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Abstract

Cog-4-ethylphenyl-cob(lll) alamin (EtPhCbl) is an organometallic analogue of vitamin B;, (CNCbl) which binds to
transcobalamin (TC), a plasma protein that facilitates the cellular uptake of cobalamin (Cbl). In vitro assays with key
enzymes do not convert EtPhCbl to the active coenzyme forms of Cbl suggesting that administration of EtPhCbl may
cause cellular Cbl deficiency. Here, we investigate the in vivo effect of EtPhCbl in mice and its ability, if any, to induce
Cbl deficiency. We show that EtPhCbl binds to mouse TC and we examined mice that received 3.5 nmol/24h
EtPhCbl (n=6), 3.5 nmol/24h CNCbl (n=7) or NaCl (control group) (n=5) through osmotic mini-pumps for four weeks.
We analyzed plasma, urine, liver, spleen, submaxillary glands and spinal cord for Cbl and markers of Cbl deficiency
including methylmalonic acid (MMA) and homocysteine (tHcy). Plasma MMA (mean+SEM) was elevated in animals
treated with EtPhCbl (1.01+0.12 pmol/L) compared to controls (0.30+£0.02 uymol/L) and CNCbI (0.29+0.01 pmol/L)
treated animals. The same pattern was observed for tHcy. Plasma total Cbl concentration was higher in animals
treated with EtPhCbl (128.82+1.87 nmol/L) than in CNCbl treated animals (87.64+0.93 nmol/L). However, the organ
levels of total Cbl were significantly lower in animals treated with EtPhCbl compared to CNCbl treated animals or
controls, notably in the liver (157.07+8.56 pmol/g vs. 603.85+20.02 pmol/g, and 443.09+12.32 pmol/g, respectively).
Differences between the three groups was analysed using one-way ANOVA and, Bonferroni post-hoc test. EtPhCbl
was present in all tissues, except the spinal cord, accounting for 35-90% of total Cbl. In conclusion, treatment with
EtPhCbl induces biochemical evidence of Cbl deficiency. This may in part be caused by a compromised tissue
accumulation of Cbl.
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Introduction

Cobalamins (Cbls) are delivered in several molecular forms
differing by the axial ligand attached to the cobalt atom bound
by the corrin macro ring (Figure 1). In oral vitamin
supplementation, this ligand is a cyanide (vitamin B,,, CNCbl)
or a hydroxy (aquocobalamin, H,OCbl) group. Within the cell,
the various forms of Cbl are reduced by the enzyme
methylmalonic aciduria and homocystinuria type C protein
(CbIC), and, subsequently, 5'-deoxyadenosyl-cobalamin
(AdoCbl) and methylcobalamin (CH ;Cbl) are formed. These
are coenzymes for the two known mammalian Cbl dependent
enzymes. L-methylmalonyl-Coenzyme A (CoA) mutase [EC
5.4.99.2] catalyzes the conversion of L-methylmalonyl-CoA to
succinyl-CoA, while methionine synthase [EC 2.1.1.13]
catalyzes the conversion of homocysteine (tHcy) to methionine,
which is linked to the simultaneous conversion of N®-
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methyltetrahydrofolate to tetrahydrofolate [1,2]. A Cbl analogue
not reduced by CbIC is expected to inhibit Cbl metabolism
resulting in the symptoms and findings of Cbl deficiency. A
mild, chronic deficiency of Cbl, caused by an impaired uptake
of the vitamin, is quite common in the elderly population.
Severe Cbl deficiency may induce megaloblastic anemia and a
neuropathy known as subacute combined degeneration and,
characterized by irregular demyelination of the white matter
and astrogliosis [3].

Recently, we reported on such a metabolically inert Cbl form,
Cog-4-ethylphenyl-cob(lll) alamin (EtPhCbl) [4]. The upper
ligand of EtPhCbl is resistant to cleavage by CbIC, and,
therefore, EtPhCbl cannot be converted into the active Cbl
coenzyme forms. EtPhCbl binds to the human Cbl transporters,
intrinsic factor and transcobalamin (TC) [4]. Thus, we
hypothesize that large amounts of EtPhCbl are transported into
cells in competition with endogenous Cbl and, when
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Figure 1. Structural formulas of some relevant cobalamins. Left: Active forms of cobalamins. R denotes any of the following
ligands: 5’-deoxyadenosyl (5'-deoxyadenosyl-cobalamin (AdoCbl)); methyl (methylcobalamin (MeCbl)); CN (vitamin B,, (CNCbl)) or
H,O (aquocobalamin (H,OCbl)). Right: Structural formula of Cog-4-ethylphenyl-cob(lll) alamin (EtPhCbl) [3].

doi: 10.1371/journal.pone.0075312.g001

internalized, EtPhCbl inhibits Cbl metabolism leading to a Cbl-
deficient state.

