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tines (carnitinyl esters) in biological sample matrices
A method for the quantitative determination of car- can be indicative of unusual metabolic conditions, in-

nitine, acetylcarnitine, and total carnitine in tissue cluding disorders of organic acid metabolism (1). Diag-
was developed for application to clinical research and nosis and management of these metabolic diseases re-
diagnosis. Human skeletal muscle and heart speci- quires knowledge of carnitine, total carnitine (the sum
mens (10–20 mg) were homogenized in 1 ml of water. of carnitine and all acylcarnitines), and individual acyl-
Aliquots of the resulting homogenates (50 ml) were ex- carnitine concentrations. Among the reported proce-
tracted with 1.0 ml of acetonitrile:methanol (3:1) and dures to determine carnitine and/or acylcarnitines in
the carnitine-related compounds were isolated using biological matrices are those which use radioisotope
columns containing 300 mg of silica gel. Samples were exchange–high-performance liquid chromatography
then derivatized with 4*-bromophenacyl trifluoro- (HPLC)1 (2), fast atom bombardment ionization cou-methanesulfonate for spectrophotometric detection or pled with mass spectroscopy (FAB/MS) (3), on-column2-(2,3-naphthalimino)ethyl trifluoromethanesulfonate

N-demethylation gas chromatography followed byfor fluorescence detection and quantified by high-per-
mass spectroscopy (GC/MS) (4), pre-column acylcarni-formance liquid chromatography. Fluorometric detec-
tine deamination–GC/MS (5), and pre-column chemi-tion of 2-(2,3-naphthalimino)ethyl ester derivatives af-
cal derivatization–HPLC (6). These methods do notforded a 500-fold increase in sensitivity when
provide an optimal combination of sensitivity, specific-compared to derivatization with 4*-bromophenacyl
ity, ease of analysis, and minimal capital equipmenttrifluoromethanesulfonate. This methodology permit-
costs that would facilitate wide application in researchted detection of acetylcarnitine in dilute human mus-
and clinical laboratories. To address these issues, wecle homogenates at quantities of 790 fmol of acetylcar-
previously developed pre-column chemical derivatiza-nitine injected. The method was applied to a series of

human skeletal muscle biopsy samples obtained from tion–HPLC methods for the quantitative determina-
subjects performing exercise at high work loads. The tion of carnitine, specific acylcarnitines, and total car-
method permitted quantification of carnitine, acetyl- nitine in urine and plasma (7,8).
carnitine, and total carnitine (sum of carnitine and all The purposes of this article are: (1) To describe the
acylcarnitines) and demonstrated the specific redistri- application of the HPLC procedure to tissue homoge-
bution of the carnitine pool from carnitine to acetyl- nates, (2) to compare the use of 4*-bromophenacyl
carnitine with exercise above the lactate threshold. trifluoromethanesulfonate and 2-(2,3-naphthalimi-
This HPLC method is facile, and provides a sensitive no)ethyl trifluoromethanesulfonate as derivatization
and specific approach for use in human biopsy speci- reagents, and (3) to report the results of exercise stud-
mens. q 1995 Academic Press, Inc.

1 Abbreviations used: HPLC, high-performance liquid chromatog-
raphy; FAB/MS, fast atom bombardment coupled with mass spec-

The content and distribution of carnitine (4-N-tri- trometry; e-carnitine, 4-(N,N-dimethyl-N-ethylammonio)-3-hydroxy-
butanoate.methylammonio-3-hydroxybutanoate) and acylcarni-
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ies in which carnitine, total carnitine, and acetylcarni- 10% phosphoric acid, and 50 ml of saturated potassium
phosphate monobasic. This mixture was vortex-mixedtine were measured in skeletal muscle from subjects
for 2 s. Next was added 50 ml of e-carnitine internalperforming exercise at high work loads.
standard (25 nmol/ml), 50 ml of standard or tissue ho-
mogenate, and 1 ml of acetonitrile:methanol (3:1, v/v).MATERIALS AND METHODS
The tube was capped, vortex-mixed (2 s), and centri-

