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Abstract
The present work illustrated an accurate GC/MS measurement for the low isotopomer enrichment
assay of formic acid, acetic acid, propionic aicd, butyric acid and pentanoic acid. The
pentafluorobenzyl bromide derivatives of these very short chain fatty acids have high sensitivity of
isotopoic enrichment due to their low natural isotopomer distribution in negative chemical
ionization mass spectrometric mode. Pentafluorobenzyl bromide derivatization reaction was
optimized in terms of pH, temperature, reaction time and the amount of pentafluorobenzyl
bromide versus to sample. The precision, stability and accuracy of this method for the isotopomer
analysis were validated. This method was applied to measure the enrichments of formic acid,
acetic acid and propionic acid in the perfusate from rat liver exposed to Krebs-Ringer bicarbonate
buffer only, 0-1 mM [3,4-13C2]-4-hydroxynonanoate and 0-2 mM of [5,6,7-13C3]heptanoate. The
enrichments of acetic acid and propionic acid in the perfusate are comparable to the labeling
pattern of acetyl-CoA and propionyl-CoA in the rat liver tissues. The enrichment of acetic acid
assay is much more sensitive and precise than the enrichment of acetyl-CoA by LC-MS/MS. The
reversibility of propionyl-CoA from succinyl-CoA was confirmed by the low labeling of M1 and
M2 of propionic acid from [5,6,7-13C3]heptanoate perfusates.

Keywords
PFBBr; Isotope; isotopomer enrichment; metabolism; GC/MS; short chain fatty acids

Introduction
The combination of isotopomer analysis [1-6] and metabolomics has been extensively
applied in new pathway identification [7], biosynthesis rate assay [8-10] and turnover
measurements of metabolites [11;12].
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Elements have their own natural stable isotope distributions, such as 13C (1.11%), 2H
(0.015%), 15N (0.37%), 18O (0.20%) and 29Si (5.06%) etc [1]. The mass isotopomer
distribution of a molecule M0, M1, M2, …Mn…, reflects all of its elemental components
[13]. In general, a molecule with higher molecular weight has a higher natural mass
isotopomer distribution. For instance, the natural isotopomer distribution of M1 formic acid
(MW=46), octanoic acid (MW=144) and palmitic acid (MW=256) are 1.22, 9.20 and
18.32%. The higher background of natural isotopomer distribution from large molecules
makes it difficult to measure the low enrichment of these molecules. For example, 1%
increases of M1 enrichment causes 82, 11, and 5% increase over the M1 natural isotopomer
distribution of formic acid, octanoic acid and palmitic acid, respectively. Obviously, the
high background of natural isotopomer distribution decreases the relative increase from low
isotopomer enrichment. Thus, the strategy for isotopomer analysis is to avoid isotope
background increase by derivatization that occurs in most of GC applications. Mass
spectrometry and NMR are commonly used analytical approach for isotopomer analysis
[14-20]. Mass spectrometry has much more applications because of its higher sensitivity.
GC and LC are the most common separation techniques that are combined with mass
spectrometer. GC/MS is usually used for volatile compounds or compounds after
derivatization. The derivatization for formic acid are methylation [21;22], ethylation [23]
and 2,4-difluoroaniline [24]. However, all of these derivatives dilute the isotopomer
enrichment by introducing additional isotopomers from derivatizaing reagent.

The head space GC/MS [21;25] method also has no isotope dilution, but it has more
interference because of its small mass and less retention on the column. The arising interest
for very short chain acids isotopomer analysis is to develop an ideal derivatizative that has
reasonable GC retention but no isotopomer dilution. Pentafluorobenzyl bromide (PFBBr) is
an alkylation derivative reagent for carboxylic acid, sulfonamides, mercaptans and phenol
compounds, fulfils this requirement. PFBBr derivatization has been previously used for
formic acid and acetic acid concentration quantification [26]. In addition to better retention
on the GC column and higher sensitivity, the PFBBr derivatives do not disrupt the natural
isotopomer distribution in negative chemical ionization (NCI) because only acid moiety is
measured in NCI (Scheme 1).

