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1 | INTRODUCTION

In a normal situation, free fatty acids (FFAs) are the main nutrient for

the heart, and there is a balance in the uptake of FFAs for energy, via

Aims: To study myocardial substrate uptake, structure and function, before and after bariatric
surgery, to clarify the interaction between myocardial metabolism and cardiac remodelling in
morbid obesity.

Methods: We studied 46 obese patients (age 44 + 10 years, body mass index [BMI]
42 + 4 kg/m?), including 18 with type 2 diabetes (T2D) before and 6 months after bariatric
surgery and 25 healthy age-matched control group subjects. Myocardial fasting free fatty acid
uptake (MFAU) and insulin-stimulated myocardial glucose uptake (MGU) were measured using
positron-emission tomography. Myocardial structure and function, and myocardial triglyceride
content (MTGC) and intrathoracic fat were measured using magnetic resonance imaging and
magnetic resonance spectroscopy.

Results: The morbidly obese study participants, with or without T2D, had cardiac hypertrophy,
impaired myocardial function and substrate metabolism compared with the control group. Sur-
gery led to marked weight reduction and remission of T2D in most of the participants. Postop-
eratively, myocardial function and structure improved and myocardial substrate metabolism
normalized. Intrathoracic fat, but not MTGC, was reduced. Before surgery, BMI and MFAU cor-
related with left ventricular hypertrophy, and BMI, age and intrathoracic fat mass were the
main variables associated with cardiac function. The improvement in whole-body insulin sensi-
tivity correlated positively with the increase in MGU and the decrease in MFAU.

Conclusions: In the present study, obesity and age, rather than myocardial substrate uptake,
were the causes of cardiac remodelling in morbidly obese patients with or without T2D. Car-
diac remodelling and impaired myocardial substrate metabolism are reversible after surgically
induced weight loss and amelioration of T2D.
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B-oxidation, and to synthesize triglycerides. In obesity, myocardial FFA
uptake (MFAU) and oxidation are elevated. The increased shift in myo-
cardial FFA oxidation contributes to the increment in oxygen consump-

tion, which further impairs myocardial efficiency and increases
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myocardial work.1~ In obese rodents, the increased myocardial FFA oxi-
dation was further shown to downshift myocardial glucose metabolism
by diminishing glucose oxidation.® In humans, myocardial insulin resis-
tance (decreased insulin-stimulated myocardial glucose uptake [MGU])
has been mainly found in type 2 diabetes (T2D) with or without coro-
nary artery disease” ! but whether myocardial insulin resistance
already exists in obese people is unclear. In our previous study in obese
people, a very-low-calorie diet decreased MFAU and myocardial work
but had no effect on insulin-stimulated MGU despite a marked improve-
ment in whole-body and muscle insulin sensitivity.! Thus it might be
that insulin resistance in the myocardium develops in a later stage of
obesity or diabetes development compared with other tissues and/or
that it is associated with impaired cardiac function.

Obesity and the imbalance between the myocardial substrate
uptake and oxidation result in increased myocardial adiposity, both as
enlarged intrathoracic fat (epi- and pericardial fat) surrounding the
heart and as increased myocardial triglyceride content (MTGC). Intra-
thoracic fat mass increases along with obesity and causes mechanical
stress to the heart.!? Although intrathoracic fat is assumed to be
more active in FFA metabolism than peripheral fat, direct measure-
ments of FFA metabolism in this adipose tissue in humans in vivo are
not available. While intrathoracic fat increases in proportion to obe-
sity, accumulation of MTGC is mainly associated with insulin resis-
tance.>*® Abnormal MTGC accumulation has been suggested to
cause myocardial oxidative damage and interfere with myocardial
contractile function leading to left ventricle (LV) hypertrophy.***>

In morbid obesity, bariatric surgery leads to rapid weight loss and
amelioration of T2D. Bariatric surgery efficiently improves cardiac
outcomes, reduces LV mass, improves diastolic function and
decreases cardiac ectopic fat'®1%; however, it is not known whether
bariatric surgery also enhances myocardial substrate metabolism, and
if changes in cardiac energy metabolism are related to the improve-
ments in cardiac structure and function.

