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Metallothloneln (MT) and zinc are both reported to be protective
against oxidative and inflammatory stress and may also
influence energy metabolism. The role of MT In regulating
intracellular labile zinc, thus Influencing zinc (Zn)-modulated
protein activity, may be a key factor In the response to stress
and other metabolic challenges. The objective of this study was
to Investigate the Influence of dietary zinc Intake and MT on
hepatic responses to a pro-oxidant stress and energy challenge
In the form of a high dietary Intake of linoleic acid, an omega-6
polyunsaturated fatty acid. Male MT-null (KO) and wild-type (WT)
mice, aged 16 weeks, were given semisynthetic diets containing
16% fat and either 5 (marginally zinc-deficient (ZOJ) or 35 (zinc-
adequate [ZAJ) mg Znlkg. For comparison, separate groups of
KO and WT mice were given a rodent chow diet containing
3.36% fat and 86.6 mg Znlkg. After 4 months on these diets, the
body weights of all mice were equal, but liver size, weight, and
lipid content were much greater In the animals that consumed
semisynthetic diets compared to the chow diet. The increase In
liver size was significantly lower In ZA but not ZO KO mice,
compared with WT mice. Principally, MT appears to affect the
diet-Induced Increase In liver tissue but it also Influences the
concentration of hepatic lipid. Plasma levels of C-reactive
protein (CRP), a marker of Inflammation, were Increased by
zinc deficiency In WT mice, suggesting that marginal zinc
deficiency Is prolnflammatory. CRP was unaffected by zinc
deficiency In KO mice, Indicating a role for MT In modulating the
Influence of zinc. Neither zinc nor MT deficiency affects the level
of soluble liver proteins, as determined using two-dImensional
(20) gel proteomlcs. This study highlights the close association
between zinc and MT In the manifestation of stress responses.
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Introduction
Diet-induced inflammatory stress is thought to be a

major factor in promoting the initiation and pathogenesis of
chronic disease (I, 2). Physiological defense mechanisms
and dietary antioxidants may retard this process, and zinc
has the potential to protect against oxidative stress-induced
cellular damage (3, 4). Metallothionein (MT) is a stress-
response protein that appears to function in protection
against oxidative (5, 6) and other forms (7-9) of stress. It
may do this as a consequence of its primary or secondary
protein structure characteristics or as a consequence of its
capacity to sequester and donate metals, principally zinc.
Because MT binds zinc and is thought to regulate the
availability of the cellular labile zinc that is responsible for
triggering signaling pathways, the relationship between zinc
status and MT has to be taken into account when evaluating
their protection efficacy against stress. A useful model for
this purpose is the MT-1 and MT-2-deficient mouse, which
has targeted disruptions of the MT-l and MT-2 genes (1O,
11). This and other models have been used extensively to
demonstrate the role of MT in protecting against metal
toxicity (12-14), oxidative stress (5, 15), carcinogenic
compounds (16, 17), ionizing radiation (18,19), and toxic
drugs (20, 21).

We have utilized the MT-l and MT-2 null mouse
model in order to evaluate the role of zinc and MT, and their
interdependency, in moderating the response to diet-related
stress. Linoleic acid (CI8:2, n-6), a polyunsaturated fatty
acid found in many edible oils, has been shown to induce
oxidative stress in vascular endothelial cells (22), where it
promotes an inflammatory response and atherogenesis (23,
24). For the purposes of the present study, a semisynthetic
diet known to be proatherogenic even in rodents was
identified (25) and prepared to contain 16% fat as safflower
oil (65% linoleic acid). The objective of this study was to
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8 For those nutrients that were present in identical amounts in both
diets, the values are placed between the columns.

Table 1. Nutritional Composition of the Semisynthetic
Mouse Diets

evaluate zinc and MT deficiency-related changes in
inflammation, liver lipids, and hepatic protein expression
in the presence of a pro-oxidant stress and energy challenge.
Liver was investigated because it is the primary site for diet-
derived fatty acid metabolism and because of the known
effect of zinc deficiency on hepatic lipid metabolism (26,

27).

