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Abstract

Recent reports have clearly demonstrated a tight correlation between obesity and elevated
circulating uric acid levels (hyperuricemia). However, nearly all preclinical work in this area has
been completed with male mice, leaving the field with a considerable gap in knowledge regarding
female responses to obesity and hyperuricemia. This deficiency in sex as a biological variable
extends beyond unknowns regarding uric acid (UA) to several important comorbidities associated
with obesity including nonalcoholic fatty liver disease (NAFLD). To attempt to address this issue,
herein we describe both phenotypic and metabolic responses to diet-induced obesity (DIO) in
female mice. Six-week-old female C57BL/6J mice were fed a high-fat diet (60% calories derived
from fat) for 32 weeks. The DIO female mice had significant weight gain over the course of

the study, higher fasting blood glucose, impaired glucose tolerance, and elevated plasma insulin
levels compared to age-matched on normal chow. While these classic indices of DIO and NAFLD
were observed such as increased circulating levels of ALT and AST, there was no difference

in circulating UA levels. Obese female mice also demonstrated increased hepatic triglyceride
(TG), cholesterol, and cholesteryl ester. In addition, several markers of hepatic inflammation were
significantly increased. Also, alterations in the expression of redox-related enzymes were observed
in obese mice compared to lean controls including increases in extracellular superoxide dismutase
(Sod3), heme oxygenase (Ho)-1, and xanthine dehydrogenase (Xdh). Interestingly, hepatic UA
levels were significantly elevated (~2-fold) in obese mice compared to their lean counterparts.
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These data demonstrate female mice assume a similar metabolic profile to that reported in several
male models of obesity in the context of alterations in glucose tolerance, hepatic steatosis, and
elevated transaminases (ALT and AST) in the absence of hyperuricemia affirming the need for
further study.
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Introduction

Obesity is a critical healthcare issue associated with metabolic syndrome and several
comorbidities including, but not limited to, diabetes, vascular dysfunction, and fatty

liver disease. As such, there has been considerable effort extended to identify primary
mechanisms and targetable pathways for intervention and treatment. One such pathway is
uric acid (UA) metabolism, as numerous studies have shown that hyperuricemia (high UA
levels) is a strong independent predictor of obesity [1-6]. However, these studies fall short of
determining causation versus correlation and do not address whether there is a sex difference
in circulating UA.

While a small number of reports addressing diet-induced obesity (DIO) clearly indicate
disparity between male and female mice in terms of weight gain and impaired glucose
tolerance, many reports do not investigate physiologic differences in females that potentially
impact the metabolic consequences of obesity that have been extensively defined in males.
The role of hyperuricemia in DIO is one area which has not been examined in females. In
male rodents, elevated UA levels have been tightly associated with obesity and proposed to
propagate metabolic syndrome [7-14]. This potential relationship is evidenced by several
reports in various male models of murine obesity and type Il diabetes (T2D) indicating

a causal role for UA in insulin resistance and hepatic steatosis. Moreover, pharmacologic
inhibition of UA synthesis or clearance produces beneficial metabolic outcomes [7-14].
While these studies do employ various models of obesity or metabolic syndrome including
genetic alterations in leptin signaling, high-fat and/or high fructose diets, they do not meet
with universal agreement. For example, we have previously shown that C57BL/6J male mice
fed the 60% HFD had overt hyperuricemia (> 6 mg/dL); and ablation of hyperuricemia
failed to improve insulin resistance and/or impaired glucose tolerance in these obese male
mice [15]. Therefore, regardless of the current debate (causation versus correlation), the
consistent observation is that male mice demonstrate hyperuricemia concomitant with
obesity and metabolic syndrome. While some clinical data suggest hyperuricemia is also
associated with adolescent and adult obesity in females [16], little, if any, data exists
describing UA levels in obese female mice.

Consistent with the absence of data regarding UA levels in female murine obesity, studies
regarding nonalcoholic fatty liver disease (NAFLD) or nonalcoholic hepatic steatosis
(NASH) are also generally limited to male mice. In fact, a recent review was honest in
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pointing out that the sex differences in NAFLD are lagging behind other areas of research in
terms of the number of publications including adiposity, metabolic syndrome, and T2D [17].

