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Abstract

In the thesis presented here, we investigate the effects of dietary changes on copper metabolism. With
increases in incidences of metabolic diseases like non-alcoholic fatty liver disease (NAFLD) and diabetes,
there is a need to understand the mechanisms that drive metabolic changes to disease pathogenesis. To
this end, in the past 10 years, researchers have investigated the roles of diet on changes to metal
micronutrient misregulation. The research presented in this thesis builds upon past findings, and focuses
on the relationship between diet, copper regulation, and the progression of metabolic diseases.

Chapter one offers insight into the state of research on copper metabolism and the interconnectivity of
macronutrients, like fats and sugars, to copper biology. The chapter provides background information key
to the comprehension of the thesis. Chapter two investigates the effects of a two-week sugar intervention
on human serum. We note changes in metal micronutrient markers related to iron, copper, and zinc that
point to a connection between the caloric intake of healthy individuals and metal micronutrient
metabolism. Focusing on copper, we did not observe significant changes in the concentration of
ceruloplasmin, the main serum copper chaperone, but did note changes in copper dependent
ceruloplasmin activity pointing to a change in copper loading of the protein. The activity was positively
correlated to changes in total serum copper, while the concentration was not. This observation challenges
the current methods of clinical copper quantification that are traditionally measured through the
concentration of ceruloplasmin. Chapter three builds on the observations in Chapter two, as a structural
investigation of the effects of glucose on ceruloplasmin. We probed the effects of glucose-mediated
cleavage on ceruloplasmin’s copper status and cleavage sites. Preliminary data shows notable changes
resulting in a fragmentation of the protein and loss of copper that may be related to observed changes in
copper metabolism in chapter 2. Chapter four focuses on the mechanisms related to decreases in copper
concentrations in the livers of mice with fatty livers. We established a cell model to probe the mechanisms

that lead to this copper dyshomeostasis. We propose a mechanism for metal misregulation in liver cells



through the release of copper from the mitochondria into the cytosol, which leads to activation of export

and sequestration mechanisms that help to explain the observed intracellular state of copper deficiency.

Vi



Chapter 1: Introduction to copper biology and metabolism



1.1 Introduction to copper in health and disease

Copper is an essential micronutrient that plays a wide variety of roles in biology, from cell signaling and
radical scavenging to structural integrity and energy production (Figure 1.1).1> Metal micronutrients are
derived from the diet in foods such as legumes, shellfish, and beans.®’” Copper, as with other
micronutrients, is supplemented by vitamin intake however it is estimated that 25% of the population of
the United States may not reach the guidelines delineated by the recommended dietary allowance.*® In
addition to the amount of copper consumed, human regulation of copper can be influenced by other

factors, such as diseases and diet.>™?

Homeostasis Protein structure
Cell and catalysis Energy
Growth production
Redox Iron and zinc
control regulation
Pro- Iron and zinc
oxidant misregulation
Cancer .
proliferation Apoptosis
. Inflammation
Dyshomeostasis

Figure 1.1 Roles of copper in health and disease. Presented here are the several roles of copper in both
homeo- and dyshomeostasis, demonstrating the need for copper in health as well as the need for proper
regulation of the metal.

Copper in the body can be characterized as a Janus-faced nutrient wherein it is essential, yet when
misregulated can lead to incredibly deleterious diseases, including cancer, fatty liver disease, and
Alzheimer’s disease.’>*®> Misregulation of the metal is multifaceted and can be characterized by an
overload, a deficiency, or both depending on the organ and disease in question. Copper overload can be

found in many types of cancers as copper facilitates the increased metabolic load required for cell



growth.’>1® Non-alcoholic fatty liver disease induces a state of hepatic copper deficiency, conversely,
human subjects considered obese, but critically without hepatic steatosis (liver inflammation), demonstrate
a copper overload in the liver and fat stores.?” Studies on a key copper transporter highlight this effect in
mouse models, wherein copper supplementation increased the transporter in certain organs, like the liver
and heart, while decreasing it in the intestines.’® All told, these pathologies and mechanisms hint at a
complex and dynamic pathway that requires additional research and tools to uncover the location and

status of copper.

While copper is posited to play a role in these diseases, recent studies highlight a connection between
diet and metal homeostasis. This is especially evident concerning the influence of macronutrients like fats
and sugars on copper metabolism in the body with implications for human health and wellness. It is
suggested that the connections between diet and metals are through bioavailability, absorption, and
processing but whether these interactions are directly related to nutrient-metal binding, disruption of
protein-metal binding, or through intracellular pathways, remains unclear.®'*22 The work presented in this
thesis, aims to highlight the role of nutrients like fats and sugars on copper metabolism and their
implications for health and diet through studies on cell models, protein biochemistry, and human studies.

To introduce this work, it is important to understand how copper is regulated within the human body.

1.2 Introduction to copper metabolism

In the past 10 to 20 years, research in the field of copper biology has significantly increased with studies
providing key insights into the mechanisms of action of copper transporters and copper homeostasis
throughout prokaryotes, eukaryotes, and the human body.>?**2 Work by Dr. Svetlana Lutsenko and others
has driven the field forward with understanding and discovering the roles of proteins in the copper import,
export, and intracellular mobilization pathways in humans. Despite the blossoming of discoveries in the

field, many copper pathways are still not understood, critically the methods of copper storage in the



mitochondria as well as key pathways that regulate copper internalization and mobilization throughout the

interior of the cell.?’~%

Hepatocytes

@ Extracellular space

Figure 1.2 Basic schematic of copper metabolism. Selected proteins and pathways associated with copper
metabolism highlighting importers (in red), chaperones and cytosolic proteins (in blue), and transporters
and serum chaperones (in green).

To understand the movement of copper within the cell, it is important to highlight key proteins
that play a role in the function of copper in biology (Figure 1.2). As the work in this dissertation focuses on
the interactions of copper in the liver and the circulatory system, the pathways presented here are specific
for these systems and may be shifted or altered in different organs. This introduction is by no means a
comprehensive review of copper metabolism and pathways and serves only to introduce important
proteins and pathways involved to comprehend the subject broached in the following chapters of this
dissertation. For more thorough explanations of copper metabolism, | recommend articles from Ruiz et

al.% Lutsenko?*, and Linder3! for more detailed and in-depth reviews.

10



1.2.1 Intracellular copper pathways

The majority of copper is imported through the membrane by CTR1, a multimer membrane protein,
that can act at the membrane or in lysosomes in instances of copper acquisition by endocytosis.3> CTR1
favors the import of cuprous ions, Cu(l), and may be associated with a copper reductase for import.3® The
importer will hold copper at the cytosolic membrane for protein chaperones to bind the metal for further
transport within the cell.?”*® Additional copper transporters are present including CTR2, however, the
distinct roles of these proteins have yet to be established. Intracellular chaperones transport the copper
atoms to their respective locations and proteins for loading into proteins or they are passaged to other
chaperones and transporters. These chaperones include CCS, a protein for loading copper into the
antioxidant protein SOD1, ATOX1, and COMMD1, proteins involved in copper transport to exporter
proteins, COX17, a chaperone hypothesized to shuttle copper within the mitochondria and glutathione, a
polypeptide responsible for maintenance of the reducing environment of the cytosol with metal binding
properties.?4%4 Each chaperone has a posited unique role that may not fully encapsulate the complexity

of the chaperone’s role in copper biology.

1.2.2 Copper in the mitochondria

The main location for copper within the cell is the mitochondria, the powerhouse of the cell, as
copper is critical for the electron transport chain (ETC) and thus energy metabolism and ATP generation.**#°
On top of its critical use for energy production, the organelle can also influence intracellular redox states,
endoplasmic reticulum stress, and apoptosis.*®* Metals like copper and iron are key in these processes of
the organelle. The mitochondria are proposed to store and use a significant amount of copper that may
play a role in the function of the mitochondria or may be functionalized for use in the ETC when
necessary.3%4 Thus, proper metal homeostasis is of utmost importance.3%4° Copper is exchanged from

COX17 to avariety of chaperones and proteins like SCO1 and SCO2, which play a role in loading copper into

cytochrome c oxidase, an integral protein in the ETC.2#+%1 Cytochrome ¢ oxidase contains two copper sites

11



that are both catalytically active for the electron transfer from cytochrome c in the ETC.>? However, much
of the nature of copper import and localization towards the mitochondria has yet to be elucidated.>® The
species of a copper-binding and potential storage protein is not understood and is often referred to as Cul,
a copper ligand that has yet to be identified.3**” With such essential control of energy production, the
organelle is a key player in the effects observed in nutrient overload and deficient diseases and may hold

information on the intersection of metals and diet.

1.2.3 Cellular copper export

As important as copper import and distribution is within the cell, the pathways for export are
equally critical given the double-edged sword of copper, which can lead to cell death by generating reactive
oxygen species (ROS).>* As mentioned above, the chaperones ATOX1 and COMMD1 play roles in the
movement of copper towards export and sequestering mechanisms. These chaperones shuttle copper to
ATP7A and ATP7B, copper transporter intermembrane proteins found in the Golgi apparatus and the

315557 The |ocation of these proteins is contingent on the status of copper within

extracellular membrane.
the cells with studies showing mobilization of liver ATP7B towards the extracellular membrane in states of
copper overload and the Golgi apparatus when in a state of copper deficiency.®’ It is thought that the status
of copper within the cell influences phosphorylation (through an unknown pathway) of the transporters
that may play a role in the subcellular localization, and may be related to the movement of copper into
proteins or towards the direct excretion of copper.®**® While different roles of ATP7A and ATP7B are not
fully differentiated, it is hypothesized that ATP7B is primarily in the liver while ATP7A is primarily thought
to be in the intestinal cells. Both serve to load copper into the extracellular proteins ceruloplasmin and
hephaestin or for alternative extracellular copper mobilization, like secretion into the bile.?¥%315° Recent
research has highlighted copper sequestering proteins like SLC46A3 which is implicated in loading copper

into lysosomes and intracellular sequestering mechanisms.®° Despite the identification of a wide variety of

proteins responsible for copper metabolism and distribution in the cell, more may yet be identified and
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characterized. To this end, even proteins that have long been identified (like ATP7A and ATP7B) have roles

that have not yet been fully established, muddling pathway analysis of copper trafficking.

1.2.4 Considerations on copper in the serum

The dearth of knowledge is not limited to copper regulation within the cell, but outside as well.
While the concentration of serum copper is similar to that of other metals like iron and zinc (~10 uM), the
speciation of the metal is not well characterized.®™®* Ceruloplasmin contains 4 to 8 copper atoms per
protein and is responsible for the oxidation of Fe(ll) to Fe(lll), enabling the binding of iron to
transferrin.>®% The protein is implicated in copper transport in the serum for movement of copper from
the liver to other organs, as well as oxidant properties, and tyrosinase activity.®*¢” There is a consensus of
research that the majority of copper is bound to ceruloplasmin, however, the percent of copper bound to
ceruloplasmin varies depending on the study, from 50 to 95% of serum copper bound to the
ferroxidase.®31°%6163 This host of activities has led to its characterization as a “moonlighting” protein.®’
Recent data has highlighted that the trafficking of copper from serum to organs is complex and not fully

characterized.3*68

The remaining serum-derived copper is thought to be bound to serum albumin, other less
prevalent copper proteins, and a small percentage is found in a labile form.% This labile form is not “free
copper” but bound to protein, peptide, and small molecule motifs with lower affinities for copper than
albumin, which can result in changes in the biological activity of the molecule.”®’2 The characterization of
copper species in the blood has remained unclear, with the concentrations of labile copper proving equally
elusive. Proposed calculations based on overall copper concentration and ceruloplasmin concentration in
the serum may provide pertinent information on the amounts of non-ceruloplasmin bound copper. These
calculations, however, make assumptions on the amount of copper loaded into ceruloplasmin and the state

of ceruloplasmin that require additional validation as they can lead to negative values of labile copper.®*”3
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1.3 Scope of thesis

Variations of protein levels and gene expression of the copper proteins demonstrate the dynamic
nature of homeostasis within the cell and allow researchers to track biological changes in copper
metabolism in response to stimuli. In this thesis, we aim to build on understanding the interplay between
macronutrients and metal micronutrients as well as their implications on biology and human health. By
studying changes in intracellular and extracellular copper proteins, we work adds pieces to the puzzle of
copper metabolism. The research presented in this work focuses on: firstly, a study on the effects of sugar
consumption on serum metal status, secondly the mechanistic effects of glucose on ceruloplasmin function
and biological activity, and finally the mechanisms underlying hepatic copper misregulation in a state of

fatty acid overload.

The second chapter highlights the effects of sugar diets on serum metal metabolism and
biomarkers. With collaborations with Dr. Valentina Medici (UC Davis Medical Center) and Dr. Kimber
Stanhope (UC Davis School of Veterinary Medicine). In a study run by Drs. Medici and Stanhope, young
healthy adults consumed beverages sweetened with glucose, fructose, high fructose corn syrup (HFCS), or
aspartame for two weeks and demonstrated that consumption of both fructose- and HFCS-sweetened
beverages increased cardiovascular disease risk factors.”*’® Baseline and intervention serum samples from
107 participants of this study were measured for copper metabolism (copper, ceruloplasmin ferroxidase
activity, ceruloplasmin protein), zinc, and iron metabolism (iron, ferritin, and transferrin) parameters.
Fructose and/or glucose consumption were associated with decreased ceruloplasmin ferroxidase activity
and serum copper and zinc concentrations. Ceruloplasmin protein levels did not change in response to
intervention. The changes in copper concentrations were correlated with zinc, but not with iron. The
decreases in copper, ceruloplasmin ferroxidase activity, ferritin, and transferrin were inversely associated
with the increases in metabolic risk factors associated with sugar consumption, specifically, apolipoprotein

Clll, triglycerides, or post-meal glucose, insulin, and lactate responses. These findings are the first evidence
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that consumption of sugar-sweetened beverages can alter clinical parameters of transition metal

metabolism in healthy subjects.

To uncover the mechanism behind the sugar-induced copper changes in chapter two, investigated
how glucose can alter ceruloplasmin’s activity and structure. Previous literature had found that glucose can
result in a change in ceruloplasmin by non-enzymatic cleavage, which may account for the changes in
activity but not concentration that we found the preceding study. Incubation of ceruloplasmin for 30
minutes at 37°C with glucose demonstrated a surprising trend with an apparent glucose control over the
activity of ceruloplasmin. Fasting levels of glucose (1 and 5 mM) decrease ceruloplasmin activity,
conversely, post-prandial levels (10 and 15 mM), increase activity. Currently, we are investigating the
effects of glucose on the copper centers of ceruloplasmin on the activity of the protein. Long exposures,
10 days, of ceruloplasmin with glucose demonstrate increases in protein fragmentation along with a
decrease in copper-dependent activity. Ceruloplasmin has large sequence homology to coagulation Factor
V, and as such, fragments may have pro-coagulation activities. Preliminary assays demonstrate an increase
in plasma coagulation of glucose incubated ceruloplasmin and may point to disease pathogenesis. Future

work will aim to identify ceruloplasmin fragment sequences as well as probe glucose alterations in serum.

