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Since its discovery in 1980, the interest in nonalcoholic fatty liver disease, the liver
manifestation of metabolic syndrome, has expanded due to the growing impact on the world’s
health. Commonly characterized by >5% hepatic lipid accumulation in the absence of a
secondary cause, NAFLD is a broad term used to encompass a variety of disease states within
the liver. The largest predictor of NAFLD is said to metabolic syndrome itself, with type 2
diabetes being the most prevalent link. Currently, up to 75% of diabetic individuals also have a
NAFLD diagnosis. It is also known that individuals diagnosed with NAFLD exhibit lower
mitochondrial function overall. While the mechanism is largely unknown, fructose consumption
has been specifically linked to the development and progression of NAFLD.

Fructose metabolism differs from that of glucose metabolism. Unlike glucose, fructose
has been shown to increase glucose, glycogen, lactate, uric acid, and pyruvate as end products, as
well as a small increase in diet-induced thermogenesis. One major difference in metabolism is
the production of uric acid following fructose metabolism. As fructose is brought into the liver, it
is rapidly phosphorylated to fructose-1-phospate. This rapid use of ATP increases the generation
of AMP and subsequent flux through the purine degradation pathway, ultimately leading to an

increase in uric acid production in the liver. A second finding of note is that this phosphorylation



process leads to an immediate drop in available ATP within the liver. Since it is unlikely that the
cell’s ATP usage outpaces its ability to resynthesize ATP using oxidative phosphorylation, there
is a possibility that fructose metabolism leads to a decline in mitochondrial function, the primary
site of ATP production. Overall, this project set out to determine if the metabolism of fructose,
and subsequent production of uric acid, was the driving factor behind the decline of
mitochondrial function in the liver.

In Aim 1 of this project, the impact of fructose was directly determined. This was done
by gavaging mice with both fructose and glucose to determine the mitochondrial changes
associated with each sugar source. It was determined that an acute gavage of both glucose and
fructose lead to increases in uric acid production in the liver, accompanied by increases in the
oxygen consumption rates of the mitochondria isolated from these mice. It was also found that
the measured differences between treatment groups was a transient measurement, in which there
was only a difference 15-minutes post gavage, and by 60-minutes, there was no impact on
mitochondrial function. Additionally, when treated over a 14-day period, there were no changes
in mitochondrial function. This aim found that overall there were increase in oxygen
consumption rates associated with increases in uric acid production.

To better determine the potential direct impact of uric acid on mitochondrial function,
Aim 2 was designed. It was found that the addition of uric acid to the system elicited a dose
dependent increase in oxygen consumption rate. Using this dose dependent response, an optimal
concentration was determined to carry out the remaining assays. From this aim, it was
determined that there was an increase in oxygen consumption rate following the addition of uric
acid. This increase was found to be present both in the presence and absence of adenylates.

When each complex was examined individually, it was determined that there was no single



mitochondrial source linked to the increase in oxygen consumption rate. Rodents retain urate
oxidase, whereas humans do not. The known inhibitor of urate oxidase, potassium oxonate, was
used to determine if urate oxidase was in fact the source of residual oxygen consumption rate.
Once added, it was determined that potassium oxonate was sufficient to inhibit the residual
oxygen consumption. Additionally, the presence of potassium oxonate did not impact
mitochondrial function alone.

Overall, this project set out to determine the impact of fructose and uric acid on
mitochondrial function. It was thought that both fructose and uric acid would lead to a decline in
the mitochondrial function, resulting in an inability to produce, and therefore maintain, the ATP
concentration. This was not what was found. It was determined that neither fructose nor uric acid
was sufficient to lead to a decline in mitochondrial bioenergetic function. Instead, it was found
that all oxygen consumption observations were due to the presence of urate oxidase and its
consumption of oxygen during the metabolization of uric acid. This is a novel finding in that it
does not agree with the current literature, which suggests both fructose and uric acid lead to

mitochondrial decline.
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Chapter 1: Introduction

Nonalcoholic Fatty Liver Disease:

Worldwide, the prevalence of type 2 diabetes, obesity, and metabolic syndrome is said to
be epidemic!3. First discovered in 1980, nonalcoholic fatty liver disease (NAFLD) is understood
to be the manifestation of metabolic syndrome in the liver!*°. In recent years, interest in NAFLD
disease and its progression has expanded due to the growing impact on the world’s health®. As of
2015 approximately 83.1 million individuals had been diagnosed with NAFLD in the United States
alone®. That number is expected to reach around 100.9 million by 2030°. As patients progress
through the disease, there is an increased incidence of cirrhosis, end-stage liver disease which
requires a transplant, and hepatocellular carcinoma*S. These physical manifestations naturally
result in an increased economic burden, not to mention an increased risk of mortality if left

untreated?®.

NAFLD is characterized by >5% hepatic lipid accumulation in the absence of a secondary
cause. Therefore, the diagnosis is commonly one of exclusion. Currently, NAFLD is a broad term
used to describe a multitude of symptoms and disease states within the liver. Nonalcoholic fatty
liver (NAFL), nonalcoholic steatohepatitis (NASH), fibrosis, NASH cirrhosis, NASH-related
hepatocellular carcinoma (HCC) all fall within the NAFLD classification*. Generally, a liver
biopsy is used to diagnose NAFLD; however, a hepatic ultrasonogram, computed tomography
(CT) scan, blood test, liver enzyme test, or MRI are also commonly accepted diagnostic

techniques*. Due to the varying availability of technologies used to diagnose NAFLD, reporting



rates vary globally. Differences in dietary habits and physical activity levels also play a role in the

regional differences of reported cases®.

In general, a healthy liver consists of 5.5% fat or less, meaning a healthy liver is not storing
substantial amounts of fat. Fatty livers are generally caused by an imbalance among the import,
synthesis, utilization, and export of fat. In NAFLD, fatty acid synthesis has been identified as a
source of dysregulation within the system. In individuals with NAFLD, fatty acid synthesis (i.e.,
de novo lipogenesis) has be found to be elevated by as much as 5-fold 7, very low-density
lipoprotein (VLDL)3? and triglyceride (TG)!? secretion is increased, and the clearance of TG is
delayed'!. Overall, this dysregulation of synthesis, secretion, and subsequent clearance underlies

the accumulation of TG deposits within the liver!2.

Metabolic syndrome, defined as obesity, hyperglycemia, dyslipidemia, and systematic
hypertension, is currently the largest predictor of NAFLD. The relationship is said to be
bidirectional, meaning not only does metabolic syndrome increase the risk of NAFLD, but NAFLD
may exacerbate some metabolic syndrome ailments®. As of now, type 2 diabetes is the most
prevalent link to NAFLD, with up to 75% of diabetic individuals also having a NAFLD diagnosis®.
In recent years, the consumption of fructose and fructose sweetened beverages specifically has

been linked to the development and progression of NAFLD!21°,



Fructose in the development of NAFLD:

Fructose can be found in a monosaccharide form or a disaccharide form in which it is bound
to glucose to form sucrose. The primary dietary forms of fructose are high fructose corn syrup
(HFCS) and sucrose (cane sugar). While the United States is the major user of HFCS, it is produced
and used worldwide?®. HFCS was first introduced to the consumer market in 1967, and by 1990,

fructose intake had increased by 50%'>%°.

Fructose vs. Glucose:

Fructose metabolism and absorption differs from that of glucose. It is absorbed in the
duodenum and jejunum. After absorption, both glucose and fructose enter the portal circulation
and are transported to the liver. Here fructose can be converted into glucose and used for further
processes. When consumed in small amounts, fructose increases glycogen synthesis and reduces
glycemic response in diabetic (type 2) human subjects?®. However, when given in large quantities,
fructose provides an unregulated source of intermediates for hepatic lipogenesis?’. It has also been
shown that fructose intake produces an increase in glucose, glycogen, lactate, uric acid, and
pyruvate as end products®!, as well as a small increase in diet-induced thermogenesis®?>. This

indicates that the metabolic fates, and subsequent effects, of glucose and fructose are different??.

In addition to absorption locations, glucose and fructose metabolism differ in transporters.
Glucose is transported into the liver using GLUT-2 then phosphorylated by Glucokinase to become

glucose-6-phosphate (G6P). Phosphofructokinase (PFK) can then use G6P and convert it to the



glycerol backbone of triacylglycerols. However, fructose is transported into the cell by GLUT-5,
which is non-insulin dependent®*. Interestingly, GLUT-5 transporters are not expressed in either

pancreatic B-cells or the brain?!-?}

, partially explaining why fructose, in contrast with glucose, does
not elicit the release of insulin from B-cells or a sensation of “satiety” in the appetite control center

of the brain?!.

Fructose metabolism:

Fructose is rapidly taken up from the portal circulation and metabolized almost exclusively
by the liver?*. Figure 1 shows the fructose metabolism pathway inside a cell. Once in the cell,
fructose is rapidly phosphorylated by Ketohexokinase (KHK) into fructose-1-phosphate (FI1P),
which is an ATP dependent process?’. Following phosphorylation, F1P is cleaved by Aldolase B
(AldoB) to form glyceraldehyde and dihydroxyacetone phosphate (DHAP) and then later into
intermediates that feed into multiple pathways including triglyceride synthesis, gluconeogenesis,
and glycolysis. Glucose metabolism in the liver is a regulated process due in part to feedback
regulation imposed on Glucokinase any time the reaction product, G6P, builds up. In contrast,
fructose metabolism is not regulated in the liver, due in part to the absence of feedback inhibition
on Ketohexokinase by F1P. Also, unlike glucose metabolism, F1P is cleaved by Aldolase B,
bypassing the PFK reaction which is subject to multiple levels of allosteric regulation. The
products of fructose metabolism feed directly into the fatty acid synthesis pathways. The net result
is the uptake, phosphorylation, and catabolism of fructose is determined by the amount of dietary

fructose intake alone.
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Figure 1: Fructose metabolism pathway including the connection to the purine
degradation pathway.

Fructose metabolism and ATP depletion:

One striking observation is that fructose feeding induces a rapid decline in ATP levels in
both human and rodent models?>-2%, For example, Hultman et al. found that ATP levels drop from
9.03 mmol/kg to 6.15 mmol/kg within 70 minutes of a fructose infusion?®. All cells typically
respond to any increase in ATP utilization by activating a matching rate of ATP re-synthesis via
oxidative phosphorylation (OXPHOS) and glycolysis. So, it seems unlikely that the rate of ATP
utilization from fructose is so high that it outpaces ATP re-synthesis via glycolysis and OXPHOS.

