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Abstract
Background/Aims—Dietary copper deficiency is associated with a variety of manifestations of
the metabolic syndrome, including hyperlipidemia and fatty liver. Fructose feeding has been
reported to exacerbate complications of copper deficiency. In this study, we investigated whether
copper deficiency plays a role in fructose-induced fatty liver and explored the potential underlying
mechanism(s).

Methods—Male weanling Sprague-Dawley rats were fed either an adequate copper or a
marginally copper deficient diet for 4 weeks. Deionized water or deionized water containing 30%
fructose (w/v) was also given ad lib. Copper and iron status, hepatic injury and steatosis,
duodenum copper transporter-1(Ctr-1) were assessed.
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Results—Fructose feeding further impaired copper status and led to iron overload. Liver injury
and fat accumulation were significantly induced in marginal copper deficient rats exposed to
fructose as evidenced by robust increased plasma aspartate aminotransferase (AST) and hepatic
triglyceride. Hepatic carnitine palmitoyl-CoA transferase I (CPT I) expression was significantly
inhibited, whereas hepatic fatty acid synthase (FAS) was markedly up-regulated in marginal
copper deficient rats fed with fructose. Hepatic antioxidant defense system was suppressed and
lipid peroxidation was increased by marginal copper deficiency and fructose feeding. Moreover,
duodenum Ctr-1 expression was significantly increased by marginal copper deficiency, whereas
this increase was abrogated by fructose feeding.

Conclusion—Our data suggest that high fructose-induced nonalcoholic fatty liver disease
(NAFLD) may be due, in part, to inadequate dietary copper. Impaired duodenum Ctr1 expression
seen in fructose feeding may lead to decreased copper absorption, and subsequent copper
deficiency.
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Introduction
Since the introduction of high-fructose corn syrup in 1967, per capita fructose consumption
has steadily risen. The increased consumption of fructose temporally parallels the increased
prevalence of obesity and the metabolic syndrome in the United States and worldwide [1, 2].
Recent studies suggest that high fructose intake may be an important risk factor for the
development of NAFLD [3, 4].

The average American diet contains only marginal amounts of copper [5]. Dietary copper
deficiency is associated with a variety of metabolic changes, including
hypercholesterolemia, increased blood pressure, and glucose intolerance in rodents [6–8].
Recently, decreased hepatic copper concentrations were observed in NAFLD patients and
were correlated with alterations in iron metabolism [9]. The mechanism underlying copper
deficiency-associated hyperlipidemia is not fully understood. One potential mechanism is
iron overload, which can occur secondary to copper deficiency [10]. Importantly, the source
of dietary carbohydrate can play a critical role in the development of complications of
copper deficiency. Extensive literature from the early 1980s showed that dietary fructose
markedly enhanced the metabolic complications of copper deficiency in rodents [6, 11–13].
Research by Fields and co-workers showed that fructose-fed copper deficient male rats had
lower hematocrits, but increased liver weight, cholesterol and triglycerides; whereas those
fed starch had the least complications [6, 11, 12]. The mechanisms for these interactions are
not well defined. Previous studies suggested that fructose-exacerbated copper deficiency
might be due, in part, to impaired gut absorption of copper [14, 15].

Recent research showed that a significant proportion of NAFLD patients were copper
deficient [9]. Heavy fructose consumption is a well-recognized risk factor for NAFLD.
Given that excess dietary fructose exacerbates copper deficiency and copper deficiency
induces fatty liver and hyperlipidemia, we hypothesized that the hyperlipidemia and fatty
liver seen in high fructose-induced NAFLD is due, in part, to copper deficiency, and
marginal dietary copper intake may be an initial component in the “two-hit” model of
nonalcoholic steatohepatitis [35]. The present study was conducted to determine whether
marginal copper deficiency and chronic fructose consumption can act together to exacerbate
liver injury and fat accumulation; whether fructose consumption further impairs copper
status; and to explore potential underlying mechanism(s).
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Materials and Methods
Animals

