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Background: Metabolic flexibility can be assessed by changes in respiratory exchange ratio (RER) following feed-
ing. Though metabolic flexibility (difference in RER between fasted and fed state) is often impaired in individuals
with obesity or type 2 diabetes, the cellular processes contributing to this impairment are unclear.

Materials and methods: From several clinical studies we identified the 16 most and 14 least metabolically flexible
male and female subjects out of >100 participants based on differences between 24-hour and sleep RER measured
in a whole-room indirect calorimeter. Global skeletal muscle gene expression profiles revealed that, in metabolically
flexible subjects, transcripts regulated by the RNA binding protein, HuR, are enriched. We generated and character-
ized mice with a skeletal muscle-specific knockout of the HuR encoding gene, Elavll (HUR™ /=),

Results: Male, but not female, HUR™~/~ mice exhibit metabolic inflexibility, with mild obesity, impaired glucose tol-
erance, impaired fat oxidation and decreased in vitro palmitate oxidation compared to HuR"" littermates. Expres-
sion levels of genes involved in mitochondrial fatty acid oxidation and oxidative phosphorylation are decreased in
both mouse and human muscle when HuR is inhibited.

Conclusions: HuR inhibition results in impaired metabolic flexibility and decreased lipid oxidation, suggesting a role
for HuR as an important regulator of skeletal muscle metabolism.
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1. Introduction

Metabolic flexibility allows for the adaptation of macronutrient oxi-
dation based on substrate availability [1,2], and is generally determined
by the ARER between periods of feeding (carbohydrate oxidation =
high RER) and periods of fasting (lipid oxidation = low RER) [1,2]. 24-
Hour RER is typically increased relative to sleep RER, given the shift to-
ward carbohydrate metabolism that occurs in the fed state [1]. A de-
crease in ARER indicates lower metabolic flexibility, or the impaired
ability switch between carbohydrates and lipids as energy sources.

Skeletal muscle is of particular interest when considering metabolic
flexibility. Skeletal muscle accounts for at least 60% of the shift toward
glucose metabolism following insulin stimulation [3]; a decrease in
skeletal muscle lipid metabolism can lead to accumulation of
diacylglycerides and ceramides, which can interfere with insulin

Abbreviations: RER, respiratory exchange ratio; RBP, RNA binding protein; ARE, AU-
rich element; GDR, glucose disposal rate; GTT, glucose tolerance test; ITT, insulin tolerance
test; IPA, Ingenuity Pathway Analysis; SAGE, Serial Analysis of Gene Expression.
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signaling [4]. Studies in human skeletal muscle have shown that fasting
RERs are higher for subjects with type 2 diabetes or insulin resistance
compared to lean subjects, indicating decreased lipid oxidation. Impor-
tantly, muscle RER increases less in response to insulin or glucose infu-
sion in an insulin-resistant state, thus indicating impaired metabolic
flexibility [5-7]. Even though skeletal muscle is a key contributor to
metabolic flexibility, little is known about the molecular mechanisms
governing this process.

We examined skeletal muscle for mechanisms contributing to im-
paired metabolic flexibility. After identifying >100 clinical study partic-
ipants with complete metabolic data (hyperinsulimic-euglycemic
clamps, 24-hour measures of energy metabolism in respiratory cham-
bers, biopsied muscle samples, and stored primary myoblasts), we se-
lected the 16 most and 14 least metabolically flexible subjects based
on differences between 24-hour and sleep RER. Global skeletal muscle
gene expression was analyzed in each participant. When compared to
the muscle of metabolically inflexible subjects, mRNA transcripts con-
trolled by the RNA-binding protein, HuR, were highly enriched in skel-
etal muscle of metabolically flexible humans.

HuR is an RNA-binding protein (RBP) that mediates a variety of cel-
lular processes through its recognition and regulation of RNA tran-
scripts. HuR acts by binding to AU-rich regions (ARE) in the 3’
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untranslated region of RNA molecules in order to stabilize them and po-
tentially promote their translation [8,9]. In skeletal muscle, HuR plays a
key role in differentiation via stabilization of the mRNA transcripts of
many important myogenic factors such as myogenin, MyoD, and p21
[10,11]. However, the role of HuR as a regulator of muscle metabolism
is less clear. To better understand the function of HuR in metabolic flex-
ibility we characterized mice with a skeletal muscle-specific knockout
of elavl1, the gene encoding HuR (HUR™/~) [10,11]. HuR deletion in
male mice results in impaired metabolic flexibility and an increase in
hallmarks of insulin resistance. Lipid oxidation and mRNA expression
studies in HUR™ ™/~ mice and in human myotubes during HuR inhibi-
tion show that HuR may promote metabolic flexibility by enhancing
lipid metabolism.

