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ARTICLE INFO ABSTRACT

Keywords: Background: Glycerol is a substrate for gluconeogenesis and fatty acid esterification in the liver, processes which
Glycerol are upregulated in obesity and may contribute to excess fat accumulation. Glycine and glutamate, in addition to
Glycine cysteine, are components of glutathione, the major antioxidant in the liver. In principle, glycerol could be
g;:z;ﬁ:te incorporated into glutathione via the TCA cycle or 3-phosphoglycerate, but it is unknown whether glycerol
Liver contributes to hepatic de novo glutathione biosynthesis.

Glutathione Methods: Glycerol metabolism to hepatic metabolic products including glutathione was examined in the liver
Stable isotope from adolescents undergoing bariatric surgery. Participants received oral [U-'3Cs]glycerol (50 mg/kg) prior to
NMR surgery and liver tissue (0.2-0.7g) was obtained during surgery. Glutathione, amino acids, and other water-

soluble metabolites were extracted from the liver tissue and isotopomers were quantified with nuclear mag-
netic resonance spectroscopy.

Results: Data were collected from 8 participants (2 male, 6 female; age 17.1 years [range 14-19]; BMI 47.4 kg/m
[range 41.3-63.31). The concentrations of free glutamate, cysteine, and glycine were similar among participants,
and so were the fractions of 13C-labeled glutamate and glycine derived from [U-'3Cs]glycerol. The signals from
all component amino acids of glutathione - glutamate, cysteine and glycine - were strong and analyzed to obtain
the relative concentrations of the antioxidant in the liver. The signals from glutathione containing [13Cy]glycine
or ['3Cy]glutamate derived from the [U-'3C]glycerol drink were readily detected, and **C-labelling patterns in
the moieties were consistent with the patterns in corresponding free amino acids from the de novo glutathione
synthesis pathway. The newly synthesized glutathione with [U-'3Cs]glycerol trended to be lower in obese ad-
olescents with liver pathology.

Conclusions: This is the first report of glycerol incorporation into glutathione through glycine or glutamate
metabolism in human liver. This could represent a compensatory mechanism to increase glutathione in the
setting of excess glycerol delivery to the liver.

2

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is growing in prevalence,
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Nomenclature

Ala alanine

ALT alanine transaminase

BMI body mass index

Cys cysteine

D doublet

DHAP  dihydroxyacetone phosphate

DSS 4,4-dimethyl-4-silapentane-1-sulfonic acid
GA3P glyceraldehyde 3-phosphate

GCL glutamate cysteine ligase

Glu glutamate

Gly glycine

GPx glutathione peroxidases

GR glutathione reductase

GS glutathione synthetase

GSH glutathione (reduced form)

GSSG glutathione disulfide (oxidized form)

a-kG a-ketoglutarate

Lac lactate

MRI magnetic resonance imaging
NAC N-acetylcysteine

NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NMR nuclear magnetic resonance
OAA oxaloacetate

PC pyruvate carboxylase

PDH pyruvate dehydrogenase
3PG 3-phosphoglycerate

PHGDH phosphoglycerate dehydrogenase
PSAT phosphoserine aminotransferase
PSPH phosphoserine phosphatase

S singlet
SHMT  serine hydromethyl transferase
TCA tricarboxylic acid

related to increasing rates of obesity, with very concerning rates in ad-
olescents [1,2]. Fatty liver disease is projected to be the leading cause of
hepatic transplantation [3]. Of particular interest is what determines
progression of simple steatosis to non-alcoholic steatohepatitis (NASH)
as not all adolescents with fatty liver progress to NASH or fibrosis [4].
This process has been tied to increased inflammation in the liver, in
particular reactive oxygen species and oxidative stress [5]. A critical
part of the development of new pharmaceuticals is gaining a full un-
derstanding of hepatocyte substrate metabolism which may be involved
in the development of NASH.

Glutathione is the major antioxidant in the body protecting cells
from reactive oxygen species and free radicals [6-8]. It is a tripeptide
composed of glutamate (Glu), cysteine (Cys), and glycine (Gly). Gluta-
thione exists in two forms, the reduced form (GSH) and the oxidized
form (GSSG, glutathione disulfide). The thiol group (-SH) of the cysteine
moiety in GSH provides a reducing equivalent, and the oxidation of GSH
leads to GSSG that has a disulfide bond between two molecules of GSH
(Fig. 1A). GSH is dominant in vivo, but the fraction of GSSG increases
under oxidative stress and other pathophysiological conditions [9-11].
Glutathione is maintained at a high concentration in most cells, partic-
ularly in hepatocytes [7,8,10,12], but its concentration decreases with
chronic degenerative diseases or aging [13].

The liver is the main source of glutathione in the body, and the
antioxidant synthesized in the liver is exported to other organs through
blood and bile [14]. Among the constituent amino acids in glutathione,
the availability of cysteine is the rate-limiting factor in de novo gluta-
thione synthesis, catalyzed by glutamate-cysteine ligase [15]. The sup-
ply of cysteine or its precursors stimulates glutathione synthesis [8].
N-acetylcysteine (NAC), a well-known precursor to cysteine, is used for
the treatment of acetaminophen poisoning by replenishing glutathione
in the liver and for the treatment of other diseases associated with ox-
ygen radicals [16-18]. Under some circumstances such as diabetes or
protein malnutrition, glycine may limit glutathione synthesis [19-21].
Low circulating glycine was reported to limit glutathione biosynthesis in
fatty liver [22,23]. The administration of glycine alone, combination
with NAC, or serine as a precursor also increases glutathione [24-28].
Glutamate, however, has received less attention related to its regulatory
role in glutathione biosynthesis, presumably due to its abundance in
most cells.

