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Increased ATP synthesis might counteract
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Patients with active acromegaly (ACRO) exhibit low hepatocellular lipids (HCL), despite pronounced
insulin resistance (IR). This contrasts the strong association of IR with nonalcoholic fatty liver
disease in the general population. Since low HCL levels in ACRO might be caused by changes in
oxidative substrate metabolism, we investigated mitochondrial activity and plasma metabolomics/
lipidomics in active ACRO. Fifteen subjects with ACRO and seventeen healthy controls, matched

for age, BMI, sex, and body composition, underwent *'P/'H-7-T MR spectroscopy of the liver and
skeletal muscle as well as plasma metabolomic profiling and an oral glucose tolerance test. Subjects
with ACRO showed significantly lower HCL levels, but the ATP synthesis rate was significantly
increased compared with that in controls. Furthermore, a decreased ratio of unsaturated-to-
saturated intrahepatocellular fatty acids was found in subjects with ACRO. Within assessed

plasma lipids, lipidomics, and metabolomics, decreased carnitine species also indicated increased
mitochondrial activity. We therefore concluded that excess of growth hormone (GH) in humans
counteracts HCL accumulation by increased hepatic ATP synthesis. This was accompanied by a
decreased ratio of unsaturated-to-saturated lipids in hepatocytes and by a metabolomic profile,
reflecting the increase in mitochondrial activity. Thus, these findings help to better understanding
of GH-regulated antisteatotic pathways and provide a better insight into potentially novel
therapeutic targets for treating NAFLD.

Introduction

Acromegaly (ACRO) is characterized by a unique state of insulin resistance (IR), presumably due to
the metabolic effects of increased growth hormone (GH) concentrations, which is associated with
increased lipolysis and reduced total body fat. Recent studies have shown that hepatocellular lipid
(HCL) content especially is significantly reduced in ACRO (1-3), which stands in contrast to ectopic
lipid accumulation and nonalcoholic fatty liver disease (NAFLD) as prevalent attributes of IR in the
general population (4-6). In murine models, supplementation of GH and insulin-like growth factor 1
(IGF1) improved mitochondrial function and reduced oxidative stress, de novo lipogenesis, and hepatic
lipid uptake (7-9). In healthy human subjects, it was shown that GH infusion resulted in an increased
muscular mitochondrial oxidative capacity (10).

However, the potential mechanisms linking GH action with low hepatic lipid contents are still
unclear. A recent review suggests that GH or IGF1 might be applicable for the treatment of steatohep-
atitis or cirrhosis (9). A trial investigating the effectiveness of GH treatment in reducing HCL levels
in patients with NAFLD is currently underway (NCT02217345), and a very recent study investigating
tesamorelin, a GH-releasing hormone analog that restores endogenous pulsatile GH secretion, showed
a significant reduction of HCL levels as well as a reduced progression of fibrosis in HIV-positive
patients with NAFLD (11). Therefore, a better understanding of the molecular mechanisms underly-
ing low HCL levels in ACRO could help identify GH-regulated pathways providing the chance for dis-
covering novel therapeutic targets for treating NAFLD. We hypothesized that increased mitochondrial
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Table 1. Baseline characteristics of subjects with ACRO and controls

