulating vitamin D concentrations were above the target of 250 nM 
for all foods at week 26 (Figure 1).

TABLE 3 Influence of dietary vitamin D concentrations on selected serum parameters.

Dietary vitamin D concentrations in study food, IU/kg

Serum chemistry 
parameter

Reference 
range

795.7 3087.3 5510.9 7314.0 9992.5 p-value

Creatinine, mg/dL 0.50–1.03*

  Initial 0.67 (0.03) 0.68 (0.03) 0.78 (0.03) 0.69 (0.03) 0.66 (0.03)

  Change from baseline 0.05 (0.04) 0.04 (0.03) 0.08 (0.03) 0.07 (0.03) 0.06 (0.03) 0.95

BUN, mg/dL 7.1–25.6*

  Initial 13.1 (1.0) 12.7 (1.0) 12.8 (1.0) 11.6 (1.0) 11.5 (1.0)

  Change from baseline 1.8 (1.1) 3.3 (1.1) 2.5 (1.1) 2.4 (1.1) 0.9 (1.1) 0.57

Albumin, mg/dL 2.8–4.0*

  Initial 3.62 (0.03) 3.56 (0.03) 3.72 (0.03) 3.76 (0.03) 3.58 (0.03)

  Change from baseline −0.1 (0.08) 0.20 (0.08) 0.05 (0.08) 0.16 (0.08) 0.18 (0.08) 0.20

Hematocrit, % 44.8–55.6*

  Initial 49.5 (1.7) 49.3 (1.7) 51.0 (1.7) 49.0 (1.7) 48.0 (1.7)

  Change from baseline 1.3 (1.7) 0.4 (1.7) −0.7 (1.7) 1.9 (1.7) 1.2 (1.7) 0.85

Hemoglobin, mg/dL 14.8–19.1*

  Initial 17.0 (0.03) 17.2 (0.03) 17.8 (0.03) 16.9 (0.03) 16.7 (0.03)

  Change from baseline 0.55 (0.63) 0.01 (0.63) −0.26 (0.63) 0.86 (0.63) 0.74 (0.63) 0.67

Alkaline phosphatase, U/L 23–185*

  Initial 67.8 (13.4) 100.9 (13.4) 69.1 (13.4) 62.6 (13.4) 64.4 (13.4)

  Change from baseline −0.1 (8.8) −2.9 (8.8) −3.9 (8.8) −1.4 (8.8) −4.4 (8.8) 0.99

Phosphorus mg/dL 2.2–5.6*

  Initial 4.02 (0.21) 3.45 (0.210) 3.51 (0.210) 3.51 (0.21) 3.67 (0.21)

  Change from baseline −0.50 (0.24) 0.06 (0.24) 0.46 (0.24) 0.39 (0.24) 0.28 (0.24) 0.06

Calcium, mg/dL 9.1–11.6*

  Initial 10.0 (0.1) 9.9 (0.1) 10.2 (0.1) 10.1 (0.1) 10.2 (0.1)

  Change from baseline 0.22 (0.13) 0.53 (0.13) 0.36 (0.13) 0.54 (0.13) 0.18 (0.13) 0.60

Ionized calcium, mM 1.25–1.45†

  Initial 1.38 (0.03) 1.38 (0.03) 1.40 (0.03) 1.38 (0.03) 1.37 (0.03)

  Change from baseline 0.01 (0.02) 0.03 (0.02) 0.01 (0.02) 0.02 (0.02) −0.01 (0.02) 0.51

PTH, pM 1.1–10.6†

  Initial 2.03 (0.47) 1.56 (0.47) 1.28 (0.47) 2.81 (0.47) 3.43 (0.46)

  Change from baseline −0.55 (0.48) 0.26 (0.28) −0.02 (0.48) −1.26 (0.48) −0.46 (0.38) 0.24

25(OH) vitamin D3, nM 109–423†

  Initial 300 (33.0) 261 (33.5) 264 (37.6) 320 (30.1) 316 (30.6)

  Change from baseline −45.7 (37.6)a 93.2 (37.6)b 141.2 (37.6)b 110.8 (37.6)b 119.9 (37.6)b 0.01

All values are means (standard errors). *Normal range from the colony. †Reference ranges from the Michigan State University Veterinary Diagnostic Laboratory (18). BUN, blood urea 
nitrogen; PTH, parathyroid hormone. a,bMeans with different superscripts are different (p < 0.05).
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4. Discussion

In this study, a range of dietary vitamin D concentrations were 
tested in order to determine the relationship between dietary intake 
and circulating 25(OH) D and to also evaluate what intake might 
result in circulating 25(OH) D concentrations ≥ 250 nM. This 
concentration was chosen in that although lower concentrations are 
clearly adequate for maintaining bone health values, concentrations 
below that level may be suboptimal for non-bone-related vitamin D 
benefit. The mean serum value of 25(OH) D for the group fed the 
lowest amount of vitamin D tested (795.7 IU/kg) was 254 nM, a little 
above the target value. (The decrease from baseline in this group 
indicates that they were consuming food with higher vitamin D 
concentrations before the trial.) However, 4 of the dogs in this group 
had values below this mean and below the suggested optimal 
concentration. The test foods that contained the three highest vitamin 
D concentrations resulted in all dogs showing serum 25(OH) D 
concentrations above 250 nM. The dogs that consumed the food over 
5,000 IU/kg vitamin D showed a mean value exceeding 405 nM 
(162 ng/mL) 25(OH) D, and a population variance (as shown by the 
standard deviation) that most dogs would achieve the goal of 250 nM.

