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Abstract

Calcitroic acid was isolated and characterized almost four decades ago but little is known about
this important vitamin D metabolite. Four reported synthetic strategies to generate calcitroic acid
are presented that highlight the scientific progress in the field of chemistry directed to vitamin D
analog synthesis. The most recent synthesis described the generation of calcitroic acid with an
overall yield of 12.8% in 13 steps. The endogenous formation of calcitroic acid has been
demonstrated in perfused rat kidney using 24,25,26,27-tetranor-1,23(OH),D3. Although, the
majority of vitamin D metabolism is mediated by 24-hydoxylase (CYP24A1), it is not clear why
the formation of calcitroic acid was not observed in the presence of recombinant CYP24A1
enzyme. Furthermore, it is not known if enzyme la-hydroxylase (CYP27BI) can convert calcioic
acid into calcitroic acid. In addition to the lack of research investigating the endogenous formation
of calcitroic acid the physiological role of calcitroic acid remains unknown. Only a few reports
mentioned the biological activity of calcitroic acid in connection with the vitamin D receptor
(VDR). When administered subcutaneous, calcitroic acid has anthracitic properties and elevates
calcium blood levels when administered i.v.. /n vitro, calcitroic acid at higher concentrations has
been shown to bind VDR and induce gene transcription. However, these studies were not carried
out in cells derived from target organs of calcitroic acid such as kidney, liver, and intestine. We can
conclude that our current knowledge of calcitroic acid is limited and more studies are needed to
identify its physiological role.
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Introduction

Calcitroic acid is a metabolite of vitamin D, which in turn is generated from cholesterol and
sun exposure. Vitamin D research started in the beginning of the last century with the
observation of Steenbock? that irradiated food had antirachitic properties, a revolutionizing
finding during the rickets-plagued industrial age. Although the molecule vitamin D was
rapidly isolated,? it took scientists forty years to understand that metabolism of vitamin D
was essential to generate vitamin D analogs with biologic activity. The work was pioneered
by Kodicek with 7 vivo dosing of 14C-labeled vitamin D,,3 however, the generation and
administration of 3H-labeled vitamin analogs in the 60s led to the identification of vitamin D
analog 25(OH)D3 with significant biological activity,* followed by the most active analog
1,25(0OH),D3.° These discoveries initiated many research programs in the fields of medicine,
biochemistry, physiology, chemistry, and pharmacology; especially once the vitamin D
receptor (VDR) was identified,® and eventually cloned.” VDR is part of superfamily of
nuclear receptors and responsible for the regulations of genes involved in calcium
homeostasis, cell proliferation, and cell differentiation. VDR also regulates the expression of
p450 enzymes such as CYP24A18 and CYP27B1° as part of its ligand autoregulation and
CYP3A410 CYP19A1! and CYP1AIL? as a xenobiotic sensor similar to the pregnane X
receptor (PXR) and constitutive androstane receptor (CAR).13 This article summarizes the
discoveries around the “final” metabolite of vitamin D, calcitroic acid. It also highlights the
biological activities of calcitroic acid, which in the presence of highly potent but short lived
1,25(0OH),D3 has been less studied. This work also demonstrates that after sixty years of
vitamin D metabolism research, scientists are still identifying new metabolites and metabolic
pathways of vitamin D.

Metabolic production of calcitroic acid

In 1965, it was observed that significant radioactivity was present in the aqueous extract of
bile and intestine of 1a-3H-D5 dosed rats, however, none of these radioactive species were
analyzed further.14 With improvement in rat bile duct cannulation, bile was collected for 24
h and separated chromatographically into five fractions including “faction D”, which after
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acid-hydrolysis separated into polar and less polar fractions.1> A glucuronide conjugate of a
vitamin D analog was identified as a major component masking calcitroic acid, however,
separation methods for acidic metabolites such an anion-exchange chromatography and
derivatization with diazomethane were established. Although, researchers repeatedly
reported large amounts of radioactivity for aqueous extract of liver and intestine

from 3H-25(0OH)Dj treated animals, 16 it took another ten years until the first isolation and
eventual naming of calcitroic acid.1” In their study, rats were treated with a combination

of 14C and 3H labeled 1,25(OH),D5 (Figure 1) and after four hours soluble contents of liver
and intestine (with contents) were separated as a chloroform fraction and methanol/water
fraction.

