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Angiotensin converting enzyme and endotoxin
induced lung damage in the mouse
WOCM COOKSON, MS WISEMAN, DJ SHALE
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ABSTRACT Acute pulmonary oedema can be induced by intraperitoneal injection of Escherichia
coli endotoxin in the mouse. A fall in serum angiotensin converting enzyme activity is found in
mice given endotoxin and in patients with septic adult respiratory distress syndrome, and has
been proposed as an indicator of lung microvascular injury. Protein concentration and angioten-
sin converting enzyme activity in serum, lung, and bronchoalveolar lavage fluid were determined
in male mice up to eight hours after injection of endotoxin. By six hours the serum protein
concentration had increased and the bronchoalveolar lavage fluid protein concentration had
fallen, suggesting fluid shift into the lung. Angiotensin converting enzyme activity fell in serum
and lung but increased in bronchoalveolar lavage fluid. As these changes in enzyme activity were
not paralleled by changes in protein concentration they are unlikely to be a result of fluid shift or
protein leak, and may indicate an active role of the enzyme in the response to sepsis.

Angiotensin converting enzyme is a glycoprotein
with various biological activities. It catalyses the
conversion of angiotensin I to the vasopressor
octapeptide angiotensin II' 2 and mediates the de-
struction of bradykinin.3

Angiotensin converting enzyme is concentrated
on the luminal surface of pulmonary endothelial
cells' 2 and its serum activity has been shown to alter
in chronic and in acute pulmonary disease.' A fall
has been found in patients with the adult respiratory
distress syndrome45 and in mice with endotoxin
induced pulmonary oedema.6 Because of these
findings it has been suggested that serum angioten-
sin converting enzyme be used as a clinical indicator
of the state of the pulmonary endothelium and pul-
monary circulation in adult respiratory distress syn-
drome.' 456 Previous studies have not provided evi-
dence of microvascular injury other than a fall in
serum angiotensin converting enzyme activity,
which may, however, increase in other types of
experimental acute pulmonary insult.7'8 Little atten-
tion has been paid to any possible physiological role
of the enzyme in these conditions.

This study aimed to define the distribution of
angiotensin converting enzyme activity after pulmo-
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nary damage induced in the mouse by Escherichia
coli endotoxin. Protein concentrations in lung, bron-
choalveolar lavage fluid, and serum were used as
indicators of fluid shift and capillary permeability
and were compared with changes in the enzyme
activity in these compartments.

Methods

The experiment was carried out on 48 male mice
(Parkes strain, Medical Research Council) of mean
(SD) body weight 41.6 (5.5) g. Ten control animals
were given 2.5 mVkg normal saline intraperitone-
ally. The remainder were given E coli endotoxin
(serotype O111:B4, Sigma) 0.5 mg/kg intra-
peritoneally and were studied in groups of nine or
10 two, four, six, and eight hours after injection.
There was no difference in mean body weight be-
tween any of the groups.

Specimens were obtained under pentobarbi-
tone anaesthesia (May and Baker, 120 mg/kg
intraperitoneally). The abdomen was opened and
1 ml of blood was taken from the inferior vena cava
and allowed to clot on ice. Three millilitres of cold
bicarbonate buffered normal saline (pH 7.4) were
then injected into this vessel to clear the pulmonary
circulation. The clotted blood was centrifuged at
500 g for 15 minutes and the serum decanted and
stored at -15°C.
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Hours after ip injection of E coli endotoxin
Fig 1 Changes in serum angiotensin converting enzyme
(ACE) activity and protein concentration after
administration ofendotoxin to mice. Results are mean
values with standard errors shown by bars.

The trachea was exposed and the lungs were lav-
aged for 30 seconds with 2 ml of bicarbonate buf-
fered saline. The volume of fluid recovered from the
lavage was recorded. The lungs were then removed
and blotted dry before storage at - 15°C.
The lungs were allowed to thaw and their wet

weights were recorded. Each pair of lungs was then
minced with scissors and a weighed portion of each
was heated at 60°C until a constant weight was
obtained. The water content of the lungs was calcu-
lated from the loss of weight.
A 100 mg sample of each pair of freshly minced

lungs was homogenised in 2 ml of cold phosphate
buffer (0.1 mol/l K2HPO4; 0.3 mol/l NaCl, pH 8.3)
with a ground glass tissue grinder. Each homogenate
was centrifuged at 500 g for 30 minutes at 4°C and

