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ABSTRACT

Background: Blood-based indicators of biotin status in humans
were shown to be useful tools in several clinical situations, includ-
ing pregnancy. We previously validated the activity of the biotin-
dependent enzyme propionyl-coenzyme A carboxylase (PCC) in
lymphocytes as a sensitive and specific blood-based indicator of
marginal degrees of biotin deficiency. However, the measurement
of PCC activity in population studies presents substantial ana-
lytic challenges. 3-Hydroxyisovaleryl carnitine (3HIA-carnitine) in-
creases in response to the decreased activity of the biotin-dependent
enzyme methylcrotonyl-coenzyme A carboxylase and might reflect
biotin status.

Objective: We sought to determine whether the plasma concentra-
tion of 3HIA-carnitine increases significantly in marginal biotin
deficiency.

Design: We experimentally induced marginal, asymptomatic biotin
deficiency in 10 healthy adults (8 women) by having the subjects
consume undenatured egg white for 28 d; biotin status was then
repleted. Plasma concentrations of 3HIA-carnitine were measured
on days 0, 14, 28, 35, and 50 by liquid chromatography—mass
spectroscopy.

Results: The mean plasma 3HIA-carnitine concentration increased
with depletion (P < 0.0001) and decreased with repletion (P <
0.0001). Plasma 3HIA-carnitine concentrations were greater than
the upper limit of normal concentrations in 7 of 10 subjects by
day 14 and in 9 of 10 subjects by day 28 and decreased to within
normal limits in 9 of 10 subjects by day 50.

Conclusions: These studies provide evidence that 3HIA-carnitine is
an early and sensitive indicator of marginal biotin deficiency. The
ease of sample collection, small sample volume requirement, and
stability of 3HIA-carnitine during storage suggest that plasma
3HIA-carnitine concentration is likely to be a useful indicator of
marginal biotin deficiency for larger population studies. Am J
Clin Nutr 2010;92:1399-405.

INTRODUCTION

Biotin is a water-soluble vitamin that is generally classified in
the B group. Mounting evidence indicates that marginal biotin
deficiency is not rare, which is contrary to previous assumptions.
Studies from our group and others have provided evidence that
marginal biotin deficiency occurs in such disparate clinical cir-
cumstances as pregnancy (1, 2), protein energy malnutrition (3),
and long-term therapy with certain anticonvulsants (4-8). Ac-
cordingly, early and sensitive indicators of biotin status are likely
to be useful (9).
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Biotin is a covalently bound prosthetic group for 5 mammalian
carboxylases. The 5 carboxylases are propionyl-coenzyme A
(CoA) carboxylase [PCC; European Commission number (EC)
6.4.1.3], methylcrotonyl-CoA carboxylase (MCC; EC 6.4.1.4),
pyruvate carboxylase (EC 6.4.1.1), and 2 isoforms of acetyl-CoA
carboxylase (EC 6.4.1.2). Each carboxylase catalyzes an es-
sential step in intermediary metabolism.

In isolated genetic deficiency of MCC (10) and in deficiency of
multiple carboxylases because of holocarboxylase-synthetase de-
ficiency or biotinidase deficiency (11, 12), the plasma concentration
of 3-hydroxyisovaleryl carnitine (3HIA-carnitine) increases, likely
as a consequence of the following metabolic sequence. The reduced
activity of MCC impairs the catalysis of an essential step in the
mitochondrial catabolism of the branched-chain amino acid leu-
cine. This metabolic impairment causes the accumulation of its
substrate 3-methylcrotonyl-CoA and metabolism via an alternate
pathway; enoyl-CoA hydratase converts 3-methylcrotonyl-CoA to
3HIA-CoA (13). One of the 2 mechanisms for further metabolism
of this potentially toxic metabolite is the transfer of the 3HIA
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moiety to carnitine most likely by the enzyme carnitine acetyl-
transferase forming 3HIA-carnitine (14). Acyl carnitines are moved
across the mitochondrial membrane by carnitine-acylcarnitine
translocase, leave the cell, and ultimately appear in plasma and
urine (15).

