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ABSTRACT
Background: Vitamin B-12 deficiency is widespread in many
parts of the world, affecting all age groups and increasing with
age. It is primarily due to a low intake of animal source foods or
malabsorption. The measurement of bioavailability of vitamin B-12
is etiologically important in deficiency but is limited due to the use
of radioactive isotopes like [57Co]- or [14C]-cyanocobalamin.
Objectives: The aim of this study was to measure the bioavailability
of [13C]-cyanocobalamin in humans and to assess the effect of
parenteral replenishment of vitamin B-12 on the bioavailability.
Methods: We synthesized a stable isotope-labeled vitamin B-
12, [13C]-cyanocobalamin, using Salmonella enterica by providing
[13C2]-ethanolamine as a sole carbon source. After purification and
mass spectrometry–based characterization, its oral bioavailability
was measured in the fasted state with high and low oral doses, before
and after parenteral replenishment of vitamin B-12 stores, from the
kinetics of its plasma appearance in a 2-compartment model.
Results: [13C]-cyanocobalamin was completely decyanated to [13C]-
methylcobalamin describing metabolic utilization, and its plasma
appearance showed early and late absorption phases. At a low dose
of 2.3 μg, the mean bioavailability was 46.2 ± 12.8 (%, mean ± SD,
n = 11). At a higher dose of 18.3 μg, the mean bioavailability was
7.6 ± 1.7 (%, mean ± SD, n = 4). Parenteral replenishment of the
vitamin B-12 store in deficient individuals prior to the measurement
resulted in a 1.9-fold increase in bioavailability.
Conclusions: Vitamin B-12 bioavailability is dose dependent and at
a low dose that approximates the normal daily requirement (46%).
The stable isotope method described here could be used to define
the etiology of deficiency and to inform the dietary requirement
in different physiologic states as well as the dose required
for supplementation and food fortification. This trial was registered
at the Clinical Trials Registry of India as CTRI/2018/04/012957.
Am J Clin Nutr 2020;112:1504–1515.
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Introduction
The measurement of vitamin B-12 absorption by the Schilling

test (1, 2), using an oral dose of [57Co]-cyanocobalamin, is
difficult to perform in healthy subjects today due to restrictions
on the general use of radioisotopes. Measuring vitamin B-
12 bioavailability is particularly important in many countries,
including India, where vitamin B-12 intake is low (3) with
respect to the suggested daily requirement of 2.4 to 4 μg/d (4),
leading to widespread deficiency in the population, including
pregnant women (5, 6). Helicobacter pylori infection (7) and
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the widespread use of drugs such as proton-pump inhibitors
and metformin also increase the risk of deficiency (8). The
elderly are also at high risk of developing B-12 deficiency due
to malabsorption of food-bound cobalamin caused by atrophic
gastritis (9, 10). Oral vitamin B-12 supplementation shows
a marked interindividual heterogeneity in response, possibly
related to variable bioavailability, which is also dependent on the
gastrointestinal absorption (11). Here, bioavailability refers to the
appearance of intestinally absorbed vitamin B-12 in the plasma
after first pass through the liver and in relation to its distribution
into the body tissue pool and elimination.

The Schilling test uses a 2-stage procedure, where [57Co]-
cyanocobalamin is orally administered followed by a flushing
dose of nonlabeled vitamin B-12 administered intramuscularly,
to force the urinary excretion of the administered radiolabeled
vitamin B-12 in 24 h (1, 2). The egg-yolk cobalamin absorption
test, which is a modification of the Schilling’s test, also
administers [57Co]–vitamin B-12 along with albumin, egg yolk,
or chicken in a similar protocol (12, 13). An alternative is to
use [14C]–vitamin B-12 (cyanocobalamin) (14), which poses
negligible radiation risk to the subject compared with [57Co]
and is performed without a flushing dose of vitamin B-12
and without 24-h urine collection. Although indirect indicative
methods such as the use of plasma holotranscobalamin (HoloTC)
concentration, also known as active B-12, have been developed
to estimate the fractional absorption of vitamin B-12 (15),
there is still no direct, completely safe, nonradioactive method
for determining vitamin B-12 bioavailability. In this study, we
aimed to biosynthesize quantitatively significant amounts of
[13C]-cyanocobalamin from Salmonella enterica, followed by the
measurement of its bioavailability in human subjects at low and
high doses, as well as the influence of the body vitamin B-12 store
on bioavailability.

Methods

Biosynthesis, characterization, and safety of
[13C]-cyanocobalamin

The bacterial strain S. enterica (serovar Typhimurium) strain
TT24733, genotype cbiD24::MudJ was precultured in sterile
Luria-Bertani (LB; HIMEDIA) medium (10 g peptone, 5 g yeast
extract, and 10 g NaCl) and cryopreserved using DMSO (Sigma-
Aldrich). For culture initiation, an aliquot was thawed and 100
μL was added to 5 mL LB medium and incubated for 12 h at
37◦C in a shaker incubator at 250 rpm. After incubation, the
culture was streaked onto sterile LB agar plates and incubated
at 37◦C to obtain single distinct colonies that were further
grown on NCE medium (No Carbon E). The detailed method
for biosynthesis and purification of [13C]-cyanocobalamin is
described in the supplemental methods. Once the synthesized
[13C]-cyanocobalamin was characterized by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), the pilot
cultures were then scaled to larger batch cultures for higher
yields and quantified by semipreparative high-performance liquid
chromatography (LC) (see Supplemental methods for details).
To examine its safety, the purified [13C]-cyanocobalamin was
orally dosed in the morning to Wistar rats (n = 2, 1.2 mg) after
withholding food for 1 night. About 2 h after the dose, normal
feeding was allowed. The rats were observed for their behavior

(posture, activity, and sleep) and any morbidity. They remained
normal and active during the observation period, and no adverse
events were noted up to 3 mo after dosing. This study protocol
was approved by the Institutional Animal Ethical Review Board
of St. John’s Medical College, Bengaluru, India.