The liver receives ample nutrients through the portal vein including
glycerol derived from lipolysis of triglycerides in visceral fat and from
the diet. Glycerol is utilized for gluconeogenesis and fatty acid esterifi-
cation producing glucose and triglycerides, respectively. Since glycerol
may enter glycolytic pathways, it can be metabolized to glycine through

3-phosphoglycerate. Glycerol may also be metabolized to pyruvate and,
after entry into the TCA cycle, undergo metabolism to glutamate [29].
Thus, while it is conceivable that glycerol contributes to glutathione
through glycine or glutamate, glycerol incorporation into glutathione
has not been reported previously in human liver. The purposes of this
study are to determine the metabolic pathways involved in glycerol
metabolism in the human liver and to specifically investigate the
contribution of glycerol to de novo glutathione synthesis. We recruited
adolescents who were undergoing bariatric surgery and administered
oral [U-'3Cslglycerol prior to surgery. A liver biopsy was performed
during surgery and the tissue extracts were analyzed using nuclear
magnetic resonance (NMR) spectroscopy to determine glycerol incor-
poration into glutathione and relevant metabolic processes.

2. Materials and methods
2.1. Research design

Participants: Youth aged 13-20 years old with body mass index
(BMI) 41.3-63.3 kg/m2 (n = 8) were recruited from the bariatric surgery
clinic at Children’s Hospital Colorado (Colorado Multiple IRB 18-0479,
NCT03587727). Exclusion criteria included a history of type 2 diabetes,
viral hepatitis, mitochondrial disease, the use of medications known to
alter insulin resistance including atypical antipsychotics, immunosup-
pressants, HIV medications, PPAR-y or PPAR-a, and metformin, MRI
exclusion criteria including largest circumference >200 cm and
implanted metal, pregnancy, alcohol abuse, hemoglobin <10 mg/dL,
and psychiatric or developmental concerns limiting informed assent and
consent. The study was approved by the Colorado Institutional Review
Board. All participants <18 years old provided written assent with
parental consent and participants >18 years old provided written con-
sent prior to enrollment and performance of any research.

Study Design: Participants underwent fasting metabolic assessments
with labs and anthropomorphic measurements. Fasting laboratory
values were drawn within 7 days prior to laparoscopic vertical sleeve
gastrectomy. On the day of surgery, oral [U-'3Cs]glycerol (50 mg/kg
body weight; Cambridge Isotope Laboratories, Inc. Tewksbury, MA USA)
was consumed after overnight fast and 2 h prior to scheduled procedure
start. Liver core and wedge biopsies were obtained for clinical and NMR
analyses. Due to variation in operative schedules, biopsies occurred
between 1.5 and 5.5 h after glycerol consumption (Fig. S1 and Table 1).
Liver tissue was preserved immediately following biopsy by flash
freezing in liquid nitrogen and stored at —80 °C prior to sample prepa-
ration for NMR spectroscopy.
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Fig. 1. Glutathione biosynthesis and NMR detection for [U-'3C;] glycerol
incorporation to glutathione (A) In glutathione biosynthesis, y-gluta-
mylcysteine (GluCys) is formed from glutamate and cysteine via glutamate
cysteine ligase (GCL) followed by the reaction between the dipeptide and
glycine via glutathione synthetase (GS). The oxidation of reduced glutathione
(GSH) to glutathione disulfide (GSSG) is catalyzed by glutathione peroxidase
(GPx) while GSH regeneration from GSSG is catalyzed by glutathione reductase
(GR). The numbers in glutathione chemical structure indicate the carbon po-
sitions of component amino acids selected for NMR analysis. (B) A simplified
schematic shows glycerol metabolism in liver. Glycerol is converted to dihy-
droxyacetone phosphate (DHAP) or glyceraldehyde 3-phosphate (GA3P). The
condensation of the two trioses leads to glucose and gluconeogenesis from
[U-'3Cs]glycerol produces triple-labeled glucose (['*Cslglucose). GA3P may
enter glycolytic pathway producing pyruvate that is in exchange with lactate or
alanine (Ala). [U-'3C;]glycerol metabolism through the glycolysis leads to
triple-labeled (['3C3]) lactate or alanine. Pyruvate enters the TCA cycle through
pyruvate carboxylase (PC) or dehydrogenase (PDH). [U-'3C3]pyruvate becomes
[1,2,3—13C3]oxaloacetate (OAA) through PC, and the condensation between
[1,2,3-'3C3]oxaloacetate and acetyl-CoA produces [2,3,6-'3C;]citrate and then
[2,3—13C2]a—ketoglutarate (a-kG) through the TCA cycle. Since a-ketoglutarate
is in exchange with glutamate, the detection of [2,3-'3C,]glutamate is evidence
of PC activity. In contrast, PDH produces [1,2—13C2]acety1-CoA from [U-3C3]
pyruvate, and the reaction between [1,2—13C2]acety1—CoA and oxaloacetate
leads to [4,5-'3Cy]citrate, [4,5-'°Cyla-ketoglutarate and consequently
[4,5-13Cylglutamate. Thus, [U-'3Cslglycerol incorporation to glutathione
through glutamate produces [2,3-'3Cylglutamate moiety or [4,5-'3Cy]gluta-
mate moiety. Glycerol can be converted to glycine through 3-phosphoglycerate
(3 PG), and [U-'3Cj]glycerol incorporation to glutathione through glycine
produces glutathione-['3C,]glycine. Highlights with yellow indicate doublet
(D) signals in '>C NMR spectra of metabolic products derived from [U-'3C3]
glycerol. open circle, 12C; black circle, 13C. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

