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Introduction
FFAs are the major oxidative fuel for skeletal muscle,
myocardium, liver, and kidney in the fasting state (1, 2).
Stored in the form of triglycerides in adipose tissue
(with less than 5% in other tissues), FFAs are mobilized
via lipolysis (3) when energy demand cannot be met by
circulating fuels. The capability of storing and mobilizing energy was fundamental for survival during evolution when a regular intake of food was not guaranteed (4). Today, especially in the industrial world, major
health problems are more related to a virtually unlimited excess availability of food, and perturbation of FFA
release has been linked to obesity-related diseases
including diabetes mellitus (5) and coronary heart disease (6). Since appropriate regulation of FFA availability is critical for metabolic integrity (7), lipolysis
requires dynamic regulation.
We have recently demonstrated the existence of
powerful and rapid oscillations of lipolysis that are
reflected in oscillatory patterns of plasma FFAs and
glycerol (8). That FFA oscillations exist independent
of insulin cyclicity was supported by evidence that
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FFA oscillations were not in synchrony with insulin,
and using the clamp technique to remove insulin
pulses failed to remove or even dampen FFA oscillations (8). Thus it was of interest to investigate other
potential sources of oscillations of FFAs in blood.
The recent discoveries of the central melanocortin
pathway and centrally acting peptides such as leptin
highlight the important role of the CNS in the regulation of food intake and energy expenditure (9, 10).
Moreover, there is evidence that the CNS may be directly involved in the regulation of fat storage and lipolysis
(11). The CNS innervates adipose tissue through efferent pathways of the sympathetic nervous system (12).
Sympathetic nervous system innervation of white adipose tissue originates from several regions within the
brain stem. These may include the medulla, the nucleus of the solitary tract, or the caudal raphe nucleus;
innervation may also originate in the central gray areas
located in the forebrain (13, 14). Electrical or chemical
stimulation of those brain sites leads to increased lipid
mobilization, resulting in an elevation of plasma FFA
concentration (15, 16). However, demonstration that
excited regions can induce a generalized response such
as lipid mobilization does not clarify which regions are
involved in a specific physiologic state. Whether efferent pathways of the CNS play any role in moment-tomoment regulation of fuel provision via breakdown of
stored triglycerides remains to be clarified.
The aim of the present study was to test the hypothesis that oscillations of lipolysis are directly controlled
by the CNS via its efferent limb to the adipose tissue:
the sympathetic nervous system. If this hypothesis
were correct, blockade of the sympathetic innervation
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of the adipose tissue would remove cyclic oscillations
of lipolysis. To block sympathetic input to the fat cells
without affecting additional sympathetic functions,
we exploited the high affinity of the β-blocker bupranolol for the β3-receptor, which is expressed predominantly in adipose tissue (17). To quantify combined
pulsatile and basal release of FFAs in vivo, we used the
deconvolution method, which we validated for the
assessment of oscillatory FFA release in the canine
model used for our experiments.

Methods
Animals. Experiments were performed on male mongrel dogs housed under controlled kennel conditions
at the Keck School of Medicine Vivarium. Animals
were used for experiments if judged to be in good
health as determined by visual observation, weight
stability, body temperature, and hematocrit. The University of Southern California Institutional Animal
Care and Use Committee approved all surgical and
experimental procedures. The dogs were fed a standard canned food consisting of 27% protein, 8% fat,
44% carbohydrate, and 8% fiber (Canine p/d; Hill’s
Pet Nutrition Inc., Topeka, Kansas, USA) and had
free access to a standard dry chow consisting of 26%
protein, 15% fat, 40% carbohydrate, and 3% fiber
(Wayne Premium Pet Food; Royal Canin USA Inc., St.
Peters, Missouri, USA) and tap water. Body weight
ranged from 29 to 35 kg and remained constant
throughout the study.
Surgical procedures. Chronic catheters (0.13 cm; Allegiance Healthcare, McGaw Park, Illinois, USA) were
implanted at least 1 week prior to the first experiment.
For blood sampling, an indwelling catheter was placed
in the carotid artery. For the infusion of bupranolol, a
second catheter was placed into the femoral vein and
advanced into the inferior vena cava. All catheters were
tunneled subcutaneously to the neck and exteriorized.