Moreover, the liver is able to meet the demand for ATP in numerous other energy demanding



processes (i.e., gluconeogenesis, etc.) without difficulty. The other possibility that could account
for such a rapid fall in ATP is that the uptake and subsequent metabolism of fructose itself could
directly or indirectly interfere with mitochondrial OXPHOS, the primary site of ATP production.
Previous labs have found evidence that suggest fructose intake alone leads to mitochondrial
dysfunction marked by decreased mitochondrial size and protein mass, marked by a decrease in

abundance, within the mitochondria themselves?’.

Fructose metabolism and uric acid production:

A second feature unique to fructose catabolism is the production of uric acid®®-32. As stated
before, during fructose catabolism, there is a significant decline in the cellular ATP levels®3.
This is coupled with an increase in the degradation of AMP to uric acid®*~2’. While the underlying
mechanism behind the rapid mismatch between rates of ATP utilization and ATP production upon
fructose intake remains unknown, the consequence of this mismatch is illustrated in mice lacking
Aldolase B (AldoB)**38, Mice lacking Aldolase B have significantly lower ATP levels and a
significant rise in plasma uric acid levels in response to fructose intake*=38, It is also of note that
in mice lacking Aldolase B, there is a 100% fatality rate within 72-hours of high fructose intake>¢-
38, However, when the same mice lacking AldoB are treated with allopurinol, a xanthine oxidase
inhibitor, there is a 100% survival rate after fructose exposure®637-%

It has also been suggested that uric acid generation resulting from purine degradation is

responsible for triggering the increase in lipid synthesis in the liver cells!>**#!, Uric acid has also

been linked to the activation of NADPH oxidase translocase*, reduction of fatty acid oxidation®2°,



and an increase in overall mitochondrial oxidative stress*’. This leads to the theory that uric acid

is the mediating factor in the decline of mitochondrial bioenergetic function.

Central Hypothesis:

Fructose intake and metabolism have been linked to the decline of mitochondrial
bioenergetics, ultimately leading to the development and progression of obesity and obesity related
diseases such as type 2 diabetes, metabolic syndrome, and nonalcoholic fatty liver disease
(NAFLD)!321:294344 “While it has been shown that fructose intake and metabolism are directly
linked to decreased ATP availability?>-2%* as well as increased uric acid production'®-?6-28 it is
unclear which factor of the pathway, fructose vs uric acid, is the driving force behind the observed
mitochondrial decline. The work of this dissertation was designed to explore two main aims: 1)
To determine the impact of fructose administration on liver mitochondrial bioenergetics, and 2)
To determine the direct impact of uric acid on liver mitochondrial bioenergetics. The central
hypothesis was that fructose ingestion and metabolism induces a dose-dependent and progressive
fructose to AMP to uric acid induced mitochondrial bioenergetic failure. Consequently, it was
hypothesized that all alterations to mitochondria bioenergetics following a fructose feeding may
stem from the production and presence of uric acid in the system. The following data set out to
answer this question. This began in Chapter 2 by determining the impact that fructose exposure
had on liver mitochondria. Since uric acid is a final product of fructose metabolism, Chapter 3 set
out to determine the direct impact of uric acid, the ultimate end product, on mitochondrial function.

Chapter 4 then brought the findings together to help give insight to the overall mechanism behind

the proposed decline of mitochondrial function in the liver because of fructose exposure. By



understanding the role fructose, and subsequently uric acid, plays in the decline of mitochondrial

bioenergetic, therapeutics can potentially be developed to help alleviate the impact.



CHAPTER 2: Impact of direct fructose exposure, both acute and chronic, on mitochondrial

bioenergetics in liver mitochondria

INTRODUCTION:

Previous studies have suggested that fructose, as opposed to glucose, is the main driving factor
behind the increased prevalence of obesity related disease in the Western world?!#. Since 1970,
fructose consumption has increased steadily due to the increased usage if high fructose corn syrup
in processed foods?!' The increase in intake of these foods has been correlated to an increase in the
development of obesity and obesity related diseases, such as type 2 diabetes and nonalcoholic fatty

liver disease?’.

Fructose, once absorbed, is transported to the liver via the portal vein, where it is
metabolized. Once in the liver, fructose is phosphorylated by ketohexokinase, generating fructose-
1-phosphate (F1P). Unlike glucose metabolism in which further glucose uptake is inhibited by the
presence of the glucokinase product, glucose-6-phospate, F1P does not inhibit fructose uptake and
subsequent phosphorylation. Due to the unregulated phosphorylation of fructose by
ketohexokinase, there is an observed drop in ATP levels within the hepatocyte following a fructose
load, yet the direct mechanism for this drop in ATP is not fully understood. FIP is then cleaved
by Aldolase B to give glyceraldehyde and dihydroxyacetone phosphate, both of which can be
further processed into glyceraldehyde-3-phosphate. Ultimately, this process bypasses
phosphofructokinase, which is the rate limiting step in glycolysis, resulting in large increases in

glucose, glycogen, lactate, uric acid, and pyruvate as end products?!.



In mice, it has been suggested that fructose exposure and subsequent metabolism is responsible
for mitochondrial decline in hepatocytes, ultimately leading to an increased risk for the
development and progression of obesity and obesity related diseases!-*!3!. While mitochondria
have been the focus of previous studies, an in-depth interrogation of function itself has not been
done. This study aimed to determine the direct impact of both fructose and glucose on liver

mitochondrial function in a mouse model.

RESEARCH DESIGN AND METHODS

Buffers:

Buffer A: 50mM MOPS buffer supplemented with 100mM KCI, ImM EGTA, and 5mM MgSOs,
pH 7.1, stored at 4°C.

Buffer B: 50mM MOPS buffer supplemented with 100mM KCl, ImM EGTA, 5SmM MgSOs, and
0.2% BSA, pH 7.1, stored at 4°C.

Buffer C: 105mM MES Potassium salt supplemented with 30mM KCI, ImM EGTA, 10mM
Potassium Phosphate (monobasic), SmM Magnesium Chloride, 0.25% BSA, pH 7.2, stored at 4°C.
Buffer D: 105mM MES Potassium salt supplemented with 30mM KCI, ImM EGTA, 10mM
Potassium Phosphate (monobasic), SmM Magnesium Chloride, 0.25% BSA, and 5SmM Creatine

monohydrate, pH 7.2, stored at 4°C.

Chemicals:

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich.

10



Animals:

All animal studies were approved by the East Carolina University Institutional Animal Care and
Use Committee. C57BL/6NJ male mice were purchased from Jackson Laboratory. All mice were
housed in a temperature (22°C) and light controlled (12-hour light/12-hour dark) room and given
free access to food and water. All young mice were 8-weeks old, while the mature mice were 16-

weeks old. Unless otherwise stated, mice were anesthetized with isoflurane before tissue removal.

Gavage:

All animals were fasted for 6 hours prior to final gavage. Acutely treated mice were given a single
gavage of either 20% fructose or 20% glucose at a dose of 2g/kg/BW*4°_ Control mice were
gavaged with water. Chronically treated mice were gavaged daily for 14-consecutive days at the
before mentioned dose. Prior to tissue harvest, mice were fasted for 6-hours®” and gavaged a final
time. The time points for harvest were set at 15-minutes, 30-minutes, and 60-minutes post
gavage?S2631,
Uric Acid Quantification:

Blood Sample:

Blood was collected at 15-minutes and 60-minutes post gavage and spun down at room
temperature for 10 minutes at 2.0 X G. The supernatant with resulting plasma was collected and
tested*®,

Liver Sample:

Fresh liver tissue was collected and used for uric acid quantification. The liver section was

transferred to a borosilicate glass vessel and homogenized for ~10 passes using a Teflon pestle.

11



The homogenate was then spun at 800 X G for 10 minutes at 4°C. Following this spin, an aliquot

of the homogenate was transferred to the plate.

Both samples were then transferred to a plate. An aliquot of Buffer E was then added to each
sample and immediately placed in the plate reader. The plate was read at an Excitation/Emission
of 520-590nm at 37°C. A uric acid standard curve was run each day along with samples in
duplicate. Standard curve also included a control sample. This assay utilized the uric acid to
allantoin reaction using uricase as the catalyst. Amplex UltraRed was coupled with H202 and used

as the signal readout3>>0!,

Mitochondrial Isolation:

Once tissue was removed, it was placed in approximately 15mL ice-cold Buffer B. The tissue was
then homogenized for approximately 10 passes using a Teflon pestle and borosilicate glass vessel.
The homogenized solution was then transferred to a 50mL Falcon tube, and the volume was
brought to approximately 30mL. The homogenate was then spun at 800 x G for 10 minutes at 4°C.
The subsequent supernatant was then poured through two layers of gauze into a second 50mL
Falcon tube, and the volume was then adjusted to approximately 40mL using Buffer A. The
solution was then spun again at 10,000 x G for 10 minutes at 4°C. Following the spin, the
supernatant was discarded, and the subsequent pellet was washed with 1.4mL of ice-cold Buffer
A. The solution was transferred into a 1.7mL tube before being spun again at 10,000 x G for 10
minutes at 4°C. Following this spin, the supernatant was again discarded, and the final pellet was

resuspended in 1mL ice-cold Buffer A. A Pierce BCA assay was then performed on the final

12



solution to determine protein content. Functional assays involving the isolated mitochondria were

then carried out in Buffer D 254,

Respiration Assays:

Unless otherwise stated, all mitochondrial respiration assays were carried out in Buffer D.

Mitochondrial Respiratory Control:

All mitochondrial respiration measurements were made using a high resolution Oxygraph-2K
(Oroboros Instruments) at 37°C. To measure the respiratory control of the mitochondria, a
modified version of the creatine kinase clamp assay was utilized ¢, This assay utilizes steady-
state oxygen consumption rates (JO2) that range from near resting to near maximal. The free
energy of ATP hydrolysis can then be determined over this range based on known amounts of
creatine (Cr), phosphocreatine (PCr), and ATP. This is done by utilizing excess amounts of
creatine kinase (CK) and utilizing the subsequent creatine kinase reaction. Utilizing calculations

previously reported, the AG’ stp for each sequential PCr addition was determined >7-%.

