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Case Report: A Case Series Linked to Vitamin D Excess in Pet Food: Cholecalciferol (Vitamin D3) Toxicity Observed in Five Cats
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Cholecalciferol (vitamin D3) toxicity caused by defective pet food formulations is a rare occurrence described in cats. Nevertheless, it poses a health risk, even though the affected pet food is not fed as the sole diet. Excessive vitamin D3 intake might cause hypercalcemia and soft tissue mineralization, which are findings that prompt clinicians to further investigate the feasible etiology. This case series describes the effects of an extremely high vitamin D3 intake in five young cats caused by the consumption of a fish-based complementary kitten pet food (KPF) that was fed to all of the cats as part of their diet (cases 1, 2, and 3) or eaten exclusively (cases 4 and 5). Due to the different amounts of vitamin D3 consumed, diagnostic examinations showed different degrees of severity of hypercalcemia and azotemia as well as different radiographic findings in cases where diagnostic imaging was performed (cases 2, 4, and 5). All of the cats were treated by withdrawing the affected food and providing medical management of the hypercalcemia. All of the cats recovered, except for two persistent azotemic cats, which developed chronic kidney disease. The goal of this case series is, therefore, to describe the occurrence and resolution of an acute vitamin D3 toxicity due to the highest amount of dietary vitamin D3 intake that has ever been described in domestic cats.
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INTRODUCTION

Vitamin D is present in two main forms: vitamin D3 and vitamin D2. The latter is found in small amounts in a plant-based diet because vitamin D2 is produced by fungal and yeast contamination on plants by the UVB exposure of ergosterol, while vitamin D3 can be obtained from animal products since it originates in skin cells by exposure to sunlight 7-dehydrocholesterol (1–3). Domestic cats can utilize vitamin D2, but to a lesser extent than vitamin D3, due to a lower affinity of vitamin D binding proteins to vitamin D2 metabolites compared to vitamin D3 (4). Nevertheless, as is the case for most terrestrial carnivores, they do not synthesize vitamin D3 by way of the skin and, therefore, they are dependent on the dietary intake of vitamin D (5, 6). Vitamin D3 is rapidly absorbed after ingestion and is firstly converted to 25-hydroxyvitamin D3 [25(OH)D3] by 25-hydroxylase in the liver, but it becomes metabolically active when converted to 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] by 1-α-hydroxylase in the kidney (7). Both a deficiency and an excess of vitamin D can be harmful. Non-dietary and dietary intoxications have already been occasionally reported in cats due to the accidental ingestion of vitamin D3-containing rodenticides, along with the over-supplementation of vitamin D2 and/or D3 in cat foods (8–10). The aim of this case series is to describe the clinical presentation, diagnostic findings, and outcome of an acute intoxication that occurred in five young cats fed a commercial kitten food characterized by excessive vitamin D3 content. More precisely, the cat food included the highest amount of vitamin D3 that, to the authors knowledge, has ever been reported to be fed to domestic cats. Moreover, the fact that it was eaten as the sole food by two of these cats, despite being declared as complementary food (which means that it is intended to only be a part of the diet, as it does not meet all of the requirements of essential nutrients), poses concerns about the correct use and feeding recommendations of complementary pet foods (11).



CASE SERIES DESCRIPTION

Five domestic shorthair young cats (one intact male, two castrated males, and two spayed females) ranging from 2 to 17 months and a body weight varying from 850 to 4,000 g, living separately (except for two of such cats within the same household), were all presented in two veterinary referrals in Italy within a 1-month period showing similar clinical signs. The most common gastrointestinal signs described were anorexia (described for 5/5), vomiting (4/5), followed by weakness (2/5, case 2 and 4), and increased respiratory effort and cough; the latter was only reported for a 5-month-old cat (case 2) and was the sole symptom. Moreover, this cat presented increased lung sounds on expiration, while the physical examination was unremarkable for the other cats.

At the first presentation, a diagnostic workup including a complete blood count, serum biochemistry, and venous blood gas analysis was performed for all of the cats except for the younger one (case 1), which, due to his small size, was tested only for a venous blood gas analysis and serum urea. The selected blood parameters and urine specific gravity—revealed at first presentation—are summarized (Table 1). All of the cats presented a severe increase of ionized calcium (iCa) and total serum calcium (Ca), except for case 1 where the Ca value was not available. However, cases 1 and 4 presented hyperkalemia [K = 4.71 and 4.60 mmol/L, respectively (reference values 2.90–4.50 and 3.50–4.50 mmol/L, respectively)], while other cats revealed a normal blood potassium level. Hyperphosphatemia was detected in case 2 and case 4 [P = 7.40 and 7.60 mg/dl, respectively (reference values 2.60–6.20 and 2.50–6.20 mg/dl, respectively)], although in all of the cats, calcium × phosphate (Ca × P) product exceeded 60 mg/dl (a value frequently quoted by some authors as being the safe threshold against the metastatic mineralization of soft tissues) (10, 12–14). Nevertheless, higher values of Ca × P should be considered physiologically normal for growing animals, since young cats (cases 2 and 3) could have physiologically elevated baseline serum calcium and phosphorus levels due to enhanced intestinal mineral absorption and decreased renal excretion, presumably to facilitate bone mineralization (15, 16). Case 4 and case 5 presented notably increased levels of both serum creatinine [5.04 and 2.31 mg/dl, respectively (reference value 0.8–1.80 mg/dl)] and urea [185.30 and 69.99 mg/dl, respectively (reference value 15–60 mg/dl)], while case 2 showed increased urea [103 mg/dl (reference value 32–64 mg/dl)] with a normal creatinine level. A free-catch urine sample was only obtained from cases 4 and 5 to evaluate the urine-specific gravity measures that were inappropriately low for the degree of dehydration and azotemia (1.014 and 1.030, respectively) and they were consistent with impaired concentrating ability.


