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Mizoribine induces expression of sarcolipin, a regulator of thermogenesis
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Abstract:

Objective: Obesity is a major health concern, largely because it contributes to type 2
diabetes mellitus (T2DM), cardiovascular disease, and various malignancies. Increase in
circulating amino acids and lipids, in part due to adipose dysfunction, have been shown
to drive obesity-mediated diseases. Similarly, elevated purines and uric acid, a
degradation product of purine metabolism, are found in the bloodstream and in adipose
tissue. These metabolic changes are correlated with metabolic syndrome, but little is
known about the physiological effects of targeting purine biosynthesis.

Methods: To determine the effects of purine biosynthesis on organismal health we
treated mice with mizoribine, an inhibitor of inosine monophosphate dehydrogenase 1
and 2 (IMPDH1/2), key enzymes in this pathway. Mice were fed either a low-fat (LFD;
13.5% kcal from fat) or a high-fat (HFD; 60% kcal from fat) diet for 30 days during drug
or vehicle treatment. We ascertained the effects of mizoribine on weight gain, body
composition, food intake and absorption, energy expenditure, and overall metabolic
health.

Results: Mizoribine treatment prevented mice on a HFD from gaining weight, but had no
effect on mice on a LFD. Body composition analysis demonstrated that mizoribine
significantly reduced fat mass but did not affect lean mass. Although mizoribine had no
effect on lipid absorption, food intake was reduced. Furthermore, mizoribine treatment
induced adaptive thermogenesis in skeletal muscle by upregulating sarcolipin, a regulator
of muscle thermogenesis. While mizoribine-treated mice exhibited less adipose tissue
than controls, we did not observe lipotoxicity. Rather, mizoribine-treated mice displayed
improved glucose tolerance and reduced ectopic lipid accumulation.

Conclusions: Inhibiting purine biosynthesis prevents mice on a HFD from gaining weight,
and improves their metabolic health, to a significant degree. We also demonstrated that
the purine biosynthesis pathway plays a previously unknown role in skeletal muscle
thermogenesis. A deeper mechanistic understanding of how purine biosynthesis
promotes thermogenesis and decreases food intake may pave the way to new anti-
obesity therapies. Crucially, given that many purine inhibitors have been FDA-approved
for use in treating various conditions, our results indicate that they may benefit overweight
or obese patients.
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1. Introduction:

Obesity is a chronic metabolic disease affecting 4 in 10 adults in the United States and 1
in 10 adults globally [1-3]. It is thus a substantial public health concern, as obesity is a
significant risk factor for several diseases including T2DM, atherosclerotic cardiovascular
disease (ACD), metabolic-associated fatty liver disease (MAFLD), and numerous cancers
[2-6]. A variety of treatments exist for managing obesity including lifestyle changes,
bariatric surgeries, and pharmacological interventions. Anti-obesity medications are
typically considered when lifestyle changes alone do not enable a patient to achieve and
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maintain weight loss, and when the health risks associated with obesity are significant [7].
These medications work through a variety of mechanisms, including suppressing
appetite, altering nutrient absorption, and affecting the hormonal regulation of body
weight. Such medications are, however, of limited efficacy, and they often have
substantial adverse effects [8—10]. Thus, obesity and obesity-mediated diseases remain
prevalent health problems.

Obesity comes about when white adipose tissue expands in response to positive energy
balance. This imbalance occurs when energy intake exceeds energy expenditure,
causing surplus energy to be stored as fat. Adipose tissue serves a protective function by
safely storing excess nutrients and preventing lipotoxicity. However, in the course of
chronic overnutrition, adipose tissue itself becomes dysfunctional. It is characterized by
enlarged adipocytes, hypoxia, inflammation, and fibrosis [11-14]. Collectively, these
changes in adipose tissue contribute to systemic metabolic dysfunction. Perhaps most
notably, dysfunctional adipose tissue exhibits increased lipolysis which leads to elevated
plasma levels of free fatty acids, ectopic lipid accumulation in the liver, and reduced insulin
sensitivity [15]. In addition, numerous laboratories have found that increased blood levels
of branched-chain amino acids (BCAAs) and aromatic amino acid concentrations are
highly predictive of patients’ risk of developing T2DM and that reducing BCAA levels
improves metabolic health [16,17]. Taken together, these studies strongly suggest that it
is useful to identify and target metabolites that are systemically altered in obesity.

Recent developments in systems epidemiology have led to the discovery of changes in
circulating and adipose tissue metabolites that correlate with obesity and obesity-
mediated diseases [15]. These include changes in byproducts of purine metabolism, such
as uric acid, GMP, GTP, IMP, guanosine, xanthosine, and inosine [18-21]. Reduction in
visceral fat during weight loss is associated with reduced uric acid levels suggesting that
white adipose tissue may be an important site of purine metabolism [22]. Furthermore,
hyperuricemia induces oxidative stress and upregulation of proinflammatory cytokines in
adipose tissue and may be conducive to insulin resistance [20,23—-26]. Increases in purine
levels may be due to increased uptake from food, from de novo purine biosynthesis, or
from the nucleotide salvage pathway. Because specific pharmacological approaches to
inhibit de novo purine biosynthesis are well established, we investigated how
perturbations in this pathway affect diet-induced obesity and the associated metabolic
dysfunction. We found that treating mice with daily injections of a purine biosynthesis
inhibitor, mizoribine, prevents them from gaining weight even when they are on a HFD -
— and, in particular, decreases their fat mass accumulation. Our results further establish
that systemically blocking de novo nucleotide biosynthesis prevents HFD-mediated
weight gain by decreasing food intake and increasing thermogenesis. Although disrupting
adipose tissue can induce lipotoxicity in other organs, we find that mizoribine-mediated
decrease in fat mass is not associated with increased ectopic lipid accumulation. Rather,
mizoribine treatment improves glucose tolerance in HFD-fed mice suggesting that it has
a positive effect on the metabolic health of mice facing a dietary challenge. Taken
together, our results reveal a previously unknown physiological effect of purine synthesis
inhibition: it protects against HFD-mediated dysfunction.
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2. Methods:

2.1 Diet Challenge & Mizoribine Treatment

For all studies, age-matched, wild type, C57BL/6J mice were used. Mice were between
8 and 12 weeks of age at the start of experimental manipulation. Unless otherwise noted,
mice were treated for 30 days with daily intraperitoneal injections of either 50 milligrams
per kilogram body weight mizoribine (MedChemExpress; catalog no.: HY-17470) in 2%
DMSO in phosphate-buffered saline (PBS) or a control vehicle injection of 2% DMSO in
PBS. Mice were given water and placed on either a low-fat diet (LFD; LabDiet; catalog
no.: 5LOD) or a high-fat diet (HFD; Research Diets; catalog no.: D12492) ad libitum. The
LFD contained 13.5% energy from fat, whereas the HFD contained 60% energy from fat.
Mice remained on a constant 12-hour light, 12-hour dark cycle throughout the experiment
and were housed with 3-5 animals in a cage. Mouse body weights and food consumption
were recorded daily. Body temperature was measured daily by infrared thermometry. All
experimental protocols were approved by the Vanderbilt University Institutional Animal
Care and Use Committee as required by the Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

2.2 Dual Energy X-ray Absorptiometry

On day 0 and day 30, the body composition of each mouse was assessed using dual-
energy x-ray absorptiometry (DXA). Each mouse was anesthetized for the duration of the
procedure using 2% isoflurane delivered via nose cone. Mice were placed in the DXA
scanner in a prone position, and imaged using a Faxitron UltraFocus (Hologic, Inc.
Marlborough, MA). The instrument was calibrated for offset images, dark images, and
flat-field images before the measurement using a method provided by the manufacturer.
For the purpose of assessing body composition, the cranium was excluded from
measurements. Measures of lean weight, fat weight, fat percentage, and lean percentage
were calculated from segmented regions of interest (ROIs) in the Vision DXA software
(Version 2.4.2U). Pseudo-color visualizations of bone, lean, and fat mass distribution
were obtained by overlaying radiopacity maps of these ROIs generated in Vision DXA
using the Merge Channels tool in ImageJ (Version 1.54f) [27].