2. Materials and methods
2.1. Human samples

Human vastus lateralis samples from 15 men and 15 women were
selected from clinical trials conducted at Pennington Biomedical Re-
search Center (PBRC) and were available in the PBRC Biorepository.
Over 100 participants were identified in various clinical trials run at
PBRC (BARIA, EAT, and PROOF) on whom we had complete data on en-
ergy metabolism (respiratory chamber), carbohydrate metabolism
(hyperinsulinemic euglycemic clamp), and skeletal muscle biopsy sam-
ples. We calculated metabolic flexibility using the difference between
24-hour RER and sleep RER as measured in a whole-room calorimetry
chamber. 16 metabolically flexible (8 male, 8 female) and 14 metaboli-
cally inflexible (7 male, 7 female) subjects were identified for this study.
The inclusion criteria of participants in the BARIA, EAT, and PROOF stud-
ies have been cited elsewhere [12-14]. Clamp procedures for determi-
nation of glucose disposal rate (GDR) are also cited elsewhere [14].
Briefly, euglycemia was set at 120 mg/dL and achieved by varying the
rate of 20% dextrose infusion. During step 1 of the clamp, insulin was
primed at 100 mU/m?-min for 2.5 min (150 mL/h), followed by
50 mU/m?2-min for 2.5 min (75 mL/h) and maintained thereafter at
30 mL/h. During step 2 of the clamp, insulin was primed at
400 mU/m?-min for 2.5 min (150 mL/h), followed by 200 mU/m?-min
for 2.5 min (75 mL/h) and maintained thereafter at 30 mL/h.

2.2. Serial Analysis of Gene Expression (SAGE)

500 ng of RNA from the vastus lateralis biopsies of the 30 individuals
in this study were subjected to SAGE-Seq analysis in the Genomics Core
at PBRC. The SAGE analysis was performed as reported earlier [15,16].
Briefly, gene expression profiling was performed by expression tag se-
quencing (SAGE) on an AB SOLiD 5500XL next-generation sequencing
instrument using reagent kits from the manufacturer (Applied
Biosystems, Foster City, CA). Sequence reads were aligned to human ref-
erence RefSeq transcripts (version mm9), via SOLiDSAGE (Applied
Biosystems). Only uniquely mapped sequence reads were counted to
generate the expression count level for each respective RefSeq gene.
Genes were considered differentially expressed with a cutoff of 1.25-
fold change at P < 0.05 and were evaluated for biological pathway en-
richment using the Ingenuity Pathway Analysis tool. The SAGE dataset
has been uploaded to the Gene Expression Omnibus (GEO) website (ac-
cession number GSE125892).

2.3. Animals

Skeletal muscle-specific HuR-deficient mice (HUR™~/~) and litter-
mate controls (HUR™™) were bred as follows: Homozygous floxed
Elavll mice were purchased from Jackson Laboratories [8] (Stock #
021431) and bred to mice expressing Cre recombinase under the con-
trol of the Mlc1f promoter [17] (Jackson Laboratories, Stock # 024713)
to delete HuR in skeletal muscle. All mice were on C57BL/6 background.

Mice were group-housed at room temperature (RT) under a 12:12 h
light:dark cycle and allowed ad libitum access to food and water. Mice
were fed rodent breeder chow (Purina Rodent Chow #5015, Purina
Mills, St. Louis, MO), which provides 20% of calories from protein, 26%
from fat, and 54% from carbohydrate. All mice were 5 months old at sac-
rifice and, unless otherwise stated, mice were multi-housed. At
20 weeks of age, mice were euthanized by cervical dislocation and tis-
sues were collected, snap-frozen in liquid nitrogen, and stored at —80
°C for subsequent analyses. Mice were sacrificed according to approved
procedures of the Panel on Euthanasia of the American Veterinary Med-
ical Association. Mixed gastrocnemius (MG) skeletal muscle was pow-
dered and used for all assays presented, with the exception of elavi1
mRNA testing in a broad range of tissues.

