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Summary.  The metabolism of glycerol was studied by 
intravenous and oral glycerol tolerance test (single dose 
of 5 g orally and 2.4 g intravenously) in 15 healthy and 
17 diabetic subjects. -- The intestinal absorption of gly- 
cerol was rapid, the maximum serum level of glycerol 
occurring 15 minutes after the intake. In  diabetic sub- 
jeers the increment of serum glycerol was significantly 
smaller than  in control eases. However, three patients 
with hyperlipemia and diabetes formed a striking ex- 
ception in having abnormally high peak glycerol levels. 
The plasma F F A  level was not  altered by oral glycerol. 
Blood glucose remained unchanged in the controls, bu t  
rose on an average 13 rag/100 ml in insulin-requiring dia- 
betics. -- The intravenous glycerol disappearance curves 
were analysed by an electronic computer. With a few 
exceptions the result was compatible with a one-compart- 
merit kinetic model. The fractional disappearance rate of 
glycerol from this pool was significantly smaller in dia- 
betics (0.041 rain -1) than  in control subjects (0.059 rain-l). 
However, the total disappearance rate was twice as high 
in the diabetic as in the control group (mean values 3.85 
and 1.73 #moles per minute  per kilogram, respectively). 

M~tabolisme du glycdrol clans le diab~te sucrg. 
Rdsumg. Le m~tabolisme du glyc@rol a ~t6 6tudi6 g 

l 'aide d 'un  test de tolerance au glycGrol administr6 par 
vole intraveineuse et orale (dose unique de 5 g par voie 
orale et de 2.4 g par voie intraveineuse) chez 15 sujets 
en borme sant6 et chez 17 diab@tiques. -- L'absorption 
intestinale du glycGrol @tait rapide, le maximum du taux 
du glycGrol sGrique se produisant 15 minutes apr~s la 
prise. Chez les sujets diabGtiques l 'augmentat ion du gly- 
c4rol sGrique dtalt significativement plus faible que chez 
les sujets tgmoins. Cependant, trois patients atteints d'hy- 
perlipGmie et de diab~te constitugrent une exception frap- 
pante, car ils pr@sentaient des pies de glycGrol anormale- 
ment  61ev6s. Le taux des FFA du plasma n'~talt  pas 
modifi6 par l 'administrat ion orale de glycerol. Le glucose 
du sang restalt inchang6 chez les sujets tgmoins, mais 
augmentai t  en moyenne de 13 mg/100 ml chez les diabgti- 
ques nGcessitant un  trai tement par l 'insuline. -- Les cour- 
bes de disparition du glyc@rol intraveineux furent analy- 

s~es par un  calculateur 61eetronique. A quelques excep- 
tions prgs, le rgsultat 6taft compatible avee un mod@le 
cin~tique k u n s e u l  compartiment. La vitesse de la dispa- 
rition fractionnaire du glycerol de ee pool 6taft significa- 
t ivement  plus faible chez les diabGtiques (0.041 min -1) 
que chez les sujets tGmoins (0.059 rain-l). Cependant la 
vitessc de disparition totale @taft deux fois plus @levee 
cbez le groupe diabgtique que chez le groupe tGmoin. 
(Valeurs moyeunes respectives, 3.85 et 1.73 mieromoles 
par minute  et par kilogramme.) 

Der Glycerinstoffwechsel bei Diabetes mellitus. 
Zusammenfassung. Bei 15 Gesunden und 17 Diabeti- 

kern wurde der Glycerinstoffwechsel mittels intravenbser 
und  oraler Glycerin-Toleranzteste (einmalige Gabe yon 
5.0 g oral und 2.4 g intrgvenSs) untersucht.  Die Resorp- 
t ion des Glycerins aus dem Darm erfolgte rasch; das 
Maximum des Serumglycerinspiegels wurde 15 min nach 
der Aufnahme erreicht. Bei Diabetikern war der Anstieg 
des Serumglycerins signifikant kleiner als bei den Kon- 
trollpersonen. Drei Pat ienten mit  ttyperlip/~mie und Dia- 
betes bildeten jedoch eine auffallende Ausnahme insofern, 
als sie abnorm hohe Gipfel des Serumglycerins zeigten. 
Der FFA-Spiegel im Plasma wurde dutch die orale Gly- 
cerinabgabe nicht vergndert. Bei den Kontrollen blieb 
der Blutzucker unver/indert, w/~hrend der bei den insulin- 
bediirftigen Diabetikern im Mittel 13 mg% anstieg. -- 
Die Niurven des Glycerinabfalls naeh intravenSser Gabe 
wurden mit  einem elektronischen Computer analysiert. 
Mit wenigen Ausnahmen war das Ergebnis mit  einem 
kinetischen Modell mit  einem Verteilungsraum vergleich- 
bar. Die Abfallrate des Glycerins dieses Pools pro Minute 
war bei Diabetikern signifikant kleiner (0.041 min -1) Ms 
bei den Kontrollen (0.059 min-1). Der Gesamtabfall war 
jedoeh bei den Diabetikern doppelt so stark wie bei der 
Kontrollgruppe (Mittelwerte 3.85 bzw. 1.73 mieromol/ 
min/kg.) 