Materials and Methods
Animals, Diets, and Tissues. Mice with targeted

disruptions in the MT-I and MT-2 genes (10) and
appropriate wild-type (WT) mice were obtained from the
Jackson Laboratory (Bar Harbor, ME) and were maintained
as breeding colonies at the Rowett Research Institute. Fifty
adult male MT-null (KO) and 50 adult male WT mice were
randomly divided into three groups of 20, 20, and 10
animals. The animals were group-housed in plastic cages
and were given deionized, trace element-free water. Semi-
synthetic diets were prepared by Harlan Teklad (Madison,
WI) according to a formula that has previously been shown
to be proatherogenic (25). Zinc-deficient (ZD) and zinc-
adequate (ZA) diets nominally contained 5 and 35 mg Zn/
kg, respectively, which were analytically confirmed by
Harlan Teklad and in our own laboratory. The two groups of
20 mice for each genotype were given the ZA and ZD diets,
and the remaining groups of 10 mice were given

commercial mouse chow (CRM[Pl diet; Special Diet
Services, Witham, UK). The composition of the semi-
synthetic diets is shown in Table I, and the chow diet
contained 3.36% fat and 86.6 mg Zn/kg. The diets were fed
to the mice for 4 months and the animals were then killed by
a lethal intraperitoneal injection of pentabarbitone. Blood
was removed from the posterior vena cava using hepari-
nized syringes and centrifuged to obtain plasma. Livers
were removed, weighed, and perfused with PBS. Plasma
and liver samples were frozen in liquid nitrogen and stored
at -80aC.

Plasma Zinc and Markers of Inflammation.
Plasma zinc was analyzed by atomic absorption spectro-
photometry (Unicam Solaar 969) after I: 10 dilution with 0.1
M hydrochloric acid (HCl) and centrifugation at 2500 g.
Standards and a standard reference material were also
prepared in 0.1 M HCI.

C-reactive protein (CRP) was measured in plasma
samples using a high sensitivity CRP ELISA kit (Kamiya
Biomedical Company, Seattle, WA). Tumor necrosis factor-
O! (TNF-O!) and y-interferon (IFN-y) were analyzed using a
cytometric bead array assay (Mouse Th 1!fh2 Cytokine
CBA; BD Biosciences, San Diego, CA) and a FACSCalibur
flow cytometer (BD Biosciences).

Hepatic MT. The total MT level in liver was
estimated using the silver binding assay (28). Approx-
imately 200 mg of liver was homogenized in 1 ml deionized
water and 0.5 ml was used for the assay. Standards were
prepared by adding various amounts of purified rabbit liver
MT (Sigma-Aldrich Co. Ltd., Gillingham, UK) to liver
homogenates from a KO mouse. Sheep red blood cell lysate
was used for scavenging excess silver. Atomic absorption
spectrophotometry was used for analysis of silver binding to
MT.

Diet and Liver Lipid Content and Composi-
tion. Total lipid was extracted from each sample using the
method of Folch (29) and weighed. A sample of total lipid
was then converted to methyl esters using acid-catalyzed
transesterification. Methyl esters were purified on small
silicic acid columns prior to analysis by gas chromatog-
raphy, which was performed on an Agilent 6890 GC system
(Agilent Technologies UK Ltd., Stockport, UK) fitted with a
flame ionization detector. A 30m DB23 column (Jones
Chromatography, Hengoed, UK) was used and the carrier
gas was helium.

Liver Soluble Protein Proteomics. Liver samples
from 6 ZD and 6 ZA WT and KO mice were randomly
selected for individual proteomics analysis. Liver cytosol
preparation and 2D gel proteomics were as previously
described in detail (30). Briefly, liver samples (125 mg)
were homogenized in 50 roM Tris-HCl buffer, pH 7.1 (50
roMTris, 100 roMpotassium chloride [KCI], 20% glycerol,
1.4 flM pepstatin A, 1.0 roM phenylmethylsulfonyl fluoride
[PMSF1, and the protease inhibitor cocktail Complete
according to the manufacturer's instructions [Roche Diag-
nostics Ltd., Lewes, UK]). Cytosol samples obtained by
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Egg white solids, spray-dried
Sucrose
Corn starch
Maltodextrin
Safflower oil
Cholesterol
Sodium cholate
Cellulose

