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Urinary neutral endopeptidase in workers exposed
to cadmium: interaction with cigarette smoking

Jo lle Nortier, Alfred Bernard, Harry Roels, Monique Deschodt-Lanckman,
Christiane Gueuning, Robert Lauwerys

Abstract
Objectives-Structural impairment ofthe
renal proximal tubular epithelium in-
duced by cadmium (Cd) was investigated
by measuring the concentration ofneutral
endopeptidase 24.11 (NEP), an ectoen-
zyme of the apical brush border, in the
urine of 106 male workers employed in a
Cd smelter (among whom 52 were occupa-
tionally exposed to Cd), and by comparing
it with other tubular markers (low mo-
lecular weight proteins, lysosomal en-
zymes).
Methods-NEP (EC 3.4.24.11), P-N-
acetyl-glucosaminidase (NAG) (EC 3.2.1.
30), and NAG-B isoenzyme activities were
measured by fluorimetric assays, whereas
the concentrations of retinol binding pro-
tein (RBP), P,-microglobulin (pM), and
Clara cell protein (CC16) were measured
by automated latex agglutination tech-
niques.
Results-An increased urinary excretion
ofNEP as well as microproteins was found
only in subjects excreting more than 5 Itg
Cd/g creatinine. In this group, NEP con-
centrations were significantly higher in
the subjects who smoked. This significant
interaction could not be found for any
other marker tested.
Conclusions-The data suggest that NEP
enzymuria is high even at low exposures to
Cd (with a threshold of urinary cadmium
excretion (U-Cd) at 5 pg/g creatinine),
indicating early structural alterations.
Moreover, its particular sensitivity to
smoking could be useful in the detection of
new population clusters potentially more
susceptible to development ofnephrotoxic
insult.

(Occup Environ Med 1997;54:432-436)
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Neutral endopeptidase 24.11 (NEP) is a zinc
metallopeptidase anchored to the cell surface
of many tissues' and involved in regulatory
processes affecting target cell responses by
cleavage of several peptidic hormones.2 3 In the
kidney, this ectoenzyme is abundant on the
brush border membranes of the proximal
tubular epithelium, processing filtered peptides
present in the tubular fluid.4 An excreted form
has been identified in human urine and is
probably derived from the kidney.5 Indeed, the
large size of the soluble plasmatic enzyme

(about 94 kDa) and the low concentration of
this circulating form (about 13 ng/ml)6 exclude
a significant plasma contribution to the urinary
excretion, suggesting that NEP enzymuria is
mainly of renal origin. In humans, no data on
NEP enzymuria are available, except tran-
siently increased urinary concentrations of
NEP early after renal transplantation.7 This
enhanced enzyme release could be due to the
potentially toxic effects of ischaemia or immu-
nosuppressive drugs on the proximal tubular
cells.
Numerous studies over the past decades

have pointed out the differences in susceptibil-
ity to certain nephrotoxicants of several parts of
the nephron, according to their distinct mor-
phological, biochemical, and hence, functional
properties. This is typically the case for the
proximal tubular epithelium and cadmium
(Cd). This heavy metal is thought to reach the
kidney in the complex Cd-metallothionein
(Cd-MT) and accumulates in the renal cortex.8
Toxic effects of Cd on the proximal tubular cell
could be exerted by at least two possible steps:
firstly, during the ingestion process of the com-
plex Cd-MT from the tubular lumen to the
cytoplasm through the apical membrane; and
secondly, within the cytosol after dissociation
of the complex within the lysosomes. The sub-
sequent cascade of hypothetical mechanisms
leads to the occurrence of irreversible changes
-that is, tubular proteinuria.9 Increased uri-
nary concentrations of low molecular weight
microproteins-such as retinol binding protein
(RBP), J, microglobulin (0,M), and Clara cell
protein (CC 16)-were found in subjects occu-
pationally exposed to Cd with urinary Cd
excretion (U-Cd), which reflected the Cd body
burden, of around 10 jig Cd/g creatinine.9 '