Key-words: glycerol kinetics, serum glycerol, absorp- 
t ion of glycerol, intravenous glyeerol test, oral glycerol 
test, serum triglyceride, plasma FFA, serum cholesterol, 
hyperlipemia, diabetes. 

I n  spite of the low level of circulating glycerol its 
tu rnover  has recent ly  been shown to be rapid. Gly- 
cerol is readi ly conver ted to glucose and  lipids or 
oxidized to C0~ by  the an imal  organism. I n  fast ing 
rats  glycerol is possibly a major  precursor of body  glu- 
cose, and  thus  an essential source for gluconeogen- 
esis [18]. 

* This work has been aided by grants from Yrj6 
Jahnsson Foundation,  Sigrid Jusdlius Foundat ion and 
Emil Aaltonen Foundation,  Finland and the Finnish State 
Medical Research Cainal. 

Fa i r ly  scanty  a t t en t ion  has been paid to the me- 
tabol ism of glycerol in  h u m a n  diabetes. The level of 
serum glycerol has been found  to be elevated in  un-  
controlled diabetes and  is lowered by  insul in  and/or  
glucose, as in  subjects with normal  glucose metabol ism 
[5, 9, 10, 12]. Opinions differ whether  the lowering 
effect of glucose and  insul in  is media ted  by  reduct ion 
of glycerol ou tpu t  from adipose tissue or by  increase 
of glycerol ut i l izat ion.  However,  an  accelerated pro- 
duct ion  of glycerol from adipose tissue is ev ident ly  
present  in  diabetics [3, 19], a nd  insul in  can inh ib i t  in  
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vitro, also in the absence of glucose, the epinephrine- 
st imulated glycerol release from adipose tissue [16]. 
In  liver slices obtained from alloxan-diabetic rats, 
AStIycIOtCE et al. [1] found a normal uptake of glycerol 
from the medium but  a deficient production of gly- 
cogen from glycerol  

The present s tudy was an a t t empt  to get more in- 
formation of the metabolism of glycerol in human dia- 
betes. The kinetics of glycerol metabolism were studied 
by  intravenous glycerol tolerance tests, and the in- 
testinal absorption of glycerol was studied by  oral gly- 
cerol tolerance tests. In  both experiments non-labelled 
glycerol was used. 

Material 

The material  consisted of hospital in-patients:  15 
control subjects and 17 diabetic patients. 

Diabetic Group. The following types of diabetes 
were included in the group: juvenile insulin-requiring, 
9 cases; maturi ty-onset  (controlled by  oral hypogly- 
cemic agents), 3 cases; maturi ty-onset  obese, 2 eases; 

final malabsorption, such as diarrhoea, hypoprotein- 
emia, etc. were included. The group consisted of 13 
males and 4 females, the age of the patients ranged 
from 18 to 62 years. 

Control Group. The group consisted of 10 male and 
5 female pa t ien ts  admit ted to the hospital because of 
minor non-metabolic illnesses, such as congenital heart  
disease without significant hemodynamic alterations 
or psychic and gastric disorders. Glucose tolerance, 
when checked, was normal as was renal function. The 
age of these subjects varied from 15 to 58 years. 

Methods 
The control subjects received an ordinary hospital 

diet consisting of about  200 g of carbohydrates daily. 
The diet of the diabetics had a calorie content equal 
to tha t  of the controls but  containing somewhat less 
carbohydrates (about 150 g/day). To check the pos- 
sible effect of dietary differences, the oral glycerol test  
was made in one control subject on both diets but  no 
differences were found. 

