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I t  is now well established that the addition 
of epinephrine (E) , norepinephrine (NE) and 
other lipolytic agents to rat epididymal adi- 
pose tissue incubated in vitro 'causes a marked 
increase in the rate of hydrolysis of triglyc- 
erides stored in the adipose cells( 1,2). The 
increased rate of triglyceride breakdown may 
be measured by the determination of glycerol 
concentration in the medium or by the 
amount of free fatty acids (FFA) con- 
tained in the medium and the tissue after a 
certain period of time. One portion of the 
FFA liberated from triglycerides is released 
into the medium where i t  is bound to albumin. 
The other portion remains in the cells where 
i t  will undergo re-esterification in the pres- 
ence of glycerophosphate. I t  has been estab- 
lished that the relative amount of intracel- 
lular or extracellular newly liberated FFA 
depends upon albumin and glucose. The role 
of albumin in binding FFA is well docu- 
mented and it has been demonstrated that in 
conditions of activated lipolysis when al'bu- 
min was absent from the medium, FFA accu- 
mulates in the cell and inhibits glycerol re- 
lease and oxygen consumption( 3,4). It was 
also shown that the lipolytic effect of drugs 
on FFA release from adipose 'tissue was de- 
pendent on the concentration of albumin 
in the medium( 5 ,6 ) .  The role of glucose on 
the lipolytic effects of E has been studied 
by Jungas and Ball(3). These authors found 
that glycerol production by adipose tissue 
incubated in vitro in the presence of E was 
stimulated by the addition of glucose, On 
the other hand, FFA accumulation in the 
tissue during the same experimental condi- 
tions was decreased by glucose. It can be 
postulated that glucose increases the rate 
of FFA re-esterification by furnishing glyc- 
erophosphate which is not produced in adi- 
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pose tissue( 5,7). This hypothesis may also 
explain why glucose reversed partially the 
inhibition of O2 consumption produced by E 
in adipose tissue incubated in albumin free 
media(4). Experiments from this laboratory 
performed in vivo(8,9) and in vitro( 10) 
have indicated that a third factor influences 
catecholamine or thmphylline induced lipoly- 
sis, namely acid pH : Acidosis significantly 
inhibits catecholamine-induced FFA mobiliza- 
ton and glycerol release from adipose tissue. 
The mechanism by which acidoses inhibits 
lipolysis is not, however, completely under- 
stood. In experiments reported earlier ( 10) , 
it was suggested that acidoses might act on 
the enzymatic process which activates cyclic 
3',5'-AMP formation in the cells. Other 
experiments have shown that, when dogs were 
infused with 1.5 pgJkgJmin of l-norepineph- 
rine, pH fell from 7.42 to 7.34, while FFA 
concentration increased from a control value 
of 0.30 mEq/l to 2.0 mEqJl and no change 
in blood lactic acid occurred (8). Recently, 
Rudrnan and Shanks made the same obser- 
vations in rabbits ( 1 1 ) . 

The present experiments were designed with 
a 2-fold purpose: (1) to determine if induced 
lipolysis and resulting fall in pH due to FFA 
release could in itself be a rate limiting reac- 
tion; and (2) to establish the relative im- 
portance of albumin, glucose and (H+)  inter- 
action in the activation of lipolysis. 

Methods. Male Sherman rats (average 
weight 150-2010 g) maintained on a Purina 
Laboratory diet, were used in all experiments. 
They were permitted free access to food and 
water until decapitated. The distal portions 
of epididymal fat pads were removed, cut 
into pieces and fat cells were prepared as 
described by Rodbell ( 12). Adipose tissue 
was incubated in a shaking waterbath fo'r 
90 minutes at  37°C in a Krebs-Ringer phos- 
phate buffered medium containing 5 g% 
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TABLE I. Glycerol Production (pMol/ml Fat Cells) in Media Having Two Different Buffer 
Capacities and with Glucose Omitted. 

Media 30 min 60 min 90 mill 

1 ( a )  Alb, 1 g/100 ml; NE, M 

P 

1 ( c >  Alb, 1 g/100 ml; NE, M ; 
Th, lo-” M 

11 (d)  
( 11 = 20) 

P 

1.94 f .18* 

2.64 & .22 
pH = 7.15 

.02 

3.51 f .17 

3.49 f .05 
pH = 7.14 

>.I 

pH = 6.86 

pH = 6.92 

2.51 & .23 

3.82 & .23 
pH rz 7.06 

< . O O l  

4.80 & .07 

5.27 & .10 

< .05 

p H  = 6.70 

p H  = 6.80 

p H  = 7.10 

3.13 f .31 

4.56 & .35 

< .005 

6.02 & .06 

6.75 f .09 
p H  1 7 . 0 8  

<.O,Ol 

p H  = 6.65 

pH = 7.00 

p H  = 6.60 

* Mean & 1 SEM. t n = No. of experiments. 