My final chapter examines the changes in the copper trafficking mechanisms of liver cells exposed
to excess fatty acids. Fatty acid uptake was induced in liver hepatocarcinoma cells, HepG2, by treatment
with the saturated fatty acid, palmitic acid. Changes in chaperones, transporters, and chelators
demonstrate an initial state of copper overload in the cell that, over time, shifts to a state of copper
deficiency. This deficiency is due to the sequestration of copper both into the membrane-bound copper
protein, hephaestin, as well as lysosomal units. These changes are independent of changes in copper
concentration, supporting perturbations in copper localization at the subcellular level. We hypothesize that
fat accumulation triggers an initial copper miscompartmentalization within the cell, due to disruptions in
mitochondrial copper balance, which induces a homeostatic response to cytosolic copper overload. This

15



leads the cell to activate copper export and sequestering mechanisms that in turn induces a condition of
cytosolic copper deficiency. Taken together, this work provides molecular insight underlying previously
observed phenotypes in clinical and rodent models linking copper-deficient states to obesity-associated

disorders.

The connection between copper metabolism and macronutrients has become more established
with studies highlighting the intersection between copper, sugars, and fats.?%””-7* While the mechanisms
behind these connections are still tenuous the diverging effects of diet on copper add a complexity that
deserves future investigations.”®”” Together, these chapters highlight the interactions between copper and

metabolism to add to the growing body of work on the intersection of macro- and micronutrients.
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2.1 Introduction

Copper, iron, and zinc are essential transition metals, participating as cofactors in the activity of
numerous enzymes. They can contribute to crucial metabolic processes, including energy and lipid
metabolism, one-carbon metabolism, electron transport chain, neuromodulation, and antioxidant
mechanisms.’ Given the fine limits existing between the physiological concentrations at which these
metals are essential and their toxic pro-oxidant activities when present in excess, interconnected
transporters and chaperones tightly regulate absorption and metabolism.

Copper is absorbed throughout the small intestine via copper transporter 1 (CTR1).# In the portal
circulation, a significant portion of copper is loosely bound to albumin and delivered to hepatocytes where
specialized chaperones carry copper to its specific metabolic sites. In particular, copper is delivered to the
transporter ATPase copper transporting beta (ATP7B) which is responsible for the excretion of copper via
ceruloplasmin.® Ceruloplasmin is the main plasma copper carrier, believed to carry 40—70% of copper in
plasma of healthy people. Its copper-bound form, known as holoceruloplasmin, carries an average of six
copper atoms, but it can also circulate as its copper-free form, apoceruloplasmin.b Ceruloplasmin is
essential to iron transport and metabolism through its ferroxidase activity, which catalyzes the conversion
of Fe?* to Fe**. Ceruloplasmin plasma levels are of clinical relevance, mainly in the diagnosis of Wilson
disease, a genetic condition caused by ATP7B pathogenic variants.”® Changes in plasma copper levels and
parameters of copper metabolism are connected to metabolic conditions, including obesity and fatty liver,
and dietary factors.>'® However, the significance of copper excess or deficiency in metabolism and the
methods to measure them are subjects of ongoing debate. Epidemiological data over the past few decades
show declining mineral and trace element contents in the Western diet.!¥'? |n obese patients, plasma
copper levels are positively correlated with body mass index (BMI).22 Obesity is accompanied by increased
plasma ceruloplasmin levels and increased copper concentration in visceral fat.1* Conversely, patients with

fatty liver present lower hepatic and plasma copper and lower plasma ceruloplasmin levels compared to
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healthy people and patients with other liver diseases.'® In addition, hepatic copper concentration is
inversely correlated with the severity of hepatic steatosis and features of metabolic syndrome.?® The
provision of a high fructose diet in rats caused worsening of fatty liver, particularly when associated with
marginal copper deficiency.*®

However, copper is not the only transition metal playing a role in metabolism and the antioxidant
response. Both iron and zinc have equally complex and important regulatory roles in the body, playing
essential functions as co-factors in energy production and homeostasis. Misregulation of these metals has
been linked to numerous diseases, from metabolic to neurodegenerative diseases. ¥*° Iron, similarly to
copper, can undergo redox active chemistry, having disastrous effects on cells and the body if not properly
regulated.?®22 Ferritin (an iron storage protein) and transferrin (an iron chaperone) are traditionally used
alongside iron concentrations as biomarkers for serum iron status. 2>%* Zinc, on the other hand, is not redox
active yet imparts significant function to a large number of proteins in both structural and enzyme active
sites.?> These metals have been shown to play significant roles in lipid metabolism. For instance, PPARy,
which regulates lipid metabolism, utilizes zinc fingers for DNA binding and is downregulated in zinc deficient
conditions, while intracellular catalytic iron is believed to facilitate lipid peroxidation.?®*® As such,
understanding how these metals and their markers are affected by environmental factors, such as dietary
sugar intake, is likely to prove important in the diagnosis or treatment of metabolic diseases.

Human and in vivo data in the metal micronutrient field are lacking. Clinical parameters assessing
systemic metal status and metabolism and flow between organs are limited, likely due to discrepancies in
the available data and the difficulties in their interpretation. In the case of copper, most clinical laboratories
provide plasma ceruloplasmin protein levels assessed by immunologic assay; however, this parameter does
not differentiate between apoceruloplasmin and holoceruloplasmin.?®3! Ceruloplasmin (enzymatic)
ferroxidase activity could aid in the direct quantification and speciation of copper in plasma, but it is not

normally provided in clinical practice. Other parameters, including radioactive copper incorporation and
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exchangeable copper, appear promising and could potentially enable a better assessment of copper status,
but remain unvalidated.**3 To study the effects of dietary components such as sugar consumption on
transition metal levels and the resulting metabolic changes, improved clinical parameters for assessing
these metal levels are necessary.

In the current study, we analyzed serum copper, iron, and zinc metabolism parameters and their
relation to lipid metabolism in healthy, younger (18-40 years) male and female subjects who consumed
beverages sweetened with glucose, fructose, high fructose corn syrup (HFCS), or aspartame for two weeks.
We provide evidence that intake of sugar-sweetened beverages results in changes of copper, iron, and zinc

status and metabolism in association with markers of lipid metabolism.

2.2  Materials and Methods

2.2.1 Human Subjects and Study Design

Subjects in this study are a subgroup from a NIH-funded, parallel-arm, double-blinded diet-
intervention study. Subject characteristics and detailed study design were previously reported.?*% In brief,
the study occurred in three phases: (1) 3.5-day inpatient baseline; (II) 12-day outpatient intervention; and
(ll1) 3.5-day inpatient intervention. Subjects resided at the UC Davis Clinical and Translational Science
Center Clinical Research Center (CCRC) during inpatient periods. Each experimental group was matched
according to sex, BMI, fasting triglyceride (TG), cholesterol, high-density lipoprotein (HDL), and insulin. This
study reports results from 107 of the 187 original participants consuming beverages containing aspartame
(n=23), glucose (n = 28), fructose (n = 28), and HFCS composed of 45% glucose and 55% fructose (n = 28).
For 5 weeks prior to the study, subjects were asked to restrict daily intake of sugar-containing beverages
to one 8-0z serving of fruit juice and stop consuming all vitamin and mineral dietary or herbal supplements.

Informed written consent was obtained from each subject and the study protocol conformed to the

ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the Institutional
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Review Board at the University of California, Davis; IRB #214709 (19 August 2018) and #1332484 (5
December 2018).
2.2.2 Diet

During the 12-day outpatient phase, subjects were provided with and instructed to drink three
servings of sweetened beverage per day (one per meal), consume their normal diet, and abstain from other
sugar-containing beverages, including fruit juice. The sugar-sweetened beverages contained glucose
(STALEYDEX® crystalline dextrose, Tate and Lyle, Hoffman Estates, IL, USA), fructose (KRYSTAR® crystalline
fructose, Tate and Lyle, Hoffman Estates, IL, USA), or HFCS (ISOSWEET® 5500, Tate and Lyle, Hoffman
Estates, IL, USA). These beverages were formulated as 15% sugar in water (weight/weight) and flavored
with unsweetened Kool-Aid® drink mix (Kraft Foods, Northfield, IL, USA). The three daily servings of sugar-
sweetened beverage in total provided 25% of daily energy requirement, equivalent to approximately 4.5
12-ounce cans of a standard soft drink per day. Daily energy requirements were calculated by the Mifflin
equation with adjustments of 1.3 for activity on the inpatient 24-h serial blood collection days and 1.5 for
the other days.3® The control beverages were sweetened with aspartame (Market Pantry™ sugar-free drink
mix, Target Brands Inc., Minneapolis, MN, USA) and were provided as 3 daily servings comparable in
guantity to the sugar-sweetened beverages. Riboflavin was added as a compliance biomarker to the
sweetened beverages and measured by fluorimetry in urine collected from the subjects during both the
inpatient and outpatient phases.?” Urinary riboflavin levels did not differ between groups, and levels during
the outpatient phase were not different than levels during the inpatient phase when consumption was
monitored.3**® Subjects were instructed to abstain from alcohol the day before check-in to the CCRC.
2.2.3 Serum Metals and Ceruloplasmin Ferroxidase Activity

Fasting serum (30-min clotting time) was collected between 07:00 and 08:00 following subject check-
in during both the baseline and intervention inpatient phase. Serum and sweetened beverage aliquots were

digested in 1N Ultrex Il nitric acid (Avantor JT Baker, Radnor Township, PA, USA) at 4 °C for 24 h then
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centrifuged at 3000 rpm/4 °C for 12 min in a Sorvall Legend X1R centrifuge (Thermo Fisher Scientific,
Waltham, MA, USA) and supernatant collected. Iron, copper, and zinc levels were measured by inductively
coupled plasma mass spectrometry at the UC Davis Interdisciplinary Center for Plasma Mass Spectrometry.
Sweetened beverage samples were analyzed separately to determine if metal content in the Kool-aid drink
mixes were significantly different from one another; no significant differences were found (Figure 2.51).
Ceruloplasmin ferroxidase activity was measured with a colorimetric assay (EIACPLC, Invitrogen, Carlsbad,
CA, USA). According to the manufacturer’s protocols, samples were diluted 1:50 in the commercial assay
buffer and a colorimetric ceruloplasmin substrate was added. Plates were incubated at 30 °C for 60 min
and absorbances were read at 560 nm using a Synergy H1 microplate reader (Bio Tek, Winooski, VT, USA).
2.2.4 Serum Protein Levels

Serum protein levels were measured using commercially available ELISAs according to the
manufacturers’ protocols. Samples were diluted 1:400,000 for ceruloplasmin (EC4201-1, Assaypro, St.
Charles, MO, USA); 1:250,000 for transferrin (ab187391, Abcam, Cambridge, MA, USA); and 1:10 for ferritin
(ab200018, Abcam, Cambridge, MA, USA). Samples and standards were run in duplicate and their
absorbance was measured using a Synergy H1 microplate reader (Bio Tek, Winooski, VT, USA).
2.2.5 Plasma Lipid and Glucose Parameters

As previously reported®*3>, 24-h serial plasma samples were collected every 30 or 60 min starting at
08:00 during the third day of each inpatient phase and analyzed for TG, lipoproteins, insulin, and glucose.
In the current study these data were utilized for the purpose of novel correlation analyses with metal and
metal biomarker parameters. Plasma TG concentrations were measured at all time points and calculated
for mean 24-h concentration and for total 24-h area under the curve (AUC) by the trapezoidal method. TG,
apolipoprotein ClIl (apoClll), and lactate concentrations were measured with a Polychem Chemistry
Analyzer (PolyMedCo Inc., Cortland Manor, New York, USA) with reagents from MedTest DX (Canton, Ml,

USA). Glucose was measured with an automated glucose analyzer (YS!, Inc., Yellow Springs, OH, USA) and
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insulin by radioimmunoassay (Millipore, St. Charles, MO). Changes in glucose and insulin amplitude were
calculated as post-meal zenith minus pre-meal nadir concentration for each meal and averaged for the 3
meals.

2.2.6 Statistical Analyses

Metal concentrations in the sweetened beverages and baseline variables were analyzed by one-way
ANOVA.

Each metal outcome was analyzed for the effect of beverage group in a MIXED procedure repeated
measures (time) analysis of covariance (ANCOVA) using SAS 9.4 (Cary, NC, USA). The model included
adjustments for sex, BMI, time, and beverage x time, with Tukey’s post-test for beverage x time. ldentical
repeated measures ANCOVAs that included adjustment for the change in BMI were also conducted. The
percentage change of each outcome was analyzed by the general linear model ANCOVA; the beverage
interventions were included as its proportional contents of monosaccharides (fructose and glucose) as
separate variables. Therefore, fructose was input as 1 for fructose and O for glucose, glucose as O for
fructose and 1 for glucose, HFCS as 0.55 for fructose and 0.45 for glucose, and aspartame as O for both
fructose and glucose. The model was adjusted for outcome at baseline, BMI, and sex. Covariates that
decreased the sensitivity of the model were removed. Outcomes significantly affected by BMI were further
assessed by two-tailed unpaired t-test (Microsoft Excel; Microsoft, Redmond, WA, USA) with subjects
separated into two cohorts by BMI< or >25 kg/m?.

Partial Pearson correlations adjusted for BMI and sex (SAS 9.4) were used to assess the relationships
between: (1) metal markers at baseline; (2) changes in metal markers; and (3) changes in metal markers
and metabolic markers. Significant relationships between changes in metal markers and metabolic markers
were further tested by partial Pearson correlations adjusted for fructose, glucose, BMI, and sex.

p-values < 0.05 were considered significant.

2.3  Results
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2.3.1 Baseline Measures

There were no significant differences in baseline characteristics between the four intervention groups
(Table 2.1) or in the copper, iron, and zinc content of the study beverages (Figure 2.51).

Table 2.1 Description of subjects at baseline by sugar consumed. Means + SEMs are shown. BMI,
body mass index; HFCS, high fructose corn syrup.

Glucose Fructose HFCS Aspartame Total
n=28 n=28 n=28 n=23 n =107
BMI 25.4+0.7 25.8+0.7 249+0.8 24.8+0.7 253104
Age 26.8+1.2 260+1.1 26.8+1.2 254+1.3 26.3+1.6
Sex 15 M/13 F 15 M/13 F 15 M/13 F 11 M/12 F 56 M/51 F
% M/F 53.6/46.4 53.6/46.4 53.6/46.4 47.9/53.1 52.3/47.7

2.3.2 Effects of Glucose, Fructose, HFCS, and Aspartame on Metals and Metal Metabolism Markers

Table 2.2 shows the absolute values of the seven metal-associated outcomes (three metals and four
metal metabolism markers) at baseline and after intervention. Ceruloplasmin concentration was not
affected by the consumption of the sweetened beverages. The serum concentrations of all other metal-
associated outcomes decreased over time; however, there were no significant effects of beverage group
or beverage x time (Table 2.3). Subjects consuming HFCS and glucose exhibited the most marked decreases
in copper concentrations (HFCS: —83.9 + 25.3, 2 weeks vs. 0 weeks, Tukey’s post-test adjusted p-value:
0.0019; glucose: =77.6 + 13.8 ppb; adjusted p-value = 0.0069). Ceruloplasmin ferroxidase activity was also
decreased following HFCS or glucose consumption; however, when adjusted for multiple comparisons, the
decreases were not significant (HFCS: -2.0 £ 0.53 U/mL, unadjusted p-value: 0.0049; adjusted p = 0.089;
glucose: -2.1 + 0.9 U/mL, unadjusted p-value: 0.0029, adjusted p-value: 0.056). Subjects consuming HFCS
or glucose also exhibited decreased zinc concentrations (HFCS: -93.3 + 29.3 ppb; Tukey’s post-test
unadjusted p-value: 0.0006; adjusted p-value: 0.014; glucose: -80.0 + 25.2 ppb; Tukey’s post-test
unadjusted p-value: 0.0032; adjusted p-value: 0.060, 2 weeks versus 0 weeks). Adjustment of the repeated
measures ANCOVAs for the change in BMI tended to strengthen rather than attenuate these results and

did not reveal any additional effect of the beverage interventions.
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Table 2.2 Serum metals and metal metabolism markers during consumption of aspartame, glucose,
fructose, or HFCS-sweetened beverages at week 0 and week 2. Means + SEMs are shown. Cp,
ceruloplasmin; Cp-ferrox, ceruloplasmin ferroxidase activity.
Aspartame Glucose Fructose HFCS
Week 0 Week 2 Week 0 Week 2 Week 0 Week 2 Week 0 Week 2

(ugc/fnu 773 +125 1095+ 287 920+157 815+125 1098 + 258 805+ 198 885+ 146 984 + 156
C(F’U';‘::Lc)’x 26.8+25 268+23 282+22 261+18 288+15 27.7+15 295+23 275+2.1
Tr(:;;ZB'” 936466 8487+65 1042+4.4 1044+62 101.2+51 940+58 1092+57 940+54
Ferritin

(rafml) 377102 289754 487579 36871 45684 28757 419460 311%53
Copper

oy 012449 8814l 976455 869%43  953+34 89832 1019455 935149

(ggg) 1029+77 726+68 920482 825+78 1037+87 796+53 1007+74 750+59

(i';;) 975437 957+30 1012424 932+33 983424 969+24 991+33 897 +22

Sex was a significant factor in the model (Table 2.3). However, the differences between male and
female in copper, ceruloplasmin ferroxidase activity, zinc, iron, and ferritin levels were specific to baseline
and not due to an effect of intervention.