24. Animal procedures

Body composition was measured using a Bruker NMR Minispec
(Bruker Corporation, Billerica, MA). Serum and plasma collections
were performed by submandibular bleeding. Behavioral and indirect
calorimetry studies were done in a 16-chamber Oxymax system (Co-
lumbus Instruments, Columbus, OH) as described previously [18,19].
Glucose tolerance tests were performed after a 4 h fast as previously de-
scribed [20,21]. Briefly, after measuring baseline tail vein blood glucose
levels, mice received a 0.2 mL intraperitoneal injection of 20% p-glucose
(40 mg glucose per mouse) and blood glucose levels were subsequently
monitored at 20 min, 40 min, and 60 min post-injection. Insulin toler-
ance tests were performed in the fed state as previously described
[20,21]. Briefly, after measuring baseline tail vein blood glucose levels,
each mouse received 0.04 U of insulin in 0.2 mL phosphate buffered Sa-
line (Sigma). Blood glucose levels were subsequently monitored at
20 min, 40 min, and 60 min post-injection.

2.5. Human skeletal muscle myoblast culture

Cryopreserved male human skeletal muscle myoblasts at passage 5
were used for RNA and oxidation assays. These cells were donated
from lean males of European descent (n = 12) [12]. Cells were
subcultured onto 12-well culture plates and grown to 80-90%
confluency as described previously [22]. Cells were then differentiated
into fused multinucleated myotubes for 3-5 days until myotubes were
observed throughout the culture by switching to DMEM (Gibco) sup-
plemented with 2% horse serum. Scramble siRNA (UUCUCCGAACG
UGUCACGUATAT) and HuR siRNA (CGUAAGUUAUUUCCUUUAAATAT)
[23] were purchased from Sigma and transfected at 50 nM final concen-
tration using Lipofectamine 2000 (Invitrogen) and cells were used 72 h
later. Two independent cultures with three separate trials were used for
each gene expression assay. Three independent cultures with 3-6 sepa-
rate trials were used for lipid oxidation assays.

2.6. RNA isolation

RNA was extracted from 20 to 30 mg of powdered mouse tissue or
from human myotubes using Trizol (Thermo Fisher Scientific, Waltham,
MA) as previously described [21,24]. Briefly, samples were homoge-
nized in 1 mL Trizol, allowed to sit at RT for 5 min, and then 0.2 mL of
chloroform was added. The samples were shaken vigorously for 15 s
and allowed to sit at RT for 2-3 min before they were centrifuged
(12,000 xg; 15 min; 4 °C) to induce phase separation. Roughly 600 pL
of the upper aqueous supernatant containing RNA was transferred to a
new microcentrifuge tube whereupon 600 pL of 70% ethanol was
added and the samples were vortexed. RNA was then isolated using
an RNeasy kit (Qiagen, Valencia, CA) with DNAse treatment per manu-
facturer's instructions. RNA content and quality (260/280 ratio range
1.9-2.1) were assessed using a Nanodrop 1000 and RNA was used for
qPCR as well as downstream Serial Analysis of Gene Expression
(SAGE) studies.
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2.7. Quantitative RT-PCR

Total RNA from tissues or cells was isolated as described in
Section 2.6 above. cDNA was then synthesized with an iScript cDNA
synthesis kit and was used for qRT-PCR with the SYBR Green system
(Bio-Rad). Analysis was conducted using the AACT procedure. Quantifi-
cation of mouse or human cyclophilin B transcript was used in all exper-
iments as the control for normalization of gene expression. Primer
details are provided in Supplementary Table 2.

2.8. Serum protein, non-esterified fatty acids, and 3-hydroxybutyrate
analysis

An ELISA kit was used for measurement of fed serum insulin levels
(Crystal Chem, Elk Grove Village, IL), according to manufacturer's in-
structions. 4 h fasted serum non-esterified fatty acids (NEFA) and 3-
hydroxybutyrate (3-HB) were measured using commercial kits (Wako
Diagnostics, Richmond, VA).

2.9. Western blot analysis

Protein homogenates were prepared from muscle tissue in Cell Lysis
Buffer (EMD Millipore, Danvers, MA, USA). Immunoblot analyses were
performed using standard procedures followed by ECL detection. Anti-
bodies used were HuR G-8 (Santa Cruz Biotechnology).

