THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

JCEM

LL
-
S,
|_
is
<
L
O
Z
<
>
a
<

ENDOCRINE
SOCIETY

ENDOCRINE I
SOCIETY mmw -‘

Hepatic steatosis associates with adver se molecular signaturesin subjects
without diabetes

Maik Pietzner, Kathrin Budde, Georg Homuth, Gabsteamuller, Ann-Kristin Henning,
Anna Artati, Jan Krumsiek, Henry Volzke, Jerzy Adsim Markus M. Lerch, Jens P.
Kuhn, Matthias Nauck, Nele Friedrich

The Journal of Clinical Endocrinology & Metabolism
Endocrine Society

Submitted: May 07, 2018
Accepted: July 24, 2018
First Online: July 27, 2018

Advance Articles are PDF versions of manuscripts that have been peer reviewed and accepted but
not yet copyedited. The manuscripts are published online as soon as possible after acceptance and
before the copyedited, typeset articles are published. They are posted "as is" (i.e., as submitted by
the authors at the modification stage), and do not reflect editorial changes. No
corrections/changes to the PDF manuscripts are accepted. Accordingly, there likely will be
differences between the Advance Article manuscripts and the final, typeset articles. The
manuscripts remain listed on the Advance Article page until the final, typeset articles are posted.
At that point, the manuscripts are removed from the Advance Article page.

DISCLAIMER: These manuscripts are provided "as is" without warranty of any kind, either express
or particular purpose, or non-infringement. Changes will be made to these manuscripts before
publication. Review and/or use or reliance on these materials is at the discretion and risk of the
reader/user. In no event shall the Endocrine Society be liable for damages of any kind arising
references to, products or publications do not imply endorsement of that product or publication.

ed from https://acadenic. oup. conmlj cenl advance-articl e-abstract/doi/10.1210/j c. 2018- 00999/ 5060465
br schungszentrum fuer Umaelt und Gesundheit GrvbH - Zentral bi bl i ot hek user
y 2018



The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-00999

Molecular fingerprint of hepatic steatosis

Hepatic steatosis associates with adver se molecular signaturesin subjects
without diabetes

Maik Pietznet?, Kathrin Buddé? Georg Homutfy Gabi Kastenmiillér Ann-Kristin Henning,
Anna Artatr, Jan Krumsiek Henry Volzké "8 Jerzy AdamsRi®*° Markus M. Lerch', Jens P.
Kihn#*3 Matthias Nauck? Nele Friedrich?

Ynstitute of Clinical Chemistry and Laboratory Mettie, University Medicine Greifswald, Greifswaldei@any
’DZHK (German Center for Cardiovascular Researclaytper site Greifswald, Greifswald, Germany

®Interfaculty Institute for Genetics and Functiot@énomics, University Medicine and Ernst-Moritz Axnd
University Greifswald, Greifswald, Germany

“Institute of Bioinformatics and Systems Biologyin®ltz Zentrum Miinchen, Neuherberg, Germany
*|nstitute of Experimental Genetics, Genome Analgsister, Helmholtz Zentrum Miinchen, NeuherbergnGey
®|CB (Institute of Computational Biology), Helmhaftentrum Miinchen, Neuherberg, 85764, Germany
"Institute for Community Medicine, University MediiGreifswald, Greifswald, 17475, Germany

8 DZD (German Center for Diabetes Research), siteif®wald, Greifswald, 17475, Germany

°Lehrstuhl fiir Experimentelle Genetik, Technischévehsitat Miinchen, Freising-Weihenstephan, Germany

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

%DzD (German Center for Diabetes Research), Miindienherberg, Germany
Ypepartment of Medicine A, University Medicine Geeiéld, Greifswald, Germany

nstitute of Diagnostic Radiology and Neuroradiofotyniversity Medicine Greifswald, Germany

JCEM

Y nstitute of Diagnostic Radiology, University Meidie, Carl Gustav Carus University Dresden, Germany
Received 07 May 2018. Accepted 24 July 2018.

Background & Aims. Exaggerated hepatic triglyceride accumulatian,hepatic steatosis,
represents a strong risk factor for type 2 diabetebitus and cardiovascular disease. Despite a
clear association of hepatic steatosis with imphiinsulin signaling the precise molecular
mechanisms involved are still under debate. We aoeabdata from several metabolomics
techniques to gain a comprehensive picture of nutde@lterations related to the presence of
hepatic steatosis in a diabetes-free sample (N=G6®e population-based Study of Health in
Pomerania (SHIP).

Methods: Liver fat content (LFC) was assessed using MRI.adielome measurements of
plasma and urine samples were done by mass spettyoamd nuclear magnetic resonance
spectroscopy. Linear regression analyses weretasggtect significant associations with either
LFC or markers of hepatic damage. Possible medistiorough insulin resistance,
hypertriglyceridemia and inflammation were test&ghredictive molecular signature of hepatic
steatosis was established using regularized logisgjression.

Results: The LFC-associated atherogenic lipid profile, tigltbnnected to shifts in the
phospholipid content, and a pre-diabetic amino akidter were mediated by insulin resistance.
Molecular surrogates of oxidative stress and mieltgssociations with urine metabolites, e.g.,
indicating altered cortisol metabolism or phaseetfoxification products, were unaffected in
mediation analyses. Incorporation of urine metabslslightly improved classification of hepatic
steatosis.

LL
-
S,
|_
is
<
L
O
Z
<
>
a
<

ENDOCRINE
SOCIETY

1

ed from https://acadenic. oup. conmlj cenl advance-articl e-abstract/doi/10.1210/j c. 2018- 00999/ 5060465
or schungszentrum fuer Umaelt und Gesundheit GrvbH - Zentral bi bl i ot hek user
y 2018




THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
W
-
L
-
S
—
oC
<
LL
O
Z
<
>
Q
<

=NDOGIN=
SOCIETY

The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-00999

Conclusions: Comprehensive metabolic profiling allowed us toe@vmolecular patterns
accompanying hepatic steatosis independent ofribesk hallmarks. Novel biomarkers from
urine, e.g. cortisol glucuronide, are worthwhile flollow-up in patients suffering from more
severe liver impairment compared to our merelythgglopulation-based sample.

