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Drugs and other interventions for high impact hepatic dis-
eases often target biochemical pathways such as gluconeogene-
sis, lipogenesis, or the metabolic response to oxidative stress.
However, traditional liver function tests do not provide quanti-
tative data about these pathways. In this study, we developed a
simple method to evaluate these processes by NMR analysis of
plasma metabolites. Healthy subjects ingested [U-'3C;]glycerol,
and blood was drawn at multiple times. Each subject completed
three visits under differing nutritional states. High resolution
13C NMR spectra of plasma triacylglycerols and glucose pro-
vided new insights into a number of hepatic processes including
fatty acid esterification, the pentose phosphate pathway, and
gluconeogenesis through the tricarboxylic acid cycle. Fasting
stimulated pentose phosphate pathway activity and metabolism
of [U-'3C;]glycerol in the tricarboxylic acid cycle prior to gluco-
neogenesis or glyceroneogenesis. Fatty acid esterification was
transient in the fasted state but continuous under fed condi-
tions. We conclude that a simple NMR analysis of blood metab-
olites provides an important biomarker of pentose phosphate
pathway activity, triacylglycerol synthesis, and flux through
anaplerotic pathways in mitochondria of human liver.

Clinical evaluation of liver function involves measurement of
circulating clotting factors and other proteins, transaminases,
and bilirubin. Although these assays are essential for patient
management, traditional “liver function tests” are not specific
for the metabolic pathways that underlie high impact disorders.
Many liver diseases are associated with abnormal mitochon-
drial function or impaired defense against oxidative stress, and
drugs specifically designed to reduce oxidative injury (1, 2),
inhibit hepatic triacylglycerol (TAG)? synthesis (3, 4), or block
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gluconeogenesis via the TCA cycle (5, 6) are widely prescribed.
Nevertheless it is difficult to probe activity of the TCA cycle, the
pentose phosphate pathway (PPP) or fatty acid esterification in
human subjects. A liver biopsy provides valuable information,
but biopsies are constrained by sampling errors, morbidity, and
mortality (7). Administration of substrates labeled with stable
isotopes followed by analysis of plasma metabolites is a power-
ful approach for assessing gluconeogenesis and lipogenesis in
the human liver. However, these methods typically involve
intravenous administration of isotopes (8 -12) or multiple
NMR measurements with the subject in a magnet (13, 14).
Technical requirements limit general utility.

Recently methods were introduced to study hepatic PPP by
analysis of plasma glucose and hepatic fatty acid esterification
in rodents receiving intragastric '>C-labeled glycerol (15, 16).
After the administration of [U-'*C;]glycerol, different meta-
bolic pathways in the liver generate unique '*C-labeling pat-
terns in the products of hepatic biosynthesis, glucose and
TAGs, that are exported into circulation and readily sampled in
venous blood. The '>C-labeling patterns provide a rich source
of information regarding multiple pathways including fatty acid
esterification, gluconeogenesis, the PPP, and TCA cycle activ-
ity. Direct conversion of [U-">C,]glycerol to either glucose or
TAGs retains the intact '*C-unit of three covalently bonded
carbons (**C-">C-'2C) of the original glycerol. Metabolism of
[U-"2C,]glycerol in the TCA cycle followed by resynthesis to a
triose during gluconeogenesis yields a double-labeled (**C-'?C)
triose. Thus, the detection of glucose or glycerol derived from a
double-labeled triose indicates metabolism of [U-">C,]glycerol
through the TCA cycle prior to formation of these products. In
addition, the difference in labeling patterns between glucose
carbons 1-3 versus carbons 4—6 after the administration of
[U-"2C,]glycerol provides an index of hepatic PPP activity. The
oxidative arm of the PPP rearranges carbons 1-3 but not car-
bons 4 — 6. The details of these pathways are illustrated in Fig. 1.

Here we investigated the metabolism of [U-'>C,]glycerol in
human subjects to test the hypothesis that a portion of glycerol
is metabolized in the TCA cycle prior to glyceroneogenesis or
gluconeogenesis. Healthy volunteers ingested [U-">C,]glycerol
under differing nutritional states. Blood was drawn at multiple
times, and metabolites from blood were analyzed using '>C
NMR. In addition to fasted and fed conditions, we evaluated the
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FIGURE 1. '3C labeling patternsin TAGs and glucose produced in liver after oral [U-'>C;]glycerol. g, [U-'3C;]glycerol may be used immediately as backbones for
fatty acid esterification or in gluconeogenesis after phosphorylation (“direct” contribution). A fraction of [U-'3C;]glycerol may be further converted to other trioses and
[U-3C,]pyruvate entering the TCA cycle prior to glyceroneogenesis or gluconeogenesis (“indirect” contribution). The TCA cycle scrambles '3C extensively, labeling all
the cycle intermediates, including oxaloacetate, that may exit the cycle producing double- or triple-labeled trioses. These trioses may be either glyceroneogenic or
gluconeogenic. Because PEP is a common intermediate for DHAP (becoming glucose carbons 1-3) and GA3P (becoming glucose carbons 4-6), an equivalent
3C-labeling pattern is expected between glucose carbons 1-3 and carbons 4-6. Thus, the ratio [1,2-'3C,]/[2,3-3C,] in glucose must be equal to the ratio [5,6-'C,)/
[4,5-"3C,]in glucose. b, however, PPP activity increases the ratio of [1,2-'3C,1/[2,3-"3C,], but not [5,6-'3C,]/[4,5-C,], by producing [1,2-3C,]hexose. Gluconeogenesis
directly from [U-"3C;lglycerol produces [1,2,3-"3C,]- or [4,5,6-*C;]hexose. The entry of [1,2,3-*C;]glucose 6-phosphate to PPP produces mainly [1,2—13C§]fructose
6-phosphate through decarboxylation in the oxidative PPP followed by carbon rearrangement in the non-oxidative PPP. In contrast, *C 3-unit (*3C-'*C-'3C) in
[4,5,6-'3C;]hexose remains the same even after passing through the PPP. Consequently, the '*C-labeling pattern in glucose carbons 1-3 is sensitive to PPP activity, but
the pattern in glucose carbons 4 -6 is not. Open circles, '*C; black circles, "*C; green circles, C after metabolism through the TCA cycle; red circles, C after metabolism
through the PPP. F6P, fructose 6-phosphate; G3P, glycerol 3-phosphate; G6P, glucose 6-phosphate; GK, glycerol kinase; PEPCK, PEP carboxykinase; TPI, triose phos-
phate isomerase.

