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Protective effect of nitronyl nitroxide—amino acid conjugates
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Abstract—Stable nitroxides are potential antioxidant drugs. In this study, we have linked nitroxide to natural amino acids with the
aim to improve therapeutic activity. The radical scavenging activities of two nitronyl nitroxide-amino acid conjugates (NNR and
NNK) were evaluated in PC 12 cell survival assays. The NO scavenging activities of these compounds were confirmed in the ace-
tylcholine-induced vasorelaxation assay. In addition, the protective effect of NNR was demonstrated in an in vivo rat model of hepa-
tic ischemia—reperfusion (I/R) induced injury and oxidative change. Because NNR reduced hepatic I/R injury by minimizing
oxidative stress, it might be possible to develop it into a possible therapeutic agent for hepatic I/R injury.

© 2008 Elsevier Ltd. All rights reserved.

Hepatic ischemia/reperfusion (I/R) is a problem com-
monly encountered in many clinical conditions including
liver transplantation, hepatic failure after shock, and liver
surgery for trauma and cancer. To reduce hemorrhagic
complications, temporary clamping of the hepatic blood
supply is required. When the blood supply is restored,
the organ is usually subjected to a further insult, aggravat-
ing the injury created within the ischemic period. I/R in-
jury is a complex pathophysiological process involving
the reaction of oxygen-derived free radical, cytokines,
and neutrophils. This can eventually lead to cell damage,
cell death, increased vascular permeability, tissue necro-
sis, and multi-organ dysfunction.'~ Reactive oxygen spe-
cies (ROS) are one of the most important components of
tissue injury after reperfusion of ischemic organs. The ma-
jor ROS include the superoxide and hydroxyl radicals,
and hydrogen peroxide. ROS induced injury targets en-
zymes and other proteins, lipids, nucleic acids, the cyto-
skeleton, and cell membranes, resulting in decreased
mitochondrial function, and lipid peroxidation.®’

Endogenous antioxidant compounds, such as superoxide
dismutase, catalase, glutathione, and B-carotene, may
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limit the effects of ROS but these systems can become
overwhelmed by large quantities of ROS. Recently, sev-
eral successful therapeutic strategies have been developed
to prevent liver tissue damage after I/R. These include
alternative clamping techniques as well as pharmacologi-
cal intervention with antioxidants.® Enhancing the liver’s
antioxidant capacity might be a promising therapeutic
strategy to prevent I/R injury.’~'® More recently, various
antioxidants have been developed to counteract I/R in-
jury. For example, a-tocopherol, ascorbic acid, allopuri-
nol, coenzyme Q 10, and superoxide dismutase have
been reported to prevent hepatic I/R injury. It has been
suggested that the antioxidant therapy is a promising ap-
proach to ameliorate liver injury during I/R.17-2°

Stable nitroxides have found a wide range of applications
in biology and medicine.?! As a unique class of antioxi-
dants, nitroxides have recently been explored as a comple-
mentary strategy for modulating oxidative injury. It has
been suggested that nitroxides possess potential therapeu-
tic benefits in a variety of diseases including I/R injury.??28
They have been shown to attenuate oxidative damage in
various experimental models.2%2® The protective effects
of nitroxides can be attributed to their antioxidant capac-
ities. In addition to directly scavenging free radical, nitr-
oxides have also been shown to attenuate the formation
of other reactive oxygen and nitrogen species.?3¢
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The cellular and in vivo pharmacology of stable nitrox-
ides has been investigated in previous studies.?'->? It has
been reported that nitroxides can be reduced in vivo to
hydroxylamines or oxidized to oxo-ammonium cations
via electron transfer reactions. Thus, all these three
forms (nitroxide radical, oxo-ammonium cation,
hydroxylamine) can be present in the tissue.?!-3? In addi-
tion, it was also suggested that the hydroxylamine and
oxo-ammonium cation might com-proportionate, yield-
ing two nitroxide molecules. In other words, the non-
radical species might also com-proportionate to yield
the more stable radical form and thus the nitroxides
can replenish itself.>13> As a result, unlike antioxidants
that act in a sacrificial mode, nitroxides can provide pro-
tection in a catalytic way. Through the continuous ex-
change between the two forms they can act as self-
replenishing antioxidants thus bestow catalytic protec-
tive activity (Fig. 1). This key feature indicates the po-
tential of this unique class of antioxidants against I/R
injury.