Because nutritional biotin deficiency also causes MCC de-
ficiency and increased urinary excretion of 3-hydroxyisovaleric
acid (3-HIA) (16, 17), we speculated that the plasma concentration
of 3HIA-carnitine might increase in response to biotin deficiency.
In the current article, we report an assessment of the validity of the
plasma concentration of 3HIA-carnitine as an indicator of marginal
biotin deficiency measured by using a liquid chromatography—
tandem mass spectroscopy (LC-MS/MS) method that was recently
developed by our laboratory (18).

SUBJECTS AND METHODS

The human aspects of this research were approved by the
Institutional Review Board of the University of Arkansas for
Medical Sciences. Written informed consent was obtained from
each subject as part of the ongoing consent process. Specific
details of this study, which was conducted in October 1999-July
2000, including biotin loading and washout, and study depletion
and repletion phases have been published previously (19). Ten
subjects (8 women) completed the study. Subjects ranged in age
from 25 to 78 y and were deemed healthy by physical exami-
nations and health histories. Potential subjects were excluded if
they were consuming a medication known to affect biotin status
and were prescreened for conditions (ie, pregnancy) that could
interfere with biotin metabolism or excretion (eg, chronic renal
disease).

Loading and washout protocol

We observed that marginally deficient individuals can spon-
taneously appear in normal populations, such as pregnant women
(1, 2, 20). We also documented that marginal deficiency can
develop in individuals who chronically receive anticonvulsant
therapy (4-8); accordingly, we speculate that exposure to other
environmental factors might lead to marginal deficiency in
otherwise normal individuals. Consequently, we instituted a
loading-and-washout protocol before inducing deficiency to
ensure biotin sufficiency on day O of the biotin depletion phase
(19).

Subjects consumed a 300-ug biotin supplement (10 times the
recommended daily allowance) (21) daily for 7 d (loading phase)
starting on approximately day — 14 (2 wk before initiating the low-
biotin diet that contained undenatured avidin in egg white). This
biotin supplement was discontinued at day —7; thereafter, subjects
consumed a multivitamin supplement without biotin from days —7
to 28.

Biotin depletion phase

Subjects were admitted on day —1 to the University of Ar-
kansas for Medical Sciences Clinical Research Center (CRC).
The biotin depletion regimen consisted of a dietitian-planned,
low-biotin diet; in addition, an egg-white beverage was con-
sumed. Consumption of this diet commenced on day 0 and
continued for 28 d. Subjects spent evenings and nights in the
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CRC but were free to leave the CRC on weekdays. Lunches with
egg-white drinks were provided for these meals.

Biotin repletion phase

On day 28, subjects were randomly assigned to an immediate
supplement group (n = 5) and a late supplement group (n = 5).
The immediate supplement group resumed a self-selected,
mixed general diet on day 28 and consumed a 30-ug biotin
supplement daily from days 28 to 50. The late supplement group
resumed a self-selected mixed general diet at day 28 but con-
sumed the biotin supplement only from days 35 to 50. We
sought preliminary insight into the effect of resuming a normal
diet alone compared with starting the biotin supplement im-
mediately; after 1 wk, we started supplementing both groups to
substantially replete all subjects before being discharged from
the study.

Blood sample collection

Peripheral venous blood was collected in a heparinized syringe
on days 0, 14, 28, 35, and 50 as previously described (22).
Peripheral blood mononuclear cells were obtained from whole
blood by density gradient centrifugation and stored at —80°C as
previously described (22).

Determination of lymphocyte PCC activity

PCC activity in peripheral blood lymphocytes is the best
established indicator of marginal biotin deficiency in humans
(23). In rats, lymphocyte PCC activity decreases in parallel with
hepatic biotin and hepatic PCC activity (24), and in mice, hepatic
PCC activity decreases in parallel with hepatic MCC activity in
the biotin-deficient mouse dam and biotin-deficient mouse fetus
(25, 26). PCC activities were measured by '*CO, incorporation
as previously described (22). Activities were normalized by
lymphocyte protein content and measured in triplicate for each
sample.

Determination of urinary 3-HIA concentrations

Urinary 3-HIA concentrations were measured by gas
chromatography—-tandem mass spectroscopy as described pre-
viously (16). In the current study, excretion is presented as
normalized by urinary concentration of creatinine rather than as
excretion rates because the determination of urinary indicators in
untimed urine samples is more practical in population studies. We
previously observed that excretion normalized by creatinine is
approximately as sensitive as the excretion rate (16), and ex-
cretion rate data are available (from DMM) upon request.

