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ABSTRACT

Background: The protective role of mildly elevated bilirubin against CVD and diabetes mellitus type 2 (DMT2) is
associated with a favorable lipid phenotype. As the mechanistic understanding of this protection in humans re-
mains elusive, we aimed to assess the metabolomics profile of mildly hyperbilirubinemic (Gilbert's syndrome;
GS) individuals especially targeting lipid catabolism.
Methods and results: Using NMR serum metabolomics of 56 GS individuals and 56 age and gender-matched healthy
controls, GS individuals demonstrated significantly greater concentrations of acetylcarnitine (420%, p < 0.001) and
the ketone bodies, 3-hydroxybutyric acid (4+132%, p < 0.001), acetoacetic acid (+95%, p < 0.001) and acetone
(446%, p < 0.001). Metabolites associated with an increased mitochondrial lipid metabolism such as citrate
(4+15%, p < 0.001), anaplerotic amino acid intermediates and creatinine were significantly greater and creatine sig-
nificantly reduced in GS individuals. Stimulators of lipid catabolism including AMPK (+59%, p < 0.001), pPPARa
(+24%, p < 0.001) and T3 (+9%, p = 0.009) supported the metabolomics data while concomitantly blood glucose
and insulin (—33%, p = 0.002) levels were significantly reduced. We further showed that the increased lipid catab-
olism partially mediates the favorable lipid phenotype (lower triglycerides) of GS individuals. Increased
trimethylamine (+35%, p < 0.001) indicated changes in trimethylamine metabolism, an emerging predictor of met-
abolic health.
Conclusion: We showed an enhanced lipid catabolism in mildly hyperbilirubinemic individuals, novel evidence as to
why these individuals are leaner and protected against chronic metabolic diseases emphasizing bilirubin to be a
promising future target in obese and dyslipidemia patients.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

of DMT2 and CVD include obesity, hyperlipidemia and glucose intoler-
ance [4,5]. Today, a vast body of evidence indicates that mildly elevated

Diabetes mellitus type 2 (DMT2) and cardiovascular diseases
(CVD) are reaching epidemic proportions worldwide, affecting all socio-
economic backgrounds and ethnicities [1-3]. Key factors in the etiology
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circulating bilirubin is a protective factor against obesity, high blood
lipids and insulin resistance [6-12] and is inversely associated with
the risk of DMT2 and CVD [13-16].

Individuals with Gilbert's syndrome (GS), a benign condition with a
prevalence of 2-10% among Caucasians, are diagnosed based on their
chronically mildly elevated unconjugated bilirubin (UCB) levels [17].
These mildly increased UCB levels are associated with mutations within
the uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) such as
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Abbreviations

AC acetylcarnitine

AMPK 5’ AMP-activated protein kinase
CVD cardiovascular diseases

DMT2  type 2 diabetes mellitus

FAO fatty acid oxidation

FMO3 flavin-containing monooxygenase 3

GS Gilbert's syndrome
HOMA-IR homeostatic model assessment for insulin resistance
KB ketone bodies

PBMCs  peripheral blood mononucleated cells

PGCla  peroxisome proliferator-activated receptor gamma co-
activator 1-alpha

PPARa  peroxisome proliferator-activated receptor alpha

TCA tricarboxylic acid cycle

TG triglycerides

TH thyroid hormones
TMA trimethylamine
TMAO  trimethylamine N-oxide

UGT1A1 uridine diphosphate glucuronosyltransferase1A1

the GS-associated UGT1A1*28 (TA)e~~ insertion polymorphism leading
to a decreased expression of the UGT1A1 enzyme and to a reduced UCB
clearance [18,19]. Furthermore, GS individuals have a favorable lipid
phenotype including reduced blood lipids, fat mass and BMI [20,21]
and are unique human models to study protective effects of the bilirubin
metabolism in humans. In a previous study, we have been able to asso-
ciate the GS with increased phosphorylation of AMPK and PPARq, two
established stimulators of lipid and energy metabolism [22]. To this
date, the mechanistic understanding of bilirubin's protective function
in humans, remains otherwise largely elusive.

To fill this gap, this study aimed to identify a GS-specific metabolic
profile using NMR-metabolomics. We were particularly targeting
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downstream metabolites of ketogenesis and fatty acid oxidation (FAO)
and further investigated associations with circulating and leukocyte
expressed metabolic regulators (insulin, glucagon, thyroid hormones
(TH), catecholamines, AMPK, PPARat) to understand their potential in-
teraction in influencing lipid catabolism in GS individuals. We hypothe-
sized that lipid catabolism would be increased in GS individuals,
compared to controls.

