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Abstract Acetaminophen (APAP) is an analgesic–antipyretic
drug widely used in children. In the present study, we used an
in vivomodel of APAP-induced nephrotoxicity in maleWistar
rats. We analyzed whether toxic doses of APAP could induce
heat shock protein 70 (HSP70) in the kidney and whether
HSP70 could be detected in urine. Renal function and
histological evaluation of the kidneys were performed at
different times after APAP administration (1,000 mg/kg body
weight i.p.). Cellular injury was assessed by Triton X-100
solubilization of Na+/K+ ATPase. Renal and hepatic glutathi-
one levels were also measured. Urinary N-acetyl-β-D
glucosaminidase (NAG) excretion increased 4 h after

intoxication. At this time, urea and creatinine were at control
levels and a slight degree of histological alteration was
detected. Kidney microscopic evaluation, Na+/K+ ATPase
solubility, creatinine, and urea levels and NAG excretion did
not differ from those of controls 48 h after APAP
administration. HSP70 was detected in urine obtained from
4 to 24 h after APAP administration. HSP70 abundance in
renal cortex was increased at early time points and 48 h after
APAP administration. Urinary HSP70 excretion would be a
marker of its renal induction combined with the loss of
tubule integrity. NAG would be a suitable early biomarker of
APAP-induced nephrotoxicity.
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Introduction

Acetaminophen (APAP) is one of the most widely
prescribed analgesic and antipyretic drugs in young
children. Although it is considered safe in therapeutic
doses, in overdose situations it produced hepatic necrosis
and renal failure in both human and experimental animals
[1–3]. APAP overdose produced acute proximal tubular
necrosis in male Fischer rats [4–6] and in the CD-1 mouse
[7]. Renal damage can occur even in the absence of liver
injury [2, 8].

We have previously reported the development of
APAP-induced acute renal failure after the administration
of a toxic dose of APAP to male Wistar rats. Sixteen
hours after dosing, impairment of renal hemodynamic
and tubular functions was observed. Renal function
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recovered 48 h after APAP administration [9]. We also
reported an increment in the Triton X-100 extractability of
Na+/K+ ATPase in freshly isolated cortical cell suspen-
sions incubated with APAP [10]. Triton X-100 extract-
ability fractionates the cellular pool of Na+/K+ ATPase
into an insoluble pellet (cytoskeleton-associated) and a
soluble supernatant [11]. Detachment of Na+/K+ ATPase
from its cytoskeletal anchorage to the basolateral mem-
brane has been used as a marker of cellular integrity
[11–13].

The 70-kDa family of heat shock proteins (HSP70) plays
a central role in cellular protection [14]. HSP70 is the major
inducible molecular chaperone found in mammalian cells
[15]. In the kidney, the 70-kDa HSP production localizes
primarily in renal tubular cells [16]. HSP70 has been
associated with cytoprotection in response to several
injuries, including oxidative stress [17], ischemia [18, 19],
and nephrotoxicity [20, 21]. In renal epithelial cells
exposed to nephrotoxic cysteine conjugates, it was reported
that changes in protein structure or conformation triggers
the increase in HSP70 mRNA [22]. Cytoprotective effects
of HSP70 rely on its ability to bind non-native proteins and
chaperone their refolding or elimination [23]. Heat shock
proteins (HSP) have been involved in the restitution of the
cytoskeletal anchorage of Na+/K+ ATPase [24, 25]. Urinary
HSP70 excretion has been observed in pediatric allograft
recipients and in an experimental model of renal ischemia
[26].

Acetaminophen toxicity results from its metabolism to
the reactive metabolite N-acetyl-p-benzoquinone imine
(NAPQI) by cytochrome P450. At low doses, NAPQI is
detoxified by conjugation with glutathione (GSH). Fol-
lowing toxic doses, GSH becomes depleted and NAPQI
binds to protein targets [27]. The mechanism of hepatic
APAP toxicity is well described, but it is less clearly
understood in the kidney. In rats, possible renal mecha-
nisms include the cytochrome pathway and deacetylation
to p-aminophenol [28]; however, in the CD-1 mouse it has
been shown that deacetylation is not a prerequisite [7]. We
have shown previously the contribution of GSH-derived
APAP metabolites formed in the liver in the development
of APAP-induced nephrotoxicity [29].