Mineral mix
Corn starch (bulking agent)
Zinc sulfate (ZnS04·H20)
Biotin
Vitamin B12 (0.1% trituration)
Calcium pantothenate
Choline dihydrogen citrate
Folic acid
Menadione
Niacin
Pyridoxine HCI
Riboflavin
Thiamin HCI
Vitamin A palmitate (500,000 U/g)
Vitamin 0 3 (500,000 U/g)
Vitamin E acetate (500 U/g)
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Table 2. Plasma Zinc and Hepatic MT Levels

a WT and KO mice were fed either rodent chow (Chow) or
semisynthetic diets adequate (ZA) or deficient (ZD) in zinc. The
asterisk indicates a significantdifference (P < 0.05) when comparing
ZA and ZD diets for the same genotype.

Results

Zinc Status and Hepatic MT. Diets, treatment
combinations, and genotype had no significant effect on
plasma zinc levels (Table 2). Mice that consumed the chow
diet tended to have lower zinc levels than mice that
consumed the semisynthetic diet.

Hepatic MT levels of all KO mice were below the
detection limit, as was the MT level in WT mice on the
chow diet. However, livers of WT mice that consumed the
semisynthetic diets contained MT levels that were at least 3-
fold higher than MT in livers of WT animals on the chow
diet (Table 2). Hepatic levels of MT in ZD mice were
slightly but significantly (P < 0.05) lower than in ZA mice.

Liver Weight and Hepatic Lipid Content and
Composition. Livers from animals that ate the semi-
synthetic diets were much paler in color and considerably
larger than the livers from mice on the chow diet. Both
genotypes were similar in this respect. In WT mice, the

centrifugation at 108,000 g for 30 min at 4°C in a Beckman
TL-l00 ultracentrifuge (Beckman Coulter U.K., Ltd., High
Wycombe, U.K.) were applied to isoelectric point (pI) 3-10
immobilized pH gradient (IPG) strips. Isoelectric focusing
was carried out as described (30), and after blocking
sulfhydryl groups with iodoacetamide, the IPG strips were
applied to 18 X 18-cm 8%-16% gradient polyacrylamide
gels. Proteins were separated by electrophoresis using a 24
mM Tris, 0.2 M glycine, and 0.1% sodium dodecyl sulfate
(SOS), pH 8.6 buffer at 200Y for about 9.5 hrs. Up to six
gels were separated concurrently and then stained with
Coomassie blue (30). Destained gels were scanned to obtain
grayscale images in PDQuest software (BioRad Laborato-
ries Ltd., Hemel Hempstead, UK).

Statistical Analysis. Data were analyzed using a
one-way ANOYA followed by Fisher's multiple compar-
isons. For the proteomics work, spot densities were
normalized and different treatments were statistically
compared using t tests. Matched spot densities were also
analyzed by principal component analysis using SIMCA-P
software (Umetrics Ltd., Winkfield, UK).

Discussion

The high-fat semisynthetic diets used in this study had a
considerable impact on liver appearance, size, weight, and
lipid content. The principal fatty acid present in these livers
was found by gas chromatography to be linoleic acid,
reflecting the predominance of this lipid in the diet. In spite
of the increased liver weight in mice on the semisynthetic
diet compared with the chow diet, body weight was
unaffected by dietary composition, zinc intake, and
genotype. We showed previously that KO mice in a mixed
C57BL-12901a genetic background are obese (31), and
mild obesity has been confirmed in KO mice that have been
backcrossed sufficiently into a C57BL genetic background
to be considered congenic with that strain (20). A metabolic
mechanism based on gene array studies, which could
explain this phenotype, has been proposed (32). However,
KO mice in a 129Sv genetic background do not show an
obese phenotype (33), and the body weights of KO and WT
mice in the present study were not significantly different (P

