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To compare the effects of-ketoglutarated-KG) and melatonin on 24-h rhythmicity of oxidative
stress in N-nitrosodiethylamine (NDEA)-injected Wistar male rats, melatonin (5 mg/kg iq-.) or

KG (2 g/kg through an intragastric tube) was given daily for 20 weeks. In blood collected at 6 time
points during a 24-h period, serum activity of aspartate transaminase (AST) and alanine
transaminase (ALT) and the levels @ffetoprotein ¢-FP) were measured as markers of liver
function. To assess lipid peroxidation and the antioxidant status, plasma levels of thiobarbituric acid
reactive substances (TBARS) and of reduced glutathione (GSH) were measured, together with the
activity of erythrocyte superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
and glutathioné&s-transferase (GST). NDEA augmented mesor and amplitude of rhythms in AST
and ALT activity and plasme-FP levels and mesor values of plasma TBARS, while decreasing
mesor values of plasma GSH and erythrocyte SOD, CAT, GPx and GST. Acrophases were delayed
by NDEA in all cases except farFP rhythm, which became phase-advanced. Co-administration of
melatonin ora-KG partially counteracted the effects of NDEA. Melatonin decreased mesor of
plasma TBARS and augmented mesor of SOD activity. The results indicate that melatamin and
KG are effective in protecting from NDEA-induced perturbation of 24-h rhythms in oxidative
stress. Melatonin augmented antioxidant defense in rats.

Keywords: Melatonin,a-ketoglutarate, N-nitrosodiethylamine, circadian rhythms, hepatocarcinogenesis,
antioxidant status

INTRODUCTION compounds and their precursors in the human environ-
ment together with the possibility of their endogenous
N-Nitroso compounds constitute one of the importanformation in the human body have led to suggestions of
groups of carcinogens frequently present in the humatheir potential involvement in the pathogenesis of human
environment and food chalid.The presence of nitroso cancer. N-Nitrosodiethylamine (NDEA) acts mainly by
increasing oxidative stress and cellular injury due to
, involvement of free radicals.
Ez\ig‘e’zd;éc?;‘bg:f;ggy In a previous study, we reported theketoglutarate
Accepted 15 October 2007 (a-KG), an intermediate of the citric acid cycle, has a
chemopreventive activity during NDEA-induced hepa-
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pemxidase (GPx) and glutathior&transferase (GST), Experimental design
indicating that it positively modulates the
oxidant—antioxidant imbalance during hepatocarcino-To induce hepatic carcinogenesis, rats received a single
genesis. In addition, melatonin, another potent antioxinecrogenic i.p. injection of NDEA at a dose of 200
dant, has also significant chemopreventive function irmg/kg body weight in 1 ml saline followed by weekly
NDEA-induced hepatocarcinogenesis mainly by reducs.c. injections of carbon tetrachloride for 6 weeks at indi-
ing lipid peroxidation and by increasing the antioxidantvidual doses of 3 ml/kg body weight!? Melatonin (5
status in liver and bloodl. mg/kg body weight) or its vehicle (0.5 ml of 5% ethanol
Disruption of circadian rhythms has been associateth saline) was given i.p. daily 2 h before lights off for the
with cancer in experimental animals and hunfa@se  whole experiment (20 weeks)-KG was administered
of the cellular processes that are regulated by circadiaat a dose of 2 g/kg body weight by means of an intragas
rhythm is cell proliferation, which often shows asyn-tric tube!® The doses of melatonin amtKG were
chrony between normal and malignant tissues. Severaklected on the basis of full prevention of macroscopi-
studies have shown that circadian system alterations acally detectable hepatic tumors after NDEA treatniént.
not only a risk factor for tumor incidence, but are alscAppropriate controls administered with vehicle were
related to the progression of existing tunfoffierefore, included.
emerging data suggest that circadian regulation is an At the end of the 20-week period, blood samples were
important prerequisite for the maintenance of hostollected from the tail at 6 time points during a 24-h
defenses against canéer. period and the rats were sacrificed, the liver being
NDEA generally delayed acrophases of 24-h rhythms imacroscopically inspected. Blood was collected in
circulating lipid peroxides and antioxidants, an effect parheparinized tubes and the plasma was separated by cen-
tially counteracted by the co-administrationoeKG.” In trifugation at 100@ for 15 min for further biochemical
view of the significant activity that melatonin has on theanalysis. The packed cells were washed three times with
circadian syster®? we considered it worthwhile to com- physiological saline; 0.5 ml of the erythrocyte fraction
pare the effects of melatonin ameKG on 24-h rhythmic- was lyzed with 2.5 ml phosphate buffer (pH 7.4). The
ity in antioxidant defenses in NDEA-injected rats. hemolysate was separated by centrifugation at 2500
for 15 min at 2°C.