The aqueous layers of both tissues were enriched in 3H over 14C indicating that the side
chain of 1,25(0OH),D3 was shortened during metabolism. Especially fractions of negatively
charged compounds, after diethylaminoethyl cellulose separation (anion exchange), had
significant amounts of radioactivity. 3H-calcitroic acid was isolated as methyl ester after
esterification with diazomethane and characterized by mass spectrometry. Blood contained a
small amount of 3H-calcitroic acid, however, large amounts were found in liver and
especially in intestine plus content.

Thus, the hypothesis that calcitroic acid is part of the enterohepatic circulation was
subsequently confirmed with the identification of 3H-calcitroic acid in the bile duct.18 A
more detailed analysis of tissue distribution of calcitroic acid using the techniques stated
above using bolus administration of 1,25(0OH),-[3a.-3H]D3 demonstrated a more complex
metabolism.19 First, other acidic metabolites were found that were suggested to be polar
calcitroic acid conjugates and second, calcitroic acid was found in the intestine of bile duct
cannulated rats that suggests endogenous mucosal synthesis of calcitroic acid. In addition,
only up to 50% of the radioactive material could be extracted from dried liver, another
indication of complex metabolite formation.

As pointed out above, the organ chloroform extracts received more attention and enabled
researchers to identify one of the most pronounced pathways for vitamin D metabolism that
eventually generates calcitroic acid. The first evidence of 24-hydroxylation of vitamin D was
found in blood of [1,2-3H]Ds-treated chicks, with the product initially believed to be
21,25(0H),D3,20 but later identified as 24,25(0H),D5 in chick kidney homogenates.?! It
was further discovered that 1,25(0OH),D3 increases the production of 24,25(0H),D3,
suggesting for the first time an upregulation of 24-hydoxylase (CYP24A1) by
1,25(0H),D3.22 CYP24A1 was first identified in chick kidney.23 Further characterization of
the purified enzyme found in kidney mitochondria was accomplished by several groups24: 25
and eventual lead to cloning and expression of mitochondrial kidney CYP24A1.25 In the
meantime, several new vitamin D metabolites were identified /n vivo or perfused rat kidney
including 24,25,26,27-tetranor-23(OH)D3%’ and 24,25,26,27-tetranor-1,23(0OH),D3 the
most likely precursors for calcitroic acid (Scheme 1).28

The conversion of 24,25,26,27-tetranor-1,23(OH),D3 into calcitroic acid was reported by
two groups during the same year using perfused rat kidney.2%: 30 In addition, it was shown
that cultured bone cells mediated the same metabolism in addition to the earlier reported
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conversion of 25-(OH)Dj3 to 24,25-(0H),D3 31 Thus, the expression of CYP24A1 is not
limited to kidney. Analysis of recombinant human CYP24A1 confirmed that a single P450
enzyme catalyzed the six-step pathway from 1,25(0H),Dj5 to calcitroic acid.32 In addition is
was demonstrated that CYP24A1 also mediated the alternative C23 hydroxylation pathway,
a four-step monooxygenation from 25-(OH)D3 to 25(0OH)D3-26,23-lactone, which
interestingly was not observed for rat CYP24A1.33 Human recombinant CYP24A1 was also
able to catalyze the conversion of 25-(OH)Ds to 24,25,26,27-tetranor-23(OH)D3,3* however
complete oxidation to calcioic acid was only observed in perfused rat kidney.3® In addition,
calcitroic acid was found in perfused kidney when treated with supplement-derived
1,25(0H),D,38, although CYP24A1 seemed not to be the only enzyme involved in this
process.3” Calcitroic acid was also identified in the bile of rats treated with 1,25(0H),D .38
Finally, a novel metabolism pathway of 1,25(OH),D3 that includes the formation of
epi-1,25(0H),D3 has shown the formation of epi-calcitroic acid with the 3p-OH
configuration.3°

Vitamin D analogs bearing a a1l hydroxyl functionality like 1,25(OH),D3 bind more
strongly to VDR compared to their non 1a-hydroxylated counterpart (25-(OH)D3) and are
therefore biologically more active at the same concentration. The identification, purification,
and characterization of the responsible enzyme 25-hydroxyvitamin D3z 1a-hydroxylase
(CYP27B1I) has been ongoing for five decades.*0 Similar to CYP24A1, CYP27B1
expression is not limited to kidney mitochondria. Only recently it was shown that CYP27B1
is able to convert most vitamin D metabolites of the 24-hydroxylation pathway to their
corresponding 1a hydroxyl products, however, 24,25,26,27-tetranor-23(OH)D3 and calcioic
acid have not been investigated yet.

