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Abstract

Vitamin D, 25hydroxyvitamin D (25D), and 24,25dihydroxyvitamin D (24,25D) were measured
before and after broad spectrum antibiotic (Abx) treatment for 2 wks. Abx treatments increased
25D and 24,25D levels suggesting that the microbiota or Abx were altering vitamin D metabolism.
Increased 25D, but not 24,25D, following Abx treatments were found to be dependent on toll like
receptor signaling. Conversely, the effects of Abx on 24,25D levels required that the vitamin D
receptor (VDR) be expressed in tissues outside of the hematopoietic system (kidney) and not the
immune system. Fibroblast growth factor (FGF)23 increased following Abx treatment and the
effect of Abx treatment on FGF23 (like the effect on 24,25D) was not present in VDR knockout
(KO) mice. The Abx mediated increase in 24,25D was due to changes to the endocrine regulation
of vitamin D metabolism. Conversely, 25D levels went up with Abx treatment of the VDR KO
mice. Host sensing of microbial signals regulates the levels of 25D in the host.
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1. Introduction

Vitamin D is a fat-soluble vitamin and a critical regulator of calcium and phosphate
homeostasis and bone health. Vitamin D is made in the skin following UVB exposure of the
skin or ingested as part of the diet. The vitamin D that is either produced in the skin or
obtained through diet is inactive. In the liver vitamin D is hydroxylated primarily by the
vitamin D 25-hydroxylase Cyp2R1 and to a lesser extent by Cyp27A1l, to produce
25hydryoxyvitamin D (25D) [1]. The amount of 25D in the serum has been used as a
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measure of vitamin D status since it has a relatively long half-life and is thought to
accurately reflect the amount of vitamin D [2]. The active form of vitamin D,
1,25dihydroxyvitamin D (1,25D) is produced largely in the kidney by the lalpha vitamin D
hydroxylase Cyp27B1 [3]. 1,25D is the high affinity ligand that binds to the vitamin D
receptor (VDR) at nM concentrations and regulates gene transcription of genes that contain
vitamin D response elements [3, 4]. 25D is a low affinity ligand for the VDR and under
normal physiological conditions does not bind to the VDR [3].

The amount of 1,25D produced is tightly regulated to prevent hypercalcemia. Important
regulators of 1,25D include low calcium and parathyroid hormone (PTH) that induce
expression of Cyp27B1 [5] and fibroblast growth factor (FGF)23 that inhibits Cy27B1 [6,
7]. 1,25D induces the 24-hydroxylase Cyp24ALl that inactivates 1,25D by producing
1,24,25D and eliminates the 25D substrate, by producing 24,25D [8, 9]. Conversely, 1,25D
increased FGF23 levels, and the FGF23 promoter is directly regulated by 1,25D since it
contains a vitamin D response element [10, 11]. In addition, 1,25D inhibits Cyp27B1 and
PTH expression in a feedback loop designed to carefully regulate 1,25D levels [12, 13]. The
amount of 1,25D is controlled by multiple positive and negative regulators to maintain
calcium homeostasis, through 1,25D, PTH, and FGF23 production.

Cyp24Al and Cyp27B1 have been shown to be expressed in cells of the immune system.
Human macrophage, dendritic cells, and T cells express Cyp27B1 and produce 1,25D [14,
15]. The signals that regulate immune production of Cyp27B1 are different than the signals
regulating endocrine production of 1,25D in the kidney. /n7 vitro, monocytes and
macrophages required stimulation by toll like receptor (TLR) ligands like lipopolysaccharide
(LPS) or cytokines like IFN-y and IL-15 to induce Cyp27B1 [16-18]. Activation of T cells
was also required to induce Cyp27B1 expression in human and mouse T cells /n vitro[19,
20]. There is less data demonstrating immune production of Cy24A1, however there is
evidence that Cyp24A1 may be expressed in monocytes, macrophage, and DC [21-23].
Immune cells may be a local source of 1,25D and production of 1,25D by the immune
system is regulated by different signals than endocrine 1,25D production.

The signals that induce immune production of 1,25D are present in the gut. LPS is a
microbial antigen, and manipulation of the gut microbiota alters expression of the microbial
receptors or TLRs that respond to the microbiota [24, 25]. In addition, mice that lack the
ability to make 1,25D (Cyp27B1 KO) or signal through the VDR (VDR KO) have altered
microbial populations in the gut compared to normal mice [26]. Dysbiosis in the Cyp27B1
KO and VDR KO mice results in more inflammation in the gut including activated
macrophage and T cells [27]. The microbial communities and immune activation in the gut
are regulated by the VDR and vitamin D, which in term regulate immune production of
1,25D.