Experimental protocol. Experiments were performed in
the morning after a 24-hour fast. One hour prior to the
beginning of blood sampling, an infusion (30 ml/h) of
0.9% saline (n = 7) or 1.5 µg/kg/min bupranolol (n = 7;
kindly donated by Schwarz Pharma AG, Mannheim,
Germany) was started.
To find the appropriate dosage of bupranolol, we
tested two different doses (1.5 and 3.0 µg/kg/min) in
a pilot study and determined the effect on plasma
FFA. Augmentation of the initial dosage by 100% did
not lead to a further decrease in FFA plasma concentration, indicating that 1.5 µg/kg/min bupranolol
was sufficient for maximum blockade of β-sympathetic effects on lipolysis.
For all experiments, arterial blood was sampled at
1-minute intervals for 120 minutes. Heart rate and
blood pressure were monitored over the entire experimental period. Samples were collected in tubes containing EDTA and 0.275 mg/ml paraoxon, a lipoprotein lipase (LPL) inhibitor, to prevent in vitro
lipolysis (18). Samples were immediately centrifuged,
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and the plasma was separated and stored at –20°C.
The sampling period was reduced to 34 minutes during saline infusion in one experiment and to 54 and
72 minutes during infusion of bupranolol in two
experiments due to catheter dysfunction.
Assays. FFAs (NEFA C; Wako Pure Chemical Industries, Richmond, Virginia, USA) and glycerol (GPOTrinder; Sigma Chemical Co., St. Louis, Missouri, USA)
were measured by spectrophotometric analysis, as previously described (8). FFAs were measured in triplicate,
with a coefficient of variation (CV) of 2.8%, and glycerol
was measured in duplicate (CV = 5.4%).
Calculations. Time series analyses of FFA and glycerol
concentration were performed using the software
ULTRA (obtained from E. Van Cauter, University of
Chicago Department of Medicine, Chicago, Illinois,
USA) (19). To enhance sensitivity and specificity of
our analysis, we applied a second mathematical
approach for pulse detection and characterization:
cluster analysis (sliding t tests, obtained from M.L.
Johnson, University of Virginia Department of Biomathematics, Charlottesville, Virginia, USA) (20). All
analyses were performed on raw data. Cross-correlation analysis was used to determine the relationships
between FFA and glycerol concentrations.
Deconvolution analysis. Plasma concentration of FFAs
reflects a balance between two processes: release of
FFAs into the vascular compartment and elimination
from the vascular compartment by liver, skeletal
muscle, and heart muscle (21). To quantify release of
FFAs into the circulation we employed deconvolution software (DECONV_S, obtained from M.L.
Johnson (22). Deconvolution analysis calculates the
moment-by-moment rate of appearance of FFAs,
which must have occurred to account for the kinetics
of plasma FFA concentrations. To make this calculation it is necessary to have a priori knowledge of the
kinetics of FFA disappearance from the plasma compartment. Plasma FFA kinetics have been repeatedly
characterized in the canine model. FFA disappearance kinetics can be accurately represented by a single compartment (23, 24). Also, over a wide concentration range, FFA disappearance is linear in that a
straight-line correlation exists between plasma FFA
concentrations and the rate of FFA disappearance
(23, 25). One study done in the 1960s suggested that
FFAs may leave and then reenter the plasma space
and that a second decay process exists. However, the
slower time constant is one to two orders of magnitude slower than the faster exponential process (26).
It is unlikely that the much slower process would
measurably alter the calculated rates of appearance
in the present studies of relatively rapid oscillations
with a cycle time of about 9 minutes. We have therefore represented FFA disappearance kinetics by a single exponential process.
Validation experiments. We examined the ability of
deconvolution to accurately reconstruct the release rate
of FFAs into plasma using three different approaches.
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FFA disappearance kinetics in the conscious dog model. To
assess FFA half-time we injected 1.0 mmol of octanoate
during bupranolol infusion (to suppress endogenous
FFA oscillations), and sampled blood at 1-minute intervals for 10 minutes (n = 2). The half-life of FFAs during
bupranolol infusion was 2.77 ± 0.01 minutes and was
equivalent to FFA half-life in previous studies. For
example, Eaton et al. reported a half-life of 2.6 ± 0.2
minutes, and that reported by Riemens et al. in a more
recent study was 2.8 ± 0.7 minutes (26, 27). In addition,
the decay during the 10-minute experiments fit a single exponential with no significant residuals (r = 0.996).
