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Abstract

We describe a GC-MS and GC-c-IRMS method for the determination of labeled urea tracer enrichments in plasma as a
result of combined® C- and® N -urea infusion experiments in piglets. Urea was converted into 2-methoxypyrimidine, a
stable derivative, suited for analyses by both GC-MS and GC-c-IRMS. Using calibration curves for the respective working
ranges t® C-urea: 0-1% APE? N -urea: 0—-7% MPE) enrichments were established in single point measurements; for
**N,-urea as values0.15% MPE (95% confidence interval); fost C-urea as vatt@92% APE (95% confidence interval).
*N,-urea enrichments were determined by measurement of the same sample with GC-c-IRMS and GC-MS. Subtraction of
the **C specific GC-c-IRMS data from the nondiscriminating GC—MS data for the suth of C*°apd N -urea resulted in
**N,-urea enrichments0.15% MPE (95% confidence interval). Application of the method in a combtied C-urea bolus
and *° N, -urea primed constant infusion experiment in piglet was demonstrated.
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1. Introduction topes, allow determination of e.g. endogenous urea
synthesis rates [e.d.—4], enterohepatic recycling of
Urea tracer experiments can help to assess meta- urea nitrogen5fery. protein synthesis/break-
bolic responses to physiologic stress, nutritional down [@]gor the metabolic fate of® N-labelled
status, diet, and pharmacological interventions. The amino acidsgE.g.
application of urea tracers, labeled with stable iso- Numerous assays have been described for the

analysis of stable isotope labeled urea enrichments in
body fluids using gas chromatography—mass spec-
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chromatography—atmospheric  pressure chemical
ionization mass spectrometry (HPLC—-APCI-MS)
[e.g. 19]. The extent of sample preparation can vary
with the MS method of choice. For exampté C-
urea was determined indirectly by thé C-enrich-
ment of generated CO from plasma samples treated
with ureasd17]; for the analysis with HPLC—-APCI-
MS samples were only diluted before direct injection
on the MS systenj19].

Especially, the accurate measurement of urea
kinetics (in human) metabolism [e.B,3,5,15,20—-25]
put high demands on the analytical method. The
measurement of low enrichments and small changes
in isotopic ratios necessitates the use of an analytical
method suited for GC-IRMS and preferably for
GC-c-IRMS. In the latter case it should be possible
to measure labeled® C-urea enrichments (plasma,
urine) directly. In multiple tracer studies, it would be
preferable to use the same derivatized sample for
GC-MS analysis as well: in the GC—MS analysis the
urea concentration or th& N (and/8t O) label can
then be measured simultaneously.

For the determination of® C-urea enrichment by
GC-c-IRMS it would be best to add a minimum of
carbon atoms by derivatization. For GC—MS analysis
the best derivative would be a stable molecule giving
little fragmentation and with a low natural abundance
in the mass trace for the labeled tracer. For that
purpose, 2-methoxypyrimidine is a good candidate.
In the past the attempted preparation of this deriva-
tive has failed under numerous conditid8$ In this
paper, however, we describe a successful method for
its preparation and its combined use in analyses with
GC-MS and GC-c-IRMS in a dual urea tracer
experiment in an animal model.

2. Experimental
2.1. In vivo experiment

One female cross-bred (Landrac€orkshire) pig-
let (body mass 10 kg) was studied under sedation
with diazepam in the fasting and fed state, as
previously described26]. The animal had been
instrumented with a venous catheter, positioned in a
jugular vein, and an arterial catheter. &0 min a
single oral bolus of 0.25 mmot® C-urea was ad-
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ministered. During the infusion, a tracer amount of
N&H £O was given as an intravenous bok@ at
(to prime the bicarbonate pool), and immediately
thereafter an intravenous primed continuous infusion
'df, N -urea (prime:i86l/kg, constant infusion
ratenddl/kg/h) was given over 10 h. Arterial-
ised blood samples of 2 ml were taker at5, —3,
—1 min (baseline samples) and at regular intervals of
30 min fromt=0 min. Blood samples were collected
in heparinized tubes (BD vacutainer Systems,
Plymouth, UK) and after sampling immediately put
on ice, plasma was separated and fre2€riGat

The experimental protocol had been approved by the

Animal Experiment Commission of Utrecht Uni-
versity.

