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Association between NAG-B and cadmium in
urine with no evidence of a threshold

Alfred Bernard, Nathalie Thielemans, Harry Roels, Robert Lauwerys

Abstract
Objectives-To explore the significance
of the increase in urinary excretion
of the lysosomal enzyme f-N-acetylglu-
cosamini'dase (NAG) at low exposures to
cadmium (Cd) that is frequently found in
the absence of any other sign of renal
dysfunction.
Methods-The activity was measured of
the two main isoenzymes of NAG (NAG-
A secreted by exocytosis and NAG-B
released with cell membranes) in the
urine of49 male workers employed in a Cd
smelter and of 20 age matched controls.
Results-An increased urinary excretion
of low molecular weight proteins was

noted only in subjects who excreted > 10
,g Cd/g creatinine. The urinary activity
ofNAG-B showed a dose related increase
that was already significant in the group

excreting 0 5-2 ug Cd/g creatinine. In
multiple regression analysis the NAG-B
activity correlated with the excretion of
Cd but not with that of lead or mercury.

The NAG-A activity was by contrast
unaffected by exposure to Cd but corre-

lated with the urinary excretion of lead
and copper.
Conclusions-As NAG-B is considered to
be the lesional form of NAG, the exis-
tence of a specific association between
this enzyme and urinary Cd excretion
with no detectable threshold suggests that
this metal produces cellular alterations at
exposures commonly found in the general
population.
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Cadmium (Cd) is a metal that accumulates
and exerts a constellation of toxic effects on

the kidney, which results in alterations of
most indicators of nephrotoxicity.'-3 Because
of intrinsic differences in their sensitivity or to
the sequential involvement of specific sites of
the nephron these indicators become abnor-
mal at different stages of the Cd body burden.
This variable response is reflected by the
thresholds of the urinary excretion of Cd
(CdU) associated with an increased probability
of renal changes. For instance, three main
groups of CdU thresholds have been recently
identified3 4: one around 2 ,ug/g creatinine
mainly associated with biochemical alter-

ations; a second around 4,ug/g creatinine for
the start of high molecular weight proteinuria
and some cytotoxic signs (tubular antigens or
enzymes), and a third around 10 ,ug/g creati-
nine for the development of tubular protein-
uria. Effects associated with the 10 ,ug/g
creatinine threshold are known to predict a
faster decline of renal function with age.' By
contrast, the relevance of effects that occur at
lower thresholds in the pathogenesis of Cd
nephropathy is much less clear. One of the
markers presenting interpretative problems
is the lysosomal enzyme, fl-N-acetylglu-
cosaminidase (NAG). This enzyme has been
shown to be a sensitive indicator of tubular
toxicity in several situations that affect the
kidneys.6 In subjects exposed to Cd abnor-
mally increased values are detected above a
CdU threshold that varies between 4 and 6 ,ug
Cd/g creatinine.'75 Several studies, however,
have reported that the activity of NAG in
urine positively correlates with that of Cd at
unexpectedly low exposures (in some cases
< 2 ,ug/g creatinine).9-'' To gain insight into
the biological significance of this association
we have measured the activity of the two
main isoenzymes of NAG-the isoenzyme A
excreted in urine by exocytosis (functional
form) and the isoenzyme B released into the
urine after breakdown of tubular cells
(cytotoxic form)'1'6 in the urine of 49 Cd
smelter workers and 20 control subjects. The
relations between these isoenzymes and the
urinary concentrations of Cd, lead, and mer-
cury were examined.

Materials and methods
SUBJECTS AND EXPOSURE
The study was conducted on a group of 52
male workers aged 20-8 to 51 years employed
in a Cd smelter in Belgium. Their geometric
mean (range) urinary excretion of Cd was 2-6
(0 14-52) ,ig/g creatinine and their mean
duration of exposure was seven (0-2-18)
years. Twenty healthy subjects aged 23-6 to
55-3 years with no occupational exposure to
potential nephrotoxins served as controls.
Their mean (range) urinary excretion of Cd
was 0-23 (0-06-0 77) ,ug/g creatinine. Three
Cd workers whose urine samples were too
dilute (urinary creatinine < 0 03 g/l or 2-6
mmol/l) were excluded from the analysis.