Chemicals fuged (5 min at 13,000g).
Total carnitine. To a microcentrifuge tube wasThe sources of the various chemicals were as re-

added 50 ml of 1 M KOH in methanol, 50 ml of e-carni-ported (7,8). The internal standard, 4-(N,N-dimethyl-
tine internal standard (25 nmol/ml), and 50 ml of stan-N -ethylammonio) -3-hydroxybutanoate (e-carnitine),
dard or tissue homogenate. The tube was capped, vor-and 4*-bromophenacyl trifluoromethanesulfonate were
tex-mixed (2 s), and placed in a 657C water bath for 60prepared as described (9,10). 2-(2,3-Naphthalimino)
min to hydrolyze all acylcarnitines. Afterward, the tubeethyl trifluoromethanesulfonate was purchased from
received 25 ml of 10% phosphoric acid, 50 ml of saturatedMolecular Probes (Eugene, OR).
potassium phosphate monobasic, and 1 ml of acetoni-
trile:methanol (3:1, v/v). The tube was capped, vortex-Equipment
mixed (2 s), and centrifuged (5 min at 13,000g).

The HPLC system consisted of a 1050 Series quater- Silica gel columns. Columns containing approxi-
nary pump, autosampler, and a multiple wavelength mately 300 mg of silica gel were constructed as de-
detector (operated at 260 nm) or a diode array detector scribed (7,8). The entire supernatant from the ex-
and/or a 1046A fluorescence detector purchased from tracted tissue was decanted onto a column. The
Hewlett–Packard (Avondale, PA). Unless otherwise columns were then washed with 2 ml of methanol fol-
noted, the fluorescence detector was operated with an lowed by 1 ml of 1% acetic acid:methanol (v/v) and these
excitation wavelength of 259 nm, an emission wave- effluents were discarded. The columns were then eluted
length of 394 nm, a lamp frequency of 55 Hz, a response with 4 ml of 1% acetic acid:methanol; the effluent (con-
time of 1000 ms, and a PMT gain of 11. The analytical taining carnitine and acetylcarnitine) was collected
column was a 100 1 4.6 mm i.d. Hypersil (MOS-1) C8 and evaporated to dryness using compressed air.
(3-mm particle size) column purchased from Alltech As- Derivatization. To each of the residues was added
sociates, Inc. (Deerfield, IL). 200 ml of acetonitrile:methanol (3:1). The tubes were

placed in an ultrasonic cleaner for 2 min and vortex-
Tissue Specimens mixed for 2 s, and their contents decanted into micro-

centrifuge tubes and centrifuged (5 min at 13,000g).Human skeletal muscle and heart muscle used for
The resulting supernatants were transferred to HPLCthe validation studies were obtained from the Center
autosampler vials equipped with microinserts andfor Inherited Disorders of Energy Metabolism (Cleve-
evaporated to dryness with compressed air. To each ofland, OH).
the residues was added 10 ml of N,N-diisopropyleth-Additional human skeletal muscle biopsy specimens
ylamine in methanol (10 ml in 10 ml) and 20 ml ofwere obtained from normal subjects at rest, after 30 4*-bromophenacyl trifluoromethanesulfonate in aceto-min of bicycle exercise at work loads above their indi- nitrile solution (0.0350 g/ml), or 20 ml of 2-(2,3-naph-vidual lactate thresholds, and after an additional 30 thalimino)ethyl trifluoromethanesulfonate in acetoni-min of recovery as previously described (11). Previous trile solution (0.0130 g/ml). Acetylcarnitine esters

studies have shown that exercise above the lactate resulting from the reaction with the two different re-
threshold was associated with a large redistribution of agents are illustrated in Fig. 1. The tubes were vortex-
the muscle carnitine pool from carnitine to short-chain mixed (2 s) and allowed to stand for 10 min. The con-
acylcarnitines (12). Note that due to limited specimen tents of the tubes were then evaporated to dryness with
availability secondary to previous assays, samples from compressed air. For samples derivatized with 4*-
only 6 of the original 11 high-intensity exercise subjects bromophenacyl trifluoromethanesulfonate, the resi-
were used for the current analysis. dues were reconstituted in 25 ml of 80% of acetonitrile.