Determination of plasma 3HIA-carnitine concentrations

Plasma 3HIA-carnitine was extracted from 100 uL plasma by
solid-phase extraction and measured by LC-MS/MS as pre-
viously described (18). Briefly, 3HIA-carnitine was extracted
from plasma with Strata X-CW solid-phase extraction car-
tridges (Phenomenex, Torrance, CA). Separations were performed
with an Agilent Series 1200 quaternary liquid chromatography
system (Agilent Technologies, Santa Clara, CA). Quantitation
was performed with an authentic deuterated internal standard
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(D3-3HIA-carnitine, >98%; Cambridge Isotope Laboratories,
Andover, MA) with an Applied Biosystems API-4000 Q TRAP
tandem mass spectrometer (Applied Biosystems, Carlsbad, CA).
Appropriate analytic calibration and quality-control standards
were prepared and run with study plasma samples. Plasma
concentrations of 3HIA-carnitine were reported in micromoles
per liter.

Statistical analyses

Differences in mean lymphocyte PCC activities, urinary 3-HIA
excretion, and plasma 3HIA-carnitine concentrations during the
depletion phase of the study (days 0, 14, and 28) were tested for
significance by one-factor analysis of variance with repeated
measures. When significance was detected (P < 0.05), Dunnett’s
post hoc test was used to test for the significance of increases
relative to day 0. Differences in group mean plasma 3HIA-
carnitine concentrations during the repletion phase of the study
(days 28, 35, and 50) were tested for significance by 2-factor
analysis of variance with repeated measures and Dunnett’s post
hoc test relative to day 28.

To mathematically model relations between various indica-
tors of biotin deficiency, mixed-effects regression models were
used. The logarithmically transformed plasma 3HIA-carnitine
concentration was modeled as a function of transformed lym-
phocyte PCC by using a mixed-effects regression model. The
specific model, termed a random coefficient model, assumed
that the regression model for each subject was a random deviate
from some overall regression model that described the pop-
ulation. This same model was used to examine the correlation
between urinary excretion of 3-HIA and plasma 3HIA-carnitine
concentrations.

All tests were performed with KaleidaGraph software (version
4.1.1; Synergy Software, Reading, PA) or the SAS PROC
MIXED procedure (SAS, version 9.2; SAS Institute, Cary, NC).

Normal ranges

The term normal range was used to denote values from biotin-
sufficient normal subjects in whom biotin sufficiency was estab-
lished by loading and washout as previously described. Because
population distributions were not normal, upper and lower limits
were chosen as 10th and 90th percentiles.

The normal range for PCC activities was estimated from
previously published values from 18 subjects (10 women) whose
biotin sufficiency was assured by biotin supplementation and
washout at the initiation of 2 studies of biotin deficiency induced
experimentally in healthy adults (23). The normal range for the
urinary excretion of 3-HIA was calculated from 54 normal subjects
(23); this population included 18 subjects, who were assured to be
biotin sufficient by loading and washout as previously described,
plus 36 healthy individuals who did not supplement their dietary
biotin with other sources. The mean 3-HIA excretion of the 36
subjects was not significantly different from that of the 18 biotin-
sufficient subjects.

No prior data were available for the plasma concentration
of 3HIA-carnitine. Consequently, the range for plasma 3HIA-
carnitine concentrations was chosen as the full range of values at
day O (ie, biotin sufficiency) of the subjects in this study.
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RESULTS

Evidence of successful induction of marginal biotin
deficiency

Marginal biotin deficiency was successfully induced in the
depletion phase of the study by the diet of low biotin plus egg
white as judged by decreased PCC activities (Figure 1A) and
increased urinary 3-HIA excretions (Figure 1B). By day 14,
PCC activities were less than the lower limit of normal in 7 of 10
subjects (70% diagnostic sensitivity), and by day 28, PCC ac-
tivities were less than the lower limit of normal for all subjects.
At day 28, the group mean PCC activity was ~30% of the
biotin-sufficient value at day 0. The mean urinary 3-HIA ex-
cretion increased ~3-fold and was above the upper limit of
normal in 8 of 10 subjects by day 14 and in all subjects by day
28.