METHODS
All subjects provided a spot urine sample that
was immediately divided in two aliquots: one
stored without additive at 4°C for metals,
creatinine, and NAG analysis and the other
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Urinary excretion ofheavy metals and proteins in the total population of controls and Cd smelter workers stratified
according to the CdU concentration

CdU (pglg creatinine)

<0-5 0-5-<2 2- <5 5<10 >10
n = 21 n = 23 n = 8 n = 8 n = 9

Age (y) 37-4 (9-5) 33-6 (6-9) 38-1 (9-6) 39 9 (6-9) 34-7 (7-6)
Cdt 0-23 (0 06-0-44) 1-09 (0 5-1-9) 3-84 (2 54-9) 6-4 (5-1-7-5) 26-3 (10-8-52)
Leadt 3 9 (1-6-10-3) 5-6 (1-8-14-5) 6-1 (27-44) 6-7 (4-8-19-6) 4-8 (2-3-13-7)
Mercuryt 2-3 (1 1-5-7) 2-4 (1-5-3) 2-3 (0-7-43) 1-8 (1-3-8) 2-8 (14-14-6)
Coppert 6-3 (4 6-9-3) 5-8 (2-7-10-8) 6-6 (4-3-11-6) 8-1 (6-10-7) 14-1* (101-41-6)
f,-Microglobulint 42-5 (2-3-192) 72 (23-6-160) 42 (7-1-90-4) 56-8 (8-2-159) 126* (47-6-666)
RBPt 52-1 (18-3-132) 54 (25-119) 40 (25-70) 50-3 (294-89 5) 107* (54-376)
a,-Microglobulinft 6-4 (2-0-29-6) 9-8 (22-47 2) 8-3 (2-9-20-5) 9-5 (3-5-21) 20.4* (5-2-49-5)
Albumint 6-6 (2-5-16-8) 6-3 (2-2-31-7) 7-7 (4A4-45-5) 6-3 (4-4-8-9) 7-6 (4-9-13-2)

Values are geometric with range except for age (mean (SD)).
*Significandy different from the group with CdU < 0-5,ug/g creatinine; tug/g creatinine; tmg/g creatinine.

buffered at pH 7 and stored frozen for the
assay of retinol binding protein (RBP), /J2-

microglobulin, a,-microglobulin, and albu-
min. The concentrations of Cd, lead,
mercury, and copper in urine were deter-
mined by atomic absorption spectrometry (as
already described'7). The activity of total
NAG (EC 3.2.1.30) and that of the B isoen-
zyme were determined by the automated fluo-
rimetric assay of Tucker et al.'8 The NAG-B
isoenzyme was separated from other isoen-
zymes of NAG-that is, mainly the A and I
isoenzymes-after fixation of the NAG-A on

an anion exchanger as described by Kritz et
al. 19 The activity of the NAG-A was calculated
by subtracting that of NAG-B from the total
NAG activity. The concentrations of albumin,
RBP, /2-microglobulin and a,-microglobulin
in urine were determined by an automated
latex agglutination technique with antibodies
from Dakopatts, Glostrup, Denmark and cali-
brated with standards of purified proteins.20

STATISTICAL ANALYSES
Statistical analyses were done with the
Statview SE Graph Software.2' All variables

Figure 1 Activity of
NAG isoenzymes in the
total population of controls
and Cd smelter workers as
a function of the CdU
concentration.

except age were log transformed before statis-
tical analysis and the normality of their
distribution was checked with the
Kolmogorov-Smirnov one sample test. The
results are reported as the geometric mean
with, when necessary, the range. Comparisons
of the groups stratified according to the uri-
nary Cd excretion were done by one way
analysis of variance (ANOVA) followed by
Dunett's multiple comparison test. The asso-
ciations between the isoenzymes ofNAG and
the urinary excretion of heavy metals were
assessed by stepwise multiple linear regression
analysis. The level of significance was set at
P < 0-05.

