
"A SPOONFUL OF SUGAR" - TRANS-ALVEOLAR NUTRITION 
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THE LUNG HAS been shown to utilize a number of exogenous substrates, including 
dextrose, 1 through the pulmonary vascular tree, and it has likewise been demon- 
strafed that surfactant production and alveolar membrane activity depend a great 
deal on substrate metabolism. T M  

The question arises as to whether the lungs are capable of utilizing substrate 
such as dextrose presented from the airway rather than the vascular route. If such 
were indeed the case, then bronchial substrate administration could conceivably 
support alveolar cell metabolism and sttrfactant production during low flow states 
such as shock, thereby preventing development of progressive pulmonary failure 
which accounts for one-third of deaths seen in severely iniured patients. 5 

It was decided to examine the effects of intra-luminal 5 per cent dextrose and 
insulin solution on the cellular metabolism of the isolated non-perfused, non-ven- 
tilated rabbit lung. The solutions chosen for purpose of comparison were normal 
saline, which is not a substrate source; a 5 per cent 3-O-methyl glucose solution 
with insulin; and, finally, a 5 per cent dextrose and insulin solution. 3-O-methyl 
glucose has been shown to be transported in the same manner as dextrose, but is 
not metabolized; 6 insulin was added both to the 3-O-methyl glucose solution and to 
the dextrose solution for it has recently been reported that addition of insulin as 
well as dextrose to the perfusate appears to be beneficial in maintaining integrity 
at the biochemical and functional level of isolated normothermic lung perfused 
with blood, r 

MATEatALS AND METHODS 

Adult albino rabbits weighing between two and three kilograms were used as 
the experimental animal. They were sacrificed by the rapid iniection of 750 mgm 
of pentobarbitone into a marginal ear vein. The lungs were immediately excised 
and isolated, and each main stem bronchus was cannulated with a short length of 
epidural catheter which was firmly tied in place. While the first lung was being 
cannulated the second was placed in ice-cold saline. The time taken between 
injection of pentobarbitone and complete isolation and cannulation of both lungs 
varied between five and eight minutes. 

Three groups of four rabbits each were used initially and each animal acted as 
its own control. In the first group of rabbits 10.0 ml of normal saline was instilled 
through the epidural catheters into the bronchial tree of each isolated lung. This 
was a volume large enough to produce substantial lung distension. Then one lung 
from each animal was placed in ice-cold saline, while the second was incubated 

From the Department of Anaesthesia, Montreal General Hospital, and McGill University, 
Montreal, P.Q. 

539 

Canad. Anaesth. Soc. J., vol. 22, no. 5, September 1975 



540 CANADIAN ANAESTHETISTS' SOCIETY JOURNAL 

for 30 minutes at a temperature of.between 32 ~ C and 34 ~ C in a fully humidified 
room-air atmosphere. At the end of this period of time the second lung also was 
put into ice-cold saline. As rapidly as possible thereafter a tissue sample from each 
lung was homogenized and analyzed for lactic acid in the manner described by 
McArdle et  al. s and for adenosine triphosphate (A.T.P.) according to the method 
described by Forte et  al. 9 

The second group differed in that the solution employed was 5 per cent 3-0- 
methyl glucose 9.8 ml together with 0.2 ml of normal saline containing a total of 
0.2 unit of soluble insulin, in each lung. Otherwise, however, incubation times and 
A.T.P. and lactate assays were exactly the same. 

For the third group, the solution employed was 5 per cent dextrose ( 9.8 ml) with 
0.2 ml of normal saline and insulin solution as in group 2. Both lungs were treated 
as before and the same estimations were done. 

After these initial groups of measurements had been performed, the lungs of a 
fourth group of four rabbits were prepared in the same way, and a direct com- 
parison was made between 5 per cent dextrose and 5 per cent 3-O-methyl glucose. 
One lung of each animal was filled with 9.8 ml of 5 per cent glucose together with 
0.2 ml of insulin solution, while the other was filled with 9.8 ml of 5 per cent 3-0- 
methyl glucose and 0.2 ml of the insulin solution. Each was then incubated and, 
at the end of 30 minutes, lactate and A.T.P. determinations were made. 

To act as a final control and as a verification of methodology, a fifth and final 
group of four rabbits was sacrificed in the same way as the preceding groups. In 
this series, however, lung biopsies were taken immediately upon thoraeotomy, and 
A.T.P. and lactate levels were measured. This was done to obtain some base-line 
levels, as nowhere in the literature is there mention of normal A.T.P. and lactate 
values for lung tissue in the non-manipulated lung. 