Table 1. FEasting levels of blood glucose, serum triglyceride, cholesterol, glycerol and plasma FFEA in 17 diabetic subjects 
and 15 control subjects 

Glucose Triglyeer ide Cholesterol Glycerol F F A  
m g /  100 ml  m g  / 100 ml  m g  / 100 ml  #moles /L  /~moles/L 
Mean S . n .  p Mean S . D .  p Mean S . D .  p Mean S . D .  ~ 3,Iean S . n .  p 

Diabetes 204.3 65.6 136.3" 55.9 
(< o.ool) < 0.005 

Control 71.2 8 . 7  89.0 34.8 

* 14 subjects (3 hyperlipemie patients excluded). 
** 14 subjects. 
ns = non-significant 

230.3* 39.0 149.4 85.4 885 292 
ns < 0.01 

231.2 37.8 71.8 32.4 484** 196 
< 0.00f 
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Fig.  1. In te r re la t ionship  be tween  fas t ing  Ievels of  s e rum glycerol and  p l a sma  
F F A  in control (open dots) and  diabet ic  (black dots) subjects .  The lines 
indicate  regression lines (cont inuous line, control  group;  do t ted  line, dia- 
betic group).  Regress ion  equa t ion  in  the control g roup :  y = 0.194 + 0.8721x 
=h 0.16, r = 0.60 (p < 0.05). The correlat ion was  no t  s ignif icant  in  the  

diabet ic  group 

and hyperlipemia with diabetic glucose metabolism, 
3 cases. The patients were admit ted to the hospital 
because of uncontrolled diabetes, but  during the time 
of experiments the diabetes was adequately controlled 
in all patients. No patients with signs indicating intes- 

The insulin-requiring patients were given regular 
insulin twice daily (8.30 a.m. and 16.30 p.m.). Pat ients  
controlled by  oral hypoglycemie agents were also put  
on regular insulin. 

The glycerol tests as well as the determinations of 
the basal lipid levels were done after an overnight 
fast  of 12 hours. The last insulin dose was given the 
previous afternoon, i.e., 15 hours before the test. The 
fasting levels of serum glycerol, cholesterol, triglycer- 
ide, blood glucose and plasma FFA were determined 
in all subjects. 

Intravenous Glycerol Tolerance Test. In  the test  2.4 g 
of glycerol (Glycerol pro inject "Star")  was diluted 
with physiological saline to give a 10% solution and 
injected into a eubital vein over a period of 2 minutes. 
The serum levels of glycerol were determined over the 
subsequent 75 to 90 minutes at  somewhat different in- 
tervals. Blood glucose and plasma FFA were deter- 
mined before, and 30 and 60 minutes after the injec- 
tion of glycerol. 

The disappearance curve of serum glycerol was 
analysed by  the aid of an electronic computer (model 
Elliot 503). For the computer analysis at least 6 venous 
samples were needed. 
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Oral Glycerol Tolerance Test. In  the test  5 g of gly- 
cerol (Glycerol bidest. "Merck") was given as a 5% 
aqueous solution. The serum levels of glycerol were 
determined at  intervals of 15 minutes from 0 to 60 
minutes after ingestion of glycerol. Blood glucose and 
plasma FFA were determined before, and 30 and 60 
minutes after the load. 

Analytical Methods. The following methods were 
used: glycerol by  WIELA~I) [27] without precipitation 
of serum proteins; cholesterol by  PEARSO~ et al. [20]; 
triglyceride by  a combination of two methods [11, 4]; 
blood glucose (capillary blood) by  H Y v X ~ E N  and 
NIKKILA [15]; and FFA by TI~OUT et al. [25]. All 
analyses were done in duplicate. 

Results 
Basal levels (Table 1, Fig. 1) 
In  diabetic patients the fasting blood glucose varied 

from 124 to 306 mg/100 ml, whereas all control sub- 
jects were normoglycemic. When the three hypergly- 
ceridemic cases (serum triglyceride levels 480, 1090 
and 2525 mg/100 ml) were excluded, the diabetic group 
revealed a significantly higher mean level of serum 
triglyceride than  controls whereas there was no dif- 
ference in cholesterol levels. In  spite of considerable 
overlap of the individual values, the mean levels of 
serum glycerol and plasma FFA were significantly 
higher in the diabetic group as compared with controls. 
A significant correlation between the fasting levels of 
glycerol and FFA was found to be present in the con- 
trol but  not in the diabetic group (Fig. 1). 

