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Excessive alcohol consumption exerts health concerns, and alcoholic liver disease
(ALD) is a major cause of morbidity and mortality in the United States. However, there is
still lack of an effective treatment. Zinc deficiency has been found in alcoholics over a
half century ago. Experimental animals chronically exposed to alcohol exhibit decreased
zinc level in the liver as well. Therefore, it is critical to determine the role of zinc
deficiency in the pathogenesis of ALD.

Our laboratory has repeatedly demonstrated that alcohol feeding significantly
decreased hepatic zinc levels in rodents. In addition, clinical studies have shown that the
severity of zinc deficiency is positively correlated with the stage of ALD. However, the
mechanism that underlies alcohol-induced hepatic zinc deficiency is still unclear.
Therefore, we hypothesized that dysregulation of hepatic zinc transporters, ZIP and ZnT,
result in alcohol-induced zinc deficiency in the liver and decreased zinc levels in the liver
enhanced intrinsic apoptotic cell death pathway via endoplasmic reticulum (ER) and
mitochondrial stress. Aim 1 of this project investigated the expression of zinc transporters
in alcohol- and pair-fed mice at different time points, along with the effect of reactive
oxygen species (ROS) on the expression of zinc transporters. The results indicate that
increased ROS due to chronic alcohol exposure altered the expression of zinc transporters,
which account for the decrease in hepatic zinc level.

Our laboratory also demonstrated that zinc deficiency contributes to ALD by

decreasing p-oxidation and blunting very low density lipoprotein (VLDL) secretion.



Furthermore, zinc deficiency is associated with increased oxidative stress. Zinc
supplementation protects against alcohol-induced liver injury. Given the fact that
increased oxidative stress and impaired mitochondrial functions are closely linked with
the pathogenesis of apoptosis and increased hepatic apoptosis plays a critical role in the
development of ALD, the role of zinc deficiency in the pathogenesis of apoptosis was
assessed in Aims 2 and 3. In Aim 2, increased endoplasmic reticulum (ER) stress
indicated by C/EBP homologous protein (CHOP) expression after zinc deprivation was
linked with the activation of mitochondrial apoptotic cell death pathway, which was
partially dependent on oxidative stress. Data obtain in Aim 3 demonstrated that
mitochondrial biogenesis regulators were downregulated by zinc deprivation, which
resulted in defect of the mitochondrial electron transport chain. As a result,
overproduction of ROS and decreased mitochondrial membrane potential occurred.
Collectively, these findings provided critical insights into the molecular
mechanisms of alcohol consumption-induced zinc deficiency and zinc deficiency-induced
activation of apoptosis. However, we still need to investigate i) the direct effect of
subcellular zinc deficiency on organelle functions, and ii) the beneficial effect of dietary

zinc supplementation on subcellular zinc deficiency as well as organelle functions.
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CHAPTER I

INTRODUCTION

Overview

Alcoholism is a major health problem in the United States [1]. Alcoholic liver
disease (ALD) is one of the major causes of alcohol-induced morbidity and mortality [2].
Since alcohol contributes to calories, excessive and prolonged alcohol consumption
results in malnutrition by decreasing intake of nutritional food [3]. In addition, increased
production of toxicants and reactive oxygen species (ROS), as well as altered redox state
while metabolizing alcohol also contribute to alcohol-induced nutrient imbalance [4].
Among all the nutrients affected by alcohol consumption, zinc is the one showing the
most consistent reduction after prolonged alcohol consumption [5-13]. Base on the
importance of zinc as a cofactor in a large number of protein/enzymes, zinc deficiency
would serve as a crucial pathological factor in the development of ALD. This project
aimed at understanding the mechanisms of how alcohol induced haptic zinc deficiency
and how zinc deficiency mediates alcohol-induced apoptotic cell death.

Our laboratory has previously demonstrated that chronic alcohol consumption-
induced liver injury is associated with reduction of hepatic zinc levels in mice and rats,
and zinc supplementation, at least partially, reversed hepatic lipid accumulation in

association with improvement of alcohol-induced zinc levels [14-16]. Mechanistic study



demonstrated that zinc supplementation accelerated B-oxidation by upregulating gene
expression of Cptla and acdl and VLDL secretion by upregulating gene expression of
Mttp and Apob [14]. Additionally, the activity of hepatocyte nuclear factor 4 alpha
(HNF-4a) [14, 17] and peroxisome proliferator-activated receptor alpha (PPAR-a)
[14],were both improved. These results suggested that zinc dyshomeostasis critically
mediates alcohol-induced pathogenesis. However, the molecular mechanisms of how
alcohol causes zinc dyshomeostasis in the liver remain unclear, which will be determined
in Aim 1 of this project by measuring zinc transporters. Alcohol consumption-induced
cell death plays an important role in the progression of ALD [19]. Both clinical and
experimental ALD studies revealed a positive correlation between the number of
apoptotic cells and the severity of ALD [20]. Although activation of TNFo/TRNR1 and
FasL/Fas pathway are believed to play a role in the pathogenesis of apoptosis in ALD [18,
21], the precise mechanism has not been fully understood. Therefore, Aim 2 and Aim 3
study aimed to determine the role of zinc deficiency in the pathogenesis of apoptosis.
Aim 2 focused on the role of zinc deficiency in ER stress-induced apoptosis. It has been
reported that alcohol consumption altered mitochondrial ultrastructure, along with
increased oxidative stress [16]. Mitochondrial electron transport chain (ETC) is a critical
source of ROS production secondary to ethanol administration [22, 23], and antioxidant
treatment protected mitochondrial function and reduced apoptosis [24]. Therefore, Aim 3
aimed to determine the role of zinc deficiency in mitochondrial dysfunction-induced

apoptosis.



Central Hypothesis and Specific Objectives
The long-term goal of the current project is to develop effective strategies for

prevention and treatment for ALD. The central hypothesis of my dissertation research is

that 1) dysregulation of hepatic zinc transporters, ZIP and ZnT, result in alcohol-induced
zinc deficiency in the liver, and 2) decreased zinc levels enhanced intrinsic apoptotic cell
death pathway via ER and mitochondrial stress.

In order to achieve the long-term goal, | assessed the central hypothesis and
accomplished the overall objective of the current project by pursing the following
specific aims: Aim 1) To determine the effect of alcohol exposure on zinc homeostasis
and hepatic zinc transporters at different time points; 2) To define the link between zinc
deficiency and ER stress/fCHOP mediated intrinsic apoptosis; 3) To determine the link

between zinc deficiency and mitochondrial stress-induced intrinsic apoptosis.
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CHAPTER II

REVIEW OF LITERATURE

Alcoholic Liver Disease

Heavy alcohol consumption is well-known to bring health concerns. Alcohol abuse
contributes to 100,000 to 200,000 deaths annually in the United States, of which over
20,000 deaths are caused by hepatic cirrhosis [1]. Although a variety of dysfunctions are
associated with excessive alcohol consumption, alcoholic liver disease (ALD) has the
greatest health impact [2]. Previous studies suggest that the amount and duration of an
individual patient exposed to alcohol correlate closely with the progression of ALD, and
the data suggest that an average daily intake of 30g of alcohol for 10 years significantly
increased the risk of developing to hepatic cirrhosis [3-5].

The spectrum of ALD includes alcoholic fatty liver, alcoholic hepatitis, and
alcoholic cirrhosis [6, 7]. Alcoholic fatty liver is manifested as accumulation of lipid
droplets in hepatic tissue with prominent in perivenular region; hepatitis is shown as
hepatocyte ballooning and neutrophil infiltration in the liver; and cirrhosis is the end
stage of ALD, in which scar tissue replaces normal parenchyma leading to irreversibly
loss of the liver function [8, 9]. It is not necessary that ALD evolves from one stage to
another, but rather multiple stages may represent simultaneously in a giving individual. It
is noteworthy to mention that among heavy drinkers, over 90% develops fatty liver, 10-

35% develops hepatitis, and 8-20% evolves to hepatic cirrhosis [1, 9].



The pathogenesis of ALD arises from the shift in ethanol oxidation enzyme and
accumulation of toxic metabolites after excessive and/or prolonged alcohol intake. Under
physiological conditions, small amount of alcohol generated from sugar fermentation is
oxidized by cytosolic alcohol dehydrogenase (ADH) [10]. When ethanol level in the
body over the ability of ADH to convert to acetaldehyde, the expression of microsomal
ethanol oxidizing system (MEOS), mainly cytochrome P450 2E1 (CYP 2E1), is induced
[11]. Induction of CYP 2E1 enhances ethanol oxidation , while brings harm to the body
by promote ROS production [11]. Studies showed that mice knockout of CYP 2E1 gene
attenuated alcohol-induced overproduction of oxidative stress and liver injury, on the
contrary overexpression of CYP 2E1 gene exaggerated oxidative stress and liver injury
[12]. Another enzyme, catalase, also contribute to ethanol oxidation, however the level of
which is negligible in the liver [13]. Regardless of the involved pathway, the highly toxic
compound, acetaldehyde, is further oxidized to acetate by acetaldehyde dehydrogenase
(ALDH), mainly ALDH,, in mitochondria [10, 14]. Since the reaction is catalyzed by
NAD'/NADH, acetaldehyde oxidation results in increased NADH to NAD" ratio, which
favoring lipid accumulation and ROS production in the liver. The pathway of ethanol
oxidation is summarized in Figure 2.1 [15].

Zinc

Zinc is the second most abundant trace element found in our body [16]. Given the
importance of mediating normal functions, zinc is widely distributed in the body. Liver,
kidney, bone, muscle and skin have higher amount of zinc levels compare to the other

organs or tissues. In the United States, the Recommended Dietary Allowance (RDA) for



zinc is 11 mg/day and 8 mg/day for adult men and women, respectively, to maintain the
zinc level. The amount of zinc in the body is estimated to be 2-3g [17].

The absorption of zinc mainly occurs in jejunum. Once food rich in zinc reaches
the stomach, hydrochloric acid releases zinc from the food. In the small intestine,
protease and nuclease hydrolyze the still bounded zinc from the food before absorption
[18]. Zinc absorption is mainly achieved by zinc transporters. Two families of zinc
transporters are ZIP (SLC39A) and ZnT (SLC30A). ZIP family transports zinc from
outside of the cells or subcellular compartments into cytosol, contrarily, ZnT family
removes zinc from cytosol to extracellular part and subcellular organelles [19]. It has
been reported that ZIP 4 and ZnT 1 are located on the apical and basolateral membranes
of enterocyte, respectively, and they work together to transport dietary zinc into blood
[20]. Zinc is loosely bound to albumin in the blood and most of the zinc is taken by the
liver, where the metal is initially concentrated. After leaving the liver, zinc is transport in
the blood still bound to albumin and to be utilized by other tissues.

The storage of zinc is accomplished by protein thionein [21]. When thionien is
bounded with minerals, it is known as metallothionein (MT). MT is found in the most
tissue of the body, for instance liver, intestine, pancreas, kidney and red blood cells.
There are four isoforms of MT, which are designated as MT 1 through MT 4. MT 1 and
MT 2 are the most common form among tissues and which are also the main form found
in the liver [22]. MT is composed of two zinc/thiolate clusters. The maximum zinc
binding capacity of MT is seven, with one cluster binding three zinc ions and the other

binding four zinc ions [23]. MT plays an important role in zinc trafficking, by which the
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level of free zinc is tightly regulated and the activity of zinc proteins are maintained. In
addition, MT participant in scavenge radicals [21]. It has been reported that zinc is
released from MT to form thionien in oxidizing environment, when gluthione (GSH)/
glutathione disulfide (GSSG) is low [24]. The released zinc can then be redistributed and
coordinated into the apo zinc enzymes to stimulate the corresponding cellular response.

The excretion of zinc is mainly through gastrointestinal track. Zinc in the sloughed
intestinal cells account for the most of the zinc found in the fecal material [25]. Although
zinc filtered in the glomerulus and secreted by the proximal tubule can be effectively
reabsorbed in the distal nephron, small amount of zinc can be found in urine. The urine
zinc is believed to be derived from the small percent of plasma zinc which is bounded to
histidine and cysteine [26]. Zinc transporters are thought to be responsible for the
resorption of zinc in the kidney, and ZnT 1, ZnT 2, ZnT 4 and ZIP 1 were found in the
kidney [27]. In addition, the endogenous zinc is also secreted by the salivary glands,
intestinal mucosa, pancreas, and liver.

The function of zinc includes maintaining the structural integrity of zinc proteins,
acting as second messenger through free zinc, participant in antioxidant defense and
enzymatic function, promotion of cell growth, development, and proliferation [28].
Except for the role of second messenger, the other functions of zinc are achieved through
coordinate zinc into zinc proteins. For the antioxidant role, zinc saves the level of vitamin
E, by which zinc protects cell membrane from lipid peroxidation [29]. A more direct role
of zinc in scavenging free radicals is through formation of an antioxidant enzyme, Cu/Zn-

SOD, found in cytosol [30]. There are more than 200 metalloenzymes require zinc for
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their function, including ADH, carbonic anhydrase, alkaline phosphatase, enzymes of
protein, carbohydrate, and lipid metabolism, and nucleic acid synthesis [31-34]. Given
the fact that several zinc proteins involve in DNA repair, replication, and transcription, it
IS expected that zinc is essential in cell growth. During transcription and replication, zinc
finger protein, 3-dimensional finger structure of the transcriptional regulatory protein
stabilized by zinc, binds in the helical groove of DNA at a specific target gene regulatory
site to regulate expression of the genes [31]. Disassociation of zinc from the protein could
partially or completely inactivate the enzyme.

Accordingly, zinc homeostasis is achieved via a balance of absorption, storage,
and excretion. As zinc plays a critical role in so many biological activities, zinc
deficiency associates with the pathogenesis of disease.

Zinc Deficiency in ALD
Occurrence of zinc deficiency in ALD

Over half a century ago researchers have found that ALD patients had decreased
zinc levels in the serum and liver biopsy [35]. Clinical study showed that serum zinc
levels in alcoholic patients decreased to about 60% of that of healthy controls [36]. In
addition, studies further demonstrated that the severity of zinc deficiency closely
correlate with the advanced stage of ALD. It has been shown that ALD patients with no
cirrhosis had a hepatic zinc level of 76% of that of the healthy controls, while with
cirrhosis the hepatic zinc levels drop to 63% of that of the healthy controls. Another study

showed that serum zinc level significantly decreased in patients with hepatic cirrhosis
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compared to that of controls, and patients with encephalopathy had a further reduction of
serum zinc levels compared to patients without encephalopathy [37].

In order to establish the link between zinc deficiency and ALD, animal models
were utilized. Studies showed that chronic alcohol exposure decreased hepatic zinc
levels in rodents, and the reduction of zinc level in the liver occurred as early as two
weeks after alcohol consumption [38-40]. But one study reported elevation of plasma
zinc levels in alcoholic with fatty liver [41]. Thus, it is likely that plasma zinc level
declined after decrease of hepatic zinc level [40]. However, it is still unclear when
plasma zinc levels begin to decline after chronic alcohol exposure.

Zinc dyshomeostasis in ALD

Food intake is compromised in alcoholic patients. Zinc is found in food bound with
amino acids and nucleic acid, food rich in protein are good source of zinc, for instance
red meat and sea food. Pork, poultry, and dairy products are also good source of zinc [42].
Given the fact that alcohol contributes calories to body, studies investigated the effect of
alcohol consumption on food intake, as well as body weight and fat mass. It has been
reported that with the percentage of energy derived from alcohol increase, the
consumption of carbohydrate, protein, fat, as well as vitamin and minerals decreased [43].
Along with that was dramatically decreased body mass index (BMI) among heavy
drinkers [44]. The more alcoholics drink, the less nutritional quality of food they
consume, with the nutritional status even worse among heavy drinkers. In addition,
considering the progression of ALD, impaired gastrointestinal and liver function would

further reduce food intake, which cause severe zinc deficiency.
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The absorption of zinc is impaired after chronic alcohol consumption. It has been
reported that the zinc® absorption rate, detected by dual isotope absorption technique,
from intestine decreased from 56% in normal subjects to 37% in alcoholic subjects [45,
46]. Moreover, animal study showed that the absorption of zinc in the ileum remarkably
decreased after 4 weeks of alcohol-feeding [47]. Perturbed zinc transporters are believed
responsible for the decreased zinc absorption in the small intestine under disease
conditions. It has been reported that patient with acrodermatitis enteropathica, have
decreased zinc levels, and the mutation of ZIP 4 result in reduced absorption of zinc from
small intestine and subsequent reduction of zinc levels [48]. However, few studies
investigate the expression of zinc transporters in small intestine after chronic alcohol
exposure. The effect of alcohol on the expression of zinc transporter remains unknown.

The urine excretion is increased after alcohol consumption. It is recognized that
zinc excretion from urine is negligible under physiological condition. However, studies
showed that urinary zinc excretion increased by about 150% in alcoholic cirrhosis
patients compared to that of the healthy controls [49]. Another representative study
further demonstrated the causality relationship between alcohol intake and urinary zinc
excretion. In that study they included 40 alcoholics, and after 17 days of abstinence they
were given alcohol every 2 hours for 18 hours per day for a total 17 days. The result
illustrated that alcohol drinking caused nearly two times the elevation of urinary zinc
levels compared to abstinence period [50]. Mechanistic study showed an elevated rate of
both renal filtration and reabsorption of zinc in dog after alcohol intoxication [51]. In

addition, study reported that zinc turnover and leakage in the tubular cells may relate to
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the increased urinary zinc excretion in cirrhosis patients [52]. But the exact mechanism of
the positive correlation between alcohol intake and urinary zinc excretion is not fully
understood. Several zinc transporters have been found in the kidney, it will be interesting
to investigate whether dysregulated zinc transporters in kidney responsible for the
decreased reabsorption of zinc.