Antibiotics (Abx) alter the community structure of the microbiota in the gut, especially
when delivered orally. Experiments were done to determine the effect of Abx disruption of
the microbiota on serum vitamin D metabolites. Vitamin D, 25D, and 24,25D were
measured before and after Abx treatment. 1,25D levels were below the level of detection in
the serum. Abx increased 25D levels, and this was dependent on TLR signaling. 24,25D
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levels increased following Abx, and were regulated independently from the 25D levels.
24,25D levels reflected Abx-induced changes to FGF23 and required VDR signals since
there was no effect of Abx on 24,25D or FGF23 in VDR KO mice. The data show that the
Abx mediated effect on 25D and the Abx mediated effect on 24,25D were mediated by
distinct mechanisms.

2. MATERIALS AND METHODS

2.1. Mice

C57BL/6 VDR KO, CD45.1, and WT breeders were from Jackson Laboratories (Bar Harbor,
ME). C57BL/6 MyD88 KO that have a defect in an adapter protein critical for microbial
signaling through TLR were a gift from Dr. Matam Vijay-Kumar (The Pennsylvania State
University, University Park, PA). C57BL/6 Cyp27B1 KO were a gift from Dr. Hector
DeLuca (University of Wisconsin, Madison, WI). Gnotobiotic mice were bred and
maintained by The Pennsylvania State University Gnotobiotic Animal Research Facility.
Mice were orally supplemented with 5ug vitamin D3 (+D) in corn oil, or control (Ctl) treated
with an equal volume of corn oil, three times weekly throughout the experiment (Fig. 1A).
The Abx treatment cocktail contained 4 Abx: ampicillin (1g/L), metronidazole (1g/L),
neomycin (1g/L), and vancomycin (0.5¢/L) in drinking water, ad libitum, for 2wks (Fig.
1A). Mice were fed purified diets without any added vitamin D (D-) that were made in the
lab, contained agar and prevented dehydration due to the Abx treatment [26]. GF mice were
fed autoclavable diets in order to maintain the GF status of the mice. GF mice received the
Abx cocktail with 5% sucrose to prevent dehydration. All experimental procedures were
approved by the Office of Research Protection’s Institutional Animal Care and Use
Committee (Pennsylvania State University).

2.2. Sample preparation for LC-MS/MS

Serum preparation was done as described by Kaufmann et al. [28]. 100uL of pooled 13Cs-
vitamin D3 (100 ng/mL), d3-25D3 (100 ng/mL), and dg-24,25D3 (50ng/mL) (Isosciences,
King of Prussia, PA) was added to 50 pL of each serum sample. Standards were also from
Isociences (synthetic vitamin D3, 25Dz and 24,25D3). 50 pL of 0.1M hydrocholoric acid, 50
uL 0.2M zinc sulfate, and 225 L of 100% methanol were added to precipitate protein.
Organic extraction was done by adding 350 pL hexanes, 350 uL MTBE (methyl tertiary
butyl ether, Acros Organics, Geel, Belgium) and collecting the upper organic phase.
Derivatization was done by dissolving the dried residue in 30 uyL DMEQ-TAD (0.1 mg/mL
in ethyl acetate, Santa Cruz Biotechnology, Santa Cruz, CA), incubating for 1 h, drying, and
the residue was dissolved in 30 pL 50/50 acetonitrile/water. All other LC-MS/MS solvents
and reagents were Optima LC-MS grade (Fisher Scientific, Pittsburgh, PA). The limit of
detection was 1 ng/mL for vitamin D, 25D, and 24,25D. Concentrations of each vitamin D
metabolite were determined by calculating the ratio of the integrated peak areas of the
metabolite and the relevant internal standard, compared to the values obtained from a
standard curve.
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2.3. LC-MS/MS

Samples (5ul) were separated by reverse phase HPLC using a Prominence 20 UFLCXR
system (Shimadzu, Columbia MD) with a Waters (Milford, MA) BEH Phenyl column
(100mm x 2.1mm 1.7 pm particle size). Solvents used were HPLC grade water with 0.1%
formic acid and HPLC grade acetonitrile with 0.1% formic acid. The initial conditions were
70% water and 30% acetonitrile, increasing to 50% acetonitrile at 10 min, 90% acetonitrile
at 12 min where it was held at 90% acetonitrile until 13 min before returning to the initial
conditions. The eluate was delivered into a 5600 (QTOF) TripleTOF using a Duospray ™ ion
source (AB Sciex, Framingham, MA). The capillary voltage was set at 5.5 kV in positive ion
mode with a declustering potential of 80V. The mass spectrometer was operated with a 250
ms TOF scan from 50 to 950 m/z, and 7 100 ms MS/MS product ion scans (m/z 730.5,
733.5, 746.5, 749.5, 762.5, 765.5, 768.5) from 50 to 950 per duty cycle using a collision
energy of 45V with a 30V spread. Chromatograms and ion spectra, and structure and
fragmentation of DMEQ-TAD adducts of vitamin D, 25D, and 24,25D used for detection,
are shown in Supplementary (S)Figure 1.