Intravenous glycerol tolerance test (Table 2, Fig. 2 
and 3) 

The intravenous test  was carried out in 10 diabetics 
and 5 control subjects. For an understanding of the 
serum glycerol kinetics the data obtained from the 
intravenous experiments were t reated in the manner  
described earlier by  KEKKI [17] in connection with 
studies on the turnover of serum proteins. The pr imary  
assumption was tha t  the disappearance curve of gly- 
cerol consisted of a sum of two or more exponential 
terms according to the general formula: Aie-alt 
A 2 e - a . t  @ . . . A n e - a n  t .  The curve was divided into ex- 
ponential components with the aid of an electronic 
computer. Two successive analyses of each curve were 
necessary to s tudy the validity of two different kinetic 
models: firstly, beginning the analysis at  the extra- 
polated zero-time, i.e., tha t  point in t ime when the 
injection of glycerol was terminated (t o = 0 min) ; and 
secondly, starting 10 minutes later (t o = 10 min). The 
limits for the decay constants were 0.35 min and 
co (10 s h). The two models under consideration were 
as follows : 

A) Two-compartment model : By  extrapolation of the 
disappearance curve to zero-time a kinetic model can 
be derived consisting of two compartments  (intra- and 
extravascular  pools), the mixing velocity between the 
pools, and influx and efflux of glycerol in one of the 

pools (extravascular). If  the model is valid the disap- 
pearance curve should be composed of three compo- 
nents, the half-life of the slowest being ~ co indi- 
cating the level of serum glycerol at dynamic equilib- 
rium. 

B) One-compartment model: According to this model 
the intra- and extra-vascular pools make up only one 
common compartment .  This is possible if the rate of 
mixing of glycerol is rapid enough in comparison with 
the efflux of glycerol from the compartment .  In  tha t  
instance, from kinetic point of view, the process of 
initial mixing can be neglected. Thus, the model es- 
t imates only influx and efflux of glycerol in a pool with 
a mathematical ly  noncalculable size. To s tudy the val- 
idity of the model B the initial mixing was assumed 
to be completed within the first 10 minutes [23]. There- 
fore the disappearance curve was divided into its ex- 
ponential components beginning from tha t  point in 
time. According to this model, if valid, the disappear- 
ance curve after 10 minutes should be divisible into 
two components, the half-life of the second one being 
again ~ oo. From the mathematical treatments 
performed in this manner, the following conclusions 
emerged. 

Model A (t o ---- 0 rain). The mathematical treatment 
of the data of 6 disappearance curves gave rise to the 
expected 3 exponential terms with disappearance rate 
constants /q, k 2 and k 3. Such a result suggests the 
presence of a two-compar tment  model. However, the 
derivation of the data obtained revealed biologically 
impossible results as regards the distribution and ki- 
netics of glycerol in the given model. This event need 
not necessarily be due to an incorrect model, but  may  
have its source in the technical limitations of the ex- 
periments;  for example, 1. the injection of glycerol was 
not instantaneous as was implied in the model; 2. the 
sampling was too slow compared with the rapid initial 
disappearance of glycerol. Nevertheless, the rate con- 
stant, ~1, of the most rapid component can be used as 
an approximate  indicator of the mixing velocity of 
glycerol in its distribution space. This seems to be 
mathematical ly  well-grounded since two successive 
analyses of each curve gave almost identical results for 
the rate constant, k2, of the second exponential com- 
ponent. Therefore/c 1 will be used as the rate constant 
for the mixing process. 

Model B (t o = 10 min). The analysis of the distri- 
bution curve beginning 10 minutes after injection was 
successful in 12 experimentS. This means tha t  only 
two components, with disappearance rate constants 
/~2 and /%, were obtained corresponding to a simple 
kinetic model of efflux of glycerol and the state of 
dynamic equilibrium thereafter. The result is mathe- 
matically unambiguous and the disappearance rate 
constant/c  2 thus obtained, can be considered as refer- 
ing to the proper ndetabolism of glycerol: i.e., uptake 
and utilization of glycerol by  the tissues. Therefore, 
the turnover rates of glycerol have been calculated 
according to the one-compartment  model using /c 2 as 

1" 
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the  d i sappea rance  ra te  cons tan t  for glycerol.  Corres- 
pond ing  to the  g lycerol  me tabo l i sm in such a one- 
c o m p a r t m e n t  model  the  concen t ra t ion  of g lycerol  as 
a func t ion  of t ime  can be expressed  as follows: 

x = A 2 �9 e-1% ~ ~- A a �9 e -~  t, which can be expressed 
when ]c a ~ 1 as 

x = A 2 - e - ~  t ~- Aa, a n d s i n c e A  a + A s = x  0 i t  
follows tha t  

x = (x o -- Aa)e-~t + A a 
A~ = tota l  body glycerol content  a t  equilibrium 
x 0 = to ta l  body glycerol content a t  t o 
x = to ta l  body glycerol content  a t  t 

B y  d iv id ing  the  curve into  exponen t i a l  t e rms  the  nu- 
mericM values  for A2, A 3 and  ]c 2 can be ob ta ined .  

