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ABSTRACT Mitochondrial dysfunction in white adi-
pose tissue plays a key role in the pathogenesis of type
2 diabetes. Emerging evidence specifically suggests that
altered oxidative phosphorylation in adipocytes may
have a relevant effect on systemic glucose homeostasis,
requiring understanding of adipocyte bioenergetics.
We analyzed energetic flux of an intact human adi-
pocyte cell model by plate-based respirometry and
extracellular acidification. During differentiation, we
discovered that glycolytic ATP production was increas-
ingly replaced by mitochondrial oxidative metabolism
(from 20 to 60%). This observation was corroborated
by simultaneous up-regulation of canonical mitochon-
drial gene programs, such as peroxisome proliferator-
activated receptor y coactivator o (PGCla; 150-fold)
and cytochrome c-1 (CytC; 3-fold). Mimicking diabetic
phenotypes by exposure to various glucose levels (0, 5,
and 25 mM) resulted in immediate adjustments of
glycolytic and mitochondrial activity that aimed to
maintain intracellular ATP. We conclude that ATP
deficits by mitochondrial failure are compensated by
glycolytic ATP production, resulting in inefficient con-
version of glucose to cellular ATP. Metabolic ineffi-
ciency may enhance glucose uptake, therefore improv-
ing systemic glucose homeostasis. Notably, mature
adipocytes developed a high spare respiratory capacity
(increased by 6-fold) permitting rapid adaptation to
metabolic changes. Spare respiratory capacity may also
allow additional metabolic scope for energy dissipa-
tion, potentially offering new therapeutic targets for
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OBESITY IS THE MOST PREVALENT cause for chronic
diseases such as type 2 diabetes mellitus, hypertension,
and cancer. Increased fat mass leads to dysfunctional
properties in adipocytes, which have been causally
linked to metabolic disease (1). Although mitochon-
drial dysfunction in various tissues has been associated
with obesity and has been widely accepted as a central
cause for insulin resistance and its complications (2),
white adipose tissue mitochondrial function has been
overlooked in the past, mostly due to the low mitochon-
drial content in adipocytes.

Recent evidence revealed that mitochondria increase
in number (3) and undergo mitochondrial remodeling
during white adipocyte differentiation (4, 5), pointing
to an important, although underappreciated role of
white fat cell mitochondria in adipogenesis. Although
mitochondria content is significantly lower in white
adipocytes as compared with brown adipocytes or mus-
cle cells, a recent mitochondria protein compendium
study detected more diverse variety of protein in white
fat as compared with heart, muscle, or brain mitochon-
dria (6), pointing toward potentially unknown and
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unique functions of white fat mitochondria. The tradi-
tional view, that white fat mitochondria play a minor
role in the development of metabolic disease, has been
further challenged by the recent findings that mito-
chondrial content is reduced in white adipose tissue of
obese rodents and humans (7, 8), in conjunction with
compromised oxygen consumption on isoproterenol
stimulation in isolated white adipose tissue from obese
patients (9). Most notably, there is emerging evidence
that modulating mitochondrial function in white fat
tissue may affect adipocyte energy metabolism and
presumably whole-body energy homeostasis: adipocyte-
specific overexpression of MitoNEET, an outer mito-
chondrial membrane protein, in leptin-deficient mice
decreases mitochondrial oxygen consumption rates in
association with an improvement in glucose intolerance
and hepatic insulin sensitivity (10). In contrast, similar
systemic effects on glucose tolerance have been achieved by
increasing mitochondrial respiration through the fat
tissue-specific deletion of the mitochondrial transcrip-
tion factor A (TFAM; ref. 11). It is likely that in both
cases mitochondrial adenosine triphosphate (ATP)
production is compromised and potentially leads to a
compensatory increase in glycolytic ATP production
that may ultimately result in increased glucose uptake
and benefits for systemic glucose homeostasis. These
findings emphasized the importance of white adipose
tissue mitochondria as an attractive drug target, but
there is still little knowledge about their control of
energy metabolism and homeostasis. The assessment of
how glucose levels modulate energy metabolism and
substrate utilization in adipocytes will assist in under-
standing and potentially treating metabolic abnormal-
ities. The characterization of oxidative phosphorylation
(oxphos) and its interplay with glycolysis is technically
challenging. Recent advances in technologies using
real-time analysis of oxygen consumption and extracel-
lular acidification rates in undisturbed, adherent cell
culture models may be utilized to address these ques-
tions.