MATERIALS AND METHODS
Animals Biochemical assays

Male Wistar albino rats (3 months old) weighing As marker enzymes for liver function in serum, the
150-170 g and bred in the Central Animal House, Rajahctivities of aspartate transaminase (AST) and alanine
Muthiah Medical College, Annamalainagar, Tamil transaminase (ALT) (expressed as U/l plasma) were
Nadu, India, were used. The animals were provided witlassessetf. Plasmaa-fetoprotein ¢-FP) concentration
standard pellet diet (Hindustan Lever Limited, Mumbai,was measured using a Roche Elecsys 1010/2010
India) and waterd libitum. The animals (6 per group) immunoassay analyzer. To assess lipid peroxidation
were housed in plastic cages under controlled conditionand antioxidant status in liver and blood, the levels of
of light (12 h light/12 h dark) with lights on from 06:00 thiobarbituric acid reactive substances (TBARS;
to 18:00 h, humidity (50%) and ambient temperature (3@xpressed as nmol/100 g of tissue or nmol/ml of
+ 2°C). The animals used in the present study were keplasma)® and GSH levels (expressed as mg/100 mg of
in accordance with the guidelines of National Institute oftissue or mg/dl of plasm®&)were measured. In addi-
Nutrition, Indian Council of Medical Research, tion, the activities of superoxide dismutase (S@D),
Hyderabad, India and by the Animal Ethical Committee catalase (CAT}® GPx!° and GS™ were assessed in
Annamalai University (Reg. No. 160/1999/CPCSEA).liver and erythrocyte fractions.
The guidelines are available at the web site <http:// Enzyme activity was expressed as ‘units’ as follows:
www.icmr.nic.in/bioethics/INSA_Guidelines.pdf>. SOD (enzyme required for 50% inhibition of nitroblue
NDEA was purchased from Sigma Chemical Companyetrazolium reduction/min/mg protein or mg hemoglo-
(St Louis, MO, USA). Melatonin was purchased frombin); CAT (umoles of hydrogen peroxide utilized/
Sisco Research Laboratories (Mumbai, IndiskG was  min/mg protein or mg hemoglobin); GPx activity
purchased from Hi Media Laboratories (Mumbai, India).(umoles of GSH utilized/min/mg protein or mg hemo-
All the other chemicals and solvents used in the study werglobin); and GST [{moles of 1-chloro-2,4-dinitroben-
of analytical grade and were obtained from the Sigmaene—GSH conjugate formed/minute/mg protein or mg
Chemical Company or Hi Media Laboratories. hemoglobin).
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Fig. 1. 24-h Rhythmicity of plasma AST, ALT aredFP in NDEA-treated rats. Effect of melatonin anéKG. Cosine curves derived from the results
given in Table 1 are shown.