We aimed to investigate whether morbid obesity, with or with-
out T2D, leads to disturbed myocardial metabolism and if myocardial
metabolic impairments are related to cardiac structural and functional
remodelling. In addition, we aimed to investigate whether bariatric
surgery-induced rapid weight loss reversed the cardiac abnormalities
found before surgery.

2 | METHODS

2.1 | Participants

The participant recruitment process has been described previ-
ously.2°21 Briefly, morbidly obese participants were recruited from
people undergoing bariatric surgery as part of their normal treatment
at the Hospital District of Southwest Finland. The surgical inclusion
criteria were age 18-60 years and body mass index (BMI) 240 kg/m?
(or 235 kg/m? with an additional obesity-related comorbidity). Sub-
jects with severe mental disorders, eating disorders or insulin-treated
T2D were excluded.

A total of 52 participants (5 men and 47 women) and 25 age-

matched healthy controls (2 men and 23 women), were recruited

and included in the baseline studies. Three participants did not pro-
ceed to the surgery and another three withdrew from the study
after the bariatric surgery for personal reasons. Of the 46 obese
participants, 18 had T2D (T2D group) and in those without T2D
(nT2D group), out of 28 participants, 11 had impaired fasting glu-
cose (IFG) or impaired glucose tolerance (IGT).2?2 Medication details
are given Table S1 in File S1. Written informed consent was
obtained prior to the studies. The protocols (NCT00793143/SLEE-
VEPASS, NCT01373892/SLEEVEPET) were approved by the local
Ethics Committee.

2.2 | Study design

At the screening, medical history was taken, and physical examination,
anthropometric, blood and oral glucose tolerance tests were performed
(Figure 1). Myocardial function, structure and MTCG, intrathoracic and
intra-abdominal fat mass were assessed with magnetic resonance imag-
ing (MRI) and magnetic resonance spectroscopy (MRS). MGU was mea-
sured during euglycaemic-hyperinsulinaemic clamp using 2-[*®F]fluoro-
2-deoxy-D-glucose ([18F]FDG)-positron-emission tomography (PET)
from 25 obese participants and 10 controls, and fasting MFAU and peri-
cardial FFA uptake (PFAU) was measured using 14(R,S)-[*®F]fluoro-6-
thia-heptadecanoic acid ([*F]FTHA)-PET from 27 obese participants
and 15 controls. Thereafter, obese participants followed a very-low-
calorie diet (800 kcal/d) for 1 month before the bariatric surgery. Of the
morbidly obese participants, 22 underwent sleeve gastrectomy and
27 underwent Roux-en-Y gastric bypass surgery. Three participants did
not proceed to the operation. The postoperational phase was conducted
6 months after surgery. Of the 49 operated participants, 3 withdrew

from the postoperational studies for personal reasons.

2.3 | PET studies

All PET studies were conducted after an overnight fast. Participants
were instructed to refrain from caffeine-containing nutrients and
strenuous physical activity for 12 and 24 h and anti-diabetic medica-
tion for 24-72 h prior to the studies. Detailed information is provided

in the Supporting Information.

2.4 | Magnetic resonance imaging and magnetic
resonance spectroscopy

For myocardial structure and function and intrathoracic and abdomi-
nal fat measurements, MRl was used. MTGC was determined using

MRS. Details are reported in the Supporting Information.

2.5 | Oral glucose tolerance test and euglycaemic-
hyperinsulinaemic clamp

An oral glucose tolerance test was performed to calculate Matsuda
index?® and homeostatic model assessment of insulin resistance.?* A
euglycaemic-hyperinsulinaemic clamp was performed after a 10-h
fast.2®> The insulin-stimulated whole-body glucose uptake (M-value)
was calculated from the glucose infusion rate and the glucose values

were collected during the PET scan.
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RECRUITMENT
Clinical screening and examination
Biochemical characteristics
2-hour oral glucose tolerance test

v v
Healthy controls Morbidly obese
n=25(2/23, M/F) patients

n=46(4/42, M/F)
(of which 18 T2D)