Human vitamin B-12 absorption protocols

The bioavailability of [13C]-cyanocobalamin was measured
in healthy adults (aged 20–40 y) with a BMI <25 (in
kg/m2). The CONSORT flowchart demonstrating the subject
recruitment procedure is described in Supplemental Figure 1.
The Institutional Ethical Review Board of St. John’s Medical
College, Bengaluru, India, approved the study protocols, and
written informed consent was obtained from all the subjects
at enrollment. The study was registered at the Clinical Trials
Registry of India as CTRI/2018/04/012957.

At screening, the subjects underwent a full clinical exam-
ination, followed by testing of their complete blood count
(ABX Pentra 60 C+; HORIBA ABX Diagnostics) and plasma
total vitamin B-12 (Siemens Advia XPT immunoassay plat-
form) and active B-12 (HoloTC; Abbott Architect Analyzer)
concentration. Biorad Lyphochek trilevel immunoassay quality
controls were used and inter- and intra-assay CVs were 8.0%
and 5.0%, respectively. The combined measurement of plasma
methylmalonic acid (MMA) and homocysteine (Hcy) concentra-
tions was analyzed by gas chromatography mass spectrometry
(GCMS-SQ, 5975; Agilent Technologies). An aliquot of 200 μL
samples and pooled quality control samples were treated with
dithioerythritol (20 μL; 200 mmol/L) containing a mixture of d8-
homocystine (DL-[3,3,3′,3′,4,4,4′,4′-2H8] and d3-MMA, >98%
purity; Cambridge Isotope Laboratories) as an internal standard
and converted to their N(S)-methoxycarbonyl ethyl esters (16).
The intra-assay CVs were <4% and <2% and interassay CVs
were <6% and <3% for MMA and Hcy, respectively.

Pharmacokinetics of a high oral dose (18.3 μg) of
[13C]-cyanocobalamin.

Healthy young subjects were studied to understand and
characterize [13C]-cyanocobalamin kinetics at a higher dose
(∼10 times) than the daily vitamin B-12 requirement (17, 18).
This was needed for evaluating and selecting an appropriate
compartmental pharmacokinetic model for further use with
lower doses that mimicked the daily requirement. Briefly,
all subjects (n = 4; 2 males, 2 females) reported at the
metabolic ward of St. John’s Medical College at 06:00 on
the experimental day. After their height (Seca) and weight
(Goldtech) were measured, an intravenous catheter (Jelco 22
G; Medex Medical Ltd) was inserted into the antecubital vein.
A baseline blood sample was collected, following which the
subjects were orally administered with a [13C]-cyanocobalamin
(18.3 μg) dose dissolved in distilled water (2 mL), followed by
a chaser of 100 mL distilled water. The dose was gravimetrically
prepared on a standard weighing scale (Sartorious). The subjects
were allowed to have water ad libitum thereafter, with a
light meal offered between the 6th and 7th h after dosing.
Blood samples were collected hourly through the 12 h after
the dose administration and daily at ∼09:00 thereafter, until
the 5th day after the dose. Blood samples were protected
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from light by collection in aluminum foil–wrapped EDTA-
coated vacutainers (Becton Dickinson) and processed for plasma
separation immediately by centrifugation (5810 R; Eppendorf)
at 2588 g for 10 min at 4◦C and stored in amber vials at
−80◦C.

Pharmacokinetics of a low oral dose (2.3 μg) of
[13C]-cyanocobalamin.

Healthy male subjects (n = 11) were studied for vitamin B-
12 bioavailability at the daily requirement dose by administering
[13C]-cyanocobalamin at around the recommended dietary intake
of 2.5 μg (17). One of the subjects from the high-dose experiment
took part in this experiment as well; the 2 tests in this subject
were separated by more than 2 mo. A baseline blood sample
was collected at the beginning of the experiment and subjects
were orally administered with a [13C]-cyanocobalamin (2.3 μg)
dose along with distilled water. The subjects were allowed to
have water ad libitum thereafter, with a light meal offered
between the 6th and 7th h after dosing. The experimental
protocol was similar to the high-dose pharmacokinetics study
as described above, except that in this experiment, the subjects
were studied for only 12 h with hourly blood collection.
This time frame was selected because the earlier high-dose
experiment showed that the peak maxima was at about 5–8 h,
followed by a decline in the next few hours, which plateaued
over the next few days. From the viewpoint of a practical
human bioavailability study, it was deemed to be adequate
for the purpose of measuring bioavailability from a single
dose.

Pharmacokinetics of a low oral dose (2.3 μg) of
[13C]-cyanocobalamin after replenishing vitamin B-12 stores
in subjects with low vitamin B-12 status.

