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Abstract

Background: Excess TCA cycle and glutamine anaplerosis are hallmarks of
metabolic dysfunction—associated steatotic liver disease and steatohepatitis.
Blocking glutamine metabolism attenuates metabolic dysfunction—
associated steatohepatitis. However, inhibiting TCA cycle flux by blocking
plasma membrane carbohydrate transport is limited by the ubiquitous tissue
distribution, function, and homology among the SLC2A family of facilitative
carbohydrate transporters, and the potential for carbohydrate blockade to
invoke or exacerbate glutamine anaplerosis. Here, we quantify alterations in
hepatocyte carbon flux, define the broader metabolic consequences of
hepatocyte-specific GLUT8/SLC2A8 inhibition, and delineate the antistea-
totic efficacy of a novel small-molecule GLUT8-selective inhibitor.
Methods: We generated mice with floxed SLC2A8 alleles and expressed
hepatocyte-specific Cre by breeding these mice with albumin-Cre transgenic
mice, or by administering AAV8 encoding hepatocyte-specific iCre. We
performed stable-isotope glucose, fructose, and glutamine metabolic label-
ing in isolated GLUT8"T and GLUT8-K® hepatocytes and performed meta-
bolic phenotyping in lean and diet-induced obese GLUT8WT and GLUT8MK®
mice. Finally, we performed high-throughput screening to identify a GLUT8-
selective inhibitor, which we characterized using in vitro models of tri-
glyceride accumulation.

Results: Hepatocyte-specific SLC2A8 deletion reduced diet-induced
hepatic and peripheral fat accumulation and increased thermogenesis during
ZT12-24 (eg, the dark phase). It also disrupted TCA cycle flux without
inducing compensatory glutamine utilization. High-throughput screening

Abbreviations: GLUT, glucose transporter; MASH, metabolic dysfunction—associated steatohepatitis; MASLD, metabolic dysfunction—associated steatotic liver
disease; qRT-PCR, quantitative real-time RT-PCR; RT-PCR, Quantitative real-time reverse transcriptase polymerase chain reaction; WT, wild-type.
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identified a small-molecule, GLUT8-selective inhibitor, P20, which blocked
hepatocyte TG accumulation and inflammation in in vitro steatotic and
inflammatory models.

Conclusions: Deleting the hepatocyte carbohydrate transporter GLUTS8
suppresses TCA cycle flux without inducing compensatory glutamine ana-
plerosis. The net effect of this is liver protection against multiple forms of
dietary insult. Given that selective pharmacological GLUT8 inhibition is
feasible, GLUT8 may be a viable target to abate metabolic dysfunction—
associated steatohepatitis and other complications of obesity.

Keywords: caloric restriction, energy metabolism, fasting, fructose, glucose
transporter, GLUT8, glutamine anaplerosis, metabolic dysfunction—
associated steatohepatitis, metabolic dysfunction—associated steatotic liver
disease, TCA cycle

INTRODUCTION

Carbohydrates carry high-energy carbon bonds to
provide substrate for growth, proliferation, or storage
as lipid or glycogen. The first and limiting step in
carbohydrate catabolism is facilitative transport into the
cell through the glucose transporter (GLUT) family of
carbohydrate and polyol transporters.I'l Recent data
indicate that restricting carbohydrate entry through the
GLUTs can abate metabolic disease.l'-"! However,
nonselective GLUT targeting can be detrimental to the
organism.!8-19 For example, blocking GLUT1 causes
GLUT1 deficiency syndrome, which presents with
seizures and neurologic deficits. Hepatocyte-specific
GLUT2 deletion induces beta cell dysfunction and
disrupts hepatic bile acid signaling.®! GLUT4 inhibition
results in peripheral glucose intolerance. Therefore,
isoform- and compartment-selective GLUT targeting is
critical to optimally leverage this biology to abate
overnutrition and tumor biology.

Prior work identified the facilitative glucose, fructose,
trehalose, and galactose transporter, GLUT8 (encoded
by the Sic2a8 gene), as a target transporter that
mediates growth and survival in solid and hematoge-
nous tumors.31 Consistent with this, GLUT8 expres-
sion, localization, and function are deranged in diabetic
models!'?~'4 and in human malignancies.®®'"15 More-
over, germline GLUT8 deletion and antisense-mediated
GLUT8 knockdown enhance thermogenesis and pre-
vent diet-induced hepatic steatosis.”-16-"8l Part of the
mechanistic action of GLUT8 blockade is consistent
with hepatocyte fasting-like signaling.[’) For example,
GLUTS8 inhibition activates hepatocyte autophagic
flux,219-211 and PPARa-FGF21 signaling.”! Inhibiting
carbohydrate entry in a compartment- and isoform-
specific manner to abate disease is thus an emerging
concept toward precision therapy against cancer,

metabolic, and inflammatory diseases.['522 The liver
is particularly amenable to GLUT targeting, in light of its
positioning in first-pass metabolism of portal macro-
nutrients, and its dynamic ability to coordinate the
moment-to-moment fed and fasting state of the
organism.

GLUT2 is the most abundantly expressed hepatic
GLUT, and it mediates bile acid signaling and pancre-
atic islet beta cell competence.!®l Indeed, hepatocyte-
specific GLUT2 deletion in mice resulted in early-onset
pancreatic beta cell failure.[®! This indicated that GLUT?2
inhibition in hepatocytes is not an optimal therapeutic
strategy. In contrast, GLUT8 is the second most
abundantly expressed hepatocyte GLUT in humans and
mice.l' GLUTS is expressed in several tissues, but is
predominantly expressed in the testis, brain, and
liver.3] Nevertheless, whole-body germline GLUTS
deletion and acute knockdown models indicate that
whole-body GLUT8 blockade does not yield basal
metabolic abnormalities, and GLUT8 inhibition attenu-
ates diet-induced insulin resistance and hepatic
steatosis.[”.16-18]  Furthermore, increased hepatic
GLUTS8 expression during high nutrient demand, such
as during development, the fasted state,[’! or nutrient
overload,['? suggests that hepatic GLUT8 is an
important metabolic regulator, a carbohydrate sensor,
or both. Together, these findings prompted the over-
arching hypothesis that hepatocyte-specific GLUT8 is a
tractable target to prevent and reverse metabolic liver
disease.

