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Abstract. The amino acid histidine is an excellent buf-
fer and is therefore included in several organ preserva-
tion solutions used in transplantation medicine. However,
when used at concentrations as in these solutions, his-
tidine has a marked injurious potential. Therefore, we
here assessed the mechanism of histidine-induced cell
injury and searched for ways to use the buffering power
of histidine but avoid histidine toxicity. When cultured
hepatocytes were incubated in HTK solution or in modi-
fied Krebs-Henseleit buffer containing 198 mM L-histi-
dine at 37 °C, most cells lost viability within 3 h (LDH
release 86 £ 7% and 89 + 5%, respectively). This injury
was accompanied by marked lipid peroxidation, and was
strongly inhibited by hypoxia, by the antioxidants trolox,
butylated hydroxytoluene and N-acetylcysteine and by

the membrane-permeable iron chelators 2,2’-dipyridyl,
1,10-phenanthroline, LK 614, LK 616 and deferoxamine.
Thus, histidine-induced cell injury appears to be mediated
by an iron-dependent formation of reactive oxygen spe-
cies. D-Histidine, imidazol and L-histidine methyl ester
also elicited marked injury, while the N-substituted deriv-
atives No-acetyl-L-histidine and tert-butyl-oxycarbonyl-
histidine and histidine-containing dipeptides showed al-
most no toxicity. Histidine toxicity, its iron dependence
and the superiority of Na-acetyl-L-histidine were also
evident during/after cold (4 °C) incubations. Therefore,
we suggest the addition of iron chelators to histidine-con-
taining solutions, and/or replacing histidine with Ne-ace-
tyl-L-histidine in organ preservation solutions.
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Introduction

In current clinical practice, solid organ grafts procured
for transplantation are either submitted to ‘simple cold
storage’ or — less often — are continuously perfused during
the period between the procurement of the graft from the
organ donor and the recipient operation. Grafts submitted
to ‘simple cold storage’ are flushed with organ preserva-
tion solutions during procurement and then stored under
hypothermic conditions without further perfusion. Dur-
ing this ischemia, tissue acidosis rapidly develops and
therefore, efficient buffering has been a major issue in
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the development of organ preservation solutions [1, 2].
Although it is necessary to prevent severe acidosis, mild
to moderate acidosis has been shown to provide protec-
tion against hypoxic injury, which is a major component
of ischemic injury [3, 4]. To allow the development of
some acidosis but prevent the development of severe aci-
dosis, high concentrations of buffers with a pK value in
the slightly acidic pH range — as compared to physiologi-
cal extracellular values — (i.e. with a pK value around pH
6.8) would be ideal.

The amino acid histidine is an excellent buffer at slightly
acidic pH values, and is therefore used as ‘physiologi-
cal’ buffer in several organ preservation solutions such
as in histidine-tryptophan-ketoglutarate (HTK) solution
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or Celsior solution at high concentrations. However, in
a previous study histidine turned out to contribute deci-
sively to preservation solution toxicity (manuscript sub-
mitted for publication). Unfortunately, the buffer used
in other preservation solutions, phosphate buffer, also
showed cytotoxicity when applied at high concentrations.
As a high buffering capacity is essential for organ preser-
vation solutions, and as histidine is an otherwise almost
ideal buffer, we set out to assess the mechanism of his-
tidine-induced cell injury and provide options to use the
buffering power of histidine but avoid histidine toxicity.

Materials and Methods

Animals

Male Wistar rats (250-300 g) were obtained from the
Zentrales Tierlaboratorium (Universititsklinikum Essen).
Animals were kept under standard conditions with free
access to food and water. All animals received humane
care in compliance with the German Law on the Protec-
tion of Animals and the institutional guidelines as well
as with the ‘Ethical Principles and Guidelines for Sci-
entific Experiments on Animals’ (as issued by the Swiss
Academy of Medical Sciences), and permission for the
use of the animals for liver cell isolations was obtained
from the local authorities (Bezirksregierung Diisseldorf,
Germany).

Chemicals

RPMI 1640 medium was obtained from Gibco BRL Life
Technologies (Karlsruhe, Germany), and Leibovitz L-15
medium, fetal calf serum, 1,10-phenanthroline, 2,2’-di-
pyridyl, diethylenetriaminepentaacetic acid (DTPA), No~-
acetyl-L-histidine, L-histidine methyl ester, butylated hy-
droxytoluene (BHT), N-acetyl-L-cysteine and resazurin
were obtained from Sigma-Aldrich (Taufkirchen, Ger-
many). N-(tert-Butyl-oxycarbonyl)histidine, L-glycyl-
L-histidine, L-histidyl-L-glycine, p-alanyl-L-histidine
(carnosine) and 1-methyl-L-histidine were purchased
from Bachem (Weil am Rhein, Germany), 1,1,3,3-tet-
ramethoxy-propane and 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (trolox) from Fluka (Neu-
Ulm, Germany). D-Histidine was obtained from ICN
Biomedicals (Eschwege, Germany) and deferoxamine
mesylate (Desferal®) from Novartis Pharma (Nuremberg,
Germany). Gas mixtures were from Messer Griesheim
(Krefeld, Germany). HTK solution (for composition
see Table 1) and the new iron chelators LK 614 and LK
616 were kindly provided by Kohler Chemie (Alsbach-
Hahnlein, Germany). All other chemicals used, includ-
ing L-histidine, were purchased from Merck (Darmstadt,
Germany).
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Table 1. Composition of HTK solution.

Na* 15 mM
K* 10 mM
Mg?* 4 mM
Ca* 0.015 mM
Cl 50 mM
a-Ketoglutarate 1 mM
L-Histidine 198 mM
Mannitol 30 mM
Tryptophan 2 mM
pH 7.2
Osmolarity 310 mOsm

Composition of the clinically used organ preservation solution his-
tidine-tryptophan-ketoglutarate (HTK) solution. pH at 20 °C, cal-
culated osmolarity.