Liver fat content was strongly associated with a wealth of metabolites in plasma and urine independent of
known hallmarks. A prominent example was the urine excretion of adrenal steroids.

BACKGROUND

The inflated hepatic accumulation of triglycerid@&), typically above 5%, represents a
pathophysiological condition defined as hepatiatstgis which might further proceed to
steatohepatitis and even to cirrhosis. The lagstessociated with an increased risk for
hepatocellular carcinoma [1].

Obesity represents a major contributor to the amrakent of hepatic steatosis [2]. Estimates
of its prevalence greatly vary between 10 and 38@edding on the definition used (based on
ultrasound examination, liver biopsy, magnetic reswe imaging (MRI), or/ and serum
markers) and ethnicity [3]. Furthermore, in 70%patients with type 2 diabetes mellitus hepatic
steatosis could be found [4]. Despite its high &ation with obesity, hepatic steatosis represents
an independent predictor for insulin resistanceaji cardiovascular risk and hence mortality [6,
7].

The pathophysiological mechanisms underlying hepséatosis are still incompletely
understood. In general, development is thoughetodused by increased release of free fatty
acids from adipose tissue as a result of nutritiomarload and possibly impaired insulin
sensitivity [8]. As the amount of fatty acids whiale subsequently taken up by the liver exceeds
the hepatic metabolic capacities for oxidation,e=scTG are stored as lipid droplets in the
hepatocyte cytoplasm.

Apart from the classical hallmarks of hepatic siss, i.e., hypertriglyceridemia, insulin
resistance and inflammation, a number of metabolanadysis (for review see [9]) have greatly
broaden our understanding of the underlying patiobind suggested novel biomarkers. Briefly,
metabolomics approaches primarily done in a caséralcsetting have revealed alterations in
simple [10, 11] and complex lipids [12, 13], amammd metabolism [14-16], amides [17], and
shifts in metabolites produced by microbiota [IBfemplarily, surrogate markers of oxidative
stress, namely-glutamyl dipeptides, have been shown to discriteiteetween different stages
of liver disease [19]. More recently, Alonsbal. were able to describe three distinct molecular
profiles of fatty liver disease based on the coratiom of an animal model and patient data [20].
However, up to now such studies were mostly rdsttito matched case-control designs
including (morbidly) obese subjects [9] and arestbtionly limitedgeneralizability. Therefore,
in the present study, we analyzed the associatbmeen liver fat content (LFC) determined by
MRI and metabolites present in fasting plasma dkaseaurine samples from 769 selected non-
diabetic subjects from the population-based Stddyealth in Pomerania (SHIP). By means of
statistical mediation analyses we were able torsgp®etween those molecular signatures
assignable to the classical hallmarks accomparh@patic steatosis and putative novel ones.

METHODS

Study Population
The Study of Health in Pomerania (SHIP-TREND) soaulation-based study conducted in
West Pomerania, a rural region in north-east Geynaad a detailed description of the sampling
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procedure and the study population can be fourelwtlsre [21]. In total, 4420 subjects chose to
participate (50.1% response). All participants gaviiten informed consent before taking part in
the study. The study was approved by the ethicswtee of the University of Greifswald and
conformed to the principles of the declaration eldthki. SHIP data are publicly available for
scientific and quality control purposes by appl@atat www.community-medicine.de.

For a subsample of 1000 subjects, plasma as walires metabolome data based on mass
spectrometry (MS) and nuclear magnetic resonarnegirgiscopy (NMR) were available. Of
these, 203 had to be excluded due to missing expasiwconfounder data. Two and 28
participants were excluded because of a reportdryiof liver disease and diagnosed diabetes,
respectively. Finally, a total sample of 769 sutgegas included in the analyses. Figure 1
summarizes sample compilation and statistical @ealy

Participants’ characteristics and medical histonese recorded using computer-aided
personal interviews. Smoking status was categoaseclurrent, former or never smokers. Daily
alcohol consumption was calculated using beverageiic pure ethanol volume proportions
averaged across 30 days prior the interview. Stsbgrcising for at least two hours a week
were classified as physically active. Waist circarahce (WC) was measured midway between
the lower rib margin and the iliac crest in theibontal plane. Body-mass-index (BMI) was
calculated as weight (kg) / heightz (m?2).

Standard Laboratory Assays

Fasting blood samples @ hours) were collected between 6:00 am and 2¥®@om the

cubital vein of subjects in the supine position andlyzed immediately or stored by -80°C in
the Integrated Research Biobank (Liconic, Liechiiny. Serum cystatin C, lipids (total
cholesterol, high-density (HDL) and low-densitydgotein (LDL) cholesterol, TG), high-
sensitivity C-reactive protein (hsCRP), albumin aedum activities of ALT, AST and GGT
were measured by standard methods (Dimension VISIémens Healthcare Diagnostics,
Eschborn, Germany). Plasma insulin levels were aredqCentaur XP by Siemens Healthcare
Diagnostics) and the homeostatic model assessrargudin resistance (HOMA-IR) index was
calculated as insulimpy/ml) x glucose (mmol/1)/22.5 [22]. We calculatdwetAST/ALT ratio,

the NAFLD-score [23] and the FIB4-score [24] tolude surrogates of liver fibrosis. Cystatin
C-based estimated glomerular filtration rate (eGWR3 calculated using the CKD-EPI equation
[25].

MRI examinations were performed on a 1.5-Tesla M&en (Magnetom Avanto, Siemens
Healthcare AG, Germany; software version Syngo MR)Bising a body phased array coil.
Assessment of LFC was performed using calculatf@raton density fat fraction based on
chemical shift encoded MRI as previously descriinedetail [26].