Reconstruction. To validate the ability of the deconvolution method to detect and quantitatively estimate the
oscillatory FFA release, four dogs were studied during
infusion of known pulses of octanoic acid on top of a
non-oscillatory baseline FFA level. Octanoic acid was
infused in square-wave pulses of 30, 90, or 180 seconds
delivered by a programmable Harvard pump with a
nominal dose of 1.0 mmol, 0.5 mmol, and 1.5 mmol
per pulse, respectively. Each pulse was followed by a 12minute period with one blood sample taken per minute
from the carotid artery. FFA plasma concentrations
and octanoate concentration in the infusates were
measured and the recovery of known octanoic pulses
with the deconvolution method was estimated.
The average volume of distribution for octanoate calculated from each individual experiment was 1.96 ± 0.27
liters. There was a strong agreement between the number of pulses (4.25 ± 0.6 vs. 4.25 ± 0.6, P = 0.5), pulse
interval (12.9 ± 0.04 min vs. 13.0 ± 0 min, P = 0.17), and
pulse height (0.86 ± 0.20 mM vs. 0.73 ± 0.06 mM,
P = 0.27) between the deconvolved pulses of FFA release
and the known infused octanoate pulses (Figure 1a).
The integrated pulse mass of the deconvolved FFA
pulses and the known amount of infused octanoic acid
showed a strong correlation (r = 0.91, Figure 1b), and
the deconvolution program detected 83% ± 6% of
the infused pulses.
Impact of noise. To determine the stability of the
deconvolution approach in the presence of random
variation, we systematically added Gaussian noise to
real non-oscillatory FFA time series we had obtained by
the infusion of bupranolol (n = 7, see Results). The
noise added was of the following magnitudes: ±0.05,
±0.10, ±0.15, or ±0.20 mM. Adding noise of the magnitude of ±0.05 and ±0.10 mM, the deconvolution
method detected only one false positive pulse per hour
(1.4 ± 0.2 and 1.1 ± 0.8, respectively). When noise of a
higher magnitude (±0.15 and ±0.20 mM) was added to
the data files, the program was not able to fit the data
according to the kinetic model.
To quantify the impact of noise under our experimental conditions, we calculated the total variability (CVtotal)
present in the FFA concentrations of the non-oscillatory
time series and then derived the components resulting
from assay noise and non-assay uncertainties (biological
noise, CVbio = CVtotal – CVassay). The biological noise in the
non-oscillatory FFA time series was 4.9% ± 0.7%.
The Journal of Clinical Investigation
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Statistics. Values are reported as mean ± SEM. Comparisons of the saline and bupranolol infusions were
made using the Student t test (P < 0.05 was considered
statistically significant).

Results
Experiments were performed starting at 8 a.m. on
dogs fasted for 24 hours. In the basal state during
saline infusion, both FFA and glycerol exhibited distinct cycles (Figure 2a): FFA cycled with a frequency of
seven pulses per hour, with pulse length of 8 minutes
and pulse amplitude of 0.11 mM (Table 1). Glycerol
cycled with very similar temporal parameters: frequency of eight pulses per hour, and pulse length of 7
minutes. Glycerol amplitude was 0.05 mM (Table 1).
Results of time series analysis were similar with
ULTRA or CLUSTER software program analysis.
Cross correlation of the arterial FFA and glycerol data
showed a strong correlation with a lag time not different from zero (–0.29 ± 1.43 min, P < 0.05).
Deconvolution analysis revealed bursts of FFA
release (Figure 3b, Table 2) with an average frequency
of 9.5 pulses per 60 minutes, but with time-dependent
variation in burst frequency that ranged from one to
three cycles per 10 minutes (Figure 3c). The burst-like
release of FFA was observed on top of a basal nonoscillatory release, with about 40% of FFA release
occurring in pulses (Figure 4).
To test the hypothesis that oscillations of lipolysis are
mediated by β3-innervation of the adipose tissue, we
intravenously infused the β-blocker bupranolol, which
has a high affinity for β3-receptors.