Here, we explore the in vivo effects of four weeks treatment
with EtPhCbl using a mouse model. We report that EtPhCbl is
able to induce a Cbl deficiency and at the same time impair the
cellular internalization of Cbl.

Materials and Methods

Chemicals

Crystalline EtPhCbl was prepared by the authors as
described [4]. In darkness, aqueous solutions of EtPhCbl are
stable at neutral pH (pH 7) and low pH (pH 2) at room
temperature or higher temperatures (100 °C), but such
solutions of EtPhCbl are converted to H,OCbl upon exposure
to bright daylight [4].

TC was derived from extracts of mouse submaxillary gland

5].
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EtPhCbl Binding to mouse TC

The ability of the EtPhCbl to bind mouse TC was analyzed
using a competitive assay [6] (Figure 2). In brief, EtPhCbl (10
nM dissolved in 0.1% phosphate buffered albumin (PBA) (0.1M
phosphate 0.1% bovine albumin (Sigma, Brgndby, Denmark),
pH 8.0) was divided into two portions. One was exposed to
daylight for 24 hrs before the experiment in order to convert
EtPhCbl to H,OCbl. The samples were diluted with PBA to final
concentrations ranging from 0 nM to 4.2 nM, and mixed
with¥[Co]-Cbl (MP Biomedical, Santa Ana, CA) (0.06 nM)
tracer solution prior to addition of the mouse TC (0.6 nM). The
mixture was incubated for 18 hours at 4°C. TC bound Cbl was
harvested in the supernatant after precipitation of free Cbl with
hemoglobin coated charcoal as previously described [6].
Radioactivity was measured in a Wizard Automatic Gamma
Counter (PerkinEImer, Waltham, MA). For comparison, CNCbl
(Sigma) diluted to the same concentrations as EtPhCbl was
also examined.

Due to light sensibility of the EtPhCbl conjugates, the
experiment was carried out in dim light unless otherwise
indicated.
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Figure 2. Binding of Cog-4-ethylphenyl-cob(lll) alamin (EtPhCbl) to mouse TC. Increasing concentration of EtPhCbl (with and
without exposure to light) or vitamin B;, (CNCbl) was incubated with5’[Co]-Cbl and mouse TC. The quantity of bound®[Co]-Cbl was
expressed relative to the amount bound when only5’[Co]-Cbl was present. A logarithmic scale was used on the X axis.

doi: 10.1371/journal.pone.0075312.g002

Animal studies

All animal experiments were carried out in accord with the
animal care license provided and approved by the Danish
National Animal Experiments Inspectorate (provision no
2010/561-1855). Eighteen, age-matched (7 weeks of age),
female mice (strain 129.S6) were divided in three groups: (i)
control mice (n = 5), (ii)) CNCbl-loaded mice (n = 7), and (iii)
EtPhCbl-loaded mice (n = 6). The surgical procedures
employed were essentially as previously described [7]. In brief,
the mice were anesthetized with isoflurane (IsoFlo® Vet,
Abbott Laboratories, Abbott Park, IL), and osmotic minipumps
(Mini-Osmotic Pump Model 2004, Alzet, Cupertino, CA) were
inserted  subcutaneously following the manufacture’s
instruction. Prior to insertion, the pumps were filled with either
(i) 200 pL 0.9% NaCl (control mice), (ii) 0.58 mM CNCbl in 200
pL 0.9% NaCl (CNCbl mice), or (iii) 0.58 mM EtPhCbl in 200pL
0.9% NaCl (EtPhCbl mice) and equilibrated overnight. The
mice were housed in individual cages for three days after
surgery with analgesics administered to the drinking water
(buprenorphine hydrochloride 0.06 mg/ml). All mice were fed
on a standard mouse chow (Altromin maintenance diet for rats
and mice (1324) (19 pmol/g Cbl Altromin, Lage, Germany))
with free access to food and water. The mice were weighed
and their wellbeing was observed just after insertion of the
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pumps (day 0) and on days 5, 12, 19, and 27. The mice were
sacrificed after four weeks of treatment using minipumps.

Urine and blood collection

Twenty-four hour urine samples were collected. The mice
were placed in metabolic cages with free access to water on
the day before insertion of the pumps (day -1) and on days 5,
12, 19, and 27. Prior to urine collection, each mouse received
an intraperitoneal injection of 250 pL 0.9% NaCl to increase
urine output. One pL of 20% Na-azide was added to each urine
collection tube to prevent bacterial growth.