Buffer for all assays was Buffer D. All assays were run in a ImL O2K chamber with 1mL buffer.
To this, liver (100pg/mL) mitochondria was added. Once the mitochondria stabilized, energizing
substrates were added to the chamber to determine state 4 respiration (non-phosphorylating):
Succinate (10mM). Once the mitochondria reached a steady state, clamp substrates were added to
the chamber. The substrate conditions were as follows: creatine kinase (50U/mL), phosphocreatine
(0.05mM), and ATP (5mM). Following the addition of the clamp substrates, sequential PCr

additions were performed to gradually reduce the mitochondria back from a highly energized state

13



with a high JO2, to that of a low energy state with a low JO2. When plotting the calculated AG’atp
values against that of the measured JO2, a linear force-flow relationship can be determined. This
linear relationship corresponds to the conductance of the respirators system under these specific

substrate conditions.

By manual manipulation of the ATP/ADP ratio by the addition of PCr, the system better mimics
the natural conductance of the mitochondria in vivo. By measuring the conductance, it can be
determined if there is an increase (decreased slope) or decrease (increased slope) resistance to the

respiratory system, 335759,

Mitochondrial ADP Titration:

An ADP titration was done to assess the mitochondria’s ability to respond to a metabolic demand®’.
The ADP titration was carried out under saturating substrate conditions: succinate (10mM). ADP
was then titrated in to vary the mitochondrial energetic state from that of State 4 (non-

phosphorylating) to that of State 3 (phosphorylating).

Inhibitor Profile Assays:

Similarly to the complex specific assay, an inhibitor profile was carried out. This was done to
determine the contribution of each complex to the overall rate of oxygen consumption (JO2) using
sequential titration of inhibitors. For this assay, liver (100xg) mitochondria weas used. Once the
mitochondria had stabilized in the O2K, substrates were titrated in. Mitochondria were first
energized with pyruvate (SmM), glutamate (SmM), malate (2mM), succinate (SmM), and

octanoyl-carnitine (0.2mM) to allow for State 4 respiration. To reach State 3, ADP (4mM) was
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added. Following State 3 respiration, Rotenone (0.5uM) was added to inhibit Complex I. Malonate
(5mM) was added to inhibit Succinate Oxidation. Animycin A (0.5uM) was added to inhibit
Complex III respiration. Oligomycin (0.5uM) was added to inhibit any added oxygen consumption
from Complex V. Carboxyatractyloside, CAT, was used to inhibit the ANT translocator. Cyanide

(10mM) was added to inhibit any residual oxygen consumption from Complex IV.

Dehydrogenase Assay:

Using the autofluorescence of NADH and NADPH (Ex:Em 340:450), the enzymatic activity of
glutamate dehydrogenase, malate dehydrogenase, pyruvate dehydrogenase, and Complex V were
examined as previously described>’®!. All activity assays were carried out in a 96-well plate.
Fluorescence was measured every 60-seconds over a 60-minute period. Enzymatic activity was

determined using a standard curve®!.

Statistical Analysis:

All functional assays were reported as mean + SEM. Data was normalized to total protein added
per experiment calculated for each sample. The final values were expressed as pmol/s/mg protein.
Differences between control and treated groups were assessed by one-way ANOVA followed by
a Dunnett's multiple comparisons test when applicable using GraphPad Prism 9 software (9.2.0).
Any other statistical tests used are described in figure legends. Unless otherwise stated, all
statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***). All

figures were generated using GraphPad Prism 9 software (9.2.0).
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RESULTS

Time effects of acute glucose and fructose gavage on uric acid production

Within 15 min of fructose gavage, uric acid concentration significantly increased in the liver of
8-week-old mice relative to controls (water gavaged) (Figure 2A). Surprisingly, glucose gavage
also significantly increased liver uric acid concentration within 15 min. Uric acid levels remained

significantly elevated 60 minutes after either fructose or glucose gavage (Figure 2A). There was
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Figure 2: Quantification of uric acid in the liver and blood of acutely gavaged mice. Uric acid
concentration in liver tissue (A and B) and blood (C and D) of 8-week-old mice (A and C) and 16-
week-old mice (B and D) collected 15-minutes and 60-minutes after gavage. All data is reported as

mean + SEM, N=6. All statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002
(**), <0.001 (**%*).
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no corresponding increase in blood uric acid concentration at 15-min in response to either fructose
or glucose gavage (Figure 2C). However, there was a significant increase in uric acid concentration

in the blood 60-minutes after either glucose or fructose gavage.

To determine whether the response to acute fructose and glucose gavage is similar in more
mature mice, experiments were repeated in 16-week-old mice. Uric acid concentration in response
to acute fructose gavage tended to increase (p=0.069) in liver and significantly increased in blood
within 15 min, but then returned to baseline within 60 min (Figure 2B & 2D). In contrast with 8-

week-old mice, glucose gavage in 16-weel-old mice did not affect liver or blood uric acid levels.

Effects of glucose and fructose on mitochondrial respiration
To examine the potential influence of fructose or glucose ingestion on mitochondrial bioenergetics
in liver of 8-week-old mice, mitochondria were isolated 15 or 60 min after either fructose of

glucose gavage and subjected to force-flow analysis via a creatine kinase clamp?”-61:62

. This assay
determines the efficiency of oxidative phosphorylation over a stepwise range of clamped free
energies of ATP (i.e., AGatp). At the lowest level of absolute free energy (i.e., -13 AGatp, highest
rate of ATP synthesis), the rate of oxygen consumption (JO2) was significantly greater in
mitochondria isolated from liver of mice 15 min after glucose gavage and tended to be higher
(p=0.063) in fructose gavaged mice relative to controls (Figure 3A). At the next highest level of
free energy (-14 AGartp), JO2 was significantly higher in mitochondria from both fructose and
glucose gavaged relative to control mice. Surprisingly after completion of the clamp, addition of

FCCP, a mitochondrial uncoupler, failed to restore respiratory capacity, an effect that was more

pronounced in controls. This is interesting, as it raises the possibility of an inhibitory effect on flux
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through the ETS by adenylate accumulation, which appears more pronounced in control than sugar
gavaged mice. Within 60 min after gavage, JO» values across the range of AGarp were not
different between fructose or glucose gavaged and control animals, although uncoupled respiration

was again significantly higher in gavaged mice (Figure 3C).

The response of liver mitochondria to fructose and glucose gavage in 16-week-old mice

was quite different. Overall, near maximal clamped ADP-stimulated respiration (i.e., -13 AGarp)
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Figure 3: Force-flow analysis of liver mitochondria following an acute gavage. Using the
creatine kinase clamp assay, mitochondrial function was determined 15-minutes (A and B) and
60-minutes (C and D) post treatment in 8-week-old mice (A and C) and 16-week-old mice (B
and D). All mice were treated with a single gavage and samples were collected 15- and 60-
minutes following gavage. All data is reported as mean + SEM, N=4-6. All statistical
significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***). Control vs.
glucose comparisons are in black (*) and all control vs. fructose comparisons are in red (*).
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was higher in the more mature mice (JO2 ~1500 vs <1000 pmolesec'*mg! in 16- vs 8-week-old
mice). Neither acute fructose nor glucose gavage affected near maximal clamped ADP-stimulated
respiration. However, as AGartp increased (<-14 kCal/mol), JO> decreased more rapidly in liver
mitochondria from both the fructose- and glucose-gavaged mice (Figure 2B), reflecting a potential
allosteric hypersensitivity to the accumulation of adenylate charge. As in 8-week-old mice,
addition of FCCP did not elicit a maximal respiratory response in control or fructose/glucose
gavaged mice. In fact, JO; further decreased in response to FCCP in both the fructose and glucose
gavaged mice to rates that were significantly less, not higher, than controls. Again, the impact of
fructose or glucose gavage on liver mitochondrial bioenergetics was transient, as no differences

were detected 60 min after fructose or glucose gavage relative to controls (Figure 3D).
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Figure 4: ADP titration of liver mitochondria following an acute gavage. Using an ADP
titration, mitochondrial function was determined 15-minutes (A and B) and 60-minutes (C and
D) post treatment in 8-week-old mice (A and C) and 16-week-old mice (B and D). All mice
were treated with a single gavage and samples were collected 15- and 60-minutes following
gavage. All data is reported as mean + SEM, N=4-6. All statistical significance denoted is as
follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***). Control vs. glucose comparisons are in
black (*) and all control vs. fructose comparisons are in red (*).

In the force-flow assay, both AGatp and the total adenylate pool build stepwise as a
consequence of the creatine kinase clamp system. To directly test the influence of the adenylate
pool independent of AGatp on bioenergetics, liver mitochondria were subjected to ADP titration
in the absence of a free energy clamp system (ATP does not accumulate in buffer to a high enough
concentration to generate sufficient AGarp). In 8-week-old mice, ADP titration elicited a

progressive increase in JO, peaking at 0.25mM. JO- then precipitously declined to levels at or
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below baseline (Figure 4A). In mitochondria isolated from liver of mice 15 min after either
fructose of glucose gavage, JO» tended to be higher than controls, consistent with the force-flow
data (Figure 3A). At 60-minutes, it is seen that there is a lingering, yet significant, increase in JO»
at the highest ADP concentrations (Figure 4C). When isolated from 16-week-old mice, the same
gradual increases in JO; were observed, yet there was a significant increase in the JO> of mice
gavaged with glucose (Figure 4B). Again, this increase is transient, in which there is no differences

detected at 60-minutes post gavage (Figure 4D).