Table 1. Results of selected blood parameters and urine specific gravity at first presentation and follow-up for cases 1, 3, 4, and 5 (the days since the first presentation are indicated).
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Diagnostic imaging was performed in cases 2, 4, and 5; the radiograph study on case 2 (Figures 1A,B) showed increased lung volume and a diffuse bronchointerstitial pattern with structured peri-bronchial and interstitial mineralization. Moreover, multiple areas of bone radiopacity were visible at the aortic arch, along the ventral surface of the thoracic vertebral bodies, within the gastric wall. The thoracic radiographs of case 4 (see Supplementary Figures 1A,B) and case 5 showed a mild and diffuse bronchial pattern that is consistent with inflammation or an allergic disease associated with the increased radiopacity of the wall of main bronchi. The abdominal ultrasonography performed in cat 4 revealed reduced renal corticomedullary distinction and mild pyelectasis while cat 5 showed diffuse and focal small bowel inflammatory enteropathy and diffuse splenopathy; the latter is consistent with a hyperplastic or reactive condition.


[image: Figure 1]
FIGURE 1. Ventrodorsal (A) and right lateral view (B) thoracic radiographs of hypercalcemic case 2 revealed increased lung volume and a diffuse bronchointerstitial pattern with structured peri-bronchial mineralization. Furthermore, multiple areas of mineralization were visible along the aortic arch (arrow) and the ventral surface of the thoracic vertebral bodies (dotted arrow).


A complete nutritional history was recorded for all of the cats. It was noted that the same canned complementary kitten food was fed to all of the cats as part of their diet (cases 1, 2, and 3) or consumed as the primary diet (cases 4 and 5); case 1 received one tin (70 g) per day of this kitten pet food (KPF), cases 2 and 3 received two tins per day of KPF, while cases 4 and 5 were fed exclusively with KPF (three and four tins per day, respectively). Excessive vitamin D intake from this KPF was suspected, and therefore, it was subsequently investigated. The labeled composition of KPF, marketed as complementary food for growing kittens without additives, consisted of skipjack tuna (Katsuwonus pelamis) 49%, eggs 20%, water 18%, skipjack tuna-liver 5%, skipjack tuna-oil 5%, sunflower oil 2%, and rice 1%. Analytical constituents declared crude protein 16%, crude fat 5%, crude fiber 1%, crude ash 2%, moisture 76%, and metabolizable energy content 985 kcal/kg.

Based on the suspicion of vitamin D toxicity, two batches of KPF were sent to a laboratory for the quantification of the vitamin D3 content by high-performance liquid chromatography (HPLC) as well as moisture (AOAC 934.01), crude ash (AOAC 942.05), calcium (ISO 6869:2000), and phosphorus (AOAC 965.17) content. The stated label and measured amounts are presented in Table 2. The analytical values of moisture and crude ash were discordant from the labeled composition, but the deviations were within the tolerances permitted by EU legislation (11). Kitten pet food resulted in markedly elevated vitamin D3 content (27,300 IU/100 g on an as fed basis). Therefore, for each cat, a comparison was made between the vitamin D3 intake from KPF, the safe upper limit for vitamin D3 recommended by NRC (17), and the vitamin D nutritional maximum recommended by FEDIAF (18). The results are shown in Table 3. The daily energy requirement was calculated for each cat according to NRC equations, and then energy and vitamin D3 intake from KPF were assessed (Table 3): energy intake derived from KPF was different in cats, ranging from 38% (case 1) to 109% (case 4) of the daily energy requirement, and consequently, the vitamin D3 intake was different according to the amount of KPF fed, with a mean intake per day of 45,176 IU.


Table 2. Declared vs. measured moisture, crude ash, minerals, and vitamin D3 content of kitten pet food (batch A and B). The data are expressed as %, or IU/100 g, of OS.
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Table 3. Daily energy and vitamin D3 intake from kitten pet food, safe upper limit for vitamin D3, nutritional maximum for vitamin D, and the percentage difference for each cat.
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Based on the previously described calculations of the daily energy requirement, the NRC safe upper limit established for vitamin D3 (IU/cat) and the FEDIAF nutritional maximum established for vitamin D (IU/cat) were calculated for each animal: the vitamin D3 mean intake resulted in more than 40 times above the safe upper limit and more than 43 times above the nutritional maximum intake of vitamin D. Case 4 ingested the highest daily vitamin D3 amount (75,293 IU/day), followed by case 5 (56,470 IU/day).