On the day of sacrifice (day 28), mice were anaesthetized
with isoflurane, and blood was collected from the inferior caval
vein. One aliquot (~200 pL) of blood from each mouse was
transferred to a dry EDTA tube for hematological analysis. The
remaining blood was collected in heparinized tubes, and
plasma was prepared by centrifugation at 4,000 G for 8
minutes at room temperature. Urine and plasma were stored at
-20 °C until analyzed.

Due to light sensibility of the EtPhCbl conjugates, the blood
collection and further handling of samples from EtPhCbl mice
were carried out in dim light.
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Organ collection

Immediately after the mice were sacrificed on day 28, liver,
kidney, spleen, submaxillary glands and spinal cord were
collected and snap-frozen in liquid nitrogen. The organs were
stored at =80 °C until further processing. Due to light sensibility
of the EtPhCbl conjugates, the collection and further handling
of samples from EtPhCbl mice were carried out in dim light.

Crude tissue extraction

Crude extracts of aliquots of tissue were prepared in
homogenization buffer (10 mM PIPES pH 7.4 (Sigma), 1 mM
EGTA (Sigma), 3 mM MgCl,, 6H,0 (Merck, Damstadt,
Germany), 400 mM NaCl, 2 tablets per 25 mL buffer of
proteinase inhibitor cocktail, Cat. No. 11697498001, Roche
Diagnostics, Mannheim, Germany) as described previously [5].
Briefly, the tissue was homogenized using a tissue ruptor
(Qiagen, Copenhagen, Denmark) and sonicated (MSE probe
universal) 3 times 10 seconds. The sample was centrifuged for
40 minutes at 20000 G at 4 °C. The supernatant was kept at
-20 °C until analyzed. The tissue-to-buffer ratios were: 231g/L
(kidney); 400g/L (liver), 40 g/L (spinal cord), 40 g/L (spleen),
and 140g/L (submaxillary glands).

Biochemical analysis

Hemoglobin concentration was determined within two hours
after collection using EDTA blood on a Sysmex XE-2100
Automated Hematology System (Sysmex Corporation).

Fifty uL of heparinized plasma from each mouse was sent to
BeVital (http://www.bevital.no/) for analysis of methylmalonic
acid (MMA), tHcy, total cysteine, and methionine levels using
standardized GC-MS methods.

Cbl levels were measured in urine, plasma, and the
supernatant from the crude protein extract (liver, kidney,
submaxillary gland, spleen, spinal cord) using a competitive
electrochemiluminescence immunoassay on a Cobas 6000e
immunoassay system and the analytical kit supplied by the
manufacturer (Roche Diagnostics). When required the samples
were diluted in 0.9% NaCl prior to analysis. The samples from
EtPhCbl mice were exposed to daylight for 24 hrs before
analysis.

Cbl level in urine samples was normalized to the
concentration of creatinine. Creatinine levels were measured
employing an enzymatic assay on a Cobas c311 system using
the analytical kit supplied by the manufacturer (Roche
Diagnostics).

MMA in urine of EtPhCbl mice was measured using LC-
MSMS (1290 LC-system and 6490 MS-detector; Agilent) [8]
and normalized to the concentration of creatinine.

The different forms of Cbl present in organs and plasma of
EtPhCbl mice were determined by HPLC separation followed
by measurement of Cbl in the eluted fractions. Pools of plasma,
kidney, liver, spinal cord, spleen, or submaxillary gland were
prepared by mixing equal amounts of plasma or tissue extracts
from all the mice in the EtPhCbl group. Cbl was extracted from
each sample by acidic denaturation and boiling in the presence
of KCN [9].

The HPLC apparatus (HP 1100, Agilent Technologies) was
fited with a precolumn (SecurityGuard Cartridge,
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Phenomenex) followed by a reversed-phase column (Luna 3u
reversed-phase C18 150 mm x 4.6 mm, Phenomenex), which
was maintained at 20 °C. A gradient of acetonitrile in 10
mmol/L phosphoric acid, pH 5, increasing from 2% to 40% in
20 minutes, and, subsequently, from 40% to 60% in 4 minutes
was applied 4 minutes after injection of 90 uL of samples, with
a flow rate of 1.0 mL/min. Post column fractions were collected
for every 60 seconds between 4 and 25 minutes after injection,
and the eluent in the fractions was lyophilized (Heto-Vac,
Denmark). The Cbl concentration in the post column fractions
was determined using an ELISA-based method employing
human TC [10], and the total amounts of Cbl in each fraction
were calculated and used to measure the peak areas in the
resulting chromatograms. Standard solutions containing 400
pmol/l was employed to determine the retention times for
H,OCDbl (7 min), CNCbl (10 min), AdoCbl (11 min), CH ;Cbl (13
min) (all from Sigma) and EtPhCbl (16 min). The EtPhCbl
solutions collected prior to the experiment as well as from the
minipump at the end of the experiment were also analyzed.
The experiment was carried out in dim light until the Cbl forms
had been separated by HPLC.