Contrary to exogenously added SOD or catalase and
several common antioxidants, nitroxides readily cross
the blood-brain barrier and permeate the cell mem-
brane. Thus, nitroxides would seem to have unique ther-
apeutic potential for diseases and injuries related to
oxidative stress.’®4® In addition, it has been reported
that some amino acids can be useful in preventing oxida-
tive damage during surgery.*’® For example, pretreat-
ment with L-arginine has a protective effect on multiple
organs I/R injury.’'32 To develop new therapeutic
agents against hepatic ischemia-reperfusion injury, we
sought to link an antioxidant moiety (nitronyl nitroxide)
to a series of amino acids in the hope that the resulting
nitronyl nitroxide—amino acid conjugates would provide
a synergistically protective effect for hepatic ischemic-
reperfusion injury. It turned out that some of these new-
ly synthesized nitronyl nitroxides—amino acid conjugates
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Figure 1. Schematic representation of the redox transformation of
nitroxide, hydroxylamine, and the oxo-ammonium cation.
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displayed significantly protective effects against liver I/R
injury. The detailed synthesis and structure—activity
relationship studies of those newly synthesized nitronyl
nitroxides—amino acid conjugates will be reported else-
where. In the present study, we report the synthesis
and biological studies of two nitronyl nitroxide—amino
acid (Arg,Lys) conjugates (NNR and NNK) (Fig. 2).
Moreover, the protective effect of the newly synthesized
nitronyl nitroxide-amino acid conjugate (i.e., NNR) on
hepatic I/R induced tissue damage was evaluated by
the measurement of biomedical parameters: serum
aspartate aminotransferase (AST) (a nonspecific marker
for hepatic injury), alanine aminotransferase (ALT) (a
specific marker for hepatic parenchyma injury) and liver
malondialdehyde (MDA) levels (an end product of lipid
peroxidation).

The nitronyl nitroxide derivatives were synthesized
according to Ullman’s procedure with minor modifica-
tion as shown in Scheme 1.7 Synthesis was initiated
with dinitro compound 1, followed by reduction with
zinc in an ammonium chloride buffered solution to yield
the key intermediate bis(hydroxyamine) compound 2
(63% yield), which was subsequently subjected to con-
densation with 4-hydroxyl-benzaldehyde to generate
the corresponding dihydroxy-imidazolidine NN-3 (51%
yield). Oxidation by PbO, gave the nitronyl nitroxide
derivative NN-4 (52% yield). Subsequent treatment of
NN-4 with BrCH,COOC,H; followed by hydrolysis in
the presence of NaOH provided NN-6 (90% yield).

Synthesis of nitronyl nitroxide-amino acid conjugates
was straightforward, involving a simple incorporation
of the amino acid residue via the phenyloxyacetyl moi-
ety on the 2-position of the imidazolyl ring. After the
coupling and deprotection, the target compounds,
NNR and NNK, were obtained in moderate to good
yield (73-90%).

ESR spectroscopy is the best tool for the study of free
radical, due to the sensitivity and accuracy of the meth-
od. As shown in Figure 3, different types of radicals
show different patterns in the ESR spectra.

The NO trapping ability of NNR and NNK were moni-
tored by the direct trapping experiment, as shown in
Figure 3. It was observed that the initial spectrum of
the nitronyl nitroxide-amino acid conjugates (NNR
and NNK) had five lines (with an intensity ratio of 1/2/
3/2/1 and the same ay coupling constants). When NO
gas was bubbled into the solution of NNR and NNK
in deaerated phosphate buffer, the ESR spectrum was
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Figure 2. Structure of nitronyl nitroxide-amino acid conjugates (NNR and NNK).
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Scheme 1. Synthesis of nitronyl nitroxide-amino acid conjugates (NNR and NNK). Reagents: (i) Br,, NaOH (6 mol/L); (ii) Zn, NH4Cl; (iii) 4-
hydroxyl-benzaldehyde/MeOH; (iv) PbO,; (v) BrCH,COOC,Hs, NaOEt, THF; (vi) NaOH (2 mol/L); (vii) HCl-Arg-OMe, DCC, HOBt, and NMM,
pH 9; (viii) NaOH (2 mol/L); (ix) HCI-Lys(Z)-OBzl, DCC, HOBt, and NMM, pH 9; (x) trifluoroacetic acid/trifluoro-methylsulfonic acid (4:1).
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Figure 3. ESR spectra of NNR at 10> mol/L in phosphate buffer (pH

7.4), prior to and after the introduction of NO. (A) ESR spectra of the
nitronyl nitroxide derivative, (B) ESR spectra of the imino-nitroxide.
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Scheme 2. The reaction of nitronyl nitroxides radical with NO.

changed to a seven-line pattern (with an intensity ratio
1/1/2/1/2/1/1 and different ay coupling constants). This
is due to an electron interacting with two inequivalent
nitrogens. Imino nitroxides are produced by the
reaction between nitronyl nitroxide derivatives and
NO (Scheme 2).