Here, we established the metabolic consequences of
hepatocyte GLUTS8 blockade in vitro and in vivo. We first
focused on the physiology of energy expenditure and
glucose homeostasis in hepatocyte-specific GLUTS-
deficient (GLUT8K®) mice. We then extended these
analyses toward a detailed view of carbon flux in
GLUTB8KO hepatocytes. This was an important set of
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analyses because (a) increased TCA cycle flux and
glutamine anaplerosis are hallmarks of steatotic liver
disease,?*! and (b) nonselectively inhibiting carbohy-
drate metabolism through the class | GLUTs (GLUT1, 2,
3, and 4) provokes glutamine anaplerosis.?®! Therefore,
selectively inhibiting TCA cycle without provoking
glutamine anaplerosis in treating metabolic dys-
function—associated steatohepatitis (MASH) may criti-
cally advance the therapeutic potential for GLUT
inhibitors.

We provide evidence that hepatocyte-specific
GLUTS deletion impairs glucose and fructose-mediated
hepatocyte TCA cycle flux. Importantly, TCA cycle
inhibition was independent of glutamine anaplerosis. At
the level of systems physiology, hepatocyte GLUT8
deletion is sufficient to enhance peripheral caloric
expenditure, attenuate high-fructose diet—induced
peripheral fat accumulation, and ameliorate hepato-
cellular damage, steatosis, and inflammatory marker
gene expression in multiple models of progressive
metabolic dysfunction—associated steatotic liver dis-
ease (MASLD) and MASH. We complement genetic
data by identifying and characterizing a novel small-
molecule GLUT8-selective inhibitor, P20, to show that
pharmacological GLUT8 blockade restores hepatocyte
FGF21 and blocks fructose-induced triglyceride accu-
mulation in vitro. We conclude that isoform-selective
glucose transport blockade is a feasible and effective
means to abate MASLD and MASH, at least in part by
preventing excess TCA flux without provoking compen-
satory glutamine utilization.

METHODS
Mouse models and treatment

All research was conducted in accordance with both the
Declarations of Helsinki and Istanbul.

All animal procedures were approved by the Wash-
ington University School of Medicine Animal Studies
Committee (Approval #24055). Male GLUT8"T and
GLUT8YXC mice were obtained by crossing GLUT8!
mice with transgenic mice expressing Cre recombinase
under albumin promoter control, as described.”:39 All
mice were 6—8-week-old at enrolliment. High-fructose diet
(TD86489) was 60% kCal content, obtained from Envigo
as we reported.[26.16.171\Western diet (Envigo, #TD88137)
was administered with low-dose weekly carbon tetra-
chloride (Sigma #319961) in corn oil exactly as
reported.28! VVehicle-treated mice were treated with corn
oil alone. Finally, in 1 set of studies, mice were fed a 4-
week methionine and choline-deficient diet (TD.90262,
>40% sucrose, 10% corn oil). All procedures were
performed in accordance with the approved guidelines by
the Animal Studies Committee at Washington University

School of Medicine. Primary murine hepatocytes were
isolated and cultured as reported.[16.17]

Serum analyses

Fasting blood glucose was measured via glucometer
using tail vein blood. For all other serum analyses,
submandibular blood collection was performed imme-
diately before sacrifice and serum was separated.
Triglycerides (Thermo Fisher Scientific #TR22421),
cholesterol (Thermo Fisher Scientific #TR13421), and
free fatty acids (Wako Diagnostics #999-34691, #995-
34791, #991-34891, #993-35191) quantification were
performed using commercially available reagents
according to the manufacturer’s directions. ALT and
albumin levels were quantified using an AMS LIASYS
Chemistry Analyzer.

Hepatic lipids

Lipids were extracted from ~100 mg hepatic tissue
homogenized in 2:1 chloroform:methanol. Each extract
(0.25%-0.5%) was evaporated for at least 1 hour before
biochemical quantification of triglycerides, cholesterol,
and free fatty acids using reagents described in section
Serum Analyses precisely according to the manufactur-
er’s directions.

Hematoxylin and eosin, picosirius red, and
F4/80+ histology

Formalin-fixed 5 pm sections from GLUT8WT and
GLUT8-K® mice were stained according to the
described protocols.[67]

Body composition analysis

Body composition analysis was carried out in unan-
esthetized mice as described®%31 ysing an EchoMRI
3-1 device (Echo Medical Systems) via the Washington
University Diabetic Mouse Models Phenotyping Core
Facility.

Indirect calorimetry

Oxygen consumption, CO, production, respiratory
exchange ratio, and heat production were measured
using the Phenomaster system (TSE) via the Washing-
ton University Diabetic Mouse Models Phenotyping
Core Facility as described.l>3' Metabolic parameters
were documented every 10—-13 minutes.
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TABLE 1 Primers used for qRT-PCR

Gene target Forward (5'-3')

Reverse (5'-3)

TGC TCC GCA CAG ATT CTT CA

CCA CGT CTC ACC ATT GGG G

CCA TAG CTG AAC TGA AAA CAA CC
GCG TCA CAC TCA AGC TCT G

AGA TGC CGA CCA CCA AAG ATA
AGC ACA TCT CGA AGG CTA CAC A

Acct TGT CCG CAC TGA CTG TAA CCA
Coltat GCT CCT CCT AGG GGC CAC T
Col3at CTG TAA CAT GGA AAC TGG GGA AA
Cxcl2 CCA ACC ACC AGG CTA CAG G
Elovi6 GAA AAG CAG TTC AAC GAG AAC G
Fasn CCT GGA TAG CAT TCC GAA CCT
Fgf21 CTG CTG GGG GTC TAC CAA G
Gpat CAA CAC CAT CCC CGA CAT C

Lpk CTT GCT CTA CCG TGA GCC TC
I11b GCA ACT GTT CCT GAACTCAACT
116 CTG CAA GAG ACT TCC ATC CAG
Pgcla ACA CCG CAATTC TCC CTT GT
Ppara ACG ATG CTG TCC TCC TTG ATG
Scd1 CCG GAG ACC CTT AGA TCG A
Slc2a8 TTC ATG GCC TTT CTA GTG ACC
Tgfb CCT GGC CCT GCT GAACTT G

