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Abstract

A liquid chromatographic—tandem mass spectrometric (LC—MS—MS) method without sample pretreatment was developed
and validated for determination of porphyrins in samples of canine urine. Acidified urine samples were directly injected into
the LC—-MS system and a gradient elution program was applied. The mass spectrometer was operated in the multi-reaction
monitoring (MRM) mode and six porphyrins were detected with excellent sensitivity and selectivity. The lower limits of
quantification were 0.014 nmol/mL for mesoporphyrin IX, coproporphyrin I, 5-carboxylporphyrin, 6-carboxylporphyrin and
7-carboxylporphyrin, and 0.029 nmol/mL for uroporphyrin I. Good In-quadratic responses of calibration standards over the
range 0.01 to 1.0 nmol/mL for mesoporphyrin IX, coproporphyrin I, 5-carboxylporphyrin, 6-carboxylporphyrin and
7-carboxylporphyrin, and 0.02 to 1.0 nmol/mL for uroporphyrin | were demonstrated. This method should be easily adapted
through cross-validation for use in determining the effects of chemicals and pharmaceuticals on the urinary excretion profile
of porphyrins in preclinical studies with other species, and in assisting the diagnosis of porphyria in clinical studies.

0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Quantitative analysis of urinary porphyrins is
important in the diagnosis of porphyria and for
Porphyrins are a ubiquitous class of naturally monitoring the effects of chemicals or drugs on
occurring compounds with many important biologi- porphyrin excretion. Porphyria is a series of related
cal representatives, including hemes and chloro- metabolic disorders in which there is accumulation
phylls. All porphyrin molecules have in common the of porphyrins or their precursors. These disorders are
porphyrin macrocyclic structure. The basic structure associated with defects in one of several enzymes
of the porphyrin macrocycle consists of four pyrrolic catalyzing the synthesis of heme from porphyrins.
subunits linked by four methane bridges (Fig. 1). These enzyme deficiencies can be recognized on the

basis of the degree and characteristic pattern of
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Fig. 1. Structures of porphyrins.

ond-derivative spectroscopy [4], high-performance
liquid chromatography (HPLC) [5,6], thin-layer
chromatography [7,8], ion-pair HPLC [9], capillary
electrophoresis [10], laser desorption/ionization
time-of-flight mass spectrometry (LDI-TOF MS)
[11], fast atom bombardment mass spectrometry
(FAB-MS) [12], and LC—-MS [13]. Most of these
methods involve either sample pretreatment [3—6] or
derivatization procedures that require a large sample
size and are time-consuming [11-13].

The present study describes a simple, fast, sensi-

tive and specific assay for the determination of
urinary porphyrins using HPLC with tandem mass
spectrometry (LC—MS-MS) by direct injection
without sample pretreatment. Compared to an
HPLC—-FLD (HPLC with fluorescence detector)
assay, the LC—MS—MS method (with similar chro-
matographic conditions) demonstrated 10 times bet-
ter sensitivity and far superior selectivity. The
quantitation of porphyrin isomers by this system may
be possible if the chromatography is optimized for
this purpose or a chiral column is used to give
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sufficient separation of isomers. Further research is 2.4. LC-MS-MS conditions

needed to address the suitability of this method with
porphyrin isomers.

2. Experimental
2.1. Materials and reagents

Porphyrin acid chromatographic marker kits con-
taining 10 nmol of each of six porphyrins (mesopor-
phyrin X, coproporphyrin |, 5-carboxylporphyrin,
6-carboxylporphyrin,  7-carboxylporphyrin  and
uroporphyrin I) were obtained from Porphyrin Prod-
ucts (Logan, UT, USA). HPLC-grade water and
acetonitrile were purchased from Fisher Scientific
(Fair Lawn, NJ, USA). Analysis grade formic acid
was a product of Sigma (St. Louis, MO, USA).