increase in liver weight as a consequence of eating the
semisynthetic diet was the same regardless of the zinc status
of the diet (Fig. 1). However, the liver weight of KO mice
did not increase as much in the ZA group (Fig. 1). Analysis
of hepatic lipids showed that the livers of mice fed the
semisynthetic diets contained substantially more lipid and
had a higher lipid concentration than the livers of mice that
ate the chow diet. KO-ZA mouse livers contained
substantially less total lipid and a slightly lower concen-
tration of lipid than those of the WT-ZA mice (Fig. 1). The
composition of hepatic lipids was unaffected by dietary zinc
intake or MT genotype, with the predominant fatty acids
identified as linoleic acid and oleic acid (Table 3). Hepatic
lipids of mice fed the rodent chow diet contained a higher
proportion of palmitic acid (Table 3).

Markers of Inflammation. Mice fed ZA semisyn-
thetic diets had very similar levels of plasma CRP compared
to mice fed the chow diet (Fig. 2). However, WT mice fed a
ZD diet had significantly higher levels of plasma CRP. In
contrast, plasma CRP levels in KO mice that received the
ZD diet were the same as those found in ZA mice and the
animals that ate the chow diets. Control levels of TNF-cx and
IFN-y were at the lower limit of detection for the method,
and no treatment or genotype-related changes in these
cytokines were observed (data not shown).

Proteomic Analysis of Soluble Liver Proteins. A
total of 1001 spots were detected on 20 gels, of which 283
were successfully matched in all gels. Statistical tests indicate
that only 6-13 spots were significantly affected by the
treatments, which, at a significance level of 5%, might be
expected by chance. The lack of significant treatment effects
was confirmed by principal component analysis of the 283
matched spots. There was no clear treatment-related structure
in the data for the first and second or subsequent components
(data not shown).
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Figure 1. (A)Liverweight, (8) hepatic lipidconcentration, and (C) total liver lipidcontent of KO and WT micefed eitherrodentchowor a ZA or
ZD semisynthetic diet. Errorbars indicate the standard error of the meanand asterisks indicatestatistically significant differences (P < 0.05)
when comparing genotypes. Liver weights for all mice fed semisynthetic diets were significantly greater than those of chow-fed mice (P <
0.001).

< 0.05). Nevertheless, the hepatic response to high dietary
fat intake was significantly affected by genotype, and less
fat accumulated in the livers of KO-ZA mice. However,
there was also less tissue in KO-ZA mouse livers, and the
concentration of lipid was only slightly decreased by MT
deficiency. This indicates that the difference in liver weight
was not only due to accumulation of less fat, but that the
liver also did not increase in size as much in the KO mice as
in WT animals. This effect was not observed upon
comparison of ZD genotypes, which indicates that an

interaction between MT and zinc is necessary to elicit this
response. Recent evidence suggests that cell proliferation
during liver regeneration after partial hepatectomy is lower
in KO mice than in WT mice (34), and it is possible that the
retarded increase in liver tissue due to high dietary lipid
intake observed in the present study is related to suppressed
cell proliferation in the absence of MT.

Since a clear effect of genotype on liver weight was
detected, which was also influenced by zinc status, we
investigated the influence of zinc and MT on the expression

Table 3. Fatty Acid Composition of the Chow and Semisynthetic (S-S) Diets and also of the WT and KO Livers
from Mice Fed ZA and ZD Diets

Palmitic Stearic Oleic Linoleic Arachidonic Saturated Others

% composition (mean ± SE)

ChoW diet NAB NA 19.2 55.1 NA 17.4 8.3
S-S diet NA NA 13.7 74.8 NA 9.8 1.8
Liver:

WT-Chow 28.7 ± 1.1 11.7 ± 0.6 12.0 ± 0.6 18.2 ± 0.6 14.2 ± 0.8 NA 15.1 ± 1.1
KO-Chow 29.5 ± 0.8 13.5 ± 1.1 11.2 ± 3.1 17.1 ± 0.8 14.4 ± 1.8 NA 14.2 ± 1.3
WT·ZA 8.1 :t 0.2 2.4 :t 0.1 27.2 :t 0.3 45.7:t 0.3 3.4 :t 0.3 NA 13.4 :t 0.3
WT-ZD 7.5 :t 0.2 2.4 :t 0.2 26.3:t 0.5 48.4 :t 0.9 3.0:t 0.1 NA 12.7 ± 0.7
KO·ZA 7.7 :t 0.2 2.5 :t 0.1 26.4 ± 1.0 47.7 ± 1.0 3.4 ± 0.1 NA 12.2 ± 0.2
KO-ZD 7.8 :t 0.3 2.2 :t 0.2 27.6 :t 0.6 46.4 ± 0.2 2.9:t 0.3 NA 13.2 :t 0.3

IJ Some fats werenot analyzed (NA) in some samples.



