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An early, reversible cholesterolgenic etiology of
diet-induced insulin resistance
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Lixuan Tackett 1,3, Theja Bhamidipati 1,3, Natalie D. Stull 5, Teayoun Kim 6, Kirk M. Habegger 6,
Donald A. McClain 7, Joseph T. Brozinick 1,3,6, Jeffrey S. Elmendorf 1,2,3,*
ABSTRACT

Objective: A buildup of skeletal muscle plasma membrane (PM) cholesterol content in mice occurs within 1 week of a Western-style high-fat diet
and causes insulin resistance. The mechanism driving this cholesterol accumulation and insulin resistance is not known. Promising cell data
implicate that the hexosamine biosynthesis pathway (HBP) triggers a cholesterolgenic response via increasing the transcriptional activity of Sp1.
In this study we aimed to determine whether increased HBP/Sp1 activity represented a preventable cause of insulin resistance.
Methods: C57BL/6NJ mice were fed either a low-fat (LF, 10% kcal) or high-fat (HF, 45% kcal) diet for 1 week. During this 1-week diet the mice
were treated daily with either saline or mithramycin-A (MTM), a specific Sp1/DNA-binding inhibitor. A series of metabolic and tissue analyses
were then performed on these mice, as well as on mice with targeted skeletal muscle overexpression of the rate-limiting HBP enzyme glutamine-
fructose-6-phosphate-amidotransferase (GFAT) that were maintained on a regular chow diet.
Results: Saline-treated mice fed this HF diet for 1 week did not have an increase in adiposity, lean mass, or body mass while displaying early
insulin resistance. Consistent with an HBP/Sp1 cholesterolgenic response, Sp1 displayed increased O-GlcNAcylation and binding to the HMGCR
promoter that increased HMGCR expression in skeletal muscle from saline-treated HF-fed mice. Skeletal muscle from these saline-treated HF-fed
mice also showed a resultant elevation of PM cholesterol with an accompanying loss of cortical filamentous actin (F-actin) that is essential for
insulin-stimulated glucose transport. Treating these mice daily with MTM during the 1-week HF diet fully prevented the diet-induced Sp1
cholesterolgenic response, loss of cortical F-actin, and development of insulin resistance. Similarly, increases in HMGCR expression and
cholesterol were measured in muscle from GFAT transgenic mice compared to age- and weight-match wildtype littermate control mice. In the
GFAT Tg mice we found that these increases were alleviated by MTM.
Conclusions: These data identify increased HBP/Sp1 activity as an early mechanism of diet-induced insulin resistance. Therapies targeting this
mechanism may decelerate T2D development.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