No symptoms of frank biotin deficiency were reported by
any subject at any time in the study. No signs of frank biotin
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FIGURE 1. Decreased lymphocyte propionyl-coenzyme A carboxylase
(PCC) activities (A) and increased urinary excretions of 3-hydroxyisovaleric
acid (3-HIA) (B) provide evidence for the successful induction of marginal
biotin deficiency by egg-white consumption in 10 study subjects by day 28.
Individual subject data are shown by individual symbols (eg, B, @, A, etc).
The analytic variability calculated as the SD for a single subject at a single
time point is approximately the same size as the symbols (data
not presented). The shaded rectangle denotes the normal range (NR).
Significance of changes were tested by one-factor ANOVA with repeated
measures and Dunnett’s post hoc test relative to day O.
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deficiency were observed by the study physician (DMM) or CRC
nurses.

Plasma 3HIA-carnitine concentrations

During the depletion phase of the study, the mean plasma
concentration of 3HIA-carnitine increased significantly (Figure
2). By day 14, individual concentrations were greater than the
upper limit of normal in 7 of 10 subjects (70% diagnostic sen-
sitivity). By day 28, the mean plasma concentration had in-
creased 4-fold from day O and was greater than the upper limit
of normal in 9 of 10 subjects.

For the immediate supplementation group (Figure 3A), who
started the biotin supplement on day 28, plasma concentrations
of 3HIA-carnitine decreased strikingly after 1 wk. By day 50,
plasma 3HIA-carnitine concentrations for 4 of 5 subjects had
returned to the normal range.

During the repletion phase of the study, plasma 3HIA-carnitine
concentrations in the late supplementation group (Figure 3B)
decreased in the week of resuming a mixed general diet without
biotin supplementation, but the decrease did not reach signifi-
cance (P = 0.10); after supplementing this group from days 35 to
50, the decrease in the mean plasma concentration of 3HIA-
carnitine was significant. By day 50, individual concentrations
were normal in all 5 subjects.

The randomization to immediate and late supplement groups
produced subgroups that had significantly different plasma
concentrations of 3HIA-carnitine on day 28 (P = 0.047). The
immediate group started repletion with an ~2-fold greater mean
plasma concentration of 3HIA-carnitine.

Correlation analyses

On the basis of studies in rats, lymphocyte PCC activity
reflects hepatic PCC activity (24), and on the basis of murine
studies (25, 26), hepatic MCC activity correlates modestly with
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FIGURE 2. Effects of biotin depletion on plasma 3-hydroxyisovaleryl
carnitine (3HIA-carnitine) concentrations in 10 study subjects. Individual
subject data are shown by individual symbols (eg, W, @, A, etc). The
shaded rectangle denotes the normal range (NR). Significance of changes
in mean data were tested by one-factor ANOVA with repeated measures and
Dunnett’s post hoc test relative to day 0.
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FIGURE 3. Effects of biotin repletion on plasma 3-hydroxyisovaleryl
carnitine (3HIA-carnitine) in 5 subjects with immediate biotin
supplementation (A) and 5 subjects with late biotin supplementation (B).
Individual subject data are shown by individual symbols (eg, B, @, A, etc).
The shaded rectangle denotes the normal range (NR). Significance of
changes in group mean data were tested by one-factor ANOVA with
repeated measures and Dunnett’s post hoc test relative to day 28.

hepatic PCC activity. To further investigate these relations in
humans, we plotted plasma 3HIA-carnitine concentrations
against lymphocyte PCC activity for all subjects at all time
points. The observed curvilinear relation between plasma 3HIA-
carnitine concentrations and lymphocyte PCC activity (Figure
4A) was reasonably well fit by log transformation of plasma
3HIA-carnitine concentrations and PCC activity. The regression
model indicated that ~55% of the variation in plasma 3HIA-
carnitine concentrations could be explained by the equation
given in the figure inset. We also examined the dependence of
urinary excretion of 3-HIA on plasma concentrations of 3HIA-
carnitine (Figure 4B). We observed a significant linear relation
in which the plasma 3HIA-carnitine concentration predicted
59% of the urinary 3-HIA excretion.