Statistical analysis

In Figure 3, the differences between each experimental
group at each time point and the baseline value (time 0) were
compared using unpaired t-test, Welch correction. In Table 1
and Figure 4, for each molecule in each tissue the
homoscedasticity of the variances of the three groups of
animals (NaCl, CNCbl and EtPhCbl mice) was tested using
Bartlett's test showing no statistically significant differences
between variances. Differences in the means for the different
groups was tested using one-way ANOVA followed by
Bonferroni post hoc. The levels of statistical significance are
shown in Table 1 and Figure 4. A P-value of 0.05 or less was
considered statistical significant in all tests.

Results

EtPhCbl binds to mouse TC

EtPhCbl is characterized by its light sensitive upper ligand
(Figure 1) and is converted to H,OCbl upon exposure to light
[4]. We explored the binding of EtPhCbl to mouse TC and
report binding characteristics identical to those of H,OCbl
(EtPhCDbI converted to its aquoform by exposure to light) and
comparable to the binding characteristics of CNCbl (Figure 2).
We conclude that mouse TC - like human TC [4] - recognizes
EtPhCbl as a base-on Cbl.

Urine collection, biochemical analysis and body mass
data

Using our previously established mouse model for
administration of Cbl through osmotic mini-pumps [7], we
analyzed the effects of four weeks of continuous treatment with
EtPhCbl compared to treatment with NaCl or CNCbl. HPLC
analysis of the EtPhCbl solution collected at the beginning and,
from the minipumps, after the treatment period revealed a
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Figure 3. Cbl and MMA levels in mouse urine. Cbl (upper panel) and MMA (lower panel) levels in urine collected before and one
to four weeks after insertion of minipumps delivering NaCl (controls, n=5) or 3.5 nmol/day vitamin B,, (CNCbl, n=7) or Cog-4-
ethylphenyl-cob(lll) alamin (EtPhCbl, n=6). Mean+SEM of Cbl/creatinine (Cbl) levels are shown for all three groups, and mean+SEM
of MMA/creatinine levels are shown for mice treated with EtPhCbl. For both Cbl and MMA level, unpaired t-test, Welch correction,
was employed to compare the difference between each experimental group at each time point and the baseline values (time 0).
p<0,05; "p<0.0001 vs. baseline values of each experimental group. Note that the Y-scale for Cbl is presented in two segments.
crea: creatinine; u: urinary.

doi: 10.1371/journal.pone.0075312.g003
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Table 1. Body weight and Cbl-related parameters in blood
removed from mice treated for 27 days with continuous
delivery of NaCl through osmotic minipumps (control), 3.5
nmol/day CNCbl or 3.5 nmol/day EtPhCbI.

Control (n=5) CNCbl (n=7) EtPhCbl (n=6)
Body weight (g) 18.99+0.47 19.52+0.33 19.30+0.34
Haematological parameters in blood
Hemoglobin concentrations &
9.70£0.10 9.100.10 9.00+0.10

(mmol/L)

Cbl-related biochemical parameters in plasma

Cbl (nmol/L) 32.230.63 87.64+0.93* 128.82+1.87**,1t
MMA (umol/L) 0.30+0.02 0.29+0.01 1.01£0.12** 1t
tHey (umol/L) 7.89+0.56 6.64+0.30 11.63£0.33**, 11
Cysteine (umol/L) 197.91£11.65 200.92+6.66 85.00+5.76
Methionine (umol/L) 70.66+2.01 83.46+2.91* 72.75+3.52

* p<0.05 vs: Control; **p<0.001 vs: Control, T1p< 0.001 vs. CNCbl

Meant SEM is indicated. One way ANOVA and Bonferroni post-hoc test were
employed to compare levels between the groups. For all the parameters, except
body weight and cysteine, ANOVA gave an F value which is statistically significant
with three degrees of freedom. The levels of statistical significance of Bonferroni
test are:

doi: 10.1371/journal.pone.0075312.t001

single peak eluting as EtPhCbl, hence confirming that EtPhCbl
was intact throughout the study (data not shown).

