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Introduction

Small doses of uranyl nitrate (UN) and other
uranyl compounds cause reproducible acute
nephronal damage and have been employed as
models of experimental acute renal failure [1-
4]. The site of the UN-induced lesion is the
pars rectn of the proximal tubule and is
characterized by swelling, necrosis and shed-
ding of epithelial cell cytoplasm into the
tubular lumina [3]. The functional changes
abserved following a single nephrotoxic dose
of UN include increases in blood urea nitro-
gen, plasma renin activity, urine flow rate and
urinary sodium with decreases in glomerular
filtration rate, renal blood flow and urine
osmolality [1-4]. High resolution proton
nuclear magnetic resonance (‘H-NMR) spec-
troscopy is well suited to the study of toxico-
logical events. The combination of non-selec-
tivity with high chemical specificity provided
by this technique is potentially of great value in
the field of toxicology since a variety of
metabolic effects can be investigated simul-
taneously without prior knowledge of the
nature of the toxic lesion. We have previously
shown that 'H-NMR urinalysis studies can
provide high order information on the bio-
chemical effects of nephrotoxins [5-8]. Indeed,

this technique highlighted the link between -
lactic aciduria and proximal tubular necrosis,
and in addition, the association between in-
creased urinary levels of dimethylamine
(DMA), trimethylamine N-oxide (TMAQ), N,N-
dimethylglycine (DMG) and succinate, and
experimentally induced renal papillary necrosis
[6]. In the present study we have chosen to
examine UN-induced nephrotoxicity employ-
ing high resolution 'H-NMR urinalysis tech-
niques in an attempt to evaluate the effects of
this chemical on the profile of low molecular
weight urine and plasma components, and
hence generate new information on its bio-
chemical effects and mechanism of toxicity
within the kidney.

Experimental

Animals and treatments

Twelve male Fischer 344 rats were allocated
to four groups of three rats cach, placed
individually in plastic metabolism cages and
allowed free access to food and tap water. Rats
were dosed with either 0.9% NaCl or doses of
5, 10 or 20 mg kg ! UO4L(NO;),. Urine was
collected for 24 h prior to dosing and at &, 24
and 48 h after dosing; plasma was taken at
sacrifice {48 h).
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"H-NMR analysis

Measurements were made on a Bruker
WHA400 spectrometer at 9.4 Tesla (400 MHz
proton resonance frequency). A calculated
volume of urine [5] was lyophilized and redis-
solved in an equal volume of H,O containing
3-trimethylsilyl-[2,2,3,3,-°H,]-1-propionate
(TSP). Sixty-four free induction decays were
collected into 16K points using 40° (4 ps)
pulses, a spectral width of 5000 Hz and an
acquisition time of 1.7s. A delay of 3.0s
between pulses was added to allow full T,
relaxation. Spin-echo spectra of Iyophilized
plasma in 2H,0 were recorded using the Hahn
sequence (90— 7-180-r1—collect FID) [9] with
a 7 value of 60 ms and a delay between cycles
of 3's. An exponential line broadening func-
tion of 1.0 Hz was applied prior to Fourier
transformation.

Results

'H-NMR urinalysis

Figures 1 and 2 show, respectively, the high
field and low field portions of the 'H-NMR
spectra of control urine and urine collected 24—
48 h following exposure to 5, 10 or 20 mg kg™"
UN. A gradual decrease in citrate, creatinine
and 2-oxoglutarate excretion can be seen in
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Figure 1. '"H-NMR spectra, 400 MHz (high field region) of
rat urine from control and 24-48 h after 5, 10 and 20 mg
kg 'UN. See text for experimental conditions. DMA.,
dimethylamine; DMG, N,N-dimethylgiycine; HB, 3-b-
hydroxybutyrate; 2-OG, 2-oxoglutarate; TMAO, tri-
methylamine N-oxide.
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Figure 2

'H-NMR spectra, 400 MHz (low field region) of rat urine
from control and 48 h after 5, 10 and 20 mg kg ' UN. See
text for experimental conditions. «-glc, a-anomeric proton
of glucose; His, histidine; Phe, phenylalanine, Tyr,
tyrosine.

addition to aminoaciduria and glycosuria after
UN (Fig. 1). In addition, a dose-related in-
crease in urinary 3-nD-hydroxybutyrate can be
seen (Fig. 1). Moreover, 'H-NMR urinalysis
uncovered changes in the pattern of metab-
olites in the low field region of the spectrum,
principally a decreased excretion of hippurate
and allantoin, with increased excretion of the
aromatic amino acids histidine, phenylalanine
and tyrosine (Fig. 2). Evidence of glycosuria
can also be seen in Fig. 2 with increased
intensity of the doublet resonance arising from
the a-anomeric proton of glucose.