Satigtical analysis RESULTS

The cosinor analysis was used to analyze general rhytiMacroscopically detectable tumors developed in the
mic parametersj.e. acrophase (the maximum of the liver of all NDEA treated rats, an effect fully prevented
cosine function fit to the experimental data), mesor (thdéoy melatonin or a-KG administration (results not
statistical estimate of the 24-h time series mean) anshown). Tables 1-3 and Figures 1-3 summarize the
amplitude (half the difference between maximal andesults obtained in the 24-h rhythm study.

minimal values of the derived cosine curve). Statistical Table 1 and Figure 1 depict the results obtained when
significance of the derived cosine curves was teste@4-h changes of circulating AST, ALT arndFP were

against the null hypothesisg, amplitude = 0¥ P-val-  measured. For the three markers, a similar profile was
ues lower than 0.05 were considered evidence for statigbtained,i.e. NDEA administration augmented signifi-
tical significance. cantly mesor and amplitude of 24-h rhythm. Acrophases

Statistical analysis of group differences was made by gor AST and ALT rhythms changed from the first to the
one-way ANOVA followed by a Student—-Newman-Keuls second half of scotophase in NDEA-injected rats, while
test.P-values lower than 0.05 were considered evidence fahe rhythm ofa-FP became phase-advanced by about 4
statistical significance. h. The administration of melatonin together with NDEA
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Table 1. 24-h Rhythmicity of plasma AST, ALT aradFP in NDEA-treated rats; effect of melatonin an&G

Cosinor 1. Control 2. NDEA 3. NDEA + 4. NDEA + 5. Melatonin  tB6KG
parameters Melatonin a-KG

AST activity Acrophase (h) 20:40 06:43 01:51 02:40 19:53 20:30
Mesor (1U/l) 94.4+83 211.3+192 143.3+13.7 147.2+13.4 90.6+8.1 93.4+7.6
Amplitude (1U/1) 124+1.1 57.6 £ 47 16.8+1.5 20.7+1.8 13.0+¥5 124+1.%
r-value -0.3% —-0.69" 0.59" 0.54" —-0.38" -0.33"
P-value <0.05 < 0.0001 < 0.0002 < 0.0007 <0.03 <0.05

ALT activity Acrophasep (h) 23:28 06:45 02:36 NS 23:31 23:31
Mesor (1U/l) 39.0+35 117.8+11°0 57.0+5.8 61.5+54 35.8+3.2 37.8+3.6
Amplitude (IU/) 3.7+0.2 8.0+0%6 9.6+0.9 NS 40+0.3 40+04
r-value 0.94 -0.77 0.33" 0.28 0.9 0.92"
P-value < 0.0001 < 0.0001 <0.05 NS < 0.0001 < 0.0001

a-FP Acrophase (h) 11:11 07:25 09:32 NS 11:00 10:59
Mesor (ng/ml) 22+0.1 89+C7 43+0.3 45+0.4 21+0.1 22+0.2
Amplitude (ng/ml) 0.2 £0.01 1.3:x01 11+0.2 NS 0.3+£0.02 0.3%0.01
r-value -0.50 —0.45" 0.33" 0.23 0.54 —-0.568"
P-value <0.01 < 0.006 <0.05 NS <0.01 <0.01

P-values denote fitness of data to the cosine function.

d'Detectable rhythmicity.

Superscripts show significant differences in a one-way ANOVA followed by a Student—-Newman-Keuls test, asfofiows:
0.01 versus groups 1, 5 andP6s 0.05 versus groups 3 and’R;< 0.01 versus groups 1, 5 and®x< 0.0001 versus all
groups;®P < 0.05 versus group 4; afild< 0.05 versus groups 1, 5 and 6.

Table 2. 24-h Rhythmicity of plasma TBARS and erythrocyte SOD and CAT activity in NDEA-treated rats: effect of melatonin

anda-KG
Cosinor 1. Control 2. NDEA 3. NDEA + 4. NDEA + 5. Melatonin  6KG
parameters Melatonin a-KG

TBARS Acrophasep (h) 00:00 07:49 04:50 06:59 00:00 00:21
Mesor (nmol/ml) 27+0.1 47+ 02 29+0.2 29+0.2 21+0P1 2401
Amplitude (nmol/ml) 0.2 +0.01 0.2 £0.02 0.2 +0.03 0.4+0.03 0.2+0.01 0.3+0.02
r-value 0.96 -0.45" —0.43" +0.79" 0.98" 0.97
P-value < 0.0001 < 0.006 <0.01 < 0.0001 < 0.0001 < 0.0001