In the present study we used an in vivo model of
APAP-induced nephrotoxicity. We studied the time
course changes in renal function and histological damage
after APAP administration. Cellular injury was also
assessed by solubilization of Na+/K+ ATPase. We seek
to analyze whether toxic doses of APAP could induce
HSP70 in the renal cortical tissue and its urinary
excretion. Renal and hepatic GSH levels were also
measured as an indirect index of the production of APAP
toxic metabolites.

Materials and methods

Animals and treatments

Male Wistar rats (3 months; 250–350 g body weight) were
used. Animals were housed in rooms with controlled
temperature (21–23°C), and regular light cycles (12 h).
They were allowed free access to a standard diet and tap
water until used. Experiments were performed in accor-
dance with the guide for the care and use of laboratory
animals promulgated by the National Institute of Health
(National Centre for Research Resources, Bethesda, MD,
USA) and approved by our institutional ethics committee.
Rats were fasted for 16 h (5 p.m. to 9 a.m.) before the
experiments and were allowed free access to water.
Animals received a single dose of APAP (Sigma Chemical
Company, St. Louis, MO, USA) of 1,000 mg/kg body
weight i.p. at 5 ml/kg in propylene glycol:saline (1:1). A
group of animals received the corresponding volume of
APAP vehicle (C). The dose and the time points studied
were chosen based on our previous results [9].

Effect of APAP on renal and hepatic function

After APAP administration, rats were placed on metabolic
cages for urine collection. Four (APAP4), 6 (APAP6), 16
(APAP16), 24 (APAP24), and 48 h (APAP48) after APAP
administration, rats were anesthetized with sodium thio-
pental (70 mg/kg body weight i.p.). A blood sample was
obtained from the abdominal cava vein for creatinine, urea,
and alanine aminotransferase (ALT) measurement. Urine
volume was estimated gravimetrically.

Histopathological studies

Excised kidneys were processed for light microscopic
observation, according to standard procedures. Briefly, the
tissue was fixed in 10% formaldehyde, embedded in
paraffin and sectioned (5 µm). The sections were stained
with hematoxylin and eosin (H&E) or periodic acid-Schiff
(PAS) and examined under a light microscope.

Effect of APAP on Na+/K+ ATPase solubility,
and on cortical HSP70 and GSH content

A group of animals received the toxic dose of APAP and
were sacrificed 6, 16, and 48 h after APAP administration.
Rats were anesthetized as described previously, and kidneys
were promptly removed. Kidneys were decapsulated in
chilled isotonic solution and the cortex was dissected out.
Cortical tissues were homogenized in chilled extraction
buffer [13] containing 60 mM piperazine-N,N′-bis(2-
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ethanesulfonic acid) (PIPES), 1 mM ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA),
1 mM EDTA, 100 mM NaCl, pH 6.9 with 0.1% Triton
X-100, 0.5 mM phenylmethyl sulfonyl fluoride, and
0.1 mM dithiothreitol in a motor-driven Teflon-glass Potter
homogenizer. The homogenates were centrifuged at 680 g
for 10 min at 4° to remove large cellular fragments and
nuclei. The supernatants were saved at −70° for HSP70
immunodetection. In a set of experiments, the supernatants
were immediately centrifuged at 35,000 g for 14 min at 4°
to separate the Triton X-100-soluble protein fraction (S)
from the insoluble cytoskeletal fraction (I). The detergent
extractable supernatant was carefully removed and the
pellet was resuspended in the same volume of extraction
buffer. All samples were saved at −70° until further
immunodetection of Na+/K+ ATPase. Samples of cortical
homogenates were also saved for HSP70 immunodetection.

We also performed a set of experiments where livers
were removed and homogenized 4, 16, 24 or 48 h after
APAP administration for immunodetection of HSP70.