2.4. Bone marrow (BM) transplantation

Donor BM cells were from WT CD45.1 donors and were transferred into sub-lethally
irradiated CD45.2 WT or VDR KO recipients as described [29]. Mice were allowed to
recover for 4 wks and reconstitution was evaluated in the blood by flow cytometry using
antibodies to CD45.1 (A20, BD Pharmingen, San Diego CA) and CD45.2 (104, BioLegend,
San Diego, CA), and analyzed on an Accuri C6 flow cytometer (BD Bioscience, San Jose,
CA).

2.5. Serum calcium measurements

Serum calcium levels were measured by colorimetric assay using QuantiChrom Calcium
Assay Kit (BioAssay Systems, Hayward, CA), according to manufacturer’s instructions.

2.6. ELISA

Parathyroid hormone (PTH) (1-84) and intact FGF23 levels in serum were measured by
ELISA, according to manufacturer’s instructions (Immutopics, San Clemente, CA). Limits
of detection were 32 pg/mL PTH, and 25 pg/mL iFGF23.

2.7. RNA isolation and RT-PCR

RNA from kidney, liver, and colon was extracted using TRIzol reagent using manufacturer’s
instructions. 4 pg/sample RNA was reverse transcribed into cDNA using AMV reverse
transcriptase (Promega, Madison, WI). Mouse Aprt, cyprR1, cyp27al, cyp24al, cyp27b1,
var, tnf-a, il-16, il-6, and ifn-y mRNA were quantified by real-time PCR using the
StepOnePlus real-time PCR system (Thermo Fisher Scientific, Rockford IL) with
StepOnePlus software and BioRad SYBR Green Master Mix (Hercules, CA). Gene
expression was determined as relative expression on a linear curve based on a gel-extracted
standard and was normalized to Aprt amplified from the same cDNA mix. Primer sequences
can be found in STable 1.
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2.8. Colon histology

Distal colon was fixed in 10% formalin, sectioned, and stained with hematoxylin and eosin
(Pennsylvania State University Animal Diagnostic Laboratory). Sections were scored
blinded by a board-certified laboratory animal veterinarian with training in pathology (Dr.
Mary Kennett) and scored on a scale from 0 none, 1 minimal, 2 mild, 3 moderate, and 4
extreme for inflammation, mucosal damage, and edema. The maximum cumulative
histopathology score for each sample would be 15.

2.9. Statistical analysis

All data were assessed for normality and equal variances, and either parametric or
nonparametric analyses were used to detect differences between treatment groups. Statistical
analyses were performed using GraphPad Prism software (GraphPad, La Jolla, CA). Two-
way ANOVA with Bonferroni’s post hoc test was used to compare levels of vitamin D
metabolites, PTH, and FGF23 in mice when two experimental factors, such as genotype and
Abx, were of interest. One-way ANOVA with Tukey’s multiple comparison was used when
one experimental factor, such as changes over multiple time points, were of interest. For the
time course data that used n=3 mice per time-point, Kruskal-Wallis test with Dunn’s
multiple comparisons was used. Two-tailed Student ¢test or paired #test was used for some
analyses for vitamin D metabolites, FGF23, gene expression, and calcium measurements
where only two groups were compared. Paired #test was used when comparing the same
cohort of mice before and after treatment, and Student’s ftest was used to compare different
mice. For all analyses, * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.0001.

