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Burn-induced oxidative stress is altered by a low zinc status: kinetic study in burned rats fed a low zinc diet
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As an initial subdeficient status of zinc, considered as an essential antioxidant trace element, is frequent in burned patients, we aim to assess the effects of low zinc dietary intakes on burn induced oxidative stress, in an animal model. After eight weeks of conditioning diets containing 80 ppm (control group) or 10 ppm of zinc (depleted group), Wistar rats were 20 TBSA burned and sampled one to % ten days after injury. Kinetic evolutions of zinc status, plasma oxidative stress parameters and antioxidant enzymes were also studied in blood and organs.

The zinc depleted diet induced, before injury, a significant decrease in zinc bone level and the increase of oxidative stress markers without stimulation of antioxidant enzyme activity. After burn, more markedly in zinc depleted animals than in controls, zinc levels decreased in plasma and bone, while increasing in liver. The decrease of thiol groups and GSH/GSSG ratio and the depression of GPx activity in liver are also moderately emphasized.

Nevertheless, depleted zinc status could not be considered as determining for oxidative damages after burn injury. Further investigations must also be done to enlighten the mechanism of beneficial effects of zinc supplementation reported in burned patients.

Introduction

Zinc has a wide range of cellular processes including cell proliferation, immune function and defence against free radicals as well as genetic stability and function which are crucial to maintain in burn injury . Mechanistically, several proteins involved in DNA [1 -3 ] damage signalling and repair, replicative enzymes (DNA and RNA polymerase) and transcription factors require zinc for proper function [ , . Zinc is also thought to function as an antioxidant through a number of proposed mechanisms: cofactor of Cu-Zn superoxide 4 5 ] dismutase, induction of synthesis of metallothioneins, stabilization of membrane lipids against oxidation, protection of thiol group against iron attacks released after burn injury .

[ 6 -9 ] After major burns, organisms suffer many unresolved metabolic, endocrine and immune alterations. Some of these changes can be ascribed to disturbance in trace element metabolism , . A large involvement of these trace elements (zinc, copper, selenium, [10 11 ] chromium) in the defence against thermal aggression has been demonstrated , . Interventional studies in burn patients have [12 13 ] demonstrated the beneficial effects of trace element supplementation in reducing the infectious complications, improving wound healing and shortening length of hospital stays . Thus, zinc status could be determinant in the response against thermal injury. However, [START_REF] Berger | Trace elements in trauma and burns[END_REF] whereas low zinc intakes and subdeficient status are frequently observed in general population , few studies focused on the impact [15 -17 ] of a low zinc status in the response against burn injury, especially in counteracting the burn-induced oxidative stress.

Therefore, we aimed to evaluate, using an animal model of thermal injury moderately depleted in zinc, the effects of a zinc subdeficient status on burn-induced oxidative stress within the first days following the burn injury. A 20 total body surface area (TBSA)

% burn injury was applied on both rats receiving Zn adequate and Zn depleted diets. We followed the change of Zn status in plasma and tissues and different parameters in relation with burn-induced oxidative stress, including thiobarbituric acid reactive species (TBARs) as markers of lipid peroxidation, sulfhydryl groups (SH) for protein oxidation, reduced and oxidized glutathione (GSH/GSSG) as endogenous antioxidant defences and glutathione peroxidase (GPx) and superoxide dismutase (SOD) as antioxidant enzymes.

Materials and Methods

Animal care

The study was conformed to the guidelines established by the National Institute of Health and the procedures were approved by the Animal Ethics Committee of the French Defence Medical Research Centre. All experiments were performed in accordance with the legislative standards prescribed by the French Ministries of Agriculture and Environment.

Three weeks old male Wistar rats were purchased from Charles River Laboratories (Saint Germain sur l Arbresle, France). Animals ' were housed, first by four and then individually relating to their body weight, in thermoformed polystyrene cages and handled daily to minimize experimental stressors. The cages were located in a room with a 12h-12h light-dark schedule and a pressurized filter air barrier.