The urinary excretion of Cbl was similar in animals treated
with CNCbl and EtPhCbl. In both groups the excretion was
more than thousand fold higher than in the controls consistent
with an efficient delivery of the analogue (Figure 3). As
expected, we found high levels of plasma Cbl in mice treated
with CNCbl. Surprisingly, plasma Cbl levels were significantly
higher in mice treated with EtPhCbl than in mice treated with
CNCblI (Table 1, Figure 4).

The mice treated with EtPhCbl showed an increase in urinary
MMA excretion after one week of treatment, and after two
weeks of treatment, the level was significantly higher than in
the control mice (Figure 3).

After four weeks of treatment, plasma markers of Cbl
deficiency (MMA and tHcy) were increased in mice treated with
EtPhCbl while unchanged or decreased in mice treated with
CNCbl (Table 1). As previously reported [7], treatment with
CNCbl resulted in an increased level of methionine and no
change in cystein (Table 1). Blood hemoglobin concentrations
were similar in the two treated groups, but; slightly lower than
the level in the control mice (Table 1). We observed no
difference in the body weight (Table 1) or any clinical sign of
toxicity or Cbl deficiency (data not shown).

Tissue levels of Cbl and EtPhCbl

Following four weeks of treatment with CNCbl, we observed
the expected increase in tissue Cbl, levels, although significant
only for kidney, liver and submaxillary gland (Figure 4). In
contrast, mice treated with EtPhCbl revealed Cbil levels in liver
and spleen approximately one third of the level in control
animals and fourfold lower than the level in animals treated

PLOS ONE | www.plosone.org

4-Ethylphenyl-Cobalamin and Cbl Deficiency in Mice

with CNCbl (157.07+8.56 pmol/g vs. 443.09+12.32 pmol/g and
603.85+20.02 pmol/g, respectively, in liver, and 16.90+2.13
pmol/g vs. 64.30+4.35 pmol/g and 74.32+4.87 pmol/g in
spleen). All other organs studied also showed considerably
lower Cbl values in animals treated with EtPhCbl compared to
the group treated with CNCDbl (Figure 4).

Tissue levels of EtPhCbl

To examine if EtPhCbl was able to enter the cells, we
analyzed the molecular form of Cbl in pools of plasma and
organ extracts from animals treated with EtPhCbl (Figure 5).
We observed Cbl forms eluting similarly with CNCbl, AdoCbl
and EtPhCbl, but no reactivity eluted like H,OCbl and CH ,Cbl.
This indicates that acid extraction in the presence of cyanide
converts H,OCbl, and most likely also CH ,Cbl, to CNCbl, while
EtPhCbl and AdoCbl remain intact. As expected, EtPhCbl
accounted for the major part of circulating Cbl in animals
treated with EtPhCbl. In addition, EtPhCbl was present in all
tissues examined except for the spinal cord. The EtPhCbl
fraction of total Cbl was 90% in plasma and kidney, 55% in
submaxillary gland, and around 30% in liver and spleen (Figure
5).

Discussion

Recently, we described a new organometallic form of Cbl,
EtPhCbl, which was inert against the action of the crucial
enzyme CbIC in in vitro enzyme assays, and therefore would
not undergo a later conversion to the biological active AdoCbl
and CH ;Cbl [4]. Here, we report that mice treated with EtPhCbl
for four weeks show signs of an impaired metabolism of Cbl
characterized by tissue depletion of Cbl and an increased level
of the metabolic markers of Cbl deficiency, MMA and tHCy.

The cellular uptake of Cbl is mediated by TC, and only forms
of Cbl recognized by TC can enter the cells using this transport
system. Under physiological conditions the TC transport
system is far from saturated. This has two implications: Firstly
treatment with CNCbl - as well as other forms of Cbl - results in
tissue accumulation of the vitamin [7,11,12]; Secondly the TC
transport system has sufficient capacity for transporting
pharmacological Cbl derivatives into the cells without impairing
the transport of endogenous Cbl. In accord with this, we
recently reported tissue accumulation upon loading mice with
cobinamide [7,12], an inactive form of Cbl recognized by
mouse TC [5].