ACRO Controls Pvalue
n 15 17 NS
Sex (F/M) 6/9 8/9 NS
Age 48.0 (12.3) 44.8 (13.0) NS
BMI 26.6 (5.1) 26.8(5) NS
Fat-free mass (%) 75.3 (10.5) 721(9) NS
Fat mass (kg) 211(15.2) 21.7 (8.5) NS
HbA1c (%) 5.5(0.5) 5.2(0.3) NS
RR systolic (mmHg) 144.8 (20.9) 122.8 (15.2) <0.01
RR diastolic (mmHg) 87.9 (14) 79.3 (14.2) NS
IGF1 (ng/ml) 715.2 (253.4) 178.1(29.5) < 0.001
Triglycerides (mg/dl) 119.1(65) 124.9 (88.1) NS
HDL cholesterol (mg/dl) 54.6 (13.6) 51.1(8.3) NS
LDL cholesterol (mg/dl) 113.9 (37.4) 108.7 (32.5) NS
GOT (U/1) 20.2(5.1) 23.1(10.6) NS
GPT (U/1) 20.7(9.3) 24.2 (10.1) NS
v-GT (U/1) 26.5(43.7) 23 (13.1) NS
Fasting glucose (mg/dl) 971 (15.1) 85.8 (8.8) 0.01
Fasting insulin (ng/ml) 14.5(7.3) 101 (6.7) NS
Fasting C-peptide (ng/ml) 3.3(0.96) 2.2 (0.79) 0.002
0GIS 556.7 (276.0) 492.3 (223.4) NS
%HOMA2-B 126.5 (45.1) 118.0 (34.9) NS
HOMA2-S 7.88 (35.5) 104.32 (51.0) 0.03
HOMA2-IR 1.7 (1.0, 2.5) 1.0 (0.8, 1.4) 0.04
Matsuda index 3.6(0.9) 5.6 (0.9) NS

Mean (SD). F/M, female/male; IGF1, insulin-like growth factor 1; RR, blood pressure after Riva-Rocci; HOMA,
homeostasis model; OGIS, oral glucose index sensitivity.

activity in the livers of patients with ACRO might be causally linked with the observed low ectopic
lipid content. Noninvasive metabolic magnetic resonance spectroscopy (MRS) of the liver and skeletal
muscle in combination with metabolomic analyses of plasma was used to investigate the consequences
of GH excess.

Results

Comparison between subjects with ACRO and controls

Subjects with ACRO and controls were of comparable age, BMI, and fat-free mass (FFM). In subjects
with ACRO, systolic blood pressure was significantly higher and fasting insulin sensitivity was lower.
Dynamic insulin sensitivity was not significantly different between the groups, even though Matsuda
index tended to be lower in subjects with ACRO (Table 1). None of the subjects with ACRO were on
somatostatin analogs therapy.

Hepatic energy and lipid metabolism
Liver measurements were successfully obtained from all but 1 patient with ACRO, who did not tolerate
lying in the lateral position, and 2 3'P-MRS examinations were excluded due to weak phosphorus spec-
tra. HCL levels were significantly lower in subjects with ACRO (n = 12) compared with controls (n =
17), as depicted in Figure 1A.

The proportion of unsaturated lipids to total HCL was significantly different between the groups, with
subjects with ACRO showing lower unsaturation index (UI) compared with controls (Figure 1B).

The ATP synthesis rate, assessed by hepatic mitochondrial ATP synthase activity (h_k,,,), adjust-
ed to log-transformed HCL was significantly higher in subjects with ACRO compared with controls
(Figure 1C).
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Figure 1. 7-T MR spectroscopy of the liver. 7-Tesla MR examinations in patients with active acromegaly (ACRO, n = 12) and healthy controls (CON, n =17)
showed (A) significantly decreased HCL (ACRO 1.0% [0.7%-1.8%] vs. CON 2.8% [1.5%-12.4%]) using Mann-Whitney U test (median + IQR); (B) a lower
unsaturation index in the liver (ACRO 8.4% [0.6%-16.3%)] vs. CON 25.5% [18.9%-32.2%)]) using a multivariable model adjusting for HCL (adjusted mean +
95% Cl); and (C) significantly increased hepatic ATP synthase activity (ACRO (0.28 s [0.22-0.34 5] vs. CON 0.19 s [0.14-0.24 s7]), using a multivariable
model adjusting for HCL (adjusted mean + 95% Cl). HCL, hepatocellular lipid content.
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% water signal

Skeletal muscle energy and lipid metabolism

Valid spectra of intramyocellular metabolites were obtained from 7 subjects with ACRO and 12 controls.
There was no significant difference regarding BMI, age, sex, and FFM between the groups. Intramyocel-
lular lipid content (IMCL) was significantly lower in subjects with ACRO compared with controls (Figure
2A). Adjusted for IMCL, ATP synthase activity (m_k,,,
with ACRO compared with controls (Figure 2B). Phosphocreatinine kinase activity (k) as adjusted for
IMCL was not significantly different between subjects with ACRO and controls (Figure 2C).