2. Material and methods
2.1. Study design and participants

The BiliHealth study (Fig. 1) was an observational age and gender
matched case-control study performed at the Department of Clinical
Pharmacology at the Vienna General Hospital. Subjects were recruited
between June 2014 and January 2015, from the department's subject
database and by advertising through posters and flyers. To challenge
metabolism all participants had to complete a 400 kcal/d fasting proto-
col and an overnight fast of 16 (4-1) hours before blood sampling. GS in-
dividuals had to meet the following criteria to be included into the study
[23]. Their fasted UCB levels in serum had to be equal to, or higher than,
the diagnostic clinical UCB threshold for GS of 17.1 pM UCB (corre-
sponds to ~1.2 mg/dL total bilirubin) at two individual time points.
Liver disease was excluded on the basis of normal aspartate aminotrans-
ferase (AST), alanine transaminase (ALT), gamma-glutamyl transferase
(GGT) and lactate dehydrogenase (LDH) (Table S1). GS and control sub-
jects had to be healthy adults (>20 or <80 years) with no medical his-
tory of any acute and chronic (metabolic/inflammatory) diseases and a
moderate level of physical activity. Further exclusion criteria included
smoking, professional athletes, overt hemolysis, intake of antioxidants
or liver influencing medication within the last 5 weeks before the
study, cholelithiasis, pregnancy, present or past neoplasia and organ
transplants. The study was approved by the Ethics Commission of the
Medical University of Vienna (No. 1164/2014) and was conducted in ac-
cordance with the approved guidelines by the Declaration of Helsinki.
Written informed consent was received prior to participation.

163 individuals were pre-selected based on inclusion criteria via telephone

interview
— | 33 decided not to participate |
130 individuals were initially recruited |
2 did not appear at study date
| » | 2did not meet control/inclusion

criteria
6 did not meet GS criteria

v

60 GS completed the study

1 excluded during the spectral
processing

3 excluded because of
matching partner

Metabolomics profile of 56 GS |

v

60 controls completed the study

3 excluded during the spectral
processing

1 excluded because of
matching partner

\4

| Metabolomics profile of 56 controls

Age t 3 years and
gender matched

Fig. 1. Flow chart of the BiliHealth study.
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2.2. Blood biochemistry

Fasted venous blood samples were collected by venipuncture into
serum, EDTA and Li-Heparin Vacutainers (Z Serum Sep, K2EDTA and Li-
Heparin, respectively). Samples were cooled, protected from light and im-
mediately analyzed. For future analysis, aliquoted samples were stored at
—380 °C. Glucose, insulin, C-peptide, glucagon, HbA1c, triglycerides (TG),
total cholesterol, HDL, LDL, normetanephrine, metanephrine, Thyroid-
stimulating hormone (TSH), triiodothyronine (T3), thyroxine (T4), total
bilirubin, AST, ALT, GGT and LDH were analyzed in the central laboratories
of the Vienna General Hospital (Olympus 5400 clinical chemistry ana-
lyzers, Beckman Coulter) on the day of blood sampling. Insulin resistance
was calculated using homoeostasis model assessment [(fasted insulin
[WU/mL] x fasted blood glucose [mg/dL])/405]. Serum UCB was measured
by an in-house HPLC method [24] and genotyping of the UGT1A1 was per-
formed as described elsewhere [22,25]. AMPK, PPARa and PGCla were
analyzed in antibody stained peripheral blood mononucleated cells
(PBMCs) using flow cytometry by Molzer et al. [22]. The following anti-
body set-up was used: rabbit anti-human monoclonal to AMPK a1
(phos-T183) and AMPK a2 (phos-T172) (ab133448, Abcam) and second-
ary antibody: goat anti-rabbit IgG H & L AlexaFluor 488 (ab150077,
Abcam); rabbit anti-human polyclonal to PgCla PE-labelled (orb124814,
Biorbyt) and rabbit anti-human polyclonal to PPARa (phos-Ser12) FITC-
labelled (bs-4055R-FITC, Bioss).

2.3. Anthropometric measurements

Body weight was measured in the morning of the study day to the
nearest 0.1 kg barefoot and lightly dressed, height was assessed to the
nearest 0.5 cm without shoes and BMI (kg/m?) was calculated. Waist
circumference (WC) and hip circumference (HC) were measured by
tape (model 203, Seca) held snugly at a level parallel to the floor. WC
was measured as the narrowest circumference between the lower rib
margin and anterior superior iliac crest, HC around the widest portion
of the buttocks, and the waist-to-hip (WHR) ratio was calculated. Fat
mass and lean body mass were measured by Bioelectric Impedance
Analysis (BIA) in the morning of the study day using a BIA Analyzer
2000-S (Data-Input GmbH, Darmstadt, Germany). Food consumption
was reported using a food frequency questionnaire as described previ-
ously [22]. In addition, all participants were required to answer ques-
tions about frequency of physical activity including everyday activity
such as walking and climbing stairs as well as endurance and strength
exercise of at least 30 min per week, as has been published recently [22].