Fatty acid β-oxidation can be tracked by all the acyl-CoA intermediates and final products
that enter the citric acid cycle (CAC), i.e. acetyl-CoA or propionyl-CoA (from odd chain
fatty acid). These acyl-CoAs can be hydrolyzed to related fatty acids. Assaying the
isotopomer enrichment of acyl-CoAs holds the following challenges: (i) acyl-CoA analysis
requires complicated sample preparations and LC-MS/MS methodology; (ii) acyl-CoAs are
sampled from tissues that are not as readily available when compared to plasma and urine in
clinical application; (iii) whole acyl-CoAs have much higher molecular weights than their
corresponding acyl- moieties, which brings higher background of natural isotopomer
distributions (i.e. these free acids are hydrolyzed from acyl-CoAs). We hypothesize that the
turnover of free acids reflects their correspoinding acyl-CoAs. To confirm this we provide a
comparison of the isotopomer enrichments of free acids and acyl-CoAs. The purpose of the
present work is to develop an accurate GC/MS method to measure low mass isotopomer
enrichment of very short chain fatty acids. And we applied this method to analyze
metabolites of fatty acids in the rat liver perfusates.

For this purpose, two different isotope tracers that produce very short chain fatty acids
during their metabolism are tested in the present work. The first is rat liver perfused with
[3,4-13C2]-4-hydroxynonanoate, which is an endogenous metabolite of the ubiquitous lipid
peroxidation product 4-hydroxynonenal as described in our previous work [7]. [3,4-13C2]-4-
Hydroxynonanoate catabolism in the rat liver forms M1 and M2 acetyl-CoA via two
different pathways. The second is rat liver perfused with [5,6,7-13C3]heptanoate.
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[5,6,7-13C3]Heptanoate is an odd chain fatty acid that is metabolized to M3 propionyl-CoA
via β-oxidation. Propionyl-CoA is an anaplerotic substrate entering the CAC [27].

MATERIALS AND METHODS
Chemical and reagents

Materials—General chemicals and Pentafluorobenzyl bromide (PFBBr) were purchased
from Sigma-Aldrich. Sodium [13C]-formate, sodium [2,2-2H2-1,2-13C2]-acetate, sodium
[2,2,3,3,3-2H5]-propionate, sodium [2,2,3,3,4,4,4-2H7]-butyrate, sodium
[2,2,3,3,4,4,5,5,5-2H9]-pentanoate, [5,6,7-13C3]heptanoic acid and D2O (99%) were
obtained from Isotec. [3,4-13C2]4-hydroxynonanoate was synthesized in our lab [28]. Fresh
distilled Milli-Q water was made daily by distilling Milli-Q water including 1 mM NaOH.
All the standard solution and buffer were prepared in distilled Milli-Q water.

Liver Perfusion Experiments
The detailed perfusion experiments can be referred to in our previous work [7;29]. Male
Sprague-Dawley rats (120-140g) were fed ad libitum for 8-12 days with standard laboratory
chow. Livers from overnight-fasted rats were perfused with non-recirculating Krebs-Ringer
bicarbonate buffer (30 ml/min) and 4 mM glucose containing 0 to 1 mM of [3,4-13C2]-4-
OH-nonanoic acid, or 0 to 2 mM of [5,6,7-13C3]heptanoate. At 0, 14 and 18.5 min, samples
of influent and effluent perfusate were collected over 1 min and quick-frozen for all short
chain fatty acids analysis. After 20 min the livers were quick-frozen and kept in liquid
nitrogen until analysis of acyl-CoAs.