Herein we address a critical need in the field by assessing the impact of DIO on phenotypic
and metabolic outcomes in female mice with a focus on NAFLD/NASH. Numerous studies
[7-14], including our own [15], clearly demonstrate obese male mice derived from both
diet-induced and genetic strategies are hyperuricemic. To conform with the reduction in
numbers ascribed by federal guidelines regarding the use of animals in research, herein we
specifically focus on female mice. We report normal UA levels in obese C57BL/6J female
mice: an observation critical to advancing our understanding of key biomarkers and potential
pharmacologic targets for addressing obesity and its allied comorbidities.

Materials and methods

Mouse model

All animal studies were conducted under the approval of the West Virginia University

and University of Pittsburgh Institutional Animal Care and Use Committee (protocol#
1707008288 and 20016708, respectively). Female C57BL/6J mice were purchased from
Jackson Laboratory (Bar Harbor, ME). Mice were housed on a 12 h light/dark cycle. Obesity
was induced by the HFD (D12492, with 60% of the adjusted calories derived from fat, 20%
protein, and 20% carbohydrate) for 32 wk beginning at age 5, 6 wk. Age-matched controls
(n=10) were fed a grain-based diet consisting of adjusted calories derived from 18% fat,
24% protein, and 58% carbohydrate obtained from Envigo Diets (2018 Teklad Global 18%
Protein Rodent Diet; Madison, WI). Diet and water were supplied ad /ibitum for the entire
study. Mouse weight was recorded weekly.

Blood and tissue collection

At week 23 on the diets, blood was collected from all mice for plasma XO and UA activity.
Briefly, local anesthetic was applied to the tail and a small nick was made to collect blood.
Blood was immediately spun at 8600 x g for 10 min at 4 °C and plasma was placed in a
separate tube and snap frozen. At week 32, mice were weighed, euthanized, and tissues and
blood were collected. Tissues were immediately snap frozen in liquid nitrogen and blood
was collected by cardiac puncture as previously described [18].

Uric acid detection

Tissues were homogenized in RIPA buffer with protease inhibitor cocktail and briefly spun
down. Both tissue and plasma samples were processed as described below with sample
volumes as follows: 10 pl for tissue and 5 pl for plasma. Potential urate oxidase (uricase)
activity was inhibited by the addition of oxonic acid (100 uM) to ensure UA levels were not
altered and thus enzyme activity was not underestimated. Total UA production in 60 min

at 37 °C in the presence of xanthine (75 uM) served as the basis for the quantification of
total xanthine oxidoreductase (XOR) activity. To ensure XO dependence on urate formation
as well as establish base-line UA levels, allopurinol (100 uM) was used in parallel samples
to inhibit XOR. Following incubation for 60 min at 37 °C, protein was precipitated with

ice cold acetonitrile. The samples were then centrifuged for 12 min at 13,200 x g, at 4 °C.
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Following centrifugation, the supernatant was removed, placed in borosilicate glass tubes,
dried (60 min), and resuspended in isocratic mobile phase (300 uL) and filtered through a
0.20 pm nylon membrane filter unit into 11 mm plastic snap top auto-sampler vials. The UA
content was measured by electrochemical detection (Vanquish UltiMate 3000 ECD-3000RS)
coupled to reverse-phase HPLC using a C18 column (150 x 4.6 mm, 3 um particle size,
Luna Phenomenex) and isocratic mobile phase (50 mM sodium dihydrogen phosphate, 4
mM dodecyltrimethylammonium chloride, 2.5% methanol, pH 7.0). Plasma UA activity was
denoted as mg/dL and tissue UA activity was denoted as nmol/mg protein.

Glucose tolerance tests

Mice were fasted for 5 h and a glucose tolerance test (GTT) was performed as previously
described [19]. Body weight was measured using a precision scale.

Blood chemistry assays

Blood was collected by cardiac puncture during sacrifice under isoflurane anesthesia using
heparinized syringes and was kept on ice until centrifugation at 8600 x g for 10 min

at 4 °C for plasma isolation. Transaminases (aspartate, AST and alanine, ALT) were
determined spectrophotometrically using standard Kits (ThermoFisher Scientific; Waltham,
MA), as described previously [20]. Insulin levels were determined using an insulin rodent
chemiluminescence enzyme-linked immunosorbent assay according to the manufacturer’s
specifications.