M etabolome Analyses

A detailed description of all applied measuremenhhiques is given in the Supplemental
Information. Briefly, four different approaches warombined: 1) non-targeted MS-based
profiling of plasma and urine samples as reportedipusly [27] 2) targeted MS-based profiling
of plasma samples using the AbsolutelDQ p180 KIOBRATES LifeSciences AG, Innsbruck,
Austria) 3) NMR-based profiling of urine samplesregorted previously [28] and 4) NMR-
based profiling of plasma samples to derive liptgiroparticles.

After quality control and pre-processing (see Sepmntal Information) 613 plasma (Tab.
S1) and 587 urine (Tab. S2) metabolites were aMailmr statistical analyses. Note that some of
these could not be unambiguously assigned to aichementity and are referred to hereafter
with the notation “X” followed by a unique numbé&rata on lipoprotein particles comprise 117
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measures describing the gradient from Very-low-dgtipoprotein (VLDL) particles to HDL
particles, including their triglycerides, cholestiefree cholesterol, phospholipid as well as
apolipoprotein B (ApoB), Al (Apo-Al) and A2 (Apo-AZontent.

Statistical Analysis

Linear regression models were performed to asbesassociations of LFC as well as serum
activities of ALT, AST, and GGT (independent vates) with plasma (including lipoprotein
particles) and urine metabolites (dependent vaggblTro fulfill requirements of linear
regression ALT, AST, LFC and metabolite levels wegetransformed. Serum activities of
GGT were transformed to -1/GGT. All models wereuatkd for age, sex, BMI, alcohol
consumption and physical activity. Notably, we camell men and women in the present
analyses as no strong evidence for an interacebnden sex and one of the liver traits became
obvious. The same analyses were done for the fidbsasres. In a second step, a possible
mediation of significant associations by HOMA-IRysm glucose, total TG (not for
lipoproteins) and hsCRP was performed. Analyse®\weplemented using the R package
mediateto obtain bootstrap p-values (N=2000 samples)iemmediation effect as well as
confidence intervals for the proportion mediatec téfined a significant mediation if the p-
value was <0.01 and at least 10% of the associataamediated through one of the four
variables. Sensitivity analyses were done by exetudubjects reporting heavy drinking (n=53;
men >30g/day and women >20g/day). To combine thaloéme data with lipoproteins, linear
regression models were run with the lipoproteiexgsosure and the metabolite as outcome
controlling for age, sex, and BMI. To account faultiple testing, we adjusted the p-values from
regression analyses by controlling the false disppvate (FDR) at 5% using the Benjamini-
Hochberg procedure.

Integration of multi-fluid data was achieved by qautation of metabolic networks using
Gaussian graphical modelling (GGM). The procedsreutlined in the Supplemental
information.

A signature predictive for hepatic steatosis (LF8%) using least absolute shrinkage and
selection operator (LASSO) for variable selectiaswompiled. Using a two-staged cross-
validation procedure allowed us for testing robasmof selected features across random subsets
of the population as well as to assess generdlizabi the results (see Supplemental
Information). Briefly, a score was calculated byiebng each time a feature survived the feature
selection using the LASSO in the test set and wedjby the discriminative ability (area under
the ROC-curve) on the independent validation se¢ gcore could be seen as the mean
discriminative ability of the final sparse modelpieedict presence of hepatic steatosis if the
specific variable was included. Three types ofalale set ups were used to perform this
classification. First, considering only clinicalnables as presented in Table 1. Second, only
metabolites significantly associated with LFC almiddt, a combination of both. Finally, three
sparse logistic regression models were built taliptdnepatic steatosis. The latter ones were
further assessed for generalization in a MonteeCandss-validation procedure. Statistical
analyses were done using R 3.3.2 (R Foundatiostétistical computing, Vienna, Austria).
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RESULTS

General characteristics of the study populationd&splayed in Table 1. Briefly, 34.7% of the
participants presented with hepatic steatosis. & pasticipants were characterized by an adverse
metabolic profile, comprising higher concentratiofglycemic parameters (e.g., fasting glucose
or HOMA-IR), higher LDL and lower HDL-cholesterobocentrations, higher hsCRP
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concentrations as well as higher serum activitider enzymes and higher values of fibrosis
scores (with the exception of the AST/ALT ratio).

Lipoprotein particlesand mediation by HOMA-IR

An atherogenic lipoprotein particle profile was ealed to be associated with LFC in linear
regression analyses (Fig. 2). In detail, LFC wastpeely associated with total TG levels, as
well as with VLDL and small LDL particles. In coast, LFC associated inversely with large
LDL particles and HDL particles measures. ALT, A&hd, GGT serum activities partially
mirrored these associations but with less pronaliassociation strengths. Small HDL particles
were uniquely positively associated with ALT, G@F,AST activities.

The vast majority of the associations with respedtFC, ALT, and GGT were mediated by
HOMA-IR (Fig. 2 and Tab. S3). The highest propartad mediation was observed for LRL
LDL 3 and large VLDL particle measures (all above 50Phge associations between LFC and
large LDL particles as well as between ALT and $idahse HDL particles were unaffected.

Small molecules and mediation by HOMA-IR and total TG

Linear regression analyses revealed 179 and 108bwldes in plasma and urine, respectively,
to be associated with at least one of the measdileger function (Fig. 3A; Tab. S4/S5). LFC
was the most prominent trait with 129 and 93 sigaiftly associated metabolites in plasma and
urine, respectively.

About half of the associations in plasma (N=79) ahdut one third in urine (N=26) were at
least partially mediated, thereby total TG and HOMRAwere the most important mediators
(Fig. 3B).

With respect to plasma, total TG accounted in fearpositive associations between LFC and
lipid species, e.g. lysolipids, diacyl PCs as waslinverse associations with sphingolipids or
serine. Positive associations between LFC and hezhichain amino acid (BCAA) catabolites
(e.g. 3-methyl-2-oxobutyrate), alanine, or carbohtek as well as the inverse association with
sphingolipids or glycine were mediated by HOMA-IRhe inverse association between LFC and
lysoPC C18:2 was mediated by HOMA-IR and hsCRPil&imediations became apparent
with respect to ALT and GGT whereas associations WS T were far less affected (Fig. 3, Tab
S6).