The temperature was controlled to 21 1 C for the duration of the experiment with a relative humidity of 55 . Animals received sterilized ± °%

food and water

The litter was also sterilized to limit bacterial contamination risk for the immunodepressed burned animals. ad libitum.

Water was demineralised to avoid zinc contamination.

Design of the study

Rats were conditioned with two different diets purchased from SAFE (Epinay sur Orge, France) with an adequate (80 ppm) or a depleted (10 pm) level of zinc (

). Just after delivery, the eighty weaned rats were divided randomly into two series of 40 animals, table 1 the control group (C) receiving the 80 ppm Zn diet and the zinc depleted group (ZD) receiving the 10 ppm Zn diet. Each animal was weighed every week in order to follow their growth curve. The animals received their specific diets for 8 weeks.

After conditioning, each series (n 40) were randomly divided into eight groups (n 5) before being submitted to burn injury. For each

= =
group of diet (10 and 80 ppm Zn) non-burned rats (n 5) were used as initial values (T0) and the others animals were sacrificed one day = (D1), two days (D2), three days (D3), four days (D4), five days (D5), eight days (D8) and ten days (D10) after thermal injury.

Experimental thermal injury

A non lethal third-degree thermal injury involving 20 TBSA was applied to the animals according to the method described by % Walker and Mason . Briefly, each rat was anaesthetized with halothane and its back was shaved before delimitation of the burn area.

[18 ]

The anaesthetized rat was then fixed flat on its back on a perforated Plexiglas plate and the delimited skin surface was immersed throw the hole in a boiling water bath at 100 C during ten seconds. To stop the burn process, the rat was then immediately plunged into fresh water °and dried with towel before awakening. As this burn procedure leads to a full thickness 3 degree dermal wound, nervous terminations are rd histologically and functionally destroyed. The burn lesions appear painless and are also well tolerated by the rats. Therefore, no analgesic was further required for the burned animals.

Plasma and tissue preparation

Sample collection

Animals were fasted overnight before sampling days. Under halothane anaesthesia, blood sample collection was performed after laparotomy by vena cava puncture using S-Monovette syringes (Sarstedt, Germany) with anticoagulant. Lithium heparinate trace ™ element-free syringes were used for blood parameters determination. Immediately after blood collection, the rats were killed by section of heart vessels and liver, muscle, kidney and femur were removed, weighed, placed in mineral-free tubes and frozen in liquid nitrogen.

Plasma and whole blood samples

For glutathione measurement, 200 L of whole blood was mixed with 1.8 mL of metaphosphoric acid (MPA 6 ) and after μ % centrifugation (10 min; 3000g; 4 C), the supernatant was removed and stored at 80 C until analysis.

°-°For

glutathione peroxidase (GPx) determination, 25 L of whole blood was mixed with 1 mL of RANSEL kit diluting agent (Randox μ Laboratories, Crumlin, UK) and stored at 80 C until analysis.

-°For other plasmatic parameters, after blood centrifugation (10 min, 3000 rpm, 4 C), the plasma was removed, dispatched in trace °element free microtubes and stored at 80 C until analysis.

-°Tissue samples For trace element status determination, tissue samples were stored without any preparation in mineral-free tubes at 80 C. For -°Biological parameters

Thiobarbituric acid-reactive species

Lipid peroxidation was measured by TBARs production following a fluorimetric method described by Richard et al.

. The [START_REF] Richard | Malondialdehyde kit evaluated for determining plasma and lipoprotein fractions that react with thiobarbituric acid[END_REF] calibration curve was obtained from a stock solution of 20 mmol.L 1,1,3,3-tetraethoxypropane (TEP) in the range of 1 to 8 mmol.L . Braun ScienceTec, France) set at an excitation wavelength of 532 nm and an emission wavelength of 553 nm.