Liver biopsies were evaluated by author MAL in the clinical pathol-
ogy service at Children’s Hospital Colorado using standard liver pa-
thology techniques [30]. The liver biopsy was preserved in 10% neutral
buffered formalin for fixation, embedded in paraffin, and sectioned on a
microtome at 4 pm followed by staining with routinely performed he-
matoxylin and eosin, trichrome, and periodic acid-Schiff with and
without diastase.
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2.2. Sample preparation and NMR spectroscopy

Metabolites were extracted from liver tissues using a method re-
ported previously with modifications [31]. Frozen liver tissue (0.2-0.7
g) was powdered using a mortar and pestle chilled with liquid nitrogen,
and ground tissue was transferred into a 15-mL conical tube containing a
mixture of acetonitrile-isopropanol-water (3:3:2; 7 mL) on ice, vortexed
for 1 min, and centrifuged at 25,000 g and 4 °C for 10 min. The super-
natant was transferred to a 50-mL conical tube, and the remaining pellet
was treated with the additional mixture of
acetonitrile-isopropanol-water (5 mL). The pellet was disrupted with a
spatula, vortexed for 1 min and centrifuged, and the supernatant was
transferred to the same 50-mL tube. The extraction was repeated one
more time by adding the mixture of solvents (3 mL) to the pellet.
Combined supernatant was centrifuged at 25,000 g and 4 °C for 10 min
and it was transferred to a 20-mL glass vial to dry under vacuum.
Dichloromethane (1 mL x 3) was slowly added to dried extracts to
dissolve lipids, and dichloromethane solution was transferred to a new
15-mL conical tube. After centrifuging, the dichloromethane solution
was discarded, and the residue was dissolved with the mixture of
acetonitrile-isopropanol-water (100 pL x 3) to combine with the original
extracts in the 20-mL glass vial. After drying under vacuum, the extracts
were dissolved in heavy water (2H20, 200 pL) containing 4,4-dime-
thyl-4-silapentane-1-sulfonic acid (DSS; 5 mM; NMR reference), centri-
fuged at 20,000 g for 5 min and the supernatant was transferred to a
3-mm NMR tube.

NMR spectra were collected using a 14.1 T Bruker Avance III HD
equipped with a 5-mm cryoprobe (Bruker, MA, USA) with the observe
coil tuned to 1C (150 MHz). Proton-decoupled '*C NMR was acquired
using Bruker standard zgpg30 sequence (a 30° pulse, a 36k-Hz sweep
width, and a 2-s acquisition time with 1.5-s interpulse delay) at 25 °C.
Proton decoupling was performed using a standard WALTZ-16 pulse
sequence. Spectra were averaged with 8000-20,000 scans and a line
broadening of 0.5 Hz was applied prior to Fourier transformation.
Spectra were analyzed using ACD/Labs NMR spectral analysis program
(Advanced Chemistry Development, Inc., Toronto, Canada).

2.3. NMR analysis of metabolites

In the liver, [U-'3Cs]glycerol is phosphorylated by glycerol kinase
and can be further converted to another triose such as dihydroxyacetone
phosphate (DHAP) or glyceraldehyde 3-phosphate (GA3P). Since the
condensation of these two trioses leads to glucose, the appearance of
triple-labeled (i.e., [1,2,3—13C3] or [4,5,6—13C3]) glucose is evidence of
gluconeogenesis from [U-!3Cslglycerol (Fig. 1B). In this study,
[1,2,3-13C3lglucose was quantified using the peak areas of doublets
(D12) at a-glucose carbon 1 (C1; 93.2 ppm; Fig. 2A) and p-glucose C1
(97.0 ppm). Instead of entering gluconeogenesis, [U-13C3]GA3P may
experience the terminal steps of glycolysis to produce pyruvate that is in
exchange with lactate or alanine (Ala). Thus, the appearance of [U—13C3]
lactate or [U—13C3] alanine is evidence of [U—13C3]glycerol metabolism
through glycolysis. These products were detected using the doublet
(D23) at lactate C3 (21.2 ppm) or alanine C3 (17.3 ppm), respectively. 3-
phosphoglycerate (3 PG) is an intermediate of glycolysis and it can be
metabolized to serine through the multiple enzymatic activities of
phosphoglycerate dehydrogenase (PHGDH), phosphoserine amino-
transferase (PSAT), and phosphoserine phosphatase (PSPH), and then
glycine after decarboxylation by serine hydromethyl transferase
(SHMT). [U—13C3] glycerol metabolism to glycine was detected by the
doublet at glycine C2 (42.5 ppm) in '3C NMR, a signal from [U-13C,]
glycine.