Tnfa CAG GCG GTG CCT ATGTCT C

CTG CGC CTACCACTGTTCC
GTG ACC TTC GAT TAT GCG ATC A

ACC ACA ATC ACC AGA TCA CC
ATC TTT TGG GGT CCG TCA ACT

AGT GGT AT GAC AGG TCT GTT GG
CGG CGC TCT TCA ATT GCT TT

GTG TGA TAA AGC CAT TGC CGT
TAG CCT GTA AAA GAT TTC TGC AAA CC

GAG TCC TGC CTT TAG TCT CAG
TTG ATG TGG CCG AAG TCC AAC

CGA TCA CCC CGA AGT TCAGTA G

RNA sequencing

RNA-sequencing (RNAseq) was performed by the
Washington University Genome Technology Access
Center (GTAC), as we have reported.[07:2 Library
preparation was performed with 10 uG of total RNA with
a Bioanalyzer RIN score >8.0. Ribosomal RNA was
removed by poly-A selection using Oligo-dT beads
(mRNA Direct kit, Life Technologies). mRNA was then
fragmented in buffer containing 40 mM Tris acetate pH
8.2, 100 mM potassium acetate, and 30 mM magne-
sium acetate and heated to 94 degrees for 150
seconds. mMRNA was reverse-transcribed to yield cDNA
using SuperScript lll RT enzyme (Life Technologies, per
manufacturer’s instructions) and random hexamers. A
second strand reaction was performed to yield ds-
cDNA. cDNA was blunt-ended, had an A base added to
the 3’ ends, and then had lllumina sequencing adapters
ligated to the ends. Ligated fragments were then
amplified for 12 cycles using primers incorporating
unique index tags. Fragments were sequenced on an
lllumina HiSeq-3000 using single reads extending
50 bases.

RNAseq reads were aligned to the Ensembl release
76 top-level assembly with STAR version 2.0.4b. Gene
counts were derived from the number of uniquely aligned
unambiguous reads by Subread:featureCount version
1.4.5. Transcript counts were produced by Sailfish
version 0.6.3. Sequencing performance was assessed
for the total number of aligned reads, the total number of
uniquely aligned reads, genes and transcripts detected,

ribosomal fraction known junction saturation, and read
distribution over known gene models with RSeQC
version 2.3.

To enhance the biological interpretation of the large
set of transcripts, grouping of genes/transcripts based
on functional similarity was achieved using the R/
Bioconductor packages GAGE and Pathview. GAGE
and Pathview were also used to generate pathway
maps on known signaling and metabolism pathways
curated by KEGG.

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR (gRT-PCR) was per-
formed as previously reported®’! with some modifica-
tions. Snap-frozen livers or cultured hepatocytes were
homogenized in Trizol reagent (Invitrogen #15596026).
RNA isolated according to the manufacturer’s protocol
was reverse-transcribed using the Quantitect Qiagen
reverse transcriptase kit (Qiagen #205310). cDNA was
subjected to quantitative PCR using the SYBR Green
master mix reagent (Applied Biosystems #4309155).
Primers used are listed in Table 1.

Radiolabeled carbohydrate uptake and
stable-isotope tracing experiments

Radiolabeled 2DG and fructose uptake experiments
were performed in HEK293 cells expressing GLUT1-4,
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GLUT5, and GLUTS8, as we reported and validated
previously.?’l GLUT1-directed shRNA was stably
expressed in this cell line to knock down endogenous
GLUT1. The purpose of this is to minimize its
contribution to uptake. Stable-isotope tracing experi-
ments were performed precisely as described.[28.29

Statistics

Data were analyzed using GraphPad Prism version 9.0
(RRID:SCR_015807). p<0.05 was defined as statisti-
cally significant. Data shown are as mean + SEM.
Two-tailed t tests are used with Bonferroni-Dunn post
hoc correction, where multiple comparisons are made
unless otherwise noted in the figure legends.

RESULTS

Transcriptomic analysis reveals lower
inflammatory marker gene expression in
livers from whole-body GLUT8-deficient
mice

Germline, whole-body GLUT8-deficient mice, and mice
treated with GLUT8 gene-silencing oligonucleotides
exhibit increased calorie expenditure, increased hepato-
cyte fasting-like signaling through the PPARa pathway,
and protection from hepatic steatosis in diet-induced
obese models.I”:13.1416-18] \We first defined hepatocyte
gene-specific and transcriptional perturbations in isolated
cultured primary murine hepatocytes derived from whole-
body GLUT8-deficient liver (Figure 1A). This revealed
lower basal inflammatory and fibrogenic gene expres-
sion, including Ccl12, TNF, Col4a1/Col4a2, and TLR7. In
addition, among the most downregulated factors in
GLUT8KO hepatocytes was the B-cell development
factor and tetraspanin, CD53 (Figure 1A). Validating this
result functionally, we recently reported that germline
deletion of CD53 was sufficient to attenuate diet-induced
liver fat accumulation and inflammatory signaling in
hepatocytes.®) Gene Ontology pathway analysis of
significantly downregulated genes revealed inhibition of
multiple inflammatory pathways in isolated wild-type
(WT) and GLUT8-deficient (GLUT8KO) hepatocytes
cultured in nutrient-replete (eg, regular growth media)
conditions (Figure 1B). Whole-body GLUT8 deletion
significantly inhibited hepatocyte gene pathways, includ-
ing cell chemotaxis and adhesion, defense and immune
responses, inflammatory responses, and leukocyte
differentiation (Figure 1B). We next took an orthogonal,
proteomics-based approach to agnostically frame
broader GLUTS function (Figure 1C). We overexpressed
either GFP alone or HA-tagged GLUT8 in primary
hepatocytes, followed by anti-HA immunoprecipitation
and protein mass spectroscopy. This revealed binding

partners enriched for carbohydrate, nitrogenous, and
other small molecular compound metabolism. Overall,
the data indicate that GLUT8 has hepatocyte-intrinsic
metabolic and inflammatory functions.