Effects of chronic glucose and fructose treatment on weight and uric acid production

To determine if a chronic gavage with either fructose or glucose was sufficient to elicit changes in
mitochondrial bioenergetic function, a 14-day plan was used. Mice were weighed daily to
determine if there was a difference in body weights associated with a specific sugar. There was no
significant difference in weight between the treatment groups over the 14-day treatment in 8-week-
old mice (Figure 5). Surprisingly, after repeated gavage, there was no immediate (15-minute) or
delayed (60-minute) increase in uric acid concentration within the liver (Figure 6A) or the blood
(Figure 6B). This indicated that there was a protective mechanism at play to alleviate the burden

in the liver.
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Effects of chronic fructose and glucose treatment on mitochondrial respiration

Using the force-flow assay, it was determined that there was an increase in both the glucose and

the fructose groups following the addition of adenylates (-13 AGartp) (Figure 7A). Once again, it
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Figure 5: Weight gain curve of all 8-week-old mice over a 14-day treatment period. (A)
represents the total weight of the animal in grams where (B) represents the % of weight from
the start. All data is reported as mean + SEM, N=12. All statistical significance denoted is as
follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***). Control vs. glucose comparisons are in
black (*) and all control vs. fructose comparisons are in red (*).
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was found that the addition of FCCP to all groups did not elicit a maximal respiratory response to
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Figure 6: Quantification of uric acid in the liver and blood following a 14-day treatment
period. Uric acid concentration in liver tissue (A) and blood (B) of 8-week-old mice treated
over a 14-day period collected 15-minutes and 30-minutes after the final gavage. All data is
reported as mean + SEM, N=6. All statistical significance denoted is as follows: 0.12 (ns),
0.033 (*), 0.002 (**), <0.001 (***). Control vs. glucose comparisons are in black (*) and all
control vs. fructose comparisons are in red (*).
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that of the state 3, ADP stimulated response. Again, this suggests that the presence of adenylates
is acting in an inhibitory manner on flux through the ETS system. This finding was transient, in

which it was found only within 15-minutes post gavage, and there were no differences detected at

60-minutes post gavage.

It is of note that the ADP titration showed no differences between groups at any time
following gavage (Figure 7C and 7D). This, along with the lack of uric acid production, support

the notion that a protective mechanism is at work.
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Figure 7: Mitochondrial respiration of liver mitochondria taken from 8-week-old mice
following a 14-day treatment period. The creatine kinase clamp assay was utilized in
mitochondria 15-minutes (A) and 30-minutes (B) after gavage. An ADP titration was utilized
in mitochondria 15-minutes (C) and 30-minutes (D) after gavage. All data is reported as mean
+ SEM, N=6. All statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (*%*),
<0.001 (***). Control vs. glucose comparisons are in black (*) and all control vs. fructose
comparisons are in red (*).

24



DISCUSSION

The acute treatment of both fructose and glucose in 8-week-old mice led to a significant increase
in uric acid within the liver tissue 15-minutes following the gavage (Figure 2A). The mitochondrial
function data, both the clamp (Figure 3A) and the ADP titration (Figure 4A), indicated an increase
in JO; at the 15-minute time point as well. When taken together, both the concentration data and
the mitochondrial data indicated that when acutely treated with either fructose or glucose, there is
an immediate shift in liver metabolism, i.e., an increase in flux through the purine degradation

pathway, resulting in an increase in uric acid production within the liver.

By the 60-minute time point, there were no differences in the uric acid concentration
(Figure 2A) or in the functional outcomes (Figures 3C and 4C) in 8-week-old mice. This supports
the idea that uric acid is in fact the driving factor behind the increase in JO>. Since there is no

increase in uric acid production from the liver, there is no increase in rate in the mitochondria.

Unlike the 8-week-old mice, there was no significant increase in uric acid concentration in
the liver tissue of 16-week-old mice 15-minutes after a gavage with either fructose or glucose
(Figure 2B). This could indicate that the uric acid produced in the liver passes into the blood at a
higher rate in 16-week-old mice than in 8-week-old mice. This is evidenced by a significant
increase in uric acid concentration in the blood (Figure 2D) but not liver (Figure 2B) 15-minutes
after treatment in the 16-week-old mice. Once in the blood, uric acid does not elicit the same
bioenergetic effects seen in the 8-week-old mice. This is to say that since the uric acid is no longer
present in the liver tissue, there is no subsequent increase in JO> in the mitochondria 15-minutes

after treatment (Figure 3B and 4B). However, there is a significant drop in JO; of the glucose
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treated group 15-minutes following treatment (Figure 3B). This drop accompanies the addition of
PCr to the system, which in turn leads to an increase in the ATP:ADP ratio. Since additional PCr
is not sufficient to change the JO; of the glucose treated group even further, it is possible that the
presence of ATP in the system is acting in an inhibitory manner. This is to mean that the presence
of ATP in a glucose stimulated system acts against the mitochondrial system itself to inhibit
OHPHOSS!. This is further supported by the titration of ADP alone into the system (Figure 4B).
A significant increase in JO; of the glucose treated group is seen at every ADP addition. This
indicates that the mitochondria exposed to a glucose treatment are less efficient, and therefore must
work harder, i.e., consume more oxygen, to meet the same ADP demand (Figure 4B). Again, these
observed findings are only found within 15-minutes following treatment. By the 60-minute point,

there are no longer differences in mitochondrial function between the groups (Figures 3D and 4D).

An interesting finding from all force-flow data was that the addition of FCCP, a
mitochondrial uncoupler, does not elicit an increase in JO; beyond that of the succinate supported
respiration rate (Figure 3). A possible explanation for this is the use of succinate alone as a
substrate. With only succinate dehydrogenase driving flux, the addition of FCCP and the
subsequent uncoupling of the JO> from the OXPHOS system, could potentially crash the
membrane potential within the mitochondria, leading to a minimal increase in JO2 due to substrate
limitation®!-%3, All force-flow data supports this due to the lack of increase of JO> beyond that of
the succinate supported rate. The 16-week-old mice treated with both glucose and fructose exhibit

a decrease in JO: following FCCP addition (Figure 3B). This can be explained by the combination

of ATP inhibition on the respiration rate being further limited by substrate availability.
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Interestingly, there was no difference between the weights of the 8-week-old mice
subjected to a 14-day treatment with either fructose or glucose (Figure 5). This was accompanied
by no change in the production of uric acid in the livers of the treated mice at either 15-minutes or
30-minutes post final gavage (Figure 6). When the mitochondria itself was examined, there were
no differences found between the treatment groups following an increase in the JO, of the glucose
treated group following the addition of nucleotides 15-minutes after the final treatment (Figure
7A). This together suggests that there was an adaptive mechanism involved that protected the

overall bioenergetic function of the mice when chronically exposed to both glucose and fructose.

CONCLUSION

All data together conclusively found that only a single gavage was sufficient to elicit a response
in the isolated mitochondria. This effect is only seen within 15-minutes following a single gavage.
However, the bioenergetic changes seen in this study can be explained by the presence of uric acid.
This is evidenced by the increase in JO: following the increase in uric acid concentration in the
liver. Further studies must be done to determine the amount of added oxygen consumption that
can be attributed to urate oxidase. Inhibition of urate oxidase with its known inhibitor, potassium
oxonate (KOX) can determine if there is residual impact on mitochondrial function. This study

also found that the age of the mice, i.e., 8-week vs 16-week-old, is an important consideration.
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CHAPTER 3: Impact of direct uric acid exposure on the bioenergetics of both liver and

heart mitochondria

INTRODUCTION

Approximately 66% of Americans are clinically overweight, including about 30% of American
children'. There is also a correlating rise in obesity related conditions such as metabolic
syndrome, type 2 diabetes, nonalcoholic fatty liver disease, and heart disease!®. While there is no
single factor responsible for the increasing prevalence of obesity related disease, fructose has been

identified as playing an important role!%!%-33,

Fructose is a monosaccharide sugar used primarily as high-fructose corn syrup or sucrose
in processed food sources'?. Once absorbed into the portal blood, fructose is transported to the
liver where it is metabolized'?. There is a rapid uptake and subsequent phosphorylation of fructose
to fructose-1-phosphate (F1P) by ketohexokinase?®. Unlike glucose metabolism, in which further
phosphorylation of glucose is inhibited by the presence of glucose-6-phosphate, F1P does not
inhibit the further phosphorylation of fructose. This unregulated phosphorylation and utilization
of ATP leads to a rapid decline in the available ATP within the cell. Due to the shift in energy

balance, the system then favors the purine degradation pathway, the product of which is uric

acidlZ, 1 9,20,33,64.

Recently, the presence of uric acid in serum has been used to predict the development of
obesity and diabetes'>. It is known that fructose consumption leads to an increase in uric acid as

well as a decrease in ATP levels within the liver'>!®. Since mitochondria are the main ATP



producers within the cell, mitochondrial function is the focus of this study. Therefore, to fully
determine the relationship between the presence of uric acid and the decline of mitochondrial
bioenergetic function, resulting in a decline in available ATP, the following experiments were
designed: P/O assay, force-flow assay, ADP titration, complex specific assay, and an inhibitor
profile. The overall hypothesis is that in the presence of uric acid, there will be a decline in the

liver mitochondrial bioenergetic function.

RESEARCH DESIGN AND METHODS

Buffers:

Buffer A: 50mM MOPS buffer supplemented with 100mM KCI, ImM EGTA, and 5mM MgSOs,
pH 7.1, stored at 4°C.

Buffer B: 50mM MOPS buffer supplemented with 100mM KCl, ImM EGTA, 5SmM MgSOs, and
0.2% BSA, pH 7.1, stored at 4°C.

Buffer C: 105mM MES Potassium salt supplemented with 30mM KCI, ImM EGTA, 10mM
Potassium Phosphate (monobasic), SmM Magnesium Chloride, 0.25% BSA, pH 7.2, stored at 4°C.
Buffer D: 105mM MES Potassium salt supplemented with 30mM KCI, ImM EGTA, 10mM
Potassium Phosphate (monobasic), SmM Magnesium Chloride, 0.25% BSA, and 5SmM Creatine
monohydrate, pH 7.2, stored at 4°C.

Buffer E: Buffer C supplemented with 1U/mL of hexokinase, 2U/mL glucose-6-dehydrogenase

phosphate, 4mM NADP", and 5SmM glucose.

Animals:
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All animal studies were approved by the East Carolina University Institutional Animal Care and
Use Committee. C57BL/6NJ male mice were purchased from Jackson Laboratory. All mice were
housed in a temperature (22°C) and light controlled (12-hour light/12-hour dark) room and given
free access to food and water. Unless otherwise stated, mice were anesthetized with isoflurane

before tissue removal.

Chemicals:

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich.