states. Key metabolic processes in the liver of human subjects
including glycerol metabolism in the TCA cycle, the PPP, and

consequences of a bolus of oral glucose (here termed “fed plus
glucose”) to determine whether a high concentration of glucose

would stimulate hepatic PPP to supply NADPH needed for fatty
acid synthesis. Although the majority of the carbon backbones
of TAGs was directly derived from [U-'°C,]glycerol, ~5-20%
was derived after metabolism of glycerol in the TCA cycle.
Glycerol metabolism in the TCA cycle and PPP activity were
both more active in the fasted state compared with the fed
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fatty acid esterification were sensitive to nutritional states, and
these processes were detected using a protocol that requires
only oral administration of glycerol and venous blood samples.
This assay is convenient and acceptable to human subjects, and
in a single exam it detects metabolic pathways in the liver that
were previously inaccessible in a simple assay.
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FIGURE 2. Glycerol, fatty acids, TAGs, and "3C incorporation to TAGs in plasma from subjects receiving [U-'3C;]glycerol. g, the concentration of free
glycerolin plasmaincreased immediately after [U-'3C;]glycerol ingestion under a fast but remained constant under fed conditions. b, the concentration of fatty
acids was high under a fast but decreased by food intake. ¢, the concentration of TAGs was not significantly changed under a fasted state and a fed plus glucose
condition but was higher at 90-150 min after [U-'3C,]glycerol ingestion under a fed condition compared with the level after a fast (t = 0). d, after a fast,
[U-"3C,]glycerol ingestion led to rapid '*C enrichment in the glycerol moiety and reached a maximum at 90 min. Under fed conditions, the fractional
enrichment increased gradually reaching a plateau at ~150 min. e, the concentration of TAGs with excess *C-labeled glycerol backbones (i.e. newly synthe-
sized TAGs) was greatest at 90 min under a fastand at 150 min under a fed state but steadily increased up to 240 min under a fed plus glucose condition. In each
graph, the value at the zero time point (t = 0) was from an overnight fast prior to the administration of [U-'*C;]glycerol, meal, or glucose. *, p < 0.05 compared

with t = 0 in each graph; ¥, p < 0.05 compared with the corresponding time point under a fasted state (n = 5-6).

Results

Fasting Stimulates Metabolism of Glycerol in the TCA
Cycle—The effects of nutritional states on the concentrations of
plasma glycerol, fatty acids, and TAGs are shown in Fig. 2 (a—c¢).
The '*C NMR spectra of plasma metabolites were sensitive to
nutritional states. Under all conditions, the'*C NMR spectra of
plasma lipids showed well resolved resonances of the glycerol
moiety of TAGs (Fig. 3a). The singlet (S) from carbon 1 (C1)
and C3 resonance at 62.2 ppm reflects signals from single-la-
beled ([1-'*C,] and [3-">C,]) glycerol, whereas the doublet (D)
reflects contributions from double- and triple-labeled ([1,2-
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13C,], [2,3-13C,], and [U-'3C,]) glycerol moieties. Given the low
probability of forming a single-labeled glycerol moiety from
exogenous [U-'2C;]glycerol, the singlet was assumed to repre-
sent natural abundance >C (1.1%). The time course of *C
enrichment in the glycerol backbones of TAGs was sensitive to
nutritional states. Under a fast, *>C enrichment in the glycerol
backbones rapidly increased, reaching a maximum (7.1%) at 90
min after [U-'3C,]glycerol ingestion, followed by gradual
decrease. Under the fed or the fed plus glucose condition, the
enrichment gradually increased, reaching a plateau at 120150
min. (Fig. 2d). The concentration of TAGs with excess '>C-
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FIGURE 3. '*C NMR spectra of the glycerol moiety of TAGs reflect direct and indirect contributions from [U-'3C;]glycerol. Healthy subjects ingested
[U-"3C,]glycerol under differing nutritional states, and blood was drawn at multiple times. a, '*C NMR spectra of lipid extracts from a fasted subject show the
resonances of the glycerol backbones of TAGs. The spectrum from 10 min shows natural abundance "3C only, but the spectra from 60, 120, and 240 min show
signals from excess '3C in the glycerol backbones. In the C1 and C3 region at 62.2 ppm, the doublet (D) reflects signals from [1,2-"3C,]-, [2,3-"3C,]-, and
[U-"3C;]glycerol moieties of TAGs. In the C2 region at 69.1 ppm, the doublet (D) reflects [1,2-"3C,]- and [2,3-'3C,]glycerol moieties, and the triplet (T) arises
exclusively from [U-"3C;lglycerol moiety. The presence of double-labeled glycerol demonstrates metabolism of [U-"3C;lglycerol in the TCA cycle prior to
glyceroneogenesis. b, the direct versus indirect contribution from [U-'3C;]glycerol was estimated based on the analysis of the glycerol moiety C2 resonance.
[U-"3C,]Glycerol incorporation to TAGs occurred primarily via the direct pathway under all nutritional conditions. The indirect contribution through the TCA
cycle was minor but increased gradually over time and was sensitive to nutritional states. The indirect contribution was 22% after a fast, 13% under a fed
condition, and 10% under a fed plus glucose condition at 240 min of the ingestion. D, doublet from coupling of C1 with C2 or from coupling of C2 with C3; T,
triplet arising from coupling of C2 with both C1 and C3; S, singlet. Open circles, '*C; black circles, *>C; green circles, **C after metabolism through the TCA cycle.