From a public health standpoint, understanding the pathophysiological
changes that lead to insulin resistance at the earliest possible stage
would have far-reaching implications in decelerating the enormous
worldwide incidence of type 2 diabetes (T2D). In its earliest phases, a
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major feature of this disease is skeletal muscle insulin resistance,
which is of considerable importance since skeletal muscle is
responsible for the disposal of the majority of an exogenous glucose
load [1]. We found that early insulin resistance in mice fed a Western-
style high fat (HF) for 1 week is caused by increased skeletal muscle
plasma membrane (PM) cholesterol and loss of cortical filamentous
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Figure 1: Dietary and treatment intervention plan. Upon arrival to our facility, 2 wks
before the diet and treatment intervention all mice were singly housed, given standard
laboratory chow (SC) for 1 wk and then the low-fat (LF) diet for 1 wk to adapt to the
modified diet. Following this 2-wk acclimation period, mice were either left on the LF
diet (Groups 1 and 3, black line) or switched to the HF diet (Groups 2 and 4, red line).
Mice were injected intraperitoneally with either saline (SAL, Groups 1 and 2, black) or
0.15 mg/kg mithramycin-A (MTM, Groups 3 and 4, green) daily during the 1-week LF
or HF diet. All groups consisted of several cohorts of 6e9 mice for metabolic/tissue
analyses performed immediately following the 1-wk diet/treatment period.
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actin (F-actin) [2], an actin network that is essential for insulin-
regulated glucose transport [3e6]. Treatment of these mice with the
cholesterol-lowering dextrin (MbCD) during the 1-week HF diet pre-
vented muscle cholesterol buildup, F-actin loss, and insulin resistance
[2]. These results identified excess skeletal muscle PM cholesterol as
an early reversible cause of diet-induced insulin resistance.
These findings complement a growing volume of clinical data that
increased intracellular cholesterol is a risk factor for T2D [7e10]. In
agreement with these findings, we found that muscle biopsies from
individuals across a range of insulin sensitivities have an inverse cor-
relation between cholesterol content and glucose disposal [11]. The
mechanism by which skeletal muscle cholesterol accumulates early in
the setting of HF feeding is not known. An understanding would be
rewarding as it may lead to novel approaches to prevent the develop-
ment of insulin resistance. Some promising in vitro data revealed that de
novo cellular cholesterol biosynthesis can be triggered by increased
activity of the hexosamine biosynthesis pathway (HBP) [11e13], a
pathway well recognized to play a fundamental role in the etiology of
T2D [14e16]. We found that various cell culture conditions that increase
HBP activity cause PM cholesterol accumulation, cortical F-actin loss,
and insulin resistance [11e13]. We further found that MbCD normali-
zation of excess PM cholesterol in these cells restored cortical actin
filaments and prevented HBP-induced insulin resistance [11,13].
Essential features of the HBP include the first and rate-limiting enzyme,
glutamine:fructose-6-phosphate-amidotransferase (GFAT), which
converts fructose-6-phosphate and glutamine into glucosamine-6-
phosphate (GlcN-6-P). GlcN-6-P is subsequently metabolized, culmi-
nating in the production of UDP-N-acetylglucosamine (UDP-GlcNAc),
the high energy substrate for O-GlcNAc transferase (OGT), a nuclear
and cytosolic enzyme that catalyzes the addition of GlcNAc to serine/
threonine residues [17,18]. This posttranscriptional modification
modulates the activities of signaling proteins, regulates most com-
ponents of the transcription machinery, affects cell cycle progression,
and regulates the targeting/turnover or functions of many other reg-
ulatory proteins [19e21]. Mice overexpressing GFAT [22,23] or OGT
[24] in skeletal muscle and adipocytes develop peripheral insulin
resistance as they age, without manifesting changes in body mass or
expression of the insulin-responsive glucose transporter, GLUT4. The
in vivo insulin resistance in these mice is associated with impaired
insulin stimulated GLUT4 redistribution to the PM [22].
While many key insulin signaling proteins (e.g., IRS1, PDK1, Akt,
Munc18c) are subject to O-GlcNAcylation [20], defects in their
signaling do not account for HBP-mediated insulin resistance [16,25e
27]. This was further confirmed by experiments in which over-
expression of O-GlcNAcase, the enzyme that removes O-GlcNAc
moieties from proteins was found to be ineffective in mitigating HBP-
induced insulin resistance in 3T3-L1 adipocytes [26]. Notably, O-
GlcNAcylation was decreased only in the cytosolic fraction of these
cells, whereas in isolated nuclei, no significant increase in O-GlcNA-
case activity was detected [26]. This is consistent with the postulate
that nuclear proteins are critical O-GlcNAcylation targets that cause
insulin resistance.
In 3T3-L1 adipocytes we found that O-GlcNAcylation of the tran-
scription factor Sp1 leads to transcription of hydroxy-3-methylglutaryl
CoA reductase (HMGCR) [12]. This HBP-induced transcriptional
response increased PM cholesterol and decreased cortical F-actin,
which impaired cellular insulin sensitivity [12]. Importantly, these
in vitro analyses demonstrated that either inhibition of GFAT, or
blockade of O-GlcNAc-modified Sp1 binding to DNA, prevented cellular
cholesterol buildup, F-actin disruption, and insulin resistance [12].
Whether the excess membrane cholesterol content measured in
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insulin-resistant skeletal muscle from HF-fed mice results from
increased HBP/Sp1 activity is not known. Herein, using mithramycin-A
(MTM), a specific Sp1/DNA-binding inhibitor [12,28,29], we tested this
possibility in HF-fed mice and mice with targeted overexpression of
GFAT in skeletal muscle.

2. MATERIALS AND METHODS

2.1. Mice
Male C57BL/6NJ (6N) mice were obtained at 4e6 weeks of age from
Jackson Laboratory, Bar Harbor, ME and were singly housed and
maintained on a 12-h light/dark cycle. Male and female mice with
targeted muscle overexpression of the rate limiting HBP enzyme GFAT
[23] were group housed and fed a regular chow diet. The Indiana
University School of Medicine (IUSM) and University of Alabama at
Birmingham (UAB) Institutional Animal Care and Use Committee
approved all animal protocols.