DISCUSSION
Properly diagnosing marginal biotin deficiency is potentially
important because recent clinical studies have provided evidence
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FIGURE 4. Correlation between plasma 3-hydroxyisovaleryl carnitine
(3HIA-carnitine) concentrations and lymphocyte propionyl-coenzyme A
carboxylase (PCC) activity (A) and between urinary excretion of 3-
hydroxyisovaleric acid (3-HIA) and plasma 3HIA-carnitine concentrations
(B) calculated by mixed regression modeling for 10 study subjects in the
depletion phase of the study. Individual subject data are shown at 3 time
points. The formulas for regression analyses are provided in each panel,
and the goodness-of-fit is indicated by R> pcc, propionyl-coenzyme A
carboxylase; ur, urine; pl, plasma.

that marginal biotin deficiency is more common than previously
thought. For example, our studies provided evidence that mar-
ginal, asymptomatic biotin deficiency is a common occurrence in
normal human pregnancy (1, 2, 20, 27) and is teratogenic in some
mammals (27, 28). Moreover, in children and adults, marginal
biotin deficiency appears to be a frequent consequence of long-
term therapy with certain anticonvulsants (4-8). Smoking and
malnutrition were also reported to cause impaired biotin status (3,
29, 30).

This study provided initial evidence that the plasma con-
centration of 3HIA-carnitine may be an early and sensitive in-
dicator of marginal biotin deficiency. Diagnostic sensitivity was
similar to that of lymphocyte PCC activity (currently the best
indicator of marginal biotin status in humans) and urinary 3-HIA.
The use of plasma 3HIA-carnitine concentrations in application
to population studies is likely to be superior to that of lympho-
cyte PCC activity on the basis of the following methodologic
considerations.

The fundamental principle of the lymphocyte PCC assay is the
quantitation of the activity of PCC by '*C incorporation from
“C-bicarbonate into acid-precipitable methylmalonyl-CoA. The
PCC must be enzymatically active after blood sample process-
ing, cell isolation, and storage. Accordingly, the samples require
special handling, the lymphocytes must be carefully isolated

1403

from peripheral blood, and the cell isolates must be stored fro-
zen. Hence, the unavoidable unpredictability of the timing of
sample availability for certain populations (eg, cord blood) is
potentially problematic for the PCC assay. Moreover, care must
be taken during the processing and isolation steps of sample
preparation because any hemoglobin contamination from red
blood cells in the lymphocyte pellet interferes with the nor-
malization of the PCC activity by lymphocyte protein. Likewise,
the clean separation of the '*C in the reaction product (**C-
labeled methylmalonyl-CoA) from the '*C-bicarbonate substrate
and maintenance of a stable specific activity of '*C-bicarbonate
because of bicarbonate volatility are technically demanding.

In contrast, the separation of plasma and storage at —70° is
technically straightforward. 3HIA-carnitine stored frozen in
plasma or in blood on filter paper stored at room temperature is
likely stable for months or years (31, 32), and quantitation is
precise, accurate (18), and requires small plasma volumes
(100 uL or 0.4% of total blood volume needed for the PCC
assay) for analysis. Moreover, plasma 3HIA-carnitine is likely
not as dependent on renal function as the urinary excretion of
3-HIA. This advantage is potentially important in clinical cir-
cumstances in which renal function may be altered (eg, pregnancy
or renal disease) or in which urine collection is problematic (eg,
infants).

The relations reported here between plasma 3HIA-carnitine
and urinary 3-HIA concentrations and lymphocyte PCC activity
are consistent with current understanding of the metabolic
pathogenesis of biotin deficiency. Theoretically, the direct mea-
surement of lymphocyte and hepatic MCC activity would provide
a measurement of biotin status that is more proximate to the
metabolic block that leads to increased synthesis and excretion of
3HIA-carnitine. However, in freshly isolated lymphocytes, the
MCC activity is substantially lower than the PCC activity, and
quantitation with our current assay is problematic.