2.3 Tissue Collection

At the conclusion of the experiment (Day 30), mice were euthanized by isoflurane
inhalation and cervical dislocation. Immediately after euthanasia, intracardiac blood was
collected. Plasma was isolated by adding blood to a tube containing 0.1 M Sodium
ethylenediaminetetraacetic acid (10% of total sample volume) and centrifuging at 20000
x g for 20 minutes. The left and right perigonadal visceral white adipose tissue (VAT),
inguinal subcutaneous white adipose tissue (SAT), and interscapular brown adipose
tissue (BAT) depots, as well as the liver, pancreas, quadriceps (QUAD), soleus (SOL),
gastrocnemius (GAS), and tibialis anterior (TA) were isolated. These tissues were
weighed, and the inguinal lymph node was removed from the SAT depot. Portions of each
tissue were subsequently fixed in 10% neutral buffered formalin for a minimum of 48 hours
before being embedded in paraffin. Portions of the liver were frozen in cryomolds in
optimal cutting temperature tissue freezing medium (Sakura; Catalog no.: 4583).
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Additional portions of these tissues were snap frozen in liquid nitrogen, powderized, and
stored at —80 °C prior to immunoblot and RT-qPCR analyses.

2.4 Histology & Microscopy

Formalin-fixed, paraffin-embedded tissue blocks were serially cut to 5 um sections and
stained with hematoxylin and eosin (H&E). Images of the H&E-stained tissue sections
were acquired using an Aperio ScanScope CS brightfield digital scanner (Aperio
ScanScope CS, Aperio Technologies, Leica Biosystems, Deer Park, IL) at 20x
magnification.

2.5 Image Analysis

To identify morphological changes in white adipose tissue, average adipocyte size was
measured from images of H&E-stained tissue sections. Images were segmented using
QuPath’s Pixel Classifier tool (Version 0.4.3) using the random trees method at full
resolution and with all available features and scales [28]. Segmented adipocytes were
then quantified using ImageJ’s Analyze Particles tool (Version 1.54f) with settings size =
250 — 50000 pm? and circularity = 0.1 — 1.0 [27].

To identify morphological changes in brown adipose tissue and the liver, average lipid
droplet size was measured from images of H&E stained tissue sections using ImageJ
(Version 1.54f) [27]. Color deconvolution was first applied to isolate the eosin signal.
Appropriate thresholding was applied to the eosin signal to segment the lipid droplets and
the images were subsequently binarized. Additionally, for the brown adipose tissue,
watershed segmentation was performed on the binary images. Segmented lipid droplets
from both liver and brown adipose tissue were measured using the Analyze Particles tool.

2.6 Fecal Lipid Composition

On day 30, mice were placed in individual housing for 2 hours and feces were collected.
Feces were frozen at -80° C and powderized. Free fatty acids (FFAs) were extracted from
powderized samples as previously described [29]. The extracts were filtered and lipids
were recovered from the chloroform phase. Individual lipid classes were separated by
thin-layer chromatography using Silica Gel 60 A plates developed in petroleum ether,
ethyl ether, and acetic acid (80:20:1) and visualized by rhodamine 6G. Free fatty acids
were scraped from the plate and methylated using BFs /methanol as previously described
[30]. The fatty acid methyl esters were analyzed by gas chromatography using an Agilent
7890 gas chromatograph equipped with a flame ionization detector and a capillary column
(SP2380, 0.25 mm x 30 m, 0.20 um film, Supelco, Bellefonte, PA). Helium was used as
a carrier gas, and the oven temperature was programmed from 160 °C to 230 °C at 4
°C/min. Fatty acid methyl esters were identified by comparing the retention times to those
of known standards, and inclusion of a pentadecanoic acid (15:0) internal standard
permitted quantitation of the amount of FFA in the sample.

2.7 Enzyme-linked Immunosorbent Assay for Leptin

Plasma leptin concentrations were measured using the Murine Leptin Standard ABTS
ELISA Development Kit (Peprotech 900-K76). Methods were followed per the
manufacturer’s instructions. Samples and standards were incubated overnight at 4 °C. All
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samples were diluted 1:100 in 2% bovine serum albumin (BSA) in PBS and plated in
duplicate. Absorbance was detected at 405 nm using the ThermoScientific Varioscan
LUX. Sample concentrations were calculated by generating a standard curve from known
recombinant leptin concentrations.

2.8 Conditioned Taste Aversion

Mice were habituated to the experimental environment and handling procedures for a
minimum of 3 days prior to the start of the experiment. Mice were individually housed and
given ad libitum access to water and LFD throughout the experiment. For the first 7 days
of the experiment (Days 0 — 6), mice were exposed to a novel, flavored liquid (Flavor A,
Abbott; Catalog no.: 53432) for a period of 2 hours. For the next 7 days of the experiment
(Days 7 — 13), mice were intraperitoneally injected with either 50 mg per kg body weight
mizoribine in 2% DMSO in PBS or a control vehicle injection of 2% DMSO in PBS.
Immediately following injection, mice were exposed to a second novel, flavored liquid
(Flavor B; Abbott; Catalog no.: 53623) for a period of 2 hours. After 7 days of injections
and flavor B exposure (Day 14), mice were exposed to Flavor A for 2 hours and
consumption was measured as a control. On the final day of the experiment (Day 15),
mice were exposed to Flavor B for 2 hours and consumption was measured. Taste
aversion was assessed by comparing the consumption of Flavor B on Day 15 between
the mizoribine and vehicle treatment groups.