2.2. Instrumentation

A Micromass tandem quadrupole Quattro Ultima
mass spectrometer (Micromass, Altrincham, UK),
equipped with an electrospray ionization interface, a
Hewlett-Packard (HP) (Wilmington, DE, USA) 1100
binary pump solvent delivery system, an HP 1100

A Micromass Quattro Ultima tandem mass spec-
trometer was interfaced via an electrospray ioniza-
tion probe in the positive ion mode (ESI ) with the
HPLC system. Nitrogen was used as the desolvation
gas at a flow-rate of 492 L/h and, also, as the
nebulizing gas at a flow-rate of 100 L/h. The source
block and desolvation temperatures were set at 100
and 350°C, respectively. A 90:10 split was used
between the HPLC and MS, which resulted in an
approximate spray flux of 10QL/min into the mass
spectrometer. The capillary voltage was 4.0 kV. With
continuous infusion of porphyrin standard (10 nmol/
mL) at a flow-rate of 10pL/min, the MS—MS
parameters were optimized by determination of the
best conditions for isolating precursor ions and
creating product ions. Argon was used as the colli-
sion gas with an analyzer pressure of-8(% > mbar.
The cone voltage, collision energy and lens con-
ditions were adjusted and the product ions were
scanned to establish the optimal ions for quantitation
of each porphyrin using the multiple reaction moni-
toring (MRM) mode. A dwell time of 0.2 s with an
inter-channel delay of 0.03 s was used for each
analyte. The electron multiplier setting was 650 V.

degasser, an HP diode-array detector, and an HP , 5 calibration standards and quality control

1100 auto-sampler, was used for LC—MS—MS analy-

sis. Data acquisition and analysis were performed

using MassLynx software version 3.4.

2.3. Chromatographic conditions

The chromatographic separation was performed on

a 3x3 C,, cartridge (Perkin-Elmer, Wellesley, MA,

USA) with a C4 guard column. A mobile phase
gradient program with solvent A (0.1%, v/v, formic

acid) and solvent B (90:9.9:0.1, v/v, acetonitrile—
water—formic acid) was applied at a flow-rate of 1.0
mL/min. The gradient program started with 20% B
for 1 min followed by a linear increase in B to 80%
from 1 to 4 min and another linear increase in B to
95% from 4 to 4.1 min. Mobile phase B was held at
95% for another 2.9 min (from 4.1 to 7 min) and
then reduced linearly to the initial condition (20% B)
within 0.1 min. This condition was held until the end
of the run. The total run time was 11.1 min.

les

A primary stock solution of six porphyrins was
prepared by dissolving one vial of standard in 10.0
mL of 6 M formic acid followed by filtration with a
13-mm, 0.45pm, syringe-driven filter. The final

concentration of each porphyrin was 1.0 nmol/mL.

Calibration standards were prepared by the dilution

of the stock solution witll ormic acid to yield

concentrations of 0.01 to 1.0 nmol of each por-

phyrin/mL. Quality control (QC) samples at 0.05,

0.2 and 0.8 nmol of each porphyrin/mL were

prepared by the dilution of the primary stock with 6
M formic acid.

2.6. Sample preparation
Urine aliquots (A0 were transferred to auto-

sampler vials. To each vial,300f formic acid
(RD was added. The vials were capped and mixed
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with vortex action. Samples with visible precipitation centrations of the calibration standandsré fit to

or cloudiness were centrifuged prior to analysis. the In-quadratic function using the least squares
regression in Microsoft Excel. The results of the

2.7. Calibration and quantitation regression analysis were then used to back-calculate
the concentration results from the peak area data, and

An external standard method of quantitation was the back-calculated concentrations and appropriate

used for determination of the six porphyrins in summary statistics [mean, standard deviation (SD),

canine urine. Six calibration curves were constructed and percent relative standard deviation (RSD)] were

for each set of analyses. For mesoporphyrin IX, calculated and presented in tabular form.

