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Abstract 
 

Aging has been associated with zinc deficiency, leading to chronic inflammation and 

subsequent oxidative stress, especially in the immune system. The increased oxidative stress 

provokes the accumulation of oxidized proteins, raising the problem of the efficacy of 

intracellular protein maintenance systems responsible for the elimination of oxidatively 

modified proteins. Our objective was to analyse the effect of zinc supplementation in the 

elderly on protein maintenance in peripheral blood lymphocytes. The status of the 

proteasome, which is in charge of oxidized protein degradation and the repair enzymes 

peptide methionine sulfoxide reductases, which can reverse methionine oxidation in proteins, 

were analysed on peripheral blood lymphocytes collected from 20 elderly subjects (age-range 

between 59-85 years old) before and after zinc supplementation (10 mg of zinc per day for 48 

+/- 2 days). A decrease of oxidized protein content in zinc supplemented subjects was 

observed and was associated with an increase of expression levels and/or activities of 

proteasome and methionine sulfoxide reductases. Our results indicate that zinc treatment 

could enhance the anti-oxidative defences of peripheral blood lymphocytes by increasing the 

activities of protein maintenance systems responsible for the elimination of oxidatively 

modified proteins. 
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Introduction 

Accumulation of oxidatively modified proteins is a hallmark of cellular aging (Beckman and 

Ames 1998; Berlett and Stadtman 1997) that raises the problem of the efficacy of intracellular 

protein maintenance systems responsible for the elimination of oxidized proteins. Protein 

degradation and repair are critical for eliminating oxidized proteins from the cell (Petropoulos 

and Friguet 2005). Oxidized protein degradation is mainly achieved by the proteasomal 

system (Grune et al., 2003) and it is now well established that proteasomal function is 

impaired in human aging (Chondrogianni and Gonos 2005; Farout and Friguet 2006). In the 

immune system, a decline of proteasome proteolytic activity has been reported in peripheral 

blood lymphocytes (PBL) with age of human donors (Carrard et al., 2003; Ponnappan et al., 

1999) along with increased oxidative modification of 20S proteasome subunits (Carrard et al., 

2003). More recently, in human T lymphocytes, age-related decline of proteasome has been 

attributed to both a lower expression of catalytic and structural proteasome subunits and 

increased oxidative modification of certain subunits (Ponnappan et al., 2007). Oxidized 

protein repair is limited to few modifications, such as methionine oxidation, that can be 

reversed within proteins by the methionine sulfoxide reductase A and B enzymes (MsrA and 

MsrB) (Hansel et al., 2005; Weissbach et al., 2002). All MsrB are zinc-containing enzymes 

(Kumar et al., 2002). Importantly, the Msr system has been implicated in increased longevity 

and resistance to oxidative stress in different cell types and model organisms such as mouse 

and drosophila (Moskovitz et al., 2001; Ruan et al., 2002). Moreover, we have reported an 

age-related decline of Msr activity in different rat organs such as brain, kidney and liver 

(Petropoulos et al., 2001) and replicative senescence of WI 38 fibroblasts has been associated 

with a decreased Msr activity and expression of both MsrA and MsrB2 together with an 

increase in protein carbonyl content (Picot et al., 2004). No focused research has been 

performed thus far to clarify the impact of nutritional zinc on protein oxidation status and 
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oxidized protein degradation and repair systems. In this study, we have analysed the status of 

both the proteasome and the Msr system in PBL cellular extracts, before and after zinc 

supplementation of elderly subjects. Our results indicate that zinc treatment could enhance the 

anti-oxidant defences of PBL by increasing the activities of protein maintenance systems 

responsible for the elimination of oxidized proteins. 

 
Material and methods 

Zinc supplementation  

Zinc supplementation was performed in healthy elderly subjects aged between 59-85 years 

and according to some inclusion and exclusion criteria (Kanoni et al., 2006) in Italy with 10 

mg/day of zinc-aspartate (Unizink 50, KÖHLER PHARMA Corp., Alsbach-Hähnlein, 

Germany) and in Poland with an identical form of zinc-aspartate (Zincas, Zakład Chemiczno-

Farmaceutyczny FARMAPOL, Pozna�, Poland) approved by the respective local Health 

Authorities. The supplementation period was 48 +/- 2 days. PBL were collected before and 

after supplementation following the protocols described below. 

 
Peripheral blood lymphocytes recovery 

Individual blood samples were drawn in a plastic syringe containing heparin. The whole 

blood was collected and centrifuged at 450 x g for 10 min at 4°C to separate plasma. The 

remaining blood was diluted 1:3 with phosphate buffered saline (PBS), pH 7.4, without Mg++ 

and Ca++. Granulocytes were purified from red blood cells through sedimentation with 8-10% 

HAES (final concentration) and the remaining cells were carefully stratified with a pipette on 

the top of a Ficoll-Hypaque solution (d = 1,077 g/mL). The solution was centrifuged at 450 x 

g for 30 min at 20°C and the PBL were recovered and washed two times with PBS. 