2.10. Substrate oxidation assays

Fatty acid oxidation was measured as the liberation of 4CO, from
[1-14C]-palmitate. For tissue homogenates mixed gastrocnemius muscle
was prepared as previously described [21,25,26]. Oxidation of palmitate
(200 uM) was measured over the course of 30 min in reaction media
(pH 7.4) consisting of: 100 mM sucrose, 60 mM EDTA, 10 mM Tris-HC,
10 mM K,HPO,4, 80 mM KCl, 1 mM MgCl,-6H,0, 1 mM L-carnitine,
0.05 mM malate, 1 mM DTT, 0.05 mM nicotinamide-adenine dinucleo-
tide, 2 mM ATP, and 0.05 mM CoA. Homogenates were incubated with
or without 1 mM pyruvate in order to measure inhibition of palmitate
oxidation. For cell culture studies palmitate (100 uM) oxidation was
performed in triplicate and repeated in three separate cultures. Incuba-
tions were measured over the course of 2 h in cultured myotubes as pre-
viously described [27,28] with the exception being that glucose/
pyruvate-free DMEM (Thermo Fisher) was used as the stock media to
maximize lipid catabolism. Cells were incubated with or without
5 mM glucose and 1 mM pyruvate in order to measure inhibition of pal-
mitate oxidation.

2.11. Statistical analysis

Data are expressed as mean + s.e.m. For animal studies, Microsoft
Excel software was used for analysis of variance with paired two-
tailed Student's t-tests where normality was established using
GraphPad Prism software and the D'Agostino-Pearson normality test.
P < 0.05 was considered significant. For assays where sample sizes
where <8, Mann-Whitney U Tests were performed with GraphPad
Prism software as a measure of significant differences with P < 0.05 con-
sidered significant.

2.12. Study approval

The protocols of all human studies were approved by the Institu-
tional Review Board of PBRC, and all volunteers gave written informed
consent. Animal studies were conducted at PBRC's AALAC approved fa-
cility. All experiments complied with the NIH Guide for the Care and Use
of Laboratory Animals, and approved by the PBRC Institutional Animal
Care and Use Committee.

3. Results

3.1. Metabolically flexible subjects have enriched HuR target mRNAs in
skeletal muscle

The characteristics of the 16 metabolically flexible (8 males and 8 fe-
males) and 14 metabolically inflexible (7 males and 7 females) individ-
uals are shown in Table 1. Participants had similar 24 h RER, while
metabolically inflexible subjects had an increased sleep RER relative to
flexible participants. Consistent with this are data from a 2-stage
hyperinsulinemic euglycemic clamp. GDR at 100 mU/m?-min insulin in-
fusion was not different between groups, but GDR at 500 mU/m?- min
was significantly higher for metabolically flexible subjects (Table 1). The
flexible humans in this study thus have an increased response to high
levels of insulin relative to inflexible participants, consistent with previ-
ous studies of metabolic flexibility [1,2]. However, it should be noted
that BMI, HOMA-IR, and GDR at the more physiological insulin level of
100 mU/m?-min are no different between groups (Table 1). This demon-
strates that the participants in this study differ in terms of metabolic flex-
ibility, despite no differences in other confounding metabolic parameters.

SAGE datasets revealed through Ingenuity Pathway Analysis (IPA)
that, in both males and females, networks of HuR target transcripts
were enriched in skeletal muscle of the metabolically flexible partici-
pants compared to inflexible individuals (Fig. 1). At the individual
gene level, several HuR-stabilized transcripts were among the most ro-
bustly enriched in metabolically flexible males and females relative to
the inflexible subjects. The fold increases along with the p values for
each of the identified genes in the pathway are presented in Supple-
mentary Table 1.

3.2. Male skeletal muscle HuR knockout mice have increased adiposity and
insulin resistance

Because our transcriptomics data suggested that HuR may be in-
volved in the control of metabolic flexibility, we hypothesized that
HuR was a key regulator of muscle substrate metabolism. Therefore,
we created skeletal muscle-specific HuR knockout mice (HuR™ /7).
Quantitative rt-PCR and western blot confirmed deletion of elavl1 and
thus HuR selectively and specifically in skeletal muscle of HuR™~/~
mice (Fig. 2A-C). No significant differences in elavil mRNA expression
between HuUR™ /'~ and HuR™" mice were found in any other tissues
tested. Since HuR is essential for skeletal muscle cell differentiation in

Table 1

Metabolic data for human subjects included in this study. GDRsage1 Was determined at an
insulin infusion of 100 mU/m?- min, while GDRyage2 Was determined at an insulin infusion
of 400 mU/m?- min.