For samples derivatized with 2-(2,3-naphthalimino)-
Sample Preparation ethyl trifluoromethanesulfonate, the residues were re-

constituted in 50 ml of 50:50 acetonitrile:methanol. TheTissue homogenization. Approximately 10–20 mg
resulting sample tubes were placed in the HPLC au-of tissue was precisely weighed and homogenized in 1
tosampler. The HPLC injection volume was 2 ml.ml cold deionized water using ground glass homogeniz-

ing equipment. Chromatography
Carnitine and acetylcarnitine. To a microcentrifuge The eluents were as follows: Eluent A contained 800

ml acetonitrile and 200 ml water; Eluent B containedtube was added 50 ml of 1 M KOH in methanol, 25 ml of
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dard solutions were formulated to contain carnitine
(10, 50, and 100 nmol/ml) or acetylcarnitine (8.8, 44,
and 88 nmol/ml; the precise concentration was calcu-
lated after determining, using this HPLC method, the
total carnitine and carnitine contained in the acetylcar-
nitine standard solution). Linear standard curves were
calculated based on the chromatographic peak areas of
carnitine or acetylcarnitine compared to the internal
standard peak areas in the individual injections. The
carnitine, acetylcarnitine, and total carnitine concen-
trations in tissue samples were interpolated from these
standard curves and reported as nanomoles per milli-
gram wet weight tissue based on the precisely mea-
sured mass of the tissue homogenized in 1 ml of water.
Non-acetyl acylcarnitine concentrations were calcu-
lated as the total carnitine minus the sum of carnitine
plus acetylcarnitine.

Recovery and Reproducibility Studies

The recoveries of total carnitine, carnitine, and ace-
tylcarnitine from tissue homogenates were determinedFIG. 1. Structural drawings of acetylcarnitine 4*-bromophenacyl
by external standardization. Aliquots of human skele-ester and acetylcarnitine 2-(2,3-naphthalimino)ethyl ester.
tal muscle homogenate (50 ml of 10 mg/ml) were pre-
pared as described above, except that the e-carnitine

200 ml of acetonitrile and 800 ml of water; Eluent C internal standard was replaced with solutions of carni-
contained 5 ml of triethylamine, 4 ml of phosphoric tine or acetylcarnitine (50 ml of 50 and 44 nmol/ml,
acid, 200 ml of acetonitrile, and 800 ml of water; and respectively) or water. Immediately prior to derivatiza-
Eluent D contained 2.5 ml of triethylamine, 2 ml of tion, e-carnitine was added to each sample as an exter-
phosphoric acid, 900 ml of acetonitrile, and 100 ml of nal standard. These samples were derivatized and
water. chromatographed, and the peak areas of carnitine, ac-

For uv detection. Initially, 100% Eluent A was ylcarnitine, and e-carnitine external standard were de-
pumped at a flow rate of 1.75 ml/min. At 1.20 min after termined. The endogenous compound peak areas were
sample injection, Eluent A was replaced with 100% of then subtracted from the peak areas of the tissue ho-
Eluent B. At 2.00 min after sample injection, Eluent B mogenates containing added carnitine or acetylcarni-
was replaced with 100% of Eluent C and a linear gradi- tine. The peak area ratios of carnitine or acetylcarni-
ent was initiated over 5.00 min to 65% Eluent C:35% tine versus e-carnitine external standard were then
Eluent D. At 7.01 min the eluent was switched to 100% calculated. These were compared to the peak area ra-
Eluent D, and at 9.01 min the eluent was switched to tios of carnitine and acetylcarnitine standards with e-
100% Eluent A. At 11.00 min the chromatographic run carnitine internal standards which were simply evapo-
was finished, and there was a 2-min equilibration delay rated, derivatized, and chromatographed.
before the next injection was made. A reproducibility study was performed using a hu-

