
25-Hydroxyvitamin D3 and its C-3 epimer are elevated in the skin 
and serum of Skh-1 mice supplemented with dietary vitamin D3

Matthew D. Teegarden1, Amanda R. Campbell2, Jessica L. Cooperstone1, Kathleen L. 
Tober2, Steven J. Schwartz1, and Tatiana M. Oberyszyn2,*

1Department of Food Science and Technology, The Ohio State University, 2015 Fyffe Ct. 
Columbus, OH, USA 43210

2Department of Pathology, The Ohio State University Wexner Medical Center, 1645 Neil Ave. 
Columbus, OH, USA 43210

Abstract

Scope—UV exposure is a risk factor for keratinocyte carcinoma (KC) while critical for 

endogenous vitamin D production. We investigated dietary modulation of skin and serum 25-

hydroxyvitamin D3 (25OHD3) and its C-3 epimer (C3epi) in a mouse model of KC. C3epi is an 

under-investigated metabolite of vitamin D with respect to its biological implications.

Methods and Results—Male and female Skh-1 mice were supplemented with 25, 150 or 1000 

IU/kg diet vitamin D3 for 25 weeks, with some exposed to UV light. Skin and serum vitamin D 

metabolites were quantitated using HPLC-MS/MS (n=3 per dose/sex/UV treatment). Serum and 

skin 25OHD3 and C3epi significantly increased with dose (P<0.0001), but with different response 

patterns. UV exposure significantly attenuated serum, but not skin, levels of both metabolites 

(P<0.001, P=0.0287), while up-regulating expression of renal Cyp24a1 (P<0.01). A dose by sex 

interaction trended towards significance with serum and skin levels of C3epi, wherein male mice 

attained higher levels of C3epi with higher dietary vitamin D3. This reflected a similar, but non-

significant pattern in average tumor size.

Conclusion—The complex relationship between vitamin D and KC requires further 

investigation. This study provides insight into modulation of local and systemic vitamin D status 

with dietary supplementation.
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Introduction

The most prevalent type of cancer in the United States is keratinocyte cancer (KC), with 

approximately 3.3 million people diagnosed each year [1]. Although this disease is not 

particularly deadly, the cost incurred through treatment of the disease is a severe burden for 

those affected [2]. Two important determinants of KC risk include ultraviolet B light (UV-B) 

exposure and biological sex. Exposure to UV-B light induces an inflammatory response in 

keratinocytes, which results in downstream DNA damage. The incidence of KC is 

approximately twice as high in men compared to women. The underlying factors for this 

difference are still unknown, but differences in susceptibility to DNA damage and hormonal 

signaling may play a role [3].

Vitamin D is a unique nutrient in that it can be obtained through the diet, or produced 

endogenously in the skin via UV-B exposure. The role of vitamin D in bone health is well 

established, but recent research has implicated vitamin D in a number of extraskeletal 

diseases including some cancers [4]. The relationship between vitamin D status and KC is 

difficult to assess because UV-B exposure is an important determinant of both vitamin D 

status and KC risk. This is clearly reflected in the contradictory results of different 

epidemiological studies which have investigated this relationship [5–9].

In vitro studies suggest that the activated form of vitamin D (1,25-dihydroxy-vitamin D) has 

pro-differentiating and anti-proliferating activities in healthy keratinocytes, while 

transformed keratinocytes lose sensitivity to the pro-differentiation activity [10]. 

Interestingly, skin is not only the site of vitamin D synthesis, but also a site of vitamin D 

metabolism. Healthy and transformed keratinocytes express genes encoding key cellular 

machinery for the activation and degradation of vitamin D, as well as the vitamin D receptor 

[10, 11]. The local metabolism and activation of vitamin D in target tissues is thought to be a 

key mediator in its proposed extraskeletal functions [12]. Due to the importance of localized 

vitamin D metabolism, interest in tissue-specific vitamin D metabolite levels is growing.

The best marker of vitamin D status is 25-hyroxyvitamin D (25OHD), as it has a long half-

life, circulates at detectable levels, and correlates well with intake and synthesis of vitamin 

D [13]. Recently, interest has grown in the measurement of other vitamin D metabolites, 

including the C-3 epimer of 25OHD (C3epi), Figure 1. When activated, this stereoisomer 

elicits muted biological responses compared to activated 25OHD [14]. Due to this and its 

structural similarity to 25OHD, C3epi has been identified as a possible source of inflation 

and therefore error in status measurement [15, 16]. As interest in the relationship between 

vitamin D status and disease rises, few studies have attempted to investigate the possible role 

of C3epi in disease.