RESULTS 

A.T.P.  M a i n t e n a n c e  

Examination of Table I shows that in all rabbits, no matter what solution was 
administered intraluminally into the lungs, there was a statistically significant fall 
in A.T.P. levels after incubation for 30 minutes (p < 0.01; p < 0.02; p < 0.05). 

The maintenance of tissue A.T.P. was least in the normal saline group (38.2 per 
cent of control values), intermediate in the 3-O-methyl glucose/insulin group 
(48.8 per cent) and greatest in the dextrose/insulin group (62.3 per cent). The 
average A.T.P. percentage maintained in each group differed significantly from 
those of the other two groups (normal saline to OMG/insulin, normal saline to 
dextrose/insulin, and OMG/insulin to dextrose/insulin, had p values of < 0.0.5, 
0.01, and 0.01 respectively). 

Of probably even greater significance, however, were the results presented in 
Table II. Here glucose/insulin and 3-O-methyl glucose/insulin solutions were 
compared in the same animal after 30 minutes of incubation. The results demon- 
strate A.T.P. levels which, with glucose/insulin, are 156.8 per cent of those obtained 
with 3-O-methyl glucose/insulin (p < 0.05) thus verifying the A.T.P. sparing of 
glucose/insulin previously demonstrated in Table I. 
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TABLE I 
PULMONARY LEVELS OF A.T.P. (IN mCROMOLES/GM TISSUE) BEVORE 

AND AFTER 30 MINUTES ANAEROBIC iNCUBATION WITH 
INTRALUMINAL SOLUTION 

30 rain 
Group Animal Control 30 rain ~ X 100% 

Normal Saline 1 0. 690 0. 000 0.0% 
2 1.000 0.530 53.0% 
3 1.570 0.920 58.6% 
4 0.730 0.300 41.1% 

Mean 0.998 0.438 38.2% p < 0.01 
O.M.G. (9.8 ml) 1 0.690 0.380 55.1% 

and Insulin 2 0.750 0.240 32.0% 
(0.2 units in 3 1.400 0.770 55.0% 
0.2 ml saline) 4 0.490 0.260 53.1% 

Mean 0.833 0.413 48.8% p < 0.02 
D~/W (9.8 nil) 1 2.210 1.359 61.1% 

and Insulin 2 1. 120 O. 550 49.1% 
(0.2 units in 3 1.070 0.550 51.4% 
0.2 ml saline) 4 1. 130 1.000 88.5% 

Mean 1.383 0.863 62.3% p < 0.05 

TABLE I1 
PULMONARY LEVELS OF A.T.P. (IN MICROMOLES/GM TISSUE) FOLLOWING 

30 MINUTES ANAEROBIC INCUBATION Vr INTRALUMINAL SOLUTION 

lntraluminal solution 

541 

O.M.G. and Glucose and 
Animal insulin insulin 

Glucose and insulin 
O.M.G. and insulin • 100% 

1 0.280 0.450 161% 
2 0.300 0.420 140% 
3 0.340 0.570 168% 
4 0.584 0.920 158% 

Mean 0.376 0.590 157% (p < 0.05) 

Lactate Production 

Lactate  levels before and after 30 minutes incubation with each of the three 
solutions are shown in Table III .  In the lungs incubated with bronchial normal 
saline, lactate levels rose to 261.3 per cent of control values (p  < 0.01). The 3-0-  
methyl  glucose/insulin solution had no significant changes in lung lactate levels 
with incubation (96.2 per  cent, non-significant). The lungs incubated with bron- 
chial glucose/insulin had lactate levels 222.6 per  cent of control values (p  < 0.10). 
Compar ing  these three groups with each other, the increase with the normal saline 
group differed significantly from the OMG/insul in  group (p  < 0.02), and the 
increase with the dextrose/insulin was just outside signific~tnt levels (p  < 0.10) 
relative to the OMG/insul in  group. 

Table  IV gives the lactate values in the fourth group of animals, comparing 
incubation with dextrose/insulin and 3-O-methyl glucose/insulin in the same 
animal. Lacta te  levels in the dextrose/insulin lungs were 180.0 per  cent of those in 
the 3-O-methyl glucose/insulin lungs (p  < 0.20). 
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TABLE III 

PULMONARY LACTATE LEVELS (IN MG/GM TISSUE) BEFORE AND AFTER 30 MINUTES 
ANAEROBIC INCUBATION WITH INTRALUMINAL SOLUTION 

30 min 
Group Animal Control 30 min ~ X 100% 

Normal Saline 1 0. 294 0. 517 175.9% 
2 0.167 0.640 383.2% 
3 0.341 0. 766 224.6% 
4 0.247 0. 646 261.5% 