For fluorescence detection. Initially, 100% Eluent A man heart homogenate and a human skeletal muscle
was pumped at a flow rate of 1.75 ml/min. At 2.20 homogenate (each 10 mg wet wt/ml). For each speci-
min after sample injection, Eluent A was replaced with men, 50-ml replicates were analyzed for carnitine, ace-
100% Eluent B. At 3.00 min after sample injection, tylcarnitine, and total carnitine on three different days
Eluent B was replaced with 100% Eluent C and a linear to calculate the sample-to-sample and day-to-day re-
gradient was begun over 12.00 min to 80% Eluent producibility, respectively.
C:20% Eluent D. At 15.00 min the eluent was switched
to 100% Eluent D and at 16.00 min the eluent was RESULTS
switched to 100% Eluent A. At 17.00 min the chromato-

Recoveries of carnitine, acetylcarnitine, and totalgraphic run was finished, and there was a 2-min delay
carnitine from human skeletal muscle using the de-before the next injection was made.
scribed method were determined to be 70 { 4, 78 { 2,

Quantification and 73 { 4%, respectively (n Å 5). The method demon-
strated sample-to-sample and day-to-day reproducibil-Standardized solutions of carnitine and acetylcarni-

tine were prepared as previously described (7,8). Stan- ity for carnitine, acetylcarnitine, and total carnitine
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TABLE 1

Reproducibility Study with Human Tissues
(nmol/mg wet wt tissue { % SD)

Sample-to-
sample Day-to-day
(n Å 6) (n Å 18)

Heart total carnitine 2.37 { 1.69% 2.38 { 6.72%
Heart free carnitine 1.68 { 3.57% 1.64 { 3.66%
Heart acetylcarnitine 0.38 { 2.65% 0.31 { 22.5%
Skeletal muscle total carnitine 1.19 { 3.36% 1.17 { 7.69%
Skeletal muscle free carnitine 0.97 { 3.09% 0.90 { 5.56%
Skeletal muscle acetylcarnitine 0.24 { 4.17% 0.18 { 38.9%

FIG. 3. These are two superimposed chromatograms resulting from
the analysis of an 11.9 mg/ml homogenate of human skeletal muscle
derivatized with 2-(2,3-naphthalimino)ethyl trifluoromethanesulfo-(Table 1) similar to those previously reported for urine nate and detected using fluorescence detection (excitation, 259 nm;

and plasma (7,8). emission, 394 nm, response time, 1000 ms, PMT Gain Å 11). Chro-
Figure 2 displays two superimposed chromatograms matographic conditions are described in the text. e-Carnitine is the

internal standard. Concentrations: carnitine, 4.15 nmol/mg wet wtresulting from the analyses of an 11.5 mg/ml homoge-
tissue; acetylcarnitine, 0.69 nmol/mg wet wt tissue; and total carni-nate from human skeletal muscle which was prepared,
tine, 4.94 nmol/mg wet wt tissue. The heavy (thick) line is the carni-derivatized with 4*-bromophenacyl trifluorometh- tine and acetylcarnitine while the light (thin) line is the total carni-

anesulfonate, and uv absorbance monitored at 260 nm. tine chromatogram (generated following alkaline hydrolysis).
These superimposed chromatograms demonstrate the
complete conversion of acetylcarnitine to carnitine (and
acetate) following alkaline hydrolysis for total carni- ance of the acetylcarnitine peak in the hydrolyzed total
tine. The concentration of non-acetyl acylcarnitine (to- carnitine chromatogram. The concentration of non-ace-
tal carnitine 0 carnitine 0 acetylcarnitine) is calcu- tyl acylcarnitine is calculated at 0.10 nmol/mg wet wt
lated at 0.31 nmol/mg wet wt tissue. Similar results tissue.
were obtained with an 11.9 mg/ml homogenate from a To better understand the behavior of these two differ-
second human skeletal muscle (Fig. 3). However, this ent reagents, a study was performed using an HPLC
specimen was derivatized with 2-(2,3-naphthalimino) diode array detector. Aliquots of acetylcarnitine stan-
ethyl trifluoromethanesulfonate and detected by fluo- dard (50 ml of 44 nmol/ml acetylcarnitine, approx 0.2
rescence. Again note that there is complete disappear- nmol injected) were derivatized with 4*-bromophenacyl