Cell culture

Hepatocytes isolated from male Wistar rats [5] and a rat
liver endothelial cell line [6] were used for experiments.
Hepatocytes were seeded onto collagen-coated 12.5-cm?
culture flasks or onto collagen-coated six-well cell culture
plates (both from BD Biosciences, Heidelberg, Germany)
and cultured in L-15 medium supplemented with 5% fetal
calf serum, 2 mM L-glutamine, 8.3 mM glucose, 0.1%
bovine serum albumin, 14.3 mM NaHCO,, 50 ug/ml
gentamicin and 1 uM dexamethasone. At 2 h after seed-
ing, adherent cells were washed three times with Hanks’
balanced salt solution (HBSS) and supplied with fresh
medium. Experiments were started 2022 h after the iso-
lation of the cells.

The endothelial cells were derived from the liver of a male
Wistar rat as described previously [6]. Briefly, cells were
isolated by collagenase perfusion and hepatocytes were
removed by differential centrifugation. Endothelial cells
were obtained from the nonparenchymal cell suspension
by selective adherence. The cultured cells were identified
as sinusoidal endothelial cells by electron microscopical
demonstration of sieve plates in the primary cultures and
in early passages. The cells were cultured in RPMI 1640
medium supplemented with 20% fetal calf serum, 2 mM
L-glutamine, 50 U/ml penicillin/50 ug/ml streptomycin
and 1 uM dexamethasone. Subcultures were obtained by
trypsinization. For the experiments, the cells were split
1:3, seeded onto collagen-coated 12.5-cm? culture flasks
and used as confluent monolayer cultures on day 7 after
subcultivation.

Experimental procedures

Experiments at 37 °C. Hepatocytes or liver endothelial
cells were incubated in HTK solution, in Krebs-Henseleit
(KH) buffer (supplemented with HEPES; 115 mmol/l
NaCl, 25 mmol/l NaHCO;, 5.9 mmol/l KCI, 1.2 mmol/
1 MgCl,, 1.2 mmol/l NaH,PO,, 1.2 mmol/l Na,SO,,
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2.5 mmol/l CaCl,, 20 mmol/l HEPES, pH 7.4) or in
modified KH buffers (containing 50, 76, 100 or 198 mM
L-histidine; NaCl was reduced to maintain isoosmolarity)
at 37 °C. Alternatively, cells were incubated in modified
KH buffers containing histidine derivatives (Fig. 1); in
most cases, these derivatives were used in the concentra-
tion of 198 mM, in selected cases (see results) also in
a concentration of 100 mM, 76 mM or 50 mM (NaCl
was reduced in all these modified buffers to maintain
or approach isoosmolarity). The pH of the histidine- or
histidine derivative-containing KH buffer was adjusted,
as KH buffer, to pH 7.4. Experiments were performed
under normoxic conditions; incubations in KH buffer or
the modified KH buffers were exposed to 21% 0,/5%
CO,/74% N,, incubations in HTK solution to room air. To
part of the incubations, iron chelators (100 uM 2,2’-di-

Histidine-induced cell injury

pyridyl, 100 uM 1,10-phenanthroline or 100 uM DTPA,
I mM LK 614 or 1 mM LK 616) or antioxidants (20 uM
BHT, 40 mM N-acetylcysteine or 1 or 5 mM trolox) were
added; solvent controls were included wherever solvents
(ethanol) were used. Other cultures were preincubated
with the iron chelator deferoxamine (10 mM in cell cul-
ture medium, 30-min preincubation at 37 °C).

One series of experiments was performed under hypoxic
conditions. For these experiments, hepatocytes were
washed three times with HBSS (37 °C) and then covered
with HTK solution that had been saturated with 100% N,,
and then gently flushed with 100% N, through cannulae
piercing the rubber stoppers of the flasks as described in
[5]. The flasks were flushed again with 100% N, each
time a sample was taken.
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Figure 1. Histidine and histidine derivatives.
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Experiments under hypothermic conditions. In an ad-
ditional series of experiments, cells were exposed to hy-
pothermia (4 °C). Part of the cultures was preincubated
with the iron chelator deferoxamine (10 mM in cell
culture medium, 30 min at 37 °C) prior to the start of
the experiments. At the beginning of the experiments all
cells were washed with HBSS (37 °C) and then covered
with Krebs-Henseleit (KH) buffer, modified KH buffers
(containing either 198 mM L-histidine or 198 mM Nor-
acetyl-L-histidine), or HTK solution at room tempera-
ture. Cells were then incubated at 4 °C for 3, 5 or 12 h
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(hepatocytes) or for 24 h (liver endothelial cells). The
incubations were performed in an atmosphere of 95%
air/5% CO, (KH, modified KH; for cold incubations,
these cell culture flasks/plates were placed in air-tight
vessels that were flushed with the gas mixture) or under
exposure to room air (HTK solution). After cold incu-
bation, the cells were washed with cold HBSS, covered
with cold cell culture medium and rewarmed to 37 °C
in an incubator containing a humidified atmosphere of
95% air/5% CO.,.
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Figure 2. Histidine-induced cell injury and its inhibition by iron chelators or hypoxia. Monolayer cultures of rat hepatocytes were exposed
to L-histidine in modified Krebs-Henseleit (KH) buffer (a, b), to histidine-tryptophan-ketoglutarate (HTK) solution (containing 198 mM
L-histidine; ¢, d) or — for control — to KH buffer under otherwise physiological conditions (normoxia, 37 °C). Exposure in a, b was to
198 mM L-histidine [in modified KH buffer supplemented with 198 mM L-histidine; this buffer was rendered isoosmotic by the reduction
of the NaCl concentration; KH (L-Histidine)]. To part of the cultures, an iron chelator was added, either 1,10-phenanthroline (1,10-Phen.,
100 uM; b) or 2,2’-dipyridyl (2,2”-DPD, 100 uM; d). Where applicable, a solvent control (ethanol) was included (). Other cultures were
rendered hypoxic (c; all incubations in parts a, b and d were performed under normoxic conditions). The occurrence of cell injury was
assessed by the release of lactate dehydrogenase (LDH). Values shown are means + SD of four experiments [some small SDs in (b) are
masked by the symbols]. * Significantly different to KH buffer (a), to the respective incubation without inhibitor/solvent control (b, d) or
to the respective normoxic incubation (c), p < 0.05.
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Assays

Lactate dehydrogenase release. Extracellular, i.e. re-
leased, and cellular lactate dehydrogenase (LDH) activity
were measured using a standard assay and released LDH
activity was given as a percentage of total LDH activity

[7].

