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Summary. The following parameters  have  been deter- 
mined  or ca lcula ted in isolated ad ipocytes  f rom sub- 
cutaneous  h u m a n  adipose t issue f rom normal  weight  and  
obese subjects ,  ob ta ined  dur ing surgical  in te rvent ions  or 
f rom volunteers  who rece ived  local anaesthesia.  Mean cell 
d iameter ,  m e a n  cellular l ipid content ,  m e a n  fat  cell vol-  
ume, and  v o l u m e  of l ipid-free space. I n  fa t  cell ex t rac t s  
the  act iv i t ies  of the  following enzymes  were measured :  
Glucose- 6-phosphate-dehydrogenase ,  Phosphoglucomu-  
tase,  Fruetose-6-phosphatekinase ,  Hexosephosphate- iso-  
merase,  Aldolase,  Glycero la ldehyde-phosphate-dehydro-  
genase, Phosphoglycera te-kinase ,  Pyruva te -k inase ,  Lac-  
ta te -dehydrogenase .  --  I n  subjects  wi th  more  t h a n  50% 
overweight ,  the  m e a n  fat  cell d i amete r  was signif icantly 
increased. Mean fat  cell voIume calcula ted f rom fat  cell  
d i amete r  increased f rom 376 =k 115 m m  3 • 10 -6 in normal  
weight  to 799 ~ 99.5 m m  3 • 10 -6 in obesity.  - -  I n  obese 
subjects  the  m e a n  l ipid con ten t  of ind iv idual  adipocytes  
was twice as high as in normal  weight  subjects.  The  lipid- 
free residual  space was also s ignif icantly larger in obesity.  
Never theless ,  this  l ipid-free space occupied a s ignif icant ly 
smaller  percentage  of a defined fat  cell mass in obese thar~ 
in no rma l  weight  subjects .  --  Re la t ed  to t r ig lycer ide  con- 
tent ,  the  act ivi t ies  of H I M ,  G 6 P D H ,  and  Aldolase were 
s ignif icantly reduced in adipoeytes  of subjects  wi th  more  
t h a n  50% overweight ,  in a second series this was t rue  for 
LD2I  also. There were significant nega t ive  correlat ions of 
the  logar i thms of these  enzymes  to  the  logar i thm of over- 
weight .  There  was an  increased m e a n  absolute  enzyme 
con ten t  in adipocytes  o f obese subjects  compared  wi th  those 
of no rma l  weight  persons. However ,  th is  increase was 
significant for L D H  and H I 3 [  only. I t  is no t  cer ta in  t h a t  
the  enzyme  pa t t e rn  in the  fat  cells of obese subjects  is 
re la ted  to  the  increase in cell volume.  W h e n  re la ted  to a 
defined fat  cell mass af ter  correct ion for extra-cel lular  
space, d iminished act ivi t ies  for Aldolase,  G 6 P D H ,  HIM,  
and L D t t  were found.  

Taille, contenu de lipides et d'enzymes de cetlules 
adipeuses humaines isoldes en relation avec le degrd de nutri- 
tio~ 

]r Les mesures  suivantes  on t  ~td faites sur des 
cellules adipeuses de tissu h u m a i n  sous-cutand p rovenan t  
de sujets  ob@ses et  de sujets  n o r m a u x :  diam~tre  moyen  
des cellules, eontenu  l ipidique moyen  des cellules, vo lume  
m o y e n  des cellules adipeuses eb vo lume  de l 'espace sans 
lipides. Le t issu a @t@ ob tenu  ~ l 'occasion d 'opdrat ions  
chirurgieales ou ehez des volonta i res  sous anesthdsie locale. 
Dans  des ex t ra i t s  de cellules adipeuses ont  6td mesur@es 
les act ivi t6s  des enzymes  su ivants :  g lueose-6-phesphate  
d@shydrogenase, phosphoglucomutase ,  fructose-6-phos- 
pha te  kinase,  hexosephosphat isomerase ,  aldolase, glyee- 
r ina ldehydphospha te  d@shydrogenase, phosphoglyeera te  
kinase, p y r n v a t e  kinase,  l ac ta te  d@shydrogenase. --  Le  
diam~tro moyen  des cellules adipeuses est significative- 