Table 2.3 p-values for the MIXED procedure repeated measures (time) ANCOVA testing each outcome for
the effects of beverage, sex, BMI, time, and beverage x time. Significant values are in bold.

Beverage Sex BMI Time Beverage x time
p-value p-value p-value p-value p-value

Cp 0.972 0.615 0.289 0.945 0.087
Cp-ferrox 0.873 0.005 0.255 <0.001 0.161
Copper 0.203 <0.001 <0.001 <0.001 0.331
Zinc 0.737 <0.001 0.558 <0.001 0.084
Iron 0.916 0.001 0.039 <0.001 0.442
Ferritin 0.878 <0.001 0.177 <0.001 0.284
Transferrin 0.104 0.355 0.590 0.003 0.209

There were significant relationships between BMI and both iron and copper (Table 2.3). To further
investigate these relationships, subjects were stratified by BMI (BMI < 25 and BMI > 25), and iron and
copper concentrations were compared at both baseline and intervention (Table 2.4). Serum copper
concentrations tended to be higher and iron concentrations lower at baseline in subjects with BMI > 25
compared to those with BMI < 25. After intervention, copper was significantly higher in subjects with BMI

> 25, but a BMI-influenced difference in iron was no longer apparent.
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Table 2.4 Copper and iron concentrations in subjects divided by BMI into normal weight (<25 kg/m?) or
overweight and obese (=25 kg/m?) groups. An unpaired, two-tailed t-test was used to analyze significance
between BMI groups. Mean = SEM are shown.

BMI < 25 BMI > 25
(n=51) (n=56)  Pvalue
Copper Baseline 918 +33 995 + 30 0.08
Intervention 847+ 29 936+ 29 0.03
Iron Baseline 1107 + 64 899 + 47 0.008
Intervention 779 £ 53 776 + 40 0.97

To further investigate the changes over time, we analyzed each outcome in a model that assessed the
specific effects of glucose and fructose. Copper and ceruloplasmin ferroxidase activity were significantly
influenced by the effects of fructose and/or glucose (Figure 2.1). Glucose, consumed at 25% of energy
requirement, accounted for -7.06% * 3.26% of the change in copper (p = 0.033) and -9.23% + 3.46% of the
change in ceruloplasmin ferroxidase activity (p = 0.009). Fructose, consumed at 25% of energy requirement,
accounted for -7.26% + 3.4% of the change in ceruloplasmin ferroxidase activity (p = 0.035). Glucose
consumption also contributed to the decrease in serum zinc concentrations (-8.41% + 4.1%, p = 0.045)
(Figure 2.1). Neither glucose nor fructose consumption contributed to the significant decreases in iron

status markers observed during the two-week intervention (data not shown).

5 ] Glucose
Fructose
0

—

% Change
&
1

=
|
—

* |+ 1]

* %%
T T T
Copper Cp-ferrox Zinc

]
—
[6)]

Figure 2.1 Estimates of the effects of fructose and glucose on the percentage changes of serum copper,
Cp-ferrox, and zinc in subjects consuming beverages containing fructose, glucose, HFCS, or aspartame for
2 weeks. General linear model ANCOVA with beverage interventions described as the proportional
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contents of fructose and glucose as separate variables. Model included adjustments for BMI and sex. * p
<0.05, ** p <0.01, effect of glucose or fructose.

2.3.3. Correlations of Baseline Serum Metal Concentrations with Baseline Metal Metabolic Markers

Partial Pearson correlations of baseline metals and their metabolism markers were adjusted for BMI
and sex (Table 2.5). This analysis of baseline metal markers presents some interesting correlations, with
copper positively correlated to ceruloplasmin ferroxidase activity (r = 0.520, p < 0.001), but not
ceruloplasmin concentration (r = 0.125, p = 0.204). In addition to this lack of significance with copper,
ceruloplasmin concentration is negatively correlated to its ferroxidase activity (r = -0.452, p < 0.001). Zinc
was also found to be negatively correlated with ceruloplasmin concentration (r = -0.208, p = 0.033). Iron
concentrations were positively correlated to both transferrin (r = 0.350, p < 0.001) and ferritin (r=0.241, p
=0.014).
Table 2.5 Partial correlation between baseline metal and metal metabolism markers adjusted for BMI and

sex. p < 0.05 are shown in bold with positive associations (r > 0) shown in blue, and negative associations
(r<0) shown in red.

Copper Iron Zinc Cp-ferrox Cp Transferrin  Ferritin
r -0.131 -0.082 0.125 0.014 -0.237
Copper
p 0.184 0.411 <0.001 0.204 0.890 0.016
| r -0.131 0.048 -0.098 0.016
ron
p 0.184 0.628 0.321 0.872 <0.001 0.014
. r -0.0815 0.048 0.132 -0.208 0.169 -0.088
inc
p 0.411 0.628 0.178 0.033 0.087 0.376
-0.098 0.132 -0.452 0.028 -0.153
Cp-ferrox
<0.001 0.321 0.178 <0.001 0.778 0.119
0.125 0.016 -0.208 -0.452 -0.032 -0.014
Cp
0.204 0.872 0.033 <0.001 0.746 0.889
0.014 0.169 0.028 -0.032 0.103
Transferrin
0.890 <0.001 0.087 0.778 0.746 0.295
-0.237 -0.088 -0.153 -0.014 0.103
Ferritin
0.016 0.014 0.376 0.119 0.889 0.295

2.3.4 Correlations of Changes in Serum Metal Concentrations with Changes in Metal Metabolism Markers
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Correlations of the changes from week 0 to week 2, adjusted for BMI and sex, highlighted different
interactions between metal markers than observed with baseline correlations (Table 2.6). ACopper was
strongly positively correlated with Azinc (r = 0.359, p < 0.001) and Aceruloplasmin ferroxidase activity (r =
0.572, p < 0.001) along with a weaker positive correlation with Aceruloplasmin concentration (r = 0.235, p
=0.016). Alron concentrations were strongly correlated with only Atransferrin (r = 0.445, p < 0.001). These
significant relationships were not attenuated in additional partial correlation analyses that included
adjustment for fructose, glucose, BMI, and sex (data not shown).

Table 2.6 Partial correlation between changes from week 0 to week 2 in metal and metal metabolism

markers adjusted for BMI and sex. p < 0.05 are shown in bold with positive associations (r > 0) shown in
blue.

Copper Iron Zinc Cp-ferrox Cp Transferrin  Ferritin
r 0.114 0.572 -0.046 0.069
Copper
0.251 <0.001 <0.001 0.016 0.642 0.492
| r 0.114 0.204 0.040 -0.032 0.445 0.049
ron
p 0.251 0.036 0.687 0.745 <0.001 0.624
- r 0.204 0.309 0.173 0.191 -0.091
INnc
p  <0.001 0.036 0.687 0.078 0.052 0.360
r 0.572 0.040 0.309 0.187 0.093 0.041
Cp-ferrox
p  <0.001 0.687 0.687 0.056 0.346 0.676
c r -0.032 0.173 0.187 0.017 0.143
p
p 0.016 0.745 0.078 0.056 0.864 0.147
r -0.046 0.445 0.191 0.093 0.017 0.045
Transferrin
p 0.642 <0.001 0.052 0.346 0.864 0.648
r 0.069 0.049 -0.091 0.041 0.143 0.045
Ferritin
p 0.492 0.624 0.360 0.676 0.147 0.648

2.3.5 Correlations of Changes in Serum Metal Concentrations with Changes in Metabolism Markers

Partial correlations, with adjustments for BMI and sex, between changes from week 0 to week 2 of
metal markers, and changes in selected metabolic markers showed negative correlations (Table 2.7).
ACopper was negatively correlated with Afasting levels of apoClll (r = -0.25, p = 0.011). ACeruloplasmin
ferroxidase activity was negatively correlated with the Aamplitude of glucose (r =-0.260, p = 0.007), insulin

(r=-0.270, p= 0.007), and lactate (r = -0.300, p = 0.003). Alron metabolism was also related to changes in
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metabolic markers. ATransferrin concentration was negatively correlated with Apostprandial apoClll (r =
-0.200, p = 0.046) and Aferritin was negatively correlated with Apostprandial TG levels (r = -0.220, p =
0.025), ATG AUC (r =-0.230, p = 0.021), Afasting apoClll (r = -0.290, p = 0.003), Apostprandial apoClll (r =
-0.290, p = 0.003), and Alactate amplitude (r = -0.21, p = 0.039). These significant inverse relationships
were not attenuated in additional partial correlation analyses that included adjustment for fructose,
glucose, BMI, and sex (data not shown).

Table 2.7 Partial correlation between changes from week 0 to week 2 in metal and metabolism markers

adjusted for fructose, glucose, BMI, and sex. p < 0.05 are shown in bold with r <0 shown in red. TG AUC,
triglyceride area under the curve; apoClll, apolipoprotein ClII.

Postprandial TG AUC Fasting  Postprandial Glucose Insulin Lactate
TG apoClll apoClll Amplitude  Amplitude  Amplitude
r -0.001 -0.069 -0.250 -0.053 0.028 -0.116 -0.026
Copper

p 0.994 0.504 0.011 0.606 0.788 0.261 0.800
r 0.029 -0.059 -0.165 -0.142 0.066 0.069 0.074

Iron
p 0.777 0.565 0.109 0.169 0.525 0.504 0.473
r 0.010 -0.061 0.023 -0.036 0.059 0.080 0.150

Zinc
p 0.922 0.555 0.823 0.728 0.566 0.436 0.144
r 0.010 0.095 -0.089 0.0172 -0.260 -0.270 -0.300

Cp-ferrox

p 0.334 0.359 0.389 0.868 0.007 0.007 0.003
r -0.056 -0.060 0.050 0.005 0.085 -0.077 -0.121

Cp
p 0.586 0.559 0.630 0.959 0.411 0.457 0.240
r -0.047 -0.069 -0.078 -0.200 -0.104 -0.059 0.007

Transferrin
p 0.651 0.507 0.451 0.046 0.312 0.570 0.947
r -0.220 -0.230  -0.290 -0.290 -0.210 0.096 -0.21
Ferritin

D 0.025 0.021 0.003 0.003 0.934 0.351 0.039

2.4 Discussion

The current study provides insights on the relationship between the consumption of sweetened
beverages in the diet and metal micronutrient regulation in humans. Our data propose connections
between diet composition; copper, iron, and zinc metabolism; and metabolic biomarkers in healthy
subjects. We found consumption of both glucose and fructose contributed to significant decreases in

ceruloplasmin ferroxidase activity but had no effect on ceruloplasmin concentrations. We also found
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consumption of glucose, but not fructose, contributed to decreases in serum copper and zinc
concentrations.

The notable changes in ceruloplasmin ferroxidase activity and copper concentrations in the serum of
subjects consuming sugar-sweetened beverages suggest a connection between sugar ingestion and copper
metabolism. The role of copper in human health is poorly understood, with a majority of research
investigating copper in patients with obesity. Our data point to healthy adults having increased serum
copper levels with higher BMI. The association between serum copper concentration and adiposity status
in healthy individuals was also noted by Olusi et al., who reported a positive association between copper
and leptin in healthy adults.?® Yang et al. reported that an increase in copper and ceruloplasmin serum
concentrations was positively associated with BMI.1* Additional studies have shown increased copper
export along with decreased hepatic copper concentration in non-alcoholic fatty liver disease (NAFLD) and
a relationship between elevated serum copper and liver cirrhosis or hepatocellular carcinoma.®3%40 While
these studies relate elevated serum copper to obesity and associated conditions, our data suggest
consumption of sugar-sweetened beverages, especially glucose containing beverages, by healthy subjects,
decreases serum copper and ceruloplasmin ferroxidase activity. Similarly to our findings, Aigner et al.
demonstrated patients with NAFLD present a decrease in both hepatic copper concentration and serum
ceruloplasmin ferroxidase activity.*! Previous in vivo studies indicate involved pathogenic factors may
include reduced duodenal copper absorption due to inhibited transcription of Ctrl, concomitant hepatic
iron accumulation, or alterations in gut microbiota composition possibly related to increased abundance of
Firmicutes and reduced Akkermansia.'®*#? Other proposed mechanisms involve copper regulation of
cycliccAMP-dependent lipolysis or mitochondrial dysfunction associated with impaired cupro-enzymatic
activity.*** These mechanisms may be contributing factors to effects observed but not studied in our work.

To the best of our knowledge, this is the first study of the effects of glucose or HFCS on copper and its

markers in healthy subjects. Previous studies have focused on fructose and indicated fructose may impact
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copper metabolism in a unique way.*®*’ In rats, fructose-rich diets and copper-deficient diets showed
exacerbations of NAFLD-like pathology, suggesting a potential crosstalk between copper metabolism and
fructose.*. Recent studies have further corroborated this finding and revealed sex-specific differences,
finding that a diet of 30% caloric intake from fructose altered copper only in males.*® Our results suggest
glucose consumption may also have a negative impact on copper metabolism and this impact may be more
marked than that of fructose. More studies of the effects of glucose, HFCS, and fructose on copper
metabolism are needed.

We found changes in copper were negatively associated with changes in fasting apoClll, a lipoprotein
implicated as a cardiovascular disease risk factor®®, and ceruloplasmin ferroxidase activity was negatively
associated with increases in post-meal glucose, insulin, and lactate responses. These inverse associations,
which were independent of the effects of fructose and glucose, suggest the possibility that adequate
copper and ceruloplasmin ferroxidase activity is linked to fuel utilization and may have protective metabolic
effects.