1546 BEATTIE ET AL

300 _ WTmice

250
m KOmlce

:::J
E 200--C>
..s 150

a-
0::: 1000

50

0
Chow Zinc Deficiency Zinc Adequacy

Figure 2. Plasma CRP levels in KG and WT mice given a rodent
chow diet or a ZA or ZD semisynthetic diet. Error bars indicate the
standard error of the mean and asterisks indicate statistically
significant differences (P < 0.05) when comparing zinc adequacy
with zinc deficiency for the semisynthetic diets and for the same
genotype, and when comparingdifferent genotypesfor the same zinc
intake.

of hepatic soluble proteins. Proteomic analysis using 2D
gels is a powerful technique to display not only genotype-
related changes in protein levels, but also post-translational
modifications and protein-protein interactions. The central-
ized proteomics facility at the Rowett Institute routinely
produces gels of high quality with clear protein resolution
and good reproducibility. It was therefore surprising that we
could not find an effect of zinc deficiency, MT deficiency, or
a combination of the two factors on hepatic protein levels.
Principal component analysis confirmed a lack of treatment
or genotype effect, although highly significant differences of
some hepatic protein levels in mice that consumed a high-fat
semisynthetic diet, compared with those that ate a chow
diet, were found for both mouse genotypes (results not
shown). The proteomic analysis was repeated twice, and the
same conclusions were obtained each time. These results
contrast with the many genotype-related changes in gene
expression in KO mouse livers compared with WT animals
observed in a gene array study (32). The mice were of the
same genetic background as those used in the present study,
but one possible explanation for the different results is the
age of the animals. Mice for the gene array study were 4-
weeks old, whereas the animals in the present study were
32-weeks old by the end of the study. Another possible
reason for the difference in results is that we only studied
soluble liver proteins, whereas the gene array may have
included genes that express soluble and insoluble proteins.
It is also possible that changes in the expression of certain
genes do not affect the corresponding protein levels, due to
homeostatic regulation.

Since linoleic acid is considered pro-oxidant and
proinflammatory, exposure to a high level of this fatty acid
should have stimulated an anti-inflammatory response and
raised levels of inflammation markers (22). A general
marker of inflammation is CRP, which is produced in the
liver and secreted into plasma (35). Having noted the

marked effect of the semisynthetic diet on mouse livers, we
measured the level of plasma CRP. With adequate zinc
intake, the CRP level in WT mice was unaffected by the
semisynthetic diet, but a marginal zinc intake resulted in a
significantly raised level of CRP. The effect of marginal
zinc deficiency on the level of CRP was not found in KO
mice, indicating that MT modulates the metabolism of CRP
when zinc is limiting. This result appears to contradict the
hypothesis that MT protects against stress; on the other
hand, if an adequate stress response is lacking in the absence
of MT, mice deficient in MT might be more susceptible to
the adverse effects of stress, which seems to be the case in
practice. The elevated hepatic MT level observed in WT
mice on the semisynthetic diets compared to the chow diet
indicates that the high dietary-lipid challenge had indeed
elicited a stress response. A treatment or genotype-related
increase in the inflammatory cytokines TNF-cx and IFN-y
was not observed and so the effect was specific to CRP. In
general, cytokine assays can barely detect control levels of
hormones in rodent plasma, but are designed to detect levels
that are attained during inflammation.