coproporphyrin 1, 5-carboxylporphyrin, 6-carboxyl-
porphyrin and 7-carboxylporphyrin, the calibration 2.8. Application of the analytical method
samples ranged in concentration from 0.01 to 1.0

nmol/mL. For uroporphyrin |, the calibration con- The LC-MS-MS procedure developed was used
centrations ranged from 0.02 to 1.0 nmol/mL. The to investigate porphyrin profiles in canine urine
porphyrin peak areasyj and the theoretical con- samples.
porphyrins, ESl+ 03-Apr-200116:20:50
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Fig. 2. Mass spectra of precursor ions of six porphyrins (10 nmol/mL, flow-rajelL¥@nL): mesoporphyrin IX n/z 567), coproporphyrin
I (m/z 655), 5-carboxylporphyrinni/z 699), 6-carboxylporphyrinng/z 743), 7-carboxylporphyrinni/z 787) and uroporphyrin InG/z 831).
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a- andB-cleavage was observed after fragmentation.

For 5-carboxylporphyrin, 6-carboxylporphyrin, 7-

3.1. Method devel opment

carboxylporphyrin and uroporphyrin | significant

product ions were obtained by the loss of an acetyl

The best LC—MS results can be achieved by
optimization of both HPLC and MS conditions. In
this study a gradient chromatographic program was
developed to give sufficient separation of six por-
phyrins in a short period of time. Electrospray
ionization in the positive mode was used based on
the basic porphyrin structure (Fig. 1), in which the
two pyrrolic nitrogen atoms bearing one pair of
electrons (E,~9) can be protonated easily with
acids [14]. A scan of a porphyrin standard solution

group and a carboxyl grelip4(m/z) from the
precursor ions. A significant product ion of copro-
porphyrin | was observed/zat537 (Fig. 3),
resulting from the loss of a single propionyl group
and three methyl group$l® m/z) from the
precursor ion. The precursor ion of mesoporphyrin
IX gave a significant productidn 479) from the
loss of a single propionyl group and a single methyl

group &8 m/z). The precursor ions, product ions

and the transition conditions of all six porphyrins are

dissolved in 6M formic acid (10 nmol/mL) by MS1 listed in Table 1.

displayed dominant pseudo-molecular ions-f¥] "

for all six porphyrins (Fig. 2). These pseudo-molecu- 3.2. Assay validation

lar ions were chosen as precursor ions to undergo

fragmentation. Argon gas was introduced into Q2 to 3.2.1. Specificity

collide with precursor ions and fragmentation was Porphyrins are endogenous compounds and, there-
achieved with a cone voltage of 10 V and a collision fore, there is no “blank urine” available and the

energy of 55 eV for all precursor ions. A mixture of specificity of the method was studied using the
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Fig. 3. Representative product ion spectrum of coproporphyrin | ¥68%). The significant product ion is produced by losing a single
propionyl group and three methyl groups¥18 m/z). Another product ion is obtained from-cleavage {59 m/2).
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Table 1
Precursor ions and product ions of porphyrins used for quantitation in MS—MS with positive electrospray mo¢¢ (ESI
Porphyrin Precursor Major Mass  Functional Other product Cone Collision  Mass
ion(M+1) product loss group ions voltage energy monitor
(m/2) ion(m/z) (Da) lost m/2 V) (eV) window
(min)
Mesoporphyrin 1X 567 479 88 1P, 1M 493, 449, 420, 405 10 55 5.5-6.9
Coproporphyrin | 655 537 118 1P, 3M 596, 551, 478 10 55 3.2-45
5-Carboxylporphyrin 699 595 104 1A, 1(-COOH) 639, 581, 566, 522, 463 10 55 3.0-4.3
6-Carboxylporphyrin 743 639 104 1A, 1(-COOH) 683, 625, 579, 506 10 55 2.9-4.2
7-Carboxylporphyrin 787 683 104 1A, 1(-COOH) 728, 699, 656, 622,577 10 55 2.7-4.1
Uroporphyrin | 831 727 104 1A, 1(-COOH) 785, 749, 714,667,590 10 55 2.5-4