The Skh-1 mouse is an outbred, hairless, and immunocompetent model of KC that has been 

well characterized [17]. We have recently published findings from a study in which male 

Skh-1 mice were fed escalating doses of vitamin D3 and chronically exposed to UV-B light. 

The results suggested that the proliferation of skin tumors in male mice may be enhanced by 

dietary vitamin D3 [18]. This prompted us to investigate how dietary supplementation of 

vitamin D3 alters the vitamin D status of skin and serum of the mice from this study. 
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Additionally, we were interested in exploring the effects of key KC risk factors, UV-B 

exposure and sex, in this model. Thus, the objective of this work was to measure 25OHD3 

and C3epi in the skin and serum of Skh-1 mice over multiple levels of dietary Vitamin D3 to 

provide further insight into the previously discovered relationships between dietary vitamin 

D and KC.

Methods

Animal Treatment

The details regarding the animals from this study have been described previously [18]. 

Briefly, Skh-1 hairless mice (Charles River Laboratories; Wilmington, MA) were housed in 

a vivarium at The Ohio State University in accordance with the requirements established by 

the American Association for Accreditation of Laboratory Animal Care. Procedures were 

approved by the appropriate Institutional Animal Care Utilization Committee 

(2010A00000083). Four week old mice were housed five per cage and fed standard AIN93G 

diet (1000 IU vitamin D3/kg) or the diet modified to contain 25 IU/kg or 150 IU/kg. These 

levels were chosen to achieve serum 25OHD3 levels reflective of varying physiological 

significance [19]. A total of 25 male and 25 female mice were fed each diet for a total of 150 

mice. Fifteen males and fifteen females from each diet group were exposed dorsally to one 

minimal erythemic dose of UVB (2240 J/m2) three times weekly for 25 weeks. All animals 

were sacrificed by CO2 inhalation. Digital calipers were used to measure tumors present on 

the dorsal skin measuring greater than 1 mm in size (length x width). Serum, skin, tumors 

and kidneys were harvested and stored at −80 °C until further analysis.

Chemicals

Optima grade water, acetonitrile, methanol, hexane, HPLC grade dichloromethane, and 99% 

formic acid were obtained from Fisher Scientific (Pittsburgh, PA). 25OHD3 was obtained 

from Isosciences (King of Prussia, PA) and d3-25OHD3, C3epi, and 4-phenyl-1,2,4-

triazoline-3,5-dione (PTAD) were obtained from Sigma Aldrich (St. Louis, MO).

Sample preparation for metabolite analysis

Three mice from each diet/sex/UV treatment group were randomly selected for 

measurement of vitamin D metabolite levels in serum and skin. Vitamin D metabolites were 

extracted and derivatized with PTAD according to Teegarden and colleagues [20]. PTAD 

derivatization was used to improve detection and quantification thresholds of the metabolites 

[21].

Quantification of Metabolites

Derivatized 25OHD3 and C3epi were quantified using isotope dilution HPLC-MS/MS as 

described previously [20] with slight modification. In brief, skin extracts were reconstituted 

in 100 μL of acetonitrile and centrifuged at 21,130 x g for 2 min. Serum extracts were 

solubilized in 200 μL acetonitrile and filtered with 0.22 μm, 4 mm nylon filters (W.R. Grace; 

Deerfield, IL) before injection (10 μL) onto the HPLC–MS/MS system (QTRAP 5500; AB 

Sciex; Framingham, MA). Metabolites from skin and serum were separated on Luna C18 

columns (4.6 mm x 250 mm; Phenomenex) with 5 μm and 3μm sized particles, respectively.
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Quantification of Cyp24a1 expression

Unless otherwise noted, all reagents were purchased from Fisher Scientific. Skin and 

kidneys from all mice on the study were processed for Cyp24a1 expression analysis. Tissues 

were ground to a powder using a mortar and pestle and RNA was extracted using TRIzol 

according to the manufacturer’s instructions. RNA samples (2 μg/10 μl) were heated for 5 

min at 60 °C, after which cDNA was reverse transcribed using a mixture containing 1X PCR 

Buffer II, 5 mM MgCl2, 1 mM dNTPs, 2.5 μM Oligo dTs (Midland Certified Reagent Co., 

Midland, TX), 1 unit RNAseOUT, and 100 units MMLV-RT for 60 min at 37 °C, followed 

by 5 min at 95 °C. Amplification of Cyp24a1and β-actin was carried out with 2.5 μL cDNA 

in a total volume of 25 μL containing a final concentration of 1X PCR buffer, 2.5mM 

MgCl2, 1mM dNTPs, 0.2 μM forward and reverse primers, and 0.25 units of Platinum Taq. 

