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Abstract

Recent in vivo studies suggest that heme Fe causes proximal
tubular lipid peroxidation and cytotoxicity, thereby contribut-
ing to the pathogenesis of myoglobinuric (Mgb) acute renal
failure. Because hydroxyl radical ( * OH) scavengers Idimeth-
ylthiourea (DMTU), benzoate, mannitoll can mitigate this in-
jury, it is postulated that * OHis a mediator of Mgb-induced
renal damage. The present study has tested these hypotheses
using an isolated rat proximal tubular segment (PTS) system.
An equal mixture of Fe2"/Fe3" (4 mMtotal), when added to
PTS, caused marked cytotoxicity las defined by lactate dehydro-
genase (LDH) releasel and lipid peroxidation lassessed by ma-
londialdehyde (MDA) increments]. Fe2" or Fe3+ alone each in-
duced massive MDAelevations, but only Fe2" caused cytotoxic-
ity. Although both DMTUand benzoate decreased LDH
release during the Fe2"/Fe3" challenge, mannitol and GSHdid
not, despite equivalent reductions in * OH(gauged by the salicy-
late trap method). GSHand catalase (but not DMTU, ben-
zoate, or mannitol) decreased MDAconcentrations, suggesting
the Fe-driven lipid peroxidation was more H202 than -OH
dependent. Deferoxamine totally blocked Fe-induced LDHre-
lease, even under conditions in which it caused an apparent
increase in . OH generation. Mgb paradoxically protected
against Fe-mediated PTS injury, an effect largely reproduced
by albumin. In conclusion, these data suggest that: (a) Fe can
cause PNSlipid peroxidation and cytotoxicity by a non- * OH-
dependent mechanism; (b) Fe-mediated cytotoxicity and lipid
peroxidation are not necessarily linked; and (c) Mgbparadoxi-
cally protects PNSagainst Fe-mediated injury, suggesting that:
(i) Mgb Fe may require liberation from its porphyrin ring be-
fore exerting toxicity; and (ii) the protein residue may blunt the
resulting injury. (J. Clin. Invest. 1992. 89:989-995.) Key
words: hydroxyl radical * hydrogen peroxide * deferoxaminee
glutathione. mannitol

Introduction

During wartime and with natural disasters, crush syndrome-
induced acute renal failure (ARF)l can assume epidemic pro-
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1. Abbreviations used in this paper: apoMgb, Mgb without porphyrin;
ARF, acute renal failure; DFO, deferoxamine; DHBA, dihydroxyben-
zoic acid; DMTU, dimethylthiourea; LDH, lactate dehydrogenase;
MDA, malondialdehyde; Mgb, myoglobin; PTS, proximal tubule seg-
ments.

portions, overwhelming dialytic capabilities. Thus, interven-
tions that can prevent or mitigate this form of renal damage are
highly desirable. It is generally accepted that myoglobinuria is a
critical pathogenetic component to this syndrome. However,
because it is unclear how myoglobin (Mgb) exerts its nephrotox-
icity, new and effective interventions remain to be defined.

In recent years, it has been hypothesized that Fe-mediated
hydroxyl radical ( OH) production via the Haber Weiss/Fen-
ton reactions with resultant oxidant stress is a dominant path-
way for heme protein nephrotoxicity (1-3). The supporting
evidence is as follows: (a) the Fe chelator deferoxamine (DFO)
can protect against experimental myohemoglobinuric ARF(1 -
3); (b) renal lipid peroxidation, as assessed by malondialdehyde
(MDA) tissue assay, may occur after myohemoglobinuric renal
damage (1, 2); (c) these MDAincrements may be blunted by

* OHscavengers and DFOtherapy (1, 2); and (d) Na benzoate,
dimethylthiourea, and mannitol, all *OH scavengers, can
confer in vivo functional and morphological protection (1,
4, 5).

The above evidence implicating Fe-driven oxidant tissue
stress as a mechanism for heme protein nephrotoxicity has
been gathered exclusively by using whole-animal experiments.
Although conclusions as to the presence or absence of protec-
tion with a particular agent are valid, the reasons for such re-
sults maynot be as firm. This is because functional, morpholog-
ical, or biochemical protection in in vivo experiments can re-
flect a complex interplay of hemodynamic, intraluminal, and
primary tubular cell events. Thus, even though an antioxidant
confers protection and decreases MDA, these results could be
due to a nonoxidant action. For example, although mannitol
protects against myohemoglobinuric ARF, recent data indicate
that it does so by its diuretic, not its antioxidant, effect (4).

An alternative approach to in vivo studies of cellular mecha-
nisms of injury is to eliminate vascular and intraluminal events
by using in vitro systems. Since the proximal tubule is the prin-
cipal target of cellular damage in myoglobinuric ARF, we have
attempted to complement the above in vivo studies of heme
protein/Fe nephrotoxicity by studying the responses of isolated
proximal tubular segments (PTS) to both inorganic Fe and
Mgbchallenges. The following questions have been addressed:
(a) Is Fe toxic to proximal tubular cells? (b) If so, does this
cytotoxicity directly correlate with tubular cell lipid peroxida-
tion? (c) Can * OHscavengers consistently block Fe-mediated
cytotoxicity and lipid peroxidation, thereby suggesting that

* OHis responsible for that injury? (d) Does DFOconfer cyto-
protection despite the fact that it can paradoxically accentuate

* OHproduction (6)? (e) Does Mgb Fe, sequestered within a
porphyrin ring, also produce oxidant tissue stress? The results
of these studies form the basis of this report.