The positive association between LFC/ALT and uBrsalylactose was affected by all
mediators to a degree of up to 53%. Similar stroegliating effects in urine were noted for the
unknown X-02249 (inversely with LFC) and X-1734€&rahydrocortisone or alanine (positively
with LFC).

After discarding mediated associations, only plagarghine levels remained significantly
positively associated with all traits. However, eygasma levels of adrenate,
docosapentaenoateglutamylleucine ang-glutamylphenylalanine were positively associated
with all traits but were slightly mediated (max%pby serum glucose (LFC) or HOMA-IR
(ALT).

Metabolic fingerprint of LFC

The largest number of non-mediated associationsairexd for LFC with a comparable amount
of significantly associated metabolites in plasidag8) and urine (N=68) (Fig. 3C). In plasma,
two prominent metabolite signatures were deted®decreased levels of ether-PCs (thereafter
referred as PC ae CXX:Y) and 2) increased leveB@AAs and aromatic amino acids as well
as dipeptide derivatives (Fig. 2). Inverse assmriatwith LFC were restricted to these lipid
species, with the additional exceptions of 3-pherogpionate, stachydrine and some unknown
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compounds. Further positive associations with LF&Zendetected for the levels of proline,
tryptophan, indolelacetate, urate, piperine andhfdroxy-3-oxo-4-cholestenoate (Tab. S3).
Associations with urine metabolites were almoslesigely detected for LFC (Fig. 3C). In
line with the increased plasma levels mentioned/@fiie urine levels of BCAA-derivatives as
well as lactate were also positively associateti WiC. In contrast, several glycine conjugates
like isovaleryl- and isobutyrylglycine as well gglutamylthreonine exhibited an inverse
association (Tab. S2). Additionally, LFC was inweysassociated with the urine levels of several
xenobiotic species, e.g., 4-vinylpheno sulfatephbijate or cinnamoylglycine. Almost one-third
of the LFC-associated metabolites in urine wererdnown identity.

M etabolite associations with serum marker s of hepatic damage

Only a few plasma metabolites were solely assatiaith one of the liver enzymes but not with
LFC. Briefly, serum AST activities were positivedgsociated with several acylcarnitine species
and monounsaturated fatty acids. ALT was uniqueBitpvely associated with two ether-PCs
(PC ae C36:0 and PC ae C38:6). Inverse associatitim®-aminoheptanoate and citrate were
specific for GGT. Only few weak metabolite assaoias with liver enzyme serum activities
were observed in urine (Fig. 3C).

Fibrosis scores and exclusion of heavy drinkers
Similarities between the NAFLD and the FIB4-scoithitFC were restricted to inverse
associations with large LDL-particle measures (5g). Both scores were in general associated
with lower concentrations of almost all LDL measur€ompared to LFC, only few metabolites
in plasma (Fig. S3) or urine (Fig. S4) associatét either the NAFLD or the FIB4-score,
partially being residual from either ALT or AST.

Excluding participants who reported heavy drinkimgnged the association strength
between the traits under investigation and lipaginst or metabolites only minor (Fig. S5 and
S6). Only associations between AST and lipoprategasures changed markedly.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Interrelation between lipoproteinsand lipid species

Figure S1 summarizes the association resultsgopliotein measures and lipid species for those
obvious from linear regression analyses for thewarhof liver fat. Briefly, strong positive
associations became obvious between ether-PCaagelllDL as well as small dense HDL
particles. The TG-content of small VLDL particld4d DL ) was positively associated with
various free fatty acid species.

A metabolite signature with predictive value for hepatic steatosis

Our procedure to classify hepatic steatosis (LF&Y} exclusively based on metabolites
exhibited a performance that was comparable todhelinical variables (ROC-AUC ~ 0.89;

Fig. 4 and Tab 2). A combined feature selectiorr@ggh using metabolome and clinical data led
to a moderate but significant improvement in the(R&UC (p=0.002) from 0.89 to 0.91 (Fig.

4). These results were confirmed using a Monted€Cadss-validation procedure (Fig. S8). Even
the net reclassification index improved signifidgarf0.62; 95%-Cl [0.47 - 0.76]; p<0.001).

Urine levels of X-20643, X-12407 and uracil as vadlplasma levels of glycine were associated
with decreased odds for hepatic steatosis wher€ddA4IR, age, waist circumference, ALT
serum activities and hsCRP levels were associatibdnereased odds (Tab. 2).
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DISCUSSION

The present study aimed to characterize earlygiuleclinical) molecular signatures of hepatic fat
accumulation in a sample from the general poputafitve broad panel of detected metabolites
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that were associated with LFC partly reflects pblggjical aspects of hepatic fat accumulation
apart from established comorbidities, i.e. insudisistance, hypertriglyceridemia, or
inflammation. In particular, several urine metatesliwere exclusively associated with LFC. The
corresponding signature that indicates among otileased cortisol degradation enabled
moderate improvement for the classification of hiepsteatosis.