Beside these signs oftubular dysfunction, Cd
can potentially induce structural impairment
of the cell. Indeed, an enhanced urinary excre-
tion of intestinal alkaline phosphatase, a brush
border enzyme strictly located in the straight
segment of the proximal tubule, has been
found in moderately exposed workers (U-Cd
ranging from 1.5 to 5 4g/g creatinine)." High
urinary concentrations of antigens originating
from the apical membrane were also reported
at this moderate internal Cd exposure or at
higher exposure intensities (U-Cd > egg
creatinine)." By contrast, in a recent study, no
evidence of a threshold was found for the lyso-
somal isoenzyme B of JP-N-acetyl-
glucosaminidase enzymuria (NAG-B), sug-
gesting early intracellular alterations at Cd
exposures as low as 2 jg/g creatinine."
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The aims of the present study were to meas-
ure firstly the urinary NEP concentrations in
workers occupationally exposed to Cd and in
age matched controls (workers not occupation-
ally exposed to Cd). Secondly, we related the
NEP enzymuria profile to U-Cd and compared
it with other glomerular (albumin and transfer-
rin) and tubular markers (NAG, NAG-B, and
microproteins). Finally, a possible effect of
tobacco was investigated on all the markers
tested.

Materials and methods
SUBJECTS AND EXPOSURE
The study was conducted on two groups of
male workers employed in (or retired from) a
Cd smelter in Belgium. The first group
comprised 52 subjects aged 22 to 80 (arithme-
tic mean (SD) 46.7 (16.7)) and occupationally
exposed to Cd. Their geometric mean U-Cd
was 2.8 (range 0.4-23.5) ig/g creatinine and
the mean duration of exposure to Cd, esti-
mated by the mean duration ofwork at job sites
in the smelter involving occupational Cd expo-
sure, was 13.6 (range 0.2-42) years.
The second group comprised 54 controls

aged 23 to 76 (mean (SD) 46.6 (14.4)) who
had no occupational exposure to Cd. Their
average U-Cd was 0.63 (range 0.09-6.11) gg/g
creatinine. Some of the control subjects had
U-Cd concentrations exceeding the normal
range because they were living in the vicinity of
the smelter, which is known historically to con-
taminate the environment with Cd.'4
As there was overlap between the distribu-

tions ofU-Cd in occupationally exposed work-
ers and the controls, both groups were
redistributed as follows. A control group, in
which U-Cd was very low (<1 jig/g creatinine),
comprised 51 of the control subjects and
served as the reference group. Because of their
U-Cd, three original controls were excluded
and had to be shifted to the exposed group,
which finally contained 55 subjects with U-Cd
¢ 1 jig/g creatinine.

METHODS
All subjects provided a spot urine sample
which was immediately divided in two aliquots:
one stored without additive at 40C for analyses
of Cd, creatinine, NEP and NAG, and the
other buffered atpH 7 and stored frozen for the
assay of RBP, 1,M, CC 16, transferrin, and
albumin.
The concentrations of Cd and creatinine in

urine were measured by atomic absorption
spectrometry and by the JaffE reaction, respec-
tively. The creatinine clearance was calculated
according to the Cockcroft and Gault
formula."

Urinary NEP concentration was measured
by a two step spectrofluorimetric assay after
1/30 and 1/60 dilution of the urine samples
with 50 mM Tris HOl buffer pH 7.6, as previ-
ously described.' In brief, the synthetic sub-
strate succinyl-alanyl-alanyl-phenylalanine-7-
amido-4-methyl coumarine (Suc-Ala-Ala-Phe-
AMC) (Bachem, Bubendorf, Switzerland), is
cleaved by NEP to produce Phe-AMC. This
compound, after incubation with aminopepti-