Hepatic triglyceride measurements

Triglycerides (TG) were extracted from ~15 mg liver powder with 200 /4 ethyl acetate
spiked with 21.2 pmol triheptadecanoin (Nu-Chek Prep., Inc.) as internal standard. Samples
were vortexed and centrifuged for 5 min at 15,000 g at 4 °C. Supernatant was diluted

in acetonitrile/ethylacetate (50/50, v/v) and TG were analyzed by HPLC-High Resolution
(HR)-MS/MS as previously described [18]. Briefly, HPLC-HR-MS/MS analysis of TG was
performed using a C8 Luna column (2 x 150 mm, 5 gm, Phenomenex) with a flow rate

of 0.4 ml/min and mobile phases of acetonitrile/water (9:1, v/v) 0.1% ammonium acetate
(solvent A) and isopropanol/ acetonitrile 0.1% ammonium acetate (7:3, v/v) (solvent B). The
gradient program was the following: 35-100% solvent B (0.1-10 min), 100% solvent B (10—
13 min), followed by 4 min of re-equilibration to initial conditions. A Q-Exactive hybrid
quadrupoleorbitrap mass spectrometer (ThermoFisher) was used in positive mode with the
following parameters: auxiliary gas heater temperature 250 °C, capillary temperature 300
°C, sheath gas flow rate 20, auxiliary gas flow rate 20, sweep gas flow rate 0, spray voltage 4
kV, S-lens RF level 60 (%). Full mass scan analysis ranged from 700 to 1500 m/z at 17,500
resolution.

Lipid extraction for cholesterol analysis

Liver tissue homogenates were spiked with dz-Cholesterol and 16:0-d;-cholesteryl ester
(Avanti Polar Lipids, Al) as internal standards. Lipids were extracted by adding 1 mL
of diethyl ether and vortexed. The organic phase was transferred to a clean vial, dried
under nitrogen, and reconstituted in 100 /4 of chloroform/methanol (20/80 v/v) for mass
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spectrometry analysis. HPLC-MS. Cholesterol and cholesteryl esters were resolved using
a C18 column (100 x 2 mm, 5 um particle size; Luna Phenomenex) at a 700 gA/min flow
rate with a gradient solvent system consisting of solvent A: water/ acetonitrile/ formic acid
(50/50/0.1 v/viv) and solvent B: isopropanol/ acetonitrile/ formic acid (90/10/0.1 v/v/iv).
Samples were applied to the column at 50% B and eluted with a linear increase in solvent
B over 8 min (50-100% B). The gradient was held at 100% B for 2 min and then returned
to equilibration conditions for 3 min. The cholesterol and total cholesteryl esters were
determined from analyte/internal standard area ratios using an AB5000 or Qtrap 6500 plus
triple quad mass spectrometer (Absciex, MA) in positive ion mode with the following
setting: collision gas set at 5 units, curtain gas at 40 units, ion source gas number 1 at 60
units and number 2 at 45 units, ion spray voltage at 5500 V, and temperature at 650 °C.
The declustering potential was 80 eV, entrance potential 5 eV, collision energy 30 eV, and
the collision exit potential 10 eV. Under these conditions, cholesterol esters fragment in the
source during ionization, leading to the detection of positively charged cholesterol for all
peaks. Signals corresponding to cholesterol and cholesterol esters (detected as cholesterol
showing delayed retention times were integrated to obtain the corresponding area under
the curve). The following MRM transitions were monitored: 369/161 for cholesterol and
cholesteryl ester and MRM: 376/161 for d7-cholesterol and 16:0-d7-cholesteryl ester.

Western blotting

Liver samples were pulverized to a fine powder under dry ice conditions using the
Cellcrusher (Cell Crusher, Schull, Ireland). The liver powder was homogenized in RIPA
buffer. The protein concentration was determined by the BCA protein assay kit (Pierce,
Rockford, IL). Protein was denatured by boiling, resolved by SDS-PAGE, and transferred to
nitrocellulose (BioRad, Hercules, CA). All membranes were probed with primary antibody
(1:1000 dilution) overnight at 4 °C. The following primary antibodies were purchased

from Cell Signaling Technology (Danvers, MA) unless otherwise noted: p-Acetyl-CoA
Carboxylase (p-ACC @Ser79; D7D11, Rabbit mAb #11818), ACC (C83B10; Rabbit

mAb #3676), p-ATP-Citrate Lyase (p-Acl @Ser455; Rabbit Ab #4331), Acl (Rabbit

Ab #4332), Fatty Acid Synthase (Fasn; C20G5, Rabbit mAb #3180), Mn-SOD (Sod2;