3. RESULTS

3.1 Abx treatments induced vitamin D metabolism

Serum samples were collected before (2 wks) and after (4wks) Abx treatment in the Ctl or
+D treated mice (Fig. 1A). Vitamin D levels in the blood of Ctl mice were very low, and did
not change significantly after Abx (Fig. 1B). +D mice had significantly higher serum
vitamin D than Ctl mice and vitamin D went up in the +D mice after Abx (P<0.0001, Fig.
1B). 25D levels in the Ctl group were less than 12 ng/mL and therefore vitamin D deficient.
25D was significantly higher in +D mice compared to Ctl mice (P<0.0001), and increased
significantly in +D mice after Abx (P<0.0001, Fig. 1B). +D mice had significantly higher
24,25D than Ctl mice (P<0.0001), which also increased significantly after Abx (P<0.01, Fig.
1B). There were significant interaction effects between +D and Abx treatments on the
vitamin D, 25D and 24,25D levels (Fig. 1). In the absence of Abx treatment, +D
supplementation of WT mice for 4wks did not further raise vitamin D, 25D or 24,25D levels
over the 2wk +D levels ruling out simple accumulation of vitamin D and vitamin D
metabolites in the +D groups (Fig. 1C). +D mice were sacrificed before and after Abx
treatments for mRNA analysis of var, cyp2ri, cyp27al, cyp24al, and cyp27b1. Expression
of mRNA for the varwas not affected by Abx treatment in the kidney (SFig. 2A) or colon
(SFig. 2B). There was no effect of Abx treatments on cyp2ri, and cyp27al expression in the
liver (SFig. 2C), and no effect of Abx on cyp24al in the kidney and cyp27b1 in either the
kidney or colon (SFig. 2A and 2B). Abx treatment significantly induced cyp24al in the
colon (SFig. 2B). Abx treatments increased 25D and 24,25D levels in the serum that was not
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reflected in changes for cyp2ri, cyp27al, or cyp27b1. However, increased 24,25D levels did
correspond with increased expression of cyp24alin the colon but not kidney following Abx
treatment.

The data in Fig. 1 used mice of either sex. In order to determine if there was a sex effect on
the vitamin D measurements, +D males and females were evaluated separately (Fig. 2).
Females had higher levels of vitamin D (P=0.0008) and 25D (P=0.0004) compared to males.
There was also a significant interaction between sex and Abx treatment for vitamin D
(P=0.01) and 25D (P=0.002, Fig. 2A). Sex was not a factor on 24,25D levels (P=0.3) and
there was no interaction between sex and Abx treatment for this metabolite (P=0.1, Fig. 2C).
Abx treatment of +D mice resulted in increased vitamin D, 25D and 24,25D levels. In
addition, there was an effect of sex on vitamin D and 25D levels and females had higher
vitamin D and 25D levels than males.

3.2 The effects of single Abx and direct effects of Abx treatment of GF mice on vitamin D

metabolites

The effect of metronidazole (M) and vancomycin (V) alone, two of the four individual
cocktail of Abx, were tested. Mice were all +D since the effects of Abx was only seen
following +D supplementation (Fig. 1). Vitamin D levels were significantly increased
following treatment with either M or V alone suggesting an increase in vitamin D absorption
with the single Abx treatments (Fig. 3A and 3B). 25D levels were increased following M
treatment (P=0.03, Fig. 3A) and following V treatment (P=0.004, Fig. 3B). Neither the M
nor V treatment alone had an effect on serum 24,25D levels (Fig. 3A and 3B). The increased
production of 24,25D with broad-spectrum Abx was not due to either M or V treatment
alone. Interestingly even though vitamin D and 25D were increased in both M and V treated
mice there was no subsequent increase in 24,25D. The data suggest that the increased
substrate (25D) for Cyp24ALl following Abx treatment may not be the cause of the spike in
24,25D levels.

Abx treatments have been shown to have direct effects on host metabolism [30]. Vitamin D
levels increased significantly in GF mice after Abx treatments (P=0.007, Fig. 3C). Unlike
the effect of Abx in conventional WT mice (Fig. 1), there was no effect of Abx treatment on
25D levels in GF mice (P=0.2, Fig. 3C). Abx treatment in GF mice resulted in a significant
decrease in 24,25D levels (P=0.02, Fig. 3C). The effect of Abx on 24,25D levels in
conventional mice (Fig. 1) was the opposite of the effect of Abx in GF mice (Fig. 3C). Even
though the amount of vitamin D was higher in the Abx treated +D GF mice there was no
effect of Abx on 25D levels. Overall the direct effects of Abx on the host are to increase
vitamin D levels and to decrease 24,25D levels.