Alamar Blue (resazurin reduction) assay. The Alamar
Blue (resazurin reduction) assay was performed essen-
tially as described in [8]. For this assay, cells were cul-
tured in six-well culture plates. Control cells (time zero),
cells incubated for 4 h at 37 °C in KH buffer, in modified
KH buffers or in HTK solution with or without additives,
or cells exposed to hypothermia (4 °C) in the different so-
lutions and then rewarmed for 3 h were carefully washed
with HBSS, and warm HBSS supplemented with 10 mM
glucose was added. Cells were equilibrated for 15 min at
37 °C, then resazurin was added at a final concentration
of 40 uM. The reduction of resazurin to the fluorescent
resorufin was followed continuously at 4., =560 nm,
Aem. =590 nm for 8 min (37 °C) using a fluorescence
microplate reader (FLUOstar OPTIMA, BMG Labtech,
Offenburg, Germany). The rate of fluorescence increase
(i.e. resazurin reduction) for cells exposed to experimen-
tal conditions is given as a percentage of the rate of fluo-
rescence increase in control cells (in which the assay was
performed at time zero).

Thiobarbituric acid-reactive substances. Thiobarbitu-
ric acid-reactive substances (TBARS) were determined
in the supernatant incubation solution after warm or cold
incubation as described previously [9]; 1,1,3,3-tetrame-
thoxy-propane was used as a standard.

Determination of cellular ATP content. Cellular ATP
content was determined enzymatically as described pre-
viously [6].

Statistics

All experiments were performed in duplicate and repeated
three to five times. Data are expressed as means = SD.
Comparisons between experimental groups were per-
formed using an analysis of variance with Dunnett or
Bonferroni post hoc comparisons, as appropriate. A p
value of <0.05 was considered significant.

Results

Mediation of histidine toxicity by reactive oxygen
species

When cultured hepatocytes were incubated either in
modified KH buffer containing 198 mM L-histidine or

Histidine-induced cell injury

in HTK solution (containing 198 mM L-histidine) under
otherwise physiological conditions, i.e. at 37 °C under
normoxic conditions, more than 80% of hepatocytes
lost viability (plasma membrane integrity) within 3 h
(Fig. 2; 95% confidence intervals for LDH release at 4 h:
87-97% for cells incubated in L-histidine-containing KH
buffer and 84-96% for cells incubated in HTK solution).
The toxicity of HTK solution was strongly decreased
under hypoxic conditions (Fig. 2c). As this might indi-
cate an involvement of reactive oxygen species (ROS),
the antioxidants N-acetylcysteine, BHT or trolox were
added to HTK solution and strongly decreased HTK tox-
icity (Table 2). Both HTK-induced cell injury (data not
shown) and histidine-induced cell injury (Table 3) were
associated with marked lipid peroxidation.

Iron ions catalyze the conversion of ROS of low reactiv-
ity such as hydrogen peroxide to highly reactive species
such as the hydroxyl radical, and are thus involved in
various injuries mediated by ROS. Therefore, we tested
whether iron chelators inhibit histidine-induced cell in-
jury. The histidine-induced injury as studied in modified
KH buffer as well as in HTK solution was completely/
almost completely inhibited by the iron chelators 1,10-
phenanthroline, 2,2’-dipyridyl and deferoxamine (Fig. 2b
and d, Tables 2 and 3; upper limit of the 95% confidence
interval for LDH release after 4-h incubation in L-histi-
dine-containing KH buffer after pretreatment with defer-
oxamine: 44%). Similarly, the new iron chelators LK 614
(3,4-dimethoxy-N-methyl-benzhydroxamic acid) and LK
616 (2,3-dimethoxy-N-methyl-benzhydroxamic acid),
two lipophilic hydroxamic acid derivatives, were strongly

Table 2. Inhibition of HTK toxicity by antioxidants and iron chela-
tors.

LDH release (%)

HTK 87+ 5

HTK + 40 mM N-acetylcysteine 38 £12%
HTK + 1 mM Trolox 12+ 4%
HTK + 5 mM Trolox 11+ 3%
HTK + 100 uM butylated hydroxytoluene 14+ 3%
HTK, solvent control (EtOH) 79+ 5

HTK + 1,10-phenanthroline 13+ 1*
HTK, solvent control (EtOH) 88+ 8

HTK, preincubation with deferoxamine 30+£11%
HTK + 100 uM 2,2’-dipyridyl 13+ 4%

Monolayer cultures of rat hepatocytes were exposed to HTK solu-
tion under otherwise physiological conditions (normoxia, 37 °C).
To part of the cultures, antioxidants or iron chelators were added;
other cultures were preincubated with the iron chelator deferox-
amine (30-min preincubation with 10 mM deferoxamine in cell cul-
ture medium). Where applicable, a solvent control (ethanol, EtOH)
was included; each solvent control applies to the condition imme-
diately preceding it. The occurrence of cell injury was assessed by
the release of lactate dehydrogenase (LDH) after 4 h of incubation.
Values shown are means + SD of four experiments.

* Significantly different to the respective incubation without inhibi-
tor/solvent control, p < 0.05.
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Table 3. Histidine-induced injury and histidine-induced lipid peroxidation to cultured hepatocytes: effects of iron chelators.