In conclusion, the livers of mice that consumed a
semisynthetic diet with 16% fat content, mostly as linoleic
acid, were considerably larger and contained much more
lipid than livers from mice that consumed a chow diet with
3.36% fat. The increase in liver size was not only due to a
higher tissue lipid content but also to an increase in liver
tissue per se. The increase in liver tissue and to a lesser
extent the tissue lipid concentration were retarded in MT
deficiency combined with zinc adequacy. This effect was
not observed in zinc deficiency, indicating the importance of
an interaction between MT and zinc. Plasma CRP levels
were significantly increased in WT-ZD mice but not in KO-
ZD animals, which again indicates an interaction between
MT and zinc in CRP expression or secretion, since the half-
life, and therefore degradation/excretion, of CRP is reported
to be constant under all conditions of health and disease
(36). Given that liver size and the liver-derived protein CRP
were affected by MT and zinc status, it is surprising that no
treatment- or genotype-related changes in the expression of
soluble hepatic proteins was detected by 2D gel proteomics.
Since the matched proteins detected by this technique
constituted < I% of the total proteome and were the most
highly expressed soluble liver proteins, it is possible that
there are changes in lesser-expressed proteins that we were
unable to detect. Further proteomic analysis is underway to
investigate proteins from other tissues.

I. Paoloni-Giacobino A. Grimble R. Pichard C. Genomic interactions
with disease and nutrition. Clin Nutr 22:507-514.2003.

2. Meydani M. Nutrition interventions in aging and age-associated
disease. Ann N Y Acad Sci 928:226-235. 2001.

3. Oteiza PI. Mackenzie GG. Zinc. oxidant-triggered cell signaling. and
human health. Mol Aspects Med 26:245-255. 2005.

4. Powell SR. The antioxidant properties of zinc. J Nutr 130:1447S-
1454S.2ooo.



DIETARY STRESS IN ZN AND MT DEFICIENCY 1547

5. Kang Y1.The antioxidant function of metallothionein in the heart. Proc
Soc Exp Bioi Med 222:263-273, 1999.

6. Maret W. The function of zinc metallothionein: a link between cellular
zinc and redox state. J Nutr 130:1455S-1458S, 2000.

7. Davis SR, Cousins RJ. Metallothionein expression in animals: a
physiological perspective on function. J Nutr 130:1085-1088, 2000.

8. Jacob ST, Ghoshal K, Sheridan JF. Induction of metallothionein by
stress and its molecular mechanisms. Gene Expr 7:301-310, 1999.

9. Dittmann J, Fung SJ, Vickers JC, Chuah MI, Chung RS, West AK.
Metallothionein biology in the ageing and neurodegenerative brain.
Neurotox Res 7:87-93, 2005.

10. Masters BA, Kelly EJ, Quaife CJ, Brinster RL, Palmiter RD. Targeted
disruption of metallothionein I and II genes increases sensitivity to
cadmium. Proc Natl Acad Sci USA 91:584-588, 1994.

I I. Michalska AE, Choo KH. Targeting and germ-line transmission of a
null mutation at the metallothionein I and II loci in mouse. Proc Natl
Acad Sci USA 90:8088-8092, 1993.

12. Klaassen CD, Liu J. Metallothionein transgenic and knock-out mouse
models in the study of cadmium toxicity. J Toxicol Sci 23(SuppI2):97-
102, 1998.

13. Vasak M. Advances in metallothionein structure and functions. J Trace
Elem Med Bioi 19:13-17, 2005.

14. Satoh M, Nishimura N, Kanayama Y, Naganuma A, Suzuki T,
Tohyama C. Enhanced renal toxicity by inorganic mercury in
metallothionein-null mice. J Pharmacol Exp Ther 283:1529-1533,
1997.

15. Sato M, Kondoh M. Recent studies on metallothionein: protection
against toxicity of heavy metals and oxygen free radicals. Tohoku J
Exp Med 196:9-22, 2002.

16. Cai L, Tsiapalis G, Cherian MG. Protective role of zinc-metallothionein
on DNA damage in vitro by ferric nitrilotriacetate (Fe-NTA) and ferric
salts. Chern Biollnteract 115:141-151, 1998.