v v

MRI and MRS CMRI not done (n=6/1)
CMR (Obese/controls, n=40/24) MTGC not done or problems in the
MTGC (Obese/controls, n=34/21) analysis (n=11/4)
Intrathoracic fat mass (Obese/controls, n=38/24) Intrathoracic fat not done or

problems in the analysis (n=8/1)

v v
['*FJFDG-PET ['*F]JFTHA-PET/CT Not possible to draw
MGU (Obese/controls, n=23/9) MFAU (Obese/controls, n=22/15) PFAU (n=2/4) and
PFAU (Obese/controls, n=21/11) VFAU VOls (n=0/1).
VFAU (Obese/controls, n=23/14)
SFAU (Obese/controls, n=23/15)
(NCT00793143/SLEEVEPASS) (NC01373892/SLEEVEPET)
v v
Very-low-caloric diet 1 month (<800 kcal/d)
v v
BARIATRIC SURGERY BARIATRIC SURGERY
Roux-en-Y-gastric bypass (n=13, T2D n=7) Roux-en-Y gastric bypass (n=8, T2D n=2)
Sleeve gastrectomy (n=10, T2D n=2) Sleeve gastrectomy (n=15, T2D n=7)
v v
6 months
v v
['®F]FDG-PET ['®F]FTHA-PET/CT Technical prob. in
MGU (Obese, n=23) MFAU (Obese, n=22) MFAU/SFAU/PFAU

PFAU (Obese, n=20)
VFAU (Obese, n=23)

ossible to draw
SFAU (Obese, n=22) FF’,F AU VOl (12)

scan (n=1),not

MRI and MRS CMR not done (n=6)

CMR (Obese, n=40) MTGC not done or problems in the
MTGC (Obese, n=39) analysis (n=7)

Intrathoracic fat mass (Obese, n=35) Intrathoracic fat not done o

problems in the analysis (n=11).

v

Clinical screening and examination
Biochemical characteristics
2-h oral glucose tolerance test

FIGURE 1  Study design. MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; CMRI, cardiac magnetic resonance
imaging; MTGC, myocardial triglyceride content; PET, positron-emission tomography; [*8F]FDG, 2-[18F]flouro-2-deoxy-D-glucose; MGU,
myocardial glucose uptake; [*®FIFTHA,14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid; CT, computed tomography; MFAU, myocardial free fatty

acid uptake; PFAU, pericardial fat free fatty acid uptake; VFAU, visceral adipose tissue free fatty acid uptake; SFAU, subcutaneous adipose
tissue free fatty acid uptake; VOI, volumes of interest
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2.6 | Biochemical and immunological analyses

Plasma glucose was measured in the Turku PET Centre in duplicate
using the glucose oxidase method (Analox GM7 or GM9, Analox
Instruments Ltd, London, UK). Other laboratory samples were sent to
Turku University Hospital Central Laboratory. Glycated haemoglobin
(HbA1c) was determined by HPLC (Variant II; Bio-Rad, Hercules, Cali-
fornia), serum insulin by time-resolved immunofluorometric assay
(AutoDELFIA, PerkinElmer Life and Analytical Sciences, Waltham,
Massachusetts) and serum high-sensitivity C-reactive protein with
the sandwich immunoassay method using an Innotrac Aiol immunoa-

nalyser (Innotrac Diagnostics, Turku, Finland).

2.7 | Statistical analyses

Differences among the control, nT2D and T2D groups were ana-
lysed using one-way ANOVA. Changes over time and differences
between the nT2D and T2D groups and surgery methods were
tested using repeated-measures ANOVA. Tukey-Kramer's test was
used to adjust the P values of pairwise comparisons. Normality of
the residuals was checked and logarithmic transformation was used
when necessary. Missing data were excluded from the analyses.
Results are expressed using model-based means with 95% confi-
dence intervals. For the variables which were transformed for ana-
lyses, model-based means were transformed back to the original
scale. Correlations were calculated using Pearson's correlation
(Spearman's rank for non-normally distributed variables). Additional
multiple linear regression analyses were performed to study which
variables were associated with cardiac function. Analyses were per-
formed to four response variables (LV ejection fraction, LV stroke
volume, LV cardiac output and cardiac work). All of the models
included BMI, age and Matsuda Index, and MFAU, MGU, MTGC and
intrathoracic fat mass were added to the model separately and the
models were compared using P values and adjusted R? values. Two-
sided P values <.05 were taken to indicate statistical significance.
Analyses were performed using sas System for Windows, Version
9.4 (SAS Institute Inc, Cary, North Carolina).

