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Abstract Recent studies have implicated trimethylamine
N-oxide (TMAO) in atherosclerosis, raising concern about
L-carnitine, a common supplement for patients with inborn
errors of metabolism (IEMs) and a TMAO precursor
metabolized, in part, by intestinal microbes. Dietary meat
restriction attenuates carnitine-to-TMAO conversion, sug-
gesting that TMAO production may not occur in meat-
restricted individuals taking supplemental L-carnitine, but
this has not been tested. Here, we mine a metabolomic
dataset to assess TMAO levels in patients with diverse
IEMs, including organic acidemias. These data were
correlated with clinical information and confirmed using a
quantitative TMAO assay. Marked plasma TMAO eleva-
tions were detected in patients treated with supplemental L-
carnitine, including those on a meat-free diet. On average,
patients with an organic acidemia had ~45-fold elevated
[TMAO], as compared to the reference population. This
effect was mitigated by metronidazole therapy lasting 7
days each month. Collectively, our data show that TMAO
production occurs at high levels in patients with [EMs
receiving oral L-carnitine. Further studies are needed to
determine the long-term safety and efficacy of chronic oral
L-carnitine supplementation and whether suppression or
circumvention of intestinal bacteria may improve
L-carnitine therapy.
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Introduction

Supplemental L-camitine is widely used in the treatment of
inborn errors of metabolism (IEMs). Daily oral doses of high
levels (~100 mg L-carnitine/kg body weight) of this
compound are routinely employed in the treatment of
organic acidemias and primary carnitine uptake deficiency
(OMIM212140) and less frequently in the treatment of
multiple other IEMs including, but not limited to, urea cycle
defects, fatty acid oxidation disorders, mitochondrial disease,
maple syrup urine disease (OMIM248600), and lysinuric
protein intolerance (OMIM222700) (Mori et al. 1990;
Davies et al. 1991; Kolker et al. 2011; Sebastio et al. 2011;
Magoulas and El-Hattab 2012; Mescka et al. 2015; Tischner
and Wenz 2015). Carnitine plays an essential role in
mitochondrial shuttling; supplementation is therefore aimed
at replenishing depleted carnitine stores and conjugating and
removing the toxic buildup of organic acids. No long-term
placebo-controlled studies have been completed to test the
safety and efficacy of this therapy, but for many IEMs there
are strong theoretical and observational data advocating for
the use of L-carnitine supplementation (Walter 2003; Winter
2003; Nasser et al. 2012). In individuals without an IEM,
carnitine is naturally supplied primarily through consumption
of meat, with the remainder produced by an endogenous
synthesis pathway (Rebouche 2004).

When orally consumed, L-carnitine can be metabolized
by intestinal bacteria to form trimethylamine (TMA), a
volatile compound associated with a pungent fishy odor
(Zhang et al. 1999). TMA is readily absorbed in the
gastrointestinal tract and further processed by the hepatic
enzyme flavin monooxygenase 3 (FMO3) to produce
trimethylamine N-oxide (TMAO) (Lang et al. 1998)
(Fig. la). Carnitine to TMAO conversion varies widely
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between individuals with reports that, for some, as much as
~50% of ingested carnitine is eventually excreted in the
urine as TMAO (Rebouche 1991). Interindividual differ-
ences in the intestinal microbiome may explain some of the
variation in conversion rates. Individuals treated with
antibiotics targeting intestinal bacteria or those that adhere
to a vegan or vegetarian diet have significantly lower
baseline levels of plasma TMAO and do not produce
appreciable levels of this compound when given oral L-
carnitine for short periods of time (Koeth et al. 2013).

Recent studies have identified plasma TMAO as a dose-
dependent risk factor for cardiovascular disease that may
advance atherosclerosis through the promotion of choles-
terol storage in macrophages (Wang et al. 2011; Koeth et al.
2013; Tang et al. 2013). These findings hold obvious
implications about the long-term consequences of chronic
oral L-carnitine supplementation in healthy individuals on a
standard western diet. However, in patients with IEMs,
carnitine-TMAQO conversion is not established, and it has
been postulated that dietary protein restriction may mitigate
gut microbial breakdown of supplemental L-carnitine,
similar to what is seen in vegan/vegetarian individuals.
Additionally, for the organic acidemias, methylmalonic and
propionic acidemia (OMIM 251000 and 606054, respec-
tively), monthly prophylactic treatment with the antibiotic
metronidazole is also commonly used to reduce intestinal
bacteria and the affiliated production of propionate, and this
may confer the unexpected benefit of reducing TMAO
production as well (Thompson et al. 1990). Taken together,
the outcome of carnitine supplementation is not obvious for
many IEMs, especially the organic acidemias, and to date,
no studies have assessed the levels of TMAO in this
population.