Methods

PTSpreparation
PTS were isolated from cortices of 200-250-g male Sprague Dawley
rats by using a protocol described by Weinberg et al. (7). This method,
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developed for isolating rabbit tubules, was followed exactly except for
three modifications: (a) before resecting the kidneys, they were per-
fused in vivo with ice-cold starting buffer (8) to obtain near-bloodless
kidneys (- 60 ml of buffer injected retrograde into the abdominal
aorta, efflux being permitted from a transected renal vein); (b) DFO
(Ciba Pharmaceutical Co., Summit, NJ) was added to the collagenase
digestion buffer (0.66 mg/ml) to chelate any free Fe, e.g., generated
during the digestion process. The DFOwas removed after collagenase
digestion by five washings of the resulting PTS preparation (8); and (c)
the final PTS preparation was isolated by centrifugation through 32%
Percoll, as previously described (8). The PTS were suspended (3-5 mg
PTS protein/ml) in an incubation buffer containing the following
(mM): 100 NaCl, 2.1 KCI, 25 NaHCO3, 2.4 KH2PO4, 1.2 CaCl2, 1.2
MgCI2, 1.2 MgSO4, 5 glucose, 4 Na lactate, 10 Na butyrate, 1 alanine,
and dextran T40 0.6% and were gassed with 95%0J5% CO2X 20 min
(final pH 7.4). Each PTS preparation used cortices from one or two
rats, the sample being split into three to six aliquots after rewarming
from 4 to 36°C over 15 min. All experiments were conducted under
oxygenated conditions (95% 0JCO2) at 36°C over a 45-min period,
maintaining the segments in suspension with a rotating (120 rpm)
water bath.

Fe challenge and determination of PTS cytotoxicity/lipid
peroxidation
To assess Fe toxicity, a standardized Fe challenge with known - OH-
generating capability was used unless otherwise stated. This challenge
consisted of 2 mMFeSOJ2 mMFeCl3/ 10 mMADP(final buffer con-
centrations), the ADP(5:1 ratio with Fe3") being used to maintain the
added Fe3+ (and any Fe3+ generated from Fe2") in solution (9, 10). The
amount of Fe used (total of 4 mM)was selected because preliminary
studies demonstrated that this was the amount needed to induce con-
sistent PTS toxicity over a 45-min incubation period. Cytotoxicity was
defined as the percentage of lactate dehydrogenase (LDH) released
from PTS into the buffer (over the 45-min incubation period) as done
by other laboratories (e.g., references 7, 1 1). Lipid peroxidation was
assessed at the end of the 45-min incubations by assaying the pelleted
PTS for MDAcontent, using the thiobarbituric acid 532-510 nMsub-
traction method of Uchiyama and Mihara (12), as previously per-
formed in this laboratory (4). The results were expressed as nanomoles
MDAper milligram PTS protein (protein measured by the bicinchon-
inic acid assay; Pierce Chemical Co., Rockford, IL).

Specific experimental protocols
Fe challenge/no modifying agents. Each of five PTS preparations was
divided into four aliquots: two were incubated with the standard Fe
challenge and two were incubated without Fe addition. After 45 min,
the samples were analyzed for percent LDHrelease and MDAconcen-
trations.

To determine whether Fe2+ or Fe3+ was principally responsible for
the observed changes, four sets of PTS were each divided into three
aliquots and they were incubated for 45 min with either 4 mMFe2+/20
mMADP, 4 mMFe3+/20 mMADP(total Fe content kept the same as
in the standard challenge), or PTS buffer only. After 45 min, percent
LDH release and MDAconcentrations were determined. Since Fe2+,
but not Fe3+, was shown to be cytotoxic (see Results), the influence of
the added ADPon this toxicity was assessed, since the ADPcan presum-
ably increase PTSadenylate pools. Thus, six PTSwere challenged with
4 mMFe2+ without ADPand the percent LDHreleased was compared
with that seen in the above Fe2+/ADP challenge.

*OH scavenger addition. The following experiments assessed
whether dimethylthiourea (DMTU), Nabenzoate, and mannitol, docu-
mented * OHscavengers, blunt Fe-mediated cytotoxicity and lipid per-
oxidation. These three agents were chosen for study since each has been
reported to confer in vivo cytoprotection against experimental models
of Mgb-ARF (1, 4, 5). Because of insufficient PTS yields to permit all
three agents to be tested together, these experiments were divided into
two phases: DMTUand benzoate effects and mannitol effects. First,
five sets of PTS were divided into equal aliquots and subjected to: (a)
no addition; (b) the standard Fe challenge; (c) the Fe challenge + 20

mMDMTU; or (d) the Fe challenge +20mMbenzoate. After 45 min,
percent LDHrelease and MDAconcentrations were determined. Next
the influence of mannitol was assessed. One aliquot from each of five
PTS preparations was challenged with (a) no addition, (b) the standard
Fe challenge, and (c) the Fe challenge + 100 mMmannitol. LDH
release and MDAgeneration were measured as noted above.