) in the muscle was significantly lower in subjects

Hepatic phosphor metabolites
Absolute quantification of hepatic phosphor metabolites in the MR spectra was obtainable in 6 subjects
with ACRO and 15 controls and showed significantly elevated high energy metabolites, such as y-ATP and
a-ATP, in subjects with ACRO compared with controls (Table 2). Other high-energy phosphometabolites,
NADH and UDPG, were also higher in subjects with ACRO, but differences were not significant.
Subjects with ACRO showed a significantly elevated concentration of hepatic phosphodiester
(PDE), which is indicative of cell membrane breakdown. This difference was mainly driven by a differ-
ence in the PDE compound glycerophosphoethanolamine (GPE), while glycerophosphocholine (GPC)
only tended to be higher in subjects with ACRO. Phosphomonoester (PME), a marker for cell mem-
brane turnover, also tended to be elevated in subjects with ACRO, the difference was, however, statisti-
cally not significant. While hepatic phosphoethanolamine (PE) was significantly higher in subjects with
ACRO, phosphocholine (PC) was not significantly affected. Furthermore, neither the ratio of PME
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Figure 2. 18. 7-T MR spectroscopy of skeletal muscle. 7-Tesla MR examinations in patients with active acromegaly (ACRO, n = 7) and healthy controls (CON,
n =12) showed (A) decreased IMCL (0.45% [0.25%-0.86%)] vs. 1.05% [0.76%-1.49%]) using Mann-Whitney U test (median % IQR); (B) a lower muscular

ATP synthase activity (0.08 s [0.05-0.157] vs. 0.1 57 [0.09-0.13 s7']) using a multivariable model adjusting for IMCL (adjusted mean + 95% Cl); and (C) no
difference in phosphocreatinine kinase (ACRO 0.32 s [0.27-0.36 s™]vs. CON 0.32 s [0.26-0.37 s']) activity using a multivariable model adjusting for IMCL
(adjusted mean + 95% Cl). IMCL, intramyocellular lipid content.
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Table 2. Differences in phosphometabolites using MRS

Metabolites ACRO (mM) Controls (mM) P value
y-ATP 2.98 (0.5) 2.49 (0.4) 0.029
o-ATP 2.8 (0.41) 2.37(04) 0.042
NADH 1.36 (0.47) 1.11(0.27) NS
UDPG 1.11(0.31) 0.84(0.3) NS
Pi 1.5(0.25) 1.35(0.3) NS
PME 3.3(0.58) 2.73(0.63) NS
PE 2.33(0.39) 1.5(0.5) 0.002
PC 0.97 (0.34) 1.23(0.25) NS
PDE 8.05 (1.63) 6.19 (1.7) 0.035
GPC 3.98 (0.77) 3.22(1.19) NS
GPE 4.07 (1.01) 2.97 (0.8) 0.016
PME/PDE 0.42 (0.07) 0.47 (0.14) NS
PtdCh 0.39(0.13) 0.3(0.12) NS

Mean (SD). MRS, magnetic resonance spectroscopy; Pi, inorganic phosphate; PE, phosphoethanolamine; PC,
phosphocholine; PME, phosphomonoester; GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; PDE,
phosphodiester; PtdCh, phosphatidylcholine; ATP, adenosine triphosphate; UDPG, uridine diphosphoglucose.

to PDE nor the total numbers of other phosphor metabolites was significantly different between the 2
groups. The data on hepatic phosphor metabolites are summarized in Table 2.