Various free radicals are formed during the ischemia and
reperfusion phases. The free radical scavenging proper-
ties of NNR and NNK against NO, H,O,' and ‘OH were
evaluated using PC 12 cell survival assay following the
published method with minor modifications.> The

ECsy (uM) values are summarized in Table 1. It was ob-
served that NINR and NINK exhibited comparable scav-
enging capacity with their parent compound NN
(nitronyl nitroxide) toward different active radical spe-
cies. Compared with NN, the differences were not statis-
tically significant.

The NO scavenging activities of NNR and NNK were
further evaluated in the acetylcholine (Ach)-evoked,
endothelium-medicated relaxation assay.>3¢ The results
expressed as the percentage inhibition of acetylcholine
(Ach)-induced vasorelaxation by the test compounds
are summarized in Table 2.

The animal experiments were performed in compliance
with the ‘Guide for the Care and Use of Laboratory
Animals’ published by the US National Institutes of
Health. Male Wistar rats were randomly allocated into
three groups: (1) Sham group: rats subjected to the sur-
gical procedures (see Supporting Information), except
for liver I/R (n=4); (2) I/R group: rats subjected to

Table 1. Free radical scavenging activities of NNR and NNK

Compound ECsq (uM) values (£SD)*

NO Hzoz' ‘OH
NN 90.1 £2.03 32.0+2.69 57.2+241
NNR 92.8 £2.95 49.0 £ 2.68 98.9+£3.12
NNK 85.5+4.64 26.8 £ 3.66 92.7 £ 3.06

*SD, standard deviation, n = 6; NN = nitronyl nitroxide.
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Table 2. Inhibition of Ach-induced vasorelaxation

Compound Inhibition percentage (X +£SD%)*

100 umol 10 pmol 1 umol
NS 1.63+1.42
NN 31.0 2.6 8.6 +3.2% 1.8+ 1.4
NNR 98.9 * 4.9%° 74.0  3.7%° 28.7 +5.4%
NNK 85.0 + 5.3%P 60.7 + 5.5%° 248+ 5.6

& Compared with NS (normal saline), P < 0.001.
> Compared with NN (nitronyl nitroxide), P < 0.001.
*SD, standard deviation, n = 6.

the surgical procedures underwent liver ischemia for
30 min followed by reperfusion for 2h (n=28); (3) I/
R + drug treatment group: rats received NNR (30 mg/
kg) or L-Arg (30 mg/kg) just 10 min before the reperfu-
sion and again 1h after initiation of reperfusion
(n=18). Animals in groups (1) and (2) were adminis-
trated saline solution in place of drug. All animals were
maintained under anesthesia (sodium pentobarbital,
80 mg/kg) for the duration of the experiment (i.e.,
30 min + 2 h). At the end of the animal experiments, rats
were sacrificed by a sodium pentobarbital overdose.
Blood and liver samples were collected immediately,
and frozen at —70 °C until analysis.

The steady-state level of malondialdehyde (MDA),
which is the end product of lipid peroxidation, in the li-
ver mitochondria was determined by measuring the level
of thiobarbituric acid reactive substances spectrophoto-
metrically according to the Buege and Aust method.®°
The serum aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) levels were measured to
assess liver function. The results are presented in Tables
3 and 4.

There was a significant increase in MDA level in the I/R
group (4.86 £ 2.43 nmol/mg, P <0.05) compared with
the sham-operated control group (1.75 % 0.26 nmol/

Table 3. MDA levels in the hepatic tissues of sham, ischemia/
reperfusion (I/R), I/R + L-Arg and I/R + NNR groups

MDA (nmol/mg protein)

Sham 175 £0.26
IR 4.86 243"
IR + L-Arg 3.82+1.79°
I/R + NNR 2.76 +0.74°

4P <0.05 compared with sham group; n = 8.