Plasma thiol groups

Protein oxidation was determined as described by Faure et al. by plasma thiol (SH) groups determination . The calibration was [START_REF] Faure | Measurement of plasma sulfhydryl and carbonyl groups as a possible indicator of protein oxidation . Analysis of free radicals in biological systems[END_REF] obtained from a stock solution of 1000 mol.L N-acetyl cystein (NAC) in the range of 125 to 600 mol.L . Standards and plasma 

Plasma Cholesterol

Plasma cholesterol was measured by spectrophotometry (Hitachi 912, Roche Diagnostics, France).

Total and soluble proteins

Protein concentrations of tissue homogenates were determined by the Pierce method using bicinchoninic acid according to Smith et al.

with BCA protein assay kit (Interchim, Montlu on, France) on an automatic analyzer (Hitachi 912, Roche Diagnostics, France).

[21 ] ™ ç

Total and oxidized glutathione

Total and oxidized glutathione (GSH & GSSG) were determined as described by Akerboom and Sies . The reduction of DTNB [START_REF] Akerboom | Assay of glutathione, glutathione disulfide, and glutathione mixed disulfides in biological samples[END_REF] into 5-thio-2-nitrobenzoate (TNB) was measured by spectrophotometry (Uvikon XS, Secomam, France) following absorption at 412 nm.

Values were determined comparing the reduction rate against a standard curve of glutathione. Total glutathione levels (GSH) was measured in prepared whole blood samples (above-mentioned preparation) in the presence of 0.4 mmol.L Morpholinopropanesulfonic glutathione (GSSG) were measured in the same conditions with a 1 h previously incubation of standards and samples with triethanolamin and 2-vinyl pyridine monomer.

Glutathione peroxidase

GPx (EC 1.11.1.9) activity determination was evaluated according to Paglia and Valentine with a RANSEL kit (Randox [START_REF] Paglia | Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase[END_REF] Laboratories, Crumlin, UK). Briefly, GPx catalyses the oxidation of GSH by cumene hydroperoxide. In the presence of glutathione reductase and NADPH the oxidized glutathione (GSSG) is immediately converted to the reduced form with a concomitant oxidation of NADPH to NADP . The decrease in absorbance at 340 nm is measured.

+

Superoxide dismutase

In plasma and tissues samples, superoxide dismutase (SOD) activity was performed using an adaptation of 

Haemoglobin

Haemoglobin was measured according to the International Committee for the Standardisation in Haematology (ICSH) with [START_REF]International committee for standardization in haematology . 1967[END_REF] Randox haemoglobin kit. Sample analyses were performed after quality controls with ABX Minotrol 8 -L (low), -N (normal) and -H (high) standards (Horiba ABX, Montpellier, France).

Zinc and copper

According to the kinetic of mineral exchanges in organs, the zinc assessment was done every sample days in plasma and liver, every two days in muscle and every five days in femur. Hepatic, muscular, femoral and plasmatic zinc concentrations were measured by flame atomic absorption spectrometry (FAAS) with a Perkin-Elmer 560 model (Norwalk, CT, USA) with previously described methods .

[27 ]

Plasma was five fold diluted in hydrochloric acid 0.1M, whereas organs were wet ashed with nitric acid 14M. The ready to use 1 g.L 1

-Zinc stock standard solution (Merck, Darmstadt, Germany) was used to prepare calibrants in the range of 1 to 6 mol.L .

μ 1 -
Plasma copper concentration was measured by FAAS with previously described methods . Plasma was five fold diluted in 6

[28 ] % n-butanol. A copper stock solution (Merck, Darmstadt, Germany) was used to prepare calibrants in the range of 1 to 6 mol.L . Hepatic, Standards & Technology, Gaithersburg, MD) were used as internal quality control respectively for plasma and organs. In the organs, data were expressed as micrograms of Zn or Cu per gram of organ wet weight.