During saline and bupranolol infusion, the mean
heart rate (92 ± 2 vs. 94 ± 4 beats per minute, respectively), systolic blood pressure (120 ± 4 vs. 122 ± 7 mmHg),

Figure 1
Reconstruction of infused FFA pulses with deconvolution analysis. (a)
Upper graph shows the measured FFA concentration (filled circles)
with best fit to concentration data (solid line). The profile of FFA
release calculated by deconvolution analysis (middle graph) is in
accordance with the infused FFA profile (five 90-second pulses with
0.5 mmol octanoate per pulse, bottom graph). (b) A strong correlation exists between the predicted FFA pulses and actually infused
octanoate pulses.
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Although the pulsatile component of lipolysis vanished
during bupranolol infusion (P < 0.001), the non-oscillatory release of FFAs (integrated over 120 minutes) was
not significantly changed compared with the saline control experiments (P = 0.06, Figure 4).

Figure 2
Time series of FFA (filled circles) and glycerol (open circles) plasma
concentrations in four representative dogs. Oscillations of plasma
FFAs and glycerol (a) were extinguished during bupranolol infusion
(b). Data shown as mean ± SEM.

Discussion
In the present study we show for the first time to our
knowledge that FFA release in the fasting state consists of two clearly separable components: an oscillatory component that appears to be entirely dependent upon sympathetic innervation of adipose tissue,
and a non-oscillatory, constitutive component that persists despite blockade of β3-receptors. Results of our
study derived from deconvolution analysis provide
evidence that the non-oscillatory component of FFA
release accounts for around 60% of the total lipid fuel
release. On top of this stable component, approximately 40% of total FFA is released in bursts, with an
average of nine pulses per hour. The frequency of
appearance of these pulses is not constant, but varies
as a function of time (from one to three pulses per 10
minutes), even under fasting conditions.
The observations of oscillatory FFA release and a
pulsatile pattern of plasma FFAs and glycerol in the
saline controls are in accordance with our previous
study in which we showed rapid and significant oscillations in omental lipolysis (8). In the present case,
rather than measuring FFA and glycerol release directly across the omental bed, we chose to determine the
pattern of total body lipolysis by estimating the FFA
release with deconvolution analysis. We were able to
demonstrate that deconvolution can resolve exogenous pulses superseding a baseline in which oscillations were suppressed (see Methods). In addition, random “noise” added to 40% of the basal value was not
detected as pulses. The results of validation experiments strongly support the use of deconvolution as
an accurate approach to assessment of endogenous
FFA release, similar to its exploitation for release of
various hormones. (28–31). Yet it must be noted that
FFA pulses in the validation experiments were simulated by infusion of octanoate, a medium-chain fatty
acid that has the advantage of superior aqueous solubility but is certainly not representative of the physiological spectrum of FFAs in vivo, which are mainly

and diastolic blood pressure (89 ± 4 vs. 88 ± 4 mmHg)
were not significantly different between the groups (all
P ≥ 0.05). Additionally, there was no significant variation
of blood pressure or heart rate within the individual
experiments (P ≥ 0.05 for all by ANOVA).
During bupranolol infusion, the plasma mean concentrations of FFA and glycerol were decreased by 50%
(P < 0.001 and P = 0.02, respectively) compared with
saline controls (Table 1). Even though FFA and glycerol
were not totally suppressed, the powerful, rapid oscillations in FFA and glycerol observed in the fasting state
were extinguished with β3-blockade of adipose tissue
(Figure 2b). Pulse analysis of FFA and glycerol time
series showed a decrease in pulse frequency (P < 0.001
for both) and pulse amplitude (P = 0.005 and P = 0.06,
respectively). In fact, very slow waves
(two per hour for FFA and three per
Table 1
hour for glycerol) with a length of 35
Plasma concentration and pulse analysis
minutes for FFA and 23 minutes for
glycerol were detected (Table 1).