The level of zinc in the liver is decreased after alcohol consumption. It is well-
known that MT is a zinc reservoir, and the level of MT is decreased after alcohol
exposure [22, 53]. In order to determine the causality relationship between zinc
deficiency and reduced MT level, our laboratory performed alcohol feeding experiment
on MT-null mice. The study showed that MT-null and wild type (WT) mice fed with
control diet have the similar hepatic zinc levels. However, alcohol-feeding significantly
decreased hepatic zinc level in MT-null mice compared to WT mice. Furthermore, zinc
supplementation to mice fed with alcohol diet increases hepatic zinc level in both MT-
null mice and WT mice. These data demonstrated that hepatic zinc level is not dependent
of MT level; rather decrease of MT level may sensitize alcohol-induced hepatic zinc
deficiency. Another way to regulate zinc concentration is through zinc transporters.
Studies confirmed the altered the expression of zinc transporters linked with increased or
decreased zinc levels in the liver [54]. However the effect of alcohol consumption on the
expression of zinc transporters in the liver is unclear.

As a whole, hepatic zinc deficiency is consistently observed in ALD, but the
underlying mechanism is still unclear. In addition, controversial results were found in

plasma zinc levels after alcohol exposure. Thus, Aim 1 will focus on the effect of alcohol
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on disturbing zinc homeostasis, and explore the mechanism of hepatic zinc deficiency at
different time point of alcohol consumption. The schematic picture of Aim is shown in
Figure 2.2.
Apoptosis in ALD
Apoptosis

Apoptosis is also called programed cell death, the morphological change include
blebbing, cell shrink, nuclear fragmentation, and DNA fragmentation [55]. In contrast to
necrosis, apoptosis is highly regulated and controlled to remove damaged and senescent
cells without damage to the cellular microenvironment [56]. The regulation of apoptosis
is through Fas receptor, cytochrome C release and caspase. Increased apoptosis is linked
with pathophysiological state, for instance aging, degenerative disorders, and
autoimmune disease [56]. Increased apoptotic cell death has been found in alcoholic
patients and animals [57, 58], and the number of apoptotic cells is positively associated
with the duration of ethanol [57]. It has been reported that alcoholic hepatitis patients
have significantly increased apoptosis in the liver compared to controls without liver
disease[58]. Increasing evidences indicate that increased cell death trigger macrophage
and neutrophil activation and fibrogenesis [59]. In addition, studies suggested that
necrosis does not occur in the absence of apoptosis, as evidenced by inhibiting of
apoptosis abolished necrosis and increase apoptosis with FasL agonist led to necrosis [60,

61]. Thus, it is likely that hepatic apoptosis is associated with the development of ALD.
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Proinflammatory cytokine and oxidative stress in alcohol-induced apoptosis

The excessive release of cytokines after alcohol administration is caused by
stimulating Kuffer cells with increased gut bacteria-derived lipopolysaccharide (LPS) via
leaky gut, by which liver injury and necrosis occurs [13]. Among various
proinflammatory cytokines, tumor necrosis factor a (TNF-a) has been proposed as a
major player in alcohol consumption-induced apoptosis. It has been reported that alcohol
exposure increased level of TNF-o/ tumor necrosis factor receptor-1 (TNF-R1) in
alcoholics [62, 63]. Treatment with neutralizing antibodies to TNF-a or knockdown of
TNF-R1 abrogated TNF-a signaling and diminished apoptosis [64]. Our laboratory has
demonstrated that zinc supplementation attenuated expression of TNF-o/TNF-R1, and
ameliorated apoptosis and liver damage in mice [53].

In addition to TNF-a, increased oxidative stress is also proposed as a mediator in
activation of apoptotic cell death pathway. Alcohol consumption-induced oxidative stress
arises from both increased ROS production and decreased capacity of endogenous
antioxidant defense systems [65]. Previous study showed that depletion of glutathione
exaggerated ethanol-induced oxidative stress in hepatocyte; meanwhile antioxidant
treatment protected the hepatocyte from cell death [56]. In addition, studies showed that a
positive correlation between apoptosis and the amount of hydrogen peroxide generation
by TNF-a [66]. The transgenic mice with overexpression of endogenous antioxidant
proteins, such as Cu/Zn SOD or Mn SOD blunted alcohol-induced apoptosis and liver
injury [67, 68]. On the contrary, Cu/Zn SOD, or glutathione peroxidase-1, or

metallothionein knockout mice showed increased number of apoptotic cells and more
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severe liver damage compared to the WT mice after chronic alcohol exposure [22, 69-71].
Our laboratory showed that zinc supplementation attenuated alcohol-induced oxidative
stress and partially inhibited apoptosis [53].
Role of endoplasmic reticulum and mitochondria in alcohol-induced apoptosis
Endoplasmic reticulum (ER) is an essential organelle for lipid synthesis, protein
modification and oxidation of certain drugs [72]. Under physiological conditions,
proteins undergo oxidative protein folding in the ER through protein disulfide isomerase
(PDI) [73]. While forming the disulfide bond, the ROS is generated as byproduct [73].
The safety level of ROS is maintained by sufficient level of glutathione in the cytosol
[73]. However, uncontrolled ROS generation by chronic alcohol intake could reduce
glutathione level, which perturbs PDI mediated oxidative folding leading to increase
utilization of glutathione [74]. Overproduction of ROS and depletion of glutathione
trigger ER stress [74]. Unfolded protein response (UPR) is the adaptive response of ER
stress, by which protein folding and degradation is enhanced and protein synthesis is
reduced to restore homeostasis. However prolonged or sever UPR may induce fat
accumulation, inflammation and eventually apoptosis, which are detrimental to cells [75].
UPR is mediated by three ER resident transmembrane sensor proteins, inositol requiring
protein 1 (IRE1), ds-RNA-activated protein kinase (PKR) like ER kinase (PERK), and
activating transcription factor 6 (ATF6) [73]. The three sensors are activated by
dissociation from chaperon GRP78/BiP. The activation of IRE1 activate the transcription
of sliced X-box binding protein-1 (XBP1), which increase the expression of chaperons

and genes involves in ER associated degradation [75]. The activation of PERK pathway
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leads to a global attenuation of protein translation via phosphorylation of eukaryotic
initiation factor 2a-subunit (eIF2a) and subsequent activation of transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP) [76]. Another sensor of UPR is ATF6,
the activation of which triggers transcription of UPR target genes.

Although the precise mechanism of sustained ER stress induced apoptosis is not
fully understood, the transcription factor CHOP, calcium and redox homeostasis, and
caspase activation are all implicated [77]. Knockout of CHOP resulted in minimum
alcohol-induced apoptosis in the liver of mouse [78]. In addition, antioxidant treatment
has been shown to preserve the level of glutathione and function of ER [64].

Mitochondria are referred as the power plant of a cell by generating ATP to satisfy
the energy need of the cell [79], meanwhile mitochondria could be dangerous due to their
inherent quality of generating ROS while passing electrons to produce ATP [80]. Under
physiological conditions, about 1-2% of the oxygen consumed in the mitochondria is
leaked out as superoxide from complex | and complex 111 [80]. With intact cell functions,
the superoxide will soon be scavenged by antioxidant system. After alcohol
administration, increased NADH/NAD" ratio favor superoxide generation from complex
| by increasing electron flow along the electron transport chain [80]. In addition, alcohol
consumption decreased mitochondria membrane potential (MMP), by which increased
cytochrome C release into cytosol and activation of caspase-3 led to apoptosis [56, 81,
82]. It has been reported that impaired MMP is associated with increased mitochondrial

ROS production [81].
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Collectively, apoptosis plays a crucial role in the progression of ALD. The role of
zinc deficiency in activation of mitochondria-mediated apoptotic cell death pathway has
been evaluated in Aim 2 and Aim 3. Aim 2 determined the role of zinc deficiency in ER
stress-mediated activation of apoptotic cell death pathway. Aim 3 defined the role of zinc
deficiency in mitochondrial stress induced activation of apoptotic cell death pathway. The

schematic picture of Aim 2 and Aim 3 are shown in Figure 2.2.
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Figure 2.1. Oxidation Pathway of Alcohol Metabolism.

Ethanol is metabolized mainly by cytosolic alcohol dehydrogenase (ADH). However,
prolonged and excessive alcohol consumption induce the proliferation of microsomal
ethanol oxidizing system (MEQOS), namely overexpress cytochrome P450 2E1 (CYP
2E1), by which the efficiency of ethanol oxidation as well as ROS production are both
enhanced. The ethanol oxidation through catalase in peroxisomes is negligible.
Regardless the pathway involved in ethanol oxidation, acetaldehyde is oxidized by
acetaldehyde dehydrogenase (ALDH), mainly ALDHZ2, in mitochondria, with increase

NADH/ NAD" ratio.
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Figure 2.2. Research Aims.

Aim 1

Aim 3

The altered expression of zinc transporters by increases oxidative stress underlies the

mechanism of alcohol-induced hepatic zinc deficiency (Proposed mechanism in Aim 1).

Hepatic zinc deficiency enhances apoptosis through increase ER stress (CHOP) and

consequently decrease mitochondrial membrane potential (Proposed mechanism in Aim

2). Zinc deficiency could directly activate mitochondrial mediated apoptotic cell death

signaling through downregulate mitochondrial biogenesis regulators, by which the

amount of mitochondrial DNA (mtDNA) is decreased, in turn, mitochondria respiratory
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complexes is decreased at protein level. The defective mitochondrial respiratory chain
contributes to loss of mitochondrial membrane potential, which leads to apoptosis

(Proposed mechanism in Aim3).
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CHAPTER Il
DYSREGULATION OF HEPATIC ZINC TRANSPORTERS IN A MOUSE MODEL
OF ALCOHOLIC LIVER DISEASE

Qian Sun, Qiong Li, Wei Zhong, Jiayang Zhang, Xiuhua Sun, Xiaobing Tan,

XinminYin, Xinguo Sun, Xiang Zhang, Zhanxiang Zhou. American Journal

Physiology Gastrointestinal and Liver Physiology 307 (3): G313-22), 2014.
Abstract

Zinc deficiency is a consistent phenomenon observed in patients with alcoholic
liver disease, but the mechanisms have not been well defined. The objective of this study
was to determine if alcohol alters hepatic zinc transporters in association with reduction
of hepatic zinc levels and if oxidative stress mediates the alterations of zinc transporters.
C57BL/6 mice were pair-fed with the Lieber-DeCarli control or ethanol diets for 2-, 4- or
8-week. Chronic alcohol exposure reduced hepatic zinc levels, but increased plasma and
urine zinc levels, at all-time point. Hepatic zinc finger proteins, PPAR-a and HNF-4a,
were down-regulated in ethanol-fed mice. Four hepatic zinc transporter proteins showed
significant alterations in ethanol-fed mice compared to the controls. ZIP5 and ZIP 14
proteins were down-regulated, while ZIP7 and ZnT7 proteins were up-regulated, by
ethanol exposure at all-time point. Immunohistochemical staining demonstrated that
chronic ethanol exposure up-regulated cytochrome P450 2E1 and caused 4-

hydroxynonenal accumulation in the liver. For the in vitro study, murine FL-83B
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hepatocytes were treated with 5 uM 4-hydroxynonenal or 100 uM hydrogen peroxide for
72 hours. The results from in vitro studies demonstrated that 4-hydroxynonenal
treatment altered ZIP5 and ZIP7 protein abundance, and hydrogen peroxide treatment
changed ZIP7, ZIP14 and ZnT7 protein abundance. These results suggest that chronic
ethanol exposure alters hepatic zinc transporters via oxidative stress, which might
account for ethanol-induced hepatic zinc deficiency.

Introduction

Alcoholic liver disease (ALD) is a major cause of morbidity and mortality among
alcoholic populations [34] . Zinc deficiency as a major nutritional defect has been well
documented in ALD [29]. Clinical studies showed that patients with advanced ALD had
lower zinc levels in serum and liver but higher zinc level in urine [2, 16, 20, 33]. Hepatic
zinc levels in patients with hepatitis and cirrhosis were reduced to 49-54% of the healthy
subjects [2]. Chronic ethanol exposure significantly decreased hepatic zinc levels and
induced production of reactive oxygen species (ROS) in mice [38]. Dietary zinc
supplementation to ethanol-fed mice improved hepatic zinc status, attenuated oxidative
stress and liver injury in association with increased antioxidant capacity. [17, 38].

Zinc is an essential trace element that plays an important role in maintaining
normal cellular functions [22]. Zinc serves as a catalytic cofactor for more than hundreds
of enzymes [4, 7]. Zinc is also required for stabilizing structure of thousands of proteins
[4, 7, 21]. Zinc deficiency is linked with impaired immune function, growth retardation,
and dermatologic lesion [4, 35]. On the other hand, high level of free zinc is cytotoxic [7].

Therefore, tight regulation of intracellular zinc concentrations is required, which is
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achieved mainly by two families of zinc transporters, Zn**regulated metal transporter
(Zrt) and Iron-regulated metal transporter (Irt)-like protein (ZIP) and zinc transporter
(ZnT) [25].

ZIP family has fourteen members from ZIP1 to ZIP14, and they function in
transporting zinc from extracellular space or intracellular organelles into cytosol. ZnT
family contains ten members from ZnT1 to ZnT10, and they are responsible for exporting
zinc from cytosol to extracellular space or intracellular organelles. The cytosolic zinc
concentration is regulated positively by ZIPs and negatively by ZnTs, while the organelle
zinc levels are regulated positively by ZnTs and negatively by ZIPs. Dysregulation of
zinc transporters has been implicated in the pathogenesis of human diseases [6, 13, 26].
Given the evidence that hepatic zinc deficiency is consistently observed in alcoholic
patients and chronic ethanol-fed animals, and given the fact that ZIP and ZnT are two
major zinc transporters in controlling extracellular and intracellular zinc trafficking, we
postulated that dysregulation of zinc transporters would be responsible for alcohol-
induced hepatic zinc deficiency. The present study was undertaken to determine whether
or not chronic ethanol feeding alters hepatic expression of zinc transporters in mice.
Because oxidative stress is a feature of ALD, the mechanistic link between oxidative
stress and dysregulation of zinc transporters was also evaluated.

Methods and Materials
Animal and alcohol feeding experiments
Male C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME).

All mice were treated according to the experimental procedures approved by Institutional
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Animal Care and Use Committee. The mice were pair-fed a modified Lieber-DeCarli
ethanol or control liquid diet for 2-week, 4-week or 8-week, respectively. The ethanol
provided 28% of total calories in the diet. Urine samples were collected at 9:00am one
day before sacrificing. The mice were anesthetized with isofluorane, and blood and liver
tissues were harvested for assays.
Blood parameter assay

Blood glucose was determined by OneTouch Ultra2 blood glucose meter (Life
Scan, Milpitas, CA). Plasma B-hydroxybutyrate was measured by Cayman Chemical
assay kit (Ann Arbor, MI). Activity of alanine aminotransferase (ALT) was measured by
Infinity ALT reagent (Thermo Scientific, Waltham, MA).
Determination of zinc concentrations in the liver, plasma and urine

Zinc concentrations in the liver, plasma and urine were determined by atomic
absorption spectrophotometry (AAS). The frozen livers were air-dried in the hood
overnight, and then each sample was digested with 1 ml concentrated nitrite acid for
approximately 12 h. Each test tube with digested sample was then incubated in water bath
at 100°C for an hour. After cooling, each sample was diluted with deionized water and
measured with AAS. One hundred and twenty microliter of plasma or urine was directly
measured with AAS. The urinary creatinine concentrations were measured with a urinary
creatinine assay kit (Cayman Chemical company, Anna Arbor, MI) to normalize urine
zinc levels. The zinc concentrations in the liver, plasma and urine were calculated as pg/g

dry liver weight, pg/dL and pg/mg creatinine, respectively.
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Immunohistochemical detection of hepatic CYP2E1, 4-hydroxynonenal, ZIP5, ZIP7 and
nT7

Hepatic CYP2E1, 4-hydroxynonenal (4-HNE), ZIP5, Zip7 and ZnT7 levels were
detected by immunohistochemical staining. Briefly, liver tissue paraffin sections were
incubated with 3% hydrogen peroxide for 10 minutes to inactivate endogenous
peroxidases. The endogenous mouse 1gG was blocked by incubation with a mouse-to-
mouse blocking reagent (ScyTek Laboratories, Logan, UT). Tissue sections were then
incubated with a polyclonal rabbit anti-CYP2E1 antibody (Abcam, Cambridge, MA), or a
monoclonal mouse anti-4-HNE antibody (Northwest Life Science Specialties, Vancouver,
WA), or a polyclonal rabbit anti-ZIP5 antibody (Novus biological, Littleton, CO), or
polyclonal goat anti-ZIP7 antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) or a
polyclonal rabbit anti-ZnT7 antibody (Proteintech, Chicago, IL) at 4 °C overnight,
followed by incubation with EnVision+ Labled Polymer-HRP-conjugated anti-rabbit 1gG
or anti-mouse IgG (DAKO, Carpinteria, CA) or HRP-conjugated goat anti-rabbit 1gG
(Thermo Scientific, Waltham, MA) at room temperature for 30 minutes.
Diaminobenzidine (DAB) was used as HRP substrate for visualization.
gPCR