Metabolically Metabolically P-value

Inflexible Flexible

N=14 N=16
Age [years] 339 +13.0 26.1 +6.3 0.041"
Weight [kg] 90.7 +23.6 92.8 +30.7 0.506
BMI [kg/m2] 31.2 +8.7 29.9 +10.9 0.715
Waist circumference [cm] 99.7 +22.7 93.9 +27.8 0.542
Body fat [%] 343 +12.1 28.2 +14.6 0.226
Fat mass [kg] 32.1 +18.0 26.4 +23.7 0.467
Fat-free mass [kg] 58.6 +14.1 57.8 +134 0.879
24 h EE [kcal/d] 2164 +436 2042 +374 0.416

Sleep metabolic rate [kcal/d] 1768 +324 1639 +263 0.238

24 h RER 0.90 40.03 0.89 +0.06 0.536
Sleep RER 0.90 +0.03 0.84 +0.08 0.006"
HOMA-IR 24 +0.42 1.6 +0.26 0.134
Fasting glucose [mg/dl] 96.2 +10.3 93.2 +9.0 0.398
GDRgaget [mg/kg/min] 2.42 +029 262 +0.24 0.595
GDRgtage2 [mg/kg/min] 11.04 +0.83 8.61 +0.77 0.042"

* P <0.05 and significantly different between groups.
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Fig. 1. Transcriptomics analysis predicts enrichment of HuR-controlled transcripts in metabolically flexible humans. HuR-controlled transcript expression patterns as determined by
Ingenuity Pathway Analysis (IPA) and Gene Set Enrichment Analysis (GSEA) in vastus lateralis muscle from females (A) of males (B) classified as either metabolically inflexible or
metabolically flexible.

cell culture [10,11,29], we performed H&E staining of gastrocnemius Male HuR™/~ mice display a mild, but significant, increase in fat mass
muscle to ensure that HuR deletion did not affect cellular morphology relative to HuR™" littermates beginning at 9 weeks of age and continuing
(Supplementary Fig. 1A). through 20 weeks of age (Fig. 2D). At 20 weeks of age, male HuR™~/~
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Fig. 2. HuR deletion in male skeletal muscle results in decreased insulin sensitivity and metabolic inflexibility. A) Relative gene expression of Elavi1 in HuR™ (black) and HUR™ /= (white) tissues (n = 4-5).
B) Western blot confirming knockout of HuR in HUR™~ gastrocnemius. C) Densitometry of immunoblots (n = 6). D) Fat mass gain for HuR™" (black squares) and HUR™~/~ (white circles) (n = 17-20
mice per time point). E) Glucose tolerance tests (GIT) for HuR™" (black squares) and HuR™~/~ (white circles) (n = 17-20). F) Insulin tolerance tests (ITT) for HuR"" (black squares) and HuR™~/~ (white
circles) (n = 19-23) G) Fed serum insulin levels for HuR™ (black) and HuR™~/~ (white) mice (n = 9). ARER per gram of food eaten for HuR™ (black squares) and HUR™~/~ (white circles) (n = 33).

mice also display higher blood glucose levels following glucose and insulin
tolerance tests (GTT and ITT, respectively); and exhibit significantly higher
basal insulin levels relative to HuR™" animals (Fig. 2E-G). Fasting blood glu-
cose levels are similar between groups, despite HuR™~/~ mice having
higher insulin levels, consistent with whole body insulin resistance [30]. In-
sulin resistance has classically been associated with higher levels of free

fatty acids and ketone bodies in serum [31,32]. However, we found no sig-
nificant differences in serum levels for non-esterified fatty acids (NEFA) and
3-hydroxybutyrate (3-HB) between groups (Supplementary Fig. 1B).

In contrast to male animals, female HuR™~/~ mice are protected from
the excess adiposity phenotype (Supplementary Fig. 2A). Additionally, fe-
male HUR™~/~ mice do not exhibit defects in glucose homeostasis such as
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elevated blood glucose during GTT or ITT (Supplementary Fig. 2B-C). Be-
cause of the absence of a distinguishable phenotype in female animals,
only male mice were used for subsequent studies.