TABLE 11. Effects of Glucose and Albumin on Glycerol Production by Isolated Fat Cells 
(wMol/ml Fat Cells) Incubated in Media Having Two Different Buffer Capacities. 

Media 30 min 60 niin 90 min 

Alb, 1 g/100 ml; VE, 10” M ;  2.78 k .27 4.56 -+ .45 5.80 f .2,5 
Th, M ; glucose, 100 mg 

1 (el  

11 ( f )  / lo0  ml 3.00 f 3 6  4.85 f .45 6.41 f .31 

P (n=10) NS NS NS 

Alb, 5 g/100 ml ; NE, M ; 6.50 t .59 10.52 +_ .60 13.06 f 1.02 

11 (h) 6.95 k .34 11.81 f .70 13.74 f 1.07 
Th, lo-“ M 

1 ( g )  

P ( 1 1 5 )  X S  NS NS 

bovine albumin with 10 mg of bacterial col- 
lagenase added to each vial (final volume 
3 ml). The mixture contained no glucose. 
At the end of incubation in the fat  cells were 
washed twice with saline, pooled and 0.1 ml 
of packed cells were pipetted for incubation 
in various media. 

Solution I, of low buffer capacity, had the 
following composition (per ml) : 2.0 X 
mmol Na2HP04, 1.3 X mmol KH2m4, 
0.14 m m d  NaCl, 5.5 X loA3 mmol KCl, 6 
X 
mmol CaC12. (The final ionic concentration 
in mmol/l was: Na 144.0, K 6.8, Mg 0.6, Ca 
0.5, PO4 3.3, C1 148.5 and SO4 0.6). 

Solution 11, of “normal buffer capacity”, 
contained the usual amount of Na phosphate 
buffer and had the following composition (per 
ml): 1.8 X mmol Na2HP04, 1.3 X 
lop3 mmol KH2P04, 0.12 mmol NaCl, 4.7 
X mmol KCl, 6 X mmol MgSo4 
7 H20, and 1.5 X mmol CaC12. (The 
final ionic concentration in mmolJl was: Na 

mmol MgSO4=7 H20 ,  1.5 X 

156.0, K 6.0, Mg 0.6, Ca 1.5, PO4 19.3, C1 
127.7 and SO4 0.6). 

Four groups of experiments were performed 
with the two media of low and normal buffer 
capacity (Tables I and 11): I n  the first 
group, fat cells were incubated in the two 
different media containing the optimal con- 
centration of M N E  and 1 g/lUO ml 
albumin. In the second group, M N E  
and M theophylline (Th) were added 
to the media containing 1 g / lW ml of albu- 
min. In  a third group, the media contained, 
in addition to albumin (1  gJlOol ml) 100 
mg/100 ml glucose. In  the last group, the 
media contained M NE, M Th,  
and 5 g/100 ml albumin but no glucose. After 
the addition of albumin and drugs, pH was 
adjusted to 7.40 in both media. In  some 
experiments pH was also determined at  the 
end of the incubating period. The final 
volume in each vial was 2 ml and in all experi- 
ments the gas phase was air. 

Suspensions of corresponding fat cells were 
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FIG. 1. Norepinephrine (NE) and Theophylljine 
(Th) activated lipolysis as a function ‘of the in- 
cubating itime. Isolated fat cells were inlcubated in 
media of low (medium I)  and normal (medium 11) 
buffering capacities. The equations of the lines are: 

(Y, not equal to Yb). In the second s e ~ e s ,  the equa- 
tions of the upper lines are Y, = 0.042~ + 2.28 
and Yd = O.Oj5x + 1.90 (Y, mot equal to Yd!. 
Statistical comparison between slopes: Y,/Y, Van- 
awe ratio 1.16; F < 0.05; b, not equal to bb 
(n = 68) ; 2P > 0.05 ; Yc/Yd Variance ratio 1.40; 
F < 0.05; b, nat equal t o  bd (n = 116) ; 2P > 
0.01. 