All of the cats were treated with KPF withdrawal and the medical management of hypercalcemia, except for case 1 that was treated only with KPF discontinuation. Cats were hospitalized for 1 (cases 1 and 2), 3 (case 3), 5, and 14 days (cases 4 and 5, respectively) and have been managed with intravenous fluid therapy with a ringer lactate solution at a rate of 2–4 ml/kg/h IV q24h, administration of sucralfate (30 mg/kg PO q24h, Antepsin; Baldacci Laboratori), prednisolone (1 mg/kg q24h IV, VetSolone; Bayer), and omeprazole (0.7 mg/kg IV q24h, Antra; AstraZeneca). After 2 days, iCa remained elevated in cases 4 and 5. Therefore, these cats were also treated with furosemide (2 mg/kg q12h IV, Diuren Teknofarma) and switched to fluid therapy with isotonic saline at a rate of 1 to 2 ml/kg/h IV q24h (0.9% sodium chloride; B Braun). After the introductory treatment, iCa in cases 1, 3, and 5 and total serum calcium and renal function parameters in azotemic cats (cases 4 and 5) have been measured and follow-up results are presented in Table 1: iCa was tested again only once more in cases 1, 3, and 5, and all of the values were above the upper limit even after 10 days of KPF withdrawal. A follow-up of case 2 was not possible due to the owner's decision. About 1 month after initiating medical treatment, cases 4 and 5 remained markedly azotemic (creatinine 4.65 and 2.26 mg/dl; urea 142.30 and 100.40 mg/dl, respectively); although the total serum calcium levels decreased gradually, it remained above the upper limit (12.77 and 11.74 mg/dl, respectively; upper limit 10.5 mg/dl).

One month after recovery, radiographic findings in case 2 showed the improvement of pulmonary mineralization, while the vertebral exostosis worsened.

Following KPF discontinuation, a nutritional assessment was performed for all of the cats: due to his young age, case 1 exclusively consumed dry kitten food, whereas the other cats were fed calcium- and vitamin D-restricted diets for at least 30 days after diagnosis. Based on the owners' preferences, cases 2 and 3 received complementary wet cat food, while cases 4 and 5 were initially fed a chicken and rice-based homemade diet and were later switched to renal pet food.

As a result of medical therapy and KPF withdrawal, all of the clinical signs resolved rapidly in cases 1, 2, and 3, while a diminished appetite in addition to polyuria and polydipsia persisted in cases 4 and 5, likely secondary to chronic kidney disease. Serial follow-ups were performed in cases 4 and 5 in subsequent years (data not shown), and, based on the concentration of serum creatinine, they were both classified as IRIS stage 2 (19).



DISCUSSION

In this case series, acute dietary vitamin D3 toxicosis has been described in five young cats. Although not common, dietary vitamin D3 toxicity has even been reported in domestic cats and captive felids (tigers and lynxes) recently, thereby resulting in renal failure and widespread mineralization in various organs (4, 5, 12, 13, 20, 21).

Besides felids, induced—or naturally occurring—vitamin D intoxications have been reported in a variety of different species, including poultry, rabbits, dogs, horses, and rats (22–31). Hypercalcemia, hyperphosphatemia, and ectopic mineralization are consistent findings in mammalians, while in poultry, mainly renal tubular mineralization is described (23); however, in young broiler chicks, a vitamin D3 intake higher than 50,000 IU/kg showed no apparent negative effects (24). Considering mammalians, calcific deposits in the aorta and kidney arose in rabbits by giving 10,000 IU vitamin D3/kg of diet per day, while a total dose of 600,000 IU of vitamin D caused young rabbits to die within 6 weeks (22, 26). Similarly, a daily administration of 100,000 UI of vitamin D3 in dogs was fatal within 60 days (25). In horses, the regulation of calcium homeostasis is not as dependent on vitamin D as in other species. Therefore, they have low basal vitamin D metabolite levels that increase much lower compared to humans and rodents when vitamin D intoxication occurs (27); persistent hyperphosphatemia rather than hypercalcemia was recognized in horses fed more than 1,000,000 IU of vitamin D3/kg for about 30 days (28), and this finding was also described more recently (27). In rats, daily injections of 2.5 or 5 UI of 1,25(OH)2D3 induced hypercalcemia and the consequent ectopic mineralization was enhanced by high-calcium diets (29). Moreover, in this species, it was demonstrated that dietary vitamin D3 excess (10,000 IU/kg of diet) enhances circulating 25(OH)D3, rather than 1,25(OH)2D3, probably because the latter is strictly modulated by the renal enzyme 1-α-hydroxylase even when vitamin D ingestion is much higher than the optimal requirement (30–32). Similar to what has been described in rats, an increased concentration of 25(OH)D3 in response to the dietary intake of vitamin D was observed also in kittens and, therefore, a large reserve activity of enzymatic hydroxylase in the liver could be one of the tolerance mechanisms that protect this species against excessive vitamin D3 intake (33).

On the contrary, low dietary calcium leads to insufficient intestinal absorption of calcium and low plasma calcium levels stimulate the release of the parathyroid hormone (PTH), which causes bone resorption of calcium and phosphorus, while the kidney activates 1,25(OH)2D3, which in turn increases the absorption of calcium and phosphorus (34, 35). However, low dietary calcium content in the presence of constant vitamin D intake may cause depletion of 25(OH)D3, as a consequence of the high activity of the renal enzyme 1-α-hydroxylase, which converts 25(OH)D3 into 1,25(OH)2D3 (36).

In the present case series, the calcium content of KPF was largely lower than the minimum level recommended by FEDIAF, and low calcium intake may have been beneficial in terms of a potentially protective role against more severe effects derived from vitamin D3 toxicity, especially in the case of the two cats fed exclusively with KPF, even if impaired renal function was confirmed after serial measurements.

The vitamin D3 amount in cat food detected in previous reports ranged from 46,900 to 67,300 IU/kg of food (4, 14), while in this case series, an extremely high vitamin D3 content (273,000 IU/kg of food) was detected, four-fold higher than the levels reported in the abovementioned studies (Table 2). In a previous study (37), an experimental diet high in vitamin D3 (33,840 IU/kg) was fed to young cats and queens for 18 months to determine the effects on reproduction, growth, and renal health; at the end of the trial, the serum calcium and renal parameters were unaffected. The authors speculated that other factors may contribute to the severity of vitamin D3 toxicity, including dietary calcium, phosphorus, and magnesium intake (37).