The primers used for Cyp24a1 were, forward: 5′ – 

ACACACTGGCAGAGTACCACAAAGAA, reverse: 5′ – AATCAGCCAAGACCTCATT. 

The primers used for β-actin were forward: 5′ – GTGGGCCGCTCTAGGCACCAA, 

reverse: 5′ – CTCTTTGATGTCACGCACGATTTC Samples were incubated at 95 °C for 

30 sec followed by 31 (Cyp24a1) or 28 (β-actin) cycles of 95 °C for 15 sec, 70 °C for 30 

sec, 72 °C for 30 sec, followed by a 7 min final extension at 72 °C. Samples were 

electrophoresed through 1.2% agarose, photographed, and band intensity was determined 

using Image J software. Cyp24a1 expression was normalized to β-actin. Samples in which 

β-actin was undetectable were not included in the calculation of average expression values 

(analysis total n=96).

Statistics

Data was processed using SAS 9.4 (SAS Institute Inc.; Cary, NC). For each metabolite, the 

GLM procedure was used to fit ANOVA models including terms for vitamin D3 dose, sex, 

UV exposure, and the interactions of dose with sex or UV exposure (α = 0.05). Gene 

expression data was analyzed similarly to vitamin D metabolite levels using an ANOVA 

model including dose, UV exposure, sex, and the interaction of dose with sex. Correlations 

were calculated using the correlation function with Pearson’s coefficients. Equality of 

correlation coefficients was assessed using Fisher’s z transformation. Results are expressed 

as the mean ± SE, and terms from the statistical model are separately presented to facilitate 

interpretation.

Results

Dietary Vitamin D3 Raised 25OHD3 and C3epi Levels in Skin and Serum

Without accounting for sex or UV exposure, average serum levels of 25OHD3 and C3epi at 

each dose ranged from 9.63–25.05 nmol/L and 1.08–7.26 nmol/L, respectively (Figure 2A). 

Both metabolites increased with dietary supplementation (P<0.0001). While 25OHD3 levels 

increased significantly across all doses, C3epi levels only increased significantly at the 

highest dose of 1000 IU/kg diet. Compared to serum, the levels of vitamin D metabolites 

were approximately three orders of magnitude lower in skin (nmol vs. pmol levels) with 

average 25OHD3 and C3epi levels ranging from 3.42–9.24 pmol/g and 1.07–2.28 pmol/g, 

respectively, as shown in Figure 2B. Similar to serum levels, the skin metabolites were found 

to increase with dosage levels (P<0.0001).
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Chronic UV Exposure attenuated Metabolite Levels in Serum

A significant effect of UV exposure was noted in serum 25OHD3 (P=0.0006), and a 

significant interaction between dose and UV exposure was additionally observed for serum 

C3epi levels (P=0.0287), as seen in Figure 3A and B. Contrary to what was expected, the 

mice exposed to UVB light tended to have lower serum levels of 25OHD3 than those left 

unexposed, and exposure appeared to attenuate C3epi serum response at higher doses. No 

significant effects of UV exposure were observed in skin (Figure 3C and D).

Expression of Renal Cyp24a1is Elevated in mice exposed to UV-B light

Due to the unanticipated effect of UV exposure on serum metabolite levels, relative levels of 

Cyp24a1 gene expression in the kidneys were examined. The data were natural log 

transformed prior to statistical analysis to better approximate a normal distribution. 

Regardless of sex or dose, UV exposure significantly elevated expression of this enzyme 

(P<0.01, Figure 4). Levels were also elevated in mice supplemented with 1000 IU when 

compared to those supplemented with 25 IU, regardless of sex or UV exposure (P=0.036, 

Figure 4). No effect of sex (P=0.799) or sex by dose interaction (P=0.656) was detected 

(data not shown). Cyp24a1 expression levels were also evaluated in the skin, but were below 

detectible levels for this assay (data not shown).

Sex-dependent patterns in metabolite levels and tumor data

A dose by sex interaction on serum and skin C3epi levels trended towards significance 

(P=0.0562 and 0.0510, respectively) as shown in Figure 5B and D. No interactions between 

sex and 25OHD3 levels were detected in skin or serum (P=0.5507 and 0.5237, respectively, 

figure 5A and C). Tumor results on the male mice from this study have been previously 

reported [18], but here we report the complete result set from both male and female mice. 

Similar to C3epi levels, a non-significant (P=0.168) interaction of sex by vitamin D3 dose 

was seen in the average tumor sizes of all UV-exposed mice on study, in which the male 

mice tended to develop larger tumors at the highest dose of vitamin D3 (Figure 5E).