SOD activity Acrophase (h) 11:32 16:46 13:30 14:10 11:55 12:14
Mesor (Units) 3.6+0.2 15+®1 25=+0.7 22+0.2 42+0.2 3.9+0.1
Amplitude (Units) 0.2+0.01 0.3+0.02 0.4+£0%03 0.2+0.01 0.3+0.02 0.4+0.03
r-value 0.9% -0.7% 0.87" 0.49" 0.94" 0.94"
P-value < 0.0001 < 0.0001 < 0.0001 <0.01 < 0.0001 < 0.0001

CAT activity Acrophase (h) 07:19 13:37 10:29 11:19 07:10 07:90
Mesor (Units) 29+0.2 1.6+0.2 22+0.2 20+0.2 3.3+0.3 3.1+0.2
Amplitude (Units) 0.3+0.02 0.2+0.01 0.3+0.03 0.3+0.04 04+0.1 0.3+0.1
r-value -0.66 0.66" 0.70" 0.91¢ 0.81% -0.753"
P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

P-values denote fitness of data to the cosine function.

dDetectable rhythmicity.

Superscripts show significant differences in a one-way ANOVA followed by a Student—-Newman-Keuls test, asfod @&l
versus all group$P < 0.05 versus group B,< 0.01 versus groups 3 and*®;< 0.05 versus all group® < 0.01 versus groups
1, 5 and 6P < 0.05 versus groups 1, 2, 4 andPs< 0.05 versus group B,< 0.01 versus groups 1, 4, 5 and 6.



82 Subramanian, Dakshayani, Pandi-Perumal, Trakht, Cardinali

partly restored mesor, amplitude and acrophase values néous administration of melatoninamKG (Table 2 and

AST, ALT anda-FP 24-h rhythms. In the case of the Fig. 2, right upper and lower panels). Melatonin admin-

simultaneous administration of NDEA aneKG, cosi- istration augmented significantly mesor of 24-h rhythm

nor analysis did not attain significance for rhythmicity ofin SOD activity as compared to control.

ALT or a-FP. Neither melatonin nar-KG given alone Table 3 and Figure 3 summarize the results obtained

changed cosinor parameters for AST, ALT anilP as  when the 24-h rhythms of plasma GSH concentration

compared to controls (Table 1 and Fig. 1). and erythrocyte GPx and GST activities were measured.
As shown in Table 2 and Figure 2 (left upper panel)For all three parameters, the administration of NDEA

NDEA treatment augmented significantly plasmadecreased mesor values and phase delayed acrophases

TBARS mesor and delayed the acrophase from the firgignificantly, an effect that was partially counteracted by

to the second half of the scotophase. Co-administratiothe concomitant administration of melatoninoeKG.

of melatonin or-KG partially counteracted the effects

of NDEA. Melatonin administration to control rats

decreased significantly mesor values of plasma TBARS. DiSCUSSION

Erythrocyte SOD and CAT activities exhibited similar

changes after treatment. NDEA decreased mesor val- NDEA is a potent carcinogenic agent that induces liver

ues and phase delayed 24-h rhythms by about 3-5 bancer together with an increase in reactive oxygen

both effects being partially counteracted by the simultaspecies (ROS) generation. NDEA is metabolized pri-
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Fig. 2. 24-h Rhythmicity of plasma TBARS and erythrocyte SOD and CAT activity in NDEA-treated rats. Effect of melatomiK@ndosine curves
derived from the results given in Table 2 are shown.
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Table 3. 24-h Rhythmicity of plasma GSH and erythrocyte GPx and GST activity in NDEA-treated rats: effect of melatonin and

a-KG
Cosinor 1. Control 2. NDEA 3. NDEA + 4. NDEA + 5. Melatonin  o6KG
parameters Melatonin a-KG

GSH Acrophase (h) 07:48 19:17 11:31 13:54 07:18 07:46
Mesor (mg/dl) 37.9+3.0 154+F1 247+22 239+22 40.9+35 40831
Amplitude (mg/dI) 51+04 30x0:3 45+04 24+02 55+04 5.8+0.5
r-value -0.48 -0.7¥ 0.96" 0.56" -0.7¥ -0.50"
P-value < 0.004 < 0.0001 < 0.0001 < 0.0005 < 0.0001 < 0.002