Through evolutionary adaptation to the consumption of prey rich in vitamin D, including fish, fat, liver, offal, and blood, carnivorous animals lost their ability to synthesize vitamin D from the skin (resulting in inefficient conversion from 7-dehydrocholesterol to vitamin D3) and, therefore, they solely rely on dietary intake (38). Compared to dogs, cats cannot convert vitamin D2 as efficiently as they can convert vitamin D3 (4) and this may be considered another protective mechanism against vitamin D toxicity, probably due to the high activity of the C3-epimerization pathway, a recently discovered alternative metabolism pattern of vitamin D that leads to the production of 3-epi-1,25(OH)2D3, as an epimer of 1,25(OH)2D3. The 3-epi-1,25(OH)2D3 shows reduced biological activity compared to 1,25(OH)2D3; in fact, it seems that 3-epi-1,25(OH)2D3 is able to suppress PTH secretion equally vs. its counterpart without inducing the other usual calcemic effects (39). In addition, other pathways for vitamin D, initiated by enzymes of the cytochrome P450-family and regulated by calciotropic hormones, have recently been discovered in producing inactive, or less physiologically active, metabolites (40, 41). Among these, the major product of CYP11A1, 20(OH)D3, is usually present at low endogenous levels and functioning in specific target tissues, such as either human serum, epidermis, and placenta or murine and porcine adrenal glands, and has shown in vitro and in vivo non-calcemic and non-toxic effects, including at extremely high doses, thereby suggesting a potential therapeutic use for the treatment of hyperproliferative and inflammatory disorders in humans (42–44).

In the present case series, serum PTH, PTH-related protein, 25(OH)D3, and 1,25(OH)2D3 were not measured, which constitutes a limitation of this study since the decrease of PTH, increase of 25(OH)D3 and 1,25(OH)2D3, in addition to hypercalcemia and hyperphosphatemia, are confirmatory findings of vitamin D toxicity (12). However, in this study, all of the cats presented elevated Ca × P product, in addition to the radiographic evidence of the mineralization of soft tissues in case 2. A Ca × P product of >60 mg/dl is reported by veterinary textbooks and guidelines for hypercalcemia management as the level considered as risky for soft tissue mineralization (10, 13). This value is not a specific threshold established for cats, but it has been simply extrapolated from human medicine (45), in which it is considered as an indicator for ectopic calcifications in end-stage chronic renal disease patients (46–48), although other authors have not supported a real correlation between metastatic calcification and the level of the Ca × P product, as soft tissue mineralization seems to be a complex process in which other factors, e.g. azotemia and a loss of endogenous calcification inhibitors, seem to be involved (49, 50).

Kitten pet food was fed as the only food to cases 4 and 5, while it was declared as a complementary food that, by its definition, should be fed only in combination with other pet foods to fulfill all of a cat's nutritional requirements (11). The vitamin D3 mean daily intake of cases 4 and 5 was more than two-fold higher than the mean intake obtained from cases 1, 2, and 3 (65,882 vs. 31,372 IU, respectively). Moreover, apart from excessive vitamin D3 content, cases 4 and 5 were exposed to other nutritional imbalances, including inadequate calcium intake and an inverted calcium:phosphorus ratio (Ca:P). On a dry matter basis, the minimum levels recommended by FEDIAF for calcium and the Ca:P ratio in complete cat foods are 0.53% and 1 (18), respectively, while calcium and Ca:P ratio values in KPF were 0.09% and 0.14, respectively. Insufficient dietary calcium content or an inadequate Ca:P ratio can be associated with secondary nutritional hyperparathyroidism, loss of bone, and osteopenia in long-term periods (51).

KPF contained vitamin D-rich ingredients, such as fish liver and fish oil. The published data show that the highest values of vitamin D in food are found in fish and especially in fish liver, ranging from <80 to 19,080 IU/kg and up to 48,000 IU/kg, respectively (52), depending on the fish species and farming systems (the differences in climate, food supply, and nutritional condition, as regards the vitamin D3 content of plankton, provide reasons for these variations) (53, 54); in particular, skipjack tuna (K. pelamis), the main ingredient of KPF, typically contains 7,500 IU vitamin D3/kg (52). If vitamin D is added to a pet food as an additive, the added amount, rather than the total amount, has to be declared within the additives list [according to Regulation (EC) No. 1831/2003] (55) and it should be lower than 30,000 IU/kg of food on a dry matter basis (10). In this case, vitamin D3 in KPF reached 1,311,770 IU/kg on a dry matter basis, exceeding 44-fold the recommended maximum nutritional level by FEDIAF. Despite the presence of fish liver and fish oil in KPF, such a high concentration of vitamin D is not consistent with the ingredients list. Moreover, KPF was labeled as additive-free and, therefore, it should be presumed that no vitamin D was added. The amounts of vitamin D found in KPF were too high even if cod liver oil, instead of fish oil, had been accidentally used (however, the authors do not have any evidence of the presence of cod liver oil in KPF).

According to the producer's opinion, a not well-defined vitamin D3 contamination of raw materials was the most likely cause of its high levels. As a result, the producer carried out a voluntary market recall of all batches of KPF.