Metabolomics/lipidomics
Metabolites. In total, 60 different metabolites were specified (Supplemental Figure 1A; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.134638DS1). With regards to amino
acids, there was a significant detectable difference in the concentration of serine, which was increased in sub-
jects with ACRO compared with controls (Table 3). There were, however, no significant differences among
the other analyzed detectable amino acids. A pathway analysis hinted at the potential difference between
ACRO and controls regarding the glycine-serine-threonine pathway, but this was only a nonsignificant trend
(P=0.08). (Figure 3) No significant fold change was observed for any of the other amino acids or pathways.
Within the carnitine species, most species trended lower in subjects with ACRO, but only plasma butyryl-
carnitine and hexanoylcarnitine were statistically significantly decreased in subjects with ACRO (Figure 4).
Lipids. In total, 260 lipid species were analyzed (Supplemental Figure 1B and Supplemental Figures
2-6). Total plasma free fatty acids (FFA) were not significantly different between ACRO and controls.
Overall, only a few lipid species passed the prespecified threshold and were different between the 2 groups.
Among the various FFA species, only C18:3 was lower in subjects with ACRO compared with controls
(fold change, 0.69; P < 0.1). Accordingly, levels of cholesteryl esters (CEs, 18:3) were also markedly lower
in subjects with ACRO, whereas the other CE species did not differ between the 2 groups (Table 3).
Within PC lipids, increased levels of lysophosphatidylcholine (LPC) 18:0, as well as decreased phos-
phatidylcholine PC(36:5) and ether phosphatidylcholine PC(O-38:6), PC(0-40:7), and PC(O-42:5) levels,
were found. There were no differences detected in the other PC O species. In the sphingomyelin class,
SM d36:0 was found to be significantly lower in subjects with ACRO, while the levels of the others were
comparable. In the lipid classes of ceramides, diacylglycerols, triacylglycerols, phosphatidylethanolamines
(LPE, PE, PE-O), phosphatidylglycerol (PG), phosphatidylinositol (PI), and phosphatidylserine (PS) no
significant differences were detectable. Fasting plasma glycerol levels were also not significantly different
between the subjects with ACRO and controls (0.08 £ 0.01 vs. 0.09 + 0.03 pg/ul, P = NS).

Discussion

This study demonstrates for the first time to our knowledge that low HCL levels in a state of GH excess is
associated with increased hepatic ATP synthesis. Furthermore, the ratio of unsaturated-to-saturated intra-
cellular FA was decreased in subjects with ACRO. IMCL was also reduced in subjects with ACRO, but in
contrast to that in the liver, ATP synthase activity was decreased rather than elevated in skeletal muscle.
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Table 3. Differences in metabolomics between subjects with ACRO and controls passing the prespecified thresholds of the volcano plot

Species

Serine
Butyrylcarnitine
Hexanoylcarnitine
PC0-38:6

PC 0-40:7

PC 0-42:5

PC 36:5

SMd 36:0
LPC18:0
CE18:3

C18:3

FC log, (FC) -Iogw(P) Pvalue
149 0.59 1.2 0.06
0.76 -04 1.63 0.02
0.75 -042 1.38 0.04
0.71 -0.49 2.52 <0.01
0.7 -0.52 2.04 <0.01
0.73 -0.46 1.77 0.02
0.65 -0.62 1.29 0.05
0.66 -0.6 1.94 0.01
1.32 0.39 118 0.07
0.67 -0.59 11 0.08
0.69 -0.54 1.01 0.098

PC-0, ether phosphatidylcholines; PC, phosphocholine; SM, sphingomyelin; LPC, lysophosphatidylcholine; CE, cholesteryl ester.

In peripheral blood, metabolomic analyses showed no relevant changes in lipid species but revealed signifi-
cantly decreased carnitine species in subjects with ACRO, further indicating increased mitochondrial activity.

Our data confirm previously published results that indicate that subjects with ACRO have significantly
lower HCL levels than healthy controls (1, 2). In contrast to former studies, our controls were also matched
for relative lean body mass in addition to being matched for sex, age, and BMI (1, 2). Median HCL levels in
subjects with ACRO were 1.0% (ranging from 0.7% to 1.9%) and therefore were comparable to previously
published mean HCL values in active ACRO of 1.2% and 2% (1, 2). Median HCL values in controls were
also similar to those reported in previously published studies, where mean HCL values ranged from 2.4%
to 6%, (1, 12-14). Our results therefore confirm previous findings, that active ACRO is characterized by
significantly reduced HCL, despite increased IR.