merit  augment6  ehez les sujets obgses d ' un  poids exegdant  
50% de la normale .  Le  vo lume  moyen  des cellules adipeu.  
sos caleul@ d'apr@s le diam@tre des eellules adipeuses est 
pass@ d 'une  va leur  de 3 7 6 ~ 1 1 5 •  10 -6 m m  3 chez des 
sujets n o r m a u x  ~ une vMeur  de 799 :t= 99.5 • 10 .3 m m  3 
ehez des sujets  ob@ses. --  Le  een tenu  l ipidique m o y e n  
d 'une  cellule adipeuse isol6e est deux lois plus i m p o r t a n t  
que chez les sujets ne rmaux .  De m6me, l 'espace eellulaire 
sans lipides est s ignif icat ivement  aceru. Mais le pourcen-  
rage de l 'espaee sans lipides par  r appor t  h une masse de 
cellules adipeuses d@fmie est s ignif icat ivement  moins 61ev@ 
chez los sujets  ob@ses que ehez los normaux .  - -  Pa r  r appor t  
aux  tr iglycerides,  les act ivi t~s des enzymes  HIM,  G 6 P D H  
et aldolase dans les eellules adipeuses de sujets  ayan t  un 
exe6dent  de poids  sup~rieur ~ 50% sont  plus r@duites et  de 
m@me dans une deuxi~me s@rie, y compris  L D H .  Les 
logar i thmes des act ivi tgs  de ces enzymes  et  ceux de 
l ' excddent  de poids sont  en corrdlat ion ndgat ive  de fagon 
significagive. Le contenu m e y e n  absolu des enzymes  des 
cellules adipeuses chez los sujets  ob@ses s 'es t  mont r6  
sup6rieur par  r appor t  k celui des eellules des sujets  de 
poids no rmaux .  L ' a u g m e n t a t i o n  n ' es t  s ignif ica t ivement  
dlev6e que pour  L D H  et H I M .  Le eompor t emen t  des enzy- 
mes dans les cellules adipeuses de sujets  ob6ses n ' e s t  pas 
en re la t ion avec  l ' augmen ta t ion  du vo lume  de la cellule 
adipeuse. Au contraire ,  les act ivi tds  se m o n t r e n t  plus 
r@duites pour  los enzymes G 6 P D H ,  H I M  et  L D H ,  s i l e s  
valeurs  sont  raises en r appor t  avee une masse de cellules 
adipeuses d@finie apr~s la correct ion de l 'espaee extra-  
cellulaire. 

•ber Gr6fie, Lipid- und Enzymgehalt isolierter mensch- 
licher Fettzellen in Abh~tngiglceit vom Erni~hrungszustand 

Zusammenfassung. An isolierten Fe t tze l len  aus sub- 
cu t anem menschl ichen Fe t tgewebe  Normgewich t ige r  und 
Adip5ser,  das bei chirurgischen Opera t ionen  gewonnen 
oder  bei Freiwil l igen in Lokalun/isthesie exzidier t  wur- 
de, w a r d e n  folgende P a r a m e t e r  gemessen bzw. bereeh- 
ne t :  mi t t le rer  Zelldurchmesser,  mi t t l e re r  Lip idgehal t  der 
Zellen, mi t t le res  Fe t t ze l lvo lumen  und  Volumen des lipid- 
freien Raumes .  I n  Fe t t ze l l ex t r ak ten  wurden  die Akt i -  
vit/~ten folgender E n z y m e  gemessen:  Glucose-6-Phos- 
phatdehydrogenase ,  Phosphoglucomutase ,  Fructose-6-  
phosphatkinase ,  Hexosephosphat isomerase ,  Aldolase,  
Glyeer inMdehydphosphatdehydrogenase ,  Phosphog lyce -  
ra tkinase,  Pyrnva tk inase ,  Lac ta tdehydrogenase .  - -  Der  
mi t t le re  Fe t tze l ldurchmesser  war  bei Fe t t s i ich t igen  mit  
einem ~ b e r g e w i c h t  yon  mehr  als 50% signifikant erh6ht .  
Das aus dem Fet tze l ldurchmesser  erreehnebe mi t t le re  
Fe t t ze l lvo lumen  stieg yon  einem Wer t  yon  376 ~ 115 • 
10 -6 m m  a b e i  Normgewich ten  auf  799 ~= 99.5 • 10 -6 m m  3 
bei Fet ts i ieht igen.  --  Der  mi t t le re  Lip idgehal t  einer ein- 
zelnen Fet tze l le  war  bei Fe t t s i ich t igen  m e h r  als doppel t  
so groB als bei Normgewieht igen.  Auoh der  l ipidfreie Rest -  
r a u m  war bei Fe t t s i i ch t igen  signifikant gT613er. Der  pro-  
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zcntuale Anteil dieses lipidfreien l~aumes an einer de- 
finierten Fettzellmasse war abet bei ~bergewichtigen si- 
gnifikant kleiner als bei :Normgewichtigen. -- Bezogen 
auf Triglyeeride waren die Aktiviti~ten der Enzyme HI1Y~, 
G6PDH und Aldolase in den Fettzellen der Probanden 
mit mehr als 50% ~bergewicht signifikant herabgesctzt, 
in einer zweiten Serie auch LDH. Es bestanden signifi- 
kante negative Korrelationen der Logarithmen dieser 
Enzyme zum Logarithmus des LTbergewichtes. Der mitt- 
1ere absolute Enzymgehalt der Fettzellen Fettsiichtiger 
wurde gegeniiber demjenigen der Zellen Normgewiehtiger 