D3 x 8F, Rabbit mAb #13141), IL-1 beta (1I-1 8, P420B, Rabbit Ab; ThermoFisher),

and Xanthine Dehydrogenase/Xanthine Oxidase (Xdh/Xo; A-3, mouse mAb sc-398548;
Santa Cruz Biotechnology, Dallas, TX). Following the overnight incubation with primary
antibody, the membranes were washed several times with TTBS, and then incubated with
horseradish peroxidase-conjugated antibodies at 1:10,000 dilution. Immunoreactive bands
were detected using chemiluminescence (Bio-Rad). To verify protein loading, membranes
were subsequently stripped and re-probed with glyceraldehyde 3-phosphate dehydrogenase
(Gapdh; 14C10, Rabbit mAb #2118) purchased from Cell Signaling Technology.

Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA
was reverse-transcribed using the iScript cDNA synthesis kit (BioRad, Hercules, CA, USA)
as previously described [18]. Gene expression was determined by quantitative real-time
(RT)-PCR (qPCR) using TagMan gene expression assays-on-demand (Applied Biosystems,
Foster City, CA, USA) and normalized to Actin using the comparative Ct method. Gene
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expression stability analyses using four normalization algorithms (Delta CT, BestKeeper,
Normfinder, and Genorm) deemed Actin as the most suitable housekeeping gene to use for
all HFD and NC liver samples.

Statistical analysis

Results

All statistical analyses were performed using Prism 9.1.2 (GraphPad, San Diego, CA).
Data were expressed as mean + SEM and all distributions were tested for normality and
homoscedasticity. Data were analyzed by one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison or Student’s t-test post hoc comparisons unless otherwise
specified. Differences between groups with p < 0.05 were deemed significant. Data outliers
were identified using the ROUT method with a maximum false discovery rate (Q value) of
2%. No exclusion criteria were pre-established.

HFD-fed female mice gained weight and had impaired glucose tolerance

Female mice fed a HFD gained weight compared with age-matched mice on normal

chow (NC). By week 9, there was a significant increase in weight gain in the HFD-fed
group compared to age-matched on NC (Fig. 1A, 2-way ANOVA using Sidak’s multiple
comparisons test). Overall, the total body weight gain for the female mice on the HFD after
32 weeks of feeding was 33.5 g compared to 11.6 g on the NC (Fig. 1B). At week 30, an
intraperitoneal glucose tolerance test (GTT) was performed. Female mice fed a HFD had
impaired glucose tolerance compared to the age-matched NC controls (Fig. 2A). There was
a significant increase in fasting blood glucose (FBG) levels, at #= 0 of the GTT, in the HFD
mice (shaded) compared to NC (open) (Fig. 2B, 180.4 + 4.9 vs 150.5 + 6.3, p= 0.0009).
Additionally, the weights of the mice were recorded the day of the GTT as indicated in Fig.
2C.

Transaminases, insulin, and UA profile at week 32

Plasma ALT and AST levels were significantly higher in the HFD-fed group compared to
the NC controls at the terminal blood draw (Fig. 3A). Plasma insulin levels were 9.6-fold
higher in the HFD-fed female mice (5.2 + 0.84 ng/mL) versus the NC group (0.54

0.17 ng/mL, Fig. 3B). However, plasma UA levels were slightly increased in the HFD-fed
female mice, but did not reach statistical significance (Fig. 3C, p=0.0667; unpaired two-
tailed Student’s t-test), compared to the age-matched NC-controls. Interestingly, there is a
significant correlation between plasma UA levels and weight (Fig. 3D, p= 0.0236; R? =
0.1546) as well as plasma UA and delta weight (Fig. 3E, p=0.02; R2 = 0.1675).

HFD increased hepatic UA, triglyceride, cholesterol, and cholesteryl esters

While the plasma UA levels did not reach significance between the two groups, the female
mice fed a HFD for 32 weeks resulted in a significant increase in hepatic UA levels (0.74

+ 0.07 nmol/mg protein) compared to NC controls (0.35 + 0.08 nmol/mg protein, Fig.