2.2. Instrumentation

2.2.1. Combustion-isotope ratio mass spectrometry
c-IRMS was performed on a VG Optima Isochrom
Isotope ratio mass spectrometer (VG Micromass,
Manchester, UK). The system, in detail described
previoufy], was optimized for the determination
of the ,C® /,CO ratio of the combustion prod-
ucts of 2-methoxypyrimidine. The combustion oven
was kept at’@5@he cryogenic trap at-100°C.
lon currents were measured continuongly 44y
m/z 45, m/z 46.

2.2.2. Gas chromatography
The instrument was equipped with a HP 5890A
gas chromatograph (series Il, Hewlett-Packard, Palo
Alto, CA, USA). Samples were injected using a
heated split/splitless injectof €290°C). A fused-
silica WCOT, CP-WAX 51 AMIN column of 25
mx0.25 mm 1.DX0.39 0.DX0.20 pm film thick-
ness (Chrompack International, Middelburg, The
Netherlands) was used for analyses of urea in plasma
and standards with helium as a carrier gas (100 kPa).
Typically, 1pl of sample was injected splitlessly.

The GC oven was programmed to increase from
°@@2 min) to 12C°C at a rate of 7C/min and to
increase from 120 to 225t a rate of 30C/min

where its temperature was kept constant for 5 min.

Under these conditions the retention time of
2-methoxypyrimidine was approximately 14.5 min.
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The flame ionization detector (FID) was at a con-
stant temperature of 34C. The GC column was
connected, via a splitter union, to the combustion
furnace via a heated interface at 38D

2.2.3. Gas chromatography—mass spectrometry

For analyses with GC—-MS we used two instru-
ments: (i) Kratos Concept 1 H magnetic sector MS
with EB geometry (Kratos Analytical, Manchester,
UK), equipped with a Shimadzu GC model 14A
(Shimadzu, Kyoto, Japan), (ii) Hewlett-Packard
5989B quadrupole MS equipped with a Hewlett-
Packard 5890 series Il GC (Hewlett-Packard, Avon-
dale, PA, USA). Positive ion chemical ionization was
used with ammonia as reaction gas at optimized
pressure. Source temperature was Z00The ana-
lytes were monitored for their [MH] " ions atm/z
111.1,m/z 112.1 andn/z 113.1. The GC conditions
were as described for the GC-c-IRMS system.

2.3. Derivatization

For isotopic analysis urea was converted into the
2-methoxypyrimidine derivative. Plasma samples
were deproteinized with ethanol (96%): 5@0 of
plasma was mixed with 5 ml of ethanol, vortexed
(2 min) and after centrifugation (36044000 rpm,

2 min) the upper layer was evaporated to dryness
(40°C, stream of N ). A 40Qxl volume of malon-
dialdehydbis(dimethylacetal) (MDBMA) (5% in
water) and 64Qul of hydrochloric acid (37%) were
added. After vortexing and centrifugation samples
were kept at room temperature for 1 h followed by
evaporation to dryness (4C, stream of N ). The
residue was dissolved in 4QQ of methanol (99.5%)
and 400 pl of diazomethane—ether was added.
Samples were vortexed (2 min), centrifuged (3600
g/4000 rpm, 1 min) and the upper layer was purified
over a 3-ml silica column (Varian, Harbor City, CA,
USA). The analytes were eluted with four times 400
wl of methanol. Ether was subsequently removed by
a mild vacuum evaporation for 30 min. After ex-
traction with hexane (99%) the end volume was
reduced to 100ul. Samples were stored at°@.
Depending whether GC-c-IRMS or GC-MS was
performed the sample was concentrated or diluted.