Mean 0.262 0,642 261.3% p < 0.01 
O.M.G (9.8 ml) 1 0.505 0.435 86.1% 

and Insulin 2 0. 543 0.247 45.5% 
(0.2 units in 3 0. 557 0. 799 143.4% 
0.2 ml saline) 4 0.143 0.157 109.8% 

Mean 0.439 0.410 96.2% Non-significant 
D6/W (9.8 ml) 1 0.449 0.438 97.6% 

and Insulin 2 0.191 0. 647 338.7% 
(0.2 units in 3 0.487 0. 679 139.4% 
0.2 ml saline) 4 0.240 0.755 314.6% 

Mean 0.342 0.630 222.6% p < 0.10 

TABLE IV 
PULMONARY LACTATE LEVELS (IN MG/GM TISSUE) FOLLOWING 30 MINUTES 

OF ANAEROBIC INCUBATION WITH INTRALUM1NAL SOLUTION 

Intraluminal Solution 

O.M.G. and Glucose and 
Animal insulin insulin 

Glucose and insulin 
O.M.G. and insulin X 100% 

1 0.206 0,431 209% 
2 0.167 0,485 290% 
3 0.576 0.506 88% 
4 0. 524 0,698 133% 

Mean 0.368 0.530 180% (p < 0.20) 

Correlation Between A.T.P. and Lactate Levels 

In  the eight lungs incubated with dextrose/insulin and the eight incubated with 
3-O-methyl glucose, /_here was significant correlation between A.T.P. levels and 
lactate levels ( r -- 0.689, S.E. = 0.258 ), as shown in Figure 1. There  was no signifi- 
cant correlation if the lungs incubated with normal saline were included (r  = 0.417, 
S.E. = 0.229). There  was likewise no correlation between A.T.P. and lactate levels 
in the control groups taken collectively (r  = 0.441, S.E. = 0.301 ). 

Controls 

Table  V indicates the pulmonary tissue A.T.P. and lactate values obtained in 
four rabbits with no experimental  manipulation. The  low values of the standard 
deviations for the A.T.P. values and the lactate levels attest to the reliability of 
the laboratory methodology used in making these determinations in the animals 
in experimental  groups I to IV. 
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TABLE V 

PULMONARY LEVELS OF A.T.P. AND LACTATE WITHOUT INTRALUMINAL 
INFUSION OF FLUID 

tO 

A,T.P. (micromoles/gram 
Animal of tissue) 

Lactate (milligrams/gram 
of tissue) 

1 0.980 0.470 
2 1.190 0.400 
3 0.880 0.409 
4 0. 940 0. 313 

Mean -4- S.D. 0.998 4- 0.135 0.398 4- 0.065 

Discussion 

It has been proposed by many that depletion of tissue energy stores is the primary 
mechanism underlying the ultimate collapse and death of animals and man in 
various forms of shock. 1~ One often finds, in association with shock and/or 
trauma, progressive pulmonary insufficiency characterized by interstitial and 
alveolar oedema, with hyaline and fibrinous deposits, and histological alterations 
of the alveolar lining cells. 13 Depletion of surfactant in the pulmonary insufl~eieney 
syndrome is thought to be due to inadequate perfusion and oxygenation of the 
alveolar lining cells.14 
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It is clearly established that the lung is a metabolically active organ. 1,15,16 Sur- 
faetant production and structural integrity have been shown to be intimately 
related to subtrate metabolism. 2-a Addition of dextrose and insulin to the per- 
fusate has been found beneficial in maintaining the integrity of the isolated normo- 
thermie blood perfused canine lung. 7 The canine lung has been found capable of 
utilizing carbohydrate almost exclusively for its energy requirements. 15 

The intestine, kidney and lung each possesses epithelially lined lumina and 
each seems to be particularly prone to damage in conditions of shock or poor per- 
fusion. It has been amply demonstrated by McArdle e t  al.  8 that the canine intestine 
can be significantly protected by the presence of intraluminal glucose during shock. 
The intestine, unlike the lung, is specifcally designed to absorb nutrients from 
its lumen. The lung is obviously highly efficient at absorbing and transporting 
gases, such as oxygen and carbon dioxide, and vapours, such as halothane and 
methoxyflurane, and has likewise long been known to be capable of absorbing 
aerosols of compounds such as isoproterenol which affect the activity of its bron- 
ehiolar musculature. There appears to be no information, however, as to the 
ability of the lung to absorb from the airway substances which could be utilized 
locally by the alveolar cells to maintain their own metabolism. If the lung does 
indeed possess the ability to absorb and to utilize effectively energy substrate 
presented through the airway and support alveolar cell metabolism and surfactant 
production, this could constitute a significant advance in the management of pul- 
monary insufficiency associated with the "shock lung" syndrome. 