P, propionyl group (-CH —CH —COOH); M, methyl group (-CH ); A, acetyl group (CH —COOQH).
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Fig. 4. (@) Chromatogram (MRM) of 8 formic acid (blank solvent control). (b) Chromatogram (MRM) of 0.01 nmol/mL calibration
standard in 6M formic acid. (¢) Chromatogram (MRM) of an unknown urine sample. (d) Representative chromatograms of a processed,
fortified (0.1 nm each porphyrin/mL) canine urine sample.
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Fig. 4. continued)

solvent as a blank control. Fig. 4a—d show the MRM tion samples at each of seven concentrations were

chromatograms of a solvent blank 6 formic acid), prepared and analyzed as described above. A single

a porphyrin standard (0.01 nmol/mL), an unknown injection was made for each processed calibration

urine sample and a urine sample fortified with 0.1 sample. The resulting porphyrin peak area versus

nmol/mL of standard, respectively. The chromato- theoretical concentration data were fit to the In-

grams demonstrate no interference at each porphyrin quadratic function using the least-squares regressior

retention time window. analysis over the range of 0.01 to 1.0 nmol/mL for
mesoporphyrin 1X, coproporphyrin |, 5-carboxylpor-

3.2.2. Calibration reproducibility phyrin, 6-carboxylporphyrin and 7-carboxylpor-

During each validation session, triplicate calibra- phyrin. For uroporphyrin | the calibration range was
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urine sample 18U-24
0620 Sm (Mn, 5x3)
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Fig. 4. continued)

0.02 to 1.0 nmol/mL. A representative calibration
curve is shown in Fig. 5. The calibration equation,
mean values and standard deviations (SD) of the =1
calibration parameters, including correlation coeffi-
cients, are listed in Table 2. The correlation coeffi-
cient of the regression line for each porphyrin was
greater than 0.9925. The results of the regression
analyses were used to back-calculate the corre-
sponding concentrations from the peak area data.
The reproducibility of the calibration curve data was
considered valid when: (1) the inter-session relative

standard deviation (RSD) of the back-calculated
concentrations at each concentration level was
5%, except at the lowest concentration where
RSI20% was acceptable; and (2) the inter-ses-
sion mean back-calculated concentrations at each
concentration level were within 15% of the theoret-
ical values, that is the percent relative errors (%RES)
were withls% except at the lowest concen-
tration level where %RE wifi%t was accept-
able.
The back-calculated concentration values and the
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Fig. 4. continued)

associated intra- and inter-session statistics for the
porphyrin assay calibration samples are summarized
in Table 3. The inter-session variability (RSD) of the
back-calculated concentrations at each concentration
level ranged from 1.647 to 15.67% (at the lowest
concentration level). The inter-session concentration
means had %RE values ranging fror2.6 to 6.2%.

Based on these criteria and the resulting validation
data, the reproducibility of the calibration data was
acceptable.

419

phyrin using p20®f canine urine was 0.014
nmol/mL, with a signal-to-noise ratio of approxi-

mately 13.4. The lower limit of detection (LLOD),

therefore, was 0.0031 nmol/mL based on a signal-to-

3.2.4. Accuracy and precision

3.2.3. Senditivity

The lower limit of quantitation (LLOQ) for
mesoporphyrin 1X, coproporphyrin |, 5-carboxylpor-
phyrin, 6-carboxylporphyrin and 7-carboxylpor-

During each validation session,
samples at three concentration levels were prepared
and analyzed as described above. Single injections
were made of each processed QC sample. The results

noise ratio of 3. The LLOQ for uroporphyrin | using
#0Q0of canine urine was 0.029 nmol/mL. This
method demonstrated 10 times better sensitivity than
an HPLC—FLD method utilized prior to developing
the LC-MS—-MS method.

triplicate QC
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Fig. 5. Representative calibration curve for one of the por-
phyrins—mesoporphyrin XI.

of the regression analyses were used to calculate the
corresponding concentrations from these QC peak
area data. The variability (RSD) of these calculated
QC concentration data was used as a measure of
assay precision. The precision of the method was
considered acceptable when the inter-session RSD of
the calculated concentrations at each QC concen-
tration level was=15%. The difference from theo-

retical of the calculated QC concentration means

(%RE) was used as a measure of assay accuracy.

The accuracy of the method was considered accept-

B 783 (2003) 411-423

able when the inter-session concentration means of
the calculated concentrations at each QC concen-
tration level had %RE values15%.