Synthesis of calcitroic acid

The identification of physiological metabolites of vitamin D in the 20th century depended
heavily on the use of radioactive compounds enabling identification of nano- to picomolar
concentrations in combination with chromatography. Structural identification was
demonstrated by co-elution with authentic samples that were isolated and characterized
previously or generated by chemical synthesis. In addition, mass spectrometry enabled
structural conformation of small amounts of material due to specific fragmentation patterns.
The first synthesis of calcitroic acid was reported in 1981 (Scheme 2).42

The acetoxy derivative of Fernholz acid, which is commercially available from Steraloids,
was used as starting material and converted using an Arndt-Eistert reaction to the
corresponding higher carboxy homologue. Allylic bromination and subsequent elimination
installed the diene, which was converted in low yield under photochemical and thermal
conditions to the methyl ester of calcioic acid. 1a-hydroxylation was achieved by
synthesizing a cyclovitamin D derivative followed by allylic oxidation and cycloreversion
with acidic acid. Hydrolysis gave calcitroic acid in an overall yield of 0.09%. The optical
rotation was not given but the corresponding methyl ester co-eluded in HPLC with the
derivatized material isolated from rat livers. Small improvements to this route increased the
overall yield to 0.28%.43. Two years later a new route based on a previous synthesis of
vitamin D analogs was reported with an overall yield of 0.36 % (Scheme 3).44
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The synthesis started with 5,6-dihydroergosterol, which was used to prepare the
corresponding aldehyde. The carbon chain elongation was carried out by a Wittig reaction
followed by demethylation, oxidation, and esterification. A quinone-like structure was
generated by oxidation, a-carbon bromination, and elimination, which was subsequently
isomerized and reduced to the allylic alcohol. The diene and the alcohol was protected,
followed by oxidation and subsequent deprotection. The retro Diels-Alder reaction recreated
the diene and conversion of the ester to the acid enabled a selective reduction of the epoxide
followed by esterification. Finally, the seco-steroid scaffold was produced by light and
subsequent saponification generating calcitroic acid in 0.36% overall yield. Importantly, the
light-induced ring opening reaction reduced significantly the overall yield of both described
methods. During the 80s and 90s many different synthetic strategies were explored to
generate of vitamin D analogs, which led to the availability of many new synthons for their
synthesis.*> The carbon chain elongation using a seco-steroid as starting material to produce
calcitroic acid was introduced in 1990 (Scheme 4).46

The starting material was a seleno acetal, which was generated from the corresponding la-
hydroxy vitamin D aldehyde derivative. Formylation gave a lithio-demethylseleno derivative
as a carbon homologue, which was protected as a hetero Diels-Alder product with sulfur
dioxide followed by radical deselenation induced by light. A retro Diels-Alder reaction was
achieved under mild conditions followed by oxidation and esterification to the
corresponding ester. Photoisomerization installed the natural Z-configuration of methyl ester
of the protected calcitroic acid, which was subsequently deprotected and hydrolyzed to give
calcitroic acid. The reactions described in Scheme 4 achieved high yields, however the route
has many steps if the synthesis of the precursor would be included. Very recently, a synthesis
using commercially available chemicals was reported, that for the first time enabled the
synthesis of gram quantities of calcitroic acid (Scheme 5).4

Originally developed to generated 13C calcitroic acid for metabolic research, this synthesis
used the Inhoffen Lythgoe diol, which was readily synthesized from vitamin D,.48 The
carbon elongation was accomplished by substitution of the tosylate with potassium cyanide,
followed by reduction, oxidation, and esterification. Deprotection and oxidation installed the
ketone to enable a Wittig Horner reaction with a commercially available organophosphine
oxide (ring C synthon). Subsequent deprotection and hydrolysis produced calcitroic acid in
12.8% overall yield.