crhSht gefunden. Der Anstieg war aber nur fiir LDH und 
HII~ signifikant. Das Verhalten der Enzyme in den Fett- 
zellen AdipSser stand nicht sicher in Relation zur Volu- 
menvergrSl~erung der Fettzelle. Im Gegensatz dazu er- 
gaben sich herabgesetzte Aktivit/~ten fi~r die 4 untersueh- 
ten Enzyme Aldolase, G6PDtt, H I ~  und LDtI, wenn die 
Werte auf eine definierte Fettzellmasse nach Korrektur 
fiir den extrazellul/~ren Raum bezogen wurden. 

Key-words: Fat cells, obesity, enzymes. 

The composition of adipose tissue in obese persons 
has been subject to many investigations, l~eports of 
several groups have agreed that  growth of adipose 
tissue during weight-gain is the result not only of an 
increased volume of the fat cell itself, but also due to 
formation of new adipocytes. Bjurulf found a definite 
positive correlation between the thickness of adipose 
tissue, cell-number, and cell-size (Bjurulf 1959) [la]. 
In  hyperglycaemic obese mice Hausberger and I-Iaus- 
berger [11] obtained the same results. In  isolated 
human adipocytes Preiss [20] and coworkers described 
a definite positive correlation between fat cell size and 
body weight up to an overweight of 70%; in gross 
obesity the number of cells increases. By determining 
DNA and measuring fat cell sizes, Liebelt [15] was also 
able to show that  the volume of the adipocyte remained 
constant at a certain overweight, and that further 
growth of adipose tissue was the result of the formation 
of new fat cells. 

Since a small increase in cell diameter will already 
augment the storage capacity considerably (the cell 
volume changing with the cube of the radius), questions 
arise concerning the morphological structure and the 
capacity of the enlarged adipoeyte. Up to now, in- 
vestigations have led to contradictory results. Pawan 
and Clode [19] as well as Entenman et al. found 
diminished amounts of protein and lipid in adipose 
tissue of obese people, whereas Forbes el al. [10] and 
3iitchell et al. [17] described elevated protein contents, 
These discrepancies are probably methodological in 
origin. Diverging amounts of connective and vascular 
tissue in the fat pads and the presence of young protein. 
poor adipoeytes should be considered. Prior investiga. 
tions of human adipose tissue and isolated fat-cells 
have demonstrated that  about half of the soluble pro- 
tein of the total tissue is not derived from adipocytes 
but from unspecific accompanying tissue (Englhardt 
et al. [6]). Changes in the morphological composition of 
the tissue can therefore lead to wrong conclusions. For 
this reason, further studies were performed on isolated 
fat cells. 

The investigations described below deal with the 
composition of isolated human adipocytes of obese and 
normal-weight persons. Fat  cell size and lipid content 
were determined to obtain data on the extent of cell 
growth and lipid storage in obesity. From evaluations 
of enzyme activities we expected orientation coneer. 

ning the amount of active enzyme protein in the plas- 
matic compartment of the cells. Since isolated fat cells 
can only be kept stable in albumin-containing solutions, 
the assessment of total protein contents was not pos- 
sible. 

The following parameters were determined in iso- 
lated human adipocytes: fat cell diameter and lipid 
content and the activities of 9 enzymes of glycolysis 
and hexose-monophosphate-shunt (G6PDH, F6PK, 
PG/M, H I ~ ,  ALD, GAPDtt,  PGK, PK, LDH). 

Methods 

Specimens of human subcutaneous adipose tissue, 
taken from the abdominal region, were investigated. 
About 1 g of tissue was obtained from each of 35 subjects 
at the beginning of surgical interventions. Patients with 
malignomas, acute inflammatory processes, and meta- 
bolic diseases were excluded. Further samples of adipose 
tissue were excised from the lower left abdominal region 
of 20 healthy volunteers with local anaesthesia (0.5% 
Novocaine). 

All subjects had been fasting for 14--20 h prior to 
excision of the tissue. All in-patients were kept in bed 
during this period. The out-patients had rested for at least 
1 h before the intervention. Immediately after excision 
the tissue samples were transferred into Krebs-Ringer- 
Bicarbonate buffer, pH 7.4 (KRB-buffer) at 37 ~ C. 