2.4. NMR serum metabolomics

Metabolomics analyses were performed by 'H NMR at the Swedish
University of Agricultural Sciences in Uppsala. Samples were prepared
for NMR analysis according to Moazzami et al. [26] with slight modifica-
tions [26]. Briefly, serum samples were slowly thawed on ice and ultra-
filtration was used to remove plasma proteins in each sample. Filters
with a 3 kDa cut-off (Amicon® filter Merck Millipore Ltd., Billerica,
Massachusetts) were used. The filters were washed once with water
(9 mL, 36 °C, 1500 g, 2 h) prior to sample filtration (400 L serum, 4
°C, 10,000 g, 155-180 min) to remove the glycerol from the filter mem-
brane. The sample solutions for the 'H-NMR analysis consisted of 310 L
of the serum sample filtrate, 150 pL phosphate buffer (0.4 M, pH 7.0), 65
pL water, 45 pL D,0 and 30 L of the internal standard trimethyl-silyl-
d4-propionic acid (TSP) (5.8 mM). 560 L of each sample solution was
transferred to a 5 mm NMR tube. For a second batch a scaled down pro-
tocol of the same method was used according to R6hnisch et al. [27] due
to sample availability. Briefly, 60 UL serum was extracted at 4 °C, 13,000
g using Nanosep centrifugal filters (Pall Life Science) and 170 pL sample
solution (40 pL serum filtrate, 50 pL phosphate buffer, 55 UL water, 15 L
D,0 and 10 pL TSP) were transferred to a 3 mm NMR tube. The GS and
the corresponding matched control samples were always analyzed
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pairwise using the same methodology and NMR conditions. For 'H
NMR spectrum acquisition, a Bruker Avance IIl spectrometer operating
at 600 MHz proton frequency, equipped with a cryogenically cooled
probe and an autosampler was used. The spectra were recorded at 25
°C using 128 scans (512 scans for 3 mm tubes) and 4 s relaxation
delay with a zgesgp pulse sequence (Bruker Biospin). For each spectrum
65,536 data points were collected over a spectral width of 17,942 Hz.
The spectral quality was assessed immediately after acquisition, based
on the shape of the internal TSP signal using a line broadening factor
of 0.3 Hz to ensure that full-width, halfmaximum (FWHM) was <1.0
Hz. The 'H NMR spectra were processed manually with the NMR Suite
Professional Software package (version 7.5; ChenomX Inc., Edmon-
ton, Canada) including phase correction, baseline correction and
line broadening. Identification and quantification of the metabolites
was performed according to a previously published method by
Roéhnisch et al. [27]. 58 metabolites were identified using the NMR
Suite 8.3 library, the Biological Magnetic Resonance Data Bank and
the Human Metabolome Data Base and were quantified using the Au-
tomated Quantification Algorithm Aqua [27]. The final serum sample
concentrations considered the dilution factor and statistical analysis

Table 1
Baseline and metabolic characteristics of GS and control individuals.

Gilbert's Control p-Value n n

syndrome (GS) (O
Subjects 56 56
Median age [yrs] 31.5 188 325 18.0 0.233 56 56
Male/female [n] 36/20 36/20
UCB concentration [M] 3258 1621 8.90 537 0000 56 56
Health food [t/w]® 30.0 8.5 27.0 120 0268 42 47
Snack food [t/w] 9.0 9.0 11.0 8.8 0.863 43 52
Red meat [t/w] 2.0 5.0 3.0 5.0 0405 43 52
Alcohol [t/w] 0.0 4.0 0.0 2.0 0235 43 48
Overall activity [t/w]° 5.9 2.7 6.2 34 0.615 54 49

Resistance exercise [t/w] 1.0 2.0 0.3 2.0 0.739 54 49
Endurance exercise [t/w]* 2.8 1.9 33 24 0.311 55 55

BMI [kg/m?]° 2276 293 2544 496 0.001 56 56
Body size [cm]® 179.0 140 1765 17.0 0.119 56 56
Body weight [kg]° 71.38 13.87 7780 17.75 0.011 56 56
WC [cm]° 79.62 1030 86.68 1599 0.003 56 56
HC [cm]° 9423 648 99.79 936 0.001 56 56
WHR® 0.84 0.07 0.86 0.10 0.083 56 56
LBM [%]° 7815 643 7477 850 0.024 55 54
LBM [kg]® 5567 941 57.08 1221 0.156 55 54
Body fat [%]° 2185 643 2523 850 0024 55 54
Body fat [kg]® 16.07 670 1988 971 0.023 55 54
Systolic bp, [mm Hg]° 13043 1320 13228 16.11 0515 54 54
Diastolic bp, [mm Hg]® 67.22 1202 6881 1213 0495 54 54

Intermediate bp [mm Hg]® 99.11 11.04 100.81 12.30 0.450 54 54

MAP [mm Hg]® 10894 1139 11070 1327 0460 54 54
TSH [pU/mL]° 1.94 096 2.07 1.00 0537 55 55
T3 [pg/mL]® 134 025 123 015 0.009 55 55
T4 [ng/dL]® 3.21 048 3.19 037 0937 55 55
T3/T4 ratio® 0.41 0.01 039 001 0137 55 55
Metanephrine [pg/mL] 22,68 2471 2017 15.88 0.613 56 56
Normetanephrine® [pg/mL] 52.51 26.47 49.07 32.13 0.551 56 56
Glucose [mg/dL]® 81.60 732 8589 799 0.006 55 56
Insulin [pU/mL] 4.10 240 6.10 6.10 0.002 55 55
C-peptide [ng/mL] 1.20 0.50 1.50 1.10 0001 55 55
Glucagon [pg/mL]° 1729 1006 1749 1287 0924 56 56
HOMA-IR 0.81 053 127 128 0001 54 55
HbA1c [%]° 4.96 036 5.08 037 0062 56 56
Triglycerides [mg/dL]° 7479 30.82 9343 4441 0.007 53 56
T-chol. [mg/dL]® 17422 3636 187.73 41.13 0054 54 56
HDL chol. [mg/dL]* 66.07 19.82 63.30 1893 0333 54 56
LDL chol. [mg/dL]® 92.77 3326 105.74 38.18 0.048 54 56
LDL/HDL ratio® 1.55 077 1.89 1.09 0046 54 56

Data are provided as median/IQR, mean/SD° or n. Boldface indicates significant p values <
0.05. Health food consumption: rich in vitamins, antioxidants, unsaturated fatty acids and
fibres. Snack food consumption: fatty and sugary snacks. Overall activity: climbing stairs,
walking, resistance exercise and endurance exercise of at least 30 min, [t/w] = [times/
week], LBM: lean body mass, WC: waist circumference, HC: hip circumference, bp =
blood pressure, MAP: mean arterial pressure, t-chol: total cholesterol.
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was performed with 51 metabolites that were above the limit of
detection [27].

