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Evidence for lactate production by human adipose tissue in vivo 
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Summary. Microdialysis of the abdominal subcutaneous 
tissue was performed in seven healthy normal weight subjects 
after an overnight fast and also after oral ingestion of 100 g 
glucose. The lactate concentration in the interstitial water 
was compared with that in the venous and arterialized plasma 
from the cubital veins. In the postabsorptive state the lactate 
concentration in the subcutaneous tissue (1128 +_ 72 gmol/1, 
mean _+ SEM) was significantly higher (p < 0.01) than that in 
both arterialized (722_+72 btmol/l) and venous plasma 
(798 + 41 Bmol/1). The oral glucose load further increased the 
lactate level in the subcutaneous tissue throughout the obser- 
vation period of 2 h. The kinetics for the increase in the lac- 

tate concentration was not apparently different in blood or 
tissue. The highest lactate levels were 1798+173 Bmol/1 
in the subcutaneous tissue and 1199-+150 btmol/1 and 
1275 +_ 123 btmol/l in arterialized and venous plasma, respec- 
tively. It is concluded that abdominal adipose tissue produces 
lactate both in the fasting state and after an oral glucose load. 
The data emphasize the importance of the adipose tissue as a 
significant source of lactate production in the body. 

Key words: Adipose tissue, lactate, glucose metabolism, 
microdialysis. 

Lactate is currently thought to be produced mainly in 
skeletal muscle, the splanchnic area, erythrocytes, brain 
and skin [1]. However, several recent in vitro studies have 
shown that adipocytes from both rodents and man [2, 3] 
are capable of producing significant amounts of lactate. In 
fact, lactate production greatly exceeds the sum of glucose 
converted to both triglycerides and carbon dioxide [3]. 

Adipose tissue is currently considered to be of minor 
importance for the total body glucose homeostasis. How- 
ever, since lactate production from glucose has been com- 
pletely disregarded, the total amount of glucose taken up 
by the adipose tissue may have been underestimated [3]. If 
significant amounts ,of lactate are formed in vivo, the adi- 
pose tissue may not only be of importance for total glucose 
disposal but also for glucose formation by virtue of the im- 
portance of lactate as a gluconeogenic precursor in the 
liver. 

In two recent studies in man the lactate concentration 
measured in blood from an epigastric vein was found to be 
higher than that in arterialized blood indicating a low rate 
of lactate production by the abdominal subcutaneous 
tissue [4, 5]. However, more precise information on the 
possible lactate production by the adipose tissue could be 
obtained by measuring the lactate concentration directly 

in the interstitial water. Recently, we described a micro- 
dialysis technique enabling the sampling and charac- 
terization of the interstitial water of the subcutaneous adi- 
pose tissue in man [6]. By using our newly developed 
calibration procedure the concentration of any small 
molecular compound can be estimated [6]. Using this pro- 
cedure we have shown that the glycerol levels are higher in 
the adipose tissue than in the blood while the adenosine 
levels are similar [7]. These findings, combined with the 
fact that the concentration of small molecular compounds 
in the tissue can be decreased (drained) by the catheters if 
appropriate caution is not taken, prove that microdialysis 
enables studies of the tissue water space [7]. 

In this study we have used the microdialysis technique 
to further explore the possibility that lactate is produced 
by the adipose tissue in vivo in man. 

Subjects and methods 

Subjects 

Four healthy male and three healthy female subjects who were 
not on any medication and who had stable body weight for at least 
three months prior to the study, were recruited. Their body mass 
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The importance of glucose for lactate production in adipose 
tissue. Two microdialysis catheters were placed in the abdominal 
subcutaneous tissue. One catheter was perfused with 0.9% NaC1 
(0---4) and the other with 0.9% NaC1 plus 2.5 mmol/1 glucose 
(m---il). The figure depicts a calibration experiment where lactate 
concentration in the perfusate resulting in no increase in lactate con- 
centration in the dialysate was calculated by regression analysis 

index (BMI) was 22.9+0.3kg/m 2 (mean+SEM) and their age 
25.6 + 1.8 years. All subjects gave their informed consent and the 
study was approved by the Ethical Committee of the University of 
Gothenburg. 

Experimental protocol 

The investigations were started at 08.00 hours after an overnight 
fast. The subjects were studied in the supine position in a room kept 
at 25 ~ A polyethylene catheter was placed in a cubital vein for 
blood sampling. In three subjects arterialized blood was obtained 
from the contralateral cubital vein by heating the forearm to 
40-50 ~ with two electric heating pads. 

The microdialysis procedures were performed essentially as 
previously described [6]. Briefly, microdialysis catheters were made 
by glueing a single dialysis tubing (30 • 0.3 mm, Cuprophan B4 AH, 
3000 MW cut off, Cobe, Denver, Co., USA) to two nylon tubings 
after which the catheters were sterilized. The outlet of the catheter 
had a standardized length of 50 mm. The sterilized catheters were 
placed in the subcutaneous tissue on each side of the umbilicus by 
the use of a fine cannula without anaesthesia. The inlet of the tub- 
ing was connected to a precision pump (SAGE Instruments, Bos- 
ton, Mass., USA) and perfused with 0.9% NaC1 at a rate of 
2.5 gl/min. When indicated, 2.5 mmol/l glucose was added to the 
perfusate. After 30 min equilibration the dialysate was collected at 
10 min intervals. After calibrating the microdialysis catheters (see 
below) the lactate levels were followed for 2 h after an oral inges- 
tion of 100 g glucose. 