Since the elimination of absorbed vitamin B-12 from the
plasma includes transfer into tissue pools, an increase in this
transfer parameter in vitamin B-12–deficient subjects (with lower
tissue pool size) could result in an apparently low bioavailability
as judged from the pharmacokinetic model. Therefore, repeat
measurements were made in 3 subjects from the low oral dose
experiment who had apparently low vitamin B-12 status as
shown by their plasma active B-12 (HoloTC) concentrations
(<30 pmol/L). Here, [13C]-cyanocobalamin bioavailability was
reassessed after the replenishment of their body vitamin B-12
status by the intramuscular injection of 1 mg hydroxocobalamin
(Trineurosol-Hp; Zen Pharma Pvt Ltd). The reassessment of
bioavailability of [13C]-cyanocobalamin was performed within
2 wk of this replenishment. All other experimental procedures
were similar to those described earlier.

Sample preparation and high-resolution accurate mass
analysis for quantitative profiling of cyano-, methyl-,
hydroxo-, and adenosylcobalamin

Plasma samples (1 mL) were spiked with 10 μL internal
standard (IS; methotrexate, 0.20 μmol/L; Sigma-Aldrich) and
vortex mixed for 10 s, followed by acidification by the addition of
175 μL formic acid before deproteinization. A 4-fold of chilled

organic solvent [100% acetonitrile, liquid chromatography mass
spectrometry (LCMS) grade; Honeywell] was added to each
sample, vortexed vigorously, and kept at 4◦C for 10 min, followed
by centrifugation (5810 R; Eppendorf) at 15,294 g for 30 min at
4◦C. Acidified supernatants were dried in a vacuum concentrator
(Labconco) at 30◦C for 7 h. All sample preparation was done in
the dark. Dried samples were reconstituted in 200 μL water, and
analysis was performed on a high-resolution analytical platform
consisting of a Vanquish Flex Binary UHPLC coupled to a mass
spectrometer (Q Exactive, LC-HRAM-MS; Thermo Scientific)
with a heated electrospray ionization (HESI-II) probe. Separation
of the different forms of vitamin B-12 (hydroxo, cyano, ado,
and methyl) was achieved by using a Hypersil Gold aQ column
(100 × 2.1 × 1.9 μm; Thermo Scientific). The mobile phase
was delivered in a reversed-phase gradient elution at 0.3 mL/min,
using water (eluent A) and acetonitrile (eluent B), both containing
0.1% formic acid. The following gradient profile was used: 5%
B at 0–2 min and increased to 50% B in 22 min and then
increased to 98% B at 23 min and held for 2 min and then
decreased to 5% B at 26 min and equilibrated for another 7 min.
The column temperature was maintained at 40◦C, and injection
volume was 50 μL for each of the solvent blanks, standards, and
samples.

The MS was operated in heated-electrospray mode with
positive polarity in a parallel reaction monitoring method,
with normalized collision energy of 35 and 2 microscans at
17,500 resolution with automatic gain control target of 5e4

ions and a maximum ion injection time of 80 ms with the
isolation window set at 4.0 m/z. Source parameters were as
follows: sheath gas flow rate, 40; auxiliary gas flow rate, 10;
spray voltage, 4.0 kV; capillary temperature, 330◦C; heater
temperature, 350◦C; and S-Lens RF level 60. The data were
acquired by using Thermo Scientific Xcalibur software (Version
4.1.31.9). Doubly charged species for cyano-, methyl-, hydroxo-,
and adenosylcobalamin (Figure 1) were used for quantifi-
cation. The precursor (product ions) masses monitored were
678.29098 (147.09164, 912.44135) and 680.29738 (147.09164,
914.44135), 672.80149 (147.09164, 971.47383) and 674.80149
(147.09164, 973.47383), 664.78568 (147.09174, 912.44165) and
666.78568 (147.09174, 914.44165), and 790.33645 (147.09165,
971.47968) and 792.33645 (147.09164, 973.47968) for [12C]-
and [13C]-cobalamin species for cyano-, methyl-, hydroxo- and
adenosylcobalamin, respectively, and 455.17859 (134.06004,
175.07263, 308.12527) for methotrexate. Standard curves were
linear in the range of 50–2000 pmol/L for cyano-, methyl-,
hydroxo-, and adenosylcobalamin (r2 = 0.9979) and repro-
ducibility (CV <8%). The peak-area ratios of the respective
cobalamins to the IS were plotted against their concentrations.
The concentrations of unknown samples were calculated from
the respective regression equations for individual cobalamin
forms. Intra- and interassay CVs were <6% and <8%
respectively.

Mathematical model for bioavailability

We used plasma concentration data from the high-dose experi-
ment to define the structure of the kinetic model since these would
have a high signal-to-noise ratio, and the subjects were followed
up for an adequately long period (days) after the dose. While
cyanocobalamin gets metabolized to other active vitamin B-12
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FIGURE 1 High-resolution accurate mass spectrometry analysis of CN (cyano), Ado (adenosyl), CH3 (methyl), and OH (hydroxo)- vitamin B-12 (singly,
doubly, and triply charged species). The precursor masses at m/z 678.29098 and m/z 680.29738, m/z 672.80149 and m/z 674.80149, m/z 664.78568 and m/z
666.78568, and m/z 790.33645 and m/z 792.33645 for [12C]- and [13C]-cobalamin species of cyano-, methyl-, hydroxo-, and adenosylcobalamin, respectively.

forms (methylcobalamin and adenosylcobalamin) that appear in
the plasma after decyanation (19), only [13C]-methylcobalamin
was observed in the plasma after the administration of oral
[13C]-cyanocobalamin to the subjects. Therefore, we used only
serial plasma [13C]-methylcobalamin concentrations for the
mathematical model.