 
Plasma zinc level determination 
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Plasma samples were taken from each subject before and after zinc supplementation. Plasma 

zinc determination was performed with a Thermo XII series Induction Coupled Plasma-Mass 

Spectrometry (ICP-MS) against zinc reference standards following the application note 

(AN_EO604) of the manufacturer (Thermo Electron Corporation, Waltham, MA,USA). A 

cut-off of � 11µM zinc was taken as an index of marginal deficiency (Maret and Sandstead 

2006). 

 
Gel electrophoresis and immunoblotting 

Thirty microgram of total protein extracts were separated on 12% SDS–polyacrylamide gel 

electrophoresis and then electrotransferred for 75 min at room temperature. Western blotting 

experiments were performed with either anti-MsrA polyclonal antibodies at a dilution of 

1/5000, or anti-actin monoclonal antibodies (Santa-Cruz, Biotechnology, Inc., California, 

USA) at a dilution of 1/1000. Detection of carbonyl groups was performed with the OxyBlot 

oxidized protein detection kit (AbCys S.A., Paris, France), according to the manufacturer. 

Proteins carbonyls were revealed by anti-dinitrophenol antibodies. Blots were developed with 

chemiluminescence using the SuperSignal West Femto chemiluminescent substrate (Perbio 

Sciences, Brebières, France). Films were scanned and the amount of signal was quantified by 

densitometric analysis using Image Master 1D software (Amersham-Biosciences, Orsay, 

France). 

 
Determination of Msr activity and proteasome peptidase activities 

Total Msr enzymatic activity was measured in cellular homogenates using N-acetyl-[3H] Met 

R,S (O) as substrate as previously described (Brot et al., 1982). 30 µg of crude protein cellular 

extracts was incubated at 37°C for 45 min. The chymotrypsin-like activity of the proteasome 

was assayed using the fluorogenic peptide, succinyl-Leu-Leu-Val-Tyr-amidomethylcoumarin 

(LLVY-AMC) as described previously (Bulteau et al., 2002) with minor modifications. The 
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mixture, containing 20 µg of crude protein cellular extracts in 25 mM Tris-HCl, pH 7.5, was 

incubated at 37° C with the peptide substrate LLVY-AMC at 25 µM in a final volume of 

200 µL. Enzymatic kinetics were conducted in a temperature-controlled microplate 

fluorimetric reader (Fluostar Galaxy, bMG, Stuttgart, Germany). Excitation/emission 

wavelengths were 350/440 nm for amidomethylcoumarin.  

 
Statistical analysis 

All results are expressed as the mean ± SEM. Comparisons were analysed with the Student t-

test and were assumed to be statistically significant if P � 0.05. 

 
Results 

The concentration of plasma zinc was measured in plasma of the 20 elderly subjects before 

and after zinc supplementation. The 11 subjects from Italy presented a slight deficiency in 

plasmatic zinc concentration before the supplementation (mean of 9.33 µM ± 0.74) and 

showed a statistical significant increase in zinc concentration after supplementation (mean of 

11.73 µM ± 1). The situation was different in Poland given that the 9 subjects did not exhibit a 

plasmatic zinc deficiency before the supplementation (mean of 11 µM ± 0.76) and did not 

show a statistically significant increase after zinc treatment (mean of 11.95 µM ± 0.835) 

(Figure 1A). To analyse whether zinc supplementation protects PBL against oxidative 

damages, we monitored carbonyl groups on intracellular proteins, which is a good index of 

global protein oxidation, using OxyBlot experiments. Quantification of carbonyl levels 

showed that protein oxidation is lower of at least 10% when we compared the subjects before 

and after supplementation in Italy and Poland (15% and 8% decrease compared to the non-

supplemented subjects, respectively, Figure 1B). The prevention of oxidized protein 

accumulation can be due, at least in part, to an increase activity of the enzymatic systems in 

charge of the elimination of oxidized proteins in the cell, i.e. proteasome and Msr. To test this 
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hypothesis, the chymotrypsin-like peptidase activity of the proteasome was measured using a 

fluorogenic peptide as substrate and was shown to be significantly higher in zinc 

supplemented subjects from Italy and Poland (132% and 123% of the activity of the non-

supplemented subjects, respectively, Figure 1C). Msr activity was measured with N-acetyl-

[3H] Met R,S (O), a radioactive substrate, allowing the determination of the MsrA and MsrB 

activities. Figure 1D show that Msr activity is increased in zinc supplemented subjects in Italy 

and Poland (126 % and 182 % of the activity the non-supplemented subjects, respectively). In 

order to determine whether the increase in Msr activities could be due to a higher expression 

of MsrA, western blotting experiments were conducted in PBL protein extracts using a 

polyclonal antibody raised against the MsrA protein. The amount of MsrA was evaluated 

relative to that detected in samples from non-supplemented subjects. As shown in Figures 2A 

and 2B, the amount of MsrA is 18% higher in subjects after supplementation. 