Traditionally it is thought that iron is linked to copper through the activity of ceruloplasmin, however,
our data suggest that zinc may also be involved.*® Serum zinc levels follow a pattern similar to copper, with
glucose consumption contributing to decreased zinc concentrations. We also observed a strong positive
association between the changes in zinc and copper independent of the effects of glucose and fructose.
Baseline serum zinc concentrations were negatively correlated with ceruloplasmin concentration. A
connection between sugar consumption and zinc has also been recently reported wherein rats consuming
high fructose diets exhibited decreases in hepatic zinc concentrations.®® These data strengthen the
connection between copper and zinc, but also indicate that the interplay between them, especially in the
context of dietary interventions, has yet to be fully understood.>*>3

While we failed to observe any significant difference between beverage groups, or significant effects

of fructose or glucose, on the decreases in iron and iron markers, we observed some interesting
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relationships. Analysis of the change from baseline to intervention of iron and ferritin by repeated measures
ANCOVA reveals that serum iron was significantly decreased in all four beverage groups. Ferritin, however,
was significantly decreased in subjects consuming sugar-containing beverage, but not the subjects
consuming aspartame. Literature is sparse regarding connections between serum iron and aspartame. As
the aspartame-induced decrease in serum iron concentrations was not confirmed by an aspartame-induced
decrease in ferritin, additional studies are required to determine whether aspartame consumption affects
iron levels. We observed that subjects with BMI < 25 had higher serum iron concentrations at baseline than
subjects with BMI > 25. This difference requires further study as it was not observed at the end of the two-
week intervention. However, the baseline relationship supports data reporting decreased serum iron
concentration is associated with increased BMI.>* Our data support the findings that NAFLD induces
increased hepatic iron concentrations and increased hepatic hepcidin expression, which would result in
decreased serum iron levels.*! This relationship between hepcidin and diet merits additional research given
the role of this peptide in the innate immune system.* Studying the interplay between diet, inflammatory
cytokines, and transition metal regulation would add another piece to the puzzle of transition metals in
biology.

We also observed that the changes in ferritin were negatively associated with the changes in
postprandial TG and the changes in fasting and postprandial apoClll. These effects, which were
independent of fructose and glucose consumption, are contradicted by a recent observational study
showing fasting ferritin levels were positively associated with TG and lipoproteins.>® This discrepancy may
be due to the much higher ferritin concentrations exhibited by the subjects studied by Zhou et al. They
were divided into quartiles based on ferritin concentrations; only three of the subjects in our study met the
criteria of the second-highest quartile and none fit in the highest quartile.

One important observation of the present study concerns the relationship between serum copper

concentration, ceruloplasmin levels, and copper-dependent ceruloplasmin ferroxidase activity. Laboratory
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tests for ceruloplasmin levels are widely used as a proxy for copper concentration in the serum.?>>” While
serum ceruloplasmin has been a key test for diagnosing Wilson disease, our findings suggest ceruloplasmin
ferroxidase activity might be a more accurate representation for copper status given the observed strong
correlation of copper concentration with ceruloplasmin ferroxidase activity and a weaker correlation with
ceruloplasmin concentration. The differences between activity and concentration are even more apparent
when considering the effects of the intervention. The change in serum copper was positively correlated
with ceruloplasmin ferroxidase activity, yet negatively correlated with ceruloplasmin concentration. This
accentuates the differences between the activity and concentration of a protein and the need for additional
studies untangling how these parameters relate to one another and to copper metabolism.

Our study is limited by the post hoc nature of the analysis. Consumption of metal micronutrients were
not controlled during the outpatient period of the study and the subjects were instructed to consume their
normal diets. Thus, both metal consumption and bioavailability could have been altered by variables for
which this study did not control. In addition to variabilities in the subjects’ normal diets, it is possible that
the added calories from the beverages could have displaced the consumption of metal-rich foods or
nutrients that enhance metal bioavailability. It is also feasible that consumption of sweetened beverages
affected metal absorption. Future studies may be informed by existing reports on the impacts of sugar
intake on metal bioavailability.®®*° In addition, given the assessment of metal markers was not initially
planned, the study might also have been under-powered to assess certain effects of sugar consumption on
metal metabolism. Future studies are warranted that control for metal micronutrient intake and being
sufficiently powered to validate the trends observed in this study. Nevertheless, the short-term two-week
intervention was sufficient to cause significant sugar-dependent changes in certain serum metal markers,

offering support for a connection between sugar metabolism and metal homeostasis.

2.5 Conclusions
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Our results suggest sugar consumption affects copper and zinc metabolism parameters within two
weeks. Alterations in transition metal metabolism, in turn, can contribute to aberrant fuel utilization and
potentially worsen the course of metabolic-related diseases. Glucose consumption may possibly have a
more marked impact on transition metal metabolism than fructose consumption. Ceruloplasmin
ferroxidase activity appears to correlate significantly with copper serum levels and may have broader
applications in clinical practice than ceruloplasmin levels.

Our findings are the first evidence that consumption of sugar-sweetened beverages can alter clinical
parameters of transition metal metabolism in healthy subjects. As sugar consumption has become
entrenched in the Western diet, further study of the relationships between transition metal metabolism
and glucose, fructose, HFCS, and also sucrose is warranted. Our findings represent the proverbial tip of the
iceberg toward understanding the physiological impact of microminerals in the modern Western diet and

highlight the need to further probe the clinical relationship between metal status and metabolic health.

2.6 Supplementary Material
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Figure 2.51. Metal concentrations in glucose-, fructose-, or HFCS-sweetened beverages consumed by
subjects (n=6). Mean = SEM are shown. One-way ANOVA were used to analyze significance between
metal levels in sweetened beverages; no significant differences were found.
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Chapter 3: Glucose control on ceruloplasmin activity

This work is in collaboration with Samuel Janisse. As such, portions of work will also be found in his thesis.
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3.1 Introduction

Ceruloplasmin plays an important role in copper metabolism, copper transport, iron metabolism, and acute
phase response.’™ The protein is a glycoprotein that contains 6-8 copper atoms, with at least two type 1
copper centers and a trinuclear copper center composed of two type 3 copper centers and one type 2
copper center.>® These 6 coppers are responsible for its catalytic activity through a series of intramolecular
electron transfer leading to the 4-electron reduction of O, to H,0.”® One of the more established roles of
this activity is the facilitation of serum iron bioavailability.? The catalytic activity enables the oxidation of
Fe(ll) to Fe(lll), allowing for transferrin to bind and transport iron throughout the body.>1° Despite
ceruloplasmin’s key roles in metal regulation throughout the body, the functions and mechanics of this
protein remain relatively unknown. Work in the past 20 years has begun to uncover the intricacies of this
protein, from the crystallization of the protein to recent work on uncovering the mechanisms of electron
transfer that lead to the protein’s activity.®® Yet, the regulation of the protein is still poorly understood.
Mainly synthesized in the liver, ceruloplasmin is loaded with copper by the copper transporter ATP7B. %1112
Diseases like Wilson’s disease, arising from a loss of function mutation of ATP7B, can be assessed by the
reduced concentration of ceruloplasmin in the serum of affected individuals.>*> Left untreated, Wilson’s

Disease will lead to copper accumulation in organs, resulting in organ failure and death.*>1®

Itis not only genetic factors that are responsible for the altered regulation of ceruloplasmin, but the Heffern
lab recently demonstrated that sugar consumption influences the plasma protein.'” Human subjects
undergoing a two-week dietary intervention of glucose, fructose, or high fructose corn syrup exhibit
decreases in both serum copper concentration and copper-dependent ceruloplasmin ferroxidase activity,
despite ceruloplasmin concentrations remaining constant. This hints at a connection between the copper
loading of the protein, copper homeostasis, and sugars. The link between copper metabolism and nutrients
has been highlighted in other studies, demonstrating modified hepatic and serum copper status in models

of nutrient overload.'®22 These studies have been relatively observational and do not provide insight into
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the ability of diet to directly influence ceruloplasmin. From cell, to rodent, to human studies, an interplay
between ceruloplasmin, copper, and sugars has been noted, leading to presently more questions than

answers.

Along with changes in intracellular regulation, one possible area of interplay between sugars and
ceruloplasmin can be the formation of non-enzymatic glycation products?*2?*. Diabetes and other nutrient
overload diseases can result in hyperglycemia which, over time, leads to the non-enzymatic glycation of
proteins, also called advanced glycation end products (AGEs).?* The effects of these can be deleterious and
lead to the degradation of proteins in the blood, as well as increased reactive oxygen species.?® These
glycation products have been hypothesized to influence ceruloplasmin wherein the protein exposed to an
excess of glucose results in the release of bound copper.?® It is posited that the fragmentation of the protein
is linked to the release of copper wherein reactive oxygen species are evolved, reacting with ceruloplasmin
and leading to cleavage of the peptide backbone, however, the mechanisms of copper release have yet to
be established. The addition of the copper chelator EDTA with glucose and ceruloplasmin ablated the
effects of copper on fragmentation, solidifying the role of copper in the fragmentation of the protein.?>?*

However, further studies are needed to establish the biological impacts of cleavage.

In the work presented in this chapter, we probed the ability of glucose to alter the activity of ceruloplasmin.
These effects are studied mainly through two courses, one as the ability of glucose to alter the activity of
ceruloplasmin in short-term incubations, and the other as an investigation of long-term exposure of
ceruloplasmin to glucose. The effects of glucose on the protein that we observe in these studies may be
the cause of previously observed changes in ceruloplasmin activity in human subjects. We propose through
binding and cleavage of the protein, in short- and long-term exposures respectively, glucose may have
significant impacts on ceruloplasmin with larger implications for iron and copper metabolism under

hyperglycemic conditions.
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3.2 Methods
3.2.1 Ceruloplasmin incubation with glucose

Ceruloplasmin (239799-1MG, Millipore Sigma) was resuspended in 500 uL nanopure water and dialyzed
(Slide-A-Lyzer™ Dialysis Cassettes 20K MWCO 0.5 mL, ThermoFisher Scientific) with 500 mL PBS (BP3991,
ThermoFisher Scientific) overnight at 25 "C and then for 2 hours at 25 °C with constant light agitation. After
dialysis, the protein was brought to a volume of 1mL and split into two 500 ulL samples where 170 uL
nanopure water was added to the control and 103 uL of nanopure water and 67 uL 1M glucose (G8270-
1KG, Millipore Sigma) in nanopure water was added to the glucose treated sample, for a total of 0.1M
glucose. Both samples, control, and glucose were further split into two for a total of 4 samples of 335 uL.
Samples designated as day 0 were immediately frozen at -80 "C while day 10 samples were incubated at 37

°C for 10 days before being frozen.

3.2.2 UV-Vis experiments

Ceruloplasmin absorption was assessed by UV-Visible spectroscopy (Shimadzu 1900i) from a range of 200
to 800 nm wavelengths at 0.5 s per read every 0.5 nm. Spectra were corrected to buffer absorbance and
the ratio of 610:280 nm was assessed per sample. Samples were processed using Excel (Microsoft) as a

subtraction of PBS buffer and PBS with glucose subtracted from the relevant spectrum.

3.2.3 Gel and Western blots

10ul sample was added 2 uL LDS sample buffer (BO007, ThermoFisher Scientific) and 10 uL was added to a
Bis-Tris 4-12% gel (NW04125BOX, ThermoFisher Scientific). Protein gels were assessed using a Coomassie-
based Imperial Stain (PI24615, ThermoFisher Scientific) with a Silver Stain (24612, ThermoFisher Scientific)
used to detect low abundant protein fragments. For western blots, samples were transferred onto a low
fluorescent PVDF membrane (1704274, Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad). Blots
were blocked in 5% BSA in TBST (99978, Cell Signaling Technology) for 1 hour at room temperature and left

in anti-Ceruloplasmin (1:1000 sc-365205, SCBT) primary antibody overnight at 4°C. Membranes were

47



washed 3 times 5 minutes before the addition of anti-mouse Alexafluor 555 (1:2000 A28180 ThermoFisher
Scientific) secondary antibody for 1 hour in 5% milk powder in TBST. Membranes were imaged by

fluorescence imaging on the Chemidoc MP (BioRad).

3.2.4 Ceruloplasmin ELISA

Human anti-ceruloplasmin ELISA (EC4201-1, Assaypro) was used to assess clinical assay-based readouts of
ceruloplasmin. Samples were diluted 1:10000 in provided dilution buffer. Assays were read at 450 nm and
650 nm on the Spectramax i3x plate reader (Molecular devices). Data are normalized to the control sample

at day 0 and processed in Excel (Microsoft).

3.2.5 Ceruloplasmin ferroxidase activity

Ceruloplasmin activity (EIACPLC, ThermoFisher Scientific) was assessed by the colorimetric assay of the
ferroxidase activity of the protein. The sample was diluted 1:20 and data were normalized to the control
sample at day 0. Assays were read on the Spectramax i3x plate reader (Molecular Devices) and processed

on Excel (Microsoft).

3.3 Results
3.3.1 Glucose induces changes in ceruloplasmin

The physiological ranges of glucose in serum range from 1 to 5 mM at fasting concentrations, and 10 to 15
mM at post-prandial concentrations. In healthy adults, the glucose concentration remains at post-prandial
levels for an hour, while in diabetic patients, it may last significantly longer.?” To this end, we sought to
investigate the effects of these physiological states of glucose on ceruloplasmin. In the presence of glucose
at fasting levels, the activity of ceruloplasmin is decreased to 90.6 + 1.8 percent and 98.1 + 2.8 percent of
baseline for 1 and 5 mM glucose respectively, where the baseline is defined as the activity of ceruloplasmin
without glucose (Figure 1A and B). Conversely, ceruloplasmin exposed to post-prandial levels of glucose
lead to an increase of 115.4 + 5.6 and 111.9 + 2.6 percent for 10 and 15 mM glucose respectively. This

phenomenon indicates an interaction between glucose and ceruloplasmin influencing the protein by
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reducing its catalytic activity at lower concentrations of glucose and increasing activity at higher
concentrations. Glucose appears to have a certain level of control over the activity of the protein. At excess
levels of glucose, 100 mM, the activity of ceruloplasmin returns to the levels of 0 mM glucose, 104 + 0.5
percent. This effect may point to a concentration of glucose wherein the activation of the protein plateaus
and decreases at excess levels of glucose. It is important to note that the sample size for these experiments
is not sufficiently large for statistical tests and additional biological replicates are required to confirm the

effects of glucose on ceruloplasmin.

Examinations of the type | copper centers of the protein demonstrate slight glucose-dependent shifts in
absorbance of the catalytic centers of ceruloplasmin. The type | copper centers are characterized by a
sulfur-copper bond, giving the protein its signature blue color with an absorbance of around 610 nm. In
ceruloplasmin, two of the three type | copper centers are responsible for the ferroxidase activity of the
protein enabling spectroscopic studies to inform on the status of the protein.”?73° Absorption spectroscopy
of the protein demonstrates a slight, but notable shift in the shape of the absorbance (Figure 1C). While
there is no shift in the maximum wavelength with the addition of glucose, the change in shape may
correlate to alterations of the structure of the type 1 copper center. We hypothesize that glucose is
complexing with ceruloplasmin, altering the structure of the catalytic copper site either through direct
coordination or through an allosteric site. This might occur through minor shifts in the tetrahedral geometry
of the copper site or changes in the secondary coordination environment rather than a change in the
species of atoms coordinated to the copper centers. All structural determinations of ceruloplasmin and

glucose complexation require additional studies for validation and assessment of the binding modes.
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Figure 3.1. Effects of glucose on activity and copper centers of ceruloplasmin. A) 30-minute incubations of
ceruloplasmin with 0, 1, 5, 10, 15, and 100 mM glucose alters ferroxidase activity. B) Activity of
ceruloplasmin with 0 to 15 mM glucose. Data is normalized to the activity protein at 0 mM glucose, Mean
+ SD are shown, n = 2. C) Absorption spectrum from 250 to 800 nm of 0 (blue) and 100 (red) mM glucose.
A picture-in-picture of normalized absorbance demonstrates the effects of glucose on type | copper
centers.