2.5. Statistical analysis

Comparison of GS and control individuals was performed using paired
t-test (for parametric distribution) or Wilcoxon signed-rank test (for non-
parametric distribution) restricted to participants with no missing data.
Data distribution was assessed based on histograms. For metabolomics
analyses, p-values were corrected for false discoveries [28] using the
qvalue R package in R version 3.1.2. Descriptive statistics are reported as
mean (+SD) or median (IQR) and considered the number of participants
per variable and group as shown in Tables 1, 2 and 3. Pre-specified bivar-
iate correlations between lipid catabolites and (1) metabolic regulators
(AMPK, PPARq, insulin, glucagon, and catecholamines), (2) fasting bio-
markers and (3) risk factors of chronic diseases were modelled using
Pearson or Spearman-Rho. The correlation plots were generated using
the ggcorrplot package in R version 4.0.3. Linear regressions were
modelled with circulating TG as dependent variable and GS-status and
lipid catabolites as independent variables. Calculations were completed
using SAS 9.4 (SAS Institute Inc., North Carolina, USA) and IBM SPSS 24
(IBM Corp. IBM SPSS Statistics for Windows, NY, USA). Unless otherwise
specified p < 0.05 (two-sided) was considered significant.

3. Results

3.1. Baseline and metabolic characteristics: favorable metabolic biomarkers
but similar life-style in GS individuals

There were 112 participants (56 GS and 56 control individuals)
with complete metabolomics data in the study (Fig. 1). Individuals
in the GS and control group had a similar age distribution, food con-
sumption and physical activity. In contrast to controls, as expected,
GS individuals had mild unconjugated hyperbilirubinemia
(Table 1) but all hepatic parameters were within normal ranges in
both groups (Table S1). In accordance to literature, GS individuals
presented either a homozygous (n = 25), heterozygous (n = 26)
or no (n = 3) UGT1A1%28 (TA)e~7 insertion polymorphism
(Table S1) showing that this mutation is associated with GS but not
sufficient for its manifestation [18,29].

Subjects with GS exhibited significantly reduced fat mass (—13%,
p = 0.024), BMI (—10%, p = 0.001), blood triglycerides (TG) (—20%,
p = 0.007), LDL-Cholesterol (—12% p = 0.048) and LDL/HDL ratio
(—18%, p = 0.046). Similarly, The GS glucose metabolic phenotype
demonstrated lower fasting glucose (—5%, p = 0.006), insulin
(—33%, p = 0.002), HOMA-IR (—36%, p = 0.001), C-peptide
(—20%, p = 0.001) and a trend towards reduced HbAlc (—2%,p =
0.062) (Table 1) compared to non-GS subjects.

3.2. GS-specific metabolites in the NMR-metabolomics profile

We quantified 58 metabolites using NMR. Concentrations of these
metabolites in the GS vs. the control group are shown in Table 2. After
correction for false discoveries, the concentration of 16 metabolites
was significantly different between the groups.