Pyruvate enters the TCA cycle through pyruvate dehydrogenase
(PDH) or pyruvate carboxylase (PC). The entry of [U—13C3]pyruvate
through PDH produces [1,2-'3Cy]acetyl-CoA after decarboxylation, and
the condensation between [1,2—13C2]acetyl-CoA and oxaloacetate
(OAA) generates [4,5—13C2]citrate and then [4,5—13C2](x-ketoglutarate
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Table 1
Clinical characteristics of participants.
Patient #1 #2 #3 #4 #5 #6 #7 #8
Characteristic
Age (year) 14.8 17.8 18.3 16.2 16.4 19.0 15.0 189
Sex (Female/Male) F F F F M F M F
Race (Black/White/Other) w w Other w Multiple w w w
Ethnicity (Hispanic/Not Hispanic) H H NH H H NH H H
Body weight (kg) 136.4 138.8 118.0 129.2 154.7 168.3 125.8 106.3
Body mass index (kg/mz) 43.5 49.8 42.5 52.1 44.5 63.3 41.6 41.3
Plasma
Hemoglobin Alc (%) 6.1 5.6 5.0 5.8 5.5 4.9 5.4 5.4
Triglycerides (<90 mg/dL) 223 121 89 106 66 150 128 97
ALT (11-26 U/L) 23 21 32 71 46 14 116 29
AST (15-40 U/L) 26 23 25 47 35 23 51 31
Liver
Steatosis grade 1 1 0 3 0 0 3 3
Steatosis location zone 1 zone 2 ND* azonal ND azonal zone 3 panacinar
Lobular inflammation 1 0 0 1 0 0 1 0
Liver cell injury (ballooning) 0 2 0 1 0 0 0 0
Fibrosis stage 1C 1A 0 1A 0 1C 0 0
Liver biopsy
Time after'>C-glycerol (hr) 5.5 4.8 35 2.6 3.6 4.5 1.5 3.5
Tissue mass for NMR (g) 0.35 0.75 0.33 0.29 0.65 0.31 0.22 0.22
2 ND, not detected.
& Fig. 2. NMR analysis of metabolites in liver ex-
* G[”S c3 tracts (A) In '°C NMR, a singlet (S) reflects the pool
A Glg c4 size of a metabolite with natural '*C abundance and a
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(2;s§e coupling with two adjacent carbons originated from

[U-'3Cs]glycerol. A doublet at glucose C1 is from
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(aKG) through the TCA cycle. Since a-ketoglutarate is in exchange with glutamate C4 (34.6 ppm) in 3C NMR (Fig. 2A). The entry of [U-'3Cs]
glutamate, glycerol metabolism through PDH produces [4,5-!3C,] pyruvate through PC produces [1,2,3-'3Cs]loxaloacetate after carbox-
glutamate that can be detected by a doublet (D45, Joc ~ 52 Hz) at ylation, and the reaction between [1,2,3—13C3]oxaloacetate and acetyl-
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CoA produces [2,3,6—13C3]citrate. The citrate becomes [2,3—13C2](x-
ketoglutarate through the TCA cycle and then [2,3—13C2]glutamate that
can be quantified using a doublet (D23, Jcc ~ 34 Hz) at glutamate C3
(28.1 ppm; Fig. 2A).

The relative concentration of a metabolite was calculated based on
the peak area of a singlet (S) from each metabolite because the singlet
represents natural >C abundance. The level of a'®C-labeled metabolite
derived from [U—13C3]glycerol was measured using a doublet (D), a
signal from 3C-'3C spin-spin coupling (Fig. 2A). The peak area of a
singlet or a doublet was normalized by the peak area of DSS, the NMR
reference.

2.4. NMR analysis of glutathione

Signals from GSH and GSSG were resolved in 'C NMR spectra
(Figs. 2A and 3A). Among many carbons in glutathione, signals from
glycine moiety C2, cysteine moiety C3, and glutamate moiety C3 and C4
were selected for analysis because these signals were stronger and better
resolved compared to signals from other carbons. Chemical shifts and
NMR signals from the selected carbons in GSH and GSSG are as follow:

Glutamate C3 in GSH and GSSG at 27.4 ppm: S ([3-'3C;]1Glu) and
D23 ([2,3-13C,]Glu).

Glutamate C4 in GSH and GSSG at 32.5 ppm: S ([4-'3C;]1Glu) and
D45 ([4,5-C,]Glw).

Gin C3

A
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Cysteine C3 in GSH at 26.7 ppm and GSSG at 39.8 ppm: S ([3-13C1]
Cys).

Glycine C2 in GSH and GSSG at 44.5 ppm: S ([2-13C;]1Gly) and D
([U-"3C,1Gly).

A singlet (S) reflects the pool size of glutathione with natural *3C
abundance and a doublet (D) is evidence of [U—13C3]glycerol meta-
bolism to glutathione. Doublets were detected in glutamate and glycine
moieties, but not in the cysteine moiety.

2.5. Statistical analysis

NMR Comparisons between two groups were made using a Mann
Whitney U test for non-parametric data and ANOVA was used for
analysis of greater than 2 groups, where p < 0.05 was considered sig-
nificant. Data are expressed as mean + standard error.