Relationships between Metabolite Levels in Skin and Serum

Skin is a difficult and labor-intensive matrix to sample compared to serum, thus we were 

interested in the correlations of each metabolite between blood and serum. Serum levels 

were significantly correlated with skin levels of each metabolite with Pearson correlation 

coefficients of 0.731 and 0.897 for 25OHD3 and C3epi, respectively (P<0.0001; Figure 6). 

Correlations within the UV/no UV and male/female groups were also compared, since both 

factors significantly influenced the metabolite levels in skin and/or serum. No significant 

differences were detected between correlation coefficients when the data was parsed this 

way (UV vs No UV P=0.42; male vs female P=0.16).

Discussion

In the present work we have described levels of two vitamin D3 metabolites in the serum 

and, for the first time, in the skin of Skh-1 mice fed escalating doses of vitamin D3. The 

HPLC-MS/MS method used to measure metabolite levels achieved near complete separation 

of 25OHD3 from its C-3 epimer, a source of false positive bias in the measurement of 
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25OHD3 [22]. This not only allows for a more accurate measurement of vitamin D status in 

serum and tissues, but also for quantification of C3epi, a relatively understudied metabolite 

of vitamin D. The serum levels of 25OHD3 followed a characteristic curvilinear pattern 

previously demonstrated in rats [19]. Notably, the supplementation curve for skin 25OHD3 

levels also followed this pattern. To our knowledge, our group is the first to report C3epi 

levels in the serum and skin of mice as a response to multiple levels of dietary vitamin D3 

supplementation. Like 25OHD3, the dose-response patterns of C3epi were nearly identical 

between serum and skin, however the pattern was not curvilinear. In stark contrast to 

25OHD3, C3epi levels were most affected by the highest dose of vitamin D3 and followed 

what appeared to be more of a linear pattern.

Few other studies exist for comparison of the tissue metabolite levels described here, but 

they seem reasonable with respect to values found in other species and tissues. Höller and 

colleagues reported approximately 100 pmol/g 25OH D3 in the skin of pigs fed 2000 IU 

vitamin D3/kg diet [23]. The liver, muscle, and fat tissue of rats fed 740 IU vitamin D3/kg 

diet analyzed by Lipkie and colleagues all contained approximately 1.25 pmol/g tissue [24]. 

Dose-dependent increases in tissue 25OHD3 levels were also demonstrated in Lipkie’s 

study, but this increase was only shown over two doses. Some epidemiological investigations 

into C3epi in human populations have been performed, with wide-ranging levels reported 

[14]. A few of these have ventured to identify factors that affect levels of serum C3epi, 

which include those typically associated with increased serum 25OHD3 levels such as 

supplementation with vitamin D3 and increased sun exposure [25, 26].

In the current study, we observed a significant decrease in serum levels of both 25OHD3 and 

C3epi with chronic UV exposure (3 times weekly) equivalent to one minimal erythemic 

dose, or a light sunburn. This coincided with a significant UV-mediated upregulation of 

renal Cyp24a1, the primary enzyme responsible for degradation of vitamin D metabolites 

via 24-hydroxylation [27]. While many cell types express Cyp24a1, the activity of this 

enzyme is highest in the kidney. This enzyme is typically upregulated with production of the 

active vitamin D metabolite 1,25(OH)2-vitamin D as part of a self-regulating feedback 

mechanism, but 25OHD3 is also a substrate for the enzyme [28]. A similar phenomenon of 

increased 25OHD3 clearance with UV exposure has been observed previously in sheep [29]. 

Chronic exposure to UV light has also been shown to increase gross hepatic cytochrome 

P450 content in mice [30], and Cyp24a1 is a cytochrome P450 protein. Additionally, 

Binkley et al. found that high UV exposure may not guarantee elevated vitamin D status in 

humans, citing genetic elements or enhanced cutaneous destruction of vitamin D as possible 

explanations [31]. The lack of a UV effect on vitamin D metabolite levels in the skin may be 

explained by the non-detectable expression of Cyp24a1.

We additionally noted that, trending towards statistical significance, the male mice had 

higher levels of C3epi in serum (P=0.0562) and skin (P=0.0510) as compared to female mice 

at the highest dose of vitamin D3. This result is particularly interesting in the context of the 

cancer outcomes of this study, however this relationship requires further investigation. Sex 

differences in skin structure and KC etiology in this mouse model have been previously 

documented [17, 32]. Epidemiological studies investigating determinants of serum C3epi 
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levels found no evidence of sex effects in humans [25, 26], but whether this null effect is 

observed in skin or pre-clinical models has not been previously investigated.