2.2. Diet and treatment intervention
Upon arrival to our facility, all mice had free access to water and
standard chow (SC) for 1 week (see Figure 1). Following this 1-week
facility acclimation period, all mice received a low-fat (LF) diet con-
taining 20% kcal from protein, 70% kcal from carbohydrates, and 10%
kcal from fat (D01030107, Research Diets Inc., New Brunswick, NJ)
for 1 week to adapt to the modified diet. This LF, as well as the high-fat
(HF), diet represented modified forms of the standard LF (D12450H)
and HF (D12451) diets from Research Diets Inc., with an adaptation
regarding type of fat (palm oil instead of lard), with the HF diet having a
ratio of saturated to monounsaturated to polyunsaturated fatty acids of
40:40:20. Note that both diets contain approximately 0.2 mg choles-
terol per gram of casein, an ingredient in these diets. Using this
number, the estimated levels of cholesterol on a weight per weight
basis in the LF and HF diets are 37.9 mg/kg and 46.6 mg/kg,
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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respectively. Following this 2-week acclimation period, mice were
either left on the LF diet (Figure 1, Groups 1 and 3) or switched to the
HF diet (Figure 1, Groups 2 and 4) containing 20% kcal from protein,
35% kcal from carbohydrates, and 45% kcal from fat (D01030108).
Mice were injected intraperitoneally (i.p.) with either saline (Figure 1,
SAL, Groups 1 and 2) or 0.15 mg/kg mithramycin-A (Figure 1, MTM,
Groups 3 and 4) daily during the 1-week LF or HF diet. We also treated
male and female GFAT transgenic (Tg) and littermate wildtype (Wt)
control mice with saline or MTM (i.p. 0.15 mg/kg/day/week). All groups
consisted of several cohorts of 6e9 mice for metabolic/tissue analyses
performed immediately following the 1-week intervention. Several
previous studies and data we have collected permitted us to use power
analysis to calculate/validate the number of animals needed for our
major outcome variables, membrane cholesterol, actin, and glucose
transport. For these studies, 6 mice per group was calculated to
provide a statistical power of 85% using a ¼ 0.05.

2.3. Monitoring of activity, feeding and body composition
Mice were housed individually, and indirect calorimetry measures
were performed using a TSE Systems PhenoMaster Metabolism
Research Platform (Chesterfield, MO) equipped with calorimetry,
feeding/drinking, and activity monitoring. Mice were monitored for 7
days under standard 12-h light/dark cycles. Oxygen consumption (VO2)
and carbon dioxide production (VCO2) were monitored and VO2 and
VCO2 levels were used to calculate the respiratory exchange ratio
(RER). EchoMRI Body Composition Analyzer (EchoMRI, LLC, Houston,
Texas) assessed body, lean and fat mass.

2.4. Assessment of glucose tolerance and insulin sensitivity
For the intraperitoneal glucose tolerance test, mice that were fasted for
5e6 h were administered glucose (2 g/kg i.p.). Tail vein blood glucose
was measured at times indicated with an AlphaTRAK blood glucose
meter (Abbott Laboratories, Inc. Alameda, CA). The integrated
response to glucose for each individual animal was determined by
calculating the area under the curve (AUC) by using each animal’s
baseline (time ¼ 0 min) blood glucose measurement as previously
described [30,31]. Hyperinsulinemic-euglycemic clamp studies were
conducted as previously described [32,33]. In brief, catheters were
implanted in mice following the 2-week SC and LF acclimation period
(see Fig. 1). Mice were then maintained on the LF diet or placed on the
HF diet and treated with saline or MTM as described above, and seven
days postoperative, mice were fasted for 5 h. Insulin (4 mU/kg/min,
diluted in 3% mouse plasma) was infused through the venous catheter,
and euglycemia (90 mg/dL) was maintained by adjusting the infusion
rate of a 50% glucose solution mixed with [3-3H]-glucose 0.02 mCi/ml
[34]. A tracer equilibration period (t ¼ �120 to 0 min) was used as
follows: a 1.6 mCi bolus of [3-3H]-glucose (PerkinElmer, Boston, MA)
was given at t ¼ �120 min followed by a 0.04 mCi/min infusion for
2 h. Blood samples (100 mL) were taken at �120, �15, �5, 80, 90,
100, 110, 120, 122, 127, 135, 145, and 155 min for the assessment
of glucose and insulin. Red blood cells from these samples were
recovered by centrifugation and injected via arterial catheter to prevent
a hematocrit deficit. At the end of the clamp, mice were euthanized,
and tissues were snap frozen in liquid nitrogen. Plasma [3-3H]-glucose
and 3H2O were measured to determine rate of endogenous glucose
production (Ra) and rate of glucose disposal (Rd) correcting for non-
steady state conditions as previously described [35]. Plasma radio-
activity and specific activity profiles for both the basal and clamp period
are provided in Supplemental Fig. 1. Clamp plasma glucose was
measured from 20 mL of deproteinized samples (Glucose Assay Kit;
Cell Biolabs, San Diego, CA). Tissue-specific [3-3H]-glucose
MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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incorporated glycogen was measured as previously reported [34].
Plasma insulin was measured using ultra-sensitive mouse insulin
ELISA (Crystal Chem, Downers Grove, IL).

2.5. Protein and mRNA Sp1 and HMGR analyses
Mixed hindlimb skeletal muscle was rapidly harvested from mice
immediately following the 1-week diet/treatment interventions (see
Fig. 1). The muscles were trimmed off their tendons, blotted, and snap
frozen in liquid nitrogen. Muscles were stored at �80 �C until pro-
cessed to quantify GFAT protein expression, Sp1 binding to the HMGCR
promoter, and HMGCR mRNA expression levels as we have previously
detailed [2,12]. Note, for determination of O-GlcNAcylation of Sp1
presented in Figure 5, we used muscles from a cohort of 6 mice/group
that were processed the same way and stored at �80 �C from a
previous study using the same LF- and HF-fed mouse model [2].