¥, p < 0.05 compared with the corresponding time point under a fasted state; ¥, p < 0.05 compared with the corresponding time point under a fed state
(n =6).
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labeled glycerol moiety indicates newly synthesized TAGs from
the liver exported into the circulation and was calculated by
multiplying [TAG] and the fraction of glycerol moiety with
excess '°C (Fig. 2e). The maximum concentration occurred
early under both the fasted and fed states, but it steadily
increased up to 240 min under the fed plus glucose condition.

The C2 resonance of the glycerol moiety at 69.1 ppm is com-
posed of a natural abundance singlet, a doublet caused by either
[1,2-'3C,]glycerol or [2,3-"°C,]glycerol or a 1:2:1 triplet caused
by [U-'3C,lglycerol (Fig. 3a). As noted, [U-'?C;]glycerol
metabolism directly to TAGs only produces an intact triple-
labeled unit (**C-'>C-'2C), yet double-labeled units (**C-'>C)
are also produced through the TCA cycle prior to glyceroneo-
genesis. Thus, any signal arising from the doublet must reflect
the indirect contribution of [U-'*C;]glycerol to TAGs after
metabolism in the TCA cycle. The indirect contribution
increased over time under all nutritional states but was ~2-fold
greater after a fast. At 240 min after [U-'C,]glycerol ingestion,
the indirect contribution was 22% in the fasting state, 13% in the
fed state, and 10% in the fed plus glucose state (Fig. 3b). The
indirect contributions at 10 and 30 min were not measured
because of low *C enrichments.

Fasting Simulates PPP Activity and Gluconeogenesis from
Glycerol—The concentration of plasma glucose remained con-
stant after [U-'3C;]glycerol ingestion in both the fasted and fed
conditions but increased in the fed plus glucose condition at
10-60 min (Fig. 4a). In *C NMR spectra of monoacetone glu-
cose derived from plasma glucose, signals from [1,2,3-13C3]-
and [4,5,6-">C,]glucose were dominant under all nutritional
states, reflecting gluconeogenesis directly from [U-">C,]
glycerol (Fig. 5). The presence of double-labeled ([1,2-'3C,],
[2,3-1*C,], [4,5-'*C,], and [5,6-'C,]) glucose isotopomers
demonstrates the metabolism of [U-'>C;]glycerol through the
TCA cycle prior to gluconeogenesis and is consistent with the
observation in the glycerol backbones of TAGs. The sum of all
glucose isotopomers with excess '>C, indicating gluconeogen-
esis from [U-'>C;]glycerol, was much higher after a fast com-
pared with fed or fed plus glucose conditions (Fig. 4b). The
difference between [1,2-3C,]/[2,3-°C,] and [5,6-3C,]/[4,5-
13C,] ratios in glucose (reflecting PPP activity) was higher in the
fasting than in the fed conditions (Fig. 4c). The amount of [1,2-
13C,]glucose produced through the PPP, on the order of 1-40
pmol/liter, was much higher after a fast compared with the fed
states (Fig. 4d). Nonetheless, the fraction of [1,2-'3C,]glucose
from the PPP was still less than 1% of plasma glucose pool even
under fasting. When the PPP flux was compared with gluco-
neogenesis from [U-'3C;]glycerol, it was ~5—6% after a fast
and ~3% under fed states (Table 1).

Metabolism of [U-'3C,]glycerol through the TCA cycle is
reflected as doublets because of [1,2-'2C,]glucose, [2,3-
13C,lglucose, [4,5-'3C,]glucose, and [5,6-'>C,]glucose.
Because [1,2-'2C,]glucose and [2,3-'>C,]glucose are sensitive
to flux through the PPP, [5,6-'3C,]glucose is a useful marker for
metabolism of [U-">C;]glycerol through the TCA cycle because
the signal from [4,5-'>C,]glucose is small (Fig. 5). The fraction
of [5,6-">C,]glucose in plasma glucose was much higher after a
fast than fed states. The minimal [5,6-'>C,]glucose production
under the fed plus glucose condition was presumably due to
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suppression of gluconeogenesis by the glucose load in these
healthy subjects (Fig. 4e).