As vitamin B-12 absorption saturates at doses above 1.5 μg
(20), absorption was modeled as zero-order processes. Visual
inspection of the plasma appearance of [13C]-methylcobalamin
concentrations following an oral administration of a high
dose (18.3 μg) of [13C]-cyanocobalamin revealed complex
and variable concentration-time profiles, characterized by an
early small peak preceding the classically described absorption
peak between 5 and 12 h (14) after the ingestion of dose
(Figure 2A). Therefore, we modeled bioavailability as a function
with 2 independent zero-order components with a time lag
corresponding to the second phase of absorption. A fraction of
the bioavailable dose (F1) was absorbed in a zero-order process
at a constant rate for a time period (Tk01) without any delay,
while the remaining fraction was absorbed after a nonzero lag
time (Tlag2) by another zero-order mechanism over a specific
time duration (Tk02). These 2 phases could be interpreted as
due to classical active absorption in the ileum in the second
phase but also a mix of passive absorption in the upper gut
and a component of early active absorption due to rapid gastric
emptying and small intestinal transit in the first phase. Our model
also assumed a core compartment (pool) by way of the plasma
and a peripheral compartment, which corresponded to tissue
(Figure 2B). The description of the mathematical model used is

described in detail in supplemental methods and Supplemental
Table 1.

Population pharmacokinetic parameters were estimated by
maximum likelihood, using the stochastic approximation ex-
pectation maximization (SAEM) algorithm without any model
approximation (no linearization). The between-subject vari-
abilities (BSVs) for all parameters were estimated assum-
ing a log-normal distribution except for the use of logit
distribution for the fraction of the double absorption (F1)
parameter. A combined proportional and additive model was
used to describe residual variability. Parameter stability and
convergence were evaluated using the Monolix assessment
suite (at default settings) with 5 SAEM parameterizations of
random initial parameter values uniformly drawn from intervals
defined around all the final population estimates. Log-likelihood
estimation was performed by importance sampling, where a
fixed t distribution is assumed with 5 degrees of freedom.
The selection of covariates is described in the supplemental
methods.

Statistical analyses

Data are presented as means and SDs. Pearson correlations
were performed when data were normally distributed; if not,
Spearman correlation was performed to evaluate associations
between the absorption data and indices such as plasma HoloTC
(active B-12), which is considered an indirect measure of
vitamin B-12 absorption (21), as well as other biomarkers
of vitamin B-12 status, such as plasma homocysteine and
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FIGURE 2 Subject-specific [13C]-methylcobalamin concentration-time profiles in a high-dose experiment along with schematic description of the kinetic
model and goodness-of-fit plots. (A) Subject specific [13C]-methylcobalamin concentration-time profiles in healthy subjects after oral administration of a high
dose of [13C]-cyanocobalamin (mean dose = 18.3 μg) that indicates more than 1 absorption phase involving delays. (B) Tissue pool represents body tissue
storage pool. Clearance represents elimination from the plasma pool due to renal excretion or irreversible tissue (cellular) utilization. (1 – F1), the remaining
fraction of the bioavailable dose absorbed by the second zero-order process; F1, fraction of the bioavailable dose absorbed by the first zero-order mechanism;
k, elimination rate constant; k12, distribution rate constant from compartment 1 (plasma) to compartment 2 (peripheral tissue); k21, distribution rate constant
from compartment 2 (peripheral tissue) to compartment 1 (plasma); Tk01, duration of the first zero-order process; Tk02, duration of the second zero-order
process; Tlag2, time delay before the start of the second zero-order absorption process. (C) Visual predictive check plot of the chosen model that describes the
concentration-time profiles of individuals in the high-dose experiment. The 10th, 50th, and 90th empirical percentiles are depicted. Predictions are based on 500
simulations of the data set using the final pharmacokinetic parameter estimates. (D) Scatterplots of the observed concentrations compared with the population
model predictions (left) and the individual model predictions (right).
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FIGURE 3 High-resolution accurate mass spectrometry analysis of the synthesized [13C]-cyanocobalamin showing doubly charged ion at m/z 680.29768
[M + 2H]2+

with the 4-Dalton shift as compared with standard cyanocobalamin.

methylmalonic acid. Correlations of absorption and vitamin B-
12 status (plasma vitamin B-12 and HoloTC concentrations) were
performed for absorption in the low-dose [13C]-cyanocobalamin
and for pooled data from all subjects, including those after
vitamin B-12 replenishment, respectively. A nonlinear mixed-
effect modeling software, Monolix 2019R2 (Lixoft), was used
to perform analyses. P < 0.05 was considered statistically
significant. To develop a simple protocol for clinical testing,
where the blood sampling burden on the subject is reduced
to 1 or 2 postdose samples, the measured bioavailability was
correlated with the plasma [13C]-methylcobalamin concentration
at different time points (5–8 h after the dose) around the
observed peak values. The time points at which the best
correlation of plasma [13C]-methylcobalamin concentration with
bioavailability were observed are reported.