2.6. Triad isolation and measurement of cholesterol content
Isolation of triad-enriched fractions from mixed hindlimb skeletal muscle
was performed using differential centrifugation as previously reported
[36]. Briefly, skeletal muscle was homogenized in ice-cold HES buffer
with a Polytron PT-10 homogenizer 3 times in 10-second bursts. After
homogenization the sample was centrifuged at 1380 g for 30 min. The
supernatant was saved, and the pellet was resuspended and centrifuged
at 1380 g for 30 min. The supernatant from the second centrifugation
was combined with the supernatant from the first spin and centrifuged
at 17,000 g for 30 min. The supernatant from this 17,000 g spin was
discarded and the pellet was homogenized in HES buffer and centrifuged
at 1380 g for 30 min. The pellet was discarded and the supernatant from
this 1380 g spin was centrifuged at 17,000 g for 30 min. The resulting
pellet was resuspended in 0.2 ml of HES buffer and stored at�80 �C for
analysis. Cholesterol content was assayed using the Amplex Red
Cholesterol Assay Kit (Molecular Probes), as we previously described
[13]. We previously confirmed triad fraction purity using this differential
centrifugation approach [2]. Equal protein loading was confirmed with
the Revert Total Protein Stain (Li-Cor, Lincoln, NE).

2.7. Actin analyses
We dissected out soleus muscles from three mice per group. Muscles
were quickly sliced into 1e3 thin (w1 mm) sections with a scalpel.
Immunofluorescent labeling and imaging cortical F-actin was carried
out as previously described [6]. Briefly, the thin sections were blotted
on gauze, quickly rinsed in saline, and immersed in 4% para-
formaldehyde/PBS. Following fixation for 2 h, the tissue sections were
washed with PBS, then permeabilized for 20 min at room temperature
in 0.2% Triton X-100/0.05% Tween 20/PBS. Tissue sections were
rinsed three times in PBS then blocked in 5% donkey serum for 60 min
at room temperature. Tissue sections were then incubated overnight at
4 �C in mouse anti-human F-actin antibody (MCA358G, Bio-Rad,
Hercules, CA) diluted 1:50 in blocking buffer. Samples were washed
extensively in PBS before incubation for 60 min at room temperature in
1:50 fluorescein-conjugated donkey anti-mouse IgM. Extensive
washing in PBS and a quick ddH2O rinse followed secondary antibody
incubations. Tissues were mounted on slides with Vectashield and
were analyzed via confocal microscopy (LSM 510 NLO; Zeiss,
Thornwood, NY). Prior to imaging, all samples were de-identified to
ensure an objective analysis. All images were taken in the same focal
plane of the section and under identical microscopic parameters.
Images shown in Figure 6D are representative of 3e5 fields from each
tissue section. Quantification shown in Figure 6E as a scatter dot plot
shows each field imaged (3e5 fields per section per animal) as an
individual dot.
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2.8. Statistical analyses
Values presented are means � SEM. The significance of differences
between means was evaluated by unpaired t-tests, one-way ANOVA,
or a two-way ANOVA where appropriate. Where a difference was
indicated by ANOVA, Tukey’s post-hoc test was conducted to compare
differences between groups. GraphPad Prism 8 software was used for
all analyses. p < 0.05 was considered significant.

3. RESULTS

3.1. Effects of diet and intervention on body composition, caloric
intake, and glucose tolerance
We first examined the effect of mithramycin-A (MTM) on body
composition, caloric intake, and glucose tolerance in mice fed and
treated as described in Figure 1. Saline-treated HF-fed mice showed
no significant change in body mass when compared to the saline-
treated LF-fed mice (Figure 2A). We also observed no significant
increase in lean mass or adiposity (Figure 2B,C) following the 1-week
HF diet, nor did daily MTM treatment alter body composition
(Figure 2AeC) or caloric intake (Figure 2D). However, 1 week of HF
feeding significantly impaired glucose tolerance in saline-, but not
MTM-, treated mice (Figure 2E,F). Note 2-way ANOVA analysis
showed a main diet effect on body mass and caloric intake
(Figure 2A,D; Dx P < 0.05).