Because the above * OHscavengers could have exerted a non-Fe-
dependent effect on either the PTS or on the LDHassay itself, 20 mM
benzoate, 20 mMDMTU, or 100 mMmannitol was added to non-Fe-
exposed aliquots and the percent LDH released and MDAgenerated
were compared with coincubated PTS aliquots without addition (n of
4-5 pairs for each agent). The adequate performance of the LDHassay
was determined by ascertaining comparable total LDHvalues for the
paired control and agent-exposed PTS aliquots.

Catalase, GSH, and SODaddition. To assess the effect of catalase,
GSH, and SODon Fe-induced cytotoxicity and lipid peroxidation,
three paired aliquots, each from a separate PTS preparation, were ex-
posed to (a) no addition; (b) the standard Fe challenge; or (c) the Fe
challenge plus one of the following: (i) 20 mMGSH(Sigma Chemical
Co., St. Louis, MO), (ii) bovine liver catalase (58 Ug/ml, or 4,900 U;
Sigma Chemical Co.), or (iii) SOD(bovine erythrocyte SOD; Sigma
Chemical Co.; 60 ,g/ml [n = 2]; 600 ,g/ml, [n = 3]). As noted above,
the effect of these agents on the PTS, independent of Fe addition, was
also assessed by comparing LDH release and MDAgeneration from
non-Fe-exposed PTS with and without addition of these agents (n
= 4-6 pairs).

DFOaddition. To determine DFOeffects on Fe-mediated cytotox-
icity/lipid peroxidation, six sets of PTS were prepared and each was
divided into the following aliquots: (a) no addition; (b) DFOaddition,
2 mM; (c) an Fe challenge (I mMFe2+/1 mMFe3+/5 mMADP); and
(d) the Fe challenge + 2 mMDFO. (Of note, DFOchelates Fe3" on an
equimolar basis, but it binds virtually no Fe2+ unless or until it under-
goes oxidation to Fe3". Thus, the DFOconcentration used [2 mM] was
sufficient to chelate all of the added Fe, even assuming complete Fe2`
oxidation). Four of the six PTS preparations had a fifth aliquot pre-
pared consisting of 2 mMFe2+/2 mMFe3+/10 mMADP/2 mMDFO.
Thus, in these experiments, DFOwas present in an insufficient amount
to chelate the entire Fe challenge. All aliquots were subjected to a 45-
min incubation followed by LDHand MDAassay.

Mgb challenge. To determine whether Mgb Fe, like inorganic Fe, is
capable of inducing cytotoxicity and lipid peroxidation, five PTSprepa-
rations were divided into four aliquots as follows: (a) no addition; (b)
horse skeletal muscle Mgb addition (Sigma Chemical Co.; 40 mg/ml of
PTS buffer simulating urine Mgb concentrations that can be found in
Mgb-ARF) (4, 13); (c) Mgbaddition, 40 mg/ml plus the standard Fe (2
mMFe2+/2 mMFe3+/ADP) challenge; and (d) the Fe challenge alone.
(The purpose of the latter 2 aliquots was to establish whether Mgb
causes synergistic or additive cytotoxicity/lipid peroxidation in the pres-
ence of inorganic Fe). The following aliquots were compared: a vs. b
and c vs. d. (The Mgb-containing samples, which contained no contam-
inating LDH, were diluted 1:5 to dilute out their color, thereby facili-
tating the spectrophotometric LDHassay [shown to be linear over at
least a 1-10 dilution range].) For comparison with the Mgb data, the
experiment described for aliquots c and dwas repeated (n = 5), substi-
tuting BSA(Sigma Chemical Co.; 40 mg/ml) for Mgb. (The BSA was
first shown to contain no LDHactivity and not to affect the LDHassay
or PTS viability, as noted previously.)

To assess whether Mgb or BSA binds Fe, potentially altering its
ability to mediate free radical reactions, 25 uM FeCI3 was incubated
with either 1 mg/ml Mgb or BSA and catalytic Fe activity was deter-
mined by the bleomycin assay method, as described by Gutteridge and
Hou (14). As a positive control, 25 MMFeCI3 was incubated with 100
MMDFOinstead of a protein, and the assay was repeated.

Quantifying * OHproduction/scavenging by therapeutic
agents
To document * OHproduction during the Fe challenge and to assess
the ability of the various test compounds to scavenge * OH, the salicy-
late trap method was employed, as previously described in the litera-
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ture (15-17). In brief, this technique uses salicylate as a stable -OH
trap, specific hydroxylated salicylate by-products (2,3- and 2,5-dihy-
droxybenzoic acids; DHBA) being generated by this reaction. The lat-
ter are detected by HPLCwith quantitation by electrochemical detec-
tion ( 16). Three sets of experiments were undertaken.