For glutathione assays, nonprotein sulfhydryls were
measured in livers and in renal cortical homogenates.
Homogenates were prepared in cold 5% trichloroacetic
acid in 0.01 M HCl and glutathione was measured as
described previously [30]. Results were expressed as
micromoles per gram of wet tissue.

Gel electrophoresis and immunoblotting

To analyze Na+/K+ ATPase solubility, samples from Triton
X-100 soluble and insoluble fractions (10 μg protein each)
were run on sodium dodecyl sulfate 8% polyacrylamide
gels (SDS-PAGE; Bio-Rad Mini Protean 3, Hercules, CA,
USA) [31]. For each gel, an identical gel was run in parallel

and subjected to Coomassie staining to ensure identical
loading. The amount of protein was chosen after the
linearity of detection had been verified. Samples were
boiled 3 min in the presence of 5% 2-mercaptoethanol and
1% SDS. Five microliters of prestained molecular weight
standards were also loaded onto the gel. The separated
proteins were transferred onto nitrocellulose membranes
(BioRad) in Tris-glycine transfer buffer with 20% methanol
in a mini-blotter (Sigma–Aldrich). Uniform blotting across
the gel was verified by Coomassie brilliant blue staining of
the post blot gel. Nitrocellulose membranes were incubated
for 1 h at room temperature with 5% (wt/vol) non-fat dry
milk in phosphate buffered saline (PBS), followed by a
1-h (room temperature) incubation with a goat polyclonal
antibody to the rabbit kidney Na+/K+ ATPase α subunit
(1:3,000 dilution; Calbiochem-Novabiochem Corporation,
La Jolla, CA, USA). After washing, membranes were
incubated for 1 h with alkaline phosphatase-conjugated
anti-goat antibody (1:3,000 dilution, Santa Cruz Biotech-
nologies, Santa Cruz, CA, USA). After washing, bound
alkaline phosphatase was detected with 5-bromo-4-chloro-3-
indolyl phosphate/nitroblue tetrazolium (Promega, Madison,
WI, USA).

In renal cortical homogenates (10 μg protein), in urine
samples (20 μg protein), and in liver homogenates (10 μg
protein) HSP70 levels were detected by SDS-PAGE and
Western blotting as described above. Non-specific back-
ground was blocked by incubating the membranes with 5%
non-fat dry milk in Tris-buffered saline with 0.05% Tween
20. Membranes were then incubated overnight with the
anti-HSP70 goat polyclonal (1:1,000 dilution, K-20; Santa
Cruz Biotechnologies). Detection was achieved as de-
scribed above with an alkaline phosphatase-conjugated
anti-goat antibody. Membranes of cortical homogenates

Fig. 1 Effects of acetaminophen (APAP) on renal function after the
administration of a single dose of 1,000 mg/kg body weight i.p. a
Plasma creatinine and urea levels were measured in controls (n=6)
and 4 h (APAP4, n=5), 6 h (APAP6, n=6), 16 h (APAP16, n=6), 24 h

(APAP24, n=6), and 48 h (APAP48, n=4) after APAP administration.
b Urinary N-acetyl-β-D glucosaminidase (NAG) was measured in
urine from rats after the same times as described in a. Data are mean ±
SE. *p<0.05 compared with control, **p<0.01 compared with control
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were stripped and reprobed with a rabbit polyclonal anti-
actin antibody (1:600 dilution; Santa Cruz Biotechnologies)
and an alkaline phosphatase-conjugated anti-rabbit anti-
body (1:3,000 dilution; Santa Cruz Biotechnologies).

Blots were digitized using a desktop computer Scanner
(HP II Scan Jet). Densitometry analyses of membranes
were performed on a PC computer using the Adobe
PhotoShop (6.0) computer program.

Analytical methods

Plasma creatinine was determined by a kinetic alkaline
picrate method (Jaffé reaction) with a commercial kit
(Wiener Laboratories, Rosario, Argentina). Urea and
plasma alanine aminotransferase were measured with
commercial kits (Wiener Laboratories, Rosario, Argentina).
Urinary NAG was measured following the method of
Hosseini et al. [32]. Proteins were measured with Coomas-
sie brilliant blue G250 [33] using bovine serum albumin as
standard.