trifluoromethanesulfonate or 2-(2,3-naphthalimino)
ethyl trifluoromethanesulfonate and chromatographed
using the conditions for uv detection described. Figure
4a contains superimposed uv spectra of acetylcarnitine
4*-bromophenacyl ester and acetylcarnitine 2-(2,3-
naphthalimino)ethyl ester. These spectra were col-
lected using the HPLC diode array detector and ex-
tracted from their respective chromatographic peak
apices. As shown, although the uv sensitivities of these
two compounds are comparable, their uv absorbance
patterns are clearly distinctive. Figure 4b is the super-
imposed uv and fluorescence chromatograms of acetyl-
carnitine 2-(2,3-naphthalimino)ethyl ester, collected by
placing the HPLC diode array detector upstream to the
fluorescence detector. Here, the 260-nm wavelength

FIG. 2. These are two superimposed chromatograms resulting from chromatogram is displayed along with the chromato-the analysis of an 11.5 mg/ml homogenate of human skeletal muscle
gram collected simultaneously using fluorescence de-derivatized with 4*-bromophenacyl trifluoromethanesulfonate and
tection. The huge detector response exhibited by thedetected at 260 nm. e-Carnitine is the internal standard. Chromato-

graphic conditions are described in the text. Concentrations: carni- fluorescence detector, particularly when compared to
tine, 2.30 nmol/mg wet wt tissue; acetylcarnitine, 2.00 nmol/mg wet the uv response, demonstrates the increased sensi-
wt tissue; and total carnitine, 4.61 nmol/mg wet wt tissue. The heavy tivity available when using 2-(2,3-naphthalimino)ethyl(thick) line is the carnitine and acetylcarnitine while the light (thin)

trifluoromethanesulfonate as the derivatization re-line is the total carnitine chromatogram (generated following alka-
line hydrolysis). agent.

/ m4314$9273 10-10-95 17:25:27 aba AP-Anal Bio



CHROMATOGRAPHIC QUANTIFICATION OF CARNITINE IN TISSUES 319

compounds at this extreme sensitivity were required,
comparable reduction in the fluorescent derivatization
reagent concentration and judicious modification of the
HPLC gradient would yield improved resolution of the
peaks of interest from the noncarnitine peaks. Since
the purpose of this demonstration was limited to yield
a figure comparable to the results shown in Fig. 3, these
modifications were not performed.

The method was used to determine the carnitine and
total carnitine tissue concentrations in 10 human bi-
opsy specimens whose concentrations had been pre-
viously determined using a radioenzymatic assay pro-
cedure (13). In the case of the HPLC determinations,
specimens were analyzed as above using 4*-bromo-
phenacyl trifluoromethanesulfonate as the derivatiza-
tion reagent. Between the time that these tissue speci-
mens were first analyzed by the radioenzymatic assay
and then reanalyzed by the above HPLC method, they
were stored in a 0707C freezer for over 3 years. The
homogenates generated for analysis using the radioen-
zymatic assay method were prepared by homogeniza-
tion in dilute perchloric acid, while the homogenates
for the above HPLC procedure were homogenized in
water. These two sets of values, HPLC and radioenzy-
matic, were plotted against each other. For carnitine,
the results were slope Å 0.86, Y-intercept Å 00.22, r2