3.3.2 Future work for changes glucose-induced changes in ceruloplasmin

To further investigate the effects of glucose on ceruloplasmin, the type | copper centers will be assessed
using EPR.3! The technique allows for the determination of the coordination environments of the
paramagnetic copper center as well as the molecular shape of copper.3? This will inform on the effects of
glucose on the binding environment and may be able help explain changes in activity. Initial studies will

investigate ceruloplasmin with high concentrations of glucose for validation, which will then extend to a
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concentration gradient that can determine if low and high glucose concentrations exhibit alternative
binding. The changes in the copper environment observed by spectroscopic studies may also be examined
through computational chemistry. Computer modeling can be a powerful tool in conjunction with
experimental data and can inform on the nature of ligands and environments around the copper centers

of ceruloplasmin.

Structural changes in the secondary structure of ceruloplasmin upon glucose stimulation will be assessed
by circular dichroism (CD). This technique may not be able to detect minimal changes in protein structure
but could inform on the magnitude of any changes in the protein. CD has previously been used to observe
the stability of ceruloplasmin at a range of temperatures and thus may provide information towards
uncovering structural alterations or stabilizing properties of glucose on ceruloplasmin.3*3* To uncover the
nature of glucose and ceruloplasmin interactions, incubation of the protein followed by dialysis to
understand the strength of the interactions of ceruloplasmin and glucose. This will also be detected using
ESI-MS or MALDI-TOF. In conjunction with MS, isothermal calorimetry (ITC) will be used to assess the
binding stoichiometries of ceruloplasmin and glucose. ITC is an analytical method to determine binding

stoichiometry and kinetics that would uncover how glucose may influence the protein.

Alternative probes for the activity of the ferroxidase activity of ceruloplasmin will be used to directly
measure reactions with iron, rather than the use of p-phenylenediamine as is used in the experiments
highlighted above. This will provide an increased level of specificity for the reaction of Fe(ll) to Fe(lll) by the
use of tracking changes in the absorbance of a Fe(ll) TAR, 4-(2-thiazolylazo)resorcinol, complex.®> This
complex has been proposed as a direct measure of ferroxidase activity while allowing for low background
data collection. The complex demonstrates a decrease in the 700nm range as Fe(ll) oxidizes to Fe(lll) and
would inform on the iron bioavailability activity of the protein. Additionally, ceruloplasmin in serum should

be assessed to ensure that the changes in activity are not only present in vitro, but ex vivo as well.
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There are several considerations with experiments that we have undertaken that must be addressed for
future work. One of the largest considerations is the auto-oxidation of ceruloplasmin in aerobic conditions
that the samples have been run in which may lead to inconsistent states of the copper within ceruloplasmin.
To overcome this, future work should include either air-free conditions that validate previously collected
data or the addition of an oxidizing agent to maintain the redox state of the protein. 3¢ Additionally,
ceruloplasmin has been commercially purchased from serum isolates, however, sample-to-sample
variability may influence ceruloplasmin’s interactions with glucose. We have attempted to overcome this
through biological replicates; however, the lot differences must be considered when processing data. We
additionally plan on probing whether ceruloplasmin is only affected by glucose or other sugars and upon

validation of preliminary data, we will use other monosaccharides like fructose.

3.3.3 Long-term exposure to glucose leads to ceruloplasmin degradation

Previously published studies found an increase in the fragmentation of copper with the incubation of
glucose for 10 days.? This effect was posited to be due to increased degradation and redox activity from
the reducing sugar and their interactions with the copper centers of the protein. These data were
corroborated in our lab with imperial and silver stains of gels comparing ceruloplasmin at days 0 and 10
with and without glucose (Figure 2A). The gels demonstrate an appearance of markers at lower molecular
weights and a decrease in the intensity of holo-ceruloplasmin over the course of the glucose incubation.
An increase in protein bands appearing around 50 and 70 kDa in glucose samples point to a regular and
consistent location of glucose-induced fragmentations. Additional biological replicates (not shown) confirm

the consistent cleavage of the protein.

Western blot analysis of ceruloplasmin demonstrates bands in samples incubated with glucose for 10 days
that are not in the 10-day control sample, insinuating a certain degree of recognition of ceruloplasmin
(figure 2B). Western blots of the ceruloplasmin fragmentation also highlight changes observed in the

imperial stains as there is a clear increase in bands at 50 kDa with the addition of glucose.
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Figure 3.2. Glucose facilitates ceruloplasmin fragmentation. Ceruloplasmin was incubated with 100 mM
glucose for 0, 4, 6, 8, and 10 days. Fragmentation was analyzed by A) an imperial stain for total protein
detection, and B) western blot analysis to determine antibody recognition of ceruloplasmin fragments. C)
ELISA analysis of ceruloplasmin at days 0 and 10 show Mean + SEM are shown, n=5. Significance was
assessed by unpaired t-tests, *P>0.05.

Work highlighted in Chapter 2 demonstrates a change in ceruloplasmin activity in human serum that was
not reflected by a change in concentration by ELISA assay.!” ELISA assays are the most common method of
identification of ceruloplasmin concentration in the serum and are often used as a proxy for the status of
copper clinically.** We hypothesized that this difference may be due to the ELISA antibody recognition of
ceruloplasmin that does not differentiate between apo- and holo- ceruloplasmin and is noted with western
blot analysis of glucose-induced fragmentation (Figure 2B). To examine the antibody recognition, an ELISA
assay was run on the ceruloplasmin exposed to glucose for 10 days. Ceruloplasmin without glucose
decreases from 302.2 + 16.5 to 171.9 + 8.6 ug/mL; glucose exacerbates this effect from 345 + 25.0 to 149
+ 3.7 ug/mL. The decreases from 0 to 10 days were statistically significant, whether it was with and without

glucose. Comparison of the concentration of ceruloplasmin with and without glucose demonstrated a non-
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significant effect in antibody recognition at day 0 and was not statistically significantly different at day 10
(P=0.054). These data may agree with observations in human samples as a decrease in registered
concentration was not observed with glucose consumption. It is thus possible that copper metabolism
changes in human serum relate to the interactions of glucose with ceruloplasmin in the serum. However,
it does not rule out considerations that the decreases observed in human samples arise from intracellular

processing.

The absorbance spectra of ceruloplasmin collected at day 0 and day 10 demonstrates a decrease in the
absorption at 610 nm with the addition of glucose after 10 days, pointing to a change in the copper center
potentially related to a release of copper from the protein. It is important to note a decrease in 610 nm in
the control sample at day 10 relative to day O, which may be due to the natural degradation of the protein
as the half-life of ceruloplasmin is 4 to 5 days. These changes are more pronounced with consideration of
the ratio of 610:280 nm. This ratio has previously been used to assess protein purity with a value of 0.045
established as pure.?” With the addition of glucose, there is a significant decrease in the ratio with the
addition of glucose after 10 days compared to the control sample at 10 days, reinforcing the changes in

copper loading and status by the incubation of glucose.
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Figure 3.3. Glucose fragmentation leads to copper release from ceruloplasmin’s type | copper center.
Ceruloplasmin was incubated with 100 mM glucose for 0 and 10 days. A) Type 1 copper centers were
assessed by UV-vis spectroscopy with spectrum inset highlighting changes at 610 nm. B) The ratio of
spectra at 610 to 280 nm demonstrates changes in the copper loading of ceruloplasmin. C) The percent
change in the 610:280 nm ratio from day O to day 10. Mean * SEM are shown, n=5. Significance was
assessed by paired t-tests, *P>0.05.

With changes in the copper centers of ceruloplasmin, we anticipate observing an analogous decrease in
activity. The ferroxidase activity of ceruloplasmin with and without glucose demonstrates a decrease from
day 0 to 10. These changes in activity at day 10 are not significantly different, yet follow trends observed
with ceruloplasmin concentration. Of note is a change in the activity of the protein at day O with glucose.
Experiments with ceruloplasmin with short-term glucose incubations demonstrate at 100 mM glucose, the
protein activity should not be significantly different than the protein without glucose (Figure 1), however,
the activity is increased nearly 2-fold, from 3977 = 1256 to 7574 + 2613 mU/ulL. Factoring in the
concentrations measured by ELISA, the specific activity of ceruloplasmin hints at structural changes in the
protein as a function of glucose incubation. We hypothesize that freeze-thaw cycles of the proteins with

glucose are protective of activity, explaining the increase of activity at day 0 with glucose.® These changes
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emphasize the need for future experiments for validation but also to probe the mechanics behind the

effects of glucose as a ceruloplasmin cryoprotectant.
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Figure 3.4. Long-term incubation of ceruloplasmin with glucose alters activity. Ceruloplasmin was
incubated with 100 mM glucose for 0 and 10 days. A) Activity of ceruloplasmin with and without glucose
at days 0 and 10. The activity was assessed by colorimetric assays and expressed as mU/mL. B) Specific
activity of ceruloplasmin samples expressed as the activity of the protein over the concentration. Mean +
SEM are shown, n=5. Significance was assessed by unpaired t-tests, *P>0.05.

3.3.4 Future work for long-term exposure of glucose on ceruloplasmin

Current work focuses on establishing the state of copper with the incubation of ceruloplasmin with glucose.
This will be assessed by EPR of ceruloplasmin with the addition of glucose for 10 days. Preliminary tests of
ceruloplasmin EPR yielded low signal-to-noise ratios (data not shown) that, in collaboration with the Britt
lab, are being optimized using tris buffer rather than PBS. The change of buffers allows for the detection of
non-ceruloplasmin-bound copper that may be released. Copper ions are minimally soluble in PBS and as
such tris offers a buffer wherein labile copper may be detected. Assessment of ceruloplasmin in tris buffer
demonstrates similar effects by gel fragmentation and absorbance. This upcoming data collection aims to
establish changes in the copper environment in the protein as well as the state of copper released in the

buffer.

While antibody recognition conveys a certain level of sequence information based on the epitope of the
antibody, mass spectrometry-based analysis will be used to identify the fragments of the glucose-incubated
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ceruloplasmin. MALDI-TOF is an incredibly powerful tool for protein analysis that has been used to detect
and determine the identity of protein sequences.® We intend to isolate protein fragments from imperial-
stained gels which will be subjected to tryptic digestion. These digested fragments of ceruloplasmin can
then be used to identify the sequences that appear from glucose-induced fragmentation. The identity of
the fragments may uncover a biological relevance of the fragmentation with sequences that are similar to
other copper proteins in the blood as well as highlight the mechanisms of copper release from non-

enzymatic ceruloplasmin degradation.

Similar considerations must be taken for longer terms stimulations of ceruloplasmin as with short-term
stimulations. Namely the sensitivity of the protein to oxidation by oxygen in the environment. To overcome
these challenges, experiments should be controlled by restricting oxygen to the protein as well as
investigating the long-term effects of a reducing agent on ceruloplasmin. On top of the effect of oxygen on
the protein, glucose appears to have a protective effect on ceruloplasmin through freeze-thaw cycles that
need to be considered in the future experiments. To this end, we plan on investigating the effects of freeze-

thaw cycles and timing on ceruloplasmin activity and copper centers.

3.4 Discussion

The effects of glucose on metal micronutrients appear to be more significant than previously reported,
which hypothesized that sugars may alter the metabolism of organs linked to the changes in metal
regulation.”*%41 The studies presented here demonstrate that glucose may interact with ceruloplasmin, in
a mechanism that can alter the protein’s activity and functionality through direct coordination. While the
biological relevance of the effects of glucose on ceruloplasmin requires additional studies, it appears that
glucose exhibits a significant control over ceruloplasmin through changes in activity to fragmentation of

the protein. Glycation products may form with long-term exposures to glucose that lead to alterations in
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the structure and function of the protein, however, this is currently speculative with no preliminary data to

support this hypothesis.

Glucose exhibits an effect on ceruloplasmin catalytic activity as short-term exposure of ceruloplasmin to
glucose induces inhibition and activation of the protein. This hints at a mechanism wherein with fasting
levels of glucose, ceruloplasmin may be less active in the circulatory system, while at elevated, post-
prandial or diabetic levels of glucose ceruloplasmin will be more catalytically active. This has implications
not only for copper but iron metabolism as well. Changes in the activity of ceruloplasmin have a direct
effect on iron bioavailability and loading into transferrin.?3> Future work will address changes in iron
regulation as a result of ceruloplasmin’s interaction with glucose. While the structural effects of glucose on
the protein have yet to be established, it is difficult to understand the implications of this interaction
mechanistically and biologically. We hope to uncover the nature of glucose interactions with the protein,

either through direct coordination to the metal or through allosteric interactions.

In agreement with previous studies, glucose facilitated the fragmentation of ceruloplasmin.?® These
fragments are detected by ELISA, implying that a lack of change in quantified ceruloplasmin in human
samples may be due to the preservation of antibody recognition of ceruloplasmin fragments. However, we
did not observe significant changes in activity after 10 days with or without glucose incubation. This does
not agree with the data in chapter 2 and implies alternative forms of ceruloplasmin and copper regulation
in addition to fragmentation of the protein.'” Interesting phenomena were observed with the incubation
of ceruloplasmin with glucose. Of note is the dramatic increase in ceruloplasmin activity in the frozen
samples at day 0. With a freeze-thaw to consider, the activity of ceruloplasmin at day O was significantly
increased with the incubation of glucose compared to the control. This effect was not observed with the
short-term incubation of ceruloplasmin with 100 mM of the sugar with a 30-minute incubation and may be

related to the stabilizing or glassing properties of glucose that protects the protein.® This requires
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additional assays to investigate how glucose may facilitate the stability of the protein or protection from

freeze cycles.

Much of the data presented in this chapter are preliminary and require additional biological replicates to

ensure sufficient scientific rigor is met before we can expand on the hypothesis. Despite this preliminary

nature, the data points to the unique effects of glucose on ceruloplasmin, in both short- and long-term

exposures. The implications of glucose on ceruloplasmin and metal micronutrients is an emerging topic in

the field of metals in biology and as the field continues to develop, many questions brought forth in this

chapter will be answered.
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Chapter 4: Fatty acid uptake in liver hepatocytes induces the relocalization and
sequestration of intracellular copper.
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4.1 Introduction

Excess consumption of high-calorie diets rich in fats and sugars are linked to adverse physiological effects,
such as increased oxidative stress and inflammation ™. The increased prevalence of such diets is strongly
associated with the rise of metabolic diseases including diabetes and non-alcoholic fatty liver disease
(NAFLD) &°. Recent literature suggests that excess macronutrient load may result in disruptions in copper
trafficking 13, The essential metal micronutrient, copper, serves vital roles in signaling as well as in
enzymatic cofactors for key biological processes ranging from mitochondrial respiration to radical
scavenging *'°. However, due to its redox activity, misregulated copper can also be deleterious via
increased radical formation and DNA damage. Thus, copper must be tightly regulated via an intricate
network of transporters and chaperones to maintain proper levels and control its localization **7*8, Copper
is introduced into cells via membrane importers, then trafficked with dedicated chaperones to their
directed targets, including metallothioneins, mitochondrial enzymes, and exporter proteins such as ATP7A
and ATP7B 11920 The importance of proper copper homeostasis is evidenced in diseases like Menkes
disease and Wilson’s disease, deadly disorders resulting from mutations in the copper transporters ATP7A
and ATP7B, respectively 20722, These diseases show remarkably similar phenotypes to diseases induced by
high-fat and high-sugar diets, insinuating a link between copper and macronutrient-derived metabolic
misregulation.