3.3 The VDR is necessary for Abx-induced production of 24,25D

Endocrine production of 24,25D is regulated by the VDR [31, 32]. +D WT and VDR KO
mice were treated as described in Fig. 1A. The serum vitamin D levels did not change with
Abx treatment in +D WT mice in this experiment (Fig. 4A). Overall the effect of Abx on
vitamin D levels in the +D WT mice was variable, and vitamin D levels increased
significantly in half of our experiments (Fig. 1 and 2) but not in the WT controls for this
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experiment (Fig. 4A). +D VDR KO mice in two different experiments had increased vitamin
D levels following Abx treatment (P=0.0002, Fig. 4A). There were significant interactions
between genotype and Abx on serum vitamin D levels (P=0.04, Fig. 4A). There was a
significant increase in serum 25D levels in +D WT mice treated with Abx even though the
serum vitamin D levels were not higher in these mice following Abx treatment (Fig. 4B),
suggesting 25D levels are not simply increasing because of increased vitamin D absorption.
The effect of Abx treatment to increase 25D levels occurred in +D VDR KO mice (Fig. 4B).
There was no effect of genotype on 25D levels and no interaction between genotype and
Abx on 25D levels (Fig. 4B). As in Fig. 1D, there was a significant effect of Abx on serum
24,25D levels in +D WT (P=0.0009, Fig. 4C) mice. Very little 24,25D was detectable in
VDR KO mice regardless of whether they received Abx (Fig. 4C). Genotype was a
significant factor in determining the 24,25D levels (P<0.0001) and there was a significant
interaction between genotype and Abx on serum 24,25D levels (P<0.0001, Fig. 4C). Abx
treatment had no effect on 24,25D in VDR KO mice suggesting that the effect of Abx on
24,25D levels required the VDR. The VDR is required for the production of 24,25D (Fig.
4C). Rag KO mice that lack an acquired T and B cell mediated immune system were treated
with Abx. Abx treatment effectively induced 24,25D production in both the +D Rag KO and
+D WT mice (Fig. 4D). In order to determine whether immune cells were induced by Abx
treatment to produce the 1,25D and/or 24,25D, BM chimeras were done into VDR KO mice.
The immune cells in the blood of the BM chimeras were 90% of donor origin (WT, CD45.1)
in both the WT and VDR KO recipients. There was a significant effect of Abx on serum
24,25D levels in WT-WT (P=0.02, Fig. 4E). 24,25D production in WT-VDR KO was very
low and was not affected by Abx treatment, similar to VDR KO (Fig. 4C). Recipient
genotype was a significant factor in determining the 24,25D levels (P<0.0001) and there was
a significant interaction between recipient genotype and Abx on serum 24,25D levels
(P<0.04, Fig. 4E). 24,25D were low in WT-VDR KO mice, indicating that the transplanted
WT BM was not able to induce Cyp24A1 and not responsible for the Abx induced
production of 24,25D.

3.4 WT levels of 24,25D in Cyp27B1 KO mice following Abx treatment

Cyp27B1 KO mice cannot produce the high affinity 1,25D ligand. However, when Cyp27B1
KO mice are fed +D diets, 25D accumulates in the serum and in the absence of 1,25D binds
the VDR [3, 33]. The effect of Abx treatment on 25D levels in WT mice was, as expected, a
significant increase (Fig. 5A). The +D treatment of Cyp27B1 KO mice resulted in extremely
high levels of 25D in the mice demonstrating accumulation of this metabolite in the
Cyp27B1 KO mice similar to what has been reported previously [3, 33]. Abx treatment
suppressed the production of 25D in the Cyp27B1 KO mice significantly (Fig. 5A) and
resulted in 25D levels similar to those in the WT mice after Abx treatment. The 24,25D
levels were higher in WT mice following Abx but unlike all other experiments in WT mice
there was not a significant effect of Abx on WT levels of 24,25D in these experiments (Fig.
5A). The levels of 24,25D in the +D Cyp27B1 KO mice matched those in the WT mice and
there was no effect of Abx on 24,25D levels in Cyp27B1 KO mice (Fig. 5A). The effect of
Abx on 25D in Cyp27B1 KO mice was opposite the effect of Abx in WT mice perhaps
because of the extremely high levels of 25D present in the Cyp27B1 KO mice (Fig. 5A).
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3.5 Microbial regulation of 25D but not 24,25D following Abx treatment

MyD88 is an adaptor protein necessary for signaling in most TLRs [34, 35]. Treatment of
+D MyD88 KO with Abx had no effect on 25D levels (Fig. 5B). There was a significant
effect of MyD88 genotype (P=0.05) on 25D levels and a significant interaction between
genotype and Abx on 25D levels (P=0.02, Fig. 5B). Abx treatment of WT and MyD88 KO
mice resulted in a significant increase in 24,25D levels for a significant effect of Abx on
24,25D levels (P=0.004, Fig. 5B). There was no effect of MyD88 KO genotype on 24,25D
levels and no interaction between Abx and genotype on 24,25D levels in the mice (Fig. 5B).
The data demonstrate that the increase in 24,25D following Abx treatment does not require
MyD88 signals. Conversely the increase in 25D levels following Abx did require MyD88.