3.3. HuR knockout in mouse skeletal muscle leads to decreased lipid oxidation
and metabolic inflexibility

Despite significant elevations in the RER of HUR™ ™/~ mice during
both light and dark cycles when compared to floxed controls (Fig. 3A),
no differences in caloric intake were observed between genotypes (Sup-
plementary Fig. 3A). Given that increased energy intake was not a likely
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driver of the observed increase in RER, we hypothesized that HUR™~/~
skeletal muscle may not oxidize lipids as efficiently as HuR"? skeletal
muscle. We measured palmitate oxidation in gastrocnemius homoge-
nates from HuR™~/~ mice and found a 15% decrease in complete palmi-
tate oxidation relative to HuR"" mice (Fig. 3B). We also observed
decreased transcript levels for several genes involved in skeletal muscle
fatty acid metabolism and oxidative phosphorylation in HuR™ "/~
mouse muscle (Fig. 3C).

We then assessed the metabolic flexibility of HuR™ ~/~ skeletal mus-
cle by measuring palmitate oxidation in the presence of 1 mM pyruvate.
In these experimental conditions, the conversion of pyruvate to acetyl-
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Fig. 3. Skeletal muscle HuR inhibition results in decreased lipid oxidation and decreased metabolic flexibility in mice. A) Respiratory exchange ratios (RER) for HuR™" (black squares) and
HuR™~/~ (white circles) (n = 6). B) Palmitate oxidation as measured by CO, production in gastrocnemius homogenates from HuR"" (black) and HUR™~/~ (white) mice (n = 9).
C) Relative expression of fatty acid metabolism and oxidative phosphorylation genes in HuR"" (black) and HuR™ '~ (white) mouse tissues (n = 8). All mice were 20 weeks of age.
D) Palmitate oxidation as measured by CO, production in gastrocnemius homogenates from HuR"™" (black squares) and HuR™ '~ (white circles) mice (n = 9) in the absence or
presence of 1 mM pyruvate. E) Change in RER per gram of food eaten for HuR™? (black squares) and HuR™~/~ (white circles) mice (n = 35).
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coA can compete with lipid oxidation for entry into the citric acid cycle
[25]. In the presence of pyruvate, lipid oxidation in HuR"® mouse mus-
cle decreases to 28% of the level observed without pyruvate. For HUR™~/
~ gastrocnemius, palmitate oxidation decreases to 26% of the maximal
level observed in HuR™" gastrocnemius (Fig. 3D). These differences
equate to a 72% decrease in palmitate oxidation from baseline for
HuR™" skeletal muscle; and only a 59% decrease from baseline for
HuR™ /= skeletal muscle. Thus, at the skeletal muscle level, HuR™~/~
mice show decreased lipid oxidation and decreased metabolic flexibility
relative to HUR"Y" mice.

Next, we assessed whether the metabolic inflexibility observed in
skeletal muscle was reflected at the whole body level in HuR™/~
mice by comparing ARER values determined after 0.1-0.3 g food intake.
HuR™~/~ and HuR™" mice show similar linear increases in RER with
greater consumption of food (Supplementary Fig. 3B); however,
ARER/gram food remains significantly lower for HUR™~~ mice regard-
less of the amount of food ingested (Fig. 3E). This finding indicates that,
at the whole body level, HR™ ™/~ mice are less metabolically flexible
than their HuR™? littermates.

3.4. HuR silencing in male human myotubes demonstrates translation of the
metabolically inflexible phenotype

To assess the translatability of metabolic inflexibility in skeletal mus-
cle lacking HuR, we used pooled male human skeletal muscle cells
treated with ELAVL1 siRNA. Since HuR plays an important role in muscle
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cell differentiation [10,11,29], myotubes were treated with siRNA 3-
5 days post-differentiation. In the presence of ~80% ELAVL1 knockdown
(Fig. 4A), human myotubes exhibit similar decreases in the expression
levels of the same lipid metabolism and oxidative phosphorylation
genes that are decreased in HUR™~/~ mice (Fig. 4B). Compared to
mouse gastrocnemius homogenates, palmitate oxidation is more ro-
bustly decreased by 32% during HuR inhibition in human myotubes
(Fig. 4C).