dase M (EC 3.4.11.2) (Pierce, Rockford, Ill,
USA), generates AMC. By the use of a stand-
ard curve established with purified human
renal NEP, it was possible to convert the rate of
AMC production into amounts of enzyme.
Preliminary experiments were performed with
this purified renal enzyme to verify that no
interference due to the heavy metal upon NEP
activity could render the assay invalid.
The activity of total NAG and that of the B

isoenzyme were measured by an automated
fluorimetric assay."6 The NAG-B isoenzyme
was separated from other isoenzymes (mainly
the A and I isoenzymes) after fixation of the
NAG-A on an anion exchanger as described by
Kritz et al."7
The concentrations of albumin, transferrin,

RBP, [,M, and CC 16 in urine were measured
by an automated latex agglutination technique
with the antibodies from Dakopatts, Glostrup,
Denmark and calibrated with standards of
purified proteins."

STATISTICAL ANALYSIS
Statistical analyses were carried out with the
Statview SE graph software. All variables
except age were log transformed before statisti-
cal analysis and the normality of their distribu-
tion was checked with the Kolmogoroff-
Smirnov one sample test. The results were
reported as the geometric mean with, when
necessary, the range. Groups stratified accord-
ing to the U-Cd excretion were compared by
one way analysis of variance (ANOVA) fol-
lowed by the Dunnett's multiple comparison
test. The level of significance was set at P<
0.05.
The interaction between tobacco smoking

and exposure to cadmium was assessed by two
way ANOVA. A simple regression analysis was
used to examine the relations between the uri-
nary excretion of NEP and that of Cd. In the
group of smokers, a stepwise regression analy-
sis was carried out to test the influence of the
duration of exposure, the current cigarette
consumption (cigarettes a day), or the lifetime
smoking history (pack-years) on urinary NEP,
as well as U-Cd.

Results
In the control group, a significant effect of age
was found on U-Cd (P=0.0026), urinary NAG
excretion (P=0.0424), serum 1,M (P=0.0053),
and calculated creatinine clearance (P=0.002).
According to this, all these variables except
U-Cd were adjusted for an age value fixed at 40
years (chosen as it was close to the mean ages
of the two studied populations).

After adjustment for age, a dose-effect
analysis was performed on all variables by
dividing the population exposed to Cd (U-Cd
¢ 1 ig/g creatinine) into three groups of
increasing U-Cd with thresholds at 2 and 5
jg/g creatinine. The table shows that signs of
proximal tubular impairment judged by in-
creased urinary excretion values of NEP, RBP,
JM, and CC 16, were noted only in the
subgroup with U-Cd >5 jg/g creatinine. By
contrast, a dose-dependent increase of urinary
NAG and NAG-B excretions was found, which
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Table 1 Serum variables and urinary concentration ofglomerular and tubular markers in
the total population ofCd smelter workers stratified according to the U-Cd

U-Cd (puglg creatinine)

<1 1-<2 2-<5 5

n 51 18 14 23
Age (y) 38.3 (10.9) 48.8* (14.9) 52.7* (16.5) 59.7* (13.4)

(22-63) (24-69) (28-76) (30-80)
Cd (jg/g cr) 0.55 1.34 3.28* 8.45*

(0.09-0.98) (1.04-1.98) (2-4.99) (5.12-23.5)

NEP (jtg/g cr) 42.8 52.7 49.8 75.9*
(21-128) (26-125) (33-92) (35-240)

NAG (UI/g cr)t 0.63 0.84* 0.84* 1.24*
(0.33-3.87) (0.44-2.71) (0.42-2.94) (0.47-3.04)

NAG-B (UI/gcr) 0.09 0.14* 0.17* 0.27*
(0.02-0.41) (0.06-0.75) (0.05-0.43) (0.07-1.05)

CC166(jg/g cr) 16 17 25 124*
(3-299) (2-246) (2-312) (3-2000)