Å 0.94. For total carnitine, the results were slope Å
0.85, Y-intercept Å 0.51, r2 Å 0.87. Acetylcarnitine was
not plotted because it cannot be determined by thisFIG. 4. A comparison between acetylcarnitine derivatized with 4*-
radioenzymatic method. The agreement between thesebromophenacyl trifluoromethanesulfonate and acetylcarnitine deriv-

atized with 2-(2,3-naphthalimino)ethyl trifluoromethanesulfonate.
The chromatographic conditions are identical for both injections and
are described in the text. (a) Superimposed uv spectra of these two
compounds extracted from the chromatographic peak apices. (b) Dual
uv and fluorescence detection of acetylcarnitine 2-(2,3-naphthalimi-
no)ethyl ester. uv detector: 260 nm; fluorescence detector: excitation,
259 nm and emission, 394 nm; response time, 1000 ms; and PMT
Gain, 11. b was generated from a single injection. The offset of these
two peaks is due the detectors being connected in series and because
the fluorescence detector response setting causes a slight delay in
the fluorescent peak.

The use of the fluorescence reagent is potentially
very sensitive for acetylcarnitine detection. To demon-
strate this in a biological specimen, we diluted the hu-
man skeletal muscle homogenate used in Fig. 3 by a
factor of 1:100 with water and prepared this specimen FIG. 5. These are two superimposed chromatograms resulting from

the analysis of the same homogenate of human skeletal muscle aswith the internal standard diluted 1:10 with water.
in Fig. 3, but the specimen was diluted 1:100 and the internal stan-There was no modification made to reagent concentra-
dard (e-carnitine) was diluted 1:10 prior to sample workup. The spec-tion (hence the large noncarnitine peaks), but the injec- imen was derivatized with 2-(2,3-naphthalimino) ethyl trifluoro-

tion volume was increased to 10 ml and the detector methanesulfonate and detected using fluorescence (excitation, 259
was adjusted to yield maximum sensitivity. Although nm; emission, 394 nm; lamp frequency, 200 Hz; response time, 2000

ms; PMT gain, 15; injection volume, 10 ml). Chromatographic condi-insignificant peaks appearing in Fig. 3 are significant
tions are described in the text. The heavy (thick) line is the carnitinein Fig. 5 due to the adjustment in the fluorescence de-
and acetylcarnitine while the light (thin) line is the total carnitinetector, the acetylcarnitine peak along with the carni- chromatogram (generated following alkaline hydrolysis). The concen-

tine, total carnitine, and e-carnitine peaks are all sub- trations for carnitine, acetylcarnitine, and total carnitine were 477,
79, and 568 pmol/ml, respectively, of diluted tissue homogenate.stantial and well delineated. If detection of these
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TABLE 2

Muscle Carnitine Pool—Effect of High-Intensity Exercisea,b

HPLCc rest REAd rest HPLCc peak REAd peak HPLCc recovery REAd recovery

Carnitine 4.93 { 2.36 5.51 { 2.69 2.84 { 0.47 3.47 { 1.18 2.42 { 0.94 2.60 { 0.54
Acetylcarnitine 0.96 { 0.60 — 3.51 { 1.89 — 2.51 { 1.13 —
Non-acetyl acylcarnitine 0.50 { 0.50 — 0.63 { 0.38 — 0.50 { 0.38 —
Total carnitine 6.38 { 2.97 6.09 { 2.81 6.98 { 2.35 6.40 { 2.87 5.43 { 1.76 4.10 { 0.97

a Vastus lateralis muscle biopsies were obtained at rest, after 30 min of exercise above the lactate threshold (peak) and after 30 min
postexercise recovery period (recovery).

b Values are means { SD in nmol/mg wet weight. Six subjects were studied at rest and peak exercise and four in recovery.
c HPLC values were determined using the procedure described in this article.
d REA values were determined using a published radioenzymatic assay procedure (13). The procedure determined carnitine and total

carnitine. Acetylcarnitine cannot be determined using the radioenzymatic assay procedure.

two methods is good, considering that the tissue ho- rates of reaction at analytical solution concentrations
and mild reaction conditions. We also saw evidence ofmogenates used to generate these values were from

two different pieces of tissue and were homogenized by competing reaction processes under forcing reaction
conditions (17). Earlier studies of the nucleophilic sub-a different procedure.