3 | RESULTS

3.1 | Marked weight reduction and remission of
T2D after the bariatric surgery

Before surgery, the obese participants had impaired insulin sensitivity
and increased circulating lipid levels as well as systemic inflammation
compared with the healthy controls (Table 1). Among the obese partici-
pants, those in the T2D group were older, had increased systemic
inflammation and tended to have higher waist-to-hip ratio, with no dif-
ferences in whole-body weight or abdominal fat mass compared with
participants in the nT2D group. Participants in the T2D group had higher
fasting glucose and HbA1c levels but no difference was found in whole-
body insulin sensitivity (M-value or Matsuda index) between the nT2D
and T2D groups. Also no differences were found in blood pressure.
Surgery led to marked reductions in whole-body weight (-23%),

abdominal subcutaneous and visceral adipose tissue and insulin

resistance in both obese groups, although the participants remained
obese after surgery (Table 1). After surgery, diabetes remission
occurred in 67% of the T2D group.

3.2 | Bariatric surgery leads to decreases in
intrathoracic fat mass but not in MTGC

Compared with controls, obese participants had 56% more intratho-
racic fat and markedly elevated whole-LV MTGC (Figures 2A,B). We
found no differences between obese participants in the nT2D and
those in the T2D group with regard to MTGC or intrathoracic fat
mass (Table S1 in File S1). Postoperationally, intrathoracic fat mass
decreased but did not reach the control level. No change was found
in MTGC. Correlations are shown in Table S3a in File S1.

3.3 | Normalization in MFAU, PFAU and myocardial
insulin resistance

Before surgery, fasting MFAU was higher in obese participants in the
T2D but not in the nT2D group compared with controls, yet no differ-
ence was observed between the two obese groups (Figure 3A). Preop-
eratively, the nT2D group had, and the T2D group tended to have,
higher fasting FFA levels measured during PET scanning compared with
controls (Table S2 in File S1). Postoperatively, MFAU decreased in both
obese groups without any group differences and normalized to control
level. This change was not related to FFA availability, as FFA levels
remained elevated postoperatively and fractional myocardial FFA
uptake (MFAUy;) decreased in both obese groups without any differ-
ences between the groups (nT2D: 0.079 (0.064-0.095) vs 0.066 (0.054-
0.078) and T2D: 0.090 (0.071-0.109) vs 0.063 (0.049-0.077); pre- vs
post-surgery P = .045). Correlations are shown in Table S3a in File S1.

Both obese groups had impaired insulin-stimulated MGU before
surgery compared with controls (Figure 3B). After surgery, MGU
improved similarly in both obese groups and normalized to the con-
trol level. Preoperatively, FFA concentrations during the MGU scan
were higher in the T2D group (P = .038) compared with the controls
and tended to be higher in the T2D compared with the nT2D group
(P =.072; Table S2 in File S1). The FFA concentration correlated
inversely with MGU in the whole study group (rp = =0.54, P < .001).
Post-surgery, FFA levels during the clamp normalized to control
values. Correlations are shown in Table S3a in File S1.

The rate of PFAU was lower than MFAU, but higher than visceral
(VFAU) or abdominal subcutaneous adipose tissue FFA uptake (SFAU)
(all P < .001; Figure 3C). At baseline, PFAU was higher in obese par-
ticipants compared with controls, with no differences within the two
obese groups (Figure 3D). The difference persisted also after
accounting for myocardial fractional uptake of [*®F]FTHA as a covari-
ate (P = .014; data not shown). PFAU decreased after surgery, but
remained higher in participants with T2D and tended to be higher in
the nT2D group compared with the control group. We found no
change in VFAU or SFAU (Table S2 in File S1). No differences were
observed between surgical procedures in any of the PET, MRI or

MRS measurements.
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3.4 | Reduction in LV mass and improvements in
myocardial function