In vitro and in vivo characterization of calcitroic acid

The affinity of calcitroic acid to VDR was determined initially using 1,25(0OH),-
[26,27-3H]D3 and VDR isolated from the chick intestines.® The ICsq was 2.6 pM and 6.8
UM for calcitroic acid methyl ester and calcitroic acid, respectively. The 1Csy measured with
250H-[26,27-3H]D5 and vitamin binding protein, which was isolated from rat serum, was
determined to be 10 uM for calcitroic acid. The antirachitic activity, determined by
calcification of the epiphyseal plate of rats maintained for 2 weeks on a low phosphorus diet,
was demonstrated following 7 day (12.5 ng/animal t.i.d.) subcutaneous treatment of
calcitroic acid methyl ester or 7 day (50 ng/animal t.i.d.) treatment with calcitroic acid. In
these studies, under the same treatment regime 5 ng/animal t.i.d. of calcitriol improved

ACS Chem Biol. Author manuscript; available in PMC 2017 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Arnold

Page 6

calcification 3 times greater than the corresponding 50 ng/animal dosing. Serum calcium
levels were elevated in rats fed a low calcium diet for 3 week and administered a single i.v.
dose of 2 pg/animal calcitroic acid and corresponding methyl ester. Calcium transport using
intestinal permeability for calcium was not altered at this dose, although 50 ng i.v. of
calcitriol increased the transport three-fold but also induced hypercalcemia.l® /n vitro
investigations were conducted a decade later using a luciferase assay under control of a
mouse osteopontin vitamin D response element (VDRE) in G-361 melanoma epithelia cells.
At 20 nM, calcitriol acid induced gene transcription significantly more than other 25-hydoxy
vitamin D3 metabolites including the final product of 23-hydroxylation (23S,25R)-1a.,25-
dihydroxyvitamin D3-26,23-lactone.*9 Similar results were observed with a luciferase
transcription assay using a CYP24A1 promoter VDRE.0 However, at 20 nM calcitroic acid
HaCaT cells (immortalized keratinocyte) did not show induction of CYP24A1 mRNA when
incubated for 4h or 24h. Recently, calcitroic acid was shown to support binding of VDR and
coregulator SRC1 (steroid receptor coactivator 1) in a two-hybrid assay with an ECgq of 870
nM.51 Interestingly, calcitroic acid did not inhibit the interaction between calcitriol and VDR
at the concentrations used. Furthermore, calcitroic acid was able to induce upregulation of
CYP24A1in DU145 prostate cancer cells at 7.5 pM after 18 hours. At the same
concentration, CYP24A1 mRNA production in the presence of calcitriol was not altered.

During the almost one hundred years of vitamin D research a tremendous quantity of
knowledge has been accumulated, growing exponentially over the past 50 years. Much of
this knowledge has been summarized in the “vitamin D” book in the editions of 1997, 2005,
2011, and 2016. However, it is obvious there is still much to learn especially regarding the
physiological metabolites of vitamin D and their biological functions. Calcitroic acid is one
of these molecules, which was identified 37 years ago yet we still know very little about it.
One important factor impeding calcitroic acid research has been the unavailability of this
compound. Hopefully, this will be overcome with the recently published new method from
Meyer, et al.#” Even the older synthetic methods might inspire chemists to develop
alternative new syntheses. A great deal of knowledge as gained on the metabolic formation
of calcitroic acid using recombinant enzymes with further detail on their cofactors and
enzyme kinetics. However, it is obvious that a physiologically relevant system such as a
perfused kidney would reflect a more comprehensive metabolic system that gives a more
complete picture, as demonstrated for the metabolism of 25(0H)D3 or 1,25(0H),D,.36
Ultimately, /7 vivo studies will give the best and most relevant picture of the true metabolic
conversion of vitamin D and interestingly these were the experiments conducted by the
pioneers in this field. The /n vivo experiments to identify vitamin D metabolites were carried
out exclusively with radiolabeled vitamin D compounds, however, only a certain part of the
radioactivity was recovered by extraction using chloroform and water/alcohol mixtures. In
addition, the most pronounced and relatively easy to purify metabolites were identified with
the technical and instrumentational limitation of that time. Recent developments in the area
of tandem mass spectrometry has sparked new research into vitamin D metabolite
identification with contributions by Slominski and Tuckey who unraveled a new metabolic
pathway of vitamin D3 mediated by CYP11A1 and new metabolites formed from vitamin D,
in vitro.52: 53 |n addition, matrix-assisted laser desorption/ionization imaging mass
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spectrometry now enables the analysis of metabolites from isolated tissue without
extraction.>*