Saline (n = 7)
Bupranolol (n = 7)
Deconvolution analysis revealed that
FFA
Glycerol
FFA
Glycerol
during bupranolol infusion the burst- Plasma conc. (mM) 0.62 ± 0.04
B
0.12 ± 0.02
0.31 ± 0.02
0.06 ± 0.01A
like release of FFAs was suppressed Pulses (per 60 min)
7.4 ± 0.6
8.4 ± 0.7
1.7 ± 0.6B
2.9 ± 0.7B
(Table 2). In contrast, the basal non- Pulse length (min)
8.2 ± 0.8
7.2 ± 0.6
35.3 ± 5.6A
23.5 ± 4.9
oscillatory release of FFAs was only Amplitude (mM)
0.11 ± 0.01
0.05 ± 0.01
0.05 ± 0.01A
0.03 ± 0.01A
marginally (P = 0.058) lower during
Data shown as mean ± SEM. AValue significantly different between saline and bupranolol
bupranolol infusion (0.064 mM/min) (P < 0.05). BValue significantly different between saline and bupranolol (P < 0.001). Conc.,
compared with saline (0.091 mM/min). concentration.
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Figure 3
The profile of FFA release has been determined by deconvolution analysis. Data from
three representative dogs are shown (numbered at left). (a) The experimentally
observed data (filled circles) along with the
calculated concentration profile corresponding to the best fit of the applied equations
to the data (solid line). (b) Plots showing
corresponding pattern of FFA release, which
exhibits rapid FFA bursts. (c) The highly variable burst frequency (calculated as pulses per
minute at 10-minute intervals) as a function
of time.

long-chain fatty acids (32). Although our results suggest that the kinetic parameters of plasma octanoate
were similar to those known for long-chain fatty
acids, we did not directly compare pulsatile delivery of
medium-chain fatty acids and long-chain fatty acids
or validate the deconvolution approach against the
isotope dilution method.
It is of interest to ask whether the oscillations of
FFA appearance that we report in this study are generated by cyclic modulations of lipolysis rather than
by variations in FFA uptake or reesterification in adipose tissue. That lipolysis is responsible is supported
by others’ kinetic data (tracer studies) as well as measures of arterio-venous difference across individual
adipose beds, all of which indicate that the ratio of
FFA to glycerol release is very close to the theoretical
3:1 during the postabsorptive period (8, 21, 23, 33).
These earlier data indicate that there is little reesterification of FFAs or partial hydrolysis of triglycerides
in the fasting state. Still, it is important to recognize
that interpretation of the relationship between FFA
and glycerol release measured in vivo is rather complex. The ratio may change under various conditions,
including feeding, glucose infusion (34, 35), and
exercise (23). Also when determined in regional tissue
beds (35), the ratio between FFA appearance rate and
glycerol appearance rate might differ from 3:1. Also,
although we did not measure glycerol release directly in this study, we know from cross-correlation
analysis of the glycerol and FFA plasma concentration time series that plasma FFA and glycerol clearly
oscillate in phase. This observation does support
cosecretion of FFAs and glycerol, as would be expected if oscillations were due to lipolysis (common to
both metabolites). If clearance of either glycerol or
FFAs (presumably unrelated mechanisms) were the
cause for the observed oscillations, we would not
expect exact co-oscillation. However, given limitations in interpretation of FFA/glycerol ratios, our
data are consistent with assessment of lipolysis, but
cannot be taken as conclusive proof.
The Journal of Clinical Investigation
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It cannot be excluded here that the observed pulsatile
pattern of plasma glycerol and FFAs is due to simultaneous cycles in FFA and glycerol clearance. However it
is unlikely that oscillations of FFA plasma concentration are caused by variations in FFA uptake given the
fact that the uptake of FFAs is strongly correlated to
the FFA plasma concentration. Thus it can be assumed
that under our experimental conditions the rate of FFA
release reflects the rate of lipolysis and that the bursts
of FFA release we report are due to bursts of lipolysis.
Oscillations of plasma FFAs and glycerol, as well as
the deconvolved bursts of FFA release, were completely removed by β3-blockade, indicating that the rapid
bursts of lipolysis are generated by the sympathetic
nervous system. A previous study failed to clarify the
source of oscillatory lipolysis but ruled out that pulsatile secreted insulin is the driving force behind oscillation of lipolysis (8). When insulin oscillations were
quenched with somatostatin and basal insulin was
replaced, FFA and glycerol pulses were not reduced —
in fact there was some evidence for stronger cycles. The
use of the generic β-blocker propranolol in that study
yielded equivocal results (8). Although the regularity of
the pulsatile profile was disrupted by propranolol, the
average pulse frequency was not significantly different.