Y, 0.018X + 1.45 and Yb = 0.032~ + 1.76 

incubated separately for each interval of 
time. Glycerol concentration (expressed in 
micromoles per ml of fat cells) in the media 
was determined at the end of the incubating 
period according to the colorimetric method 
of Lambert and Neish( 13) with Korn’s modi- 
fication ( 14). When glucose was added, 
glycerol was determined by the enzymatic 
method( 15). Close agreement was found be- 
tween the colorimetric and enzymatic meth- 
ods in control experiments using glucose-free 
media. pH was measured with a micro glass 
electrode (Radiometer). Bovine albumin 
(fraction V, Armour Laboratories) was used 
without further purification (FFA content: 
2.8 FEqJg albumin). Concentrations of NE 
(Winthrop Laboratories) and Th (from com- 
mercial purchase) are expressed in moles of 
free base. Statistical evaluation of the results 
was made by the student “t” test and P was 

evaluated within the 95% limit of confidence 
with n, + ny - 2 degree of freedom. Calcu- 
lations of the regression lines were obtained 
by the method of least squares. Comparisons 
between the regression coefficience and the 
variances of the lines were made according 
to current methods ( 16). 

Results. a. Effect of buffer capacity on 
glycerol production induced by NE (Table 
I, Fig. 1) : In the first group of experiments 
fat cells were incubated in media contain- 
ing 1% albumin and M NE. In solu- 
tion I1 which had the “normal” !buffer capa- 
city, glycerol production was in each group 
of samples significantly higher than in solu- 
tion I with the low buffer capacity. In  8 
out of 12 experiments, pH was measured at  
the end of incubation (Table I) : pH fell from 
7.40 to 7.0 in solution 11, and to 6.65 in 
solution I. The two regression lines (Fig. 1) 
(Ya corresponding to solution I and Ya to 
solution 11) fitted the test of linearity. The 
regression coefficient (bb) in solution I1 is 
bb = ‘0.01318 t 0.0061 (2 P < 0.005) and 
significantly different from ba = 0.0184 t 
0.0061 ( 2  P < 0.001) (n = 34). The equa- 
tions of the lines Ya and Yb are also signifi- 
cantly different. 

b. Effect of buffer capacity on glycerol 
production induced by theophyllines and NE : 
In the second group of experiments, loA2 
M theophylline, M NE and 1% bovine 
albumin were added to each medium (Table 
I ) .  In both conditions, the glycerol produc- 
tion was much higher than in the first series. 
At  the 60th and 90th minute of incubation, 
glycerol production was still significantly 
higher in medium I1 than in medium I and 
the corresponding changes in pH at the end 
of incubation were of the same magnitude 
as in the first series. The regression lines 
(Y ,  and Yd, Fig. 1 )  are also linear. The 
regression coefficient for solution I1 is: bd = 
0.0552 t 0.0021 ( 2  P < 0.001) and for 
solution I Ib, = 01.0419 t 0.0025 ( 2  P < 
0.0oll). Coefficient b, is significantly different 
from bd (Fig. 1). 

c. Effect of glucose added to the medium. 
When glucose was added to the media con- 
taining M NE, 1W2 M Th and 1 g/100 
ml albumin, glycerol production was iden- 
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tical for each period of time in both media 
(Table 11). The equations of the lines were 
respectively for solution I1 with regular buffer 
capacity Yf = 0.0560~ + 1.345 and the 
regression coefficient bf = 0.0560 t 0.0083; 
for solution I with low buffer capacity Ye = 
0.0504~ + 1.386 and be = 0.0504 t 0.0075. 
Both lines were found to be statistically 
linear, parallel and identical (Ye = Y,). 
Variance ratio = 1.40 (F<0.05,), be = bf 
(2P = 0.6) (B = 56). 

d. Effect of increased albumin concentra- 
tion: In  the last group of experiments, 5% 
bovine albumin was added to the two different 
media containing both M NE and 

M Th. In  these conditions the glycerol 
production was significantly increased when 
compared to the previous series, but it was 
no longer dependent upon the buffer capacity 
of the medium. The equation of the lines 
were Y, = 0.0955~ + 4.30 with b, = 0.0955 
_t 0.00601 (solution I )  and Y1, = 0.1030~ + 
4.05 with bh = 0.1030 t 0.0070 (solution 
II), respectively, where x is the time in 
minutes (see legend Fig. 1). Both equations 
fitted the test of linearity, parallelism and 
identity (Y, = Y,,). Variance ratio = 1.22 