To test the hypothesis that chronic oral supplemental L-
carnitine could lead to TMAO production in patients
undergoing standard treatment for an organic acidemia,
we mined a metabolomic dataset previously generated by
our lab, which contains metabolic information on patients
with a wide variety of IEMs (Miller et al. 2015). Findings
from this analysis were correlated with clinical data and
confirmed using a targeted tandem mass spectrometry (MS/
MS) assay that allowed absolute quantification of TMAO.

Methods

The methods and a general overview of findings from the
metabolomic analyses in this report have been previously
described (Miller et al. 2015). Briefly, an untargeted MS/
MS-based metabolomic platform was used to semiquantita-
tively analyze ~900 unique small molecule plasma analytes
in each of 190 patient specimens including 69 patients
without a diagnosed genetic disorder. This latter patient
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group is likely comprised of individuals on a standard
omnivorous western diet and not on supplemental carnitine;
we refer to this as the “reference population” for the
remainder of the manuscript. Raw spectral intensity values
were normalized to allow comparison across independent
MS/MS batches, and these normalized values were then
used to scale all analyte values to the median of the
reference population (n = 69). The median age of the
reference population was 5 years (inner quartile range
(IQR) = 2.4-13.1). A two-tailed heteroscedastic student’s
t-test was used to compare log,-transformed data. Linear
regression analysis was completed using the freely avail-
able statistical package R.

For quantitative TMAO analysis, plasma specimens
were diluted 1:10 in acetonitrile containing a spiked
isotopic standard, TMAO-D9 (Cambridge isotope DLM-
4779-1). Specimens were clarified by centrifugation and
supernatants were subjected to liquid chromatography
tandem mass spectrometry (LC-MS). Chromatographic
separation was achieved using an Aquity UPLC (Waters)
equipped with an Atlantis HILIC Silica 5 pm 1 x 100 mm
column (Waters) and an isocratic mobile phase—80%
acetonitrile 0.1% formate and 20% 50 mM ammonium
acetate pH 4.8. MS analysis was completed in positive ion
mode using an Aquity TQ tandem MS (Waters) with the
following transitions: TMAO 76.1 > 58.1 m/z and TMAO-
D9 85.3 > 66.2 m/z. Quantitative values were calculated
by fitting a sample’s TMAO/TMAO-D9 response factor to
a linear model generated via the analysis of six standards
ranging in concentration from 0.2 to 625 uM TMAO.

Results

In a prior study, we explored the clinical utility of an
untargeted metabolomic platform in the retrospective
analysis of plasma specimens collected from patients with
a wide range of IEMs, as well as individuals without a
biochemical diagnosis (Miller et al. 2015). This sample set
included specimens from multiple unrelated patients receiv-
ing treatment for organic acidemias, including glutaric
acidemia type 1 (OMIM#231670), methylmalonic acid-
emia, and propionic acidemia. This group represents the
cohort of individuals in our sample set most likely to be on
L-carnitine supplementation while also adhering to a meat-
restricted diet. Clinical information was available for the
majority of the subjects, and for these cases we confirmed
daily oral L-carnitine supplementation and restrictions of
dietary meat consumption (Table 1).

Dietary compliance was independently audited by
further mining of the metabolomic data. 3-methylhistidine
(3-MH) is a muscle breakdown product that is significantly
elevated following meat consumption (Cross et al. 2011).
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Table 1 Clinical information for patients in the organic acidemia cohort

