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Trattnig S, Luger A, Krebs M. Free fatty acid availability is closely related
to myocardial lipid storage and cardiac function in hypoglycemia counter-
regulation. Am J Physiol Endocrinol Metab 308: E631-E640, 2015. First
published February 10, 2015; doi:10.1152/ajpendo.00371.2014.—Hypogly-
cemia, a major side effect of intensive glucose-lowering therapy, was
recently linked to increased cardiovascular risk in patients with diabetes.
Whether increased circulating free fatty acids (FFA) owing to cate-
cholamine-induced lipolysis affect myocardial energy metabolism and
thus link hypoglycemia to cardiac vulnerability is unclear. Therefore, this
study investigated the impact of hypoglycemia counterregulation
(=% inhibition of lipolysis) on myocardial lipid content (MYCL) and left
ventricular function in healthy subjects. Nine healthy men were studied in
randomized order: /) insulin/hypoglycemia test (IHT; ins+/aci—), 2)
IHT during inhibition of adipose tissue lipolysis by acipimox (ins+/
aci+), 3) normoglycemia with acipimox (ins—/aci+), and 4) normogly-
cemia with placebo (ins—/aci—). MYCL and cardiac function were
assessed by employing magnetic resonance spectroscopy/imaging at
baseline and at 2 and 6 h. In response to acute hypoglycemia, plasma FFA
(P < 0.0001) and ejection fraction (EF; from 63.2 = 5.5 to 69.6 = 6.3%,
P = 0.0001) increased significantly and were tightly correlated with each
other (r = 0.68, P = 0.0002); this response was completely blunted by
inhibition of adipose tissue lipolysis. In the presence of normoglycemia,
inhibition of lipolysis was associated with a drop in EF (from 59.2 = 5.5
to 53.9 = 6.9%,P = 0.005) and a significant decrease in plasma FFA,
triglycerides, and MYCL (by 48.5%, P = 0.0001). The present data
indicate that an intact interorgan cross-talk between adipose tissue and the
heart is a prerequisite for catecholamine-mediated myocardial contractil-
ity and preservation of myocardial lipid stores in response to acute
hypoglycemia.

hypoglycemia; insulin/hypoglycemia test; catecholamine-mediated li-
polysis; free fatty acids; myocardial lipid content; cardiac function;
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HYPOGLYCEMIA REMAINS A FREQUENT AND SEVERE COMPLICATION Of
glucose-lowering therapies in patients with diabetes (38). Sympa-
thoadrenal activation during hypoglycemia counterregulation
leads to a chain of reactions that impact the cardiovascular system
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in multiple ways. Besides its proarrhythmogenic and proinflam-
matory potential (25, 37), the effects of catecholamine-mediated
lipolysis and the consequent increase in circulating free fatty acids
(FFA) on cardiac substrate metabolism are unclear; elevated
plasma FFA concentrations have been linked to an increased risk
of heart failure and cardiovascular mortality (4, 23). Although
FFA serve as one of the main substrates for cardiac work, their
oversupply may result in increased myocardial lipid content (car-
diac steatosis), lipotoxicity, and consequent alterations in left
ventricular function (27, 29).

Mpyocardial lipid content (MYCL) can be noninvasively
assessed by magnetic resonance (MR) spectroscopy simulta-
neously with cardiac function (33). We recently observed acute
changes in MYCL following combined hyperglycemia-hyper-
insulinemia, proving that rapid changes in myocardial substrate
metabolism can be monitored employing this technique (36).

Prior studies have shown that lipolysis secondary to pro-
longed fasting and the consequent increase in FFA result in
increased MYCL associated with impaired left ventricular
diastolic function in healthy subjects and patients with type 2
diabetes (12, 34). These effects can be ascribed to direct effects
of FFA, since the inhibition of adipose tissue lipolysis by
acipimox abolishes myocardial lipid accumulation (11). On the
other hand, catecholamine-mediated lipolysis during hypogly-
cemic counterregulation was linked to posthypoglycemic insu-
lin resistance (19). Previous data also suggest that circulating
triglycerides might contribute to myocardial lipid accumula-
tion (during fasting) in experimental animals (31).