3. Theory

As previously described, the '3C label from an oral load of [U-'3Cj]
glycerol can be traced to specific locations within a metabolite, as
detected by isotopomer NMR analysis. Label locations and signal
abundance can be used to measure hepatic relative contributions of the
TCA cycle, the pentose phosphate pathway and indirect metabolism, in
both the glucose and triglyceride products that are released from the

Fig. 3. Quantitation of glutathione and newly
synthesized glutathione with [U-'3C3] glycerol
(A) '3C NMR of liver extracts shows signals from
component amino acids in glutathione. Singlet signals
represent the pool size of glutathione and doublets
represent [U-'3Cslglycerol incorporation to gluta-
thione. (B) Graphs show relative glutathione contents
(sum of GSH and GSSG) based on singlet signals from

GSH
Gy c2) glutamate moiety C4, cysteine moiety C3 and glycine
GSH moiety C2 in '3C NMR spectra. (C) Graphs show the
‘G“SCJ: relative level of glutathione containing [2,3-'3Cy]
® * glutamate, [4,5—13C2]glutamate or [U—13C2]glycine.
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B 15 15 15 (1.5 h).
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liver [29]. In this study, we performed this isotopomer NMR analysis on
liver tissue, rather than blood, and assessed for the location of the tracer
in a broader range of metabolites, to better understand intrahepatic
energy metabolism. By performing the analysis in the liver tissue, the
hypothesis was that we would be able to find the '3C label in a broader
range of metabolites where either the enrichment was too low or there is
not direct secretion to the blood stream.

4. Results
4.1. Participant characteristics

Clinical characteristics of participants are noted in Table 1. The
average age of participants was 17.0 years with a range 14.8-19.0 years.
Participants were predominantly female (75%) and identified as His-
panic (75%). Average BMI was 47.4 kg/m? with a range 41.3-63.3 kg/
m?. By design, no participants had diabetes (Hemoglobin Alc > 6.5%)
and two had prediabetes (defined as hemoglobin Alc 5.7-6.4%). Five
participants had elevations in ALT, two were >2x upper limit normal.
Five of eight had hepatic steatosis, three had inflammation consistent
with NASH, and four had some degree of fibrosis.

4.2. Assessment of metabolites and glycerol metabolism in the liver

Gluconeogenesis from [U-'3Cs]glycerol was evidenced by doublet
(D12) signals at a-glucose C1 (93.2 ppm) and f-glucose C1 (97.0 ppm).
[U-3C3lglycerol incorporation into glycolytic pathway was also evi-
denced by doublet (D23) signals at lactate C3 (21.2 ppm) and alanine C3
(17.3 ppm; Fig. 2A). The amplitude of the doublet relative to the natural
abundance singlet in glucose, alanine and lactate indicates that ~1-3%
of the metabolite pools were enriched by [U-'3Cs]glycerol (Fig. 2B). A
doublet at glycine C2 (42.5 ppm), the signal from [U-'3C,]glycine, was
also detected demonstrating [U-'3Cs]glycerol metabolism to glycine. A
small singlet only, without a doublet, was detectable at cysteine C3
(25.7 ppm). The relative concentrations and 13C enrichments of these
metabolites in the liver from each participant are listed in Table 2.

As noted, '3C-labeling patterns in glutamate provide information
about the path of pyruvate entry to the TCA cycle through PC or PDH.
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Both [2,3—13C2]glutamate (doublet at glutamate C3; 28.1 ppm) and
[2,3-13Cy] glutamine (doublet at glutamine C3; 27.4 ppm) were detected
demonstrating [U-'3Cs]glycerol metabolism through PC. In addition,
the presence of [4,5—13C2]glutamate (doublet at glutamate C4; 34.6
ppm) and [4,5-'3Cy]glutamine (doublet at glutamine C4; 31.9 ppm)
demonstrated [U-'3Cs]glycerol metabolism through PDH. The signal
from [2.3—13C2] glutamate was stronger than that from [4,5—13C2]
glutamate in all participants demonstrating pyruvate entry to the TCA
cycle mainly through PC rather than PDH.

Glutamate and glycine were abundant in the liver of all participants,
but the concentration of cysteine was low (Fig. 2A-B). The levels of these
free amino acids among participants were similar. The presence of '3C-
labeled glutamate and glycine showed active [U-'3Cs]glycerol meta-
bolism to these amino acids in all participants. The levels of ['3cy]
glycine were not noticeably different among patients, but the levels of
[13C2]glutamate varied (Fig. 2C).

4.3. Assessment of glutathione

The relative concentration and '3C enrichment in hepatic gluta-
thione were based on the signals from glycine moiety C2, cysteine
moiety C3, glutamate moiety C3 and C4 (Fig. 3A). Chemical shifts for the
carbons of component amino acids between GSH and GSSG were very
close, except the cysteine moiety C3 (26.7 ppm in GSH; 39.8 ppm in
GSSG). The different chemical shifts in the cysteine moiety were due to
dissimilar chemical environments between a thiol (-SH) group in GSH
and a disulfide bond (-S-S-) in GSSG. The relative concentration of total
glutathione (GSH and GSSG) was measured using singlets from glycine
moiety C2, cysteine moiety C3, and glutamate moiety C4. The results
based on the signals from different component amino acids in gluta-
thione were generally consistent in each patient (Fig. 3B). The concen-
trations of glutathione were high and comparable with common
metabolites such as glucose, glutamate, and lactate (Fig. 2B), and they
somewhat varied among patients (Fig. 3B and Table 3).