Herein we established measurements of energetic
flux using plate-based respirometry (mitochondrial ox-
idation) and acidification rates (glycolysis) in intact
human white adipocytes of the Simpson-Golabi-Behmel
syndrome (SGBS) cell strain, thus allowing full assess-
ment of the bioenergetic status of the fat cell. This cell
strain, originally derived from a patient with the SGBS,
possesses a high capacity for in vitro differentiation into
adipocytes (12) and has been demonstrated to function
like primary isolated human preadipocytes and adi-
pocytes (13). To better understand the mechanisms of
oxphos for the maintenance of cellular ATP, we further
divided cellular respiration into mitochondrial and
nonmitochondrial, and evaluated mitochondrial respi-
ration in ATP turnover/synthesis, proton leak, and
maximal substrate oxidation using specific pharmaco-
logical inhibitors. We also characterized the relative
contribution of mitochondrial respiration to energy
homeostasis during fat cell differentiation. Finally, to
determine whether diabetic conditions affect glycolysis
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and oxphos rates we used this system to compare
bioenergetics of preadipocytes and adipocytes under
hypo- and hyperglycemic conditions.

MATERIALS AND METHODS

Materials

Cell culture media and supplements were from Invitrogen
(Darmstadt, Germany). All other chemicals and reagents
were obtained from Sigma-Aldrich (Munchen, Germany) if
not otherwise stated.

Experimental system

SGBS cells were grown as reported previously (12, 14) in
DMEM/F12 (1:1) containing 33 uM biotin, 17 uM pantothe-
nate, and antibiotics (basal medium) plus 10% FCS. For
respiratory analysis, cells were seeded on XF96-PS plates
(Seahorse Bioscience, North Billerica, MA, USA) for RNA
analysis, cells were seeded on 12-well-plates; and for the
lactate assay, cells were seeded on 96-well-plates. At 90%
confluency, cells were either analyzed as preadipocytes (d 0)
or adipogenic differentiation was induced as reported previ-
ously (12, 13). Briefly, cells were washed 2 times with PBS and
cultured in basal medium supplemented with 10 pg/ml
iron-poor transferrin, 20 nM insulin, 200 pM triiodothyro-
nine, 100 nM cortisol, 2 pM rosiglitazone (BRL 49653;
Caymen Chemicals, Ann Arbor, MI, USA), 250 uM isobutyl-
methylxanthine (IBMX), and 25 nM dexamethasone for 4 d.
After 4 d, cells were cultured in basal medium supplemented
with 10 pg/ml iron-poor transferrin, 20 nM insulin, 200 pM
triiodothyronine, and 100 nM cortisol. Cells were analyzed as
adipocytes 10 d (d 10) after induction of differentiation.

Determination of cell number and rate of adipogenic
differentiation

The total cell number, the number of preadipocytes, and the
number of adipocytes were estimated in the monolayers by
direct counting using a net micrometer (Leica, Wetzlar,
Germany). Cells were counted as adipocytes, when >5 lipid
droplets were visible in the cell. The rate of adipogenic
differentiation is the percentage of adipocytes of the total
number. Images were obtained using a Di-Li 2028 inverse
microscope equipped with a 5-Mpx USB camera (Distelkamp
Electronics, Kaiserslautern, Germany).

Confocal microscopy

SGBS cells were grown on Nunc-Lab-Tek chambered cover-
glasses (Fisher Scientific, Schwerte, Germany) and stained
either at d 0 or at d 10 after induction of differentiation with
40 nM MitoTracker Green (Life Technologies, Darmstadt,
Germany) for 30 min at 37°C. Then, cells were washed and
observed by confocal microscopy (Leica SP5).

Expression of mitochondria-related genes

RNA was harvested using the RNeasy lipid tissue kit (Qiagen,
Hilden, Germany). After reverse transcription (SuperScript;
Invitrogen), expression of peroxisome proliferator-activated
receptor y (PPARy), PPARy coactivator a (PGCla), and
cytochrome c-1 (CytC) was analyzed using real-time PCR (Light
cycler; Roche, Grenzach, Germany) together with the house-
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keeping gene hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT). Sequences of specific primers are as follows:
PPARy-fw: 5-GATCCAGTGGTTGCAGATTACAA-3'; PPARY-
rev: 5'-GAGGGAGTTGGAAGGCTCTTC-3'; PGCloa-fw: 5'-CT-
CAAATATCTGACCACAAACGATGACCCTC-3"; PGCla-rev:
5'-GTTGTTGGTTTGGCTTGTAAGTGTTGTGAC-3"; CytC-
fw: 5'“TGTGCTACACGGAGGATGAAGCTAAGGA-3'; CytC-
rev: 5'-TAGTCCTCACCACCATGCCTAGCTC-3"; HPRT-fw:
5-GAGATGGGAGGCCATCACATTGTAGCCCTC-3'; and HPRT-
rev: 5'-CTCCACCAATTACTTTTATGTCCCCTGTTGACTG-
GTGC-3'.