Whether an acute increase in FFA due to catecholamine-
induced lipolysis in the course of hypoglycemia counterregulation
impacts myocardial substrate metabolism and function is unclear.
Therefore, the aim of the study was to investigate associations
between FFA, MYCL, and cardiac function under dynamic con-
ditions in the course of hypoglycemia counterregulation.

RESEARCH DESIGN AND METHODS

Study Population

Nine healthy young men (age 24.7 = 2.2 yr, body mass index 24.2 * 3.6
kg/m?) were included in this study after the following criteria had
been excluded: acute or chronic inflammatory, heart, liver, or kidney
disease, impaired glucose tolerance or diabetes, history of seizures,
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and general MR contraindications (i.e., claustrophobia, metal agents,
in/on the body).

All subjects underwent a screening examination, including blood
chemistry, an electrocardiogram (ECG), and assessment of blood
pressure and medical history. Study participants were asked to
refrain from intensive physical training and stop regular moderate
exercising, and they were instructed to ingest an isocaloric diet (30
kcal-kg~'-day ', carbohydrate/protein/fat: 55/15/30%) for 3 days
prior to the study as well as in the time between 480 min of the study
protocol and the next morning.

The study conformed to the Declaration of Helsinki, and the
Human Ethics Committee of the Medical University of Vienna ap-
proved the study protocol (EK no. 125/2011); all subjects gave written
informed consent. One subject underwent only 2 study days and was
thereafter withdrawn from the study because of concurrent participa-
tion in another trial (noninterventional, but additional blood were
samples taken); these data were used for analyses.

Study Protocol

Subjects underwent 4 study days in randomized order, with a
minimum interval of 14 days between the study days: /) standard
insulin/hypoglycemia test (IHT; ins+/aci—), 2) IHT during inhibition
of lipolysis by acipimox (ins+/aci+; 250 mg of acipimox at 0 and 180
min), 3) normoglycemia with acipimox (ins—/aci+), and 4) nor-
moglycemia with administration of placebo (ins—/aci—).

Each subject was studied after an overnight fast for =8 h. After
placing a venous catheter into an antecubital vein, initial blood
samples were taken at baseline (—15 to O min). Thereafter, the
baseline MR examination (0—60 min of study protocol) took place,
followed by the second (180 to 240 min) and third MR examination
(420—480 min). Blood samples for the measurement of counterregu-
latory hormones (see below) were drawn at 0, 75, 90, 105, 120, 135,
165, 270, 330, and 405 min, and in between, additional blood samples
for assessment of plasma glucose were taken every 5 min between 60
and 105 min and then every 15 min until 480 min. At 480 min, after
the third MR examination, subjects left the study laboratory and
returned for a control visit the next morning for a fourth MR
examination. In the time between the end of the study protocol (480
min) and the MR examination on the following morning, diet and
physical activity were not controlled; MR data of this measurement
are reported in the text but not shown in the figures or tables.

Insulin/Hypoglycemia Test

To assess the impact of an acute hypoglycemic event, standardized
hypoglycemia was induced following the protocol of the IHT, which
is clinically used to evaluate hypothalamic-pituitary function and was
proven to be safe in a broad spectrum of patients (5, 6). Hypoglycemia
was induced by bolus injection of 0.1 IU insulin aspart’/kg body wt
(Novo Nordisk, Bagsvaerd, Denmark) at 60 min of the study protocol.
Subjects were under constant supervision by a physician and had ECG
monitoring.

Administration of Acipimox

To suppress adipose tissue lipolysis during hypoglycemic coun-
terregulation, acipimox (250 mg at 0 and 180 min; Pfizer, Ascoli
Piceno, Italy) was administered orally in ins+/aci+ and ins—/aci+
and a placebo in ins—/aci— and ins+/aci—. Acipimox inhibits
adenylyl cyclase, resulting in suppression of hormone-sensitive
lipase activity (28).