In addition to its central role in energy metabolism, the liver is the primary organ for maintaining copper
balance in the body. The majority of dietary copper is trafficked to the liver for storage, distribution, and
utilization *. It is in this organ that the copper-binding serum protein, ceruloplasmin, is synthesized and
metalated 2>72°. Additionally, the liver plays a key role in copper excretion via biliary export ¥?*. Recent
research suggests that dietary fats may affect hepatic copper metabolism. In one study, mice fed high-fat

diets showed significant decreases in hepatic copper. In another study, researchers found that human
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hepatocyte (HepG2) cells exposed to a mix of palmitic and oleic acids displayed decreases in intracellular
copper levels akin to the trends seen in the mice study '?®. The prevailing hypothesis is that changes in
copper metabolism are attributed to increased levels of copper transporter ATP7B, inducing copper efflux
from the cell %?°, Yet, what instigates alterations to ATP7B, the consequence to intracellular copper
pathways, and the interplay with fat consumption and energy metabolism is not well understood.

In this work, we scrutinized how fat accumulation impacts molecular pathways of copper metabolism and
sequestration. Our goal was to determine associations between ATP7B expression and cellular copper
status in response to fatty acid exposure. We assessed time-dependent changes in gene expression, levels,
and localization of major copper proteins in HepG2 cells treated with palmitic acid (PA), a 16:0 unsaturated
fatty acid. At early time points of PA exposure, we identified elevations in upstream regulators of the ATP7B
export machinery alongside protein changes typically associated with cellular states copper overload. This
is accompanied by perturbations in mitochondrial health and mitochondrial copper proteins. Prolonged
exposure shifts the cellular state to one resembling copper deficiency at later time points, alongside
increased expressions of protein indicative of lysosomal sequestration and membrane localization of
copper. From this data, we propose a scheme wherein fat accumulation induces miscompartmentalization
of copper to induce a state resembling cytosolic copper overload, activating sequestration and export of

copper from the cytosol, leading to a cytosolic state of copper deficiency.

4.2 Materials and Methods

4.2.1 Cell culture and maintenance

Human hepatocyte carcinoma cells (HepG2) were grown in complete DMEM media (31053036,
ThermoFisher Scientific) with 10% Avantor Seradigm Premium Grade Fetal Bovine Serum (97068-085,
VWR), 1 mM sodium pyruvate (11360070, ThermoFisher Scientific), 100 IU penicillin and 100 pg/mL

streptomycin (MT30002Cl, ThermoFisher Scientific), and 2 mM L-glutamine (25-030-081, Gibco). Cells were
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subcultured every 2 to 3 days at 70% confluence. HepG2 cells were generously gifted to us from Dr. Patricia
Oteiza’s laboratory. All experiments were performed on cells between passages 10 and 20. Sterile culturing
and assay plates were used for the following experiments. Cells were regularly tested for mycoplasma every

6 months with the MycoAlert assay (LTO7-701, Lonza).

4.2.2 General procedure for cell stimulations

HepG2 cells were stimulated with 250 pM PA solution in MEM media ?’. The stock PA stimulation solution
(stock concentration of 8 mM) was prepared by the addition of sodium palmitate (P9767, MilliporeSigma)
to a 10.5% w/w solution of fatty acid-free bovine serum albumin (BP9704100, ThermoFisher Scientific) in
DMEM (31053036, ThermoFisher Scientific) and 25 mM HEPES (15630-080, Gibco). The solution was stirred
for at least 4 hours at 50 °C until the sodium palmitate was completely incorporated. The solution was
filtered through a 0.22 pum cellulose acetate filter (976134, ThermoFisher Scientific) and diluted to a final
concentration of 250 pM in MEM (51200038, ThermoFisher Scientific) solution with 10% Avantor Seradigm
Premium Grade Fetal Bovine Serum (97068-085, VWR), 1 mM sodium pyruvate (11360070, ThermoFisher
Scientific), 100 IU penicillin and 100 pg/mL streptomycin (MT30002Cl, ThermoFisher Scientific), and 2 mM
L-glutamine (25-030-081, Gibco). Solutions of CuCl, were prepared in nanopure water (Millipore) at 200
mM and diluted to 200 uM in the BSA control media. Solutions of bathocuproinedisulfonic acid disodium
salt (B1125, Millipore Sigma) were prepared at 20 mM in nanopure water and diluted to 200 uM in BSA
control media (10.5% w/w solution of fatty acid-free bovine serum albumin in DMEM and 25 mM HEPES).
For each stimulation, HepG2 cells were seeded (see description of experiments below for cell counts) and
left to adhere overnight in complete DMEM media. Media was aspirated and cells were then washed once
with PBS warmed to 37 2C. PBS was aspirated and stimulation media was added to cells as described for

each experiment below.

4.2.3 Cell viability and lipid staining assays
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Cell viability was assessed with an MTS assay (G3582, Promega) at 24 hours. HepG2 cells were seeded in a
clear bottom 96-well plate at 10,000 cells per well and stimulated as described above. MTS reagent was
added and incubated at 37 °C for 1 hour before detection via absorbance at 490 nm on a platereader
(SpectraMax i3x, Molecular Devices). Qil O Red was used to assess intracellular fat accumulation with cells
plated at 300,000 cells per well in 6-well plates. Cells were stimulated as previously described, washed with
PBS, and fixed with 4% paraformaldehyde for 30 minutes. The Qil O Red stock solution was prepared as
0.5% Oil O Red (NC0961554, ThermoFisher Scientific) in isopropanol and diluted to 60% in nanopure water
fresh for each use. The working Oil O Red solution was filtered before staining for 10 minutes at room
temperature. After staining, cells were washed three times with PBS and then imaged (EVOS Core XL,
Thermofisher Scientific). To elute dye for quantification, 250 ulL of 100% isopropanol was added to stained
cells. Cells were then rocked at room temperature for 10 minutes in isopropanol before transferring 75 pL
of the isopropanol solution from each well to a 96-well plate. The absorbance of eluted dye was measured
at 540 nm on a platereader (SpectraMax i3x, Molecular Devices). Statistics were carried out on Prism 9.1

(Graphpad).

4.2.4 Western blot analysis

HepG2 cells were plated at 300,000 cells per well in a 6-well plate. Cells were stimulated as described above
andthenlysed at 1, 6,12, and 24 hours in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris-Cl pH 7.4) with EDTA-free protease inhibitor (PIA32955, ThermoFisher Scientific) and
phosphatase inhibitor (4906845001, MilliporeSigma). Lysates were vortexed on ice for 20 minutes before
being cleared by centrifugation at 15000 x g at 4 °C. Lysates were frozen at -20 9C prior to protein
guantification by BCA assay (71285-3, Invitrogen). 20 ug protein was prepared with 2-mercaptoethanol
(1610710, BioRad), PBS (Gibco), and LDS sample buffer (NPOOO7, Invitrogen) according to the
manufacturer’s protocols but without heating and loaded into a 4-12% Bis-Tris 15-well gel (NW04125BOX,
Invitrogen) for probing all proteins except CCS and SCO2. To probe CCS, Mt2A, and SCO2, protein solutions
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were run on a 16% Tricine gel (EC66952BOX, Invitrogen). In all cases gels were run in MES buffer at 100 V
for 1 hour and transferred onto a low fluorescence PVDF membrane (1704274, BioRad) using a Trans-Blot
Turbo Transfer System (BioRad). Membranes were blocked with 5% BSA in TBST (99975, Cell Signaling
Technology) for 1 hour at room temperature and incubated with primary antibodies overnight at 4 °C.
Membranes were washed 3 x 5 minutes with TBST at room temperature and blotted with secondary
antibody in 5% dry milk (31FZ82, Grainger) in TBST. Membranes were washed 3 x 5 minutes with TBST and
submerged in Crescendo HRP substrate solution (Millipore) for 5 minutes prior to imaging on a Chemidoc
MP Imager (BioRad). Primary antibodies used included anti-ATP7B (ab124973, 1:2000 Abcam), anti-CCS (sc-
55561, 1:1000 Santa Cruz Biotechnology), anti-SCO2 (ab113758, 1:1000 Abcam), anti-B Actin (mouse IgG,
sc-47778, 1:5000 SCBT or rabbit IgG, 4970S, 1:5000 Cell Signaling Technology), anti-SLC46A3 (NBP1-85054,
1:1000 Novus Biologicals), anti-Mt2A (PA5-102549, 1:1000 Invitrogen), and anti-hephaestin (sc-393701
,1:1000 Santa Cruz Biotechnology). For secondary antibodies, anti-rabbit IgG HRP-conjugated antibody
(7074S, 1:2000 Cell Signaling Technology) was used for SCO2, and ATP7B, anti-mouse IgG HRP-conjugated
antibody (7076S, 1:1000 Cell Signaling Technology) for CCS, anti-rabbit 1gG AlexaFluor 555 (A21428, 1:5000
Invitrogen) and anti-mouse 1gG AlexaFluor 800 (A32789, 1:5000 Invitrogen) for B-Actin. Images were
processed using the Imagelab software (Biorad). Densitometry analysis was carried out on Imagelab

software (Biorad), all analysis was normalized to the baseline condition, BSA atl hour.

4.2.5 Gene expression analysis

HepG2 cells were plated at 300,000 cells per well in a 6-well plate. Cells were then stimulated as described
above and mRNA was isolated at 1, 6, 12, and 24 hours using the RNeasy PLUS RNA isolation kit (74136,
Qiagen). mRNA was quantified on a QuickDrop spectrophotometer (Molecular Devices), and 1000 ng was
added to iScript Reverse Transcription Supermix (1708841, Biorad). A C1000 thermocycler (Biorad) was
used for reverse transcription. 0.2 ng cDNA was loaded into a master mix of amplification primer and iQ
SYBR green (1708882, Biorad) before amplification and observation of gene expression by a CFX Connect
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228 method using B-Actin as

Real-Time PCR system (Biorad). Data were processed on Microsoft Excel by
the housekeeping gene. TBP (TATA binding protein) was used as a secondary housekeeping gene to ensure
B-Actin was stably expressed over the PA stimulation. Primers for real-time PCR analysis are listed in

Supplemental Table 4.51. Statistics were carried out on Prism 9.1 (Graphpad) while colocalization analysis

were carried out on ImagelJ (FlJI) using Coloc 2 (79).

4.2.6 Ceruloplasmin activity and quantification

Media was collected from gPCR and western blot stimulations for analysis of ceruloplasmin activity and
concentration. Collected media was spun at 500 x g for 10 minutes at room temperature prior to being
aliguoted and frozen at -20 °C. Undiluted media was assessed for ceruloplasmin concentration by ELISA
(EC4201-1, Assaypro) while media for ceruloplasmin ferroxidase activity was diluted 1:3 in assay buffer for
colorimetric quantification of activity (EIACPLC, Invitrogen). All experiments were run in four independent

biological replicates. Statistics were carried out on Prism 9.1 (Graphpad).

4.2.7 Immunofluorescence imaging

HepG2 cells were plated at 150,000 cells per well on acid-washed and sterilized glass coverslips in a 12-well
plate. Cells were stimulated as described above and then washed at 1, 6, 12, and 24 hours in cold PBS
(Gibco) and fixed for 10 minutes in 4% paraformaldehyde (AAJ19943K2, ThermoFisher Scientific). Cells
were blocked in 10% BSA and permeabilized with Triton X-100. 1:600 anti-ATP7B (ab124973, Abcam) and
1:600 anti-TGN46 (GTX74290, GeneTex) antibodies were used to stain the copper transporter and trans-
Golgi network marker respectively, and anti-rabbit IgG AlexaFluor 488 (R37116, Invitrogen) and anti-sheep
lgG AlexaFluor 647 (A21448, Invitrogen) were used as secondary antibodies to fluorescently label the
proteins. A DAPI dye (R37606, Invitrogen) was used to stain the nucleus, and coverslips were sealed to glass

slides along with Prolong Gold Antifade Mountant (P36930, Invitrogen). Fixed and mounted cells were
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imaged using a laser scanning confocal microscope (Olympus FluoView FV1000) with a 60x oil immersion

lens at the UC Davis Molecular and Cellular Biology Light Microscopy Imaging Facility.

4.2.8 Glutathione oxidation

Oxidized and total glutathione levels were assessed by the GSH-Glo Glutathione assay (V6611, Promega).
HepG2 cells were plated at 10,000 cells per well in white 96-well plates. Cells were stimulated for 1, 6, 12,
and 24 hours before addition of glutathione detection reagents. Oxidized and total glutathione levels were
assessed by bioluminescent signal on the i3x Plate reader (Molecular Devices) with an integration of 1000
ms. Data is expressed as the ratio of oxidized glutathione over total glutathione. Statistics were carried out

on Prism 9.1 (Graphpad).

4.2.9 Mitochondrial membrane potential

Mitochondrial membrane potential was assessed by the JC-1 probe assay (ab113850, Abcam). HepG2 cells
were plated at HepG2 cells were plated at 10,000 cells per well in black, clear-bottom 96-well plates. Cells
were stimulated for 1, 6, 12, and 24 hours before addition of 1 mM JC-1 solution in the corresponding
stimulation media. Cells were incubated for 10 minutes in the dark at 37°C and washed twice with PBS.
Stained cells were imaged on the i3x Plate reader (Molecular Devices) with 535 nm excitation and 590 nm
emission for aggregates and 475 nm excitation and 530 nm emission for monomers. Statistics were carried

out on Prism 9.1 (Graphpad).

4.2.10 Metal analysis

Metal analysis was performed at the Northwestern University Quantitative Bio-element Imaging Center
generously supported by NASA Ames Research Center NNAO6CB93G. Intra- and extracellular copper was
assessed by inductively-coupled plasma mass spectrometry (Thermo iCap Qc ICP-MS). Cells were seeded

at 300,000 cells per well and stimulated for 1, 6, 12, and 24 hours. Media was collected and spun at 500 x
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g for 10 minutes. 250 uL media was added to pre-weighed metal-free 15 mL conical tubes (89049-170,
VWR) and 250 pL analytical grade 70% nitric acid (A5S09P500, ThermoFisher) was added and left at room
temperature for 24 hours. Cells were washed two times with cold PBS and digested in 250 ulL analytical
grade 70% nitric acid. After 24 hours of acid digestion, 225 pL of cell lysate was transferred to pre-weighed
metal-free 15 mL conical tubes. All samples were diluted to 5 mL with 3% analytical grade nitric acid. Copper
and phosphorus were assessed by ICP-MS. Intracellular copper concentration is expressed as the ratio of
concentrations of copper over phosphorus while copper concentration in media samples is expressed as

the concentration of copper over the mass of the sample.