4A). Hepatic triglyceride (TG) levels were markedly increased in the HFD group (Fig.

4B). Additionally, total hepatic cholesterol (Fig. 4C) and cholesteryl esters (Fig. 4D) were
significantly higher in the female mice fed the HFD for 32 weeks compared to age-matched
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on NC. Again, there is a significant correlation between hepatic UA levels vs body weight
(Fig. 4E, p=0.043; RZ = 0.134) and delta body weight (Fig. 4F, p= 0.042; R2 = 0.135).
However, there is no correlation with hepatic UA levels and liver weight (Fig. 4G, p=0.157;
R2 = 0.068).

Hepatic mRNA profile of HFD-fed female mice

The steady-state mMRNA expression levels of hepatic proinflammatory genes interleukin-1 g
(1116), monocyte chemoattractant protein-1 (Cc/2), and tumor necrosis factor-alpha ( 77/3)
were increased in the female mice fed the HFD compared to NC. Additionally, macrophage
markers Cd68and F4/80 mRNA levels were increased in the HFD group. Significant
increases in the MRNA expression of genes involved in reactive oxygen and nitrogen species
generation/redox signaling responses including heme oxygenase-1 (Ho1), endothelial nitric
oxide synthase (\Vos3), superoxide dismutase-3 (Sod3), and xanthine dehydrogenase (Xa/h)
were observed in the female HFD group compared to the NC controls. Despite increased
hepatic TG, cholesterol, and cholesteryl esters observed in the HFD group along with

an increase in hepatic adipose fatty acidbinding protein (aP2 mRNA expression, genes
responsible for lipogenesis (Acaca, Acyl, Fasn, Scd1, Scd2) were not changed. Intriguingly,
genes responsible for the mobilization of fatty acids (FA), fatty transporter Ca36 and
lipoprotein lipase (Lp/), were increased in the HFD group. This potential increase in hepatic
FA mobilization was met with greater expression of acyl-coenzyme A oxidase (Acox),
which is responsible for FA oxidation of very long-chain fatty acids in the peroxisome,

in the HFD-fed female mice. Additionally, genes involved in hepatic gluconeogenesis
(indicated by the abbreviation G) were increased in the HFD- compared to NC-fed

female mice, with G6pc reaching significance. Interestingly, fibrotic markers collagen type
| alpha-1 (Col1al) and -2 (Col1a2), platelet-derived growth factor subunit B (PagfB),
transforming growth factor-beta ( 7g7b), and to a lesser extent smooth muscle actin (Acta)
were expressed higher in the livers from the HFD group compared to the female mice

fed NC. Lastly, the transcription factors fibroblast growth factor 21 (Fgf21), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (Pgcla), and sterol regulatory
element-binding protein 1 (SrebpI) had higher mRNA expression levels in the HFD group.
These three genes have key roles in the transcriptional regulation of liver metabolism and
homeostasis under physiological conditions. However, these transcription factors also have
been implicated in the initiation and progression of NAFLD and NASH [21-23]. In general,
this hepatic mRNA profile indicates that DIO-female mice have increased expression of
genes associated with inflammation, FA metabolism, fibrosis, gluconeogenesis, and redox/
antioxidants while there is no significant change or a decrease in genes associated with the
de novo lipogenesis pathway (Fig. 5).

Hepatic protein profile of HFD-fed female mice

With the increase in hepatic TG, cholesterol, and cholesteryl esters in the HFD group, it

was surprising to observe a significant decrease in proteins that regulate lipogenesis. After
normalization to GAPDH, the HFD group had significantly lower protein expression of ACL
(p=0.023), p-ACC (p<0.0001), ACC (p< 0.0001), and FASN (p=0.0007) compared to
age-matched females on NC diet (Fig. 6 and Fig. 2 supplemental). There was no statistical
difference between both HFD and NC groups for p-ACL normalized to total ACL protein (p
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=0.22). Also, p-ACC/ACC normalization failed to reach significance (p= 0.44 between NC
and HFD). There was a significant increase in IL1B protein expression (p = 0.0006) as well
as a decrease in MnSOD (p = 0.043) indicating that the HFD induced liver inflammation and
may suppress antioxidant expression. Densitometric analysis was performed with GAPDH
as a housekeeping protein on all blots using all liver samples from DIO (n=23) and NC (n=
10).