Hepatocyte-specific GLUTS8 deletion
impairs hepatocyte glucose uptake

These data prompted us to generate hepatocyte-
specific GLUT8-deficient mice by inserting loxP sites
flanking exon 4 of sic2a8, the gene that encodes
GLUTS8 (Figure 1E). We crossed mice homozygous for
these loxP insertions with hemizygous male transgenic
mice expressing Cre recombinase under hepatocyte-
specific albumin promoter control. Cre-mediated exci-
sion in these mice results in splicing exons 3 and 5,
which induces a frameshift mutation and premature stop
codon. GLUT8-XC mice are live born, morphologically
normal, and reproduce in Mendelian ratios. qRT-PCR
analysis of crude liver mRNA confirmed >95% reduc-
tion in liver GLUT8 gene expression (Figure 1F). We
confirmed a reduction in GLUT8 protein abundance by
immunoblot analysis in crude liver protein extracts using
mouse testis as a positive band control (Figures 1G, H).
To functionally validate mRNA and protein reductions in
slc2a8/GLUT8, we showed that hepatocyte-specific
GLUTS deletion yields a ~50% reduction in radiolabeled
[3H]-2-deoxy-D-glucose uptake (Figure 11).

Hepatocyte GLUT8 deletion blocks
carbohydrate flux through the TCA cycle
without provoking glutamine anaplerosis

Excess glutamine flux is a hallmark of MASH,24 which
pushes excess nitrogen through an already impaired urea
cycle.31:321 One barrier to nonselective GLUT inhibition is
that preventing carbohydrate flux through the TCA cycle is
compensated by glutamine anaplerosis.’?5! We therefore
defined the metabolic consequences of GLUT8-specific
deletion in hepatocytes through detailed stable-isotope
glucose, fructose (Figure 2A), and glutamine (Figure 2B)
tracing in isolated GLUT8WT and GLUT8XC hepatocytes
in complete (nutrient-replete) growth media. Substrate
labeling revealed impaired labeled citrate (M + 2), alpha-
ketoglutarate (M + 2), and malate (M + 2) with concomitant
increased unlabeled glucose incorporation into the TCA
cycle in GLUT8O versus GLUT8WT hepatocytes
(Figure 2C). Impaired labeled fructose incorporation was
even more pronounced, as GLUT8-K® mice exhibited
impaired citrate (M + 2), cis-aconitate (M + 2), alpha-
ketoglutarate (M + 2), malate (M + 2), and aspartate
(M + 2) and compensatory increased unlabeled substrate
incorporation (Figure 2D). In contrast, glutamine (M + 5)
labeling through the TCA cycle surprisingly indicated no
significant changes in TCA cycle flux, in aspartate or
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FIGURE 1 Transcriptomic analysis revealed that whole-body GLUT8 deficiency lowers inflammatory marker gene expressions while hepa-

tocyte-specific GLUT8 deletion impairs hepatocyte glucose uptake. (A) Significantly downregulated genes identified by next-generation RNA
sequencing in primary hepatocytes from whole-body GLUT8 WT and GLUT8 KO mouse liver. Adjusted p < 0.05 in GLUT8 KO versus GLUT8 WT
livers. (B) Significantly downregulated GO pathways identified by RNAseq using a threshold adjusted p < 0.05 in GLUT8 KO versus GLUT8 WT
livers. (C) lllustration of an immunoprecipitation pull-down experiment targeting HA-tagged GLUTS to identify binding partners of GLUTS8. (D) GO
pathways represented by GLUT8 binding partners identified by immunoproteomic analysis using HA-tagged GLUT8 as bait. (E) Floxed Sic2a8
construct showing LoxP sites flanking exon 4. Crossing with Alb-Cre transgenic mice results in exon 4 deletion and a premature stop. (F-H) qRT-
PCR and immunoblot analyses quantifying GLUT8 gene expression and protein in GLUT8WT and GLUT8%C mice. (I) Radiolabeled [3H]-2-deoxy-
p-glucose uptake in isolated hepatocytes from GLUT8WT and GLUT8K® mice. *, and **** represent p < 0.05, and p < 0.0001, respectively, by 2-
tailed homoscedastic t test. Abbreviations: GO, Gene Ontology; qRT-PCR, quantitative real-time RT-PCR.
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FIGURE 2 Stable isotope tracing reveals impaired glucose and fructose flux through the TCA cycle without glutamine anaplerosis. (A, B)

Schematic of metabolic labeling of TCA cycle intermediaries using gl
universally labeled ['3C]-glucose and ['3C]-fructose tracer into citrate,
labeling by ['3C]-glutamine to glutamate, alpha-ketoglutarate, malate,

ucose and fructose (A), and glutamine (B) tracers. (C, D) % labeling by
cis-aconitate, alpha-ketoglutarate, fumarate, malate, and aspartate. (E) %
citrate, aspartate, and alanine. *, **, ***, and **** represent p<0.05,

p<0.01, p<0.001, and p<0.0001, respectively, by 2-way ANOVA with Sidak’s post hoc correction for multiple comparisons.

alanine labeling (Figure 2E). Together, the data show that
hepatocyte GLUT8-deletion impairs carbohydrate flux
without provoking glutamine anaplerosis.

Increased energy expenditure and
resistance to high-fructose diet-induced
peripheral adiposity in GLUT8-X® mice

We previously showed enhanced whole-body oxidative
metabolism in germline, whole-body GLUT8XC micel”.”!
and in mice treated with the GLUT inhibitor, trehalose.>19
To define if hepatocyte-specific GLUT8 deficiency is
sufficient to increase calorie expenditure, we quantified

basal energy expenditure in 8-week-old, chow-fed male
GLUT8WT and GLUT8X® mice. This revealed a consist-
ent, rapid increase in heat generation during each dark
cycle (eg, ZT 12—24) at ambient room temperature and at
thermoneutrality (Figures 3A, B). This was associated with
selectively increased VO, and VCO, during the dark cycle
(Figures 3C, D), and with greater peak labeled whole-body
['3C]-U-glucose oxidation in GLUT8K® versus GLUT8WT
(Figures 3E, F). Next, in an in vivo diet-induced simple
steatosis model, we subjected 8-week-old GLUT8"T and
GLUT8XC males to a 14-day high-fructose diet (HFrD,
60% energy kcal/d, 30% w/v fructose drinking water,
Figure 4A). Endpoint body weight in chow- and HFrD-fed
GLUT8WT and GLUT8-X® was not significantly different
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FIGURE 3 Enhanced dark-cycle energy expenditure in chow-fed liver-specific GLUT8-deficient (GLUT8-K®) mice. (A) Heat production versus

time in GLUT8K® versus GLUT8YWT mice over 2.5 circadian cycles. Gray and yellow bars denote light and dark cycles. Arrows point to the
enhancement of heat generation at the beginning of each dark phase. (B) Quantification of mean light cycle (ZT 0-12, left) and dark cycle

(ZT 12-24, mid) heat generation at ambient and thermoneutrality (ZT 12-24, right). (C, D) Quantification of mean light and dark cycle VO, (C) and
VCO, (D). (E, F) Whole-body glucose oxidation of '3C-glucose by quantification of exhaled '3CO, graphed over time (E) and quantified at peak
height (F). *, **, and *** represent p <0.05, p<0.01, and p<0.001, respectively, by 2-tailed homoscedastic ¢ test.