Table 2
Relative concentrations and'3C enrichments of metabolites.

Metabolite Chemical shift #1 #2 #3 #4 #5 #6 #7 #8

Glucose (x & f; C1) 92.9 & 97.0 ppm 2.67 1.82 0.87 0.87 0.77 0.77 0.65 0.59
Glucose enrichment (%) 0.23 0.80 1.03 1.99 2.97 3.03 3.50 1.72

Glycerol 3-phosphate (C1) 63.3 ppm 0.32 0.64 0.39 0.12 0.28 ND* ND 0.08
G3P enrichment (%) 0.14 0.88 0.95 0.40 1.91 ND ND ND

Serine (C2) 57.4 ppm 0.19 0.16 0.09 0.01 0.04 0.09 ND 0.08
Serine enrichment (%) 0.21 0.12 0.24 ND ND ND ND ND

Glycine (C2) 42.6 ppm 0.85 0.79 0.56 0.45 0.50 0.32 0.19 0.30
Glycine enrichment (%) 0.24 0.38 0.45 0.50 0.34 0.40 0.21 0.11

Phosphoethanolamine (N) 41.8 ppm 0.18 0.20 0.16 0.08 0.19 0.20 0.09 0.47

Succinate (C2&C3) 35.0 ppm 0.44 1.14 0.51 0.24 0.41 0.16 0.15 0.34
Succinate enrichment (%) 0.07 0.17 0.16 0.24 0.30 ND ND 0.15

Glutamate (C4) 34.0 ppm 1.07 1.06 0.57 0.47 0.96 0.74 0.52 0.59
Glutamate enrichment (%) 0.08 0.11 0.53 0.49 0.09 ND ND 0.15

Glutamine (C4) 31.8 ppm 1.11 0.65 0.82 0.64 0.66 0.68 0.44 0.68
Glutamine enrichment (%) 0.10 0.21 0.86 0.51 0.14 0.14 ND 0.10

Glutamate (C3) 27.9 ppm 1.31 1.42 0.91 0.78 1.37 0.99 0.77 0.82
Glutamate enrichment (%) 0.24 0.48 0.54 0.53 0.69 0.59 0.32 0.58

Cysteine (C3) 25.7 ppm 0.03 0.05 0.01 0.03 0.06 0.04 0.02 0.03

Lactate (C3) 21.0 ppm 1.81 3.48 1.28 0.66 0.65 0.09 0.08 0.45
Lactate enrichment (%) 0.23 0.75 0.87 0.90 2.12 1.72 0.97 0.65

Alanine C3 17.3 ppm 0.92 0.93 0.73 0.63 0.27 0.10 ND 0.25
Alanine enrichment (%) 0.28 0.69 0.95 1.10 1.86 2.02 ND 0.89

Common metabolites were analyzed using '>C NMR of liver extracts. The relative concentration of a metabolite was measured using a singlet with natural 'C
abundance normalized by DSS, a NMR reference. Excess '>C enrichment in each metabolite was calculated using a doublet by assuming a singlet from the metabolite as
natural abundance (1.1%). Since the amount of tissue collected through a biopsy varied among participants, the concentrations of metabolites were calculated for 1 g.
13C enrichments in metabolites cannot be directly compared among participants because the interval from [U-'3Czlglycerol administration to a liver biopsy varied.

2 ND, not detected.
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Table 3
Relative concentrations and'*C enrichments of glutathione.

moiety Chemical shift #1 #2 #3 #4 #5 #6 #7 #8

GSSG-Gly C2 44.5 ppm 0.23 0.44 0.97 0.55 1.20 0.74 0.52 0.86
enrichment (%) 0.45 0.82 0.63 0.60 0.78 0.60 0.17 0.58

GSH-Gly C2 44.4 ppm 0.84 0.18 0.04 0.38 0.09 0.25 0.08 0.17
enrichment (%) 0.47 0.56 0.60 0.70 0.57 0.60 ND* 0.55

Sum (Gly moiety C2) 1.07 0.62 1.01 0.93 1.29 0.99 0.60 1.03

GSSG-Cys C3 39.8 ppm 0.12 0.12 0.39 0.24 0.60 0.39 0.34 0.35

GSH-Cys C3 26.7 ppm 0.75 0.09 0.04 0.04 0.08 0.04 0.02 0.11

Sum (Cys moiety C3) 0.87 0.21 0.43 0.28 0.68 0.43 0.36 0.46

GSSG-Glu C4 32.5 ppm 0.14 0.23 0.52 0.26 0.59 0.32 0.43 0.38
enrichment (%) ND ND 0.77 0.20 0.06 ND ND ND

GSH-Glu C4 32.5 ppm 0.80 0.18 0.22 0.32 0.24 0.20 ND 0.19
enrichment (%) 0.07 ND 0.59 0.20 ND ND ND ND

Sum (Glu moiety C4) 0.94 0.41 0.74 0.58 0.83 0.52 0.43 0.57

GSSG-Glu C3° 27.4 ppm 0.06 0.06 0.75 - 0.83 0.47 - 0.42
enrichment (%) ND ND 0.45 - 0.96 0.92 - 1.09