3.3. Increased concentrations of acetylcarnitine (AC) and ketone bodies
(KB) in GS individuals

The AC concentration was significantly greater (4-20%, p < 0.001) in
the serum of GS compared to control individuals. Simultaneously, 3-
hydroxybutyric acid (3HB) (+132%, p < 0.001), acetoacetic acid (AcAc)
(495%, p < 0.001) and acetone (Ac) (+46%, p < 0.001) levels were all sig-
nificantly increased in the serum of GS subjects (Table 2). We observed
strong and significant correlations between AC and the three KBs (e.g.
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Table 2
Metabolomics profile of GS and control individuals.
Metabolites %Change to Gilbert's Control p-Value
control syndrome
3-Hydroxybutyrica.  132.47 207.60 84.60 89.30 44.18 0.000
Acetone 46.09 2399 25.20 16.42 8.24 0.000
Trimethylamine 35.41 213 1.49 1.58 1.22 0.000
Acetylglycine 20.32 8.26 6.73 6.86 2.98 0.000
Citric a. 14.67 149.84 46.09 130.68 39.58 0.000
Acetylcarnitine 20.47 12.03 5.82 9.99 4.79 0.000
2-Oxoisocaproic a. 12.01 8.90 5.36 7.95 3.92 0.001
Acetoacetic a. 94.83 5524 71.16 2836 46.58 0.001
Glutamine 6.88 44374 12299 41519 75.64 0.002
2-Hydroxybutyric a. 27.55 50.23 4332 3938 27.04 0.002
Creatine —19.73 1528 10.69 19.03 17.81 0.003
Leucine 10.74 12485 48.15 11275 32.93 0.005
2-Aminobutyric a. 12.54 2934 13.27 26.07 10.74 0.007
2-Ketoglutaric a. 2.19 12.07 6.30 11.81 425 0.009
Creatinine 4.54 74.61 20.46 7136  20.37 0.013
Histidine 1.99 79.98 2733 7842 17.64 0.018
3-Hydroxyisovaleric a. 3.66 244 031 235 0.22 0.023
Tyrosine® —6.57 5734 1138 6138 12.11 0.037
Myoinositol 5.03 32.61 924  31.05 6.96 0.044
Dimethylsulfone —27.85 3.18 2.99 441 324 0.044
Methanol 39.04 36292 772.76 261.01 774.68 0.056
Glycine 11.18 228.00 9041 205.07 7630 0.062
Proline —10.23 162.69 5765 18122 63.66 0.089
Asparagine 0.33 52.60 14.88 5242 11.81 0.090
Glucose —5.34 306240 788.59 323518 777.63 0.107
2-Hydroxyisovaleric a. 3.76 9.06 5.68 8.74 5.17 0.111
Acetic a. 10.87 40.01 14.60 36.09 2045 0.111
Lysine 2.46 156.08 54.00 15233 4498 0.133
Betaine —3.60 3581 11.78 37.15 12.68 0.152
Pyruvic a. 9.59 59.86 25.10 54.63 2459 0.161
Valine 3.77 23742 1754 22881 1198 0.192
Methionine —0.12 28.97 8.61 29.00 7.19 0.216
Dimethylglycine 3.19 3.16 1.28 3.07 140 0.253
Isoleucine’ 3.67 66.76  16.56 6440 14.51 0.266
Ophosphocholine —6.33 217 1.22 231 132 0282
TMAO® 6.16 3153  10.95 29.70 8.79 0310
Formic a. —6.49 16.14 6.16 17.26 6.88 0.439
Choline 7.46 10.51 3.70 9.78 3.18 0.459
Ornithine® 3.42 5820 16.10 56.27 1542 0.504
Alanine —1.38 33039 9245 33500 9825 0.653
Butyrate 19.76 6.84 5.75 572 578 0.664
Carnitine 3.87 38.69 14.70 3725 10.13 0.674
Glutamic a. 15.40 4792 2195 4153 27.87 0.676
Threonine® —1.38 121.82 2521 12352 22.01 0.683
Arginine 271 96.67 53.24 94.12 38.68 0.741
Glycerol —7.71 679.20 361.87 73596 336.69 0.747
Lactic a. 1.10 1849.84 517.79 1829.75 572.55 0.772
Ethanol 24.36 40.97 241.68 3294 141.73 0.847
Phenylalanine —2.58 4862 10.16 4991 8.76 0.847
Succinic a. —1.14 7.67 3.17 7.75 3.24 0.877
Serine 1.84 13035 4299 12799 3516 0.962

Concentrations are provided in pM, data are median/IQR or mean/SD°. P-values were de-
termined using paired t-test or Wilcoxon signed-rank test, metabolites above the red line
had a g-value < 0.05 after correction for false discoveries, n = 56 in the GS and control
group respectively (creatine, tyrosine and acetic acid n = 55 per group), a.:acid, TMAO:
Trimethylamine N oxide.

ACvs.3HBr = 0.741, p < 0.001) in the GS and the whole study population
(Fig. 2B).

3.4. GS metabolomics profile and mitochondrial lipid metabolism

In addition to AC and KB (end products of the mitochondrial FAO),
we found significantly greater concentrations of citrate (+15%, p <
0.001), a cataplerotic TCA-cycle intermediate in GS individuals. The
anaplerotic TCA-cycle intermediates 2-aminobutyric acid (+13%, p =
0.007), 2-hydroxybutyric acid (+28%, p = 0.002) and 2-ketogluturic
acid (+2%, p = 0.009) [30] were significantly increased and correlated
significantly with their respective parent amino acids (Fig. 3). Further,
creatine was significantly decreased (—20%, p = 0.003) and creatinine
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Fig. 2. GS metabolomics profile and lipid catabolism. (A) Schematic representation of a liver mitochondria shows hepatic FAO and ketogenesis as well as AC and KBs, their respective end
products. Significantly increased 1 metabolites (%) and p-values of GS compared to control individuals are in green. CPT1/2: Carnitine palmitoyl-transferase 1/2, MCT: monocarboxylate
transporters. (B) Correlations of AC with KBs in the entire study population (all) as well as in GS and controls individually using Pearson or Spearman-Rho.

significantly increased (+5%, p = 0.013) in GS serum, both being inter- 3.5. PPARacand pAMPK are significantly correlated with AC and KB serum levels
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description of these metabolites and their associations with mitochon- Abundance of the active, phosphorylated forms of AMPK (a1 T183
drial lipid metabolism is depicted in Figs. 2 and 3. and a2 T172), PPAR« (Ser12) and PGC-1a were significantly increased
1
1 Fatty acid oxidation | FFA-Acyl-CoA Acetylcarnitine 1 20%
4

‘ 4 Cataplerosis of citrate |

Citrate 1 15%

H+

Carnitine *— /v He f
H+

CPT2 Carnitine
&

FFA-Acyl-CoA 5 Acetyl-CoA

‘ 2 Ketone body oxidation | l i ‘ 5 Amino acid catabolism |
Citrate
3HB P 132% —»>| McT | —» 3'?3 Histidine 1 2%
AcAc Pos — 1 » AcAc a-Ketogluturate Glutgmi:??]f?ézm
v Oxalacetate

" " AcAc-CoA 4 r=0.78p<0.001
| 3 I.e-ucme catabolism l g A 2-Ketogluturic acid 1 2%
Leucine 1P 11% Acetyl-CoA