To directly examine the importance of the sympathetic nervous system in our present study we used
bupranolol, a β-blocker with high affinity to β3-receptors (36), to block the action of the sympathetic nervous system on adipose tissue lipolysis. β3-receptors are
Table 2
FFA release calculated by deconvolution analysis
Saline (n = 7)
Basal release (mM/min)
Pulses (per 60 min)
Amplitude (mM)

0.09 ± 0.01
9.5 ± 0.8
0.11 ± 0.02

Bupranolol (n = 7)
0.06 ± 0.01
1.8 ± 0.3B
0.03 ± 0.01A

Data shown as mean ± SEM. AValue significantly different between saline and
bupranolol (P < 0.05). BValue significantly different between saline and bupranolol (P < 0.001).
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Figure 4
The pulsatile component of lipolysis is extinguished during β-blockade. The constitutive component of lipolysis does not significantly
differ between saline and bupranolol experiments. Data show the calculated area under the curve (AUC) of constitutive FFA release and
FFA secretion pulses for 120 minutes during saline infusion (n = 7)
and during bupranolol infusion (n = 7). Data shown as mean ± SEM.

predominately expressed in fat cells. With β3-receptors
blocked, oscillations totally disappeared. It is to be
expected that activation of lipolysis by catecholamines
of neuronal origin is primarily mediated via β3-receptors. First, these receptors are particularly responsive to
high norepinephrine concentrations between sympathetic nerve varicosities and fat cell membranes at the
synaptic cleft (17, 37). Second, these receptors are less
implicated in desensitization (38). Besides β-adrenoceptors, dog adipose tissue also possesses α2-receptors,
and β-blockade could theoretically lead to a spillover of
catecholamines and activation of the antilipolytic α2
receptors. However, as opposed to human fat cells, in
the dog, the number of α2 adrenergic binding sites is
several times lower than that of β sites (39). Furthermore, it has been shown in vivo that the α2 receptors in
dog fat cells do not have physiological relevance for the
modulation of lipolysis (39). Therefore it seems highly
unlikely that α2 stimulation contributes to the
observed suppression of lipolysis during β-blockade.
Blood flow has been demonstrated to be an important regulator of lipolysis (40), and it is possible that
alteration in adipose tissue perfusion causes oscillations of FFA and glycerol plasma concentration and
that the application of a β-blocker eliminates oscillatory or phasic activity of fat cell perfusion. It is indeed
true that cyclic hemodynamic oscillations — under
autonomic neural control — exist. However, even the
less frequent fluctuations in regional perfusion, heart
rate, or blood pressure interval (around 0.04–0.14 Hz)
can be differentiated from the observed oscillations of
lipolysis (around 0.003 Hz) (41). We did not measure
blood flow in the present experiments. However, we
have previously measured portal blood flow at 1minute intervals over 1 hour with an ultrasonic probe
in conscious dogs (n = 4, data not shown). We did not
find evidence for oscillations in portal blood flow (as a
reflection of pulsatility of the omental perfusion) at a
frequency similar to that observed for FFA. Additionally, the results of the present study support a direct
262
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effect of the sympathetic nervous system on the fat cell
rather than an indirect effect by changes in vascular
perfusion of adipose tissue. First, we observed no
changes in parameters of cardiovascular activity, heart
rate, or blood pressure, indicating a low activity of
bupranolol on cardiovascular β-receptors in the selected dose. Second, in our previous study, infusion of the
β1- and β2-receptor blocker propranolol in a threefold
higher dose failed to completely suppress oscillatory
lipolysis (8). If modulation of the vascular tone in the
adipose tissue were the dominant mechanism for sympathetic alteration of lipolysis, we would expect
stronger influence of the vasoactive β-blocker propranolol on lipolysis and oscillatory lipolysis in comparison with bupranolol. Compared with propranolol, bupranolol has a tenfold higher affinity for the
β3-receptor, which is not significantly expressed in the
vascular system (42).