GSH-Glu C3 27.4 ppm 0.87 0.15 0.07 - 0.07 0.30 ND 0.14
enrichment (%) 0.45 0.58 ND - ND ND ND ND

Sum (Glu moiety C3) 0.93 0.21 0.82 - 0.90 0.77 - 0.56

The relative concentration of glutathione was based on singlet signals from the carbons of component amino acids, glycine (Gly), cysteine (Cys) and glutamate (Glu),
normalized by the signal of DSS. Excess 13C enrichment was calculated using a doublet from glycine moiety C2, glutamate moiety C3 and C4 in glutathione by assuming
a singlet from the corresponding carbon as natural abundance. Since the amount of tissue collected through a biopsy varied among participants, the concentration of
glutathione was calculated for 1 g. °C enrichments in glutathione cannot be directly compared among participants because the interval from [U-'3Cs]glycerol
administration to a liver biopsy varied.

2 ND, not detected; "Due to overlap with glutamine C3, the quantitation of glutamate moiety C3 could be not-precise.

4.4. Glutathione derived from [U-'3Cs]glycerol through glycine or
glutamate

[U-3Cslglycerol incorporation into glutathione was demonstrated
by the detection of [13C2]glycine and [13C2]glutamate moieties in
glutathione (Fig. 3C and Table 3). Glutathione-['3Cy]glycine was readily
observed in all participants, but its concentrations were somewhat

moiety, possibly due to the shortest interval (1.5 h) between the glycerol
load and the biopsy (Table 1). As seen in free glutamate, the glutamate
moiety in glutathione had '3Cs at carbons 2 & 3 or carbons 4 & 5
depending on pyruvate entry to the TCA cycle. Glutathione-[2,3-13C,]
glutamate was detectable in most participants, except two patients (#4
and #7) having unresolved signals due to overlap with glutamine C3.
Glutathione-[4,5-'3C,] glutamate was also detectable, but only in a few

varied among them. Notably, patient # 7 had trivial '3C-labeled glycine volunteers. Also, the doublet from glutathione-[2,3-3Cy]glutamate was
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generally larger than that from glutathione-[4,5-13Cy]glutamate in each
participant. The sum of [2,3-'3C5]- and [4,5-13C,] glutamate moieties
reflects glutathione synthesized from [U-!3Cs]glycerol regardless of
pyruvate entry to the TCA cycle, and the sum was comparable among
most participants, excepting patients #2 and #7 with minimal levels
(Fig. 3C).

4.5. Liver pathology and [U-'3Cs]glycerol incorporation to glutathione

Among 8 participants, hepatic steatosis was detected in 5 patients,
inflammation in 3 patients and fibrosis in 4 patients (Table 1). The levels
of free 13C-glutamate and '3C-glycine were not different in these patients
with different liver conditions (Fig. 4). Overall hepatic glutathione levels
were not noticeably different depending on liver pathology, either
(Fig. 52), but the levels of newly synthesized glutathione with [U-13C3]
glycerol differed, p = 0.05. Glutathione synthesis through glutamate
tended to decrease in the presence of steatosis or inflammation, and in
the presence of fibrosis (Fig. 5A). In addition, glutathione synthesized
through glycine tended to decrease with steatosis, inflammation or
fibrosis without a statistical significance (Fig. 5B). Patient #7 was
excluded in these analyses due to the exceptionally short duration (1.5
h) from [U-'3Cs]glycerol administration to the biopsy.

5. Discussion

We demonstrated metabolism of [U-'3Cglglycerol to amino acids
and incorporation into glutathione in the liver of adolescents undergo-
ing bariatric surgery. Glycerol was metabolized to glycine or glutamate
and both amino acids were further incorporated into de novo glutathione
biosynthesis. To our knowledge, this is the first mammalian report of
glycerol participation in hepatic glutathione synthesis. The levels of free
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glutamate, cysteine, glycine, >C-labeled glutamate, and '>C-labeled
glycine were generally similar among participants. Overall the levels of
hepatic glutathione, glutathione-[*3Cy]glycine, and glutathione-[13C,]
glutamate were high in most patients. However, there were obvious
trends of lower newly synthesized glutathione with [U-*3Cglglycerol in
patients with liver pathology, and glutathione-[*3C;]glutamate trended
to be lower in the liver with fibrosis. It is difficult to draw definitive
conclusions about some results because of varied timing for liver biopsy
relative to glycerol administration, slightly different metabolic condi-
tions for each patient, and intrahepatic heterogeneity among volunteers.
Nevertheless, the current study clearly demonstrated that glycerol was a
substrate for hepatic glutathione through glutamate or glycine meta-
bolism, and glutathione synthesized with glycerol was reduced in obese
youth with liver pathology.