Determine - OH(DHBA) generation with the standard Fe challenge
and assess the capacity of the above test reactants to alter this reaction.
The standard Fe challenge was added to a buffer consisting of the fol-
lowing (mM): 115 NaCl, 2.1 KCl, 25 NaHCO3, 2.4 KH2PO4, 1.2
MgSO4, 1.2 MgCl2, 1.2 CaCI2, pH 7.4, plus 10 Na salicylate. To this
reaction was added either one of the above test reactants (n = 4-7/com-
pound) in the same concentrations discussed above or just Fe (n = 13).
After a 30-min incubation (a time at which the reaction was found to be
complete), it was diluted 1:1 with the HPLCmobile phase (citrate/ace-
tate buffer pH 3.6/19% methanol) (16) and then the samples were im-
mediately analyzed for the 2,3- and 2,5-DHBA by-products. The total
(2,3- + 2,5-) DHBAconcentrations were compared among the groups.
To assess whether the effect of Mgb on DHBAproduction was por-
phyrin/porphyrin Fe dependent, the influence of 40 mg/ml apoMgb
(Mgb stripped of its porphyrin ring) on Fe-mediated DHBAproduc-
tion was assessed. The apoMgb was prepared from the horse skeletal
muscle Mgb stock, as previously described (18).

Prove that the Fe2"/Fe3"/ADP challenge generates * OH(DHBA)
in the PTS system. Five sets of PTS were each divided into four ali-
quots: (a) PTS alone; (b) PTS + 10 mMsalicylate; (c) PTS + the Fe
challenge; and (d) PTS + the Fe challenge + 10 mMsalicylate. After 45
min, LDH release and MDAand DHBAconcentrations were deter-
mined.

Determine Fe2` and Fe2+/DFO effects on * OH(DHBA) production
in the PTSsystem. Since Fe2 , but not Fe3+, is cytotoxic (see Results),
the effect of Fe2+ on * OH(DHBA) production, and the ability of DFO
to influence it, was assessed. PTSwere incubated with: (a) 2.5 mMFe2"
(FeSO4; no ADP); (b) 2.5 mMFe2+ + 4 mMDFO; (c) DFOwithout
Fe2+; or (d) no additions (n = 4 each from 4 PTS preparations). 1 mM
Na salicylate (a dose shown in preliminary studies to be sufficient to
detect * OHbut which does not significantly affect Fe2+ cytotoxicity)
was added to each aliquot. After 45 min, DHBAgeneration and LDH
release were assessed.

Calculations and statistics
All values are presented as mean±SEM. All LDHand MDAdata were
analyzed by paired Student's t test. If more than two sets of paired data
were compared, the Bonferroni correction was applied. Other statisti-
cal comparisons are as stated.
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Figure 1. Percent LDH released (left) during a 45-min incubation in
the absence of exogenous Fe (controls) or with the standard Fe chal-
lenge (2 mMFe2+/2 mMFe3+/ADP) and the corresponding MDA
concentrations at 45 min for these two groups (right). The Fe chal-
lenge caused marked increments in both LDHand MDA(P < 0.001).
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Figure 2. Percent LDH released over a 45-min incubation in the ab-
sence of an Fe challenge (C, controls) or with either 4 mMFe2+/ADP
or 4 mMFe3+/ADP addition. Fe2" caused a significant increase in
LDH release compared with the control PTS (P < 0.025), but Fe3+
failed to do so. However, both Fe2' and Fe3+ caused marked and
comparable MDAincrements. Paired PTS aliquots are joined by lines.

Results

Fe challenges
The standard Fe2+/Fe3+ challenge caused marked cytotoxicity
(Fig. 1): whereas the non-Fe-incubated PTS released 5±1% of
their LDHover the 45-min incubation period, the Fe-exposed
PTS had 41±4% LDH release over this same time period (P
< 0.001). This change coincided with a marked Fe-induced
MDAincrement compared with the non-Fe-exposed controls
(9.8±0.7 vs. 0.4±0.04 nmol/mg protein, respectively; P
< 0.001) (Fig. 1).

As shown in Fig. 2, incubation of PTSwith only Fe2+/ADP
caused both cytotoxicity and MDAincrements (P < 0.025, P
< 0.001, respectively, compared with non-Fe-incubated con-
trols). In contrast, Fe3+/ADP induced the same degree of MDA
elevation as Fe2+, but it did not increase LDHrelease (7.5±2%)
compared with the coincubated non-Fe-exposed controls
(7±1%; NS). The presence or absence of ADPdid not affect this
Fe2+-mediated toxicity (with ADP, 23+4%; without ADP,
25±3% LDH release).

- OHscavenger addition
DMTU(20 mM) and benzoate (20 mM) substantially de-
creased Fe-mediated cytotoxicity, lowering the percent LDH
release to just slightly above the 95%confidence band for non-
Fe-incubated PTS (Fig. 3, top). However, mannitol had no sig-
nificant effect, despite the fact that a 100 mMconcentration
was used. (Note: this 100-mM dose was chosen because it was
shown that a fivefold greater mannitol concentration was
needed to reproduce the - OH scavenging effect of 20 mM
DMTUand benzoate [see below]. Furthermore, initial studies
with 20 mMmannitol demonstrated that this dose also did not
lessen Fe-mediated PTS cytotoxicity.) Despite the fact that
DMTUand benzoate conferred striking cytoprotection (as did
10 mMsalicylate, discussed below), none of the - OHscaven-
gers had any apparent effect on Fe-mediated MDAgeneration
(Fig. 3, bottom). Of note, DMTU,benzoate, and mannitol had
no effect on LDHrelease or MDAgeneration during control
incubations (NS by paired t test compared with nonexposed
coincubated controls).
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Figure 3. Effect of four * OHscavengers on Fe-mediated LDHrelease
(top) and MDAincrements (bottom). C, controls (PTS incubated
without an OHscavenger); Benz, 20 mMNa benzoate; DMTU, 20
mMdimethylthiourea; Mann, 100 mMmannitol; Sal, 10 mMNa
salicylate. The lines join paired observations. The points represent
mean values for the groups; bars, 1 SEM. All PTS aliquots were sub-
jected to the standard 4 mMFe challenge. Benzoate, DMTU, and
salicylate each decreased LDH release compared with their non-