Preparation of the fat  cells 
No later than 30 min after excision pieces of adipose 

tissue of about 20--30 mg were prepared. For the release 
of adipocytes, tissue pieces of about 500 mg were incubat- 
ed in plastic vessels according to the procedure described 
by Rodbcll. The incubation medium contained: 3 ml of 
KRB-buffer with 100 rag/100 ml of glucose, 4 g/100 ml of 
human albumin and 10 mg of collagenase. Incubation in 
the Waxburg apparatus at 37~ at a vibration rate of 
80/rain for 60--75 rain. The incubation procedure was 
interrupted at 45 rain and larger pieces of connective 
tissue were removed with small forceps. An almost com- 
plete release of fat cells was obtained after 60--75 min. 
The contents of 2 vessels were mixed in a plastic centrifuge 
tube and centrifuged for one minute at ca. 100 X g. The 
medium was removed and the fat cell layer washed 4 
times with 10 ml of fresh KRB-buffer at pH 7.4. 

Preparation of extracts 
After centrifugation the entire cell layer of one tube 

was transferred into a homogenization vessel and the vol- 
ume determined. Extraction medium (50 rnlVI Triethano- 
lamine buffer), pI~ 7.4 with 5 mlV[ Na-EDTA (sodinm- 
salt of ethylenediamine tetraacetic acid) was added at a 
proportion of 1 : 5 or 1 : 10. Thereafter the suspensions 
were homogenized under refrigeration (0 to -? 4~ for 
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4 • 30 sec in the Ultraturrax.  Thereafter 2 samples of O.1 
ml each were removed from the homogenate for deter- 
ruination of triglycerides. The rest of the homogenate was 
spun down for 30 rain at 2--4~ in the ultracentrifuge 
(Spineo L 30) at 98000 • g. To obtain clear extracts after 
spinning, the centrifuge tubes were perforated at their 
base with a V2 A steel-cannula, the extract collected and 
kept in ice-water unti l  examined. 

Determination of fat cell size 
Using Silicon-fat and a siliconized cover-glass a moist 

chamber was set up on a microscopic slide. An aliquot of 
washed cells was stained by adding methylene-blue to 
the buffer (KRB-buffer with albumin v.s.) and dispersed 
uniformly by stirring. An aliquot of this suspension was 
transferred into the moist chamber and ensured that  the 
cells moved freely. The cell diameter of at least 100 cells 
with intact  plasma space and nucleus was measured under 
a microscope. Following the usual procedure with RBC's 
the mean cell diameter was determined by establishing a 
Price-Jones' type curve and was expressed in micro- 
meters. 

Analyses 
The modification of the method by Eggstein and 

Kreutz [3] described by  Jahnke and ]-Ierberg [ 13] was used 
for the determination of triglycerides as glyeeride-glycerol. 
Enzyme activities were measured using optical tests: 

Activities of the following enzymes were evaluated: 
G6PDH, F6PK, PG/I~, :HIM, ALD, GAPDtt ,  PK, PGK, 
LDH. Instructions of Biieher, Pette and Luh [2] with mo- 
difications for adipose tissue. Optimal reaction conditions 
for extracts from fat cells were determined in preliminary 
experiments. Techniques and methodical details have 
been described earlier (Englhardt etal. [5]). The extra- 
cellular water-space of fat cell layers was determined by 
addition of D-Sorb i to l - -U 14C following a procedure 
which Crofford and Renold [4] introduced for similiar 
studies in adipose tissue. A detailed description of this 
method has been given earlier (Englhardt et al. [6]). 

Calculations 
l~ean fat cell volume was calculated from the fat cell 

diameters assuming a spherical shape of the adipocyte. 1 
The size of the lipid space of a fat cell layer was deter- 

mined in the following manner:  
The lipid content was regarded as equal to that  of tri- 

glyeerides since Hirsch stated that  99% of human fat cell 
lipids are triglycerides. For calculating molar weight units  
an empirical molecular weight of 885 was assumed. To 
calculate the volume of fat cell lipids from these data, it 
was necessary to determine the specific weight. This was 
done by extracting the lipids from adipose tissue samples 
of 10 healthy control subjects following the procedure 
described by Folch [9]. With a standardized microlitre 
pipette samples were taken from these extracts and 
weighed. The mean size of the lipid space of an individual 
adipocyte was calculated from the total lipid space of a 
defined volume of the fat cell layer (correcting for its con- 
tent  of extracellular fluid) and the number  of fat cells 
present in this layer. The size of the plasma space (lipid- 
free-space) could be calculated from the volume of the fat 
cell layer minus the volume of its lipid space. The mean 
lipid-free space of an individual adipocyte was calculated 
from the mean fat cell volume minus mean size of its lipid 
space. 