3.6 Abx treatments affect PTH, FGF23 and TNF-a but not serum calcium

There was no change in serum Ca in WT mice as a result of Abx treatments (Fig. 6A). Abx
treatment resulted in an insignificant (P=0.08) decrease in PTH and a significant increase in
FGF23 in WT mice (Fig. 6B). PTH levels in the Cyp27B1 KO and VDR KO mice were
significantly elevated compared to WT PTH levels (Fig. 6B). The effect of Abx treatment on
PTH in Cyp27B1 KO mice was to decrease PTH and that corresponded with the reduction in
25D levels in the Cyp27B1 KO mice (Fig. 6B, Table 1). VDR KO mice increased PTH with
Abx treatment (Fig. 6B). Abx treatments of Cyp27B1 KO mice induced FGF23
significantly, while FGF23 was low in VDR KO mice and did not change with Abx
treatment (Fig. 6B). VDR signaling was required for the changes in FGF23 and 24,25D
following Abx treatment but not for the increase in 25D (Table 1). mRNA for tnf-a, il-18
and //-6 was measured in the colon before and after 2wk Abx treatment (Fig. 6C).
Expression of infa (significant) and IL-1p (trend, P=0.07) decreased, while //-6 had a trend
towards an increase (P=0.06) with Abx treatment (Fig. 6C). There was no change in /fn-y
expression with Abx treatment (Fig. 6C). There was less #7f-a in the colon and that decrease
was associated with the increases in 25D and 24,25D that occurred following 2wk Abx
treatments. The mechanism underlying the increase in 24,25D levels following Abx
treatment is different than the mechanism underlying the increase in 25D following Abx
treatment.

3.7 Abx mediated effects on 25D and 24,25D occur rapidly

The kinetics of the changes in serum 25D and 24,25D were determined following Abx
treatments. The increase in 25D, and 24,25D following Abx treatment occurred within 3d of
the Abx treatment (Fig. 7A). FGF23 levels initially were significantly lower after 3d of Abx
treatment (Fig. 7A) and then went up to the final levels observed after the full 2 wk Abx
treatment (Fig. 7A). Evaluation of histopathology from the murine colon showed no
significant changes over time post-antibiotic use in the inflammation scores (P=0.5) or the
cumulative scores (P=0.2, Fig. 7B). The effects of Abx on 25D and 24,25D occurred within
3d of Abx treatment. The effect of Abx on FGF23 was to first decrease the levels at 3d post-
Abx treatment and then to go up by 14d (2wk) Abx treatment.
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4. DISCUSSION

MyD88 is required for the effects of Abx on 25D levels. The MyD88 mediated effect could
be due to alterations in inflammation as described by Du and colleagues [36]. Du et. al
showed Cyp27B1 induction in the colon of mice with colitis [36]. There was no effect of the
Abx treatment on Cyp27B1 in the absence of colitis suggesting that inflammation was
regulating Cyp27B1 [36]. Others have shown that toll like receptor signals regulate
Cyp27B1 and Cyp24A1 but there is no evidence to support control of the 25-hydroxylase
enzymes by toll like receptor signals or inflammation [17]. The requirement of MyD88
signaling for the Abx mediated effect on 25D levels suggest the host sensing of microbial
signals through toll like receptors regulates 25D levels.

The production of 25D was thought to be unregulated and controlled by vitamin D intake
[37]. The effect of Abx on 25D levels was not due to increased vitamin D absorption
following Abx treatment, since there were several experiments where 25D levels increased
even when vitamin D levels were unaffected. Cyp2R1 is the major producer of 25D /n vivo
[38]. Mice with targeted deletions and humans with mutations in Cyp2R1 had reduced 25D
levels but circulating 1,25D levels were not affected [1, 39]. A second 25 hydroxylase
(Cyp27A1) is primarily involved in bile acid synthesis but has also been shown to contribute
to 25D levels /n vivo [38]. Together Cyp2R1 and Cyp27A1 account for most of the 25D
produced /n vitroand in vivo [38]. The Abx treatment did not increase MRNA for either
Cyp2R1 or Cyp27ALl in the liver (SFig. 2C). Three wk treatment with a different class of
Abx (rifampicin) induced 25D and 24,25D levels in mice, which was attributed to the direct
host effects of rifampicin on cytochrome P450 (Cyp) enzymes. VDR KO mice showed an
increase in 25D levels following Abx treatment (Table 1). PTH was also increased following
Abx treatment of VDR KO mice (Table 1). It seems likely that the changes in 25D and PTH
are regulated by a common factor. In support of this observation, a human study showed
positive correlations between 25D and PTH levels [40]. Direct regulation of PTH by
neomycin has been shown in vitro, and antibiotics like neomycin that affect extracellular
calcium levels might regulate PTH /n vivo. The data suggest that there is some regulation of
25D levels following disruption of the microbiota with Abx that seems to coincide with a
shift in PTH.