LC-MS/MS for acyl-CoAs labeling assay - Labeling pattern of acyl-CoA esters
Acyl-CoAs enrichment data was reported in our previous work and the more details of this
assay by LCMS/MS will be reported somewhere else [7;28]. Powdered frozen liver (~300
mg) was extracted for 2 min with 4 ml of methanol/water 1:1 containing 5% acetic acid
using a Polytron homogenizer. The supernatant was run on a 3-ml ion exchange cartridge
packed with 300 mg of 2-2(pyridyl)ethyl silica gel (Sigma). The cartridge had been
preactivated with 3 ml of methanol and then with 3 ml of extraction buffer. The acyl-CoAs
trapped on the silical gel cartridge were released with (i) 3 ml of a 1:1 mixture (MeOH:H2O)
including 50 mM ammonium formate, pH 6.3, and then (ii) 3 ml of a 3:1 mixture
(MeOH:H2O) including 50 mM ammonium formate, pH 6.3 and (iii) 3 ml of methanol. The
combined effluent was dried with nitrogen gas and stored at −80 °C until LC-MS/MS
analysis. After dissolving the acyl-CoAs in 100 l of buffer A (2% acetonitrile in 100 mM
ammonium formate, pH 5.0), 40 μl were injected on a Thermo Scientific Hypersil GOLD
C18 column (150 × 2.1 mm), protected by a guard column (Hypersil GOLD C18 5 m, 10 ×
2.1 mm), in an Agilent 1100 liquid chromatograph. The chromatogram was developed at 0.2
ml/min (i) for 3 min with 98% buffer A and 2% buffer B (95% acetonitrile in 5 mM
ammonium formate, pH 6.3), (ii) from 3 to 25 min with a 2–60% gradient of buffer B in
buffer A, (iii) from 26 to 31 min with 10% buffer A, 90% buffer B, (iv) from 32 to 41 min
with a 90% to 2% gradient buffer B in buffer A, and (v) for 10 min of stabilization with 98%
buffer A before the next injection. The liquid chromatography was coupled to a 4000 QTrap
mass spectrometer (Applied Biosystems, Foster City, CA) operated under positive ionization
mode with the following source settings: turbo-ion-spray source at 600 °C under N2
nebulization at 65 PSI, N2 heater gas at 55 PSI curtain gas at 30 PSI, collision-activated
dissociation gas pressure held at high, turbo ion-spray voltage at 5,500 V, declustering
potential at 90 V, entrance potential at 10 V, collision energy at 50 V, and collision cell exit
potential at 10 V. The Analyst software (version 1.4.2; Applied Biosystems) was used for
data registration.
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GC/MS Assays
Sample preparation for short chain fatty acids with GC/MS assay is as follows. A 400 μl of
100 mM PFBBr acetone solution was added into 200 μl of perfusate samples or standard
aqueous solution without protein precipitation step. The sample was incubated at 60-70 C
for 1 hour. One ml of hexane was added after the sample had cooled. The sample was then
vortexed for 5 min followed by centrifugation at 300 × g for 1 min, then 200 μl of upper
phase (hexane phase) was transferred transferred to GC vials and prepared for GC/MS
injection. All the experiments were processed in a hood to avoid contamination. The water
used for standard preparation was distilled Milli-Q water.

Analyses were carried out on an Agilent 5973 mass spectrometer, linked to a model 6890
gas chromatograph equipped with an autosampler, an Agilent OV-225 capillary column (30
m, 0.32 mm inner diameter). The carrier gas was helium (2 ml/min) with a pulse pressure of
40 PSI. The injection volume was 1 μl with splitless. The injector temperature was set at 200
°C and the transfer line at 250 °C. The GC temperature program was as follows: start at 100
°C, hold for 1 min, increase by 3 °C/min to 145 °C followed by 50 °C/min to 300 °C hold
for 5 min. The ion source and the quadrupole were set at 150 °C. The ammonia pressure was
adjusted to optimize peak areas. For each analyte, we monitored the signals at the nominal
m/z (M0) and at all detectable naturally labeled mass isotopomers with SIM mode. The m/z
monitored for formate: 45 (M0) and 46 (M1); acetate: 59 (M0), 60 (M1), 61 (M2) and 63
(M4); propionate 73 (M0), 74 (M1), 75 (M2), 76 (M3) and 78 (M5); butyrate: 87 (M0), 88
(M1), 89 (M2), 90 (M3), 94 (M7); pentanoate: 101 (M0), 102 (M1), 103 (M2), 104 (M3)
and 110 (M9).