Energetic pathway studies

Preadipocytes and adipocytes were washed with XF assay
medium containing 0, 5, or 25 mM glucose (pH adjusted to
7.5) and incubated for 1 h in a 37°C air incubator with these
glucose concentrations. The XF96 plate (Seahorse Biosci-
ence) was then transferred to a temperature controlled
(37°C) Seahorse (extracellular flux) analyzer (Seahorse Bio-
science) and subjected to an equilibration period. One assay
cycle comprised a 1-min mix, 2-min wait, and 3-min measure
period. After 4 basal assay cycles, oligomycin (1 pg/ml) was
added by automatic pneumatic injection to inhibit the ATP
synthase and thus approximate the proportion of respiration
used to drive ATP synthesis. After 3 further assay cycles,
carbonyl  cyanide4-(trifluoromethoxy)phenylhydrazone (FCCP;
0.5 uM) was added the same way to stimulate maximal
respiration in mitochondria by uncoupling ATP synthesis
from electron transport. After another 3 assay cycles, rote-
none (4 wM) plus antimycin A (2 uM) was added to deter-
mine the nonmitochondrial respiratory rate, which was sub-
tracted from all other rates. Oxygen consumption rate (OCR)
traces and a scheme about the different modules that we
analyzed are depicted in Fig. 24. Coupling efficiency was
calculated as the oligomycin-sensitive fraction of mitochon-
drial respiratory activity. ATP production from oxphos was
calculated using a phosphate/oxygen (P/O) ratio of 2.3
(15). To determine extracellular acidification rates (ECARs)
derived from glycolysis, measurements were ended by addi-
tion of 2-deoxy-glucose (2DG; 100 mM). ECAR traces and the
different modules that we analyzed are depicted in Fig. 3A.
ECARs were converted into proton production rates (PPRs)
by taking into account the buffer capacity. 2DG-sensitive PPR
estimates ATP production from glycolysis with a 1:1 ratio.

Lactate assay

Preadipocytes and adipocytes were incubated in fresh me-
dium (same as for the Seahorse measurements) supple-
mented with or without oligomycin (1 pg/ml). After 3 h,
concentration of lactate in the supernatant was determined
using the Lactate Assay Kit (BioVision, Heidelberg, Germany)
according to the manufacturer’s manual.

Statistics

If not stated otherwise in the figure legends, the data pre-
sented are the means * sem of 9 independently performed
experiments. Each experiment compromises data of 4-8
wells/group. For statistical comparison, 1-way ANOVA (post
hoc: Holm-Sidak) was performed. PGCla mRNA expression
data failed to meet the assumption of normal distribution and
were thus analyzed with ANOVA on ranks (post hoc: Tukey).
Values of P < 0.05 were considered statistically significant. All
statistical tests were performed using SigmaStat 12.0 (Systat
Software, San Jose, CA, USA).
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RESULTS

Adipocyte differentiation induces expression of
mitochondrial markers and alterations of the
mitochondrial network

To monitor changes in cellular respiration during
adipogenesis, SGBS preadipocytes were seeded on
XF96 plates, and differentiation was induced. Cells
were analyzed as preadipocytes (d 0), as well as at d
10 after induction of in vitro differentiation into
adipocytes. The degree of differentiation was moni-
tored by light microscopy (exemplified in Fig. 14),
assessing the number of lipid-laden adipocytes. While
lipids were absent at d 0, the counting of differenti-
ated adipocytes at d 10 resulted in 73 * 3% differ-
entiation rate (Fig. 1B). While the ratio of preadi-
pocytes and adipocytes differed between d 0 and 10,
the total cell number per analyzed well was the same
(d0: 139449 cells/well; d10: 1391+37 cells/well;
Fig. 1C). The morphological assessment of adipocyte
differentiation was supported by increased gene ex-
pression of PPARYy, an important transcription factor
promoting adipogenesis and a broadly accepted adi-
pocyte marker (Fig. 1D). Furthermore, the expres-
sion levels of the mitochondrial gene regulator
PGCla (Fig. 1E) and CytC, an essential component
of the mitochondrial respiratory chain (Fig. 1F), were
significantly elevated in differentiated adipocytes as
compared with preadipocytes, demonstrating that
human SGBS cells increase their mitochondrial con-
tent during adipogenesis. Of note, when we stained
preadipocytes and adipocytes with MitoTracker
Green and studied mitochondria by confocal live
imaging, we detected pronounced differences in the
mitochondrial network (Fig. 1G). In preadipocytes,
we observed a long reticulum of mitochondria (Fig.
1Ga), whereas at d10 of adipogenic differentiation
this network and reticular mitochondria disappeared
(Fig. 1Gc). Mitochondria were diffuse, and the net-
work structure was no longer visible around growing
lipid droplets, shown here in an early stage of
differentiation (Fig. 1Gb, red asterisks).

Increased cellular respiration during adipogenesis is
caused by mitochondrial and nonmitochondrial fluxes

OCRs of adherent preadipocytes and differentiated
adipocyte cultures were measured using a Seahorse
XF96 extracellular flux analyzer. Cellular respiration
was increased 4-fold in differentiated adipocytes as
compared with preadipocytes, suggesting markedly in-
creased mitochondrial activity (Fig. 24, B).

To determine processes that consume oxygen in
adipocytes, specific mitochondrial inhibitors were se-
quentially added to the cells. Figure 2A shows the
time-lapse measurements of OCR in absolute values,
which can be partitioned into distinct modules of
oxygen consumption reporting different mitochondrial
and cellular processes (Fig. 24, right panel). At the end
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of the experiment, complete inhibition of mitochon-
drial flux by addition of rotenone (complex I inhibitor)
and antimycin A (complex III inhibitor) allowed dis-
tinction between mitochondrial and nonmitochondrial
respiration (Fig. 2B).