The Abx mediated increase in 24,25D was not mediated by TLR signaling but was likely
due to alterations in endocrine regulation of 1,25D. Functional VDR signaling in the
endocrine system was required for the Abx-induced increases in 24,25D. The increased
24,25D is the result of endocrine metabolism of vitamin D, as transfer of WT bone marrow
into VDR KO recipients did not have increased 24,25D levels following Abx treatment.
24,25D levels and Cyp24A1 are directly induced by 1,25D/VDR, and regulated by PTH and
FGF23 [41]. FGF23 induces Cyp24A1, possibly by inhibiting PTH, while PTH inhibits
Cyp24Al to increase 1,25D [11, 42, 43]. Increased 24,25D was not due to more of the 25D
substrate, as there was no direct relationship between 25D and 24,25D levels in multiple
experiments. 24,25D only increased in mice that did not have defects in 1,25D or VDR
signals (Table 1). In the Cyp27B1 KO mice, Abx treatment reduced 25D levels but there was
no effect on 24,25D. This could be due to increased FGF23 and decreased PTH, which
increased Cyp24AL1 to catabolize the excessively high 25D present in the +D Cyp27B1 KO
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mice. Abx treatment of Cyp27B1 KO mice restored PTH and FGF23 to WT levels, which
provides evidence that endocrine regulation of vitamin D metabolism is regulated by the
microbiota. Interestingly the effect of Abx treatment of GF mice was to decrease 24,25D
levels and so perhaps the microbiota prevents the direct effects of Abx to decrease host
24,25D or 1,25D levels. The effects of Abx on FGF23 and 24,25D required the VDR and in
VDR KO mice FGF23 and 24,25D levels were unaffected by Abx treatments suggesting that
endocrine control of 24,25D and FGF23 levels is occurring following Abx treatment to
disrupt the microbiota.

The microbiome is important for digestion and nutrient absorption, and it is possible Abx
treatments improved absorption of vitamin D. The increase in vitamin D levels following
Abx treatment did not occur in all experiments. However, vitamin D levels did increase in
GF mice after Abx treatment, suggesting that there was a direct effect of Abx to increase
vitamin D levels. The best evidence that the increase in vitamin D was not the cause of the
increase in 25D levels was that 25D levels in GF mice treated with Abx did not increase
even though vitamin D levels were significantly higher. The Abx treatment effect on vitamin
D levels does not require the microbiota and suggest direct regulation of signals in the gut to
increase absorption of the vitamin D in GF mice.

In chronic kidney disease vitamin D metabolism is dysregulated. Patients with chronic
kidney disease have poor renal function, elevated FGF23 and an impaired ability to produce
1,25D that leads to hyperparathryoidism [44]. The use of Abx that increase FGF23 could
exacerbate the imbalance in 1,25D and FGF23, leading to worsening kidney function.
Conversely, increased 25D as a result of Abx in diseases in which vitamin D absorption is
poor, such as inflammatory bowel disease, may be useful in raising vitamin D status. It is
uncommon for people to take four Abx at once, but the data shows M or V alone increased
vitamin D and 25D, which is an unexpected benefit of these two Abx treatments. These
results demonstrate that the Abx disruption of the gut microbiota results in a shift in the
homeostatic control of endocrine vitamin D metabolism. Furthermore, microbial signals
altered following Abx treatments regulate the amount of 25D levels available to the host.
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Figure 1. Abx treatments induced vitamin D metabolism
A) Experimental design for Abx treatment and Ctl or +D supplementation. B) Vitamin D,

25D, and 24,25D levels from serum of control (Ctl) and vitamin D supplemented (+D) mice,
before and after 2 wks of Abx. The results are from one representative of 3 independent
experiments. Values are the mean + SEM of n=4 mice per group. 2-way ANOVA with
Bonferroni post-hoc test was used to test significance. C) Water treated D+ mice after 2 and
4 wks of vitamin D supplementation. Values are the mean £ SEM of n=5 mice per group,
mixed sex. Paired t-test was used to test significance. *P<0.05, **P<0.01, ***P<0.001
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Figure 2. Sex effects of +D supplementation and Abx
A) Vitamin D, B) 25D, and C) 24,25D levels from serum of +D male and female mice,

before and after Abx treatment. Values are the mean + SEM of a total of n= 8 males or n=5
females, and data from 3 independent experiments. 2-way ANOVA with Bonferroni post-hoc
test was used to test significance. *P<0.05, **P<0.01, ***P<0.001
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Figure 3. The effects of single Abx and direct effects of Abx treatment of GF mice on vitamin D
metabolites