* OH-scavenger-treated controls (P < 0.01, P < 0.02, P < 0.01, re-
spectively). However, mannitol did not have any cytoprotective effect.
For comparison, the shaded area represents the 95% confidence in-
terval for percent LDH released from PTS incubated for 45 min
without Fe exposure. Despite the fact that benzoate, DMTU, and sa-
licylate decreased LDH release, none of these agents decreased the
Fe-mediated MDAincrements. The shaded area represents the 95%
confidence interval for MDAconcentrations for PTS incubated for
45 min without Fe exposure. Paired data are joined by lines.

Catalase, GSH, SOD, and DFOaddition
As shown in Fig. 4, catalase and GSHconferred no cytoprotec-
tion against the standard Fe challenge, as assessed by LDH
release. However, catalase and GSHsignificantly decreased Fe-
mediated MDAgeneration (Fig. 4, bottom). SODaddition had
no effect on LDHrelease or MDAgeneration in the presence
or absence of the Fe challenge (although it remains possible
that the SODcould have been inactivated during the PTS incu-
bation). In the absence of the Fe challenge, 20 mMGSHsignifi-
cantly decreased LDH release over the 45-min incubation pe-
riod (GSH-exposed PTS, 3±0.4%; no addition controls,
5±0.3%; P < 0.003; n = 6 pairs) without affecting MDAcon-
centrations. Catalase had no Fe-independent effect.

DFO(2 mM)conferred virtually complete cytoprotection
against the 1 mMFe2+/l mMFe3+/ADP challenge (Fig. 5; P
< 0.01). However, the MDAincrement, although significantly
blunted (P < 0.01), was not eliminated; the values still re-
mained 20-fold higher than those in the non-Fe-exposed
PTS (Fig. 5). Addition of excess Fe (2 mMFe2+/2 mMFe3")
eliminated the cytoprotective and MDA-lowering effect of
DFO (2 mM). In the absence of Fe, DFOhad no effect on
LDH/MDAvalues compared with control-incubated aliquots.

Mgb challenge
In the absence of the Fe challenge. As shown in Fig. 6, when the
PTS were incubated with 40 mg/ml of Mgb, it conferred cyto-
protection, decreasing the LDH release that normally occurs
during 45 min of just 0JCO2 incubation (6.4±0.4 vs.
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Figure 4. Percent LDH released and MDAconcentrations in Fe2`/
Fe3+/ADP-challenged PTSwith and without catalase (Cat), glutathi-
one (GSH), or superoxide dismutase (SOD). C, control PTS (chal-
lenged with Fe in the absence of an antioxidant). Paired data
(mean±SEM) are joined by lines. The 95% confidence intervals for
percent LDHrelease and MDAconcentrations in non-Fe-exposed
PTS aliquots are depicted by the shaded areas. Catalase and GSH
significantly reduced MDAconcentrations but they conferred no cy-
toprotection, as assessed by LDH release. SODhad no discernible
effects.

2.1+0.8%; P < 0.015). The amount of MDAgenerated over
this 45-min incubation was also significantly reduced
(0.78±0.25 vs. 0.44±0.21 nmol/mg protein; P < 0.001).

In the superimposed standard Fe challenge. Mgb addition
also protected the PTSagainst the standard Fe challenge. LDH
release was decreased from 37±5 to 20±2% (P < 0.05) and
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Figure 5. DFOeffects on LDH release and MDAgeneration. C, con-
trol PTS incubated with and without an Fe challenge. Two DFO
protocols were tested: the first assessed the influence of 2 mMDFO
added to PTS challenged with 2 mMFe (1 mMFe2`/l mMFe3+/
ADP); the second group had 2 mMDFOadded but excess (Xs) Fe (2
mMFe2+/2 mMFe3+/ADP) was used, thereby exceeding the chelat-
ing capacity of DFO. DFOtotally blocked the LDH release induced
by 1 mMFe2+/1 mMFe3+ (P < 0.01), but it only slightly (but signifi-
cantly; P < 0.01) attenuated the lipid peroxidation. Addition of excess
Fe abrogated both of these beneficial DFOeffects. Individual sets of
paired data are joined by lines.
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lenge. C, control PTS (not subjected to Mgb addition). Mgb signifi-
cantly blunted LDHrelease and MDAgeneration during both non-Fe
and Fe incubation (statistics as per text). Individual PTS aliquot val-
ues are presented with paired data connected by lines.