The potentially novel finding of this study is that low hepatic lipid content in subjects with ACRO was
associated with an approximately 50% higher hepatic ATP synthesis rate constant compared with controls.
This leads us to conclude that low HCL levels are the consequence of increased mitochondrial activity.

As previously mentioned, hepatic ATP synthesis in the general population seems to increase direct-
ly in relation to HCL, followed by a decline of mitochondrial function, as seen in conditions, such as
chronic IR, type 2 diabetes mellitus, and nonalcoholic steatohepatitis (NASH) (15). In general, patients
with ACRO are known to have an accelerated oxidative metabolism, and previous studies have shown
that administration of GH leads to enhanced expression of genes relevant to mitochondrial oxidation in
healthy volunteers as well as in GH-deficient individuals (10, 16, 17).

Transgenic mouse models could show that overexpression of GH leads to hepatomegaly and hepato-
cyte hypertrophy as well as an increased number of mitochondria in hepatocytes, with STAT5 and JAK2
being important regulators of these alterations (18, 19). However, hepatocellular size was not assessed by
the currently applied methods.

As saturation transfer measurement of the Pi-to-ATP exchange rate includes the phosphorous cycling
at the level of GAPDH and 3-phosphoglycerate kinase of the glycolytic and gluconeogenic pathways, the
measured difference could also be due to increased hepatic gluconeogenesis in subjects with ACRO (4,
20, 21). Therefore, glycogen measurement in consequent studies will be of great interest. The analysis of
peripheral acylcarnitine species, indicators for the efficiency of mitochondrial B oxidation, revealed that
subjects with ACRO have lower levels than controls. This indicates elevated f oxidation under GH excess
and hence underlines our findings from MRS measurements (22). A recently published phase II study
about the effect of GS-0976, an inhibitor of hepatic ACC and potential drug against NAFLD, showed that
peripheral acylcarnitine species decrease in responsive patients (23). Regarding serine, which we found
increased in subjects with ACRO, a previous study showed that supplementation of serine in patients with
NAFLD ameliorates hepatic steatosis (24). In contrast, patients with NAFLD have reduced plasma serine,
while patients with NASH even suffer from severe serine deficiency (25). Through its role in glutathione
synthesis, increased plasma serine, as we found in subjects with ACRO, could therefore help reduce oxida-
tive stress and associated ROS, as caused by increased § oxidation (25).
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In addition to low hepatic lipid content, we found a decreased UI, with the ratio of unsaturated lipids
to the total lipid signal being approximately 3 times lower in subjects with ACRO compared with controls.
In general, the relative amount of saturated lipids in the liver rises with elevated lipid content and decreased
Ul is found in NAFLD and NASH (26-28). Whether this is the consequence of unsaturated lipids being
preferentially metabolized in the liver or due to different sources of lipids is unclear. However, altered lipid
composition might reflect hepatic IR.

Further indicators for altered metabolic mechanisms in the livers of subjects with ACRO are that high
energy phosphates, such as PME and PDE, which are considered to be markers for cell membrane synthe-
sis and degradation, were elevated in subjects with ACRO (29-31). Our results might therefore support the
hypothesis of increased hepatic metabolism and local inflammation in active ACRO.

Circulating FFA originating from adipose tissue as well as directly from nutrition are generally regarded
as a major source for ectopic lipid accumulation, and there is evidence that aside from ectopic lipids and adi-
pose tissue, GH-induced lipolysis plays a role in the interorgan transfer of lipids and the induction of IR (32,
33). Interestingly, no changes were found in concentrations of FFA species, except (C18:3), which was mark-
edly lower in subjects with ACRO. In the CE species, 18:3 was also markedly lower in subjects with ACRO.
Studies in the early 1990s, which showed that muscle glucose uptake and nonoxidative glucose metabolism
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Figure 4. Significant changes to carnitine species comparing subjects with ACRO and controls. Butyrylcarnitine and hexanoyl-
carnitine (mean + SD). Metabolomics data analysis was performed with MetaboAnalyst (https://www.metaboanalyst.ca).

were reduced in subjects with ACRO, likewise failed to find differences in circulating FFA (16, 34). Since GH
causes triglyceride lipolysis primarily in visceral adipose tissue, peripherally measured FFA concentrations
do not necessarily represent circulating FFA in the portal vein and, therefore, lipid flux from white adipose
tissue to the liver (9). The time of blood sampling could also be important, since a previous study showed that
plasma FFA are significantly elevated in patients with active ACRO compared with patients treated during
the night but not in the morning (35).