Statistical analysis

All results are expressed as means SEM. The global course of each parameter was evaluated by Kruskall and Wallis rank test and ± then the comparisons between controls and burned groups or between normal diet and depleted diet groups were performed with non-parametric rank sum tests (Mann and Whitney tests) using Statistica 7.1 software (StatSoft, France). Differences were considered statistically significant when values were less than 0.05. p

Results

Clinical observations

As shown in , growth curves were not significantly different between the two groups of animals, even if the weight of the figure 1B animals appeared slightly lower in zinc depleted group (ZD) than in control group (C). After six weeks of depleted zinc diet, ZD rats revealed a moderate depilation in regional skin areas without any other cutaneous symptom, contrary to clinical observations made after severe zinc deficiency (

). figure 1A Biological parameters before burn injury ( ) table 2

Trace elements status

The 8 weeks diet led to a significant lower zinc level ( < 0.01) in femoral bone (79 1.5 g.g ) compared to control group (113. [START_REF] Dreosti | Zinc and the gene[END_REF] p

± μ 1 - ±
4.6 g.g ), whereas differences between the two groups concerning plasma, liver and muscle zinc concentrations was effective but not μ 1 statistically significant. For copper concentrations, no difference was observed after 8 weeks between the two groups in plasma, liver, muscle and femoral bone.

Oxidative stress parameters

For TBARs, the zinc restriction induced in ZD rats a significant increase both in the plasma and the liver. Surprisingly, kidney TBARs were lower in ZD rats than in control animals. Muscle TBARs levels did not change whatever the diet was. GSH/GSSG was significantly lower in ZD rats (55.5 9.9) compared to control rats (131 29.8). Plasma, liver and kidney GPx and SOD levels as well as plasma total ± ± thiol groups were not altered by the zinc depletion before burn injury.

Evolution of biological parameters after burn injury

Zinc status ( ) figure 2 After burn injury, plasma zinc level decreased in the two groups as soon as D1. Plasma zinc level never returned to initial value in control group (values significantly different from T0 until ten days after injury). The plasma zinc level decrease was enhanced in ZD rats within the 3 days following the burn injury. Possibly due to the relative low zinc level measured at T0 for the ZD group, the decrease was statically significant only within the three first days.

In liver, zinc level was not significantly altered by the burn injury within the first three days but increased significantly at D10 for control animals and more precociously from D5 to D10 for ZD rats. Ten days after burn, control rats presented a significant decrease of zinc level in femoral bone (99.3 4.9 g.g ) compared to T0 (115.9 12.4 g.g ). Compared to controls, bone zinc level was always

± μ 1 - ± μ 1 -
lowered in ZD rats, all along the experiment ( < 0.01). p

Oxidative stress parameters

Plasma total thiol groups showed a significant decrease only in ZD group at D1, D8 and D10 ( ). figure 3 In the control group, we observed during the first 5 days of the experiment a statistically decrease of GSH/GSSG level compared to T0 (

). In ZD group, GSH/GSSG level is also statistically lowered on D4 and D8 compared to T0. In addition, GSH/GSSG decrease figure 4 was more important for ZD rats than for control rats as soon as D4 and GSH/GSSG tended to increase in controls from D5 to D10.

TBARs plasma level kinetic evolution was similar between normal and depleted series, first in plasma with a progressive decrease of TBARs values, and secondly in muscle with a significant decrease only at D5 ( ). In liver, control group values were significantly table 3 higher than at T0, while the TBARs pattern was relatively stable in ZD group. In opposite, kidney TBARs pattern is unchanged in controls after burn injury, whereas it tended to increase and return to normal values until the end of the experiment for depleted rats.

Kidney and RBC GPx activity (

) as well as RBC, liver and kidney SOD activity (data not shown) were not strongly disrupted figure 5 by burn in depleted or control animals. In liver, the GPx activity tended to decrease within 3 days after burn, and zinc deficiency enhanced this decrease from D4 to D10.