PFBBr derivatization reaction optimization and isotopomer distribution assay validation
To optimize the PFBBr derivatization reaction with short chain fatty acids, 50 μl of 1 mM of
sodium [13C]-formate (M1), sodium [2,2-2H2-1,2-13C2]-acetate (M4), sodium
[2,2,3,3,3-2H5]-propionate (M5), sodium [2,2,3,3,4,4,4-2H7]-butyrate (M7), sodium
[2,2,3,3,4,4,5,5,5-2H9]-pentanoate (M7) were used in all the optimization experiments. High
mass isotopomers can minimize the effects of contamination during the experimental
processes since containmination mainly contributes M0. The amount of PFBBr, pH,
temperature, reaction time and different organic solvents for extraction were optimized. All
of the optimization experiments were prepared in triplicate at each condition and the average
was used for comparison.

The focus of the present work is on the measurement of the isotopomer distribution of short
chain acids. The precision, accuracy and stability of isotopomer distribution assay were
validated by using 100 μl of 1 mM of each unlabeled acid from M0 to M3. The assays were
repeated 6 times within the same day (intraday precision) and 3 times over 3 different days
(inter-day) to obtain precision and stability. The accuracy was validated by comparing the
average of all assays to theoretical values from NIST.

Calculation and statistics
Data was reported as the mean ± SD. Precision was analyzed by the statistical differences
between inter-day profiles and was tested using a paired t test (GraphPad Prism Software,
version 3). The estimated amount ± 95% confidence limit was obtained as an index of
precision. For all analyses, significance was accepted at the level of P < 0.05.

Enrichment correction by matrix method
The isotope enrichment correction by matrix has been reported by Fernandez et al [30]. The
details of calculation were briefly described here. The isotope enrichment of analyte from
sample is the net increased isotopomer enrichment subtracted from the background of
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natural isotopomer distribution. The isotopomer distribution is not only from its M-1 but the
sum of M-n until M0. For example, M2 is not only from M0 but also M1, the same for M3,
M4…Mn… Thus, one can use simple subtraction method for M1. For multiple isotopomer
enrichment, matrix calculation is used. Matrix correction has the following major steps.

Use m0, m1 and m2 data from control (unlabeled samples) to build a matrix (equation 1).
The first row of matrix is isotope distribution normalized on M0 (m0=m0/m0*100, m1=m1/
m0*100, m2=m2/m0*100). The second row of matrix is normalized on M1 (m0,1=m1/
m1*100, m1,2=m2/m1*100) and starts from M1, the rests are filled by 0. The third row is
normalized on M3 (m0,2=m2/m2*100), the rest of third row are filled by 0.

(1)

Then inverse this matrix to obtain the matrix correction factor:

(2)

The sample matrix (Ms) consists of the measured m0, m1 and m2 from sample,

(3)

Multiply sample matrix (Ms) with correction factor (M−1) to obtain the corrected isotope
distribution of samples (Mc).

(4)

The corrected isotopomer enrichment of each isotope equals the corrected each isotope data
divided by sum of all corrected isotopes.

RESULTS AND DISCUSSIONS
Derivatization optimization

We optimized this derivatization [26] specifically for the purpose of the present work. The
PFBBr/acetone solution acted as both the protein precipitate and derivatization agent. The
volume of 100 mM PFBBr acetone solution versus standard aquesous solution was
optimized. The results showed that two times PFBBr acetone solution gave the highest
reaction yield (see Fig. 1A). We also optimized the effect of pH on the reaction. It was
found that the highest signal was obtained in the alkaline solution (see Fig. 1 B). Formate
ester of PFBBr was found to be unstable in low pH [26]. Our results shows that other esters
of PFBBr are also unstable in low pH (see Fig. 1B). No pH was adjusted for perfusate
samples with a pH of 7.4, although some sensitivity was lost compared to alkaline condition.
We attempted to kept contamination minimal in the sample processing steps since the pH
adjustment by buffer introduced short chain acids from other sources (discussed in below).
The temperature of the reaction was also optimized. A temperature at 60 C was found to be
optimal (Fig. 1C) since the esters are not stable at higher temperatures. The reaction is fast
and was found to be completed at 40 min at 60 C (Fig. 1D). All the formed acyl esters are
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stable at this temperature from 40 to 80 minutes. We compared different organic solvents
(hexane, ethyl ester and diethyl ether) for the extraction, and did not find any difference in
the extraction yield. However, ethyl ester and diethyl ether had much higher unlabeled
formic acid and acetic acid contamination, which certainly dilutes the labeling of acids and
underestimates the results.