Hours after ip injection of E coli endotoxin
Fig 2 Changes in bronchoalveolar lavage fluid angiotensin
converting enzyme (ACE) activity and protein
concentration after administration ofendotoxin to mice.
Results are mean values with standard errors shown by bars.

the supernatants were taken for angiotensin convert-
ing enzyme and protein estimations. The protein
concentration was determined in lavage fluid, serum
and lung homogenates by a colorimetric assay
(Biorad Ltd, UK) with bovine serum albumin as a
standard.9 Angiotensin converting enzyme activity
was determined spectrofluorometrically with
hippuryl-L-histidyl-L-leucine as the substrate (CBC
Ltd) by the method of Friedland and Silverstein.'0

Statistical analysis of the results was carried out
with Student' s t tests.' 12

Results

Serum angiotensin converting enzyme was
significantly lower than control values in the mice

60
cn

c

*2 50

40

°. 30

E
CL

WC 40

0.40

C

°030

0. 20._-

a)

_ 0

I-

L

700 r

L

600

5 ra
._

E

CL

-)

E

a)

500 F

4001-

C

-E
C-)

0.
CL

E

._

._1

CCU

q-

4

3

2

2 4 6 8 8

775

0LI I I

?*
P* J**

* p< 0. 05
**p< 0. 01*p< 0. 05

**P< 0. 01

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.40.10.774 on 1 O

ctober 1985. D
ow

nloaded from
 

http://thorax.bmj.com/


Table 1 Mean (SEM) lung weights and volumes ofrecovered bronchoalveolar lavage (BAL) fluid

Controls Mice given endotoxin: time (h) after injection

2 4 6 8

Wet lung weight (mg) 277 (7) 274 (13) 286 (13) 291 (19) 284 (14)
Dry lung weight (mg) 40 (1.0) 38 (2.0) 39 (1.8) 42 (1.4) 38 (1.6)
Lung water content (mg) 237 (6) 236 (11) 247 (11) 249 (18) 246 (12)
Recovered BAL fluid (ml) 1.0 (0.08) 1.2 (0.13) 1.3 (0.13) 1.4* (0.09) 1.13 (0.08)

*p = 0.018 for comparison with controls.

studied 6 hours after injection of endotoxin (p -
0.030) (fig 1). Values were not different from those
of controls by 8 hours. Serum protein concentrations
were higher than control values in the mice studied 6
hours after injection (p = 0.003) but not differ-
ent from control concentrations by 8 hours (fig 1).
The angiotensin converting enzyme activity in the

bronchoalveolar lavage fluid was raised by two
hours (p = 0.035) and remained raised at 4 (p =

0.001) and at 6 hours (p = 0.011) before returning
to normal by 8 hours (fig 2). The lavage protein
levels had fallen by 2 hours after injection (p <
0.001) and remained low at 4 (p = 0.002) and at 6
hours (p = 0.003), before reverting to normal by 8
hours (fig 2). The volumes of fluid recovered from
the lavage procedure were increased at 6 hours after
injection (p = 0.018) (table 1), but the changes in
enzyme activity and lavage protein concentration
remained significant when the volume of lavage fluid
recovered was taken into account.
The total lung angiotensin converting enzyme

activity fell by 4 hours (p = 0.036) and remained
low at 6 hours (p = 0.015) before returning towards
control values by 8 hours after injection (table 2).
Neither the wet nor the dry lung weights altered
significantly (table 1). There was, however, a trend
for the wet weights to increase up to 6 hours after
injection, and small increases in lung water content
may have been swamped by lavage fluid. The
increase in the volume of fluid recovered from lung
lavage (table 1) 6 hours after injection was consis-
tent with a fluid leak into the alveolar space. The
total lung protein and the protein concentration per

mg of dry lung did not alter (table 2).