As a means of testing metabolic flexibility in human myotubes, we
determined the level of palmitate oxidation in the presence of 1 mM py-
ruvate and 5 mM glucose. Palmitate oxidation in the presence of pyru-
vate and glucose is decreased to 24% of baseline in cells treated with
scramble siRNA (Fig. 4D), whereas the decrease is only 17% of baseline
in HuR siRNA-treated cells. This amounts to a 76% decrease from base-
line palmitate oxidation for scramble siRNA-treated cells; and a 51% de-
crease from baseline palmitate oxidation for HuR siRNA treated-cells.
Our data collectively reveal metabolic inflexibility and impaired skeletal
muscle lipid oxidation in both mice and humans in the presence of HuR
inhibition, which could lead to ectopic fat accretion and ultimately in-
terfere with insulin signaling and glucose uptake.

4. Discussion
Indicators of metabolic flexibility (adaptation of metabolism to en-

ergy substrate availability) are becoming increasingly important in
light of the contribution of metabolic inflexibility to the development
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Fig. 4. HuR inhibition in human myotubes results in decreased lipid oxidation and decreased metabolic flexibility. A) Relative expression of ELAVLT mRNA in cultured male human
myotubes with (white) and without (black) siRNA mediated inhibition of ELAVLI (n = 6). B) Relative expression of fatty acid metabolism and oxidative phosphorylation genes with
(white) and without (black) siRNA mediated inhibition of ELAVLI (n = 6). C) Palmitate oxidation as measured by CO, production in cultured human myotubes with (white) and
without (black) siRNA mediated inhibition of ELAVL1 (n = 12 wells total from 3 separate trials). D) Palmitate oxidation as measured by CO, production in cultured human myotubes
with (white circles) and without (black squares) siRNA mediated inhibition of ELAVL1 in the absence (n = 12 wells total from 3 separate trials) or presence (n = 6 wells total from 2

separate trials) of 1 mM pyruvate and 5 mM glucose. *P < 0.05, “P< 0.1.
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of type 2 diabetes. Classical approaches to describing whole body and
skeletal muscle metabolic flexibility have involved measurement of
RER changes before and after insulin stimulation [1,5,33]. However,
ARER based methods are reflective of the subject's ability to stimulate
cellular glucose uptake, and do not directly address differences in cellu-
lar lipid versus carbohydrate metabolism. Alternative assessments of
lipid and carbohydrate oxidation in specific tissues from metabolically
inflexible subjects are thus critical for describing susceptibility to devel-
opment of metabolic disease.

Here, we demonstrate that metabolically inflexible human skeletal
muscle exhibits decreased levels of gene transcripts controlled by the
RNA binding protein, HuR. Importantly, parameters such as BMI, fasting
blood glucose, and HOMA-IR did not differ significantly between groups
in this study (Table 1). Metabolically inflexible participants thus differed
from metabolically flexible by having higher sleep RER and a lower GDR
following a high dose of insulin. These differences together with tran-
scriptomics analysis from skeletal muscle indicate that independently
of metabolic health, levels of HuR-regulated mRNA transcripts in
human skeletal muscle correlate with metabolic flexibility. These find-
ings thus suggest skeletal muscle HuR as an important contributor to
whole-body metabolic flexibility.

With our HUR™/~ mouse model we demonstrate for the first time
that loss of HuR causes impaired metabolic flexibility within skeletal
muscle. While the action of HuR as a metabolic sensor has not been ex-
tensively defined, some reports have alluded to its involvement in cellu-
lar metabolism in various cell types. HuR reacts to systemic signaling
and can be translocated to the cytoplasm in response to insulin action
[34], and relocated to the nucleus following AMPK activation [35].

Within the cell, HuR binds to AREs in the 3’-untranslated regions of
many mRNA transcripts to impart stability, influence nuclear export,
and promote translation [8,9]. Proteins such as Tristetraprolin (TTP)
bind to similar ARE regions as HuR and decrease mRNA stability [36]. In-
hibition or deletion of HuR could increase RNA interactions with mRNA
destabilizing proteins and cause a decrease in the protein levels of HuR-
stabilized transcripts. Many HuR-regulated transcripts stimulate meta-
bolic pathways such as the mTOR pathway, which is extensively in-
volved in the control of lipid metabolism [37]. Specifically, HuR is
implicated in the upregulation of the mTOR stimulator, AKT, through
its stabilization of Grb10 [38]. HuR has also been predicted to enhance
the activity of mTORC2 by promoting translation of Rictor (the
rapamycin insensitive component of mTOR) [39]. Therefore, it is likely
that inhibition of HuR could decrease metabolic signaling proteins and
lead to altered cellular metabolism.