In absolute terms, LV mass was greater in obese compared with con-
trol participants at baseline and reduced after the operation, and was
still higher in obese participants compared with controls after surgery
(Table 2). We found no differences in LV mass between the obese
nT2D and T2D groups at baseline or after surgery. Pre-surgery, LV
and right ventricle (RV) volumes were greater in the nT2D group in
end-diastole and end-systole and in the T2D group in end-diastole
compared with controls. We detected no changes in LV and RV vol-
umes after surgery in the obese groups. No differences were found
between obese participants in the nT2D and T2D groups in any of the car-
diac structure measures. Correlations are shown in Table S3b in File S1.
Obese participants had higher LV and RV stroke volume, cardiac
output and higher absolute LV work compared with controls
(Table 2). Surgery decreased ejection fraction and stroke volume in
the LV and cardiac output in the LV and RV, and LV work. When LV

work was normalized to LV mass, the change differed between the
two obese groups and the LV work decreased only in the T2D group
(P = .001). No differences were found between surgical procedures in
any of the cardiac structure or function measures. Based on multiple
linear regression analyses BMI, age and intrathoracic fat mass were
the main variables linked to cardiac function (Table S4 in File S1).
Correlations are shown in Table S3c in File S1.

4 | DISCUSSION

In the present study, we showed that morbid obesity, with or with-
out T2D, leads to impaired myocardial metabolism, increased
MFAU and MTGC accumulation, as well as myocardial insulin resis-
tance. The novel finding is that myocardial insulin resistance exists
in morbidly obese people already without T2D. Before surgery,
morbidly obese participants had LV and RV hypertrophy, abnormal
LV and RV function and higher absolute LV work compared with
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FIGURE 3 Mpyocardial (MFAU) (A) and pericardial fat free fatty acid (FFA) uptake (PFAU) (D) at fast and myocardial insulin-stimulated glucose
uptake (MGU) (B) in control and obese participants with type 2 diabetes (T2D) or without T2D (nT2D) before and after bariatric surgery.

(C) Fasting free fatty acid (FFA) uptake (FAU) in myocardium, pericardial fat and in abdominal subcutaneous (SFAU) and visceral adipose tissue
(VFAU) in all obese participants before and after bariatric surgery. Figures 3A, B and D: *P < .01, **P < .01, ***P < ,001 vs controls and }pre- vs
post-surgery. Figure 3C, *vs MFAU, Svs PFAU and vs VFAU at the corresponding time point. #Non-normally distributed variable

healthy controls. Bariatric surgery led to marked weight loss and
amelioration of T2D in most of the participants. MFAU and insulin
resistance were normalized and cardiac structure and function
started to return towards control values 6 months post-surgery.
We also show, for the first time in humans, that FFA uptake in
pericardial fat is higher compared with abdominal subcutaneous
and visceral fat tissues and the uptake rate decreases after bariatric
surgery.

4.1 |

We found decreased MGU in both obese groups, whereas MFAU

Mpyocardial substrate metabolism

was increased in obese participants in the T2D group, but not in the
nT2D group before surgery compared with the control group.
Increased MFAU has been shown to relate to the increased FFA sup-
ply, but findings are contradictory.2?2¢ In the present study, partici-
pants in the nT2D group had, and participants in the T2D group
tended to have, increased ambient FFA levels compared with
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controls, suggesting that FFA levels do not entirely explain the eleva-
tion in MFAU in people with T2D.

In addition to increased FFA supply, impairments in FFA trans-
port and mitochondrial function have been shown to deteriorate
myocardial lipid metabolism.?” In the context of our data this could
mean that, because of impaired mitochondrial oxidative capacity in
cardiomyocytes, the myocardium in people with T2D needs to take
up more FFAs to generate the same amount of energy as the myo-
cardium in people without T2D. The increase in MFAU in the pre-
sent study may also be related to the permanent relocation of
CD36, the main heart, on the
62829 as well as increased levels of peroxisome

FFA transporter in the
sarcolemma,
proliferator-activated receptor-a and/or its coactivator PGC1 activa-
tion or increased carnitine palmitoyltransferase enzyme levels aug-
menting fatty acid oxidation.®%3!