Discussion

Burn injury is associated with enhanced systemic inflammatory reactions , and oxygen radicals production , . After [29 30 ] [31 32 ] burn injury, and more generally after trauma, imbalance between oxygen species production and free radicals scavengers determine the outcome of local and distant tissue damage, and further organ failure . Among antioxidants trace elements, zinc acts in immune system

[33 ]

, antioxidant mechanisms and tissue repair . A zinc deficient status will have deleterious effect on wound healing and on

[2 ] [34 ] [35 ]
general recovery of burned patients. In burned patients, zinc intakes could be essential in early protection against oxidative damages .

[13 ]

The animal model of thermal injury presents interesting advantages as choose age, diet and burn severity. It permits also blood and tissue sampling and a kinetic approach of the burn injury pathophysiology. Role of zinc status on metabolism was often examined with severe Zn deficiency (typically 0 2 ppm) induced in animals. The literature is full of short-term feeding studies .

-[36 -39 ] Given that population does not suffer of a severe depletion, we decided, in this study, to induce a mild zinc deficiency (10 ppm) in order to mimic burned patients zinc status at their hospitalisation in Intensive Care Unit (ICU) and to avoid characteristic problems of severe zinc deficiency (weight loss, skin lesions, diarrhoea, healing impairments, genes expressions and immune dysfunctions) , . [40 41 ] After a diet of eleven weeks, we indeed did not observed, in depleted rats, major problems: weight loss was controlled, depilation was very moderate and absence of inflammation and copper metabolism perturbation due to Zinc/Copper interaction was checked by stable levels of this trace element. Consequently, we could assume that the modifications observed for oxidative stress parameters and for Zn status before burn injury were due to Zn different levels of the diet and not to inflammation status, growth impairment or differences in caloric intake.

In the present study, Zn subdeficient diet was moderately depleted in zinc, but enough to induce a zinc decrease in bone, one of the most important zinc exchangeable pools in the organism . Previous studies have shown that zinc deficiency has detrimental effects on [START_REF] Giugliano | Growth and zinc homeostasis in the severely Zn-deficient rat[END_REF] many bone biomechanical indices . We observed that plasmatic and hepatic zinc homeostasis was ensured by the transfer from [43 -45 ] bone to these tissues conducing to low differences in liver and plasma and demonstrating the importance of a pool available to supply deficiencies in essential tissues or fluids. Low hepatic zinc would impair Cu/Zn superoxide-dismutase function, thus allowing free radicals to damage hepatocyte function and structure, leading to hepatocyte necrosis and fibrosis. The existence of two pools of zinc in bone has been suggested by histochemical detection of free/loosely bound zinc ions in osteoid and osteoblasts, traced in matrix vesicles located in the undecalcified bone and in osteoblast . As this pool is limited, with a diet moderately depleted in Zn, it could be postulate that, the [START_REF] Danscher | Histochemical detection of zinc in mineralizing rat bone: autometallographic tracing of zinc ions in the mineralization front, osteocytes and asteoblasts[END_REF] organism only compensate to bearable limits.

Several studies demonstrated increased free radical production or increased oxidative damage in response to Zn deficiency or in vitro . The present study also led to an increase of oxidative stress in ZD rats. In plasma and liver higher levels of endogenous in vivo [47 -49 ] TBARs were found, suggesting an increased lipid peroxidation in ZD rats. In parallel, GSH/GSSG ratio was decreased indicating that reduced glutathione pool could be altered by oxidative damage. Moreover, vulnerability to free radical damage in a number of cell systems has been reported in case of GSH depletion . The glutathione redox couple is an actor of free radicals scavenging but, plays also an [START_REF] Reed | Glutathione: toxicological implications[END_REF] important role both in the rate of zinc transfer and in the ultimate number of zinc atoms transferred from metallothioneins . Under [START_REF] Jiang | The glutathione redox couple modulates zinc transfer from metallothionein to zinc-depleted sorbitol dehydrogenase[END_REF] physiological GSH concentrations, Zn transfer from metallothioneins is totally inhibited and GSSG induces a 3-fold increase of the rate of zinc transfer, leading to a total release of the Zn atoms . Hence, GSSG concentration is a major determinant for efficient Zn transfer.