The total RNA was isolated and reverse transcribed with TagMan reverse
transcription reagents (Life Technologies, Carlsbad, CA). The forward and reverse
primers of all twenty-four zinc transporters and B-actin were purchased from Integrated
DNA Technologies (Coralville, 1A). Primer sequences for the gPCRs are provided in

Table 1. gPCR analysis with SYBR green PCR Master Mix (Qiagen, Valencia, CA) was

39



performed on the Applied Biosystems 7500 Real Time PCR System (Applied
Biosystems). The data were normalized to B-actin and expressed as relative fold-changes,
with the value of control of ZIP1 or ZnT1 setting as one, respectively.
Immunoblotting analysis

Liver tissue proteins were extracted by T-PER tissue extraction reagent (Thermo
scientific) containing protease inhibitors (Sigma-Aldrich, St. Louis, MO). Aliquots
containing 80 g proteins were loaded onto an 8%-15% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE). After electrophoresis, proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane. The membrane was probed with polyclonal
antibodies against hepatocyte nuclear factor 4 (HNF-4a), superoxide dismutase 1 (SOD1),
ZIP7,ZnT5, ZnT6, ZnT10 (Santa Cruz Biotechnologies), peroxisome proliferator-
activated receptor alpha (PPAR-a), ZIP1, ZIP4, ZIPS, ZIP14, ZnT4 (Novus biological),
ZIP8 or ZnT7 (Proteintech), respectively. The membrane was then incubated with HRP-
conjugated goat anti-rabbit 1gG, or goat anti-mouse 1gG, or rabbit anti-goat I1gG antibody.
The protein bands were visualized by an Enhanced Chemiluminescence detection system
(GE Healthcare, Piscataway, NJ) and quantified by densitometry analysis.
SOD1 activity assay

The liver tissues were homogenized with 200 mM HEPES buffer (pH 7.2,
containing 1mM EDTA, 210mM mannitol, and 70mM sucrose). Cytosolic fraction was
isolated by centrifuging tissue homogenates at 1,500g for 5 minutes at 4°C, and then the
supernatant was centrifuged at 10,000g for 15 minutes at 4°C. The supernatant was the

crust cytosol of mice liver tissues. Superoxide dismutase assay kit (Cayman Chemical
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Company, Anna Arbor, MI) was used to assess the activity of SOD1 by measuring the
amount of superoxide radicals, which were generated from xanthine oxidase and
hypoxanthine quenched by SOD1.
Cell culture and treatment

Murine FL-83B cells obtained from the American Type Culture Collection
(Manassas, VA) were grown in Dulbecco’s modified Eagle medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum and penicillin (100U/ml)
streptomycin sulfate (100pug/mL) (Invitrogen, Carlsbad, CA). To evaluate the role of
ROS on alterations of zinc transporters, 1x10° cells were seeded to 10-cm dish to reached
70-80% confluence. The cells were treated with 5 uM 4-HNE or 100 uM hydrogen
peroxide (H,0,) for 72 h. Cells were then washed with ice cold PBS and harvested with
M-PER mammalian protein extraction (Thermo scientific). Cell lysates were then stored
at -80°C until immunoblotting analysis.
Statistical analysis

Results are expressed as mean+ standard deviation. Differences among multiple
groups were analyzed by analysis of variance (ANOVA) followed by Tukey’s test.
Differences between two groups were analyzed by two-tail Student’s t-test. The
significance between groups was defined as P < 0.05.
Results
Effects of ethanol exposure on body weight, liver weight and plasma parameters

As shown in Table 2, the body weight did not show significant difference between

ethanol-fed mice and the controls at all three-time point. The liver weight showed a
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remarkable increase at 4-week and 8-week in ethanol-fed mice compared to the controls.
The ratio of liver weight to body weight was also significantly higher in ethanol-fed mice
at all-time point. The activity of plasma ALT and the level of plasma B-hydroxybutyrate
were elevated, whereas the plasma glucose levels were reduced in ethanol-fed mice
compared to the controls at 8-week.
Ethanol exposure impaired zinc homeostasis

In order to investigate zinc status in mice after alcohol exposure, zinc levels in the
liver, plasma, and urine were measured. As illustrated in Figure 1, hepatic zinc levels
were significantly lower at all three-time point in ethanol-fed mice compared to the
controls. However, zinc levels in plasma and urine were remarkably increased in
ethanol-fed mice compared to the controls at all three-time point.
Ethanol exposure suppressed hepatic zinc proteins

The major function of zinc is achieved through coordination to zinc proteins. To
determine if decreased hepatic zinc levels were associated with inactivation of zinc
binding proteins, the protein levels of HNF-40, PPAR-a and SOD1 were measured. As
shown in Figure 2, ethanol exposure significantly reduced the protein level of PPAR-a at
4-week and 8-week, and HNF-4a at all three-time point. Although the protein level of
cytosolic SOD1 was not affected by ethanol exposure, the activity of SOD1 was
decreased at 2-week in ethanol-fed mice compared to the controls.
Ethanol exposure altered hepatic zinc transporters

To determine how ethanol exposure affects hepatic zinc transporters, the gene

expression levels of the full panel of 14 ZIPs and 10 ZnTs were measured, and results are
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shown in Figure 3. In the control mice, the expressions of ZIP1, ZIP4, ZIP5, ZIP7, ZIP8§,
ZIP9, ZIP13, ZIP14, ZnT1, ZnT4, ZnT5, ZnT6, ZnT7 and ZnT10 were relatively
abundant at all three-time point. The major effect of ethanol exposure on zinc transporter
genes was down-regulation. ZIP8, ZIP9, ZnT4, ZnT5, ZnT6, ZnT7 and ZnT10 genes
were down-regulated by ethanol exposure at 2-week. ZIP1, ZIP5, ZIP7, ZIP8, ZIP9,
ZIP13, ZnT1, ZnT4, ZnT5, ZnT6, and ZnT7 genes were down-regulated by ethanol at 4-
week. Ethanol down-regulated genes at 8-week include ZIP5, ZIP13, ZnT3, ZnT4, ZnT6,
and ZnT7. However, ZIP14 gene was up-regulated by ethanol exposure at 2-and 4-week.

The protein abundance of zinc transporters with higher mRNA levels was then
measured by immunoblotting, including ZIP1, ZIP4, ZIP5, ZIP7, ZIP8, ZIP13, ZIP14,
ZnT1, ZnT4, ZnT5, ZnT6, ZnT7 and ZnT10. The protein levels of 7 ZIPs and 6 ZnTs are
shown in Figure 4A, and 4B, respectively. Ethanol exposure significantly reduced the
protein levels of ZIP5 and ZIP14 at all three-time point, but significantly increased ZIP4
protein abundance at 4-week and ZIP7 protein abundance at all three-time point (Figure
4A). Among the 6 ZnT proteins (Figure 4B), ethanol exposure significantly reduced
ZnT4 protein abundance at 8-week, but significantly increased ZnT7 protein abundance
at all three-time point.

Distribution of ZIP5, ZIP7 and ZnT7 in the liver of mice fed ethanol for 8-week
was detected by immunohistochemistry. As showed in Figure 6A, chronic ethanol
exposure reduced the staining intensity of ZIP5 in the liver. On the contrary, the staining

intensity of hepatic ZIP7 (Figure 6B) and ZnT7 (Figure 6C) was increased by chronic
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alcohol-fed, particularly in the area around the portal vein and central vein, compared to
the controls.
Ethanol exposure induced hepatic CYP2E1 expression and caused lipid peroxidation

Hepatic CYP2EL protein and lipid peroxidation product, 4-HNE, were detected by
immunohistochemistry. As shown in Figure 5A, the CYP2E1 staining was mostly found
around central vein area, and the staining was weak in the liver of controls, although a
slight increase was found at 4- and 8-week compared to 2-week. Ethanol exposure
increased hepatic CYP2E1 as early as 2-week, and further increased at 4- and 8-week.
The immunohistochemical staining of 4-HNE is shown in Figure 5B. While only weak
staining was found in the control mice at 8-week, ethanol exposure increased 4-HNE
staining at all three-time point, particularly at 4- and 8-week, compared to the controls.
Treatment with 4-HNE or H,0O; altered expression of zinc transporters in murine FL-83B
cells

Oxidant molecules, 4-HNE and H,0,, are generated in association with ethanol
metabolism. In order to determine if these cytotoxic molecules mediate ethanol-induced
alterations of zinc transporters, murine FL-83B hepatocytes were treated with these
molecules for 72 h. As shown in Figure 6A, the treatment with 5 uM 4-HNE significantly
decreased the protein levels of ZIP5, whereas increased ZIP7 protein level compared to
the controls. The treatment with 100 uM H,O; significantly increased the protein levels

of ZIP7 and ZnT7 but remarkably decreased ZIP14 protein level compared to the control.
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Discussion

The present study demonstrated that chronic alcohol exposure disturbed zinc
homeostasis as indicated by decreased hepatic zinc levels and increased plasma and
urinary zinc levels. The alcohol-induced alteration in hepatic and urinary zinc levels from
this study was consistent with previous reports (31, 38). However, controversial data on
the effect of alcohol exposure on serum zinc levels have been reported from human
studies. Decreased serum zinc levels has been shown in patients with alcoholic hepatitis
and cirrhosis [31, 34, 37]. Long-term of alcohol exposure (16 weeks) also reduce the
plasma zinc levels in a mouse model of ALD. On the other hand, Hartoma et al. [10]
reported that the serum zinc levels were elevated in alcoholics with normal liver or fatty
liver, while reduced serum zinc levels were found in patients with alcoholic hepatitis or
cirrhosis. These clinical studies suggest that serum zinc levels could be elevated at early
stage of ALD, but decreased at advanced stage. In the mouse model of ALD showing
reduced plasma zinc levels [17], the duration of alcohol exposure and dietary alcohol
concentration were different from the present study. In this report, mice were exposed to
ethanol for 16 weeks, and the dietary ethanol content was increased to make up 30% of
total calories. In the present study, the longest ethanol exposure time was eight weeks,
and ethanol contributed to 28% of total calories, which generated very early stage of
alcoholic liver injury. These animal data also support the idea that plasma zinc levels may
be increased at the early stage of alcoholic liver injury. Overall, all the observations
suggest that zinc dyshomeostasis consistently exists in ALD, but the stage of ALD

determines the redistribution pattern of zinc in body. In addition, plasma zinc level has
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been used as an indicator for dietary zinc deficiency [22]. Our mouse model of ALD used
a liquid diet containing adequate zinc, but this zinc adequate liquid diet differentially
affected plasma and liver zinc levels. These results suggest that plasma zinc level is not
always a good indicator for assessing dietary zinc status and organ zinc status at different
pathophysiological conditions.

Zinc participates in diverse physiological activities via binding to proteins,
therefore decreased availability of zinc leads to inactivation of zinc proteins. The present
study demonstrated that zinc proteins including PPAR-a, HNF-4a, and SOD1 were
inactivated, and previous reports have shown that the suppression of the three proteins
correlates to the pathogenesis of ALD [3, 5, 11, 18, 19, 32]. This study also shows that
alcohol exposure differentially affects PPAR-o, HNF-40, and SOD1. While alcohol
exposure reduced PPAR-a and HNF-4a protein levels, it did not affect the protein level
of SOD1. However, the activity of SOD1 was significantly decreased by alcohol
exposure for 2-week. It is known that zinc does not coordinate to proteins with equal
affinity [28, 30]. Therefore, zinc proteins with lower zinc affinity will be affected by
alcohol exposure at earlier time point. The data suggests that alcohol exposure induced
alteration of hepatic zinc levels may associate with zinc binding protein inactivation,
which is manifested as decreased protein expressions or impaired protein activities.

Zinc transporters are major players in regulation of hepatic zinc homeostasis, but a
whole picture of hepatic expression of zinc transporters is lacking. The present study first
analyzed the expression of zinc transporter genes (14 ZIPs and 10 ZnTs) and found that 8

ZIP and 6 ZnT genes are relatively abundant in the liver. Then the protein levels of these

46



abundant zinc transporters were further analyzed. Among the 14 zinc transporter proteins
measured by immunoblotting, we detected 7 ZIP proteins and 5 ZnT proteins in the liver.
However, ZIP9 and ZnT5 proteins were not detected, probably due to the limit of either
antibody reactivity or the protein expression levels. Moreover, the results of mMRNA and
protein indicate that different zinc transporters might undergo various regulations.
According to the results, we conclude that ZIP5 and ZnT1 might be regulated at
transcriptional level, but ZIP7, ZIP8, ZIP13, ZIP14, ZnT4, ZnT6 and ZnT7 might
undergo a posttranscriptional regulation. Among which, ZIP7, ZIP8, ZIP13, ZnT4, ZnT6
and ZnT7 might have a stabilized protein life; ZIP14 might undergo degradation process.
The altered expression of hepatic zinc transporters by ethanol exposure may lead to
zinc dyshomeostasis in liver. Beker et al. showed that ZIP14 was located on the plasma
membrane of hepatocytes, and increased level of ZIP14 could sequester zinc from plasma
into liver under infection [1]. The ZIP5 protein is predicted located on plasma membrane
of hepatocyte as well. Therefore, decreased ZIP5 and ZIP14 protein abundance by
ethanol exposure may be the cause of decreased zinc levels in the liver. The ZIP7 and
ZnT7 were reported located on organelles, such as ER and Golgi apparatus [23, 36]. It is
well known that ER stress is accompanied with alcohol abuse [14, 15]. Previous studies
indicate that zinc deficiency [8] or dysregulation of zinc transporters in ER [9] would
induce ER stress in Saccharomyces Cerevisiae and Drosophila. Therefore, altered
expression of these zinc transporters might not only cause organelle zinc dyshomeostasis
but also lead to organelle dysfunction. Collectively, ethanol may alter the expression of

zinc transporters through distinctive, translational or post-translational, regulatory
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mechanisms. Furthermore, dysregulated zinc transporters might lead to organelle zinc
dyshomeostasis and dysfunction of the organelles.

Oxidative stress is a feature of ALD. The present study demonstrates the induction
of CYP2EL1 and the generation of lipid peroxidation product, 4-HNE, in the liver
occurred as early as the second week of alcohol exposure. Immunohistochemical staining
of ZIP5, ZIP7 and ZnT7 suggested that altered expression of the zinc transporters are
spatially correlated with the expression of CYP2EL and 4-HNE. In order to demonstrate
the causal relationship between oxidative stress and zinc transporters, H,O, , one of the
ROS generated by CYP2E1[27] , and 4-HNE were selected for in vitro study. We
observed that 5 UM 4-HNE significantly decreased protein abundance of ZIP5 and
increased the protein abundance of ZIP7. We also found that 100 uM H,0, remarkably
reduced production of ZIP14 protein and elevated the production of ZIP7 and ZnT7
proteins. These results indicate that the effects of alcohol on zinc transporters may be
mediated by the oxidative molecules, which are generated in association with alcohol
metabolism. The results also indicate that different oxidative molecules may not affect
zinc transporters in the same way. The ZIP7 protein was affected by both H,0, and 4-
HNE treatment, suggesting that ZIP7 was susceptible to oxidative stress. We assume that
oxidative stress induced by ethanol metabolism might directly affect the zinc transporters
at transcriptional levels or/and enhance its stabilization or degradation at protein levels,
but we do not exclude that oxidative stress may indirectly cause alteration of the zinc
transporters. Maret et al. [28] suggested that oxidants might induce zinc dissociation from

zinc proteins and concurrently alter the availability of zinc ion. Consequently, altered
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labile zinc would affect the expression of zinc transporters by up-regulation or down-
regulation of zinc sensing transcription factors, such as metal response element-binding
transcription factor ( MTF-1) [12, 24]. However, the precise molecular mechanisms have
not been defined. The current study provides solid evidence that oxidative stress could
affect the expression of zinc transporters. Therefore, a combined dietary intervention with
antioxidant and zinc might produce a better improvement in alcohol-induced zinc
deficiency and liver injury.