Discussion

Several studies indicate that hyperuricemia (high UA levels) is a strong independent
predictor of obesity [1-6]. Specifically, two independent untargeted metabolomics studies
revealed that circulating UA is the most significantly associated metabolite increased in
obesity [24, 25]. Hyperuricemia is not only limited to the pathogenesis of gout, but

recent evidence also suggests that hyperuricemia contributes to the pathogenesis of insulin
resistance and metabolic syndrome [26-29]. Epidemiologic studies support an association
between hyperuricemia and NAFLD [6, 13, 30-44] and data support that elevated levels of
circulating UA increases the risk of NAFLD [42-44]. Although these epidemiologic studies
examined both males and females while interpreting their data, in many studies the number
of males was much greater than females. In addition, very few pre-clinical studies examine
the effects of hyperuricemia in female mice affirming a considerable need for progress

in understanding sex differences in the context of NAFLD and NASH. To this end, in

2014 the National Institutes of Health (NIH) announced that investigators must address sex
differences in preclinical-NIH funded studies which has produced a steady increase in the
number of publications on sex disparity. However, Lonardo et al. eloquently described that
sex differences in NAFLD are lagging behind other areas of research [17], whereas several
major risk factors for NAFLD, such as adiposity, inflammation, metabolic syndrome, and
type 2 diabetes, have garnered much more attention (e.g. greater numbers of publications).

To address this critical gap in knowledge regarding potential differential responses

between sexes, we examined DIO in female mice by assessing obesity and its associated
comorbidities, with a particular focus on NAFLD and hyperuricemia. Due to the
combination of our previously published work with DIO in C57BL/6J male mice (same
diet) [15], extensive reports supporting hyperuricemia in obese male mice [7, 9-14] and
adherence to the principle of reduction in numbers, we did not include male mice in this
study. Despite an increase in weight, impaired glucose tolerance, and indices of NAFLD,
we observed that C57BL/6J female mice fed a HFD (60% fat) for 32 weeks do not have
significantly elevated circulating UA levels over the lean controls. We previously observed
in C57BL/6J male mice on this same 60% HFD that circulating UA levels were 6.16 + 0.87
mg/dL (20 weeks of HFD) [15], which was also validated by other groups using the same
HFD in male mice [13, 14]. It is important to note that significant elevation in circulating
UA levels were seen in these two reports at 8 and 18 weeks demonstrating an early and
lasting response to DIO with this 60% HFD. Herein, we observed that the circulating UA
levels were 0.93 + 0.03 mg/dL in the female mice on the 60% HFD at week 32, which was
not statistically different from normal chow controls (0.83 £ 0.03 mg/dL) (Fig. 3C). At week
23 (an earlier time point), there was no significant difference in plasma UA levels between
the two groups (HFD: 0.39 £ 0.03 mg/dL; NC: 0.35 + 0.03 mg/dL) despite a significant
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increase in delta body weight in the female mice (HFD: 28.5 £ 1.2; NC: 9.5+ 1.0; p<
0.0001, Supplemental Fig. 1).

It is important to note, that male rodent DIO models have increased plasma UA levels
[10-13] corroborating the tight association between elevated UA levels and male obesity as
well as its attendant metabolic consequences. Specific to our observations herein, we have
previously observed UA levels greater than 6 mg/dL in male C57BL/6J mice at 20 weeks

on the same 60% HFD [15] used in this study. These DIO female mice demonstrated that
circulating UA levels (HFD: 0.39 + 0.03 mg/dL) were not significantly elevated at 23 weeks
compared to NC (Supplemental Fig. 1). It is important to consider that there is a 15.8-fold
difference in plasma UA levels between male and female mice on the same HFD diet despite
similiar weight gain. In addition, this positive association between obesity and UA levels in
male mice has also been reported in genetic models of obesity in which male obese Pound
(leptin receptor deficient) mice show significantly elevated circulating UA levels (> 4-fold)
coupled with increased hepatic TG and cholesterol compared to controls [9, 44]. In fact,

in many of these reports, this association has extended to causation and is the subject of
considerable debate in the field affirming the significance of the sex disparity findings herein
as well as identifying the critical need to examine female responses in the context of UA and
metabolic dysfunction.