Male weanling Sprague-Dawley rats (35–45g) from the Harlan Laboratories (Indianapolis,
IN) were fed (ad lib) a purified AIN-76 diet for laboratory rodents with defined copper
content. The copper adequate rats received 6 mg/kg copper, and the experimental rats were
fed with 1.6 mg/kg of copper for 4 weeks to achieve marginal copper deficiency. The
animals were housed in stainless steel cages in a temperature and humidity controlled room
with a 12:12h light-dark cycle. Animals had free access to either deionized water or
deionized water containing 30% fructose (w/v). Fructose enriched drinking water was
changed twice a week. All studies were approved by the University of Louisville
Institutional Animal Care and Use Committee, which is certified by the American
Association of Accreditation of Laboratory Animal Care.

Assessment of Copper and Iron Status
Plasma ceruloplasmin was measured on the basis of its oxidase activity [16]. Plasma copper
was measured by graphite furnace atomic absorption spectrometer. Copper and iron content
in the liver tissue was measured by inductively coupled plasma mass spectroscopy (ICP-
MS). Plasma ferritin was determined by commercially available kit (ALPCO Diagnostics,
Salem, NH).

Liver Enzyme Assay
Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were
measured using commercially available kits (Infinity; Thermo Electron Corporation,
Melbourne, Australia) based on a colorimetric method.

Plasma Biochemical Assays
The plasma biochemical assays were performed with commercially available kits: glucose,
cholesterol (Infinity, Thermo Electron, Melbourne, Australia), non-esterified fatty acids
(NEFA) (Waco Chemicals, Richmond, VA), insulin (Linco Research, St. Charles, MO), and
monocyte chemoattractant protein-1 (MCP-1) (R&D Systems, Minneapolis, MN).

Assessment of Oxidative Stress
Hepatic superoxide production was evaluated by using dihydroethidium (DHE) (Invitrogen,
Carlsbad, CA). Briefly, cryostat sections of liver were incubated with 5 µmol/L
dihydroethidium at 37°C for 30 minutes. The red fluorescence from dihydroethidium was
detected with fluorescence microscope. Hepatic lipid peroxidation was assessed by
measuring malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) using commercial kits
(Oxford Biomedical Research, Oxford, MI). Reduced glutathione (GSH) and oxidized
glutathione (GSSG) were determined by HPLC as described previously [17].

Histology and Immunohistochemistry
Formalin-fixed, paraffin-embedded liver sections were cut at 5 µm thickness, and stained
with hematoxylin and eosin (H&E). Cryostat sections of liver tissue were stained with Oil
Red O (Sigma-Aldrich, St. Louis, MO). Apoptotic hepatocytes were detected by the
Terminal Deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling (TUNEL) assay
with an In Situ Apoptosis Detection Kit (Millipore, Billerica, MA).

For immunohistochemical analysis, paraffin-embedded duodenum sections were incubated
with anti-Ctr-1 antibody (Santa Cruz Biotechnology, INC., Santa Cruz, CA) overnight at
4°C. Staining was visualized using the horseradish peroxidase-conjugated DAKO staining
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system (DAKO InVision, Carpenteria, CA). ). The area of positive staining was quantified
using MetaMorph software (Universal Imaging Corporation, Downingtown, PA).

Hepatic Triglyceride Assay
Liver tissues were homogenized in ice-cold phosphate buffered saline. Hepatic total lipids
were extracted with chloroform/methanol (2:1) according to the method described by Bligh
and Dyer [18]. Hepatic triglyceride content was determined by commercially available kits
(Infinity, Thermo Electron, Melbourne, Australia).

Western Blot
Equal amounts of protein extracted from liver homogenate were loaded on 8%–12% SDS-
polyacrylamide gels and transferred to PVDF membrane (Millipore, Bedford, MA).
Membranes were probed with primary antibody for copper, zinc-superoxide dismutase (Cu,
Zn-SOD, SOD1), fatty acid synthase (FAS), CPT1, glutathione peroxidase (GPx)-1/2,
GPx-4 (Santa Cruz Biotechnology, INC., Santa Cruz, CA), or β-actin (Cell Signaling
Technology, INC., Danvers, MA), then incubated with the corresponding horseradish
peroxidase-conjugated secondary antibody. Protein signals were visualized using the
enhanced chemiluminescence system (Amersham Biosciences, Little Chalfont, UK). Band
intensities were quantified using Image J software (http://rsb.info.nih.gov/ij/).