Discussion

This study demonstrated that [U-">C,]glycerol is a useful
and convenient probe of multiple key metabolic processes in
the liver of human subjects. The utility arises from the com-
bined features of negligible toxicity, ease of oral administration,
the ability to access de novo synthesis of both glucose and TAGs
under various nutritional states, and the abundant information
yield arising from '*C-'3C spin-spin couplings of the metabolic
products in plasma. We demonstrated that the fraction of
plasma glucose reflecting the PPP activity was very low in these
healthy patients under all conditions and that fasting increases
hepatic PPP activity, gluconeogenesis from glycerol, and glyc-
erol metabolism through the TCA cycle prior to gluconeogen-
esis. TAG synthesis and secretion to the bloodstream was con-
tinuous under the fed plus glucose condition but transient
under a fast. This study also demonstrated for the first time that
asignificant fraction of the backbones of TAGs derived from an
oral glycerol load was metabolized through the TCA cycle prior
to glyceroneogenesis in the liver of human subjects.

This is the first report to assess hepatic PPP in human sub-
jects after oral administration of a gluconeogenic, stable isotope
substrate. Typically >C-labeled glucose tracers have been used
in isolated livers or hepatocytes to estimate PPP activity. For
example, [1,2-'°C,]glucose is converted to [2,3-'°C,]lactate
and unlabeled lactate via glycolysis but generates [3-'>C,]
lactate and unlabeled lactate after passage through the PPP.
However, glucose tracers have limited utility in vivo for analysis
of hepatic metabolism because glucose is potentially consumed
by essentially all the organs of the body. Magnusson ez al. (17)
used radioactive tracers, [1-'*C,]ribose and [2-'*C,]glucose,
and drugs, diflunisal and acetaminophen, to detect hepatic PPP
activity in humans by analyzing glucuronides in urine. The use
of radioactive tracers is a disadvantage because of safety and
ethical concerns and the technical requirements for radiation
containment. Furthermore, the drugs used to capture glucu-
ronides may themselves alter PPP activity because the liver is
the primary organ for detoxification of these probes. We ana-
lyzed glucose secreted from the liver receiving [U-'?C,]glycerol
and assumed that the liver is the dominant gluconeogenic
organ in healthy humans. Glycerol is safe, and high doses (=1
g/kg) of glycerol are commonly used for studies of exercise per-
formance (18 —20). In the current study, a much lower dose (50
mg/kg) of >C-labeled glycerol produced high quality spectra of
plasma metabolites of interest. The major products of the PPP
are NADPH and ribose. NADPH is a reducing agent, and ribose
is essential for nucleotide synthesis. With this low dose of glyc-
erol, we observed an increase in PPP activity during a fast that
could be attributed to the increased need for NADPH for
reduction of glutathione, a major antioxidant, because calorie
restriction induces glutathione in the liver (21).

Excess nutrients in the liver are converted to TAGs, which
are secreted into the circulation as very low density lipoproteins
(22). The 'C enrichment in the glycerol moiety provides an
index of the final step of TAG synthesis, fatty acid esterification.
TAG synthesis must be minimal under a fast, and for this rea-
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FIGURE 4. Assessment of hepatic PPP and gluconeogenesis by analysis of plasma glucose from subjects receiving [U-'3C;]glycerol. g, plasma
glucose remained the same under a fast and a fed condition but increased under a fed plus glucose condition. b, '*C enrichment in glucose (reflecting
gluconeogenesis from [U-'3C;]glycerol) was higher under a fast condition than under a fed condition. The enrichment under a fed condition was slightly
higher than a fed plus glucose condition at 120-240 min. The '*C enrichment in glucose represents the sum of all glucose isotopomers with excess '>C.
¢, as an index of hepatic PPP activity, the ratio difference between [1,2-'3C,])/[2,3-'3C,] and [5,6-'3C,)/[4,5-"3C,] in glucose was higher under a fast
condition than under a fed condition, indicating that fasting induced the PPP activity. d, plasma [1,2-'3C,]glucose produced through hepatic PPP was
much higher under a fast condition than under a fed condition. e, the fraction of [5,6-'3C,]glucose was greatest under a fast condition followed by a fed
condition and a fed plus glucose condition. [5,6-'3C,]Glucose was produced by [U-'3C;]glycerol metabolism through the TCA cycle prior to gluconeo-
genesis. [1,2], [1,2-"3C,]glucose; [2,3], [2,3-"3C,]glucose, etc.; [1,2-°C,lglucoseppp, [1,2-1°C,lglucose produced through the PPP. *, p < 0.05 compared
with t = 0 within each graph; ¥, p < 0.05 compared with the corresponding time point under a fasted state; , p < 0.05 compared with the corresponding
time point under a fed state (n = 4-6).

son the rapid incorporation of [U-'C,]glycerol into TAGs after
a fast was not expected in the current study. The exogenous
glycerol supply must trigger the esterification with abundant
fatty acids after a fast. The appearance of newly produced TAGs
did not necessarily lead a higher level of TAGs in plasma.
Although [U-"2C;]glycerol incorporation to TAGs was
observed under all nutritional states, [TAG] increased only for
ashort period under the fed condition. This means either (i) the
amount of newly synthesized TAGs from the liver was relatively

19036 JOURNAL OF BIOLOGICAL CHEMISTRY

small compared with total TAG pool in plasma or (ii) the clear-
ance of TAGs by adipose tissue increased (23).