While we report a significant finding, the absence of hyperuricemia in female DIO,

the question remains why? The answer may lie in other reports of sex disparity. For
example, it is well known that there is less incidence of cardiovascular disease (CVD)

in premenopausal females compared to age-matched males [45]. More importantly, the
incidence and severity of CVD dramatically increases in postmenopausal women [45, 46].
Similarly, epidemiological studies indicate that there is a greater incidence of NAFLD in
men than women before menopause [47, 48], suggesting estrogen may protect against the
development of NAFLD, much like with CVD. However, the mechanism for these protective
effects in both NAFLD and CVD is far from being clearly elucidated.

Interestingly, hepatic xanthine oxidase (XQO) activity is reported to be 59% greater in mature
male rats compared to females whereas ovariectomized mature female rats had a 2-fold
increase in hepatic XO enzymatic activity, nearly identical to values observed in the mature
males [49]. These observations controlled for the potential of differential uricase activity
and demonstrated no difference between the sexes. Surprisingly, treatment of mature males
with estradiol did not alter liver XOR activity or UA levels. Somewhat countervailing these
findings is a report demonstrating estradiol-mediated diminution of XOR enzymatic activity
that was independent of promoter activity [50] suggesting a potential post-transcriptional
and/or post-translational regulation. Based on these findings, the protective effects of
estrogen may be related to a decrease in XOR enzymatic activity and less circulating

UA concentrations; however, there is considerable work to be done to clearly define these
processes. Regardless of the impact of estrogen on XOR, the sole source of UA, estrogen
signaling is associated with protection from both metabolic syndrome and liver damage in
females. However, at week 32, our DIO female mice demonstrated significantly elevated
transaminase levels compared to age-matched mice on NC (Fig. 3A). While these mice
were ~10 months old, which is ~38 years in human age equivalents, we did not examine or
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otherwise control for estrogen levels, these results serve to affirm the need for further study
of the impact of estrogen in this model.

In general, de novo lipogenesis (DNL) is thought to contribute to NAFLD pathogenesis.
Stable isotopic analysis of fatty acid and triacylglycerol flux in subjects with NAFLD
confirmed that DNL is a distinct characteristic of NAFLD. There was a significant

increase in FA synthesis in individuals with NAFLD compared to control subjects [51].
Definitive results supporting this clinical data from mouse models on a HFD is a bit more
controversial. Duarte ef al. demonstrated with a sophisticated D,O NMR approach that DNL
is actually suppressed in a transgenic male mouse that constitutively expresses Srepplaon a
60% HFD [52]. Other groups have shown that the 60% HFD increases hepatic ACC, FASN,
and SCD1 protein expression in male mice suggesting that there may be an increase in

DNL [53, 54]. However, very little is known about the expression of proteins in the DNL
pathway in female mice on this 60% HFD for 32 weeks. Herein, we show that ACC, p-ACC,
ACL, and FASN protein expression are all significantly decreased in the liver of female mice
following 32 weeks of 60% HFD feeding. Additionally, there was little to no change in any
of the lipogenesis genes measured by gPCR. These findings suggest that DNL is not playing
a major role in HFD-induced hepatic steatosis.

While exact pathophysiology of NAFLD is not completely understood, it is well known that
both inflammation and cholesterol contribute to NAFLD pathogenesis and/or progression
to NASH. Inflammatory gPCR markers in the liver of HFD-fed female mice were all
significantly increased compared to the age-matched control mice on NC. Additionally,
IL1B protein expression was up. Both hepatic cholesterol and cholesteryl esters were
increased 1.9- and 1.6-fold, respectively, in the HFD compared to the NC group. One may
speculate that this increase in inflammation, cholesterol, and cholesteryl esters may be a
reason for the upregulation of fibrosis markers measured by qPCR.

The importance of the findings herein, as well as the identification of critical avenues

of further work, lies squarely with the potential to target XOR and by consequence, UA

as a promising therapeutic in NAFLD and/or NASH. For example, in 25 patients with
hyperuricemia, febuxostat (an FDA-approved XOR inhibitor that decreases plasma UA
levels) treatment for 24 weeks decreased serum ALT and AST levels [10]. Unfortunately,
clinical characteristics of NAFLD and/or NASH were not reported [10]; however, XOR
inhibitors have been shown to decrease plasma UA levels and suppress the development of
NAFLD in preclinical rodent models [10, 11, 13, 43]. These studies serve to incentivize:
(1) further exploration of the role of UA in NAFLD/NASH as well as other obesity-related
metabolic abnormalities and (2) detailed characterization of the apparent sex disparities
identified herein by additional side-by-side male vs. female studies using various obesogenic
diets and durations.