Results
As the distributions of CdU of smelter work-
ers and controls greatly overlapped, the two
groups were combined and redistributed in
five groups of CdU (< 0-5, 0-5-< 2, 2-< 5,
5-< 10, and > 10 ,ug/g creatinine). The table
shows that only the group with CdU > 10
pg/g creatinine presented signs of proximal
tubular impairment with an increased urinary
excretion of /,h-microglobulin, RBP, and a,-
microglobulin. This group also excreted more
copper. The urinary excretion of NAG-B
showed a dose-dependent increase that was
already significant in the group with CdU
between 0-5 and 2 pg/g creatinine (fig 1). The
excretion of NAG-A by contrast was remark-
ably similar between the five groups with no
tendency to rise with CdU. The five sub-
groups excreted on the average similar
amounts of lead, mercury, and albumin.

In the total population, all renal variables
with the exception of NAG-A and albumin
correlated significantly with CdU (P <
0-005). When the population was restricted to
subjects with CdU < 10 ,ig/g creatinine, only
a,-microglobulin and NAG-B were still corre-
lated, and with CdU < 5 ,ug/g creatinine,
NAG-B was the only marker to maintain a
significant association with CdU. In the < 5
,ug/g creatinine group, which presented no
signs of proximal tubular dysfunction, we
explored further the relation between CdU
and NAG-B in urine by a stepwise multiple
regression analysis with the predictors age and
the urinary excretion of Cd, lead, copper, and
mercury. Again, CdU remained the only inde-
pendent variable to be associated with NAG-
B (partial r2 = 0-134; regression coefficient,
0-2; P = 0-003). This association between
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Figure 2 Correlation
between the age adjusted
activity ofNAG-B and
the CdU concentration
from 20 control subjects
and 24 Cd smelter workers
who excreted < 2 ,ug Cd
creatinine.
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isoenzymes may give some clues to interpret
its increased excretion. NAG is indeed pre-

n = 44 sent in kidney and urine as two major isoen-
P = 0-0001 * zymes: the isoenzyme A (acidic) which is part

of the soluble intralysosomal compartment
* * and secreted in urine by exocytosis; and the

isoenzyme B (basic), also intralysosomal, but
* membrane bound and released in urine linked

* * 0 to disrupted lysosomal membranes. The uri-
0 * * tnary activity of NAG-A-the predominant

form in normal urine-reflects the secretary
- / * * @ activity of tubular cells (functional enzymuria)

whereas that of NAG-B is an index of the rate
of tubular cell breakdown (lesional type enzy-
muria).1416

0.1 0.5 1 2 Our study shows that Cd excretion in urine
Cadmium in urine (gg/g creatinine) is closely related to that of NAG-B-that is,

the lesional form of NAG. The remarkable
finding is that this association exists over the

'and Cd in urine was already apparent whole range of urinary Cd with no evidence of
roup with CdU values < 2 flg/g creati- a threshold. Both variables are already corre-
d was even stronger (partial r2 = 0-22; lated in what is presently considered to be the
on coefficient, 0-31; P = 0-0001). A normal range of CdU for populations exposed
Lnt influence of age, independent of only to environmental Cd. To our knowledge
ilso emerged in this group (partial our study is the first to report an increased
17, regression coefficient, 0-013; P = NAG-B excretion in subjects exposed to Cd.
Figure 2 shows the relation between Recently, Chia et al have studied the NAG
ivity of NAG-B (age adjusted) and isoenzyme profiles in the urine of workers
this group. exposed to lead.25 They found a slight increase
ugh confirming the lack of influence of NAG-B activity in exposed subjects but no
on NAG-A excretion, the multiple difference in the total NAG activity. No dose-
on analysis performed in the group effect or response relation was found between
dU < 5 ,ug/g creatinine showed the the NAG isoenzymes and the recent or time
:e of positive associations between the integrated blood lead concentration. Total
activity of NAG-A and age (partial NAG and NAG-B activities were significantly
088; regression coefficient, 0-06; P = higher in subjects with > 25% increase in
the excretion of copper (partial blood lead over the past six months. This
L5; regression coefficient, 054; P = study, however, did not examine the relations
and lead (partial r2 = 0064; regres- between the NAG isoenzymes in urine and

!fficient, 0 17; P = 0 045). These asso- the excretion of lead and more importantly
were also found in the group with the relation of Cd, which emerges from our
2 ,ug/g creatinine. analysis as a major determinant.