401
2.4. Chemicals

Hydrochloric acid (36—38%) was purchased from
J.T. Baker (Deventer, The Netherlands); hexane,
methanol, urea, from Merck (Darmstadt, Germany);
ethylacetate from Vel (Leuven, Belgium). Malondial-
dehydbis(dimethylacetal) from Merck-Schuchardt
(97%, Darmstadt, Germéhy). N -urea (98%) was
obtained from Cambridge Isotope Labs. (Andover,
MA, USAJ, C-urea (99%) from Campro Scientific
(Veenendaal, The Netherlands).

2.5. Preparation of standards

Labeled urea enriched standards were prepared by
(i) weighing an amount of labeled urea; (ii) addition
of a weighed amount of unlabelled urea to obtain the
required enrichment. The combined urea was dis-
solved completely in (heated) water. Thereafter, the
mixture was freeze-dried and the resulting powder
was stored at room temperature under nitrogen. The
procedure was repeated to obtain independent stan-
dards with different enrichments df C-urea (0%,
0.0487%, 0.0979%, 0.2272%, 0.4656% APE) and
* N -urea (0%, 0.970%, 2.764%, 4.364%, 7.041%
MPE). Standards were analyzed at urea concen-
trations typical for plasma samples.

2.6. Satistics

For GC-c-IRMS enrichments were expressed as
atom percentage excess (APE, %). For GC-MS
enrichments were expressed as mole percentage
excess (MPE, %), see also Appendix A. Data are
expressed as meatandard deviation (SD). Cali-
bration curves were analyzed using linear regression
(least squares).

3. Results and discussion
3.1. Method

Based upon Hamberg ¢28l.urea was con-
verted with malonaldehyde into 2-hydroxy-
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N OH ratio (m/z 44—46). From these dafd C-urea enrich-
My  _ MAonDENYDE @( ment could be calculated; in this settit§ N-label
HN H* N could not be observed.
In GC—MS 2-methoxypyrimidine could be ionized
easily by positive chemical ionization producing the
DIAZOMETHANE [M+H]" ion without major fragmentation. For
quantitation the area under the curve in the ion

O—CH, chromatograms was usedn/z 111 for unlabeled

N. AT 13

z Y 2-methoxypyrimidine; m/z 112 for [**C]- and

S N [**N,]-labeled analoguesm/z 113 for [*°N,]-2-

methoxypyrimidine; representative ion chromato-

grams of the analysis of a piglet plasma are shown in

Fig. 1. Schematic for the conversion of urea into 2-methoxy- Fig. 2.

pyrimidine. In the combined™® N -urea and® C-urea tracer
experiment, the low resolution GC—-MS measure-
ment did not discriminate betweel’ N -urea and

pyrimidine; subsequent reaction with diazomethane ** C-urea. The area under the cumezfdrn?2

2-METHOXY-PYRIMIDINE

resulted in 2-methoxypyrimidine~{g. 1). The prod- resulted from the sum of both analogous. The same

uct was a stable molecule which was well suited for sample injected on GC-c-IRMS, however, excluded

MS analysis with GC as inlet system. detection of fle N analogue. Combination of the
In GC-c-IRMS the eluting 2-methoxypyrimidine results of both analyses gave the abundances of

peak was introduced in the combustion oven and the *°* | N -urea'and C-urea separately.

resuling CQ was analyzed for it> GO'*/ GO Although the described derivatization method is

This is unsmoothed data

(13,0560 ] int.. (3611633
. rel.int: [4%]

(1120560 1 int.: [8398977)
rel.int: [6%]

(110558 ] int.:(121292625 ]
rel. int.:(100 %]
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100 200 300 400 500 scan
321 3:42 4:03 424 4:45 time (min)