Vitamin D, 25D, 24,25D levels from serum of +D mice, before and after 2 wks of A)
metronidazole (M) or B) vancomycin (V) or C) +D WT GF mice before and after Abx
treatment. Values are the mean £ SEM of n=8 mice per group, 4 males and 4 females (A and
B) or (C) n=12 mice per group, n=9 males and n=3 females. C is the pooled data from two
independent experiments. Paired t-test was used to test significance. *P<0.05, **P<0.01,
***P<(,001
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Figure 4. The VDR is necessary for Abx-induced production of 24,25D
A) Vitamin D, B) 25D and C) 24,25D levels from serum of WT and VDR KO mice. Values

are the mean + SEM of n=11-14 mice per group, 15 males and 10 females, and 2 pooled
independent experiments. D) 24,25D levels from serum of WT and Rag KO. Values are the
mean £ SEM of n=5 mice per group, 4 males and 6 females. E) 24,25D levels from serum of
WT/WT and WT/VDR KO. Values are the mean = SEM of n=4 recipient male mice per
group. 2-way ANOVA with Bonferroni post-hoc test was used to test significance. *P<0.05,
**P<0.01, ***P<0.001
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Figure 5. WT levels of 24,25D in Cyp27B1 KO mice following Abx treatment
A) 25D and 24,25D levels from Cyp27B1 KO and WT mice. Values are the mean = SEM of

n=12-14 mice per group, 16 males and 10 females combined from 3 independent
experiments. B) 25D and 24,25D levels from +D WT and MyD88 KO mice. Values are the
mean + SEM of n=5-6 mice per group, 5 males and 6 females. 2-way ANOVA with
Bonferroni post-hoc test was used to test significance. *P<0.05, **P<0.01, ***P<0.001
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Figure 6. Abx treatments affect PTH, FGF23, and TNF-a but not serum calcium
A) Ca levels in WT mice after Abx treatment B) PTH and FGF23 levels from WT, Cyp27B1

KO and VDR KO mice. Values are the mean + SEM of h=5-10 mice per group and data
from 2 independent experiments. C) Expression of inf-a, il-1B, il-6, and ifn-y in the colon,
n=5-8 per group, and data from 2 independent experiments. Student’s t-test was used to test
significance. *P<0.05, **P<0.01, ***P<0.001
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Figure 7. Abx mediated effects on 25D and 24,25D occur rapidly
A) 25D, 24,25D and FGF23 levels from +D mice after dO, d3, d7, and d14 of Abx treatment.

B) Inflammation and cumulative histology scores of distal colons from mice d0, d3, d7, and
d14 after Abx treatment. Values are the mean + SEM of n=3 females per time point.
Kruskal-Wallis test with Dunn’s multiple comparisons test was used to test significance.
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Table 1
The effects of Abx on 24,25D and 25D occur via different pathways.

Genotype | Metabolite/Hormone | Effect of Abx
WT Vitamin D variable
25D 1
24,25D T
PTH -
FGF23 T
Cyp27B1 KO Vitamin D -
25D |
24,25D -
PTH |
FGF23 1
VDR KO Vitamin D 1
25D 1
24,25D -
PTH 1
FGF23 -

Change in vitamin D; 25D; 24,25D; FGF23, and PTH in response to Abx. T indicates increased, ¢ indicates decreased, — indicates no significant
change from water.

1duosnuey Joyiny

1duosnuen Joyiny

J Nutr Biochem. Author manuscript; available in PMC 2019 June 01.



	Abstract
	1. Introduction
	2. MATERIALS AND METHODS
	2.1. Mice
	2.2. Sample preparation for LC-MS/MS
	2.3. LC-MS/MS
	2.4. Bone marrow (BM) transplantation
	2.5. Serum calcium measurements
	2.6. ELISA
	2.7. RNA isolation and RT-PCR
	2.8. Colon histology
	2.9. Statistical analysis

	3. RESULTS
	3.1 Abx treatments induced vitamin D metabolism
	3.2 The effects of single Abx and direct effects of Abx treatment of GF mice on vitamin D metabolites
	3.3 The VDR is necessary for Abx-induced production of 24,25D
	3.4 WT levels of 24,25D in Cyp27B1 KO mice following Abx treatment
	3.5 Microbial regulation of 25D but not 24,25D following Abx treatment
	3.6 Abx treatments affect PTH, FGF23 and TNF-α but not serum calcium
	3.7 Abx mediated effects on 25D and 24,25D occur rapidly

	4. DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