Glycerol is well-known to serve as a substrate for gluconeogenesis
and as the backbone for fatty acid esterification. This study proves a
third role of glycerol in liver metabolism, incorporation into gluta-
thione. The utilization of glycine or glutamate derived from [U-'3Cs]
glycerol for glutathione biosynthesis was supported by consistent 3C-
labeling patterns between free amino acids and corresponding units in
glutathione. The substrate incorporation to glutathione was not trivial
because the amount of 3C-labeled glutathione was comparable to those
of 13C-labeled common metabolites such as glucose and lactate, pro-
duced through gluconeogenesis and glycolytic pathway, respectively. In
retrospect, glycerol metabolism to glutathione is not unexpected
because metabolic pathways from glycerol to glycine or glutamate are
established, and the incorporation of these amino acids into glutathione
is also known. Glycerol from lipolysis of triglycerides may protect the
liver from oxidative stress by contributing to glutathione synthesis. This
new finding is interesting because the well-known roles of glycerol for
glucose and triglyceride production are associated with poor glycemic

Fig. 5. Liver pathology vs. [U-'3C3]glycerol
incorporation to glutathione (A) The newly syn-
thesized glutathione through glutamate after the
administration of [U-'2Cs]glycerol significantly
decreased in the liver with fibrosis, and tended to
decrease in the presence of steatosis or inflammation
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control, excess lipid burden, and potentially oxidative stress [32,33].
Glycerol incorporation to glutathione must contribute to counteracting
these adverse processes. Partitioning of glycerol released from lipolysis
for the biosynthesis of glucose, triglycerides, or glutathione could play a
role in the progression of fatty liver disease since it can be advantageous
or disadvantageous for liver health depending on its metabolism. Asides
component amino acids of glutathione and their precursors, contribu-
tions of other substrates to glutathione production are mostly unknown,
but glucose was reported to produce the antioxidant in erythrocytes and
pancreatic islets [34,35]. The earlier study with the islets specified PC
activity needed for glutathione synthesis from glucose [34]. It was
consistent with the current result about glycerol incorporation to
glutathione through the series of processes including glycolytic
pathway, PC, the TCA cycle and glutamate.

Though the two forms of glutathione (GSH and GSSG) were distin-
guished in 13C NMR and their relativity in vivo could differ depending on
liver condition [36], the levels of GSH and GSSG were not separately
reported in this study. This was because the relative concentrations of
GSH and GSSG ex vivo may not reflect relative concentrations in the liver
in vivo. GSH is dominant in vivo, but GSH exposure to air causes
time-dependent oxidation [37,38]. We also noticed that the lag of NMR
acquisition from tissue preparation tended to increase the ratio of
GSSG/GSH, suggesting GSH oxidation during sample preparation and
storage. In the quantitation of total glutathione, the signal from each
amino acid subunit was analyzed focusing on glycine moiety C2,
glutamate moiety C4, and cysteine moiety C3, and the results based on
different parts of glutathione were consistent. In theory, singlets from all
the carbons in glutathione reflect their pool size, but many other car-
bons, except the several carbons selected in this study, were not suitable
for precise analysis. The signals from other carbons in glutathione were
hard to discern due to close proximity or overlap with signals from other
metabolites. In our previous study with hamsters, the singlet signal from
glutamate moiety C4 was quantified to report a glutathione pool size in
the liver altered by an acetaminophen overdose [39]. Though [U—13C3]
glycerol was injected intraperitoneally to the rodents, liver glutathione
was not labeled by '3C. It was not a surprise because the experimental
conditions with the hamsters were quite different from the current work.
In our understanding, this study is the first report regarding glycerol
incorporation to hepatic glutathione in mammals.

The use of [U-'3Cs]glycerol provided some insight about the
biosynthesis of glutathione in the liver of obese young volunteers though
it should be taken with caution because the duration from the glycerol
administration to liver biopsy varied among patients. Nevertheless, the
trends of impaired glutathione synthesis was obvious in the presence of
steatosis or inflammation, and the newly synthesized glutathione
through glutamate was significantly decreased in the fibrotic liver.
There were controversial reports about hepatic glutathione contents in
rodent models of hepatic steatosis. A choline deprived diet initially
increased liver glutathione up to 3 days but decreased it afterward [40]
while mitochondrial glutathione was reported to increase in the fatty
liver of ob/ob mice [41]. It has been proposed that glutathione is
consumed as a compensatory protection against further hepatic pa-
thology. This idea is supported by several recent clinical investigations
of glutathione for treatment of NAFLD. Specifically, previous reports
have shown that four months of 300 mg/day of glutathione treatment
improves ALT and lipid profiles in NAFLD patients [36] and decreases
oxidative stress measured by serum 8-hydroxy-2-deoxyguanosine in a
second cohort of individuals with NASH [42]. Taken together with our
data, this suggests that the demand and utilization of glutathione is
closely related with liver pathophysiology. Given that our study
included young volunteers with normal to mild liver pathology, we
cannot make any definitive conclusions about how glutathione meta-
bolism may differ across the NAFLD spectrum. Therefore, future work
with larger sample sizes should investigate the interactions among
glutathione synthesis, utilization, and detoxification in individuals with
advanced or chronic fatty liver disease and further, explore how these
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processes may relate to disease progression.
6. Conclusions

This study demonstrates glycerol incorporation into glutathione
through glycine and glutamate metabolism in human liver. Glycerol, a
substrate traditionally associated with gluconeogenesis, was utilized for
glutathione synthesis. Since the majority of participants studied had
little evidence of significant liver disease, the roles of glycerol in liver
pathophysiology require further investigation in larger sample sizes and
individuals across the entire spectrum of fatty liver disease. It would be
interesting to investigate whether glycerol incorporation into gluta-
thione is related to fatty liver disease progression. Further work should
also investigate the partitioning of glycerol for gluconeogenesis, fatty
acid esterification, or glutathione synthesis in relation to other chronic
liver diseases.
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