Mitochondrial Isolation:

Once tissue was removed, it was placed in approximately 15mL ice-cold Buffer B. The tissue was
then homogenized for approximately 10 passes using a Teflon pestle and borosilicate glass vessel.
The homogenized solution was then transferred to a 50mL Falcon tube, and the volume was
brought to approximately 30mL. The homogenate was then spun at 800 x G for 10 minutes at 4°C.
The subsequent supernatant was then poured through two layers of gauze into a second 50mL
Falcon tube, and the volume was then adjusted to approximately 40mL using Buffer A. The
solution was then spun again at 10,000 x G for 10 minutes at 4°C. Following the spin, the
supernatant was discarded, and the subsequent pellet was washed with 1.4mL of ice-cold Buffer
A. The solution was transferred into a 1.7mL tube before being spun again at 10,000 x G for 10
minutes at 4°C. Following this spin, the supernatant was again discarded, and the final pellet was
resuspended in 1mL ice-cold Buffer A. A Pierce BCA assay was then performed on the final
solution to determine protein content. Functional assays involving the isolated mitochondria were

then carried out in Buffer D 254,
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Respiration Assays:

Unless otherwise stated, all mitochondrial respiration assays were carried out in Buffer D.

Mitochondrial Uric Acid Titration:

A uric acid titration was used to determine the experimental uric acid dose to be used in subsequent
experiments. Heart (50ug) and liver (100ug) mitochondria were energized with pyruvate (5SmM),
glutamate (5mM), malate (2mM), succinate (SmM), octanoyl-carnitine (0.2mM). Both state 3 and
state 4 conditions were tested in parallel. State 3 respiration was reached with the addition of 4mM
ADP. Sequential uric acid additions were made to determine the resulting increase in oxygen
consumption rate (JO2). To determine if there was a time-dependent factor involved, control

mitochondria were run in parallel to the treated.

Mitochondrial P/O:

To determine the efficiency of mitochondria exposed to uric acid, a P/O ratio was determined. This
was done with heart (20ug/mL) and liver (75ug/mL) mitochondria. All mitochondria were
energized with pyruvate (SmM), glutamate (5SmM), malate (2mM), succinate (SmM), octanoyl-
carnitine (0.2mM). Additional P1,P5-di(adenosine-5") pentaphosphate (AP5A) (0.1mM) was used
to inhibit any adenylate kinase present. All assays were run using Buffer E as previously described.

JO2 and JATP were measured in parallel using an O2K (JO2) and a fluorometer (JATP)®!.

Mitochondrial Substrate Oxidation:

To determine mitochondrial substrate preference, multi-substrate and fatty acid substrate

conditions were performed. Both assays utilized liver (75ug) and heart (50ug) mitochondria. The
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multi-substrate condition was then energized with pyruvate (SmM), glutamate (SmM), malate
(2mM)), succinate (SmM), and octanoyl-carnitine (0.2mM). The lipid condition utilized palmitoyl-
CoA (PCoA) (0.02mM), malate (0.5mM), palmitoyl-carnitine (PC) (0.018mM), and carnitine
(5mM). Following the substrate addition, ADP (4mM) was added to both conditions. The lipid
condition then received additional electron transport substrates, pyruvate (SmM), glutamate

(5mM), and succinate (10mM). FCCP was added to determine maximal uncoupled respiration.

Mitochondrial Respiratory Control:

All mitochondrial respiration measurements were made using a high resolution Oxygraph-2K
(Oroboros Instruments) at 37°C. To measure the respiratory control of the mitochondria, a
modified version of the creatine kinase clamp assay was utilized ¢, This assay utilizes steady-
state oxygen consumption rates (JO2) that range from near resting to near maximal. The free
energy of ATP hydrolysis can then be determined over this range based on known amounts of
creatine (Cr), phosphocreatine (PCr), and ATP. This is done by utilizing excess amounts of
creatine kinase (CK) and utilizing the subsequent creatine kinase reaction. Utilizing calculations

previously reported, the AG’ stp for each sequential PCr addition was determined >7-%.

Buffer for all assays was Buffer D. All assays were run in a ImL O2K chamber with 1mL buffer.
To this, liver (75ug/mL) and heart (50ug/mL) mitochondria were added. Once the mitochondria
stabilized, energizing substrates were added to the chamber to determine state 4 respiration (non-
phosphorylating): pyruvate (SmM), glutamate (SmM), malate (2mM), succinate (SmM), and
octanoyl-carnitine (0.2mM). Once the mitochondria reached a steady state, clamp substrates were

added to the chamber. The substrate conditions were as follows: creatine kinase (50U/mL for liver
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and 20U/mL for heart), phosphocreatine (0.05mM), and ATP (5mM). Following the addition of
the clamp substrates, sequential PCr additions were performed to gradually reduce the
mitochondria back from a highly energized state with a high JO2, to that of a low energy state with
a low JO2. When plotting the calculated AG’aTp values against that of the measured JO2, a linear
force-flow relationship can be determined. This linear relationship corresponds to the conductance

of the respiratory system under these specific substrate conditions.

By manual manipulation of the ATP/ADP ratio by the addition of PCr, the system better mimics
the natural conductance of the mitochondria in vivo. By measuring the conductance, it can be
determined if there is an increase (decreased slope) or decrease (increased slope) resistance to the

respiratory system, 335759,

Mitochondrial ADP Titration:

An ADP titration was done to assess the ability of mitochondria to respond to a metabolic
demand®®. The ADP titration was carried out under saturating substrate conditions, pyruvate
(5mM), glutamate (SmM), malate (2mM), succinate (SmM), and octanoyl-carnitine (0.2mM).
ADP was then titrated in to vary the mitochondrial energetic state from that of State 4 (non-

phosphorylating) to that of State 3 (phosphorylating).

Mitochondrial Complex Specific Assays:
All complex specific measurements were made using an O2K using isolated mitochondria in buffer
D at 37°C to determine the contribution of each aspect of the electron transport system. Both liver

(75ug) and heart (50ug) mitochondria were used. To measure the respiration in complex 1, 2 and
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4, the following workflow was utilized. Once the mitochondria had reached a steady state in the
02K, glutamate (SmM) and octanoyl-carnitine (0.2mM) were added, followed by ADP (4mM),
then pyruvate (SmM) and malate (SmM) to initiate State 3 respiration through Complex I. To allow
for flux through Complex II and the subsequent remainder of the full system, succinate was then
added (5mM). To determine the oxygen consumption rate attributed to Complex II, rotenone
(0.005mM) was added to inhibit Complex 1. Complex IV respiration was determined by adding
malonate (5SmM) to inhibit succinate oxidation and Antimycin A (0.5uM) to inhibit Complex III,
then adding N, N, N’, N'-tetramethyl- p -phenylenediamine (TMPD) (0.5mM) along with
Ascorbate (2mM). Complex III determination was done with isolated liver (75ug) and isolated
heart (50pg) mitochondria and with the addition of ADP (4mM) along with Duroquinol (0.5mM).
Following the reaction, Antimycin A (0.25uM) was added to determine the rate of oxygen

consumption that was non-specific to Complex IIT 666,

Inhibitor Profile Assays:

Similarly to the complex specific assay, an inhibitor profile was carried out. This was done to
determine the contribution of each complex to the overall rate of oxygen consumption using
sequential titration of inhibitors. For this assay, both liver (75ug) and heart (50ug) mitochondria
were used. Once the mitochondria had stabilized in the O2K, substrates were titrated in.
Mitochondria were first energized with pyruvate (SmM), glutamate (SmM), malate (2mM),
succinate (SmM), and octanoyl-carnitine (0.2mM) to allow for State 4 respiration. To reach State
3, ADP (4mM) was added. Following State 3 respiration, Rotenone (0.5uM) was added to inhibit
Complex I. Malonate (SmM) was added to inhibit Succinate Oxidation. Antimycin A (0.5uM) was

added to inhibit Complex III respiration. Oligomycin (0.5uM) was added to inhibit any added
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oxygen consumption from Complex V. Cyanide (10mM) was added to inhibit any residual oxygen

consumption from Complex IV.

Mitochondrial Uncoupling vs. Urate Oxidase:

Heart (50pg) and liver (100ug) mitochondria were energized with pyruvate (SmM), glutamate
(5mM), malate (2mM), succinate (5SmM), octanoyl-carnitine (0.2mM). Once again, both state 3
and state 4 conditions were tested in parallel. State 3 respiration was reached with the addition of
4mM ADP. Uric acid (0.2mM) was then added. To determine if the source was due to proton
conductance through uncoupling, Antimycin a was used to inhibit oxidative phosphorylation. To
determine if the increase was due to a non-mitochondrial source, specifically urate oxidase, the

inhibitor potassium oxonate (KOX) was used at a concentration of 9ug/mL.

Statistical Analysis:

All functional assays were reported as mean + SEM. Data was normalized to total protein added
per experiment calculated for each sample. The final values were expressed as pmol/s/mg protein.
Unless otherwise stated, differences between control and treated groups were assessed by one-way
ANOVA followed by a Sidak's multiple comparisons test when applicable using GraphPad Prism
9 software (9.2.0). Any other statistical tests used are described in figure legends. Unless otherwise
stated, all statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001

(***). All figures were generated using GraphPad Prism 9 software (9.2.0).
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RESULTS

Uric acid effect is specific to liver mitochondria.

To determine if uric acid directly impacts mitochondrial function, increasing amounts of uric acid
leads to increasing rates of oxygen consumption (Figure 8). This figure (Figure 8) indicates the
rate of oxygen consumption following each addition of uric acid. There is an increase in oxygen
consumption rate in the liver mitochondria both in the presence (Figure 8 A and 8E) and the absence
(Figure 8C and 8G) of adenylates. In the heart mitochondria, there was no increase in JO»
following the addition of uric acid both in the presence (Figure 8B and 8F) and absence (Figure
8D and 8H) of adenylates. An increase in JO; in this situation can be explained by one of two

mechanisms. The first is that there is increased proton conductance throughout the electron
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Figure 8: Uric acid dose dependent response curve. Note: This figure represents one data set
in two different forms. (A, E) Uric acid titrated into isolated liver (100ug) mitochondria under
state 3 conditions. Control conditions utilized mitochondria alone to determine a time
dependent change in JO,. Uric acid treated conditions utilized sequential additions of uric acid
as denoted. (B, F) Uric acid titrated into isolated heart (50ug) mitochondria under state 3
conditions. (C, G) Uric acid titrated into isolated liver (100ug) mitochondria under state 4
conditions. (D, H) Uric acid titrated into isolated heart (50ug) mitochondria under state 4
conditions. All mitochondria were energized with pyruvate (SmM), glutamate (5SmM), malate
(2mM), succinate (5SmM), and octanoyl-carnitine (0.2mM). State 3 respiration was reached with
the addition of ADP (4mM). Data is represented as mean + SEM, N= 3. All statistical
significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***).
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transport system within the mitochondria itself. The second is that there is a non-mitochondrial
factor contributing to the increase in oxygen consumption. With no changes in the JO- of heart
mitochondria, the effect is liver mitochondria specific. Figure 8 also indicates 0.2mM uric acid
elicits the maximum increase in JO,. Based on this finding, all subsequent experiments used

0.2mM uric acid.
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Figure 9: Uric acid addition leads to an increased oxygen consumption rate. (A) Graphical
representation of the creatine kinase clamp assay conditions. The assay moves from right to left
with sequential PCr additions, which varies the ATP:ADP ratio by decreasing the ADP
concentration within the system>’. (B) The response of isolated liver mitochondria (100ug)
across the range of ADP-stimulated steady states. (C) The response of isolated heart
mitochondria (50ug) across the range of ADP-stimulated steady states. (D) Graphical
representation of the general meaning of the slope of the linear region of the creatine kinase
clamp region®’. (E) Calculated slope of the linear region of the liver mitochondria. (F)
Calculated slope of the linear region of the heart mitochondria. All mitochondria were
energized with pyruvate (SmM), glutamate (5SmM), malate (2mM), succinate (SmM), and
octanoyl-carnitine (0.2mM). Uric acid was given at a final concentration of 0.2mM. Data is
represented as mean + SEM, N= 8-9. All statistical significance denoted is as follows: 0.12
(ns), 0.033 (*), 0.002 (**), <0.001 (**%*).
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Uric acid exposure induces increased oxygen consumption in liver mitochondria regardless
of energetic demand.