Insulin sensitivity partially mediates an atherogenic lipoprotein profile
The most obvious hallmark of hepatic steatosimisygaired TG metabolism manifested by
dyslipidemia which is likely accompanied by insulesistance and hepatic inflammation [8].
Indeed, more than half of the detected associatatislipoproteins were mediated to a
significant amount by HOMA-IR. Possible responsitslechanisms include increased hepatic
uptake of fatty acids, either released from adigssele or from remnant VLDL particles, and
hepaticde novdipogenesis finally increasing VLDL secretion asomsequence of peripheral
insulin resistance [29]. Increased availabilityptdsma fatty acids from remnants is further
supported by our cross-metabolomics analyses lip&imincrease in the TG-content of small,
i.e. remnant VLDL particles (VLD}), to increased levels of a broad range of plasttg &cids
(Fig. S1). Of note, the associations between thecd@ent of VLDLs or plasma levels of
monounsaturated fatty acids with LFC were not mediby HOMA-IR. The latter nicely aligns
with a recent report on an insulin-independenttpascorrelation between plasma levels of
palmitoleate and hepatic phosphorus metabolismetabolically healthy individuals [30].
TG-rich LDL particles are either taken up by hepstesvia LDL-receptors or further
hydrolyzed by hepatic lipase (HL) yielding smalhde LDL particles [31]. Our observation of a
LFC-associated decrease in large LDL particlesttagenith an increase in small dense LDL
particles argues for a prolonged dwelling time BfiLkparticles in the circulation, including
shrinkage by HL activity [31], making them proneoiidation. In line with this hypothesis
hepatic steatosis was characterized by diminist@id-leceptor expression [32]. Oxidized LDL
particles in turn mediate the adverse, pro-inflanamasetting implicated in the onset of
cardiovascular disease [33]. Despite this LDL-sigreawas mediated to a significant amount by
HOMA-IR (Fig. 2), the inverse association betweétClLand large LDL-particles (LDl was
unaffected and might hence represent an early eévené adverse relation between hepatic
steatosis, insulin resistance, and cardiovascigaade. Of note, the same mechanism likely
accounts for the inverse associations between liieCether-PCs, as both strongly associate
(Fig. S1) and PCs are integral for the monolayemsunding lipoprotein particles. This
observation emphasizes the particular value ofirpldtform metabolomics approaches to
contextualize findings.

Altered small-dense HDL compaosition as hint towar ds progression to steatohepatitis

The transition from hepatic steatosis to steatatitepaonstitutes a continuum rather than a
discrete event and hence we could also identifyemaér signatures described in more advanced
stages of liver impairment, e.g., an accumulatibR®s in the circulation [11, 34]. With respect
to ALT activities but not LFC our results partiattpnfirm these observations and our multi-
platform metabolomics approach once more allow® lisk these findings to lipoprotein
metabolism. Briefly, we observed consistent posiaigsociations between PCs and small-dense
HDL particles (HDLg) both uniquely associated with ALT (Fig. 3). Efmédd PC content of HDL
particles has been shown to increase efflux of ¢redesterol from scavenger receptor Bl (SR-
Bl) expressing cells [35]. As SR-BI, the HDL-recapis highly expressed on hepatocytes this
might indicate altered reverse cholesterol trartspaelation to hepatic steatosis or
steatohepatitis given the unique association wétaged liver enzyme activities.
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BCAA catabolitesarelinked by insulin sensitivity with liver fat

A frequently published link between obesity, hepateatosis, and impaired glucose homeostasis
comprises an accumulation of BCAAs and aromatidsaf36-40]. Consistently, we observed a
BMI-independent association with all these aminid apecies and LFC. Besides an increased
proteolysis, responsible mechanism for BCAA accuatioth might include decreased catabolism
in adipose tissue [41] or skeletal muscle [42]hasfirst step of BCAA-catabolism is facilitated
by branched-chain ketoacid dehydrogenase (BCKDHpmhepatic tissues. Accumulation of
such catabolites, including 3-methyl-2-oxobutyréesonsidered to mediate the adverse effects
of BCAAs [43] E.g., suppressing pyruvate dehydragenactivity which catalyzes the formation
of acetyl-CoA from pyruvate [44]. Notably, a subsenqt shift in pyruvate utilization towards
lactate and alanine formation aligns well with observation of positive associations between
LFC and these metabolites. Further, increasedigctif/the BCKDH kinase, and hence
diminished BCKDH activity due to hyper-phosphorigat has been shown to integrate BCAA-
catabolism with stimulated hepatie novdipogenesis due to phosphorylation of ATP-citrate
lyase generating substrates for lipogenesis [#8portantly, the associations with BCAA-
catabolites (but not primary BCAAS), lactate, atahane were all significantly mediated by
HOMA-IR (Tab. S4). In conclusion, our BMI-indepemd@bservations as well as confirmative
results from previous studies [15, 46] stronglyuardpr hepatic (or at least ectopic) fat
accumulation as key mechanism for impaired BCA/Aabatism. However, even if diminished
BCAA-metabolism seems to integrate hepatic lipogenthe pathophysiological event linking it
to insulin resistance remains elusive but a s¢litacrease in BCAAs in plasma seems to be not
a sufficient criterion. The latter aligns with aeat study by Gaggini and colleagues who
reported less prominent alterations in plasma B@&AAcentrations among hepatic steatosis
patients without type 2 diabetes [40].

A signature of increased oxidative stressisa hallmark of hepatic steatosis
Surrogates of oxidative stress in respect to hegétiatosis have been noted by several previous
studies withy-glutamyl amino acids and glutamate [precursorhefantioxidant glutathione
(GSH)] being the most prominent examples [19, Kl@jtably, those markers were able to
indicate progressive liver disease, i.e. fibrogi3][ Consistently, intensified mitochondrial
respiration causing accumulation of reactive oxygecies has been described for liver biopsies
from patients with hepatic steatosis and steatdfiepf@7]. Besides GSH synthesis, residual
serum activity of GGT might also account for thebservations, as the latter association was
not attributable to any of the tested mediatorg.oBe biomarker research, the application of
genome-scale metabolic modelling revealed the alurmiportance of the further upstream
metabolites glycine and serine [48]. In generasthobservations well align with our findings
but we observed a strong dependence of these assosion insulin sensitivity, i.e. those were
mediated to a great extent by HOMA-IR. Interestmgmong patients with hepatic steatosis
plasma glycine concentrations strongly correlatétl fvepatic but not peripheral insulin
resistance [40]. Hence, it would be of particutderest to define if diminished insulin sensitivity
causes (hepatic) oxidative stresvige versa

In contrast, the strong positive association wldsma xanthine with all liver traits was
unaffected by HOMA-IR adjustment but also pointwaods augmented defense against
systemic/hepatic oxidative stress. Xanthine isarmediate in purine degradation finally
resulting in the formation of urate one of the magbortant antioxidants in human blood. The
reaction is catalyzed by xanthine oxidase (XO) muent cellular and mouse models [49]
showed increased activity of XO in hepatic steatagiich is supported by observational studies
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[50, 51]. The far less pronounced association plidlsma urate compared to xanthine levels in
the present study might be due to the oxidatiomrafe in a state of high oxidative stress
accompanying hepatic steatosis. Subsequently aifstent positive association with xanthine
might be a surrogate for increased XO activityrovjide urate as antioxidant.