Calibration procedure 

The procedure by which the microdialysis catheters are calibrated in 
vivo was recently described in detail [6]. In the present study known 
different lactate concentrations (0-750 ~tmol/1 lactate) were added 
to the perfusate and the tissue repeatedly dialysed. A linear relation- 
ship between the net increase of lactate in the dialysate and the con- 
centration of lactate in the perfusate (lactateout-lactate~n-net 
change) is then established. By use of regression analysis the lactate 
concentration not resulting in any change in lactate in the dialysate 
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can then be calculated ( = interstitial lactate concentration). An ex- 
cellent linear correlation between the lactate concentration in the 
perfusate and the net change in lactate concentration following dia- 
lysis (r > 0.9) persisted for at least 5 h in all catheters in the present 
study. It was then assumed that the calibration technique did not in- 
terfere with the local tissue lactate turnover. This was further sup- 
ported by the finding that identical results were obtained with either 
L- or D-lactate added to the perfusate in repeated control experi- 
ments (unpublished observation). The recovery of the lactate con- 
centration in the interstitial water was 51+5% (mean+SEM, 
n= 13). 

Statistical analysis 

Significance of differences between lactate levels in plasma and in- 
terstitial water was tested by the two-tailed Student's t-test for paired 
data. Linear regression analyses were performed according to the 
least squares method. 

Results 

Recent ly ,  we showed  tha t  e r r o n e o u s  resul ts  might  be  p ro -  
duced  if the  expe r imen t s  a re  done  unde r  condi t ions  where  
the  subs tance  u n d e r  s tudy is d ra ined  f rom the t issue by  the  
microdia lys is  ca the t e r  [6]. Since local  concen t ra t ion  gra- 
d ients  of  g lucose  may  be  p r o d u c e d  if g lucose (2.5 mmol/1) 
is not  a d d e d  to the  pe r fusa te  dur ing  the  t issue dialysis  [6] 
this might  have  an impac t  on the  lac ta te  p r o d u c t i o n  f rom 
glucose in the  t issue su r round ing  the microdia lys i s  ca- 
theter .  To exp lo re  this poss ib i l i ty  we c o n d u c t e d  con t ro l  
expe r imen t s  where  one  ca the t e r  was pe r fu sed  with  0.9% 
NaC1 plus  2.5 mmol/1 glucose and a no the r  catheter ,  p l aced  
on  the  o t h e r  side of  the  umbil icus ,  was pe r fu sed  with  only  
0.9% NaC1. 

F igure  i depic ts  the  da ta  f rom such a ca l ib ra t ion  s tudy 
in which a cons ide rab ly  lower  lac ta te  concen t ra t ion  was 
r e c o r d e d  in the  ca the t e r  no t  pe r fused  with  glucose 
(830 gmol/1). I t  should  be  n o t e d  tha t  the  lac ta te  concen-  
t r a t ion  in venous  p l a sma  was 820 Bmol/1 in tha t  exper i -  
ment ,  whe reas  the  microdia lys i s  c a t h e t e r  pe r fused  with  a 
low glucose  concen t r a t i on  had  an e s t ima ted  lac ta te  con- 
cen t r a t ion  of 1120 gmol/1. Thus,  no  lac ta te  p roduc t i on  was 
t ak ing  p lace  in the  t issue su r round ing  the  ca the t e r  be ing  
pe r fused  wi th  only 0.9% NaC1, w he re a s  a signif icant  lac- 
ta te  p roduc t i on  was r e c o r d e d  when  glucose was added .  A s  
a consequence ,  2.5 mmol/1 glucose was a d d e d  to all per fu-  
sates t h r o u g h o u t  the  study. 

F igure  2 shows the m e a n  lac ta te  concen t ra t ions  in the  
in ters t i t ia l  wa te r  of  the  ad ipose  t issue and  in venous  and 
a r t e r i a l i zed  p lasma.  Since the  a r t e r i a l i zed  lac ta te  concen-  
t r a t ion  was lower  than  tha t  in venous  p l a sma  in all subjects  
the  resul ts  were  c ons ide r e d  r ep re sen t a t i ve  and  are  shown 
in F igure  2. In  the  pos t - abso rp t i ve  s ta te  the  lac ta te  con- 
cen t r a t ion  in the  in ters t i t ia l  wa te r  in the  subcu taneous  
t issue (1128 + 72 gmol/1) was s ignif icant ly  h igher  
(p < 0.01) than  tha t  in a r t e r i a l i zed  (722 + 72 gmol/1) and  
venous  p l a s m a  (798 + 41 gmol/1). Moreover ,  af ter  the  ora l  
inges t ion  of  100 g glucose t issue lac ta te  r e m a i n e d  signifi- 
cant ly  h igher  than  in p l a s m a  t h roughou t  the  obse rva t ion  
per iod .  The  kinet ics  for  the  change  in lac ta te  was not  
c lear ly  d i f ferent  b e t w e e n  b l o o d  and tissue. Peak  levels  
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Fig.2. a Interstitial lactate concentration (n = 7), venous plasma 
(n = 7) and arterialized plasma levels (n = 3) during an oral glucose 
tolerance test in lean subjects. Interstitial lactate concentration 
(~ --); Venous plasma lactate ( ;  ;); Arterialized plasma lac- 
tate ( l - - t ) .  b Glucose concentration in venous plasma. Data are 
means + SEM. * p < 0.05 and ** p < 0.01 compared to venous lactate 
levels. + p < 0.05 and + + p < 0.01 compared to arterialized lactate 
levels 