The uric acid titration was done at a single ADP concentration, so to determine if there was an
increase in JOz across a range of steady-state ADP-stimulated rates, the creatine kinase system was
used (Figure 9A). In this system, known concentrations of creatine kinase (CK), creatine (Cr),
phosphocreatine (PCr), and ATP are added to the system (Figure 9A). This system utilizes the
creatine kinase reaction in which ADP levels are varied from high (similar to that during exercise)
to low (similar to that during rest) by titrating in PCr. With the ATP concentration held constant,
the change in ADP concentration led to a shift in the overall ATP:ADP ratio (Figure 9A). This
assay uncovered a nearly 5-fold increase in oxygen consumption rate of liver mitochondria
exposed to uric acid in the absence of nucleotides (Figure 9B). After the addition of nucleotides,
there was an increase in JO; from 230 pmol/sec/mg with PGMSO to 857 pmol/sec/mg in control
mitochondria, as opposed to an increase in JO2 from 897 pmol/sec/mg with PGMSO to 1312
pmol/sec/mg in the uric acid exposed mitochondria (Figure 9B). Over the course of the PCr
titration, as respiratory demand decreased, the difference in rates between the control and uric acid
treated decreased, leading to an overall increase in slope in the treated mitochondria (Figure 9D).
The overall increase in JO2 suggests an increase in conductance throughout the electron transport
system (Figure 9E). This same pattern was limited to the liver mitochondria and not carried to the

heart (Figure 9C and 9F).

To determine if the increase in JO2 previously seen was dependent upon the energetic

demand in the system, an ADP titration was carried out (Figure 10). This was done to determine

the impact of uric acid on respiration as the ADP demand was increased. While there was an overall
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increase at every ADP addition in the uric acid treated liver mitochondria, the increase in JO; was

only increased from 1046 pmol/sec/mg with PGMSO to 1135 pmol/sec/mg at the max respiration

point, whereas the control mitochondria increased from 340 pmol/sec/mg with PGMSO to 658

pmol/sec/mg at their max JO; (Figure 10A). This could suggest that uric acid interferes with liver
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Figure 10: ADP titration of liver and heart mitochondria following uric acid exposure.
ADRP titration of (A) isolated liver (100ug) and (B) isolated heart (50ug) mitochondria. All
mitochondria were energized with pyruvate (SmM), glutamate (5SmM), malate (2mM),
succinate (SmM), and octanoyl-carnitine (0.2mM). Uric acid was given at a final concentration
of 0.2mM. Data is represented as mean £ SEM, N= 10. All statistical significance denoted is
as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (**%*).
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mitochondria’s ability to respond to an ADP demand. It is of note that there is once again no effect

in the heart mitochondria (Figure 10B).

Uric acid does not inhibit OXPHOS in liver mitochondria.

To determine if there was an inhibition to oxidative phosphorylation, a P/O ratio was determined
(Figure 11). This assay revealed that there was no significant change in the rate of ATP production
in the liver mitochondria exposed to uric acid as compared to that of the control. With this, it can
be said that uric acid exposure is not directly linked to an inhibition of ATP production in the liver
(Figure 11A). There was a significant increase in the oxygen consumption rate of the liver
mitochondria exposed to uric acid (Figure 11C). When analyzed as a ratio between rate of ATP
production and rate of oxygen consumption, there is a significant decrease in the P/O ratio of liver
mitochondria exposed to uric acid (Figure 11E). This supports the previous finding of either
increased conductance throughout the OXPHOS system, or increased oxygen consumption
through a non-mitochondrial source. The same pattern is not seen in the heart mitochondria (Figure
11B, 11D, and 11F), where there is no difference between the rates of the control sample and the
sample exposed to 0.2mM uric acid. In mitochondria isolated from the heart, there was no
significant difference found in the JO,, the JATP, or the P/O ratio between the control and the uric

acid treated mitochondria (Figure 12B, 12D, and 12F).
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Figure 11: A measure of mitochondrial efficiency as determined by the P/O ratio. All
measurements were made in parallel. (A, C, E) Isolated liver mitochondria (75ug/mL) was
used to determine the rate of ATP production (JATP), the rate of oxygen consumption (JO),
and the subsequent ratio of the two. (B, D, F) Isolated heart mitochondria (50ug/mL) was used
to determine the rate of ATP production (JATP), the rate of oxygen consumption (JO2), and
the subsequent ratio of the two. All mitochondria were energized with pyruvate (SmM),
glutamate (5SmM), malate (2mM), succinate (SmM), and octanoyl-carnitine (0.2mM). Uric acid
was given at a final concentration of 0.2mM. Data is represented as mean = SEM, N= 3. All
statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***).
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Increased oxygen consumption rate in the presence of uric acid is not linked to increased flux
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Figure 12: Complex specific breakdown of mitochondrial respiration. (A) Isolated liver
(100ug) mitochondria and (B) isolated heart (50ug) mitochondria were used to determine the
contribution of each complex to the overall respiration rate (JO2). The additions were as
follows: glutamate (5SmM) and octanoyl-carnitine (0.2mM), followed by ADP (4mM) to begin
OXPHOS. Then pyruvate (SmM) and malate (5SmM) were added to fully initiate State 3
respiration using complex I. Succinate (10mM) was added last followed by rotenone.
Respiration was inhibited by antimycin A and oligomycin before the addition of TMPD and
Ascorbate. Complex 3 was measured in a separate assay. Uric acid was given at a final
concentration of 0.2mM. Data is represented as mean + SEM, N= 9. All statistical significance
denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***).
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through specific complexes.

A complex specific assay was used to determine if the source of the excess oxygen consumption
rate could be identified and linked to a specific complex within the mitochondrial system (Figure
12). It was determined that uric acid exposure increased JO; in liver mitochondria in the absence
of any substrates (Figure 12A). This increase remained constant throughout the addition of
glutamate and ocanoyl-carnitine, with no subsequent increase following an ADP addition. The
addition of succinate equalized the oxygen consumption rates of both groups (Figure 12A). This
provides further evidence that the added oxygen consumption rates in the liver mitochondria are
due to a non-mitochondrial source. The heart mitochondria showed no change in oxygen

consumption rate (Figure 12B).

Increased oxygen consumption rates in liver mitochondria in the presence of uric acid
suggest an uncoupling effect.

While it was found that there was no inhibition of uric acid on OXPHOS, there was still a large
amount of JO> unaccounted for. To determine where in the system it was coming from, an inhibitor
profile was used (Figure 13). In this assay, it was determined that the addition of uric acid alone
to liver mitochondria was sufficient to elicit a maximal increase in JO> (Figure 13A). This increase
was maintained through the addition of substrates and subsequent ADP to reach state 3 respiration.
The addition of Complex I inhibitor rotenone led to no change in respiration for either group.
However, the addition of malonate, an inhibitor of succinate oxidation, decreased respiration in
both the control and the uric acid group. The drop in JO> was seen in both the control and the uric
acid group, which indicated that succinate oxidation is required to support the uric acid mediated

JO». The further addition of Antimycin A (OXPHOS) and Oligomycin (Complex V) show no
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further decrease in the control group. Yet there are slight decreases with each in the uric acid group
(Figure 13A). This indicated that there was an additional source of oxygen consumption at work
within the system. If the increase in JO, was due to a single source, there would be no change in
rates with each addition past malonate. It is of note that there was no increase in JO: in heart

mitochondria following the addition of uric acid (Figure 13B).
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Figure 13: Inhibitor profile to identify source of oxygen consumption. (A) Isolated liver
(100ug) mitochondria and (B) isolated heart mitochondria (50ug) were used to determine the
potential source of excess oxygen consumption with the mitochondria. State 3 respiration was
determined with the addition of pyruvate (SmM), glutamate (SmM), malate (2mM), succinate
(5mM), octanoyl-carnitine (0.2mM), and ADP (4mM). The following inhibitors were then
added sequentially: Rotenone (0.5uM, Complex I), Malonate (SmM Succinate Oxidation),
Antimycin A (0.5ugM, Complex III), Oligomycin (0.5ugM, Complex V), Cyanide (10mM,
residual oxygen consumption from Complex IV). Uric acid was given at a final concentration
of 0.2mM. Data is represented as mean = SEM, N= 9. All statistical significance denoted is as
follows: 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***).
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Increased oxygen consumption: uncoupler vs. oxidase.
With an increase in oxygen consumption rate in a uric acid dose-dependent manner with no
subsequent change in rate of ATP production, the question of uncoupler vs oxidase surfaced. To

determine the mechanism by which uric acid induced an increase in JO>, Antimycin A, a known
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Figure 14: Uncoupling vs Uricase determination. (A,B) Isolated liver (100ug) mitochondria
were used to determine if the residual oxygen consumption rate (JO2) was due to an uncoupling
effect or a non-mitochondrial source. (C,D) Isolated heart (50pg) mitochondria were used to
determine if the residual oxygen consumption rate (JOz) was due to an uncoupling effect or a
non-mitochondrial source. All mitochondria were energized with pyruvate (SmM), glutamate
(5mM), malate (2mM), succinate (SmM), and octanoyl-carnitine (0.2mM). Sate 3 respiration
was then determined following an ADP (4mM) addition. Antimycin A was added to inhibit
OXPHOS. Potassium oxonate (KOX, 9ug/mL) was used to inhibit urate oxidase. All uric acid
was given at a final concentration of 0.2mM. Data is represented as mean £ SEM, N= 3. All
statistical significance denoted is as follows: 0.12 (ns). 0.033 (*), 0.002 (**), <0.001 (***).