Enzyme activities were indicated as 9mol substrate 
motabolized/min/(mU). The following data were used as a 

1 This value was used to calculate the number  of cells 
in a defined empaeted fat cell layer. The true volume of 
this fat cell layer can be calculated by subtracting the 
volume of extracellular fluid it contains. 

reference system: 1. True fat cell volume. 2. Triglyceride 
contents in retool. 3. Mean volume of an individual adi- 
pocyte. 4.1Viean volume of lipid-free space of an individual 
adipoeyte. 

The weight of all subjects was calculated in % of nor- 
mal weight according to Broca, and three groups estab- 
lished: Group I (normal weight): -- 10~o to d- 10%, 
Group I I  (moderately obese): ~- 11% to d- 50% over- 
weight, Group I I I  (markedly obese) more than ~-50~o 
overweight. Arithmetical means and standard deviations 
were calculated for each of these 3 groups. The significance 
of differences of means for these groups was evaluated 
using the t-test for nonpaired data. The data for fat cell 
diameter, fat cell volume, lipid space and lipid-free space 
were compared for groups I and I I I  only. 

Reagents 

For storage, transport  and preparation of the adipose 
tissue samples a modified Krebs-Ringer-Biearbonate- 
buffer was used (composition see Englhardt et al. [5]). 
Buffer was gassed in the usual way with 95%/5% O2/CO 2 
and used under this gas-phase, pig 7.4. 

Collagenase from C1. histolyticum was obtained from 
Worthington Biochemical Corp., Freehold, N.J. ,  first 
ammonium sulphate fraction as described by 1Viandl [15]. 

Albumin purissime was obtained from the Behring 
Werke. Stated degree of puri ty  100%. Glycerol content 
0.55 ~mol/g, stated content of nou-esterified fat ty acids 
6.7 ~mol/g. Glucose p.a. purissime for bacteriological 
purposes (1V[erek) was stored in the desiccator and with- 
drawn under sterile conditions. Glucose levels in the buffer 
were measured enzymatically with Igexokinase and 
G6PDH. 

For details concerning substrates, auxiliary enzymes 
and coenzymes for the determination of enzyme activities 
(see Englhardt etal. [5]). 

Results 

1. F a t  cell size and  fat  cell volume. 

The de te rmina t ion  of the diameters of adipoeytes 
obta ined  from normal  weight and  overweight subjects 
confirmed the results published by  Preiss et al. [20]. 
I n  subjects of normal  weight these authors  found a 
mean  cell d iameter  of 96 9 and  an  increase in  diameter  
correlated with body  weight up to 140 ~ in  obesity. I n  
our series the mean  cell diameter  for subjects of normal  
weight was 88.5 J :  9.8 ~, and  115 • 4.3 ~ for obese sub- 
jects whose overweight var ied from -~ 50~o to d- 175~o. 
Differences between the two groups were significant. 
F a t  cell volume increased from 376 d: 115 m m a •  10 -s 
to 799 • 99.5 m m a X  10 -6. This represents a gain in  
tota l  body fat  to abou t  twice the ini t ia l  value, if sub- 
cutaneous adipose tissue were representat ive for to ta l  
fat  tissue. I f  one fur ther  assumes t ha t  adipose tissue 
accounts  for abou t  19~ of to ta l  weight (Morse and  
Soeldner [18]), this  would mean  tha t  a hypothet ical  
subject  of 70 kg increases his weight to 98 kg which 
would correspond to an  overweight of about  40~o. 
Since overweight in  the group of obese subjects with 
enlarged cells was higher t h a n  ~-50~o in  every ease, 
the increased a m o u n t  of adipose tissue cannot  be ex- 
plained by  the gain in  volume of fat  cells only. We have 
to assume an  addi t ional  format ion of fat  cells (Table 1). 