LDH release (%) TBARS (nmol/10¢ cells)

KH I+ 1 0.7+0.3
KH (198 mM L-histidine) 92+ 2% 19.3 £7.2%
KH (198 mM L-histidine) + 100 uM 1,10-phenanthroline 13+ 2%* 1.2 +£0.3%*
KH (198 mM L-histidine), solvent control (EtOH) 91+ 1 189 +4.1
KH (198 mM L-histidine), preincub. with deferoxamine 19 £ 16** 1.7 £ 1.1%*
KH (198 mM L-histidine) + 100 uM 2,2’-dipyridyl 34 + 13%* 4.3 £3.2%*
KH (198 mM L-histidine) + 100 uM DTPA 90+ 4 16.8 4.0
KH (100 mM L-histidine) 63 +26* 13.2+£6.3*%
KH (100 mM L-histidine) + 100 uM 2,2’-dipyridyl 15+ 8** 1.6 +0.8%*
KH (100 mM L-histidine) + 1 mM LK614 15+ 5%* 0.8 +0.8%*
KH (100 mM L-histidine) + 1 mM LK616 23 + 18%* 2.6 £2.4%*
KH (100 mM Ne-acetyl-L-histidine) 15+ 2¢ 1.5+£04%

Monolayer cultures of rat hepatocytes were exposed to L-histidine or Na-acetyl-L-histidine in modified Krebs-Henseleit (KH) buffer or
— for control — to KH buffer under otherwise physiological conditions (normoxia, 37 °C). Exposure was to either 100 mM or 198 mM L-
histidine [in modified KH buffer supplemented with 100 or 198 mM L-histidine; this buffer was rendered isoosmotic by the reduction of
the NaCl concentration, KH (L-histidine)], or to 100 mM of the histidine derivative No-acetyl-L-histidine (in modified KH buffer rendered
isoosmotic as described above). To part of the cultures, a membrane-permeable iron chelator was added, either 1,10-phenanthroline, 2,2’-
dipyridyl (2,2’-DPD, 100 uM) or one of the hydroxamic acid derivatives LK 614 or LK 616 (1 mM); where applicable, a solvent control
(EtOH) was included; the solvent control applies to the condition immediately preceding it. Other cultures were preincubated with the iron
chelator deferoxamine (30-min preincubation with 10 mM deferoxamine in cell culture medium). Additional cultures were exposed to the
non-permeable iron chelator diethylenetriaminepentaacetic acid (DTPA, 100 uM). The occurrence of cell injury was assessed by the release
of LDH after 4 h of incubation; as marker of lipid peroxidation, thiobarbituric acid-reactive substances (TBARS) were determined after 4 h

of incubation. Values shown are means + SD of four experiments.
* Significantly different to KH buffer, p < 0.05.

** Significantly different to the respective incubation without inhibitor/solvent control, p < 0.05.
# Significantly different to modified KH buffer containing the same concentration L-histidine, p < 0.05.

protective (Table 3). While these membrane-permeable
iron chelators provided complete protection, the non-per-
meable iron chelator DTPA did not affect histidine-in-
duced cell injury at all (Table 3).

Similar protection by deferoxamine and 2,2’-dipyridyl
against histidine-induced injury was observed when cel-
lular metabolic/reducing activity was assessed using the
Alamar Blue assay (Fig. 3a). Furthermore, when hepato-
cytes were exposed to L-histidine after pretreatment with
deferoxamine or in the presence of 2,2’-dipyridyl, they
were able to maintain ATP content, while ATP content
strongly decreased during exposure to L-histidine in the
absence of these iron chelators (Fig. 3b). Similar to their
effect on cell viability, the iron chelators 2,2’-dipyridyl,
1,10-phenanthroline, deferoxamine and LK 614 com-
pletely and LK 616 strongly inhibited lipid peroxidation,
but the non-permeable iron chelator DTPA did not offer
any protection (Table 3).

ROS-mediated, iron-dependent histidine toxicity (in
modified KH buffer as well as in HTK solution) was
also observed in liver endothelial cells (Table 4). In these
cells, the course of the injury was somewhat slower than
in hepatocytes but the antioxidant N-acetylcysteine again
provided partial protection and the iron chelator 2,2’-di-
pyridyl provided marked protection.

Use of histidine derivatives

Apart from its toxicity, histidine is, as outlined in the
introduction, a substance of interest for organ preserva-
tion. Therefore, we tested whether histidine derivatives
(Fig. 1) display a different toxicity. The histidine deriva-
tives chosen for this purpose were the isomer D-histidine,
the side-chain group imidazole, two derivatives modified
at the amino group [No-acetyl-L-histidine, N-(fert-butyl-
oxycarbonyl)histidine], a derivative modified at the car-
boxyl group (L-histidine methyl ester), a derivative modi-
fied at the side-chain group (1-methyl-L-histidine), and
three histidine-containing dipeptides (dipeptides with the
most simple amino acid glycine either at the amino or at
the carboxyl end, and the dipeptide S-alanyl-L-histidine,
which has been used in preservation studies before).
D-Histidine showed a slightly lower toxicity than L-his-
tidine but was still fairly toxic (Fig. 4a). Imidazole was
highly toxic (Fig. 4b). Similarly, L-histidine methyl ester
exerted a very high toxicity (Table 5; data for a lower con-
centration of the derivative is shown to demonstrate the
toxicity). Methylation in position 1 of the imidazole ring
of L-histidine, in contrast, provided partial protection
(Table 5; this derivative is very expensive and was there-
fore used at a lower concentration). Histidine-containing
dipeptides also showed far lower toxicity than histidine
itself: L-histidyl-L-glycine, L-glycyl-L-histidine and S-
alanyl-L-histidine (carnosine) all showed low toxicity,
L-glycyl-L-histidine no toxicity at all (Table 5). Also
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derivatization at the amino group provided practically fidence interval for LDH release after 4-h incubation in
complete protection: N-(fert-butyl-oxycarbonyl)histidine =~ Ne-acetyl-L-histidine-containing KH buffer: 36%). This
(Boc-histidine) and No-acetyl-L-histidine exerted almost ~ was evidently also true for a second concentration of No-
no toxicity (Fig. 4c and d; upper limit of the 95% con-  acetyl-L-histidine (100 mM; Table 3). In addition, cells

a *x b
100+ i 25 -
= ] o
£ 80+ - ; _ 20
s 11 g ] %%
5 ] ;_ &
X 60 @ 15
£ 3 ] %
2 E ]
S 404 = 104
2 o
S ]
3 207 57 .
* * * ]
—— e ]
0 T T T T T T T 0 T T T T T
I N o > T [a) < o < I ) o Q ©
B & g & g o 2 =) 4 2 & o 2
I % B % O E B b} ? e e
o} = ) o o = z @ P i
a] 2 a o + 2 2 [a] N 2
< I Py o —_ = B = Y <
E 2 2 * £ % < ® o %
T z 5 T 35 g z b 2 <
¥ = £ B I X 74 S .
T E I 2 T = E
T 17} = = T R
a F 2 T E) T <
= L T < 4
I B Z =
T = ¥ 4
T T
< <