Basal mitochondrial respiration was increased in
differentiated adipocytes, suggesting higher ATP turn-
over and demand (Fig. 2C). When corrected for oxygen
consumption driving the mitochondrial proton leak
(inhibiting ATP synthase with oligomycin; Fig. 2C), the
resulting ATP-linked respiration that reports ATP turn-
over (ATP synthesis equals consumption) was signifi-
cantly higher in differentiated adipocytes as compared
with undifferentiated cells (Fig. 2C).

The maximal ATP output of mitochondria is con-
trolled by substrate oxidation capacity, which was de-
termined by inducing maximal substrate oxidation
(addition of the protonophore FCCP). Figure 2D shows
that maximal substrate oxidation was higher in differ-
entiated adipocytes as compared with preadipocytes.
Spare respiratory capacity was increased in differenti-
ated adipocytes and was determined by subtracting
basal respiration from FCCP-induced respiration (Fig.
2D). While preadipocytes possessed almost no mito-
chondrial reserve capacity (2.3+0.8 pmol Oy/min),
adipocytes showed unused capacity of mitochondrial
function (11.0£2.0 pmol Oy/min), which may allow
metabolic scope. Taken together, the higher cellular
respiration of adipocytes can be attributed to both,
mitochondrial and nonmitochondrial respiration.
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Mitochondrial (coupling) efficiency does not change
during adipogenic differentiation

The increase of proton leak respiration in mature adi-
pocytes as compared with preadipocytes (Fig. 2C) may be
interpreted as decreased efficiency caused by higher
proton permeability over the mitochondrial inner mem-
brane but may also just be a result of increased substrate
oxidation capacity (16). Mitochondrial efficiency, termed
coupling efficiency (CE; ref. 17), calculates the propor-
tion of nutrient energy that is converted into ATP while
the rest is lost as heat. Calculating CE from the ratio of
ATP-linked and proton leak respiration, we found no
significant difference of CE between preadipocytes and
differentiated adipocytes (0.54%0.10 and 0.65%=0.02, re-
spectively; Fig. 2F).

Glycolytic activity, measured as extracellular
acidification rates, decreases during adipogenic
differentiation

Glycolysis, contributing 2 ATP molecules per oxidized
glucose, represents an ATP source complementary to
mitochondria. Glycolysis was approximated by ECAR of
preadipocytes and adipocytes, simultaneously to OCR
(Fig. 3A). With the use of specific inhibitors, ECARs
were used to characterize glycolysis (Fig. 3A, right
panel). Preadipocytes showed higher cellular acidifica-
tion values as compared with adipocytes (Fig. 3B). By
addition of 2DG, an inhibitor of glycolysis, ECAR values
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Figure 2. Adipocytes show a higher mitochondrial activity. Cellular
respiration and respiration after interference of mitochondrial pathways
with specific inhibitors was analyzed using a XF96 extracellular flux
analyzer as described in Materials and Methods. Cultures of SGBS
preadipocytes (d 0) and adipocytes (d 10) were used. A) Left panel:
OCR over time. Right panel: scheme showing dissection of the oxygen
consuming processes of a cell. B) Cellular respiration was dissected into
mitochondrial (green) and nonmitochondrial (gray) respiration using
the ETC inhibitors rotenone (R; 4 uM, R) and antimycin A (AA; 2 uM).
C) Mitochondrial respiration was further dissected into proton leak
(dark gray) and ATP-linked respiration (red) using the ATP-synthase
inhibitor oligomycin (oligo; 1 wg/ml). D) Maximal respiration (dark
blue) of preadipocytes and adipocytes can be obtained after addition of

a chemical uncoupler (FCCP, 0.5 wM) and by subtracting the nonmitochondrial respiration rates. The portion of spare
respiratory capacity (light blue) was obtained by subtracting basal respiration from maximal respiration rates. k)
Mitochondrial coupling efficiencies were calculated as the fraction of mitochondrial oxygen consumption that is sensitive
to oligomycin, reflecting the fraction used to drive ATP synthesis. AU, arbitrary units. All data are means * sEm of 9

independent experiments. ¥*P < 0.001.

were corrected for nonglycolytic acidification. While
nonglycolytic acidification rates of preadipocytes and
adipocytes were not significantly different (3.8+0.8 vs.
2.8%£0.5 mpH/min; Fig. 3B), basal glycolytic rates were
higher in preadipocytes (Fig. 3B). The difference in
basal glycolytic ECARs in preadipocytes as compared
with adipocytes demonstrated higher glycolytic ATP
production in preadipocytes. The relation of ECARs
reporting glycolysis was alternatively consolidated by
addition of oxamate (inhibiting the conversion of
pyruvate to lactate), instead of 2DG (data not shown).
Inducing maximal glycolytic rates by inhibiting mito-
chondrial ATP production with oligomycin further
supported the trend toward higher glycolytic capacity
in preadipocytes (Fig. 3C).