In vivo metabolism occurs in two phases, which include conjugation such as glucuronidation
and amino acid and glutathione conjugation, as well as acetylation, sulfation, and
methylation. Conjugation occurring in the kidney can lead to urinary excretion, however,
conjugation in the liver can lead to intestinal secretion of conjugated vitamin D metabolites
as bile, where bacteria and intestinal cells can reverse this process. Thus, non-conjugated
vitamin D metabolites can be reabsorbed and further metabolized in the liver. The bile is
very likely to carry the largest quantity of conjugates of vitamin D metabolites, which were
isolated as polar methyl ester fraction and predicted 35 years ago.1® The intestine, liver, and
kidney can be predicted to be exposed to the largest amount of vitamin D metabolites
including calcitroic acid.

Evaluation of the biological function of calcitroic acid is important from a public health
point view. Vitamin D supplements that include vitamin D3 and vitamin D, are consumed by
millions of people all-over the world. Some of the vitamin D is stored in fat tissue and
activated gradually and some is activated directly and metabolized. Not all vitamin D is
converted into 1,25(0OH),D3, but quickly converted into 24,25(0OH),D3 and other
metabolites. Based on what we currently know, most of it will be converted into calcitroic
acid. Thus, millions of people are exposed to significant amounts of calcitroic acid by taking
vitamin D supplements and yet we still know very little about its biological function. In
addition, calcitroic acid is a common metabolite of vitamin D based drugs. For instance,
calcipotriol is converted into calcitroic acid in keratinocytes.?® Furthermore, the vitamin D
analog paricalcitol is clinically approved for secondary hyperparathyroidism and alfacalcidol
is used in Japan to treat osteoporosis. Tacalcitol and calcipotriol are approved to treat
psoriasis. All these drugs are very likely to have a common metabolic product, calcitroic
acid.

Calcitroic acid interacts weakly with VDR and is able to induce gene transcription mediated
by VDR at higher concentrations. The 25(OH)D3 concentration in blood can be as high as
100 nM. When metabolized in the liver and accumulated in bile a concentration of calcitroic
acid with biological activity can be reached. DelL.uca demonstrated antirachitic activity of
calcitroic acid when administrating a continuous low dose. Hypercalcemic effects of
calcitroic acid were observed when a large dose was administered i.v. to rats. In addition,
there might be biological effects of calcitroic acid, which has been attributed solely to
1,25(0OH),D3 when vitamin D was administered. One hypothesis proposed was that water-
soluble metabolites of 25(OH)Dg that are secreted into the intestinal track may protect the
colon from cancer-inducing accumulation of lithocholic acid by upregulation of CYP344.3°
In addition, vitamin D has been shown to be beneficial for treating irritable bowel
syndrome,3® which might be mediated in part by calcitroic acid. In summary, calcitroic acid
is an important vitamin D metabolite with yet unknown physiological functions. However,
current developments in mass spectrometry might enable more sophisticated investigations
to unravel vitamin D metabolism further with an emphasis of /n7 vivo processes and
physiological effects of vitamin D metabolites in different parts of the human body.
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1,25(0H),[26,27714CID5 1,25(0H)5[3-3HID; 3H-calcitroic acid

Figure 1.
In vivo experiment to identify metabolic products from 1,25(OH),D3. The enrichment

of 3H-labeled material in organ extracts indicated a modification of the side chain of
1,25(0OH),Ds.
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Scheme 1.
Metabolism of vitamin D analogs to calcitroic acid.
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Scheme 2.
First synthesis of calcitroic acid starting from a cholesterol precursor.
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Scheme 3.
Synthesis of calcitroic acid using a provitamin D precursor.

ACS Chem Biol. Author manuscript; available in PMC 2017 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yu and Arnold Page 16

SeCH; SeCHs
H
SECH3
1.BulLi 1.50,
2.DMF 5
86% 2.BusSnH
hv
80%
TBSO ™"

1. hv, PhMe
2.aq. HF, MeCN

65%

KOH, EtOH

-

95%

HO™" OH HO™ OH TBSO °

Scheme 4.
Synthesis of calcitroic acid from seco-steroid precursor.
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Scheme 5.
Synthesis of calcitroic acid starting from vitamin D, and ring C synthon. Both compounds

are commercially available. The overall yield is 12.8 % using 13 steps.
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