2.9 Indirect Calorimetry & Locomotor Activity

To identify changes in energy balance, food intake, and energy expenditure were
measured using a Promethion Core Metabolic System (Sable Systems International, Las
Vegas, NV). The system is housed in a temperature and light-controlled cabinet
(temperature maintained at 22 °C during the run) in a dedicated room. In one experiment,
male mice were transferred to the Promethion system for 7 days. While in the Promethion
system, these mice were challenged with a HFD and treated with daily injections of
mizoribine or vehicle. In a second experiment, male mice were challenged with a HFD
and treated with daily injections of mizoribine or vehicle for 30 days as previously
described. On day 30, mice were moved to the Promethion system for 7 days.
Additionally, body temperature was monitored using implanted temperature probes
(IPTT-300, Bio Medic Data Systems). While in the Promethion system, mice continued to
be challenged with a HFD and received daily injections of mizoribine or vehicle.
Temperature was measured daily, beginning on day 34, at exactly 8 hours into the light
photoperiod. In both experiments, O2 consumption, CO2 production, water consumption,
and locomotion were continually measured. In both experiments, mice were given 3 days
to acclimate before indirect calorimetry measurements were taken. The respiratory
exchange ratio (RER) was calculated by dividing the CO2 production rate by the O2
consumption rate. Energy expenditure was calculated from the O2 consumption and CO:2
production rates using the Weir Equation [31].

2.10 Acute Cold Exposure Challenge

Mice were maintained at 22 °C throughout the 30 day diet and drug treatment period.
After 30 days of treatment, body temperature was measured using infrared thermometry.
Mice were then placed at 4 °C and body temperature was measured hourly for six hours.
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2.11 Chemiluminescent Immunoassays for Thyroid Hormones

Plasma was isolated from intracardiac blood by centrifugation. Samples were diluted 1:10
in 1x PBS and the concentration of thyroid hormones T3 and T4 was measured from the
plasma using chemiluminescent immunoassays (Diagnostic Automation; Catalog no.:
9003-16 and 9001-16) according to the manufacturer’s protocol.

2.12 Immunoblotting

Frozen, powderized tissues samples were lysed with radioimmunoprecipitation assay
lysis buffer (1% NP-40, 150 mM NaCl, 25 mM Tris base, 0.5% sodium deoxycholate,
0.1% SDS, 1% phosphatase inhibitor cocktails #2 and #3 (Sigma-Aldrich; Catalog no.:
P0044 and P5726), one cOmplete protease inhibitor tablet (Sigma-Aldrich; Catalog no.:
4693116001)). Protein content was quantified using a Bicinchoninic Acid assay (Thermo
Scientific; Catalog no.: 23227), and equal protein was run on 4 to 20% Tris—Glycine Gels
(Invitrogen; Catalog no.: WXP42012BOX) with a 1x SDS running buffer (0.1% SDS, 25
mM Tris, 192 mM glycine) for 140 minutes at 110 V. Protein was transferred to a
nitrocellulose membrane (LICOR Biosciences; Catalog no.: 92631092) with a 1x Tris-
Glycine transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) over 40 minutes at
25 V. Membranes were incubated with the following primary antibodies overnight at 4 °C:
UCP1 (CST; catalog no.: 72298S), p-HSL Ser660 (CST; catalog no.: 45804), HSL (CST;
catalog no.: 4107T), p-ACC Ser79 (CST; catalog no.: 3661), ACC (CST, catalog no.:
3662S), CPT1a (Invitrogen; catalog no.: PA5-106270), CKB (Abclonal; catalog no.:
A12632), tubulin (Novus; catalog no: NB100-690), vinculin (Santa Cruz, catalog no.: sc-
25336). Membranes were washed and incubated with secondary antibodies for one hour
(Invitrogen; catalog no.: A32802 and A32789). Proteins were detected by fluorescence
and quantified using Image Lab (version 6.0.0, Bio-Rad Laboratories, Inc.).

To investigate sarcolipin (SLN) expression, site-directed polyclonal antibodies against the
carboxy-terminal 6 residues were generated and purified by affinity chromatography [32].
SLN antibodies were diluted 1:1500. Immunoblotting procedures were followed as
described above, with the following modifications: when examining SLN in the soleus, a
10 to 20% tricine gel (Invitrogen; catalog no.: EC6625BOX) was run with a 10x tris-tricine-
SDS running buffer (Bio-Rad; catalog no.: 1610744) for 90 minutes at 200 V, and protein
was electrotransferred for 16 minutes at 150 mA. When examining SLN in the diaphragm,
a 4 to 12% Bis-Tris gel (Invitrogen; catalog no.: NP0321BOX) was run with a 20x MES
SDS running buffer (Invitrogen; catalog no.: NP0002) for 25 minutes at 200 V, and protein
was transferred using a 20% methanol 20x transfer buffer (Invitrogen; catalog no.:
NP00061) for 60 minutes at 10 V.

2.13 RNA Isolation & Gene Expression Analysis

RNA was extracted from frozen, powderized tissue using TRIzol reagent as per the
manufacturer's instructions. Complementary DNA was synthesized from 0.5 ug of RNA
using the iScript complementary DNA synthesis kit (Bio-Rad; catalog no.: 1708891). Real-
time quantitative PCR was performed on a Bio-Rad CFX96 using SsoAdvanced Universal
SYBR Green SuperMix (Bio-Rad; catalog no.: 1725120). The following mouse PCR
primers were used:
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16S rRNA:

Forward: CCGCAAGGGAAAGATGAAAGAC
Reverse: TCGTTTGGTTTCGGGGTTTC
Rps16:

Forward: CACTGCAAACGGGGAAATGG
Reverse: CACCAGCAAATCGCTCCTTG
Acaca:

Forward: TGACAGACTGATCGCAGAGAAAG
Reverse: TGGAGAGCCCCACACACA
Fasn:

Forward: CAGCAGAGTCTACAGCTACCT
Reverse: AACACCAGAGACCGTTATGC
Hmgcr:

Forward: CTTGTGGAATGCCTTGTGATTG
Reverse: AGCCGAAGCAGCACATGAT
Hmgcs1:

Forward: GCCGTGAACTGGGTCGAA
Reverse: GCATATATAGCAATGTCTCCTGCAA
Ppargcla:

Forward: CCCTGCCATTGTTAAGACC
Reverse: TGCTGCTGTTCCTGTTTTC
Prdm16:

Forward: CAGCACGGTGAAGCCATTC
Reverse: GCGTGCATCCGCTTGTG

Scdl:

Forward: GAAGTCCACGCTCGATCTCA
Reverse: TGGAGATCTCTTGGAGCATGTG
Srebflc:

Forward: GGAGCCATGGATTGCACATT
Reverse: GGCCCGGGAAGTCACTGT
Srebfla:

Forward: GGCCGAGATGTGCGAACT
Reverse: TTGTTGATGAGCTGGAGCATGT
Ucpl:

Forward: GGCCTCTACGACTCAGTCCA
Reverse: TAAGCCGGCTGAGATCTTGT

2.14 Intraperitoneal Glucose Tolerance Test

Male mice were challenged with a HFD and treated with daily injections of mizoribine or
vehicle for 30 days as previously described. After a 15 hour fast, basal blood glucose was
measured using a handheld glucometer (Fisher; catalog no.: 23-111-390). Mice were
intraperitoneally injected with 2 grams of dextrose per kilogram body weight. Blood
glucose was sampled via tail cut and measured at 15-, 30-, 60-, and 120-minutes post-
injection. To quantify, baseline-adjusted areas under the curve were calculated using the
trapezoidal rule.
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2.15 Insulin Radioimmunoassay

Insulin concentration was analyzed from plasma collected from the tail vein during the
glucose tolerance test 15 minutes after the dextrose injection. Insulin concentration was
determined using a radioimmunoassay kit (Millipore; catalog no.: PI-13K). The assay
utilizes 1125-labled insulin and a double antibody technique to determine plasma insulin
levels. Methods were followed per the manufacturer’s instructions.