Urinary fingerprint of LFC

The significant associations with LFC and urine abetites are of particular interest as they
were in the majority 1) not mirrored by common neaekof liver damage and 2) not mediated by
total TG, HOMA-IR, fasting glucose or, hsCRP anddepresent besides pathophysiological
insights the potential of complementary biomark&ame of the metabolites were closely
related to processes already described for plasetalbmlites, e.g. increased levels of BCAA
catabolites or lactate as marker for impaired gdeametabolism.

Altered phase| and phasell detoxification

Apart from that, several steroid species in urimevged an inverse association with LFC. In
particular those attributable to be released frioenadrenal cortex, e.g. dehydroepiandrosterone
sulfate (DHEA-S) or etiocholanone. Interestinghistcontrasts to some extent the positive
associations seen in plasma. Considering that afdse observed associations were related to
sulphated or glucuronidated compounds this migiitate an altered metabolism/degradation of
adrenal derived steroids. While the relation betwglecocorticoids and hepatic steatosis was
frequently described (see below) data on othemeadigerived hormones is less established.
Presence of hepatic steatosis was linked with niBi#EA-S levels among adults [52] and an
altered adrenal steroid profile in urine amongateih [53]. A diminished activity of responsible
sulfotransferases in the progressively impaireerl[64] might be one plausible explanation. In
general, the urine profile associated with LFC potowards a diminished detoxification
capacity of the liver, not only phase Il as presdrdbove but also phase I. E.g., the urinary
metabolites gentisate and 5-hydroxyindolacetatee(sely associated with LFC) represent
degradation products of tyrosine and serotonirpaetsvely.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

A molecular signature predictivefor FLD

Extensive feature selection revealed a model wahilidhwed for a slightly better identification of
hepatic steatosis cases compared to classicatallimeasures. Notably, we designed the
classification algorithm to generate a sparse fSetugables comprising complementary
information and hence not necessarily includingadl associated metabolites/clinical features.
Despite this improvement might be of limited direlnical relevance the identified molecules
might be of particular value for the discriminatiohdifferent subtypes of hepatic steatosis as
has been shown recently [20].

Besides known risk factors like abdominal obesitgulin resistance or already outlined
molecular perturbations (glycine), the most coesisparameter was the unknown urinary
compound X-20643 which was linked to a decreasedfadhepatic steatosis. A putative
annotation of the metabolite might be possibletdues direct neighboring with plasma cortisol
in the derived GGM (Fig. 4) [55]. Based on its nooiar weight (~539.4 Da) this would fit to a
conjugation of cortisol with glucuronic acid yiehgj the respective glucuronide indicating a
diminished degradation of cortisol. Cortisol or mmgeneral glucocorticoid excess either caused
endogenously (Cushing’s syndrome) or exogenoussyomasistently linked with the
development and presence of hepatic steatosiseifa@w see [56]). Cortisol is thereby assumed
to drive several hallmarks of hepatic steatosidusing increased lipogenesis and VLDL
assembly [56, 57]. Notably, no association betwde@ and plasma cortisol levels became
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apparent even when accounting for blood samplmg.tin summary, altered cortisol
metabolism, in particular in the liver, was a proamt independent hallmark of hepatic steatosis
in the present study and degradation intermedaftesrtisol in urine might be a suitable proxy
for prolonged hypercortisolism accompanying hepstiatosis.

Strengths and Limitations

The present study comprised one of the most corepsde metabolomics approaches in an
epidemiological setting to address the metabatigdrprint of liver function. The assessment of
LFC using MRI represents thereby an outstandintyfeaHowever, the absence of liver
biopsies restricted the distinction of progressiver diseases and represents a drawback of the
present approach. However, it has to be noteddstite being present in about one-third of our
study population the degree of hepatic steatosssrater mild. Therefore, we could only
speculate about a transfer of our findings in nsaneere states of liver disease. Furthermore, the
cross-sectional character of the study provideg observational results and restricts functional
insights on the molecular level. This fact alsossubes a possible residual confounding by
obesity in linear regression analyses even if acttog for BMI. Despite those limitations the
sample size conducted is a clear advantage farléissification assessment as it provides by far
more information about the generalizability of #whieved results as in tightly controlled
experimental settings which constitutes the gréssesearch conducted so far with respect to
metabolomics and hepatic steatosis.

Conclusion

The present high-quality metabolomics approach anaopopulation-based sample
characterized by the absence of diabetes reveatenlecular fingerprint of hepatic steatosis
which was characterized by complex alterationgpia Imetabolism with lipoprotein particles as
key driver, augmented defense against oxidatiwesstas well as adverse cortisol signaling.
References to impaired BCAA-catabolism and accutiilaf small dense LDL particles were
strongly related to diminished insulin sensitivditycompanying hepatic steatosis. From a clinical
perspective the use of urine samples to identifs{i@tify) subjects with hepatic steatosis might
be of particular interest as the presented magkendade complementary information to those
already established.
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Figure 1 Flowchart of the analyses procedure.

Figure 2 Color codedcorrected p-values (controlling the false discovaitg (FDR) at 0.05;
dotted lines) from linear regression analyses ubugg fat content (LFC), alanine transaminase
(ALT), aspartate transaminase (AST)yeglutamyl transpeptidase (GGT) as explanatory
variables and lipoprotein particles as outcome. 8odvere adjusted for age, sex, body mass
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index, smoking, alcohol consumption and physicélag. Orange shadings indicate positive
associations whereas blue the opposite directiatche¢d boxes indicate mediation of the
association either by a measure of insulin resistdHOMA-IR; homeostatic model assessment
of insulin resistance), high-sensitivity C-reactpretein (hsCRP) or serum glucose. VLDL =
very low-density lipoprotein; LDL = low-density lgprotein; IDL = intermediate-density
lipoproteine; HDL = high-density lipoprotein; Apoapolipoprotein

Figure 3 A) Corrected p-values (controlling the false discovatg (FDR) at 0.05; dotted lines)
from linear regression analyses using liver fattenh(orange), alanine transaminase (ALT,;
purple), aspartate transaminase (AST; greemjghutamyl transpeptidase (GGT; blue) as
explanatory variables and plasma (upper paneljine unetabolites (lower panel) as outcome.
Results were separated by association directi@sitipe (3>0) or negative{<0).