Most of the cases showed the typical clinical presentation (anorexia, apathy, polyuria, polydipsia, and gastrointestinal signs) associated with acute vitamin D3 toxicosis in companion animals (12); at first presentation, instead, case 2 exhibited, as a main clinical sign, a moderate respiratory distress (increased respiratory effort and cough), in addition to anorexia. Respiratory distress could be due to a pulmonary calcification that is able to induce lung injury by disrupting the normal alveolar-capillary wall, as already reported in humans (14).

From a histological perspective, acute vitamin D toxicity could also be related to liver and kidney damage resulting from 1,25(OH)2D3-induced distress on hepatocytes and the activation of defense mechanisms on kidney cells, as observed recently in hamsters being tested with a high dose of 1,25(OH)2D3 (56).

A moderate increase in serum phosphorus (up to 10 mg/dl) with a rapid and more severe increase in serum calcium (up to 20 mg/dl) usually occurs 12–72 h following consumption; serum urea and creatinine levels also tend to increase shortly after excessive vitamin D3 ingestion (57). In this case series, at first evaluation, urea was impaired except for cases 1 and 3, while total serum calcium (and ionized calcium) increased promptly in addition to the Ca × P product.

Rehydration is an essential component in the treatment of feline severe hypercalcemia (when Ca > 1.6 mmol/dl) (58), as it has a double effect: fluid therapy (4–6 ml/kg/h) decreases serum calcium concentrations by correcting the dehydration and it allows calciuresis to occur by limiting renal reuptake (12). In the presence of correct hydration, the diuretic furosemide (1–2 mg/kg q8–12h) helps to inhibit renal calcium reuptake, while prednisolone (1–3 mg/kg q8–12h) can be administered to exacerbate renal calcium excretion (12). Although not given to these cats, bisphosphonates are considered the mainstay of treatment for hypercalcemia because they inhibit calcium release from bone by the induction of osteoclast apoptosis (59).

Due to its fat solubility, vitamin D is accumulated in fat tissue and may further be metabolized slowly for several weeks to months, while soft tissue mineralization is minimally reversible and can lead to organ structural damage (56). In this case series, serum calcium measurements were not performed in all cats, but cases 4 and 5 were still showing high serum calcium levels after more than 1 month following the withdrawal of KPF, while a previous report described return to normocalcemia within 19 days (9). These two cats developed kidney failure due to vitamin D3 toxicosis and may, therefore, suffer from the impaired renal excretion of vitamin D metabolites.



CONCLUSION

To the authors' knowledge, the present study describes the highest amount of dietary vitamin D3 intake that has ever been reported in cats. Vitamin D supplementation in pet food is not risk-free, and it should be carefully monitored by pet food manufacturers, while clinicians should be aware that dietary vitamin D toxicity, although uncommon, can arise.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

Ethical review and approval was not required for the animal study because this case series describes medical treatments and diagnostics performed on privately owned animals. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

GG, MP, and LZ directly managed diagnosis and treatment of the cases. CP and CV performed analyses on pet food. GB and CD contributed to data interpretation. SP reviewed and interpreted the imaging. CV wrote the report with assistance and feedback from SP, CP, and MS. GB, MP, CP, and MS critically revised the report. CD contributed to editing the report. GG and LZ reviewed the final submission. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

This paper was presented in part at the 22nd ECVCN Congress.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.707741/full#supplementary-material



REFERENCES

 1. Lips P. Vitamin D physiology. Prog Biophys Mol Biol. (2006) 92:4–8. doi: 10.1016/j.pbiomolbio.2006.02.016

 2. Henry HL. Regulation of vitamin D metabolism. Best Pract Res Clin Endocrinol Metab. (2011) 25:531–41. doi: 10.1016/j.beem.2011.05.003

 3. Jäpelt RB, Jakobsen J. Vitamin D in plants: a review of occurrence, analysis, and biosynthesis. Front Plant Sci. (2013) 4:136. doi: 10.3389/fpls.2013.00136

 4. Morris JG. Cats discriminate between cholecalciferol and ergocalciferol. J Anim Physiol Anim Nutr (Berl). (2002) 86:229–38. doi: 10.1046/j.1439-0396.2002.00379.x

 5. Hurst EA, Homer NZ, Mellanby RJ. Vitamin D metabolism and profiling in veterinary species. Metabolites. (2020) 10:371. doi: 10.3390/metabo10090371

 6. Corbee RJ, Vaandrager AB, Kik MJ, Molenaar MR, Hazewinkel HA. Cutaneous vitamin D synthesis in carnivorous species. J Vet Med Res. (2015) 2:1031. 

 7. Zafalon RVA, Risolia LW, Pedrinelli V, Vendramini THA, Rodrigues RBA, Amaral AR, et al. Vitamin D metabolism in dogs and cats and its relation to diseases not associated with bone metabolism. J Anim Physiol Anim Nutr (Berl). (2020) 104:322–42. doi: 10.1111/jpn.13259

 8. Wehner A, Katzenberger J, Groth A, Dorsch R, Koelle P, Hartmann K, et al. Vitamin D intoxication caused by ingestion of commercial cat food in three kittens. J Feline Med Surg. (2013) 15:730–36. doi: 10.1177/1098612X12472180

 9. Crossley VJ, Bovens CP, Pineda C, Hibbert A, Finch NC. Vitamin D toxicity of dietary origin in cats fed a natural complementary kitten food. JFMS Open Rep. (2017) 3:2055116917743613. doi: 10.1177/2055116917743613

 10. DeClementi C, Sobczak BR. Common rodenticide toxicoses in small animals. Vet Clin North Am Small Anim Pract. (2018) 48:1027–38. doi: 10.1016/j.cvsm.2018.06.006

 11. European Parliament and the Council of the European Union. Regulation (EC) No 767/2009 of 13 July 2009. Off J Eur Union. 2009:1–41. 