Statistical Analysis
All data were expressed as mean ± SD (Standard Deviation) and analyzed by analysis of
variance (ANOVA) followed by Newman Keuls’ Multiple Comparison Test and Student’s t-
test. The interactions between copper and fructose were examined by two-way ANOVA.
Differences at P < 0.05 were considered to be statistically significant.

Results
Effects of Marginal Copper Deficiency and Fructose Feeding on Liver, Body Weight, and
Blood Metabolites

After 4 weeks of feeding, marginally copper deficient rats showed a significantly higher
body weight compared to the adequate copper rats, and the body weight of adequate copper
rats increased significantly with fructose feeding (Fig.1 A). Marginal copper deficiency as
well as fructose feeding led to a significant increase of epididymal fat weight compared to
controls (Fig.1 A). Plasma cholesterol was significantly increased in marginal copper
deficient rats fed with fructose compared to the adequate copper rats. Both plasma glucose
and insulin levels were elevated in marginal copper deficient rats and adequate copper rats
fed fructose (Fig.1 B). High plasma glucose and high plasma insulin co-exist in marginal
copper deficient rats fed with fructose, suggesting insulin resistance. In addition, fructose
feeding and marginal copper deficiency synergistically increased plasma MCP-1 level
compared to adequate copper rats (Fig.1 B).

Effects of Fructose Feeding on Copper and Iron Status
Plasma ceruloplasmin activity and plasma copper were significantly decreased in the rats fed
with marginal copper deficient diet, and it was further decreased in marginal copper
deficient rats fed fructose (Fig.2 A, B). Similarly, liver copper was decreased with fructose
feeding in copper adequate rats, and further decreased in marginal copper deficient rats (Fig.
2 C). An indirect indicator of copper status [19], hepatic SOD1 expression varied in relation
to the changes in liver copper, as shown by Western Blot (Fig.2 D). The plasma ferritin, a
marker of total body iron stores, was robustly increased in marginal copper deficient rats fed
with fructose compared to controls (Fig.2 E). Consistent with the plasma ferritin, liver iron
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was also significantly increased in marginal copper deficient rats fed with fructose compared
to control (Fig.2 F).

Dietary Marginal Copper Deficiency and Fructose Feeding Interact To Exacerbate Liver
Injury and Accelerate Hepatic Fat Accumulation

Liver injury was assessed by plasma levels of liver enzymes (ALT and AST). Both ALT and
AST levels were not significantly changed in rats fed either adequate copper or marginal
copper without fructose in drinking water. However, fructose feeding led to a significant
increase in plasma ALT level by ≈50% in marginal copper deficient rats compared with
copper adequate animals (Fig.3 A). Specifically, marginal copper deficiency and fructose
feeding synergistically increased plasma AST level by approximately 5-fold and 3-fold
compared to marginal copper deficiency rats and fructose-fed adequate copper rats,
respectively. Consistent with the biochemical findings, obvious hepatocyte apoptosis was
observed by TUNEL staining in marginal copper deficiency fructose fed animals (Fig.3 B).

As expected, fructose feeding led to a significant increase in hepatic triglyceride content in
both adequate copper and marginal copper deficient rats. However, marginal copper
deficiency and fructose feeding addictively increased hepatic triglyceride accumulation.
(Fig.4 B). These changes were also visible in histological slides with H&E staining (Fig.4
A). Interestingly, marginal copper deficiency-induced fat accumulation was characterized
mainly by microvesicular steatosis as shown by Oil Red O staining, suggesting impaired
mitochondrial function [20]. However, macrovesicular steatosis was evident in marginal
copper animals fed with fructose (Fig.4 A). In rats fed adequate copper with fructose,
hepatic steatosis was both macro- and microvesicular. Hepatic cholesterol was significantly
increased in marginal copper deficient rats, as well as in adequate copper and marginal
copper deficient rats fed with fructose (Fig.4 C). Marginal copper deficiency as well as
fructose feeding led to a significant increase in hepatic NEFAs compared to controls (Fig.4
D).