Since EtPhCbl binds to TC with an affinity comparable to that
of H,OCbl and CNCbI (Figure 2), we expected to see tissue
levels of EtPhCbl comparable to those observed when treating
the animals with the same amounts of CNCbl. Unexpectedly,
this was not the case. After four weeks of treatment with
EtPhCbl, the total Cbl levels were high in plasma and low in the
tissues compared to the mice treated with the same dose of
CNCbl. Currently, we do not know whether the low level of
tissue Cbl represents an impaired uptake or an increased
export of EtPhCbl. Regardless of the mechanism, however, our
observation has implications for the pharmacological use of the
TC transport system. Several attempts have been made in
order to use the TC mediated cellular uptake for carrying e.g.
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doi: 10.1371/journal.pone.0075312.g004

drugs into the cells [13,14]. Our results emphasize that the
success of such an attempt depends not only on the binding of
the Cbl derivative to TC, but also on the transport of the Cbl
derivative into the cells and its ability to remain in the cells.
Furthermore, this must occur without impairing the
accumulation of endogenous Cbl. Our mouse model may prove
very useful in exploring whether TC bound Cbl derivatives are
accumulated in the tissues without impairing the accumulation
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of endogenous Cbl. Such studies are of obvious importance
prior to introducing a new Cbl derivative in the clinical setting.
Interestingly, Cbl depletion upon treatment with EtPhCbl
showed distinct differences between the various tissues
studied. The most severe Cbl depletion was observed in the
liver and the spleen, while the spinal cord was affected only to
a limited degree (Figure 4). In addition, accumulation of
EtPhCbl varied between the tissues. While almost all of the Cbl
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doi: 10.1371/journal.pone.0075312.g005

present in the kidney was EtPhCbl, nothing was observed in
the spinal cord. Our results suggest tissue-specific differences
related to the handling of Cbl. Such differences have previously
been described for the kidney as compared to other tissues.
The kidney has a dual Cbl uptake system. TC is recognized not
only by its receptor, CD320, but, after filtration, also by the
multifunctional receptor, megalin, present on the luminal
membranes of the proximal tubules [15,16]. To our knowledge,
little is known about differences in Cbl handling of the other
organs studied. However, our results imply that the level and
forms of Cbl in the spinal cord is left virtually unchanged
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despite severe alterations in other tissues of mice treated with
EtPhCbl.

We initiated the treatment of mice with EtPhCbl to explore
whether this would lead to a Cbl- deficient state. Our results
show that the Cbl-deficient state is likely to be caused by a
combination of Cbl depletion and tissue accumulation of
EtPhCbl. At the end of the experiment, the mice treated with
EtPhCbl showed an increase in MMA and tHcy of 3.4 and 1.5,
respectively, when compared to control animals. The increase
in MMA and tHcy is considerably higher than observed in other
models of Cbl deficiency such as total gastrectomy [17],
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nutritional deprivation of Cbl [18] or treatment with cobinamide
[7]. At the same time, the increase in MMA is much lower than
in transgenic mice with a none-functioning Ado-Cbl dependent
enzyme. MMA in the knockout mice is up to 500 pl/L at 8
weeks of age [19]. These observations suggest that our model
creates a more profound state of Cbl deficiency than previously
reported models. Simultaneously, our results indicate the
presence of a considerable residual enzyme activity, even in
animals where the total amount of Cbl in the liver is reduced to
one third of that in the control animals and where more than
half of the total Cbl present occurs as EtPhCbl.

In conclusion, we have shown that prolonged treatment of
mice with the new Cbl derivative, EtPhCbl, induces a more
severe Cbl deficiency than previous experimental models
aimed at establishing Cbl deficiency. Surprisingly, Cbl
deficiency was associated with cellular depletion of
endogenous Cbl apparently caused by binding of EtPhCbl to
TC at the expense of endogenous Cbl combined with an
impaired cellular uptake of EtPhCbl. This observation points to

References

1. Banerjee R (1997) The Yin-Yang of cobalamin biochemistry. Chem Biol
4:175-186. doi:10.1016/S1074-5521(97)90286-6. PubMed: 9115408.

2. Gruber K, Puffer B, Krautler B (2011) Vitamin B,,-derivates — enzyme
cofactors and ligands of proteins and nucleic acids. Chem Soc Rev 40:
4346-4363. doi:10.1039/c1cs15118e. PubMed: 21687905.

3. Scalabrino G (2001) Subacute combined degeneration one century
later. The neurotrophic action of cobalamin (vitamin B,,) revisited. J
Neuropathol Exp Neurol 60: 109-120. PubMed: 11272999.

4. Ruetz M, Gherasim C, Gruber K, Fedosov S, Banerjee R et al. (2013)
Access to Organometallic Arylcobaltcorrins through Radical Synthesis:
4-Ethylphenylcobalamin, a Potential "Antivitamin B,,". Angew Chem Int
Ed Engl 52: 2606-2610. doi:10.1002/anie.201209651. PubMed:
23404623.