The calculated concentration values and the asso-
ciated intra- and inter-session statistics for QC
samples are summarized in Table 4. The inter-ses-
sion variability (RSD) of the calculated concen-

trations at each level for six porphyrins ranged from
3.063 to 11.72%.
means of the QC samples had %RE values ranging
from —5.92 to 8.72%, all within=15%.

The inter-session concentration

3.2.5. Recovery

The purpose of assessing the recovery of the
method was to demonstrate the validity of the assay
procedure in determining the concentration of each
of the six porphyrins in urine while using formic acid
solutions of the six porphyrins as calibration stan-
dards. The study was conducted with four canine
urine samples (two male and two female). The urine

samples were analyzed (in triplicate) to establish the

endogenous levels of each of the six porphyrins. In
addition, these four dog urine samples were analyzec
(in triplicate) after being fortified with the appro-

Table 2
Summary of calibration regression results
Porphyrin Number of a b c r’

Assays 1) Mean+SD MeantSD Mean:SD MeantSD
Mesoporphyrin IX 5 0.0130.012 1.07-0.049 11.289:0.209 0.998%0.0010
Coproporphyrin | 5 0.00150.015 1.02:0.053 10.9980.12 0.9986:0.00059
5-Carboxylporphyrin 5 0.00450.017 1.03-0.066 10.423:0.061 0.9966:0.0017
6-Carboxylporphyrin 5 0.00390.015 1.02-0.060 10.4530.10 0.9964:0.0012
7-Carboxylporphyrin 5 —0.0068+0.014 0.98:0.0381 10.0830.14 0.9953:0.0018
Uroporphyrin | 5 —0.0039+0.030 0.97-0.084 9.6825:0.15 0.9934:0.0012

Calibration equation: Iy = a(ln x)* + b(In x) + c.

Table 3

RSD and %RE of back-calculated concentrations of standards in five sets of validation studies

Conc. Mesoporphyrin 1X Coproporphyrin | 5-Carboxylporphyrin 6-Carboxylporphyrin 7-Carboxylporphyrin Uroporphyrin |
nmol/mL

¢ ) RSD (%)  %RE RSD (%)  %RE RSD (%) %RE RSD (%) %RE RSD (%) %RE RSD (%) %RE
0.01 9.27 0.93 7.98 17 14.0 -0.27 14.9 0.93 15.7 2.6

0.02 6.92 -0.20 5.93 -17 12.9 -0.35 9.97 16 14.6 -1.9 15.2 0.20
0.05 477 -0.65 5.41 -0.96 8.41 -18 8.61 -11 11.0 -0.63 12.5 38
0.1 3.56 -0.070 5.16 11 6.46 -1.7 6.44 -0.43 6.66 2.7 111 -2.2

0.2 9.56 19 9.08 2.8 9.64 34 10.6 22 11.9 17 115 6.2
0.5 2.62 -0.51 2.95 -23 4.77 -1.2 3.58 -0.35 4.59 -2.6 3.91 0.070
1.0 1.65 -0.060 2.54 0.74 391 0.54 2.35 -0.11 353 11 3.06 -17




Table 4
RSD and %RE of back-calculated concentrations of QC samples in five sets of validation studies
Conc. Mesoporphyrin 1X Coproporphyrin | 5-Carboxylporphyrin 6-Carboxylporphyrin 7-Carboxylporphyrin Uroporphyrin |