Because of the common route to triose pools from the TCA
cycle, any double-labeled *C isotopomer detected in either
glucose or the glycerol moiety in plasma serves as a biomarker
for the anabolic function of hepatic mitochondria. It is impor-
tant to detect this hepatic process because many liver diseases
are considered to have defects in mitochondria biosynthetic
pathways (24-26). [5,6-'>C,]Glucose production, a marker for
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FIGURE 5. '*C NMR spectra of plasma glucose reflect hepatic gluconeogenesis and PPP activity. A subject ingested [U-">C;lglycerol under differing
nutritional states, and blood was drawn at multiple times. Glucose was derivatized for '*C NMR acquisition, and the spectra are from blood drawn at 180 min
after [U-"3C;lglycerol ingestion. Gluconeogenesis directly from [U-"3C;]glycerol produced [1,2,3-'°C;]- and [4,5,6-'C;]glucose. [U-"3C;]Glycerol metabolism
through the TCA cycle prior to gluconeogenesis produced double-labeled glucose ([1,2-*C,], [2,3-°C,], [5,6-'3C,], and [4,5-'3C,]). Hepatic PPP activity pro-
duced additional [1,2-"3C,]glucose, which was greatest under a fast. The ratio difference between D12/D23 versus D56/D45 (i.e. [1,2-'3C,1/[2,3-'3C,] versus
[5,6-"3C,1/[4,5-"3C,] in glucose) reflects hepatic PPP activity, which was sensitive to nutritional states. D12, doublet from coupling of C1 with C2; D23, doublet
from coupling of C2 with C3; Q, doublet of doublets, or quartet, arising from coupling of C2 with both C1 and C3 or from coupling of C5 with both C4 and Cé6;
D45, doublet from coupling of C4 with C5; D56, doublet from coupling of C5 with C6; S, singlet. Open circles, '>C; black circles, '3C; green circles, 'C after
metabolism through the TCA cycle; red circles, 1*C after metabolism through the PPP.

gluconeogenesis of [U-">C;]glycerol through the TCA cycle, [U-'?C,]glycerol to TAGs through the TCA cycle demon-
was noticeably increased under the fasting but minimal under strated the same conclusion. In the current study, monitoring
the fed plus glucose condition. The indirect contribution of [5,6-'*C,]glucose provides a lower limit for detection of
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TABLE 1
13C NMR analysis of plasma glucose from subjects receiving [U-‘3C3]glycerol under different nutritional states
30 min 60 min 90 min 120 min 150 min 180 min 240 min
Glucose produced through the
PPP (%)
Fasted 0.70 = 0.14 0.85 = 0.08 0.74 = 0.11 0.59 = 0.05 0.55 = 0.04 0.46 = 0.03 0.35 £ 0.03
Fed 0.08 = 0.03“ 0.10 = 0.03¢ 0.08 = 0.02* 0.05 £ 0.01 0.05 £ 0.01“ 0.05 = 0.01 0.05 £ 0.01
Fed + glucose 0.03 = 0.01“*  0.03 =0.01**  0.04 = 0.01“*  0.03 =0.00*  0.02 +0.00**  0.02 = 0.01“*  0.03 = 0.01“"
PPP/gluconeogenesis from
[U-13C,]glycerol (%)°
Fasted 4.7+ 0.6 51+03 51+ 0.6 4.9 + 0.6 5.9+ 0.4 5.5+ 0.4 58+ 0.5
Fed 2.5 +0.3¢ 2.9 + 04 3.3 £ 0.5 3.1 £047 3.2 +0.2¢ 3.1 +0.5¢ 34+ 04°
Fed +glucose 2.5+ 047 2.4 *+0.37 2.8 £ 047 3.1*04" 2.9 *+0.2¢ 2.9 = 0.67 4.0 = 0.7
[1,2-°C,] / [2,3-'3C,] in glucose
Fasted 103 £ 1.1 8.2 *+0.7 8.1*0.8 83 *0.6 8.1*05 85*1.0 7.7 +0.8
Fed 4.2 = 0.4° 4.2 + 0.6 4.2 = 0.7 3.7 £04° 3.6 = 0.57 3.2 =047 3.6 £ 04
Fed + glucose 3.8 = 0.4° 3.7 = 0.6 3.5+ 0.7 2.9+ 0.27 2.7 +0.2° 2.8 * 0.4° 3.2+ 0.6
[5,6-'3C,] / [4,5-"3C,] in glucose
Fasted 3.0*+0.3 3.2*04 32*03 3.6 £04 3.2*+02 3.5*02 34 *£02
Fed 2.5+02 22+02 2.1+ 03" 2.1 +0.3¢ 1.9 +0.3% 1.9 = 0.2¢ 2.0 = 0.2°
Fed + glucose 1.9 + 0.1 2.0 +0.2¢ 1.7 £ 0.1 1.5 *0.1¢ 1.4 *0.1¢ 1.5 *+0.14 1.6 = 0.2

“ p < 0.05 compared to the corresponding time point under a fasted state.
? p < 0.05 compared to the corresponding time point under a fed state.

