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Abstract—In view of data available that accumulation of acetyicholine in the lung leads to pulmonary
edema formation, the effects of thiourea (TU), phenylthiourea (PTU) and a-naphthylthiourea (ANTU)
on lung acetylcholine esterase (AchE) activity were examined in vitro and in vivo. ANTU and PTU
produced a concentration-dependent inhibition of lung AchE activity in witro. The EDso values of
ANTU and PTU were 2.8 x 107% and 5 x 107* M respectively. No significant inhibition in AchE
activity of the lung occurred in response to any concentration of TU. The mechanisms of AchE inhibi-
tion due to ANTU appeared to be competitive. The apparent K, for lung AchE averaged
7.23 x 107*M and the K; for ANTU averaged 1.11 x 10"*M. ANTU at 5 x 10~* M inhibited the
AchE activity of all examined tissues in virro. An edema-producing dose of ANTU had no effect
on AchE activity of any tissue except the brain. A failure to demonstrate the inhibitory effect in
vivo of ANTU on AchE activity has been discussed in this paper. Pretreatment with atropine offered
no protection against the pulmonary edema-producing ability of ANTU, The data collected in the
present report indicate that inhibition of lung AchE is probably not the mechanism of ANTU-induced
pulmonary edema. The significance of brain AchE inhibition in response to an edema-producing dose

of ANTU is not known.

Pulmonary edema is a pathological state of abnormal
extravasation of plasma fluid in lung spaces. The
edema may be of cardiogenic or noncardiogenic ori-
gin. In the latter category, the etiological factors may
include environmental pollutants (O3, NO,, H,S and
phosgene gases) or a variety of chemicals such as
thioureas, alloxan, oleic acid and ammonium chloride
[1]. Thiourea (TU) and its derivatives, phenylthiourea
(PTU) and a-napthylthiourea (ANTU), have been
employed in animal models as experimental tools to
study characteristics of pulmonary edema common
to a variety of drugs and toxic substances. These are:
(1) production of tolerance [2,3]; (2) the innate resist-
ance of young animals; and (3) species differences
[4,5].

The acute toxic signs associated with the adminis-
tration of thiourea-like compounds are massive pul-
monary edema, capillary hemorrhage, pleural effusion
and inflammation of the tracheobronchial tree [4,6].
The mechanism whereby TU, PTU and ANTU pro-
duce acute pulmonary edema is not clearly under-
stood. A causative relationship between bradycardia
and pulmonary edema has been demonstrated in the
genesis of pulmonary edema. For example, stimu-
lation of the peripheral end of the cut vagus nerve
produces lung edema in the dog [7]. Intravenous
administration of acetylcholine (Ach) produces lung
edema [8], while inhibitors of acetylcholine esterase
(AchE) have been reported to produce fatal acute pul-
monary edema in response to an excessive buildup
of Ach [9,10]. This study was undertaken to test the
hypothesis that inhibition of AchE by thiourea-like
compounds is related to their edema-producing effect.
We have examined the effects in vitro of TU, PTU
and ANTU on AchE activity of the lungs. The effects

of ANTU on AchE activity of different tissues were
studied both in vitro and in vivo. Also studied were
the kinetic properties of lung AchE.

MATERIALS AND METHODS

Male Sprague-Dawley rats weighing 350-400¢g
were purchased from Simenson Laboratory Inc., Gil-
roy, Calif. They were maintained, two per cage, on
Purina rat chow and water ad lib. Acetylthiocholine
iodide and dithiobisnitrobenzoic acid (DTNB) were
obtained from Sigma Chemical Co. TU, PTU and
ANTU were purchased from J. T. Baker Chemical
Co., Phillipsbury, N.J. The first two compounds were
dissolved in distilled deionized water and the last was
suspended in propylene glycol.