2.16 Immunofluorescence Staining and Image Analysis

Pancreatic tissue preparation and sectioning were performed as described previously
[33,34]. Tissue sections were immunostained for insulin (Dako; catalog no.: A0564),
glucagon (Cell Signaling; catalog no.: 2760), and somatostatin (American Research
Products, Inc.; catalog no.: 13-2366) to label beta, alpha, and delta cells, respectively.
Whole pancreatic sections were imaged using an Axio Scan.Z1 (Zeiss) slide scanning
system and analyzed using Imaris (Oxford Instruments). Fractional areas for alpha, beta,
and delta cells from up to 3 sections of differing tissue depths per animal were determined
by dividing the glucagon+, insulin+, and somatostatin+ areas by the total tissue section
area.

2.17 Neutral Lipid Staining and Microscopy

Neutral lipids were detected in the liver by BODIPY 493/503 (Cayman; catalog no.:
25892). Frozen liver blocks were serially cut to 5 um sections and washed 3 times with
PBS. Tissues were incubated with a 1:1000 diluted BODIPY solution for 40 minutes. The
tissues were then washed 3 times with PBS. Coverslips were then mounted to slides
using ProLong Gold with DAPI (Invitrogen; catalog no: P36931) and allowed to cure for
24 hours prior to imaging. Images were acquired using a Zeiss LSM 710 confocal
microscope at 40x magnification.

2.18 Lipidomic Profiling
Detailed methods on plasma lipid extraction, sample reconstitution, LC-MS experiments,
and lipidomic analysis are described below.

2.18.1 Plasma extraction for lipids

For lipidomic profiling, plasma samples from male mice treated with a HFD and vehicle
or mizoribine injections were used. Plasma was mixed with 1 mL of Extraction Buffer
containing IPA/H20O/Ethyl Acetate (30:10:60, v/v/v) and Avanti Lipidomix Internal
Standard (diluted 1:1000) (Avanti Polar Lipids, Inc. Alabaster, AL). Samples were
vortexed and transferred to bead mill tubes for homogenization using a VWR Bead Mill
at 6000 g for 30 seconds, repeated twice. The samples were then sonicated for 5 minutes
and centrifuged at 15,000 g for 5 minutes at 4 °C. The upper phase was transferred to a
new tube and kept at 4 °C. To re-extract the tissues, another 1 mL of Extraction Buffer
(30:10:60, v/iviv) was added to the plasma pellet-containing tube. The samples were
vortexed, homogenized, sonicated, and centrifuged as described earlier. The
supernatants from both extractions were combined, and the organic phase was dried
under liquid nitrogen gas.
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2.18.2 Sample reconstitution for lipids

The dried samples were reconstituted in 300 pL of Solvent A (IPA/ACN/H20, 45:35:20,
vIviv). After brief vortexing, the samples were sonicated for 7 minutes and centrifuged at
15,000 x g for 10 minutes at 4 °C. The supernatants were centrifuged again for 5 minutes
at 15,000 x g at 4 °C to remove any remaining particulates. For LC-MS lipidomic analysis,
60 uL of the sample extracts were transferred to mass spectrometry vials.

2.18.3 LC-MS analysis for lipids

Sample analysis was performed within 36 hours after extraction using a Vanquish UHPLC
system coupled with an Orbitrap Exploris 240™ mass spectrometer equipped with a H-
ESI™ jon source (all Thermo Fisher Scientific). A Waters (Milford, MA) CSH C18 column
(1.0 x 150 mm x 1.7 um particle size) was used. Solvent A consisted of ACN:H20 (60:40;
v/v) with 10 mM Ammonium formate and 0.1% formic acid, while solvent B contained
IPA:ACN (95:5; v/v) with 10 mM Ammonium formate and 0.1% formic acid. The mobile
phase flow rate was set at 0.11 mL/min, and the column temperature was maintained at
65 °C. The gradient for solvent B was as follows: 0 min 15% (B), 0—2 min 30% (B), 2-2.5
min 48% (B), 2.5-11 min 82% (B), 11-11.01 min 99% (B), 11.01-12.95 min 99% (B),
12.95-13 min 15% (B), and 13-15 min 15% (B). lon source spray voltages were set at
4,000 V and 3,000 V in positive and negative mode, respectively. Full scan mass
spectrometry was conducted with a scan range from 200 to 1000 m/z, and AcquireX mode
was utilized with a stepped collision energy of 30% with a 5% spread for fragment ion
MS/MS scan.

2.18.4 Lipidomic analysis

Data were analyzed using R (Version 4.4.1) and the lipidr package (Version 2.18.0) [35].
All code to analyze data and generate figures can be found at
https://github.com/jacobwm/Mizoribine-Lipidomics. For lipids with multiple transitions, a
single feature was determined by selecting the maximum intensity. Probabilistic quotient
normalization and log transformation were applied using the “normalize_pqn” function in
lipidr. Principle component analysis (PCA) was performed using the “mva” function in
lipidr. Lipid composition of samples from vehicle- and mizoribine-treated mice were
compared using the “de_analysis” function in lipidr. The “Isea” function in lipidr was used
to perform lipid set enrichment analysis.

2.19 Statistical Analysis

Descriptions of the specific statistical tests used, and the number of replicates (n) can be
found for each experiment in the respective figure legend. GraphPad Prism 8 (Graphpad
Software Inc, La Jolla, CA) and MS Excel were used for all statistical analyses.

3. Results:

3.1 Inhibition of purine biosynthesis reduces diet-mediated fat expansion.

Metabolomic studies have shown a correlation between obesity and elevation in
circulating and adipose tissue purine metabolites [18—21,36]. Moreover, previous in vitro
studies have shown that inhibition of purine biosynthesis suppresses lipid accumulation
in adipocytes [37,38]. To determine whether modulating purine biosynthesis has an effect
on diet-induced adiposity, we blocked inosine monophosphate dehydrogenase 1 and 2
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(IMPDH1/2), critical enzymes in de novo purine biosynthesis, using a small molecule
inhibitor, mizoribine (Fig. 1 A). We treated mice with daily intraperitoneal injections of
mizoribine for 30 days. Mice were fed either a high- or a low-fat diet throughout the
experiment (Fig. 1 B). Among both males and females fed a high-fat diet (HFD), mice
treated with mizoribine were protected from weight gain (Fig. 1 C — F), whereas mice fed
a low-fat diet (LFD) did not show significantly different changes in body weight (Fig. 1 C
—F, S11-L). Notably, mice on a LFD treated with vehicle injections did not gain weight
over the course of 30 days, possibly due to the stress of daily injections (Fig. 1 C, S11).
Although the male mice on a LFD had a higher body mass at the beginning of the
experiment than male mice on a HFD (S1 I), this is only reflective of slight differences in
the age of the mice at the start of the experiment. The effects of mizoribine on male mice
fed a HFD were observed across multiple cohorts; these were unaffected by slight
variations in age and initial body mass at the beginning of the experiment. To examine
the effect of mizoribine treatment on body composition, we performed dual-energy X-ray
absorptiometry (DXA) and observed that, while treatment did not alter lean mass, fat
mass was significantly reduced in male mice treated with mizoribine, independently of
their diet (Fig. 1 G — L, S1 A — D, M). In female mice however, changes in body
composition were more limited (Fig. 1 M — R, S1 E — H, N), likely because female mice
are more resistant to fat accumulation and hyperphagia in response to short-term HFDs,
as previously described [39]. These studies showed that blocking purine biosynthesis
most sharply decreases the fat mass of male mice fed a HFD.