[52 ]

Finally, GSH/GSSG ratio modulates Zn transfer through the redox state. In summary, this system allows a subtle regulation of intracellular Zn movements able to balance nutritional intakes and physiological needs.

Impact of low zinc status on burn-induced oxidative stress

The observed decrease in plasma Zn in control group after burn injury was already reported by others , . Multiple possible [10 11 ] mechanisms could be involved in the Zn status response after thermal injury. A loss of Zn from the skin, where 20 of the body s zinc is % ' stored, has been demonstrated . Zn modification can also be related to the generalization of the burned-induced inflammatory response [START_REF] Berger | Cutaneous copper and zinc losses in burns[END_REF] ,

. The immune cells (macrophages, polymorphonuclear cells and lymphocytes) secrete inflammatory mediators including [54 55 ] cytokines and molecules such as nitric oxide and platelet-activating factor, which extend the inflammatory response to the whole system.

A large increase of serum IL-6 was observed in burn patients without infections . It was also observed an increase of IL1 during the [START_REF] Yeh | Changes in circulating levels of interleukin 6 in burned patients[END_REF] acute phase response in correlation with a marked depression in the serum Zn . IL-1 and IL-6 stimulate the hepatic acute-phase [START_REF] Darlington | Monocyte-conditioned medium, interleukin-1, and tumor necrosis factor stimulate the acute phase response in human hepatoma cells in vitro[END_REF] response proteins implicated in homeostasis preservation , and stimulate the production of metallothioneins by JAK/STAT [58 59 ] transduction pathway . Metallothioneins are induced and implicated in transport of Zn from blood to the hepatic compartments

[60 ] [61 ]
and, consequently, an enhancement of hepatic Zn participates to the defence against oxidative damage. Our results are in agreement with these data: one day after burn injury, serum Zn reached a nadir and never returned to control values whereas liver Zn level progressively increased.

The interesting point is to compare the evolution of liver Zn level in the two groups. In control group, Zn level shows a constant increase from day 3 to 10. In contrast, in ZD rats we observed a progressive restoration of liver Zn level within the five first days which remained unchanged compared to the initial value of control group. In the same time, the plasma Zn level was not statistically different between the two groups. Our results (data not shown) indicate that other organs are not involved in zinc mobilization. Consequently, it can be postulated that the only cause for liver Zn could be the bone pool. Indeed, the animals of the control group could have used their free bone pool in aid of critical tissues. In contrast, ZD rats could not have the possibility to increase their liver Zn level over the baseline because this pool is probably at the lowest limit for these animals.

In the present study, decrease of GSH/GSSG ratio, after thermal injury, in both normal and depleted rats could induce an enhancement of Zn transfer towards liver. We can notice that depleted rats have, in most case, a lower ratio and so, a possible more important Zn transfer rate. This fact is suitable with the larger decreases observed in Zn plasma and bone levels in depleted rats.

Physiological properties of glutathione could explain the change of GSH/GSSG ratio. As an intrinsic antioxidant, GSH protect against oxidative stress by spontaneous reactions with free radicals. It also serves as a substrate of GPx and plays an important role in the maintenance of protein sulfhydryl groups . In our study, the decrease of GSH, higher in depleted rats, might suggest that a Zn [START_REF] Meister | [END_REF] deficiency worsen antioxidant status after a burn.