The relevance of the close association
sion between Cd and NAG-B in urine and its link
agnosis of Cd nephrotoxicity relies with the development of Cd tubulopathy (at
on the determination of specific CdU thresholds between 4 and 10 ,ug/g creati-

proteins, which according to their size nine) is still unknown. A first question to be
he functional integrity of the tubule or raised is whether this association is causal or
ilus.'-3 The interpretation of these secondary. As NAG-B and Cd in urine both
; in terms of renal dysfunction is rela- derive from the renal parenchyma, both
,traightforward owing to the limited chemicals might be conceivably linked only
isms that may lead to the increased through their common associations with a

of plasma proteins into urine (loss of third factor that could be for instance the turn

Lilar filter selectivity or failure of tubu- over and exfoliation rate of tubular cells.
sorption).22 The past decade has wit- Subjects in whom these processes would be
the development of increasingly more active would also excrete both more Cd

e indicators that have unravelled the and NAG-B. Although this explanation can-

-e of subtle renal changes at exposures not be completely ruled out, especially in sub-
less than those that give rise to an jects with very low exposures, the comparison
-d excretion of plasma protein.323 between Cd smelter workers and controls
indicators, which consist of various nevertheless indicates that Cd causes an

ients (antigens, enzymes) derived from increase of NAG-B activity in urine. This
ney, do not unequivocably reflect renal increase is unlikely to result from a higher
or dysfunction. They may be excreted renal activity of the enzyme as in experimental

:er amounts in urine as a result of shed- animals treated with Cd the total activity of
damaged tubular cells, of increased NAG in the renal cortex is unchanged or even
turnover associated with tissue regen- slightly decreased.26 A more likely explanation
or else of some metabolic derange- is suggested by recent in vitro observations on

hat enhances their renal production or human lymphocytes that showed that Cd can

n.24 For NAG, the existence of distinct produce cell damage and death not only by
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necrosis but also by apoptosis (programmed
cell death).27 The point of interest in these
observations is that the apoptotic cell death is
inducible by a Cd dose about 10-fold lower
than that necessary to produce an acute
necrotic death. The molecular mechanism by
which Cd can induce apoptosis remains to be
elucidated but there are several lines of evi-
dence that suggest that it might be linked to
the ability of Cd to raise intracellular free cal-
cium or to mimic calcium in its roles in signal
transduction. The apoptotic cell death
induced by Cd can be inhibited by calcium or
potassium channel blockers, which suggests
that Cd exerts its toxicity by entering the cell
through this route.26 Other mechanisms by
which Cd could induce apoptosis would be by
activating the Ca2+ activated endonucleases
either directly by substituting for calcium28
(responsible for the early DNA fragmentation
that characterises apoptosis) or indirectly
through an increase of intracellular free cal-
cium through the inositol pathway.29

Necrotic and apoptotic cell deaths are dis-
tinct in both their mechanisms and implica-
tions.30 Necrotic death is the outcome of a
cascade of events that lead to major alter-
ations of the cell membrane permeability. As
opposed to necrotic death, apoptotic cell
death is a process whereby a cell is activated
by various signals to undergo a programmed
process of self induced death. It is a normal
and widespread phenomenon in morphogene-
sis and cell development processes that neces-
sitate cell deletion.31 Fragmentation of
genomic DNA is an early and irreversible
event that commits the cell to die and that is
triggered by Ca2+ activated endonucleases.
The relative contributions of apoptotic and
necrotic cell deaths in the tubular toxicity of
Cd are largely unknown. One can logically
suppose that necrotic cell death is the main
mechanism responsible for signs of tubular
damage or dysfunction that occur at CdU
thresholds > 4,ug/g creatinine and result in an
increased excretion of various constituents
(including copper, table) derived from the
plasma or kidney. Although its implication in
the renal toxicity of Cd remains to be
assessed, cell programmed death seems an
attractive explanation for the increased NAG-
B excretion found at lower concentrations of
CdU.

Appendix
Conversion of units: cadmium 1jug =8-90
nmol; lead 1 pug = 4'83 nmol; mercury
1,ug = 4 99nmol; copper 1,ug = 15'74 nmol;
creatinine1 g = 8'83 nmol.
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