The hexane extracted PFBBr derivatives are stable at room temperature. We didn't observe
significant change of these PFBBr derivatives over a 3 week storage period at room
temperature. No exact data on stability was given since there is no internal standard applied
and the variations of mass spectrometer status. However, any small change in intensity will
not affect isotopomer distribution data. This can be demonstrated by the following natural
isotopomer distribution of acids inter-day assays.

Fig. 2 is the typical GC/MS chromatogram of blank with 100 μl of distilled water, 100 μl of
50 mM phosphate buffer (pH 7) and 100 μl of 1 mM of sodium formate, sodium acetate,
sodium propionate, sodium butyrate and sodium pentanoate PFBBr derivatives. The distilled
Milli-Q water and phosphate buffer were used to check the contamination. There are no
detectable very short chain fatty acids in the present experimental conditions (See Fig. 2A).
The phosphate buffer that was prepared in distilled MilliQ water contained formic acid and
acetic acid from chemicals or during the buffer preparations (Fig. 2B). All the short chain
acid PFBBr derivatives have good retention on the column and they are very well separated
(Fig. 2C). The chromatographic resolution (R=2*(t1-t2)/(W1+W2)) between formate-acetate,
acetate-propionate, propionate-butyrate and butyrate-pentanoate are 2.3, 1.9, 5.9 and 4.9,
respectively.

Precision, stability and accuracy of isotopomer distribution assay
Two general approaches are used in the isotopomer enrichment of assays. The first strategy
is to build up a calibration curve based on different percentage of the isotopomers. The
enrichment data from the sample is then quantified according to the calibration curve [31].
The second strategy is to use the mass isotopomer matrix to correct the natural mass
isotopomer distribution from the samples in order to get the enrichment data [30]. The
detailed calculation is described in the methods section. The calibration curve has practical
difficulties for multiple isotopomer and multiple compound analyses since one needs many
different isotopomers for the calibration curves. Thus, the mass isotopomer matrix
correction adopted in the present work for isotopomer enrichment assay is relatively simple
and practical. The precision and reproducibility are the key points to achieve success with
this strategy. We injected 0.2 nmol of unlabeled formic acid, acetic acid, propionic acid,
butyric acid and pentanoic acid for the accuracy, precisions and reproducibility experiments.
For the reproducibility experiments, we have intra- (within one day n=5) and inter- (at
different days, n=3) analysis. The results are shown in the Table 1. The Mn (n=1,2 and 3)
data is normalized to the M0 (Mn = Mn peak area/ M0 peak area × 100). The theoretical
values are from NIST mass spectrometry data sources. From the results of the intra- and
inter-day analysis, this method showed good precision and stability including very low
isotopomer distribution of M3 (around 0.02%). The relative standard deviations (RSD) of
inter- and intra-day assays for all of isotopomers are lower than 10%. The accuracy of assay
compared to theoretical value is around 98-109.5%.

Acids enrichments from control perfusates
Five control rat livers were perfused only with Krebs-Ringer bicarbonate buffer. The short
chain acids in these control perfusates should be unlabeled; therefore they are used to test
the present isotopomer enrichment assay. Control sample measurements were repeated on 3
different days, and final average of isotopomer distribution data from inter-day assay was
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corrected by matrix correction. The results for formate, acetate and propionate are shown in
the Table 2. The mass isotopomer distribution data of acids in controls samples are close to
the ones of standards, and enrichment after matrix correction is lower than 0.005% (see
Table 2). These data confirm no contamination of control samples and accuracy of method.