5* 
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Lipid content and lipid-free space of adipocytes 
The space occupied by  lipid storage in isolated fat  

cells of normal weight subjects has a mean size of 
771=t=78 ~l/ml fat  cell volume (corr.), i.e. 77.1% of 
total  volume. I t  was significantly higher in obese people 
(851q-84 ~l/ml fat  cells, corr.), i.e. 85.1%. In  indi- 
vidual cells this corresponded to 289 ~ 90.7 mm a • 10 -~ 
in normal weight subjects and to 682 ~= 114 m m  ~ x 10 -~ 
in obesity. The amount  of lipid in adipocytes of obese 
subjects therefore has increased more than  twofold. 
The lipid-free space of the individual fat  cell, calculated 
by subtracting lipid space from cell volume, was also 
significantly higher in obesity (117 =L 61 mm 8 • 10 -") 
than in normal weight (86:~7.7 m m a x  10-6). Ex- 
pressed as percent of the volume of true fat  cell mass 

significantly lower in obese subjects than  in normal 
weight persons. This confirmed the results of the first 
series. Moreover, the activity of L D H  was significantly 
reduced, whereas this difference was not significant in 
the first series. These negative differences disappeared 
completely, if the data were calculated as mean enzyme 
content per individual cell. Now, in agreement with 
the increased volume of the adipocyte in obesity, all 
4 enzymes showed higher activities. However, this 
increase was significant for L D H  and HI1VI only (Table 
3). 

The evaluation merely takes into account the total  
enzyme content of the cell without regarding its size. 
In  addition the data  were therefore related to the lipid- 
free space of the cell mass. These results correspond to 

Table 1. Investigations concerning fat cell size, fat cell volume, lipid content and size of lipid-free residual space in isolated 
human adipocytes of normal weight and obese subjects. 2~at cell lipids determined as triglycerides/1 ml fat cell mass and lipid 

content of the individual adipocyte 

Lipid space Lipid space/ Lipid-free Lipid-free Mean cell Mean cell 
ml/ml cell space ml/ml space/cell in diameter F volume 
fat-cell mass mm 3 X 10 -6 fat-cell mass mm 3 X 10 -6 mm ~ X 10 -e 
(corr.) (corr.) 

Normal 10 0.771 289 0.229 86 88.5 376 
weight :~0.078 :E 90.7 ~0.077 :=I= 7.7 • 9.8 • 
subjects p < 0.02 p < 0.05 p < 0.02 p < 0.025 p < 0.001 p < 0.001 

Obese 16 0.851 682 0.149 117 115 799 
subjects =t=0.084 =1=114 • ~ 61 ~: 4.9 • 99.5 

(corr.) this lipid-free space occupied a significantly 
smaller proportion of true fat  cell mass in obesity 
(14.9%) than in normal weight (22.9%) (Table 1). 

Enzymatic activity of glycolysis and the hexosemono. 
phosphate shunt in extracts from fat cells 

The following enzymes were measured i n  extracts 
from fat  cells of 35 subjects: G6PDH, F6PK, ALD, 
PG/M, HIM, GAPDtt ,  PGK,  and LDH.  In  the fat  
cells from group I I I  (see methods), the activities of the 
enzymes F6PK,  G6PDH, ALD, and HIM, calculated 
per mmol triglycerides (Glyeeride-Glyeerol), were 
significantly lower than in those from group I and I I .  
Moreover, the activity of PG/M was significantly 
reduced in group I I I  compared with group I I  (Fig. 
1--3). There was a negative linear correlation of the 
logarithm of act ivi ty of G6PDH, Aldolase and HIM to 
the logarithms of overweight. For these 3 enzymes the 
difference of the regression coefficient against zero was 
highly significant (Table 2). 

In  a second series of 10 normal weight subjects and 
16 obese subjects with an overweight of + 5 1 % ,  the 
activities of the following enzymes were determined: 
G6PDtt ,  HIM, Aldolase and LDH.  Several reference 
systems were used during evaluation. Based on tri- 
glyceride content the activities of 3 enzymes were 
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Fig. 1. Mean cell diameter and mean cell volume of isolat- 
ed human adipocytes from normal weight and obese sub- 
jects. 5 4- 2s for fat cell diameter in ~t, for fat cell volume 
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enzyme concentrations present in the plasma of fat  
cells. L D I t  and HIM were also found elevated with 
this procedure, but  the differences were not significant, 
possibly because the variance of the size of the so- 
called lipid-free space is relatively marked. 
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Discussion of Results 

The data show tha t  the change in shape the adipo- 
cyte undergoes during increase of the fat  mass also 
leads to changes in its chemical composition. By the 
enlargement of these cells their lipid content is not only 
changed in absolute terms, but  also on a percentage 
basis. These results therefore confirm, as was to be 
expected, tha t  more lipids are stored during overeating. 
This fact has been observed frequently in animal ex- 

perimcnts. In  this case we would have to assume tha t  
the increase in cell size is caused exclusively by the 
augmentation of its lipid content. This necessarily 
would have to induce a reduction of its content of 
metabolites and proteins which are localized in the 
lipid-free space of the cell. The experimental data 
gained during this series of investigations showed how- 
ever, tha t  the changes which occur in the adipocyte 
during an increase of the fat  mass are not satisfactorily 
explained by this hypothesis. The calculation of the 
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adipoeytes from normal weight and obese subjects 