Discussion. Because of the absence of u 
glycerol kinase in adipose tissue ( 1 7 ) , glycerol 
may be considered as the end product of 
triglyceride breakdown. In these experiments, 
the glycerol production was taken as the 
index of the liplytic activity of the fat  cells. 
In each group of experiments, the rate of 
glycerol production was constant during the 
period of the study as shown by the strict 
linearity of the regression lines of the rate 
of glycerol production. In these conditions 
the equation of the line will express the total 
glycerol production while the slope of the 
line will give the rate of glycerol production 
per unit of time. Rudman and Shanks( 11) 
have shown that in the presence of albumin 
in the incubation medium a marked acidosis 
occurs during hormonal stimulation of lipoly- 
sis. According to these authors, FFA mole- 
cules newly formed from triglycerides break- 
down are continuously released in the me- 
dium where they dissociate to be bound by 
albumin molecules. The H+ resulting from 

(F<0.05) b, =bh (2P = 0.8) (Ti = 32). 

the dissociation of FFA may account for the 
decrease in pH of the medium. In the present 
experiments a marked decrease of pH in both 
media was also observed when lipolysis was 
activated by NE. When pH fell from 7.40 
to 6.60 (medium I )  both glycerol produc- 
tion and lipolytic activity were inhibited as 
compared to medium 11. This inhibition 'is 
comparable to that reported elsewhere( lo) ,  
but in the present case accumulation of H+ 
was produced by lipolysis itself. I t  seems, 
therefore, that lipolysis may be a self limiting 
process with H+ produced by the FFA dis- 
sociation playing a definitive role. 

I t  has been demonstrated in vitro( 10) that, 
when M T h  was added to M NE, 
maximal activation of lipolysis may be 
achieved in a medium containing 5 g albu- 
min/lOO ml but no glucose. In these condi- 
tions the rates of lipolysis were similar at  
pH 7.4 or 6.6. This observation was inter- 
preted as indicating that, when intracellular 
lipases were completely activated, the lipo- 
lytic activity of the system was not pH 
dependent, or that increased [ H + ]  might 
exert in normal conditions its inhibitory effect 
by affecting lipase activation. This hypothesis 
was tested under the present experimental 
conditions by the addition of M Th 
to the media. In the second series of experi- 
ments, glycerol production was potentiated 
as compared to the first series (Fig. 1) in 
spite of similar changes in pH. However, the 
two slopes of the lines Y, and Yd are still 
significantly different; this means that the 
inhibition of the lipolytic activity observed 
in the first series is partially but not com- 
pletely reversed by the addition of theophyl- 
line. It is assumed that maximal activation 
of lipases was achieved through the combina- 
tion of the drugs, then one may postulate that 
under these particular conditions, the acti- 
vating process of lipolysis is no longer the 
rate limiting step and that some other factor 
is involved in the inhibition. Furthermore, 
lines Y1, and Y, (Fig. 1, Table 111) have 
similar slopes bb and b,, i.e., the lipolytic 
activity due to NE alone in the normal buf- 
fered medium was the same as that due to 
NE and Th combined in the acidotic medium. 
Different factors may be responsible for the 
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inhibition of the lipolytic rate observed in 
the second group of experiments. Phosphate, 
besides being a substrate for phosphorylation 
reactions, may enhance the lipolytic activity 
(2,5).  As the concentration of phosphate in 
medium I was much less than in medium 11, 
this could account for the inhibition. 

The greater [ H + ]  observed in medium 
I1 may influence lipolysis in two ways: first, 
FFA are weak acids with pKs between 4.5 
and 5.5 ( IS). Therefore, when pH decreases, 
less FFA will dissoiciate and more should re- 
main in the cell. One may, however, calcu- 
late that this would account for a decrease 
of only 5 to 6% in the percentage of ioniza- 
tion in a medium of pH 6.6 compared to 
a medium of pH 7.01. A weakening of the 
ionic bonds which link the anionic part of 
dissociated FFA to albumin may occur in 
acidotic media as discussed elsewhere( l8,19). 
Both mechanisms would result in an increase 
of undissociated FFA either in the medium 
or in the tissue. Recently, Rudman et  al 
have shown that under conditions of holr- 
monal activation, undissociated FFA are not 
released in the medium but accumulate in 
the cell(l1). Accumulation of FFA in the 
cell has been demonstrated in numerous ex- 
perimental conditions and is known to be a 
rate-limiting factor of lipolysis (4,6). One 
may, therefore, postulate that the inhibi- 
tion observed in the second series of experi- 
ments, in spite of the addition of Th, is 
due to intracellular accumulation of FFA. 