MDAwas reduced by 78% (from 12.9±2.4 to 2.9±0.7 nmol/
mgprotein; P < 0.005) (Fig. 6). The ability of Mgb to mitigate
Fe-mediated cytotoxicity was not Mgb specific, since BSAalso
decreased LDH release during the Fe challenge (BSA + Fe,
21±7%; Fe alone, 35±7%; P < 0.01). However, unlike Mgb,
BSAdid not decrease MDAgeneration (BSA + Fe, 9.0±1.1; Fe
alone, 8.6±1.2 nmol MDA/mgprotein; NS). Neither Mgb nor
BSAdecreased catalytic Fe activity, as assessed by the bleomy-
cin assay. In fact, both proteins tended to increase it. In con-
trast, DFOcompletely inhibited the Fe-bleomycin reaction,
indicating Fe chelation.

Salicylate trap assessment of * OHproduction/scavenging
In the absence of PTS. Incubation of salicylate without Fe
caused no detectable 2,3- or 2,5-DHBA production. However,
salicylate + the standard Fe challenge caused striking DHBA
increments (total, 156±6 nmol/ml; 95% confidence band,
114-196 nmol/ml). Approximately 40 and 60% of this total
DHBArepresented 2,3- and 2,5-DHBA, respectively. As de-
picted in Fig. 7, DMTU, benzoate, mannitol, GSH, and cata-
lase each significantly lowered DHBAproduction, the mean
for each falling below the 95%confidence band. SODwas with-
out effect. Although the mean DHBAresult with DFOaddi-
tion was not below the 95%confidence band for the unopposed
Fe challenge, a direct comparison of the Fe alone versus Fe
+ DFO results revealed a significant difference by unpaired
Student's t test (156±6 vs. 120±10 nmol/ml, respectively; P
< 0.01). Mgb, apoMgb, and BSA each markedly lowered
DHBAproduction (Fig. 7).

In the presence of PTS+ Fe2"/Fe3+/ADP. Salicylate addi-
tion to PTS in the absence of the standard Fe challenge yielded
only 3±0.4 nmol/ml total DHBA; in contrast, in the presence
of the standard Fe challenge, 7 1 ± 1 nmol/ml DHBAresulted (P
< 0.001). The 10 mMsalicylate addition also significantly de-
creased percent LDHrelease, but it did not alter MDAgenera-
tion (Fig. 3).

Fe2" effects on PTS * OHproduction±DFO. In striking
contrast to the above, 2.5 mMFe2" (no Fe3+/ADP addition)
caused no excess DHBAproduction (Fe2, 2+0.3; controls,
3±0.3 nmol/ml). Nevertheless, Fe2" induced cytotoxicity
(3 1±2% controls, 5+1% LDH release; P < 0.002). DFOin the
absence of Fe2+ caused no excess DHBAgeneration (4±0.3
nmol/ml) or toxicity (6±0.2% LDH release). When added to

the Fe2" challenge, DFOeliminated toxicity of Fe (6±2% LDH
release) despite increasing DHBA (*OH) generation (Fe2+
+ DFO, 10+0.4; Fe alone, 2±0.3 nmol/ml; P < 0.005).

Discussion

In 1988, Paller and Hedlund (19) indicated that Fe could be a
potent cytotoxic factor in experimental tubular damage be-
cause DFOadministration could protect against, and FeCl3-
EDTAinfusion could worsen, postischemic ARF. That several
groups (1-3) have reported DFO-mediated protection against
myohemoglobinuric ARF further supports this view. Because

- OHscavengers can also blunt myohemoglobinuric renal in-
jury (1, 4), it has been postulated that heme protein nephrotoxi-
city may be, in part, * OHdependent. In this study, we have
attempted to confirm these conclusions concerning heme pro-
tein nephrotoxicity by demonstrating Fe-mediated * OHpro-
duction, cytotoxicity, and lipid peroxidation in isolated PTS.
Using a known - OH-generating system (Fe2+/Fe3+/ADP), sig-
nificant LDH release, * OH-dependent salicylate by-product
generation, and MDAincrements were all observed, support-
ing each of the above conclusions. It could be argued that the
massive Fe concentrations we used, necessary to induce cyto-
toxicity in our system, grossly exceed renal Fe levels achievable
in in vivo states. However, in the glycerol ARFmodel, urinary
Mgbconcentrations of 30-50 mg/ml can occur (4), equating to
a 2-3 mMFe load. Thus, it is theoretically possible that the Fe
concentrations needed to induce in vitro PTS killing could be
achieved during in vivo pathological states.