"H-NMR plasma analysis

Hahn spin-echo 'H-NMR spectra of plasma
from UN-treated rats (Fig. 3) also showed
differences from control. Dose-related in-
creases in plasma creatinine and HB were seen
in addition to a decrease in the resonances P,
and P, arising, respectively, from CH, and
CH; groups of mobile fatty acids. Examination
of the plasma spectrum from the high dose
group revealed an apparent decrease in the
intensity of the alanine methyl doublet (Fig. 3).
This was associated with the appearance of a
singlet at 8 = 1.5 ppm (Fig. 3). We believe that
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Figure 3

Hahn spin-echo PMR spectra, 400 MHz (high field
region) of rat plasma from a control rat and 48 h after 5, 10
and 20 mg kg ' UN. See text for experimental conditions.
HB, 3-p-hydroxybutyrate; NAc, N-acetylated groups of
plasma glycoproteins; P, and P,, CH; and (CH,), groups
of mobile fatty acids.

the singlet arises from the CHj protons of
deuteralanine, i.e. alanine deuterated at the «-
position arising as a result of elevated plasma
alanine aminotransferase (ALT) activity, re-
moving the coupling to the CH; group and
appearing as an upright singlet. We are in-
vestigating this phenomenon further. The re-
action showing the incorporation of a deuteron
from deuterium oxide into o-alanine is as
follows:
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Discussion

Doses of 5, 10 and 20 mg kg ™! UN produced
reproducible patterns of 'H-NMR-detectable
metabolic change in both the urine and plasma
from treated rats. 'H-NMR urinalysis un-
covered changes in recognized markers of
renal injury such as amino acids, creatinine and
glucose as well as changes in more novel low
molecular weight urine components like HB,
citrate and L-lactate. The lactic aciduria seen
following UN is modest in comparison to that
seen following other toxins targeting the pars
recta such as p-aminophenol, hexachlorobut-
adiene or HgCl; [5-7]. The reason for this is
unclear although sodium chromate, a toxin
causing necrosis in the pars convoluta of the
proximal tubule, has also been shown to
praduce a modest lactic aciduria [6]. The lactic
aciduria observed following UN was not dose-
related, highest levels seen 24-48 h following
the lowest dose (Fig. 1). Thus it would appear
that proximal tubular necrosis and lactic acid-
uria are only associated in certain types of
nephrotoxic injury. The hypocitraturia dis-
played after UN is in common with that seen
following exposure to 2 mg kg~' HgCl [5, 6]
but with differing timecourse. Whereas citrate
in urine was undetectable by 'H-NMR urin-
alysis 8—24 h after HgCl, {6], here this Krebs
cycle intermediate was undetectable only 24—
48 h after 10 mg kg™' UN (Fig. 1). Such an
effect of UN on urine citrate indicates an effect
on renal acid-base status. In fact, UN may be
precipitating a renal tubular acidosis similar to
that induced by HgCl,, possibly arising from
inhibition of renal carbonic anhydrase activity
[5]. A dose-related decrease in urinary 2-
oxoglutarate was seen following UN (Fig. 1).
This is a common effect following proximal
tubular insuit and has been observed following
challenge with p-aminophenol (PAP), HgCl,
and hexachlorobutadiene (HCBD) [7]. This is
a further consequence of the impaired acid—
base status following UN.