(Figure 4B). However, HFrD-fed GLUT8K® mice gained
significantly less body fat mass and proportionally less
body fat mass when compared with HFrD-fed GLUT8WT
mice (Figure 4C). Serum lipid analysis revealed selectively
increased serum LDL-C and hepatic triglyceride content in
GLUT8"™T mice, whereas GLUT8-X® mice were protected
from both (Figures 4D, E). This is associated with lower
induction of lipid biosynthetic gene expression by global
transcriptomic analysis (Figures 4F—H) in livers from
HFrD-fed GLUT8KC mice, versus GLUT8WT mice. We
further evaluated the reduction of genes in lipid bio-
synthesis in (eg, GPAT, LPK, and ELOVLG) by gqRT-PCR

in crude liver from HFrD-fed GLUT8YXC mice, versus
GLUT8WT mice (Figure 4l).

GLUTS8 mediates fatty acid- and LPS-
induced fat accumulation and inflammatory
gene expression

Inflammatory gene expression markers were reduced in
isolated primary murine hepatocytes from germline
whole-body GLUTXC® mice (Figure 1). We previously
reported that hepatocytes exposed to nonessential fatty
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FIGURE 4 Resistance to fructose-induced peripheral fat accumulation in GLUT8-K® mice. (A) Experimental design showing exposure to a
high-fructose diet and high-fructose water (14 d) in GLUT8K® and GLUT8WT mice. (B) Endpoint body weight in GLUT8XC versus GLUT8"T mice
on 14-day chow and HFrD protocol. (C) EchoMRI data showing change in body fat mass from baseline in GLUT8XC versus GLUT8"T mice on 14-
day chow and HFrD. (D, E) Serum lipid (D) and liver TG (E) quantification demonstrating lower LDL-C and hepatic TG in HFrD-fed GLUT8-K®
versus GLUT8WT mice. (F-H) Volcano plot of significantly altered genes (F), and significantly altered gene ontology pathways (G, H) and in HFrD-
fed GLUTWT versus GLUT8KC livers (left) and in GLUT8-KC HFrD- versus GLUT8WT HFrD-fed livers (right). (1) gRT-PCR data quantifying de novo
lipogenic gene expression. *, **, *** and **** represent p < 0.05, p < 0.01, p<0.001, and p < 0.0001, respectively, by 1-way ANOVA with Dunnett’s
post hoc correction (panels D, E, and I), or 2-way ANOVA with Sidak’s post hoc correction (panel C).
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FIGURE 5 GLUTS8 mediates fatty acid- and LPS-induced fat accumulation and inflammatory marker gene expression in isolated hepatocytes.

(A) Experimental diagram of primary murine hepatocyte isolation, culture, and treatment with BSA-conjugated fatty acids and lipopolysaccharide
(FA + LPS, 24 h) before endpoint analyses. (B) gRT-PCR data showing GLUT8 gene expression in isolated hepatocytes from GLUT8%C and
GLUT8™T mice treated with or without FA + LPS. (C) Enzymatic-colorimetric triglyceride quantification in isolated GLUT8KC and GLUT8WT

hepatocytes treated with or without FA + LPS. (D, E) gRT-PCR quantification of genes mediating de novo lipogenesis (D) and inflammation (E) in
isolated GLUT8 KO and GLUT8%WT primary hepatocytes treated with or without FA+ LPS. *, **, *** and **** represent p < 0.05, < 0.01, <0.001, and

p <0.0001, respectively, by 2-way ANOVA with Sidak’s post hoc test.

acids with low-dose lipopolysaccharide upregulate
triglyceride accumulation and inflammatory gene
expression.[193033] \We therefore tested if GLUT8-KC
hepatocytes cell-intrinsically resist metabolic inflamma-
tion using this in vitro model (Figure 5A). We exposed
isolated primary hepatocytes from GLUT8WT and
GLUT8"%® male mice to 500 uyM 1:1:1:1 BSA-conju-
gated palmitate:oleate:stearate:linoleate (24 h) with
50 ng/mL LPS (Hereafter, FA + LPS). We first confirmed
nearly undetectable GLUT8 expression in isolated
GLUTB8KO hepatocytes (Figure 5B). Moreover, FA +
LPS increased hepatocyte TG accumulation in FA +

LPS-treated GLUT8WT hepatocytes, and this was
attenuated in GLUT8K® hepatocytes (Figure 5C).
Accordingly, de novo lipogenic gene expression of
LPK, ACC1, and GPAT, but not FASN, was reduced in
FA + LPS-treated GLUT8-XO hepatocytes when com-
pared with GLUT8WT hepatocyte controls (Figure 5D).
In addition, inflammatory gene markers TNFa and
CXCL2 were reduced in FA + LPS-treated GLUT8-K®
hepatocytes when compared with GLUT8WT hepato-
cytes (Figure 5E). We conclude that hepatocyte GLUT8
deletion cell-intrinsically reduces the hepatocyte
response to metabolic inflammatory stimuli.
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FIGURE 6 GLUTS8 mediates dyslipidemia and hepatic steatosis in a chronic Western Diet and low-dose CCl, model of MASH in vivo. (A)
Experimental design demonstrating enrollment of germline GLUTWT and GLUT8-® diet, sucrose water, and CCL, exposure (MASH diet, 4 wk)
before sacrifice and analysis. (B) Enzymatic-colorimetric serum lipid quantification in GLUT8-X® and GLUT8"T mice fed chow or MASH diet. (C)
H&E, PSR, and F4/80 staining of livers from GLUT8-KC and GLUT8"T livers after 4-week chow or MASH diet treatment. (D) Blinded pathologist
scoring of steatosis, quantification of PSR, and F4/80* cells in GLUT8-XC and GLUT8"T liver micrographs after 4-week chow or MASH diet
treatment. (E) Unsupervised clustering and heat map demonstrating gene expression comparing bulk transcriptomes from GLUT8-X® and
GLUT8WT livers after chow and MASH diet exposure. (F) Significantly altered genes (Q < 0.05, Log(FC) > 2) in GLUT8KO chow versus MASH, in
GLUT8™T chow versus MASH, and the overlap in significantly altered genes in each set. (G) Pathway analyses demonstrating the most highly
downregulated and upregulated GO pathways when comparing livers from GLUT8-K® and GLUT8WT mice fed the MASH diet. *, **, and ****
represent p<0.05, p<0.01, p<0.0001, and p <0.0001, respectively, by 2-way ANOVA with Sidak’s post hoc test or by chi-squared analysis.
Abbreviations: GO, Gene Ontology; H&E, hematoxylin and eosin; PSR, picosirius red.
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FIGURE 7 Hepatoprotective effect of hepatocyte GLUT8 deletion extends to intervention models and acute models of MASH and mediates