¢ The percentage of [1,2-'C,]glucose produced through hepatic PPP out of all glucose isotopomers with excess '>C produced through gluconeogenesis from

[U-13C;]glycerol (n = 5-6).

[U-'3C,lglycerol metabolism through the TCA cycle.
[U-'3C,]Glycerol could be metabolized to [U-'3C,]pyruvate
followed by carboxylation to [1,2,3-'*C;]oxaloacetate. If this
metabolite is directly converted to [U-">C,]PEP (without fur-
ther metabolism in the TCA cycle), then the '>C labeling in
glucose would be indistinguishable from direct conversion of
[U-"3C,]glycerol to glucose.

In summary, key metabolic processes in the liver including
the PPP, fatty acid esterification, gluconeogenesis, and glycero-
neogenesis were monitored in human subjects after oral
administration of [U-'C,]glycerol. These processes are highly
relevant for understanding high impact liver diseases such as
fatty liver disease, type 2 diabetes, and hepatotoxicity. Glucose
overproduction from the TCA cycle is a key feature of hepatic
insulin resistance observed in fatty liver disease or type 2 diabe-
tes. As noted, PPP provides reducing equivalents for antioxi-
dant defense, which is impaired in hepatotoxicity caused by
drugs such as acetaminophen. For the first time, flux of glycerol
into the TCA cycle prior to gluconeogenesis or glyceroneogen-
esis was demonstrated in human subjects. This is also the first
use of a '*C-enriched gluconeogenic substrate to detect hepatic
PPP activity in humans. From the subject’s perspective, the
exam was readily accepted and quite simple. The [U-'3C,]
glycerol method described here could be valuable for detecting
biomarkers of liver diseases and for monitoring progression of
such diseases.

Experimental Procedures

Research Design—This study was approved by the Institu-
tional Review Board at the University of Texas Southwestern
Medical Center. Each participant provided written informed
consent prior to participation. Six healthy volunteers (ages,
24— 47 years; body mass index, 19-26 kg/m? 4 males and 2
females; 3 Caucasians and 3 Asians) were recruited for this
study. They completed three visits for differing study condi-
tions (i.e. fasted, fed, or fed plus glucose) with at least 2 months
separating each visit. Subjects with any chronic illness or use of
medication aside from occasional antihistamines, aspirin or
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nonsteroidal anti-inflammatory drugs were excluded. The
order of the study conditions for each subject was random. All
subjects had a meal at 6:30 p.m. and started fasting at 7:00 p.m.
on the day prior to the study. At 8:00 a.m. on the study day after
the overnight fast, subjects were admitted to the Advanced
Imaging Research Center located on the North Campus of Uni-
versity of Texas Southwestern. An intravenous catheter was
positioned in an antecubital vein, and blood (10 ml) was drawn
for chemistry at baseline. For the fasted study group, subjects
ingested 50 mg/kg body weight [U-'>C,]glycerol (99%; Sigma)
dissolved in water followed by a series of blood draws (30 ml
each) at 10, 30, 60, 90, 120, 150, 180, and 240 min. For the fed
study group, subjects ate a meal (680 calories; 18% protein, 28%
fat, and 54% carbohydrates) at 8:30 a.m., and received
[U-'3C;]glycerol (50 mg/kg) 60 min after the meal, followed by
the same series of blood draws. For the fed plus glucose study
group, subjects had the same meal at 8:30 a.m., plus ingested a
mixture of glucose (1 g/kg) and [U-"2C,]glycerol (50 mg/kg) 60
min after the meal. Again, blood was drawn over the same time
points.

Sample Processing for NMR Analysis—Plasma (3 ml) was
transferred into a 20-ml glass vial containing a chloroform/
methanol mixture (2:1, 12 ml). The mixture was stirred for at
least 30 min and centrifuged at a low rpm for organic-aqueous
layer separation. The bottom chloroform layer containing lip-
ids was transferred to a new glass vial. Chloroform (8 ml) was
added to the first vial, and the mixture was stirred to repeat the
extraction. The bottom chloroform layer was transferred, com-
bined with the first one, and evaporated under vacuum with a
liquid nitrogen trap. The dried lipids were dissolved in deuter-
ated chloroform (CDCl;, 170 ul; Cambridge Isotopes, Andover,
MA) for **C NMR acquisition. Plasma glucose was extracted,
purified, and converted to monoacetone glucose as described
previously (10).

NMR Spectroscopy—All NMR spectra were collected using a
Varian Inova 14.1 T spectrometer (Agilent, Santa Clara, CA)
equipped with a 3-mm broadband probe with the observe coil
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tuned to *C (150 MHz). '*C NMR spectra of lipids were col-
lected using a 60° pulse, a sweep width of 36,765 Hz, 110,294
data points, and a 1.5-s acquisition time with 1.5-s interpulse
delay at 25 °C. Proton decoupling was performed using a stan-
dard WALTZ-16 pulse sequence. The spectra were averaged
~23,000 scans requiring 20 h. The solvent (CDCI,) resonance
set to 77.2 ppm was used as reference. '>C NMR spectra of
monoacetone glucose derived from glucose were collected as
described previously (10). Al NMR spectra were analyzed using
ACD/Labs NMR spectral analysis program (Advanced Chem-
istry Development, Inc., Toronto, Canada).