Copper Deficiency Impaired Mitochondria Fatty Acid β-Oxidation and Increased de novo
Lipogenesis

CPT I is the rate limiting enzyme of mitochondrial fatty acid β-oxidation. As shown by
Western Blot (Fig.5 A), there are two bands, with the top one being the liver isoform. CPT I
protein expression was significantly decreased in the livers of marginal copper deficient rats
fed with fructose, which further supports histological findings. To further examine the
mechanism(s) of fat accumulation, FAS, a critical enzyme in the terminal step of fatty acid
synthesis, and an important marker of de novo lipogenesis, was analyzed by Western Blot
(Fig.5 B). Hepatic FAS expression was increased by fructose feeding in adequate copper
rats, whereas it was prominently enhanced in response to marginal copper deficiency
(especially with fructose feeding), suggesting that copper deficiency induces fat
accumulation, likely by accelerating fatty acid synthesis.

Decreased Antioxidant Defense System and Increased Oxidative Stress by Dietary
Marginal Copper Deficiency and Fructose Feeding

We next examined the effect of marginal copper deficiency and fructose feeding on the
hepatic antioxidant defense system, including SOD1, GPx, GSH and GSSG. Hepatic SOD1
expression, as mentioned above, paralleled the copper status (Fig.2 C). The expression of
GPx1/2 was markedly inhibited in both adequate and marginal copper deficient rats when
fed with fructose, and GPx-4 was significantly inhibited by either marginal copper
deficiency or fructose feeding (Fig.6 A). Unlike SOD1 (Fig 2C), it appeared that GPx
expression was not correlated to copper status. Hepatic GSH showed a significant increase
in both adequate and marginal copper deficient rats when fed fructose (Fig.6 B). GSSG level
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was significantly decreased by fructose feeding in either marginal copper deficiency or
adequate copper groups. GSH/GSSG ratio, which is an indicator of oxidative stress,
significantly increased in either adequate or marginal copper deficient rats when fed with
fructose (Fig.6 B). Either dietary marginal copper deficiency or fructose feeding increased
hepatic superoxide production, marginal copper deficiency and fructose feeding additively
increased the superoxide production as shown by DHE staining and image quantification
(Fig.6 C). The end products of lipid peroxidation, MDA and 4-HAE were significantly
increased in the livers of marginal copper deficient rats compared with controls, and fructose
feeding also led to significantly increased hepatic MDA and 4-HAE in adequate copper rats
(Fig.6 D).

Dietary Fructose Feeding Negated Marginal Copper Deficiency Induced Ctr-1
Accumulation in the Duodenum Epithelium

Dietary copper is mainly absorbed in the duodenum and early jejunum by Ctr-1, a copper
specific transporter, which is located at the apical membrane of enterocytes [21]. To further
investigate the mechanisms by which fructose feeding impairs copper status, Ctr-1 was
determined by immunohistochemical staining. We found that Ctr-1 expression was
significantly increased by marginal copper deficiency, and accumulated extensively on the
basolateral membrane of duodenum epithelium; however, this phenomenon was negated
with fructose feeding (Fig.7 A, B).

Discussion
Because of its metabolic pathways, fructose rapidly induces hepatic de novo lipogenesis.
Moreover, increased intestinal permeability associated with high fructose feeding may lead
to endotoxemia and increase the secretion of inflammatory cytokines, which, in turn, can
lead to insulin resistance and fatty liver [22]. However, even with increased de novo
lipogenesis, steatosis should only occur when lipid export or fatty acid β-oxidation is
decreased, suggesting that other mechanisms may be involved in the deleterious effects of
fructose on the liver.