Froctose-6-P-Kin~se 6[ucose-6-1~-Dehydrogennse Aldolese Hexose-P- Isomerese 
10 , 9 ~  p<o.oo5 ' 

,0 

40 1 &0 6roup 

0 0 [ ] I  [ ]  ii 
8[ycerinn[dehyde-P- PhospMglycerote -,](inose Pyruvote-Kinese Lactnt e-OehyrlrogenQse [ ]  I]! Oehydrogenese 

Ns ~ 800~ ~ [ -1o-,1o'/= 

,ooo ,oo N ,oo?o 

0L 0i 0 "  0 
Fig. 3. Activities of enzymes of glycolysis and hexosemonophosphate-shunt in isolated human adipocytes from normal 
weight and obese subjects based on triglyceride content of fat cells. Obese: Group I from -- i 0 to + 10% overweight; 
Group II from + ii to 50% ; Group III from + 51 to + 175 overweight. Enzymes in isolated human fat cells from 

normal weight and obese subjects (in ~mol Substrato metabo!ized/min/mm01 Triglycerides) 



56 A. Englhardt  et al. : Size, Lipid and Enzyme Content of Isolated Adipocytes Diabetologia 

l ipid-free space showed a l r eady  t h a t  i t  is also enlarged 
in the  ad ipoey tes  of obese subjects .  The fa t  cell there-  
fore does no t  only  grow on account  of storage,  b u t  also 
increase of i ts  p l a sma t i c  substance.  Nevertheless ,  the  
calculat ions  showed t h a t  the  l ip id  conten t  of the  cells 
increases more  t h a n  the  res idual  space, i t s  p ropor t ion  
therefore  being higher  in obese t h a n  in  no rma l  weight  
subjects .  F o r  th is  reason these morphologica l  changes 
which the  fa t  cell undergoes  dur ing  weight  gain  mus t  
induce a change in the  components  of i ts  p l a sma  space. 
I t  is also to  be expec ted  t h a t  the  resul ts  depend  on the  
reference sys tem selected. I n  order  to  ga in  a be t t e r  

Bu t  th is  value  of 25% has  been ra the r  exceeded in  some 
instances.  The poss ib i l i ty  t h a t  the  enzyme conten t  of 
the  ad ipocy te  is influenced b y  the  phenomenon  of 
induc t ion  can therefore  no t  be ru led  out.  

The  impor t ance  of the  reference sys tem for in- 
ves t iga t ing  adipose t issue has  been stressed especial ly  
b y  Salans  [23] and  coworkers.  They  found  t h a t  adipose  
t issue of obese subjects  wi th  enlarged  cells showed less 
metabo l ic  a c t i v i t y  t h a n  t h a t  of no rma l  weight  subjects ,  
b u t  t h a t  i ts  basa l  metabol ic  funct ions  were no rma l  if 
r e la ted  to  a defmed number  of cells. Nevertheless ,  the  
insulin effect on c a rbohyd ra t e  metabo l i sm in ad ipocytes  

Table 2. Calculation of regression lines and of the correlation coefficient for the 
logarithms of the enzymes G6PDH,  H I M ,  P G / M ,  P G K ,  A L D ,  P K ,  G A P D H ,  L D H  

to the logarithm of overweight in % 

Enzyme Calculation of regression lines r 

G6PDt t  ~ log y = --  1.1619 • log x ~- 4.5706 -- 0.479 s 
log y = --  1.0760 • log x ~- 4.1983 --  0.529 s 

HIM ~ log y = --  1.2565 • log x + 6.2253 --  0.572 s 
log y = --  0.5095 X log x ~- 4.7156 --  0.520 s 

1)G1M ~ log y ~ --  1.3550 X log x ~- 4.9210 --  0.398 ns 
log y = --  0.8039 • log x -[- 3.6116 --  0.237 ns 

P G K  c~ log y = --  0.2690 • log x ~- 3.834 --  0.188 ns 
log y = --  0.3744 X log x ~- 4.0134 --  0.343 ns 

ALI)  ~ log y ~ --  1.2348 • log x ~ 4.7405 --  0.616 s 
g~ log y ~ --  0.6140 • log x ~- 3.4049 --  0.519 s 

P K  ~ log y = --  0.9905 X log x ~ 4.7213 --  0.428 ns 
log y = --  0.5031 • log x + 3.6690 --  0.477 ns 

GAPDI-I ~ log y = --  0.3200 • log x § 3.4683 --  0.124 ns 
log y = --  0.3889 • log x -~ 3.5941 --  0.278 ns 