3.2. Measurements of systemic and tissue insulin sensitivity
We next conducted hyperinsulinemic-euglycemic clamp studies. Gly-
cemia was clamped to 90 mg/dL in all groups (Figure 3A) under similar
levels of hyperinsulinemia (Figure 3B). Consistent with the glucose
tolerance results, clamps uncovered a striking decrease in the glucose
infusion rate (GIR) and the rate of glucose disposal (Rd) indicative of
insulin resistance in the saline-treated HF-fed mice compared to the
saline-treated LF-fed mice (Figure 3CeE). These decreases in both GIR
and Rd were completely prevented in MTM-treated HF-fed mice. In
accordance with whole body improvement of glucose disposal,
gastrocnemius (Gastroc), soleus, and tibias anterior (TA) skeletal
muscle [14C]-2DG uptake were enhanced in MTM-treated HF-fed mice
(Figure 3F). We did not observe a diet or MTM effect of brown
adipocyte tissue (BAT) [14C]-2DG uptake (Figure 3F). Insulin-stimulated
suppression of endogenous glucose production (Ra) was observed in
all groups. However, this suppression was greater in saline- and MTM-
treated LF-fed mice and MTM-treated HF-fed mice as compared to
saline-treated HF-fed mice (Figure 3G). These data show that HF
feeding impaired hepatic insulin action and MTM treatment reversed
this defect. Muscle glycogen synthesis was specifically elevated by
MTM treatment (Figure 3I), consistent with MTM restoring Rd (see
Figure 3E) in muscle. In the liver, no diet or intervention effect on
glycogen synthesis was observed (Figure 3H). These data are
consistent with a protective effect of MTM on skeletal muscle and liver
insulin resistance.

3.3. Effects of diet and intervention on metabolic function and
energy expenditure
Mice fed a HF diet for 1 week did not show a diet-induced change in
light- or dark-phase oxygen consumption, carbon dioxide production,
or spontaneous physical activity, yet did show a main diet-induced
decrease in light- and dark-phase respiration (Figure 4AeD). All
these measurements, except respiration for the saline-treated LF- and
HF-fed and MTM-treated HF-fed mice were higher in the dark-phase.
While post hoc analyses revealed no effect of MTM on light- or dark-
phase oxygen consumption, carbon dioxide production, respiration, or
4 MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. T
spontaneous physical activity in either the LF-fed mice or HF-fed mice,
a main treatment effect of slightly lowering light-phase oxygen con-
sumption and carbon dioxide production was measured (Figure 4A,B).
There was no main treatment effect on light- or dark-phase respiration
and spontaneous physical activity (Figure 4C,D). As shown in
Figure 4E,F, a slight decrease in energy expenditure was associated
with MTM treatment, despite unaffected caloric intake or spontaneous
physical activity (see Figures 2D and 4D).

3.4. Effects of diet and intervention on the HBP/Sp1-mediated
cholesterolgenic response
Increased skeletal muscle membrane cholesterol drives early systemic
insulin resistance in our HF-fed mice [2]. Likewise, HBP-mediated O-
GlcNAcylation of Sp1 induces insulin resistance in 3T3-L1 adipocytes
by activating a cholesterolgenic response [12]. Prior to beginning this
current study, we first probed whether O-GlcNAcylation of Sp1
occurred in skeletal muscle we had stored at �80 �C from our pre-
vious study using this same LF- and HF-fed mouse model [2].
Consistent with our in vitro findings, immunoprecipitated Sp1 from
skeletal muscle revealed increased RL2-antibody detection of Sp1 O-
GlcNAcylation from HF-fed mice compared to LF-fed mice (Figure 5A).
We confirmed this observation by subjecting skeletal muscle Sp1
immunoprecipitates to enzymatic biotin labeling of O-GlcNAc
(Figure 5B), as we have previously reported [12]. Consistent with O-
GlcNAcylation of Sp1 increasing its transcriptional activity [12], chro-
matin immunoprecipitation of Sp1 uncovered increased binding of Sp1
to the HMGCR promoter in skeletal muscle from saline-treated HF-fed
mice compared to saline-treated LF-fed mice (P ¼ 0.0538) that was
fully prevented by MTM (Figure 6A). Figure 6B,C shows that increased
Sp1 binding to the HMGCR in skeletal muscle from saline-, but not
MTM-, treated HF-fed mice was associated with increased HMGCR
mRNA expression and membrane cholesterol content. In addition, this
was associated with an averted loss of cortical actin filaments visu-
alized in saline-, but not MTM-, treated HF-fed mice (Figure 6D,E).
Note, as detailed under “Material & Methods”, we visualized cortical F-
actin in thin (w1 mm) soleus muscle sections (Figure 6D). To quan-
titate, we made a multiple number of measures on F-actin intensity/
area in soleus muscle sections prepared from 3 separate mice per
experimental group (Figure 6E). Collectively, these findings are
consistent with a reversible Sp1-mediated cholesterolgenic response
causing early diet-induced insulin resistance.