Age at Daily L-carnitine dosage Recent antibiotics

ID Disorder” sampling (years) (mg/kg body weight)® exposure’ TMAQ! 3-MH*
PAT1 GA 1 9.8 Unknown Unknown 18.14 No ID
PAT2 GA 1 3.6 88 No 31.14 No ID
PAT3 GA 1 4.8 91 No 73.48 No ID
PAT4 GA 1 6.3 75 No 182.96 No ID
PATS5 GAl 3.6 Unknown Unknown 142.01 No ID
PAT6 MMA 10.6 83 IV Vanc./Zosyn 2.17 0.97
PAT7a MMA 4.9 100 No 117.30 No ID
PAT7b MMA 5.0 100 No 32.83 No ID
PATS MMA 2.1 103 No 0.64 No ID
PAT9 MMA 6.1 Unknown Unknown 78.09 No ID
PAT10a MMA 36.3 19 No 312.83 3.22
PAT10b MMA 36.7 19 No 164.24 19.13
PAT11 MMA 8.7 97 No 50.35 0.96
PAT12 PA 0.9 109 Metron. (7 days/month) 0.25 0.19
PAT13 PA 2.1 51 Metron. (7 days/month) 0.62 No ID
PAT14 PA 3.9 145 Metron. (7 days/month) 0.28 No ID
PAT15 PA 2.0 96 Augmen. 50.13 0.66
PAT16a PA 4.5 Unknown Unknown 113.43 No ID
PAT16b PA 4.9 Unknown Unknown 127.24 0.27
PAT17 PA 0.4 80 Metron. (5 days/month) 73.26 0.19
PAT18 PA 34 75 Metron. (5 days/month) 85.45 No ID
PAT19 PA 7.4 84 No 15.25 0.78

*GAl glutaric acidemia type 1, MMA methylmalonic acidemia, P4 propionic acidemia

®IV indicates a patient whom was taken off oral carnitine (prior chronic PO dose is listed) and instead was on intravenous carnitine replacement
for 10 days prior to sampling as a result of illness and inpatient hospitalization

¢ Antibiotic treatments within 30 days of sampling are listed. Metron. = oral metronidazole; Vanc./Zosyn = intravenous Vancomycin and Zosyn.;
Augmen. = Augmentin, 10-day course. Treatment regimens are listed in parenthesis, so “7 days/month” = antibiotic is given for 7 days out of

the month

9Values are reported as multiples of the median value of the analyte determined in the reference population. Compounds below the level of

detection = “No ID”; 3-MH = 3-methylhistidine

This compound was positively identified in the plasma of
77% of the patients in our reference population, whereas for
most organic acidemia patients, 3-MH was undetectable
(73% of patients) or well below the median value for the
reference population, thus suggesting compliance with a
meat-restricted diet for the majority of subjects (Table 1).
Despite the apparent compliance with meat restriction,
metabolomic analysis identified marked elevations of
TMAO in the majority of patients with an organic acidemia
(Fig. 1b). For 14 of 19 patients with an organic acidemia,
TMAO levels were greater than 15 times the median level
of the reference population (multiples of the median, MoM)
with an overall average TMAO level in the organic
acidemia cohort of 65 MoM (p-value = 2.19 x 10~%).
Metabolomic findings were confirmed by reanalysis of a
subset of specimens using a targeted MS/MS assay that

provided absolute quantification and lower limits of
detection (Fig. 1c). Importantly, quantitative values gen-
erated by this method correlated with metabolomic data
(R* = 0.68) and confirmed the significant elevations of
TMAO in many organic acidemia patients. Patients with an
organic acidemia had an average plasma TMAO concentra-
tion of 120 uM (IQR = 24.3-194.6 uM) as compared to
2.75 uM (IQR = 1.1-4.5 uM) in the reference population.
The average TMAO concentration detected in our reference
population was similar to previous reports of baseline
TMAQO levels in healthy individuals on an omnivorous diet
and not taking an L-carnitine supplement (TMAO = ~3—4
uM) (Koeth et al. 2013).

More sporadic patterns of extreme TMAQO elevations
were noted in additional IEM patient groups, with the
pattern likely reflecting the sporadic use of L-carnitine
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Fig. 1 High levels of TMAO detected in the plasma of patients with
IEMs requiring L-carnitine supplementation. (a) The diagram illus-
trates the current model for L-carnitine microbial metabolism and its
association with atherosclerosis (Modified from (Backhed 2013)). (b)
Plasma TMAO levels discovered via metabolomic analysis are plotted
in terms of log,-transformed multiples of the median (MoM) of the
reference population. Samples from patients without a diagnosis are
plotted with blue dots (n = 69), and the gray dashed line indicates the
highest TMAO value from this group. Filled circles indicate the
organic acidemia patients treated with antibiotics within the 30 days
prior to sampling. GAMT guanidinoacetate methyltransferase