Discussion

E coli endotoxin causes pulmonary oedema in

laboratory animals by inducing capillary leakage of
fluid.'3 1" Any fluid flux may have effects on three
pulmonary compartments: the intravascular, the
interstitial, and the alveolar. In this study only two
compartments, the intravascular and the alveolar,
have been examined. But alveolar fluid may be
taken to represent interstitial fluid, albeit with some
modification by alveolar epithelium.
The increase in serum protein concentrations and

the decrease in lavage protein concentrations found
after endotoxin administration in this study are
likely to be due to a protein poor fluid shift into the
interstitial and alveolar spaces of the lung, although
some fluid loss into other sites is probable. This is
consistent with an early fluid shift into the lung
found after endotoxin shock in the sheep, when the
interstitial compartment of the lung has been
studied by cannulation of lymphatics.'3 We have not
studied the later phase of the reaction to sepsis,
when protein shift may exceed fluid shift.'3
The changes validate the use of this mouse model

of septic pulmonary oedema, which is attractive
because of its simplicity and its low cost. Histological
confirmation of pulmonary changes is, however,
desirable before the model can be fully accepted.

This study confirmed the previously reported
reduction in serum angiotensin converting enzyme
activity occurring in the first six hours after
endotoxin injection.6 The effect is transient, with
values returning to normal by 8 hours. As serum
angiotensin converting enzyme increases after acute
toxic pulmonary injury,78 this fall may indicate an
adaptive response rather than, as has been sug-
gested, a result of endothelial injury.4'6

Estimations of enzyme in lavage fluid showed an

unexpected increase, despite a fall in the total lung
angiotensin converting enzyme activity. These
results are unlikely to be due to a passive leak of the

Table 2 Mean (SEM) lung angiotensin converting enzyme (ACE) activity and protein content

Controls Mice given endotoxin: time (h) after injection

2 4 6 8

Total lung protein (mg) 14.8 (0.7) 13.0 (0.7) 12.2 (0.8) 15.0 (0.9) 11.9 (0.7)
Total lung ACE activity
(nmol product/min) 5115 (167) 5026 (297) 4449 (240)* 4447 (167)-- 4770 (191)

*p = 0.037, **p = 0.015 for comparison with controls.
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enzyme into the lavage fluid as the molecular weight
of angiotensin converting enzyme (136 000 daltons)
is greater than that of albumin (65 000 daltons),
which is the major component of protein measured
by this assay system9; and capillary leakage after this
type of endothelial damage remains selective.'3 The
enzyme activity found in the lavage fluid might also
result from angiotensin converting enzyme like
activity in inflammatory leucocytes.'5 In a different
set of experiments we have shown that angiotensin
converting enzyme activity after centrifugation of
lavage fluid remains in the supematant, and is mini-
mal in resuspensions of the cellular precipitate
(unpublished observations). The changes therefore
suggest an active release, manufacture, or transport
of the enzyme into or in the lung interstitium. The
fall in total activity of the enzyme in the lung is
consistent with depletion of stored enzyme and sub-
sequent synthesis.
The reasons for the partitioning of angiotensin

converting enzyme activity between the alveolar
space and the circulation are unknown. This enzyme
is a highly active biological substance with an impor-
tant role in the production of angiotensin II. It may
be presumed to play a part in circulatory volume and
blood pressure homeostasis after septic insult, but
this does not explain its appearance in alveolar lav-
age fluid. Possibly it is a part of a local response to
fluid shift. It is a potent inhibitor of bradykinin activ-
ity,3 and angiotensin converting enzyme like activity
due to cathepsin G may be found in neutrophils.'5
The enzyme might therefore be expected to play
some part, as yet undefined, in the inflammatory
response.

Although serum angiotensin converting enzyme
activity may rise or fall in various types of pul-
monary disease the physiological bases for these
changes are not known. The pulmonary concentra-
tion of the enzyme seems as important as the con-
centration of the circulating enzyme in the conver-
sion of angiotensin I in the intact animal.'6-'8 Once
in the serum, the enzyme is desialated and destroyed
by the liver.'9 20 Serum angiotensin converting
enzyme activity may be the residue of an enzyme
whose function is located elsewhere, as is the case
with serum transaminases; alternatively it may rep-
resent partially deactivated enzyme, although the
serum enzyme and the pulmonary enzyme do not
seem to be different.2 Additionally, the serum activ-
ity is a balance between the rate of removal from the
serum and the rate of release from the lung, both of
which processes may be affected by sepsis.

This study has shown an as yet unexplained
increase in angiotensin converting enzyme, activity ix
the alveolar space after endotoxin adminstration
that is not a result of simple protein diffusion ur ftuid"

shift. It seems likely that this enzyme acts as more
than a passive marker of endothelial damage within
the pulmonary circulation.
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