3.5. Effect of GFAT overexpression on skeletal muscle cholesterol
and glucose tolerance
Because we have demonstrated that increased Sp1 transcriptional
activity can be triggered by the HBP [12], we next used a transgenic
mouse model that overexpresses GFAT, the rate-limiting HBP enzyme,
and displays defective insulin-stimulated GLUT4 regulation and
glucose disposal [22,23]. Using Tg and Wt littermate controls that did
not differ in age or body mass (Figure 7A) and showed targeted
overexpression of GFAT in skeletal muscle (Figure 7B), we measured a
significant increase in skeletal muscle cholesterol (Figure 7C).
Figure 8A,B shows similar body mass of a second cohort of age- and
weight-matched male and female Tg and Wt littermate control mice we
treated with either saline or MTM for 1 week. Figure 8C,D corre-
spondingly show that skeletal muscle HMGCR mRNA expression and
PM cholesterol were increased in saline-, but not MTM-, treated Tg
mice. Whereas elevated skeletal muscle cholesterol was measured in
male Tg mice consistent with the increased HMGCR expression, we did
not have enough female mice to assess HMGCR expression. Also,
while we did not perform a hyperinsulinemic-euglycemic clamp on
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


LFHF LFHF0
4
8

12
16
20
24
28

Bo
dy

 m
as

s
(g

)

+S +M

A Dx P<0.05

LFHF LFHF0

1

2

3

4

5

Fa
t m

as
s

(g
)

+S +M

C

0 40 80 120
0

100

200

300

400

Time (min)

Bl
oo

d 
gl

uc
os

e
(m

g/
dL

)

LF+S
HF+S
LF+M
HF+M

E

LFHF LFHF0
4
8

12
16
20
24

Le
an

 m
as

s
(g

)

+S +M

B

LFHF LFHF0

5

10

15

20

Ca
lo

ric
 in

ta
ke

(k
ca

l/d
ay

)

+S +M

Dx P<0.05D

LFHF LFHF0.0

0.5

1.0

1.5

2.0

2.5

AU
C G

TT
 (1

04 )

+S +M

** **
Dx  Tx P<0.05F

Figure 2: High-fat feeding for 1 week impaired glucose tolerance in saline-, but not MTM-, treated mice. (AeC) Body mass, lean mass, and adiposity following the 1-wk diet/
treatment intervention for LF- (open symbols) and HF-fed (solid symbols) mice treated daily during the intervention with saline (black symbols) or MTM (green symbols) (n ¼ 7 per
group). (D) Average daily caloric intake during the 1-wk diet/treatment intervention (n ¼ 6 per group). (E) Blood glucose measured after an intraperitoneal injection of glucose (2 g/
kg, n ¼ 5e6 per group). (F) Area under the curve (AUC). Data represent means � SEM. Difference between groups was analyzed using a two-way ANOVA and Tukey’s multiple
comparison tests. **p < 0.005.
these mice in this study to assess insulin sensitivity, previous use of
this technique confirmed insulin resistance in male and female Tg mice
[23]. In summary, these data support that increased HBP activity
known to cause insulin resistance stimulates the Sp1 cholesterolgenic
response.
MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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4. DISCUSSION