RBP (pg/g cr) 80 122 132 594*
(27-217) (38-731) (49-1150) (12-119000)

02-M(pg/g cr) 73 112 102 834*
(23-402) (14-938) (11-4450) (37-73900)

Transferrin (mg/g cr) 193 284 478* 979*
(75-3640) (72-2120) (78-3460) (129-16700)

Albumin (mg/g cr) 5.08 7.26 11.2* 15.4*
(1.24-68.4) (2.88-60.1) (3.17-88.1) (2.65-180)

Serum creatinine (mg/I) 10.59 10.2 11.6 12.6*
(7.19-18.3) (8.5-14.5) (8.7-18.7) (8.7-28.3)

Calculated creatimine 103 103 90* 79*
clearance (ml/min)t (54-143) (66-135) (57-145) (33-131)

Serum O2-M (mgll)t 1.57 1.63 1.70 1.95*
(1.15-2.44) (1.14-3.97) (1.26-2.81) (1.15-3.85)

*P<0.05 v U-Cd <1 pg/g creatinine group.
tAdjusted for age.
Geometric mean with range except for age (mean (SD)).

was significant even in the group with a U-Cd
of 1-2 ,ug/g creatinine. Enhanced urinary
excretion of albumin and transferrin were also
found in the groups with U-Cd of 2-5 pg/g
creatinine and >5 jig/g creatinine. Besides,
these groups had a decreased glomerular filtra-
tion rate, as estimated by the calculated creati-
nine clearance and by the concentration of ,2M
in serum.
We further investigated by two way ANOVA,

a possible effect of the smoking habit on the
urinary excretion rates of the tubular markers
(adjusted for age if necessary). Therefore, each
subpopulation was divided into non-smokers,

Figure 1 NEP enzymuria in the total population ofCd smelter workers stratified
according to the Cd concentration in urine and smoking habit. The number ofsubjects in
each subgroup is noted inside the histograms. Cd effect P=0. 0001; tobacco effect P=0. 0397;
interaction between U-Cd and tobacco P=0. 0324.

ex-smokers (having stopped smoking for one
year or more), and active smokers. Figure 1
shows that NEP enzymuria was significantly
increased not only in the subgroup of non-
smokers but also in the subgroup of smokers
with U-Cd >5 ig/g creatinine (Cd effect
P=0.0001 and tobacco effect P=0.0397). A
significant interaction on NEP enzymuria was
found between U-Cd and the smoking habit
(P=0.0324).
The tobacco effect could be illustrated by

exploring the relation between U-Cd and
urinary NEP concentration in each subpopula-
tion. Figure 2 shows that different slopes were
obtained from simple regression analyses,
reaching the most significant correlation coef-
ficient in the group ofsmokers (fig 2C). Among
all other tubular markers tested, no effect of
tobacco nor interaction between U-Cd and
smoking was found.

Considering the group of exposed subjects
who smoked (n=14), a stepwise regression
analysis did not disclose any association
between NEP enzymuria and the duration of
exposure to Cd, the current smoking habit
(cigarettes/day), or the lifetime cigarette con-
sumption (pack-years). The only independent
variable emerging as a significant contributor
was U-Cd.

Discussion
Our results provide evidence that, in workers
exposed to Cd, renal NEP is released in large
amounts into the urine in parallel with
increased urinary concentrations of micropro-
teins at the Cd threshold of 5 jg/g creatinine.
Despite these similar patterns of urinary excre-
tion, a synergistic effect of U-Cd and tobacco
was only found in NEP enzymuria. Our data
further suggest that this marker of proximal
tubule integrity might be useful in detecting
new population clusters potentially more sus-
ceptible to development of nephrotoxic insult.