Like lipid deposition in the liver, intramyocellular lipid accumulation is also linked to peripheral insulin
sensitivity in nondiabetic and prediabetic people (36-38). In contrast to previous studies where no change
in IMCL was found in subjects with ACRO, our analysis showed significantly lower IMCL in subjects with
ACRO compared with controls (2, 39). The application of ultra-high-field 7-Tesla MRS, with improved
signal-to-noise ratio and calculation of IMCL in relation to total water signal rather than total phosphocre-
atine, could explain our finding. Contrary to our findings of increased ATP flux in the liver, m_kATP — as
a parameter for muscular ATP synthase activity — was decreased in subjects with ACRO. To our knowl-
edge, this is the first time that muscular ATP flux was assessed in active ACRO.

This result, however, contrasts with findings from healthy subjects, where GH infusion led to
enhanced mitochondrial function, as assessed by muscle biopsy (10). Previous studies in patients with
ACRO, however, showed that glucose uptake and glucose oxidation are reduced in peripheral muscle
(16). As m_kATP assessed by MRS also represents nonoxidative glycolytic activity in the muscle, our
readout might therefore not show mitochondrial activity directly but rather indicate a change to mus-
cular metabolic substrate selections (6, 40). As only m_kATP, but not k., was different between the 2
groups, this might also support this conclusion. Nevertheless, the difference could still be an indicator
that resting muscular mitochondrial activity plays a role for IR in subjects with ACRO, as similar reduc-
tions were also found in insulin-resistant individuals (6, 40, 41). Our contrary findings of increased
ATP synthesis in the liver but reduced ATP synthesis in the muscle could possibly also be explained by
increased gluconeogenesis in the liver in contrast to decreased glucose uptake and glucose oxidation in
skeletal muscle, as previously reported (3).

The current study has some limitations that should be addressed. First, we were not able to analyze all
MR spectra from ACRO due to poor signal quality, while repeated measurements were not possible, due
to the patients undergoing transsphenoidal surgery immediately after the study day. Second, as we used
a liquid chromatography—based method for the analysis of fatty acids it was not possible to differentiate
between the different isomers. In addition, a second control group with NAFLD and IR would have been
helpful to contrast all measurements done in this study; however, since this would have meant matching
a very heterogeneous group with various parameters (measurement of IR and NAFLD), we decided to
match for body composition.

In summary, nonfatty liver in ACRO is associated with increased hepatic mitochondrial activity and
with a decreased ratio of unsaturated-to-total intracellular lipids. Decreased plasma carnitine species in
subjects with ACRO support this finding. IMCL was also decreased in subjects with ACRO, but ATP
flux (indicative of muscular ATP synthase activity) was also decreased, which contrasts the finding in
the liver. Thus, we conclude that GH excess is associated with mitochondrial changes that might lead
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Figure 5. *P MRS procedure of individuals with similar hepatic lipid content (1.1% vs. 1.8%). (A) A patient with acromegaly and (B) a matched control.
The dotted line represents the normal spectrum while the continuous line represents the spectrum after applying a saturation pulse on y-ATP. Difference
in Pi (APi) was used to calculate activity of ATP synthase (h_k_ATP). All amplitudes are in arbitrary units. PE, phosphoethanolamine; PC, phosphocholine;
Pi, inorganic phosphate; PME, phosphomonoester; GPE, glycerophosphoethanolamine, GPC, glycerophosphocholine; PDE, phosphodiester; PtdCh, phos-
phatidylcholine; PCr, phosphocreatine; UDPG, uridine diphosphoglucose; MRS, magnetic resonance spectroscopy.

to peripheral IR but, at the same time, prevent hepatic steatosis and liver dysfunction. Hence, therapies
targeting these pathways might be a future option for treating NAFLD.