The second goal of this study was to confirm that Fe-in-
duced cytotoxicity and lipid peroxidation are, in fact, closely
linked. The relevance of this issue is that parallel changes in
lipid peroxidation (MDA) and in the extent of renal damage
have been widely used to imply an oxidant mechanism of in-
jury in in vivo models of ARF (e.g., 1-4, 20, 21). On first
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Figure 7. Dihydroxybenzoic acid (DHBA) generated in response to
the 2 mMFe2+/2 mMFe3+/ADP challenge. For ease of presentation,
the sum of 2,3- and 2,5-DHBA is presented, the values representing
mean±SEM. Controls, no addition (other than the Fe challenge);
DMTU, 20 mMdimethylthiourea; Benz, 20 mMNa benzoate; Mann,
100 mMmannitol; SOD, 600 ,g/ml superoxide dismutase; Cat, 58
,gg/ml catalase; DFO, 5 mMdeferoxamine; GSH, 20 mMglutathione;
Mgb, 40 mg/ml myoglobin; apoMgb, 40 mg/ml myoglobin without
porphyrin; and BSA, 40 mg/ml bovine serum albumin. The dotted
line represents the lower limit of the 95% confidence interval for
DHBAproduction by the controls (Fe addition, no antioxidants). All
of the agents except SODand DFOlowered DHBAto below this
value (indicating decreased * OHproduction and/or * OHscavenging.
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inspection, our data suggest that such a linkage exists, since the
unopposed Fe2"/Fe3" challenge caused marked and parallel
changes in LDHrelease and MDAgeneration (Fig. 1). How-
ever, additional experiments seemingly dissociate these two
findings. First, equimolar Fe2" and Fe3" caused virtually identi-
cal MDAincrements, but only Fe2" induced LDHrelease (Fig.
2). Second, DMTU,benzoate, and salicylate conferred marked
cytoprotection, but none blunted the MDAchanges (Fig. 3).
Third, catalase and GSHeach decreased MDA, but neither
influenced LDH release (Fig. 4); and fourth, although DFO
lowered both LDHrelease and MDAconcentrations, these re-
ductions were not equivalent: whereas DFOconferred essen-
tially complete cytoprotection, MDAremained in 20-fold ex-
cess of normal concentrations (Fig. 5). Given these findings, it
is tempting to postulate that cytotoxicity and lipid peroxida-
tion are not pathogenetically linked. However, although this
remains an intriguing possibility, it is also possible that al-
though lipid peroxidation is not sufficient to cause cell killing,
it could be a prerequisite for cytotoxicity to occur. Whatever
the link is between lipid peroxidation and cytotoxicity, one
point seems clear: caution is warranted when interpreting
MDAconcentrations in in vivo experiments since they need
not correlate with, nor necessarily have pathogenetic relevance
to, the evolution of lethal cellular injury.

The third goal of this study was to confirm in vivo sugges-
tions that * OHscavengers protect against Fe-induced proxi-
mal tubular damage. If so, this would support the hypothesis
that - OHis a critical mediator of this reaction, as previously
inferred in the literature. As a prelude to these studies, effective
and equivalent * OHscavenging dosages of DMTU,benzoate,
and mannitol were defined in the Fe-salicylate reaction. When
these equivalent doses were subsequently applied to the PTS
system, DMTUand benzoate almost totally blocked Fe2"/
Fe3l-mediated LDH release (Fig. 3), supporting conclusions
from in vivo studies that these agents mitigate Fe-driven tubu-
lar damage (1). However, mannitol and GSH, which induced
comparable decrements in DHBAproduction, were devoid of
any apparent cytoprotective effects (Fig. 4), suggesting that
DMTUand benzoate may have protected via a non- OH-
dependent mechanism. For example, DMTUand benzoate
(and closely related salicylate) can weakly complex Fe, poten-
tially interfering with its bioavailability. Alternatively, they
could have exerted a primary cytoprotective effect. Whatever
the exact mechanism, the data underscore that " * OH-scaveng-
ing effects" and "protective effects" are not necessarily synony-
mous. Since the principal evidence implicating - OHas a medi-
ator of Mgb-induced tubular cell killing in vivo is benzoate/
DMTU-mediated cytoprotection and reductions in MDA, the
failure of GSHand mannitol to decrease LDHrelease despite
lowering * OH(DHBA) and the inability of DMTU,benzoate,
or mannitol to blunt MDAgeneration, leaves this conclusion
open to question. That catalase and GSHdecreased MDAgen-
eration, but that benzoate, mannitol, and DMTUdid not, sug-
gests that H202, rather than * OH, was a more important deter-
minant of the Fe2+/Fe3+-mediated proximal tubular lipid per-
oxidation in our system.

Since GSH (or, more specifically, its constituent amino
acid, glycine) can protect PTS against a broad range of insults
(e.g., 22-24), it was surprising that 20 mMGSHdid not lessen
Fe cytotoxicity in these studies. However, it should be noted
that we employed a much higher GSHconcentration (20 mM),
raising the possibility that the GSHmay have exerted an inde-
pendent toxic effect. However, that 20 mMGSHactually im-

proved PTS viability under control incubation conditions
seemingly excludes this possibility. Two additional consider-
ations are that GSHis sufficiently altered by apparent * OH
scavenging (Fig. 7) so that it cannot exert a protective effect,
and that Fe may cause a type of injury against which GSH
cannot protect. Additional experimentation is needed to help
resolve these (and other) possibilities.