A very recent study has shown that NAFLD patients were associated with lower hepatic
copper, and hepatic copper level correlated with the severity of hepatic steatosis [9, 36]. In
addition, it has been demonstrated that copper deficient diet induced hepatic steatosis in rats
[36], suggesting copper deficiency might be an important risk factor in NAFLD. Our present
study demonstrated that fructose consumption further impaired marginal copper status and
precipitated copper deficiency, possibly by inhibiting Ctr-1 mediated copper absorption
through the intestinal epithelium. Moreover, marginal copper deficiency and fructose
appeared to act together to exacerbate liver injury and accelerate hepatic fat accumulation.
Copper deficiency-associated mitochondrial dysfunction and antioxidant defense system
suppression primed the liver to fructose toxicity, possibly through the hepatic iron overload
secondary to copper deficiency. Decreased mitochondrial fatty acid β-oxidation caused by
copper deficiency represents a likely important mechanism underlying fructose induced fatty
liver in this study. In addition, copper deficiency may induce insulin resistance and increase
de novo lipogenesis which both contribute to hepatic lipid accumulation through multiple
pathways.

Liver injury induced by fructose feeding and marginal copper deficient diet is unique in that
it caused robust increased AST and moderately increased ALT. Serum AST is comprised of
two distinct isoenzymes, one located in cytoplasm, and the other in mitochondria. In the
liver, 60 to 80% of the total AST activity is of mitochondrial origin [23]. We also found that
either marginal copper deficiency or fructose alone did not significantly increase ALT or
AST levels. Marginal copper plus fructose caused a significant increase in both ALT and
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AST, with the AST being the most prominent (up to 5 fold), suggesting that fructose and
copper deficiency act synergistically to cause liver injury. In fact, previous work has shown
that both acute and chronic severe copper deficiency led to abnormal mitochondria [24].

SODs and GPxs represent the major defenses against oxidative stress. The distribution of
SOD1 is mainly in the cytosol, and recently it was also found in the mitochondria [25]. Loss
of SOD1 led to severe mitochondrial damage in neuroblastoma cells and enhanced oxidative
damage in the livers of alcohol fed animals [26, 27]. Furthermore, mutant SOD1 localized in
the inter-membrane space of mitochondria caused mitochondrial dysfunction, suggesting the
important role of this enzyme in the preservation of mitochondria homeostasis and function
[28]. In this study, the total hepatic SOD1 expression was significantly reduced in
marginally copper deficient rats and aggravated by fructose feeding. Therefore, it is likely
that inhibition of SOD1 may partially contribute to copper deficiency-induced mitochondrial
dysfunction. GPx-1/2 and GPx-4 were markedly down-regulated by marginal copper
deficiency when fed with fructose. Despite increased GSH synthesis, GSH cannot be fully
oxidized to remove hydrogen peroxide due to the lack of GPx. Decreased antioxidant
defense as a result of suppressed SOD1 and GPx led to increased accumulation of
superoxide and hydrogen peroxide. Our data showed that hepatic iron was significantly
increased in marginal copper deficiency rats fed with fructose, and iron is a catalyst to
convert hydrogen peroxide to hydroxyl radicals through Haber-Weiss and Fenton reactions.
This may, in turn, impair mitochondria, leading to mitochondrial dysfunction and cell death.
Thus, copper deficiency induced liver injury may be mediated, in part, through increased
iron accumulation.

The accumulation of lipids in the liver results from an imbalance among the uptake,
synthesis, export, and oxidation of fatty acids. In this study, marginal copper deficiency-
induced fatty liver is characterized by microvesicular steatosis, which is the histological
hallmark of impairment of mitochondrial function [20]. Consistent with the histological
findings, CPT I, the rate limiting enzyme involved in fatty acid β-oxidation, was markedly
suppressed by copper deficiency. We also showed that hepatic FAS expression was up-
regulated by copper deficiency, suggesting enhanced de novo lipogenesis which may further
contribute to lipid accumulation. However, de novo lipogenesis only accounts for a small
part of hepatic free fatty acids [29], therefore, it appears that impaired mitochondrial fatty
acid β-oxidation likely plays an important role in fructose induced NAFLD. It has been
demonstrated that both increased fatty acids and cholesterol synthesis are associated with
GSH synthesis, and the induction of FAS and 3-hydroxy-3-methyl-glutaryl-CoA (HMG-
CoA) reductase are completely prevented when GSH synthesis is blocked by L-buthionine
sulfoximine (BSO) in copper deficient rats [30, 31]. Consistent with these findings, our data
showed increased hepatic GSH synthesis with copper deficiency, suggesting GSH synthesis
could be a mechanism by which copper deficiency induces fatty liver. A very recent study
suggested that iron overload was associated with increased cholesterol synthesis [32].
Moreover, restricting iron intake in copper deficient animals improved fatty liver [9, 10, 33].
Our data clearly showed that hepatic and whole body iron levels moved in the opposite
direction of copper levels, suggesting that iron overload secondary to copper deficiency is
another likely mechanism by which copper deficiency induces fatty liver.