hepatic TG accumulation and hepatocellular damage. (A) Experimental setup demonstrating inducible GLUT8 deletion 2 weeks before 56-day
Western Diet and low-dose CCl, exposure before inducible hepatocyte-specific GLUT8 deletion before sacrifice and analysis. (B) Liver TG, serum
ALT and serum albumin in GLUT8WT and GLUT8-K® mice exposed to a 56-day Western Diet and low-dose CCly. (C) Experimental setup
demonstrating MCD diet exposure before inducible hepatocyte-specific GLUT8 deletion before sacrifice and analysis. (D) Liver TG, serum ALT
and serum albumin in GLUT8WT and GLUT8K® mice exposed to a 28-day MCD. *, ***, and **** represent p <0.05, < 0.001, and < 0.0001,
respectively, by 2-tailed homoscedastic t test. Abbreviation: MCD, methionine- and choline-deficient diet.

GLUT8 mediates dyslipidemia and hepatic
steatosis in a murine model of MASH

The data prompted us to examine in vivo metabolic
inflammatory responses in GLUT8WT and GLUT8MKC
mice. We placed germline GLUT8WT and GLUT8-K®
mice on a 28-day MASH diet (Figure 6A). Serum TG,
total cholesterol, and LDL-C were significantly elevated
in MASH diet-fed GLUT8WT mice (Figure 6B). Choles-
terol and LDL-C in GLUT8XC mice were significantly
lower, with a trend toward lower serum TG when
compared with GLUT8WT mice (Figure 6B). We
confirmed these biochemical measurements of protec-
tion by histologic analysis of sections from GLUT8WT
and GLUTB8 KO livers from mice fed chow or NASH diets
(Figure 6C). Hematoxylin and eosin staining, picosirius
red staining, and F4/80 immunofluorescence revealed
increased steatosis, collagen staining, and F4/80*
cellular infiltrate in the GLUT8K® mouse liver when
compared with GLUT8WT mice. This was confirmed by
treatment- and genotype-blinded histopathologic scor-
ing, which also revealed a significant reduction in the

proportion of mice at or above the case definition
threshold for histologic steatosis (defined as >5%
steatosis), picosirius red—stained area, and F4/80* cells
in MASH-fed GLUT8"X® mice when compared with
GLUT8WT controls (Figure 6D). Livers from chow- and
MASH-fed GLUT8WT and GLUT8"K® mice were sub-
jected to bulk transcriptomics and unsupervised cluster-
ing analysis. Unsupervised clustering demonstrated
overlapping, interspersed transcriptomic profiles when
comparing chow-fed GLUT8WT and GLUT8- livers
(Figure 6E, leftward clusters). In contrast, MASH diet
exposure resulted in separation in hepatic transcrip-
tomic clustering in GLUT8WT and GLUT8-KO livers
(Figure 6E, rightward clusters). Moreover, MASH-fed
GLUTB8KO liver transcriptomes clustered more closely
with both chow-fed transcriptomes in the middle of the
unsupervised clustering than did the MASH-fed
GLUT8WT liver transcriptomes (Figure 6E). In total,
107 genes met a stringent significance threshold of
Q<0.05 and LFC >2 in MASH-fed versus chow-fed
GLUT8WT livers. Ninety-eight genes met the same
significance threshold in MASH-fed versus chow-fed
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FIGURE 8 Selective pharmacological GLUT8 blockade reverses fructose-mediated fasting gene suppression and TG accumulation. (A) ICsq
analysis for compound SW-157765 against GLUT2 and GLUT8-mediated [*H]-2-deoxyglucose uptake. (B, C) ICsq for compound P20 against
GLUTS (B) and GLUT2-mediated (C) [3H]-2-deoxyglucose uptake. (D) ICso for compound P20 against GLUT8-mediated fructose uptake. (E)
Relative GLUT2 and GLUTS inhibition by SW-157765 and P20. (F) gRT-PCR analysis of fasting-induced hepatic gene expression in response to
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excess fructose with or without P20 treatment. (G) Enzymatic-colorimetric triglyceride quantification in isolated GLUT8%C and GLUT8"WT hepa-
tocytes treated with or without excess fructose exposure. (H, I) gRT-PCR analysis of inflammatory (H) and glutamine metabolism (l) gene
expressions in response to excess fructose with or without P20 treatment in hepatocytes in vitro. (J, K) gRT-PCR analysis of inflammatory (J) and
glutamine metabolism (K) gene expression in response to FA and LPS with or without P20 treatment in hepatocytes in vitro. *, **, ***, and ****
represent p <0.05,<0.01,<0.001, and p<0.0001, respectively, by 1-way ANOVA with post hoc correction.

GLUT8XO livers. Fifty-six of these genes were shared
as significantly regulated in both genotypes. GLUT8-K®
mice also significantly altered 42 genes apart from
those in the MASH-fed WT state (Figure 6F). Specific
genes of interest that were significantly lower in
GLUTHKO versus GLUTWT liver included inflammatory
signaling genes (ticam1 and nfam1), TNFa-related
genes (tnfaip8 and traf4), and fibrosis-related genes
(colda1, Figure 6E). Gene Ontology pathway analysis
revealed the most profoundly downregulated processes
(GLUT8K® MASH vs. GLUT8WT MASH) included
immune response activation, inflammatory responses,
leukocyte cell-cell adhesion, defense responses, and
immune regulation (Figure 6G). This was corroborated
in downregulated KEGG pathways, which included IL-
17, Rap1 signaling, chemokine signaling, NFKB, and
TNFa signaling (Supplemental Figure S2, http://links.
lww.com/HC9/C128). In contrast, processes upregu-
lated in GLUT8XO relative to GLUT8"T liver included
Gene Ontology pathways related to metabolism of acyl-
CoA, organic acids, fatty acids, acetyl-CoA, and
monounsaturated fatty acids, and KEGG pathways
related to fatty acid and branched chain amino acid
catabolism and oxidative phosphorylation (Figure 6G
and Supplemental Figure S2, http://links.lww.com/HC9/
C128). Together, in vitro modeling and in vivo data
support the conclusion that hepatocyte GLUT8 medi-
ates metabolic inflammation.