Methods

Subjects. Fifteen subjects with active ACRO and seventeen healthy controls, matched for age, sex, BMI, and
FFM, were included in the study. Diagnosis of ACRO was confirmed by elevated serum IGF1 concentra-
tions and lack of GH level suppression (>1 ng/ml) after ingestion of 75 mg glucose during an oral glucose
tolerance test. Twenty-seven healthy subjects, who were recruited via a public display for the study, were
invited to a screening visit to assess body weight, height, and body composition via bioelectrical impedance
analysis (BIA) using Nutriguard M (Data Input), and seventeen suitable healthy subjects were then selected
to match the patients with ACRO.

The sample size was chosen after performing a sample size calculation based on previously published
data, given that ACRO is a rare disease.

All subjects met the inclusion criteria of being between 18 and 75 years of age. Exclusion criteria con-
sisted of standard MR contraindications (claustrophobia, metal devices in or on the subject’s body), severe
liver or kidney disorder, any acute inflammatory disease within 2 weeks prior to the study, pregnancy, and
nursing. Prior to the study day, all healthy controls were screened for any acute or chronic metabolic or
cardiac diseases, and the intake of medication affecting glucose or lipid metabolism was ruled out. Anthro-
pometric data were recorded, including FFM assessed using BIA to ensure good matching.

Experimental protocol. Examinations were performed under resting conditions in the morning after an
overnight fast of at least 8 hours, and participants were asked to refrain from physical training and to ingest
an isocaloric diet for 3 days prior to the day of the study. In women of childbearing age, a pregnancy test
was performed prior to any study-related activity.

MRS. 3'P/™H MRS of liver and muscle was performed on a 7.0-T whole-body MR system (Magne-
tom, Siemens) using 1 of 2 double-tuned (*'P/'H) surface coils (both Rapid Biomedical Ltd.), with diam-
eters of 10 cm and 14 cm (*'P channel). The liver measurement was conducted with participants lying in a
lateral position with the right lobe of the liver positioned above the 10-cm coil. In cases where the desired
positioning could not be achieved due to the relatively small-bore diameter, the volunteers were measured
in supine position using the bigger coil strapped down on their chest so that the liver was centered below
the coil. The exact measurement position was adjusted to localizer images. Hepatic lipid content was mea-
sured using localized single voxel GUSTEAU sequence for evaluation of individual spin-spin relaxation
times (T2) and then calculated from the ratio of summed area of fat to that of water plus fat, with all sig-
nals corrected for both T1 and T2 according to a previous published protocol (26). For analysis of hepatic

insight.jci.org  https://doi.org/10.1172/jci.insight.134638 8


https://doi.org/10.1172/jci.insight.134638

. RESEARCH ARTICLE

insight.jci.org

lipid composition, lipid UI was calculated as a ratio between the signal of unsaturated lipids to total lipid
signal. The estimation of h_k, , by *'P saturation transfer was performed as previously described (20).
Examples of a patient’s as well as a control’s MRS can be seen in Figure 5. The 3D clinical shift imaging—
based method for absolute quantification was used for assessing concentrations of phosphor-containing
hepatic metabolites using the phantom replacement method as previously described (42).

For the skeletal muscle measurements, participants were asked to lie in a supine position with the
calf muscle positioned over 10-cm diameter surface coil. IMCL was assessed in the soleus muscle with 2
localized single-voxel '"H MRS sequences, after adjusting the RF power for maximizing the receive signal
and calculating the ratios of area of IMCL methylene resonance to that of water, following the individ-
ual relaxation correction as a percentage of total tissue water MRS signal (43). The measurement of the
unidirectional forward rates of oxidative m_k, , as well as k. was carried out using similar settings as
previously described (20).