Statistical analysis

Results are expressed as mean and standard error of the
mean (SE). Data were analyzed using the one-way analysis
of variance followed by Bonferroni contrasts, using a
computer program (Graphpad Instat, version 1.15). The
0.05 level of probability was used as the criterion for
significance in all cases.

Results

Effect of APAP on renal function and cellular injury

Renal function was evaluated by the plasma creatinine and
urea levels. Plasma creatinine was significantly increased
16 h after the administration of a toxic dose of APAP. Urea
levels were elevated 6, 16, and 24 h after APAP
administration. Both creatinine and urea levels returned to
control values 48 h after APAP administration (Fig. 1a).
Tubular injury was evaluated by the urinary NAG excre-
tion. As shown (Fig. 1b), urinary NAG excretion was
significantly increased 4 h after APAP intoxication. Urine
flow rate decreased 4 h after APAP administration and
returned to control values after 48 h (C ¼ 4:50� 0:4;
APAP4 ¼ 1:26� 0:5», APAP6 ¼ 1:30� 0:5»; APAP16 ¼
1:90� 0:5»; APAP24 ¼ 2:1� 0:5»; APAP48 ¼ 4:1� 0:5
ml=min=100gb:wt:, *p<0.05 vs C). Total urinary protein
excretion was significantly increased 16 and 24 h after
APAP administration (C ¼ 0:7� 0:2; APAP4 ¼ 1:5� 0:2,
APAP6 ¼ 1:2� 0:1; APAP16 ¼ 2:16� 0:2»; APAP24 ¼
1:9� 0:3» ; APAP48 ¼ 0:8� 0:2mg=ml, *p<0.05 vs C).

Cellular injury was assessed by the solubilization of Na+/
K+ ATPase. Protein levels of the Na+/K+ ATPase α1 subunit
were evaluated by Western blot analysis in the Triton X-
100 soluble and insoluble fractions from cortical homoge-
nates. The ratio between the abundance of Na+/K+ ATPase
α1 subunit in the soluble fraction and its total abundance,
measured as the sum of the abundance in the soluble and
the insoluble fractions (S/S+I), was increased in the groups
studied 6 h and 16 h after APAP administration. Forty-eight
hours after APAP intoxication the ratio S/S+I did not differ
from that observed in the control group (Fig. 2).

Morphological alterations after APAP treatment were
evaluated by light microscopy. Figure 3a–j shows
sections stained with H&E (×200). Figure 3k–o shows
sections stained with PAS (×400). Four hours after APAP
administration, a slight vacuolization and desquamation of
tubular cells (Fig. 3b), and some areas characterized by a

Fig. 2 Na+/K+ ATPase abundance in Triton soluble (S) and insoluble
fractions (I) of renal cortex. a Representative Western blot showing an
immunodetectable α1 Na

+/K+ ATPase subunit. Lanes 1 and 5: C; lanes
2 and 6: APAP6; lanes 3 and 7 APAP16, lanes 4 and 8: APAP48. b α1

subunit abundance in arbitrary densitometry units expressed as (S/S+I).
The magnitude of the signal is given as a percentage of control samples.
Each result is the mean ± SE of 4–6 experiments. *p<0.05 compared
with control

Fig. 3 Effects of APAP on tissue damage. Histological characteristics
were analyzed by light microscopy in tissue sections from kidneys of
control rats (a, f, k) and 4 h (b, g, l); 16 h (c, h, m); 24 h (d, i, n), and
48 h (e, j, o) after APAP administration. a–j show sections stained
with H&E (×200). k–o show sections stained with PAS (×400).
Asterisks show desquamated tubular cells, unfilled arrowheads show
vacuolization of tubular cells, filled arrowheads show tubular casts,
and arrows show areas of diminished brush border