After burn injury, within the first week, neither GPx nor SOD activity were modified by zinc deficiency. In liver, the observed decline in GPx activity might be due to modification of the sulfhydryl groups in this enzyme by oxygen free radicals or by TBARs . The [START_REF] Pigeolet | Susceptibility of glutathione peroxidase to proteolysis after oxidative alteration by peroxides and hydroxyl radicals[END_REF] impaired oxidative status of depleted rats would lead to a liver GPx malfunctioning. In kidney, we previously observed the relative stability of GPX . GPx synthesis taking place in kidney, the trauma certainly induced an increased GPx production in order to [START_REF] Agay | Alterations of antioxidant trace elements (Zn, Se, Cu) and related metallo-enzymes in plasma and tissues following burn injury in rats[END_REF] counteract free radicals. Moreover, after burn, a Se mobilization was noted in the kidney , Se being used to maintain GPx synthesis. In [START_REF] Sandre | Early evolution of selenium status and oxidative stress parameters in rat models of thermal injury[END_REF] liver, controversial results were found about GPX activity after burn injury. In this study, Zn deficiency leads to a lower liver GPx activity (D5 and D10 an increase of SOD in reaction to the decrease of GPx in selenium deficient rats . Here, probably related to the stability of GPx, no [START_REF] Sandre | Kinetic changes of oxidative stress and selenium status in plasma and tissues following burn injury in selenium-deficient and selenium-supplemented rats[END_REF] modification in SOD activity was observed. Moreover, because in Cu/Zn SOD the zinc atoms have only a structural function, moderate zinc deficiency could not impair Cu/Zn SOD activity.

Plasma TBARs are increased in ZD rats compared to control group before burn. This data confirms the deleterious effect of zinc deficiency in increasing lipid peroxidation, as already reported in animals . The evolution of plasma TBARs after burn showed an [68 -70 ] unexpected decrease in the two groups. However, Lipid peroxidation after burn injury has been largely documented in humans , , [31 [START_REF] Kumar | Serum lipid peroxide and other enzyme levels of patients suffering from thermal injury[END_REF] from burn-induced free radical production.

After burn injury, the SH groups decrease in ZD animals suggesting an enhanced protein oxidation. The protection of plasma protein In conclusion, our results, observed in burned rats with moderate depleted zinc diet, show that even if zinc intakes modulate the response to burn injury regarding glutathione and SH groups, a depleted status is not a major component to be considered as aggravating factor toward the burn induced damages. These preliminary data needs to go deeply into. However, given the beneficial effects of an optimal zinc status reported in burned patients or animal models, the positive role of zinc supplementation demonstrated in clinical recovery should be enlightened. The mineral premix was prepared without any zinc 

1 - 1 -

 11 Standards and samples were placed for one hour in a boiling water bath at 95 C in presence of a thiobarbituric acid (TBA)/perchloric acid °(HCLO ) mix (2/1 volume respectively) and then the reaction was stopped by cooling in ice. After extraction of the coloured 4 malondialdehyde-TBA complex with butanol, the fluorescence was measured on a fluorescence spectrophotometer (Hitachi F4500, B.

μ 1 - μ 1 - 1 -

 111 samples were measured by spectrophotometry at 415 nm (Hitachi 912, Roche Diagnostics, France) in the presence of 0.05 mol.L phosphate buffer, 1 mmol.L EDTA, pH 8 and 2.5 mmol.L bis-5,5 -dithio-bis(2-nitrobenzoic acid) (DTNB).

1 - 1 - 1 - 1 - 1 -

 11111 acid (MOPS)/2 mmol.L EDTA buffer, 4.8 mmol.L NADPH, 5 U.mL glutathione reductase, 3.8 mol.L DTNB. Oxidized

  4iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) to form a red formazan dye. The superoxide dismutase activity is then measured by the degree of inhibition of this reaction. One unit of SOD is that which causes a 50 inhibition of the rate of reduction % of INT under conditions of the assay.

μ 1 -

 1 muscular and femoral copper concentrations were measured by electrothermal atomic absorption spectrometry (EAAS) after previous wet ashing with nitric acid 14M. A copper stock solution was used to prepare calibrants in the range of 0.4 to 1.6 mol.L in nitric acid 0.1M.