In summary, ethanol-induced hepatic zinc reduction occurred as early as the second
week of ethanol exposure in mice. Accompanying with that, zinc proteins were affected
either by decreased expression at protein levels (PPAR-o and HNF-4a) or impaired
activity (SOD1). Zinc transporter screening detected 23 (except ZnT2) out of 24 zinc
transporters at mMRNA levels in the mouse liver. Among the zinc transporters with relative
abundant gene expression, twelve zinc transporters were detected at protein levels, for the
first time, in the mouse liver. Alcohol exposure consistently affected the protein levels of
4 zinc transporters (ZIP5, ZIP7, ZIP14 and ZnT7) out of 12 zinc transporters tested. The
results from in vitro study demonstrated that the protein levels of ZIP5, ZIP7, ZIP14 and
ZnT7 were affected by 4-HNE and H,O,. These results demonstrated that hepatic zinc
transporters are remarkably altered by alcohol abuse via an oxidative stress-dependent
mechanism, which might account for alcohol-induced hepatic zinc deficiency.
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Table 3.1 Primer Sequence Used for gPCR Analysis

Origin. Name Forward Primer 5'-3' Reverse Primer 5'-3'

Mouse NM_013901 ZIP1 AGGTCAGGTGCTAACCATGAA CTGTTCCTTGTAAGCCAGCGT
Mouse ZIP2 CATATGACTGCTGAAGCTCTGG CGAGAAGAATTTCCCTTACTTCC
NM_001039676

Mouse NM_134135 ZIP3 GGTGGCGTATTCCTGGCTAC CTGCTCCACGAACACAGTGA
Mouse NM_028064 ZIP4 ATGCTCCCAAAGTCGGTCAC CAGCGTATTTAACAGGCCGTC
Mouse NM_028092 ZIP5 ATCATCTGCTGACTGGCCTAT CAGTGTCCCGTTCTCTCCATA
Mouse NM_139143 ZIP6 GTCACACGGTTGCTGGTAAAA GGGCGAGATCCTTTCCCTAGA
Mouse NM_008202 ZIP7 TGAAAGCATCTGGCATGGG TGGAGGCTATCGTGGGAGTG
Mouse NM_026228 ZIP8 GCCAAGCTCATGTACCTGTCT AAGATGCCCCAATCGCCAA
Mouse NM_026244 ZIP9 TGTTGGTGGGATGTTACGTGG GATGACCGCCAGTGCAGTT
Mouse NM_172653 Z1P10 TCATCGCCATCGTTTGCATCA CTCTGGTGAAGGGCTGTGAC
Mouse NM_027216 ZIP11 GTTAGCGGCTTCCTACTGGTC TCCCCAACAGTGGTGTTTTCG
Mouse ZIP12 CCTGCTCCATCTCATACCTC TCCCAACAGCTTCCAAATAGG
NM_001012305

Mouse NM_026721 Z1P13 TGCCTGTCGCCTGGATAATAA ACTGAGCCCAACCATGAGAGA
Mouse NM_144108 ZIP14 GTGTCTCACTGATTAACCTGGC AGAGCAGCGTTCCAATGGAC
Mouse NM_009579 ZnT1 GGAAGCGGAAGACAACAGGG CAAGGCATTCACGACCACG
Mouse ZnT2 CACCTGCTCACGGATTTTG AGATGGAAAGCACGGACAAC
NM_001039677

Mouse NM_011773 ZnT3 GACCTCTCTCTCTCTCCATCTT AGGCACAGGCACACATAAA
Mouse NM_011774 ZnT4 AAGCGCCTCAAATCCCTGC CCACCACGACTCGAAGTTTATT
Mouse NM_022885 ZnT5 TGGACCACTAAGGACCTTGCT CAGCCCCTCTTGTCTTTGC
Mouse NM_144798 ZnT6 ATGGGGACGATTCATCTCTTTCG CACAGCACGTTGATTGCACC
Mouse NM_023214 ZnT7 GGATGATGAATACAAACCACCCA AAAGCGAAAGAGAGGTTCAGG
Mouse NM_172816 ZnT8 TGAGCGCCTTTTGTATCCTG GTTGTAGCCAAAGTTCCGTTG
Mouse NM_178651 ZnT9 ACCAATGGAATCCCTGCTATG ATTGCCTGTTATGGAGGTAAGG
Mouse ZnT10 TCTGAAGCACTCAATATCAGAGG AGAATATGATAGCCGTGATGACC
NM_001033286

Mouse NM_007393 B-actin TGAGCGCAAGTACTCTGTGTGGAT GTTTGCTCCAACCAACTGCTGTC
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Table 3.2 Weight, Liver Weight, and Blood Parameters

2-week 4-week 8-week
Ctrl EtOH Ctrl EtOH Ctrl EtOH

Body weight (g)  27.14+2.04 24.72+3.16 28.97+x2.11 29.34+1.94 31.15+2.02 29.63+3.39
Liver weight (g)  1.09+0.1 1.18+0.1 1.10+0.1 1.4+0.2* 1.18+0.1 1.42+0.2*

Liver/body 4.01+0.2 4.80+0.5* 3.79+0.12  4.47+0.38* 3.80+0.14  4.78+0.36*
weight

Blood

parameters

ALT activity 26.19+8.03 25.06+7.3  17.53+4.08 30.06+£13.73 17.37+7.72 48.02+18.21*
(U/L)

B- 6.61+2.4 9.743.0 4.8+1.2 6.940.69 45+1.2 10.6+3.6*
hydroxybutyrate

(mg/dL)

Glucose (mg/dL) 247+60.7 202.5+71.6 273.7453.2 269.5+43.6  306.2+25.3 246.4+33.9*

Mice were pair-fed control or ethanol liquid diets for 2-week, 4-week, or 8-week. Data
are means = SD (n=6-8). Significant differences (*P < 0.05) between control- and

ethanol-fed mice are determined by Student’s t-test. Ctrl, control; EtOH, ethanol;
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Figure 3.1. Zinc Levels in Liver, Plasma and Urine Samples in Mice Chronically Fed
Ethanol or Control Diet for 2-week, 4-week or 8-week. Zinc levels in the liver (Figure
1A), plasma (Figure 1B), and urine (Figure 1C), were measured by atomic absorption
spectrophotometry (AAS). Urine zinc was normalized by urine creatinine levels. Results
are expressed as means = SD (n =6-8). Results for bars that do not share a letter differed
significantly among groups (P <0.05). Significant differences among groups are

determined by ANOVA followed by Tukey’s test. Ctrl, control; EtOH, ethanol.
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Figure 3.2. Protein Levels of Zinc-binding Proteins in Mouse Livers. Mice were
chronically fed an ethanol or control diet for 2-week, 4-week or 8-week. The immunoblot
bands of PPAR-a (A), HNF-4a (B) and SOD1 (C) were quantified by densitometry. The
ratio to a-tubulin was calculated by setting the value of 2-week of control as one. The
activity of SOD1 (D) was determined by SOD1 assay kit. Results are expressed as means
+ SD (n =4). Significant differences (*P < 0.05) between groups are determined by

Student’s t-test. Ctrl, control; EtOH, ethanol.
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Figure 3.3. The Gene Expression Levels of Zinc Transporters in Mouse Livers. Mice
were fed a liquid control diet or ethanol containing diet for 2-week, 4-week or 8-week.
The gene expression of zinc transporters was measured by gPCR. The expression levels
of hepatic ZIP at 2-week (A), 4-week (B), and 8-week (C). Hepatic ZnT mRNA levels at
2-week (D), 4-week (E), and 8-week (F). Significant differences (*P < 0.05) between
control- and ethanol-fed mice are determined by Student’s t-test. Ctrl, control; EtOH,

ethanol.
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A 2-week 4-week 8-week B 2-week 4-week 8-week

Ctrl EtOH Ctrl EtOH Ctrl EtOH Ctrl EtOH Ctrl EtOH Ctrl EtOH

a-tubulin

Figure 3.4. Protein Levels of Zinc Proteins in Mouse Livers. Mice were chronically fed
ethanol or control diet for 2-week, 4-week or 8-week. The immunoblot bands of ZIP (A)
and ZnT (B) were quantified by densitometry analysis. The ratio to a-tubulin was
calculated by setting the value of 2-week of control as one. Significant differences (*P <

0.05) between groups are determined by Student’s t-test. Ctrl, control; EtOH, ethanol.
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Figure 3.5. Immunohistochemical Staining of Cytochrome P450 2E1 (CYP2EL) and
Hepatic 4-hydroxynonenal (4-HNE) in Mouse Liver. Mice were chronically fed with
ethanol or control diet for 2-week, 4-week, or 8-week. (A) Representative images of
CYP2E1 immunostaining. (B). Representative images of 4-HNE immunostaining. Scale

car = 100 pum. Ctrl, control; EtOH, ethanol.
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Ctrl EtOH

Figure 3.6. Immunohistochemical Staining of ZIP5, ZIP7 and ZnT7 in Mouse Liver.
Mice were chronically fed with ethanol or control diet for 8-week. (A) Representative
images of ZIP5 immunostaining. (B) Representative images of ZIP7 immunostaining. (C)
Representative images of ZnT7 immunostaining. Scale car = 50um. Ctrl, control; EtOH,

ethanol.
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Figure 3.7. Effects of 4-hydroxynonenal (4-HNE) and Hydrogen peroxide (H,O,) on The
Expression of ZIP5, ZIP7, ZIP14 and ZnT7 in Murine FL-83B Cells. FL-83B cells were
treated with 5uM 4-HNE, or 100uM H,0, for 72 h. Four zinc transporters were analyzed
by immunoblotting. The bands were quantified by densitometry analysis. (A)
Immunoblotting of four zinc transporters by 4-HNE treatment. (B) Immunoblotting of
four zinc transporters by H,O; treatment. Results are expressed as means + SD (n = 3).
Significant differences (*P < 0.05) between control and treatment are determined by

Student’s t-test. Ctrl, control.
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CHAPTER IV
ZINC DEFICIENCY MEDIATES ALCOHOL-INDUCED APOPTOTIC CELL DEATH
IN THE LIVER OF RATS THROUGH ACTIVATING ER AND MITOCHONDRIAL
CELL DEATH PATHWAYS

Qian Sun, WeiZhong, Wenliang Zhang, Qiong Li, Xiuhua Sun, XiaobingTan,

Xinguo Sun, Daoyin Dong, Zhanxiang Zhou. American Journal Physiology

Gastrointestinal and Liver Physiology 308 (9): G757-66), 2015.
Abstract

Hepatic zinc deficiency has been well documented in alcoholic patients, but the
mechanisms by which zinc deficiency mediates cell death have not been well defined.
The objectives of this study were to determine if alcohol perturbs subcellular zinc
homeostasis and how organelle zinc depletion may link with cell death pathways. Wistar
rats were pair-fed with the Lieber-DeCarli control or ethanol diet for 5 months. Chronic
alcohol exposure significantly reduced hepatic and hepatocyte ER and mitochondria zinc
levels. Among the detected zinc transporters, ER ZIP 13 and mitochondrial ZIP 8, which
transport zinc from ER and mitochondria to cytosol, were significantly increased.
However, mitochondrial ZnT4, which transport zinc from cytosol to mitochondria, was
also increased. Hepatic p-elF-2a, ATF4, and Chop were significantly upregulated,
mitochondria cytochrome C release and Bax insertion were detected in association with

caspase-3 activation and apoptotic cell death. To define the role of zinc deficiency in ER
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and mitochondrial stress, H411EC3 cells were treated with 3 uM TPEN for 6 hours with
or without supplementation with zinc or NAC. The results demonstrated that zinc
deprivation induced caspase-3 activation and apoptosis in association with ER and
mitochondria dysfunction, which were inhibited by zinc as low as 10 uM but not by 2
mM NAC. These results suggest that chronic ethanol exposure induced ER and
mitochondria zinc deficiency might activate intrinsic cell death signaling pathway, which
could not be effectively rescued by antioxidant treatment.
Introduction

Alcohol consumption is associated with increased disease burden worldwide.
Alcoholic liver disease (ALD) contributes to majority of the morbidity and mortality
from alcohol abuse [20]. The spectrum of ALD is from hepatic steatosis to steatohepatitis,
lastly fibrosis and cirrhosis [27]. The pathogenesis of ALD is derived from toxic
metabolites of ethanol and a series of dysregulated signal transduction pathways. Ethanol
is oxidized to acetaldehyde by cytosolic alcohol dehydrogenase (ADH) and microsomal
cytochrome P450 2E1 (CYP2EL) [3]. Chronic alcohol intake induces CYP2E1 rather
than ADH [3]. Acetaldehyde is converted to acetate by aldehyde dehydrogenase (ALDH)
in mitochondria. In addition to the direct product of toxic acetaldehyde, ethanol
metabolism also generates reactive oxygen species (ROS) [28]. Thus, ER and
mitochondria as the major places for ethanol detoxification are the frontier organelles
most easily being affected by chronic alcohol intake.

Zinc deficiency is a phenomenon consistently observed in ALD patients, especially

alcoholic cirrhosis patients. Zinc supplementation to ALD patients reversed impaired
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night vision, skin lesion and immune dysfunction [25]. Both animal and cell culture
studies showed that zinc deprivation increased fat accumulation, inflammatory cell
infiltration and greater number of apoptotic hepatocytes [15, 38, 39]. Accompanying with
these abnormalities is increased ROS and decreased antioxidant components such as
glutathione. Zinc supplementation to animals chronically fed alcohol increased ADH
activity, suppressed CYP2EL1 activity and prevented decrease in GSH [40]. Because zinc
plays an important role in maintenance of normal structure and functions of large number
of metalloenzymes and zinc proteins, zinc levels is tightly regulated by channels, zinc
sensing molecules, such as metallothionein, metal —responsive-element-binding
transcription factor-1, and zinc transporters [5]. Two families of zinc transporters are Zn
transporter Zrt/Irt-like protein (ZIP) and Zinc transporter (ZnT) [17]. There are 14
members in ZIP family, and they are function in transporting zinc into cytosol from
extracellular side or intracellular vesicles [11]. On the contrary, 10 members in ZnT
family export zinc from cytosol to either outside of the cell or subcellular compartments
[10]. Mechanistic study demonstrated that disrupted zinc transporters are linked with zinc
dysregulation-associated pathogenesis [7, 30].

Alcohol induced hepatocyte apoptosis have been well documented in ALD patients
and animal models [25]. Mechanistic study revealed that hepatic apoptosis is triggered by
multiple signaling pathways, including ROS generation, cell membrane death receptor
cascade, ER stress and dysfunction of mitochondria [8, 16, 19]. However, the importance
of each mechanism may be different at a certain disease stage. Increasing evidence shows

that ER stress plays a vital role in ALD [12]. ER stress induces unfolded protein response
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(UPR) to restore ER homeostasis, but prolonged UPR leads to activation of inflammation,
antioxidant defense, and/or insulin action signal pathways, and finally apoptosis [13]. The
master regulator of ER stress induced apoptosis is C/EBP homologous protein (Chop),
which upregulates pro-apoptotic protein expression, downregulates pro-survival protein
expression and enhances oxidative stress [13, 14]. The unbalanced pro-apoptotic and pro-
survival proteins could then affect mitochondria morphology and function and trigger
mitochondrial mediated intrinsic apoptosis [2]. Therefore, we hypothesized that ethanol
induced hepatic apoptosis is ROS dependent, which is caused by decreased subcellular
zinc levels. In the present study zinc levels in hepatocyte organelles and hepatic apoptotic
signaling activation were evaluated in rats. Mechanistic studies were conducted with rat
hepatoma cells to establish the link between organelle zinc deficiency and apoptosis.
Materials and Methods
Animal and alcohol feeding experiments

Male Wistar rats were obtained from Harlan (Indianapolis, IN). The animal
protocol was approved by the Institutional Animal Care and Use Committee of the North
Carolina Research Campus. Eight-week-old male rats were pair-fed a modified Lieber-
DeCarli alcohol or isocaloric maltose dextrin control liquid diet for 5 months (n= 6 for
each group) with a stepwise feeding procedure The ethanol content (%, w/v) in the diet
was 5.0 (36% of total calories) for the first 3 weeks, and increased by 0.25% every 2
weeks to reach 6.3 (44% of total calories), which was maintained for the last 8 weeks.
The amount of food given to the pair-fed rats was that the alcohol-fed rats consumed in

the previous day. At the end of 5-month feeding, rats were anesthetized with inhalational
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isoflurane. Left lobe of liver was collected for organelle isolation process, and the rest of
the liver were fixed for pathology or stored at -80°C.
Histopathology analysis of liver

Liver tissues were fixed in 10% formalin, and processed for paraffin embedding.
Paraffin sections were cut at 5 um and stained with hematoxylin and eosin (H&E) to
assess the histological features of steatosis and inflammation.
Alanine Aminotransferase (ALT) and Aspartate aminotransferase (AST) activities

The ALT and AST activity in the serum were measured with an Infinity kit
(Thermo Scientific, Waltham, MA).
Subcellular compartments isolation

Liver was perfused with buffer A (0.25 M sucrose, 10 mM Hepe-NaOH, 0.25 M
KCL, pH 7.8) and the left lobe was removed and weighted (around 5 g). After minced
with scissors, the left lobe of liver is homogenized with 40 ml dounce All-Glass tissue
grinder (Kimble Chase, Vineland, NJ) in 20 ml of buffer A. The homogenate were
centrifuged at 700 g for 5 min at 4 °C with Allegra X-22R centrifuge (Beckmen Coulter,
Brea, CA). The pellets were crude nuclei, which were purified by differential
centrifugation process. Briefly, 60 % Opti-prep (Sigm-Aldrich, St. Louis, MO) were
mixed with crude nuclei samples to reach homogenate in 25% opti-prep. Thirty percent
of opti-prep and 35 % opti-prep were prepared by mixing with diluent solution (0.25 M
sucrose, 60 mM Hepe-NaOH, and pH 7.4). The solutions were carefully loaded in
centrifuge tubes to three layers, and centrifuge at 13000 g for 1.5 h at 4°C with Sorvall

RC6 plus centrifuge (Thermo Scientific). The supernatant from the first centrifugation
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were then further centrifuged at 10,000 g for 15 min at 4 °C with Sorvall RC6 plus. The
pellets were crude mitochondria, which was then homogenated and mixed with opti-prep
to reach 36 % opti-prep. Ten percent and 30 % opti-prep were carefully loaded on top of
it. The centrifuge process was carried out at 50,000 g for 4 h at 4 °C with Sorvall WX
ultra series. Meanwhile supernatant of 10,000 g centrifugation were centrifuged again at
100,000 g for 1 h at 4°C with Sorvall WX ultra series. The supernantant was cysotol, and
the pellets were microsome. The microsome were homogenized and mixed with 60 %
opti-prep to prepare a homogenate in 20% opti-prep. The differential centrifugation
process were conducted with the help of 15% and 30% opti-prep medium and centrifuge
(Sorvall, WX ultra series) at 210,000 g for 2 h at 4 °C.
Determination of zinc concentrations in the liver, plasma and subcellular compartments
Zinc concentrations in the liver, plasma and subcellular compartments, namely ER,
mitochondria, cytosol and nuclei, were determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Twenty microgram of livers, one-hundred microliter of plasma,
purified ER, mitochondria, cytosol and nuclei were frozen in liquid nitrogen and
subsequently lyophilized for one and a half days. Dried samples were removed from the
microcentrifuge tubes and added to microwave digester vessels. The mass of sample
added to the digesters was recorded and used to normalize the concentration. The samples
in the vessels were then digested with 5 ml of concentrated (69 %) nitric acid (HNO3) and
dried under a gentle flow of N, for 1 day. After drying, samples were reconstituted in 5

ml of 3 % HNO3 in nanopure H,O. An Agilent 7500cx ICP-MS platform was used to
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develop standard curve and to subsequently analyze the digested samples. The zinc
concentrations in samples were calculated as pg/g dry weight.
Immunoblotting analysis

Liver tissue, ER or mitochondria proteins were extracted by T-PER tissue
extraction reagent (Thermo scientific) containing protease inhibitors (Sigma-Aldrich).
Aliquots containing 30 pg proteins were loaded onto a 10 %-15 % sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE). After electrophoresis, proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane and probed with polyclonal antibodies
against Bax, ZIP7, ZnT5, ZnT6, ZnT10 (Santa Cruz Biotechnologies, Santa Cruz, CA),
p-elF-a, elF-a, ATF-4, CHOP, ZIP1, ZIP4, ZIP5, ZIP14, ZnT4 (Novus biological,
Littleton, CO), ZIP8, ZnT7 (Proteintech, Chicago, IL), cytochrome C (Abcam,
Cambridge, MA), B-actin (Sigma-Aldrich) respectively. The membrane was then
incubated with HRP-conjugated goat anti-rabbit IgG, or goat anti-mouse IgG, or rabbit
anti-goat I1gG antibody. The protein bands were visualized by an Enhanced
Chemiluminescence detection system (GE Healthcare, Piscataway, NJ) and quantified by
densitometry analysis.
Detection of hepatic and rat hepatoma cells cleaved caspase-3

Hepatic cleaved caspase-3 levels were detected by immunohistochemical staining.
Briefly, liver tissue paraffin sections were incubated with 3% hydrogen peroxide for 10
minutes to inactivate endogenous peroxidases. Tissue sections were then incubated with a
polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signaling Technology, Danvers,

MA) at 4 °C overnight, followed by incubation with EnVision+ Labled Polymer-HRP-
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conjugated anti-rabbit IgG (DAKO, Carpinteria, CA) at room temperature for 30 minutes.
Diaminobenzidine (DAB) was used as HRP substrate for visualization. The positive
staining area was quantified with Image J, and the data were expressed as percentage of
positive staining area to the total area.