3.2 Mizoribine treatment reduces adipose tissue mass and adipocyte size in male but not
female mice.

Considering that DXA indicated that the reduction in body weight was specific to fat mass,
we examined several depots of adipose tissue. We found that male mice treated with
mizoribine had significantly reduced white adipose tissue (WAT) mass in the visceral and
inguinal subcutaneous depots independently of their diet (Fig. 2 A — B). Conversely,
brown adipose tissue (BAT) mass was unaltered by mizoribine treatment in male mice
(Fig. 2 C). We did not observe a change in WAT mass between treatment groups in
female mice on either diet but found that brown adipose mass was reduced and white
adipose mass, while not significantly altered, was trending down in mizoribine-treated
mice on a HFD (Fig. S2 A — C). Given the established relationship between adipocyte
hypertrophy and adipose dysfunction in obesity-mediated disease, we investigated white
adipocyte morphology [11]. We found that white adipocytes in the subcutaneous and
visceral depots were smaller in HFD-fed male mice treated with mizoribine (Fig. 2 D — F,
H — ). Turning to the LFD-fed male mice, no change in visceral adipocyte size was
observed in the treatment groups (Fig. 2 D — E, H); however, LFD-fed, mizoribine-treated,
male mice had smaller subcutaneous white adipocytes (Fig. 2 D, F, ). By contrast, female
mice—regardless of diet—showed no change in white adipocyte size, although visceral
adipocyte size was trending down under mizoribine treatment when fed a HFD (Fig. S2
D - F, H-1). We also examined brown adipose tissue morphology and found that brown
adipocyte lipids droplet size was unaltered by mizoribine treatment in both sexes and
across all diets (Fig. 2 D, G, J; Fig. S2 D, G, J). Collectively, mizoribine most significantly
reduced the white adipose depot weight and adipocyte size in male mice.
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3.3 Mizoribine does not affect lipid absorption

To evaluate the effects of mizoribine treatment on nutrient absorption, we examined the
fecal free fatty acid (FFA) profile of mice treated with mizoribine or vehicle injections and
placed on a HDF (Fig. 3 A). Neither the concentration nor the composition of FFAs in the
feces was significantly different between the two treatment groups, indicating that nutrient
absorption was unaffected by the inhibition of purine biosynthesis (Fig. 3 B — D).

3.4 Mizoribine-treated mice eat less

Given that many anti-obesity medications work by suppressing appetite and stimulating
satiation, we investigated changes in food consumption and animal behavior [9]. After 30
days, mizoribine-treated mice had eaten less in total (Fig. 4 A); however, circulating leptin
levels were not increased in the mizoribine group, suggesting leptin-independent
mechanisms of appetite suppression (Fig. 4 B). Water consumption was not significantly
altered (Fig. 4 C). To assess the possibility of mizoribine-induced malaise, we measured
conditioned taste aversion between the vehicle and mizoribine groups (Fig. 4 D). Mice
treated with mizoribine did not develop any significant, learned association specific to
mizoribine (Fig. 4 E, S3 A — D). Taken together, these results suggest that while
mizoribine suppresses food intake, the mechanism is likely independent of drug-induced
nausea, as no taste aversion was observed.

3.5 Mizoribine-treated mice do not expend more energy

Although most clinically used anti-obesity drugs aim to reduce energy uptake,
enhancement of energy expenditure has also been tested as a strategy for counteracting
caloric surplus [10,40]. We examined whether mizoribine had an effect on organismal
energy expenditure using indirect calorimetry at two time points: early in the experiment
(during the first week of drug and diet treatment) and late in the experiment (after 30 days
of drug and diet treatment). Respiratory dynamics and energy expenditure were not
changed early in the experiment (Fig. 5 A — D). However, at these early time points,
locomotion was reduced in mizoribine-treated mice, potentially suggesting that other
factors may be involved in the maintenance of energy expenditure (Fig. 5 E). At later time
points, O2 consumption, CO2 production, and the total RER were not different between
control and mizoribine-treated mice (Fig. 5 F — H). However, during the dark cycle, when
the mice are active, mizoribine increased RER (Fig. 5 H). This increase in RER is likely
due to the reduced fat mass of mizoribine-treated mice which promotes their reliance on
carbohydrates for energy (Fig. 5 H). At the late time point, energy expenditure was
reduced in mizoribine-treated mice, consistent with lower body mass of this group;
however, locomotion was unaltered at this later time point (Fig. 5 1 — J). The discrepancy
between the reduced locomotion and maintained energy expenditure in mizoribine-
treated mice at early time points may indicate activation of other mechanisms such as an
increased basal metabolic rate or increased thermogenesis.

3.6 Thermogenesis is increased in mizoribine-treated mice
Because the mizoribine-treated mice maintained energy expenditure while exhibiting
reduced activity, we examined thermogenic processes in these mice. We found that over
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30 days of drug and diet treatment, body temperature was elevated in mizoribine-treated
mice (Fig. 6 A — B, S4 E). Likewise, we found that mizoribine-treated mice were more
tolerant to acute cold exposure (Fig. 6 C). This led us to investigate several thermogenic
futile cycles as potential mechanisms underlying mizoribine-induced protection against
weight gain. Although uncoupling protein 1 (UCP1)-mediated thermogenesis in BAT is
thought to be the primary pathway for non-shivering heat generation in mammals, we did
not observe changes in Ucpl mRNA or protein expression in BAT (Fig. 6 D — E, S4 D).
Furthermore, PR domain containing 16 (Prdm16), a transcriptional regulator of brown fat
determination, and peroxisome proliferator-activated receptor y coactivator 1a
(Ppargcla), a critical regulator of mitochondrial biogenesis and BAT thermogenesis
[41,42], were unaltered by the mizoribine treatment (Fig. S4 D). In subcutaneous white
adipose tissue, Ucpl and Ppargcla expression were not increased by mizoribine,
suggesting that there was no beiging of the tissue (Fig. S4 A, C). Markers of lipolysis and
fatty acid oxidation were not altered in the adipose tissue of mizoribine-treated mice (Fig.
S4 A - B). Finally, expression of creatine kinase B (CKB), another thermogenic futile cycle
protein [43], was not changed (Fig. 6 D — E, S4 A). Muscle tissue futile cycles have also
been characterized as an alternative to UCP1l-mediated thermogenesis [44]. For
example, sarcolipin (SLN) is a transmembrane polypeptide that reduces the efficiency of
the sarcoplasmic reticulum Ca?*-ATPase (SERCA). When SLN is bound to SERCA, ATP
hydrolysis is uncoupled from SERCA-mediated Ca?* transport into the SR, resulting in
futile cycling and heat production in muscle [45]. We found that expression of SLN was
increased in the soleus and diaphragm of mizoribine-treated mice (Fig. 6 F, I, S5 G — H)
Previous studies have shown that thyroid hormones downregulate SLN expression
[46,47] and that hypothyroid mice exhibit elevated thermogenesis owing to induction of
SLN [32,48], which prompted us to quantitate thyroid hormone levels. Surprisingly, in
mizoribine-treated mice, plasma concentrations of the thyroid hormone tri-iodothyronine
(T3) remained unchanged, whereas thyroxine (T4) concentrations were elevated (Fig. 6 G
— H). These results indicate that mizoribine may repress sarcolipin expression by thyroid
hormone-independent mechanisms or by tissue-specific downregulation of thyroid
hormone action, independent of plasma thyroid hormone levels.