Al l  exper imen t s  t h a t  a t  the  end of the  experi-  
m e n t  obey  the  k ine t ic  model  (B) presented ,  have  
been accep ted  in the  mater ia! .  The  m a t e r i a l  thus  in- 
c luded two k inds  of expe r imen t s :  1. pu re  d i sappear -  
ance curves consis t ing of on ly  two exponen t i a l  t e rms  
wi th  ra te  cons tan t s  k 2 and  /ca; 2. the  d i sappea rance  
curve t h a t  had  in add i t i on  to  these  two components ,  
a t h i r d  ve ry  fas t  ' p h a n t o m - c o m p o n e n t ' ,  wi th  a half- 
life no t  exceeding 0.35 rain. The presence of such a 
' p h a n t o m - c o m p o n e n t '  was considered to  be chiefly due 
to  an  incomple te  mix ing  of g lycerol  be tween  in t ra -  and  
ex t r a -vascu l a r  pools,  and  this  was no t  t a k e n  in to  ac- 
count  in the  fu r the r  calculat ions.  

Three  expe r imen t s  (2 d iabe t ic  a n d  1 control)  had  to  
be omi t t ed .  I n  two of these  the  final componen t  was 
posi t ive,  ind ica t ing  m a t h e m a t i c a l l y  t h a t  the  con ten t  
of g lycerol  level led off a t  the  end of the  expe r imen t  
a t  zero level, which is biological ly  impossible .  I n  the  

Rate constant (kl) of the mixing process. Since several  
samples  t a k e n  a t  shor t  in te rva l s  dur ing the  first minu-  
tes (0, 1, 2, 3, 5, 7 and  9 min) were necessary  for an  
accura te  ca lcula t ion  of the  half-life of the  ve ry  fas t  
component ,  only  6 successful exper imen t s  were avai l -  
able.  The  values  for the  half-life in 3 control  subjec ts  
were:  1.21, 1.39 and  1.74 rain;  and  in 3 d iabe t ic  pa-  
t i en ts  (i insulin-requiring and 2 maturity-onset types) : 
0.83, 1.22 and 1.29 min. Thus no difference could be 
found in the value of/c I between diabetics and controls. 

Disappearance rate constant of glycerol (]@. The 
mean  va lue  for the  half-life of the  second exponen t ia l  
componen t  was 11.6 rain for the  control  group and  
20.5 min  for the  d iabe t ic  group (Table 2 ; Fig.  2 and  3). 
Thus,  the  d i sappea rance  ra te  cons tan t  was s ignif icant ly  
smal ler  in  the  d iabet ics  (0.041 rain -1) t h a n  in the  con- 
t ro l  group (0.059 rain-l).  I n d e p e n d e n t  of the  t y p e  of 
d iabetes ,  a r educed  d i sappearance  ra te  cons tan t  was 
found  in all  d iabet ics  b u t  one. 

A t t e m p t s  to  calcula te  a d e q u a t e l y  the  d i s t r ibu t ion  
space of g lycerol  b y  means  of the  compute r  were, as 
has  been s ta ted ,  unsuccessful ,  as were the  t r ia ls  b y  the  
conven t iona l  g raph ica l  means.  However ,  the  view t h a t  
the  d i s t r i bu t ion  space of glycerol  is equ iva len t  to  the  
t o t a l  b o d y  wa te r  space is genera l ly  accepted .  Therefore  
the constancy of the disappearance rate constant k~, 
and the use of a value of 65% of the body weight as 
the  d i s t r ibu t ion  space of glycerol  makes  i t  possible to  
calcula te  the  t o t a l  t u rnove r  ra te  of glycerol .  I n  spi te  
of the  smal ler  va lue  for the  d i sappearance  ra te  con- 
s tan t ,  the  d iabet ics  had  a t u rnove r  ra te  twice t h a t  for 
the  controls  (3.85 compared  wi th  1.73/~moles/min/kg).  