In this study, we examined whether increased transcriptional activity of
Sp1 caused early skeletal muscle cholesterol accumulation and insulin
resistance in C57BL/6NJ mice fed a HF diet for 1 week. We found that
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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treating the mice with MTM daily during the 1-week HF diet exposure
prevented diet-induced increases in Sp1 binding to HMGCR promoter,
HMGCR expression, and PM cholesterol content. We also observed that
MTM treatment protected against cortical F-actin loss that occurs with
diet-induced PM cholesterol accumulation. Consistent with an
essential role of this actin network for insulin-regulated glucose
transport [3e6], we observed a marked increase in glucose disposal
and skeletal muscle glucose uptake in MTM-treated HF-fed mice. This
was associated with a significant increase in skeletal muscle glycogen
6 MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. T
synthesis. While we did not observe an effect of MTM on brown adi-
pose tissue glucose uptake, we did observe that MTM restored hepatic
insulin resistance that developed during the 1-week HF diet. Future
studies will test if changes in liver gene expression restored insulin-
stimulated suppression of endogenous glucose production or are a
result of changes in insulin sensitivity.
In accordance with these beneficial effects of MTM, we previously
found that MTM protected against HBP-induced insulin resistance in
3T3-L1 adipocytes [12]. Those previous in vitro studies identified that
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increased HBP activity stimulated the same Sp1 cholesterolgenic
transcriptional activity, F-actin loss, and insulin resistance. In this
current study, we found that HF feeding increased HBP-mediated O-
GlcNAcylation of Sp1. Because our previous experiments demon-
strated that O-GlcNAc-Sp1 levels were not affected by MTM [12], the
beneficial effect of MTM on preventing ‘membrane/cytoskeletal’ insulin
resistance in HF-fed mice is likely a result of reduced Sp1/DNA
binding, not reduced Sp1 O-GlcNAcylation. This drug is known to be
highly selective to GC-rich sequences of DNA, competitively inhibiting
Sp1 binding without affecting the binding of other Sp1 family members
(49). In further agreement with a role of the HBP in this Sp1 choles-
terolgenic mechanism of insulin resistance, we found that skeletal
muscle overexpression of GFAT increased PM cholesterol. Previous
characterization of our GFAT Tg mice using hyperinsulinemic-
euglycemic clamp technique confirmed that male and female Tg
mice develop insulin resistance [23]. Finding that skeletal muscle from
saline-, but not MTM-, treated Tg mice had increases in HMGCR
expression and PM cholesterol compared to saline-treated Wt litter-
mate control mice suggest that the HBP/Sp1 cholesterolgenic response
in these mice could contribute to their documented insulin resistance.
It is of clinical interest that there is an inverse correlation between
MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
human skeletal muscle PM cholesterol and whole-body glucose
disposal [11], and that GFAT activity is increased in skeletal muscle of
patients with T2D [37]. Further, w2-fold elevations in mRNA and
protein content of GFAT, with associated gains in UDP-GlcNAc and
increased Sp1 binding to DNA have been observed in palmitate-
induced insulin-resistant human skeletal muscle [38]. In accordance,
we found increased HBP activity and HMGCR expression, excess PM
cholesterol accumulation and cortical F-actin loss in palmitate-induced
insulin-resistant L6 myotubes [11].
As noted earlier, proximal insulin signaling proteins such as Akt are
subject to HBP-mediated O-GlcNAcylation [20]; however, removal of the
O-GlcNAc moieties from Akt is ineffective in mitigating HBP-induced
insulin resistance [26]. These findings agree with a growing appreci-
ation that generalized impairments in insulin signaling because of a
defect in one or more proximal insulin signaling components cannot
explain diet-induced insulin resistance [39]. In support of a distal
mechanism of diet-induced insulin resistance, gastrocnemius skeletal
muscles obtained from saline-treated HF-fed mice at the termination of
the hyperinsulinemic-euglycemic clamp did not show impaired phos-
phorylation of Akt compared to saline-treated LF-fed mice, nor did MTM
treatment of these mice enhance the phosphorylation status of Akt (see
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Supplemental Fig. 2). Because insulin resistance is detected at sub-
maximal and maximal insulin doses in humans [40], observing a
marked loss of glucose disposal despite unaffected insulin signaling to
Akt implicates a distal localized mechanism of diet-induced insulin
resistance. Loss of cortical actin filaments, which impairs insulin-
stimulated GLUT4 regulation in HF-fed mice [2], was confirmed in the
current study and was fully mitigated by MTM.
Figure 6: One week of HF feeding causes a cholesterolgenic response in skeletal muscle.
the Sp1-binding sites in the promoter region of Hmgcr were used for qPCR (n ¼ 4e5 per
cholesterol (n ¼ 6 per group). (D) Two representative images of 1-mm sections of soleu
imaging, all samples were de-identified to ensure an objective analysis. All images were ta
(E) Immunofluorescence F-actin intensity/area for multiple (3e5) images captured in mus
using a two-way ANOVA and Tukey’s multiple comparison tests. *p < 0.05, **p < 0.00
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Some aspects of the current study need to be considered. First, we
individually housed the C57BL/6NJ mice because of reported aggression
within this 6 N line [41]. Therefore, it is possible that the stress of being
individually housed could affect the diet-induced mechanism of insulin
resistance. However, we have observed PM cholesterol accumulation
and cortical F-actin loss in skeletal muscle from C57BL/6 J mice that
were either singly- or grouped-housed following an 8-week HF diet
[11,42]. We have also reported similar outcomes in cells cultured under
a variety of physiologically-relevant conditions that increase HBP activity
[11e13]. We have also uniformly measured excess skeletal muscle
cholesterol accumulation in insulin-resistant mice, rats, swine, and
humans [11,43]. In aggregate, these findings suggest that any stress
induced by being individually housed likely did not affect this diet-