Table 4. Serum levels of ALT and AST in sham, ischemia/reperfusion
(I/R), I/R + L-Arg and I/R + NNR groups of rats

AST (U/L) ALT (U/L)
Sham 182 + 30 52+ 4
I/R 1894 * 875% 1530 * 750°
I/R + L-Arg 789 * 214°¢ 493 + 180>
I/R + NNR 510 * 1385¢ 173 % 505¢

4P <0.001 compared with sham group.
® P < 0.05 compared with sham group.
¢ P <0.05 compared with I/R group; n =38.

mg). Treatment with L-Arg or NNR reversed the eleva-
tions in the MDA level. The MDA level in the NNR +
I/R group (2.76 = 0.74 nmol/mg) was lower than that
in the I/R (4.86 * 2.43 nmol/mg) and I/R + L-Arg treat-
ment groups (3.82 + 1.79 nmol/mg), but the differences
were not statistically significant.

Serum ALT level was 1530 £ 750 U/L in the I/R group,
which is much higher than that in the sham-operated
control group (524 U/L, P<0.001). The ALT level
in the NNR + I/R group was 173 = 50 U/L, which was
significantly lower than that of the I/R group
(P <0.05) but still higher than that in the sham group.
The serum AST level was 1894 = 875 U/L in the I/R
group, which was much higher than that in the sham
group (182 + 30 U/L, P <0.001). Compared with the
I/R group, after NNR treatment, ASL level of
NNR + I/R group was dramatically reduced (510 %
138 U/L, P < 0.05), but still much higher than that of
the sham-operated control group. Although the ALT
and AST levels in the NNR treatment group were lower
than that in the L-Arg treatment group, the difference
was not statistically significant.

Tissue sections (4-5 um) were made using a cryostat
microtome (Leica CM1850 UV clinical cryostat) at
—30°C, and were stained with hematoxylin—eosin and
examined under a light microscope (Olympus-BX51).

ESR spectrometry revealed the existence of unpaired
electrons, suggesting that NNR and NNK were of the
same free radical characteristics as their parent com-
pound, nitronyl nitroxide (NN). In addition, it was
shown that they are reactive with NO as demonstrated
by the ESR results (Scheme 2 and Fig. 3). Likewise,
NNR and NNK retained the free radical scavenging
activity of NN against NO, H,0,' and -OH as demon-
strated in the PC 12 cells survival assay (Table 1).

Rat pheochromocytoma (PC 12) cells, originated from
the adrenal medulla, synthesize and release catechola-
mines. These cells are very sensitive to oxidative stress.
PC 12 cells model system has been established for
in vitro ischemia studies.>> Cell survival as determined
by MTT reduction was markedly decreased after PC
12 cells were exposed to free radical. In our present
study, pre-incubation of PC 12 cells with NNR/NNK,
or the incubation with the test compounds after expo-
sure to free radical, both methods could prevent the
reduction of viability caused by free radical. However,
when the cells were pre-incubated with the test com-
pounds, free radical induced cell toxicity was signifi-
cantly attenuated. This presumably was due to a
synergetic effect between antioxidant activity and mem-
brane permeability. Free radical accumulation leads to
cellular oxidative stress. Therefore, the elimination of
free radical is critical for reducing oxidative stress.
Decreasing PC 12 cells viability was suppressed when
cells incubated with NNR/NNK. These results indicate
that NNR and NNK have good scavenging capacity to-
ward different active radical species. One possible mech-
anism underlying the effectiveness of NNR/NNK against
cellular death induced by free radical involved their nitr-
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oxide structures since it is known that nitroxides are po-
tent antioxidants and free radical scavengers. Alterna-
tively, a possible direct scavenging of free radical by
NNR/NNK during the incubation period cannot be ex-
cluded. On the other hand, we speculated NNR/NNK
might preferentially associate with the plasma mem-
branes at the cellular surface.

The endothelium controls the tone of the underlying vas-
cular smooth muscle through the production of vasodila-
tor mediators. In Ach-induced relaxation of the rat
thoracic aorta assay, Ach acts on the endothelium to elicit
the release of nitric oxide (NO), a potent vasodilator.>3->
A decreased relaxation response in the rat aortic strip
could be attributed to a reduction in NO synthesized by
the endothelium. Therefore, this assay was undertaken
to assess the NO scavenging capability of NNR and
NNK. Nitronyl nitroxide (NN) was found to be a weak
inhibitor of Ach-induced vasorelaxation, whereas Ach-
induced relaxation was significantly reversed by NNR
and NNK. At the concentration of 10 pmol, compared
to NN (8.6 £ 3.2%), NNR and NNK showed good inhibi-
tion ability with 74.0 + 3.7% and 60.7 £ 5.5%, respec-
tively (Table 2). We speculate that the nitric oxide
scavenging activity of NNR and NNK led to attenuation
of the NO concentration in vitro, thereby leading to inhi-
bition of Ach-induced vasorelaxation.