supplementation in the treatment of these diseases. Exam-
ples of patients with extreme plasma TMAO levels include
those with cobalamin synthesis disorders, cystinosis
(OMIM219800), isovaleric acidemia (OMIM243500), and
maple syrup urine disease (OMIM248600) (Fig. 1d). It is
notable that multiple patients in our dataset were not on
supplemental L-carnitine and consequently had very low
levels of plasma TMAO; these include the patients in the
reference population who did not have a diagnosis (n = 69)
or patients with IEMs that are not typically treated with
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deficiency, PKU phenylketonuria, GA [ glutaric acidemia type 1,
MMA methylmalonic acidemia, P4 propionic acidemia. Below the plot
is listed the number of patients for which TMAO was confidently
identified (TMAO(+)) or below the level of detection (TMAO(—)) for
the metabolomic platform. (¢) A subset of specimens was reanalyzed
using a quantitative TMAO analysis. Organic acidemia includes
MMA, PA, and GA 1 patients. (d) The TMAO values from
metabolomic analyses of plasma samples from additional IEM patients
are shown. The gray dashed line indicates the highest TMAO level
seen in the reference population (“no diagnosis™)

L-carnitine supplementation (e.g., guanidinoacetate methyl-
transferase deficiency (OMIM612736; n = 8) and phenyl-
ketonuria (OMIM261600; n = 8)). For nearly all patients
within this group, TMAO was either below the level of
detection or detected at a low-to-moderate level (Fig. 1b).
Given the established relationship between TMAO
production and intestinal microbiota, we were interested
in the effects of antibiotics in our organic acidemia cohort.
Overall, seven patients were prescribed antibiotics, typi-
cally metronidazole, at the time of sampling or within the
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30 days prior to sampling (filled dots in Fig. 1b and
Table 1). Challenging this analysis was our inability to
confirm compliance or timing of metronidazole treatments
relative to sampling. However, it is noteworthy that within
the organic acidemia cohort, five patients had biochemical
evidence of attenuated microbial carnitine-TMAO conver-
sion, e.g., low-to-normal plasma TMAO levels. Of these
five, four were on antibiotic treatments immediately
preceding or during sampling (PAT12-14 and PATG6;
Table 1). Patients on 7 days per month metronidazole
therapy had normalized TMAO levels (PAT12-14), whereas
two patients on 5 days per month metronidazole therapy
had extreme TMAO elevations (PAT 17-18) suggesting that
the duration of antibiotic therapy may impact microbial L-
carnitine degradation (Table 1).

Discussion

The identification of high levels of TMAO in patients with
an organic acidemia is clinically important for two reasons.
First, it disproves the hypothesis that dietary protein/meat
restriction may protect these patients from intestinal micro-
bial conversion of carnitine to TMAQO. The TMAO levels in
most patients with an organic acidemia were well above the
levels observed in even the most extreme examples in our
reference population. Given that improved therapies have
increased the survival of individuals with organic acidemias,
these data indicate that long-term studies of oral carnitine
supplementation in this population are needed to understand
the risk of atherosclerosis. Second, our findings also have
important implications regarding the efficacy of carnitine
therapy in patients with IEMs. The bioavailability of
supplemental L-carnitine has been previously noted to be
<25%, and trials replacing oral L-carnitine with venous
boluses of L-carnitine have shown promising preliminary
results (Winter 2003; Rebouche 2004). Taken together with
our findings, gut microbial carnitine-TMAO conversion may
be an underappreciated detriment to carnitine therapy. Future
improvements may be achieved by cyclic oral antibiotics that
limit the microbial conversion of carnitine to TMAO or
through the use of parenteral supplementation that would
bypass the intestinal microbiome.

In conclusion, these findings demonstrate that oral L-
carnitine could be conferring an increased risk to develop
atherosclerosis over years of therapy due to chronic and
extreme elevations in TMAO. Further investigation of the
intestinal microbiome metabolism of orally supplemented
L-carnitine in patients with IEMs is needed to answer the
following questions raised by this study: (1) Does chronic
oral L-carnitine supplementation increase the risk of
atherosclerosis in individuals with organic acidemias? (2)
Can cyclic administration of an oral antibiotic, such as
metronidazole 7 days per month, reduce TMAO levels

while increasing plasma carnitine levels in individuals with
organic acidemias on chronic oral L-carnitine supplementa-
tion? (3) Can periodic parenteral L-carnitine supplementa-
tion improve plasma carnitine levels and outcome measures
while leading to normal TMAO levels? Due to the
pervasive use of oral L-carnitine supplementation in the
field of inherited metabolic disease, it is critical that these
questions are answered to improve outcomes and minimize
the risks of long-term problems in individuals with IEMs.
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One-Sentence Take-Home Message

L-carnitine supplementation leads to marked plasma accu-
mulation of trimethylamine N-oxide in many patients with
IEMs, highlighting the need for additional studies on the
safety and efficacy of this treatment.
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