Overexpression of SLN increases energy expenditure and fat oxidation [49]. In agreement
with these studies, we found that expression of fatty acid oxidation enzyme carnitine
palmitoyl transferase | (CPT1a) was increased, as was the ratio of phosphorylated to
unphosphorylated acetyl-CoA carboxylase (pACC:ACC) by the mizorbine treatment,
indicative of increased fatty acid oxidation (Fig. 6 F, J —K). No changes in the expression
of SLN, pACC, and ACC were observed in other muscles (Fig. S5 D - F).
Correspondingly, muscle tissue mass was reduced in the soleus but unaltered in other
muscles (Fig. 6 L, S5 A — C). These studies indicate that inhibition of purine biosynthesis
may stimulate thermogenesis and energy expenditure in the soleus muscle by activating
the sarcolipin-mediated SERCA futile cycle.

3.7 Mizoribine treatment protects against obesity-mediated metabolic dysfunction
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Diet-induced obesity is commonly associated with impaired insulin sensitivity and glucose
tolerance and elevated fasting blood glucose levels. Mizoribine treatment reduced basal
fasting blood glucose levels (Fig. 7 A). To determine the effects of mizoribine on glucose
metabolism, we performed intraperitoneal glucose tolerance tests. Blood glucose
clearance was accelerated in mizoribine-treated mice (Fig. 7 B — C). In addition, the
plasma insulin levels were lower after the glucose injection (Fig. 7 D).
Immunofluorescence analysis of pancreatic islet cells showed that mizoribine treatment
did not impact pancreatic islet endocrine cell area, suggesting that mizoribine does not
affect the pancreatic islets on a structural level (Fig. 7 E, S6 A). Taken together, these
results suggest that mizoribine treatment improves glucose tolerance in mice fed a HFD.

Considering the comorbidity of obesity and metabolic-associated fatty liver disease, we
investigated changes in liver metabolism and hepatic lipid accumulation. While liver mass
was constant (Fig. 7 F), ectopic lipid accumulation in the liver was reduced under
mizoribine treatment in HFD-fed male mice (Fig. 7 G — I). Lipid accumulation in the livers
of LFD-fed male mice was unchanged under mizoribine treatment (Fig. S6 B — D).
Likewise, expression of genes associated with lipid storage, Fasn, Scd1, Acaca, Srebfla,
and Srebplc was reduced in mizoribine-treated mice (Fig. 7 J). Expression of Hmgcr, a
key gene involved in cholesterol biosynthesis, was also reduced (Fig. 7 I). To further
investigate changes in lipid metabolism, we analyzed the circulating plasma lipidome.
Mizoribine-treatment significantly altered the lipidome (Fig. 7 K, S6 E). In particular,
circulating triglyceride levels decreased in mizoribine-treated mice (Fig. 7 K- L, S6 F).
This was largely driven by lower levels of circulating triglycerides with greater degrees of
unsaturation (Fig. S6 F). These data suggest that mizoribine-treated mice, despite their
reduced adipose storage, are not lipodystrophic and do not show signs of elevated
ectopic lipid accumulation. Rather, mizoribine-treated mice have improved glucose
tolerance and appear to be metabolically healthier than control mice when challenged
with a HFD.

4. Discussion:

In this study, we have demonstrated that pharmacological inhibition of IMPDH1/2, key
enzymes in the de novo purine biosynthesis pathway, effectively mitigates HFD-induced
weight gain in mice. Notably, mizoribine did not significantly affect weight when mice were
fed a standard LFD, underscoring its potential specificity towards HFD conditions.
Mizoribine treatment prevented fat mass from accumulating, without significantly altering
lean mass. This aligns with previous observations made using another IMPDH inhibitor,
mycophenolate mofetil, suggesting a class effect among purine biosynthesis inhibitors in
the context of obesity [50].

We next considered the mechanism by which purine biosynthesis inhibition prevents
HFD-mediated weight gain. Body weight gain is a consequence of positive energy
balance. Energy intake, nutrient absorption, and energy expenditure are key determinants
of energy balance. The mechanism by which mizoribine regulates adiposity appears to
be multifaceted. Mizoribine treatment did not alter lipid content in the feces, establishing
that nutrient absorption is not part of the mechanism by which purine inhibition protects
mice against weight gain. Mizoribine decreased food intake; however, our studies
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indicated that a leptin-independent pathway may be involved in this regulation, as leptin
levels were unchanged. Although mizoribine treatment did not change total energy
expenditure, it did reduce the contribution from locomotion whereas thermogenesis was
increased, resulting in a net zero effect on energy expenditure. It is unclear whether the
increase in thermogenesis results from or causes the decrease in locomotor activity.

We further investigated the mechanism by which mizoribine increases thermogenesis in
mice. Previous studies have reported conflicting effects of purine biosynthesis inhibition
on UCP1, with one study showing that the IMPDH inhibitor mycophenolic acid suppressed
UCPL1 activity [51] and another suggesting that mycophenolate mofetil (MMF), a prodrug
of MPA, stimulates UCP1 expression and adipose tissue browning [52]. Under our
treatment conditions, UCP1 expression did not change, nor did we observe adipose
tissue beiging. Creatine kinase B (CKB), another regulator of adipose thermogenesis
[53,54], was also not significantly upregulated by the mizoribine treatment in BAT.
However, the expression of SLN, a regulator of muscle thermogenesis, was increased in
skeletal muscle after mizoribine treatment. Previously published work demonstrated that
loss of SLN promotes weight gain [44,49] establishing the role of non-shivering
thermogenesis in energy balance. Thus, it is likely that the increase in SLN we observed
is at least a part of the mechanism by which mizoribine impacts adiposity and organismal
physiology. Moreover, it has been shown that, in mice that overexpress SLN, the
circulating lipid profile is also improved, as demonstrated by their lower triglyceride levels
[43]. We observed a similar reduction in levels of plasma triglycerides, particularly those
with high-carbon content, after mizoribine treatment, consistent with a preference for
nutrient utilization over storage. Interestingly, unsaturated triglyceride levels were
preferentially reduced by the mizoribine treatment, which may indicate selective
mobilization of these lipids and their utilization for energy. Finally, how SLN is regulated
by mizoribine remains unclear. Although we ruled out a decrease in circulating thyroid
hormone as a factor in sarcolipin upregulation in the muscle, the possibility remains that
the increase in thermogenesis was driven by tissue-specific thyroid hormone down-
regulation [48].