Glucose tolerance and metabolic parameters. Following the MRS measurement, blood samples were taken
for assessing fasting concentrations of glucose, insulin, C-peptide, GH, and IGF1 as well as of parameters
relevant to the function of liver, kidney, thyroid, pituitary, and parathyroid. In addition, a 75 g 2-hour
oral glucose tolerance test was performed, and GH, glucose, insulin, and C-peptide concentrations were
measured at 30, 60, 90, and 120 minutes. Glucose, insulin, and C-peptide values were used for calculating
parameters of insulin sensitivity and f cell function. HOMA2 models for f cell function, B cell sensitivity,
and IR were calculated for characterizing the fasting state, while the oral glucose insulin sensitivity index
and Matsuda index were used for evaluating dynamic insulin sensitivity (44-46). Unless stated otherwise,
all parameters were measured by routine lab methods at the Department of Laboratory Medicine of the
Medical University of Vienna (http://www.kimcl.at).

FFA/metabolomic/lipidomic analysis. Free glycerol in plasma was measured using a colorimetric tri-
glyceride determination kit (F6428, MilliporeSigma) according to the manufacturer’s instructions. The
absorbance was read at a 540-nm wavelength with a multimode microplate reader (Synergy HI1M, Fa.
BioTek instruments Inc.).

For quantitative analysis of FFA in plasma samples, the derivatization procedure followed by liquid
chromatography—mass spectrometry (LC-MS) analysis was used. Chromatographic separation was carried
out on an ultra-high-performance liquid chromatography (UHPLC) system (Vanquish, Thermo Scientific)
equipped with a reversed phase-based column. The Orbitrap based mass spectrometer (Orbitrap Fusion
Lumos, Thermo Scientific) operating in full MS scan mode was used for the detection of derivatized fatty
acids. A 10-point linear calibration curve with internal standardization was constructed for the quantifica-
tion of the metabolites.

The semiquantitative lipid analysis was performed by LC-MS as previously described (47). The chro-
matographic separation of lipids was carried out on the above-mentioned UHPLC system equipped with
a reversed phase-based analytical column. Lipid detection was performed using the previously mentioned
Orbitrap-based mass spectrometer operating in full MS scan mode in both ESI-positive and -negative ion-
ization mode. Collision-induced dissociation and higher energy collisional dissociation were used to obtain
MS2 spectra. A more detailed methodological description is provided in the Supplemental Methods.

The targeted quantitative metabolite analysis was performed by LC-MS. The metabolite separa-
tion was carried out using a hydrophilic interaction chromatography—based analytical column. Metab-
olites of interest were detected using an Orbitrap Q Exactive (Thermo Scientific) mass spectrometer
operating in a full MS scan mode. Seven-point linear calibration curves with internal standardization
were constructed for the quantification of the metabolites. All data processing was performed with the
TraceFinder 4.1 software (Thermo Scientific).

Statistics. Measurements were checked for normal distribution by visual methods and were further log
transformed if necessary. Where not stated otherwise, data are presented as mean * SD, median and inter-
quartile range, or percentage. Normally distributed data were compared using unpaired 2-tailed Student’s
t test, and nonnormally distributed data were compared using the nonparametric Mann-Whitney U test
and a multivariable model, adjusting for lipid content of liver or muscle, respectively. As previous studies
showed that parameters of mitochondrial ATP turnover as well as the ratio of saturated/unsaturated lipids
correlated directly with lipid content, we adjusted these parameters to the lipid content. Correlation analysis
was performed via Pearson’s correlation coefficient. Statistical significance was set at a < 0.05. Metabolomic
and lipidomic data analysis was performed using MetaboAnalyst (https://www.metaboanalyst.ca) (48).
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Before analysis, data were log transformed and Pareto scaling was applied. Threshold values for volcano plot
were 1.3 for fold change and a P value of 0.1. All other statistical analysis was performed using SAS enter-
prise, and graphs were created using GraphPad Prism. Pvalues of less than 0.05 were considered significant.

Study approval. Written informed consent was received from all participants prior to inclusion in the
study. The protocol was approved by the Human Ethics Committee of the Medical University of Vienna
(ethics committee no., 2039/2013). The study was reported under clinical trial no. NCT02115906.
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