Table  2. The removal rates of glycerol in control and diabetic subjects. The distribution 
space of glycerol has been estimated to be 65 per cent of body weight 

Subjects Serum Glycerol ttalf-lifeto = 10 min(k2) removalFracti~ ratel~em~ 
pmolesjL rain rain -~ /tmoles/min/kg 

Control 
1 59 11.6 0.059 2.21 
2 56 12.3 0.056 2.03 
3 33 10.7 0.064 1.36 
4 36 12.1 0.057 1.35 

mean 46.0 ~11.67 0.059 1.73 

Diabetes 
juvenile 115 12.0 0.058 4.35 
juvenile 100 20.1 0.035 2.27 
juvenile 140 47.2 0.015 1.37 
matur i ty-onset  172 14.1 0.049 5.50 
matur i ty-onse t  192 12.7 0.054 3.25 
obese 111 26.4 0.032 2.27 
hyperl ipemia 234 14.3 0"048 7.28 
hyperl ipemia 173 17.4 0.040 4.51 

mean 154.6 20.52 0.041 3.85 

th i rd ,  six components  were obta ined ,  which is incom- 
pa t ib l e  wi th  a n y  kinet ic  model .  W h e t h e r  such events  
have  a n y  biological  significance or a r e  only  due to  
technica l  errors is no t  known.  

No signif icant  differences were observed  among  the  
var ious  t ypes  of d iabet ics  as regards  the  t o t a l  disap-  
pea rance  r a t e  of glycerol.  

State of Equilibrium (ka). The half-life correspond-  
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ing to the rate constant, ks, of the final exponential 
term (A s �9 e-~ ~) was in each experiment practically in 
finite. The coefficient (A3) corresponds the calculat- 
ed level on which the level of serum glycerol laid 
down at  the end of the experiment. The level varied 
from experiment to experiment, being in the control 
group on an average 20.6 and in the diabetic group 
11.5 micromoleslL higher than  the actual fasting level. 
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Fig. 2. Sermn disappearance curve of glyceroI after intravenous injection 
of 2.4 g of glycerol in a normal subject. The horisontal lines indicate serum 
glycerol levels; continuous line, pre-experimental; dotted line, caleulated 
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Fig. 3. Serum disappearance curve of glycerol after intravenous injection 
of 2.4 g of glycerol in an insulin-requiring diabetic subject. The horizontal 
lines indicate serum glycerol levels; continuous line, pro-experimental; d ci ted 

line, calculated level at dynamic equilibrium 

According to the model B, which presumes tha t  
the influx and the efflux of glycerol are constant 
during the experiment, the coefficient A~ should de- 
crease to the pre-experimental (actual fasting) level of 
serum glycerol. The calculated and the pre-experimen- 
tal levels diverged by  about  15 to 20 per cent on the 
average and in the same direction in both experimen- 
tal groups of subjects, however. Although the exact 
reason for this event is not known, some explanations 
are available : 1. Technical reasons (inaccuracy in sam- 
pling, methodological errors etc.); 2. Inconstancy of the 
influx and efflux of glycerol during the first 10 min- 
utes. On the other hand the mathematical  resolution 

by the computer after 10 minutes t imepoint was sharp 
and therefore the model B fulfills the criteria to make 
a model mathemat ical ly  valid. 

Response of  Blood Glucose and P l a s m a  , F F A  to In -  
travenous Glycerol. Blood glucose and plasma FFA were 
determined before, and 30 and 60 minutes after the 
injection of glycerol in 14 experiments (9 diabetics, 
5 controls) but  no changes were observed. 
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Fig. 4. Serum glycerol levels in 10 control and 15 diabetic subjects after 
ingestion of 5 g of glycerol, x - -  x, control subjects; �9 - -  �9 
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Fig. 5. l~s increment of serum glycerol levels in 10 control and 15 dia- 
betic subjects after ingestion of 5 g of glycerol 

Oral Glycerol tolerance test (Fig. 4--6)  
S e r u m  Glycerol Levels. The intestinal absorption of 

glycerol appeared to be very rapid. In  all but  2 sub- 
jects, i.e. 8 controls and 14 diabetics, the peak level of 
serum glycerol occurred as early as 15 minutes after 
the ingestion of glycerol. On the other hand, in only 
4 subjects, all of them diabetics, the serum level of 
glycerol had returned to the starting level in one 
hour (Fig. 4). 
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In  diabetic subjects the increment of serum glycerol 
was significantly lower than in control cases. As a 
striking exception to this rule the three subjects with 
hyperlipemia and diabetes showed an extremely high 
peak-level of serum glycerol. There was only little over- 
lapping between the control and diabetic groups of the 
individual values, indicating maximal  increment of se- 
rum glycerol from fasting level (Fig. 5). One unex- 
pected low value occurred in the control group in spite 
of normal glucose tolerance and one unexpected high 
value in the diabetic group. Since the serum fasting 
lipid levels were normal in the later case, no explana- 
tion is available for this finding. 
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Fig. 6. l~esponse of blood glucose to ingestion of 5 g of glycerol in control 
and diabetic subjects. Diabetic group: continuous lines, insulin-requiring 