ECG Monitoring

Continuous ECG monitoring was applied to all subjects for the
duration of the whole protocol, lasting for 24 h. ECG monitoring was
discontinued only during the MR sessions, during which a MR-
compatible monitor monitored the heart rate. Two blinded physicians
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analyzed the ECGs for pathological arrhythmias, which were not
detected in any subject (data not shown). The mean heart rate per hour
as well as heart rate change compared with the baseline value on that
study day (AHR) was used for analyses.

Plasma Metabolites

Glucose concentrations were analyzed immediately (Biosen C_line;
EKF Diagnostic, Barleben/Magdeburg, Germany). Plasma FFA (micro-
fluorimetric assay; Wako, Neuss, Germany), cortisol (35), glucagon
(RIA Kit; Millipore), insulin (RIA Kit), and somatotropine (Liaison
HGH Kit; CLIA, DiaSorin, Italy) were analyzed in the Laboratory of
Endocrinology and Metabolism and triglycerides (by enzymatic-col-
orimetric GPO/PAP method) and catecholamines (noradrenalin and
adrenalin by high-performance liquid chromatography) analyzed at
the Department for Laboratory Medicine of the Medical University of
Vienna. A blood gas analysis, including measurement of pH and
electrolytes, was performed at baseline and 135 min of the study
protocol.

Calculations of Metabolic Parameters

Although an insulin hypoglycemia test was originally designed and
is used in clinical routine to evaluate hypothalamic-pituitary function
(growth hormone and cortisol release), we also decided to extrapolate
metabolic insulin action by dividing the plasma glucose fall by the
circulating insulin concentrations assessed in ins+/aci—. This result is
termed insulin-mediated hypoglycemic glucose disappearance (IHGD).
The gold standard to measure whole body insulin sensitivity is the
euglycemic hyperinsulinemic clamp test. In this test, hepatic glucose
production is reduced in the presence of defined hyperinsulinemia by
~90%, and the major amount of glucose infused is taken up by
skeletal muscle. In our approach (IHGD), insulin action was estimated
by considering circulating insulin’s ability to decrease plasma glucose
concentrations. However, we are aware that hypoglycemic conditions
were present, which results in elevated hepatic glucose output due to
counterregulation. Nevertheless, we believe that our calculations on
the action of insulin to induce hypoglycemia reflect at least the
amount of insulin’s effect in glucose-utilizing tissues, predominantly
and particularly the skeletal muscle.

Area under the curves was calculated by using the trapezoidal rule
and given for different time intervals.

MRI and Spectroscopy

All MR measurements were performed on the 3.0-T Tim Trio
System (Siemens, Erlangen, Germany).

"H-MRS for the quantification of myocardial and hepatic lipid
content. MYCL was measured by employing recently published
protocols (17, 36). Anatomic imaging was used to guide two acqui-
sitions of water-suppressed Point RESolved Spectroscopy sequence
[echo time = 30 ms; repetition time was according to individual
heartbeat; no. of scans (NS) = 8, no. of dummy scans (ND) = 2]
during separate breath holds. The volume of interest (VOI; ~6-8
cm?®) was placed over the interventricular septum. The spectral signal
was acquired following ECG, and the start of the signal acquisition
was paced into the mid-diastole. Two additional spectra without water
suppression (NS = 4, ND = 2) were used as internal reference. The
spectra were processed offline using AMARES time domain line
fitting, as implemented with the JMRUI software package. MYCL was
determined from processed spectra as a ratio of the intensities of CH»
(1.25 ppm) and CH3 (0.8—0.9 ppm) group resonances to the intensity
of the water resonance from non-water-suppressed spectra of the same
VOI. The coefficient of variation (test-retest) of this method was 20%.

Hepatic lipid content was measured in analogy to previously
published protocols (16).