Rat H411EC3 hepatoma cells grown on slides chamber (Lab-Tek, Hatfield, PA)
were detected by immunofluorescence staining. Briefly, cells were fixed with ice cold
methanol for 10 min and then incubated with polyclonal rabbit anti-cleaved caspase-3
antibody (Cell Signaling Technology) at 4 °C overnight, followed by incubation with
Alexa Fluor 594-conjugated anti-rabbit 1gG (Jackson Immunoresearch, West Grove, PA)
for 30 minutes.

Terminal Deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) assay

Apoptotic cell death in the liver and cell culture was assessed by detection of DNA
fragmentation using an ApopTag peroxidase in situ Apoptosis Detection Kit (Millipore,
Billerica, MA). Briefly, cell slides were fixed with 1% paraformaldehyde for 5min. Then
liver tissue slides or cell slides were pretreated with proteinase K and H,0, and incubated
with the reaction mixture containing terminal deoxynucleotidyl transferase (TdT) and
digoxigenin-conjugated dUTP for 1h at 37 °C. The labeled DNA was visualized with
either HRP-conjugated anti-digoxigenin antibody with DAB as the chromagen followed
by counterstaining with methyl green or Alexa Fluor 594-conjugated IgG anti-
digoxigenin antibody (Jackson Immunoresearch) followed by DAPI counterstaining. The
TUNEL- positive cells were counted under X20 objective, and the data were expressed as

the average number of TUNEL-positive cells per view.
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Cell culture and treatment

Rat H411EC3 hepatoma cells obtained from the American Type Culture Collection
(Manassas, VA) were grown in Dulbecco’s modified Eagle medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and penicillin (100
U/ml) streptomycin sulfate (100 pg/mL) (Invitrogen, Carlsbad, CA). H4IIEC3 hepatoma
cells were seeded at 8x10° cells per well for 6-well plate, or 3x10° cells per well for 12-
well plate, or 1x10° cells per well for 8-well chamber slide overnight. Then cells were
treated with 3 uM N,N,N’,N'-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) (Sigma-
Aldrich), or 3 uM TPEN plus 10 uM zinc, or 3 uM TPEN plus 25 uM zinc, or 0.5 mM
N-acetyl cysteine (Sigma-Aldrich), or 1 mM NAC, or 2 mM NAC, or 3 mM TPEN plus
0.5 mM NAC, or 3 uM TPEN plus 1 mM NAC, or 3 uM TPEN plus 2 mM NAC for six
hours in absence of FBS.
Fluorescent Microplate

Dihydroethidium (Life technologies, Carlsbad, CA) is a superoxide indicator.
After up-taken by cells, DHE was oxidized to ethidium, which then intercalates into
DNA staining nucleus a bright fluorescent red. Live cells grown on 12-well plate were
incubated with 5 uM DHE at 37 °C for 30 min in dark. The cells were trypsinized and
washed twice with 1% BSA in PBS. The ROS generation was measured on microplate
reader using excitation wavelength of 535 nm and an emission wavelength of 610 nm.
The ROS production was expressed as the fluorescence ratio of the treated sample over

the control.
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Fluorescent Microscopy

Mitochondrial membrane potential is assessed in live cells by TMRE mitochondrial
kit (Abcam). TMRE (tetramethylrhodamine, ethyl ester) is positively-charged red-orange
dye which easily accumulates in active mitochondria. Depolarized or inactive
mitochondria fail to sequester TMRE due to decreased membrane potential. Rat H411EC3
hepatoma cells were stained with 200 nM TMRE in culture medium at 37 °C for 20 min.
The strength and the distribution pattern of red fluorescence reflect the alteration of
mitochondria membrane potential among different treatments.

Cellular ROS was detected by CellROX Deep Red oxidative stress reagent (Life
technologies) in live cells. The reagent is non-fluorescent while in a reduced state and
upon oxidation showed strong fluorogenic signal in cytoplasm. ER was detected by ER-
Tracker green dye (Life technologies), which is the drug conjugates glibenclamide
BODIPY FL. Glibenclamide binds to the sulphonylurea receptor of ATP-sensitive K*
channels, which are mainly on ER. Live cells were stained with 5 uM CellIROX Deep
Red at 37 °C for 30 min, and then cells were either counterstained with 1 uM ER-tracker
at 37 °C for 20 min, or fixed with 3.7 % formaldehyde for 15 min and counterstained
with DAPI (Life technologies).

Statistical analysis

Results are expressed as mean + standard deviation. Differences among multiple
groups were analyzed by analysis of variance followed by Tukey’s test. Differences
between two groups were analyzed by two-tail Student’s t-test. The significance between

groups was defined as P < 0.05.
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Results
Body weight change and liver injury

The average body weight of rats increased from 303.36+£8.21 g to 571.17+£15.38 g
in control groups and 303.42+8.52 g to 520.15+23.12 g in ethanol group, respectively,
after 5 months of feeding (Figure 1A). The body weight did not show significant
difference between control and ethanol groups at the time points of one month and two
months, while significant difference was found at and after the time points of three
months. Alcohol feeding also significantly increased the serum ALT activity (control
27.4 £ 6.3 U/L vs. ethanol 106.9 + 80.6 U/L, P <0.05) and AST activity (control 38.9 £
6.4 U/L vs. ethanol 123.5 £ 85.3 U/L, P < 0.05) (Figure 1B). Light microscopy revealed
that alcohol feeding caused formation of lipid droplets in hepatocytes and increased the
number of neutrophil cells in the rat liver (Figure 1C).
Effect of alcohol feeding on subcellular zinc levels and zinc transporters

Chronic alcohol exposure significantly decreased total zinc levels in liver but
differentially affect zinc levels in subcellular organelles. As shown in Figure 2A, the zinc
levels in liver decreased from 82.6 £ 11.8 to 55.37 £ 2.08 pg/g dry weight after 5-month
of alcohol-feeding. Alcohol feeding also reduced the zinc level in isolated ER and
mitochondria from 2.66 + 0.3 t0 0.9 £ 0.08 and from 12.4 £ 1.4 t0 5.3 + 0.3 pg/g dry
weights, respectively. However, alcohol feeding did not significantly affect the zinc level
in cytosol or nuclei. In addition, plasma zinc level was not affected by alcohol feeding.

In order to determine which zinc transporters are localized in ER and mitochondria,

and which ones are responsible for alcohol-feeding induced zinc dyshomeostasis, twelve
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zinc transporters (ZIP 1, 4,5, 7, 8, 13, 14 and ZnT 1, 4, 6, 7, 10) were examined by
Western blot. As shown in Figure 2B, ZIP 7, ZIP 8, ZIP 13 and ZnT 7 were detected in
ER, and only ZIP13 showed a significant increase after chronic alcohol-feeding.
Meanwhile, three zinc transporters, ZIP 8, ZnT 1 and ZnT 4 were detected in
mitochondria (Figure 2C). ZIP8 and ZnT4 were significantly upreguated at protein levels
after alcohol exposure.

Alcohol feeding induced ER stress, mitochondria dysfunction and hepatocyte apoptosis

To determine whether cell death pathways were activated in association with zinc
deficiency, ER and mitochondrial cell death pathway markers were examined. As shown
in Figure 3A, alcohol-feeding significantly increased phosphorylated eukaryotic initiation
factor 2a (p-elF-2a) to elF-2a ratio and protein levels of activating transcription factor 4
(ATF4) and Chop. Cytochrome C and Bcl-2-associated X protein (Bax) levels were
determined in both mitochondria and cytosol. Figure 3B shows that alcohol-feeding
remarkably increased mitochondrial Bax insertion and cytosolic cytochrome C release,
which indicates activation of intrinsic apoptotic pathway.

Apoptosis were then evaluated by measuring cleaved caspase-3 and DNA
fragmentation. Hepatic cleaved caspase-3 was determined by immunohistochemistry. As
shown in Figure4A, the cleaved caspase-3 staining was faint in the liver of controls, but
alcohol-feeding enhanced the staining, especially around the vein areas. The image
quantification analysis (Figure 4B) shows that alcohol-feeding significantly increased
expression of cleaved caspase-3 in the liver compared to controls. The number of hepatic

apoptotic cells was evaluated by TUNEL assay. As shown in Figure 4C and D, alcohol
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exposure remarkably increased the number of TUNEL positive cells (dark brown color)
in the liver.
Experimental zinc deprivation induced apoptosis, mitochondria depolarization and ER
stress in rat hepatoma cells

To determine the link of zinc deprivation and hepatocyte apoptosis, rat H4IIEC3
hepatoma cells were treated with zinc chelator, TPEN, for 6 h. Activation of cleaved
caspase-3 and increased number of TUNEL positive cells were observed by fluorescence
microscope (Figure 5A). Meanwhile, both 10 uM and 25 pM zinc treatment along with
TPEN challenge inactivated cleaved caspase-3 and reduced the number of TUNEL
positive cells (Figure 5A), indicating a specific chelation of zinc by TPEN.

Mitochondrial membrane potential and ER stress were then evaluated to determine
whether zinc deprivation activates ER and mitochondria mediated intrinsic apoptotic
pathway. As shown in Figure 5B, six hours of 3 UM TPEN treatment reduced
mitochondrial membrane potentials indicated by decreased red fluorescence intensity,
which was prevented by zinc supplementation. TPEN treatment significantly increased p-
elF-2a to elF-2a ratio and the protein levels of ATF-4 and Chop, and zinc
supplementation reversed the elevation of the ER stress makers (Figure 5C).
Zinc deprivation induced ROS accumulation in hepatoma cells

To examine whether zinc deprivation induces oxidative stress, ROS were detected
by DHE immunofluorescence staining. Figure 6A shows that TPEN treatment
significantly increased ROS production compared to control, and zinc supplementation at

either 10 UM or25 pM prevented ROS accumulation. Localization of ROS in ER was
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determined by double staining of ROS and ER marker. Figure 6B shows that TPEN
induced oxidative stress in ER, which was inhibited by zinc supplementation.

ROS only partially mediated the pro-apoptotic effect of zinc deprivation in hepatoma
cells

To determine whether ROS mediates zinc deprivation-activated ER and
mitochondrial cell death signal pathways, rat hepatoma cells was treated with TPEN with
or without antioxidant, NAC, at 0.5 mM, 1 mM, 2 mM. ROS were measured by
fluorescent spectrometry (Figure 7A) and microscopy (Figure 7B). NAC at 2 mM
completely blocked TPEN-induced ROS accumulation.

The ER stress and mitochondrial membrane potential were then assessed. As
illustrated in Figure 7C, among the ER markers tested NAC at 2 mM only partially
inhibited TPEN-increased Chop protein level. NAC treatment also partially reversed
TPEN-induced loss of mitochondrial membrane potential (Figure 7D).

Lastly, caspase-3 activation and apoptotic cell death were measured to determine
whether NAC treatment could inhibit TPEN induced apoptosis. As shown in Figure 7E, 2
mM NAC treatment partially decreased TPEN-induced activation of caspase-3 and the
number of TUNEL positive cells. The results indicated that NAC could not completely
rescue TPEN-induced ER and mitochondria mediated apoptosis in H41IEC3 hepatoma
cells.

Discussion
The present study not only presented the phenomenon that chronic alcohol

exposure decreased hepatic zinc levels, but also for the first time showed that the
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subcellular, ER and mitochondria, zinc levels were disturbed. The results indicate that
comparing to nuclei and cytosol, ER and mitochondria are the two organelles most likely
responsible for alcohol-consumption induced hepatic zinc deficiency. It is known that
chronic alcohol drinking activates the microsomal ethanol oxidizing system (MEQOS) to
accelerate ethanol clearance. In addition, mitochondria are the main site for acetaldehyde
oxidation. As a result, it is not surprising that ER and mitochondria are the most
vulnerable organelles by prolonged alcohol-consumption.

Along with activation of MEOS and increased oxidation burden of mitochondria is
the elevation of ROS production. It has been reported that alcohol drinking disturbed
hepatic zinc transporters in mice, which might result from increased ROS [30].
Consistent with that observation, we found alteration of zinc transporters in hepatocyte
ER and mitochondrial membranes in rats after alcohol-consumption. Four zinc
transporters (ZIP7, ZIP8, ZIP13, and ZnT7) were detected in ER membrane, and ZIP13
significant increased by alcohol-consumption Three zinc transporters (ZIP8, ZnT1 and
ZnT4) were detected in mitochondrial membrane, and ZIP8 and ZnT4 significantly
increased by alcohol-consumption. The altered expression of ZIP13 and ZIP8 may be
caused by increased oxidative stress due to alcohol metabolism [30]. But the upregulation
of ZnT4 may be the adaptive response to reverse the reduction of zinc level in
mitochondria. However, we did not find upregulation of any ZnT protein in ER to correct
zinc level. Other mechanisms may also involve in decreasing zinc levels in ER and
mitochondria, such as altered activity of zinc transporters and/or decreased zinc

absorption from intestine. The alteration of spacial structure could decrease zinc binding
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activity. It has been shown that alcohol- induced ROS inactivate zinc proteins such as
hepatocyte nuclear factor-4 and peroxisome proliferator-activated receptor-a [15].
Therefore, further studies are required to confirm whether the spacial structure and
activity of zinc transporters are affected by chronic alcohol exposure. Besides, our
previous study has shown that chronic alcohol exposure induced intestinal barrier
dysfunction and reduced zinc level of the ileum [36]. Thus, impaired intestinal zinc
absorption may be another cause of hepatic zinc reduction and subsequent hepatocyte
subcellular zinc dyshomeostasis. Although hepatic zinc deficiency has been well
documented in ALD patients [1, 6], mechanisms of how alcohol interferes with hepatic
zinc homeostasis are poorly understood. The current study not only revealed a differential
effect of alcohol on zinc level in subcellular compartments, but also demonstrated
dysregulation of subcellular zinc transporters after chronic alcohol exposure. To the best
of our knowledge, this is the first report on subcellular distribution of zinc transporters in
the liver regardless of alcohol exposure. Although ZIP4 has been detected in human liver
at tissue level [31, 32], information on subcellular distribution of zinc transporters in
human liver are not available. Therefore, one limitation of the study is that the data of
hepatic zinc transporters are lack of support by human data. Our research group is very
interested in obtaining the human data on subcellular distribution of zinc transporters and
subcellular zinc concentrations at normal and ALD conditions in our future study.
Increased apoptosis is one of the major mechanisms involves in the progression of
ALD. The present study showed that alcohol exposure increased the number of apoptotic