Fig. 2. Selected ion chromatograms (normalized peaks) in the GC—MS analysis of derivatized urea in plasfed Idr (unlabeled urea),
m/z 112 € **N,-urea’® C-urea)m/z 113 (*°N,-urea).
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also very well suited for the accurate measurement of differences in APE values obtained from GC-c-

urea concentrations in either plasma or urine, we IRMS measurements and calculated from weighed
have focused on its use in the measurement of low amounts of urea at normal abundante and C-urea
enrichments in plasma urea as a result of (combined) (99% APE). Calibration was based upon urea of
tracer experiments. known natural abundance. The results (&ah

of series of separate, single point measurements are
summarized inTable 1.
For the GC-c-IRMS analyses the comparison of
The 1N, -urea calibration curve as showrfiig. 3 calculated vs. measured showed a mean difference of
g 0.002% APE (in the range 0.05-0.3% APE). This

was typical of its use in the practice of GC-MS .~~~ :
. . . implicated that even low enrichments could accu-
analyses, i.e. single point measurements of standards

I 0,
(calculated enrichments based on weighed amountsratlfz t:ﬁedztgrinl\l/lrged;r?;l)O:e/so 'tAr\ZEz.iccurac was de-
of labeled and unlabeled urea) vs. measured ratios y y

: . _“termined in a similar way. Comparison of the
for the respective areas under curve of selected ion . .
calculated enrichment (based on weighed amounts)
chromatograms.

Good linear relationships were obtained in the and measured enrichment showed a mean difference

respective working ranges for calculated enrichment between calculated vs. measured enrichment of
0 o .
(MPE) vs. measured enrichments (MPE) on 4 sepa- 0.00+0.14% MPE. This implicated that enrichments

. . : in the range of 0—-7% MPE could accurately be
rate days over a period of 6 months; typically for determined within marains o£0.15% MPE
GC-MS (*°N, -urea): r=0.9989+0.0003, slope: 9 Y7 )

0.95:0.03 (enrichment range 0-7% MPE); for GG oied B J1e Teet o By on
cIRMS  (**C-urea): r=1.0000-0.0001, slope: b yp

. n=3) for GC-c-IRMS analyses was at least
0.999+0.003 (enrichment range 0—-1% APE). (4:0.0())2% APE: the between gay precisian=10

1-year period) was at least0.01% APE
3.3. Accuracy and precision For GC-MS analyses the within day precision
(n=3) was*0.03% MPE; the between day precision

The accuracy of the applied method was assessed n=11, 1-year period) was0.15% MPE
with a set of standard mixtures by determining the In general, it meant, ‘that C-urea enrichments
based on single point measurements with GC-c-
IRMS could be obtained as values0.02 to 0.02%
APE (95% confidence interval);® N -urea urea
enrichments with GC-MS as values0.15 to 0.15%
MPE (95% confidence interval). Since the uncertain-
ty in GC-c-IRMS values was much lower than in
GC-MS values, calculated values foar , N -urea
enrichments (i.e. GC-MS enrichment in trace¥z
112 minus the measured GC-c-IRMS value tdr C-
urea enrichment) could be obtained as value®15
to 0.15% MPE (95% confidence interval).

The *°N, -urea used as tracer contained a carbon
T o o e e atom with an 131(33f2 ¢ ratio which was slightly
' ' calculated enrichment MPE(%) different from the*® C/? C ratio in unlabeled urea of
Fig. 3. Typical calibration curve for'® N -urea enrichments natural origin. It meant that if a sample was com-
(single point measurements): calculated enrichment based on posed of natural urea and 5% MPE of 2 N -urea of

weighed amounts of (un)labeled urea vs. measured ratio of area tracer origin, the I’esu|t3!ng CO from the combustion
under the curve fom/z 113 andm/z 111. process contained &°® C-enrichment of 0.0006%