4.3 Results

4.3.1 PA alters copper transporter levels with a time dependence prompting copper export mechanisms.

Previous work showed that high-fat diets perturb hepatic copper metabolism in mice as manifested by an
increase in hepatic copper transporter ATP7B 1. Considered the main copper efflux transporter in liver
hepatocytes, elevation in ATP7B expression is typically associated with increased copper export 1719, We
first sought to establish whether a hepatocellular model could recapitulate these fat-induced effects on
ATP7B expression. HepG2, a human hepatocellular carcinoma cell line, has been extensively used to study
metabolic processes at the molecular level; in particular, these cells accumulate fat when treated with fatty
acids via similar mechanisms as the livers of rodents and human patients given high-fat diets #1%26:2829 With
this precedence, we elected to utilize the well-documented model of treating these cells with sodium
palmitate, a sodium salt of PA, for 24 hours using bovine serum albumin (BSA) as a carrier and solubilizer
1030 Sodium palmitate has been used extensively to model fatty acid exposure liver due to its ability to
represent models of lipid accumulation and steatosis in cells, and as such, provides a basis to study lipid-
induced copper misregulation 332, A 24-hour treatment of HepG2 with 250 pM PA indeed resulted in an

elevation of ATP7B expression as measured by western blotting (Figure 4.1A, Supplemental Figure 4.S1A).
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This change in ATP7B was accompanied by an increase in lipid droplets as measured by Oil O Red staining
(Supplemental Figure 4.S2A-B), suggesting that this cell-based model could emulate a similar fat-induced
change in copper biology that was previously observed in the mouse models 1. No changes in cell viability
were observed under these treatment conditions (Supplemental Figure 4.S3). Comparison of metal content
of BSA and PA stimulation media showed no difference in copper levels between the two, ensuring that
changes in copper metabolism are due to the fatty acid content of the PA treatment (Supplemental Figure

4.54).
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Figure 4.1. PA induces changes in proteins associated with copper export and induces a subcellular
localization of ATP7B that resembles cytosolic copper overload in liver cells. Representative western blot
images, densitometry, and gene expression analysis of A) ATP7B (n = 10) and B) CCS (n =9) C) ATOX1 (n =
10), and COMMD1 (n = 10) from lysates collected at different stimulation times with PA. Densitometry is
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shown in Supplementary Figure 4.1A-C. Gene expression analysis is provided as the levels from PA
stimulation relative to BSA stimulation with normalization to B-Actin as the housekeeping gene. Mean *
SEM are shown. Mann-Whitney U Test was used to assess significance (*p < 0.05, **p<0.01). D) HepG2
cells were stimulated with PA, 200 uM CuCl; to induce a state of copper overload, or 200 uM BCS to induce
a state of copper deficiency for 1, 6, 12, and 24 hours. Cells were fixed and immunostained, and
immunofluorescence imaging was used to capture the subcellular localization of ATP7B (green) and TGN46
(red). Cells were imaged by laser scanning confocal microscopy with a 60x oil immersion lens. Colocalization
is observed by the overlap of signals of ATP7B and TGN46 (yellow).

With a viable model in hand, we applied this system to assess the time-dependent effects of fat
accumulation on copper metabolism. We tracked the time-dependent changes in both ATP7B protein and
mMRNA levels in cell lysates as well as cellular lipid content at 1, 6, 12, and 24 hours of stimulation with 250
UM PA. Both ATP7B protein levels and gene expression (Figure 4.1A, Supplemental Figure 4.S1A), as
revealed by western blotting and gPCR analysis respectively, are elevated with PA treatment relative to the
BSA vehicle at all time points with the most pronounced changes observed at 12 and 24 hours (p = 0.0015
and p = 0.000011 respectively for relative gene expression analysis). The 12-hour point at which notable
elevation in ATP7B is observed corresponds to the time frame in which elevated fat accumulation is initially
observed by Oil O Red staining (Supplemental Figure 4.52A-B), suggesting a possible correlation between

intracellular fat stores and copper regulation.

To determine how the ATP7B changes may correlate with cellular copper status, we evaluated the protein
and gene expression levels of the copper chaperone of superoxide dismutase 1 (CCS). Copper-deficient
states induce the upregulation of CCS, allowing the protein to serve as a marker for cytosolic copper status
33736 previous work has shown that CCS expression increased in the livers of mice fed high-fat diets 1. When
we stimulated the HepG2 cells with PA, we observed an increase in CCS protein and gene expression levels
relative to the vehicle with a time-dependence similar manner to ATP7B, with the most notable increases

at 12 and 24 hours (p =0.0040 for 12 hours, p =0.000041 for 24 hours for relative gene expression analysis)
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(Figure 4.1B, Supplemental Figure 4.51B). This elevation in CCS expression suggests that the PA-induced

elevation in ATP7B is accompanied by the onset of a cytosolic copper-deficient state.

To further understand copper trafficking pathways associated with PA addition, we evaluated the changes
in two copper chaperones associated with ATP7B, ATOX1, and COMMD1. ATOX1 acts upstream to ATP7B
in the copper export machinery and is responsible for loading copper into ATP7B 378, COMMD1, while
somewhat elusive in terms of its exact function, is linked to ATP7B both as a possible upstream regulator
of ATP7B stability, as well as in supporting the bile-dependent export of copper downstream of interactions
with ATP7B and independent of ATOX1 39*2. Upon PA treatment, both ATOX1 and COMMD1 showed
changes in gene expression with similar time-dependent trends to one another but at earlier time points
than ATP7B, with initial increases at 1 and 6 hours relative to the vehicle, followed by a drop in the
expression (albeit still modestly elevated above the vehicle) at 12 hours which increases at 24 hours (Figure
4.1C, Supplemental Figure 4.S1C). Western blot analysis of ATOX1 reveals similar trends between
expression and protein levels, with clear increases in PA-stimulated cells at 1 and 24 hours. We note that
for ATP7B, CCS, and ATOX1, BSA treatment alone increases expression over time (Figure 4.1 A-C,
Supplemental Figure 4.S1A-C). Such BSA-dependent changes have not previously been noted in the
literature and warrant further exploration beyond this study. Nonetheless, the PA-associated changes occur
over this baseline increase with the BSA vehicle. The concomitant changes in these proteins, as well as the
earlier time points at which they occur support the notion that PA perturbs the copper shuttling machinery

upstream of ATP7B.

While classically associated with copper excretion, post-translational regulation of ATP7B plays a role in
altering the cellular localization of the metal as reflected in its subcellular localization, which is modulated
by cellular copper status *4*%. Under copper-deficient conditions, hepatocytic ATP7B localizes to the

trans-Golgi network (TGN) where it is presumed to load copper into membrane and serum derived proteins
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3 In contrast, excess cytosolic copper prompts a delocalization of ATP7B from the TGN into dispersed
cytosolic vesicles and moves to the cell periphery #*7*°. The delocalization of ATP7B away from the TGN has
been associated with the transfer or removal of copper away from the cytosol . We thus probed the
localization of ATP7B in HepG2 cells treated with PA and compared it to induced copper-overload or
copper-deficient conditions, which were achieved by respective treatments with 200 uM CucCl; or the
copper chelator, bathocuproine-disulfonate (BCS). The cells were fixed at 1, 6, 12, and 24 hours after
treatment and stained for immunofluorescence imaging of ATP7B (green) as well as TGN46 (red) as a
marker for the TGN (Figure 4.1D). As expected, BCS-treated cells exhibited ATP7B localization to the TGN
while ATP7B of CuCl;-treated showed dispersed localization away from the TGN. When the same
experiment was performed in cells treated with PA, we observed that ATP7B initially localizes to the TGN
at the 6-hour time point, consistent with a copper-deficient state. However, at 12 and 24 hours, ATP7B
localizes to the cell periphery in a distribution akin to that seen in CuCl,-treated cells, indicating that the
observed increase in ATP7B expression may be pointing towards the removal of copper from the cytosol.
Colocalization analysis highlights the similarities between PA and CuCl, stimulated cells (Supplemental
Figure 4.S5A-D) in decreasing TGN/ATP7B colocalization, particularly at the 12-hour time point. The
similarity between the two treatments suggests that PA induces a cellular response that is observed under
copper-overload conditions, despite expressing markers associated with copper deficiency. This data points
to a PA-induced shift in copper metabolism that is distinct from chances altering the overall copper levels
of the cell as produced by CuCl, or BCS. Furthermore, the time-dependent changes in ATP7B localization
within the cell over the course of the stimulations highlights the plasticity of copper trafficking in the cell in

response to fatty acid overload.

4.3.2 PA sequesters copper into the membrane and lysosomes.
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The changes in ATP7B localization points to the ability of PA to induce a removal or sequestration of copper
from the cytosol. One of the primary known roles of ATP7B for loading of copper is the multi-copper oxidase

172446 These homologous multi-copper oxidases are

proteins ceruloplasmin (Cp) and hephaestin
cuproenzymes that contain 6-8 copper atoms per protein. Cp is secreted from the cell, and is the most
abundant serum copper chaperone, carrying 50-90% of copper in the blood %478 In contrast, hephaestin
is anchored to the membrane, presenting copper at the cell surface *°. Both ferroxidases influence iron
availability through their copper-dependent ferroxidase activity 23°%°!. Having observed the PA-induced
elevation ATP7B expression as well as its delocalization from the TGN at 12 and 24 hours, we assessed
whether these changes were associated with changes in either ferroxidase at these time points.
Extracellular Cp concentration and activity were examined from media taken from the cell supernatant
while cellular hephaestin was assessed by western blotting. No significant differences were observed in
either extracellular Cp concentration or copper-dependent extracellular ferroxidase activity upon PA
treatment (Figure 4.2A-B). This is reflected in a similar lack of change in total extracellular copper levels in
the media nor in total cellular copper levels of whole cell pellets, as measured by ICP-MS (Supplemental
Figure 4.56). In contrast, we observe an increase in the protein levels of hephaestin at 24 hours of
stimulation with PA (Figure 4.2C). The concomitant changes in hephaestin, ATP7B, and ATP7B-associated

chaperones suggest that PA may induce translocation of copper from the cytosol to the membrane via

loading into hephaestin, consequently reducing the cytosolic copper content.
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Figure 4.2 PA does not alter serum copper proteins but induces copper membrane localization and
sequestration. A) Cp concentration measured by ELISA (n = 4). B) Copper-dependent ferroxidase activity of
Cp in media collected from HepG2 cells treated with PA or BSA for 12 and 24 hours (n = 4). Mean + SEM
are shown. Mann-Whitney U Test was used to assess significance (**p < 0.01). C) Representative western
blot images of hephaestin and SLC46A3.

Alongside the increases in hephaestin, we investigated other mechanisms involved in the sequestering and
redistribution of copper in the cell. Recent research has highlighted SLC46A3 as a protein that is responsible
for copper loading into lysosomal units in the liver; as such, we aimed to investigate how SLC46A3 is altered
with PA stimulation ®2. As with hephaestin, PA induces an increase in SLC46A3 protein levels at 24 hours of
PA stimulation relative to the BSA control (Figure 4.2C). Thus, in addition to the translocation of copper to
the membrane, our data also hints at a PA-induced increase in lysosomal copper sequestration. Taken

together, the increases of both hephaestin and SLC46A3 expression at 24 hours points to a cellular response
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to PA involving the mobilization of copper away from the cytosol towards the membrane and lysosomal

units.

4.3.3 PA stimulation perturbs intracellular copper balance and redox status.

When cytosolic copper levels are perturbed, to counteract oxidative stress and cell damage, the cell utilizes
chelators and chaperones to traffic and maintain homeostasis of copper both in terms of overall levels and
subcellular distribution #3433 To this end, we first investigated the effects of PA on Metallothionein 2A
(Mt2A), a protein implicated in both copper chelation and storage, to establish the cell's copper buffering
dynamics with fatty acid accumulation 345435 Mt2A levels are initially elevated upon stimulation of PA
(Figure 4.3A-B), possibly pointing to an initial state of copper overload. This increase subsides with 6 hours
of PA stimulation and continues to decrease at 12 hours, consistent with depression in cytosolic copper
levels. By 24 hours, we observe a return to Mt2A levels that is similar to those of the control, implying a
level of homeostasis. mMRNA expression of Mt2A matches the trends observed by Western blot wherein
there is an initial increase upon stimulation with PA, 1 (p = 0.0015) and 6-hour treatments but that
decreases upon extended PA exposure with 12 and 24 (p = 0.023) hour treatments (Figure 4.3B). As a
comparison, we assessed Mt2A gene expression with cells treated with 200 uM CuCl, or 200 uM of the
copper chelator BCS. As expected, the addition of CuCl, increases Mt2A expression, whereas BCS decreases
Mt2A expression (Supplemental Figure 4.57). The dynamics of Mt2A suggest that PA treatment initially
places the cell's cytosol in a state of copper overload, prompting the cell to remove copper from the cytosol.
This reduction in cytosolic copper then prompts a release of copper stores from Mt2A to restore copper

balance.
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Figure 4.3 Palmitate stimulations induce changes in cytosolic markers of copper status. Analysis of copper
chaperones in the lysates of cells treated with PA or BSA for 1, 6, 12, and 24 hours. A) Representative
western blot images of Mt2A. B) Gene expression analysis of SOD1 (n = 10), and Mt2A (n = 10) of PA-
stimulated cells relative to BSA stimulated cells at the same time points (normalized to B-Actin as the
housekeeping gene). Mann-Whitney U Test was used to assess the statistical significance. (*p < 0.05,
**p<0.01). Mean + SEM are shown. C) Ratio of oxidized-to-total glutathione in PA-stimulated cells.
Unpaired Student’s t test was used to assess significance.

Intracellular copper levels are integral to maintaining redox balance in the cytosol. Given the perturbation
in cytosolic copper homeostasis by PA, we assessed the consequences of the treatment to cellular oxidative
status. We evaluated the expression of Cu, Zn-superoxide dismutase (SOD1), a copper-dependent enzyme
responsible for scavenging radical and reactive oxygen species *. SOD1 gene expression increases at 1 (p =
0.023), 6, and 24 hours of PA stimulation, corroborating previous research relating copper and oxidative
stress in liver fat accumulation (Figure 4.3B) 1%°¢. We also tracked changes in intracellular glutathione

oxidative activity. Glutathione is an intracellular peptide that plays a significant role as an intracellular buffer
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as well as maintaining the overall reducing environment of the cytosol due to its free thiols and
susceptibility to oxidation by radicals > Alongside its redox control, glutathione is responsible for
chelating labile metal pools in the cell to reduce Fenton-like chemistry *°. Upon PA addition, we observed
an increase in oxidized glutathione at all time points, with significant increases at 1 (p = 0.0072), 6 (p =
0.049), and 12 (p = 0.043) hours (Figure 4.3C). This may be indicative of either an increase in the overall
redox state of the cell, which has been previously observed in fatty acid overload in HepG2 cells, or an

increase in the labile copper within the cytoplasm of the cell, or both .

4.3.4 PA induces mitochondrial dysfunction linked to cytosolic copper overload.

Our data points to an initial state of cytosolic copper overload with PA stimulation, that the cell
compensates for by removing copper from the cytosol. However, as the PA stimulation solution does not
contain exogenous copper, the elevation in cytosolic copper may stem from release of copper from
intracellular compartments. Excess fat accumulation is strongly associated with disruptions in proper
function of the mitochondria, an organelle that plays a critical role in energy processing from fatty acid

oxidation to ATP production %6061

. PA-induced mitochondrial fission, that is, the splitting of the organelle,
has been proposed as a main contributor to mitochondrial fragmentation and dysfunction 2. As
mitochondria contain high levels of copper as the metal plays critical functions in the electron transport
chain, we investigated whether mitochondrial fission occurs at early time points of PA stimulation to
potentially release copper in the cytosol °%93, We monitored time-dependent changes in the protein FIS1,
a marker for mitochondrial fission, in response to PA stimulation %, FIS1 levels are increased at 1 and 24
hours with stimulation of PA (Figure 4.4A). The early change in FIS1 levels may thus support a mechanism
wherein the excess cytosolic copper originates from release of the metal from mitochondrial fission. In

support of the changes in mitochondrial fission, we observe changes in mitochondrial membrane potential.