 
Discussion 

In this study, we showed that zinc supplementation during 7 weeks in the elderly (age range 

between 59 and 85 years old) can help them to maintain plasma zinc homeostasis and to 

protect proteins against oxidative damages by increasing the activities of the cellular protein 

maintenance systems. It is well known that zinc deficiency may affect the immune system, 

caused, at least in part, by the increasing of oxidative stress (Finamore et al., 2005; 

Mocchegiani et al., 2006a). A zinc deficiency, due to a lower intake and a decreased 

absorptive efficiency, was reported in elderly (Mocchegiani et al., 2006b). In this study, the 

Polish elderly subjects did not show zinc deficiency contrary to the Italian elderly subjects. 

Zinc supplementation leads to a slight increase in plasma concentrations from Polish elderly 

and to significant increase in Italian elderly (Figures 1A). This result indicates that a 7 week-

zinc supplementation is sufficient to restore zinc homeostasis and most likely to reduce 

oxidative stress. In fact, zinc supplementation was shown to reduce oxidative stress and 
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incidence of infections in the elderly (Prasad et al., 2007). The observed increase of plasma 

zinc in zinc-supplemented subjects is associated with a higher protection against protein 

oxidative damages since the oxidized protein content is lower in PBL proteins in zinc 

supplemented-elderly, as shown by the detection of carbonyl groups (Figures 1B). In this 

context, it was also important to study the status of the proteasome, the major proteolytic 

system involved in the degradation of oxidized proteins (Grune et al., 2003) and, in fact, 

chymotrypsin-like proteasome activity is slightly increased in PBL of zinc supplemented 

donors (Figures 1C). In a previous study on the effect of aging on proteasome structure and 

function in human PBL, a decrease in proteasome proteolytic activity was associated with the 

modification of certain catalytic and regulatory subunits by glycation or by conjugation with a 

lipid peroxidation product (Carrard et al., 2003). Thus, zinc supplementation, by reducing 

oxidative stress, could protect the proteasome against oxidative modifications of its subunits 

and preserve the proteasome activity in the elderly. Since not only the proteasome but also the 

Msr system have been shown to be implicated in oxidized protein elimination (Petropoulos 

and Friguet 2006), we investigated the Msr system in PBL before and after zinc 

supplementation. Interestingly, Msr activity is strongly increased after zinc supplementation 

in PBL (Figures 1D). Despite the fact that zinc-dependent MsrB enzymes (Kumar et al., 2002) 

were not detected by western blot in the PBL samples before or after zinc supplementation, it 

is likely that a significant part of the Msr activity increase upon zinc supplementation is due to 

MsrB activity. Indeed, MsrA expression is increased only by about 20% while total Msr 

activity is increased up to 82% in the Polish subjects. Further studies are needed to address the 

fate of MsrB proteins upon zinc supplementation. The zinc supplementation mediated 

increase in Msr activity could explain, at least in part, the protection against protein oxidative 

damages. 
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In conclusion, our results indicate that zinc supplementation, by stimulating the enzymatic 

systems involved in the elimination of oxidized proteins, could serve as a potential anti-aging 

strategy. 
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Legends of figures 

Figure 1 : Effects of zinc supplementation on oxidized protein content, proteasome and 

methionine sulfoxide reductase activity per country. A- Elderly subjects aged between 59-85 

years were recruited and admitted for a zinc supplementation trial during 48 +/- 2 days. Zinc 

supplementation was performed with 10 mg/day of zinc-aspartate. Plasma zinc concentrations 

were determined as described in material and methods by induction plasma coupled mass 

spectrometry (ICP-MS). B- Relative quantification of carbonyl groups in proteins as a 

measure of oxidized protein accumulation. Results are shown as the mean percentage of non-

supplemented samples from Italy, Poland and both. C- Chymotrypsin (CT)-like activity of the 

proteasome was assayed using the fluorogenic peptide LLVY-AMC. Results are shown as the 

mean percentage of non-supplemented samples. D- Msr activity was measured using the N-

acetyl-[3H] Met R,S (O) as substrate. Results are shown as the mean percentage of non-

supplemented samples. All results are expressed as the mean ± SEM. Values with statistical 

significance were obtained by the Student’s t-test and considered for P under 0.05. (* for P < 

0.05; ** for P < 0.01). 

 

Figure 2 : Effect of zinc supplementation on MsrA expression levels. A- Western blotting 

experiments of total protein extracts from subjects before and after supplementation were 

performed using antibodies against the methionine sulfoxide reductase A. Actin was used as 

loading control. B- Relative quantification of MsrA expression levels. MsrA levels were 

quantified by densitometric analysis using the Image Master 1D software and were 

normalized with the value obtained for actin. Results are shown as the mean percentage of 

non-supplemented samples. All results are expressed as the mean ± SEM. Values with 

statistical significance were obtained by the Student’s t-test and considered for P under 0.05. 

(*** for P < 0.001). 
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Figure 1 
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