GPx Acrophase (h) 04:28 17:50 10:22 11:16 04:33 04:28
Mesor (Units) 30.3+1.8 148+F1 208%+1.6 185+1.% 351+20 31.0%1.9
Amplitude (Units) 43+0.3 29+03 35+0.2 3.0+£0.3 46+04 43+0.4
r-value -0.6 —0.84" 0.69" 0.92r —-0.64" -0.61"
P-value < 0.0001 < 0.0001 < 0.0001 <0.0001 <0.0001 < 0.0001

GST Acrophase (h) 13:46 19:34 16:57 17:32 13.47 13:53
Mesor (Units) 5.8+0.4 20+(®1 4503 42+0.3 59+04 5.8+0.5
Amplitude (Units) 16+0.1 08+006 16%0.1 24+02 1.5+0.1 15+0.2
r-value 0.62 —-0.59" -0.7% —0.94" 0.63" 0.59"
P-value <0.0001 < 0.0003 < 0.0001 <0.0001 < 0.0001 < 0.0003

P-values denote fitness of data to the cosine function.
dDetectable rhythmicity.
Superscripts show significant differences in a one-way ANOVA followed by a Student—-Newman-Keuls test, asfofows:
0.001 versus groups 1, 5 and6s 0.05 versus groups 3 and’B;< 0.001 versus groups 5 andB:< 0.01 versus groups 1, 5
and 6;%P < 0.001 versus groups 1, 3, 5 andP&; 0.05 versus group & < 0.001 versus groups 1, 5 and6; 0.05 versus
group 3;p < 0.05 versus groups 1 andres 0.01 versus group %2 < 0.01 versus all group® < 0.05 versus groups 1, 5
and 6; andP < 0.05 versus all groups.

marily in the liver by cytochrome P450 enzyme activity mutagenesis and DNA adducts formation suggest their
to ethyl-acetoxyethyl-nitrosamirié. This intermediate possible role in carcinogenesisThe foregoing results
can be metabolized by the phase Il enzymes to a noimdicate that NDEA augmented significantly mesor val-
toxic compound or it can produce ethyl-diazonium ion,ues of 24-h rhythm in plasma lipid peroxidation

which directly ethylates cellular macromolecules. (TBARS), and decreased mesor values of 24-h rhythms
Metabolic activation of NDEA by cytochrome P450 in plasma GSH concentration and erythrocyte SOD,
enzymes is responsible for its cytotoxic, mutagenic an@€AT, GPx and GST activities. Acrophases were phase-
carcinogenic effect®. Instrumental to them is the delayed by NDEA treatment in all cases. Again, the co-
increased in ROS production caused by NDEA. administration of melatonin ora-KG partially

The foregoing results indicate that macroscopicallycounteracted the effects of NDEA. In addition, mela-
detectable hepatic tumors after NDEA were prevented ifonin, but nota-KG, decreased significantly plasma lipid
a-KG or melatonin were simultaneously injected. peroxidation and augmented significantly mesor of SOD
NDEA administration augmented significantly mesor activity as compared to controls.
and amplitude of 24-h rhythms of AST and ALT activity Melatonin has long been recognized as the chief
and plasmax-FP levels (all indexes of liver damage). pineal secretory product and later it has emerged as a
Acrophase of AST and ALT activity rhythm was delayedwidely distributed compound, locally synthesized in
by NDEA treatment while that ai-FP became phase- several organs and tissues to serve as an autdtbids.
advanced. The administrationa@fKG or melatonin par- pharmacological amounts, melatonin effectively reduces
tially counteracted the effects of NDEA on 24-h liver oxidative stress through several mechanisms (for refer-
damage parameters. ences see elsewhé&®). Melatonin scavenges hydro-

ROS generation is a major factor involved in all stepshlorous acid, detoxifies highly toxic hydroxyl radical
of carcinogenesis, including initiation, promotion, andand peroxyl radicah vitro and scavenges peroxynitrite.
progression (for references see elsewfiefe Lipid Melatonin has also been reported to increase the synthe-
peroxidation by-products have a crucial role in the earlysis of GSH and of several antioxidant enzymes. As a
phases of tumor growth if they are excessively generesult of oxidation, melatonin gives rise to a cascade of
ated. The ability of lipid peroxidation in generating antioxidant compounds like cyclic 3-hydroxymelatonin,
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Fig. 3. 24-h Rhythmicity of plasma GSH and erythrocyte GPx and GST activity in NDEA-treated rats. Effect of melatonit@n@osine curves
derived from the results given in Table 3 are shown.