The method was applied to a series of tissue homoge- stitution reaction mechanism had firmly established
the enormous leaving group aptitude of trifluorometh-nates from human biopsy specimens (vastus lateralis)

obtained at rest, after 30 min of exercise and after an anesulfonate esters (18). We prepared 4*-bromophena-
cyl trifluoromethanesulfonate (10) and applied it to theadditional 30 min of recovery. The homogenates were

prepared in water and most had been stored in a0707C derivatization of carnitine. This reagent reacts com-
pletely with carnitine in acetonitrile solution within 1freezer for 2 years prior to HPLC analysis. Due to lim-

ited specimen availability unrelated to these HPLC min at room temperature. 4*-Bromophenacyl trifluo-
romethanesulfonate is a crystalline solid which can becarnitine determinations, samples from only 6 of the

original 11 high-intensity exercise subjects were avail- handled easily and stored for years in a desiccator.
Yasaka et al. applied the same mechanistic principlesable to be analyzed. The results of these analyses, along

with a comparison between the carnitine and total car- in their design of the fluorophoric reagent 2-(2,3-nap-
thalimino)ethyl trifluoromethanesulfonate (19). Bothnitine HPLC and radioenzymatic assay values derived

from these tissues, are presented in Table 2. At rest, 4*-bromophenacyl trifluoromethanesulfonate and 2-
(2,3-napthalimino)ethyl trifluoromethanesulfonate ex-the muscle carnitine pool was predominantly carnitine,

with minimal acetylcarnitine and non-acetyl acylcarni- hibit great reactivity toward carnitine and acylcarni-
tines. Both reagents can be handled easily and aretines. This distribution was consistent with previous

reports (12,14,15). Thirty minutes of high-intensity ex- available commercially.
Other fluorescent reagents have been applied to theercise was associated with a shift in the carnitine pool

from carnitine to acylcarnitines. Specifically, acetylcar- determination of standard solutions of carnitine and
acylcarnitines. The reagent 4-(2-aminoethylamino)-7-nitine content increased approximately fourfold, while

the non-acetyl acylcarnitine content was unchanged nitro-2,1,3-benzoxadiazole was used to derivatize and
determine carnitine and acylcarnitines with a reported(Table 2). After 30 min at recovery postexercise, the

muscle acetylcarnitine content remained threefold sensitivity of 10–100 fmol injected (20). 9-Anthryldia-
zomethane also has been used to derivatize carnitinehigher than the preexercise content. Last, please note

that the agreement between the HPLC values and ra- and acylcarnitines in pharmaceutical mixtures with
equally high sensitivity (21,22). A recent review of flu-dioenzymatic assay values in Table 2 provides addi-

tional confidence in the results from either of these orogenic reactions for biomedical chromatography cited
2-(2,3-naphthalimino)ethyl trifluoromethanesulfonateprocedures.
as one of the most sensitive fluorophoric derivatization
reagents available (23). From these reports, it was clearDISCUSSION
that all of these reagents would exhibit high sensitiv-

2,4*-Dibromoacetophenone has been used exten- ity. However, it was the high reactivity of 2-(2,3-
sively for preparation of highly chromophoric carboxyl- naphthalimino)ethyl trifluoromethanesulfonate toward
ate 4*-bromophenacyl ester derivatives for determina- even sterically hindered carnitine and acetylcarnitine
tion by HPLC (16). We applied this reagent to carnitine that led us to choose it over other fluorescent reagents.