3.2. Linearity

y = 0.0091x + 0.0026
R?=0.9978
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Table 1
Precisions characteristic for the GC-MS and GC-c-IRMS analyses of labeled urea tracers in standards and plasma samples
MPE(%)+SD” n GC-c-IRMS GC-MS
MPE(%)*=SD n MPE(%)+SD n
BC-urea
Standard
0.0000:— 0.0004:0.0020 3 0.08:0.02 3
0.0487-0.0002 3 0.04810.0014 3 Not measured
0.0979:0.0003 3 0.096%0.0021 3 0.086:0.02 3
Sample
a 0.753:0.002 3 0.7&0.15 4
b 0.212+0.002 3 0.26:0.13 4
N,-urea
Standard
0.000=— N.D. 0.06+0.08 3
0.970+0.003 3 N.D. 1.06:0.09 3
2.764+0.009 3 N.D. 2.620.08 3
4.364+-0.006 3 N.D. 4.550.11 3
7.041+0.006 3 N.D. 6.920.07 3
Sample
c N.D. 0.02:0.04 4
d N.D. 4.19+0.11 3
e N.D. 5.34:0.14 3

a, b=plasma samples &=30 and 600 min, respectively, after a single bolus'df C-urea; =dl@sma samples at=0, 120 and
480 min, respectively, from & N -urea primed, continuous infusion experiment.
#, SD of weighing; N.D., not determined.

APE. In practice the contribution df N -urea to the The results of studies concerning the biological
3C-enrichment measured for tHé  C-urea tracer was validation and methodological pitfalls of measure-
much lower than the precision of the whole method,; ment of urea production using the'’oral C-urea
correction for this contribution did not affect the bolus method in a larger group of experimental
outcome significantly. animals will be published elsewh@@].

4. Application in an experimental stable isotope 4

study 40 M
35
The method was applied in simultaneolds C-urea *
bolus and &° N -urea primed constant infusion study
in an experimental piglet model. Typical enrichment
curves during a combined bolus and primed constant *
infusion in a piglet are shown ifkig. 4. The signal- 10
to-noise ratio $/N) for the ions with the lowest 0s m — gy
intensity were always>100. For handling con- o0 A=
venience we used arterial plasma samples of 500 TIME (min)
However, the signal-to-n_oi_se ratios aqd t_he size of Fig. 4. Enrichments of*® C-ured® N -urea antf , N -urea in
the end volumes, containing the derivatized com- plasma during a combined boldd ~ C-urea and primed continuous
pounds, allows for miniaturization of the method. infusion *°N, -urea tracer experiment.

—8— 15N2-ureum
20 —&— 15N1-ureum
—— 13C-ureum

MPE(%)

)
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5. Conclusion

We described a simple analytical method for the
conversion of urea in plasma into 2-methoxy-
pyrimidine, a derivative well suited for both GC-MS
and GC-c-IRMS analyses. Deconvolution of GC—

MS and GC-c-IRMS measurements resulted in the

enrichments for'® N -urea;”> C-urea and , N -urea

separately. Overall:> C-urea enrichments based on

single point measurements with GC-c-IRMS could
be obtained as values0.02% APE (95% confidence

interval; range 0-1% APE):> N -urea urea enrich-
ments with GC—-MS could be obtained as values
+0.15% MPE (95% confidence interval, range 0—
7% MPE). *°N, -urea enrichments with GC-MS
(corrected for'® C-urea contribution by GC-c-IRMS)
could be obtained as values0.15% MPE (95%

confidence interval, range 0-1% MPE). The method

was developed for combined tracer experiments with

a bolus of** C-urea and a primed constant infusion of
*N,-urea.

Appendix A

In kinetic modelling it can be more convenient to

express enrichment as tracer:tracee ratio (TTR, %)

instead of mole percent excess (MPE, %). MPE (%)
and TTR (%) are related as follow®, =isotopic
ratio sampleR, =isotopic ratio background (or natu-
ral abundance)

MPE (%)=[R,— RJ/(1 +[R,—R])-100 (A1)
TTR (%)= [R, — R] - 100 (A.2)
and thus:

MPE (%)=

[TTR (%)/100]/[1+ TTR (%)/100]- 100 (A.3)
TTR (%)=

[MPE (%)/100]/[1— MPE (%)/100] 100 (A.4)
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