Overall health implications of elevated C3epi levels are not well understood. C3-

epimerization of vitamin D metabolites is thought to occur via a largely uncharacterized 

metabolic pathway specifically expressed in several cell types, including keratinocytes [33]. 

Just as 25OHD3 is metabolized by Cyp27b1 to the active vitamin D metabolite 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3), C3epi can also be activated to form a C-3 epimer of 

1,25(OH)2D3 [34]. This activated 1,25(OH)2-3-epi-D3 binds to the vitamin D receptor with 

less affinity than that of 1,25(OH)2D3, but it may elicit nearly equipotent biological 

responses at high levels in the tissues expressing the C-3 epimerization pathway [35]. In 

other tissues, 1,25(OH)2-3-epi-D3 elicits a muted biological response, and thus could 

potentially act as a competitive inhibitor of native 1,25(OH)2D3 action [14]. The high 

correlation between skin and serum levels of C3epi suggests that the skin may contribute a 

significant proportion of circulating C3epi in these mice. It also indicates that serum 

measurement of these metabolites may be used as a proxy for trends in skin metabolite 

levels in future work. Outside of keratinocytes, rat and human osteosarcoma, human colon 

adenocarcinoma, porcine kidney cells, and human hepatoblastoma have been shown to 

express enzymes involved in C3-epimerization pathway to varying extents [34, 36]. If skin is 

a major contributor to circulating C3epi levels, the sex differences noted in this work have 

possible implications for other diseases in which vitamin D may play a role.

Here we have described an exploratory investigation that uniquely studied C3epi and 

25OHD3 levels in serum and skin from mice fed escalating doses of vitamin D3. Our 

findings reiterate the importance of ensuring separation of 25OHD3 from C3epi, as both 

metabolites persist throughout murine and human systems. C3epi would have represented up 

to 35% (serum) or 30% (skin) of the 25OHD3 measurement if left unresolved in the present 

study. By separately quantitating C3epi levels, we were able to detect sex-dependent 

differences in metabolite levels that may have further implications for future research on the 

role of vitamin D in health. Further work is needed to better understand the complicated 

relationship between vitamin D and KC, and the present study demonstrates that vitamin D 

metabolites outside of the status measurement, 25OHD, should be considered.
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Figure 1. 
Structures of 25OHD3 and C3epi.
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Figure 2. 
Dietary supplementation with vitamin D3 significantly (P<0.0001 for all) raised 25OHD3 

and C3epi levels in serum (A) and skin (B), regardless of sex or UV exposure. Different 

letters indicate significant differences, n=12 per dietary level (including 3 mice from each 

sex/UV exposure, per dietary level).
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Figure 3. 
Effects of UV exposure on vitamin D3 metabolite levels at each dietary supplementation 

level, regardless of sex. There was no significant dose by UV exposure interaction, but there 

was a significant effect of UV exposure on serum 25OHD3 levels (A) (P<0.001; n=18 per 

UV exposure group including 3 male and 3 female mice at each dietary level). There was a 

dose by UV interaction for serum C3epi levels (B) (P=0.0287; n=6, including 3 male and 

female per UV/dose group). No significant effects of either UV exposure by dose or UV 

exposure alone were detected for skin 25OHD3 (C) or C3epi (D) levels (n=6 per UV/dose 

group or n=18 per UV group).
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Figure 4. 
Expression of Cyp24a1 in kidney. UV exposure significantly upregulated expression (No 

UV, n=39; UV, n=57; including males and females at all doses). A significant effect of dose 

was also observed (25IU, n=13 no UV & 20 UV; 150IU, n=13 no UV & 17 UV; 1000IU, 

n=13 no UV & 20 UV).
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Figure 5. 
Effects of mouse sex on vitamin D3 metabolite levels with respect to dietary 

supplementation levels. To look at the effect of sex and dietary vitamin D3 dose on 

metabolite levels in skin and serum, metabolite data for both UV groups was combined. 

Dose by sex interactions trended towards significance for C3epi levels in serum (B) 

(P=0.0562; n=6 including 3 no UV and 3 UV mice) and skin (D) (P=0.0510; n=6 including 

3 no UV and 3 UV mice). No significant effects of mouse sex were detected for 25OHD3 

levels in serum (A) or skin (C) (n=6 per sex/dose group or n=18 per sex group).
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Figure 6. 
Correlations between skin and serum 25OHD3 (A) and C3epi (B). Coefficients in figure 

were calculated across all samples (n=36). No significant differences were detected between 

coefficients calculated according to UV exposure or sex (n=18 per group).
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