5. Hygum K, Lildballe DL, Greibe EH, Morkbak AL, Poulsen SS et al.
(2011) Mouse transcobalamin has features resembling both human
transcobalamin and haptocorrin. PLOS ONE 6: €20638. doi:10.1371/
journal.pone.0020638. PubMed: 21655200.

6. Stupperich E, Nexg E (1991) Effect of the cobalt-N coordination on the
cobamide recognition by the human vitamin B12 binding proteins
intrinsic factor, transcobalamin and haptocorrin. Eur J Biochem 199:
299-303. doi:10.1111/j.1432-1033.1991.tb 16124 .x. PubMed: 2070790.

7. Lildballe DL, Mutti E, Birn H, Nexo E (2012) Changes in Vitamin B12
related parameters in mice treated for four weeks with high dose
vitamin B12 or cobinamide. PLOS ONE 7: e46657. doi:10.1371/
journal.pone.0046657. PubMed: 23049711.

8. Lakso HA, Appelblad P, Schneede J (2008) Quantification of
methylmalonic acid in human plasma with hydrophilic interaction liquid
chromatography separation and mass spectrometric detection. Clin
Chem 54: 2028-2035. doi:10.1373/clinchem.2007.101253. PubMed:
18845771.

9. Kolhouse JF, Kondo H, Allen NC, Podell E, Allen RH (1978) Cobalamin
analogues are present in human plasma and can mask cobalamin
deficiency because current radioisotope dilution assays are not specific
for true cobalamin. N Engl J Med 299: 785-792. doi:10.1056/
NEJM197810122991501. PubMed: 357970.

10. Hardlei TF, Nexo E (2009) A new principle for measurement of
cobalamin and corrinoids, used for studies of cobalamin analogs on

PLOS ONE | www.plosone.org

4-Ethylphenyl-Cobalamin and Cbl Deficiency in Mice

the fact that binding of a Cbl derivative to TC does not
necessarily predict cellular accumulation of the derivative. We
suggest the use of animal models, such as ours, in order to
explore the potential pharmacological benefits of new Cbl
derivatives. A clinical useful derivative must enter the cells
without impairing the transport of endogenous Cbl.

Acknowledgements

We acknowledge Jette Fisker Pedersen (Department of Clinical
Biochemistry, Aarhus University Hospital, Denmark) for
excellent technical assistance.

Author Contributions

Conceived and designed the experiments: EM EN BK EB.
Performed the experiments: EM MR. Analyzed the data: EM
EN HB BK MR. Contributed reagents/materials/analysis tools:
EN BK HB. Wrote the manuscript: EM EN BK.

serum haptocorrin. Clin Chem 55: 1002-1010. doi:10.1373/clinchem.
2008.114132. PubMed: 19299543.

11. Birn H, Nex@ E, Christensen El, Nielsen R (2003) Diversity in rat tissue
accumulation of vitamin B,, supports a distinct role for the kidney in
vitamin B12 homeostasis. Nephrol Dial Transplant 18: 1095-1100. doi:
10.1093/ndt/gfg089. PubMed: 12748340.

12. Mutti E, Lildballe DL, Kristensen L, Birn H, Nexo E (2013) Vitamin B,
dependent changes in mouse spinal cord expression of vitamin B12
related proteins and the epidermal growth factor system. Brain Res
1503: 1-6. doi:10.1016/j.brainres.2013.01.050. PubMed: 23399680.

13. Waibel R, Treichler H, Schaefer NG, van Staveren DR, Mundwiler S et
al. (2008) New derivatives of vitamin B12 show preferential targeting of
tumors. Cancer Res 68: 2904-2911. doi:
10.1158/0008-5472.CAN-07-6771. PubMed: 18413759.

14. Chalasani KB, Russell-Jones GJ, Jain AK, Diwan PV, Jain SK (2007)
Effective oral delivery of insulin in animal models using vitamin B12-
coated dextran nanoparticles. J Control Release 122: 141-150. doi:
10.1016/j.jconrel.2007.05.019. PubMed: 17707540.

15. Birn H (2006) The kidney in vitamin B12 and folate homeostasis:
characterization of receptors for tubular uptake of vitamins and carrier
proteins. Am J Physiol Renal Physiol 291: F22-F36. doi:10.1152/
ajprenal.00385.2005. PubMed: 16760376.