Postoperatively, MFAU decreased to the control level in both
obese groups, without differences in the decrease between the
groups. We did not find any decrease in fasting FFA concentrations in
the obese groups after surgery, which might have explained the
decrease in MFAU, probably because the myocardium was still losing
weight and in a catabolic state 6 months after surgery. Although there
was no change in peripheral FFA supply, it is possible that there was a
reduction in FFA supply from the adjacent epicardial fat. Epicardial fat
shares the same blood supply as the myocardium, is highly lipolytic
and sustains fatty acid homeostasis in coronary microcirculation.®? As
intrathoracic fat mass decreased after surgery, it may be that reduced
epicardial fat FFA supply plays a role in the found decrease in MFAU.
Our results further suggest that the detected decrease in MFAU is
dependent on an intrinsic cardiac mechanism leading to reduced
extraction of fatty acids, as confirmed by the consensual reduction
observed in MFAUy; (fractional extraction of FFA), probably reflecting
changes in the aforementioned cell level mechanisms.

The decrease in MFAU post-surgery could also be attributable to
the increased utilization of intramyocardial triglycerides. Baseline
MTGC in the whole LV mass were higher in obese participants than
in controls. After surgery, although there was a marked reduction in
intrathoracic and abdominal fat masses, we found no change in abso-
lute MTGC per unit mass or per whole LV mass, and no correlation
between MTGC and MFAU; therefore, our data do not support the
hypothesis that the use of intramyocardial triglycerides could explain
the change in MFAU. Even though our negative result is in agreement
with the post-bariatric surgery results of Gaborit et al.,'® the absence
of MTGC decline after surgery remains unexpected because MTGC
has been shown to decrease after diet and exercise with smaller
weight reduction.2®33% Potential explanations are the lack of change
in FFA levels, or the fact that patients undergoing bariatric surgery in
Finland need to lose 5% of weight to show motivation before sur-
gery, which might affect baseline MTGC levels.

Before surgery, insulin-stimulated MGU was decreased in both
obese groups compared with the controls. To our knowledge, this is
the first evidence that morbid obesity, in the absence of T2D, is char-
acterized by myocardial insulin resistance. In the whole group, ambi-
ent FFA levels during the [*®F]JFDG-PET scan correlated inversely
with MGU, consistent with the existing knowledge of substrate com-
petition. Although MGU did not differ between the nT2D and T2D

groups before surgery, it was positively correlated with whole-body
insulin sensitivity and was more severe in proportion to glucose intol-
erance progression (Figure 3B). The T2D group also had higher ambi-
ent FFA levels during MGU measurements compared with the
control (P <.04) and nT2D (P = .07) groups, indicating worse sup-
pression of lipolysis during hyperinsulinaemia (Table S2 in File S1).
After operation, insulin-suppressed FFA levels were improved and no
longer different from controls, and MGU was enhanced and normal-
ized to control levels in both obese groups.

Both impaired MGU and increased MFAU were associated with
increased BMI and especially MGU with abdominal obesity, but inter-
estingly, only MFAU correlated with the accumulation of intrathoracic
fat and MGU inversely with MTGC before surgery. Furthermore, we
found an association between the improvement in whole-body insulin
sensitivity and the improvement in MGU and decrease in MFAU;
thus, our results suggest that in morbidly obese people the increased
MTGC with whole-body adiposity and decreased whole-body insulin
sensitivity predict myocardial insulin resistance. We have previously
reported no change in MGU, regardless of a marked improvement in
whole-body and muscle insulin sensitivity, after a short-term very-
low-calorie diet; in that study weight loss was less pronounced and
MTGC reduction not significant. It may be that more marked and/or
longer-term changes are required to sustain a measurable MGU
elevation.

In the present study, we chose to group obese participants into
an nT2D (with and without IFG/IGT) and a T2D group using the
American Diabetes Association criteria?? to be consistent and allow
comparability with our other publications with this same study popu-
lation?3%; however, we also re-analysed the main data in obese par-
ticipants with normal glucose tolerance (nT2D) vs obese participants
with either IFG, IGT or T2D (Supporting Information). Based on this
grouping, before the surgery, MFAU was increased and MGU
decreased in the T2D but not in the nT2D group compared with con-
trols, suggesting that in “healthy obesity” myocardial substrate
metabolism is normal. The grouping had no significant effect on myo-

cardial structure and function results.