It was therefore decided to investigate the ability of the lung to utilize glucose 
and insulin presented through the bronchus. The experimental model used in the 
present paper was deliberately uncomplicated in its design in order to obtain 
resolution of this question. The results appear to demonsta'ate metabolic support 
of the isolated rabbit lung by bronchial and intra-alveolar glucose and insulin 
under anaerobic conditions, as indicated by maintenance of A.T.P. levels. 

Consideration of the lactate-A.T.P, correlation is of some interest. Because of the 
anaerobic nature of the experimental model, it is not surprising that there is sig- 
nificant correlation between these two substances following the anaerobic incuba- 
tion with the 3-O-methyl glucose/insulin and dextrose/insulin solutions. 

One must conclude that some substrate is stored in the lung even after incubation 
with saline. However, the lack of A.T.P.-lactate correlation in the normal saline 
group cannot be easily explained at present. There may be increased use of A.T.P. 
to maintain a normal intraeellular sodium concentration in the face of intra-luminal 
(extra-cellular) saline. Also, the low levels of lactate in the O.M.G./insulin group 
may be due to increased utilization of alternative pathways of glucose catabolism 
secondary to the addition of insulin. An example of this is the phosphogluconate 
oxidative pathway, 1~ and such pathways may be important in fatty acid synthesis 
and carbohydrate metabolism in the presence of insulin. If these suppositions were 
indeed true, then A.T.P. would correlate with lactate levels and would be relatively 
higher in the insulin-containing groups than in the normal saline group which did 
not contain insulin. If glucose was added to insulin, then one could expect to see 
increased lactate levels with correlating increases in A.T.P. This is indeed what has 
been seen in our experiments. 
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Whatever the explanation, it appears from these experimental data that the lung 
is capable of utilizing glucose and insulin from its airway luminal surface under 
anaerobic conditions and to maintain A.T.P. levels. This suggests that intraluminal 
(alveolar) substrate will maintain alveolar cell activity. 

Further experiments are required to validate more completely the authors' hypo- 
thesis that alveolar glucose can be used as a means of providing lung nutrition. For 
instance, it may be said that the metabolic role of A.T.P. has been over-simplified, 
and indeed it is true that A.T.P. levels do only tell a small part of the story of lung 
function. It is also impossible to tell what the effect of pentobarbitone is on alveolar 
cell metabolism, although by using pentobarbitone in all the rabbits, both control 
and experimental, this unknown effect can probably be ignored for the purpose of 
this study. These points notwithstanding, this study has shown that simple bron- 
chial instillation of glucose solution into the isolated, non-perfused lung seems to 
have a significant effect as far as the maintenance of A.T.P. levels of pulmonary 
tissue is concerned. 

A logical extension of this would be to instill glucose solution as an aerosol into 
the alveoli in order to maintain alveolar cell activity, as it is already established 
that 90 per cent of an aerosol composed of submicronic particles reaches the level 
of the alveoli. TM It is not beyond the bounds of possibility that adequate ventilation 
combined with submicronic aerosol energy substrate, such as glucose (perhaps 
combined with insulin), might be of benefit in the prophylaxis and therapy of 
pulmonary insuflqciency secondary to such conditions as sepsis, pulmonary trauma, 
aspiration, head iniury and fat embolization, in which progressive pulmonary 
failure may be a troublesome and often fatal complicationJ 9 

Studies, at present in progress, will attempt to test the feasibility of instilling 
submicronic particles of substrate into the lungs in order to maintain alveolar cell 
viability, and will suggest whether such procedures will ever have clinical appli- 
cation. 

SUMMARY 

In this initial study, it has been postulated that even the simple bronchial admin- 
istration of isotonic glucose and insulin can maintain alveolar cell metabolism as 
measured by A.T.P. activity; further studies, using aerosolized glucose solutions, 
will test the validity of the hypothesis that alveolar metabolism can be maintained 
by the administration of substrate in aerosolized form by the alveolar route and 
will determine whether this form of substrate administration has clinical potential. 

RESUMe; 

Une premiere ~tude permet de penser que la simple administration endobron- 
chique de glucose isotonique et d'Insuline peut maintenir le m&abolisme cellulaire 
alv6olaire, tel que d6montr~ par la mesure de l'activit6 A.T.P. Poursuivant ces 
travaux avec des solutions de glucose en a~rosols, nous chercherons ~ v6rifier 
l'hypoth~se que le m6tabolisme cellulaire peut 8tre maintenu de cette mani~re 
et explorerons le potentiel clinique d'une telle approche. 
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