Pathway Considerations for [U-"3C]glycerol Contributing to
TAGs—Metabolism of [U-'>C;]glycerol directly to the back-
bones of TAGs will generate intact **C 3-units (**C-*3*C-*3C).
In contrast, if [U-*3C,]glycerol is first metabolized to pyruvate
and the TCA cycle prior to glyceroneogenesis, double-labeled
([1,2-*3C,] and [2,3-'3C,)) and triple-labeled ([U-'3C,]) glyc-
erol moieties will appear in TAG pool (Fig. 1a). The details of
metabolic processes through the TCA cycle are complicated
(16), but the following, relatively simple routes show how dou-
ble-labeled trioses are produced through the metabolism of
[U-'3C,]glycerol in the TCA cycle. The entry of [U-'3C,]
pyruvate to the TCA cycle through pyruvate carboxylase pro-
duces 4-carbon intermediate, [1,2,3-'*C;]oxaloacetate first.
Because oxaloacetate is in rapid exchange with a symmetric
fumarate pool, [2,3,4-'3C;]oxaloacetate is also produced (Fig.
6a). In contrast, the entry of [U-'>C,]pyruvate through pyru-
vate dehydrogenase generates [U-'>C,Jacetyl-CoA, and its
condensation with unlabeled oxaloacetate results in [4,5-
13C,]citrate. This becomes [4,5-'C,]a-ketoglutarate and con-
sequently [3,4-'C,]-succinyl-CoA through the “forward” turn
of the TCA cycle, experiencing decarboxylation twice. Again a
symmetric fumarate pool produces double-labeled (i.e. [1,2-
13C,] or [3,4-'C,]) 4-carbon intermediates and consequently
equal amounts of [1,2-'>C,Joxaloacetate and [3,4-'°C,]
oxaloacetate (Fig. 6b). Thus, [1,2,3-2C,]-, [2,3,4-'C,]-, [1,2-
13C,]-, and [3,4-"3C,]oxaloacetate are produced shortly after
the entry of [U-"C,]pyruvate to the TCA cycle. Other isoto-
pomers are possible through the metabolic network involving
the TCA cycle, but will not be discussed for simplicity. Oxalo-
acetate may exit the TCA cycle via PEP carboxykinase to yield
PEP after decarboxylation of oxaloacetate C4. As the result,
[U-3C,]-, [2,3-13C,]-, [1,2-"3C,]-, and [3-'3C,]PEP are pro-
duced from [1,2,3-3C,]-, [2,3,4-"3C,]-, [1,2-'3C,]-, and [3,4-
13C,]oxaloacetate, respectively. These PEP isotopomers can be
transferred to other trioses along glyceroneogenic or gluconeo-
genic processes. Among the trioses, triple- and single-labeled
trioses are not considered further in the estimation of indirect
contribution of [U-">C;]glycerol to TAGs. The triple-labeled
triose cannot be distinguished from the “direct” contribution of
[U-"2C,]glycerol, and the single-labeled triose cannot be differ-
entiated from natural abundance one. In the current study, the
appearance of double-labeled ([1,2-'>C,] or [2,3-'?C,]) glycerol
in TAGs reflects the “indirect” contribution from [U-'3C,]
glycerol through the TCA cycle. The presence of [U-'*C,]-
glycerol in TAGs largely reflects “direct” conversion of
[U-"3C]glycerol but could also contain a small indirect contri-
bution. We report the indirect contribution of [U-'C;]glycerol
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based on the appearance of double-labeled glycerol moiety
of TAGs and the direct contribution based on the appear-
ance of [U-'>C,]glycerol moiety. This means that the indi-
rect contribution may be underestimated, whereas the direct
contribution of the orally administered glycerol may be
slightly overestimated.

In the '">C NMR spectra of lipids, the multiplets contributing
to the glycerol moiety C2 resonance of TAGs at 69.1 ppm is
informative about the direct versus indirect contribution
(Fig. 3a4). The doublet (D) reflects contributions from [1,2-
13C,]- and [2,3-'2C,]glycerol, whereas the triplet (T, actually
a doublet of doublets) reflects the contribution from
[U-'3C;]glycerol only. The relative signal area of the triplet,
1:2:1, is due to degeneracy in **C-'3C coupling constants in
the [U-'3C,]glycerol moiety. The middle peak of the triplet
overlaps with the singlet but can be estimated by adding the
areas of two lateral peaks of the triplet. The indirect and
direct contributions of [U-'3C,]glycerol to TAGs are
straight readout of multiplet areas of double-labeled and tri-
ple-labeled glycerol moieties, respectively.