The results of this study show that under fasting
conditions lipolysis is composed of two components:
a basal constitutive, rather constant component independent of sympathetic outflow, plus a highly variable oscillatory component driven by the sympathetic nervous system. Constitutive lipolysis may be due
to blood-borne lipolytic signals such as growth hormone, thyroid-stimulating hormone, or glucocorticoids acting to secure a minimum fuel supply for the
organism under fasting conditions, when tissues are
increasingly dependent on the breakdown of triglycerides because of fading glycogen stores (43, 44). Also,
the non-oscillatory component could be due at least
in small part to the breakdown of plasma triglycerides
by lipoprotein lipase. Data about the contribution of
LPL activity to plasma FFA concentrations in the fasting state are inconsistent (21, 45). A recent study suggests that LPL is more engaged in the storage of FFAs
than in the release of lipid fuel into the circulation
and that LPL activity leads more to an increase in
glycerol, which can not be metabolized by adipose tissue, than to an increase in FFA (21). Thus, it appears
unlikely that the constitutive component of lipolysis
is due to LPL activity.
A recent study demonstrated oscillatory lipolysis in
perifused isolated and denervated adipocytes (46). It
is not clear whether there is a direct relationship
between oscillatory behavior demonstrated in vitro
and coordinated oscillations in the intact organism.
Oscillatory lipolysis may be generated inside the
adipocyte, and the CNS could synchronize the
moment-to-moment alterations of lipolysis, generating powerful oscillations of FFA and glycerol in the
systemic circulation. If that were true, then total suppression of the oscillations with the β3-blocking
agent could only be interpreted as a decoupling phenomenon; i.e., once the sympathetic nervous system
is blocked, lipolysis from different adipose tissue
beds could oscillate out of phase and cancel each
other, so the ultimate outcome would appear to be
non-oscillatory FFA concentrations. We previously
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showed lipolytic cycles in the visceral fat depot using
arteriovenous difference measurements (8). That the
visceral cycles appear to be in synchrony with other
adipose depots suggests coordinated regulation. Of
course it is also possible that the oscillatory component is contributed by one adipose tissue depot (visceral?), while the non-oscillatory component is contributed by another (subcutaneous?). Resolution of
these questions will require invasive arteriovenous
studies of different adipose tissue depots and further
studies of in vitro oscillations with and without stimulation by sympathetic agonists.
Cyclicity is a characteristic shared by a variety of systems that are under control of the sympathetic nervous system, such as oscillations of skin sympathetic
nerve activity (47) and sympathetic nerve discharge by
central neurons (48). The activity of the sympathetic
nervous system is directly influenced by the CNS (13),
which plays an important role as the control center of
energy homeostasis (9, 49). Here we show for the first
time that oscillatory modulation of lipolysis may play
an integral part in the control of moment-to-moment
energy release from adipose stores and may supplement established functions of the CNS to control food
intake and energy expenditure for the overall maintenance of energy balance. Beyond their functions in
energy storage and fuel supply, FFAs have been shown
to be a key regulator in a variety of metabolic processes (50). Hepatic glucose production seems to be under
control of FFAs (51, 52), and a rise in FFA bursts could
be at least a contributing factor to obesity-related
insulin resistance. Insulin resistance is marked in
upper body obesity but is mild or absent in lower body
obesity (53), suggesting that increased delivery of FFAs
from visceral adipose tissue to the liver may be largely
responsible for the inappropriately elevated hepatic
glucose output in the state of insulin resistance. It is
of interest to clarify in further studies whether hepatic glucose output specifically depends on the pattern
of burst-like regulation of visceral adipose tissue lipolysis and whether the burst-like and constitutive components of lipolysis are equally regulated at individual
sites of adipose tissue. It will be essential to examine
the regulation of moment-to-moment release of FFAs
in individual fat depots.
In conclusion, in this study we show that release of
energy from the adipose tissue is composed of a constitutive component independent of nervous stimulation, and an oscillatory component regulated by the
sympathetic output of the CNS. Burst-like control of
lipolysis may represent the efferent loop of the CNS to
coordinate release of energy in appropriate accordance
with energy demand and regulate the mass of stored
body fat. It will be very important to identify the signals
of the efferent loop to the CNS in this system and
to study the impact of factors like leptin (54) and
α-melanocyte–stimulating hormone (55), which centrally raise sympathetic activity and might also modulate moment-to-moment release of energy from the
The Journal of Clinical Investigation
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adipose stores. Also, a preliminary report of oscillations
in plasma FFA in humans has been published (56).
Thus, parallel human studies will be of particular interest to understand the importance of FFA bursts in normal and pathological states including impaired glucose
tolerance, type 2 diabetes, and obesity.
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