Procedures which measure individual components ofand acylcarnitines and observed surprisingly slow
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a biological specimen are inherently difficult due to the with single-wavelength spectrophotometric detection,
it is difficult to demonstrate the purity of a chromato-complexity of the sample matrix. Typically, a combina-

tion of sample simplification and detection specificity graphic peak unequivocally. Likewise, FAB/MS pro-
vides no implicit guarantee that signal amplitude at aare employed. In the case of acylcarnitine quantifica-

tion by radioisotope exchange HPLC, the method ex- specific mass/charge value represents a single chemical
constituent of a complex sample. FAB/MS of complexploits the selectivity of a biological enzyme to label acyl-

carnitines with a radioactive marker. However, some samples without prespectroscopic chromatography is
no more selective inherently than HPLC with spectro-acylcarnitines are poor substrates, limiting the univer-

sality of this approach. GC/MS techniques exploit the photometric detection, and depending on the sample
isolation techniques employed, could be much worseinherent selectivity of this technique. The drawbacks

reside in the fact that acylcarnitines are not good GC (see Ref. 3, Fig. 3).
The method permitted carnitine, acetylcarnitine,candidates. Therefore, complex derivatization reac-

tions, often under forced conditions, are required. FAB/ and total carnitine quantification in human skeletal
muscle biopsy specimens obtained by needle biopsy.MS techniques have been employed with great success.

However, for accurate results, either flowthrough FAB/ This procedure is well tolerated and yields approxi-
mately 30–50 mg of tissue. Thus, the method has directMS (employing some prechromatographic technique)

or FAB/MS/MS needs to be employed. applicability to human research and clinical diagnosis.
Application of the method to samples obtained pre- andThe described derivatization HPLC method deals

with this issue in several ways. First, specific isolation postexercise also demonstrated the importance of the
combined carnitine–acylcarnitine analysis. With exer-of quaternary carboxylates is accomplish using the sil-

ica gel columns. Unlike strong cation-exchange col- cise, there is a marked redistribution from carnitine to
acylcarnitines with no change in total carnitine (Tableumns, the silica gel column separates carboxylic acids

from carnitine and acylcarnitines. Silica gel functions 2 and Refs. 11,12). Consistent with data from Ceder-
blad and colleagues (14,15), at the high work loads usedas a weak cation exchanger. Carboxylic acids are not

retained by silica gel during the initial methanol wash in the current study with normal subjects, this increase
in acylcarnitines is predominantly acetylcarnitine. Inand are therefore removed. It is primarily quaternary

ammonio compounds, like carnitine, which are re- contrast to the large increase in acetylcarnitine with
exercise, the non-acetyl acylcarnitine content was unaf-tained and then eluted with the addition of a small

amount of acetic acid to the methanol washes. Follow- fected by exercise (Table 2). This differs with the data
obtained by Friolet et al. (24), where after exhaustiveing derivatization, there is an additional isolation step.

The first two eluents in the HPLC gradient are used exercise both acetyl and non-acetyl acylcarnitines were
increased. The reason for this discrepancy is not clear.to perform an on-line extraction of reagent (and other

noncationic species) prior to the elution of carnitine In summary, we have presented a precise and cost
effective procedure for the HPLC determination of car-and acetylcarnitine.

The other important technique employed is to always nitine, acetylcarnitine, and total carnitine in tissue
homogenates. In addition, we have shown that withevaluate acylcarnitines in the context of total carnitine.

If a compound is an acylcarnitine, it should not be pres- uv detection, the reagents 2-(2,3-naphthalimino)-
ethyl trifluoromethanesulfonate and 4*-bromophenacylent in the total carnitine chromatogram (see Fig. 2 and

3). Therefore, the total carnitine chromatogram serves trifluoromethanesulfonate can be used interchange-
ably. However, if a situation arises where more sensi-as a check of the purity of the acylcarnitine peak. In

addition, it is important to confirm that the amount of tivity is required, then using the reagent 2-(2,3-
naphthalimino)ethyl trifluoromethanesulfonate with(in this case) acetylcarnitine does not exceed the value

of total carnitine minus carnitine. This balance study fluorescence detection affords an increase in sensitivity
of approximately 500-fold.technique not only prevents gross errors, but also calcu-

lates the amount of unaccounted for acylcarnitines
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