CH,COCOO" CH;C?HNH;'COO"~
+ +
~00OCCH,CH,CHNH,"CO0~ ————— O0OCCH,CH,COCO0"
+ +
’H,0 OH + H*

Pyruvate + glutamate

Alanine + 2-oxoglutarate
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A novel and interesting finding is the appar-
ent dose-related increase in urinary HB follow-
ing UN. Although urinary HB has previously
been shown to be increased following HCBD
and PAP [6, 7] these changes were minor in
comparison with those scen here. The HB-
aciduria could arise from a number of causes
including an effect of the toxin on food intake
causing an appetite suppressant effect, over-
flow of increased plasma HB levels, or a
biochemical effect within the kidney itself. The
first of these possibilities can be eliminated
immediately since in the fasting state plasma
glucose is depressed [10] and in the present
study UN produced no change in plasma
glucose levels 48 h after dosing (data not
shown). Furthermore, a dose-related increase
in plasma HB was demonstrated following UN
(Fig. 3). More considerable increases in plasma
HB have been scen in fasting human subjects
as well as in an insulin-dependent diabetic
during insulin withdrawal [10]. The effect of
UN on plasma HB combined with the dis-
appearance of resonances from plasma mobile
fatty acids following UN (Fig. 3) strongly
suggests increased fatty acid catabolism. Dis-
appearance of these resonances has been
shown previously in plasma from normal fast-
ing human subjects and an insulin-dependent
diabetic following insulin withdrawal [10].
However, the situation seen following UN
does not mimic either of these two examples
insofar as no changes in either plasma aceto-
acetate, lactate or glucose were observed here.

At this stage the most likely explanation for
the increased urinary HB would appear to be
perturbed renal biochemistry. The kidney is
well known to use as energy sources not only
fatty acids [11] but also ketone bodies [12].
Indeed the highest activity of HB dehydro-
genase in the kidney was recovered from the
proximal and distal convoluted tubules [13].
Further work is required in order to establish
whether UN is exhibiting an inhibitory effect
on renal fatty acid catabolism. Such exper-
iments would include incubating UN with
selected enzymes of renal lipid metabolism
such as HB dehydrogenase in order to test the
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hypothesis that UN is causing incomplete renal
oxidation of HB. However, the possibility that
the HB-uria arises as a result of decreased
reabsorption in the proximal tubule secondary
to toxic insult cannot be ruled out.

Conclusion

In the present study we have succeeded in
characterizing several of the biochemical
effects of UN on the kidney including changes
in the excretion of novel low molecular weight
urine components such as citrate, L-lactate and
HB following toxic injury.

Acknowledgements — We thank S. Moncada FRS for
encouragement and support, and The Wellcome Foun-
dation and The National Kidney Research Fund, for
financial support of this and related work.

References

[11 W. Flamenbaum, J.S. McNeil, T.A. Kotchen and
A.). Saladino, Circ. Res. 31, 682—698 (1972).

[2] W. Flamenbaum, M.L. Huddleston, I.S. McNeil and
R.J. Hamburger, Kidney Int. 6, 408-418 (1974).

[3] I.H. Stein, J. Gottschall, R.W. Osgood and T.F.
Ferris, Kidney Inr. 8, 27-41 (1975).

[4] W. Flamenbaum, R.J. Hamburger, M.L. Huddle-
ston, J. Kaufman, J.8. McNeil, J.H. Schwartz and R.
Nagle, Kidney Int. 10, $115-5122 (1976).

[5] I.K. Nicholson, J.A. Timbrell and P.J. Sadler, Mol.
Pharmacol. 27, 644651 (1985).

[6] J.K.N. Nicholson and K.P.R. Gartland, Methodo-
logical Surveys in Biochemistry and Analysis, Vol 17,
Cells, Membranes and Disease, Including Renal (E.
Reed, G.M.W. Cook and J.P. Luzio, Eds), pp. 397-
408. Plenum Press, New York (1987).

[7] K.P.R. Gartland, F.W. Bonner and J.X. Nicholson,
Mol. Pharmacol. 35, 242-250 (1989).

[8] K.P.R. Gartland, F.W. Bonner, J.A. Timbrel and
J.K. Nicholson, Arch. Toxicol. 63, 97-106 (1989).

[9] E.L. Hahn, Physiol. Rev. 80, 580594 (1950).

[10) J.K. Nicholsen, M.P. O'Flynn, P.J. Sadler, A.F.
MacLeod, S.M. Juul and P.H. Sonksen, Bicchem. J.
217, 365-375 (1984).

[11] W.G. Guder and G. Wirthensohn, in Renal Transport
of Organic Substances (R. Greger, F. Lanf and §.
Silbernagl, Eds). Springer, Berlin (1981).

[12] G. Wirthensohn and W.G. Guder, Mineral Elect.
Metab. 9, 203-211 (1983).

{13] W.G. Guder, S. Purschel and G. Wirthensohn,
Hoppe—Seyler's Z. Physiol. Chem. 364, 1727-1737
{(1983).

[Received for review 30 April 1990;
revised manuscript received 3 July 1990]