"H-MRI for myocardial function. Visualization of cardiac function
was performed using prospective ECG-gated cine true fast imaging
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with steady-state precession (TrueFISP) sequences in two-chamber,
four-chamber, and short-axis orientation. Short-axis images were used
to quantify left ventricular global (end-diastolic and end-systolic
volume, stroke volume, ejection fraction, and myocardial mass) via
ARGUS software (Siemens). These volumetric parameters were nor-
malized to body surface area using the Dubois-formula. Ejection
fraction was used as primary index of left ventricular systolic func-
tion. Additionally, we determined left ventricular diastolic function
using Flash-based (fast low-angle shot) prospective ECG-gated cine
phase contrast sequence and postprocessing via ARGUS software to
determine the early (E) and atrial (A) diastolic filling phase (E/A) ratio
of mitral inflow (1, 2, 20, 33).

Statistical Analysis

Sample size calculation. For the sample size calculation, we con-
centrated on the assumed changes in myocardial lipid content during
hypoglycemia counterregulation. We found that a sample size of eight
subjects will have 80% power to detect a relevant difference in the
mean myocardial lipid content of 0.07% of water signal (WS),
assuming a standard deviation of differences of 0,06% of WS [as
observed in our previous study (36)], using a paired #-test with a 0.05
two-sided significance level.

Data analyses. Comparisons between study days at single time
points and changes in the course of time (within and between the
study days) were analyzed using linear mixed models. For the param-
eters EF, MYCL, hepatic lipid content (HCL), and end-diastolic
volume being measured only three times on each study day (and on
the next morning), time was treated as class variable, and the linear
mixed model with the smallest AIC value was chosen among the
following candidates. In addition to the fixed of effects time, study
day, and their interaction, we considered either subjects or subjects
and time as random factors or a repeated effect with the block
structure defined by subjects. We also considered these models, with
the covariance parameters allowed to vary by study day. The covari-
ance structure was chosen among the following: unstructured, autore-
gressive, compound symmetry, Toeplitz, and diagonal. For the vari-
ables glucose, insulin, cortisol, glucagon, human growth hormone
(HGH), noradrenalin, adrenalin, FFA and triglycerides, and further-
more, heart rate, which were measured 10 or even 31 times (glucose)
at each study day, the time effects were modeled using a natural cubic
or B-spline basis. Again, we chose the mixed model with the smallest
AIC value, where we considered the models with subjects or subjects
and time as random factors, as described above. In order to obtain
approximately normal distributions of residuals in the mixed models,
we have replaced (in the mixed-model analysis) EF by its square and
the variables MYCL, HCL, insulin, glucagon, HGH, FFA, noradren-
alin, and adrenalin by their logarithms.

Values of the parameters, which have been logarithmized in the
mixed models, are described by geometric mean (range), whereas
values of all the other variables are described by means = SD.
Similarly, in Figs. 1-3, the behavior over time of parameters that have
been logarithmized in the mixed model is illustrated using geometric
mean with geometric SD on a logarithmic scale. For other parameters,
the behavior over time is summarized by means = SD. Associations
between different variables are described by Pearson’s correlation
coefficient, where we have either restricted ourselves to a certain
study day or computed partial correlation coefficients adjusted for the
subjects (3).

All statistical analysis were performed using SAS 9.3 software
(SAS Institute, Cary, NC). Graphics were prepared with R software
(http://www.r-project.org). Two-sided P values =0.05 were inter-
preted as indicating statistical significance.

RESULTS

Baseline characteristics of study subjects are given in Table 1.
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Table 1. Baseline characteristics of study subjects

Subject Characteristics Value
Age, yr 24722
Body mass index, kg/m? 242 +3.6
Body surface area, m? 20*02
Triglycerides, mg/dl 99.1 £359
Total cholesterol, mg/dl 155.1 =243
HDL cholesterol, mg/dl 52.0 = 10.1
Hb Aie, % 51+02

Values are means = SD; n = 9 subjects (all male).

Metabolic and Endocrine Changes in the Course of
Hypoglycemic Counterregulation

The insulin dose was sufficient to induce acute hypoglycemia
in all subjects with comparable plasma glucose nadirs of 2.0 = 0.4
mmol/l in ins+/aci— and 1.9 = 0.3 mmol/l in ins+/aci+ at 20
and 25 min, respectively, after insulin administration (not sigifi-
cant; Fig. 1A). No subject had neuroglycopenic symptoms neces-
sitating glucose administration. Glucose and insulin concentra-
tions (except insulin at 270, 330, and 405 min; Fig. 1B) were
independent of acipimox administration. Following hypoglyce-
mia, no significant changes in plasma sodium or potassium con-
centrations or pH were observed (data not shown).