 12. Peterson ME, Fluegeman K. Cholecalciferol. Top Companion Anim Med. (2013) 28:24–7. doi: 10.1053/j.tcam.2013.03.006

 13. Feldman EC. Primary hyperparathyroidism in dogs. In: Feldman EC, Nelson RW, editors. Canine and Feline Endocrinology and Reproduction, 2nd ed. Philadelphia, PA: Saunders (1996). p. 455–94. 

 14. Chan ED, Morales DV, Welsh CH, McDermott MT, Schwarz MI. Calcium deposition with or without bone formation in the lung. Am J Respir Crit Care. (2002) 165:1654–69. doi: 10.1164/rccm.2108054

 15. Levy JK, Crawford PC, Werner LL. Effect of age on reference intervals of serum biochemical values in kittens. J Am Vet Med Assoc. (2006) 228:1033–7. doi: 10.2460/javma.228.7.1033

 16. Pineda C, Aguilera-Tejero E, Guerrero F, Raya AI, Rodriguez M, Lopez I. Mineral metabolism in growing cats: changes in the values of blood parameters with age. J Feline Med Surg. (2013) 15:866–71. doi: 10.1177/1098612X13478264

 17. NRC. Nutrient Requirements of Dogs and Cats. Washington, DC: National Academy Press (2006). 

 18. FEDIAF. Nutritional Guidelines for Complete and Complementary Pet Food for Cats and Dogs. Brussels: European Pet Food Industry Federation (2020). 

 19. IRIS. International Renal Interest Society Staging of CKD Guidelines. (2019). Available online at: https://www.iris-kidney.com/guidelines/staging.html (accessed April 7, 2021). 

 20. Lopez I, Pineda C, Muñoz L, Raya A, Lopez G, Aguilera-Tejero E. Chronic vitamin D intoxication in captive Iberian lynx (Lynx pardinus). PLoS ONE. (2016) 11:e0156331. doi: 10.1371/journalpone.0156331

 21. Junginger J, Hansmann F, Herder V, Lehmbecker A, Peters M, Beyerbach M, et al. Pathology in captive wild felids at German zoological gardens. PLoS ONE. (2015) 10:e0130573. doi: 10.1371/journalpone.0130573

 22. Hass GM, Trueheart RE, Taylor CB, Stumpe M. An experimental histologic study of hypervitaminosis D. Am J Pathol. (1958) 34:395–431.

 23. Kumar R, Brar RS, Banga HS. Hypervitaminosis D 3 in broiler chicks: histopathological, immunomodulatory and immunohistochemical approach. Iran J Vet Res. (2017) 18:170–6. 

 24. Baker DH, Biehl RR, Emmert JL. Vitamin D3 requirement of young chicks receiving diets varying in calcium and available phosphorus. Br Poult Sci. (1998) 39:413–7. doi: 10.1080/00071669888980

 25. Mulligan RM, Stricker FL. Metastatic calcification produced in dogs by hypervitaminosis D and haliphagia. Am J Pathol. (1948) 24:451–73.

 26. Rambeck W, Ströhle H, Wetzel A, Zucker H. Calcinogenic activity of vitamin D2 and vitamin D3 palmitate in rat and rabbit. Int J Vitam Nutr Res. (1981) 51:359–64. 

 27. Harmeyer J, Schlumbohm C. Effects of pharmacological doses of vitamin D3 on mineral balance and profiles of plasma vitamin D3 metabolites in horses. J Steroid Biochem Mol Biol. (2004) 89–90:595–600. doi: 10.1016/j.jsbmb.2004.03.034

 28. Harrington D, Page EH. Acute vitamin D3 toxicosis in horses: case reports and experimental studies of the comparative toxicity of vitamins D2 and D3. J Am Vet Med Assoc. (1983) 182:1358–69.

 29. Kirui NA Weisbrode SE Kindig OR. The role of dietary calcium on the development of soft tissue mineralization due to 1,25-dihydroxyvitamin D3 intoxication in rats. Virchows Arch B Cell Pathol Incl Mol Pathol. (1981) 37:251–63. doi: 10.1007/BF02892574

 30. Hughes MR, Baylink DJ, Gonnerman WA, Toverud SU, Ramp WK, Haussler MR. Influence of dietary vitamin D3 on the circulating concentration of its active metabolites in the chick and rat. Endocrinology. (1977) 100:799–806. doi: 10.1210/endo-100-3-799

 31. Deluca HF, Prahl JM, Plum LA. 1,25-Dihydroxyvitamin D is not responsible for toxicity caused by vitamin D or 25-hydroxyvitamin D. Arch Biochem Biophys. (2011) 505:226–30. doi: 10.1016/j.abb.2010.10.012

 32. Beckman M, Johnson J, Goff J, Reinhardt T, Beitz D, Horst R. The role of dietary calcium in the physiology of vitamin D toxicity: excess dietary vitamin D3 blunts parathyroid hormone induction of kidney 1-hydroxylase. Arch Biochem Biophys. (1995) 319:535–9. doi: 10.1006/abbi.1995.1328

 33. Morris JG, Earle KE, Anderson PA. Plasma 25-hydroxyvitamin D in growing kittens is related to dietary intake of cholecalciferol. J Nutr. (1999) 129:909–12. doi: 10.1093/jn/129.4.909