L D H  ~ log y ~ --  0.9978 • log x ~- 5.5284 --  0.432 ns 
log y = --  0.3212 • log x ~- 4.1172 --  0.238 ns 

Calculated using the equations: 

b E (xy) -- 5 E y  a =  y -- bx 
E x  2 -- S E x  

l V Z x y - -  Z x Z y  _ (Zy)) ~ 
r = ~ / ~ N  z x~ - ( z  x)~) (N  z y~) 

under s t and ing  of these questions,  g lycolyt ic  enzymes 
in the  ad ipocytes  were inves t iga ted  using different  
reference systems.  Calculat ions of mean  enzyme con- 
t en t  of ind iv idua l  f a t  cells demons t r a t ed  t h a t  th is  is 
higher  in obese t h a n  in no rma l  weight  subjects .  I f  
r e la ted  to  a defined fa t  cell mass  we never theless  found  
reduced  enzyme act iv i t ies  in obes i ty  corresponding to  
the  p rocen tua l  reduc t ion  of p l a sma  space. 

Dur ing  eva lua t ion  of the  d a t a  i t  became clear t h a t  
the  different  enzymes do no t  behave  s imilar ly .  I n  the  
ind iv idua l  cell the  conten t  of L D H  and  H I M  was sig- 
n i f icant ly  e levated,  whereas th is  increase was no t  p resen t  
or insignif icant  for Aldolase and  G6PDH.  If  increased 
enzyme act iv i t ies  resul ted  f rom an  augmen ta t i o n  of the  
l ipid-free space only,  a p ropor t i ona t e  increase would  
have  to  be expected.  Thus  i t  should be possible to  
calculate  i ts  ex t en t  f rom the  d a t a  for the  l ipid-free 
space. Act iv i t ies  should be higher  b y  abou t  25% in the  
cells of obese t h a n  in those  of no rma l  weight  subjects .  

of obese people  was reduced,  there  being a s t rong 
negat ive  corre la t ion of th is  reduc t ion  wi th  fa t  cell size. 
We  have  also been able to  demons t r a t e  th is  d imin ished  
insul in sens i t iv i ty  of adipose t issue dur ing  earl ier  
s tudies  (Kasperek  et al. [14]; Berger  et al. [1]). Since 
the  enzyme conten t  of ad ipocy tes  has  been found  re- 
duced  in obesi ty ,  one m a y  assume t h a t  i t  is responsible  
for the  l imi ted  metabol ic  capac i ty  for glucose wi th  
insul in s t imula t ion .  However ,  o ther  facts  do no t  sup- 
p o r t  th is  idea :  The ac t iv i t ies  of the  ra te - l imi t ing  en- 
cymes Hexokinase  and  F 6 P K ,  ca lcu la ted  wi th  several  
reference systems,  are  no t  s ignif icant ly  reduced  (Engl- 
h a r d t  et al. [7]), i t  therefore  is no t  p robab le  t h a t  t h e y  
l imi t  the  a m o u n t  of glucose metabol ized .  

Moreover,  i t  has  been shown t h a t  e leva ted  med ium 
glucose levels will s t imula te  glucose u p t a k e  of adipose  
t issue of no rma l  weight  and  obese subjects  much  more  
t h a n  insul in  (Renter  et al. [21]). Never theless ,  the  
ex t en t  of s t imula t ion  b y  high glucose concent ra t ions  
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(400--600 mg/100 ml) was significantly lower in obes- 
ity than in normal weight persons. Therefore the 
possibility cannot be entirely excluded that the total 
glycolytic capacity is limited by the enzymatic equip- 
ment of the cell. It is unlikely though that this phe- 
nomenon is of any significance in the sense of a dimin- 
ished metabolic capacity of the cell itself. It is presum- 
ably due to a changed morphological composition of 
the adipose tissue itself with preponderance of big 
lipid-rich adipocytes the plasma space of which is 
relatively reduced. 

The metabolic picture of the fat cell in obesity is 
therefore essentially determined by the phenomena 
both of cell growth and storage. The abundance of 
lipids in these cells leads to a reduction of the plasmatic 
space of these cells which eventually will find its 
repercussions on adipose tissue in general. In spite of 
the increased amounts of enzyme in individual cells, 
the enzyme content of total adipose tissue must be 
diminished and the metabolic performance of this tissue 
will decrease with the development of overweight. No 
disturbances of enzyme activities corresponding to an 
inhibition have been shown in the adipocyte itself, on 
the contrary there are indications that adaptive meta- 
bolic processes will lead to an increased synthesis of 
certain enzymes in the enlarged adipocytcs. 
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