Lactate secretion rates decrease during adipogenic
differentiation

ECAR, measured with Seahorse technology, may be
affected by tricarboxylic acid cycle (TCA) activity and
carbon dioxide release, the latter being converted to
bicarbonate, thus contributing to extracellular acidifi-
cation. As secreted lactate levels are an alternative
measure of anaerobic glycolysis, unaffected by TCA
cycle by-products, we analyzed lactate concentrations in
the medium supernatant of preadipocytes and adi-
pocytes. We found that preadipocytes secrete more
lactate than adipocytes (33.2%+6.4 vs. 13.6+2.2 pmol/
min) under basal conditions (Fig. 3D), verifying the
higher glycolytic activity in preadipocytes as compared
with adipocytes (Fig. 3B). Furthermore, induction of
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lactate secretion by oligomycin elucidated maximal
glycolytic rates, supporting significant differences be-
tween preadipocytes and mature adipocytes (Fig. 3E).

ATP demand of preadipocytes and differentiated
adipocytes is mainly fueled by glycolysis

ATP homeostasis is essential for cell survival and func-
ton. Therefore, we next estimated ATP fluxes from the
XF96 data as described in Materials and Methods,
distinguishing between oxphos and glycolysis.

The calculation of the flux data demonstrated that the
mitochondrial ATP output in adipocytes was higher as
compared with preadipocytes (Fig. 4A4). In contrast, gly-
colytic ATP production was not significantly different but
tended to be lower in differentiated adipocytes (Fig. 4B).
Notably, the total ATP turnover did not change signifi-
cantly during adipogenesis (preadipocytes: 73.99.9 pmol
ATP/min; adipocytes: 92.5+9.2 pmol ATP/min; Fig. 4C).
Calculating the proportion of ATP production from ox-
phos and glycolysis demonstrated that preadipocytes fu-
eled their ATP demand mainly by glycolytic processes
(Fig. 4D), while adipocytes increased the proportion of
mitochondrial ATP (preadipocytes: 18.0+4.2% wvs. adi-
pocytes: 56.5= 6.8%). There was, however, still a high
contribution (43.5%) of glycolytic ATP.

Preadipocytes demonstrate a compensatory increase
in ATP-linked respiration in the absence of glucose

In the next step, we asked how cellular energetics are
balanced in response to different physiological and



. cellular acidification max. glycolytic capaci
Ads gy Ol 206 o ongo 206 B o C max. glycolytic capacity
S
., 4 edi0 ¥ ¥ w ¥ ¥ O non-glycolytic
£ 124 12 12
= ) —
I 10 5 5 = 104 £ 101
E g4 * maximal % E £
x B glycalytic F 81 T 81 X :
S 6 - capacty | E. * E— p=0.067
g ' 5 4 S 41
o non-glycelytic acidification N w 24 W 24
7142128354249 98105112 time 0 . . 0 . .
time (min) do d10 do d10

D basal lactate secretion E max. lactate secretion

Figure 3. ECAR decreases during adipogenesis. A) Left panel: ECAR was

0.06 0.06 recorded simultaneously with OCR of preadipocytes (d 0) and adipocytes
= 0054 < 005 A (d 10) over time with a Seahorse XF96 extracellular flux analyzer, as
E E T described in Materials and Methods. Right panel: cellular ECAR can be
_g %044 T g B0s 4 . further dissected into different modules as depicted. Data after FCCP and
= 0 ‘E‘ 0.03 + rotenone/antimycin A injection were not used for ECAR analysis and are
& 0.021 . £ 002 - depicted as dashed lines. B) By inhibiting glycolysis with 2DG (100 mM) as
8 0.014 L 0.01 4 the last step in the measurements, cellular acidification was broken down

0.00 - 0.00 to nonglycolytic acidification (gray) and acidification due to glycolysis

' o d10 ' 40 d1o (purple). C) By inhibiting mitochondrial ATP synthesis with oligomycin,

the maximal glycolytic capacity was obtained. D) Basal lactate secretion

from preadipocytes (d 0) and adipocytes (d 10) was analyzed as described
in Materials and Methods. E) Lactate secretion of preadipocytes and adipocytes treated with 1 wg/ml oligomycin. In A-C,
data are means * seEM of 9 independent experiments. In D and FE, data are means = sEm of 3 independently stimulated wells
measured in triplicates and mathematically adjusted to cell number present in XF96 well. *P < 0.001.

pathophysiological levels of glucose supply. Therefore,
we challenged the fat cell system with hypoglycemic (0
mM glucose) and hyperglycemic (25 mM glucose)
conditions, comparing the results for preadipocytes
and adipocytes to a physiologically “normal” glucose
concentration of 5 mM (Figs. 2 and 3).