Our results indicate that HuR is involved in the control of skeletal
muscle lipid metabolism. In both mice and humans, we show that skel-
etal muscle HuR deletion results in a 15-30% decrease in total palmitate
oxidation, which is suggestive of metabolic inflexibility. The inability to
switch metabolism toward lipid oxidation during periods of fasting can
lead to the cytosolic accumulation of fatty acyl-CoAs, diacylglycerol
(DAG), and ceramides that are directly linked to impaired insulin signal-
ing [33,40-43]. Deletion or inhibition of HuR in skeletal muscle may in-
deed be contributing to such an impaired switching ability.

It is important to reiterate that the levels of HuR stabilized tran-
scripts in skeletal muscle of metabolically inflexible participants in this
study are decreased relative to metabolically flexible subjects, despite
these groups showing no differences in other important markers of
metabolic health such as BMI, HOMA-IR, and GDR at 100 mU/m?- min
insulin during clamp studies. These findings implicate a decreased abil-
ity to oxidize lipids in skeletal muscle as an important driver of whole
body metabolic inflexibility.

The significant decreases of several mitochondrial metabolic genes
during HuR knockdown in mice and human skeletal muscle further sug-
gest decreased lipid oxidative capacity. CD36 and CACT are important
mediators of fatty acid uptake and transport across the mitochondrial
membrane, respectively. ECH1 is the enzyme catalyzing the initiating
step of p-oxidation within mitochondria [44-46]. Decreases in these

fatty acid handling enzymes in association with decreases in electron
transport chain constituents such as COX5a, NDUFS8, and SDHB may in-
dicate defects in mitochondrial function within HuR™~/~ skeletal mus-
cle. Indeed, impaired metabolite fuel selection has been predicted
elsewhere to be accompanied by mitochondrial dysfunction [47,48].

Through our competition experiments, we show that HuR knock-
down results in lower metabolic flexibility in skeletal muscle. When
human cells or muscle homogenates are provided with pyruvate and/
or glucose as competitors to lipid oxidation, samples lacking HuR
show a blunted shift away from lipid metabolism. The whole-body
physiological consequences of this blunted switching ability are im-
paired insulin sensitivity, increased fat mass, increased serum insulin
levels, and decreased metabolic flexibility as measured by RER. These
results further implicate the action of HuR within skeletal muscle as
an important control point for metabolic flexibility.

Several limitations exist in the current study that will be addressed in
future studies examining the action of HuR in controlling metabolic flex-
ibility. It is presently unclear which pathways are directly affected by HuR
inhibition to lead to decreased metabolic flexibility. A more comprehen-
sive analysis of how HuR controlled transcripts are affected during HuR
inhibition in skeletal muscle is essential for revealing these pathways.

Of additional interest is the presence of a sexually dimorphic pheno-
type in HUR™ ™/~ mice. Previous human studies have indicated that
communication between metabolically active organs such as skeletal
muscle, adipose tissue, and liver is differentially regulated in males ver-
sus females, contributing to greater metabolic flexibility in females
[2,49]. Our studies indicate that this sexual dimorphism translates
from humans to mice, and thus further analysis of the crosstalk between
metabolically active organs in male and female HUR™ /~ mice will be
an effective means of characterizing the observed sexual dimorphisms
of human metabolic flexibility.

The results of this study indicate that HUR™~/~ mice are a valuable
model for studying metabolic flexibility and its contributions to in-
creased fat mass and the development of insulin resistance. Addition-
ally, decreased metabolic flexibility in the absence of HuR translates
from mice to humans. Further determination of the mechanistic control
of metabolic flexibility by HuR through mouse and human studies will
thus have both diagnostic and therapeutic implications toward manag-
ing metabolic disease. Though further studies are crucial to understand-
ing the role of HuR in the control of metabolism, our results provide
insight into the mechanisms governing the ability of cells to switch be-
tween metabolic fuels.
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