As adipocytes reach their maximal capacity or become dysfunctional, triglycerides and
other lipid species may accumulate in the liver and skeletal muscle, resulting in insulin
resistance [55]. The inability to store lipid in adipose tissue manifests clinically as a
heterogeneous class of disorders known as lipodystrophies [56]. Lipodystrophies often
present with severe insulin resistance from ectopic lipid storage—and, indeed, the
adipose storage inefficiencies observed in lipodystrophies have been posited to arise
from mechanisms partially parallel to those that give rise to them in obesity [57]. Thus,
we investigated the effects of purine inhibition on metabolic health. We found that
mizoribine improves systemic glucose metabolism and reduces ectopic lipid
accumulation strongly arguing against lipodystrophy.

Nucleotide biosynthesis inhibitors have been used clinically to treat a variety of
malignancies [58]. Low doses of nucleotide biosynthesis inhibitors are also used as
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immunosuppressant agents to treat a number of autoimmune conditions, including
systemic lupus erythematosus, rheumatoid arthritis, ulcerative colitis, and Crohn’s
disease [59-62]. Similarly, nucleotide biosynthesis inhibitors are widely used to prevent
rejection of solid organ transplants [63—65]. Given that nucleotide biosynthesis inhibitors
are widely used in various clinical settings, our findings also raise important
considerations pertaining to their broader metabolic impacts. Thus, purine inhibitors may
improve systemic metabolism in obese or overweight patients.

Taken together, our results reveal an important physiological connection between purine
availability and adiposity. Future investigations should aim to delineate the precise
molecular mechanisms by which purine biosynthesis influences thermogenesis and food
intake. It will also be worthwhile to further test the hypothesis that mizoribine
hyperactivates slow-twitch oxidative muscle tissues (soleus and diaphragm) in which SLN
is mainly expressed, to consume fatty acids, thus diverting lipids away from the adipose
tissue and the liver and preventing them from being stored there. Insights into these
mechanisms could bring to light new therapeutic targets that could be used in combating
obesity and related metabolic disorders.
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Figure Captions:

Figure 1. Mizoribine Treatment Disrupts Diet Mediated Fat Accumulation. (A)
Abbreviated schematic of the purine biosynthesis pathway. (B) Schematic of the
experimental setup. (C) Percent body weight change over 30 days in male mice fed a
high fat diet (HFD) or low fat diet (LFD) and treated with daily injections of mizoribine
(MIZ) or vehicle (VEH). Error bars represent mean = standard error of the mean. N = 4-5
per group. (D) Area under the percent body weight change vs time curves in C. Error bars
represent mean + standard deviation. Significance indicative of two-tailed student’s t-test.
Data representative of at least 3 independent experimental cohorts. (E) Percent body
weight change over 30 days in female mice fed a HFD or LFD and treated with daily
injections of MIZ or VEH. Error bars represent mean + standard error of the mean. N =4
per group. (F) Area under the percent body weight change vs time curves in E. N = 4 per
group. Error bars represent mean + standard deviation. Significance indicative of two-
tailed student’s t-test. Data representative of at least 2 independent experimental cohorts.
(G — J) Representative pseudo-color images from day 30 dual-energy X-ray
absorptiometry (DXA) scans of male mice treated with LFD and vehicle (G), HFD and
vehicle (H), LFD and mizoribine (I), HFD and mizoribine (J). Scale bars =1 cm. (K—-1L)
Quantifications of lean mass percentage (K) and fat mass percentage (L) from DXA scans
in male mice. N= 4 — 7 per group. Error bars represent mean * standard deviation.
Significance indicative of two-tailed student’s t-test. Data representative of at least 2
independent experimental cohorts. (M — P) Representative pseudo-color images from day
30 dual-energy X-ray absorptiometry (DXA) scans of female mice treated with LFD and
vehicle (M), HFD and vehicle (N), LFD and mizoribine (O), HFD and mizoribine (P). (Q —
R) Quantifications of lean mass percentage (Q) and fat mass percentage (R) from DXA
scans in female mice. N = 4 per group. Error bars represent mean + standard deviation.
Significance indicative of two-tailed student’s t-test. ns > 0.05, * p < 0.05, *x p < 0.01, *xx
p £0.001, and ***x p < 0.0001.

Figure 2. Mizoribine treatment promotes reduction in adipose tissue mass and
adipocyte size. (A — C) Terminal tissue mass of visceral adipose tissue (A, VAT),
subcutaneous adipose tissue (B, SAT), and brown adipose tissue (C, BAT) from male
mice treated for 30 days with a low fat diet (LFD) or high fat diet (HFD) and daily injections
of mizoribine (MIZ) or vehicle (VEH). N = 4-5 per group. Error bars represent mean *
standard deviation. Significance indicative of two-tailed student’'s t-test. Data
representative of at least 3 independent experimental cohorts. (D) Representative images
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of hematoxylin and eosin (H&E) stained sections of VAT, SAT, and BAT from male mice
treated with a LFD or HFD and MIZ or VEH injections for 30 days. Scale bars = 200 um
for VAT and SAT and scale bars = 100 um for BAT. (E-G) Quantification of visceral
adipocyte (E), subcutaneous adipocyte (F), and brown adipose lipid droplet (G) size in
male mice treated for 30 days with a LFD or HFD and MIZ or VEH. N = 4-5 per group.
Error bars represent mean * standard deviation. Significance indicative of two-tailed
student’s t-test. (H-J) Frequency distribution of visceral adipocyte (H), subcutaneous
adipocyte (1), and brown adipose lipid droplet (J) size in male mice treated for 30 days
with a LFD or HFD and MIZ or VEH. N = 4-5 per group. Data representative of at least 2
independent experimental cohorts. ns > 0.05, * p < 0.05, *x p < 0.01, **x p < 0.001, and
skxx P < 0.0001.

Figure 3. Mizoribine-treated mice do not experience changes in nutrient absorption.
(A) Schematic of the experimental setup. Free fatty acid concentration (B), percent
saturation (C), and relative species abundance (D) from the feces of male mice after being
treated with a high fat diet and vehicle or mizoribine injections for 30 days. N = 5. Error
bars represent mean + standard deviation. For concentration (B) and percent saturation
(C), significance indicative of two-tailed student’s t-test. For composition (D), significance
indicative of Holm-Sidak corrected two-tailed t-test. ns > 0.05, * p <0.05, ** p < 0.01, *x*x
p <0.001, and *xxx p < 0.0001.