Oxygen radical formation is harmful for biomolecules
such as nucleic acids, membrane lipids, enzymes, and
receptors. Oxygen radicals tend to attack the mem-
brane-associated polyunsaturated fatty acids and to
form lipid peroxides.’’>° Peroxidation of membrane lip-
ids can disrupt membrane fluidity and cell compartmen-
tation, which can further lead to cell lysis. In fact, lipid
peroxidation is implicated in the pathogenesis of various
liver injuries and subsequent liver fibrogenesis in experi-
mental animals and humans.>”>° MDA is a major reac-
tive aldehyde that appears during the peroxidation of
biological membrane polyunsaturated fatty acids. There-
fore, the hepatic content of MDA can be used as an indi-
cator of liver tissue damage.®® In this study, hepatic I/R
caused a significant increase in MDA (Table 3). This
observation is in agreement with previous studies.®!-%2
Tissue damage may result in lipid peroxidation and
necrosis, and the increased tissue MDA levels can be ac-

A B

cepted as a criterion of tissue injury. Interestingly, NNR
treatment caused a significant inhibition in MDA pro-
duction (Table 3). This decrease indicated that lipid per-
oxidation of liver tissue and cellular injury was reduced.
This protective effect of NNR is most likely due to its
ability to scavenge the very reactive hydroxyl and per-
oxyl radicals thereby limiting hepatic injury.

Serum aminotransferase activities have long been re-
garded as indicators of hepatic injury.®®> Damage to
the hepatocytes alters their transport function and mem-
brane permeability, leading to leakage of enzymes from
the cells.®* Therefore, the marked release of AST and
ALT into the circulation indicates severe damage to he-
patic tissue membranes during the reperfusion process.
Compared with sham-operated rats, the I/R of the liver
resulted in significant increases in AST and ALT levels
(Table 4), demonstrating development of hepatic cellu-
lar injury. In hepatic I/R injury, it has been reported that
excessive amounts of free radical are generated in the
early phase of reperfusion. To obtain an optimal thera-
peutic effect, NNR was administrated just before the
reperfusion and again 1 h after initiation of reperfusion.
We found that NNR administrated 10 min before and
again 1 h after initiation of reperfusion caused a sub-
stantial reduction in the I/R induced increase in ALT
and AST (Table 4).

From the histological results, the sham group revealed
regular morphology of liver parenchyma with intact
hepatocytes and sinusoids (Fig. 4A). In the hepatic I/R
group, there was severe sinusoidal congestion and hemor-
rhage, the enlarged central vein, subendothelial edema,
and degenerated hepatocytes with perinuclear vacuoliza-
tion (Fig. 4B). In the I/R + NNR treatment group, there
was moderate sinusoidal dilatation, and the central vein
and hepatocytes appeared normal in most areas
(Fig. 4C). The histological results indicated that, although
the congestion, necrosis, and hepatocellular changes were
still observed in the hepatic I/R + NINR treatment groups,
the histological improvement was prominent with NINR
treatment in the hepatic I/R + NNR group.

In the present study, it was confirmed that L-Arginine

could reduce lipid peroxidation thereby ameliorating he-
patic ischemia—reperfusion injury, which was in accor-

c

Figure 4. Histological analysis of livers. Representative photographs (original magnification: 200x) were taken from rat livers 2 h after treatment
with sham-operation (Sham) (A), hepatic I/R (I/R) (B), and hepatic I/R + treatment with NNR (C). N = 8.
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dance with the previous reports.®> Our present results
indicate that NNR administered before the onset of
the reperfusion and again 1 h after initiation of reperfu-
sion significantly reduced the liver injury after the I/R.
Liver ischemic-reperfusion injury pathogenesis is multi-
factorial. The effects of other factors maybe involved
in the pathogenesis of liver I/R injury, therefore, the pre-
cise acting mechanism of these newly synthesized nitro-
nyl nitroxide—amino acid conjugates should be further
explored and the interaction between the different path-
ways also should be considered in our further studies.
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