Because acyl-CoA compounds are compartmentalized in the
mitochondria, the increased concentration of 3-hydroxyisovaleryl-
CoA leads to a disruption of the esterified CoA-to-free CoA ratio
and, ultimately, to mitochondrial toxicity (10, 33). Detoxification
of this metabolic end product is performed by 2 mechanisms (13).
The first mechanism is the deacylation of the 3-hydroxyisovaleryl-
CoA to form 3-HIA. The other mechanism is the transfer of the
3-hydroxyisovaleryl acyl moiety to carnitine by the enzyme car-
nitine palmitoyltransferase II forming 3HIA-carnitine (34). Both of
these are able to cross the outer mitochondrial membrane and leave
the cell to be transported in plasma and finally excreted in urine (20).

Hence, a direct relation between plasma 3HIA-carnitine and
urinary 3-HIA concentrations is not surprising, even at marginal
degrees of biotin deficiency. Moreover, a rapidly rising plasma
3HIA-carnitine concentration in response to decreased activity of
lymphocyte PCC as an index of hepatic MCC activity is rea-
sonable and consistent with the very high 3-HIA excretion ob-
served when MCC activity approaches reductions seen in inborn
errors (eg, 95%).

Indeed, in cases of MCC deficiency that are due to inborn
errors such as isolated MCC deficiency (10), holocarboxylase
synthetase deficiency (11), biotinidase deficiency (12), and biotin
transporter deficiency (35), plasma 3HIA-carnitine concen-
trations and 3-HIA excretion rates are often increased 10-100-
fold over the normal range (36). For inborn-error screening, the
emphasis is appropriately placed on minimizing false-positive
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conclusions by choosing higher upper limits of normal. For
example, the published upper limit of normal used for metabolic
screening is 0.11 umol 3HIA-carnitine/L (11, 36).

In contrast, the LC-MS/MS method used in the preset study to
measure 3HIA-carnitine concentrations was developed to ac-
curately and precisely measure plasma concentrations of 3HIA-
carnitine that are normal or only modestly increased. The normal
range of plasma 3HIA-carnitine concentrations reported in this
study was assessed in healthy adults after biotin loading and
washout; on day 0, plasma 3HIA-carnitine concentrations ranged
from 0.002 to 0.008 umol/L. Even by day 28, when the subjects
were marginally biotin deficient, plasma 3HIA-carnitine con-
centrations ranged from 0.012 to 0.038 pmol/L; these values
would not have been deemed abnormal by inborn-error
screening criteria. The differences in the apparent normal range
may also have arisen from the following additional factors: 1)
the subjects were loaded and washed out to ensure biotin suf-
ficiency; 2) healthy adults may not be metabolically similar to
newborns, whose blood samples were drawn in close proximity
to the birth process; and 3) there may be important differences in
the analytic methods (particularly the use in this study of an
authentic deuterated 3HIA-carnitine as the internal standard).

This study has several important limitations. The confidence in
any generalization of conclusions concerning diagnostic sensi-
tivity to larger populations is limited by the small total number of
subjects studied. Likewise, the number of subjects for each of the
normal ranges was small from a statistical-sampling standpoint.
Moreover, the 3HIA-carnitine data from this study provided no
evidence concerning diagnostic specificity in other clinical sit-
uations. Whether abnormally increased plasma concentrations
of 3HIA-carnitine will be observed in other clinical situations
in which biotin status is not impaired remains unknown. For
example, both heterozygous MCC deficiency and genetic defi-
ciencies of enzymes catalyzing steps in the catabolism of leucine
distal to the MCC step might well cause increased plasma
concentrations of 3HIA-carnitine. In this study, plasma 3HIA-
carnitine concentrations were only measured in the fasted state;
the effect of postprandial status must be assessed to judge utility
for population studies. Moreover, all subjects were well nour-
ished and had normal protein intake during the study, and
therefore, they were likely carnitine sufficient. To our knowledge,
the effect of mild to moderate carnitine deficiency on plasma
concentrations of 3HIA-carnitine is not known.

In conclusion, the plasma 3HIA-carnitine concentration
appears to be a sensitive, practical indicator of marginal biotin
deficiency that has advantages relative to currently validated
indexes of biotin status, especially PCC activity. The application
of the LC-MS/MS method used in the present study to measure
3HIA-carnitine concentrations potentially allows for the as-
sessment of marginal biotin deficiency in humans subjected to
a variety of phenotypical factors that can cause marginal biotin
deficiency. The determination of specificity and robustness awaits
application in future, larger population studies.
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