Figure 3. Histidine toxicity as assessed by functional parameters. Monolayer cultures of rat hepatocytes were exposed to L-histidine or
to the histidine derivative No-acetyl-L-histidine in modified KH buffer, to HTK solution or — for control — to KH buffer under otherwise
physiological conditions (normoxia, 37 °C). Exposure was to 198 mM L-histidine [in modified KH buffer supplemented with 198 mM L-
histidine; this buffer was rendered isoosmotic by the reduction of the NaCl concentration; KH (L-Histidine)] or to 198 mM of the histidine
derivative Na-acetyl-L-histidine [in modified KH buffer without NaCl to approach isoosmolarity; KH (N-Acetylhistidine)]. KH buffer
was devoid of substrates for energy metabolism. To part of the cultures, the membrane-permeable iron chelator 2,2’-dipyridyl (2,2’-DPD,
100 uM) or the membrane-impermeable iron chelator diethylenetriaminepentaacetic acid (DTPA, 100 uM) were added, other cultures were
preincubated with the iron chelator deferoxamine (30-min preincubation with 10 mM deferoxamine; Desf. PI). Cellular metabolic/reducing
activity was assessed by the Alamar Blue assay (@) or cellular ATP levels were determined enzymatically (b) after 4 h of incubation in the
respective solutions. Baseline values (0 h) were determined at the beginning of the experiments. For the Alamar Blue assay, values are given
as a percentage of the values for control cells assessed at time zero. Values shown are means + SD of four experiments. * Significantly
different to KH buffer, p < 0.05. ** Significantly different to the respective incubation without iron chelator, p < 0.05.

Table 4. Histidine- and HTK-induced injury to liver endothelial cells, its inhibition by antioxidants and iron chelators and effect of the
histidine derivative Na-acetyl-L-histidine.

LDH release (%)

7 hrs 10 hrs
KH 6+ 1 18+3
KH (198 mM L-histidine) 56 £23% 82+ 7%
KH (198 mM L-histidine) + 40 mM N-acetylcysteine 18 £ 8** n.d.
KH (198 mM L-histidine) + 100 uM 2,2’-dipyridyl 12+ 3%* n.d.
KH (198 mM No-acetyl-L-histidine) n.d 38+ 8%%
HTK 83+ 8* n.d.
HTK + 40 mM N-acetylcysteine 46 £ 10** n.d.
HTK + 100 uM 2,2’-dipyridyl 11+ %= n.d.

Monolayer cultures of rat liver endothelial cells were exposed to L-histidine or Ne-acetyl-L-histidine in modified KH buffer, to HTK solu-
tion or — for control — to KH buffer under otherwise physiological conditions (normoxia, 37 °C). Exposure was to 198 mM L-histidine [in
modified KH buffer supplemented with 198 mM L-histidine; this buffer was rendered isoosmotic by the reduction of the NaCl concentra-
tion, KH (198 mM L-histidine)], or to 198 mM of the histidine derivative Na-acetyl-L-histidine [NaCl omitted to approach isoosmolarity;
KH (No-acetyl-L-histidine)]. To part of the cultures, the antioxidant N-acetylcysteine or the iron chelator 2,2’-dipyridyl was added. The
occurrence of cell injury was assessed by the release of lactate dehydrogenase (LDH) after 7 and 10 h of incubation. Values shown are
means + SD of three to four experiments.

* Significantly different to KH buffer.

** Significantly different to the respective incubation without inhibitor, p < 0.05.

# Significantly different to modified KH buffer containing the same concentration of L-histidine, p < 0.05.

n.d.: not determined.
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Figure 4. Effects of histidine derivatives. Monolayer cultures of rat hepatocytes were exposed to L-histidine or histidine derivatives in
modified KH buffer or — for control — to KH buffer under otherwise physiological conditions (normoxia, 37 °C). Exposure was to 198 mM
L-histidine [in modified KH buffer supplemented with 198 mM L-histidine; KH (L-Histidine)], to 198 mM D-histidine in modified KH
buffer [KH (D-Histidine)] (a), to 198 mM imidazole [KH (Imidazole)] (b), to 198 mM N-(tert-butyl-oxycarbonyl)histidine [KH (Boc-
Histidine)] (c), or to 198 mM No-acetyl-L-histidine [KH (N-Acetylhistidine)] (). In all modified KH buffers the NaCl concentration was
reduced in order to obtain or approach isoosmolarity. The occurrence of cell injury was assessed by the release of LDH. Values shown
are means + SD of four experiments. * Significant toxicity, i.e. significantly different to KH buffer, p < 0.05. ** Significantly different to

modified KH buffer containing 198 mM L-histidine, p < 0.05.

exposed to the high concentration of 198 mM Na-acetyl-
L-histidine completely maintained their metabolic/reduc-
ing activity (Fig. 3a) and their ATP levels (Fig. 3b) over
4 h of incubation. In contrast to L-histidine, No-acetyl-
L-histidine also did not give rise to lipid peroxidation
(Table 3). Furthermore, Ne-acetyl-L-histidine proved to
be far less damaging than L-histidine in liver endothelial
cells (Table 4). The pK value of No-acetyl-L-histidine is,
compared to histidine, shifted towards somewhat more
alkaline values: while, at relevant ionic strength, the pK
of histidine is 6.2 at 20 °C, the pK of No-acetyl-L-histi-
dine is 7.2.