OXPHOS inhibitor, was used (Figure 14). Under both state 4 and state 3 respiratory conditions,
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an increase in JO; was still present in liver mitochondria exposed to 0.2mM uric acid (Figure 14A).
It is known that rodents maintain uric acid oxidase within the liver. This reaction further
metabolizes uric acid in rodents to a final product of allantoin and requires an additional input of
oxygen (Figure 15). To account for this, a second assay was run in which potassium oxonate
(KOX), a known urate oxidase inhibitor was used instead (Figure 15). This inhibitor addition was
sufficient to reduce the JO: in the uric acid treated group back to that of the control group (Figure
7B). This confirmed that the increased rate of oxygen consumption seen in liver mitochondria
treated with uric acid is due to oxygen consumption by urate oxidase. The addition of uric acid to
heart mitochondria did not change the rate of oxygen consumption. The addition of Antimycin A
fully inhibited all oxygen consumption (Figure 14C) whereas the addition of KOX did not change

the rate (Figure 14D) indicating the absence of urate oxidase in heart mitochondria.

Urate oxidase accounts for increase in oxygen consumption rate in liver.

L S g

H ,0+0; zoz 0,

Uric Acid 5-hydroxyisourate Allantoin

Figure 15: Representation of the oxidation of uric acid through urate oxidase (uricase).

This assay was used to determine if urate oxidase was responsible for the additional increase in
oxygen consumption following the addition of uric acid in liver mitochondria (Figure 9). This
assay directly compared the responses of mitochondria with and without uric acid, as well as with
and without KOX to determine if KOX itself inhibited respiration. It was determined that the

addition of uric acid was once again sufficient to increase the rate of oxygen consumption. Yet the
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addition of uric acid with KOX showed no increase in oxygen consumption rate compared to the
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Figure 16: Validation of uricase as the source of residual oxygen consumption. (A) creatine
kinase clamp assay and (B) ADP titration with isolated liver (100ug) mitochondria. All
mitochondria were energized with pyruvate (SmM), glutamate (SmM), malate (2mM),
succinate (SmM), and octanoyl-carnitine (0.2mM). Uric acid was given at a final concentration
of 0.2mM. KOX was given at a final concentration of 9ug/mL. Data is represented as mean +
SEM, N= 3. All statistical significance denoted is as follows: 0.12 (ns), 0.033 (*), 0.002 (**),
<0.001 (***).
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control group (Figure 16). The addition of KOX alone also showed no change in respiration as

compared to that of the control group.

DISCUSSION

A common claim up to this point in the literature is that the presence of uric acid leads to a decline
in mitochondrial function'>!%4, To fully determine the impact uric acid has on mitochondrial
bioenergetics, mitochondrial function was tested in the presence of uric acid. Overall, it was found
that uric acid elicited a dose dependent increase in oxygen consumption in isolated liver
mitochondria (Figure 8). This increase was found to be liver specific and was not seen in the heart.
The increase in JO2 was found to be independent of energetic state within the mitochondria, i.e.,
the increase was the same in both state 3 and state 4 conditions. It was also found that there was a
concentration of uric acid, 0.2mM, that elicited a maximal JO,. This increase in JO> was
determined to remain throughout the range of steady-state ADP-stimulated respiration rates
(Figure 9). However, it was found that in the liver mitochondria treated with uric acid, as the
respiratory demand decreased, the difference between the treated and control respiration rates
lessened, leading to an increase in slope in the uric acid treated mitochondria (Figure 9C and 9D).
This suggests that the impact of uric acid on liver mitochondria differs across the range of ADP-
stimulated OXPHOS demand. These findings were supported with sequential ADP additions to all
mitochondria samples (Figure 10). It was found that when treated with uric acid, liver
mitochondria had only about a 25% increase in JO2 at its maximal point, whereas control
mitochondria increased to about 200% at its maximal point (Figure 10A). Up to this point, all data
suggested that uric acid interfered with the mitochondria’s ability to respond to an ADP demand

in liver mitochondria only.
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Previous groups have concluded that uric acid exposure led to a rapid decrease in ATP
production®#+¢7, To determine if uric acid interfered with the OXPHOS system, the P/O assay
was used. It was determined that there were no significant differences between the control and the
uric acid treated group. Overall, the P/O assay indicated that there was no significant decrease in
ATP production in liver mitochondria treated with uric acid (Figure 11A). While there was a
significant increase in JO: in liver mitochondria with additional ADP additions, there was no
significant differences in P/O of the controlled mitochondria (Figure 11C and 11E). There was,
however, a significant increase in P/O with the addition of 200uM ADP which was maintained
with the addition of 2000uM ADP. While not significant, there was a decrease in P/O between the
control and uric acid treated groups, which could be explained by the increase in JO. This
indicated that there was a drop in efficiency, i.e., requires more oxygen to produce same ATP, in
liver mitochondria exposed to uric acid (Figure 11E). There was no increase in the JO; of the
heart mitochondria exposed to uric acid in any assay. This is because urate oxidase is not expressed

in the heart tissue in the mice. It is a liver specific enzyme.

A common finding in this study was the increase in JO; in liver mitochondria following
exposure to uric acid. Previously, there has been an increase in oxidative stress associated with

uric acid exposure in mitochondria!?-39-33:40:43.68

. To better determine where the excess oxygen was
originating from, each complex was looked at individually (Figure 12). It was found that there was
a significant increase in JO; in liver mitochondria exposed to uric acid (Figure 12A). This increase

remained until the addition of succinate. However, since there was a significant increase in the

absence of any substrates, it was determined that the likely source for the excess oxygen
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consumption was a non-mitochondrial source. This was further justified by the inhibitor profile
(Figure 13) in which each inhibitor failed to decrease the rate to that of the control. It is of note
that the addition of malonate, a succinate oxidation inhibitor, dropped the rate, which indicated
that the excess rate was linked to succinate oxidation in part (Figure 13A). To fully determine the
source of oxygen consumption, the OXPHOS system was inhibited by the addition of Antimycin
A (Figure 14A). While there was a slight drop in JO> following the inhibition of OXPHOS, there
was still a significant increase when compared to that of the control. This indicated that the oxygen
consumption was not linked to OXPHOS (Figure 14A). Since rodents retain urate oxidase®, the
urate oxidase inhibitor’’, KOX, was used to determine if the excess oxygen was a result of the
reaction of uric acid through the oxidase as it is further metabolized to allantoin (Figure 8). It was
determined that the addition of KOX was sufficient to decrease the rate of oxygen to that of the
control (Figure 14B). This decrease with the addition of KOX indicated that all subsequent oxygen
consumption was due to that of urate oxidase. To confirm this finding, the creatine kinase clamp
assay and the ADP titration was repeated (Figure 16). These assays were redone with additional
conditions, specifically KOX alone and KOX + uric acid, to determine if the presence of the
inhibitor was sufficient to account for the previously unaccounted for JO». It was determined that
with KOX present, the mitochondria treated with uric acid no longer showed an increase in JO:
(Figure 16). This overall indicated that urate oxidate alone was responsible for the additional JO»
seen in all experiments. When uric acid is added in addition to KOX, there is no subsequent impact
on the mitochondria (Figure 16).

The presence of urate oxidase is a rodent specific phenomenon. Humans and other higher
primates do not express urate oxidase. This suggests that the findings in this study were mouse

specific and do not translate to a human model.
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Conclusion:

It was found that uric acid does not inhibit mitochondrial bioenergetic function. Normally an
increase in observed JO2 without a subsequent increase in JATP would indicate a decrease in
bioenergetic function. However, there is no observed mitochondrial decline since the increased

JO2 was found to originate from a non-mitochondrial source: urate oxidase.

This is the first data set of its kind to fully explore the mechanism behind uric acid exposure
and liver mitochondria function in mice. It is known that mice retain urate oxidase, whereas
humans do not, and therefore further metabolize uric acid. However, the effects of this metabolism
have not been fully explored until now. This data set shows that while still present, urate oxidase
must be accounted for when determining the mitochondrial implications of uric acid exposure.
Relying on JO> alone will lead to an incomplete conclusion. While it is non-physiological, this

was the most efficient way to measure the mitochondria’s response to uric acid.
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CHAPTER 4: Discussion

The work of this dissertation was designed to explore two main aims: 1.) To determine the
effect that fructose treatment has on mitochondrial bioenergetics, and 2.) To determine the impact
that uric acid exposure has on mitochondrial bioenergetics. The central hypothesis was that
fructose ingestion and metabolism induces a dose-dependent and progressive fructose to AMP to
uric acid induced mitochondrial bioenergetic failure, specifically that the uric acid produced
following a fructose load would directly interfere with mitochondrial bioenergetic function,
leading to an overall decline in the available ATP. Consequently, it was thought that all alterations
to mitochondria bioenergetics following a fructose feeding could be explained by the production
and presence of uric acid in the system. By understanding the role fructose plays in the
development and progression of NAFLD, interventions can be explored to help alleviate the

burden of disease.

Aim 1, determining the impact of fructose exposure and subsequent metabolism on liver
mitochondria bioenergetics was done in several steps. The first was to determine the effects of
acute fructose exposure using an acute gavage. The second was to determine the effects of chronic

fructose exposure on liver mitochondria using a chronic 14-day gavage.

Aim 2, the investigation of the impact of uric acid in liver mitochondria was accomplished
in several steps. The first was to determine the optimal working concentration of uric acid. This
was done using a uric acid titration to determine the concentration at which uric acid induced a
maximum rate of oxygen consumption. The second was to determine the direct impact of uric

acid on isolated mitochondria. This was done by investigating several aspects of liver and heart



mitochondria respiration in the presence of uric acid. The third was to determine the source of
added oxygen consumption rate in the presence of uric acid. This was done using specific
mitochondrial and non-mitochondrial inhibitors. The final step in this aim was to confirm that
urate oxidase was in fact the source of added oxygen consumption rate. This was done using

potassium oxonate, KOX, to inhibit urate oxidase.