Previous studies have already shown that impaired gut absorption of copper resulting from
dietary fructose may account for copper deficiency [14, 15]. Copper is mainly absorbed in
the duodenum and small intestine, via Ctr-1, divalent metal transpoter1 and diffusion. Ctr-1
is believed to be the primary protein responsible for the import of dietary copper across the
apical membrane. Intestinal epithelial cell conditional Ctr-1 knockout mice showed a very
high copper level in intestinal epithelial cells, while copper was deficient in the liver,
suggesting a critical role for Ctr-1 in dietary Cu absorption [34]. In the present study, we
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found Ctr-1 expression was significantly increased by marginal copper deficiency, and
extensive Ctr-1 accumulated in the basolateral membrane side, possibly an adaptive
compensation in response to dietary copper deficiency, which is an effort to transport copper
out of the epithelium into the blood. This phenomenon was abrogated by dietary fructose,
suggesting fructose may block copper transportation by targeting intestinal Ctr1.

In conclusion, our data demonstrated that fructose feeding further impaired copper status
and led to iron overload in marginal copper deficient rats. Dietary marginal copper
deficiency and fructose feeding work together to exacerbate liver injury and accelerate
hepatic fat accumulation, possibly mediated through increased iron accumulation. Therefore,
high fructose-induced NAFLD may be due, in part, to copper deficiency. Decreased
mitochondrial fatty acid β-oxidation caused by copper deficiency plays an important role in
fructose induced fatty liver. Furthermore, impairment of intestinal epithelium Ctr1 by
dietary fructose may lead to decreased copper absorption, and thereby, copper deficiency.
Our current study provides new insights into mechanisms of fructose induced fatty liver and
the complex interactions of dietary components in the development of fatty liver.