Histidine-induced injury during hypothermic
incubation

When hepatocytes were exposed to hypothermia (4 °C)
in KH buffer for 12 h, 30 = 6% of cells lost viability
during cold incubation and a further 54% during sub-
sequent rewarming (Fig. 5a). In HTK solution and in
modified KH buffer containing 198 mM L-histidine
about 70% of cells already lost viability during cold
incubation (Fig. 5a), while in modified KH buffer con-
taining 198 mM No-acetyl-L-histidine only 28 = 19%
of hepatocytes lost viability during cold incubation and
only a further 20% during rewarming (Fig. 5b). In all
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Table 5. Histidine-induced injury to cultured hepatocytes: effects
of histidine derivatives.

LDH release

(%)
KH 20+ 5
KH (198 mM L-histidine) 92+ 1*
KH (198 mM D-histidine) 89+ 6*
KH (198 mM imidazole) 88+ 5%
KH (198 mM Ne-acetyl-L-histidine) 19 £ 11**
KH (198 mM Boc-histidine) 24+ 6%*
KH (198 mM L-histidyl-L-glycine) 36 £ 6% **
KH (198 mM L-glycyl-L-histidine) 21 + 10**
KH (198 mM p-alanyl-L-histidine) 39+ 3% x*
KH (76 mM L-histidine) 91+ 1*
KH (76 mM 1-methyl-L-histidine) 52 4 32% **
KH (50 mM L-histidine) 74 + 18%*
KH (50 mM L-histidine methyl ester) 90 £ 1% **

Monolayer cultures of rat hepatocytes were exposed to 198, 76 or
50 mM L-histidine or histidine derivatives in modified KH buffer
or — for control — to KH buffer under normoxic conditions at 37 °C.
Modified KH buffers were rendered isoosmotic by the reduction of
the NaCl concentration. The occurrence of cell injury was assessed
by the release of LDH after 4 h of incubation. Values shown are
means + SD of three to four experiments.

* Significant toxicity, i.e. significantly different to KH buffer,
p <0.05.

** Significantly different to modified KH buffer containing the
same concentration L-histidine, p < 0.05.

solutions, preincubation of the cells with the iron che-
lator deferoxamine provided protection: in KH buffer,
protection was complete during cold incubation but only
partial during rewarming, in all other solutions (HTK
solution and modified KH buffers) protection by defer-
oxamine was complete during both, cold incubation and
subsequent rewarming (Fig. 5a and b). Similar enhance-
ment of cold-induced injury by histidine (HTK solution
and modified KH buffer containing L-histidine) was
observed when cell injury was assessed by monitoring
cellular metabolic/reducing capacity (Fig. 5c¢); again,
preincubation with deferoxamine provided protection
against both cold-induced injury (as observed in KH
buffer) and the enhancement of this injury by L-histi-
dine. Furthermore, in this assay, Na-acetyl-L-histidine
did not enhance cold-induced injury; cell injury in mod-
ified KH buffer containing Na-acetyl-L-histidine was
even lower than in KH buffer.

Cold exposure of hepatocytes in KH buffer induced lipid
peroxidation (Fig. 5d). Histidine exposure (HTK solution
or modified KH buffer containing L-histidine) enhanced
this lipid peroxidation, while Ne-acetyl-L-histidine expo-
sure did not enhance lipid peroxidation. Preincubation of
hepatocytes with deferoxamine inhibited lipid peroxida-
tion in all solutions.

Liver endothelial cells also suffered injury during cold
incubation (Table 6). This injury was far stronger when
cold incubation was performed in HTK solution or in

Histidine-induced cell injury

modified KH buffer containing 198 mM L-histidine,
while Na-acetyl-L-histidine only slightly enhanced cold-
induced endothelial cell injury. Again, preincubating the
cells with deferoxamine strongly inhibited cold-induced
cell injury in all solutions.

Discussion

The results presented show clearly that histidine toxic-
ity is mediated by an iron-dependent pathway and that
the addition of a membrane-permeable iron chelator or
appropriate derivatization of histidine can avoid this tox-
icity.