The expected changes in plasma concentrations of coun-
terregulatory hormones were observed. Comparable in-
creases (compared to baseline: P < 0.0001) in glucagon
concentrations (Fig. 1C) were observed in ins+/aci— and
ins+/aci+. In addition, cortisol (Fig. 1D) increased signif-
icantly following hypoglycemia (P < 0.0001). Only at 405
min were cortisol concentrations significantly higher in
ins+/aci+ compared with ins+/aci— (P = 0.035). Serum
concentrations of HGH (Fig. 1E) were comparably in-
creased in ins+/aci— and ins+/aci+ from O to 135 min
(P = 0.0003 and P < 0.0001, respectively). Only between
165 and 405 min was HGH higher in ins+/aci+ compared
with ins+/aci— (P < 0.0006).

Catecholamine and Lipid Response to Hypoglycemia
and Inhibition of Lipolysis

As expected, plasma concentrations of noradrenalin (Fig. 2A)
and adrenalin (Fig. 2B) increased in ins+/aci— and ins+/aci+
(from baseline to 90 min, P < 0.0001) without significant differ-
ences between these 2 study days (i.e., acipimox administration).

In ins+/aci—, plasma FFA (Fig. 2C) increased significantly,
by 2.5-fold from baseline to 270 min (P < 0.0001), whereas
triglycerides decreased after 270 min compared with the earlier
time points. However, during acipimox administration, FFA
concentrations were comparably suppressed in ins+/aci+ by
82.9% [95% confidence interval (CI), 74.4-88.6%, P <
0.0001] and in ins—/aci+ by 89.7% (95% CI, 85.1-92.9%, P <
0.0001) compared with baseline. Triglycerides were decreased
significantly in ins—/aci+ compared with baseline; in ins+/
aci+, their decline started at 135 min of the study protocol. In
ins—/aci—, FFA and triglyceride concentrations remained un-
changed during the study day (Fig. 2D).

The decline in plasma FFA is accompanied by a decrease in
myocardial lipid content and left ventricular systolic function.

In parallel with the FFA suppression, MYCL (Fig. 3, left)
declined during acipimox administration, in ins+/aci+ by 40.5%
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Fig. 1. Plasma concentrations of glucose (A), insulin (B), glucagon (C), cortisol (D), and human growth hormone (HGH; E) on each study day. Glucose and cortisol
are described by means * SD and insulin, glucagon, and HGH by geometric means * geometric SD on logarithmic scale. *Differences between aci+ and aci—.
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Fig. 2. Plasma concentrations of noradrenaline (A), adrenaline (B), free fatty acids (FFA; C), and triglycerides (D) on each study day described by geometric

means = geometric SD on logarithmic scale.

of the baseline value (95% CI, 13.7-58.9%, P = 0.007), and in
ins—/aci+ by 48.5% of the baseline value (95% CI, 28.5.2—
62.9%, P = 0.0001). MYCL remained unchanged in ins—/aci— as
well as in ins+/aci— (i.e., normal hypoglycemic counterregulation).

The EF (Fig. 3, right) increased significantly in response to
hypoglycemia in ins+/aci— (i.e., normal hypoglycemic coun-
terregulation) from 63.2 = 5.5% at baseline to 69.6 = 6.3% at
180-240 min (2nd MR), P = 0.0001 and was still higher
compared with baseline at the third MR examination (EF420-480 min:
66.8 = 6.7%, P = 0.025). In ins+/aci+, EF did not increase
and remained unchanged compared with baseline. In ins—/

aci+, EF decreased from 59.2 = 5.5% at baseline to 53.9 = 6.9% at
the third MR examination (P = 0.005) in parallel with the
depletion of MYCL.