Figure 4. Food consumption is reduced under mizoribine treatment. (A) Cumulative
food consumption (normalized to body weight) in male mice treated with a HFD and
mizoribine or vehicle. N = 2-3 cages. Error bars represent mean * standard deviation.
Significance indicative of linear regression comparison of slopes. (B) Plasma leptin
concentration in male mice after 30 days of treatment with a high or low fat diet and
vehicle or mizoribine injections. N = 4-5. Error bars represent mean * standard deviation.
Significance indicative of two-tailed student's t-test. (C) Average weekly water
consumption in male mice after being treated with a high fat diet and vehicle or mizoribine
injection. Early time point represents consumption during days 0-6 of treatment, late time
point represents consumption after 30 days of treatment, during days 30 — 37 of
treatment. N = 5-8. Error bars represent mean + standard deviation. Significance
indicative of two-tailed student’s t-test. (D) Schematic of the conditioned taste aversion
experimental setup. (E) Measurement of flavor B consumption on day 16 of the
experiment, comparing conditioned taste aversion to flavor B associated with mizoribine
versus vehicle treatment. N = 6-7. Error bars represent mean = standard deviation.
Significance indicative of two-tailed student’s t-test. ns > 0.05, * p < 0.05, ** p < 0.01, #x*x
p £0.001, and ***x p < 0.0001.

Figure 5. Indirect Calorimetry reveals that energy expenditure is not elevated under
mizoribine treatment. (A — E) Oxygen consumption rates (A), carbon dioxide production
rates (B), respiratory exchange ratios (C), energy expenditure (D), and locomotion (E) in
mizoribine- and vehicle-treated mice fed a high fat diet during the first week of treatment
during the full day and light and dark photoperiods. (F — J) Oxygen consumption rates (F),
carbon dioxide production rates (G), respiratory exchange ratios (H), energy expenditure
(1), and locomotion (J) in mizoribine- and vehicle-treated mice fed a high fat diet after 30
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days of treatment during the full day and light and dark photoperiods. N = 5-8. Error bars
represent mean + standard deviation. Significance indicative of two-tailed student’s t-test.
ns p > 0.05, * p<0.05, xx p<0.01, *++x p <0.001.

Figure 6. Mizoribine treatment is associated with UCP1 independent
thermogenesis. (A) Daily body temperature (as detected by infrared thermometry) in
male mice treated with a high fat diet and mizoribine or vehicle for 30 days. N = 4-5. Error
bars represent mean * standard error of the mean. (B) Average body temperature in male
mice treated with a high fat diet and mizoribine or vehicle for 30 days. N = 4-5. Error bars
represent mean = standard deviation. Significance indicative of two-tailed student’s t-test.
(C) Acute cold exposure challenge in male mice treated with a high fat diet and mizoribine
or vehicle for 30 days. N = 7-8. Error bars represent mean + standard deviation.
Significance indicative of linear regression comparison of slopes. (D) Immunoblot analysis
of UCP1, CKB, and Tubulin in brown adipose tissue from male mice fed a high fat diet
and treated with injections of vehicle or mizoribine. (E) Quantification of UCP1 and CKB
(Normalized to Tubulin) in brown adipose tissue from male mice fed a high fat diet and
treated with injections of vehicle or mizoribine. N = 4-5. Error bars represent mean *
standard deviation. Significance indicative of two-tailed student’s t-test. (F) Immunoblot
analysis of SLN, p-ACC (Ser79), ACC, CPTla, Tubulin, and Vinculin in soleus muscle
tissue from male mice fed a high fat diet and treated with injections of vehicle or
mizoribine. (G — H) Plasma concentration of thyroid hormones T3 (G) and T4 (H) from
male mice treated with a high fat diet and mizoribine or vehicle for 30 days. N = 7. Error
bars represent mean + standard deviation. Significance indicative of two-tailed student’s
t-test. (I — K) Quantification of soleus immunoblots in F. SLN normalized to Tubulin (1),
CPT1la normalized to Vinculin (J), and pACC/ACC ratio (K). N = 4-5. Error bars represent
mean + standard deviation. Significance indicative of two-tailed student’s t-test. (L) Soleus
muscle mass from male mice fed a high fat diet and treated with injections of vehicle or
mizoribine. N = 4-5. Error bars represent mean + standard deviation. Significance
indicative of two-tailed student’s t-test. ns > 0.05, = p < 0.05, *x p < 0.01, *** p < 0.001,
and sxxx p <0.0001.

Figure 7. Mizoribine treatment improves systemic metabolic health. (A) Basal fasting
glucose in male mice treated with a high fat diet and mizoribine or vehicle injections for
30 days. N = 12-13. Error bars represent mean * standard deviation. Significance
indicative of two-tailed student’s t-test. (B — C) Intraperitoneal glucose tolerance test on
male mice treated with a high fat diet and mizoribine or vehicle injections for 30 days.
Glucose concentration over time (B) and baseline-adjusted area under the curve
guantification (C) of the glucose versus time curves. N = 12-13. Error bars represent mean
+ standard deviation. Significance indicative of two-tailed student’s t-test. (D) Plasma
insulin concentration during glucose tolerance test (15 minutes after the dextrose
injection). N = 6. Error bars represent mean + standard deviation. Significance indicative
of two-tailed student’s t-test. (E) Representative images of insulin (green), glucagon
(red), and somatostatin (blue) labeled pancreatic islets. (F) Terminal liver mass from male
mice treated for 30 days with a high fat diet (HFD) and daily injections of mizoribine (MIZ)
or vehicle (VEH). N = 4-5 per group. Error bars represent mean = standard deviation.
Significance indicative of two-tailed student’s t-test. (G) Representative images of
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hematoxylin and eosin (H&E) stained sections of liver from male mice treated with a HFD
and either vehicle or mizoribine injections. Scale bars = 100 um (H) Quantification of
hepatic lipid droplet size in male mice with a HFD and either vehicle or mizoribine
injections. N = 4-5 per group. Error bars represent mean + standard deviation.
Significance indicative of two-tailed student’s t-test. (I) Representative images of DAPI
and BODIPY stained sections of liver from male mice treated with a HFD and either
vehicle or mizoribine injections. Scale bars = 50 um. (J) Gene expression analysis of
Fasn, Scd1, Acaca, Srebfla, Srebflc, Hmgcr, and Hmgcsl (normalized to Rps16). N =
5-7 per group. Error bars represent mean * standard deviation. Significance indicative of
two-tailed student’s t-test. x p £0.05. (K) Lipid sets with significant (padj < 0.05) differential
enrichment in the plasma of vehicle- and mizoribine-treated male mice. “padj” represents
the FDR-adjusted p-value. Negative normalized enrichment scores represent a decrease
in mizoribine samples compared to vehicle, while positive values represent an increase
in mizoribine samples. Lipid classes: Pl — phosphatidylinositol, PE -
phosphatidylethanolamine, BA — bile acid, TG — triglyceride, PS — phosphatidylserine,
CAR - acylcarnitine, ST — stigmasterol. (L) Volcano plot of differentially abundant lipids
in the plasma of vehicle- and mizoribine-treated male mice. Significant (p < 0.05),
differentially abundant triglyceride species are shown in gold. All other significantly
differentially expressed lipid species are shown in teal, and nonsignificant lipid species
are shown in gray. ns > 0.05, * p £ 0.05, *x p < 0.01, »xx p £ 0.001, and ***x p <0.0001.
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Figure 6
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Figure 7
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