Analyzing cellular respiration in preadipocytes, we
detected increased basal respiration at 0 mM glucose
(10.5*x1.2 pmol Oy/min, n=10) as compared with 5
mM glucose (7.0+1.0 pmol O,/min; n=9) and 25 mM
glucose (7.5+0.8 pmol O,/min; n=11). By dissecting
the cellular respiration as described above, higher
cellular respiration at 0 mM glucose was attributable to
an increase in ATP-linked respiration only (Fig. 5A4)
resulting in a higher mitochondrial ATP production
(Fig. 5B). Nonmitochondrial respiration (0 mM glu-
cose: 3.4*1.0 pmol Oy/min; 5 mM glucose: 2.8+0.9
pmol Oy/min; 25 mM glucose: 3.3+0.4 pmol Oy/min)
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and proton leak respiration (0 mM glucose: 2.1+0.4
pmol O,/min; 5 mM glucose: 1.7£0.3 pmol O,/min;
25 mM glucose: 1.5+0.3 pmol O,/min) were not
significantly different. Furthermore, we detected nei-
ther a significant difference in coupling efficiency nor
in maximal substrate oxidation of the preadipocytes
(data not shown). ATP production from glycolysis was
decreased in preadipocytes under hypoglycemic condi-
tions (Fig. 5C). Thus, preadipocytes compensated this
decreased glycolytic ATP production by an increase in
ATP-linked respiration (Fig. 5A), increasing the pro-
portion of mitochondrial ATP production (Fig. 5B).
Calculated total ATP production, however, decreased
to ~40 pmol ATP/min when preadipocytes were ex-
posed to hypoglycemic conditions (Fig. 5D). This
strong decrease in ATP homeostasis under hypoglyce-
mic conditions (Fig. 5D) suggests that ATP demand
under normal conditions (5mM glucose) cannot be

[Oglycolysis [l oxphos
C 5. total ATP D
1004 100 4
= 3
£ 80+ £ 80+
o =)
E 60 R 60
o o
40 g
< g
20 4 20 -
0 . 0 - -
do d10 do d10

Figure 4. Preadipocytes and adipocytes show a bias for glycolytic ATP production. Calculations were performed as described in
Materials and Methods. A) ATP production rates of oxphos pathways. B) ATP production rates of glycolysis, as estimated via
PPR. C) Sum of ATP produced by oxphos and glycolysis. D) Percentage of oxphos (solid bar) and glycolytic (open bar) ATP
production on total ATP production. All data are means = seM of 9 independent experiments. *P < 0.001.
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Figure 5. Preadipocytes increase ATP-linked respiration under hypoglycemic conditions. Respiration and acidification rates were
recorded for preadipocytes treated with 0, 5, or 25 mM glucose and detailed dissection/analysis was performed as described
above for Figs. 2-4. A) ATP-linked respiration of preadipocytes under hypoglycemic (0 mM glucose), normoglycemic (5 mM
glucose), and hyperglycemic (25 mM glucose) conditions. B) Mitochondrial ATP production obtained by converting ATP-linked
respiration. C) PPR/ATP production from glycolysis. D) Sum of ATP produced by oxphos and glycolysis. E) Percentage of
oxphos (solid bar) and glycolytic (open bar) ATP production on total ATP production. All data are means = sem of n = 10 (0
mM), n =9 (b mM), and » = 11 (25 mM) independent experiments. *P < 0.001.

fully compensated by mitochondrial ATP production  glycolysis appeared interchangeable. Adipocytes de-
(accounting for ~65% of the total produced ATP; Fig.  creased the proportion of mitochondrial ATP when

BE). glucose was present (Fig. 6F), suggesting that adi-

pocytes switch on mitochondrial ATP production only
Adipocytes switch from mitochondrial ATP when glycolysis is not sufficient to fulfill ATP demand.
production toward glycolytic ATP production with Notably, although glucose levels modulate ATP produc-
increasing glucose concentrations tion, ATP-linked respiration is always higher in adi-

pocytes as compared with preadipocytes (Fig. 74, B).

Next, we analyzed the bioenergetic profile of mature,

lipid-laden adipocytes under hypo- and hyperglycemic

conditions. Adipocytes showed a significantly lower

ATP-inked respiration under hyperglycemic conditions as DISCUSSION

compared with hypoglycemic conditions (Fig. 64), which

can be translated in significantly lower oxidative ATP  In the present study, we established concurrent mea-
production (Fig. 6B). In parallel, ATP production of  surements of aerobic and glycolytic energetic pathways
glycolysis was higher with 25 mM glucose as compared  of human white fat cells in real time, showing for the
with 0 mM glucose (Fig. 6C). The calculated total ATP  first time the close link of these two pathways in human

production revealed no significant differences, suggest-  white fat cells. We detected differences in both path-
ing no effects of glucose on ATP homeostasis (0 mM  ways in preadipocytes and adipocytes, with adipocytes
glucose: 71.2%+7.2 pmol ATP/min; 5 mM glucose:  using more aerobic processes whereas preadipocytes