Study in vivo. Rats were first anesthetized by ether
and then transferred to a cold room where blood was
collected in heparinized syringes via the inferior vena
cava. Lungs and heart were removed en bloc. In order
to wash out blood from the pulmonary capillary bed
{117, lungs were perfused with cold isotonic saline
at 4-5° through the right side of the heart with a
slit on the left. A total volume of 50 ml saline was
passed through the pulmonary vasculature over a
period of 5 min. Liver, kidney and brain were repeat-
edly washed with cold isotonic saline to remove
blood. All tissues were first minced into small pieces,
then homogenized in phosphate buffer (0.1 M, pH 8)
using a motor-driven Teflon pestle (Tri-R} to yield
a concentration of 30 mg/ml. Homogenate and blood
were centrifuged in a refrigerated centrifuge (Sorval
RC-2B, SS-34 rotor) at 600¢g for 10 min at 4°. The
supernatant and plasma were carefully aspirated and
used to measure AchE activity. Protein content of

313



314

the supernatant and plasma was measured according
to the method of Lowry et al. [12].

The supernatant and plasma were incubated with
different concentrations of ANTU, PTU or TU or
appropriate vehicle for 10 min at 37 in a Dubnoff
metabolic shaker before running the enzyme assay
according to the colorimetric method of Ellman et
al. [13]. Acetylthiocholine iodide was used as the sub-
strate. The rate of enzymatic hydrolysis of the sub-
strate was monitored by an increase in absorbancy
at 416 nm at 37" by a Gilford spectrophotometer. The
enzymatic reaction was linear for a period of at least
10 min. The change in absorbancy for 3 min was read
on the linear part of the curve. Tissue and reagent
blanks were run concurrently. The changes in absor-
bancy resulting from these blanks were taken into
account when calculating the final enzyme activity.
Enzyme activity was expressed as moles product
formed/hr/mg of protein.

Study in vivo. In order to correlate the findings
in vitro with effect in vivo, an edema-producing dose
of ANTU, 20 mg/kg in propylene glycol, was injected
i.p. Control rats received an equivalent volume of
propylene glycol. Two and a half hr later, rats were
anesthetized with ether. Blood and different tissues
were obtained and processed for determination of
AchE activity in the manner described above. This
dose and the time interval after ANTU injection were
chosen because rats always develop acute pulmonary
edema with this regimen of treatment (see Table 5).
The AchE activity of the lung for the study in vive
was expressed in two ways: (1) moles of the product
formed/hr/mg of lung protein and (2) moles of the
product formed/hr/lung.

Additional experiments in vivo were also carried
out to find out whether or not a buildup of Ach
secondarily to AchE inhibition of the lung is the
mechanism for ANTU-induced pulmonary edema.
Rats were first injected intraperitoneally either with
saline or with | mg/kg of atropine 30 min prior to
an edema-producing dose (20 mg/kg) of ANTU in
propylene glycol. The rats in the control group
received saline prior to receiving an equivalent
volume of vehicle (propylene glycol). Two and a half
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hr later, rats were etherized. The abdominal cavity
was opened and the descending aorta severed to allow
free bleeding. For quantitation of pulmonary edema.
the trachea was cxposed and ligated. The thoracic
cavity was then opened to remove Jungs and heart en
bloc. The lungs were separated from the heart, blotted
gently and weighed after cutting the trachea at the
point of bifurcation in a tared container. The dry
weight of the lung was determined by heating in an
oven at 60" until a constant weight was attained
(72 hr). Both wet lung weight (WLW) and dry lung
weight (DLW) expressed in g/kg body weight were
used to evaluate the extent of pulmonary edema [14].

All data are reported as the mean + standard error
(S.E.). Student’s t-test was employed to determine the
degree of statistical significance between the means.

RESULTS

The effects of different concentrations of ANTU,
PTU and TU on rat lung AchE activity in vitro are
summarized in Table . ANTU had a potent inhibi-
tory effect on lung AchE activity. The magnitude of
inhibition was clearly related to the concentrations.
At 1073 M, AchE activity was inhibited by 75 per
cent: at 5 x 107* M, inhibition was 60 per cent; and
at 107* M the activity was inhibited by 25 per cent.
There was no inhibition of AchE activity at the
107% M concentration of ANTU. The vehicle, propy-
lene glycol, had no effect on AchE activity. A dose-
related inhibition of AchE activity was also noticed
in response to PTU treatment. A statistically signifi-
cant inhibition of AchE activity, however, occurred
only at a concentration of 10™* M. It was interesting
to note that TU produced no significant inhibition
in AchE activity at any concentration. At 107% M,
the highest concentration of TU employed, AchE acti-
vity was reduced only by 16 per cent.