b
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diminished brush border and lumen dilatation (Fig. 3g, l)
were observed. Kidneys studied 16 h after APAP admin-
istration showed severe cortical necrosis, lumen dilatation,
vacuolization of tubular cell cytoplasm, abundant tubular
casts, some of them with cellular detritus, and a marked
diminution of the brush border (Fig. 3c, h, m). Twenty-four
hours after, some tubular vacuoles, cellular desquamation,
lumen dilatation, and tubular casts were observed (Fig. 3d, i).
At this time a marked improvement of the tubular brush
border was detected, although there were some areas of
diminished brush border (Fig. 3n). Forty-eight hours after
APAP administration, the kidneys presented preserved
tubular structure (Fig. 3o). Only minor signs of vascular
congestion were observed in APAP4 and APAP24, while this
was more evident in the APAP16 group. Glomeruli were
preserved at all the times studied.

Effect of APAP on liver function

Changes in plasma ALT activity were examined as an index
of liver damage. ALT was significantly elevated 4, 6, 16,
and 24 h after APAP administration, returning to control
values after 48 h (C ¼ 31� 4, APAP4 ¼ 150� 10»»,
APAP6 ¼ 185� 12»», APAP16 ¼ 180� 15»», APAP24 ¼
200� 18»» , APAP48 ¼ 32� 5 IU=L, **p<0.01 compared
with C).

Effect of APAP on renal and liver glutathione content

Renal cortical glutathione levels were significantly decreased
16 h after APAP treatment and returned to control values after
48 h of APAP administration. Liver glutathione levels were
decreased 6 h after APAP administration. At 48 h, liver
glutathione levels were higher than control values (Table 1).
Similar results were observed previously in our laboratory [9].

HSP70 induction in cortical homogenates and its urinary
excretion

HSP70 was constitutively expressed in renal cortex from
control rats. HSP70 levels were increased in cortical tissue

obtained from rats 6, 16, and 48 h after APAP administra-
tion (Fig. 4).

In urine from control rats there was no detectable HSP70
excretion. In the APAP4 group HSP70 was detected in
urine, and the highest levels were observed 16 h after APAP
administration. This is the time when the maximal
deterioration of renal function and tissue damage was
observed. After 48 h of APAP intoxication, no HSP70
was detected in urine (Fig. 5).

Effect of APAP on liver HSP70 content

As it has been suggested that covalent binding of NAPQI to
hepatic macromolecules leads to liver injury and to HSP
induction [34, 35] we studied the effects of APAP on
hepatic HSP70 induction in our experimental model. Our
aim was to clarify the source of urinary HSP70, so we
analyzed hepatic HSP70 levels 4, 16, 24, and 48 h after
APAP administration. APAP promoted no changes in
hepatic HSP70 content (not shown), suggesting that liver
would not be the source of the HSP70 that appears in urine.

Discussion

Acetaminophen is an analgesic–antipyretic drug widely
prescribed in the pediatric population. In an overdose

Table 1 Time course changes in renal cortical and hepatic GSH
content (μmol/g wet tissue) after a single dose of APAP (1,000 mg/kg
body weight i.p.)

Time (h) Renal cortex Liver

Control (n=5) 1.8±0.1 3.1±0.2

6 (n=6) 1.1±0.2 1.2±0.1*

16 (n=6) 0.7±0.2** 1.9±0.3

48 (n=4) 2.1±0.2 5.5±0.9*

*p<0.05 compared with controls; **p<0.01 compared with controls

Fig. 4 Time course of changes in HSP70 abundance in cortical
homogenates after APAP administration. a Representative immuno-
blot showing HSP70 detection in C, APAP6, APAP16, and APAP48
cortical homogenates. Membranes were stripped and reprobed for
actin. b Ratio between HSP70 and actin abundance in arbitrary
densitometry units. Each result is the mean ± SE of six experiments.
*p<0.05 compared with control
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situation, it can produce hepatic and renal damage. In the
present work we used an experimental model of APAP-
induced acute nephrotoxicity. Plasma creatinine levels were
increased 16 h after APAP intoxication, while urea levels
increased after 6 h. Proteinuria was observed 16 and 24 h
after APAP administration.