Results

Mass spectrometry characterization of synthesized
[13C]-cyanocobalamin

The large-scale batch cultures yielded ∼30 mg of purified
[13C]-cyanocobalamin, which was stored for further animal
and human experiments. The LC profile and UV absorption
spectrum of synthesized [13C]-cyanocobalamin are provided in
Supplemental Figure 2A and B. The MALDI-MS profile and
structural representation of [13C] incorporation are provided
in Supplemental Figures 3 and 4. High-resolution accurate
mass spectrometry (HRAM) analysis of the pooled large-scale
batch cultures showed a doubly charged ion at m/z 680.29719
[M + 2H]2+ as the most intense peak with the 4-Dalton shift for
[13C]-cyanocobalamin compared with standard cyanocobalamin
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TABLE 1 Anthropometric and biochemical parameters of the subjects in
the high-dose (n = 4; 2 males and 2 females) and low-dose (n = 11; males)
[13C]-cyanocobalamin experiments1

Variable High dose Low dose

Age, y 28.0 ± 4.4 26.8 ± 6.7
Weight, kg 59.1 ± 13.3 67.6 ± 7.8
Height, m 1.7 ± 0.1 1.7 ± 0.1
BMI, kg/m2 21.3 ± 1.4 23.6 ± 2.8
Hb, g/dL 14.2 ± 0.7 14.9 ± 1.2
Vitamin B-12, pmol/L 269.2 ± 211 196.6 ± 56
HoloTC, pmol/L 47.9 ± 53.6 36.8 ± 20.2

1Values are represented as mean ± SD. Hb, hemoglobin; HoloTC,
holotranscobalamin.

(Figure 3), which was chosen for the quantification and
bioavailability estimations. The purity of the synthesized [13C]-
cyanocobalamin was >98%, as computed by the relative mass
distributions of each of the doubly and singly charged [13C]
species to its natural [12C] form.

Human vitamin B-12 bioavailability protocols

Pharmacokinetics of a high oral dose (18.3 μg) of
[13C]-cyanocobalamin.

The anthropometric and biochemical data of the study
participants (n = 4; 2 males and 2 females) are provided in
Table 1. All subjects had a BMI of 18.5–25, and their plasma
vitamin B-12 concentrations were within the reference range
(>150 pmol/L).

All the orally administered [13C]-cyanocobalamin was con-
verted to circulating [13C]-methylcobalamin, as the other forms
(hydroxocobalamin, adenosylcobalamin, and the administered
cyanocobalamin) were undetectable at all sampling points.
Therefore, the serial plasma [13C]-methylcobalamin concentra-
tions were used for developing a population pharmacokinetic
model based on a 2-compartment model with plasma and tissue
pools along with linear elimination from the plasma pool in the
form of renal clearance and irreversible tissue utilization. The
subject-specific appearance of [13C]-methylcobalamin concen-
trations is shown in Figure 2A and Supplemental Figure 5. A
2-phase absorption model involving an early zero-order absorp-
tion process along with a delayed zero-order absorption phase
was used to describe the double-peak phenomenon observed
in the data. A schematic representation of the 2-compartment
model for vitamin B-12 absorption with 2 simultaneous zero-
order absorption processes is represented in Figure 2B. Active
vitamin B-12 (HoloTC) was added as a significant covariate on
the elimination coefficient (k) and the plasma pool to tissue pool
transfer coefficient (k12).

The observed plasma measurements were well predicted
by the chosen model, as revealed by the simulation-based
visual prediction check plot, goodness-of-fit plots, and residual
distribution in Figure 2C, D and Supplemental Figure 6. The
estimated population pharmacokinetic parameters are summa-
rized in Table 2. Low residual variability (additive: 2.22e−16,
proportional: 0.22) was observed, suggesting that most of the
variability is explained by the model. Overall, the parameters
were well estimated with good precision (relative standard error

≤19%), which demonstrated the adequacy of the chosen model
except for 2 parameters, Vapp and k, for which the precision
could not be computed by the tool. Further, low precision was
observed for between-subject variability parameters that could
be attributed to the distinctly high plasma appearance of tracer
in one of the subjects, who had an elevated plasma vitamin B-
12 concentration, thereby introducing a high variability in this
small sample size (n = 4). For the same subject, the model
estimated a 125-fold higher elimination coefficient (k) and a
7-fold lower plasma to tissue pool transfer coefficient (k12) in
comparison to the population estimates. This emphasizes the
strong association reported between tissue distribution of vitamin
B-12 and its baseline concentrations (22). Most of the dose
was absorbed in the first absorption phase (F1 = 62%) over a
period of 7.8 h immediately following dose administration. The
remaining fraction was absorbed between 4.9 and 8.2 h after dose
administration. The bioavailability (f%) of [13C]-cyanocobalamin
at the high dose (18.3 μg) ranged from 6% to 10% with a mean
± SD value of 7.6% ± 1.7% (Table 3).

Pharmacokinetics of a low oral dose (2.3 μg) of
[13C]-cyanocobalamin.