When taken together, the research explained in chapters 2 and 3 ultimately does not support
the central hypothesis that fructose ingestion and metabolism induce a dose-dependent and
progressive fructose to AMP to uric acid induced mitochondrial bioenergetic failure. It was found
that following both a fructose and a glucose treatment, there was an increase in uric acid production
in the liver. This increase in uric acid was determined to be an acute effect and not found when the
mice were treated for a 14-day period. Consequently, the increase in uric acid production in the
liver resulted in an increase in JO> in both the fructose and the glucose treated mice. It was also
found that exposure to glucose alone led to a shift in mitochondrial bioenergetics, in which the
presence of ATP became an inhibitory component ! in respiration in 16-week-old mice. When
challenged with an ADP demand, the 16-week-old glucose treated mice were found to be less

efficient, meaning they required more oxygen to meet the same demand.

All the effects seen from the treatment with either glucose or fructose were found to be
acute. Acute in this way has two separate definitions: 1.) Effects of both the glucose and the
fructose gavage were only seen 15-minutes after the treatment. By the 60-minute point, there were
no differences between the groups. 2.) Effects were only seen in the mice treated once. Mice that

were chronically treated with either fructose or glucose did not show differences in weight, uric
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acid production, or mitochondrial bioenergetic function at either the 15-minute or the 30-minute

time point.

The main finding from this aim was that there was an increase in uric acid in both the
glucose and the fructose treated mice. This increase was found to be shortly after gavage, within
15-minutes, and not sustained, gone by 60-minutes. The increase in uric acid was accompanied by
an increase in JO> within 15-minutes of both fructose and glucose gavage. This correlation
indicated that there was a link between the production of uric acid and a subsequent increase in
JO, following fructose metabolism. The main conclusion from this aim was in line with the
literature, there in an increase in uric acid production following a fructose challenge!®-23-30-33.71,
This increase in uric acid, both in the glucose and the fructose treated mice was accompanied by
an increase in mitochondrial oxygen consumption. At this point, the study aligned with the
literature in thinking that uric acid produced from fructose feeding lead to a decline in

15,28,29,33,41,44,72,

mitochondrial bioenergetic function 3. To further explore the impact of uric acid on

the mitochondria, Aim 2 was designed.

Aim 2 set out to fully determine the effect uric acid had on mitochondrial bioenergetics. It
was confirmed in Aim 1 that fructose and glucose feeding elicited an increase in uric acid
production and an increase in mitochondrial JO», but it was unclear as to the underlying mechanism

that drove this increase.

To fully explore if uric acid was responsible for the increase in JO2, a dose response curve

was generated. From this, it was determined that there was a significant increase in JO2 which
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correlated to an increase in uric acid concentration, to a point. After 0.2mM uric acid, there was
no longer an increase in JO; with increasing uric acid. From this point on, this was the
concentration used. Using the creatine kinase assay to fully determine the response of
mitochondria along the range of steady state ADP rates, it was found that after the addition of
substrates and adenylates, there was a significant increase in JO: of liver mitochondria exposed to
uric acid. At first glance, this increase appeared to be due to an increase in conductance through
the electron transport system. When the mitochondria were tested with an ADP titration, the
mitochondria exposed to uric acid appeared to be less efficient, meaning they required more
oxygen to meet the same demand. To fully explore this, the P/O ratio was determined, and unlike
previous claims, it was found that there were no significant differences in the JATP between the
control and the uric acid exposed mitochondria 7*. There was, however, a significant increase in
the JO; of the mitochondria exposed to uric acid. This indicated that there was possibly a non-
mitochondrial source that accounted for the increase in JO>, To confirm this, the complexes were
study individually. It was determined that there was no single complex that contributed to the
overall increase in JO» following uric acid exposure. When OXPHOS was inhibited, the result, no
change in JO», confirmed that the additional oxygen consumption rate was due to a non-
mitochondrial source. Considering that rodents retain the uricase enzyme within the liver, which
metabolizes uric acid to allantoin at the cost of oxygen, the uricase inhibitor, KOX, was used®®’.
The addition of KOX was sufficient to account for the additional oxygen consumption, confirming
that uricase was in fact the source. It is of note that there is no uric acid effect seen in heart tissue,
indicating that the increase in JO> following fructose and subsequently uric acid appears to be a

liver specific phenomenon.
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The increase in JO2 seen following the addition of uric acid was determined to be primarily
due to the presence and subsequent activity of urate oxidase. However, while conserved in rodents,
urate oxidase is not present in humans or higher-level primates. This ultimately means that all
results in this study are not translatable to a human model. Previous studies suggests that there are
mitochondrial impacts following both fructose and uric acid exposure. To fully determine the

extent of the impact of both fructose and uric acid, a similar study should be done in humans.

Overall, the data in this study indicated that there was a fructose dependent increase in uric
acid production, and subsequent increase in JO,. Upon further investigation, this increased JO»
was not attributed to the mitochondria itself. The increased JO: was determined to originate from
the presence of urate oxidase, which metabolizes uric acid to allantoin®®’. Inhibition of urate
oxidase was found to be sufficient to decrease the JO: to that of the control groups, indicating that
urate oxidase was the contributing factor. Subsequently, the inhibition of urate oxidase was not
found to contribute to any mitochondrial decline. Thus, it was found that fructose metabolism and

ultimate uric acid production was not a significant source of mitochondrial bioenergetic failure.

Future Directions

To better understand the full mechanism behind the increase in JO2 associated with the production

of uric acid in the liver, a few questions still need to be answered:
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1) What specific mechanism is associated with the increase in flux through the purine
degradation pathway resulting in an increase in production of uric acid in both fructose

and glucose gavaged mice?

While it was ultimately determined that the increase in JOz was due to the presence and
metabolism of uric acid by urate oxidase, it was of note that there was an increase in uric acid
production both the fructose and the glucose treated groups. This indicated that there was an
increase in flux through the purine degradation pathway following either a fructose or a glucose
gavage. Since it is thought that a shift in energy state, a drop in ATP and rise in AMP, is responsible
for increased flux through the purine degradation pathway, a study can be designed to determine
if a gavage of either fructose or glucose leads to the same shift in energy balance. At each
timepoint, a measure of the total adenylate pool will help to determine the concentration of each.
To this, there could also be time points added to mark when the production of uric acid is first

detected in the liver and when it is first detected in the blood.

2) Is the presence of ATP acting as an inhibitory regulator of OXPHOS in liver mitochondria

following a glucose gavage?

A second interesting aspect of the gavaged treatments was that in the 16-week-old mice,
there was a drop in JO» of the glucose treated mice with the increase in concentration of ATP. This
was an indication that the presence of ATP was itself inhibitory in mice exposed to a bolus of
glucose®!. One potential explanation would be that this experiment was limited by the substrate

condition, succinate only, and this could be repeated in the presence of various substrate
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combinations. If this is a persistent finding, it would be beneficial to expand this assay to include
several other tissues, i.e., heart, skeletal muscle, and fat. If this finding does not surface in
additional tissues, it could indicate that the liver tissue is intrinsically set up for a low ATP
environment. Since the liver tissue is not a highly ATP productive tissue to begin with, the

regulation of ATP production by the presence of ATP would be a logical one.

3) With the presence of succinate alone, is the failure to reach a higher JO: following FCCP

addition due to substrate availability?

A third finding in this project was the inability to recover a state 3 respiration rate following
FCCP addition. In the gavaged mice, there was no increase of JO past that of the succinate
supported rate at any of the measured timepoints. This, once again, could be due to the use of
succinate alone as a substrate source. The addition of FCCP could potentially crash the membrane
potential and since succinate is the only substrate, there is no additional proton pumping, thus no
recovery of potential®'. To determine if this is the underlying cause, membrane potential assays
can be ran using tetramethylrhodamine, methyl ester (TMRM). TMRM is a fluorescent dye used
to measure the membrane potential between the interior and exterior membranes in the
mitochondria. By measuring both the JO> and the membrane potential together, it can be

determined if the drop in JO: is in fact from a depolarization event.

The final, and possibly most important question left to be answered in this study is:

4) In humans, is there an impact of uric acid on mitochondrial bioenergetics?
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Previous data suggests that HepG2 cells exposed to uric acid exhibit and immediate and sustained
drop in mitochondrial membrane potential. While it was determined that there was no impact of
fructose or uric acid on mitochondria isolated from mouse liver, it is unclear if the same is true for

liver mitochondria from a human.

Baseline 5 minutes

10 minutes 15 minutes

Figure 17: Mitochondrial membrane potential measurement of HepG2 cells following uric
acid exposure. Nuclei stained with DAPI (blue) and membrane potential measured with TMRM
(red). Uric acid (0.1mM) was added a single time and fluorescence was monitored following
exposure.
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to fully determine if the results seen in this study are not translatable to humans, a simple
study can be done in which HepG2 cells, a human cell line, and Hepa 1-6 cells, an equivalent
mouse cell line, can be used. These cells can be grown then exposed to uric acid and the membrane
potentials can be determined as before. If there are differences between the mouse and the human
finding, there is sufficient evidence to justify the findings in this study as mouse specific. If there
is a drop in membrane potential in the human cells and not the mouse cells, there should be

subsequent experiments to determine the impact of uric acid on human liver mitochondria.
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APPENDIX A: IACUC Approval Letters

[7‘\ Animal Care and Use Committee
212 Ed Warren Life Sciences Building | East Carolina University | Greenville, NC 27834-4354
» 252-744-2436 office | 252-744-2355 fax

October 25, 2018

Darrell Neufer, Ph.D.

Department of Physiology/ECDOI
ECHI 4" floor

East Carolina University

Dear Dr. Neufer:

Your Animal Use Protocol entitled, "Breeding of Mice for Mitochondrial Bioenergetics
and Metabolic Disease Studies" (AUP #Q285¢) was reviewed by this institution's Animal
Care and Use Committee on October 25, 2018. The following action was taken by the
Committee:

"Approved as submitted"
*Please contact Aaron Hinkle at 744-2997 prior to hazard use*

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol.
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies. Please ensure
that all personnel associated with this protocol have access to this approved copy of
the AUP and are familiar with its contents.

Sincerely yours,

LA

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SM/jd

Enclosure