Methionine, Threonine
¢ =040 p<0.001 ¥ r=0.28 p=0.002
2-Aminobutyric acid 1 13%
r=0.82 p<0.001
Z-Hydroxytutyric acid 28%

v r=0.83 p<0.001
2-Oxoisocaproate 1 12%

+ r=0.77 p<0.001
3-Hydroxyisovalerate M 4%

Creatinine 1P 5% Phospho- Creatine J 20%
creatine

| 6 Creatine phosphate shuttle |

Fig. 3. GS metabolomics profile and mitochondrial lipid metabolism, a schematic representation. Cataplerosis of citrate (4) occurs as a response to an increased acetyl-CoA flux into the
TCA-cycle, mainly derived from mitochondrial FAO (1) or KB-oxidation (2) under fasting conditions. To sustain TCA activity at this rate, anaplerotic replenishment with amino acid
intermediates (5) is essential [23]. Creatine (6) functions as mitochondrial phosphate shuttle during increased mitochondrial ATP production. Significantly increased 1 or decreased |

metabolites (%) in GS individuals compared to controls are in green. t = trend after false discoveries correction. Correlation coefficients (r) and p-values are presented between
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Fig. 4. AMPK, PPARa, PGClax and lipid catabolism. The figure presents the % increase of AMPK, PPARa and PGC-1oe measured in PBMCs of GS vs. control individuals, as previously published
by Mélzer et al. [22] and correlation coefficients (r) between UCB, AMPK; PPARx and PGC-1 a. The table shows correlations coefficients and p-values of AMPK (blue), PGClo (orange),
PPAR« (green) and UCB (yellow) with their downstream lipid metabolites in the whole study population using Pearson or Spearman-Rho. Significant correlations are in bold type, t =
trend.
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correlations are in blue and negative in green using Pearson or Spearman-Rho. Crosses indicate non-significant correlations (p > 0.05). (B) Corresponding p-values, 0: p < 0.001.
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in PBMCs of GS individuals compared to controls, as published previ-
ously in the same cohort [22]. In the present investigation, pAMPK
and pPPARa were significantly associated with their downstream me-
tabolites AC, 3HB, AcAc and Ac in serum (Fig. 4).

3.6. Hormonal key players support the metabolomics profile in GS individuals

To explore a potential hormonal metabolic regulation of lipid catabo-
lism in GS individuals, we analyzed TH, catecholamines, glucagon and in-
sulin and explored their associations with AC and KB. Insulin and T3
differed significantly between GS individuals and controls (Table 2). Fur-
thermore, correlation analysis revealed significant associations exclu-
sively in the GS group (Fig. 5). In detail, insulin correlated negatively
with the lipid catabolites while glucagon, T3 and the T3/T4 ratio, stimula-
tors of lipid catabolism, were positively correlated with lipid catabolites in
GS individuals.

6 .-. 034 029 |06 084 0¥5
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3.7. The role of lipid catabolism in the bilirubin-associated protection
against DMT2 and CVD

We correlated metabolites of lipid catabolism with circulating TG, LDL,
body fat, HOMA-IR and C-peptide, all of which are major risk factors of
DMT2 and CVD [2,31,32]. Lipid catabolites were inversely associated
with these risk factors exclusively in GS individuals (Fig. 6). We further
aimed to investigate whether the effect of GS on circulating TG is mediated
through increased lipid catabolism, because circulating TG are a major
source for lipid oxidation. We performed linear regressions with circulating
TG as dependent and GS-status as well as KB, AC and citrate as independent
variables. KB, AC and citrate were used as a measure of lipid catabolism as
they are formed by acetyl-groups that abundantly accumulate during
lipid oxidation (see Figs. 2 and 3). After adjustment for these lipid catabo-
lites, associations between GS-status and circulating TG were attenuated
by up to 36% and were no longer significant (p = 0.185) (Fig. 7).
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Fig. 6. Lipid catabolism and the bilirubin-associated protection against chronic metabolic diseases. (A) Correlation coefficients (r) of major risk factors for DMT2 and CVD with lipid
catabolites in the GS and control group. Positive correlations are in blue and negative in green using Pearson or Spearman-Rho. Crosses indicate non-significant correlations (p > 0.05).
(B) Corresponding p-values, 0:p < 0.001. (C) A schematic representation proposing lipid catabolism as one potential mechanism for the protection against chronic metabolic diseases

in GS individuals.
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A circulating TG Table 3
attenuation of TMA metabolism in GS vs controls.
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Fig. 7. Effect of the GS on circulating TG and mediation through lipid catabolism. (A) Linear
regressions were performed to predict circulating TG based on the GS-status 1 and based
on the GS-status and lipid catabolism 2, 3, 4. KB, AC, and citrate were used as a measure of
lipid catabolism. 3: standardised coefficient [3; attenuation of > to GS status: % attenuation
of 5 2, 3,4 compared to {3 1. Adjustment for age and gender was not performed due to the
age and gender matched study design. (B) A schematic representation of (A) suggesting
that the total TG-lowering effect of GS is partially mediated through lipid catabolism.

3.8. Fasting markers and lipid catabolites

Fasting markers such as fasting blood glucose (—5%, p = 0.006),
insulin (—33%, p = 0.002), C-peptide (—20%, p = 0.001) and TG
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relations with KB and AC showed highly significant negative associa-
tions only in the GS group (Fig. 8).