The EDs,, values (the concentration that inhibits the
enzyme activity by 50 per cent) of ANTU and PTU
were obtained by plotting the enzyme activity as per
cent of control against their concentrations. The EDs,,
for ANTU was 28 x 107*M as compared to
5 x 107*M for PTU.

Table 1. Effects of different concentrations of x-naphthylthiourea (ANTU), phenylthiourca (PTU) and thiourea (TU)
on rat lung AchE activity in vitro*

Concen of Enzyme activityt (moles x 107* produet released hromg protein)
inhibitor
(M) ANTU P values? PT{! P values? T P valuest

PO, bufer {controli¥ 417+ 021(5) 7.26 + 036 (5) 72004021 (5
Propylene glycol (control) 5.34 + 0.45¢8)
Inhibitor (10°%) 1.23 £ 027(6)  <0.001 612 + 0.36 (5 <A.10
Inhibitor (5 x 1074} 2.04 £+ 1.80(3) <0001
Inhibitor (10 %) 4.04 + 0.24(8) <005 471 £ 057 (5) <0.02 6.60 + 0.24 {3) NS!
Inhibitor (107 %) 4.56 + 0.21(7) NS 6.33 + 0.36 (5) NS 7.200 + 0.45 (5) NS
Inhibitor (10 6) 6.84 + 042 (35) NS

* Rats were sacrificed by ether anesthesia. Lungs and heart were removed en hloc. Lungs were perfused with cold
isotonic saline through the right side of the heart, then minced and homogenized in PO, buffer (0.1 M, pH 8). The
homogenate was centrifuged at 600y for 10min at 4. The supernatant was incubated with and without different
concentrations of thioureas for 10 min at 37" before assaying AchE activity. The tissue and reagent blanks were run
simultaneously and were taken into consideration in calculating enzyme activity.

+ Mean + S.E. (N).

1 All comparisons involving ANTU are made against the propylene glycol control. since this was the solvent for
ANTU. PTU and TU were compared against their own PO, buffer controls run simultaneously.

§$ P value between P,,, buffer and propylene glycol is not significant at the 0.05 level.

| Not significant.
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Fig. 1. Diagram, 1/V vs 1/[S] of acetylthiocholine iodide

using lung-AchE with and without the presence of ANTU

(1073 M). Velocities are given as moles x 10™* of product

formed/hr/mg of protein; substrate concentrations are in

moles/liter. The mean K,, and K; values of several such
studies are shown in Table 3.

The Michaelis constant (K,) of lung AchE using
acetylthiocholine iodide as substrate and the dis-
sociation constant (K;) of the inhibitor (ANTU at
1073 M) were determined by the double reciprocal
plot of Lineweaver and Burk [15] and Dixon [16].
An example of one such study is graphically shown
in Fig. 1. It appears from the graph that ANTU acts

Table 2. K,, and K; of lung

AchE using acetylthiocholine

as substrate and «-naphthyl-
thiourea as inhibitor*

Mean + S. E. (N)

K, 723 x 107* £ 053 (4)
K; 111 x 107* £ 0.18 (3)

* Double reciprocal plot of
Lineweaver and Burk and
Dixon was employed to deter-
mine the K,, and K;.

Table 3. Effects of ANTU on AchE activity of different
tissues of rat in vitro*

Enzyme activityt
(moles x 107* of
product released/hr/mg protein)

Propylene glycol ANTU P value between
Tissue (control} (3 x 107+ M) control and ANTU
Kidney 0.95 + 0.16 0.00 + 0.00
Brain 106.96 + 5.10 76.60 + 4.20 <0.05
Liver 264 + 024 1.60 + 0.26 <0.05
Lung 6.79 + 0.51 299 + 061 <0.01
Plasma 4.32 4+ 054 1.38 £ 0.19 <0.01

* Procedures for preparing and assaying the enzyme
activity are the same as described in the legend of Table 1.
1+ Mean + S. E. of four animals.

as a competitive inhibitor of AchE. The K,, value
for four separate determinations averaged 7.23 x
107*M, and K; for three determinations averaged
1.11 x 107* M (Table 2).