Heart rate, as assessed by continuous ECG monitoring, did not
differ between the study days, and in particular no difference was
observed whether acipimox or placebo was given (Table 2).

Correlation Analyses

Whereas baseline values of the logarithm of MYCL and EF and
the logarithm of FFA concentrations showed no significant partial
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normal hypoglycemic counterregulation in ins+/aci— and decreased in ins—/aci+. EF is described by means = SD and MYCL by geometric means * geometric
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correlation adjusted for the subjects (adj. sub.) with each other, strong
correlations were observed under dynamic conditions; e.g., the log-
arithm of area under the curve (AUC)gra 0-405 min Was significantly
correlated (adj. sub.) with the logarithm of MYCL 50240 min (Fpart =

Table 2. Heart rate according to continuous ECG monitoring

Heart Rate, beats/min

Study Protocol, min ins—/aci— ins+/aci— ins+/aci+ ins—/aci+
60-120 66.3 £7.9 73.0 293 71.7 £9.0 66.6 £ 9.7
120-180 66.0 = 8.3 65.0 = 8.7 65.5 £ 4.6 65.7 £9.1
240-300 62.0 £ 7.4 633 =58 64.0 £5.7 62.1 £6.0
300-360 62479 64.8 = 6.4 61.0 £ 6.0 65.3 £8.2
360420 67.6 £ 6.4 70.8 £5.7 64.0 £5.8 67.1 £7.8

Values are means = SD. ECG, electrocardiogram. There was no difference
in heart rate between the study days and especially no difference between
acipimox or placebo administration independent of glycemia (ins+/ins—).
From 180 to 240 min, continuous ECG monitoring was interrupted due to the
magnetic resonance (MR) examination.

0.60, P = 0001) and the logarlthm of MYCL42()_480 min (Flg 4A)
Moreover, the logarithm of AUCgga 0-405 min Was strongly correlated
(adj. sub.) with EF at the same time points: EF;80-240 min (Fpart=0.69,
P = 00001) and EF420,480 min (see Flg 4-B)

In ins+/aci—, insulin-mediated hypoglycemic glucose disap-
pearance (IHGD) was correlated with the stroke volumes (SV) at
all three MR examinations: baseline (see Fig. 4C), SVi30-240 min
(r =0.84, P = 0.01), and SV420_480 min (r = 0.87, P = 0.005).
In addition, IHGD was inversely correlated with the logarithm
of MYCL at baseline (Fig. 4D) and positively correlated with
the logarithm of noradrenalin at 90 min (Fig. 4E) and the
logarithm of the AUC of noradrenalin from O to 165 min (r =
0.77, P = 0.03).

Furthermore, we observed a moderate inverse correlation
between MYCL and parameters of left ventricular systolic
function (MY CLpaseline With SVipagseline: ¥ = —0.45, P =
0.009; MYCL420-480 min With SV420_480 min: ¥ = —0.41,
P < 0.02; MYCLpaseline With end-diastolic volumepaseline: © =
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the EF (B). In ins+/aci— (i.e., normal hypoglycemic counterregulation), insulin-mediated hypoglycemic glucose disappearance (IHGD) was strongly associated
with stroke volume (C), inversely with the logarithm of myocardial lipid content (both shown at baseline; D) and positively with the logarithm of
noradrenaline-plasma concentrations at 90 min (i.e., peak concentration of noradrenalin following hypoglycemia; E).

—0.45, P < 0.009), which lost significance after adjustment for
subjects.

Impact of Hypoglycemia on HCL and Diastolic Function
(E/A Ratio)

HCL and the E/A ratio, a marker of diastolic function,
remained unchanged during all experimental conditions (data
not shown).

Baseline values of MYCL, EF, HCL, and E/A ratio were
comparable between the 4 study days and are given in Table 3.