diabetics; dotted lines, non-insulin diabetics 

Response of Blood Glucose. The response of blood 
glucose to oral intake of glycerol was studied in 11 dia- 
betic and 9 control subjects (Fig. 6). In  the control 
group no change of blood glucose occurred. In  con- 
trast,  all the insulin-dependent diabetics showed a 
small increase of blood glucose during the first 30 min- 
utes, the mean increment being 13 rag/100 ml. The 
changes of blood glucose in the non-insulin requiring 
diabetics were inconsistent. 

Response of Plasma FFA. Plasma FFA was deter- 
mined in 10 diabetic and 9 control cases after ingestion 
of glycerol. The only consistent change noted was a 
fall in the 3 insulin-dependent diabetic subjects who 
also showed increment of blood glucose after glycerol 
load. 

Discussion 

The data obtained in the present s tudy show tha t  
the body glycerol kinetics were altered in the diabetics 
at  least in the following ways. 1. The free glycerol mass 
of the body in the fasting state was increased; 2. the 
disappearance rate of glycerol was decreased; 3. the 
turnover rate of glycerol was accelerated; and ~. an 
oral glycerol load caused a subnormal increase of serum 
glycerol level. However, peak serum levels tha t  were 

abnormally high were observed following oral glycerol 
loading in eases of hyperlipemia with secondary dia- 
betes. 

The kinetics of glycerol metabolism deduced from 
the intravenous glycerol 'tolerance' test  were compatible 
with a one-compartment  model (model B) in which the 
distribution volume is apparent ly  represented by  the 
space corresponding to the total  body water. An 
amount  of exogenous glycerol added to this space via 
the blood mixes rapidly as is shown by  the rate con- 
s tant  (/cl) of the first exponential component of the 
equation describing the disappearance of the plasma 
glycerol. In  the present experiments this component 
had a half-life o f  1.4 rain. This value is in accord with 
the data of Sc~wA~z et al. [22], who reported the 
half-life of intravenous non-labelled glycerol in man 
to be about  2 minutes. On the other hand, this rate of 
dilution is higher than tha t  observed by  SHAF~IR and 
Go~I~ [23] in whose experiments the equilibrium was 
not achieved before 15 minutes from the injection of 
the glycerol load. We have no explanation for the 
discrepancy between their curves and those obtained 
by  us. 

After the rapid mixing phase the disposal of gly- 
cerol followed first order kinetics until the state of 
dynamic equilibrium was reached. This means tha t  
the elimination mechanisms are not saturated with a 
dose of glycerol approximately five times the endo- 
genous glycerol mass, and, secondly, tha t  the disap- 
pearance rate constant (/c2) also represents the frac- 
tional turnover rate and can thus be used for the cal- 
culation of glycerol fluxes under steady state condi- 
tions. Presuming tha t  the glycerol concentrations in 
cubital venous plasma and in total  body water  are 
equal in a resting subject, fasted overnight, the appli- 
cation of the individual values of ~2 gives an average 
glycerol turnover rate of 1.7 /~moles/min/kg body 
weight for a normal man. Actually this procedure gives 
an overestimate of the true turnover because the sam- 
ples used for analysis were drawn distally close to the 
sites of glycerol release (in this case the adipose tissue 
of the forearm). However, this value is very similar to 
those obtained earlier by  other methods for both man 
and dog. Thus, BOgC~GREV~K and HAv~n [2] meas- 
uring the arteriovenous difference across splanchnic 
area and the kidneys estimated the net removal of 
glycerol in these regions to be 60 to 130 #moles per 
minute, which gives a total  efflux rate of 1 to 2 #moles 
per minute per kg for a subject of 60 kg assuming tha t  
no significant uptake of glycerol occurred at  other 
sites. By a constant infusion of glycerol-3tI tIAvEn 
and CARLSO~ [12] arrived at  exactly the same turnover 
rate figures in the dog. Calculation of the glycerol 
turnover rate from the data of S~A~RII~ and GoRI~ [23] 
gives a somewhat lower estimate (0.7 #moles/min/kg). 