The AchE inhibitor effect of ANTU on different
tissues in vitro is summarized in Table 3. In this study,
AchE activity of different tissues was examined after
treatment with 5 x 107* M ANTU. It is obvious that
ANTU had a generalized inhibitory effect on the
AchE activity of all tissues examined in this study.
A great deal of variation was found in sensitivity to
the inhibitory effect of ANTU on AchE activity of
varying tissues.

Studies in vivo were carried out in an attempt to
correlate the inhibitory effect in virro of ANTU on
AchE activity with its pathophysiological effect. An
edema-producing dose (20 mg/kg) of ANTU was in-
jected (i.p.) 2.5 hr prior to sacrifice. AchE activity of
different tissues and plasma was then measured. The
results of this study are summarized in Table 4. The
dose of ANTU which produced acute pulmonary
edema failed to inhibit AchE activity on the lung,
liver, kidney and plasma. A significant inhibition
(P < 0.05) was noticed only in brain AchE activity.

A failure to demonstrate the inhibition of lung
AchE activity in response to an edema-producing
dose of ANTU could be attributed to two factors;
first, an extensive perfusion in vitro of the lung poss-
ibly washes out the inhibitor; and second, the un-
washed amount of ANTU in lung undergoes an
extensive dilution after homogenization as well as in
the reaction mixture in ritro. Attempts were made,
therefore, to circumvent these possibilities and find

Table 4. Effects of a-naphthylthiourea (ANTU) on AchE activity of different rat tissue in
vivo*

Controlf

ANTUT P

values hetween

Tissue (P/hr/mg protein) (P/hr/lung) {P/hr/mg protein) (P/hr/tung) control and ANTU
Lung 535 + 042 5.89 + 0.57 6.15 + 0.45 6.09 + 042 NS, NSi
Liver 2.76 + 0.36 3.09 + 0.66 NS
Kidney 0.90 + 0.0 091 + 003 NS
Plasma 342 + 0.18 321 + 042 NS
Brain 102 + 5.85 8544 £ 1.20 <0.05

* Rats were injected with ANTU (20 mg/kg, i.p.) 2.5 hr prior to sacrifice. Lungs were per-
fused with cold isotonic saline through the right side of the heart and the remaining organs
washed repeatedly before determining AchE activity.

+ Enzyme activity is expressed in moles x 10~* product (P) released/hr/mg of protein and
moles x 1072 of P/hr/lung; mean + S. E. of five animals.

1 Not significant.
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Table 5. Effects of atropine pretreatment on x-naphthylthiourea {ANTU)-induced pulmonary edema
as measured by wet lung weight (WLW) and dry lung weight (DLW) in g/kg body weight

Mean + S. E. of five animals

P values between groups

Group Pretreatment* Treatment WLW/kg DLW/kg Groups WLW DLW
1 Saline Prapylene glycol 389 +£0.14 085 £ 0.02 1.2 <0.001 <0.01
2 Saline ANTU 6.02 + 0.28 1.14 + 0.06 1.3 <0.001 <0.01
3 Atropine ANTU 6.35 + 0.3t 1.07 £ 0.05 23 NSt NS+

* Rats were pretreated with saline or atropine (I mg/kg) 30 min prior to i.p. injection of ANTU
in propylene glycol. Rats in the control group received an equivalent volume of propylene glycol.
They were sacrificed 2.5 hr later using ether and exsanguination. The index of pulmonary edema
in each case was determined by wet and dry lung weight.

+ Not significant.

out if a buildup of Ach secondary to inhibition of
AchE is the mechanism for ANTU-induced pulmon-
ary edema. Rats were treated either with saline or
atropine 30 min prior to an edema-producing dose
of ANTU. Two and a half hr later, the extent of pul-
monary edema was determined. The results of this
study are summarized in Table 5.

An edema-producing dose of ANTU produced the
same degree of pulmonary edema in both saline- and
atropine-pretreated rats. This was reflected by a signi-
ficant increase in WLW and DLW in rats of these
two groups over the group injected with vehicle.
There was, however, no difference in WLW or in
DLW between the two groups of rats injected with
ANTU.