Acetic acid enrichment from [3,4-13C2]-4-hydroxynonanoate rat liver perfusates
4-Hydroxynonanoate is a metabolite of 4-hydroxynonenal that is one of the lipid
peroxidation products. Two catabolic pathways of 4-hydroxynonanoate in rat liver were
identified by specifically designed 13C labeled 4-hydroxynonanoate, i.e., [3,4-13C2]-4-
hydroxynonanoate [7;28]. [3,4-13C2]-4-hydroxynonanoate is degraded into M1 acetyl-CoA
via pathway B and M2 acetyl-CoA via pathway A (Fig. 3B). The present GC/MS assay for
the acetic acid derivatized by PFBBr from the perfusate samples showed the similar results
of acetyl-CoA from rat liver tissues perfused with 0 to 1 mM [3,4-13C2]-4-
hydroxynonanoate (Fig. 3A). The difference of enrichment between free acetic acid from the
perfusates and acetyl-CoA from liver tissues is that free acetic acid enrichment is a little
lower than acetyl-CoA, which can be explained by the small dilution of unlabeled acetic
acid from other sources instead of hydrolysis of acetyl-CoA, such as de-acetylation and
ethanol oxidation, etc [32]. Despite the dilution by the unlabeled acetic acid, the isotopomer
enrichment of acetic acid from the perfusate perfused with [3,4-13C2]-4-hydroxynonanoate
increased with increasing concentration of [3,4-13C2]-4-hydroxynonanoate and reached
plateau after 0.4 mM of [3,4-13C2]-4-hydroxynonanoate, which is similar to the acetyl-CoA
data [7;28]. However, the labeling of acetate assay is much easier than the acetyl-CoA
labeling measurement by LC-MS/MS [7;28;33].

Propionic acid and acetic acid enrichments from [5,6,7-13C3]heptanoate rat liver perfusates
The β-oxidation of heptanoic acid produces propionyl-CoA that can covert to succinyl-CoA
via methylmalonyl-CoA. Propionyl-CoA is an anaplerotic substrate that can compensate for
the CAC intermediate leaks. We perfused rat livers with various concentrations of
[5,6,7-13C3]heptanoate. The M3 propionyl-CoA was found in high abundance (around 90%)
after concentrations above 0.2 mM [5,6,7-13C3]heptanoate (see Fig. 4A). M1 and M2 of
propionyl-CoA were also found to be enriched although their enrichments were low (0.1%
for M1 and 2-3% for M2, Fig. 4A). The M1 and M2 of propionyl-CoA are from the two
possible sources. The first is from reverse reaction of succinic acid to succinyl-CoA, then to
methyl-malonyl-CoA that loses one carbon to form propoionyl-CoA. M2 propioinyl-CoA is
formed if labeled carbon is lost from methyl-malonyl-CoA. The second source of M1 and
M2 propionyl-CoA is from the M1 or M2 succinyl-CoA that is from M1 or M2 acetyl-CoA.
The M1 and M2 acetyl-CoA comes from the following pathways: M3 succinate → M3
fumarate → M3 malate → M3 oxaloacetate → M2 or M3 phosphoenpyruvate (one carbon
loss) → M2 or M3 pyruvate → M1 or M2 acetyl-CoA (Fig. 5). Fig. 5 shows the first round
metabolic fates of M3 propionyl-CoA and metabolites labeling after it enters CAC. The
acetyl-CoA labeling can be confirmed by our acetic acid labeling results (Fig. 4B.).
However, since acetyl-CoA has higher natural isotopomer background (M1 and M2 are 30.2
and 12.2 %), it is difficult to quantitatively measure enrichment increasing lower than 1%
(Fig. 4B). GC/MS assay of acetate showed the small enrichment of acetic acid (M1 acetate
is around 0.2% and M2 acetate is around 0.6%) from [5,6,7-13C3]heptanoate clearly and
significantly (Fig. 4D).

From the free propionic acid labeling measurement, the same enrichment pattern was found
for M1, M2 and M3 propionic acid where enrichment reached 0.2, 3 and 69%, respectively
(Fig. 4C). The lowered amount of M3 propionic acid compared to propionyl-CoA is possible
because of the dilution by unlabeled propionic acid. The isotopomer enrichment data of
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propionic acid again demonstrated that it is comparable to propionyl-CoA with higher
precision in lower enrichment measurement.