Fig. 1S. No difference in plasma UA between HFD-fed female mice compared to normal
chow (NC) controls at week 23. Delta weight gain of female mice was recorded (A) and
plasma UA concentrations were determined (B) at week 23. The values in the bar graph
represent mean = SEM for liver samples processed from DIO female mice (7= 23) and NC
(n = 10). Significance was determined using an unpaired two-tailed Student’s t-test.
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Fig. 2S. Western blot for p-ACC, ACC, p-ACL, ACL, FASN, XDH/XO, IL1B, and MnSOD
in DIO female mice compared to age-matched NC. In Fig. 6, nine liver samples from NC
and HFD were analyzed. Fourteen HFD and one NC liver samples from the female mice
remained and presented here. Three NC liver samples (1-3) were used in both gel one and
two to normalize the data between gels.
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Fig. 1.

C57BI/6j female mice gain weight on HFD (60 kcal% Fat). Absolute weight of mice fed
HFD (n=23) and NC (n7=10) over 32 weeks (A). Delta weight gain plotted over 32 weeks
(B). Every timepoint is the mean £ SEM (7= 10 to 23 mice). Significance was reached at
week 9 between HFD vs NC and determined with 2-way ANOVA using Sidak’s multiple
comparisons test.
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HFD-fed mice have impaired glucose tolerance. GTT was performed at week 30 (A).
Fasting blood glucose levels were recorded at =0 of GTT (B). Weight of mice were
recorded on the day of GTT (C). Every time-point is the mean + SEM (n= 10 to 23 mice).
For GTT, 2-way ANOVA was performed using Sidak’s multiple comparisons test (a, p=

0.039, b, p=0.002 and d, p < 0.0001 vs NC). For FBG and weight, significance was
determined using an unpaired two-tailed Student’s t-test.
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Fig. 3.

HFD-fed mice have increased circulating ALT, AST and insulin. Plasma from the terminal
blood draw was used to measure ALT and AST (A) as well as circulating insulin levels

(B). Plasma UA concentrations were measured using reverse-phase high-performance

liquid chromatograph (C). Pearson correlation was used to test the relationships between
circulating UA concentrations and absolute weight (D) and delta weight gain (E). Data are
the mean + SEM. Significance was determined using an unpaired two-tailed Student’s t-test.
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Fig. 4.
HFD-fed mice have increased hepatic UA and TG levels. Hepatic UA concentrations were

measured using reverse-phase high-performance liquid chromatograph (A). Hepatic TG
levels were determined using a HPLC-ESI-MS/MS method (B). Hepatic cholesterol (C) and
cholesteryl ester (D) were measured with HPLC-MS/MS methods. Pearson correlation was
used to test the relationships between hepatic UA concentrations versus absolute weight (E),
delta weight gain (F), and liver weight (G). Data are the mean £ SEM. Significance was
determined using an unpaired two-tailed Student’s t-test.
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Hepatic expression profile of mRNA transcripts associated with inflammation, lipogenesis,
gluconeogenesis, redox/antioxidant, fatty acid metabolism, and fibrosis. Hepatic mRNA

transcripts from female DIO mice are expressed as fold changes in log2 normalized
to the age-matched NC. Actin was used for normalization as it was deemed the most
stable gene between all HFD and NC liver samples (see methods). Hmbs, Hprt, and

PolrZa were the other housekeeping genes tested and listed under the abbreviation
HK. Additional abbreviations: Inflammation (Inflam), hepatic transcription factor (TF),

hepatic gluconeogenesis (G), and fatty acid (FA) metabolism. Data are the mean + SEM.
Significance was determined using an unpaired two-tailed Student’s t-test.
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Fig. 6.

Female mice fed a HFD have decreased ACC, A CL, FASN, and MnSOD protein
expression. Representative western blots for p-ACC, ACC, p-ACL, ACL, FASN, XDH/XO,
IL1B, and MnSOD in DIO female mice compared to age-matched NC. The values in the bar
graph represent mean + SEM for liver samples processed from DIO female mice (7= 23)
and NC (n=10).
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