 34. Cline J. Calcium and vitamin D metabolism, deficiency, and excess. Top Companion Anim Med. (2012) 27:159–64. doi: 10.1053/j.tcam.2012.09.004

 35. Centeno V, de Barboza G, Marchionatti A, Rodríguez V, Tolosa De Talamoni N. Molecular mechanisms triggered by low-calcium diets. Nutr Res Rev. (2009) 22:163–74. doi: 10.1017/S0954422409990126

 36. Vieth R, Fraser D, Kooh SW. Low dietary calcium reduces 25-hydroxycholecalciferol in plasma of rats. J Nutr. (1987) 117:914–8. doi: 10.1093/jn/117.5.914

 37. Sih TR, Morris JG, Hickman MA. Chronic ingestion of high concentrations of cholecalciferol in cats. Am J Vet Res. (2001) 62:1500–06. doi: 10.2460/ajvr.2001.62.1500

 38. How KL, Hazewinkel HA, Mol JA. Dietary vitamin dependence of cat and dog due do inadequate cutaneus synthesis of Vitamin D. Gen Comp Endocrinol. (1994) 96:12–8. doi: 10.1006/gcen.1994.1154

 39. Sprinkle MC, Hooper SE, Backus RC. Previously undescribed vitamin D C-3 epimer occurs in substantial amounts in the blood of cats. J Feline Med Surg. (2018) 20:83–90. doi: 10.1177/1098612X17693523

 40. Jenkinson C. The vitamin D metabolome: an update on analysis and function. Cell Biochem Funct. (2019) 37:408–23. doi: 10.1002/cbf.3421

 41. Tuckey RC, Cheng CYS, Slominski AT. The serum vitamin D metabolome: what we know and what is still to discover. J Steroid Biochem Mol Biol. (2019) 186:4–21. doi: 10.1016/j.jsbmb.2018.09.003

 42. Slominski AT Li W, Kim TK, Semak I, Wang J. ZjawionyJK, et al. Novel activities of CYP11A1 and their potential physiological significance. J Steroid Biochem Mol Biol. (2015) 151:27–37. doi: 10.1016/j.jsbmb.2014.11.010

 43. Slominski AT, Kim TK Li W, Postlethwaite A, Tieu EW, Tang EKY, et al. Detection of novel CYP11A1-derived secosteroids in the human epidermis and serum and pig adrenal gland. Sci Rep. (2015) 5:14875. doi: 10.1038/srep14875

 44. Slominski AT, Kim T, Shehabi HZ, Semak I, Tang EKY, Nguyen MN, et al. In vivo evidence for a novel pathway of vitamin D 3 metabolism initiated by P450scc and modified by CYP27B1. FASEB J. (2012) 26:3901–15. doi: 10.1096/fj.12-208975

 45. Parfitt AM. Soft-tissue calcification in uremia. Arch Intern Med. (1969) 124:544–56. 

 46. Block GA, Hulbert-Shearon TE, Levin NW, Port FK. Association of serum phosphorus and calcium x phosphate product with mortality risk in chronic hemodialysis patients: a national study. Am J Kidney Dis. (1998) 31:607–17. doi: 10.1053/ajkd.1998.v31.pm9531176

 47. Goodman WG, Goldin J, Kuizon BD, Chun Y, Gales B, Sider D, et al. Coronary-artery calcification in young adults with end-stage renal disease who are undergoing dialysis. New Engl J Med. (2000) 342:1478–83. doi: 10.1056/NEJM200005183422003

 48. Cozzolino M, Brancaccio D, Gallieni M, Slatopolsky E. Pathogenesis of vascular calcification in chronic kidney disease. Kidney Int. (2005) 68:429–36. doi: 10.1111/j.1523-1755.2005.00421.x

 49. O'Neill WC. The fallacy of the calcium-phosphorus product. Kidney Int. (2007) 72:792–6. doi: 10.1038/sj.ki.5002412

 50. Ketteler M, Rothe H, Krüger T, Biggar PH, Schlieper G. Mechanisms and treatment of extraosseous calcification in chronic kidney disease. Nat Rev Nephrol. (2011) 7:509–16. doi: 10.1038/nrneph.2011.91

 51. Fleet JC. The role of vitamin D in the endocrinology controlling calcium homeostasis. Mol Cell Endocrinol. (2017) 453:36–45. doi: 10.1016/j.mce.2017.04.008

 52. Schmid A, Walther B. Natural vitamin D content in animal products. Adv Nutr. (2013) 4:453–62. doi: 10.3945/an.113.003780

 53. Mattila P, Piironen V, Uusi-Rauva E, Koivistoinen P. Cholecalciferol and 25-Hydroxycholecalciferol contents in fish and fish products. J Food Compos Anal. (1995) 8:232–43. doi: 10.1006/jfca.1995.1017 

 54. Mattila P, Piironen V, Haapala R, Hirvi T, Uusi-Rauva E. Possible factors responsible for the high variation in the cholecalciferol contents of fish. J Agric Food Chem. (1997) 45:3891–96. doi: 10.1021/jf970243j 

 55. European Parliament and the Council of the European Union. Regulation (EC) No 1831/2003 of 22 September 2003. Off J Eur Union; 1–15. 