Followup Next Morning

On the next morning after each study day (1,440—1,500 min),
subjects returned for a physical control as well as a MR examination.
MYCL1 440-1,500 min» HCL1 440-1,500 min, and EF} 440_1 500 min Were
comparable between the 4 study conditions.
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Table 3. Baseline MR data

CARDIAC LIPIDS AND FUNCTION FOLLOWING HYPOGLYCEMIA

ins—/aci— ins+/aci— ins+/aci+ ins—/aci+ P Value
MYCL (%WS) 0.17 (0.08, 0.31) 0.19 (0.08, 0.37) 0.15 (0.08, 0.23) 0.15 (0.08, 0.29) NS
EF, % 62.59 £5.02 63.18 = 5.50 59.86 = 4.36 59.2 £ 5.52 NS
HCL (%WS) 1.35 (0.27,5.60) 2.23 (0.95, 7.56) 1.64 (0.44, 9.76) 1.39 (0.31, 5.59) NS
E/A ratio 1.69 £ 0.34 1.60 = 0.38 1.63 = 0.39 1.69 = 0.45 NS

Values are means = SD. MYCL, myocardial lipid content; WS, water signal; EF, ejection faction; HCL, hepatic lipid content; E/A, early (E) and atrial (A)
diastolic filling phase; NS, not significant. Baseline values of MYCL, EF, HCL, and the E/A ratio did not differ between the study days.

DISCUSSION

To summarize, the main findings of the current study were
that /) the rise in circulating FFA during hypoglycemia coun-
terregulation is closely related to the increase in EF; 2) con-
versely, acute suppression of plasma FFA concentrations dur-
ing pharmacological inhibition of lipolysis is accompanied by
decreases in EF as well as MYCL; and 3) although baseline
values of FFA, EF, and MYCL were not correlated with each
other, we observed tight correlations between these variables
under stimulated conditions.

The increase in EF following hypoglycemia has been de-
scribed previously, and several mechanisms have been pro-
posed to contribute to this physiological response. Initial stud-
ies on the effect of insulin-induced hypoglycemia on cardiac
performance have demonstrated that the rise the EF is mediated
by B-adrenergic receptors (8). Furthermore, it has been shown
that an increase in EF is observed immediately after insulin
administration before glucose concentrations are affected (7),
indicating that insulin might impact myocardial function di-
rectly. In line with this hypothesis, not only hypoglycemic
hyperinsulinemia but also euglycemic hyperinsulinemia is as-
sociated with an increase in EF in healthy subjects as well as
in patients with type 1 diabetes (26). Hence, sympathetic
stimulation as well as insulin are potential stimulators of
cardiac action. However, in the present study insulin did not
affect EF in the presence of low circulating FFA (ins+/aci+).
Furthermore, despite the well-documented effect of FFA on the
sympathetic tone (9, 22), heart rate following hypoglycemia
was independent of prevailing FFA concentrations (there was
no difference whether acipimox or placebo was given). In
addition, the AUC of FFA concentrations was tightly corre-
lated to MYCL and EF. Hence, our observation that adipose
tissue lipolysis and the subsequent rise in FFA are closely
related to the increase in the EF stresses the importance of a
functioning interplay between adipose tissue lipolysis and the
heart during hypoglycemia counterregulation.

Previous studies have indicated that the heart seems to be
able to adapt to prolonged alterations in FFA availability.
Acute effects of acipimox on EF have already been observed in
patients with dilated cardiomyopathy and in healthy subjects
(32), whereas no changes in cardiac function were observed
during long-term treatment (28 days) in patients with chronic
heart failure (10). Furthermore, pharmacological inhibition of
lipolysis with acipimox for 1 wk was associated with a de-
crease in EF, but MYCL was unchanged in another study (18).

So far, to our best knowledge, no data indicating potential
effects of acipimox on intramyocardial lipolysis are available.
Furthermore, the observed acute decrease in MYCL during
acipimox administration is not compatible with an acute inhi-
bition of intramyocardial lipolysis by this drug.