I/mL,
(nmol/mL) RSD (%) %RE RSD (%) %RE RSD (%) %RE RSD (%) %RE RSD (%) %RE RSD (%) %RE
0.05 9.282 3.17 7.734 -5.92 9.700 -4.19 9.743 2.55 11.72 —-4.41 10.30 8.72
0.2 8.818 4.90 5.048 —5.56 6.873 -1.15 7.750 —-0.960 7.518 —0.900 8.279 0.820
0.8 4574 1.05 3.063 -2.99 3.204 -0.690 5.068 0.270 3.658 1.61 4.109 -1.90
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priate amounts of the six porphyrins to result in a 0.1
nmol/mL increase in their endogenous concentra-
tions. Recovery was calculated by comparing the
analyzed concentrations of fortified urine with their
theoretical target concentrations (endogenous level
0.1 nmol/mL). Table 5 presents the recoveries of
each of the six porphyrins with the results ranging
from 90.0 to 111.9%. All endogenous levels of
mesoporphyrin IX /z 567) and 6-carboxylpor-
phyrin, (m/z 743) were less than the assay’'s LLOQ
(0.014 nmol/mL each porphyrin). However, assum-
ing their levels in these urine samples were zero,
their mean recoveries, after addition of 0.1 nmol
each porphyrin/mL to the samples, proved quantita-
tive.

Table 5
Mean recovery of porphyrins in canine urine
Porphyrin Spiked Mean recovery (%)
(hmol/mL) Male Female
Mesoporphyrin IX 0.1 111.9 108.8
Corpoporphyrin | 0.1 105.6 107.4
5-Carboxylporphyrin 0.1 103.0 97.63
6-Carboxylporphyrin 0.1 113.8 108.5
7-Carboxylporphyrin 0.1 98.04 90.00
Uroporphyrin 0.1 100.9 98.1
Table 6

Freeze—thaw stability of porphyrins in canine urine

W. Bu et al. / J. Chromatogr.
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3.2.6. Sability

Four urine samples (two male, two female) were

used for stability studies. The stability of porphyrins
in processed urine samplé€atds examined and
no changes were found for at least 48 h. After three

freeze—thaw cycles, porphyrins in urine demonstra-

ted acceptable stability (Table 6). The long-term
storage stability of porphyrins in urine 24t °C

was reported previously [15]. The authors reported
that there was no detectable loss of porphyrins in
urine after 4 weeks of storag@@tC.

3.3. Method application

Using the developed method, a total of eight
canine urine samples (four male, four female) were
analyzed after 2 weeks of storage af70 °C. The
animals were not treated with, or exposed to, any
drugs or chemicals before the urine was collected
and, therefore, the concentrations of porphyrins
measured in this study represent the normal levels of
porphyrins in canine urine. Each urine sample was
analyzed in triplicate and the results are summarized
in Table 7. Since mesoporphyrin IX was not detected
in any urine sample (see representative MRM chro-
matogram of urine sample in Fig. 4c), and all

Porphyrin Nominal conc. (nmol/mL) Found (% of initial)

Male Female Male Female
Coproporphyrin | 0.172 0.126 105 103
5-Carboxylporphyrin 0.0209 0.0163 92.1 94.6
7-Carboxylporphyrin 0.0360 0.0219 104 124
Uroporphyrin | 0.0553 0.0424 86.2 99.2
Table 7
Porphyrin concentrations in canine urine determined by LC—MS-MS
Urine Porphyrine conc. (nmol/mi)SD
source Mesoporphyrin Coproporphyrin 5-Carboxyl- 6-Carboxyl- 7-Carboxyl- Uroporphyrin |

IX | porphyrin porphyrin porphyrin

Male ND 0.126+-0.0327 0.018%0.00460 <LLOQ 0.0324+0.0114 0.058%0.0132
Female ND 0.146:0.0365 0.020%0.00340 <LLOQ 0.0332-0.0177 0.0646:0.0401

ND, not detected<LLOQ, lower than the LLOQ.
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extrapolated concentrations of 6-carboxylporphyrin
were below the LLOQ, they are not listed in the
table.

4. Conclusion

An HPLC—MS-MS method for the determination
of porphyrins in canine urine was developed and
validated. The advantages of this novel method are
its simplicity, rapid sample throughput, minimal
sample pretreatment and superior specificity/selec-
tivity due to use of the MRM mode in the mass
detection system. Because of the great selectivity/
specificity, the utility of this LC-MS—-MS technique
should not be species limited, and could possibly be
used clinically for the determination of urine por-
phyrin levels in porphyria patients as well. Further
investigation of the applicability of the method to the
quantitation of porphyrin isomers would be neces-
sary.
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