of lactate were seen after - 8 0 m i n  in the tissue 
(1798 + 173 gmol/1) and after 60-90 min in blood 
(1199 + 150 gmol/1 and 1275 + 123 gmol/1 in arterialized 
and venous plasma, respectively). The absolute increase 
in lactate concentration from basal to peak level was 
670 ~tmol/1 and 480 gmol/1 in the subcutaneous tissue and 
blood, respectively. 

D i s c u s s i o n  

It  was clearly shown in this study that the lactate concen- 
tration is increased in human abdominal  subcutaneous 
tissue when compared  with both arterialized and venous 
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plasma. This difference was seen both in the post-absorp- 
tive state and following an oral glucose load. Since the ca- 
theters were placed at least i cm under the skin it is rea- 
sonable to assume that the high lactate concentration is 
the result of a local production within the adipose tissue. 
Further evidence for this was provided by the experiments 
showing that no increase in lactate was seen under condi- 
tions where the local glucose concentration was drained 
by the microdialysis catheter. Thus, it can be concluded 
that the ability of adipose tissue to produce lactate f rom 
glucose is not only seen in vitro [2, 3] but also in vivo in 
man. 

The exact rate of lactate production in the tissue 
could not be calculated since the extraction fraction of 
lactate and the local blood flow were not measured. 
However,  previous studies have estimated the mean 
blood flow in abdominal  adipose tissue to ~2.5 ml/100 g 
t issue-t ,  min-1 [8]. Furthermore,  the ready diffusion ca- 
pacity for small molecules like lactate supports the view 
that the lactate concentration in the interstitial water is 
equal to that in venous blood f rom the same tissue area, 
provided that the blood flow rate is not increased dra- 
matically [9]. Thus, although arterialized blood was not 
obtained in all subjects it may be speculated that the in- 
terstitial lactate concentration in the postabsorptive state 
corresponds to as high a production rate as N1.0 ~tmol 
lactate/100g tissue -1.min i. This would be similar or 
even higher than the lactate production in skeletal 
muscle [10]. 

Recently, Frayn et al. [4] measured the lactate concen- 
trations in an epigastric vein draining the skin and an un- 
known amount  of the abdominal  fat. As in the present 
study, no measurements  of blood flow rate were made 
and, hence, it is difficult to draw firm quantitative conclu- 
sions. However,  their data suggested that a low rate of lac- 
tate production occurs in the adipose tissue both in the 
postabsorptive state as well as after an oral glucose load [4, 
5]. 

The present data do not allow us to explain the appar- 
ent difference in lactate concentration between the inter- 
stitial water  and the epigastric vein [4, 5]. Possibly, the 
tissue blood flow rate was exceedingly high in the study of 
Frayn et at. [4] and/or the blood flow shunted in the adi- 
pose tissue so that other tissues significantly contributed 
to the blood concentrations. Exact quantitative estimates 
of the adipose tissue lactate production will not be 
possible until the lactate concentrations in both  fluid com- 
partments  are related to accurate measurements  of the 
blood flow rate. 

Since body fat was not measured in the subjects the 
total contribution of the adipose tissue to whole body lac- 
tate production could not be estimated. Furthermore,  re- 
gional differences in adipose tissue metabolism include 
the capacity to produce lactate [2, 3] and in the present  
study lactate concentrations were measured only at one 
tissue site. 

In conclusion, abdominal adipose tissue produces lac- 
tate both in the post-absorptive state as well as after an 
oral glucose load. These findings indicate that the adipose 
tissue may be of quantitative importance for total body 
glucose homeostasis. 
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Announcement 

25th Anniversary Meeting of the European Association for the 
Study of Diabetes 

This meeting will be held from September 10-13, 1990, in the Bella 
Center, Copenhagen, Denmark. For further information please con- 
tact." EASD Secretariat, Auf'm Hennekamp 32, D-4000 Dtissel- 
dorf 1, FRG, or." EASD '90, c/o DIS Congress Service Copenha- 
gen A/S, Linde Alle48, DK-2720Vanlcse, Denmark. Tel.: 
+ 45 317122 44, Telex: 15 476 dis dk, Telefax: + 45 317160 88. 