μ 1 -

 1 Seronorm trace element serum (Sero , Billingstad, Norway) and NIST-SRM 1577b bovine liver powder (National Institute of ® ®

  sulhydryl groups is thought to involve reduction of sulfhydryl reactivity through one of three mechanisms: (1) direct binding of Zn to the sulfhydryl; (2) steric hindrance as a result of binding to some other protein site in close proximity to the sulfhydryl group; (3) a conformational change from binding to some other site on the protein. Hence, a Zn deficiency can easily lead to an impaired protection of thiol groups.

Figure 1 Figure 2 Figure 3

 123 Figure 1 Experimental model of zinc subdeficiency (A): Absence of major clinical side effects. (B): Growth curve of control C and zinc depleted ZD rats before injury. Data are presented as [ ] [ ]

Figure 4

 4 Figure 4Evolution of GSH/GSSG ratio in both control (C) and zinc depleted (ZD) rats after burn injury Data are presented as means SEM (n 5).

  between (C) and (ZD) series.

Figure 5

 5 Figure 5Evolution of RBC, liver and kidney glutathione peroxidase levels after burn injury in control (C) and zinc depleted (ZD) rats Data are presented as means SEM (n 5).

  01 : comparison to the initial value (T0). * p ** p < 0.05 : comparison between (C) # p and (ZD) series.

• 1 - 1 -

 11 Vitamin and mineral premix 10 mg kg for Zn depleted diet•

  

  

  ). In agreement with us, Sabeh et al. noted a GPx decrease in liver in a rabbit model of burn when, in a mice model, Kaway et al. observed that GPx activity increase in the liver only from 4 to 24 hours after burn injury , . In previous studies, we demonstrated [65 66 ]

Table 1

 1 Ingredients for the two diets.

	Dextrose

Table 3

 3 Evolution of TBARs levels in plasma and organs of Zn depleted (ZD) and Zn control (C) rats after burn injury.Data are presented as means (5) SD and are expressed as the ratio of organ TBARs mean values . organs proteins mean values for each group of rats ( mol L g proteins) or as plasma TBARs n = ± vs mean values for each group of rats ( mol L ). < 0.05 or p ** < 0.01 compared to initial values (T0). p # < 0.05 or p ## < 0.01 control series versus Zn depleted series at T0. p

				T0		D1	D3	D5		D8	D10
	Plasma	ZD C	5.54 1.11 ± 3.86 0.5 ± #	3.83 1.87 ± 3.87 0.79 ±	3.02 0.19 ± ** 3.38 0.22 ±	3.25 0.72 ± ** 2.88 0.47 ± *	4.23 1.14 ± 2.99 0.17 ± **	3.63 0.44 ** ± 3.16 0.26 ± *
		ZD	0.23 0.05 ±	0.27 0.04 ±	0.26 0.04 ±	0.26 0.06 ±		0.24 0.04 ±	0.24 0.04 ±
	Liver	C	0.16 0.03 ±	#	0.25 0.05 ± *	0.22 0.03 ± *	0.25 0.05 ± *	0.27 0.05 ± **	0.24 0.06 ± *
	Kidney	ZD C	0.13 0.04 ± 0.21 0.04 ± ##	0.20 0.03 ± ** 0.21 0.05 ±	0.22 0.03 ± ** 0.22 0.03 ±	0.26 0.03 ± ** 0.24 0.02 ±	0.22 0.02 ± ** 0.23 0.04 ±	0.22 0.04 * ± 0.22 0.03 ±
	Muscle	ZD C	0.37 0.1 ± 0.30 0.05 ±	0.46 0.14 ± 0.38 0.02 ± *	0.47 0.03 ± 0.32 0.03 ±	0.25 0.04 * ± 0.19 0.03 ± **		0.34 0.07 ± 0.30 0.08 ±	0.32 0.07 ± 0.27 0.06
									μ	• 1 -• 1 -
			μ	• 1 -					

± *
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Table 2

Oxidative and trace element status of zinc depleted rats (ZD) compared to control rats (C) before burn injury.

Initial values (T0) Control (C) Zinc depleted (ZD)

Zinc Plasma ( g mL )