The anthropometric and biochemical characteristics of the
study participants (n = 11, all males, including a repeat mea-
surement of one of the subjects from the high-dose experiment)
are provided in Table 1. The subjects had a BMI ranging from
18.5 to 25 kg/m2 and vitamin B-12 of 104 to 310 pmol/L.
Nine subjects had plasma vitamin B-12 concentrations in the
normal range (>150 pmol/L), whereas 2 had lower vitamin B-
12 (<150 pmol/L) concentrations. The mean plasma HoloTC
concentration in the subjects was 36.8 pmol/L (Table 1). Their
plasma methylmalonic acid and homocysteine concentrations
were 0.75 ± 0.92 and 24.0 ± 30.0 (μmol/L, mean ± SD),
respectively; these were well above the reference range and are
indicative of functional vitamin B-12 deficiency (23). The model
described above (for the high-dose data) was used to fit the low-
dose experimental data. No covariates were added to the model
as none of the variables demonstrated any significant correlation
with any of the random effects. Individual fits, final estimated
parameters, and the goodness-of-fit plots for the low-dose data
have been summarized in Supplemental Figure 7, Table 2, and
Supplemental Figure 8, respectively. There was a reasonable
concordance in the population parameter estimates for Tk01, F1,
and k21 between the 2 dosing regimens. A comparative analysis
highlighted a higher elimination coefficient (k), lower plasma
pool to tissue pool transfer coefficient (k12), and an early initiation
of a longer second absorption phase (Tlag2, Tk02) in the low-dose
experiment, suggesting an association of these pharmacokinetic
parameters with the dosage of oral B-12 supplementation. A
high degree of between-subject variability was estimated for
parameters such as the elimination coefficient (k, 44%), tissue
pool to plasma pool transfer coefficient (k21, 164%), and first-
phase absorption fraction (F1, 171%), suggesting a multifactorial
basis for the large variability in the absorption and appearance
of B-12. A convergence assessment of the model, with high-
and low-dose data, produced satisfactory results with a median
coefficient of variation of 16% and 23%, respectively, for
population parameters estimated from 5 SAEM runs using
random initial parameter values (Supplemental Figures 9–12).
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TABLE 2 Parameter estimates from the mathematical model for the concentration-time profiles from the high-dose (n = 4; 2 males and 2 females) and
low-dose (n = 14; males) [13C]-cyanocobalamin experiment1

High dose Low dose

Parameter Estimate (% RSE) % BSV (% RSE) Estimate (% RSE) % BSV (% RSE)

Tk01, h 7.82 (10.6) 2.3 (148) 7.62 (4.1) 5.36 (62.9)
Tk02, h 3.34 (11) 3.4 (264) 5.4 (17.6) 35 (44)
F1, % 0.62 (12.1) 31.5 (90.3) 0.578 (26.1) 171 (28.4)
Tlag2, h 4.92 (12.1) 8.4 (228) 3.39 (15.2) 41.4 (26.3)
Vapp, L 31 (NC) 3.5 (NC) 5.47 (23.4) 36.6 (38.7)
k, h−1 0.000352 (NC) 6.3 (214) 0.778 (36.5) 43.8 (59.6)
k12, h−1 4.31 (18.8) 14.1 (93.6) 0.632 (42.7) 31.3 (77.7)
k21, h−1 0.217 (15.8) 11.8 (189) 0.188 (114) 164 (86.8)
beta_k_Active_B-122 0.0377 (9.2) —
beta_k12_Active_B-122 − 0.0156 (16.7) —
Error model parameters (residual variability)

a (additive) 2.22 e−16 2.22 e −16

b (proportional) 0.218 (11.8) 0.241 (9.99)
BIC 161.22 34.84

Dose, μg 18.29 ± 0.90 2.29 ± 0.31
Bioavailability, f% 7.6 ± 1.7 53.1 ± 18.1

1n = 14 includes data from the 3 low-dose experiments: initial low-dose experiment (n = 11) and repeat measurement on (n = 3) subjects after B-12
replenishment. BIC, Bayesian information criterion; BSV, between-subject variability; F1, fraction of the bioavailable dose absorbed by the first zero-order
mechanism; k, elimination rate constant; k12, distribution rate constant from compartment 1 (plasma) to compartment 2 (peripheral tissues); k21, distribution
rate constant from compartment 2 (peripheral tissues) to compartment 1 (plasma); NC, not computed; RSE, relative standard error; Tk01, duration of the first
zero-order process; Tk02, duration of the second zero-order process; Tlag2, time delay before the start of the second zero-order absorption process; Vapp,
apparent volume of distribution.

2Covariates (active B-12; holotranscobalamin concentrations) were added only for the model describing high-dose data.

The low-dose kinetic model parameters showed that the
bioavailability in healthy male subjects (n = 11) with low
to normal vitamin B-12 status ranged from 33.9% to 79%,
with a mean ± SD value of 46.2% ± 13% and CV of
28% (Table 4). The total plasma vitamin B-12 concentrations
(measured by chemiluminescence) correlated significantly with
baseline plasma unlabeled methylcobalamin (measured by mass
spectrometry) concentrations (n = 11, r = 0.86, P = 0.0007) and
negatively correlated with plasma methylmalonic acid (n = 11,
r = −0.66, P = 0.027) and homocysteine concentrations (n = 11,
r = −0.61, P = 0.046). No significant correlations of plasma
vitamin B-12 concentration with plasma HoloTC concentration
or with vitamin B-12 bioavailability were observed.

Pharmacokinetics of a low oral dose (2.3 μg) of
[13C]-cyanocobalamin after replenishment of stores in
subjects with low vitamin B-12 status.