CONCLUSION
A simple, sensitive and precise GC/MS assay for the very short chain fatty acids isotope
enrichment has been developed for the rat liver perfusates. This method has been optimized
and successfully used to measure the labeling of acetic acid and propionic acid in the
perfusates of rat liver perfused with different concentrations of [3,4-13C2]-4-
hydroxynonanoate and [5,6,7-13C3]heptanoate. The mass isotope enrichments of free fatty
acids are comparable with the corresponding acyl-CoAs but with higher sensitivity (this
method can measure 0.2% enrichment of acetic acid. Practically, it can be applied to plasma
and urine samples, although plasma and urine have not been tested in this work. However,
caution needs to be taken to avoid easy contamination of very short chain fatty acids. Other
potential sources of short chain fatty acids include air, water, chemicals, etc, especially when
assaying formate.
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Scheme 1.
Chemical structure of PFBBr derivatives of acids and their mass ion in negative chemical
ionization of mass spectrometry.
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Fig. 1.
PFBBr esters with isotope labeled short chain acids formed at different conditions. Panel A
is at the different volume ratio of 100 mM PFBBR in acetone versus sample volume; panel
B is at different pH of phosphoate buffer; panel C is at different reaction temperature; and
panel D is at different incubation time at 60 C.
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Fig. 2.
GC/MS chromatogram of PFBBr derivatives of unlabeled formate (C1), acetate (C2),
propionate (C3), butyrate (C4) and pentanoate (C5) of 100 μl distilled Milli-Q water (panel
A), 100 μl of 50 mM phosphate buffer (pH=7, prepared in distilled Milli-Q water) And the
100 μl of 1 mM of each acid was taken for analysis (panel C). The injection volume is 1 μl
with splitless mode. The mass spectrometry is NCI mode with ammonium as reaction gas.
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Fig. 3.
Acetic acid isotopomer enrichment in perfusate samples of rat liver perfused with increasing
concentrations of [3,4-13C2]-4-hydroxynonanoate (a). The catabolic pathway scheme of
[3,4-13C2]-4-hydroxynonanoate in the rat liver (b), “C” in bold represents 13C labeled
carbon.
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Fig. 4.
The mass isotopomer enrichments results from [5,6,7-13C3]hetpanoate rat liver perfusion
experiments. (a) M1, M2 and M3 of propionyl-CoA from liver tissues, (b) M1 and M2 of
acetyl-CoA from liver tissues, (c) M1, M2 and M3 of propionic acid in the perfusates (d)
M1 and M2 of acetic acid in the perfusates.
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Fig. 5.
The metabolic scheme of M1, M2 and M3 propionyl-CoA coming from the [5,6,7-13C3]-
hetpanoate metabolism. The first round [5,6,7-13C3]heptanoate metabolism forms M1, M2
and M3 CAC intermediates. And further metabolism of M1, M2 and M3 CAC intermediates
produce M1, M2 and M3 succinyl-CoA that can reversibly form M1 and M2 propionyl-
CoA.
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Table 2

Mass isotopomer distribution and enrichments (after matrix correction) of acids in control samples

Formate acetate Propionate

Day 1
(n=5, mean%±SD)

M1 1.20±0.07 2.25±0.09 3.45±0.1

M2 NA 0.41±0.03 0.46±0.02

M3 NA NA 0.016±0.001

Day2
(n=5, mean%±SD)

M1 1.20±0.06 2.25±0.04 3.42±0.1

M2 NA 0.41±0.04 0.44±0.02

M3 NA NA 0.014±0.002

Day3
(n=5, mean%±SD)

M1 1.22±0.02 2.24±0.05 3.55±0.08

M2 NA 0.41±0.03 0.42±0.03

M3 NA NA 0.015±0.002

Inter-day average
(n=3, mean%±SD)

M1 1.21±0.01 2.25±0.07 3.47±0.07

M2 NA 0.41±0.002 0.44±0.02

M3 NA NA 0.015±0.001

Enrichment*
(%, after matrix correction)

M1 0.0006 −0.07 −0.03

M2 NA 0.005 −0.01

M3 NA NA 0.001

NA: Not assayed.

*
Enrichment data is inter-day average corrected by matrix method.
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