92.4+9.2 pmol ATP/min; 25 mM glucose: 82.8%=7.7  depended almost exclusively on glycolytic energy pro-
pmol ATP/min; Fig. 6D) Furthermore, oxphos and  duction. Modulating the extracellular environment
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Figure 6. Adipocytes shift their ATP production from oxphos toward glycolytic pathways with increasing glucose concentrations.
Respiration and acidification rates were recorded for adipocytes treated with 0, 5, or 25 mM glucose, and detailed dissection/analysis
was performed as described above for Figs. 2-4. A) ATP-linked respiration of adipocytes under hypoglycemic (0 mM glucose),
normoglycemic (5 mM glucose), and hyperglycemic (25 mM glucose) conditions. B) Mitochondrial ATP production obtained by
converting ATP-linked respiration. C) PPR/ATP production from glycolysis. D) Sum of ATP produced by oxphos and glycolysis. F)
Percentage of oxphos (solid bar) and glycolytic (open bar) ATP production on total ATP production. All data are means = SEM of
n =10 (0 mM), n =9 (b mM), and » = 11 (25 mM) independent experiments. *P < 0.001.
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Figure 7. Adipocytes (vs. preadipocytes) show higher ATP-
linked respiration under hypo- and hyperglycemic condi-
tions. A) Comparison of ATP-linked respiration between
preadipocytes (d 0) and adipocytes (d 10) under hypoglyce-
mic conditions (0 mm glucose). B) Comparison of ATP-
linked respiration between preadipocytes (d 0) and adi-
pocytes (d 10) under hyperglycemic conditions (25 mm
glucose). All data are means + sEm of n = 10 (0 mM) and
n =11 (25 mM) independent experiments. *P < 0.001; *P <
0.003.

(glucose concentration), we showed that preadipocytes
are not able to fully compensate for a loss in glycolytic
ATP production by increasing their mitochondrial ATP
production. Surprisingly, glycolysis also seemed to be
the preferred energy-producing pathway in adipocytes,
since they were turning down mitochondrial ATP pro-
duction as soon as more glucose was available. How-
ever, mitochondria in adipocytes were able to react and
compensate for the loss of glycolytic ATP production,
thereby allowing metabolic scope.

We applied calculations to convert both glycolysis
and ATP-linked respiration to ATP production, based
on the well-defined stoichiometry of ATP production
(15). Our results revealed important features in adi-
pocytes bioenergetics: ATP demand/turnover does not
change during differentiation; glycolytic ATP produc-
tion was replaced by mitochondrial ATP production
during differentiation under normal glucose concen-
trations; to maintain ATP homeostasis, glycolytic ATP
and mitochondrial ATP were interchangeable; and
energy homeostasis in adipocytes was controlled by
cellular ATP turnover not by nutrient supply, as found
e.g., for pancreatic B cells (17). This is an important
finding that requires consideration for drug targeting.
To improve metabolic disease, currently the therapeu-
tic scope would be to increase energy combustion. For
that it is mandatory to either increase ATP turnover or
dissipate mitochondrial proton motive force.

We further showed that mitochondrial respiration
increased during differentiation, which is caused by
increase in substrate oxidation capacity. The increase
of substrate oxidation allowed higher mitochondrial
ATP output, which was reflected in higher ATP-linked
respiration. Importantly, unused respiratory capacity
increased ~6-fold during differentiation, which can be
used during physiological challenge and stress. While
this spare capacity is used in neuronal cells to match
fluctuating ATP demands (18), the physiological im-
portance of spare capacity is less defined in adipocytes
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and could be targeted for energy dissipation without
disturbance of cellular ATP homeostasis. In perspec-
tive, spare mitochondrial capacity may represent an
attractive therapeutic target to dissipate energy or
rebalance adipocyte metabolism during metabolic dis-
orders.

Due to our normalization to cell number and not to
protein content, the mitochondria-dependent meta-
bolic scope seen in human SGBS adipocytes might be
due to changes in mitochondrial density in each cell.
Similarly, murine 3T3-L1 cells increase the amount of
mitochondria per cell, showing up to a 30-fold increase
in several mitochondrial proteins during adipogenic
differentiation, which may profoundly affect cellular
respiration (19). We found increased expression of
mitochondrial biogenesis-related gene PGCla and
CytC, the latter a component of the electron transport
chain (ETC) in mitochondria, suggesting that human
SGBS cells similar to murine 3T3-L1 cells increased
their mitochondrial content during adipogenesis.
Characterizing the mitochondrial network in human
preadipocytes and adipocytes with confocal live imag-
ing, we found profound differences (Fig. 1G): In prea-
dipocytes, mitochondria were visible as a long reticu-
lum that gradually disappears during differentiation. In
mature fat cells mitochondria were more evenly distrib-
uted around lipid droplets with no visible network
structure. Dynamic processes such as fission and fusion
are implicated in this remodeling process (20). This is
in line with two very recent reports on murine fat cells
during adipogenesis suggesting that mitochondria un-
dergo structural changes and that fission and fusion are
crucial to adipogenesis (4, 5). Taking into account our
findings regarding functional changes of whole cell
bioenergetics during adipogenesis, we hypothesize that
mitochondria undergo a complex transformation pos-
sibly consisting of structural, content and functional
changes. In view of the importance of white adipose
tissue mitochondria as an attractive drug target against
the metabolic syndrome (10, 11), these preliminary
findings warrant further investigation to understand
the underlying mechanisms that can be then exploited
for drug development.