The observed rapid decline in MYCL and EF during inhi-
bition of lipolysis could indicate a failure of the myocardium of
healthy men to adapt to rapid changes in substrate availability.
Myocardial glucose and FFA metabolism are tightly coupled,
with increased FFA metabolism inhibiting myocardial glucose
metabolism and vice versa (24). It has been shown that de-
creased availability of FFA in response to acipimox increases
myocardial glucose uptake (14, 21). Since acipimox adminis-
tration decreases myocardial FFA uptake by 80%, it has been
estimated that the rise in myocardial glucose uptake is not
sufficient to compensate for the depletion in FFA supply in
healthy humans (18, 32). In contrast to our initial hypothesis
that the consequent rise in FFA during hypoglycemia counter-
regulation is associated with increased myocardial lipid accu-
mulation, we did not observe changes in MYCL following
hypoglycemia (ins+/aci—). Thus, the observations in the pres-
ent study are in line with the assumption that the heart utilizes
available lipid stores for energy production during acutely
increased demands and/or decreased availability of circulating
FFA.

The assumption that the observed deterioration of EF during
inhibition of lipolysis is caused by impaired energy production
contradicts previous in vitro studies of myocardial substrate
metabolism (18, 30). Therefore, the heart is considered a
metabolic omnivore that can rapidly switch between lipid and
glucose oxidation, which has been shown to be associated with
a marked energetic advantage (15).

One further important observation of the present study was
that FFA, MYCL, and EF were tightly associated under dy-
namic rather than baseline conditions. Of note is that the
calculation of areas under the curve used to describe the extent
of changes in plasma concentrations of hormones and sub-
strates limits the possibility to fully account for the temporal
sequence of changes in these parameters.

So far, we can only speculate on potential consequences for
patients with diabetes mellitus who are at risk for recurrent
hypoglycemia. Altered hypoglycemia counterregulation in pa-
tients with long-standing type 2 diabetes might be accompa-
nied by alterations within the adipose tissue-myocardium
crosstalk. Morbidity and mortality associated with hypoglyce-
mia in various clinical trials has been attributed to an increase
in cardiovascular events, an effect that could relate to sympa-
thetic activation. Our results indicate that drugs that modulate
adipose tissue lipolysis and thus limit the supply of FFA to the
myocardium, including nicotinic acid analogs and insulin,
might impair the ability of the heart to adequately cope with
situations of increased energy demand.

Besides MYCL, HCL was also measured. HCL was unaf-
fected by the current protocols, confirming that the myocardial
triglyceride pool is much more flexible compared with hepatic
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lipids in response to short-term metabolic alterations, including
insulin treatment (13, 36). In general, acipimox administration
did not affect circulating concentrations of insulin or cortisol
following hypoglycemia; also, glucose concentrations were
independent of FFA inhibition. Only HGH pertained longer
elevated in ins+/aci+ compared with ins+/aci— (from 165 to
405 min). This is in line with prior observations indicating that
low FFA concentrations induce HGH release (19).

To roughly estimate metabolic insulin action, we calculated
IHGD under ins+/aci— and found that IHGD was correlated
with stroke volume as well as the peak in noradrenalin con-
centrations after acute hypoglycemia, whereas IHGD was in-
versely correlated with MYCL. The association between IHGD
and the noradrenalin peak could indicate that insulin action is
a prerequisite for adequate stress response following hypogly-
cemia.

There are some limitations to address. We are not able to
deliver data on myocardial energy metabolism since we did not
perform phosphorus MR spectroscopy. Furthermore, no female
subjects were included due to logistical reasons (difficult
scheduling due to limited availability of the NMR scanner and
the necessity to coordinate examinations with the individual
menstrual cycle). Our recent observation that myocardial lipid
accumulation did not differ between male and female subjects
following combined hyperglycemia-hyperinsulinemia does not
indicate important sex differences in myocardial lipid metab-
olism (36). In addition, we could not include patients with type
2 diabetes in the present protocol because it is impossible to
induce standardized hypoglycemia by an insulin/hypoglycemia
test (bolus injection) in patients with varying hyperglycemia
and severe insulin resistance.

In summary, the current study clearly demonstrates the
importance of a tightly regulated metabolic interplay between
adipose tissue and the myocardium during stress conditions
with catecholamine release by demonstrating that inhibition of
adipose tissue lipolysis results in acute depletion of myocardial
lipid stores and impairment of left ventricular systolic function.
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