N*-acetylN>formyl-5-methoxykynuramine and, with a melatonin treatment decreased preneoplastic liver
highest potencylN-acetyl-5-methoxykynuramine. There- lesions in F344 rats administered with NDE&nd con-
fore, melatonin is considered to be a broad tspec  current NDEA administration and constant light expo-
antioxidant that is more powerful than GSH in neutraliz-sure, resulting in inhibition of melatonin synthesis,
ing ROS and that can protect cell membranes moraccelerated malignant transformation and growth and
effectively than other antioxidamtlt must be noted, shortened survival of rats.Melatonin administration
however, that under certain circumstances, a pro-oxidatad a significant chemopreventive function in NDEA-
effect of melatonin has been reported. For example, pronduced hepatocarcinogenesis in fats.
oxidant actions of melatonin take place in the human In addition to its antioxidant properties, melatonin is
liver cell line HepG230 while melatonin promoted fas-the prototype of the chronobiotidsg. substances capa-
induced cell death in human leukemic Jurkat cells via &le of shifting the phase of the circadian time system;
pro-oxidant effect: Moreover, the pro-oxidant activity therefore, it can act by re-entraining circadian rhythmic-
of the melatonin metabolite 6-hydroxymelatonin, ity.2° This activity can be relevant if circadian periodic-
involving a unique non-o-quinone type of redox cycle,ity is taken as an index of host and tumor cell
has also been documentéd. proliferation and for response to cancer treatmehts.
Several studies support the efficacy of melatonin tgatients with metastatic colorectal cancer, severe alter-
prevent the development of liver cancer. For exampleations of the rest—activity circadian rhythm predicted for



a 5-fold increase in the risk of death as compared to a
normal rest-activity patterfi. Similarly, an abnormal
cortisol rhythm in patients with metastatic breast cance?”
predicted for a doubling of the risk of death as compared,
to those with a normal cortisol pattéfrBeing a potent
phase shifter in humans, melatonin administration must
strictly be performed at the correct time in the
phase—response curve to avoid circadian disruption.

It is possible that the circadian system negatively cony
trols malignant processes through circadian physiology
and/or molecular clock®. Disruption of clock gene

function may increase cancer rikn mice, clock genes 10

stabilize the genome and help maintain important repair
mechanisms such as the apoptosis of damaged® cells.
Per-2 gene deprived mice lack a circadian rhytland

have been shown to develop cancer rapidly and spontal.

neously. Therefore, one mechanism through which
melatonin may prevent hepatic cancer development is

through maintenance of circadian rhythmicity. In addi-{,

tion, other mechanisms by which melatonin can exert its
oncostatic actions could involve its antioxidant
action?2® enhancement of immune mechani$mar
uptake inhibition of key factors for tumor growth and
tumor growth signaling molecules.. linoleic acid)*?

CONCLUSIONS

Collectively, the foregoing data indicate that melatonin, s

or a-KG modulate 24-h rhythmicity of circulating lipid
peroxidation and antioxidants. We previously demon-

strated (in liver and brain of rats treated for 45 days witHd-

0.5 or 1.0 mg/kg of melatonin) a significant decrease in,
lipid peroxidation and in the levels of cholesterol, phos-
pholipids, triglycerides and free fatty acids in both tis-
sues®® Concomitantly, treatment
augmented the activity of the brain and liver SOD, CAT

and GPx as well as increased GSH levels, resembling tHe

decrease in lipid peroxidation the augmented SOD activ-
ity reported herein in melatonin-injected rats.
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