Excess intake of dietary vitamin D can cause hypercalcemia, 
hyperphosphatemia, and suppression of PTH (10), none of which 
were observed in this study. While there were small increases in 
circulating calcium after the feeding periods for each concentration of 
vitamin D tested, these were not significant.

No adverse events were observed over this 26-week study period, 
indicating that the consumption of these concentrations of vitamin D 
in adult dogs is well tolerated, even though the foods exceed the 
AAFCO (and NRC) upper limits for vitamin D for adult maintenance. 
As mentioned, those upper limits were established using data from 
studies in growing dogs, not adult dogs. In 2016, the AAFCO reduced 
their safe upper limit from 5,000 to 3,000 IU/kg dry matter to more 
closely reflect the NRC safe upper limit from 2006, which was based 
on the results of studies in which Great Dane puppies that consumed 

the equivalent of 4,000 IU/kg vitamin D had disrupted endochondral 
ossification (23, 24). Considering the current scientific evidence (16, 
23, 24), the guidelines would ideally differentiate between growing 
and adult dogs and in small and large dogs for vitamin D requirements, 
as is done for calcium.

In the prior study that tested increased dietary vitamin D and the 
resultant serum 25(OH) D concentrations, the median dietary vitamin 
D was 608 IU/kg (after unit conversion) (16), so all of the test foods in 
the present study contained higher concentrations of dietary vitamin 
D, as the lowest was 795.7 IU/kg. This may explain the much higher 
increases in serum 25 (OH) D observed here (ranging from +35% to 
+53% in the ones that increased) than in the prior study (+12%) (16). 
Also, as there was no inclusion criterion in the current study for a 
certain circulating concentration of initial vitamin D, the two studies 
may reasonably be expected to have different results. In addition, the 
trial length could have played a role, as the present study was 26 weeks, 
while the other was only 10 weeks long.

Published values for 25(OH) D in healthy dogs vary. Here, the 
25(OH) D concentrations in the dogs at baseline had a mean value 
of 292 nM (117.1 ng/mL), whereas they were 71.3 ng/mL at 
baseline in the treatment group in the prior study (16). Because 
the prior study used dogs with lower concentrations, there may 
have been specific controlling factors that contributed to that 
group’s relatively small observed increase in serum 25(OH) D with 
vitamin D supplementation. Other studies that reported reference 
values for 25(OH) D in healthy dogs found median serum 
concentrations of 52.5 ng/mL [range: 14.0–155.6 ng/mL, 
corresponding to a median of 131.0 nM (range: 34.9–388.3 nM)] 
(25), 67.9 ng/mL (range: 16.9–349.2 ng/mL) (26), and 68.9 ng/mL 
(range 9.5–249.2 ng/mL) (12) and mean of 84.90 ± 3.36 ng/mL 
(27). Since these values are less than the 100 ng/mL suggested as 
the minimum (12), this indicates that a large number of dogs may 
benefit from increased dietary vitamin D. However, some of the 
variation in values among these studies could be due to the use of 
different assays for circulating vitamin D and a lack of 

FIGURE 1

Relationship between dietary vitamin D concentration and circulating vitamin D, measured as 25(OH) D. Data are mean  ±  standard deviation.
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standardization among laboratories. Even within one of the prior 
studies, 25(OH) D concentrations were lower as measured by 
high-performance liquid chromatography compared with a 
chemiluminescence immunoassay, though the results were 
positively correlated (16).

In addition, sex and reproductive status can affect serum 25(OH) 
D concentrations in dogs (26), though another study found no 
significant effects of these parameters (25). In the present study, all dogs 
were spayed or neutered, and each group had equal numbers of males 
and females, so reproductive status and sex should not have affected 
the observed serum 25(OH) D concentrations among the test groups.

The present study has the limitations that the benefit is 
extrapolated from circulating vitamin D concentration and is therefore 
hypothetical. More information would be of value: for example, this 
study and future work would benefit through analysis of 1,25(OH)2 D 
and 24,25(OH)2 D as well as fibroblast growth factor 23 (4, 5). Also, 
changes in other nutrients and their subsequent influence on not only 
circulating vitamin D but on its biological efficacy were not evaluated 
in this study but have been shown to be important in understanding 
the efficacy of vitamin D.

In summary, the results of this study show that foods up to a 
concentration of 9,992 IU/kg did not confer any adverse effects, while 
foods that exceed 5,500 IU/kg vitamin D resulted in all dogs with 
serum 25(OH) D concentrations above the suggested minimum value 
of 250 nM.
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