The fourth goal of this study was to determine whether
DFOcan prevent the cytotoxic and lipid peroxidative effects of
Fe. Although several in vivo studies have demonstrated that
DFOcan mitigate myohemoglobinuric ARF(1-3), one report
suggested that it might do so by enhancing urinary heme pro-
tein excretion rather than by conferring direct cytoprotection
(3). Klebanoff et al. (6) showed that, under selected circum-
stances, DFOcan paradoxically increase Fe2"-mediated * OH
production, which further calls this issue into question. The
results of our PTS study demonstrate that DFOcan indeed
protect PTS against Fe cytotoxicity and decrease lipid peroxi-
dation, strongly supporting the data of Shah and Walker (1)
and Paller (2). However, the data suggest that this protective
effect may not necessarily be due to decreased * OHgenera-
tion. First, DFO, when added to a strong * OH-generating sys-
tem (Fe2+/Fe3+/ADP), had a seemingly trivial impact on * OH
(DHBA) production (Fig. 7), despite the fact that the DFO
blocked the cytotoxic effects of Fe; second, when a 2.5 mM
Fe2+ challenge was used, cytotoxicity occurred in the absence
of apparent * OHgeneration; and third, when DFOwas added
to this Fe2+ challenge, it conferred complete protection despite
the fact that it appeared to increase * OHproduction, consis-
tent with the findings of Klebanoff et al. (6). Thus, these data,
along with the failure of mannitol and GSHto confer cytopro-
tection, strongly suggest that * OHwas not the key factor in
Fe-mediated PTS toxicity, at least in these experiments. Thus a
more attractive hypothesis is that DFOaccelerates Fe2+ -3 Fe3+
autoxidation (6), thereby rapidly eliminating cytotoxic Fe2+
(Fig. 2) from the PTS reaction. Because DFOaddition to Fe2+-
containing PTS buffer caused the immediate formation of a
bright orange color, indicating Fe3+/DFO complex (feroxa-
mine) formation, this possibility is directly supported.

The final goal of this study was to explore whether Mgb,
like Fe, is cytotoxic to PTS. Thus, 40 mgMgb/ml, mimicking
urinary Mgb concentrations in the glycerol ARF model, was
added to PTS. Paradoxically, a striking cytoprotective influ-
ence was observed: Mgb blunted the slight lipid peroxidation
and LDH release that occurred with just 0JC02 incubation,
and it decreased the cytotoxicity and massive MDAincrements
that resulted from inorganic Fe addition. Several conceivable
explanations for this result exist. First, that Mgb blunted
DHBAproduction (Fig. 7) indicates that it can either decrease

* OHgeneration or scavenge * OH, thereby limiting cytotoxic-
ity. However, the above considerations would seem to rule out
an - OH-dependent mechanism. Second, Mgb's porphyrin ring
conceivably could have chelated the Fe challenge, thereby ex-
erting a "DFO-like" effect. However, because Mgb is normally
Fe saturated; BSAreproduced the cytoprotective effect of Mgb;
stripping Mgbof its porphyrin ring (apoMgb) did not diminish
its ability to decrease DHBAgeneration; and Mgb did not de-
crease catalytic Fe activity as assessed by the bleomycin assay,
this possibility seems to be excluded. Third, and most likely, is
that Mgb weakly complexed Fe via a non-porphyrin-depen-
dent reaction, thereby decreasing its bioavailability to PTS. For
example, if Fe toxicity were dependent on its binding to PTS,
provision of extraneous protein "binding sites" might confer
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protection. Regardless of the mechanism, the protective influ-
ence of Mgb raises two important possibilities: first, if Mgb Fe
possesses a direct toxic effect, a prerequisite for it may be its
liberation from the porphyrin ring; and second, if Fe liberation
occurs, the protein residue might mitigate the resulting toxic-
ity. In support of this second possibility is a previous observa-
tion from our laboratory that intrarenal Mgb accumulation
may actually decrease, rather than increase, renal cortical
MDAconcentrations in the glycerol ARFmodel (4).

In summary, the present study confirms that Fe induces
both renal tubular lipid peroxidation and cytotoxicity. How-
ever, the data also suggest that these two processes are not di-
rectly linked. Both DMTUand benzoate can prevent tubular
cell injury, supporting conclusions derived from in vivo experi-
ments. However, that equally effective protocols for decreasing

* OH(mannitol, GSHadministration) did not reproduce this
cytoprotection suggests that the DMTU/benzoate effects may
have occurred via a non- * OH-dependent mechanism (e.g., Fe
complexing, thereby decreasing its bioavailability). Catalase
and GSHblunted Fe-mediated MDAincrements, but DMTU,
benzoate, and mannitol did not. This suggests that the ob-
served Fe-mediated PTS lipid peroxidation was more H202
than - OHdependent. DFOblocks Fe-mediated PTScytotoxic-
ity, again consistent with in vivo observations. However, it ap-
pears to do so not by decreasing * OHgeneration (in fact, it
may increase it) but rather by accelerating Fe2+ aO Fe3+ autoxi-
dation, thereby eliminating cytotoxic Fe2+ from the PTS me-
dia. Surprisingly, Mgb (and BSA) can protect against Fe-me-
diated PTS toxicity. This suggests that, if in vivo Mgb toxicity is
Fe dependent, Fe liberation from its porphyrin ring may be a
prerequisite for this toxicity to occur, and that the residual
protein may serve to mitigate the resulting Fe-mediated
damage.

Lastly, we wish to caution that our results have no proven
relevance to in vivo Mgb-ARF. Of note, the nature, concentra-
tions, and routes of Fe delivery to in vivo tubular cells may
differ markedly from what existed in our in vitro system. Thus,
although the present study suggests that * OHis not the critical
mediator of Fe toxicity in our system, this does not exclude a
very different mechanism of injury in vivo or in different in
vitro systems. Obviously, additional in vivo and in vitro studies
are required to help resolve this issue.
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