cells in rat liver, and in vitro study demonstrates that zinc deprivation activated apoptotic
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signaling. It is known that extrinsic and intrinsic signals can both initiate apoptotic
mechanism. Extrinsic apoptotic pathway is activated by external death signals, namely
through TNF-R1/TNF-a and Fas/FasL system, however, intrinsic apoptotic pathway
activation depends on morphology change of mitochondria such as increased
permeability and loss of membrane potential [2, 22]. Moreover, studies showed that ER
stress induced upregulation of Chop is one way to initiate mitochondria mediated
apoptotic pathway [14]. Therefore, ER could be the site in triggering intrinsic apoptosis.
It has been reported that chronic alcohol drinking activated extrinsic apoptotic pathway
[37, 39]. However, whether zinc deprivation played a role in activating ER and
mitochondria mediated intrinsic apoptotic pathway is still unclear. In the present study,
ER stress and mitochondria cytochrome C release were evaluated. The results indicated
that the protein expression of Chop was increased and mitochondria cytochrome C was
released into cytosol, meanwhile the caspase-3 was activated after 5 months of alcohol-
feeding. In vitro zinc deprivation study showed Chop upregulation, loss of mitochondria
membrane potential and increased cleaved caspase-3. Although in current study zinc
supplementation was not given to rats to evaluate the protective effect of zinc on the
expression of ER stress markers and mitochondrial dysfunction proteins. A previously
study from our group has shown that zinc supplementation attenuates hepatic apoptosis
through inhibition of cell death receptor (TNFR1 and Fas) mediated apoptotic pathway in
mice chronically fed alcohol [39] In contrast, feeding mice a zinc deficient diet, in our
previous study, exaggerated chronic alcohol exposure-induced liver injury in association

with up-regulation of hepatic cell death receptors, TNFR1 and CD95 [37]. Another report
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from our group further showed that zinc supplementation attenuates hepatic oxidative
stress, leading to significant improvement of the ultrastructure of ER and mitochondria of
hepatocytes in mice chronically fed alcohol [40]. These studies indicate that hepatic zinc
homeostasis plays a critical role in regulation of alcohol-induced pathogenesis of
hepatocellular apoptosis. Therefore it is predictable that protection of the integrity of
mitochondrial membrane by zinc supplementation may lead to inhibition of alcohol
induced Bax insertion to mitochondria and suppression of alcohol-induced cytochorome
C release from mitochondria. Besides, ROS are important inducers of ER stress [13], and
inhibition of oxidative stress by zinc supplementation would ameliorate alcohol-induced
ER stress and consequent cell death signaling. Further investigations are required to
confirm the protective effects of zinc supplementation on mitochondria and ER mediated
cell death pathways. The results suggest that zinc deprivation induced ER stress could
trigger mitochondria mediated intrinsic apoptotic pathway. However, we do not rule out
the possibility that zinc deprivation directly affects mitochondria function, and the
enhanced apoptotic process is the synergistic effect of ER and mitochondria dysfunction.
Decreased zinc level is associated with increased oxidative stress. The present
study demonstrates that zinc deprivation increased the production of ROS, however
antioxidant, NAC, treatment did not completely reverse zinc withdraw caused hepatoma
cell apoptosis. It has been found that TPEN challenge decreased GSH level in rat primary
hepatocyte [26]. In addition, Pelicci et al. reported that increased oxidative stress induced
apoptosis through p66Shc stress adaptor protein [24]. Therefore, in the present study we

tested whether zinc deprivation induced ROS is a key mechanism in apoptosis. The
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results indicate that zinc deprivation induced apoptosis is partially dependent on
oxidative stress. There are two possible explanations for the partial failure of antioxidant
treatment in rescuing zinc deficiency induced hepatic cell apoptosis. First, zinc
deprivation caused activation of caspase-3 is probably the key factor in apoptosis.
Kaufmann et al. reported that in a cell free system the presence of cytochrome C and
ATP activate caspase-3, -6,-7, and adding zinc to the system inhibited the activation of
the above caspase species [23]. Besides, studies [18, 26, 29] measured cleaved caspase-3
activity after TPEN challenge and NAC treatment, and they found that NAC treatment
did not reverse TPEN induced activation of caspase-3. Second, zinc deprivation induced
ER stress not completely result from ROS. It is well-known that zinc plays role in
maintenance of catalytic and structural activity of proteins, signal transduction, and
antioxidant defense [5, 21, 33]. Therefore, it is most likely that zinc deprivation induced
ER stress is caused by a series of events instead of a single factor. It has been reported
that zinc-deficiency conditions affects structure of a zinc requiring enzyme, SOD1, which
induce ER stress response [9]. In addition, Younce et al. demonstrated that MCP-1
induced protein (MCPIP), a zinc finger protein, involved in MCP-1 (monocyte
chemotactic protein-1) caused ER stress in cardiomyoblast [35]. Therefore, zinc proteins
may be involved in zinc deprivation induced ER stress and consequent apoptosis as well.
The results suggest that other mechanisms may involve in zinc deprivation induced ER
stress and mitochondria dysfunction besides increased oxidative stress.

In summary, for the first time we demonstrated that alcohol induced hepatic zinc

deficiency might be from hepatocyte ER and mitochondria zinc reduction, and the
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reduced zinc levels in ER and mitochondria caused organelle dysfunction, including ER
stress, loss of mitochondrial membrane potential, and increase of mitochondria
permeability. The interrupted subcellular compartments normal function led to activation
of caspase-3 and excessive hepatocyte apoptosis. The pathogenic process was partially
dependent on ROS.
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Figure 4.1. Body Weight Change, Plasma Markers of Liver Injury, and Liver
Histopathology in Rats Chronically Fed Ethanol (EtOH) or Control (Ctrl) Liquid Diet for
5 Months. A. Body weight change. B. Plasma alanine aminotransferase (ALT) activities
and aspartate aminotransferase (AST) activities. Plasma ALT and AST activities were
measured using Infinity ALT and AST Reagents. C. Light microscopy with
hematoxylin&eosin staining shows accumulation of lipid droplet (arrows) and neutrophil
infiltration (arrow heads) in the liver of ethanol-fed rat. CV: central vein. Scale bar: 50

MM. Results are means + SD (n=6). Significant differences (*P < 0.05) between control-

and ethanol-fed rats are determined by Student’s t-test.
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Figure 4.2. Subcellular Zinc Levels and Protein Levels of Zinc Transporters in Rats

Chronically Fed Ethanol (EtOH) or Control (Ctrl) Liquid Diet for 5 Months. A. Zinc

levels in the liver, plasma, and endoplasmic reticulum (ER), mitochondria, cytosol and

nuclei of hepatocytes were measured by Inductively Coupled Plasma Mass Spectrometry

(ICP-MS). Results are expressed as means + SD (n =6). B. Immunoblot of ER zinc

transporter proteins. C. Immunoblot of mitochondrial zinc transporter proteins. The bands

were quantified by densitometry analysis. The ratio to the total ER or mitochondrial

proteins was calculated by setting the value of control as one. Significant differences (*P

< 0.05, **P < 0.01) between control-and ethanol-fed rats are determined by Student’s t-

test.
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Figure 4.3. Protein Levels of ER Stress and Mitochondrial Apoptosis Markers. Rats were
chronically fed ethanol (EtOH) or control (Ctrl) liquid diet for 5 months. A. Immunoblot
of ER stress makers. B. Immunoblot of mitochondrial and cytosolic cytochrome C and
Bax. The bands were quantified by densitometry analysis. The ratio to $-actin (A) or the
ratio of mitochondrial proteins to cytosolic proteins (B) was calculated by setting the
value of control as one. Significant differences (*P < 0.05, **P < 0.01) between control-

and ethanol-fed rats are determined by Student’s t-test.
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Figure 4.4. Immunohistochemical Staining of Cleaved Caspase-3 and TUNEL Assay in
The Rat Liver. Rats were chronically fed with ethanol (EtOH) or control (Ctrl) liquid diet
for 5 months. A. Representative image of immunostaining of cleaved caspase-3 (Arrows).
B. Quantitative measurements of cleaved-caspase-3 in the liver. C. Representative image
of TUNEL assay. Arrows indicate TUNEL-positive cells. D. Quantitative measurements
of TUNEL-positive cells in liver. Scale bar: 50 um. Results are mean + SD (n=6).
Significant differences (*P < 0.05) between control and ethanol-fed rats are determined

by Student’s t-test.
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Figure 4.5. Effects of TPEN and Zinc Supplementation on ER and Mitochondrial Cell
Death Signaling in Rat Hepatoma Cells. H411EC3 cells were treated with 3 uM TPEN
with or without 10 uM or 25 uM Zn for 6 h. A. Representative images of
immunofluorescence staining of cleaved caspase-3 and TUNEL assay of apoptosis.
Inserts at the up-right corner are enlarged image of the framed area. B. Representative
images of immunofluorescence staining of mitochondrial membrane potential. C.

Immunoblot of ER stress markers. The bands density was quantified by densitometry
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analysis. The ratio to B-actin was calculated by setting the value of control (ctrl) as one.
Results for bars that do not share a letter differed significantly among groups (P <0.05).
Significant differences among groups are determined by ANOVA followed by Tukey’s

test. Scale bar: 20 um (A) Scale bar: 5 um (B).
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Figure 4.6. Effects of TPEN and Zinc Supplementation on Generation of Reactive
Oxygen Species (ROS). H41IECS3 cells were treated with 3 uM TPEN with or without 10
MM or 25 uM Zn for 6 h. A. The ROS was quantified by dihydroethidium fluorescence
intensity. Results are expressed as means + SD (n =4). Significant differences (*P < 0.05)
among groups are determined by ANOVA followed by Tukey’s test. B. Representative
images of double immunofluorescence staining of ROS and ER. ROS was detected by
CellROX Deep Red oxidative stress reagent, ER was detected by ER Tracker. Ctrl,

control. Scale bar: 5 pm.
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Figure 4.7. Effects of NAC on TPEN Induced ER and Mitochondrial Cell Death
Signaling. A. H411E3C cells were treated with 0 or 0.5 or 1 or 2 mM NAC with or
without 3uM TPEN for 6 h. ROS production was measured by dihydroethidium
fluorescence intensity. B. H41IE3C cells were treated with 3uM TPEN with or without 2
mM NAC. Representative images of ROS staining. ROS was detected by CellROX Deep
Red oxidative stress reagent. C. Immunoblot of ER stress markers. The bands were
quantified by densitometry analysis. The ratio to f-actin was calculated by setting the
value of control (ctrl) as one. Results for bars that do not share a letter differed
significantly among groups (P <0.05). Significant differences among groups are
determined by ANOVA followed by Tukey’s test. D. Representative images of
immunofluorescence staining of mitochondrial membrane potential. E. Representative
images of immunofluorescence staining of cleaved caspase-3 and TUNEL assay. Scale

bar: 5 um (B, C), Scale bar: 20 um (E).
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CHAPTER V
DEFECT OF MITOCHONDRIAL RESPIRATORY CHAIN IS A MECHANISM OF

ROS OVERPRODUCTION IN A RAT MODEL OF ALCOHOLIC LIVER

DISEASE: ROLE OF ZINC DEFICIENCY

Qian Sun, Wei Zhong, Wenliang Zhang, Zhanxiang Zhou. American Journal

PhysiologyGastrointestinal and Liver Physiology (in press).
Abstract

Morphological and functional alterations of hepatic mitochondria have been
documented in patients with alcoholic liver disease (ALD). Our recent study
demonstrated that zinc level was decreased in whole liver and mitochondria by chronic
alcohol feeding. The present study was undertaken to determine if zinc deficiency
mediates alcohol-induced mitochondrial electron transport chain (ETC) defect and if
defected ETC function may lead to generation of reactive oxygen species (ROS). Male
Wistar rats were pair-fed with the Lieber-DeCarli control or ethanol diet for 5 months.
Chronic alcohol exposure increased hepatic triglyceride, free fatty acid, and 4-
hydroxynonenal (4HNE) levels; meanwhile hepatic mitochondrial 4HNE level was also
increased. Moreover, hepatic mitochondrial respiratory complex I, 111, 1V, and V and
hepatic ATP production were decreased by chronic alcohol exposure. Chronic alcohol

feeding decreased peroxisome proliferator-activated receptor gamma coactivator-1-alpha
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(PGCla), nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A
(TFAM), and mitochondrial DNA. HepG2 cells were treated with N,N,N’,N'-tetrakis (2
pyridylmethyl) ethylenediamine (TPEN) for 6 h. Zinc deficiency significantly decreased
mitochondrial respiratory complex I, 111, and IV. In addition, PGCla, NRF1 and TFAM
levels as well as mitochondrial DNA were significantly decreased by TPEN treatment.
Knockdown of mitochondrial respiratory complex I, 111, or IV by shRNA caused a
decrease in mitochondrial membrane potential and an increase in ROS production. These
results suggest that alcohol exposure-induced hepatic zinc deficiency could inactivate
mitochondrial biogenesis pathway and decrease mitochondrial DNA replication, which,
in turn, decreases mitochondrial complex proteins expression. The defect of
mitochondrial respiratory complexes may worsen alcohol-induced ROS production.
Introduction

Excessive alcohol consumption can exert serious adverse health effects, including
the development of alcoholic liver disease (ALD). The spectrum of ALD includes
alcoholic steatosis, alcoholic hepatitis, and alcoholic cirrhosis, which may ultimately
progress to carcinoma [15]. The simple steatosis manifests as lipid accumulation and
enlarged liver, and alcoholic hepatitis is characterized by inflammatory cell infiltration in
the liver [22, 42]. Cirrhosis is the most severe stage of ALD, and at this stage normal
liver tissue is replaced by scare tissue and proper function of liver is lost [24] . It has been
proposed that alcohol-induced generation of reactive oxygen species (ROS) contributes to
the transition of simple steatosis to advanced stage of ALD [48]. Studies demonstrated

that alcohol induced massive production of ROS result in inflammasome formation, cell
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injury and apoptotic signal activation [45, 46]. Meanwhile, deletion of genes that promote
hydrogen peroxide generation ameliorated alcohol-induced steatosis and cell injury [19].
Mitochondrion is the organelle well-known for its role in energy generation from
nutrients and alcohol oxidation. However, the generation of ATP accompanies with ROS
production, which is the inevitable byproducts of oxidative phosphorylation (OXPHQOS)
[31]. Mechanistic studies demonstrated that defect in mitochondrial OXPHOS process
results in further generation of ROS [2, 9]. In addition, mitochondria are dynamic
organelle involved in biogenesis of mitochondria. The regulation of mitochondrial
biogenesis is achieved by PGC1la, which promotes nuclear respiratory factor (NRF)
mediated mitochondrial transcription factor A (TFAM) expression [3]. The translocation
of TFAM to mitochondria stimulates mitochondrial biogenesis and mitochondria DNA
(mtDNA) replication [3]. Alterations in morphology and function of mitochondria have
been reported in the liver of patients with ALD [11].

Zinc deficiency is well-documented in patients with advanced ALD [26]. Zinc is
required to maintain normal structure of proteins and for activities of more than three
hundreds of enzymes [13]. In addition, zinc participates in antioxidant defense [26]. Thus,
zinc deficiency links with severe health consequences. It has been documented that
chronic alcohol feeding significantly decreases zinc levels in the plasma and liver of mice
and rats [18, 33],while zinc supplementation to mice chronically fed alcohol diet
ameliorates ROS generation in liver [18]. Our recent study demonstrated that zinc level is
the most abundant in the mitochondria compared to other subcellular compartments, but

significantly reduced after alcohol exposure [34]. Therefore, this study was undertaken to
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investigate if there is a mechanistic link between alcohol-induced hepatic zinc deficiency
and mitochondrial electron transport chain (ETC) defect and if ETC defect contributes to
ROS production.
Materials and Methods
Animal and alcohol feeding experiments

Male Wistar rats were obtained from Harlan (Indianapolis, IN). The animal
protocol was approved by the Institutional Animal Care and Use Committee of the North
Carolina Research Campus. Eight-week-old male rats were pair-fed a modified Lieber-
DeCarli alcohol (Dyets, Bethlehem, PA, #7100027) or isocaloric maltose dextrin control
liquid diet (Dyets, #710260) for 5 months (n= 6 for each group) with a stepwise feeding
procedure, as described previously [34]. In brief, the ethanol content (%, w/v) in the diet
was start with 1.6 and increased with 1 every two days to reach 3.6 at the end of pre-
feeding. On the day of feeding, the ethanol content in the diet was 5.0 (36% of total
calories) and gradually increased to 6.3 (44% of total calories). At the end of 5-month
feeding, rats were anesthetized with inhalational isoflurane. Left lobe of liver was
collected for organelle isolation process, and the rest of the liver were fixed for pathology
or stored at -80°C.
Staining of frozen tissue section

Liver tissue were frozen in Tissue-Tek OCT (Optimum Cutting Temperature)
Compound (VWR, Batavia, IL). Cryostat liver tissue section were cut at 7 um, fixed and
processed with Oil red O solution to stainneutral lipid, or subject to CD68 (AbD Serotec,

Atlanta, GA, #MCA341GA, 1:50) immunofluorescent staining to identify Kupffer cells,
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or incubated with 5 uM dihydroethidium (DHE, Life technologies, Carlsbad, CA, #D-
1168) to detect ROS production. Frozen tissue sections subjected to CD68
immunofluorescent staining were counter stained with DAPI. Quantitative assay of
triglycerides, and FFA in liver tissue were measured by Bio Vision assay Kits.
Quantification of positive cells or staining was performed with Image J (NIH).
Cell culture and treatment

Human HepG2 hepatoma cells obtained from the American Type Culture
Collection (Manassas, VA) were grown in Dulbecco’s modified Eagle medium (DMEM,;
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and
penicillin (100 U/ml) streptomycin sulfate (100 pg/mL) (Invitrogen, Carlsbad, CA).
HepG2 hepatoma cells were seeded at 5x10° cells per well for 6-well plate, or 1x10° cells
per well for 8-well chamber slide, or 2x10* cells per well for 96-well plate overnight.
Then cells were treated with 3 pM N,N,N’,N'-tetrakis (2-pyridylmethyl) ethylenediamine
(TPEN) (Sigma-Aldrich) for six hours in absence of FBS.
Determination of ROS