This potential was measured by the JC-1 dye, which aggregates in healthy mitochondria and is monomeric
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in depolarized membranes, is perturbed by the accumulation of fatty acids in the cell as previously reported
32 The changes show a slight increase at 1 hour, that subsides at 6 hours, but becomes significantly
increased at 12 (p = 0.0109) and 24 hours (p = 0.00597), all of which coincides with changes in copper
metabolism (Figure 4.4B). Moreover, PA induces changes in COX17, a copper chaperone that facilitates
copper transport to the mitochondria, and SCO2, a chaperone responsible for copper loading into
cytochrome ¢ oxidase in the electron transport chain 6446087 COX17 and SCO2 gene expression are
increased in cells stimulated with PA at all time points (Figure 4.4C), with notable increases at 1, 6, and 24
hours, whereas SCO2 protein levels do not noticeably increase until the 12- and 24-hour time points (Figure
4.4A). Similar increases in SCO2 protein and mRNA levels have been previously observed by Arciello et al.
when HepG2 cells are stimulated with 500 uM of a mixed fatty acid (oleic acid and PA) solution 6. The
degree and direction of changes in these genes at the different time points follow a similar trend as the
copper proteins ATOX1, COMMD1, and SOD1 expression, corroborating an overall disruption in copper-
associated respiration associated with oxidative imbalance. Taken together, the data supports an initial
disruption in copper mitochondrial health that may then induce alterations in the copper subcellular

localization.
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Figure 4.4 Palmitate stimulations induce changes in mitochondria copper protein regulation. A)
Representative western blot images of SCO2 and FIS1 of cells stimulated with BSA or PA. B) Mitochondrial
membrane potential was measured using the JC-1 fluorescent dye. Data is shown as monomer/aggregate
fluorescence of BSA and PA stimulated cells (n = 4). Mean + SEM are shown. Unpaired t-test was used to
assess significance (*p < 0.05, **p < 0.01). C) Gene expression of COX17 and SCO2 with PA-stimulated
HepG2 cells relative to BSA-stimulated cells (n = 10) with normalization to B-Actin as the housekeeping
gene. Mean + SEM are shown. Mann Whitney U Test was used to assess significance (*p < 0.05, **p <0.01).

4.4 Discussion

Emerging studies on copper metabolism are illuminating its vital roles in energy regulation and nutrient
processing. In particular, research is revealing homeostatic perturbations in copper metabolism in relation
to obesity-related conditions in rodent models and human physiology 1368 Previous studies have
observed increased expression of ATP7B and hepatic copper deficiency in association with hepatic fat
accumulation 28 |n this study, we profiled the changes in copper trafficking that accompanies this change

in ATP7B using a cellular model, with stimulations HepG2 cells with PA. Our observations point to a
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mechanism wherein fatty acids may induce a response akin to cytosolic copper overload that triggers
copper transport mechanisms to subsequently generate a copper-deficient-like state. At shorter time
points of stimulation, the cell initially demonstrates an increase in copper trafficking and chaperone
proteins associated with copper overload, including the elevated expression of proteins involved in the
copper export machinery as well an increase of Mt2A levels and expression, a putative copper storage
protein. This in turn results in a subsequent shift of markers towards a state of copper deficiency, including
downregulation and reduced levels of Mt2A, which may indicate the release of copper stores, an increase
in protein levels and gene expression of CCS, and an increase in ATP7B. Overexpression of CCS is an
established marker of copper-deficient states and is posited to occur as a means for the cell to redirect the
limited available copper towards redox balance mechanisms 3#°*°¢ Despite the expression of molecular
markers of cytosolic copper deficiency at these later time points, the subcellular localization of ATP7B is
delocalized from the TGN, a phenotype that is observed in the presence of excess copper **#4. This
localization is also accompanied by the increased expression of total ATP7B. While increased ATP7B is
typically associated with the activation of copper export, we do not observe changes in total copper
concentration of cell pellets, nor do we observe increases in extracellular Cp levels or activity. This might
suggest that the regulation of ATP7B may instead be functioning towards sequestering or redistributing
copper within or at the surface of, rather than exporting the metal from, the cell *#%°, In support of this
hypothesis, we observed an increase in SLC46A3, a protein proposed to play a role in copper loading into
lysosomes and potential sequestration >2. This membrane protein may be responsible for the changes in
cytosolic copper status as copper is redistributed within the cell towards lysosomes. Additionally, we
observed an increase in protein expression of hephaestin, the membrane-anchored homolog of Cp,
supporting a movement of copper to the membrane surface away from the intracellular space (Figure 4.5)
234970 1n 3 mouse model of NAFLD, hepatic hephaestin was significantly increased in mice fed a high-fat

and high-cholesterol diet 7°. This increase correlates with our observations in HepG2 cells exposed to PA
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and highlights the relationship of hephaestin and copper redistribution in nutrient overload. While
implications of copper loading into the lysosome and hephaestin are not fully understood and require
further investigations, their changes may point to a cellular response to either reduce or utilize cytosolic
copper #7172 We noted that COMMD1, which has a posited role in biliary copper export, is altered by PA
stimulations 384973, however, as HepG2 cells have altered biliary export mechanisms, our model may be

limited in its ability to capture this particular trafficking mechanism

Cell at homeostasis 0% o  Short PA exposure Long PA exposur%
1 p L o L

¥ ¥

O PA ® SLC46A3 Cytosolic copper overload Cytosolic copper deficiency

® Copper
® ATP7B Hephaestin

Figure 4.5 Proposed scheme for possible perturbations of copper homeostasis by PA. At homeostasis (left),
copper is mostly sequestered in proteins and organelles with a large concentration in the mitochondria. At
short time points of PA exposure (middle), cytosolic copper levels are increased alongside mitochondrial
dysfunction, leading to a state resembling cytosolic copper overload. With longer PA (right), copper is
relocalized towards export by ATP7B and sequestering mechanisms by SLC46A3 and hephaestin resulting
in a copper-deficient state.

In further investigating potential mechanisms by which PA perturbs cytosolic copper, we identified
alterations in mitochondrial copper proteins. Copper plays a critical role in the electron transport chain and
is thus tightly regulated within the mitochondria #?%7>_ It has even been proposed that the organelle has

the ability to store copper within its matrix #1%%° We observed changes in the gene expression of the
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mitochondrial copper proteins COX17 and SCO2 with PA addition alongside an increase in the
mitochondrial fission protein, FIS1, and mitochondrial membrane depolarization. Additionally, the time-
dependence of the changes of the mitochondrial proteins correlate with the increases in Mt2A, denoting a
link between PA-induced effects on mitochondrial health and perturbations to cytosolic copper. Our data
agrees with published data wherein changes to SCO2 expression were observed alongside fatty acid
treatments in cell culture . A hypothesis of SCO-dependent regulation of copper export from the
mitochondria may agree with the observed increases in SCO2 protein and point to a loss of mitochondrial
copper %. Mutations and knockout of SCO2 have been implicated in fatty acid processing and insulin
resistance in mouse models, further implicating mitochondrial copper dysfunction in fat accumulation ..
Our data complements these findings, as we observed increased glutathione oxidation with the PA
treatments, which can relate both to altered copper metabolism as well as changes in the overall redox

t 5356 While implications of copper misregulation within the

state of the intracellular environmen
mitochondria are not fully understood, fat overload diseases like NAFLD have been strongly linked to
mitochondrial dysfunction, further connecting such diseases to disruptions in intracellular copper balance
976 Taken together, our data may point to mitochondrial fission as a potential source for
miscompartmentalized copper that triggers subsequent copper shuttling pathways to restore homeostasis.

Future studies are required to firmly establish the links between mitochondrial copper regulation and fat

accumulation as well as their implications on cell health and disease pathologies.

Diseases that arise alongside fat accumulation are hypothesized to progress in a “multiple-hit” system, with
an increase in reactive oxygen species and the accumulation of fat in the liver contributing to disease
pathogenesis >’778. However, the mechanisms behind these phenotypes have yet to be uncovered %7879,
As copper can play a role in oxidative stress, the shifts in hepatic copper metabolism that we have observed
in response to PA exposure may play a role in the exacerbation of fat-induced cellular stress -8, This

cytosolic copper overload in turn leads to copper detoxification that appears through export or
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sequestration as evidenced by increases in SLC46A3 and hephaestin 4434952 pPrevious models of copper
deficiency demonstrate altered lipid synthesis and metabolism, leading to increased lipid biogenesis and
hepatic fat accumulation which could be triggered by the miscompartmenalization of copper observed at
later time points 8. This increase in expression of markers of copper deficiency alongside increases in fat

accumulation implicates copper misregulation in the process of lipid biogenesis.

From this study, we propose the following as a mechanism by which copper is misregulated within the liver
cell upon PA stimulation (Figure 4.5). Fatty acid stimulation and subsequent uptake initiates a
mislocalization of copper, possibly related to mitochondrial dysfunction. This mislocalization triggers an
initial cytosolic response similar to copper overload states, initiating export pathways involving ATOX1,
COMMD1, and ATP7B to restore copper balance. This results in sequestration and redistribution of copper,
likely to the lysosomes and cell membrane, leading to a state of cytosolic copper deficiency corresponding
to increases in CCS levels and decreased levels and expression of Mt2A. This copper deficiency may be

exacerbated by export induced by overexpression and relocalization of ATP7B.

In conclusion, our studies reveal mechanistic insights regarding how the cellular copper distribution of
hepatocytes is dynamically perturbed by fat accumulation. We suggest that the dynamic shift towards
copper export or sequestration is due to cells sensing a state of cytosolic copper overload to restore a level
of copper homeostasis. This perceived copper overload activates copper export or sequestering pathways,
which subsequently induce a state that resembles copper deficiency. We note that this study is not an
exhaustive study of all the proteins that are potentially involved in copper regulation in the cell and focused
primarily on regulatory pathways that were established in the literature. Proteins of note that deserve a
deeper study with regard to their function in hepatic copper trafficking and consequent effects of
macronutrients like fatty acids include but are not limited to ATP7A (which recent studies have highlighted

as being expressed in the liver) and CUTC (a protein hinted at playing a role in cytosolic copper balance).
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Nonetheless, the present study provides a starting point to broaden our mechanistic understanding of how

macronutrients like fat can alter the regulation and compartmentalization of micronutrients like copper

within the cell.

4.5 Supplementary Materials

A B
257 = BSA 157
= 2.0 B PA HE BSA
= g
s s £ 10 = PA
¢ 1.5 -
& :
£ 104 #
B o 54
= Q
< I boad
0.0~ T T T U-JI’—I—‘ i| T
1 6 12 24 1 6 12 24
Time (hour) Time (hour)
C
4_
Hl BSA
= 0 PA
= 34
~
<
= %*
=21 rm
b
o
H l_
) l
0= T
1 6 12 24

Time (hour)

Supplemental Figure 4.51. Densitometry of representative blots are shown in Figure 4.1. Densitometry
analysis of the Western blots of A) ATP7B (n = 7), B) CCS (n =5), and C) ATOX1 (n=5). Mean * SEM are
shown. Unpaired Student’s t-test, *p<0.05 was used to assess significance.
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Supplemental Figure 4.52. PA induces fat accumulation in HepG2 cells. Oil O Red staining of HepG2 cells
demonstrating intracellular fat accumulation in cells stimulated with 250 uM PA for 1, 6, 12, and 24 hours.
A) Representative images of HepG2 cells are shown. B) Eluted Qil O Red dye from stained cells was
measured at 540 nm to assess relative levels of fat accumulation within the cell (n = 4). Absorbance was

89



normalized to BSA control at each time point. Mean + SEM are shown. Unpaired Student’s t-test, *p<0.05
was used to assess significance.
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Supplemental Figure 4.53. Fat accumulation in HepG2 cells does not impact cell viability. HepG2 cells were
stimulated for 24 hours with 250 uM PA. Cell viability was assessed by MTS assay (n = 4). Mean + SEM are
shown. Unpaired Student’s t-test, **p<0.01 was used to assess significance.
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Supplemental Figure 4.54. No difference is observed in the copper levels between the BSA and PA
stimulation media. ICP-MS analysis of stimulation media demonstrates no significant differences in the
copper levels of the control (BSA) and PA stimulation media (n = 5). Mean + SEM are shown.
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Supplemental Figure 4.S5. Palmitate stimulation induces localization of ATP7B similar to copper deficient
and copper overload states and early and late time points respectively. HepG2 cells were stimulated with
PA, BSA, 200 uM CucCl; to induce a state of copper overload, or 200 uM BCS to induce a state of copper
deficiency for A) 1, B) 6, C) 12, and D) 24 hours. Cells were fixed and immunostained, and
immunofluorescence imaging was used to capture the subcellular localization of ATP7B (green) and TGN46
(red). Cells were imaged by laser scanning confocal microscopy with a 60x oil immersion lens. Colocalization
is observed by the overlap of signals of ATP7B and TGN46 (yellow). Bar graphs demonstrate Pearson
correlation coefficient used to assess colocalization of ATP7B and TGN 46 (n =9). Mean + SEM are shown.
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Supplemental Figure 4.S6. PA stimulations do not induce significant changes in intra- or extracellular copper
concentrations. Total copper levels analyzed by ICP-MS. A) Copper levels of whole cell pellets are expressed
as copper concentration (ppb) over phosphorus concentration (ppb) (n = 5). B) Extracellular copper levels
from the cell culture media are expressed as copper concentration (ppb) over mg sample (n = 5). Mean +
SEM are shown.
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Supplemental Figure 4.S7. Mt2A gene expression is sensitive to copper-modulating treatments. Gene
expression analysis of Mt2A of cells treated with 200 uM CuCl, or 200 uM BCS relative to BSA-stimulated
cells (n = 3) with normalization to B-Actin as the housekeeping gene. Mean + SEM are shown.
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Gene

Sequence (5’-3)

B-actin Forward

GGACGACATGGAGAAAATCTGGCA

B-actin Reverse

GTAGATGGGCACAGTGTGGGTG

TBP Forward CAGCCTTCCACCTTATGCTC
TBP Reverse TGCTGCTGTCTTTGTTGCTC
CCS Forward GACCCTCTGCACGTTGGAGTT

CCS Reverse

GTGGTGTGTACCAAGACCATCTG

ATP7B Forward

CTCATTAAAGCTACCCACG

ATP7B Reverse

GACAAAATATCCACTAAACCG

SOD1 Forward

ACTCTCAGGAGACCATTGCATCA

SOD1 Reverse

TCCTGTCTTTGTACTTTCTTCATTTCC

SCO2 Forward

TCCATTGCCATCTACCTGCTCAAC

SCO2 Reverse

TCAAGACAGGACACTGCGGAA

COX17 Forward

AGGAGAAGAAGCCGCTGAAG

COX17 Reverse

GGCCTCAATTAGATGTCCACAGT

Mt2A Forward AAAGGGGCGTCGGACAAGT
Mt2A Reverse TAGCAAACGGTCACGGTCAG
ATOX1 Forward CTCTCGGGTCCTCAATAAGC
ATOX1 Reverse GTTGCAAGCAGAGTGTCCAT

COMMD1 Forward

GCTGGAGAGTTGATGGCAAGTC

COMMD1 Reverse

GACCTCATCAAATTCCAAACACAG

Cp Forward

TCCCTGGAACATACCAAACC

Cp Reverse

CCAATTTATTTCATTCAGCCGA

Supplemental Table 4.S1. RT-qPCR primer sequences
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