List of abbreviations

Ctr1 copper transporter 1

AST aspartate aminotransferase

CPT I carnitine palmitoyl-CoA transferase I

FAS fatty acid synthase

NAFLD nonalcoholic fatty liver disease

ICP-MS inductively coupled plasma mass spectroscopy

ALT alanine aminotransferase

NEFA non-esterified fatty acids

MCP-1 monocyte chemoattractant protein-1

DHE dihydroethidium

MDA malondialdehyde

4-HAE 4-hydroxyalkenals

GSH reduced glutathione

GSSG oxidized glutathione

H&E hematoxylin and eosin

TUNEL Terminal Deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling

SOD superoxide dismutase

GPx glutathione peroxidase

HMG-CoA 3-hydroxy-3-methyl-glutaryl-CoA

BSO buthionine sulfoximine
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Fig. 1. Characterization of marginal copper deficiency and fructose feedin
(A) Body Weight (BW), liver Weight, liver/BW Ratio (%), Epididymal fat weight. (B)
Plasma cholesterol, glucose, insulin, MCP-1. Data represent means ± SD (n=5–9). *p<0.05.
#, interaction between copper and fructose is significant (p<0.05). A, adequate copper diet;
M, marginal copper deficient diet; AF, adequate copper diet+30% fructose drinking; MF,
marginal copper deficient diet+30% fructose drinking.
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Fig. 2. Effect of fructose feeding on copper and iron status
(A) Plasma ceruloplasmin. (B) Plasma copper. (C) Liver copper. Data represent means ± SD
(n=5–9). *p<0.05. (D) Hepatic SOD1 expression was determined by Western Blots. Optical
density of band was quantified by ImageJ software. The ratio to β-actin was calculated by
assigning the value from adequate copper diet controls as one. Data represent means ± SD
(n=3). *p<0.05 versus A; #p<0.05 versus AF. (E) Plasma ferritin. (F) Liver iron. Data
represent means ± SD (n=5–9). *p<0.05. A, adequate copper diet; M, marginal copper
deficient diet; AF, adequate copper diet+30% fructose drinking; MF, marginal copper
deficient diet+30% fructose drinking.
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Fig. 3. Effect of marginal copper deficiency and fructose feeding on liver injury
(A) Plasma ALT and AST level. (B) Representative photomicrographs of TUNEL staining
of liver section (400×). Data represent means ± SD (n=5–9). *p<0.05; #, interaction between
copper and fructose is significant (p<0.05). A, adequate copper diet; M, marginal copper
deficient diet; AF, adequate copper diet+30% fructose drinking; MF, marginal copper
deficient diet+30% fructose drinking.
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Fig. 4. Effect of marginal copper deficiency and fructose feeding on the hepatic lipid
accumulation
(A) Representative photomicrographs of the H&E and Oil Red O staining of liver section
(200×). (B) Hepatic triglyceride. (C) Hepatic cholesterol. (D) Hepatic NEFA. Data represent
means ± SD (n=5–9). *p<0.05. A, adequate copper diet; M, marginal copper deficient diet;
AF, adequate copper diet+30% fructose drinking; MF, marginal copper deficient diet+30%
fructose drinking.
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Fig. 5. Effect of marginal copper deficiency and fructose feeding on the expression of hepatic
lipid metabolic enzymes
(A) Hepatic CPT I and (B) FAS expression was determined by Western Blots. There are two
bands in CPT I, with the top one being the liver isoform. Optical density of band was
quantified by ImageJ software. The ratio to β-actin was calculated by assigning the value
from adequate copper diet controls as one. Data represent means ± SD (n=3). *p<0.05
versus A; #p<0.05 versus M; $p<0.05 versus AF. A, adequate copper diet; M, marginal
copper deficient diet; AF, adequate copper diet+30% fructose drinking; MF, marginal
copper deficient diet+30% fructose drinking.
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Fig. 6. Effect of marginal copper deficiency and fructose feeding on hepatic antioxidant defense
system
(A) Hepatic GPx1/2 and GPx4 expression were determined by Western Blots. Optical
density of band was quantified by ImageJ software. The ratio to β-actin was calculated by
assigning the value from adequate copper diet controls as one. Data represent means ± SD
(n=3). *p<0.05 versus A. (B) Hepatic GSH, GSSG and GSH/GSSG ratio measured by
HPLC. (C) Representative photomicrographs of the dihydroethidium staining of liver
section (100×) and quantification (bottom). Dihydroethidium is oxidized by superoxide to
yield red fluorescence that binds to the nucleic acids, staining the nucleus a bright
fluorescent red. The bottom figure showed the mean of red fluorescence density quantified
by Image J. Data represent means ± SD (n=4–9). *p<0.05. (D) Lipid peroxidation was
assessed by MDA+4-HAE in liver homogenate. Data represent means ± SD (n=5–9).
*p<0.05. A, adequate copper diet; M, marginal copper deficient diet; AF, adequate copper
diet+30% fructose drinking; MF, marginal copper deficient diet+30% fructose drinking.
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Fig. 7. Effect of marginal copper deficiency and fructose feeding on duodenal epithelium Ctr-1
(A) Representative photomicrographs of immunohistochemical staining for rat duodenum
Ctr-1 (200×). (B) Image quantification of Ctr-1 positive staining. Data represent means ± SD
(n=5–6). *p<0.05. A, adequate copper diet; M, marginal copper deficient diet; AF, adequate
copper diet+30% fructose drinking; MF, marginal copper deficient diet+30% fructose
drinking.
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