Superoxide levels in the liver of rats or HepG2 cells were detected with DHE After
uptake by cells, DHE is oxidized to ethidium, which intercalates into DNA and gives
nucleus a bright red fluorescent. The chamber slides were washed twice with PBS. The
production of superoxide was detected with fluorescence microscopy. Hydrogen
peroxide levels in the cell culture medium were measured by Amplex Red Hydrogen
Peroxide/Peroxidase Assay kit (Invitrogen, Waltham, MA, #A22188). Briefly, cells were

seeded in 96-well plate overnight. In the next morning, fresh media were changed for
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each well. Six hours later, fifty microliter of media was transferred to a clean 96-well
plate subject to hydrogen peroxide assay according to instruction provided by
manufacture. Then, the production of hydrogen peroxide levels were measured with plate
reader at OD560nm.
Immunohistochemical staining

Hepatic 4-hydroxynonenal (4HNE), myeloperoxidase (21), OXPHOS, MTCO1,
AMPK, PGC1la, NRF1, and TFAM levels were detected by immunohistochemical
staining. Briefly, liver tissue paraffin sections were incubated with 3% hydrogen peroxide
for 10 minutes to inactivate endogenous peroxidases. Tissue sections were then incubated
with a monoclonal mouse anti-4HNE antibody (Northwest Life Science Specialties,
Vancouver, WA, #NWA-HNEO020, 1:100), anti-MPO (LSBio, Seattle, WA, #LS-B6699,
1:100), anti-oxphos (Abcam, Cambridge, MA, #ab110413, 1:100), anti-MTCO1 (Abcam,
#ab14705, 1:100), anti-p-AMPK (Cell Signaling Technology, Danvers, MA, #2537,
1:100), anti-PGC1a (Calbiochem, #5ST1202, 1:100), anti-NRF1 (Boster, Pleasanton, CA,
#PA1948, 1:200), or anti-TFAM (Novus biological, Littleton, CO, #NBP1-71648, 1:100).
Negative controls were conducted by replacing the primary antibody with PBS, and no
positive staining was found. Quantification of positive staining was conducted by Image J.
Immunoblot analysis

Liver tissue or purified hepatic mitochondrial proteins were extracted by T-PER
tissue extraction reagent (Thermo scientific) containing protease inhibitors (Sigma-
Aldrich, St. Louis, MO). Aliquots containing 80 g proteins were loaded onto an 8%-15%

sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). After electrophoresis, proteins
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were transferred to a polyvinylidene fluoride membrane. The membrane was probed with
polyclonal antibodies against 4HNE (1:500), anti-superoxide dismutase 2 (SOD2,
Millipore, Billerica, MA, #06984, 1:1000), anti-heat shock protein 60 (hsp60, BD,
Franklin Lake, NJ, #611562, 1:1000 ), anti-total oxphos cocktail (1:2000), anti-PGC1la
(1:1000), anti-NRF1 (1:1000), anti-TFAM (1:1000) respectively. The membrane was
then incubated with HRP-conjugated goat anti-rabbit IgG, or goat anti-mouse IgG
antibody. The protein bands were visualized by an Enhanced Chemiluminescence
detection system (GE Healthcare, Piscataway, NJ, #34076) and quantified by
densitometry analysis.
Measurement of hepatic ATP

Hepatic ATP level was measured by commercial ATP Assay Kit (Abcam,
#ab83355). Briefly, liver tissue (approx. 20-30 mg) was freeze-clamped using aluminum
block pre-cooled in liquid nitrogen and immersed in liquid nitrogen immediately. Liver
samples stored in -80°C. On the day of assay, liver sample was pulverized under liquid
nitrogen and homogenized with 6% perchloric acid (PCA). Homogenates were
centrifuged at 13,000g for 5 minutes at 4°C, the supernatant were neutralized to pH 7.8
with 2M KOH, placed on ice for 1h and centrifuged at 13,0009 for 5 minutes at 4°C. The
supernatants were subjected to ATP assay according to manufacturer’s instruction. The
amount of tissue ATP was determined at OD570nm.
gPCR

The DNA was extracted by QIlAamp DNA Mini Kit (Qiagen, Venlo, Limburg,

#51306). The forward and reverse primers were purchased from Integrated DNA
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Technologies (Coralville, 1A). Primer sequences of rat and human NADH dehydrogenase
for the qPCRs are described in somewhere else (41). gPCR analysis with SYBR green
PCR Master Mix (Qiagen, Valencia, CA, #203445) was performed on the Applied
Biosystems 7500 Real Time PCR System (Applied Biosystems).
Silence of mitochondrial respiratory complex in HepG2 cells

HepG2 cells were transfected with human CI-NDUFB8, CIII-UQCRC2 (Santa
Cruz Biotechnologies, Santa Cruz, CA), or CIV-MTCO1 shRNA (Applied Biological
Materials Inc, Richmond, BC). Stable clones were generated by delivering ShRNA
lentivirus into cells. The selection of stable silenced clones was started 48 h later with
2UM puromycin.
Measurement of mitochondrial membrane potential

The mitochondrial membrane potential of live cells is assessed by TMRE
mitochondrial kit (Abcam, #ab113852), as described previously (34).
Statistics

Results are expressed as mean + standard deviation. Differences between two
groups were analyzed by two-tail Student’s t-test. Differences among multiple groups
were analyzed by analysis of variance followed by Tukey’s test. The significance
between groups was defined as P < 0.05.
Results
Chronic alcohol feeding induces hepatic lipid accumulation and inflammation

The serum ALT, AST, and hepatic and subcellular zinc levels have been reported

previously (34).CD68 and MPO staining illustrated that chronic alcohol feeding
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significantly increased the number of Kupffer cells and neutrophil infiltration in the liver
of alcohol-fed rats (Figure 1A and 1B). Oil red O staining demonstrated that 5 months
alcohol feeding increases the number and size of lipid droplets (arrows) in the liver (Fig.
1A). Quantitative measurement of hepatic lipid contents showed that 5 months alcohol
feeding significantly increased hepatic triglyceride (P < 0.05) and FFA (P < 0.05)
concentrations (Fig. 1C and 1D).
Chronic alcohol feeding induces oxidative stress in the whole liver and purified hepatic
mitochondria

To determine whether liver and mitochondrial oxidative stress is significantly
increased by chronic alcohol feeding, ROS in the whole liver and purified hepatic
mitochondria was analyzed. DHE fluorescence microscopy showed that alcohol feeding
caused ROS accumulation in the liver, as indicated by strong red fluorescence formation
in the nuclei (Fig. 2A). A lipid peroxidation product, 4HNE, was detected by
immunohistochemistry. As shown in Figure 2A, the intensity of 4HNE staining was
increased in the liver of rats after alcohol feeding. Moreover, Western blot analysis
showed that alcohol feeding significantly increased 4HNE, SOD2 and hsp60 in the
purified hepatic mitochondria compared to the controls (Fig. 2B).
Chronic alcohol feeding impairs mitochondrial oxidative phosphorylation and biogenesis
(OXPHOS)

To determine whether alcohol feeding affects mitochondrial OXPHOS, ETC was
assessed at protein level. The protein levels of mitochondrial complex I, complex Ill,

complex 1V, and complex V were significantly decreased by chronic alcohol feeding (Fig.
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3A). Hepatic ATP level was measured to assess the productivity of ETC. Alcohol feeding
reduced hepatic ATP level to 87% of that of the controls (Fig. 3B). In addition,
immunohistochemical staining of total OXPHOS proteins and complex IV (MTCO1)
showed a weaker staining intensity in the liver of alcohol-fed rats compared to the
controls (Fig. 3C). Quantification of positive staining further showed significantly
decreased expression of total OXPHOS proteins and complex IV protein in the liver of
rats after 5 month alcohol exposure (Fig. 3E).

To further explore the possible mechanisms by which chronic alcohol feeding
decreases OXPHOS, major mitochondrial biogenesis regulators were evaluated. As
shown in Figure 4A, chronic alcohol feeding significantly decreased hepatic p-AMPK,
PGCla, NRF1, and TFAM at protein levels. Meanwhile, immunohistochemical staining
demonstrated that the intensities of p-AMPK, nuclear PGCla and NRF1, and
mitochondrial TFAM were reduced in the alcohol-fed rats compared to that of the
controls (Fig 4B and 4C). In accordance, hepatic mitochondrial DNA level was
significantly decreased in the alcohol fed rats compared to that of the controls (Fig 4C).
Zinc deprivation perturbed mitochondrial biogenesis and oxidative phosphorylation in
HepG2 cells

We have previously reported that mitochondrial zinc level was significantly
decreased in the liver of rats chronically-fed alcohol; therefore the possible link between
zinc deficiency and mitochondrial ETC reduction was evaluated in this study. Zinc
deprivation in HepG2 cells was achieved by TPEN treatment. Western blot analysis

showed that zinc deprivation did not affect hsp60, but significantly up-regulated SOD2
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expression (Fig. 5A). Then the expression of mitochondrial respiratory complexes was
assessed. TPEN treatment significantly decreased the expression of complex I, complex
I11, and complex IV, while increased the expression of complex V at protein level (Fig.
5B). To understand the mechanism by which zinc deprivation perturbs mitochondrial
respiratory complexes, mitochondrial biogenesis regulators were evaluated. As shown in
Figure 5C, p-AMPK, PGC1la, NRF1, and TFAM were significantly decreased by TPEN
treatment. Meanwhile, mitochondrial DNA level in TPEN-treated cells was dramatically
decreased to 47% of that in controls (Fig. 5D).
Zinc deficiency-induced defect of mitochondrial ETC led to a decreased mitochondrial
membrane potential (MMP) and increased ROS production

We have previously shown that zinc deprivation induced generation of ROS and
loss of mitochondria MMP, and thereby caused hepatocyte apoptosis. In the current study,
we tested whether ETC protein defect due to zinc deprivation is a cause of increased ROS
and decreased MMP in hepatocytes. HepG2 cells were genetically manipulated with
scrambled shRNAs, including complex I- NDUFB8 shRNA, complex 111-UQCRC2
shRNA, or complex IV-MTCO1 shRNA, respectively. As shown in Figure 6, transfection
with all the three mitochondrial complex shRNAs effectively silenced their target genes,
respectively.

MMP and ROS were assessed by fluorescence microscopy, and the red
fluorescence represents active mitochondria and ROS accumulation, respectively. As
shown in Figure 7A, HepG2 cells transfected with NDUFB8 shRNA, UQCRC2 shRNA,

or MTCO1 shRNA showed a decreased MMP but an increased ROS production
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compared to the HepG2 cells transfected with the scrambled shRNA. The hydrogen
peroxide concentration in the cell culture media was measured as well. As shown in
Figure 7B, HepG2 cells transfected with NDUFB8 shRNA, UQCRC2 shRNA, or
MTCOL1 shRNA had a higher hydrogen peroxide concentration in the culture media
compared to the HepG2 cells transfected with the scrambled shRNA.
Discussion

Increased generation of ROS is a major cause of alcohol consumption-induced
liver damage [23]. Reduced ROS production by genetic manipulation or dietary
interventions effectively protected liver injury induced by alcohol consumption. A
previous study showed that p47 knockout mice had a decreased ROS, plasma ALT,
hepatic lipid accumulation and inflammation compared to wild type mice after alcohol
feeding [20]. In addition, our group previously demonstrated that zinc supplementation
effectively ameliorated ROS generation and partially reversed plasma ALT, hepatic lipid
accumulation and apoptosis after alcohol consumption [18]. In the present study, we
found not only an increased ROS level in the whole liver but also accumulated 4HNE in
the purified mitochondria. Meanwhile, the increased production of SOD2 was detected.
SOD2 is a mitochondrial specific antioxidant that converts superoxide to hydrogen
peroxide and the up-regulated expression indicates an increased ROS accumulation in the
mitochondria. Therefore, the present study demonstrated that ROS not only accumulated
in the whole liver but also in the mitochondria.

Mitochondrion has been referred as a power plant while passing electrons through

ETC to produce ATP. Mitochondrial ETC is composed of five multi-subunit complexes.
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The subunits of each mitochondrial respiratory complex are encoded by both nuclei DNA
(nuDNA) and mitochondrial DNA (mtDNA), except for complex Il [29]. Subunits of
complex Il are completely encoded by nuDNA. Previous studies showed that chronic
alcohol exposure repressed OXPHOS by decreased synthesis of mitochondrial respiratory
complexes, including complex I, 111, 1V, and V in rats [7, 8]. Accordingly, mitochondrial
respiration (state 111) and respiratory control ratio (state Ill/state I\VV) were decreased [7],
which indicated a decreased ability to convert ADP to ATP. In the current study, we
found that chronic alcohol feeding decreased the expression of complex I, 111, IV and V,
but not complex Il, meanwhile the production of ATP was decreased. Interestingly,
complex IV was constantly reduced, but complex 11 was always unchanged in all of the
chronically alcohol feeding studies on rats [8, 35, 36]. It seems that complex IV is one of
the most sensitive components to oxidative damage in response to alcohol; however,
complex Il is the most resistant component to alcohol-induced toxicity in rats. Moreover,
previous studies suggest that impairment of mtDNA and mitochondrial ribosomes
accounts for the decreased synthesis of the subunits encoded by mtDNA [5, 6, 27]. It is
still unclear that how alcohol represses the synthesis of respiratory subunits encoded by
nuDNA. It is possible that the decreased synthesis of respiratory subunits encoded by
mtDNA links with the reduced importation and/or the increased degradation of those
subunits encoded by nuDNA in mitochondria. Therefore, the unchanged complex Il may
be due to the lack of respiratory subunits encode by mtDNA. In addition, we found that
chronic alcohol consumption increased hepatic hsp60. It is known that hsp60 is a

mitochondrial-specific chaperone protein, and the increased hsp60 level indicates a
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folding crisis of mitochondrial proteins [40, 44]. The sustained folding crisis may lead to
increased protein degradation [38]. Accordingly, the results suggest that ATP reduction
after chronic alcohol exposure may be resulted from the decreased OXPHOS function, as
demonstrated by reduced mitochondrial respiratory complex I, 111, IV and V proteins.
Mitochondrial biogenesis is a process by which cells replenish the damaged and
degraded mitochondria to maintain their mitochondrial number and function. The
regulation of mitochondrial biogenesis involves more than 1000 genes encoded by both
mtDNA and nuDNA. The master regulator of mitochondrial biogenesis is PGCla. [37].
The downstream factors of PGCla include NRF1, peroxisome proliferator receptors
(PPARs) and estrogen related receptors (ERRS); they all can activate TFAM to promote
mitochondrial gene expression [3]. It has been reported that PGCla and TFAM positively
correlate with mitochondrial respiratory complexes [16, 43]. In consistent with previous
findings, we demonstrated that alcohol consumption decreases both PGCla and
mitochondrial respiratory complexes in the liver. In addition to PGCla and TFAM, the
current study demonstrated, for the first time, that chronic alcohol feeding also reduces
hepatic NRF1, a key nuclear transcription factor for mitochondrial respiration. It has been
reported that NRF1 binding sites are found in a numerous genes involved in respiratory
chain [10]. Most of these genes were involved in mitochondrial respiratory complexes,
but others related to expression and assembly of the respiratory apparatus. NRF1 plays an
important role in nucleo-mitochondrial communication by which the proteins involved in
mitochondrial respiration can be produced accordingly in both nuclear and mitochondria.

Moreover, it has been reported that homozygous NRF1 null blastocysts have impaired
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mitochondrial membrane potential and severely reduced mtDNA level [17]. Thus, the
decreased NRF1 level may play an important role in alcohol-induced decrease in
mitochondrial respiration and function in addition to regulation of mitochondrial
biogenesis. Thus, the current study suggests that inactivation of PGCla, NRF1 and
TFAM represent the key mechanism underlying chronic alcohol consumption-induced
reduction of mitochondrial biogenesis and respiration.

Zinc deficiency has been reported constantly in human and animals with ALD, and
zinc supplement to alcohol fed animals showed beneficial effect [18, 26]. A previous
study demonstrated that zinc supplementation could partially rescue alcohol
consumption-induced morphological change of mitochondria [47]. In addition, it has
been shown that zinc is required to maintain mitochondrial complex IV content and ATP
production in mammary gland [32]. In the current study, we found that zinc deficiency
reduced the expression of mitochondrial respiratory complex 1, 11, IV, and V. Moreover,
zinc deficiency also decreased the expression of PGCla, NRF1 and TFAM and reduced
the level of mtDNA. It has been reported that zinc plays an important role in cell
proliferation via zinc proteins [30, 39]; thus it is not surprising that zinc regulates
mitochondrial biogenesis. However, the exact molecular mechanisms need to be further
explored. It is noteworthy to mention that experimental zinc deprivation induced complex
V expression instead of a decreased expression as found in the in vivo study. This
controversial result indicates that other factors in combination with zinc deficiency may
contribute to the reduction of mitochondrial respiratory complexes in rats chronically fed

alcohol. In addition, we did not find an altered hsp60 in the in vitro study, which further
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suggests that other factors in addition to zinc must play a role in mitochondrial
dysfunction after alcohol exposure. Further investigations are required to define the
mechanisms by which alcohol reduces the mitochondrial complex V. Furthermore,
oxidative stress, in addition to PGCla inactivation, may also contribute to the reduction
of mtDNA level by experimental zinc deficiency based on the observation from our
group that experimental zinc deficiency by TPEN treatment increased MDA level in
HepG2 cells [18]. As a whole, we demonstratedthat chronic alcohol consumption
downregulates hepatic PGC1a, NRF1 and TFAM and mitochondrial respiratory complex
I, 111, and IV, and zinc deficiency is likely a mediator of the alcohol effects.