16. Kozyraki R, Cases O (2013) Vitamin B12 absorption: Mammalian
physiology and acquired and inherited disorders. Biochimie 95:
1002-1007. doi:10.1016/j.biochi.2012.11.004. PubMed: 23178706.

17. Scalabrino G, Buccellato FR, Tredici G, Morabito A, Lorenzini EC et al.
(1997) Enhanced levels of biochemical markers for cobalamin
deficiency in totally gastrectomized rats: uncoupling of the
enhancement from the severity of spongy vacuolation in spinal cord.
Exp Neurol 144: 258-265. doi:10.1006/exnr.1996.6376. PubMed:
9168827.

18. Mutti E, Veber D, Stampachiacchiere B, Triaca V, Gammella E et al.
(2007) Cobalamin deficiency-induced down-regulation of p75-
immunoreactive cell levels in rat central nervous system. Brain Res
1157: 92-99. doi:10.1016/j.brainres.2007.04.055. PubMed: 17524373.

19. Peters HL, Pitt JJ, Wood LR, Hamilton NJ, Sarsero JP et al. (2012)
Mouse models for methylmalonic aciduria. PLOS ONE 7: e40609. doi:
10.1371/journal.pone.0040609. PubMed: 22792386.

September 2013 | Volume 8 | Issue 9 | 75312


http://dx.doi.org/10.1016/S1074-5521(97)90286-6
http://www.ncbi.nlm.nih.gov/pubmed/9115408
http://dx.doi.org/10.1039/c1cs15118e
http://www.ncbi.nlm.nih.gov/pubmed/21687905
http://www.ncbi.nlm.nih.gov/pubmed/11272999
http://dx.doi.org/10.1002/anie.201209651
http://www.ncbi.nlm.nih.gov/pubmed/23404623
http://dx.doi.org/10.1371/journal.pone.0020638
http://dx.doi.org/10.1371/journal.pone.0020638
http://www.ncbi.nlm.nih.gov/pubmed/21655200
http://dx.doi.org/10.1111/j.1432-1033.1991.tb16124.x
http://www.ncbi.nlm.nih.gov/pubmed/2070790
http://dx.doi.org/10.1371/journal.pone.0046657
http://dx.doi.org/10.1371/journal.pone.0046657
http://www.ncbi.nlm.nih.gov/pubmed/23049711
http://dx.doi.org/10.1373/clinchem.2007.101253
http://www.ncbi.nlm.nih.gov/pubmed/18845771
http://dx.doi.org/10.1056/NEJM197810122991501
http://dx.doi.org/10.1056/NEJM197810122991501
http://www.ncbi.nlm.nih.gov/pubmed/357970
http://dx.doi.org/10.1373/clinchem.2008.114132
http://dx.doi.org/10.1373/clinchem.2008.114132
http://www.ncbi.nlm.nih.gov/pubmed/19299543
http://dx.doi.org/10.1093/ndt/gfg089
http://www.ncbi.nlm.nih.gov/pubmed/12748340
http://dx.doi.org/10.1016/j.brainres.2013.01.050
http://www.ncbi.nlm.nih.gov/pubmed/23399680
http://dx.doi.org/10.1158/0008-5472.CAN-07-6771
http://www.ncbi.nlm.nih.gov/pubmed/18413759
http://dx.doi.org/10.1016/j.jconrel.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17707540
http://dx.doi.org/10.1152/ajprenal.00385.2005
http://dx.doi.org/10.1152/ajprenal.00385.2005
http://www.ncbi.nlm.nih.gov/pubmed/16760376
http://dx.doi.org/10.1016/j.biochi.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23178706
http://dx.doi.org/10.1006/exnr.1996.6376
http://www.ncbi.nlm.nih.gov/pubmed/9168827
http://dx.doi.org/10.1016/j.brainres.2007.04.055
http://www.ncbi.nlm.nih.gov/pubmed/17524373
http://dx.doi.org/10.1371/journal.pone.0040609
http://www.ncbi.nlm.nih.gov/pubmed/22792386

	4-Ethylphenyl-Cobalamin Impairs Tissue Uptake of Vitamin B12 and Causes Vitamin B12 Deficiency in Mice
	Introduction
	Materials and Methods
	Chemicals
	EtPhCbl Binding to mouse TC
	Animal studies
	Urine and blood collection
	Organ collection
	Crude tissue extraction
	Biochemical analysis
	Statistical analysis

	Results
	EtPhCbl binds to mouse TC
	Urine collection, biochemical analysis and body mass data
	Tissue levels of Cbl and EtPhCbl
	Tissue levels of EtPhCbl

	Discussion
	Acknowledgements
	Author Contributions
	References