Glucose oxidation by adipose tissue lead- 
ing to the formation of u glycerophosphate 
is increased in the presence of catecholamines 
(3,7,17). This, in turn, enhances resynthesis 
of triglycerides and lowers the amount of 
FFA in the tissue(4,5,). In the third series 
(Table I I ) ,  when glucose was added, the 
same lipolytic activity was found in media 
of low and normal buffer capacities and the 
two regression lines (Ye and Yf) are identical. 
This finding indicates that glucose enhances 
glycerol release under conditions of acidosis 
(lines Ye and Ye). This effect did not occur 
at  normal pH (lines Yd = Yf) which may 
indicate that maximal lipolytic rate was 
reached when NE and Th were combined. 
Jungas and Ball(3) have also reported that 

glucose increases glycerol release from rat 
adipose tissue stimulated in vitro with epi- 
nephrine. They suggested that an increase in 
tissue FFA re-esterification through dihy- 
droxyacetonephosphate provided by glucose 
oxidation might account for this effect. This 
interpretation has been confirmed (5).  

I t  has also been reported that the rate of 
release of FFA and glycerol from adipose 
tissue was controlled by the concentration of 
albumin in the blood in vivo(20) and in 
perfused adipose tissue (2 1 ) . Because of its 
affinity for FFA high albumin concentration 
in the medium decreases the accumulation of 
FFA in the tissue and thereby enhances the 
rate of lipolysis. As reported by Rodbell, 
isolated fat cells are still more sensitive to 
the presence of albumin in the medium than 
adipose tissue, probably because of their 
limited capacity to bind FFA in excess of 
the binding capacity of albumin ( 6). Hagen 
(4) also reported that O2 consumption of 
adipose tissue incubated with epinephrine 
without albumin was inhibited, and that this 
inhibition was reversed when albumin was 
added. Long chain FFA are known to be 
potent uncoupling agents (22) and these 
effects on electron transport may be antago- 
nized by albumin( 23,24). This same inhibi- 
tory action of FFA may also have occurred 
in the present experiments when low albumin 
concentrations were used. Indeed, in the 
fourth series (Table 11), when albumin coa- 
centration was increased from l to 5 g/lOO 
ml, the lipolytic rate was the same in the 
media of low and normal buffer capacity. 
Since glucose as well as albumin reverses the 
inhibition of lipolysis observed at low pH 
under conditions of maximal activation (line 
Ye, Fig. 1),  one may postulate that acidosis 
might also exert its inhibitory effect on lipo- 
lytic activity indirectly by promoting accu- 
mulation of undissociated FFA in the cells. 
Since, however, FFA were not directly de- 
termined either in the media or in the cells, 
such a feedback control of FFA production 
by H+ released by FFA requires further 
confirmation. 

Summary. Isolated fat cells were incu- 
bated in two Krebs-Ringer media containing 
normal and low phosphate buffer concentra- 
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tions with 1 gJl00 ml albumin. When lipoly- 
sis was activated with M NE, a marked 
acidosis (final pH = 6.6) occurred in the 
medium of low buffer capacity and the lipo- 
lytic activity was significantly inhibited as 
compared to lipolysis in the medium with 
normal buffer capacity. This inhibition was 
partially reversed when theophylline 1 0-2 M 
was added. When fat cells were incubated in 
these two media, but with glucose present or 
an albumin concentration of 5 gJ1W ml, 
lipolysis proceeded at  a similar rate indepen- 
dently of the buffer capacity of the medium. 
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Significance of Increased Alkaline Phosphatase Activity in 
Viral-Induced Thymic Lymphoma." (32226) 
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Murine thymic lymphoma cells have been 
shown to have a high concentration of alka- 
line phosphatase enzymatic activity, whereas 
normal thymic lymphocytes have none ( 1,2). 
This finding is of interest because of the pos- 
sibility that it might represent a specific meta- 
bolic alteration related to the neoplastic 
change. Further, the histochemical alkaline 
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phosphatase staining of these cells might 
offer a way to identify positively these neo- 
plastic cells in tissue sections for study of 
cell proliferation kineti'cs( 2 ) .  Smith, study- 
ing the progression of leukemogenesis in ir- 
radiated C57BL mice, noted a positive cor- 
relation between the regions of phosphatase 
activity and the development of lymphoma 
in the thymuses, and suggested that the 
phosphatase activity was related to the lym- 
phoma( 1) .  Metcalf et al correlated alkaline 
phosphatase activity in AKR leukemogene- 
sis, and found that the phosphatase levels 