DISCUSSION

TU, PTU and ANTU are known to produce acute
pulmonary edema in animal models. The mechanism
by which these compounds produce pulmonary
edema is not understood. There is evidence that
thiourea-like compounds affect the pulmonary vascu-
lar endothelium directly and are thus responsible for
ultrastructural changes of the capillary endothelium
leading to lung edema [1]. Other investigators have
suggested that thiourea compounds may be metabo-
lized in the lung or liver to form active but short-lived
toxic intermediates that may then affect the integrity
of the pulmonary endothelial cells [17,18]. We sug-
gested earlier, in view of our findings, that thiourea
or a metabolite covalently interacts with a polypep-
tide of lung, and this interaction may directly or indir-
ectly lead to increased permeability of pulmonary
capillaries and alveolar epithelium [19].

The interesting finding borne out of this study was
that ANTU had a generalized inhibitory effect on
AchE activity of all examined tissues in virro. At
5 x 107*M, it inhjbited AchE activity of kidney,
plasma, lung, liver and brain to varying degrees. The
relative potency of TU, PTU and ANTU as inhibitors
of lung AchE activity was examined in vitro. In this
regard, both PTU and ANTU caused a concentra-
tion-related inhibition of AchE activity. TU, on the
other hand, had little or no effect. At 1073 M, the
highest concentration, it inhibited AchE activity only
by 16 per cent.

It is conceivable that the ability of thioureas to
inhibit AchE activity in vitro might be directly related
to their lipophilic property. For example, ANTU and
PTU being more lipophilic [20, 21] might somehow

introduce adequate conformational changes in the
AchE molecule so as to inhibit its activity. On the
other hand, TU being relatively lipid insoluble [22]
fails to introduce the conformational change and,
therefore, enzyme activity.

Since there is no structural similarity between Ach
and ANTU, it is unlikely that both compete for the
same binding site on AchE. The alternative
mechanisms involved in ANTU’s competitive inhibi-
tion of AchE might be attributed to either steric hin-
drance or allosteric inhibition [23]. In either case,
an increasing concentration of the substrate would
tend to remove ANTU from the enzyme and thus
help to restore AchE activity to a normal level. This
would explain how ANTU acts as a competitive in-
hibitor of AchE.

A failure to demonstrate an inhibitory effect of
ANTU on AchE activity of lung and other tissues
after administration in vivo of ANTU could be attri-
buted to the extensive perfusion of the lung which
washes the drug from the tissue and also to the exten-
sive dilution in vitro of the unwashed ANTU in the
reaction mixture. Because of these difficulties, it is not
possible to draw any definite conclusion whether or
not the inhibition in vivo of lung AchE is the
mechanism of ANTU-induced pulmonary edema.
Two lines of evidence provided in this report, how-
ever, suggest that pulmonary edema due to ANTU
is probably not being mediated through the inhibition
of lung AchE. First, there was an obvious lack of
even an inhibitory effect in vitro of a similar com-
pound (thiourea) at 10”3 M. This is a much higher
concentration than that needed in vivo to produce
acute pulmonary edema. Second, if the inhibition of
lung AchE by administration in vivo of ANTU allows
the buildup of Ach, then atropine pretreatment, which
is known to exert protection against pulmonary
edema induced by Ach-like drugs [24], should mini-
mize or abolish the pulmonary edema caused by
ANTU. In the present study, rats pretreated with
atropine developed pulmonary edema in response to
ANTU as much as those pretreated with saline. These
lines of evidence tend to negate the involvement of
lung AchE as one of the possible mechanisms of
ANTU-induced pulmonary edema.

Our results are in agreement with the results of
other investigators who have studied the effects of
thiourea-like compounds on other enzymes. For
example, DuBois and Erway [25] had reported that
none of the thiourea derivatives inhibited the cyto-
chrome oxidase or succinic dehydrogenase of lung or
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liver tissues of rats given lethal doses of these com-
pounds. High concentrations of these compounds
were necessary to inhibit the activity of these enzymes

in
n
ed

vitro. A significant inhibition, however, occurred
brain AchE activity after the administration of an
ema-producing dose of ANTU. Whether the inhibi-

tion of brain AchE activity is the cause or the effect

of

pulmonary edema is not presently known.
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