The pharmacokinetics of a low dose (2.3 μg) of [13C]-
cyanocobalamin in male subjects (n = 3; this was a repeat
measurement for these subjects from the low-dose experiment)
with low plasma HoloTC concentrations were studied after
replenishing their body vitamin B-12 stores (2 wk after a
single intramuscular injection of 1 mg hydroxocobalamin).
Individual fits for the final model describing the absorption profile
of subjects before and after replenishing their body vitamin
B-12 stores are provided in Supplemental Figure 13. The
replenishment of B-12 stores resulted in an improved percent
(%) bioavailability (from 40.3 ± 5.6 to 78.4 ± 9.9, mean ± SD;
Supplemental Table 2). This was driven by a mean 13%
reduction in the plasma pool to tissue pool transfer coefficient

(k12), a 31% reduction in the elimination coefficient (k) from
the plasma pool, and a 5.4-fold increase in the tissue pool to
plasma pool transfer coefficient (k21). Thus, the mean fractional
bioavailability increased 1.9-fold after replenishing body B-
12 stores. The plasma HoloTC concentration also increased
significantly [5-fold; from 16.6 ± 10.8 to 87.3 ± 15.5 (pmol/L,
mean ± SD)] 2 wk after the intramuscular hydroxocobalamin
injection.

Development of a potential clinical test for absorption.

Toward the development of a safe clinical diagnostic tool for
bioavailability with minimal blood sampling, the bioavailability
values were significantly and positively correlated with the
plasma concentration of [13C]-methylcobalamin at 5, 6, and 7 h
after the dose (n = 14; ρ = 0.88, 0.64, and 0.69; P < 0.013)
administration. Therefore, these time points (between 5 and 7 h
after the dose) can be considered a sampling window to define
an index of bioavailability when considering this test as a clinical
diagnostic tool.

Discussion
A stable isotope-based measurement of vitamin B-12 bioavail-

ability has not been reported until now. Using Salmonella
typhimurium and [13C]-ethanolamine as a carbon substrate, we
biosynthesized a novel, stable isotope-labeled vitamin B-12,
[13C]-cyanocobalamin, and characterized its chemical integrity
and [13C]-incorporation before measuring its oral bioavailability
in adult humans. This measurement was also made after the acute
replenishment of stores in deficient subjects. With a mean oral
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dose of 2.3 μg, which approximates the daily requirement, the
average bioavailability was ∼50%, similar to previous estimates
of 60%, using crystalline [58Co]-cyanocobalamin (24–27). This
was also concordant with the bioavailability reported from foods
such as [14C]–vitamin B-12 fortified bread (28) and meat-
based foods (27). With a higher dose of 18.3 μg, the mean
bioavailability was lower at 7.6%, confirming the saturation
of intestinal absorption mechanisms, in agreement with earlier
observations (29, 30). This is underscored by the similar total
bioavailable dose from the low-dose (1.3 ± 0.4 μg) and high-dose
(1.4 ± 0.4 μg) protocols, which fall within the reported maximum
absorptive capacity of 1.5–2.0 μg vitamin B-12 per meal (20).
Currently, for defining the dietary requirement, vitamin B-12
bioavailability is assumed to be 40–50% for healthy adults with
a normal gut, based on labeled vitamin B-12 studies from foods
(11, 24, 27, 31–34). It is possible that at a very low vitamin B-12
intake, the bioavailability could be higher, but this is unlikely,
since the bioavailability at doses of 0.8 to 2.6 μg has also
been measured to be ∼50–55% (28, 35). The assessment of
bioavailability is also useful for defining the dose and route of
administration of supplements in malabsorption-related vitamin
B-12 deficiency (36) and for the evaluation of vitamin B-12
fortification concentrations.

The interindividual variability in bioavailability at low dose
(CV 28%, resulting in a >2-fold difference between the minima
and maxima) is important both for setting a dietary intake
requirement and when considering the widespread deficiency of
vitamin B-12. In part, this variability could be due to the effect of
the existing vitamin B-12 in the body tissue pool, which affects
the exchange of absorbed tracer between the plasma and tissue
pools, as shown by the large variation in the transfer coefficients
(k12 and k21) and the elimination coefficient (k). The smaller
the tissue pool, the greater the transfer of the absorbed tracer,
resulting in a lower bioavailability estimate. This was borne
out by the 1.9-fold increase in bioavailability after parenteral
replenishment with 1 mg hydroxocobalamin in low vitamin B-12
status subjects, along with an anticipated decreased movement
of tracer from the plasma to the tissue pool, increased tracer
transfer into the plasma pool from the tissues, and a decrease in
tracer elimination (k) from the plasma pool, possibly because of
a lower need for (irreversible) tissue utilization. However, other
factors like genetic variants could also be responsible for the high
variability, since these are also known to influence vitamin B-12
bioavailability by altering the function of key proteins that are
involved in either intestinal absorption or later transport, such
as the fucosyltransferase (FUT2 and FUT6), which is associated
with susceptibility to Helicobacter pylori infections in the gut,
B-12 transporters; haptocorrin and transcobalamin and the
intestinal receptor for the intrinsic factor–vitamin B-12 complex,
cubilin (CUBN) (37).