Hepatoprotective effects of hepatocyte
GLUTS8 deletion extend across distinct
chronic and intervention models of MASH

We turned toward distinct in vivo MASH models to test
the hypothesis that hepatocyte GLUTS8 targeting exerts
a generalizable hepatoprotective effect. We first tested
if acute hepatocyte GLUTS8 deletion reduced hepatic TG
and transaminase elevation using the MASH diet model
(Figure 7A). We treated GLUT8"" mice with AAVS8
encoding TBG promoter-driven-GFP or -iCre (eg,
AAVS8-TBG-GFP or AAV8-TBG-iCre), then exposed
mice to a 6-week MASH diet (eg, Western Diet, sucrose
drinking water, and low-dose weekly carbon tetra-
chloride, Figure 7A).1281 Again, MASH diet-exposed
GLUT8"M x iCre mice had significantly lower endpoint
liver TG and circulating serum ALT, a marker of
hepatocellular damage, with no reduction in serum
albumin, a marker of hepatocyte synthetic function
(Figure 7B). We then examined a disease intervention

model to assess the effects of GLUT8 deletion after the
onset of dietary insult. Eight-week-old male GLUT8"
mice were treated with a methionine and choline-
deficient diet 10 days before treatment with AAVS-
TBG-GFP or -iCre before sacrifice and analysis after
28 days of methionine and choline-deficient diet
exposure (Figure 7C). Again, GLUT8" x iCre mice
had significantly lower endpoint liver TG and ALT
without reductions in serum albumin, when compared
with GLUT8" x GFP mice (Figure 7D). These data
indicate a generalizable protective effect of GLUT8
blockade independent of the timing of GLUTS8 deletion
or dietary insult.

Selective pharmacological GLUT8
blockade reverses hepatocyte TG
accumulation and inflammatory marker
gene expression

We set out to identify isoform-selective small-molecule
GLUTS8 inhibitors and then test their in vitro efficacy
against fructose-induced TG accumulation. We first
tested compound SW-157765, which was first identified
as a GLUTS inhibitor in a 200,000-compound chemical
screen for drugs that are lethal to non—-small-cell lung
tumors.'l We quantified the ability of SW-157765 to
selectively block GLUT8 and GLUT2—the 2 most highly
expressed hepatocyte carbohydrate transporters.['”l To
do this, we utilized our established GLUT isoform-
specific 293 cell screening platform.12271 Briefly, this cell
line expresses shRNA targeting its endogenous GLUT1
transporter and concomitantly overexpresses the
screened GLUT isoform. For purposes here, these cells
specifically express either GLUT2 or GLUT8 (Figure 8)
or GLUTA1, -3, -4, or -5 (Supplemental Figure S3, http://
links.lww.com/HC9/C128). On these platforms, we
defined substantial overlap in SW-157765 potency
against both GLUT2 and GLUTS. Both isoforms were
maximally inhibited at 25%—30% uptake, with an 1Csg
for GLUT2 and GLUT8 with ICsq of 1.5 and 1.2 uM,
respectively (Figure 8A). Using the same screening
platform, we identified a compound series, “P20,” from a
Lilly compound library screen.’2”1 P20 exhibited an ICs
for GLUT8 inhibition similar to that of SW-157765
(2.1 pM, Figures 8B, C), but its GLUT2 ICsq was 2.9-
fold higher than that of SW-157765 (4.3 uM, Figure 8D).
P20 also inhibited GLUT8-mediated fructose uptake
with an ICsq of 2.1 yM. Maximal transport inhibition for
P20 to block GLUT8-mediated 2DG and fructose
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transport each exceeded 80% (Figure 8D). Percentage
inhibition comparing the 2 compounds head-to-head at
10 uM inhibitor dosage in isolated primary murine
hepatocytes was significantly greater for P20 when
compared with SW-157765 (Figure 8E). In addition to
improved GLUT8:GLUT2 selectivity, P20 was even
more selective for GLUT8 against other class | GLUTs:
GLUTH1, -3, and -4, as well as the GLUT5 fructose-only
transporter (Supplemental Figure S3, http:/links.lww.
com/HC9/C128). For these transporters, the P20 I1Csq
ranged from 7.7 uM (GLUT4) to indeterminate (GLUT1,
eg, no measurable inhibitory activity) at the concentra-
tions tested (Supplemental Figure S1, http:/links.lww.
com/HC9/C128).

We examined the hypothesis that P20 reverses
fructose-induced suppression of key fasting-responsive
genes in hepatocytes. Fructose-treated (10 mM) hepa-
tocytes suppressed Arg2 and PPARa gene expression
(Figure 8F), and 10 uM P20 treatment in the presence
of fructose reversed this suppression. P20 also induced
fasting signaling factors fibroblast growth factor 21
(FGF21B3435) and PGC1a, despite the presence of
10 mM fructose, when compared with cultures treated
with fructose alone. (Figure 8F). Finally, fructose
induced TG accumulation in isolated wild-type murine
hepatocytes, whereas P20 reversed fructose-induced
hepatocyte TG accumulation (Figure 8G). Similarly, P20
lowered fructose-induced inflammatory gene markers
16, Cxcl2, and Tgf-f (Figure 8H) and glutamine
metabolic genes Glul and Slc25a13 (Figure 8l). In
addition, hepatocyte cultures exposed to FA + LPS had
lower 116, Cxcl2, Cxcl9, Glul, GIs1, and Slc25a13 when
compared with fructose-exposed hepatocytes treated
with vehicle (Figures 8J, K). Together, these results
suggest that selective pharmacological GLUT inhibition
restores fasting-like hepatocyte signaling responses,
and blocks triglyceride, inflammatory, and glutamine
metabolic changes.