Analysis of Glucose Isotopomers for the Assessment of Hepatic
PPP Activity—After phosphorylation in the liver, [U-"3C,]
glycerol can be further converted to [U-'*C,]dihydroxyacetone
phosphate (DHAP) or [U-'3C,lglyceraldehyde 3-phosphate
(GA3P). Condensation of [U-">C,]DHAP and unlabeled GA3P
produces [1,2,3-'3C,lhexose, whereas [4,5,6-'>C,]hexose
would be produced by combining unlabeled DHAP and
[U-">C,]GA3P (Fig. 1a). These are the major glucose isotopom-
ers generated in liver after receiving oral [U-">C,]glycerol.
[U-"*C4]Glucose could also be formed by condensation of
[U-"C,]DHAP and [U-'>C,]JGA3P. Analysis of hepatic PPP
activity is based on the principle that the '*C-labeling patterns
inthe “top” or “bottom” half of glucose carbons reflect the triose
pool and that the relative concentrations of double-labeled tri-
oses cannot be altered by transaldolase activity or incomplete
equilibration at the level of triose phosphate isomerase (15).
Transaldolase activity exchanges fructose 6-phosphate carbons
4-6 with GA3P carbons. Neither process breaks covalent
bonds in the triose pool. As noted, [U-**C,]glycerol metabo-
lism through the TCA cycle produces double-labeled ([2,3-
13C,] and [1,2-*3C,]) PEP, which are common precursors for
DHAP and GA3P, and subsequently glucose carbons 1-3 and
carbons 4—6 (Fig. 1a). In this situation, the ratio of [1,2-*2C,]/
[2,3-13C,] in glucose must equal the ratio of [5,6-'3C,]/
[4,5-13C,] if there is no PPP activity. However, flux of [1,2,3-
13C,]glucose 6-phosphate through the PPP produces [1,2-
13C,]fructose 6-phosphate, as described previously (15). This
increases the ratio of [1,2-'3C,]/[2,3-'2C,] appearing in glucose.
In contrast, the >C 3-unit (**C-'*C-"2C) in [4,5,6-'>C,]hexose
remains the same if this passes through the PPP (Fig. 1). In this
case, PPP would not alter the ratio of [5,6-'>C,]/[4,5-'°C,] in
glucose. Consequently the ratio difference between [1,2-'°C,]/
[2,3-*C,] and [5,6-'>C,]/[4,5-'3C,] in glucose is sensitive to the
PPP activity.

Fig. 5 shows spectra of monoacetone glucose derived from
plasma glucose of a subject receiving [U-">C;]glycerol under
differing nutritional states, Hepatic PPP activity is estimated
based on the analysis of the spectra. As an example with a spec-
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FIGURE 6. Double-labeled trioses produced through the metabolism of [U-'3C,]glycerol in the TCA cycle. After phosphorylation, [U-'3C,]glycerol may be
further metabolized to [U-'3C;lpyruvate entering the TCA cycle. a, the entry of [U-'>C;lpyruvate through pyruvate carboxylase produces [1,2,3-
13C;loxaloacetate, which equilibrates with the symmetric fumarate pool, producing both [1,2,3-'3C,]- and [2,3,4-"3C;]oxaloacetate. These oxaloacetate isoto-
pomers may exit the TCA cycle through PEP carboxykinase generating [U-'>C,]PEP and [2,3-"3C,]PEP. b, the entry of [U-'>C;lpyruvate through pyruvate
dehydrogenase generates [U-'3C,]acetyl-CoA. The condensation of [U-'3C,]acetyl-CoA and oxaloacetate produces [4,5-'3C,]citrate and [4,5-'3C,]a-ketogl-
utarate. After decarboxylation and experiencing a symmetric fumarate pool, [1,2,-'3C,]- and [3,4-'3C,]oxaloacetate are produced. These isotopomers become
[1,2-"3C,IPEP and [3-'3C,]PEP through PEP carboxykinase. Open circle, 12C; black circle, '3C; green circle, 1*C after metabolism through the TCA cycle. kG,
ketoglutarate; OAA, oxaloacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase.

fumarate

trum in Fig. 5, the subject after an overnight fast had 4.5 mmol/
liter glucose in plasma at 180 min of [U-'>C,]glycerol ingestion,
The fraction of plasma glucose derived from [U-"2C,]glycerol
was 9.1%, which was the sum of excess '>C enrichments by all
glucose isotopomers reflecting gluconeogenesis from [U-">C,]
glycerol. The '*C enrichment of each isotopomer was esti-
mated using internal references (i.e. two methyl groups with
natural abundance '*C) of monoacetone glucose (27). The ratio
[1,2-3C,]/[2,3-"C,] in glucose (D12/D23 in Fig. 5) was 6.0, and
the ratio [5,6-'>C,]/[4,5-'C,] in glucose (D56/D45) was 3.0
under the fasting state. The area of D12 signal (D12;q1a;) in
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the spectrum is the sum of [1,2-'°C,]glucose signal arising from
the PPP (D12,pp) and [1,2-'2C,]glucose arising through the
TCA cycle (D121c,): D121gpar, = D12ppp + D121 4. Because
D12;,/D23 = D56/D45, D12ppp = D12pora; — (D23 X D56/
D45). The calculated D12,,p in this case was 0.43% of plasma
glucose, Thus the level of [1,2-'3C,]glucoseppp was 19.4 um
(4500 um X 0.0043). The relative PPP flux compared with glu-
coneogenesis form [U-'2C;]glycerol was 4.7% (0.43/9.1).
Plasma Metabolite Assay—Plasma glucose was estimated
using glucose oxidase (YSI 2300 glucose analyzer; GMI, Inc.).
Fatty acids and TAGs in plasma were estimated using the Vitros
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250 analyzers (Johnson & Johnson). Free glycerol in plasma was
assayed using a commercial kit (Sigma).

Statistical Analysis—Data are expressed as means = S.E.
Comparisons between two groups were made using a Student’s
one-tailed ¢ test, where p < 0.05 was considered significant.
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