3.9. Trimethylamine (TMA) metabolism is altered in GS individuals

TMA is a gut microbial product that is converted to
trimethylamine N-oxide (TMAO) in the liver. TMA metabolism has
recently emerged as predictor of metabolic diseases [33]. The con-
centrations of TMA was significantly higher (+35%, p < 0.001), of
its catabolite trimethylamine N-oxide (TMAO) similar and the
TMAO/TMA ratio was significantly lower (—26%, p = 0.002) in GS in-
dividuals vs. controls (Table 3).

4. Discussion

Protection against CVD and DMT2 in GS individuals has mainly been
linked to their favorable lipid phenotype (6, 8, 20), however, underlying
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Fig. 8. Correlation pattern of typical fasting markers and lipid catabolites in GS and control individuals. (A) Correlation coefficients (r) in the GS and control group, arrows indicate the
physiological metabolic response to fasting. Positive correlations are in blue and negative in green using Pearson or Spearman-Rho. Crosses indicate non-significant correlations (p >
0.05). (B) Corresponding p-values, 0:p < 0.001.
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mechanistic data remained lacking. We used, for the first time in this
context, a metabolomics approach in addition to circulating hormonal
and key molecular regulators as supportive biomarkers in a well charac-
terized GS case control study.

Substantially elevated AC, 3HB, AcAc and Ac serum concentrations
revealed enhanced FAO and hepatic ketogenesis in GS individuals com-
pared to controls (Table 3). Strong and significant correlations of AC
with the three KBs are congruent with ACs and KB being end products
of the FAO and underpin an increased FAO-mediated (based on in-
creased AC) KB production in GS individuals. The metabolomics profile
demonstrated additional GS-specific metabolites that are associated
with enhanced mitochondrial metabolism. Briefly, citrate and amino
acid intermediates were elevated in GS individuals, which was also con-
sistent with a reduction in creatine levels. This was in turn congruent
with increased PGCla levels in PBMCs of GS individuals (Fig. 4) [22],
which is a transcription factor that controls numerous mitochondrial
genes responsible for oxidative metabolism and mitochondrial biogen-
esis [34]. We therefore conclude a GS-specific metabolic shift towards
lipid catabolism.

For further confirmation, we investigated molecular regulators
and their associations with lipid catabolism. PPARo and AMPK are
stimulators of mitochondrial lipid catabolism [35-37]. Since both
are evolutionarily conserved in all eukaryotes [38] and ubiquitously
expressed in tissues such as liver and skeletal muscle as well as im-
mune cells [39], we previously analyzed PPARa (Ser12) and AMPK
(a1 T183 and o2 T172) phosphorylation in PBMCs and found in-
creased activity of both proteins in GS individuals [22]. This is consis-
tent with data from in vitro and in vivo studies reporting UCB as a
direct ligand for PPARa [11,40] and increased hepatic PPAR« activity
in mildly hyperbilirubinemic mice [7]. In the present study we ex-
plored the relationship between activated PPARx and AMPK with
their downstream metabolites AC and KB and found significant cor-
relations reflecting the stimulatory role of PPARoc and AMPK in lipid
catabolism, both increased in GS individuals (Fig. 4). Very recently,
Hinds et al. [41] reported similar observations in mice demonstrating in-
creased PPAR« target gene expression of FATP1/2 and ACOX1 along with
increased 3HB blood concentrations in bilirubin-treated mice [41]. Addi-
tionally, a very recently published study reported an enhanced PPAR-
mediated mitochondrial function and lipid metabolism in 3T3L1 adipo-
cytes after exposure to biliverdin, the precursor of bilirubin [11]. A further
major regulator of lipid catabolism is insulin as it not only stimulates
glucose oxidation and lipogenesis but simultaneously inhibits the contri-
bution of FAO to energy supply. Inversely, decreased insulin concentra-
tions observed in GS individuals clear the way for FAO and ketogenesis.
Indeed, significant inverse correlations between insulin and lipid catabo-
lites were exclusively observed in the GS group (Fig. 5). In agreement
with comparably less insulin, glucagon a hormone that opposes the action
of insulin and enhances FAO [42] was significantly correlated to all KB
only in GS individuals but remained unchanged between the groups. T3
a potent stimulator of mitochondrial FAO [43] was significantly increased
in GS individuals and correlated along with the T3/T4 ratio significantly
with AC and KB respectively only in the GS group. TH have previously
been associated with bilirubin because they are both glucuronidated by
UGT1A1 [44]. Increased UGT activity leads to a depletion of circulating
TH. However, similarly to bilirubin, mutations in the UGT1A1
(such as UGT1A1*28 (TA)e~7 polymorphism) caused a reduced
glucuronidation of TH in human liver microsomes and had previ-
ously been proposed to play a role in TH homeostasis [44,45]. Thus
UGT1A1-mediated TH metabolism might be another underlying
mechanism of the bilirubin-associated metabolic health and in this
context increased circulating bilirubin would be a marker of a re-
duced UGT1AT1 activity, which is described in GS [46].

Taken together, the GS-associated metabolites as well PPARq,
AMPK, insulin, glucagon and THs reveal a complementary pattern of
lipid catabolic conditions in GS individuals. These findings suggest for
the first time underlying mechanisms based on PPARc, AMPK, insulin
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and THs associated with an increased lipid catabolism in mildly
hyperbilirubinemic subjects.