Our results in human adipocytes herein confirmed
earlier evidence for higher cellular respiration in mu-
rine 3T3-L1 adipocytes as compared with 3T3-L1 prea-
dipocytes (21). However, previously this higher cellular
respiration was not further dissected into the different
cellular oxygen consuming processes such as mitochon-
drial and nonmitochondrial respiration. With the use
of a Clark-type electrode, maximal respiration induced
by FCCP was neither detected in mature rat adipocytes
(22) nor increased during adipogenesis in 3T3-L1
adipocytes (4). In this study, we clearly detected a
higher FCCP respiration in human adipocytes as com-
pared with preadipocytes. Higher rates of ATP-linked
respiration (coupled) as well as uncoupled (oligomy-
cin) respiration in mature human adipocytes can be
explained by an increase in maximal substrate oxida-
tion and not uncoupled respiration as coupling effi-

KEUPER ET AL.


www.fasebj.org

ciencies also did not change. These contradictory re-
sults maybe due to different adipocyte cell types,
culture conditions, or measurement techniques in
which we assume advantage of plate-based respirometry
with undisturbed adherent cell culture. Our data show-
ing between 45 and 73% contribution of oxphos to
total ATP production depending on glucose availability
are in line with measurements obtained by microcalo-
rimetry. With microcalorimetry, the authors showed
that 68% of total energy production originates from
oxidative pathways in human primary adipocytes (23),
suggesting that the bioenergetic profile of human
SGBS adipocytes closely resembles human primary adi-
pocytes.

We showed that the contribution of glycolysis to ATP
generation decreased during differentiation and was
replaced by mitochondrial ATP production. As mito-
chondrial and glycolytic ATP production appeared
mutually exchangeable to maintain ATP homeostasis,
anaerobic glycolysis was able to replace mitochondrial
ATP production and restore ATP homeostasis, as it may
happen during mitochondrial dysfunction. This con-
cept provides a rational explanation for recent discov-
eries demonstrating that mitochondrial dysfunction
improves systemic glucose homeostasis, presumably
shifting metabolism toward glycolysis (10, 11). The shift
toward glycolysis would decrease the ATP yield ~15-
fold, assuming that lactate is cleared from the system.
Notably, it has been demonstrated that hypoxic condi-
tions increase lactate secretion of adipocytes (24),
which strongly supports our ATP homeostasis model:
when oxygen for mitochondrial ATP production is
rate-limiting, fat cells increase their glycolytic ATP
production to fuel ATP demand, resulting in increased
lactate secretion. Elevated plasma lactate levels have
been reported in patients with diabetes and deter-
mined to be a risk factor for diabetes (25, 26). Further-
more, lactate secretion from adipose tissue of obese
patient is increased (27).

We showed that the proportion of nonmitochondrial
respiration to cellular respiration was high and further
increased during adipogenesis (preadipocytes 28%,
adipocytes 47%). Enzymes such as oxidases located at
the endoplasmic reticulum (ER), may be responsible
for increased oxygen consumption, as well as increased
oxidative folding reactions at the ER that are a general
hallmark of endocrine (secretory) cells (28). Since
adipocytes are very active endocrine cells (29), the
increased nonmitochondrial respiration may reflect
the enhanced secretory function of fat cells.

Although anaerobic glycolysis decreased during
differentiation, we still found considerable glycolytic
rates at d 10 of differentiation, indicating that glyco-
lytic ATP production may be preferred. In particular
at a high concentration of glucose, the adipocytes
shifted from oxidative metabolism to glycolytic ATP
production (Fig. 6F). A possible explanation can be
attributed to metabolites for de novo lipogenesis that
derive from glycolysis (30), e.g., dihydroxyacetone
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phosphate as a precursor for the glycerol backbone
of triacylglycerides (31).

Disrupting either mitochondrial function or glycoly-
sis diverts metabolite fluxes, e.g., long-term mitochon-
drial uncoupling reduces triglyceride accumulation by
redirecting carbon flux away from fatty acid synthesis
toward lactate production (32).

Herein we focused on the regulation of glycolysis and
oxphos in adipocytes by glucose. Besides nutrients like
glucose, hormones such as insulin and adrenaline
modulate glucose and lipid metabolism in adipocytes in
vivo. These modulating elements are yet missing in the
present study and require further extensive studies to
address how they affect glycolysis and oxphos. However,
the comprehensive analysis of cellular energy metabo-
lism in adipocytes presented in this study will assist to
identify molecular players that promote changes seen
in obesity, thereby offering novel drug targets to restore
dysfunctional properties.
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