 56. Podgorska E, Sniegocka M, Mycinska M, Trybus W, Kopacz-Bednarska A, Wiechec O, et al. Acute hepatologic and nephrologic effects of calcitriol in Syrian golden hamster (Mesocricetus auratus). Acta Biochim Pol. (2018) 65:351–8. doi: 10.18388/abp.2018_2626

 57. Groman RP. Acute management of calcium disorders. Top Companion Anim Med. (2012) 27:167–71. doi: 10.1053/j.tcam.2012.11.002

 58. Coady M, Fletcher DJ, Goggs R. Severity of ionized hypercalcemia and hypocalcemia is associated with etiology in dogs and cats. Front Vet Sci. (2019) 6:276. doi: 10.3389/fvets.2019.00276

 59. Hostutler RA, Chew DJ, Jaeger JQ, Klein S, Henderson D, DiBartola SP. Uses and effectiveness of pamidronate disodium for treatment of dogs and cats with hypercalcemia. J Vet Intern Med. (2005) 19:29–33. doi: 10.1892/0891-6640(2005)19<29:uaeopd>2.0.co;2

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Vecchiato, Delsante, Galiazzo, Perfetti, Pinna, Sabetti, Zagnoli, Biagi and Pietra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-707741-t002.jpg
Stated label amount

Moisture (%) 760
Crude ash (%) 20
Calcium (%) =

Phosphorus (%) -
Vitamin D3 () =

KPF kitten pet food; OS, original substance (as fed basis); IU international unit.
*Data are expressed as the mean value + SD of the two batches.

KPF batch A

79.33
1.09
0.02
0.14

35,600

KPF batch B

78.92
117
0.02
0.14

19,000

Mean + SD*

79.13+0.28
1.13£0.06
0.02+0
0.14+0
27,300 + 11,738





OPS/images/fvets-08-707741-t003.jpg
Case1
Body weight (kg) 0.85
Daily energy requirements (kcal ME/day)* 180
Daily energy intake from KPF (% of dalily energy requirements)® 38
vitamin D3 intake (IU/cat) from KPF® 18,823
SUL for vitamin D3 (IU/cat; NRC, 2006 1,218
A% between vitamin D3 intake (KPF) and SUL. 1,445
Nutritional maximum for vitamin D (IU/cat; FEDIAF, 2020)° 1,365

A% between vitamin D3 intake (KPF) and the FEDIAF nutritional maximum for vitamin D 1,289

Case 2

235
280
49
37,647
3,719
912
2,002
1,699

Case3

3.20
292
47
37,647
4,781
687
2,187
1,621

Case 4

4.00

263

109
75,293
1,924
3,813
1,899
3,866

Case5

3.10
213
97
56,470
1,622
3,382
1,601
3,428

Mean + SD*

270 £ 1.06
243+ 413
68+ 28.9
45,176 + 19,196
2,653 £ 1,365

1,827 + 310

“Data are expressed as the mean value = SD; KPF, kitten pet food.

#Daily metabolizable energy requirement calculated by the NRC equations proposed for growth kittens after weaning (cases 1, 2, and 3) and adult cats at maintenance (cases 4 and 5).

BKPF energy density: 98 kcal/100g as fed.
°Based on measured KPF vitamin D3 content IU/100g = 27,300.

ISUL = safe upper limit (IU vitarin D3/cat).

°Established on the nutritional maximum for vitamin D (D2 + D3) recommended by FEDIAF

500 1U/1,000 kcal ME.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Case Report: A Case Series Linked to Vitamin D Excess in Pet Food: Cholecalciferol (Vitamin D3) Toxicity Observed in Five Cats



		Introduction



		Case series description



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Veterinary Science

Case Report: A Case Series Linked
to Vitamin D Excess in Pet Food:
Cholecalciferol (Vitamin D3) Toxicity
Observed in Five Cats





OPS/images/fvets-08-707741-g001.gif





OPS/images/fvets-08-707741-t001.jpg
Casei* Case2  Case3 Case 4 Case5 Reference value
(m,2m) (mC,5m) (mC,7m) (mC, 10m) (fS,17m)

Days 0 10 o o 3 0 4 10 12 16 32 [ e T 10 33

Creatinine (mg/d) NA NA 1581 1201 NA  504% 866% 7.13" 520F 4.98¢ 465¢ 231% 202¢ 3.47F 299¢ 226¢  06-1.85

+0.8-1.80

Urea (mg/dl) 49t NA 1037 601 NA 1853% NA NA 17260 NA 142.3* 69.99% 82.45¢ 104.4* NA 100.4* 132-64;
#15-60

K (mmol/l) 4711 NA  NA 3531 NA  4.60F NA NA NA NA NA  4.40* NA NA NA NA 12.90-4.50;
+3.50-4.50

iCa (mmol/) 237t 1.42" 1.89" 195" 172" 187 NA NA NA NA NA  209* NA 152 NA NA 11.20-1.32;
1.24-1.41
Ca (mg/d)) NA NA 1681 1681 NA 17.03! 1408% 1251 10.73" 12.07% 12.77% 16.68% 18.48% 16.47% 14.43% 11.74%  17.30-11.20;
6.0-10.5

P (mg/d) NA NA 740t 490t NA 76t NA NA NA NA NA 450t 41% 480 NA 490"  12.60-620;
12562

CaxP(mg¥d?) NA NA 124 8232 NA 1204 NA NA NA NA NA 7506 7577 7905 NA 57.52 <60
Urine specific gravity NA~~ NA ~ NA NA NA 1014 NA NA NA NA NA 1030 NA NA NA NA >1.040

m, male; mC, castrated male; fS, spayed female; xm, cat's age expressed in months; Ca, total calcium; Ca
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in case 1, the treatment only consisted of pet food withdrawal.
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