Corresponding beta estimates and FDR values aea givtable S1 and S2. Metabolites marked
with a triangle exceeded the plotting ranBeBoxplots for the estimated proportion mediated
between the exposure and metabolites by serumggubigh-sensitivity C-reactive protein, a
measure of insulin resistance (HOMA-IR; homeostatatel assessment of insulin resistance)
and total triglyceride<C) Color coded FDR-values from linear regressionys&d using liver

fat content (LFC), ALT, AST or GGT as explanatoariables and plasma or urine metabolites
as outcome, limiting to non-mediated metabolitégniBcant associations (FDR < 0.05) are
framed black. Orange shading indicates positiveldne shading indicates negative
associations, respectively. Hatched boxes indiceggiation of the association either by a
measure of insulin resistance (HOMA-IR; homeostatarel assessment of insulin resistance),
total triglycerides (TG), high-sensitivity C-reaatiprotein or serum glucose.
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Figure4 left panelROC curves and AUC with 95%-confidence intervd) (Gr the three
different models to predict fatty liver diseaseini@lal variables — green; Metabolites — purple;
Combination of both — orangeght panelSubnetwork of the derived GGM with emphasize on
the unknown urinary predictors X — 20643 and X 724. On each node the results from linear
regression analysis for liver fat content (LFC,ng@), serum alanine aminotransferase (ALT;
purple), asparagine aminotransferase (AST; greahy-glutamyl transpeptidase (GGT; blue)
were mapped as portion of the associations stragigém as —log10(FDR-value). Significant
results in at least one trait, false discovery (Ri2R) below 5%, were highlighted by colors.
Node sizes were chosen as maximum associatiorggtrenthe single traits. The prefix
denotes plasma metabolites wherdaadicates urine metabolites. Edges representfgignt
partial correlations (par. cor.) between metabsliieype and color represent metabolite and fluid
dependencies.
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Table 1 General Characteristics of the study population.

ADVANCE ARTICLE

A whole sample Liver fat content <5% | Liver fat content >5%
Characteristic (n:769)p (n=502) (n=267) P-value*
Age (years) 51 (41; 61) 47 (38; 57) 57 (48; 64) 040
Females (%) 56.0% 62.3% 44.2% <0.01
Smoking (%) <0.01
never smoker 42.1% 44.0% 38.6%
former smoker 36.4% 31.6% 45.3%
pEs current smoker 21.4% 24.3% 16.1%
‘il Physically active (%) 73.6% 73.1% 73.4% 0.99
LIJE Alcohol consumption (g/day) 4.03 (1.30; 10.36) 3(Z14; 8.65) 4.91 (1.40; 14.69) <0.01
%_ Waist circumference (cm) 86 (78; 96) 82 (74; 89) (84, 105) <0.01
08 Body mass index (kg/m?) 26.7 (23.9; 29.6) 25.39227.8) 29.5(27.2;32.4) <0.01
Qo
Z
i

y 2018

16

ed from https://acadenic. oup. conmlj cenl advance-articl e-abstract/doi/10.1210/j c. 2018- 00999/ 5060465
or schungszentrum fuer Umaelt und Gesundheit GrvbH - Zentral bi bl i ot hek user




The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-00999

Glucose (mmol/l) 5.3 (4.9;5.7) 5.2 (4.9; 5.5) BB5L; 6.0) <0.01
HOMA-IR 2.04 (1.41; 3.20) 1.68 (1.22; 2.33) 3.32@ 4.90) <0.01
Insulin (mU/l) 8.6 (6.0; 12.9) 7.2 (5.4;10.0) 13%8; 18.4) <0.01
Triglycerides (mmol/l) 1.21 (0.86; 1.70) 1.04 (0.7641) 1.56 (1.17; 2.12) <0.01
LDL-cholesterol (mmol/l) 3.36 (2.76; 3.98) 3.24632; 3.83) 3.60 (3.04; 4.11) <0.01
HDL-cholesterol (mmol/l) 1.44 (1.22; 1.72) 1.5330; 1.78) 1.30 (1.11; 1.55) <0.01
Total cholesterol (mmol/l) 5.4 (4.8;6.2) 5.3 (4671) 5.6 (4.9; 6.3) <0.01
hsCRP, mg/l 1.13(0.61; 2.21) 0.94 (0.54; 1.77) 51(90; 2.91) <0.01
Liver fat content (%) 3.43 (2.16; 6.59) 2.45 (1.8%85) 9.2 (6.4; 14.9) -
Hepatic steatosig%) 34.7% 0% 100% -
ALT (upkatalll) 0.37 (0.27; 0.52) 0.32 (0.25; 0.43) 0.49 (0.37; 0.67) <0.01
AST (pkatalll) 0.29 (0.23; 0.36) 0.27 (0.21; 0.33) 0.33 (0.27; 0.41) <0.01
GGT (ukatal/l) 0.48 (0.38; 0.66) 0.43 (0.36; 0.56) 0.62 (0.48; 0.88) <0.01
AST/ALT 0.74 (0.59; 0.94) 0.80 (0.64; 1.00) 0.666@® 0.79) <0.01
NAFLD-Score -2.11 (-2.86; -1.34) -2.38 (-3.03; 4)5 -1.62 (-2.29; -0.89) <0.01
FIB4-Score 0.81 (0.56; 1.08) 0.76 (0.51; 1.02) q®e7; 1.19) <0.01
eGFRcys (ml/min/1.72m?2) 114 (105; 122) 117 (108})12 109 (100; 118) <0.01