induced mechanism of insulin resistance. Second, although the
typical range for fasting glucose in mice is 135e160 mg/dL, we
clamped mice at 90 mg/dL. Our rationale for choosing this euglycemic
setpoint for our studies is reflective of the observed glycemia in our mice
at the end of the baseline tracer infusion period, a practice we and
others have reported [32,33,44,45]. Implications of clamping mice at
this glycemia are that we are measuring whole-body glucose meta-
bolism at physiological levels that they are experiencing daily. A limi-
tation of this strategy is that we may be inducing subtle counter-
regulatory responses in some animals. However, robust glucose infu-
sion rates in all groups excluding the saline-treated HF-fed group
suggest that this is not a primary driver of the observed effects.
Moreover, pilot data from mice without tracer that were clamped at
110 mg/dL showing nearly identical findings also support subtle
(A) ChIP was performed on skeletal muscle lysates. Purified DNA and primers specific to
group). (B) Hmgcr mRNA expression (n ¼ 5 per group). (C) Triad-enriched membrane
s muscle per group subjected to immunofluorescent labeling of F-actin. Note prior to
ken in the same focal plane of the section and under identical microscopic parameters.
cle sections per muscle per mouse (n ¼ 3). Difference between groups was analyzed
5, ***p < 0.0005, ****p < 0.0001.
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Figure 7: Overexpression of skeletal muscle GFAT causes membrane cholesterol accumulation and glucose intolerance in male mice fed standard laboratory chow. (A) Body mass
of age-and weight-matched GFAT Tg and Wt littermate control mice (n ¼ 6 per group), (B) Representative immunoblot of GFAT from skeletal muscle lysate, and (C) Skeletal muscle
membrane cholesterol (n ¼ 6 per group) from these mice. Data represent means � SEM. Difference between groups was analyzed using a one-tailed unpaired t test. *p < 0.05.
counter-regulatory responses are likely not the driver of the observed
effects (see Supplemental Fig. 3). Regardless of this nuance, the
overarching observations are that HF feeding induced early insulin
resistance that was reversed by MTM treatment. Third, while we
measured a significant increase in skeletal muscle glucose uptake and
glycogen synthesis in MTM-treated HF-fed mice, decreases in either of
these measures in skeletal muscle from saline-treated HF-fed mice did
not reach statistical significance. This agrees with other studies showing
that measured skeletal muscle insulin resistance requires longer HF diet
interventions [41,46]. However, transverse tubule membrane we pre-
pared from mixed hindlimb skeletal muscle from these HF-fed mice
MOLECULAR METABOLISM 72 (2023) 101715 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
30 min after administering glucose (2 g/kg, i.p.) showed a complete loss
of GLUT4 translocation, as compared to the significant stimulated in-
crease observed in LF-fed mice [2]. This loss was dramatic considering
the elevated level of insulin we and others have measured in these HF-
fed animals that were i.p. administered glucose [2,41]. We found that
the impaired regulation of GLUT4 translocation was completely pre-
vented in mice where the excess skeletal muscle cholesterol was
removed by treating with MbCD [2]. Although that study detected a
biological action of insulin following an i.p. glucose injection in LF-fed,
but not HF-fed, mice demonstrating skeletal muscle insulin resis-
tance, it should be noted that measured rises in blood insulin concen-
trations after an i.p. glucose administration is largely absent compared
to that measured following an oral glucose administration in mice [47].
Therefore, changes in whole-body insulin sensitivity may not be directly
inferred from an i.p. GTT [47]. Our use of the hyperinsulinemic-
euglycemic clamp in this study for the diet/treatment interventions
and in our previous study of GFAT Tg mice [23] show that either 1 week
of HF feeding or overexpression of GFAT causes insulin resistance.
Because we did not perform the clamp analyses on our GFAT Tg mice in
the current study, it remains to be determined if insulin sensitivity in
these animals is restored by the beneficial effect of MTM on blocking
HMGCR expression and PM cholesterol accumulation.
While we have shown that excess skeletal muscle cholesterol causes
insulin resistance within 1 week of its buildup in the PM, we do not know
if there may be an early increase in other lipids that also have the po-
tential to impact insulin sensitivity. Also, the long-term effect of excess
skeletal muscle cholesterol on insulin sensitivity needs clarification. We
have found increased PM cholesterol levels in skeletal muscle following
longer HF diet durations in mice (4e8 weeks) [11,42] and swine (55
weeks) [11], and in skeletal muscle from rats [43] and humans [11] with
existing insulin resistance. While ex vivo removal of excess PM
cholesterol from skeletal muscle isolated from mice fed a HF diet for 4e
8 weeks, or from insulin-resistant Zucker rats markedly improved or
fully restored insulin sensitivity of the isolated muscle [43,48], it is not
known whether in vivo blockade of a long-term diabetogenic effect of the
HBP/Sp1 cholesterolgenic response with MTM could prevent the
development of chronic diet-induced insulin resistance.
In conclusion, our results provide innovative insight into cellular and
molecular changes leading to early diet-induced insulin resistance.
With fasting plasma glucose being elevated more than a decade before
diagnosis of T2D, and even before prediabetes is recognized [49e52],
our findings bring into view that glucose channeled through the HBP
may be a basis of early skeletal muscle insulin resistance. Because it is
known that glucose flux through the HBP is amplified by availability of
saturated fatty acids, the risk of skeletal muscle cholesterol
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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accumulation might already be present at glucose concentrations
below the current cut-off for prediabetes. Moreover, our prior findings
that exercise [42] and caloric restriction [2] are effective in completely
normalizing excess PM cholesterol content in skeletal muscle provide a
fresh mechanistic perspective on how these lifestyle modifications are
a cornerstone of diabetes prevention [53].
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