Urinary NAG increased 4 h after intoxication. It is
noticeable that this occurs at a time when creatinine and
urea are still within the control range. There are no specific
early symptoms or signs of APAP poisoning. Patients with
plasma APAP concentrations greater than 200 μg/ml 4 h
after ingestion are considered severely poisoned [36] and
prognosis depends on the early detection and implementa-
tion of therapeutics. Our present results suggest that urinary
NAG would be a suitable early biomarker of APAP-
induced nephrotoxicity.

Some evidence of histological damage was observed 4 h
after APAP administration. Severe tubular necrosis, loss of
the brush border, lumen dilatation, cellular desquamation,
and intratubular cast formation were observed after 16 h.
Less evidence of histological damage was observed 24 h

after APAP administration. After 48 h, the kidney recovers
its normal structure. No evidence of glomerular injury was
observed at any of the times studied.

An increase in the abundance of Na+/K+ ATPase in the
Triton X-100 soluble fractions 6 h and 16 h after APAP
administration was observed. Forty-eight hours after APAP
administration, the abundance of Na+/K+ ATPase in the
soluble fraction did not differ from that observed in controls.

Taken together, these results suggest the loss of tubular
cell integrity during the early stages of APAP-induced
nephrotoxicity, and its restoration 48 h after APAP
administration. These results are in agreement with our
previous report of the reversibility of the APAP-induced
impairment of renal function [9].

Liver function, assessed by the ALT levels, also returns
to control values 48 h after APAP administration. GSH
levels were measured as an indirect index of the production
of APAP-toxic metabolites. Hepatic GSH content was
decreased by APAP and values were restored and even
higher than in control livers 48 h after APAP administra-
tion. Hepatic toxicity of APAP is known to be dependent on
GSH depletion, and covalent binding of NAPQI to hepatic
macromolecules. APAP metabolites form adducts with
certain proteins [37] and this could trigger HSP70 induction
[38]. The mechanism of renal toxicity is less clear. GSH
content of the renal cortex was decreased only in the
APAP6 group. Six, 16, and 48 h after APAP administration
HSP70 increased in cortical renal tissue. These results
suggest that the adduction of NAPQI to renal proteins
would not be the only mechanism of HSP induction in the
kidney. In our experimental model, although we observed
liver damage and hepatic GSH depletion, no hepatic
induction of HSP70 was observed. However, the liver of
APAP-treated mice has shown increased levels of HSP70
[34]. A likely explanation of the different results obtained
may rely on different animal species used, and different
doses and times assayed.

Four hours after APAP administration, HSP70 appeared
in urine. To our knowledge, this is the first report that
studies the appearance of HSP70 in urine from APAP-
intoxicated animals. The fact that no hepatic induction of
HSP70 occurs after APAP administration suggests the renal
origin of HSP70, at least in the experimental conditions of
the present study. HSP70 and NAG appeared in urine
earlier than creatinine and urea are significantly increased
in blood. Urinary HSP70 and NAG excretion occurred at
the same time as the kidney showed signs of histological
damage. Forty-eight hours after APAP administration,
HSP70 is still induced in the cortical homogenates, no
histological damage is demonstrated, and HSP70 is not
detected in urine. As suggested by Mueller et al. [26] the
loss of tubular integrity would be an important factor that
results in the appearance of HSP70 in the urine.

Fig. 5 Immunodetection of HSP70 in urine obtained from C rats and
4, 6, 16, 24, and 48 h after APAP administration. a Representative
immunoblot showing HSP70 detection in urine from C, APAP4
APAP6, APAP16, APAP24, and APAP48 rats. b Urinary HSP70
abundance in arbitrary densitometry units standardized to urinary
creatinine. Each result is the mean ± SE of six experiments. **p<0.01
compared with control
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Heat shock protein functions at the cellular level to
protect cells against a wide variety of acute stress
conditions [39]. It has been suggested that HSP inducers
would represent a new antidote to APAP-induced hepato-
toxicity [40]. Based on our present results, we suggest that
HSP inducers might be assayed as potential therapeutic
agents against APAP-induced nephrotoxicity. HSP70 in-
duction, combined with the extent of renal damage, could
be monitored by its urinary excretion and by urinary NAG
excretion.
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