DISCUSSION

Targeting glucose transporters has been feasible for
decades. However, nonspecific GLUT inhibitors such
as phloretin, phlorizin, and cytochalasin B are used
primarily as tools in classical glucose transporter
experiments, and not as therapeutic agents. The use
of GLUT inhibitors is currently limited by the lack of
isoform selectivity for these agents. GLUT isoform
selectivity is critical due to the broad tissue distribution
and functions of the GLUT family.

The human consequences of nonselective GLUT
targeting are illustrated by first-generation HIV protease
inhibitors, which induce peripheral glucose intolerance.3¢!
This is further underscored by genetic and pharmaco-
logical data in animal models and human subjects,
demonstrating the isoform-specific sequelae of off-target

GLUT inhibition. GLUT1 deletion imparts GLUT1 defi-
ciency syndrome,’®”l comprising seizures and choreoa-
thetoid movement. GLUT2 blockade in the liver impairs
beta cell competence and bile acid homeostasis,®!
whereas whole-body GLUT2 deficiency yields hepatore-
nal glycogenosis and impaired glucose and galactose
utilization (eg, Fanconi-Bickel Syndrome). Pharmaco-
logical and genetic GLUT4 blockade in humans and
rodents impairs glucose and insulin tolerance in almost
any compartment.363839 Beyond the class | glucose
transporters (GLUT1-4), inhibiting class Il and Il trans-
porters GLUT10 and GLUT9 induce arterial tortuosity
syndrome and hyperuricemia,®4% respectively. These
preclinical and clinical findings juxtapose with promising
data that blocking SGLT" and GLUT family transporters
can potentially abate several disease processes, including
cancer,31% gutoimmune/inflammatory,“? and metabolic
disease.[26.16.17.19 Therefore, precision glucose transport
targeting is a barrier to address toward GLUT-based
therapies.[*3l

On that basis, there are 3 principal findings in this
work. First, hepatocyte-specific genetic GLUT8 inhibi-
tion is sufficient to convey the metabolic effect of whole-
body GLUT8 targeting. Second, GLUT8 blockade
reduces TCA cycle flux. Expectedly, this induces
compensatory carbon flux through the TCA cycle, yet
it does not provoke glutamine anaplerosis. Third,
despite high homology, we achieved pharmacological
separation between the 2 most abundant hepatocyte
GLUTs—GLUT2 and GLUTS.

These new data demonstrate the efficacy of compart-
ment- and isoform-specific GLUT8 blockade. Postdeve-
lopmental GLUTS8 targeting is promising in part because
no deleterious metabolic consequences are identified in
whole-body GLUT8 blockade,”1"16-"8] and because
antisense, pharmacological, and genetic whole-body
GLUTS8 targeting reveal multiple avenues to target this
pathway.[257.16-19 Moreover, pharmacological inhibitors
of varying potency and specificity exist to inform
advanced GLUT targeting approaches.[!1:30:3344.45] \\e
extend these data to show that hepatocyte GLUT8
deletion is sufficient to drive whole-body energy expen-
diture, peripheral fat accumulation, and protect from
hepatic lipid accumulation, inflammatory gene expres-
sion, and transaminase elevation in response to multiple
diet-induced insults. This is particularly important
because GLUTS8 is abundantly expressed in the heart,
testis, and brain. In addition, some reports indicate an
association between whole-body GLUT8 deletion,
smaller litter size without clear etiology,['3 and alterations
in behavior and locomotor activity.??! The data also
support the assertion that GLUT8 targeting extends
hepatoprotection beyond carbohydrate overloading.

Some additional barriers to address remain: (i) GLUT
targeting and fasting-like metabolic pathways may be
sexually dimorphic, (ii) leveraging pathways activated
downstream of the GLUTSs (and of fasting in general) may
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render even greater therapeutic specificity,6:28.29.3146]
and (iii) no compartment- or GLUT8-selective com-
pounds are yet available. We advance this paradigm
through hepatocyte-specific genetic GLUT8 deletion,
and by identifying a GLUT8-selective and potent first-in-
class GLUT8-selective inhibitor, P20. Importantly, the
2.9-fold selectivity index for P20 demonstrates that
pharmacological GLUT isoform selectivity is feasible,
despite high GLUT isoform homology.l"l P20 reversed
fructose-induced TG accumulation and fructose sup-
pression of Arg2 and FGF21 expression in vitro. This
recapitulated important glucose fasting-mimetic out-
comes previously identified after treatment with the
natural disaccharide GLUT inhibitor, trehalosel?¢ and
lactotrehalose.l'9471 Nevertheless, the data justify sub-
sequent rational design and in vivo testing required to
further optimize this selectivity.

Finally, a forward-looking aspect of these data should
also be highlighted. TCA cycle flux and anaplerosis are
increased in human MASH.[24.2948] Consistent with this,
attenuating substrate flux through the TCA cycle
alleviates MASH at the level of the carbohydrate
transporter, gluconeogenesis,“¢! the mitochondrial pyr-
uvate carrier,*¥l and blockade of glutamine anaplerosis
through GLS1.591 We show here that the metabolic
stress of GLUT blockade in the hepatocyte here
reduces exogenous carbon input into the TCA cycle
and forces compensatory endogenous carbon fuel
utilization independent of glutamine anaplerosis. In
contrast, aspartate labeling from glutamine tracer
shows that arginase 2 (Arg2) deletion in the mitochon-
drial urea cycle impairs TCA cycle flux, prompts
compensatory glutamine anaplerosis, and predisposes
to age-induced MASLD and MASH in mouse models,
MASH-derived human organoids, and in prospective
human metabolomic studies. The data are thus con-
sistent with the provocative hypothesis that glutamine
anaplersosis per se is contributory toward MASH and
MASLD pathogenesis. This cause-consequence rela-
tionship remains to be more deeply interrogated.
Nevertheless, the data demonstrate the translational
potential of hepatocyte carbohydrate transporter block-
ade in multiple models of simple steatosis and MASH.
We nominate GLUT8 as an exemplar target, blockade
of which attenuates TCA cycle flux without invoking
glutamine anaplerosis, and extend these basic findings
to identify P20 as a newly recognized selective GLUT8
inhibitor to treat metabolic, malignant!®'".1% disease and
perhaps beyond.
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