Lipid catabolism is inversely associated with dyslipidemia and obe-
sity, conditions that drive the pathogenesis of DMT2 and CVD. In agree-
ment with this, we observed highly significant inverse correlations
between lipid catabolites and circulating TG, body fat, HOMA-IR and
C-peptide exclusively in GS individuals. Furthermore, we found that
the total TG-lowering effect of GS is partially mediated through their in-
creased lipid catabolism, which can be considered as a statistical proof
of principle. Similar to our observations, bilirubin-treated mice on a
high fat diet experienced a reduction in serum TG, hepatic fat mass
and body weight along with increased 3HB blood concentrations [41],
further emphasizing lipid catabolism to be a key determinant of the
bilirubin-associated protection against CVD and DMT?2.

The capacity of bilirubin to shape a health beneficial lipid and glu-
cose phenotype has been demonstrated in several other animal models
[7,11,47-49] and in vitro studies [40,50]. Numerous large prospective
epidemiological studies reported that bilirubin is associated with bene-
ficial characteristics (improved BMI, blood lipids and insulin resistance)
and a reduced risk of CVD and DMT2 [9,10,14,15,51-54]. In this context,
our metabolomics approach found acetylglycine to be more abundant in
GS individuals. Intriguingly, decreased glycine levels have been associ-
ated with a higher incidence of CVD and DMT2 [55-57] and a causal
genetic relationship of glycine and glycine metabolites such as
acetylglycine with CVD and DMT?2 risk has been reported [58].

GS individuals exhibited a stronger metabolic response to fasting. As
mentioned earlier, AC and KB levels were significantly higher in GS indi-
viduals. The same was true for other metabolites including citrate, 2-
hydroxybutyric acid, 2-aminobutyric acid, as well as leucine and its
ketoacids 2-oxoisocaproate and 3-hydroxyisovalerate (Table 2), all of
which have been associated with extended periods of fasting [59,60].
Thus, the metabolomics profile of the GS group mirrors a metabolome
of prolonged fasting. These results agree with significantly reduced
fasting blood glucose, insulin, C-peptide and TG and their inverse rela-
tionship with markers of lipid catabolism (AC, KB) (Fig. 8) indicating a
decreased glucose metabolism in favor of lipid catabolism in fasted GS
individuals. Increased citrate and pPPAR« levels, observed in GS indi-
viduals are consistent with the latter observation as they both have
been proposed to diminish glucose oxidation [61,62], in addition to
their role in lipid catabolism (discussed above). Overall, our findings
imply that GS metabolism handles limited glucose availability through
a more efficient switch in energy substrate from glucose towards fatty
acids in response to fasting.

Increased TMA serum concentrations as identified in GS can be the
result of a diet rich in red meat as well as an increased gut microbial me-
tabolism of carnitine and choline [33]. In our study, both the red meat
consumption and the composition of fecal microbiota were similar be-
tween GS and control individuals (in press) [63]. However, increased
TMA in hand with similar TMAO levels between groups can also be at-
tributable to a lower activity of Flavin-containing monooxygenase 3
(FMO3), the enzyme that catalyzes the TMA to TMAO conversion. This
could be a promising target in GS since FMO3 and the bilirubin-
specific UGT1A1 are both enzymes of the hepatic drug metabolism sus-
ceptible to pharmacological inhibition. FMO3 affects metabolic health
and its suppression is described to reduce body fat as well as plasma
TG, glucose and insulin concentrations [64]. This phenotype, which
shares striking similarity with GS, is proposed to be due to a reduction
in Foxo1 levels, a metabolic key node that controls hepatic gluconeo-
genesis [65,66]. Conversely, increased gluconeogenesis is a crucial fea-
ture of insulin resistance and contributes to fasting hyperglycemia
[67]. In terms of regulation of gluconeogenesis, similar levels of alanine
and lactate (substrates of gluconeogenesis) as well as ALT and LDH
(enzymes playing a role in gluconeogenesis that were initially mea-
sured to verify absence of liver damage) between GS and control
individuals might indicate no alanine or lactate-specific reduced regula-
tion of gluconeogenesis [68,69], which however warrants more detailed
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investigation. To the best of our knowledge, a role of FMO3 and TMA
metabolism in the bilirubin-associated health beneficial phenotype
has not been proposed so far. However, this finding would explain the
favorable glucose profile in GS as well as the observed shift in energy
substrate. We therefore suggest to investigate the role of FMO3 in GS.

This study is of an observational nature, therefore no causality can be
inferred. A further limitation of this study is that we did not have access
to tissue of GS individuals such as liver or skeletal muscle. Measure-
ments of AMPK, PPARa and further aspects of mitochondrial regulation
could be performed to ultimately confirm mitochondrial FAO in meta-
bolically active tissue of GS individuals. In addition to lipid catabolism,
the role of adipose tissue and lipolysis in the metabolic protection of
GS individuals should be investigated in future.

5. Conclusion

We showed an enhanced lipid catabolism in GS individuals
supported by increased PPARx, AMPK and TH as well as decreased insu-
lin levels. We further showed that lipid catabolism partially mediates
the favorable lipid phenotype (lower TG) of GS. Thus, the enhanced
lipid catabolism in GS seems to be the key strategy in the protective
role of bilirubin against obesity, dyslipidemia, DMT2 and CVD and war-
rants further clinical evaluation especially in obese and dyslipidemic
patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2021.154913.
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