The kinetics of [13C]-cyanocobalamin were complex and
described by a 2-compartment model. The existing knowledge
about the kinetics of orally administered vitamin B-12 ab-
sorption is limited. Previously, Castelli et al. (38) compared
different oral cyanocobalamin formulations at high doses using
a simplified noncompartmental analysis in healthy subjects. The
results from the present population pharmacokinetics approach
provide significant insights into the absorption kinetics of orally
administered vitamin B-12 in healthy subjects. The vitamin
B-12 absorption process, which involves a carrier-mediated
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transport in the ileum, was explained by a zero-order process
with a constant transfer rate that was dependent on the capacity of
the membrane carriers when provided at a concentration higher
than the absorptive capacity. The plasma appearance of [13C]-
methylcobalamin reached a peak between 5 and 8 h, similar
to that reported earlier in [14C]-labeled vitamin B-12–based
absorption studies in adults and the elderly (14, 28). However,
the plasma appearance showed an earlier but smaller peak,
∼3 h after the dose, and could be possibly due to passive ab-
sorption mechanism rather than by the intrinsic factor–mediated
physiologically active cobalamin absorption mechanism in the
ileum. A similar double-phase phenomenon following oral
administration in fasted subjects has been reported previously
(39). In the present study, using [13C]-cyanocobalamin, the
variation in first phase absorption (F1) was high, possibly due
to variable gastric emptying and small intestinal transit. In the
fasted state, the 2-phase absorption process could be attributed
to cyclical gastric emptying and variable gastrointestinal motility
through the interdigestive migrating motility complex (IMMC)
(40, 41). The pharmacokinetic model estimated the time lag
before the second absorption phase (Tlag2) at 3.4 h in the low-
dose experiment and 4.9 h in the high-dose experiment, which
shows reasonable concordance with the mean IMMC cycling
time in humans (112–230 min, SD: 58–70 min) (42). Water and
dissolved substances are emptied fairly rapidly from the stomach
(∼40 min for 50% emptying) and can reach the cecum in 2–3 h
(43), allowing for a combination of early passive absorption in
the upper gastrointestinal tract (44, 45), along with an early active
absorption from the fairly rapid entry of the water-based dose into
the ileum.

Other noteworthy aspects included the observation that orally
administered [13C]-cyanocobalamin was completely decyanated
to [13C]-methylcobalamin, even with the high dose of 18.3 μg, in
agreement with an earlier report (19). Our findings also suggest
that the splanchnic decyanation is rapid, describing efficient
cellular decyanase activity that enables the metabolic utilization
of oral cyanocobalamin, possibly catalyzed by the cytosolic
chaperone protein MMACHC (methylmalonic aciduria type C
and homocystinuria), including methionine synthase reductase
and novel reductase 1, which are ubiquitously expressed in
most tissues (19, 46). In contrast, the oral administration of
a dose of 27 μg cyanocobalamin per day in split doses has
resulted in a significant plasma appearance of cyanocobalamin in
24 h (47), highlighting the need to ascertain the true decyanation
capacity. There was also a reappearance of tracer, or an increase
in the plasma [13C]-methylcobalamin concentrations, observed
10 h after the dose for most subjects, and could be result of
enterohepatic circulation due to the ingestion of a light meal
7 h after the dose, where gallbladder emptying could result in
secretion of absorbed tracer into the gut for reabsorption (48).

The labeling of the synthesized [13C]-cyanocobalamin was
also noteworthy. S. enterica produces vitamin B-12 through
δ-aminolevulinate (ALA) synthesis by the C4 and C5 pathways,
similar to Escherichia coli (49–51). Two labeled carbons are
conserved until δ-ALA synthesis, resulting in the incorporation
of up to 16 [13C] into vitamin B-12 through the C5 pathway,
whereas in the C4 pathway, due to the loss of 1 [13C] during
the decarboxylation step, eventually the ALA molecule will
contain only 1 [13C], thereby forming a porphobilinogen ring
with 2 [13C] at each carboxylic acid group on the A (CH2COOH)
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and P (CH2CH2COOH) sites of the corrin ring, explaining the
incorporation of up to 7 [13C] in the tracer. The incorporation of
more than a single [13C] is important in tracing the labeled moiety
by HRAM-MS, as different metabolic forms of vitamin B-12 can
give rise to doubly and triply charged species during in-source
ionization.

The need for a safe clinical test of bioavailability has
been highlighted earlier (26) in the investigation of vitamin
B-12 deficiency, and the method described here meets that
requirement. The CobaSorb test, based on an increment in
the plasma HoloTC concentration following oral dosing with
vitamin B-12, is somewhat limited since it cannot be used after
supplementation (52). While the classical Schilling test uses an
orally administered [57Co]-labeled vitamin B-12 followed by
an intramuscular flushing dose of unlabeled vitamin B-12 and
noninvasive but burdensome complete 24-h urine collection, the
[14C]-labeled vitamin B-12 test, labeled at one particular atom
of the dimethylbenzimidazole (DMB) moiety, poses a negligible
radiation risk in comparison to [57Co] and is performed without
a flushing dose of unlabeled vitamin B-12. It also requires very
small volumes (<100 μL) of blood, urine, and fecal collection.
Importantly, the labeling at the DMB moiety has revealed likely
degradation or metabolism of the vitamin B-12 molecule in the
gastrointestinal tract (14), which was not observed using [57Co]-
or [58Co]-cobalamin. It is possible that such degradation would
occur with the present [13C]-cobalamin, but this needs further
evaluation, since the present evaluation was limited by the lack
of urine and fecal collections. As such, the present method uses
a safe stable isotope-labeled vitamin B-12 but needs serial blood
sampling and can provide an index of bioavailability using timed
plasma concentrations of [13C]-methylcobalamin between 5 and
7 h after the dose, and this needs further testing and validation.
The lack of repeated measurements within subjects is a limitation
toward the understanding of intraindividual variability. Further
investigations with distinct instances of malabsorption, along
with the inclusion of urine sampling for a true excretion term,
and the examination of genetic covariates are warranted. Finally,
a protocol for replenishment of vitamin B-12 status in deficient
subjects will help improve the precision of the kinetic model
underlying these bioavailability calculations.
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