Nephrotoxicity of Cd has been studied for
many years in industrial countries, particularly
in Belgium, which is an important producer of
this heavy metal in Europe.9 The development
of accurate detection techniques resulted in a
precise measurement of abnormalities in
serum and urinary markers associated with
respective thresholds of U-Cd.'2 The relation
reported at the threshold around 10 jg Cd/g
creatinine between irreversible tubular pro-
teinuria and a faster decline of the renal func-
tion with age, led the American Conference of
Governmental Industrial Hygienists (ACGIH)
to recommend that 5 jig Cd/g creatinine should
be considered as the biological exposure limit
for occupational exposure to Cd.'9 20 Along
these lines, a recent European collaborative
research project studied the respective pattern
of excretion of 26 urinary markers measured in
172 Cd workers stratified according to their
U-Cd, focusing on the concept of target neph-
ron segment." As well as the recognised mark-
ers of abnormalities to the glomerular barrier,
the combination of two markers that reflect
proximal tubular impairment emerged as the
hallmark in the early detection of Cd
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nephrotoxicity-for example, a micrc
and the intestinal alkaline phosphates
muria.
According to the approach recomme

this multicentre study,21 we measure
enzymuria in male workers occupy
exposed to Cd and in age matched c

and related it to the corresponding coI

tions of urinary microproteins . This is
knowledge, the first study reporting ar

mal rise in NEP enzymuria in parallel
absorptive defects of microproteins. 1

zyme release may actually reflect brush border
v shedding, increased cellular turnover, or cell
v death. Experimental data support the first

hypothesis, suggesting that Cd2` could exert
toxic cellular effects which result in detach-
ment of apical membrane fragments into the
lumen. Indeed, in vitro studies showed that
exposure of an established renal proximal
epithelial cell line (LLC-PK1 cells) to micro-
molar concentrations of Cd2` for several hours
caused disruption to the adhering and occlud-

17 ing junctions between the cells.22 Moreover,
)23 under non-toxic conditions (liM CdCl2), Cd

is taken up preferentially from the apical side of
the cell by several transport processes mediated
by carriers (energy-dependent).23 This higher

10 accumulation through the apical membrane
may cause interaction with actin cytoskeleton
and induce structural alterations in the apical
membrane (loss or fusion of microvilli). Such

o consequences on the proximal tubule as well as
on the function of the whole organ (reduction

a0 of the glomerular filtration rate) were found in
2- the isolated perfused kidney.24

0 The synergistic effect of U-Cd and tobacco
on NEP enzymuria remains to be elucidated.

o Possible interactions may be hypothesised with
the detoxification mechanisms mediated by
glutathione within the cell. These defence

5 mechanisms are triggered in eliminating
)254 xenobiotics-such as polycyclic hydrocarbons

and free radicals derived from a burning
cigarette-and rely on the action of two main
enzymes: glutathione S-transferase (EC

10 2.5.1.18.) and glutathione peroxidase (EC
1.1 1.1.19) .25 The activity ofglutathione peroxi-

* dase, a selenium dependent enzyme, is known
to be inhibited in vitro by metal ions, mostly by
Cd2+ and Zn2 .26 Such an inhibition on both
total glutathione S-transferase and glutathione
peroxidase activities was shown in vivo by
Sidhu et al in rhesus monkeys chronically
exposed to Cd.27 The inhibition was predomi-
nant in the liver and the kidney. Moreover, a
recent study of Prozialek and Lamar showed
that Cd induced cytotoxic effects were more
severe and rapidly lethal on LLC-PK1 cells

9 previously depleted of glutathione.2' Taking
)005 into account that glutathione may be a final

common detoxification pathway in defending
the proximal tubular cell against cigarette
derivatives and Cd, it is likely that the

10 association of cigarette smoking and chronic
nine) exposure to Cd could induce cumulative
U-Cd deleterious effects on the cell. Increased NEP

Pkers, (B) enzymuria could then reflect a compromised
antioxidant status. Furthermore, it could be
suggested that restoration or protection of the

)protein glutathione pools might exert some protective
se enzy- effect in this situation of cumulative risk of

development of renal dysfunction.
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