17. Suzuki JS, Nishimura N, Zhang B, Nakatsuru Y, Kobayashi S, Satoh
M, Tohyama C. Metallothionein deficiency enhances skin carcino-
genesis induced by 7,12-dimethylbenz[a)anthracene and 12-0-tetrade-
canoylphorbol-13-acetate in metallothionein-null mice. Carcinogenesis
24:1123-1132, 2003.

18. Cai L, Satoh M, Tohyama C, Cherian MG. Metallothionein in radiation
exposure: its induction and protective role. Toxicology 132:85-98,
1999.

19. Wang WH, Li LF, Zhang BX, Lu XY. Metallothionein-null mice
exhibit reduced tolerance to ultraviolet B injury in vivo. Clin Exp
Dermatol 29:57-61,2004.

20. Coyle P, Philcox JC, Carey LC, Rofe AM. Metallothionein: the
multipurpose protein. Cell Mol Life Sci 59:627-647, 2002.

2\. Lazo JS, Kuo SM, Woo ES, Pitt BR. The protein thiol metallothionein

as an antioxidant and protectant against antineoplastic drugs. Chern
Bioi Interact Ill-112:255-262, 1998.

22. Hennig B, Toborek M, McClain CJ, Diana IN. Nutritional implications
in vascular endothelial cell metabolism. J Am Coil Nutr 15:345-358,
1996.

23. Hennig B, Toborek M, McClain CJ. High-energy diets, fatty acids and
endothelial cell function: implications for atherosclerosis. J Am Coil
Nutr 20:97-105, zooi.

24. Yam D, Eliraz A, Berry EM. Diet and disease--the Israeli paradox:
possible dangers of a high omega-S polyunsaturated fatty acid diet. Isr J
Med Sci 32:1134-1143, 1996.

25. Paigen B, Morrow A, Holmes PA, Mitchell D, Williams RA.
Quantitative assessment of atherosclerotic lesions in mice. Atheroscle-
rosis 68:231-240, 1987.

26. tom Dieck H, Doring F, Roth HP, Daniel H. Changes in rat hepatic
gene expression in response to zinc deficiency as assessed by DNA
arrays. J Nutr 133:1004-1010, 2003.

27. Daniel H, tom Dieck H. Nutrient-gene interactions: a single nutrient
and hundreds of target genes. Bioi Chern 385:571-583, 2004.

28. Scheuharnmer AM, Cherian MG. Quantification of metallothioneins by
a silver-saturation method. Toxicol Appl Pharmacol 82:417-425. 1986.

29. Folch J, Lees M, Stanley G. A simple method for the isolation and
purification of total lipids from animal tissues. J Bioi Chern 226:497-
509,1957.

30. de Roos B, Duivenvoorden I, Rucklidge G, Reid M, Ross K, Lamers
RJ, Voshol PJ, Havekes LM, Teusink B. Response of apolipoprotein
E*3-Leiden transgenic mice to dietary fatty acids: combining liver
proteomics with physiological data. FASEB J 19:813-815,2005.

31. Beattie JH, Wood AM, Newman AM, Bremner I, Choo KH, Michalska
AE, Duncan JS, Trayhum P. Obesity and hyperleptinemia in metal-
lothionein (-I and -II) null mice. ProcNatl Acad Sci USA 95:358-363,
1998.

32. Miura N, Koizumi S. Gene expression profiles in the liver and kidney
of metallothionein-null mice. Biochem Biophys Res Commun 332:
949-955, 2005.

33. Palmiter RD. The elusive function of metallothioneins. ProcNatl Acad
Sci USA 95:8428-8430, 1998.

34. Oliver JR, Mara TW, Cherian MG. Impaired hepatic regeneration in
metallothionein-l/ll knockout mice after partial hepatectomy. Exp Bioi
Moo (Maywood) 230:61-67, 2005.

35. Pepys MB, Hirschfield GM. C-reactive protein: a critical update. J Clin
Invest 111:1805-1812,2003.

36. Vigushin DM, Pepys MB, Hawkins PN. Metabolic and scintigraphic
studies of radioiodinated human C-reactive protein in health and
disease. J Clin Invest 91:1351-1357, 1993.