4.2 | Cardiac structure and function

Before surgery, the obese groups had enlarged cardiac volumes and
LV mass. When LV mass was corrected for body surface area, the dif-
ferences in LV mass between the obese and control groups disap-
peared. Both obese groups had also increased stroke volume, cardiac
output and myocardial work compared with the controls, but no dif-
ference was measured in ejection fraction, as found previously.3
Despite the differences, all cardiac parameters were within the nor-
mal range. Bariatric surgery reduced LV mass but did not alter cham-
ber dimensions, in agreement with previous results.r” Also stroke
volume, cardiac output, LV ejection fraction and myocardial work
decreased after surgery.

We did not find differences between the obese nT2D and T2D
groups in cardiac structure or function before surgery, possibly
because of the short (<3 years) history of T2D. In both obese groups,

cardiac work was increased and cardiac volumes enlarged as normally
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observed in obesity. After surgery the LV work index improved in
both groups.

We found a positive correlation between MFAU and LV mass
before surgery, suggesting that the elevation in FFA utilization may
progressively strain the heart, as suggested previously.»* We found
no correlation between MGU and cardiac structure or function. Using
multiple linear regression analyses, we found that BMI, age and intra-
thoracic fat mass were the main variables associated with cardiac
function in our study population.

4.3 | Pericardial fat FFA uptake

To our knowledge, this is the first study in humans in which FFA
uptake was quantitated non-invasively in pericardial fat surrounding
the heart. It is known that pericardial and epicardial fat tissues are
different anatomically and biochemically®”; however, it is unclear
whether pericardial fat is distinct from visceral fat and whether peri-
cardial fat has an independent pathogenic role. Our novel data show
that PFAU is markedly lower compared with MFAU but higher than
VFAU or SFAU. We also found that PFAU was higher in obese partic-
ipants compared with controls before surgery; however, it was not
different between participants in the nT2D and T2D groups. After
surgery PFAU, but not VFAU or SFAU, decreased in both obese
groups and was still higher in T2D compared with controls. Pericar-
dial fat is located in the close vicinity of the myocardium and thus it
is possible that PFAU may have been affected by a spill-over effect
(cross-contamination of activity from the nearby myocardium), lead-
ing to an overestimation. To discount this potential confounder, we
repeated the analyses of PFAU also after accounting for MFAU; and
we obtained similar results. [*®F]FDG-PET scans were performed
with the PET scanner without computed tomography, thus it was not
possible to localize pericardial fat and pericardial fat glucose uptake.
Based on our results, pericardial fat differs from abdominal subcuta-
neous and visceral fat with more active lipid metabolism and suscep-

tibility to weight-loss-induced metabolic changes.

4.4 | Study limitations

The present study has some limitations. The [*®FIFDG and [*®F]
FTHA-PET scans were performed in two different subject popula-
tions. This was done to avoid too high radiation exposure for an indi-
vidual. In addition, the post-surgery studies were performed when
participants were still losing weight and in a catabolic state, and the
number of study participants was too small to reliably compare the
two surgical techniques.

4.5 | Conclusions

In this study, morbidly obese participants had impaired myocardial
energy metabolism and cardiac remodelling without differences in
the measured cardiac parameters between those with T2D and those
without. Bariatric surgery-induced weight loss and amelioration of
T2D led to the normalization of myocardial insulin resistance and
MFAU and improved myocardial function and work. Our results sug-

gest that, in the present study, BMI, age and intrathoracic fat mass

were more closely related to cardiac remodelling than myocardial
substrate uptake in morbidly obese people. Importantly, our results
show that cardiac remodelling and impaired myocardial substrate
metabolism are reversible after marked weight loss. Our data also
provide the first evidence that pericardial fat is more avid in FFA
uptake and more responsive to weight loss than abdominal subcuta-

neous and visceral fat tissues, suggesting greater metabolic flexibility.
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