In  diabetic subjects the fractional elimination rate 
of glycerol was found to be decreased whereas the 
endogenous glycerol turnover was accelerated. This 
means tha t  the entry rate of glycerol is increased in 
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diabetes while the efflux is relatively insufficient. The 
pr imary  event must  be the augmented production of 
glycerol, and this is also fully supported by  the demon- 
stration tha t  glycerol release from adipose tissue in- 
cubated in  vitro is increased in human diabetes [3, 19]. 
The biochemical basis of the decreased elimination rate 
is more difficult to establish, particularly as the studies 
in  vitro with liver slices give no indication of such de- 
fect [1]. The two studies on glycerol elimination in 
diabetes did not reveal any evidence of a defect of 
removal,  but, on the contrary, suggested an increased 
rate of efflux at  glycerol loads of such magnitude tha t  
the elimination follows zero order kinetics [13, 24]. 

The abnormally low plasma glycerol level observed 
in diabetics after an oral glycerol load is not easily in- 
terpreted. On the basis of the lower elimination rate  
found in the intravenous test  and of the higher endo- 
genous glycerol mass in diabetes, a high serum glycerol 
response should be expected after oral administrat ion 
of glycerol. As the actual results obtained were quite 
opposite to this expectation there must  be something 
abnormal  in the pa thway of glycerol from the lumen 
of the gut to the general circulation. 

I t  is not known whether glycerol is t ransported 
actively or diffuses passively through the intestinal wall. 
The rapid intestinal absorption, observed in the present 
s tudy and by  others [22, 13], may  indicate active ab- 
sorption. In  support  of this concept, the act ivi ty of 
enzymes necessary to phosphorylate glycerol (glycerol 
kinase) and to split the ~-glycerophosphate formed 
(phosphatase) is high in gut mucosa [6, 8]. Other reac- 
tions, apar t  from phosphorylation, have been discussed 
by  ttAESSL~R and ISS~LBACg~g [8] as the first step 
in the metaboiization of glycerol by  gut mucosa, but  
they were considered less probable. Esterification of 
glycerol to lipids and oxidation to CO 2 have recently 
been shown to occur already in intestinal mueosa [14, 
21, 26]. The ability of the gut to convert glycerol to 
glucose, although probable, has, so far as we are aware, 
never been demonstrated.  After absorption free gly- 
cerol is t ransported to the liver [7]. 

The concentration of glycerol in the general circu- 
lation after its oral administration is determined at  
least by  the following kinetic parameters:  1. the ve- 
locity of glycerol t ransport  across the intestinal wall; 
2. the capacity to remove glycerol by  metabolic routes 
before its appearance at  the point of circulation where 
the samples are drawn (the active removal sites are 
the intestinal mueosa and the liver); 3. the rate of 
distribution of glycerol from blood to the glycerol 
space (k~); and 4. the general elimination rate of gly- 
cerol after its equilibration (/@. As the measured 
parameters  3 and 4 do not account for the observations 
in diabetes, abnormalities must  be sought in the pro- 
cesses 1 and 2. As both absorption and elimination of 
glycerol are extremely rapid processes fairly small 
changes in either of these rates may  cause profound 
alterations in the serum glycerol levels during the oral 
test. Unfortunately,  we have no knowledge of the rate 

of glycerol flow from the intestinal lumen in to the 
portal  circulation. The appearance of glycerol in the 
portal  venous blood is retarded when the rate of the 
absorption process itself is decreased, or when in- 
creased amounts are transformed to other compounds 
in the intestinal mueosa. A real malabsorption of gly- 
cerol is unlikely, but  the other possibility is supported 
by  the recent finding of Tu and B~IOE [26] tha t  
formation of lipids from glycerol is enhanced in  vitro 
in the intestinal mucosa of diabetic subjects. I t  may  
also be of significance in this context tha t  the oral 
glycerol caused an increase of blood glucose in insulin- 
requiring diabetics. 

In  contrast to normolipemie diabetics, hyperlipemic 
patients with secondary diabetes showed high peak 
levels of serum glycerol on the oral loading. A similar 
pa t tern  of glycerol absorption has been found in one 
hyperlipemie case with normal glucose metabolism. 
I f  glycerol absorption is normal, this would be the 
expected result since in hyperlipemia the endogenous 
glycerol mass was shown to be increased and the frac- 
tional disappearance rate decreased. Thus, one need 
not assume the presence of an increased rate of intes- 
tinal glycerol absorption. 
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