The iron involved in histidine toxicity appears to be intra-
cellular, not extracellular iron, as membrane-permeable
iron chelators (1,10-phenanthroline, 2,2’-dipyridyl, LK
614, LK 616 and the poorly, but still permeable deferox-
amine), but not the impermeable iron chelator DTPA pro-
vided protection (Figs. 2 and 3, Tables 2—4). The intracel-
lular iron involved in iron-dependent injurious processes
belongs to the comparatively small pool of ‘chelatable
iron’. The term ‘chelatable iron’ denotes cellular iron ions
that are bound to low-molecular-weight ligands or loosely
attached to macromolecules, and are thus accessible to ex-
ogenous chelators [10]. The iron ions of this pool (about
2-5 uM in cultured hepatocytes [10—12]) are, due to the
abundance of cellular reducing equivalents, under physi-
ological conditions predominantly present as ferrous iron
(Fe?"). However, these iron ions constantly redox-cycle
between the ferrous and the ferric (Fe**) form: they are
oxidized by hydrogen peroxide (H,0,) or molecular oxy-
gen (0O,) and re-reduced by cellular reducing equivalents
such as ascorbate or, more likely, NADH ([13, 14] and
F. Petrat, H. de Groot, unpublished results). Most likely,
histidine entering the cells chelates part of this iron. His-
tidine is a well-known iron chelator; however, its affinity
for iron ions is moderate (stability constant for 2: 1 com-
plexes with Fe?*: log 3, = 10.43 [15]), and is in the range
where other cellular ligands also chelate iron. Thus, the
formation of mixed complexes might also be possible.
In contrast to strong iron chelators employed for cellu-
lar protection (which usually occupy all six coordination
sites of iron ions and form redox-inactive complexes),
many of the complexes with weaker ligands are redox-ac-
tive and thus injurious (largely depending on the lacking
occupancy of all coordination sites of iron ions and on the
influence of the ligands on the redox potential of the iron
ions). Apparently, the histidine entering the cells forms
redox-active iron complexes with cellular chelatable iron.
As a result, ROS are formed as indicated by lipid per-
oxidation. A similar mechanism has previously been sug-
gested for the enhancement histidine exerts on hydrogen
peroxide-induced DNA damage and on hydrogen perox-
ide-induced cell injury in some models [16, 17].
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Figure 5. Histidine toxicity, its inhibition by the iron chelator deferoxamine and effect of No-acetyl-L-histidine during/after cold incuba-
tion of cultured hepatocytes. Monolayer cultures of rat hepatocytes were exposed to hypothermia (4 °C) in KH, in HTK solution or in
L-histidine- or Na-acetyl-L-histidine-containing modified KH buffers for 3—12 h and then rewarmed at 37 °C in cell culture medium for
3 h. L-Histidine-containing modified KH buffer contained 198 mM L-histidine [this buffer was rendered isoosmotic by the reduction of the
NaCl concentration; KH (L-Histidine)], Noacetyl-L-histidine-containing modified KH buffer contained 198 mM of the histidine deriva-
tive Na-acetyl-L-histidine [NaCl omitted to approach isoosmolarity; KH (N-Acetylhistidine)]. Part of the cultures were preincubated with
the iron chelator deferoxamine (30-min preincubation with 10 mM deferoxamine in cell culture medium prior to cold incubation; Desf.
PI). The occurrence of cell injury was assessed by the release of LDH after 12-h cold incubation and during subsequent rewarming (a, b).
Cellular metabolic/reducing activity was assessed by the Alamar Blue assay after the 3 h rewarming period following different periods of
cold incubation (c); for this assay, values are given as a percentage of the values for control cells not exposed to hypothermia and assessed
at time zero. As marker of lipid peroxidation, thiobarbituric acid-reactive substances (TBARS) were determined after the end of 12 h of
cold incubation (d). Values shown are means + SD of four to five experiments [some small SDs in (a) and (b) are masked by the symbols).
* Significantly different from the incubation in regular KH buffer, p <0.05. ** Significantly different from the respective incubation
without iron chelator, p < 0.05.

Apart from its cytotoxicity, histidine is an excellent buf-
fer, and therefore we tested diverse histidine derivatives
to determine whether toxicity can be affected by de-
rivatization. Imidazole, the side-chain group of histidine,
alone was highly toxic with a very early occurrence of
toxicity (Fig. 4, Table 5); this might be due to lysosomal

accumulation of the weak amine followed by lysosomal
disruption [18]. Histidine methyl ester also proved to be
toxic; again, lysosomal accumulation of the compound
might contribute, as the negative charge at the carboxyl
group is lost and lysosomal hydrolysis of the ester might
occur [18]. Methylation at position 1 of the imidazole
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Table 6. Histidine toxicity, its inhibition by the iron chelator deferoxamine and effect of Na-acetyl-L-histidine during/after cold incubation

of cultured liver endothelial cells.

LDH release (%)

KH
KH, preincub. with deferoxamine

HTK

HTK, preincub. with deferoxamine

KH (198 mM L-histidine)

KH (198 mM L-histidine), preincub. with deferoxamine

KH (198 mM Na-acetyl-L-histidine)

KH (198 mM No-acetyl-L-histidine), preincub. with deferoxamine

27+ 11
1+ 1**

80+ 9*
8+ 5**
95+ 1%
32 £21%*
54 + 14*
34k

Monolayer cultures of rat liver endothelial cells were exposed to hypothermia (4 °C) in KH, in HTK solution or in L-histidine- or No-ace-
tyl-L-histidine-containing modified KH buffers for 24 h and then rewarmed at 37 °C in cell culture medium for 3 h. L-Histidine-containing
modified KH buffer contained 198 mM L-histidine [this buffer was rendered isoosmotic by the reduction of the NaCl concentration; KH
(198 mM L-histidine)], No~acetyl-L-histidine-containing modified KH buffer contained 198 mM of the histidine derivative No-acetyl-
L-histidine [NaCl omitted to approach isoosmolarity; KH (198 mM No-acetyl-L-histidine)]. Part of the cultures were preincubated with
the iron chelator deferoxamine (30-min preincubation with 10 mM deferoxamine in cell culture medium prior to cold incubation). The
occurrence of cell injury was assessed by the release of LDH during cold incubation and rewarming. Values shown are means + SD of five

experiments.

* Significantly different from the incubation in regular KH buffer, p < 0.05.
** Significantly different from the respective incubation without the iron chelator, p < 0.05.

ring provided some protection (probably by affecting cel-
lular uptake and/or iron chelation) but toxicity was almost
completely lost when derivatives substituted at the amino
group and/or histidine-containing dipeptides were used.
Of these derivatives, Noa-acetyl-L-histidine is particularly
attractive as a buffer to be used in organ preservation so-
lutions as it is a naturally occurring compound [19, 20],
and as for an identically derivatized amino acid, N-acet-
ylcysteine, vast experience in human beings exists. No-
Acetyl-L-histidine’s lack of toxicity (and probably also
the lower toxicity of the dipeptides) is likely to be, at least
partly, due to its decreased cellular uptake. In addition, an
altered affinity for Fe** and/or altered redox activity of its
iron complexes might play a role.