HOMA-IR = homeostatic model of insulin resistanheCRP = high-sensitivity C-reactive protein; HDlhigh
density lipoprotein LUS = liver ultra sound patteALT = alanine transaminase; AST = aspartate aansase;
GGT =y-glutamyl transpeptidase; eGFR = estimated gloraefiltration rate based on cystatin C measurements

G
.3
SE Continuous data are expressed as median (25thrpiéec@5th percentile); nominal data are givempasentages.
== *y2-test (nominal data) or Mann-Whitney-U test (intdrdata) were performed to test for differencdibsr fat
§<>5- content.'defined as liver fat content greater than five patr
29
E3e] . . . . e -
%925 Table2 Summary on predictors selected in at least oné-tifithe loops in the classification
w S scheme for fatty liver disease.
(=}
E Clinical Traits M etabolites Combined
) Sco | OR (95%- | Select . Sco | OR (95%- | Select . Sco | OR (95%- | Select
m Variable re N ed Variable re cn ed Variable re cn ed
ALT 0.87 2.79 30 [P:Glycine 0.86[ 0.65 30 [HOMA-IR [o0.88] 4.38 30
U (2.31;3.40) (0.55;0.76) (3.48;5.60)
b HOMA-IR 087 4.38 30 [u:x-20643 0.80[ 0.58 28 |u:x-20643 [0.88] 0.58 30
(3.48;5.60) (0.49;0.68) (0.49;0.68)
0o Waist 0.84 4.58 29 | P::butyrylcarnitine | 0.75 2.27 26 | Waist 0.85 4.58 29
LIJ circumference (3.66;5.83) (1.89;2.76) circumferenc (3.66;5.83)
e
—I Age 0.67 2.04 23 | P::Tyrosine 0.72 2.69 25 |ALT 0.76 2.79 26
O (1.72;2.43) (2.20;3.32) (2.31;3.40)
— Total 0.64] 2.90 22 | U:X - 15472 0.66] 2.33 23 |Age 0.73] 2.04 25
I_ triglycerides (2.39;3.57) (1.95;2.81) (1.72;2.43)
hsCRP 0.61 1.75 21 | U::uracil 0.66 0.60 23 | P::Glycine 0.68 0.65 23
oC (1.49:2.07) (0.51,0.71) (0.55:0.76)
< Alcohol intake | 0.47  1.36 16 | U::X - 16774 0.58] 2.33 20 |U::X-12407 |0.56] 0.80 19
(1.17;1.58) (1.94;2.82) (0.68;0.93)
P::lysoPCaC18:2 | 0.58 0.65 20 | U::uracil 0.56 0.60 19
Lu (0.55;0.76) (0.51;0.71)
O P::PC ae C42:5 055 0.54 19 [hsCRP 0.53 1.75 18
(0.45;0.63) (1.49;2.07)
Z P::glutamate 049 254 17 | P:butyrylcar | 0.44 2.27 15
(2.10;3.10) nitine (1.89;2.76)
< P:y- 046 2.62 16 | P:PC aa 0.41 155 14
> glutamylphenylalani (2.17;3.20) C32:1 (1.32;1.82)
ne
‘M) PPC aa C32.1 04p 155 14 | P-PCae [035| 054 12
(1.32;1.82) C42:5 (0.45;0.63)
< P::PC aa C40:6 04p 159 14 [u:x-16581] 03¢ 0.71 10
(1.36;1.88) (0.61;0.83)
U::X - 16581 0.38 0.71 13 P:glutamate| 0.2p 2.54 10
- (0.61;0.83) (2.10;3.10)
[ I P:X - 01911 03] 198 11
%g . (1.67;2.37)
E'EI_)J P::Valine 0.31 2.37 11
30
D(/)
Z
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(1.97,2.88)
UnX - 12407 029 080 10
(0.68;0.93)

OR (95%-CI) = crude odds ratio per standard deviaiticrease for hepatic steatosis with 95%-confidenterval,
Score = defined as average area under the cuthe iinal classification loop in case the variabts included (see
Methods); Selected = number of times the varialde gelected for the final classifier (max = 30)tAb®lites
depicted in bold were used to build the final aféess ALT = alanine aminotransferase; HOMA-IR =rheostatic
model assessment of insulin resistance; hsCRPh=dagsitivity C-reactive protein;
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Linear regressioii
LFC, ALT, AST and GGT
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[=4] PC ae C36:3 4-methyl-2-oxopentanoate
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PC ae C40:1 isoleucine
PC ae C40:2 isovalerylglycine
PC ae C40:3 N-acetylisoleucine
m PC ae C40:4 tigloylglycine
PC ae C40:6 | valine
PC ae C42:0 N-formylmethionine
PC ae C42:2 3-hydroxyphenylacetate
“ PC ae C42:4 gentisate
PC aa C24:0 p-cresol sulfate
PC aa C36:5 W 7. 4 acetamldobutanoate
PC aa C40:3 Kl droxyindoleacetate
U d PC aa C42:0 2 5-diacetylornithine
PC aa C42:1 _ 4
PC aa C42:5 ne
. adrenate 22:4n62 pyroglutamylvallne
_I dihomo-linoleate (20:2n8 [‘_ 4 3 gamma-glutamylisoleucine*
docosahexaenoate (DHA; 22 8 gamma-glutamylthreonine* m
docosapentaenoate (n3 DPA; 22: gz 3 5 gamm —glutam¥lvallne
docosapentaenoate (n6 DPA 22 5| o 6 -aminoisobutyrate
— eicosapentaenoate (EP 4-vinylphenol sulfate
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Isoleucine — 25 HOMA-IR, X _ 12111
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Tryptophan ! : X -12283 i,
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xanthine 5 - Peptide X-17357
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i 2-piperidinone | 9 - Unk X -18935
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50 8 thegofiing — o X 20398 —
[1e] ine -
0Q -01971 X - 20643
QAN 9 X-11378 9 X - 21050
=z o K = K [
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