Mitochondrion is the major site of ROS production. Normally, about 1-2% of the
oxygen consumed in mitochondria is converted into ROS [12, 21]. It has been shown
that mitochondrial respiratory complex I and 111 are the sites leaking electrons, which, in
turn, react with oxygen to generate ROS in the mitochondrial matrix [29]. However,
under disease conditions, other mitochondrial respiratory complexes in addition to
complex I and 111 may also contribute to mitochondrial origin of ROS generation. A
previous study showed that defective complex 11 was mainly responsible for the
overproduction of mitochondria-oriented ROS in mice with Rett syndrome [9].
Furthermore, although it is unlikely that ROS can be generated during enzyme turnover
of complex IV, one study demonstrated that cytochrome oxidase contributed to the
production of ROS after myocardial ischemia/perfusion [28]. In addition, Galati, D et al.
further showed that knockdown of cytochrome ¢ oxidase subunit Vb increased

mitochondrial ROS level [14].The exact site where does defective cytochrome oxidase
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generate ROS is still unknown. We reported coexistence of ROS overproduction and
MMP impairment in the ALD model, which seems contradictory to the existing theory
that increased MMP is necessary for ROS production via enhancing proton backpressure
and inducing electron leakage. Interestingly, previous studies also reported the same
finding as ours in their disease models [4, 9]. It is likely that, under disease condition, the
more ROS is generated through defected ETC, the more mitochondria are damaged. As a
result, the total number of mitochondria is decreased and leads to decreased MMP.
Meanwhile, the remaining mitochondria with impaired ETC generates more than usual
ROS.

It is noteworthy to mention that NDUFB8 and UQCRC2 are accessory subunit of
the complex | and complex 111, respectively [25], and they are required to anchor the
corresponding complexes. Previous studies have shown that selective inhibition of
electron transfer from iron-sulfur center of complex | or cytochrome by of complex 111 to
ubiquinone with rotenone or antimycin induced ROS overproduction [1]. In the current
study, we selectively knocked-down accessory subunit of complex I and 111 to understand
whether non-catalytic subunit deficiency also contribute to dysfunction of complexes and
subsequent ROS overproduction. In addition, MTCOL is one of the core subunit of
complex 1V, and plays catalytic role for the function of complex IV. It has been shown
that increased ROS cause reduction of complex IV [2], meanwhile a few study also
showed dysfunction of complex 1V, under disease conditions, may contribute to ROS
production [28].Therefore, the role of MTCO1 was assessed. In the present study,

selective knockdown of either NDUFB8 (subunit of complex 1), UQCRC2 (subunit of
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complex I1), or MTCO1 (subunit of complex 1V) increased ROS production and
decreased MMP. The results demonstrated, for the first time, that defective complex 1V,
as the defective complex | and 11, could cause overproduction of ROS in vitro. In
accordance, the data suggests that alcohol-induced defect of ETC could be an important
factor in the generation of oxidative stress after chronic alcohol feeding.

In summary, the present study demonstrated that chronic alcohol consumption
impairs mitochondrial biogenesis and perturbs ETC, leading to generation of ROS. As
illustrated in Figure 8, experimental zinc deprivation reduced the expression of
mitochondrial biogenesis regulators, PGCla, NRF1, and TFAM as well as mtDNA,
which accounts for the reduction of mitochondrial respiratory complex proteins. Another
important finding in the present study is that the reduction of mitochondrial respiratory
complex IV may also contributes to ROS generation. However, it is still unclear whether
increased production of ROS is directly through defected complex 1V or other
mechanisms are also involved. These results provide a novel insight into the role of zinc
in mitochondrial biogenesis and function, and a new evidence of zinc therapy for treating
ALD.
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Figure 5.1. Inflammatory Cells Infiltration and Lipid Accumulation in Rats Chronically
Fed Alcohol for 5 Months. (A) Immunofluorescent staining of CD68 in the liver, which
was counter stained with DAPI; immunohistochemical staining of MPO in the liver; Oil
red O staining of the neutral lipids in the liver. CD68 positive cells are showed as red
staining in the cytosol. The brownish staining are MPO positive cells, as indicated by
arrows. Lipid droplets are stained with red color, as indicated by arrows. (B) Quantitative
measurements of positive cells of CD68 and MPO. (C) Quantitative measurements of
hepatic concentration of triglycerides and (D) free fatty acids. Data are expressed as mean
+ SD from 6 rats. Statistical difference (P < 0.05) was analyzed by Student’s t-test. Ctrl:

control; EtOH: ethanol.
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Figure 5.2. Oxidative Stress in The Whole Liver and Purified Mitochondria in Rats
Chronically Fed Alcohol for 5 Months. (A) ROS accumulation in the liver was detected
by dihydroethidium, as indicated by red fluorescence in the nuclei (upper panel). Scale
bar: 20um.The formation of 4HNE adduct (arrows) was detected by
immunohistochemistry (lower panel). Scale bar: 50um. (B) The immunoblot bands of
4HNE, SOD2, and hsp60 in purified mitochondria. Quantification of DHE and 4HNE
staining intensity was conducted by Image J. Data are expressed as mean + SD from 6
rats. Statistical difference (P < 0.05) was analyzed by Student’s t-test. Ctrl: control; EtOH:

ethanol.
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Figure 5.3. Protein Levels of Mitochondrial Respiratory Complexes and ATP Production
in The Liver of Rats Chronically Fed Alcohol for 5 Months. (A) The immunoblot bands

of OXPHQOS proteins, subunit of complex | (CI-NDUFB8), subunit of complex 11 (ClI-
SDHB), subunit of complex 1l (UQCRC2), subunit of complex IV (MTCOL1), and
subunit of complex V (ATP5A) (B) ATP level in the liver of rat was detected by
commercial ATP assay kit. (C) The immunohistochemical staining of total mitochondrial
respiratory complex proteins (upper panel) and complex IV MTCO-1 proteins (lower
panel). Arrows indicate positive staining. (D) The fold change of immunohistochemical
staining intensity. The quantification was conducted by Image J.Data are expressed as
mean = SD from 6 rats. Statistical difference (*P < 0.05) was analyzed by Student’s t-test.

Ctrl: control; EtOH: ethanol.
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Figure 5.4. Protein Levels of Mitochondrial Biogenesis Regulators and mtDNA Level in
The Liver of Rats Chronically Fed Alcohol for 5 Months. (A) The immunoblot bands of
p-AMPK, AMPK, PGCla, NRF1, and TFAM. (B) The immunohistochemical staining of
p-AMPK, PGCla, NRF1 and TFAM proteins. Arrows indicate positive staining. (C) The
fold change of immunohistochemical staining intensity. The quantification was
conducted by Image J. (D) The mtDNA level was measured with NADH dehydrogenase
subunit 6 by qPCR. Data are expressed as mean + SD from 6 rats. Statistical difference

(*P < 0.05) was analyzed by Student’s t-test. Ctrl: control; EtOH: ethanol.
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Figure 5.5. Effect of TPEN on hsp60, SOD2, OXPHOS Proteins, Mitochondrial
Biogenesis Regulators, and mtDNA Level in Human HepG2 Cells. Human HepG2 cells
were treated with 3 UM TPEN without FBS for 6h. (A) The immunoblot bands of hsp60
and SOD2. (B) The immunoblot bands of OXPHOS proteins, subunit of complex I (Cl-
NDUFBS), subunit of complex Il (CI1-SDHB), subunit of complex I11 (ClI1-UQCRC2),
subunit of complex IV (CIV-MTCOL1), and subunit of complex V (CV-ATP5A). (C) The
immunoblot bands of p-AMPK, AMPK, PGC1la, NRF1, and TFAM. (D) The mtDNA
level was measured with NADH dehydrogenase subunit 6 by gqPCR. Data are expressed
as mean £ SD (n=3). Statistical difference (*P< 0.05) was analyzed by Student’s t-test.

Ctrl: control.
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Figure 5.6. The Efficiency of Transfection with ShRNAs. The human HepG2 cells were

transfected with scrambled, CI-NDUFBS, CI1I-UQCRC2, CIV-MTCO1 shRNA
lentivirus for 48h and the stable clone was selected with 2 pM puromycin. The
immunoblot bands of OXPHOS proteins in stable transfected cells. Data are expressed as
mean £ SD (n=3). Statistical difference (*P< 0.05) was analyzed by Student’s t-test. Ctrl:

control.
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Figure 5.7. Effect of Defective Mitochondrial Respiratory Complex on Mitochondrial
Membrane Potential (MMP) and ROS Generation. HepG2 cells transfected with
scrambled shRNA, NDUFB8 shRNA, UQCRC2 shRNA, or MTCO shRNA were stained
with TMRE or DHE for assessing MMP and ROS, respectively. (A) Red fluorescence
represents TMRE labeled active mitochondria (left panel, Scale bar: 20 pm) or cells with
ROS production (Right panel, scale bar: 50 um). (B) The fold change of fluorescent
intensity. The quantification was conducted by Image J. (C) Hydrogen peroxide secreted
into cell cultural media was detected by Hydrogen Peroxide/Peroxidase assay Kit. Data
are expressed as mean + SD (n=3). Results for bars that do not share a letter differ
significantly (P <0.05). Significant differences among groups were determined by

ANOVA followed by Tukey’s test.

132



Ethanol

)
Zincl
|

PGCla, NRF1, TFAMl

AR AR Ll R , i
H* He l w H g K //

[T T A 3 v v
TFAMl :

(ml
e/
Z 1\
7y

QOQO0O!

Figure 5.8. Schematic Hypothesis on Zinc Deprivation Induced Accumulation of ROS
Based on The Results of The Present Study. Alcohol consumption-induces a decrease in
zinc level in the liver. Zinc deficiency down-regulates expression of PGC1[], NRF1, and
TFAM, which results in reduced mitochondrial biogenesis and mtDNA replication.
Impairment of mtDNA leads to defect of mitochondrial respiratory complexes, namely
complex I, 111, and IV. As a result, defective complex I, I11, and IV causes ROS

overproduction in ALD.
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CHAPTER VI

EPILOGUE

Conclusion and Future Study

Prolonged and excessive alcohol consumption exerts health concerns, and there is
no effective treatment for ALD. Thus, ALD study is still ongoing, with the objective of
elucidating the underlying mechanisms and discovering potential therapeutic target. In
my dissertation research, | studied the mechanism underlies chronic alcohol
consumption-induced hepatic zinc deficiency and dissect the effect of zinc deficiency on
mitochondrial apoptosis. My study provided evidence that zinc deficiency could damage
ER and mitochondrial function and lead to apoptosis.

In chapter 111, we demonstrated that prolonged alcohol consumption, 2-week, 4-
week, and 8-week, continuously decrease hepatic zinc level, in line with increased
urinary zinc excretion. However, plasma zinc level showed an increase after alcohol
feeding at all three time points. Zinc finger transcription factors, PPARa and HNF4a,
were decrease at protein levels as early as 2-week of alcohol feeding. Another zinc
protein, SOD1, showed reduced activity at week-2 of alcohol feeding. Hepatic zinc
transporters were analyzed at both mRNA and protein levels. Consistent alterations were
observed at protein levels after 2-week, 4-week, and 8-week of alcohol feeding, with
reduction of ZIP5 and ZIP14, and elevation of ZIP7 and ZnT7. Chronic alcohol

consumption also induced the expression of CYP 2E1 and formation of 4-HNE adduct,
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and the amount of CYP 2E1 and 4-HNE was dependent on the duration of alcohol-
feeding. Mechanistic study elucidated that 4-HNE increased the expression of ZIP5 and
ZIP7, and hydrogen peroxide increased the expression of ZIP7 and ZnT7 but decreased
the expression of ZIP14 at protein levels.

As a whole, chapter 1l demonstrated that chronic alcohol consumption altered the
expression of hepatic zinc transporters, by which the uptake of zinc by liver was reduced.
Since only ZIP14 has been reported located on the plasma membrane of hepatocyte, we
predicted that decreased ZIP14 responsible for decreased zinc levels in the whole liver.
Moreover, increased oxidative stress by alcohol consumption may be the cause of the
alteration of the zinc transporters. Thus, chapter 111 fulfill the objective in Aim 1

In chapter 1V, zinc levels were evaluated at subcellular compartments, including
nuclei, ER, mitochondria, and cytosol, meanwhile zinc transporters were measured in ER
and mitochondria. Results showed that five months of alcohol exposure significantly
decreased hepatic zinc levels, along with decreased zinc levels in ER and mitochondria.
Mitochondria had the highest zinc level among all the tested subcellular compartments.
The expression of zinc transporters in the organelles is limited. ZIP 7, ZIP8, ZIP13 and
ZnT7 were detected in ER, while ZIP8, ZnT1 and ZnT4 were detected in mitochondria.
ZI1P13 was increased in ER and ZIP8 and ZnT4 was increased in mitochondria after
chronic alcohol administration. The expression of ER stress makers, p-elF-2a, ATF4, and
CHOP, were upregulated and mitochondrial cytochrome C release was increased by
alcohol exposure. TUNEL assay showed increased number of apoptotic cells after five

months of alcohol feeding. Mechanistic study showed that zinc deprivation increased
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reactive oxygen species (ROS), ER stress, as well as impaired mitochondrial membrane
potential (MMP). However antioxidant, N-acetyl cysteine (NAC), treatment only
partially reversed zinc deprivation induced apoptosis.

As a whole, chapter IV demonstrated that reduced zinc levels in ER and
mitochondria may, at least partially, contribute to chronic alcohol consumption induced
hepatic zinc deficiency. In addition, increased ZIP13 and ZIP8 may responsible for the
zinc reduction in ER and mitochondria, respectively. Zinc deficiency triggers ER stress-
induced apoptosis via impair MMP, and this process is partially dependent on ROS.
Chapter IV accomplishes the objective in Aim 2.

In chapter V, the mechanism underlies zinc deficiency induces mitochondrial stress
induced apoptosis was carefully examined. The results elucidated that chronic alcohol
consumption increased the ROS in whole liver and mitochondria. In addition, the level of
ATP and the expression of mitochondrial ETC complexes were impaired by alcohol
exposure. Mitochondrial biogenesis markers were significantly decreased by 5 months of
alcohol exposure, in line with decreased mitochondria DNA (mtDNA) levels. Zinc
deprivation study showed that zinc deficiency induced reduction of mitochondrial
biogenesis markers, decreased mtDNA levels, as well as decreased ETC complex I, 11l
and IV. Selective knockdown of ETC complex I, or 111, or IV, induced the production of
ROS and decreased the MMP.

As a whole, chapter VV demonstrated that zinc deficiency lead to defect of ETC,

which promotes ROS overproduction and loss of MMP.
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Collectively, my dissertation research suggests that chronic alcohol consumption-
induced hepatic zinc deficiency, mainly from ER and mitochondrial, may be resulted
from altered zinc transporters by increased oxidative stress. In addition, decreased hepatic
zinc level lead to activation of mitochondria mediated apoptotic cell death pathway by
increased ER and mitochondrial stress.

While working on my dissertation research, | encountered some problems. Since
increased acetaldehyde is always a concern for alcohol-consumption induced liver injury,
it is of importance to evaluate the effect of acetaldehyde on the expression of zinc
transporters. However, it is hard to determine the exact concentration of acetaldehyde in
the cell culture media due to low boiling point, which is 68.4°F. The effect of
acetaldehyde with a reasonable dose on the expression of zinc transporters may be
achieved through in vivo study. We have demonstrated that several compounds, for
instance alda-1 could accelerate acetaldehyde clearance and decrease hepatic
acetaldehyde level [3]; therefore the distribution and expression of hepatic zinc
transporters and zinc level can be assessed in mice fed with alcohol diet with or without
alda-1 treatment to determine whether acetaldehyde plays a role in the expression of zinc
transporters. In addition, fluorescence microscope was used to evaluate the MMP.
Although the fluorescent intensity among treatment groups was measured with Image J
(NIH), the morphology of mitochondria could not be well-recognized from the
fluorescence microscope. Therefore, confocal microscope should be used in the future
study to give a better sight that the TMRE dye stained the active mitochondria instead of

the cytosol. Moreover, the production of superoxide was evaluated with DHE staining by
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fluorescence microscope. However, it has been found that there is a spectral overlapping
between superoxide derived maker product and other non-specific oxidized fluorescent
product [1]. Therefore, HPLC method should be utilized to measure the production of
superoxide in the future study.

Apart from the conclusions that have been made in the dissertation research,
studies are still need to investigate i) the effect of subcellular organelle zinc deficiency
on the organelle functions; and ii) the effect of zinc supplementation on subcellular zinc
levels and the subcellular organelle functions. Therefore the overall objective of my
future project is to determine the effectiveness of zinc in treating ALD. The central
hypothesis is that zinc supplementation protect against ALD by improving organelle
functions.

To test the hypothesis and attain the objective of the project, the following two
aims will be accomplished:

Aim 1: Define the link between organelle zinc levels and organelle function in alcohol-
fed mice with or without zinc supplementation.

Aim 2: Determine the mechanism underlies subcellular organelle zinc levels and
subcellular organelle dysfunctions.

Collectively, my dissertation research studied the mechanism underlies alcohol
induces hepatic zinc deficiency and zinc deficiency induces hepatocyte apoptosis. In my
future study, I will focus on how does zinc deficiency affect liver function at subcellular

level.
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