In the present study, histidine toxicity was first studied at
37 °C, while organ preservation solutions are used under
hypothermic conditions. We decided to study histidine
toxicity primarily at physiological temperatures to be able
to differentiate the mechanism of histidine toxicity from
other types of cell injury. However, evidence for histidine
toxicity and for its iron-dependent mechanism could also
be observed at 4 °C: cell injury during cold incubation
in the histidine-buffered preservation solution HTK so-
lution, as well as in histidine-supplemented KH buffer,
was largely enhanced compared to KH buffer alone, and
membrane-permeable iron chelators provided complete
protection (Fig. 5, Table 6). However, hypothermia itself
triggers an iron-dependent injury, as observed during/af-
ter cold incubation in KH buffer (Fig. 5, Table 6; compare
incubations in KH buffer with and without deferoxamine
pretreatment) and as described previously [7, 12, 21-26],
and thus hampers proper study of the mechanisms of
histidine toxicity. In cultured hepatocytes, hypothermia
triggers an increase in cellular chelatable iron [12, 22,

23], and thus histidine and hypothermia are likely to act
synergistically in the initiation of cell injury, which is
evidenced by the strong enhancement of cold-induced
cell injury in HTK solution or in histidine-containing KH
buffer in hepatocytes as well as in liver endothelial cells.
In contrast to L-histidine, No-acetyl-L-histidine, which
in the warmth did not display toxicity, did not or hardly
enhance cold-induced cell injury (Fig. 5, Table 6). Al-
though it was very extensive, the combined injury elicited
by histidine and by hypothermia was strongly/completely
inhibited by the iron chelator deferoxamine.

In the experiments on hepatocyte injury during/after cold
exposure (Fig. 5), the protection by the iron chelator was
more marked in the L-histidine- or No~acetyl-L-histi-
dine-containing solutions than in regular KH buffer (in
which protection was only partial). This is due to the fact
that the iron-independent component of cold-induced
cell injury, which occurs in this cell type as a weaker,
second-line injury and that becomes evident merely upon
rewarming [22, 27], is mediated by chloride (manuscript
submitted for publication), and was thus decreased in the
solutions with low chloride concentrations (NaCl was de-
creased/omitted in L-histidine or No-acetyl-L-histidine-
containing solutions for osmotic reasons). For the same
reason, the injury occurring during rewarming after cold
incubation was also largely reduced in the No-acetyl-L-
histidine-containing modified KH buffer, compared to
the regular KH buffer, in the absence of iron chelators (in
the chloride-poor L-histidine-containing solutions, most
cells were already dead before rewarming due to histidine
toxicity).

Currently, continuous machine perfusion, one of the first
methods to preserve kidney grafts, has gained renewed
interest, particularly for kidney preservation, on the
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background of organ shortage and the increased use of
marginal organs [28-31]. Continuous machine perfusion
allows the delivery of oxygen during storage and thus
decreases ischemic injury. However, when continuous
machine perfusion is performed at hypothermic tempera-
tures, as it is usually done, the oxygen delivered is also
likely to enhance free radical-mediated cold-induced cell
injury. The use of histidine as a buffer should, under these
conditions, be particularly detrimental. In fact, the condi-
tions used in the cell culture experiments described in
Fig. 5 and Table 6 simulate most closely the conditions
of continuous hypothermic perfusion. The optimal pres-
ervation solutions for effective machine perfusion have
not yet been established and modifications have recently
been proposed [32—-36]. Based on our data, we would sug-
gest to include an iron chelator into these solutions and,
in addition, to replace histidine by less toxic derivatives
such as No-acetyl-L-histidine.

Besides its value as a buffer, histidine has been described
to be an inhibitor of matrix metalloproteases [37]. How-
ever, the role of matrix metalloproteases in preserva-
tion injury is not clear yet: Upadhya and colleagues [38,
39] described a release of the matrix metalloproteases
2 and 9 by cultured liver endothelial cells exposed to
hypothermia and a subsequent rounding and detachment
of these cells, while we could not find evidence for a
role of matrix metalloproteases in liver endothelial cell
injury [40], and found injury and detachment of the en-
dothelial cells to be a consequence of free radical-medi-
ated processes [7].

As described in the introduction, other buffers used in
organ preservation solutions, namely phosphate buffers,
also have a cytotoxic potential, and, with regard to the pH
range in which buffering is required, histidine has an al-
most optimal pK value (ideally, it should be slightly higher
than the one of histidine, i.e. at about pH 6.8). Therefore,
it would be ideal to be able to exploit the buffering capac-
ity of histidine while at the same time avoiding histidine
toxicity. The results presented in the current study offer
two options to reach this goal: (i) use of histidine itself in
combination with a membrane-permeable iron chelator,
and (ii) use of No-acetyl-L-histidine (or histidine-con-
taining dipeptides; Fig. 4, Table 5).

Both approaches offer advantages and disadvantages: in
the first approach, histidine would still be able to exert
toxicity if the iron chelator does not reach all cells/cel-
lular compartments in sufficient concentrations to bind
all chelatable iron ions safely. The second approach has,
as far as dipeptides are concerned, the disadvantage that
systemic side effects of the dipeptides (which may pos-
sess bioactivity [41]) would need to be excluded before
any application can be considered. The use of No-ace-
tyl-L-histidine appears favorable; however, its use in high
concentrations requires a major redesign of preservation
solutions as the charge of No-acetyl-L-histidine differs
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from the charge of histidine due to the loss of the positive
charge of the amino group (histidine: zwitter ion or cat-
ion, Na-acetyl-L-histidine: anion or zwitter ion, depend-
ing on the degree of protonation). For practical purposes,
a combination of histidine (in decreased concentration)
and No-acetyl-L-histidine plus the addition of a mem-
brane-permeable iron chelator appears therefore the most
feasible. With regard to the buffering capacity, No-acetyl-
L-histidine is not inferior to histidine, and its pK value of
7.2 is fairly close to the desired value. As iron chelator,
deferoxamine and/or the new lipophilic hydroxamic acid
derivative LK 614 appear applicable.

In recent years, organ preservation solutions have — in
addition to their use in classical organ transplantation
— increasingly been used for the cold storage of cells
and tissues [42—49]. It is likely, with the current efforts
in the diverse fields of cellular therapies, as well as the
advances in tissue engineering, that this use of preserva-
tion solutions will further increase in the future. As many
of these applications require even longer storage and thus
longer exposure periods, the avoidance of preservation
solution toxicity as discussed above is of even greater im-
portance for these fields, and the current study provides
some options to reach this goal and improve the storage
of diverse cells and tissues for biomedical and medical
applications.
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